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Constrained densification in boehmite–alumina
mixtures for the fabrication of porous
alumina ceramics
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Department of Materials Science and Engineering and The Particulate Materials Centre,
Pennsylvania State University, University Park, PA 16802 USA

It is demonstrated that inherent constrained densification characteristics of the bimodal size
distributed powders can be utilized to fabricate porous alpha alumina. Seeded boehmite was
mixed with coarse alpha alumina particles to produce various compositions of bimodal
mixtures. The densification behaviour of the mixtures was correlated with shrinkage and
microstructural evolution. The mixtures sintered at 1200 °C contained more than 30%
porosity and the mechanical strength of the mixtures was increased by 2—4 fold relative to
the coarse particles alone with similar porosity ((5 MPa).  1998 Chapman & Hall
1. Introduction
Porous ceramics have a wide range of applica-
tions including filters, desiccants, insulators, catalyst
carriers, bone replacement, acoustic absorbers, and
heat exchangers [1—3]. They are used in environ-
ments which require corrosion and abrasion resist-
ance, and thermal stability. Ceramic filters can be
fabricated by extrusion, injection of a ceramic slurry
into a plastic foam body, chemical leaching, and
sintering [1, 4]. The sintering method utilizes con-
ventional densification and the pore size is control-
led by adjusting the initial particle size or sintering
temperature.

Porous materials generally have a poor mechanical
strength because strength is inversely related to poros-
ity. The mechanical strength, which can limit the
application of porous ceramics, can be improved
by using reinforcements or capsule-free hot isos-
tatic pressing [3—6]. The sintering of sintered
porous ceramics requires a temperature range where
densification is low, porosity is retained, and consider-
able neck growth between particles can be achieved.
The thermal stability of pores largely depends on the
sintering temperature. Slow densification kinetics at
high temperature is thus favourable to develop ther-
mally stable pores and a reasonable mechanical
strength.

One little explored approach to produce porous
materials is to take advantage of the retarded densifica-
tion phenomenon of powders with a bimodal particle
size distribution. The densification of such powders is
significantly retarded for several reasons. First, crack-
like defects can evolve which relax the stress that arises
in the matrix surrounding the non-densifying coarse
particles [7, 8]. Secondly, differential densification be-
tween the matrix and the coarse particles, causes
a compressive radial stress and a tensile hoop stress in
0022—2461 ( 1998 Chapman & Hall
the matrix. The tensile stress counteracts the sintering
pressure of the matrix and inhibits densification of the
mixture [9—11]. Bordia and Scherer [12] and Scherer
[13] have pointed out that the tensile stresses or
‘‘backstress’’ cannot be greater than the sintering
stress which is significantly less than previously re-
ported. Lange has addressed the effect of the inclusion
(i.e., coarse particle) spacing on the densification of
a mixture by assuming the inclusions formed a disper-
sed network and the network shrinks in an undis-
torted manner [14]. Based on this idea, Sudre and
Lange provided microstructural evidence for the
development of a compressive stress in the matrix
for inclusions more closely spaced than the average
separation distance. In contrast tensile stresses arise in
the matrix between the inclusions that are spaced
further apart than the average separation distance in
a-Al

2
O

3
matrix and ZrO

2
mixtures [15]. Upon den-

sification, the matrix under compressive stress den-
sifies faster and becomes rigid. When the necks be-
tween inclusions interconnect to form a continuous
network, further densification of the sample is signifi-
cantly limited.

In the present work, a bimodal mixture of seeded
boehmite and uniformly sized coarse a-Al

2
O

3
par-

ticles was used to fabricate porous a-Al
2
O

3
ceramics.

