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The optimisation of alumina foam slurries for fast freeze-drying was determined and the final properties of the porous 
specimens were examined. The slurry solid loadings were varied from 50, 60, and 70 wt. %. The impact of a foaming agent (a 
naturally modified anionic surfactant), which generated bubbles, was investigated comparing samples without the foaming 
agent and with a 5 wt. % foaming agent. The amount of binder (polyvinyl alcohol) was varied from 5 and 10 wt. %. It was 
found that increasing the slurry solid loadings and the binder content resulted in a slower freeze-drying. This was due to 
the difficulty in breaking the bonds between ice crystals and the binder molecules during sublimation. Also, the high solid 
loadings decreased the porosities and narrowed the pore channels causing ice crystals to be trapped, which slowed down 
the process. A foaming agent addition could shorten the freeze-drying duration up to 25 % when the binder was present with 
no more than 5 wt. %. Therefore, the optimised formula found in this study was B5F5_60, which showed a porosity of 76 % 
and a strength of 4 MPa. This indicates that a highly porous material can be achieved with a fast freeze-drying technique.

INTRODUCTION

 Freeze casting is one of the colloidal processing 
techniques that has recently become an attractive solution 
for producing various kinds of porous ceramic products. 
This is because it is a simple process that does not 
produce cracks while drying. It does not require a large 
binder burnout process compared to other conventional 
colloidal processes, e.g., slip casting, injection moulding, 
gel casting etc. [1, 2]. Also, the technique can provide 
a broad range of porosities, even higher than 90 %, with 
a well-controlled pore structure [3, 4]. Hence, it is used in 
various applications, such as insulators, absorbers, filters, 
heat exchanger, and energy harvesting applications [5, 6]. 
Although the freeze casting technology shows many be-
neficial aspects, a drawback is that it is time-consuming 
during the freeze-drying process. The freeze-drying 
process could take days or even weeks for sublimation 
if the freeze-drying cycle was not optimised [7]. Heating 
the product during freeze-drying could shorten the 
drying process. However, this leads to defrosting and 
the collapse of the internal structure if the temperature 
of the dry layer exceeds the critical temperature of the 
products [8, 9]. Another way of quick freeze-drying is to 
increase the surface areas of the components. High po- 
rosity samples could be obtained by incorporating poly-
meric additives to generate foam in the suspension 
before freeze-drying. To the best of our knowledge, there 

are few reports on this aspect. For example, from the 
research of Yao D. [10], porous Si3N4 was freeze-dried 
in 12 hours using a technique of bubble generation from 
ball milling slurry with 5 % polyvinyl alcohol (PVA) 
combined with a technique of bubble expansion from 
vacuuming the slurry. However, the relationship between 
the material processing and the freeze dry duration was 
not investigated. Therefore, reducing the time in the 
freeze-drying process by this technique was a primary 
motivation of this study. The material chosen for this study 
is alumina because it is used in many industries, such as 
the automotive industry, chemical plants, refractories, 
and so on, where the properties of high strength, high 
heat and wear resistance of the materials are primarily 
focused. Moreover, some products, such as kiln furniture 
that are used in furnaces, require light-weight and 
high-strength properties. Therefore, porous alumina 
is one of the candidate materials for such applications. 
We investigated freeze-drying on alumina ceramics by 
varying the solid contents from 50, 60, and 70 wt. %. In 
order to minimise the drying duration, we added a binder 
(PVA) and a foaming agent (a naturally modified anionic 
surfactant) into the ceramic slurries to generate bubbles 
by a direct foaming method to increase the surface area 
of the solvent vapour to enhance the sublimation. The 
amounts of the binder (5 and 10 wt. %) and foaming 
agent (0 and 5 wt. %) that impacted the properties of 
the sintered porous ceramics were optimised with an ob-
jective of reducing the manufacturing time and cost. 
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EXPERIMENTAL

