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POLYMER/EXFOLIATED NANO-COMPOSITE FILMS WITH SUPERIOR
MECHANICAL PROPERTIES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority to and the benefit of United States Provisional
Patent Application No. 62/693,656 filed July 3, 2018, entitled “GRAPHENE
NANOCOMPOSITE FILM,” and United States Provisional Patent Application No.
62/776,813 filed December 7, 2018, entitled “POLYMER/EXFOLIATED FILLER NANO-
COMPOSITE FILMS WITH SUPERIOR MECHANICAL PROPERTIES,” each of which

application is herein incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION
1. The Field of the Invention

[0002] The present invention is in the field of composite materials, particularly nano-
composite polymer films.

2. The Relevant Technology

[0003] Lightweight polymers with superior mechanical properties are desirable in many
applications, such as structural materials, ballistic protection, packaging and the like. Ultrahigh
specific tensile strengths (~1.5-4.5 GPa/g/cm?) have been reported for some polymer fibers in
which the morphology of the polymer fiber is carefully engineered to ensure that the fiber is highly
crystalline. These commercially available fiber products are exemplified by DYNEEMA,
SPECTRA, KEVLAR and ZYLON fiber products. The crystalline fibers leverage the strong intra-
chain covalent bonds along the polymer chains to transfer load, in contrast to amorphous phase
structures, where defects exist, and where load is transferred mainly by relatively weaker inter-

chain van der Waals interactions.

[0004] While polymer films can be fabricated in a higher mass production rate as compared to
fibers, they also exhibit far lower mechanical properties. In other words, the ultra-high mechanical
properties have only been realized in fiber forms, due to difficulties in producing films that might
have similar strength and stiffness characteristics. It would be an advancement in the art to provide
polymer films that might provide ultra-high specific tensile strength and/or specific stiffness, and

methods for their manufacture.
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BRIEF SUMMARY OF THE INVENTION

[0005] The present invention is directed to nano-composite films and methods for their
manufacture. The nano-composite films include a polymer matrix (e.g., polyethylene,
polypropylene or the like) and a graphene or other filler similarly capable of exfoliation (e.g.,
thermally reduced graphene oxide (“TrGO”), hexagonal boron nitride, or the like) in the
polymer matrix. The filler may be in the form of very small (e.g., less than 100 um, less than
50 pm, less than 30 um, less than 25 um or less than 10 um) flakes or other shaped particles
of graphene or other filler. The nano-composite film can have a specific tensile strength that is
greater than 1 GPa/g/cm®, or greater than 1.2 GPa/g/cm® (preferably greater than 2.5
GPa/g/cm?), a specific Young’s modulus that is greater than 100 GPa/g/ cm?, or both.

[0006] A method of producing the nano-composite film may include combining graphene
powder or other powdered filler (e.g., thermally or chemically reduced graphene oxide or
functionalized graphene oxide) and a polymer matrix powder in a solvent to form a solution.
The solution may be mixed by applying ultrasonic energy thereto (or other processes such as
magnetic stirring), aiding to uniformly mix, and even exfoliate the graphene or other powder
filler to some degree. For example, such sonication or other mixing may cause cleavage along
the planar sheets of the individually stacked layers of the graphene powder or other filler,
further reducing the thickness of the graphene filler powder particles (e.g., flakes). This
exfoliation of the graphene or other filler is important in ensuring good dispersion of the
graphene or other with the polymer, and in reducing the particle size of the filler, increasing
available surface area of the filler for interaction with the polymer matrix. Further exfoliation
can be achieved in subsequent steps following preparation of the initial solution, as well. After
the solution is prepared, the solution is extruded (e.g., under high shear) in a manner that results
in additional exfoliation of the graphene or other filler, as well as disentanglement of the
polymer chains of the polymer. The extruded solution is frozen, e.g., using liquid Nz or the
like, onto a substrate or in a cold bath, and dried. This ensures that the solvent that may have
been initially present is removed, leaving a solid film of the polymer matrix with graphene or
other filler dispersed therein. The solid film may then be drawn (e.g., hot drawn), further
exfoliating the graphene or other filler and increasing the crystallinity of the polymer matrix,
resulting in the finished nano-composite film.

[0007] The film is described as a nano-composite as the graphene or other filler disposed
therein is very thin in thickness. For example, at maximum exfoliation, the graphene or other

filler may substantially represent a 2D material, with as little as a single atomic layer of carbon
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atoms (in the case of graphene) arranged in the characteristic hexagonal lattice structure. In
some instances, the graphene or other filler is as thin as about 0.6 nm. It will be appreciated
that such maximum exfoliation may not always be achieved, e.g., such that the graphene or
other filler may include a plurality of such atomic layer “sheets” one over the other (e.g., from
2 to 20, from 2 to 10 or from 2 to 5 such layers). While the graphene powder may initially be
black or gray in color, during the process, due to exfoliation and particle size reduction, the
graphene filler becomes less noticeable visually, so that the finished film is often optically clear
(e.g., transparent) or at least translucent.

[0008] The film provides very high tensile strength and stiffness in the machine direction,
e.g., specific tensile strength (i.e., tensile strength divided by composite density) may be at least
1 GPa/g/cm?, or at least 1.2 GPa/g/cm’. Specific Young’s modulus, a standard measure of
stiffness (Young’s modulus divided by composite density), may be at least 100 GPa/g/cm’.
Similarly high values may be provided for absolute tensile strength and/or Young’s modulus.
[0009] The present materials are films rather than fibers or other geometries. For example,
by “film”, it will be understood that the structure is a substantially 2-D sheet, i.e., in which the
thickness of the film is very small compared to length and width dimensions. For example, the
thickness may typically be less than 1000 microns, more typically less than 100 microns, while
the width dimension will be greater than 1 mm, greater than 2 mm, greater than 3 mm, greater
than 5 mm, greater than 10 mm, etc. Often films may have a thickness of 10 to 80 microns,
while the width may be greater than 10 mm, greater than 10 cm, 1 m, or more. Such films may
be continuous, so as to have any desired length (e.g., typically larger, sometimes far larger,
than the width, such as 5 cm, 10 cm, 1 m, 10 m, 100 m, or even greater.) The materials present
in the films (e.g., the polymer and/or the filler) may therefore not be present as filaments, or
fibrous in nature, as is the case in fiber materials.

