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IN SETC EXFOLIATION METHOD TO FABRICATE A GRAPHENE-REINFORCED
POLYMER MATRIX COMPOSITE

CROSS REFERENCE TO RELATED APPLICATIONS

The present apphication claims the benefit of prionty under 35 US.C. §118(e) of US.
Provisional Application No. 61/813,621, filed on Apnil I8, 2013, the entire disclosure of which i3

incorporated herein by reference.

TECHNICAL FIELD

The present invention relates {o high efficiency muxing methods 1o transform a polymer
composite containing well-crystallized graphite particles into nano-dispersed single or multi-
layer graphene particles having various commercial applications. The present invention also

relates to methods to activate graphite and graphene using in sin mechanical exfoliation.

BACKGROUND OF THE INVENTION

Polyiner compusitions are being moreasingly used m a wide range of areas that bave traditionally
gmploved the use of other materials, such as metals. Polvimers possess a number of desirable
physical properties, are light weight, and inexpensive. In addition, many polymer materials may
be formed into a number of various shapes and forms and exhibit significant fexibility in the

forms that they assome, and may be used as coatings, dispersions, extrusion and molding resins,

pastes, powders, and the like.

There are various applications for which it would be desirable to use polymer compositions,
which require matenials with electrical conductivity. However, a significant number of
polymeric materials fail to be intrinsically electrically or thermally conductive enough for many

of these apphications.

Graphene 1s a substance composed of pure carbon in which atoms are positioned in a hexagonal
pattern in a densely packed one-atom thick sheet. This structure is the basis for understanding

the properties of many carbon-based materials, tncluding graphite, large fullerenes, nano-tubes,
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and the like {e.g., carbon nano-tubes are generally thought of as graphene sheets rolled up into
nanometer-sized cylinders). Graphene is a single planar sheet of sp” bonded carbon atoms.
Ciraphene is not an allotrope of carbon because the sheet is of finite size and other elements can

be attached at the edge in non-vanishing stoichiometric ratios.

When used to reinforce polymers, graphene in any form increases polymer toughness by
inhibiting crack propagation. Graphene can also be added to polymers and other compositions
provide electrical and thermal conductivity., The thermal conductvity of graphene makes it an
ideal additive for thermual management {e.g., planar heat dissipation) for electronic devices and
lasers.  Some commercial applications of carbog fiber-reinforced polvarer matfix composites
{CF-PMUs}) include aireraft and aerospace systems, automotive systems and vehicles,

electronics, government defense/security, pressure vessels, and reactor chambers, among others.

Progress  the development of tow cost methods to effectively produce graphene~reinforced
polvmer matnix compaosites (G-PMCs) remains vory slow, Corrently, some of the challenges that
exist affecting the development of G~-PMUs viable for use m real world applications include the
expense of the materials and the impracticality of the presently used chemical and/or mechanical
manipulations for large-scale commercial production. It would thus be desirable for a low cost
method to produce a G-PMC suitable for large-scale commercial production that offers many
property advantages, including wcreased specific stiffness and strength, enhanced

electrical/thermal conductivity, and retention of optical transparency.

SUMMARY OF THE INVENTION

The present disclosare provides polymer processing methods to fabricate a graphene-reinforced
polymer matrix compostte {G-PMC) by elongational flow and folding of well-crystallized

graphite particles dispersed in a molten polymer matrix.

<

In one aspect, there is provided herein a method for fornmng 8 graphene-reinforced polymer
matrix composite, including: distributing graphite microparticles nto a molten thermoplastic
polvmer phase; and applving a succession of shear strain events to the molten polymer phase so

that the molten polymer phase exfoliates the graphite successively with sach event until at least
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$0% of the graphite 1s exfoliated to form a distribution in the molten polymer phase of single-

and mulii-layer graphene nano-particles less than 30 nanometers thick along a c-axis direction.

In certain emmbodiments, the graphite particles may be prepared by crushing and grinding a

graphite~-containing mineral to milimeter-sized dimensions.

In certain embodiments, the millimeter-sized particles may be redoced to micron-sized

dimenstons using any known method, such as ball milling or atiritor milling,

In certain embodiments, the graphite particles are extracted from the micron~-sized particle

mixture, preferably by a flotation method.

In certain embodiments, the extracted graphite particles may be wcorporated in a polymer matrix
using a single screw extruder with axial fluted extensional mixing elements or spiral fhited

extensional muxing elements.

fn certamn embodiments, the graphite-containing polymer matrix 15 subjected to repeated

extrusion to induce exfoliation of the graphitic material, thus formung a amform dispersion of

graphene nanoparticles in the polymer matrix,

In certain embodiments, the thermoplastic polymer is an aromatic polymer. The aromatic
polymer preferably comprises phenyl groups, optionally substituted, either as part of the
backbone or as substituents on the backbone. In certain embodiments the optionally
substituted phenyl groups are contained withun the polymer backbone as optionally
substituted phenvlene groaps. In centain other embodiments the optionally sabstituted
phenyl gronps are substituents on the polymer. In specific embodiments, the
thermoplastic polvmer is selected from polyetheretherketones, polyether-ketones,
polyvphenviene sulfides, polvethylene sulfides, polvetherimides, polyvinyhidene fluorides,
polvsulfones, polycarbonates, polyvphenylene ethers or oxides, polvamides such as
nylons, aromatic thermoplastic polvesters, aromatic polvsulfones, thermoplastic
polyimides, liquid crystal polymers, thermoplastic clastomers, polyethylenes,
polypropylenes, polystyrene, acryvlics, such as polvmethyimethacrylate, polvacrylonstrile,

acrylonitrile butadiene styrene, and the hike, ulira-high-molecular-weight polyethylene,
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polyvtetrafluoroethviene, polvoxymethylene plastic, polvarvletherketones,

polyvinvichlorde, and muxtures thereof

In certain embodiments, in combination with other embodiments, the succession of shear strain
events may be applied antil at least 30% of the graphite 15 exfoliated to form a distribution in the
molten polymer phase of single- and multi-layer graphene nanoparticles less than 25 nanometers

thick along the c-axys divection.

In certain embodiments, in combination with other embodiments, the succession of shear stram
events may be applied until at least 30% of the graphite is exfoliated to form a distribution in the
molten polymer phase of single- and multi-layer graphene nanoparticles less than 10 nanometers

thick alony the c-axis direction.

In ceriain emboduments, in combmation with other embodiments, the succession of shear strain
pvents may be applied until at least 90% of the graphite is exfoliated to form a distnibution in the
molten polymer phase of single~ and mulii-layer graphene nanoparticles less than 10 nanometers

thick along the c-axis direction.

in certain embodiments, in combination with other embodiments, the succession of shear strain
events may be applicd until at least 80% of the graphite is exfoliated to form a distribution in the
molten polymer phase of single- and multi-laver graphene nanoparticles less than 10 nanometers

thick along the c-axis direction.

In certain embodiments, in combination with other embodiments, the succession of shear strain
events may be apphed until at least 75% of the graphite is exfoliated 1o form a distribution in the
molten polvimer phase of single- and mwlti-laver graphene nanoparticles less than 10 nanometers

thick along the c-axis direction.

In ceriain embodiments, in combination with other embodiments, the succession of shear strain
gvents may be applied antil at least 70% of the graphite 15 exfoliated to form a distribution i the
molten polymer phase of single- and multi-layer graphene naneparticles less than 10 nanometers

thick along the c-axis direction.
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in certam embodiments, iy combination with other embodiments, the succession of shear strain
events may be applied antil at least 60% of the graphite is exfoliated to form a distribution in the
molten polymer phase of single- and multi-layer graphene nanoparticles less than 10 nanometers

thick along the c-axis direction.

In certain embodiments, in combination with other embodiments, the graphite may be doped

with other elersents {0 modify the surface chemistry of the exioliated graphene nanoparticles.

