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ABSTRACT: Aerogels are attracting increasing interest due to
their functional properties, such as lightweight and high
porosity, which make them promising materials for energy
storage and advanced composites. Compressive deformation
allows the nano- and microstructure of lamellar freeze-cast
aerogels to be tailored toward the aforementioned applications,
where a 3D nanostructure of closely spaced, aligned sheets is
desired. Quantitatively characterizing their microstructural
evolution during compression is needed to allow optimization
of manufacturing, understand in-service structural changes, and
determine how aerogel structure relates to functional proper-
ties. Herein we have developed methods to quantitatively
analyze lamellar aerogel domains, sheet spacing, and sheet
orientation in 3D and to track their evolution as a function of increasing compression through synchrotron phase contrast X-
ray microcomputed tomography (μCT). The as-cast domains are predominantly aligned with the freezing direction with
random orientation in the orthogonal plane. Generally the sheets rotate toward flat and their spacing narrows progressively
with increasing compression with negligible lateral strain (zero Poisson’s ratio). This is with the exception of sheets close to
parallel with the loading direction (Z), which maintain their orientation and sheet spacing until ∼60% compression, beyond
which they exhibit buckling. These data suggest that a single-domain, fully aligned as-cast aerogel is not necessary to produce a
post-compression aligned lamellar structure and indicate how the spacing can be tailored as a function of compressive strain.
The analysis methods presented herein are applicable to optimizing freeze-casting process and quantifying lamellar
microdomain structures generally.
KEYWORDS: freeze-casting, architectures, nanomaterial, micro domains, MXenes, time lapse imaging

AEROGELS AND THEIR CHARACTERIZATION

Freeze-cast aerogels are an emerging class of materials
exhibiting 3D architectures comprising sheets, tens of nano-
meters in thickness, within a 3D hierarchical structure. Control
of the aerogel nano- and microstructure is key to tailoring them
for high performance applications. Compression is a simple
and effective way of modifying the sheet spacing and
alignment.1 Compressed aerogels are finding applications in
an array of technologies including supercapacitors,2 compo-
sites,3 sensors,4 and oil cleanup.5 To precisely control their
processing, methods for quantitatively analyzing and under-
standing the changes in aerogel architecture in three
dimensions as a function of compression are needed which is
the focus of this paper.

Aerogel manufacture via freeze-casting involves applying a
temperature gradient to induce unidirectional freezing of a
colloid, which causes the solid phase to be rejected by the
growing ice crystals to the last to solidify interdendritic regions,
followed by sublimation of the solvent, often followed by
sintering to consolidate the structure (in ceramic suspen-
sions).6 A high degree of nano- and microstructural control
over the as-cast aerogel is achieved by varying manufacturing
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parameters such as freezing rate, temperature gradient, colloid
particle size, shape, and concentration, and use of different
freezing agents or additives7 enabling a wide range of
architectures at the nano-, micro-, and mesoscales. Aerogels
can display a wide range of microstructures including cellular,
honeycomb, lamellar, and radial (Figure 1a−e) configurations.
Aerogels often form domains which are clearly identifiable in
lamellar structures; these domains can be tailored in terms of
domain size, domain angles, and sheet spacing (Figure 1f−k).
At the finest level they tend to comprise individual sheets, of
varying sheet thickness, openings, and networks, and can be
made up of plates or fibers for instance (Figure 1l−q).
For electrode applications, highly aligned sheets of high

packing density are desirable to increase volumetric
capacitance.8 For composites, compressive straining allows a
desired volume fraction of the aerogel phase to be attained
prior to infiltration of a second material phase.3 In sensors and
oil cleanup applications, aerogels are designed for repeated use,
whereby the sample must withstand many (>10 000 for sensors
and >35 for oil cleanup, respectively) compression and
relaxation cycles.4,5 Across all applications, it is essential to
determine what effects the nano- micro- and mesostructural
features of a given aerogel have on its behavior during
compression to predict and control domain collapse and to
guide material design.9

