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ceramic layers. We propose here a modiﬁed ice-templating
approach to fabricate porous, composite TGG structures.
Ice templating is a well-established processing route for
porous materials2,3 where a temperature gradient across a
suspension causes ice crystals of the liquid to nucleate and
grow, rejecting the solid particles and forming the template
of a porous structure. Subsequently, the ice crystals are
removed by sublimation, leaving behind pore spaces separated by densely packed walls of the primary particles from
the original suspension. Subsequent processing, like sintering,
can be used to control the microstructure of the particle
walls imparting strength or other desired physical properties.
Ice templating is also a promising approach for hierarchical assembly of complex structures4,5 because it can be used
to simultaneously control several diﬀerent size scales in the
materials. Particles on the nm–lm scales are consolidated
within walls that are lm–mm scale, and the samples obtained
have dimensions in the millimeter to centimeter range. This
hierarchical aspect makes it an ideal tool to realize composites with various connectivities and, at the same time, control
the microstructure of each component. For instance, ice templating was used to obtain 3-1 piezoelectric composites6
where the ceramic phase was a randomly oriented polycrystal. Such materials have the electromechanical coupling coefﬁcient of a bulk material combined with adaptive acoustic
impedance.
To combine the composite architectures made possible by
ice templating with oriented ceramics made by TGG, it is
necessary to align template particles during the ice-templating process. Recently, anisotropic particles such as graphene7 and alumina platelets8 were aligned by ice templating,
but the alignment has always been obtained only locally;
anisotropic particles within each wall were aligned relative
to one another, but misorientation between the individual
walls meant that the texture was not observed over the
entire sample. To extend the alignment developed within the
individual walls to the entire sample, the walls need to be
ordered over the entire sample. Such a lamellar structure
can be the basis for 2–2 and 3–2 composites. Some modiﬁcations of the process have been developed to obtain lamellar pores in samples of large dimensions9 but have proved
hard to replicate.
In this study, we present a method that combines ice templating and TGG. We ﬁrst demonstrate how to make textured, macroporous alumina as a model system and then
apply the process to sodium potassium niobate (NKN), a
promising lead-free piezoelectric composition. We also show
that the ceramic walls produced during ice templating can be
aligned based on the application of a second thermal gradient during the freezing to produce 2–2 type composites with
ordered lamellar macropores between textured NKN layers.
Because of the complex interconnections and morphologies
of the textured and ice-templated materials, standard tools

We demonstrate a facile method to produce crystallographically textured, macroporous materials using a combination of
modiﬁed ice templating and templated grain growth (TGG).
The process is demonstrated on alumina and the lead-free piezoelectric material sodium potassium niobate. The method provides macroporous materials with aligned, lamellar ceramic
walls which are made up of crystallographically aligned grains.
Each method showed that the ceramic walls present a longrange order over the entire sample dimensions and have crystallographic texture as a result of the TGG process. We also
present a modiﬁcation of the March–Dollase equation to better
characterize the overall texture of materials with textured but
slightly misaligned walls. The controlled crystallographic and
morphologic orientation at two diﬀerent length scales demonstrated here can be the basis of multifunctional materials.

I.

S

Introduction

crystals are used in many applications to take
advantage of crystallographic anisotropy that maximizes
the physical properties of materials along speciﬁc crystal
directions. Single crystals are, however, frequently diﬃcult to
grow with adequate size, shape, compositional homogeneity,
and cost. For this reason, a group of processing strategies
has been developed to produce polycrystalline ceramics with
crystallographically aligned or textured, grains.
One particularly promising approach that has been widely
applied is templated grain growth1 (TGG). For TGG, a
small population of large template particles (5–50 lm) is dispersed in a ﬁne particle matrix. The templates are aligned
during green forming, usually by tape-casting, and epitaxial
grain growth from the templates results in microstructures
constituted of large and aligned grains. The texture quality
of the ﬁnal material is a function of the template alignment
after green forming, the composition of the system, and the
sintering conditions.
To date, TGG and texturing methods have produced
monolithic ceramics and microstructure composites with
improved properties (e.g., mechanical, piezoelectric) relative
to random ceramics. Such processing strategies are nevertheless unable to produce some types of composite architectures
that combine controlled macroscopic porosity with textured
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like X-rays diﬀraction (XRD) rocking curve analysis or
Lotgering factor are insuﬃcient to characterize the structure.
Therefore, we propose a diﬀerent strategy that couples XRD
and morphological descriptors with a modiﬁcation of the
March–Dollase (MD) equation.

II.

