ABSTRACT

JASTI, VAMSI KRISHNA. Electrostatic Charge Generation and Dissipaton on Woven
Fabrics Treated with Antistatic and Hydrophiic Surface Finisiiesder the direction of

Dr. Wiliam Oxenham and Dr. Abdélattah M. Seyajn

The usage of syntheticbérs has been draticaly increased in the last seventy yearbe
majority of these materials are classified as insulating materials with a very high resistance of
about 10'® Ohmscm, these materials generate static electricity during their processimnw

they contact and/or rub with other materials. Even after extensive research on static
electricity for hundreds of years, there are several quedii@isstil needto be answered
regarding triboelectric charging anthe dissipation mechanisnof textle materials. This is

due to thefact thatstatic electric charging is a surface phenomenon and it is very difficult to
create aperfectly clean sample. In addition, such experiments are extremely difficult to
reproduce and require extremely precise insgmis.

The main objective of this research is to understand the frictional and contact charge
generaton and decay mechanism of textle materials. Woven fabrics made from cotton,
polyester, nylon and polypropylene materials are investigated for contactriamelectric
charge measurements. In addition resistivty was measured to investigate the relation
between theconductivity and charge decafxperiments were done to compare the metal
polymer and polymepolymer charge generation and dissipation mesh@ni using the
instumentation developed by Seyam &t For better understamay of the rubbing charge
decay, an addtional probe has been added to the existing setup to monitor the charge of an
unrubbed selected area to find out whether static chargpatkss through the rubbed fabric
sample. Commercial antstatc and commercial and experimental hydrophiic finishes
developed were applied to examine how these topical surface finishes influence the static

electric properties

Polymerpolymer charging ishigher thanpolymermetal charging due to the backfiow of the
charge observed ithe polymermetal charge mechanism. More charge is generated on nylon

than any other fibers because of the reactive-ND bonds which are responsible for the



charge generatonThe charge generated on finish free cotton fabrics is also high when
compared with other fabricélowever the charge on cotton fabric decays very quickly due to
the higher conductivity ototton. The charge decay on polyester, nylon and polypropylene is
very slow compared to cotton. The charge decay observecbmact charged samplés

slow when compared with the rubbed samplesd this is believed to be due to the different

test conditons and availability of the atmospheric ions.

When antistatic fiishes are applied on polyester fabrics, and tested for both contact and
rubbing charge measurements, less charge is generated on these fabrics and the observed
charge decays very quickly. When commercial and experimental hydrophiic finishes are
applied onpolyestera moderate charge is generated on the surface; however the generated
chargeis shown to migratgo the unrubbed parts of the fabrics and decays very quickly.
When three different concentrations of thgdrophiic (Hydropern® T) finish are appld on

the polyester fabric, the charge decay pattern observed starts with a quick initial decay
folowed by a slower linear decayhe filTime decay coefficientfor the exponential decay

depends on concentration of the surface finish applied.

Since nylon ishighly reactive and very sensitive with respect to the surface, the charge
generated on nylon ikigher compared tather materials and also the polarity of the charge
observed during contact and rubbing charging are different. Effe@ntistatic finishe on

the conductivity of polyesteis more effective than nylorAlso antistatic finishes seems to be
more effective on controling charge generation and dissipat@mm polyester fabrics when

compared to nylon fabrics.
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CHAPTER 1
INTRODUCTION



INTRODUCTION

The world textle market is dominated by three classes of melt extruded synthetic fibers,
namely polyester, polypropylene, nyloa]l of which are based on low energy polgars.

These three classes of materials are effective insulators, having inherent resistance values of

> 10" ohmecm. When insulating polymeric materials are contacted or rubbed with any other
material (conductor or insulator), a stagiectric charge is geerated on the polymer surface.

Because of the insulating properties of these polymers, the charge that is generated is fairly
stable and only slowly dissipates. Textle materials, based on these polymers, wil often
accumulate charge during flber or fabrprocessing and static control issues wil often
continue from the fibés preparation stage oihnghtabtihecdsghl
use form. Usualy these charges are undesirable and they can lead to issues ranging from
annoying performancephenomena to detrimental or serious hazard affects irer eith
processing or ultimate usén a few cases, this static charge is purposely generated and used

as a critical performance aspect of the fber in its processing or utimate application. In some
caes, longterm stable charge is generated below the surface of the polymeric materials to

Il mprove the fiberbés effectiveness in a speci
Polymers such as polypropylene, polyethylene terephthalate, pdioetrethylene have

been used in such applications.

Understanding the mechanism by which static charge is generated on or disappears from

polymer surfaes has proven to be difficulQuestions remaining largely unanswered include:

The chemical and physicarigins of the tribeelectric series.
The mechanism of contact and trbcharging of polymer surfaces.

1 The mechanism by which the charge disappears from the surface (dissipates) after
generation.

1 The mode by which materials applied to the polymer serrfe&n substantially effect

either the generation of static charge or the dissipation of the charge.



Significant research efforts have been committed to all of these questions without the
development of either significant theoretical understanding or aftigah rules that might
provide guidance to those working in the area. Given the importance of static charge
generation and control, in a widange of technology applicatiorend enduses (including
texties), the development of a deeper understandindpeofelectrostatic charging mechanism

and charge decay mechanism are very significant questions. Improved understanding or
practical guidance in this area could generate improvements in both our abilty to control or
avoid the generation of undesired statlectric charges or improve our abiity to generate

and store static electric charge in a range of applications where this is the desired outcome.

The literature relating to the most basic questions in this arstillisstruggliing to develomn

understading of the fundamentsalinvolved with static charge:

1 On the mechanism of charging, some authoase explained that the charging of
polymers is due to transfer of electrons (Lowel, 1977) while others argued that
charging is due to transfer of ions (Whitkes, 2007).

1 On the mechanism of charge dissipation, some authors see charge decay mechanisms
as norexponential (Sessler, 1987) whie others explained the charge decay

mechanism by exponential decay (Cross, 1987) or double exponential decay.

The majorobjectives of the research vpeopo® are to develop deeper insights into the
guestions:
1 What is the relationship between contact charging of a polymer surface and tribo
charging of the same surface?
1 What mechanism or mechanisms are responsible for cldegay on the textie
surfaces?
1 How do topicaly applied finishes affect the electrostatic properties of polyester and

nylon textile surfaces?



Success in this research work providsgnificant insights into the questions presented
above.The researchs caried outin the following specific areas:

9 Studies of contact charging, trimbarging, resistivity and charge decay made using
four fabic substrates, cotton, nylon, polyethylene terephthalate (PET) and
polypropylene (PR)

1 Determination of the relationphbetween the resistance, contact charge (measured as
coulombs), tribecharge (measured as surface potential) and rates of decay.

1 Studies of the impact of nesurable surface finishes (based on traditional antistatic
materials) on the static electric perties of polyester and nylonsynthetic fiber
surfaces

i Studies of the impact of durable, hydrophiic surface finishes (traditonal and
developmental materials) on the electrostatic propertiéspolyester and nylon

synthetic fiber surfaces.

This datais then reviewed on the basis of the polymer substrate and the surface applied
materials. The datavas analyzed based on earlier electrostatic models. Based on these
results, a deeper understanding of these complex electrostatic pher@semeen developed

and advanced explanatory models have been proptésegrovide insights and support the
industry in its efforts to understaritie origins of static chargeBurthermore we hope to be

able to suggest innovative approaches for the effective control of staiige generated

under both contact and dynamic conditions.

In this dissertation the motivation of this research is introduced in chapt&hdpter 2
includes the critical review of the literature. Objectives and methods of research are
discussed in clmer 3. Results are discussed in chapters 4, 5, 6 and 7 as journal articles to be

publshed. Chapter 8 includes the summary of overall results.



CHAPTER 2
LITERATURE REVIEW



LITERATURE REVIEW

The purpose of this chapter is toepent a brief overview of the current state of knowledge in
the area of triboelectrification of textle surfaces and their charge decay properties. The
textle flbers and fabrics used in this research consist of synthetic polymers. So whie

discussing thdterature, often polymer surfaces are mentioned instead of textile surfaces.

2.1SURFACE STATES

Triboelectrification is a surfacehenomenorand not a bulk property. Most orgamolymers

are insulators with vgr high electrical resistance. For these yp@rs, the energy gap
between the valance and conduction band is very large (about 4 to 8 eV). Because of weak
molecular interactions, the valance and conduction bands are very narrow (Sessler, 1987,
Mizutani 1976). Conductivity in such materials is lowedto the restricted electron transport

and slow movementThe surface of a polymer consists of few molecular layers and can be
considered as a buk exposed plane. In polymers, the crystaline symmetry that surrounds the
atomic structure abruptly ends aé thuface (Das Gupta, 2001; Moor&973 Lowel., 1977).

Even at room temperature the polymer surface consists of very high segmental mobilty.
Because of this high segmental mobilty, the polymer surface cannot be treated as a two
dimensional plane. Howev the polymer surface can be defined as a region with some
thickness. Therefore, when understanding the polymer surface one should see the polymer
surface not only as a two dimensional plane, but should also consider material perpendicular
to the surfaceplane. The presence of molecular imperfections, dislocations and adsorbed
impurities cause these surface states. These impurities and imperfections are so high that they
form separate energy bands. In semgstaline polymers, for e.g. polyester and nylon
amorphous regions introduce surface states in the band gap and extend into the bulk of the
polymer. These surface states createelectrostatic field between the surface and the bulk
which distort the band structure. These surface states also infittenasectrical properties

of the surface because these states may act as a source or sink of charge carriers and the
chemical reactivity may be altered due to a change in the electron affinity of the surface. The

bulk electrical properties of the polymerealkely to be different from the surface electrical



properties because of these surface states. However, the charging mechanism and the
presence of a humid environment can cause the surface states to behave differently. In the
present lterature reviewthe contact electrificaton charging mechanism, charge storage
mechanism, and charge decay mechanism are discussed keeping in mind that surface
electrical properties are different from the buk. Whie studying the static electrical

properties, the surfacehould be dealt with very carefully.

2.2SURFACE PREPERATION

Preparing a surface means cleaning it from all the contaminations. Practically it is not
possible to create a truly clean surface, free from any contamination. A very single thin layer
of adsorled gases is enough to create a significant impact on the static electrical properties
by changing the work function of the surface. Adsorption is a surface mechanism which is
completely different from absorption. These adsorbed layers are difficult toveeb@rause

they often react with the material and d¢eshonds. (K. Oxygen forms oxides and hydrogen
forms hydrides).However, adsorbed molecules are highly mobie and these memslecan

be compared with a twdimensional gas or liquid. Most of the tilex materials are treated

with various finishes during their processing. Surface finishes remain on the surface and
contribute to the static electrical properties of the textile materials (Moore, 1DifiBjlties

in producing the clean surface is theason for the inconsistencies found in the lterature.
Castle pointed out that Surface variabiity, experimental variability, nature of contact, charge
flow back, charge species are the main reasons foditloeepanciedound in the published

data (Castle1997).

2.3CONDUCTIVITY OF TEXTILES

Polymers used as textle materials are often insulators. These fibers range from natural
celulosic fibers such as cotton with moderate conductivity in the range df hms! m!

to Synthetic fibers such as nylomda polyester with a very low conductivity in the order of

10 *® ohms* m*. The conductivites of some of the textie fibers are shown in the Figure 2.1
(Blythe, 1979).



—T— 10° Copper

— Iron
2*10* Carbon suffused nylon 6, €

— 10* Silicon

—1— 10° Cotton (at 50% RH)

—+ 10" Nylon

T Polyester
-+ 10 Polypropylene

— 10*® Polystyrene

I
v

Figure 21 Conductivities of raterials (ohm* mt) (Blythe, 1979)



2.4CONTACT AND FRICTIONAL CHARGING

When two insulating materials are rubbed together, the surfaces acquire a net electric charge,
with one polymer surface becoming positve and the other becoming negative. In resst cas
the frictionally charged surfaces contain both positively charged and negatively charged
areas but one polarity predominates and determines the net charge on the surface. Even
though frictional charging has gained the attention of researchens tbe last thousand

years, acomplete understanding of the triboelectrification has yett been made (Cross

1987).

2.4.1Triboelectric Series

A triboelectric series is a list of materials empiricaly placed depending on their tendency to
acquire a positve onegative chargaipon contact. Materials placed nehe top of the list
become positve while contacting with materials lower in the lst. Many researchers have
published triboelectric series from over the last 150 years, and the ordering in these series
generaly agree with each other, despite inevitable differences in the compostion of the
materials, the preparation of the samples and the environment in the laboratory. A
triboelectric series prepared by combining several different series from theréesatshown

in the Figure 2.2 This series consists of the placement of materials in the triboelectric series
and shows some curious observatioRolar materials such as wool and nylon are placed on
the positive side anchonpolar polymers such as polympylene and polytetrafiuoroethylene

areon the negative side.

Wike published first triboelectric series in 1957, working with glass, amber, wool and sik.
Since then, many authors have worked on various dielectric materials and several
triboelectric seées had been published dfthikas, 1987). Shashoua (1958) found most of the
triboelectric series found to be identical and he constructétiba@electric series with more
widely used materials. However, there are several discrepancies also found iteraheel

Nylon is placed in top of the triboseries expected to charge positve when rubbed with steel.
Working with nylon flament yarns London (1966) found that rubbing with stainless steel



charged nylon negativeGruner also pointed an important obs#ibn in the triboelectric
series he constructeshown in Table 2.1He rubbed series of materials with equal area of
rubbing and foundhat steel and polyester are placed above nylon in the series. Hoalever,
the triboelectric series published are basmd rubbing two materialsTriboelectric series

developed based upon the contact charging is not published.

Wool

+ Nylon

More positive Fur
Sik

Poly (vinyl alcohol) (PVA)

Poly (vinyl acetate) (PVAC)

Cotton

Steel

Poly (methyl methacrylate)

Poly (ethylene terephthalate) (polyester)
Polyacrylonitrile (PAN)
Poly(vinylidene chloride)

Polystyrene (PS)

Polyethylene (PE)

Polypropylene (PP)

More negative Poly (vinyl chiaide) (PVC)
Polytetrafluroethylene (Teflor®, PTFE)

Figure 22 Triboelectric Series
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Table 2.1 Contactpotential series proposed by Gruner (Bartnikas, 1987)

Material Potential ( Volts)
Wool +42
Perlon i +20
Dacron Polyester) +14
Paper +12
Glass, steel +10
Nylon +7
Cotton +5
Brass 0
Orlon (Acrylic) -4
Hard rubber -14
Rubber -20

Most of the published triboelectric series are based on the polarity of the charge generated on
the surface of the polymer when rubbed with anotBemi quantitative triboelectric series is
published by Diaz et al (Diaz and Felx 2004)yelker et al. (2006) proposed that the
magnitude of the charge generated on the surface also depends on tice tistareen the

materials in the triboelectric series.

