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Abstract: This study focuses on the development of superhydrophobic coatings based on
carbon nanotubes (CNTs), which exhibit unique structural and physicochemical properties. The
research includes film materials with both aligned and non-aligned CNT structures prepared by
various deposition techniques, such as chemical vapor deposition (CVD), spray coating, dip
coating, and electrospinning. The primary objective is to analyze current strategies for fabricating
CNT-based superhydrophobic surfaces, identify key parameters influencing the water-repellent
performance, and evaluate the scalability and environmental compatibility of these approaches.
The main finding highlights the effectiveness of both aligned and randomly distributed CNT films in
achieving the Cassie-Baxter wetting regime, with contact angles exceeding 150° and low sliding
angles. The study demonstrates that functionalization with hydrophobic groups, combination of
CNTs with other nanomaterials, and optimized deposition parameters can significantly enhance
surface hydrophobicity while extending the functionality of the coatings. These improvements
include mechanical durability, self-cleaning ability, anti-icing behavior, and antifouling
performance. The results underscore the potential of CNT-based superhydrophobic coatings for
practical applications in fields such as energy, construction, transportation, and biomedical
engineering.

Key words: Superhydrophobicity, Carbon Nanotubes (CNTs), Coatings, Surface Roughness,
Low Surface Energy, Anti-icing, Self-cleaning, Anti-fouling, Water-Repellent

Superhydrophobicity is a remarkable property that describes the extreme water

repellency of certain surfaces. It is quantitatively measured by the contact angle
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(CA), which is the angle formed between the tangent to the liquid droplet and the
surface at the contact point. Surfaces with contact angles greater than 150° are
classified as superhydrophobic, exhibiting not only high contact angles but also low
sliding angles (SA), typically less than 10°, allowing water droplets to roll off easily.
This behavior is a result of a synergistic combination of high surface roughness and
low surface energy, which reduces the liquid-solid contact area and minimizes
adhesion forces between the surface and the liquid. Superhydrophobicity has gained
considerable interest due to its potential applications in various fields, including self-
cleaning materials, anti-fouling coatings, anti-icing technologies, and water-repellent
fabrics [1-5]. The principles underlying superhydrophobicity have been extensively
studied, with most attention focusing on the Cassie-Baxter wetting model. This model
describes the situation where the liquid rests on top of the surface roughness, creating
a composite interface of air and solid. In this state, the liquid droplet is supported by
the surface topography, which significantly reduces the contact area between the
liquid and the solid, thereby minimizing adhesive forces and promoting droplet
mobility.

Nature has often been the inspiration for creating artificial superhydrophobic
surfaces, particularly the lotus leaf (Nelumbo nucifera), as shown in the Figure 1,
which exhibits excellent water-repellent properties due to its unique micro- and
nanoscale surface structure combined with hydrophobic wax-like coatings [6, 7]. The
creation of synthetic superhydrophobic surfaces typically involves the design of
hierarchical micro- and nanostructures, often combined with the modification of
surface chemistry to reduce the surface energy. This can be achieved through various
means, including the deposition of hydrophobic molecules or the incorporation of
hydrophobic polymers into the material matrix. Among the various materials
explored for superhydrophobic coatings, carbon nanotubes (CNTs) have emerged as a
particularly promising candidate due to their unique structural, mechanical, and
chemical properties. CNTs are cylindrical structures composed of rolled-up graphene
sheets, which possess extraordinary strength, electrical conductivity, and large

surface areas. These properties make CNTs highly suitable for the creation of
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superhydrophobic surfaces, as they provide the necessary nanoscale roughness that is
critical for achieving the Cassie-Baxter wetting state. CNTs are highly tunable, both
in terms of their surface chemistry and their ability to form networks or composite
structures, which further enhances their potential for superhydrophobic applications.
The high aspect ratio and large surface area of CNTs contribute to the formation of
intricate micro- and nanoscale textures that can significantly enhance the water-
repellent properties of a surface. When CNTs are incorporated into coatings, they can
facilitate the formation of a hierarchical roughness that not only increases the surface
area but also aids in the retention of air within the surface structure, thus promoting

the Cassie-Baxter state.

Fig. 1. Digital images and scanning electron microscopy (SEM) images of different natural
species that display hydrophobic properties [8]: (A—C) Nelumbo nucifera (lotus)

A variety of techniques have been developed to integrate CNTs into
superhydrophobic coatings, each with its advantages and limitations. Chemical vapor
deposition (CVD) is one of the most widely used methods for directly growing CNTs
onto substrates, offering precise control over the alignment and density of CNTs [9-
11]. However, CVD is often limited by the scalability and cost-effectiveness of the
process. Alternatively, solution-based techniques, such as electrospinning, dip-
coating, and spray-coating, offer more versatile and cost-efficient alternatives for
large-scale production. These methods enable the incorporation of CNTs into
polymer matrices or the formation of CNT-based composite coatings, enhancing not
only the water-repellent behavior but also the mechanical durability and
environmental stability of the coatings. Hybrid coatings that combine CNTs with

other nanomaterials, such as silica nanoparticles, graphene oxide, or metal oxide
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nanoparticles, have also demonstrated enhanced performance, including improved
anti-fouling, anti-corrosion, and self-healing properties.

Aligned carbon nanotube (CNT) films particularly those fabricated as
vertically aligned CNT forests (VACNTSs) or anisotropic CNT films (ACNTs), have
shown significant promise in the development of superhydrophobic surfaces due to
their unique structural characteristics and the high aspect ratio of individual
nanotubes. These films provide a platform for achieving superior water-repellent
properties by combining micro/nanoscale surface roughness with low surface energy
materials. Various strategies have been developed to enhance the superhydrophobic
performance of CNT-based films, including functionalization with fluorocarbon
compounds, the introduction of hierarchical structures, and the deposition of
additional coatings to improve surface stability and durability. Lau et al. [12] were
among the pioneers in fabricating superhydrophobic CNT forests by modifying
vertically aligned CNTs (VACNTs) with a polytetrafluoroethylene (PTFE) coating
using the chemical vapor deposition (CVD) method, the SEM images of the surfaces
as shown in the Figure 2. The resultant surface exhibited outstanding water
repellency, with advancing and receding contact angles (CAs) of 170° and 160°,
respectively.

Non-aligned CNT films present a versatile and scalable approach to creating
superhydrophobic surfaces, leveraging the inherent properties of carbon nanotubes
without the complex alignment procedures required for VACNTs or ACNT films.
These films are typically fabricated through techniques like spray coating, dip-
coating, spin coating, or electrospinning, wherein CNTs are either randomly
dispersed on a substrate or incorporated within a matrix material, often a polymer
[13, 14]. The key to achieving superhydrophobicity with non-aligned CNT films lies
in creating sufficient surface roughness and maintaining a low surface energy. The
random arrangement of CNTs inherently provides a degree of nanoscale roughness.
This can be further enhanced by controlling the concentration of CNTs in the coating
solution, the deposition parameters, and the post-treatment processes. Moreover, the

choice of matrix material plays a crucial role. Polymers with intrinsically low surface
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energies, such as fluoropolymers, or those that can be easily modified to reduce
surface energy, are commonly employed [15]. Non-aligned CNT films are typically
created using spray coating, dip-coating, spin coating, or electrospinning to randomly
disperse CNTs (often with a polymer binder) onto a substrate, followed by surface
modification techniques like fluorination, alkylation, or plasma treatment to lower

surface energy and enhance superhydrophobic properties. Xu et al. [14] demonstrated

0.5¢cm

e —

Fig. 2. SEM images of carbon nanotube forests [12]: a — As-grown forest prepared by PECVD
with nanotube diameter of 50 nm and a height of 2 pum; b — PTFE-coated forest after HFCVD
treatment; ¢ — an essentially spherical water droplet suspended on the PTFE-coated forest

a significant advancement in the fabrication of superhydrophobic surfaces using a
simple method involving non-aligned, alkyl-modified multi-wall carbon nanotubes
(MWCNTs), as shown in Figure 3. The left column presents low magnification
images, the right column shows high magnification, and the inset displays the highest
magnification. And the shapes of water droplets on the films surfaces correspond to
contact angles of 155°, 163°, and 159°, respectively. The resulting films exhibited
excellent water repellency, with contact angles (CA) exceeding 150° and sliding
angles below 5°. Notably, these impressive properties were achieved without the need
for spatially aligned nanotube structures, demonstrating that double-structured

roughness and reduced surface energy from grafted alkyl chains are sufficient. Films
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prepared from chloroform suspensions, showed a maximum CA of 163°. The work
underscores the scalability and industrial potential of this approach, offering a cost-
effective solution for producing superhydrophobic surfaces with applications in anti-
contamination and water-repellent coatings. This research not only simplifies the

production process but also expands the practical usability of advanced materials.

Fig. 3. SEM micrographs of the surfaces of MWCNT (COOCi1sH37)n films, prepared from
suspensions of water (A1), chloroform (A2), and dimethylbenzene (A3) [14].

CONCLUSIONS

CNT-based superhydrophobic coatings offer diverse applications across
industries, leveraging their ability to repel water. In anti-icing technologies, they
minimize ice formation on surfaces like aircraft wings and wind turbines. For self-
cleaning materials, these coatings facilitate easy removal of dirt and dust from
building facades and solar panels via rainwater. As anti-fouling coatings, they prevent
organism accumulation on ship hulls, reducing drag. Water-repellent fabrics benefit
from these coatings, enhancing comfort and functionality in apparel, while
biomedical applications utilize them to prevent bacterial adhesion on devices,

minimizing infection risks. Future research in CNT-based superhydrophobic coatings
16
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will likely focus on integrating CNTs with advanced materials like graphene, silica,
or metal oxides to enhance performance and create multifunctional coatings.
Simultaneously, efforts will be directed towards developing sustainable and
environmentally friendly fabrication techniques, emphasizing green solvents, reduced
energy consumption, and minimized waste. Addressing scalability and durability
challenges remains critical, driving innovation in CNT dispersion, coating stability
through crosslinking or hybridization, and the creation of self-healing materials for
widespread adoption. CNT-based superhydrophobic coatings represent a promising
area of research with significant potential for various applications. While challenges
remain, ongoing advancements in fabrication techniques, material integration, and
durability enhancement are poised to make these coatings more viable for
commercial use, contributing to innovations in self-cleaning surfaces, anti-icing

technologies, and beyond.
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CYHEPTTAPOP®OBHI NOKPUTTA HA OCHOBI BYI'VIEHEBUX
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Anomauin: Lle docniodcents 30cepediceHo Ha po3podyi cynepeiopoghoonux nokpummis Ha
ocHosi eyeneyesux Hanompyoox (BHT), siki demoncmpyrome VHIKAIbHI CMPYKMYPHI ma Qizuxo-
XimiuHi enacmusocmi. J{OCHiONCEHH OXONIIOOMb NIIBKOBI Mamepiaiu K 3 6UPIGHAHUMU, MAK I 3
HesupisHanumu cmpykmypamu BHT, eucomoeneni pizHumu memooamu O0CAO0NHCEeHHs, MAKUMU 5K
Ximiune ocaoxcenns 3 napoeoi ¢asu (CVD), nHanunenus, HaHeceHHs NOKpUmMms 3AHYPEHHAM |
enrekmpocninine. (OcHo8Ha Mema — NPOAHANI3Y8AMU NOMOYHI cmpamezii  8USOMOBIEHH S
cynep2iopoghobnux nosepxonv nHa ocnosi BHT, eusnauumu knrovosi napamempu, wo 6nIu8aoms Ha
80008I0UIMOBXYBANIbLHI 81ACMUBOCTI, | OYIHUMU MACUMAOOBAHICMYb | eKOJLOCIYHY CYMICHICMb YUX
nioxooie. OCHOBHUL BUCHOBOK NIOKPECIOE epheKMUBHICMb SAK GUPIGHAHUX, MAK 1 BUNAOKOBO
posnodinenux niisox CNT y docaenenni pexcumy 3mouysannsa Kecci-bakcmepa 3 kKoHmaxkmuumu
Kymamu nouao 150° i Husbkumu Kymamu KoG3aHHs. JlOCHiONCeHHs OeMOHCMmPYE, WO
@yuxyionanizayisa 2iopogpobnumu epynamu, noeonawus BHT 3 inwumu nanomamepianamu ma
ONMUMIZ08AHI NAPAMEMPU OCAONCEHHS MOIICYMb 3HAYHO NIOGUWUMU 2I0pOGOOHICMb NOBEPXHI,
poswupiorouu  Qyukyionarvuicme  noxkpummis.  Lli  nokpawenus — GKIIOYAIOMb  MEXAHIUHY
006206IYHICMb, 30AMHICMb 00 CAMOOYUWEHHS, 3AXUCT 8I0 31e0eHIHHS MA epeKMUBHICb 3aXUCTY
8i0 obpocmanns. Pezynemamu niokpecnioioms nomenyian cynepeiopog)oonux noxpummis Ha
ocnogi YHT 0na npakmuunozo 3acmocy8amHs 6 maxux cghepax, sAK enepeemuxa, 0y0ieHUYymeo,
mpancnopm i GiomeOuyHa iHHCeHepisl.

Knrwowuosi cnoea: cynepeiopogoonicms, eyeneyesi nawompyoku (BHT), noxpumms,
WOPCMKICMb NOBEPXHI, HU3bKA NOBEPXHEBA eHeplif, 3aXUcm 6i0 371e0eHiHHA, CaAMOOYUUJCHHS,
3axucm 8i0 06pOCManHs, 80008IOUMOBX)BANbHULL 3ACiO

19



CEKIIIA 1. KoMmo3uiiHi MaTepiaiyd Ha OCHOBI MTOJIIMEPIB

YAK: 67.06 : 666.9.022.1
DOI: 10.20535/iwcemm?2025325813

TEIIVIO®I3UYHI BJJACTUBOCTI HIOJIIMEPHUX KOMITIO3UTIB,
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Anomauin. Y poboomi npeocmaeneno pesyromamu O0CHIONCEHH BUKOPUCTAHHSA 8I0Ci8I6
anoe3umy K MIHepalbHO20 HANOBHI8AYA 8 NOJNIMEPHUX KOMnosuyiunux mamepianax. O6’ekmom
00CNIOIHCEHHS BUCMYNAIOMb NOJIMEPHI Komnozumu Ha ocHosi namekcie Latex 2012 i Policril 590, a
npeomMemom - niu8 KOHyeHmpayii 6i0xo0ie anoe3umy HaA Menio@i3udHi XapaKxmepucmuku yux
mamepianie. Memorw 00CniOxceHHs € 0OIPYHMYBAHHSA OOYINbHOCMI GMOPUHHO20 BUKOPUCTNAHHSL
MeXHO2eHHUX 8I0X00i6 aHOe3umy 0/l CIMEOPEHHs. KOMNO3UMI8 3 NiOBUUIEHOI0 MeNIONPOGIOHICIIO.
YV pobomi ma ochoei Ougppaxkmoepamu HANOBHIOBAYA PO3PAXOBAHO PO3MIP KPUCMATLIMIS,
00CNI0ANCEHO 3ANEHCHOCMI MEeNIONPOGIOHOCMI 8i0 memnepamypu, 2yCmuHu ma NOpuUcmocmi npu
pi3niti konyenmpayii anoezumy (65 i 90 mac.%). Bcmanosneno, wo npu eucokomy emicmi
HAanogHI08a4a Gopmyomscs egekmueni menionpogioni wiiAxXu, AKi 3a6e3neuyioms 3pOCMAaHHs
Mmenionpogionocmi  Hagimev  3a YM08 nidsuweroi nopucmocmi. OmpumaHi  pesyromamu
niomeepoNICyloms  OOYILIbHICMb  3AIY4eHHs aHOe3umosux 6ioxodie 0o cknady IIKM ma
BIOKPUBAIOMb HOBL MONCIUBOCMI Ol IX BUKOPUCMAHHA 6 MaAmepianax KOHCMPYKYIUHO20 U
menoi3oNAYiuH020 NPUSHAYEHHS.

Knrwowuosi cnoea: awnoezum, 6i0x00u, GYIKAHIYHI Mamepianu, J1AMeKc, HANOBHIO8AHY,
NOJIMEPHI KOMRO3UMU, NOPUCTNICTb, MENIONPOGIOHICMb.

OgauM 13 TEpPCHEKTUBHUX  HAMNPSIMKIB ~ MOBTOPHOTO  BUKOPHUCTAHHS
TEXHOT'E€HHUX BIJXOJIB TIPHUYOI MPOMHUCIOBOCTI € 3aCTOCYBaHHS BIJICIBIB aHJE3UTY
K (DYHKI[IOHAJILHOTO HAINOBHIOBaua B TMOJIMEPHUX KOMIIO3MIIIHHUX MaTepiaiax.
AHIE3UT — 1€ ByJIKaHI4HA MOPOJa 3 BUCOKOIO TBEPAICTIO (7 32 M0oocoM) 1 TyCTHHOIO

(2,5-3,0 r/em®), mo ckiaagaeTbcs mnepeBaxkHO 3 KpeMHesemy (SiO:2 57-63 %),

I1ariokjaszy, mipokceHy Ta poroBoi oomanku. I1ig yac MexaHiuHOT 0OpOOKH MOpOAH
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YTBOPIOETHCS 3HAYHA KUIBKICTh MUJIOMOMIOHMX BIJIXOJIB, SIKI MOXYTh CHPUYHHSATH
€KOJIOT1YHE HaBaHTAXXEHHS, ajleé BOJAHOYAC MAIOTh MMOTEHIIAJ SIK aKTUBHI a00 1HEPTHI
MIHEpaJIbHI HAITOBHIOBAY1 B KOMITO3HUIIIHHUX CHUCTEMaX.

He3Bakarouu Ha (i3MKO-XIMI4HI BIACTUBOCTI aHAE3HUTY, HA CHOTOJIHI KUIbKICTb
HAyKOBHUX IyOJIKAIliif, MPUCBIYEHUX MHOr0 BUKOPUCTAHHIO CaMe€ Y IMOJIMEPHUX
KOMITO3UIIIMHUX MaTepianax, € BKpail oOMexeHor. JlOCHITHUKK JHIINE JOTHYHO
3raayioTh PO HOTO MOTEHINaN, 3BaXKAlOYM Ha aHAJIOTIIO 3 1HIIUMH BYJIKAHIYHUMHU
MarepiajlaMi — TaKMMH K Tem3a, mepiiT, Tyd, siki eEeKTUBHO 3apeKOMEHIyBaIN
cebe K HANOBHIOBaYl B TIONIMEPHHX MAaTPHUIAX. 30KpeMa, IeM3a J[03BOJISIE
PETYJIIOBATH NIUTHHICTH KOMITO3HTIB 1 TOKPANIyBaTH 1X afcopOIiitHi BiacTuBocTi [1],
TOMl SK TIEPJIT, 3aBASKA CBOIM TOPUCTIN CTPYKTypi, CHOpPHSIE TIiBUILCHHIO
TETIOI30SIIINHUX XapakTepucTHK y cucteMax Ha ocHOBI ABC, TIE, ITJIA/TIBA [2].
BynkaHiuauii momnia y MOJINPONUIEHOBIM MaTpUIll MOKpAIlye TEIJIOBI Ta MEXaHI4HI
BJIACTHUBOCTI, 110 T1ITBEPIPKEHO B OIVISIAOBIH cTaTTI [3].