In certain embodiments, in comabination with other embodiments, the graphite 1s expanded

graphite.

In certain embodiments, in combination with other embodiments, the surface chemistry or
nanostructure of the dispersed graphite may he modified o enhance bond strength with the

polymer matrix 1o increase strength and stiffness of the graphene compuosite.

In certain embodiments, 1w combination with other embodiments, directional alignment of the
graphene nanoparticles s used to obtam one-, two- or three-dimensional remnforcement of the

polymer matrix phase.

In another aspect of the disclosed invention, there is provided herein a method for forming a
cross-linked G-PMC, melnding: distiibuting graphite nuteroparticles into a molten thermoplastic
polvmer phase comprising one or mare mohen thermoplastic polymers; and applving &
succession of shear events to said molten polymer phase, so that said melten polviuer phase
exfoliates the grapheme with each event, until tearing of exfohiated multilaver graphene sheets
oceurs and prodaces reactive edges on said multilayer sheets that react with and cross-link said

thermoplastic polymer.

in another aspect of the disclosed vention, there 1s provided herein g method for forming a hugh
strength cross-linked G-PMUC, incloding: distributing graphite microparticles into & molten
thermoplastic polvmer phase comprising one or more molten thermoplastic polvmers; applving a
succession of shear strain events to the molten polywer phase so that said molten polymer phase
exfoliates the graphene successively with each event, until tearing of exfoliated multilayer
graphene sheets occurs and produces reactive edges on said muoliitaver sheets that react with and

cross-link said thermoplastic polymer, to form a graphene-reinforced polymer matrix composite;
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and further grinding and distributing the graphene-renforced polymer matrix composte with

another non-cross-linked thermoplastic polymer.

In certain embodiments, the graphite particles may be prepared by crushing and grinding a
graphite~-containing mineral 1o milimeter-sized dimensions, followed by redaction to micron-

sized particles by milling.

In cortain embodiments, the graphite particles are extracted from the micron-sized particle

Doy

mixture, preferably by a Hotation method, to obtain Separated Mineral Graphite ("SMG™).

In certain embodiments, the molten thermoplastic polymer phase comprises two molten

thermoplastic polymers,

in certam embodiments, the thermoplastic polymers are selected from polyether-etherketone
{PEEK), polvetherketong (PEK), polvphenvlene sulfide (PPS), polyethylene sulfide (PES),
polyethertmude (PEL), polyvinylidene flnonide (PVIF), polyvearbonate (PO, poly-phenylene
ether, aromatic thermoplastic polvesters, thermoplastic polvimides, hquud ervstal polymers,
thermoplastic elastomers, polvethviene, polypropylene, polystyrene (PS), acryhics, such as
polvmethyhmethacrylate (PMMA), polvacryloniirile (PAN), acrvionitrile butadiens styrene
{ABS), and the like, ultra-high-molecular-weight polvethyiene (UHMWRE), polvietra-
fhuoroethvlene (PTFE/ Teflon®), polyamides {(PA} such as nvions, polyvphenviene oxide (PPO),
polyoxymethylene plastic (POM/Acetal), polyarvletherketones, polyvinyichloride (PVC), and

mixtures thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 iHlustrates the morphology analvsis of 2% graphite exfoliated in polysulfone at mixing
times of 3 minutes, 30 minutes, and 90 minutes according to an i i extoliation method of the

present disclosure.

FIG. 2 ilustrates micrographs of $0G-PMC at various scales and magaification levelds according

to an in si e exfoliation method of the present disclosure.
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FIG. 3 diustrates the morphology of SMG-PEEK 90 at {a) 10 pum scale and 1,000 X, (b) 10 um

scale and 3,000 X, {¢) 1 i scale and 10,000 X, and (d) 1 pum scale and 50,000 X

DETAILED DESCRIPTION OF THE INVENTION

This disclosure is not limited to the particular systemns, methodologies or protocoels described, as
these may vary, The terminology nsed ta this description is for the purpose of describing the

particular versions of emabodiments only, and is not intended to hmit the scope.

A

As used m this document, the singolar forms “a.” “an,” and “the” include plural reference unless
the context clearly dictates otherwise, Unless defined otherwise, all technical and scientific
terms used herein have the same meanings as commonly understood by one of ordinary skilt
the art. All pablications mentioned in this docunment are mcorporated by reference. All sizes
recited in this document are by way of example only, and the invention is not limited o
structares having the specific sizes or dimensions recited below. Nothing in this docoment is to
be construed as an admission that the embodiments described in this document are not entitled to

antedate such disclosure by virtue of prior invention. As used herein, the term “comprising”
] F

means “including, but not Hmited t0.”

The following term(s) shall have, for purposes of this application, the respective meanings set

forth helow:

The term “graphene” refers to the name given to a single layer of carbon atoms densely packed
into a fused benzene-ring structare. Graphene, when used alone, may refer to multi-layer
graphene, graphene flakes, graphene platelets, and few-layer graphene or single-laver graphene

1 a pure and uncontaminated form.

The present invention provides a high efficiency mixing methed fo transform a polymer
composite that contains well-erystallized graphite particles into nano-dispersed single- or multi-
layer graphene particles. The method involves i sitw exfoliation of the graphite layers by
compounding m a batch mixer or extruder that imparts repetitive, lugh shear strain rates. In both
processes, longer mixing times provide enhanced exfoliation of the graphite into graphene

nanoparticles within the polymer matrix composite (PMO). In addition, additives may be vsed to
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promote sufficient graphene/polyvmer bonding, thereby vieldmg a low density graphene-
reinforced polymer matrix composite (G-PMC). The method is low cost io produce a G-PMC
that offers numerous property advantages, including increased specific stiffiness and strength,
enhanced electrical/thermal conductivity, and retention of optical transparency. Furthenmore,

these properties are tanable by modification of the process. vide infra.

Repeated compounding during a batch mixing process or single screw extrasion 1s used to
progressively ransform the initial graphite-particle dispersion into a uniform nano-dispersion of
discrete graphene nanoparticles. In some cases, an inert gas or vacuum may be used during
processing. The method is described berein as “mechanical” exfoliation to distinguish it from
“chemical” exfoliation, which is the primary thrust of much of the current research. An
advantage of the mechanical method 18 that contamination-free graphene-polymer mterfaces are
formed during high-shear mixing, thus ensurmg good interface adhesion or bondmg. Other
advantages of in sire exfoliation are that it avoids making and handling graphene flakes, as well
as avoiding the need 1o disperse them uniformly in the polymer matrix phase. Superior mixing

produces finer composite structures and very good particle distnibution.

Depending on the nwmber of in sifie shear strain events, the method provides multi-layer
graphene, graphene flakes, graphene platelets, few-layer graphene or single-laver graphene in a
pure and ancontanunated form. Platelets have diasmond-tike stitthess and are used for polymer
reinforcemment. Graphene in any form increases polvoer toughness by inhibiting crack
propagation as a reinforcement for polymers. Graphene may be used as an additive to polymers
and other compositions {o provide elecirical and thermal conductivity. The thermal conductivity
of graphene makes 11 2 desirable additive for thermal mavagement for electronic devices gnd

lasers.

