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FIG. 12A is a graph showing counts per second of the

SELF-HEALING ELECTRICAL INSULATION

partial discharge of un?lled epoxy.
FIG. 12B is a graph showing average charge magnitude of
the partial discharge of un?lled epoxy.

A self-healing electrical insulation is provided which is
capable of ?lling voids in or at least partially repairing dam
age to a dielectric material in which internal partial discharge
(corona) occurs.
Partial discharge, also known as corona, is a phenomenon
which occurs within insulation systems subjected to high

FIG. 13A is a graph showing counts per second of the
partial discharge of epoxy ?lled with 1 wt % PDMS treated

voltage stress (i.e., voltage gradients) and which is accompa

FIG. 13B is a graph showing average charge magnitude of
the partial discharge of epoxy ?lled with 1 wt % PDMS

nanoparticles having a hexyl methacrylate-glycidyl meth

acrylate compatible outer layer (PDMS-HG).

nied by the emission of light. When the electric stress exceeds
a critical value, transient gaseous ionization (plasma dis

treated nanoparticles having a hexyl methacrylate-glycidyl

methacrylate compatible outer layer (PDMS-HG).

charge) occurs within the insulation system which can result

in degradation of the insulation system and ultimately system

FIG. 14A is a graph showing the average charge magnitude

failure. One mechanism for this failure is electrical treeing, in

of the partial discharge of epoxy ?lled with 0.2 wt % PDMS

which the discharges create branching void channels (trees)

treated nanoparticles having a hexyl methacrylate-glycidyl

in the insulation. Discharges within the tree channels can
create new channels as well as lengthen and widen existing

methacrylate compatible outer layer (PDMS-HG).

channels. When the trees bridge the electrodes, a conducting
path is created and the insulation fails.

of the partial discharge of epoxy ?lled with 0.2 wt % PDMS

Corona causes the ionization of oxygen and the formation
of ozone within the insulation material. Ionization is typically
localized over a portion of the distance between the electrodes

present within the insulation system. Corona usually occurs
in voids within the insulation system and adjacent to conduc
tors exhibiting divergent electric ?elds. An example of a

FIG. 14B is a graph showing the average charge magnitude

treated nanoparticles having a hexyl methacrylate-glycidyl
20

FIG. 15 is graph showing the voltage endurance of nano

composites having no compatible outer layer.
25

micro-void typically found within electrical polymeric insu
lation is shown in FIG. 1.

Corona inception voltage is the lowest voltage at which a

FIG. 16 is a graph showing the voltage endurance of
un?lled epoxy nanocomposites having untreated nanopar
ticles and nanoparticles having a compatible outer layer.
FIG. 17 is a graph showing the voltage endurance of insu
lation materials having low loadings of PDMS-HG and
PDMS-G.

continuous corona of speci?ed pulse amplitude occurs as the

applied voltage is gradually increased. Corona extinction

methacrylate compatible outer layer (PDMS-HG).

30

voltage is the highest voltage at which a continuous corona of

Provided is electrical insulation comprising a polymeric
matrix having compounded therein, a functionalized dielec
tric nanoparticle ?ller comprising a self-healing moiety, dis

speci?ed pulse amplitude no longer occurs as the applied
voltage is gradually decreased from above the corona incep

persible in the polymeric matrix, wherein the electrical insu

tion value.
FIG. 1 is a photo micrograph of a micro-void within a

discharge.

lation is capable of self-healing upon exposure to corona
35

polymer.

The electrical insulation is suitable for use in power cables,

cable accessories, capacitors, high-voltage machine insula
tion, and all situations where structural insulation supports

FIG. 2 is a schematic diagram of a general RAFT synthesis

method used in preparing block copolymers grafted onto

elevated voltages. It is applicable for high AC voltage,

nanoparticles.

medium AC voltage, low voltage AC and some high DC

FIG. 3 is a schematic diagram of a general RAFT function
alization of nanoparticles reacted with generalized BCB con
taining monomers.
FIG. 4 is a representation of a nanoparticle containing a
block copolymer compatible with the bulk matrix which has

40

a self-healing moiety.
FIG. 5 is a graph showing voltage endurance characteris
tics for cross-linked polyethylene nanocomposites.

45

The electrical insulation is suitable for use in high voltage
applications, such as power cables and cable accessories.

However, the applications for the disclosed electrical insula
tion is not limited to these products, as there is a wide range of

FIG. 6 is a schematic diagram of the synthesis of RAFT

chain transfer agent-anchored nanoparticles in methyl isobu
tyl ketone.

