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Abstract: Porous ceramics have been extensively investigated because of their high-temperature and
chemical stabilities, which are far superior to those of porous polymers and porous metals, despite their
mechanical instability. Among various kinds of porous ceramic, reticulated porous ceramics have
attracted considerable attention because of their extremely high porosity, which is generally higher
than 90% and can maximize the advantages of this class of materials. However, to the best of our
knowledge, sufficient data are not available on the preparation of low-cost, abundant, and natural
material-based reticulated porous ceramics. Therefore, we obtained and characterized reticulated
porous diatomite–kaolin composites prepared under various processing conditions, such as solid
loading, average particle size, and pore density. The experimental data were used to investigate
whether the densities and compressive strengths of the reticulated porous diatomite–kaolin composite
can be tailored, and to assess the potential of these materials in different application fields.
Keywords: reticulated porous diatomite–kaolin composite; pore structure; compressive strength

1. Introduction
Porous ceramics have received significant attention in past decades [1] because of their extremely
advantageous properties such as high thermal and chemical stability. These properties render the
replacement of porous ceramics difficult with alternatives such as porous metals and polymers,
thereby facilitating their utilization for different application fields. Among the various kinds of
porous ceramic, reticulated porous ceramics are promising candidates for use in various application
fields, especially where a high mass transfer and extremely low density are simultaneously required.
Reticulated porous ceramics have a net-like pore structure with widely open cells, unlike foams formed
by soap bubbles, which consist of fully closed cells.
Reticulated porous ceramics are prepared by coating a reticulated polyurethane foam (as sacrificial
polymer template) with a slurry consisting of ceramic particles, which will be the main and only
constituent of the final product. Then, the ceramic slurry-coated reticulated polyurethane foam
is heat-treated to burn off the reticulated polyurethane foam and finally sinter the coated ceramic
particles. Typically, the porosity of reticulated porous ceramics is higher than 90%. Therefore, a highly
inter-connected pore structure with high porosity amplifies one of the shortcomings (inherent brittleness)
of ceramics. The mechanical instability of reticulated porous ceramics remains a challenging issue for
their further application.
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Generally, the mechanical stability of typical porous ceramics depends on both their flexural and
compressive strengths. However, it is interesting to observe that the mechanical stability of reticulated
porous ceramics is mainly dependent on their compressive strength. For example, although the
flexural strength of porous alumina was found to be significantly higher than that of a porous
diatomite–kaolin composite [2], the compressive strength of reticulated porous alumina was similar to
that of the reticulated porous diatomite–kaolin composite [3]. This discrepancy can be explained by
their completely different pore characteristics, which are dependent on the preparation method of the
porous ceramics.
Therefore, the compressive strengths of various reticulated porous ceramics are different from those
observed when they are prepared as other types of porous ceramics. Typical examples of compressive
strengths of reticulated porous ceramics are: 1.60 MPa (prepared from alumina) [4], 1.59 ± 0.13 Mpa [5]
and 1.08 ± 0.17 Mpa [6] (silicon carbide), 0.85 ± 0.13 Mpa (zirconia) [7], 0.62 ± 0.03 Mpa [8] and
0.73 Mpa [9] (mullite), 1.4 Mpa (aluminum nitride) [10], and 0.47 ± 0.02 Mpa (cordierite) [11]. On the
other hand, the compressive strengths of reticulated porous ceramics are strongly dependent on the
pore density (expressed in pores per inch, PPI) and on whether the processing conditions are fully
optimized or not.
Interestingly, the above characteristics of reticulated porous ceramics provide an opportunity
to use low-cost natural-based materials. If the processing conditions are adequately optimized,
the compressive strength of reticulated porous ceramics prepared from low-cost natural-based
materials such as clays can match that of ceramics prepared from conventional materials such as
alumina and zirconia.
Therefore, we recently, investigated diatomite as a feasible candidate for reticulated porous
ceramics, among numerous low-cost natural-based materials. Unlike other materials of this group with
plate-like shapes such as pyrophyllite [12], diatomite is uniquely advantageous for preparing porous
ceramics. This is due to its porous and irregular shape, which does not require the addition of any kind
of pore former or the application of a partial sintering technique. Interestingly, it is much more difficult
to prepare a dense diatomite as compared to its counterpart. The strut walls of reticulated porous
diatomite are also porous, unlike those of the reticulated porous ceramics, which are typically dense.
Hence, the strut walls of reticulated porous diatomite can also play an important role in increasing
the overall permeability of the ceramics, unlike the walls of reticulated porous ceramics that act as a
