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Abstract: Currently, there is an ever-growing interest in carbon materials with increased defor-
mation-strength, thermophysical parameters. Due to their unique physical and chemical properties,
such materials have a wide range of applications in various industries. Many prospects for the use
of polymer composite materials based on polyvinylidene fluoride (PVDF) for scientific and technical
purposes explain the plethora of studies on their characteristics “structure-property”, processing,
application and ecology which keep appearing. Building a broader conceptual picture of new gen-
eration polymeric materials is feasible with the use of innovative technologies; thus, achieving a
high level of multidisciplinarity and integration of polymer science; its fundamental problems are
formed, the solution of which determines a significant contribution to the natural-scientific picture
of the modern world. This review provides explanation of PVDF advanced properties and potential
applications of this polymer material in its various forms. More specifically, this paper will go over
PVDF trademarks presently available on the market, provide thorough overview of the current and
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sistance, physiological inertness, very low thermal conductivity, and exceptional re-
sistance to ignition. The B-phase of PVDF has ferroelectric and piezoelectric properties
which is why it is especially interesting. Therefore, PVDF is widely used in electronics,
acoustics, radio engineering, medicine, pharmaceuticals, production of components for
the petrochemical, chemical, metallurgical, food, paper, textile and nuclear industries, as
a structural and packaging material, in the manufacture of solar cells and piezoelectric
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properties (chemical and physical) in the polymer which enhances its application poten-
tial. Additionally, the carbon—carbon which form upon the removal of HF can connect
with each other thereby forming chain-like structures such as: polycumulenes (double
carbon-carbon bonds) or polyene (alternating triple carbon-carbon bonds). [6] Carbon
substances consisting of such one-dimensional structures are referred to as carbinoids and
can be used in optoelectronics or in the solid-state for emission electronics, not to mention
other chemical and physical applications. There is also a possibility that the carbonized
layer of PVDF will have superior conductivity compared to its polymer base [7-10].

PVDF is a highly reactive white crystalline thermoplastic fluoropolymer, unlike other
fluoropolymers, it has a low density of 1.78 g/cm?. PVDF exists in various conformational
states, its macromolecules can be in the state: disordered amorphous and ordered crystal-
line. Being a semi-crystalline thermoplastic, PVDF exhibits chemical, thermal and me-
chanical properties in a wide temperature range. Molecular weight of PVDF is above
100,000 g/mol, melting point is of 171-180 °C, the crystallization temperature is of 141-151
°C, and a glass transition temperature is of —40 °C. It is soluble in dimethylsulfonic acid,
dimethylacetamide, dimethylformamide and insoluble in ketones and esters. It has high
mechanical strength, wear and weather resistance, resistance to ultraviolet and ionizing
radiation, the action of mineral acids, with the exception of fuming sulfuric, alkalis, halo-
gens and hydrocarbons. It is easily dyed in bright colors [1-4].

It is important to provide a summary of the literature on PVDF that has been
2ublished so far. Table 1 contains a list a various published review papers related to PVDF.
Most of them focus on the specific applications of the polymer. This particular review
besides providing complementary information also provides a more general assessment
of PVDF properties and its applications.

Table 1. A list of published review papers on PVDF and short descriptions of their contents.

Title of the Paper Content Description

A review summarizing recent advances on
gel polymer electrolytes and all solid poly-
mer electrolytes on the basis of PVDF.

(1) Advances and prospects of PVDF based
polymer electrolytes [11].

A revi hasizing the potential of elec-
(2) Lithium-ion battery separators based on review empaasizing te potenial ot efec

PVDF i . how it im.
electrospun PVDF: A review [12]. trospun PVDF in batteries, and how it im

proves their performance.

(3) Insights and perspectives on graphene- A review describing how graphene and its
PVDF based nanocomposite materials for ~derivatives can enhance PVDF capabilities
harvesting mechanical energy [13]. in piezoelectric energy harvesting.

(4) PVDF based ionogels: applications to- A review going over advantages of PVDF
wards electrochemical devices and mem-  as a matrix material for iongels based on
brane separation processes [14]. polymers.

A review focuses on (but not limited to) the
usage of PVDF membranes for water distil-
lation.

(5) Poly(vinylidene fluoride) (PVDF) mem-
branes for fluid separation [15].

(6) Flexible PVDF based piezoelectric nano- A review summarizing latest information
generators [16]. on PVDF used in nanogenerators.

A review highlighting various surface mod-
ifications in order to improve fouling re-
sistance of PVDF membranes.

(7) Progress in the production and modifica-
tion of PVDF membranes [17].

(8) A Brief Introduction and Current State of
Polyvinylidene Fluoride as an Energy Har-
vester [18].

A review underlining the advantages of
PVDF for the use as a nanogenerator
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(9) Polyvinylidene fluoride: A multifunc- A review focusing on the potential of PVDF
tional polymer in supercapacitor applica- as well as its nanocomposites and copoly-
tions [19]. mers in the supercapacitor industry

A review dedicated to understanding the
science and engineering behind the mem-
branes’ preparations based on PVDEF.

(10) Design strategy of poly(vinylidene fluo-
ride) membranes for water treatment [20].

The uniform distribution of fluorine and hydrogen atoms along the PVDF polymer
chain facilitates the possibility of HF (hydrogen fluoride) removal both in the polymer
chain itself with the formation of conjugated double bonds and an increase in thermal
stability, and between adjacent polymer chains with the formation of cross-linked struc-
tures. During the pyrolysis of PVDF, C-C bonds can also be broken with the appearance
of short-chain fragments of the polymer and free radicals as a result of disproportionation,
which makes possible the chain process of degradation of a part of the polymer to a mon-
omer [21]. PVDF is mechanically strong and flexible.

PVDF has been the dominant polymeric binder in the mass production of lithium-
ion batteries (LIB) for decades [22,23]. PVDF belongs to the class of fluorinated polymers
and is therefore characterized by a high melting point, chemical resistance to solvents and
high electrochemical stability (up to 5 V). This polymer has a good binding capacity and,
at the same time, swells to a limited extent in the electrolyte, facilitating the transfer of
lithium ions to the surface of the active material [22,24]. Partially crystalline PVDF has
several polymorphic modifications; however, it predominantly crystallizes with the for-
mation of the a-phase, the formation rate of which is maximum. The degree of crystallin-
ity of PVDF depends on the crystallization conditions and can reach 50-70% [25]. The high
degree of crystallinity determines the minimum degree and low swelling rate of PVDF in
the organic electrolyte, ensuring long-term and stable LIB operation. At the same time, the
amorphous region in PVDF is a good matrix for the electrolyte, due to which lithium ions
can pass through a thin layer of a swollen polymer binder [25].

It has a combination of valuable properties: a relatively high melting point, high me-
chanical strength, resistance to moderately aggressive media, good biocompatibility. One
of the modifications (3-phase) of PVDF has ferroelectric and piezoelectric properties. The
polymer is widely used for anti-corrosion coatings, manufacturing of acoustic devices, as
a structural and packaging material. The unique combination of physicochemical charac-
teristics allowed this polymer to be included in the so-called NASA list of materials prom-
ising for use in space [26].

The priority in obtaining high molecular weight PVDF, which is a technically useful
product, belongs to ‘Du Pont’ company. The method patented by her is a water-suspen-
sion process under the action of such initiators as benzoyl peroxide, ammonium persulfate
or molecular oxygen. Particular attention is paid to electroactive polymers capable of ef-
ficiently converting mechanical action into an electrical charge. A more promising repre-
sentative is polyvinylidene fluoride (PVDF), which is used as sensors and transducers of
acoustic signals. Unlike other polymers of fluorine-substituted ethylene, the electrical
properties of PVDF do not allow them to be used as high-frequency insulation; however,
the high values of the dielectric constant, the presence of ferroelectric and pyroelectric
properties [27] make it promising to use the polymer and compositions based on it in
acoustic and pyroelectric converters [28].

Polyvinylidene fluoride PVDF appeared on the world market in the early 1960s and
was originally used for the manufacture of packaging films and protective coatings. The
piezoelectric effect in PVDF films was first discovered by Japanese researchers in 1969
[29].

PVDF forms at least four distinct crystalline phases. The two most important are o,
formed under normal crystallization conditions, and 3, formed as a result of pressure
crystallization or mechanical deformation of polymer films. The first is a
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thermodynamically stable structure and consists of chains with a trans-gauche confor-
mation. In the latter case, the chains have a flat zigzag structure with fluorine on one side
and hydrogen on the other. This polar structure is responsible for the piezoelectric and
pyroelectric properties of PVDF [30].