[0010] Further features and advantages of the present invention will become apparent to
those of ordinary skill in the art in view of the detailed description of preferred embodiments

below.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] To further clarify the above and other advantages and features of the present
invention, a more particular description of the invention will be rendered by reference to
specific embodiments thereof which are illustrated in the drawings located in the specification.
It is appreciated that these drawings depict only typical embodiments of the invention and are
therefore not to be considered limiting of its scope. The invention will be described and
explained with additional specificity and detail through the use of the accompanying drawings.
[0012] Figure 1A charts specific tensile strength and specific Young’s modulus for the
present nano-composite films as compared to various commercial high strength fiber materials.
[0013] Figure 1AA charts similar data as in Figure 1A, but is shown as absolute tensile
strength and absolute Young’s modulus values.
[0014] Figure 1B charts specific tensile strength and specific Young’s modulus for the
present nano-composite films as compared to different polymer/carbon nano-material
composites (e.g., single wall and multi-walled carbon nanotube composites).
[0015] Figure 1BB charts similar data as in Figure 1B, but is shown as absolute tensile
strength and absolute Young’s modulus values.
[0016] Figure 2 is a flowchart describing an exemplary film fabrication process.
[0017] Figure 2A is a schematic view of an exemplary extrusion machine for applying high
shear to the solution.
[0018] Figure 3A shows stress/strain curves for tested nano-composites according to the
present invention at different filler fractions, as compared to the polymer alone.
[0019] Figure 3B shows tensile strength and Young’s modulus values for the same materials
as shown in Figure 3A.
[0020] Figure 3C shows tensile strength values for different drawing ratios for a sample
including 0.75% graphene as compared to the polymer alone.
[0021] Figure 3D shows tensile strength and Young’s modulus values for a sample
including 0.75% graphene at different drawing ratios.
[0022]  Figure 4A is an SEM image of a sample composite at a 10x drawing ratio.
[0023] Figure 4B is an SEM image of a sample composite at a 30x drawing ratio.
[0024]  Figure 4C is an SEM image of a sample composite at a 60x drawing ratio.
[0025]  Figure 4D is a TEM image of a sample composite at a Ox drawing ratio.
[0026] Figure 4E is a TEM image of a sample composite at a 30x drawing ratio.
[0027]  Figure 4F is an TEM image of a sample composite at a 60x drawing ratio.

4
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[0028] Figure 4G is a schematic illustration showing general locations for the Raman
spectroscopy measurements that are shown in Figure 4H.

[0029] Figure 4H shows Raman spectroscopy plots for a graphene cluster in an examined
composite.

[0030] Figure SA schematically shows an MD simulation of a PE/multi-layer graphene
junction, in which the bottom graphene layer is fixed and PE is sheared using steered MD. The
Figure shows the relative displacement increasing for the graphene layers, indicating that the
shearing PE exfoliates the graphene stack.

[0031] Figure 5B schematically shows an MD simulation similar to that of Figure 5A, but
where a graphene layer is pulled away from the contacting PE junction, where the entire PE
portion is fixed.

[0032] Figure 5C schematically shows an MD simulation similar to that of Figure 5B, but
where only the top half of the PE portion is fixed.

[0033] Figure 5D shows force as a function of displacement of the tracked graphene atom
for the scenarios of Figure 5B and 5C.

[0034] Figure SE schematically shows exfoliated graphene overlapping with many aligned
polymer chains.

[0035] Figure 6A shows wide angle x-ray diffraction spectra for neat polyethylene at
different drawing ratios.

[0036] Figure 6B shows wide angle x-ray diffraction spectra for various prepared
polymer/graphene nano-composite films at different drawing ratios.

[0037]  Figures 7A-7C show optical microscope images of prepared composite films, shown
at Ox draw (Figure 7A), 20x draw (Figure 7B), and 50x draw (Figure 7C). In these images, the
scale bar is 20 pm.

[0038] Figure 8A charts offset heat flow used to determine melting temperature for various
tested PE/TrGO films.

[0039] Figure 8B charts data used in conjunction with determination of the heat capacity of
an exemplary PE/TrGO film.

[0040] Figure 9A schematically illustrates how thermal diffusivity and thermal conductivity
were measured for exemplary composite films.

[0041] Figure 9B charts measured temperature at near side and far side thermocouples over
time using the apparatus of Figure 9A.

[0042]  Figure 10 charts temperature stability data for an exemplary composite film.

5
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

L Definitions

[0043] Before describing the present invention in detail, it is to be understood that this
invention is not limited to particularly exemplified systems or process parameters that may, of
course, vary. It is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments of the invention only, and is not intended to limit the scope
of the invention in any manner.

[0044]  All publications, patents and patent applications cited herein, whether supra or infra,
are hereby incorporated by reference in their entirety to the same extent as if each individual
publication, patent or patent application was specifically and individually indicated to be
incorporated by reference.

2%

[0045] The term “comprising,” which is synonymous with “including,” “containing,” or

2

“characterized by,” is inclusive or open-ended and does not exclude additional, unrecited
elements or method steps.

[0046] The term “consisting essentially of” limits the scope of a claim to the specified
materials or steps “and those that do not materially affect the basic and novel characteristic(s)”
of the claimed invention.

[0047] The term “consisting of” as used herein, excludes any element, step, or ingredient
not specified in the claim.

[0048] It must be noted that, as used in this specification and the appended claims, the

2%

singular forms “a,” “an” and “the” include plural referents unless the content clearly dictates
otherwise.

{0049] Numbers, percentages, ratios, or other values stated herein may include that value,
and also other values that are about or approximately the stated value, as would be appreciated
by one of ordinary skill in the art. As such, all values herein are understood to be modified by
the term “about”. A stated value should therefore be interpreted broadly enough to encompass
values that are at least close enough to the stated value to perform a desired function or achieve
a desired result, and/or values that round to the stated value. The stated values include at least
the variation to be expected in a typical manufacturing process, and may include values that are
within 10%, within 5%, within 1%, etc. of a stated value. Furthermore, where used, the terms

“substantially”, “similarly”, “about” or “approximately” represent an amount or state close to

the stated amount or state that still performs a desired function or achieves a desired result. For
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example, the term “substantially” “about” or “approximately” may refer to an amount that 1s
within 10% of, within 5% of, or within 1% of, a stated amount or value.

[0050] Some ranges may be disclosed herein. Additional ranges may be defined between any
values disclosed herein as being exemplary of a particular parameter. All such ranges are
contemplated and within the scope of the present disclosure.

[0051] Unless otherwise stated, all percentages described herein are by weight.

{0052} In some embodiments, the films and compositions described herein may be free or
substantially free from any specific components not mentioned within this specification. By
‘substantially free of” it is meant that the composition or article preferably comprises 0% of the
stated component, although 1t will be appreciated that very small concentrations may possibly
be present, e.g., through incidental formation, contamination, or even by intentional addition.
Such components may be present, if at all, in amounts of less than 1%, less than 0.5%, less than
0.25%, less than 0.1%, less than 0.05%, less than 0.01%, less than 0.005%, less than 0.001%,
or less than 0.0001%.

[0053] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention
pertains. Although a number of methods and materials similar or equivalent to those described
herein can be used in the practice of the present invention, the preferred materials and methods
are described herein.

IL. Introduction

[0054] While advances have been made in development of composite fibers that can include high
or even ultra-high tensile strength and elastic modulus, there have not been similar advances to date
in development of composite films that might provide comparable properties. For example, S.
Ruan, P. Gao, T. X. Yu, Polymer 2006, 47, 1604 reported the development of composite fibers
including carbon nanotubes (CNT) with a fiber strength up to ~4.2 GPa/g/cm® and an elastic
modulus of up to 137 GPa/g/cm®. Graphene has similar mechanical properties as CNT, although
reported graphene composites have not yet realized a similar level of enhancement in mechanical
properties as CNT composites. The present disclosure describes polymer composite films and
methods for their manufacture which include the highest reported specific tensile strengths and
stiffness values, to date.

