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Functionally graded multi-material freeze-cast
structures with continuous microchannels
C. D. Christiansen, K. K. Nielsen, R. Bjork*

Abstract

We present the processing of functionally graded multi-material freeze-cast structures, i.e. structures with
varying material properties but continuous and homogeneous microchannels. We demonstrate this for stepwise,
continuous, highly viscous and gelation freezing to achieve freeze-cast structures of graded Lag ¢5Cag.24Sro.09-
Mn1_0503 (LCSMg) and La0.67Ca0,27Sr0.06Mn1,0503 (LCSMG) ceramics.

The two phases are successfully distinguished from one another by the addition of 10 wi% Ce(.9Gdy.; O, (CGO)
to the LCSM6 phase. The relative Ce-content facilitates tracking of the LCSM6 phase using energy-dispersive
X-ray (EDS) elemental analysis. Coupled with scanning electron microscopy, we show well-defined interfaces
with continuous microchannels between the two LCSM phases in both green and sintered samples.

By implementing constant freezing rates of —1.5 K/min a consistent freezing front velocity of ~13 um/s is
maintained, and we found that a structural continuity can be maintained across the LCSM9—LCSM6/CGO
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interface, however, with varying pore morphology depending on the various freezing procedures.
Department of Energy Conversion and Storage, Technical University of Denmark - DTU, Anker Engelunds Vej 1, DK-2800 Kgs. Lyngby,

1. Introduction

Through the past 20 years freeze-casting has become a versa-
tile templating technique with a broad range of applications[1]
within engineering of microchannels in polymer, metal and
ceramic structures. However, thus far, ceramic freeze-casts
consist of a single material or a composite of homogeneously
distributed phases of materials. Freeze-casting of a function-
ally graded or layered structures with two or more phases of
material separated by a distinct interface perpendicular to the
channel orientation and continuous microchannels between
the two phases has not yet been achieved. It would, however,
be extremely useful in applications such as e.g. membrane-
and filter-applications, flow catalysis or magnetic refrigera-
tion, as the material properties can thus be varied along the
microchannels throughout the freeze-cast structure.

During ceramic freeze-casting, an aqueous suspension of
ceramic particles is frozen directionally driven by an imposed
thermal gradient. The growing ice crystals causes segrega-
tion of the particles, which results in a two-phase structure
of ceramic and ice. Subsequently, the latter is removed by
sublimation. Sintering of the freeze-cast green body results
in a rigid, monolithic ceramic with directional porosity in the
form of parallel, well-defined channels. The morphology and
dimensions of these channels strongly depend on freezing
conditions, while the porosity mainly depends on the ceramic
load of the suspension [2; 3; 4; 5; 6]. The porosity is typi-
cally hierarchical with macroporosity in the form of larger,
ice-templated pores — i.e. the channels — and inter-particle
microporosity in the walls in the form of micropores.

The channels are directly shaped from the ice crystals
and are in the ceramic green body the direct imprint of these.
The continuity and low tortuosity of channels are due to the
intrinsic properties of water during ice crystal formation un-
der an applied thermal gradient. Layering of two separately
frozen freeze-casts would therefore lead to a discontinuity in
the channels across the interface between the two materials
causing undesirable distortion of the otherwise homogeneous
channels.

In order to achieve a structural continuity across the in-
terface between two materials in freeze-casting, the freezing
step should also be continuous across the interface ensuring
continuous ice crystals. In order to do so, the materials must
be layered in the wet stage, i.e. as liquid suspensions prior to
freezing. However, upon being poured on top of each other
with no further measures, the two suspensions will inevitably
mix due to advection, convection and diffusion. An approach
to inhibit this mixing and achieve a proper layering of liquid
suspensions could be to alter the flow properties of the suspen-
sions. In this work we investigate two approaches for doing
so:

1. Inhibiting flow/miscibility by increasing viscosity using
polymeric/steric additives

2. Elimination of flow/miscibility by gelation

Polyvinylpyrrolidone (PVP) has previously been studied
for its effects on rheological properties of ceramic suspensions,
where viscoelasticity and viscosity were found to depend on
the average molecular weight and suspension concentration
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of PVP[7; 8]. Various PVP concentrations are thus added to
ceramic suspensions for freeze-casting in this work to increase
viscosity and thus inhibit flow and miscibility of suspensions
in order to achieve a wet layering of these.

Gelation freeze-casting has successfully resulted in freeze-
cast ceramics of well-defined parallel channels, however, with
a slightly altered morphology[9; 10; 6]. Gelation freeze-
casting provide an additional processing step in the gelation
of suspensions, where near net-shaping of the gelated sus-
pension is possible if desired. If gelation is carried out such
that the suspension looses fluidity, gelated suspensions can
in principle be processed and stacked perpendicular to the
freezing direction, resulting in a composite gelated sample of
layered suspensions of different materials.

