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AHHOTaUA. 3JIeKTPO(1)OpMOBaHI/Ie —3TO YHI/IBepCaHBHBIfl Y TUOKUT METO/[, I10/Iy49eHHU YJIbTPATOHKHX BO/IOKOH.
BoyokHa, [mosxy4daembple C IIOMOLIbIO BHEKTPO(I)OPMOBa.HI/IH, HCIIOJ/IB3YIOTCS BO MHOTHX OTPAC/IAX IIPOMBIIIJIEH™
HOCTH. Bnaronapﬂ BBICOKOMY COOTHOINEHHIO NJIMHBI BO/IOKHA K €r0 IIJIOId A1 ocobeHHO 6oIbIIIOE IIpHUMEHEeHHE
BHEKTPOCI)OPMOBaHI/Ie HaIllJIO B IIPOKM3BOACTBE (l)I/IHI:TPYIOI.LII/IX MaTepHaJloB, Hd OCHOBE YJIbTPATOHKUX CHHTETH-
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Abstract. Electroforming is a versatile and flexible method for producing ultrathin fibers. Fibers produced by
electroforming are used in many industries due to the high ratio of fiber length to its area. Electroforming has
found especially great application in the production of filter materials based on ultrathin synthetic fibers.
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BBELEHUE INTRODUCTION

B Hactosmee BpeMs [1-3] uzmet mporecc opmupoBa- - Nowadays, the process of formation of the sixth tech-
HUS IeCTOTO TEXHOJIOTMYeCKOro yKIaaa, iApoM Koto- | nological mode is under way [1-3], which core is based
poro 6y1yT HOBble TeXHOJIOTHH 1 HOBBble MaTepHassl [4]. | on new technologies and new materials [4]. A prom-
B KX YHCIe ITMPOKO IIpe/ICTaB/IeHbI BOIOKHHUCTbIe MaTe- | inent place among new materials is occupied by

pHaIbL, ITOJTyYaeMble 10 Pa3IMYHBIM TeXHOIOTUSIM, Ho | fibrous materials produced by various technologies.
U151 [IOJTyYeH U KaueCTBeHHO HOBBIX BOJIOKOH Ilepcriek- — However, electroforming is a promising method for
THBHBIM CII0COOOM sIBIsIeTCsI anekTpodopMmoBarue (9P). | obtaining qualitatively new fibres. This method of

1 BCepoccuMmncknin Hay4HO-MCCNeaoBaTeNbCKUM MHCTUTYT aBUALMOHHBIX MaTepuanos HILL "Kyp4aToBCKMIM MHCTUTYT', MockBa, Poccua / All-Russian Scientific
Research Institute of Aviation Materials, Kurchatov Institute, Moscow, Russia
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JlaHHBII c110cob GOpMOBaHUS B IIEPBYI0 OUepe/lb ITpes-
Ha3Ha4eH JIJ15 [10J1yYeHH sl CAHHTeTHYeCKHX BOJIOKOH.

JJIeKTpoCTaTH4YecKoe GOpMOBaHHKe BOJIOKOH, TaKKe
M3BeCTHOeE KaK 371eKTpoGOpPMOBaHHe, OTHOCUTCS K 0671a-
CTU HaHOTeXHOJIOTUH b1arogaps MopdoIoruu U Mac-
mTaby co3aBaeMbIX CTPYKTYP. J1eKTpodopMOBaHHUe
SBJISIeTCSI BeCbMa IIepCIeKTHBHOM U yHHKaJIbHOM
TeXHOJIOTHeH [J/1s1 HaHOMaTepHaJioB, B YaCTHOCTH
JJ151 IIPOM 3BOJICTBA HAHOBOJIOKOH.

B nocneiHee BpeMs JAaHHBIK MeTOZ, 101y YeHH s BOJIO-
KOH BBI3bIBaeT 60JIBIION HHTepec, XOTs U UMeeT [0
T'yI0 UCTOpUI0. OCHOBHBIE IPUHIIUIIBL 3TOT0 cr1ocoba
dopmoBaHUSs OBLIM M300peTeHbI yyKe IIOYTH CTOJIeTHe
Has3az. PasHble HCTOUHUKHU IIPUIEPKUBAIOTCS Pas3-
HBIX B3IVISIOB Ha 3Ty Aary. Pa3putue 3P KaK OThe/b-
HOI TeXHOJIOTHH, KaK IPHUHSITO CUYUTATh, HA4aJIoCh
c pabor AHTOHa PopmMxaica B 1930-x rogax. Ho B pabote
Borica (5] B 1887 rozy ys>ke Op1710 yIIOMHHAHHe O TeXHOJIO-
THUH BEITATMBAaHU S BOJIOKOH M3 SKUIKOCTH C IIOMOILBIO
37IeKTPOCTATHUYECKOH CHJIBI, KOTOpasi Oblla M3BeCTHA
B cepeiriHe 18 BeKa. [lepBble TaTeHTHI B 3TOM 00/1acTH
npuHazaexxatr Kyau u MopToHy, 3aperuCTpUPOBaH-
Hble B 1900 1 1902 rogax cOOTBeTCTBEHHO, KOTOPHIE,
BEePOSITHO, JIEI/IN B OCHOBY paboT Popmxasca [6]. B Teue-
HHe clefyronux 120 et rexHonorus 9P 6s11a paspabo-
TaHa 1 YCOBEPIIeHCTBOBAHA PSIOM MHKeHEePOB U CTajla
MepCIIeKTUBHOM TeXHOJIOTHeH 7151 ITIPOM 3BOZICTBA Jlellle-
BBIX CHHTeTHYeCKHX BOJIOKOH, HUTEH U TeKCTHIIS.

HoBy1o BOJIHY MHTepeca 3Ta TeXHOJIOTH II0y4K/Ia
6J1ar0/:[apﬂ pa60Te k. Jomn, [JI.X. PeHexrepa B 1995 rony,
B KOTOPOH aBTOPHL BBE/IH TEPMUH "371eKTPoPopMOBa-
Hue'" [7]. B HacTosmiee Bpemst 9P 0THOCUTCS K Haubornee
IIepPCIIeKTHBHBIM TeXHOJIOTHSM IIPOU3BOACTBA 10N~
MepHBIX, KepaMHUYeCKHUX 1 yIJIepOAHBIX HAHOBOJIOKOH /
MHUKPOBOJIOKOH ISl IPUMeHeHH s B MeJULIHe, papMa-
LIeBTHKe, BOLOOUYUCTKe, QUIbTPALIUHU, 37IeKTPOHHKe,
cbope 1 XpaHEHUH SHEPIUH, JATUYNKAX U B IIHPOKOM
CIIeKTPe APYTHUX He MeHee BasKHAIX 0b/1acTem.

nPOU3BOACTBO HAHOBOJIOKOH

3HAYHTe/IbHBIM UMIIY/IbC, KOTOPBIH IIPHBEJI K pa3pa-
6OTKe CaMBIX BBIIAIOIIMXCS M COBPEMEHHBIX TEXHOJIO-
rui, ObUT BBI3BAaH HeJABHUMHU OTKPBITHSIMU B 0671a-
CTU HaHOHAyKH. [lepexosi Ha HAHOYPOBEHb CTPYKTYP-
HOTO YIOpSILOYeHUsI MaTepUH I103BOJIM/I PACKPBITh
MacITabHyI0 3aBUCHMOCTb CBOMCTB XOPOIIO H3BeCT-
HBIX MaTepHasloB. DT MaTepHasbl BKIIOYAIOT HAHO-
YaCTHULIBI HYJIEBOI'O U3MePeHUsI HJIK KBAHTOBBIE TOUKH;
OLHOMepPHBIe HaHOIIPOBOJIOKH, CTeP>XKHHU, BOJIOKHA
U TPyOKH; IByMepHble HAHOIKCTOBEIE (TpadeH, 6opo-
den, pocdop, g-C;N, u ap.) [8].

