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Abstract. This study reveals the effects of manufacturing methods and composition of the
films based on polylactic acid (PLA) and fine fillers of different nature (aerosil, white silica
and starch) and concentration on the electret properties (EP). The methods were solution
casting (I) and compression molding (IT). PLA films manufactured via method II exhibited a
significantly higher electret effect when subjected to unipolar corona discharge than the films
obtained by method I. The difference in the EP was proved to be attributed to the presence of
polar liquid molecules (trichloromethane, water) within the samples produced using method 1
enhancing the electrical conductivity of the samples. The samples showed a tendency for the
EP parameters to increase when the dispersed particles of fine fillers were added to the pure
PLA. An explanation for this phenomenon has been proposed. The composition of PLA with
4% white silica had the best electret properties.
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Annoranuga. McciemoBaHO BIMSHME METOJAa WM3TOTOBJICHUS M COCTaBa IUICHOK U3
komno3unuii monunaktuaa (ITJIA) ¢ aucnepcHbIMU HamoJHUTEAIMU (Oenast caxa, a’poCu
M Kpaxmajq B pa3HON KOHIEHTpallMd) Ha MX 3JeKTpeTHbie cBoiicTBa (DC). DTO MeToabl
noausa u3 pactBopa (I) u npeccoBanus (II). Ycranosnaeno, uto miaeHku I1JIA, moiyyeHHbIE
MetonoMm II, ropasmo Jydiie 3J€KTPETUPYIOTCSI B YHUIIOJSIPHOM KOPOHHOM paspsiie Hu
coxpansiior DC, yeM u3rotoBieHHbie MeTonoM l. JlokazaHo, yTo pazHuiia B DC pa3muyHbIX
00pa31ioB 00YCIOBICHA COASPKAHNEM B NX 00BbEeME MOJISIPHOM XUAKOCTU (xJ10podopM, Boaa),
MOJIEKYJIBI KOTOPO# TTOBBIIIAIOT 3JIEKTPOIIPOBOAHOCTh OOBEKTOB. ¥ 00pa3LoB MPOCIeXK1BaIaCh
TEHACHLMS IOBBIIIeHUsS MapameTpoB DC mpu A00aBJICHUM OUCIEPCHBIX YACTUI] K YHCTOMY
TTJTIA. TIpennoxeHo oobsicHeHUe 3Toro 3ddekrta. Jyymmmu DC obnagana kommnosunus TTJTA
¢ 4 %-M coaepkaHueM Gesoii caxu.

KitoueBbie ciioBa: 3JeKTpeT, MOJWJIAKTUI, MOJUMEDP, AUCIEPCHBI HAMOJHUTEb, Oesast
caxa, a3pocuil, Kpaxmai

®unancupoBanne: PaboTa BBIMOJIHEHA 3a CcuUeT TpaHTa AkamemMuu Hayk PecnyOonuku
TarapctaH, MpeaOCTaBIEHHOTO MOJIOABIM KaHAMIAaTaM HayK (MOCTIOKTOpaHTaM) C LEJbIo
3al[UThI JOKTOPCKOW NUCCEepTallMU, BHIMOJHEHUSI HAYYHO-UCCIEN0BATENbCKUX PAbOT, a TAKXKe
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Introduction

Polylactic acid (PLA) is an aliphatic polyester derived from renewable sources such as corn
starch or sugarcane. It has a number of valuable properties that determine its wide application:
biodegradability, non-toxicity, relatively high tensile strength and elasticity modulus, easy
processing by injection molding and extrusion, low hydrophilicity, ability to be modified
physically and chemically, etc. [1]. It is a sustainable material that tends to reduce negative
environmental impact, creating an alternative to traditional synthetic polymers. Due to this
property, an application field of PLA is constantly expanding, which entails the growth of its
global production volume. Traditional areas of PLA application are packaging (bags, containers,
disposable tableware), 3D printing, medicine (surgical threads and pins, medical masks), textile
industry (fibers and fabrics), agriculture (covering materials in the form of nonwoven fabrics),
filtration and others [2 — 4]. Over the past decade PLA has been considered as a promising
dielectric material with piezoelectric and electret properties for the production of elements of
wearable electronics, highly sensitive sensors, ultrasonic transducers, sensors, etc. [5 — 7].