As a ceramic we use the perovskite Lag 6Cag 3351~
Mnj 9503 (LCSM), which is well known for its desirable
magnetocaloric properties. The Curie temperature of LCSM
can be controlled by varying the strontium doping with achiev-
able Curie temperatures in the range of 267 K to 375 K[11],
making this material attractive for e.g. application as an
active magnetic regenerator (AMR) material in magnetic
refrigeration[12; 13]. Magnetic refrigeration utilizes the AMR

cycle and offers an alternative to conventional refrigeration[14].

AMR technology is based on a porous magnetic material
through which an environmentally friendly fluid flows in or-
der to transfer heat. The efficiency of the AMR cycle strongly
depends on the geometry of the regenerator material. In order
to improve the efficiency an optimal structure could consist of
microchannels with a large porosity while maintaining a large
specific surface area[12]. Freeze-casting offers a processing
route for structures meeting these specific criteria[15]. How-
ever, in order to achieve an optimal operational temperature
span of such a regenerator, a chemically graded, or layered,
structure is desired[13]. The magnetocaloric effect, i.e. the
change in temperature of a ferromagnetic material upon vary-
ing an externally applied magnetic field, peaks around the
Curie temperature of the sample. The Curie temperature,
Tc, defines the transition temperature between the ferro- and
paramagnetic states. Joining multiple similar materials with
slightly varying chemical properties and thus varying 7¢, en-
hances the temperature range over which the AMR device
operates[13; 16]. Magnetic refrigeration is thus one possible
application that would benefit greatly by graded freeze-cast
structures.

In this work, graded freeze-cast structures of Lag ¢6Cag 24-
Sro.090Mnj 0503 (LCSMY) and Lag 67Cag.27510.06Mn1 0503
(LCSM6) are engineered by optimizing the suspension vis-
cosities with the addition of PVP of various concentrations
and average molecular weights and by gelation-freezing and
net-shaping using gelatine. As LCSM6 and LCSM9 are very
similar chemically, a Cey 9Gdg.;O, (CGO) marker is added
to the LCSMG6 phase in order to distinguish the two phases
chemically by energy-dispersive X-ray spectroscopy[17].

2. Materials & experimental procedures

Graded freeze-cast ceramics were prepared from layered aque-
ous suspensions of LCSM powders. Samples were prepared
from the same stock suspensions with various concentra-
tions of either commercially available amino-based dispersant
and binder, polymers such as polyvinylpyrrolidone (PVP) or
gelatin in order to change suspension properties and freezing
conditions to achieve a distinct layering of the final freeze-cast
structure.

2.1 Material properties and suspension preparation
Two stock ceramic suspensions were prepared from 20 vol%

powders in MiliQ water: one suspension was prepared solely
from Lag ¢¢Cag.24Sro.09Mn; o503 (LCSM9, CerPoTech), while

the other was prepared from Lag 67Cag 27S19.06Mn1 9sO3 (LCSM6,

CerPoTech) and Ce( 9Gdy.1 O, (CGO, CerPoTech) in weight
ratio 9:1, in the following referred to as suspensions/samples
LCSM9 and LCSM6/CGO, respectively. LCSM powders
were calcined at 1000 °C for 2 hours prior to use. Material
and suspension properties are summarized in Table 1.

To establish a sufficient dispersion of particles, 2.5 wt%,
solid to ceramic ratio, of dispersant (DURAMAX™ D-3005,
Rohm and Haas, Dow Chemical) and dropvise addition of
nitric acid to adjust the pH of suspensions from ~8 to ~6.5
was added. Suspensions were homogenized by ball milling
in PE flasks using zirconia balls (#3-4 mm) as grinding me-
dia. To ensure even freezing kinetics and ice crystal growth
through both layers of a sample, and thus homogeneous chan-
nel sizes, suspensions were ball milled until homogeneous
and comparable in particle size distributions as shown on
Figure 1. Thus, LCSM6/CGO was ball milled at 25 rpm for
~72 hours while LCSM9 was ball milled at 45 rpm for ~72
hours. Particle size distributions of milled suspensions were
monitored using a Laser Diffraction Particle Size Analyser
(LS 13 320, Beckman Coulter), while the density of calcined
powders where measured by gas pycnometry (AccuPyc II
1340, Micromeritrics).

From these stock suspensions, suspensions of increased
viscosity, section 2.1.1, suspensions for gelation, section 2.1.2,
and samples for measurements of material characteristics were
prepared.

