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Abstract

In this study, compressive mechanical properties, relative density, porosity, grain size, and grain boundary area of porous alumina ceramics,
were examined at room temperature to clarify the influence of microstructures. High purity alumina powder of median size 150 nm was dispersed
in an aqueous solution at pH 3.0 and consolidated by pressure filtration to achieve a uniform microstructure. The grain boundary development
was analyzed using an initial sintering model and the decreased Brunauer–Emmett–Teller specific surface area during sintering. When the
alumina compacts were sintered at 500–1400 1C, the relative density (60.2–62.9%) was almost constant up to 1000 1C, while the specific surface
area decreased above 800 1C. The Young's modulus and compressive strength of porous alumina compacts increased exponentially with sintering
temperature. The abovementioned mechanical properties were well explained by the increased grain boundary area during sintering. Another
factor that contributes to the observed increase in the mechanical strength of porous alumina compacts is the increase in packing density, leading
to an increase in the total grain boundary area. An effective compressive strength (830 MPa) for dense alumina compacts of 0% porosity was
estimated from the relationship between measured compressive strength and grain boundary area, which was 1/4–1/3 times that of the
compressive strength reported for dense alumina materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous ceramics are used in various applications, such as
thermal insulators, separation membranes, catalyst supports,
and electrodes for solid oxide fuel cells, because of their high
stability against chemical reaction, heat shock, and mechanical
stress. Recently, our group developed an electrochemical cell
composed of porous electrodes and a porous electrolyte to
generate hydrogen fuel through methane reforming with
carbon dioxide without carbon deposition (CH4+CO2-
2H2+2CO) [1–3]. In the electrochemical cell, a thermal stress
is induced in the cathode and anode owing to the endothermic
reduction reaction (CO2+2e

�-CO+O2�) and exothermic
oxidation reaction (CH4+O

2�-2H2+CO+2e
�), respectively.

Therefore, we anticipate that the improvement in mechanical
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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properties will enable the use of porous ceramics under more
severe conditions.
The mechanical properties of porous ceramics have been

experimentally formulized as a function of porosity in the
1950–1960s, as reviewed in a handbook [4]. Accordingly, the
empirical relationship is given by Eq. (1):

s¼ s0expð�βεÞ; ð1Þ

where s and s0 are the strengths of ceramics with and without
pores, respectively, β is the parameter determined by the nature
of porosity, and ε is the porosity. According to the above-
mentioned relationship, depending on the β value, the strength
of porous ceramics decreases nonlinearly with porosity. For
instance, it was reported that the mechanical properties of
porous alumina sintered at 1860 1C, where alumina grains are
strongly connected, decrease with increase in porosity [5].
Typically, a lower sintering temperature is expected to save

energy and cost associated with the fabrication of porous ceramics.
In the 1980–1990s, there were some attempts to relate the
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mechanical properties of porous ceramics with the microstructure
of solid phase, such as the developed grain boundary, coordination
number of grains, and solid phase contiguity [6–9]. For example,
Green et al. proposed that the bulk modulus of partially sintered
glass spheres is proportional to the coordination number of glass
spheres and the ratio of the grain boundary to sphere radius
[6,7,10]. Similarly, Hardy and Green experimentally reported a
drastic improvement in the mechanical properties at the initial
stages of sintering, which was attributed to the grain boundary
development between coalesced particles [11]. We believe that a
comprehensive understanding of the factors determining the
mechanical properties of porous ceramics is necessary for
application.

Therefore, in this study, we have quantitatively clarified the
crucial factors that determine the mechanical properties of
porous ceramics by measuring the specific surface area, grain
size, porosity, Young's modulus, and compressive strength of
porous alumina ceramics sintered at low temperatures. As a
presintering step, the fine alumina particles in a colloidal
suspension were consolidated by high-pressure filtration to
achieve alumina powder compacts with a uniform microstruc-
ture. On the basis of the experimental results, a model relating
the coordination number of grains and grain boundary area
with compressive strength has been developed.
2. Experimental

