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bstract

he three-dimensional (3D) structures of macroporous alumina, produced by a novel method that combines gel casting with expandable polymeric
icrospheres as a sacrificial templating material, have been characterised by X-ray micro-computed tomography (�-CT). The grey-scale intensity

omogram data produced by the X-ray �-CT was segmented into porous and solid phases and the individual pores were identified. We compared
wo-dimensional slices of the analysed data with the corresponding scanning electron microscopy images and showed that the structural features

f the pores were well reproduced in the X-ray �-CT images. 3D visualisations of the pore structure and the pore network were also shown. The
pen porosity obtained from X-ray �-CT corresponded well with the porosity derived from mercury porosimetry for pores larger than the voxel
imension (3 �m). The quantitative analysis also yielded information on the spatial variations in porosity and the number of connected neighbours
f pores. The 3D data was used to relate the calculated permeability to the open porosity.
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. Introduction

Macroporous ceramics are established in a wide range
f applications, such as diesel particulate filters,1 catalyst
upports,2,3 and molten metal filters.4 Porous inorganic mate-
ials are also promising candidates as bone scaffolds.5,6 The
roperties of macroporous ceramics depend on the porous struc-
ure and the inherent materials properties of the chosen ceramic.
he level of porosity, the type of porosity (open or closed) and the
ore-size distribution are important characteristics of the porous
tructure. Other parameters such as the degree of connectivity
etween the pores, and the size of the pore openings (throat
iameter) also have a strong effect on the pore phase accessibil-
ty and permeability to gas or fluid flow; structural features of
mportance for e.g. filtration and separation.1,2,4

The structure of macroporous ceramics is traditionally

haracterised by two-dimensional (2D) imaging or intrusion
ethods, such as mercury porosimetry. The imaging techniques

nclude light microscopy and electron microscopy combined
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microspheres

ith image analysis or image reconstruction procedures.3,7

lthough these methods provide high resolution information
n the local (surface) structure, the ability to extract statisti-
ally significant three-dimensional (3D) information of the bulk
aterial is limited.3 3D information is particularly important in

haracterizing the connectivity, transport and accessibility prop-
rties of the porous solid. Confocal laser scanning microscopy
CLSM) is one non-destructive imaging technique which can in
rinciple obtain and reconstruct 3D information, providing that
he material is sufficiently transparent.7 Even though the refrac-
ive index of most ceramic materials is too high for CLSM, it has
een demonstrated that immersing fluids with similar dielectric
roperties as the solid can reduce scattering sufficiently to allow
D information to be retrieved.8,9 These restrictions significantly
imit the use of CLSM for 3D characterisation.

X-ray micro-computed tomography (�-CT) is a power-
ul non-destructive technique, which provides 3D information
bout heterogeneous materials. It has progressed from being
qualitative imaging technique used in medical science7 to
ecome a sophisticated structural analysis method in materials
cience.10–13 The use of X-ray �-CT is especially appropriate
or the characterisation of porous materials, due to the distinct
ifference in the attenuation coefficient between the solid and

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.003
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aseous (void) phases. A wide range of porous materials and
ellular structures have been characterised with X-ray �-CT:
eramics, concrete, metals, and various organic materials such
s polymers, food stuff and materials for tissue engineering.14–18

A wide range of inherent 3D structural parameters that
escribe a porous structure can be analysed and quantitatively
valuated from 3D X-ray �-CT data, such as volume fraction
f the solid and pore phases, pore and throat-size distribu-
ions, wall thickness and the interconnectivity of the respective
hases.11,14,19 Studies have shown that quantified structural
arameters derived from X-ray �-CT data are in good agreement
ith other techniques, if the resolved length scale is smaller or

qual to the important structural features of the material.14,15,19

Characterisation with X-ray �-CT also offers a unique possi-
ility to relate the material structure to processing conditions
.g. in foams of various compositions,12,16,20,21 and to fol-
ow structural changes during mechanical testing and heat
reatments.10,13,22

Macroscopic bulk properties, such as permeability, mechan-
cal properties and conductivity, can be numerically simulated
n the 3D data provided by the X-ray �-CT.14,23,24 Previous
ork has shown that the simulated results for different classes
f porous material are in good agreement with experimental
esults.23,25 Numerical simulations of fluid flow in a porous
tructure provide information on e.g. tortuosity, flow paths and
nteractions between multiphase fluids;20,24–26 properties that
re difficult to measure experimentally.