Several methods have been used in the literature to study
aerogel microstructures,9,18 however, they have been used
inconsistently across studies. Pycnometry and porometry can
quantify porosity, the volume of the solid phase of the aerogel
and specific surface area.18 However, these methods give no
indication of many features characteristic of aerogels which
impact on functional properties, such as domain size or sheet
inclination angle. Scanning electron microscopy (SEM) is
commonplace for observation of aerogel sheet spacing and
arrangement. While one can infer the 3D geometry from SEM
imaging,9 SEM is a surface imaging technique requiring cutting
and stereology to assess internal structures. By contrast, X-ray
computed microtomography (μCT) offers nondestructive 3D
imaging, which also has the advantage that microstructural
changes can be tracked over time. Synchrotron source μCT has
previously been used to observe aerogel sheet and domain
formation during freeze-casting in real-time,19 to analyze
aerogel structures resulting from varying manufacturing
parameters,20 and to follow in situ structural rearrangements
of polymer foams during compression.21 A particular challenge
for the imaging of MXene aerogel is the aspect ratio of features
of interest. The domains can span the full height of the sample
(several mm) in the solidification direction, yet the thickness
of lamellar sheets making up the domains can be as fine as tens
of nanometers, produced from coalesced single-atom-thick
particulates.2 Synchrotron μCT lends itself to imaging high

Figure 1. Structural features associated with aerogels. Aerogel architectures include (a) cellular,10 (b) honeycomb,11 (c) lamellar
multidomain,12 (d) lamellar single domain,12 and (e) lamellar radial.13 Typical domain structural parameters illustrating (f) small pore size/
sheet spacing,7 (g) larger pore size/sheet spacing.7 (h) unaligned sheet/domain angles,14 (i) greater alignment of sheet/domain angles,14 (j)
small domain size,15 and (k) larger domain size.15 Sheet/wall structural features include (l) large wall/sheet thickness,16 (m) smaller wall/
sheet thickness,16 (n) wall/sheet openings,2 (o) wall/sheet bridges,10 (p) plate-like wall composition.13 (q) fibrous wall composition.17 (a,o)
Reproduced with permission from ref 10. Copyright 2017 American Chemical Society. (b,b(inset)) Reproduced with permission from ref 11.
Copyright 2008 ACS Publications. (c,d) Reproduced with permission from ref 12 Copyright 2019 under a Creative Commons CC BY 4.0
License from MDPI. (e,p) Reproduced with permission from ref 13. Copyright 2018, ACS Publications. (f,g) Reproduced with permission
from ref 7. Copyright 2019 Elsevier. (h,i) Reproduced with permission from ref 14. Copyright 2012 Elsevier. (j,k) Reproduced with
permission from ref 15. Copyright 2018 under a Creative Commons CC BY 4.0 License from MDPI. (l,m) Reproduced with permission
from ref 16. Copyright 2006 American Association for the Advancement of Science. (n), Reproduced with permission from ref 2. Copyright
2019 American Chemical Society. (q) Reprinted with permission from ref 17. Copyright 2017 American Chemical Society.
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aspect-ratio features, as seen in aerogels, by taking advantage of
phase contrast capability, as nanofiber studies have demon-
strated.22

Visual inspection is often used to provide a qualitative
assessment of aerogel domains,23,24 however, automated
quantitative image analysis offer a rapid, less-subjective
alternative. Sheet spacing and sheet thickness can be
determined using lines drawn perpendicular to sheet
orientation, as commonly used for the analysis of 2D
micrographs,25 or using the ImageJ “local thickness” plugin,20

which effectively computes the largest sphere that can fit within
a pore space. A similar approach is to use a distance map to
identify, separate, and quantitatively measure the pores
between sheets, which has been successful in identifying and
separating particles.26 The ImageJ “directionality” plugin has
also been used to identify domains based on orientation of the
sheet-pore boundary,27 but this method can be less accurate
where sheet roughness is present.28 Domain orientations can
be determined via greyscale gradient using local Fourier
transforms,25 as proposed by Jeulin et al.29 Here we determine
sheet spacings using the distance map approach and identify
domain orientations using the Fourier transform method.
Quantification and mapping of aerogel structure, in both the

as-manufactured and in-service states, is necessary for the
comparison and development of aerogels. We provide a
framework for the quantitative analysis of aerogel domains
using synchrotron phase contrast μCT (in our case using the
ID15 beamline at the European Synchrotron Radiation Facility
(ESRF)). Further, we characterize the collapse mechanisms
that operate within this lamellar structure during uniaxial
compression. This analysis has been applied to characterize the
behavior of freeze-cast MXene (2D Ti3C2Tx) aerogel,2