The Japanese scientist Kawai noticed a strong piezoelectric effect in PVDF films, and
also found that some plastics, such as polyvinyl fluoride (PVF) and polyvinylidine fluo-
ride [31], have strong piezoelectric properties. It also turned out that these materials are
also pyroelectrics. In 1975 Pioneer, Ltd. released the first loudspeakers and headphones
based on PVDF [32]. In this case, the piezoelectric coefficient of thin films poled (placed
in a strong electric field to create a total dipole moment) reached 6-7 PC/N: 10 times
greater than that of any other polymer [29].

The main characteristics make this material very attractive for producing large-area
PVDF films. The use of PVDF as coatings is made possible due to its thermal stability,
resistance to creep at elevated temperatures and deformation under load, high degree of
crystallinity, low permeability to gases and liquids, good resistance to mechanical dam-
age—abrasion and cutting, corrosive effects, atmospheric—and fungus resistance, good
dielectric properties. A distinctive feature of this PVDF fluoropolymer from other widely
used ones is its ferroelectric properties (spontaneous polarization in the crystal).

PVDF is a semi-crystalline polymer with a degree of crystallization of 50%. PVDF
films strongly absorb IR rays in the wavelength range of 7-20 pm. On the basis of PVDF
films, sensors for the people movement are realized, as well as pyroelectric sensors for
more complex devices, such as video cameras for night surveillance and laser copiers. Not
so long ago, an IR matrix based on a PVDF film was presented, which makes it possible
to identify fingerprints, using the pyroelectric effect inherent in polymers [33].

The widespread use of polyvinylidene fluoride is due to its consistent performance
in certain high focus applications in products with particularly high requirements for ul-
traviolet radiation, microbiological damage, abrasion, scratch resistance, combined with
relatively low cost.

The material is used in many electronic components, especially as a sheath material
in cables used in voice and video transmission devices, as well as in alarm systems. PVDF
does not burn well and emits little smoke, which is the main factor that allows it to be
used in these areas.

New PVDF copolymers developed in recent years have found a wide range of appli-
cations in piezoelectric polymer sensors. Such copolymers are used at higher tempera-
tures (135 °C), and new forms of sensors can be obtained from them: cylindrical and hem-
ispherical. They can be used to produce sensors whose thickness exceeds the limits for
devices based on PVDF films: for example, silicon sensors with an ultra-thick (200 A) coat-
ing and sonars with a cylinder whose wall thickness exceeds 1200 microns. Piezoelectric
cables are also made from copolymers. Copolymer films can be used and stored at tem-
peratures not exceeding 135 °C, and PVDF films are recommended for use at temperatures
up to 100 °C.

The insolubility and electrical properties of the material are explained by the pres-
ence of different polarities of alternating CHz and CF2 groups located along the polymer
chain.

PVDF dissolves at room temperature in polar organic solvents and forms homoge-
neous mixtures with some carbonyl-containing polymers. It has good chemical and oxi-
dative stability but is much more sensitive to organic and inorganic bases [30]. Due to the
good combination of properties and processability, PVDF has become the second most
used fluoropolymer (after PTFE).

Melt processable fluoropolymers are a class of high-performance engineering plastics
used in many niche industries through traditional processes such as injection molding
and extrusion. PVDF is the only melt-processable fluoropolymer that is produced from a
single repeating structure (VF2). In most of these areas, PVDF is processed by extrusion
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and injection molding, where polymer specifications are designed for these processes so
that molecular weight can control melt viscosity.

The good processability of PVDF from the melt facilitates the production of products
from it by compression molding (bulk containers) and injection molding (sheets, coatings,
plates and rods, films). Most often, PVDF is produced in the form of tubular products
(tubes and fittings, pumps, valves), and ultrapure water is transported through PVDF
pipelines. Manufacture of housings for quick couplings, locking sleeves, adapters, for a
specific application and with the appropriate characteristics, are made from various pol-
ymeric materials: polyimide, polypropylene, synthetic materials (for example, PVDEF).
PVDF is used in the equipment of chemical, semiconductor industries (actuators, sensors
and loudspeakers, plates and insulators for premium-class wire); as a binder in the pro-
duction of cathodes and anodes for lithium-ion batteries (supercapacitors, battery separa-
tor in lithium-ion polymer systems); in the medical and defense industries, as well as in
new areas for the manufacture of components for air and sea vessels and the interior of
office equipment, ultrafiltration membranes and membranes for fuel cells.

2. PVDF Trademarks

Today, PVDF is marketed under many different brands: PVDF is sold under a variety
of brand names including KF (Kureha), Hylar (Solvay), Kynar (Arkema) and Solef (Sol-
vay).

Arkema is the world’s largest producer of PVDF. Its manufacturing facilities are lo-
cated in the US, France and China. Arkema produces both homopolymer and copolymer
grades under the Kynar® and Kynar Flex® brands. Kynar® brand polyvinylidene fluoride
(PVDF) began in 1965 for chemical handling applications and electrical wire insulation
and sheath materials, and by now Kynar® PVDF has become one of the materials of choice
for many applications requiring high performance. Kynar Flex® PVDF was commercial-
ized in the 1980s as a material similar in performance to Kynar®, but with more versatility
to meet the demands of new applications.

The new Kynar High Melt Strength (HMS) PVDF grades are molecular chain
branched polymer resins that have high melt strength and resistance to sag during extru-
sion, making them candidates for future use in blow molding, thermoforming and film
extrusion with bloat. This material provides an excellent balance of melt strength and
elongation, high sag resistance at low viscosity, and high die swell. These improved prop-
erties are obtained by introducing a branch to form a long side chain.

Solvay Solexis now offers a growing selection of PVDF grades that are associated
with new applications such as oil and gas, automotive, construction, electronics, chimney
liners, lithium batteries, fuel cells, food and pharmaceuticals. In addition to Solef ® and
Hylar ® PVDF resins, Solvay Solexis offers a wide range of other fluoropolymers that are
also easily processed by injection, extrusion and all conventional processing methods:

e  Halar ® ECTFE (ethylene-chlorotrifluoroethylene copolymer),

e  Hyflon ® PFA (a copolymer of tetrafluoroethylene and perfluoroalkyl vinyl ether).

e Among the most important properties and advantages of PVDF Solef® are the fol-
lowing:

e  Excellent chemical resistance. The use of Solef® resins, polymers of vinylidene fluo-
ride, provides excellent corrosion and abrasion resistance when working with harsh
chemicals.

e  Excellent thermal stability.

o  Fire resistance. Solef® PVDF resins are rated UL-94 V-O.

e  DPurity Solef® PVDF Resin is an extremely pure polymer free of stabilizers, plasticiz-
ers, lubricants and flame retardants.

¢ Increased abrasion resistance.

There are at least three varieties of PVDF on the market, differing from each other in
the quantitative content of polyvinylidene fluoride and acrylic polymer: 50%/50%,
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70%/30% and 80/20%. All of these varieties can be called PVDF. However, licensed PVDF
is produced only under the well-known Kynar500 or Hylar5000 licenses and contains at
least 70% polyvinylidene fluoride.

Georg Fischer’s PVDF pipes, fittings and valves are a high-performance piping sys-
tem with good impact resistance in all climatic conditions. Excellent chemical resistance,
abrasion resistance up to the highest temperatures. Georg Fischer manufactures PVDF
pipes, fittings and valves under the brand name SYGEF®. Georg Fischer’s standard PVDF
products are labeled SYGEF, additionally cleaned and packaged in a special way, prod-
ucts for the transport of very pure water (UPW) are labeled SYGEF PLUS.

e Nominal pressure up to 16 bar.

e Temperature ranges from —20 °C to +140 °C.

e SYGEF® Standard — A one-piece and reliable solution for the transport of water
and chemicals, also at high temperatures.

SYGEF® Plus—Double Packed High Purity (HP) piping system is widely applied in
hot ultrapure water (HUPW) and microelectronics industries. Manufactured, cleaned and
packaged in clean conditions up to ISO class (100), SYGEF Plus delivers superior leaching
performance combined with high reliability and long product life.

3. Overview of Applications and Properties
3.1. Properties

One of the most important tasks of modern thermophysics and molecular physics is
to establish the relationship between thermophysical properties (TPP), in particular ther-
mal conductivity, of polymeric materials with their structure at various levels of its organ-
ization and the nature of thermal motion. Knowledge of this relationship makes it possible
to deeply and comprehensively analyze the mechanism of heat transfer in polymer com-
posite (PC) materials, which will help accelerate the solution of the problem of obtaining
polymer materials with predetermined TPP. In particular, due to its relative technological
simplicity, efficiency, and economy, the physical method of introducing various fillers
into the polymer has received wide recognition [34].