[0055] The present invention is directed to nano-composite films and methods for their
manufacture, which can provide ultra-high specific tensile strength and/or specific elastic

modulus. The films include a polymer matrix (e.g., a polyolefin such as polyethylene,
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polypropylene, or the like) and a graphene or other filler capable of exfoliation (e.g., TrGO,
hexagonal boron nitride, or the like) dispersed within the polymer matrix. The nano-composite
films can provide a specific tensile strength greater than 1 GPa/g/cm’® (or at least 1.2
GPa/g/cm?) a specific Young’s modulus greater than 100 GPa/g/cm?, or both. Such specific
tensile strength and specific Young’s modulus (i.e., stiffness) values are sometimes also
referred to as a strength to weight ratio, or a stiffness to weight ratio, respectively, as they
quantify the strength (or stiffness) divided by the density of the material. The relatively low
density of such polymeric nano-composite film materials, coupled with high strength and
stiffness, result in very high strength to weight, and stiffness to weight, ratios.

[0056] The method of manufacture may include (i) combining graphene powder or other filler
and a polymer matrix powder in a solvent to form a solution, (ii) high-shear extruding the
solution to result in disentanglement of polymer chains of the polymer and exfoliation of the
graphene or other filler, (iii) freezing and drying the extruded solution to form a solid film, and
then (iv) drawing the film to further increase filler exfoliation, as well as increase crystallinity,
resulting in the nano-composite film with ultra-high specific tensile strength and/or specific
stiffness.

1I1. Exemplary Nano-Composites and Methods of Manufacture

[0057] The present nano-composite films include a graphene or other filler capable of exfoliation
provided within a polymer matrix. While the working examples included herein use polyethylene,
it will be appreciated that other polymer matrix materials may also benefit from graphene or other
filler reinforcement. For example, polypropylene and various other polyolefins, as well as other
polymeric materials (e.g., PVC) could be used for the polymer matrix, and would likely similarly
benefit.

[0058] Graphene is an exemplary reinforcing filler material. The graphene may be initially
provided in powder form. The particles may be flake shaped, with a length and/or width
significantly greater than the particle thickness. For example, such length and/or width may be at
least 2x, at least 5x, or at least 10x relative to the particle thickness. The graphene material
employed may not necessarily be a single atom thick graphene sheet, but may be configured as
some number of “stacks” of such atomic layers. Because graphene stacks or “clusters” can be
exfoliated through high shear extrusion, the mixing/sonication process, through drawing, or
through other processes that may serve to separate adjacent planar sheets from one another, the
starting graphene material may have an initial thickness that is greater than that observed in the

finished nano-composite film, after significant exfoliation has occurred. While largely described
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in the context of using a graphene filler, it will be appreciated that there are other filler materials
that exhibit similar layered sheet structures, which can be exfoliated from one another, so as to
provide similar reinforcement. An example of such includes, but is not limited to hexagonal
boron nitride.

[0059] Although TrGO may represent a suitable exemplary graphene material, various forms of
graphene may be employed. Typical available graphene materials often include some degree of
oxygen containing functional groups therein, as described in U.S. Publication No. 2017/0021387,
incorporated herein by reference in its entirety. In an embodiment, the employed graphene has
been treated to reduce the incidence of such oxygen containing groups (or other impurities
therein). Thermal reduction of the oxygen content is one suitable example, such that thermally
reduced graphene oxide (TrGO) is an example of a suitable graphene material. As another non-
limiting example, the graphene material can include chemically reduced graphene oxide or
functionalized graphene oxide (e.g., functionalized reduced graphene oxide). It should be
appreciated that the presence of oxygen or other impurities (elements other than carbon and
hydrogen) in the graphene material may be reduced to any desired degree. U.S. Publication No.
2017/0021387 describes methods for such reduction, and exemplary reduction levels. Various
other methods and reduction levels will be apparent to those of skill in the art. Where a
functionalized graphene oxide is used, the introduced functional groups may increase polymer
graphene bonding to further enhance the mechanical properties.

[0060] It should also be appreciated that in some embodiments, the graphene powder can be
supplemented or substituted, in whole or in part, with other layered materials. For example, the
graphene powder can be substituted with hexagonal boron nitride (h-BN) powder—another
layered material with high strength. In addition to mechanically reinforcing the composite
material, the inclusion of h-BN powder could additionally provide electrical insulation to the
composite material, among other benefits.

[0061] The amount of the graphene or other filler in the composite film may be any desired
amount, although relatively low fractions are beneficial in the production process, as they make
it easier to maintain a relatively lower viscosity in the solution, which is easier to process. Thus,
in at least some examples, the amount of the filler may be no more than 10%, no more than
5%, no more than 3%, no more than 2%, no more than 1.5%, or no more than 1% (e.g., from
0.1% to 1%), by weight of the composite.

[0062] The filler particles may have a maximum dimension that is no more than 100 um, no

more than 50 um, no more than 30 um, no more than 25 um, no more than 20 um, no more
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than 15 um, or no more than 10 um. The size of the filler can be larger than the inter-molecular
separation of polymer chains, which ranges from 0.4-0.7 nanometer. For example, the filler
size may be at least 10x larger than the inter-molecular separation of the polymer chains (i.e.,
intermolecular lattice constants). This can allow many polymer chains to contact the same
graphene flake and transfer the load to it. Such characteristics may aid in ensuring that there is
good overlap from a given “flake” of graphene across several polymer chains, as depicted in
Figure SE. Any of the characteristics described herein relative to a graphene filler may similarly
apply to an alternative filler, e.g., h-BN, or the like.

[0063] The particular polymer selected for use as the polymer matrix may have a chain length
that is larger than the graphene or other filler particles. For example, an ultra-high molecular
weight polymer (e.g., UHMWPE) may be selected, e.g., having a molecular weight greater
than 1 million, greater than 2 million greater than 3 million, or greater than 5 million (e.g., from
3 million to 10 million, or from 3.5 million to 7.5 million). In an exemplary case, the UHMWPE
has a molecular weight of about 5.5 million amu. For example, the polymer chain length may
be at least 25 um, at least 30 um, at least 35 um, at least 40 um, from about 25 um to 100 pm,
or about 50 pm.

[0064] The general process of fabrication as shown in Figure 2 generally includes combining
graphene powder or another filler (e.g., in powdered form) with a polymer matrix powder in a
suitable solvent to form a solution or suspension, extruding the solution or suspension in a
manner that results in disentanglement of polymer chains and exfoliation of the filler, freezing
and drying of the extrudate to form a solid film, and drawing of the film to form the nano-
composite film. The term “solution” is used herein for simplicity when referring to the initially
prepared solution or suspension of starting materials. The term solution is meant to encompass
a suspension, e.g., even where the components may not technically be dissolved in (but merely
suspended in) the solvent.