Fig. 1 shows the experiment flowchart. Porous alumina ceramics
was fabricated using α-Al2O3 powder (specific surface area
10.21 m2/g, equivalent diameter 150 nm, Al2O3 purity499.99
mass%; AKP-50, Sumitomo Chemical Co. Ltd., Japan). The
alumina powder (isoelectric point of pH 8.5) was dispersed at a
solid content of 15 vol% in an aqueous solution at pH 3.0. The
positively charged alumina particles (zeta potential 45 mV) were
uniformly dispersed in the suspension because of the strong
repulsive energy between them. After stirring for 24 h, the
suspension was consolidated using a pressure filtration apparatus
α-Al2O3 powder

Suspension

Stirring 24 h

Pressure filtration 19 MPa
crosshead speed 0.2 mm/min

Density

Sintering

Compressive 
strength

Microstructure

crosshead speed 0.5 mm/min

BET specific 
surface area

solid content 15 vol%
pH 3.0

500-1400 ºC 
1-8 h, air

specific surface area 10.2 m2/g
equivalent diameter 150 nm

Fig. 1. Flowchart of the fabrication and mechanical test of porous alumina
compacts.
[12,13] at a constant crosshead speed of 0.2 mm/min up to
19 MPa. The filtrate was exhausted from the upper side using a
three-layered membrane filter of pore size 0.1 μm. The resulting
consolidated powder cake was dried at 100 1C in air for 24 h, and
then sintered at 500–1400 1C for 1–8 h.
The bulk and apparent densities of sintered alumina compacts

were measured using the Archimedes method in distilled water.
The Brunauer–Emmett–Teller (BET) specific surface area of the
alumina compacts was also measured using a fluid-type specific-
surface-area auto measurement apparatus (FlowSorb II 2300,
Shimadzu Co., Japan). Furthermore, microstructures were observed
using a field emission scanning electron microscope (FE-SEM, S-
4100H, Hitachi High-Technologies Co., Japan). Fig. 2 illustrates
the schematic of the compressive test adopted in this study. The
sample was sandwiched between two laminates composed of
copper-plate (20� 20� 1 mm3)–sintered-SiC-plate (20� 18� 7
mm3)–copper-plate (20� 20� 1 mm3). Subsequently, the sample
was compressed at a crosshead speed of 0.5 mm/min, while the
strain was measured along the compression direction using a strain
gauge attached to the sample. The compressive test was repeated
four times for each sample.

3. Results and discussion

3.1. Sintering behavior

Fig. 3(a) shows the relative density and decrease in the
specific surface area of the alumina compacts, prepared from
the standard raw powder, as a function of sintering tempera-
ture. These structural parameters were well reproduced, as
shown by the error bars in Fig. 3(a). This indicates that
pressure filtration enables the preparation of alumina powder
compacts with a uniform microstructure. As evidenced from
the figure, the increase in the relative density (60.5–62.9%)
was negligible up to a sintering temperature of 1000 1C for 1 h.
The apparent densification occurred above 1000 1C. The
decrease in the specific surface area was less than 1 m2/g at
500–700 1C, while that at 800 and 1000 1C were 1.26 and
3.82 m2/g, respectively. This implies that the specific surface
area decreased without an apparent change in densification at
800–1000 1C. The mechanical properties of the sample shown
in Fig. 3(b) are described in the subsequent section.
Fig. 4 shows the microstructures of alumina compacts

sintered at different temperatures. No distinguishable changes
copper plate (20×20×1 mm)××
SiC plate

(20×18×7 mm)× ×

steel plate 
(13 mm in diameter, 
5 mm in thickness)

sample
(5×5×5 mm)× ×

strain gauge (4×3 mm) ×

steel plate
(40 mm in diameter,
9.5 mm in thickness)

load (crosshead speed of 0.5 mm/min)