comprising 2D MXene, which is a class of material reported
in 201130 and freeze-cast in 2019.31 The collapse mechanisms
and change in sheet spacing of MXene aerogels governs their
electrochemical performance in supercapacitor applications,2

and compression guided structural changes can influence
mechanical properties for composite applications, therefore

quantitative analysis of MXene aerogel compression offers
scope to guide and control functional and mechanical
properties. While the analysis methods discussed herein are
widely applicable, this system demonstrates the capability of
the method to quantify fine nanoscale features.

RESULTS AND DISCUSSION

Aerogel Visualization by μCT. A comparison of the same
region of aerogel by SEM and μCT (see Figure 2) confirms
that, despite the relatively large voxel size of the μCT ((1.25
μm)3) compared to the sheet thicknesses (1−18 stacked
MXene flakes, corresponding to a thickness of 10−50 nm),2

the great majority of the sheets are detected, however, it does
mean that fine nanoscale features (see Figure 2d, orange
arrow) appear to be thicker (1 voxel or more) than that
revealed by SEM observations (Figure 2c, orange arrow).
Similarly, the sheets appear to be much thicker when viewed
by μCT when compared to SEM images (Figure 2c,d, white
arrow). That they can be detected at all is in part due to the
phase contrast which introduces fringes at the boundaries of
features,32 enhancing their visibility, but the coarse voxel size
precludes recording their actual width. This makes the
approach well suited to the imaging of the architectures and
morphologies of the nanothickness aerogel sheets but not their
volume fraction, wall thickness, or nanosized features, such as
surface texture.

As-cast Aerogel Microstructure. A 4.2 × 4.2 × 10 mm3

region in the center 10 × 10 × 10 mm3 of the sample was
imaged by synchrotron source μCT at a voxel size of 3.1 μm,
permitting observation of many domains over the full height of
the sample (Figure 3). The full data set has been made
available online.33−35 From this figure, it is clear that the
aerogel exhibits a lamellar structure arranged in domains made
up of equally spaced, parallel sheets of material. These domains
are oriented such that their sheets are preferentially aligned
with the freezing direction (Y) but with their plane normals
“randomly” oriented in the XZ plane. Adjacent to the sample

Figure 2. MXene aerogel sample with a section of the aerogel removed by plasma focused ion beam milling imaged at low (top) and high
(bottom) magnification by (a) SEM and (b) laboratory source μCT in the form of a segmented 3D view (voxel size 1.25 μm). Arrows
indicate the same features observed by both imaging techniques.
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edge, at the top and bottom of the scanned volume, there is
preferential alignment orthogonal to the sample edge. The
structure of the domains and sheets are discussed in turn
below.
Aerogel sheet orientation was determined using a custom

Avizo module, which has been made available online.36 To
identify the domains and measure their orientation they have
been classified according to the polar angle (φ) of their sheet
normal relative to the loading direction (Z), binned in 10°
increments, as illustrated in Figure 4 for a small region of

interest. Alignment of the sheets with respect to the X
direction of the sample is expressed in terms of the azimuthal
angle (θ) projected by their plane normal. Looking at the
scanned volume in Figure 5 segmented in this manner, it is
clear that the domains are randomly orientated within the XZ
plane except near the sample boundaries.
To assess the orientations of the sheets, the plane normals

for all the planes in the scanned volume are plotted using a
stereographic projection in Figure 6. This confirms that all the
planes are oriented such that they are parallel to the freezing

Figure 3. (left) Virtual CT cross-section (central slice) of the as-cast aerogel sample viewed on the XZ plane with the cast boundaries at the
top and bottom, (right) a 3D rendering of a region of interest taken from within one domain, showing a perspective view and three
orthogonal views from the region of interest (orthogonal views are 80 μm deep) (red vectors represent the freezing direction (Y)).
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direction (Y axis), with their plane normals all approximately
randomly oriented in the XZ plane, although with a slight
preference for angles close to the X-direction (Figure 6). The
alignment of sheets with the freezing direction (Y) is not
precise; the normal sheet angle interquartile range in θ was 21°
(from −15° to 6°) with respect to X (Figure 6). The freezing
rate is known to affect the alignment of the building blocks in
the freezing direction.37 Previous studies have found tilt about
the freezing direction to be more prevalent at reduced aerogel
freezing velocities, in particular, below 3−3.5 μm s−1, with tilt
of up to 4.5° being reported.19 However, the freezing velocity
in the present study, where unidirectional freezing was
performed, was much higher at 15.43 μm s−1, therefore the
much higher tilt interquartile range of 21° was unexpected.