Graphite, the starting material from which graphene is formed, is composed of a layered planar
structure i which the carbon atoms in each laver are arranged in a hexagonal lattice. The planar
layers are defined as having an “a” and a “b™ axis, with a “¢” axis normal to the plane de-fined
by the *a” and "b” axes. The graphene particles produced by the mventive method bave an
aspect ratio defined by the “a” or “b™ axis distance divided by the “¢” axis distance. Aspect ratio

values for the mventive nanoparticles exceed 25:1 and typically range between 53:1 and 1000:1.
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it should be understood that essentially any polymer inert to graphite and capable of mnparting
sutficient shear strain to exfoliate graphene from the graphite mav be vsed in the method of the

fay

present invention. Examples of such polymers include, but are not Himited to, poly-
etheretherketones (PEEK), polvetherketones (PEK), polyphenylene sulfides (PPS), polyethylene
sulfide (PES), polyvethenimides (PEI. polyvinvlhidene fluonide (PVDF)}, polysulfones (PSUY,
polycarbonates (PCY, polyphenylene ethers, aromatic thermoplastic polyesters, aromatic
polvsuifones, thermoplastic polyimides, Hiquid crystal polvmers, thermoplastic elastomers,
polyethvlene, poly-propylene, polystyrene {PS}, acrvlics, such as polymethyvimethacrylate
{PMMA), polvacrylo-mitrile (PAN), acrylonitrile butadiene styrene (ABS), and the ike, ohira-
high-molecuiar-weight polvethylene (UHMWPE}, polyvtetrafluorcethviene (PTFE Teflon®),
polvamides (PA) such as nvions, polyphenviene oxide (PPO), polvoxymethylene plastic
{POM/Acetal), polyarvlether-ketones, polyvinylehloride (PVQ), mixtures thereof, and the hike.
Polymers capable of wetting the graphite surface may be used as well as high melting point,
amorphous polymers in accordance with the method of the present invention. In certain
embodiments, the thermoplastic polymer of the graphene-reinforced polvmer matrix is an

aromatic polymer, as defined herein.

The graphene may be produced as g graphene-polymer mixture soitable for use as-s as a G-PMC
that can be pelletized by conventional means for subsequent fabrication processing.
Alternatively, higher concentrations of graphite may be used at the outset to provide a graphene-
polymer masterbatch i concentrated form that can also be pelletized and then ased {o add
graphene to polyvmer compositions as a reinforcing agent. As g further alternative, the graphene
may be separated from the polymer, for example, by combustion or selective dissolation, to

provide essentially pure particles of graphene.

(iraphene-reinforced polyvmers according to the present invention typically contain between
about 8.1 and about 30 wt%% graphene. More typically, the polymers contain between about 1.0
and about 10 wi%o graphene. Polymer masterbatches typacally contain between abowt § and

about 50 wi%s graphene, and more tvpically between about 10 and about 30 wit% graphene.

The availability of graphite-rich mineral deposits, containing relatively high concentrations {¢.g.,

about 20%) of well-crystathzed graphite, makes for a low cost and virtually inexhaustible source
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of raw maternial. As discussed below, the extraction of graphite particles from mined material
can be accomphished in a cost-effective manner. Synthetic graphite of high pority and
exceptional crystallinity {e.g., pyrolvtic graphite) may also be used for the same purpose.
However, in this case, the batch mixing or extrusion compounding-induced exfoliation process
creates a lanunated composite, in which the graphene nanoparticles are oriented over a relatively

large area. Such laminated composites may be preferved for specific applications.

Maechanical exfoliation of graphite within a polyvmer matrix may be accomplished by a polyaer
processing techmque that hoparts repetitive Ingh shear strain events to mechamcally exfoliate
graphite microparticles into multi- or single-layer graphene nanoparticles within the polymer

nIatrix,

For purposes of the present invention, graphite micro-particles are defined as graphite in which
at teast 50% of the graphite consists of mudtilayer graphite crystals ranging between 1.0 and 1000
microns thick along the c-axis of the lattice structure. Typically 75% of the graphite consists of
crystals ranging between 100 and 730 mucrons thick. Expanded graphite may also be used.
Expanded graphite 1s made by forcing the crystal lattice planes apart in natural flake graphite,
thas expanding the graphite, for example, by immersing flake graphite mn an acid bath of chromic
acid, then concentrated salfuric acid. Expanded graphite suitable for use in the present invention

mclude expanded graphite with opened edges at the bilaver level, such as MESOGRAF.

A succession of shear strain events is defined as subjecting the molten polvmer to an alternating
series of higher and lower shear stramn rates over essentially the same tnve mtervals so that a
pulsating series of higher and lower shear forces associated with the shear stram rate are applied
to the graphite particles in the molten polymer, Higher and lower shear stram rates are defined as
a first higher, shear strain rate that is at least twice the magnitude of a second lower shear strain
rate. The first shear strain rate will range between 100 and 10,000 sec”. At least 1,000 to over
10,000,000 alternating pulses of higher and lower shear strain pulses are applied to the molten
polymer to form the exfoliated graphene nanoparticles. The number of alternating pulses
required to exfoliate graphite particles into graphene particles may be dependent on the original
graphite particle dimensiong at the beginning of this process, 1.e., smaller original graphite

particles may need a lower nurgber of alternating pulses to achieve graphene than larger original
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graphite particles. This can be readily determined by one of ordinary skill in the art guided by

the present specification without undue experimentation.

Atter high-shear mixing, the grapheve flakes are uniformly dispersed in the molten polymer, are
randomly oriented, and bave high aspect ratio. Orientation of the graphene may be achieved by

many different methods. Conventional drawing, rolling, and extrusion methods may be used to

directionally align the graphene within the PMC fiber, filament, nibbon, sheet, or any other long-
aspect shape. The method to tfabricate and characterize a G-PMUC 8 comprised of four main

SEpS COmprising:
1. Extraction of crystaliine graphite particles from a mineral sowrce;

2. Incorporation of the extracted graphite particles into a polymer matrix phase
and conversion of the graplite-contaming polymer into a graphene-reinforced
polymer matrix composite {G~-PMC) by a ngh efficiency muxing/exfoliation
PrOCess;

N

3. Maorphology analysis to determine the extent of mechanical exfoliation and

distribution of multi-layer graphene and graphene nanoparticles; and

4. X-ray diffraction analysis to determine multi-layer graphene or praphene

crystal size as a function of mechanical exfohation.

Highly crystalline graphite may be extracted from graphite ore by a multi-step process, as

described below

t. Crushing; A drilled rod of graphite ore trom the mine may be placed in a vice

and crushed.
2. Grinding: The crushed graphite ore may be then ground by mortar and pestle.

3. Size Reduction: The ground graphite ore may be placed in a sieve witha 1-
mm mesh size and size reduced. Larger pieces that do not pass through the screen
may be ground by mortar and pestle and then size reduced through the I-mm
mesh size agatn, Eventually, all of the material passed through the 1-mm mesh

size to obtain graphite ore powder.
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4. Density Separation by Water: The L-mm sized powder may be placed in a
column filled with water and agiiated untii a clear separation formed between the
maore dense portions of the solids and the less dense portions. Graphite is near the
density of water (1 giem®), while silicon is much more dense (2.33 g/ew’™). The
uppermost materials are siphoned off with the water and then dried. The dried

powder graphite is referred to as Separated Mineral Graphite (SMG).

in commuercial practice, very large crushing and grinding machines are availgble 1o produce
tonnage quantities of mixed powders, from which the graphite component can be separated by

ot

standard flogtation methods.

One embodiment is directed to an f» séoe exfoliation method of fabricating 8 G-PMC. In this
method, a polymer that 13 wiformdy blended with micron-sized crystalline graphite particles is
subjected to repeated compounding-element processing during batch mixing or extrusion at 8
temperature where the polymer adheres to the graphite particles. Typical polymers have a heat
viscosity (without graphite} greater than 100 cps at the compounding temperature. The
compounding temperature will vary with the pelymer and can range between room temperatore
{for polymers that are molten at room temperature) and 600°C. Typical compounding

temperatures will range between 180°C and 400°C.

