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Abstract

The internal structure of ceramic green bodies has
been characterised by combining a computer-
controlled optical microscope with an image
analysing system to provide statistically reliable
data of the pore size distribution. The calcined
porous alumina ceramic green body was made
transparent by utilising the immersion liquid tech-
nique which enabled the interior of the body to be
observed. It was demonstrated how internal defects
such as pores could be detected using this technique
and an automated sequence of obtaining internal
structure images and transferring and processing
them using an image analysing software system has
been developed. The technique proved to be a simple
and rapid method of accurately determining the
number distribution of pores in an alumina green
body. © 1997 Elsevier Science Limited.

1 Introduction

It is well known that the fracture strength of
ceramics is governed by the size of defects or flaws
i.e. pores, inclusions, agglomerates, cracks and
other types of inhomogeneities, which can act as
the fracture origins as described by the Griffith
equation,’

_ YK
JC

where o is the fracture stress, Kjc the fracture
toughness, C the defect size and Y is a factor that
depends on the position and shape of the defect.
Most of these defects are originally introduced
into the green body during the powder proces-
sing steps, i.e. powder production, dispersion and
consolidation of powders, and remain as strength-
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limiting flaws in the sintered material.>> Hence, in
order to improve the mechanical performance and
the reliability of ceramics, the size and concen-
tration of the defects in the green body must be
minimised by optimising the processes prior to
sintering.*’ The defects which govern the fracture
strength of brittle ceramics are typically in the size
range 10-100 um where the larger defects can
occur in very low number densities.

Many approaches, including the colloidal pro-
cessing route, have been taken to achieve the goal
of defect minimisation and have sometimes led to
significant improvements of the reliability of the
ceramic material.® The common method of verify-
ing improved processing and reliability is mech-
anical testing of sintered pieces together with
fractography identification of fracture origins.
This destructive method, which needs a lot of
samples to give a statistically acceptable result, is
usually too costly and time-consuming to allow
extensive testing and optimisation.

Other techniques, such as mercury porosimetry
or SEM observation of polished surfaces, can also
be used for defect characterisation of both
sintered and unfired, consolidated materials. How-
ever, it is difficult for these conventional charac-
terisation techniques to identify and quantify
defects at very low number densities. Although
new techniques, such as X-ray tomography, ultra-
sonics and NMR imaging have been proposed,
these methods usually suffers from lack of resolu-
tion and very costly equipment.®'? The epoxy
impregnation/sectioning technique can provide
quasi-three-dimensional information; however, the
sample preparation is time-consuming.'

Recently, it was demonstrated how a new and
powerful method, called the immersion liquid
technique, can be used to observe the internal
structure of ceramic green or calcined bodies.'*!
In this technique, porous ceramic bodies are made
transparent by filling the pores with a liquid which
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has a refractive index close to that of the ceramic
material. The internal structure of the immersion-
liquid-filled ceramic body, including the defects,
can then be observed by an ordinary optical
microscope. This method has been applied to a
number of different systems including spray-dried
alumina,'* silicon nitride,'® and zirconia,'” and in a
study of the effect of forming pressure on the
internal structure of alumina green bodies.'® Since
the sample preparation procedure for the immer-
sion liquid technique is very simple and optical
microscopes are available at relatively low cost,
this method has the potential for being very useful
in the characterisation of internal structure and
identification of defects in ceramic green bodies
and spray dried granules.

In this study we will show how the liquid
immersion technique can be used in a standard-
ised way as a simple and accurate method of iden-
tifying and quantifying the size and number
frequency of pores in a ceramic green body. Rela-
tively large volumes of calcined ceramic green
bodies have been examined by combining a com-
puter-controlled optical microscope with an image
analysing system to provide statistically reliable
data. The paper describes how the design of the
automatic procedure was developed, and the feasi-
bility of the method is illustrated on a system con-
taining artificially introduced pores.