Fig. 2. Schematic of the compressive test of the porous alumina compacts.
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Fig. 3. (a) Relative density and decrease in specific surface area and (b) Young's
modulus and compressive strength as a function of sintering temperature.
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Fig. 4. Microstructures of the alumina compacts sintered at (a) 500 1C
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in the microstructures were observed for samples sintered at
500–1000 1C. On the other hand, the microstructure of
alumina compacts sintered at 1200 1C was characterized by
faceting and coarsening of grains, in accordance with the
densification observed at 1200 1C (Fig. 3(a)). Fig. 5 shows
the cumulative distributions of grain sizes, as analyzed from
the microstructures shown in Fig. 4. The measured grain sizes
were fitted well by normal distribution curves. The median
sizes were almost constant up to 800 1C, while they slightly
increased at 1000 1C, and by a factor of approximately 2 at
1200 1C. The above measurements indicate that no significant
increase in the relative density occurred at 500–1000 1C, while
the change in the microstructures (grain growth and decrease
in specific surface area) became apparent above 1000 1C.
Fig. 6(a) shows the relative density and decrease in the specific

surface area of the alumina compacts sintered at 700 1C, plotted as
a function of sintering time. While the relative density (60.2–
62.1%) was independent of sintering time, the specific surface
600 nm

1000 nm

600 nm

, (b) 600 1C, (c) 700 1C, (d) 800 1C, (e) 1000 1C, and (f) 1200 1C.



50

250 300

D50=125.7 nm D50=118.7 nm

50 100 150 200 250 300

0

50

100

0

50

0
0 50 100 150 200

C
um

ul
at

iv
e 

pe
rc

en
t (

%
)

C
um

ul
at

iv
e 

pe
rc

en
t (

%
)

C
um

ul
at

iv
e 

pe
rc

en
t (

%
)

Grain size (nm) Grain size (nm)

D50=132.2 nm D50=127.9 nm

D50=246.5nmD50=154.1 nm

Fig. 5. Cumulative grain size distribution in alumina compacts sintered at (a) 500 1C, (b) 600 1C, (c) 700 1C, (d) 800 1C, (e) 1000 1C, and (f) 1200 1C.

0.5

1

1.5

2

20

40

60

80

100

1

10

100

0

20

40

60

80

0 2 4 6 8 10
Sintering time (h)

Y
ou

ng
’s

 m
od

ul
us

(G
Pa

)

R
el

at
iv

e 
de

ns
ity

(%
)

C
om

pr
es

si
ve

 st
re

ng
th

(M
Pa

)

D
ec

re
as

e 
of

 su
rf

ac
e 

ar
ea

(m
2 /g

)

Fig. 6. (a) Relative density and decrease in specific surface area and (b)
Young's modulus and compressive strength of alumina compacts as a function
of sintering time at 700 1C.
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area showed a slight decrease with increasing sintering time. The
mechanical properties of the samples, discussed in Fig. 6(b), are
described in the next section. Fig. 7 shows the microstructural
change of alumina compacts with sintering time. The grain size
distributions also fitted well by normal distribution curves. As
evidenced from the microstructural analysis, negligible grain
growth was observed at 700 1C. The median sizes of the
compacts sintered at 700 1C for 1, 2, 4, and 8 h were 132, 123,
158, and 141 nm, respectively.

3.2. Compressive mechanical properties

Fig. 8 shows the relationship between compressive stress and
strain for the alumina compacts sintered at different temperatures.
The compressive strength could not be measured for alumina
compacts sintered at 1200 and 1400 1C because the compressive
stress approached 200 MPa, which corresponded to the maximum
mechanical loading (5 kN) of the equipment. In case of alumina
compacts sintered at 1200 and 1400 1C, the compressive stress
increased significantly even for a small strain. On the other hand,
nonlinear and sometimes zigzag-like deformation of the stress–
strain curve was observed for porous alumina compacts sintered
at 500–1000 1C. Such a nonlinear deformation behavior can be
attributed to the wide distribution of strengths at the grain
boundaries as well as the stress concentration and stress relaxation
at different grain boundaries occurring simultaneously. The
propagation of cracks, which originate from the weaker and
tensile- or shear-stress-concentrated grain boundary, stops at the
grain boundary with high compressive strength. As the stress
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Fig. 7. Microstructures of porous alumina compacts sintered at 700 1C for (a) 1, (b) 2, (c) 4, and (d) 8 h.
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Fig. 10. Schematic of the grain boundary development.
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increases, the formation, propagation, and inhibition of cracks
occur repeatedly.