 The ceramic powder used in this study was alumina 
(A-32, Nicho CO., LTD) with an average particle size of 
4.04 ± 0.03 µm. The PVA powder (Gosenole, Y.S. INC., 
Japan), with a molecular weight of 146 000-186 000 
according to the manufacturer, was used as an additive 
binder. A naturally modified anionic surfactant consisted 
of sulfuric acid, a mono-C9-13-alkyl ester, and sodium 
salt (Sikaporo-40, Sika (Thailand) Limited) was used 
as an additive foaming agent. Ammonium polyacrylate 
(Aron A-6114, Japan) was used as a dispersing agent. 
Water was used as the solvent. In order to determine 
the freeze-drying conditions and the precursor characte-
ristics, the raw materials were separately mixed with 
water. The alumina was mixed with the water to form the 
slurry with the solid loadings of 50, 60, and 70 wt. %. 
The 5 and 10 wt. % of PVA were mixed in water to make 
the solutions. A differential scanning calorimetry (DSC: 
Metter, model DSC822e) analysis was conducted to find 
the crystallisation temperatures of the alumina slurries’ 
precursors and the PVA solutions. 
 The PVA solutions were dried at room temperature 
to obtain thin films. The alumina powder was compacted 
to form a thin plate for the Fourier transform infrared 
spectroscopy (FTIR: Nicolet, model Impact 400) analy-
sis in the attenuated total reflectance (ATR) mode at 
a spectrum range of 600 cm-1 to 4000 cm-1. Once the 
studied precursors were completed, the alumina slurries 
of the three solid loadings were mixed with either 5 or 
10 wt. % PVA (a total of six set samples). The effects 
of the foaming agent were studied by adding 5 wt. % 
into each sample compared to without the foaming agent 
(0 wt. %). A 0.9 wt. % dispersant was used in all the slurry 
conditions. The compositions and sample labels are 
shown in Table.1. The mixtures were stirred with a high-
speed rotator at 1700 rpm for 5 minutes so that foams 
were generated. The rheology of the slurries was in-
vestigated by a viscometer (Brookfield, model DV-II+). 
The specific gravities were calculated from the weight 
and volume fractions of the slurries in graduate cylinders. 
Then, the slurries were poured into a bar-shaped silicone 
mould with a size of 4 × 33 × 6 mm. The slurries were 
solidified by freezing in the freezer (SANYO, model 
SF-C697) at –20 °C for 5 hours. 
 The frozen samples were taken out of the freezer and 
quickly loaded into the freeze dryer machine (CHRIST, 
model Alpha 2-4 LSC). Lyophilisation was conducted 
at a constant temperature and pressured conditions, 

which were selected from the DSC study. The freeze-
drying duration took 2 - 72 hours. The moisture contents 
were measured every 2 hours or until the slurries were 
dried to become porous green alumina samples. The 
green densities were calculated by the weight and volu- 
me fraction of the measured size of the samples. The 
samples were sintered in an electric furnace (HP Advan-
ced ceramic furnace, Thailand) at 1600 °C for 2 hours 
at a heating rate of 5 °C·min-1 and the porosity was 
determined using the Archimedes method. The pore size 
distributions of the sintered samples were analysed by 
mercury intrusion porosimetry (MIP) (Micomeritics, 
model V9600). The flexural strength was measured by 
a mechanical tester (Instron, model 8872) with 3-point 
bending and a loading rate of 0.5 mm·min-1. The mor-
phologies of the porous samples were examined using 
a scanning electron microscope (SEM, Hitachi, model 
S-3400N). The SEM samples were polished, gold coated, 
and observed in the SEM with the secondary electron 
mode.