50

FIG. 7 is a diagram showing the chemical structure of a

poly(dimethyl siloxane) PDMS-G functionalized nanopar
ticle having a glycidyl methacrylate outer layer.
FIG. 8 is a scanning electron micrograph (SEM) showing
the aggregation of nanoparticles functionalized with a poly

insulation applications and products of interest to the power
industry. For example, the electrical insulation may be
adapted not only for AC or DC high voltage, but may also be
adapted for low or medium voltage.
Low voltage is typically up to about 5 kV, medium voltage
is typically between about 5 and about 60 kV, and high volt
age is typically 60 kV and higher. As a further example, the
electrical insulation can be extruded or formed into tape for

insulating super-conducting cables. As the voltage gradient
55

and not the voltage per se is the controlling variable, insula
tion at quite low voltages can exhibit partial discharges if the

electric ?eld is sufficiently divergent.

(dimethyl siloxane) monomer (PDMS) within an epoxy
matrix.

“Nanoparticle” is generally de?ned as a particulate mate
rial having an average particle or grain size between 1 and 100

FIG. 9 is a photo micrograph showing the aggregation of
PDMS functionalized nanoparticles within an epoxy matrix.

FIG. 10 is a SEM showing the aggregation of nanoparticles

voltage situations.

nanometers in at least one dimension. Nanoparticles are dis
60

functionalized with a PDMS monomer and containing a

hexyl methacrylate-glycidyl methacrylate compatible outer

tinguishable from particles having a particle size in the
micron range, that is, greater than about 1 pm. Nanoparticles
ranging in particle size from about 5 nm up to about 100 nm,
in certain embodiments, from about 5 nm to about 20 nm and

layer (PDMS-HG) within an epoxy matrix.
FIG. 11 is a SEM showing the dispersion of nanoparticles

in other embodiments, from about 20 nm up to about 50 nm

cidyl methacrylate compatible outer layer (PDMS-G) within

may be used in the subject electrical insulation.
The high surface area of nanoparticles and dominant inter

an epoxy matrix.

facial volume in nanocomposites permit nanoparticles to

functionalized with a PDMS monomer and containing a gly

65
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4

deliver a self-healing chemistry to polymeric electrical insu

multiple polymer chains comprising at least one block

lation materials. In addition to the large amount of interfacial

volume generated, the small size of the nanoparticles result in

copolymer that is formed from a polymerizable monomer.
The block formed from the polymerizable monomer may

the interparticle distance being small, allowing for the self

contain a siloxane side group or may be a linear block of a

healing material to be well dispersed in the matrix. For
example but not by way of limitation, the average interpar
ticle distance for randomly dispersed nanoparticles at 1 vol
ume % (or about 2 weight percent) for 15 nm diameter par

siloxane type polymer. In one embodiment, detailed chemical
analysis has shown trioxyvinylsilane to be suited for use as a

linking group to bond multiple polymer chains because the
vinyl group can bond to the polymer while the silane couples
to iOH groups at the particle interface. In another embodi
ment, poly(dimethyl siloxane) (PDMS) is suitable for use

ticles is 15 nm, but for 1 p. diameter particles is 970 nm. In
general, a zone of interaction on the order of about 10 nm may

with bonding multiple polymer chains. In other embodi
ments, the linking group may be a phosphonate, particularly

determine many of the nanocomposite properties.
The nanoparticle ?ller may be at least one of metal borides,

metal carbides, metal carbonates, metal nitrides, metal
oxides, mixed metal oxides, metal silicates, metal titanates,

if the ?ller is not silica.

carbon nanotubes, carbon or ceramic nano-?ber whiskers,

agent, such as a silane or phosphate coupling agent, links to a

alumina, silica, titania, zirconia, aluminum nitride, barium

nanoparticle. The other end of the coupling agent may have an

oxide, barium strontium titanate, barium titanate, calcium

initiator for a polymerization reaction or a linker group for

oxide, glass particles, kaolin clay, magnesium aluminum sili
cate, magnesium calcium silicate, magnesium oxide, silicon
carbide, strontium oxide, strontium titanate, talc, zinc oxide,

grafting an existing polymer chain to the surface.
Mechanisms of self-healing via a plasma reactive moiety

In various functionalizing treatment methods, a coupling

20

zirconium silicate or mixtures thereof. In certain embodi

coupled to a nanoparticle may include providing a cross link
ing agent to effect a measure of self healing in the original

ments, the nanoparticle ?ller is silica. Representative silicas

insulation polymeric matrix, providing a polymerizable

include, without limitation, quartz and amorphous silica,

material to lay down new polymer in the micro-void, or pro
viding a chromophore to generate local heating and thus some

such as fumed silica or precipitated silica.