Cpenu IepevyMCIeHHBIX HAHOMATepHaIoB BBIJeE-
JSI0TCSI HAHOBOJIOKHA. MCKJIIOUHUTEIbHO BBICOKOE
OTHOIIEHHe IJIONaH [IOBEPXHOCTH K 06beMy Hapsay
C BBICOKOH IIOPHUCTOCTBIO, IIPOCTOTON M T'MOKOCTBIO

formation is primarily designed for production of
synthetic fibres.

Electrostatic fibre formation, also known as
electroforming (EF), belongs to the field of nan-
otechnology due to morphology and scale of the
structures created. Electroforming is a very prom-
ising and unique technology for nanomaterials,
in particular for production of nanofibres.

Recently there has been a great deal of inter-
est in this method of producing fibres, although
it has a long history. The basic principles of this
method of formation were invented almost a cen-
tury ago. Different sources hold different views
on this date. The development of EF as a separate
technology is generally considered to have begun
with the work of Anton Formhals in the 1930s. But
in the work of Beuys [5] in 1887, there was already a
mention of the technology of drawing fibres from
a liquid by means of electrostatic force, which was
already known in the middle of the 18th century.
The first patents in this field belong to Cooley and
Morton, registered in 1900 and 1902 respectively,
which probably formed the basis of Formhals’
work [6]. Over the next 120 years, EF technology
was developed and refined by a number of engi-
neers and became a promising technology for the
production of cheap synthetic fibres, yarns and
textiles.

This technology attracts a new wave of interest
due to the work of J. Doshi, D.H. Renecker in 1995,
wherein the authors introduced the term "elec-
troforming" [7]. Currently, EF is among the most
promising technologies for the production of poly-
meric, ceramic and carbon nanofibres/microfi-
bres applied in medicine, pharmaceuticals, water
treatment, filtration, electronics, energy harvest-
ing and storage, sensors and a wide range of other
equally important fields.

PRODUCTION OF NANOFIBRES
The significant impetus that has led to the devel-
opment of the most prominent and modern tech-
nologies has been driven by recent discoveries in
the field of nanoscience. Moving to the nanoscale
level of structural ordering of matter has revealed
the large-scale dependence of the properties of
well-known materials. These materials include
zero-dimensional nanoparticles or quantum dots;
one-dimensional nanowires, rods, fibres and
tubes; and two-dimensional nanosheets (gra-
phene, borophene, phosphorus, g-C;N,, etc.) [8].
Among the nanomaterials listed, nanofibres
stand out. The exceptionally high surface area to
volume ratio along with high porosity, simplic-
ity and flexibility in designing properties make
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B IIPOeKTHPOBAaHUU CBOMCTB JejaeT HAHOBOJIOKHA
[IpHBJIeKATeIbHBIM KaHAUAATOM /1S PsAja IIpUMeHe-
HUH. Ha ceroqHSIHUM IeHb HAaHOBOJIOKHA OBbLIH 0Ty~
YeHBI U3 Pa3JIMYHbIX MaTePHaJIOB, BKIOYas IIPUPOL-
Hble U CUHTeTHYeCKHe II0JIMMephl, HaHOMaTepHa/bl
Ha OCHOBe YyIJIepofa, a TaKsKe I10yIIPOBOJHHUKOBbLIE
M KOMIIO3UTHBIE MaTePHaJIbL.

Hapsiny c pa3paboTKoM TeXHOJOTHE IIPOU3BOACTBA
OTPOMHBIe YCHJIH S OBIIM COCPeIOTOYeHbI Ha U3yYeHUH
[IOTeHIIKMaa IPUMeHeHH HaHOBOJIOKOH, BKIOYas
BBIPabOTKY 1 XpaHeHHUe 3Hepruu (9, 10], 04HCTKY BOIBI
1 Bo3zyxa [11, 12], a Tak>Ke 34 paBooXpaHeHHe U brioMe-
OUIMHCKYI0 HH>KeHepHIo (13, 14]. HaHOBOJIOKHA MOTYT
OBITH ITOTTyYeHBHI C [IOMOIIBIO PA3TUYHBIX TEXHOIOTHH.
Y BceX HUX eCTh CBOM IIIIOCBI M MHHYCBI; OHHM OCHO-
BaHBI Ha Pa3HbBIX IIPUHITUIIAX, HO IIe/b 00Iast ~ IIPOM3-
BOJUTb BOJIOKHA C MaKCHMaJIbHO BLICOKOM TOUHOCTBIO
Y BOCITPOH3BOAMMOCTBIO.

O® c HEKOTOPHIX TOYEK 3PeHH S MOXKHO pacCMaTpH-
BaTh KaK BapUaHT 3JIEKTPOCTATHYECKOr0 HaIlbljIe-
HHS. DTO IIPOLIeCC, KOTOPHIM MIPOM3BOAUT HellpephIB-
HbIe IIOJIMMEPHBIe BOJIOKHA JHAMETPOM B MHUKPOHHOM
1 CyOMHUKPOHHOM [ Halla30He I10f, JeHCTBHEM BHeII-
HEro 3JIeKTPHUYECKOr0 I10J1, IIPHUJIOXKEHHOI0 K KU/~
KoMy nonuMepy [15]. IIporecc opMHPOBaHH I TOHKHX
BOJIOKOH OCHOBAaH Ha OHOOCHOM PaCTS’KeHUH U Y-
HeHHWH Had/IeKTPU30BAHHOL BS3KOYIIPYTOH IIOJIMMep-
HOM CTPYH, 06pa30BaHHOH BS3KKMM PaCcTBOPOM KJTH Pac-
IUIABOM, 32 CYeT 3JIeKTPOCTATHYECKOI0 OTTaIKMBAHHU A
MEK/IY ITOBePXHOCTHBIMHU 3apsaaMHU U MCIIApeHHEM
pacTBOpUTeNA.

Cama TeXHOJIOTHS 3JIeKTPOPOPMOBAHUS ABIAETCH
OfHON K13 Haubosee yCTOSBIIMXCS M HM3BECTHA yKe
4yyTh 6osee BeKa. Ho MHCTPYMEHTEI /151 BCECTOPOHHETO
H3y4YeHMUSs ero IIPoAYyKTOB 6bLIK pa3paboTaHbl cOBCEM
HeIaBHO, U IIOHKMAaHMe [IapaMeTPOB, KOTOPbIe HMEIOT
pelnapiee 3HaAYEHME MW OKa3bIBAIOT JIMIINb HE3HA~
YHTe/IbHOE BIIMSAHME Ha IIPOLIeCC, HapsAy C IOTeHIIHMa-
JIOM TeXHMKH BCe eIle HaXOAUTCA B CTAIUH JeTaIbHOI0
H3y4YeHHs.