Ha Bigminy Bif moaiMepHOI Taimy3i, JOCHTIKEHHS 1010 3aCTOCYBAaHHS BiJICIBIB
aHJIE3UTy Y BUPOOHMIITBI [IEMEHTY Ta OCTOHIB BJKE€ MalOTh IITUPOKY JOKa30By 0azy. ¥V
po0oTi [4] y3aranbHEeHO pe3yabTaTH YUCICHHUX JOCTIIKEHb, K1 IeMOHCTPYIOTh, 110
aH/JE3UTOBUN MHJI MOKe OyTH BUKOPHUCTaHMH SK MiHEpaJibHa 100aBKa 10 LIEMEHTY
3aBISKH BMICTy akTUBHMX OKCUMIB (Si02+Al:0s+Fe:0s >70%) Ta 37maTHOCTI
MPOSIBIISATH MYIOJAHOBY aKTHBHICTH, MOMIOHO 0 30JH-BHHOCY. Byno BcTaHOBIEHO,
o npu 3amidl A0 15% LeMeHTy Ha aHAEe3UTOBUM M MOJIMIIYIOTHCS MOKA3HUKU
MIIIHOCTI Ta JIOBTOBIYHOCTI O€TOHIB, 30KpeMa MiBUIIYETHCS MUIBHICTh CTPYKTYPH Ta
3HUKY€ETHCS BOJIOTOTTIMHAHHS. Y po0oTi [5] moka3zaHo BIUIMB aHAE3UTOBOIO MUY HA
MEXaHIYHI XapaKTePUCTUKH [IEMEHTHUX KOMITO3HUIlid. ABTOPU BKa3ylOTh, IO 3aMiHa
gactuHu 11eMeHTy (10-20 %) Ha BiciBU aHAE3UTY J03BOJISE 3MEHIUTH €KOJIOTIUHE
HAaBaHTa)XeHHA  0e3  BTpaTH  MIIHOCTI, OCOOJMBO MpPU  BHUKOPUCTAHHI
TOHKOJIMCIIEPCHOTO MaTepially, 3JaTHOTO YTBOPIOBATH LIUIBHY CTPYKTYpy. B po6oTi
[6] mopiBHIOETbCA €()EKTHBHICTh AHJE3UTY SK BTOPHUHHOTO B’SHKYYOTO 3 I1HIIUMHU
MiHEpaTbHUMHU 00aBKaMH, 30KpeMa METAaKaoJiHOM Ta MIKPOKpEeMHEe3eMOM. Takum

YUHOM, ICHYIOYl JITepaTypHl JKepela JIEeMOHCTPYIOTh BHUCOKY €()EeKTHBHICTb
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BUKOPUCTAHHSI aHJE3UTOBHX BIIXOMIB y ILIEMEHTHUX CHUCTEMax, aje BIJCYTHICTb
CUCTEMHHX JOCHIUKeHb Yy TMOJIMEPHUX KOMIIO3UTaX CTBOPIOE HAYKOBY HIIy MAJIs
nojaibIIMX po3BioK. bepyun 10 yBaru ¢i3MKo-XiMiuHI XapaKTEPUCTUKU aHJIC3UTY
Ta TIO3UTUBHUUA JIOCBiJ] BHKOPHWCTAHHS IHINIWX BYJKAHIYHMX MaTepiamiB, OyJo
OOTPYHTOBAHO AOLUIBHICTh MPOBEACHHS EKCIEPUMEHTAIBHHUX JOCIIHKCHb BIUIMBY
BIJICIBIB aHJIE3UTYy Ha TEII0(h13UYH1 BJACTUBOCTI MOJIMEPHUX KOMIIO3HUTIB. 30Kpema,
JOCTIIKEHO TEIUIONPOBITHICT, KOMIIO3UTIB Ha OCHOBI JaTekciB tumy Latex 2012 i
Policril 590 3 pi3HUMU KOHIIEHTpAIlIIMHU HaloBHIOBaYa — 65 mac.% 1 90 mac.%.

Metorw JaHOro JOCIIKEHHS € KOMIUIEKCHA HayKoBa OIliHKa e€(pEeKTUBHOCTI
BUKOPHUCTAHHA BIACIBIB aHJIE3UTy SK 1HEPTHOTO MIHEPAJIbHOTO HAMOBHIOBaYa B
CKJIaJll TOJIMEPHUX KOMIIO3UIIIMHUX MaTepiajiB 3 ypaxyBaHHSIM TeIIO(hI3UIHUX
napaMmeTpiB, CTPYKTypHOI oOprasizaiii KOMIIO3UTYy, MOPHUCTOCTI Ta B3aeMOAIl 3
nomMepHoto Matpuiiero. OCHOBHAa yBara TPUIUISETHCS BUBYEHHIO BIUIMBY
KOHIICHTpAIlil HalOBHIOBaYa Ha (popMyBaHHS TEIUIONPOBIIHUX NIJISAXIB y MaTepiali, 3
ypaxyBaHHSAM 3MIiHU TYCTHHH Ta MIKPOCTPYKTYPH, a TaKOX BHU3HAUCHHIO OaJlaHCy
MDK TETIONPOBIHICTIO 1 TOPUCTICTIO KOMITO3UTIB. JlOCIIPKEHHSI Ma€ Ha MET1 HaJaTH
EKCIIEpUMEHTAJIbHE OOTPYHTYBAHHS JOIUTBHOCTI YTHIII3allii TEXHOTCHHUX BiIXOIIB
aH/Ie3UTy B raiy3l cTBOpeHHs (pynkuioHansHux [1IKM, 1mo BiAnoBinamTh CydacHUM
BUMOTaM €HEeproe(EeKTUBHOCTI Ta pecypco30epeKeHHs.

Ha mepmomy ertami BUKOHAHO PEHTTIeHIBChKHMM Audpakmiiamii aHamiz (XRD)
JUISL  OLIIHKA PO3MIpY KpHUCTaNITIB aHAe3uty. 3a Qopmynoro Illeppepa [7]
BCTAHOBJICHO, 110 CEpeaHIN po3Mip KpuctaaiTiB ctaHOBUTH 110,0 HM (Tabm. 1), mio
CBIIYUTh TMPO JOCTATHIO BIOPSAIKOBAHICTH CTPYKTypu Matepiany. Bomnouac,
3HA4YEHHS TEIUIONPOBIAHOCTI aHe3uTy cTaHoBUTh 0,212 B1/M-K, 110 BKa3ye Ha oro
MOTEHILIIAJ SIK TOMIPHOTO TEILJI0130JI5TOpa.

Taoauus 1 — Po3paxyHok po3mipy KpucTAJIiTIB HA OCHOBI qudpakTOorpamu

Marepian 2 FWHM, Po3mip Cepenniii po3mip | TeruionpoBinHiCTb,
0, ° B, pan kpuctaiity, D, HM | kpucranity (HM) Br/m-K

Bizncisu 26,5 0,7 116,6

AHJIC3UTY 32,0 0,8 103,3 110,0 0,212
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[Toganemmii  aHami3 TEIUIONMPOBIAHOCTI KOMIIO3UTIB 3aCBIUMB, IO 34
koHueHTpauii 90 mac.% y marpuni Latex 2012 npu temnepatypi 150 K xoedirient
TeronpoBigHocTi csarae 1,6 Bt/mK, 3 momanemum 3HmwkenHsMm g0 0,8 Br/m-K y
mianazoni 200-375 K. Tlpu menmiit korneHTpaiii (65 mac.%) TemIompoBiTHICTh €
HIKY00 Ta cTaHoBUTh Onu3bko 0,8 Bt/M'K mpu 150 K (puc. 1). Ananoriuna
TuHaMiKa croctepiraerbes 1 s cucteMu 3 Policril 590. Ile cBiguuth mpo 3pocTaHHs
TEIUIOMPOBITHOCTI 31 30LIBIICHHAM BMICTY HAallOBHIOBaua, OCOOJMBO MPHU HHU3BKUX
TeMIlepaTypax, 3aBIsgkd (popMyBaHHIO Oe3MepepBHOI TEIUIONPOBIIHOI CTPYKTYpH 3

YaCTHHOK aHAC3UTY.
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Puc. 1. 3ane:xnocTi koedinieHTa TENJIONPOBIAHOCTI BiJl TEeMIIepaTypH AJIsi CHCTEM
3 BijciBamu aHae3iTy Ha ocHOBI Latex 2012 (a) Tta Policril 590 (0) npu koHueHTpamii
HanmoBHOBava: 1 — 65 mac.%, 2 — 90 mac.%

BuBdeHHs 3B 3Ky MiX TEIJIONPOBIIHICTIO Ta TYCTHHOIO MaTepiary Mmokasalo,
110 31 3pOCTaHHSAM KOHIIEHTparii auae3uty 3 65% mo 90% ryctuna 3pocrae 3 1,52 mo
2,02 r/em?, a temtonpoBiaHicTh — 3 0,56 mo 0,82 B1/M-K (puc. 2). Taka 3ajexHIiCTh
JIEMOHCTPYE, IO MIUIBHINIE MaKyBaHHS YACTUHOK y KOMITO3UTI 3a0e3medye Kparry
nepenady Tera, 3MEHIIYIOYM KUIBKICTh  MOMiMEepHOi ¢da3u 3  HHKYOIO

TETUIONPOBITHICTIO.
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A, BT/m-K p, r/cm3 J\i Bt/m-K
1 44
09 24 0.9
0.8 22 0.8 ¥ e
0.7 5 g.é 34 E
0.6 : S
29§
0.5 18 05 2
0.4 1.6 0.4 24 9
0.3 14 0.3 19 2
0-2 02 14 5
0.1 12 0.1 g
0 1 0 9 m
65 20 65 90
KoHueHTpauia siacisis aHae3uTy, mac.% KoHueHTpauis BiAcCiBiB aHAe3UTY, Mac.%
Puc. 2. 3anexxHocTi koedinieHTa Puc. 3. 3anexxknocTi koedinienTa
TeIUIONPOBITHOCTI TA TYCTHHH KOMITIO3UTIB TeIUIONPOBITHOCTI TA 3arajibHOL
i3 BiiciBaMM aH/Ie3UTY VISl CHCTEM Ha MOPHMCTOCTI KOMIIO3UTIB i3 BiaciBamMu
ocHoBi: 1 — Latex 2012, aHJIe3uTy VI cucTeM Ha ocHOBi: 1 — Latex
2 — Policril 590 2012, 2 — Policril 590

[likaBo, 1m0  3poCTaHHsA  MOPUCTOCTI, SKa  3a3BUYail  MOTIPIIyE
TEIUIONPOBIIHICTh, Y IIbOMY BHIAJKy HE MPHU3BOAUTH J0 3HMWKCHHS €()EKTHBHOCTI.
Jlnst Latex 2012 mopucTicTts 30umbinyetbes 3 18,56% mo 42,23%, a nisa Policril 590 —
3 9,89% no 43,51% 31 3poctaHHsM BMIcTy HamoBHioBaya 10 90 mac.%. Ilpote
TEIUIONPOBIIHICTE KOMIIO3UTIB MpoaoBxkye 3poctatu (Latex 2012: 0,56 — 0,82
Bt/m-K; Policril 590: 0,84 — 0,90 Bt/m-K), mo mnosicHioeTbcs (HOpMyBaHHIM
Oe3nepepBHUX TEIUIOMPOBIAHUX NUISXIB, SKI KOMIICHCYIOTh HETaTUBHUM e(dEeKT

nopuctocTi (puc. 3).

BUCHOBKU
Takum 4YMHOM, OTpUMAaHI pe3yJIbTaTH EKCIEPUMEHTAIBHOIO JOCIIIKEHHS
Y3TO/KYIOTbCA 3 TEOPETUYHUMH MPUITYIIEHHSIMH JiTepaTypHOro aHaiizy. Bucoka
TBEPAICTb, MIHEpAJIOTIYHA CTAOUIBHICTH Ta 3AaTHICTh (OPMYBATH PpO3TalTyXkKeHi
TEIUIONPOBIIHI MEpPEeXi poOJIATh BIACIBM aHAC3UTY €(PEKTUBHUMHU 1HEPTHUMU
HAMOBHIOBaYaMH JJIi CTBOPEHHA (YHKIIIOHAJBHUX TMOJTIMEPHUX KOMIIO3HTIB 13
3aJJaHUMU  TEIUVIO(I3MYHUMU  XapaKTEpUCTUKaMU. 3OUIBIICHHS  KOHIEHTpaLii

HaIoOBHIOBaYa MIJBUIIYE TEIJIOMPOBIIHICTh, TYCTHHY Ta 3a0e3neuye CTaOlIbHY
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CTPYKTYpy KOMIIO3UTY HaBiTh NpHU BHUCOKiM mopuctocTi. lle cTBOproe HaykoBe
MIAIPYHTS TSI OAAIBIIOTO PO3BUTKY TEXHOJIOTIN YTHIII3aIlli aHIe3UTOBUX BiJIXOIIB
y TOJIMEPHIA MPOMHUCIOBOCTI Ta PO3POOKM HOBUX MaTepiaiiB Jjisi OyJ1BHUIITBA,

TEIUIO130JI1I11T Ta TPOMHUCIOBOTO 3aCTOCYBAHHS.
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THERMOPHYSICAL PROPERTIES OF POLYMER COMPOSITES
MODIFIED WITH ANDESITE SIFTINGS
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Abstract. This paper presents the results of a study on the use of andesite waste as a mineral
filler in polymer composite materials. The object of the study is polymer composites based on Latex
2012 and Policril 590, while the subject is the influence of andesite waste concentration on the
thermophysical properties of these materials. The aim of the study is to justify the feasibility of
secondary utilization of andesite processing waste for the development of composites with enhanced
thermal conductivity. Based on the X-ray diffraction pattern of the filler, the crystallite size was
calculated, and the dependencies of thermal conductivity on temperature, density, and porosity
were investigated at different filler concentrations (65 and 90 wt.%). It was found that at high filler
content, effective thermally conductive pathways are formed, ensuring increased thermal
conductivity even under elevated porosity conditions. The results confirm the feasibility of
incorporating andesite waste into polymer composites and open new opportunities for its use in
construction and thermal insulation materials.

Key words: andesite, filler, latex, polymer composites, porosity, thermal conductivity, ,
volcanic materials, waste.
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Anomauyin. Y pobomi npeocmasieHo 02180 CYYACHUX OOCACHEHb )  CMBOPEHHI
OIOpO3KNAOHUX — NONIMepHUX Komno3umie 3  2ciopokcuanamumom (I'AIl) oOns  meouunozo
sacmocyeants. Ilpoananizoeano moociusocmi noeouwannsi cunmemuynux (PLA, PLGA, PCL,
PEEK) ma npupoonux nonimepie 3 ciopokcuanamumom OJisi CMBOPEHHs Mamepianie i3
NOKpawjeHumMu MexanivHumu ma oionoziunumu eracmugocmamu. Ocobausy yseacy HpuoileHo
guxkopucmanHnio Hanoyacmunok I'AIl, npupoonux Odicepen tioco cunmesy, cucmem OOCMABKU
JIKapcvkux 3acobis, imnaawmamis ma 3D-Opykosanux Kapkacié OJisi MKAHUHHOIL [HJiCeHepii.
Onucano nepesazu mooughikayii nonimepuux mampuys oomiwxamu Sr*, Zn*', Ag', a maxooic
CMPYKMYPHUMU 000a8Kamu, maxkumu sx ¢gmopanamum abo epagen. Iliokpecreno axmyanvhi
npoonemu 2any3i — HU3LKA MeXAHIYHA CMAOLIbHICMb OesaKux KOoMnos3umis, nompebda 6
macumabosanux mexuonociax 3D-Opyky ma Hecmaua KUHIYHUX OocniodceHb. Mamepian 0yoe
KopucHum 051 axisyie y cghepi 6iomamepianie, opmoneoii, peceHepamu8Hoi MeOuyuHu ma
MeOU4UHO20 Mamepianio3HA8Cmad.

Kniouoei cnosa: 0iopos3xnadui nonimepu, 2iopokcuanamum, mMKAHUHHA [H)ICEeHepis,
iMnaanmamu, ocmeoinmezpayis, cucmemu 00CMAasKU JiKie.

VY cydacHiil GlomenuyHiil iH)XeHepii 3HauHa yBara MPUIUISIETHCS CTBOPEHHIO
MarepiajiB, SIKi € He JHIIe OlOCYMICHUMH, a W OlOpO3KIaJHUMHU, IO OCOOIMBO
aKTyaJIbHO /IS TUMYACOBHX IMIUIAHTATIB Ta CHCTEM JOCTABKU JIIKAPCHKUX 3aCO0IB.
IToeqnannss ~ Olopo3kiamanux — momimepiB 13 rigpokcuamatutom (AT
Caio(PO4)s(OH)2) no3BONSIE PO3POOUTH KOMIIO3UTHI Marepiaiu, sKi IMITYIOTh
CTPYKTYpy Ta (YHKIli KICTKOBOI TKaHWHH, 3a0€3MEUYyrYr OJHOYACHO MIIHICTH,
OCTCOIHAYKTHUBHICTb 1 KOHTPOJHOBaHY 010eTpaialiio.

MeToro 1BOTO OTJISIAY € y3arajdbHEHHS OCTaHHIX HAyKOBUX JOCSTHEHb Y
CTBOpPEHH1 O10pO3KJIaAHUX KOMIIO3UTIB HAa OCHOBI CHHTETHYHHUX 1 MPUPOTHHUX
MOJIIMEPIB y MOEAHAHHI 3 T1APOKCHANIATUTOM, 13 aKIIEHTOM Ha iXHIO 010CYMICHICTD,

MeXaHI4H1 BJACTHUBOCTI, 010aKTUBHICTb 1 IEPCTIEKTUBH KJIIHIYHOTO 3aCTOCYBaHHS.
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['iapokcuanatur, sik TOJOBHUM HEOPTaHIYHUNA KOMIIOHEHT KICTKH, 3a0e3neuye
OCTEOKOHIYKTUBHICTh, OCTEOIHAYKTUBHICTb Ta OlOaKTHUBHICTh. Y TOH XK€ dac,
Olopo3KJaaHl ToiMepu — 30Kkpema mosi(monouna kuciora) (PLA), momi(riikonesa
kuciota) (PGA), momi(imaktua-ko-rimikonin) (PLGA), momi(e-kanponakron) (PCL) Ta
nouiediperepketon (PEEK) — mupoko BUKOPHCTOBYIOTHCS 3aBASIKM CBOIN 3AaTHOCTI
70 KOHTPOJIbOBAHO1 Jerpaaamii Ta oOpoOmtoBaHocTi. [loenmHaHHsS 1HMX JBOX
KOMITOHEHTIB JJO3BOJISIE OTPUMATH MaTepiajiv 3 MOKPAILIEHUMH BIaCTUBOCTSIMH.

Komno3ut Ha oOCHOBI OIlOpO3KJIQJAHMX TOJIMEPIB 1 T1APOKCHANIATUTY
JEMOHCTPYIOTh ~ 0araropyHKIIOHAJBHICTh, IO  JO3BOJSIE  1X  €(EeKTUBHO
3aCTOCOBYBAaTH B HHUB3I MeIMYHHMX HampsMmiB. Ha pucyHky 1 y3araqpHEHO OCHOBHI
chepu BUKOPHUCTAHHS TaKuUX MarepialiB y CydacHIid MenunuHi. 300pa’keHHS
CTBOPEHO 3 BHUKOPHCTAHHSAM I1HCTPYMEHTIB LITYYHOTO I1HTEJIEKTY CHEI[laIbHO MJis

UTFOCTpAIIii I[HOTO OTJISA0OBOTO JTOCIIIPKEHHS.

Perenepaulist
KICTKOBOI TKAHUHW

¥

CroMaronoriyHi
iMNnaHTaTH

biopo3knagHi
noniMepm
3 rigpokcuanaTmMTom

@ -

D BuBinbHeHHS

TKaHuHHa niKkapcbKnx 3acobis
iHXeHepis

Puc. 1. OcHOBHiI HANPSIMU MEeAUYHOI0 3aCTOCYBAHHS 0I0PO3K/IATHHUX MOJIMepiB 3
riagpokcuanaTuroM (cteopeHo 3a gonomororo IIT)

3rinHo 3 orisgoM Oleksy et al. (2023), HaHOYACTHMHKH T1APOKCHANIATUTY

MO3UTUBHO BIUIMBAIOTh Ha aJre3it0 0cTe00aacTiB, acopOLio O1IKIB Ta MOKpALICHHS
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MEXaHIYHOI ~ MIITHOCTI KOMIIO3UTY, OCOOJMBO TMpU BHUCOKOMY aCIEKTHOMY
CITIBBITHOIIIEHHI YaCTHHOK [1].

Komnosutu Ha ocHoBi PLA/T’AII Big3HA4arOThCSI BUCOKOK O10CYMICHICTIO in
vivo. HasBuicte ['All y Marpuii Takoxx HeEWTpamidye KHCII MPOIYKTH Aerpaaarii
PLA, mo 1no3Boiisie YHMKHYTH 3amalibHUX mpoueciB y TkanuHax [1]. [lomambiie
BJIOCKOHAJICHHSI TaKMX MarepiaiiB MPUBENIO JI0 CTBOPEHHS KOMIIO3UTIB HAa OCHOBI
PLGA 3 HaHOT1IpOKCHANIATUTOM, JISTOBAHUM 10HAMHU IIUHKY (Zn?") 1 cTpoHiio (Sr?"),
SIK1 CIIPUSIIOTH OCTEOIHTETpallli Ta MPOsBIISIOTh JOOPY MEXaHIuHY CTaOlIbHICTS [2].

Okpemuii  HampsiMm  —  O10pO3KJIAJHI MarHi€Bi ~ KOMIO3UTH 3
HaHorigpokcuanatutoM 1 ¢ropamatutom (FA). Taki cucremu [aeMOHCTPYIOTH
MoKpalieHy O10aKTUBHICTb, 3MEHIIEHY KOPO31MHY YYTIUBICTh, (OpPMYyBaHHS
amaTUTHOTO IIapy, 30aradyeHoro TopoM, a TakoXX BUCOKY IUTOCYMICHICTH In VIVO
[3].

