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ABSTRACT

This work investigated the behavior of TiO,-containing ®-Al,O3; samples prepared by
the freeze-casting technique. Camphene and liquid nitrogen were used as the solvent
and cooling fluid, respectively. Camphene resulted in the formation of dendritic pores,
in the direction of the freeze-casting cold front during sample preparation. The
formation of B-Al,TiOs phase occurred at 1300 °C, and became more evident as the
sintering temperatures reached 1500 °C. The TiO, loading did not affect the sample
porosity at a given temperature, but it was detrimental in the case of mechanical
properties under certain conditions. For instance, the flexural strength slightly improved
with increasing the TiO, loading and sintering temperature from 1100 to 1300 °C. This
effect was attributed to the occurrence of a more effective sintering of alumina.
However, as the heat treatment temperature was raised from 1300 to 1500 °C, the
flexural strength did not increase as a function of the TiO, loading, even though the
densification occurred with loss of porosity. The loss of mechanical strength was found
to be associated with the formation of microcracks which stemmed from the formation
of B-ALTiOs phase for TiO, loadings in excess of 4 wt% at these high sintering

temperatures.

KEYWORDS: B. Porosity; D. Al,O3; D. TiO,. D. Al,TiO:s.



1. INTRODUCTION

A number of processing techniques have been developed for decades for preparing
porous ceramic materials. These include, among others, the replication of polymer
foams by impregnation [1, 2], foaming of aqueous powder suspensions [3, 4], pyrolysis
of pre-ceramic precursors [5, 6], and heating of powder compacts with pore-forming
sacrificial templates [7, 8]. However, these methods cannot completely satisfy a
controlled level of interconnected porosity combined with an outstanding mechanical
strength. An alternative approach is to use the freeze-casting technique to obtain porous

ceramic samples.

Freeze-casting is a versatile route for preparing ceramic materials with tailored pore
structures [9]. It is an environmentally friendly, cost effective, and easy to scale-up
method. This preparation technique consists of a stable colloidal suspension of ceramic
particles which is poured into a mold, freezing the suspension, removing the dispersing
medium, and sintering the obtained material. In this methodology the slurry particles are
pushed away by the solidification front and trapped between the growing crystals [10].
Freeze-cast samples usually show an improved mechanical strength and a highly
interconnected three-dimensional pore network [11]. This behavior can provide to these
materials an enhanced fluid permeability and chemical stability [12, 13]. Freeze-cast
materials have been used in a range of applications, including biomaterials [14, 15],
sensors [16, 17], drug delivery systems [18, 19], photocatalysis [20, 21], and gas

purification [22-24].



The addition of titania into alumina has been widely investigated for a variety of
applications, including catalysts and mechanically reliable ceramics [25-28]. It is well
established that the formation of an aluminum titanate (Al TiOs) phase can increase the
thermal shock resistance and mechanical strength of alumina [29-31]. In this work we
investigate TiO,-containing a-Al,O3 samples prepared by the freeze-casting technique.
As far as we know, this is the first attempt to incorporate titania into freeze-cast
alumina, thus allowing the examination of novel tailored pore structures coupled with
mechanical properties. This study is supported by a series of experimental tests
including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
Scanning electron microscopy (SEM), Archimedes method, X-ray microtomography

(u-CT), and mechanical tests using a stage available in the p-CT system.

2. MATERIALS AND METHODS

2.1 SYNTHESIS

Figure 1 depicts a schematic of the steps used in this work for samples preparation.
Initially a solution of Texaphor 963 (Cognis, Southampton Hampshire, UK) and
camphene (Aldrich / = 95%) was prepared at 60 °C. CT3000SG alumina particles
(Almatis, Brazil) with a mean diameter of 1 um and 99.8 % purity were added under
vigorous stirring to the solution. The as-prepared slurry was kept under sonication for
15 min. Titania (Sigma / 325 mesh anatase / > 99%) was then added to the slurry. The
titania loading in the prepared slurries ranged from 1 to 14 wt% of the solid