This may be due to additional manufacturing parameters, such
as the nature of the building blocks (cellulose microfibrils
versus 2D sheets of MXenes) or induced directionality during
freezing also affecting tilt, or could be due to differences in the
methods of calculating sheet tilt between studies. Past
literature has considered freeze-casting of other type of
materials (cellulose, ceramics etc.), however, further inves-
tigation on the effect of different freezing velocities during
freeze-casting of 2D materials would be of interest.
It is clear from Figure 5b and Figure 3 (left) that near the

top and bottom of the scanned volume (adjacent to the mold
surfaces) a large proportion of the domains are oriented in φ at
80−90°, i.e., normal to the mold wall. This distribution
indicates that, unsurprisingly, sheet orientation is influenced by

Figure 4. Region of interest taken from the center of the sample showing (a) A virtual CT section showing the aerogel sheets (white) (top)
and a 3D segmented rendering of the aerogel sheets (bottom). (b) Virtual CT section showing the domain orientations segmented (in 10°
bins from dark red to pale yellow) according to their sheet normal orientation (polar angle φ) (top) and the corresponding 3D segmented
view of the domains alongside the aerogel sheets (bottom) (some of the voxels are rendered transparent to better visualize the 3D data in
this image).

Figure 5. Scanned volume of the as-cast aerogel sample. (a) Volume rendering of segmented domains from μCT data (some voxels rendered
transparent to ease visualization). (b) Analysis of the proximity of each voxel to the closest sample edge (top or bottom of the scanned
volume) binned by sheet normal polar angle, φ (0° = horizontally aligned sheets, 90° = vertically aligned sheets).
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the mold walls during freezing, and further, that sheets closer
to the edge may preferentially align normal to the wall. This
effect has been seen previously in radial aerogels (Figure 1e).13

Within the domains, the mean sheet spacing was 33.0
(±11.1) μm throughout the whole scanned volume. There was
no significant difference in sheet spacing in the as-cast sample
(0% compression) when comparing domains of different
angles, however, much larger sheet spacings are evident in
Figure 3 in the domains adjacent to the mold walls (within
∼400 μm of the top and bottom of the scanned volume),
suggesting that sheet spacing is also influenced by the mold
wall.
Microstructural Evolution during Compression. It is

helpful to follow the structural changes that take place during
compression at the three structural levels, namely at the level of
the whole structure, the domains, and the sheets. At the level
of the whole aerogel structure, the evolution of the aerogel
during compression is shown in Figure 7, where bands of
reorientation develop as neighboring domains with similar
initial orientation all realign toward the horizontal (seen as
dark bands developing in Figure 7 as compression increases).
Observing the evolution of domain size and aspect ratio shows
little change with compression (Figure 7). As the sample was
compressed, the sheets within individual domains rotate
(Figures 7 and 8), meaning that the normal of the aerogel
sheets becomes more aligned with the loading direction (φ
tends toward zero) with increasing compression. However, for
those domains within 400 μm of the sample edge, where sheets
are initially aligned perpendicular to the edge, the sheets do
not reorient significantly (in φ) with increasing compression
(Figure 8b), as discussed further below, although a
reorientation in θ (the alignment with the freezing direction,
Y, is apparent in this region.
The predominant intradomain behavior up to 50%

compression is a reorientation of sheets toward the normal
to the loading direction (Z) and simultaneous reduction in the
sheet spacing (Figure 9a,b), with the exception of sheets
initially aligned parallel with the loading direction (φ ≈ 80−
90°), which largely maintain their alignment and their sheet
spacing (Figure 9c). Evidence of this is shown in Figure 9c,
and quantitative evidence is provided from the analysis of the
evolution of sheet spacing for domains of different angles
(Figure 10). These site-specific behaviors give rise to the global

