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X-Ray Tomoscopy Reveals the Dynamics of Ice Templating

Paul H. Kamm, Kaiyang Yin, Tillmann R. Neu, Christian M. Schlepiitz,

Francisco Garcia-Moreno,* and Ulrike G. K. Wegst*

Little experimentally explored and understood are the complex dynamics of
microstructure formation by ice-templating when aqueous solutions or
slurries are directionally solidified (freeze cast) into cellular solids. With
synchrotron-based, time-resolved X-ray tomoscopy it is possible to study in
situ under well-defined conditions the anisotropic, partially faceted growth of
ice crystals in aqueous systems. Obtaining one full tomogram per second for
~270 s with a spatial resolution of 6 pum, it is possible to capture with minimal
X-ray absorption, the freezing front in a 3% weight/volume (w/v)
sucrose-in-water solution, which typically progresses at 5-30 um s~ for
applied cooling rates of € = 1-10 °C min~". These time and length scales
render X-ray tomoscopy ideally suited to quantify in 3D ice crystal growth and
templating phenomena that determine the performance-defining hierarchical
architecture of freeze-cast materials: a complex pore morphology and

directionally solidified and the solvent-
templated structures have been investi-
gated, water-based systems continue to
be the most widely used for materials
processing. What remains little explored
and understood in the case of all sol-
vents, to date, are the complex dynam-
ics of solvent crystal growth and templat-
ing during directional solidification. In this
study, we focus on the dynamics of mi-
crostructure evolution during the direc-
tional solidification of aqueous systems.
While highly anisotropic ice-crystal growth
has, for some time, been hypothesized to
play a critical role in the formation of the
hierarchical architecture of freeze-cast ma-

“ridges”, “jellyfish cap”, and “tentacle”-like secondary features, which

decorate the cell walls.

1. Introduction

Ice templating is the basis of structure formation when porous
materials or cellular solids are manufactured by freeze casting,
a processing technique based on the directional solidification of
aqueous solutions and slurries. While also other solvents, such
as camphene,!!l cyclohexane,!'®?! tert-butyl alcohol (TBA),'4?]
TBA-cyclohexane,’] and naphthalene-camphor,*l have been

terials, it remained largely unknown ex-
actly how the honeycomb-like porosity and
lamellar cell walls, which frequently are dec-
orated with a range of unilateral surface
features, are formed. X-ray tomoscopy now enables us to image
in situ at high spatial and temporal resolution the mechanism
of structure formation, including transient phenomena. Analyz-
ing the tomoscopy data, we can determine, which of the uni-
lateral features are templated by the slow faceted growth along
the c-axis (0001) of the hexagonal ice-crystal, I,, and which by
the slightly anisotropic fast crystal growth along the preferred
g-axis (1120) and prism t-axis (1100), directions which are
both characterized by atomically rough ice-water interfaces.
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Figure 1. Schematic of the freeze casting process. Ice crystals typically nucleate on the top surface of the cold finger, which seals the mold bottom. The

fine, equiaxed grains of the textureless chill zone grow competitively in the

general direction of maximum heat flow, which is imposed by the applied

thermal gradient, C. As the freezing front progresses, a phase separation into pure ice crystals and solute occurs. Dendritic ice crystal growth ensues with
the fastest crystal growth direction, the a-axis (1120), closely aligned with the thermal gradient, thereby forming the lamellar structure of each grain.[']

During this crystal growth, the solute is upconcentrated and ice-templated i

Additionally, we can observe, which role secondary instabili-
ties play in the formation of cell wall surface features, such
as “ridges”, “jellyfish caps”, and “tentacles”.l'”) We can also
quantify ice-crystal growth velocities, both volumetric and par-
allel to the crystallographic axes, to correlate these to the ice-
crystal growth phenomena which we observe. An important
advantage that X-ray tomoscopy offers over post mortem and
also state-of-the-art simulation techniques, which for compu-
tational reasons are limited to small sample volumes of a
couple of hundred micrometer side length and correspond-
ing timespans, is that the dynamics of the structural evo-
lution can be monitored over several minutes, and that a
sample volume of several tens of cubic millimeters can be
studied.

When aqueous solutions and slurries solidify, a phase-
separation occurs. Water solidifies into pure ice and the dis-
solved polymer(s) and/or suspended particles are upconcentrated
between the growing ice dendrites, which template the sec-
ond phase composed of polymers or particles, or a compos-
ite of both.’] What makes freeze casting attractive as a man-
ufacturing process is that complex hybrid materials with hier-
archical architectures and remarkable properties can be made
for uses that range from biomedicall®! to energy applications.”!
Here, we focus on binary sucrose-in-water solutions to quantify
in situ with high temporal and spatial resolution how the par-
tially faceted, anisotropic, nonequilibrium, and diffusion-limited
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n the interdendritic spaces until vitrification occurs.

ice-crystal growth templates unique and unilateral performance-
defining structures, when morphological instabilities form on
the atomically rough portions of the growth fronts.[°®8] To facili-
tate a quantitative observation of the ice-crystal growth dynamics
in 3D, we require a powerful in situ imaging technique: X-ray
tomoscopy.

