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ABSTRACT OF THE DISSERTATION

Surface Voltages of Polymer Films Electrified through
Corona Charging and Contact Electrification

by

Ying Zhong

Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2017

Professor Yu Qiao, Chair

A triode corona charging system was developed with controlled charging
parameters. Typically, the surface voltage of electrified film is close to the grid voltage.
To achieve a large uniformly charged area, relatively large needle-electrode distance,
small grid-electrode distance, large needle-grid distance, relatively high needle voltage,

and relatively long charging time more than 20 seconds are desirable.
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The front and back sides of corona charged polymer films usually share similar
magnitude but opposite polarities of surface voltage. The surface voltage on each side
decays over time, while the ratio of the voltmeter-measured surface voltage to the
fieldmeter-measured voltage difference is nearly constant, independent of film material,
charging condition, voltage decay rate, and time. This phenomenon can be explained by
the dipolar charge injection model.

A small variation in surface density of free charges, as small as ~0.1% of the
surface density of dipolar charges, may drastically change the absolute value of surface
voltage and sometimes, even the polarity. The amount of free charges and the associated
surface voltage can be tailored through contact electrification (CE), for which the key
parameters include the film material, the liquid composition, and the external electric
field. Contact electrification can be applied on either neutral or electrified films. By
combining corona charging (CC) and CE, we can precisely control the surface voltages
of polymer films. As the surface density of CE-induced free charges is much smaller
than that of CC-induced dipolar charges and the latter is inherently more stable, the
decay rate of free charges is much faster and the dipolar component of charge
distribution is much more stable. The change in voltage difference across the film

thickness is often negligible.
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Chapter 1 Introduction

1.1 Energy efficiency of building windows

1.1.1 Heat loss through windows

According to the Buildings Energy Data Book,!*! in 2015 the U.S. building
energy end-use was 39.26 quads, nearly 40% of the total energy consumption in the
U.S.221 Among the 39.26 quads energy, space heating accounts for 21.5% (8.45 quads)
and 11.8% (4.63 quads) is for space cooling.l**1 About 53% of the 13.08 quads energy
use of building heating and cooling is lost through building windows, with an estimated
overall average U-factor of 0.75 Btu-hr-ft2.°F for all residential buildings.!

If Energy Star windows, most of them are enhanced double-pane windows, are
fully put into use (U-factor: Northern < 0.27, Central < 0.30, Southern < 0.40 in the
U.S.),[ there will be ~2 quads energy saving for building heating and ~1.5 quads for
building cooling per year in the U.S.[! However, 30~40% windows around the world
are still single-pane windows, with U-factor around 1.2 Btu-hr!-ft2-°F 1.1 They are
inefficient for thermal insulation, and currently consuming a major portion of the energy
wasted through non-Energy Star windows (~3.5 quads).[¥! Replacing or upgrading
single-pane windows are expensive and slow. The cost for replacing single-pane

windows to Energy Star windows is $800~$1500 per square meter,[”-  approximately



$15,000 per household. Fully replacing single-pane windows may take as long as 4
decades.!

Retrofitting single-pane windows offers an attractive alternative solution.
Compared with replacing windows, retrofitting is much more economical, faster, and
less labor intensive. Desirably, a window retrofitting technique should be low-cost and
easy to operate; the retrofitted window should has low emissivity (low-e), low overall
U-factor (<0.5); long service life (>10 years); high visual transmittance (V) (>70%) and

low haze (<1%); and high color rendering index (>0.9).L!

1.1.2 Double-pane and single-pane windows

Heat transfers across windows consist via conduction, convection, and radiation,
approximately accounting for 50%, 35%, and 15% of total transported thermal energy,
respectively.[*®] Currently, the most popular energy-efficiency windows are double-
pane or triple-pane windows with low-e coatings. To suppress conductive heat transfer,
the gaps in between glass panes are typically filled with air or Argon (Ar) gas. The gap
thickness is typically 8~20 mm, taking advantage of the low thermal conductivity of air
(0.0262 W-m™*.K1) or Ar (0.0179 W-m1.K1).[11

Note that a large gap thickness promotes convective heat transfer. When the gap
is thicker than ~8 mm, air/Ar convection can be fully developed. When the gap thickness
exceeds ~20 mm, convective heat transfer becomes more pronounced than heat
conduction and therefore, further increasing gap thickness would not lead to any

significant improvement in U-factor.



To reduce radiative heat transfer, low-e coating functions as a wavelength
selector. It reflects long-wavelength radiation in the inferred (IR) domain while allows
visible light to pass through. The windows can block 70%~80% of heat radiation from
outside during summer and retain a large portion of heat from inside during winter.
Low-e treated windows can also block ~92 % of damaging UV light, control glare, and
provide day lighting.[*>14 A major issue of low-e coating is water condensation.™*s! If
the window coating is covered by a layer of water, heat absorption and conduction

would be dominant and the low-e effect becomes negligible.

1.2 Improved thermal management of building windows

1.2.1 Storm windows

Storm window is an add-up layer mounted either outside or inside of the existing
window. It is a lower-grade cost-effective retrofitting approach, compared to replacing
the entire window. Storm window panes can be made of inexpensive plastic sheets for
short term use, or high-end triple-track glasses with low-e coatings for long term use.
Storm window frames are usually made of wood, aluminum (Al), engineering plastics,
etc. Storm windows possess advantages of low cost, no window replacement, and easy
installation.

However, once installed, many storm windows cannot be opened; the frames are
heavy and must be customized to the same size of the original windows. Moreover,

storm window offers less energy efficiency, compared to double-pane windows; it needs



more maintenance; and serious inner condensation may happen.l'6-8l If a lighter,
frameless structure can be mounted directly on glass pane, most of these issues may be

circumvented.

1.2.2 Thermal insulation materials

Coating highly thermal insulating, highly transparent materials onto glass panes
is another way to decrease the U-factor of windows. Aerogel is an important candidate
currently under extensive investigation.®® It is a highly porous solid, usually
synthesized through so-gel methods. Silica aerogels can reach an ultralow thermal
conductivity around 0.012 W/(m-K), a visual transmittance more than 99%, and a
reflective index as low as 1.05.12% It inhibits convective heat transfer as the pore size is
much less than the surface layer thickness. It considerably nullifies thermal conduction
due to the large porosity and the beneficial Knudsen effect:[2°]

_ /19,0
"1 28K

(Eq. 1.1)

where Aq is the thermal conductivity of gas phase in nanopores; 4g,0 is the conductivity
of bulk gas phase; £ is a constant between 1.5 and 2.0; and K is the Knudsen number,

defined as

keT
K o= (Eq. 1.2)
\27de*P,5

where Kg is the Boltzmann constant, T is temperature, dgq is the diameter of air molecules,

Pg is the gas pressure, and 0 is the pore size. However, aerogel is inefficient in blocking



radiation; its synthesis may be relatively time consuming, and has difficulties in scaling-
up. Most critically, silica aerogel is inherently fragile, with the flexural strength merely
a fraction of 1 MPa.l?!l Typical strengthening processes and additives would reduce the

visual transmittance or the thermal insulation properties. 2% 22-2%

1.2.3 Low-emissivity films

Applying low-emissivity (low-e) films on glass panes offers a relatively cost-
efficient method to reduce radiative heat transfer across widows in the important
infrared (IR) domain. As IR radiation reaches a window pane, the incident energy (Ei)
equals to the summation of the absorbed energy (Ea), the transmitted energy (Et), and
the reflected energy (Er). Kirchhoff's law of thermal radiation states that the emitted
energy (Ee) should be the same as the absorbed energy.[?®! Thus, Ei = Ee + Et + Er. In the
IR range, transmission of most materials is quite low; that is, E; =~ E. + Er. Consequently,
lowering the emissivity can increase the reflectivity to reduce heat transfer.?’l A
commonly used low-e coating material is silver, together with oxide layers for adhesion
and protection. The emissivity of a coating layer (&) can be assessed by the Hagen-

Rubens Relation[?®!

ex 4 Lﬂgo (Eq. 1.3)

Ke
where f is the frequency of light, x. is the electric conductivity, and £o is the
permittivity of empty space. It can be seen that a higher x leads to a lower emissivity.*?

2% In addition to highly electrically conductive metals such as silver, other low-e coating



materials include indium tin oxide (1TO),2% doped zinc oxide 2, etc. The major
technical hurdles for low-e films are the relatively high cost, the poor visual
transmittance, and the complicated installation process. Very often, low-e coating alone
cannot lead to the desired U-factor, since low-e films do not mitigate conductive or
convective heat transfer.*1-31 Moreover, the low-e effect on reduction in heat transfer
can be largely reduced if water condensation is formed on either side of the low-e coated

window, as conductive heat transfer becomes dominant.

Table 1.1 Comparison of advanced multilayer low-e coatings 4371

Visible

o
transmittance (%) | CeSVity (%)

Low-e multilayers

Glass-ZnO-Ag-TiAOx-SnO> 86 10
Glass-Sn02-Ag-NiCrOx-SnO> 84 15
Glass-SnO2-TiAOx-Ag-TiIAOX-SnO; 84 12
Glass-SnBO2-ZnO-Ag-NiCrOx-SnBO- 85 9
Glass-Tungsten Oxide-Ag-Silicon buffer-
. 86 10
Tungsten Oxide

PET-TiO,-Zn0:Ga-Ag-Zn0:Ga-TiO» 80 10

1.3 Our concept: polymer-air multilayer (PAM)

Recently, we investigated a novel thermal insulating structure: polymer-air
multilayer (PAM). PAM is constructed by placing a few transparent polymer films in
parallel, stably separated by air gaps. The air gap thickness is below 1 mm, so that

convective heat transfer is trivial. Because the polymer films are highly transparent,



mechanically robust, and low-cost, PAM circumvent most of the issues of other thermal
insulating coating materials. In a typical PAM, the layer count is 4~8 and the polymer
film thickness is ~100 um. More analyses of thermal performance of PAM will be given

below.

1.3.1 Radiative thermal transfer

Multilayer insulation (MLI) structures have been used for decades in a variety
of areas.[®® For instance, NASA has been using multilayer insulation in spacecraft and
satellites. A MLI usually consists of a large number of foils loosely packed together. At
each foil surface, heat radiation is partly blocked. It works particularly well in vacuum,
as convective heat transfer does not occur and conductive heat transfer takes place only
across the contact areas of adjacent foils. The layers in MLI structure are usually made
by low emissivity heat reflection materials, such as aluminum (Al) and silver (Ag), with
the emissivity of only ~0.04.13%1 Thin netting spacers, which may be made of thin
polymers, can be added in between the heat reflection layer to offer structure stability
and suppress thermal contact. The overall heat transfer coefficient, U, can be calculated

as:[40. 411

4ooT?

N (Eq. 14

where 0=5.7x108W-m2-K*is Stefan-Boltzmann Constant, T is temperature, N is the

layer count, and ¢ is the layer emissivity.
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Figure 1.1 IR spectral transmittance, reflectance, and emissivity of PC and PET based
PAM at 300 K. a) IR transmittance of PC-based PAM. b) IR transmittance of PET-based
PAM, c) IR reflectance of PC-based PAM, d) IR reflectance of PET-based PAM, e) IR
absorption of PC-bsaed PAM, f) IR absorption of PET-based PAM. Each PAM is 1x1
inch large, consisting of a few 125-pum-thick PET or PC films separated by 500-um-
thick spacers at the edges. The spacers are constructed by 2 mm-wide PC strips. The
PET and PC films were obtained from McMaster-Carr. They have been thoroughly
cleaned with Isopropyl alcohol and water.

According to our measurement at 300 K (Figs. 1.1 and 1.2), for a single layer of
polyethylene terephthalate (PET) or polycarbonate (PC) film, the IR transmittance is
about 15%. That is, the reflectance of a PET or PC film is ~8%; the rest (~77%) is
absorptivity, which is equal to emissivity. The total IR heat flux blocked by the film
includes the contribution from reflection (~8%) and a half of absorbed thermal energy

(~38%), i.e. ~46% of incident heat flux. Therefore, the effective emissivity of a single

PET or PC film is ~0.54. By using this value in Eq. 1.4, it can be assessed that with 2 to



6 layers of polymers, the overall effective emissivity of PAM would be 0.32, 0.22, 0.17,

0.12, and 0.11, respectively.

20 . 16 . . . - : .
a) 1 o PET b) PC
¢ Pc | 14 o PET
16
14 " 2
i £ 10}
g b+ o o o
é 10 58 °
]
g8 < 8
& [ &
= o 4
4
2 & 2
0 < 0
0 1 2 ] 4 5 0 7 0 1 2 3 4 5 [ 7
Number of layers Number of layers
100
c)
90 o
o
% o
£ .
13
2 70
-
60 PC
o PET
50 .
0 1 2 3 4 5 6 7

Number of layers

Figure 1.2 Blackbody spectrum weighted IR: a) transmittance, b) reflectance, and c)
absorption of a single PET or PC film. Each film is 1x1 inch large and 125 pum thick.
They have been thoroughly cleaned with isopropyl alcohol and water. The films are
separated by 2-mm-wide 500-um-thick PC spacer.

1.3.2 Convective heat transfer

In addition to suppression of heat radiation, PAM also significantly limits
convective heat transfer. The Nusselt number (Nu) represents the ratio of convective to

conductive heat transfer and can be calculated by Eq. 1.5:142

Ny = Convection _ . gA(T, —To)b4)
Conduction val (Eq. 1.5)

where g is the acceleration of gravity, £ is the thermal expansion coefficient of air, Te

is the surface temperature, To is the ambient temperature, b is the air gap thickness, vis
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the Kinetic viscosity of air, « is the thermal diffusivity of air, and L represents the size
of window. As shown in Figure 1.3, when the air gap thickness is ~10 mm, Nu=1; when
the air gap thickness is 20 mm, the convection effect is 2.3 times greater than the
conduction effect and becomes the dominant factor. When the air gap thickness is 0.6
mm, the convection effect is only 0.4% of conduction, at the negligible level. Hence, by
using PAM with the air gap thickness less than 1 mm, we are able to reduce the Nusselt

number below 1.2%.

0.014

o
~—
[nd
tn
o
~

o
v
=)
2 o
[= =
=3 X}

b2
]

0.008

0.006

[
T

0.004

e
[

0.002

Convection/conduction
Convection/conduction

o

o

o

0.005 0.01 0.015 0.02 0 0.0002 0.0004 0.0006 0.0008

Air gap thickness (m) Air gap thickness (m)

Figure 1.3 Ratio of convective to conductive heat transfer for different air gap thickness
ranges: a) 0~20 mm, b) 0~1 mm.

1.3.3 Conductive thermal transfer

In a PAM, when the polymer layers are much thinner than the air gaps, the
majority of PAM volume is occupied by air, so that the air phase dominates the overall
thermal conductivity. The effective thermal conductivity of PAM, keam, can be modeled

as a series of thermal resistors of polymer and air layers:

ta tP -1
kPAM:(k +k—) (t 4t) (Eq. 1.6)

air , eff p

0.001
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where Kp is the thermal conductivity of polymer, typically in the range from 0.2~0.4
W-m-K1;[43 and t, and t, are the thicknesses of air gap and polymer films, respectively.
The effective thermal conductivity kairefr depends on the thickness of the air gap,

with the convection effect being taken into consideration. It can be assessed as!*

_15p(2RT0)**b
W 16D+ 28V

(Eq. 1.7)

where p is the air density, R is the gas constant, To is the average temperature, b is air
gap thickness, and D is the inverse Knudsen number (D=b/MFP).

The calculated thermal conductivity of PAM is shown in Figure 1.4, where we
assume ko = 0.2 W-m2-K'1. When the polymer thickness is below 175 um and the air
gap thickness is above 400 um, the overall thermal conductivity can be less than ~0.03

W-m™-K, close to the air thermal conductivity.

Polymer Layer Thickness (nm)

10
10° 10 10° 10> 10" 10
Air Gap Thickness (nm)

Figure 1.4 Contour plot of thermal conductivity of PAM.
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1.3.4 Calculation of U-factor

As PAM suppresses all the heat transfer mechanism — heat radiation, convective
heat transfer, and conductive heat transfer, when a thin PAM is coated on a glass pane,
it may lead to a low U-factor. The center-of-glass U-factor can be modeled as a series
of thermal resistances hi!, RPAM, and ho; the U-factor is the reciprocal of the total

thermal resistance and can be expressed as

Ueg = {hi‘l Ko ho‘lr (Eq. 1.8)
ttotal

where h; and ho are the heat transfer coefficient at the outer and inner glazing surfaces,
respectively. A U-factor ~0.5 can be reached by a PAM with the total thickness of 3
mm, for which the polymer layer thickness is 175 um and the air gap thickness is 575
um. Compared to double-pane windows or storm windows, PAM is highly transparent,
highly robust, and low-cost. A 3-mm-thick PAM is thin (space saving), lightweight, and
easy to install. It will have a profound impact to the single-pane window retrofitting
industry, and may also significantly influence the industry of double-pane window
manufacturing and installation.

Compared to aerogels, PAM has a similar overall thermal conductivity yet much
improved structural integrity, higher robustness, higher visual transmittance, and lower
haze; itis also friendlier to mass production. Compared with low-e coatings, PAM offers

excellent thermal insulation by blocking all three heat transfer processes, and is

insensitive to water condensation.
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1.4 Stabilization of Air Gaps in PAM

A key feature of PAM is that the polymer films are entirely separated by air gaps.
While a few % of solid supports may not much affect the U-factor, they would reduce
visual transmittance and are desirable for window coating applications. To suppress
convective heat transfer, the air gap thickness must be small, below 1 mm. Maintain
high stability and high resilience of the air gaps is a critical task for PAM development,

for which magnetic and electronic forces offer two possible non-contact approaches.

1.4.1 Magnetic mechanism

Magnetic fields have been widely employed in a large number of areas, e.g.
repulsive-force magnetic levitation (maglev) suspension systems, repulsive-type
magnetic bearing systems, magnetic separators,[* stable suspension of magnetic
nanoparticles,[“®! etc. Permanent magnets or electrical magnets must be involved to
generate the repulsive forces.[*7: 48l

For the PAM application, if the magnetic force is created by permanent magnets,
the magnet components need to be embedded into the polymer layers, and their sizes
must exceed the superparamagnetic thresholds.[*®! However, the magnetic fillers would
harm the visual transmittance of PAM; to offer repulsion forces, the magnets have to be
precisely aligned; the bonding strength between the magnets and the polymer phase may
not decay over time.[* In addition, the repulsive forces are based on electromagnetism,

an electrical power supply must be connected to the PAM continuously. These hurdles
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render the magnetic mechanism less competitive than the electrification mechanism,

discussed below.