The defining advantages of PVDF, which allow it to take one of the leading positions
in the world market in a number of industries, are:

(1) Heat resistance to temperature fluctuations from —40 to +140 °C. Among fluorine-
containing polymers, polyvinylidene fluoride (PVDF) is one of the most durable. It has
good ductility, impact strength, and flexibility. The properties of PVDF are described in
sufficient detail in [27,28,35-37]. The structure of PVDF macromolecule chains has been
studied by many researchers who have used various techniques for this purpose
[28,37,38].

(2) Purity of the composition is due to the components of the main substance that
satisfies the necessary performance characteristics: it does not contain UV and heat stabi-
lizers, various lubricants, softeners and other additives [39].

(3) Eco-friendliness—completely non-toxic and fully recyclable. It does not emit
toxic, chemically harmful fumes into the environment even when melted [40].

(4) Protection against microorganisms—the polymer has very low adhesion to mi-
croorganisms (growth of fungi, algae and microbial films). Validity of its use for the stor-
age of medical and food liquids; filters (filtration housings), track membranes, membrane
packages, separation equipment and separation elements are expediently used: microfil-
tration for wastewater treatment and processing; seawater desalination; separation of lig-
uids for cleaning oil, natural gas [41].

() Fire-resistance PVDF is a barely flammable material. Melts slowly without emit-
ting much smoke.

(6) Easy processing allows the production of products of various shapes: by extru-
sion, injection molding, compression molding and machining. When heated, PVDF loses
its rigidity and becomes ductile, which makes it possible to process end products from
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this material. It is easy to perform various connections and assembly of structures (butt
and socket welding, flange and threaded connections). Furthermore, the PVDF can be
modified by various additives to tailor its chemical and physical properties [42].

(7) Reliability, optimal wear resistance, the required mechanical strength of parts
during installation and in industrial installations are provided by materials from polyvi-
nylidene fluoride. Products are resistant to mechanical damage, surface abrasion, ozone,
moisture and corrosion [43].

(8) Durability of products—have high resistance to aging and can last more than 50
years without loss of physical and mechanical properties [44].

PVDF shows little to no deterioration in mechanical properties after many years of
outdoor use, which is why it is often used for coating the exterior surfaces of buildings.
PVDF also stands out for its mechanical properties among conventional crystalline poly-
mers: it ranks second after polyoxymethylene in terms of tensile strength, flexural stress
and compressive stress, stiffness and hardness, has the highest impact strength, high co-
efficient of curing (80-90% tsri thickness 100 microns) in the visible region of the electro-
magnetic spectrum [36].

(9) Low surface roughness—high flow rate (very smooth inner wall surface).

(10) Chemical resistance —the main indicator of resistance to most organic and inor-
ganic chemically aggressive liquids (acids and bases, alcohols and petrochemical solvents)
even at elevated temperatures.

3.2. Applications

e  In the chemical/petrochemical industry —non-flammable, can be used in fire and ex-
plosion hazardous industries; filtration of aggressive media from particles of mi-
croimpurities; does not react with other compounds. Compatible with thermoplastic
materials and has excellent inert resistance to concentrated inorganic acids even at
high temperatures (the main material for storing concentrated nitric acid), aliphatic
solvents, ionic and salt solutions, which is essential for the safety of roofing and wall
cladding during long-term operation (up to forty years), excluding the effects of ace-
tone, highly concentrated alkali and other solvents (strong bases, caustics, esters,
amines, ketones).

In terms of resistance to UV rays and rays at 100 Mrad, PVDF is an exception [20]
PVDF has very good weather resistance and high flexibility. Therefore, it can be used to
make coatings that transmit sunlight, PVDF also has good chemical resistance; even at
high temperatures (363 K), PVDF is not affected by inorganic acids, corrosive materials
(halogens, oxidizing agents), weak bases and salts, aliphatic, aromatic and chlorinated
solvents [34].

¢ In nuclear power engineering—handling of nuclear waste. PVDF is used as pipes,
sheets and linings in high temperature, hot acidic, radiation environments due to
PVDF’s resistance characteristics and upper temperature thresholds. As piping,
PVDF is rated for temperatures up to 248°F (120 °C). Examples of uses for PVDF in-
clude nuclear reactor waste management, chemical synthesis and production (con-
ventional sulfuric acid), airboxes, and boiler service pipes. When heated above 350
°C, polyvinylidene fluoride begins to decompose with the release of toxic substances
containing fluorine, so it is important during the operation of the material not to ex-
pose it to critical temperatures, including fire [45].

e  Aviation industry —seals, linings, gaskets and other products that provide flexibility
and resistance to corrosion [46].

e Aerospace industry —in wiring coatings as a thermal barrier. It is also available as a
cross-linked, closed-cell foam, which is increasingly being used in the aviation and
aerospace industries, and as an exotic 3D printer filament [29].
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Interestingly, PVDF is even used in the manufacture of some devices for the space
industry —for example, some devices are made using this polymer, which are installed in
a space probe that measures the density of cosmic dust outside the solar system.

¢ Inelectronics/radio engineering—PVDF electronic components are used as a dielec-
tric, insulation of electrical wires (light weight, flexibility, high coefficient of re-
sistance to heat transfer). The unique piezoelectric properties allow the material to
respond to and influence electrical and/or magnetic fields. PVDF is in demand in the
production of complex electrodes for lithium-ion batteries because it does not react
with electrolytes and lithium [47].

PVDF film is used in radio-electronic devices to protect highly sensitive devices; for
the manufacture of printed circuit boards; insulation of wires/cable sheaths; for obtaining
electrets and pyroelements; in touch switches and microprocessors; solar collectors, etc.
[48].

The piezoelectric properties of PVDF are used in the manufacture of tactile sensor
arrays, low-cost strain gauges, and lightweight sound transducers. Piezoelectric PVDF
panels are used in the Venetia Burney Student Dust Counter, a New Horizons space probe
science instrument that measures dust density in the outer solar system.

e Inelectrical engineering —the resistance of PVDF insulation to cutting allows it to be
used in wires for panels of computing devices, for aviation instrumentation and other
types of electronic equipment. As a winding and insulating material, as a protective
coating for special overhead cables, electrical equipment (motor windings).

Sensing elements based on piezoceramic materials have been used in the creation of
hydroacoustic antennas since the 1940s to the present due to their high sensitivity and
electrical capacitance. It is advisable to create electroacoustic transducers based on PVDF
films, which, in addition to improving the weight and size characteristics, will reduce the
susceptibility of antennas to hydrodynamic interference without the use of additional
rigid structural elements, will allow designing antennas using flexible receiving elements
of a large area [49].

PVDF membranes can be used as separators in lithium-ion batteries because they
have good chemical and heat resistance. Such membranes have good mechanical strength,
sufficient pore size and interruption characteristics. The material can also be used to ob-
tain piezoelectric sensors and laser beam profile sensors in modern applications [15-18].

¢ In construction—as erosion-resistant, protective anti-corrosion and weather-resistant
coatings (films and enamels). Applicable to the material—all types of welding non-
contact infrared and seamless, except for chemical (adhesive bonding). PVDF mate-
rial is commonly used in the manufacture of various parts and equipment for pump-
ing stations and pipelines suitable for pumping ultrapure water and chemicals (acids,
gases, organics). The PVDF polymer coating is good for responsible outdoor use
(during the construction of industrial facilities; chemical production facilities; clad-
ding of the facades of buildings located in the industrial zone, where the walls must
be frequently washed not only with water, but also with disinfectant solutions), reli-
ably withstands heating up to 120 degrees, and frost—up to 60 [50].

