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Elastic composite foams with anisotropic lamellar microstructures were
formed by freeze-casting polyurethane dispersions with graphitic
additives. This anisotropy resulted in orientation-dependent mechanical
and thermal properties. Most importantly, the effective thermal
conductivity can be reversibly transitioned between anisotropic
and isotropic states by altering the thermal conductivity of the
contained atmosphere.

The ability to control the flow of heat is an essential contribution
towards an energy efficient use of our natural resources. Recent
efforts have been devoted to access thermal switches,” thermal
rectifiers,®* and thermal insulators>® by intricate material selection
and design. In particular, for thermal insulation applications,
porous materials represent the most highly investigated class of
materials. Nevertheless, most foams are isotropic materials leaving
the orientation-dependent thermal properties unoptimized. Future
insulation materials will, however, not only need to control the flow
of heat along a particular direction, but will also be required to be
dynamically tunable.” Such dynamic insulation materials, could
prevent heat loss and promote heat recovery by utilizing anisotropic
open-cell foams that are thermally insulating in the orientation
perpendicular to a wall, while thermally conductive in the parallel
direction. Therefore, we introduce polyurethane foams with a
strongly anisotropic microcellular structure. Most importantly,
we demonstrate the general guidelines to reversibly control
the thermal transport in such foams between isotropic and
anisotropic states. This paves the way towards future intelligent
thermal insulation materials.
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Conceptual insights

We present a new concept in the design of dynamic insulation materials with
external control over the magnitude and orientation of the thermal conductivity
within a porous material. We use thermal conductivity matching to realize two
states of thermal transport in polyurethane foam: isotropic and anisotropic.
Our system is based on an anisotropic foam skeleton comprising polyurethane
and a co-continuous gas phase. The thermal conductivity of the gas phase can
be adjusted using its pressure and its composition. Choosing the right
conditions leads to a match of the thermal conductivities of the gas and the
polyurethane phase. This allows the effective thermal transport properties of
the foam to be reversibly changed both in magnitude and orientation within
seconds. The thermal conductivity matching concept of our study is expected to
be applicable to other biphasic, co-continuous systems as well. Therefore, we
provide a general concept for future dynamic insulation materials. Our foams
are accessible vig a particularly simple method: freeze-casting of a polyurethane
dispersion. We show that the unique thermal transport properties are
combined with good mechanical stability and recoverability.

State-of-the-art thermal insulation is achieved by highly porous
and consequently lightweight materials.® Thereby, silica aerogels
resemble the most efficient class of materials, with thermal
conductivities reaching <30 mW m ' K ".>'° However, the
fabrication of highly porous silica aerogels requires in most
cases the use of supercritical drying."* Additionally, the resulting
porous monoliths are rather brittle.'> These shortcomings con-
tributed to a limited application of aerogel materials until now,
and only recently aerogel products have been commercialised,
e.g. by CABOT. Much more widespread are polymer-based foams,
which reach thermal conductivities as low as 177 mW m ' K *
(e.g. SLENTITE® from BASF).

Polymer foams combine the inherent low thermal conductivity of
the bulk polymer materials with a low density. Yet, their viscoelastic
properties render them more resilient to mechanical fatigue
compared to brittle aerogels. Polymer foams can be classified
into closed- and open-celled structures, depending on their cell
morphology. The most widespread and ubiquitous examples are
expanded polystyrene, a rigid, closed cell foam, and polyurethane
foams, which are elastic and open cell. Commercial polymer foams
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are fabricated via batch foaming, extrusion foaming or injection
molding; these processes result in pore sizes in the range of tens
and hundreds of micrometers."?

The introduction of nanosized pores strongly reduces the
overall thermal conductivity of a polymer foam. This is caused
by the Knudsen effect, which becomes dominant when the cell
size is on the same order of magnitude as the mean free path of
the internal gas phase (typically tens of nm).**** In this regime, a
reduction in cell size reduces the effective thermal conductivity.
If the morphology remains isotropic, the thermal transport
properties alter equivalently with the pore size, regardless of
the foam orientation.