Experimental Procedure

For the alumina samples, commercially available alumina
platelets (RonaFlair White Sapphire; produced by Antaria
Ltd, sold by Merck KGaA) with 8 lm diameter and 500 nm
thickness were used as template particles and 100-nm-diameter isotropic alumina (TM-DAR; Taimicron, Taimei Chemicals Co., Tokyo, Japan) as matrix particles. Nanoparticles of
silica (Nexsil 20K, diameter 20 nm; provided by Nyacol,
Ashland, MA) and calcium carbonate (Sigma Aldrich, Montcuq, France) were added as liquid phase precursors in 75:25
molar ratio of SiO2:CaO. The matrix powder, liquid phase
precursors, and a binder (PEG20M; 4 wt% of the powder
mass; Sigma Aldrich) were mixed with distilled water and
ball-milled for 20 h. The template particles were added only
3 h before the end of the milling step to avoid any excessive
breakage of the platelets.
For conventional ice templating, the slurry contained 20 vol
% of solid which comprised 9.8 vol% of templates, 88.5 vol%
of matrix powder, and 1.7 vol% of liquid phase SiO2+CaO.
The slurry was then poured into a cylindrical Teﬂon mold and
placed in contact with a copper cold plate. Temperature was
controlled by circulating refrigerated silicone oil through the
copper plate, and the freezing rate was 1°C/min. Once the
sample was completely frozen, it was removed from the mold
and freeze dried for at least 48 h in a commercial freeze-dryer
(Free Zone 2.5 Plus; Labconco, Kansas City, Missouri) to
ensure a complete removal of the ice crystals.
To align the ceramic walls during ice templating, the slurry
was frozen as it ﬂowed over the freezing surface. A rectangular mold (2 cm 9 10 cm 9 3 cm) made of silicon rubber was
placed on an inclined copper plate. The slurry was then
introduced at the top end of the mold and allowed to ﬂow
down the inclined plane of the copper plate as it froze. Slurry
that reached the bottom of the mold was recirculated using a
peristaltic pump. The ﬂow was maintained at 70 cm3/min
until freezing was complete. A cooling rate of 1°C/min was
used for all the samples. Once a ﬁrst layer (of around 5 mm
in thickness) of aligned crystals was frozen, the slurry recirculation was turned oﬀ, the copper plate was leveled, and the
mold was ﬁlled with the remaining slurry. A thermal camera
(ThermaCAM E45; FLIR, Croissy-Beaubourg, France) was
used to measure the temperature of the ﬂowing suspension
during the solidiﬁcation of the ﬁrst layer. This camera has a
sensitivity of 0.1°C and can measure temperature down to
10°C. Once freezing was completed, the samples were
freeze-dried under conditions identical to those used for conventional ice-templated alumina.

The sintering cycle of alumina samples frozen at 1°C/min
was chosen in accordance with the study by Pavlacka and Messing10 with a sintering step at 1550°C for 90 min. For SEM
observations, the samples were fractured and thermally etched
at 1450°C for 20 min to better reveal the grain boundaries.
For NKN samples, anisotropic sodium niobate (NNT)
platelets 15 lm in diameter and 1 lm thick were synthesized
for use as template particles. NKN particles 0.5 lm in diameter were produced to be used as the matrix particles. The
NNT particles were prepared by topochemical microcrystal
conversion11,12 of bismuth niobate seeds according to the
procedure detailed by Chang et al.13 The NKN particles were
made by a conventional mixed oxide synthesis.13 1 mol% of
copper oxide (Sigma Aldrich) was added as liquid phase
precursor.
The slurry preparation conditions and freezing conditions
for NKN were identical to that of alumina. The sintering
cycle of the NKN sample was chosen in accordance with the
study of Chang et al.,13 with a sintering step at 1115°C for
4 h and an annealing step at 1125°C for 3 h.
SEM pictures were taken with a Supra 55 microscope (Zeiss, Marly le Roi, France) on gold-coated samples. Samples
were scanned on a Phoenix X-Ray, GE Measurement &
Control, Wunstorf, Germany tomograph with a 3.4 lm3
voxel size on a disk-shaped sample of 3 mm diameter and
3 mm height. The directionality measurement was made with
the plug-in named “directionality” of the free software Fiji.14
XRD measurements were performed on a D5000 device
(Br€
uker Corporation, Champs-sur-Marne, France).

III.