Filled PVDF film—veneer material in construction; the coating is applied to gas
ducts, chemical cabinets and boxes, facade fixtures, composite panels, roofs. Sandwich
panels coated with PVDF can be used for buildings with specific operating conditions in
areas with an aggressive climate (high resistance to sunlight, frost resistance, high salt
vapors (cowsheds, pigsties, poultry houses) [51,52].

e Inarchitectural structures—which are subject to increased aesthetic requirements for
walls and architectural and decorative details for the decoration of facades (to main-
tain strength, color and gloss longer) and as an anti-vandal coating (unauthorized
inscriptions).
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The main application of PVDF is architectural coating (lezzi 1997). PVDF dispersions
are applied to metals such as steel or aluminum to provide a decorative and weather re-
sistant coating for commercial and residential buildings. It is used for electrical insulation,
despite its higher permittivity, and in the chemical industry [30].

e In the automotive industry —PVDEF-based laminating multilayer films are used for
decorating external surfaces. Multilayer films based on PVDF are versatile materials
that allow you to create both transparent coatings and coatings of various colors, me-
tallic colors, mother-of-pearl, imitate the texture of wood, leather, and apply geomet-
ric patterns. Parts that can be produced with these PVDF-based films include taillight
surrounds, side mirror housings, front grilles, bumpers, door handles, body side
moldings, and more. Decoration during molding allows obtaining surfaces with bet-
ter color and gloss retention parameters and exceptional resistance to chemical pol-
lution [53].

e In pharmaceutical industry —PVDF materials provide special cleanliness and steril-
ity of rooms—premises, and due to excellent deformation characteristics and heat
resistance, they allow autoclaving; serve as packaging for medical instruments; Sur-
gical sutures made of PVDF are resistant to chemicals (do not cause an allergic reac-
tion) and have extremely high tensile strength [54].

e  Inbiomedicine (biomedical research). Polyvinylidene fluoride proved to be an abso-
lutely ideal and stable material (minimal tissue reaction, no capillarity and wicking,
perfect antithrombogenic effect) for use in gynecology (obstetrics); general surgery
(orthopedics, cardiovascular, plastic and reconstructive) [55].

At present, polypropylene mesh endoprostheses are widely used in domestic herni-
ology. However, given the significant experience in the use of these materials, it can be
said with confidence that these endoprostheses are not ideal for hernioplasty [56,57]. Most
of the known polypropylene endoprostheses after implantation in the abdominal wall tis-
sue cause an inflammatory reaction leading to the formation of a rough scar [58], which
contributes to the wrinkling of the endoprosthesis [58] and disruption of the biomechani-
cal parameters of the abdominal wall.

A promising way to prevent these complications is the use of polymers in hernio-
plasty that differ from polypropylene in chemical and physicomechanical properties. One
such polymer is polyvinylidene fluoride (PVDF), which is widely used in reconstructive
surgery [59-62]. Studies show that PVDF, like polypropylene, has bioresistance, strength
and resistance to infection, surpassing the latter in elasticity.

Another feature of the PVDF polymer is the possibility of coating its surface with a
linear-chain carbon-carbine [63]. It is now known that carbine applied to polymeric mate-
rials can significantly increase the biocompatible properties of surgical suture materials
[64].

The purpose of the study [64] is to experimentally substantiate the possibility of using
mesh endoprostheses based on PVDF-K to improve the immediate and long-term results
of hernioplasty. The experiments consisted in comparing the biocompatibility of Esfil pol-
ymeric endoprostheses widely used in herniology from polypropylene monofilaments
and new experimental PVDF-K endoprostheses. All studied materials had the same fiber
structure and thickness. To study biocompatibility, these materials were implanted in the
tissues of the anterior abdominal wall of animals in the on-lay position and fixed with the
same name suture material (polypropylene and PVDF-K monofilaments, respectively),
size 3/0. Comparative analysis of qualitative and quantitative changes in the tissues of the
anterior abdominal wall in series with implantation of Esfil material and PVDF-K material
confirms the best biocompatible properties of the carbine-coated PVDF-based endopros-
thesis. Early relief of inflammatory changes, early maturation of granulation tissue, lack
of encapsulation of endoprosthesis elements in the presence of a single histotypical struc-
ture of the emerging scar, and relatively rapid stabilization of the tissue response to the
implant can be the overall result of adequate physical and mechanical properties of the
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PVDF polymer and pronounced biocompatible properties of the coating from carbine. All
this gives the right to assert that the use of mesh endoprostheses based on PVDF-K will
improve the immediate and long-term results of hernioplasty.

PVDF is a non-absorbable monofilament synthetic surgical suture: well suited for
cardiovascular surgery where resistance to cardiac movement is required, both in cases of
prosthetic valves and vascular anastomoses. PVDF is recommended for applying remov-
able cosmetic intradermal sutures, is approved for fixing various implants (herniopros-
theses, vascular prostheses), is widely used in mammoplasty operations when applying a
circular Benelli suture around the halo, and is used in plastic surgery and microsurgery.

PVDF, an inert material, has long been used as a suture material. It has a high degree
of biocompeatibility, similar to that of polypropylene or polyester. Due to the low incidence
of inflammatory and fibrotic foreign body reactions and low shrinkage after implantation,
PVDF has been shown in some studies to be a useful alternative to conventional materials
such as polypropylene and polyester [65].

PVDF membranes can be used in other biomedical applications as part of a mem-
brane filter device, often in the form of a syringe filter or wheel filter. The various proper-
ties of this material such as heat resistance, resistance to chemical corrosion and low pro-
tein binding make this material valuable in the biomedical sciences for drug preparation
as a sterilizing filter and as a sample preparation filter for analytical methods such as high-
performance liquid chromatography (HPLC), where small amounts of particulate matter
can damage sensitive and expensive equipment.

° In microelectronics and photonics, it has now been demonstrated that ultrathin PVDF
films can be obtained using spin coating [66]. The production of ultra-thin, pinhole-
free, smooth PVDF films paves the way for integrating ferroelectric and piezoelectric
properties into microelectronic devices. Moreover, thin and smooth PVDF is a wor-
thy candidate for photonic applications [67] due to its chemical and environmental
stability. The surface roughness and smoothness presented here is sufficient to pre-
vent optical losses in planar PVDF waveguides. In addition, PVDF can be used to
incorporate complex functional materials providing electro-optical effects.

Fashion designer and professor Ying Gao’s latest designs, titled “Can’t” and “Won't”,
are two spectacular dresses made from “super organza” material, cotton and polyvinyli-
dene fluoride. The latter is a piezoactive fluoropolymer capable of changing dimensions
and/or bending under the influence of electricity. The highlight of the project is the “eye-
tracking” system integrated into clothing, which is well known to smartphone users.
Thus, clothes can be “activated” by the interested look of a nearby person.

e In the food industry —used in repeated contact with food, as it complies with FDA
requirements and is non-toxic at temperatures below the decomposition temperature
[29]. Production of containers for drinks; low thermal conductivity, eliminates the
need for additional thermal insulation.

e  Other applications. The aforementioned list of properties is not exhaustive. PVDF
and materials on its basis also find applications in such areas as: textile industry, in
the metallurgical industry, in the pulp and paper industry, etc. Furthermore, the
characteristics of the polymer allow it to be used in the production of sorption col-
umns. Such a product is suitable for the extraction of rare earth and precious metals:
gold, uranium, copper, vanadium and others. The unit has low thermal conductivity
and low weight. It has a high efficiency, due to the wide throughput and smooth
surface—sorbates and metal products will not accumulate inside. Additionally,
PVDF is also used to obtain porous tips (balls) in the production of ballpoint pens
[11-18].

4. Experimental Data on PVDF

This chapter contains a brief overview of studies conducted in order to study PVDF’s
processability as well as its interesting properties characteristics.
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4.1. Relaxation Transitions

Four main relaxation transitions in the PVDF phase were determined by dynamic
mechanical spectroscopy [38]. In Figure 1, the temperature dependences of the dynamic
Young’s modulus (E) determined along and perpendicular to the direction of crystalliza-
tion of the sample obtained by isothermal crystallization [34] are given.
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Figure 1. Temperature dependences of the dynamic mechanical characteristics of PVDEF: storage mod-
ulus (E”) and loss modulus (E”) of isoth ermally crystallized and directionally crystallized sam-
ples of the a-phase of PVDF: 1—parallel; 2— perpendicular; 3—isothermally crystallized sample. [34].

y-relaxation, which begins at low temperatures, corresponds to the amorphous phase
and limited movement of chains, and specific ones—to rotations of chains in the amor-
phous region, y-relaxation is associated with glass transition, it corresponds to the micro-
Brownian motion of segments [34,37,38] of the amorphous region. a-relaxation is associ-
ated with the movement of molecules, which changes the dipole direction only along the
chain axis, and not perpendicular to it [38]. It is possible that the relaxation behavior of
PVDF varies not only at different temperatures, but also depends on the methods used to
study these properties.