A method that has recently evolved to access highly anisotropic
porous materials is freeze-casting. Here, a temperature gradient is
applied to direct the growth of ice crystals. Concomitantly, any
dispersed or dissolved material in the aqueous phase is rejected
from the growing ice crystals. After freeze-drying an oriented
network of the dispersed material, which corralled the ice crystals,
is retained.’® Freeze-casting itself has evolved into a vital field of
research, where remarkable structural control can now be
achieved.'”'® Freeze-casting of latex dispersions is characterized
by the evolution of three zones of varying morphologies, where
lamellar and dendritic growth dominate."®?® Typical lamellae
thicknesses and spacings obtained by using this method are on
the order of several micrometers.

Freeze-casting has been used to access insulating foams with
anisotropic thermal transport properties. Hostler et al. achieved
a ratio of about 1.3 between thermal transport along and
perpendicular to the foam matrix consisting of a clay sheet.>"
In a recent work, Wicklein et al. demonstrated multifunctional
properties of anisotropically porous materials, which were
accessed through freeze-casting.® Using a combination of cellulose
nanofibers, graphene oxide, and sepiolite nanorods, they obtained a
rigid, open-celled foam, with a very low radial thermal conductivity
of only ~15 mW m™ ' K * and a much higher thermal conductivity
along the lamellae (~170 mW m ' K %). At the same time, these
foams possessed good fire-retardant properties.

In order to elucidate the potential of anisotropic foams to
function as a future dynamic insulation material, we report
here the freeze-casting of polyurethane (PU) dispersions into
elastomeric foams. The resulting highly anisotropic and lamellar
structures lead to orientation-dependent thermal conductivities
and Young’s moduli. Most importantly, we demonstrate how
the orientation-dependent thermal transport properties can be
specifically turned “on” and “off”. Using several additive materials
in the polymer matrix, we can further deduce the general design
rules to obtain such dynamically tunable materials.

The fabrication of anisotropic foams involves five steps:
synthesizing a PU dispersion, dispersing the additives (if necessary),
freeze-casting, freeze-drying, and thermal annealing of the foam.
The PU was designed to yield minimum crystallinity and to allow
for the generation of water-stable PU nanoparticles. Therefore, a
block-copolymer polyol (polycaprolactone-block-polytetrahydrofuran-
block-polycaproclatone), dimethylol propionic acid, and isophorone
diisocyanate were used to synthesize the PU prepolymer
(the details are given in the ESI,¥ Scheme S1 and Fig. S1, S2).
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This polymer was transformed into colloidally stable nanoparticles
via nanoprecipitation. The particle size was determined to be
14 + 4 nm by cryo-TEM (Fig. S3, ESIt) with an electrokinetic
potential of —52 + 2 mV. The PU dispersion was freeze-cast into
anisotropic PU foams (Fig. S4, ESIt). The temperature of the
bottom of the mold was set to —20 °C to prevent crystallization
of the polyester and polyether components of the PU. After
freeze-drying, the PU foam (termed PU,u. further on) was
thermally annealed at 90 °C for eight hours to promote cross-
linking and hydrogen bonding between the PU segments, as
well as to reduce the tackiness of the foam surface.

The morphology of the freeze-cast foam is summarized in
Fig. 1. Its overall size and form is given by the mold inner
dimensions and is retained throughout the templating procedure
(Fig. 1a). The small PU nanoparticles are fused together into PU
lamellae during ice-crystal growth and thermal annealing, resulting
in a continuous polymer matrix. This polymer matrix is highly
anisotropic as can be inferred from the photograph, the micro-
computed tomography (microCT) image, and the scanning electron
microscopy (SEM) images (Fig. 1a-d). Fig. 1b demonstrates that a
preferential orientation is imposed only along the direction of ice
growth, with large pores, which are at least 930 um long and have
an aspect ratio >31. We term this axis as the “parallel” axis,
throughout this work. The axes orthogonal to the direction of

