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FIGURE 1

prises the in situ exfoliation of boron nitride crystals by compounding boron
nitride crystals in a resin material with a hard filler material having a hard-
ness greater than the hardness of the boron nitride crystals.
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COMPOSITIONS COMPRISING EXFOLIATED BORON NITRIDE AND METHOD FOR
FORMING SUCH COMPOSITIONS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent

Application No. 61/702,776 entitled “Composition Comprising Exfoliated Boron
Nitride And Method For Forming Such Compositions” filed on September 19,
2012, and U.S. Application No. 13/828,742 entitled “Composition Comprising
Exfoliated Boron Nitride And Method For Forming Such Compositions” filed on
March 14, 2013, each of which is hereby incorporated in its entirety by reference.

FIELD
[0002] The present invention relates to compositions comprising boron
nitride, in particular compositions comprising exfoliated boron nitride, and
methods for making such compositions. The present invention also relates to a
method for forming a thermally conductive composition comprising boron nitride

via the in situ exfoliation of boron nitride in a resin material.

BACKGROUND

[0003] Thermal management of various electronic and opto-electronic
devices is increasingly gaining attention due to the severe challenges faced in
such devices. The trend of shrinking sizes and increased functionality continues
in personal hand-held electronic devices. The power density, and hence the
density of heat that needs to be dissipated have significantly increased, which
poses significant challenges to providing good thermal management in those
devices. Similarly, in opto-electronic devices, also known as light emitting diodes
(LEDs), the power consumption and lumen output is ever increasing. Thermal
management problems are also widely prevalent in other applications such as
electronic components in automobiles, rechargeable battery systems and power
invertors for hybrid vehicles, etc. Insufficient or ineffective thermal management
can have a strong and deleterious effect on the performance and long-term

reliability of devices.
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[0004] Currently, LED-based bulbs are being used to replace older bulbs
and are designed to fit into conventional “Edison” sockets. Fitting LED bulbs
into Edison sockets only exacerbates the thermal management challenges since
the heat dissipation is limited by natural convection. LED bulbs therefore
require well-designed heat sinks to efficiently and adequately dissipate the
waste heat. Inefficient thermal management leads to higher operating
temperatures of the LEDs, which is indicated by the junction temperature (Tj) of
the LED. The lifetime of an LED (defined as time taken to lose 30% light output,
i.e., to reach B30) can possibly decrease from 80,000 hours to 20,000 hours when
the junction temperature is increased from 115 °C to 135 °C.

[0005] Aluminum heat sinks are a natural choice for LED applications
based on similarities to heat sinks used for other electronic devices. However the
use of aluminum heat sinks for LED bulbs presents several challenges. One
challenge is electrically insulating the heat sink from the Edison socket. Any
electrical connectivity or leak between a metal heat sink and the socket can be
extremely dangerous during installation. Another challenge is providing heat
sinks with complex shapes because die-casting heat fin shapes can be difficult
and may require costly secondary machining operations. Aluminum heat sinks
can also be quite heavy and can add significantly to the weight, and consequently
the cost of transportation, of the bulb. Finally, aluminum heat sinks will need a
finish step of painting to smooth surface finish and impart colors desired by the
consumers.

[0006] Plastic heat sinks are an alternative to aluminum heat sinks.
Plastics are electrically insulating, more amenable to complex heat sink
structures via injection molding, light in weight, and can be colored freely to
meet aesthetic or branding requirements. Plastics also offer the possibility of
integrating several parts, which can lead to a simpler overall bulb assembly.
Plastics, however, have very poor thermal conductivity — generally only around
0.2 W/mK — which is nearly two orders of magnitude lower than aluminum
(around 200 W/mK). Therefore, plastics are generally not sufficient to meet

thermal management challenges.
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[0007] Fillers are often added to plastics to make unique composite
materials. For example, reinforcing fillers like glass fibers are added to improve
the mechanical properties of plastics. Similarly graphite, carbon black or other
carbon forms, including even carbon nanotubes recently are added to plastics to
make electrically conductive plastic-based materials. Graphite and metal
powders are also used sometimes to enhance thermal conductivity, but this
usually leads to increased electrical conductivity as well since these properties
are usually concomitant. However, some ceramic materials such as silica,
alumina, zinc oxide, magnesium oxide, aluminum nitride, boron nitride
(hexagonal or cubic forms), etc., present the opportunity to make thermally
conductive yet electrically insulating formulations with plastics since they are
good thermal conductors and electrical insulators.

[0008] While boron nitride/plastic composites have been proposed, boron
nitride/plastic composites have several drawbacks. Boron nitride is a relatively
expensive material that can cost from 10 to 40 times more than the plastic resins
that it is compounded with and as compared to aluminum alloys. From a
performance standpoint, the in-plane thermal conductivity of the boron
nitride/plastic composite is only around 2-10 W/mK even at high loadings of
boron nitride, e.g., above 25-60 wt.% (15-45 vol %). Boron nitride is also very
inert and not easily wetted by resins. This leads to imperfect interfaces and large
thermal resistances between the filler and matrix, effectively lowering the
thermal conductivity of the composite thus leading to higher BN Iloadings
required to achieve the required thermal conductivity. The higher filler loadings
drives up the cost of these composites significantly making it less cost
competitive in thermal management applications. The poor interfaces between
the filler and resin also results in poor physical properties of the composites. It
therefore becomes imperative to address the problems of wetting to achieve high
thermal conductivity and optimum physical properties.

[0009] It is 1mportant to note however that even though thermal
conductivity of thermally conductive plastics is not as high as aluminum metal,
it is sufficient for thermal management applications in LED bulbs, and other

convection limited applications. Boron nitride/plastics composites are
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anisotropic, which can also be an issue that may limit the applicability of boron
nitride/plastic composites.
[0010] The crystal structure of hexagonal BN is shown in FIGURE 1. The
a-b crystal planes are made of tight, covalently-bonded boron and nitrogen
atoms. The a-b planes are repeated along the c-direction held together by weak
van der Waal’s forces. Due to this crystal structure, the natural particle shape of
hexagonal BN particles are platelets and typically have aspect ratios (~10-50).
[0011] Where anisotropy is acceptable, the high aspect ratio of BN can be
an advantage. Typically, all else being equal, the higher the aspect ratio, the
higher the thermal conductivity.
[0012] The crystal structure of hexagonal BN shown in FIGURE 1 is very
similar to graphite. Exfoliation of graphite has been used as a way to increase
the aspect ratio of graphite particles and 1increase thermal conductivity
performance. In contrast to graphite, the exfoliation of hexagonal BN is
extremely difficult due to the partially 1onic or polar character of the boron and
nitrogen atoms. Intercalation and exfoliation of BN crystals has been
demonstrated in the lab, but by exceptionally difficult means that pose several
challenges to scale-up and commercialization. (Shen et al. “Intercalation of
Hexagonal Boron Nitride by Strong Oxidizers and Evidence for the Metallic
Nature of the Products”, Journal of Solid State Chemistry, v147, pp74-81 (1999).)
Even if BN crystals are successfully exfoliated, compounding these nano-scale
high surface area materials into resins, achieving good dispersion and wetting of
the fillers by the matrix will also be extremely challenging.