Fig. 3(b) summarizes the Young's modulus and compressive
strength of alumina compacts sintered at different tempera-
tures. The Young's modulus was measured from the slope of
the stress–strain curves, shown in Fig. 8, below 0.05% strain.
The Young's modulus increased above a sintering temperature
of 800 1C and reached a constant value (427–454 GPa) at
1200–1400 1C. Also, the compressive strength increased
exponentially with increase in sintering temperature. Such a
trend of mechanical properties on sintering temperature is not
explained by the relative density at 500–1000 1C (Fig. 3(a));
however, this trend is similar to the decrease in specific surface
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area with increase in sintering temperature (Fig. 3(a)). The
stress–strain curves of alumina compacts sintered at 700 1C for
various times showed a similar nonlinear relationship.

Fig. 6(b) shows the Young's modulus and compressive
strength as a function of sintering time at 700 1C. The mechanical
properties increased with sintering time at a similar relative
density. This trend is again similar to the decrease in specific
surface area, as observed in Fig. 6(a). Fig. 9 shows the influence
of decreased specific surface area on the Young's modulus and
compressive strength of porous alumina compacts sintered at
500–1000 1C for 1–8 h. The compressive strength linearly
increased with decrease in specific surface area, while the
Young's modulus exponentially increased at a similar relative
density (60.2–62.8%). The results in Fig. 9 are closely related to
the grain boundary development between alumina grains, which
will be discussed in the following section.
3.3. Calculation of grain boundary area and its influence
on mechanical properties

Fig. 10 shows the model structure used for the calculation of
the grain boundary area at the initial stages of sintering. The
transverse axis (h-axis) represents the distance from the particle
surface to particle center. The longitudinal axis (y-axis) represents
the line tangent to the particle surface. When one particle is
adhered to an adjacent particle by sintering, a grain boundary is
formed between the two particles, which is shown by line A–B.
The volume V1 transported to an adjacent particle by sintering is
expressed by Eq. (2):

V1 ¼
Z H

0
πð2hr�h2Þ dh¼ π rH2�H3

3

� �
; ð2Þ

where r is the particle radius after sintering. Also, the residual
volume V2 is expressed by Eq. (3):

V2 ¼
4
3
πr3�nV1; ð3Þ
where n is the coordination number of the particles. On substituting
Eq. (2) for V1 in Eq. (3), we get Eq. (4):

V2 ¼ πr3

3
ð4�3np2 þ np3Þ; ð4Þ

where p is the ratio of H to r. Assuming constant volume and
constant particle number before and after sintering, V2 in
Eq. (4) is equal to the volume of the starting particle before
sintering. The above relationship provides Eq. (5):

r¼ r0
4

4�3np2 þ np3

� �1=3

; ð5Þ

where r0 is the starting particle radius before sintering.
The equation shows the dependence of particle radius on
p and n values during sintering. Furthermore, the surface area S1
disappears after sintering and is expressed by Eq. (6):

S1 ¼ 2πrH ð6Þ
Then, the residual surface area ASV is expressed by Eq. (7):

ASV ¼ 4πr2�nS1 ð7Þ
Substituting Eq. (6) for S1 in Eq. (7) provides Eq. (8):

ASV ¼ 2π r2ð2�npÞ ð8Þ
The r value in Eq. (8) is substituted by Eq. (5), resulting in Eq. (9):

ASV ¼ 42=3πr20
4�2np

ð4�3np2 þ np3Þ2=3
ð9Þ

The p value can be calculated by measuring the decrease in specific
surface area (ΔASV) of the alumina compacts and by assuming a
coordination number. Furthermore, the grain boundary area (ASS) is
expressed by Eq. (10) as a function of p value:

ASS ¼
1
2
nπ Y2 ¼ 1

2
nπ r2�ðr�HÞ2� �

¼ 21=3πr20n
2p�p2

ð4�3np2 þ np3Þ2=3
ð10Þ

When estimating the coordination number of particles, we can
calculate the grain boundary area using Eq. (10) under constant
total grain number and coordination number before and after
sintering.
The linear shrinkage (q), defined by Eq. (11), is calculated

from the relative density, expressed by Eq. (12), and shown as
solid lines in Fig. 11.