[0065] Various suitable solvents that may be used for combining and homogenously mixing
the graphene powder or other filler with the polymer powder will be apparent to those of skill
in the art. Exemplary solvents include various organic solvents, particularly cyclic organic
solvents, such as cycloalkanes. Decalin (a bicyclic cycloalkane) is a particularly suitable
example. Various aromatic hydrocarbons may also be suitable for use, such as benzene, or
derivatives thereof (e.g., structures including an aromatic ring). Acetone is another example of

an exemplary organic solvent.
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[0066] Following preparation of the solution including the graphene powder or other filler, the
polymer powder, and solvent, the solution may be extruded (e.g., at high shear). The extruded
product may be solidified (e.g., by freezing) with liquid N or the like and dried. This results
in formation of a solid film of the composite, which can finally be drawn, at a desired drawing
ratio. Sonication (or other mixing) during solution preparation, extrusion, and drawing all serve
to further exfoliate the filler, which serves to increase the tensile strength and stiftness of the
resulting composite.

[0067] The composites may have specific tensile strength values (i.e., strength to weight ratios)
that are very high. The specific tensile strength may be at least 1 GPa/g/cm?, at least 1.1
GPa/g/cm’, at least 1.2 GPa/g/cm’, at least 1.3 GPa/g/cm?, at least 1.4 GPa/g/cm’, at least 1.5
GPa/g/cm’, at least 2 GPa/g/cm’, at least 2.5 GPa/g/cm’, at least 3 GPa/g/cm’, at least 3.2
GPa/g/cm’, at least 3.7 GPa/g/cm?, from 1 GPa/g/cm’ to 5 GPa/g/cm?, from 1.5 GPa/g/cm? to
4 GPa/g/cm?, or from 1.5 GPa/g/cm’® to 3.5 GPa/g/cm®. Those of skill in the art will appreciate
that absolute tensile strength values may be easily derived from specific tensile strength values.
[0068] The composites may also have specific Young’s modulus values that are very high. The
specific Young’s modulus (i.e., specific stiffness) may be at least 50 GPa/g/cm?, at least 55
GPa/g/cm’, at least 60 GPa/g/cm’, at least 65 GPa/g/cm?, at least 70 GPa/g/cm?, at least 75
GPa/g/cm’, at least 80 GPa/g/cm’, at least 85 GPa/g/cm?, at least 90 GPa/g/cm?, at least 95
GPa/g/cm’, at least 100 GPa/g/cm?, at least 125 GPa/g/cm?, at least 140 GPa/g/cm?, at least
150 GPa/g/cm?, from 50 GPa/g/cm? to 300 GPa/g/cm?, from 100 GPa/g/cm’ to 300 GPa/g/cm?,
or from 150 GPa/g/cm? to 250 GPa/g/cm?®. Those of skill in the art will appreciate that absolute
Young’s modulus values may be easily derived from specific Young’s modulus values.
[0069] The composite may exhibit high crystallinity, e.g., at least 20%, at least 30%, at least
50%, at least 60%, at least 80%, at least 90%, or at least 95% (e.g., 96% to 99%).

[0070] Although the composite films can provide very high tensile strength and stiffness, they
can still be formed into a flexible structure, e.g., as a thin film. For example, such a thin film
may be wrapped around or provided over a flexible or other substrate. Although any thickness
may be provided, film thicknesses may typically be less than 1000 microns, less than 500
microns, less than 300 microns, less than 200 microns, less than 100 microns (e.g., from 10 to
100 microns).

[0071] In some embodiments, the drawing ratio and/or filler loading of the composites can be
further increased to further improve mechanical properties of the composite, such as the

specific stiffness and/or specific tensile strength. For example, drawings ratios greater than 60x

11



10

15

20

25

30

WO 2020/008372 PCT/IB2019/055652

or 70x (e.g., 75x to 200x, 100x to 150x, or the like) may serve to further increase such
properties. Filler loadings greater than 1% (e.g., 2%, 3%, 5%, 10%, or even greater) may also
serve to further increase such mechanical properties.

II1. Working Examples

[0072] Figure 2 schematically illustrates steps as described above, that were used to produce
various nano-composite films of polyethylene and thermally reduced graphene oxide (TrGO)
filler. These produced composite films were tested in various ways, to characterize their
mechanical and other properties. As shown in Figures 1A, 1AA, 1B, and 1BB, in the present
working examples, polyethylene (PE) films composited with TrGO fabricated from a roll-to-roll
drawing process are demonstrated to have superior mechanical properties (e.g., 3.2 + 0.5
GPa/g/cm?) in specific tensile strength and in specific modulus (e.g., 109.3 + 12.7 GPa/g/cm?). In
absolute terms, this sample had a tensile strength of 3.1 + 0.5 and an absolute stiffness of 106 +
12.3 GPa. These values represent some of the highest, and perhaps the very highest achieved to
date in polymer/graphene composites and are comparable to some of the best commercial polymer
fibers and polymer/CNT composites, as shown for comparison in Figures 1A, 1AA, 1B, and 1BB.
The present results also indicate that the weight fraction of the TrGO or other filler and the
drawing ratio can significant impact the mechanical properties of the nano-composite films.
[0073] The employed TrGO flakes measured to be as thin as about 0.6 nm. To prepare the
PE/TrGO mixture solution, UHMWPE powder (3-6 million g/mol) was added to
decahydronaphthalene (decalin) solvent to form a dilute solution with 3% PE. Different amounts
of TrGO powder was added to the PE solution to achieve the different weight fractions (0%,
0.5%, 0.75%, and 1%) in the final composite. To facilitate filler dispersion in the solution,
ultrasonic stirring was performed for 30 minutes (e.g., 5 minutes to 2 hours). The solution was
then heated to 150°C in an oil bath (e.g., 100°C to 200°C, or 105°C to 175°C) for 24 hours (e.g.,
1 hour to 3 days, 5 hours to 2 days, or 10 hours to 30 hours). Antioxidant (e.g., 2,6-di-tert-butyl-
4-methyl-phenol) was added at 0.5% (e.g., 0.01% to 5%) to prevent oxidation during dissolution.
The mixture was magnetically stirred for 24 hours (e.g., 1 hour to 3 days, 5 hours to 2 days, or
10 hours to 30 hours) to ensure complete dissolution.

