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Abstract: Due to their wide range of properties and features, the polymeric materials are largely used in flexible
packaging. These materials are fitting an extraordinarily variety of applications. Here we start a series of articles, the
aim of which is that of discussing how polymers relate themselves to applications. This first article is concerning the

polymers engineered to control the electrostatic discharge.
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1. Introduction

Polymeric materials have several successful
applications in flexible packaging because of the
wide range of their properties and features. For this
reason, they can fit an extraordinarily variety of
applications. As first article of a series on such
applications, here we want to discuss in particular
how polymers relate themselves to the electrostatic
discharge and how the base material can be modified,
that is “engineered”, to control it.

The electrostatic discharge (ESD) phenomenon is due
to static electricity. It is often generated through
tribocharging, which consists in the separation of
electric charges occurring when materials are brought
into contact and then separated [1-3]. Although the
Greek word "tribo" means "rubbing", it is enough a
brief contact between surfaces for giving the effect.
When a physical contact exists, a chemical bond is
created between the surfaces, by transferring some
charges from one surface to another. Therefore, when
we are removing the plastic packaging from the
object enveloped in it, some atoms are left with extra
electrons, and some with a deficit of electrons.
Amongst this imbalance of electrons we can have an
ESD event. Let us stress that the study of
tribocharging is quite significant for engineers,
because in the case that the formed tribocharges
create sparks, the ignition of fuels and chemicals can
occur, besides the damages of electronic devices of
course.

The electrostatic induction is another cause of ESD.
The induction happens when a charged object causes
electric charge redistribution on the surface of
another object. An ESD event may occur when this
second object encounters a conductive tool.

The spectacular form of ESD is the spark, which
happens when a strong electric field creates an
ionised conductive channel in air. In many cases,
discharges occur without a visible or audible spark.
In this case, the charge can be relatively small but
sufficient to damage sensitive electronic components
[4]. The prevention of discharge includes the use of
appropriate packaging materials and garments for
workers. The air humidity control is also important.
Humid conditions prevent electrostatic charge
generation because of a thin layer of moisture that
accumulates on most surfaces [5]. This thin layer
serves to dissipate electric charges.

In this article we discuss how the common polymers
used for packaging can be engineered for preventing
the electrostatic discharge, by inserting in them some
particles able of dissipating the static charges (see [6]
for general properties and specific data). However,
before discussing the polymers, it is necessary to
define the sheet resistance, which is the quantity
related to charge dissipation. The sheet resistance is
fundamental to determine the categories of ESD
polymers and related uses.

2. Categories of ESD Materials

Electrostatic discharge materials, that is, the ESD
materials used for packaging, are some plastics able
of reducing the static electricity. They are suitable to
protect electrostatic-sensitive devices or other
materials. The ESD materials are generally
subdivided into categories with related properties:
insulator, antistatic, dissipative and conductive.
These properties depend on the value of their sheet
resistance Rs (given in ohms per square, Q/sq). A
material can be classified as insulator when its sheet
resistance is Rs > 10 (/sq, antistatic when 10° Q/sq
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< Rs < 10™ Q/sq, static dissipative for 10° Q/sq < Rs
<10° Q/sq, and conductive in the case Rg < 10° Q/sq.
A further subdivision or characterization of the
conductive range can be given for electromagnetic
shielding purposes [7,8].

By measuring the sheet (or surface) resistance of thin
films, that are assumed as uniform in thickness, the
surface resistivity can be evaluated. The sheet
resistance is usually measured by a four-terminal
apparatus [9]. In the four-terminal or four-point
probes method, separate pairs of current-carrying and
voltage-sensing electrodes are used [10]. The
separation of current and voltage electrodes
eliminates the lead and contact resistance from the
measurement (for further discussions of the electrical
resistivity measurements in polymers, see please [11-
13)).

Let us note that the concepts of surface resistance and
surface resistivity can be sometimes confusing [14].
The surface resistance, Rg is defined as the ratio of a
DC voltage U to the current Is flowing between two
electrodes of specified configuration that are in
contact with the same side of the material under test
[14]. The surface resistivity ps is determined by the
ratio of DC voltage U drop per unit length L to the
surface current Is per unit width W [14]. Therefore,
we have, after simple passages, that Rs = ps L/W. The
sheet resistance and the surface resistivity are
therefore different physical quantities, that have
different values in the same unit of measurement.

Al/ L L
t_|
w
Figure 1: This is the geometry we can use for linking
volume resistivity (left) and sheet resistance (right).