q¼ H

r0
; ð11Þ

D¼ 1
1�q

� �3

D0; ð12Þ

where D0 and D are the relative densities of green and sintered
compacts, respectively. The relative density depends on the
coordination number of packed particles. The coordination
numbers of particles (n) in simple, body-centered, and face-
centered cubic structures are 6, 8, and 12, respectively, while the
relative densities (D0) are 0.52, 0.68, and 0.74, respectively.
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On the other hand, the q/p ratio is given by Eq. (13):

q

p
¼ r

r0
¼ 4

4�3np2 þ np3

� �1=3

ð13Þ

Since the p value is experimentally determined from Eq. (9) at a
given n value and the measured specific surface area, it is
substituted in Eq. (13) to obtain the q value. The q values
determined from Eq. (13) at n¼6 for alumina compacts sintered
at 500–800 1C for 1–8 h are plotted against the measured
relative densities, as shown in Fig. 11. These data were very
close to the theoretical curve derived from Eq. (12) at n¼6. The
observed agreement in the q values determined from Eqs. (12)
and (13) suggests that the coordination number 6 is valid during
the initial stages of sintering for green compacts of 60% relative
density.

Fig. 12(a) illustrates the schematic of the grain boundary
development at the coordination number 6. The powder
compacts show a simple cubic structure, with the shaded area
representing the grain boundary area. Fig. 12(b) shows the
sintering temperature dependence of grain boundary diameter
(R) and p value at n¼6 for alumina compacts sintered at 500–
1400 1C for 1 h. The grain boundary diameter is expressed
using the p value by Eq. (14):

R¼ 2Y

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðr�HÞ2

q

¼ 25=3r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p�p2

ð4�3np2 þ np3Þ2=3

s
ð14Þ

The grain boundary diameter and the p value showed a similar
tendency on sintering temperature. That is, a rapid increase of
R and p values occurred above 800 1C; these values were
then saturated at 1200–1400 1C. The measured compressive
ASS: grain boundary
area

Grain

ASV: area of 
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Fig. 12. Schematic of (a) the grain boundary formation and (b) variation of grain
coordination number 6 of alumina compacts sintered at 500–1400 1C for 1 h.
strength is determined by Eq. (15):

s¼ F

L2
¼ s0πðR=2Þ2N2=3

L2
; ð15Þ

where F and L2 are the mechanical load and apparent area of the
compressed alumina compacts, respectively. The compressive load
is applied to the total grain boundary area (π(R/2)2N2/3) in Fig. 12
(a), where N is the particle number of the cubic powder compacts.
When the compressive strength at 0% porosity is constant
(s0, effective compressive strength), the measured strength is
related to the right-hand term of Eq. (15). Fig. 13 shows the
relationship between the measured strength and π(R/2)2N2/3/L2

value for alumina compacts sintered at 500–1000 1C for 1–8 h. As
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seen in Fig. 13, the compressive strength increased with the grain
boundary area. That is, the increases in particle number (N) packed
in powder compacts and the grain boundary area (πR2/4) are the
key factors contributing to the increase in compressive strength of
porous powder compacts. The s0 value, determined from the
straight line slope in Fig. 13, was found to be 827 MPa, which was
almost 1/4–1/3 times the compressive strength (2.2–3.3 GPa) of
dense alumina ceramics [5,14]. This result may reflect the
formation of weak chemical bonds at the grain boundaries at
low sintering temperatures, which will be analyzed in detail in our
future work.

4. Conclusions

In this study, the compressive strength of porous alumina
powder compacts was examined to clarify the influence of
mechanical properties on the grain boundary development at
the initial stages of sintering. The specific surface area analysis
reflected the negligible microstructural changes during grain
boundary development. The Young's modulus and compres-
sive strength of alumina compacts with relative densities of
60.2–62.9% increased with sintering temperature from 500 to
1000 1C. This result was explained by the increase in the grain
boundary area, which was determined from the decrease in
specific surface area. Another factor that contributes to the
increase in compressive strength while maintaining high
porosity is the increase in packing density, leading to an
increase in the total grain boundary area in powder compacts.
The effective compressive strength corresponding to dense
alumina of 0% porosity, which was determined from the
relationship between grain boundary area and measured
strength, was found to be 827 MPa. This value was 1/4–1/3
times that of the compressive strength reported for dense
alumina ceramics.
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