1.4.2 Electrification mechanism

According to Coulomb’s Law, the electric force between two point charges (1

and g is:Y

- _kag, _ qq,

r’  Azg,r?

(Eq. 1.9)

where ¢, is the permittivity of the space, k = 9x10° N-m?-C?is Coulomb’s constant. Like

charges repel each other.

Electrostatics-related techniques have been quite mature. For instance, corona
charging is used to separate conductive and non-conductive materials;®? tribo-charging
is applied for separation and purification;3 surface electrostatics can promote size
selection,™ uniform coating,® waste recycling,? etc.

Electrostatic stabilization, which utilizes the repulsion force between like-
charged objects, is one of the most commonly used techniques for particle dispersion.[>>
571 Another related phenomenon is the electrical double layer force between charge
objects across a liquid medium.8 Usually, the repulsion force increases with the charge
density and decays exponentially with the distance.[® 5

Electrostatic separation of layered materials has been reported for anisotropy
composite manufacturing’® and energy harvesting.[5! 2 We hypothesize that by taking

advantage of the repulsion force between likely charged polymer layers, the air gaps in
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PAM can be stabilized, for which the science underpinning polymer electrification must

be deeply understood.

1.5 Polymer electrification

If a polymer is sufficiently electrically insulating, it may permanently or quasi-
permanently hold electric charges or/and dipolar polarization. Such electrified polymers
have long been known as polymer electrets.[%®1 The manufacturing approaches and the
applications of polymer electret were extensively investigated in the past a few
decades,® yet the fundamental mechanisms and processes are still relatively poorly
understood.

Based on their manufacturing approaches, polymer electrets can be classified as
space-charge electrets (thermoelectrets), corona electrets, e-beam electrets,
photoelectrets, radioelectrets, and mechanoelectrets,®! as shown in Figurel.5
Electrified polymers have been widely applied for printing,[®® coating and surface
treatment,’! absorption and adsorption,’®”! biomedical devices,® transducers, 8l
electrophotography,® recording,[’™ advanced filtration,[”*! motors and generators,!"?!
dosimeters,I”®1 pyroelectric devices,’¥ microphones,’ energy harvesting,® etc.

Figure 1.6 depicts the major charging mechanisms.
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Figure 1.6 Schematic of polymer electrets

1.5.1 Space charging

Space charging, also known as thermo-charging, in which, a polymer film is
sandwiched by two electrodes, across which a high voltage is applied (Figure 1.5a). The

processing temperature is around the glass transmission temperature of the being
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electrified polymer.[’! It is most relevant to polymers with polar groups. The polymer
film is softened or melted in the strong electric field, often aided by heating elements,
and the polar groups are aligned as dipoles. As the material is cooled down and solidified,
the dipolar potential distribution can be stably maintained.[”®]

The polarization density P can be stated as

P=goyeE (Eq. 1.10)
where & is the vacuum permittivity and ye is the dielectric susceptibility. Collectively,
eoye determines the tendency of the material to be polarized, and ye is

ye=er-1 (Eq.1.11)
where & is the relative permittivity. The electric displacement field D is
D = eE+P = goE(1+ ye) = ¢cE (Eq. 1.12)
where, &= & &r IS the permittivity and =1+ ye. For an isotropic medium, ¢ is a constant;
it is a tensor related to position inside of the material for an anisotropic medium. Note
that ¢ is also dependent on the electric field and time.[®4!

Polymers that have been thermo-charged include poly(methyl methacrylate)
(PMMA), fluorinated ethylene propylene (FEP), high density polyethylene (HDPE),
low density polyethylene (LDPE),["® polyethylene terephthalate (PET),[""]
perfluoroalkoxy alkane (PFA),I"®  polycarbonate (PC), polyimide (PI),l8
polyphenylene sulfide (PPS),[™® polytetrafluoroethylene (PTFE),[”®! polyvinyl dine-
fluoride (PVDF),[®% etc. For instance, to charge PVDF film, an electric field of 2
MV-cm™ is needed at 80~120 °C.[% If the polymer film is in direct contact with the
electrode surface, in additional to the dipole orientation, there would be injected charges,

as shown in Figure 1.6.
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1.5.2 Corona charging

Corona charging, also known as corona discharge, is another important
electrification method of polymer surfaces.®Y Corona is usually generated at a highly
curved surface of high-voltage electrode. The large potential gradient breaks down the
surrounding air and ionizes the air molecules. The ionization energy is usually 1~3
eV.[®2 The ions are accelerated and separated in the electric field, and collide and further
ionize nearby air molecules, leading to electron/ion “avalanches”. The ion mobility is
in a few cm?-Vv-1.g1 [l

Corona can be positive, which launches positive ions and attracts electrons; or
negative, which launches electrons and attracts positive ions. A corona charging system
typically consists of a needle-electrode connected to a high voltage power supply and a
grounded electrode plate (Figure 1.5b).4 A polymer film is placed on the grounded
electrode, with the upper surface exposed to the corona. When a polymer surface is
treated by corona charging, the electrons/ions are injected into the polymer. The
polymer must have a very high electric resistivity, so that the injected charges are
trapped locally without escaping, neutralization, or transferring.[®! Very often, a grid
can be added in between the needle-electrode and the grounded electrode to form a
triode charging system for better control the corona configuration. ]

It is generally acknowledged that the mechanism of corona charging is
complicated.[®] Classic corona charging models include: 1) the polarization model,
capturing the dipole alignment/polarization in polar polymers;[ 8 and 2) the charge

injection model, capturing the motion of charge carriers from the surface into the bulk.[*°!
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The polarization model is somewhat similar with the space charging process. Polarizing
electric field is offered by the corona and/or the accumulated surface charges.[®® 81 Thus,
inverse dipoles are generated. In the charge injection model, the charges are from the
corona, and the driving force of charge injection is from the electric field of the corona
and/or the accumulated surface charges. The charge injection may happen at only one
side or on both sides of the film.[*! Amorphous or semi-crystalline macromolecules and
impurities, defects, and crystalline-amorphous interfaces can trap the injected
charges.[®!! As the polymer is sufficiently resistant to charge motion, the trapped charges
would remain in the surface zone and build up an electric field. In contrast to the
polarization model, the polarity of the electrified film predicted by the charge injection
model is the same with the corona.

In a single polymer film, multiple electrification processes can take place
simultaneously. Contribution from dipole orientation may increase with the charging
temperature.[®?l As polarities caused by polarization and charge injection are opposite
to each other, there may be a critical condition at which the overall electrification effect
IS minimized. The dominate charging mechanism may vary with the material.

The decay of surface voltage of electrified polymer film is another important
phenomenon. It is a complex procedure that may involve surface conduction,® volume
conduction,®¥ atmospheric neutralization,® *! external charge injection,[®® electric
field polarization,® humidity and contamination attraction,®® among others. To
manufacture polymer electrets with stable surface voltages, it is imperative to
systematically examine the effects of key parameters on the surface-voltage decay rate.

Such parameters include polymer material,®® 1% film thickness,*®! charging voltage
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and temperature, 192 1% working environment,® etc. In addition to directly monitoring
the surface potential of the charged films with voltmeter,®® other experimental
approaches such as thermal stimulated discharge (TSD),[*%* 101 pylse electro acoustic
(PEA),[%! and laser induced modulation (LIMM) %71 have been developed to precisely
measure the charge distribution. These technologies may have tight requirements on
materials properties and charging/discharging conditions. !

Corona charging is currently being broadly used in the polymer industry to
improve surface adhesion, increase surface roughness, add oxygen-containing
functional groups, enhance hydrophilicity, etc.'] Compared to space charging, a wider
range of polymers are capable of being corona charged, as it can electrify both polar and
non-polar materials, e.g.: silica,[’”™ PMMA 1% FEP 119 HDPE 110 | DPE, 81 pET, [
1111 ppA 112 pc 11131 ppg 1141 pTEE [102. 1151 p\/DF [1%9 acrylonitrile-butadiene-styrene
(ABS),[1*®1  chlorotri-fluoroethylene (CTFE),['71 polyvinyl formal (Formvar),l
polyamide (Nylon), polybutylene terephthalate (PBT), polyetheretherketone (PEEK),
polyetherimide (PEI),[***1 polyimide (P1),[®®l polypropylene (PP),X%21 polystyrene
(PS),18 polyvinyl chloride (PVC),[*?°! styrene acrylonitrile (SAN),*2Y ultra-high
molecular weight polyethylene (UHPE),[*?2 etc. Porous polymer films, such as porous

PP, PTFE, and PVDF films, can also be electrified.l® 123 124]

1.5.3 Comparison between space and corona charging

Table 1.2 compares space charging and corona charging methods. The

advantage of space charging includes the high stability of surface voltage, since
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polarization is achieved in the bulk volume; disadvantages include the non-uniformity
of lateral charge distribution and the time-consuming softening/melting and solidify of
polymer. Moreover, the surface structure may be damaged by the softening/melting
process, which is unacceptable for transparent polymer films. It is only relevant to polar
thermoplastics.

The corona charging method is simple and fast; use of heating element is
optional. It can charge not only polar polymers, but also non-polar ones, as well as

ceramics and glasses. The surface damages are usually invisible.

Table 1.2 Comparison between space charging and corona charging

Space charging Corona charging
Number of plate
2 1
electrodes
Temperature T>Tg, close to T Any
. Up to 200 MV/m Needle: 4kV~30 kV
Voltage/Electric field (5kV/50 um) Gird: 200 V~3000 V
Major mechanism Dipole alignment Charge injection
Polymer type Polar Any
Charging time Minutes to hours Seconds to minutes
Surface condition Thermal damage and Minor chemical or ph_y_s,lcal
breakdown changes, usually invisible

1.6 Contact electrification

Contact electrification (CE), also known as triboelectrification or static

electrification, has been discovered for more than 2500 years; it is yet another process
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through which a polymer can be electrified.[?%! When two objects contact with each
other, charge transfer may occur across the interface and after they are separated, both
surfaces would have net charges. CE can happen between conductors, semiconductors,
and insulators; the materials can be in liquid, gas, or solid phase.[*?® 1?71 The contact-
induced charges on a conductor dissipate rapidly, but the charges in insulators would
remain, resulting in high surface voltages. 112 129 Triboelectric series rank materials
based on their empirically derived direction of charge transfer (Figure 1.7).1%°! For
instance, when silk is contacted with Teflon, silk will be charged positively and Teflon
will carry negative charges. However, such orders can be altered by a number of factors,
such as temperature, friction mode, etc. CE can also happen between nominally identical

materials.[*3
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Figure 1.7 Experiential triboelectric series showing the direction of charge transfer.[*?]
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The understanding of the science underpinning contact electrification is still
quite limited. Electrostatic charging, due to the complicated charge transfer/trapping
processes and the large number of system variables, have many ‘“unpredictable”
aspects.*! Usually, CE is explained as electron exchange, ion exchange, materials
exchange, etc.[132-134]

Thanks to the high voltage and sometimes its high stability, CE has been applied
in a large number of engineering areas, including photocopying, laser printing,
electrostatic separations, transistors, to name a few.!*33 131 Recently, CE based energy
harvesting devices received increasing attention, e.g. the systems based on dielectric
polymers and water.[136: 137]

As we use polymer films to construct PAM, CE is inevitable. The surface
voltages of electrified polymers must be controlled in a desired range, so as to keep the

solid layers stably separated.

1.7 Outline of thesis

As discussed above, PAM may offer a promising solution of advanced thermal
insulation, and find wide applications, e.g. for single-pane window retrofitting. PAM
not only blocks heat radiation, but also reduces conductive and convective heat transfer.
It has excellent cost-performance balance, high visual transmittance, low haze, and is
lightweight.

In order to develop robust and resilient PAM structures, the air gaps among the

polymer layers must be stably separated, especially for large-sized PAM with large layer
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count. In the current study, we will focus on corona charging of polymer layers. It is
envisioned that as polymer layers are permanent electrified, without affecting the visual
transmittance, strong repulsive forces can be generate between like-charged polymer
surfaces. To precisely control the system performance, the fundamental science must be
systematically investigated.

In Chapter 2, we discuss the corona charging system that we constructed as well
as the experimental methods. All the critical parameters are adjustable, offering the
opportunity for a comprehensive study on the details of polymer electrification process.

In Chapter 3, we examine the dipolar component of charge distribution in
corona-charged polymer films. Its stability and the influences of polymer properties,
temperature, film thickness, and electrode voltage are analyzed in detail.

In Chapter 4, contact electrification between a variety of polymer films and
liquids is investigated. The effects liquid composition on the charged state of polymer
surface are tested under various conditions.

In chapter 5, based on the research in Chapters 3 and 4, we develop a novel
approach to precisely control the surface voltage of electrified polymer. Specifically,
free charge and dipolar charge components are adjusted quite independently.

In chapter 6, we present our conclusions and considerations of future work.
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Chapter 2 Corona charging: system and key parameters

2.1 Introduction

Corona treatment has drawn much attention since it was first investigated by
Verner Eisby in 1951.1*%1 |n addition to the early applications related to adhesion and
coating enhancement,**1  corona charging is currently being widely employed to
manufacture electrets,/"! as key components for transducers,®® electrophotography, ¢!
recording,’? advanced filtration,l"¥] motors and generators,l’? dosimeters,[*]
piezoelectric devices,[” microphones,® energy harvesting systems,®™ among others.
Compared to many other charging approaches,[’® corona charging is highly efficient,
causes noun or only minor chemical or physical changes of polymer surfaces,®® can be
operated in a wide range of temperature, [**°1 and can treat most of dielectric
materials.[*4]

In general, because of the large potential gradient around a charged point or
wire, air can be broken down and ionized. The ions are accelerated and separated by the
strong electric field, leading to collision and electron avalanches.[**? Corona can be
positive, by launching positive ions and attracting electrons; or negative, by repelling
electrons from the launching point and attracting positive ions by the plate electrode. 4
The ionization energy is typically in the range of 1~3 eV.[¢?

Early corona charging system consisted of only a corona point, a grounded plate

electrode, and a high-voltage power supply. In such a system, the area and the

25
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uniformity of charged surface cannot be well controlled.®¥ Moreno and Gross
developed triode corona charging system, by inserting a metallic grid in between the
corona point and the grounded electrode. The grid much improves the uniformity and
the controllability of the charging effects.l® Usually, the grid is connected to a separate
power supply with the same polarity but a lower voltage than the one charging the
corona point. The surface voltage on charged sample tends to be uniform and equivalent
to the grid voltage.[®®! According to necessity, multiple corona points(®! or wire corona
generators™™*®l can be used, to increase the charging area; the detailed electrification
process of constant-current triode corona system can be better monitored. Literature data
showed that silica,[’” PMMA,[1%81 FEP,[101 HDPE,[110] | DPE, B PET, [ 1111 pEA 1112]
PC,11131 ppg [114] pTFE, [102. 1151 p\/DF [109] ABS [116] CTFE 1171 Formvar, 8 polyamide,
PBT, PEEK, PEI,111 p| [63] pp [102] pg [118] p\/C [120] SAN, T2 yHPE, 22 CYTOP, 144
piezoelectric porous PP,1}4 1461 pTFE [l and PVDFI" 1481 have been successfully
corona charged.

Corona discharging is complicated. A number of processes and mechanisms
have not been fully understood. Particularly, there has not been a well-defined
framework that can account for the effects of important processing parameters, such as
the needle potential, the grid potential, charging time, and the polymer material. Cui et
al. used 10 kV and 0.3 kV as needle and grid voltages, respectively, to charge PMMA
for 2 min at 120 °C;[*4%] the highest voltage that Stalk et al. used to charge FEP and
PVDF films was 6 kV;[2% jt was reported that PET was charged at -10 kV, -8 kV, or -
6 kV by Rouagdia et al.[*®® Charging time often varies from seconds to hours.[® 4%l The

stability of the potential of the electrified surface is remarkably dependent on the initial
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voltage,*>@  humidity,®! material,[®> 1% and temperaturel?®> 14 A deeper
understanding of these parameters can be greatly beneficial to the optimization of
corona charging systems and operation. The initiating voltage and the applicable voltage
range should be adjusted to minimize the power consumption; the component distance
should be decoupled with the voltage setting for complex triode procedures.

In this chapter, we focus on the effects of key corona charging parameters. The
potential distribution of samples charged by needle-plate corona system was mapped,
to identify the corona initiate voltage, to trace potential distribution and its dependence
on needle voltage, and to understand the influence of needle-plate distance. A grid was
then utilized to build a triode corona system and the influence of grid and needle
voltages, grid-electrode distance, grid-needle distance, charging time were examined.
The controllability and uniformity of charging with grid were analyzed. Three different

polymers were investigated.

2.2 Experimental

2.2.1 Corona charging system

A corona charging system (Figure 2.1) was built up to electrify selected polymer
films. The setup consisted of a discharging needle electrode, an optional wire mesh grid,
a grounded electrode, heating elements, and two high voltage power supplies. A sharp
tungsten needle 0.75-inch-long and 0.059 inch in diameter was employed as the

discharge needle electrode. The curvature of the needle tip was ~0.1 mm. A grid was
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placed between the needle and the sample. It was made of stainless steel 304 wires, with
the wire diameter of 0.016 inch and the mesh size #20. Polymer film samples, usually 6
inch x 6 inch large, were placed on the grounded electrode, a mirror-polished stainless
steel plate. The distance between the needle and the grounded electrode, as well as the
spacing between the grid and the grounded electrode can be adjusted separately by
adjustable holders. The needle voltage and the grid voltage were controlled by two
polarity switchable Glassman Co. Lt., FJ Series 120 Watt regulated high voltage DC
power supplies, respectively, with the same polarity. The voltage could be adjusted in
the range from 0 to £40 kV for the needle, and from 0 to £20 kV for the grid. Charging
time was controllable in the range from a fraction of second to many hours; charging
temperature could be adjusted by a hot plate underneath the grounded electrode, with

less than 5 °C temperature gradient in 12-inch range.

