wo 2012/064488 A1 I 110K 000 VOO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Co o
1 rld Intellectual Property Organization /) -sady
(9) World Intcletua Property Organizaion /53 1IN UM MO
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
18 May 2012 (18.05.2012) PCT WO 2012/064488 Al
(51) International Patent Classification: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
C01G 23/047 (2006.01) CO8K 3/22 (2006.01) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
CO8K 3/16 (2006.01) B82Y 99/00 (2011.01) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. o . ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(21) International Application Number: NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU,
PCT/US2011/057213 RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
(22) International Filing Date: TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
21 October 2011 (21.10.2011) IM, ZW.
(25) Filing Language: English (84) Designated States (unless otherwise indicated, for every
L. ) kind of regional protection available): ARIPO (BW, GH,
(26) Publication Language: English GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(30) Priority Data: UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD,
12/943,734 10 November 2010 (10.11.2010) US RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, FE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT,
(71) Applicant (for all designated States except US): UT- LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,
BATTELLE, LLC [US/US]; One Bethel Valley Road, SE, SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL CM,
4500n, MS-6258, Oak Ridge, TN 37831-6258 (US). GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
(72) Inventors; and Declarations under Rule 4.17:
(75) Inventors/Applicants (for US only): TUNCER, Enis , , .
[TR/US]; 2240 Hillsboro Heights, Knoxville, TN 37920 o ZOZQ‘ZZ’(ZZ‘]’:;S ;’Zgﬁemem to apply for and be granted
(US). POLYZOS, Georgios [GR/US]; 790 Emory Valley p ’
Road, Apartment 105, Oak Ridge, TN 37830 (US). — as to the applicant's entitlement to claim the priority of
. the earlier application (Rule 4.17(iii))
(74) Agents: ERICKSON, Kevin, D. et al.; Pauley Petersen
& FErickson, 2800 West Higgins Road, Suite 365, Hoff- Published:
man Estates, IL 60169 (US). —  with international search report (Art. 21(3))
(81) Designated States (unless otherwise indicated, for every __ before the expiration of the time limit for amending the

kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: METHOD OF FORMING NANODIELECTRICS

o
©
o

oo
o w0

o
13

Failure Probability
o

—— insitu 2.5wt% TiO, Weibull
o insitu2.5wt% TiO, data

| — unfiled araidite Weibult, . . S
> unfiled araldite data .

0832 :

o
w

50
E,, kv, Jmm]

100

Fig 4

(57) Abstract: A method of making a nanoparticle filled dielectric material. The method includes mixing nanoparticle precursors
with a polymer material and reacting the nanoparticle precursors mixed with the polymer material to form nanoparticles dispersed

within the polymer material to form a dielectric composite.



WO 2012/064488 PCT/US2011/057213

METHOD OF FORMING NANODIELECTRICS
GOVERNMENT RIGHTS

This invention was made with government support under Contract No. DE-ACO05-
000R22725 awarded by the U.S. Department of Energy. The government has certain rights

in the invention.
FIELD OF THE INVENTION

The present invention relates to dielectric materials having homogeneously distributed

nanoparticles.
BACKGROUND OF THE INVENTION

In high voltage applications, dielectric breakdown strength of materials are employed to
determine equipment size in design, and therefore power level. For example, to manufacture
compact power transformers or cables for energy transmission with high power ratings, one
needs to improve either the current carrying capacity of the conductors utilized or the
electrical insulation properties of the utilized dielectric that withholds the system voltage.

The product of the system current and voltage yields the system power rating.

The current electrical insulation technology uses many polymers (thermoplastics and
thermosets). Polymer materials are extensivefy used in high voltage applications. Recently
metal-oxide nanoparticle filled polymers have been shown to have improved electrical
insulation properties. In these systems, uniform dispersion of particles is very important for
obtaining materials with better electrical insulation and desired physical properties.
Conventional mixing methods use ex-situ particles with relatively expensive high shear
mixing techniques, such as twin-screw extruder. As such, a need continues for improved
methods of homogeneously distributing nanoparticles in a polymer matrix to provide

insulating materials.
SUMMARY OF THE INVENTION

The current invention provides a method of manufacturing insulating materials using a

technique that does not require expensive high shear mixing methods. The invention includes
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a method for producing nanodielectrics using in-situ nanoparticle synthesis, and also includes

the resulting nanodielectric material.