By using a-Al
2
O

3
seeded boehmite it will be shown

that a higher strength can be achieved than solely with
the a-Al

2
O

3
and also that the porosity can be maxi-

mized as a result of the specific volume difference
between boehmite and a-Al

2
O

3
. The retarded densifi-

cation of the mixture was analysed by correlating
the shrinkage and microstructural evolutions. The
porosity, pore size distribution, and mechanical
strength as well as their densification behaviour were
investigated as a function of composition and sinter-
ing temperature.
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2. Experimental procedure
A hydrosol was prepared by dispersing 15 wt% of
commercial boehmite powder (Catapal D, Condea,
Houston TX) in distilled water and adjusting the dis-
persion pH to 3 with nitric acid. The stabilized boeh-
mite hydrosol was mixed with 1.5 wt% a-Al

2
O

3
seeds

obtained by the centrifugal method [16]. The coarse
a-Al

2
O

3
particle dispersion was prepared by mixing

a commercial a-Al
2
O

3
powder (AA2 Sumitomo

Chemical America, Inc., New York, NY) in distilled
water after adjusting the pH to 3 with nitric acid.
The dispersions were stirred for 2 days and sonicated
to break up agglomerates. The mean particle size
of the coarse a-Al

2
O

3
powder was 2 lm. Seeded

boehmite sols were mixed with the coarse a-Al
2
O

3
dispersions to produce 0, 30, 50, 70 and 100% a-Al

2
O

3
mixtures. The compositions of the mixed sols are
listed in Table I. Hereafter, the composition of mix-
tures will be referred to on the basis of the transformed
state.

The mixed sol was gelled by dehydration on a hot
plate and dried at 85 °C to produce gel fragments. The
gel fragments of the mixtures were ground using an
alumina mortar and pestle to (90 lm (!170 mesh)
and redispersed in ethanol to obtain deformable ag-
glomerates for pressing [16]. The dispersion was car-
ried out by milling ground gel fragments for 10 h in
a NalgeneTM plastic bottle using high purity alumina
balls. Ethanol-dispersed mixtures were dried, ground,
and sieved again to (90 lm. Sieved agglomerates
were uniaxially pressed into pellets using a 12.7 mm
diameter cylindrical steel die at 5 MPa and pel-
lets were cold isostatically pressed at 280 MPa. The
green density of the pellets was determined from the
dimensions.

Pellets were heated in air from room temperature to
850 °C at a rate of 5 °C min~1 and from 850 °C to the
sintering temperature at a rate of 15 °C min~1. The
samples were sintered at temperatures in the range of
1200—1600 °C for 100 min. The sintered densities were
measured using the Archimedes technique. Micro-
structures of either polished or fractured surfaces of
selected samples were observed by scanning electron
microscopy (SEM). Polished samples were thermally
etched at 50 °C below the sintering temperature for
30 min to reveal the grain structure. The mechanical
strength of the sintered samples was determined by
diametral compression at a constant crosshead speed
of 0.5 mm min~1. The sintered density was measured
by the Archimedes technique and the pore size distri-
bution was measured by mercury porosimetry. Con-
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tinuous shrinkage of selected samples was measured
with a thermomechanical analyser (TMA 60-5-5,
Shimadzu).

3. Results
In a bimodal powder mixture, the composition of
maximum packing, w

&*
, can be calculated from:
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0
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where v
#

is the specific volume of the coarse particle
compact (0.417 cm3 g~1 in the present work), v

&
is

the specific volume of the fine particle compact
(0.605 cm3 g~1 in the present work), and v

0
is the

theoretical specific volume of the a-Al
2
O

3
(0.251 cm3 g~1). The calculated w

&*
value for the mix-

ture is 0.218 cm3 g~1 and the theoretically predicted
density at w

&*
is 80.6%. The theoretical packing vol-

ume of mixtures, v
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The theoretical and measured specific volumes of the
mixtures are compared in Fig. 1. In region I, coarse
particles are in contact and fine particles fill the voids
between the coarse particles (w

&
)w

&*
), and in region

II, coarse particles are dispersed in the fine particle
matrix (w

&
*w

&*
). The compositions of the unfired

mixtures are included in region II, and the theoretical
packing density at w

&
"0.36 (referred to as the 70

mixture in Table I) is 74.0%. The difference between
the theoretically predicted green density and the ex-
perimental data is due to mixing inhomogeneity
[17, 18].

The green densities of the mixtures show typical
bimodal mixture characteristics in Fig. 1; the &70%
a-Al

2
O

3
(coarse particle) sample has the maximum

density and the density decreases as the boehmite (fine
particle) content increases. The 100% a-Al

2
O

3
sample

is &60% dense, which indicates that the particles are
randomly close packed.