Results and Discussions

(1) Platelet Alignment in a Particle Matrix by Ice
Templating
There are several examples where the growth of ice crystals
eﬀectively organizes anisotropic particles,5,7,8 but for TGG a
minor fraction of platelets must be aligned within a powder
matrix. Figure 1(a) shows that the platelets in the green body
are generally aligned in the same direction as the ceramic
wall, although some degree of misorientation is observed. A
recent study15 has shown that compaction between the growing crystals aligns the platelets, similar to the alignment of
platelets during unidirectional pressing. The most important
diﬀerences between the two situations are the magnitude of
the compaction force and the fact that ice templating takes
place in a colloidal suspension. The key parameters to act on
platelet orientation are interparticle forces, steric impingement, and, in some special cases, preferential surface interactions between the platelets/ice crystals.
The microstructure after sintering is shown in Figs. 1(b)
and (c). These samples have a lamellar structure where
10–20-lm-thick lamellar pores are separated by 5–10-lmthick ceramic layers. In Fig. 1(b), large tabular grains are
easily observed within the ceramic walls, and the orientation

Fig. 1. (a) SEM observations of platelet (black and white arrows) alignment in the green body. (b) Close view of wall’s organization after
sintering, showing the correlation between wall and grain orientation. (c) SEM picture showing the high grain alignment.
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individual domains where the walls present a short-range
order, but the orientation distribution of the walls over the
entire sample is random [Figs. 2(c) and (e)]. No long-range
order is present. However, the images in Fig. 1 show that
TGG is possible within individual walls by ice templating, we
must also align the walls to beneﬁt from texture over the
whole sample.
Controlling the lateral orientation of the ceramic walls is
an important challenge in ice templating and is critical to
realizing the improved properties we seek from the textured
ceramic walls. Previously, the alignment of ice-templated
walls has been achieved by combining a patterned ice nucleation surface with gentle vibrations during freezing.9,17
Because this process is inherently linked to a speciﬁc freezing

of such grains is generally parallel to the border of the walls.
The grains keep their preferred orientation even when the
wall itself is divided or wavy. Figure 1(c) shows a higher
magniﬁcation image of the ceramic walls, and most of the
grains in the wall are aligned within 15° of the wall orientation. This measure was evaluated by analyzing the grain orientation on SEM pictures16 within the ceramic walls on
thermally etched microstructures.

(2) Control of the Lateral Wall Orientation by Freezing
Under Flow
Figure 2(a) shows a microstructure typical of ice templated,
sintered ceramics. The sample microstructure is divided into
(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. Comparison of randomly oriented ice-templated microstructure (a) and (b) oriented sintered sample made by freezing under ﬂow.
Domains with long-range ordered walls are represented with the same color in (c) and (d) for each sample, see Reference [16] for details on the
method. (e) and (f) represent the angular orientation histogram of pixel gradient in the image.
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setup and has proven diﬃcult to replicate, we developed a
diﬀerent and hopefully more robust alignment technique.
Ice crystal orientation is intimately related to the direction
and magnitude of the applied temperature gradient.18 Adding
a second gradient could thus orient the crystal growth in a
direction imposed by the combination of the two gradients.
On the basis of this idea, we developed a simple process,
referred to as “freezing under ﬂow”.
The principles of freezing under ﬂow are schematically
depicted in Fig. 3(a). A temperature gradient is naturally
generated as the slurry ﬂows along a refrigerated copper
plate. The suspension overﬂow at the open end of the mold
is recirculated using a peristaltic pump and a reservoir. The
ﬂow is carefully controlled to avoid the introduction of bubbles during the process. Because the ﬂow source is located at
one side of the mold, a parabolic velocity gradient occurs
during ﬂow [Fig. 3(b)], and the slurry cools more rapidly
along one side of the mold (where it is in contact with the
(a)

refrigerated plate for a longer time). Thermograms [Fig. 4(a)]
taken at the beginning of the freezing process showed that
the temperature diﬀerence between the side and the center
can be up to 20°C with a maximum lateral temperature gradient approaching 50°C/cm. Because of the location of the
ﬂow source, the temperature proﬁle is asymmetric [Fig. 4(d)].
During ice templating, the local temperature gradient dictates the solidiﬁcation front velocity and consequently the ice
crystal size,18 so the microstructure of ice-templated samples
may change if the temperature gradient changes during the
process. Figure 4(e) shows the temperature proﬁle and lateral
gradient after 5 min of freezing under ﬂow, and the maximum lateral temperature gradient remains around 50°C/cm
[Fig. 4(e)]. The maximum lateral temperature gradient
increases signiﬁcantly in the last solidiﬁcation steps, where it
can reach 120°C/cm [Fig. 4(f)] because there is no longer any
ﬂuid ﬂow, which helps maintain the constant temperature
gradient throughout most of the process. Using the freezing
(b)

