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11 April 2019 ceramics have regularly arranged pores and high cell wall densities, which

confer high mechanical strength to the porous ceramics. The highest compres-
© Springer Science+Business sive strength for a porous alumina ceramic, with a relative density of 30%, in
Media, LLC, part of Springer ~ this work is 28 MPa, which is at least 74% higher than that of previously
Nature 2019 reported porous alumina ceramics with the same porosity. The results show that

the cell wall density, window size and cell size can be adjusted by controlling
the sintering temperature, solid loading percentage of the alumina slurry and
the size of the polystyrene spheres. With the increase in cell wall density and
decrease in cell size and window size, the compressive strength of the porous
alumina increases. Thus, a novel porous structure with high porosity and high
strength can be made by this flexible method which is also suitable for making
complicated shapes and large sizes.

Introduction inertness, macro-porous alumina ceramics are

extensively used as bone tissue scaffolds [1], filters
Due to their high porosity, large specific surface area, [2], thermal insulators [3], catalyst carriers [4], hot-gas
lightweight, low thermal conductivity, high-temper- collectors [5] and sound absorbers [6]. It should be
ature mechanical strength and good chemical noted that porous ceramic components are frequently
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subjected to mechanical loads in their numerous
applications, and good structural reliability is criti-
cally needed [7, 8].

Various synthetic methods have been successfully
employed to prepare macro-porous alumina ceram-
ics, including partial sintering, replica templating,
direct foaming and sacrificial templating [9]. The
porous ceramics made by partial sintering can
achieve high strength [10], but these pore sizes are
only in the range of several micrometres, and the
porosity is often less than 60% [11-13]. The typical
flaws of the strut walls formed upon pyrolysis of the
template in the replica template method can mark-
edly degrade the final mechanical strength of the
porous ceramics [14]. Although dip-coating and re-
sintering procedures have been developed, unfortu-
nately, the compressive strength of porous alumina
made by these methods is still less than 1 MPa [15].
Porous ceramics prepared by direct foaming dis-
played inhomogeneous pore distribution and pore
sizes [1, 16, 17]. A porous mullite ceramic prepared
by foaming coupled with gel casting showed a
deviation of 300 um in the pore sizes [18]. The sac-
rificial template method can easily control the pore
size, pore shape and porosity. However, it has been
reported that as the porosity increased from 60 to
70%, the strength largely decreased from 24.4 to
3.7 MPa [19]. It is worth mentioning that freeze-
casting is a special sacrificial template method to
obtain porous alumina [20]. Although the structures
are anisotropic, porous ceramics prepared by freeze-
casting can achieve very high compressive strength.
Chen et al. [21] reported that a 150 MPa compressive
strength has been achieved by freeze-casted porous
alumina ceramics at 42% porosity. However, the pore
size of the porous ceramics made by freeze-casting is
often less than 100 um. Despite these studies and the
results obtained, the manufacturing of macro-porous
alumina ceramics with both high porosity and high
mechanical strength is still a difficult problem.

Carefully tailored porous structures have great
potential to give rise to ceramics with substantially
improved strength [22]. This is potentially attained
by more precisely controlling the pore characteristics
themselves, such as size, shape and distribution
[12, 23]. Porous ceramics with a reverse opal structure
showed unique advantages [24, 25]. However, there
are limited reports on the mechanical properties of
these porous materials that possess micrometre or
even millimetre-sized pores. Alumina ceramic foams
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with adjustable cell structure have been fabricated by
centrifugal slip casting in pre-arrayed epispastic
polystyrene templates, but the compressive strength
of this porous alumina, with 75% porosity, only
achieved a value of 3.2 MPa [26]. Moreover, it is
difficult to avoid segregation in the centrifugal pro-
cess, and the shape of the samples is also limited. As
a result, exploring the mechanical properties of por-
ous ceramics with large pore sizes and tailored
inverse opal structures remains an interesting
challenge.

