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Abstract

In¯uence of the alteration of CIP and dewaxing procedures on the pore structure and the fracture strength of sintered alumina
ceramics was examined. Variation of the fracture strength with the process alteration could be explained by the di�erence in dis-
tribution of large pore defects determined by applying the direct observation techniques. Dewaxing, before CIP, varied the strength

and fracture behavior of granules and was e�ective in promoting the uniform powder packing during consolidation, resulting in the
high strength of sintered bodies. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The manufacturing process exerts a very important
in¯uence on the microstructure and properties of cera-
mic materials. In a given production method, a minor
change of processing condition can have a very strong
e�ect on them. In ceramic materials formed through the
powder compaction method, large pores responsible for
the reduction of fracture strength are often found in
sintered bodies.1,2 The major source of these large pores
can be related to the structure and characteristics of
utilized granules.3,4 Dimples in granules and the incom-
plete adhesion between granules result in the formation
of void spaces at their center and boundaries in green
compacts. These pore defects persist or even grow in
sintering, forming fracture origins which cause the
degradation of fracture strength of sintered bodies.5±9

Controlling both the structure and characteristics of
granules as well as the compaction behavior thus
becomes an important issue for the reduction in the

concentration and size of pore defects to improve the
strength and reliability of ceramic materials.
There are many factors exerting an in¯uence on the

structure and characteristics of granules. For example,
the structure of granules are changed by the dispersion
properties of powder particles in slurry.1,3 Their com-
pressive properties are in¯uenced by the ambient tem-
perature and humidity.4,12±16 It has been shown that
soft and deformable granules are favorable to exhibit
high density with better joining between granules and
high strength in green bodies.12±17 However, the e�ect
of fracture behavior of granules on the compaction and
the properties of green and sintered ceramic bodies have
not been well understood.
The characteristics and compaction behavior of gran-

ules are mainly governed by the added organic binder
system, provided that other preparation conditions such
as slurry concentration, viscosity, and spray drying
conditions, etc. are essentially unchanged. Dewaxing by
the heat treatment of granules is, therefore, expected to
vary the property of granules and the resultant com-
paction behavior.
In this study, in¯uence of the heat-treatment of green

compacts before and after CIP was investigated on the
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variation of structure and fracture strength of sintered
alumina ceramics, because the compaction during CIP
should still be dominated by the characteristics of gran-
ules. Direct observation techniques developed by
Uematsu et al. are applied to examine the structure
variation in CIPed and sintered bodies,10,11 and the
relevance of the structural variation to the fracture
strength is discussed.
E�ect of the heat-treatment of granules on their

characteristics was also examined. Fracture strength of
granules was measured and the fracture behavior was
observed. The results are brie¯y mentioned in this study
to explain the di�erence in green microstructure.

2. Experimental procedure

The starting material is low-soda alumina (AES-11E,
SUMITOMO CHEMICAL Co., Ltd.) with an average
particle size of 0.4 mm and a purity of 99.8% containing
300 ppm of MgO as a sintering agent. The granules were
prepared according to the procedure shown in the pre-
vious reports.4±7 Polyvinyl alcohol and wax were added
as binders, and the amount of organic components in
binders and other additives was controlled to be 0.5
wt% to the weight of alumina powder.
The granules were uniaxially mold pressed into com-

pacts at 10 MPa with a metal mold. The compacts were
then divided into two groups. One was CIPed subse-
quently followed after mold pressing, and dewaxed by
heat-treating at 500�C for 5 h in the electric furnace
(referred to as AC in the description below). The other
was ®rst dewaxed at 500�C, then CIPed for further
compaction (referred to as BC). CIPing was carried out
at 176MPa for compacts in both groups. The size of green
compacts was 50�60�10 mm. All powder compacts were
sintered at 1590�C for 2 h in the electric furnace.
Densities of sintered samples were measured by using

