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FOREWORD

Ttatdc e sciricity 13 generally prevalent and affects both in-
dusny.ial operevticns and thie individual, It possesses trotn beneficial
and detrimental attrivites, 1In the case cf the latter as related to
plothing, tnere are Lwo general aspects to the probloam which are of
concern, The 1103t cverriding of these is the guestion of hazard to
the individusl in those many areas where sensitive materisls are in-
volved, Of lesser ilmporisnce, but nevertheless of great discomfort
t0 the person,is the tendency of eclothing to adrere tio the body as a
result of =lectrostatic charzes or the a=traction of extraneous
matter to the clotnhing with conseguenrt unsightly effects,

Tnis repor: is presented from the point of view of the military
where potentislly many sensitive and hezardous situacions can be en-
countered, Notable among these would te :mses involving ammmition,
fueling of wvehicles ard aircraft and the care and treatment of
patients in military hospitais,

The report as presented coastitutes & general review of the current
state-of'-the-~art for a general understanding of the prenomenon as a
whole. In the develcpment of this paper, considerable reference has
teer made to an abundant literature and to considerable experimentation
within trne precert Natick Iaboratories and predecessor organizations,
In this rezard, & prior document, Textile Series Report No. 110 en-
titied ™ uring and Predicting the Generation of Static Flectrieity
in Milit- Clothing”, summarized the knowledge existing up to approxi-
mately 1ly59., In the development of the present paper, the author has
had the help of many individuals, Most recently, this help has come
from the personnel of the Dyeirng and Finishing Pranch, nameliy, Messrs,
A, M, Campbell, Norman S, Buchan and Alfred Mercla., Much of the daia
developed in-house have Leen ovtained by the named individuals at the
specific request of the author. This work has been carried out
varicusly in connec'lon with studies of materiamls under Project
1T0E2105-A329, Orgatic Materials Research and also under Production
Ingineering, Project 728012,12, The paper itself was in part
presented vefore the Mordon Resear:ch Conference held at New London,

i, Uy, thie week of 8 July 1973.
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ABSTRACT

Scientific observation of the general phencmenon of static
electricity has shown that tie phenomenon is electrrmic in nature,
It is particularly generated in textile materials due to impurities
adsorbed both during fiver producztion and in svbsequent processing.
Data on materials in isolation are limited in meaning in relation to
ultizate performance irn & clothing system, To achieve full urnder-
standing of the phenomenon in the case of a clothing system, the
system a8 & whole must be considered, The referenced system consists
of the man, his total clothing, including his footwear, thke envircone
ment (temperature, R,H,, physical elements, etc,) and the nature of
the platform or surface on which the individual is standing., The
surface on which the individual ie standing and the nature of the
footwear dictate the level of charge generated by the individual,
the rate of decay cf the charge from the system and whether there is
& reinduction on the individual from regidual charges on the clothing.
I+ is also shown that while the charge on the individusl can be dis-
charged, the mobility of the charges on the clothing materials may
be s0 low as to leave a high charg? on the materials which, under
appropriate conditions, can create a reinduction of charges on the
individual. Treatments to the surface, ineluding the use of stain-
less steel fibers, rrovide appropriate electrical paths for the
movement of charges but the presence of these materials does not
in itself lead *“0o a complete dissipation of charges on a clothed
individual unless che individual is capable of being brought to
ground level either through his footwear and the surface on which
he stands or by deliberate means, During the time the individual
is at ground potential, any charges on the clothing system carnot
create & hazard 80 long as the motility of the charges orn the outer-
moet clothing surface is low,
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RYECTROSTATIC PHENOMENA IN TRXTILE
AND
OTOTHTHG 2YSTEMS

1. Statiec Fleetricityr - a General Prengumenon

all of us, at one iime or ancther, have observed cr experisnced &
stetic electrical charge in the form of & epark as we have approached
or touched 8 groanding element, or as = crackiing sound most often
asscclated with & cirona discharge frox clcining ltems seen in dark-
ness, It is also observed by the clinging of garments to our bedies
or by the annoying atractlon and adhering of foreign particulate
matter to cur clothing, such as ashes, hair cr other light materials,
and the matter's reattraction as we sttempi to brush it away. These
geveral aspects of a bagic phenowenon ozeour genersally under gpecific
arbient conditions, nctebly in dry and/or cold weather, with certain
types of materials mere than with others. and after certain ferms of
activity, such &5 walking down a long carpeted hallwey, sliding azross
the seat of cur car, or removing a ga*me“y. We know the vhencmenon
best in the form of lightning, which gives us a gocd appreciation for
the energy lovels that onn be attained,

Statie elactricity is also a scurce of prohlans to the tewtile
industry in meny operations and Iis a gensval nulsarce th at is diffia
cult and ewxpznsive to control, To this end, the +“dust*f nainteins high
humidities in the several weriing aress, o uses 'static climinators'
and sophistlicated grounding methcds te reduce these problems, Thus,
the impacit of stetic electrification varies cver a wide spectrum of
effects from individual discomfort, to less of productivity, to pcor
quallity of product, and even to saricus hareard, Under contrel, it
has been put to werk In elzaning pardiculste matter from zaseous
gtreams, in sprey painting, in fiter spiriing, in flce printing, an
in the preduction of rany 156?1; wd delsrative praducts, to nane
Just & Tew from a whole Jist of whbilitarisn sysiems, Our main cencern,
however, 1s not with indezoelal provlems bat rather with the phenomencon
as it relates to the humen subjert and nis clothing syctem,

Wrile the disnciifore end naihpnce aspacsty of statlic eftenty zener-
ted en tone individuel din relation to his alrthing: are diruleting,
the questinn of denger poses & greeter provlem, The fandamentel
quesrinn 2f the ra‘eticonszip of ztacin elecirical charges cxn clothing
te thin matter of hazard 4§ &l aritrennly AITIcULt ome to snower for many

resanns Probably one of tkhe more signlliecant resszons 1o the Inabllity,



in a post-situation analysis, to identify thc elements that may have
created the sitvation., This is significuntly so after anx unfortunate
accldent in which static is suspected, because the nceded evidence is
likely to have disappeared with the accident itself. Reports of such
accidents detail elements of conjecture and circumstance concerning
conditions that may have prevailed at the time ard the possible se-
quence of events that may nave led to the obvious end result.
Accordingly, there is a dearth of resal facts from which to derive a
s5011d base for protective measures. In consequence, effective
elimination methods are generally constructed entirely upon 8 theo-
retizal base and scientific ohservations of the phenomenon under the
controlled conditions of the research lsboratory., On rare occasions,
suspicions have been rewarded by demonstrations in vhich the effect
is achieved experimentally.

2. Genersl Characteristics of Electrostatic Phencmenon

In approaching the subject, let usc first of all review certain
broadly held generalities about the phenomenon of static electrification
and its disgsipation.

a, BStatic electrical charges are gener%iﬁd when layers of materials,
isolated from the ground, come into coutact and are then separated,
the two layers thus developing opposing charges, Reason enforces judg-
ment that the separated layers develop equal charge densities, This
implies a redistrivution of negative and positive charges as the two
layers are separated, leading to negative charges in dominant concen-
tration on cne surface and peositive charges on the other, This situ-
ation is illustrated in Figure 1.