Needle il Needle &

r'— ————————
Corona ,” - o G
4
s

Heating element

Figure 2.1 The corona charging system: a) schematic and b) the experimental setup, c)
high-voltage power supply.
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2.2.2 Corona charging process

PET, PC and PFA films with the thickness of 25 um or 125 um were cut into 6
inch x 6 inch samples. They were firstly ultrasonically cleaned in isopropyl alcohol (IPA)
for 5 min and then in de-ionized (DI) water for another 5 min, followed by drying in a
vacuum oven at 70 °C for 24 hr. The film was first placed onto the grounded electrode.
For a needle-plate corona charging setup, the needle was 1 cm, 2 cm, or 4 cm away from
the grounded electrode, pointing to the center of the film. The voltage of the needle

ranged from 0 to +12 kV, within the high-accuracy range of the voltmeter.
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Figure 2.2 Voltmeter for characterization of electrified polymer films: a) Photos of the
voltmeter and the Kelvin probe; b) the measurement mechanism.

As shown in Figure 2.1b, the 6 inch x 6 inch steel-wire grid could be inserted in
between the grounded electrode and the needle. There was no ohmic contact between

the grid and the needle or the sample. The grid voltage was offered by a second high-
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voltage power supply. The highest grid voltage used in this experiment was less than +3
kV. The grid-needle distance was either 4 mm, 12 mm, or 18 mm. The charging time
was controlled by a timer, discussed below.

According to our data, positive and negative corona led to similar surface-
voltage distributions of electrified polymer films, except for the polarity. In this chapter
we report the data of negative corona. For the sake of simplicity, the negative signs of

voltages in the following discussion are ignored.

2.2.3 Characterization of electrified polymer films

A Trek Model-344 electrostatic voltmeter (Figure 2.2) was used to measure the
voltage distribution on electrified films. The polymer film was placed on the grounded
electrode, and a Kelvin vibrating probe was positioned 5 mm above the sample. It can
measure the average voltage over a small area less than 10 mm in diameter. Since the
film is backed by the grounded electrode, the voltmeter reading reflects the voltage
distribution of the side facing the probe. To avoid possible boundary effects, the
measurement area was 0.5 inch away from the edges. The measurement spots were 0.5
inch away from each other. For each set of parameter setting, at least three nominally
same samples were electrified and characterized. After the electrified side of the film
had been scanned by the probe, the sample was turned over and the voltage along its
back side was measured, with the electrified side firmly attached to the grounded

electrode.
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2.3 Results and Discussion

2.3.1 Needle-plate corona charging

Figure 2.3 shows a typical result of the surface voltage of a 125-um-thick PET
film charged at 7.5 kV, in the needle-plate corona charging configuration. It indicates
the charge density distribution, fitting well the “bell jar” shape described in literature.*5!
The highest voltage in the middle of the film reaches 2816 V; the voltage close to the
edge is only 447 V. Clearly, needle-plate corona charged sample does not possess
uniform potential distribution, but shows a higher potential in area closer to the needle

electrode.

|
2000 2500

Voltage (V)

1500

Location (cm)

1000

Figure 2.3 Potential distribution of the back side of a needle-plate charged 125-um-thick
PET film. The needle voltage is 7.5 kV; the needle-electrode distance is 4 cm; the
charging duration is 60 s.

The needle voltage is varied in a broad range for different samples. As displayed

in Figure 2.4a, the voltage distribution of films charged at higher voltages showed larger

difference from the center to the edge. For 125-um-thick PET films, when charged at 8
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kV, the highest voltage at the center reaches 3280 V, while the voltage at the corner is
only 740 V. For the same PET films charged at 5 kV, the highest point in the center is
only 433 V, and the area above 200 V is only ~95 cm?. Similar patterns were also
observed for the positive voltages at the back sides of these samples, as shown in Figure

2.4b; that is, the surface voltage distributions on both sides of the film tend to be

symmetric.
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Figure 2.4 Voltage distribution of PET films charged with needle voltage from 5 kV to
8 kV: a) 125 um thick, top side; b) 125 um thick, bottom side; ¢) 25 um thick, top side;
d) 25 um thick, bottom side. Needle-electrode distance: 4 cm; charging time: 60 s.

For the PET films with thickness of 25 um and charged at the same parameters
(Figure 2.4c), the voltage is slightly lower than that of 125 pm-thick-films and the

voltage range from the center to the edges is narrower. Noticeably, at the needle voltage

of 5 kV, no surface voltage can be detected on the thinner film. The difference between
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the 25-um-thick and 125-um-thick films may be attributed to the charge escape as the
films are peeled off from the grounded electrode after charging. The thinner films has a
less capability of holding charges, as will be discussed in the following chapters.

The above data demonstrate that for a needle distance of 4 cm, the initiating
voltage should be in the range of 5 kV to 6 kV, compatible with Peek’s law below (Eq.
2.1). It describes the critical electric potential gap for triggering corona discharge

between two electrodes:
S
ev = Mmvgwr In(?) (Eq. 2.1)

where ey is the corona inception voltage, my is the irregularity factor (my =1 for polished
wires), r is the radius of the wires in centimeter, S is the distance between two electrodes,

and gy is the “visual critical” electric field given as:

_ c Eq. 2.2)
gv=goS(L+ ) (Eq
\ ool
s=-" (Eg. 2.3)
JOSATP

with o, being the air density with respect to SATP (25 °C and 76 cmHg), ~1 in ambient

environment; go the disruptive electric field around 30~32 kV/cm; and c the empirical
dimensional constant around 0.301 cm*. With the needle-electrode distance of 4 cm and
needle radius of ~0.1 cm, the corona inception voltage is ~6 kV.

Altering the needle-electrode distance would also considerably affect the
potential distribution. Figure 2.5 shows the voltage distribution along the diagonal lines
of 25-um-thick PET films charged at 6 kV. With a needle-electrode distance of only 1

cm, the electrified area is much smaller than that of larger needle-electrode distances,
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with only ~40 cm? being charged and a sharp bell-like voltage distribution with the
maximum value of 2767 V. Here, we set the needle voltage as 6 kV so that, with the
small needle-electrode distance, the center voltage in electrified film did not exceed the
accurate measurement range of the voltmeter (3300 V). If we move the needle farther
form the grounded electrode to 2 cm, the charged area becomes significantly larger; the
entire sample is covered by a smooth bell-shaped charge distribution. When the needle
height is raised to 4 cm, the voltage in the center area can only reach 1600 V, ~900 V
lower than the samples charged with needle height of 2 cm. Therefore, the optimum
needle-electrode distance is ~2 cm, which leads to a better corona spreading compared

with 1-cm needle height and a more effective corona capture compared with 4-cm

needle height.
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Figure 2.5 a) Influence of the distance between needle electrode and grounded electrode
on the surface voltage distribution of electrified films, with the needle voltage of 6 kV.
b) Effects of the needle voltage, with the needle-electrode distance of 2 cm. Material:
25-pum-thick PET film; charging time: 60 s.

In Figure 2.5b, samples were charged to various voltages with the needle-

electrode distance set as 2 cm. When the needle voltage is 6~7 kV, the surface voltage

level of electrified polymer is comparable with that of 8-kV needle voltage when the
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needle-electrode distance is 4 cm. With a needle voltage of 5.5 kV, the highest surface
voltage is 1175 V. With everything else the same except that the needle-electrode
distance is 4 cm, the highest surface voltage is only 580 V; however, the charged area

is larger.

2.3.2 Triode corona charging

The data in Section 2.3.1 indicate clearly that the surface voltage distribution of
polymer electrified by needle-plate corona system is heterogeneous. Usually, inserting
a metallic grid between the needle and the grounded plate electrode would significantly
help homogenize the corona field. Such a triode corona system is displayed in Figure
2.1. Figure 2.6 demonstrates the influence of needle-electrode distance, with the grid
voltage set as 2 kV. In Figure 2.6a, the needle-electrode distance is only 1 cm, and thus,
the needle-grid distance is quite small so that the effective potential at grid is raised it
from the set value (2 kV) to 2.5 kV. The uniformity of the surface voltage of electrified
samples is poor.

When the needle-electrode distance is increased to 2 cm, the voltage control
effect of the grid is much enhanced. Without the grid, the surface voltage of the charged
films follows bell-shaped distribution, with the peak voltage around 2950 V; with the
grid, the surface voltage in the central 12-cm?area is uniformly around 2 kV, the same
as the grid voltage. When the needle height reaches 4 cm, the needle voltage can be set
to as high as 8 kV without boosting the grid voltage. With the grid, the central 90-cm?

area in electrified film has uniform 2-kV surface voltage, the same as the grid voltage.
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Figure 2.6 Influence of the grid at various needle-electrode distances (dne) and needle
voltages (Vn). @) dne =1 ¢cm, Va =6.5kV; b) dre =2 cm, Va =7 KV, C) dhe =4 cm, Vi =
8 kV. The sample are 25-um-thick PET films, charged for 60 s; the grid voltage is 2 kV;
the grid-electrode distance is 4 mm.

In comparison, with all the other parameters the same yet without the grid, the
surface voltage in the same area can be higher by more than 50% and follows a bell-
shaped distribution. It is clear that if the needle-grid distance is too short, the effective
grid voltage can be affected and the upper limit of needle voltage must be relatively low.
For instance, if the grid voltage is set as 2 kV, when the needle-electrode distance is 2
cm, the highest voltage of the needle can only be 8 kV; otherwise the grid voltage would
be raised and somewhat uncontrollable.

As shown in Figure 2.7a, as the needle voltage (V») is set to 8 kV, a larger central

area of polymer film can be charged uniformly, compared to V, = 7 kV. When the

needle-electrode distance (dne) is increased to be 4 cm, the grid voltage is independent
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of the needle electrode; the needle voltage can be as high as 11.5 kV without boosting
the grid voltage (2 kV). Figure 2.7b shows the voltage distribution of samples charged
with the same grid voltage (2 kV) and various needle voltages from 8 kV to 11.5 kV. It

can be seen that the higher the needle voltage, the larger the central uniform area would

be.
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Figure 2.7 Influence of the needle voltage (Vn) and the needle-electrode distance (dne)
on 25-um-thick PET films charged by the triode system. a) dne = 2 ¢cm; Vn =7 kV or 8
KV. b) dne = 4 cm; Vh =8 kV, 9 kV, 10 kV, or 11.5 kV. The grid voltage is 2 kV; the
grid-electrode distance is 4 mm; the charging time is 60 s.

With all these factors being taken into account, the needle-grid distance should
be sufficiently large to avoid unnecessary interaction between the needle and the grid;

yet also sufficiently small to avoid high degree of heterogeneity of surface voltage of

charged film (Figure 2.5a). The optimum needle-electrode distance is around 4 cm.

2.3.3 Chargeability of polymers

The chargeability of different polymers is tested (Figure 2.8). With the Vi being

8 kV and Vgas 2 kV, the surface voltage distributions of 125-um-thick PC, PET and
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PFA films are quite similar. The surface voltage of PC is slightly higher than that of
PFA films; the surface voltage of PET is the lowest. However, if the Vi, is increased to
be 11.5 kV, the area with surface voltage higher than 1800 V on the PC film is

considerably larger than that of PET. That is, PC has a better chargeability than PET.

b) 2800

a) 2800

1800

]
800 .-\—J
-

-200

g

-
J
n

-

Voltage (V)
)
\
-DJ
m
—'
i
f
\‘
Voltage (V)
e o
s ! ﬁ
A
|
\

-

N

g
o

-1200

-2200

-3200

1_0
Location (cm)

15

20

g

g

\ N l,
‘\‘__..----‘---‘----.---lc::.l‘a--‘-:--’

5 10 15
Location (cm)

20

Figure 2.8 Chargeability and charge distribution. a) PC, PET, and PFA films charged at
needle voltage of 8 kV, b) PC and PET films charged at needle voltage of 11.5 kV. The
film thickness is 125 um; the grid voltage is 2 kV; he needle-electrode distance is 4 cm;
the grid-electrode distance is 4 mm; the charging time is 60 s.

The short-term stability of surface voltage of these polymer films are shown in
Figure 2.9. There is almost no change in surface voltage distribution for PET and PC
films after 10 min of charging; however, during the same period of time, the surface
voltage of PFA film decreases significantly from an average value of -1894 V for the

middle 7 measurement points on the front side and 1660 V for the back side to -1313 V

and 1193V, respectively, suggesting that the charge stability on PFA is quite poor.
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Figure 2.9 Surface voltage distributions immediately (0 min) and 10 min after charging:
a) PET, b) PC, and c) PFA. The film thickness is 125 um; the needle voltage is 8 kV;

the grid voltage is 2 kV; the needle-electrode distance is 4 cm; the grid-electrode
distance is 4 mm; the charging time is 60 s.

2.3.4 Effects of grid parameters

Among PET, PFA, and PC, PC has the best chargeability and surface voltage
stability. To precisely control the electrification process, we tested a few key grid
parameters.

The charged areas in electrified films, i.e. the areas where the surface voltages
are within 200 V from the grid voltage, are dependent on Vg (Figure 2.10a): ~125 cm?,
~92 cm?, and ~64 cm? for grid voltage of 1 kV, 2 kV, and 3 kV, respectively. The
charged area considerably decreases as Vg rises. In these tests, the needle voltage, Vy, is

kept at 8 kV. When the needle voltage is increased to 9 kV, the charged area increases
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to ~135 cm?, ~95 cm?, and 68 cm?, respectively, for grid voltage of 1 kV, 2 kV, and 3
kV; that is, the effect of grid voltage is somewhat weaker. The reduction in charged area
at higher grid voltage may be attributed to the larger repulsive field between the grid

and the needle, which hinders the charge transport in corona.
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Figure 2.10 Influence of the grid voltage (1 kV, 2 kV, or 3 kV) on the surface voltage
distribution of charged films with different needle voltage (Vn). a) Va =8 kV, b) Vh, =9
kV. The material is 125-um-thick PC film; the needle-electrode distance is 4 cm; the
grid-electrode distance is 4 mm; the charging time is 60 s.

The grid-electrode distance, dge, also affects the surface voltage distribution of
electrified PC film. As shown in Figure 2.11, with the needle-electrode distance (dne) of
4 cm, when the dge is 4 mm, the charged area, i.e. the field where the surface voltage is
higher than 1800 V, is ~125 cm?; when dge is increased to 12 mm, the charged area
decreases to ~90 cm?; when dge further rises to 12 mm, the charged area is only ~35 cm?
and the surface voltage tends to be much less uniform. Clearly, reducing when dge is
beneficial to generate larger charged area with homogeneous surface charge distribution.

Moreover, with a given needle-electrode distance, a smaller grid-electrode distance

leads to a larger grid-needle spacing, so that the effective grid voltage is not influenced

by the needle voltage.
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Figure 2.11 Influence of the grid-electrode distance (4 mm, 8 mm, or 12 mm) on the
surface voltage distribution of electrified 125-um-thick PC films. The needle voltage is
10 kV; the grid voltage is 2 kV; the needle-electrode distance is 4 cm; the charging time
is 60 s.

2.3.5 Effects of charging time

Charging time, tc, is another important parameter. In our experiment, PC films
with the thickness of 125 um were corona treated for different durations, ranging from
10 s to 180 s. As shown in Figure 2.123, the charged area increases with the charging
time.

Figure 2.12b, for instance, shows the surface voltage at the point 3.6 cm from both
edges of electrified film. The surface voltage distribution also becomes more uniform
as tc is longer. There exists a critical tc, around 10-20 s, below which the charged area
rises rapidly with the charging time and above which the effect of t saturates. With the
uniformity of surface voltage, charged area, energy consumption, and processing time

being taken into consideration, the optimum charging time is 20 s to 60 s.
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Figure 2.12 Effects of charging time. a) Surface voltage distribution of samples charged
for 10s,20s, 40 s, 60 s, and 180 s. b) Surface voltage at (3.6 cm, 3.6 cm) on the film.
c¢) Charged area, i.e. the field where surface voltage is above 1600 V, as a function of

the charging time. The material is 125-um-thick PC film; the needle voltage is 10 kV;
the grid voltage is 2 kV; the needle-electrode distance is 4 cm; the grid-electrode

distance is 4 mm.

2.4 Concluding Remarks

A triode corona charging system was built up with controllable charging
parameters: needle polarity and voltage, grid polarity and voltage, needle-electrode and
grid-electrode distances, charging time, and temperature. On the front and back sides of

electrified PC, PET, and PFA films, the polarity was opposite while the magnitude of
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surface potential was similar. The initiate voltage of corona was around 5 kV to 5.5 kV
for the 0.1-cm-radius needle electrode when the needle-electrode was 4 cm. The initiate
voltage increased with the needle-electrode distance and the radius of curvature of the
needle tip. With the same corona system setting, thicker PET films had higher surface
potential than thinner ones. Decreasing needle-electrode distance led to a higher surface
potential of electrified film, yet the charged area was reduced. Higher needle voltage
led to a larger charged area, yet this effect saturated when the needle voltage exceeded
a certain value.

Inserting a metallic grid between the needle electrode and the grounded plate
electrode could significantly enhance the homogeneity of surface voltage of charged
polymer films. The surface voltage of electrified film was typically close to, but slightly
lower than the grid voltage. Increasing the needle voltage was beneficial to increasing
charged area; however, when the needle-grid distance was small or the needle voltage
was high, the grid voltage might be unstable or non-uniform. To achieve a large
uniformly charged polymer surface, relatively large needle-electrode distance, small
grid-electrode distance, large needle-grid distance, relatively high needle voltage are
desirable. Increasing charging time could increase the charged area, but this effect
saturated when the charging time was longer than 20 s. The optimum charging time is
likely in the range from 20 s to 60 s. Among the investigated polymer materials, PC
films had the highest chargeability and the most stable surface voltage. PFA films could

hold the charges stably.
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Chapter 3 Corona charging: Dipolar charge distribution

3.1 Introduction

For corona charged polymer electrets, their long term stability,[*52 1531 charging
mechanisms and processes, charge distribution,% 146:1541 a5 well as electrical potential
distribution [62 151 have been extensively investigated. The study in this field provided
important information of the interaction among charges and dielectric materials.