According to preferred embodiments of the invention, a method of making a dielectric
includes a step of mixing nanoparticle precursors with a polymer material, and reacting the
nanoparticle precursors mixed with the polymer material to form nanoparticles dispersed
within the polymer material to form a dielectric composite. According to embodiments of this
invention, the nanoparticles are introduced to the polymer as a particle precursor. The
precursor reaction occurs after mixing with the polymer to produce particles mixed within the
polymer material. The polymer creates “cages™ where the precursor reaction takes place. The
reaction results in monodispersed particles and homogeneous particle distribution in the
matrix polymer. The method can be used to manufacture superior electrical insulation
materials for high voltage technology. In addition the method of this invention can produce
extremely small metal-oxide particles, which is important to improve dielectric/physical

properties.

According to particular embodiments of this invention, the method of making a dielectric
includes the steps of providing in a vessel a solution comprising nanoparticle precursors,
adding to the vessel a nonpolar organic solvent that is not miscible with the aqueous solution,
optionally adding to the vessel an organic solution comprising a polymer material and a polar
organic diluent, such as that is miscible with the nonpolar organic solvent; mixing the
aqueous solution and the organic solution to react the nanoparticle precursors to form
nanoparticles, and, if needed, volatilizing the remaining solvent and diluent to form a
dielectric composite comprising the polymer material as a matrix phase and the nanoparticles

as a dispersed phase.
BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and objects of this invention will be better
understood from the following detailed description taken in conjunction with the drawings

wherein:

Fig. 1 shows dielectric properties as a function of temperature of a nanodielectric prepared

according to this invention compared to an unfilled polymer;
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Fig. 2 shows optical properties (for UV and visible wavelengths) of a nanodielectric prepared

according to this invention compared to an unfilled polymer;

Fig. 3 shows mechanical properties as a function of temperature of a nanodielectric prepared

according to this invention compared to an unfilled polymer; and

Fig. 4 shows breakdown properties of a nanodielectric prepared according to this invention

compared to an unfilled polymer.
DETAILED DESCRIPTION OF THE INVENTION

This invention provides an insulating material fabrication method, and an insulating material
with high dielectric strength that can be employed in high voltage technology used in

conventional and cryogenic high temperature superconductive power applications.

The present invention includes a method of making a dielectric material. In one embodiment
of this invention, an amount of a nanoparticle precursor is added to, such as by mixing, an
amount of a polymer material. The nanoparticle precursor reacts to form nanoparticles
during and/or after the mixing, such as due to the result of the mixing itself, and/or by
addition of a reaction initiating component. The resulting nanoparticles are dispersed, and
desirably homogeneously distributed, within the polymer material. The polymer matrix
provides “cage” spaces where the precursor reaction takes place. The reaction results in

monodispersed particles and a homogeneous particle distribution in the matrix polymer.

The nanopatticle precursors can include any one or more materials suitable and/or necessary
to form the desired nanoparticles. Exemplary nanoparticle precursors include metal halides,
which react to form metal nanoparticles. Exemplary nanoparticles include metal or other
oxides, such as titanium dioxide, zinc oxide, or silicone dioxide. In one particularly preferred
embodiment, the nanoparticle precursor is titanium trichloride (TiOs), which reacts upon
mixing to form titanium dioxide (TiO,) nanoparticles. In one embodiment of this invention,
the formed nanoparticles desirably have an average particle size of about 2 to about 20
nanometers, and such a small particle size can be important for improving dielectric/physical

properties.

The nanoparticle precursors, such as metal halides, are contained in solution for mixing with

the polymer. Adding an acid, such as hydrochloric (HCL) acid, or other suitable material to
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the solution can be used as needed to keep the nanoparticle precursors in solution. In one
embodiment of this invention, the precursor solution is mixed in a vessel with an organic
solution including the polymer material or a resin component of the finally desired polymer
dielectric. A diluent, such as methanol, that it is compatible (miscible) both with the polymer
and the precursor is desirably selected for the organic solution. The precursor solution can
contain either the same diluent or a solution compatible with the diluent. Other solvents may
be required to aid in the mixing and combination of the aqueous precursor solution and the
resin material. For example, a nonpolar organic solvent, such as xylene, that is not miscible
with an aqueous precursor solution is added to the vessel to cover the organic polymer

solution.