Electrets are dielectric materials that possess dipole polarization or quasi-constant electric
charge ("quasi-constant” means that the lifetime of an electret is much longer than the time
during which it is applied or studied) [8].

Electrets are often made of polymers or polymer composites, the advantages of which are
ease of processing and manufacturing, although they have lower temperature stability compared
to inorganic (ceramic) electret materials. The scientific world is taking a strong interest in study
of the electret properties of PLA and its composites. This is due to the growing requirements for
environmental friendliness and protection, as well as the need to produce biocompatible sensors and
transducers. PLA is described as a promising dielectric material with electret properties, although
data on their quality and stability vary. Research has shown that the charge stability of PLA
depends on the form (L- or D-stereoisomer), supramolecular structure (degree of crystallinity),
environmental conditions (temperature, humidity, pressure), the presence of impurities and
chemical additives in its composition, geometric dimensions of samples, etc. [9 — 15].

© 3arupymniuna U. A., T'yxosa A. A., Kapynuna E. A., Kynemuna C. M., 2025. Uznarens: Cankr-IlerepOyprekuit
nojuTexHudyeckuit ynusepcutet I[letpa Benukoro.
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At the same time, attention is drawn to the fact that PLA-based electrets are produced by
different manufacturers in various forms (films, sheets, fibers, coatings) and using all kinds of
methods (pressing, extrusion, melt-blown, 3D printing, solution casting). Various methods of
charging (thermal polarization, corona discharge) are also applied. It is clear that it is not worth
comparing the values of electret characteristics of polymer samples obtained by different authors,
because the prehistory of samples excludes the possibility of adequate comparison of the level of
electret charge, their behavior during storage, research and operation.

The goal of the present study was to find the optimal method for preparing the PLA composition
and the optimal nature of the filler (and its concentration) in order to obtain an electret with the
best properties.

To achieve this goal the task was to compare the values and stability of electret parameters
of films made of PLA and its compositions with fine fillers by different manufacturing methods.

Materials and methods

The subjects of research were polylactic acid and different fine fillers: pyrogenic silicon dioxide
(aerosil), precipitated silicon dioxide (white silica) and starch. Their chemical structure, grades
and properties are presented in Table 1.

Table 1
Characteristics of the materials under study
. Chemical Parameter value
Material Grade, standard
formula | p g/cm? D, nm
Polylactic acid Nature Works 40320 (C,HO,), 1.24 -
Aerosil A-175, GOST 14922-77 Si0 215 540
1 .
White silica BS-120, GOST18307-78 . 19-27
Starch Corn starch GOST 32159-2013 | (CH, O,), 1.5 (5-20)-10°
Trichloromethane GOST TU 20015-88 CHCI, 1.483 -
Notations: p is the density, D is the particle size.
Footnote: Polylactic acid has the melting temperature 7, = 155 — 170°C, glass transition

temperature 7; =54 — 58 °C.

The polymer and the fillers were mixed in a Brabender Mixer W 50 EHT at 180°C for 300 s
at a roller speed of 150 rpm. The fillers were brought in the polymer in the ratio of 2, 4 and
6 wt. %. After that, films were produced by two methods:

Method I. Films 50 um thick were manufactured by solution casting. For this purpose, PLA
compositions were dissolved in the chloroform in the ratio of 1:20 and thoroughly stirred for
60 min; then they were left for 24 hrs until completely dissolved. Then, after another thorough
stirring for 10 min, the 5 % (by mass) solution of PLA and its compositions were poured into
specially prepared glass molds, dried under a hood for 1 hour, then drying was carried out under
ambient conditions for three days, after that the films were removed from the substrates.

Method II. Samples in the form of films 500 um thick were produced on a Gotech
GT-7014-H10C press in accordance with GOST 12019-66. Compression molding parameters
were as follows:

the heating temperature .... 200 °C,

the pressure ...........ccccuee... 35 MPa,
the preheating time ........... 20 min,
the pressure holding time ... 5 min,
the cooling time ................. 2 min.

The films were charged with a two-electrode corona discharge film processing unit (Fig. 1).
Processing parameters were as follows:
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the distance between the sample and the electrode ... 20 mm,

the polarization voltage ..........ccceeeeeiiiiiiiiiiieeeeeeiiiininn. 30 kV,
the polarization time ...........cccoeeeeiiiiiiiiiiieeeeeeeeiiiiinnnn. 30 s.
5 » The electret properties of the samples, such as the
/ surface potential V, the electric field strength £ and the
7 7 \ effective surface charge density o, were measured with

7 the IPEP-1 fieldmeter.
The FTIR spectrometer Agilent Cary 600 Series was
"5 4 used to record the infrared (IR) spectra of the samples.

