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LIQUID METAL COMPOSITIONS AND METHODS

FIELD

The present disclosure generally relates to liquid metal compositions and methods related

to the same.
BACKGROUND

Liquid metals are metals or metal alloys that can exist in the liquid state at room
temperature. Liquid metals exhibit interesting properties such as high or low viscosity,
corrosion resistance, and high or low wettability, depending on various factors, including their
atomic composition, purity, and/or processing conditions. Due to their unique properties, liquid
metals find use in thermostats, barometers, heat transfer systems, thermal cooling systems,
among other applications. It is challenging to incorporate them in composites; thus,
improvements are needed.

SUMMARY

The present disclosure generally relates to liquid metal compositions and methods related
to the same. The subject matter of the present disclosure involves, in some cases, interrelated
products, alternative solutions to a particular problem, and/or a plurality of different uses of one
or more systems and/or articles.

In one aspect, the present disclosure is directed to a self-supporting composite. In one
set of embodiments, the self-supporting composite is having a thickness of between 10
micrometers and 1 mm. The composite, in another set of embodiments, comprises a solid phase
material and a phase change material. In certain embodiments, the solid phase material
comprises an open pore volume of less than 90 vol%. In another set of embodiments, the phase
change material comprises a metal, a metal oxide, a metal alloy, or combination thereof. In
some embodiments, the phase change material exhibits a melt temperature of between 10 °C and
65 °C. In certain embodiments, the composite has a thermal impedance of less than 10 mm?
K/W at 10 °C above the melt temperature. In some embodiments, the thermal impedance is
determined under 206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test capable
fixture.

In one set of embodiments, a self-supporting composite is having a thickness of
between 200 micrometers and 1 mm. In another set of embodiments, the composite comprises a
solid phase material and a phase change material. In yet another set of embodiments, the solid
phase material comprises an open pore volume of less than 90 vol%. In certain embodiments,

the phase change material comprises a metal, a metal oxide, a metal alloy, or combination
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thereof. In some embodiments, the phase change material exhibits a melt temperature of
between 10 °C and 65 °C. In some embodiments, the composite has a thermal impedance of less
than 10 mm? K/W at 10 °C above the melt temperature. The thermal impedance, in some
embodiments, is determined under 206.8 kPa (30 psi) pressure when tested using an ASTM
D5470 Test capable fixture.

In one set of embodiments, a self-supporting composite is having a thickness of between
10 micrometers and 1 mm. In another set of embodiments, the composite comprises a solid
phase material and a phase change material that do not chemically react with each other. In yet
another set of embodiments, the composite is being free of flux. According to some
embodiments, the solid phase material comprises an open pore volume of less than 90 vol%. In
certain embodiments, the phase change material comprises a metal, a metal oxide, a metal alloy,
or combination thereof.
According to certain embodiments, the phase change material exhibits a melt temperature of
between 10 °C and 65 °C. In some embodiments, the composite has a thermal impedance of less
than 10 mm? K/W at 10 °C above the melt temperature. In some embodiments, the composite
comprises a thermal impedance within 2 mm?K/W of the thermal impedance after 1000 hours at
a temperature of 5 °C above the melt temperature. The thermal impedance, according to some
embodiments, is determined under 206.8 kPa (30 psi) pressure when tested using an ASTM
D5470 Test capable fixture.

In one set of embodiments, a self-supporting composite is having a thickness of between
200 micrometers and 1 mm. In some embodiments, the composite comprises a solid phase
material and a phase change material that do not chemically react with each other. In certain
embodiments, the composite is being free of flux. According to some embodiments, the solid
phase material comprises an open pore volume of less than 90 vol%. In some embodiments, the
phase change material comprises a metal, a metal oxide, a metal alloy, or combination thereof.
According to some embodiments, the phase change material exhibits a melt temperature of
between 10 °C and 65 °C. In some embodiments, the composite has a pristine thermal
impedance of less than 10 mm? K/W at 10 °C above the melt temperature. In certain
embodiments, the composite comprises a thermal impedance within 2 mm>K/W of the thermal
impedance after 1000 hours at a temperature of 5 °C above the melt temperature. In certain
embodiments, the thermal impedance is determined under 206.8 kPa (30 psi) pressure when
tested using an ASTM D5470 Test capable fixture.

In another aspect, the present disclosure is directed to methods of making one or more of

the embodiments described herein, for example, self-supporting composites. In still another
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aspect, the present disclosure is directed to using one or more of the embodiments described
herein, for example, composites comprising a phase change material and a solid phase material.

Other advantages and novel features of the present disclosure will become apparent from
the following detailed description of various non-limiting embodiments of the disclosure when
considered in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF DRAWINGS

Non-limiting embodiments of the present disclosure will be described by way of
example with reference to the accompanying figures, which are schematic and are not intended
to be drawn to scale. In the figures, each identical or nearly identical component illustrated is
typically represented by a single numeral. For purposes of clarity, not every component is
labeled in every figure, nor is every component of each embodiment of the disclosure shown
where illustration is not necessary to allow those of ordinary skill in the art to understand the
disclosure. In the figures:

Fig. 1 illustrates a composite formed by solid phase material and phase change material,
according to one set of embodiments.

Fig. 2 illustrates a composite with a first continuous outer surface formed by phase
change material, according to another set of embodiments.

Fig. 3 illustrates a composite with a first continuous outer surface and second continuous
outer surface formed by phase change material, according to certain embodiments.

Fig. 4 illustrates a composite with a first continuous outer surface and second continuous
outer surface connected through solid phase material, according to certain embodiments.

Fig. 5 illustrates optical images of a composite, according to some embodiments.

Figs. 6A and 6B illustrate ASTM D5470 Test capable fixtures, in accordance with
certain embodiments.

DETAILED DESCRIPTION

The present disclosure generally relates to certain compositions having components that
can become liquid or exhibit a phase change during use, and methods related to the same. These
can be used, for example, as thermal interface materials for various applications. Certain
thermal interface materials such as those discussed herein may represent a new structure in
which the material is solid, but becomes liquid during use, which may improve heat transport,
for example, because the liquid improves contact or binding of surfaces, thereby allowing
improved heat transport across interfaces between surfaces. For example, in some cases, the
composition may be a composite of a solid phase material and a phase change material. In

certain aspects, the phase change material exhibits a melt temperature, e.g., where the phase
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change material can transition from a liquid to a solid. The phase change material may include,
for example, a metal, a metal oxide, a metal alloy, or the like. Other aspects generally relate to
methods of making or using such compositions, kits including such compositions, or the like.

In some embodiments, the composite is a self-supporting composite. The self-supporting
composite may be handled without a support (e.g., without a carrier film, a support material, a
base layer, etc.). The self-supporting composite may have any suitable structure and any suitable
dimensions. For example, the self-supporting composite may be a film (e.g., micrometer-sized
film) that is self-supporting (e.g., free-standing). In some embodiments, the composite can be
fabricated on a support material, then the support material removed (e.g., peeled off), leaving the
composite, e.g., as a self-supporting structure. The self-supporting composition structure, in
other embodiments, may be thicker, or have other dimensions. The self-supporting composite
may be fabricated through any one of the methods disclosed herein. In addition, it should be
understood that composites such as those described herein need not be self-supporting in all
embodiments; for example, in some embodiments, a composite may be present as a film on a
support, e.g., where the composite is not able to be self-supporting.

In some embodiments, the determination of a self-supporting composite may be
performed at various temperatures; for example, the temperature when the composite exhibits
self-supporting behavior may be at least -30 °C, at least -20 °C, least -10 °C, at least O °C, at
least 5 °C, least 10 °C, at least 15 °C, or at least 20 °C, etc. According to some embodiments, the
temperature at which the composite exhibits self-supporting behavior may be no more than 40
°C, no more than 30 °C, no more than 25 °C, no more than 20 °C, or no more than 15 °C. Any
combination of these temperatures are also possible, e.g., at least 10 °C but no more than 25 °C.

In addition, in some embodiments, the temperature at which the self-supporting
composite is determined may be the melt temperature of a phase change material within the self-
supporting composite, and/or a temperature relatively close to the melt temperature. For
example, the temperature at which the self-supporting composite is determined may be at least 5

°C, at least 10 °C, at least 15 °C, at least 20 °C, or at least 25 °C greater than the melt

temperature. In some case, the temperature may be no more than 25 °C, no more than 20 °C, no
more than 15 °C, no more than 10 °C, or no more than 5 °C above the melt temperature. In some
cases, the determination may be made within any combination of these ranges, e.g., the
composite may exhibit self-supporting behavior at temperatures of between 5 °C and 25 °C,
between 10 °C and 15 °C, between 5 °C and 10 °C, between 20 °C and 30 °C, etc. above the melt

temperature of the phase change material.
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In some embodiments, the self-supporting behavior of the composite can be determined
by providing a piece of the composite having a width of at least 6 cm, and a length of at least 6
cm, and supporting it on a support stand such that an unsupported length of the composite
extends 3 cm away from the support stand with no support underneath it. A self-supporting
material is one that does not exhibit any appreciable permanent changes such as breakage,
leakage (e.g., of the phase change material), or permanent deformation (although there may be
some sag due to gravity, e.g., at the unsupported end of the composite), for example at the
determination temperatures for self-support, such as is described above. According to some
embodiments, the self-supporting material can preserve its properties (e.g., mechanical
properties) when at least a portion of the material is on a support stand (e.g., a clamp).