barrier to block fluent mass transfer.
Although the nature of diatomite can be used to maximize the advantages of reticulated
porous ceramics, overcoming their drawbacks remains challenging. For example, slurry rheology
modification [13], dip coating [14], vacuum infiltration coating [15], centrifuge coating [16],
multiple slurry coatings [17], and whisker-reinforcement coating [18] methods have been extensively
investigated to reduce the shortcomings of reticulated porous ceramics. In addition, we had previously
reported that the compressive strength of reticulated porous alumina can be enhanced by optimizing
the processing conditions, including the multiple alumina coating layers and the heat treatment
temperature [19]. However, the compressive strengths of reticulated porous ceramics cannot be
increased to match those of porous ceramics. Therefore, a good approach to maximize the advantages
of reticulated porous ceramics involves the use of a low-cost natural-based material such as diatomite.
Various types of porous diatomite–kaolin composites fabricated by different preparation methods
have been described in our previous studies [12,20–31] and in those of other research groups [32–36].
However, to the best of our knowledge, only a few have focused on the detailed preparation and
characterization of reticulated porous diatomite–kaolin composites, besides our previous report that
discussed the feasibility [3]. It should be noted that the mechanical properties of reticulated porous
diatomite are too weak to handle the material in a practical context and to withstand heavy loadings in
load-bearing applications, which was confirmed by the reports mentioned above. Therefore, the interest
in diatomite compounds naturally shifts to diatomite-based composites.
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In a previous report [3], a comparison of experimental data suggested that a reticulated
porous diatomite–kaolin composite can be used as a porous dielectric barrier for plasma discharge,
with a low density, good dielectric breakdown strength, and acceptable mechanical strength.
Moreover, the composite can be prepared from only low-cost natural-based materials such as diatomite
and kaolin, at low processing costs, without the aid of a pore former or sintering additive; this is
achieved at a relatively low sintering temperature of 1200 ◦ C.
As a follow-up investigation, in this study, we discuss more optimized processing conditions such
as the average particle size and the solid loading of the diatomite–kaolin composite slurry; a more
detailed characterization of the reticulated porous diatomite–kaolin composites is also presented.
2. Materials and Methods
The pore densities of reticulated porous ceramics that can be easily obtained in experiments are
generally limited to approximately 45 PPI. Therefore, the studies mentioned above mostly focused on
reticulated porous ceramics with pore densities of less than 45 PPI. For example, reticulated porous
ceramics prepared from various raw materials such as aluminum nitride (20 PPI) [10], alumina-zirconia
composite (20 PPI) [37], alumina (5 PPI [38] and 20 PPI [4,39,40]), zirconia (45 PPI) [7], silicon carbide
(8 PPI [5] and 10 PPI [6]), silicon nitride (10 PPI) [18], mullite (20 PPI) [8], and cordierite (10 PPI) [11]
had pore density values lower than 45 PPI.
In this study, the target pore density of the reticulated porous diatomite–kaolin composite was
80 PPI. This is because the compressive strength of a reticulated porous diatomite–kaolin composite
with pore density of 45 PPI would be too low to enable its application, owing to the inherent porous
and irregular nature of diatomite particles, despite being composited with kaolin. As the pore density
value exceeds 80 PPI, optimizing the viscosity of the ceramic slurry becomes highly important to enable
its penetration inside the sacrificial polymer template (a low viscosity being advantageous for this
purpose) and completely coat the strut walls of the template (which is facilitated by high viscosity).
The average particle size as well as solid loading, binder, and dispersant are the key properties
of slurry compositions that affect the viscosity of a ceramic slurry. Numerous studies have been
reported, including on alumina slurries (high solid loading and low viscosity for micro-droplet
jetting) [41], alumina magnesia silicate slurries (high solid loading and low viscosity for additive
manufacturing) [42], magnesium aluminate spinel slurries (high solid loading and low viscosity
for slip casting) [43], zirconia-toughened alumina slurries (high solid loading and low viscosity for
additive manufacturing) [44], ceramic ink (appropriate solid loading and suitable viscosity for inkjet
printing) [45], and cerium oxide slurries (high solid loading and low viscosity for dip-coating) [46].
In order to prepare a reticulated porous ceramic, a high solid loading and a moderate viscosity are
required: (1) if the solid loading of the ceramic slurry is too low, the densification of the strut walls will
be insufficient (in other words, the porosity of the strut walls of the reticulated porous ceramic will be
too high), resulting in a low compressive strength; (2) if the viscosity of the ceramic slurry is too high,
it is difficult for it to completely fill the internal pores of the sacrificial polymer template. It is also very