2.4.2Effect of Static Charge: Electrical Shocks and Sparks

Static electricty due to the contact between humans and the insulators creates detrimental
effects. Due to the very low resistance of theem@s used in shoes and the carpet, electric
discharge (shocks) can be produced throughout the human body. Sometimes these low
voltage discharges are high enough to ignte ol mixtures. However, these effects can be
found only during the winter in envinments of low humidity (Brundrett 1977, Kely et. al.,
1993).

The currents observed in these shocks are very low and abBu {Brundett 1977). Under
steady state conditions the maximum personal voltage that can be measured as
Maximum personal voltagévolts) = Charging current (Amps) X leakage resistance (ohms)
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The combination of leakage resistance with electrical capacitance of the person determines
the time taken for the charge to leak away naturaly. Even though the capacitance
measurements of peeplreported by various authors are different, the average valges lie
between 95Pico Faraday to 304 Pico Faraday Factors which infuence the personal
sensitivity to shock are stored energy available and individual sensitivity of the subject.

Energy storedh a person is a function of his capacitance and voltage (Brundrett 1977).
Energy stored E (Joules) = 0.5 * capacitance C (Farads) * (voltage V (Volts))

The wvoltage atwhich people feelshock has been measuredl people detect a spark
discharge throdg their hands when they are charged to a potential -@51 kV.
Objectionable shocks have beenabed between the voltages of 2 lwvid 7 kV and most

of these shocks cause severe discomfort. Energy stored in a person at a voltage of 2 kV is 0.4
miljoules. The minimum energy required for a vajaar mixtuwe to ignite is 0.2 miljoules.
The darge on a person whas charged with a voltage of 2 kV could ignite the vapor
mixture, which is hazardous. However, these effects of static electric chargdeplsnod on
the humidity. At 40% RH (Relatve Humidity) a person walking on nylon carpet would
create a voltage of 1.RV and at 30% RH walking on nylon would create a voltage 63360

kKV. Nylon carpets can givelectric shocks at up to 50% RH, but4fi% RH, shocks are
avoided for most carpets.

Wilson observed that triboelectric charges generated on polyester and cotton fabrics at a
magnitude of negative O0.C, could ignite the natural air/ gas mixtur@&ilson 1985) A

low charge of 0.021C would be eough to ignite hydrogen/air mixtures. He also observed
the sparksgenerated from negatively charged surfaeest for a considerably shorter time

but are greater in magnitude than those from positively charged surfaces (Brundrett 1977;
Wilson, 1985).

25 MECHANISMS OF CONTACT ELECTRIFICATION

Despite a lot of research on understanding the contact electrification mechanism, there is

lttte consensus on how the charge has been transferred from one material to another upon

12



contact. Charge transfer was atitéxl to three different mechanisms by various authors
(Seanor 1972, Castle 1997).

1. Charge transfer due #ectrors

2. Charge transfer due to Bn

3. Charge transfer due to material transfer

In his famous book on static electrificatiodarper (1967)reviewed tle charging mechanism

and proposed that contact charging of insulators involves ions not electrons. Another famous
review on contact charging mecisans by Lowel and Rosknes (1980 contradicted
Harped siews and concluded that electron transfer is oasble for contact charging. In a

very recent review, Whitesides et €007) explainedthat charge transfer in polymers is due

to transfer of ions, not because of electron transfer.

2.5.1Electron Charge Transfer Mechanism

Contact electrification betvem metal and metal was found to be due to the transfer of
electrons. (Davies, 1967)Some researchers assumed that the charge transfer between the
polymers also involves the transfer of electrons. Significant amount of research has been
done on polymemedl contacts and concluded thaharge transfer is due to electron
transfer. Arridge (1967) measured the contactem@l of nylon contactinglifferent metals

and found a linear relatonship between the potential and the metal work function. These
observatins were supported by a few other authors (Davies 1967, Davis 1969, Fuhrmann
1977). The observation of lmear relationship betweecharge transfer and the metal work
function implies that electrons are the major species transferred during contadicatectri
However, Lowel (1977) and Bauser (1970) found that the charge transferred to
polyethylene, polyester and PTFE are independent of the metal work function. This is
because the most energetic electrons in an insulator do not have a single vahergpf
throughout the surface as they do in métabore 1973, Clark D.T. etl., 1978) Polymer

work functions are measured by different researclages not same The electron charge

transfer mechanism is shown kigure 2.3.
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However, experimental obseations appear to contradict this view. Triboelectrification of
polymers does not correlate with bulk electronic properties such as the dielectric constant, or
atomic properties such as ionizaton energy alattren affinity. Whitesides eal. (2007)
revewed the triboektric charging mechanism and argued that the electron charge transfer
mechanism cannot be possible theoretically. When nylon and polyethylene polymers are
contacted, according tothe triboelectric series, nylon acquires positve charge,d an
polyethylene acquires negative charge. If the charge transfer is due to the electron transfer
mechanism, one electron should be removed from nylon, separation of charge across the
interface occurs, and an electron is added to polyethylene. The ovecalsgexceedsabout

5-10 eV; which is very much higher than the thermal energy at room temperature (0.026 eV).
The transfer of an electron from a filed orbital of a polymer (insulatihg material) to an
unfled orbital of another polyar is on the order ofeveral eVand this electrofransfer

model is energetically plausible only for materials with no band gap (metals). Hearle (1997)

also argued that the charge transfer is not due to transfer of edectron

| | contact and | @) |
F electron transfer _
two materials — — Separation
of charge
~N = g
| ' )2 O ]

Figure 23 Mechanismof electran charge transfer (Whitesides att 2007)
2.5.2lon Transfer Mechanism
Diaz et al (1993) proposed that proton transfer could explain the triboelectrification of a
wide range of materials. The best evidence for the transfer of ions is obsertkd
polymers which contain covalently bound ions and mobie counter ions. The ion transfer
mechanisnof Diaz is shown inthe Figure 2.4Diaz, 1993) Two kinds of ions can be seen in
the Figure2.4, cations which are covalently bound to the surface @nahter ions which are
mobile. Diazet al. (1993) found thatluring the contact charging of ion containing polymers,

the sign of the charge that these materials acquired is aways the same as the covalently
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bounded ion. They observed thas the concentiah of the ions increases the amount of
charge increased. Characterizing the polymer surface withayX photo electron

spectroscopythey found that only mobile ions have been transferred and not the covalently

bonded ions.
mobile contact and | |
counterion ion transfer (&)
- | separation
fixed ion - | — of charge

Lo b

Figure 24 lon charge transfer mechanism [fi#sides et al. 2007)

2.6 CHARGE STORAGE IN POLYMERS - MACROSCOPIC VIEW

Most polymers used to make textie fbers are smystaline polymers which have a very

high resistance, of the order of*f0ohmscm 3. These insulators have very low ion/electron
mobility. Polypropylene is composed of (gEH (CHs)) units, and is chemically inert. All

the | ower electron shells of the Cb6s are
energy level, polypropylene is poor conductor. So, the charge is unlikely to reside on the
polypropylene repeat unit. Charge storage in polymers is attributed to the presence of traps.
In polypropylene, lttle is known about the nature of the surface traps, although chemical
impurities could be the reason for charge traps, specific surface defects caused by oxidation
products, broken chains, absorbed molecules or differences in short range order or surface

also could be responsible for trapping charges in certain cases (Sessler, 1987).

Among al polymers which cabe made into textie fibergyolypropylene has the abilty to

store the charge forthe longest time. Nonwoven fabrics made from melt blown
polypropylenestore the electrostatic charge for a longer time and widely used ageir [fi

can be anticipated that charges must remain on larger entiies, ie. trapped polymer chain
segments or chain ends that are well removed from the surface. There is also a chance that

charges can be trapped on additves or impurities (Behrendt 2008). If charge resides on
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the surface of a polymer, e.g. by adding chemical groups to another polymer which can
completely cover the surface, the static electric properties of the first polymer would vary. A
very thin layer of surface coating could lsbanging its static electrical properties such as

surface charge density antlarge dissipation (Brennen afl995).

2.7ELECROSTATIC MEASUREMENT TECHNIQUES

The electrostaticmethods measuringextie materials are divided into three different classes

1 The first is direct measurement of charge on the surface

1 The second method indirect measurements related to the tendency of developing the
electrical chargesuch as measuringesistance or conductance

1 The third class of testing the static electric prdiercan be evaluated by testing the end
use properties such as cling tests, stroll tests and fitration efficiency (Holme et al
1998).

2.7.1Direct Measurements

Direct measurements include measuring the charge or surface potential on the textie fabrics
by charging them triboelectricaly or with a corona. The charge can be measured directly
using a Faraday pal and electroscope/electrometsd surface potential (which is

proportional to charge) also can be measured.

A Faraday pail or Faraday cage is mstrument which consists of an uncharged metal
container into which the charged sample is placed. The metal outer containenasted to

the ground, and preventthe external electrical chargeso that they influence the
measurement. The inner wall tfe metal containersiconnected to the electrometss that

the charge inside the metal container can be measured. When a charged object is placed
inside the metal container, an equal and opposite charge is induced on the inner wall. This
charge leaves #&d an equal and opposite charge on the capacitor of the electrometer which
is equal to the charge inside the metal container. The other way to measure the charge is
measuring its field or surface potentidhe dectric field (in kV/m) can be measured ing a

field meter and the potential in volts can be measured using a volmeter.
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2.7.2Indirect Methods

Indirect methods of measuring the charge on a polymer surface include the measurement of
resistance. However, some authors found that there is no atomrelbetween the
measurement of resistance and the surface charge on the textie fabrics. Resistance R is the
property of material which resists the flow of currénhich is measured in ohinslts SI unit

is kg nf S® A2 Volume resistivityr of a mateil is the resistance between the opposite
faces of a 1m cube. For textle fbers the resistivity can be measured as mass specific
resistance, which is the resistance between the ends of a specimen 1m long and of mass 1 kg.
Most commonly measured on falsrias square resistancéhe resistance between the two
points of the fabric which is measuredy applying a voltage between the paralel electrodes

The spacing between the electrodes &mgjth of the electrodesemainsthe sameUnits to

express the sface resistivity areloms p er s gSeaver A.E, aP3).s q ) (

Measuring resistivity is relatively easy and highly reproducible. Hence, in this research work
surface resistivities of the fabrics ieabeen measured following the AATCC test standard
methal 761995, Electrical Resistivity of Fabrics. This resistance is measured by measuring
the arrent passing through a fabnsder known voltage and the electrode dimensions. The

resistivity is calculated as follows

Rs=r sx D/IW
where R= Surface Redfisance (V)
r<= Surface Resistivity (Y/ sq.)
D = Distance between Electrodes (m)
W = Width of Specimen (m)
Surface resistivity that can be measured using the concentric ring electrode is
rs=2pRsin (ra/ry)
where p = radius of the outer electrode
r = radius of inner electrode
The surface resistivty measured using the concentric ring electrodes is expressed in

ohms/square and has the same value as measured using the square paralel electrodes.
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2.7.3Simulation Measurements
The two kinds of tests which are used to test the antistatic properties by simulation are cling

tests and simulated walking tesfBhe nost reproducible method of testing is suggested by
the AATCC Test method 115995. A strip of fabic is clamped at one end and placed
horizontally on a steel plate which is not grounded. The test fabric is placihe steel plate

and rubbed with a standard fabric material which is wrapped around a wooden block. The
steel plate with the test fabris inclined to an angle of 70after the rubbing as the fabric

clings to the metal plate. The time needied the fabric to be free from the cling and fall to

the ground on its own weight is calculated. Stroll tests are used to measure the charge on

carpes. However, these results depend upon the carpet materials, shoe sole material etc.

2.8 ANTISTATIC FINISHES

Antistatic agents are the chemicals that are applied to the surface of the yarn or fabric to
control the accumulation of the static electric cbargThe principle mechanism involved in

the working of antistatic agents is that they increase the conductivity of the fiber surface and
reduce the frictional forces through lubrication (Schindler and Hal@88). The pesences

of mobile ions are importanfor the functioning of antistatic agents. These agents increase
the conductivity by creating an intermediate layer on the surface. The created layer is
hygroscopic 8 that it can increase the moisture content on the surface and hence the
conductivity. Tle effect of these hygroscopic finishes depends on the humidity of the

surrounding air (Schindler and Hauser 1998).

Antistatic agents are applied during the manmade fiber spinning process in the form of spin
finish to prevent the generation of static clargAntistatic finishes are added during the
processing of polymers and making them into yarns, woven fabrics and nonwovens.
However, most of them are removed during or after the fabric preparation. The antistatic
agents can be nondurable or durable atiistagents. Nowlurable antistatic agentare

applied to fabrics that never need to be washed or shampooed such as conveyer beilts,
transport bands, and driving cords. Although application of antistatic aigenéxessary for

hydrophobic fibers such as low and polyester, fabrics made from cotfowool and rayon
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also needto be treated with antistatic agents depending on the endnugeneral, to avoid
detrimental problems during the usage of texties, antistatic finish of 0.1% on weight of the
fiber/fabric is used. However, the concentration may vary based upon the effectiveness of
the antistat material, diameter of the fber/yarn, fabric structure, relative humidity,

temperature and degree of protection desired (Slade, 1998)

2.8.1Non-durable Finishes

These finishes are preferably used for fiber and yarn processing, since they need to be
removed. Nondurable finishes are hygroscopic materials include surfactants, organic salts,
glycols, polyethylene glycols, polyelectrolyte, quaternary ammonium sdtts fatty alkyl

chains, polyethylene oxide compounds and esters of salts of akylphosphonium acids.

Esters of phosphoric acid, quaternary ammonium compounds andnigoncompounds
belong to the nocwlurable finishes. Esters of phosphoricdaere shownni the Figure 2.5.

