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ABSTRACT

Directionally aligned prismatic and lamellar porous alumina scaffolds with a
high strength-to-density ratio were fabricated from submicron Al,O3; powders
and a tiny quantity of nanoscale TiO, sintering aids by freeze casting using TBA
and water as solvents. Both freezing temperature (— 10 °C, — 50 °C, — 90 °C)
and sintering temperature (1300 °C, 1350 °C, 1400 °C) were varied to adjust
pore parameters while a low solid loading (15 vol%) was maintained to ensure
high porosity. This paper describes and compares the microstructures, porosity,
pore size, wall thickness and compressive behavior of the scaffolds with two
typical pore morphologies (lamella and honeycomb), which help to identify
their scope of application and to unveil the relationship between pore mor-
phology and mechanical property to optimize the material performance. The
failure modes of these two types of scaffolds under compression were simu-
lated. The TBA-based 1 wt% TiO,-containing alumina scaffolds with dense
ceramic walls that were freeze-cast at — 90 °C and sintered at 1400 °C exhibited
a compressive strength of 160 MPa with a porosity of 59%, indicating light-
weight and high-strength characteristics.
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permeability, low thermal conductivity or biocom-
patibility. Generally, sufficient mechanical strength

Introduction

The design of porous structures that enables the
efficient optimization of characteristics such as the
strength-to-density and surface-to-volume ratios is
desired in aerospace, building, transportation, energy
and biomedical industries [1-5]. An ideal porous
material should combine mechanical strength with at
least one other functional property, such as high
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can be associated with a relatively low porosity via
mathematical relations, i.e., a power-law or expo-
nential dependence with porosity. However,
decreasing the total porosity may degrade other
functional properties. Typically, it may degrade the
capacity of filtration or ion exchange, or in the case of
bone substitutes, it prevents new tissue from
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growing, which induces loosening and movement of
the implant and prevents vascularization and further
integration with the body. Therefore, to manufacture
robust porous materials with desired levels of open
porosity becomes a common challenge that need to
be solved.

Porous structures can be obtained by various
techniques, such as direct forming, tape casting, slip
casting and extrusion [6-10]. In the last decade, freeze
casting has emerged as a candidate for preparation of
the porous ceramics relying on its simplicity, relia-
bility and especially great flexibility. The high open
porosity, good mechanical property, strong aniso-
tropy and fine controllable structure of the resultant
scaffolds make it more competitive with traditional
techniques. To date, a variety of porous materials
fabricated using different powders by freeze casting
have indicated their wide application prospects
[11-14]. However, only by guaranteeing the sintering
quality of ceramics, could freeze casting give full play
to its advantages. Usually, in freeze casting, high
sintering temperature and long heat preservation
time are employed to obtain a certain sintering
quality. But they cause high sintering cost, waste of
energy and sometimes the change of the original
microstructures, which limits their extensive appli-
cations in various industrial fields. It is known that
adding appropriate sintering aids is a common,
cheap and energy-efficient way to reduce the sinter-
ing temperature and improve the ceramics mechan-
ical properties. Nevertheless, so far it is rarely
reported in the preparation of freeze-cast scaffolds.

As the most common material used in freeze cast-
ing, alumina has high inertness which can be used to
prepare stable and well-dispersed aqueous slurries
with a wide range of solid contents. Freeze-cast alu-
mina scaffolds with different pore morphologies
have been fabricated using different solvents [15-19],
which show different characteristics and application
scopes. However, they are still facing the limitation of
high sintering cost and lack of strength-to-density
ratio. Adding effective sintering aids might be a
promising way to solve these problems. In addition,
to improve the combination of properties for the
multifunctional applications, it is necessary to con-
sider the influence of pore parameters (e.g., the total
volume fraction as well as the shape and size distri-
bution of individual pores). Although the pore mor-
phology has a great influence on the mechanical
performance of porous ceramics, it has not received
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sufficient attention in freeze casting. From the litera-
ture [15-19], we cannot get the clear relationship
between pore morphology and mechanical properties
because the material, porosity, size and directionality
of the resultant materials are notably different.