difficult to remove the excessive ceramic slurry while maintaining the formation of thin and uniform
ceramic coatings over the strut walls of the sacrificial polymer template; (3) if the viscosity of the
ceramic slurry is too low, it will not be sufficient to firmly coat the strut walls of the sacrificial polymer
template, as a result, an increasing number of defects can be induced by the uncoated strut wall because
of the low adhesion, severely degrading the compressive strength of reticulated porous ceramics.
Generally, the viscosity of the ceramic slurry increased sharply with increasing solid loading and
decreased with increasing particle size. Therefore, to obtain a high solid loading diatomite–kaolin
composite slurry with moderate viscosity, we tried to identify the optimal composition with the
appropriate amount and average size of diatomite–kaolin composite particles. Although a slightly
higher solid loading might be achieved by surface modification [47,48], we decided to leave this
challenge for a future study.
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The average particle size of the diatomite–kaolin composite was controlled by wet ball-milling
using alumina balls (diameter 10 mm, ball to powder ratio = 1:2) for 0, 4, 8, and 24 h. Typical polyurethane
foams (SKB Tech, Ulsan, Korea) with pore densities of 45 and 80 PPI along with dimensions of 50 mm
× 50 mm × 20 mm were used as sacrificial templates. A batch of diatomite–kaolin composite slurry
was prepared to coat the sacrificial polymer template, and consisted of 50–80 g of diatomite (Celite 499,
Celite Corp, Barbara, CA, USA), 15–24 g of kaolin (Kaolin, Sigma-Aldrich, St. Louis, MO, USA)
as a strength enhancer, 100 mL of distilled water as a solvent, 10 g of polyvinyl alcohol (PVA) as
an organic binder (PVA 500, Junsei Chemical, Tokyo, Japan). The mixing ratio of kaolin was set to
30 wt.% of diatomite. The effect of the kaolin mixing ratio on the properties of the reticulated porous
diatomite–kaolin composite will be reported in a separate study.
To uniformly mix the diatomite–kaolin composite with the other additives, the diatomite–kaolin
composite slurry was ball-milled again for 4 h using alumina balls. The reticulated porous
diatomite–kaolin composite specimens were prepared by the conventional replica method. A sacrificial
polymer template (polyurethane foam) was soaked in the diatomite–kaolin composite slurry until its
internal voids, cells, and pores were completely coated with diatomite–kaolin composite particles.
Then, the impregnated polyurethane foam was squeezed to remove any excess diatomite–kaolin
composite slurry that did not participate in the coating of the strut walls, and to enable the formation
of a thin diatomite–kaolin composite coating layer over the struts of the polyurethane foam. After that,
the impregnated polyurethane foam was fully dried for 24 h at 25 ◦ C. Subsequently, the dried specimen
was heat-treated at 400 ◦ C (heating ramp was 5 ◦ C/min) for 1 h to burn off the organic binder and the
sacrificial template, and finally sintered for 1 h at 1200 ◦ C (heating ramp was 5 ◦ C/min). After sintering,
the polyurethane foam coated with the diatomite–kaolin composite slurry transformed into the
reticulated porous diatomite–kaolin composite.
The average particle sizes of diatomite and kaolin were determined by a particle size analyzer
(LSTM 13 320 MW, Beckman Coulter, Brea, CA, USA). The pore structures and characteristics of the
reticulated porous diatomite–kaolin composites were analyzed using scanning electron microscopy
(SEM, JSM-5800, JEOL, Tokyo, Japan) and mercury porosimetry (Autopore IV 9510, Micromeritics,
Norcross, GA, USA). The viscosity was measured using a rotational rheometer (Discovery HR-1,
TA Instruments, New Castle, DE, USA) at 25 ◦ C. The three-dimensional microstructure was investigated
by micro-computed tomography (micro-CT, XT H 160, voxel size = 3 µm, Nikon, Tokyo, Japan).
The compressive strengths of the reticulated porous diatomite specimens were measured with a fixture
using an Instron 4206 (Instron, Norwood, MA, USA) testing system. Specimens with dimensions of
20 mm × 20 mm × 20 mm were machined for the compressive strength tests.
3. Results
Typical sacrificial polymer templates (in this study, commercial polyurethane foams) with
pore densities of 10, 25, 45, 60, and 80 PPI are shown in Figure 1a. Figure 1b shows the
as-prepared reticulated porous diatomite–kaolin composite specimens with pore densities of 10,
25, 45, 60, and 80 PPI, which were prepared using the polyurethane foams and diatomite–kaolin
composite slurry. The sintering temperature of the reticulated porous diatomite–kaolin composite
specimens was determined to be 1200 ◦ C. Based on our previous study and other reports in the
literature [23,24,49,50], it is well known that the reticulated porous diatomite–kaolin composite
maintains a similar microstructure up to 1200 ◦ C after that it begins to melt because of impurities such
as Na2O, K2O, Al2O3, CaO and MgO [50], which can damage the characteristic porous morphology of
diatomite particles.
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Figure 1. Optical images of (a) sacrificial polymer templates (in this study, polyurethane foam) with
pore densities of 10, 25, 45, 60, and 80 pores per inch (PPI, from left to right), used in a typical replica
method. (b) Reticulated porous diatomite–kaolin composite specimens with pore densities of 10, 25, 45,
60, and 80 PPI (from left to right).