MATEPUAJIbI, UCMOJIb3YEMDBIE NMPU
INEKTPOOOPMOBAHUU

JIJ1sI IPOM3BOACTBA HAHOBOJIOKOH YaCTO HCIIONIb3YIOTCS
KaK IIPUPOAHBIE, TaK U CUHTETHYECKHE 10K MEPBI.
Brarogaps KOHIEIILUY "3eJeHON XUMHUHU', KOTOpast
B HaCTosIIlee BpeMs HabUpaeT IOy I pHOCTb, Hanboree
YaCTO UCII0JIb3YeMBIM PACTBOPUTEJIEM U IIO-TIPEKHEMY
CaMBIM JIe[IeBBIM SIBJISIETCS BOIa. MHOTHe U3 PacTBOPH-
MBIX B BOJIE [TOJINMEPOB HETOKCHYHbI, 6HI0COBMECTH MBI
Y y>Ke HCII0JIb3YIOTCS B ITUINEBOM ITPOMBILIIIEHHOCTH.
DTO I103BOJISIeT KOHIICIIIIUH ' 3e/IeHOM XUMUHU' OBITH I10J1-
HOCTBIO ITPUMEHH MO JIsSI KPYITHOMACIITabHOro Mpo-
MBIIJIEHHOI0 IIPOM3BOZCTBA. KCII0/Ib30BaHIE BOLOPAC-
TBOPUMBIX ITPHPOIHBIX IIOJIMMEPOB 1aeT BO3MOKHOCTh
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nanofibres an attractive candidate for a number
of applications. To date, nanofibres have been derived
from a variety of materials, including natural and
synthetic polymers, carbon-based nanomaterials,
and semiconductor and composite materials.

Along with the development of manufacturing
technologies, tremendous efforts have been focused
on exploring the potential applications of nanofibres,
including energy generation and storage [9, 10], water
and air purification [11, 12], and healthcare and bio-
medical engineering [13, 14]. Nanofibres can be pro-
duced by a variety of technologies. They all have their
pros and cons; they are based on different principles,
but the aim is to produce fibres with the highest pos-
sible precision and reproducibility.

From some points of view, EF can be regarded
as a variant of electrostatic spraying. It is a pro-
cess which produces continuous polymer fibres in
the micron to submicron diameter range under the
action of an external electric field applied to the lig-
uid polymer [15]. The process of forming thin fibres
is based on the uniaxial stretching and elongation
of an electrified viscoelastic polymer jet formed
by a viscous solution or melt, due to electrostatic
repulsion between surface charges and solvent
evaporation.

Electroforming technology itself is one of the most
established and has been known for just over a cen-
tury. But the tools for a comprehensive study of its
products have only recently been developed, and an
understanding of the parameters that are critical or
have only a minor influence on the process, along
with the potential of the technology, is still undergo-
ing detailed study.

MATERIALS USED IN ELECTROFORMING

Both natural and synthetic polymers are often used
in production of nanofibres. Thanks to the concept of
"green chemistry", which is currently gaining popu-
larity, water is the most commonly used solvent and
still the cheapest. Many of the water-soluble poly-
mers are non-toxic, biocompatible and already used
in the food industry. This makes the concept of green
chemistry fully applicable to large-scale industrial
production. The use of water-soluble natural poly-
mers makes it easy to modify nanofibres for various
applications: from biocompatible wound dressings to
special substrates for the vertical growth of moulds,
fungi or plants.

PRODUCING CERAMIC AND CARBON FIBRES BY
ELECTROFORMING

Electroforming enables production of ceramic, car-
bon and composite fibres, depending on the nature
and conditions of the treatment used.
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JIeTKO MOILI/ICDI/ILII/IPOBaTb HAaHOBOJIOKHA AJI51 Pa3JITMYHBIX
HY>XXI: OT 6110COBMECTHUMBIX ITOBSI30K [Jis paH 10 CIie-
IIHaJIBHBIX CY6CTpaTOB [J151 BEpTHUKAJIPHOI'O BhIpaIlllHiBa-
HUJ I1JIeCeHH, FPI/I6KOB 1591851 PaCTEHHﬂ.

NONYYEHUE KEPAMWUYECKWX U YTNIEPOAHBIX BO/IOKOH
3NEKTPO®OPMOBAHMEM

nekTpodopMOBaHUe II03BOJISIET C IIOC/IeYIolIer obpa-
00TKOI MPOM3BOJUTh KepaMHUeckHe, yIIepoaHble
Y KOMIIO3UTHBIE BOJIOKHA, B 3aBUCHMOCTH OT XapaKTepa
Y yCJIOBHU IIPUMeH sieMOE 06paboTKH.

IIp1 M3roTOBIEHUU KepaMHUeCKHUX BOJIOKOH, IOy~
YeHHBIX 3JIeKTpodopMoBaHHeM, Haubosree yacTo
HCIIO/Ib3YIOT MeTOoJ, TepMHUUeckoi o6paboTKu mocie
OTKHMa, B opMe IIPOKa/JIHUBaHUS (Ha BO3AyXe UIH
B KHCJIOpPOJie) U MU POo/K3a (06BIYHO B aproHe UIH Jpy-
roM MHEPTHOM rase WK B BaKyyMe), a TaK>Ke HOBOe
IepcrIeKTHUBHOe TP MeHeHHe - HeTeIlIOBYI0 06paboTky
I1JIa3MOH.

IIpor3BOACTBO KePAMHUYECKUX BOJIOKOH He MOXKET
OCYIIeCTBISATHCS HEIIOCPeACTBEHHO 3/1eKTPodopmo-
BaHHeM. [Ipu TaKOM IO/IXOJle BOJIOKHA-TIPe/IlIeCTBeH-
HMKHU II0JIy4aloT IIyTeM BBeJIeHHSI CyCIIeH3HUH I10POII-
KOB HaHO- M/ CyOMHUKPOHHOIO pa3Mepa B PacTBOP
nonumepa. IToce 3P Heo6X0AMMO ITPUMEHSITh TEPMHU-
4yecKyio 06paboTKy /s yAaIeHHS II0TIMEPHOTO CBSI-
3yIOIEro, KOTOpPOe IeHCTBYeT Kak 00s3aTe/IbHBIN areHT
17151 06pa30oBaHUSI BOJIOKOH, HO OHO TaK>Ke BBI3bIBAET
CKJIeHBaHHMe / ClleKaHHe KepaMHYeckoro KOMIIOHeHTa
Haps/ly C COXpPaHeHHeM BOJIOKHUCTOM Mopdosioruu [16].
HecMOTps1 Ha KasKyIIyI0Cs IIPOCTOTY, GH3HYeCKHH 10/
XOJ], He TMOJIyYM/I MIHUPOKOT0 pacIIpoCTPaHeHHU s H3-3a
CBOMX OrpaHHUYeHHH. Hanbosee BaskKHBIE U3 HUX CBSI-
3aHBI C TPeOOBAHHUSIMHU, NPeAbsBASeMBIMHU K UCIIOb-
3yeMBIM YacTHIIAM, pa3Mep YacTHUIL JOTKeH OBITh
HaMHOIO MeHbIIIe JKeJIaeMOro AHuaMeTpa KOHEYHOIo
BOJIOKHA ITPH BBICOKOK KOHIIEHTPAI[MHU, YT0o6kI 0becrie-
YUTB CIIJIAB/IEHHE YaCTHUI] BO BpeMs TepMo06paboTKH.
YeM BbIIle KOHIIeHTPAllMs YacTHI], TeM IIJIOTHee OHU
OyAyT pacrosnaraTsCs B BOJIOKHE U T€M BBIIIIE BepOsIT-
HOCTb TOTO, YTO OHH CIIABSITCS U COXPAHSIT BOJIOKHHU-
CTY10 MOP)OJIOTHIO BO BpeMsI TEPMHYeCKOk 06paboTKH.
C ApyToH CTOPOHBI, KOHIIEHTPALIMsI KepaMUYeCKOTo
IIOPOLIKA HAITPSIMYIO BIMsET Ha BS3KOCTh PAacTBOPA
O, yBeIMYMBas ee. ITO IPUBOSUT K POCTY JHaMeTpa
cOPMOBAHHBIX BOJIOKOH, TEM CAMBIM BBOJIS eIlie OHO
OrpaHUYEeHUE.

