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Abstract: The occurrence of uncontrolled electrostatic discharge (ESD) is among the major causes
of damage in unprotected electronic components during industrial processes. To counteract this
undesired phenomenon, ESD composites showing static-dissipative and antistatic responses are
developed. In particular, static-dissipative materials are able to slow down the flow of electric
charges, whereas antistatic materials directly suppress the initial charges induced by undesired
charging by properly dispersing conductive fillers within an insulant matrix and thus forming a
conductive filler network. In this context, the purpose of this review is to provide a useful resume of
the main fundamentals of the technology necessary for facing electrostatic charging. The formation
mechanisms of electrostatic charges at the material surface were described, providing a classification
of ESD composites and useful characterization methods. Furthermore, we reported a deep analysis
of the role of conductive fillers in the formation of filler networks to allow electric charge movements,
along with an overview of the different classes of inorganic conductive fillers exploitable in ESD
composites, evidencing pros/cons and criticalities of each category of inorganic fillers.

Keywords: antistatic materials; composites; conductive materials; inorganic fillers; nanomaterials;
static-dissipative materials

1. Introduction

Electrostatic discharge (ESD) is a physical phenomenon occurring at the surface
of insulating (or ungrounded) materials, and it consists of the rapid flow of electrons
(i.e., static electricity) between two charged surfaces [1-4]. The accumulation of static
electricity is due to the excess (or lack) of electrons on the surface of a material which conse-
quently generates electrified surfaces (i.e., ESD potential). Once these charged surfaces are
put in contact with a grounded object (which acts as ground), the charge balance is restored
through the rapid release of an electrostatic discharge from the charged surface toward the
grounded objects [5]. In particular circumstances, this phenomenon can generate relevant
risks in most industrial processes, as it can damage unprotected electronic components [6]
and cause serious hazards to human health [7]. For these reasons, avoiding the undesired
accumulation of static electricity is desirable.

In electronics manufacturing, the sensitivity of electronic and microelectronic devices
to ESD phenomena became a relevant concern after the technological rise related to inte-
grated circuits (ICs) [8]. According to the literature, ca. 35% of integrated circuit failures
in the semiconductor industry are due to uncontrolled ESD phenomena, with an overall
cost estimated being ca. $ 5 billion per year according to the Electrical Over-Stress/Electro-
Static Discharge (EOS/ESD) Association [8,9], reaching up to 70% of the overall failures
depending on the industry field [5]. As reported by Voldman [4], ESD and other electricity-
related breakdowns in gas, liquid, and solid substances are an important area of interest
in the design of new processes and products since ESD failures are not solely related to
(micro)electronics but affect every industrial process where the control of static electricity
becomes a relevant task [5,10-14]. A typical example of an electricity-related breakdown is
the electrical overstress (EOS) generated when an electrical device reaches a maximum limit
in terms of voltage/current across or power dissipated with serious consequent damage.
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In this context, the introduction of ESD protection systems is becoming manda-
tory, in particular for electronic packaging. Thus, several blends and composites con-
taining specific inorganic and organic fillers/additives able to introduce an electric re-
sponse in insulating substrates (mostly polymeric materials) have been deeply investigated
(e.g., refer to [15-20]) and still deserve attention by worldwide researchers and industries.

Since this topic is very transversal (as it interests physics, chemistry, and engineering),
this review aims at summarizing the main features of ESD-related concerns with a particular
emphasis on the strict correlation between ESD and polymer-based materials/composites
both in terms of the materials” properties and processes. This manuscript produces a
practical guide on the main fundamentals of ESD materials, presented in a hopefully clear
manner to possible users interested in this very specific niche but also very important
technological field.

2. Electrostatic Charging Mechanisms and Definitions: A Phenomenological Survey

The formation of electric charges at the surface of objects can be favored by four
different mechanisms, namely: (i) triboelectric (contact-induced) charging [21], (ii) piezo-
electric (pressure-induced) charging [22], (iii) pyroelectric (heat-induced) charging [23], and
(iv) electrostatic (charge-induced) charging or induction [24].