The current is assumed parallel to the direction of
dimension L.

The sheet resistance and the volume resistivity are
related in the following manner. Let us suppose a
current flowing along the direction of dimension L in

the Figure 1. The resistance R is equal to pL/A =
pL/(t-W), where p is the volume resistivity. Note that
t is the thickness. Let us combine resistivity and

thickness in the following manner: R = (p/t)-(L/W) .
Assuming R = Rs-L/W , the quantity Rs =p/t is the

sheet resistance [15,16]. But we have also that Rs =
ps:-L/W. Therefore: ps = (p-W)/(t-L). This is the link
between the surface and the volume resistivity. Let us
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note that the ratio L/W is referred to the number of
squares [17].

For what concerns the units of measurement, let us
remember that the resistivity is given in units of Q-m.
Actually, it is Q-m?/m, being the dimensions of the
resistivity given as [resistance-area / length]. When
the resistivity is divided by the sheet thickness t (in
meters), the units are Q'm?m/m = Q. Therefore, the
sheet resistance can be given in ohms. However, a
commonly used unit is the chms-per-square, denoted
by Q/sq, that we have previously used for the ranges
of ESD materials.

The history of ohms-per-square is discussed in [18].
In 1958, expanding the previous works of other
researchers, F. M. Smits defined a four-point probe
method of measuring the "sheet resistivity". His work
eventually became an industry standard for
measuring this resistivity in semiconductors [19]. Ten
years after, in 1968, Berry, Hall and Harris stated that
the resistance of a thin-film resistor is directly
proportional to the resistivity p, and inversely
proportional to the thickness t [20]. They also

introduced the “sheet resistance” Rs = p/t , adding
that it has the unit of ohms, but it is better to refer to
it as “ohms per square”. The reason is that sheet
resistance produces the resistance of the resistor
when multiplied by the number of squares [18]. So,
the term “sheet resistance” started being used in
defining the materials to control ESD [18].

3. Polymers for ESD packaging

The polymer resins, because of their low cost and
versatility, are the main components in the packaging
used to store and transport sensitive electronics.
However, due to the presence of static charges, the
polymers must be turned into materials able of
draining these charges and protect the devices from
discharges. Therefore, the polymers must be able of
conducting electricity in some extent [21]. By their
nature, commercial polymers are electrical insulators,
so they need being engineered to become antistatic,
dissipative or conductive. This is realized -either
through chemical treatment or through the addition of
conductive agents during the processing of polymers
[21-23]. The end use of the polymer is determining
the required level of conductivity. In fact, some
additives simply prevent an excessive presence of
static charges on the surface of the polymers. Others
additives provide an ESD preventions. In addition,
additives that are more conductive are involved for
RF/EMI  (radio  frequency  electromagnetic)
interference [24].

Common resins for packaging are polyolefins,

fluorinate resins and polyesters [25]. Among
polyolefins, the low-density polyethylene, LDPE, is
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one of the cheapest resins available which is showing
good chemical resistance. As told in [24], without
antistatic agents, polyolefins acquire static charge
easily, so that troublesome spark discharges can
happen, especially in dry environments (let us
remember that some surface moisture can serve as a
conductive means for dissipating charges). In
packaging applications, in  particular  when
controlling ESD is necessary, LDPE is modified into
a carbon-filled conductive material. The filler is used
to render the polymer an antistatic one.

Among the other commonly used polymers, we find
the fluorinated resins and polyesters. Among the
fluorinated resins, PTFE is a polymer having
chemical and thermal inertness, well-known because
used as a non-stick coating for pans and cookware.
However, as explained in [21], it is also highly
triboelectric and therefore it is often creating
problems, since it is generating static charges during
handling. PTFE is not found in conductive forms, but
other fluorinated polymers are available with
conductive fillers [21,26].

Polyester is a class of polymers that contain the ester
functional group in their main chain. The most
common and widely used polyester is PET,
polyethylene terephthalate. PET resins show
excellent chemical and moisture barrier properties
and, being nontoxic, can be used for food and
pharmaceutical applications. In the electronics
industry, PET resins are most often found in
packaging applications in which the resin is modified
to be dissipative of the static charges [21].

