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Microstructure Evolution During the Sintering of Freeze-Cast Alumina
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Reports on freeze-cast ceramic materials frequently focus on the study of the organized
macroporosity and the properties of the materials. This study aims to describe the microstructure
evolution of freeze-cast alumina during the sintering process, analyzing grain growth, densification,
pore elimination and crystal structure at different sintering temperatures (1300-1500 °C). Aqueous
suspensions with 20 vol% alumina were freeze-cast in liquid N, and sintered. The microstructure was
analyzed by stereological analysis, N, adsorption and X-ray diffraction. Grain sizes varied within
237-500 nm, and the intergranular porosity decreased from 8.8% at 1300 °C to 1.4% at 1500 °C. N,
isotherm analysis revealed pore shrinking from the region of macro and mesopores (20-80 nm), to
smaller residual mesopores (3.7-15 nm) at temperatures above 1400 °C. Rietveld refinement of the
XRD diffractograms confirmed increased crystallite size and decreased lattice strain at higher sintering
temperatures. This comprehensive description of microstructural evolution of the freeze-cast alumina
contributes to understanding the sintering of highly porous ceramics produced via freeze-casting.
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1. Introduction

The freeze-casting method has been extensively used
in the last two decades for manufacture of materials with
organized pore structure'?. Although this technique can
be used for manufacturing polymers, biomacromolecules,
pharmaceuticals and food-related materials®, the main focus
of materials scientists and engineers has been on developing
inorganic materials, namely ceramics*® and metals®. The
anisotropic pore structure obtained by the freeze-casting
method, which depends strongly on the solvent and the
conditions during the freezing stage'’, is interesting for a
wide variety of applications. For instance, highly anisotropic
freeze-cast materials have been explored for development
of biomimetic materials®*!® and biomaterials''2. Other
applications focused on the high connectivity and tortuosity
of macropores in freeze-cast materials for mass transport
processes'3, such as membrane manufacture'*'”. The use
of these materials for fuel cell electrodes has also been
demonstrated'>!s.

Among the materials commonly used for production of
freeze-cast ceramics, alumina (ALO,) is frequently chosen'*,
since it is a well-known material with several established
and mature processing techniques!. Alumina also has high
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melting temperature and chemical stability, as well as high
mechanical strength and electrical resistance. These properties
have driven the widespread commercial use of alumina for
materials that are submitted to high temperatures, and for
manufacture of catalyst substrates, electrical insulators and
biomaterials**. Moreover, several recent studies can be found
on novel methods for alumina processing and innovative
applications, confirming this as one of the most used oxides
for production of ceramic materials®-*.

Alumina processing is typically performed by a
shape-forming stage, such as pressing?, slip casting?,
extrusion® and freeze-casting', that forms a porous compact
(within 25-60 vol% porosity depending on the process®’)
also known as green body. Then, the shaped ceramic is
followed by densification at high temperatures in order to
obtain a material with the desired microstructure®'. The
densification stage, also referred as sintering, usually intends
to eliminate undesired porosity (e.g. intergranular) and to
obtain the proper grain size’?. The solid-state sintering,
which is the commonly used sintering category for alumina
powder processing, typically reaches 0.5-0.9 of the alumina
melting temperature, providing the required energy for atomic
diffusion, which enables particles to join and simultaneously
reduces the porosity®. These high temperatures also cause
grain growth and changes in the pore size distribution®.
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The final material is a strong and dense ceramic presenting
the designed properties for the application.

The driving force of solid-state sintering is the reduction
in surface free energy, which requires transport of matter, such
as atoms, ions and molecules in crystalline solids*>. Many
authors describe the sintering of ceramic materials in three
different stages involving particle bonding, densification and
grain growth®*23 1In the initial stage, in the region where
two or more particles are in contact, the interparticle neck
begins to form with less than one-third of the particle size.
This stage is usually associated with small dimensional
changes (less than 3% shrinkage). Then, in the intermediate
stage, the neck growth takes place, resulting in significant
densification (if the system allows densification). The pores
typically acquire a tubular geometry and remain connected to
the external surface, also known as open porosity. Moreover,
grains become more spherical, due to the transport of matter,
and grain growth starts. The final sintering stage is attributed
to intense grain growth and pore separation, involving the
formation of residual isolated porosity (not connected to the
external surface). The slow densification in the last stage
depends on the success of eliminating the isolated pores™.
It is worth noticing that the rate of each stage strongly
depends on the temperature used in the sintering process,
since atomic motion increases with temperature’**,