In one embodiment, the extrusion compounding elements are as described in United States
Patent No. 6,962,431, the discloswre of which s incorporated herein by reference, with
compounding sections, known as axial fluted extensional mixing elements or spiral fluted
extensional mixing elements. The compounding sections act to elongate the flow of the polymer
and graphite, followed by repeated folding and stretching of the matenial, This resulls in superior
distributive mixing, which in turn, causes progressive exfoliation of the graphite particles into
discrete graphene nanoparticles. Batch mixers may also be equipped with equavalent mixing
elements. In another embodiment, a standard-tvpe injection molding machine is modified to
replace the standard screw with a compounding screw for the purpose of compounding materials
as the composition is injection molded. Such a device is disclosed i US 2013/0072627, the

entire disclosure of which s mncorporated herem by reference.
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Thus, the effect of each compounding pass is to shear-off graphene layers one after the other,
such that the original graphite particles are gradually transformed into a very large number of
graphene nanoparticles. After an appropriate number of such passes, the final result Is a uniform
dispersion of discrete graphene nanoparticles i the polymer matrix phase. Longer mixing times
or a higher number of passes through the compounding elements provides smaller graphite
crystal size and enhanced exfoliation of graphite into graphene nanoparticles within the polvmer

matrix; however, the shear events should not be of & duration that would degrade the polymer.

As the content of graphene nanoparticles increases during multi-pass extrosion, the viscosity of
the polymer matrix mncreases due to the influence of the growing number of polvimer/graphene
interfaces. To ensure continued refinement of the composite structure, the extrusion parameters

are adjusted to compensate for the higher viscosity of the composite.

Automated extrusion systems are available lo subject the composite material to as many passes
as desired, with mixing elements as described in United States Patent No. 6,962,431, and
equipped with a re~circulating stream to divect the fow back to the exirader put. Since
processing of the graphene-reinforced PMU is direct and involves no handling of graphene

particles, fabrication costs are low.

In order to mechamically exfoliate graphite nto multi-layer graphene and/or single-laver
graphene, the shear strain rate generated in the polymer during processing must cause a shear
stress in the graphite particles greater than the critical stress required to separate two lavers of
graphite, or the interlayer shear strength (ISS). The shear strain rate within the polymer s
controlied by the tvpe of polymer and the processing parameters, including the geometry of the

mixer, processing temperatare, and speed in revolutions per minute {(RPM).

The required processing temperature and speed {(RPM) for & particular polymer 15 determinable

from polvmer rtheology data given that, at a constant temperature, the shear strain rate {7 ) is
linearty dependent upon RPM, as shown by Equation 1. The geometry of the mixer appears as

the rotor radius, ¥, and the space between the rotor and the barrel, Ar.

Equation §
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Polvmer rtheology data collected for a particular polvier at three different temperatures provides
a log shear stress versus log shear strain rate graph. The IS8 of graphite ranges between 0.2 MPa
and 7 GPa, but a new method bas quantified the IS5 at 0.14 GPa.  Thus, to mechanically
exfoliate graphite 1 8 polvimer mataix during processing, the required processing temperature,
shear strain rate, and RPM 1s deternmnable for a particular polymer from a graph of the log shear
stress versus the log shear strain rate, collected for a polymer at a constant temperature, so that
the shear siress within the polymer is equal to or greater than the ISS of graphite. Under typical
processing conditions, polymers have sufficient surface energy to behave like the sticky side of
adhestve tape, and thus are able to share the shear stress between the polymer melt and the

graphite particles.

{n one embodiment, a method for forming a3 G-PMC includes distributing graphite micropariicles
mto a molten thermoplastic polymer phase. A succession of shear strain events are then applhied
to the molien polymer phase so that the molten polymer phase exfoliates the graphite
successively with each event until at least 30% of the graphite is exfohated to form a distribution
n the molten polymer phase of single- and muidti-layer graphene nanoparticles less than 50

nanometers thick along a c-axis direction.

in another embodiment, a method for forming a cross-linked G-PMC includes distributing
graphite microparticles tio a molten thermoplastic polymer phase comprising one or more
molten thermoplastic polvmers. A succession of shear strain events, a8 iHustrated i the
examples, are then applied to the molten polymer phase seo that the molien polymer phase
exfoliates the graphene successively with each event wntil a lower level of graphene layer
thickness is achieved, after which point ripping and tearing of exfohated multilayer graphene
sheets occurs and produces reactive edges on the muliilayer sheets that react with and eross-link

the thermwoplastic polymer.

In another embodiment, the cross-linked G-PMC can be ground into particles and blended with
non-cross-linked host polymers to serve as toughening agents for the host polvmer. The non-

cross-linked polymer acquires the properties of the cross-linked polymer becanse of chain
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entanglentent between the two polyimer species. The present invention therefore also includes
cross-linked polymers of the present invention in particulate form that can be blended with other
polymers to form a high strength composite. In one embodiment cross-linked polystyrene and
polymethvl methacryiate (PMMA) particles of the present invention can be nsed as toughening
agents for host polymers. Compositions according to the present invention include host
thermoplastic polymers tonghened with between about 1 and about 75% by weight of the cross-
hinked polymer particles of the present invention. In one embodiment, the host polymers are
toughened with between about 10 and about S0% by weight of the cross-linked polymer

particles.

In certain embodiments, the thermoplastic polymer is an aromatic polymer. As defined herein
the term “aromatic polymer” refers 1o a polymer comprising aromatic moeties, either as part of
the polymer backbone or as substituents attached to the pelymer backbone, optionally via g
linker. Linkers inclade hinear or branched alkylene groups. such as methylene, ethylene, and

propyiene, linear or branched heteroaliovlene groups, such as

O, —NR— and —S— When the linkers contain sulfur, the sulfur atom s optionally
oxidized. The aromatic moteties are selected from monocyehe, e.g. phenyl, and polyeyelic
moieties, e.g. naphthyl, indole, anthracene, etc., and are optionally substituted with ammo, NHR|
NRs, halogen, nitvo, eyano, alkylthio, alkoxy, atkyd, haloalkyl, CO:R where R 15 defined as
above, and combinations of two or more thereof. The aromatic moieties can also be heteroaryl,
comprising one to three heteroatoms selected from the group consisting of oxygen, aitrogen and
sutfur, and optionally substituted as described above. The aromatic polyiner preferably
comprises phenyl groups, optionally substituied as disclosed above, either as part of the polymer
backbone or as substituents on the backbone, the latter optionally through a linker, as disclosed
above. In certain embodiments the optionally substituted phenyl groups are contamed within the

polymer backbone as optionally substituted phenyiene groups. In certain other embodiments the
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optionally substituted phenyl groups are substituents on the polymer backbone, optionally

conmnected through a linker, as described above.

Examples of thermoplastic host polymers include, but are not hmited to, polyetherether-ketone
{PEEK), polvetherketone (PEK), polyphenylene sulfide (PPS), polyethylene sulfide (PES),
polyetherimide (PEL, polyvinylidene fluonide (PVDFE), polvsulfone (PSU), polvearbenate (PC),
potyphenylene ether, aromatic thermoplastic polyesters, aromatic polysulfones, thermo-plastic
polvimides, hguid crystal polymers, thermoplastic elastomers, polyethyviene, poly-propylene,
polvstyrene (PS), acrylics such as polymethylmethacryviate (PMMA), polyacrylo-nitrite (PAN),
acryvionitrile butadiene styrene (ABS}), and the like, ultra-high-molecular-weight polyethylene
{UHMWPE), polytetrafiyorcethylene (PTFE/ Teflon®), polvamides {(PA) soch as nylons,
potyphenyiene oxide (PPO), polvoxymethviene plastic (POM/Acetal), polvimides,
polvaryvietherketones, polyvinylchloride (PVC), acrylics, mixtures thereof, and the like. When
the thermoplastic host polvmer and the cross-linked polymer are the same polymer species, the
cross-linked polymer particles are essentially a concentrated masterbaich of the degree of cross-

linked species desired to be introduced to the polymer fornmlation.