A B

BEFORE SEPARATION AFTER SEPARATION

Fig. 1. Distribution of Cherges on
Separation of Ley :s
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. The electrical state of each separated layer nav then be
characterized on the basis of: the sign of the charge, the potential
difference relative to ground erd to the otrher layer, the resistance
which defines the degree of restraint tec movesment of the charges o
ground, and the charge deusity or population per unit of area on the
farric surfece,

c. <Static gencration is fundamentally a surfece phenomenon, but
voelume densities can i+ achieved in certain weterials ard under given
conditiong, particularly by induction in strong electrical fields,

In fac¢t, scme authorg believe that volume conduction is the only mnde
of charge :ransport.(ﬁ) Under such conditions, & space charge is
generated tetween the volume and the surface,

d, Firrous materials vary in thelr susceptibility, extent and rate
of cherg - generation and decay, and in the sign of charge, These
characteristics depend upon the specific chemicel composition and
gtrueture ¢f the two layers in contact and the degree of surface con-
formation of one layer tc the other pricr to separation, There is thus
8 definite relationship netween the molecular structure of the two
materials in contact and their static propensity., Also, there is
implied & relationship between loading of one laver upon the cither,
the degree of intimacy of the contact of the zurfaces thus aechieved,
che mode and rate cf separation, and the charge densities acoumulated,
fecause ?f these factors, some reversal of charge has been known to
seecur, 2

e. Wnen polymeric materials of different chemical comporiticn ace
examined in systems In which a layer of one material is ured as & common
convact with all systems, it is found that such materials assume an order
of ranking with certain having predominantly positive cherges and others
negative charges of varying densities and strength. Such an srrangement
otlained from surface-to-surface contect followed by separatioan leads to
arn 'elecirostatic series,’ frenerally, the series resulis from the
rubbing of the meaterials agsainst esch other, and for this reason the
gseries so ovftalred is desigreted as a 'iriioelectric series'sof which
+hose in Table I are +typical, There is reascrneble coincicvence in
order of rarking between electrcetatic and tritoelectric series for the
sare materiels under comperacle cordifions,

in such series, the reletive pozitione ead the spacing =7 any two
materials from each c¢iher in the ranking order define, - -alifatively

et least, the electronegativity or electropositivity cf one material
relative to the other and some measure of the potentisl - _fference that

3



TABLE I

TYPICAL TRIBOELECTRIC RANKING

6)

Heish and Montgomery:

-+

Wool

Nylicn
Viscose
Cotton

Silk
Acetate
Lucite
Folyvinylechloride
Dacron

Orlon

Dynel

Velon
Polyethylere
Teflon

exists tetween them,

GF
MATERIALS

selected fabric combingtions are shown:

TABLE II

! A
Lehmicke'7’
-+

Glass

Human Hair

iy~ on

ool

Silk

Viscose

Cotton

Ramie

Steel

Rubber (Natural)
Acetate

Rubber (Synthetie)
Saran

Crlon
Polyethylene

In Tatle IT the potential differences htetween

VARTATION IN VOLTAGE OKN SECOND IAYER CF

TWO-FABRIC COMBINATIONS AFTER SEPARATION

FABRRTIC REMOVED

50/50 Blend Viscose/Polyester

Csston

Tylon

Uylon-Antistatically Treated
85% Wocl/LS5% Hylon

VOLTAGE ON SECOND LAYER

85 wool/ Nylon
15 Nylon Nylon (Antistatic)
A00 2700 2200
1400 3800 3400
L&00 e 1800
7500 2600 S
- 7500 7800



s Any two unlike surfanes, Iinnluding one metal surface, :n§§3unded
or grounded, will develop a charge upon separation, ihus, Henry

reports & geries In which metals are ranked In relation to s nwxnver of
polymeric materiels as seen in Table IIX,

TABLE II1

METALS TN TRIBOELECTRIC RELATION TC
POLYMERIC MATERIATS Y/

Patinum

Formvex

Filter Paper
Cellulose Acetate
Celluwlose Trimcetate
Polyethylene
Aluminiuwm
Polystyrene

Copper

Rubber (Natural)

g, Since the charge developed in the separatior »f two surfacszs is
dependen’ upon many factors bteyond th: chemicsl nat Le of the materials
involved, among tnese being the charmcter of the two surfaces and the
extent and nature of the manipulation of the two materials in contact
prior to separation, it is a0t surprising +¢ find that published versions
of triboelectrie series can differ substantially from one another, For
this reason, a given seriesc it not meaningful unless the conditions of
its mchievement are known, and the degres of reproducibility experienced
under the cited conditions 1s defined,

h., The tenaclty with which the charges are held on materisls varies
from one material to another, and even for the same material, depending

on inherent surface energy as well as external elements within the
immediate environmment,

i, The development of electrical charges on textile materlals is
highly influenced Tty the regaln properties of the fiber and is thus re-~
leted to ambient environmental corditiors, High regrin flvers, such as
cotton and wnal, are less static prone at normel temperaturcs and
relative burdidities (P,H.) than are most man-made fibers, However, all
organic polymeric fivrous materlals, man-made and natursl alike, become
increasingly rtatic prone as the meisture coentent of the fiver is re-
duced and ms the tenperaturc-R.H. conditione in the amblent ars lowered,
Table IV provides data on this point for two natural and one man-made
fiver, The same zongiderations apply to antistatizelly treatcd fibere,
deta for whica are shown in Table V. This rezponfe e change in moisture

i



TABLE IV

LOG R PER UNIT AREA FOR FIBERC AT DIFFERENT
TEMPERATURE - R,H, CONDITIONLS

2% R H./ 2% ReH./ 2% RyF./ 0% B.H,/ 70% B/
=1"C __o%¢ 50°C 24" ¢ 0" ¢
Cotton 15.5 15.5 14,5 10,3 1,0
Wonl 15.5 15,7 16,0 12,3 12,5
ylorn 15.5 15.7 14,9 RTINS 13.0
TARLE V
LOG R PER UNIT AREA FOR ANTISTATICALLY-TREATED
NYLON FIBERS AT LIYFERENT TEMP,-R,H, CONDITIONS
1% R H./ 1% R.H./ 17% R,H./ 27% R,%./ 45% R H./
-0°¢ 26,5 26,5°¢ 264290 26,57
Thermo Setting 12,5 11,2 10.2 10.90 9.4
Regin
Organic Ester 12,7 1,1 10,4 10,3 9.7
Acrylate Resin 15,0 13,5 9.6 9,8 T.6
Reference 15,0 14,2 -— 11.4 10,0
(Untreated
Cotton)

content varies with the material. an observaetion that signifies differences
in charge-holding capacity as related to molecular constitution and/or
organization, Some materials have bheen observed even in the grounded state
to hold thelr charge ever so tenaciously and for lorng periods of time, It
is assumed in this instance that the restraining forces are so strong that
charge mobility is well-nigh nunexistent.

3. Understanding the Phenomenon of Static Electrification

We have stated that the charge carriers are of two different signs,
but we have not identified them, To understand the phenomenon of statie
electrification adequately, we need to know whai these charges are, Z2ut,
to understand the phenomenon significantly, we must have more definitive
information regarding the charges and the lsws that govern their behavior,

&



Henry(g) hag defined esrtain of these needs as:
mich charge carriews meJe?
Wy do they mevel
What terminates tlis action?

Por ouwx purpoces we need to know more, namely:

What is the natwre of the charge carriers?
What is tkeir origin?
How do they move?
Whnet furces aid or abetf thelir movement!

What interactions are involved in viltilsyer
asgemblies, such 8= we have in our clothing systems, ard how does the
human presence in {he system influence the ccurse of eventsg?

It must be obvicus that at ihe practical level interactions among
systems are the important concern and alsc thal date achieved with
materials in isolation can bhe =xpected to alter to som= degree in the
human-reterials=clothing system. Thus, extreme caution 1s required in
drawlng conclusions from the behavior of materisgls evaluated as single
entities,

Several thecries have been advanced by various Investigators on the
gource and nature of electrostatic phenomennn, One of the earliest,
and etill supported by some investigators, is that the phenomenon is
capacitative in nature whercby the material serves as & storage mediwn
fer eleetrieal chargss induced or generated within the materisl by
external stimuli. In this sense, the charge densities developed within
the fibrous material would be releted to the specifie inductive capacity
or dielectric constant of the material which in turn would relate to
the mass speczifie resistance, Rs, of the materisl and to the degree of
electrical breakdown at the nmaterial-gir interface, due notavly to the
rnoigture coentent of the latter. A relationship between dieleetric 20)
constant and mass spexific razissance, Es, has been reported by Fesrle‘™’
and is reproduced in Tahle VI, He reports a sigmoidal relationship
between Log Rg ard E,.H, over s wide range of resistances. While the dats
ir Table VI tend to rank materials in a sequence that is similar in
arrengement to & tritcelectric series, other siudies hare irdieated that
tkey should be taken in a gqualitative sense cnly,

In any given zituation, the charge marifouted ~on A
ire. iy relatsd tn tha shargs develepel on the ~utarmoit o
materinl carfane of tie olothing svstom Az the reosullt of an externsl