The mechanisms involved in the sintering of crystalline
materials are typically described as six different paths: vapor
transport (evaporation/condensation), surface diffusion, lattice
diffusion from the surface, lattice diffusion from the grain
boundary, grain boundary diffusion and plastic flow***”. The
mechanisms that dominate the sintering process determine
if mainly neck growth and particle coarsening will occur
(vapor transport, surface diffusion and lattice diffusion
from the surface), or if the neck growth will take place
together with densification (grain boundary diffusion, lattice
diffusion from the grain boundary and plastic flow). For
ceramic materials, the grain boundary diffusion and lattice
diffusion are the main densification mechanisms*, with
several authors reporting that alumina sintering is controlled
by grain boundary diffusion®***, Modeling of the alumina
sintering is typically performed focusing on the three stages
of the sintering process, and the main kinetic models have
been detailed by Zeng et al.*®.

Characterization of sintered AL,O, has been extensively
explored by many techniques'*'2+3*3_ In addition, many
papers have explored the influence of sintering methods
and parameters on the final properties of porous alumina
ceramics, as well as the microstructure influence on these
properties*-*. However, there is a lack of studies analyzing
the sintering of freeze-cast alumina, although the use of freeze
pressing has already been reported for aqueous alumina
suspension by Zheng et al.*. The results showed that the water
freezing generated significant internal forces (comparable
to hundreds of MPa) and led to green body densities higher
than for alumina ceramic obtained by tape-casting. The
implications of the “internal compaction” method, as named
by the authors, shifted the initial sintering temperature and
changed the shrinkage kinetics*. Despite the interesting
results on freeze pressing of alumina, it is worth mentioning
that the conditions used during the freeze-casting method

Materials Research

are quite different, as in most cases the mold is open to the
atmosphere or the suspension-air interface is allowed to
move freely. Therefore, the internal forces that arise during
freeze pressing may be significantly higher than the forces
established during freeze-casting.

Another interesting aspect of the freeze-casting method
is the concept of a breakthrough concentration that was
developed by Shanti et al.* and further explored by Deville
and Bernard-Granger*. This concept is related to the
solidification of the solvent during freeze-casting, in which
the solid (frozen solvent) and liquid (ceramic suspension)
interface in the advancing freezing front firstly push the
alumina particles forming the organized macropores. As the
alumina particle concentration increases between the freezing
fronts, there is a moment when the capillary drag force
pushing the particles in the solid/liquid interface balances
with osmotic pressure due to the particle concentration.
The concentration at which the osmotic pressure exceeds
the capillary pressure is the breakthrough concentration,
resulting in the solid/liquid interface entering the interparticle
space and forming interparticle porosity*>*. Therefore, the
production of freeze-cast substrates with organized pore
structure produces a final material that typically is a highly
porous material with large anisotropic macropores®' and
smaller interparticle porosity. In this context, the particle
coalescence, grain growth, densification and pore elimination
may differ from other moulding and sintering methods.

Therefore, this study aims to evaluate the sintering
process on freeze-cast alumina substrates and compare the
results from different characterization methods, such as
stereological analysis of SEM micrographs, N, adsorption
and X-ray diffraction analysis. Since the macroporosity and
the mechanical behavior of the alumina freeze-cast substrate
produced in this study has already been described elsewhere®'#’,
this report focuses mainly on the interparticle porosity, as
well as the effects of sintering temperature on the crystallite
size and lattice strain. The N, adsorption isotherms were
analyzed using both the BET/classical and DFT methods,
allowing estimation of the presence of pores and pore size
distribution. Regarding XRD, the diffractograms were
investigated by Rietveld refinement. Finally, a comparison
of the characterization methods was performed in order to
describe the microstructure development of the freeze-cast
alumina tubes.

