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Drivers for Nanodielectrics in Power Applications

 Power Generation
higher power density and voltage endurance
increased thermal rating — higher thermal condugtivi

enhanced multi-stress performance
lower physical footprint for same power

Power Transmission and Distribution
higher current and voltage rating "
\y
il

higher thermal rating

increased FACTS capability

increased electric strength and voltage endurar
improved surface breakdown performance \

\

Power Electronics

higher power density

higher device operating voltages
higher thermal rating

high permittivity dielectric:
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Some Academic Drivers

Mechanisms

charge transport and space charge behaviour
electrical breakdown and voltage endurance

dielectric response — linear and non-linear S e
thermal conduction and phonon behaviour o —
thermal and mechanical property enhancemer =«
decoupling physical property properties

Materials

design/production of nano-particles and surfac
nano-particle aggregation and dispersion

role of impurities

understanding/engineering the interface
discrete multiphase versus molecular composit.
novel nano-chemistries

Calibrated potential (kV)

Applications

translating research into engineering design
system and performance modelling
materials engineering

smart and electro-responsive materials
materials self-repair
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Overview

Some routes to improve solid dielectrics

Transport properties

Electrical breakdown and space charge
Surface breakdown

Thermal conductivity

Some observations
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Some Routes to Improve Solid Dielectrics

Micro-Filler Nano-filler Layered | Interfacial Organic | Liquid
Composites Composites | Silicates | Modification Inorg Crystal
Hybrids | Epoxies

High Thermal
Conductivity

Electric
Strength

Voltage
Endurance

Thermal
Stability

Thermal
Endurance

Decoupling of transport properties
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Nanocomposites

Multifunctionality and Tailored Properties

Functional Matrix

gnosys

Low Surface Energy
Hydrophilic

Hydrophobic
Transparency
Viscoelasticity
Permeability
Hardness
Transport Propertieg
Self-reporting
Self-repair
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Functional

Nanoparticles

IR Protection - Fire
UV Protection
Electrical Conduction
Gas Permeation
Thermal Conduction
Dielectric Response
Electrical breakdown
Magnetic Response
Colour

Hardness, Ductility

Decoupled and Interfacial Propertie&sie®ec o'oY




Barrier Properties — Gas Transport

Improved barrier characteristics of polymer nanocomposites

A

Gas

“Technical Application of Polymer Nanocomposites Thomas Engelhardt Stid-Chemie AG”
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Barrier Properties — H,0 Permeation
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Relative permeabilityR /P,) vs. volume

fraction of clay for poly¢-caprolactone)—
montmorillonite nanocomposites. The
nanocomposite barrier properties were studied
by monitoring the adsorption of,B through

the nanocomposite film into a desiccant.
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Messersmith, P.B. and Giannelis, E.P., 1995. Syigrend barrier properties of poly( -caprolactene
layered silicate nanocompositdsPolym. Sci., Part. A: Polym. Che88, pp. 1047-1057
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DC Volume Resistivity: Nano - MgO in LDPE
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Influence of the MgO (<200nm) nano-filler content on the volume
resistivity as a function of parts per hundred by mass of the resin.

Y.Murakami et al: IEEE Trans. Dielectr.Electr. Inswol 15, No 1, p33; 2008.
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DC Breakdown: MgO Nano-Filler in LDPE
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Weibull cumulative dc breakdown probability using a needle-plane electrode

Y.Murakami et al: IEEE Trans. Dielectr.Electr. Inswol 15, No 1, p33; 2008.
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Montmorrilonite in LDPE

1 /NB10, crystallised @ 119°C. The clay =~ 2/ NB10. Crystallisation at 124°C.
particles are highly orientated, and the sheaf

growth disrupted.
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Montmorrilonite in LDPE
Short Term AC Electrical Breakdown Strength

o
=
-
=
=
=
1]
=
[l
—
o
a k)
=
=
m
L
e i)
=
—
L
=
=
]
=
=
=

Ramp generator

Function generator

[

STOP

130

gnosys

T T - T T T T
140 150 160 170 180 190
Breakdown Field f k%mm-?

200 210 2Z0 230

Test cell

_l\

t Vi
4

Power amplifier

of ¥

Weibull probability plots for NB10(MA) (right) and U(MA) (left) following
guenching. Breakdown strength of the filled samplés increased by >10%, and a
threshold voltage is introduced - 90% confidence imrvals.