According to the above background, in this work,
we used nanoscale titania as the sintering aids to
produce two typical kinds of freeze-cast alumina
using water and TBA as the solvents, respectively.
The effects of freezing temperature and sintering
temperature on the structural parameters of the
scaffolds and their compressive property were
investigated. Meanwhile, we characterized and
compared the microstructures and properties of the
freeze-cast alumina with two typical pore mor-
phologies, which would help to identify their scope
of application and reveal the relationship between
pore morphology and mechanical property.

Experimental procedure

Commercially available powders of Al,O; (VK-L500,
Jingrui New Material Co., Xuancheng, China) and
TiO, (rutile, TBD-R25, Tuoboda Titanium Dioxide
Products Co., Wuxi, China) with average particle
sizes of 500 nm and 25 nm, and purities of 99.5 wt%
and 99.9 wt%, respectively, were used as the raw
material and sintering aids. Polyvinyl butyral (PVB,
M.W. 40000-70000, Chemical Works, Beijing, China)
and citric acid (CA, Chemical Works, Beijing, China)
were used as binder and dispersant in conjunction
with TBA (chemical purity, Experimental Instru-
ments Co., Dezhou, China) as the solvent, while
polyvinyl alcohol and Dolapix Ce 64 (carboxylic acid
preparation, Zschimmer & Schwarz GmbH & Co KG
Chemische Fabriken, Lahnstein, Germany) were used
as the binder and dispersant in conjunction with
deionized water as the solvent.

First, alumina slurries were prepared by mixing
Al,O5; powders in an initial solid loading of 15 vol%
and the TiO, additive as 1 wt% of the total ceramic
powders. The TBA-based slurry was ball-milled for
12 h at 45 °C, and the water-based slurry was ball-
milled for 36 h at 25 °C, both using alumina balls.
High-quality silicon loop with a good airproof func-
tion insured almost no water and TBA lost during
ball-milling. Then, the slurries were de-aired by
stirring in a vacuum desiccator for 20 min. Subse-
quently, the slurries were poured into polyethylene
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molds with an inner diameter of 18 mm, whose bot-
tom was placed on a Cu bar and top exposed to air.
The Cu bar was inserted into liquid nitrogen, and its
top surface kept at — 10 °C, — 50 °C or — 90 °C by
using a ring heater. Therefore, the directional solidi-
fication of the slurry from bottom to top was induced.
After being frozen, the samples with dimensions of
18 mm in diameter and 30 mm in height were
demolded and transferred to a freeze dryer to subli-
mate the solvent crystals at — 50 °C under a vacuum
of 10 Pa for 48 h. The dried preforms were heated in
air at 4 °C min~! to 500 °C, held for 30 min to burn
out the organic additives, then heated at a constant
rate of 5°C min~' to a predetermined sintering
temperature (1300 °C, 1350 °C or 1400 °C), and held
for 2 h. Finally, they were cooled at 5 °C min~' to
room temperature.

The overall porosity (P) was calculated based on
the mass (m) and volume (V) of the samples with
respect to the theoretical density (ps) of the fully
dense samples (Pan0, =397 g/cm? and
Prio, = 4.2 g/cm®; it was assumed that no reaction
occurred between Al,O3; and TiO,). Therefore, P can
be calculated by using the following equations:

m
Pz(l—psxv)xloo% (1)

miq — My mp —m
V= -

(2)

Pwater Pvaseline

where m is the mass of the scaffold weighed in air.
The total volume of the green body (V) was calcu-
lated based on Archimedes’ principle (ASTM B962-
13). In order to prevent the penetration of deionized
water into the porous scaffold, the scaffold was
coated with a thin film of vaseline. The mass of the
scaffold coated with vaseline measured in air was
denoted as m;. The mass of the vaseline-coated scaf-
fold measured under water was denoted as 5. Pwater
and pyaseline are the densities of water and vaseline
(Pwater = 1.0 g/Cm3 and pyaeline = 0.84 g/cm3), respec-
tively. The final result was confirmed by measuring
at least three samples per condition.