2. Materials and Methods

The tubular alumina substrates were produced by the
freeze-casting method and described elsewhere?'. In summary,
alumina powder (Almatis — CT 3000 SG, D, = 500 nm)
were added to an aqueous solution with 2% (wt%) sodium
polyacrylate (Sigma-Aldrich) as dispersant and polyvinyl
alcohol (Sigma-Aldrich) as a binder. The aqueous suspension
further explored in this study was produced with 20 vol%
alumina. The mixture was mixed for 24 h, followed by
10 min ultrasound bath to eliminate air bubbles. Then, the
aqueous solution was poured dropwise inside a copper
tubular mold (dimensions can be found in Athayde et al.?!)
and immersed in liquid nitrogen for 30 s. The substrates
were manually withdrawn, placed inside a freeze-dryer for
24 h and sintered (Thermolab — Thermocouple Pt30%Rh/
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Pt6%Rh) at 1300-1500 °C for 1 h with heating and cooling
rates of 2 °C.min"". The final alumina ceramics were obtained
in tubular geometry with external and internal diameter
varying, respectively, within 10.7-11.9 mm and 6.6-7.6 mm
(depending on the sintering temperature). Average length of
the tubes was 45.0 mm.

Stereological measurements were performed with the
Imagel software using five different SEM micrographs
(using a Quanta FEG 3D FEI microscope) for each sintering
temperature for estimating the grain size, intergranular
porosity (in %) and intergranular pore size***°. The N,
adsorption tests were performed in a Quantachrome Autosorb
1C equipment, and the obtained isotherms were analyzed
by BET (Brunauer-Emmet-Teller); whereas the porosity
was assessed using the Kelvin-equation and DFT (Density
Functional Theory) methods***'. In addition, a comparative N,
adsorption analysis was performed (model-free comparison
plot), in which the isotherm points for the commercial
alumina powder were used as a reference and all the other
isotherms were plotted against the alumina powder (called
“original powder” henceforth).

For BET analysis, a rough estimation of the mean particle
diameter, considering spherical particles, was performed
using Equation 1°%

dppr = Eq. 1

where dggr is the mean particle diameter (nm), Aggr is
the BET specific surface area (SSA) (m2.g"!) and p is the
theoretical specific mass of alumina (3.94 g.cm™). Regarding
the DFT method, the model with the best fit was chosen
and applied to all samples using adequate pore geometry.
In this study the DFT model was based on cylindrical
pores, because the pores are elongated, using the NLDFT
(non-local density functional theory) adsorption branch,
and N, at 77 K on silica.

The X-ray diffraction (XRD) analysis was performed
at room temperature using a Philips-Panalytical PW 1710
diffractometer, with Cu Ko radiation and operating at 40 kV
and 40 mA. The scan was performed over an angular range
between 3.03° and 89.97° 26, with a scan step size of 0.060°
26 and scan step time of 1 s. The diffractograms were analyzed
using the TOPAS V6 software™**. For estimation of the
crystallite size (i.e. coherence length) and the lattice strain,
the Rietveld refinement method and the TCHZ-pseudo-Voigt
profile function (Thompson-Cox-Hastings>) was applied.
This approach considers contribution from the crystallite
size and stress/strain effects on broadening of the lines.
Structural data was obtained from the COD, the Crystal
Open Database™.

3. Results and Discussion

The alumina freeze-cast tubes produced in this study
have already been reported in previous studies describing the
structure of the macropores produced by freeze-casting and
its influence on the mechanical behavior?'#, as well as for
production of membranes'*+’. Representative micrographs
of the radially aligned porosity are reproduced for reader’s
ease in Figure 1a, with pore sizes ranging within 5-10 pm®’.
The microstructure exhibiting the grains after sintering is also
reproduced in Figure 1b, ¢ for each sintering temperature
used in this study, with average grain sizes of 237+44 nm,
250434 nm and 500+105 nm for the samples sintered at
1300 °C, 1400 °C and 1500 °C, respectively?'.

Alongside the grain size estimation, the stereological
analysis allowed estimation of the intergranular porosity as
well as the intergranular pore size by measuring the void spaces
between the particles (Figure 1b-d). These results are shown in
Table 1 and will be compared with the concept of breakthrough
concentration. In this study all samples were prepared with
the same solidification procedure (immersed in liquid N,) and
using similar solid concentrations of the initial slurry (20 vol%).