To control the average particle size of diatomite particles, ball-milling was carried out for 0,
4, 8, and 24 h. Typical scanning electron microscopy (SEM) images of diatomite particles after the
corresponding ball-milling processes are shown in Figure 2a–d, respectively. Obviously, the average
particle sizes of diatomite decreased as the ball milling time increased, until a certain saturation
point was reached. The particle size distributions of diatomite samples after being ball milled for
0, 4, 8, and 24 h are shown in Figure 2e, and the corresponding average particle sizes were 12.79,
10.54, 8.77, and 8.36 µm, respectively. The diatomite particles were also ball milled for 1 and 2 h
(with corresponding average particle size of 11.66 and 11.11 µm, respectively); however, because of the
negligible particle size difference, further experiments were carried out using only diatomite particles
ball milled for 0, 4, 8, and 24 h.
It is well known that reticulated porous diatomite is too weak to handle, owing to the high porosity
of the reticulated porous ceramic and the inherent porous nature of diatomite particles [20,21,23].
Therefore, to the best of our knowledge, only a few applications of reticulated porous diatomite
prepared by the replica method have been reported. To expand the application fields of reticulated
porous diatomite beyond its typical applications (porous diatomite filters prepared by the extrusion
method and porous diatomite foot mats prepared by slip casting), we introduced kaolin to form a
diatomite–kaolin composite and determined the optimal processing conditions to obtain the maximum
compressive strength while maintaining the advantageous properties of diatomite.
The average particle size of the as-received kaolin (1.53 µm) was approximately 12% that of
the as-received diatomite (12.79 µm). Therefore, we suggested that the plate-like kaolin particles
could strengthen the coarsely and partially inter-connected pore channels generated by diatomite
particles [24]. It should also be mentioned that the pore structure characterization of a reticulated
porous ceramic should be based on the results of several complementary techniques such as (1) SEM,
(2) micro-CT, and (3) mercury porosimetry [51].
Typical fractured strut walls of the sacrificial polymer template (a commercial polyurethane
foam) and of the reticulated porous diatomite–kaolin composite are shown in Figure 3a,b, respectively.
The macroscale voids generated after the pyrolysis of the polymer template (during the burn-out
process in the replica method), shown in Figure 3b, are common features that strongly affect the overall
mechanical properties. It is well known that these inevitable macroscale voids and defects make
any kind of reticulated porous ceramics prone to external load bearings, and significantly reduce
their application potential. If the cross-section of the strut walls of the sacrificial polymer template is
circular, unlike the triangular shape of the commercial polymer template in Figure 3a, it can improve
the mechanical properties of reticulated porous ceramics [52]. Strut walls with a circular cross-section
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of the sacrificial polymer template can be prepared by three-dimensional (3D) printing techniques
associated with computer-aided design (CAD) software. Because adopting an expensive 3D printing
technique would be inconsistent with the aim of introducing a low-cost, natural-based diatomite–kaolin
material into a reticulated porous ceramic, in this study we focused on the optimization of processing
conditions such as solid loading, average particle size, and pore density.