Any suitable mixing method can be used to mix the nanoparticle precursors with the polymer
material. Desirably, the mixing alone causes the nanoparticle precursors to react to form
nanoparticles. The mixing of the polymer solution and the precursor desirably continues until
the particle reaction occurs. Depending on the system, the reaction can be accelerated with
temperature. The mixing step desirably results in a homogeneous distribution of the
nanoparticles within the polymer material. A volatizing step can optionally be used, as
needed, such as to remove any remaining solvent and diluent. The mixing and/or volatizing
provide a dielectric composite including the polymer material as a matrix phase and the

nanoparticles as a dispersed phase.

Various and alternative polymers and polymer combinations can be used to form the
dielectric composite of this invention. Suitable polymer materials include thermoplastic and
thermoset polymers currently used in forming dielectrics. One particularly preferred polymer
material for use in this invention is epoxy, such as a two component epoxy resin
commercially known as ARALDITE (Huntsman International LLC). When using a two
component material, the polymer material mixed with the nanoparticle precursor can
optionally include only one of the two components. The second component can be added
and mixed with the first component before or after the precursor has been added and/or
mixed, depending on need. In one embodiment of this invention a second resin component is
mixed with a first resin component after the reacting of the nanoparticle precursors to form

the nanoparticles.
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The present invention is described in further detail in connection with the following examples
which illustrate or simulate various aspects involved in the practice of the invention. It is to
be understood that the examples are included to assist in the understanding of this invention
and are in no way limiting to the invention in its broad application. All changes that come
within the spirit of the invention are desired to be protected and thus the invention is not to be

construed as limited by these examples.
EXAMPLES

A dielectric composite was made according to a method of this invention. The selected
polymer was a two component epoxy resin, commercially known as ARALDITE 5808. One
of the components of the epoxy was diluted with methanol. A precursor solution of a
titanium trichloride and methanol was added to the diluted epoxy. The combination was
mixed with a magnetic stirrer under vacuum. The second component of the epoxy was added
to the first mixture after mixing and a composite was formed. A similar procedure would
also be suitable for other resins and single component thermoplasts and polymers. An

unfilled ARALDITE 5808 epoxy was used for control testing.

Figs. 1-4 summarize the measured properties of the prepared nanodielectric compared to the
unfilled epoxy material. The dielectric properties of susceptibility level and the relative
permittivity at optical frequencies of the unfilled and in-situ filled nanodielectric were similar
(approximately 3). As seen in Fig. 1, the dielectric relaxation characteristics were different
(Fig. 1). The losses as a function of temperature illustrate that the in-situ method according to
this invention created a material with lower losses than the unfilled resin at temperatures
below 200 K. At 20 K the losses in the prepared nanodielectric were 10 times lower than the

unfilled material.

Fig. 2 shows that the optical properties of the nanodielectric were similar to the unfilled resin
at ultraviolet and visible regions. Mechanical properties of the prepared nanodielectric
compared to the unfilled materials are shown in Fig. 3. The in-situ nanodielectric had a
higher storage modulus than the unfilled resin. The storage modulus was 30% higher at 145

K. The nanodielectric was thus mechanically stronger than the unfilled resin.

As shown in the Weibull plot of Fig. 4, the breakdown data of the nanodielectric was

significantly improved compared to the unfilled resin. It was observed that the nanodielectric

5



WO 2012/064488 PCT/US2011/057213

had approximately 60% higher design breakdown strength than the unfilled resin (failure
probability at 0.01 level). This shows that the nanodielectric resin can be used in applications
where size/volume of the high voltage instrument is important. An insulation design with the
prepared nanodielectric resin can thus be 60% thinner than the unfilled resin. For example
for a 20 kV insulation, the unfilled resin would be approximately 0.5 mm, however, the

nanodielectric resin would be 0.3 mm.