Figure 1. Representative SEM micrographs of the freeze-cast tubular substrates showing (a) the radially aligned macropores (scale bar 500 pm)*,
and the microstructures of the sintered alumina at (b) 1300 °C, (¢) 1400 °C and (d) 1500 °C (scale bar 1 um)?'. Reproduced with permission®’
under Creative Commons Attribution License. Reproduced with permission?'. Copyright 2020, John Wiley and Sons.
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Therefore, the breakthrough concentration did not vary among
the produced samples as it depends on the temperature,
the surface tension of the solvent and particle radius*.
According to Deville and Bernard-Granger*, if a maximum
solid concentration of 0.64 is assumed (when the osmotic
pressure becomes infinite*’) an aqueous slurry of ceramic
particles exhibits a breakthrough concentration of 0.63.
This value reveals that the initial solid concentration of the
green body was 63% (in volume), which expresses the initial
packing for densification during the sintering process of the
freeze-cast ceramic, and the initial intergranular porosity
was 37% (in volume).

The results in Table 1 showed that the intergranular
porosity decreases to values of 8.8% for the sample sintered
at 1300 °C, revealing initial pore elimination. At this
temperature, it is already possible to notice a small degree
of particle bonding by the formation of necks where the
particles are in contact. However, further analysis of Figure 1b
revealed a great amount of pores within the particles, thus
explaining the high 8.8% intergranular porosity. As the
sintering temperature increases to 1400 °C, the porosity
decreased considerably to 3.4%. The intense increase of
the neck is visible, forming a coarsened structure. A further
increase of the sintering temperature to 1500 °C resulted in
a densified structure with larger grains, while maintaining
only a small amount of pores between grains. The residual
intergranular porosity by the stereological method was 1.4%,
which indicates 96% pore elimination when compared to the
breakthrough concentration. Meanwhile, the development of
the microstructure significantly impacted the intergranular
pore diameter, as shown in Table 1. Despite the large
experimental errors associated with the estimated values

Materials Research

by this method, it is possible to notice a decrease from the
192 nm intergranular pores when sintered at 1300 °C to the
90 nm pore diameter at 1500 °C.

Regarding the N, adsorption, the isotherms are shown
in Figure 2. All the samples in Figure 2a display the typical
behavior of a Type II isotherm according to the IUPAC
classification of physisorption isotherms®®. These are typical
of macroporous materials, which indeed is the aim of the
freeze-cast method for production of aligned macroporosity*.
The knees of the curves found for the samples at low P/P
are typically attributed to the formation of a monolayer,
followed by the linear section of the isotherms at intermediate
values of P/P. This knee is more distinct for the original
powder and its curvature becomes less pronounced as the
sintering temperature increases from 1300 °C to 1500 °C.
The shape of the isotherms shows soaking of the material
by nitrogen pore condensation, as the adsorbed volume
increases significantly due to pores larger than 100 nm
when P/P reaches values closer to unity. Hysteresis was
found only for the sample sintered at 1400 °C, suggesting
the development of bottlenecks on the intergranular pores.
The comparative plot at Figure 2b was used to examine the
effect of the sintering process on the alumina substrates in
comparison to the commercial alumina powder. Clearly the
samples adsorbed much less N, molecules than the original
powder, mainly in the lower relative pressures (P/P ) range
and close to saturation pressure.

The BET specific surface areas, as well as a rough
estimate of the spherical particle diameter by Equation 1,
were reported in Table 2. As expected, a trend of
decrease on the specific surface area and in the particle
size was found as the sintering temperature increases.

Table 1. Results obtained by stereological methods for the microstructures of the sintered samples shown in Figure 1b-d. At least 5 SEM

micrographs were used for each sample for the stereological analysis.

Sintering temperature (°C)

Intergranular porosity (%)

Intergranular pore diameters (nm)

1300 8.8+3.6 192 + 150
1400 34+£26 152 £125
1500 1.4+0.8 90 + 55
(a) (b)
12
16 | ‘\‘ .
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Figure 2. N, adsorption analysis detailing (a) the adsorbed volume, and (b) comparative curves using the original powder as comparison.
Solid points represent adsorption whereas hollow points represent desorption.
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Only the sample sintered at 1400 °C did not follow this trend
as they showed an increase of the specific surface area
from 6.9 to 7.7 m2.g"' when the temperature was increased
from 1300 °C to 1400 °C. Although the BET model errors
(determined from one isotherm and listed in Table 2) were
small, the isotherms for these two samples (sintered at 1300 °C
and 1400 °C — Figure 2) are almost the same, explaining
the observed minor difference in SSA. Specific pore volume
(calculated at P/P around 0.99 and corresponding to pore
diameters of up to approximately 300 nm) showed a trend of
decreased pore volume with sintering at higher temperatures.
It was observed a significant decrease from 0.153 cm®.g™! to
0.014 cm®.g"! for the sample sintered at 1500 °C, confirming
elimination of more than 90% of the pore volume as the
sintering takes place.