behavior shown in Figure 8a of a reorientation toward the
normal to the loading direction.
The resistance of domains oriented at φ ≈ 80−90° to

rotation can explain the behavior of domains located within
400 μm of the sample edge. Here, little sheet rotation or
compaction was seen in these domains up to 50%
compression. Resistance to compaction at the sample edge is
contrary to the behavior typical of cellular foams, which exhibit
early failure in the zone adjacent to the platen due to a lack of
lateral support at the edge.38 Connectivity between sheets or
walls may have less impact on aerogel collapse than it does in
cellular foams, and instead, sheet orientation appears to be a
more important factor in the compaction under compression.
Not all the similarly oriented domains behave the same. This

is due to the different local environments, whereby the
neighboring domains affect the behavior of a given domain,
giving rise to localized interdomain behavior. Figure 9e shows
a domain initially at φ ∼ 45°, which exhibited a lower
reduction in sheet spacing than expected during compression,
however, the domain was constrained from rotation due to a
neighboring domain of φ ∼ 90°. Similarly, regions of shielding
were also observed, whereby adjacent φ ∼ 90° domains
prevented a reduction in the sheet spacing of neighboring
domains (Figure 9c, white arrow).
While domains initially at φ ∼ 90° remained largely

unchanged up to 50% compression, their sheets started to
exhibit buckling at 60% compression such that by 80%
compression their compressive strain is similar to surrounding
grains, as observed during a complementary laboratory source
μCT in situ compression study (Supporting Information,
Figure S1). Sheets in smaller vertically aligned domains (φ ∼
90°) exhibit buckling before 50% compression (Figure 9b, red
arrow), suggesting that domain size has an effect on the onset
of deformation by buckling of domains aligned initially at φ ∼
90°.
The buckling and reorientation of domains initially at φ ∼

90° has implications for applications where a single-domain
aerogel is considered desirable, such as for energy storage
materials, where sheet alignment impacts capacitance,2 or in
composite manufacture, where sheet alignment affects
mechanical properties.3,39 The development of an essentially
uniform sheet spacing with an absence of large pores by 80%
compression suggests that a single domain aerogel may not be
necessary in the manufacture of compressed aerogel
composites such as biomimetic nacre.3,39 Similarly, aerogels
for energy storage are typically manufactured with higher levels
of compression (>80%) so may also not require a single
domain aerogel.2 Conversely, if compression of <50% is
desired, a single domain lamellar aerogel (Figure 1d) may be
better suited.
Simple modeling of the reorientation of the sheets under

compression indicates that the reorientation and reduction in
sheet spacing occur broadly in line with affine deformation for
a material with a Poisson’s ratio of zero (Figure 11). While this
model does not include sheet buckling or interdomain effects
(e.g., shielding), a Poisson’s ratio of zero is in agreement with
the absence of lateral deformation during compression of the
sample. While this predicted behavior (Figure 11a) largely
agrees with the observed behavior (Figure 10), there are some
notable differences. First, zero Poisson’s ratio predicts no
change in sheet spacing of domains oriented at φ = 80−90°,
and second, a greater rate of change in sheet spacing is
observed at 10% compression than that which is predicted, for

Figure 6. Stereographic projection showing the probability density
function of the sheet normals throughout the imaged region of the
as-cast sample (where a probability of 1 represents the expected
density for a random distribution).
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all domain orientations. These differences may be due to
interdomain effects and sheet buckling.
Zero Poisson’s ratio has been observed previously in some

cellular and lattice materials including cork40 and semire-
entrant honeycomb41,42 and accordion honeycomb43 struc-
tures which deform via undulating walls. Zero Poisson’s ratio is
desirable where lateral strain during tension or compression is
undesirable, and such materials can also be formed into tube
structures without saddle or doming which occurs with + ve
and −ve Poisson’s ratio, respectively, for potential use in
tubular sandwich structures.41 As with other zero Poisson’s
ratio materials, while the zero Poisson’s ratio is an appropriate
description of the material on a global level, this is not
appropriate at finer scales of the hierarchical structure when
considering the material itself which makes up the aerogel
sheets.