concentration. Blank samples containing pure alumina were also prepared for



comparison purposes. The Texaphor 963 loading was kept at 1.8 wt% of the alumina
concentration. The ceramic concentration in the obtained slurries was kept at 25 vol%.
Subsequently, the slurries were poured into Polytetrafluorethylene (PTFE) molds as
shown in Figure 1. The molds were placed on a high thermal conductivity copper plate.
The top side of the mold was open so that the slurry surface was kept under atmospheric
conditions. As a result, the camphene crystals obtained during the freezing step were
stimulated to grow in the vertical orientation from the bottom to the top side. Liquid
nitrogen was used as the cooling fluid. The sublimation of camphene was performed by
keeping samples in air at room temperature for at least 3 days. Then, the materials were
heat treated in air at 1100, 1300 or 1500 °C using a temperature-controlled Thermolab
furnace (Pt30%Rh/Pt6%Rh-thermocouple) at a heating rate of 2 °C min™. The sintering

time was kept constant at 2 h.

2.2 CHARACTERIZATION

The porosity of the sintered samples was assessed by the Archimedes method. The
samples shrinkage was evaluated taking into account their diameter before and after the
heat treatment step. XRD was carried out using a PHILIPS-PANALYTICAL PW 1710
diffractometer, with Cu Ka radiation and operating at 40 kV and 30 mA. XRD patterns
were taken in the range of 10-80 ° (20), using a step size of 0.06 °. The identification of
the crystalline phases was performed using the XPert Plus software. FTIR was
performed using samples prepared as pellets with KBr and examined in a PERKIN-
ELMER Frontier spectrometer. The spectra were taken from 4000 to 400 cm™, with a
resolution of 4 cm™ and 128 scans. Subsequently, they were deconvoluted using the

Peakfit software and keeping the correlation coefficient (r*) above 0.995. SEM was



carried out using JEOL JSM-6360 LV and FEI Quanta 200F microscopes using
accelerating voltages from 15 to 20 kV. The samples used in these tests were embedded
in epoxy resin, ground, and polished with diamond paste. Subsequently, the specimens
were placed in an ultrasonic bath with acetone, dried under hot air, and sputter-coated
with a 5 nm thick gold layer. Compositional analyses were performed using NORAN

EDS systems available in the aforementioned microscopes.

p-CT was carried out with a SKYSCAN 1172 high-resolution micro system. These tests
were performed using an X-ray voltage tube of 100 kV and a 0.5 mm thick aluminum
filter. A CCD camera with 2000 x 1048 pixels was used to record the transmission of
the X-ray beam across the samples. Three-frame averaging and a rotation step of 0.30°
were used, covering a view of 180°. Smoothing and beam-hardening correction were
applied to suppress noise and beam hardening artifacts. The three-point flexural strength
of the sintered samples was assessed using a mechanical testing stage available in the
p-CT system. These tests were performed as described in ASTM C1674-11. Samples

with dimensions of about 5 mm X 5 mm X 15 mm were used in these tests. The flexural

strength ¢ (MPa) of the examined materials was evaluated using equation (1):

3F1
c= ,
2bh*

)

where F represents the critical load at fracture (N), I the distance between the two

support pins (mm), b the sample width (mm), and h its height (mm).



3. RESULTS AND DISCUSSION

Figure 2 exhibits the XRD patterns of pure and TiO,-containing alumina. The formation
of B-Al,TiOs was observed in the materials heat treated at either 1300 or 1500 °C
because the formation of this phase usually occurs at temperatures above 1280 °C as per
equation (2) [32]:

a-ALO, + TiO, — B- AL TiO; . 2)

However, the formation of $-Al,TiOs was not easily seen at 1300 °C, though this phase
was clearly observed in samples sintered at 1500 °C. These results strongly suggest that
the driving force for the nucleation of B-Al,TiOs is too small at 1300 °C, thus limiting
its crystal growth. It is interesting to observe that the rutile phase is evident at 1100 and
1300 °C, but almost disappeared at 1500 °C. Therefore, the formation B-Al,TiOs is
associated with the transport of aluminum ions through rutile as reported elsewhere
[32]. The XRD patterns exhibited in Figure 3 reveal that the intensity of the diffraction
lines ascribed to B-Al,TiOs increased when the concentration of TiO, also increased. By
the same token, the intensity of the a-Al,O3 peaks decreased thus confirming that there
was no reaction inhibition with increasing the amount of TiO,. This behavior led to the

shift of the reaction (2) to the right with an increased formation of B-Al,TiOs.