Pellets for dilatometry and magnetization measurements
were prepared by slip-casting given that the microporosity of

Table 1. Summarization of properties of LCSM6/CGO and
LCSMO9, where density was measured on powders that had been
calcinated at 1000 °C for 2 hours, the median particle size, ds, is of
suspensions after ball milling while onset temperature, Tyse;, and
Curie temperature, T, is measured on green and sintered pellets,
respectively.

Density dso Tonser Te
g/em?] [um]  [°C] (K]

LCSM6/CGO 6.10/6.92 041 1015 288/ —
LCSM9 6.08 0.49 930 300
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Figure 1. Particle size distribution of suspensions after ball milling
reaching median particle sizes of dsg = 0.49 um and dsg = 0.41 for
LCSM9 and LCSM6/CGO suspensions, respectively.

slip-cast pellets to a larger degree resembles that of freeze-
casts compared to e.g. pressed pellets. For slip-casting, cylin-
drical polytetrafluoroethylene (PTFE) moulds with inner di-
ameter of 6 mm were placed on an alabaster plaster medium.
Stock suspensions for freeze-casting, with the addition of 2
wt% binder (DURAMAX™ B-1022, Rohm and Haas, Dow
Chemical) was poured into the moulds and left to dry for
at least 48 hours. Pellets for dilatometry were used in the
green state while pellets for magnetization measurements
were sintered using the same heating program as used for the
freeze-cast samples (see section 2.2).

Dilatometry measurements were performed using a single
push-rod dilatometer (DIL 402, NETZSCH) with a 2 hour
hold at 550 °C (heating rate of 0.25 K/min) for burnout of
additives and a 3 hour hold at 1100 °C (heating rate of 0.5
K/min) for densification under normal atmosphere (flow rate
of 20 mL/min). Shrinkage curves were analyzed using Proteus
Thermal Analysis software (NETZSCH) for evaluation of
onset temperatures (see Supporting information, Figure S1)
and summarized in Table 1.

Magnetization measurements for evaluation of the Curie
temperature were obtained using a vibrating sample mag-
nometer (VSM, 7407, Lake Shore Cryotonics). The isother-
mal magnetization was measured up to a maximum field of
UoHey = 1.5 T from 250 K to 340 with temperature steps of
2 K for determination of the Curie temperature and indirect
measurements of the isothermal entropy change as shown in
Figure 2.

2.1.1 Viscosity

Viscous suspensions were prepared from stock suspensions
of LCSM6/CGO and LCSMO, respectively, by adding 5 or
10 wt%, solid to ceramic ratio, polyvinylpyrrolidone K30

35

LCSM9
LCSM6

0 . . . .
240 260 280 300 320 340

Temperature [K]
Figure 2. Isothermal entropy change for slip-cast, sintered pellets
of LCSM6 and LCSMO at an applied field of 1.5 T, where the peak
temperature can be estimated as the Curie temperature.

(PVP K30, M,, ~40,000, Sigma-Aldrich) or 5 wt%, solid to
ceramic ratio, polyvinylpyrrolidone K90 (PVP K90, Fluka
Chemika). For comparison, suspensions with the addition of
2 wt%, solid to ceramic ratio, of a low viscosity commercial
binder (DURAMAX™ B-1022, Rohm and Haas, Dow Chem-
ical) were likewise prepared from both stock suspensions of
LCSM6/CGO and LCSMO.

Suspensions were mixed on a low-energy ball mill at
10 rpm for ~24 hours, after which viscosity curves of the
eight suspensions were obtained using a rheometer (HAAKE
Rheostress 600, Thermo Electron Corporation) equipped with
a plate spindle (Platte P60 Ti L, Thermo Electron Corporation)
with pre-shearing and reversing increase in shear rate from
0.1 to 50 s~ at 21 °C. The plate spindle was equipped with
a solvent trap to minimize evaporation during measurements.
Viscosity curves are shown in Figure 3, where it is evident
that an increase in PVP load increases the viscosity.

Concentrations of PVP were chosen such that a sufficient
range of viscosities was achieved. Increasing the PVP wt%
further was found to increase the viscosity further. However,
increased concentrations of PVP in the suspensions lead to
sticky and unmanageable suspensions that proved difficult
to de-air and pour into moulds due to too large viscosity.
Sintered freeze-cast ceramics would also often show severe
crack formation. Thus, a maximum of 10 wt% PVP is used in
the present work.

Viscous and standard suspensions were de-aired in vac-
uum and pre-cooled along with the polytetrafluoroethylene
(PTFE) moulds in an ice bath for at least 30 minutes prior to
freeze-casting to a temperature of approximately O °C. This
was done partly to ensure consistent freezing-conditions and
partly to minimize the thermal energy in the system.
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Figure 3. Viscosity curves of (a) LCSM9 and (b) LCSM6/CGO suspensions with 2.5% DURAMAXT™ B-1022 binder, 5 or 10 wt% PVP
K30 or 5 wt% PVP K90. The addition of the long polymers of PVP K30 and 90 significantly increases the viscosity of the suspensions.
Arrows indicate the direction of measurements, and are only given for the bottom curve, but the trend is the same for all suspensions.