Triboelectric charging (which is the main relevant mechanism) consists of the elec-
trons” exchange between materials when put in contact [25-28]. The accumulation of
such static electricity is caused by either simple contact or induced friction (from here the
prefix “tribo”) through the effect of rubbing/sliding motions of two dissimilar materials
(i.e., with translation motions and formation of defects due to friction phenomena) [29].
This contact-induced electrification is a very complex and almost irreproducible process, as
charging (magnitude and polarity) is strongly influenced by the materials nature, surface
roughness, environmental conditions (e.g., humidity reduces charging whereas vacuum
increases it), and the contact mode [30]. Since it is very difficult to rationalize the charg-
ing effects between insulators (e.g., polymers), materials were empirically organized in
the so-called “triboelectric series” following the relative polarity of the charge exchanged
(i.e., tendency to gain/lose electrons) through contact [30,31]. This list can be extremely
useful in selectively choosing specific materials aiming at either minimizing (i.e., preventing
ESD) or maximizing (e.g., in the case of energy harvesting) static charging. Hence, this
latter condition refers to the case of triboelectric nanogenerators (TENGs), devices able to
convert mechanical motions (e.g., ocean waves, wind, human body/vehicles motions, etc.)
into electric signals, which are very interesting and appealing in the energetic field (but out
of the scope of the present study) [32-35]. Figure 1 reports an example of a triboelectric
series calculated after contacting polymers with liquid Hg (values are normalized with
respect to the triboelectric charge density of polytetrafluoroethylene, PTFE, thickness ca.
0.5 mm) [29]. The materials are organized from the most positive (e.g., acrylonitrile butadi-
ene rubber copolymer) to the most negative ones (e.g., halogenated polymers) according
to their relative polarity considering the charge generated through contact (expressed in
pC) [29]. Nearby materials within the series change little charge. The contact/rubbing-
based mechanism can be rationalized considering adhesion phenomena occurring at the
interface between the two materials’ surfaces and the consequent charge motion within the
two materials in order to equalize the overall electrochemical potential. When separated,
the two surfaces imbalance, and when they contact either uncharged or differently charged
conductive object(s), a consequent electric discharge phenomenon occurs with the release
of a dangerous spark/lightning.
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Figure 1. Example of triboelectric series calculated with respect to liquid Hg. Reprinted with
permission from [29].

Piezoelectric charging, instead, consists of irregular deformation and/or mechanical
vibrations occurring in materials when subjected to pressure (or latent heat) [36,37]. As
reported by Zheng et al. [36], piezoelectricity is related to the formation of electric dipole
moments in materials through either asymmetric charge surroundings ions in a deformed
(noncentrosymmetric) crystals” lattice (e.g., ceramic ZnO, BaTiO3; and perovskites) [38—41]
or in properly organized biological materials (e.g., DNA, cellulose, chitin, proteins, and
so on) [42,43]. Figure 2 reports the ZnO crystal structure with Zn** and O~ ions sym-
metrically organized into layers along the c-axis and overall uncharged [36]. As depicted
in the image, by applying external mechanical forces (i.e., either compression or tension),
the crystal lattice is deformed with the separation of the ions and the creation of electric
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dipoles (and piezoelectric potential). This principle is also the basis of pressure/vibration
sensors [44—46], speakers/microphones [47], energy storage devices [48,49], and tissue
regeneration devices [50,51]. Instead, Figure 3 shows the piezoelectric-induced mechanism
that involves properly organized biological macromolecules with permanent separation
of the alignment along the coil quaternary arrangement of dipoles moment (e.g., x-helix),
and consequent polarization [51]. As highlighted in the figure, dipoles in biological macro-
molecules are due to specific chemical functionalities organized into long regular chains.
This principle is at the basis of bioelectronic applications at the interface with biological
systems (see [51] and references therein).

% 5 4

Figure 2. Piezoelectric mechanisms involving crystal lattice deformations in ceramic materials: ZnO
atomic model and different piezoelectric potential under either compression or tension. Reprinted
with permission from [36].

Figure 3. Schematic illustration of permanent polarization in «-helix protein (e.g., collagen). Red
arrows demonstrate the direction of the dipole moment. Reprinted with permission from [51].

Strictly correlated with the previous one is pyroelectric (or heat-induced) charging,
which is the ability of certain materials (which already exhibit spontaneous intrinsic po-
larization) to generate a voltage when subjected to thermal variations (heating/cooling),
which cause alteration of their dipole’s strength due to the shift of atomic positions and/or
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molecular conformations [52]. For the correct comprehension of pyroelectricity, ferroelec-
tric materials should be introduced. In general, ferroelectrics show a spontaneous electric
polarization, switchable by applying an external electric field, with residual polarization
at zero bias voltage and a hysteresis loop in the polarization vs. electric field applied
graph [53,54]. Ferroelectrics exhibit pyroelectric response over a particular temperature
range near the Curie point [54]. Analogously to ferromagnetic materials [55,56], ferroelec-
tric materials show a phase transition toward a nonferroelectric phase (i.e., paraelectric
organization) above the Curie point. Such a phase transition involves the displacements of
atoms forming the crystal lattice (as already depicted in piezoelectrics), thus showing non-
centrosymmetric crystal organization and volume variation (and, consequently, mechanical
deformation). This implies that all ferroelectrics are pyroelectrics, and all pyroelectrics are
piezoelectrics [57].