The N, adsorption isotherms were also explored using
the DFT method, with the resulting pore size distribution
curves shown in Figure 3. Both the commercial powder and
the alumina tube sintered at 1300 °C presented similar pore
size distribution at the mesopore and macropore ranges,
with pores varying within 20-80 nm. The modal pore size,
detailed in Table 2, varied from 29.4 nm for the powder to
30.4 nm for the sintered alumina, indicating possible pore
coalescence by the sintering at 1300 °C. Moreover, this
sintering temperature resulted in a decrease on the specific
pore volume significantly from 0.121 cm3.g" t0 0.073 cm?.g"!,
an elimination of roughly 40% of the initial porosity. Further
increase of the sintering temperature to 1400 °C resulted in
the development of a smaller population of mesopores in
the range within 3.7-15.0 nm. The presence of these pores
decreased the modal pore diameter to 4.9 nm. The larger
pores within 20-80 nm are still present, though with much
lower contribution to the total pore volume, as depicted
in Figure 3. The trend of decreased specific pore volume
by DFT was similar to the trend estimated by the specific
pore volume, with an elimination of 77% of the porosity,
compared to the original powder. Finally, the freeze-cast
alumina sintered at 1500 °C decreased even further the
contribution of the larger pores, with a specific pore volume
0f0.012 cm?®.g ™" and elimination of 90% of the porosity. The
modal pore size did not vary from the sample sintered at
1400 °C and the value was kept at 4.9 nm.

The sintering behavior of the freeze-cast alumina tubes
can be correlated with the well-known microstructure
development during solid-state sintering. For instance, the
pore coalescence at the intermediate stages of sintering usually
results in an increase of the mean pore size. Meanwhile, the
formation and increase of the interparticle necks leads to the

formation of a tubular pore network. Both phenomena were
found for the sample sintered at 1300 °C when compared to
the commercial alumina, as the pore size slightly increased
and the fitting error of the DFT method (based on cylindrical
pores) was the lowest obtained in this study. As the sintering
goes to the final stages, pore elongation and thinning take
place, up to the point where the pores pinch off and form
closed spherical pores, also known as pore closure®. This was
observed for the sample sintered at 1400 °C and 1500 °C, as
smaller pores were found, whereas the larger pores within
20-80 nm were gradually eliminated. The appearance of
smaller pores due to the formation of spherical pores was in
accordance to the hysteresis found for the sample sintered
at 1400 °C. The largest value of pore elimination of 90%
after sintering at 1500 °C without further decrease on the
modal pore diameter suggests that the smaller mesopores
(3.7-15.0 nm) will probably be retained at the final structure
and will account for the residual porosity, whereas the larger
pores will be extinguished. Finally, the decrease in specific
pore area as the sintering advanced was also found, which
is expected by the sintering mechanism.

The XRD diffractograms for all samples are depicted in
Figure 4, all peaks from the 4 diffractograms were attributed
to the AL,O, phase (ICSD collection code 031545). An
overall behavior found was the shift of the peak center to
higher 20 values as the sintering temperature increases,
whereas the IB (integral breadth) decreases, but leveling
out for the sample sintered at 1500 °C. The results from
the Rietveld refinement are shown in Table 3, detailing the
cell parameters and cell volume of the alumina samples.

0,0008

0,0007

—a— Original powder
—e— 1300 °C

4— 1400 °C
—v— 1500 °C

0,0006 -

0,0005

0,0004

dv em’g’)

0,0003

0,0002

0 10 20 30 40 50 60 70 80
Pore width (nm)

Figure 3. Pore size distribution of the original powder and the
sintered samples, data calculated by the DFT method.

Table 2. Results from the N, adsorption analysis, comparing BET and DFT analysis. Specific pore volume was calculated at P/P around
0.99 and at maximum point of P/P for DFT analysis (maximum pore diameter of 78 nm calculated by DFT).