The functionalized nanoparticle ?ller suitable for electrical
insulating applications may comprise from greater than zero
to up to 5% by weight of the polymeric electrical insulation
(considering the weight of the particles themselves and not
the weight of the functional moieties). In certain embodi
ments, the functionalized nanoparticle ?ller may comprise
from greater than 0 to about 2% by weight of the polymeric
electrical insulation, in other embodiments from about 0.1%
to about 1%, optionally from about 0.1% to about 0.2% by
weight of the polymeric electrical insulation.
The self-healing moiety of the functionalized nanoparticle

25

melting of the existing insulation polymeric matrix.
Plasma reactive groups or moieties have been discovered

which appear to impart self-healing properties when exposed
30

to plasma discharge within a dielectric medium such as poly
meric electrical insulation. These plasma reactive groups may
be incorporated into the functional moiety attached to the

surface of the nanoparticle ?ller through the radical polymer
ization techniques discussed below. According to one
embodiment, the plasma reactive group comprises at least
35

one benzocyclobutane (BCB) containing monomer or mono
mer residue. Benzocyclobutane may be attached to the nano

?ller may comprise a plasma reactive chemical group or

particle surface via RAFT polymerization (discussed herein

moiety. By plasma reactive it is meant that chemical or physi
cal charges can be brought about through the energy available
in the energetic electrons, ions, and photons which make up
the plasma. For example, upon exposure to corona discharge

below) through the use of azo initiators. An example of this
process is set forth in FIG. 3. A RAFT agent bonds to the

nanoparticle, and anchors the forming BCB polymer chain.
40

plasma, the plasma reactive group may form a free radical or
other reactive group, and may undergo or induce a curing

These groups have thermal stability in excess of 2000 C.,
which is well above the normal processing temperatures of
many types of insulation. Benzocyclobutane is capable of

polymerization reaction, whereby cross-links with the poly

crosslinking to the polymeric matrix or to moieties on other

meric matrix or other functionalized nanoparticles are formed

functionalized nanoparticles upon exposure to high energy

to heal cracks within the insulation material. The plasma
reactive group, therefore, may function as a self-healing

45

discharges. For example, upon exposure to UV irradiation or

light, benzocyclobutane forms a di-radical which is capable
of crosslinking. In other embodiments, the plasma reactive

agent. The plasma reactive group may be both thermally
stable at temperatures up to at least 200° C., and unreactive

group may comprise poly(dimethyl siloxane) or a ?uorine

during compounding of the nanoparticle ?ller and the poly

based polymer.

meric matrix.

50

The plasma reactive or self-healing moiety may comprise
at least one polymerizable monomer or reactive monomer

residue which is capable of undergoing self-healing reactions
in the high energy environment created by a partial discharge.
In certain embodiments, the plasma reactive moiety contains

The nanoparticle ?ller may be functionalized with multiple
polymer chains, wherein at least one of the multiple polymer
chains comprises the self-healing moiety. The architecture of
the functional group may be one of block, gradient or random
structure. In one embodiment, the nanoparticle ?ller com

55

prises silica, a functional moiety comprising up to three
blocks of polymer chains wherein at least one of the blocks

either a carbon-carbon double bond or a carbon-carbon triple
bond. The carbon-carbon double bond or carbon-carbon

comprises a self-healing moiety, wherein the functional moi

triple bond may or may not be halogenated, such as ?uori

ety covalently links the nanoparticle to the self-healing block,

nated. In certain embodiments, the polymerizable monomer
containing the carbon-carbon double bond or carbon-carbon
triple bond is at least partially halogenated, or ?uorinated.

and an end group that may vary in structure depending on the

method of polymerization.
The polymer grafted nanoparticles or nanocomposites may
comprise a second polymer block to improve the compatibil
ity of the particles with the polymeric matrix. In certain

Electrical insulation having functionalized nanoparticles
may self-heal upon exposure to plasma discharge or corona

by the crosslinking of the self-healing moieties to the poly
meric matrix and/or to moieties on other functionalized nano

embodiments, the compatibility improving outer block is a
65

copolymer of hexyl methacrylate and glycidyl methacrylate,

particles. In certain embodiments, functionalizing agents that

in some embodiments in a mass ratio of between about 4:1

have been shown to be effective at cross-linking may include

and about 2.511. In other embodiments, the compatibility

US 8,796,372 B2
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6

improving outer block comprises poly (glycidyl methacrylate
(PGMA). Both the copolymer of hexyl methacrylate and

siloxane), or a reaction residue of methacrylic acid and 4,5,

glycidyl methacrylate, and PGMA may be used as compat

methacrylate).

5 -tri?uoropent-4-en-1-ol (yielding 4,5 ,5 -tri?uoropent-4 -enyl
In certain embodiments, the self-healing moiety may be a

ibility improving outerblocks to improve the compatibility of
the nanoparticles with an epoxy matrix.
An example of a nanoparticle ?ller functionalized with