[Topsn 13 PLA ta PLGA, Benuke 3HaueHHss mae PEEK — tepmocTitikuit
MoJiMep 13 BHCOKOIO MEXAHIYHOK MIMHICTIO, SIKAW, NpPOTe, Mae€ OOMEKEHY
010aKTUBHICTh 4epe3 TiApodoOHICTh. BBeeHHS T1ApOKCHAINaTUTy, OKCUIy TpadeHy
(GO), TiO2 abo MgO pno3BosisiE 3HAYHO TOKPAIIUTH aAre3il0 KIITHH Ta
O0ioakTuBHICTH MaTepiany [4-6]. Hampuknan, y xommnosutri PEEK/T'AIT/GO,
00po0sieHOMY J1azepoM [JIsi CTBOPEHHS MakporopucToi moBepxHi (60-200 Mxm),
OyJ0 JOCATHYTO CYTTEBOTO MOKpAILICHHS IHTErpaiii 3 KiCTKOBOIO TKaHMHOKO 0e3
BTpPATHU MEXaHIYHOI cTabUIBHOCTI [6].

OcTaHHl TeHJEHLIi TakoX TMepeAdadyaoTb BHUKOPUCTAHHS MPUPOIHOTO
TiIPOKCUANATUTy, OTPUMAHOIO 3 PHUO’AYUX JIYCOK, IIKapaidynu si€enb abo KICTOK
Mopchkux opraHi3miB. Takuit OioreHnuii ['AIl 36epirae ionm Mg?" 1 Sr*, mo €
BOKJIMBUMH JIJIs1 OCTEOTEHE3Y Ta 3a0e31medye BUCOKY O10aKTUBHICTH [ 1].

VY codepi cucrem goctraBku JikiB ['AIl BUKOPHUCTOBYIOTH SIK MaTPHUIIO IS
KOHTPOJIbOBAHOT'O  BUBUIBHEHHS  aHTUOIOTHKIB  (Hampukiaja, TeHTaMilUuHY,
BaHKOMILIMHY). Byno BcTaHOBIIEHO, 1110 CTYMiHb BUBUIbHEHHS qocsrae 94-96% 3a 10

JHIB, 110 € TIO3UTUBHUM TIOKa3HUKOM TiposioHroBanoi mii [1]. Takox T'AIl
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JEMOHCTpYE BHUCOKY edekTuBHICTh sk Hocii JIHK y reHHiit Ttepamii: piBeHb
TpaHcdekuii nepepuirye 80%, a eaxancymsmis — 85% [1].

VY TKaHWHHIN 1HXeHepli aKTUBHO po3po0isaroThes 3D-npykoBaHi Kapkacu Ha
ocHoBi PCL/T'AIT ta PLGA/TAIl. Hampuknan, PCL/TAIl (70/30 wmac.%)
BUKOPHUCTOBYETHCS JJII CTBOPEHHSI MOPUCTUX PEIITOK 13 BUCOKOK 010MEXaHIYHOIO
edextuBHIcTIO, @ PLGA/T'AIl — nia oTpuMaHHs MaTepiajiiB 13 BUCOKO MOPHUCTICTIO
Ta OCTEOIHTYKTUBHICTIO [1].

He wmeHm BaxinBolO € aHTUOAKTepiajdbHAa AaKTUBHICTh Ti1APOKCHAIATHUTY,
moaudikoBaHoro ioHamu cpibna. Konuentparis cpidna 0,5 mac.% 3abesneuye
BUPaXEHY OaKTepUIMAHY [i0 0e3 MpPOsBIB LUTOTOKCHMYHOCTI, IO KPUTUYHO s
IMIUTaHTAIIHHUX BUPOOIB [1].

OTxe, 010po3KIIagaHi MOMIMEPH 3 TAPOKCHATIATUTOM JIEMOHCTPYIOTh BUCOKUMN
MOTEHLIaN SK CTPYKTYpPHO-(QYHKI[IOHAIbHI MaTrepialid Juis MeIuuuHu. BoHu
3a0€3MeuyloTh CYMICHICTh 13 TKaHMHAMM, OCTEOKOHJYKTHBHICTh, KEpPOBaHY

Jerpaialliio Ta MOKJIMBICTh TOCTaBKU JIKAPCHKUX PEUOBHUH.

BUCHOBKU
Ornsg CBIQUMTH, IO 3HAYHI JOCSATHEHHSA BXKE 3po0sieHi y cdepi CTBOpEHHs
010aKTUBHUX, OI1OpO3KIaJaHUX TOJIMEPHUX KOMIIO3UTIB 3 T1JIPOKCHANIATUTOM.
Boanouac 3anumatoTeCsi IEBH1 HAYKOB1 MPOTAIMHU:
. HEOOX1IHICTh TMIJBUIICHHS MEXaHIYHOI CTaOUIbHOCTI MaTepiaiiB IpHU

TpUBaii €KCIUTyaTallli;

. notpeba B onTUMi3alii MeToiB cuHTe3y npupoaHoro ATl
. ynocKoHanieHHs 3D-1pyKy CKIaJHUX OaratomapoBUX KOHCTPYKIIIH;
. PO3BUTOK TEpPaHOCTMYHUX cucTeM Ha ocHOBI ['All (moegHanHs

TIarHOCTUKH Ta Tepartii);
. JOCJIDKEHHST JIOBFOTPHUBAoi O10CYMICHOCTI Ta IMYHHOI BIJIOBiAI B

oprasi3mi.
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[Toganpir MUKAUCHUIUIIHAPHI JOCTIDKEHHS JaJayTh 3MOTY CTBOPUTH HOBE
MOKOJIIHHS MaTtepiayiB Al pereHepaTUBHOI MEAWLMHHU, MI0 TOEAHYBAaTUMYTh

€KOJIOT1YHICTh, (DYHKI[IOHATILHICTD 1 KJI1HIYHY €(DeKTHUBHICTb.
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BIODEGRADABLE POLYMERS WITH HYDROXYAPATITE FOR
MEDICAL PURPOSES: CURRENT STATUS AND PROSPECTS OF
APPLICATION

Antonina LAZYUTA
PhD student, Chemichal technoloies Faculty,
Igor Sikorsky Kyiv Politechnic Institute

Abstract. This paper presents a review of current advancements in the development of
biodegradable polymer composites with hydroxyapatite (HAp) for medical applications. The
combination of synthetic (PLA, PLGA, PCL, PEEK) and natural polymers with HAp is analyzed in
terms of improving mechanical and biological performance. Special attention is given to the use of
HAp nanoparticles, natural sources of HAp, drug delivery systems, implants, and 3D-printed
scaffolds for tissue engineering. The review highlights the advantages of matrix modifications with
Sr?, Zn*', and Ag" ions, as well as structural additives such as fluorapatite and graphene. Key
challenges are also discussed, including limited mechanical stability of some composites, the need
for scalable 3D printing technologies, and the lack of comprehensive clinical studies. The material
is relevant for professionals in biomaterials science, orthopedics, regenerative medicine, and
biomedical engineering.

Keywords: biodegradable polymers, hydroxyapatite, tissue engineering, implants,
osteointegration, drug delivery systems.
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Anomauin. Ingyszoeani nosepxui (SLIPS — Slippery Liquid-Infused Porous Surfaces)
CMAaHo8IAMb  inmepec AK NePCneKMUSHU Mmun @QYHKYIOHATbHUX NOKPpUMMIE 3A6805KU  CBOIM
VHIKAIbHUM 8IACMUBOCMAM. BUCOKIU 30aMHOCMI 00 BiOWMOBXYB8AHHS pPIOUH, HU3bKIU adeesii,
CAMOBIOHOBI08AHOCMI MA CMAOLILHOCMI 8 A2PecusHux cepedoguuiax. Y pobomi posensaHymo
ocHosHi npunyunu Gopmysanns SLIPS-nokpummieé Ha 0CHO8I NONIMEPHUX NIIBOK, WO BKIIOUAIOMb
08a KMOY08I emanu: CMEOPEHHs NOpUCmoi MIKpo- abo HAHOMeKCMmypoeanoi nogepxui ma ii
NPOCOUEHHs 8 SI3KOK MACMUibHo piounol. Onucano 08a nioxoou 00 ¢HOpMYBaAHHI MAKUX
cmpykmyp. Ilepwiuti — memniamuuii Memoo i3 GUKOPUCMAHHAM JA3EPHOI 0OPOOKU Memanesux
NOBEPXOHb O/ CIMEOPEHHs He2amueie mekcmypu 3 noOAIbUUM MEPMOPOPMYBAHHAM NOJIMEPHUX
nuigok. Lleii memoo Oemoncmpye nomenyian 01 MACUIMAOOBAHO20 BUPOOHUYMBA 3ABOAKU
CYMICHOCMI 3 ICHYIOYUMU MEXHON02IAMU nepepobKu noaimepis. [pyeuti — memoo 6e3nocepeorbozo
HaHeCeHHs1 MeKCMYPOBAHUX WAPI8 i3 8UKOpUCMAHHAM yHKyionanenux yacmunox (ZnO, TiOz) ma
NONIMEPHUX MAMPUYb, WO XoUd I 3a0e3neuye 8UCOKy eqheKmusHicmy, aie YCKIaoHIOE 8UPOOHUYMBO
uepes GUCOKY 6apmicmb peacenmié i CKIAOHICMb MexXHON02li. 3p0oOieHO BUCHOBOK, WO Memood
dopmysannss SLIPS i3 6UKOpUCMAHHAM J1A3€PHO CMBOPEHUX MeMNIamie € OOYilbHUM OJis
nOOANLULUX OOCTIONHCEHb Y HANPAMKY NPOMUCTIOB8020 UPOOHUYMBA 3AXUCHUX NOKPUINMIE HA OCHO8I
NOJIMepHUX NNIBOK.

Knrouoei cnosa: ingyszosani noeepxmi, SLIPS, nonimepmni niiexu, nazepua o6podKa,
mepmoghopmy8anHs, memMniamu, MacmuibHi piOUHY, MIKDOMEKCMYPYE8AHHS

Indy3opani moepxni a6o SLIPS (Bix Slippery Liquid-Infused Porous Surfaces
Briepiie omnucani rTpymoro JIx. AizenOepr [l]) ocTaHHIM YacoM aKTHUBHO
TOCITIKYIOTBCSL 4epe3 1X YHIKaJIbHI BIACTHBOCTI — MIJBUINEHOTO BiIIITOBXYBAaHHS
PIIMH, BKJIIOYAIOYM 1 HEMOJSAPHI, 3/aTHOCTI /10 MAacCOBIAHOBIIOBAHHS, HU3BKUMU
3HadYeHHAMH afre3ii. Taki wmaTepiaii MalOTh TNEPCHEKTUBY 10 MIUPOKOTO
3aCTOCYBaHHS B OloMeUIHUX MIPUCTPOSIX, CynHOOyayBaHHI Ta

KPUTOBIAIITOBXYBAIBHUX AHTUKOPO3IMHUX TMOKPUTTAX [2]. OCHOBHMI NpUHIIMI
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edeKTy peanizyeTbCsi MPU CTBOPEHHI MOPHUCTOI MOJIMEPHOI IIIBKU, 11 MPOCOYCHHI
B’SI3KMMH HETOJIIPHUMH PIAMHAMH, 10 3a0e31medye CTBOPEHHS IBO(a3HOI MOBEPXHI:
pianHa 3B’s13aHa B HEPIBHOCTSIX TEKCTYPH.

OpHi€r0 3 TOJIOBHMX IepeBar TaKWX TOKPUTTIB € IXHS TIiJBUIICHA
JIOBTOBIYHICTh Ta CTAaOUIBHICTH HABITH Yy CKIAQTHUX EKCIUTyaTallliHUX yMOBaX y
MOPIBHSHHI 3, HAIPUKJIA, CIIOPIAHEHOIO TEXHOJIOTIE CynepriipohoOHUX MOKPUTTIB.
3aBASIKM OCOOJIMBOCTSIM CTPYKTYpU 1 MOXIJIMBOCTI CTBOPEHHS Ha MOBEPXHSIX
MOJIIMEPHUX IIJIIBOK, BOHM MOXYTh OyTH MPUCTOCOBAHI JI0 PI3HUX CEPEOBUILl 1 OyTH
BUCOKOC(EKTUBHUMHU y 3aXUCTI Bij] 3a0pyIHCHD.

[Tpouec ctBopennst SLIPS ckiagaeTbes 3 BOX OCHOBHUX €TamiB: (hOpMyBaHHs
MOPUCTOI TOBEpPXHI Ta 1H(PY3yBaHHS MACTWIbHOKO piauHow. [lepmmit  eran
nependadyae CTBOPEHHS MIKpO- a00 HaHO MOpUCTOi CTPykTypu. Jpyruit eran
BKJIIOYAE MPOCOYYBAHHS 1€ MOPHUCTOI MATPHUIll PIAMHOIO, SKa Mae OyTH XIMIYHO
CYMICHOIO 3 MaTepiajloM OCHOBH, HE€ BHMMAapOBYBAaTHCs Ta 30epiraTv CTaOlIbHICTH Y
pI3HUX yMOBax. [neanbHi MacTUIIBHI PiAMHU — 1€ (TOpOBaHI a00 CHUIIIKOHOBI Macia 3
HU3BKOIO TIOBEPXHEBOIO €HEPri€l0, 10 3a0e3MeYy0Th JOBIMOBIYHICTh 1 €()EKTUBHICTh
MOKPUTTSL.

['onoBHOtO 3amaueto npu ctBopeHHI SLIPS-TekcTyp Ha moBepxHI MoJiMEpHUX
IUTIBOK € (hopMyBaHHS MPUAATHOI TEKCTYpH nmoBepxHi. OTHUM 3 HeOaraTb0X METO/IIB,
MPUAATHUX JIO MAaciiTaOyBaHHS, SIKAWA JO3BOJIAE BUPIINIMTH IO 3a7ady € METOJ
TEeMIUIATIB, SIKUM TOJISITA€ y CTBOPEHHI HEraTUBIB MOTPIOHUX TEKCTYp (TEMILIATIB) Ha
MOBEPXHI METaJIiB 1 HACTYITHE BUKOPUCTAHHS iX JJIs1 (DOPMYBaHHS IITLOBUX TEKCTYP
Ha TIOBEPXHSX MOJIMEPHUX IIIBOK TEPMOMPECyBaHHAM. JlaHUIT METOI MOKE 3HAYHO
3nemeBuTd BUpOOHUITBO SLIPS Ha OCHOBI momiMepHUX IUTIBOK, a/pKe HAHECEHHS
BIIOMTKIB MOKe OyTH MacIITabOBaHUM 32 PaxyHOK BUKOPHUCTAHHS BaJKOBHUX IPECIB
Ha BXK€ ICHYIOUHX IUTIBKaX.

Metoz nazepHoi 0OpOOKH € TapHUM KaHIUAATOM ISl OJIepPIKaHHs MPEIU31HHIX
TEeKCTyp Ha moBepxHi meTaniB. Hanpuknan, B [3] HaBeneHO crnocid Takoi 0OpoOKH:
CIOYaTKy aJIOMIHIEBI IUIACTUHM OYHWINAIOTh Yy J€10HI30BaHIM BOJI, €TaHOJI Ta

alleToHl A BUAAJEHHS MUy Ta *upy. [am Ha MOBEpXHI CTBOPIOIOTH MIKpPO- 1
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HAHOCTPYKTYPH 3a JIONIOMOTOI0 IMIyJibcHOTO Jazepa (1064 um, 20 kI, 50 mxMm, 200
mMm/c). Ilicms naszepHoi 0oOpoOKHM 3pa3ku NPOMHUBAIOTH Yy [ICI0HI30BaHIN BOI
yJIBTPa3BYKOM 1 BHUCYHIYIOTh MOTOKOM a30Ty. [Ins HagaHHs cynepriapo@oOHux
BJIACTUBOCTEHN MOBEPXHIO 3aHYPIOIOTh Y 1% posunn FAS B eranoni (~40 xB), a moTiM
HarpiBatotb npu 150 °C mporsrom 30 xB. Ilicms 1mporo 3paskd MNpOCOUYIOTH
MacTWJIBbHOIO piinHOK (~10 XB), a MOTIM BEPTUKAIBHO BUTPUMYIOTH (~30 XB) 11
BUJAJICHHS HAJJIMIIKIB 1 YOPMYBaHHS PIBHOMIPHOTO LIAapy MacTHJIA.

Crnip 3a3Ha4MTH 10 METOJ JIA3€pHOTO TEKCTYPYBAaHHs, XO04a 1 MOXe OyTH
BUKOpHUCTaHUHN Oe3nocepeHbo it (hOpMyBaHHS TEKCTYPU HA MOBEPXHI MOJIMEPHUX
IUTIBOK, MOTpeOye Mmoau@ikamii iX XIMIYHOTO CKJIaay a TaKoX HE € HaCTUIbKH
BHUCOKOUIBUIKICHUM 100 MOro KaHIWJATypy MOKHaA OyJio PO3IIIAIaTH SIK MUISX
MacmTabyBaHHS TEXHOJIOTII.

Sk anpTepHAaTHBA TEMIUIATHOMY METOAYy ICHYE METOJ Oe3mocepeIHbOro
oJiepKaHHS IUIIBOK 3 MOTPIOHOKO TEKCTYpOIO HAa OCHOBI YacTHMHOK. Hampukinan, B
poborti [4] nns 3abe3meueHHs] pIBHOMIPHOI TOBIIMHU MIKPOCTPYKTYPOBAHOTO MIapy
BUKOPUCTOBYBAJIM METOJ| KpaneiabHOrO HAHECEHHs: MIATrOTOBIECHI po3unHu ZnO Ta
PDMS HaHocwIM Ha OYHUILNEHE CKJIO Ta BHUIAISIM HAJJIMUIIOK 3a JIOMOMOIOK0
arutikatopa 3 3azopom 300 um. Jlami TOKpHUTI CKISHI TUIACTUHA YaCTKOBO
nomimepusyBasi B niedi npu 80 °C npotsarom 30 xB. Ilicisa yacTkoBoi mosimepu3ariii
3pa3ku 3a"yproBaym B nuctepcito TiO:2 1 miggaBamm yiabTpa3BykoBii o0po6ir (30 xB),
0 COpUsIo (PI3UMYHOMY 3aKPIMUICHHI0O HAHOYACTHMHOK Ha MoBepXxHi. [loTiM 3pas3ku
JCTaBaM 3 pO3YMHY Ta MOBHICTIO noniMepusyBam npu 80 °C nmpotsirom 45 xB. Ha
¢biHanbHOMY eTami Ha CynepriipodoOHy MOBEPXHIO HAHOCWIA CHUJIIKOHOBE Maclio,
SIK€ PIBHOMIPHO PO3TIKAJIOCsS Ta CTBOPIOBAJIO 1HPY3IMHUH 11ap.

[TpoGnemoro npyroro MeToay OJEp)KaHHS MOKPUTTIB € CKJIaJHa MpoIeaypa
HAHECEHHS, BHUKOPWUCTAHHS TMPHUHIIMIIOBO JOPOTUX pEareHTiB, IO IiBUIILYE
co01BapTICTh MaTepialiB Ta CKIAJHOLIl B JOCATHEHHI UM METOJO0M MEXaHIYHUX
BJIACTMBOCTEH, XapaKTEPHUX JIJISI €KCTPY31MHUX TLUTIBOK.

[nsxoM 1ysi BUPIIIEHHS LUX MPOOJeM MO)Ke OYyTH BUKOPUCTAHHS METOMY

Ja3epHoi 0OpOOKM JUIsi CTBOPEHHS HETaTUBHUX BIATHUCKIB cTpykTypu SLIPS, ski
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Hajaal OyayTh BUKOPUCTAHI JIJIsI TEPpOMO(POpMYBaHHS MOBEPXHI MOJIMEPHUX IIT1BOK.
Po3pobka 1poro maxomy 3yMOBHTH HEOOXIAHICTH OiIBII AETATLHOTO PO3IIISTY
NpOIECiB  TIEPEHEeCEeHHST  TEKCTyp 3  MOBEPXHI  METAIeBHX  TEMIUIATIB,
MIKpOPEOJIOTIYHUX  OCOOJIMBOCTEH pO3IJIABIB MOJIMEpIB, SKI MPAIOIOTh B
MaJOpO3MIpUX  KaHallaX  MOPSAAKY  JECATKIB ~ MIKPDOMETpIB,  YTBOPEHHS
MaKpPOMOJIEKYJISIPOHOT TICEBAOKPUCTAIIYHOI CTPYKTYPH MOJIMEPIB B TAKUX YMOBax i

BIUTMB IIHOTO HAa OCTATOYHUHN TTPO(1JIb TEKCTYPH.