The nost known quaternary ammonium finishes are ditallowdimethylammonium chloride
and dihydrogentaed tallowdimethylammonium chloride. Long chain quaternary compounds
on manmade fibers provide some durability to wash and moderate anpstgierties can be
found even after washing. The chemical structure of quaternary ammonium antistatic finishes
is shown in the Figure 2.6. Compounds such as ethoxylated fatty esters, alcohols and
akylamines belong to the ndonic antistatic agents. Allgmine nonionic finishes are
shown in the Figure 2.7. These ronic finishes absorb more moistur@hich gives better
antistatic properties. Cationic finishes applied to cotton and polyester fabrics weretdound
be removed after one washalme et al.1998). However most of these antistatic agents lie
on their surface. Grafting chemicaly these surface finishes would change their static electric

properties significamy (Duke et al1976, Brenneret al 1995).
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Figure 25 Phosphoric ester antistatiagents (Schindler and Hauser)
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Figure 26 Quaternary ammoniunagentsand Nonionic antistatic agents (Schindler and
Hauser)

2.8.2Durable Antistatic Fnishes

It is not easy to obtain an antistaticating whichcan endwe to several washings on a fabric

with a single finish application. The main principle involved in this finish is to form a cross
linked polymer network containing hydrophiic groups. These cross linked polymer network
groups can be foed by reacting polyamines with polyglycols. The concentration of the
hydrophiic groups in the final polymer can be customized. As the larger portion of the
hydrophilic groups are added, more moisture can be absoviiéch greatly improves the
antistait effect. Crosslinking of polettrolyte is shown in Figure 2.7At higher levels of
absorbed moisture, the polymer layer formed on the surface could be softened and is more
easily removed by abrasion during laundering. Even higher levels of cross lmkingot

good for the antistatic properties. The amount of moisture absorbed wil be reduced at higher
degrees of cross linking, and is more easiy washed away due to abrasion during laundering.
Due to the dificulties involved in optimzinghe desired mperties by usingdurable

antistatic coatings, the usage of durable antistatic finishes are limited.
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Figure 27 Cross linking of polyamines to create durable antistatic agents (Schindler and
Hauser 1999

2.8.3Evaluation of Antistatic Finishes

There are several ways to evaluate the antistatic coating on textle materials. The
measurement of surface resistivity is the easiest way to measure the resistivity. AATCC
method 76, measurement of electrical resistivity of the fabsicsommonly used to measure

the resistivity of the fabrics. Other measurements can include measuring the triboelectric
charge by contacting with metals, rubbing with a cotton fabric and measuring the surface

potential, measuring electrostatic potential -liflaff surface electrical resistance and wicking
of water measurements (Schindler and Hauser, 1998).

2.9RESISTIVITY STANDA RDS AND THEIR PROPENSITY TO TEXTILES

There are certain standards which have been set to define the antistatic properties of textie
materials. A material with a surface resistivity of'1@hm/ square is considered to be a
fabric with negligible static propensity. Hauser and Schindler (1998) provided the surface

resistivity values for the practical use of antistatic finished fabric65& RH as shown in
Table 2.2
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Table 22 Surface resistivity and practical use of antistatic finished texties (Schindler and
Hauser 1998)

Surface Resistiv Assessmen
X107 1 x 10 Very good
X171 1 x 10 Good
1x10°1 1 x 10° Satisfactory
1x10"71 5 x 10° Limit of Suficiency
>5 x 10° Insufficient

2.10THEORY OF STATIC ELECTRIC CHARGING

Electrostatic force is one of the four important forces in the universe which binds atoms and
molecules togetherHowever, it is so small in a macroscopic world, only light weight
particles are to be charged when two materials contact each Atlserding to Gausslaw,

around a uniform density of charge if an imaginary area of surface S has been drawn, the

componenh of the electric field is proportional to the total electric field.
E= xegde S
x g= total sum of the charges
e, relative permitivity of free space
e = relative permittivity of the medium

At one atmospheric pressurdry airionizes at an electric field of 3*10v/ m. The total
charge enclosed in a surface is the surface density of the chasgeuplied by the

surface area Be.

From Gaus® law, E= (Qs * S)/(S*e,) Qs/e,

The maximum charge that can beitbup on any sold surface is limited by the breakdown

strength of the air. When the dielectric strength of air get&dordown, the charge othe

22



surface gets dissipated. The maximum electric field (V) on any material before the dielectric
strength of & gets breakdown is 3*10 V m? a capacitance (C) of 8.8 * 1 F/mthen the
maximum charge density that can be sustained on any insulator surface is

Q max=8.8*102Fm!*3*10°V/m
=26.4*10°C m?

The primary charge on one electron i§ ¥ 10'° C. At maximum charge density there are
approximately 1.7 * 1% electrons per square meter can be found on a negatively charged
surface. On any solid surfatke number of atoms present is of the order of 2#%18toms

per square meter. This st® that on a monolayer of surface only about 8 atoms per milion
are charged, which meatisat only one atom out of 125,000 is charged. For that reason the
surface charges are found to be so sensitive and even at a very low level contamirmation of
few pats per milion wil have a significant effect on the static electrical properties of the
polymer surfaces (Cross, 1987).

For any polymer surface that is charged with maximum charge, if we assume that these
charges are equally distributed, there can be 8§ traps/mm which corresponds to one
charge stored in a square 78 nm/siler polymers typical interatomic distances are in the
range of 0.10.2 nm, thus the charge concentration is of the order ofl0% parts per milion

even in the most optimisti case. Simiar observations were observed by experimental

research by Mellinger (2005).

2.11CHARGE DISSIPATION ON INSULATING SURFACES

2.11.1Time Constant forCharge Decay

It is very important to calculate the time for the charge to dissipate away Hemharged

textie surface. The charge decay depends on the size of the capacitance on which the charge
is stored and resistance through which it can flow to earth. In the case of conductors the
capacitance and the resistance values are constants, hdamewesulators the capacitance

and the resistivities are more complicated. The rate at which a charge flows through
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resistance is proportional to the voltage on the capacitor. The voltage is proportional to the
charge remaining on the surface. Mathemdyicttie charge decay can be expressed as
0= G exp (tt)
where g= charge attime t
Jo = initial charge
=time constant =RE ; eL r
where r resistivity
R= resistance
C= capacitance
t is caled the time constant for exponential decay which is equal to the time to reach
approximately 37% of the irdi potential decay. Exponential decay on an insulator surface is
shown in Figure 2.9. Another parameter that can be used to measure the charge decay is half

decay time, the time to reach the 50% of inttial charge, which is also called as half life time.
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Figure 28 Exponential Decay of charge on a polymer surface with a time consf@nbss
1987)

2.11.2ChargeDecayMechanism on Extile Surfaces
Experimental studies by several researchers have shown thaerongharge decay in most

charged polymer materials is characterized by relatively fast initial decay, followed by slow
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final decay (Sessler 1987). Based on kinetic equations, and considering aspects such as
capture and release of traps, creation of carrier pairs, recombination, stochastic hopping, etc.
several models have been proposed to explain charge decay. However rhest ahodels

have been proposed based upon charge decay measurements on the corona charged polymer

flms or fabrics.

2.11.3Effect of Moisture

The mostimportant factor that is responsible feignificant electrostaticcharge effects is
humidity. Water hasa high dielectric constant which reduces the strength of all electrostatic
interactions by that factor. Water can play a role in charge decay acting on both surface (for
hydrophobic polymers) and bulk (for hydrophiic polymers). Among organic polymers,
polymers with no polar groups with certain structural features such as polypropylene and
PTFE are found to have very low charge decay properties. These nonpolar polymers have
hydrophobic surfaces. Even these hydrophobic polymer surfaces adsorb some watar. fro

This water is probably localized in islands and does not form a continuous fim. The presence
of moisture affects surface conductivity. Water can dissociate into H+ anrdidDs] which

can be an important source of ionic charge carriers and insrélasesurface conductivity.

For example the presence of 18 ppm of water by weight in pteane polymer reduced
resistivity from 10%° to 10" ohmcm, and hence charge could be dissipated very easiy. A
schematic representation of the interface betwé®n charged polymer surface and an
aqueoussolution is shown the Figure 2.9his interface is called the electrical double layer,
and is often divided into more than two layers. In the Figueeit was assumed that the solid

has a postive electrostatcharge arising from its surface. Some of the couatex (anions)

are accumulated as an immobie layer near the surface of the sold. The remaining anions
along with other electrolyte itlerGeuyChapmam a di
layer whidh is extended into the electrolyte solution. The thickness of a single layer of water
is about 0.3 nm. The total interfacial region (surface with cations and counter anions and
electrolyte ions) is electrically neutral. The effect of this double layerougdf to have

significant effect in contact charging.
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Charge on corona treated nonpolar polymers, such as polyethylene and polypropylene, are
found to be stable at room temperature even at high humidity (98%). But charges on these
polymers are not stablet demperatures higher than the crystaline dispersion temperatures
(Ta not Ty glasstransition temperature) as observed by Mishra (1982 The temperature at

which motion of crystal domains is possible, which is much higher thardPdlar polymers

sudh as nylon and polyester have functional groups such as amide bonds and carboxyl groups
in their molecular chain configuration. These groups absorb water and increase electrical
conductivity by ionic transport, thus the dielectric constant of the polynikringvease.
Because of interaction between water, polymer molecules, and charged particles, charge will

be transported in the polymer, and can be neutralized easily.

According to Mishra (1982), the interaction between water and polymer molecules could
cause the following effects on the electrostatic properties of polymers. Water absorption
increases the dielectric constant and creates various charge carriers including mobile
electrons/ions. The following equation is derived between conductivity and neoistu
absorbed in polar polymers
LogS=Cm+D
Where S= electrical conductivity
m= amount of moisture absorbed by polymer
C and D are constants.
Water absorption creates a plasticizing effect on some polar polymers by decreasing their
glass transition tengwature. Water molecules themselves can break ift¢HED™) and OH
ions and provide charge carriers. This could improve the conductvity of the polymers,

particularly at lower humidity.

Mishra (1982) found that for polar polymers, moisture absorptionchatge decay rate are
directly related. As the amount of moisture absorption increases, the charge decay rate
increases. Da&upta et al. (1990) also agreed with these findings and concluded that
absorption of moisture, a common contributor for chargeayjeacts both on the surface and

the buk of the sample.

26



Surface charge
/ g

.~ Stern layer (adsorbed, immobile ions)

Gouy-Chapman diffuse layer (mobile ions)
T

3 @ N

@

©

plane of shear

Figure 29 Interface between charged surface agdeous electrolyte solutioWhitesides et
al. 2007)

Shashoua (1958) investigated the relaton between the chemigatlrstrand charge decay
properties of polymers. He proposed that polymers contains the chemical groups 50¢h as
TCN, or TCOOCHS3 generate less static charge compared to the polymers with functional
groups such asCOONa, 1 SOsNa ori CH,CH,Oi' .

2.11.4Mechanisms of harge Decay
Charge decay on triboelectrically charged polymer surfaces can be attributed to the following

factors.

2.11.4.1Conduction
Charge dissipation on a triboelectricaly charged surface was expected to be explaihed by
mechanism of cafuction, by means of free electron diffusion in to gro(Sessler, 1987)

However, various workers proposed that dissipaton by conduction is not the only
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mechanism responsible for the charge decay on textile surfaces. Onogf1®98) measured

charge decay on triboeldric charged textle surface¥hey examined two different cases of
charge decay when the charged textle fabrics are in earthed and unearthed (insulated)
situations. For the earthed fabrics they found that the charge dissipationrisvithetime on

a log scale. The charge dissipation is due to the free diffusion of electrical charges into the
ground. These observatons were supported by several other auffiwes.internal
phenomenon of charge decay in polymers is due to ohmic comdoctidrift or diffusion of

excess charges. Ohmic conduction is due to intrinsic carriers (which can be postive or
negative) avaiable in the valance and conduction band of some materials, particularly at
higher temperatures. These carriers are responginlethe fields that persist in these
polymers. Excess charges created due to charging are subjected to drifts caused by their own
fields (Rychkov 1992, Frese 2007). Ohmic conduction and drift currents are responsible for
most of the internal decay. Randanotion of excess charges with the effect of diminishing
concentration gradients is called diffusion. The role of diffusion in charge decay is predicted
by Sessler (1987) to be minor.

2.11.4.2DissipationInto Air

Onogi et al. (1996) examined charge decayvarious textile fabrics under highly insulating
conditons. They proposed that three different mechanisms are responsible for the charge
dissipation on textle fabrics: conduction to earth, which is the primary mechanism,
adsorption of counter ions, @rdissipation into the air. When piag the charged surface on

a thicker insulated plate, the charge decay was slower, compared to the charged decay on a
surface placed on a thinner insulated plate. They examined the rate charge dissipation into air
on tiboelectrically charged samples of wool, cotton, nylon, and polyester at a range of humid
conditons from 45% to 75%. They observed that the dissipation rate constant depends on the
water content of the textile fabrics. A linear relationship between tiee c@nstant and the

amount of water level above a critical level has been observed.

Onogi et al. (1996)explained the charge decay mechanism by explaining that the fibers

contain two different states of absorbed water found in polymer solds. Water s®lecul
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which are bound to polymer molecules very frmly are not involved in charge dissipation.
Other type of water molecules that are loosely bound are caled free water, which present

above the critical concentration and are responsible for the chargatissip

Onogi et al. (1997) also observed the effect of temperature on charge decay into air at a range
of 15 30°C and 4585 % RH. It was found that the critical water content on these fibers was
reduced as the temperatures rose. AC2he amount of fie water which is responsible for
charge dissipation is more than the critical water content. It was observed that the rate
constants for charge decay have a linear relationship with the amount of free water. However
at other temperatures, there is no i@ship found between the rate constant andatheunt

of free water (Onogi, 1996).