Figure 2. Scanning electron microscopy (SEM) images of diatomite particles ball milled for (a) 0 h
(as-received), (b) 4 h, (c) 8 h, and (d) 24 h; (e) particle size distributions of diatomite particles ball-milled
for 0, 4, 8, and 24 h.
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Figure 3. SEM images of a fractured strut wall of (a) the sacrificial polymer template and (b) the
reticulated porous diatomite–kaolin composite.

Moreover, it is reasonable that the porous and irregular nature of the strut walls of a reticulated
porous diatomite–kaolin composite would severely reduce the compressive strength. Therefore, it is
interesting to investigate whether the more refined strut walls (obtained by increasing the solid
loading and reducing the average particle size of the diatomite–kaolin composite slurry) of the
reticulated porous diatomite–kaolin composite can enhance the compressive strength. This aspect will
be discussed later.
It is difficult to judge whether a reticulated porous diatomite–kaolin composite specimen has been
prepared successfully or not. It is important to determine whether the density would contribute to the
overall strength (when the diatomite–kaolin composite slurry is properly coated on the strut walls
of the sacrificial polymer template) or not (when the slurry is distributed non-uniformly as debris
located deep inside the reticulated porous ceramic specimen). Therefore, in this study, non-destructive
micro-CT analysis was used to investigate the reticulated porous ceramic specimens.
Figure 4a shows the three-dimensional microstructure of a typical reticulated porous
diatomite–kaolin composite specimen (pore density = 45 PPI), reconstructed by micro-CT.
A representative cross-section from the micro-CT reconstructions of the specimen is shown in Figure 4b.
The image clearly shows that the reticulated porous diatomite–kaolin composite had well-defined
inter-connected pore channels, as intended. Moreover, the figure does not show any evidence of
voids or of a non-uniform distribution of strut walls inside the composite, which would be frequently
observed when using the un-optimized ceramic slurry in the preparation.
Figure 4c shows the three-dimensional microstructure of a typical reticulated porous
diatomite–kaolin composite specimen (pore density = 80 PPI), reconstructed by micro-CT.
A representative cross-section from the micro-CT reconstruction of the specimen is shown in
Figure 4d. The image clearly shows that the reticulated porous diatomite–kaolin composite had
a well-defined inter-connected pore structure, similar to the sample with a pore density of 45 PPI.
The pore channels beneath the surface were not substantially blocked, which shows the effectiveness of
the diatomite–kaolin composite slurry that had penetrated deep inside the sacrificial polymer template.
Moreover, the presence of the blocked pore channels is not a key factor, unlike in conventional reticulated
porous ceramics, because the residual diatomite–kaolin particles cannot actually block the pore channels
(even if they were intended to) owing to their porous and irregular nature. Generally, when the pore
density of the sacrificial polymer template reaches approximately 60 PPI, the processing window of a
ceramic slurry composition (in terms of parameters such as solid loading and viscosity) becomes narrow.
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Figure 4. (a) 3D microstructure of typical reticulated porous diatomite–kaolin composite with a
pore density of 45 PPI, reconstructed by micro-computed tomography (micro-CT). (b) Representative
slice extracted from the micro-CT reconstructions. (c) 3D microstructure of typical reticulated porous
diatomite–kaolin composite with a pore density of 80 PPI, reconstructed by micro-CT. (d) Representative
slice extracted from the micro-CT reconstructions.

Figure 5 shows the pore size distributions of the reticulated porous diatomite–kaolin composite
specimens (pore density = 45 PPI), prepared from the composite particles ball milled for 0, 4, 8, and
24 h. As the ball-milling times increased, the pore size and pore volume fraction of the reticulated
porous diatomite–kaolin composite specimens showed a slight decrease. Because the number of strut
walls is fixed (it only depends on the pore density of the sacrificial polymer template), any difference
in the pore size distributions can only be ascribed to the different ball milling times, resulting in
diatomite–kaolin composite particles with different amounts of internal pores and average sizes.