Fig. 3. Freezing under ﬂow: setup and principles. (a) Schematic representation of the freezing under ﬂow setup. (b) Schematic representation
depicting the ﬂuid velocity and temperature gradients.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. Thermal measurement during freezing under ﬂow. The images represent the temperature of the ﬂowing suspension at three diﬀerent
times: before the solidiﬁcation starts (a), when nearly half of the layer is frozen (b), and before the end (c). The plots (d), (e), and (f) represent
the temperature proﬁles in the middle of the sample and their derivative as a function of the distance for each selected time. The ﬂow source is
located in the lower right corner of each thermogram.
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under ﬂow method, the microstructure is similar from one
side to the other in the material due to the fact that the process is self-regulating and maintains the same lateral temperature gradient. Domains can still be found in the
microstructure [Fig. 2(d)], but their orientation mismatch is
small compared to samples frozen under the typical static
conditions [Figs. 2(e) and (f)]. Thus, a signiﬁcant beneﬁt of
the freezing under ﬂow process is that the maximum lateral
temperature gradient is constant throughout most of the process. Once the entire width of the mold is frozen, the gate at
the open end of the silicon mold is closed, the mold is ﬁlled
with the remaining suspensions, and freezing continues until
completion.
To characterize the alignment between the ceramic walls,
we imaged the samples using X-ray tomography [Fig. 5(a)],
computed the wall orientations,16 and ﬁt the data with a
Gaussian distribution to obtain the wall orientation distribution function [Figs. 5(b) and (c)]. We also evaluated the wall
orientation distribution function as a function of depth in
the sample. The standard deviation of the orientation distribution function shifts from 16° to 10° [Fig. 5(d)] in the solidiﬁcation direction. Such dispersion could arise from the
sample preparation or microstructure evolution during the
freezing. We note that the changing microstructure observed
here is in the vertical direction, and is thus not caused by the
lateral temperature gradient imposed by the freezing under
ﬂow process. In all measurements, more than 80% of the
sample volume is textured. Freezing under ﬂow is thus able
to induce a long-range order of ice crystals over a large sample by creating a second self-regulating gradient during the
solidiﬁcation.

(3) Texture Measurement in Composite, Layered
Materials
The ﬁnal texture of the composite is a result of the superimposition of two distinct alignments present at two lengthscales: (1) the grain alignment in the wall; and (2) the wall
alignment in the composite. The orientation of grains in bulk
textured materials can be measured by several XRD methods, such as pole ﬁgure or rocking curve,19 but these methods provide information on the ﬁrst microns below the
sample surface due to the limited depth of penetration of Xrays, which in our case corresponds only to the ﬁrst wall.
Thus, XRD based methods are able to measure the grain
alignment within the wall, but they cannot characterize the
alignment of the ceramic walls throughout the composite.
Any functional property of a textured material is directly
linked to the dispersion of crystallographic orientation of the
whole sample, not just the texture measured in the ﬁrst
few layers. Thus, XRD measurement only provides partial

(a)

(b)

information on the texture of the macroporous sample synthetized here.
One method of characterizing the orientation distribution
in materials made by TGG is performing rocking curve measurements and ﬁtting the data to the MD distribution10,19
(1).

3=2
sin2 x
MDðf; r; xÞ ¼ f r2 cos2 x þ
þ ð1  fÞ
r

(1)

The porous material made here can be considered as a combination of layers, each one of those slightly misoriented with
respect to the surface (2), as depicted in Fig. 6(a). Equation 1
can be extended to account for the misalignment of an individual ceramic wall by introducing an angle, an, which characterizes the angle between the ceramic walls and the
reference frame of the sample/measurement:

3=2
sin2 ðx  an Þ
þ ð1  fÞ
W ¼ f r2 cos2 ðx  an Þ þ
r
(2)
Because a represents the shift between the reference frame
and the wall orientation, it follows the Gaussian distribution
of wall orientations determined by tomography (Fig. 4). By
adding a large number of MD functions with f and r parameters determined for a single wall by XRD, but shifted by an
angle, following the Gaussian distribution determined in
Fig. 4, one can model the behavior of a textured composite
(3).

Composite ¼

Wall
N
X

1


3=2
sin2 ðx  an Þ
f r2 cos2 ðx  an Þ þ
r

(3)

þ ð1  fÞ
an  Nð0; rÞwhere N is a Gaussian distribution of mean 0
and standard deviation r.
As we know the MD functions and the Gaussian distribution of the walls, we can calculate the Full width at half
maximum (FWHM) of the composite distribution but also
model its evolution with the Gaussian and MD parameters.
The FWHM of our alumina composite is 36° [see Fig. 6(b)],
which is relatively high compared to the measurements made
on tape cast materials and even compared to the theoretical
grain orientation [see Fig. 6(b)]. This value is greater than
both the FWHM of Gaussian distribution and MD function,
28° and 5.7°, respectively.