The FTIR spectra shown in Figure 4a are of similar shapes, displaying bands from 460
to 645 cm™ which are ascribed to AlOg octahedra [33, 34]. The existence of these bands
suggests that a-alumina is the major phase in these materials [35, 36]. This finding is in

line with the results obtained by XRD (Figures 2 and 3). The bands ascribed to AlOg



units are slightly shifted towards larger wavenumbers with the addition of TiO, to
alumina, thus indicating the reaction of these two components. The bands at 780 cm’
and 880 cm™ is associated with AlOy4 units [37-39]. The band at 880 cm’! is clearly
observed in the spectrum of TiO,-containing alumina calcined at 1500 °C, which is
attributed to the presence of B-Al,TiOs in this material. It was not possible to identify
the bands related to Ti-O bonds because they are obscured by those associated with Al-
O bonds. However, Figure 4b shows the results of the deconvoluted FTIR peaks, where
the ratio of area of the peaks of 880cm™'/650cm™ increased almost linearly as a function
of the TiO, loading. These results confirm the equimolar reaction in Equation (2),

leading to the increased formation of the B-Al,TiOs phase.

Figures 5A to 5C exhibit SEM micrographs of TiO;-containing alumina calcined at
1500 °C, clearly showing the formation of dendritic pores. Figure 5D shows a schematic
representation of a dendritic structure obtained during the freeze-casting technique and
using camphene as the solvent. It is well established that the pore structure of freeze-
cast materials is a direct replica of the solidified solvent structure [40-42]. As camphene
tends to solidify in a dendritic fashion [43], its use as the solvent in freeze-casting gave
rise to materials with dendritic pore channels [44-46]. It can be noticed from
micrographs 5A to S5C that camphene dendrites grew macroscopically with a
preferential orientation similar to the freezing direction, leading to elongated aligned
pores and short secondary channels in the sintered body. Fast freezing rates such as that

used in this work usually lead to fine pore structures in freeze-cast materials [47, 48].

Figure 6 depicts SEM micrograph and EDS spectra of TiO,-containing alumina heat

treated at 1500 °C. The dark-gray regions observed in this micrograph show EDS



signals ascribed to Al, whereas light-gray portions exhibited signals associated with Al
and Ti. The latter is related to the existence of B-Al,TiOs as its presence as small light-
gray areas was dominated by large dark-gray areas. As the amount of Ti did not exceed
14 wt%, there is a good correlation between the areas allocated to B-Al,TiOs and the
high concentration of alumina (> 86 wt%). In addition, the light-gray areas are single
domains enveloped by the alumina regions. Coupled with the XRD patterns in Figures 2
and 3, these results strongly indicate that alumina has reacted with Ti at discrete

locations containing the rutile phase.

Figure 7 displays the porosity and shrinkage of samples as a function of the TiO,
loading. The effect of the sintering temperature is clearly evidenced as higher values
resulted in lowering the porosity and greater shrinkage of the samples. The initial
increase of the TiO, loading from 0 to 4 wt% led to both an increase of the shrinkage
and a decrease of the porosity. Nonetheless, a further addition of TiO; did not alter these
properties. The Archimedes test also revealed that the materials obtained in this study
show similar total and open porosities. This behavior suggests that they resulted in
highly interconnected pore structures. Figure 8 exhibits the SEM micrographs of TiO,-
containing alumina calcined at 1500 °C. The heat treatment at this temperature led to

materials with dense structures at the pore walls.

Figure 9 shows the three-point flexural strength of samples obtained in this study as a
function of the TiO, loading. There was a slight increase in the flexural strength of
samples heat treated at 1100 °C when the TiO, loading was increased. Samples calcined
at 1300 °C showed a remarkable increase of their strength when the TiO, loading was

changed from O to 1 wt%. The flexural strength of these materials remained nearly
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constant when the TiO, loading was changed from 1 to 4 wt%. However, the increase of
the TiO; loading from 4 to 7 wt% led to specimens with a higher flexural strength. A
further addition of TiO, seems to decrease their strength. On one hand, materials
calcined at 1500 °C showed a remarkable increase of their flexural strength when the
TiO, loading was increased from O to 4 wt%. On the other hand, a further addition of
TiO, slightly decreased their mechanical strength, though the results were within
experimental variation. It is worth mentioning that, in spite of the high porosity of the
samples used in this study, they withstood the flexural tests (up to fracture) and did not

crumble upon handling.