Thus the invention provides an improved method for forming a nanoparticle filled dielectric
material. The in-situ formation of nanoparticles during the mixing step improves mixing as
compared to mixing preformed nanoparticles with polymer materials. The nanodielectrics
provided by this invention provide improved physical properties, such as over comparable

unfilled materials, thereby providing suitable materials for various high voltage applications.

While there has been shown and described what are at present considered the preferred
embodiments of the invention, it will be obvious to those skilled in the art that various
changes and modifications can be prepared therein without departing from the scope of the

inventions defined by the appended claims.
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What is claimed is:

1. A method of making a dielectric, comprising:
mixing nanoparticle precursors with a polymer material; and
reacting the nanoparticle precursors mixed with the polymer material to form

nanoparticles dispersed within the polymer material to form a dielectric composite.

2. The method of Claim 1 wherein the nanoparticle precursors comprise

metal halides.

3. The method of Claim 1 further comprising volatizing the polymer

material including the nanoparticles.

4. The method of Claim 1 wherein the formed nanoparticles have an

average particle size of about 2 to about 20 nanometers.

5. The method of Claim 1 wherein the formed nanoparticles are

homogeneously distributed within the polymer material to form the dielectric composite.

6. The method of Claim 1 wherein the polymer material comprises a first
resin of a two resin polymer composition, and further comprising mixing a second resin with

the first resin after the nanoparticle precursors are introduced to the first resin.

7. The method of Claim 6 wherein the second resin is mixed with the first

resin after the reacting of the nanoparticle precursors.

8. The method of Claim 1 wherein the nanoparticle precursors comprise

an aqueous solution.

9. The method of Claim 8, further comprising adding a nonpolar solvent

to the aqueous solution including the nanoparticle precursors.
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10.  The method of Claim 9 wherein the polymer material comprises an
organic solution and further comprising mixing the organic solution with the aqueous

solution including the nanoparticle precursors.

11. A method of making a dielectric, comprising:

providing in a vessel a solution comprising nanoparticle precursors;

adding to the vessel an organic solution comprising a polymer material and a
polar organic diluent; and

mixing the solution and the organic solution to react the nanoparticle

precursors to form nanoparticles.

12.  The method of Claim 11 further comprising:

adding to the vessel a nonpolar organic solvent that is not miscible with the
aqueous solution; and

volatilizing the remaining solvent and diluent to form a dielectric composite

comprising the polymer material as a matrix phase and the nanoparticles as a dispersed phase.

13.  The method of Claim 11 wherein the nanoparticle precursors comprise

titanium halides and the nanoparticles comprise titanium dioxide.

14.  The method of Claim 11 further comprising adding an acid to the

solution to keep the nanoparticle precursors in solution.

15.  The method of Claim 11 wherein the formed nanoparticles are

homogeneously distributed within the polymer material of the dielectric composite.

16.  The method of Claim 11 wherein the formed nanoparticles have an

average particle size of about 2 to about 20 nanometers.

17. The method of Claim 11 wherein the polymer material comprises an

epoxy resin.
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18.  The method of Claim 17 wherein the polymer material comprises a
first epoxy resin, and further comprising mixing a second epoxy resin with the first epoxy

resin after the nanoparticle precursors are introduced to the first resin.

19. A method of making a dielectric, comprising:

providing in a vessel an aqueous solution comprising titanium trichloride and
a sufficient concentration of acid to keep the titanium trichloride in solution;

adding to the vessel a nonpolar organic solvent that is not miscible with the
aqueous solution to cover the aqueous solution;

adding an organic solution comprising a resin and a polar organic diluent that
is miscible with the nonpolar organic solvent;

mixing the aqueous solution and the organic solution to hydrolyze the titanium
trichloride to form titanium dioxide nanoparticles having an average particle size from about
2 nm to about 20 nm; and

volatilizing remaining solvent and diluent to form a dielectric composite

comprising a resin matrix phase and a titanium dioxide nanoparticle dispersed phase.

20.  The method of Claim 20, wherein the acid comprises hydrochloric
acid, the nonpolar organic solvent comprises xylene, and the polar organic diluent comprises

methanol.
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