RESULTS AND DISCUSSION

Precursor properties

 The DSC of the precursor alumina slurries with 
the solid loadings of 50, 60, 70 %, the foaming agent 
solution, and the binder solutions with concentrations of 
5 % and 10 % are shown in Figure 1. The onset tempera-
ture for the crystallisation of the alumina precursors was 
–9 °C while those of the polymer solutions were below 
–19 °C. This indicated that the energy used to freeze the 
alumina was lower than the polymer additives. From the 
DSC results, a freeze-drying temperature was selected 
to be at –50 °C in order to ensure that the overall freeze-
drying chamber temperature was not higher than the 
crystalline precursor temperature. Also, a pressure of 
0.04 mbar was chosen from the “Table of ice vapour 
pressure” in ref. [11] at which the temperature was 
–50 °C. 
 The FTIR spectra of the alumina powder, 5 % and 
10 % PVA solutions are shown in Figure 2. The broad 
peak of the PVA spectrum around 3330-3400 cm-1 

corresponds to the stretching vibration of the –OH group 
[12, 13]. The peaks at wave numbers 2850-2922 cm-1 

are the stretching vibration of the C–H group. The bands 
at 1732 cm-1 and 1568 cm-1 are attributed to the C=O 
and C=C vibrations, respectively. The other vibrations at 
1240 - 1424 cm-1 and 1087 cm-1 are assigned to C–H and 

Table 1.  Compositions and labels of the alumina slurries with the different binder and foaming agent amounts.

 Slurry solid                                        PVA Binder 5 wt. %                                        PVA Binder 10 wt. %
 loadings (wt. %) Foam 0 wt. % Foam 5 wt. % Foam 0 wt. % Foam 5 wt. %
 50 B5F0_50 B5F5_50 B10F0_50 B10F5_50
 60 B5F0_60 B5F5_60 B10F0_60 B10F5_60
 70 B5F0_70 B5F5_70 B10F0_70 B10F5_70
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O–C–O, respectively [14]. PVA5 and PVA10 had nearly 
identical peak patterns except at the 1568 cm-1 wave 
number where the PVA10 peak was slightly higher than 
that of the PVA5 one. The high peak absorption indicated 
more intermolecular and intramolecular hydrogen bonds 
in the PVA [15]. The FTIR spectrum of the foaming 
agent displayed bands at 2800 - 3000 cm-1 and 1467 cm-

1, which are attributed to the C-H stretching and bending 
vibration. The band at 950 - 1250 cm-1 corresponds to 
the S=O stretching vibration [16-18]. This indicated 
that the structure of the foaming agent consisted of 
a hydrophobic hydrocarbon tail and a negative charged 
hydrophilic sulfonate (OSO3

–) head. The hydrogen bon-
ding network can interact between this hydrophilic head 
and the –OH molecule of water [19, 20]. The FTIR 
of the alumina shows a significant absorption band 
at 640 cm-1 which is identified to be the characteristic 
absorption bands of α-Al2O3. The other peaks of very 
weak intensities at 3466 cm-1 and 2924 cm-1 are the 
–OH and C–H stretching vibrations, respectively [21]. 

The FTIR results indicated that, in the alumina slurry 
system, the hydrogen bonding of the PVA and the 
foaming agent had much stronger bonds to the water 
molecules than Al2O3. In fact, Al2O3 theoretically does 
not dissolve in water. Therefore, any effect from the 
water sublimation during the freeze-drying is not likely 
to be related with the bonding interaction between the 
alumina and the water molecules. It is more likely to 
be the effect from the bonding between the polymeric 
additives and the water molecules.

Slurry properties

 The viscosities, in a logarithmic scale, of the alumi-
na slurry are shown in Figure 3. All the slurries exhibited 
shear thinning behaviour. The viscosities of B5F0_50 and 
B10F0_50 (Figure 3a) were similar. This indicated that 
the addition of the binder content from 5 to 10 wt. % at 
the solid loading of 50 wt. % did not significantly affect 
the rheology of the slurries. A further increase in the 
slurry solid loadings and the binder contents resulted in 
an increase in the viscosity. The slurries with the foaming 
agent of 5 wt. % (Figure 3b) showed the same pattern 
of viscosity increase as the slurry without the foaming 
agent. It was also observed that the viscosity of all the 
slurries increased when adding the 5 wt. % foam content. 