SUMMARY
[0013] In one aspect, the present invention provides compositions
comprising exfoliated boron nitride. In another aspect, the present invention
provides a method for making a composition comprising exfoliated boron nitride.
The compositions can exhibit high thermal conductivities
[0014] In one embodiment, the present invention provides composition
comprising a resin material, exfoliated boron nitride, an optional
functionalization additive, and a hard filler material having a hardness greater

than the hardness of hexagonal boron nitride, wherein the exfoliated boron
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nitride 1s produced in situ by mixing boron nitride crystals with the resin
material in the presence of the hard filler.

[0015] In another embodiment, the present invention provides a method of
forming a thermally conductive composition comprising exfoliated boron nitride,
the method comprising exfoliating boron nitride crystals in situ by mixing boron
nitride crystals and a hard filler material having a hardness greater than the
boron nitride crystals in a resin material.

[0016] The in situ exfoliation of boron nitride crystals in a resin matrix
allows for forming a composition that exhibits relatively high thermal
conductivities without having to exfoliate the boron nitride in a separate step
prior to compounding with the resin material.

[0017] In one aspect, the present invention provides, a composition
comprising a resin material, exfoliated boron nitride, an optional
functionalization additive, and a hard filler material having a hardness greater
than the hardness of hexagonal boron nitride, wherein the exfoliated boron
nitride is produced in situ by mixing boron nitride crystals with the resin
material in the presence of the hard filler.

[0018] In one embodiment, the composition comprises from about 15
weight percent to about 60 weight percent of boron nitride; from about 1 weight
percent to about 55 weight percent of the hard filler material; from about 0 to
about 15 weight percent of the functionalization additive; and from about 20
welght percent to about 75 weight percent of the resin material.

[0019] In one embodiment, the composition comprises from about 10
welght percent to about 50 weight percent of boron nitride; from about 20 weight
percent to about 50 weight percent of the hard filler material; from about 0.1 to
about 7 weight percent of the functionalization additive; and from about 20
weilght percent to about 75 weight percent of the resin material.

[0020] In one embodiment, the composition comprises from about 15
volume percent to about 50 volume percent of boron nitride.

[0021] In one embodiment, the composition comprising the exfoliated boron
nitride has a greater number of boron nitride particles than the volume of boron

nitride in a composition that is devoid of the hard filler material.
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[0022] In one embodiment, the exfoliated boron nitride has an average
thickness of about 1 micron or less; about 0.5 micron or less; even about 0.2
micron or less.

[0023] In one embodiment, the ratio of hard filler material to boron nitride
1s at least from about 20:1 to about 1:20 by volume; from about 15:1 to about 1:15
by volume; from about 10:1 to about 1:10 by volume; from about 3:1 to 1:3 by
volume. The composition of any of claims 1-8, wherein the ratio of hard filler
material to boron nitride is at least from about 2:1 to about 1:2 by volume; even
about 1:1 by volume.

[0024] In one embodiment, the boron nitride crystal diameter is greater
than 0.5 microns. In one embodiment, the boron nitride crystal diameter is
greater than 1 micron. In one embodiment, the boron nitride crystal diameter is
greater than 3 microns. In one embodiment, the boron nitride crystal diameter is
greater than 8 microns. In one embodiment, the boron nitride crystal diameter is
greater than 12 microns. In one embodiment, the boron nitride crystal diameter
is greater than 25 microns. In one embodiment, the boron nitride crystal
diameter is greater than 40 microns.

[0025] In one embodiment, the boron nitride crystal surface area is less
than 50 m?/g. In one embodiment, the boron nitride crystal surface area is less
than 20 m?/g In one embodiment, the boron nitride crystal surface area is less
than 15 m?%g. In one embodiment, the boron nitride crystal surface area is less
than 10 m?/g. In one embodiment, the boron nitride crystal surface area is less
than 5 m?/g. In one embodiment, the BN crystal surface area is less than 1.5
m2/g.

[0026] In one embodiment, the boron nitride graphitization index is less
than 4; less than 2; less than 1.5; less than 1.0.

[0027] In one embodiment, the hard filler material is chosen from zinc
oxide, magnesium oxide, silica, alumina, aluminum nitride, silicon nitride,
silicon carbide, titania, tungsten carbide, titanium nitride, cubic boron nitride,

diamond, or a combination of two or more thereof.
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[0028] In one embodiment, hard filler material has a Mohs hardness of
about 4.5 or greater. In one embodiment, the hard filler material has a Mohs
hardness of from about 2 to about 9.5.

[0029] In one embodiment, the functionalization additive is a silane. In one
embodiment, the silane is chosen from a mercaptosilane, an alkacryloxy silane, a
vinyl silane, a halo silane, a thiocarboxylate silane, a blocked mercapto silane, or
a combination of two or more thereof.

[0030] In one embodiment, the functionalization additive is present in an
amount of from about 1 weight percent tc about 10 weight percent.

[0031] In one embodiment, the composition has a thermal conductivity of
about 5 W/mK or greater. In one embodiment, the composition has a thermal
conductivity of from about 5§ W/mK to about 15 W/mK.

[0032] In one embodiment, the present invention provides a method of
forming a thermally conductive composition comprising exfoliated boron nitride,
the method comprising exfoliating boron nitride crystals in situ by mixing boron
nitride crystals and a hard filler material having a hardness greater than the
boron nitride crystals in a resin material.

[0033] These and other aspects are further understood with reference to

the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIGURE 1 illustrates the crystal structure of hexagonal boron
nitride;
[0035] FIGURE 2 is an SEM image of a nylon composition comprising 40%

boron nitride that is not exfoliated;

[0036] FIGURE 3 is a SEM image showing a highly crystalline boron
nitride that has not been compounded or dispersed in a resin;

[0037] FIGURE 4 is a SEM image of a nylon composition comprising
exfoliated boron nitride prepared in accordance with one embodiment of the

invention; and
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[0038] FIGURE 5 is a SEM image of a nylon composition comprising
exfoliated boron nitride prepared in accordance with one embodiment of the

invention.