The determinations of porosity, pore size and wall
thickness as well as their distributions were per-
formed by image analysis using the “Analyze Parti-
cles” and “Local Thickness” plug-in of the Fiji
software. To obtain representative values of pore size
and wall thickness, we analyzed a minimum of five
images per sample. All the images were from cross
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sections taken perpendicular to the freezing direction
(10 mm from the bottom of the sample) with a
scanning electron microscope (SEM, VEGA 3 XMU,
TESCAN, Czech) and a field emission scanning
electron microscope (FESEM, JSM-6700F, Japan). The
dimension of the samples after sintering was
approximately 25 mm in height. Phase compositions
were analyzed by X-ray diffraction (XRD, D/Max
2500PC Rigaku, Japan) with Cu Ko radiation. The
compressive strength of the scaffolds was measured
by using a universal testing machine (Instron 5689,
Instron Corp.,, USA) at a crosshead speed of
0.18 mm s~ '. The bottom and the top of the samples
were removed with a slow-speed diamond saw,
leaving the final dimension as approximately 15 mm
in height. In all tests, the maximum load at the end of
the elastic stage was used to calculate the compres-
sive strength. A minimum of five samples per con-
dition were tested.

Results and discussion
Role of titania in sintering of alumina

The influence of additives on the sintering of alumina
is not a new topic. According to references [20-23], as
one of the most common sintering aids for alumina,
rutile titania (TiO,) has very similar lattice constants
with ALL,O; and they can form substitutional solid
solution with relatively low melting point during the
sintering process, which enhances atomic diffusion
and promotes sintering by increasing the lattice
defect populations. In order to maintain electrical
neutrality, three Ti*" replace out of four AP’" and
leave a positive ion vacancy, resulting in an increase
in vacancy concentration and diffusion coefficient.
The formation of vacancy and lattice distortion can
lead to the recrystallization and densification of
Al,O5 in an effective way. Moreover, the reaction
between TiO, and Al,O; to form Al,TiOs lowers the
sintering activation energy of Al,O;. The formation
Al TiOs is associated with the transport of aluminum
ions through rutile.

In order to investigate the effect of nano-TiO, on
the sintering of Al,Oz; we fabricated the freeze-cast
alumina scaffolds with and without 1 wt% TiO,
under the same processing conditions, respectively.
The dimensional evolution of the particles and the
microstructures of the TBA-based scaffolds before
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and after sintering are shown in Fig. 1. The average
particle sizes were estimated from the images using
the Fiji software. Before sintering, there is no obvious
difference between the scaffolds with and without
the sintering aids (Fig. 1a, e). The particles are fine
and loosely distributed in the ceramic walls. There
are a lot of voids among the particles before sintering.
However, with an increase in the sintering tempera-
ture, the differences in the particle size and wall
density between the scaffolds with and without sin-
tering aids become more and more apparent. Under
the same processing conditions, the 1 wt% TiO,-
containing alumina scaffolds (Fig. 1f~h) show thinner
ceramic walls, larger sizes of particles and fewer
voids as compared with the scaffolds without the
sintering aids (Fig. 1b—d).

The total porosity of the scaffolds before and after
sintering was tested by the Archimedes method to
characterize the densification of the ceramic walls.
Note that the grain growth during the sintering
process also favors the densification. The removal of
porosity and the grain growth occur simultaneously
via atomic migration. Therefore, to some extent, the
degree of the densification can be reflected by the
grain or particle sizes. The average particle size and
the porosity in the alumina scaffolds are presented in
Fig. 2a, b. In the sample containing 1 wt% TiO,
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sintered at 1400 °C, the average particle size is
approx. 3.36 pm, obviously larger than 1.25 pm of the
particles sintered at 1300 °C, and more than 7 times
the size of the initial Al,O; particles (approx.
437 nm). However, in the sample without the TiO,
sintering aids, the average particle size of alumina
after sintering at 1400 °C is approx. 560 nm, only 1.3
times the size of the initial Al,O3 particles and 1/6
that in the counterpart containing 1 wt% TiO,. On the
other hand, the total porosity in the sample contain-
ing 1 wt% TiO, sintered at 1400 °C is approx. 61%,
while the initial porosity in the preform before sin-
tering is 92% (the fact that the porosity of the green
body before sintering is larger than the initial solvent
content of 85 vol% is due to the volume expansion
during the unidirectional solidification of water into
ice), and that in the sample sintered at 1400 °C but
without the addition of the sintering aids is 85%. The
results show that the addition of nano-TiO, can sig-
nificantly accelerate the sintering densification of the
freeze-cast alumina scaffolds.