2 Experimental

2.1 Experimental system

A model system consisting of an alumina calcined
body containing artificially introduced uniform
pores has been used. The alumina powder (UA-
5105, Showa Denko, Japan) having a mean particle
diameter, d, of 0-25 um and a specific surface area
of 10 m%*g, was mixed with organic polystyrene
spheres suspended in aqueous medium (Particle-
Size Standards, d = 39-8 £ 0-6 um, Duke Scientific
Corp., USA). The number concentration of the
polystyrene spheres in the alumina-polystyrene
mixture, the standard sample, was approximately
20 spheres per gram powder. After drying the
alumina-bead mixture in a oven at 60°C
overnight, the mixture was ground lightly and uni-
axially pressed at 100 MPa into a pellet of cylin-
drical shape (s = 12-5 mm, thickness = 1-5 mm).
The pressed pellets were calcined at 1100°C for 1 h
to give proper mechanical strength against the
subsequent treatment and to burn out the polymer
beads. The calcined pellet was polished with grind-
ing paper to a thickness of approximately 1 mm.
The thickness was determined using a micrometer.
The relative density of the calcined green body

was estimated to be 53% TD (theoretical density)
from the dimension (volume) and weight. A blank
sample (without organic polymer beads) was also
prepared from the alumina powder following the
pressing and sintering procedure above.

The porous, calcined ceramic green body was
made transparent by using diiodomethane; CH,I,
(synthesis grade, Merck) as the immersion liquid.
The calcined specimen was placed on an obser-
vation glass and dilodomethane was placed
around the sample. Penetration of the liquid was
facilitated by removing the air in the sample using
a water aspirator for 10 min. A cover glass was
put onto the saturated ceramic green body before
optical micrographs were taken in order to sup-
press evaporation of the immersion liquid and to
keep the surface of the green body flat. With the
present system it was possible to use the
covered sample for 24 h without any significant
evaporation occurring.

2.2 Image analysing system

The optical image analysis system consists of
an optical microscope (Axioplan, Zeiss) and
image analysing software (MicroGOP2000/S,
CONTEXTVISION) installed on a engineering
work station; EWS (SPARC Classic, Sun Micro-
systems). The schematic system constitution is
shown in Fig. 1. An X-Y-Z table (Scanning Stage
Control and Auto focusing Unit, SSC03, Iduna)
which can be controlled from the EWS is
mounted on the microscope. Microscope images
are captured by a CCD camera (CCD72, MTI)
and transmitted to the EWS.

3 Results and Discussion

The interior of porous ceramic green bodies
may be observed and characterised by optical

b
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Fig. 1. Schematic outline of the image analysing system.
(a) Microscope, (b) XYZ table, (¢) CCD camera and (d)
engineering work station.




Study of green bodies by computer-assisted optical imaging 1195

microscopy only if light scattering is substantially
reduced. This can be achieved using the immer-
sion liquid technique since scattering of light does
not occur at the interface between a solid particle
and a medium if the refractive index difference
(sotig=Miquia) 18 sufficiently small."”” Hence, when the
pore volume in a ceramic green or calcined body
is filled with an immersion liquid, which has a
refractive index close to that of the ceramic mate-
rial, the internal light scattering is reduced and the
body becomes (nearly) transparent. Although a
very close index matching makes it possible to
characterise relatively thick samples, a minimum
contrast, i.e. light scattering, is needed to enable
identification of pores in the green body. The con-
trast in the optical micrographs becomes particu-
larly important when an automated image analysis
sequence is to be developed. Hence, there is an
optimum of the index matching and the sample
thickness which has to be found for each system.
Earlier studies have shown that diiodomethane
(n = 1-74) and 2-bromonaphthalene (» = 1-64) can
be used to make alumina (# = 1-76) green bodies
transparent.'>'® For ceramic materials with higher
refractive indices, e.g. zirconia (r = 2-15) and sil-
icon nitride (n = 1:96),% the refractive index of the
immersion liquid can be increased by adding
sulphur and phosphorus to diiodomethane.'®!”