PU dispersion

parallel

Fig. 1 (a) Top: Photograph of the PU,,. foam after freeze-drying and
thermal annealing (scale bar: 2.5 mm). Even macroscopically, the upright
orientation of the lamellae can be inferred. Bottom: Schematic representation
of the lamellae formation during the ice-crystal growth in an aqueous
dispersion. (b) Microtomography image of a PUgy. foam. The length of
the cube is 930 um. The lamellae are oriented along the ice growth
direction without preferential orientation within the perpendicular planes.
(c) SEM top-view image of the PU,,. lamellae showing no preferential
orientation perpendicular to the ice-growth direction (scale bar: 100 pm).
(d) Side-view SEM image of the PUge lamellae showing dendritic undula-
tions on the lamellae surfaces and strong orientation along the direction of
ice growth (scale bar: 100 pm).
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ice-growth are termed “perpendicular”. As shown in the microCT
image (Fig. 1b and video in the ESI}), these continuous lamellae are
curvilinear, without any preferential alignment in the plane
perpendicular to the ice-growth direction. The lamellar thicknesses
were ~5-10 pm and their inter-lamellar distances are on the order
of 10-30 pm (Table S1, ESIf), which is in accordance with the
length scales reported in the literature.”® A closer inspection of
Fig. 1d reveals the influence of dendritic ice, which templates into
regularly spaced protrusions (~13 pm) on the sidewall of the PU
lamellae (also highlighted in Fig. S5e, ESIt)."® The freeze-casting
process is robust and reliably results in pore sizes of 10-30 um.

Differential scanning calorimetry (DSC, Fig. S6, ESIt) and
X-ray diffraction (XRD, Fig. S7, ESIT) measurements were used
to characterize the polymer microstructure of the PU foam.
Both measurements indicated the absence of crystalline
domains and suggested that the PU was in an amorphous state
at room temperature.

The thermal diffusivity of this foam was assessed by Xenon
flash analysis (XFA). The foam monolith was cut along its
perpendicular and parallel planes in order to obtain thin slabs,
which allowed for the anisotropic thermal transport characterization.

The thermal diffusivity was then used to calculate the
thermal conductivity, k, using

K = 0Cpp (1)

where the specific heat capacity, ¢,, of the PU matrix was
obtained by DSC, and p was the density of the foam. In vacuum,
the thermal conductivity along the parallel orientation, xpara, Was
measured to be 59 + 3 mW m~ ' K, while in the perpendicular
orientation, Kperp, was only 11 £ 1 mW m™~' K . In either
direction, the thermal conductivities are significantly reduced
compared to bulk PU (~200 mW m™ ' K ),** due to their higher
porosity.

For our system in vacuum, we found a ratio of parallel to
perpendicular thermal conductivity of ~5.4. This can be qualita-
tively visualized when exciting a thin slab of this foam by a small
heat source, in our case a focused laser beam. As can be seen in
Fig. 2e, the temperature spreads isotropically when the lamellae are
oriented parallel to the laser beam. However, upon perpendicular
orientation the temperature distribution is anisotropic following
the preferential orientation of the lamellae (horizontal in Fig. 2e).

The degree of anisotropy in these foams is less compared to
those made by Wicklein et al. We attribute this difference to
the lack of lateral orientational order, whereas a preferential
orientation can be inferred within the perpendicular direction
in their case.” An even higher degree of anisotropy has been
recently reported in bulk films for graphenoxide sheets blended
with cellulose nanofibers.>® This highlights the strong influ-
ence of the orientational order on the anisotropic thermal
conductivity. One should note, however, that we were able to
achieve a substantial degree of anisotropy using fully isotropic
objects, based on spherical PU nanoparticles.

The outstanding thermal behaviour of this foam is revealed,
when conducting the Xenon flash analysis (XFA) measurements
in helium (He). Under He at 1000 mbar, the anisotropic
thermal conductivity vanishes and the thermal conductivity in
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Fig. 2 (a—d) Thermal conductivities of PUge foams in the parallel (blue)
and perpendicular (red) orientations. (a) States of anisotropic and isotropic
thermal conductivity of PUge Via cycling between vacuum (<1 mbar) and
helium (1000 mbar). (b) Corresponding parallel (blue) and perpendicular
(red) thermal conductivities at various pressures of helium. (c) Cycling
between air and helium at a constant pressure of 980 mbar. (d) Corres-
ponding parallel (blue) and perpendicular (red) thermal conductivities at
various volume fractions of helium in a helium/air mixture. (e) Infrared
thermograms of thin slabs of PU,. irradiated by a small laser spot on the
backside. The temperature distribution after ~30 s of laser exposure indicates
the anisotropic temperature spreading in a vacuum (left panels). In helium (right
panels) the temperature distribution resumes a more isotropic behavior. The
numbers in the top right corner indicate the nominal laser power used to
achieve comparable temperatures. (f) Cartoon of the orientation of the
anisotropic PU foam used for the thermograms shown in (e).