In this article we present a thorough structural analysis of
acroporous alumina based on 3D imaging with X-ray �-
T. The structures are presented both as 2D slices and 3D
isualisations. The porous structure is evaluated qualitatively
nd compared with scanning electron microscopy images. The
orosity and pore-size distribution are determined quantitatively
nd compared with results from mercury porosimetry. Informa-
ion on the connected pore phase, and the number and sizes of
he connections between the pores has been used to simulate the
ermeability at different porosities.

. Experimental and numerical procedure

.1. Procedure for making the macroporous alumina

The macroporous alumina was produced by gel casting a
uspension of alumina, a monomer and cross-linker together
ith gas-filled microspheres. The microspheres expand upon
eating and act as a templating material for the macropores.
he monomer and cross-linker, which gel upon heating, pre-
erve the porous structure created by the expanded microspheres.
ll organic materials were removed at an elevated temperature
efore pre-sintering the macroporous alumina at 1200 ◦C. The
el-casting process is described in detail in previous work.27

.2. Starting materials
The alumina powder (AKP-30, Sumitomo Chemical Co.,
td., Japan) has an average particle size (D50) of 0.31 �m and
as dispersed in the suspension with an ammonium polyacrylate
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Darvan 821A, Vanderbilt Company Inc., USA). Methacrylic
cid (MA) (Sigma–Aldrich Sweden AB, Sweden) and N,N′-
ethylenebisacrylamide (MBAM) (Sigma–Aldrich Sweden
B, Sweden) were used as the monomer and cross-linker,

espectively. Ammonium persulfate (APS) (Sigma–Aldrich
weden AB, Sweden) was used as the initiator for the radical
olymerisation of the monomer and cross-linker.

The expandable polymeric microspheres (ON316WUX,
xpancel, Sweden) consist of a co-polymer shell and are filled
ith a blowing agent (isobutane). The mean particle size (D50) of

he expandable microspheres is 33 �m in the unexpanded state.

.3. Characterisation

.3.1. X-ray micro-computed tomography
Image acquisition: the X-ray �-CT instrument, operating

ith a cone beam geometry, was developed and built at the
ustralian National University.28,29 The macroporous alumina
aterials were imaged with the X-ray source operating at 80 kV

nd with a beam current of 100 �A. A 1 mm thick dense alu-
inium filter was used to reduce the problem of beam hardening

f the polychromatic beam, which may lead to artefacts in the
adiographs.28 A set of 2880 two-dimensional (2D) radiograph
rojections were acquired at different rotation angles cover-
ng the complete 360◦. These radiographs were combined into
0483 voxel tomograms. The resulting voxel dimension of the
omograms was 3 �m.

Cylindrical samples with a diameter of 5 mm were extracted
rom the middle of macroporous alumina blocks to avoid edge
ffects from the mould. The acquisition times were approxi-
ately 15 h per sample.
Image reconstruction: the 2D radiographs are first pre-

rocessed, which includes linearising the projection data
nd minimizing artefacts, and then reconstructed with a
eldkamp algorithm to generate a tomogram consisting of

hree-dimensional (3D) voxels.28,30 Each resulting voxel has an
ntensity value relating to the X-ray attenuation at that specific
oint in the sample. The X-ray attenuation is non-linearly related
o the density and the composition of the 3D volume represented
y each voxel.28

.3.2. Simulation of permeability to fluid flow
The permeability of the macroporous materials was calcu-

ated by using a lattice-Boltzmann (LB) method.26 The LB
pproach is a mesoscopic numerical method used in compu-
ational fluid dynamics, where the macroscopic dynamics of the
olution of a discretized Boltzmann equation can be shown to
atch the Navier–Stokes equation. Due to its simplicity in form

nd adaptability to complex flow geometries, like the presence
f solid–fluid boundaries, one of the most successful applica-
ions of the LB method has been to simulate flow in complex
orous media.24,26 The simulations were conducted on inde-
endent sub-domains from each macroporous alumina data set

ith sizes varying between (724)3 and (1160)3 �m3. The sub-
olumes have dimension larger than 10 times the mean pore size,
hich has been shown to be sufficient for accurate simulation
f permeability.23,25
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Table 1
Characteristics of the macroporous alumina materials.