TaxKe cyieflyeT yIIOMSIHYTh SKOHOMHYeCKHUH acIIeKT:
IIOPONIKK C MEHBIIMM Pa3MepoM YaCTHUL HAMHOTO
JOPOsKe MU JTO/IKHBI OBITh M3MeTbUeHBI, UTO TAKKe
TpebyeT OpPOrocTosIero o60pyJoBaHUSL.

ITo cpaBHEHHUIO C QU3UUYECKUM, XUMHUYECKUH MO~
X0 iB1seTCs 6ojee CIOKHBIM, HO obecriedurBaeT bosee
BBICOKH I yPOBEHb T€XHUUECKOM I'MOKOCTH U [03BOJISIeT
boJiee TOYHO HACTPAKUBATh KOHEYHbIE CBOMCTBA BOJIOKOH.

When producing ceramic fibres obtained by elec-
troforming, the most commonly used method is
a post-press heat treatment, in the form of cal-
cination (in air or oxygen) and pyrolysis (usually
in argon or other inert gas or vacuum), as well as
a non-thermal plasma treatment which is a new
and promising application.

Production of ceramic fibres cannot be made
directly by electroforming. In this approach pre-
cursor fibres are produced by injecting a suspen-
sion of nano- or submicron size powders into a
polymer solution. After EF, a heat treatment must
be applied to remove the polymer binder, which
acts as an obligatory agent for fibre formation, but
it also causes bonding/sintering of the ceramic
component along with retaining the fibrous mor-
phology [16]. Despite its apparent simplicity, the
physical approach has not been widely adopted
due to its limitations. The most important of
these relate to the requirements to the particles
used, the particle size must be much smaller than
the desired diameter of the final fibre at high
concentration in order to ensure fusion of parti-
cles during heat treatment. The higher the con-
centration of the particles, the more densely they
will be arranged in the fibre and the higher the
probability that they will fuse and retain their
fibrous morphology during heat treatment. On
the other hand, the concentration of ceramic pow-
der directly affects the viscosity of the EF solution
so as to increase it. This leads to an increase of
the diameter of the formed fibres, thus introduc-
ing another limitation.

The economic aspect should also be mentioned:
powders with smaller particle sizes are much
more expensive or have to be milled, which also
requires expensive equipment.

Compared to the physical approach, the chem-
ical approach is more complex, but provides a
higher level of technical flexibility and allows
finer tuning of the final properties of the fibres.
Synthesis of complex ceramic materials (com-
plex oxides, non-oxide structures) by the chemi-
cal method is often accomplised by the gel tech-
nology. In this case, one or more individual
ceramic precursors are replaced by a sequential
gel synthesis.

As the polymer-ceramic precursor composites
have already been prepared, the next step after
electroforming - post-pressure processing - is
necessary and common to both approaches. The
removal of the polymer matrix to form ceramic
fibres takes place.

For this purpose a heat treatment is usually
used. Some of the ceramic precursors (alkoxides

VoL.15No. 22022 NANO INDUSTRY



HAHOMATEPUANDI

JlJ1sl CHHTe3a CJIOKHBIX KepaMHYeCKUX MaTepHaloB
(C/IO>KHBIX OKCHIOB, HEOKCHUIHBIX CTPYKTYP), KaK 4acTh
XUMHUYEeCKOro IMOoAX0Aa, TAKXKe YacTo HCIIONb3YyeTCst
TeXHOJIOT M4 T'eflsl. B 3ToM c/lydae olMH HU/IKU HEeCKOJIbKO
OT/Ie/IbHBIX KePAMHUYeCKHX ITpe/illeCTBeHHUKOB 3aMe-
HSIOTCS [10CJ/Ie/I0BaTe/IbHbIM CIHTEe30M TeJisl.
I10CKOJIBKY IO MepPHO-KepaMHYecKHe KOMIIO3UThI-
NpeAlleCTBeHHUKHU Y>Ke TI0AT0TOBJIeHBI, C/Ie/ YOI
3TaIl IocjIe 31eKTPodOpMOBaHUS ~ 06paboTKa mmocie
OT>KHMa, SIB/ISETCS] HeoOXOMUMBIM K 06ITHUM A1 060k X
NoAxof0B. IIPOMCXOAUT yAajleHHe MOTHUMepPHOM
MaTpHILbI C 06pa3oBaHHeM KePaMHUUeCKHX BOJIOKOH.
Jlyist 5TOM Lesix 06BIYHO HCIIONb3yeTCsl TepMHUUe-
ckast obpaborka. HeKoTophle M3 KepaMHYeCKHX IIpeJ-
IIeCTBeHHHUKOB (aJIKOKCH/IBI M T'aJOTeHUbl MeTas-
70B) 06/1a1a10T BBICOKOM PeaKIJMOHHOM CII0COOHO-
CTBIO M IpeBpallaloTCsl B KePaMUKY (IIyTeM THJPO-
JM3a C BJIAXKHOCTBIO BO3/lyXa) y>Ke B mpotiecce 3P [17].
CodopMmHpoBaHHAS KepaMHUKa YacCTO SIBJISIETCS aMOPd-
HOM, [1I03TOMY TI0/Iy4YeHHbIe II0JIMMepHO-KepaMUUecKHe
KOMIIO3HTHI BCe ellle TPebyIoT BBICOKOTeMIIePATyPHOM
06paboTKM TaksKe AT KPUCTA/UIM3AIMH KePAaMHUKH.
TepMmudeckast 06paboTKa BKIOYaeT B cebst Kak ITPoKa-
NMHBaHHe, TaK U IIUPOJIN3, U B 3AaBUCUMOCTH OT IIPH-
MeHSeMOH TeMIlepaTyprl U aTMocpeprl 3deKT MosKeT
CHJIPHO Pa3/IM4aThCsl. I[IPOKaIMBaHHe IPH HU3KUX TeM-
IepaTypax B HEKOTOPBIX IonuMepax (IIBC, ITAH) [16]
MOYKeT MHULIMHPOBATh BHYTPHBOJIOKOHHBIE K MEKBOJIO-
KOHHBIe [TpeBpallleH ], TaKKe KaK CIIMBaHUe II0JIKMe-
POB U CJIMSIHHE BOJIOKOH H/IH 06pa3oBaHUe CeTeH CO0T-
BeTCTBEeHHO. [IpOKa/IMBaHUe [IPH BBICOKUX TeMIlepaTy-
pax (>>300 °C) IpUBOAUT K IIpe[IBAPUTEIEHOMY OKHCIIe-
HHUIO II0OJTUMePa, 33 KOTOPBIM CJIe[lyeT ero I0oJHOe OKHC-
JIeHHe U yAaJleHHe (BBITOPaHHe) BMecTe ¢ 06pa3oBaHHeM
KePaMHKH, KPUCTA/I/IM3aLIMeH, ClIeKaHHeM U CILIaBIle-
HUeM KepaMHYeCKHX 3epPeH U I10CTIeIy oM 06pa3oBa-
HHeM BOJIOKOH.
C Ipyro¥ CTOPOHBI, IIUPONK3 - TepMoobpaboTka
B MHEPTHOM aTMocdepe KK BaKyyMe ~ [IPUBOLUT K Kap-
OOHHM3aLMHU ITOJIMMEPHON OCHOBBI BOJIOKOH U JIPYTHX
OpraHHUYecKUX KOMIIOHEHTOB C COXpaHeHHeM GOpMBbI
1 06pa3oBaHHEM BOTOKHUCTBIX MATEPHUAJIOB HAa OCHOBE
yriepoza [18]. 9To 6BI7I0 UCIIOIB30BAHO [JISI IIOyde-
HMUSI LI POKOIO CIIeKTPa yI/IePOLHBIX BOJIOKOH, KOTOPbIe
NPHMEHSIOTCS B KauecTBe KaTaJIM3aTOPOB, 3/IeKTPOJIOB
I/151 peaKL MK BbIIe/IeH s ra3a, TOI/IMBHBIX 37IeMeHTOB,
cynepKkoHJeHcaTopos [19], HaKomnuTenen Bogopoza (9],
GHIIBTPOB C HAHOYACTUIIAMHU, COPOEHTOB AJIs YAAIEHHU S
[ parolieHHbIX METa/IJIOB U3 CTOUHBIX U MOPCKHUX BOJ,
U psifia IPyTUX NIepCIIeKTUBHBIX [IPUMeHeHHUH [20].
Haunbonee 4acTo HUCIOAb3yeMBIM IIOJTHMEPOM
[J7151 IOy YeHU s YITIePOLHBIX BOJIOKOH 371eKTpodopMo-
BaHMeM SIBJIseTCs IONHMaKPHIOHUTPUI [18], HO KU3-3a
€ro BBICOKOI LIeHBI CYIIeCTBYIOT paboThl, HAIIpaBJIeH-
Hble Ha 3aMeHy ero MoJMBUHUIAMHU [21], a TaKkXKe UX