Figure 5. Pore size distributions of reticulated porous diatomite–kaolin composites prepared from
diatomite–kaolin composite particles ball milled for 0, 4, 8, and 24 h.
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In Figure 5, the pore size distributions of the reticulated porous diatomite–kaolin composite
specimens covered the range from 0.5 to 5 µm, which reflects the pore size distribution of the strut
walls. The size of the voids generated by the burn-out sacrificial polymer template ranged from 50 to
100 µm, whereas that of the large cell composed by the strut walls was in the sub-millimeter range.
Figure 6a shows a viscosity vs. shear rate plot of the diatomite–kaolin composite slurries prepared
with different ball milling times at a solid loading of 50 wt.%. Upon comparing the viscosity of the
diatomite–kaolin composite slurry ball milled for 24 h to those of the samples ball milled for 0, 4,
and 8 h, it was observed that the viscosities of the slurries were affected more strongly by the solid
loading. For a solid loading of 50 wt.%, although the viscosities did not increase significantly as the
ball milling time increased from 0 to 8 h, a drastic increase was observed at a critical point (24 h under
these conditions). However, Figure 6b shows that the viscosities increased as the ball milling time
was increased from 0 to 24 h; this can be understood by assuming that, until the solid loading reaches
a certain point, the effect of the particle size decrease is marginal. In addition, the viscosities were
still found to be significantly low, implying that the slurry may penetrate more easily the excessively
narrow cells of a sacrificial polymer template with a pore density greater than 45 PPI. These correlations
are in good agreement with established literature data [13].

Figure 6. Viscosities of diatomite–kaolin composite slurries used for the preparation of reticulated
porous diatomite–kaolin composite: ball milled for 0, 4, 8, and 24 h at a solid loading of (a) 50 wt.%,
(b) 80 wt.%, (c) ball milled for 0 h at solid loadings ranging from 50 to 80 wt.%, (d) ball milled for 24 h
at solid loadings ranging from 50 to 80 wt.%.

For comparison, Figure 6c display a viscosity vs. shear rate plot of diatomite–kaolin composite
slurries ball milled for 0 h with different solid loadings. The viscosity of slurries ball-milled for
0 h with solid loadings from 50 to 80 wt.% (Figure 6c) were then compared to those of slurries ball
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milled for 24 h with solid loadings from 50 to 80 wt.% (Figure 6d), The comparison shows that at
the same solid loading, the viscosities of the diatomite–kaolin composite slurries ball milled for 24 h
were higher, because of the average particle size of the diatomite–kaolin composite (which is directly
related to their surface area). As the viscosity of a diatomite–kaolin composite slurry can be tailored
easily with the aid of an appropriate surfactant, the absolute value of the viscosity may not be very
meaningful. Therefore, we investigated the effect of processing conditions such as solid loading,
pore density, and average particle size on the mechanical strengths and densities of the reticulated
porous diatomite–kaolin composites.
As discussed above, if the viscosity of a diatomite–kaolin composite slurry is too high, it is
difficult for the slurry to completely fill the internal pores of a sacrificial polymer template. It is
also very difficult to remove the excess diatomite–kaolin composite slurry while maintaining the
formation of a thin and uniform ceramic coatings over the strut walls of the sacrificial polymer template.
Therefore, we estimated that the conditions corresponding to the maximum viscosity (24 h ball milling
of the diatomite–kaolin composite slurry with 80 wt.% solid loading) would not yield the highest
compressive strength.
To confirm the above hypothesis, we systematically measured the densities and compressive
strengths of the diatomite–kaolin composite specimens. Figure 7a shows the densities of the reticulated
porous diatomite–kaolin composite specimens prepared with different solid loadings (from 50 to
80 wt.%) and ball-milling times (from 0 to 24 h), which had a pore density of 45 PPI. As the solid loading
amount or ball milling time increased, the densities of the specimens showed a corresponding increase.
This shows that if the pore density is low enough, the increased viscosity can result in a linear increase
in the applied mass (the diatomite–kaolin composite slurry), regardless of the compressive strength.

Figure 7. Densities of reticulated porous diatomite–kaolin composites prepared from the composite
particles ball milled for 0, 4, 8, and 24 h, at solid loadings ranging from 50 to 80 wt.%, with pore densities
of (a) 45 PPI and (b) 80 PPI.