X-ray tomoscopy is newly available for the continuous imag-
ing of complex dynamic processes!’! and ideally suited for the
quantitative analysis of directional solidification. We have coined
the term “tomoscopy” for time-resolved imaging with continuous
sample illumination and data acquisition rates of currently up to
1000 tomograms per second (tps), and a data acquisition dura-
tion chosen ideally suited to capture the dynamics of the system
under study, while minimizing motion artifacts due to sample
evolution.

Figure 1 illustrates the authors’ miniature freeze casting sys-
tem custom-designed for high resolution X-ray tomoscopy of di-
rectional solidification at the TOMCAT beamline of the Swiss
Light Source at the Paul Scherrer Institute, Switzerland. The ad-
vantages offered by X-ray tomoscopy are considerablel®! as this
technique uniquely facilitates the quantitative analysis of key pa-
rameters of the dynamic solidification process. Parameters in-
clude freezing front velocity, crystal growth velocities in indi-
vidual crystallographic directions, and both the local and global
structural evolution at high resolution. Noteworthy is that also
otherwise elusive transient events are captured.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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The volume-rendered 3D datasets of the samples can be vir-
tually sectioned and segmented in any direction and orienta-
tion so that their structural evolution can be observed both site-
specifically and in relation to the global sample orientation. The
orientation and alignment of individually growing ice crystals, as
well as the formation and evolution of the various ice-templated
features can be analyzed in detail. Most importantly, X-ray to-
moscopy makes it possible to study the entire life cycle of tran-
sient features, from their appearance and further evolution to
their disappearance; such phenomena cannot be observed post
mortem because typically not even traces of them are preserved
in the final freeze-cast material.

Best suited for a fundamental study of the complex and cou-
pled solidification phenomena that occur during freeze cast-
ing are binary material systems. As model system, we se-
lected a sucrose-in-water solution, for which the phase diagram
and fundamental properties, such as diffusion coefficients, are
known.[810.11] Syuch a system is advantageous, because it can also
be simulated using, for example, phase-field methods to com-
plement the experiments.['?! For imaging, we chose X-ray to-
moscopy with phase contrast, because X-rays penetrate the model
system easily, and partial or full phase contrast enables the ob-
servation also of systems, in which solution, solvent, and solute,
such as our model sucrose-in-water solution, have similarly op-
tical properties and low atomic numbers.[*] Finally, tomoscopy
offers the required spatio-temporal resolution to capture the dy-
namics of ice crystal growth phenomena in 3D.

2. Results

2.1. X-Ray Tomoscopy of the Freeze Casting Process

The directional solidification of a 3% w/v aqueous sucrose so-
lution held in a 2 mm diameter, 30 mm long Kapton tube was
successfully imaged in situ by X-ray tomoscopy, while applying a
defined thermal gradient to the solution with the custom-made
miniature freeze-casting system shown in Figure 1. To confirm
that the solidification process was not affected by the energy en-
try associated with X-ray exposure, the final microstructure of
the 2 mm diameter in situ samples was compared with the mi-
crostructures of a standard 20 mm diameter sample = of the
same composition that had first been freeze cast ex situ, then im-
aged with a desktop X-ray tomography system (Figure S1, Sup-
porting Information). Both samples exhibited the same struc-
tural dimensions, such as lamellar spacing and cell wall surface
features (Table S1, Supporting Information), thereby confirming
that the experimental parameters chosen for continuous in situ
imaging by X-ray tomoscopy did neither alter the directional so-
lidification process nor led to the formation of artifacts.

Another question which arises is whether the high-velocity
sample rotation affects the solidification process. The radial accel-
eration, a,, and forces generated, F, = ma,, which a sample expe-
riences, increases with sample radius, r, and rotation frequency, f;
as a = 4x’fr. Both sample radius and rotation frequency thus
need to be chosen so that the sample is not affected beyond an
acceptable threshold.[**"] In our case of directional solidification
of a sucrose solution with r = 1 mm imaged at f = 1 Hz, the ra-
dial acceleration is a = 0.04 m s~ at maximum distance from
the rotation axis, thus negligibly small. Paralleling the analysis

Adv. Funct. Mater. 2023, 33, 2304738 2304738 (3 of 11)

www.afm-journal.de

for X-ray energy exposure effects, we compared samples frozen
without and with rotation, and found no difference also for these.

The spatio-temporal evolution of both the ice crystal growth
and the solute structure can be studied in detail by volume-
rendering the in situ X-ray tomoscopy of the directional solidifica-
tion of the 3% w/v sucrose-in-water solution (Figure 2a). The re-
sulting image sequence (Figure 2a, see also Video S1, Supporting
Information) shows that, once the ice phase (blue) has nucleated
at the copper mold bottom, a phase separation occurs and den-
dritic ice crystal growth templates the solute phase (red), which
is increasingly upconcentrated in the interdendritic spaces. Both
the freezing front position and the corresponding freezing front
velocity, averaged for the entire sample cross-section, are plotted
versus time in Figure 2b. The graph shows that the freezing front
velocity, which is the rate at which the freezing front height in-
creases, slows with time.

Additionally, Figure 2b reveals significant fluctuations in the
freezing front velocity for the entire 220 s of the solidification
process studied; we analyze these fluctuations in detail below.
The longitudinal and transverse sample cross-sections shown in
Figure 2c illustrate that the sample is composed of several grains
or domains, each of which has a lamellar structure. The cross-
sections also reveal the alignment of lamellae and domains with
respect to the mold axis, which parallels the applied thermal gra-
dient, G (Figure 1).