Results and discussion

b At the first stage of the study, PLA films were made

from solution (casting) and melt (compression molding)
\_ J of the polymer followed by the charging of the films
J_ in negative corona discharge to produce electrets. The
= = = results were quite unexpected. The PLA films obtained
by solution casting had the following characteristics one
Fig. 1. Two-electrode charging unit with hour after being charged:
unipolar corona discharge:

a corona electrode (7), a grounded electrode V.=0.29 kV, E=9.7kV/m, O = 0.11 uC/m?,
(2), a sample (3), a power supply of the ’
corona electrode (4), a heating chamber (5) while the compression-molded PLA films had the
following characteristics:

V. =273kV, E=170.3 kV/m, o= 1.51 nuC/m?,

i. e. by 10 times higher.
However, after 20 days of storage, the parameter values of electret properties of samples
obtained by solution casting and compression molding became of the same order:

V.=0.14kV, E=8.7kV/m, c,,=0.09 uC/m?;
V,=0.19kV, E=17.0 kV/m, 6= 0.08 pC/m?,

A

respectively.

However, the electret properties of the molded samples are still slightly higher than those of
the samples cast from the solution.

The authors of Ref. [15] explained a great difference in the level of PLA properties by the
presence of bound water in the samples: they showed that pre-annealing of PLA films led to a
significant increase in the level and stability of their surface potential values.

To explain the observed difference in the properties of our samples obtained by different
methods, their IR spectra were recorded, but no significant difference was found.

Notice that a range of 3700 — 3745 cm™' refers to isolated ("free") -OH groups, of
3650 — 3660 cm™! does to isolated pairs of neighboring OH-groups (vinyl-OH-groups) connected
by hydrogen bonds, of 3650 — 3660 cm™ does to paired groupings of -OH-groups, with a
hydrogen bond between. And so, judging by the absorption band group 3550 — 3750 cm™', water
is present in both samples, but its amount is insignificant.

Migration of water molecules is known to occur into the polymer volume that during storage
of PLA [1]. For the samples studied, this is evidenced by IR spectra of molded PLA films
recorded immediately after preparation and after 90 days of storage (Fig. 2). It can be seen that
the intensity of absorption bands at 3650 — 3660 cm™', corresponding to the vibration of water
molecules, differ practically by a factor of 3, if calculated by the absolute value, and by a factor
of 4, if calculated by the baseline. We suppose a significant drop in the values of V, Eandc  of
electrets which are inversely proportional to the values of electrical conductivity, to be related
to this. The strong effect of polymer humidity on the value of its volume specific electrical
conductivity (it can change by 1 — 3 orders of magnitude) is known [16], and it was shown that
in this case water molecules were only a catalyst of electrical conductivity and did not participate
directly in charge transfer [17].
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Fig. 2. IR spectra of the PLA film obtained by compression molding,
immediately after preparation (/) and after 90 days of storage (2).
The arrow indicates the position of the H,O vibration

Probably, a similar process of charge transfer (relaxation of the electret state) is also observed for
PLA films obtained by solution casting. However, it is not possible to prove it by IR spectroscopy,
since the absorption bands characteristic of chloroform (2800 cm™ refers to valence vibrations
of CH, 1220 cm™' does to deformation vibrations of CH, 630 cm™' does to valence vibrations of
CCl,) overlap with the characteristic bands of PLA in this region (Fig. 3).

PLA poliv
B

Transmittance, %

L s n L L L L n L L n L s L L L n
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 A

Wavenumber, cm!

Fig. 3. IR spectrum of a solution-cast PLA film

Taking into account the results of the investigation aimed at increasing the charge stability of
PLA by using fine fillers that cause structural defects in the polymer matrix and at the polymer —
filler interface, which act as traps for charge carriers [12 — 14], at the second stage of study

we created compositions of PLA with a number of dispersed fillers and studied their electret
properties (see Fig. 4 and Table 2).