The surface-voltage decay of corona charged polymeric films has been
commonly noticed.[1%: 150, 1561 A classic “cross-over” phenomenon was first reported by
leda et al. in 1967, indicating that the surface voltage of polyethylene (PE) films charged
with higher initial potential (Vi) decayed faster than that of lower Vi; eventually, PE
films with lower Vi would have higher long-term surface voltage than higher V.15
However, other dielectric materials may demonstrate different characteristics.®@ The
surface-voltage decay time constant varies from minutes to years, depending on the
material properties and the charging parameters.[®”- 1% |n general, the decay of surface
voltage is a complex procedure that may involve surface conduction,®® volume
conduction,®! atmospheric neutralization,[®* ®! external charge injection,[®®! electric
field polarization,®®] humidity and contamination attraction,®®! among others. To
manufacture polymer electrets with stable surface voltages, it is imperative to
systematically examine the effects of key parameters on the decay rate. Such parameters

include polymer species,® 1% film thickness,*% charging voltage and temperature, 1%
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1031 working environment,®® etc. Most of them come in by affecting the charge
distribution and charging mechanism. In addition to directly monitoring the surface
potential of the charged films with voltmeter,[®® other experimental approaches such as
thermal stimulated discharge (TSD),[*% %1 pylse electro acoustic (PEA),[%! and laser
induced modulation (LIMM) %71 have been developed to precisely measure the charge
amount and distribution. However, those technologies often have tight requirements on
materials properties and charging/discharging conditions.®!

Currently, there are a few of charging models of electret formation, each
capturing a subset of the observed phenomena: 1) Dipole alignment/polarization in polar
polymers and polarizing electric field can be offered by the corona and/or the
accumulated surface charges;[% & 2) injection of charges from the surface into the bulk
by the corona electric field and/or by the accumulated surface charges (the injection
may happen at only one side or on both sides of the film);®@ 3) combination of
polarization and charge injection.®® These models shed much light on the nature of
charging and discharging of polymer surfaces, having important relevance to the
application of electrets in transducers, @ electrophotography, recording,[®! advanced
filtration; motors and generators;[’? dosimeters;[”®! piezoelectric devices,[4]
microphones,® energy harvesting systems,® etc.

In this Chapter, we investigate a few key processing parameters that govern the
voltage stability of electrified polymer surfaces, e.g. the material, the film thickness, and
the charging temperature. The charge distribution and its influence on electric potential

distribution are analyzed in detail. Dipolar charge distribution caused by simultaneous
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charge injection from both sides of polymer film is identified as the dominant charging

mechanism for the parameter settings under investigation.

3.2 Experimental

3.2.1 Triode corona charging

A corona charging system (Figure 2.1) was built up to electrify selected polymer
films. The setup consisted of a needle electrode, an optional metal-wire grid, a grounded
plate electrode, heating elements, and two high-voltage power supplies. A 0.75-inch-
long 0.059-inch-diameter tungsten needle was employed as the needle electrode. The
curvature of the needle tip was ~0.1 mm. A grid was placed between the needle and the
sample. It was made of stainless steel 304 wires, with the wire diameter of 0.016 inch
and the mesh size of #20. The distance between the needle and the grounded plate
electrode (dne) was set as 4 cm, and the spacing between the grid and the electrode (dge)
was 4 mm. The needle voltage and the grid voltage were controlled by two polarity
switchable Glassman Co. Lt., FJ Series 120 Watt regulated high-voltage DC power
supplies, respectively, with the same polarity. The voltage could be adjusted in the range
from 0 to £40 kV for the needle, and from 0 to £20 kV for the grid. Charging time was
controllable in the range from a fraction of second to a few hours; charging temperature
could be adjusted by a hot plate underneath the grounded electrode, with less than 5 °C

temperature variation in the 12-inch range.
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We investigated a few transparent polymer films commonly used in industry:
PP, PET, PMMA, PC and FEP. The film thickness was 25 pm, 50 um, or 125 pm. All
the films were 3 inch x 3 inch large. They were ultrasonically cleaned first in isopropyl
alcohol (IPA) for 5 min and then in de-ionized (DI) water for another 5 min, followed
by drying in a vacuum oven at 70 °C for 24 hr. During charging, a polymer film sample
was placed onto the grounded electrode, with the grid 4 mm above and the needle
pointing to the center of the film. According to the parameterized study in Chapter 2,
the needle voltage, Vi, was set to 12 kV. The corona polarity was set as positive and the
grid voltage, Vg, was set to 2 kV, except where specifically noted. After corona charging,
the polymer films were at rest in a sealed dry keeper (H121227 Sanplatec Corp. Sanpla)

at ambient temperature with the relative humidity (RH) around 40 %.

3.2.2 Potential measurement

After corona charging, the charged sample was characterized with voltmeter
(Trek, Model 344 electrostatic voltmeter) and fieldmeter (Simco, FMX-004 electrostatic
fieldmeter). For the voltmeter measurement (Figure 3.1a), the polymer film was placed
on a grounded electrode, and a Kelvin vibrating probe was positioned 5 mm above the
sample. It could measure the average surface voltage over a small surface area less than
10 mm in diameter. Since the film was backed by the grounded electrode, the voltmeter
reading reflected the voltage distribution of the side facing the probe. With Vy=12 kV,
dne=4 cm, dge=4 mm, charging time tc =60 s, and charging temperature T=65 °C, we

could charge the films uniformly with the voltage variation less than 50 V along the film
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surfaces. Typically, for a charged sample we measured the surface voltage values at 5
points across the film, and calculated the average value. After the top side of the film
(the side facing the needle and grid during charging) was measured, the sample was
turned over and the voltage along its bottom side was measured, with the top side firmly

attached to the grounded electrode.
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Figure 3.1 Measurement methods of surface voltage: a) Voltmeter and b) Fieldmeter.

In fieldmeter measurement (Figure 3.1b), the probe was placed 25 mm away
from the polymer film, as the film was free-standing in air. The fieldmeter reading
reflected the contributions from both sides of the film. Any contact between other
objects with the charged surfaces was carefully avoided. For each parameter setting, at
least 5 samples were charged and measured. Surface-voltage stability tests were carried

out for 7 days, with the surface voltages being monitored once every 24 h.
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3.2.3 Short-circuit discharge

To understand the charge distribution and charging mechanism of the electrified
polymer films, we carried out short-circuit discharge experiments. A charged polymer
electret film was firmly placed on a grounded plate electrode, which was connected to
the negative end of a Keithley-2420 sourcemeter for current measurement. The positive
end of the sourcemeter was connected to a 1.5 inch x 2 inch large 20-um-thick
aluminum (Al) foil. The Al foil was placed adjacent to the top side of the charged
polymer film. Through induction, the charged polymer film attracted the flexible Al foil
along the entire surface, forming a short circuit. Thus, discharge occurred, typically in
less than 0.2 s. The short-circuit discharge current-time profile was recorded.

To test the discharge current direction and to understand the charge polarity
distribution, one group of positively corona charged polymer film samples were
measured with their top sides connected to the positive end of the sourcemeter; another
group of samples were measured with their bottom sides connected to the positive end
of the sourcemeter. Two other groups of samples charged with negative corona were
also measured, along both directions. The total discharged charge amount was
calculated by integrate the current-time curve. At least 5 samples were measured for

each parameter setting.
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3.3 Results and Discussion

3.3.1 Parameters affecting the charge stability

3.3.1.1. Effects of polymer material

‘ - - - . PP
— 15 PET
=
Q
E” 1
S
0.5
~ PMMA
50 um i ” .
0 L L
0 1 2 3 4 5 6 7

Time (days)
Figure 3.2 Comparison of surface-voltage stability of 50-um-thick corona charged PP,
PET, FEP and PMMA films. The needle voltage Vi = 12 kV; the grid voltage Vg = 2 kV;
dne = 4 cm; dge = 4 mm; the sample size is 3 inch x 3 inch; the charging temperature T
= 20 °C; the charging time is 60 s.

The stability of surface voltages of corona charged films of various polymers is
evaluated. Figure 3.2 compares the stability of surface voltages of 50-um-thick PP, PET,
FEP, and PMMA films charged with Vq = 2 kV for 60 s at 65 °C. For PMMA and FEP,
the surface voltage reduction are more than 80% and 12% after the first 24 h,
respectively. PP and PET films can maintain more than 95% and 85% of their surface

voltages after 7 days, respectively. The surface-voltage decay (AVs) slowed down after

the 4™ day; from the 4" to the 7" day, AV; is around 1%, 5%, 17% and 13% of the initial
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value for PP, PET, FEP, and PMMA films, respectively. Clearly, in terms of voltage
stability, PP is better than the rest three materials under investigation; PET is the second
best; PMMA has the lowest performance. The top and the bottom sides of charged film
have nearly the same amplitudes of surface voltage (Vv) over time, measured by the

voltmeter.

3.3.1.2. Film thickness effects

Figure 3.3a shows the voltage stability of PET films with various thicknesses
from 25 pm to 125 pm; all the other charging parameters are the same. It can be seen
that the decay of surface voltage of 25-um-thick PET films is quite fast, with only ~60%
voltage left after 3 days. For films with thicknesses of 50 um and 125 pm, the voltage
reduction over the same period of time are only ~10% and ~6%, respectively. Especially,
from day 3 to day 7, the surface voltage of 125-pum-thick film enters a steady-state, with
the voltage reduction less than 20 V.

Surface voltage of FEP film is generally less stable that of PET film. As shown
in Figure 3.3b, the voltage of 25-um-thick FEP film is only ~45% of V; after 7 days; the
decay of voltage of thicker FEP films is much slower. The decay rates of 50-um-thick
and 125-um-thick films are nearly identical, suggesting that the film thickness effect
has saturated; for both thicker films, ~60% of Vi is kept to the end of the 7" day.

Itis clear that thicker polymer film tends to have a better surface-voltage stability
in the ranges of parameters in the current study. The beneficial thickness effect saturates

as the film thickness exceeds a certain critical value.
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Figure 3.3 Influence of film thickness on voltage stability: a) PET films and b) FEP
films. The film thickness is either 25 pum, 50 pum, or 125 um. The needle voltage Vn =
12 kV; the grid voltage Vg = 2 kV; dne = 4 cm; dge = 4 mm; the sample size is 3 inch x 3
inch; the charging temperature T = 20 °C; the charging time is 60 s.

3.3.1.3. Effects of initial surface voltage

PET films of various thicknesses are charged with different grid voltages (Vy),
so that their initial surface voltages (Vi) distribute in a broad range, as shown in
Figure3.4. Figure 3.4a indicates that the voltage stability of 25-um-thick PET film
charged with Vg = 3 kV is quite poor, compared to Vg = 2 kV and 1 kV. After 5 days,
the voltages of the films with Vg = 3 kV and V¢ = 2 kV both converge to ~1 kV, although
the former has a much higher Vi. The films with Vg = 1 kV demonstrates the slowest
voltage decay rate. For PET films with the thickness of 50 um (Figure 3.4b) and 125
um (Figure 3.4c), the voltage decay rates decrease as the thickness rises. After 7 days,
more than 90%, 93% and 94% of V; is maintained by 125-um-thick films charged at Vg
=3 kV, 2 kV and 1 kV, respectively. Since the voltage decay rate of films with high Vi
tends to be faster, the “cross-over” phenomenon is likely dominant when the film

thickness () is less than 50 pm.[*% For the thicker films (e.g. 125-pum-thick films) or
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films having inherently high voltage stability (e.g. PP films), it may take a relatively

long time for the “cross-over” phenomenon to occur.
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Figure 3.4 Influence of the initial voltage on the voltage stability of PET films with
different film thicknesses: a) 6=25 um, b) 6=50 um, ¢) 6=125 um. For samples charged
with Vy =1 kV, the needle voltage V, = 8 kV and the grid voltage Vg = 1 kV; for samples
with Vy =2 kV, Vn = 12 kV and Vg = 2 kV; for samples with Vy =3 kV, V, = 13 kV and
the grid voltage Vg = 3 kV. For all the samples, dne = 4 cm; dge = 4 mm; the sample size
is 3 inch x 3 inch; the charging temperature T = 20 °C; the charging time is 60 s.

3.3.1.4. Effects of charging temperature

Charging temperature, T, is another important factor affecting the stability of
surface voltage (Figure 3.5). For PET films with the thickness of 50 um, if T = 100 °C
is much higher than the glass transition temperature (T ~ 80 °C), the initial voltage after

charging (Vi) is around 1.4 kV, much lower than the grid voltage Vg = 2 kV. When T is
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lower than Tg, (e.g. T = 20 °C or 65 °C), Vi is around 1.9 kV, close to the grid voltage.
The low Vj at T > Tg may be attributed to the high-temperature discharge that occurs
when the film sample is dismounted from the grounded plate electrode. It is also noticed
that for all the tested samples, the measured potential is always at least ~100 V lower
than the grid voltage, which, again, should be related to the surface discharge during
dismounting process after the charging has been completed. It may also be associated
with the imperfection at the sample-electrode interface, during the voltmeter

measurement.
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Figure 3.5 Influence of the charging temperature on the voltage stability of 50-pum-thick
PET films charge with the grid voltage of 2 kV: the top side (up) and the bottom side
(bottom). The needle voltage Vi = 12 kV; the grid voltage Vg = 2 kV; dne = 4 cm; dge =
4 mm; the sample size is 3 inch x 3 inch; the charging temperature is 20 °C, 65 °C, and
100 °C respectively; the charging time is 60 s.

The influence of the charging temperature on the voltage decay rate of charged
films is secondary, regardless of the variation in Vi. This phenomenon is different from

the V; effect discussed in Section 3.3.1.3, where a higher V; caused higher Vg would

speed up the reduction in surface voltage, suggesting that the voltage stability depends
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on not only the initial voltage, but also the history of charging, i.e. how the initial voltage
is reached. In general, compared with T > Ty, when T < Ty a higher Vi can be achieved

with a relatively high voltage stability.

3.3.2 Dipolar component of surface charges

Many previous studies on electrets were based on voltmeter measurement of
voltages of electrified films on grounded electrodes. In our tests, we also analyzed
surface voltages of free-standing electret films from both sides by using fieldmeter, with
the probe 25 mm away from the film surface.

As extensively discussed in literature,[® % 143l the surface voltages of electrets
processed under nominally same conditions varied in broad ranges; in some cases even
the polarity could be different. For instance, in Figure 3.6a, immediately after charging
with the same parameter setting, one PP film had the surface voltage (measured by the
fieldmeter), Vi, of 10.2 kV on the top side and Vi 8.9 kV on the bottom side; the V¢
values of another PP film were 8.4 kV and 7.1 kV, respectively. All the ten charged
samples demonstrated different surface voltages.

Figure 3.6 shows the decay profiles of surface voltages. The insets in Figure3.6a
and Figure3.6b demonstrate magnified views. It is remarkable that, while the absolute
values of surface voltage of films charged under the same condition can be vastly
distinct, the voltage different between the front and the bottom sides, AVs, are nearly
identical; over time, it rapidly converges to a steady-state after the first 24 h. The ratio

between AVs and the voltmeter measurement result, Vy, is shown in Figure 3.6c, d. For
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instance, for the two PP films shown in Figure 3.6a,c, AVr immediately after charging
are both 1.3 kV, and Vy on the top and the bottom sides are 1.91 kV and -1.86 kV,
respectively; after 7 days, AVs becomes 1.15 kV and Vy decrease to 1.80 kV and -1.79
KV, respectively. The ratio between AVs and Vy is around 1.5~1.6 during the entire
process. For the two PMMA films shown in Figure 3.5b, d, AVt reduces from 1.2 kV to
0.17 kV after 7 days; Vit reduces from 1.709 kV to 0.268 kV, and V., decreases from -
1.658 kV to0 -0.214 kV. Note that the decay rates of AVrand Vy remain similar from day

1 to day 7, and the ratio between them, R = V\/AVy, is approximately a constant.
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Figure 3.6 Comparison between voltmeter and fieldmeter measurement data. a)
Fieldmeter measured top-side voltage, Vi, and the back-side voltage, Vs, of two 50-um-
thick PP films charged with the same parameters. b) V& and Vi of two 50-pum-thick
PMMA films charged with the same parameters. Comparison of voltmeter measured
results of top side (Vi) and bottom side (V) of ¢) PP films and d) PMMA films. The
needle voltage Vi = 12 kV; the grid voltage Vg = 2 kKV; dne = 4 cm; dge = 4 mm; the
sample size is 3 inch x 3 inch; the charging temperature T = 20 °C; the charging time is
60 s.

-2.5




58

Figure 3.7 shows the decay profiles of AVt for PP, PET, FEP and PMMA films.
The decay trend is compatible with Figure 3.2, with R being ~1.5 over the period of
measurement for all the films. That is, the R ratio is a system constant, quite independent
of the material properties and the surface voltage decay. It reflects the dipolar charge
distribution in the films, detected by the voltmeter and the fieldmeter through different
mechanisms, discussed in Section 3.3.4 below. The variations of the R values of PMMA

and FEP films are mostly related to the uneven decay rates along film surfaces.
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Figure 3.7 a) Voltage decay profile of AV of 50-um-thick PP, PET, FEP and PMMA
films. b) The change in ratio R = V\/AV+. The needle voltage Vi = 12 kV; the grid voltage
Vg = 2 kV; dne = 4 cm; dge = 4 mm; the sample size is 3 inch x 3 inch; the charging
temperature T = 20 °C; the charging time is 60 s.

3.3.3 Short-circuit discharge on PC films

Based on the aforementioned testing results, we hypothesize that the charges

on the top and the bottom sides of a film are mainly injected from the corona and the

compensating grounded electrode, respectively. The majority of the charges accumulate
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in the surface zones, with the rest small portion of charges entering into the interior.
Even if polarization could happen, its effect is secondary.

To validate this hypothesis, short-circuit discharge experiment was conducted,
as shown in Figure 3.8. For PC film charged with positive corona, when the negative
(bottom) side of film is connected to the positive end of the ammeter, electrons escape
from the negative side to the positive side of film through ammeter. If connections of
positive and negative ends of ammeter are shifted, the discharge current direction would
be reversed. That is, the positive charges on the top side of the film are from the positive
corona, and the negative charges on the bottom side are from the compensating
grounded electrode, rather than the polarization in the interior. Similar results are

obtained on films charged with negative corona.
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Figure 3.8 Discharge profiles of two 125-um-thick PC films charged with positive
corona, and top side or bottom connect to positive side of the ammeter, respectively.
The initial surface voltages of both films are 1.3 kV.

The short-circuit discharge profiles of films of various V; are shown in Figure

3.9. The discharge happens instantaneously after the formation of short circuit, within
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0.1 s. By integrating the discharge current over time, it can be seen that the discharged
charge amount increases with Vi. Moreover, after the discharge current vanishes, a
relatively low residual potential (~200 V) remains on the surfaces of all the tested

samples, which should be attributed to the charges in the interior.[*%7]
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Figure 3.9 Discharge profiles of 125-um-thick PC films charged with negative corona
with different initial surface voltages: a) 0.85 kV, b) 1.0 kV, ¢) 1.3 kV, and d) 1.7 kV.