DETAILED DESCRIPTION

[0039] The present invention provides a composition comprising exfoliated
boron nitride disposed in a resin matrix. The compositions comprise a resin
matrix, exfoliated boron nitride, and a filler material dispersed in the resin
matrix, the filler material having a hardness greater than the hardness of
hexagonal boron nitride crystals. The present invention also provides a method
for forming the composition comprising the in situ exfoliation of boron nitride in
a resin matrix.

[0040} The method of forming a composition comprising exfoliated boron
nitride comprises mixing crystalline boron nitride into a resin material in the
presence of a material having a hardness greater than the hardness of (non-
exfoliated) crystalline boron nitride material. The inventors have found that
mixing crystalline boron nitride into a resin matrix in the presence of a material
having a hardness greater than the crystalline boron nitride results in
exfoliation of the boron nitride crystals. The exfoliation of the boron nitride
crystals occurs in situ. The resulting material has a thermal conductivity higher
than a similar composition that is devoid of any hard filler material. The in-situ
exfoliation of the boron nitride crystals allows for a high thermal conductivity to
be formed without a separate step of exfoliating boron nitride and subsequently
compounding the exfoliated boron nitride into a resin material.

[0041] Mixing the crystalline boron nitride and the resin material can be
accomplished using any suitable mixing method. Mixing can be accomplished by
any type of mixing equipment or device suitable for mixing resin materials.
Examples of suitable mixing equipment includes, but is not limited to,
Brabender mixers, Banbury mixers, a roll or a set of rollers, a kneader, a co-
kneader, a single screw extruder, a twin screw extruder, etc.

[0042] The boron nitride component comprises crystalline or partially

crystalline boron nitride particles made by processes known in the art. These
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include spherical BN particles in the micron size range produced in a process
utilizing a plasma gas as disclosed in U.S. Pat. No. 6,652,822; hBN powder
comprising spherical boron nitride agglomerates is formed from irregular non-
spherical BN particles bound together by a binder and subsequently spray-dried,
as disclosed in US Patent Publication No. US2001/0021740; BN powder produced
from a pressing process as disclosed in U.S. Pat. Nos. 5,898,009 and 6,048,511;
BN agglomerated powder as disclosed in US Patent Publication No.
2005/0041373; BN powder having high thermal diffusivity as disclosed in US
Patent Publication No. US2004/0208812A1; and highly delaminated BN powder
as disclosed in U.S. Pat. No. 6,951,583. These also include BN particles of the
platelet morphology.

[0043] In one embodiment, the BN powder has an average particle size of
at least 50 microns (um). In another embodiment, the BN powder has an average
particle size of about 1 um to about 500 um; from about 5 pm to about 100 pm;
even from about 10 pm to about 30 pm. In one embodiment, the BN powder
comprises irregularly shaped agglomerates of hBN platelets, having an average
particle size of above 10 um. Here, as elsewhere in the specification and claims,
numerical values can be combined to form new and non-disclosed ranges.
Particle size can be measured using a Horiba LLA300 particle size distribution
analyzer where the particle to be analyzed (e.g., BN) is introduced in an amount
adjusted to meet the required transmission. A few drops of 2% Rhodapex C0O-436
can be added to improve the dispersion of the powder, and the particle size can
be measured using laser diffraction after a 3 second sonication. The particle size
distribution resulting from the measurement can be plotted on a volume basis
and the D90 represents the 90th percentile of the distribution.

[0044] In another embodiment, the BN powder is in the form of spherical
agglomerates of hBN platelets. In one embodiment of spherical BN powder, the
agglomerates have an average agglomerate size distribution (ASD) or diameter
from about 10 um to about 500 pm. In another embodiment, the BN powder is in
the form of spherical agglomerates having an ASD in the range of about 30 um to
about 125 pm. In one embodiment, the ASD is about 74 to about 100 microns. In

another embodiment, about 10 pum to about 40 um. Here, as elsewhere in the
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specification and claims, numerical values can be combined to form new and non-
disclosed ranges.

[0045] In one embodiment, the BN powder i1s in the form of platelets
having an average length along the b-axis of at least about 1 micron, and
typically between about 1 um and 20 upm, and a thickness of no more than about
5 microns. In another embodiment, the powder is in the form of platelets having
an average aspect ratio of from about 20 to about 300.

[0046] In one embodiment, the boron nitride crystal diameter is greater
than 0.5 microns. In one embodiment, the boron nitride crystal diameter is
greater than 1 micron. In one embodiment, the boron nitride crystal diameter 1s
greater than 3 microns. In one embodiment, the boron nitride crystal diameter is
greater than 8 microns. In one embodiment, the boron nitride crystal diameter is
greater than 12 microns. In one embodiment, the boron nitride crystal diameter
is greater than 25 microns. In one embodiment, the boron nitride crystal
diameter is greater than 40 microns.

[0047] In one embodiment, the boron nitride crystal surface area is less
than 50 m2/g. In one embodiment, the boron nitride crystal surface area is less
than 20 m?/g. In one embodiment, the boron nitride crystal surface area is less
than 15 m2%/g. In one embodiment, the boron nitride crystal surface area is less
than 10 m?/g. In one embodiment, the boron nitride crystal surface area is less
than 5 m2?/g. In one embodiment, the BN crystal surface area is less than 3 m?/g.
In one embodiment, the BN crystal surface area is less than 1.5 m?/g.

[0048] In one embodiment, the BN is an h-BN powder having a highly
ordered hexagonal structure with a crystallization index of at least 0.12; at least
0.20; at least 0.30; at least 0.45; even at least 0.55. In another embodiment, the
BN powder has a crystallization index of about 0.20 to about 0.55; from about
0.30 to about 0.55; even from about 0.40 to about 0.55. Here, as elsewhere in the
specification and claims, numerical values can be combined to form new and non-
disclosed ranges.

[0049] In one embodiment, the boron nitride has a graphitization index is
less than 4; less than 2; less than 1.5, even less than 1. In another embodiment,

the boron nitride has a graphitization index from about 0.1 to about 4; from

10
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about 0.5 to about 3; even from about 1 to about 2. Here, as elsewhere in the
specification and claims, numerical values can be combined to form new and non-
disclosed ranges.