Therefore, another aspect of the present tnvention provides a methed for formmg a high strength
graphene-reinforeed polymer matrix composite by distributing graphite micro-particles into a
molten thermoplastic polymer phase comprising one or more molten thermoplastic polymers. A
succession of shear strain events, as ilustrated in the examples, are then applied to the molten
polymer phase so that the molten polvmer phase exfoliates the graphene successively with each
event untl tearing of exfoliated multilayer graphene sheets cccurs and produces reactive edges
on said multidaver sheets that react with and cross-link the thermoplastic polymer, The cross-
linked graphene and thermoplastic polymer i3 then ground mto particles that are distributed mto

another non-cross-linked polymer.

Thus, activated graphene is formed as the graphene fractures across basal plane and offers
potential sites for cross-linking fo the matrix or attaching other chemically unstable groups for
functionalization. Therefore, the cross-linking is performed under exclusion of oxygen,
preferably under an inert atmosphere or a vacuum, so that the reactive edges do not oxidize or

otherwise become unreactive. Forming covalent bonds between graphene and the matrix
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significantly increases the composite strength. Polymers that cross-link when subjected to the
method of the present invention include polymers subject to degradation by vltravioler (UV)

light. This includes polyviners containing aromatic, .g., benzene rings, such as polystyrene,

Lo

polymers comaining tertiary carbons, such as polypropviene and the like, polvmers containing

backbone oxygens, sach as poly{alkylene oxides), and the hike.

In certain embodiments, the graphite particles may be prepared by crushing and grinding a
graphite-containing mineral to mithmeter-sized dimensions. The millimeter-sized particles may

be reduced to micron-sized dimensions using ball milling and atiritor nulling,

In certain embodiments, the graphite particles may be extracted from the micron-sized particle
mixture, preferably by a flotation method. The extracted graphite particles may be mcorporated
in a polvmer matrix using a single screw extruder with axial fluted extensional mixing elements
or spiral fluted extensional mixing elements. The graphite-contaming polymer matrix i3
subjected to repeated extrusion as described hergin to induce exfoliation of the graphitic material,

thus forming a uniform dispersion of graphene nanoparticles in the polymer matrix.

In other emsbodiments, the succession of shear strain events may be applied wntil at least 50% of
the graphite is exfoliated to form a distribution i the molten polymer phase of single- and multi-

layer graphene nanoparticles less than 10 nanometers thick along the c-axis direction.

In other embodiments, the succession of shear strain events may be applied until at least 80% of
the graphite 1s exfohated to form a distribution in the molten polymer phase of single~ and multi-

layer graphene nanoparticles less than 10 nanometers thick along the c-axis divection.

in other embodiments, the succession of shear strain events may be applied until at legst 80% of
the graphite is exfohated to form a distribution i the molten polvmer phase of single- and mult-

laver graphene nanoparticles less than 10 nanometers thick along the c-axis direction.

In other embodiments, the succession of shear strain events may be applied until at least 75% of
the graphite s extoliated 10 form a distribution in the molien polymer phase of single~ and muhii-

layer graphene nanoparticles less than 10 nanometers thick along the c-axis direction.
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in other embodiments, the succession of shear strain events may be applied uniil at least 70% of
the graphite is exfohated to form a distribution in the molten polymer phase of single- and mult-

layer graphene nanoparticles less than 10 nanometers thick along the c-axis direction.

In other embodiments, the succession of shear strain events may be apphed until at least 60% of
the graphite is exfoliated to form a distribution i the mohen polymer phase of single- and muiti-

layer graphene nanoparticles less than 10 nanometers thick along the c-axis direction.

In other embodiments, the graphite may be doped with other elements to modity the surface

chemistry of the exfoliated graphene nanoparticles. The graphite is expanded graphite.

inn other embodiments, the surface chemistry or nanostructure of the dispersed graphite may be
modified to enhance bord strength with the polymer matrix o wcrease strength and stiffness of

the graphene composite.

In other embodiments, directional alignment of the graphene nanoparticles 15 used to obtam one-,

two- or three-dimensional remforcement of the polymer matrix phase.

In another embodiment, a graphene-reinforced polymer matrix composite is formed gecording to
the methods described herein. Thermoplastic polymer composites are provided m which
polymer chams are mter-molecularly cross-linked by torn single- and multi-layer graphene

sheets by means of covalent bonding sites exposed on the torn graphene sheet edges.

In certain embodiments, the thermoplastic polvimer of the graphene-reinforced polymer matrix

composite i3 an aromatic polvimer, as defined above.

In other embodiments, the graphene-reinforced polymer mairix composite consists of graphite
cross-linked with polymers selected from the group consisting of polyetheretherketone {PEEK),
polyetherketone {PEK]}, polyphenylene sulfide {(PPS), polvethyiene sulfide (PES),
polvetherimaide (PED, polyvinvlidene fluoride (PVDF), polycarbonate (PC), polyphenyiene
ether, aromatic thenmoplastic polyesters, thenmoplastic polyimides, Haguid crystal polymers,
thermoplastic elastomers, polyvethylene, polypropylene, polystyrene (PS8}, acrylies, such as
potymethyimethacrviate (PMMA}, polvacrylonitrile (PAN}, acrylonitrile butadiene styrene

{ABS), and the like, ultra-high-molecular-weight polyethviene (UUHMWPE), polytetrafluoro-
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ethylene (PTFE Teflon®), polvamides (PA}, such as nylons, polyphenylene oxide (PPO}, poly-
oxymethylene plastic (POM/Aceal), polvarvletherketones, polyvinylchloride (PVQ), mixures

thereof, and the like.

In other embodiments, the graphene-reinforced polymer malrix composite consists of graphite
cross-linked with polvetheretherketone (PEEK). Sulfonated PEEK can also be cross-linked.
PEEK that is cross-linked in this manner will have very high specific properties and 15 suitable
for aptomotive, aviation and aerospace uses. The present invention therefore also inchudes
automotive, aivcratt and aerospace parts formed from the cross-linked PEEK of the present
ivention, which can replace heavier metal parts without a loss of mechanical or high
temperature properties. For example, cross-linked PEEK can be used in engine components such
as pistons, valves, cam shalts, turbochargers and the like because of s high melting point and
creep resistance, Forming the rotating portions of the turbine and compressor parts of a
turbocharger from the cross-linked PEEK of the present invention will reduce turbocharger lag
because of the resulting weight reduction. Other advantages are obtained by forming the rotating
portions of the turbine and compressor of jet engines from the cross-linked PEEK of the present

mvention.

EXAMPLES

The present mvention 1s further Hlustrated by the following examples, which should not be
constroed as Hmiting 1 any way. While some embodiments have been tllustrated and described,
it should be understood that changes and modifications can be made therem in accordance with
ordinary skill in the art without departing from the invention in its broader aspects as defined in

the following claims.

in one embodiment, a small scale extension mixer with a 10-gram capacity was used to
compound 2 %o of SMG with Udel P-1700 Polvsulfone (PSU) at 332 °C (630 °F) and under
vacuum for 3, 30, and 90 minutes. The method 1s desceribed below. Samiples collected for
characterization after each length of tume are veferred to as 3G-PMC, 30G-PMC, S0G-PM.

1. 9.8 grams of PSU were added {o the mixer and allowed to become molten.

2. 0.2 grams of SMG were added to the molten PSU and mixed.
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3. After 3 minutes of mixing time, 3 grams of the G-PMC were extruded out of

&

the nuxer and collected for characterization.
4. 3 grams of 2 % SMG m PSU was added to the mixer and muxed.

3. After 30 minutes of mixing time, 3 grams of the G-PMC were extruded out of

the mixer and collected for characterization.
6. 3 grams of 2 % SMG in PSU was added to the mixer and mixed.
7. After 90 minutes of mixing time, 3 grams of the G-PMC were extruded out of

the mixer and collected for characterization,

Morphelogy Analvsis

A Zeiss Sigma Field Emission Scanmmng Electron Microscope (FESEM) with Oxford EDS was
used to determine the degree of mechanical exfoliation of graphite into multi-layer graphene or
graphene nanoparticles and the thickness of these particles. An accelerating voltage of 3kV and
working distance of approximately §.5 mm was used during viewing. Prior to viewing.
specumens from each sample of 3G-PMC, 30G-PMC, and 90G-PMC were notched,
cryogenically fractured to produce a flat fracture surface, placed under vacuum for at least 24

hours, gold coated, and stored uader vacuum.