In some embodiments, the self-supporting composite may have one or more components
that change physical state while maintaining its self-supporting behavior. In some cases, one or
more components (e.g., phase change material) within the self-supporting composite may be a
liquid, which may be advantageous in some embodiments for improving the thermal
conductance at the interfaces of the composite, for example. In some cases, one or more
components within the self-supporting components that are liquid may provide enhanced
adhesion with other components (e.g., particles) within the composite. The self-supporting
composite may be a solid (e.g., solid sheet), in certain cases. The self-supporting comprising a
solid sheet may not be deformed, stretched, shattered, etc., during its fabrication. In some cases,
the self-supporting composite may exhibit similar or superior mechanical properties to other
composites known in the art, such as, for example, composites with a metal matrix.

In some embodiments, for example, the composite may have an average thickness of less
than 1 cm, less than 5 mm, less than 3 mm, less than 1 mm, less than 500 micrometers, less than
or equal to 250 micrometers, less than or equal to 200 micrometers, less than or equal to 150
micrometers, or less than or equal to 100 micrometers. In some embodiments, the composite
has an average thickness of greater than or equal to 50 micrometers, greater than or equal to 100
micrometers, greater than or equal to 150 micrometers, greater than or equal to 200 micrometers,
greater than or equal to 500 micrometers, greater than or equal to 1 mm, greater than or equal to
3 mm, greater than or equal to 5 mm, greater than or equal to 1 cm, etc. Combinations of the
above recited ranges are possible (e.g., the composite has an average thickness of less than or
equal to 250 micrometers and greater than or equal to 50 micrometers, the composite has an
average thickness of less than or equal to 150 micrometers and greater than or equal to 100
micrometers). Other ranges are also possible as the present disclosure is not limiting in this

regard.
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In some embodiments, the composite includes a solid phase material. The solid phase
material may be advantageous for the composite in various embodiments (e.g., provide
structural support, enhance the properties of the composite, etc.). In certain embodiments, the
solid phase material is a solid at room temperature. In some cases, the solid phase material may
include metal foam (e.g., reactive or non-reactive metal foam), porous metallic solid, passivated
metallic particles, fibers such as carbon fibers, carbon foam, carbon paper, carbon nanoparticles,
carbon nanotubes, graphene nanoflakes, polymeric foam, polymeric paper, organic foam,
organic paper, ceramic foam, carbon-based particles, ceramic particles, ceramic nanosheets, or
the like. These are discussed in more detail below.

The solid material may, in some cases, provide structural integrity to the composite
during use, e.g., as the phase change material may be changing phase into a liquid. For example,
the solid material may prevent the composite from breaking or permanently deforming during
use, e.g., when exposed to temperatures above the melt temperature of the phase change
material, such as those temperatures described herein. In some cases, the solid phase material
may prevent the composite from leaking the phase change material, e.g., when the composite
exposed to temperatures above the melt temperature of the phase change material.

In some embodiments, the solid phase material may form a substantial portion of the
composite. According to some embodiments, the solid phase material may be present at a
weight percentage of at least 3 wt%, at least 5 wt%, at least 10 wt%, at least 15 wt%, at least 20
wt%, at least 25 wt%, at least 30 wt%, at least 35 wt%, at least 40 wt%, at least 45 wt%, at least
50 wt%, at least 55 wt%, at least 60 wt%, at least 65 wt%, at least 70 wt%, at least 75 wt%, at
least 80 wt%, at least 85 wt%, at least 90 wt%, or at least 95 wt% of the composite. In some
cases, the solid phase material may be present at a weight percentage of no more than 95 wt%,
no more than 90 wt%, no more than 85 wt%, no more than 80 wt%, no more than 75 wt%, no
more than 70 wt%, no more than 65 wt%, no more than 60 wt%, no more than 55 wt%, no more
than 50 wt%, no more than 45 wt%, no more than 40 wt%, no more than 35 wt%, no more than
30 wt%, no more than 25 wt%, no more than 20 wt%, no more than 15 wt%, no more than 10
wt%, no more than 5 wt%, or no more than 3 wt% of the composite. Combinations of any of
these are also possible in some embodiments. For example, the solid phase material may be
present in the composite at between 50 wt% and 60 wt%, between 75 wt% and 80 wt%, between
30 wt% and 50 wt%, between 3 wt% and 50 wt% etc.

The composite may include a phase change material, in addition to a solid phase
material. One non-limiting example is schematically illustrated in Fig. 1, where composite 100

includes phase change material 101 and solid phase material 102. The phase change material
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may include a metal, a metal oxide, a metal alloy, or combination thereof, according to certain
embodiments. For example, in some cases, the phase change material may include a metal that is
liquid below or near (e.g., within +/-10 °C) room temperature (about 25 °C). In some cases,
metal oxides or metal alloys may be advantageous when used as a phase change material. For
example, metal oxides/alloys may provide a broad range of properties depending on the
chemical composition of the metal oxide/alloy chosen. In some cases, it may be desired to use
any combination of a metal, a metal oxide, and a metal alloy. Non-limiting examples of phase
change materials include, but are not limited to, gallium, tin, indium, bismuth, cadmium, lead,
antimony, aluminum, zinc, tellurium, etc., alloys from combinations thereof, or oxides thereof.

The phase change material may exhibit a melt temperature in some embodiments. The
melt temperature of the phase change material is the phase transition (e.g., solid to liquid)
temperature of the phase change material. The melt temperature may also correspond to a phase
transition (e.g., liquid to solid) temperature when cooling the material. In some cases, the phase
change material may exhibit supercooling effects.

In some embodiments, the melt temperature exhibited by the phase change material may
be a certain temperature or temperature range. The melt temperature may be at least -30 °C, at
least -20 °C, at least -10 °C, at least 0 °C, at least 10 °C, at least 20 °C, at least 30 °C, at least 40
°C, at least 50 °C, or at least 60 °C. The melt temperature may be no more than 100 °C, no more
than 90 °C, no more than 80 °C, no more than 70 °C, no more than 60 °C, no more than 50 °C.
In some embodiments, the melt temperature of the phase change material may be between these
values, for example, between 10 °C and 70 °C, between 20 °C and 60 °C, between 30 °C and 40
°C, between 20 °C and 70 °C, between 20 °C and 60 °C, between 20 °C and 50 °C, between 20
°C and 40 °C, etc. In some embodiments, for example, the phase change material exhibits a melt
temperature between 10 °C and 65 °C. In another example, the phase change material exhibits a
melt temperature between 0 °C and 80 °C.

In some cases, the phase change material may be selected to have a melt temperature that
is above room temperature (25 °C). For example, the phase change material may exhibit a melt
temperature of at least about 30 °C, at least about 35 °C, at least about 40 °C, at least about 45
°C, at least about 50 °C. In some cases, the melt temperature may be less than 50 °C, less than
45 °C, less than 40 °C, less than 35 °C, less than 30 °C, etc. Combinations of these are also
possible, e.g., the melt temperature may be chosen to be between 25 °C and 30 °C, between 25
°C and 35 °C, between 30 °C and 40 °C, etc. For instance, the phase change material may be an
alloy or a eutectic mixture of gallium, tin, indium, bismuth, or other materials such as any of

those described herein.
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In some embodiments, the phase change material may form a substantial portion of the
composite. According to some embodiments, the phase change material may be present at a
weight percentage of at least 30 wt%, at least 35 wt%, at least 40 wt%, at least 45 wt%, at least
50 wt%, at least 55 wt%, at least 60 wt%, at least 65 wt%, at least 70 wt%, at least 75 wt%, at
least 80 wt%, at least 85 wt%, at least 90 wt%, or at least 95 wt% of the composite. In some
cases, the phase change material may be present at a weight percentage of no more than 95 wt%,
no more than 90 wt%, no more than 85 wt%, no more than 80 wt%, no more than 75 wt%, no
more than 70 wt%, no more than 65 wt%, no more than 60 wt%, no more than 55 wt%, no more
than 50 wt%, no more than 45 wt%, no more than 40 wt%, no more than 35 wt%, or no more
than 30 wt% of the composite. Combinations of any of these are also possible in some
embodiments. For example, the phase change material may be present in the composite at
between 50 wt% and 60 wt%, between 75 wt% and 80 wt%, between 30 wt% and 50 wt%, etc.

In some aspects, the phase change material may be present in an open pore volume
defined by the solid phase material within the composite. The open pore volume may be defined
by the solid phase material, for example, in the form of voids, pores, holes, channels, surface
texture, surface roughness, or the like. The open pore volume of the solid phase material may be
the volume of the composite that is not occupied by the solid phase material, according to some
embodiments. Some or all of the open pore volume may be filled by the phase change material,
although in some case, other materials (or air) may also be present in at least some of the open
pore volume defined by the solid phase material. According to some embodiments, for example,
the composite has an open pore volume defined by the solid phase material of at least 1 vol%, at
least 5 vol%, at least 10 vol%, at least 15 vol%, at least 20 vol%, at least 25 vol%, at least 30
vol%, at least 35 vol%, at least 40 vol%, at least 45 vol%, at least 50 vol%, at least 55 vol%, at
least 60 vol%, at least 65 vol%, at least 70 vol%, at least 75 vol%, at least 80 vol%, etc. In some
cases, the composite has an open pore volume of less than 80 vol%, less than 75 vol%, less than
70 vol%, less than 65 vol%, less than 60 vol%, less than 55 vol%, less than 50 vol%, less than
45 vol%, less than 40 vol%, less than 35 vol% less than 30 vol%, less than 25 vol%, less than 20
vol%, less than 15 vol%, less than 10 vol%, less than 5 vol%, or less than 1 vol%. Combinations
of any of these are also possible, e.g., a composite may have an open pore volume of between 30
vol% and 40 vol%, between 65 vol% and 90 vol%, between 20 vol% and 25 vol%, etc.