2.2. Structure-Processing Correlations

Video S1 (Supporting Information) of the progression of direc-
tional solidification illustrates the dynamics of the structure for-
mation process, which defines the overall architecture of the final
sucrose scaffold. The video highlights the anisotropy in ice crystal
growth('?] and shows, how domains of different angles of align-
ment with respect to the thermal gradient, G, compete during
the grain elimination phase, thus which of the domains are grad-
ually overgrown and eliminated, and which dominate and sur-
vive as the freezing front progresses. The video also shows how
the cross-sectional size and shape of the domains change with
time. Additionally, we observe that thickness and width of each
of the lamellar ice dendrites, which define the short, S, and the
long, L, pore axis of the final scaffold after freeze drying, respec-
tively, increase with increasing height. The increase in thickness
with height is due to a decreasing local cooling rate with mold
height,!'?] while the growth in lamellar width is constrained by
neighboring domains and likely also affected by the thermal con-
traction of the mold (Figure 2c and Video S1, Supporting Infor-
mation).

Summarized and color-coded in the sample cross-sections of
Figure 3a is the alignment of the lamellae within a domain to
highlight how well adjacent domains can be aligned with one an-
other. The stack of six equidistant (540 pm) sample sections in
Figure 3b reveals how the number of domains and their cross-
sectional shape changes with increasing height in the mold.
Figure 3c illustrates two neighboring domains with similar crys-
tal and lamellar orientation extending along the entire sample
height, the inner gradually overgrowing the outer.

How lamellae within different domains align, and how do-
mains are oriented with respect to one another and the mold axis

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) 3D rendered tomograms at different times showing ice crystals in blue, sucrose in red, and Kapton tubes in yellow. To clearly show and
highlight the solidification front, the mixed liquid phase was masked out. b) Average freezing front progression along the mold height, H, and the
corresponding average freezing front velocity over time. c) Vertical and cross-sectional slices of the sample structure at 220 s at the positions marked by
black frames in a show both in grey-scale and false color (ice crystal thickness in blue shades, sucrose in red) the lamellar structure of the directionally
solidified material.

Figure 3. a) Top views of layers 1 and 6, respectively, highlight how closely aligned neighboring grains can be in their in-plane lamellar orientation.
White lines and numbers denote selected domains. The colors indicate the angle enclosed between the lamellae of the respective domain and an
imaginary horizontal axis parallel to the equator of the top views of (a), i.e., domains (Ta—c) and (2a,b) are misaligned with each other by only a few
degrees, whereas domains 1, 2, and 3 exhibit distinctly different lamellar orientations with respect to one another. b) A stack of cross-sections at six
equidistant heights illustrates domain evolution and competitive growth. c) Competitive growth of two neighboring domains (2a,b); the domain best
aligned with the slightly fanning actual thermal gradient in the mold overgrows the other. The sucrose cell walls in (a) and (b) are colored black.
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Figure 4. Shown are 3D rendered tomograms illustrating anisotropic crystal growth. a) Longitudinal growth parallel to the a-axis (1120) is faster than
the lateral b) parallel to the t-axis (1100), as shown here for a slightly inclined (4.4° to 10°) ice lamella observed for 250 s. Instabilities form at ~150 s at a
sample height of 220 um; it is followed by a change in crystal growth direction that becomes clearly evident at t > 150 s. ¢) Schematic of an ice crystal,
such as depicted in (b), indicating its crystallographic directions and slightly exaggerated orientation with respect to the applied thermal gradient, G.
d) A close-up view of the “ridge”-like instabilities on the ice crystal reveals that they point toward the cold side (bottom) of the mold. ) The fully grown
ice lamella and its location and orientation within the sample. f) Development of angles of crystal growth and incline on a projection of the single lamella

with height up to 2387 um.

(and applied thermal gradient), is summarized in Figures 3a—c,
respectively. The stack of six equidistant (540 pm) sample sec-
tions in Figure 3b illustrates how significantly both the cross-
sectional shape and the number of domains change with height.
Figure 3c shows two neighboring domains with similar domain
and lamellar orientation extending along the sample height, the
inner gradually overgrowing the outer. Figures 3a—c also high-
light how closely correlated adjacent domains can be in crystal-
lographic orientation, as indicated by lamellar and domain align-
ment.

2.2.1. Ice Crystal Growth and Orientation

From experimental analysis by cryo-EBSD!! and theory!!21*l we
know that, during competitive growth and grain selection, those
grains with the fastest crystal growth direction (a-axis (1120))
most closely aligned with the thermal gradient win. The winning
grains define the freezing front velocity, as well as the domain
size and their lamellar orientation.['%) Imaging the crystal growth
dynamics by tomoscopy and analyzing the resulting data sets, we
can now not only measure fluctuations in the freezing front ve-
locity, but also quantify the anisotropy of ice crystal growth along
the different crystallographic axes (Figure 4c).

The a-axis (1120) grows approximately at the speed of the
freezing front. The t-axis (1100), which determines the ice crystal
width, grows, when unconstrained, almost as fast as the g-axis,
here a little more slowly. And the c-axis (0001), which defines the
thickness of the ice lamellae, grows the slowest, about two mag-
nitudes more slowly than the a-axis (1120).