Samples were heated for 5 min at 1200 °C to ensure
complete transformation of boehmite to a-Al

2
O

3
. As

seen in Fig. 2, the trend in the green density of the
mixtures was not retained after transformation. The
TABLE I The seeded boehmite fraction and green densities of mixtures (fractions are based on solid phase only)

Name (based on Weight fraction in Volume fraction in Theoretical density After a-Al
2
O

3
a-Al

2
O

3
fraction) green body (wt %) green body (vol %) of green body (g/cm3) transformation (%)

0 mixture 100 100 3.01 100
30 mixture 75.4 80.2 3.20 70
50 mixture 56.8 63.5 3.36 50
70 mixture 36.1 42.7 3.57 30

100 mixture 0 0 3.98 0



Figure 1 The green densities and specific volumes of the mixtures.
Key: (d) specific volume and (—) ideal volume.

Figure 2 The density of the mixtures after a-Al
2
O

3
transformation

(heated at 1200 °C for 5 min).

67.1% density of the 70% mixture is lower than the
green density (71.1%) because of the characteristics of
the boehmite to a-Al

2
O

3
phase transformation. The

boehmite to c-Al
2
O

3
transformation, which is the first

step of the sequential transformation of boehmite, is
pseudomorphic and the weight loss due to dehydra-
tion is not accompanied by a change in external
dimensions [19, 20]. Consequently, the transformed
c-Al

2
O

3
has a sponge-like, porous texture [21] and

the relative density of the sample during the transition
alumina phase decreases relative to the initial boeh-
mite sample. The transformation from boehmite to
a-Al

2
O

3
is accompanied by an&36% volume change.

During this transformation, the presence of coarse
a-Al

2
O

3
particles can inhibit the shrinkage of the

matrix in the same manner as in retarded densifica-
tion. The densities at various temperatures are shown
in Fig. 3 as a function of composition. It is clear that
densification is significantly inhibited by the presence
of the coarse a-Al

2
O

3
particles, especially at 1200 and

1250 °C.
Fig. 4 shows the continuous shrinkage behaviour of

mixtures and the two end members measured under
the same heating profile as used in the sintering study.
For the seeded boehmite, there is a large, abrupt
shrinkage at &1100 °C which is due to the trans-
formation of h-Al

2
O

3
to a-Al

2
O

3
. The shrinkage of

the mixtures decreased as the coarse a-Al
2
O

3
fraction

increases. It should be noted that the coarse a-Al
2
O

3
particle fractions in the 50 and 70% mixtures (0.24 and
Figure 3 The density of the mixtures (after sintering for 100 min at
sintering temperatures of: (L) 1200 °C, (m) 1250 °C, (j) 1400 °C and
(d) 1600 °C.

Figure 4 Measured linear shrinkage at a heating rate of 5 °C min~1

before 850 °C and 15 °C min~1 after 850 °C for the: ( ) ) ) ) seeded
boehmite, ( - - - ) 30% mixture, (— — — ) 50% mixture, (— —) 70%
mixture and (——) coarse 100%.

0.41 respectively on the basis of the total sample vol-
ume) are much higher than the empirically determined
threshold value for the formation of a three dimen-
sional percolative network of inclusions, 0.16. When
the inclusions form a percolative network, the shrink-
age of the mixtures is the same as the shrinkage of the
coarse particle compact. However, Fig. 4, shows that
there is no evidence for the formation of a percolative
network even in the 70% mixture.

Fig. 5 (a and b) shows the fracture surface of seeded
boehmite and the 70% mixture after 5 min at 1200 °C.
The transformed seeded boehmite in Fig. 5a has
a crystallite size slightly smaller than 0.2 lm which is
similar to previous reports for seeded boehmite
[22—24]. The microstructure of the 70% mixture, in
Fig. 5b, shows &1 lm scale voids formed between the
coarse a-Al

2
O

3
particles. These voids form because

the seeded boehmite matrix recedes from the
boehmite-a-Al

2
O

3
particle interface during shrinkage.

The transformed phase in the mixture is not as dense
as the unconstrained seeded boehmite and the con-
nectivity of the crystallites is also not as good as
observed in the free sintered seeded boehmite.