4.2. Piezoelectric Behavior

The most important piezoelectric coefficient of PVDF is dss, also known as the com-
pression mode. ds1 is another common piezoelectric coefficient otherwise called transverse
mode, which is associated with the application of mechanical stress at right angles to the
polarization axis [18]. There are also shearing strain coefficients dz¢, and dis, which are
oftentimes omitted due to their low magnitude [68]. PVDF are reported to have a very
high dss (~49.6 pm/V) [69] which can be measured by several methods: static, quasi-static
and laser interferometer method [70]. These methods, however, have their disadvantages
and limitations. Static and quasi static method produce too much of an electric charge by
applying force to the samples which causes biaxial stress. Additionally, small thickness of
the films entails complicated stress alignment [71]. Laser interferometer method on the
other hand is quite sophisticated and requires excellent alignment of optical parts [72].
There is also a relatively new method proposed in [70]. The authors utilized a pneumatic
pressure rig with a sole cavity for the measurement of PVDF piezoelectric coefficients. The
method involves usage of highly pressurized nitrogen gas and the following monitoring
of the induced charge variation. Thus, the dss value was accurately measured without any
associated stress effects.

Japanese scientists [67] from the Kagawa National Institute of Technology have de-
veloped a simple highly sensitive PVDF piezofilm sensor to monitor the respiratory status
of public transport drivers, patients with artificial lung ventilation devices, as well as for
screening tests of “apnea” —sudden cessation of breathing during dream. Figure 2 shows
a PVDF piezoelectric film (DT2-028K/L, Tokyo Sensor Co. Ltd., Tokyo, Japan) used to
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develop a respiration sensor, which is 28 um thick and has a surface area of 16 mm x 73
mm. Both surfaces of the piezo film are covered with silver electrodes, which are physi-
cally protected and insulated with a plastic film. Piezoelectric film generates electrical sig-
nals proportional to mechanical stress or strain, making it suitable for breath sensors due
to its high sensitivity. The piezo film generates very large signals, even with minimal
movement. Breath sensors based on PVDF piezofilms have already been developed and
put into practice.

>

Plastic Film

— Silver Electrodes

16 mm

" " PVDF Piezoelectric Film (28 pm-thick)

Figure 2. A schematic image of PVDF piezoelectric film (DT2-028K/L, Tokyo Sensor Co. Ltd.) which
was utilized in the development of the respiration sensor [67].

In [73], the piezoelectricity was studied using optical imaging and piezoresponse
force microscopy (PFM) based on a flexible piezoelectric poly(vinylidene fluoride) (PVDF)
film and the surface morphology of PVDF was analyzed. The authors, using theoretical
modeling, investigated the interference of signals between adjacent matrices. The results
indicate a reduction in interference as the pressure decreases at a rate of 0.028 mV/kPa,
which depends significantly on the size of the electrode and becomes negligible at a pres-
sure level of less than 178 kPa. These studies indicate that the electromechanical properties
of the PVDF film sensor are characterized by both good piezoelectricity and excellent out-
put characteristics and ultra-high signal-to-noise ratio.

The sensor matrix proposed by the authors has a sandwich structure based on a thin
PVDF film with a thickness of ~50 um (Jinzhou Kexin Inc., Jinzhou, China). The PVDF
films was coated on both sides by aluminum electrode arrays 20 pm thick. Figure 3a shows
a schematic diagram of the sensor and Figure 3b shows the real physical picture of the de-
vice and demonstrates its flexibility. The sensor has 16 blocks of micro-capacitors; every 4
blocks have one connection wire to keep the number of electrode wires to a minimum.

Figure 3. (a) —schematic diagram of the sensors matrix; (b) —physical picture of the end device [73].

Unlike piezoceramic transducers, sensors based on piezoelectric films have wider
dynamic and frequency ranges. The wide frequency band (practically from 0 to 2 GHz)
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and low-quality factor can be explained by the softness inherent in polymers. Figure 4a
shows the sensor surface morphology after Al etching, checked with an optical micro-
scope. The rather bright and dark contrast suggests a clear interface between the PVDF
and the etched aluminum electrodes.

Figure 4 shows the surface morphology and phase signal of the pressure sensor
PVDF film. The surface of PVDF is stated to be smooth with a fabric structure. The phase
image of the PFM measurement in Figure 4c shows a strong piezoelectric domain re-
sponse which is in a good consistency with the surface structure observed in Figure 4b.

620im

210pm

210um

Figure 4. (a)—surface morphology of the proposed sensor after etching technology; (b)—Surface
morphology and (c) PFM phase images of the PVDF sensor film [74].

A sensor was utilized to measure the pressure state and its distribution caused by a
finger of the human hand for a simple practical application. It is known that complex fin-
ger movement has some basic variations such as shiatsu, kneading, rubbing, etc. [74]. The
three most commonly used movements, including shiatsu, kneading, and rubbing, were
chosen to investigate the state of pressure and the finger surface area distribution. Figure
5 shows a diagram of the pressure distribution of the thumb, detected by the sensor, dur-
ing three finger movements, correspondingly. In Figure 4a, it is apparent that the pressure
of 76 kPa was focused at the center of the thumb during the shiatsu movement, which is
differs quite strongly from the kneading and rubbing observed in Figure 5b,c, respec-
tively. Figure 5b indicates that the pressure at the thumb front is higher than at other parts
of the thumb during the kneading motion, whereas the pressure of the thumb is relatively
uniform (about 68 kPa) when it comes to the rubbing motion, as shown in Figure 4c. The
observed distribution of pressure in the finger bear some resemblance to the previous re-
ports in clinical observations [75,76]. According to measurements, a load cell on the basis
of flexible PVDF ferroelectric film demonstrated good sensitivity for characterizing com-
plex finger movements. It is expected that the proposed sensor will be superior in terms
of studying the human finger motion behavior, and it would also be useful for the devel-
opment of a robot to replace human fingers in the future [74].
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Figure 5. The state of pressure and distribution of movement of the thumb, characterized by the
proposed sensor: (a) shiatsu, (b) kneading and (c) rubbing [74].

bV
B

]

o AAYDIVESR Y

(e pioInEssid
(e HRInEE A

The author of [77] studied and obtained the properties of oriented and microporous
PVDF films with piezoactive properties, as well as the development of composite
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materials based on microporous PVDF films with layers of an electrically conductive pol-
ymer (polypyrrole).

4.3. B-. Phase Formation

According to the author of [77], one of the most productive methods for the formation
of B-form crystallites in PVDF today is the orientational stretching of the film (extrusion).
One of the most important parameters in orientational stretching is the process tempera-
ture; it was found [77] that the best performance is achieved at a stretching temperature
of 50 °C (Figure 6).
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Figure 6. Dependence of the fraction of crystallites of the B-phase on the stretching temperature at
a stretching ratio of 50% [77].

After stretching, the film is annealed at 140 °C. At the stage of sample annealing, the
crystal structure is improved (Figure 7).
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Figure 7. Dependence of the fraction of 3-phase crystallites on the degree of stretching for PVDF
films stretched at 50 °C (1) and for the same samples after annealing at 140 °C (2) [77].

As a result of annealing, the sample acquires rigid elastic properties and the ability
of large reversible deformations with a high modulus of elasticity. It should be noted that,
in a real sample, the formation of a porous structure is accompanied by the processes of
orientation, rupture of passing chains, and destruction of crystallites. At the final stage —
thermal fixation—there is a relaxation of internal stresses accumulated in the process of
stretching. As a result, the formed structure becomes unstressed, and the dimensions of
the cooled porous film do not change with time. It was found that isometric annealing of
oriented polyvinylidene fluoride films leads to a significant increase in the content of p-
shaped crystallites and an increase in the degree of crystallinity [77].
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Special scientific interest in PVDF is caused by the possibility of synthesis on its sur-
face by carbonization of various forms of carbon.

Based on PVDF, a thermionic cathode with a record low work function was obtained
[78]. There are works on the synthesis of molecular magnets based on partially carbonized
PVDE [79].

Chemical dehydrohalogenation of halogen-containing polymers (HCDPs) is one of the
most convenient and accessible methods for the synthesis of one-dimensional and quasi-
one-dimensional carbon structures [80]. Among HCPs, PVDF is the most promising initial
polymer for the production of articles from carbine due to its better solubility in the com-
ponents of dehydrofluorinating mixtures [81]. A well-known method for smoothly chang-
ing the phase composition of PVDF composite films is their uniaxial mechanical stretch-
ing. An increase in the ratio of the final and —initial film sizes in the direction of stretch-
ing—the elongation factor—increases the content of the ferroelectric B-phase [82,83] and
also promotes amorphization of the polymer substance in partially crystalline films [84].
To identify the molecular composition of carbinoids, to study its changes depending on
the conditions and duration of carbonization, IR spectroscopy has been successfully used
for a long time [85].