2.11.4.3Absorption of Gunterlons

When the charged polymer is stored in unshielded conditons and open to large area of ions,
the charge decay due to the ion depositan be very largeWhen corona charged Tefn

FEP fims were stored in open air, the charge decay was very rapid, and because
compensation charges in the form of atmospheric ions neutralized the charge at a faster rate
(Sessler, 1987). Charge decay on tdah 47 polymer fims stored in an aluminum box,
polystyrene box, or cardboard box were found to be very slow. In a large room, due to the
convection process, a large reservoir of new ions is avaiable in the proximity of the polymer
and the charge decawas found to be quick. However, the same kind of experiments
performed on other nonpolar polymer polypropylene shows that aiflow has a very minor
effect on charge decay. These contradictory results could be because polypropylene is less
sensitive to atmgderic ions than Tefon® FEP, which could be unikely, or the
experimental conditionscould be different from each other. When the charged polymer is
stored in a smal storage volume, the external decay can be diminished to the point where
only internal penomena determine charge storage. However, Haenen (1975) contradicted
that the decay of charge due to ions, because the effect of these ions from the air is not
significant if the observed time is less than 1000 hours. He proposed that the ion

concentrgon in air is small.
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However, charge decay does not need to be single exponential tR=cagr et al(1968)
investigated the charge decay on triboelectrically charged textie surfaces and found that the
charge decay is made up of two exponential comgendhey expressed the equation from
the voltage/ time curve

V= A e—t/tl +B e—t/t2
where A and B are ordinate intercept$ the curves of the two components dndandt, are

the time constants

2.11.4.40ther Factors
Pressure also plays a role in cleadecay (Mekishev et al. 2005). Mekish@005) charged

polypropylene and stored it at various pressures betwe€D@0Torr and concluded that at
low pressures, charge decays faster. pkessure decreases, desorption of ions from the
polypropylene surfacas possible, which leads to decrease in the surface potentiabs® th

polymers

Mishra (1982) found other contributors for charge stabiity in polyolefins. She proposed that
the high volume resistance and development of crystal structures inside theerpake
responsible for the charge stabiity in polyolefins. Long side chain polyolefins such as poly
(1-butene) and poly fhexadecene) were found to have poor charge storage properties. Long
term charge storage is due to the chatgeisg stored in moledlar chains, functional groups

and between the crystaline and amorphous regions. But, at higher temperatures, one reaches
the onset of thermally activated motion of these trapped sitebthus the trapped charges

would be dislodged. Thus only polymersthwhigh transition (&) temperature would be

stable at higher temperatures. However, impurities in polar polymers are responsible for the

moisture absorption and the charge decay.

However, charge decay properties also depend upon the structure. Tsai (2998
compared corona charged melt blown nonwovens and spun bond nonwovens charged at
various temperatures ranging fro6@° C to 130 C, and found that melt blown nonwovens

exhibit longer charge retentiomAccording to his study, slower charge decay roeltblown
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nonwovens is due to the electrical properties of the material such as conductivithieand
dielectric constant of the polymers. The charging technique did not show any difference (Tsali
1999) in the charge decay properties. In another article,eTsd (2002) also concluded that

finer fiber polypropylene nonwovens have lower charge decay rates compared to coarser
fiber webs. They also stated that heavier basis weight webs have longer charge retention than
the lighter ones. These observationsenalso confrmed by Motyl et al. Some authors found

that the charge decay on polypropylene is a first order exponential decay. However, their
experimental approach was not clear and they did not describe how the materials have been

charged.

2.11.5Crossove Phenomenon

A different charge decay mechanism was observed on polyethylene by several researchers.
Charge decay on corona charged polyethylene at higher initial charge levels is much faster
than at lower levelsas observed by leda et al. (1967). Thebseovations are shown in

Figure 2.11. Corresponding decay curves cross each other, which is caled the crossover
phenomena. Researchers predicted that at higher charge densities, complete charge injection
occurs into the bulk and partial injection (i.e. sarface) occurs at lower charge densities.
Since bulk charges are subject to faster decay than the surface charges, the potential on the
samples with high inttial charge density is expected to fal bedwarge density othe

samples charged with low iat charge density. However, the crossover phenomenon is
imted to polyethylene with certain additives. However, research by several other authors on
other polymers did not obsentbe crossover mechanism. Some other researchers observed
charge decay othe polyethylenecrossover phenomenon (Herousatt 2009, Neagu edl

1997). Recently Chen et. d2010) observed the cross over charge decay mechanism on low
density polyethylene films and explained titae cross over mechanism is due to bipolar

chargeinjection fromthe corona, which is beyond the interest of this project.

Various charge transfer mechanisms such as an ionic charge transfer mechanism and
electronic charge mechanism are also proposed by various authors. The surfaces of these

polymers ag too sensttive; a very lttle contamination on its surface or a very thin layer of

31



surface finish added to its surface would influence its charge generation and charge decay
properties. Application of surface finishes by applying a very thin layer of ikkrenating on

the surface of the textle material would be useful to determine the static electrical properties.
However, the surface of the polymer should be covered completely in order to find any

significant influence on charge generation and charge ydecaperties due to the surface

modification.

SURFACE POTENTIAL V  (volt)

100!
0

Il 2 3 4 5 &8 7 8 9 10
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Figure 210Charge decay on corona charged polyethylene fim (leda et al., 1968)
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OBJECTIVES

The literature review indicates thatorsiderable amount of research has been done to
understand the static electric properties of the textle surfaces in order to avoid the
detrimental effects of the unwanted static charges developed on these tesgdessuanhd

also to make effective air fiters. However, even after so much research, complete
understanding of the static properties of these materials has not been made and also
consensus between various research findingeds to bemade. However in ordeto
understand the charge generation and charge decay mechanism it is important ta design
system. In this research work axperimental system is designed to obtain reproducible
results, so that meaningful observations can be mdade. Literature review Iso indicates

that there are severdiscrepanciesound in the published literature.

For example in some triboelectric series, cotton is placed above steel and in dihvias
versa. Also nylon, which is placedn top in the triboelectric seriess supposed to get
charged posttive; however the charge on nylon was negative when rubbed with stainless as
observed by London (London, 1966)he sirface of the textles needs to be cleaned as
observed by many authors. Howevéfishra (1982) found that the wface impurities has no
effect

3.1RESEARCH GOALS

The goal of this research is &iudy the static electric properties such as resistivity thad
triboelectric and contact staticcharge generation and charge dissipation mechanism on
woven textle surfags. These findings would be useful soderstand anatontrol the static
charge generation and dissipation.
Specific objectives are including but not limited to

1 Investigatingthe differences in contaetnd frictional charging mechanism between

polymerpolymer and polymemetal contacts.
i Investigating charge decay mechanism and proposing a moddiafgecdecay on

textle surfaces applying antistatic and hydrophilic finishes on polyester fabrics

38



1 Studying the relationshipbetween statielectrical propgies surfaceresistivity,
charge generatiomnd charge decay measuremeatspolyesterfabrics applying
different concentrations dfydrophilic finishesduring frictional charging
measurements.

1 Investigating the effect of durable andndurable antistatic suace finishes on static

electric properties of polyester and nylon woven fabrics.

The overall goal of this research work is to gain a better understanding of the electrostatic
charge generatiorand dissipationmechanism of thetextie materials. Different parameters
varied are various polymers, various surface finishes and various charging methods. This
research is expected tprovide some insights about the chargaegation and dissipation
models. This research could provide knowledge that alow the cbrif static charge
generation and dissipaton and could be utlized to reduce the detrimental effects of static

charge during use of consumer products and processing of textile fibers, yarns, and fabrics.

The results arepresented here as a collectionjodirnal articles Chapters 4, 5, 6 and 7 are
articles being prepared to be submitted to pe@ewed journalsinstruments, materials and
methods are explained separately in each chalpgah of the chapter is dedicated to answer

the each objective lise above. The reader may found some redundancy of some
introductory and experimental information because of the reason these publications are
intended to be independent from each otl@napter 4 provides insight to the differences in

the contact and dynamicharging of polymepolymer and polymemetal charging. Chapter

5 discusses the charge decay mechanism on cotton and polyester fabrics and polyester fabrics
treated with topical finishes. Effect of concentration of the hydrophiic finish on the charge

decay is explained in chapter 6. Studies on nylon fabrics is discussed in chapter 7
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CHAPTER 4
ELECTROSTATIC CHARGE GENERATION AND BUILDUP DURING
CONTACT AND FRICTIONAL ELECTRIFICATION OF WOVEN
TEXTILE FABRICS
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ELECTROSTATIC CHARGE GENERATION AND BUILD UP DURING CONTACT
AND FRICTIONAL ELECTRIFICATION OF WOVEN FABRICS

4.1INTRODUCTION

When any two neutrally charged materials are contact and separated, it is generaly observed
that one material acquires positve charge and the other negative chargeselfnthterials

are conductors such as metals, the generated charge quickly dissipates through the
conductive matrix. If the materials are insulators, the generated charge accumulates on the
surface. Polymers with relatively polar surfaces and relatively riesistance (i.e. cotton and
rayon) are able to spread the charge throughout the structure and a rapid decay of the charge
is observed. Synthetic textile fbers, such as polyester and polypropylene are insulators with
high resistance (generaly >1*10 ohns-cm volume resistance) and any charge that is
generated is retained on the surface and dissipates only slowly. Thus, in the processing of
fibers, synthetic fibers generally have significant issues with static generation and control
whie high surface engy fbers, lke cotton, have relatively few issues. In order to
understand and reduce the detrimental effects of static charge generation on such textie
materials, it is important to understand the charge generation and dissipation mechanism(s).
Significant research has been done and several careful reviews have been published
explaining the electrostatic charging mechanism on textle materials (Harper, 1957; Rose
Innes 1980; Holme eal. 1998, Whitesides etl. 2007), however a thorough understanding of
mechanisms in this area continues éinde the research communifihis work will focus on

two specific questions in this area:

What if any, of the differences between contact and rubbiparge generation

mechanism(s)?

What are he differences between poigrinsulator and insulateinsulator charging

mechanism(<)

The generation of static electric chargeais interfacial phenomenon and it is found that the

charge lies about few nanometdnism the surface (Arridge, 1967). The surface of polymeric
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materias is different from the bulk with surface thickness limited a@ofew nanometers.
Maximum surface charge that can be generated on any sold insulated surface is 26.4
nC/sg.m due to discharge of the materials ttee ground through air. Even at this maximum
charge level, only eight out of a milion atoms are charged. Surface charges involving a few
parts per milion could significantly influence thelectrostatic propeties of the textie

materials.

A series of materials, callethe triboelectric seriesin which materials are listed in an order
according to the sign of the static charge generated on its surface when it is rubbed with
another materiahas been establsti by several authardn this series, materials which are
placednear thetop are charged positve when rubbed with materials placettie bottom of

the table.The frst triboelectric seriesvas establishedback in 1757 by Miéke (Hersh and
Montgomery, 955). Later research on the static electrification of the textle materials has
resuted in several modified triboelectric series. However, the order of materials in the
triboelectric series is stil subject to minor differences with several researcherg ha
published several different triboelectric series. A triboelectric series establshed by two
different authors isshown in the Tablet.1. The difference in the relative placement of cotton

and steel may be due to small differences in the source oritiegpin either material. Since

the static properties of textle materials can be very sensitive to surface differences based on
processing/chemical treatments or the structural characteristics of fabrics, differences of this
type are surprising. Most dhe published triboelectric series are based on the polarity of the
charge generated on the surface of the polymer when rubbed with ahtdherver, Welker

et al QO0G) proposed that the magnitude of the charge generated on the surface also depends

on thedistance between the materials in the triboelectric series.

Explaining the source of the triboelectric charging on polymers (insulators) is an unanswered
question (Castle, 1997). Adding to this the complexites associated with materials, fber
structure ad surfaces along with fabric structure and treatments, renders research on textie
materials a chalenge. Electrostatic charging of metals and semiconductors is explained

clearly in the literature, whereas the same phenomena on polymer surfaces asd atextil
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not completely understood and explanatory theories remain elusive. Considerable research
has been done on textile fbers, yarns, fims, polymer plates and fabrics to understand the
electrostatic charge generation. In this reseavolk, most widelyused woven textle fabrics

such as cotton, polyester, nylon and polypropylene, have been tested to understand the
differences in contact and frictional charging. Al these fabrics were tested with PTFE for
insulatorinsulator charging and steel for insalatonductor charging. A triboelectric series

has been established based on the sign and characteristics of the charge generated with
tribocharging (contact rubbing), quantified and compared with theekebivic series in the

terature.

Table 4.1 Triboelectric series published by several authors

Triboelectric Series (Adams 1987) Triboelectric series (Tsuji &tl.1985

Nylon Nylon
Cotton Steel
Steel Cotton
Polyester Polyester
Polypropylene Polypropylene
PTFE PTFE

4.2EXPERIME NTAL

4.2.1Sample Preparation

Woven fabrics of cotton, polyester, nylon and polypropylene (purchased from Testfabrics
Inc.) were cut intorectangles ofl10 X 80 mm for the rubbing electrification tests and circles
of 6 mm diameter for contact chargirtgss. Rubbing and @ntact heads of steel and
Polytetrafluoroéhylene (PTFE) of 10 mm X 20 mm X 3 mm (for rubbing) and a circular
sample of 6 mm diameter (contact) size were used to study the pohatsrand polymer
polymer rubbing effects. The edges of thébing head were polished in order to avoid any

abrasive damage to the fabric specimens during the rubbing.
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Two types of cleaning procedure were adopted for these fabrics. For cotton, polyester and
polypropylene fabrics a simple cleaning procedure wdewied as adopted by previous
workers (Lu, 2010) These samples were cleaned with deionized water atGsdor 20
minutes. These samples were cleaned with Isopropyl Alcohol ((BEHOH, FW = 60,
SigmaAldrich) at room temperature for 20 minutéSeyam,Cai and Oxenham, 2009;ulL
2010. The samples were then dried in the oven af £20The fabrics were then condit@oh

in the environmental roonat 2 C and 43% Rlative Humidity (RH) for 24 hours before
testing. The surface of nylon fabric was very semsitand more thorough cleaningas
required for these fabricgor nylon fabrics, 1g/l Akon MRV and 1 g/l TSPWRas added to
water and heated to07 C and then nyion fabric is added and treated for 20 minutes. Then
these fabrics were again cleaned with pnecedure adopted for cotton and polyester fabrics.
All of these experiments were conducted at a temperature®c® 2ind 43% RH as suggested

by AATCC standardsAATCC test method 76 Before each test, the initial surface potential
of the fabric was meased and any residual charges were removed by using an ionized air
gun. The contact/ rubbing heads were also cleaned witropanol (SigmaAldrich) and

deionizer gas before each experiment.

Sampling

In this research the samples are chossndomly from thefabric. The selvedges are avoided

while selecting the samples. The samples are selected randomly that no sample was chosen
that made from same type of warp yarns and same type of weft $&mmpling procedure

were followed the radom sampling procedstggested by Savile Savile B.P. 1999)

4.2.2Materials and Experimental Design
Finish free fabrics of cotton, polyester, nylon and polypropylene were used in this work.