Leyer of the clo.iling assexily bring roaxoved. Ton rurfacn=to-svrfaco

lrd



TABLE VI

DIELECTRIC CONSTANTS AND LOGARITEHMS OF MASS SPECIFIC
RESISIANCES (Fg)

Dielectric Uomstant tegyy Fg

At €5% R, H., + 1 Ke/s At 6%@ R, 4,
Cotton 18,9 5.8
Viscose 5.0 7.0
Yool 55 8.4
Fiberglass 4.k S
Polyamide 4,0 9-12
Acetate 4.0 g
Polyvinylchloride 3.0 -
Vinylidene2>hloride 2.9 -—-
Polyacrylonitrile 2.8 1h.0
Pclyester 2.3 14,0

interactions between garment layers and betiween garments and the human

are jillustre*~d in Figure 2, However, the c¢harge accumilated on the
human subject in ungrounded state is related to intrinsic vody capacitance,
vhich in turn depends in large measure upon body size, mess, sub-skin
layer composition and thickness, and skian surlace properties, notaktly
moisture, salt content, and hairiness, This last element affects surface
to surface contact and conformity, Consequenvly, some variation in charge
levels will exist amosg irdividuels, as seen in Table VII for two persons
using the same uniform under the same conditions, A human body of normal
average size may have a capacitance relative to ground of 200 picofarads
and a surface resistance of 2,000 ohms/square. In an ungrounded situ-
ation, a potential as high as 10,000 electrostatic velts is thus attaic-
able,

The capacitative concept previously mentioned falters by failing

to define the origin of the charges, but on first examination it does
provide what would seem *o be a reasonable mechanism for the observed
Ligher potentials and generally lcwer charge mobilities with decreasing
size of the dielectric constant. Hence, the source c¢f the charges must
ve in the material itself, either inherently by virtue of its structure
oy by impurity components. It is recognized, however. ‘hat charges may
ve induced by creating their own dielectric image in the substrate sur-
face, In the firnal analysis, electrostatic phencmenon achieves appro-
priate definiticn and resolutic:: in solid state theory,

30lid state theory defin a series of energy states for atoms and
energy tands (tand theor y) wr milecuwles end provides a bhasis for

8



Wool

Nylon
Wool
a
Nyion
Wool
Man

4
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1 —
a1

Pig. 2 Charge Distribution in Clothing-
Materials=-Man System



TABLE Vli

STATIC POTENTIAL INDUCED ON HUMAN SUBJECTS
WEARING POLYESTER/COTTON BENGALINE UNIFORMS
AT 22.2°C (72°F) and 33% R.H.

iINDUCED POTENTIAL (VOL_TS)

Teost Subject A Test Subject 8 _
WEAR STATUS NEW _LAUNUERED NEW LALINDERED
AV PEAK AV PEAK _ AV PEAK AV PEAK
AHer donning uniform and exercise 390 1800 5200 7200 200 1300 200 1950
Unifarm removed { | ayer separation) 600 4000 1750 4600 1100 1300 1500 17C0

electrons to be rasied by excitation from the valence bvand to an upper
conduction band, thus leaving a 'hole' or deficiency in the valence

band &s illustrated in Figure 3. 'Hole' conduction takes place by &
series of seguential movements cf an eiectron from one position to
another, thereby leaving a 'hole' where it was and so on., The achievew
ment of a conduction band of electrons depends upon the width of the
energy gap between valence and conduction bands., This energy gap is

IONIZATION LEVEL

N\ /
\ 7— COND'UCTION LEVEL

\ / —ENERGY GAP

ool

Nuclei

Fig. 3 Energy Bands in Solids*

*Gutman and Lyons, Organic Semiconductors, NY and London, Wiley, 1966
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a forbidden region, in which charge carriers cammot exist. As seen
in Figure 4, if the energy gap is sc wide that electrons cannot brilge

INSULATOR SEMICONDUCTOR

Fig. 4 Valence and Conduction Bands in Crystals*

it by tnermal agitation (i.e., if the band is wider then kT where k is
the Boltzmann constant and T is the temperature in degrees Xelvin) the
material is an insulator aad & current flow in an epplied rield is not
possivle, A material in which the energy gap is equal o %7 will dis-
play serniconducting properties.

Solids are generally categorized in one of four classes: metals,
ionic ecrystals, valence crystals, or molecular crystals, The fibrous
materials with which we e2re concerned in this study fall in the category
of molecular crystals, These materials, if obtainable in their pure
state. won'ld vary in their electronic properties in relation to chemicel
structize as do pure molecuisr crystals generally., 7The saturated linear
polyners which today represent the major fibers are inswlators because
they pw8sess ¢~ ~bonds having localized valence electrons and an energy
gap that is too large fo te spanned thermally, Organic solids possess=-
ing semiconducting response have been found mainlv in the group of poly-
aromstic compounds with extensive con%ugition. “hese compowids are
planar molecules of rather large size 11 ,» naving 77 -electrons as
valence electrons which can distribute thenselves throughout the
molecular plane in more or less & diffuse cloud., It is suggested that
1ne melecular orbitals of 77 =-electrons overlap those of neighboring
molecules thus achieving the diffuse cloud configuration, Linear
poelymers having conjugated double tonds would be expected to behave

*Gutman and Iyons, Organic Semiconductors, NY and London, Wiley, 1966
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simijarly due to 77 =bond structure. The diffuse cloud around aromatic
structures achieves a configuration that is somewhat metalloidal in
character, in metals, the conducting band is partielly filled or the
valence band overlaps the conduction band thus achieving an electronic
population of the conducting band of sufficient magnitude to carry a
current under an electric field,

It follows from the above that commercial types of fibrous materials,
such as those used in normel clcthing systems, which do give a current
flow under an impressed field, are extrinsic semiconductors. This means
that their electronic conduction is the result of impurities, discontinu-
ities within the crystalline region, interstitial atoms, imperfections,
or disloecaticnas in the crystal order., All of these can contribute ffree!
electrons and 'holes’ capable of moving with an application of energy.
The outer molascular surface of a material thecretically constitutes a
major discontinuity in the crystal order, Davidson and levinell2) state
in quantum mechanical terms: "Free s0lid surfaces present electronic
states, surface states that are not part of the eigenvalue snpectra of
the Hamiltonian of a perfect lattice of infinite extent,"

Conductivity due to impurities falls into one of two categories:
defect or p-type and excess or n-type. The former is 'hole' (positive)
conductiony the latter electron conduction. These Impurities and other
aberrations in the aggregated molecular structure provide either electron-
donating or electron-accepting levels which lie within the energy gap
region or forbidden band of the host material.

Donor levels lie close to the conduction band of the host and acceptor
lavels close to the valence band as seen in Figure 5, Either may give

* o CONDUCTION BAND

& L J
/FT - T T N, DONOR LEVEL

IDNIZATICN
ENERGY

ACCEPTOR == <& o= ‘-J

LEVEL N

A YALENCE BAND

4+ 4 ¥ &

Fig. 5 Donor-Acceptor Levels in Extrinsie Conductivity
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rise to localized electron levels within the forbidden bangd,

The ability of an impurlty, cislocatlon, etc,, to perform the donor
or acceptor function is determined by the position of ihe Fermi level.
This is defined by the Ferwi/Dirac distribution as:

F/PO ) I ]; exp., (E-Ep)/ &0

The Fermi/Dirac function is a quantum mechanical derlvative of the
classical Boltzmann-Maxwell law:

p/ Fo = K exp. («E_/XT}

vhere /a0 *s the relative conceniration of electrons with energies
above a glver level -f,, K is a constant, ¥k 1s the Joltzmann constant
and T is the avsolute tempersture., Ep is thus the limiting energy or the
free enexrgy change of the system per electron and may be considered as
equal to the thermodynamical potential or chemical potential of the
quantum mechanical system per electron. Its shupe depends on tempera-

ture only and is independent of any physical processes that may be
operative,

The form of the Fermi/Dirac distribution function is shown in Figure
o.