Therefore, the same considerations already depicted for piezoelectric materials are
valid for pyroelectric ones, where the only difference is the external stimulus necessary
for inducing the interphase transformation, namely the pressure for piezoelectrics and the
temperature for pyroelectrics. The analysis of the structural organization in crystalline
materials pointed out a direct correlation between the lattice organizations and the electric
response of different crystal phases, as classified in Figure 4. In general, all centrosymmetric
crystallographic point groups do not show any electric response (i.e., all the 11 centrosym-
metric groups together with the noncentrosymmetric cubic 422, which is an exception). The
other 20 noncentrosymmetric point groups possess one (or more) polar axes and are able to
either generate an electrical dipole when mechanically stressed or, vice versa, electric fields
generate mechanical deformations (namely, they are piezoelectrics). Among these, only
10 point groups have a unique polar axis and are able to induce permanent polarization
even in absence of mechanical stresses/electric fields (i.e., pyroelectric materials). A crystal-
lographic distinction between ferroelectric and pyroelectric groups is not possible, as the
ferroelectric ones are a particular subgroup of pyroelectrics able to provide a spontaneous
polarization even by inverting the electric field applied [58].
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ﬁ 21 non-centrosymmetric —l 11 centrosymmetric
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Figure 4. Correlation between crystallographic points (i.e., geometric crystal classes) and electric
responses of different crystal phases.

The last phenomenon causing ESD is electrostatic (charge-induced) charging or in-
duction, which consists of a redistribution of electric charges between two objects without
direct contact between them. Thus, charging is induced by the presence of a nearby charged
material and generated by the action of external electric forces influencing the electri-
cal organization of electrically neutral objects. For example, by putting a negatively (or
positively) charged object near a neutral one, the external electric fields produced by the
charged object generate a partial redistribution of electric charges within the neutral one,
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thus forming a positively (or negatively) charged surface near the charged objected and a
negatively (or positively) charged surface on the opposite side while still being globally
neutral (Figure 5A) [59,60]. Furthermore, if the object is grounded, a net (opposite) charge
is formed only at the nearby surface without maintaining overall neutrality. The removal
of the ground connection prior to the removal of the external “charging” field allows
for retaining the charge at the nearby surface (Figure 5B) [61]. In the case of conductors
(e.g., metals), the delocalized electrons forming the electron cloud can freely move within
the entire material (i.e., metallic bonding), whereas in the case of an insulator, every elec-
tron is bound to a specific atom (i.e., covalent bonding): thus, only a small net charge is
generated (i.e., polarization) [62].

A B

¥

\ 4
\ 4

Chl

Figure 5. Schematic illustration of electrostatic induction processes. Panel (A) ungrounded object.
Panel (B) grounded object. Legend: external charged materials (cyan) and initially uncharged
material (green).

Overall, it is very difficult to clearly separate the different ESD mechanisms when
an undesired (and potentially hazardous) charging phenomenon occurs. As reported
by Heinert et al. [63], the evaporation of liquids from a solid surface generates spark
discharges, leading to potentially harmful explosions in a combustible atmosphere mainly
due to electrostatic induction phenomena. Furthermore, in this case, the triboelectric
interactions between liquids and material surfaces as well as the formation of a conductive
path to ground generated by ambient ions absorption, play a significant role. In another
case study, Kok et al. [64] reported the formation of the electrostatic charging of dust
particles when put in motion by means of undesired triboelectric charging phenomena
generated through random collisions, and by the contemporary occurrence of electrostatic
induction phenomena [63]. These examples clearly demonstrate that, in most cases, the
charging phenomenon is not unequivocal; instead, it is the sum of different mechanisms. To
overcome the ESD phenomena, proper materials have been developed and commercialized
under different forms and shapes (e.g., thin films for packaging).

3. ESD Materials Classification and Protecting Capability

ESD materials are typically obtained by introducing conductive fillers, mostly in-
organic, into insulant (polymeric) matrices. Depending on the fillers’ concentration,
shape/size, and capability of conducting electricity, ESD materials are classified accord-
ing to their electrical properties into metals, carbons, shielding composites, conductive
composites, static-dissipative composites, antistatic composites, and insulant polymers
(Table 1) [65-67]. Despite the inorganic-based fillers, such as metallic and carbonaceous
particles/fibers [68-78], representing the main relevant class of conductive fillers, a growing
interest in blending traditional insulant polymers with quite recently-discovered conduc-
tive polymers (e.g., polypyrrole, polyaniline, and so on) has recently arisen as a promising
technological solution to obtain fully organic systems [79-82]. Concerning the other cat-
egories of ESD materials, shielding composites usually consist of polymeric laminates
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covered by metallic/conductive layers, whereas conductive composites are typically made
by dispersing conductive fillers (mostly carbon) within insulant matrices. Conductive
composites show a very low electrical resistance that allows electrons to flow easily across
their surface and through the bulk of the material. Such electric charges are rapidly dis-
persed either to ground or to another conductive material in contact with the object, thus
making these materials potentially dangerous for vulnerable and/or sensitive materials.
On the contrary, static-dissipative composites allow electrons to flow more slowly through
the materials, thus, in a more controlled manner than conductive materials, preventing
discharge to contact and allowing electric charges to dissipate within milliseconds. Anti-
static composites, instead, suppress the initial charges induced by triboelectric charging,
thus preventing the formation of static electricity and allowing the decay of static charges
within hundreds of seconds. Lastly, insulant materials are materials with a high electrical
resistance that limits the flow of electrons within them, thus making insulants difficult
to ground and potentially dangerous as they tend to accumulate static charges for a long
time [65,83,84].