XRD was used to identify the crystalline phases
with a step size of 0.06°. As indicated in Fig. 2c, two
weak peaks corresponding to TiO, and Al,TiOs are
identified. The rutile phase exists in the samples
sintered from 1300 to 1400 °C. Al,TiOs could be
scarcely found in the sample sintered at 1300 °C,

Figure 1 Backscattered FESEM images of alumina architectures a—d without and e—h with 1 wt% TiO, sintered at different temperatures

a, e 20 °C, b, £ 1300 °C, ¢, g 1350 °C and d, h 1400 °C.
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Figure 2 a The average particle size and b porosity of the freeze-
cast alumina with and without addition of nano-TiO, as a function
of sintering temperature; ¢ XRD patterns of the TiO,-containing

though it could be observed in the samples sintered
at 1350 °C and 1400 °C. As we know, TiO, can react
with AL,Oj; to form Al TiOs when the temperature is
above 1280 °C. However, the driving force for the
nucleation of Al TiO5 is too small at 1300 °C, so its
quantity is not large enough to be identified after
sintering at 1300 °C. The presence of rutile and Al,.
TiOs phases may bring a strengthening effect for
alumina. As mentioned above, the addition of TiO,
could lead to enhanced densification of Al,O; during
high-temperature sintering. This behavior could
contribute to the strength of the freeze-cast scaffolds.
In addition, some studies indicated that the increase
in the residual stress due to the mismatch of thermal
expansion coefficients between Al,O; and AlLTiOs
may improve the compressive strength of Al,O3 [24].

Microstructures of the ceramic architectures

The SEM images of typical microstructures perpen-
dicular (Fig. 3a, c¢) and parallel (Fig. 3b, d) to the
freezing direction show views of the unidirectionally
aligned pore channels, which are replicas of TBA
(Fig. 3a, b) and ice crystals (Fig. 3c, d), respectively.
According to the crystal structure of TBA, the TBA-
based scaffolds provide approximately hexagonal
pore channels with isotropy perpendicular to the
freezing direction. As we know, TBA contains three
symmetry-independent molecules, and they form six-
membered rings with six hydrogen bonds forming
each ring, as shown in Fig. 3e. The crystal packing of
these hexamers presents a hexagonal layer. Within
one layer, the growth of crystals shows isotropic
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alumina scaffolds after sintering at different temperatures. The
JCPDS file numbers 00-010-0173, 00-021-1276 and 00-041-0258
were used as reference for Al,O3, rutile and Al,TiOs, respectively.

characteristics. Between these layers, the hexamers
are linked by methyl-methyl contacts, which form
nearly ideal equilateral triangles. Under unidirec-
tional freezing conditions, TBA solidifies in the form
of chains, subsequently leaving wunidirectionally
aligned pore channels after sublimation. Different
from TBA, water transforms to lamellar ice crystals
with anisotropy perpendicular to the freezing direc-
tion. This can be understood with reference to the
basic crystallographic and crystal growth character-
istics of ice. Ice nucleates first as a form of small
hexagonal structures that contain hydrogen bonds
between water molecules, as shown in Fig. 3f. With
the progress of crystallization, the ice front velocity
parallel to the crystallographic c axis is 10>~10° times
slower than that perpendicular to the c axis because
the water molecules preferentially adhere to the
rough interface rather than forming a new interface
on the other side. The ice crystals become larger to
form lamellae via the two-dimensional growth of
hexagonal structures with a rich in-plane structure
having a hexagonal symmetry until the growth of
crystals in the b-axis direction is confined by ceramic
particles which are squeezed by adjacent ice crystals.
Then, the crystals keep growing in the a-direction,
leaving unidirectionally aligned pore channels after
sublimation.