4. Enhancing the dissipation in polymers

By their nature, without additives or fillers,
commercial plastics are electrical insulators. Charges
deposited on the polymer surface are living there for
a long time. The longer the lifetime, the more likely
is the possibility of an electrostatic event, that is, a
discharge, which can cause a damage to near
electronic components. The charge decay time is the

rate of charge dissipation. It is given by  =pe, where
p is the electric resistivity and ¢ the dielectric
permittivity. The first quantity, the resistivity, tells us
how strongly a material opposes the flow of electric
current. The last quantity, the dielectric permittivity,
is characterizing the ability of the material of storing

Resins can reach dissipative range, when some
chemical additives such as the antistatic agents, are
added in mixture to the polymer. The agents are
dissolved into the molten plastic during processing.
After solidification, they migrate to the surface where
they become active [21].
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an electrical charge when subjected to an applied
voltage.

About the decay time of charges, let us propose the
simple explanation given in [27,28]. The Figure 2
shows a material, with the resistivity p and the
permittivity €, placed on a grounded plane. A charge
q is distributed on the surface of the material. If the
charge density is o, the field strength in the material
is E=o/e. The charges can move giving the current
density: j = Elp = o/(pe). However, the current
density j is also the rate at which the surface density
decreases, that is: j = —do/dt = o/(pe). Solving this
equation we find that ¢ = o,exp(—t/t), with T = pg and
o, the initial value of the charge density. In the case
of Plexiglas, p ~ 10" ohm-meter and ¢ ~ 3. 10"
farad per meter (relative permittivity & ~ 3.4).
Therefore, a charge on it will decay with a time
constant of about 300 seconds.

q

+ + + + + + + +

P, €

=

Figure 2: A material, with the resistivity p and the
permittivity &, is placed on a grounded plane.
A charge q is distributed on the surface of the
material.

For static charge dissipation, we must reduce the
decay time 1 of the charge, by enhancing conductivity
and reducing permittivity. This is not a simple task,
because the loading of polymers with conducting
additives reduces the resistivity of polymers, and, at
the same time, increases the permittivity,
proportionally to the loading. Therefore, the control
of ESD in polymers using fillers is a non-trivial
problem.

Let us remembers that several methods exist that we
can use to make polymers either static dissipative or
electrically conductive. The most common methods
are using some chemical additives, fillers or
inherently dissipative polymers mixed in the polymer
[21].
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Antistatic agent

NN

Hydrophobic|| Hydrophitic
lipophilic tail || head

Heads at the surface attract
moisture and salts I Conductive layer

Tails in the bulk

Figure 3: Antistatic molecules have both hydrophilic
and hydrophobic parts. The hydrophobic tail, by its
good interaction with the polymer, is anchoring the
molecule. The polar head attracts water and ions to

form a thin conductive layer. The surface is then
electrically dissipative.

Antistatic agents are usually molecules composed by
both hydrophilic and lipophilic parts. The molecules
have a lipophilic tail, which has a good interaction
with the polymers, and a hydrophilic head which has
a good interaction with water and ions. The tail (see
Fig.3) is anchoring the molecule at polymeric
surface. The hydrophilic polar head attracts water
and ions from environment onto the plastic surface to
form a thin conductive layer. This layer allows
electric charge to flow, turning the plastic film in the

+-CH, —CH,—F
Polyethylene

+-CH,—CH,-0—
Polyethylene oxide

IDP:

Figure 4: (a) The PEO chain has on oxygen atom
inserted in the monomeric unit of PE.

IDP in host polymer

Figure 4: (b) Oxygen attracts water and ions and
then PEO can be used as an antistatic agent for the
host polymer.
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dissipative regime [21]. Using such agents, the
conductivity is enhanced but permittivity remains
that of polymers.

Let us note that the migrating antistatic agents offer
good protection for short-term applications; for other
applications, that are requiring longer-term protection
or a lower resistivity, conductive additives such as
carbon black, conductive fibers and nanomaterials
are used [29,30].

Inherently dissipative polymers (IDPs) are used too
as permanent antistatic materials [29]. In fact, these
polymers possess a dissipation mechanism intrinsic
to their structure. Mixed in a host resin at a level of
10 to 30%, IDPs are able to lower the sheet
resistance of the mixture to a range from 10° to 10"
ohm/square [21]. An example of IDP is the
polyethylene oxide (PEQO), whose structure is given
in the Figure 4. We can see that the only difference in
structure, between PEO and polyethylene, is an
oxygen atom inserted between methyl groups. This
oxygen atom is fundamental because changes the
chemistry of the polymer. It is adding a polar
character to the chain. The polarity of this atom
attracts and interacts with water and ions, so that
conduction can occur: ions hop from oxygen to
oxygen, travelling along the PEO chain length.