DEcupatinn
Dervsity
A f

ENERGY Ep

Fig, 6 Fermi/Dirac Function*

¥Gutman and Lynt, Organic Semlconductors, Y and Lendon, Wiley, 1966
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From the form of the Fermi/Dirac distribution, the probability of
a level above the Fermi level being uncccupied is egualled by the
probability thav a level below it will be occupied,
Thus, when E - Ep 2> K f3=o

1

whenET-E 77 KT F

In semiconductors at normsl temperatures, the Fermi level is onewhalf
between the top of the valence band and the bottom of the conduction
band, In n-type semiconductors at sufficiently low temperature, the
rermi level iz in the forbidden region close to the conduction band; in
p-type conductors it is in the forbidden region close to the valence
band, At sufficiently high temperatures, both n- and p-type semi-
conductors show intrirsic conductivity because the electrons can be
excited into the conduction band across the forbidden region, As

the temperature increases, a point l1s reached wvhere the Fermi level is
at the middle of the forbidden region between the impurity level and
the conduction band as seen in Figure 7, In semiconductors the Fermi
level can in fact be almost anywhere in the forbidden region depending
upon the type of conductivity and the temperature. The Fermi level
moves down as saturation or ionization of the impurity atoms has been
attained, To know its position one must know the disposition of all
of the impurities in the system,

Normally Empty Band

Farmi
Level A Y -

Spike

MNormally Filled Band

FERMI FUNCTION

ENERGY

N (E)

Fig, 7 Fermi Level (n-type impurity)
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Tf the impurity level is sufficiently removed sc thaet the donor or
accepior Tuncticn carnot bte performed, it can nonetheless receive ard
trap oppccirg charges., In such ceses, thermal energies are generall:”
surller than the width of the energy gap between the imparity level and
The host meterial so that effective trappirng within the forbidden band of
the host can occur,

The impurity content of an insulating meterisl, sach as & textile
fivrous polymeric material, need not be very great to achieve a high
degree of trapping of charges entering from external sources hy
attraction, As stated earlier, the termination of the periodic lattice
structure at the surrace of the material gives rise to surface levels
vhich lie within the forbidden gap. While distortion of the surfece
layers of atoms does cccar by mutual saturation of free bonds with
neighboring atoms, some free bonds remsin and thus provide the levels
for sttracting charges from other media., The formation of double layers
can be & consequence of such &actiong, One possibility for contamination
can be the adsorption of oxygen, Low lyving levels in the oxygen atoms
arz2 capable of recelving electrons from the host molecules that would
normally be excited into the conduction band of those molecules, leaving
‘holes! in the valence band. A surface layer of negative oxygen ions
would thus te formed with which the 'heles' in the valence band would
form an ion-peir or double layer, Another scurce of contamination,
particularly in zextile materials, is in the many chemical solutions
used in the preparstion, dyeing, and finishing of such materials, These
8180 provide electronic levels which may lie in the forbidden gap of the
host material and can thus mct as donors or acceptors, as the case may
be, In effect, therefore, the presence of impurity levels in the surface
of the insulator cepable of sttracting 01 providing elecirons permits
ions from the surrcunding media to e accepted to form ion pairs or
even double layers, Jons so sttracted, depending upon the strength of
the attraction forces generatel, could be transferred to another surface
to some degree or other in a contact situation.

If we view *the process of electrification of surfaces as deriving
from impurities atfiracted to them by surface energy and from asperities
in such surfaces, the variations in charge densities observed at differ-
ent times by the same investigator and by different individusls become
readily understoed. In a simple separation of layers with a degree of
manipulation of the materials such that & significant Input of enerzy
into the system is precluded, differences in charge densities and in
electrical potential obtained at different times can arise simply from
nonreproduribility in the degree of transfer of one ion of an ion-pair
or one component of an electrical double layer,

Rubting achleves greater intimacy of cortart of the surfaces and
increases the prcratility of more effective transfer of charges., The
veeasicrally ohserved reversal of the gign of the charages Leiween
layers following rutbing of one layer against the other or follewing
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sliaing ol surfaces across eanh other, can e accepted as evidence of
particuvlate contemination resuliing from non-uniform trasfer cof
matorial from one layer to the other, as a consequence of wear, Such
transferred detritus would provide donor/mcceptor levels,

When two surfaces in contact are separated, a potentiasl gradient is
produced in relstion to charge mobilities asross the material surfaces
toward the advarcing point of separation, The rate of 2Aiffusion of the
charges toward this point of separation not only expresses the mobility
of the charges but also the relexation time for theiy redistribution,
and determines the ultimate electrostatic strength of each laver,
Motility and relaxation time, in turn, reflect the tenacity with which
charges are held and thus the depth and frequency of traps (peints of
strong ectivity requiring higher energy inputs to achieve release).
These two fmctors and charge density together relate significantly to
the practical proolem of whether a spark, a corons discharge, or siow
leakage to ground o¢ccurs and thus whether a hazardous situaetion could
develop.

Charge drift mobility is related to the freguercy of distrihution
of traps and to the height, shape, and transoarency of the potential
energy ocarriers that are to be overcome., It is obviously alzo related
to the mass of the charge, an electrcon Leing capable of greater
mebility than 2 proton or an icn., Depeading upon these sciors and
its ®inetic energy, & given cherge may be repulsed or reflected at
a barrier; it ma enetrat 1 ugh 13- 7?- i ; 3

H Yy penetrate ?r tunnel through 3 Or it may suwrmount
the barrier bty hopping cver, 18) The further movenent of the c¢harge
then depends upcn its energy state beyond the barrier and upon the degreec
of polarization of the medium,.

Conventional texbile fibrous materimls in +the pure state deriv?d
Srom linear saturated polymers are 2wmsidered to be electrophobic, 19)
Commercinl fibrous materials electrify by virtue of their impurity
centent, structural aberrations, and/or surface asperitles, As has
beern mentioned in prior paragrapas, oxygen adsorbed on the surface is
orne such impuricy; snother is moisture. The ipecific role of moisture
Seers to be ancomalous, Serede and Feldman 20)" have shown that & maxi-
mun in charge generation is achleved at that spezific relative humidity
in tre ambient, with whick the material is in equilibrium, associated with
the frrmation of a monomolecular layer on tne surface of the fiber,

This fe:t implies that the electrification that occurs is not & Preperty
of the basic substrate but rather of a znew surface constituting a con-
tiruous layer of weler molecules, To support tiis postulate, evidence
hag been rrought forth that shows that all textile ficers at that
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relative hwalidi<y at whicn the ms no olecular layer is formed ectually

do Lhave the same charge density. O)  This is cemsonable since ionic
transport does not occur in a monomoleculur layer. At higher levels

or meoisture than the: wich torms the monomoleculasr layer, concductivity
is achieved presumably through the ioniec content of the excess water
melecules 3nd by the hydration of impurity ions, However, Sereda and
Feldman found tha*t some fibers generate more s.atic st higher thun

at lower R,l, levels, This is ascribed to the greater facility for the
formation of ion pairs thus reducing the aurber of uncompensated casriers
and thereby the conductivity, In this same regard, Keggin et 31(21
report that it is the R,k. that makes the difference in the residuzl charge
on a material surface, They confirm that at lcw moisture regain levels,
ell materisls acquire the same charze.

L, Metheds of Contrel of Statiec Charge

The foregoing theoretical review suzgests that the trivoelectrie
effects in pelymeric materimls, such as textiles, derive from contained
or adsorted impurities and/or surface discontinuities which are capable
of trapping charges and thereby achieving a high charge density, The
obvions solutions to the problem must then come from:

{1) Achieving a higher degree c¢f purity in the subsirate,

{2) rUsing adaitives that will lower the energy barriers and increase
¢leg¢trical conductlvity of the materisl,

(3) Using additives that will provide a rew surface on the ma*erisal
with electronie configurations havinz smaller energy zaps,

(4) Modifving the polymer structure tc achieve a molecular orbital
configuration with a Yigh 77 -electron cloud or ionic strength.

In practice, the solutions are found in:

(1} Blending ol fibers from opposing pocitions in the tritoelectric
series,

(2) Applying antistatic finishec.