[0050] In one embodiment, the exfoliated boron nitride has an average
thickness of about 1 micron or less; about 0.5 micron or less; even about 0.2
micron or less.

[0051] The crystalline boron nitride is mixed with a hard filler material
having a hardness greater than the hardness of the (non-exfoliated) crystalline
boron nitride. The hardness value can be chosen from a measure of hardness
such as Mohs hardness, Knoop hardness, Vickers hardness, Rockwell hardness,
etc. In one embodiment, the hardness value is based on the Mohs hardness
value. In one embodiment, the hard filler material has a Mohs hardness of 2 or
greater; 3 or greater; 4 or greater; 5 or greater; 6 or greater; even 8 or greater. In
one embodiment, the hard material has a Mohs hardness of from about 2 to
about 9; from about 3 to about 8; from about 4.0 to about 7.5; even from about 4.5
to about 6.5. Here as elsewhere in the specification and claims, numerical values
can be combined to form new and non-disclosed ranges.

[0052] The hard filler material can be selected as desired for a particular
purpose or intended use. Examples of suitable hard materials include, but are
not limited to, a metal oxide such as, e.g., zinc oxide, magnesium oxide,
aluminum oxide, beryllium oxide, yttrium oxide, hafnium oxide, etc.; a nitride
such as, e.g., aluminum nitride, silicon nitride, cubic boron nitride, etc.; silica; a
carbide, e.g., silicon carbide, titanium carbide, tantalum carbide, beryllium
carbide, boron carbide, etc.; a boride, e.g., zirconium boride, titanium diboride,
aluminum boride, other oxides, nitrides, oxy-nitrides, carbides, borides, silicides,
or a combination of two or more thereof, etc. Paticles or metals or pure elements
may also be suitable for use including, but not limited to, powders, particles, or
flakes of aluminum, silver, copper, bronze, brass, boron, silicon, nickel, nickel
alloys, tungsten, tungsten alloys, etc. Minerals such as apatite, feldspar, topaz,
garnet, andalusite, asbestos, barite, flint fluorite, hematite, pyrite, quartz, etc.

Other polyatomic molecules of sufficient hardness such as perovskites, titanates,

11
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silicates, chalcogenides, etc. can also be suitable hard filler materials. It will be
appreciated that the composition can comprise two or more hard filler materials.

[0053] The hard filler material can have an average particle size of less
than 100 microns; less than 50 microns; less than 30 microns; less than 20
microns; less than 15 microns; less than 10 microns; less than 3 microns; less
than 1 micron; even less than 100 nanometers. In one embodiment the hard filler
material has an average particle size of from about 50 nanometers to about 100
microns; from about 100 nanometers to about 50 micron; from about 250
nanometers to about 30 micron; from about 500 nanometers to about 25 micron;
even from about 1 to about 15 micron. Here as elsewhere in the specification and
claims, numerical values can be combined to form new and non-disclosed ranges.

[0054] In one embodiment, the thermally conductive compositions
comprise a functionalization additive such as, for example, a silane additive. In
one embodiment, the silane additive can be chosen from an acryloxy silane, a
vinyl silane, a halo silane (e.g.,, a chlorosilane), a mercapto silane, a
thiocarboxylate silane, a blocked mercapto silane, or a combination of two or
more thereof. In one embodiment, the thermally conductive compositions can
comprise from about 0.1 to about 6 wt. % of a functionalization additive; from
about 1.5 to about 4 wt.%; even from about 2.7 to about 3.7 wt. %. Here as
elsewhere in the specification and claims, numerical values can be combined to
form new and non-disclosed ranges.

[0055] The silane additive can be added at any point in processing of the
composition. In one embodiment, the silane additive can be added in-situ at any
point in the mixing process. In another embodiment, the silane is added to a
filler or filler composition prior to introduction into the mixing or processing
equipment.

[0056] In addition to silanes various other classes of functionalization
additives can be added to improve the interface between the fillers and the resin
matrix. Other examples of functionalization additives include organometallic
compounds such as titanates & zirconates (e.g., Ken-react by Kenrich),
aluminates, hyperdispersants (e.g., Solsperse by Lubrizol), maleated oligomers

such as maleated polybutadiene resin or styrene maleic anhydride copolymer
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(e.g., those from Cray Valley), fatty acids or waxes and their derivatives, and
ionic or non-ionic surfactants. These functionalization additives may be used at 1
wt. % to about 15 wt%; or from about 3 wt. % to about 12 wt. %; even from about
5 wt. % to 10 wt. %. Here as elsewhere in the specification and claims, numerical
values can be combined to form new and non-disclosed ranges.

[0057] The filler materials and optional functionalization additive (e.g., a
silane) can be added separately to the resin or as a blend. In one aspect, the filler
material is provided as a blend of boron nitride, hard filler material, and a
silane.

[0058] In one embodiment, the thermally conductive filler is provided as a
blend or composite of boron nitride, hard filler material, a functionalization
additive (e.g., a silane additive), and optionally other filler materials. In one
embodiment, the thermally conductive filler composition comprises a blended
composition comprising boron nitride in an amount of from about 15 weight
percent to about 70 weight percent; a hard filler in an amount of from about 1
weight percent to about 75 weight percent; and a functionalization additive in an
amount of from about 0.1 weight percent to about 6 weight percent. In one
embodiment, the thermally conductive filler composition comprises a blended
composition comprising boron nitride in an amount of from about 25 weight
percent to about 60 weight percent; a hard filler material in an amount of from
about 15 weight percent to about 60 weight percent; and a functionalization
additive in an amount of from about 0.5 weight percent to about 5 weight
percent. In one embodiment, the thermally conductive filler composition
comprises a blended composition comprising boron nitride in an amount of from
about 30 weight percent to about 50 weight percent; a hard filler material in an
amount of from about 20 weight percent to about 50 weight percent; and a
functionalization additive in an amount of from about 1 weight percent to about
3.5 weight percent. In one embodiment, the thermally conductive filler
composition comprises a blended composition comprising boron nitride in an
amount of from about 35 weight percent to about 45 weight percent; a hard filler
material in an amount of from about 30 weight percent to about 40 weight

percent; and a functionalization additive in an amount of from about 1.5 weight
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percent to about 2.5 weight percent. In still another embodiment, the thermally
conductive filler comprises a blended composition comprising boron nitride in an
amount of from about 15 weight percent to about 40 weight percent; a hard filler
material in an amount of from about 5 weight percent to about 50 weight
percent; and a silane additive in an amount of from about 1 weight percent to
about 4 weight percent. In one embodiment, the composition comprises from
about 15 weight percent to about 60 weight percent of boron nitride; from about
1 weight percent to about 55 weight percent of the hard filler material; from
about 0 to about 15 weight percent of the functionalization additive; and from
about 20 weight percent to about 75 weight percent of the resin material. In one
embodiment, the composition comprises from about 10 weight percent to about
50 weight percent of boron nitride; from about 20 weight percent to about 50
weight percent of the hard filler material; from about 0.1 to about 7 weight
percent of the functionalization additive; and from about 20 weight percent to
about 75 weight percent of the resin material. Here as elsewhere in the
specification and claims, numerical values can be combined to form new and non-
disclosed ranges.