In some cases, at least 1 vol%, at least 5 vol%, at least 10 vol%, at least 15 vol%, at least
20 vol%, at least 25 vol%, at least 30 vol%, at least 35 vol%, at least 40 vol%, at least 45 vol%,
at least 50 vol%, at least 55 vol%, at least 60 vol%, at least 65 vol%, at least 70 vol%, at least 75
vol%, at least 80 vol%, at least 85 vol%, at least 90 vol%, at least 95 vol%, at least 99 vol%, etc.
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of the open pore volume of the solid phase material may be filled with a phase change material,
e.g., as described herein. In some cases, less than 99 vol%, less than 95 vol%, less than 90
vol%, less than 85 vol%, less than 80 vol%, less than 75 vol%, less than 70 vol%, less than 65
vol%, less than 60 vol%, less than 55 vol%, less than 50 vol%, less than 45 vol%, less than 40
vol%, less than 35 vol% less than 30 vol%, less than 25 vol%, less than 20 vol%, less than 15
vol%, less than 10 vol%, less than 5 vol%, or less than 1 vol% of the open pore volume of the
solid phase material may be filled with a phase change material. Combinations of any of these
are also possible, in certain cases.

According to some embodiments, the open pore volume of the solid phase material can
be continuous and/or discontinuous. A continuous open pore volume may have sections of the
open pore volume (e.g., pores) that are interconnected together. A discontinuous open pore
volume may have sections of the open pore volume that are not connected together. It is also
possible that the composite/solid phase material has a combination of continuous open pore
volume sections and discontinuous open pore volume sections in certain embodiments.

The phase change material may be distributed in any suitable arrangement within the
composite. For example, the phase change material may be present in one or more layers within
the composite, or intermixed homogenously within the composite. In some cases, the phase
change material may be present in one or more isolated sections or locations within the
composite. As a non-limiting example, according to some embodiments, the solid phase
material may form a continuous outer surface of the composite, which may, for example,
prevent or inhibit the phase change material from leaking out of the composite during use of the
composite, e.g., if the composite is heated to temperatures above the melt temperature of the
phase change material. The continuous outer surface may be a surface exposed (e.g., exposed to
the environment) of the composite. The continuous outer surface may have other structural
features (e.g., gaps, pores, or the like) but may still be considered a continuous outer surface.
For example, as schematically illustrated in Fig. 2, composite 100 may have an outer surface
101 based on a phase change material.

In some embodiments, one or more continuous outer surfaces (e.g., a first outer surface,
a second outer surface, etc.) are possible. According to some embodiments, the first outer
surface and second outer surface may be connected to each other, e.g., such that both outer
surfaces form a continuous material through the composite. In some embodiments, for example,
the first outer surface and the second outer surface are connected to each other through the solid
phase material. As a non-limiting example, as schematically illustrated in Fig. 3, in composite

100, first outer surface 301 and second outer surface 302 may form a continues material through
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the compartment. As another non-limiting example, as schematically illustrated in Fig. 4, in
composite 100, first outer surface 401 and second outer surface 402 are connected to each other
through solid phase material 102.

In certain embodiments, the solid phase material and phase change material do not
chemically react with each other. The absence of a chemical bond, such as, for example,
metallic bond or covalent bond, between the solid phase material and phase change material may
be indicative of chemical inertness between each other, according to certain embodiments. The
solid phase material may be chemically inert in the presence of a phase change material. In some
embodiments, the chemical inertness of the solid phase material and phase change material
depends on the temperature and/or the properties of both materials. Chemical inertness between
the solid phase material and phase change material may be tested through differential scanning
calorimetry, for example, or other techniques. In some embodiments, the solid phase material
and phase change material do not show phase transitions through differential scanning
calorimetry at above or near (e.g., within +/-10 °C) the melt temperature of the phase change
material. In some cases, the phase change material and solid phase material show no more than
two phase transitions through differential scanning calorimetry. In some other cases, the phase
change material and solid phase material show three phase transitions through differential
scanning calorimetry, where at least one phase transition is substantially less abundant (e.g., less
than 1 wt%) than the other phases transitions.

The composite may exhibit a thermal impedance. According to some embodiments, the
thermal impedance of the composite may be important for various reasons (e.g., heat dissipation,
heat retention, heat gradients, etc.). The thermal impedance may depend on the resulting
structure and/or composition of the formed composite. Techniques for determining thermal
impedance include, for example, protocols such as those discussed in standard test method
ASTM D5470. In some cases, the thermal impedance may be determined using an ASTM
D5470 Test capable fixture at a pressure of 206.8 kPa (30 psi). According to some
embodiments, ASTM D5470 Test comprises a technique for measuring and calculating thermal
impedance. The ASTM D5470 Test may be the ASTM D5470-17 Test.

In some embodiments, the thermal impedance of the composite is less than 1 mm? K/W,
less than 3 mm? K/W, less than 5 mm? K/W, less than 7 mm? K/W, less than 10 mm? K/W, less
than 15 mm? K/W, less than 20 mm? K/W, less than 30 mm? K/W, less than 40 mm? K/W, or less
than 50 mm? K/W. According to some embodiments, the thermal impedance may be of a certain

value (e.g., less than 7 mm? K/W or less than 5 mm? K/W, etc.) when the composite is above the
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melt temperature. In some cases, the thermal impedance comprises a pristine thermal
impedance. In some cases, the thermal impedance comprises a thermal resistance.

The composite may also exhibit an effective thermal conductivity, which incorporates
the bulk thermal conductivity and surface contact thermal resistance, in some aspects. According
to some embodiments, the effective thermal conductivity of the composite may be important for
various reasons (e.g., heat dissipation, heat retention, heat gradients, etc.). The effective thermal
conductivity may depend on the resulting structure and/or composition of the formed composite.
Techniques for determining effective thermal conductivity include, for example, protocols such
as those discussed in standard test method ASTM D5470, or that use an ASTM D5470 Test
capable fixture at a pressure of 206.8 kPa (30 psi).

In some embodiments, the effective thermal conductivity of the composite is determined
above the melt temperature. For example, the temperature at which the effective thermal
conductivity is determined may be at least 5 °C, at least 10 °C, at least 15 °C, at least 20 °C, or at
least 25 °C greater than the melt temperature. In some case, the temperature may be no more
than 25 °C, no more than 20 °C, no more than 15 °C, no more than 10 °C, or no more than 5 °C
above the melt temperature. In some cases, the determination may be made within any
combination of these ranges.

The composite may also have any of a variety of suitable effective thermal conductivities
in some embodiments. The effective thermal conductivity of the composite may be
advantageously high, in some aspects. In certain embodiments, for example, the composite has
an average effective thermal conductivity of greater than or equal to 3 W/m-K, greater than or
equal to 5 W/m-K, greater than or equal to 10 W/m-K, greater than or equal to 50 W/m-K,
greater than or equal to 100 W/m-K, greater than or equal to 300 W/m-K, greater than or equal
to 500 W/m-K, greater than or equal to 700 W/m-K, or greater than or equal to 900 W/m-K. In
some embodiments, the composite has an average effective thermal conductivity of less than or
equal to 1000 W/m-K, less than or equal to 900 W/m-K, less than or equal to 700 W/m-K, less
than or equal to 500 W/m-K, less than or equal to 300 W/m-K, less than or equal to 100 W/m-K,
less than or equal to 50 W/m-K, less than or equal to 10 W/m-K, or less than or equal to 5 W/m-
K. Combinations of the above recited ranges are also possible (e.g., the composite has an
average effective thermal conductivity of greater than or equal to 3 W/m-K and less than or
equal to 1000 W/m-K, the composite has an average thermal conductivity of greater than or
equal to 100 W/m-K and less than or equal to 300 W/m-K). Other ranges are also possible as

the present disclosure is not limiting in this regard.
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The composite may maintain its structure after heating at a temperature above the melt
temperature of the phase change material in certain cases. According to some embodiments, the
composite may maintain its structure after heating for at least 1,000 hours, at least 700 hours, at
least 500 hours, at least for 250 hours, at least 100 hours, at least 10 hours, at least 1 hour, or less
than one hour, e.g., at the temperatures described herein. For example, the temperature may be at
least 5 °C, at least 10 °C, at least 15 °C, at least 20 °C, at least 25 °C at least 30 °C, at least 40 °C,
at least 50 °C, at least 60 °C, at least 70 °C, at least 80 °C, at least 90 °C, at least 100 °C, or at
least 150°C greater than the melt temperature. In some case, the temperature may be no more
than 150 °C, no more than 100 °C, no more than 90 °C, no more than 80 °C, no more than 70 °C,
no more than 60 °C, no more than 50 °C, no more than 40 °C, no more than 30 °C, no more than
25 °C, no more than 20 °C, no more than 15 °C, no more than 10 °C, or no more than 5 °C above
the melt temperature. In some cases, combinations of these ranges are also possible. The
composite may not exhibit any appreciable permanent changes such as breakage, leakage (e.g.,
of the phase change material), permanent deformation, etc. under such temperatures or other
conditions and/or for such times.

The solid phase material may include a variety of materials such as metal foam (e.g.,
reactive or non-reactive metal foam), porous metallic solid, passivated metallic particles, fibers,
carbon foam, carbon paper, carbon nanoparticles, carbon nanotubes, graphene nanoflakes,
polymeric foam, polymeric paper, organic foam, organic paper, ceramic foam, carbon-based
particles, ceramic particles, ceramic nanosheets among others. One or more than one of these
materials and/or other materials may be present in a composite, in various embodiments. Non-
limiting examples of such solid phase material follow.