Adv. Funct. Mater. 2023, 33, 2304738 2304738 (5 of 11)

Extracting one ice lamella from one of the central domains de-
picted by data segmentation, as shown in Figure 4 and Video S2
(Supporting Information), we can analyze both the ice crystal
growth parameters and the resulting structural evolution in un-
precedented detail. We observe that not only the lamellar thick-
ness and width increase with height (Figure 4a,b; Figure S2, Sup-
porting Information), but that also the crystal growth direction
changes at t = 200 s, and that secondary instabilities form on the
lamellar ice crystals (Figure 4b,e).

The analysis of n = 80 ice crystals with “ridges” in m = 12
domains (Figure S3, Supporting Information) confirms the ob-
servations made in earlier post mortem analyses of freeze-cast
polymer scaffolds, 8210151 namely that the secondary instabil-
ities on the ice crystals stably form unilaterally on the faces ori-
ented downward toward the cold end of the mold. On 71 out of 80
crystals the instabilities clearly pointed downward, on the others,
the angles of incline with the mold axis were too small to make
a clear distinction; this also in the light of the fact that the actual
local thermal gradient may enclose a small angle (<1°) with the
mold axis.

As a result, the ice-templated “ridges” on the solute scaffold
walls face toward the warm end. Additionally, we observe that
in parallel to the crystal width and thickness also the height and
spacing of these secondary instabilities increase with height in
the mold (Table S1 and Figure S3, Supporting Information). In-
vestigating the crystal incline with respect to the applied thermal
gradient, we notice that the angle increases from 4.4° at the bot-
tom to 10° at the top of the 2400 pm long extracted ice lamella;
the angles of the crystal’s lateral incline follow those of the neigh-
boring domains (Figure 4f).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) 3D rendered tomograms of a slightly inclined ice lamella with b) a lateral view of crystal growth and instability development. Instabilities
form at 150 s followed by a change in crystal growth direction (from 6° to 10° to the z-axis) accompanied by a lamellar split into two. c) Longitudinal,
lateral, and thickness growth velocities, as well as the volume increase plotted against time, highlighting the highly anisotropic, faceted crystal growth
of the ice lamella. Dimensions of the respective quantities are indicated on the left and right y-axes of the graph, respectively.

2.2.2. Anisotropic Crystal Growth

Of considerable interest for an analysis of anisotropic ice crystal
growth is the ability to measure and compare the crystal growth
velocities parallel to the a-axis (1120), the t-axis (1100), and the
c-axis (0001), which determine the ice crystal’s extension in
length, H, width, L, and thickness, S, respectively. Plotting crystal
growth velocities versus time in Figure 5c, we note not only the
expected differences in longitudinal versus lateral growth rates,
but additionally significant fluctuations in freezing front veloc-
ity along all three crystal growth directions, while the ice crys-
tal volume increases at an almost constant rate. Investigating
the lamellar shape evolution in parallel, we discover that longi-
tudinal, lateral, and thickness growth accelerations and deceler-
ations correlate to the dimensional changes of the ice lamella
shown in Figures 4 and 5. For example, longitudinal growth al-
ways slows when the ice crystal expands laterally or in thickness,
and when instabilities form; and longitudinal growth accelerates,
again, when the crystal splits into two.

2.2.3. Instability Formation and Solute Templating
Instability formation on the ice crystal face oriented toward the

mold bottom is observed for the first time at ~17 s with a
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wavelength of ~18.11 + 1.09 um (Figure 6; Figure S3a, Sup-
porting Information), at 47 s with a wavelength of %19.92 +
1.10 pm (Figure S3b, Supporting Information), then again at
128 s (Figures 5 and 6) with a larger wavelength of ~23.79 +
1.30 um (Figure S3c). These instabilities can evolve into different
shapes and template in the solute phase structural features, such
as “ridges” parallel to the direction of solidification (Figures 5
and 6, Supporting Information). From time to time, “jellyfish
caps” or “jellyfish-cap arrays” on the solute cell walls indicate that
one or more ice crystal instabilities have been eliminated, respec-
tively (Figures 5a and 6b, Supporting Information).[5>12]

We observe instability formation on the ice lamella for a third
time at ~160 s (Figures 5 and 6). This time, the instabilities are
thicker than those observed at 130 s, but spaced at only a slightly
increased distance. Also, these thicker instabilities template, as
before, regularly spaced “ridges.” When the ice crystal tip splits
into two parallel ice lamellae at ~165 s, “tentacle”-like solute fea-
tures, which are effectively “pinched-off ridges” (blue box), form
as part of a second “jellyfish-cap array” (Videos S2 and S3, Sup-
porting Information). Observing crystal growth and ice templat-
ing in real time in this dynamic study, allows us to make several
other important observations and discoveries, which cannot be
made by traditional static, post-mortem material analysis.