(3} Admnixing of orgaric and metallic finers,

(4) Srafting ionizinz funetional groups cn existing fibers,
a, Fiber Flerds

The achievement of & reutral electrical state iy admixirg filers
wrlding opposing positieons irn the trihoelecuric series is theorelically
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possibile but, in fact, is impractirel for a number of reascns, These
inelude: the precisicn reguired In the ratio of the twe fihers in re-
latiecn to thelr respechive positicns in the series; the iatimacy of
blending achieved; the rature of the fabric surface: meisture econrent
leveis; relative charge densitier; and the correctiness cf ihe choice

~f the specific triboelectris series. This last element is imprortant
sinz2 the placexent cf members in the series depends upon the conditicns
wadar which the serles was developed.

At best, fiber blends produed on the basis of the positions held by
the compornent firters inthe trivoelectric series relative to each cther
permit a reductinn in residusl unneatralized charge density. However,
the fibers themselves and thelr proportions in the fiber blend are
chosen moré fror thelr functional properties in relatlon to a specific
ure or for westhetics, without specifie regard or -~oncern for electro-
static propersity. As a resualt, orders of magnitude of residual static
¢harge tend to reflect the level cf imbalance Zn opposing charge
der.gities, the relative mobilities of th2 charges and thus the depth
of the traps in each fiver type, field effects, and the hlend ratio at

ne facoric surface, For these reasons, one finds that the degree of
reduction in static propensity in flcer blends terds to be less than
is expected on theoretical grounds

b. Artistatic Finisghes

Sinc surface properties of materials dominate in static
electrical plenomeuon, any additives to the surface will tend to alter
the electrical behavior in the direction of the additive, provided
there is a sufficient amount to give a uniform multimolecular layer
cn the mata:irl surface, Thus, hydrophobic treatments, such as water
repellents, iucrease static propensity of textile surfaces, even of
thcse that are not normally teo static prore, The application of such
meterials achieves electrophobicity as well as hydrophobicity. Con-
versely, antistatin treatments ccnsist of the application of surface-
acztlve compcunds or polymeric substances containing ionizable groups and
azhleve a reduction in static prepensity in all fibers, even in those
that nermally develop high charge densities, Thege treatments have
teen condider:d herelcfore to provide an electrical path for the charges
generated on the fibroug substrats, This may indeed bte one mechanism.
Annther theory isg that the treatments achieve a new electrophylic, more
hygrozeoplc surfece by virtwe of lonizing groups. Thus, the antistatic
conpound wouwld appear to piomehe the formaticn of & miltimolacolar
water layer in whio?h the dlenizatinn of itz functional groups is
f3oildtated, FEvidence for both of these contepis comes frem the
gredaal cevara of inreremt fibery electreostaitic prepertiss as the finis)
in removed, far instance, after multiple luunderings.
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Industry categorizes two general classes of antistatic compounds,
These are differentiated simply on the basie of their durability in
fabric or garment cleaning processes, The 'ron-durable' types are
those that wash out of the material in one or two lawmderirgs and thus
must be reapplied after laundering to restore effective static contral.
The chemlical composition of these types varies widely; most "non-
durables' are hydroxy, amino, ester or sulfonate compounds. Inorzanic
salts are also uged, All such compounds have one or both of two hasic
properties; they ere hydrophylic and mey be hygroscopic. They appear
to work on the basis of moisture sdsorption from the saimosphere and
thus function better as the humidity in the ambient rises, thereby
implying inrcreasing facility of ionization of the functional gyoups.
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ture) in the ambient is reduced achieving & cut-off in effectiveness
at same perticular point, namely, that at which ionizgtion is inhibited.

The durable types of antistatic compounds are reacted on or with the
substrate through polymerization processez. They are applied to a fabric
during the firal stages of manufacture and remain effective over very
gubstantial numters of cleanings of the ga:ment made from the treated
fabric, Come are effective over the life of the garment, These
compounds are pulyhydroxy= or polyamino-prepolymers or monomers whiich
are polymerized on the fabric gurface, Some are compositions con-
sisting of compcunds with sbrong ionie functional groups and an addi-
tive resin whicr "fixez" the electrophylic sutstance on the fivear,

The extent of chemisal interaction between such materials and the

fiber substrate is not known., It is reazsonable to asgsume thsat a

strong element in thelr effectiveness is the formation of a new surface
with differest electrical and electronic properties than those the
substrate pcssess., Molsture plays a role as it does in the case of tre

non~durables ard apparently promotes icnic mobility. This coneept is
anmgrte@ by the facht that the effectiveness of the treatment ig re-

duced as the temperature and the humidity decrease, with a cut-off being
chieved at some temperature, usuelly in the range between 0°C and =30°C,
where moisture content of the ambient is low.

¢, Admixtures of Conducting Metallic TFibers

Small percenteges of metall.c fibers in & blend with o“vgﬁ1c
fibers have the precperty of dissirating electrostatic charges.

This cepability is achleved even when these fiters fail to provide a
continuous electrical path, either as the resuit of insuffisiency in
amoun* or of teing highly dispersed in the blend. It is theorized that

they act as dipcles 1n+9“act1ng with the electrcstatic fields of the

trapped charges thug tarding to promote chargs deloealizgticn through a
smeering of the f eide,. Thelr effectivenass is indisp:tabls as seen in

Table VIII, waich giveas recistivity and c¢linging dats frx Neonwex fabric
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o

1z



containing 1% stainless steel fiver and in Table IX, which zives charge
build-up and dissipative rate for the same blended fabrie,

TASLE VIIT

TYDTVEL Y l'!:‘l\'ff'(“Q e L)
D A B A L e
.

FISER OF STATIC GENERATING ON
TNOMEY, FASRIC
CONTAINING 1% STAINIZSS STEEL IN BLEND

Surface Reocistivity  Cling Test 72°F, 284 R,lH,

Fabrie Direction/ Ohms Per Square AATCT 115.1%9

Condition 70°F, 35% R.H. Nylon Rub Poly Eub

Warp Wise, as rec’c Ix 1012 o Clirg No Cling

Filling Wise, as rec'd 3.7 x 1042 No Cling No Cling

Warp Wise after 5-#5610 5 x 1043 No Cling Mo Cling
washes

Pilling Wise after 5-#5610 6 x 10%3 No Cling Yo Cling
washes

Maximum Peak Voltage Attained with Stainless Steel - 1,000 wvolts
Nomex without Stainless Steel ~ 5,000 wvolts

TABLE IX

CHARGE BUILD-UP AND DECAY IN
NOMEX FAERIC CONTAINING 1% STAINLESS STEEL

IN BLEND
Charge Ungrounded
Situation Chargs Grounded
Charge Situation
Initisl Half Full After Zmmed, Reading
Condizion Charge Life ILife 1 Min,
Warp Wise, as rec'd B0MA - 3 Min 80MA 0
Fi1l1ing Wise, as rec'd 75 - 3 Min 85 0
Werp Wise after 80 s 3 Min 80 0
5.45610 washes

Filling ¥Wisc efter 75 - 3 Min B8O ¢

5.#5610 washes
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d. Folymer Modificaiion by Grarfting to Achieve Static Dissipation

The most recent avenue of attack on the electrification problem
is the modificﬁﬁiop of the fibrous polymer structure by free radicel
mechanisms'23,2 »25) using nhigh energy radiation or shemical technigues
to achieve grafting of functional elemenis leading to ionic configuve-
tions, greater moisture sensitivity, or mclecwlar stractures with much
narrower band gaps, Many new modifications of well=kunown fitrous
polymers have besn achieved, the most notaile being in the polyamide
(nylon) and polyester classes., Many of these work effectively as long
as hard water is avpided, This implies that the furnctional gmwups are
either -COO™ or =502" and are incapsble of locnizing when heavy metal
salts form., In-house data developed orn commercielly availatle polymer
fibers of this type are given in Table X,

TAQLE X

ELECTRQSTATIC PROPERTIES OF GRAFTED POLYMEF FIBER FARRICS

Ch, A
Resistl wity {ohmfsq) Chinging Pry pansity (sacs A ENCay
W RH, 2L1C{ICOF) A AM. 2LI19C (70°F) 21.1%¢ W ARH
Folymier Rubbing Fabric Crarge Rste facs)
AdU lampy) byl Full

Fabec Garmerit Indiak Attar § TMEELO  ‘nitradl  Ahter 5§ T15610. Inet. Altar GOMC, e bifs
Garmaent, Fibar aaxiot 07= 1044 o 300 5 - s 0om
Pulymer, Code BedaT
Garmant, Fibar 60w 1010 17 g0l o 300 - - -
Folymar, Code B-5-T
Garmant, Fiber —_ — o 39 = o o
Polymar, Code B-6-1
Garmat, Filbe 155 108! 59 x 1012 o 300 80 9
Potymar, Coda C6-P
Garmant, Fiber 85 x 1003 9ax 0% o 300 59 W W0 180
Polymut, Cous C.5-P

cooe DYSCRYPTION.