It would be of interest to consider whether the findings of
the present study are representative of the compressive
deformation of aerogel microstructures in general, having
different wall thicknesses, sheet spacing, bridges, and pore
arrangements, along with nonlamellar aerogels (e.g., honey-
comb). Consequently, the extension of this work to aerogels
produced with varying freeze-casting parameters is recom-
mended in future work, and the quantification algorithms
described here would be appropriate to quantifying a wide
range of these. Additionally, obtaining the stress−strain curve
during compression would enable linking between structural
change and stress−strain response. Going forward, the
development of methods to test the mechanical properties of
walls is also recommended to enable identification of the
relationship between wall properties and microstructural
evolution during compression. Additionally, observing aerogel
behavior during unloading would be of interest for applications

Figure 7. Aerogel structure and domain evolution during compression. (top) μCT data with overlaid colors indicating domain orientation
identified by sheet normal polar angel, φ (0° = vertically aligned sheets, 90° = horizontally aligned sheets), (a) prior to compression, and
evolution of the domains after (b) 25% compression and (c) 50% compression. All images represent the center slice of the scanned volume.
The top and bottom of all three views correspond to the top and bottom of the sample adjacent to the compression platens. (In a, a′, b′, c′,
and e′, highlight areas of interest where a domain is oriented at ∼0°, ∼ 45°, ∼ 90°, and ∼45° respectively. d′ highlights an area close to the
sample edge. A magnified view of these highlighted areas are shown in Figure 9.) (bottom left) Domain cross sectional area in XZ. (bottom
right) Aspect ratio of domain cross section in XZ, where 1 corresponds to a circular cross section.
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where repeated compression and relaxation cycles would be
applied in-service. The analysis methods employed here can be
also used to characterize the behavior or a wide variety of
materials having a domain structure, either open structures
such as the one considered here or infiltrated composite
structures.

CONCLUSIONS
Compression allows a controlled modification of the lamellar
aerogel structure, providing control over sheet orientation and
spacing as a function of applied deformation, as revealed by
μCT. Through the quantitative analysis of μCT images, we
have developed methods to accurately characterize the freeze-
cast aerogel across multiple scales of this hierarchical structure
and to monitor their evolution as a function of processing. This
allows for more precise engineering of the microstructure
through the application of well-defined straining.
Compressive straining (up to 50% strain) results in

progressive realignment of sheets normal to the loading
direction along with reduction in sheet spacing, with the
exception of domains initially aligned with the loading
direction which maintain orientation and sheet spacing until
buckling, which results in large pore opening.
The compression behavior observed experimentally is

broadly in agreement with a Poisson’s ratio of zero. Indeed,
lamellar aerogels may find applications where lateral
deformation is unwanted, such as where the material will be
formed into tubular structure, or in developing composites
which exhibit no lateral strain.

EXPERIMENTAL METHODS
Aerogel Sample Manufacture. The MXene aerogels were

prepared as described by Bayram et al.2 Briefly, 2D Ti3C2Tx (titanium
carbide, particle size ∼2 μm) were produced via selective etching of Al
layer from MAX phase-Ti3AlC2 (titanium aluminum carbide) (Drexel

University, USA). The resulting reaction mixture was washed several
times to reach a pH above 6. The 2D Ti3C2Tx in degassed water were
exfoliated with sonication for 1 h at room temperature, and then the
concentration of the 2D Ti3C2Tx in water was adjusted to 15 mg/mL.
Next, 0.75 mL of the particle suspension was poured into a PTFE
mold, with a 1 cm × 1 cm square base, which was attached to a
copper coldfinger. No binders or additives were added to the colloidal
solution. The solution was then frozen down to −70 °C starting from
RT, with a freezing rate of 5 °C/min. Once frozen, samples were
transferred to a freeze-drier (FreezeZone, Labcanco, USA) and freeze-
dried for 48 h, leaving the intact 10 mm cubic aerogel structure. Visual
inspection confirmed that freeze-drying did not result in significant
sample shrinkage.