HAHO MHAVCTPUA Tom 15 Ne 2 2022

and metal halides) are highly reactive and are
converted into ceramics (by hydrolysis with air
humidity) already in the EF process [17]. The
formed ceramics are often amorphous, so the
resulting polymer-ceramic composites still require
high-temperature treatment for crystallisation
of the ceramics as well. Heat treatment includes
both calcination and pyrolysis; depending on the
temperature and atmosphere applied, the effect
can vary greatly. Quenching at low tempera-
tures in some polymers (PVS, PAN) [16] can initi-
ate intra- and inter-fibre transformations such
as polymer cross-linking and fibre fusion or net-
work formation, respectively. Tempering at high
temperatures (>>300 °C) results in pre-oxidation
of the polymer, followed by complete oxidation
and removal (burnout) together with formation of
ceramic, crystallisation, sintering and fusion of
ceramic grains and the subsequent formation of
fibres.

On the other hand, pyrolysis - heat treatment
in an inert atmosphere or vacuum - results in car-
bonisation of the polymer base of fibres and other
organic components with retained shape and for-
mation of carbon-based fibrous materials [18]. This
effect has been applied to produce a wide range
of carbon fibres used as catalysts, electrodes for
gas separation reactions, fuel cells, supercapaci-
tors [19], hydrogen storage [9], filters with nanopar-
ticles, sorbents for removing precious metals from
sewage and sea water and a number of other prom-
ising applications [20].

The most commonly used polymer for obtain-
ing carbon fibres by electroforming is polyacryloni-
trile [18], but due to its high price there are works
aimed at replacing it with polyvinyls [21], as well
as their composites and blends with lignin [22].
Addition of small amounts of ceramic precursors
(mainly metal salts) to the polymer solution leads
to the formation of nanoparticles inside and/or out-
side the fibre during pyrolysis. Fine-tuning of the
heat treatment conditions makes it possible to use
the formed nanoparticles as germs for the synthe-
sis of carbon nanotubes.

APPLICATIONS OF NANOFIBRES
Over the last three decades, EF nanofibres have
gained a wide range of applications. Every year
the number of fields where fibres, and nanofibres
in particular, are used is increasing rapidly. The
membrane produced by electroforming is a multi-
layer mat of nanofibres lying in a chaotic pattern
(Fig.1).

giologically, almost all human tissues and
organs are based on nanofibrous forms or
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KOMIIO3HUTOB U CMeCeH C TUTHUHOM [22]. [lobaBieHMe
He6OJIBITHX KOTHYeCTB KePAMUUECKHUX ITpe/IIIeCTBeH-
HUKOB (B OCHOBHOM COJIeH MeTaJIJIOB) B PACTBOP IIOTH-
Mepa IIPUBOJUT K 06pa30BaHHI0 HAHOYACTHI] BHY-
TPHU H/UIH CHAapY>KH BOJIOKHA BO BpeMsl IIHPOIH3aA.
To4yHast HACTPOKKA YCIOBHH TepMO06pabOTKH I103BO-
JIsIeT UCII0/Ib30BaTh CGOPMHUPOBAHHBIE HAHOYACTHIIBI
B KadeCTBe 3apOJbIIIeH IJIsI CHHTe3a yIJIepOgHBIX
HaHOTpPY6OK.

NPUMEHEHUE HAHOBO/IOKOH

3a mocysefHHe TPU JecaTHneTHs P HAHOBOJIOKHA
MOJIYYU/IU MIKMPOKUI CIIeKTP NpUMeHeHHUM. C Kax-
JBIM TOZIOM YHCJIO 00J1aCTek, B KOTOPBIX HCIIO/IB3YIOTCSI
BOJIOKHA, X B YaCTHOCTH HAHOBOJIOKHA, OBICTPO pacTeT.
MembpaHa, nony4yeHHasi 371eKTpoGOpPMOBaHHEM, ITpef-
CTaB/seT c060r MHOTOC/IOMHBI MaT 13 HAHOBOJIOKOH,
NeKaIllkX B Xa0OTHYeCcKoM ropsiike (puc.l).

C 61o/I0ruyuecKkol TOYKH 3peHHUsI TOYTH Bce TKaHHU
Y OpraHbl YeJl0BeKa OCHOBAHBI HA HAHOBOJIOKHHCTBIX
dopmax UM CTPYKTYypax, BK/IIOUYAsl KOCTH, JeHTHH,
XPSIIN U KOXKY. Bce OHM XapaKTepU3yIOTCS XOPOILIO
OPraHK30BaHHBIMH HepapXHUueCKMMHU BOJIOKHHUCTBIMH
CTPYKTYpaMH, B YaCTHOCTH BHEK/IETOUYHBIM MaTPHUK-
coM [16]. ITo 1103BO/ISIET UCII0/Ib30BATh CHHTETUYeCKHe
BOJIOKHHCTBIE KapKachl JI7Is1 3aMeHBI U1K PereHepaluim
MOBPEeXK/IeHHBIX TKaHeH HJIM YacTek OpraHoB.

B IpoMBIIIIeHHO! 06/1aCTH HAaHOBOJIOKHA IIHPOKO
HCIIO/Ib3yIOTCS B PA3/IMUHBIX BU/IAX [1epe/IOBBIX MaTe-
pHaIoB U KOMIIO3HMTOB, QUIBTPALIUM, CIIeLIHaJb-
HOM M yHHUKAJbHOM OfleXKJe, 37IeKTPOHHBIX YCTPOL-
CTBax, PO3PauyHBbIX / THOKHX, COTHEYHBIX 3/IleMeHTax
Y 5KpaHax.