BUCHOBKU
[Toka3zaHo, 110 BUPOOHUITBO 1H(Y30BaHUX TOBEPXOHb € HOBHUM 1 JOCHUTh
NEPCIIEKTUBHUM  HANPSIMKOM  JOCTI/DKEHHS. bByno posrmisiHyTo JBa MeEToau
BUPOOHUITBA 1H(Y30BaHUX MOBEPXOHb, & CaM€ METOJ Jia3epHOi 0OpOOKU Ta METOA
HAHECEHHS TTIBOK 3 aucrepcii. OOrpyHTOBAHO 110 METO/ JIa3epHO1 0OPOOKHU € O1IIbIIT
OpUIATHUM JJii BUPOOHUITBA 1H(Y30BaHMX MOBEPXOHb Ha OCHOBI MOJIMEPHUX
IUTIBOK  4Yepe3 TMOCHIJOBHI cTaAii (QopMyBaHHA MeETaJeBUX HEraTHBIB Ta

TepMO(pOpMyBaHHS MTOBEPXHI LIJIbOBUX IUIIBOK UMK HETaTUBAMH.
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Abstract. Slippery Liquid-Infused Porous Surfaces (SLIPS) are a promising class of
functional coatings due to their unique properties, including high liquid repellency (even for non-
polar liquids), low adhesion, self-healing capabilities, and long-term stability in aggressive
environments. This paper discusses the main principles of SLIPS fabrication based on polymer
films, which typically involves two key steps: the formation of a porous micro- or nanostructured
surface and its infusion with a viscous lubricating liquid. Two fabrication approaches are
considered. The first is the template-based method, which involves laser texturing of metal surfaces
to create negative molds that are subsequently used for thermoforming polymer films. This
technique shows strong potential for scalable production, particularly because it is compatible with
existing industrial polymer processing technologies. The second approach involves direct
deposition of textured layers using functional particles (such as ZnO or TiO:) embedded in polymer
matrices. While this method enables the formation of effective SLIPS layers, it poses challenges
related to high material costs and complex processing steps.The study concludes that the use of
laser-generated templates for thermoforming SLIPS structures on polymer films is a more practical
and scalable approach. This method holds promise for future research focused on the industrial
application of SLIPS coatings for protective and anti-fouling purposes.

Keywords: SLIPS, infused surfaces, polymer films, laser processing, thermoforming,
templates, lubricating liquids, microtexturing
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Anomauin. Y pooomi 00cniodxiceno 6niug 4epeoHo20 Wiamy, wo € 8i0X000M IUHO3EMHO20
BUPOOHUYMEA, HA MeNIOPI3UYHI  BIACMUBOCMI NOJIMEPHUX KOMNO3UMI8 HA OCHOBL BOOHUX
oucnepciti bymadieu-cmuponvhoi (Latex 2012) ma axpunoegoi (Policril 590). Bcmanosneno, wo
ssedenns 65—90 mac.% uepeoHo2o wiamy cnpuse 3pOCMAaHHIO MEnIONPOBIOHOCMI KOMNO3UMIE Y
HU3bKOMeMnepamypHomy O0ianazoHi ma 30epedxcenHio  cmabilbHUX Xapakmepucmuk npu
niosuwenni memnepamypu. Ilokazauo, wo npu 3pOCMaHHi NOPUCMOCMI Ma 2YCMUHU Mamepiaie
cnocmepieaemuvcs  opmysanus besnepepeHoi  menionposionoi cmpykmypu. Bubip 600Hux
nonimMepHux oucnepcii 3abe3neuye epexmuHy 83aeMo0ilo 3 2iOpo@ilbHUM HANOBHIO8AUEM 0e3
000amko60i  ximiunoi moougikayii. Ompumani pesyromamu NiOMEepONCYIOmMms  OOYLIbHICD
BUKOPUCMAHHA  YePBOHO20 WIAMY SK (DYHKYIOHAILHO20 HANOGHI08AYA mda  BIOKPUBAIOMb
nepcneKmuey 3acmocy8aHHsa MaKux KOMNO3umis y 0yoieHuymei, menioizonayiiHux ma exoaio2i4Ho
OPIEHMOBAHUX MAMepPIanax.

Knrouoei cnoea: uepgonuti winam, noONIMEpHULl KOMRO3UM, MeENIONPOGIOHICMb, 600HA
oucnepcis, 1amexc, mexHo2eHHi 8i0X00U.

Uepronuii muiam (YIII), a6o O0KCUTOBUI 3aJIMIIIOK, € OJTHUM 3 HAMACOBIIINX 1
MOTEHLIHHO HEOE3MEeUHUX TEXHOTEHHUX BIAXOJIB aJIOMIHIEBOI MPOMHCIOBOCTI. BiH
YTBOPIOETHCS BHACTIOK JIy’)kHOT 00poOku Ookcuty B mponeci baifepa 1
XapaKTepU3y€eThCs BUCOKUM BMICTOM OKCHJIIB 3ajli3a, allOMIiHIIO, TUTaHy, a TaKOXK
KpEeMHe3eMy, JIYKHHX 1 JIy)KHO3eMenbHHX MeTamiB. Moro 36epiramHs y
IIJJAMOCXOBHINAX CTBOPIOE 3HAYHE EKOJIOTIYHE HABAaHTA)XCHHS, IO 3YMOBIIIOE

aKTyaJbHICTh PO3POOKM TEXHOJIOTIM HOro MOBTOPHOTO BUKOpHCTaHHA. OgHUM 13
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NEPCIIeKTUBHUX HANPSMKIB € 3aCTOCYBaHHS YEPBOHOTO MIIaMy SK MiHEpajIbHOTO
HAMOBHIOBaYa B TMOJIMEPHUX KOMITIO3UIIIMHUX MaTepiajiaX, 10 J03BOJISE HE JIUIIC
3MEHIIUTH KUIBKICTh BIIXOAIB, a W HaJaTH KOMIIO3UTaM HOB1 (YHKIIIOHAIBHI
BIIacTHBOCTI [1].

HasBHi miteparypHi gaHi cBimuath, mo Bukopuctands YIII B momimepHmX
KOMIIO3UTAX JI03BOJISIE TTOKPAIIMTH MEXaHI4Hi, TEPMiuHi, a B OKPEMHUX BHIMAJIKaX —
GyHKIIOHANBHI BJIACTUBOCTI MatepianiB. Hampukinan, y AoCHiKeHHI TiOpUIHUX
MOJTIECTEPHUX KOMIIO3UTIB 13 CHU3aJ€BUM BOJIOKHOM [2] Oysio TMoOKa3aHo, IO
nonaBanHs 20 mac.% 4YEpBOHOIO IUIaMy 3HAYHO MOKpAIly€ MEXaHIYHY MIIHICTb.
Iame gocmimxenns [3] noBoauts, mo 10 mac.% Yl B cucTemi emOKCHIHOT CMOJH 3
0aMOYKOBHMM BOJIOKHOM TTOKpAIIy€e sIK XIMIYHY, TaK 1 MEXaHIYHY CTIHKICTb

OxpiM 3MIIIHEHHS, YEPBOHUN IIJTAaM MOYKE HaJlaBaTH KOMITO3UTaM CIHeIliadbHi
BJIACTUBOCTIL. Y po0OOTI [4] HaBeAEHO MPUKIIAJ BUKOPUCTAHHS KOMIIO3UTIB HA OCHOBI
[1BC 3 Bucokum ymictoMm uepBoHOro nuiamy (60—80 %) sk edheKTUBHOTO MaTepiary
IUIs eKpaHyBaHHS pPEHTTEHIBCHKOIO BHUIPOMiHIOBaHHs. [HIIEe pociimkeHHs [5]
MOKa3aJio, 10 HaBIThb HEBEJMKAa KUIbKICTh muamy (mo 10 mac.%) y cTpykrypi
TiIpOreNio 3HA4YHO 30UIblIye MOAYNb 30epiraHHs 1 CTaOUIBHICTH TiApO(UIEHOT
CTPYKTYPH.

VY npomMy A0CHIIKeHH] 0YyJIO MPOaHali30BaHO MOJIMEPHI KOMIIO3UTH Ha OCHOBI
BOJHMX JHUCHEpPCI COMOJIMEpPIB 13 [0JaBaHHAM uepBoHOro nwiamy Big I[IAT
«3anopi3pKuil aTrOMiHIEBHM KOMOIHAT» SIK MIHEpaJIbHOTO HaroBHIOBayda. Lleit miam
XapakTepu3yerbesi BUCOKUM BMICTOM Fe20s 1 TiO2, a TakoX CYKYMHICTIO JIy>KHHX 1
nyxkHozemenbHuX OkcuaiB (RO+R20) ma piBui 8,62 mac.%, mo Hamae wWomy
MOTEHIIATy sIK (DYHKI[IOHAJBLHOI'O HAMOBHIOBa4Ya. XIMIYHUNA Ta MIHEpPAJOTTUHHM
CKJIaJ IIbOTO MaTepiaidy OyJio JeTalbHO OMHCAHO B MOMEPEIHIX AOCTIKEHHIX [6].
[TomiMepHOIO MAaTpHIIEl0 BHUCTYNAIM BOAHI Jucrepcii OyTaai€H-CTUPOIBLHOTO
conosimepy Latex 2012 1 akpwiooro mnojaiMmepy Policril 590. Bubip came mux
AUcTepcii 3yMOBJICHHMM 1X BHCOKOIO CYMICHICTIO 3 TiIpO(IIbHUMHU YacCTHHKAMH,

HU3BKOIO B’SA3KICTIO, CTAOUIBHICTIO Ta JOOPOIO IUIIBKOYTBOPIOBAIBHOIO 3aTHICTIO.
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JleTanbHy XapaKTepUCTUKY iX BJIACTUBOCTEN HaBEJAEHO B poOoTax [7], a TEXHOJOTIIO
MPUTOTYBaHHS 3pa3KiB onucaHo y [8].

OCKIIbKM CTPYKTypa KOMIIO3MTIB ICTOTHO BIUIMBAa€ Ha iXHI TeIUIo(i3UyHi
XapaKTEPUCTHKH, OCOONMBY yBary B Ilii  poOOTI TPHUAUICHO BHUBYCHHIO
TETJIOTPOBITHOCTI KOMITO3UTIB 13 PI3HUM BMICTOM YEPBOHOTO MIIaMy. 3pa3Ku
roTyBaju 3 KoHueHTparisMu 65 mac.% 1 90 mac.% YILI. BumiproBaHHsi MpOBOAUIIN B
nmianmazoni temmeparyp Bim 150 mo 375 K. VYcraHoBieHo, MO0 TpH HUBBKUX
TeMmrepaTypax TeIUIONPOBIIHICTh KOMIIO3UTIB 3 BHUCOKHM BMIicTOM muiamy (90
mac.%) € Buioro 1 moxe csaratu 1,52 Bt/(m-K), toai sk ans 3paskiB 13 65 mac.%
3HadYeHHA cTaHOBUTH Onm3bko 0,93 Bt/(M-K). I3 migBumeHHsM Temmepatypu (10
350-375 K) TemnonpoBiIHICTh 000X CUCTEM 3HUXKYEThCS U nocsarae piBusa 0,56—0,84
B1/(m°K), 1110 3ymMOBI€HO 301IbIIEHHSM TEIJIOBUX KOJUBAHb MOJIMEPHOI MaTpUIll Ta

PO3PUBOM TETUIOMPOBIIHUX KaHAIB.
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Puc. 1. 3ane:xxknocTi koe(ilieHTAa TeNJIONPOBITHOCTI Bil TeMnepaTypH Il CUCTEM 3
Y1l na ocuosi Latex 2012 (a) Ta Policril 590 (0) npu koHuenTpamii HamoBHwBayva: 1 — 65
Mac.%, 2 — 90 mac.%

Pe3ynbpTat Takoxk cBiYaTh MPO TE, IIO MPH IMiJABUILIEHHI BMICTY HUIIamy 3 65
10 90 mac.% rycTuHa KOMIIO3UTIB 3pocTae 3 1,52 no 2,06 r/cMm?, a TETIONPOBIAHICTh
nigBuInyeTbest BiamoBigHo 3 0,56 mo 0,82 Bt/(M-K), mo miaTBepakye HasBHICTh

KOpEeJLii MIX CTPYKTYPHOIO IIIIBHICTIO Ta €()EKTUBHICTIO TETJIONIEPEHOCY.
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Puc. 2 3ane:xxHocTi koedinieHTa TenaonpoBixHocTi Ta rycruHu koMno3uTis i3 YL puis
cucreM Ha ocHoBi: 1 — Latex 2012, 2 — Policril 590

OkpeMo JOCTIAKEHO BIUIMB MOPUCTOCTI HA TETUIONPOBIAHICTh. 31 3pOCTAHHIM
Bmicty Yl 3poctae 1 mopucticte — g Latex 2012 3 18,56% no 42,23%, a nns
Policril 590 — 3 9,89% mo 43,51%. He3Baxkaiouum Ha 3arajibHe MPABUIIO, IIIO
3pOCTaHHS  TOPUCTOCTI  TMPHU3BOAWTH JO 3HIKEHHS  TEIUIONPOBIIHOCTI, ¥
TOCIIKYBaHUX 3pa3kax 3a(iKCOBAHO 3BOPOTHY TEHICHIIIIO: Y CUCTEMAX 3 BUCOKHUM
BMICTOM YEPBOHOTO IIJIAaMY CIIOCTEPIra€ThCsl 3pPOCTaHHS TerIonpoBigHOCTI. Ile
CBITUUTH MPO (POpMyBaHHS B KOMIIO3UTaX Oe3MepPEPBHOI TEIUIONPOBIIHOI CTPYKTYPH

3 HaCTHUHOK YCPBOHOT'O IIJIAMY, AKd KOMIICHCY€E BIIJIMB IIOPOBOI'O CCPCAOBHUIIIA.

BUCHOBKU

Hocmimkeno BrmuB Yl wHa Termnodi3uuHi BIACTHBOCTI  MOMIMEPHUX
KOMIO3UIIMHUX MaTepiajiB Ha OCHOBI BojHUX nucrnepciit Latex 2012 ta Policril 590.
BcranoBneno, mo BBemeHHs 65-90 wmac.% mmaMy cOpusi€  ITiIBHINCHHIO
TETUIONPOBITHOCTI KOMIIO3UTIB, OCOOJMBO B HU3BKOTEMIIEPATYpHOMY Jiana3oHi, 3a
paxyHoK (opMyBaHHS Oe3mepepBHOI TEIUIONMPOBIIHOT CTPYKTypH. He3Bakaroum Ha
3pOCTaHHS MOPUCTOCTI, MIJABHUILEHHS T'YCTHHHM Ta BMICTy TBepoi (a3u 3abe3meuye
edexTuBHY Tiepenauy Tersia. BuOpaHi BOaHI MOJIMEPHI auUCHEpCii IEMOHCTPYIOTh

BHCOKY CYMICHICTh 13 TiApo(diIbHUM HaloOBHIOBaueM 0O€3 ToTpedu B XIMIUHIN
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moaudikamii. OTpuMaHl pe3yJabTaTh MATBEPIKYIOTh JOMIIBHICTh BUKOPHUCTAHHS
YEpPBOHOTO MIIaMy SIK (DYHKI[IOHAJIBHOTO HAMOBHIOBaYa B €KOJIOTIYHO OE3MEeYHUX
KOMMO3UIIIMHAX MaTepianax, 0 MOXYTh 3HAWUTH 3aCTOCYBaHHS B TETUIOI30JIAIII],

OYyIIBHHIITBI Ta CUCTEMaX KEPOBAHOTO TEILJIOTIEPEHOCY.
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Abstract. This study investigates the effect of red mud, a waste product of alumina
production, on the thermophysical properties of polymer composites based on aqueous dispersions
of butadiene-styrene (Latex 2012) and acrylic (Policril 590) polymers. It was found that the
introduction of 65-90 wt.% red mud enhances the thermal conductivity of the composites in the
low-temperature range and maintains stable performance at elevated temperatures. It is shown that
increasing the porosity and density of the materials leads to the formation of a continuous thermally
conductive structure. The use of aqueous polymer dispersions ensures effective interaction with the
hydrophilic filler without the need for additional chemical modification. The obtained results
confirm the feasibility of using red mud as a functional filler and highlight its potential in
construction, thermal insulation, and environmentally oriented composite materials.

Key words: red mud, polymer composite, thermal conductivity, aqueous dispersion, latex,
industrial waste.
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Anomauin. Y cmammi po3ensanymo nepcnekmueu 8UKOPUCMAHHA 307U 8UHOCY MENnio8UX
eeKmpoOCmanyiil. K MIHepaIbHO20 HANOBHI08AYA O/ NONIMEPHUX KOMNOZUYIUHUX Mamepianie.
Ob01pyHmMoBaHo OOYINbHICMb 3ACMOCYB8AHHA  BOOHUX OUCHEPCill noaimepie 011 NOKPAWEHHs
cymicHocmi 3 2iOpoghinbHOI0 NOGepXHeilo 301U ma 3abe3nedenHs ii PiBHOMIPHO20 pO3N0OiNy 8
nonimepuiu  mampuyi. Memow 00CniONCeHHs € BUBYEHHS BNAUBY KOHYeHmpayii 301U Ha
Gopmyeanns noposoi cmpykmypu, 6000NONUHAHHA, NUMOMOI NOBEPXHI MA CePeOHbO20 PO3MIPY
nop y KOMHO3UMAX HA OCHOBI 1ameKcié bymaoieH-cmuponbrHo2o mapku Latex 2012 ma axpunosozo
mapxu  Policril 590. Excnepumenmanvui pesyibmamu noKa3aiu, wo 66e0eHHs 301U CHPUSE
VMBOPEHHIO Me30NOPUCMOI CMPYKMYPU, 3 8UCOKUM pieHeM 8i0Kpumoi nopucmocmi, ocobauso y
spaszkax i3 Latex 2012. Ompumani Komnoumu maromes NOMEHYIanN 3ACMOCYBAHHS 6 eKOJI02IYHO
be3neunux KOHCMPYKYIUHUX Mamepianax.

Kniouogi cnoea: 301a 6uHocy, noniMEpHUli  KOMRO3Um, J1AMeKc, NOPUCMICMb,
MIKpOCMPYKMYpa, HAn08HI08a4, MeXHO2EeHHI 8I0X00U.

30J1a TETUIOBUX EJIEKTPOCTAHIIIN, 10 YTBOPIOETHCS K MOOIYHHUIA MPOIYKT MPHU
CIaJIFOBAaHHI BYTULIA, € OJHUM 13 HAWOLIBII MOIIMPEHUX TEXHOTCHHUX BIJIXOMdIB Y
cBiTl. [i HakONMWYeHHA CHOPUYMHSAE 3HAYHE EKOJOTIYHE HABAHTAXEHHS, OCKLIbKU

noTpeOye BENMKUX IUIOLIL JJIsi 30epiraHHs 1 MOXKE MPU3BOAUTH 10 3a0pyIHEHHS
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IPYHTIB, Mi3eMHUX BOJA Ta arMocdepu. Y 3B’SA3Ky 3 IIMM OCTaHHIMH pPOKaMU
CTHIOCTEPIraeThCs 3POCTAIOUHIA 1HTEPEC 10 BTOPMHHOTO BUKOPHUCTAHHS 30JIM, 30KpeMa
B rajiy3i CTBOPEHHS IMOJIMEPHUX KOMIIO3UTIB, Jie 30J1a MOKE BUKOHYBAaTH (DYHKIIIIO
HAlOBHIOBa4a, 3a0e3Meuyrour HE JUIIe 3MEHIICHHS O00CsATY BIIXOMIB, a W
MOJIIMIICHHS] BJIACTUBOCTEW KiHIIEBOro wmatepiamy. Ximiuauii cknag 3omu TEC
3a3BUYall  BKIIIOYA€ TMepeBaXHO amopdHuil miokcun kKpeMmHio (S102), okcun
amomiHiio (Al20s3) Ta okenn 3amiza (Fe20s), mo 3ab6e3neuye ii XiMiYHY aKTHBHICTh Ta
MOTEHITiaJ U B3a€EMOJIT 3 TIOJIMEPHUMH MaTpULIAMH. THITOBOIO OPMOIO YACTHHOK
30Ji1 € cepruyHa, a TYCTUHA 3QJICKHO Bl Ppakiiii Moxe komuBaTtucs Bix 500 g0 900
Kr/M?, ocobnuBo s neHocdep. Taki (i3uyH1 BIACTUBOCTI CIPHUSIOTH 3MEHILIEHHIO
Bard KOMIIO3UTIB Ta IMOJETIIYIOTh iX TepepoOKy, 3a0e3nedyrodd pPiBHOMIPHHM
PO3MO/I1T YACTHHOK Y MOJIIMEpI.