2.1.2 Gelation

Suspensions for gelation were prepared from stock suspen-
sions of LCSM6/CGO and LCSMD, respectively, by adding
1.5 wt%, solid to ceramic ratio, of gelatin (porcine skin, ~175
g Bloom, type A, Sigma-Aldrich). Gelatin was dissolved in
suspensions by stirring at 45 °C for 30 minutes with a me-
chanical stirrer equipped with a propeller. The solutions were
poured into pre-heated PTFE moulds (920mm) equipped with
copper bottoms and then immediately de-aired in a vacuum-
chamber for 5 minutes. Samples were left to harden at 2 °C
for 17 hours.

Gelated suspensions were then carefully removed from the
moulds and sliced into 1-2 cm cylindrical specimens. These
were stacked such that each final sample were composed of
a slice of LCSM6/CGO in the bottom and a slice of LCSM9
in the top. The composite samples were then carefully trans-
ferred back to a mould and left to settle at 2 °C for 1 hour
before being frozen as described in section 2.2. The gelatin
content was chosen such that the suspension just looses fluid-
ity upon gelation and is manageable for cutting and stacking.

2.2 Freeze-casting

The freeze-casting set-up and general procedure is described
in detail by Christiansen et al.[18]. A set-up with a thermo-
electric element for precise temperature control of a copper
coldfinger was used to directionally freeze samples. PTFE
moulds (@16 or 20 mm) equipped with thermocouples (K-
type, gauge 36, Omega) along the height for monitoring of
the freezing progression and a detachable copper bottom were
used.

Generally, suspensions were frozen directionally in a
PTFE mould by bringing the copper bottom of the mould
into thermal contact with the coldfinger of the freeze-caster.
Suspensions were frozen using a linear temperature profile,

i.e. a constant decrease of the coldfinger temperature, of —1.5
K/min from an equilibrated temperature of 275 K. A linear
temperature profile was chosen to ensure homogeneous chan-
nel sizes throughout the samples[3; 4; 5; 6]. However, in
order to achieve a distinct material interface, preparation of
samples and freeze-casting procedure were varied depending
on altered suspension or freezing conditions as follows:

Stepwise freezing was achieved by the initial freezing of one
suspension, followed by freezing of the other suspen-
sion. Pre-cooled LCSM6/CGO suspension with B-1022
binder was poured into a mould open to ambient condi-
tions of ~5 °C. Sample and mould were equilibrated at
a coldfinger temperature of 275 K for 300 seconds be-
fore being frozen using a constant temperature change
of —1.5 K/min. The suspension was frozen solid and
the mould and frozen suspension were subsequently
equilibrated at 270 K by adjusting the coldfinger tem-
perature. Pre-cooled LCSMY suspension was poured
on top of the frozen suspension and frozen by immedi-
ately decreasing the temperature of the coldfinger from
270 K by —1.5 K/min until the top suspension was also
completely frozen.

Continuous freezing follows the initial procedure of step-
wise freezing, however, instead of letting the bottom
suspension freeze solid, the LCSM9 suspension was
added to the mould just before the freezing front, i.e. the
solid/liquid interface, reached the top of the suspension.
The freezing front position was evaluated by measur-
ing the temperature along the height of the mould and
the position of the freezing front was estimated at the
position of 0 °C. A constant temperature change rate
of —1.5 K/min of the coldfinger was maintained during
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the entire freezing process until the sample was frozen
solid.

Increased viscosity allowed a direct layering of the liquid
suspensions. Composite samples were prepared from
suspensions of LCSM6/CGO and LCSM9 of the same
binder content, respectively. 3 mL of LCSM6/CGO
suspension was poured into a mould. Carefully, another
3 mL of LCSM9 suspension was layered on top using
a syringe equipped with a 1.2 x 40 mm blunt filling
needle. The tip of the needle was positioned such that it
barely broke the surface of the first suspension at the ap-
proximate center of the mould and the other suspension
was very slowly transferred to the mould in order to
maintain a layering of suspensions. Mould and layered
suspension were left open to ambient conditions of ~5
°C and equilibrated at a coldfinger temperature of 275
K for 300 seconds before applying constant temperature
change rate of —1.5 K/min until the sample was frozen
solid.

Gelation freezing was achieved by freezing the already gelated
and stacked samples. Pre-cooled gelated samples in
PTFE moulds were mounted directly on the coldfinger
of the freeze-caster, left open to ambient conditions of
~5 °C, equilibrated at a coldfinger temperature of 275
K for 600 seconds and frozen using a constant temper-
ature change rate of —1.5 K/min until the sample was
frozen solid.