Table 1. ESD materials classification.

Materials Sheet Resistance (()/sq) Bulk Resistance () m)
Metals <1074 <1077
Carbons ca. 104-10° ca. 10771073
Shielding-conductive composites ca. 109-10° ca. 1073102
Static-dissipative composites ca. 10°-10° ca. 102-10°
Antistatic composites ca. 10°-1012 ca. 10°-10°
Insulant polymers ca. >10"2 ca. >10°

To establish if a formulation belongs to a specific class of ESD materials, it is mandatory
to measure the electrical properties in terms of surface and volumetric resistivity. In
detail, higher values of both surface and volumetric resistivity refer to less conductive
materials (Table 1). In the case of ESD materials, it is usually preferred to consider the
sheet resistance (or surface resistivity) measurement since this parameter refers to intrinsic
surface properties of the objects without considering their geometry, as it refers to standard
size specimens/probes [85,86]. The most common technique for measuring electrical
properties relies on the use of a four-point probe setup, consisting of four equally spaced,
sharp probes (typically needles) contacting a squared surface of the ESD material under the
shape of a thin film. This method consists in applying a DC current (i.e., I) passing through
two contiguous probes and measuring the voltage drop (i.e., AV) with the other two probes.
The average values between the four sides of a single sample and over different samples are
generally used for statistical analysis (i.e., Van der Pauw method) [86]. The sheet resistance
R; is expressed with the unit ohms per square ((}/sq, Equation (1)). Moreover, different
geometries are available, namely, either linear four-point probes (where the current is
applied over the two outer probes and voltage is measured over the two contiguous inner
probes) [87] or even circular probes [88].

T AV AV
= = — 453236 — 1
T2 1 53361’ M

Conversely, bulk resistance (or volumetric resistivity) refers to the electrical conduc-
tivity in objects under the shape of cylindrical filaments across a defined thickness. Since
the resistivity is the inverse of the conductivity, volume resistivity is expressed as either
ohm meter (2 m) or ohm centimeter ({2 cm), whereas volume conductivity is expressed as
either one over ohm meter (1/() m) or one over ohm centimeter (1/() cm), or eventually in
either Siemens per meter (S/m) or Siemens per centimeter (S/cm). The method consists of
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measuring the electrical resistivity from the voltage drop (AV) and current (I) following
Equation (2):
_AAV
1’
where A is the area of the specimen (expressed either in m? or in cm?) and [ is the length of
the specimen (expressed either in m or in cm). Even in this case, average values between the
two sides of a single sample and over different samples are used for statistical analysis [89].
To test the robustness and evaluate the protection of persons/objects against ESD
phenomena, several standard models were developed, namely, the human body model
(HBM) [90-92], the charged device model (CDM) [93], and the machine model (MM) [94].
Among these, the HBM is the most diffused one, as it simulates the occurrence of ESD due
to discharge from the human body walking on an insulating floor. In particular, for the
HBM, a 1 MQ) resistor is used for charging a 100 pF capacitor, and a 1.5 k() resistor is used
for discharging the device under test; thus, the standard HBM test includes a supply voltage
of 2 kV. From HBM analysis, the ESD sensitivity of a device is defined as the highest ESD
test voltage passed and the lowest ESD test voltage failed, according to the classification
reported in Table 2 [90,91].

Ry )

2

Table 2. ESD immunity classification for the human body model (HBM).

Classification Voltage Range
Class 0 <250V (fail for ESD pulse of 250 V)
Class 1A 250 V to <500 V (pass 250V, fail 500 V)
Class 1B 500 V to <1000 V (pass 500 V, fail 1000 V)
Class 1C 1000 V to <2000 V (pass 1000 V, fail 2000 V)
Class 2 2000 V to <4000 V (pass 2000 V, fail 4000 V)
Class 3A 4000 V to <8000 V (pass 4000 V fail 8000 V)
Class 3B >8000 V (pass 8000 V or above)

Both the HBM and other standard methods are intended to ensure integrated circuits
survive the manufacturing process. Even if the HBM conditions are sufficient for simulating
the stress occurring during the production process, this model might be inadequate as the
electric conditions (in terms of both voltage and current) might be either greater or simply
changed in different environments, thus making it necessary to adopt different standard
models [95].