X-ray Diffraction Analvas {XRI)

XRD analysis on each sample of 3G-PMC, 30G-PMC, and 90G-PMC includes four steps: (1)
sample preparation, (2) diffraction pattern acquisition, {3) profile hitting, and {4) out-of-plane (D)

crystallite sizes calculation according to the Debye-Scherrer equation.

. The samples for XRD analysis were prepared by pressing thin films of each
sample 3G-PMC, 30G-PMC, and 90G-PMC at 2300C and 5,500 psi overa 2
minute time period. Each sample was positioned between aluminum sheets prior
to pressing using a Carver Uniaxial Press with heated platens.

2. Daffraction patterns of the pressed films were acquired using a Philips XPert
powder Diffractometer with sample changer (Xpert) at 40kV and 45mA with an

ncident shit thickness of 0.3 mm from 4" — 70° 20 and a step size of 0.02° 28
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3. Daffraction patterns were uploaded into WinPLOTR Powder diffraction
graphucs tool, without backgroand editing or profile adjustments prior to peak
fitting. Single peak fitting was applied at a 28 range 0f 267 - 27.5°% using a
pseudo-Voigt function and taking into account a global FWHM, global eta
{proportion of Lorentz), and linear background. Single peak htting of the profile

provides the full width at half maximun (FWHM ) of the relevant peak.

The average out-of-plane crystallite size (D} (sometimes referred 10 as along the c-axis, and
proportional to the mumber of graphene lavers which are stacked) is calculated using the Debye-
Scherrer Equation and the (002) FWHM values, for which 2 is the X-ray wavelength, coefficient
K= 0.89, B is the FWHM in radians, and 8 is the diffraction angle. The d-spacing is also
calculated.

Equation 2

B K4

Heosd

Morphology Results
The morphology of each sample, 3G-PMC, 30G-PMC, and 90G-PMC, at three different scales

{magnification) is shown i FIG. 1. In (a-c}, a 20 wm scale and 1,000X magnification shows
good distribution of multi-laver graphene or graphene within the PSU matnix at each muxing
time, In (d-), a T pm scale and 10,000X magnification and {g-i}, a 1 um scale and 50,000X
magnification shows mechanically exfoliated grapbite within the PSU matrix. In (d-i}, nucro-
folding of the multi-laver graphene or graphene is evident, as well as good bounding between the
graphene nanoparticles and the polymer matrix.

The 90G-PMC sample, the sample mixed for the longest time and exposed to the most repetitive
shearing, exhibits superior mechanical exfoliation and the smallest crystal size. As shown in
FIG. 2, mechantcal exfohiation has reduced the graphene nanoparticle thickness in the 80G-PMC

sampie to 8.29 om.

Xoray itfaction Resulis

The Debye-Scherrer eguation was applied to the FWHM and d-spacing vesults obtained from the
Xeray diffraction patterns for 3G-PMC, 30G-PMC, and 90G-PMC to provide the crystal

thickness (D) of the multi-laver graphene or graphene nanoparticles. The XRD results and
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crystal thickness appear in Table 1. For the 3G-PMC, 30G-PMC, and 90G-PMC samples, the

crystal thickness is 40 nm, 31 nm, and 23 mm; the FWHM 15 0.202°, 0.257°, and 0.353%; and the
d-spacing s 3.361 om, 3.353 om, and 3.387 nm, respectively. The FWHM increases with
mixing ttme, and crystal thickness decreases with nuxing time, which indicates that mechanical
exfoliation of the graphite to multi-layer graphene or graphene s occwring and 1s enhanced over

longer mixing times. The decrease in crystal size 13 a function of FWHM,

TABLE 1. Debye-Scherrer Equation applied to the averape XRD results from sach 2 % Graphite
Extoltated in PSU sample muxed for 3 min, 30 min, and 90 min

Average D —
_ . N Crystal Thickness
Sample Mixing Time {d 802) .F“‘ HM {nm)
{min) (nm) (degrees) Along c-Axis
Direction

3G-PMC 3 0.3361 0.202 40
30G-PMC 30 0.3353 (.257 31
9OG-PMC 90 0.3387 0.3583 23

Graphene Modification

Mechanical exfoliation of the graphite into multi-layver graphene or graphene as a result of the
repetitive shear strain action in the polymer processing equipment generstes dangling primary
and secondary bonds that provide the opportunity for various chemical reactions to occur, which
can be exploited to obtain property enhancement of the G-PMC. This represents an advance
over prior art conventional methods formung graphene oxides, where the dangling primary and
secondary bonds covalently bond with oxvgen, which typically remain in these positions even
after the graphene oxide is reduced.

For example, chemical reactions that covalently attach these dangling bonds from the multi-layer
graphene or graphene nanoparticles to the polymer matrix would provide superior mechanical
properties of the G-PMC. Alternatively, electrical conductivity may be enhanced by chemically
linking appropriate band gap materials at the graphene nano-particle edges ot by coordinating
with conductive metals such as pold, silver, copper, and the hike. The graphene-remnforced
polymer may then be added to polymers or other compositions to provide or increase electrical
conductivity, The bonds may also be coordmated to metals, such as platinum and palladium, to

provide a catalyst, with the graphene-reinforced polymer serving as a catalyst sopport. Other
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forms of functionalized graphene are disclosed in .S, Patent No. 8,096,353, the disclosure of

which 1s incorporated herein by reference.

The method of the present invention 1s particularly advantageous because in ity
functionalization reactions mayv be performed during the exfoliation process via one-pot reactive

compounding.

The graphene-reinforced polymers may be used as electrodes for hightweight batteries.  Other
uses include compaosite boat hulls, aircraft, aerospace systems, transportation vehicles,
hghtweight armor {vehicular or personnel armor), pressure vessels, reactor chambers, spray
coatings, polvmer powders for 3-D printing, transparent slectrodes for electronic device touch
screens, and the like. Addition of 1-2 wit % graphene to a polymer matrix imparts electrical
conductivity, while maintainme optical transparency, thus enabhing applications in solar panels,

flat-panel displays, and for statie-discharge control in hospitals.

Mechanical extoliation successfully converted 2% graphite melt-blended with PSU into a G-
PMC using a repetitive shearing action in the Small Scale Extension Mixer by Randcastle
Extrusion Systems, Inc. ("Randcastle™). Results may be unproved by machine modification 1o
increase shear; for example, by using a larger diameter nuxing element to mcrease rotational

speed and/or by mummizing the spacing between the mixing element and the evlinder wall,

Moditied Randeastle Extrusion Systent’s Small Scale Extension Mixer:

The design of the existing small batch mixer may be modified to provide higher shear rate,
which in turn provides superior mechanical exfoliation of graphite within the polymer matrix.
The shear rate, ¥, is calculated according to Fquation 1, where r i3 the tooling radius and Ar is
the clearance for compounding. Machine modifications are listed in Table 2, along with the
maximam achievable shear rate. The newly designed mixer has a maxomm shear rate 22 times
that of the current mixer, which will provide enhanced mechanical exfoliation of graphite within
a polymer matrix at shorter lengths of time. In other words, the crystal size, D, may be reduced

to smaller dimensions in a more efficient length of time.
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TABLE 2. Modifications of the Randeastle Extrusion System’s Small Scale Extension Mixer to
provide enbanced mechamcal exfoliation

Current Randeastle Improved Randcastle
Mixer Mixer
Tooling Radius (inches) 0.5 i
Clearance for Compounding, Ar (in) 0.04 0.01
Maximum RPM 100 360
Maximum Shear Strain Rate {sec) 133 2900

Moditied Single Screw Extrusion:

Randcastle has made modifications to the extrader screw that will better enable mechanical
exfoliation of the graphite into multi-laver graphene or graphene in a polymer matrix to fabricate
a G-PMC,

MATERIALS

Raw graphite was extracted from the ground, crushed to powder, and float separated to obtain

Separated Mineral Graphite (“SMG™).