In this work, a combined gel-casting and sacrificial
template method was developed to prepare porous
alumina ceramics with high porosity and high
strength. The sacrificial templates are isometric
polystyrene spheres, which can be almost closely
packed by self-assembly, providing regularly arran-
ged arrays. Then, an alumina slurry was used to fill
the interstitial space by gel casting, guaranteeing a
highly dense strut. Moreover, the gel-casting method
is suitable for making samples of large size. Thus, the
influence of sintering temperature, solid loading
percentage of the alumina slurry and polystyrene
sphere size on the pore structure, physical properties
and mechanical properties of the porous alumina
ceramics were studied.

Experimental procedures
Raw materials

Commercial o-alumina (2 pum, Zibo Aotai New
Material Technology Co., Ltd., China) was used to
prepare the porous ceramics, and polystyrene
spheres (Gongyi Xinjiayuan Water Treatment Mate-
rials Co., Ltd., China) with different sizes were cho-
sen as the sacrificial templates. Aqueous gel casting
was carried out by utilizing methacrylamide (MAM,
C/H;NO, > 98% purity, Sinopharm Chemical
Reagent Co., Ltd., China), N,N'-methylenebisacry-
lamide (MBAM, C;H;oN,O,, > 98% purity, Sino-
pharm Chemical Reagent Co., Ltd., China),
ammonium persulfate (APS, N,Hg5,0g, > 98% pur-
ity, Sinopharm Chemical Reagent Co., Ltd., China)
and N,N,N’,N'-tetramethylethylenediamine (TEMED,
CeH1oN2, > 98% purity, Sinopharm Chemical
Reagent Co., Ltd., China) as the monomer, cross-lin-
ker, initiator and catalyst, respectively. Among these,
the concentrations of APS and TEMED were diluted
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to 10 wt% and 50 vol%, respectively. Moreover,
ammonium citrate (C¢H17N3;0;, > 98.5% purity,
Tianjin Kemiou Chemical Reagent Co., Ltd., China)
and ethyl alcohol (= 99.7% purity, Sinopharm
Chemical Reagent Co., Ltd., China) were used as the
dispersant and wetting agent, respectively.

Preparation of the porous alumina ceramics

The process flowchart for preparing the porous alu-
mina ceramics by the gel-casting and sacrificial tem-
plate methods is shown in Fig.1, and the
compositions of the alumina slurries with different
solid loading percentages are shown in Table 1. The
slurry, containing alumina powder, solvent, mono-
mer, cross-linker and dispersant, was mixed by ball
milling for 24 h, with the weight ratio of milling balls
to alumina powder being 2:1, followed by a vacuum
stirrer for 30 min to remove bubbles produced during
ball milling. Then, the wetting agent, catalyst and
initiator were added to the slurry accompanied by
magnetic stirring. Soon afterwards, the alumina
slurry was poured into a mould that had been filled
with close-packed polystyrene spheres. The poly-
styrene spheres were packed by self-assembly per-
formance and mechanical vibration, and its packing
density is 69.3%. After the polymer had cross-linked
and the slurry had solidified under ambient condi-
tions for 12 h, the samples were carefully removed
from the mould and then dried at ambient tempera-
ture for 72 h. The green samples were fired at 330 °C
for 5 h, and then, the temperature was increased to
1000 °C with a heating rate of 1 °C/min to remove

alumina, solvent, wetting agent,
monomer, dispersant catalyst, initiator
cross linker | -

-
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—
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organic materials slowly. Finally, the samples were
sintered in a muffle furnace at 1400-1650 °C for 4 h.

Characterization

The microstructure of the porous alumina ceramics
was observed using a scanning electronic microscope
(SEM, JSM-6150 and JSM-7001F, JEOL, Japan). More
than three hundred polystyrene spheres were mea-
sured by using an image particle analysis system (BT-
1600, Bettersize Instruments Ltd., China), and the cell
size was calculated by multiplying the original
polystyrene sphere sizes by the linear shrinkage. The
cell window size distribution was determined by
mercury  porosimetry  (AutoPore IV~ 9500,
Micromeritics Instrument Corp., America). The den-
sity and open porosity were measured in deionized
water by the Archimedes method. The overall linear
shrinkage of the sample was simply determined by
the following equation:

Linear shrinkage = (lgl—ls> x 100%
g

where [, and [ are the lengths of the mould and
sintered sample, respectively.