3.3.4 Model of dipolar charge distribution

3.3.4.1. Charge density and voltmeter measurement result

The fact that the R ratio is nearly constant regardless of the large variation in Vi
and the voltage decay may be explained by the model of dipolar charge injection:
Consider a polymer film charged with positive corona; the top side is positively charged
with the surface charge density of oy, and the bottom side is negatively charged with
the charge density of o, as shown in Figure 3.1. The magnitudes of o; and o, should

be similar. The sample is firmly placed on a grounded electrode for voltmeter
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measurement. The density of the induced charges in the electrode is o5, when the
positively charged top side faces upwards, and o;, when the bottom side faces
upwards. The voltmeter readings are denoted as V1 and V2 for the two cases, respectively.

Assume that the surface charge distribution is continuous. The overall surface
voltage can be calculated as the summation of the contributions from all the charges, dq,
with the potential at infinity set to zero. The electrical potential caused by dqg at a

location r away from the charge is

L (Eq. 3.1)

T Amey T

where g, is the permittivity.
The sample is square-shaped, with the size of L. A representative small area
carries dg=cdxdy, with o being the average charge density and dx and dy the length and
the width, respectively. If the film is at (x, y, 0) and the probe, M, is located at (0, 0, z),

the voltage offered by a single charged surface is

L/2

L/2
V(og,z) = f f p— x2+y2+22 dx dy (Eq. 3.2)
-L/2

Integration of Eq. 3.2 gives

2 2 2
V(o,z)=- | 2zeArcTan| — = |+ 1| In| -L+ ,LH? ]_|n[E+ ’LHZ (Eq. 3.3)
27z, 42\/@ 2 \2 2 \2
2

Denote the film thickness as t and the height of voltmeter probe as zyoi. As shown

in Figure 3.1b, the potential measured by the voltmeter is the summation of the potential

offered by the top side of charged film V (o4, z,,,;¢), the potential offered by the bottom
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side V(o2 (Zyoir +t)) , and the inducted potential on the grounded
electrode V(aa,l, (Zyorr + t)). Thus, Eq. 3.4 gives the electric potential V; measured
by the voltmeter for the top side, and Eq. 3.5 gives V, measured by the voltmeter from
the other side:
Vi = V(01 Zyore) + V(02 (Zyore + 1)) + V(06,1, (Zyore + 1)) (Eq. 3.4)
Vo = V(02 Zyore) + V(01 (Zyore + 1)) + V (06,2, (Zpore + 1)) (Eg. 3.5)
As the bottom side of the film is in contact with the grounded electrode,
0= V(ay,—t) + V(03,0) + V(051,0) (Eg. 3.6)
0 = V(oy,—t) + V(0,,0) + V(05,4,0) (Eq. 3.7)
The parameters involved in Eq. 3.1 to Eq. 3.7 are given in Table 3.1, based on
the experimental measurement. It can be shown that the surface charge density,o and
the electric potential measured by voltmeter, Vy, are linear to each other (Figure 3.10a).
In Figure 3.10b, the parameters of an electrification test of PP film are used: the needle
voltage is 12 kV; the grid voltage is -2 kV; the charging temperature is 60 °C; the
charging time is 60 sec; the sample size is 3 inch; the sample thickness is 125 um; the
surface voltages measured by voltmeter form the top and the back sides are ~2 kV and

-2 kV, respectively.

Table 3.1 Parameters used in Eq. 3.1 to Eq. 3.7

Parameter (unit) Values
& (F/m) 8.85x 10712
t (m) 50% 107°
Zyolt (m) oX 10_3
Zfield (m) 25% 1073
L (m) 0.076
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Figure 3.10 a) Calculated relationship between the surface charge density (o) and the
voltages measured by voltmeter (V). b) Decay profiles of Vy and ¢ of a corona charged
50-um-thick PP film. c) The effect of ot on Vi, Vub, Vi, and V.

According to our experimental results, Vi~ —Vz2 and o; = —a,; the top side of
the polymer film shares the same polarity with the corona, and the bottom side is
oppositely charged. For polymer film charged with the grid voltage of 2 kV, the
magnitude of surface voltage measured by voltmeter should be ~2 kV. Combination of
Eq. 3.3 to Eq. 3.7 indicates that the surface charge density on the top side of the sample
in Figure3.10b is o; = 4.003x10* C/m?, and o, = -4.003x10* C/m? on the bottom
side.

If we assume that the corona charging is based on polarization,®” the charges of
the top side should have opposite sign compared with the corona, contradictory to our

experimental result. If we assume that the majority charges are obtained through charge
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injection from each side of the film, the top side should share the same polarity with the
corona, and the bottom side has the opposite inducted charges form the grounded
electrode, fitting well with our observations. Polarization may still take place in the
interior, but its contribution to surface voltage is much less than that of charge injection.

In the above discussion, ¢; and o2 are represent a dipolar charge distribution,
since they have opposite signs. It explains why AVrand its ratio to voltmeter reading are

constant over time for different films. More details will be elaborated below.
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Figure 3.11 a) The relationship between the surface charge density and the film
thickness. b) The relationship between the surface charge density and the initial surface
voltage. Size: 3 inch x 3 inch. Charge uniformly distributed.

From Eqg.3.4 to Eq.3.6, we can obtain the relationship among the surface charge
density, the film thickness, and the grid voltage, as shown in Figure 3.11. With the same
measured surface voltage, a thinner film must have a higher charge density, since the
distance between the oppositely charged top and bottom layers is shorter. With a given
film thickness, the surface charged density is proportional to the initial voltage. It is

consistent with our experimental results that the surface voltages of thinner films or

films with higher initial potentials decay faster. That is, polymer film of a larger surface
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charge density tends to have a higher voltage decay rate, which can explain the well-

known “cross-over” phenomenon.

3.3.4.2. Effects of free charges on surface voltage

While o, = —a5, in an actual film sample there would always be a relatively
small difference between them, denoted as of; i.e. or = g;+0. It will be referred to as
free charge in the following discussion; its magnitude is much smaller than the dipolar
charge density o; and o,. However, even a small o can cause a large fieldmeter
measurement result of surface voltage.

As shown in Figure 3.1a, the fieldmeter reading captures the electric potential
of the entire charged film. Fieldmeter measurement is conducted at a constant distance
Zrieta (25 mm in our experiments) away from the film surface. Based on Eq. 3.3, the
fieldmeter result on both sides of the film can be respectively calculated as

Vii = V(01 Zfie1a) + V(02 (Zriera + 1)) (Eg. 3.8)
Via = V(02 Zrieia) + V(01, (Zie1a + 1)) (Eq. 3.9)

In order to examine the effects of of, we set o, as a constant value, and vary o
in a narrow range around —a,. The variations of surface voltages measured by voltmeter
and fieldmeter associated with the slight change in g, are shown in Figure 3.10c. The
fieldmeter measurement result changes drastically in a broad range and can even change

its polarity, with a or as small as 0.1%o,. For example, when o; changes from

3.997x10* C/m? to 4.009%10* C/m?, Vi increases from -268 V to 1384 V and Vs, varies
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from -1369 V to 270 V. Note that the potential difference between the top side and the
bottom side (AV¥), the voltmeter measurement result (\Vy), and the R ratio do not change
with o, fitting well with the experimental phenomena.

According to Eq. 3.1, the Columbic potential at (x', y’, z") caused by a uniformly
charged layer at (x, y, 0) is

L/2—=yr
/2=y —xI+L/2

[ _ (o)
Varb(x Yoz ,O') - f )2 —4“50m dx dy (Eq 310)

yr—L/2

Integration of Eq. 3.10 gives
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(Eq. 3.11)
Hence, the electrostatic potential caused by square electret with dipolar charge
distribution can be obtained as
Ve(x',y",2") = Vorp(x', ¥, 2", 00) + Vorp (', y', (2" + t),0,)  (EQ. 3.12)
The surface voltage of a 3 inch x 3 inch film charged with 2 kV grid voltage is
calculated by Eg. 3.12 and the results are shown in Figure 3.12. We assume that the
charges injected by corona charging distribute on the film surface uniformly, and the
polarities of the front and back sides are opposite. Figure 3.12a shows the potential
distributions with ¢t =0, at z=25 mm or z=-25 mm. It can be seen that the potential near

edge is lower than that of at central area, and the distribution is symmetric on each side.



67

The potential distribution at plane Y = 0 is shown in Figure 3.12b. Positive potential is
indicated by the yellow color, and negative potential is in blue. The potential decreases
with z and the distance to the center. When o =0, the potential measured at z=+25 mm
are 0.556 kV and -0.556 kV, respectively. If a charge density of 60=0.362 uC/m? is
added onto the top side of the film, the potential distribution will significantly change
(Figure 3.12c); the potentials at z=£25 mm become, respectively, 1.056 kV and -0.056
kV; the yellow positive area is broader than the blue negative area. If the added charge
density is further increased to 0.724 nC/m? (Figure3.12d), the potential on both sides of
the film rise by another 0.556 kV; at the top side, the positive potential is higher and the
positive-potential area is larger, and at the back side the negative-potential area is much
smaller. At z=-25 mm, the polarity even switches from -0.056 kV to +0.444 kV. If -
0.362 pC/m? is added on the back side, the potential at top side changes from 0.556 kV
t0 -0.056 kV and larger negative-potential areas can be seen on both sides (Figure 3.12e).
If -0.724 uC/m? is added on the back side, the negative potential is more intense and its
area is broader (Figure 3.12f). Noted that 0.362 pC/m? is just ~0.1% of the charge
density caused by corona charging. Such a small density of free changes can already
drastically change the absolute values of the surface voltages on both front and back
sides, even their polarities; however, the voltage difference across the film thickness is

not affected, as the much larger corona induced charge density change much slower.
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Figure 3.12 Modeling of potential distribution of 3 inch x 3 inch electrified polymer
film with V\=2 kV: a) Potential distribution on each side of the film, 25 mm away from
the film surface. Potential distributions of the film at plane Y=0 in the central 5 cm x 5
cm area of the film, when b) ot =0, ¢) 60=0.362 uC/m? is added to the top side, d)

00=2x0.362 nC/m? is added to the top side, €) 5o=-0.362 uC/m? is added to the top side,
f) 00=-2x0.362 uC/m? is added to the top side.

3.4 Conclusion Remarks

Upon corona charging, various polymer films have different surface voltage
stability. Among the tested materials, the voltage decay rates of PP and PET are much
lower than those of PC, FEP, and PMMA. Surface voltage of thicker film tends to be
more stable than thinner film, yet this effect saturates as the thickness increases. When
initial surface voltage rises with the grid voltage, the voltage decays faster. Charging
polymer film at T > T4 leads to an initial surface voltage much lower than the grid

voltage, while the decay rate is similar as that of films charged at T < Tj.
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The fieldmeter measurement results of initial surface voltages of polymer films
charged under nominally same condition can vary in a broad range. Remarkably, the
potential differences between the top and the bottom sides of the films are nearly and
do not vary much over time, even with a relatively large voltage decay; moreover, the
ratio of the voltage difference measured by fieldmeter to the surface voltage measured
by voltmeter is independent of the film material, charging condition, and decay rate and
time. This phenomenon can be explained by the model of dipolar charge injection,
which is confirmed by the short-circuit discharge experiment. In this framework, the
well-known “cross-over” phenomenon can be attributed to that a film with a larger
surface charge density tends to have a higher voltage decay rate. While the dipolar
charge distribution results in stable surface voltages on both sides of the film, a small
variation in free charge, which can be around 0.1% of the dipolar charge density, may

drastically vary the absolute value of surface voltage, even changing the polarity.

3.5 Acknowledgment

This chapter, in part, is a reprint of the material prepared to be submitted for
publication. Ying Zhong, Rui Kou, Lewis Fowlergerace, Meng Wang, and Yu Qiao.
Corona charging: Dipolar charge distribution and potential shifting. The dissertation

author was the primary investigator and first author of the paper.



Chapter 4 Contact electrification of polymer films

4.1 Introduction

In addition to corona charging™®! and thermal charging,[”® contact electrification
(CE),[*%% often also referred to as triboelectrification, is another important process that
involves charge transfer at surfaces of electrically nonconductive materials.[**"1 CE
happens when two nonconductive surfaces are separated.*34 It is a major mechanism
that causes the free charges discussed in Chapter 3, responsible to the potential shifting
behaviors of corona charged polymer films. With a surface density of free charges as
low as 0.1% of that of dipolar charges, the absolute value of surface voltage can vary in
a broad range and even the polarity may change.

The first experimental demonstration of CE was probably performed by Thales
more than 2500 years ago, as he moved amber against wool.[*%8! Since then, it has been
discovered that CE played an important roles in a large number of areas: for instance,
CE is a major reason of dust accumulation;*5%-*611 jt may result in breakdown of electric
insulting materials;!*2 CE can trigger explosion if sufficient charges are
accumulated;™®® it offers powerful mechanisms for advanced filtration, materials
selection,®® 1641 electrophotography, enhanced adhesion; surface conditioning;[*6% 1681 jt
was recently argued that CE might be a key factor in the origin of life associated with

synthesis of amino acids.[*6"]

70



71

There are a few models and theories of CE; each captures a subset of the wide
variety of observed phenomena.[*?8l The fundamental driving force of charge transfer is
still under investigation[*?> 1331 and it has not been fully conclusive what species are
actually being transferred during CE; possible candidates, such as electrons,*c]
radicals,*3¥ ions,[*3 and atoms and molecules,**¥ are being studied. Moreover, testing
data and discussions in literature on the influence of temperature and humidity may not
be always compatible with each other.*34

According to the theory of electron transfer, when a metal and an insulator
contact each other, their Fermi levels are equalized upon touching. Electrons tend to
transfer from the metal side to the dielectric material side across the interface. [ 1711
According to the theory of radical transfer, the distribution of “mosaic” charges is tightly
relate to the free radicals on the surfaces, which explains quite well the electrification at
interfaces of identical materials.[*% In the ion transfer theory, humidity is the dominant
factor; as water molecules are ionized by the strong electric filed at the interface, ions
with different polarities are left on opposite surfaces.[*3¥ In all the theories, the surface
potential is governed by the net surface charge density.l331 The impurity,
contamination,*”? and defects in the materials may also have critical effects.'”® On a
highly charged surface, e.g. when the surface charge density is ~1 pC/m?, the charging
process and the charge distribution would be quite sensitive to the adjacent defects and
as a result, the repeatability of CE can be poor.*?]

While CE commonly occur on surfaces of nonconductive materials, it can also
be observed on conductors and semiconductors, where the major difference from

nonconductive materials is that the charges dissipate much faster.[*?¢1 CE takes place at
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interfaces among solids, liquids, and gases.[!™ CE of solid interfaces can be analyzed
through triboelectric series.l!”> 781 As one material is placed in contact with its
counterpart, the more electronegative one tends to carry negative charges, and the other
side of the interface would be positively charged.[*’”) Note that the series depends on a
large number of materials and environmental parameters, such as surface treatment,
contact and separation rates, temperature, humidity, etc.l*>1 When liquid flows along a
solid surface, the liquid and the solid may obtain net charges of different polarities.[*"8]
If the electricity is harvested, it may power commercial LED.*6171 Comparing with
solid-solid CE, 18 18111 |iquid-solid CE is generally more reproductive, since the actual
contact area is controllable and the liquid composition is more homogeneous. 182 181
Because free charges may induce polarity change of electrified polymer films,
as discussed in Chapter 3, and CE can lead to a significant CE charge density, it offers
a possible approach to precisely control the surface voltage of electret, specifically
rendering the potential distribution purely dipolar. In this chapter, we treated various
polymer films with selected liquids and measured their surface voltages (Vce). The
stability of Vce was evaluated. We also discovered that if CE between liquid and
polymer took place in an external electric field, the potential of polymer film could be
precisely adjusted. A series of experiments were conducted to examine the effects of the
strength of external electric field. The repulsive forces among contact-electrified films

were characterized.
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4.2 Experimental

4.2.1 Contact electrification between polymer film and liquid

Contact electrification (CE) experiments were carried out on a variety of liquids
and polymer films. Isopropyl alcohol (IPA) solutions were prepared by ultrasonically
mixing IPA with DI water for 5 min. The IPA concentration, Cipa, was 0, 5, 10, 20, 30,
50, or 100 vol.%. Aqueous solutions of sodium chloride (NaCl) were prepared by
ultrasonically dissolving NaCl in DI water for 5 min; the NaCl concentration, Cnaci, was
0,0.5,1, 2,5, or 10 wt.%. 125-um-thick PET, PC and FEP films were cut into 3 inch x
3 inch squares. They were ultrasonically cleaned in IPA for 5 min and in DI water for
another 5 min, followed by drying in a vacuum oven at 70 °C for 24 hr. Immediately
before testing, the polymer film was exposed to a static eliminator (Keyence SJ-F2000)
for 10 sec; the initial surface voltage was measured by a fieldmeter (Simco-ion FMX-
003) from both sides and confirmed to be 0. The polymer film was then vertically
immersed in a selected liquid for 3 sec and pulled out, with the velocity of ~2.5 cm/s.
After the liquid has evaporated, the CE-induced surface voltage (Vce) was measured by
the fieldmeter, with the probe distance being zriews = 25 mm. Since the charging
conditions were the same on both sides, the surface voltage measurement result was not
dependent on the measurement direction. At least 5 samples were tested for each
parameter setting.

In another set of tests, we simultaneously applied different NaCl solutions on

the front and the back sides of the same film, respectively. The NaCl concentration,
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Cnaci, Of the solutions on both sides of the film differed by 0-10 wt%. The two liquids
were respectively applied on the two sides of the film through rinsing. At least 5 samples
were tested for each parameter setting.

To test the stability of Vcg, all the samples were preserved in an environmental
chamber, with the relative humidity (RH) being 45%. Both sides of the films were
exposed to air, not in contact with any solid or liquid objects. Their surface voltages

were measured by the fieldmeter every 24 h for 7 days.

4.2.2 Effects of external electric field

In our CE tests, we noticed that polymer films rinsed by IPA tended to have zero
surface voltage, if the IPA rinsing was performed in an external electric field, the surface
voltage might change. CE-induced surface voltage under the influence of external
electric field will be denoted as Vce’ in the following discussion.