Ice was removed from the frozen samples in a freeze-drier
(Christ Alpha 1-2 LD plus, Buch & Holm) for 24 hours. Green
samples were then fired in air, initially burning out organic ad-
ditives at 250 °C and 450 °C using a heating rate of 15 K/hour,
followed by sintering at 1100 °C for 3 hours for samples with
PVP and B-1022 with a heating rate of 30 K/hour. Given
the evaluated onset temperatures in Table 1, a more cautious
sintering temperature of 1000 °C with a heating rate of 30
K/hour was chosen for gelated samples, as these had a ten-
dency to develop crack formations upon sintering at elevated
temperatures.

2.2.1 Structural & chemical characterization

The structural analysis of freeze-cast samples is based on
image analysis of SEM micrographs and follows the pro-
cedure described by Christiansen et al.[6]. Here, samples
are mounted in epoxy (EpoFix, resin and hardener, Struers),
cut into smaller specimens revealing cross sections perpen-
dicular and parallel to the freezing direction, polished and
coated with a ~12 nm thick carbon layer and imaged using a
scanning electron microscope (SEM, TM3000, Hitachi High-
Technologies). Mean pore size of the ice-templated pores,
macroporosity, i.e. the channel porosity, and specific surface
area were evaluated from binarized SEM images obtained
perpendicular to the freezing direction. Three images contain-
ing ~300 pores each were analyzed at each vertical sample
position in order to obtain a statistically significant data set.

SEM micrographs can be found as supporting data (see sec-
tion 5). The quantification of pore size and specific surface
area from image analysis was originally developed for anal-
ysis of 3D data[19; 20]. Structural parameters of pore size,
macroporosity and specific surface area — the latter in this
case determined as area per volume — are all determined from
binarized images, thus removing structural features smaller
than a few microns and thereby disregarding e.g. inter-particle
porosity and the pore size of micropores in the walls of the
freeze-cast structures.

The LCSM9—LCSM6/CGO interface was evaluated at
cross sections parallel to the freezing direction by SEM mi-
crographs and energy-dispersive x-ray spectroscopy (EDS,
Bruker). EDS spectra for elemental analysis were collected
at interfaces over 512x384 pixels (pixel size of 3.2x3.2 um,
i.e. a total sample area of 1638x1229 um), with a 128 us
dwell time per pixel and a total collection time of 600-1800
seconds. Accumulated EDS spectra either over a selection, as
illustrated by yellow boxes in Figure 4, or over all pixels in a
sample area were analyzed using Quantax Esprit 2.1 software
(Bruker Microanalysis Software, Bruker), where deconvolu-
tion of peaks was achieved by series fit and quantified by
standardless P/B-ZAF method.

The LCSM9—LCSM6/CGO interface was detected by
evaluation of Ce-content at a given sample position. Cerium
has a distinct L, emission peak at 4.84 keV, as seen in the
EDS spectra in Figure 4, where accumulated EDS spectra of
the selection above and below the interface is shown on the
right. The Ce-peak is only clearly visible for the selection
below the interface, i.e. the LCSM6/CGO phase. The element
analysis was carried out for signals from lanthanum, calcium,
strontium, manganese and cerium, thus, the overall analysis
yielded the relative Ce-content of a given sample at a given
position.

Accumulated, deconvoluted EDS spectra and identified
background for all analysis points can be found as supporting
data (see section 5).

3. Results & Discussion

3.1 Interface characterization

Freeze-casting of LCSM suspensions with the implementation
of stepwise, continuous, highly viscous and gelation freezing
all resulted in a distinct layering of suspensions. This yielded
a clearly visible and sharp interface between the two layers
in both the green and sintered samples, as seen on Figure 5
The figure shows a picture of a green body freeze-cast sample,
where the white CGO made the LCSM6/CGO phase grey and
thereby visually identifiable.

Freeze-casting of a homogeneous suspension of particles
generally results in structures with directional porosity in the
form of microchannels along the freezing direction, which
was also the case for samples in this study, as evident from
Figure 6. However, what is remarkable, is that all proce-
dures except for stepwise freezing, led to continuous channels
across the interface. The interfaces in Figure 6 are enhanced
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Figure 4. Accumulated EDS spectra obtained above and below the LCSM9 and LCSM6/CGO interface, respectively, of a gelated
freeze-cast sample. The analyzed region of the sample is indicated by the yellow boxes. The Cerium Ly-peak at 4.84 keV is only clearly
distinguishable in the accumulated spectra of the selection below the interface.