Vs, kV
0.6
0.5
0.4
0.3

0.) gl P
0.1 P
¢, wt.%
0 2 4 6

Fig. 4. A plot of surface potential values of PLA compositions with white silica (/), aerosil (2)
and starch (3) versus the filler content after 20 days of storage
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Table 2
Electret properties of PLA compositions (PLA + filler)
Parameter value
Filler ¢, wt.% | Method Initial After 20 days
Ve £ O Vo E, G, uC/m?
W | kv/m | uClm? | &V | kv/m | S *
N 0 I 0.29 9.7 0.11 0.14 10.9 0.07
0

II 273 | 170.3 1.51 0.19 17.0 0.08

5 1 0.15 5.9 0.05 0.22 2.3 0.02

II 242 | 153.7 1.37 0.47 22.4 0.09

o I 0.21 9.9 0.09 0.33 1.9 0.01
White silica 4

II 245 | 153.3 1.36 0.61 28.4 0.12

6 1 0.15 6.4 0.06 0.32 5.2 0.04

II 3.86 | 241.0 2.13 0.38 18.3 0.10

5 1 0.13 5.3 0.05 0.28 2.2 0.01

II 2.85 | 1653 1.45 0.25 14.9 0.13

. 1 0.08 1.6 0.01 0.30 2.3 0.08
Aerosil 4

II 3.30 | 193.0 1.70 0.22 12.3 0.11

6 1 0.06 6.2 0.05 0.21 2.5 0.02

II 3.51 | 205.3 1.82 0.19 12.3 0.11

5 1 0.05 4.7 0.04 0.26 0.9 0.02

II 335 | 197.3 1.73 0.21 10.6 0.10

I 0.02 1.5 0.01 0.28 1.5 0.05
Starch 4

11 2.51 | 143.7 1.27 0.24 12.6 0.11

6 1 0.02 2.7 0.02 0.30 2.4 0.02

II 2.81 | 1643 1.43 0.09 4.8 0.05

Notations: ¢ is the filler content, V| is the surface potential, E'is the electric field strength, 6, is
the effective surface charge density.

Footnote. Samples were manufactured either by solution casting (Method 1) or by pressing
(Method IT).

If we consider compositions of PLA with fillers obtained by mixing filler with polymer melt,
there is a tendency to increase the values of electret properties of PLA when adding fine particles.
Composition of PLA with hydrated silicon dioxide has the best properties, and the highest values
of V, E and ¢, are observed at 4 % content of white silica (BS-120). If pyrogenic silicon dioxide
is 1ntr0duced into polylactide, then the optimal (for the manifestation of electret properties)
formulation is a sample of polylactic acid with 2 % aerosil. The doping with starch, as well as
aerosil, does not change the values of electret characteristics of the polymer signiﬁcantly. An
increase in the level of electret characteristics of PLA upon addition of dispersed particles is
explained by the formation of structural defects acting as traps for charge carriers [12 — 14].
The solid surface of the filler reduces the segmental mobility of polylactic acid macromolecules
due to the appearance of physical and hydrogen bonds between macromolecules and fillers.
On one hand, this makes it difficult to polarize polylactide during corona discharge treatment.
On the other hand, it complicates and even excludes the possibility of polarization relaxation.
Especially it concerns dipole groups (for example, oxygen-containing), formed under the action of
corona discharge and oriented along the field direction of corona discharge; the dipole appearing
in the composition of macromolecule is fixed, the freedom of movement, oscillation of the
macromolecule section in the areas adjacent to the surface is limited. That is, in filled polylactide
near the surface of dispersed particles there is a layer of macromolecules with limited mobility,
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which slows down (excludes) relaxation of dipole polarization in polylactide compositions. The
following mechanism is also quite possible: dispersed particles act as macrodipoles, in which a
dipole moment is induced when the sample is treated in the electric field of corona discharge.
Applied to aerosil or white silica, this mechanism can be described as follows. A silicon atom has
an unsaturated valence bond, which is saturated by the addition of a hydroxyl group OH [18]. The
loss or gain of a proton leads to formation of a negatively (OH]") or positively ([H,0]") charged
group, respectively. When such a dispersed particle enters an electric field, the charged groups
move along the surface of the particle toward the opposite electrode. As a result, macrodipoles are
formed in the structure of composites with increased concentration of charged hydroxyl groups on
both sides of the filler particle. An increase in the number of charged particles and energy traps of
charges in composites compared to the original polymer positively affects the ability of samples to
be charged in the corona discharge and increases the stability of their surface potential, effective
surface charge density and electric field strength.