Ockinbku 30mma TEC mae rigpodinsHy nmpupoay, e 6e3nocepeiHbo BIUTMBAE Ha
il B3aeMoAil0 3 MOJIMEPHOW Marpuiero. [iapodiabHI YaCTUHKM 307U MAarOTh
CXUJIBHICTh JO YTBOPEHHS BOJHEBUX 3B’SI3KIB, JIETKO 3MOYYIOTHCS BOJIOIO, aje
MOTaHO JAMCIIEPTYIOTHCS B TipO()OOHUX MOTIMEPHUX CEPENOBHUIIAX, IO MPU3BOAUTH
70 ariiomMepanii 4aCTMHOK, HEPIBHOMIPHOTO pPO3MOALTY B 00’€Mi KOMIIO3HUTY Ta
noraHoi anresii. Jig mnomonaHHs IMX HEAOMIKIB ONTUMAJIbHUM PIIICHHSAM €
BUKOPHUCTAHHS BOJHHUX TMOJIMEPHUX JHUCIIEPCIi—TIaTeKCiB, 30KpeMa Ha OCHOBI
CTUPOJ-aKPWIOBUX, CTHPOI-OyTaqi€HOBHUX a00 YHCTO AaKPWIOBHX IOJIMEPIB.
BuxopucrtanHs came BOJHUX IUCIIEPCii Mae KijbKa KIOYoBHX mepesar. [lo-mepie,
BOJIHE CEPEJOBUIIE € MPUPOJHO CYMICHHUM 13 T1APO]iIbHOI MOBEPXHEIO 30JIH, IO
CHpHUs€ KpalioMy 3MOYYBAHHIO Ta CTAOUIbHINIIN AMCHEpCii TBEPAUX UYACTHHOK Oe3
noTpedbu B ckiaagHuX (izuko-ximMiyHuX Moaudikamisx. Ilo-mpyre, 1e m03BojsE
3a0e3MeYuTH PIBHOMIPHUN PO3MOALIT HAlOBHIOBAaYa MO BCHOMY 00’€My MONIMEpPHOL
IUTIBKA ab0 ImIapy, MI0 3HAYHO MOKpAIye MEXaHiuHl, TEIJIOBl Ta JIEJEKTPUYHI
BJIACTUBOCTI TOTOBOTO KOMIO3UTy. I[lo-TpeTe, BomHi mucmepcii € eKOJIOTivHO
0e3MeYHNMH, OCKUIBKU HE MICTSTH JIETKUX OpPraHIYHUX PO3YMHHHUKIB, a CaM IMPOIIEC
iX HaHECEHHs 4YHM 3MINIyBaHHA MOJKE 3IIWCHIOBAaTHCS 3a BiIHOCHO HU3BKUX

Temreparyp 1 0e3 BUKOPUCTaHHSA TOKCHYHUX peareHTiB. TakuM YMHOM, BPaXOBYIOUH
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riapodiIbHICTh 30JIM Ta BIACTUBOCTI BOJHUX IMOJIMEPHUX AUCIEPCIH, iX MOETHAHHS
€ JIOTIYHO OOTPYHTOBAHMM 1 TEXHOJIOTIYHO MOLIBHUM PIIIEHHSIM ISl CTBOPEHHS
BHUCOKOE(EKTUBHUX, €KOJIOTTYHO OE3MEYHUX KOMIIO3UTHUX MaTepiaiB.

Meta nocJiakeHHsI — BCTAHOBUTU CTPYKTYPHO-(QYHKI[IOHAIBHI OCOOIMBOCTI
MOJIIMEPHUX KOMIIO3UTIB HA OCHOBI BOAHMX JIATEKCHUX JAMCIEPCiii 13 301010
KypaxiBcbkoi TEC (3oma K) sk HamoBHIOBaueM, 30KpeMa BHUBYUTH BIUIMB
KOHIICHTpaIlli 30J1 Ha (OPMyBaHHS TOPOBOI CTPYKTYPH, BOJOIMOTIMHAHHS, TATOMY
MOBEPXHIO Ta MIKPOIIOPUCTICTh, @ TAKOX OOTPYHTYBAaTHU JOLLUIBHICTh BUKOPHUCTAHHS
TaKUX CUCTEM JJI1 CTBOPEHHS €KOJIOTIYHO OE3MeYHUX KOMIO3ULIMHUX MaTepiajiiB 3
PEryIbOBAHUMU TETIO(PI3UYHUMHU BIIACTUBOCTSIMH.

VY KOHTEKCTI PI3HOMAaHITHUX TMOJIMEPHUX MATPHIlb, TOCIIIKEHHS MOKa3yIOTh,
mo 30ma TEC moxe Oyt epexTHBHMM HANMOBHIOBaUYE€M Yy KOMIIO3UTaX Ha OCHOBI
EMOKCUIHUX CMOJI, TomeTmieny Bucokoi mutbHocTi (HDPE), momiyperanis, a Takox
IHITUX TEPMOILJIACTIB Ta TEPMOPEAKTUBHUX ToiMepiB. KoxkeH Thm MaTpuilli Mae CBO1
O0COOMBOCTI B3a€MOJIl 3 30JIbHAM HAMOBHIOBAYeM, 110 BIUIMBAE HAa ONTHUMAJbHY
KOHIICHTpAIlil0 30JI4, HeoOXigHi Meroau wmoaudikailli IMOBEpXHI Ta OYIKyBaHI
eKCIUTyaTallliiH1 XapaKTepUCTUKH MaTepiany. 30KpeMa, y BUMIAJKy €TOKCUIHOI CMOJIH
BBEJICHHS 307U B KOHIeHTpamisx 1, 3, 5, 71 10 phr (vactun HanoBHioBaua Ha 100
YaCTUH CMOJIM) CIIPHUSE TIJBUIICHHIO MOJIYJIS TMPY>KHOCTI, MIITHOCTI Ha PO3TST Ta
TIENeKTPUYHUX XapaKTepucTHK. HailOumpIn BUpakeHUI eeKT CroCTepiraeTbes Mmpu
10 phr, xomu eneproedekTuBHICTh 30epiranHs 3poctae 10 30 pas3iB MOPIBHSIHO 3
HezanoBHeHO Matpurieto [1]. Jns IIEHT ontumansHOI0O € KOHIIEHTpallis 30J1 Ha
piBH1 15 mac.%, o 3a6e3neuye 3poctands moayis FOura npubnuzno Ha 200% 0e3
3HAQYHOTO TOTIPIIEHHS IHIIMX XapakTepucTuk. Haith micias 20 THUXKHIB CTapiHHS
Matepiany 3HUKEHHS MIITHOCTI CTAHOBUTH Juiie 5—9% [2], 10 CBITYUTH PO BUCOKY
CTaOlIBHICTh BJIACTUBOCTEH 30JbHHX KOMIIO3HUTIB. Y >KOPCTKHX MOJIypeTaHOBHUX
MiHOIUIACTaX JoJaBaHHA 307U 10 10 mac.% mokpailye K TeIOBY, TaK 1 MEXaHIYHY
CTIMKICTh, pOOJSYM Taki KOMIO3UTH MPHUIATHUMHU [JIsI 3aCTOCYBaHHS B

TEIUIOI30JIAMINHNX cucTeMax [3].
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3oma TEC, 3aBmsku 30aTHOCTI TIOTJMHATH COHSYHE BHIPOMIHIOBAHHS B
IIMPOKOMY CHEKTpi, 3a0e3neuye 101aTKOBUN 3aXUCT MOJIIMEPIB B (OTOAECCTPYKIIII.
Ieit edekT BaXxIMBUM JIJI1 MaTepialiiB, 110 €KCIUTYaTyIOThCSl Ha BIAKPUTOMY MOBITPI
mpoTSIroM TpuBajoro dacy. OpHak, HE3BAKAUM HA 3HAYHUW TIOTEHITIAT,
3aCTOCYBaHHS 307U TIOB'SI3aHE 3 HHU3KOK TEXHOJIOTIYHUX BUKIUWKIB. [ 0JOBHOIO
npoOjieMo0 € TiApodinbHAa TPUPOJA 30U, IO YCKIATHIOE i1 CYMICHICTH 13
rizpo@oOHIUMH MoNTIMEpHUME MaTpulsiMu. Lle moTpedye 3acTocyBaHHs MONEPeIHBOT
OOpoOKM YacTHHOK 30yd. HaWmommpeHImMMH METOAaMH € BUKOPHCTAHHS
CUJIAHOBHX CHOJYYHHUX areHTIB, sIKI XIMIYHO 3B'SI3YIOThCS SIK 13 TOBEPXHEIO 30J1H, TaK
1 3 TOJNIMEepOM, CTBOpIOIOYHM cTabumbHy iHTepdasny 3ony [4]. Kpim Toro,
NEPCIeKTUBHUMU € MeToAMu (13udHOI Moaudikallli, Taki SK yJIbTpa3ByKoBa 00poOka
abo T™Ia3MOXIMIYHE TpPABJICHHS, SKI MOKPAII[yIOTh JUCHEPCHICTH 1 3MEHIIYIOTh
CTYIIIHb arjioMepartii.

[Ilo6 xpame 3po3ymitu cnenudiky B3aemoxii 30iau KypaxiBebkoi TEC 13
BOJAHMMH JAHCIEPCIsIMU, OyJ0 TPOBEACHO MAOCHIIKEHHS TMOPOBOI CTPYKTYpH
KOMIO3UTIB Ha ocHOBI JjatekciB Latex 2012 1 Policril 590 i3 BBeaeHHSM 3071 B
KOHIEHTpauiax Big 65 mo 90 mac.%. AHami3 MOPUCTOCTI MOKas3aB, L0 CHCTEMA 3
Latex 2012 cnpwusie yTBOpEeHHIO OUTBIII PO3BHHEHOI MOPOBOI CTPYKTYpH. 30Kpema,
npu 90 Mac.% 3onu 3arajgpHa MOpUCTICTh nocsarana 32,01%, Bigkputa — 19,79%, a
BOAONOTAMHAHHA — 12,7%, 110 3HAYHO NEPEBUILY€E BIAMOBIAHI MOKA3HUKU IS
Policril 590. Ilpu mpomy ryctuHa 3anuimianacs B mexax 1,36-1,56 r/cm?, mo €
NPUAHATHUM TSI TETUIO130JISIIIIMHUX MaTepialliB.

[30Tepmu aacopOIIii a30Ty, moOyAOBaH1 A1 CUCTEM 13 3051010 K, BiAMOBIMAtOTH
tunty II 3a xnacudikarmiero IUPAC, nio cBIZYUTH PO ME30MOPUCTY CTPYKTYPY
Mmarepiany. Cucrema «Latex 2012 + 301a» Mae MMAPIIHI PO3MOILT TTOP 32 PaIiycoM
13 JAOMiHYBaHHSIM mop Onm3bko 2 HM, Toai sk Policril 590 ¢opmye minpHINLy #

OJIHOPIJHIITY CTPYKTYPY.
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Tabannsa 1-XapakTepucTuka NnopoBoi CTPYKTYpH

3pazku ITutoma 3araneHuil  00°eM | O0’eMm Cepenniii
MOBEPXHS nop npu P/Po= no | mikpormop, po3Mip Top,
BET, M*/r 1, eM/r cM/r HM

3oma K 0,68 1,10-103 0 2,93

3oma K+ Policril 590 0,61 0,48-107 3,64-10™ 1,58

3oma K + Latex 2012 0,57 0,79-1073 1,09-10* 2,98

3a pmanumu BET-amamizy, kommosut Latex 2012 + 30ma, Mae mnuromy
noBepxHio 0,57 M*/r, 06’em mikporop — 1,09-107 cm?/r 1 cepeaniii po3mip nop — 2,98
HM. BBeneHHsS naTtekcy Aemo 3HWXKYE MUTOMY IMOBEPXHIO MOPIBHSIHO 3 HATUBHOIO
30JI010, aJI¢ MOKPAIye MIKPOTIOPUCTY OPTaHi3allii0 CTPYKTYPH, IO OCOOIUBO I[IHHO

U1l GYHKITIOHAJIBHUX MaTepialiB.

BUCHOBKHU

HanmipHa koHieHTpallist 3004 Yy KoMno3uTi (moHaa 15%) Moxke Mpu3BOJIUTH
70 arjoMepailii YaCTUHOK, YTBOPEHHS MOPOXKHUH 1 3HIKEHHS MIIIHOCTI, OJHAK Y
JATEKCHUX AUCHEPCIsiX LI €(PEeKTH YacTKOBO HIBEIIOIOTHCS 32 PAaXyHOK BHUCOKO1
JTUCIEPCIHOI 3JaTHOCTI CUCTEMHU. 3aCTOCYBAaHHSI 30JIM B KOMIIO3UTaX Ha OCHOBI
BOJHMX JTUCIEPCIHA J03BOJISE HE JIUIIEC 3MEHIINTH HaBAaHTAKEHHS Ha JOBKULIA, a i
OTpUMATH MaTepiaii 3 PEeryjbOBaHUMU CTPYKTYPHUMHU Ta €KCIUTyaTaliliHUMHU
xapakrepuctukamu. Kommno3utu Ha ocHoBi Latex 2012 BusiBHIM Kparli MOKa3HUKH
PO3BUHEHOCTI MOPOBOI CTPYKTypu mopiBHsAHO 3 Policril 590. Otpumani matepianm €
dacagHuX eJIeMEeHTax,

NEpPCIeKTUBHUMHU JUIsl 3aCTOCYBaHHS Yy OYyJiBHHUIITBI,

aKyCTHMYHUX MMaHEeJSX Ta €KOJIOT1YHIN YIaKOBIIL.
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Abstract. This article explores the prospects of using fly ash from thermal power plants as a
mineral filler for polymer composite materials. The feasibility of applying aqueous polymer
dispersions is substantiated to improve compatibility with the hydrophilic surface of fly ash and to
ensure its uniform distribution within the polymer matrix. The aim of the study is to investigate the
effect of fly ash concentration on the formation of pore structure, water absorption, specific surface
area, and average pore size in composites based on butadiene-styrene latex (Latex 2012) and
acrylic latex (Policril 590). Experimental results demonstrated that the addition of fly ash promotes
the formation of a mesoporous structure with a high level of open porosity, particularly in samples
containing Latex 2012. The obtained composites show potential for application in environmentally
friendly structural materials.
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Anomauin: Y pobomi OocniodxcenHo ocobausocmi @Gopmyeanms cynepeiopoghooHux
NOKpUMMi8 Ha OCHOBI diamomimy 6 akpuiositi norimeprit mampuyi. Jlokazano, wo 3a808Ku MiKpo-
ma HAHOCMPYKMYPOBaHil nopucmii popmi oiamomim epexmusHo Cmeoproe meKkcmypy, HeoOXioHy
ona oocsenenns cmany Kaci, konu Kpanisa piouHu uacmko8o CRUpacmuvcs HaA NOGIMPAHI KUULEHI.
Busnaueno, wo nokpumms 3 emicmom oiamomimy 6io 60 0o 85 mac. % 3abe3neuyroms KOHMAKMHI
kymu >150° ma 30epiecarome 8UCOKY 4acmKy noGepxHi Kpanii ¢ konmaxmi 3 nogimpsim (/2 = 0,77—
0,81). Lle sxazye na cmabinbHi cynepeiopogooni 81acmu8ocmi 6 WUpOKOMY KOHYEHMPAYIUHOMY
0ianasoni, Wo 003680J19€ ONMUMIZY8AMU He Tuule 3MOUYBAHICMb, A U MEXAHIUHI XApaKmepucmuxu
noxkpummis. Ompumani pe3yiomamu niomeepoN*Cyroms eqheKmugHiCms GUKOPUCMAHHSL OlAMOMImy
0151 CMBOPEHHsL OOCMYNHUX MA PYHKYIOHATbHUX CYnepiopopobHUX mamepianis.

Knrouoei cnoea: nonimep, yacmunku, diamomim, 3Mo4y8anHs, 2iopogdoobHicmo

AHoMmainis 3MOYYBAaHHA pIAMHAMH, TOOTO 3HAYHA PI3HULA MDK KyTaMH
3MOYYBaHHS Ha TJaJKiil Ta TEKCTYpPOBaHI MOBEPXHi, MOSCHIOETHCS BUHUKHEHHSM
ctaniB Beniyis 1 Kaci (ctany Kaci-bakctepa). B octanaboMy cTaHi Kparuist piiuHu He
NPOHUKAE B MIKpPO- a00 HAHOCTPYKTYPHI €JI€MEHTH MOBEPXHIi, a CIUPAETHCS JIUIIE HA
il BUCTYIIH, MK SIKUMU 3aJIMIIAIOTHCS MOBITPsIHI KuleHl. Taka koMOiHaIls TBEpaAOi
MOBEPXHI Ta MOBITPS 3HAYHO 3MEHIIYE IUIONLy KOHTAKTy PIAMHU 3 MaTepiaioMm i
cripusie 30UIBIIEHHIO KyTa 3MOouyBaHHs. CaMe 3aBISKH IIbOMY €(EKTy MOBEPXHS
HaOyBae cymnepriipooOHOi BIACTUBOCTI — MPAKTUYHO HE 3MOUYYETHCS BOJOIO,
Kparii BOJM JIETKO CKOUYIOTHCS 3 HeEi, 3a0uparouu 4acTHUHKU mwiry um Opymy [1].
Cran Kaci € ximo4oBuM y po3poOiii GyHKI[IOHATBHUX MOKPUTTIB 31 3JaTHICTIO 0

BIJIIITOBXYBAHHSI P1IUHH.
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MaremaTtuuno, ctan Kaci onucyerbcst BiAMOBIAHUM PiBHSIHHAM (1)

c0S0app=f1€0501+f2c050> (1)

ne c0SO,, — KyT 3MOUYyBaHHS TEKCTypOBaHOI IMOBEpPXHi, Ipal; fi — d0Js
MOBEPXHI Kparuii, Ika 3HaXOAUTHCS B KOHTAKTI 3 BUCTyIIaMH MOBEPXHI TBEPAOTO TiNa;
cos0; — BIacHUIl KyT 3MOUyBaHHS MOBEPXHI TBEPIOTO TiNa; f> - OIS MOBEPXHI
Kparuii, SKa 3HaXOAUTHCS B KOHTAKTI 3 KUIICHSIMH MOBITPS;, €0S6, — KyT 3MOUyBaHHs
noBiTpst Boaor0 (180°).

His CTBOpPEHHS BOJIOBIIIIITOBXYBAJTbHUX MIOBEPXOHb MOXYTb
BUKOPHCTOBYBATHUCS 200 yHOPsIIKOBaHi, TOOTO OJiepKaHi METOJIOM JIa3epHOT a0JIsIii,
a00 CTOXACTHUYHI TEKCTypH — Ha OCHOBI MIKpO- 1 HAHOYACTHMHOK. B 000X BHmaakax
MOBEPXHS IUX TEKCTYp MOBUHHA OyTH Tiapodo0i30BaHa I JTOCATHEHHS BHUIIUX
3HaYeHb KyTa 3MouyBaHHs. [lepeBaroro BUKOPUCTaHHS CTOXAaCTHYHUX TEKCTYp € iX
BHCOKAa MAacCIITa0OBAaHICTh, IO 3YMOBIIOE MOXJIMBICTh BUKOPHCTAaHHS JaHOI
TEXHOJIOTIl B UIMPOKOMY TMEPENiKy ramy3ed — BiJ HOKPUTTA KOHCTPYKLIMHHUX
MaTtepialliB 10 KOHJICHCAIIIMHUX CUCTEM 30MpaHHs BOJIH.

JliaToMiT — 1Ie¢ TpPUPOIHUA KPEMEHUCTH MaTepial, M0 CKJIATA€ThCS 3
MIKPOCKOMIYHUX PEIITOK IIaTOMOBUX BOAOpOCTEHl [2]. 3aBAsKU CBOIN yHIKaJIbHIH
MOPUCTIA CTPYKTYypl Ta BHCOKIA TIMTOMIM TMOBEPXHI, BiH € TEPCIEKTUBHUM
MaTepiaioM AJii CTBOPEHHs cynepriapo@oOHuX mokpuTTiB. OCHOBHOIO (DYHKIII€O
J1aTOMITY B TaKMX MOKPUTTAX € (hopMyBaHHS MIKpo- Ta HaHopenbedy. Kpim Toro,
J1aTOMIT — JICIIEBUHN, €KOJOTIUHO YUCTUN Ta JIETKO MOAU(DIKYETHCS T1ApoPoOHUMU
areHtamu [3], 1Mo A03BOJISiE CTBOPIOBAaTH €(EKTHBHI W MOCTYMHI MOKPUTTS IS
3aXUCTY BiJ BOJIOTH, 3a0pyAHEHb a00 KOpO3ii 3 MEPCIEeKTHBOIO 3aCTOCYBAaHHS B
PI3HUX TaTy3s1X — BiJl OyIIBHULITBA 0 O10MEIUIIMHHU.