5. Fillers

A well-known method of making a plastic electrically
dissipative or conductive is that of loading it with
conductive fillers. Among fillers, we find
micrometric metal particles, metal and carbon fibers
and carbon powders or carbon blacks. Carbon black
(CB) is a relatively inexpensive and easily
processable filler material for ESD. It is formed by
burning hydrocarbons in a limited oxygen
environments [24]. This material has been produced
and marketed for more than a century without
significant changes to its physicochemical properties.
Its main application is used in rubber applications,
then it is used for pigments and, in a small quantity,
for other applications.

Factors affecting the conduction properties of a
polymer with fillers are the particle conductivity,
their shape and the loading level. The resistivity of
the polymer is depending on the filler resistivity and
this is relevant if we need a packaging useful for
electromagnetic  interference  (EMI)  shielding
applications. Generally, the use of carbon black
produces filled polymers with bulk resistivity suitable
for antistatic packaging, whereas silver powders give
polymers with volume resistivity as low as 107
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ohm-cm, that can be suitable for EMI shielding.
However, high conductive composites can be
manufactured with carbon black too, such as CB-
filled high-density and low-density polyethylene and
polypropylene [31,32].

The filler loading of the polymer is very important
for the final conductivity. For low filler loading, the
composite conductivity remains undisturbed because
the host resin electrically insulates the filler particles.
Increasing the filler loading, the material reaches the
"percolation threshold" where the resistivity suddenly
drops. At this loading value, the conductive particles
are more likely to come into contact with each other
and then create a continuous conductive network in
the polymer in which the electric current percolates.
Additional filler loading beyond the percolation
threshold is not necessary and does not increase the
conductivity. In Ref.31, for instance, it is shown that
using a 2 wt% of carbon black within HDPE, the CB
particles are building a conductive network, which
lead to high conductivity.

In creating a connected network, the shape of
particles has a crucial role. Spherical fillers require as
much as 40% by volume loading in order to reach the
percolation threshold whereas a more elaborate shape
Particles Aggregate Agglomerate

©0g ©
° "o %g%
0500

@]
o e @]
size 0.01 size 0.1-0.5 size > 1 mm
microns microns

Figure 5: Carbon black is made of primary particles
(nodules), which form aggregates. In them, there is a
strong bond between primary particles. The
aggregates are then creating the agglomerates.
Between the agglomerates there are weak bonds.

Carbon black particles and the short carbon fibers
(SCF) are the most commonly used conductive
components for polymers. The carbon fibers can be
considered as chain-like aggregates of carbon
particles having long chain length [37]. However, CB
and SCF exhibit different behaviours in creating a
conductivity in the polymers due to their different
natures [37]. For instance, the loading for the onset of
the insulator to conductor transition is higher for the
particle-filled composite. These differences can be
attributed to the fact that the fibrillar form of the SCF
has a higher tendency to form a network in the
composites, resulting in a better electrical
conductivity than the CB filler [37]. Moreover, the
carbon black surface has a chemistry due to the
presence of active groups on them, which are prone
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can strongly reduce the threshold value. From this
point of view, carbon-black is good since it is able to
form wide and long branched agglomerations. Let us
stress that different electrical percolation thresholds
of the composites are found for the different species
of carbon black used in them. Carbon blacks with the
lowest packing efficiency reach the percolation
threshold with the least volume fraction of carbon
black loading [33].

Observing the carbon black particles under an
electron microscope [34,35], we can see that their
structure is made by several spherical particles, the
primary particles or nodules, which are fused
together in aggregates (see Figure 5). Various
functional groups such as the hydroxyl or carboxyl
group are found in the surface. The size of the
particles, their structure and chemistry of the surface
have a large effect on practical properties of carbon
black. The most important factor influencing the
electrical conductivity of a compound containing CB
is its structure. A high structure is that ideal for
conductive compounds. High structure means that the
aggregates are forming agglomerates having long and
branched chains (Figure 5) [36].

to capture electrons and reduce conductivity [37].
The carbon fibers do not possess such groups on their
surface, because of the high temperature required
during their manufacture.

6. Carbon nanotubes as nanofillers

Carbon atoms are unique because they are able to
form many different structures, when they bond with
other carbon atoms. In nature, we find pure carbon in
solid state as diamond and graphite. Graphite is
layered. In diamond, carbon atoms are arranged in a
three-dimensional tetrahedral structure. Graphite is a
good electrical conductor but diamond is a good
insulator: this is because of the respective structures
which can have different electric conductivities.