Basic fabric specifications are given in Tadle

44



Table 42 Fabric details

Fabric Density Cover Factor
Cotton | 1.52 22.94
Cotton I 1.52 15.81
Filament PET 1.14 20.19
Spun PET 1.14 20.62
Filament Nylon 1.38 17.36
Spun Nylon 1.38 19.20
SpunPolypropylene 0.90 16.48

Experimental design |

In order to sudy the effect of rubbing on the electrostatic properties of textle fabrics
experimental design | was used. Table 4®es the parameters and levels used
experimental design

Table 43 Experimentaldesign- | to investiga¢ the static generation during tietional
charging of textile fabrics

Parameters Levels

Fabrics Cotton |, Cotton Il

Filament Polyester, Spun polyester

Filament Nylon, $unNylon, Spun Polypropylene
Frictional charging heads Steel, PTFE

Charge measements Charge after first rubbing,
Charge after 50 rubbings

Total number of measurements 7 X2 x 2 x 3=84
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Experimental design ||
In orderto study of the effect of contact and separation on the charge generation on textie

fabrics experimental degn Il was used Table 4.4 shows the parameters and levels used

during the rubbing charging.

Table 44 Experimental design Il used to investigate the contact charging of textie fabrics

Parameters Levels

Fabrics Cotton |, Cotton I

Filament Polyester, Spun Plyester

Filament Nylon, Spun Hon, Spun Polypropylene
Contactcharging heads Steel, PTFE

Charge measurements Charge after first rubbing,
Charge after 50 rubbings

Total number of measurements 7 x2 x 2 x 3=84

4.2.3Equipment andTestProtocols

RubbingCharging Equipment
To investigate the effect of rubbing on static charge generation as a part of experimental

designl customized rubbing charge measurement equipment was buit in a controled
environmeét by previous worke (Seyam eta. 2009). Rubbing apparatus consists of a
movable rubbing head with an insulated stationary platiorm to place the fabric sé&mple.
probe is placedat a constant distance (21mmgxt to themoving rubbing headWhen the
rubbing head is movinglong the fabric, the charge generated on the fabric is monitored by
the probe continuously. The following parameters were maintained constant for the rubbing
test measurements rubbing force: 1N; rubbing frequeB8&y cycles/ min; rubbing speed:
4A7mm/sec;acceleration/deceleration: 400 mn¥ subbing stroke length: 52 mn#§.48 mm

at constant speed 2.76 mm acceleratioir 2.76 mm deceleration); number of rubbirsg;

data collection rate: 100 points/sec; The responses measured for the rubbing ase surfa
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potential afterthe first cycle of rubbing, after 50 cycles of rubbing and half life time day in

seconds Typical rubbing charge data after every rubbing is shown in Figure 4.3.

Voltmeter
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Connected to a

- / Stepper Motor
‘ ]/ Forward

Backward

Shaft

Potential
Probe

n

Computer DAQ System
o AN \ SR
( — = ] Grounded Fixture
Rubbing Head Rubbing Plate
(movable above ) (tixed below) =

Figure 41 Rubbing Charge Equipment L201Q

ContactCharging Equipment

To investigate the effect afontact and separation on the electrostetiarge generationf

the textle fabricsas a part ofexperimental desigh contact charge equipment if buid by
previous works is shown in Figure 4.Seyam etal 2008) For the contactcharging
measurementsfabric sample of 6 mm diameter was placed on a contact head using a double
sided tape, and the fabric sample has been in contact and separation with stainless steel/
PTFE surface. After every caut the fabric samplevas moved inside a faraday cage and

the charge was detected atite data was recordedrhe following test conditions were
unchamged for all the contact testRarameters used in this work amentact force of 16 N,

contact frequency0 contacts/ min, number of contacts for the test 50 and data collection rate
300 points/minute. The responses measured for this research are charge after the first contact,
charge accumulated after 50 contacts and half life time in seconds. Typicatlsatie data

after every contact is shown in the Figuyrel.

47



Contact Head — '7

Fabric Sample Forward Electrometer
Backward Load Cell
PTFEPlate 4 £ Connectortoa [~ (|| .../
Stepper Motor
Grounded
Fixture z
Metal Plane Computer DAQ System

7 7
Faraday Tube Metal
Driving Rod

Figure 42 Contact charging testétu, 2010)

ResistivityMeasurements

Surface resistty of the fabrics was measuraging the AATCC method #8005 and ASTM
standad D 25799. The resistivity measurements were made using the Trek Model 152 model
surface resistivity meter and the Trek model 2R concentric ring probe. The accuracy of

the measurement is about 5% when the resistivity is arouhd1D4* ohms/square

Electrode assembly with two concentric rings shown in the figure is used to measure the
resistivity. The diameter of the inner ring is 30.48 + 0.64 mm and the outer electrode is 57.15
+ 0.64 mm. The thickness of the each ring is 3.18 = 0.2549 mm. Taleweight of the
electrode assembly is 2.27 + 0.0%@s. This instrumentation includes an ammeter and a
power supply (10100 volts). For materials with a low resistance of beloW diims, voltage

of 100 volts wil be used and for materials with a resigtaothigher than 16 ohms

The test specimen of 30 cm X 30 cm is placed on a grounded instilgotest specimen is
contacted with the electrode and the current passed through the supply is measured by
supplying a voltage to the electrodeBie resistity has been measured at nine different
places on the fabricsResistivity meter is placed on the sample for at least one minute.

Resistivity of the specimens is calculated from the equation
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rs=2pRlog (p/r1)
Where g = radius of the outer electrode

r1 = radius of inner electrode

R= resistance measured in ohms.

4.2 4 Signal Analysis

RubbingElectrification

Surface potentiameasured during several repeats of rublesfing is shown in the Figure
4.3. Before the test specimen has ben rubbed, thacsupotential measured on the specimen
is neamg about zero. As shown in thaglire 4.3, rubbing has been started at when the probe

is point A and the rubbing cycle has been ended when the probe is at point E.

Area Detected by the
Potential Probe
(8 mm in diameter)

Rubbing Head

(10 % 20)
Rubbing Plate | T,=0 Rubbing stroke length: 52 mm
(300 X 90) Stroke time: 1.2 sec
Dimension: mm AB: Acceleration=406 mm/s?

BD: Velocity=47.4 mm/s
DE: Deceleration=406 mm//s*

AiB Ci DiE
0i2

7 20 3935 Distance (mm)

-
e 2 2
e 2 =
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0 i : ] = : : . ]
0 u u< 1 d 1.5 20 25 30 35 40 45
AIB C! DiE
0 0.1 046 1.1:1.2
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i« * One Cycle

Time (sec)

> Timc? (sec)

Figure 43 Charge measurement and signal analysis duringdtineg rubbing (Lu, 2010)
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In Figure 43 the whole rubbing measurement cylce has been portrayed. The rubbing

equipment consists of a surface potential probe, and a rubbing head which rubs the fabric
specimen jaced on a rubbing plate. The rubbing head and the probe are fixed paralel to

each other horizontaly at a distance of 21 mm. The rubbing head and probe are placed
verticaly above 3 mm from the test specimen. Volmeter probe has a resolution of 8 mm in
both x,y and z directions. The dimensions of rubbing head is 10X20 mm and the rubbing
plate is 300X 90 mm. Dimensions of rubbing head, rubbing plate and the probe are shown in
Figure 2.Total length coverd during the rubbing (one stroke) is 52 mm and tuiesddor

one stroke is 1.2 seconds.

At a point A probe is placed and tfrem point A to point B in the i§ure 4.3, the stepper

motor moves with acceleration for a time period of 0.1 seconds. At point B the stepper motor
reaches the constant speed, Wlitis constant speed the motor moves til positon D for a time
period of 1 second and then decelerates for 0.1 seconds and stops at position E. However, the
rubbed area lies in points between C and E. Since, the probe is placed distantly from the
rubbing had, the area that is rubbed and meaured the surface potential is from C to E which
is about 32 mm. at point E, the stepper motor stops its forward position and moves back and
this cycle is repeated until the probe reaches the positon A. The surfaceapoieasured

is shown in the curve. As shown, from point A to C, the surface potential is measured on an
unrubbed area, which is nearirabout zero. From point C to the surface potential is
increaseing as rubbing has been taken place. At point E, thiagudtroke is finished and the

rubbing head moves backwards.

ContactElectrification

The device developed to establish the contact electrification is described elsewhere (Seyam et
al. 2008). Typical signal measured during contact electrification is showre Figure 4.4.

At point B, fabric specimen is entered the faraday cage and at peinthé fabric is
completely inside the faraday cage and the charge is measured after the first contact.
Simiarly at point i fabric specimen completely is out of therdday cage and at poing D
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the specimen is placed inside the faraday cage and charge measured after second contact.

Similarly charge is measured for 50 contacts during the contact charge measurements.
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Figure 44 Typical stait chargedata of repeated contact test

4. 3RESULTS AND DISCUSSION

Statistical Analysis

In this research seven different fabrics made from four different polymers namely cotton,
polyester, polypropylene and nylon were investigated with two differentactomhateria

(stainless steel and Tefon®Measured responses include charge measured after initial
contact/rubbing and charge measured after 50 contacts/rubbings. If only two populations
means need to be compardie two sample T test is used. Howevérthere are more than

two populaton means to be compared, Analysis of Variance (ANOVA) is adopted to
conpare the different means {O 2001). Although this testing gives the informatiomn

whether the means of the populations are different from eaehroth o r not , we do
which means are different rom each other. To answer these questions multiple comparison

procedures and contrastse used

I n this r es e a rSgiiicant Differenyed(HSD)Hestnie aldpted to compare the
effects of rubing material (steel or PTFE), number of rubbings and fabric tyjdben
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multiple comparisons are made, the probabiity of making a-ltypeor increasesHowever
Tukeybds test c o-wise eercot rate. Dub tosthe eamdpne samping procedure
that we adopted in this research, it is reasonable to assume that our observations are

independent.

Assumptionsfor the Tukey® HSD test are
1. All the observations tested in this research are independent
2. The variation across the observations are equal

Al of the statistical analysis was made using SAS 9.1 software

4.3.1ExperimentalDesign- |

RubbingCharge Generation

Figure 4.3ilustratesthe charge (surface potential in Volts) measured aiteinitial cycle of
rubbing with steel and PTFE. The data ressgnts an average of three specimens. Rubbing

with steel generated less intial charge in all samples tested.

The triboelectric sérs (from the literaturé Figure 22 and Table 4.1 places steel in the

middle of the list and PTFE at the bottom of lighis supports the observation that all
materials should charge positve when contacted with PTFEen rubbedwith steel, nylon
expected to charge positivpplyester and polypropylenexpectedto charge negative. Cotton

is in a region of the list wheré imight chage negative or positive against steel. The quantity

of charge measured on the fabrics is believed to be related to the nature of the surfaces being
contacted and wil have nothing to do with their placement in the triboelectric Jesiesthe

charge generated on al of these sampltsr rubbing with steel and PTFE are statistically
different (P value < 0.01)as shown in theTable A3 in the appendi Complete details are

listed in the appeni
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Figure 45 Surfacepotential measured after first cycle of rubbing on textie fabrics

Polypropylene and spun polyester fabrics were charged negatively when rubbed with steel as
expected. From the triboelectric series shown in Table 4.1, it can be understood that when
rubbed with steel, nylon would charge postive, polyester and polypropylene charged
negative and cotton could charge either positve or negative. In the experiments reported
here, these observations were found to be true, except in the case of flament polyester
Filament polyester was supposed to charge negative when rubbed with steel, but charged
positively. This charge reversal could be due to a residual finish appled to the fibers or fabric
during processing or could be related to the structure of the .fdbvien a very small
contamination could infuence the static electric properties of the textle and polymeric
materials.

RubbingChargeBuildup

The charge measured after 50 cycles of rubbing on cotton, polyester, nylon and
polypropylene fabrics are showm the Figures 4.6 to 4.10. The amount of charge generated
on these fabric samples and time to reach the saturation (maximum) value depends upon the
nature of the polymer, the structure of the yarn/fabric and the rubbing head. The surface

potential developd on cottor and cottonll samples rubbed with steel and PTFE are shown
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in Figure 4.6 and 4.7. Similar to the other fabrics used in this reseatbh charge generated

after contact with steel is significantly less than that generated when rubbed it (PT

value < 0.001 as shown in appendi¥able A3. Cotton is characterized by the charge
reaching its maximum value after frst few cycles (about 5 cycles of rubbing) and then
relatively stable through the remaining cycles, followed by rapid exponeetizdy. Higher
charge generated during rubbing with PTFE than steel can be attributed to the placement of

these materials in the triboelectric series and insuiagrlator charging effects.
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Figure 4.6(a) Charge generatioand accumulatioron cottonl rubbed with stee(b) Charge
generation and accumulation on cottorubbed with PTFE
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Figure 47(a) Charge generation and accumulatiom cottonll rubbed with stee(b) Charge
generation amh accumulation on cotteth rubbed with PTFE

For all the cotton samples, the charge generated decays very quickly to zero, regardless of the

amount of charge generated. On cactiotthe chargedecay timesare same (reaches to zero
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within 1520 seconds) independent of the amount of charge generated during the rubbing
cycles. Cotton Il charged with higher surface potential (about 152800 Volts)the charge
decag to zero more rapil The measured resistivity of these cotton fabrics is in the range
of 12 *10' °ohms/square (cotton 1) ar8D0*10' °ohms/squardcotton Il), and according to
textle conductive standards (Schindler and Hauser, 2004) cotton is a highly conductive
material. This is undoubtédrelated to the rapid dissipation of the charge, bungkhat the
fabrics are mounted on BTFE sheet, and there is no direct contact with ground, it is stil

unclear as to where the charge dissipates to.

The surface potential accumulated on the flament and spun polyester is shown iMdBgure

and 4.9, Simlar to the observations found arotton, rubbing with PTFE generated more
charge on both spun and flament polyester. For steel rubbed samples, for first few rubbings
the charge increased rapidly and then charge increases very slowly when rubbedfdurther (
remaining rubbing cycles). For PTFE rubbed samples, the charge increases as the number of
rubbing cycles increased and even after 50 cycles of rubbing the surface potential measured
is stil increasing.
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Figure 48(a) Charge generation and accumulation on fiaun polyester rubbed with stg@l)
Charge generation and accumulation on flament polyester rubbed with PTFE
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Figure 49(a) Charge generation and accumulation on spun polyesteeduwhith steel (b)
Charge generation and accumulation on spun polyester rubbed with PTFE

The charge decay on flament polyester is very slow, and even after 60 seconds the amount
of charge loss is about 10% of its accumulated charge. For spun polyegitssam charge
decays quickly for the first few secondsllowed by a slower decay. Charge decay behavior

on spun polyester fabric is an intermediate form between those observed for cotton and
flament polyester.