[Tpu po3poOiii CTPYKTYpH KOMMIO3MUIIIHOIO MaTepiady Ba)KJIMBO BUTPUMATU
OaJlaHC MI)K BUCOKMMH BOJOBIAIITOBXYBAJIbHUMHU BIACTUBOCTSMU (SIKI TOCATAIOTHCS
Opyu MaKCHMaJbHIM peanizamii penp’edy UYaCTUHOK 3a HEBEIMKUX KUIBKOCTEH

MOJIIMEPHOI MATPHIll) Ta MEXaHIYHHUMH BJIACTUBOCTAMH (SIKI MOKPAIIYIOTHCS MPH
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MiBUINCHH] BMICTY MaTtpuili). BianoBigHo, nucnepcHuit MmaTepian TuM Ouibiie Oyje
MPUAATHAN JJI1 BUKOPUCTAHHS B TAKUX CUCTEMAaX YUM IUpIIe Oyae KOHIEHTpaIliitHe
BIKHO 30€peKeHHS CyNneriipohoOHUX BIACTUBOCTEH.

MerToro nanoi poOOTH € BU3HAUYEHHS 3MIHM J10J11 MDXK(A3HOTO KOHTAKTy PIAMH 3
MMOBEPXHEIO JIaTOMIT-aKpPWJIOBUX CHCTEM B 3aJIEKHOCTI BiJl CIIBBITHOIICHHS
KOMITOHEHTIB.

Jlnst mocsrHeHHS JaHOi MeTw Oyna JOCHiKeHa MOPQOJIOTisl YaCTUHOK
J1aTOMITY, CTBOPEHI KOMITO3MIli Ha MOro OCHOBI 1 aKpWJIOBIA MaTpHIli, BU3HAYEHI
napaMeTpyd 3MOYYBaHHSA 1 po3paxoBaHl BIAHOCHI J0JI TOBEPXHI Kpameib, SKi
3HAXOAATHCS B KOHTAKTI 3 IOBITPSHUMU KHUIIICHSIMH.

Jl5is BCcTaHOBJICHHA MapameTpy f» 3 piBHsIHHs Kaci BUKopucTOoBYBaBCS MiAXif,
ornucanuii B po0oTi [4]. OcHOBOIO Miaxody € rpadiuHe BUPIMICHHS PiBHAHHA (2),
BUXIJIHI JaHl JUIsl PO3PaxyHKIB - €KCIIEPUMEHTaJIbHI 3HAYEHHS KyTIB 3MOYYBaHHS
IUTacKO1 MOBEpXHI mosiMepy (61) Ta cToXaCTUYHUX CTPYKTYP (Bapp). Porb mpoOHUX
pPIAMH BUKOHYBaJM BOJHO-130IMPONAHONBHI CyMill 3 (PIKCOBaHMM TOBEPXHEBUM

HaTATOM.

c0SO.pp=f1€0S01-f> (2)

Hiatomit, Bukopuctanmii B pob6oTi - PERLITECH® D (Bup. Imerys),
axpuiosuii mosiMep — Neocryl B 880 (DSM NeoResins), B IK0CTI pO3YMHHUKA-HOCIS
Bukopuctano kcwion (XY). IloepxHio mgiatomity Oyso rigpodo6i30BaHO 3a
goromororo noiimeruiriapuacuiokcany Xiameter 1107. [TokpuTTss BUTOTOBISIIHCS
HaHECEHHSIM CyMIIIIel arTikaTopaMu Ha rpeaMeTHe ckio. OTBip arurikaTopa CKiaiaB
200 MM (B 10 pasiB Bullle cepeaHbOT0 PO3MIPY YaCTHHOK JIIATOMITY).

Yactuaku miatomity (Puc. 1) marots Gopmy numiHapiB 3 cyOpenbedoM Ha
noBepxHi. BoHn € mopuctumMu, 110 3a6e3mneuye MpOHUKHEHHS 3B’ 3YI0UOTO TOJIMEpyY

BCEpEMHY Ta yTPUMAaHHS YaCTUHOK Ha CyOcCTparTi.
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a §)

Puc. 1 YacTunku giaromiry (onTu4Ha Mikpockonisi): a — 30iibmenns 1000 pasis; 0 —

30iibmenns 400 pasis.

[TokpuTTss Ha OCHOBI JIATOMITY JOCSTAIOTh CTaHy CymnepriapopoOHOCTI Ha
MPOMIDXKKY BMICTY HamoBHIoBaua Bij 60 mac. % (i, BiporiaHo, Hikue) 10 85 mac. %.
[Ipu nepeBuIIeHHI Li€T MEX1 KYT 3MOUYBaHHS 3HIXKY€ETHCA.

Tabanns 1 — 3MouyBaHHS NOBEPXOHb BOJHO-i30NIPONAHOJLHIMH PiiMHAME

Bwmict giaTomity B KyT 3MouyBaHHs Jlonst moBepXHi B KOHTAKTI
MOKPUTTI, Mac. % BOJIOIO, Tpajl. 3 KapMaHaMu TOBITps [ 3a
piBH. (2)
0 85 0

60 152 0,81

70 154 0,80

80 153 0,80

85 150 0,77

90 149 0,75

95 145 0,72

Taka  cama TEHICHINS CIOCTEPIraeThCs 1 y BUMAAKY MapameTpa f»: BiH
MOCTYNOBO CHaJa€e MpU MiABUILEHHI BMICTYy HamoBHIOBada. OOuaBa 1ux (axTu
BKa3ylOTh Ha 3HWKECHHS SKOCTI BOJOBIAIITOBXYBaHHS IpPH TEPEBUIICHHI MEBHOI
(onTUMaNbHOT) KOHIIEHTpALl A1aTOMITy B IOKpUTTI. Lle siBuiie Moke OyTu nmosicHeHe
3MIHOIO PO3MOJIITy YACTUHOK Ha IOl MOKPHUTTS, BIAMOBIIHO 3HUKEHHSM I'yCTUHH
pO3TallyBaHHS BHUCTYIIB, sIKa 3a KOHLEHTpauli Omm3pkux Ao 60 mac. % pocsrae
HaWOIbII  €PEKTUBHOTO 3HAYEHHS TpH I[bOMY po3mipi kpamm. [logionHe
criocTepirajocsi B poOoTi [S] MO BIJHOMICHHIO JO KPHUCTAJIB KaJbLUTY PI3HUX

PO3MIpIB.
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3Beprac  Ha cebe yBary 1 TOM (akT, W0 JOCTaTHHO BHUCOKE
BOJIOBIIIITOBXYBAHHS CIIOCTEPITaeThCs B LIMPOKOMY JAlama3oHi KOHIEHTparid — 25
mac. %, 10 Jae 3MOTy BapilOBaTH, B TOMY 4YHCII, MEXaHIYHI BJIACTHUBOCTI,

JOBTOTPUBAJY CTaOUIBHICTh B arpECUBHUX CEPEIOBUINAX, TOIIO.

BUCHOBOK
[TokazaHo, 10 BJIACTUBOCTI 3MOYYBaHHS MOABIHHUX CUCTEM CTUPOJIAKPUIIOBUI
noyjiMep-aiaToMiT 30epiraroTbesi Ha piBHI  cynepriapogoOHuX B jiana3oHi
KoHIeHTpali Bim 60 mo 85 mac. %. Ilpu 1boMy d0Js8 TOBEpPXHI Kparui, sKa
3HAaXOJUTHCS B KOHTAKTI 3 TOBITpsAM ckiaaae 0,77-0,81. Lle Bkazye Ha mpuUIaTHICTD
BUKOPUCTAHHS TaKUX CHUCTEM JIJII PO3POOKH Cymnepriapo@oOHUX MOBEPXOHBb PI3HOTO

IMPU3HAYCHHA.
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WETTING FEATURES OF HIGHLY HYDROPHOBIC COATINGS
BASED ON DIATOMITE

Artem NAUMCHYK

Srudent,

Oleksiy MYRONYUK

Doctor of Technical Sciences,

Igor Sikorsky Kyiv Politechnic Institute

Abstract: The paper investigates the features of the formation of superhydrophobic coatings
based on diatomite in an acrylic polymer matrix. It has been shown that due to its micro- and
nanostructured porous form, diatomite effectively creates the texture necessary to achieve the Cassi
state, when a liquid drop partially rests on air pockets. It was determined that coatings with
diatomite content from 60 to 85 wt. % provide contact angles >150° and retain a high proportion of
the surface of the droplet in contact with air (/2 = 0.77-0.81). This indicates stable
superhydrophobic properties in a wide concentration range, which allows to optimize not only the
wettability but also the mechanical characteristics of the coatings. The obtained results confirm the
effectiveness of using diatomite for the creation of affordable and functional superhydrophobic
materials.

Keywords: polymer, particles, diatomite, wetting, hydrophobicity
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Anomauin. Memorw Oocniodxcenus € cucmemamuzayis J1imMepamypHux OaHux wooo
CMBOPEHHA CIMUMYI-YYMIUBUX HOLIMEPHUX MAMPUuyb Oasi OIOMEOUYHUX 3ACMOCYBAHb, A MAKOHC
amaniz Moodciueocmel onmumizayii iXHb020 cummesy ma QYHKYIOHANbHUX 61ACMUBOCHELL.
Ilpeocmasneno  o0enad  memooie  paoduxkaibHoi,  Gomoiniyitiosanoi, KombOiHamopHoi  ma
MiKpo@arionoi nonimepuzayii. Pozensamymo euxopucmauus CUHMEMu4HuxX ma NpUpoOOHUX
nonaimepie (PNIPAM, ximosan, anveinam), 2iOpuOHuUX i KONOAIMEPHUX CUCmeM, HYMIUBUX OO0
memnepamypu, pH, ionis, ceimnia ma maenimnoeo nons. Ilpoananizosano npukiaou 3acmocy8aHHs.
MaKux Mampuyb y KOHMPOAbOBAHOMY BUBLIbHEHHI JIIKAPCOKUX 3Ac00i8, MKAHUHHIU I[HMCeHepii,
peceHepamueHitl. MeOuyuri, OIOCEHCOPHUX MEXHON02IAX, mapeemHuill docmasyi npenapamis, 3D-
opyyi. OKpeclieHo WAXU 3HUNCEHHs coDIeapmocmi cunmesy, Macumadye8ants 6UpOOHUYMea ma
nioguUWeHHsr OI0CYMICHOCMI, WO CHPUSE PO3BUMKY NEPCOHANIZ08AHOT MEOUYUHU U MEXHON02Il
H06020 NOKOJNIHHAL.

Knrouoei cnoea: cmumyn-yymauei nonimepu, OiomeouuHe 3ACMOCY8AHHA, PAOUKANbHA
noaimepuzayis, 6iononimepu, MiKpo@uoioni mexnonozii, mapeemua docmaska, 2iopozeni, 3D-0pyx

CydacHl mMIXOOu OO CHHTE3Y CTUMYJ-UyTJIMBHX TOJIMEPHUX MAaTpHUIlb
MOCTIfHO BJIOCKOHATIOIOTHCA 3 METOI0 MiABHIIEHHS €(PEKTUBHOCTI Ta 3HMKECHHS
BapTOCTI  BUPOOHHWIITBA, IO €  OCOOJMBO  BAXJIMBUM  JUII  IXHBOTO
IMPOKOMACIITA0HOTO BIOPOBAKEHHS B MEAMYHY MPaKTHKY. MeToro naHoi poboTu €
cucTeMaTH3allisl JIITepaTypHUX JaHUX 100 CHHTE3Yy, BIACTUBOCTEH Ta MEPCIEKTHUB

3aCTOCYBaHHS MOJIIMEPHUX CHCTEM, 3[IaTHUX M0 Crenn(ivHOI BiAMOBIAI HA 30BHINIHI
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CTUMYJIM, a TaKOX aHaJdi3 MOXJUBOCTEM ONTUMI3aIlli BUPOOHUIITBA TaKUX
MaTepiaiB.

B ormsal akuneHTOBaHO yBary Ha TpPhOX KIIOYOBHX HAMNpPSAMKaxX CHHTE3Y:
paauMKalbHIA —ToJiMepu3anii, KOMOIHATOPHUX MeEToJax Ta MIKpOQIIIOinHUX
TEXHOJIOT15IX.

PangukanbHa momimMepusallis 3alMIIA€TbCS OAHUM 13 HAWOLIBII IIUPOKO
3aCTOCOBYBAHUX METOIB JJIsi CTBOPEHHS TEMIEPATYPOUYTJIMBHX MOJIIMEPIB, 30KpemMa
Ha ocHOBI PNIPAM (momi(N-i3onponitakpinamin)). Ileit momiMep € KiacMUHUM
NpEACTAaBHUKOM TEPMOUYYTJIIMBUX TIJPOTEIIB, Kl BUSABISAIOTH (DA30BUM Tepexin y
BOJHOMY CEpEeJOBHIII Mpu Temmeparypi npubmuzuo 32°C, mo poOuth ioro
OCOOJIMBO  TEPCIEKTUBHUM JUISI CTBOPEHHS 1HTEJICKTyaJIbHUX MaTepiaigiB y
o6iomemummui [1, 2]. Sk mokazano y po6orax [1, 2], BHKOpHUCTaHHS BOJHOTO
CEpEeIOBHUIIA 3aMICTh OPTaHIYHUX PO3YMHHHKIB J03BOJISE 3HAYHO 37CIICBUTH CUHTE3.
3okpema, nipu nposeaeHH1 noiaimepusaiiii PNIPAM y Boxai npu temnepatypi 70 °C 13
3acTocyBaHHAM Tepcynbdary amoHito (APS) sk imimiaropa (0,5 mombs %) Ta N,N'-
meTtuieHoicakpmiaminy (MBA) sik 3mmBatodoro arerta (2 Moib %) 0yino0 oTpuMaHo
noyiMep 3 Temneparyporo ¢aszoBoro nepexonay 32,5+0,3 °C i cryneHeM HaOyXaHHS
1200 £ 50 %. IToganpmre 3umxkeHHst KoHneHTpaii APS 1o 0,3 monb % y moeaHanHi 3
ONTHUMI3alI€l0 TEMIIEPATYPHOTO PEKUMY JTO3BOJIMIO 3MEHIIUTH BApTICTh CUHTE3Y Ha
18 % 6e3 3HauHOT BTpaTH (PYHKITIOHAIHHUX BIACTUBOCTEH [2].

AJIbTEepHAaTUBHUM Ti7X0/0M € (hOTOiHILIHOBaHA pauKaibHa TMOJIIMepHU3allis,
gKa, 3rigHO 3 gociiypkeHHsMu  [1, 3],  XapakTepusyeTbCsl ~ HU3BKUM
€HEepProcroXUBaHHIM, BUCOKOIO MIBHAKICTIO PEakKilli Ta MOXJHBICTIO MPOCTOPOBOTO
KOHTPOJIFO. 3aCTOCYBaHHS 2-TiPOKCHU-2-MeTUInporniopeHony sk ¢oToiHiliaTopa
(0,3 mosb %) Ta onpominenHs Y ®-ceitiom (365 am, 10 MB1/cm?, 5 xB) 3ab6e3meuniio
nonimepu3anito PNIPAM npu H.y. 3 Buxogom 92 + 3 %.

KombiHaTOpHHMIT CHHTE3 JIEMOHCTpYy€ €(PEKTHBHICTh y CTBOPEHHI BEJIUKUX
610110TeK MOJIIMEPIB AJS MIBUJKOTO CKPUHIHTY (DYHKI[IOHAJIBHUX BIACTHBOCTEH. Y
poboTti [4] ommcaHO aBTOMATU30BaHy IuIAaTGOPMY, IO J03BOJIIE OTpuUMaTH 96

koMro3uiiii Ha ocHOBI PNIPAM 3 BapiioBaHHSM CHiBBIAHOLICHHS aKPHJIOBOI
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KUCJIOTU Ta N-BIHUIKaNpoyiaktaMmy. Takuil Mmiaxij JAae 3MOTY 3a JBa JHI 3T1HCHUTH
CKPHUHIHT, IKUW TPU BUKOPUCTAHHI TPAAULIHHUX METOIB 3aiHAB O 10 3 MICSIIIB.

MikpodaroinHi TeXHOJOrIi, SK 3a3Ha4eHo Yy Hu3ml mnyomikamin [1, 2],
3a0e3MeyyloTh TOYHUI KOHTPOJIb HaJl MapaMeTpaMy peakiiii, SMEHIIEHE CTIOKUBAHHS
peareHTiB 1 MOXJIMBICTh O€3MEepPepBHOTO BUPOOHUIITBA. 30KpeMa, MIPU BUKOPUCTAHHI
MikpoduroimHoi cuctemMu Ha ocHOBl PDMS  (momigumeruncuiiokcany) IS
HaHoocajkeHHsT PNIPAM-gyactunok Oylio OTpMMaHO HAHOYACTUHKH 13 CEpPEAHIM
po3mipom 150+ 15 HM Ta By3pkuM po3smnoziiom (PDI — iHaekc momiaucnepcHOCT! —
<0,1). 3a paxyHOK onTumizarlii riJpoAMHAMIYHUX YMOB BJIQJIOCSI 3MEHIIIUTH BUTPATY
peareHTiB Ha 65 % Ta cobiBapTicTh cuHTE3y Ha 27 & 3 %.

VY3aranpHeH! TOPIBHSJIbHI XapaKTEPUCTUKU TOJIMEPHUX MATpHUIlb, OTpUMaHI
Ha OCHOBI aHAITI3Y JITEpaTYpHUX JHKEPEI, TTOJaH0 B Tabmmii 1.

AHani3 JniTepaTypHHX JaHuUX TMoKaszye, 1o komoiimepu PNIPAM-AAc
(momi(N-130omponiaKkpuIaMiJi-CIliB-aKpUI0Ba KUCII0Ta)) BUPIZHIIOTHCS ONTUMAIBHUM
No€THAHHAM (YHKI[IOHAJIbHUX BJIACTUBOCTEH 1 €KOHOMIYHOI JOLIIBHOCTI CHUHTE3Y.
IIpu monbHOMY criBBigHOIIEHHI PNIPAM:AAc = 90:10 cunTe30BaHi MaTepiaiu
XapaKTepU3yIOThCs TeMIepatyporo ¢azoBoro nepexony 36,2 +£0,4 °C ta 4yTIuBICTIO
1o 3miH pH y aianasoni 5,0-7,4, mo oxorutroe (i3i0710TigHI Ta TATOJIOTTYHO 3MIHEHI
YMOBH, XapaKkTEpHi A1 MIKPOOTOUYEHHS IMyXJIMH, €HA0COM a00 3amajibHHUX MPOIIECIB.
Ile poOuTh iX MEPCIEKTUBHUMH [JIsi 3aCTOCYBAHHS B CHCTEMaxX KOHTPOJIHLOBAHOTO
BUBUILHEHHS JIIKIB. 3a JaHUMHM [S], Tigporesi Ha OCHOBI TaKUX KOIOJIIMEpIB MarOTh
Monynb TpyxkHocTi 15+2klla, mo € OMU3BKUM J0 MEXaHIYHUX BIIACTUBOCTEH
M’SIKUX TKaHUH OpraHi3My.