4. The Role of Conductive Fillers in ESD Composite Materials

Characteristics of ESD composites strongly depend on the filler content (i.e., volume
fraction) and distribution within the matrix as well as on the filler intrinsic properties, such
as conductivity, geometry, morphology, aspect ratio, dielectric constant, and so on [96,97].
From a theoretical point of view, when the filler is added to the matrix, a conductive
filler network within the insulant matrix is formed [96-98] and can be described by the
percolation theory, a mathematical model that describes the composite electrical conductiv-
ity. In this theory, the minimum filler concentration at which the filler forms a complete
conductive network that allows the free transit of charges within the materials without
any resistance is defined as the percolation threshold [96,98]. Consequently, the lower
the percolation threshold, the lower the required volume fraction of fillers to obtain an
ESD composite. Furthermore, two types of resistance affect the electrical conductivity
of these composites [98]. First, the intrinsic resistance is the electrical resistance natu-
rally ascribed to the filler. Secondly, the tunneling resistance is the composite resistance
due to fillerfiller interactions, and matrix—filler interactions. The higher the fillerfiller
and matrix—filler separation, the higher the tunneling resistance, and, consequently, the
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lower the electrical conductivity [98,99]. The simplest equation for finding the percolation
threshold concentration is the power-law equation, Equation (3):

pe=po(V+Ve)™, ®3)

where p, is the electrical resistivity of the composite (expressed in either () m or () cm),
0o is the electrical resistivity of the matrix (expressed in either (2 m or (2 cm), V and V, are
the volume fraction of the filler and the electrical percolation threshold, respectively (ex-
pressed as vol.%), and ¢ is a critical exponent revealing the lattice dimensionality [98,99].

The t values generally range from 1.5 to 1.9 for composites containing spherical-shaped
fillers and up to 2.0-3.0 for composites containing fiber-shaped fillers (i.e., high t value
indicates fillers with high aspect ratio). Even if the power-law equation (Equation (3)) is
effective, it shows still some problems related to the accuracy of the predicted data. To
overcome this issue, several other models were developed aiming at better describing
the electrical percolation threshold also considering the orientation of the filler in the
matrix, the filler aspect ratio (length and diameters) and roundness, surface interactions,
and filler-matrix wettability (for a detailed description, please refer to [99] and references
therein). As highlighted by Sankaran et al. [96], the use of nanoscopic one-dimension (1D)
fillers showing a high aspect ratio is an interesting technological solution for improving
the performances in terms of electrical conductivity due to the enhanced filler-matrix
interaction at the interfacial region between the two constituents.

Four different cases for the formation of the conductive network are available [96,100].

e Inthesimplest case, when a single filler (either spherical particles or fibers) is dispersed
into a single polymer matrix, the contact between the filler particles/fibers is reached at
the percolation threshold and can be maximized by increasing the filler concentration
above the percolation threshold (Figure 6, Panel A).

e  If dual fillers (both spherical particles and fibers) are dispersed into a single polymer
matrix, fibrous fillers connect the islands of granular fillers (short-distance conductiv-
ity), thus extending the connectivity (long-distance conductivity) of the network and
consequently extending the electrically conductive network (Figure 6, Panel B).

e A single filler (either spherical particles or fibers) dispersed into a blend of
two immiscible polymers may interact differently with the two polymeric matri-
ces, causing the formation of a conductive network either within a particular poly-
mer phase or at the interface between the two immiscible polymers. This may re-
sult in the formation of a filler-rich polymeric phase. To be electrically conductive,
these composites require a rich phase of fillers forming a continuous phase [100]
(Figure 6, Panel C).

e Dual fillers (both spherical particles and fibers) are dispersed into a blend of
two immiscible polymers. The related systems show relevant bridging effects, low
percolation threshold, and high conductivity (Figure 6, Panel D).

However, the introduction of inorganic fillers into polymeric matrices not only influ-
ences the electrical and thermal properties (i.e., the increment of metal content enhances
the thermal conductivity in the composite) but also affects the final mechanical properties.
In fact, the introduction of a higher quantity of inorganic filler causes a significant improve-
ment in the rigidity and resistance of composites with a consequent increment of the Young
modulus, tensile, and flexural strength, coupled with a reduction of the elongation at break
and time to break [101]. Additionally, higher content of inorganic filler increases the hard-
ness of the composite surface [101]. Nevertheless, the filler fraction increment affects the
composite density as a consequence of the reduced interparticle distance and voids fraction.
In the case of metallic fillers, it increases the composite density proportionally to the filler
content, ranging from the value of a bare polymeric matrix (0% metal, 100% polymer) to
one of the bare metals (100% metal, 0% polymer), following the rule of mixtures.
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It is important to note that also polymeric matrices can affect the composite electrical
conductivity since the filler-matrix interaction at the interfacial region plays an important role
in either favoring or penalizing the electrical conductivity within the final material [101,102].

T TTT1 v —y—y—v —y—y
. < R—
5y & R At —+——
...0.. 1) RO
S TS TS SR S L 4 — AT

"'I".v‘- T‘IA' ‘-‘1" * - S + + ..
R, SR LD AP R O, L AI A

D D s e + 4+

. S e e e S ol o . 4

* *
G Y . 4
U PN NP
pue | | |
+ e
OO
- + + R
.

® particle fillers

conducting
/\-/ network

polymer A t.*.* polymer B

| selective location
of fillers in polymer

Figure 6. Schematic representation of microstructures and possible conductive paths for conduc-
tive polymer composites: (a) single filler (either spherical particles or fibers) dispersed into a
single polymer matrix, (b) dual fillers (both spherical particles and fibers) dispersed into a sin-
gle polymer matrix, (c) single filler (either spherical particles or fibers) dispersed into a blend of
two immiscible polymers, and (d) dual fillers (both spherical particles and fibers) dispersed into a
blend of two immiscible polymers. Reprinted with permission from [100].