28 mm

Figure 5. Picture of freeze-cast green sample frozen from
LCSM6/CGO (grey bottom layer) and LCSM9 (black top layer)
suspensions with 5 wt% PVP K30.

by adjusting the grayscale threshold of SEM images and cor-
relating these with Ce-mapping in EDS analytical software.
For ease of visualization in compressed and printed images a
semi-transparent dashed line indicating the interface has been
added as an eye-guide.

The relative Ce-content above and below the interfaces
given in Figure 6 are evaluated as described in Figure 4. How-
ever, standardless EDS analysis is not sufficient for an exact
quantification of the elemental composition. For compari-
son, EDS elemental analysis of a freeze-cast sample of only
LCSMBG still yields a relative atomic Ce-content of 0.32 %.

Although, as the qualitative elemental composition of sam-
ples are known, the measured relative Ce-contents can still be
evaluated between samples and are in this work thus used as a
both visual and chemical marker of the LCSM6 phase.

A significant discontinuity in channels across the interface
for the stepwise frozen sample is seen in Figure 6a), with
evidently altered channel geometry in the form of more nar-
row channels above the interface. The channel geometry in
freeze-cast ceramics is directly shaped from the growing ice
crystals during the freezing phase. The growth of ice crystals
in ceramic suspensions during freeze-casting has previously
been observed by in situ x-ray[21; 22]. Upon freezing, rapid
nucleation takes place at the cold side forming ice crystals
that grow in random directions. This is the isotropic region
with no resulting directional porosity. Eventually, ice crystals
growing along the direction of the temperature gradient are
favoured, resulting in a region of aligned crystals. This region
is referred to as the steady state region or the anisotropic re-
gion. When freezing samples stepwise, the initial suspension
frozen in the first step act as a cold side for the second suspen-
sion and a new nucleation zone occurs at the interface. This
results in a second isotropic region and thus discontinuous
channels as is evident from the significant size difference of
channels above and below the dashed line in Figure 6a). To
avoid a second nucleation zone, the second suspension was
added before the freezing front had reached the top of the
suspension, i.e. while the top of the first suspension was still
liquid, and samples where then frozen continuously, elimi-
nating the second isotropic region as seen on Figure 6b) and
ensuring continuous channels.

Generally, freezing conditions have been chosen such that
they could be kept consistent and reproducible, however, the
continuous freezing conditions are much more difficult to
reproduce as they rely on exact determination of the freez-
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(a) Stepwise freezing

(b) Continuous freezing

|gure 6. SEM mirogras shwin the interface between the LCSM9 an LCSM9/CGO ler of freeze-cast samples, where (a) is rze

stepwise, (b) is frozen continuously, (c) is frozen from a suspension with 10% PVP K30 for increased viscosity, and (e) is gelated prior to
being frozen. The measured relative atomic content of Cerium for the two layers are indicated in the left corners and the dashed lines are
eye-guides to emphasize the interface between the two layers. Images are obtained at cross sections parallel to the freezing direction at the
approximate center of the samples. Note that (a-b) and (d) are frozen with LCSM6/CGO layer at the bottom, while (c) is frozen with the

LCSM6/CGO layer at the top.

ing front position. Given that the spatial resolution of ther-
mocouples is 4 mm in our freeze-casting set-up[18], there
will always be an uncertainty in immediate determination of
freezing-front position and thus inconsistent freezing condi-
tions. Additionally, the freezing front position is estimated
at the thermocouple where the temperature is 0 °C, however,
freezing point depression due to organic additives and ceramic
particulates will lower the actual freezing point of the suspen-
sion and thereby increase the uncertainty of the freezing front
position. By extension, it should be mentioned, that contin-
uously frozen samples for which the position of the freezing
front was underestimated during the continuous freezing re-
sulted in discontinuous channels across the interface similar to
those of stepwise freezing, as the conditions for these samples
more closely resembled the latter procedure. However, as the

interface does appear sharp and more or less planar with con-
tinuous channels across, continuous freezing of suspensions
is a feasible processing route for achieving distinct layers in
a freeze-cast structure for freeze-casting set-ups with precise
and immediate monitoring of the freezing front. An obvious
approach for immediate tracking of the freezing front is visu-
ally. As the freezing front has been found to be a well-defined,
slightly concave planer interface perpendicular to the freezing
direction[22], visual tracking has been successful in previ-
ous freeze-casting studies with the application of an acrylic
glass mould equipped with a scale bar[5; 4]. However, due
to the color of LCSM, the freezing front cannot be tracked
visually[23].
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Figure 7. Relative atomic Ce-content as a function of sample height for samples with varying viscosity or an initial gelation-step prior to
freezing, evaluated using EDS elemental analysis. The greater the viscosity, the sharper the interface. Note that samples with B-1022 binder
and PVP polymers are frozen with the LCSM6/CGO layer at the top, while the gelated sample is frozen with the LCSM6/CGO layer at the

bottom.