Figure 10 shows u-CT images of pure and TiO,-containing alumina calcined at 1300
and 1500 °C. It was observed that the microstructure of TiO,-containing samples heat
treated at 1500 °C was significantly cracked. This behavior was not noticed for pure
alumina or TiO,-containing materials calcined at either 1100 or 1300 °C. A dense layer
is clearly observed at the edges of the W-CT image associated with pure alumina
calcined at 1500 °C. These findings suggest that the presence of B-Al,TiOs led to the

formation of microcracks in titania-containing alumina.

As described in equation (2), B-ALTiOs usually forms in TiO,-containing alumina at
temperatures above 1280 °C. Thus, the formation of B-Al,TiOs in samples heat treated
at 1100 °C was unlikely. In this sense, the increase of the flexural strength of these
samples when the TiO, loading was increased could be related to a more effective
sintering of these samples (Figure 9). It has been reported that the addition of titania

into alumina leads to an enhanced densification and grain growth [49-52]. Thus, the
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increase of the flexural strength of materials calcined at 1100 °C could be related to the

decrease of their porosity when the TiO, loading was increased.

The formation of B-Al,Os is expected for materials calcined at either 1300 or 1500 °C.
For samples heat treated at 1300 °C, the increase of the flexural strength when the TiO,
loading was changed from O to 7 wt% could be associated with the formation of -
AL TiOs (Figure 9). Indeed, some researchers have reported that the addition of
B-Al,TiOs improved the fracture toughness of Al,O3 due to the increase of the residual
stress ascribed to the mismatch of thermal expansion coefficient between o-Al,O3 and
B-Al,TiOs [53-55]. However, it must also be taken into consideration that the addition
of TiO, could lead to an enhanced densification of Al,Os; (Figure 7) as reported
elsewhere [49-52]. This behavior could also be contributing to the increase of the
flexural strength in these specimens. The increase of the TiO, loading from 7 to 14 wt%
led to samples with lower flexural strengths because a large amount of microcracks
were formed in these materials. Thus, the loss of the mechanical strength of these
specimens was related to the growth and propagation of cracks. This behavior has
already been reported for highly microcracked TiO,-Al,O3 samples [56, 57]. It is well
established that aluminum titanate exhibits an anisotropic thermal expansion along the

three primary axes of the crystal lattice, which leads to the formation of microcracks

[58, 59].

The effect of the growth and propagation of microcracks seems to be more pronounced
in samples heat treated at 1500 °C. It was observed that these materials showed a loss of

mechanical strength when TiO, loadings above 4 wt% were used in their synthesis.
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Figure 11 exhibits the flexural strength and B-ALTiOs concentration for samples
prepared with different TiO, loadings and heat treated at 1500 °C. The concentration of
B-Al,TiOs was evaluated using the XPert Plus software. It can be noticed that the higher
the TiO, loading, the larger the concentration of B-Al,TiOs. It is observed by plotting
the flexural strength as a function of the B-ALTiOs concentration that it tends to
decrease for high concentrations of aluminum titanate. It is worth noting that this curve
and that shown in Figure 9 exhibit a similar shape. These results strongly suggest that a
high concentration of microcracks could be present in the specimens containing TiO,
loadings above 4 wt%. This scenario led to decreasing the mechanical strength of these
samples. As shown in Figure 10, u-CT revealed a significant concentration of cracks in

the microstructure of TiO,-containing sample heat treated at 1500 °C.