Figure 1.  DSC analysis of the precursors of the varied con-
centrations of the alumina slurries, foaming agent, and PVA 
solutions.

Figure 2.  FTIR of the 5 wt. %, and 10 wt. % PVA solutions, 
foaming agent, and alumina powder.

a)

b)

Figure 3.  Viscosity, in a logarithm scale, of the alumina slurries 
without the foaming agent (a) and with the foaming of 5 wt. % 
(b). The solid loadings were 50, 60, and 70 wt. % and the binder 
contents were 5 and 10 wt. %.
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The effects of the slurry rheology on the slurry specific 
gravities are shown in Figure 4. For the B5F0 set, the 
specific gravity increased from 0.48 to 1.46 g·cm-3 with 
the increasing slurry solid loading from 50 to 70 wt. %. 
For the B5F5 and B10F0 sets, the specific gravities were 
also increased from 0.35 to 1.01 and 0.73 to 1.38, re-
spectively. In the B10F5 set, the samples showed an in- 
crease in the specific gravity from 0.73 to 1.05 when 
the solid loading increased from 50 to 60 wt. %. A fur-
ther increase in the solid loading to 70 wt. % caused 
a reduction in the specific gravity to 0.85. It can be con-
cluded that the addition of the foaming agent, while 
having a low binder content of 5 wt. %, could increase the 
slurry volume expansions, hence decreasing the specific 
gravity. An increase in the binder content to 10 wt. % 
prohibited the expansion of the bubble volumes in the 
slurries and resulted in an increase in the specific gravity. 
In the high solid loadings of 70 wt. %, the addition of the 
10 wt. % binder ruined the homogeneity of the slurries 
due to the high viscosity, which led to a decrease in the 
specific gravity.

Freeze dry durations

 The variation in the moisture contents in the slurries 
as a function of the freeze-drying time are shown in Fi-
gure 5. All the slurries showed an increase in the drying 
time when the solid loadings increased. This is due to the 
narrowed pore channels trapping the ice/vapour from the 
sublimation. During the freezing process, the alumina 
content in the slurry was responsible for controlling 
the ice crystal growth. As the solid loading increased, 
the force between the alumina particles was higher 
than the force between the alumina/liquid compression. 
Therefore, it was difficult for the particles to be squee-
zed through the moving ice front. This resulted in a nar-
rowing of the ice channels and increased the densities 
of the frozen samples. This could also be described by 
the freeze dry time equation proposed by Steinbach [22] 

where the drying time was varied proportionally to the 
density of the frozen product. The increase in the binder 
content was also responsible for the increase in the freeze 
dry duration. This was due to the increase in the amount 
of hydrogen bonding in the PVA molecules as previously 
stated in the FTIR results. These molecules are bound 
with the –OH molecule of water, thus, the amount of 
free water molecules was reduced. Therefore, the enthal-
py of vaporisation of the bound water is considerably 
higher than that of the pure or free water [23]. As a result, 
a higher amount of energy was needed to break the 
bond during sublimation. The addition of the foaming 
agent, in fact, increases the amount of hydrogen bonding 
between the hydrophilic head parts of the foaming and 
the –OH molecule of water as previously described, 
which could be affected due to the longer freeze-drying 
duration. However, the results indicated that the addition 
of the foaming agent from 0 to 5 wt. % (Figures 5a and 
5b) could shorten the drying duration only when the bin- 
der content was 5 wt. %. This is perhaps due to the en-
largement of the bubble size when adding the foaming 
agent which increases the surface area of the sublimation. 
The drying time could speed up by 20, 25, and 50 % 

Figure 4.  Specific gravities of the alumina slurries with the 
varied alumina solid loadings, foaming agent, and binder con-
tents.