For example, the solid phase material may, in certain embodiments, comprise a plurality
of fibers (e.g., carbon fibers). In some embodiments, the plurality of fibers are a plurality of
discontinuous fibers (e.g., discontinuous carbon fibers). The plurality of fibers may be aligned
substantially orthogonal to the substrate, in some aspects. Further details regarding the substrate
and the plurality of fibers are explained herein in greater detail, including, for example, various
types of suitable fibers, suitable lengths of fibers, suitable diameters of fibers, suitable methods
for producing the substrate, etc. In some embodiments, the solid phase material comprises a
plurality of fibers, where the fibers define a substrate. The plurality of fibers defining a substrate
may be substantially aligned. According to some embodiments, fibers that are substantially
aligned are at least 10 vol%, at least 20 vol%, at least 30 vol%, at least 50 vol%, at least 60 vol%
or least 70 vol% of the fibers defining the substrate. According to one non-limiting embodiment,

at least 30 vol% of the fibers defining the substrate are substantially aligned.
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In some embodiments, the solid phase material comprises a metal foam. The metal foam
may include a material with porosity. For example, the metal foam may be a porous copper alloy
metal foam that may exhibit the properties of a non-foam copper alloy. According to certain
embodiments, the metal foam is the solid phase material that can form a composite with a phase
change material. For example, the porosity of the metal foam may be at least 50 vol%, at least
60 vol%, at least 70 vol%, at least 80 vol%, or at least 90 vol%.

According to one set of embodiments, the metal foam may include a reactive metal. The
reactive metal may include metals such as copper, silver, golf, nickel, zinc, platinum, iron, or the
like. In addition, according to some embodiments, the metal foam comprises a non-reactive
metal. Non-limiting examples include titanium, tungsten, vanadium, chromium, hafnium,
molybdenum, neodymium, zirconium, or the like. The metal foam may also be an alloy of a
reactive metal foam component and/or a non-reactive metal foam component.

The metal foam may, in certain embodiments, have a protective layer, for example, to
prevent or inhibit a chemical reaction between the metal foam and the phase change material. It
may be advantageous in some embodiments to have a protective layer to the metal foam, e.g., to
prevent a chemical reaction (e.g., oxidation reaction), and/or to preserve the chemical
composition of the surface of the metal foam. For example, according to one set of
embodiments, aluminum or another metal foam material may have a portion of its surface
covered with an anodized surface. According to another set of embodiments, a metal foam, such
as a copper metal foam, may have a protective layer, e.g., that covers and/or protects at least a
portion of its surface.

According to certain embodiments, the solid phase material may include a porous
metallic solid. The porous metallic solid may be any suitable metallic solid known in the art
(e.g., cellular metal). The solid may include different topologies, structures, degree of order, etc.
For example, a porous metallic solid may include a sheet of honeycomb structured pores, where
a phase change material may be present in such pores. For example, the porous metallic solid
may comprise nickel, or other materials such as any of those described herein. In some
embodiments, the porous metallic solid is formed through powder metallurgy or particle
sintering, or other techniques.

The solid phase material may comprise a passivation layer in some embodiments. For
example, the solid phase material can include metallic particles, e.g., that have a passivation
layer, which may protect the metal from reacting with other species (e.g., prevent alloying of the
metal). The metal in the metallic particles may be any suitable metal known in the art, e.g.,

copper, silver, nickel, zinc, platinum, iron, etc. The metallic particles may in certain
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embodiments have a passivation layer (e.g., copper oxide), which may be able to prevent
alloying and/or undesired chemical reactions. In some cases, the passivation layer may protect
the metal surface against chemical reactions with the phase change material, other solid phase
material components, and/or chemical species in the environment, etc. In certain embodiments,
the passivation layer can include a reactive passivation layer and/or a non-reactive passivation
layer.

In some embodiments, the solid phase material comprises carbon foam. Carbon foam can
have a porous, permeable structure that may allow the phase change material to be introduced.
Carbon foam may have a certain degree of rigidity, porosity, thermal impedance, etc., which
may offer different advantages to the system (e.g., cost-effective fabrication). For example, the
porosity of the carbon foam may be at least 50 vol%, at least 60 vol%, at least 70 vol%, at least
80 vol%, or at least 90 vol%.

According to some embodiments, the solid phase material may include carbon paper. In
some cases, carbon paper may be porous, such that the solid phase material can be introduced.
For example, the porosity of the carbon foam may be at least 50 vol%, at least 60 vol%, at least
70 vol%, at least 80 vol%, or at least 90 vol%.

In some embodiments, the solid phase material comprises a non-metal foam. Non-
limiting foams include polyethylene foam (e.g., low-density polyethylene foam), polystyrene
foam, rubber-based foams, or the like. As another non-limiting example, a polystyrene foam
may be chemically inert to the phase change material.

In some embodiments, the solid phase material comprises a non-metal foam with
metallized surface treatment. Some foams may include polyethylene foam (e.g., low-density
polyethylene foam), polystyrene foam, rubber-based foams, or the like. As another non-limiting
example, a polystyrene foam may be chemically inert to the phase change material. Non-limiting
metallized surface treatment may include nickel, silver, gold, and/or their alloys, etc.

In some embodiments, the solid phase material comprises a non-metal paper. The non-
metal paper may include, for example, polymeric paper. The paper may include a single sheet or
multiple sheets, for example, that have a porous structure. In some cases, the paper (e.g.,
cellulose filter paper) may have small pores (e.g., less than 30 microns), which may contain a
phase change material, e.g., as discussed herein.

In some embodiments, the solid phase material comprises a non-metal paper with a
metallized surface. The non-metal paper may include, for example, polymeric paper. The paper
may include a single sheet or multiple sheets, for example, that have a porous structure. In some

cases, the paper (e.g., cellulose filter paper) may have small pores (e.g., less than 30 microns),
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which may contain a phase change material. Non-limiting examples of metals/metal alloys
present in the metallized surface include nickel, silver, gold, and their alloys, etc.

In some embodiments, the solid phase material comprises a ceramic foam. Ceramic foam
is a foam comprising ceramic. Non-limiting examples include silicon carbine, alumina, silica,
etc.

The solid phase material may comprise carbon-based particles in some embodiments.
Carbon-based particles may include graphite, graphene, carbon fibers, carbon nanotubes, etc.
The carbon-based particles may have different structures and/or geometries. For example, the
carbon-based particles can be spherical, plate-shaped, cylindrical, or the like.

In some embodiments, particles such as carbon-based particles, ceramic particles, etc.
can have an average dimension that is at least 0.1 micrometers, at least 0.5 micrometers, at least
1 micrometer, at least 2 micrometers, at least 5 micrometers, at least 10 micrometers, at least 20
micrometers, at least 30 micrometers, at least 40 micrometers, at least 50 micrometers, at least
75 micrometers, at least 100 micrometers, at least 200 micrometers, at least 300 micrometers, at
least 400 micrometers, or at least 500 micrometers. According to some embodiments, the
average dimension of the particles may be no more than 500 micrometers, no more than 400
micrometers, no more than 300 micrometers, no more than 200 micrometers, no more than 100
micrometers, no more than 75 micrometers, no more than 50 micrometers, no more than 40
micrometers, no more than 30 micrometers, no more than 20 micrometers, no more than 10
micrometers, no more than 5 micrometers, no more than 2 micrometers no more than 1
micrometer, no more than 0.5 micrometers, or no more than 0.1 micrometers. The particles may
have substantially similar dimensions, or the particles may exhibit a range of dimensions or
sizes, etc.

In some embodiments, the solid phase material are ceramic particles. Some non-limiting
examples of ceramic particles are silicon carbide, silicon nitride, boron nitride, aluminum oxide,
zinc oxide, titanium dioxide, silicon dioxide, zirconium dioxide, iron oxide, calcium oxide,
magnesium oxide, and barium oxide. The ceramic particles may be shaped into different
structures and/or geometries. For example, the ceramic particles can be spherical, plate-shaped,
and/or cylindrical.

In some embodiments, the ceramic particles can have an average dimension of a certain
range. According to some embodiments, the ceramic particles may have an average dimension
of at least 0.1 micrometers, at least 0.5 micrometers, at least 1 micrometer, at least 2
micrometers, at least 5 micrometers, at least 10 micrometers, at least 20 micrometers, at least 30

micrometers, at least 40 micrometers, at least 50 micrometers, at least 75 micrometers, at least
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100 micrometers, at least 200 micrometers, at least 300 micrometers, at least 400 micrometers,
or at least 500 micrometers. According to some embodiments, the ceramic particles may have an
average dimension of no more than 500 micrometers, no more than 400 micrometers, no more
than 300 micrometers, no more than 200 micrometers, no more than 100 micrometers, no more
than 75 micrometers, no more than 50 micrometers, no more than 40 micrometers, no more than
30 micrometers, no more than 20 micrometers, no more than 10 micrometers, no more than 5
micrometers, no more than 2 micrometers no more than 1 micrometer, no more than 0.5
micrometers, or no more than 0.1 micrometers. The particles may have substantially similar
dimensions, or the particles may exhibit a range of dimensions or sizes, etc.

In some embodiments, the composite is free of flux. Flux is generally a material that may
have different purposes, including but not limited to, soldering, smelting, and/or brazing. Some
benefits of flux are removing chemical species (e.g., oxides) and potential contaminants. Flux
may be made of a single component (e.g., zinc chloride) or multiple components (e.g., silica and
borax).