PEEK has a specific gravity of 1.3, a melt flow of 3 ¢/10 min (400 °C, 2.16 kg}, a glass transition
temperature at 130 °C, and a melting point 4t 340 °C. The tensile modulus and strength are 3.5
(iPa and 95 MPa, respectively. Prior to the creation of the xG-PMUC in this example, SMG and

PEEK were dried for approximately 12 hours at 100 °C and 150 °C, respectively.

In this example, SMG was blended with PEEK using a Randeastle nucro-batch muxer with a 10-
gram capacity at 360 °C (680 °F) and 100 RPM ander a mitrogen blanket, according to the

following steps:

PEEK 3 -- To create a control sample, 10 grams of PEEK was added to the
mixer. After three nunutes of mixing time, the port was opened to allow PEEK {o
flow out as extrudate and 2.6 grams were extruded out until no more material was

able 1o flow.

SMOG-PEEK 3 ~ To create a weight composition ratio of 2-98 % SMG-PEEK,

2.4 ¢ of PEEK and 0.2 g of SMG were added 1o the mixer. After three minutes
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of mixing time, the port was opened fo allow G-PMC to flow out as extrudate and

1.96 g were extraded out until no more material was able to flow.

SMG-PEEK. 30 - To maimtain the 2-88 wt % composition ratio, 1.92 g of PEEK
and 0.04 g of SMG were added to the mixer. After 30 minutes of mixing time,
the port was opened 1o allow G-PMC 1o flow out as extrudate and 0. 94 g were

extruded out until no more material was able 1o flow.

SMG-PEEK 90 - To maintain the 2-98 wt % conposition ratio, 0.92 g of PEEK
and 0.02 g of SMG were added to the muxer. After 50 munutes of mixing time,
the pott was opened to allow G-PMC to flow out as extrudate, however, no more

material was able to flow,

The experiment was terminated and the mixer opened. Under visual observation, the G-PMC did

not appear as a standard molten polymer, but rather was in a rubber-like, fibrous form.

In this next example, SMGr and PEEK were processed in a Randeastle nmucro-batch mixer with a
100-gram capacity at 360 “C (680 °F) and 30 RPM under a nitrogen blanket, according to the

following steps:

PEEK 90 ~ To create a control sample, 10 g of PEEK was added to the mixer.
After 90 minutes of mixing time, the port was opened to allow PEEK 1o flow out

as extrudate and 28.5 g were exiruded out entil no more material was able to flow.

SMG-PEEK_25 - To create a weight composition ratio of 2-98 % SMG-PEEK,
98 g of PEEK and 2 g of SMG were added 1o the mixer.  After 25 nunutes, of
mixing time, the port was opened to allow G-PMC 1o flow out as extrudate and

5.1 g were extruded out until no more material was able 1o flow.

Characterization

The samples used for characterization appear i Table 3, as follows:
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Table 3: Samples Used for Characterization
Sample Description Batch Mixer Graph Color
{Capacity)
PEEK 3 Contrel nixed for 3 nmnutes 10y Green
PEEK 90 Control mixed for 90 nunutes 100 g Purple
SMG- Components mixed for 3 minutes itg Orange
PEEK 3
SMG- Components nuxed for 30 10¢ Blue
PEEK 30 minutes
SMG- Components mixed for 90 10 g Red
PEEK 90 minutes
Merphology

The morphology of the xG-PMC was examined using & Zeiss Sigma Field Enmussion Scanning
Electron Microscope ("TESEM™) with Oxford EDS. An accelerating voltage of 3kV and
working distance of approximately 8.5 mm was used during viewmg. Prior o viewing,
specimens were notched, ervogenically fractured to produce a Hat fracture surface, placed under
vacuum for at least 24 howrs, gold coated, and stored under vacuum. As ilustrated in Fig, 3, the
morphology of SMG-PEEK 90 1 shown in (a) 10 pm scale and 1,000 magnification (b) 10 pm
scale and 5,000 magnification, (¢} Ty m scale and 10,000 magnification, and (d} 1 pum scale and

$0 000 magnification.

Thermal Analysis

The thermal properties of the samples were charctenized using a TA Instruments Q1000
Differential Scanning Calorimeter (DSC). Each sample was subject to a heat/coolheat cyvcle
from 0~ 400 °C at 109 °C/min. The glass transition temperature {Tg) and melung temperature

{ T} for the initial heat scan are ilustrated n Fig. 3. The Ty increases from 152 °C for PEEK 3
to 154 for SMG-PEEK 90, however, this increase is not significant. The Tin is consistent for
samples PEEK 3, SMG-PEEK 3, and SMG-PEEK._30 at almost 338 °C but decreases
significantly 10 331.7 °C for SMG-PEEK 90, The delta H 1s similar for samples PEEK 3,
SMG-PEEK 3, and SMG-PEEK 30, and varies between the initial, cool, and reheat scans, and
ranges between 116-140 J/'g. However, the delta H for SMG-PEEK_90 i1s much lower and
consistent at approximately 100 Jg for the initial, cool, and reheat scans. The observable

difference in the heat of fusion of PEEK for the SMG-PEEK 90 sample, as compared with the
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other samples, indicates a major difference m the morphology. Furthermore, the constant heat of
fusion between the niial, cool, and reheat scans of the SMG-PEEK 90 sample suppornts the

existence of cross links between the graphene and PEEK matrix.

Paralle] Plate Rheology

A frequency sweep from 100 ~ 0.01 Hz at 1.0 % strain and at a temperature of 360 °C was
performed using a TA Instruments AR 2000 in parallel plate mode. Samples SMG-PEEK. 30,
SMG-PEEK. 3, and PEEK 3 were tested. The G and G” and the tan delta for samples SMG-

PEEK 30, SMG-PEEK 3, and PEEK 3 were recorded. Tan delta is equal to the G7/G°. This

rheplogy data provides information regarding the morphology of the sample, according to Table
4, as shown below, The sol/gel transition point, or “gel pomnt™, of a thermoset resin occurs when
tan delia = 1, or rather when G™=G". For samples SMG-PEEK_3 and PEEK_ 3, the G7 is greater
than the G°, indicating bguid-like behavior, Contrastingly for sample SMG-PEEK_30, the (" 15
greater than G, mdicating more elastic-like or solid-like behavior, Furthermore, tan dehia is less
than | and remains nearly constant across the entire frequency range for SMG-PEEK_30,

inddicating that SMG-PEEK 30 has undergone some degree of cross-linking.

Table 4. Rheology data and the sol/gel transition point

- ek . Shearand Loss | o, o o .
State Meorphology Tan & Moduli Sampie Behavior
Liquid ot e 0t o g PEEK 3
Tl Mlate” = 3 Ch AP T
state Sol State i GG SMG-PEEK 3
(el pont Cross linking begins =] G =07
Solid State
Getl State Sample contains cross- <1 G >G7 SMG-PEEK_3¢
links
Dissolution

Lightly gelled thermosetting resing when placed in solvents swell through imbibition to a degree
depending on the solvent and the structure of the polymer. The oniginal shape is preserved, and
the swollen get exhibits elastic rather than plastic properties. Cross-linking i thermoplastic
pobymers s commonly accomplished by 1) peroxides, 2) a grafted silane process cross-tinked by

water, 3) electron beam radiation, and 4) UV light.
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in this example, cross-linking was induced betwesn SMG and PEEK during a mechanical
exfoliation process due to the cleavage of graphene flakes that results in dangling free radicals,

To confinm the presence of cross-finking m the SMG-PEEK XG-PMC, a dissolution method was

used by placing neat PEEK, PEEK 3, PEEK 90, SMG-PEEK 3, SMG-PEEK 30, and SMG-
PEEK_90 samples in sulfuric acid, according to the following steps.