[0059] In one embodiment, the blended filler composition comprises boron
nitride, hard filler material, a silane additive, and glass fiber or glass flake. As
used herein “glass fiber” can also refer to and will encompass glass flake.

[0060] The composite or blended filler compositions can be prepared by any
suitable method to mix the various components in the filler composition. In one
embodiment, the boron nitride, hard filler material, and optional additional filler
are mixed together in a blender and the silane additive is introduced into the
blender. The composite or blended filler composition can be a substantially
homogeneous mixture or blend of the component materials.

[0061] The blend of the boron nitride, hard filler material, and the silane
(and the optional other filler materials, e.g., a metal oxide) can be blended and
treated prior to introduction into the resin composition to covalently bind the
silane to the blend of the boron nitride and the hard filler material. Suitable
blending methods are v-blender with various intensifier bars, paddle blenders,

ribbon blenders etc. This can be accomplished by subjecting the blend of the
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boron nitride, hard filler material, and the silane to conditions to hydrolyze the
silane and allow the hydrolyzed silane to react with the filler surface. In one
embodiment, treating the blended filler can be carries out by exposing the
material to moisture and heat. While not being bound to any particular theory,
heat treating the filler comprising the blend of the boron nitride and the silane
can cause condensation of the silane on the filler and chemically react and bind
the silane to the filler surface. The inventors have found that heat treating the
blended filler compositions prior to use in the resin composition can improve the
thermal conductivity of the composition. While the blended filler can be exposed
to temperatures during processing of the resin composition that are capable of
binding the silane to the filler materials, silane material that is not bonded to
the filler material can potentially evaporate at the high processing temperatures.
[0062] In one embodiment, the blend of the boron nitride, hard filler
material, and the silane can be treated by heating at 50 °C for seventy two hours
in a convection oven. In another embodiment, the filler blend comprising boron
nitride, a metal oxide and an optional glass fiber and the silane can be heat
treated at 60 °C for four hours. In one embodiment the heat treatment is at 80 °C
for two hours. In one embodiment the heat treatment is carried out under
controlled moisture conditions. In one embodiment the heat treatment is carried
out at 50 °C and 50% relative humidity for twenty four hours.

[0063] The polymer matrix material can include any polymer or resin
material as desired for a particular purpose or intended application. In one
embodiment, the resin material can be a thermoplastic material. In another
embodiment, the resin material can be a thermoset material. Examples of
suitable resin materials include, but are not limited to, polycarbonate;
acrylonitrile butadiene styrene (ABS) (CsHsC4HgC3H3N);
polycarbonate/acrylonitrile butadiene styrene alloys (PC-ABS); polybutylene
terephthalate (PBT); polyethylene therephthalate (PET); polyphenylene oxide
(PPO); polyphenylene sulfide (PPS); polyphenylene ether; modified
polyphenylene ether containing polystyrene; liquid crystal polymers; polystyrene;
styrene-acrylonitrile copolymer; rubber-reinforced polystyrene; poly ether ketone

(PEEK); acrylic resins such as polymers and copolymers of alkyl esters of acrylic
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and methacrylic acid styrene-methyl methacrylate copolymer; styrene-methyl
methacrylate-butadiene  copolymer;  polymethyl methacrylate;  methyl
methacrylate-styrene copolymer; polyvinyl acetate; polysulfone; polyether
sulfone; polyether imide; polyarylate; polyamideimide; polyvinyl chloride; vinyl
chloride-ethylene copolymer; vinyl chloride-vinyl acetate copolymer; polyimides,
polyamides; polyolefins such as polyethylene; ultra high molecular weight
polyethylene; high density polyethylene; linear low density polyethylene;
polyethylene napthalate; polyethylene terephthalate; polypropylene; chlorinated
polyethylene; ethylene acrylic acid copolymers; polyamides, for example, nylon 6,
nylon 6,6, and the like; phenylene oxide resins; phenylene sulfide resins;
polyoxymethylenes; polyesters; polyvinyl chloride; vinylidene chloride/vinyl
chloride resins; and vinyl aromatic resins such as polystyrene;
poly(vinylnaphthalene); poly(vinyltoluene); polyimides;
polyaryletheretherketone; polyphthalamide; polyetheretherketones;
polyaryletherketone, and combinations of two or more thereof.

[0064] The choice of resin matrix material may depend on the particular
requirements of the application for which the boron nitride/resin composite
material is to be used. For example, properties such as impact resistance, tensile
strength, operating temperature, heat distortion temperature, barrier
characteristics, etc., are all affected by the choice of polymer matrix material.
[0065] In some embodiments, the resin matrix material can include one or
more polyamide thermoplastic polymer matrices. A polyamide polymer is a
polymer containing an amide bond (--NHCO--) in the main chain and capable of
being heat-melted at temperatures less than about 300 degrees Celsius. Specific
examples of suitable polyamide resins include, but are not limited to,
polycaproamide (nylon 6), polytetramethylene adipamide (nylon 46),
polyhexamethylene adipamide (nylon 66), polyhexamethylene sebacamide (nylon
610), polyhexamethylene dodecamide (nylon 612), polyundecamethylene
adipamide (nylon 116), polyundecanamide (nylon 11), polydodecanamide (nylon
12), polytrimethylhexamethylene terephthalamide (nylon TMHT),
polyhexamethylene isophthalamide (nylon 61), polyhexamethylene
terephthal/isophthalamide (nylon 6T/61), polynonamethylene terephthalamide
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(nylon 9T), polybis(4-aminocyclohexyl)methane dodecamide (nylon PACM12),
polybis(3-methyl-4-aminocyclohexyl)methane dodecamide (nylon dimethyl
PACM12), polymethaxylylene adipamide (nylon MXD6), polyundecamethylene
terephthalamide (nylon 11T), polyundecamethylene hexahydroterephthalamide
(nylon 11T(H)) and their copolymerized polyamides and mixed polyamides.
Among these, nylon 6, nylon 46, nylon 66, nylon 11, nylon 12, nylon 9T, nylon
MXD6, and their copolymerized polyamides and mixed polyamides are
exemplary in terms of availability, handleability and the like.