From Fig. 3, we can see that both these two kinds
of pores are distributed homogeneously within the
location. Different from the two-dimensional iso-
tropic prismatic pores, the anisotropic lamellar pores
align locally and orient to different directions as
marked by yellow arrows 1 and 2 in Fig. 3c. In the
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Figure 3 Typical SEM micrographs of porous 1 wt% TiO,-
containing alumina prepared from different solvents: a, b TBA and
¢, d H,O (Both of them were freeze-cast at — 10 °C and sintered
at 1400 °C; a, ¢ perpendicular to the freezing direction; b,

whole field of view, the arrangement of prismatic
pores is more ordered than that of lamellar pores.
Moreover, a large number of robust and uniformly
distributed bridges in the TBA-based scaffold make
all walls interconnected closely, like a two-dimen-
sional network. However, in the water-based scaf-
fold, the sparse bridges form lap joints between
ceramic walls and the connection between layers are
relatively loose. In addition, the ceramic walls in the
TBA-based scaffold are smooth while numerous
surface asperities exist in the water-based scaffolds.
Also, the surface asperities usually locate on one side
of pore channels, while the other side is planar due to
the non-overlapping directions of ice growth [16].

Wall thickness and pore size distribution

The honeycomb and lamellar microstructures of
1 wt% TiO,-containing alumina obtained via the
freeze-casting process can be finely tailored on a large
scale by changing either the freezing temperature or
the sintering temperature. Figure 4 shows SEM ima-
ges of typical transverse sections perpendicular to the
freezing direction of the honeycomb (Fig. 4a—e) and
lamellar (Fig. 4f) scaffolds obtained at different
freezing temperatures (— 10 °C, — 50 °C, — 90 °C)
and sintering temperatures (1300 °C, 1350 °C,
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crystal growth behavior under unidirectional freezing conditions.

1400 °C). The samples are all chosen from the same
location, approximately 10 mm from the bottom to
ensure uniform vertical wall thickness without large
variations. Clearly, when the freezing temperature is
constant (Fig. 4a—c, f-h), both the pore size and wall
thickness decrease with an increase in the sintering
temperature due to the positive correlation between
sintering temperature and volume shrinkage ratio.
When the sintering temperature is constant, both the
pore size and wall thickness decrease with the
freezing temperature. It can be explained by the
nucleation theory. The higher undercooling degree
ahead of the ice front induced from faster cooling
velocity results in a larger nucleation rate. The more
crystal nuclei in the ceramic slurry yield the thinner
pore size and the smaller wall thickness in the sample
under the restriction of ceramic particles which were
squeezed by adjacent crystals.

The wall thickness and pore size distributions are
presented in Fig. 5, which were determined by image
analysis using the “local thickness” plug-in of the Fiji
software. The results show that lower freezing tem-
peratures and higher sintering temperatures are more
beneficial for generating uniform wall thickness and
pore size distributions and fine structures. Within the
certain range of freezing temperature (from — 10 to
— 90 °C) and sintering temperature (from 1300 to
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Figure 4 Typical SEM micrographs of porous 1 wt% TiO,-
containing alumina prepared from different solvents: a—e TBA and
f—j H,O for different freezing temperatures a—c, f-h — 10 °C, d,

1400 °C), the wall thickness and pore size of the TBA-
based samples range from 5 to 41 pm and from 11 to
70 pm, respectively. Meanwhile, those of the water-
based samples range from 9 to 32 um (wall thickness)
and from 14 to 43 pm (pore size). Compared with the

i —50°C and e, j —90°C, and sintering temperatures a,
f 1300 °C, b, g 1350 °C and c—e, h—j 1400 °C.

lamellar structure, the wall thickness and pore size of
the honeycomb structure decrease more rapidly
either with an increase in sintering temperature or a
decrease in freezing temperature. It results from the
greater deformation capacity of isotropic honeycomb

Figure 5 Typical wall a) 60 — (b
thickness and pore size @ 50 %:gg’ mgg 0 e0 %:gg’ :283
distributions of 1 wt% TiO,- - c-10; 1400 — 20 C1-10: 1400
containing alumina using S 40 ‘I"mf 13501 &= 4ot [D1-10; 1350
; i > [EJ1-10; 1300 > [CEJ-10; 1300
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temperatures from — 10 to g 20 g 20
— 90 °C and sintered at 40 - 10
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structure and the regional differences in the forma-
tion of crystal nuclei and growth mechanisms of TBA
and ice crystals. This indicates that the microstruc-
ture size of the TBA-based samples is more suscep-
tible to temperature; in other words, they exhibit
better structural controllability, which shows greater
potential in industry application.