BET & pore analysis DEFT analysis
Sintering temperature  Specific ~ Mean spherical particle  Specific Modal pore Specific Specific Fitting

(§O) surface area  diameter (Equation 1)  pore volume  diameter pore volume pore area error

(m’.g") (nm) (em’.g™") (nm) (em’.g") (m’.g") (%)

Original powder 9.9+0.3 154.2 0.153 29.4 0.121 12.4 3.79
1300 6.9+04 221.6 0.093 30.4 0.073 7.2 1.95

1400 7.7+0.5 197.5 0.034 4.9 0.028 5.5 3.71

1500 6.2+0.3 244.6 0.014 4.9 0.012 4.0 5.66
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The commercial alumina exhibited a crystallite size of 102.3 nm,
with a slight decrease to 81.6 nm for the sample sintered at
1300 °C. As for the samples sintered at higher temperatures,
the crystallite size showed significant increase to 239.8 nm
and 261.0 nm for the samples sintered at 1400 °C and
1500 °C, respectively.

It is worth noticing that the crystallite size (Table 3) is
in the same order of magnitude of the grain sizes reported
(237-500?" nm), though the crystallite size was always
smaller than the grain size. This is in accordance to the
theory, as the crystallite size reports the size of single
crystals (determined by a coherent diffraction domain
in XRD patterns), while the grain size (determined by
stereological analysis or granulometry if agglomerates
are not found) can be composed of a single crystal or a
polycrystalline material®®. Regarding the lattice strain,
also detailed in Table 3, it showed considerable decrease
as higher sintering temperatures were used. The original
powder presented lattice strain of 0.00044 and the sintered
samples exhibited 0.00013, 0.00008 and 0.00003 when
sintered at 1300 °C, 1400 °C and 1500 °C, respectively.

Estimates of the crystallite sizes and lattice strains were
plotted in Figure 5, together with the curves showing the overall
behavior of both parameters with the sintering temperature.
The crystallite size for the sample sintered at 1300 °C shown
in Figure 5 indicates that there is an onset temperature to
start the sintering process involving grain growth. For the
alumina samples in this study, only at 1400 °C the system
contained enough energy for the mass transport phenomena
for the sintering process, resulting in crystallite size increase.
Opverall, the crystallite size of the sample sintered at 1500 °C
increased 155% in comparison with the original powder.
This is accordance to the grain growth observed for the
freeze-cast alumina tubes (Figure 1) estimated at 110% for
the same comparison®!, since higher sintering temperature
promotes higher crystallite size due to the higher diffusion
rates of the ions®, as shown by Equation 233¢:

Dy = Dyexp [—gj

Eq.2
RT d

where Dy is the volume diffusion coefficient, Dy is the
pre-exponential factor, Q is the activation energy, R the
universal gas constant and 7 the temperature. Regarding
the lattice strain shown in Figure 5, the Rietveld refinement
estimated the decrease on lattice deformation for higher
temperatures, indicating decrease of lattice deformation
at higher temperatures due to lower distortions and crystal
imperfections®.

According to a sintering diagram for alumina reported by
Kang and Jung*, the temperatures used in this study (all lower

Materials Research

than 77% of the alumina melting temperature — 2072 °C) were
dominantly in the region where the grain-boundary diffusion
is the main sintering mechanism. For this mechanism, the
densification rate can be calculated by Equation 3%:

dp _ 733Dp0pyVim Eq.3
dt RTG*

where p is the relative density, ¢ is time, Dy, is the grain
boundary diffusion coefficient, &j, is the diffusion thickness
of grain-boundary diffusion, ¥;, the molar volume and G is
the grain size. All the values required to use this equation
for alumina can be found elsewhere®.

h F 1500 °C

1400 °C

A " h 1300 °C

Original
powder

Intensity

20 30 40 50 60 70 80
26 (%)

Figure 4. X-ray diffratograms of the original powder and the

sintered samples.
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260 m Crystallite size "
240 %~ _ * Lattice strain L I
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220 ] ~~. / - 0,0004
RN i
200 Seo '
— ~ ! —
£ 180 - S K k<)
c ~ i =
£ 6ol S , 0.0003 3
g . ’ £
N N c
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= 1204 N7 »
s> 1T - -< 40,0002 g
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o 8o ° -
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\
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Sintering temperature (°C)

Figure 5. Comparison plot of the Rietveld refinement showing the
increase of the crystallite size and decrease on the lattice strain. The
dashed curves were schematically plotted to display the overall
behavior of these parameters with sintering temperature.