OUNbTPALUA U MUKPOOUIBTPALLUA /
HAHOOUIbTPALUSA

IToCKOIBKY KaHaJjIbl U CTPYKTYPHBIE 3/IeMeHThI QUJIb-
Tpa LOJIKHBI COOTBETCTBOBATh MACIITAby YacTUI] HIIN
KaIleslb, KOTOPBle LOIKHBI OBITh 3aXBadueHBl QHIIb-
TPOM, OOHHM K3 IIPSIMBIX CI0c060B pa3paboTku
BBICOKO3)PeKTHUBHBIX U 3O PeKTUBHBIX QUIBTPYIO-
IIKX MaTepPUaJIOB SIBJISIETCSI UCII0JIb30BAHHE BOJIOKOH
HaHOMEeTPOBOI'O pasMepa B CTPYKType QUILTPa.

YrjeponHble, IOJKMepHbIe HJIW KepaMHYeCKHe
HAaHOBOJIOKHA, 6;1aromapst 60/IbIION IJIOMIAH [T0OBEPX-
HOCTH, TIOAXOZIST AJISI AACOPOLIMH [IeHHBIX M/ TOKCHY-
HBIX BelecTs [11].

B crucTeMax OYHCTKU BOAbl HAHOBOJIOKHUCTBIE MeM-
OpaHbl UCIIONB3YIOTCS 1Sl GUIBTPALIUM U MeMbOpaH-
HOM JUCTH/UISILINH [23]. HAaHOBOJIOKHHUCTbIe MeMOpaHBI,
HCII0/Ib3yeMBble B 3TOM TeXHOJIOTHH, IT03BOJISIOT OIIpec-
HSITb MOPCKYIO BOAY C BLICOKOM IIPOM3BOJUTETBHOCTBIO
Y aBTOHOMHO, KCII0JIb3YsI TOJIBKO COJTHEYHYIO 3HEPIHIO.

BoeHHasl MPOMBILIJIEHHOCTD U IIepeloBble KOMIIO-
3UTHL (KOMIIO3UTHI /151 OPOHU U KOHCTPYKIHOHHBIX

1 MKM | pm
|

Puc.1. Mem6paHa u3 cuHmemuy4eckux HaH080AOKOH [23]
Fig.1. Membrane made of synthetic nanofibers [23]

structures, including bone, dentin, cartilage and
skin. They are all characterised by well-organised
hierarchical fibrous structures, in particular the
extracellular matrix [16]. This allows the use of
synthetic fibre frameworks to replace or regener-
ate damaged tissues or organ parts.

In the industrial field nanofibres are widely
used in various types of advanced materials and
composites, filtration, special and unique cloth-
ing, electronic devices, transparent/flexible solar
cells and screens.

FILTRATION AND MICROFILTRATION /
NANOFILTRATION

As filter channels and structural elements must
match the scale of particles or droplets to be cap-
tured by the filter, one direct way to develop
highly efficient and effective filter media is to use
nanometre-sized fibres in the filter structure.

Carbon, polymer or ceramic nanofibres are suit-
able for the adsorption of valuable or toxic sub-
stances thanks to their large surface area [11].

In water treatment systems nanofibre mem-
branes are used for filtration and membrane dis-
tillation [23]. The nanofibre membranes used in
this technology make it possible to desalinate sea-
water at high capacity and autonomously using
solar energy only.

Military industry and advanced composites
(composites for armour and structural parts).
Polymer and ceramic matrix composites rein-
forced with fibres can be used as new lightweight
materials for instruments, aircraft or armour
plates for personal use and vehicles. Due to very
small fibre diameters and large contact area, the
impact energy dissipation can be far more effec-
tive for the same material size. This makes it

VoL.15No. 22022 NANO INDUSTRY
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HeTanew). [lIonrMepHble U KepaMHYeckKHe MaTpHUYHble
KOMIIO3HUTHBIE MaTepHajbl, ApMUPOBAHHbBIE BOJIOK-
HaMHM, MOTYT OBITb UCII0/Ib30BaHBI B Ka4eCTBE HOBbIX JIeT-
KHX MaTepHasoB AJisi IpubopoB, caMo/eToB UIH 6po-
HeIJIACTUH J/IS TMYHOIO I10/Ib30BaHU S U TPAHCIIOPT-
HBIX CPeACTB. biaromaps oueHb MajbIM JHAMeETPaM
BOJIOKOH U OOJIBIION IIJIONafX KOHTAKTA PacceBaHUe
SHEPrUH yAapa MoxKeT ObITh HaMHOIo 6osiee 3pdeKTHB-
HBIM IIPH TeX JKe pasMepax MaTepHasoB. ITO [103BO/IseT
CHHU3UTb BeC OPOHU Hapsi/ly C COXpaHEeHHeM 3alIUTHOM
criocobHOCTH [24].

Tak>ke BenyTcsi paboThl IO CO3JaHMIO THMOKHX
MaTepHaJIOB C MOBBIIIEHHOHN IIPOYHOCTBIO, MOAYIEM
YIIPYTOCTH M YIapHOU BA3KOCTBIO. ITO BEI3BAHO HH3-
KOM KPHCTa/JIMYHOCTBIO HAHOBOJIOKOH, BOSHHKAIOIer
B pe3ysbTaTe 6bICTPOro 3aTBepieBaHUs YIbTPATOHKHUX
CTpyH.

[TonynpoBOJHUKOBbBIE MaTepPHUAIbl, TaKHe Kak Ti0,,
Sn0,, ZnO, WO;, MoO;, UCIIONB3YIOT AJ1s1 0OOHAPY>KEHU S
C/lefJoBble KOHIIeHTPALMH ra3000pa3HbIX COeMHEHUH.
B npuHIIuIIe, 60/1ee BbICOKASI yle/IbHAs [I/IOMAb II0BEPX-
HOCTH M IIOPHUCTOCTb YYBCTBUTEIBHOIO MaTepHasa
MOT'YT IIPUBECTHU K 6ojee BBICOKOM UyBCTBUTETBHOCTH
Jaryuka. Kpome Toro, ofHOMEpPHbIE MaTepHalbl MOL'YT
IIpeJJoCTaBUTh JOIIOJIHUTE/IbHbIE [P MYIIecTBa B 0be-
CrleuyeHHUH OBICTPOro MaccorepeHoca MOJeKyI-MUIIIe-
Hel BOKPYT 06/1aCTH B3aUMOJIEHCTBUSI, & TAK>Ke [1Peofio-
neHUs 6apbepoB HOCUTEISIMU 3apsiia. Kepamuueckue
HAHOBOJIOKHA YCIIIIHO IIPUMEHSIOTCS B KaueCTBe YyB-
CTBUTE/IbHBIX UHTePerCoB 1151 0OHAPy>KeHHsI MHOKe-
CTBa ra30B C IIOBbIIIEHHBIM I1pefiesioM 0OHapys>KeHH S,
C M3BeCTHBIMHU IIpUMepaMH, BKIw4dasa NO,, CO, H,0,
NH,;, CH;0H, C,H;0H, O,, H, u Tomyon [17].