[0074] As shown in Figure 2A, the PE/TrGO solution was fed to an extrusion machine 100
where the flow channel was maintained at 120°C (e.g., 80°C to 200°C or 100°C to 150°C). The
solution was forced through the extrusion chamber 102 by pressurized air at a pressure of 140
kPa. A solid cylinder 104 inside the cylindrical extrusion chamber was driven by a DC motor

106 at 1900 RPM (e.g., at least 1000 RPM, 1500 RPM to 5000 RPM, etc.) to generate a Couette
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flow, initiating a uniform high shear rate to the PE/TrGO solution when it passes through the
1 mm gap between the two cylindrical surfaces of the rotated cylinder 104 and the illustrated
outer cylinder 108. It will be appreciated that a wide variety of alternative extrusion devices
and methods could be used, such that the schematic shown in Figure 2A is merely illustrative.
Extruded solution exited the chamber onto a N> cooled substrate, freezing the internal
microstructure. The solvent was evaporated at ambient conditions over 24 hr, forming a stable
film. The dried film was fed into a mechanical drawing system, heated to 85°C (e.g., 40°C to
200°, 50° to 150° or 60°C to 100°C) to soften the film for drawing. Different drawing ratios
(10x, 30x, and 60x) were applied.

[0075] TEM imaging was achieved using FEI Tecnai F30 equipment. SEM was achieved using
EVO 50 LEO and Carl Zeiss equipment. WAXD was performed at room temperature using Cu
K, radiation (A = 1.5418 A) over 9 — 60° two-theta using a step size of 12° and a step time of
0.5 s. Micro-Raman spectroscopy was achieved using NRS-5000 Jasco equipment. Optical
microscope observation was achieved with a Nikon Eclipse Ti-E inverted optical microscope.
Tensile tests were conducted under ambient conditions using an electromechanical load frame
(Bose Electro Force 3300). The drawn film was split into narrow ribbons which were mounted
with a 14 mm gauge length for testing using methods described in Viney, C.; Llorca, J.; Elices,
M.; Pe, J. Silkworm Silk as an Engineering Material. J. Appl. Polym. Sci. 1998, 70, 2439-2447.
Polymer film ribbons are loaded at a crosshead speed of 0.1 mm/s until failure. Young’s
modulus and the ultimate tensile strength are calculated from the measured force-displacement
data, gauge length, and cross-sectional area of tested ribbons. Measurements are reported as
the mean (+ standard deviation) of replicates (n = 3 — 10 specimens/group). Load and
displacement data were collected at 10 Hz using a 5 1b load cell (MBP-5, Interface) and linear
variable displacement transducer (LVDT), respectively. Apparent stress and strain values were
calculated based upon the dimensions of the rehydrated scaffolds measured prior to loading
using digital calipers (= 0.01 mm). The zero strain point was set at first region of the stress—
strain curve exhibiting a slope of 5 kPa or higher within a 2% strain range. The scaffold
compressive modulus was measured as the maximum slope of the stress—strain curve over a
5% strain range within 0 — 20% strain.

[0076] From experimental characterizations (e.g, wide-angle X-ray diffraction (WAXD),
Raman microscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM)), as well as molecular dynamic (MD) simulations, the presently achieved superior

mechanical properties are believed to be attributable to (1) PE molecular chains becoming highly
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aligned after drawing, and thus the axial load is largely carried by the strong covalent bonds along
the backbone, (2) the TrGO dispersed in the polymer matrix is exfoliated in the drawing process,
which increases the specific surface area for reinforcement interaction between the polymer
matrix and the graphene filler, and (3) PE-TrGO interactions are stronger than the PE-PE inter-
molecular van der Waals (vdW) interaction, which thus help load transfer from PE to TrGO and
thus leverage the ultrahigh mechanical properties of TrGO.

[0077] Polymers find a wide range of applications due to their lightweight, low-cost, easy
processability, nontoxicity, biocompatibility, and outstanding chemical resistance. However,
since polymers in their bulk amorphous phase have entangled molecular chains, voids and other
defects, they usually have relatively low stiffness and strength. Research has shown that aligned
polymer fibers can have much greater mechanical properties, where the load is largely carried
by the strong covalent bonds along the polymer chains. Recent studies on PE nanofibers (70 —
260 nm in diameter) fabricated using multi-stage ultra-drawing have shown unprecedented
tensile strength up to 11.4 GPa (per g/cm?®) and Young’s modulus of 312 GPa (per g/cm?)
thanks to close to 100% crystallinity in such fibers. The fabrication of such nanofibers,
however, is not at all trivial, and the small dimensions demonstrated to date can impose
challenges for their application.

[0078] Polymer films, which may be produced more massively than fibers, are promising to
expand the application of polymers or making their existing applications more convenient and
cost-effective. In order to improve the mechanical performance of neat polymer film, strategies
like zone annealing and melt/drawing have been implemented. However, the fabrication
processes for such materials are not well adapted to continuous production (i.e., they are batch
processes) and drawing ratios cannot be extended to the same level as polymer fibers. The
crystallinity of such produced films is usually < 40% and the mechanical properties are much
lower than most high strength fibers. As such, they do not present a serious or practical
alternative.

[0079] The addition of reinforcing nano-fillers can significantly enhance mechanical
properties of a composite based on a polymer matrix. CNTs have been the main focus for the
past three decades as filler materials for polymer composites. Polymer/CNT composite fibers
(and even some films) indeed exhibit high strengths (~1.0 GPa in specific tensile strength, as
shown in Figure 1B), although the fiber structures exhibit the already described disadvantages,
and the composite films in the literature exhibit very low modulus values, are difficult to

manufacture, or exhibit other problems. For example, Figure 1B shows a PVA/SWNT film
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with specific tensile strength of 1 GPa/g/cm® (modulus of only 1.6 GPa/g/cm’) and a
PVA/carbon nano-chip film with specific strength of 1.1 GPa/g/cm?® (modulus of only 48
GPa/g/cm?). Graphene and derivatives thereof (e.g., reduced graphene oxide and functionalized
graphene oxide) are of significant interest as composite fillers due to their similar native
mechanical properties relative to CNT, but also advantageously exhibit an ability to be
exfoliated. Such combinations would also provide for better mass producability. As such, in at
least some embodiments, the present composites may be free of or substantially free of CNTs.
Up to now, polymer/graphene composite fibers have not lived up to early high expectations,
exhibiting mechanical properties that are much inferior to polymer/CNT composites, as shown
in Figure 1B. No high strength polymer/graphene composite films as disclosed herein have
been reported to the knowledge of the present inventors.

[0080] Here, we integrate a nano-compositing strategy into an extrusion-drawing process to
fabricate PE/TrGO composite films and demonstrate superior mechanical properties. Briefly, as
shown in Figure 2, TrGO powder was added to a PE/decalin solution, which was then extruded
using a high shear rate to disentangle the polymer chains as well as exfoliate the TrGO. By way
of example, the high shear may be provided at rotor speeds of at least 1000 RPM, at least 1500
RPM, at least 1750 RPM, such as 1500 RPM to 5000 RPM, or 1750 RPM to 3000 RPM. The
extruded composite solution was then frozen at low temperature (e.g., using liquid N») and dried
to obtain a solid film. This film was then drawn to form the final composite films. The high internal
shear stress applied in the drawing process helps to further exfoliate the TrGO. Different drawing
ratios (10x, 30x, and 60x) and different TrGO weight fractions (0.5%, 0.75% and 1%) were
prepared and characterized. Higher concentrations of graphene or other filler could be used,
where the resulting increase in viscosity of the solution being extruded is adjusted for. The
samples were characterized using optical microscope, WAXD, Raman spectroscopy, TEM, and
SEM. Mechanical tests were performed on the prepared films to measure tensile strength and
Young’s modulus.