Charge accumulated on flament and spylomfabrics are shown in Figures 4.10 and 4.11.
Compared to cotton and polyestise amount of charge generated on nylon fabrics is much
higher (as high as 6000 Volts). Again, we see patterns of charge buid that are hard to
understand. After the first cycle of rubbing spun nylon with steelcharge reached the
maximum value and further no increase in charge was observed as the number of rubbing
cycles increased. For flament nylon fabrics when rubbed with, stdelrge increased
gradually with number of hbing cycles. When rubbed with PTFE, for both nylons the
charge increased gradualy with number of rubbings and reached about 6000 Volts for spun
nylon and 4500 Volts for flament nylon. We believe that the different levels of charge and
the shapes of theharging curves is the result of differences in the fabric structure and trace
materials remaining on the surface after spinning and weaking. all the nylon fabrics
charge dissipation is relatively slow, but there seems to be on regular patters eabsuittiat

this phenomena either.
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Figure 410(a) Charge generation and accumulation on flament nylon rubbed with steel (b)
Charge generation and accumulation on flament nylon rubbed with PTFE
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Figure 411(a) Charge generation and accumulation on spun nylon rubbed with steel (b)
Charge generation and accumulation on spun nylon rubbed with PTFE

Charge accumulation on polypropylene fabrics is shown in the Fgug Simiar to cotton,
polyeste and nylon, dss charge is accumulated on samples rubbed with steel, when
compared with PTFE Charge accumulatiomeaches its maximum value wiithfew cycles
(about 5) of rubbing when rubbed with steel but rubbing with PTFE generates a slower,
steady incease in the clnge observed Charge dissipation on polypropylene is very slow
regardless of the amount of the charge on its surface.

57



412 @ 4. 12(b)

~—~

%-6000 26000
Z-5000 - <5000 1
£ -4000 - £ 4000
§ -3000 gsooo ]
4 -2000 - 20001
(@]
£-10001 £€1000 Hﬂmmmmmmw
A P11 e R |
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (seconds) Time (seconds)

Figure 412(a) Charge generation and accumulation on splypfpylene rubbed with steel
(b) Charge generation and accumulation on spun polypropylene rubbed with PTFE

The important observations fourficbm the charge buidup measurements are

1 Cotton is placed next to steel (Walke006, Adams 1987, Tsuji and Okada 1985) in

the triboelectric s@es suggesng that the charge generated on cotton is less when
contacted/rubbed with steel when compared with other i|lateMost of the triboelectric
seriesthat are published only based upon the sign of the charge developed on the rubbed
surface; Weker et al. (Welke 2006) proposed that the magnitude of the charge depends on
the distance between the materials in the triboelectric series.

1 The charge generated after first rubbing and the charge accumulated after 50 rubbings
are statistically differentor all the samples (P value <0.0Repeated rubbings increase the
amount of charge generated on the fabric surface due to the increase in the real contact area
during rubbing due to the reorientation of the fabric surface and destroying the asperities o
the surface. This phenomenon is more evident for the PTFE rubbed samples. For steel rubbed
samples, the saturation potential reache quickly because steel is a conductive material,

andthere is a possibility that chargan back fow to steel.

1 Duke am Fabish (Duke and Fabish 1977) propodbat in metalinsulator charge
transfer, electrons tunnel between the metal and electron states in the insulator which are

within a narrow range of energy near the metal Fermi level. The same mechanism applies to
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insulatorinsulator electrification; however, the range of energy is much wider, bedause
insulators, the strong energy dependence of the density of the states talameesthe

strong energy dependence of the tunneling matrix element.

i The charge digsates quickly on cottgnbecause cotton is a low resistant material
(resistivity 10 ohms/ square) compared to otheynthetic fibers (polyester, nylon and
polypropylend which are highly resistant (more than'46hms/ square).

RubbingCharge Accumulation

Figure 4.13 shows the charge accumulated after 50 rubbings on the tested textie fabrics.
Similar to the charge measured after the intial contact, the charge measured after 50
rubbings is very high for nylon compared with other samples. Also higher echarg
generated on spun nylon fabric when compared with flament nylon. It appears that there is a
common trend for fabrics based on spun fbers to accumulate higher surface potential when
compared with flament fabrics. This may be related to the facttilese fabrics are made

from smaller fbers with higher surface area. Filament nylon/ fabrics are made from longer
continuous flament fibers which have less surface area than the fabrics which are made from
smaller spun staple fibers. ANOVA results shofws Table A3 in appendix) that the charge
accumulated on the Steel and PTFE rubbed samples are statistically different (P value <
0.01). Also the charge accumulated depends on the polymer type because the charge
accumulated on these samples is statistiadifierent from each other (P value <0.01) and
Tukeyds test results shows that the charge

statistically different from the other fabric samples.

Rubbing with PTFE generated higher charge when comparegbking with steel, due to the
general observation that insuldtibsulator rubbing generates higher charge compared to
insulatof conductor charging (Duke and Fabish, 1977). As expected from the triboelectric
series, rubbing with PTFE generated positivergdaon all the fabrics. Simiarly, rubbing

with steel should generate a positve charge on nylon and cotton and a negative charge on

polyester and polypropylene. When compared with the triboelectric series, these trends were
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true for all the fabrics, excepn the case of flament polyester. The exact cause of this charge
reversal observed on the filament polyester fabric is unclear, but may be related to trace
materials left on the surface from the processing of the fiber to generate fabric. The
triboelectic series of the materials from the literature and the observed triboelectric series
when rubbed with steel and PTFE are showed in the Table 4.5. These materials arranged as
triboelectric series, and compared based on the polarity and the magnitudeclodirtie that

is generated when two materials are rubbed.
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Figure 413 Surfacepotential accumulated after 50 rubbings on textile fabrics

For the steel rubbed samples the observed triboelectric series was perfectly matclieel with
triboelectric series publshed in the literature terms of charge magnitude and charge
polarity (except for flament polyester). For the samples which are rubbed with, FAd-E
observed series matctes the triboelectric series found in the lterature terms of polarity;
however there is slight mismatch in terms of magnitude. In this work, polypropylene fabric
charged with a higher charge than the cotton and the polyester fabrics. The observed charge
on cotton could be less than the generated chbegause some of the charge generated

already might have dissipated because of the higher conductivity of the cotton fabrics.
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Table 45 Comparingthe Triboelectric series found in the literature and in this research when
rubbed vith steel and PTFE

From lterature Observed series From lterature Observed series
(Adams,1987) Steel (Adams,1987)

Rubbing head: Steel Rubbing head: PTFE
Nylon + Nylon + Nylon + Nylon +
PP- Polypropylene - Cotton + Polypropylene +
PETV Filament PET + PET + Cotton +

Spun PET-
Cotton+ Cotton + Polypropylene+ Fiament PET +
Spun PET+

4.3.2ExperimentalDesign- II

ContactCharge Generation

Charge measured on the surface of the fabric after first contact with steel and PTFE are
shown in Figre 4.14. The charge is measured inside a faraday cage and is shown in micro
Coulombs/square meterall the samples when contacted with PTFE charged positively and
the fabrics which are contacted with steel are charged negatively. Contacting with PTFE
gererated a higher positive charge on these fabrics, in the range of 1.2 wCHhS$,
contacting with steel generated a lower negative charge in the rarge.@f to-1.2 nC/nf.
According to published triboelectric series, when contacted with steel, syloold be
charged positively, polypropyl ene, polyeste
charge wil be dependent on where it is placed in the series. The contact charge generation
results showed that there is statistically significant influencehefcontacting material during
testing. The charge generated on materials that are contacted with steel are statisticaly
different (P value < 0.01) from the samples contacted with PTFE as shown in the Table B3 in
appendix. Rubbing with steel generatedsiip@ charge on nylon, whereas contacting with

steel on nylon generated negative charge.
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Charge Density (C/ sg.m)

Cottonl Cotton Il F PET SPET F Nylon S Nylon SpunPP

Figure 414 Charge measured after first cycle of contact on textie fabrics
ContactCharge Buildup
The surface charge buidup on textifabrics cotton, polyester, nylon and polypropylene,
when contacted with steel and PTFE (50 contacts) is shown in Figures4.2115

respectively. With all samples, we again see several generalnpatter

1 The level of chargebuidup with PTFE is always muclgreater tha that generated
from steel (at least 5 times as much charge).

1 The chargeaccumulated on the fabricsontacting withsteel buids quickly (first 5
cycles or less) and then levels off.

1 The charge accumulatedon fabrics contacting withPTFE keepsbuilding through the
50 contact cycles

i The charge once generated dissipates very slowly, even on cotton.

This last observation, that even on cotton, the charge is stablesbbstantiaimpact for our

understanding of how change dissipates fiamtactchargedsamples.
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Figure 416(a) Charg generation and accumulation @otton Il contacted witlsteel D)
Charge generation and accumulation cotton Il contacted with PTFE

The charge buidup observed on nylon samples is observed on &itjarand 4.18 For steel
contacted samples, the chargecumulagd is very slow and limited t63.0 nC/sg.m for
flament nylon and 0.iC/sg.m for spun nylon. Charge generated and increased gradualy
after every contact and reached about14qg.m for PTFE contacted samples, for flament
nylon the buildupwas gradualy increased and for spun nylon it has been increased to about
15nC/sq.m and then a slow increas@s observed. Slower charge decay was observed for

the contact charge nylon samples when compared with rubbed samples.
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Figure 421(a) Charge generation and accumulation on spyprgylene contacted with
steel b) Charge generation and accumulation spun polyester contacted with PTFE

ContactCharge Accumulation

Charge accumulated on various textileritzb after 50contact cyclesvith PTFE and steel are
shown in Figure 4.22. Simiar to the previousbbing charge results, contagith PTFE
gengated more charge than contadth steel. After 50 contacts samples contacted with steel
are charged witha negative charge, and samples contacted with PTFE are charged with

positve charge.
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Figure 422 Charge accumulated after 50 contacts on textie fabrics

Samples which are contacted with PTE#iow the triboelectric series fodnin the literature

with respect to both magnitude and polarity of the charge measured. Measured triboelectric
series in this research is compared wiite published triboektric series is shown in Table

4.6. For PTFE contacted samples, the observed abiklped series are in a perfect match in
terms of magnitude and the polarity of the charge accumulaigidn is placed on the top

with a very higher generated charge (spun nylon 16.13 and flament nylon i/ 5¢) and
polypropyleneis on the bottom with a very lower charge (6.0C/nT). Nyion fabric is able

to charge with a very higher charge close to the maximum saturated charge whichn€/26.4
n?. Interestingly, some discrepancies are found even inrébisarch when compared with the
triboelectric series. Nylon and cotton which are placed above steel in the published
triboelectric series were charged with negative charge when they contacted with steel.
However for both cotton samples and spun nylon ssmplhen contacted with steel even
after 50 contacts the generated charge is very low.46 nC/ nf), but for flament nylon

higher charge-8.42 nC/ nf) is generatedHowever, these samples are charged with pesiti
when rubbedwith steel Contact material has statistically significant influence on the charge
accumulated on the fabric (P value.@Das shown in Table B3 in appex}diAlso number of

contactshas statistically greater infuence on PTFE charged san{plesalue <0.01 as shown
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in Table B3 in apperw). The different observations on the nylon and polyester contact
charging from rubbingshows that the contact and rubbing charging mechanism are very

different from each other.

Table 46 Comparing the Triboelectric series found in the literature and in this research when
contacted with steel and PTFE

From lteratwe Observed series From lterature Observed series
(Adams,1987) Steel (Adams,1987)

Contact head: Steel Contact head: PTFE
Nylon + Nylon - Nylon + Nylon +
Polypropylene- Polypropylene - Cotton + Cotton +
Polyester i Filament PET - Polyester + Polyester+

Spun PET-

Cotton+ Cotton - Polypropylene+ Polypropylene+

Contact ChargeBreak Down

Charge break down occurs when materthlst are charged with substantial static electric
charge, according to Gads$aw, creates an electric field. lhe electric field created is huge

in a smaller area, then the charge wil be discloshdyes to the dielectribreakdown of the air
molecules. Theoretically the maximum charge that can be generated on any sold surface at
normal atmospheric conditions is .26nC/ nf (Cross J.A, 1987) The charge buidup
measured on the nylon fabric is shown in the Figdt23. As the number of contacts
increases, the charge accumulated on the sample irtrapdereachd the saturatiofevel.

Once the charge has been reached rtiaximum value or saturation it breaks down and
sparks wil be produced. As seen in the Figdi23, after 20 contacts charge has been
increased to 18.14C/ nf and some charge has been decayed due to air break Trewair
breaks downthe charge on nyio at a smaller charge than the theoretical breakdown Imits.
From these measurements it can be found that breakdown charge of the insulating surfaces
can bevary. This could be attributed tsurface anomalies of these structures such as non

uniform surface impurities on the surface etc.
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Figure 423 Charge bid up on PTFE contactesbun nylon fabric

4.3.3Charge Decg Measurements

Charge decay measurements dame various textle fabrics are shown igufe 4.24 and

4.25. In Figure 4.25 the half life time decay is measured after these fabrics are rubbed with
PTFE and Steel for 50 cycles. The charge decay is independent of rubbing material and for
both steel and®PTFE the rubbed materié half life time appears to be simiar.r§des which

are rubbed with PTFE were charged for higher charges compared with steel rubbed samples,
but thei charge decay times are sari@is means that the charge decay is independent of the
magnitude of the charge measured on the samptescross oer mechanism as observed by

leda et al.(leda eta. 1972) explains that materials which are charged \aithigher charge

decays quicker when compared with fabrics charged aiilver charge.