B HacTosillee BpeMs B IHIEBOH IIPOMBIIIJIEHHO-
CTH Bce boIblllee BHUMaHUe y/e/sieTCs MHOTMM HOBBIM
aKTHBHBIM YIIaKOBOYHBIM MaTeprasiaM. AKTUBHAs yIia-
KOBKa MOYKET IIPeIsITCTBOBATh POCTY MUKPOOPraHU3MOB
Ha ITOBEPXHOCTH ITHLIEBBIX IIPOAYKTOB, YAYYLIATh ITUTa-
TeJIbHBIe U CeHCOPHbIe KaueCTBa IIHIIEeBLIX IIPOIYKTOB,
IIPOAJIeBATh CPOK TOAHOCTHU OIIPeie/IeHHBIX ITUIIEeBbIX
[IPOyKTOB M CHHKATh BO3LEHCTBHE YIIAKOBKU Ha OKPY-
KaloIyto cpeny [25]. TeXHOIOTMH aKTHBHOU yIIaKOBKHU
MOTYT OBITh OCHOBAHBI Ha CHHTETHYEeCKHX H/IH HaTy-
PpasibHBIX MaTepHajiaxX, a HeKOTOphle COmepsKaT aKTHB-
Hble KOMIIOHEHTHI, TaKHe KaK aHTHOKCUIAAHTEI, IIPO-
THBOMHUKPOOHBIE ITperapaThl, BUTAMUHBI, aPOMATH3a-
TOPBI MJIM KpacuTeau. PyHKIIMOHAIbHBIE 3/IeKTPOIILIH-
doBaIbHbIE MATHI MOT'YT OBITH UCIIONB30BAHBI B KAYECTBe
HMHCTPYMEHTOB /151 pa3paboTKX HAHOKOMIIO3UTHBIX TKa-
Hel M3 IIHPOKOIo CIIeKTPa IJIACTMACC € yy4IIeHHbIMH
XapaKTepUCTUKAMH JIJI51 yIIaKOBOYHBIX IIPUMEHEeHHH.

Hcronp30BaHKe HAHOBOJIOKOH B ITHINI@BO ITPOMBIII-
JIEHHOCTH He OrPAaHHUYMBAETCS TOJIBKO BBIIICYIIOMSHY-
TBIMH 0071aCTSIMH. BBI/IO ITOKa3aHO, YTO HAHOBOJIOKHU-
CThbIe MaThl MOI'YT UMETh IIOTEeHIIMAI /IS [IPUMEeHeHH I
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possible to reduce the weight of the armor while
maintaining the protective capacity [24].

Works are also carried out to create flexible mate-
rials with increased strength, modulus of elasticity
and impact resistance. This is due to the low crys-
tallinity of the nanofibres resulting from the rapid
solidification of the ultra-thin jets.

Semiconductor materials such as TiO,, SnO,,
ZnO, WO, MoO; are used to detect trace concen-
trations of gaseous compounds. In principle, the
higher specific surface area and porosity of the sen-
sitive material can lead to higher sensor sensitiv-
ity. In addition, one-dimensional materials can
offer the additional advantage of allowing rapid
mass transfer of target molecules around the inter-
action region, as well as overcoming charge carrier
barriers. Ceramic nanofibres have been success-
fully applied as sensitive interfaces for detection of
a great number of gases with increased detection
limits, the well known examples include NO,, CO,
H,0, NH;, CH;0H, C,H;OH, O,, H, and toluene [17].

Many new active packaging materials attract
the ever increasing attention in the food industry.
Active packaging can inhibit growth of microor-
ganisms on food surfaces, improve the nutritional
and sensory quality of food, extend the shelf life
of certain food products and reduce the environ-
mental impact of packaging [25]. Active packaging
technologies can be based on synthetic or natural
materials and some of them contain active ingre-
dients such as antioxidants, antimicrobials, vita-
mins, flavourings or colourings. Functional elec-
troplating mats can be used as tools to develop
nanocomposite fabrics from a wide range of plas-
tics with improved characteristics for packaging
applications.

Application of nanofibres in the food industry
is not limited to the aforementioned areas. It has
been shown that nanofibre mats may have poten-
tial for applications in the vertical cultivation
of products such as fungi, with the possibility of
developing the properties of the final product or
even vice versa, if it can demonstrate antifungal
functionality [26].

Polymeric membranes also have potential for
such applications as electrostatic charge dissipa-
tion, corrosion protection, electromagnetic pro-
tection, photovoltaic devices, fabrication of micro-
electronic devices or machines such as Schottky
transitions, sensors and actuators, etc., since the
rate of electrochemical reactions is proportional
to the electrode surface area. Conductive nanofi-
bre membranes are also quite suitable for use as
porous electrodes in the development of high-per-
formance batteries and fuel cells with polymer
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B BepPTHKa/IbHOM BBIPAlllMBAaHHUU IIPOAYKTOB, TAKUX
KaK T'pubbl, C BO3MOKHOCTBIO pa3paboTKU CBOMCTB
KOHEYHOTIO IPOAYKTa UIH Jaxke HA060poOT, ecH OH
MOXKeT IIPOJeMOHCTPUPOBATh IIPOTUBOIPHOKOBYIO
bYHKIIMOHATBHOCTE [26].

[TonuMmepHBle MeM6paHBI TakKe 06/1a/1aI0T TOTEH-
LIMaJIOM JJ1Sl TAKUX IIPUMeHeHM I, KaK pacCeuBaHUe
371eKTPOCTAaTHUYeCKOro 3apsifia, 3all1Ta OT KOPPO3KH,
3aIMTa OT 37IeKTPOMArHUTHBIX ITOMeX, GOTOIeKTPHU-
YyecKHe YCTPOMCTBA, U3TOTOBIEHHE MUKPO3IeKTPOH-
HBIX YCTPOMCTB MJIM MAIlMH, TAKUX KaK IIepexof bl
IIOTTKH, JaTYMKU K UCIIONHUTEIbHbIe MeXaHU3MBI
U T.7. [TOCKO/NBKY CKOPOCTD 37IeKTPOXHUMUYECKHX Peak-
LM ITPOIOPLIMOHATbHA IIJIOa 1 IIOBEPXHOCTH 3/1eK-
TPOJa, IIPOBOASIINE HAHOBOJIOKHHUCThIe MeMOpaHBI
TaK>Ke BIIOJIHE MTOAXOAST [/ HCIIONb30BaHHUS B Kaue-
CTBe MOPUCTHIX 31eKTPO/IOB IIPU pa3paboTKe BBICOKO-
IIPOM3BOAMTE/IbHBIX 6aTapell U TOIJIMBHBIX 3/IleMEHTOB
C IIOJIMMEPHBIMH 31eKTPOTUTHBIMU MeMbpaHaMu 61a-
rofiapsi UX BBICOKOK IIOPHUCTOCTH U IIPUCYIIEek UM 6071b-
IIOM obImer I/IOmIAJH IIOBePXHOCTH. IloMMepHEIe
baTapeu 6BIIH pa3paboTaHBI 17151 COTOBBIX TeeOHOB,
4TOOBI 3aMeHUTh OOBIYHBIE TPOMO3IKHE TUTHEBEIE
batapeu [27]. M301upyOI[e MaThl U3 [IOTHMEPHBIX
BOJIOKOH MOTYT HCII0Ib30BaThCS B KaueCTBe pasjenu-
TeJIeH B TeX ke baTapesix MM CyIlepKOH/IeHCATOpax.

YriepopHble U KepaMHUUeCKHe BOTOKHA SIBISIOTCS
MepCcreKTUBHBIMHU MaTepHaaaMU AJ1s pacllerleHus
BOJBI, XpaHEHHUS BOLOPOAA, MeMOpaH [/ TOIIUB-
HBIX 3/1eMeHTOB Pa3JIHYHBIX KOHCTPYKIIHH, 37IeKTPO-
JI0B B CyIIepKOH/IEHCATOPaX U COJTHEYHBIX 3/IeMeHTOB,
YyBCTBUTEIBHBIX K KpacuTensam [9].