It should be noted that annealing of the polymer before polarization is an effective way to
preserve high level of electret properties. Fig. 5 compares the temperature curves of surface
potential drop of PLA samples annealed and not annealed immediately before polarization. The
annealing was carried out at 130° for 30 min.

As can be seen from the presented graphs of
Vs, au. the potential-temperature relation (see Fig. 5), the
temperature and consequently the time stability of
the surface potential increases significantly after
pre-annealing.

Compositions of PLA with fillers manufactured
via solution casting have a low level of electret
characteristics. This result can be explained by
poor dispersion of the filler and the presence of
agglomerates with sizes exceeding the thickness
of the samples. It is known that in production
conditions polymer compositions cannot be
obtained by simple addition of filler to the polymer
solution, as this does not achieve a high degree of
Fig. 5. A plot of surface potential versus dispersion of filler agglomerates. Of course, it is
temperature for the PLA samples with 4%  possible to use special ball or bead mills, in which
starch polarized in the field of negative the filler agglomerates are grinded between hard

1.0 1

0.8 4

0.6

0.4 4

0.24

0.0

T L]
20 40 80 80 100 120 T deg ¢

corona discharge. The samples were surfaces (e.g., between the surface of metal balls),
pre-annealed in a muffle furnace (/) or ultrasonic dispersants. But the main limitation
or not annealed (2) is due to the fact that polymer solutions have low

concentration and solvents are very expensive. As a
rule, compositions of polymers with dispersed fillers are obtained by this method only when the
solvent is a component thereof (paints, enamels, etc.).

At the same time, mixing of filler with polymer melt is the most common in the polymer
composites industry. High quality of filler dispersion in the absence of any additional auxiliary
additives levels out the disadvantages in the form of high energy consumption and expensive high-
tech equipment.

Summary

Thus, polylactide films obtained by compression molding are an order of magnitude better
charged in unipolar corona discharge than films obtained by the solution casting. After 20 days of
storage, the values of electret characteristics of samples obtained by different methods become of
the same order, but the electret properties of molded samples are still slightly higher than those
of samples cast from solution.

The difference in the electret properties of different PLA samples is due to the presence of
polar liquid molecules (chloroform, water) in its volume, the presence of which increases the
values of electrical conductivity of the samples.

The compositions of PLA with fillers obtained by the method of mixing the filler with the
polymer melt show a tendency to increase the values of electret parameters of PLA when dispersed
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particles are added. The improvement in electret characteristics of PLA when bringing in the fine
particles is explained by formation of structural defects acting as traps for charge carriers, decrease
of segmental mobility of PLA macromolecules at the surface of filler particles and appearance
of macrodipoles with increased concentration of charged hydroxyl groups, the role of which is
played by dispersed filler particles.

The PLA-filler compositions obtained by solution casting generally exhibit low electret
characteristics.

The PLA composition with 4 % content of hydrated silicon dioxide (white silica) exhibits
the best electret properties. In order to create the preservation of high level of values of electret
properties of polylactide, it is recommended to anneal the polymer before charging and to prevent
the contact of the produced electrets from the action of air moisture during operation.

REFERENCES

1. Auras R. A., Lim L.-T., Selke S. E. M., Tsuji H. (Eds.), Poly (lactic acid): synthesis, structures,
properties, processing, applications, and end of life (Wiley Series on Polymer Engineering and
Technology), John Wiley & Sons, Inc., Hoboken, New Jersey, USA, 2022.

2. Zhang J., Chen G., Bhat G. S., et al., Electret characteristics of melt-blown polylactic acid fabrics
for air filtration application, J. Appl. Polym. Sci. 137 (4) (2020) 48309.

3. Yu B., Han J., Sun H., et al., The preparation and property of poly (lactic acid)/tourmaline
blends and melt-blown nonwoven, Polym. Compos. 36 (2) (2015) 264—271.

4. Swetha T. A., Bora A., Mohanrasu K., et al., A comprehensive review on polylactic acid (PLA) —
Synthesis, processing and application in food packaging, Int. J. Biolog. Macromol. 234 (15 April)
(2023) 123715.

5. Gong S., Zhang B., Zhang J., et al., Biocompatible poly(lactic acid)-based hybrid piezoelectric
and electret nanogenerator for electronic skin applications, Adv. Funct. Mater. 30 (14) (2020) 1908724.