Materiala Amount of expandable
microspheres (wt% DWB)b

Porosity (%) Mean pore diameter with
standard deviation [σ] (�m)c

Mean number connected pore
neighbours with standard deviation [σ]c

�-CT Hg By number By volume By number By volume

MA-EPS-76 1.8 75.5 82.8 60 [52] 180 [84] 3 [5] 16 [14]
MA-EPS-57 1.1 57.1 72.8 74 [50] 196 [98] 5 [4] 17 [18]
MA-EPS-51 0.7 51.1 67.3 72 [48] 200 [98] 2 [3] 12 [12]
MA-EPS-46 0.3 46.1 64.6 60 [52] 240 [134] 1 [3] 14 [18]

a The MA-EPS-number refers to the level of porosity in the sample as determined by X-ray �-CT. MA and EPS is short for macroporous alumina and expandable
p

ight b
pore

a
d
p
fl
i
t
p

2

w
v

2

e
A
o

3

a
4
c
b
e
p
m

a
t
a
l
i
d
fi

a
a
t
F

p
v
p
w
t
a
“
i
i
i
cut-off boundaries were assigned to each binary phase by the
converging active contour method. Fig. 1((b) and (c)) shows
a comparison of a grey-scale tomogram slice with the bina-
rised result after segmentation. We chose cut-off boundaries that

Fig. 1. X-ray �-CT intensity histogram and grey-scale and binarised 2D rep-
resentations. In (a) the intensity histogram of the entire tomogram shows a
significant difference in X-ray attenuation between the two phases: pore (left
olymeric spheres, respectively.
b The amount of sacrificial templating material in suspension, in wt% dry we
c The mean value is weighted by the number of pores or by the volume of the

The permeability of each sub-volume was calculated by
pplying a simulated pressure gradient to the liquid in one
irection.24 The outer boundaries of the simulated domain, per-
endicular to the pressure gradient, were covered by a layer of
uid.25 At solid–fluid interfaces the physical boundary condition

s the no-flow condition.26 The presented permeability values are
he restriction of the permeability tensors to the direction of the
ressure gradient.

.3.3. Scanning electron microscopy
The scanning electron microscopy (SEM) was performed

ith a Zeiss UltraPlus analytical FESEM at an acceleration
oltage of 20 kV.

.3.4. Mercury porosimetry
The porosity and pore diameter of the porous alumina were

valuated by mercury intrusion porosimetry (Micromeritics
utoPore III 9410), assuming a surface tension and contact angle
f mercury of 485 mN/m and 130◦, respectively.

. Results and discussion

The three-dimensional (3D) structures of macroporous
lumina materials, with average porosities ranging between
6 vol% and 76 vol%, were analysed with X-ray micro-
omputed tomography (�-CT). These materials were produced
y a recently developed method that combines gel casting with
xpandable polymeric microspheres (EPS) as a sacrificial tem-
lating material.27 Table 1 presents the characteristics of the
aterials.
The analysis of grey-scale X-ray �-CT tomograms of porous

nd composite materials is a challenge since features at or below
he instrument resolution will blur sharp edges at phase bound-
ries. Therefore the tomogram data, which is presented in grey
evels corresponding to the X-ray attenuation, is treated with
mage enhancing filters to reduce noise and blur. We used two
ifferent filters in sequence: a denoising anisotropic diffusion
lter and an edge sharpening “unsharp mask” filter.31

It should be noted that all organic additives were removed

nd the materials were presintered prior to the structural char-
cterisation. Hence, the macroporous materials only contain
wo phases: alumina and air. The voxel intensity histogram in
ig. 1(a) shows that it is possible to identify two distinctive

p
r
s
s
t

asis (DWB).
s.