[0066] Examples of thermoset resins include, but not limited to, silicones,
epoxies, acrylics, phenolics, etc.

[0067] It will be appreciated that the base polymer resin material can be
modified or provided with other fillers or additives, other than the boron nitride
or hard filler material, to modify other properties such as impact resistance, UV
stability, fire retardancy, etc.

[0068] The compositions (prior to or after mixing of the resin, boron
nitride, and hard filler material components) can comprise from about 20 wt. %
to about 80 wt. % of the polymer matrix; from about 20 wt. % to about 70 wt. % of
the polymer matrix; from about 35 wt. % to about 65 wt. % of the polymer
matrix; even from about from about 42 wt. % to about 58 wt. % of the polymer
matrix. The composition can comprise from about 15 wt. % to about 70 wt. % of
boron nitride; from about 20 wt. % to about 50 wt. %; from about 25 wt. % to
about 40 wt. % of boron nitride; even from about 30 wt. % to about 35 wt.% of
boron nitride. The composition can comprise from about 10 wt. % to about 70 wt.
% of the hard filler material; from about 15 wt. % to about 50 wt. % of the hard
material; from about 17 wt. % to about 30 wt. % of the hard material; even from
about 20 wt. % to about 25 wt. % of the hard material. In one embodiment, the
boron nitride is present in an amount of from about 5 weight percent to about 60
weight percent of the total composition weight; the hard filler material is present
in an amount of from about 10 weight percent to about 55 weight percent of the
total composition weight; and the resin material is present in an amount of from

about 20 weight percent to about 75 weight percent of the total composition
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weight. Here as elsewhere in the specification and claims, numerical values can
be combined to form new and non-disclosed ranges.

[0069] The inventors have found that mixing crystalline boron nitride with
a resin material in the presence of a hard filler material provides for the in situ
exfoliation of the boron nitride in the resin matrix and provides a composition
comprising exfoliated boron nitride. The composition comprising exfoliated boron
nitride can have higher aspect boron nitride particles compared to a composition
that does not comprise the exfoliated boron nitride. In one embodiment, the
composition comprising exfoliated boron nitride has a ratio of hard filler to boron
nitride material (HM:BN) by volume of from about 20:1 to about 1:20; from about
15:1 to about 1: 15; from about 10:1 to about 1:10; from about 8:1 to 1:8; from
about 5:1 to about 1:5; from about 3:1 to about 1:3; from about 2:1 to about 1:2;
even about 1:1. In one embodiment, the HM:BN ratio in the composition
comprising the exfoliated boron nitride is from about 1:20 to about 1:1; from
about 1:10 to about 1:8; from about 1:5 to about 1:3; even from about 1:2 to about
1:1. Here as elsewhere in the specification and claims, numerical values can be
combined to form new and non-disclosed ranges.

[0070] The compositions comprising the exfoliated boron nitride generally
have a thermal conductivity higher than that of a composition comprising the
same weight percentage of boron nitride but that is devoid of any hard filler
material over and above any contribution to the thermal conductivity from the
hard filler material. In one embodiment, the compositions comprising the
exfoliated boron nitride have a thermal conductivity that is higher than the
predicted thermal conductivity based on the Lewis Nielsen model for boron
nitride and the hard filler material(s). In one embodiment the composition
comprising the exfoliated boron nitride has a thermal conductivity of about 5
W/mK or greater; about 6 W/mK or greater; about 7.5 W/mK or greater: about 10
W/mK or greater; even about 12 W/mK or greater. In one embodiment, the
composition comprising exfoliated boron nitride has a thermal conductivity of
from about 5 W/mK to about 15 W/mK; from about 6 W/mK to about 12 W/mK;
from about 7.5 W/mK to about 10 W/mK. Here as elsewhere in the specification
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and claims, numerical values can be combined to form new and non-disclosed
ranges.

[0071] The present invention has been described with respect to various
aspects and embodiments of the compositions comprising exfoliated boron nitride
and a process for forming such compositions by the in situ exfoliation of boron
nitride in a resin matrix. The invention can be further understood with respect to
the following examples. The examples are merely for the purpose of illustrating
aspects and additional embodiments of the invention and are not intended to
limit the invention to the specific embodiments described therein.

Examples

Examples 1-21

[0072] Boron nitride powder (PT110 available from Momentive
Performance Materials) is compounded with zinc oxide (AZO66XL available from
U.S. Zinc) into Nylon 6 (from Sigma Aldrich) in a Brabender Plasti-corder batch
mixer at 245 C° for eight minutes with a silane additive (NXT silane available
from Momentive Performance Materials). The compounded sample 1is
compression molded into a 4” x 4” sheet with a thickness of about 0.3 mm. The
concentrations of boron nitride, zinc oxide, Nylon 6, and silane are shown in
Table 1. Comparative Example 1 is prepared in a similar manner to the

Examples except that zinc oxide is excluded from composition.
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Example 32

[0073] Example 32 is prepared in a manner similar to Examples 1-24 except
that magnesium oxide (RF-10CS available from Ube Industries (Japan)) is used
istead of zinc oxide as the hard material. The specifics of Example 32 are shown in

Table 2.

Table 2
Example | BN MgO Silane Resin | BN MgO | MgO/BN | TC Pred. Difference
(wt%) | (wt%) (wt%) (vol%) | (vol%) | Vol (W/mK) TC in TC
(Wm/K)
32 40% | 20% 0.036 36.4% | 29.8% | 9.5% | 0.318 6.44 7.22 -12.1%
[0074] As shown in Tables 1 and 2, the compositions comprising the hard

filler material (e.g., zinc oxide or magnesium oxide) have higher thermal
conductivities than Comparative Example 1 that does not include any hard
material. Significantly, the compositions comprising the hard filler material
exhibited thermal conductivities above the predicted thermal conductivity. The
Lewis Nielsen model can be used to predict thermal conductivity of composites and

1s given by the following equations:

_ 1+AB¢
KC B Km (1—Bw¢) @
A+A Km D
1-¢
v=14 ( / gn) ¢ @

In the above equations, Ky is the thermal conductivity of the filler, Kn 1s matrix’s
and K. is final composite thermal conductivity. ¢ is the volume fraction of the filler
in the system and ¢n is the maximum packing fraction for the filler system. For
high aspect ratio fillers, A is related to the aspect ratio of the fillers as shown above,
but is also dependent on the extent of orientation of the fillers. If the fillers are

perfectly aligned, A is set to twice the aspect ratio as shown above. As can be seen

22




WO 2014/055258 PCT/US2013/060617

from Equationl, higher the aspect ratio of the fillers, higher the value of A, and
hence higher the thermal conductivity. This model was extended to predict the
thermal conductivity with multiple fillers to discount any direct contribution to the
thermal conductivity of the composites by the hard material. Exceeding the thermal
conductivity predicted by this model can be indicative of the observed exfoliation.
The data of comparative examples 2 and 3 could be indicative of exfoliated BN
albeit at very high loadings, which would make those formulations cost prohibitive.
The present process provides exfoliated BN at lower BN loadings.