Fig. 6 (a—f ) compares the microstructure of the 30
and 70% mixtures sintered at 1200, 1250 and 1400 °C
for 100 min. Fracture surfaces were examined for the
samples sintered at 1200 °C and polished surfaces were
915



Figure 5 The fracture surface of transformed samples (a) seeded boehmite and (b) 70% mixture.

Figure 6 The microstructures of sintered samples (a) 30% mixture at 1200 °C, (b) 70% mixture at 1200 °C, (c) 30% mixture at 1250 °C, (d) 70%
mixture at 1200 °C, (e) 30% mixture at 1400 °C and (f ) 70% mixture at 1400 °C.
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examined for the rest of the samples. At 1200 °C,
the 30% mixture shows coarse a-Al

2
O

3
particles dis-

persed in the fine matrix and the attachment of some
fine particles to the coarse particles. In the 70% mix-
ture, the coarse a-Al

2
O

3
particles are very closely

spaced or touching and large voids between coarse
a-Al

2
O

3
particle and matrix are observed. As the 30%

mixture densifies, a dense matrix forms between the
coarse particles at 1250 °C. Meanwhile, no significant
densification is observed in the matrix of the 70%
mixture at 1250 °C. At 1400 °C the dense area in-
creases in the 30% mixture and the overall micro-
structure appears to form a continuous network. Fig.
6d still shows poor densification of the 70% mixture at
1400 °C and some neck formation between coarse
particles and the early stage of continuous network
development.

The pore size distributions of samples sintered at
1200 °C for 5 min are compared in Fig. 7. The two end
members and the 30% alumina mixture have very
narrow pore size distributions and it is broadened for
the 50 and 70% mixtures. The most frequent pore size
in the 100% coarse a-Al

2
O

3
sample is 0.5 lm which is

an order of magnitude larger than the pore size of the
seeded boehmite (0.03 lm). The mixtures have pore
size distributions between the coarse alumina and
seeded boehmite end members and in accordance with
the coarse a-Al

2
O

3
content. The increased pore size of

mixtures compared to that of the seeded boehmite is
a reflection of retarded densification.

The strength of samples sintered at various condi-
tions is shown in Fig. 8. The strength was calculated
from:

r "

2P

pDt
(4)

where P is the load at fracture, D is the sample dia-
meter (&10 mm), and t is the sample thickness. Sam-
ples were typically 3 mm thick and 10 mm in diameter.
As expected from the low density and the lack of
interparticle neck formation, the 100% alumina
sample has very low strength regardless of the sinter-
ing condition. It is clear that the strength of the mix-
tures increases as the boehmite fraction increases and
the trend is consistent with the sintered density.

Figure 7 Cumulative pore size distributions of samples sintered at
1200 °C for 5 min. Key: ( ) ) ) ) seeded boehmite, ( - - - ) 30% mixture,
(— — — ) 50% mixture, (——) 70% mixture and (——) 100% coarse.
Figure 8 Diametral strength of samples sintered at (m) 1200 °C for
5 min, (—) (j) 1250 °C for 100 min and (d) 1400 °C for 100 min.

4. Discussion
4.1. Density after a-Al2O3 transformation
It is useful to correlate the decreased relative density of
the 70% mixture after the a-Al

2
O

3
transformation

with its composition and the specific volume change of
the seeded boehmite. The volume fraction of coarse
a-Al

2
O

3
particles after transformation (volume of the

inclusion particles divided by the total volume of the
sample including pores), Xa

4
, is related to the a-Al

2
O

3
volume fraction in the green body, Xa

0
, as:

Xa

4
" Xa

0

»
0

»
4

(5)

since the volume of a-Al
2
O

3
particles does not change

during heating, where »
4
is the total sample volume

after heating, and »
0

is the initial total volume. The
sample volumes before and after heating are related
as:

»
4
/»

0
" (1!e)3 (6)

where e is the linear shrinkage.
In the green state, the solid phase of the 70% mix-

ture consists of 42.7 vol% boehmite and 57.3 vol%
a-Al

2
O

3
(Table I). Based on the green density, the

powder mixture consists of 30.4 vol% boehmite,
40.7 vol% a-Al

2
O

3
(Xa

0
), and 28.9 vol% porosity. The

linear shrinkage of the 70% mixture, after heating at
1200 °C for 5 min, as measured by thermo mechanical
analyser (TMA), was 4.5%. Using the above relation-
ship, the Xa

4
of this mixture can be calculated to be

46.7%. The volume fraction of the transformed phase
X"

4
can be calculated as Xa

4
30/70 because the mixture

is designed to produce 30% of the a-Al
2
O

3
from

boehmite. The pore volume fraction of the trans-
formed 70% mixture is 100!Xa

4
!X"

4
or 33.3%. This

value closely matches the measured porosity, which is
32.9%. The lower sample density after transformation
results from a combination of the large specific volume
change during transformation and the small shrinkage
of the sample at 1200 °C.