[0081] Strain-stress curves for the prepared PE/TrGO composite films with 60x drawing ratios
at different filler concentrations are shown in Figure 3A. It is readily apparent that as the TrGO
content increases, both the tensile strength and the Young’s modulus increase. Since the graphene
has higher intrinsic strength and stiftness than the PE matrix, more graphene content enhances
the mechanical properties of the composite. Another noteworthy observation is that although the
tested graphene filler fractions are very low (e.g., no more than 1%), the mechanical property

enhancement is significant, even surprising. For example, with only 1% graphene, the specific
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tensile strength of the PE film increased from 1.1 GPa to 3.1 GPa — a 182% improvement.
Stiffness (i.e,, Young’s modulus) increased by more than a factor of 5. Such significant
improvements in mechanical properties with low filler fractions are believed to be due to
substantially homogenous dispersion of the filler and the very high specific surface area of the
filler as a result of exfoliation, which helps to distribute load from the relatively weaker polymer
matrix to the relatively stronger filler.

[0082] The level of enhancement in mechanical properties is even more significant than those
achieved in high strength polymer/CNT composite fibers. Without wishing to be bound by theory,
it is the inventors’ belief that this may be attributed to graphene’s larger surface area per unit of
mass, given that in its fully exfoliated condition, it is substantially a 2D sheet, rather than a 3D tube
or other 3D structure. In general, the specific surface area of the graphene fillers is further
increased as they more nearly approach full exfoliation. In the present film preparation process,
there are three steps that progressively increase exfoliation of the graphene relative to the
beginning graphene powder. These include sonication of the polymer/graphene solution, high
shear rate extrusion, and mechanical drawing. Drawing can be very effective in exfoliating
layered fillers embedded in a polymer matrix. The final exfoliation achieved during drawing is
further aided by earlier exfoliation achieved during preparation of the initial solution (where
ultrasonic mixing (“sonication”) may be applied, followed by extrusion). When the composite
films are drawn, the different layers in an aggregated graphene cluster move with the adjacent
polymer chains, expanding the spatial extension of the cluster. This process increases the specific
surface area of the fillers so that there is more contact with the surrounding polymer chains. The
effect of this drawing or otherwise induced exfoliation can also be seen in Figures 3C-3D, which
Figures show that mechanical property enhancement for a given filler fraction further increases
as the drawing ratio increases. Such characteristics may also occur with other fillers, e.g., such
as h-BN.

[0083] To characterize the exfoliation effect, SEM, TEM and Raman spectroscopy measurements
were performed on prepared samples at different drawing ratios. Figures 4A-4C show SEM
images at locations in the composite where TrGO clusters are visually obvious. As the drawing
ratio increases, the TrGO clusters become more transparent as a result of their progressively
reduced thickness, as they become further exfoliated. This increased transparency is also apparent
in the two insets in Figure 3D. TEM images (Figures 4D-4F) similarly show filler flakes
exfoliating and aligning along the drawing direction, so as to exhibit an increased aspect ratio.

Micro-Raman spectroscopy was also used to probe the graphene peaks around a visually less
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transparent graphene spot in a film with 30x drawing ratio and 0.75% TrGO fraction. The Raman
laser (~ 1 um in diameter) moves from approximately the center of the “dark” spot towards the
edge of the spot, a total distance of 10 um, as shown in Figure 4G. As the laser moves along the
drawing direction (from A to B to C), the intensity of the G peak (I) decreases gradually while the
intensity of the 2D peak (Ip) increases (Figure 4H). The ratio of Ip/Ig strongly correlates to the
number of graphene layers in the filler flake or particle. Moreover according to the comparison
result of Lp/I at points A, B and C (shown top to bottom in the top chart of Figure 4H), we can
conclude that the number of layers in graphene “stacks” of the flake or particle fillers decreases
along the testing track, from A to B, to C. This is believed to be attributable to drawing-induced
exfoliation.

[0084] To further confirm that drawing results in graphene exfoliation, MD simulations were
also performed. The simulation domain includes a polymer block in contact with a stack of a
few graphene layers where the bottom layer is fixed, as shown in Figure SA. The polymer is
sheared in parallel to the graphene layers. Because periodic boundary conditions are applied,
one carbon atom is tracked in the top graphene layer and its displacement is measured from the
initial position. Figure SA shows the top graphene layer displacement relative to the bottom
layers as the polymer moves, meaning that shearing polymer can drag the contacting graphene
layer, causing movement thereof. This means that the interaction between the polymer and
graphene is stronger than that between adjacent graphene layers, which is the atomic level
mechanism believed to result in drawing-induced exfoliation.

[0085] The theoretical strength and modulus of a perfect crystalline PE matrix, with a strength
>11 GPa and modulus >370 GPa, is still much larger than those achieved here for the tested
PE/TrGO composite films, because mechanical behavior of the present films is still limited by the
inter-chain vdW interactions (e.g., aligned chains can still slide relative one another when subject
to strain). In this scenario, in order for the TrGO filler to enhance the already high mechanical
property of PE films, it is important that interaction between PE molecules and graphene be
stronger than that among the PE molecules themselves. The real time forces are calculated from
steered MD simulations where the polymer is pulled away from the graphene layers. In one
case, all polymer molecules are fixed, and in another case, half of the polymer block is fixed
(Figures 5B and 5C, respectively). The fixed portions in Figures SB-5C are shown by the
dashed block. In the second case (Figure 5C), when the graphene is pulled away from the
polymer, the breakage in the structure happens within the polymer block, with a few polymer

chains adhering to the graphene surface.
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[0086] As seen from Figure 5D, the force needed to break the polymer away from the graphene
is much larger than that needed to break the polymer apart from itself. These results suggest
that the interaction between the polymer and the contacting graphene layer is very strong and
load transfer from the polymer matrix to the graphene filler is efficient and contributes to the
measured increase in mechanical properties. This also suggests that some exfoliation of
graphene clusters or stacks can occur before chain disentanglement. The measured TrGO size
for the flakes or other particles used to prepare the composites was about 10 pm, which is on
the same order of magnitude as the length of a fully extended ultrahigh molecular weight PE
chain (e.g., ~50 um). From the SEM images of Figures 4A-4C (see white arrows), the lateral
sizes of the exfoliated graphene filler is estimated to be from 1 to 7 um, or 1 to 5 pm, which is
less than the starting size, but is still far larger than the applicable inter-molecular lattice
constants for the polymer chain (~0.74 and 0.49 nm). This allows the dispersed TrGO filler
particles, especially when exfoliated, to have significant spatial overlap with a large number of
PE chains, as depicted in Figure SE. This not only replaces the weaker vdW inter-chain
interaction with relatively stronger graphene-PE interactions, but also helps maximize the
benefit of the strong graphene filler as the load can be efficiently transferred from the polymer
matrix to the graphene filler. In addition, the extremely small thickness of the graphene “flake”
compared to the lateral dimensions of the graphene filler can easily lead to a wrinkled topology
which improves the mechanical interlocking of the filler with PE chains and thus better
adhesion at the PE-TrGO interface.