5

the insulation polymeric matrix. Alternatively, the self-heal
ing moiety may be a polymerizable material which can lay

multiple block co-polymers containing at least one block
comprising a self-healing moiety is shown in FIG. 4. Accord
ing to FIG. 4, a linking group (R) provides a covalent linkage
between the (siloxane) functionalized nanoparticle and the
self-healing block. Typically, the second block may constitute
the outer block to compatabilize the nanoparticles with the
matrix. At least one of the polymer chains (P1, P2 and P3)

down new polymer in a micro-void in the insulation. In other

embodiments, the self-healing moiety may be a chromophore
which generates local heating and melting of the existing
insulation polymeric matrix.
In certain embodiments, it is desired that the functional
moiety be concentrated in the interfacial zone of the nanopar
ticles and the matrix and that the surface of the nanoparticle
possess a high concentration of functional moieties. The

comprises a block that is formed from a polymerizable mono
mer that may contain a siloxane containing side group, or may

interfacial zone may extend up to 10 nanometers or more

be a linear block of a siloxane type polymer. In addition, at

beyond the surface of the nanoparticle, depending upon the
chemistry of the moiety constituents.

least one of the polymer chains (P1 P2 and P3) comprises a
block that is formed from a polymerizable monomer that may
contain a carbon-carbon double or triple bond that may or
may not be ?uorinated. The end group (E) may vary in struc

The functional moiety attached to the surface of the nano
20

particle ?ller by the anchor surface moiety is unreactive to
?uctuations in temperature and therefore, stable during com
posite processing, but is reactive when exposed to plasma
discharge. There are certain factors that permit the functional
moiety to tolerate normal processing conditions yet be highly

25

reactive for crosslinking and healing in the plasma discharge

ture depending on the method of polymerization. In certain

embodiments, the end block of the polymer grafted nanopar
ticles or nanocomposites may improve the compatibility of
the particles with the polymeric matrix.
By being functionalized, it is meant that the surface of the

cross-linking agent which can effect a measure of healing in

environment. For example, in certain embodiments, the func

tional moiety comprises a chain graft density ranging from

nanoparticle ?ller has been treated to result in the presence of

a functional moiety prior to preparing the polymeric electrical

0.01 chains/nm2 to 0.8 chains/nm2, a chain length ranging

insulation.
The functional moiety may be attached to the nanoparticle

from a few mers (repeating units) to 250,000 g/mole, and a
polydispersity of from about 1.1 to about 2.5.

30

?ller by treating the surface of the nanoparticle ?ller with a

The functionalized, dielectric nanoparticle ?ller may be

precursor compound which ultimately forms a surface moiety

substantially homogeneously distributed throughout the elec

on the surface of the nanoparticles. The nanoparticle-precur
sor complex may then be treated by known methods, such as
by wet chemistry treatment with a solution or by plasma

trical insulation. Because of the tendency of nanoparticles to
agglomerate, shear forces may be applied to the nanoparticle
polymer mixture in order to obtain a homogeneous distribu

35

tion of nanoparticles throughout the polymeric matrix.

processing, to form a reaction residue or surface moiety on

the surface of the nanoparticle ?ller. This reaction residue

“Agglomerated” means that individual particles adhere to

comprises the nanoparticle ?ller surface moiety which

neighboring particles, primarily by electrostatic forces.

anchors the self-healing functional moiety to the nanopar
ticle. In certain embodiments, the self-healing moiety is

40

grown from the surface of the nanoparticles through con

trolled radical polymerization techniques. Typically, the

The bulk polymer used in the polymeric matrix of the
electrical insulation may comprise a thermoplastic polymer, a
thermosetting polymer or a thermoplastic elastomer. Suitable
bulk polymers for use within the polymeric matrix include

nanoparticle-precursor complex is treated with an initiator

epoxy, polyethylene, polypropylene, polyimide, polyamide,

such as a RAFT Agent which allows the polymer to grow on

polystyrene, polystyrene-butadiene, polysulphone, polyvi
nylidene ?uoride, polyamideimide, phenolics, and polyether

the nanoparticle.

45

Alternatively, in some embodiments, the self-healing moi
ety may possess a linking group for anchoring the self-heal
ing moiety to the surface of the nanoparticle ?ller.
In certain embodiments the nanoparticle ?ller surface moi
ety comprises an organosilane. In certain embodiments, the
nanoparticle ?ller surface moiety comprises an organic group

selected

from

alkyl,

alkylamino,

alkoxy,

ether ketone, polyurethane, polyurea, polyvinylchloride,
polyvinylidenechloride, polytetra?uoroethylene, formalde
hyde-based resins, polyphenylene sul?de, polysulfone, or
50

amino,

mixtures or copolymers thereof.
In certain embodiments, epoxy or polyethylene are utilized
as the bulk polymer within the polymeric matrix of the dielec
tric electrical insulation material. In certain embodiments, the

alkoxyamino, carboxy and vinyl, or combinations thereof. In

nanoparticle medium of choice is silicon dioxide (silica),

certain embodiments, the nanoparticle ?ller surface moiety

having a low dielectric loss. In certain embodiments, the

precursor comprises at least one of alkoxyamine, aminosi

55

nanoparticle is silica, the polymeric matrix comprises epoxy,

lane, hexamethyldisilazane, vinyltriethoxysilane, trioxyvi

and the nanoparticle is functionalized with a reaction residue

nylsilane, poly(dimethyl siloxane), or ?uorine-based mono

of poly(dimethyl siloxane). In other embodiments, the nano

mers or polymers.