Table 3. Compiled results from the XRD analysis by Rietveld refinement.

Cell ters (A
Sintering temperature (°C) cll parameters (2) Cell volume (A% Crystallite size (nm) Lattice strain Ad/d
a c
Original powder 4.7631 13.0011 255.44 102.3 0.00044
1300 47612 12.9981 255.18 81.6 0.00013
1400 4.7603 12.9962 255.04 239.8 0.00008
1500 4.7603 12.9975 255.06 261.0 0.00003
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In this study, a comparison of the characterization methods
revealed several agreements between the results. For instance,
the stereological analysis was accurate on estimating the
percentage of the intergranular porosity, as confirmed by the
specific pore volume predicted by the BET and DFT methods.
Regarding the size distribution of the intergranular pores,
the DFT allowed comprehension on the sintering process
with elimination of large meso and macropores simultaneous
to the formation of smaller mesopores that probably will
remain as residual pores due to their stability even when the
temperature was increased from 1400 °C to 1500 °C. These
phenomena are in accordance to the dominance of the grain
boundary diffusion for all the sintering temperatures used in
this study as aforementioned. The densification that occurs
when this mass diffusion mechanism predominates typically
causes grain growth as well as decrease of pore sizes (from
192 nm to 90 nm by the stereological characterization and
shift of pore sizes by DFT — Figure 3 — when temperature
increased from 1300 °C to 1500 °C). In this mechanism,
particles diffuse from the grain boundary to the interparticle
voids (interparticle pores), shrinking the pores. Moreover,
the grain growth rate is still relatively lower than the pore
mobility at this temperature range according to Kang and
Jung?® (with maximum temperature kept only for 1 h) and,
hence, there is no formation of pores within the grain as
seen in Figure lc. If there would be a change of sintering
mechanism from grain boundary diffusion to lattice diffusion,
which typically occurs over 99% of relative density, there
would be pore coalescence and increase on pore size, which
is not observed in this study.

As for the XRD diffractograms, the overall increase on
crystallite size agreed well with the grain size estimation by
stereological methods. An analysis of the average number
of crystallites in each grain (ratio between average grain
volume 7 and average crystallite volume Vp assuming
they are spherical®®) revealed that the sample sintered at
1300 °C showed a Vg /Vp value of 24.5. Meanwhile the
sample sintered at 1400 °C revealed a more crystallographic
homogeneous structure, reaching a ratio around 1 crystallite
per grain. This aligns with the predominant grain boundary
diffusion sintering mechanism in this temperature range®’.
Aslight increase to 7.0 was found for the sample sintered at
the highest temperature (1500 °C), which may indicate a slight
degree of lattice diffusion in which the grain growth by this
mechanism incorporates new crystallites®. Nevertheless, the
overall results indicate that the prevailing mechanism is still
the grain boundary diffusion, which is in accordance to the
used sintering temperatures and the degree of densification
of the samples obtained in this study™.

4. Conclusion

The analysis of the sintering process on the alumina
tubes produced by freeze-casting method allowed the
exploration of the microstructural evolution of each sintering
temperature. SEM micrographs showed that at low sintering
temperatures prevails small grains with initial formation
of the interparticle neck, with abundance of interparticle
pores. As the temperature increases to 1400 °C, the necks
begin to grow, followed by intense pore elimination and
grain growth at 1500 °C. Results from the N, adsorption

revealed similar behavior with decrease of the specific pore
volume and surface area by the DFT method, suggesting pore
elimination. The larger meso and macropores (20-80 nm)
were eliminated with increasing sintering temperature.
However, the thinning and elongation of these pores resulted
on the pinching off of the intergranular pores and resulted in
the formation of small closed pores in the mesopore region
(3.7-15 nm) at 1400 °C. In fact, these smaller pores were
still found for the sample sintered at 1500 °C, without any
noticeable decrease in pore volume at this region. As for the
XRD data, an increase of crystallite size and a decrease of
lattice strain was found. This is in accordance to the expected
behavior during sintering, as higher diffusion rates are
found for higher temperatures. A comparison of the results
obtained in this study with previous reports revealed that
the prevailing sintering mechanism is the grain boundary
diffusion. Therefore, the analysis of the microstructure
allowed description of the sintering process for the highly
porous alumina tubes, which is paramount for understanding
the properties and performance of freeze-cast materials.
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