eaks that represent the two phases. For further analysis, the
oxelated data need to be categorised as either solid or void; this
rocess is called segmentation. In this work the segmentation
as performed with a method known as “converging active con-

ours”, which is a combination of a watershed transform and the
ctive contour method.31 This approach is based on user-defined
seeding regions” for each phase. Two cut-off values close to the
ntensity peaks were selected; everything below the lower limit
s designated as pore and everything above the upper limit is des-
gnated as solid (Fig. 1(a)). The intensity values between these
eak) and solid (right peak). The cut-off values for the segmentation seeding
egions of the two phases are indicated by the dotted lines in (a). A recon-
tructed grey scale tomogram slice is shown in (b). The binarised result after
egmentation is shown in (c) where white represents the solid (Al2O3) and black
he porous phase, respectively.
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ig. 2. Comparison between a SEM image and 2D X-ray �-CT representatio
mage, which can be compared with the corresponding X-ray �-CT data at diff
egmentation and (d) after identification of the individual pores.

ptimised the reconstruction of the shape of the overall porous
tructure, maintaining a focus on capturing thin pore walls.

We used scanning electron microscopy (SEM) to qualita-
ively evaluate the limits of the X-ray �-CT method to accurately
apture the morphological features of the porous materials.
ig. 2 shows a comparison of an SEM image with two-
imensional (2D) slices from different stages in the treatment
f the X-ray �-CT data. The data was selected from the same
osition from a macroporous alumina material with an average
orosity of 51 vol%. An algorithm aligned the SEM image to
dentify the corresponding 2D slice in the 3D data-sets of the
rey-scale tomogram and segmented data.32 We found that the
hape of the pores was very well reproduced in the segmented
-ray �-CT image, whereas the fine features of e.g. some pore
alls could not be captured in detail.
Pore walls of 1–3 voxels width (i.e. 3–9 �m) could not be

ntirely captured in the segmentation without over-exaggerating
he whole solid phase. This is due to the low intensity gradi-
nts between the solid and porous phase and the resolution of
-ray �-CT tomogram which is 3 �m. These effects related

o the appearance of incomplete pore walls after segmentation
Fig. 2(a)–(c)). Similarly, singular pores smaller than 10 voxels
30 �m) could sometimes not be resolved in the dataset, which
s seen when the tomogram is compared to the segmented data in
ig. 2(b) and (c), respectively. It should be noted, however, that
ven if these small sized pores with thin pore walls could not
e entirely captured in a single 2D plane (slice), parts of these
tructures may be captured in the corresponding 3D data set.

The next step in the 3D analysis is to identify the pores and
he pore throats in the segmented data. This is necessary before
quantitative analysis on the characteristics and properties of

he porous material can be performed. The identification was
ased on an Euclidean distance map, in which each pore voxel’s
istance to the nearest solid phase is calculated.33 A water-

hed function, applied to this distance map, partitions the pore
pace into pore bodies. To identify distinct pores, seed regions
f the watershed are introduced at the centres of the pore bod-
es and allowed to grow until they encounter another growing

d
7
p
a

a macroporous alumina with an average porosity of 51 vol%. In (a) the SEM
stages of the analysis: (b) the grey-scale tomogram, (c) the binarised data after

ore region.29,33 A pore merging algorithm is applied to the
artitioned pore space to reduce any over-partitioning. As the
atershed algorithm considers the 3D structural information of
pore space, it can divide a large porous region into several

istinct pores. Fig. 2(d) shows a 2D slice of the pore structure
n which the pores are identified and individually coloured.