both orientations increases to about 115 mW m™* K '. Note,
that only conductive heat transport has to be considered in
these foams since the small pore size inhibits convective
contributions. We analysed this interesting effect in detail by
measuring the pressure-dependent thermal conductivity along
each orientation (Fig. 2b). The degree of anisotropy increases
monotonically with decreasing He pressure. The reduction in
thermal conductivity is more significant along the perpendicular
than along the parallel direction. This can be rationalized in two
ways. Firstly, heat can hardly spread across the foam in its
perpendicular orientation in vacuum due to the low number of
inter-lamellar contact points. This is a direct consequence of the
anisotropic morphology of the foam. However, the presence of gas
in the pores introduces a thermal transport pathway along the
perpendicular orientation, which in the case of He can even match
the thermal conductivity of the polymer skeleton. Secondly, the

This journal is © The Royal Society of Chemistry 2017
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mean free path of the He gas phase depends strongly on the gas
pressure: it increases significantly with the decreasing pressure.
The thermal conductivity becomes pressure dependent once the
mean free path is on the length scale of the confinement.
Consequently, the He thermal conductivity drops once the gas
mean free path is limited by the characteristic cell size. This
effect is known as the Knudsen effect."*** The transition from
the free gas regime to the Knudsen regime for He is shown in
Fig. $13 (ESIt). The pore dimensions are significantly smaller in
the perpendicular orientation (~10-30 pm) than in the parallel
orientation (up to mm). Therefore, the thermal conductivity of
the gas phase is more strongly reduced in the perpendicular
than in the parallel orientation. As demonstrated in Fig. 2a, we
were able to repeatedly and reversibly toggle between the states
of isotropic and anisotropic thermal transport.

We further extended this concept of reversible thermal
anisotropy by varying the effective thermal conductivity of the
foam by varying the gas composition. We changed the composition
of the atmosphere, at constant pressure (980 mbar), from 100% air
(26 mW m ™" K )*® to 100% He (155 mW m ' K ),?® Fig. 2c. (Note
that air is a bad thermal conductor, while He is a good thermal
conductor.) With the increasing content of air, a higher degree of
anisotropy was observed. However, the ratio of parallel to
perpendicular thermal conductivity decreased to about 2 in pure
air compared to 5 for the vacuum case. As explained before, this
is a consequence of the presence of air in the porous voids,
which allows for the transfer of heat between the lamellae.

Overall, our experiments show two pathways towards creating
a dynamically tunable insulation system: via changing the gas
pressure, and via changing the gas composition inside the foam.
Both methods can be externally controlled in an open porous
structure by adjusting the surrounding atmosphere.

In order to deduce the general design criteria for fabricating
dynamically tunable foams, we explored how the properties of
the foam skeleton affected the thermal anisotropy. Therefore,
we fabricated three composite foams, in which cellulose nano-
crystals (CNC), carbon black (CB), and carbon nanofibers (CNF)
were introduced into the PU dispersion (the details are given in
the ESL Fig. S8-S11). Upon freeze-casting the dispersion, the
additives were incorporated into the lamellae. CNC was chosen
as it aids the dispersion of the graphitic components without
further functionalization (Fig. S10, ESIT).>*?® Graphitic additives
were used to significantly increase the thermal conductivity of
the skeleton. The resulting foams were consequently termed
PUcnc, PUcnc-cp, and PUcnc-cnr, Fespectively.