C Green and A Vaughan — private communication
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Nanosilica in XLPE
Enhancement of Voltage Endurance Behaviour

XLPE
ALFE + untreatedhanosilica
ALFPE +vinylsilanstreatednanosilica

1000 10000
Time, min

Voltage endurance of unfilled and 5 wt% nanosilica-filled cross-linked polyethylene
showing a two orders of magnitude improvement with the addition of nanosilica.

R C Smith et al: IEEE Trans. Dielectr.Electr. InsMol 15, No 1, p187; 2008
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Space Charge and Internal Electric Fields
micro versus nano-fillers

Resin matrix + dispersed particulates
Resin: Huntsman CY1300 + HY956 EN

Particulates: 5% b.w. TiJ(ALO, & ZnO)

Conventional microscale: 1Bn av.diameter
« Nanometric: 38 nm av. diameter (by TEM)

Processing:

« High shearfiller mixing and casting

» Aggregated nano-particle morphology

Charge Measurement — pulsed electroacoustic method

(Fothergill and Nelson)
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Space Charge and Internal Electric Fields
Initial Condition t=0: Micro vs Nano Epoxy Composites

Calibrated Electric Field (MV/m)
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Moderation of Internal Electric Fields in Dielectrics

Calibrated Electric Field (MV/m) Time in hours 3.00

Calibrated Signal (C/m3)
80.0

Pulsed Electro Acoustic
Analysis of TiO2 in Epoxy
Resin at 3kV after 3 and 4
hours stressing.

Micro-particle fillers lead to larger il -t J T
internal space charge and inte T oeren [ |
electric fields
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Calibrated potential (kV) Thickness of sample 714um

Calibrated Electric Field (MV/m) Time in hours 4.00
Calibrated Signal (C/m?)

Nano-fillers have lower internal
space charge and lower internal T
electric fields — little enhancement

of the internal field above the

initial V/d value
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Surface Partial Discharge Erosion

T. Tanaka et al: IEEE Trans. Dielectr.Electr. Insiol 15, No 1; 2008
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Surface Damage of Polyamide Nano-Clay
Composite by Partial Discharge
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Relation between average surface roughness and clay nanofiller
content V=6 kV, t=1hr and 48hr.

T Tanaka et al: IEEE Trans. Dielectr.Electr. Insidol 11, No 5; 2004

gnosys Science&technnlngy




Surface PD Resistance of Semi-Mass Produced
Nanocomposites

Erosion depth for semi-mass
produced nanoclay
nanocomposites, micro-
mixed nanocomposite and
base epoxy

T. Tanaka et al: IEEE Trans. Dielectr.Electr.
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Caution — Chemistry also Counts !

1. Orzamie Modificaton hethod
Manecompesite Cured by Ammne
(DO

2. Orzame Modificaton Iethod
Manocompesite Cured b Acid
Antvydride (M=HHFPA)

3. Selubilization Method
Manocompesite Cured by Armn
(DO

4. Selubilization Method
Manocompesite Cured b Acid
Antvydride (M=HHFPA)

5. MWeat Epoxy Cured by Amne
(DO

&. Meat Epoxy Crred by Acd
Antvydride (M=HHPA)

200 400 600 800 1000 1200 1400 1600 1800
60Hz Equivalent Time{hrs)

PD erosion depth for several epoxy composites (600Hz)

T. Tanaka et al: IEEE Trans. Dielectr.Electr. Insidol 15, No 1,p81 ; 2008
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Role of the Interfacial Region ?
Electric Double Layer

() /,— Stern laver

particle surface

| 949 @
charge in e, & O diffuse layer
ol

yr
Ws
W

—

Charge distribution in a polymer-inorganic interface in the case of an inorganic positively

charged particle
(Ref: Lewis et al; IEEE Trans. Dielectr.Electr. s Vol 11, 2004)
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Interface Structure/Properties

\

Dielectric properties need to be
considered at the macro scale, meso
scale, and molecular scale in relation to
i the changes in structure and charge
distribution near particle surfaces.

Halmholtz
Layer

s
V() ol

R C Smith et al: IEEE Trans. Dielectr.Electr. Insul
Vol 15, No 1; 2008
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Multi-layer Core Model and Electric Double Layer

The first layer

The second layer  Nearest neighbor _ _
The third layer A multi-layered core model of the interface

Nano-particle / \ is proposed for a spherical inorganic filler
particle embedded in a polymer matrix as
| .' '| shown in previous slide.
Matrix ﬂ /

40 10 100 nm . .
/ Inter-particle Distance \ / It consists of:-
(surface to surface)

Diameter of nano-particle: 20 to 50 nm 1. bonded |ayer' (the first Iayer)
Gﬂuy-Chapman diffuse Iayer Thickness of layers: 1010 20 nm
2. bound layer (the second layer)

T 3. loose layer (the third layer)
Charge Distribution

4. electric double layer overlapping others

| - Gouy-Chapman diffuse layer will overlap
\ the three layers of the multi-core model.