Spun fabrics appear to decay slightly quicker whempared wh flament samplesThis
could be becausthe shorter fibers on the spun fabricsvéaa higher surface arethat hasa

greaterpotential to interact with air, which helps the charge to decay quickly.
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Figure 424 Hali-life time measured on textle fabrics after rubbing with steel and PTFE

Charge decay measurements tbe rubbingcharged samplesndicate that the charge decay

is independent of the rubbing material and also the amount of charge generated on their
surface. It apears to be completely surfacecharacteristicof the materials. In the Table74.

the volume resistivity measured on the textle fab(Bythe, A.R. 1979)and the haliife

time measuré on these textile fabrics were compared. From the table it camderstood

that on cotton which haa muchlower resistivity the charge decayed very quickly (€88
seconds) irrespective of the charge generated on its surfadbe base of polyesterfor

which the resistivity is more than cottorthe halfife time is more. Simiarlyfor nylon and
polypropylene which are highly resistive mateyiatbe charge decayed slowly. HE

decay time is similar to their resistivity measured. The charge decay on the rubbed samples is
mainly attributed to emission into tr@mosphere, breakdown of the voltage (charge), surface
and volume conductivity of the material and ion desorptidsing the Tukep s  reselts it

is shown that the polypropylene rubbed sampes statistically different from the other
samples(seeAppendix Table CR
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Table 47 Comparing resistivity and half life time

Fiber Resistivity ohm m Half-life time (secondp
(Bythe, A.R. Rubbing Hea®teel Rubbing Head®TFE
1979)
Cotton 10° 2.09 + 0.61 2.14 + 209
0.64 +0.24 3.8+2.09
Fiament polyester 10%* 230 + 120 258 + 8
Spun polyester 3.2+0.1 39+30
Fiament nylon 10*° 169 *+ 23 356 + 162
Spun nylon 187 £ 30 250 + 46
Polypropylene 101° 1366 + 503 1200 +300
6000
m Rubbing Head PTFE
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Figure 425Hali-life time decay measured on textie fabrics after contacted with PTFE

Charge decay measured on ttentact chargedampleswith PTFE is shown in Figure 4.25

Since charge measured when contacted with steel is low, and all these measurements were
done inside e faraday cagehe charge decay measurements on steel are not discussed here.
Significant dference between the hdife decay times on the contact charged samples is
observed(P value 0.02) as shown in the Table50n Appendix Charge decays on filant
polyester Quicker compared t o ot her mat er i

grouping (See Appendix Table C6)he charge decay times afotton (which have higher
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conductivity and polypropylene (which has lower conductivity are not statistidg
different Also the charge decay times of the rubbed sarpie different from thecontact
charged samplesThe differences observed on the charge decay times of contact and rubbed
samples is probably due to the reasimmcontact chargamaterial isplaced inside the faraday

cage whichshields thecharges on theample from the external effects such as ions etc.

4.4CONCLUSION

Woven textle fabrics are charged with steel and PTFE for contact and frictional
electrificaton to study the static electriproperties of cotton, polyester, nylon and
polypropylene fabrics. Compared with the other insulator and sold materials, the surface of
the textle and polymer materials is morenstive, because of therr seomystaline
structure. Rubbing and contact acing cotton withsteel generated very less charge on
cotton and simidy testing with PTFE generated much higher charge on cotton. The
mechanism of metgdolymer charge is different from polymer polymer charging.Also the
charge generation mechanismvalved in contact and frictional electrification is different.
Since cotton is placed next to steel in the triboelectric seifigs,implicates that charge

transfer between cotton and steel wil be less.

After every cycle of rubbing/contact charging thbarge buids gradualy and the charge

measured after 50 cycles is higher. Repeated rubbings/ contacts increase the charge on the

fabric surface because increase in contact area due to deformation of the surface and

destroying the asperities on the surfader every cycle of rubbing/contact. When compared

the polarity and amount of charge generated on the samples followed the triboelectric series

except

i Filament polyester charged positve when rubbed with stedl was supposed to charge
negative. However, flament polyester has been charged negative when contacted with
steel. Spun polyester chargeakgatve when rubbedcontactedwith steel.

1 Nylon and cotton are supposed to charge positve when contacted with steel however the

chargednegative
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1 From tese observations it can found that therea iglifference between contact and
frictional charging mechanism. Contact aaing mechanissn are very simple when
compared with frictional charging mechargsnihe contact charge series we observed is

different fom the triboelectric series we found in the literature.

During contact charging, higher charge is accumulated on nylon @uch higher charge

density in the range 26C/sq.m. Theoreticalycharge breakdown occurs at a charge density

of 26 nC/sg.m. Inthe case of nylon the breakdown occurs even at 18@isqg.m.

The charge decay measurements during contact and rubbing charging show completely
different observations. Wbing charged samples decayed quickly compared with contact
charged samples. This could be duetlte fact thatduring rubbing charging these samples
were exposed to aiwhereas during contact charging the samples were placed in a shielded
faraday cageThese observations indicatieat the air in the atmosphere and the ions in the air
play a major role in charge decay properties. Also the charge decay psopéiine rubbed
samples are related to treonductivity of the fabrics.For mtton a conductive materia)
compared to other fabrics, the charge disappears very quickly; in contrast polypr@ylene

more insulating materiatthe chargestayson its surface for a longer time.
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FRICTIONAL ELECTRIFICATION AND CHARGE DECAY ON WOVEN
TEXTILE FABRICS TREATED WITH IONIC ANTI -STATIC AND HYDROPHILIC
FINISHES

5.1INTRODUCTION

When two materials are separated after congaetimd/orrubbing, static charges are readiy
produced on their surface. Hoth of these materials are conductors such atals) these
charges dissipate quickly. Thelectrcstatic charging mechanism on metals is well explained

in the lterature (Cross J.A, 1987). Dpite a large number of bothheoretical and
experimental studiegHarper, 196)) the static electrification oihsulating materials, such as
polymeric andtextie materials is stil not clearly understoodThe study of static charging
remains important, because of the detrimental effects it creates such as fabric cling, dry
soiing, and spark discharges to humbody or other grounded surfaces and difficulty in
processing various materials. It is also studied because of its wide range of beneficial
applications such as electrostatic spraying, copying and various forms of printing, flocking
and in the manufacturingf air fiters (Hearle 2008). High efficient air fiters are made from
fine textle fibers, produced as a melt blown nonwoven, and charged corona (static
electricity) or other mechanism. The charge created on these materials is stable for long
periods oftime, even for several years, and seems to improve the qisoftation (Sessler

1987, Cross 1987).

Static electrification can be divided into two different aspects: charge generation and charge
dissipation. Much research has been done on polymereriagtto understand mechanism

of static charging. Various theories, such as ion transfer mechanism (Harper 1960,
Whitesides et al., 2007) and electron charge transfer mechanism (Lowel et al, 1980), have
been proposed to explain the charge generatiocepsoon texties and other roonducting
materials. Polarty and magnitude of the charges generated during the frictional
electrification appear to be influenced by surface property of the polymer material, atomic

groups within the polymeric material atite conditions of rubbing et¢@Ohara et al., 2001).
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Understanding, the charge dissipaton mechanism is also dificut and research has not been
able to identfy a single mechanism that can directly explain the charge decay properties of
these materialsSeveral experimental studies have been made on the charge dissipation of
these polymeric materials, and results obtained have been variable. This, in turn, led to
different explanations for charge dissipation, but these could be infuenced by the detta, whi
was obtained under various experimental conditons for significantly different samples. A
significant body of research has been dedicated to studying polymer fims that are charged
using corona and their subsequent charge decay (leda C96% G 201{sai et al.,, 1998).

These polymer fims are homogeneous and the corona charging mechanism is uniform.
Triboelectric charge decay on textle materials, such as fibers, yarns woven fabrics and
nonwovens, involve much more complex surfaces with higher levegulariies and
directional characteristics. Additionally all these polymer systems, have much high surface
area then fims and it has long been recognized that the surface properties play an important

part in the tribo charging process (B@spta, 1990).

Charge decay on textle materials could be significantly impacted by a range of material
factors. These could include a number of fber structural parameters and surface
characteristics, geometrical features of yarns and fabrics and orientation obliitferes

within the structure and along with typical external factors such as the temperature, humidity,
charged ions present in the air (Onogi et al., 19amer 1967). While the decay properties
can be attributed to any one of the above mentioned $aotocombination of several factors,

the electro static decay properties of textle and polymer materials vary greatly across the
range of structures materials that are available. Natural materials such as cotton and wool are
considered to be practicalytatic free materials because of their higher conductivity and
higher moisture regain. Synthetic materials, such as polyester, nylon and polypropylene, with
their much lower conductivty and lower moisture regain, are considered candidates for
special treatent to control static generation and improved dissipation during both their

manufacture and use.
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The principle charge decay mechanism for grounded samples is considered to be free
diffusion of the charges to the ground. However, when the samples areountlegl, the
charges on the fabric surface can be neutralized by the absorption of the air born counter ions
or charge can dissipate into the air (Onogi et. al, 1995, Onogi et. al, 1996). In this case, the
charge decay function is reported to be exporentia time and mathematically expressed

as
Qi = Qo * exp(-tit)
Q: = Charge at time t
Qo = inttial charge

t time constant(the time to decato 1/e of the inttial charge)Cfoss J.A, 1987)

However, Ramer et alinvestigated the charge decay mechanisntriboelectrically charged
surfaces and suggested that the charge decay mechanism is made up of two exponential
components (Ramer. 1967). In the textie industry people often consider tHie It

time required for the charge to fall half of its i@itvalue) as a basis to compare the static

decay properties of various textle materials and surface treatments.

The present research was aimed at explaining the charge decay mechanism on textle fabrics.
A significant body of research has been carrietl @n static phenomenon of textie yarns,
polymer fims and nonwoven fabricd i, 2010); however, limited work has been done on
woven fabrics. Since, many inconsistencies are evident in the lterature in this area, it was
very important to design a systeim yield consistent results. This research is continuation of

the research conducted by previous workEgeyam et al.2009 Lu 2010) to explain the

charge decay mechanism on textle materials.

5.2EXPERIMENTAL

5.2.1Sample Preparation
Woven fabrics of pgkesterand cotton were purchased from Test Fabrics Inc. and cut into the
required size (typically 11 X 8 cm) for rubbing electrification te®abbing heads of steel

and Polytetrafuorabylene (PTFE) of 10 mmx 20 mmX 3 mmsize were used to study the
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poymer- metal and polymei polymer rubbing effects. The edges of the rubbing heads were
polished in order to avoid any scratching damage to the fabric specimens during the rubbing
process. Prior to the evaluation the fabrics were cleaned through a deioaizer bath at

60° C for 20 minutes. Then the samples were cleaned with Isopropyl Alcohof)gCHOH,

FW = 60, SigmaAldrich) at room temperature for 20 minut(Seyamet al. 2009 Lu, 2010Q.

The samples were then dried in the oven for 20 minutes &C1@afr until the fabric dried
completely). The fabrics were then conditoned in the environmental room @C24nd 43%

RH for 24 hours before testing. All of these experiments were conducted at a temperature of
21 °C and 43% RH. The RH level is lower thdne usual standard atmosphere 65%, but 43%

is the suggested value to use (AATCC standard method) when assessing static phenomenon
in textle materials. Before each test the initial surface potential on the fabric was measured
and residual charges were mmd by using ionized air gun. Asdfatic finish has been
applied to treat the surface of the polyester fabric. Complete atipiancan be found
elsewhere (U, 2010).

5.2.2Materials andExperimentalDesign

Finish free flament polyester fabric (styleon7003), spun polyester fabric (777), and two

different cotton fabrics (style 418 and 441) are purchased from Test fabrics Inc. Also two
different antistatic finishes and two different hydrophiic finishes were used to study the
impact of finish material on the static generation and dissipation properties of the polyester
fabrics. Details about the fabrics and the static control finishes are given here in the Table 5.1

Table 51 Fabrics and surface finishes used in this reseaork

Parameters Levels

Fabrics Cottonl, Cottonll ,
Filament polyester, Spun polyester

0.1% Cl2Phosphate, ®RNMNe

lonic antistatic agents 0. 1% Dimet hyl Oleyl
Quaternary Fi®R64hes (La

Hydrophilic finishes 0 . HH9tropern? T
O.5%ydrophillic Finish

Management)
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Table 52 Fabric details used in this work

yarn count  yarn type

S.no Style Fiber warp weft warp weft Fabric Cover
no blend (tex) (tex) thickness  factor
(cms)
1 418  cotton 14.4 13.6 ringspun ringspun 0.0174 22.92
2 441 cotton 14.0 15.8 ringspun ringspun 0.0180 15.80
3 7003 polyester 9.5 9.6 flament flament 0.0120 20.19
4 777 polyester 39.5 21.1 ringspun ringspun 0.0231 2062

/double

The specifications used in this research are gven in Table Thr2e sets of experiments
were conducted to evaluate the charge decay behavior of the textie fabrics, and Tables 5.3,
5.4 and 5.5 depict the parameters and their levels. The first fseixperiments were
conducted to study the effect of rubbing between fabric and steel (polymatal) and fabric

and PTFE (polymer insulator), charge buidup and the charge decay properties has been
measured. The fixed parameters maintained in this naseeere including the rubbing speed

of 47mm/second, rubbing stroke length of 52 mm, number of rubbing cycles was 50 and the
rubbing force was 1N. After 50 th cycle, the rubbing head has been stopped after the forward
moment. At this point, the charge measl was the charge buidup is at its maximum and

the charge decay has been observed for a period of 60 seconds.

In the second set of experiments, both spun and flament polyester fabrics were treated with
t wo fAi@niad i antaigent soi cansdurtfwa e Ahydrad pmeinlt s o
(polymermetal) and PTFE (polymgrolymer) rubbing charge measurements. lonic - anti
static agents are ammonium quaternary salt Lafog4A (produced by BASF) and a C12
alkylalcohol phosphate ester, potassiumit, sLeomif PN (produced by Clariant). Two
hydrophiic finishes used are composed of Rilyoxyethylene glycol block copolymers,

Hydropern? T (from Clariant) and an experimental moisture management polymer. The

79



experimental moisture management finishaishigher molecular weight polymer consists of

higher polyoxyethylene glycol content. As explained above, the rubbing charge buidup was

been observed folowed assessment of the decay properties.

Third set of experiments were designed to study the chargaeydproperties of the fabric at

two different places. One probe (probe 1) is fixed as in the previous experimental designs on

the rubbing area of the fabric and the new probe (probe 1) is placed paralel to the probe | at

a distance of 36 mm from probein the unrubbed area. Surface potential is measured in both

the rubbed and unrubbed areas at the same time. Both the probes are attached to a metal plate

which is connected to the motion controller, so, that both the probes wil have same lateral

moment dring rubbing.