[0087] Another important observation from the mechanical test is the progressively increasing
tensile strength and stiffness as the films are drawn to higher drawing ratios. This feature is
readily apparent from Figures 3C-3D. This is directly related to the crystallinity of the drawn
films, as higher crystallinity can provide greater mechanical properties. This is evidenced by the
WAXD measurements of Figure 6A, where the signature PE peaks (2 = 21.5° and 24°),
corresponding to the (“110”) and (“200”) Bragg reflections of PE crystalline structure, are
enhanced significantly as the drawing ratio increases. The crystallinity of the neat films is 4%
(Ox draw), 30% (10x draw), 67% (30x draw) and 97% (60x draw), respectively, calculated as
the percentage of crystalline PE scattering peak intensity with respect to the total scattering
intensity.

[0088] In particular, crystallinity is calculated as the percentage of crystalline PE scattering peak

intensity with respect to the total scattering intensity using the formula below.
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[0089] WAXD spectra were refined using the Pawley fit method based on an orthorhombic
crystal structure. Pawley fitting is chosen over Le-Bail fitting due to the non-overlapping nature
of the observed peaks between 20°- 25°, which correspond to the (110) and (200) planes in the
orthorhombic PE crystalline structure. The data shows that as the drawing ratio increases, the
film is transformed from amorphous to crystalline. The peaks of the as-extruded polymer film
(i.e., Ox drawing ratio) are very weak, with a crystallinity (4%) that is even lower than that of
the starting PE powder (40%), which has dispersed lamellar structures. This suggests that the
high shear extrusion step serves to disentangle the PE chains. The disentanglement achieved in
such high shear extrusion is an important prerequisite for the subsequent hot-drawing process,
since without it the polymers cannot be drawn to higher draw ratios without fracture.
[0090] As shown in Figure 6B, WAXD measurements were also performed on the PE/TrGO
composite films with 0.75% graphene filler, at different drawing ratios. Similar to the neat
films, both PE peaks (110 and 200) increase as drawing ratio increases. The total crystallinity
is also increased compared to the neat films. Although normally TrGO would exhibit a peak
around 24°, overlapping with the PE (200) peak, because the TrGO fraction is so small, its
existence does not contribute significantly to the peak intensity, and is ignored.
[0091] Another noteworthy observation is relative to the ratios of the two peaks (S200/S110),
which stay almost unchanged for the neat PE films when drawn but increase significantly when
the PE/TrGO composite film is drawn. This information is presented below in Table 1.

Table 1
S200/S110 for Neat PE Film

Drawing Ratio S200/S110 for PE/TrGO

Composite Film

10x 0.38 0.53
30x 0.40 0.77
60x 0.40 0.93

It is likely that the PE order in the (200) plane is related to the preferential crystallization
orientation at the vicinity of the TrGO fillers. As drawing ratio increases, there are more TrGO
surfaces that become available for such PE preferential crystallization, and thus the PE (200)

peak intensity increases with increased drawing. This observation provides additional evidence
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for drawing-induced filler exfoliation, which provides increased specific surface area for PE
crystallization.

[0092] In summary, Applicant has demonstrated very high mechanical properties in PE/TrGO
nano-composite film fabricated using high shear rate extrusion and mechanical drawing. The
highest tensile strength and Young’s modulus achieved in the tested materials are 3.2 = 0.5
GPa/g/cm® and 109.3 + 12.7 GPa/g/cm’, respectively, representing the highest values reported
for any polymer/graphene composites. Such enhancement is due to the combination of drawing
induced crystallization of the polymer matrix, and exfoliation of the graphene filler during the
high shear rate extrusion, during mechanical drawing, and during initial preparation of the
starting solution. Such exfoliation significantly increases the specific area of the graphene filler
particles. In addition to the strong PE-graphene interaction and the excellent reinforcement of
mechanical properties provided by graphene, loads placing the film under tension in the machine
direction (i.e., parallel to the drawing direction) can be efficiently transferred from the matrix to
the filler particles, taking full advantage of the strong filler characteristics. Such composite film
fabrication methods may also be generalized to develop other high strength polymer composites.
[0093] Figures 7A-7C show optical microscope images of prepared composite films, shown at
Ox draw (Figure 7A), 20x draw (Figure 7B), and 50x draw (Figure 7C). In these images, the
scale bar is 20 um. The increase in crystallinity (i.e., ordered, linear alignment) is readily
apparent therefrom.

[0094] Additional testing, of thermal properties, was performed on composite films including
1.25% TrGO in a polyethylene matrix, at a 10x drawing ratio. Interestingly, it was found that
the melting temperature (145.7°C) was increased as a result of the presence of the filler material
(e.g., the polyethylene alone had a melting temperature of 140.9°C). Heat capacity of the
composite film was 1700 J/kg-K (slightly increased as a result of filler addition). Density was
0.975 g/cm®. Thermal diffusivity of the composite film was 1.3x10° m?s and thermal
conductivity was increased significantly (e.g., by an order of magnitude) to 2.15 W/(m-K). For
example, thermal diffusivity and/or thermal conductivity may increase by at least 10%, at least
25%, at least 50%, at least 100%, at least 200%, at least 300%, at least 400%, at least 500%, at
least 600%, at least 700%, at least 800%, at least 900%, or at least 1000% relative to an
otherwise similar film, without the exfoliated filler. For example, by way of comparison, a
typical polyethylene or polypropylene film may have a thermal diffusivity on the order of about
1x107 m?/s or less, and a thermal conductivity of about 0.2-0.5 W/(m-K). The composite film

was thermally stable (e.g., it did not deteriorate under typical elevated temperature conditions
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(e.g., up to 50°C, up to 80°C, up to 100°C, up to 150°C, up to 200°C, up to 250°C, up to 300°C,
up to 350°C, up to 400°C as shown in Figure 10).

[0095] Figure 8A charts offset heat flow used to determine melting temperature relative to
temperature for the starting PE powder, a PE film with 0% TrGO, with Ox draw, a PE film with
1.25% TrGO with Ox draw, and a PE film with 1.25% TrGO with 10x draw. The method used
was differential scanning calorimetry (DSC). Figure 8B charts data used in conjunction with
determination of the heat capacity of the film with 1.25% TrGO with 10x draw.