6. Dali O. B., Zhukov S., Chadda R., et al., Eco-friendly high-sensitive piezoelectrets for force
myography, IEEE Sens. J. 23 (3) (2022) 1943—1951.

7. Qin Y., Ma X., Ruan Z., et al., Improvement of thermal stability of charges in polylactic
acid electret films for biodegradable electromechanical sensors, ACS Appl. Mater. Interfaces. 16 (45)
(2024) 62680—62692.

8. Sessler G. M., Electrets. 3rd ed., Laplacian Press, Morgan Hill, California, USA, 1999.

9. Viraneva A., Yovcheva T., Mekishev G., Pressure effect on the polymer electret films, IEEE
Trans. Dielectr. Electr. Insul. 20 (5) (2013) 1882—1886.

10. Guzhova A. A., Galikhanov M. F., Kuznetsova N. V., et al., Effect of polylactic acid crystallinity
on its electret properties, AIP Conf. Proc. 1767 (1) (2016) 020009.

11. Cai C., Tang G., Song G., et al., Preparation and properties of nano-SiO, electret/PLA composite
melt-blown nonwovens, Acta Mater. Compos. Sin. 34 (3) (2017) 486—493.

12. Platko A., Sotova Yi., Gorokhovatskiy Ya., et al., Electret effect in biodecomposed polylactide
films filled with nanoscale magnesia, St. Petersburg State Polytechnical University Journal: Physics
and Mathematics. 11(1) (2018) 19 —24.

13. Galikhanov M., Guzhova A., Zagidullina I., Improvement of electret properties of polylactide by
loading mineral fillers, IEEE Dielectr. Electr. Insul. 29 (3) (2022) 784—787.

14. Ma X., Zhukov S., von Seggern H., et al., Biodegradable and bioabsorbable polylactic acid
ferroelectrets with prominent piezoelectric activity, Adv. Electron. Mater. 9 (3) (2023) 2201070.

15. Flachs D., Zhukov S., Zech 1., et al., Enzymatic self-degradable PLA-based electrets, J. Polym.
Environm. 32 (8) (2024) 3922—3932.

16. Sazhin B. 1., Lobanov A. M., Romanovskaya O. S., et al., Elektricheskiye svoystva polimerov
[Electrical properties of polymers] 3d ed., Khimiya Publishing, Leningrad, 1986 (in Russian).

17. Akhmedov F. 1., Electrophysical properties of composites on the base of nonpolar polypropylene
and polar polyvinylidene fluoride filled with alumina, Physics and Chemistry of Materials Treatment.
(5) (2016) 71—76 (in Russian).

18. Sheka E. F., Markichev 1. V., Natkaniec I., Khavryuchenko V. D., Technological polymorphism
of dispersed amorphous silicas: neutron inelastic scattering on vibrations and computer modeling,
Phys. Part. Nuclei. 27 (2) (1996) 204—233.

89



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2>

I
CIMUCOK JIUTEPATYPbI

1. Auras R. A., Lim L.-T., Selke S. E. M., Tsuji H. (Eds.) Poly (lactic acid): synthesis, structures,
properties, processing, applications, and end of life (Wiley Series on Polymer Engineering and
Technology). Hoboken, New Jersey, USA: John Wiley & Sons, Inc., 2022. 688 p.

2. Zhang J., Chen G., Bhat G. S., Azari H., Pen H. Electret characteristics of melt-blown polylactic
acid fabrics for air filtration application // Journal of Applied Polymer Science. 2020. Vol. 137.
No. 4. P. 48309.

3. Yu B., Han J., Sun H., Zhu F., Zhang Q., Kong J. The preparation and property of poly (lactic
acid)/tourmaline blends and melt-blown nonwoven // Polymer Composites. 2015. Vol. 36. No. 2. Pp.
264—271.

4. Swetha T. A., Bora A., Mohanrasu K., Balaji P., Raja R., Ponnuchamy K., Muthusamy G.,
Arun A. A comprehensive review on polylactic acid (PLA) — Synthesis, processing and application in
food packaging // International Journal of Biological Macromolecules. 2023. Vol. 234. 15 April. P.
123715.