The first discovery is that initially both faces of the ice lamella
perpendicular to the c-axis form an instability array with highly

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) 3D rendered tomograms of the ice phase evolution from 143 to 170 s. b) The temporal evolution of the sucrose phase structure from 10 to
170 s. The temporal evolution of the “jellyfish-cap array" illustrates how crystal growth and volumetric expansion of the ice phase sharpen the structural
features and pull the “jellyfish-cap array" along parallel to the direction of solidification. c) The direct comparison of the ice-template (blue) and the
templated sucrose (red) from 10 to 100 s illustrates the formation of transient features, such as a “jellyfish-cap array," whose features become less

prominent as the ice crystal growth increasingly dries the solute phase.

parallel features; these features are shallow on one side and more
pronounce on the opposite side (Figure 5¢). However, following
the evolution of these features, we find that only the more pro-
nounced instabilities on the crystal face oriented toward the cold
end of the mold are stable (Figures 2, 5, and 6). This is the reason
for the observation of unilateral structural features in ice tem-
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plated materials. Because the ice-templated instabilities shrink
only minimally during lyophilization, they are typically preserved
in size and shape, and clearly visible, when scaffolds are imaged
in the lyophilized state.

Another important observation we could only make in our 3D
dynamic study is the formation, evolution, and disappearance of
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entirely transient features (Video S4, Supporting Information).
Figure 6c¢ illustrates this phenomenon for both the ice and the
solute phase. At 10s, ice crystal instabilities start to form, templat-
ing in the solute phase features, such as “ridges” and a “jellyfish-
cap array.” At 30 s, we see that these different features first grow
and increase in height and thickness, at 50 s we notice that the
features start to become less pronounced, further shrinking to
smaller sizes at 70 and 90 s, to result in features at %100 s that
are considerably flatter and less defined than at 10 s.

Finally, we note another important phenomenon contributing
to the hierarchical structure formation in the ice-templated scaf-
fold: the effect of mechanical forces that act on the increasingly
viscous solute phase, on the one hand during the ice-water phase
transformation, which is accompanied by a volumetric expansion
of #9%, and on the other when the ice crystals grow. The volumet-
ric expansion causes interdendritic shear flow and contributes
to convection phenomena ahead of the freezing front, both of
which determine alignment and preferential orientation of solute
molecules in solutions and particles in slurries.®! In parallel, the
growing ice crystals push along and stretch the upconcentrated
solute phase parallel to the crystal growth directions, which be-
comes particularly apparent in the fastest growing direction of so-
lidification. The positional change of the “jellyfish-cap array” par-
allel to the freezing direction, shown in Figure 6b,c and Video S2
(Supporting Information), illustrates this.

3. Discussion

3.1. Tomoscopy for the Quantification of Dynamic Structure
Formation

The unprecedented wealth of quantitative and detailed qualita-
tive information on ice crystal growth and ice templating ob-
tained in this study of directional solidification highlights the
considerable advantages that X-ray tomoscopy offers for the study
of the complex dynamics of structure formation during direc-
tional solidification. Critical for the experimental success of this
study of the freeze casting process was the choice of the bi-
nary water-sucrose model system, which made it possible to
study ice crystal growth during directional solidification with-
out the added complications of, for example, particle sedimen-
tation, particle-particle and particle-freezing-front interactions,
and particle-induced enhanced X-ray absorption and heating. All
these particle-related effects contribute to structure formation
phenomena and, additionally, to undesirable artifacts related to
thermo-solutial convection and freezing-melting-refreezing cy-
cles of the system under study,!'”! which can affect and obscure
fundamental ice-crystal growth and ice-templating phenomena.

Imaging the solidification process of the water-sucrose system
was facilitated by synchrotron-based X-ray tomoscopy with phase
contrast, which allowed us to observe in situ and under well-
defined experimental conditions the anisotropic, partially faceted
growth of ice crystals in 3D bulk rather than in thin, 2D sam-
ples. This is important, because sample imaging by light or con-
focal microscopy,!*®! and also by X-ray radioscopy!!”**! is limited
to thin, 2D material films, which frequently are only 50-200 pm
thick. The in 2D experiments typically used Hele-Shaw cells con-
fine crystal growth to thin film systems to reduce convection but,
at the same time, add boundary effects which are absent in 3D.
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Hele-Shaw cells also limit structural information and resolution,
because morphological features often overlap in 2D. For these
reasons, phenomena observed and results obtained in 2D do not
necessarily resemble those captured in 3D in a bulk sample, so
that the potential to predict structure formation in 3D from 2D
data is limited. The in 3D frequently observed formation of ice
crystal instabilities and resulting ice-templating surface features,
such as “ridges”, “jellyfish cap”-like features, and “tentacles”, for
example, cannot be discerned in 2D.

3.2. Structure-Processing Correlations
3.2.1. Ice Crystal Growth Velocity and Dimensions

With X-ray tomoscopy we could observe in situ mechanisms of
structure formation by ice templating, which result in the typical
polydomain structure of freeze-cast materials, in which neigh-
boring domains can be closely aligned with one another. Due to
phase separation, each of the domains is composed of several
closely aligned hexagonal ice prisms, also termed ice lamellae,
whose a-axes (1120) are closely aligned with one another and the
applied thermal gradient.'%! An analysis of the lamellar angle of
incline with the z-axis of the mold, which parallels the direction
of applied thermal gradient, G, reveals that the angles of incline
of most lamellae and domains fall within an angle range of 4.4°
to 10°.

The lamellae exhibit a partially faceted, anisotropic ice crystal
growth due to different molecular mobilities at the crystal-liquid
interfaces.['?l X-ray tomoscopy enabled us to experimentally
quantify this anisotropy of crystal growth in detail (Figure 5c).
Fastest crystal growth is observed on the six molecularly rough
secondary prism facets {1120}, because water molecules can
attach everywhere, closely followed by the also molecularly
rough six prism facets {1100}, which grow by a mixed growth
mechanism.[?] In contrast, the layer-by-layer crystal growth of
the molecularly smooth basal facet {0001} is, with a factor of
10-100, considerably slower.