Shrinkage and porosity of the scaffolds

From Fig. 6, we can see the volume of scaffold
decreases a lot after sintering. When the solid content
is constant, the sintering temperature and freezing
temperature are two main parameters controlling the
shrinkage and total porosity. Table 1 shows that the
line shrinkage and bulk density of two types of
scaffolds increase either with the increase in the sin-
tering temperature or the decrease in the freezing
temperature. The line shrinkage and bulk density of
the scaffolds developed from TBA are higher than
those developed from water in all systems with the
same freezing and sintering temperatures, which is
attributed to the characteristics of pore architecture
and the regional differences in the crystallization
behavior of TBA and ice crystals. The lamellar pore
with a distinct anisotropic characteristic has a greater
capacity to resist deformation. In contrast, the cera-
mic walls in the prismatic structure are connected
closely with each other, which offers particles more
chance to sinter together. Thus, it favors larger
shrinkage of the green bodies.

Figure 7 shows the effect of sintering temperature
(1300 °C, 1350 °C and 1400 °C) and freezing

U

Figure 6 Typical freeze-cast samples before and after sintering.
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temperature (— 10 °C, — 50 °C and — 90 °C) on the
total porosity of the TBA-based and water-based
freeze-cast specimens. The total porosity of the
freeze-cast samples reduces with increasing sintering
temperature. For example, for the TBA-based scaf-
folds freeze-cast at — 50 °C, the larger densification
of the walls at higher sintering temperatures within
the range of 1300-1400 °C drives the larger shrinkage
of macropores and therefore the total porosity redu-
ces from 72 to 61%. The total porosity of the TBA-
based scaffolds is always 5-10% lower than that of
the water-based scaffolds sintered at the same tem-
perature. The reasons for this phenomenon are
described as follows: (1) The discrepancy in the
solidification volume change: negative (shrinkage) in
the case of TBA (- 2%) and positive (expansion) in
the case of water (4 9%). (2) It is known that in freeze
casting, particles are rejected by the growing crystals
and concentrate in the intercrystals space, until the
osmotic pressure exceeds the capillary pressure. At
this point, the freezing front starts to engulf the
particles. The concentration at which this balance is
lost is referred to as the breakthrough concentration
which is found to be modified by particle size and
surface tension [17]. In our case, compared to the
value of pure water, lower surface tension of TBA
yields the lower breakthrough concentration. Thus,
the greater fraction of micropores processed with
TBA makes the densification easier because microp-
ores are easily removed in the green bodies. (3) The
lamellar structure with a distinct anisotropic charac-
teristic has a greater capacity to resist deformation,
which results in less shrinkage of green bodies and a
higher porosity after sintering. Figure 7 also shows
that when freezing temperature decreases, the total
porosity of the freeze-cast samples decreases slightly.
With an increase in the sintering temperature, the
effect of freezing temperature on the total porosity
became more significant. At the same sintering tem-
perature, the total porosity of the TBA-based scaf-
folds is more susceptible to the freezing temperature
than that of the water-based scaffolds. In general,
compared with the sintering temperature, the freez-
ing temperature does not have the same level of effect
on the total porosity.