particle is silica, the polymeric matrix comprises epoxy, and

Various precursor compounds may be used to form the
surface moiety to attach the functional self-healing moiety on
the surface of the nanoparticles. In certain embodiments, the
precursor compound which forms the nanoparticle ?ller sur
face moiety is a reaction residue of trioxyvinylsilane. As

the nanoparticle is functionalized with a reaction residue of
60

?uorine-based polymer, such as poly(4,5,5-tri?uoropent-4

enyl methacrylate).
A variety of diluents and additives which are well known to
those skilled in the art may used to disperse the functionalized

initiator capable of initiating polymerization of a self healing

dielectric nanoparticle ?ller within the polymeric matrix.
Such diluents, if used, are removed from the polymeric matrix
after dispersion of the functionalized nanoparticles.

moiety polymer, such as a reaction residue of poly(dimethyl

Examples of diluents and additives which may be used

discussed above, the nanoparticle may be functionalized with
an initial surface moiety that attaches to the nanoparticle an
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include water, oils, antioxidants, coupling agents, cross-link
ing agents, diluents, pigments and dispersants. In some

transferring agent (such as but not limited to a polymeric

thiocarbonylthio compound) forcing the release of an alkyl
radical from the chain transferring agent and resulting in the

embodiments, a solvent such as tetrahydrofuran or dichlo
romethane may be added to an epoxy resin.
There are several known procedures that may be used to

formation of new radicals. The alkyl radicals released from
the chain transferring agent reinitiate with monomers and

incorporate the functional moiety onto the outer layer of the
nanoparticles. These procedures involve the use of controlled

form new short chain propagating radicals which are then

radical polymerization techniques. Examples of radical poly

added to the chain transferring agent. This reaction proceeds
until the concentration of active short chain propagating radi

merization techniques that may be used to add the functional
moiety onto the surface of the nanoparticle include nitroxide

propagating radicals bound to the dormant chain transferring

cals are at equilibrium with the concentration of short chain

agent.

mediated polymerization (NMP), atom transfer radical poly
merization (ATRP), and reversible addition-fragmentation
chain transfer polymerization (RAFT).
Nitroxide mediated polymerization (NMP) is a living poly
merization reaction, meaning that there is no termination step
in the polymerization process. The NMP polymerization pro
cess comprises binding an alkoxyamine initiator molecule to
the surface of the nanoparticle. The surface bound
alkoxyamine initiator is then heated to a temperature suf?
cient to cleave the alkoxyamine moiety off to yield a surface
bound alkyl radical and a stable nitroxide radical. The surface

The controlled radical polymerization techniques men
tioned above are used to create polymer “brushes” which

comprise the functional moiety of the nanoparticle ?ller.
Polymer brushes are an assembly of polymer chains which
are tethered by one end to the surface or interface of the

nanoparticle ?ller by covalent attachment. Polymer brushes
20

tethered to the nanoparticle ?ller under the appropriate con

ditions. This technique involves allowing the polymer mol
ecules to diffuse through the existing polymeric matrix to

bound alkyl radical may then react with various monomers

propagating the polymer chain. The propagation step is con
trolled by reversible capping of the polymer chain with the
nitroxide leaving group.
Atom transfer radical polymerization (ATRP) is also a
living polymerization reaction, meaning that there is no ter
mination step in the ATRP polymerization process. There are
three separate reactions which take place within the ATRP
reaction overall: initiation, equilibrium with a dormant spe

reach the reactive sites on the surface of the nanoparticle
25

30

to take place include an initiator, a monomer, a catalyst, a
solvent and heat. The ATRP polymerization process com
35

An example of the synthesis of functionalized dielectric
shown in FIG. 2. According to FIG. 2, a RAFT silane agent is
used to immobilize the functional moiety on the surface of the
40

radical. This alkyl radical may then react with monomer to
form an active species. The second reaction of ATRP also
involves bringing an alkyl halide in contact with a transition
45

from the ATRP initiator forming a dormant alkyl radical. The
dormant alkyl radical then reacts with the active species con
taining monomer in the propagation reaction to form the

polymer is controlled through the use of the transition metal
based catalyst which provides an equilibrium between for
mation of the active propagating species of the polymer and
formation of the dormant species of the polymer.
Reversible addition-fragmentation chain transfer polymer
ization (RAFT) is also a living polymerization reaction,
meaning that there is no termination step in the RAFT poly