[0075] Additionally, at similar boron nitride loadings, the compositions
comprising the hard material have a higher number of boron nitride particles than
Comparative Example 1 (See Examples 1, 6, 8-13, 16, and 20-21), which suggests
that the boron nitride has been exfoliated. SEM images illustrate the exfoliation of
the boron nitride in the samples compounded with the hard material. FIGURE 2 is
a back-scatter SEM image of the cross section of Comparative Example 1. In
FIGURE 2, the boron nitride particles are fairly well dispersed in the matrix and
have a thickness of about 2.5 microns. This is consistent with the SEM analysis of
PT110 crystals that are not dispersed in a resin material (See FIGURE 3).
FIGURES 4 and 5 are SEM images of Examples 1 and 5, respectively, and illustrate
that the compositions compounded with a hard material resulted in the exfoliation
of the boron nitride. In Example 1, the exfoliated boron nitride sheets have a
thickness of about 0.15 microns and an aspect ratio from about 13 to about 50. In
Example 5, the exfoliated boron nitride sheets have a thickness of about 0.2 microns

and an aspect ratio of from about 8 to about 58.

Examples 33-38

[0076] Blended filler compositions are prepared with boron nitride, zinc oxide,
an optional glass fiber, and a silane. The silane is NXT. The blended fillers are
prepared and introduced into a Nylon 6 resin in a Brabender Plasti-corder. The
fillers introduced into the resins are either introduced with or without prior heat

treatment of the blended filler. Filler compositions that are heat treated prior to
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introduction into the resin are heat treated at 50 °C for 72 hours in a convection

oven. Table 3 shows the thermal conductivities of the compositions.

Table 3

hExample " BN BN | ZnO Glass | Silane Filler Resin TC

Grade | wt.% | wt.% Fiber Heat wt.% | (W/mK)
| N wt. % Treated .

33 CF600 | 368 | 1.8 104 | 1.7 No 43.4 | 4.7

34 CF600 | 368 | 7.8 10.4 1.7 Yes 434 | 49

35 | CFe600 20 50 --- 2.1 No 27.9 | 4.7

36 CF600 20 50 -- 2.1 Yes 27.9 | 5.4

37 PT110 40 30 - 3.5 No 26.5 1 9.5

38 PT110 40 30 -- 3.5 Yes 26.5 11.2
[0077] The foregoing description identifies various, non-limiting embodiments

of compositions comprising exfoliated boron nitride and methods of forming such

compositions via the in situ exfoliation of boron nitride in a resin matrix.

Modifications may occur to those skilled in the art and to those who may make and

use the invention. The disclosed embodiments are merely for illustrative purposes

and not intended to limit the scope of the invention or the subject matter set forth

in the following claims.
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CLAIMS
What is claimed 1s:

1. A composition comprising a resin material, exfoliated boron nitride, an
optional functionalization additive, and a hard filler material having a hardness
greater than the hardness of hexagonal boron nitride, wherein the exfoliated boron
nitride is produced in situ by mixing boron nitride crystals with the resin material

in the presence of the hard filler.

2. The composition of claim 1, wherein the composition comprises from
about 5 weight percent to about 60 weight percent of boron nitride; from about 1
weight percent to about 55 weight percent of the hard filler material; from about 0
to about 15 weight percent of the functionalization additive; and from about 20

weight percent to about 75 weight percent of the resin material.

3. The composition of claim 1, wherein the composition comprises from
about 20 weight percent to about 50 weight percent of boron nitride; from about 10
weight percent to about 50 weight percent of the hard filler material; from about 0.1
to about 7 weight percent of the functionalization additive; and from about 20

weight percent to about 75 weight percent of the resin material.

4. The composition of claim 1, comprising from about 15 volume percent

to about 50 volume percent of boron nitride.

5. The composition of any of claims 1-4, wherein the composition
comprising the exfoliated boron nitride has a greater number of boron nitride
particles than the volume of boron nitride in a composition that is devoid of the

hard filler material.

6. The composition of any of claims 1-5, wherein the exfoliated boron

nitride has an average thickness of about 1 micron or less.
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7. The composition of any of claims 1-6, wherein the ratio of hard filler

material to boron nitride is at least from about 20:1 to about 1:20 by volume.

8. The composition of any of claims 1-6, wherein the ratio of hard filler

material to boron nitride is at least from about 10:1 to about 1:10 by volume.

9. The composition of any of claims 1-8, where the boron nitride crystal

diameter is greater than 3 microns.

10. The composition of any of claims 1-9, where the boron nitride

graphitization index 1s less than 4.

11. The composition of any of claims 1-9, where the boron nitride

graphitization index is from about 0.1 to about 4.

12.  The composition of any of claims 1-11, wherein the hard filler material
is chosen from zinc oxide, magnesium oxide, silica, alumina, aluminum nitride,
silicon nitride, silicon carbide, titania, tungsten carbide, titanium nitride or a
combination of two or more thereof, a metal oxide chosen from zinc oxide,
magnesium oxide, aluminum oxide, beryllium oxide, yttrium oxide, hafnium oxide,
or a combination of two or more thereof; a nitride chosen from aluminum nitride,
silicon nitride, cubic boron nitride, or a combination thereof; silica; a carbide chosen
from silicon carbide, titanium carbide, tantalum carbide, beryllium carbide, boron
carbide, or a combination of two or more thereof; a boride chosen from zirconium
boride, titanium diboride, aluminum boride, or a combination of two or more
thereof; paticles or metals or pure elements chosen from powders, particles, or
flakes of aluminum, copper, bronze, brass, boron, silicon, nickel, nickel alloys,
tungsten, tungsten alloys, or a combination of two or more thereof; apatite, feldspar,

topaz, garnet, andalusite, asbestos, barite, flint fluorite, hematite, pyrite, quartz,
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perovskite, titanates, silicates, chalcogenide, or a combination of two or more

thereof: or a combination of two or more of any of these materials.