4.2. Shrinkage and densification behaviour
If the green microstructure is assumed to be ideal,
i.e., the a-Al

2
O

3
particles are uniformly spaced in

the seeded boehmite matrix, the separation distance
917



Figure 9 Measured and ( ) ) ) ) calculated linear shrinkage of the 50%
mixture.

between the neighbouring particles, d, and the particle
radius, r, are related as:

2r/(2r#d) " ( f /s)1@3 (7)

where f is the volume fraction of the coarse particle
and s is the coarse particle volume fraction at the
maximum packing [14]. If the shrinkage of the mix-
ture is purely from the matrix, the mixture shrinkage,
e
#
, can be expressed as:

e
#
" e

.
[d/(2r#d)] (8)

where e
.

is the matrix shrinkage. This expression
assumes that shrinkage of the matrix between the
closest coarse particles is the same as that of the free
matrix.

Since the coarse particles do not contribute to the
shrinkage, the matrix between particles spaced farther
than d can not shrink as much as the matrix between
the closest particles unless the particle network is
deformed by shrinkage. If the matrix between the
closest particle shrinks as much as in the uncon-
strained case, the total volume shrinkage of the entire
matrix becomes much less than for unconstrained
shrinkage. Fig. 9 illustrates that the predicted shrink-
age of the 50% mixture is considerably less than the
measured shrinkage if it is assumed that the matrix
between the closest inclusions shrinks in a similar
manner to the unconstrained case. It is clear that the
matrix between the closest particles shrinks more than
the unconstrained case to produce the measured
shrinkage.

Lange [14] has introduced the numerical factor a,
defined as l

/
/l
0

where l
/

is the particle separation
distance (from centre to centre) where the matrix be-
tween the particles shrinks in a similar manner to the
unconstrained case, and l

0
is the minimum particle

separation distance (2r#d). By incorporating a, the
shrinkage of a mixture can be expressed as:

e
#
" e

.
[1!(1/a) ( f /s)1@3] (9)

The theoretical shrinkage for a mixture can be esti-
mated in the absence of extensive information, such as
sintering stress and plastic deformation, using a. In the
present work, shrinkage of the mixtures was measured
and the a value for the mixtures was calculated by
918
Figure 10 Calculated a value for (a) the 30% mixture, (b) the 50%
mixture and (c) the 70% mixture.

comparing the shrinkage with that of the free matrix
(seeded boehmite). Fig. 10 shows the calculated
a values for the mixtures. It is apparent that there is
a discontinuity in the a values at the a-Al

2
O

3
trans-

formation temperature. As predicted by Lange, the
a value is close to 1 when the inclusion fraction is high
(70% mixture). The a values of the 50 and 30% mix-
tures are significantly greater than 1 even though
a conservative value of 0.6 is chosen as the max-
imum particle volume fraction, f, based on the green
density of the 100% alumina compact. The physical
meaning of an a value '1 is that the matrix between
the closest particles must be forced to shrink more
than the free matrix, thus Lange chose 1 as the a value
to interpret previous data reported by De Jonghe et al.
[25].

The high a values in the present work are be-
lieved to be related to the matrix characteristics. Gen-
erally, shrinkage of a sample is accompanied by den-
sification and the neck formation of the particles is
accompanied by densification. However, in the pres-
ent mixtures, the shrinkage before the a-Al

2
O

3
transformation is from the specific volume change
during phase transformation. Thus, it is believed that
there is no significant neck formation between the
particles in the matrix. The stresses developed in
the matrix, produced by differential shrinkage, can
be relieved by the particle rearrangement or grain
boundary sliding [26]. Therefore, it is clear that, for
the initial stage of shrinkage ((1000 °C) in the
present work, the constraint is less severe than when
actual densification is accompanied by neck formation
between particles. In addition, it is apparent that for
compositions experiencing a phase transformation,
the shrinkage of the mixtures cannot be predicted
solely by one a value for the entire range of densi-
fication.