Figure 7b shows the densities of the reticulated porous diatomite–kaolin composite specimens
with 80 PPI pore density, prepared with different solid loadings (from 50 to 80 wt.%) and ball-milling
times (from 0 to 24 h). Unlike the samples with a pore density of 45 PPI in Figure 7a, as the ball-milling
time reached 24 h, the densities of the specimens decreased. This suggests that it is difficult for
the internal pores of the sacrificial polymer template to be completely filled with the highly viscous
diatomite–kaolin composite slurry ball milled for 24 h.
Figure 8a shows the compressive strengths of the reticulated porous diatomite–kaolin composite
specimens with a pore density of 45 PPI, prepared with different solid loadings (from 50 to 80 wt.%) and
ball-milling times (from 0 to 24 h). Similar to the trend of the densities, when the solid loading amount
or ball-milling time increased, the compressive strengths of the specimens showed a corresponding
increase. It was thus inferred that when the pore density was 45 PPI, the density could contribute
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to the compressive strength of the specimens. The compressive strengths of the reticulated porous
diatomite–kaolin composite specimens with different solid loadings (50 to 80 wt.%) and ball-milling
times (0 to 24 h), which had a pore density of 80 PPI, are shown in Figure 8b. Similar to the trend of the
densities, when the ball milling time reached 24 h, the compressive strength of the specimen decreased.
This suggests that when the pore density was 80 PPI, the density increases did not fully contribute to
the compressive strength of the specimens.

Figure 8. Compressive strengths of reticulated porous diatomite–kaolin composites that were prepared
from composite particles ball milled for 0, 4, 8, and 24 h, at solid loadings ranging from 50 to 80 wt.%,
with pore densities of (a) 45 PPI and (b) 80 PPI.

In our previous report [3], we discussed the whether a reticulated porous diatomite–kaolin
composite can be used as a low-cost and low-density dielectric barrier or insulator. As a follow-up
study, here, we investigated whether the compressive strength of a reticulated porous diatomite–kaolin
composite can be enhanced by tailoring processing conditions such as the solid loading and
average particle size of the diatomite–kaolin composite slurry. Considering that the compressive
strength of typical reticulated porous alumina samples with compressive strength higher than
1.0 MPa, the compressive strength of the reticulated porous diatomite–kaolin composite is acceptable;
therefore, the present composite can employed as an alternative to conventional reticulated porous
ceramics in various application fields, except for those involving hard loading conditions.
4. Conclusions
Reticulated porous diatomite–kaolin composite specimens were prepared by a conventional
replica method using sacrificial polymer templates. The effects of the parameters of the
diatomite–kaolin composite slurry (such as solid loading and average particle size) on the densities
and compressive strengths of the reticulated porous diatomite–kaolin composites were investigated.
The results highlighted the following relationships between the properties of the reticulated porous
diatomite–kaolin composite and the processing conditions:
(1)

(2)

At 45 PPI pore density, the increase in solid loading and the decrease in average particle size of the
diatomite–kaolin composite slurry fully contributed to the increase in density of the reticulated
porous diatomite–kaolin composite; accordingly, the compressive strength increased. We inferred
that the pore density of the sacrificial polymer template (45 PPI) was low enough to ensure the
coating of the strut walls and the removal of the residual diatomite–kaolin composite particles,
and did not have a significant effect even under the conditions corresponding to the highest
viscosity (50 wt.% solid loading and ball-milling for 24 h).
At 80 PPI pore density, the increase in solid loading and decrease in average particle size of the
diatomite–kaolin composite slurry did not always affect the increase in density of the reticulated
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(3)
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porous diatomite–kaolin composite, and the compressive strength peaked at a specific point
(50 wt.% solid loading and ball milling for 8 h). This suggested that the pore density of the
sacrificial polymer template (80 PPI) was too high to penetrate inside the sacrificial polymer
template and to completely remove the residual diatomite–kaolin composite particles, and had a
significant effect until the viscosity reached the value corresponding to 50 wt.% solid loading and
ball milling for 8 h.
The pore density of practical and easily obtained reticulated porous ceramics can be extended to
80 PPI, by using a diatomite–kaolin composite and applying appropriate processing conditions.

Because of the porous and irregular morphology of the diatomite–kaolin composite particles and
inherent advantages such as low cost, abundance, and natural origin, it is important to investigate
the potential of the reticulated porous diatomite–kaolin composites. The compressive strength of a
reticulated porous diatomite–kaolin composite can be enhanced to an acceptable level by tailoring
processing conditions such as solid loading, average particle size, and pore density; then, the composite
can be employed in a similar way to conventional reticulated porous ceramics in various application
fields, except those involving hard-loading conditions.
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