The 3D continuous in situ imaging by tomoscopy additionally
enabled us to determine the cause of the intriguing fluctuations
in the longitudinally freezing front velocity (Figures 2b and 5c).
Quantifying and correlating the crystal growth velocities parallel
to the three crystal growth directions (1120}, (1100), and (0001)
(Figure 5c), we discovered that all three crystal growth velocities
fluctuate, but not the volumetric crystal growth rate. The velocity
parallel to the fastest crystal growth direction (1120) decreases
when the growth velocities of one or both of the crystal growth
directions perpendicular to it increase (Figure 5c). These lateral
growth events correspond to the formation of instabilities and the
splitting of an ice lamella (Figure 5b).

The volumetric crystal growth rate remains almost constant;
it only very gradually decreases with time and the corresponding
freezing front height in the mold, in parallel to the decrease in the
local cooling rate, C, with mold height, H (Figure S4 and Table S2,
Supporting Information). The local cooling rate decreases, be-
cause no true steady state conditions can be reached by applying
a constant temperature to one mold end, while the other remains
open, to create the temperature gradient that serves as the driving
force for solidification.[>*?! Additionally, a thermal diffusion lag
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and thermal transfer through the open mold end and walls con-
tribute to this effect. The thermal lag is defined by the thermal
diffusivity of the mushy zone, which is composed of alternating
ice lamellae and increasingly upconcentrated interlamellar solute
(Figure 1), and increases in length with increasing height along
the mold (Figure S5, Supporting Information).

3.2.2. Ice-Templated Cell Wall Surface Features

In addition to the anisotropic, faceted crystal growth phe-
nomena that control both pore size and geometry after
lyophilization,!®>£1522] also the performance-defining, unilateral
cell wall surface features like “ridges”®®! and “jellyfish caps”!'?]
are of great experimental and fundamental interest. A close in-
spection of the directionally solidifying ice crystals (Figures 4-6;
Figure S6, Supporting Information) reveals the anisotropy of ice
crystal growth. The ice crystal tips, which form the freezing front,
possess one smooth and one rough crystal face. The smooth ice
crystal facets predominantly face toward the warm top end of the
mold, and the rounded “rough” faces point toward the cold mold
bottom.['?] All of the unilateral instabilities form on the rough ice
crystal face to then template a rich variety of unilateral features
on the solute cell walls.%¢8>1]

Recent phase field simulations of the directional solidification
of 3% w/v sucrose in water solutions, thus the same materials
system as that used in our experiments, here, provide further de-
tail for the mechanisms of structure formation in binary water
mixtures containing small solutes obeying Fickian diffusion.!?!
The unilateral smooth facet at the crystal tip is formed by slow
faceted ice crystal growth along the c-axis combined with a small
misorientation of the basal plane with respect to the thermal
gradient, G. The rough crystal face results from a weak six-fold
anisotropy of the interface free-energy in the basal plane and
fast crystal growth along these growth direction.'?] Diffusion-
controlled cellular primary instabilities that form on the rough
side of the ice crystals template regularly spaced “ridges.” The
more complex features, such as “jellyfish caps” and “tentacles”
are templated by secondary instabilities that evolve from the cel-
lular instabilities.['?]

Experimentally we observe that, from time to time, the “ridge”
spacing decreases and the sucrose solute becomes so signifi-
cantly upconcentrated at the freezing front, that a “jellyfish cap”-
like solute feature forms (dashed line in Figure 6), which traps
and eliminates one or more secondary instability and is followed
by an adjustment in cellular spacing. When the instabilities are
very closely spaced, tube-like channels form which template “jel-
lyfish tentacles” these can be partially or fully detached from the
otherwise smooth cell wall that supports it. “Jellyfish tentacles”
tend to form below the “jellyfish caps.” Intriguing is the ob-
servation of the appearance, evolution, and disappearance of a
“jellyfish-cap array” (Figures 5 and 6), which highlights the value
of tomoscopy as a dynamic characterization technique, because,
in contrast to static and post mortem techniques, it can also cap-
ture transient events.

4, Conclusion

X-ray tomoscopy with phase contrast at one tomogram per sec-
ond reveals the complex dynamics of ice crystal growth and mi-
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crostructure formation by ice-templating, which form the ba-
sis of the freeze casting process and occur when aqueous solu-
tions or slurries are directionally solidified into cellular solids.
Using water-sucrose as our binary model system, we quan-
tify the anisotropic, partially-faceted crystal growth over sam-
ple lengths that include the liquid phase, the mushy zone,
and the fully solidified region, in which the solute phase is
vitrified. We quantify anisotropic ice crystal growth velocities,
obtain structure-processing correlations, and observe at high
spatio-temporal resolution phenomena, such as ice crystal in-
stability formation, tip splitting, and the ice templating of cell
wall surface features, such as “ridges”, “jellyfish caps”, and
“tentacles.”