In some embodiments, the solid phase material comprises a metal, an alloy, a carbon-
based material, a conductive polymer, and/or combinations thereof. The solid phase material
may comprise any of a variety of suitable metals and/or alloys. In certain embodiments, for
example, the metal and/or alloy comprises aluminum (Al), titanium (Ti), nickel (Ni), zirconium
(Zr), niobium (Nb), tantalum (Ta), hafnium (Hf), stainless steel (SS), and/or combinations
thereof. In some embodiments, the metal and/or alloy comprises a metal and/or alloy foil. In
certain embodiments, the metal and/or alloy comprises metal and/or alloy particles. Other
metals and/or alloys are also possible as the present disclosure is not meant to be limiting in this
regard.

The solid phase material, in some embodiments, may comprise any of a variety of
suitable carbon-based materials. In certain embodiments, for example, the carbon-based
material comprises graphite, graphene, a carbon nanostructure (e.g., carbon nanotubes, carbon
nanowires, etc.), carbon black, and/or combinations thereof. The carbon-based material may
comprise a powder (e.g., carbon and/or graphite powder) or fibers (e.g., carbon and/or graphite
fibers), in some aspects. Other carbon-based materials are also possible as the present disclosure
is not limiting in this regard.

Certain embodiments as discussed herein are generally directed to fiber volume fractions
(e.g., of substantially aligned fibers such as those discussed herein) of at least 40% fiber volume,
at least 45% fiber volume, at least 50% fiber volume, at least 55% fiber volume, at least 60%

fiber volume, at least 65% fiber volume, at least 70% fiber volume, etc.
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A variety of techniques may be used to align the fibers (e.g., discontinuous fibers) in
various embodiments, including magnetic fields, shear flow, or the like, as are discussed in more
detail below. As a non-limiting example, magnetic particles, including those discussed herein,
can be attached to the fibers, and a magnetic field may then be used to manipulate the magnetic
particles. For instance, the magnetic field may be used to move the magnetic particles into a
composite, and/or to align the fibers within the composite. The magnetic field may be constant
or time-varying (e.g., oscillating), for instance, as is discussed herein. For example, an applied
magnetic field may have a frequency of 1 Hz to 500 Hz and an amplitude of 0.01 T to 10 T.
Other examples of magnetic fields are described in more detail below.

In some cases, the fibers (e.g., discontinuous fibers) may have any of a variety of suitable
lengths. In some embodiments, for example, the fibers have an average length, or characteristic
dimension, of at least 1 nm, at least 3 nm, at least 5 nm, at least 10 nm, at least 30 nm, at least 50
nm, at least 100 nm, at least 300 nm, at least 500 nm, at least 1 micrometer, at least 3
micrometers, at least 5 micrometers, at least 10 micrometers, at least 20 micrometers, at least 30
micrometers, at least 50 micrometers, at least 100 micrometers, at least 200 micrometers, at least
300 micrometers, at least 500 micrometers, at least 1 mm, at least 2 mm, at least 3 mm, at least 5
mm, at least 10 mm, at least 15 mm, etc. In certain embodiments, the fibers may have an
average length, or characteristic dimension, of no more than 5 cm, no more than 3 cm, no more
than 2 cm, no more than 1.5 cm, no more than 1 cm, no more than 5 mm, no more than 3 mm,
no more than 2 mm, no more than 1 mm, no more than 500 micrometers, no more than 300
micrometers, no more than 200 micrometers, no more than 100 micrometers, no more than 50
micrometers, no more than 30 micrometers, no more than 20 micrometers, no more than 10
micrometers, no more than 5 micrometers, no more than 3 micrometers, no more than 1
micrometers, no more than 500 nm, no more than 300 nm, no more than 100 nm, no more than
50 nm, no more than 30 nm, no more than 10 nm, no more than 5 nm, etc. Combinations of any
of these are also possible. For example, the plurality of fibers may have an average length of
between 1 mm and 5 mm.

In addition, the fibers (e.g., discontinuous fibers) may also have any suitable average
diameter. For instance, the fibers may have an average diameter of at least 5 micrometers, at
least 10 micrometers, at least 20 micrometers, at least 30 micrometers, at least 50 micrometers,
at least 100 micrometers, at least 200 micrometers, at least 300 micrometers, at least 500
micrometers, at least 1 mm, at least 2 mm, at least 3 mm, at least 5 mm, at least 1 cm, at least 2
cm, at least 3 cm, at least 5 cm, at least 10 cm, etc. In certain embodiments, the fibers may have

an average diameter of no more than 10 cm, no more than 5 cm, no more than 3 cm, no more
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than 2 cm, no more than 1 ¢cm, no more than 5 mm, no more than 3 mm, no more than 2 mm, no
more than 1 mm, no more than 500 micrometers, no more than 300 micrometers, no more than
200 micrometers, no more than 100 micrometers, no more than 50 micrometers, no more than
30 micrometers, no more than 20 micrometers, no more than 10 micrometers, no more than 5
micrometers, etc. Combinations of any of these are also possible. For example, the fibers may
have an average diameter of between 5 micrometers and 50 micrometers, 10 micrometers and
100 micrometers, between 50 micrometers and 500 micrometers, between 100 micrometers and
5 mm, etc.

In certain embodiments, the fibers (e.g., discontinuous fibers) may have a length that is
at least 10 times or at least 50 times its thickness or diameter, on average. In some cases, the
fibers may have an average aspect ratio (ratio of fiber length to diameter or thickness) of at least
3, at least 5, at least 10, at least 30, at least 50, at least 100, at least 300, at least 500, at least
1,000, at least 3,000, at least 5,000, at least 10,000, at least 30,000, at least 50,000, or at least
100,000. In some cases, the average aspect ratio of the fibers may be less than 100,000, less
than 50,000, less than 30,000, less than 10,000, less than 5,000, less than 3,000, less than 1,000,
less than 500, less than 300, less than 100, less than 50, less than 30, less than 10, less than 5,
etc. Combinations of any of these are also possible in some cases; for instance, the aspect ratio
may be between 5, and 100,000.

In some instances, the fibers (e.g., discontinuous fibers) may comprise a relatively large
portion of the composite. For example, in certain embodiments, the fibers may comprise at least
1%, at least 2%, at least 3%, at least 4%, at least 5%, at least 7%, at least 10%, at least 15%, at
least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at
least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at
least 90%, at least 95%, or at least 97% of the mass or volume of the composite. In some cases,
the fibers comprise no more than 97%, no more than 95%, no more than 90%, no more than
85%, no more than 80%, no more than 70%, no more than 60%, no more than 50%, no more
than 40%, no more than 30%, no more than 20%, or no more than 10% of the mass or volume of
the composite. Combinations of any of these are also possible.

At least some of the fibers (e.g., discontinuous fibers) may be uncoated. In some cases,
however, some or all of the fibers (e.g., discontinuous fibers) may be coated. The coating may
be used, for example, to facilitate the adsorption or binding of particles, such as magnetic
particles, onto the fibers, or for other reasons.

As one non-limiting example, at least some of the fibers are coated with sizing. Some

examples of coatings or sizings include, but are not limited to, polypropylene, polyurethane,
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polyamide, phenoxy, polyimide, epoxy, or the like. These can be introduced, for example, as a
solution, dispersion, emulsion, etc. As other examples, the fibers may be coated with a
surfactant, a silane coupling agent, an epoxy, glycerine, polyurethane, an organometallic
coupling agent, or the like. Non-limiting examples of surfactants include oleic acid, sodium
dodecyl sulfate, sodium lauryl sulfate, etc. Non-limiting examples of silane coupling agents
include amino-, benzylamino-, chloropropyl-, disulfide-, epoxy-, epoxy/melamine-, mercapto-,
methacrylate-, tertasulfido-, ureido-, vinyl-, isocynate-, and vinly-benzyl-amino-based silane
coupling agents. Non-limiting examples of organometallic coupling agents include aryl- and
vinyl-based organometallic coupling agents.

It should be understood that not all of the particles (if present) are necessarily magnetic.
In some cases, non-magnetic particles may be used, e.g., in addition to and/or instead of
magnetic particles. Non-limiting examples of nonmagnetic particles include glass, polymer,
metal, or the like. In addition, in some embodiments, no particles are present.

The particles (if present) may be spherical or non-spherical, and may be of any suitable
shape or size. The particles may be relatively monodisperse or come in a range of sizes. In
some cases, the particles may have a characteristic dimension, on average, of at least 10
micrometers, at least 20 micrometers, at least 30 micrometers, at least 50 micrometers, at least
100 micrometers, at least 200 micrometers, at least 300 micrometers, at least 500 micrometers,
at least 1 mm, at least 2 mm, at least 3 mm, at least 5 mm, at least 1 cm, at least 1.5 cm, at least 2
cm, at least 3 cm, at least 5 cm, at least 10 cm, etc. The particles may also have an average
characteristic dimension of no more than 10 cm, no more than 5 cm, no more than 3 cm, no
more than 2 cm, no more than 1.5 cm, no more than 1 cm, no more than 5 mm, no more than 3
mm, no more than 2 mm, no more than 1 mm, no more than 500 micrometers, no more than 300
micrometers, no more than 200 micrometers, no more than 100 micrometers, no more than 50
micrometers, no more than 30 micrometers, no more than 20 micrometers, no more than 10
micrometers, etc. Combinations of any of these are also possible. For example, the particles
may exhibit a characteristic dimension of or between 100 micrometer and 1 mm, between 10
micrometer and 10 micrometer, etc. The characteristic dimension of a nonspherical particle may
be taken as the diameter of a perfect sphere having the same volume as the nonspherical particle.

In addition, in some aspects, the composite may further comprise fillers or additional
materials, e.g., in addition to fibers (e.g., discontinuous fibers). For instance, in certain
embodiments, the composite may further comprise one or more ceramics, such as boron nitride,
alumina, titania, or the like. In addition, in some embodiments, the composite may further

comprise one or more metals, such as aluminum, copper, silver, tin, gold, etc. In addition, in
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one embodiment, such materials present within the composite may be formed by fusing particles
together, e.g., during formation of the composite. Other materials may also be present in the
substrate in some cases as well.