a) 0 wt. % foam

b) 5 wt. % foam

Figure 5.  Freeze dry durations of the alumina slurries with the 
0 wt. % foam (a) and 5 wt. % foam (b).
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when incorporating the 5 wt. % foam in the 70, 60, and 
50 wt. % solid loadings slurries, respectively. 
 The green densities of the freeze-dried products can 
be seen in Figure 6. All the samples showed an increase 
in the green densities with the increasing slurry solid 
loadings. The B5F0 set had a higher value of green 
density than the B5F5 set for all the ranges of solid 
loadings. The samples of the 10 wt. % binder set (B10F0, 
B10F5) had a higher green density value than the 
5 wt. % binder set (B5F0, B5F5). This correlates with the 
results from the specific gravity part. The only difference 
in these green density results and the specific gravity 
results is that B10F5 sample had an increases value in 
the green density when the slurry solid loading increased 
from 60 to 70 wt. % which is opposite to the specific 
gravity result. This is because the high solid loading of 
the slurry is dominated by the ceramic materials rather 
than the water content. After the ice was sublimated, 
the high amount of dry solid materials took effect in the 
incrementation of the green density. There is one thing 
that both results have in common: the green density of 
B10F5_70 has the highest standard deviation value of 
±0.12 g·cm-3 while the other samples showed no more 
than ±0.05 g·cm-3, indicating that the B10F5_70 sample 
is the most inhomogeneous sample, which resulted from 
an inhomogeneous slurry formulation.

Sintered porous alumina

 Figure 7 shows the relationships between the solid 
loadings of the slurries and the porosities of the sintered 
porous alumina. The porosities decreased with the in-
creasing solid loadings. This was due to the narrowing 
of the ice channels from the freezing of the slurries as 
explained previously. This finding agreed with the study 
by Wang F. [24]. The B5F5 porosity was the highest for 
all the ranges of the solid loadings. This is because the 
foaming agent helps expand the bubbles in the slurry, 
causing a reduction in both the slurry specific gravity 

and the green density of the freeze-dried samples. The 
10 wt. % of the binder (B10F0, B10F5) showed lower 
porosity values than the 5 wt. % binder (B5F0, B5F5) 
because the increase in the binder content could sup-
press the bubble expansion. The B10F5 porosity at the 
70 wt. % solid loading (B10F5_70) was equal to that of 
B5F5_70 due to the fact that the B10F5_70 sample was 
a non-homogenous slurry containing numerous air gaps 
in the sample. 

 The pore volume and size distributions, calculated 
from mercury intrusion porosimetry (MIP), are shown 
in Figure 8. The 5 wt. % binder sets show that an in-
crease in the solid loadings from 50 to 70 wt. % (from 
B5F0_50 to B5F0_70) decreased the cumulative intru-
sion volume curve as seen in Figure 8a. The use of the 
5 wt. % foaming content in the 70 wt. % solid loading 
(B5F5_70, B10F5_70) shows the cumulative intrusion 
volume curves, which are higher than those without the 
foaming agent (B5F0_70, B10F0_70). The distributions 
of the pore sizes are seen in Figure 8b. All the samples 
show peaks in a pore size range of 0.18 - 0.40 μm, 
corresponding to the inter-particle pores between the 
alumina particles [25]. The samples B5F0_50, B5F0_60, 
and B5F0_70 show peaks in a pore size range of 10-
100 μm, 5 - 50 μm, and 1-10 μm, respectively. This 
indicated that an increase in the solid loadings decreased 
the pore volume and pore size. B5F5_70 showed peaks 
at a pore size range of 1 - 100 μm, which was wider than 
that of B5F0_70. Also, the pore size range of B10F5_70 
was 0.4 - 100 μm, which was wider than B10F0_70 
(0.4 - 6 μm). This indicated that the addition of the 5 % 
foaming content increased the pore volume and pore size. 
It was also observed that the pore size range of B5F0_70 
was wider than B10F0_70. This indicated that an increase 
in the binder content decreased the pore volume and pore 
size. B5F5_70 and B10F5_70 had nearly identical pore 
size ranges due to the non-homogeneity of the B10F5_70 
sample. The results obtained from the MIP technique all 

Figure 6.  Green gravities of the alumina samples with the 
varied alumina solid loadings, foaming agent, and binder con-
tents.