5. Experimental Section

Preparation of Sucrose:  Sucrose solutions of 3% w/v were prepared by
first thoroughly hand mixing by shaking sucrose (0.3 g, Cascade Biochem
Ltd., Reading, UK) with double distilled water (10 ml) in a 50 ml cen-
trifuge tube (polypropylene, PP; Greiner Bio-One GmbH, Frickenhausen,
Germany), then outgassing the solutions for at least 1 h in a vacuum oven
(Heraeus, Hanau, Germany) at room temperature and 30 mbar to remove
bubbles from the solution.

Ex Situ Freeze Casting of Sucrose Scaffold:  Sucrose scaffolds were freeze
cast from 3% w/v sucrose solutions using a system detailed by Wegst et al.
(2010).[5¢1 Briefly, a polytetrafluoroethylene (PTFE) tube (25.4 mm outer,
20 mm inner diameter, and 500 mm height) was sealed with a copper mold
bottom and filled with the solution (12.5 ml) using a syringe. The mold was
then placed with its copper bottom on a liquid nitrogen cooled copper
cold finger whose temperature was proportional-integral-derivative (PID)
controlled. The molds were equilibrated to 4 °C for 10 min before a cooling
rate, C, of either 1 or 10 °C min~" was applied until the mold reached a
temperature of —150 °C. The frozen slurries were then demolded with an
Arbor press and lyophilized (FreeZone 6 Plus, Labconco, Kansas City, MO,
USA) for 72 h at 0.008 mbar and a coil temperature of —85 °C.

Miniature Freeze Casting System: For the in situ freeze casting ex-
periments, a miniature, lightweight freeze casting system was custom-
designed and manufactured (Figure 1). It consists of a copper cold finger
chilled by a Cryojet5 (Oxford Instruments, NanoScience, Oxford, UK) set
to a temperature of 230 K (—43.15 °C), monitored by a K-type thermo-
couple (TC Direct, Ménchengladbach, Germany) inserted into the center
of the copper cold finger. The 2 mm diameter copper cold finger was de-
signed to securely hold 30 mm long, 2 mm inner diameter Kapton tubes
(Goodfellow, Huntingdon, UK) with a perfect seal so, that the 3% w/v
sucrose sample solution could be injected directly into the Kapton tube
mold using a 1 ml Luer-Lok Tip syringe (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) equipped with a 20 Gauge (0.908 mm outer diam-
eter), 38.1 mm (1.5 inch) long industrial dispensing tip (CML Supply LLC,
Lexington, Kentucky, USA). For thermal insulation and draft protection,
a 4 mm inner diameter, 60 mm long Kapton tube (Goodfellow, Hunting-
don, UK) was secured on the 4 mm diameter portion of the cold finger.
This new, custom-designed, and rotationally symmetric miniature in situ
freeze-casting system maintained a very precise alignment of the rotation
axis. The time-to-angle stability was ensured by the rotation stage con-
troller. A rotational symmetric design was helpful to maintain accuracy.
With this setup up to 20 tps could be acquired continuously during the
solidification process, with a 180° rotation required for each tomogram.

Local Cooling Rate, C, and Temperature Gradient, G, Measurements with
a Thermocouple Mold: A custom-made thermocouple (TC) mold was
manufactured by inserting 0.5 mm wire diameter T-type thermocouples
(TC Direct, Ménchengladbach, Germany) at 2 mm intervals along the
2 mm inner diameter Kapton tube with the first TC placed at 0 mm mold
height, H, thus directly onto the cold finger surface. The time-temperature
curve of each thermocouple was recorded during the freeze casting of a
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3% w/v sucrose sample solution. The time points at which the 0 °C
isotherm reached each probe and height were determined. From this time,
temperature, and height data the freezing front velocity was calculated.
The local cooling rate, C, for each TC position was determined from the 0
°C to —1 °C temperature-time gradient. To calculate a local cooling rate,
C, and thermal gradient, G, for each mold height, H, an exponential de-
cay function was fitted to the local cooling rate versus probe position
curve (Figure S4, Supporting Information).

Tomoscopy: The term tomoscopy was reintroduced for time-resolved
studies performed with the explicit aim to explore in 3D the dynamics
of structure formation in materials.[’l The name was derived in analogy
to the term radioscopy, which is time-resolved radiography. Synchrotron
X-ray tomoscopy was performed at the TOMCAT beamline of the Swiss
Light Source (SLS), Paul Scherrer Institute (PSI), Switzerland, which is
dedicated to time-resolved X-ray imaging.[?’]

The polychromatic beam generated by a 2.9 T superconducting bending
magnet was reduced in size, with the beamline front end slits, to a field of
view of 2.5 x 2.7 mm? at the sample position. The bottom of the field of
view was 1.94 mm above the top of the copper cold finger. To limit the heat
load on both the sample and the detector system, while maintaining a high
photon flux at higher X-ray energies, the lower energies of the beam were
reduced in intensity with a 1.525 mm thick single crystalline Si wafer and a
stack of eight 1 mm thick borosilicate microscope slides. The maximum of
the resulting energy spectrum thus shifted to >30 keV. Edge effects were
avoided using samples that were at least 10-100 times larger in size than
the features of interest. Typical freezing front velocities of 5-30 um s~" and
resulting feature sizes in the range of 10-200 um,[60:¢10.1524] 3 sample
diameter of 2 mm, and a tomoscopy rate of at least one tomogram per
second (tps) ensured high-resolution datasets with a voxel size of 2.75 x
2.75 % 2.75 um3.