Compressive behavior

Figure 8 shows plots of the average compressive
strength of the TBA-based and water-based scaffolds
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Table 1 Linear shrinkage and bulk density of TBA-based and water-based alumina scaffolds

Sintering temperature Freezing temperature TBA H,O
°C °C
O 0 Linear shrinkage Bulk density Linear shrinkage Bulk density
%) (g em™) %) (g cm™)
1300 — 10 156 £0.5 1.05 + 0.04 99+ 0.5 0.79 £+ 0.03
- 50 158 £0.5 1.11 £ 0.04 10.3 £ 0.7 0.83 £ 0.04
- 90 16.1 + 0.6 1.14 &+ 0.07 10.4 £ 0.5 0.84 &+ 0.02
1350 — 10 19.7 £ 0.6 1.33 £ 0.05 16.4 + 0.6 1.14 + 0.04
- 50 19.9 + 0.6 1.41 £ 0.06 16.6 £ 0.5 1.16 + 0.04
- 90 20.3 £ 0.7 1.44 £ 0.08 17.1 £ 0.6 1.23 £ 0.04
1400 - 10 20.5 £ 0.8 1.43 £+ 0.06 16.7 £ 0.5 1.33 £ 0.03
- 50 227+ 1.1 1.52 £ 0.12 17.7 £ 0.5 1.40 = 0.04
- 90 240 £ 1.0 1.66 + 0.11 189 + 04 1.44 + 0.03
85 200 750,
-& - TBA-1300 | [-*- TBA-1400 5 —=—TBA
[ |—8—H20-1300|, Z | 120 ——H20
80 =— I | 1601 % 60
I I N ?
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Freezing temperature (°C)

Figure 7 Variations of the total porosity with freezing
temperature for the TBA-based and water-based freeze-cast
alumina samples sintered at different temperatures. The inset
images show the evolution of wall densification: (a) water-based
ceramic walls sintered at 1300 °C; (b) water-based ceramic walls
sintered at 1350 °C; (c) water-based ceramic walls sintered at

1400 °C.

as a function of the total porosity. As indicated, the
compressive strength is directly related to the type of
pore morphology. The samples with prismatic pores
have a higher strength than their counterparts with
lamellar pores of similar porosity. As is extensively
reported in the literature [25, 26], buckling is the main
failure mechanism in the freeze-cast materials. The
prismatic pores bring out a specific interworking
architecture perpendicular to the load, as shown in
Fig. 1a. The necks between prismatic pores are uni-
formly located and run the length of the sample, as
shown in Fig. 1b, while the necks between lamellar
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Figure 8 Relationship of the apparent porosity and compressive
strength of the TBA-based scaffolds and water-based scaffolds
(with typical strain—stress curves showing different fracture
behavior observed in two kinds of the scaffolds).

pores are sparse, unevenly located and discontinuous
(Fig. 1c, d). The interconnected architecture produced
by the prismatic pores remarkably improves the
resistance of the scaffolds to local buckling over that
of the lamellar pores, which is in accordance with the
conclusion of Hunger et al. [26]. This is the main
reason for the appreciably higher compressive
strength of the TBA-based scaffolds.

On the other hand, the effect of pore morphology
on the compressive strength is also influenced by the
porosity. For example, for a total porosity of 66%, the
compressive strength of 77.9 MPa of the prismatic-
structured samples is about 1.8 times that of the
lamellar-structured samples (44.5 MPa). In contrast,
when the total porosity reaches 72%, the former
(23.8 MPa) is nearly 1.1 times that of the latter
(21.5 MPa). It suggests that the lager porosity
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Fracture

Fracture

—

Figure 9 a, b Close-ups of the sudden rupture sample (TBA-
based scaffold freeze-cast at — 90 °C and sintered at 1400 °C) and
¢, d the progressive crushing sample (water-based scaffold freeze-

weakens the effect of the pore morphology on the
compressive strength. This noticeable reduction in
the strength might be related to the increase in
microstructural defects observed in the scaffolds with
a larger porosity obtained by decreasing the sintering
temperature. The formation of weaker necks between
particles results in the loss of the anti-buckling
capacity of the TBA-based scaffolds.