The high a value observed even after transforma-
tion can also be due to the density difference between
the unconstrained boehmite and constrained matrix
phase in the mixtures as shown in Fig. 6 (a—f ). If the
crystallite packing of the transformed matrix phase is
different from the free-transformed case, direct utiliza-
tion of free matrix shrinkage to predict the shrinkage
of mixtures is inappropriate. The density of the matrix,



q
.
, can be calculated as follows:

q
.

"

X"
4

1!Xa

4

(10)

The volume fraction of the transformed phase, X"
4
, is

related to the relative sample density, q, by
X"

4
"qX"{

4
, where X"{

4
is the volume of the trans-

formed phase divided by the volume of the solid phase
only (the target composition) and Xa

4
is the volume

fraction of inclusion particles which is related to q in
the same way. This relationship is valid only after the
a-Al

2
O

3
transformation, thus the calculated matrix

densities of mixtures are compared in Fig. 11 with the
density of unconstrained seeded boehmite heated
above 1200 °C. It should be noted that the calculated
matrix density is based on the total sample volume
minus the space occupied by the coarse a-Al

2
O

3
par-

ticles; the large voids shown in Fig. 6b are included in
the matrix volume. The significantly lower q

.
in the

70% mixture is partially due to these large voids, but
for the 30% mixture, which does not have these type
of voids, q

.
is still lower than the unconstrained

seeded boehmite. The large difference in the very early
stage of sintering is due to the a-Al

2
O

3
transformation

and associated large specific volume change which is
believed to influence further densification of the mix-
tures.

The matrix densification rate, dq
.
/dt, is plotted in

Fig. 12 for the mixtures and the unconstrained case.
The matrix densification rates in the mixutres are
significantly lower than the free matrix up to
&1300 °C. The temperatures for the maximum den-
sification rate of the matrix in the mixtures are
'100 °C higher than for the free matrix. Both the
degree of decreased densification rate and the increase
in the temperature for the maximum densification rate
increase with increasing inclusion content. A similar
analysis was carried out by Rahaman and De Jonghe
[27] for ZnO containing 10 wt% SiC. They reported
that the temperatures for the maximum densification
rate are approximately the same for both the free and
constrained matrix. In the present work, however, sig-
nificant differences are observed between the temper-
atures for the maximum densification rate for the un-
constrained and constrained cases. This result indicates

Figure 11 Matrix densities in (a) the seeded boehmite, (b) the 30%
mixture, (c) the 50% mixture and (d) the 70% mixture.
Figure 12 Matrix densification rate of: ( ) ) ) ) seeded boehmite, ( - - - )
the 30% mixture (—2— ) the 50% mixture and (——) the 70%
mixture.

Figure 13 Strain rate of: ( ) ) ) ) seeded boehmite, (—2— ) the 30%
mixture, ( - - - ) the 50% mixture, (— — — ) the 70% mixture and
(——) the 100% coarse.

a different mechanism for the retarded densification in
boehmite/Al

2
O

3
bimodal mixtures. Several possible

reasons for this include a difference in inclusion frac-
tion, interaction between inclusion and matrix (phase
identity of matrix and inclusions [28]), and the mech-
anical response of the matrix.

In Fig. 13, the strain rates of the mixtures are
plotted against temperature. Seeded boehmite shows
two distinct peaks at 1050 and 1235 °C. The first large
peak corresponds to the rapid volume change during
the a-Al

2
O

3
transformation. The second, relatively

shallow peak results from densification of the trans-
formed microstructure. The mixtures also have two
peaks but the densification peaks shift to higher tem-
peratures and intensities decrease as the course a-
Al

2
O

3
fraction increases. The peak intensity indicates

how fast the sample densifies at a given temperature
with a higher intensity meaning that the sample
microstructure is more homogeneous and densifica-
tion occurs in a narrower range of temperature. Den-
sification peaks of the mixtures are shifted to higher
temperatures by &100 °C compared to the seeded
boehmite and they are much shallower than the
seeded boehmite. Amongst the mixtures, the temper-
ature for the maximum densification rate increases
slightly as the alumina fraction increases.
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Figure 14 Diametral strength as a function of relative density of (a)
the 70% mixtures, (b) the 50% mixtures and (c) the 30% mixtures.
Note that on all three plots the value of the 100% mixture is
represented by the (j) symbol.