In one set of embodiments, a binder is also present within the composite, e.g., which may
be used to bind the fibers (e.g., discontinuous fibers), e.g., within the composite. For example,
the binder may facilitate holding the fibers in position within the composite. However, it should
be understood that the binder is optional and not required in all cases. In some cases, the binder
may comprise a resin. The binder may include, for example, a thermoset, thermoplastic, and/or
a vitrimer. In certain embodiments, the binder may comprise a thermoplastic solution, a
thermoplastic melt, thermoplastic pellets, a thermoset resin, a volatile compound such as a
volatile organic compound, water, or an oil. Additional non-limiting examples of binders
include an epoxy, polyester, vinyl ester, polyethylenimine, polyetherketoneketone,
polyaryletherketone, polyether ether ketone, polyphenylene sulfide, polyethylene terephthalate,
a polycarbonates, poly(methyl methacrylate), acrylonitrile butadiene styrene, polyacrylonitrile,
polypropylene, polyethylene, nylon, a silicone rubber, polyvinylidene fluoride, styrene
butadiene rubber, or a pre-ceramic monomer, a siloxane, a silazane, or a carbosilane. In some
cases, a binder may comprise a covalent network polymer prepared from an imine-linked
oligomer and an independent crosslinker comprising a reactive moiety. Non-limiting examples
of reactive moieties include epoxy, isocyanate, bismaleimide, sulfide, polyurethane, anhydride,
and/or polyester. Examples of vitrimers include, but are not limited to, epoxy resins based on
diglycidyl ether of bisphenol A, aromatic polyesters, polylactic acid (polylactide),
polyhydroxyurethanes, epoxidized soybean oil with citric acid, polybutadiene, etc. The binder
may also include mixtures including any one or more of these materials and/or other materials,
in certain embodiments.

In some embodiments, the binder may comprise at least 1%, at least 2%, at least 3%, at
least 4%, at least 5%, at least 7%, at least 10%, at least 15%, at least 20%, or at least 25% of the
mass of the composite, and/or no more than 25%, no more than 20%, no more than 15%, no
more than 10%, no more than 7%, no more than 5%, no more than 4%, no more than 3%, no
more than 2%, or no more than 1% of the mass of the composite.

According to certain embodiments, a composite as described herein may comprise one or
more additives and/or fillers. In some embodiments, for example, the additive and/or filler may
comprise one or more secondary conductive materials dispersed in one or more components of
the composite. In certain embodiments, at least a portion of the additive and/or filler is in

electrical contact with at least a portion of the composite.
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Any of a variety of suitable additives and/or fillers may be employed. In some
embodiments, for example, the additive and/or filler comprises a carbon-based material.
Suitable carbon-based materials include, but are not limited to, graphite, graphene, a carbon
nanostructure (e.g., carbon nanotubes, carbon nanowires, etc.), carbon black, and/or
combinations thereof. The carbon-based material may be a powder (e.g., carbon and/or graphite
powder) or a fiber (e.g., carbon and/or graphite fibers), in some aspects. Other carbon-based
materials are also possible.

In some embodiments, the additive and/or filler comprises a metal and/or alloy. Suitable
metals and/or alloys comprise aluminum (Al), titanium (T1), nickel (Ni), stainless steel (SS),
and/or combinations thereof. In certain embodiments, the additive and/or filler comprises a
polymer (e.g., a conductive polymer, a non-conductive polymer). In some embodiments, the
additive and/or filler comprises a colorant and/or dye. Other additives and/or fillers are also
possible.

Certain aspects are generally directed to methods of making any of the composites
described herein. Non-limiting examples include, but are not limited to, mechanical mixing;,
ultrasonic mixing;, casting;, spraying;, cold spraying;, liquefication and solidification;, pouring
and solidification;, electrowetting;, electromagnetic mixing;, pressing/rolling cryomilled
particles;, submerging;, pressing;, among others.

For example, in some embodiments, the composite is formed by mixing the phase
change material and the solid phase material, e.g., mechanically. Mechanical mixing may be
performed, for example, by a mixer or an agitator, which may allow the solid phase material and
phase change material to be mixed together.

In some embodiments, the composite is formed by ultrasonic mixing of the solid phase
material and the phase material. Ultrasonic mixing may be accomplished, for example, through
sonication of the solid phase material and phase change material using ultrasonic frequencies
(i.e., more than 20 kHz).

In some embodiments, the composite is formed by casting the phase change material
onto the solid phase material. The phase change material may be casted onto the solid phase
material to form a composite, where, according to some embodiments, the phase change
material may be a liquid that becomes a solid (i.e., solidifies) after casting. In some
embodiments, casting the phase change material may occur in a pressure chamber, which is able
to apply either a positive pressure (i.e., more than 1 atm) or negative pressure (i.e., less than 1

atm) during casting.
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In some embodiments, the phase change material is sprayed onto the solid phase material
to form the composite. According to some embodiments, spraying the phase change material
may be advantageous for different reasons (e.g., to disperse the phase change material
homogenously). Spraying the phase change material onto the solid phase material may be
employed under different circumstances (e.g., roll-to-roll fabrication), etc.

Spraying the phase change material may include cold spraying in certain embodiments.
During cold spraying, the phase change material (e.g., metallic particles) are accelerated in a gas
medium and then deposited on the solid phase material, thus helping form a composite. Cold
spraying may be performed using a variety of techniques, for example, a robotic arm with a cold
spray nozzle.

In some embodiments, the composite is formed by melting a phase change material onto
the solid phase material. In some cases, the phase change material may be a solid that is
deposited on the solid phase material, followed by being heated and liquified, and then cooled
and solidified on the solid phase material. In some embodiments, the liquification and
solidification of the phase change material occurs under an applied pressure (e.g., inside a
pressure chamber with positive pressure or negative pressure being applied).

In some embodiments, the composite is formed by pouring the phase change material
(e.g., a liquid phase change material) onto the solid phase material. In some embodiments,
pouring a liquid phase material is followed by solidifying (e.g., cooling) the phase change
material. According to some embodiments, a composite (e.g., self-supporting composite) is
formed after solidifying the phase change material.

In some embodiments, the composite is formed by electrowetting the solid phase
material. Electrowetting may occur by applying a voltage (e.g., a direct current voltage) to the
solid phase material. It may be advantageous to use electrowetting on the solid phase material
for certain reasons (e.g., change the wetting properties of the material). In certain cases, it may
be preferred to form a composite by introducing the phase change material while the solid phase
material is being electrowetted.

In some embodiments, electromagnetic mixing (i.e., electromagnetic stirring) can form a
composite. It should be understood that electromagnetic mixing involves a phase change
material capable of interacting with a magnetic field (e.g., magnetic field from a static induction
coil). In some cases, such magnetic field can be helpful for mixing the phase change material
and solid phase material to form a composite.

In some embodiments, the phase change material is a cryomilled phase change material.

It may be desired to use a cryomilled phase change material to form a composite when the phase
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change material is difficult to process (e.g., forms lumps/clusters) at room temperature. The
cryomilled phase change material may be cryomilled particles, which may have been grinded
under cryomilling conditions (e.g., less -50 °C). In certain embodiments, the cryomilled particles
are mixed with a solid phase material (e.g., polymeric particles). In such embodiments, the
cryomilled particles and solid phase material may be pressured and/or rolled together to form a
composite.

In some embodiments, the phase change material is a liquid phase change material,
where the solid phase material is submerged in the liquid phase change material. In some cases,
it may be advantageous to submerge the solid phase material in a liquid phase change material
(e.g., if processability is challenging). Submerging the solid phase material in the liquid phase
change material may occur at a temperature higher than room temperature (e.g., more than 35
°C) when the phase change material is a liquid, and, according to some embodiments, the phase
change material and the solid phase material can be cooled thereafter to form a composite.

In some embodiments in which the phase change material is a solid, the composite is
formed by pressing the solid phase change material and the solid phase material together.
Pressing the solid phase change material and the solid phase material can be executed through
any of various methods known in the art (e.g., rolling mill). In some cases, pressing the solid
phase change material and solid phase material may form a composite with components that are
substantially adhered to each other.

The following documents are incorporated herein by reference in their entireties: Int.
Pat. Apl. Pub. Nos. WO 2018/175134, WO 2020/123334, WO 2021/007381, WO
2021/007389,WO 2023/163848, and WO 2024/039598. In addition, Int. Pat. Apl. Ser. No.
PCT/US24/35747 is also incorporated herein by reference in its entirety.

The following examples are intended to illustrate certain embodiments of the present
disclosure, but do not exemplify the full scope of the disclosure.

EXAMPLE 1

This example relates to mechanically agitated carbon fibers and liquid metals. A pitch-
derived carbon fibers that are mechanically agitated within gallium and gallium oxide mixture to
create a slurry, of which the fiber composition is greater than 10% by volume. Then, the slurry is
heated to above 30 °C and casted on to a surface under magnetic field with strength of less than
5 T to orient the fibers in a direction perpendicular to the casting surface. The resulting casted
film is cooled to room temperature to create a self-supporting composite film.

Cross-sectional optical micrographs of a self-supporting composite film are shown in

Fig. 5.
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EXAMPLE 2

This example describes an ASTM D5470 Test capable fixture, and techniques for using
it. See also ASTM D5470-17, incorporated herein by reference in its entirety.