13. The composition of any of claims 1-12, wherein the hard filler material

has a Mohs hardness of about 4.5 or greater.

14. The composition of any of claims 1-12, wherein the hard filler material

has a Mohs hardness of from about 2 to about 9.5.

15. The composition of any of claims 1-14, wherein the functionalization

additive is a silane.

16. The composition of claim 15, wherein the silane is chosen from a
mercaptosilane, a alkacryloxy silane, a vinyl silane, a halo silane, a thicarboxylate

silane, a blocked mercapto silane, or a combination of two or more thereof.

17. The composition of any of claims 1-16, wherein the functionalization
additive 1s present in an amount of from about 1 weight percent to about 10 weight

percent.

18. The composition of any of claims 1-17, comprising a silane as the
functionalization additive, wherein the boron nitride, hard filler material, and
silane are provided as a blended filler composition comprising a blend of the boron

nitride, hard filler material, and the silane.
19. The composition of claim 18, wherein the blended composition

comprises the silane condensed onto the surface of the blend of the boron nitride

and the hard filler material.
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20.  The composition of any of claims 1-19, having a thermal conductivity of

about 5 W/mK or greater.

21.  The composition of any of claims 1-19, having a thermal conductivity of

from about 5 W/mK to about 15 W/mK.

22.  The composition of any of claims 1-21, wherein the polymer material is
chosen from  polycarbonate; acrylonitrile butadiene styrene (ABS)
(CsHsC4H¢C3H3sN); polycarbonate/acrylonitrile butadiene styrene alloys (PC-ABS);
polybutylene  terephthalate  (PBT); polyethylene therephthalate (PET);
polyphenylene oxide (PPO); polyphenylene sulfide (PPS); polyphenylene ether;
modified polyphenylene ether containing polystyrene; liquid crystal polymers;
polystyrene; styrene-acrylonitrile copolymer; rubber-reinforced polystyrene; poly
ether ketone (PEEK); acrylic resins such as polymers and copolymers of alkyl esters
of acrylic and methacrylic acid styrene-methyl methacrylate copolymer; styrene-
methyl methacrylate-butadiene copolymer; polymethyl methacrylate; methyl
methacrylate-styrene copolymer; polyvinyl acetate; polysulfone; polyether sulfone;
polyether imide; polyarylate; polyamideimide; polyvinyl chloride; vinyl chloride-
ethylene copolymer; vinyl chloride-vinyl acetate copolymer; polyimides, polyamides;
polyolefins such as polyethylene; ultra-high molecular weight polyethylene; high
density polyethylene; linear low density polyethylene; polyethylene napthalate;
polyethylene terephthalate; polypropylene; chlorinated polyethylene; ethylene
acrylic acid copolymers; polyamides, for example, nylon 6, nylon 6,6, and the like;
phenylene oxide resins; phenylene sulfide resins; polyoxymethylenes; polyesters;
polyvinyl chloride; vinylidene chloride/vinyl chloride resins; and vinyl aromatic
resins such as polystyrene; poly(vinylnaphthalene); poly(vinyltoluene); polyimides;
polyaryletheretherketone; polyphthalamide; polyetheretherketones;

polyaryletherketone, and combinations of two or more thereof.
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23. A method of forming a thermally conductive composition comprising
exfoliated boron nitride, the method comprising exfoliating boron nitride crystals in
situ by mixing boron nitride crystals and a hard filler material having a hardness

greater than the boron nitride crystals in a resin material.

24. The method of claim 23, wherein the hard filler material has a Mohs

hardness of from about 2 to about 9.5.

25.  The method of claims 23 or 24, wherein the hard filler material is
chosen from zinc oxide, magnesium oxide, silica, alumina, aluminum nitride, silicon
nitride, silicon carbide, titania, tungsten carbide, titanium nitride or a combination
of two or more thereof, a metal oxide chosen from zinc oxide, magnesium oxide,
aluminum oxide, beryllium oxide, yttrium oxide, hafnium oxide, or a combination of
two or more thereof; a nitride chosen from aluminum nitride, silicon nitride, cubic
boron nitride, or a combination thereof; silica; a carbide chosen from silicon carbide,
titanium carbide, tantalum carbide, beryllium carbide, boron carbide, or a
combination of two or more thereof; a boride chosen from zirconium boride, titanium
diboride, aluminum boride, or a combination of two or more thereof; paticles or
metals or pure elements chosen from powders, particles, or flakes of aluminum,
copper, bronze, brass, boron, silicon, nickel, nickel alloys, tungsten, tungsten alloys,
or a combination of two or more thereof; apatite, feldspar, topaz, garnet, andalusite,
asbestos, barite, flint fluorite, hematite, pyrite, quartz, perovskite, titanates,
silicates, chalcogenide, or a combination of two or more thereof; or a combination of

two or more of any of these materials.

26. The method of any of claims 23-25, wherein the hard filler material

has a particle size of from about 50 nanometers to about 100 micron.
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27. The method of any of claims 23-26, wherein the boron nitride 1s
present in an amount of from about 5 weight percent to about 60 weight percent of
the total composition weight; the hard filler material is present in an amount of
from about 1 weight percent to about 55 weight percent of the total composition
weight; and the resin material is present in an amount of from about 20 weight

percent to about 75 weight percent of the total composition weight.

28.  The method of claim 27, further comprising adding from about 0.1 to

about 7 weight percent of a functionalization additive.

29.  The method of any of claims 23-28, wherein mixing 1s accomplished
using a mixer, a roll, a set of rolls, a kneader, a co-kneader, a Banbury mixer, a
single screw extruder, a twin screw extruder, or a combination of two or more

thereof.

30. The method of any of claims 23-29, wherein the boron nitride and hard
filler material are provided as a blended filler composition comprising a blend of the

boron nitride and the hard filler material.

31. The method of claim 30, wherein the blended filler composition further

comprises a silane.

32.  The method of claim 31, wherein the silane is condensed on the surface

of the blended filler composition.

33. The method of claim 31, wherein the silane is chosen from a
mercaptosilane, an alkacryloxy silane, a vinyl silane, a halo silane, a
thicaraboxylate silane, a blocked mercapto silane, or a combination of two or more

thereof.
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34. The method of claim 30, wherein the silane is present in an amount of

from about 0.1 weight percent to about 6 weight percent.
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