Once the data has been processed to identify distinct pores, a
etwork model can be created, which allows the 3D connectiv-
ty and pore/throat characteristics of the material to be defined.
he pore throats, which are the open connections between the
ores, are identified and as a result the pores are divided into
ub-volumes separated at their narrowest constrictions.29,33,34

hereafter, a pore network is generated using a refined medial
xis transform.33,35,36

Two different methods to visualise the 3D data-sets are illus-
rated in Fig. 3. Fig. 3(a) and (c) show segmented volume
isualisations of two different macroporous alumina materials;
he schematic stick-and-ball illustrations in Fig. 3(b) and (d) are
he respective representations of the connected pore network.
n this schematic, pores are shown as spheres while throats are
epresented by cylinders. The centre of the sphere corresponds
o the centre of geometry of the pore, while the diameter is
roportional to the diameter of the largest sphere that can be
nscribed within the pore.11,36 The diameter of the cylinders
orrespond to the diameter of the throats. The number of cylin-
ers connected to each sphere also illustrates the number of
onnected pore neighbours. The network models are visualised
sing Drishti, a volume visualisation program developed at the
ustralian National University.29,37 Note that the geometric rep-

esentations in Fig. 3(b) and (d) only are schematic illustrations
f the network topology; the throats are e.g. pictured as straight
ylinders, even if that is not the case in reality.

We calculated the pore-size distributions from the 3D
ata-sets for the macroporous alumina materials. The pore-size

istribution of macroporous alumina with an average porosity of
6 vol% (MA-EPS-76) is presented in Fig. 4. The number-based
ore-size distribution (Fig. 4) displays two peaks: one peak
t 6 �m and one peak at 40 �m. The volume-based pore-size
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Fig. 3. Three-dimensional representations of macroporous alumina materials with an average porosity of 76 vol% (a and b) and 51 vol% (c and d). In (a) and (c) the
representations are based on segmented data. The surface of the pores is highlighted with a yellow colour, whereas the solid phase in orange is slightly transparent
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o increase visibility. In (b) and (d) three-dimensional network model images sh
ylinders. The data sets are 1160 �m × 1160 �m × 580 �m in size. (For interpre
ersion of this article.)

istribution in Fig. 4 only displays one peak at 60 �m, which
eflects the influence of pores with a large volume. Indeed,
able 1 shows that the volume-based mean pore size is 3–4

imes larger than the number-based mean pore-size distribution
or all the investigated materials. This demonstrates that the
ore-size distribution is relatively broad with pore sizes ranging
rom below 10 �m up to about 200 �m. The pore-size distri-
utions were derived by applying a maximum covering sphere
MCS) algorithm on the segmented data of the macroporous
lumina.33,36,38 The pore-size distributions reflect the diameter
f a MCS inscribed at each voxel of the porous phase.

We have also determined the total porosity and identified and
uantified the open (connected) porosity from the segmented X-
ay �-CT datasets. The porosity is determined by counting the
umber of voxels in the void phase in the segmented data set and

ormalising that to the total number of voxels. Table 1 shows
hat the total porosity obtained from X-ray �-CT is significantly
maller than the porosity determined by mercury porosimetry.
his is not surprising considering the large difference in the

s
s
W
h

w the pores, here pictured as spheres, are connected by throats, represented by
of the references to color in this figure legend, the reader is referred to the web

etection limit of the different techniques; mercury porosimetry
as a lower detection limit around 10 nm while the detection
imit of X-ray �-CT is mainly determined by the resolution.

Fig. 5 shows that the mercury porosimetry porosity deter-
ined from pores equal to and larger than the voxel resolution

3 �m) correlates very well with the open porosity determined
rom X-ray �-CT. The correlation between the X-ray �-CT and
ercury porosimetry data holds over a porosity range between

0 vol% and 80 vol%, in which the open porosity is found to
epend linearly on the amount of expandable spheres added
o the gel-casting suspension. The open porosity is derived by
emoving the pores which are connected neither to the percolat-
ng pore phase nor to the outer surface.

The 3D structural information has also been used to evalu-
te spatial porosity variations in the macroporous bodies. Fig. 6

hows how the porosity varies in the z-direction, which corre-
ponds to the direction perpendicular to the bottom of the mould.
e find that the spatial variation is significantly smaller for the

ighest porosity (76%) macroporous alumina templated with
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Fig. 4. The pore-size distribution for macroporous alumina with an average
porosity of 76 vol%. The pore-size distribution is derived with a maximum cov-
ering sphere (MCS) algorithm from the segmented data. The pore diameter
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istribution is presented both weighted by volume and weighted by number.
he mean pore diameter for each macroporous alumina material is shown in
able 1.