Comparing Focused Ion Beam-SEM with Laboratory μCT
Imaging. An aerogel sample was mounted to a 45° pretilted sample
holder using silver paint with the bottom surface of the aerogel (the
surface adjacent to the coldfinger during freeze-casting) facing
upward, then allowed to dry at room temperature overnight. A
fresh surface was cut from the edge of the sample using an FEI Xe+

plasma focused ion beam, operated under 30 keV and 0.18 μA (FEI
HELIOS Plasma FIB and SEM; Thermo Fisher Scientific, MA, US).
This exposed the internal microstructures of the aerogel, which was
then imaged using SEM at 5 keV and 85 pA.

The sample, still adhered to the pretilted SEM sample holder, was
next loaded into a Versa XRM-520 (Zeiss, Oberkochen, Germany)
controlled by XRM scout-and-scan control system (v.1.1.5707.17179;
Zeiss, Oberkochen, Germany), and the notched region of the sample
was μCT imaged. Voltage and power were set to 70 kV and 6 W,
respectively. The source to sample and sample to detector distances
were 43 and 73 mm, respectively, along with 4× magnification,
resulting in an isotropic voxel size of 1.25 μm and scanned volume of
2.5 × 2.5 × 2.5 mm3. The 3001 projections were taken through 360°
of rotation using 75 s exposure time. This imaging setup provided
some phase contrast, which enhanced visibility of aerogel sheets.

Data was reconstructed using Zeiss Scout-and-Scan reconstructor
(Zeiss, Oberkochen, Germany), followed by visualization using Avizo
(version 2019.3; Visualization Sciences Group, Oregon, USA). No
filter was used during imaging analysis and segmentation was

Figure 8. Stereographic projection showing the probability density function of the sheet normal directions (a) throughout the whole scanned
volume and (b) the 400 μm adjacent to the top edge of the sample; before compression (left), after 25% compression (middle), and after
50% compression (right). Compression applied in the Z direction.
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performed manually based on greyscale thresholding of intercon-
nected voxels.
Synchrotron μCT Imaging and in Situ Compression. A

custom-made rig was manufactured to compress the aerogel sample to
a given height and then maintain the position during μCT imaging.
The rig consisted of a polystyrene chamber (1 mm wall thickness) in
which the sample was compressed between two flat acrylic platens.
Compression was driven by the turning of four nuts along threaded
rods, which, in turn, depressed the top platen; one full rotation of the
nuts depressed the sample by 0.5 mm. Samples were loaded as-cast
into the compression chamber in the orientation shown in Figure 12.
The sample was imaged without compression, followed by subsequent
scans after compression increments of 5% strain to a maximum of
50% strain. Compression was applied aligned with the Z axis
(perpendicular to the freezing direction) (Figure 12).
Synchrotron μCT imaging was performed at the European

Synchrotron Radiation Facility on the ID15A beamline. Imaging
was performed at 40 keV energy and 100 ms exposure time, taking
1500 projections around 180° of sample rotation. Sample to detector

distance was 100 mm to allow some in-line phase contrast in order to
enhance visibility of the aerogel sheets. This provided a voxel size of
3.2 μm and a 4.4 mm field of view to image the central portion of the
sample. Reconstruction was performed using a filtered back projection
algorithm provided by ESRF. Up to three scans were taken at each
compression step in order to image the full height (in Z) of the
sample, which were later stitched together manually using Avizo
(version 2019.3; FEI Visualization Sciences Group). The μCT data
sets have been made available.33−35

Microstructural Analysis; Sheet Orientation and Domains.
Sheet orientation and domain analyses are summarized in Figure 13.
Sheet orientation was determined using a custom-written Avizo
module,36 which divided the 3D data set into user defined subvolumes
and computed the fast Fourier transform of each subvolume. By
determining the eigenvector associated with the minimum eigenvalue
of the inertia matrix of the Fourier transformed block, the custom
Avizo module outputs the vector normal to the aerogel sheets within
each subvolume, defined by angles φ and θ (Figure 4). The optimal
subvolume size was determined to be 20 voxels for the present data