Recently, the immersion liquid technique was
quantitatively evaluated by measuring the size and
amount of artificially introduced pores in alumina
green bodies.?! Mixing the powder with polymer
micro spheres of different sizes, ranging from 5 to
40 pm, resulted in artificially introduced pores
which could be easily detected due to the spherical
shape. It was found that by an appropriate choice
of sample thickness and refractive index of the
immersion liquid, it was possible to accurately
determine the size and number density of the
artificially introduced pores. In this study, we
employed a similar approach by mixing polysty-
rene spheres of d=40 um with the fine alumina
powder, forming a ceramic green body which was
calcined and prefired at 1100°C. Figure 2 shows
the optical micrographs of the interior of the stan-
dard and blank alumina samples. The circles of a
diameter around 40 um dispersed on the images
of Figs 2(a) and (b) are the artificially introduced
pores stemming from the polymer micro-spheres.
Due to the random pore distribution and limited
focal depth, some of the pores are in focus
(marked with f) while others are slightly out of
focus (marked with o). The size of the pores is
expected to be closely correlated to the size of the
polymer micro-spheres since previous work has
shown negligible changes in pore size distribution
during calcination and prefiring.?!

Figure 2 illustrates that diiodomethane is an
excellent immersion liquid for alumina since
images from the interior can be obtained while a
sufficient contrast between pores and matrix (par-
ticles) is retained. Previous work showed that a
thickness of I mm was the maximum thickness for
quantitative analysis using diiodomethane as
immersion liquid,?! hence, all calcined green bod-
ies were ground to a thickness not exceeding this
value. The black spots which can be found in all
the micrographs (Figs 2(a)-(c)), hence in both the
standard and blank samples, originate from objects
which have a significantly different refractive index
compared to the immersion liquid. Possible sources
are inclusions or other contaminations which have
remained during calcination, or pores which have
not been filled with the immersion liquid.

Figure 3 shows the binary images obtained by
image analysis of the optical, ‘raw’ micrographs.
By comparing the binary image (Fig. 3(a)) and the
optical micrograph (Fig. 2(a)) of the same object,
it is found that pores which are out of focus in the
optical micrograph are not transferred to the
binary image. This effect is a result of the current
definition of the edge detection which was set to
minimise the possibility of introducing artefacts.
This means that only the edge of the equatorial
diameter of the spherical pores is transferred to
the binary image. If the focal plane exists above or
below the equator plane, the contrast between the
pore and the matrix is not sharp enough. Hence,
the risk of detecting pores of varying sizes due to
the position in the focal plane is minimised.

This study has focused on identification of
objects in the size range from 15 um to 100 pum
which corresponds to the defect size range
controlling the strength of most ceramic materials
available today. To maximise the information in
each image, a relatively low magnification of the
optical microscope (5 X 10 times) was chosen.
The large number density of small (< 10 wm)
defects and the poor resolution in this size range,
precluded the design of an image processing
sequence over the entire pore size range without
introducing artefacts in the low size range. Hence,
objects smaller than 15 um were excluded from
the binary images. If smaller objects are to be
classified, a larger magnification and thus a
smaller displayed area and a more shallow focal
depth has to be used. No attempt to increase the
resolution was made but it is clear that the image
sampling program has to be tailored for the mag-
nification being used.

Since the positioning of the sample, as well as
obtaining and analysing optical images, can be
computer-controlled, it was possible to develop a
fully automated sequence for characterising the
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frequency and size of pores in a well-defined sam-
ple volume by scanning the transparent porous
ceramic body. The scanning sequence is shown
schematically in Fig. 4. The automated sequence
created on the MicroGOP 2000/S consists of the
following steps:

(1) The absolute position of the first image is
determined by identifying the upper and
lower surface of the sample and using the

(©

(1)

calibrated X-Y-Z-table to reach a suitable
starting position. At this starting position
(fixed X-Y position) the Z position is var-
ied in predefined steps.

During the Z direction scan, raw images
(optical micrograph) are obtained at every
80 wm as shown in Fig. 4(a). The distance
between the Z images was selected so that
all of the artificially introduced pores will be
identified. With the use of a more shallow

2004m

Fig. 2. Optical micrographs of the internal structure of calcined alumina green bodies using dilodomethane as immersion liquid.

Figs 2(a) and (b) are images, with a size of 1180 X [180 um, of the standard sample at identical X-Y position but varying Z posi-

tion, at 160 um and 320 um from the bottom, respectively. Some of the spherical pores are marked with an arrow, f: pores in
focus, and o: pores slightly out of focus. Figure 2(c) represents the interior image of the blank alumina sample.
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focal depth (higher magnification), the Z
image distance has to be reduced significantly.
Each optical image is processed to detect
edges, i.e. the boundaries between the
objects such as defects and the matrix, and
to enhance contrast and then transformed
to the binary (monochrome) image in which
the objects and the matrix are distinguished
clearly.