A 10 myg specimen from each sample was prepared;

Each specimen was placed in g test tube with 20 mbL of 95-98% wiw sulfuric acid
{A3005500 Fisher Scientific);

The solution was shaken for § minutes;

Each test tube was capped with Tetlon® tape to form a seal;

Photographs of each sample were taken at times 0, 24, 48, and 72 howrs.

Upon visual observation, the PEEK samples all dissolve within the sulfuric acid before 24 howrs,
and the SMG-PEEK_90 sample is the only one that remaimns in the sulfuric acid after 72 howrs.
The SMG-PEEK 90 sample was cross-linked and swelled when placed in the solvent similar to a
thermoset resin. The SMG-PEEK_30 sample renwined in the sulturic acid after 24 hours but
dissolved betore 48 honrs. SMG-PEEK. 30 requured further testing to determune i cross-Hnking

was induced, since the other data suggests that SMG-PEEK 30 was cross-linked.

The foregomg examples and description of the preferred embodiments should be taken as
Hlustrating, rather than as Hmiating the present invention as defined by the clatms. As will be
readily appreciated, numerous variations and combinations of the features set forth above can be
utihzed without departing from the present invention as set forth in the clatms. Such variations
are not regarded as a departure from the spirit and scope of the invention, and all such vanations

are intended to be included within the scope of the followmg clams.
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CLAIMS
What 1s claumed i
1. A method for forming a graphene-reinforced polymer matrix composite,

comprising:

{a) distributing graphite microparticles into a molten thermoplastic polymer

phase comprising one or more molten thermoplastic polymers: and

{b} applyving a succession of shear stram events to the molten polymer phase so
that satd molten polymer phase exfoliates the graphene successively with each
event, unti tearing of exfoliated multilayer graphene sheets occurs and produces
reactive edges on said muitilaver sheets that react with and cross-link said one or

more thermoplastic polymers;

wherein said one or more thermoplastic polymers are selected from the group consisting

of thermoplastic poelymers subject to UV degradation.

2. The method of Claim 1, wherein at least one of said one or more

thermoplastic polymers is an aromatc polymer,

3. The method of Claim 2, wherein said aromatic polymer comprises phenyl

groaps, optionally substituted, in either the backbone or as substituents,

4, The method of Claim 3, wherein the optionally sobstituted phenyl groups

are contained withmn the polymer backbone as optionally substituted phenylene groups.

5. The method of Clain 3, wherein the optionally substituted phenyl groups

are substituents on the polymer.

8. The method of any one of Claim 1, wherein said one or more thermoplastic
polvmers are selected from the group consisting of polysetheretherketone (PEEK),
polyvetherketone (PEK), polyvphenylene sulfide (PPR), polyvethylene sulfide (PES),
polvetherimide {PEL), polyvinylidene fluoride (PVIIF), polvearbonate (PC), polyphenviene
ether, aronatic thermoplastic polyesters, thermoplastic polyimides, hquid crystal polymers,

thermoplastic elastomers, polyvethvlene, polvpropylene, polystyrene {(PS),
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polymethylmethacrylate (PMMAY, polvacrylonitnile (PAN}, eltra-high-molecular-weight
polvethylene (UHMWPE), polvtetraflucroethviene (PTFE), acrylomitrile butadiene styrene
{ABS), polyamides (PA), polyphenylene oxide (PPO), polvoxy-methylene plastic {(POM/Acetal),

polyimides, polvarvletherketones, polyvinvichlonide (PVC), acrvhics, and mixtures thereof,
7. A method for forming a high-strength graphene-reinforced polymer matrix
composite, comprising:
{a) formung the composite of any one of Claims 1 10 6 into cross-linked polymer
particles; and
{b} distributing the polymer particles into another non-~crogs-linked molten host

thermoplastic matrix polyiner.

8. The method of any one of Clauns 1 to 7, wherewn said molten thermoplastic

polymer phase comprises two or more molten thermoplastic polviners.

g. The method of any one of Clatms 1 1o §, wherein the graphite particles are
prepared by crushing and grinding a graphite-containing nunesal to nullimeter-sized dimensions,

followed by milling to a micron-sized particle mixture.

10, The method of Claim 9, wherein the graphite particles are extracted from the

micron-sized particle mixture by g flotation method.

1. The method of Claim 2 or Claim 6, wherein said polymer is polyetheretherketone

(PEEK).

12, The method of any one of Clamms 1 to 11, wheremn the graphite is expanded

graphite.

1

Tad

A graphene-remforced polymer matrix composite prepared sccording o the

method of any one of Claims 1 to 12

14, The graphene-reinforced polymer matrix composite of Claim 13, wherein said

polvmer is polvetheretherketone.
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15, A high strength graphene-reinforeed polymer mattix composite prepared

5

according 1o the method of Claim 7.

16.  The graphene-remforced polvmer matnx composite of Claim 15, wheremn said

polymer is polyetheretherketone.

17, A thermoplastic polymer composite comprising thermoplastic polymer chains
tnter-molecularly cross-tinked by torn single- andfor multi-layer praphene sheets having carbon

atoms with reactive bonding sites on the tora edges of said sheets.

18. The thermoplastic polymer composite of Claim 17, wherein said thermoplastic
polvmers are selected from the group consisting of polvetheretherketone (PEEK), polyether-
ketone {PEK), polyphenylene sulfide (PPS), polvethvlene sulfide (PES), polyetherimide (PEI,
polyvinviidene fluoride {PVIIF), polycarbonate (PC), polyphenyiene ether, aromatic
thermoplastic polvesters, thermoplastic polvinides, hgud crvstal polymers, thermoplastic
elastomers, polyethylene, polyvpropylene, polystyrene (PS), polymethylmethacrylate (PMMA),
polvacrylomitrile (PAN), ultra-high-molecular-weight polyethvlene (UHMWPE), polvictra-
fluorcethylene (PTFE), acrylonitrile butadiene styrene (ABS), polyvamides (PA), poly-phenyiene
oxide (PPO}, polvoxymethylene plastic (POM/Acetal), polvimides, polvaryiether-ketones,

polyvinylchloride (PVC), acrylics, and nuxtures thereofl
19, An sutomotive, sircraft or acrospace part formed from the composite of Clainy 17.
20, The part of Clanm 19, wherein said part is an engine part.
21, raphene cross-linked polvmer particles formed from the composite of Claim 17,

22, A polvmer composition comprising a host thermoplastic polymer and the

graphene cross-hnked polymer particles of Claum 21 dispersed therein.

23 The polymer composition of Claim 22, wherein said host thermoplastic polymer
is selected from the group consisting of polvetheretherketone (FEEK), polyether-ketone {(PEK),
pobvsulfones (PS). polyphenviene sulfide (PPS), polyethvlene sultide (PES), polvetheriniide
{PED, polvvinviidene fluoride (PVDF), polycarbonate {(PC), polyphenyvlene ether, aromatic

thermoplastic polyvesters, thermoplastic polyinudes, hgwd crvstal polymers, thermoplastic
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elastomers, polyethylens, polypropylene, polystyrene {(PS), polymethyl-methacrylate (PMMA),
polvacrylomitrile (PAN), vltra~high-molecular-weight polyethvlene (UHMWPE), polytetra-
flnoroethylene (PTFE), acrylonitrile butadiene styrene (ABS), polyamides (PA), poly-phenyiene
oxide {PPO), polvoxymethylene plastic (POM/ Acetal), polyimides, polyaryiether-ketones,

polyvinyichloride {(PVC), acrylics, and nuxtures thereof

24, Ap automotive, atreraft or acrospace part formed from the polymer composition

of Claim 22.
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