[0096] Figure 9A schematically illustrates how thermal diffusivity and thermal conductivity
were measured, in which 112 is the composite film being evaluated, 114 is the heater
configured to generate sin wave heating, 116a and 116b are thermocouples spaced 3 mm apart,
and 118 is the vacuum chamber at 5-7 torr pressure, in which the measurements were
conducted. Figure 9B charts measured temperature at thermocouples 116a (near side) and 116b

(far side) over time. Thermal diffusivity was calculated as

Ax?

a =

2A<p1nélﬂﬂm
Far

where Ax is the thermocouple separation (i.e., 3 mm), Ag is the offset between the nearside
and farside peaks, Anear is the amplitude of the wave measured at nearside thermocouple 116a,
and Aryr is the amplitude of the wave measured at farside thermocouple 116b, all as shown in
the inset to Figure 9B.

[0097] Figure 10 charts weight loss percentage versus temperature, according to a thermal
gravimetric analysis (TGA), showing temperature stability up to about 400°C for the tested
film with 1.25% TrGO in a polyethylene matrix, drawn at 10x.

[0098] Features from any of the disclosed embodiments or claims may be used in combination
with one another, without limitation. It will be appreciated that the scope of the present
disclosure extends to rewriting any of the claims to depend from any other claim, to include
multiple dependencies from any combination of other claims, and/or to combine multiple
claims together. Such also extends to any individual or combinations of features of any of the
embodiments as described in the Summary section, as well as the Detailed Description
section. The scope of the present disclosure extends to inserting and/or removing any feature

or combination of features from any claim or described embodiment, for insertion into another
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claim or embodiment, or drafting of a new claim including any combination of such features
from any other claim(s) or embodiments.

[0099] It will also be appreciated that the present claimed invention may be embodied in other
specific forms without departing from its spirit or essential characteristics. The described
embodiments are to be considered in all respects only as illustrative, not restrictive. The scope
of the invention is, therefore, indicated by the appended claims rather than by the foregoing
description. All changes that come within the meaning and range of equivalency of the claims

are to be embraced within their scope.
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What is claimed is:
CLAIMS

1. A nano-composite film comprising:

a polymer matrix;

an exfoliated filler disposed within the polymer matrix;

wherein the nano-composite film has a specific tensile strength that is greater
than 1 GPa/g/cm?, a specific Young’s modulus that is greater than 100 GPa/g/cm?, or
both.

2. A nano-composite film as recited in claim 1, wherein the polymer matrix
comprises polyethylene.

3. A nano-composite film as recited in claim 1, wherein the filler comprises one
or more of graphene or hexagonal boron nitride (h-BN).

4. A nano-composite film as recited in claim 1, wherein filler comprises one or
more of a thermally reduced graphene oxide, a chemically reduced graphene oxide, or a
functionalized graphene oxide.

5. A nano-composite film as recited in claim 1, wherein the exfoliated filler is
present in the nano-composite film in an amount of up to 1% by weight.

6. A nano-composite film as recited in claim 1, wherein the exfoliated filler is
present in the nano-composite film in an amount from 0.1% to 1% by weight.

7. A nano-composite film as recited in claim 1, wherein the nano-composite film
has a specific tensile strength that is greater than 1 GPa/g/cm? and a specific Young’s modulus
that is greater than 100 GPa/g/cm?.

8. A nano-composite film as recited in claim 1, wherein the nano-composite film
has a specific tensile strength that is at least 1.5 GPa/g/cm’.

0. A nano-composite film as recited in claim 1, wherein the nano-composite film
has a specific tensile strength that is from 1.5 GPa/g/cm? to 4 GPa/g/cm’.

10. A nano-composite film as recited in claim 1, wherein the nano-composite film
has a specific Young’s modulus that is at least 150 GPa/g/cm’.

11. A nano-composite film as recited in claim 1, wherein the nano-composite film
has a specific Young’s modulus that is from 150 GPa/g/cm? to 250 GPa/g/cm’.

12. A nano-composite film as recited in claim 1, wherein the exfoliated filler is

present as flakes or other particles having a maximum dimension of 25 pm.
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13. A nano-composite film as recited in claim 1, wherein the exfoliated filler is
present as flakes or other particles having a maximum dimension of 10 pm.

14. A nano-composite film as recited in claim 1, wherein the polymer matrix
comprises ultrahigh molecular weight polyethylene (UHMWPE), the UHMWPE having a
molecular weight from 3.5 to 7.5 million amu.

15. A nano-composite film as recited in claim 14, wherein the polymer matrix
comprises ultrahigh molecular weight polyethylene (UHMWPE), the UHMWPE having a
molecular weight of about 5.5 million amu.

16. A method for producing a nano-composite film, the method comprising:

combining a filler powder and a polymer matrix powder in a solvent to form a
solution, wherein the filler powder is configured to be exfoliated upon extrusion or
other shearing;

extruding the solution in a manner that results in disentanglement of polymer
chains of the polymer, as well as exfoliation of the filler;

freezing and drying the extruded solution to form a solid film;

drawing the film to form the nano-composite film.

17. A method as recited in claim 16, wherein the filler comprises one or more of
graphene or hexagonal boron nitride (h-BN).

18. A method as recited in claim 16, wherein the filler powder is a thermally
reduced graphene oxide powder, the polymer matrix powder is polyethylene powder, and the
solvent is decalin.

19. A method as recited in claim 16, wherein the film is drawn at least 10x.

20. A method as recited in claim 16, wherein drawing the film increases the
crystallinity of the formed nano-composite film, the nano-composite film having a crystallinity
of at least 20%.

21. A method as recited in claim 20, wherein the nano-composite film has a
crystallinity of at least 50%.

22. A method as recited in claim 20, wherein the nano-composite film has a
crystallinity of at least 90%.

23. A method as recited in claim 20, wherein the nano-composite film has a
crystallinity of at least 95%.

24, A method as recited in claim 16, wherein ultrasonic energy is applied to the

solution prior to extrusion.
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25. A method as recited in claim 16, further comprising adding an antioxidant to
the solution.

26. A method as recited in claim 16, wherein extruding the solution comprises
placing the solution in an extrusion machine comprising a solid cylinder inside an extrusion
chamber, wherein the solid cylinder is driven at a speed of at least 1000 RPM.

27. A nano-composite comprising:

a polymer matrix;

an exfoliated filler disposed within the polymer matrix;

wherein the exfoliated filler has a size of up to about 100 um, the exfoliated
filler size being at least a factor of 10 greater than inter-molecular lattice constants for
the polymer.

28. A nano-composite as recited in claim 27, wherein the exfoliated filler is flake
shaped, the claimed size referring to a lateral size of the flakes.

29. A nano-composite as recited in claim 27, wherein the exfoliated filler is has a
size from 0.1 um to 25 pm.

30. A nano-composite as recited in claim 27, wherein inter-molecular lattice
constants for the polymer are less than 1 nm.

31. A nano-composite as recited in claim 27, wherein the exfoliated filler comprises
from 0.1% to 10% by weight of the nano-composite.

32. A nano-composite as recited in claim 27, wherein the exfoliated filler comprises
from 0.1% to 1% by weight of the nano-composite.

33. A nano-composite as recited in claim 27, wherein the nano-composite is in the
form of a film.

34. A nano-composite as recited in claim 27, wherein the filler comprises one or

more of graphene or hexagonal boron nitride (h-BN).
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