3.2 Structural continuity across interfaces

As the freezing conditions for continuously frozen samples
could not be kept consistent and stepwise frozen samples
showed a clear discontinuity in channels across the
LCSM9—LCSM6/CGO interface, a structural analysis was
only carried out for freeze-cast samples frozen from viscous
or gelated suspensions. Both of these displayed continuous
channels across a distinct interface as is clear from Figure
6¢c-d).

Various viscosities of suspensions were tested in order to
clarify the effect of viscosity on the sharpness and possibly
the shape of the LCSM9—LCSM6/CGO interface. With the
addition of long polymer chains in the form of PVP, the inter-
molecular forces and entanglement between polymer chains
resist flow and thus miscibility of suspensions. The effect in-
creases with increased concentration and length of polymers,
e.g. the PVP K90 consists of on average longer chains than
PVP K30 and thus results in greater viscosity at similar con-
centrations. In Figure 6¢) the interface of a freeze-cast frozen
from highly viscous suspensions with 10 wt% PVP K30 is
shown. The interface is rather concave in shape. This shape is
in accordance with the sample preparation procedure where
the LCSM6/CGO suspension is added at the center, pushing
the other suspension radially aside, which will inevitably cre-
ate a concave interface provided that the two suspensions do
not mix.

The sharpness and position of LCSM9—LCSM6/CGO
interfaces are evaluated by analyzing the relative Ce-content
as a function of sample height in the center of the samples as
in Figure 7, where the sample position is normalized at the
interface. An increase in relative Ce-content thus indicates a

transition from one layer to the other, where the steeper the
curve the sharper the interface. The miscibility of viscous
solutions appear to generally be very low and all interfaces
are sharp with a steep increase in relative Ce-content. All
samples follow this trend, except for the sample frozen from
suspensions with the commercial B-1022 binder and thus low
viscosity. Here, a significant peak in relative Ce-content is
found below the interface, followed by a drop in Ce-content
immediately before a steep increase indicating the interface
beyond which the relative Ce-content is more or less constant.
This is due to the miscibility of the two suspensions, where,
presumably, a drop of the LCSM6/CGO suspension has sunk
into the LCSM9 phase and mixed. Additionally, the interface
of the samples frozen from suspensions with only 5 wt% PVP
K30 and thus the second lowest viscosity appears less sharp
than for samples frozen from suspension of higher viscosity
as the increase in relative Ce-content stretches over 4 mm,
indicating a more blurred interface. Although a sharp inter-
face is not achieved, these results hint that a graded interface
could possibly be achieved by application of suspensions of
fine-tuned viscosities somewhere between that of the B-1022
suspensions and that of the 5 wt% PVP K30 suspensions. Al-
ternatively, a graded interface could be achieved by layering
of three or more highly viscous suspensions with one or more
mixed LCSM6/LCSMY phase(s) between the two pure ones.

The freezing kinetics and thus resulting channel size and
shape strongly depend on suspension properties such as par-
ticle size, viscosity and powder load[3; 24]. Extra care was
therefore taken to ensure equivalent particle loads, viscosities
and particle sizes of both the LCSM9 and LCSM6/CGO sus-
pension, as described in section 2.1, which ensured structural
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continuity across the interface. Figure 8a-c) show structural
properties of samples frozen from viscous and gelated suspen-
sions. Pore size, porosity and specific surface area in Figure 8
are those due to the ice-templated pores, as it is the structural
homogeneity of these that are investigated. Continuity of all
structural features is maintained across the interface, however,
with a slightly increasing mean pore size for all samples in
Figure 8a). Although, it is not unambiguous that the increase
in mean pore size is due to changes in suspension proper-
ties. A direct indicator of the freezing kinetics is the estimated
freezing front velocities as shown in Figure 8d), where a slight
decrease in freezing front velocities moving from the bottom
of samples across the interface to the top of samples is seen.
As the pore size in freeze-cast ceramics is directly related to
the freezing front velocity[3; 4; 5] the slight increase in pore
sizes probably arises from the slight decrease in freezing front
velocities, as the freezing front velocities were not controlled
directly in this work. Only the freezing rate was controlled
and kept constant, as all samples were frozen using a linear
freezing profile where the temperature of the coldfinger was
decreased at —1.5 K/min, resulting in a freezing front velocity
of ~13 pm/s.