The general features of an apparatus that meets the requirements of this method are
shown in Figs. 6A and 6B. This apparatus imposes the required test conditions and
accomplishes the required measurements. It is one possible engineering solution, not a uniquely
exclusive implementation.

The test surfaces are to be smooth within 0.4 microns and parallel to within 5 microns.

The heat sources are either electrical heaters or temperature controlled fluid circulators.
Typical electrical heaters are made by embedding wire wound cartridge heaters in a highly
conductive metal block. Circulated fluid heaters consist of a metal block heat exchanger
through which a controlled temperature fluid is circulated to provide the required heat flow as
well as temperature control.

Heat flow through the specimen is able to be measured with meter bars regardless of the
type of heater used.

Electrical heaters offer convenient measurement of the heating power generated but must
be combined with a guard heater and high quality insulation to limit heat leakage away from the
primary flow through the specimen.

Heat flow meter bars are able to be constructed from high conductivity materials with
well documented thermal conductivity within the temperature range of interest. The temperature
sensitivity of thermal conductivity must be considered for accurate heat flow measurement. The
thermal conductivity of the bar material is recommended to be greater than 50 W/m-K.

Guard heaters are comprised of heated shields around the primary heat source to
eliminate heat leakage to the environment. Guard heaters are insulated from the heat source and
maintained at a temperature within +/- 0.2 K of the heater. This effectively reduces the heat
leakage from the primary heater by nullifying the temperature difference across the insulation.
Insulation between the guard heater and the heat source will be at least the equivalent of one 5
mm layer of FR-4 epoxy material.

If the heat flow meter bars are used on both the hot and cold surfaces, guard heaters and
thermal insulation is not required and the heat flow through the test specimen is computed as the
average heat flow through both meter bars.

Meter bars are able to also be used to determine the temperature of the test surfaces by
extrapolating the linear array of meter bar temperatures to the test surfaces. This is able to be

done for both the hot side and cold side meter bars. Surface temperatures are able to be
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measured with thermocouples that are located in extreme proximity to the surfaces although this
can be mechanically difficult to achieve. Meter bars are able to be used for both heat flow and
surface temperature measurement or for exclusively one of these functions.

The cooling unit is commonly implemented with a metal block cooled by temperature
controlled circulating fluid with a temperature stability of +/- 0.2 K.

The contact pressure on the specimen is able to be controlled and maintained in a variety
of ways, including linear actuators, lead screws, pneumatics, and hydraulics. The desired range
of forces must be applied to the test fixture in a direction that is perpendicular to the test surfaces
and maintains the parallelism and alignment of the surfaces.

The material type will dictate the method for controlling specimen thickness. In all cases,
prepare specimens of the same area as the contacting test surfaces. If the test surfaces are not of
equal size, prepare the specimen equal to the dimension of the smaller test surface.

Type I—Use shims or mechanical stops to control the thickness of the specimen between
the test surfaces. Spacer beads of the desired diameter is able to also be used in approximately 2
% volumetric ratio and thoroughly mixed into the sample prior to being applied to the test
surfaces.

Type II—Use an adjustable clamping pressure to deflect the test specimen by 5 % of its
uncompressed thickness. This represents a trade-off between lower surface contact resistance
and excessive sample deflection.

Type IlI—Measure the sample thickness in accordance with Test Method C of Test
Methods D374.

Prepare specimens from material that is in original, as-manufactured condition or as
noted otherwise. Remove any contamination and dirt particles. Do not use solvent that will react
with or contaminate the specimens.

Close the test stack and apply the clamping pressure required for the specimen to be
tested.

Turn on the heating and cooling units and let stabilize at the specified set points to give
an average sample temperature of 50°C (average of T» and T3), unless otherwise specified.

Zero the thickness measuring device (micrometer, LVDT, laser detector, encoder, and so
forth).

Machines without an in situ thickness measuring apparatus.

At room temperature, measure the specimen thickness in accordance with Test Method C
of Test Methods D374.

Load the specimen on the lower test stack.
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Dispense Type I grease and paste materials onto the lower test stack surface. Melt phase
change compounds to dispense onto the stack.

Place Type II and III specimens onto the lower test stack.

Close the test stack and apply clamping pressure.

Type I materials being tested with shims to control the test thickness require only enough
pressure to squeeze out excess material and contact the shim but not too much pressure that will
result in the shim damaging the surfaces of the test stacks.

For machines with screw stops, electromechanical, or hydraulic actuators controlling the
position of the upper test stack, the magnitude of the clamping pressure is not critical.

Raise the temperature of the test stack above the specimen melting point to enable phase
change materials to flow and permit closing of the test stacks. After the material has flowed,
return the heating and cooling units to the required set points to maintain an average specimen
temperature of 50°C before beginning the test, unless otherwise specified.

Type Il materials require enough pressure to coalesce stacked specimens together and
minimize interfacial thermal resistances. Too much pressure will possibly damage the
specimens. This will possibly be as low as 0.069 MPa (10 psi) for softer specimens or as high as
3.4 MPa (500 psi) for harder specimens. Alternatively, screws or linear actuators are able to be
used to control the specimen thickness under test for easily deformable Type Il materials.

Type Il materials require enough pressure to exclude excess thermal grease from the
interface and to flatten specimens that are not flat. This will possibly be as low as 0.69 MPa
(100 psi) for flat specimens with low viscosity thermal grease or as high as 3.4 MPa (500 psi)
for non-flat specimens or when using high viscosity thermal grease.

Record the temperatures of the meter bars and the voltage and current applied to
electrical heaters at equilibrium. Equilibrium is attained when, at constant power, 2 sets of
temperature readings taken at 5 minute intervals differ by less than +/- 0.1°C, or if the thermal
impedance has changed by less than 1 % of the current thermal impedance over a 5 minute time
span.

Calculate the mean specimen temperature and the thermal impedance. Label the
calculated thermal impedance for the single-layer specimen as the “thermal impedance” of the
sample.

Determine the thermal impedance of at least 3 specimen thicknesses. Maintain the mean
temperature of the specimens at 50 +/- 2°C (unless otherwise specified) by reducing the heat

flux as the specimen thickness is increased.
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For specimens that need to be stacked to get different thicknesses, first measure the
thermal impedance of one layer alone, then measure the thermal impedance of 2 layers stacked
together, and then measure the thermal impedance of 3 layers stacked together.

For specimens of 3 different thicknesses A, B, and C, first measure the thermal
impedance of specimen A alone, then measure the thermal impedance of specimen B alone, then

measure the thermal impedance of specimen C alone.

While several embodiments of the present disclosure have been described and illustrated
herein, those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the functions and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to be
within the scope of the present disclosure. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and configurations described herein are
meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the teachings
of the present disclosure is/are used. Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many equivalents to the specific
embodiments of the disclosure described herein. It is, therefore, to be understood that the
foregoing embodiments are presented by way of example only and that, within the scope of the
appended claims and equivalents thereto, the disclosure may be practiced otherwise than as
specifically described and claimed. The present disclosure is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included
within the scope of the present disclosure.

In cases where the present specification and a document incorporated by reference
include conflicting and/or inconsistent disclosure, the present specification shall control. If two
or more documents incorporated by reference include conflicting and/or inconsistent disclosure
with respect to each other, then the document having the later effective date shall control.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the specification and in the claims,

unless clearly indicated to the contrary, should be understood to mean “at least one.”
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The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally
including other elements); etc.

As used herein in the specification and in the claims, “or”” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,”
or, when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of
a number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of

99 ¢

exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.”

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or unrelated
to those elements specifically identified. Thus, as a non-limiting example, “at least one of A and
B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can
refer, in one embodiment, to at least one, optionally including more than one, A, with no B
present (and optionally including elements other than B); in another embodiment, to at least one,

optionally including more than one, B, with no A present (and optionally including elements

other than A); in yet another embodiment, to at least one, optionally including more than one, A,
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and at least one, optionally including more than one, B (and optionally including other
elements); etc.

When the word “about” is used herein in reference to a number, it should be understood
that still another embodiment of the disclosure includes that number not modified by the
presence of the word “about.”

It should also be understood that, unless clearly indicated to the contrary, in any methods
claimed herein that include more than one step or act, the order of the steps or acts of the method
is not necessarily limited to the order in which the steps or acts of the method are recited.

In the claims, as well as in the specification above, all transitional phrases such as

EEINT3 LR

“comprising,” “including,

99 ¢

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

What is claimed is:

An article, comprising:

a self-supporting composite having a thickness of between 10 micrometers and 1
mm, the composite comprising a solid phase material and a phase change material, the
solid phase material comprising an open pore volume of less than 90 vol%, the phase
change material comprising a metal, a metal oxide, a metal alloy, or combination thereof,

wherein the phase change material exhibits a melt temperature of between 10 °C
and 65 °C, and wherein the composite has a thermal impedance of less than 10 mm?* K/W
at 10 °C above the melt temperature, wherein the thermal impedance is determined under

206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test capable fixture.

An article, comprising:

a self-supporting composite having a thickness of between 200 micrometers and
1 mm, the composite comprising a solid phase material and a phase change material, the
solid phase material comprising an open pore volume of less than 90 vol%, the phase
change material comprising a metal, a metal oxide, a metal alloy, or combination thereof,

wherein the phase change material exhibits a melt temperature of between 10 °C
and 65 °C, and wherein the composite has a thermal impedance of less than 10 mm?* K/W
at 10 °C above the melt temperature, wherein the thermal impedance is determined under

206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test capable fixture.