The polymer films under investigation were 125-um-thick 3 inch x 3 inch PET
layers. An electric field was produced by a contact-electrified 125-um-thick 5.5 inch x
5.5 inch FEP film. The electric field E could be altered by adjusting the surface potential
(Vs) of the FEP film and its distance to the PET film (dg). The PET film was fully
covered by a liquid layer of IPA and placed in parallel concentrically to the charged
FEP film, with de being 25 mm, 50 mm, 75 mm, or 100 mm. After ~7 min, the IPA
liquid layer fully evaporated. The surface potential of the treated PET film (Vce’) was

measured by the fieldmeter, with the probe distance of 25 mm.
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4.2.3 Repulsive force between contact-electrified polymer films

A measurement system was developed to characterize the repulsive forces
among contact-electrified polymer films, F (Figure4.1). It consisted of an analytical
balance (Ohaus Explorer Scale-220 grams with resolution of 0.0001 grams), two
polycarbonate (PC) racks as sample holders, and a glass shielding cage. Before testing,
the surface electrostatic of all the components was eliminated by an electrostatic
eliminator. The bottom rack was fixed on the sample plate of the balance. The upper
rack was affixed on the ceiling of the cage. The height of both racks was more than 5
inch, to avoid the influence from the environment. When the rack size changed, the
changes in measurement data were less than 1%, as long as the rack length was more
than 5 inch. The distance between the upper and the lower racks was 3 mm.

A set of 25-pum-thick 3 inch x 3 inch PC films were contact electrified by various
liquids to obtain different surface voltages, through a similar procedure as in Section
4.2.1. One electrified PC film was first placed on the bottom rack, and the scale was
calibrated to zero. Another PC film of the same surface voltage was then attached onto
the upper rack, with the edges aligned with the bottom film. The samples were carefully
handled such that their surfaces were not in contact with any solid or liquid objects,
except for the holding points of the racks.

The measurement results of the balance were recorded. Each pair of PC films
were measured for 4 times, with the orientation of the upper film being turned by 90°
clockwise every time. At least 3 pairs of samples were measured for each parameter

setting.
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Figure 4.1 Schematic of the repulsive force measurement system

4.3 Results and discussion

4.3.1 Contact electrification between polymer films and liquids

When a PC film is dipped in DI water, the CE-induced surface voltage can be
quite high, around -1.5 kV. After the same PC film is immersed in IPA, the surface
voltage would be low, undetectable by using the fieldmeter. The contact angle between
PC and water is ~82°, and ~75° between PET and water. After immersion in water, no
residual liquid remains on the film surface when the surface voltage is measured. IPA
wets PC films quite well; after immersion, we need to wait for at least 7 min for the IPA
to entirely evaporate from the film surface.

Figure 4.2 shows the results of Vce of PC, PET and FEP films with mixtures of
IPA and DI water, with various Cipa. After contacting with DI water, PC, PET, and FEP

films would develop significant surface voltages around -1.5 kV, -1.0 kV, and -6.5 kV,
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respectively. The corresponding charge density (o) can be calculated as -1.06 pC/m?, -

0.73 uC/m?, and -0.47 nC/m?, respectively, by using Eq. 3.3.
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Figure 4.2 Influence of IPA concentration (Cipa) on the surface voltage (Vce) of: a) PC
and PET films, and b) FEP films.

Addition of 5 vol.% IPA into the liquid reduces Vce of PC and PET by ~30%
and ~55%, respectively. When Cipa is increased to 10 vol.%, Vce is reduced to -0.76 kV
(o =-0.55 pC/m?) for PC and -0.30 kV (0=-0.22 nC/m?) for PET, respectively. From
Cipa= 10 vol.% to Cipa= 30 vol.%, PC films demonstrate a larger reduction in Vce than
PET films. Eventually, when Cipa > 30 vol.%, the surface voltages of both PC and PET
films converge to below ~0.1 kV. From Figure 4.2b, it can be seen that with DI water,
FEP films develop a much higher Vce than PC and PET films, around -6.55 kV. The
surface voltage decreases rapidly as the IPA concentration rises. When Cipa = 5 vol.%,
Vce is -6.00 kV (0=-4.34 uC/m?); when Cipa=10 vol.%, Vce is lowered to -5.43 kV;
when Cipa=20 vol.%, Vce is largely decreased to -3.47 kV. However, even when the
IPA concentration is as high as 30-50 vol.%, the surface voltage of FEP is quite high,
ranging from -2.48 kV to -1.02 kV.

Figure 4.3 shows the surface voltage measurement results of CE between

polymer films and aqueous solutions of NaCl. Compared to DI water, as 0.5 wt.% NaCl
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Is added, there is a sharp decrease in Vce of both PC and PET films: Vce of PC is reduced
from -1.47 kV (0=-1.06 uC/m?) to -0.57 kV (0=-0.41 nC/m?); Vce of PET is reduced
from -1.00 kV (0=-0.72 uC/m?) to -0.66 kV (0=-0.48 uC/m?). When Cnaci exceeds 10
wt. %, Vce of PC and PET is lowered to less than -0.10 kV. For FEP films, Vce reduces
relatively smoothly as Cnaci increases; when Cnaci is 10 wt. %, Vce of FEP film remains

at -2.12 kV, higher than those of PET and PC films.

a) Concentration of NaCl (wt.%) b) Concentration of NaCl (wt.%)

0 2 4 6 8 10 0 2 4 p . o
0 - . ; .

§o—mmmmmmm o — 0 .
-y - )
_&-PET.-—- z :
05 | oo PEE R s
£l 3 I g
: A s = FEP { :
I' z ’—" =
R 0722 Ha T 208 @
S [ o L :

o 'JPC H : ’
> N 3 s :
151 & p :
) ey 432 &
F= y g
) :

-2 -1.44 8 -5.76

Figure 4.3 Influence of concentration of NaCl (Cnaci) on the surface voltage (Vce) of: a)
PC and PET films and b) FEP films.

The testing data indicate that by adjusting liquid composition, we can control
Vce in broad ranges: -1.5 kV to 0 for PC films; -1.0 kV to 0 for PET films; and -6.5 kV
to O for FEP films. The surface voltages of PC and PET films are sensitive to Cipa and
Cnaci When they are in the ranges from 0 to 30 vol.% and 0 to 10 wt.%, respectively.
For FEP films, Vce is highly controllable in broader ranges of Cipa (0 to 100 vol.%) and
Cnaci (0 to 35.9 wt.%); 35.9 wt% is the solubility of NaCl in DI water at room
temperature. The relationship between Vce and the liquid composition is nonlinear, with

a higher sensitivity when the IPA or NaCl concentration is relatively low.
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4.3.2 Stability of surface voltage of contact-electrified polymer film

The stability of the CE-induced surface voltages of polymer films are shown in
Figure 4.4. Polymer films with higher initial surface voltage (Vi) tend to have higher
surface-voltage decay rates, especially in in the first 72 hours. For PC films (Figure
4.5a), Vi is around -1.5 kV (CE with DI water), -1.0 kV (CE with aqueous solution of 5
vol.% IPA) or -0.57 kV (CE with aqueous solution of 0.5 wt.% NaCl). After 72 hours,
the surface voltages reduce by 37%, 36%, and 30%, respectively. After 7 days, the
surface voltages decrease to -0.71 kV, -0.42 kV, and -0.26 kV, respectively. The
surface-voltage decay rates of PET films (Figure 4.5b) are somewhat similar with those
of PC films, except that Vi of PET films induced by aqueous solutions of 0.5 wt.% NaCl
is higher while Vi induced by DI water and aqueous solutions of 5 vol.% IPA are lower.
The initial surface voltages (Vi) of PET films are around -1.0 kV, -0.45 kV, and -0.66
kV when the working liquids are DI water, aqueous solution of 5 vol.% IPA, and
aqueous solution of 0.5 wt.% NaCl, respectively. After 72 hours, the surface voltages
decrease by ~35%, ~24%, and ~25%, respectively; after 7 days, the surface voltages are
lowered to around -0.4 kV, -0.3 kV, and -0.4 kV, respectively. PC film treated with 5
vol.% IPA aqueous solution shares similar V; (-1 kV) with PET film treated with DI
water; after 7 days, they have similar final surface voltages around -0.4 kV. That is, V;
is the dominant factor of the surface-voltage decay rate, and the effects of polymer

properties are secondary.



80

a) Time (days) b) Time (days)
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

5 vol,% IPA T 1 1
0.5 '/y_{j:} ----------- #1-;7-_;- ---- =4

"(_)-5-;;:0/;“-55 om0 )

.6-
w
o

Charge density (uC/m?)

-0.5

Charge density (uC/m?)

z g
] [ -
g, 1 a@ EN 4 wa\e -0.72
= =
° o
S >
-1.5 -1.5 -1.08
PC PET
2 -1.44 -2 -1.44
C) Time (days)
0 1 2 3 4 5 6 7
0 T T T 0
P &
prepp———" EEEEES, &~
i. \ T— 1.44 £
E'z water ’ 3
o Z
84 288
S S
> Q
oo
6 432 §
-
o
FEP
-5.76

Figure 4.4 Decay of CE-induced surface voltage in 7 days: a) PC films, b) PET films,
and c¢) FEP films. The liquid phase is DI water, aqueous solution of 5 vol.% IPA, or
aqueous solution of 0.5 wt.% NaCl.

The Vi of FEP films are much higher than those of PC and PET films by nearly
-6 kV, with the same liquid phases. In all the cases, the surface voltages of FEP films
rapidly decrease to below -2 kV after 24 h, after which the surface-voltage decay rate,
dVce/dt, converges to the similar level as PC and PET films. Again, this testing result
suggests that Vi is mainly determined by the liquid composition and the polymer specie,
and dVce/dt is governed by Vi.

Upon contact with neat IPA, the surface charges on polymer film are neutralized,
so that Vi becomes 0; if the liquid phase is DI water, the polymer film would gain
negative charges, and the surface voltage of PC is higher than that of PET. With an
aqueous solution of IPA or NaCl, the liquid composition strongly influence V;; the initial

surface voltage is lowered to near zero when the IPA or NaCl concentration exceeds 30
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vol.% and 10 wt.%, respectively. Under the same contact electrification condition, FEP
film has a much higher Vi than PC and PET films. For all the polymer films, dVce/dt is
mainly related to Vi; other factors, such as the liquid and polymer materials, are
secondary. In general, Vce can be adjusted by choosing appropriate liquid composition

and its decay rate is faster than that of corona charged films.

4.3.3 Simultaneous contact electrification with multiple liquids

Polymer film can be simultaneously treated by two different liquids on both
sides, leading to distinct V; at each surface. As shown in Figure 4.5a, if one surface of
PC film is thoroughly rinsed by DI water and the other is exposed to aqueous solution
of NaCl, with Cnaci being 0.5 wt.%, 1 wt.%, 2 wt.%, 5 wt.%, or 10 wt.%, the surface
voltages measured by fieldmeter, Vi, are -1.46 kV, -1.28 kV, -1.26 kV, -1.05 kV, -0.86
kV, and -0.66 kV, respectively, exhibiting a similar characteristic as in Section 4.3.2
that a higher NaCl concentration results in a lower surface voltage, yet the magnitude
of Vi tends to be higher than if the same NaCl solution is used at both sides. When DI
water is changed to NaCl solution, Vi would be reduced as the NaCl concentration
increases on either side. Similar phenomena are observed for FEP films (Figure 4.6b),
while Vce of FEP is lower than those of PC films charged with the same NaCl solutions.
For all the films, the overall Vce is close the average value of the contributions from

both surfaces.
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a) Concentration of NaCl (wt.%) b) Concentration of NaCl (wt.%)
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0 . . . . 0
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Figure 4.5 Surface voltages of polymer films simultaneously exposed to agqueous
solutions of NaCl of different Cnaci on both sides: a) PC films and b) PET films. The
horizontal axis shows Cnaci 0n one side and the numbers indicate Cnaci on the other side.

4.3.3 Effects of external electric field

When a PC or PET film is immersed by neat IPA, the surface charges can be
reduced to near zero. During the treatment, because IPA wets polymer very well, the
polymer surfaces can be fully covered by a thin layer of IPA and under ambient
condition, it takes about 7 min to fully evaporate it. However, if the drying procedure is
influenced by an external electric field, Vce would no longer be zero but dependent on
the strength of the electric field, E.

As shown in Figure 4.4, FEP film can develop a high VCE upon contact with
NaCl solution. We rinsed a 5.5 inch x 5.5 inch 125-um-thick FEP films in NaCl solution
and used it to provide an external electric field for a 3 inch x 3 inch PET film. The
surface voltage of FEP film, Vf, was in the range from -1 kV to -7 kV, depending on
the CNaCl used for its processing. The PET film was immersed in neat IPA, and placed
next to the charged FEP film with its surfaces fully wetted with IPA. The FEP and the

PET films were in parallel, with the edges and the centers aligned with each other. The
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distance between them ranged from 25 mm to 100 mm, as depicted in Figure4.6. After
the IPA layers on both sides of the PET film had entirely evaporated, the surface voltage

of PET (VCE’) was measured by a fieldmeter.
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Figure 4.6 The influence of the surface voltage (V) and distance (z) of FEP film on the
surface voltage of IPA rinsed PET film (Vce’). The FEP film provides an external
electric field. The PET-PET distance (z) is 25 mm, 50 mm, 75 mm, or 100 mm. The
inset depicts the experimental setup.

It can be seen that Vce' increases nearly linearly with Vs, and decreases as z rises.
Remarkably, under all the testing conditions, Vce' is positive, contradictory to the results
of agueous solutions of IPA without external electric field. For instance, if the PET film

is placed 75 mm away from the charged FEP film with V¢ being -4.6 kV, it would

develop a Vce’' = +1.1 kV as the IPA layer evaporates.
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b) Z axis in meter
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Figure 4.7 The calculated electric field strength of a 5.5 inch x 5.5 inch large FEP film,
with Vs = -5 kV: a) along surface Y = 0 and b) at (0, 0, z) and (+LeeT, O, Z) along the Z
axis. The size of PET film, Leer, is 3 inch.

From Eq.3.3, when the surface voltage of FEP film (V¢ is known, the
corresponding surface charge density (os) can be calculated. According to Eq.3.11, the
FEP film would cause a distribution of electric potential in the space surrounding it,
V (x,vy,z, 05), with (X, y, z) indicating the location. The associated electric field, E, can
then be obtained as

E=-VV (Eq. 4.1)

and the strength of the electric field is

5= () + (5) + () (Eq. 42)

Consider a FEP film with Vs= -5 kV. The surface of FEP film is set at (x, y, 0),

with the center of the film being at the origin. According to Eq.3.3, since Lrep =5.5 inch

and zsiels = 25 mm, the surface charge density of the FEP film can be calculated as os= -
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1.59 pC/m?, where Leep is the FEP film size and zieiq is the distance of the fieldmeter
probe to the film surface. The strength of the electric field surrounding the FEP film,
|E|(x,y, z), is shown in Figure4.7a. The electric field strength at (0, 0, 25 mm), (0, O,
50 mm), (0, 0, 75 mm), and (0, 0, -100 mm) where the PET film would locate are around
68 kV/m, 50 kV/m, 36k VV/m, and 26 k\//m respectively, as shown in Figure 4.7b. Since
the PET film size is Lper = 3 inch and the electric field strength along (£LreT, O, 2) is
close to that of (0, 0, z), the FEP film is sufficiently large to offer a relatively uniform
electric field to the PET film. By changing the distance between the PET film and FEP
film or changing the surface potential of FEP film, the electric field strength at the
surface of the PET film can be adjusted in a broad range.

The solid lines in Figure 4.8 show the calculated relationship between Vrand |E|,
when the distance between the PET film and the FEP film (z) is 25 mm, 50 mm, 75 mm,
or 100 mm; the dotted lines show the calculated electric field strength at the central
point of the IPA treated PET film caused by its own surface voltage, Vce'. It can be seen
that at the PET film surface, the magnitude of the strength of local electric field
associated with Vce' (|EpeT]) is nearly the same as the electric field strength offered by
the FEP film (|Erer|), but the signs are opposite. It should be attributed to that IPA tends
to neutralize local electric field. Under the influence of Erep, it generates surface
charges on PET film surface such that Epet = -Erep. When Erep is removed, the residue
ions remain on the PET film, resulting in the measured surface voltage, Vce'. That is,
external electric field offers an additional degree of freedom to modify CE-induced
surface voltage of polymer film. The relatively small difference between the calculated

(Figure4.8) and the measured (Figure4.6) Epetr may be related to the data scatter of the
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fieldmeter, the misalignment of the films, the variation in z, as well as environmental

factors such as temperature and humidity.
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Figure 4.8 The calculated electric field strength produced by the 5.5-inch x 5.5-inch
FEP film (Erep) and the measured electric field strength (Epet) of the 3-inch x 3-inch
PET film treated with IPA: a) z =25 mm, b) z=50 mm, ¢) z=75 mm, and d) z = 100

mm.