The authors of [86] synthesized a model of the CH absorption band, which makes it
possible to measure the frequency position and width of the peaks with a change in the
concentration of the B-phase in the sample. At the same time, a correlation was found
between the parameters of the absorption band of CH bonds in the IR spectra of uniaxially
stretched PVDF samples and changes in the phase composition of the PVDF film (Figures
8 and 9. Designations M and ¢ correspond to the positions of peaks 1, 2). The parameters
of the curves were chosen so that their sum (dashed curve, Figure 10) best described the
CH absorption region in the spectrum of the unstretched film (solid curve).
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Figure 8. Dependence of the frequency position of peaks 1 and 2 on the concentration of the B-phase
in the model and experimental IR spectra [26].
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Figure 9. Change in the widths of CH peaks 1 and 2 depending on the concentration of the {3 phase
in the model and experimental IR spectra. The designations are the same as in Figure 8 [26].
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Figure 10. CH peaks of IR absorption of the experimental spectra of the maximally stretched (empty
circles), initial (solid line) PVDF films and model simulation of a fragment of the spectrum of the
initial film (dotted line). [26].

The model developed under the assumption of an additive contribution of crystalline
phases to IR absorption is inconsistent with the experimental data. One of the reasons for
the discrepancy between the model and experiment may be the still unexplored effect of
the amorphous component on the shape of CH peaks [26].

One of the directions for the synthesis of chain carbon nanostructures is the carboni-
zation of polymers whose chains have a carbon skeleton, for example, polyvinylidene flu-
oride (PVDEF). PVDF itself has a number of useful properties due to which it is widely
used in membrane technologies [29], electronics, medicine, acoustics, etc. [6,86]. Its mole-
cules are carbon chains, to each atom of which two atoms of fluorine and hydrogen are
alternately attached. There are three main types of chain conformation: o, 3, and y [6].

Two main methods of PVDF carbonization are known: radiation (irradiation with
quanta and bombardment with microparticles of various energies) [82-89] and chemical
[6,90-99].

The most productive method for the deep carbonization of PVDF, which makes it
possible to modify a sufficiently large amount of polymer without creating special condi-
tions, is chemical carbonization [81,84,96-99].

Research on the properties of chain carbon and development of methods to improve
the synthesis of carbon-based nanomaterials is of fundamental interest.
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In their work [100], using IR spectroscopy, the authors revealed changes in the mo-
lecular composition of polyvinylidene fluoride as a result of chemical dehydrofluorina-
tion and subsequent storage at normal and reduced air pressure (a sample of PVDF grade
F-2ME with a thickness of 20 pm). During chemical dehydrofluorination of polyvinyli-
dene fluoride, fluorine-substituted polyene fragments are formed, as well as conjugated
double and triple carbon-carbon bonds. Attachment to the carbon chain of hydroxyl
groups contained in water, components of the dehydrofluorinating mixture and atmos-
pheric air prevents the formation of conjugated carbon-carbon bonds. Drying under re-
duced pressure of samples dehydrofluorinated in a liquid medium promotes the for-
mation of more extended chain fragments in which carbon atoms are interconnected by
multiple bonds. The observed increase in the IR absorption of triple carbon/carbon bonds
in the region of 2050-2100 cm-1 most clearly demonstrates the appearance of carbine-like
atomic ordering of the polyyne type.

In works [101,102] on the study of the effect of heat treatment at 250 °C and above on
the products of chemical carbonization of PVDF, it was possible to reveal the previously
unknown effect of an abrupt multiple amplification of the EPR (electron paramagnetic
resonance) signal with a change in its parameters—the width and position of the absorp-
tion line, which indicates the formation of a new paramagnetic carbon substance. Such
controlled paramagnetic activity makes it possible to further expand the proposed area of
practical application of the products of partial carbonization of PVDF. An amazing tem-
perature dependence of the absorption EPR of chemically dehydrofluorinated samples
was revealed, which indicates the presence of an activation contribution to the paramag-
netic susceptibility [103].

Processing of films of PVDF grade F-2ME and products of their chemical carboniza-
tion by methods of synchronous thermal, gravimetric and mass spectrometric analysis
revealed significant differences in the nature of fluorine desorption and changes in the
masses of film samples of the original and partially chemically dehydrofluorinated PVDF
during high-temperature (up to 600 and 800 °C) heat treatment in an inert atmosphere,
leading to charring of the films and a very similar final state of their molecular structure
[100,101]. During the chemical carbonization of the film, oxygen-containing groups are
formed, which decompose at 430-650 °C. Chemical dehydrofluorination of PVDF leads to
the formation of a carbon-enriched layer containing one-dimensional fragments on the
PVDEF surface. The addition of OH groups to the carbon skeleton prevents the formation
of extended fragments dominated by multiple carbon-carbon bonds. In the early stages of
dehydrofluorination (up to 3 h), the loss of methylene groups can be compensated by the
addition of hydroxyl groups to the carbon skeleton. With an increase in the duration of
dehydrofluorination, the number of multiple carbon-carbon bonds increases, as a result
of which the possibility of such attachment is limited.

This leads to a slowdown in the rate of increase in the number of OH groups. Tem-
perature treatment of a PVDF film chemically dehydrofluorinated for 15 h can signifi-
cantly reduce the content of OH groups in it [32].

Previously [79,104,105], it was found that the aging of a partially chemically dehy-
drofluorinated PVDF film changes the EPR signal.

4.4. Chemical Carbonization

In [106], an efficient dehydrofluorinating mixture for PVDF was proposed. The mix-
ture consists of a saturated (20 wt.%) solution of KOH in ethanol and acetone in a volume
ratio of 1:9, respectively. The authors consider PVDF as the most promising starting ma-
terial for the synthesis of carbine due to its better solubility, although the dehydrohalo-
genation reaction in it proceeds more slowly than in other halogen-containing polymers
due to the highest halogen—carbon bond energy in the series C-F > C—Cl > C-Br [107]. XPS
spectra of the corresponding samples are given in Figure 11.
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Figure 11. Panoramic photoelectron spectra of the original and dehydrofluorinated for 1 h at ~20 °C
PVDF film (dashed and solid lines, respectively) [106].

It was noted in [108] that the treatment of PVDF films with aqueous solutions of al-
kalis in the presence of ammonium and phosphonium halides at 70-90 °C for 24 h led to
the formation of only fluorine-substituted polyene structures. With a similar chemical
treatment of PVDF powders for 5-24 h, an insignificant amount of triple carbon—carbon
bonds were detected. If, however, a mixture of a saturated solution of KOH in ethanol with
tetrahydrofuran is used for dehydrofluorination of PVDF, then IR spectroscopic analysis
demonstrates the appearance of double and triple carbon-carbon bonds. Figure 12 demon-
strates how the HF content changed with time during dehydrofluorination reaction.
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Figure 12. Dependence of the residual fluorine content in PVDF films on the DHF time during the
reaction in an argon flow at (1) 22 and (2) 68 °C [108].

4.5. Radiation Carbonization

One of the methods for dehydrofluorination of PVDF to obtain chain carbon struc-
tures on its basis is radiation carbonization. For many polymers, the phenomenon of ra-
diation degradation is observed when exposed to radiation and flows of particles of vari-
ous nature. Studies of this phenomenon for polyvinylidene fluoride were carried out in
[1-3]. It was shown in [2,3] that the radiation degradation of PVDF results in its carboni-
zation due to dehydrofluorination. In radiation carbonization of polyvinylidene fluoride
(PVDE), synthesized by exposure to AlIKa photons and argon ions. The data obtained in-
dicate a significant effect of the method of carbonizing treatment on the nature of the or-
dering of carbon atoms in the modified nanoscale layer of the polymer surface [109]. In
this work, PVDF films of the Kynar brand (type 720, thickness 50 um) produced by
Atofina (France) by blow extrusion were subjected to radiation carbonization. The meas-
urements showed that both methods of exposure (Al Ka photons and Ar+ ions) cause
defluorination of the surface of the studied films; however, the rate of defluorination in
the second case is much higher.
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In Figure 13 the first derivatives of the smoothed C KVV spectra of the initial PVDF
(series of dots M) and products of its deep dehydrofluorination with photons and ions
(series of dots (0) and (0), respectively) are presented. All curves contain three dominant
features A, B, and C, the energy positions and relative intensities of which differ markedly
in the spectra of different samples. The results obtained demonstrate that the shape of the
electron emission spectra of the carbonized layer of the film is significantly different for
the cases of Al Ka irradiation with photons and Ar* ions. In the near-surface nanolayers
of films carbonized with ions, carbon structures with sp2 hybridization of valence elec-
trons predominate. When irradiated with soft X-ray photons, the dominant type of hy-
bridization in the carbonized layer differs from sp2. [109,110].
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Figure 13. Derivatives of the Auger spectra of PVDF and its radiation carbonization products: h1l
and h2 are, respectively, the intensities of singularities C and A with respect to the minimum of B;
(A) is the Galuska criterion (the difference between the energy positions of the minimum B and
maximum A) [109]. (M) —original PVDF; (o) —PVDF subjected to X-ray carbonization at maxi-
mum exposure; (<) —PVDF carbonized with ions at the maximum dose.