Table 53 Experimental design | used to study the charge decay mechanism on finish

cotton and polyester fabrics

Parameters

Levels

Fabrics

Rubbing Material

Cottonnl, Cottonll, Fiament polyester, Spu
polyester
PTFE (Tefloff, Polytetrafluoroéhylene), Steel

Table 54 Experimental design Il to study the effect of static control finishes on the
electrostatic decay properties of cotton and polyester fabrics

Parameters

Levels

Fabrics
Rubbing Material

lonic antistatic finishes

Hydrophilic finishes

Filament polyester, Spun polyester

PTFE, Steel
0.1% C12 Phosphal eq mPK)+
0. 1% Di met hyl Ol eySul f

Quaternarvyar c§téd®yhas (L

0 . HHytropernt T
0. 5% Experimental Moi st
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In the second set of experiments, both spun and flament polyester fabrics were treated with
the two -dittanic agpemt so and the two Ahydroph
with steel polymermetal) and PTFE (polymgyolymer) rubbing charge measurements. As
explained above, the rubbing charge buidup was been observed followed assessment of the
decay properties

Third set of experiments were designed to study the charge decay propfettiesfabric at

two different places. One probe (probe 1) is fixed as in the previous experimental designs on
the rubbing area of the fabric and the new probe (probe 1l) is placed paralel to the probe | at

a distance of 36 mm from prolhen the unrubbedarea. Surface potential is measured in both

the rubbed and unrubbed areas at the same time. Both the probes are attached to a metal plate
which is connected to the motion controler, so, that both the probes wil have same lateral

moment during rubbing.

Table 55 Experimental design Il to study the charge decay at two places using two
different probes

Parameters Levels
Fabrics Filament polyester, Spun polyester
Rubbing Material PTFE, Steel

Static control finishes appled 0 . HH¢dropern? T

5.2.3Equipment and BstProtocol

The device developed for assessing frictionally charging (rubhieglg one probe in the
rubbed area isschematically shownn the Figure 4.1 and signal analysis is shown in the
Figure 4.3 and explaidein the previous chaptgsection 4.2.4) The top view of the fabric
rubbed and measured with two probes is shown in Figure 5.1 and side view is shown in
Figure 5.2.Fabric is placed on an insulated polymer plate using double sided Thpe
stepper motoris connected to a motion controller which is used to drive the rubbing Aead
surface potential Vot meter prob@rbbe l)is attached to the rubbing unit, so that it senses
the potentialon the rubbed area of the fabrgl mmaway from the rubbing headror the

experiments to measure the surface potential on the unrubbed area of the fabric in order to
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verify the surface charge leakagdd#ional volt meter probe(Probe II)is connected to the
bush parallel to the first probendat a distance 023 mm from the rubbed areand as the
rubbing head moves, both of the probes wil move. The rubbing movement can be precisely

controlled by the preprogrammed user interface.

When t he rubbing head moves in the Anforward
and measure the newly generated surface potential on the fabric surface. During the
backward motion the probes are lead the rubbing head and Probe | monitors the charge
retained on the surface. Probe Il always measures the surface potential on thed uarabbe

about 22 mm away from the rubbed area. Using the instrumental setup surface potential in

the area of 8mm diameter on the rubbing plate surface can be detected at 99% resolution
(Monroe Electronics Inc, 1991). A complete description about the signalysis is

mentionedin the section 4.2.

Probe II

55

oo$ s Area Measured
- By probe II

> Area Measured
By probe I

55
Unrubbed Area

Probe I Fabric specimen (80 X 105)

All measurements are in mm

Figure 51 Sample with two probes measuring the surface chéuageview)
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l —— > Probe I

% Rubbed area

Figure 52 surface potentiameasured during rubbing with two voltmeter profiesit view)

Unrubbed area

5.24 ResistivityMeasurements
Surface resistivity of the fabrics was measured using the AATCC methe2D0% and

ASTM standard D 25B9. The resistivity measurements were made using the Trek Model
152 model surface resistivity meter and #rek model 152RCR concentric ring probe. The
accuracy of the measurement is about 5% when the resistivity is arodnd 10
ohms/square. Electrode assembly with two concentric rings is used to measure the resistivity.
This instrumentation includes ammaneter and a power supply 100 volts). For materials

with a low resistance of below 1®hms, voltage of 100 voits wil be used and for materials

with a resistance of higher than'f@hms.
5.3RESULTS AND DISCUSSION

5.3.1ExperimentalDesign- |
When any insulating materials, such as textle fabrics, are repeatedly contacted or rubbed

with another material (metal or insulator), after every rubbing cycle, charge is generated on
the fabric surface and is accumulated as the number of rubbing cyclesascr&he charge
reaches a maximum (saturation) level after a certain number of rubbing cycles. The number

of rubbing cycles required to reach the saturation level depends upon a range of properties
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related to the composition and construction of the fabris fuller description about

measuring the effect of rubbing cycles or accumulated charge is given elsewhere (Lu, 2010).
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Figure 53(a) Charge accumulation %0 cycles and decay on cott@r(b) Charge
accumulation in 5@ycles and decay on cottdin

In Figure 5.3, thebuidup and decay oburface potentiabn the cottod and cottorll fabrics

when rubbed with stead shown Rubbing with steel charged the cotton fabric to a positive
surface potential. After the first cig of rubbing, the surface potential measured on cotton |
was in the range of 80 volts, and after 50 rubbing cycles, accumulated surface potential was
measured at approximately 300 volts. The surface potential was observed to decay very
quickly and was muced to almost zero within next 30 seconds. The surface potential decay
observed could be expressed as a single exponential decay. Cotton Il fabric produced
significantly less charge generation (39 Volts after first rubbing) and charge buidup (68
Volts dter 50 cycles). Here again we see very rapid and exponential charge decay (losing
>90% of the intial charge in 30 seconds). Charging the samples against a PTFE surface
resulted in higher positve charge build up on the fabrics, but simiar simple etiglonen

charge decay was observed.

Figure 5.4 shows the surface potential generated when flament and polyester fabrics are
rubbed with steel contact surface. The surface potential after the initial rubbing cycle is about
100 volts and with the number of rubdp cycles increasing, the surface potential has been

accumulated and after 50 cycles, it reached about 490 volts. The charge dissipation is very

slow compared with the previous cotton sample (which lost 95%of charge after 30 seconds)
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and retains more thaB0% of its charge even after 60 seconds. Surface potential measured on

spun polyester when rubbed with steel is shown in Figure 4b. The surface potential generated
after first rubbing is about230 volts and the surface potential has been increasedewdnr

rubbing cycle and reached t¥25 Volts after 50 cycles. The charge decay measured is

completely different from both the cotton and polyester flament samples. The charge decays

quickly (exponentially and similar to the cotton samples) inttially fist 10 seconds from

725 Volts to-460 Volts and then the remaining charge decays linearly, simiar to flament

polyester samples.

5.4 (a)
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Figure 54(a) Charge accumulation in 50 cycles and decay on flament polyester (lggChar
accumulation in 50 cycles and decay spun polyester fabric

The charge decay properties of the cotton fabrics after being rubbed with steel and PTFE are

shown in the Figure 5.5 (a) and 5.5(b). Charge decay curves shown here are the averages

calculated onthree different samples. Surface potential measured after 50 rubbing cycles and

the surface potential decay measured over 60 seconds is shown in the Figure 5.5. Cotton
fabrics rubbed with metal (steel) are charged with lower surface potential (abddd0 70

Volts); whereas rubbing with polymer (PTFE) generated much higher surface potential
(16031900 Volts). However, for all the samples the surface charge decays both rapidly and

exponentially. Regardless of the amount of the charge generated on the atfalie,time

i s about 1 second

properties of the cotton fabrics contrael@d to the fact found by leda &t (leda et. al.1979).

for

al | t he cotton
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5.5 (b)
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polyester fabric is slow and linear with time while the charge “fecay on coOtton\g
exponential. For the spunpolyester the charge decay is neitheka simple exp jal or
simple linear decay. It is a combination of both. It is double exponeetiycurve fit with

intial exponential decay; followed by slower nearly linear decay.\ The reason for thi
behavior $ not clear. It may be due to the fact that spun polyester is made spun staples yarns
(similar to the cotton fabrics) or it maye due to a surface modification of the polyester that

is associated with the staple production and spinning process. For digdistgr samples,

similar charge decay properties were observed, independent of the type of\rubbing head or
the amount of charge generated on the materials. When different samples are tested under

identical condtions, the charge decay process is cleaggemtient on the styuctural
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properties of the fabric and surface properties of the polymeric material. To study the impact
of the surface properties on the charge generation and decay properties of the polyester
fabrics, we investigated the impact of apmyiantistatic and hydrophiic surface finishes on

the static charge behavior.
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Figure 56(a) Charge decay on polyester rdabwith stee(b) Charge decay on polyester
fabrics rubbed with PTFE

5.3.2ExperimentalDesign- I

Antistatic finishes are used to control the detrimental static electric effects on textie
materials during processing. lonic antistatic finishes are appled to increase the surface
conductivity of the fiber/fabric and to reduce the accumulation &€ stharge by providg a
conductive path to groundSchindler and Hauser 1998). Hydrophiic surface finishes are
appled primarily to improve the wicking and processing characteristics of textie fabrics, but
can also reduce charge accumulation by pryidi surface that absorbs water and provides

a moderate level of surface conductivity. In this research work, two kinds of ionic antistatic
finishes and two kinds of hydrophiic finishes were studied to determine their impact on the
electrostatic propertie of polyester textle fabrics.

Charge buidup and decay of 0.1% Lard52864 A and 0.1% phosphate finish applied to the
flament polyester fabrics and contacted with steel are shown in Figures 5.7a and 5.7b. lonic
antistatic finish on the surface of theolyester fabric shows no charge generation. In the

phosphate finish case, a low surface potential of about 30 volts is observed, but it shows no
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signs of etther buiding with increasing cycles or decaying, it is assumed to be a testing

anomaly.
5.7 (a) 5.7 (b)
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Figure 57(a) Charge accumulation in 50 cycles and decay on polyester falatedtnith
0.1%Larostaf 264Afinish (b) Charge accumulation in 50 cycles and decay on polyester
fabric treated with 0.1% phosphate finish

Similar results were obtained with astatic agent treated spun polyester, rubbed with steel,
and with both treated polyester fabrics rubbed with PTFE. These results indicate that these
jonic antistatic finishes are strong antistatic finishes and effective n dbatrol the static
charge. Two possible mechanisms could be responsible for the static charge control. These
finishes either modify in some way the interacting surfaces such that no static charge is
generated on the fabric or they provide a level ofdootvity to ground such that any static
charge generated decays so quickly that it cannot be measured give the time scale of the
experiment. With this experimental setup, it cannot be determined which of these
mechanisms in respdble for the observed selts. As previously reported by Hearle
(Hearle, 2008) measurement of charge generation can be very dificut due to the fact that
charge decay usualy limits the charge generation measured. One can also expect that the
original charge generation is oftenore than the observed the charge, in that by the time it is

guantified, some of the charge wil already have been subject to decay.

Polyester fabrics treated with 0.5% hydrophiic moisture management finish (TensTech Inc.)
were rubbed with steel surfacedathe resulis are given in the Figure 5.8. Compared to the
surfaces treated with ionic antistatic agents, these samples show the development of a modest

level surface potential (~100 volts on flament polyester and ~150 volts on spun polyester)
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and the chrge is fairly stable through the 50 rubbing cycles. At the end of the rubbing
cycles, the charge clearly decays very quickly (< 5 seconds) and it appears to be an

exponential decay.
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Figure 58(a) Charge accumulatiom i50 cycles and decay on filament polyester fabric
treated with 0.5% moisture management finish (b) Charge accumulation in 50 cycles and
decay on spun polyester fabric treated with 0.5% moisture management finish

The Hydropern? T finish (Clariant) was alsapplied to flament and spun polyester at the
0.5% level and rubbed with steel (Figure 5.9). In this case, the two fabrics behave very
differently. The filament based fabric buit change through 50 rubbing cycles, reaching a
maximum of 750Vols, and therdecayed with a complex decay curve [~80% of the charge
decays in <5 seconds (exponential decay) with the residual change decaying slowly (a near
inear decay)] Also, a shit in the base line of the was observed during the rubbing of the
Hydropern? T treaed flament fabric sample. More detailed discussion about this wil be

found in the next section.

The Hydropern? T treated spun polyester samples, on the other hand, behaved lke the
samples treated with ionic antistatic agents, showing no detectablee clgangration.
Filament polyester samples showed a different behavior. It is clear that the applications of a
hydrophilic polyester surface treatment to these fabrics generated a significant change in their
static generation properties as wel as the mésrthaby which static dissipation occurs

However, most important question to answer is where the charge is going? Is it dissipating
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towards the ground? Is it dissipating into the air? Is it a polymer property or surface property

or external factors have tmeajor influence?
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Figure 59(a) Charge accumulation in 50 cycles and decay on flament polyester fabric
treated with 0.5%Hydropern? T finish (b) Charge accumulation in 50 cycles and decay on
spun polester fabric tread with 0.5%Hydropernt T finish

5.3.3ExperimentalDesign- llI

To explore the questions raised by the unstable base line in the previous study, the equipment
was modified to measure the surface potential at two different places on the fabric. One

probe, to measure the charge in the rubbed area, was maintained in its original position and

the other, to monitor the charge in the unrubbed areas, was placed paralel to the first probe at
a distance of 36 mm from the first probe and 22 mm away from the rubdddy A new

probe measured the charge on unrubbed fabric, in a pattern paralel to the original probe.

Filament polyester which has a very slower decay and other samples which showed more
rapid decay (cotton, spun polyester and flament polyester finisitedHydropern? T) were

studies using this instrumental configuration.

Surface potential measured at two different places using two different probes on a flament
polyester fabric, rubbing with steel, is shown in the Figure 5.10. Surface potential mheasure
in the rubbed area using prebédias been increased with the increase in number of rubbing
cycles. After every rubbing cycle the prebemeasures the surface potential in small
unrubbed area, as explained in Figure 5.2, curve reaches to zero at the temdcyrle,

which indicates that the probdehas measured the surface potential in an unrubbed area
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