An article, comprising:

a self-supporting composite having a thickness of between 10 micrometers and 1
mm, the composite comprising a solid phase material and a phase change material that
do not chemically react with each other, the composite being free of flux, the solid phase
material comprising an open pore volume of less than 90 vol%, the phase change
material comprising a metal, a metal oxide, a metal alloy, or combination thereof,

wherein the phase change material exhibits a melt temperature of between 10 °C
and 65 °C, and wherein the composite has a thermal impedance of less than 10 mm? K/W
at 10 °C above the melt temperature, and wherein the composite comprises a thermal
impedance within 2 mm?K/W of the thermal impedance after 1000 hours at a

temperature of 5 °C above the melt temperature, wherein the thermal impedance is
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determined under 206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test

capable fixture.

An article, comprising:

a self-supporting composite having a thickness of between 200 micrometers and
1 mm, the composite comprising a solid phase material and a phase change material that
do not chemically react with each other, the composite being free of flux, the solid phase
material comprising an open pore volume of less than 90 vol%, the phase change
material comprising a metal, a metal oxide, a metal alloy, or combination thereof,

wherein the phase change material exhibits a melt temperature of between 10 °C
and 65 °C, and wherein the composite has a pristine thermal impedance of less than 10
mm? K/W at 10 °C above the melt temperature, and wherein the composite comprises a
thermal impedance within 2 mm?K/W of the thermal impedance after 1000 hours at a
temperature of 5 °C above the melt temperature, wherein the thermal impedance is
determined under 206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test

capable fixture.

The article of any one of claims 1-4, wherein the phase change material comprises

gallium.

The article of any one of claims 1-5, wherein the phase change material comprises

indium.

The article of any one of claims 1-6, wherein the phase change material comprises tin.

The article of any one of claims 1-7, wherein the phase change material comprises

bismuth.

The article of any one of claims 1-8, wherein the solid phase material comprises metal

foam.

The article of any one of claims 1-9, wherein the metal foam comprises a non-reactive

metal.
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23.
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The article of claim 10, wherein the non-reactive metal comprises titanium.

The article of any one of claims 10-11, wherein the non-reactive metal comprises

tungsten.

The article of any one of claims 10-12, wherein the non-reactive metal comprises

vanadium.

The article of any one of claims 10-13, wherein the non-reactive metal comprises

chromium.

The article of any one of claims 10-14, wherein the non-reactive metal comprises

hafnium.

The article of any one of claims 10-15, wherein the non-reactive metal comprises

molybdenum.

The article of any one of claims 10-16, wherein the non-reactive metals comprise

neodymium.

The article of any one of claims 10-17, wherein the non-reactive metals comprise

zirconium.

The article of any one of claims 1-18, wherein the metal foam comprises a reactive

metal.

The article of claim 11, wherein the reactive metals comprise copper.

The article of claim 20, wherein the reactive metal comprises silver.

The article of any one of claims 20-21, wherein the reactive metal comprises gold.

The article of any one of claims 20-22, wherein the reactive metal comprises nickel.
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The article of any one of claims 20-23, wherein the reactive metal comprises zinc.

The article of any one of claims 20-24, wherein the reactive metal comprises platinum.

The article of any one of claims 20-25, wherein the reactive metal comprises iron.

The article of any one of claims 1-26, wherein the solid phase material is adjacent to a

layer that prevents a chemical reaction with the solid phase material.

The article of claim 27, wherein the chemical reaction is an oxidation-reduction reaction.

The article of any one of claims 27 or 28, wherein the chemical reaction is an acid-base

chemical reaction.

The article of any one of claims 27-29, wherein the chemical reaction is a hydrolysis

chemical reaction.

The article of any one of claims 27-30, wherein the layer that prevents the chemical

reaction is an anodized layer.

The article of any one of claims 27-31, wherein the layer that prevents the chemical

reaction is a coating.

The article of any one of claims 1-32, wherein the solid phase material comprises fibers.

The article of any one of claims 1-33, wherein the solid phase material comprises a

porous metallic solid.

The article of claim 34, wherein the porous metallic solid is formed by powder

metallurgy.

The article of any one of claim 34 or 35, wherein the porous metallic solid is formed by

particle sintering.
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The article of any one of claims 1-36, wherein the solid phase material comprises

passivated metallic particles.

The article of claim 37, wherein the passivated metallic particles comprise a non-reactive

passivation layer.

The article of any one of claims 1-38, wherein the solid phase material comprises carbon

foam.

The article of any one of claims 1-39, wherein the solid phase material comprises carbon

paper.

The article of any one of claims 1-40, wherein the solid phase material comprises organic

foams.

The article of any one of claims 1-41, wherein the solid phase material comprises

polymeric foams.

The article of any one of claims 1-42, wherein the solid phase material comprises organic

papers.

The article of any one of claims 1-43, wherein the solid phase material comprises

polymeric papers.

45.

46.

47.

48.

The article of any one of claims 1-44, wherein the solid phase material comprises

carbon-based particles.

The article of claim 45, wherein the carbon-based particles comprise graphite.

The article of any one of claims 45 or 46, wherein the carbon-based particles comprise

graphene.

The article of any one of claims 45-47, wherein the carbon-based particles comprise

carbon fibers.
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The article of any one of claims 45-48, wherein the carbon-based particles comprise

carbon nanotubes.

The article of any one of claims 45-49, wherein the carbon-based particles are spherical.

The article of any one of claims 45-50, wherein the carbon-based particles are plate-

shaped.

The article of any one of claims 45-51, wherein the carbon-based particles are

cylindrical.

The article of any one of claims 45-52, wherein the carbon-based particles have a

diameter of at least 0.1 micrometers.

The article of any one of claims 45-53, wherein the carbon-based particles have a

diameter of no more than 500 micrometers.

The article of any one of claims 1-54, wherein the solid phase material comprises

ceramic particles.

The article of claim 55, wherein the ceramic particles comprise silicon carbide.

The article of any one of claims 55 or 56, wherein the ceramic particles comprise silicon

nitride.

The article of any one of claims 55-57, wherein the ceramic particles comprise boron

nitride.

The article of any one of claims 55-58, wherein the ceramic particles comprise aluminum

oxide.

The article of any one of claims 55-59, wherein the ceramic particles comprise zinc

oxide.
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The article of any one of claims 55-60, wherein the ceramic particles comprise titanium

dioxide.

The article of any one of claims 55-61, wherein the ceramic particles comprise silicon

dioxide.

The article of any one of claims 55-62, wherein the ceramic particles comprise zirconium

dioxide.

The article of any one of claims 55-63, wherein the ceramic particles comprise iron

oxide.

The article of any one of claims 55-64, wherein the ceramic particles comprise calcium

oxide.

The article of any one of claims 55-65, wherein the ceramic particles comprise

magnesium oxide.

The article of any one of claims 55-66, wherein the ceramic particles comprise barium

oxide.

The article of any one of claims 55-67, wherein the ceramic particles are spherical.

The article of any one of claims 55-68, wherein the ceramic particles are plate-shaped.

The article of any one of claims 55-69, wherein the ceramic particles are cylindrical.

The article of any one of claims 55-70, wherein the ceramic-based ceramic particles have

a diameter of at least 0.1 micrometers.

The article of any one of claims 55-71, wherein the ceramic particles have a diameter of

no more than 500 micrometers.
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The article of any one of claims 1-72, wherein the solid phase structure comprises a

ceramic foam.

The article of any one of claims 1-73, wherein the self-supporting composite can be

handled without a support at a temperature of no more than 40 °C.

The article of any one of claims 1-74, wherein the thickness is measured at a pressure of

no more than 400 psi.

The article of claim 75, wherein the pressure is a clamping pressure.

The article of any one of claims 1-76, wherein the open pore volume is continuous.

The article of any one of claims 1-77, wherein the open pore volume is discontinuous.

The article of any one of claims 1-78, wherein the solid phase material comprises a

weight ratio between 3% and 90% of the composite.

The article of any one of claims 1-79, wherein the phase change material forms a

continuous outer surface of the composite.

A method for fabricating the article of any one of claims 1-80.

The method of claim 81, comprising forming a composite by mechanical mixing the

phase change material and the solid phase material.

The method of any one of claims 81 or 82, comprising forming a composite by ultrasonic

mixing of the solid phase material and the phase change material.

The method of any one of claims 81-83, comprising forming a composite by casting the

phase change material onto the solid phase material.

The method of claim 84, wherein casting the phase change material onto the solid phase

material has a pressure applied while casting.
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The method of any one of claims 81-85, comprising forming a composite by spraying the

phase change material onto the solid phase material.

The method of claim 86, wherein spraying the phase change material comprises cold

spraying.

The method of any one of claims 81-87, comprising forming a composite by pouring the

phase change material onto the solid phase material.

The method of any one of claims 81-88, comprising forming a composite by

electrowetting the phase change material onto the solid phase material.

The method of any one of claims 81-89, comprising forming a composite by

electromagnetic mixing of the phase change material and the solid phase material.

The method of any one of claims 81-90, comprising cryomilling the phase change
material and solid phase material, wherein the solid phase material comprises support

particles.

The method of any one of claims §1-91, further comprising forming a composite by

pressing the cryomilled phase change material and support particles together.

The method of any one of claims 81-92, comprising forming a composite by submerging
the solid phase material into the phase change material, wherein the phase change

material is a liquid phase change material.

The method of any one of claims 81-93, comprising forming a composite pressing the
phase change material and the solid phase material together, wherein the phase change

material is a solid phase change material.

The method of any one of claims 81-94, wherein the thermal impedance is determined
under 206.8 kPa (30 psi) pressure when tested using an ASTM D5470 Test capable

fixture.



WO 2026/054756 -39- PCT/US2024/044998

96. The method of any one of claims 81-95, wherein the composition has a thermal

impedance of less than 10 mm?* K/W.