The increase of temperature of the maximum
densification rate for the mixtures account for the
constrained sintering, but the extent of the in-
crease varies depending upon the parameters such
as inclusion fraction and density of the matrix. In the
densification rate of a ZnO matrix with 10 wt% SiC
inclusion reported by Rahaman and De Jonghe [27],
the temperature increase was not as pronounced as
the present work. However, in the data reported by
Sudre and Lange [15], a significant increase of the
temperature for the maximum densification rate in the
mixture with 30 % inclusion is observed. The differ-
ence in the temperature increase is basically due to
the stress relaxation ability of the matrix or to
the difference in the mechanisms for the constrained
densification.
920
Figure 15 Fractured surface of samples sintered at 1200 °C for
300 min (a) seeded boehmite, (b) the 30% mixture and (c) the 70%
mixture.

4.3. Strength
The strength of the mixtures is compared with the
strength of the 100% coarse sample as a function of
sintered density in Fig. 14 (a—c). The strength of the
mixtures sintered at 1200 °C for 300 min is also com-
pared with them. It is clear that for a given density, the
mixtures have a higher strength compared to the
100% coarse sample. The increase in density for the
prolonged time at 1200 °C is very small for the 70%
mixture (0.5%) and it becomes larger with increased
boehmite content.

For sintered type porous ceramics, the mechanical
properties can be improved by sintering in the temper-
ature range where surface diffusion is the predominant
mechanism compared to that for volume diffusion;
sintering at low temperature where the neck growth of
a particle is predominant over the densification. The



strengths of the 70 and 50% mixtures are slightly
above the line connecting the strength value of
1200 °C 5 min and 1250 °C 100 min. This implies that
coarsening is more dominant when the inclusion frac-
tion is high. In other words, the retardation for the
30% mixture is relatively smaller than other mixtures.
The microstructures of samples sintered at 1200 °C for
300 min are shown in Fig. 15 (a—c). The difference in
the shape of seeded boehmite and the fine particles in
the mixture are more pronounced than after 5 min
sintering. Seeded boehmite shows faceted crystallites
whereas the fine particles in the mixtures rounded
which implies that connectivity of the fine particles is
an important factor for the densification.

The low density of the mixtures sintered at high
temperatures ('1400 °C) is due to network formation,
but it is clear that densification is significantly con-
strained before the network forms. Microstructural
observation reveals that, in the early stage of sintering
(1200 and 1250 °C), the connectivity of the fine par-
ticles in the mixtures is poor compared to the uncon-
strained case. The poor connectivity is a result of the
tensile stress in the matrix.

5. Conclusions
The retarded densification of a bimodal particle size
powder can be utilized to fabricate porous alumina
by mixing seeded boehmite and coarse a-Al

2
O

3
par-

ticles. The phase transformation of boehmite and
corresponding specific volume change along with
inherent constraint resulted in a low transformed
density and retarded densification. The poor mech-
anical strength of the coarse alumina particle compact
can be improved by mixing with seeded boehmite and
the pore size distribution can also be tailored by
changing the composition of the mixtures. Micro-
structural observation reveals that the low sintered
density of the mixtures can be mainly explained by
the formation of a continuous network, but the
poor connectivity of the fine particles at the early
stage of sintering is also one of the reasons for the
retarded densification of the mixtures. The shrinkage
of the mixtures can not be predicted by a simple
geometrical consideration because the shrinkage be-
fore the a-Al

2
O

3
transformation is not accompanied

by densification and consequently the constraint is
less severe than in densification. In the present work, it
is shown that the presence of the coarse particles
resulted in porous ceramics in spite of other para-
meters such as green density, seeding of boehmite, and
the sol stability [16] were not designed to produce
porous ceramics. Consequently, changing these para-
meters can be another way of tailoring the pore size
distribution.
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