50
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merization process. RAFT requires the presence of an initia
60

process begins by decomposing the initiators into free radi
attached to the surface moiety of the nanoparticles allowing
to monomers to form short chain propagating radicals. These
short chain propagating radicals are then added to a chain

ments, the RAFT polymerization technique is used to ensure
that certain variables on the surface of the nanoparticles meet
effective as a self-healing agent. For example, the RAFT
polymerization technique may be used to control certain vari
ables such as chain graft density, chain length, and polydis
persity of the functional moiety. In certain embodiments, the
functional moiety has a graft density ranging from about 0.01
chains/nm2 to about 0.8 chains/nm2, a chain length ranging
from a few mers to about 250,000 g/mole, and a polydisper
sity from about 1.1 to about 2.5.
A bene?t to the incorporation of the functionalized nano

particles in polymer insulation is that these particles can
independently improve the resistance to failure due to elec
trical treeing. In the case of voltage endurance, improvements

cals. An example of an initiator which may be used is azobi
sisobutyronitrile (AIBN), an azo initiator. The initiator is

for propagation of the polymer. The initiators are then added

of the functionalized nanoparticle.
With these methods, it is possible to control various param
eters such as the chemistry, chain length, chain density, and
layer thickness of the functional moiety in order to design
specially tailored nanoparticle interfaces. In certain embodi

the requisite criteria for rendering the functional moiety most

tor, monomer, chain transfer agent (such as dithioesters,
trithiocarbonates, or xanthates) and a solvent. The RAFT

nanoparticle. The functionality on the nanoparticle may be
then polymerized by treatment, such as free radical polymer
ization in the presence of additional monomers (monomer 1
and monomer 2) to form a bulk compatible block on the end

metal based catalyst having an af?nity for halogens and a

desired polymer. ATRP generally allows for uniform polymer
chain growth and low polydispersity. The size of the formed

grafting density.
nanoparticles created by the “grafting from” technique is

halogens and a strong ligand complexation. The catalyst

strong ligand complexation. The catalyst cleaves the halide

substrate followed by in situ surface initiated polymerization
to generate the tethered polymer brush. Surface immobilized
initiators are created by treating the nanoparticle substrate
with plasma or glow discharge in the presence of gas or
forming an initiator containing self-assembled monomer lay
ers on the nanoparticle surfaces. The “grafting from” tech

nique results in thick tethered polymer brushes with high

prises immobilizing a monolayer bearing an ATRP initiator

cleaves the halide from the ATRP initiator forming an alkyl

?llers. Consequently, this technique often leads to low graft
ing density and low ?lm thickness. In the “grafting from”
technique, initiators are immobilized onto the nanoparticle

cies, and propagation. The components necessary for ATRP

head group onto the surface of the nanoparticle ?ller. The
ATRP initiator typically comprises an alkyl halide. In the
initiation reaction, the ATRP initiator is brought into contact
with a transition metal based catalyst having an af?nity for

may be attached to the nanoparticle ?llers by either the “graft
ing to” or “grafting from” techniques. In the “grafting to”
technique, pre-formed end-functionalized polymer chains are

over one order of magnitude in lifetime have been ob served in
65

polyethylene and epoxy matrices. An example of this
improvement in the voltage endurance of cross-linked poly
ethylene with the addition of silica nanoparticles is shown in
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nanoparticle ?ller, drying the functionalized dielectric nano
particle ?ller, and thereafter compounding a polymer with the
dried functionalized dielectric nanoparticle ?ller. Com
pounding may be carried out by imparting a shear force to the
mixture of the polymer and nanoparticle ?ller that is capable
of preventing agglomeration of the nanoparticle ?ller. The
high shear mixing may be conducted such that the nanopar
ticle ?ller is substantially homogeneously distributed within

FIG. 5. FIG. 5 is a graph showing the voltage endurance for

various cross-linked polyethylene-silica nanocomposites
using a needle-plane geometry. FIG. 5 shows a signi?cant
improvement in endurance due to the addition of nano?llers
having a compatibilizing surface treatment. The improve

ments provided by the addition of compatabilized nanopar
ticles are attributed to retardation of tree initiation by sup

pressing electron injection, enhanced partial discharge
resistance and hindrance of tree growth due to scattering of
carriers from the nanoparticles. Ceramic nanoparticles can

the electrical insulation dielectric material.
A suitable processing method to make and use the dielec

act to shield polymers from partial discharge activity, limiting

tric material for electrical insulation articles can be summa

damage to the material. As mentioned above, the interface in

rized by the following steps:

nanocomposite systems assists in determining the response of
the composite. By grafting compatibilizing small chains or
polymers onto the surface of the nanoparticles, this interface

1 . Mixing the nanoparticles with the bulk polymer in a high

speed sheer mixer.

can be tailored to improve certain properties. As is shown in

2. Adding hardener to the mixture of nanoparticles and

FIG. 5, this approach provides an increase in voltage endur
ance at high stress and is augmented by particle surface treat

3. Removing any solvent remaining from the mixture and

bulk polymer and continue mixing.

ment.