The mechanism of piezoelectricity in ferroelectric PVDF and its copolymers should
take into account the structural-dynamic heterogeneity of flexible-chain crystallizing pol-
ymers. The presence of at least two phases (crystalline and amorphous) in the bulk of the
film ensures the existence of three components of the macroscopically manifested piezo-
activity [111].

The author of [111] considered the specific role of the condensed state in crystallizing
polymers for the macroscopic piezoactivity in PVDF. PVDF and copolymers based on vi-
nylidene fluoride (VDF), as representatives of the class of flexible-chain crystallizing pol-
ymers, are of interest to fundamental science due to the discovery of ferroelectricity in
them [112].

For applied research, these compounds are also of interest due to the presence of
piezo- and pyroelectricity in them [113,114]. Crystallizing polymers, as a class of con-
densed states of matter, have a number of specific properties. Among them is the coexist-
ence of crystalline and amorphous phases in the bulk of the polymer. For PVDF, these
phases at room temperature differ significantly in elastic and electrical characteristics
[115].

Such heterogeneity is the reason for the complex mechanism of piezoactivity. Anal-
ysis shows that it has three components: the piezoelectric effect from crystals with a non-
centrosymmetric lattice, electrostriction, and size effect [116]. For practical applications as
various sensors [112,113], films of PVDF and its copolymers are textured most often by
uniaxial drawing. On Figure 1. It can be seen that in a uniaxially stretched PVDF film, a
decrease in temperature to the glass transition temperature is accompanied by a more
than twofold decrease in the e31 piezoelectric constant. The dependence of the three pa-
rameters: ¢, 1,k in the glass transition region for a single-stretched PVDF film is shown in
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Figures 14 and 15; it can be seen here that all three parameters decrease upon transition to
the glassy state.

K3I1K1! 5
02F o meamm--
0.1t i
K3y .
0.6+ o7
3,”

’r"

02+ 77 T,
=50 50

T, °C

Figure 14. Temperature dependences of electromechanical coupling coefficients K31 (1) and K33 (2)
[117] and Poisson’s ratio p31 (3) for an oriented PVDF film [118]. Reprinted/adapted with permis-
sion from Ref. [XX]. Reprinted/adapted with permission from Ref. [118]. 2022, Elsevier”
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Figure 15. Temperature dependences of the components of the complex electrostriction constant (a)
and permittivity (b) for oriented (1) and isotropic (2) PVDF films [119]. Reprinted/adapted with
permission from Ref. [119]. 2022, AIP Publishing”

4.5.1. The Role of the Phase State for Piezoelectricity in Isotropic PVDF Films

In a number of cases, for sensors based on the materials under consideration, a re-
quirement arises for the isotropy of characteristics in the film plane. Obtaining such sen-
sors based on homopolymer films seems to be a difficult task in practice. The problem is
that, under normal conditions of crystallization from a melt, a nonpolar a-phase is formed
in PVDF [115], which is not piezoactive. There is a fundamental possibility of converting
it into a polar modification ap or even into a ferroelectric a-phase due to polymorphic
transformations in high-strength fields [115]. In practice, however, the fields required for
this turn out to be higher than the breakdown ones, and the residual polarization cannot
be obtained [120]. In this connection, the results of [121] are of interest, where the noted
problem was solved by varying the crystallization conditions of isotropic PVDF films. It
was noted that if crystallization from a melt proceeds at elevated pressure (more than 3
kbar), then the formation of a ferroelectric phase along with the nonpolar a modification
is also possible [121]. By varying the pressure during crystallization, it was possible to
obtain isotropic PVDF films with different ratios of a- and p-phases [111].
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4.5.2. Effect of Chemical Modification of PVDF Chains on the Characteristics of the
Observed Piezoelectricity

Another way to obtain isotropic films with ferroelectric crystals is the introduction of
a comonomer of the tetrafluoroethylene (TFE) or trifluoroethylene (TrFE) type into the
PVDF chain. It is known that these copolymers crystallize immediately in the polar [3-
phase even under normal conditions for preparing films from a melt [115].

One way to control the properties of films based on crystallizing polymers is their
texturing. Therefore, the influence of such processes on the considered electromechanical
properties is discussed below. With regard to this class of polymers, one of the most com-
mon methods of texturing is the uniaxial drawing of isotropic films. For PVDF, which is
used for the manufacture of energy converters, such a procedure is necessary [111].

Thus, in [122,123], using the example of a number of PVDF films differing both in the
synthesis conditions and in the thermal prehistory in the initial (isotropic) state, the influ-
ence of the drawing temperature Td and its multiplicity A on the piezoactivity.

As can be seen from Figure 16, as the temperature of the uniaxial drawing of PVDF
decreases, both the fraction of the polar 3-phase F(f3) and the product F(8) by the degree
of crystallinity ¢ of the oriented film increase. From Figure 3b it follows that the depend-
ences of the piezoconstant e31 are linear functions of the product @F(f3). In [120], it is noted
that on uniaxially oriented PVDF films, with an increase in the ferroelectric phase in them,
an increase in the values of the polarization Pr was found.
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Figure 16. Change in the proportion of the 3-phase F(f8) in its mixture with the a-phase in the PVDF
film (1) and the product of the degree of crystallinity ¢ by F() (2) as a function of Td with the
drawing ratio A = 4 (a), as well as the dependence of the piezoconstant e31 on @F(¢p) after uniaxial
drawing of the film (1) and its subsequent isometric annealing (2) (b) [120].

To modify the properties of films of crystallizing polymers, their roller rolling is
sometimes used. This method was also applied to PVDF films obtained by conventional
uniaxial drawing [124].

In recent decades, there has been a search for various ways to improve the mechani-
cal properties of polymer film materials. In particular, the technique of their formation
from the dried gel has been developed. Its orientation can be carried out using solid phase
co-extrusion. As applied to the polymers under consideration, this technique was used in
[125,126].

The PVDF-based gel was prepared from a solution of PVDF in cyclohexanone pre-
pared at 100 °C by cooling it; the solvent was removed from the gel by extraction with
methanol. At an extrusion temperature of 160 °C, it was possible to obtain films with a
stretching ratio of 8 [126] and even 10 [125]. Some physical characteristics of the obtained
films are presented in Table 2.
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Table 2. Characteristics of textured PVDF films obtained by solid-state gel extrusion (a) and uniaxial
drawing with isometric annealing of a sample crystallized from the melt (b) [126].

Film @, % fe An  lhoo200, nm  loo,nm L, ,nm Cs, GPa Kt
(a) 55 0.993  0.0346 8.6 6.4 13.2 8.3 0.24
(b) 33 0.986  0.0287 9.0 6.7 10.3 2.0 0.15

Note: li10, 200—transverse size of crystallites, loot—longitudinal size of crystallites, L —long period.

Two main differences between the films under consideration follow from it. The film
obtained from the gel has a 4 times higher modulus along the stretch axis than the film
obtained from the melt. In addition, a film prepared from a gel has a significantly higher
coefficient of electromechanical coupling in the transverse direction Kt (K33).

The mechanism of macroscopic piezoactivity in ferroelectric films based on PVDF
should take into account the structural and dynamic heterogeneity of crystallizing poly-
mers. The main contribution to the observed piezocontacts for the transverse effect is
made by the size effect and electrostriction, for which the regions of the disordered phase
are responsible. The noted effects should be interrelated, and the mechanism of their man-
ifestation requires taking into account the occurrence of molecular rearrangements in the
mobile phase of the polymer under the action of mechanical or electric fields. Progress in
understanding the mechanisms of macroscopic piezoactivity (and, as a consequence, in
its regulation) is largely determined by the general state of the problem of the structure of
flexible-chain crystallizing polymers in isotropic and textured form. Knowledge of the fine
details of the microstructure and dynamics of the regions of the amorphous phase may
help in the future to create a rigorous theory of the phenomena under consideration [111].