5. A Survey on the Chemical Nature of Fillers for ESD Composites from the Inorganic
Chemistry Viewpoint

On the basis of the chemical nature, conductive fillers for ESD materials can be classified
into five categories, as reported in Figure 7, which are: (i) metallic fillers as particles, flakes,
and nanowires, (ii) carbonaceous materials, (iii) ceramic fillers, (iv) intrinsic conductive
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polymers (e.g., polyaniline, polypyrrole), and (v) metal-coated fillers [15,18,96,103-107]. The
metal-coated fillers category can be organized into either metal-core or nonmetal-core fillers.
The first one belongs to the metallic filler’s subgroup, whereas the second one comprises
carbonaceous, ceramic, polymeric, and glass fillers covered by a conductive metallic coating.
However, only intrinsically inorganic fillers are considered in the following discussion, thus
belonging to the classes of metals, carbonaceous materials, and ceramics.

Conductive Fillers

[ [ 1‘

Metallic fillers Carbonaceous fillers Ceramic fillers Polymeric fillers Metal-coated fillers
[—
Silver (Ag) Graphite Borides: TiB, TiB, Polyaniline (Pan) Metal-core Non-metal core
Copper (Cu) Graphene Carbides: TiC, SiC Polypyrrole (PPy)
Gold (Au) Carbon Black Nitrides: BN, TiN Polyacetylene (PA)
Aluminum (Al)  Carbon Nanotubes (CNTs) Oxides: ITO Polythiophene (PTh)
Nickel (Ni) Carbon Nanofibers (CNFs) Fluorides: BF

Figure 7. Classification of conductive fillers for ESD applications. Violet boxes indicate inorganic fillers.

Metallic fillers forming ESD composites are mainly made of nanoscopic silver (Ag),
copper (Cu), aluminum (Al), gold (Au), and nickel (Ni). Among these, the use of Ag
guarantees several advantages since it shows great electrical and thermal conductivity with
a consequently very low percolation threshold [107], can be synthesized under different
shapes (such as spherical particles, flakes, rods, flowers-like particles, and wires) [108-111],
and is very appealing due to its relevant antimicrobial response [112,113]. On the other
hand, Cu possesses high electrical and thermal conductivity, showing good migration of
electrons capability [107,114], although it oxidizes at mild thermal and moisture conditions,
thus requiring a surface coating deposition with another conductive metal (e.g., Ag). Several
literature studies report the possibility of using Al as a conductive filler since it shows great
electrical and thermal conductivity due to its high intrinsic electrical conductivity, coupled
with a relatively low cost compared to the previously discussed precious metals [115]. Even
if the use of metallic fillers in ESD composites is effective from the electrical properties’
viewpoint, there are several health and environmental concerns to face due to potential
uncontrolled metal release during the ESD composites product life [116].

The second relevant category relies on carbonaceous fillers such as carbon black (0D),
carbon nanotubes (CNTs, 1D), graphite/graphene (and related materials, 2D), and carbon
nanofibers (CNFs), having exceptionally high electrical and thermal conductivity when
particles are at the nanoscopic level (i.e., when they present high aspect ratio) [117-119].
The most efficient conductive fillers belonging to this category are CNTs and CNFs. CNTs
(both single-walled and multiwalled) possess excellent electrical and thermal conductivity
(even higher than metals), coupled with a high aspect ratio (ca. 1000) that guarantees a very
low percolation threshold (i.e., the percolation threshold is inversely proportional to the
filler aspect ratio). The main issue for the preparation of CNTs-filled ESD composites is the
low dispersion of CNTs within the polymeric matrix, as they tend to aggregate [119,120].
Compared to CNTs, CNFs (with aspect ratio ca. >100) are a promising low-cost alternative
(i.e., CNFs are 3-10 order of magnitude cheaper than CNTs) with outstanding electrical
and thermal properties [107,121]. Moreover, graphene (which is a monolayer exfoliated
from graphite layers) possesses interesting electrical /thermal (and mechanical) properties
as it is able to form a conductive filler network with a low percolation threshold [122].
However, analogously to CNTs, graphene might be affected by a low distribution in the
composite [107]. An alternative to graphene is graphite, which is the thermodynamically
stable allotropic form of C, made by multiple layers of graphene. Both in graphene and
graphite, the electrical charges follow the direction of the basal plane, whereas they result
insulant in the direction normal to the basal plane. This means that the electrical properties
in graphene and graphite vary according to the number of available graphene sheets [123].
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Finally, yet importantly, among the possible alternative conductive carbonaceous fillers
is carbon black, a paracrystalline C-containing material obtained from the uncompleted
combustion/decomposition of hydrocarbons [107,124,125]. Both the intrinsic electrical and
thermal conductivity of carbon black are strongly affected by its surface area and porosity,
structure, and presence of residual functionalities. In carbon black, electrical tunneling is
the dominant electrical mechanism, which involves the electrical current flowing between
the carbon black clusters that are closely located, jumping the insulant matrix comprised in
between [126]. Interestingly, this led to an important increase in the electrical conductivity
in carbon-black-filled composites if the material is subjected to mechanical compression,
as compression causes a reduction of the fillerfiller distance within the composite [126].
Carbonaceous fillers are also an interesting test bed for evaluating the role played by the
filler geometry in affecting the conductive network path. Following the density of state
theory, the electron motion is confined along three, two, or a single spatial direction, in
0D, 1D, and 2D nanomaterials, respectively. This assumption justifies the predominant
efficiency of 2D nanomaterials, where the electron motion is confined along one direction
over the other two categories (i.e., 0D and 1D materials) [127]. In particular, according to the
literature, it emerges that the conductive path in the case of 0D nanomaterials (e.g., carbon
black) is mainly driven by electrical tunneling, whereas in the case of 1D nanomaterials
(e.g., CNTs), conduction is driven by both electrical tunneling and direct filler—filler contact
(i.e., filler network formation) [128]. As previously discussed, two-dimensional nanomate-
rials (e.g., graphene), instead, exhibit an electrical anisotropy depending on the basal plane
direction [129], thus making it more driven by the filler—filler interaction. Additionally, the
filler geometry affects the percolation threshold as the higher the aspect ratio, the lower the
percolation threshold.