Archimedes method in water. Test specimens with the
size 3�4�40 mm were cut and ground from the sintered
samples for the fracture strength and toughness mea-
surements. The surface of the specimens was ®nished
with a diamond grinding wheel of No. 800. Four point
bending strength was measured for specimens according
to JIS R1601 by using a universal testing machine with
the cross head speed of 0.5 mm/min. The single-edged-
precracked beam method was applied to measure the
fracture toughness according to JIS R1607.
The structures of green bodies were examined in

transmission mode for thinned specimens with the
liquid immersion method. For the structural observa-
tion of green bodies, the samples were thinned to a tenth
of a millimeter thick with grinding paper. A few drops
of 1-bromonaphthalene and methyleneiodide were
added to make them transparent and to observe the
structure in transmission mode. For the structural

observation of sintered bodies, the samples were thinned
to the thickness of less than about 50 mm and ®nished
with diamond pastes of 0.5±2 mm. Micrographs were
taken on the thinned specimens with transmission
mode without adding any immersion liquids. The size
and the concentration of pores were examined on the
micrographs.
Fracture behavior of a single granule was analyzed by

a diametral microcompression testing machine (model
PCT-200, Shimadzu, Japan) for both as-granulated and
dewaxed granules. Dewaxing was also carried out by
heat-treating the granules at 500�C. The strength of the
granule was determined according to the procedure
shown in the previous report.18

3. Results

Fig. 1 shows the SEM micrographs taken on the
fracture surface of green compacts. The trace of gran-
ules is observed in the green compact prepared through
AC process. Clearly, the adhesion of granules was
improved in the green body in the BC group.

Fig. 1. SEMmicrographs taken on the fracture surface of green bodies

made through (a) AC and (b) BC processes.
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Fig. 2 shows the normal optical micrographs taken
with transmission mode with the liquid immersion
method for green compacts. Boundaries of granules and
pores are visible in both compacts, even in the BC sample.
It was very di�cult to notice these kinds of pore structures
in green compacts by SEM, as shown in Fig. 1. In the
optical micrographs, a larger size and population of
pores are evident for the green body in the AC group
than for the BC. These pores are formed from dimples
in granules and void spaces at the boundaries of granules.
Fig. 3 shows the SEM micrographs taken on the

polished/etched surface of sintered specimens for both
AC and BC. No marked di�erence was observed in
these microstructures such in the size, size distribution
and morphology of grains. The microstructures were
uniform without excessively large and/or agglomerated
grains.
Fig. 4 shows the SEM micrograph taken with low

magni®cation for the sintered specimen of the AC
group. Spherical and crack-like pores were found to be
distributed throughout the system. Similar pore struc-
ture was observed in the BC specimen. The size of pores
ranged from several to several tens of micrometers.

Fig. 5 shows the photomicrographs taken with trans-
mission mode on thinned specimens in both the AC and
BC groups. The trace of granules are visible for both
specimens even after sintering. Many pores are noted
again at the center and between the trace of granules.
Those pores should be identical to pores or void spaces
found in the SEM micrograph shown in Fig. 4. Clearly,
the pores found in green bodies persisted at least par-
tially during the densi®cation process. The pore size is
larger for the sample AC than for BC as observed in
green compacts (Fig. 2). Conventional characterization
tools such as SEM could not reveal such a minor dif-
ference in the pore structure. This successful identi®ca-
tion can be ascribed again to the potential of the direct
observation techniques.
For the present samples, sintered bulk densities were

essentially the same regardless of the alteration of the
procedure, showing 3.93 g/cm3 for both AC and BC
samples. Fracture toughness was 4.6 MPam1/2 for both
specimens and also the same. On the other hand, a clear
di�erence was found in the fracture strength. Fig. 6
shows the Weibull distributions of the fracture strength
measured for the specimens in both groups. Fracture
strength of the BC specimens was clearly higher than
that of AC. Average strength of the AC samples, 362
MPa, was in good coincidence with the results shown in
the previous reports on the strength of sintered alumina
that were made through the similar production route.4,5