CTuMyn-4yTIUBl TOJIMEPHI MaTPHIll 3HAXOAATh IIMPOKE 3aCTOCYBaHHS B
MEIMIIMHI, 30KpeMa y TapreTHIM Teparmii 37I05KICHUX HOBOYTBOpEHb [6]. YV poboTax
[5, 7] omumcano cTBOpeHHsT HaHOcHCTeM Ha ocHOBI PNIPAM, wmomudikoBanmx
($oiEBOIO  KUCIOTOK Ta  3aBaHTaXEHUX  JokcopyOinuHOM. EdexTuBHICTH
1HKancynsuii npenapaty gocsraia 78 £4 %. B ekciepumenTax in vitro Ha KIITUHHUX

nmiHisix MCF-7 ta Hela BcTanoBieHO, IO Taki HAaHOYACTHMHKH 3a0€3MEYyHOTh
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Taoauus 1 — IopiBHAJBLHMEA aHATI3 CTUMYJI-4YTJUBHUX MOJIMEPHUX MATPUILb J1JIA
0ioMeIMYHMX 3aCTOCYBAHb

Tun s .
. .. Tun . Kainiuni BinnocHa
nojaiMepHoi | Meroa cuHTe3y IlepeBarn Henouikn .
. CTUMYJTY 3aCTOCYBAHHA BapTicTHL
MaTpumi
KonrtponsoBane
PanukanpHa UiTkOo BU3HAYCHA BignocHo BHCOKa BUBIIBHEHHS
PNIPAM ta . . o . ..
.. nomiMmepu3auis,| Temneparypa LCST (~32°C); BapTicTh; OOMexeHa JIKiB; Cepenns
MOXiH1 . L . . .
ATRP Bucoxka 6iocymicHicTb [0ioferpanabenbHicTy — TepMokepoBaHi
IMIUTAaHTaTH
. . Ilepopanbna
Tomiakpuoa Bucoxka gymiumBicTs 10 . o ..
PanukanpHa . Cnabki MeXaHIvHI JIOCTaBKa JIIKiB;
KHMCJIOTa . . pH 3mid pH; Husbka . . Huzpka
HoTiMepH3aris . BJIACTHBOCTI pH-uyTnuBi
(PAA) BapTICTh .
Giocencopu
. . . . Iomnimepcomy;
[Tonimepusamis 3 H bionerpanabenpHicTh; CruanHmii CHETEs: Cucreni
PEG-b-PLGA| po3kpurtsim Pt FDA-cxBaneHni 8 .7 Bucoxa
. TemIeparypa . Bucoxka BapTicTh | KOHTPOJIHOBAHOTO
KUTBIIS ToJTiMepn .
BUBUIEHEHHS
. Monudikaris biocymicHicTb; . . 3aroeHHs paH;
Xito3aH Ta . . BapiabenbHicTh
. NIPUPOTHOTO pH BioperpanabenpHicTh; . IIepopasibna Huzpka
TIOXiHI . . BJIACTUBOCTEIT o
noJiMepy Husbka BapTicTs JIOCTaBKa JIiKiB
Ti6puani [oxgiiiuuii BiAryK; .
N . . Taprerna teparist
CHCTEMU [Hoerannuit | Temneparypa, MoIHuBICTD CxiagHuii CUHTE3; Hyxe
. . . paky; MP-
PNIPAM- CHHTE3 MarHiTHe 1oJe Mar"iTHOIo Bucoxka BapricTs . L BHCOKA
. Bizyasri3aris
Fes;0a HaLUTIOBaHHS
Konoximepu PanukanshHa | Temneparypa, |[ToagiiiHa 4yTJINBICTS; Cucremn
PNIPAM- H. . parypa, A yr * | CxnaHinmit cuaTte3| xkoHTposiboBanoro | CepenHs
KOTIOJTIMEepHU3aLlis] pH HanamroByBana LCST .
AAc BUBUIbHCHHS
. Moaundixarrist BiocymicHicTs; . IHKancysmis
Anbrinar Ta ” . . | Huspka mexaniuna . Hyxe
.. npupoanoro | lonn Ca*, pH [[eneyrBopenns in situ; .. KIITHH; 3aTO€HHS
MOXiH1 . . MIIHICTh HHU3bKa
noiMepy Hwusbka BapTicTh paH
"HeBuanumicts" st Cucremn
PEG Ta AmnioHHa Temneparypa,| . A N o O0MexxeHa JIOCTaBKH JIIKiB;
MOXiIH1 nojiiMepu3anisi| (epMEeHTH IMYHHOL CHCTCMH, (YHKIIOHATBHICT Kod'toraru 3 Cepeun
FDA-cxBanenuii .
Oinkamu
CEJICKTMBHE HAKOIMWYEHHS JIKIB Yy MNYXJIMHHUX KIITAHHAX 13 MABUIIEHHIM
UTOTOKCUYHOCTI B 2,5-3 pa3u MOpiBHIHO 3 BUTLHUM JOKCOPYOIiIMHOM [8].
PCBYJIBT&TI/I in ViVO-I[OCJ'Ii,Z[)KCHB Hi,Z[TBepI[I/IJII/I SHUKCHHS CHUCTEMHO1
TOKCHYHOCTI JIOKcOpyOinmHy Ha 35+4% mnpu 30epexeHHI TepareBTHYHOI

epextuBHOCTI. Ilicis BHYTPIIIHHOBEHHOTO BBEIEHHS HAHOCHUCTEM OO’€M MYyXJIMHU
3MeHITyBaBcst Ha 76+ 7 % mpoTsrom 21 s, TOAI SK IS BUIBHOTO Mpenapary e
MOKAa3HUK CTaHOBUB Jiniiie 48 £ 6 % [6].

VY poGoTi [9] onucaHo CTBOPEHHS MOJIIMEPCOMIB HA OCHOBI OJIOK-KOTIOJIMEPY

PEG-b-PLGA (mosieTuieHr11KoIb-0J10K-110J11(MOJIOYHA-KO-TJIIKOJIEBA KUCIIOTA)), K1
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Maju cepeaHii po3mip 120+ 10 HM 1 BUCOKY CTaOUIBbHICTh Y (Di310JI0TTUHUX YMOBAX.
[ToBepxneBa Moaudikaiiss MOHOKJIOHaNbHUMHU aHTHTUIaMu 10 HER2-peuentopis
3a0e3neunsia TapreTHy AOCTaBKy MaKJIiTaKCceNny /10 KIITHH paKky MOJIOYHOI 3aJ103H, 110
npu3Beio A0 miABUIleHHs epekTuBHOCTI y 4,2 + 0,3 paszu [10].

Y cdepi pereHepaTMBHOI MEAWIIMHU 3HAYHUNA 1HTEPEC BUKIUKAIOTh
TEpPMOYYTIMUBI  rigporemi Ha ocHoBi komosimepiB PNIPAM-AAc. Bonu
XapaKTEePU3YIOThCA BUCOKOI TopucTicTIO (78 +5 %), OIOCYMICHICTIO, a TaKOX
OiATPpUMYIOTH aaresiro # mpomidepanito (idpobnactiB [7]. 3a pesynabTaTaMu
KyJbTUBYBAHHS, >XUTTE3JATHICTh KIITUH Micias 7 AHIB cTaHoBWia 92+3%, a
npoiidepaTiBHa aKTUBHICTH Oyna Ha 25+ 4 % BHILOI0 MOPIBHAHO 3 KOHTPOJIbHUMHU
NOBEPXHAMH. Y poOOTI [2] TaKOK HaBEIEHO JaHi MPO CTBOPEHHS TaK 3BAHUX OKUBUX
MaTepialiBy IUIAXOM IHKANCYNALil Me3eHXIMaJbHUX CTOBOYPOBHX KIITHUH Y
riiporesi Ha OCHOBI XITO3aHYy Ta ajbriHATY. 3aCTOCYBAHHS TaKUX CUCTEM Yy MOJEISAX
pereHepaiiii XpsmoBoi TKaHUHU CHOPUSUIO TOBHOMY ii BIJIHOBJICHHIO MPOTATOM &
THKHIB.

Y  koHTekcTi  OloceHCOpukM  jgociipkeHo  riaporenmi  PNIPAM 3
IMMOO1TI30BaHOI0 TIFOKO300KCHA30I0 [ MOHITOPHHTY TJIOKO3H. Po3pobieHi
CEHCOPH JAEMOHCTPYBaJIH JIHIMHUNA BIATYK y Alana3zoHi KOHIEHTpalii 2—20 MMOJb/I,
gac BIATYKY <1 XBWJIMHU Ta CTaOLIbHICTH He MeHme 30 JHIB 3a TeMmmepaTypu
30epiranns 4 °C.

VY HanpsMKy onTuMi3alii METO/IB CUHTE3y MPOBEACHO MOPIBHIHHS KJIACUYHOI
Ta KOHTPOJLOBAHOI pajauKaibHOI moyiMepu3amii. 3a nanumu [6], 3amina ATRP
(radical polymerization with atom transfer) Ha 3Bu4aiiHy paguKagbHy IOJIMEPHU3ALII0
J03BOJIMIA 3HM3UTU BapTicTh cuHTely PNIPAM nHa 42+ 5%. Bukopucransas
anpTepHaTuBHOi KartamizatopHoi cuctemu CuBr/PMDETA (niramng Ha OCHOBI
NEeHTAMETUIAUECTUIICHTPUAMIHY) 3aMICTh  PYTEHIEBUX KOMIUIEKCIB  3MEHIIHIIO
BapTICTh CHUHTE3y OJok-komoJyiiMepiB Ha 35+4%. KpiMm TOro, BIpOBaJKEHHS
MIKpOXBHJILOBOTO ONPOMIHEHHS CKOPOTHIIO TpuBaicTs cuntesy PNIPAM 3 3 roaun

10 5 XBUWJIHH.
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biononimMepu, 30kpemMa XiTo3aH 1 ajJbriHaT, PO3TJIAAAIOTECS SK MEPCIEKTUBHA
albTepHaTHBA CUHTETUYHUM aHaloraMm. XiTO3aH, OTPUMAaHHUIl 13 XITHUHY, MPOSBIISIE
pH-uyTnuBicTh 1 BUCOKY OiocyMmicHICTh. CHMHTE3 T1ApOreNiB Ha HOTO OCHOBI OyB Ha
56+ 6% nemeBmwmii npu 30epeKeHHI (PYHKIIIOHAJIBHUX XapaKTepUCTHK [2].
Anbriar, oaepXaHuil 13 OypHX BOJOPOCTEH, TaKOX IPOJEMOHCTPYBaB BUCOKY
e(EeKTUBHICTb MPU CTBOPEHHI MaTepiajiB, YyTJIUBUX J0 10HIB Kajbliito Ta pH.

Y KOHTEKCTI MacoOBOTO BHPOOHHMIITBA JOCHIIKEHO 3aCTOCYBaHHS METOJIB
ekcTpy3ii Ta 3D-apyky. BcraHOBIIEHO, IO TEXHOJIOTIS Trapsdyoi eKCTpy3ii s
(dhopMyBaHHS MOJIMEPHUX HAHOBOJIOKOH TMIJBHIINYE MPOAYKTHUBHICTh y 12+2 pasu
MOPIBHSHO 3 METOJOM eJeKTpocHiHiHTy. Y poboti [11] ommcaHo cTBOpeHHS
crieliaibHUX "4JOpHWI" Ha OCHOBI TEPMOUYTJIMBUX TMoOjJiMepiB s 3D-npyky
NEePCOHANI30BAaHUX IMIUIAHTATIB 1 TKAHMHHUX cKadoiaiB. Ontumizailis mapameTpiB
ApyKy 3abe3neumsna TOuyHICTH +50 MKM Ta BiATBOPIOBAHICTh (YHKI[IOHATBHUX
XapaKTepUCTUK CTPYKTYp (puc. 1).

3D-apykoBaHi MIKpOCTpyKTypu Ha ocHOBI PNIPAAmM paeMOHCTpYyIOTh
KepoBaHy Jedopmaliito 3ajJexHo BiJl TeMneparypu. 30Kpema, CTpyKTypa y BUIJISIIIL
3axBaTy, HAJPyKOBaHA 3 PI3HOIO IHTEHCHUBHICTIO CIPOT0, 3TMHAETHCS BCEPEIUHY 3a
paxyHOK BIAMIHHOCTEH y HaOyXaHHI NMpU HarpiBaHHi. [HIIMI NpuUKIaa — TaHTENb,
OJIHa TIOJOBMHA SKOi MICTUTH 10HHUM MoHOMep MAPTAC, a iHma — 4YuCTHI
PNIPAAm. Pizauus B TemmepaTypi (a3oBoro mepexoiy NpPU3BOIUTH 0

MOCJIIJOBHOTO CTUCKAaHHS IMOJIOBUH NPH MiABHUIIEHHI Temriepatypu Bia 10 go 80 °C

[11].
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Puc. 1. TemneparypHo-uytausi 3D-gpykoBani mikpocTpykrypu PNIPAAm 3
NnporpamMoBaHoIo Aedopmauico npu 3MiHi TemMnepatypu (MacmradHa mkaja: 3 mm) [11]:
a — cTpykrypa y ¢opmi 3axsarty; b — ranreas 3 rpagiearom MAPTAC

[Tpobnema MacmTabyBaHHs BUPOOHHWIITBA HAHOYACTHMHOK TaKOXX 3HAWIIIIA
B1JIOOpakKeHHSI y pO3poOIll Oe3repepBHOrO MPOIECY 3 BUKOPUCTAHHAM MPOTOYHOTO
peakTopa. lle m103BOJMIO MIABUIUTH MPOAYKTUBHICTH 3 2 r/neHb A0 50 r/meHp 6e3
BTpaTH SIKOCTI YAaCTHHOK 1 30€PEeKEHHS BY3bKOTO PO3MOALTY 3a pPO3MipamH.
BrpoBajkeHHST  aBTOMAaTH30BaHWX  CHCTEM  KOHTPOJIO  SIKOCTI  JTO3BOJIAJIO

CTaHAAPTU3YBATH TpOIEC Ta 3a0€3MEYNTH BHUCOKY BiJTBOPIOBAHICTH KIHIIEBOTO

MPOJIYKTY.

BUCHOBKHU

1. ¥V pesynbrari aHamizy JiTepaTypHUX JDKEpesl CUCTEMaTH30BaHO Cy4dacHi
MIIXOMW 1O CTBOPCHHS TOJIMEPHUX MATPHIlh, YYTIHBUX OO0 (PI3UKO-XIMIYHUX
CTUMYIIIB, 30KpeMa TeMreparypu, pH, 10HIB, CBiTJIa Ta MarHiTHOTO ToJisA. HalO1mbIm
BUBYCHUMHU € TEPMOUYTIMBI cucTeMu Ha ocHOBI PNIPAM, a takox komosimepu
PNIPAM-AAc, 110 oeqHyI0Th TEMIIEpaTypHy i pH-4yTIuBICTS.

2. TlokazaHo, 110 BUOIp METOIy CHHTE3Y ICTOTHO BIUTMBA€E Ha (PyHKIIIOHATBHI
BJIACTUBOCTI MOJIMEPHUX MaTpullb. HalnepcrneKTUBHIIMMU € pajuKaibHa,
doToinimiioBana Ta MikpoIIOIIHA TTOJIIMEepHU3aIlis, a TAKOK KOMOITHATOPHUH MiIXi,

110 JI03BOJISIE MIBUKO ONTUMI3yBaTH CKJIaJ MaTepialiB.
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3. Onrumizaiiisi yMOB CHHTE3Y, 30KpeMa BHKOPUCTAHHS BOJHHUX CEPEIOBUIIL,
MIKpOXBHJILOBOTO OIMPOMIHEHHS Ta albTEPHATHBHUX KaTalli3aTopiB, 3abe3meuye
3HMKEHHS €HEProCIOKMBaHHS Ta BapTOCTI OTPUMAaHHS MaTepianiB 0e3 MoripiieHHs
iXHIX (yHKIIOHATBHUX XapaKTEPUCTUK.

4. BuUKOpUCTaHHS NPUPOJHUX MOJIMEPIB (XITO3aHY, ajbliHATY) I03BOJISIE
CTBOPIOBAaTH €KOJIOTIYHO O€3MeYHl, EKOHOMIYHO BHTiIHI Ta (YHKIIOHAJIBHI
Matepiaiau, YyTInB1 10 CTUMYJIIB, IO aKTyaJIbHO JJII MAacIITaOHOTO BUPOOHUIITBA.

5. TlepcrieKTHBHMMH HampsMKaMH PO3BUTKY € BIPOBAKEHHS TEXHOJOTIH
3D-apyKy, ekcTpy3ii Ta Oe3mepepBHOTO MPOTOYHOTO CHUHTE3Yy, SIKi 3a0€3MeuyroTh
BHUCOKY TPOAYKTUBHICTh, BIATBOPIOBAHICTh Ta MEPCOHAMI3AIII0 MaTepialiB IS

MEJIMYHUX TTOTPEO.
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Abstract. The aim of this study is to systematize literature data on the development of
stimuli-responsive polymer matrices for biomedical applications and to analyze possibilities for
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optimizing their synthesis and functional properties. The paper presents a review of radical, photo-
initiated, combinatorial, and microfluidic polymerization methods. The use of both synthetic and
natural polymers (PNIPAM, chitosan, alginate), as well as hybrid and copolymer systems
responsive to temperature, pH, ions, light, and magnetic fields is considered. Applications of such
matrices in controlled drug delivery, tissue engineering, regenerative medicine, biosensing
technologies, targeted drug delivery, and 3D printing are analyzed. Strategies for reducing
synthesis costs, scaling up production, and improving biocompatibility are outlined, contributing to
the advancement of personalized medicine and next-generation biomedical technologies.

Key words: stimuli-responsive polymers, biomedical applications, PNIPAM, radical
polymerization, biopolymers, microfluidic technology, targeted delivery, hydrogels, 3D printing
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Anomauyia: Ilpeomemom 02150y € HEOP2aAHIUHI 30b-2€lb CUNAHOBI NOKPUMMA, WO
Gopmyrombca Ha Memanegux NOBEPXHAX 3 Memoro 3axucmy 8i0 koposii. Memoro danoeo o2nady €
BUCBIMIEHHA NIOX0018 W000 POpMY8aHHS YOOCKOHANECHUX MIHEPATbHUX 301b-2elb NOKPUMMIE 05
3axucmy Memaneeux HNo6epXoHb, 3 AKYEHMOM HaA 6NAUE YMOE CUHme3y ma 6BUKOPUCMAHHS
2I0poobHUX 000aB0K 0151 O0CACHEHHS AHMUKOPO3IUHUX [ Cynepeiopogobrux enracmugocmeii. Bonu
BIOPI3HAIOMbCSL CBOEID  NIOBUWEHOK CMIUKICIIO 00 (AKMOPI8 HABKOIUUHbO2O Cepedosulyd, 6
momy uucni Y@, eKonociuHow OpYJCHICMI0 8 00820CMPOKOGI NepPCneKmusi NOPIGHAHO 3
opeauiunumu mampuysamu. byno npoananizosano gakmopu, wo eniugaromv Ha cunmes MaxKux
nokpummis (pH, pozuunnux, memnepamypa, KOHYyeHmpayisi, 0opobKa no8epxHi ma iH.) ix HeooliKu
8 ekcniyamayii ma oOMmedceHHA 6 HaA6HUux OocaiodxcenHax. Ocobaugy yeacy npuodiieHo
MONCIUBOCIAM YOOCKOHANCHHS WIAXOM B86€0€HHs DI3HO20 MUNY 2i0popOOHUX HAHOUACMUHOK
3a018 0ocseHenHs cynepeiopogobnoeo cmawny Kaci i xopositinux ineibimopie. OcHOBHUM
Pe3VIbmamom € 0OTPYHMYB8aAHHA NePCREeKMUBU BUKOPUCTNAHHA MAKUX NOKPUMMIE SIK eqheKmU8HO20
bap ’epnozo wiapy 3 NOMEHYIANOM CAMOOYUUIeHHs, 0I03aXucmy ma MIHIMAIbHUM 6NJIUBOM HA
008KILIA.

Knwuosi cnoea: minepanvHi nnieKu, KpeMHIUOP2AHIYHI  CHOAYKU, AHMUKOPO3IUHE
NOKpUmMMmSL, 30/1b-2€/lb MEeMO0, ANKOKCUCULAHU, MEeKCMYPOBAHi NO8EpXHi, cynepliopopodbHicme.

Omnip MeTaneBUX TMOBEPXOHb JO KOPO3IMHOTO pPYHHYBaHHS € KIFOYOBUM
dbakTopoM, 10 BU3HAYAE TPHUBAIICTH CIykOM BUpPOOIB Ta KOHCTpyKUiA. Metanu y
YUCTOMY BHIJISIZI, @ TaKOX IXHI CIUIaBH, K MPABWIIO, IEMOHCTPYIOTh HEIOCTATHIO
CTIAKICTh J0 TPOILIECIB OKMCHEHHS, IO IMOCTYMOBO MOTIPIIye iXHI (PYHKIIOHAJIbHI

XapaKTePUCTUKH, OCOOTUBO MPH BILTUBI BOJOTH Ta arpeCUBHUX CEPEAOBHII], 30KpeMa

kucHio (O2) 1 xaopug-ionis (CI).
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Cepen pi3HOMaHITHUX MIIXO/IIB 0 3aXUCTY Bl KOPO3ii HAUOLIBIT €KOHOMIYHO
JAOUUTFHUM 1 TEXHOJOTIYHO €(EeKTUBHUM € 3aCTOCYBaHHS 3aXMCHHX IOKPHTTIB.
OnHuM 13 TEpPCHNEKTUBHUX €KOJOTIYHO O€3MEeYHHX pIlleHb € BUKOPHUCTAHHS
CUJIAHOBHX MOKPHUTTIB, OTPUMAHUX METOJOM 30JIb-Teb. L[i MOKPUTTS BUPIZHAIOTHCS
BHUCOKOIO CTIHKICTIO JO BOJIOTH, TEMIEPATypHUX KOJIHMBAaHb, XIMIYHUX BIUIMBIB 1
yIbTPadioNeTOBOr0 BUIPOMIHIOBAHHS, MEPEBEPIIYIOYM 32 LHMMH IOKA3HUKAMHU
TpaauLidHI OpraHiuHi Martepianu. Jlo mi€i rpynu HajexaThb alKOKCHUCHIIAHU —
cnosiyku tuiy Si(OR)a, iK1 MOXHA PO3TIIAIATH K €(ipyh OPTOKPEMHIEBOI KUCTIOTH, a
TakoX MOHOOpraHoankokcucunanu ¢opmymu SiR'x(OR)s. IM BnacTua Hu3bKa
TOKCHUYHICTb, @ MPOIEC iX OTPUMAHHS B CEPEJOBMILI HAa OCHOBI BOAU W CHUPTY
J03BOJISIE  ICTOTHO 3HU3WTH HETaTUBHMM BIUIMB Ha JoBKULIA. [lommpeni
npeactaBauku: terpaetmwioprocuwiikatr (TEOS), terpamerunoprocunikar (TMOS),
METHJITPUETOKCUCUIIAH (MTES), BIHUITPUMETOKCHUCHIIAH (VIMS), (3-
aminonponiia)tpuetokcucwiad (APTES), denintpumerokcucwian (PTMS) Ta
rmimunokcunponintpuerokcucuian (GPTES).