The structures of the composite PU foams were characterised
using SEM (Fig. S5, S11 and Table S1, ESIf). No significant
changes compared to PUp. could be detected for PUcnc with a
loading of 2.5 wt% CNC. However, the additional incorporation
of 5 wt% graphitic components led to an increase in inter-
lamellar bridging. A similar bridging effect has been observed
for blends of long-chain polymers and clays.*® In particular, for
the case of CNF, more structural diversity was observed (Fig. S12,
ESIt), including bundling of the fibres and pore filling to occur.
Furthermore, no changes in the crystallinity of the microstruc-
ture were observed by DSC (Fig. S6, ESIT) and XRD (Fig. S7, ESI).

This journal is © The Royal Society of Chemistry 2017
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The orientation-dependent thermal conductivities of PUp,. and
PUcne in vacuum were comparable within the experimental
error, which suggests that a small amount of CNCs (2.5 wt%
loading) is not sufficient to affect the thermal conductivity of PU
foams (Fig. 2a). The incorporation of 5 wt% of CB also did not
significantly affect the thermal conductivity for PUcgnc-cs
in either orientation likely because the CB was present at sub-
percolating concentrations.

In contrast, PUcnc-cnr Samples were significantly more thermally
conductive than PUpyre With kperp = 59 £ 5 mW m ™' K and
Kpara = 158 =11 mW m™ ' K™ . The high aspect ratio of CNFs can
enable the formation of a percolating network of CNFs in the
aligned lamellae. Higher thermal conductivities in PUcnc-onr
samples could be attributed to thermal transport along the
graphitic CNF backbone in the lamellae.

For PUcnc-cg and PUcnc-cnr, the thermal anisotropy was
less pronounced with Kpara/Kperp Of 2.2 and 2.7, respectively. As
observed from the SEM images (Fig. S5, S11 and S12, ESIf), the
introduction of graphitic materials increased the inter-lamellar
bridging and reduced the aspect ratio of the pores. Conse-
quently, more thermal transport in the perpendicular orienta-
tion was possible.

The thermal transport behaviour of these composite foams
revealed an important contribution of the solid skeleton to realize
an effectively isotropic state. The presence of highly conductive
CNFs created a mismatch between the thermal conductivities of
the lamellae and He such that the thermal anisotropy was main-
tained at all pressures. In all other cases, the matching thermal
conductivity of the He gas (155 mW m ™' K~ ') and of the solid PU
phase (~200 mW m™~ ' K ') allowed these structurally anisotro-
pic foams to behave as an effective single-phase material with an
isotropic thermal conductivity (assuming a low thermal interface
resistance between the polymer and the gas phase).

All samples show a high degree of reversibility when toggling
between anisotropic and isotropic states of thermal conduction
(Fig. S14, ESIT). As was also the case for PUp,, the transition
between these distinct states occurs on a time scale which is
faster than the minimum time resolution of our XFA experi-
ments (<tens of seconds).

Based on these findings, we derive two design principles for
achieving this unique thermal switching behaviour. First, the
structural skeleton (solid phase) must provide an anisotropic
pathway for thermal energy transport, distinct from that of the
gas phase. In this work, this pathway was the percolating
network of PU created by the directional growth of the ice
crystals during the freeze-casting process. The second criterion
is, that the thermal conductivities of the solid and gas phase
must match as closely as possible under a particular condition
(e.g. pressure, gas composition, and temperature), but be mis-
matched under another condition.

We also put the thermal transport properties of these foams
into the context of other foam and bulk polymer materials using
an Ashby plot in Fig. 3c. The thermal conductivity data were
acquired in air at atmospheric pressure. Our foams resemble
thermal conductivities comparable to standard, isotropic foams
(perpendicular orientation), and to soft and highly insulating bulk
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Fig. 3 (a) Thermal conductivities of PU foams with various additives in

vacuum. In vacuum, all foams feature an anisotropic thermal conductivity. (b)
Thermal conductivity of the same foams measured in He. Only PUcnc-cne
retains some degree of thermal anisotropy, whereas all other foams feature an
isotropic thermal conductivity. (c) Ashby plot relating the thermal conductivity
to the mechanical properties of the respective PU foams. The data are in
relation to existing polymeric bulk (green) and cellular materials (brown).2”

polymers (parallel orientation). The K, values were comparable to
those of bulk rubber polymers and thermoplastic elastomers,
which typically possess a much higher density (~1000 kg m™3)
compared to the foam samples under consideration here
(210 kg m™° to 300 kg m™°). The Kperp, values were comparable
to those of isotropic flexible foams, which typically possess a
much lower density (<100 kg m™?).