Figure 7.  Relationships between the slurry solid loadings and 
the porosities of the sintered porous alumina.
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agree with the porosity findings as previously explained. 
It is noted that the obtained pore size results by the MIP 
technique may not represent the exact size of the pores 
in these samples because the calculation is based on the 
assumption that all the pores are perfectly cylindrical 
shapes. However, this finding is essential to predict the 
trends of the pore distributions regarding the variation 
in the solid loadings and polymeric contents of this 
experiment.

 Figure 9 shows the relationships between the 
solid loadings and the flexural strength of the sintered 
porous alumina. At the slurry solid loading of 50 wt. %, 
the strength of the samples with the 5 wt. % binder 
(B5F0_50 and the B5F5_50) was very weak and near 
collapsing from handling. The strength value was 
lower than 1 MPa. The strength of the samples with the 
10 wt. % binder (B10F0_50, B10F5_50) was slightly 
higher than the 5 wt. % binder samples. This was becau-
se the high amount of binder could suppress the bubble 
expansion which later reduced the porosity and increa-
sed the strength. When the solid loadings increased to 
70 wt. %, the strength was also increased. At the slurry 
solid loading of 70 wt. %, the strength of the samples 

without the foaming agent (B5F0_70 and B10F0_70) 
was significantly higher than that of the 5 wt. % foaming 
agent (B5F5_70 and B10F5_70). This was attributed 
to the increase in the solid content in the materials. 
An excessive addition of a polymeric additive could cause 
a very high viscosity in the solution, which would result 
in the uneven pore structure of the freeze-dried sample 
and a decrease in the strength. 

 The microstructures of the sintered bodies are 
shown in Figure 10. All the samples had a spherical pore 
shape, which resulted from the generation of bubbles 
during stirring slurries. These types of pores are called 
channels. These channels were attached and separated 
by wall channels. There were numerous small pores di-
stributed inside the wall channels whose structure was 
dendritic, replicating that of the ice crystals [26]. The 
B5F0_50 sample (Figure 10a) showed a channel size of 
208 ± 77 µm. The sample had a loosely packed solid pore 
structure because the majority of the water content in this 
slurry composition was sublimated. The B5F0_70 sample 
(Figure 10b) showed a channel size of 100 ± 26 µm. 
There were small dendritic pores distributed inside the 
wall channels with a size of 7 ± 4 µm (Figure 10c). These 
pores were not in any alignment because there was no 
control of the ice crystals growing direction during the 
freezing of the slurries. The 70 wt. % solid loading slu-
rries had narrower pores than the 50 wt. % solid loadings 
indicating the difficulty of the ice-vapour to escape during 
the freeze-drying as explained previously. The B5F5_50 
and B5F5_70 samples (Figures 10d,e) showed a channel 
size of 582 ± 122 µm, and 348 ± 55 µm, respectively. 
It was confirmed that the addition of the foaming agent 
increased the channel size in the samples. The B5F5_50 
sample had a more loosely-packed solid pore structure 
than the B5F5_70 sample. The B10F0_50 sample 
(Figure 10f) showed a channel size of 121 ± 36 µm. 
The B10F0_70 sample (Figure 10g) showed an average 
channel size of 69 ± 23 µm and a few larger channel sizes 

Figure 9.  Relationships between the slurry solid loadings and 
the flexural strengths of the sintered porous alumina.