4.3.4 Repulsive force between electrified polymer films

Once two polymer films are like charged and placed in proximity, there would

be a repulsive force, F, between them. In our measurement, the gap between the two

polymer film samples, d, is 3 mm. Based on the fieldmeter-measured surface voltage,

Vs, the electric field around the films can be calculated by using Eq. 4.2 and Eq. 3.11,

and F can be assessed as

L/2

F=| [ E(xy d)o(xy)dxdy

L2 -L/2

(Eq. 4.3)
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Figure 4.9 The experimental (data points) and the calculated results (solid lines) of the
repulsive force between contact electrified polymer films

The measured and calculated results are compared in Figure 4.9. An electrified
PC film with Vs =-2 kV (Figure 4.7a), -1.6 kV (Figure 4.7b), -1.1 kV (Figure 4.7c),
or -0.8 kV (Figure 4.7d) is used as the bottom layer, and another PC film with the same
or a different surface voltage (V¢') is placed on the top, 3 mm away from the first film.
The relationship between F and V¥’ can be analyzed through Eq.4.2, Eq.4.3, and Eq.3.3.
It can be seen that the testing data fit with the theoretical prediction quite well. The
repulsive force increases quite linearly with V¢'. The experimental data of F tend to be
slightly higher than the theoretical prediction, which may be attributed to the over-
assessment of the fieldmeter measurement results of surface voltage and the induction

between the two charged films.
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4.4 Conclusion Remarks

Surface voltage of generated through contact electrification between polymer
film and liquid is dependent on the liquid composition, the polymer material, and the
external electric field. Upon contact with DI water, the surface potentials of PC, PET,
and FEP films are -1.5 kV, -1.0 kV and -6.5 kV, respectively. When the liquid is neat
IPA, the surface voltages of all the films are neutralized to zero. As IPA or NaCl is
dissolved in water, the solute concentration has a significant effect on the surface
voltage of the electrified film. The surface charge density of the electrified polymer
films is on the scale of a fraction to a few pC/m?, linear to the surface voltage.
Simultaneously treating the two sides of a polymer film with different liquids offers
another approach to adjust the surface voltage, as the average effects of the two
electrified surfaces dominate. The stability of the surface voltages of contact electrified
polymer films is lower than that of corona charged films. After a polymer film is dipped
in neat IPA, if the IPA liquid layers evaporate in an external electric field, a significant
surface voltage can be developed, which offsets the external electric field along the film
surface. The repulsive force between two like charged polymer films is linear to their

surface voltages.
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Chapter 5 Surface voltage control of electrified polymer films

5.1 Introduction

Polymer electrets have find wide applications in a variety of areas. The attraction
at oppositely charged polymer surfaces can enhance adhesion,*®! xerography,!*®
precision printing,[® 81 advanced filtration, 8] layer-by-layer assembly, ! etc. The
repulsive forces at like-charged surfaces are immensely useful for colloid processing, 8]
prevention of particle agglomeration,[** particle screening and separation,°!
electrostatic actuation,*®?l micro-electromechanical systems processing,!**! friction-
free motion,[**! micro-bearings,**®! among others. The interaction among charged
objects is determined by their charge density, charge distribution, and size.[***! However,
study on precise control of surface voltage is still at its early stage.**"1 It is desirable to
accurately adjust the surface voltage of electrets so as to achieve target interaction force,
through a low-cost, effective, and fast method.

Corona charging offers a high-speed, cost-efficient, and highly effective
approach to electrify polymer films.'53 As discussed in Chapter 3, corona charged
polymer films exhibits dipolar component of charge distribution, caused by charge
injection from both sides of the film. It results in a stable surface-voltage difference
across the film thickness (AVs), which can be characterized by using a fieldmeter. In a
triode corona charging system with adjustable grid voltage, we can precisely control AVs

in a relatively broad range. However, AV itself does not fully determine the absolute

90
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value of surface voltages on the front and the back sides of the film, as a relatively small
amount of free charges can cause drastic changes in surface voltages, even when the
free charge density is only ~1% of injected charges. Polarity of surface charges can
become different, without changing AV+.

As discussed in Chapter 4, contact electrification (CE) is a convenient method
to control the surface voltage associated with free charges, with an excellent cost-
performance balance and high throughput rate.[*3¥ However, the reliability and
reproducibility of CE treatment can be poor, as the surface voltage is sensitive to a large
number of system parameters, such as surface condition of polymer,*7? contact and
separation rates,[*?> temperature and humidity,™*** choice of the initiative material.[*>-
(1751 Compared to solid-solid CE, liquid-solid CE is generally more controllable.[**]

In this Chapter, we combine the corona charging (CC) and the contact
electrification (CE), so as to precisely control the surface voltage of polymer film. PET
and PC films are first corona charged to achieve desired AV, then, aqueous solutions of
IPA or NaCl are used to obtain an appropriate surface voltage, Vce, on the side of the
polymer film being treated, without much affecting AVs. The stability of the surface

voltages of these films is tested.
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5.2 Experimental

5.2.1 Triode corona charging

A triode corona charging system (Figure 2.1) was built up to electrify selected
polymer films. The setup consisted of a needle electrode, a 6 inch x 6 inch wire mesh
grid, a grounded electrode, heating elements, and two high voltage power supplies. A
sharp tungsten needle 0.75-inch-long and 0.059 inch in diameter was employed as the
needle electrode. The curvature of the needle tip was ~0.1 mm. A grid was placed
between the needle and the sample. It was made of stainless steel 304 wires, with the
wire diameter of 0.016 inch and the mesh size #20. The distance between the needle and
the grounded plate electrode (dne) Was set as 4 cm, and the spacing between the grid and
the electrode (dgqe) was 4 mm. The needle voltage (Vn) and the grid voltage (Vg) were
controlled by two polarity switchable Glassman FJ Series 120 Watt regulated high
voltage DC power supplies, respectively, with the same polarity. The voltages could be
adjusted in the range from 0 to +40 kV for the needle, and from 0 to £20 kV for the grid.

The polymers under investigation were PET and PC films with the thicknesses
of 125 um. All the films are cut into 3 inch x 3 inch square sheets. They were
ultrasonically cleaned first in isopropyl alcohol (IPA) for 5 min and then in de-ionized
(DI) water for another 5 min, followed by drying in a vacuum oven at 70 °C for 24 hr.
During charging, a polymer film was placed onto the grounded electrode, with the
needle pointing to its center. According to the parameterized study in Chapter 2, Vnwas

set to -8.5 kV for samples charged at Vg=-1 or -1.5 kV, and -12 kV for samples charged
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at Vg=-2, -2.5, or -3 kV. The corona polarity was kept negative; the charging time was

60 sec; the charging temperature was room temperature.

5.2.2 Contact electrification of corona charged films

Aqueous solutions of isopropyl alcohol (IPA) were prepared by ultrasonically
mixing IPA with DI water for 5 min. The IPA concentration, Cipa, was 0, 5, 10, 20, 30,
50, or 100 vol.%. Aqueous solutions of sodium chloride (NaCl) were prepared by
ultrasonically dissolving NaCl in DI water for 5 min; the NaCl concentration, Cnaci, was
0,05,1, 2,5, or 10 wt.%.

Only one side of corona charged film was treated by the NaCl or IPA solution,
as the liquid flew through the film surface with a constant rate around 1 mL/s. PET and
PC films charged with VVg=-1, -1.5, -2, -2.5, and -3 kV were treated with DI water or
IPA; PET and PC films charged with V¢=-2 kV were treated with aqueous solutions with
various Cipa Or Cnaci. The surface voltage was measured by a fieldmeter (Simco-ion
FMX-003) from both sides of the CC and CE (CCCE) treated film, with the
measurement distance zfels=25 mm. At least 5 samples were tested and characterized
for each parameter setting. All the CCCE-treated samples were preserved at ambient
temperature in an environmental chamber, with the relative humidity (RH) being 45%.
Both sides of the films were exposed to air. The surface voltages of both sides of the

films were measured by the fieldmeter every 24 h for 7 days.
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5.2.3 Effects of external electric field

The polymer films under investigation were corona charged 250-um-thick 3 inch
x 3 inch PET layers, with Vg =-2kV; the charging procedure was similar to the
description in Chapters 2 and 3. An electric field was produced by a contact-electrified
125-pum-thick 5.5 inch x 5.5 inch FEP film. The CE procedure was similar to the
description in Chapter 4. Its electric field E was adjusted by altering the surface potential
(Vf) and its distance to the PET film (dg). One side of the PET film was fully covered
by a liquid layer of IPA and placed in parallel concentrically to the charged FEP film,
with the liquid layer facing the FEP film; de was 25 mm, 50 mm, 75 mm, or 100 mm.
After ~7 min, the IPA liquid layer fully evaporated. The surface voltage on each side of
the treated PET film (Vce’) was measured by the fieldmeter, with the probe distance of

25 mm.

5.3 Results and Discussion

5.3.1 IPA treatment of electrified polymer films with various voltage differences

As shown in Chapter 4, the surface voltage of an IPA treated non-electrified
polymer film tends to be zero. If the polymer film has been corona charged, Figure5.1
shows the combined result of CC and CE with IPA. In the experiment, both PET and
PC films are corona charged with the grid voltage Vg of -1 kV, -1.5 kV, -2 kV, -2.5 kV,

or -3 kV. Measured by the fieldmeter, the surface-voltage differences between the top
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sides and the back sides of the films (AVs) are around -0.67 kV, -1.00 kV, -1.33 kV, -
1.67 kV, and -2.00 kV, respectively. For all the samples, AVs is equal to the surface
voltage of the top side (V+) minus the surface voltage of the back side (V); for the films

charged by negative corona, AVs<O0.
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Figure 5.1 IPA treated PET and PC films, which have been corona charged with various
grid voltages (Vg=-1 kV, -1.5 kV, -2 kV, -2.5 kV, or -3 kV): a) The top sides of corona
charged PET films are treated with IPA; b) The back sides of corona charged PET films
are treated with IPA; c) The top sides of corona charged PC films are treated with IPA;
d) The back sides of corona charged PC films are treated with IPA.

If the top side of corona charged PET film is treated with IPA (Figure 5.1a), Vs
would be reduced to zero, as the surface charges are neutralized. Under this condition,
it can be measured that Vs = 0.67 kV, 1.00 kV, 1.33 kV, 1.67 kV, and 2.00 kV for films
charged with Vg =-1 kV, -1.5 kV, -2 kV, -2.5 kV and -3 kV, respectively. If the corona

charged PET film is treated with IPA on the back side (Figure 5.1b), Vi would be
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reduced to zero and Vs changes to -0.67 kV, -1.00 kV, -1.33 kV, -1.67 kV, and -2.00
kV, respectively. The black lines in Figure 5.1 a, b demonstrate the measured data, and
the dotted blue lines are the predicted values, agreeing with each other quite well.
Similar results are obtained for IPA treated, corona charged PC films, as shown in
Figure 5.1c, d.

We also tracked the potential evolution of IPA treated PET films with various
AV (Figure 5.2). The top-side surface voltages, V0, of all the PET films are near zero
(Figure 5.2a); the bottom-side surface voltage always follows Vs 0=-AVs0=-Vy/1.5. For
instance, for films charged with Vg=-2 kV, Vi, is 0 and V0=1.3 KV = -Vy/1.5. Here,
the number in subscript indicates the date of measurement after the IPA treatment. After
72 h, for all the polymer films, Vs 3 shifts to a negative value, and Vs, 3 becomes smaller;
the values of Vg3 of all the films with different AVs are close to each other, with the
average value of -0.22 kV, although initially they are charged with different Vgy. Note
that Vi 3=Vs3-AVs3 is still satisfied, with AVs3 being similar to AVso, and AVso being
dependent only on Vg4. This phenomenon can be clearly seen in Figure5.2a as the blue
lines move downwards to the orange lines, without being affected by AVs. After 7 days
(the black lines in Figure5.2.a), Vi keeps moving downwards to Vs7=-0.39 kV, and Vs 7
shifts together with it. That is, no matter how much Vj is, the decay in AVs is nearly non-
detectable, as Vs and Vi simultaneously change with the same amount.

For PET films treated with IPA on the back sides, the surface voltages measured
from the top sides are around AVj, as the back side surface voltages have been reduce to
nearly zero. Hence, the surface voltages shift upwards in Figure5.2b. Compared to the

opposite shifting direction in Figure 5.2a (|V| > |V#|) being taken into consideration,
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|Vs| is larger than |Vi|, for which the decay of CE-induced free charges on the top sides
is the major driving force. Similar behaviors are also observed for PC films, as shown

in Figure 5.2c, d.
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Figure 5.2 The change in surface voltage (day 0, day 3, and day 7) of IPA treated PET
and PC films, which have been corona charged with various grid voltages (Vg=-1 kV, -
1.5 kV, -2 kV, -2.5 kV, or -3 kV): a) The top sides of corona charged PET films are
treated with IPA; b) The back sides of corona charged PET films are treated with IPA,
c) The top sides of corona charged PC films are treated with IPA; d) The back sides of
corona charged PC films are treated with IPA.

CE-induced charges and CC-induced charges decay simultaneously. The
stability of CE-induced free charges is much lower than the stability of CC-induced
dipolar charges; i.e. dVce/dt >> dAV¢/dt, consistent with the results of Chapter 4. Figure
5.3 shows the surface-voltage decay of PET and PC films with different AVs treated by

IPA. From Figure 5.3a, it can be seen that no matter how much AVk is, if the top side of

polymer film is treated with IPA, V0 would be almost zero and Vi 0 =-AVs. Both Vsrand
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Vs, reduce over time, compatible with Figure 5.1a. The distance between the top line
and the bottom line (AVx,i, where i = 0,1,2...) is nearly the same for all the samples, as
dVce/dt >> dAV+/dt. Figure 5.3b demonstrates the surface-voltage decay profiles of PET
treated on the back sides. Similar behaviors as Figure 5.3a are observed, except that the
curves move upwards. The absolute value of the slope for each sample is larger for
higher AV, fitting well with our previous finding. The surface-voltage decay profiles in

Figure 5.3c, d are for PC films, having the same characteristics as those of PET films.
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Figure 5.3 Surface-voltage decay of IPA treated PET and PC films that have been corona
charged with different grid voltages (Vg=-1 kV, -1.5 kV, -2 kV, -2.5 kV, or -3 kV): a)
The top sides of corona charged PET films are treated with IPA; b) The back sides of
corona charged PET films are treated with IPA; c) The top sides of corona charged PC
films are treated with IPA; d) The back sides of corona charged PET films are treated
with IPA.
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5.3.2 DI water treatment of electrified polymer films

Figure 5.4 shows the surface voltages of PET and PC films treated with DI water.
As discussed in Chapter 4, DI water treatment of non-electrified PET films should lead
to a surface voltage around -1 kV. For instance, if the top side of PET film is treated
with DI water, it would have a surface potential Vi=-1 kV; since AV is stable, the back
side would have a surface voltage Vm=V#-AVs~ -1-AVj, as predicted by the blue dotted
lines in Figure 5.4a. The measured values are shown by the black lines in Figure 5.4a,
fitting well with the predicted ones. Thus, we can obtain PET film with its top side
charged at -1 kV and the back side charged at -1 kV- AVr. Note that AVs can be quite

easily controlled by the grid voltage, Vg.
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Figure 5.4 DI water treated corona charged PET and PC films with various grid voltages
(Vg=-1kV, -1.5kV, -2 kV, -2.5 kV, or -3 kV): a) The top sides of corona charged PET
films are treated with DI water; b) The back sides of corona charged PET films are
treated with DI water; c) The top sides of corona charged PC films are treated with DI
water; d) The back sides of corona charged PET films are treated with DI water.
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For PET films with back sides treated by DI water, as shown in Figure 5.4b, the
surface voltages at back sides should be around -1 kV, and the surface voltages at top
sides should be -1 kV+ AV (the blue dotted lines in Figure 5.4b). The testing data shown
by the black lines in Figure 5.4b fit with the prediction quite well.

Similar trend is detected for PC films (Figure 5.4 c, d); the only major different
from PET films is that DI water treatment on PC films leads to a surface voltage around
-1.5 kV; i.e. Vg=-1.5 kV, and the back side would have a surface voltage around -1.5
kV-4V:. When the back side is treated to be -1.5 kV, the top side surface voltage would
be -1.5 kV+ AVs. Hence, for either PET or PC film, we can use a liquid to treat one of
its surface, so that the surface voltage changes to Vce; the surface voltage on the other
side would become Vce - AVs or Vce +AVs, depending on whether the treated surface is
top side or back side. Note that AVr can be adjusted by changing V.

Figure 5.5 demonstrates the voltage evaluation of the films shown in Figure 5.4,
from day O to day 7 after DI water treatment. The date of measurement is indicated by
the numbers (i = 0, 3, or 7) in the subscripts of Vs, and Vs,i. For the samples in Figure
5.4a, when Vg is lower than -3 kV, |V#| is larger than |Vs| and an upward voltage shifting
is observed. When Vg=-3 kV, |Vs| is larger than |Vg| and over time, the surface voltage
moves downwards in the figure. After [V#|=|V#| is reached, the surface voltages become
relatively stable. Under this condition, the influence of free charges is minor and the
dipolar charge distribution dominates. It should be related to the calculation in Chapter
3, which suggests that the surface density of CE-induced free charges is only a small
fraction of the surface density of CC-induced dipolar distribution. Moreover, free

charges tend to be unstable, because like charged particles repel each other; dipolar
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charges tend to be stable, since the large Coulomb force strongly bond the oppositely
charged particles across the thin film, yet the charges cannot move across the film
thickness, due to the large electric resistivity of polymer. For PET films treated by DI
water at the back side (Figure 5.5b), compared with Figure 5.5a, because |Vx| is larger
so that the reduction of Vx| tends to be faster. Figure 5.5c, d indicate that PC films

exhibit similar characteristics under similar treatment conditions.
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Figure 5.5 Change in surface voltage of DI water treated PET and PC films that have
been corona charged with various grid voltages. The numbers in subscript indicate the
date of measurement after DI water treatment. a) The top sides of corona charged PET
films are treated with DI water; b) The back sides of corona charged PET films are
treated with DI water; c) The top sides of corona charged PC films are treated with DI
water; d) The back sides of corona charged PC films are treated with DI water.

Figure 5.6 shows the surface-voltage decay of DI water treated PET films that
have been corona charged with various grid voltages (V). If treated with DI water on

the top side, no matter how much AVs is, immediately after the treatment, the surface
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voltage of the top side (V#,i, with i=0,1,2...indicating the date of measurement after the
DI water treatment) always changes to around -1 kV, and reduces to about -0.7 kV after
7 days. The back sides of these films always show surface voltages V,i=V,i-AVs,i; the
higher the AVy,i, the higher the Vi i. For the films charged with Vg lower than -2.5 kV,
[Vs,i| is larger than Vi i|, and the voltage tends to shift upwards; for films charged with
Vg of -2.5 kV or -3 kV, |Vg,| is smaller than |V, and the voltage tends to shift
downwards. This result is compatible with Figure 5.5. When |V+,i|=|V#,i|, the voltages
would be stable on both sides.