The same trends are also observed for the gelated sam-
ple in Figure 8a-c); i.e. structural continuity is maintained
across the LCSM6/CGO—LCSM?Y interface. For gelated
samples the interface between the two layers of LCSM9 and
LCSM6/CGO directly reflects the shape of the cut-out speci-
mens of gelated suspensions and thus gelation of suspensions
prior to freezing ensures a sharp and planar interface, as seen
on Figure 6d). With a homogeneous and proper gelation, the
shape — or possible tilt, if so desired — of the interface can
be fine-tuned along with the layer thickness and geometry.
However, introducing a gelation-step also introduces addi-
tional possibilities of structural failure, as shown in Figure
9. Figure 9a) illustrates delamination which can occur if the
stacking of gelated suspensions are sloppy. Samples that were
not stacked carefully prior to freezing would often delaminate
and fracture along the interface.

Another critical failure in gelated freeze-cast structures
is due to circular voids in the fired structure due to bubbles
in the suspension, as can be seen on Figure 9b). As the
suspension is heated and stirred using a propeller immediately
before gelation, it is possible that air will be stirred into the
solution forming bubbles. The freeze-cast in Figure 9b) was
left to gelate without being de-aired in vacuum, and thus,
circular cavities were found in the fired ceramic. De-airing
the suspension immediately after it had been transferred to
the mould proved highly efficient for eliminating bubbles and
thus cavities.

3.3 Structural geometry and additives

Changing the suspension composition and properties signifi-
cantly changes the resulting pore morphology as revealed in
Figure 8a-c) where changes of the pore, or channel, morphol-
ogy due to the addition of either PVP or gelation freezing is
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Figure 8. Structural characterization of freeze-cast samples across
the LCSM6/CGO —LCSM0 interface, where (a) mean pore size, (b)
macroporosity and (c) specific surface area are all evaluated from
image analysis of SEM micrographs. In (d) estimated freezing front
velocities throughout the samples during freezing are given. All
samples are frozen using the same constant freezing rate of the
coldfinger of —1.5 K/min.
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delamination along the interface due to faulty stacking of gelated
specimens and (b) circular cavities in the structure due to bubbles in
the suspension that was trapped during gelation.

evident from the changing structural features.

While the measured macroporosity is more or less the
same for all samples independent of additives, Figure 8b),
this is not the case for pore sizes, Figure 8a). Pore sizes of
freeze-casts prepared from highly viscous suspensions gener-
ally exhibit smaller pore sizes than samples frozen from low
viscosity or gelated suspensions. During freezing, the long,
entangled polymer chains presumably inhibit the fluidity of
the highly viscous suspensions, thereby limiting the diffusion
of water molecules to the growing ice crystals, resulting in
smaller ice crystals and thereby smaller pores in the fired
freeze-cast. Accordingly, the inverse phenomena is seen for
the specific surface area, Figure 8d), which is larger with in-
creased viscosity and thus smaller pore sizes. The addition
of PVP and pre-gelation does not seem to significantly affect
the estimated freezing front velocities. Ice crystal growth in
the z-direction, i.e. along the thermal gradient, during freeze-
casting is thus not significantly affected by PVP or gelatin,
meanwhile, the radial growth of ice crystals is suppressed due
to limited diffusion of water.

A more thorough discussion of the effect on the pore mor-
phology due to addition of polymers resulting in an increased

viscosity[24] and pre-gelation using gelatine[9; 10; 6] has
previously been studied and is thus beyond the scope of this
work.

4. Conclusion

Functionally graded freeze-casts of LCSM6 and LCSM9
with continuous microchannels and structural integrity were
achieved.

Freeze-casting of LCSM suspensions with the implemen-
tation of stepwise, continuous, highly viscous and gelation
freezing all resulted in a distinct layering of suspensions. This
yielded a clearly visible and sharp interface between the two
layers in both the green and sintered samples. The latter
three procedures resulted in continuous channels across the
interface.

The two chemically very similar phases of LCSM6 and
LCSM9 were successfully distinguished from one another by
the addition of 10 wt% CGO to the LCSM6 phase, making
it possible to track this phase using EDS analysis in order to
evaluate the relative atomic Ce-content and using this as a
marker.

Keeping the solid load and particle size distribution of
all suspensions consistent, while ensuring an approximate
constant freezing front velocity of ~13 pm/s by implementing
a constant temperature change rate of —1.5 K/min during
freeze-casting, a structural continuity was maintained across
the LCSM9—LCSM6/CGO interface. While the interface
was concave in shape for frozen viscous suspensions, the
interface of gelated samples directly reflected the shape of
the cut-out specimens of gelated suspensions, thus ensuring a
sharp and planar interface.

The overall pore morphology was found to reflect the
changes in suspension properties. While the macroporosity
of freeze-casts was found to be independent of changes in
additives and gelation, the overall pore size of freeze-casts
was found to decrease with an increase in PVP concentration
and thus the viscosity. Both gelation and addition of PVP
changes the pore morphology of freeze-cast specimens.

5. Supporting information & data

Supporting information and supporting data in the form of
SEM micrographs and EDS spectra are available at:
10.11583/DTU.9878894
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