5. Gong S., Zhang B., Zhang J., Wang Z., Ren K. Biocompatible poly(lactic acid)-based hybrid
piezoelectric and electret nanogenerator for electronic skin applications // Advanced Functional
Materials. 2020. Vol. 30. No. 14. P. 1908724.

6. Dali O. B., Zhukov S., Chadda R., Kasanski A., von Seggern H., Zhang X., Sessler G. M., Kupnik
M. Eco-friendly high-sensitive piezoelectrets for force myography // IEEE Sensors Journal. 2022. Vol.
23. No. 3. Pp. 1943—1951.

7. Qin Y., Ma X., Ruan Z., Xiang X., Shi Z., Zhou L., Hu Q., Zhang X. Improvement of thermal
stability of charges in polylactic acid electret films for biodegradable electromechanical sensors // ACS
Applied Materials & Interfaces. 2024. Vol. 16. No. 45. Pp. 62680—62692.

8. Onexrpersl. Ilox pen. Ceccnepa I'. Ilep. ¢ anrin. Cepus: [Tpobiaembl npukiaagHo ¢Gusuku. M.:
Mup, 1983. 488 c.

9. Viraneva A., Yovcheva T., Mekishev G. Pressure effect on the polymer electret films // IEEE
Transactions on Dielectrics and Electrical Insulation. 2013. Vol. 20. No. 5. Pp. 1882—1886.

10. Guzhova A. A., Galikhanov M. F., Kuznetsova N. V., Petrov V. A., Khairullin R. Z. Effect of
polylactic acid crystallinity on its electret properties // AIP Conference Proceedings. 2016. Vol. 1767.
No. 1. P. 020009.

11. Cai C., Tang G., Song G., Zhao L., Chen L. Preparation and properties of nano-SiO, electret/
PLA composite melt-blown nonwovens // Acta Materiae Compositae Sinica. 2017. Vol. 34. No. 3.
Pp. 486—493.

12. Ilnatko A. Il., CoroBa IO. U., I'opoxoBarckuii 10. A., Kapymuna E. A., l'aimxanos M. @.
DnexTpeTHblii 3¢hdeKkT B OuopasiiaraeMbiX MOJUMEPHBIX TJIEHKaX MOJWIAKTUAA ¢ HAHOPa3MEPHbIM
OKCHUIIOM MarHus B KauectBe Hanosuutens // Hayuno-texunueckue Benomoctu CII6ITTY. ®@usuko-
MaremaTuueckue Hayku. 2018. T. 11. Ne 1. C. 26—33.

13. Galikhanov M., Guzhova A., Zagidullina I. Improvement of electret properties of polylactide by
loading mineral fillers // IEEE Transactions on Dielectrics and Electrical Insulation. 2022. Vol. 29.
No. 3. Pp. 784—787.

14. Ma X., Zhukov S., von Seggern H., Sessler G. M., Ben Dali O. B., Kupnik M., Dai Y., He P.,
Zhang X. Biodegradable and bioabsorbable polylactic acid ferroelectrets with prominent piezoelectric
activity // Advanced Electronic Materials. 2023. Vol. 9. No. 3. P. 2201070.

15. Flachs D., Zhukov S., Zech 1., Schreck T., Belle S., von Seggern H., Kupnik M.,
Altmann A. A., Thielemann C. Enzymatic self-degradable PLA-based electrets // Journal of Polymers
and the Environment. 2024. Vol. 32. No. 8. Pp. 3922—3932.

16. Caxun b. WU., Jlodanos A. M., Pomanosckaa O. C., Dinemsnanr M. II., Koiikos C. H.,
IllyBaes B. II., Bopucoa M. B. DieKTpryecKre CBOMCTBA MTOIMMEpOB. 3-¢ n3n. Jlennnrpan: Xumus.
Jlenunrp. otnenenne, 1986. 224 c.

17. AxmenoB ®. WM. DnexkTpodu3nyeckre CBOMCTBA KOMITO3UTOB Ha OCHOBE HEIOJISIPHOTO
MTOJIUTIPOIIMJIEHA W TIOJISIPHOTO TOJMBUHWIMIECH(MTOPUAA, HATOJIHEHHBIX OKCHIOM alIOMUHUS //
®usuka 1 xumusi oopadboTku mMatepuaion. 2016. Ne 5. C. 71 —76.