Compressive and bending strength tests

To obtain the compressive strength and bending
strength of the porous alumina ceramics, the samples
were loaded under displacement control mode by
means of an electronic universal testing machine
(AG-Xplus 100 kN, Shimadzu Corporation, Japan).

sinter

degrease

Figure 1 Process flowchart for preparing porous alumina ceramics by a method that combines gel-casting and sacrificial templates.
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Table 1 The compositions of
Solid loading (vol%)

Alumina (g)
Deionized water (mL)
Dispersant (g)
Monomer (g)

alumina slurries with different
solid loading percentages

Cross-linker (g)
Wetting agent (1L)
Catalyst (uL)
Initiator (uL)

30 35 40 45 50

36 43 50 60 70
21.2 20.2 18.9 18.5 17.7
0.1462 0.1746 0.2030 0.2437 0.2843
3.4725 3.3012 3.1004 3.0315 2.8937
0.3473 0.3301 0.3100 0.3032 0.2894
570 630 690 785 875
150 165 180 205 230
1750 1935 2110 2405 2685

Compressive strength test was carried out with a
loading rate of 0.5 mm/min and a span of 20 mm.
While the bending strength was measured under a
three-point bending mode, with a span of 24 mm and
a loading rate of 0.5 mm/min. The samples were cut
and ground into 10 mm x 20 mm x 20 mm and
10 mm x 10 mm x 40 mm for the compressive
strength and bending strength tests, respectively.
More than five samples were tested for both com-
pressive strength and bending strength to obtain the
average value along with the standard deviation.

Results and discussions

Pore structure of the porous alumina
ceramics

Optical images of a representative porous alumina
ceramic are shown in Fig. 2. The porous ceramic was
prepared with 50% solid loading of the slurry and
sintered at 1650 °C, and the median cell size was
796 ym. The sintered specimens achieved high
porosity without cracks or deformations, which can
be attributed to the low heating rate of 1 °C/min and
heat preservation at 330 °C for 5 h. The spherical cells
were regularly arranged, and the cell size was uni-
form. Meanwhile, the interconnection channels (cell
window) between adjacent cells can be observed in
Fig. 2b, indicating that the cells were open. This
reveals that a method that combines sacrificial self-
assembling polystyrene sphere templates and gel
casting is effective for fabricating porous ceramics
with uniform and regularly arranged pores.

Figure 3 shows the cell size distributions and
morphologies of porous alumina ceramics prepared
by polystyrene sphere templates of different sizes.
The samples were prepared with 50% solid loading of
the slurry and sintered at 1650 °C. As shown in the
inset diagrams, large cells embedded in the alumina
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matrix were created by the removal of the poly-
styrene spheres. As a result, the cell size can be
adjusted easily by changing the polystyrene sphere
size. The porous alumina ceramics show a narrow
cell size distribution, and the median cell size can be
adjusted from 370 to 796 pm. In the following sec-
tions, if not mentioned, the porous alumina ceramics
have a median cell size of 796 um.

SEM micrographs of the fractured surface are
presented in Fig. 4 to further study the pore structure
of the porous alumina ceramics prepared using
slurries of various solid loading percentages and
sintered at 1650 °C. It can be found that the cell size is
almost independent of the solid loading. However,
the cell window size decreases with increasing solid
loading. At high solid loadings, more alumina parti-
cles filled the interstices of the polystyrene spheres,
resulting in a small window size.

Mercury porosimetry was used, which relies on the
capillary effect to allow mercury to access the large
cavities through narrow channels. In this manner, the
diameter measured by mercury porosimetry corre-
sponded to the cell window size [27, 28]. The window
size distributions of the porous alumina ceramics that
were fabricated using slurries of various solid load-
ing percentages and sintered at 1650 °C are shown in
Fig. 5. With increasing solid loading, the window size
decreases. The window sizes of the porous alumina
ceramics prepared using slurries of 30 vol% and
35 vol% solid loading are approximately 90 um, and
then, the window sizes decrease to 30-45 um when
using slurries of 40 vol% and 45 vol% solid loading.
As the solid loading increases to 50 vol%, the win-
dow size decreases to 20 um. In addition, the samples
do not exhibit the bimodal window size distributions
that other materials have reported [27, 28], which
reveals that the cell wall has achieved a high degree
of densification.
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Figure 2 Optical graphs of a
representative porous alumina
ceramic: a low magnification
and b high magnification.
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Figure 3 Cell size distributions and cell morphologies of the porous alumina ceramics prepared by polystyrene spheres of different sizes.