The last class of inorganic fillers considered here is ceramic ones. According to the
IUPAC definition, the term “ceramic” refers to inorganic crystalline compounds comprising
metallic atoms bonded to nonmetallic ones (e.g., metal oxides, borides, nitrides, and
carbides) [130]. Ceramic fillers showing conductive features are for instance BN, TiB,
TiB,, SiC, ITO (indium tin oxide), and many others [131-135]. Since several ceramic
fillers behave as semiconductors, this class of inorganic fillers is mostly used as secondary
fillers, coupled with a primary filler showing intrinsic conductivity and belonging to the
previous two categories (either metallic or carbonaceous species). The main advantage of
ceramic compounds as secondary fillers is the reduction of the amount of the primary filler,
coupled with an increment in terms of inorganic structure compactness, thus facilitating the
formation of the conductive filler network. Furthermore, since ceramics present high values
of Young modulus (stiffness), tensile strength, hardness, and a high melting point, the
introduction of ceramic fillers in a polymeric matrix enhances the final composite hardness
and brittleness with a high resistance under compression and a low resistance under tensile
and shear stress. Furthermore, the use of ceramic fillers guarantees an increment of the
stability of the composite toward oxidation, and, consequently, of the electrical conductivity
in contrast to metallic fillers which are sensible to oxidation [132].

6. Actual Technological Solutions

The technological and economic interest in novel static-dissipative and antistatic
composites for preventing the occurrence of uncontrolled ESD phenomena is becoming a
rapidly increasing field of interest. The analysis of the market for these composites is quite
broad covering many aspects of the working life of both operators and industrial processes.
Surely, the main relevant part of this market is related to ESD-safe clothing and tools (some
examples of ESD objects can be found in [136]).

Concerning the role of ESD formulation in clothing, the market proposes a multitude
of different objects made by ESD fabrics exploitable in many industrial uses. Some ex-
amples can be clothes for dust-free environments (i.e., cleanroom), such as factory work
shirts, antistatic aprons, and shawl caps, which are typically made of polymeric fabrics
(e.g., polyester) and carbon fibers (<2%). In the case of touch screen systems, both gloves
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and thumb finger sleeves must be conductive but frictionless (to avoid triboelectric charg-
ing), and they are typically made of polymeric fibers mixed with carbon filaments or metal
(Cu, Ag) fibers. In general, static dissipative/conductive fibers for ESD applications are
mainly made of synthetic fibers with either a carbon core or a carbon coating [137]. Some-
times, in the case of antistatic systems, the polymeric fabrics (independently from their
chemical nature) are simply woven with carbon fibers forming a parallel arrangement or
mesh pattern. Interestingly, ESD materials are also used for antistatic surfaces, such as
rubber mats for covering tables and floors or working shoes. In particular, rubber mats are
designed with a conductive bottom layer to eliminate static electricity [138].

The other major field where ESD composites find their actual applications is the han-
dling/packaging of electronics and other objects sensitive to static electricity
(e.g., automotive components and batteries) [139]. In the case of industrial packaging,
there are several examples of antistatic flexible films, foams, and rigid sheets made by
different polymeric matrices (e.g., PE, PP, PVC, ABS, PMMA, PET, EVA, PC, TPU, and PLA)
with proper additives (mainly carbonaceous fillers but also metalized (mainly Al) coatings)
to be used for covering surfaces or in direct contact with electronics devices. In particular,
antistatic bags are typically made of PET and show distinctive colors depending on the
filler, namely, transparent when ITO is used, silver in the case of metalized films, black
for systems containing a carbonaceous filler, and pink due to the presence of long-chain
amines/amides or other dissipative agents [140].