In certain embodiments, the nanoparticle ?ller comprises
silica and the functional moiety comprises multiple polymer
chains (at least one chain including a self-healing block), a
surface moiety that provides a covalent linkage between the
nanoparticle and the self-healing block, and an end group that
may vary in structure depending on the method of polymer
ization. The polymer chains of the functional moiety may
contain up to three blocks of different chemistries which may
be added to the surface of the nanoparticles, for example, via

nitroxide mediated polymerization (NMP), atom transfer
radical polymerization (ATRP), or reversible addition-frag
mentation chain transfer polymerization (RAFT). At least
one of three blocks comprises a plasma reactive group (i.e.,
the self-healing moiety) which is capable of polymerizing or
curing upon partial discharge of the dielectric material. The
self-healing moiety may be a siloxane containing group

20

rial.
5. Optionally, contacting the pellets with or mixing in a

cross-linking agent.
25

30

Other processing methods of compounding a nanoparticle
EXAMPLES
35

tion-fragmentation, chain transfer polymerization (RAFT)
technique. The plasma reactive polymers were synthesized
40

lationpolymer matrix, while providing the ability to crosslink
in the presence of local discharges. Siloxane groups are
known to have thermal stability in excess of 2000 C., well
45

tolerating normal processing conditions, yet displayed high
reactivity for crosslinking and healing in the plasma dis
charge environment. One strategy involved the use of a poly

plasma. Similarly, the C:C double bond stabilized by ?uo
rine is stable during polymerization, but is able to crosslink

(dimethyl siloxane) based material (PDMS) and the second
strategy involved the use of ?uorine-based polymers.

during discharge events. PDMS can crosslink in the presence
50

chains, with subsequent condensation leading to crosslinks.
The radical formation can be caused by the presence of UV
radiation or impingement of a gaseous ion with the polymer.
In the case of electrical trees, plasma will be generated within
the tree channels. The plasma can lead to further damage of
the matrix material, eventually leading to failure. In the case
of the PDMS treated particles, the localized discharges can

both with and without an outer block. The function of the
outer block was to improve compatibility between the func
tionalized nanoparticle ?ller and an epoxy matrix.

Two strategies were used to incorporate the functional
groups on the surface of nanoparticles which were capable of

above the normal processing temperatures of many types of

of plasma. Plasmas can cause radicals to form on the PDMS

Plasma crosslinkable functional groups were polymerized

from silica nanoparticle surfaces using the reversible addi

The functional chemistries of the subject grafted polymers

insulation, are also not reactive under the conditions of the
RAFT polymerization, but can crosslink in the presence of

6. Forming the insulation article such as through extrusion
or pressing.
7. Crosslinking the article to form nanoparticle ?ller cross
linked with the bulk polymer.
8. Forming the insulation article.
9. Cooling the insulation article.
10. Removing any byproducts from the insulation article.

?ller within a polymeric matrix may be used.

attached to the polymer chain as a side chain of the block, or
may be a linear block wherein the siloxane group is incorpo
rated into the backbone of the polymer chain.

are chemically inert under the curing conditions of the insu

continue mixing.
4. Optionally, pelletizing the compounded dielectric mate

Poly(dimethyl siloxane) Based Material (PDMS)
Poly(dimethyl siloxane) (PDMS) containing monomers
were used as a plasma reactive group. Two different mono

55

mers were used, having different side chain lengths of 700
g/mol or 1000 g/mol. An example of a PDMS containing
monomer is shown in formula (I).

(I)

cause crosslinking, giving the potential for self-healing of the
material.
Other approaches are possible, such as the incorporation of
polymerizable monomers allowing new polymer to be depos

60

O

ited at defects or the addition of chromophores that can gen

erate local heating, leading to the melting or softening of

thermoplastic polymers.
Processing Electrical Insulation Articles
The electrical insulation dielectric material may be pro

duced by providing the appropriate functionalized dielectric
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-continued

TABLE 1-continued
Chain Density and Approximate Molecular Weights and Monomer Type
of the Methacrylate—PDMS Polymer Grafted Nanoparticles.

This PDMS containing monomer is a monomethacrylate

poly(dimethyl siloxane) monomer having a thermally stable,
plasma reactive side chain of length “n”.
RAFT functionalized nanoparticles were prepared by the

Sample Sample
Number Name

PDMS

Compatible

Graft

Functional
Block

Side
Chain

Block
Molecular

density

Molecular

Molecular

Weight

(Chains/

Weight

Weight

(g/molx

(gmol)

103)

nm2)

(g/mol x 103)

synthetic scheme shown in FIG. 6. FIG. 6 is a schematic

S5

PDMS

0.7

26

700

i

diagram which shows the synthesis of RAFT chain transfer

S6

PDMSHG
PDMSHG
PDMS-G

0.2

10

1000

20

0.2

10

1000

15

0.2

12

15000

23

agent anchored nanoparticles in MIBK (methyl isobutyl
ketone). This approach allowed precise control of the graft
chain density and molecular weight. Polymerization of the