As mentioned above, one of the advantages of gel
casting is that it can achieve a high density of cell
walls. Thus, the morphologies of the cell walls in the
porous alumina ceramics sintered at various tem-
peratures are shown in Fig. 6. Significant sintering
stages can be distinguished at the various sintering
temperatures. When sintered at 1400 °C, as shown in
Fig. 6a, the sample presents a microstructure of high
porosity and scarce development of sintering necks,
which indicates a low cohesion of the particles and a
low degree of sintering. At 1500 °C in Fig. 6b, the

alumina ceramic is densified considerably, with
increased grain size and the formation of sintering
necks, indicating a middle stage of sintering. Upon
further increasing the sintering temperature to
1600 °C, as shown in Fig. 6c, the grain size is
increased significantly, but there are still pores
between the grains at this final sintering stage. The
cell wall had fully densified after sintering at 1650 °C,
as shown in Fig. 6d. With respect to the fracture
mode, it can be found that trans-granular fracture is
the main mode when the samples were sintered at

@ Springer
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Figure 4 SEM micrographs of the fractured surfaces of porous alumina ceramics sintered at 1650 °C and prepared with different solid
loading percentage slurries: a 30 vol%, b 35 vol%, ¢ 40 vol%, d 45 vol% and e 50 vol%.
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Figure 5 Cell window size distributions of the porous alumina
ceramics sintered at 1650 °C and fabricated using slurries of
various solid loading percentages.

1400 °C and 1500 °C, as a result of its loose structure.
However, with the increase in sintering temperature
to 1600 °C and 1650 °C, the porous alumina ceramics
with high density showed both inter-granular and
trans-granular fractures, which are beneficial to the
mechanical properties of the porous alumina
ceramics.

@ Springer

Physical properties of the porous alumina
ceramics

As revealed above, the cells of the porous ceramics
are controlled by the polystyrene spheres. Because
the polystyrene spheres are regularly arranged, and
the total volume is independent of the cell size, the
cell size has almost no effect on the physical prop-
erties of the porous alumina ceramics. However, the
solid loading percentage of the slurry influences the
cell window size, and the sintering temperature
affects the cell wall density. Thus, the influence of the
solid loading and sintering temperature on the
physical properties of the porous alumina ceramic
are discussed below.

In Fig. 7a, both the sintering temperature and solid
loading play important roles in the relative density of
the porous alumina ceramics. With increasing sin-
tering temperature from 1400 to 1650 °C, the relative
density of the porous alumina ceramics shows an
obvious increase. With increasing solid loading, the
relative density of the porous ceramics increases at
the sintering temperatures of 1400 °C and 1500 °C.
As the sintering temperature was increased to
1600 °C and 1650 °C, all of the samples were almost
completely sintered, and the effect of the solid
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Figure 6 SEM micrographs
of the cell walls in the porous
alumina ceramics prepared
using slurries of 50 vol% solid
loading and sintered at various
temperatures: a 1400 °C,

b 1500 °C, ¢ 1600 °C and

d 1650 °C.
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Figure 7 Effects of the sintering temperature and solid loading percentage on the relative density of a the porous alumina ceramics and

b the cell walls.

loading on the relative density of the porous ceramics
is small. Due to the smaller window size, the relative
density of the porous ceramics prepared with higher
solid loading is slightly larger.

It is worth mentioning that because polystyrene
spheres are close-packed, the theoretical relative
density of the polystyrene spheres is 74%, and the
relative density of the porous alumina ceramics
should be 26%. It can be easily understood that the
relative density of the porous ceramics is lower than
the theoretical value due to the incomplete sintering
at 1400 °C and 1500 °C. However, when sintered at

1600 °C and 1650 °C, the samples achieve a higher
relative density than the theoretical value. This may
be caused by the possible existence of imperfect
packing of the polystyrene spheres. Ultra-sound or
tapping may further enhance the packing ability of
the polystyrene sphere template, modifying the final
microstructure and increase the packing density.