An interesting phenomenon that can be observed
from the typical strain—stress curves in Fig. 8 is that
the failure behavior of the TBA-based samples
changes from a sudden rupture to progressive
crushing with increasing total porosity. The TBA-
based scaffolds with a total porosity of lower than
68% present the sudden rupture and those with a
total porosity larger than 68% present the progressive
crushing behavior. Although it is a kind of brittle
fracture, the strain-stress curves of the progressively
crushed samples are similar to those of plastic
materials, which show relatively low strength but
strong ability to maintain a loading capacity in the
case of local failure. The main cause of this behavior
is that the relatively high porosity and incompact
ceramic walls are disadvantageous to stress trans-
mission. When the most vulnerable walls of the
scaffold reach the load capacity limit, local buckling
occurs, which causes the rest of the walls to under-
take a larger load. Hence, the sample tends to fail

cast at — 90 °C and sintered at 1400 °C); fracture modes of
e honeycomb structures and f lamellar structures.

progressively. In contrast, the dense walls result in
good stress transmission. The load distribution on the
walls is uniform and the stress concentration is
reduced. Furthermore, there are no clearly vulnerable
walls. The extra effect of low porosity on the com-
pressive strength of porous ceramics is a decrease in
crack growth, which creates a highly cranky pathway
and a corresponding increase in the dissipation
energy during crack propagation. Therefore, when
the load limit is reached, the material fails in a sud-
den rupture with one or several long cracks. Different
from the TBA-based scaffolds, in this work, no sud-
den rupture is observed in the water-based scaffolds
(with a total porosity of 65-81%). Rupture would
occur at a lower stress, demonstrating that the
lamellar structures are more likely to fail progres-
sively than the honeycomb structures. This trend is
related not only to the possibility of crack formation
and growth due to local buckling of ceramic walls but
also to the evenness of load distribution in the cera-
mic walls. The ceramic walls of the lamellar struc-
tures are nearly isolated, which is poor for stress
transmission. But in prismatic structures, walls are all
connected and able to support each other under the
compression forces. Moreover, prismatic pores make
crack deflected during propagation, yielding higher
compressive properties. In response to the compres-
sive loading, honeycomb structures prevent Euler
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Figure 10 Comparison of the maximum compressive strength of
the alumina scaffolds prepared by directional freeze casting as a
function of porosity from the literature data and the present work
[27-37].

buckling by offering mutual restriction and hindering
crack propagation through ceramic walls. Figure 9
shows the typical fracture behavior observed in two
kinds of the scaffolds and the schematic fracture
models built through CATIA software.

Figure 10 presents a comparison of the maximum
compressive strength of the alumina scaffolds
achieved by directional freeze casting as a function of
porosity from the literature data together with some
of the present work. The data in the literature vary
greatly. The compressive strength of the freeze-cast
alumina is essentially dependent on the total pore
volume. In general, the compressive strength of the
scaffolds fabricated in this work is within the scope of
the literature data. However, it is worth noting that
the value of 160 MPa obtained from the TBA-based
scaffolds with 59% porosity (freeze-cast at — 90 °C
and sintered at 1400 °C) is higher than the values
reported in the literature, suggesting a prominent
strengthening effect of the TiO, sintering aids and
prismatic pore morphology.

Conclusions

Directionally aligned prismatic and lamellar porous
Al,O5; with dense ceramic walls were successfully
fabricated from submicron Al,O; powders and a tiny
quantity of (1 wt%) nanoscale TiO; by freeze casting
using TBA and water as templates, respectively. By
changing freezing temperature and sintering
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temperature, honeycomb-structured Al,Oz with low
density  (1.05-1.66 g cm ™), high compressive
strength  (23.8-160 MPa), controllable pore size
(11-70 pm) and wall thickness (5-41 um) have been
prepared. Compared to the water-based samples, the
TBA-based Al Oj is characterized by larger shrinkage
after sintering (about 5.5% larger), lower porosity
(5-10% lower), better controllability of pore dimen-
sion (103% broader) and wall thickness (57% broader)
and superior compressive strength (10-80% higher at
the same porosity). Different failure modes observed
between the TBA-based samples and the water-based
samples reveal that the honeycomb structures are
more likely to fail suddenly than the lamellar struc-
tures. In addition, a high strength-to-density ratio of
up to 160 MPa/1.66 g cm™> was achieved in the
TBA-based porous Al,O; scaffold suggesting promi-
nent strengthening effects resulting from the TiO,
sintering aids and prismatic pore morphology.
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