Figure 9. Subvolumes of the CT data in the central slice, showing (a) sheet spacing reduction, initially 0° φ orientation; (b) sheet spacing
reduction and rotation, initially 45° φ orientation; (c) buckling, initially 90° φ orientation, (d) the sample edge (e) shielding, initially 45° φ
orientation. Figure shows (far left) uncompressed sheets with overlaid domains (identified by sheet normal polar angle, φ), (mid left)
uncompressed sheets, (mid right) sheets following 25% compression, and (far right) sheets after 50% compression. (a−e correspond to
Figure 7a,; a′, b′, c′, d′, and e′. Blue line = domain of interest, red arrows = sheet buckling and pore opening (buckling also seen within the
highlighted (d) domain), white arrow = shielding region.)
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and used throughout. Angle φ defines the orientation of sheets with
respect to the axis of applied compression (Z axis), of interest to
determine how sheets realign with increasing compressive strain. To
discern between and visualize aerogel domains, the data set defining φ

Figure 10. Sheet spacing within the domains as a function of the
degree of compression, according to sheet normal polar angle, φ.

Figure 11. Evolution of aerogel during compression, predicted by assuming zero Poisson’s ratio. (a) Predicted change in sheet spacing for
domains of different initial sheet normal polar angle (φ). (Inset) Schematic of the assumed behavior (zero Poisson’s ratio). (b) Distribution
of sheet normal polar angle (φ) expressed as relative density whereby values of 1 for all angles would represent a random distribution,
comparing experimental measurements with predicted values.

Figure 12. Sample orientation during imaging and compression.
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(which ranged between 0° and 90°) was binned into 10° intervals and
segmented. This defined all neighboring voxels as belonging to the
same domain if φ was within the same 10° interval. The segmentation
was then smoothed in 3D using a smoothing factor of 2. The
segmented domains were overlaid onto the CT data for visualization.
Domain cross sectional area and ferret shape (aspect ratio) were
calculated in XZ on the center slice using the label analysis module in
Avizo.
To determine the positional distribution of domains, the distance

from the closest sample edge (being the upper or lower boundaries of
the scanned volume; Figure 3) was calculated for each voxel, for each
10° interval, using Matlab44 (2017a, Mathworks, MA, US). Sheet
normal azimuth (θ) and polar (φ) angles were imported into Matlab,
and the stereographic projection probability density function was
plotted using the MTEX Toolbox (MTEX v5.4.0; open source
software available at https://mtex-toolbox.github.io/download).
Microstructural Analysis: Sheet Spacing. The sheet spacing

analysis method is summarized in Figure 13. 3D sheet spacing analysis
was performed on a cropped data set to allow practical computational
time; data was cropped in Y such that the center 60 voxels remained.
Data was also cropped in Z to remove 400 μm adjacent to the sample
edges (top and bottom of scanned volume), where very large sheet
spacing, uncharacteristic of sample midsubstance, was apparent
(Figure 3). Using Avizo, aerogel sheets were segmented, and then
the distance map was computed using the Euclidian method, which
assigns each voxel with the distance from the nearest segmented voxel
(in this case, the distance from aerogel sheets). The distance map was
exported as a 16 bit unsigned 2D tif stack. Sheet spacing was then
computed using Matlab by performing nonmaximal suppression
(using a 3 × 3 × 3 voxel search window) to remove all but local
maxima distance map values, which was then multiplied by 2
(necessary because the distance map local maxima values are half the
local distance between sheets). The mean of nonzero values within a
20 voxel search window was then calculated to produce the sheet
spacing matrix (excluding values less than 2, which represents sheet
roughness)45 which was then imported back into Avizo. The
segmented domains (produced during the sheet orientation and
domain analysis) were used to mask the sheet spacing matrix, which
effectively separated sheet spacing data by sheet normal angle φ
(binned into 10° angle intervals), allowing mean sheet spacing to be
plotted against sheet normal angle φ for each compression step.
Predicting the Compressive Response. Predictions were made

of how the distribution of domain φ angle would change with
compression, under three different assumed behaviors: zero Poisson’s
ratio, constant volume, and constant sheet length. Taking the domain
angles for the initial, uncompressed sample, the compressed sheet
angles (at 25% and 50% compression) were calculated for the three
assumed behaviors. Data was presented as sheet spacing for different

sheet normal polar angles (φ) at different compression steps and as
relative density, representing multiples of random distribution where
fully randomly distributed sheet angles would be represented by a
value of 1 for all angles. Only the zero Poisson’s ratio prediction has
been presented, which represented the closest agreement with
experimental data.
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