As for the relative density of the cell walls, shown
in Fig. 7b, the sintering temperature rather than the
solid loading percentage played a decisive role. With
an increase in the sintering temperature from 1400 to
1650 °C, the relative density of the cell walls increases

@ Springer
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significantly from approximately 85-98%, consistent
with the results in Fig. 6. Moreover, the dense
ceramics without polystyrene sphere templates were
prepared by gel casting and sintered at 1650 °C, and
its relative density is 98.6%, nearly the same as that of
the cell wall of the porous ceramics. This proves that
the cells in porous alumina ceramics should be open.
The highly dense cell walls will make a substantial
contribution to the mechanical properties.

Figure 8 shows the overall linear shrinkage of the
porous alumina ceramics prepared using slurries of
various solid loading percentages and sintered at
various temperatures for 4 h. It is obvious that the
sintering temperature is the main factor for deter-
mining the linear shrinkage of the porous alumina
ceramics. With increasing sintering temperature from
1400 to 1600 °C, the linear shrinkage rapidly increa-
ses from 6% to approximately 18%. With a further
increase in the sintering temperature to 1650 °C, the
linear shrinkage of the porous alumina ceramics
increased slightly to approximately 19%, in accor-
dance with the final sintering stage. Additionally,
with an increase in the solid loading percentage, the
linear shrinkage shows a slight downward trend.
This slight decrease in the linear shrinkage may be
caused by the increased density of the green body
when the solid content increases.

Mechanical properties of the porous
alumina ceramics

The porous alumina ceramics prepared using various
sizes of polystyrene spheres, solid loading percent-
ages and sintering temperatures, all have various cell

30
= 1400 °C
—~ ol e 1500 °C
S 25 1600 °C
° v 1650 °C
o 20F ¥ v
s 4
E 151 :
U) ®
E 10F h . *
)
[ - - ]
3 s5h - L]
0 1 1 1 1 1
30 35 40 45 50

Solid loading (vol.%)

Figure 8 Effects of the sintering temperature and solid loading
percentage on the linear shrinkage of the porous alumina ceramics.
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sizes, window sizes and cell wall densities, resulting
in different mechanical properties.

Figure 9a shows the influences of the solid loading
percentage and sintering temperature on the bending
strength of the porous alumina ceramics. With
increasing solid loading, the bending strength of the
porous alumina ceramics increases. With increasing
sintering temperature, the bending strength shows a
significant and continuous increase. Taking the solid
loading of 30 vol% and 50 vol% as examples, the
bending strength is 1.1 MPa and 3.6 MPa after sin-
tering at 1400 °C, respectively, and significantly
increases to 13.3 MPa and 19.2 MPa when the sin-
tering temperature was increased to 1650 °C,
respectively. It can be concluded that the sintering
temperature has a larger influence on the bending
strength than does the solid loading percentage.
Meanwhile, the cell size has little influence on the
bending strength, as shown in Table 2, and the
highest bending strength of the porous alumina
ceramics in this work is approximately 19 MPa. Thus,
except for porosity, the density of the cell wall and
the cell window size are the main factors that affect
the bending strength of porous alumina ceramics
[29].

The compressive strength of the porous alumina
ceramic is shown in Fig. 9b. With increasing sintering
temperature, the compressive strength increases sig-
nificantly due to densification of the cell walls. For a
constant sintering temperature, with increasing solid
loading percentage, the compressive strength of the
porous alumina ceramics increases slowly when the
solid loading is in the range of 30-40 vol% and then
increases rapidly as the solid loading increases to
45-50 vol%. For the sample with a solid loading of
50 vol% and a sintering temperature of 1650 °C, the
compressive strength is as high as 21 MPa. Moreover,
as shown in Table 2, with decreases in the cell size,
the compressive strength shows an increasing trend.
The maximum compressive strength of 28 MPa was
obtained when the pore size decreased to 370 um, in
this work. This indicates that the cell wall density,
cell window size and cell size are all important
influencing factors for the compressive strength.