For the electronics components, ESD protective formulation can be 3D printed to
form tools (e.g., jigs, fixtures, and working supports) able to safely divert static electricity
away from sensitive electrical parts during manufacturing or testing [141]. In this case,
typical conductive fillers introduced in such formulations are carbonaceous fillers, such as
carbon black, CNTs, and graphite. The production of such ESD composites requires starting
from the preparation of masterbatch pellets containing a high amount of conductive fillers
(mostly carbonaceous ones) and progressively diluting the concentration of the filler by
adding more polymer during processing in order to modulate the electric response in the
final extruded material, ranging from conductive to antistatic formulations. Even if this
approach seems quite simple, the technological interest in electrically conductive and ESD
materials is still growing as testified by the recent literature [142-150].

7. Conclusions and Perspectives

This review reports the main features concerning the accumulation of static electric-
ity and critically analyzes the consequent electrostatic discharge (ESD) phenomena. The
electric phenomenon is the basis of several damages and failures occurring in integrated
electronic and microelectronic devices, becoming a potential source of serious hazards
to human health during processes and storage. To overcome this underestimated issue,
the development of ESD protection systems made by dispersing conductive fillers into
insulant matrices is attracting the attention of worldwide experts in different fields. With
the aim of providing a practical guide, a phenomenological description of the four different
mechanisms of formation of electrostatic charges at the surface of materials was here re-
ported, providing a deep analysis of the causes for the occurrence of charging phenomena.
Secondly, the classification of ESD materials according to their electrical properties has
been provided together with a description of the more diffused methods for determining
electrical properties (i.e., surface and volumetric resistivity) in ESD composites. Differ-
ences between conductive, static-dissipative, and antistatic composites were clarified. The
standard human body model (HMB) has been presented as a method for evaluating the
protective capability of ESD formulations relative to persons/objects against the occurrence
of undesired (and abrupt) ESD phenomena. Furthermore, a description of the methods for
favoring the transition of electric charges within composites, the role of conductive fillers
in the formation of a filler network, and the different mechanisms for the movement of the
electric charge are discussed. A paragraph dedicated to the actual market of these ESD
composites has been included in the discussion. Lastly, an overview of the different classes



Inorganics 2022, 10, 222

14 of 20

References

of conductive fillers (in particular, inorganic species) has been provided, evidencing the
pros/cons and criticalities of each category of inorganic fillers.

This study evidences how the research on inorganic fillers for the development of
advanced composites passes not only for the capability of enhancing the mechanical per-
formances, but also in exerting a certain level of control of the physicochemical properties
(i.e., electrical conductivity) in composites, as in the case of ESD materials. In this context,
it is mandatory to find formulations able to either slow down the flow of electric charges
(static-dissipative) or directly suppress the initial charges induced by charging phenomena
(antistatic). Fields of interest in ESD materials range from personal protective equipments
for operators, clothes and accessories, structural protective materials, devices exploitable in
industrial processes, electronics, and microelectronics to the packaging industry and many
others. Several technological solutions are reported, but the analysis of the actual market
pointed out that carbonaceous fillers play a predominant role among the other conductive
additives. The reasons are probably the large variety of shapes and geometries, their high
compatibility with the polymeric matrices, and their organic nature, which favors their
end-of-life fate (i.e., polymeric composites containing carbonaceous fillers can be thermally
treated to recover energy). In the case of either coated surfaces or woven fabrics, together
with carbonaceous fillers, metallic fillers (mostly Cu, Ag, and Al) are also exploitable solu-
tions. Among the inorganic fillers, ceramics are poorly used in ESD applications. The only
exception is the use of ITO when it is mandatory to maintain transparency, such as in the
case of polymeric films for packaging.

However, as discussed in the text, the future of ESD composite materials is not only
driven by the selection of the best conductive filler, but it is also strongly influenced by the
engineering of the filler network. In fact, according to the present authors, the filler concen-
tration and percolation threshold are key parameters that have to be taken into account. In
particular, higher content of inorganic filler means not only higher conductivity, but also an
increment of the stiffness of the composite, thus affecting the processability and molding
technique of the mechanical performances. To solve this issue, the compatibilization of
inorganic fillers will play a fundamental role in minimizing the dispersion of the fillers
within the matrix (thus avoiding clusterization and segregation), still maintaining electrical
properties unaltered. The recent literature points out that the surface chemical modification
of inorganic fillers favors their dispersion in polymeric matrices [151,152]. However, in
the case of electrical conductivity, this is not immediately obvious, as electrical conduction
is also a surface phenomenon. Therefore, the only way to overcome this situation is to
try to maximize the comprehension of surface-related interactions and phenomena occur-
ring between fillerfiller and filler-matrix and to look for novel advanced formulations to
counteract the occurrence of uncontrolled ESD phenomena.
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