The obtained binary images, at a fixed X-Y
position and variable Z position, are super-
imposed into one binary image to give an
integrated image, the so-called penetrative
image.
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Fig. 3. Computer-processed binary images based on the optical
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images in; (a) Fig. 2(a), and (b) Fig. 2(c).
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(v) The maximum diameter of each object in
the penetrative image is measured and
stored in the common data file. Then the X
and/or Y position is changed (X-Y scan as
seen in Fig. 4(b)) and the above treatment
from (ii) is repeated.

(vi) After a pre-defined number of penetrative
images have been created, a pore size
distribution diagram of pore size versus
pore number frequency per unit volume
is obtained by normalising to the examined
volume.

The penetrative images shown in Fig. 5 give a
clear picture of the distribution of the larger pores
in both the standard and blank samples. The
binary images in Figs 3(a) and (b) are one of the
11 superimposed images in each of the penetrative
images. The rough circles of a diameter around
40-60 wm in Fig. 5(a) are the artificially intro-
duced pores. These types of pores can be easily
distinguished, due to their spherical shape, from
the other types of defects also present in the blank
sample. The corresponding circles (pores) can also
be found in Fig. 3(a). The larger concentration of
smaller, irregular pores in the standard sample
compared to the blank sample can be referred
to differences in the sample preparation step.
Hence, Fig. 5 illustrates how image analysis of
optical micrographs of the interior of ceramic
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Fig. 4. Automated image collecting scheme. Images are col-
lected by scanning in the Z direction (a) and in the X and/or
Y direction (b).
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green bodies using the immersion liquid technique
can be used as a powerful method to identify
defects and pores.

A relatively large sample volume was examined
by changing the X and Y positions of the sample
using the computer-controlled positioning table
(See Fig. 4), and creating a penetrative image at
each, predetermined X-Y position. In the current
study, 12 different X-Y positions were examined
at 11 different Z positions, hence a total of 132
images were obtained and image analysed for each
sample. With the magnification being used, this
set of analysed images corresponds to examined
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Fig. 5. Penetrative images from 11 superimposed micrographs

at a fixed X-Y position representing an area of 1180 X

1180 um and a thickness of approximately 900 um for
(a) standard sample and (b) blank sample.

volumes of approximately 15 mm’® (number of
penetrative images X area of image X thickness
of sample). It took about 100 min to process 132
images using this image analysing system. The
scanning and analysis was done in a fully auto-
mated manner.

Figures 6(a) and (b) show the defect size num-
ber distribution histograms for the standard and
blank samples, respectively. The histograms are
generated by sampling the identified objects from
the 12 penetrative images in different classes
and normalising the number to the investigated
volume. The total numbers of collected objects in
the size range 15-100 wm were 6186 in 15-06 mm’,
and 1289 in 15-53 mm?, for the standard and
blank samples, respectively. Both of the samples
displayed a large concentration of pores in the size
range 15-30 um with the standard sample show-
ing a significantly higher concentration. These
pores correspond to the defects introduced in
the powder processing and dry pressing step. The
higher concentration of these small defects in
the standard sample can probably be referred
to poorer mixing compared to the blank sample.
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Fig. 6. Pore size distribution histograms per unit volume for
(a) standard sample and (b) blank sample.
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It should be noted that the number concentration
of the smaller objects does not represent an abso-
lute concentration since sufficiently small objects
may be undetected with the current Z image step
of 80 pum,

The standard sample (Fig. 6(a)) displays a
significantly higher concentration of pores in the
larger size range, 45-60 um. Initially, we had
expected that the pore distribution should be
bimodal in the standard sample containing the
artificially introduced pores, since the blank sam-
ple essentially does not exhibit any pores larger
than 40 um. Unfortunately, the higher defect
population in the standard sample obscures such a
simple identification but a comparison with Fig.
5(a) shows that the large majority of the pores in
the larger pore size range have a spherical shape,
indicating that these pores correspond mainly to
the artificially introduced pores. A precise assign-
ment of the large pores is complicated due to
the difference in processing defect concentration
between the standard and blank sample, making a
normalisation of the artificial and processing pore
concentration difficult. Surprisingly, the number
concentration of identified objects in the size
range 46-60 um: 11-9 pores/mm?’ in the standard
sample, corresponds rather well to the actual
number concentration of introduced polystyrene
spheres: estimated to =11 spheress/mm’® in the
green body. However, at present, this correlation
can only be taken as an indication of the quantifi-
cation potential of the computer-assisted optical
imaging method. More data from samples where
the pore origin can be unequivocally assigned
have to be analysed before any statistical accuracy
of the present method can be defined.