The thermal conductivities of the foams are further correlated
with their respective Young’s moduli (Fig. 4a). The Young’s moduli
were determined by compressing the samples up to 50% strain
along the parallel and perpendicular orientations. The influence of
additives on the compressive properties of the various PU foams was
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examined as shown in Fig. 4a. All samples displayed classical
deformation behaviour along the parallel orientation, which is
characteristic of elastomeric cellular foams (Fig. 4b and Fig. S15,
ESI+).® The Young’s modulus for each sample was determined from
the linear elastic region (up to 5% strain). In all cases, the compres-
sive Young’s modulus along the perpendicular orientation was
significantly lower than that in the parallel direction. For PUpyr,
the Young’s modulus decreased from 1.9 + 0.4 MPa (parallel) to
0.302 £ 0.002 MPa (perpendicular). As illustrated in the Ashby plot
(Fig. 3c), the Young’s moduli of these PU foams were comparable to
those reported for flexible foams, elastomeric foams, and rubber.”
The addition of CNCs decreased the Young’s modulus along the
parallel orientation slightly to 1.3 &= 0.1 MPa, potentially because the
CNCs acted as point defects, which allowed for an easier buckling of
the lamellae. The addition of CB and CNFs, however, increased the
Young’s modulus. We attribute this to the reinforcing effects of the
stiff graphitic materials.*®

An advantageous feature of these anisotropic foams is their
elasticity. To demonstrate this, the foams were subjected to 20
compression-decompression cycles up to 20% strain, which
was well beyond the onset of buckling in the lamellae for
compression in the parallel orientation (Fig. 4b and Fig. S16,
ESIt). The mechanical response was largely reproducible with
each cycle. The compression set of the foams was ~ 8%, with
irreversible losses mostly over the first several cycles. Addition-
ally, foams subjected to 50% compressive strain demonstrated
a high recoverability of up to 95% in the parallel orientation
and 71-90% in the perpendicular orientation (Fig. 4c).

Overall, the mechanical characterization demonstrates that
robust PU foams are accessible via freeze-casting of PU disper-
sions. They show anisotropic compression moduli in the range
of typical foam and rubber materials. Most importantly, the
foams recover after compression, which renders them suitable
for mechanically demanding applications.

Conclusions

In conclusion, we fabricated a robust and dynamic insulation
material via freeze-casting. The material consists of PU foams

PU PU

CNC-CB CNC-CNF

20 PU PU

pue CNC

10 15
Compression (%)

Fig. 4 Mechanical properties of PU foams containing various additives. Blue and red colors describe the data resulting from compression in the parallel
and perpendicular orientations, respectively. (a) Orientation-dependent Young's moduli of PU foams. (b) 20 compression cycles up to 20% compression.
(c) Orientation-dependent recovery of the PU foams after 50% compression.
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with long, oriented lamellae and highly anisotropic pores
templated by directional ice growth. Most importantly, we
demonstrate the ability of these structurally anisotropic PU
foams to transition between isotropic and anisotropic modes of
thermal conductivity in a reversible and controllable way. This
unique behaviour can be achieved in two distinct ways: by
reducing the thermal conductivities of the gas phase via its
pressure, and by changing the composition of the gas phase. In
order to attain isotropic thermal conduction, the thermal
conductivities of the gas and the solid phase need to match
as closely as possible. It is important to note that we expect
the outlined design principles to be generally applicable to
any continuous biphasic material, in which the thermal con-
ductivity of one phase can be altered reversibly. At the same
time, these freeze-cast foams are elastic and have Young’s
moduli comparable to those of standard foam and rubber
materials. The anisotropic nature of the skeleton matrix results
in a much higher Young’s modulus along the parallel com-
pared to the perpendicular orientation. Furthermore, these
foams show a high degree of recoverability. Such materials
may find application as dynamic insulation materials," in
which both the amplitude and the orientation of thermal
conductivity need to be simultaneously controlled. We hope
that this work initiates increased efforts towards the generation
of cellular materials, in which functionality is derived from the
structural anisotropy.
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