PS (MA-EPS-76), compared to the lowest porosity (46–57%)
acroporous alumina templated with EPS (MA-EPS-46, MA-
PS-51, and MA-EPS-57).

The 2D slices in Fig. 6 show that the regions with maxi-
um porosity in the low-porosity materials (MA-EPS-46 and
A-EPS-51) contain much larger pores and a more inhomoge-

eous distribution of the solid phase and the pores compared to
he high-porosity materials (MA-EPS-76). We speculate that the
xpandable spheres are able to expand more when a relatively
ow amount is added compared to high additions when crowding
ill restrict the expansion. Indeed, the data in Table 1 also show
hat the volume-based mean pore size increases with decreasing
mount of expandable spheres added.

We have also used the segmented 3D data to estimate the
ermeability of the macroporous alumina. Fig. 7 shows the

(
s
a
a

ig. 6. Spatial porosity fluctuation in the z-direction of macroporous alumina mat
espectively. The profile of the pore phase fraction in the segmented 3D data is plot
ide, that display slices with maximum and minimum porosities for each material. In
hase (void).
ig. 5. Comparison of the open porosity from the X-ray �-CT with the porosity
rom pores of diameter ≥3 �m from the mercury (Hg) porosimetry at different
mounts of added expandable microspheres on a dry weight basis (DWB).

ermeability of macroporous alumina materials with porosities
anging from 36 to 83 vol%. The permeability to fluid flow was
alculated by simulating a pressure gradient in one direction:
he y-direction. In Fig. 7 the permeability κyy represents the
ermeability in the same direction as the simulated pressure
radient.

The simulated permeability is reported in units of microns
quared as a function of the connected porosity in the sub-
olumes. The units are defined as an areal measure since the
ermeability of a porous medium is limited by the effective chan-
el cross-sectional area available for fluid flow. It thus depends
n the area of the constrictions in the pore phase.34

The data in Fig. 7 displays the expected trend of increas-
ng permeability with an increase in the connected porosity

Table 1). However, the scatter is significant and the simulations
how that the permeability fluctuates more in the macroporous
lumina materials at lower porosities compared to the materials
t porosities above 60% (Fig. 7). This difference in permeability

erials with an average porosity of 76 vol%, 57 vol%, 51 vol% and 46 vol%,
ted as a function of height, and is matched with 2D images, on the right hand
the 2D images white represents the solid phase and black represents the porous
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ig. 7. Simulated permeability in the y-direction of macroporous alumina mate-
ials plotted as a function of connected porosity. Each data point results from a
ub-volume of (724)3–(1160)3 �m3.

ariations with porosity may be related to the observed spatial
ariations in porosity shown in Fig. 6.

. Conclusions

We have determined the three-dimensional (3D) structure
f macroporous alumina materials by a combination of X-ray
icro-computed tomography (X-ray �-CT), mercury porosime-

ry and scanning electron microscopy (SEM). The materials
ere produced by a novel method that combines gel casting
ith expandable polymeric microspheres (EPS) as a sacrificial

emplating material. The average porosities in these materials
anged between 46% and 76%.

We have shown that the binarisation of the original grey-scale
-ray �-CT data using the “converging active contours” seg-
entation method is able to capture the details of the porous

nd solid phases. This was confirmed by comparing a SEM
mage of a cross-sectional cut of the material with the cor-
esponding cross-section of the segmented 3D data. We also
emonstrated, with an extension of these methods, the identifi-
ation of individual pores. The macroporous alumina materials
ere visualised with 3D representations of the segmented data

nd the corresponding pore-network models.
The pore-size distributions were determined and both

umber-based and volume-based distributions were shown.
hese distributions suggest that the pore sizes of the macrop-
rous alumina produced by using EPS as a sacrificial template
s relative wide (3–450 �m). The open porosity obtained from
he X-ray �-CT was in excellent agreement with the poros-
ty obtained from mercury porosimetry of pores larger than
he X-ray �-CT resolution (3 �m). The detailed information
n the pore connectivity and percolation enabled the perme-
bility of the macroporous alumina to be calculated using a
attice-Boltzmann method.
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