(c)

(d)

Fig. 5. Three-dimensional microstructure and morphological characterization of a sample made by freezing under ﬂow. (a) Tomographic
reconstruction of the sample. (b) Typical section of the reconstruction on which analysis is performed. (c) Histogram of the pixel fraction
presenting a preferred orientation versus the considered angle of the image (b). A Gaussian ﬁt is applied to this distribution and the lateral
dispersion r, the amount of textured pixel and the ﬁt accuracy are extracted. (d) Lateral dispersion as a function of the position in the sample.
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(a)

(b)

(c)

Fig. 6. (a) Representation of the textured wall slightly misaligned and the contribution of those walls in the material global orientation
distribution. (b) Example of composites texture response for diﬀerent conditions. (c) Evolution of the FWHM of the composite with respect to
the FWHM of the constituent. Note that the scales are diﬀerent for FWHM of walls (0-5°) and the macrostructure (0-25°).

To better understand the interplay between the wall alignment and grain alignment within the walls, we calculated
the evolution of the composite FWHM versus the two
parameters, the FWHM of the macrostructure of the walls
and the FWHM of the grains within one individual wall
[Fig. 6(c)].
As expected, reducing the FWHM of both distributions
tends to decrease the FWHM of the composite. From our
experimental data, it is clear that better aligning the individual ceramic walls during ice templating, rather than improving the texture within the walls, is more important for
obtaining high texture quality composites in the future. The
wall orientation distribution function could be reduced by
optimizing the freezing under ﬂow process by increasing the
magnitude of the lateral temperature gradient (thus an
increase in the ﬂow velocity). Indeed, the texture quality
within the walls could theoretically be improved by improving template alignment within the walls, but it would be a
relatively small increase given that the level of misorientation
between the walls themselves is much greater (the smallest
FWHM reported to date with alumina is 4.6°).10

(4) Textured Piezoelectric Composite
Given the results presented above for alumina, it is clear that
ice templating can texture grains in ceramic walls of a macroporous body and align such walls in two directions in a single processing step. The same process has been applied to a
NKN powder to demonstrate that textured composites, similar to those required in some sensor and transducer applications, can be made in a single-processing step. The
microstructure of the porous sample is presented in Figs. 7(a)
and (b). The microstructure obtained [Fig. 7(a)] is similar to
the alumina sample because the ice-templating process is not

(a)

(b)

strongly inﬂuenced by composition (physical characteristics
of the particles, platelets, and the suspension are much more
important). The large grains present in the sintered wall
[Fig. 7(b)] are cube shaped, due to the weakly orthorhombic
crystallographic structure of NKN. As was the case in alumina, the ice crystal growth eﬀectively aligned the NNT.
Dense and textured walls are obtained after sintering.
The presence of preferred grain orientation has been investigated by XRD measurements. Two XRD patterns are
shown in Fig. 7(c): the bottom one represents a randomly
oriented sample obtained by conventional mixed oxide NKN
powder and the top XRD pattern the porous textured composite. A clear texture of the <00l> plane is present in the
sample made by ice templating. However, the texture is not
as good as in samples made by tape-casting13 and the Lotgering factor of the sample is only 21%.

IV.

Conclusions

We demonstrated that ice templating combined with TGG is
an eﬀective method to produce textured, macroporous materials. The growth of ice crystals was used to align platelets
that are used afterward as seeds for TGG. To retain the beneﬁts arising from this local texture, a “freezing under ﬂow”
method has been developed to control the long-range order
of the lamellar ice crystals and thus ensure both short- and
long-range order of the grain orientation. This novel method
is robust and independent of the material used. The original
dispersion of orientation of the ice crystals compromises the
optimization of the functional properties and needs to be
reduced, as suggested by the model developed here. Such
reduction could be achieved by modifying the freezing conditions, which requires a more comprehensive study of the process parameters. The principles demonstrated here could be

(c)

Fig. 7. (a) Sintered microstructure of sample frozen under ﬂow, showing the alignment of ceramic wall. (b) SEM picture of a wall after
sintering showing the large grains. (c) Comparison of X-ray diﬀraction pattern obtained with textured composite and nontextured sample. CMO,
conventional mixed oxide. Reproduced from Reference 13.

TGG in Macroporous Materials
the basis for hierarchical, multifunctional composite materials, including structural and piezoelectric ceramics.
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