On the other hand, the strength of BC samples was
appreciably higher, 390 MPa. Weibull modulus was
high for both groups, suggesting that the size of fracture
origins was rather uniformly large.
Fig. 7 shows the relation between the concentration

and the size of pores for AC and BC samples. The pore
density was de®ned as the number of pore per unit
volume of specimen per unit size interval. The analysis
was carried out for specimens with the e�ective volume
about 2.7 mm3 by using the photomicrographs taken
with transmission mode. For determination of the pore
concentration, the number of pores was counted per
pore size of 5 mm interval, and plotted on the ®gure as
the intermediate value in the interval. A clear di�erence
is noted in the ®gure, showing that the density of large
pores is signi®cantly higher in AC samples than in BC
for the size range examined. The maximum size of
defect found was approximately 60 mm for this exam-
ination volume.
The average fracture strengths measured on a single

granule for both as-granulated and dewaxed granules
were 0.29 and 0.41 MPa respectively. Dewaxed granules
clearly exhibited higher fracture strength. Microscope
observation of the tested granules revealed that both
granules fractured fragilely. The di�erence in fracture
behavior was that the dewaxed granules broke into
many small fragments by loading, whereas as-granu-
lated ones split into several large and connected pieces.

Fig. 2. Internal structure of green bodies made through (a) AC and

(b) BC processes.
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4. Discussion

This study has again clari®ed the in¯uence of the
minor di�erence of the structure in sintered ceramics on
the mechanical strength quantitatively, as reported in
the previous paper.5 Variation of the properties in cera-
mics with a minor change of processing condition can
be detected by the conventional characterization tools
such as density and strength measurements. It is, how-
ever, often very di�cult to clarify the important factors
exerting an in¯uence on such a variation. The transmis-
sion characterization approach thus becomes crucial for
understanding the results which are obtained by the
conventional approach.
Variation of the strength in the present alumina cera-

mics should be related to the pore size distribution,
especially of large pores with the size nearly 100 mm.5,7

As described above, the same sintered densities (3.93
g/cm3) were obtained for the samples in both groups.
The same value of the density indicates that both
samples contain the same pore volume. For ceramics,
the strength±density relationship is given empirically as
follows.19

� � �0 exp ÿnP� �

where, � is the strength, �0 and n are constants, and P
the porosity. The value of n changes from 4 to 7 for
various kinds of ceramics. According to this relation-
ship, ceramic materials with the same pore volume are

expected to have nearly the same fracture strength,
provided that they are prepared from the same powders
through the similar production route. Di�erence in the
strength for the present sintered alumina ceramics

Fig. 3. Microstructure of sintered bodies made through (a) AC and (b) BC processes.

Fig. 4. Distribution of pore defects found in the polished/etched

surface of the specimen AC by SEM.
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should, therefore, be explained in terms of the pore size
distribution, not of the porosity. Direct observation
revealed the slight change of the internal pore structure
for the present materials as shown in Fig. 5. The
apparent high concentration of pores for both AC and
BC specimens does not contradict the high relative
density (98.7% for the present samples) of the sintered
bodies, because it can be ascribed to the unique obser-
vation method in which pores located at various depth
in the specimen are observed simultaneously.
The di�erence of fracture strength can be explained

by the di�erence of pore structure in sintered bodies.
Notice the histogram of the pore density against the
pore size shown in Fig. 7 that was determined from the
photomicrographs taken for sintered specimens in
transmission mode. A clear di�erence can be found in
the defect size distribution between AC and BC sam-
ples. Variation of the strength for the present alumina
ceramics can be explained quantitatively with this
change of pore size distribution. Focused on large pores
with the size nearly 100 mm, which should be expected
to govern the fracture behavior of sintered bodies as