Finally, Figure 12 displays the flexural strength of samples prepared using different
TiO; loadings as a function of the porosity. It is observed that for samples obtained with
loadings below 4 wt%, the higher the sintering temperature, the larger the flexural
strength. Nonetheless;, this behavior was not observed for materials prepared using TiO,
loadings above 7 wt%; they showed similar flexural strengths when heat treated at
either 1300 or 1500 °C. It is interesting to note that although the porosity decreased, the
flexural strength remained almost constant. This find is counterintuitive as it would be
expected an increase in flexural strength as the material densifies as the porosity
decreased. This finding is related to the existence of B-Al,TiOs in the microstructure of

these specimens coupled with the microcracks resultant at sintering at 1500 °C.
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4. CONCLUSIONS

XRD revealed that the formation of B-Al,TiOs in materials heat treated at temperatures
above 1300 °C. The loading of TiO; into a-Al,O3 resulted in more pronounced XRD
peaks ascribed to B-Al,TiOs. Features assigned to a-Al,O3 were clearly observed in the
FTIR spectra thus confirming that ®-Al,Os3 is the major phase in these materials, which
is in agreement with the results obtained by XRD. Dendritic pores associated with the
effect of the solvent camphene grew macroscopically with a preferential orientation
similar to the freezing direction, leading to elongated aligned pores and short secondary
channels in the sintered body. Light-gray regions with EDS signals related to Al and Ti

were attributed to B-ALTiOs.

Samples calcined at 1100 °C showed a slight increase of their flexural strength when the
TiO, loading was increased that stemmed from the occurrence of a more effective
sintering of alumina. Samples heat treated at either 1300 or 1500 °C showed an initial
increase of their flexural strength with increasing the TiO, loading, followed by a loss
of mechanical strength for TiO; loadings in excess of 4 wt%. Even though the materials
became denser with loss of porosity, the reduced mechanical strength was attributed to
the formation of microcracks in the microstructure which increased as a function of the
TiO; loading. The findings described in this work point out that a small addition of TiO,

can optimize the mechanical strength of freeze-cast alumina samples.
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FIGURE CAPTIONS

- Figure 1: Schematic of the steps used in this work for samples preparation.

- Figure 2: XRD patterns of pure and TiO;-containing alumina heat treated at different
temperatures. The JCPDS file numbers 00-021-1272, 00-021-1276, 00-041-0258, and
00-010-0173 were used as reference for anatase, rutile, B-ALTiOs, and o-Al,Os,

respectively.

- Figure 3: XRD patterns of samples prepared using different concentrations of TiO,.
Materials heat treated at 1500 °C. The JCPDS file numbers 00-021-1272, 00-021-1276,

00-041-0258, and 00-010-0173 were used as reference for anatase, rutile, B-Al,TiOs,

and o-Al,Os, respectively.

- Figure 4: (a) FTIR spectra of pure and TiO,-containing alumina heat treated at
different temperatures. The spectra were normalized using the band at 645 cm™ as

reference. (b) Deconvolution of the FTIR spectra of samples calcined at 1500 °C.

- Figure 5: (A-C) SEM micrographs of TiO,-containing alumina calcined at 1500 °C.
(D) Schematic representation of dendritic pore structure observed in freeze-cast material
prepared using camphene as the solvent. The scale bars correspond to 100, 50, and
10 um in (A), (B), and (C), respectively. SEM micrographs obtained using secondary

electrons as the imaging signal.
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- Figure 6: SEM micrograph and EDS spectra of TiO,-containing alumina heat treated
at 1500 °C. The scale bar in the micrograph corresponds to 10 um. SEM micrograph
obtained using backscattered electrons as the imaging signal. The EDS signal ascribed
to C is associated with the epoxy resin in which samples were embedded before the

SEM tests.

- Figure 7: Porosity and shrinkage of samples prepared in this work as a function of the

TiO; loading. The dotted lines are used only as a guide to the eyes.

- Figure 8: SEM micrographs of TiO,-containing alumina heat treated at 1500 °C.

- Figure 9: Three-point flexural strength of samples prepared using different TiO,

loadings. The dotted lines are used only as a guide to the eyes.

- Figure 10: pu-CT images of pure and TiO,-containing alumina calcined at either 1300

or 1500 °C. The white and gray regions represent the solid phase.

- Figure 11: Flexural strength and -Al,TiOs concentration for samples prepared using

different TiO, loadings and heat treated at 1500 °C.

- Figure 12: Flexural strength of samples prepared using different TiO, loadings as a

function of the porosity.
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