The X-ray intensities transmitted and propagated through the sample
were collected at a distance of 235 mm and converted into visible light by
a 150 um-thick LuAG:Ce scintillator (CRYTUR, spol. s r.o., Turnoyv, Czech
Republic), guided and magnified with a High Numerical Aperture White-
Beam Macroscope (Optique Peter, Lentilly, France)[?’! to the CMOS de-
tector of the GigaFRoST high-speed cameral?®! providing an image of 912
x 980 pixels, with an effective pixel size of 2.75 x 2.75 um? and a mea-
sured resolution of 6 um.[°] One effect to consider, which could adulter-
ate the results in the case of tomoscopy was centrifugal forces. With a
radial acceleration of a = 47%f?r, and a rotation frequency of f = 1 Hz,
the acceleration at the inside of the T mm radius Kapton tube (outer
part of the sample) would be a = 0.04 m s™2 ~ 0.004 g (gravitational
acceleration g = 9.81 m s72), which was negligible, so that the sam-
ple rotation during freezing was not expected to cause artifacts during
solidification.

Data Acquisition and Processing: The tomoscopic experiments were
performed at 1tps, rotating the sample at 1 Hz and recording a tomogram
each second with a total of 500 projections over 180° and an exposure time
of 1 ms per projection. The images collected by the GigaFRoST high-
speed camera were transferred via eight parallel fiber-optical data connec-
tions to a backend server with transfer rates of ~8 GB s~! and written, in
parallel, to a high-performance file system.[?%] A live preview of the exper-
iment allowed to monitor the evolution of the sample, acting as a simu-
lated radioscopy during the evolution of the experiment, so that the pro-
cess parameters could be adjusted ad controlled during the experiment, if
necessary.

The acquired projections were first filtered with a single-distance
propagation-based phase contrast algorithm[?’] with a §/p-ratio of 100
at a propagation distance of 235 mm, and then reconstructed using the
gridrec algorithm.[28] The motion of the solidification front was tracked
along the vertical z-axis, with the region horizontally divided into patches
and the solid-liquid interface being defined as the location of the intensity
transition from the solidified to the still liquid phase.

Segmentation of the different phases was performed using a simple
threshold approach. A single lamella was selected, using a classical wa-
tershed algorithm on the ultimate binarized volume. The lamella was first
selected manually and then dilated to create a mask, which was then ap-
plied to all binarized volumes of the imaging sequence. Morphological
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filters were used to remove components of no interest, such as the liquid
phase, for example.

The local thickness of ice crystals was calculated after segmentation
using the Image] plugin “LocalThickness” [?°! whereas the mean local
thickness was calculated by averaging the obtained values over each hor-
izontal slice of the volume along the z-axis. The horizontal in-plane ori-
entation of the lamellae was quantified using the Image| plugin package
Orientation).13% In this process, local orientations were calculated using
the structure tensor of the input image and displayed for its respective
location.31] The spatial extent of the ice crystal was determined by prin-
cipal component analysis on the segmented individual lamella. 3D views
were generated using either Image), Dragonfly (version 2021.1, Object Re-
search Systems, Montreal, Canada) or Avizo (version 9.0.1, Thermo Fis-
cher, Waltham, USA).

Desktop Tomography: The ex situ freeze-cast sucrose scaffolds were
imaged by a desktop X-ray microtomography system (Skyscan 1272,
Bruker, Kontich, Belgium), operating at a source voltage and current of
50 kV and 200 A, respectively. The 360° scans were performed with a
step size of 0.1°. The acquired projections of 2940 x 3280 pixels with an
effective pixel size of 1.5 X 1.5 um? resulted in a horizontal area of 4.4 x
4.4 mm? and a vertical height of 4.9 mm. The automatic oversized scan
was performed to stack in the vertical direction and cover the entire height
of the scaffold (~32 mm). Reconstructions and visualizations were ob-
tained with the NRecon (version 1.6.9.8, Bruker, Kontich, Belgium) and
CTVox software (version 3.0.0, Bruker, Kontich, Belgium). Lamellar spac-
ing and cell wall feature sizes were measured with Fiji (version 1.53f51) at
the scaffold heights of 10 and 30.5 mm.

Statistical Analysis: ~ Statistical analysis was performed where possible.
The main experiment consisted of one sample being imaged a total of
270 times in successive scans. This allowed data processing in multiple
dimensions, such as three spatial directions and time, as illustrated by
the following example. To determine the height of the solidification front,
the cylindrical sample was first divided into 379 columns of 980 pixels to-
tal height, which corresponds to the tomographic volume height. Each of
the 980 elements of each column had a square cross-section with an area
of 32 x 32 pixels and was first represented by its median grey value, then
normalized by the initial grey value of the same element at t = 0's. In the
vertical direction, each column was smoothed with a 9 x 1 median filter.
The transition from solid to liquid was defined as the maximum negative
grey value gradient. Then, a median value was calculated for the entire so-
lidification front across all 379 columns and plotted in Figure 2b, using
for the error the standard deviation with respect to the mean value. To ob-
tain the freezing front velocity, the first derivative with respect to time was
calculated from the freezing front progression. Finally, a Savitzky-Golay
smooth filter was applied with a polynomial order of 2 and a window size
of 5.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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