S7
S8

monomer proceeded via a ‘living’ radical polymerization
technique. The methacrylate groups of the monomer were
polymerized, leaving the PDMS side groups available for

A third chemistry with a compatibility improving outer

block consisting of poly (glycidyl methacrylate) (PMGA)

crosslinking due to partial discharges.
Table 1 Shows the various polymer grafted nanoparticles
synthesized using the PDMS chemistry. The particles were
synthesized with graft densities from 0.08 to 0.7 chains/nm2,
molecular weights from 26 to 73><103 g/mol and side chain
lengths of 700 and 1000 g/mol. The nanoparticles used were
approximately 15 nm diameter spherical silica nanoparticles

purchased from Nissan Chemical (Houston, Tex.). Two
batches of particles (S6 and S7) contained a second polymer
block to improve the compatibility of the particles with
matrix. This block was synthesized using a copolymer of
hexyl methacrylate and glycidyl methacrylate in a mass ratio
of4:l for S6 and 25:1 for S7.
The chemical structure of hexyl methacrylate is shown in

was also sythesized (PDMS-G). This chemistry involved the
use of an altered synthesis route in order to keep the particles

in solution during the polymerization reaction. First, poly(6
azido hexylmethacrylate) (PAHMA) was grafted to silica

nanoparticles. From this, poly(glycidyl methacrylate) was
25
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Formula (II).

grafted to create an epoxy compatible layer. Finally, PDMS
was attached to the PAHMA innerblockusing a click method.

This chemistry, which proved to be very compatible with the
insulation epoxy polymer matrix, is shown in FIG. 7. FIG. 7
is a diagram of a nanoparticle containing PDMS-Gblock. The
inner block of FIG. 7 is a functional methacrylate-PDMS of
length (n) and the outer block of FIG. 7 contains an epoxy
group. PDMS-G may be synthesized according to the follow

ing method.
PDMS-G Synthesis
(11)

35

Synthesis of 6-Azidohexyl Methacrylate (AHMA)
To a 500 mL round bottom ?ask, a solution of 1-azido-6

hydroxyhexane (14.3 g, 100 mmol), methacrylic acid (7.74 g,
90 mmol), and 4-dimethylaminopyridine (DMAP) (3.67 g,

0W

30 mmol) in 100 mL of methylene chloride was cooled to 0°
40

C. Dicyclohexylcarbodiimide (DCC) (20.63 g, 100 mmol)
was dissolved in 50 mL methylene chloride and added slowly

The chemical structure of glycidyl methacrylate is shown
in Formula (III)

to the solution. The resulting mixture was warmed to room

45

(III)

we

temperature and stirred overnight. The precipitate was
removed by ?ltration. After removal of the solvent and silica

gel column chromatography (10:1 mixture of hexane and
ethyl acetate), the product was obtained as a colorless liquid

50

(yield: 16.1 g, 85%).
Graft Polymerization of AHMA from 2-cyanoprop-2yl
dithiobenzoate (CPDB) Anchored Silica Nanoparticles
A solution of AHMA (2 g), CPDB anchored silica nano

particles (0.4 g, 55 umol/g), 2,2-azobis (4-methoxy-2,4-dim
ethylvaleronitrile) (2 umol) and THF (6 mL) was prepared in
a dried Schlenk tube. The mixture was degassed by three

TABLE 1
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Chain Density and Approximate Molecular Weights and Monomer Type
of the Methacrylate—PDMS Polymer Grafted Nanoparticles.

Sample Sample
Number Name
S1
S2
S3
S4

PDMS
PDMS
PDMS
PDMS

freeze-pump -thaw cycles, back-?lled with nitrogen, and then
placed in an oil bath at 30° C. for 6 hours. The polymerization
was quenched in ice water. A small amount of polymerization

PDMS

Compatible

solution was withdrawn to measure monomer conversion by

Side
Chain

Block
Molecular

NMR. The polymer solution was precipitated into methanol,

Graft

Functional
Block

density
(Chains/
nm2)

Molecular
Weight
(g/mol x 103)

Molecular
Weight
(gmol)

Weight
(g/mol x
103)

0.08
0.12
0.12
0.33

32
30
73
31

700
1100
700
700

i
i
i
i
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?ltered, and dried under vacuum.

Synthesis of SiO2-graft-(PAHMA-block-GMA)
A solution of SiO2-graft-PAHMA (Mn(cleaved PAHMA)

:11600, Polydispersity index:1.2), glycidyl methacrylate (5
ML), 2,2-azobis(4-methoxy-2,4-dimethylvaleronitrile) (2
65

umol) and tetrahydrofuran (THF) (10 mL) was prepared in a
dried Schlenk tube. The mixture was degassed by three

freeze-pump -thaw cycles, back-?lled with nitrogen, and then