For the PET samples treated at the back side (Figure 5.6b), both Vi, and Vi are
negative, and |V«|=|Vce[+|AVs |. The relatively high |V«| offers a strong driving force for
the evident upward shifting of the V« and Vs, curves. For instance, for films charged
with Vg=-2 kV, V,0=-2.1kV and V1,0=-0.88 kV; both are higher than if treated at the top
side (V,0=-0.96kV and V#0=-0.28 kV). After 7 days, Vs 7 becomes -1.45 kV and Vsy7
becomes -0.15 kV, compared to, respectively, -0.75 kV and 0.78 kV of PET films

treated on the top side. Again, over time, Vi converges to -V.
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Figure 5.6 Surface voltage change of DI water treated PET films that have been corona
charged with various grid voltages: a) The top sides and b) the back sides are treated by
DI water.
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5.3.3 Treating electrified films with aqueous solutions of IPA

As discussed in Chapter 4, applying aqueous solutions with different IPA
concentrations to PET and PC films leads to different Vce. Figure 5.7 shows the
influence of IPA concentration, Cipa, on Vi, and Vi of PET and PC films. Prior to the
IPA solution treatment, the films have been corona charged with Vg=-2 kV, with AV¢~
-1.33 kV. The dotted blue lines in Figure 5.7a,b are for the influence of Cipa 0N Vce of
PET films obtained in Chapter 4, and the predicted Vi = Vs-AVs=Vce-AVs for the films
treated at top sides (Figure5.7a) and Vs = Vi + AVs =Vce + AVs for the films treated at
back sides (Figure 5.7b). The black lines are the experimental results, well matching
with the predicted data. For instance, when 5 vol.% IPA is applied to the top side of
corona charged PET film, Vs is changed as Vi =Vce =-0.45 kV, and the surface voltage
at the back side is shifted to 0.88 kV, same as the predicated Vi = Vi - AVi=VcE - AVt
=-0.45-(-1.33)=0.88 kV.

When 5 vol.% IPA is applied to the back side of the corona charged PET film,
Vi is altered to Vs =Vce =-0.3 kV, and the surface voltage of the top side is shifted to -
1.53 kV, only slightly lower than the predicted V= Vi + AVs =Vce + AVs =-0.3+(-1.33)
=-1.66 kV. Compatible with the results in Chapter 4, Vce deceases with the increase in
Cipa, and the surface voltages on both sides shift together with it. Similar phenomena
are observed on corona charged PC films, except that Vce of the PC films have higher
absolute values compared to the PET films. That is, by applying IPA solutions with
various Cipa onto corona charged PET and PC films, we can adjust Vs and Vs, through

controlling Vce and AV+.
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Figure 5.7 Surface voltages of corona charged PET and PC films (V4=-2 kV) treated
with aqueous solutions of IPA of various Cipa: IPA solution is applied to a) the top sides
and b) the back sides of PET films. IPA solution is applied to c) the top sides and d) the
back sides of PC films.

Figure 5.8 shows the surface-voltage evolution of PET and PC films first
corona charged with Vg=-2 kV and then rinsed by aqueous solutions of IPA of various
Cipa. For the PET films rinsed by IPA solutions on the top sides (Figure 5.8a), |Vs| is
larger than |V#|, and Vs is positive. With the change of AVs being negligible, the major
change of surface voltages is the downward shifting of the curves. The higher the Vs,
the more pronounced the shifting would be. For PET films treated with IPA solutions

on the back sides (Figure5.8b), |V« > |V|, leading to the upward shifting of the curves.

Similar behaviors are observed for PC films (Figure 5.8c and Figure 5.8d).
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Figure 5.8 Surface-voltage evolution of PET and PC films first corona charged with
Vg=-2 kV and then rinsed by aqueous solutions of IPA with various Cipa. The numbers
in subscript indicate the date of measurement after the IPA solution treatment. a) Top
sides and b) back sides of PET films are treated with IPA solutions. ¢) Top sides and d)
back sides of PC films are treated with IPA solutions.

Figure 5.9 shows the surface-voltage decay profiles of DI water treated, corona
charged PET and PC films. In Figure 5.9a, when DI water is applied on the top sides of
PET films, Vx is conditioned to -1 kV and Vi, shifts to 0.28 kV. As |V#| > V|, [V#| tends
to reduce and |V| tends to increase over time, as indicated by the blue lines marked as
“0” (i.e. Cipa = 0). When the top side of PET film is treated with IPA solution of Cipa=10
vol.%, Vr is only -0.32 kV and Vs, is 0.98 kV, rendering |Vs| > |Vr|. Different from the

results of Cipa = 0, Vi tends to reduce and Vs tends to increase its absolute value. The

Vs offered by Cipa=30 vol.% and Cipa=50 vol.% are slightly lower than that of Cipa=10
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vol.%, and the surface-voltage voltages curves are similar. In general, the higher the

Cipa, the faster the changing rate of surface voltage.
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Figure 5.9 Surface-voltage profiles of PET and PC films first corona charged with Vg=-
2 kV and then rinsed by aqueous solutions of IPA with various Cipa: @) Top sides and
b) back sides of PET films are treated with IPA solutions. ¢) Top sides and d) back sides
of PC films are treated with IPA solutions.

For the PET films treated with IPA solutions on the back sides, |Vi| decreases
with the increase in Cipa, SO that [V is also lowered. |V is larger than |V| for all the
samples, and the surface-voltage profiles shift upwards over time. For the PC films with
the top sides being treated by IPA solutions in Figure 5.9 ¢, when Cipa < 10 vol.%, |Vs| >

|Vio| and the surface-voltage profiles shift upwards. When Cipa exceeds 20 vol.%, |V#| <

|V#o| and the surface-voltage profiles shift downwards. Note that the shifting of surface-
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voltage profiles of the samples treated with 50 vol.% IPA solution ceases after 48 h, as

|V#t,2| approaches |Vm,2|. When the back sides are treated with IPA solutions (Figure 5.9d),

the PC films behave similarly as the PET films, but with larger |Vs| and V.

5.3.4 Treating corona charged polymer films with NaCl solutions
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Figure 5.10 Surface voltages of corona charged PET and PC films (V4=-2 kV) treated
with NaCl solutions: NaCl solution is applied on a) the top sides and b) the back sides
of corona charged PET films; NaCl solution is applied on a) the top sides and b) the
back sides of corona charged PC films.

Figure 5.10 shows the influence of Cnaci on Vs and Vs of corona charged PET
and PC films. The grid voltage was -2 kV, resulting in AV¢~ -1.33 kV. The results are

similar as Figure 5.7: V¢ is controlled by Cnaci for the films treated on the top sides and
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Vn=V#-AVs, Vo is controlled by Cnaci for the films treated on the back sides and

Va=Vm+AVs. As discussed in Chapter 4, Vi and Vs, decrease with the increase in Caci.

Over time, as shown in Figure 5.11, the basic characteristics of surface voltage
change are similar to those of the samples treated with IPA solutions. The dominant
factor is |Vr| or |V, whichever is larger; the surface voltages of the films shift to the
direction in favor to reducing the larger value. The larger the magnitude of the surface

voltage is, the faster it would vary.
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Figure 5.11 Surface-voltage change of PET and PC films first corona charged with Vq=-
2 kV and then rinsed by NaCl solutions with various Cnaci: @) Top sides and b) back
sides of PET films are treated with NaCl solutions; c) top sides and d) back sides of PC
films are treated with NaCl solutions.

Figure 5.12 shows the surface-voltage decay of the same samples as in Figure

5.10. The materials behaviors are somewhat similar as Figure 5.9. For PET films treated
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at top sides, Cnaci must be less than 1 wt% for the curves to shift upwards. When Cnaci
= 1 wt.%, the shift of surface-voltage curves is negligible. When Cnaci = 5 wt. % or 10
wt.%, |V > |Vr| and the surface-voltage curves shift downwards over time. For PET
films treated on the back sides, they show similar results as Figure 5.9b, with all the
profiles shifting upwards. For PC film treated at top sides in Figure 5.9c, the critical
Cnaci Of negligible profile shifting is also ~1 wt.%. Below it, |V«| > |V| and the profiles
tends to shift upwards; above it, |Vs| > |Vs| and the shifting is downward. For PC films

treated at back sides, the results are similar to Figure 9d, but with higher surface voltage

values.
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Figure 5.12 Surface-voltage profiles of PET and PC films first corona charged with Vg=-
2 kV and then rinsed by NaCl solutions with various Cnaci: @) Top sides and b) back
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films treated with NaCl solutions.
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5.3.5 Influence of external electric field

When a PC or PET film is rinsed by neat IPA, the surface potential of the rinsed
side, Vce, would be reduced to nearly zero. During the treatment, because IPA wets
polymer very well, the polymer surface is fully covered by a thin liquid layer of IPA,
which, under ambient condition, evaporates in about 7 min. If the drying takes place in
in an external electric field, the surface voltage, Vce', would no longer be zero but
depend on the strength of the electric field, E. We rinse a 5.5 inch x 5.5 inch 125-um-
thick FEP film in NaCl solution and use it to provide external electric field for 3 inch x
3 inch PET films. The surface voltage of the FEP film, V4, is in the range from -1 kV to
-7 kV, depending on Cnaci. The PET film is first corona charged with Vg4=-2 kV, and
one side of it is then rinsed by neat IPA. The PET film is placed next to the charged FEP
film, while its surface is still fully wetted with IPA. The FEP and the PET films are in
parallel, with the edges and the centers aligned with each other. The distance between
them range from 25 mm to 100 mm. After the IPA layer has entirely evaporated, the
surface voltages the PET films (Vce') are measured by a fieldmeter from both sides.

It can be seen in Figure 5.13 that Vce' increases nearly linearly with Vs, and
decreases as z rises. Remarkably, under all the testing conditions, Vce' is positive,
contradictory to the tests without external electric field. For instance, if the PET film is
placed 75 mm away from the charged FEP film with V¢ = -4.5 kV, it would develop a

Vce’ = +1.06 KV as the IPA layer evaporates.
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Figure 5.13 The influence of the surface voltage (Vs) and the distance (z) of FEP film on
the voltage of corona charged PET film (Vce'), measured from the side rinsed by IPA
solution. The FEP film provides an external electric field. The PET-PET distance (z) is
25 mm, 50 mm, 75 mm, or 100 mm. The inset depicts the experimental setup.

According to Eq.3.4~3.7, based on the voltmeter reading (Vv), the charge density
associated with dipolar component (oq) on the positive side and -o4 on the negative side
can be calculated. According to Eqg.3.11, o5 can be obtained based on the measurement
of the surface voltage of PET films (Vs and V). When oq and os are known, by using
Eq.3.12, the distribution of electric potential in the space surrounding the CCCE-treated
film, V(x,y,z, 04, 05), can be calculated, with (x, y, z) indicating the location. Here, we
define o1=04+0s and o> =-04. The associated electric field, E, and the strength of the
electric field can be obtained based on Eq.4.1~4.2, for V\=-2 kV, t=250 um, and L=3
inch.

Define EreT,cc as the electric field caused by the CC-induced dipolar charge
distribution and Epet,ce as the contribution from the CE-induced free charges. The

summation of them is defined as Epet. IPA tends to neutralize Erep and Eret,cc, by

inducing free charges (or) on the treated surface so that Epet,cct+Epet,ce=-Erep. When
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there is no external electric field, -Erep is zero and Epet,cc + Epet,ce=0. If Erep is non-
zero, Eper,cctEpeT,ce IS balanced by -Erer. When measured by the fieldmeter, the
measurement result is caused by Epet,cctEpet,.ce. The solid lines in Figure 5.14 show
the calculated relationship between Vsand |E| and the data points are our experimental
results. Compared to the calculation results in Figure 4.8, we can see that the effect of
the electric field induced by PET film is negligible. The charge density from CE is
different with the result in Chapter 4, as the total charge density is from both CC and
CE and aq is much larger than or. Similar results of Vce’ on the IPA rinsed side can be
obtained. On the other side of PET film, the voltage equals to Vce +AVs or Vce -AVk.
That is, the external electric field offers an additional degree of freedom to modify CE-

induced surface voltage.
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5.4 Conclusion Remarks

By performing contact electrification (CE) on corona charged (CC-ed) polymer
films, we can control the surface voltages of both sides of the polymer films. The effect
of CE always leads to the same surface voltage (Vce) on the side being treated, quite
independent of the corona charging. The surface voltage of the other side of the film is
Vcet+AVs or Vce-AVy, depending on which side is exposed to CE treatment.

The CE-induced surface voltage (Vce) decreases with the increase in the
concentration of solute. It decays much faster than AVt. Over time, the change in surface
voltages of polymer film tends to reduce the difference between the absolute values of
the voltages on both sides. Eventually, dipolar charge distribution is the most energetic
favorable configuration.

With the influence of an external electric field on CE, the measured surface
voltage of the rinsed side is mostly controlled by the external field, while the charge
density is controlled by both CC and CE. The surface voltage of the other side is

Vce +AVs or Vce -AVy, depending on which side is exposed to CE treatment.
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Chapter 6 Conclusions and future work

A triode corona charging system was built up, having controllable processing
parameters. The surface voltages of electrified polymer films were typically close to the
grid voltage. Increasing the needle voltage was beneficial to increasing the charged area;
however, when the needle-grid distance was small or the needle voltage was high, the
grid voltage might be unstable or non-uniform. To produce a large uniformly charged
polymer surface, relatively large needle-electrode distance, small grid-electrode
distance, large needle-grid distance, relatively high needle voltage, and relatively long
charging time more than 20 sec are desirable.

When measured by a voltmeter, the surface voltages on the front and back sides
of electrified polymeric film had opposite signs but nearly the same magnitude. Corona
charging (CC) induced surface voltage could vary over time. Among the tested materials,
the voltage change rates of PP, PET, and PC were much lower than those of FEP, PFA
and PMMA. Increasing film thickness and lowering initial surface voltage helped
increase the stability of surface potential. Charging polymer film at T > Tq led to a low
initial surface voltage, much below the grid voltage. Even though the surface voltage on
each side of a charged film may change over time, the ratio of the voltmeter
measurement result to the voltage difference measured by fieldmeter is nearly constant,
independent of the film material, charging condition, and decay rate and time. This

phenomenon can be well explained by the dipolar charge injection model. A small
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variation in free charge, which can be as small as ~0.1% of the dipolar charge density,
may drastically vary the absolute value of surface voltage, even altering the polarity.

The free charges are mostly produced through contact electrification (CE). The
surface voltage of polymeric film induced by contact with liquid is quite controllable in
the range of a few kV, corresponding to a surface charge density of a few pC/m?. The
control variables include the material of the film, the liquid composition, and the
external electric field. When contacted with DI water, the surface voltages of PC, PET,
and FEP films were -1.47 kV, -1.00 kV and -6.55 kV, respectively. When contacted
with IPA, the surface voltages of all the films tended to be around aero. Upon exposure
to aqueous solution of IPA or NaCl, the surface voltage of polymer film reduced with
the increase of the concentration of IPA or NaCl. Simultaneously treating both sides of
a film with different liquids could result in an average surface voltage. The stability of
CE-induced charges was lower than CC-induced charges. After exposure to IPA, if the
liquid layer on polymer film evaporated in an external electric field ends, the final
surface voltage would be dominated by the electric field.

The potential difference of both sides of a polymer films can be controlled by
the grid voltage of corona charging. Independent of CC, the surface voltage on either
side of electrified polymer film can also be adjusted by CE. Thus, by combining CC and
CE, we are able to precisely control the surface voltages of polymer films. The CE-
induced free charges have a much lower surface density than CC-induced dipolar
charges, and are inherently much more unstable. Hence, the stable charged state of
polymer film is purely dipolar; both sides of the film have opposite polarities yet the

same surface charge density. The surface voltage of the IPA-rinsed side of a corona
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charged polymer film can also be modified by an external electric field; the surface
voltage of the other side is determined by both the electric field and the corona charging
grid voltage.

In the future, the charge injection depth, the charge injection mechanism, and
the charge distribution in electrified polymer films will be investigated by laser induced
modulation and pulsed electroacoustic. We will also conduct research on charge storage
mechanisms of various polymer films. Microcosmic charge distribution characterization
will be carried out through electrostatic force microscopy, so as to understand the
processes that govern liquid-solid contact electrification and corona charging. In
addition to regular polymers films, we will conduct corona charging on polymer
nanofilms, which have important relevant to the development of ultra-insulating
materials. Other dielectric materials, according to necessity, will be analyzed to gain a

deep understanding of surface charge stability and distribution.
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APPENDIX

Repulsive force between electrified polymer films by corona

charging and contact electrification

1. Experimental

A measurement system was developed to characterize the repulsive forces
among the corona charged, contact electrification (CCCE) modified polymer films, F
(Figured.l). It consisted of an analytical balance (Ohaus Explorer Scale-220), two
polycarbonate (PC) racks as sample holders, and a glass shielding cage. Before testing,
the surface electrostatic of all the components was eliminated by an electrostatic
eliminator. The bottom rack was affixed on the balance. The upper rack was affixed on
the ceiling of the cage. The height of both racks was more than 5 inch, to avoid the
influence from the environment. The changes in measurement data were less than 1%
as the rack length further increased. The distance between the upper and the lower racks
was 3 mm.

A set of 250-um-thick 3 inch x 3 inch PC films were electrified through a similar
procedure as in Section 5.2.3. One electrified PC film was first placed on the bottom
rack, and the scale was calibrated to zero. Another PC film of the same surface voltage
was then attached onto the upper rack, with the edges aligned with the bottom film. The
samples were carefully handled such that their surfaces were not in contact with any

solid or liquid objects, except for the holding points of the racks.
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The measurement results of the balance were recorded. Each pair of PC films
were measured for 4 times, with the orientation of the upper film being turned by 90°
clockwise every time. At least 3 pairs of samples were measured for each parameter

setting

2. Results

In a similar setup as in the experiments discussed in Section 4.3.4, we carried
out repulsive force measurement on CCCE-treated polymer films (Figure Al).
Controlled by Vg, AVsof the two films in Figure Ala are both -1.1 kV, and V& and Vi
of the bottom film are -1.9 kV and -0.8 kV, respectively. The side having the surface
voltage of -1.9 kV faces toward the upper film. By contacting the upper films with
various liquid, we change the voltage of the lower side of the upper film and measure
its repulsive force with the bottom film. The results follow a similar linear pattern as in
Chapter 4. The repulsive force is mostly determined by the surface voltages on the sides
facing each other; the surface voltages are measured by fieldmeter. The influence of the
back sides of the films is secondary. Compared with purely corona charged films, the
surface voltages of CCCE-treated films can be adjusted to a much higher level, Vce+AVy,
with AVs being much larger than Vce. For instance, when the surface voltages of the
sides facing each other are -4 kV and -3.7 kV respectively, the repulsive force can reach

~3 mN, more than twice as high as that of purely corona charged samples.
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Figure Al Repulsive force between electrified films: a) AVi=-1.1 kV and V of the
bottom film is -1.9 kV; b) AVs=-2.4 kV and V# of the bottom film is -3.7 kV.

3. Conclusion Remarks

The repulsive force between electrified films is dominated by the surface
voltages of the two sides facing with each other, and proportional to the voltage of one
of the films. CCCE-treated film can have a tailorable and much higher surface voltage

(Vce+AVy) than a purely CE film, so it the associated repulsive force.