Al Friar~er® “aiyaster Tafieta ?Dl'ytiz- tintreated

8-4-T Po: puste: Tricot — Non Doarabia fummy = 5. Finish

B-&-T Polyester T1.¢ 3t — Non Durable Comma eisl Finish

357 Poly mste: ¥ricot — Polyqiysol »ster Firoh

C-5P  Polywle Tritul - Polyma Nlodified |- COIH)
Cap Polyester Tiicot = Poly e Mo dien [ CCOL )

5, Testing for Static Prepensity

8, Ceneral Consilerations

In the preceding puragrarhs, as thecoreticzal end practical aspects
of electrostatic phencmenon have been examined, certain parameters have
stood cut. These relate to conducticn, charge wotion as related to
molecular, structural and electronie restraints, surface forces, contact
influences, t£ad the contribution of adsorbed guseous elements, notahly
moigture ard oxygen, and ‘mpurities. The testing procedure used in
evaluating electrostatic propeunsity as & scient: fic phenomeron generally
concern thanselves with all of these factors and with structural contri-
Yutions at the atomic, molecudlar and ciacromoleculdar levels and with the
kinetics of charge transport,
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A% the practical level, there 9ye ITwo calegories of teets used,

The first group, consisting of reack-type teits, assesses the pertorr.
arce of materials essentimlly 1u isolaticn with sibsequent correlatlior
ts potestial end~usa hehav‘o*; the second involver nmarticipaticn -f
auman satjects aod attempts o velate to puculem: ol comfert ana sa.et..,
In vhe first category. the neravice i3 dharesteristie of the mole-lor
and g 1rfare ronty B dified vy gnvicsinmantal and cther
element ; the saoeind aSSFbSPC5 firs* the effec: «f material properties
on tre human sabject end, secundly. tre response 07 the materials..aan-

eavirenment syctem a3 thne vasult of intersciiong rotween the elements
cof ive systenm.

2, Iaboratory Methods rur Asgeszing Static Propensity of Materiuls

(1} Ceneral

Urygriola and DWO.qsu"(‘é) smmarized the sevesal latoratory
vechniques used tc measur:s electrostatic ievels up to 1953, Of the many
procedures outlirned at that time, the significant methods still extant
are:

Resistivity « whilch in essence measuires the inveyration of
i e iy S
the numter of traps ani the height of barriezs
whion infl lence crerge e omohility

Totul Charge Dexsity - whi'h expresses a measute of the popa
lation of imparif; or imperfection
centers

Creyze Decey Eeate - B kinetic deseription of the dogree of
impedaace to eleciryonic motion

Io determine the comiined total zharge density and decay {discipation)
rate, two metuods of inducing charges sre used, In the firs:, the
experimental material is rubred against A second material of alfferert
compesition ¢ nature. In the geucnd metnod, the charge is achieved
throvgh induetion in an ziextrin field, In t'is latter instfan:z the
total charge that can Le held

{
pd

o the material up 1o the poinid cf
electrical breskdown into the medium e assested and the eussing rate

f* aisgziystion i reccyided, Mls poouemdioe needs o he gcrutivived for
poseinie urealigtic volune etfociz,

Bl Ve B n . i = ‘- - -
Tiomoxesagas of the neftrraint to oA ouoovent
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passing either across the swrface or througt the vclume of a paterial under
an impressed potential diiTerence. As an irdex of statie propensitcy, it
assumes the direct applicatility of Orm's law (an assumption which may not
ve valid necessaril, iu all instances), ilowever, it does provide an order
of ranking witk which use experience car te ccrrelsted, Its value derives
from tne assumption that the provacility of charge :uild...p, and, therefore,
the degree of razard frcrm an electrostatic potential, is airectly relsted
to conduczivity, Hyperienre has saowr a resscnable dezree of validity
for these assumptions, nowever, rlie guestion of hazard i3 complex and will
te further reviewed in later paragraphs,
As a gereral rule, the reaistivity of celluicsic materials. oravly
cotton, is taken as representative of an electrostaticsliy comfortable
and safe meterial, For this geaeralization to bte usefal, he conditions
under which the compariscn is made neeld to vte defined, s;uce ackton, &t
low levels of ambient reiative humidity and/cr temperature, athieves very
nigh valuis of resistivity in tie rarge considered hazardous., C(n the
basis of the conditiona "u_mal;y used for testing, 1am=L3 ir eguilicriuve
with an atmosphere of 30% relative Bumidity wnd 21%¢ ;0*“\ the fallowing
are tre gene“all acnepted jegrees of fsaret:’ a°3”618*ed wlth resistivity
values [Thms per sguare):

< 109 safer than cotton

107 - 1 praciical safe levels - as
safs ps cotton or teiter

- 1012 mavginel for safety
- - 104 progressivaly unsafe

!

(3) tal (harge Deusit; and lecay kate

These twe parameters are measured concwrvently and in one
of two ways dependins upon end parpeses, In the fivrst, the nmaterisl is
meunted on a rotating el 27 )or cther isclateble~froreground device
and is rubted sently and reproducibly against a second surface, The
tetal charge i"d"r=4 ¢ a senaitise electreometer Is read itmmediatelr
upon: Stopping the rubting and the rate ¢f dera of the induced charze
ig tlem assess&d. Ir vt genind, the eyporimantsl material is ruted
mararl; it a8 preserilod mareay against a nﬁub”ﬁ purfes, then appiied
to a metal #arface Y.eld aft an anfﬁe cf 09 o tne herizonsal and 1he
time o oareliging 18 measuy d.'“- dinne this time is a functicn of
mas; factors amyg wilos wiight and thz smooiis of the material
swofece are significant, these ¢ ‘“E“EW»PrLSLlCE n“ed b> e repoiuted iv
adiiticn to the defiaiticn ~f the +-Tu=*aﬂt.“ and relative Vumidin;
itions existing at ths tin
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the material and transfer it to a FParaday Cylinder(16,29) from hich the
charge and the rate of decay can be dstermined. Henry et al 30) nave
reported the effect of sample size on the amount of the charge which

is generated on a material surfece. These authors state that edge
effects exist which influence the decay rate and the amount of the charge
that is generated., Obviocusly, the larger the specimen the more likely

is the charge and the decay rate representative of the material,

¢, Materials-Clothinz-Man-Environment Interactions

It is generally lmown that the human body is a good conductor
of electricity primarily as a consequence of its water content and the
presence of larz: quantities <f icnic¢ compounds. Prior examination of
materials in layered systems has shown how charges distribute themselves
between any two layers in intimate contact prior to separation and we
can see, a8 we did in Figure 2, that this act leads to a further bale
ancing of cherges by induction throughout the several layers and upeon
the human subjlect, One would predict on the strength of these facts
and on theoretical gr.unds ttat the rate of discharge through the
human should be compararle to that through a metallice corducter,

Further examination will show that there are a number of restraints

to charge motion, Sore restra’nts relate to the potential, the charge
density, and the drift motility of the charges on lhe outer material
gurface following separati~. of layers; others are concerned with the
characteristies of the individual as mentionel earlier; and s+till others
are connected with the degree of insulation from ground which influences
the leakage rate of the charge, This last factor is iliigtrated in
Tables XI and XII for several c¢lothing cowbinations under two R,H,
conditicns at the same temperature. Further, the charge parameters as
measured on the fabric surface may not, and usually do not, achieve a