90



4 Physical materials technology >

18. Illeka E. ®., Mapkuues U. B., Hatkanen 1., XaBprouenko B. /I. TexHomornueckuii moauMopdusm
JIHCTIEPCHBIX aMOP(HBIX KPEMHE3EMOB: HEYIPYToe paccestHue HEMTPOHOB Ha KOJICOIIOIINXCS aToMax
1 KOMIIBIOTEpHOE MozeiupoBaHue // Pus3uka 31eMeHTapHbIX YaCTULL ¥ aTOMHOrO siapa. 1996. T. 27.
Ne 2. C. 423—560.

THE AUTHORS

ZAGIDULLINA Inna A.

Kazan National Research Technological University

68 Karl Marx St., Kazan, the Republic of Tatarstan, 420015, Russia
zagidullina_inna@mail.ru

ORCID: 0000-0002-5736-6957

GUZHOVA Alina A.

Kazan National Research Technological University

68 Karl Marx St., Kazan, the Republic of Tatarstan, 420015, Russia
alina_guzhova@mail.ru

ORCID: 0000-0003-4354-8984

KARULINA Elena A.

Herzen State Pedagogical University of Russia

48 Moyka Emb., St. Petersburg, 191186, Russia
karulina@mail.ru

ORCID: 0000-0001-9604-4769

KULEMINA Sofya M.

Herzen State Pedagogical University of Russia

48 Moyka Emb., St. Petersburg, 191186, Russia,
sonia.kulemina@yandex.ru

ORCID: 0009-0002-3569-4981

CBEAEHUA Ob ABTOPAX

SATUAYJIVIMHA Vinna AnekcaHIpoBHA — KaHOuOam mexHuveckux Hayk, doyenm Kagheopol mexHo-
A02UU nepepabomKl noAUMepos U KoMno3uyuoHusvix mamepuaioe @Ib0OY BO «Kazanckuii Hauuoxans-
HbLLL UCCACO08AMENbCKUL MeXHoA02UMeCKUU YHUgepcumemy, e. Kazawnv, Pecnybauxa Tamapcman, Poccus.

420015, Poccust, Pecriy6auka Tarapcran, r. Kasans, yin. K. Mapkca, 68

zagidullina_inna@mail.ru

ORCID: 0000-0002-5736-6957

I'V2KOBA Anmna Anb0epToBHA — Kanoudam mexHuveckux Hayk, 0oueHm Kagheopvl UHOCMPAHHBIX
A361K06 015 npogeccuonanvrol kommyHukauyuu OIb0Y BO «Kazauckuli HayuOHAAbHbIIL UCCAC008AMENb-
CKUll mexHoao2uyeckull ynueepcumem», e. Kazano, Pecnybauxka Tamapcman, Poccus.

420015, Poccust, Pecriy6auka Tarapcran, r. Kasans, yin. K. Mapkca, 68

alina_guzhova@mail.ru

ORCID: 0000-0003-4354-8984

KAPYJIMHA Enena AnatoibeBHA — Kardudam ¢pusuko-mamemamu4eckKux HayK, 0oyeHm Kaghedpol
obueli u sxKcnepumeHmanvroil gusuxu Poccutickoeo 2ocyoapcmeenHnoeo nedazoeuteckozo yHugepcumema
umenu A. U. T'epuena, Cankm-Ilemepoype, Poccus.

191186, Poccus, r. Cankr-IleTepOypr, Ha0. p. Moiiku, 48

karulina@mail.ru

ORCID: 0000-0001-9604-4769

91



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2>

KYJIEMHMWHA Codba MuxaiiioBHa — acnupanmia Kaghedpvl obuieidl u 3KcnepumeHmanvHoll ¢hu-
suxu Poccuiickoeo eocydapcmeennoeo nedaeocuueckoeo yHusepcumema umenu A. U. Tepuena, Cankm-
Ilemepbype, Poccus.

191186, Poccus, r. Caukr-IletepOypr, Hao. p. Moiiku, 48

sonia.kulemina@yandex.ru

ORCID: 0009-0002-3569-4981

Received 05.01.2025. Approved after reviewing 28.01.2025. Accepted 28.01.2025.

Cmamusa nocmynusa ¢ pedaxyuto 05.01.2025. Odobpena nocne peyenzuposanus 28.01.2025.
Ipunsma 28.01.2025.

© CaHkT-MNeTepbyprckuii MoNUTEXHUYECKUI YHUBepcuTeT MeTpa Bennkoro, 2025

92