There are two main reasons why the size of the
pores increases in the computer-generated binary
images compared to the original micrographs.
First, the edge detecting function in the image
analysing system is the key parameter when a
binary image is created from a micrograph. This
function traces the edge of the object with a finite
resolution which tends to enhance the size of the
identified objects. Secondly, although objects
smaller than 15 wm are ignored when the binary
image is being constructed, they might interfere
with the edge detection of larger objects. With the
current image analysis program, these two effects
may cause the pore size to increase up to 130% of
the original size. It is possible that more sophisti-
cated image analysis techniques, e.g. the sparse
Hough transformation which can recognise sepa-
rate objects within an aggregate,”? could remedy
some of the shortcomings of the present method.

Strictly speaking, the method described in this
article is a quasi-three-dimensional analysis tech-

nique since the method is based on superposition
and integration of two-dimensional segments
(images) with the normal direction along the Z
axis. A full three-dimensional analysis method
would require that images are sampled from all
directions and then processed using some type of
3-D tomography software. If the two-dimensional
segments contain all the required information, i.e.
images of all the pores, the present method should
yield a satisfactory representation of the concen-
tration of interior defects. However, if some infor-
mation is lost, e.g. due to a too large stepping
distance in the Z direction, the choice of the
normal direction may be crucial. This effect will
be pronounced in materials having an anisotropic
microstructure where the mechanical strength also
might vary significantly depending on the loading
direction. Since the present prefired material has
an isotropic microstructure, consisting of fine,
equiaxed alumina grains with the artificially intro-
duced pores well dispersed in the matrix, such
effects are expected to be of minor importance.

This study shows how image analysed binary
images and a generated pore size distribution dia-
gram can give important information regarding
the internal structure of ceramic green bodies.
From the penetrative binary images the nature
and possible origin of the defects can be esti-
mated. The pore size distribution diagram results
in statistical information which can be used for
estimations of fracture strength and Weibull
parameter on the basis of classical fracture
mechanics of brittle materials. We believe that the
fully automated method presented is an attractive
alternative to the much more time-consuming
sampling of fracture strength of many speci-
mens.” The processing time of a set volume of a
ceramic green body depends on a number of fac-
tors; e.g. the magnification being used (image area
and focal depth), the lower cut-off range of the
defect size being characterised, the required statis-
tical reliability and the capability and speed of
the MPU of the EWS. A high magnification and a
high statistical reliability obviously require a large
number of images to be analysed.

5 Summary and Conclusions

A systematic characterisation procedure for the
internal structure of porous ceramic bodies using
computer-assisted optical imaging has been devel-
oped. It was shown how optical microscopy can
yield representative images of the pores and other
types of defects in ceramic green bodies by using
the immersion liquid technique. A fully automated
sequence for characterising the frequency and size
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of pores was developed by using a computer-
controlled optical microscope and an image analy-
sis system. By optimising the edge detection
sequence, it was possible to obtain binary images
which are appropriate representations of the opti-
cal micrographs.

Using this procedure, relatively large volumes
of porous ceramic bodies can be automatically
examined and the size and concentration of
defects such as pores and inclusions can be
detected and quantified. The features of this novel
technique were illustrated by characterising the
pore concentration in an alumina green body con-
taining artificially introduced pores with a size
around 40 pum. It was found that the results from
the optical imaging method corresponded semi-
quantitatively to the estimation of the introduced
pore concentration. It can be concluded that the
method developed in this study is able of perform-
ing a simple, rapid and relatively accurate charac-
terisation of the defect concentration in porous
ceramic bodies. In fact, optical imaging is a suffi-
ciently easy and swift technique to be considered
as a technique suitable for routine characterisation
of ceramic green bodies of simple shapes, and has
the potential of being an indispensable tool for
optimisation of ceramic processing.
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