TABLE X

EFFECTOF PLATFCHM MATE RIAL AND FOLTWEAR CHARACTERISTICS
o QN CHARGE GEMERATED ON CLOTHEL INDIVIDUAL
29 - 2% ALK
Aubtbig Fabis — Polyter Plan Nsdve

METHACRYLATE PLATFORM GROUNDE D COPPER PLATFORM
Tnival Vol loge Ing-ab Vollsge
Vollage Aher 1 Wi Vahtege After 1 Min
] OMTRCATED NCMEX LAYER
ovEiR
A ANTISTATIC NOMEX LAYER 1280 1250 373 23
8 AT -wASHED 100¢ 300 [} =
T COTTON FATIGLES 1% 125 2
0 HOOL FIELD UNIFORM %0 13%0 o

T NOMEX W. 1% STAINLESSSTEEL
FIBER OYLR

A ANTISTATIC NOMEX LAYER  187% 125 bl

8 TAT - wASHED 1250 1000 [} =
£ COITONMFATIGUES L k) (3%} e 100G
o ¢ O0L FIELD UNIFORM mm %0 fo0 15

1 DIRECY RUBBING ON

A ANT STATIC NOMEA |LAYER 3570 1750 500 1000
B A" WASKED 2250 1524 00 a5
L COTTONFATIGUAS 8% 2670 2500 (P4
0 wOOL FIELD UNIFORM 2800 v 1250 8
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TABLF Xais

EFFECT OF PLATFORM MATERIALS AND FOU iWEAR CHARACTERISTICS
ON CHARGE GENERATED Ol CLOTHED INDIVID'AL

21°C — SO\ R .

METHACRYLATE PLATFOR _ GROUNDLD COPPER PLATFOIM
it Yoilage Yoitige atte truti Valtage Voitage atter
o _I. mn 1 rmin
i UNTREATED MOMEX LAYER
OVER.
A Anttatid Momas Lay# 1000 L0000 2500 1]
B A" — Washe 1625 625 a =
C. Cotton Fatigue 1400 10 1300 340
2 NOMEX WITH 1% STAIMLESS
STEEL FIBER OVER
A Anlagtatic Nomex Layes ar 25 50 ¢
B AT — Wishel 21 1050 ¢ -
€. Totton Fatgues 625 75 1?5 S0
3. DIRECT RUBAING ON
A Anigtate Nomas Laysr 1650 1250 §50 2%
8. A" — Washad 00 2 ] -
C. Cotton Fatugues ar 125 120 4]
0. Wool Fakd Unidorm 5.0 525 a

quantitative translation to the human in the system because of drape

and contact aspects of the clothing system which determine surface~to-
surface conformities and layer separation energies,

Petrick(3l) of the Naval Weapons laboratory has made an attempt to
compute the charge generated on separation of layers of a ¢lothing
system by using a double drum arrangement, a Faradey cage, &rd a
capacitor in series with the cage, While he introduces clothing di-
mengions in the computation of the cherge generated, he does not take
into account many factors that are part of the clothing-man-enviromment
relationship such as spacing of clothing layers, nature of the platform
on which the individual is standing, nature of the footgear the indi-
viqual is wearingz, ete., The eguations he uses are:

a = C{AV/AT)
V= 0.2 Aa4/C
A =2 ab +1(wte)/2

where Cl is the capacitance of the Faraday
cage and the capacitor

AV/A T is the rate of voltage rise
A iz the mrea of contact of the clothing
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is the humar capacitance

a 12 cthe sizeve length
¢ the averags glecve dlaneter

[

is the chest size

w is the walst size

3

a 13 the chierge generated

Despite th2 indications from leovoratory duta on materimis, it he-
comes evident that the vltimate test must ve with the material-clothing-
man-environrent system urder conditions typical of those in end-use,

In performing tests of clothing systems. two variaticnz of procedures
are used, Ire involvsas & simlsated layer separation performed within a
conditioned laburatory; tane other is execvted in controlled climatic
chambers, 1In the flrst of these, an individual with a layer of one fehrie
draped across the back and shoulders stands on a polymethylmethacsryliate
platform that isolatves him from grournd. A second individual on a con-
dueting base then rubs the backx and shoulders area of the first person
with & material located at & signifizant separstion distance iy the
tritoelectric series' frcm that belng rutbed, When the rubbing is
completed, the isclated individuadl on the insulating platform either
taxes hold of the leads to & sensitive electronic instrument to zecord
che total charge induced ¢n his body cr & non-contact probe is used,
Average and peak velves fror several replications are recorded., The
individual may thun step over to & grounded metal platform and the
charge under these conditions is assessed, To avoild energy transfer,

e PIA platfoom 2o ofter overlayel with a groumdatle metal plate
anrnerted to gromad thurough a high ecapacitanzs switd,

A mown raqlistie veriviion of thia danimigue 5 performed in 2lia
matls enambers in which tomperatursehunidity comdltions are carefully
myntealled snd Wowra he tertd eublest can parfaim reaziine entivities,
Torperaiions w8 20w sS =S00C and ag high as -+ 2an ha atisined

. -

¥ naleantad salative Wwondnihw

el 8

- D
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crathal Indlvidual Is Pl gad wiian u Lew onacgy rallonstive
eacmana ard by pheealesl gcundingg o ther rraaoadc on a rublbor apron
Learlnill wallking AS I ounhon /s 4
o
o~

palnill An et A pofasalag anrinln prasceihad
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surface of the cuter garment is determined using a non-contact de-
tector, The individual then removes the outer garment and discards
1t while still on the treadmili, The charge on the new outer layer
surface is obtained; he then discharges his body by delibersate
grounding and the charge on the outer layer is rechecked, This pro-
cedure may be repeated with each clething layer down to the bare
skin. Variations of this irclude a grounded metal apron on the
rreadmill and the use of footgear either highly insulating or lightly
conductive, depending upon the conditions to be evaluated. In Table
XIII are data on several clothing assemblies tested in the sbove
mermer on both platforms., These are laboratory technique data using
technical persomnel as subjects; footgear was not controlled, These
data and those in Tables XTI and XIJ reveal o number of significant
facts;:

TABLE XN

ELECTADSTATIC SUSCEPTIRILITY OF UNIFORM ASSEMBLIES

JONE 20% RH.
Urdorm Adsemply tisulated Platform Canducling Platform
Initigl (Voitsh Dacay [l Min) (Valts} brut g (Vo) Decay {1 Migl{vgie)
A E_ A B A 2. R E-3

UNTREATED NDMEX 100%

Over Cotton Laye 750 1375 75 1200 o 1475 o 2000

Over Antistatic Treated

Nomex Undarwast 1250 1875 1282 1250 [} 2375 Q 02h

Cver WoDi /Ut Undei wis 1252 2700 750 1250 -] 100 0 1%
COTTON FATIGUES

Ovae T-Snurt and Shorts N 4175 2500 2875 0 2500 -] 1250

{Cotton}

Over Antistatic Treated

Norws Urder wabn 2500 2628 1625 1878 0 500C ) Q
WOOL SHIRT & TROUSERS

Over Weol/Ctn Underwedr nazs 2500 2625 1a7% 2% 1250 100 275
NOMEX STAINLESS STEEL
BLEND {2% tn Fills

Ower Cotlon Laye 1375 187% 15400 1123 aQ 750 0 250

Cwar Anlistatic Treater

Nomex Underswear 150 1500 100 675 o 450 -] 250

(1) The importance of electrical conductivity of the platform
and also of the footgear (Subject A had conducting footwear),

(2) The significant contribution of moisture regain value to
static charge density on the specific fibers (at 21°C - 30% R.H,).

(3) The differences between individuals of compafaa%e bedy di-
mensions and mass, In this regard, Ramer and Richards 3 quote an
Aero-jet General report showing differences between men and women in
their ability to develop an electrostatic charge., This is attributed
to the degree of looseness of the clothing, Women's clothing tends to
be more free flowing. Men's clothing tends to be tight; therefore,
women generate more static than do the men.
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(4) The coatributions of the electrica’l characteristics sf the

several layers in the clothing systems to the charge density found on
the individual.