a) 0 wt. % foam

b) 5 wt. % foam

Figure 8.  Cumulative pore volume curves (a), and differential 
pore size distributions (b) of the sintered porous alumina with 
the varying solid loadings, binder contents, and foaming con-
tents.
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of 293 ± 132 µm. This indicated that the non-homoge-
neity of the B10F0_70 sample occurred due to the use of 
the high solid loadings and the high amount of binder. The 
B10F5_50 sample (Figure 10h) showed a channel size of 
174 ± 168 µm. The B10F5_70 sample (Figure 10i) showed 
a channel size of 279 ± 145 µm, however, some area of 
the sample showed a size larger than 1000 µm and could 
be observed without using the SEM. So, it is clear that 
using a large amount of polymeric additives in the high 
solid loadings of the slurry caused the non-homogeneity 
of the slurry and affected the non-uniform pore sizes in 
the freeze-dried samples. It could be observed that the 
B10F0 and B10F5 samples had a smaller channel size 
than that of the B5F0 and B5F5 samples, for all the 
solid loading ranges. This confirmed that the addition of 
a binder could help suppress the bubble growth in the 
slurry. In addition, the B5F5 samples showed the highest 
average pore size for all the solid loading ranges. This 
proved that the incorporation of the 5 wt. % foaming 
agent and the 5 wt. % of the binder in the alumina slu-

rries increased the bubble size, reduced the specific gra-
vity, hence, increased the surface area of sublimation, 
and shortened the freeze dry durations even though the 
polymeric additives had an ability to chemically bond 
with water. Finally, a high porosity and adequate strength 
could be obtained by using the B5F5 compositions. 
 From the results, it was obvious that the increase in 
the porosity resulted in a reduction in strength. Therefore, 
the selection of an appropriate slurry formulation de-
pends on the desired application of the final products. The 
optimised formula, for this study, is B5F5_60 because it 
provided a quick freeze dry time, which was 25 % faster 
than the other samples with the same solid loading. 
It generated a high porosity (76 %) with adequate strength 
for handling (4 MPa). In summary, alumina could be 
formed with a desired pore size, density, and strength 
by simply adding appropriate binder and foaming agent 
amounts to increase the alumina surface area. A freeze-
drying process could also be obtained quickly and at low 
cost so that the large-scale production would be possible 
using this technique.

g)

d)

a)

i)

f)

c)

h)

e)

b)

Figure 10.  SEM images of the porous alumina samples obtained from the freeze-dried slurries, labelled as B5F0_50 (a), B5F0_70 
(b), B5F0_70 zoomed into the small channels (c), B5F5_50 (d), B5F5_70 (e), B10F0_50 (f), B10F0_70 (g), B10F5_50 (h), and 
B10F5_70 (i).
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CONCLUSIONS

 The optimisation of the slurry solid loadings, the 
foaming agent, and the binder contents to obtain the shor-
test freeze dry durations of porous alumina, including the 
properties of sintered products can be summarised as:
● The high solid loadings took a long time during the 

freeze-drying process due to the difficulty of the ice-
vapour escaping through the narrowed pore channels 
in the low porous samples.

● An increase in the binder contents in the slurries 
caused a long freeze dry duration due to the high ener-
gy needed to break the hydrogen bond between the 
water and the binder molecules.

● Adding foaming agents in the 5 wt. % PVA mixtures 
improved the freeze dry duration because the surface 
areas of sublimation were increased. However, adding 
them in the 10 wt. % PVA mixtures caused a long dura-
tion for the freeze-drying due to the hydrogen bonding 
matter from all the polymeric additives.

● An increase in the solid loadings and binder content 
decreased the amount of porosity and pore size of 
the sintered samples, hence, increased the flexural 
strengths. The addition of the 5 wt. % foaming agent 
caused an increase in the porosities and pore sizes, 
which decreased the flexural strength in the sintered 
samples.

● The excessive addition of the polymeric additive in the 
high solid loading slurries resulted in an uneven pore 
structure in the freeze-dried sample and a decrease in 
the strength.

● The optimised formula of the slurries with a binder 
content of 5 wt. %, a foaming agent of 5 wt. %, and 
a solid loading of 60 wt. % (B5F5_60) showed the fas-
test drying process and provided the highest porosity 
with adequate strength.
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