The paper shows the possibility of obtaining films from modified polyvinylidene flu-
oride (PVDEF-2M) by laser sintering. The effect of laser radiation with a wavelength of 10.6
um on the polymer structure and the quality of film sintering was studied [127]. Before
laser processing, the polymer was pressed on a PgPr manual hydraulic press at a pressure
of 50 kgf/cm? at room temperature: the dimensions of the pressed layer were 30 x 60 mm?
and the thickness was 0.8 mm. The polymer film up to 250 um thick obtained as a result
of laser treatment of the compact surface was mechanically separated from the green part.
The authors of [127] found that the phase composition of the films practically does not
change compared to the initial material, however, partial crystallization is observed when
certain values of the power density and exposure time are reached.

In [128], the authors studied the influence of binder morphology (PVDF) on the cy-
cling of a negative electrode based on a Sn/SnSb composite. It was found that in the case
of dissolution of PVDF in a thermodynamically good solvent (NMP), the binder is evenly
distributed inside the electrode, forming thin threads with a diameter of <30 nm between
active material particles. At the same time, when a thermodynamically poor solvent (dec-
ane) is used, the macromolecules form spherical particles ~200-300 nm in diameter, non-
uniformly distributed inside the composite electrode. At the same time, the resistance to
cycling was much higher for electrodes of the second type with an uneven distribution of
the binder. The authors explained this effect by the unequal binding force and different
swelling of PVdF particles of different morphology, as well as differences in the porosity
of the electrodes and the probable “buffer” effect of polymer particles. The results ob-
tained in this work clearly show to what extent the behavior of a composite electrode dur-
ing cycling is determined by its morphology; this is especially important to take into ac-
count for lithium alloys, which significantly change their volume during cycling.

The use of PVDF for the manufacture of graphite electrodes creates certain problems
[129]. First, it is reported that PVDEF covers up to 40-70% of the graphite surface, slowing
down the penetration of Li* ions into the depth of granules. Secondly, PVDF is predomi-
nantly adsorbed on the electrochemically active side faces of graphite particles (through
which lithium intercalation/deintercalation occurs) and, due to its high viscosity, can ag-
gregate into clusters, which additionally block the most reactive surface areas and reduce
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the charge transfer rate. Thirdly, weak adhesive bonds of PVDF with graphite are de-
stroyed due to the expansion of its particles during lithiation and cannot be completely
restored after delithiation due to the low flexibility of the polymer chain; this leads to a
breakdown of electrical contacts between particles.

The disadvantages of PVDF, one of the most chemically stable binders, can be largely
compensated by introducing the second and third copolymerization components into the
macromolecules or by creating a mixture of polymers based on PVDEF.

A convenient approach to modifying PVDF is the use of a mixture of polymers, which
allows combining the advantages of materials. Recently, polypropylene carbonate (PPC)
or a block copolymer of polyethylene and polyethylene oxide (PE-PEO) was added to
PVDF. It has been shown that the addition of PPC reduces the degree of crystallinity of
PVDF, increasing the interfacial adhesion in the electrode mass based on LiCoO2. PE-PEO
macromolecules act as a surfactant for the conductive additive, which improves the dis-
tribution of the latter in the electrode mass. As a result, the specific capacitance and other
characteristics of the obtained electrodes are better than when using individual PVDF.
However, PPC and PE-PEO additions should not exceed 30 wt%, since this leads to a de-
terioration in the mechanical properties of the composite electrode.

The above examples show that the modification of polyvinylidene fluoride is a fairly
effective way to improve the performance of electrodes. The introduction of functional
groups into macromolecules makes it possible to change the nature of the interfacial in-
teraction, varying it from van der Waals forces to hydrogen and even chemical bonding
with the surface of the active material. At the same time, the modification does not com-
pletely eliminate the above disadvantages inherent in PVDEF.

In this regard, a wide range of electrochemically stable non-fluorinated synthetic and
natural polymers of various structures has been studied in recent years.

5. Future Prospects and Outlook

As was demonstrated in this review paper, there is a great abundance of possible
applications for PVDF and materials on its basis. Taking into account the plethora of PVDF
research papers currently available and their ever-increasing number, we believe it is safe
to assume that research on these attractive polymers will continue to thrive. Further mod-
ifications and combinations of PVDF with other materials to meet certain needs or criteria
can be expected as well as more in-depth analysis of their properties.

A significant proportion of the current studies seems to be dedicated to the use of
PVDF in lithium-ion batteries (LIB), as a separator [12]. This popularity is understandable
considering a number of PVDF properties which make this material extremely suitable
for this application: non-reactive nature, thermal stability, good mechanical strength, easy
processability. We expect that the emphasis on this direction of development will remain
in the nearest future.

In our opinion, another noteworthy potential application of PVDF that was men-
tioned in this paper is in biomedicine and surgery. For instance, currently there is no ideal
material for anterior abdominal wall plastic surgery which makes the search for optimal
polymers for surgical reconstruction of the anterior abdominal wall a substantial task. One
of the promising materials in this regard is polyvinylidene fluoride (PVDF) which is
widely used for the manufacture of suture material [130]. The characteristics reviewed by
the authors [130-133] showed that PVDF monofilaments, unlike polypropylene ones, do
not contain stabilizers and plasticizers, do not undergo hydrolysis under the action of tis-
sue fluids, this explains their greater biocompatibility and resistance to the action of fac-
tors of the internal environment of the body during implantation. In terms of textile pa-
rameters, endoprostheses made of PVDF are more elastic than those made of polypropyl-
ene. According to the biological inertness of PVDF, mesh endoprostheses are close to po-
rous film endoprostheses made of polytetrafluoroethylene, but they are significantly su-
perior in resistance to infection and reliability of integration in tissues. To further reduce
the tissue reaction to the endoprosthesis, a coating of linear-chain carbon-carbine (PVDE-
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K) was applied. In the process of forming a carbine coating on a PVDF endoprosthesis,
there is a slight decrease in the strength characteristics of the material, but its elasticity
practically does not change. The endoprosthesis PVDF has physical and chemical proper-
ties that ensure reliable prosthetics of abdominal wall tissues and is distinguished by good
biological compatibility with human tissues. PVDF mesh implants are a promising alter-
native to the most common polypropylene endoprostheses in modern herniology [130-
133]. In this regard, the investigation and improvement of PVDF to meet the needs of
biomedical and surgical applications is a sensible direction for the future research.

6. Conclusions

This review was dedicated to PVDF applications, their trademarks, current position
on the market of functional materials as well as to the study of the unique properties and
processability. The list of properties that were discussed include (but not limited to): non-
toxicity, fire-resistance, easy processing, heat resistance, resistance to aging, chemical re-
sistance, low surface roughness, etc. These attractive characteristics naturally lead to a
great variety of possible applications, such as: chemical, nuclear power engineering, avi-
ation and aerospace, electronics and radio engineering, in architecture and automotive
industries, in biomedical and pharmaceutical industries.

Among the most important aspects of the experimental section are: formation of the
piezoelectric -phase and radiation carbonization. 3-phase of PVDF is of particular inter-
est as it facilitates conversion of mechanical movements into electrical responses and vice
versa. Radiation carbonization method is really important as it provides a tool to remove
hydrogen fluoride (HF) in order to increase the chain length or alter the end properties.

We conclude this review by saying that, hopefully, the information provided in this
review article is evidence enough to the great prospects of PVDF materials (as well as its
copolymers and materials on its basis), and to the importance of continuation of research
in this area. As was demonstrated, a great number of industries stand to benefit from the
development and improvement of this material. A large amount of fundamental and ap-
plied research on the subject is a testament to that. Review papers, on the other hand, are
also important as they systematize the information and facilitate consumption.
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The paper contains the following abbreviations:

PVDEFE Polyvinylidene fluoride
LIB lithium-ion batteries

NASA the national aeronautics and space administration
PVF polyvinyl fluoride
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PTFE Polytetrafluoroethylene
IR infra-red
HMS high melt strength
HP high purity
PP thermophysical properties
PC polymer composite
uv ultraviolet
HPLC high performance liquid chromatography
FDA Food and Drug Administration
HCP halogen-containing polymers
EPR electron paramagnetic resonance
TFE tetrafluoroethylene
TrFE trifluoroethylene
NPM N-Methyl-2-pyrrolidone
PPC polypropylene carbonate

PE-PEO polyethylene and polyethylene oxide
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