fracture origins, 0.02 mmÿ3 mmÿ1 is nearly the con-
centration where the maximum pore size in the AC
specimen becomes 100 mm, provided that the curve can
be extrapolated to the region of such the large defects.
At that concentration, Fig. 7 indicates that the size is 1.3
times larger for the AC specimen than for the BC. Pro-
vided that the shape factor of defects being the same,
this di�erence in the defect size corresponds to 1.1 times
higher strength for the BC specimen since the strength is
inversely proportional to the one-half power of the size
of fracture origin for specimens with the same fracture
toughness. The result presented in Fig. 6 demonstrates
that this estimate is in good agreement with the increase
of fracture strength for the BC specimen, showing that
the average strength of BC specimens (390 MPa) is 1.1
times higher than that of AC (362 MPa).
In¯uence of the pore structure on the variation of

fracture strength is also obvious in the Weibull plot
presented in Fig. 6. High Weibull modulus is noted for
both samples, 22 for BC and 26 for AC. The result
clearly shows that the alternative sources, such as
inclusions or large grains developed through the abnor-
mal grain growth, are unlikely to be the major fracture
origins governing the strength of the present ceramics.
High Weibull modulus and the parallel line in the plot
can be explained by the high concentration of pores as
fracture origins. A high concentration of pore defects
with uniform distribution allows the number and size of
pores, within the e�ective volume for fracture to be
similar and makes the strength be rather constant for all
tested specimens.
Pore structure in sintered bodies is in¯uenced by the

microstructure of green bodies. Pores at the middle and/
or at the boundary of granules found in green compacts
(Fig. 2) should be the major source of defects in sintered
bodies, as mentioned in the past studies.5±9 Because it
can be expected that the morphological change of pores
with densi®cation is similar for all the tested samples,
smaller size of pores in the green compact of the BC
group should be responsible for making the pore defect
size be smaller in sintered body, resulting in the increase
of fracture strength of BC samples. The result indicates
that dewaxing of mold pressed powder compacts before
CIP by the heat-treatment was e�ective in reducing the
pore size in green compact.
Formation of large pores during the forming process

depends on the characteristics and compaction behavior
of granules. It has been reported that soft granules are
required to promote the uniform powder packing with
complete joining at their boundaries and to achieve high
green density with small pore size.12±17 Another pre-
vious report also suggests that the heat-treatment of
granules results in the strengthening of granules due to
the neck growth between primary particles and is,
therefore, detrimental for the reduction of void spaces
between granules.20 Even in the present study, heat-treated

Fig. 5. Internal pore structure of sintered bodies made through (a) AC

and (b) BC processes.
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granules exhibited higher strength (0.41 MPa) than that
of as-granulated ones (0.29 MPa). The result suggests
that the dewaxing of powder compacts before CIP
should be detrimental for the promotion of uniform
powder packing because the compaction during CIP is
still governed by the characteristics of granules. It is
thus, interesting that the sintered bodies in the BC
group contained smaller pore defects and exhibited
higher strength.
Di�erence of fracture behavior between as-granulated

and dewaxed granules should be the key to solving that
problem. Hard granules should be useful to promote the
uniform packing during consolidation at the initial
stage of compaction, because of the e�ective pressure

transmission to the inside. Fragmentation of granules
into small pieces, after the initial promoted packing,
would be favorable to ®ll the voids in and between
granules and to promote uniform powder packing with
small pores throughout the system. As described above,
both granules fractured fragilely in the present case. The
di�erence was the fracture behavior. Dewaxed granules
broke into many small fragments by loading, whereas
as-granulated ones only split into several large and
connected pieces. Such the di�erence in the fracture
behavior of dewaxed granules was considered to result
in the reduction of void spaces in BC samples during
consolidation by CIP. Details of the e�ect of heat-
treatment of granules on the fracture behavior are still
under examination and will be discussed in the other
extensive paper.

5. Conclusion

Dewaxing before CIP with the heat-treatment of
powder compacts was e�ective to make the pore defect
size in green and sintered bodies be small and to
improve the fracture strength of sintered bodies.
Reduction of pore size in green compact was ascribed to
the promotion of rather uniform powder packing for
heat-treated and dewaxed granules. It was considered
that brittle fracture of the granules into many small
fragments after the e�ective pressure transmission was
responsible for the reduction of pore size in green bodies
by ®lling the void spaces with powder particles during
consolidation by CIP.
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