BbIBO/AbI

OueBUAHO, 4TO 9P - 3TO YyHUBEPCAIbHAS TeXHOIOT U,
criocobHas co34aBaTh YHUKAIbHbIE MaTepHAJIbL C pas-
JIMYHBIMH CBOMCTBaMHU. HecMOTpS Ha 3HAUUTENb-
HBIH 00beM IIPOBOLUMBIX HCC/IeJOBAHUM, BEICOKUH
YPOBEHbB IIPHUKJIATHBIX TEXHUYECKHUX YCOBEPIIEeHCTBO-
BAaHUH U IIHPOKUH CIIeKTP IPUMEHEHU, B KOTOPBIX
y3Ke HCII0/IB3YIOTCSI HAHOBOJIOKHA C 3JIeKTPOoYOpMOBa-
HHeM, BCe ellle CYLIeCTBYIOT HeKOTOpble IIpobaeMBbl:

1. Be30macHOCTh TEXHHYECKOro IlepcoHana.
HCIo/Ib30BaHHE BBHICOKOBOJNIBTHBIX HCTOUHUHKOB
nuTaHus TpedyeT 0bydeHN S TeXHHKe D@30I1aCHOCTH
Il [IOBBIIIIEHHOM OCTOPOSKHOCTH IIpU paboTe ¢ obopy-
IOBaHKeM. YiydllleHHas aBTOMaTH3al K [Tpoliecca
11 0TKa30yCTOMYHBble KOMIIOHEHTBI/MOLY/IH MOTYT
obecrieunTh HeOOXOAHMYIO 6€30IIaCHOCTH.
OTCYTCTBHe HaJle>KHBIX MOZie/ler IPOrHO3KMPOBa-
Hus. CyllecTByeT BCero HeCKOIbKO paboT, mocBs-
IIeHHBIX TEOPEeTUYeCKUM IIpeJCKa3aHUIM Pe3yIb
TaToB D, HO OHU He SIB/ISIIOTCS YHUBEPCAJIBHBIMHU
[ He MOT'YT BKJIIOYATh BCe BIUSIONHE IIapaMeTPhl
115 IIPOTHO3KM POBAHU S Pe3y/IbTaToB CBOeH DP.

N

electrolyte membranes due to their high porosity
and inherently large total surface area. Polymer
batteries have been developed for cellular phones
to replace conventional bulky lithium batter-
ies [27]. Insulating mats made of polymer fibres
can be used as separators in the same batteries or
supercapacitors.

Carbon and ceramic fibres are promising mate-
rials for water splitting, hydrogen storage, mem-
branes for fuel cells of various designs, electrodes
in supercapacitors and dye-sensitive solar cells [9].

CONCLUSIONS

It is evident that EF is a versatile technology capa-
ble of creating unique materials with a variety
of properties. In spite of the significant scope
of research carried out, the high level of applied
technical improvements and the wide range of
applications where electroformed nanofibres are
already used, still there are some challenges:

Safety of technical personnel. The use of high
voltage power supplies requires safety training and
increased caution when working with equipment.
Improved process automation and failsafe compo-
nents/modules can provide the necessary safety.

Lack of reliable prediction models. There are
only a few papers devoted to theoretical predic-
tion of EF outcomes, but they are not universal
and cannot include all influential parameters to
predict the results of their EF.

When nanofibres are used in composites, there
is still a problem of fibre dispersion within the
matrix.

It is worth noting that the materials produced
by electroforming technology cannot currently be
used as structural materials, due to limitations in
the reproducibility of geometric dimensions and,
as a consequence, mechanical characteristics. The
main area belongs to the functional materials.

Despite the existing challenges, electroformed
fibre technology is of great interest and has the
potential for producing materials with unique
properties.
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HAHOMATEPUANDI

3. IIpy npuMeHeHU U HaHOBOJIOKOH B KOMIIO3UTaX BCe
ellle CyILlecTBYyeT pobieMa ¢ AHCIIepPCHel BOIOKOH
BHYTPH MaTPHULIBI.

CTOUT OTMeTHTh, UTO II0JydaeMble MaTepHasbl
I10 TEXHOJIOTHHU 3/1eKTPOPOPMOBAHHU S HA CETOAHSIIHU
JeHb He MOT'YT HCIIO/Ib30BaThCsl KaK KOHCTPYKIIMOHHEIE,
13-3a OTPaHHYeHH I BOCIIPOKU3BOLMOCTH reoMeTpHrye-
CKHX Pa3MepoB U KaK CJIe[ICTBHe MeXaHHYeCKUX Xapak-
TepUCTUK. OCHOBHAs 06/1aCTh — 3T0 QYHKIMOHAJIbHBIE
MaTepHaJIbl.

HecMoTps Ha CyIecTBYIOIIHe ITPobieMbl, TeXHOIO0-
Ul 371eKTPOPOPMOBAHHUSI BOIIOKOH IIpe/iCTaBIseT 60/1b-
ILIOM MHTepPeC U IIOTeHII1aJl /7151 [I0lyYeH sl MaTepHasioB
C YHHKaJIBHBIMHU CBOKICTBAMH.

NH®OPMALL1SA O PELLEH3MPOBAHUU

Pemakuusg 61arogapuT aHOHHUMHOILO pelleH-
3eHTa (pelleH3eHTOB) 3a HUX BKJaJ B pelleH3U-
poBaHHe 3Tou paboThl, a TaKke 3a pa3Mele-
HHe CTaTed Ha CaHlTe XypHajla MU Ilepefauy
UX B 37eKTpoHHOM BHAe B HOF eLIBRARY.RU.
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B kHHIe ¢ NOMOIBI CHHIYIAPHEIX MHTEIPATBHBIX YPABHCHMI PACCMATPHBAIOTC PasIHYHBIE
KAacchl 3aad anexTpoguiaMukd. Monorpadua coctont Mz gpyx vacrei. B nepeoii yactn Bu-
BOIATCA O LEMHBIE CHHIYIAPHBIE HHTEIPAIbHBE YPABHEHHA, OIHCHIEAIME 321a4H PACCEAHHA
HEKTPOMATHHTHBIX. BOMH HA TPEXMEPHBIX HEOIHOPYIHBIX M AHHIOTPOINHBIX CTPYKTYPAX, 4 TAKKE
CHHIY/PHBE YPABHEHHA C 3al1A3/bIBAHMEM [10 BPEMEHH, OIIMCRBAILINE 331341 BE3aUMOIefCTBIA

HECTALIHOHAPHOTO NOMA € OMPAHIHCHHON MATCPHAnbHOR cpenof. C MCNONbIOBAHHEM HONYHEHHBX YPABHCHIN JOKA3H BAOTCE TCOpeMbl
CYUIECTROBAHMA M ¢IMHCTECHHOCTI PELICHIA PA3IHIIX KIIACCOR 3134 PACCCSHIUA BO/IH, Bo BTOPOI 4acTh HANATAIOTCH HTCPALMOHHBIC
METOjIB! UL PEIICHIS YPARHCHII, MATCMATHHECKH CTPOTD 000CHOBBIBACTCH IIPHMCHEHNE MeTojia [aneprmba i MeToja KOnAoKaLMN JU1A
HHMCAEHHOTO PELICHIS YPABHEHNH, ONNCHIBAMINX 3a/[8 0 PACCCAHNA BOMH HA TPEXMEPHBIX HEOIHOPOJHBIX 1 aHHAO0TPOIHLIX CTPYK-
typax. [Tpepnarawren ek THBHBIC ANTOPHTMB MHCICHHOTO PCIICHUA CHHTYIAPHLIX YPABHCHMA.
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