Rolling up a sheet of graphite, we can produce the
carbon nanotubes. A carbon nanotube (CNT) is a
nanoscale tube-like structure, with diameter on the
order of a nanometer, where the length-to-diameter
ratio exceeds 10°. Such carbon nanotubes exhibit
extraordinary strength and unique electrical
properties and are efficient conductors of heat
[38,39]. Let us remember that the discovery of the
carbon nanotubes is not recent [40,41]. From their
first production in research laboratories, we have
reached today a relative large industrial production.
Commercial products exist which are now suitable
for ESD control (for instance FIBRIL of Hyperion
Catalysis International).
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The carbon nanotubes have a high aspect ratio (they
are very long and their diameter are small), meaning
that the conductive network is established with a very
low loading of the polymer, compared to other fillers
[42]. It means that the resistivity p drops, but the
permittivity_le does not rise, because the loading is
small. Therefore, the nanotubes are fillers giving a
very low time constant t that is, a fast rate of
discharge. For what concerns the relative
permittivity, let us remember that for unfilled
polymers, it is about 3. For a metal, it has a very large
value. Therefore, if a polymer is loaded with some
metallic particles, its relative permittivity increases.
This is easy to understand if we consider the effective
electrical properties of such mixture as proportional
and linear to the concentrations and dielectric
permittivities of constituents [43,44]. In the case of
the nanotubes, they are like a sort of unidimensional
material inserted in a three-dimensional volume.
Then, we can have a very low percolation threshold
(for instance 0.3 wt%, [45]). In this manner, we
increase the conductivity, without increasing the
relative permittivity, because such a small loading
does not affect it.

The use of carbon nanotubes for ESD polymers is
adding the costs for studying and preparing them.
However, these costs seem being compensated
because the use of nanotubes as filler reduces the
detrimental effects observed when high loading of
conductive particles are involved. Low loading
means good retention of physical properties of
packaging and an excellent surface quality of
polymers. Several companies worldwide exist
producing nanotubes, in multi walled nanotubes [46].

Besides those above-mentioned, there are other costs
we have to consider too. These costs are those
necessary to study the toxicity of CNTs themselves,
to avoid they could cause problems like those of
previous industrial products such as asbestos, PCBs
and freons [47]. As stressed in [48], researches which
can give both the quantification of free nanoparticle
release and the eventual toxicity of them are urgently
needed.

7. Specific Issues

Let us conclude mentioning some recent studies on
polymers composites. In [49], we can find a review
about the use of carbon - carbon black, graphite,
graphene, fullerenes, carbon nanotubes, etc. - in
numerous applications as a filler in the polymer
composite. As told by the authors, they discuss in
details many applications; among them we find ESD
and EMI shielding. Besides this article, let us also
mention a book on conducting polymers [50].
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Among specific issues, we have Refs. [51],[52] and
[53]. In [51], the research is concerning a study to
understand if PET compounds with carbon black can
be uses to replace polypropylene and polystyrene for
anti-static packaging materials. The researchers
concluded that the compound based on PET filled
with 15.0% carbon black might be used in the
handling, transportation and storage of electronic
components. In [52], the use of the polylactic acid
PLA, a biodegradable polymer obtained from
renewable sources, is discussed for antistatic
packaging. PLA has no conductive characteristics
and therefore it requires the addition of allotropic
carbon forms, such as the conductive carbon black. In
[52], the researchers studied PLA with carbon black.
The addition of carbon black makes the composite
less resistive and suitable for use as antistatic
packaging for the transportation and storage of
electronic components. As stressed by the authors
[52], this composite does not cause damage to the
environment as the carbon black does not interfere in
the degradation mechanism of PLA.

In [53] it is shown how nanocomposites with addition
of graphite nanoparticles, multi-walled carbon
nanotubes (MWCNTSs), and graphene in
cyanoacrylate can be fabricated. The experimental
studies tell that, compared with graphene and
graphite nanofillers, MWCNTSs is the best filler to be
used in cyanoacrylate in thermal and electrical
conductivity enhancement at low filler loading.

In concluding this article, we want to stress a
problem regarding hazards related to electrostatic
charges. This issue is also evidencing further
applications of polymers engineered for preventing
electrostatic discharges, besides the use in packaging.

In [54], the researchers investigated the charge
generated on bedclothes, made by cotton and
polyester, during bedding exchange, to identify the
hazards of electrostatic shocks and ignitions
occurring in medical facilities. After their studies, the
authors stress that grounding of human bodies via
footwear and flooring is essential to avoid such
hazards.
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