Electric double layer
when a nano-particle is positively charged

T Tanaka et al: IEEE Trans. Dielectr.Electr. InsiWol 11, No 5; 2004
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Thermal Transport

o Matrix-particle interfacial considerations areals
central to the transport of heat

* Understanding phonon propagation and scattering

IS Important

* This differs from charge carrier transport and
trapping
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Thermal Conductivity in Generators

Material Thermal Conductivity, W m -1 K-1 Polymers
Iron 85

Steel 46

Aluminium oxide 33

Glass 0.8-1.2
Mica 0.3-0.6

Polyethylenes 0.65 HDPE — high crystallinity
0.33 LDPE — low crystallinity
0.2 Normal to PE chain

Groundwall Insulation 0.25-0.3

Epoxy resins 0.15-0.2

Epoxy mica glass composite

Network polymers (typical)

Paper

0.13

Cellulose

Polystyrene

0.13

Glassy polystyrene

Dry wood

0.08

Foams (typical)

0.05

Cellular polymers

gnosysuk Note: Copper ~ 400W AK 2
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Higher Thermal Conductivity Materials

Material

Thermal Conductivity
(Wm1lK-D

Polymers

Pure Diamond

2000

Boron Nitride

Cubic 1300
Mixed phase 700-800
Hexagonal 40-120

Carbon/graphitic
filores and foams

390 to 750

Carbon ring system;

Silicon Carbide

270 to 540

Polyethylene Chain

500

Oriented PE

Copper

400

Aluminium Nitride

150 to360

gnosys
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Thermal Conductivity of Various Polymers
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Thermoplastics

Thermosets

High Densily Palyelthylens
Low Densily Polyathylena
Poly{oxymelhylene)
Polyamide

Polyalhylens lelaphislale
Polyltetralluomnethylene)
Polypropylens
Palyslyrens

Polyvinyl chlonda
Unsaluraled Polyester Resin
Phenol Resin

Epoxy Resin
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Thermal and Dielectric Properties in Inorganics

Ceramic Chemical| Thermal Dielectric | Resistivity
Material Formula | Conductivity | Constant

W/m.K

Oxides
Alumina AlLLO, 33

Magnesia MgO (30)
Zinc Oxide Zn0O (50)
Carbides
Silicon Carbide SIiC 270 - 540 >0

Boron Carbide BC (300) >10°
Nitrides
Aluminum Nitride (150 — 360) >110

Boron Nitride 40 - 1300 : 104
Silicon Nitride | 34 . 104
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Hexagonal BN Morphologies

MICRO - NANO

1 Elecon inages 1
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Epoxy Composites filled with HTC Fillers
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Filler Effects in hexagonal-BN
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Thermal Conductivity Composite Models
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Is This The Percolation Limit ?

Micalastic/BN-VRI
Micalastic/BN-PT 120
Micalastic/BN-PT 120s
Micalastic/BN-P T X25
Micabond/BN-VRI

Thermal Conductivity (Wr_nK_ )

40 60

BN (Wt %)

Graph showing effect of increasing BN wt % on TC ofiquid and solid base resin systems




Thermal Conduction Observations

The thermal conductivity of the epoxy composité#ed with nano
diamond, nano—alumina, nano-SiC and nano amorphous Si3N4
are poor in comparison with h-BN.

The large disparity in mechanical modulus andrfatgal mismatch
between the filler particle and the resin matrixypa significant
role in phonon scattering and therefore interfaitiarmal contact
resistance.

For all micro, meso and nano composites the thiecorauctivity
IS also dependent on filler size, aggregation artigle shape and
size distribution — the interface critically impanta




General Observations

It is possible to engineer nanodielectrics with sigaiit enhancements in
transport properties which are related to the pt@seof the nanophase as
well as to matrix

Nanodielectrics can be engineered with electric gttenthat are
commensurate with or even better than the base polgntevoltage
endurance and surface discharge resistance that iscagtf higher.

Nanodielectrics offer the prospect of engineerlrgmaterials performance
envelop for multi-stress environments that exceeddpability of
conventional micro-filled composites.

It appears possible to decouple the transport aret ptiysical properties to
enable new ways to tailor dielectric materials prope and performance for
power sector applications.

Composite construction and nano-particle dispersoortrol are critical
factors in achieving industrial usable materials asdlation systems -
understanding /controlling interfaces is also essential