A significant fmect emerges from these studies, namely, that while
the individusl mey reach ground potential, the several clothing surfaces
themselves still retain a charge, This retention, of course, is re-
lated to charge potentisl, density, end barrier heights affecting
mobility, and also to layer-to-layer and clothing-to-body contact, In
consequence, we can heve & situation of a reinduction of charge on the
body once the connection t¢ ground is broken and an insulating con-
dition is re-established, This can give rise tc the occasionally
reported incidence of a second sperk. In Figures & and 9, we iliustrate
this reinduction process under two experimental conditions, one where
the individual stays on the insulated platform full time during the
exveriment but grounds himsell momantarily by contact with a ground
wire (Figure 8); the other where the individual, standing on a grounded
pletform, brings his body to zero potential as in the insulated plat-
form situation but then allows the cenductivity of the footgear to
determine the level of reinduced charge (Figure 9).

Measurements of the type mentioned include the electrical and
areal contributions of the footgear., In one series of experiments,
the clothed individual, wearing non-conductive footgear, stepped from
the insulating platform to an adjacent grounded metal platform, There
was & significant reduction in total system charge, due unquestionatly
to & change in system capacitance or to 'contact potential' differences,
which were regained upon stepping back to the insulated platform, We
saw these conditions illustrated in Figures 8 and 9, Similar changes
were noted on the insulated pla<sform by just reising one feot off the
platform, For this resson, a more recent technique has mounted the
metal on the methecrylate platform end the grounding connection tc the
metgl is controlled by & high cepacitance switch. The individuel's
movements are restricted once the initirl exercise phese is terminated,

€, Implications of Fabric Electrostatic Properties on the Materials-
Clothing-Man System Ferformance

Our interest in electrostatic phenomena in textile materials lies
in a degire to understand the forces and the mechanisms involved, but
when such meterials are combined in clothing worn by the individual
we acquire an overriding concern for the unpleasant facets of the re-
lease of the energies representec in the system, Ve become deeply
involved in the question of hazard, which of course implies the
presence of sensitive materials or a critical situation, We turn then,
on the one hand, to the significant parameters of the meterisls and
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the system and, on the other hand, to the properties of the secondary
elements or sub-systems in an expanded new system which must now contein
not orly the origzinal materiasls-clothing-men components but the sensi-
tive materiels and the parem=ters of the hazard envirorment, If we
examine the iznition energies and potentiels for a typical group of
gsenzitive materials in Tahle XIV, we must conclude that data previously

TATRLE XIV

ENERGTES AND CCREESPONDING POTENTIALS
FOR 1GJIIICH CF SENGITIVE MATERIALG(33)

Corresponding Potential

Material Ignition Ener Necessary Qor Ignition
EMillijoulesi (Volts)
Methane 0.5 2150
Gasoline 0.8 2650
Ethylether 0.2 1350
Cyclopropane c.2 135C
Benzene 0.5 2150
Acetone 0.6 2350
Ca-Acetylide 0,002 150
Pt-Azide 0.0k 650

presented reveal many meterials.clothing-man systems which af leaﬁt .
provide or exceed the ignition potential of these materials,(33»3%535)
Such has ap%aggntly occurred in at least one recorded incident, Veghte
and Millard\!30! of +the Air Force Arctic Aero-Medical laboratory report
& case of a man removing & flight Jjeacket tefore picking up a gasoline
can, The can exploded on contact,

Generally, in the reports of such situestions there are two missing
features: one has to do with whether the right compesition and state
of the sensitive materials existed; the other has to do with the
requirament for ernergy and mobility levels needGed by the kinetics
of the discharge from the individual to satisfy the reasction constants
of the sensitive materials, namely, their nctivation or ignition
erierzy &nd iime constants,

The question of relative charge mobilities in the materials-man-
clothing system deserves discussion, a3 it is quite often the causze
of misundersta::iing. It is reasonatle to expzct the existence or «
relationship hetween total charge density and churge mobilify on 1he
material with the rate of charge release from the man on grounding,

30



at the degrae of hazard is not as readily perceived. A& ligh rate of
cl:arge mobility (relatively few or shall-w trapping certers) ou the
meterial gurface insures a rapld redistribution of charges s the
layers are separated (eharges are sble to tuwanel through at the point
of separation). Tre residual charge density on the material is thus
rediced and witi. it the charge induced on the individual., Wiere
resigstivity is hiz'. ‘high barriers) and mobility is low (high barriers
and deep traps), ~:erge density is high and “hiere is & sigrificant
increase ia the charge Induced on the individual, The achieverent of
e high charge wobility on the febric layers of a clothing system is
thus one essential to reducing the induced iharge and in minimizing
toth discomfort and hazard effects,

At any given total charge density, the rate or release of charges
irom the individual upon grounding is determined vy individusl characse
teristics but is secondarily influenced by tre rate of charge transport
across the outer layer surface and through the seversl layers in the
clothing systemn, Under a given set of conditicns, theu, the nazard
devalons o1ly when the full charge density is instantanesusly re-
leagsed in its full capacity, providing that the energy so released
is at least egqual tc the energy requirements of the hazurd producing
reaction,

There aye.many otner facters in the hazard situation. Thus,
Heidelbergz' ) t.as shown that the probability of igniticn of gaseous
mixtures depends upon hoth tlie composition of the mixture and on the
diameter c¢f the element from which the charge is released. he proved
that grounded peint sources such as needles will not ignite hydrogenw
gir mixtures, With an incresase in dlameter of the discharging ele-
ment, both the concentration range in which ignition becomes possible
and ignition provability increase simultaneously. Th=z area over which
the charge denaity is distribu%eg is cbviously related to total
capaciiy of the system, Zichy 36) has also shown that charge density
on polymer films is high if z large capacity 1s provided by & backing
conductor, In the materials-man-clothing system, the human body with
&8 relatively high capacity could be nongidered as the vaclking con-
ductor,

Uniformity of distri;ut%wn of charges on the material surfate is
snother factor. 3Bertein\27) has shown the existense of both positive
and negativs charge islands on swrfazes of high resistivity, She has
also shovm fthat the relative concentraiions of +these charges can be
displayzd b the use of sulfur and red lead powders. The yellow stlfur
goes to the posltlve charges and the red lead to the regative duarges.

By this means. pcsftive and negstive regicns have been found to co=exdist,
Discuarge oczirs azoording to mi exponentigl lZew M+ picsl n=tipe
gemizondactor respanss), She shewad further trai rubbing produces
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charges whicn ere evenly distributed out the rubbed ereas are spotted

wit:z charges of the opposing polarity. She further postulates the
exigterce of mixed snd superficisl doublets atd reports that these
dcutlets have foroc: lines., Alr lonization will ngl eliminate Uhe

dochlets very readily. In this regard, Heidlbergr4” states that

doatlets ars due to the noveuniformity of the charge., They are
particdarly present in textile materials. Similar results have been
ctserved by this author and coworkers., It has been shown that rubtbing

g 3mall discrete arss will induce a cinfined ares charge on underiayers
gnd on the body oxly in tha*t ares 80 long as the systems remainsg uvialtered,

~

7. oonecluslon

Tr.e data revesled in the preceding review indicate quite conclie
sively that the phenomenon of static electziflcation of textile
materials is elecatroniz in nature, tha*t the charges derive from de-
fects, lonic impurities, etc,, associeted with molecular structare
and order, and that rate of movement of the c¢harges 1s dependent on
barrier heights and trepping centers which are also related to
molssular structure and order, Methods of cherge dissipation must
deperd upon the rmmovel of barrierz to charge mobility,

Thez study shows that theres are several chemizel snd phyeicce
chemical gpproaches to lnzrease zharge mobllity on textile materials
gurfaces, and further that, ir a clothing system dinvolving s human,
tre achievement of high conductivity in ell layers is important to
effective dissipation of the charges. Thte electrical properties of
the footgear as well a8 of the platform are importent. It has also
been shown that, ir order to determine whether a hazerd potential
exists, the 'system' must be anelrzsd to include the material,
clothing, man, sengitive materials properties, and +he physicsal,
gpatial, and envirormentsl cconditions. Humans vary in their suscep-
tibillty to charge sccumulation under inswlating conditions, I'inelly,
the pogsibilities of reinduction from high charge dersgity situations
and moderate grounding conditions have besn ghewn to exist,
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