Generally, the mechanical strength of porous
ceramics increases with decreasing pore size when
the porosities are close to each other [23, 30-32]. This
is caused by size effect [33]. In this work, the larger
the pore size, the thicker the cell wall. Brittle speci-
mens with big cells fail at low stresses simply because
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Figure 9 Effects of the sintering temperature and solid loading percentage on mechanical properties of the porous alumina ceramics:

a bending strength and b compressive strength.

Table 2 The influence of the cell size on the strength of the porous alumina ceramics sintered at 1650 °C with a solid loading of 50 vol%

Cell size (D50,  Polystyrene sphere size ~ The number of

Relative density ~ Bending strength Compressive strength

(%)

(MPa)

(MPa)

pm) (um) samples
796 960 5
633 750 8
492 570 6
370 430 6

30.61 (& 0.23)
31.48 (& 0.05)
30.54 (& 0.17)
31.94 (& 0.39)

19.18 (& 0.99)
16.74 (£ 0.79)
18.92 (& 2.37)
18.94 (£ 0.04)

20.93 (& 4.24)
23.40 (£ 3.05)
27.72 (£ 1.18)
28.01 (& 0.29)

it is more probable that they contain a large pre-ex-
isting crack. However, as presented in Table 2, the
bending strength of porous alumina ceramics is
independent of the cell size, while the compressive
strength follows the general rules. In the bending test,
the sample is mainly subjected to tensile stress, and
when the crack reaches the critical dimension, it will
destabilize and expand, causing the sample to break.
Therefore, the bending strength is determined by the
maximum crack size. The largest crack in the cell wall
is the cell window, and the cell size has almost no
influence on the cell window, as shown in the inset of
Fig. 3. So, with the decrease in cell size, the bending
strength of porous alumina ceramics almost remains
the same, whereas when the sample is under com-
pressive stress, the propagation of crack is slow, and
the compressive strength is determined by the aver-
age size of crack. As a result, with decreasing cell
size, the average crack size decreases, causing an
increase in the compressive strength.

Figure 10 presents the bending strength and com-
pressive strengths of macro-porous alumina ceramics
made by various methods with pore sizes greater

than 100 um. With increasing relative density, both
the bending strength and compressive strengths of
the porous ceramics show an increasing trend.
Compared with that of samples of the same density
that were made by other authors, the compressive
strength of the sample in this work, marked by a star,
is at least 74% higher. This is ascribed to the
improvements of the microstructure in the sample of
this work. On the one hand, regularly arranged cells
and fully dense cell walls are the dominant factors in
the improvement of the mechanical properties. On
the other hand, the smaller window size and more
homogeneous cell size distribution further contribute
to the improvement of the mechanical properties.

Conclusion

Macro-porous alumina ceramics with both high
porosity and high strength were prepared by a
combination of the gel-casting and sacrificial tem-
plate methods. The resulting high cell wall density
and regularly arranged pores confer high mechanical
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Figure 10 Bending strength and compressive strengths of porous
alumina ceramics made by various methods; data marked by a star
are the porous alumina ceramic of this work. Others were obtained
from Refs. [1, 15, 19, 26, 30, 34-36]: circle, Ref. [1]; square, Ref.

strength to the porous ceramics. The results show
that the sintering temperature, polystyrene sphere
size and solid loading percentage of the alumina
slurry influence the density of the cell wall, cell size
and cell window size, respectively. With increasing
sintering temperature and solid loading percentage,
the strength of the porous alumina ceramic shows an
increasing trend. The porous alumina ceramic
achieves the highest mechanical strength when pre-
pared with a 50 vol% solid loading slurry and sin-
tered at 1650 °C. Here, the relative density of the
porous ceramic, relative density of the cell wall and
linear shrinkage are 30%, 98% and 17%, respectively.
Moreover, with the decrease in the cell size to about
370 pym, the compressive strength increases to
28 MPa, which is at least 74% higher than that of the
reported porous alumina ceramics that have a ran-
dom structure. This process is also advantageous for
making high-strength porous ceramics of compli-
cated shapes and large sizes.
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