VY Xoai riipoi3zy 4acTKOBO TiAPOJIi30BaH1 aJKOKCHUCUJIAHU 3aKPITUTIOIOTHCS Ha
MOBEPXHI Marepiany 3aBAsSKd (OPMYBaHHIO CIAOKMX BOJHEBHX 3B SI3KIB MIXK
rpynamu Me-OH na migkmamii ta Si-OH B Monekymax cumany. Ilicns mporo, y
Ipolleci BHUCYIIYBaHHS ¥ TEpPMIYHOIO 3aTBEPAIHHS, BiAOYBAEThCA  peEaKIlis
KOHJAEHcalli — K MDK (YHKI[IOHaJbHUMH TpylaMu Ha IOBEPXHI CyOcTpaty 1
cunanoM (muB. Puc. 1), Tak 1 BcepeauHi cuiaHoBoro mapy. lLlei mpoiiec
CYNPOBO/KYETHCS BHJUICHHAM BOJM SK MOOIYHOrO MPOAYKTY. Y pe3ylibTari
YTBOPIOIOTHCST MIIHI KOBaJieHTH1 3B’s3kH Me—O-Si, mo 3a0e3neuyioTb BHUCOKY
MIIHICTh 34ETUICHHS 3 METaJIEBOIO OCHOBOIO, & TaK0XX (POPMYIOThCSI CUIIOKCAaHOBI (Si—
O-Si) ¢parmenTu. 3a HasIBHOCTI OPTaHIYHOTO 3aMiCHHKA OIS aToMa KPEMHII0, Taka
oOpobiieHa MOBEepXHA Moke HalOyTu TinpodobHux BractuBocTei. Kpim Toro,
yTBOpeHa TpuBHUMIipHaA ciTKa 3 Si—O—Si 3B’s13KiB e(DEeKTUBHO OOMEXKY€E TPOHUKHEHHS

€JIEKTPOJIITIB, 10 3HAYHO MOKPAIYE€ aHTUKOPO3IMHUN 3aXUCT MOKPUTTS
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Puc. 1. I'inpoJii3, konAeHcalis i yTBOPeHHs 3B’ SI3KIB Mik cHJ1aHOM i cyOcTpaTom.[1]

[Tompy YuWCHEeHHI TIepeBard, 30Jb-TeIb TMOKPUTTS MAIOTh TMEBHI OOMEKEHHHI.
30KkpeMa, BOHM BUKOHYIOTh JuII€ (PyHKIIIO MacuBHOro ¢izuyHoro Oap’epa, HE
3a0€3Meuyound aKTUBHOT'O aHTUKOPO31MHOT0 3axucTy. Kpim Toro, Taki IjIiBKd MOXYTb
OyTH Bpa3nMUBUMH 10 (OPMYBAHHS MIKPOIOp Ta CTPYKTYpHUX Je(eKTiB, M0
COPUYHUHSE TMIABULICHY KPHUXKICTh MpH 30UIblIeHHI ixHbOI ToBummHHU [2]. [ns
MOJOJIAaHHS IIUX HEAOJIIKIB 3aCTOCOBYIOTh PI3HOMAHITHI TMIIXOJIM: HaJallITyBaHHS
napameTpiB cuHTe3dy (pH, Ttemmeparypa, MeTronu Kartamidy, TPUBAIICTh MPOLECY
(dhopMyBaHHS Ta CIOCOOM HAHECEHHS ), a TAKOX BBEJICHHSI CIICIliaTi30BaHUX 1HT101TOPIB
KOPO3ii, TAKUX SIK OKCUJI Liepito, rpad)eHOBUN OKCHJI, TIIMHSIHI HaHOYacTHUHKHU, S102 a0o
HeopraniuHi mirmMeHTH [3—4]. Jlo m0AaTKOBUX METOIIB TOKpAIICHHS HAJIekKATh
rigpodoOizaliisi MTOBEpPXHI Ta CTBOPEHHS TEKCTYp 3 BOJOBIIIITOBXYBaJIbHUMHU
BIIACTUBOCTSIMU.

3navyenHs pH, npu sikomy BinOyBaeTbcsi (OPMYBaHHS 30J110, 3aJICKUTh BiJ
XIMIYHO1 MPUPOAN BUKOPHCTAHOTO CHJIAaHY Ta Oa)KaHUX XapaKTEPHUCTUK MOKPUTTS. Y
O1TBIIIOCTI BUIAJIKIB JUTsl METAJIEBUX OCHOB TMEpPEBAry HAAIOTh KUCIOMY CEPEIOBHUIILY 3
piBHeM pH Onu3bko 3. AHTHKOpPO3iliHA €()EeKTUBHICTh TAKUX IIAPiB MiATBEPIKYETHCS
BHUMIPIOBAHHAM KOHTAKTHOTO KyTa 3 BOJIOIO Ta €NEKTPOXIMIYHIUMH JOCIIKEHHAMH [5].

[I{06 3abe3neunTr HANEKHY aAre31F0 CUJIAHOBUX TUTIBOK JI0 OCHOBHU, HEOOX1THO,

mo0 Ha ii moBepxHiI OyiaM MOPHUCYTHI aKTUBHI TIAPOKCWIBHI Tpynu. [ 1poro
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BUKOPUCTOBYIOTh TIOMEPENIHIO MIJITOTOBKY, $Ka 3a3BUYail BKJIIOYAE 3HEKUPEHHS B
OpPraHiYHOMY PO3YMHHHUKY 3a JOMOMOTOI0 YIbTPa3ByKOBOI 0OPOOKH, a TaK0kK 00pOOKY
B rapsyoMy pO3UuHi JIyTy [6].

Buxopuctannst Ounpin ripodoOHUX cHIaHIB MOTpeOye 301TIbIICHHS BMICTY
OpPraHiYHUX PO3YMHHUKIB, IO MOXE CIPUYUHUTH €KOJOTiyHI pusuku. [lim dyac
TiApOTi3y YTBOPIOIOTHCS JIETKI CHUPTH, AKI MIBUAKO BUIAPOBYIOTHCS, BUKIHUKAIOUU
MOSIBY MIKporop 1 TpimmH y TwmBili. [le cTBoproe KOH(MIIKT MDK 3MEHIICHHSIM
OpraHiyHOTO0  HABaHTaXXEHHA Ta  HEOOXIJHICTIO  OTPUMAHHSI  CTAOUIBHOTO,
BOJIOBI/IIITOBXYIOUOIO 1Iapy. BUKOpUCTaHHS pO3YMHHUKIB 13 BUCOKOIO MOJIAPHICTIO Ta
BEIIUKOIO  JIICTICKTPUYHOIO  CTAJIOK  COpusie  OuIbIl  €()EKTUBHOMY  TiIpOJIi3y,
CTaOLTI3yIOYM MPOMDKHI  MPOAYKTH peakili Ta 3amoliraloun  HeOakaHOMY
arperyBaHHIo [6].

[linBumienHss KoHUEHTpalli cuiany B po3uuHi 10 50 % copusie 301IbIIEHHIO
TOBUIMHU IUIIBKM, IO TMOKpallye ii 3aXWMCHI BJiacTUBOCTI. BomgHouac HaamipHa
KUTBKICTh pEareHTy Mo)e MPOBOKYBaTH MOsIBY AedeKTiB 1 mop [7].

TemnepaTypHuil BIUIMB aKTUBI3y€ MPOILIEC MONIKOHACHCAIT CUJIAHOIBHUX TPYII,
COpUAIOYM YTBOPEHHIO TPHUBUMIPHOT MEpexXi CHJIOKCAHOBUX 3B’SI3KIB, SIKi
3a0e3MeuyloTh IUIBHICTh 1 BOJOBIAIITOBXYBAJIbHI BIACTUBOCTI MOKPUTTA. 3a3BHUail
ONTUMAJILHUM TeMmIiepaTypHuil iHTepBas cTtaHoBUTh Bim 20 mo 250 °C. TpuBamictb
eKCIO3UIli MOKE€ 3HAYHO BapiIOBATHUCSA 3aJie)KHO BIJ THUIy OCHOBHM Ta O0OpaHOi
METOJIMKU HaHECEHHS — B KUIbKOX CEKYHJ 10 KIJIbKOX FOAHH. TaKoX 4ac CyIIiHHS
MOKE€ 3MIHIOBATHCS B IIMPOKOMY Jlana3oHi — BiJ JECATKIB XBUJIMH JI0 KIJIBKOX
JECSTKIB TOJIMH, 110 NOTpeOye 1HANBIAYaTHHOTO MIAXOAY BIIMOBIAHO 10 MPAKTHYHOTO
npu3HaydeHHs [7-8].

HasiBHICTP BOJOBIIIITOBXYBAJbHUX BJIACTHUBOCTEH € OJHUM 3 OCHOBHHX
napaMeTpiB Cy4aCHMX 3aXHCHHUX TOKPHUTTIB, IO KOHTAaKTyIOTb 3 Bojaow. Ha
BOJIOCTIMKICTh MOBEPXHI BIUIUBA€E OJipazy 2 (akTopu - HU3bKA MOBEpXHEBA €HEPris U
HasIBHICTh 0CO0MBOi mOpcTKOocTi. Ilepmmii (akTop - BHU3HAYAETCHS MPHUCYTHICTIO
IHEPTHUX JI0 BOJH, HEMOJSAPHUX TpyI. Jpyruili - Mikpo- , HAHOHEPBIHOCTEH abo ix

noegHaHHS - iepapxiuHoi cTpykrypu. Lle xapakrepusyeTbCsi y  BHUIAIKY
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cynepriipooOHUX BIACTUBOCTEH CTAaTUYHUM KYyTOM 3MOuyBaHHS Ouibie 150° 1
KyToM ckouyBaHHs MeHmie 10°. L[i MOKa3HHMKH ONUCYIOTChS MOJEISMH CTaHIB
Bentuens (Puc.2. b) ta Kaci-bakctepa (Puc.2. a), ski € meTacTaOlIbHUMH IO
BIJTHOILIEHHIO OJUH JI0 OJHOTO - TOOTO MOXYTh MEPEXOAUTH OAWH B 1HIMHA. Taka
HIOPCTKICTh MOBEPXHI 37aTHA YTPUMYBAaTH BEJIHKY KUIbKICTH MOBITPSI MK Kpariero

BOJIY Ta TTOBEPXHEIO, a 11€ 301IBIITYE T1APOPOOHICTh MO BITHOIIECHHIO 10 Kparui .

(a) (b)

Puc. 2. a — cran Kaci-bakcrepa; b — cran Benrueuas [9]

JlocATTH TakuxX CTaHIB B MOYATKOBO TiApOoQiabHIA MiHEpalbHIA MaTpHIll
MOKHa MeTojoM Mojaudikaimii riipohoOHMMU HAHOYACTUHKAMHU, IO MOXKYTh
CTBOPIOBAaTH HEOOXiAHY TekcTypy. Kpim 1poro takuii cmoci® AocuTh ao0pe
MacCIITa0y€eThCS 1 € HE JJOPOTUM.

VY po6oti [10] Oyio onrcaHo NPOCTUH METOI MIPUTOTYBAHHS Mai>ke PO30pOro
rizpogobHoro mokputts Ha ocHoBl TEOS meromom Illtobepa 3 moaudikaTopom
nmoBepxHi 1 katanizaropom HMDS(rekcameTnnancuinazad) Ha pi3HUX cyOcTparax(KyT
3MOYYBaHHS 1 CKOUYBaHHS Ha ajtoMiHieBil (oib3i — 148°, 25° BIiAMOBIIHO).

Cymneprinpodo0OHi, HepTOpOBaHI, MPO30pi Ta CTAOUTHHI MiHEpaIbHI MMOBEPXHI 3
KyTOM KOHTakKTy 3 BOJi0l0 moHaja 170° Tta xKyTom ckoudyBaHHS Oiu3bko 3° Oynu
BUTOTOBJICHI 3a JOMOMOIOI0 OAHOCTAAIMHOTO 30Jb-T€b METOAY 3 BHUKOPUCTAHHSIM
TEOS Ta rinpodoOHIX YaCTUHOK AIOKCHY KPEMHIIO Ha CKIIsiHOMY cyOcTpari [11].

B 1HmmMX pociipKkeHHsX aBTopaM BAANOCS TOCSATTH KyTH 3MOUYYBaHHS OJU3bKO
160° rigpodobizarieto ankincunanamu [12]. Takox BioMO JOCSITHEHHS 1€papXidyHOI

“MaTMHOIIOAI0HOT” TEKCTYPH 3 KyTOM CKOUyBaHHs 5° (Ha CKISIHUX cyOcTpaTax) [13].
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JlekinbpKka JOCHIDKEHb MPUCBSYEHI Ppo3poOIl TiApoPoOHMX MOKPUTTIB Ha
mamepi 1 CkiIl  BUKOpUCTOByrouM ML- wMogem, #ki oTpumyroun OaHK
EKCIIEPUMEHTAIbHIX JaHUX MOXKYTh TPOTHO3YBAaTH OINTHUMalbHI YMOBH CHHTE3Y
TaKUX TMOKPUTTIB 13 3aJJaHUMU napameTpamu [14-15].

byno noseneno, mo xonuentpais 601u3pko 1000 ppm 4MCTUX HAHOYACTUHOK
MOHTMOPHWJIOHITY B CHJIAHOBOMY PO3YHHI IOKpAIly€ aHTUKOPO3iiiHI BJIACTUBOCTI
OTPUMAHOI 30JIb-T€JIh IUIIBKM Ha OIMHKOBAHWX CTAJEBUX JHCTaX — 3TIAHO 3
pe3yJibTaTaMu €JIeKTPOXIMIYHUX BUMPOOYBaHb Ta TECTIB y COJIbOBIM Kamepi [16].

[lixaBum € nmocmimkeHHs [17]. BoHo mokasye 1mo moaudikailis CHIaHOBOIO
nokputTs ioHamu Ce*' miaBHUIIye HWOTO aHTHKOPO3ilHI BIACTHBOCTI 32 PaxyHOK,
BIpOTiHO, POPMYBaHHS B MICISAX TOIIKOKEHHS HEPO3UMHHOTO T1APOKCHUIY LIEPIto,
KU 3aMOBHIOE AE(PEKTH Ta MEPEUIKOIKAE TOATbIIOMY IPOHUKHEHHIO €IEKTPOIITY.
[le 3abe3neuye eQeKT «CaMOBIAHOBICHHS» TMOKPUTTA Ta 30UIblIye #oro
JIOBI'OBIYHICTb.

He poctaTHbO BHCBITIEHMM y HAyKOBIH JTepaTypl 3aJMIIA€THCA MUTAHHS
IU3aiiHy TaKUX aHTUKOPO3IMHMUX MOKPUTTIB HA PI3HUX THUIMAX METAJEBHX IiIKIAJIOK,
Ta YHIBEpCaJbHMX MiAXOMAIB N0 1boro. Kpim Toro, taki IOCHIPKEHHS 3a3BUYail
0OMEXYIOThCS B J1a0OpaTOPHUX MacinTadax 1 HE 3aBXKIU OIIHIOETHCS CTAOUIBHICTH
cynepriipooOHUX TUTIBOK, IO € yKe BAXKIUBUM. TakoX B Cy4aCHOMY CYCHIJIbCTBI
nocrae mnoTrpeda 0 MAaKCUMalbHO €(QEKTUBHOTO BHUKOPUCTAHHS pECypciB i
OOMEXEHHsI IIKOAM HABKOJHUIIHBOMY CEPEIOBHINY, IO YacTO YIYCKAEThCS B
TUTIOBUX JOCIIPKEHHSX HA II0 TEMY.

OTxe, 3 OriasAy Ha BIACTUBOCTI CyNepriapoGoOHMX  MOKPUTTIB Ha
MIHEpaJIbHIM OCHOBI MOKHA OYIKYBaTH iX NEPCHEKTHBHICTh Y BUKOPUCTAHHI SK:
CaMOOYHMCHUX, ONITHYHO MPO30PUX, JJIS MiABUIIICHOTO 3aXUCTY BiJ KOpPO3ii METaliB,

aHTHOaKTeplaTbHUX, O1I0METUIHUX.

BUCHOBKH
VY poOoTi TOKa3aHO OCHOBHI MexaHI3MU ()OPMYBaHHS 3aXHMCHUX MOKPHUTTIB 3

PO3UMHIB KPEMHIMOPraHiYHUX CIHONyK. PO3rNsSHYyTO BIJIMB YMOB peakUidHOI
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cucremu. [IpoaHanizoBaHO IIISXM YAOCKOHAJIEHHSI BIACTUBOCTEH TaKMX MOKPHUTTIB
3a paXyHOK JOCATHEHHSI HUMH CTaHy cymnepriapodooHocTi. OTiasHyTO NepCreKTUBU

iX 3aCTOCYBaHHS 1 MPOOJIEMATUKY MOJATBIITNX JOCIIKECHbD.
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MINERAL PROTECTIVE COATINGS FROM SOLUTIONS OF
ORGANOSILICONE COMPOUNDS: CURRENT STATUS OF THE
PROBLEM

Platon TYHONOV

PhD graduate,

Oleksiy MYRONYUK

Doctor of Technocal Sciences, Assosiate professor,
Igor Sikorsky Kyiv Politechnic Institute

Abstract: The subject of this review is inorganic sol-gel silane coatings formed on metal
surfaces for corrosion protection. The aim of this review is to highlight approaches to the formation
of advanced mineral sol-gel coatings for the protection of metal surfaces, with a focus on the
influence of synthesis conditions and the use of hydrophobic additives to achieve anticorrosive and
superhydrophobic properties.These coatings are characterized by increased resistance to
environmental factors, including UV radiation, and offer greater long-term environmental
friendliness compared to organic matrices. The review analyzes the factors influencing the
synthesis of such coatings (pH, solvent, temperature, concentration, surface treatment, etc.), their
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operational drawbacks, and limitations in existing studies. Special attention is given to the
possibilities of improvement through the incorporation of various types of hydrophobic
nanoparticles to achieve the Cassie superhydrophobic state, as well as corrosion inhibitors. The
main outcome is the substantiation of the potential for using such coatings as an effective barrier
layer with self-cleaning and bio-protective properties, while having minimal environmental impact.

Keywords: mineral films, organosilicon compounds, anti-corrosion coating, sol-gel method,
alkoxysilanes, textured surfaces, superhydrophobicity.
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Anomayia. Po3pobneno memoo cunmesy Qmopo6aHoco apoMamuiHo2o NONia30MemuHy
(DIIAM) wnsxom peakyii Oexagpmopbigeniny 3 napa-/mema-3amijeHum a30MemuHEMICHUM
MOHOMEPOM (DeHONbHO20 MUNY 34 MEXAHIZMOM aAPOMAMUYHO20 HYKIeOQiNIbHO20 3aMilujeHHsA Y
npucymuocmi K>CO3 sik ochosu. Ompumanuii noniimep Xapakmepusyemucs 8UCOKOI0 PO3UUHHICIIO
Y BUCOKONONAPHUX ANPOMOHHUX POZYUHHUKAX Ma Y XA0pOPOpMi, 3 AKUX DOpMYE MEXAHIUHO
cmabinvni nuiexu. Ximiuny 6yooey ®IAM odocniosceno memooamu 149-, Y-, 'H ma ’F AMP-
CReKmpocKonii. 3a Oanumu wWuUpoKoKymosoi penmeenozpa@ii 8CmMaHo8IeHO, w0 Noximep Mae
amopghuy cmpykmypy. Ocoonugicmio PIIAM € nasgnicmv 080X memnepamyp CKIY8aHHSA HA U020
mepmoepami JJCK, wo cgiouums npo ¢popmysanus y cmpykmypi nonimepy K 0iibul MOOLIbHOT, max
i ocopcmroi amopgrux ¢az. Ilonimep OemoOHCmMpYE GUCOKY MEPMOOKUCTIOBANbHY CMADINIbHICHb
(Ts0, = 355 °C) i € nepcnekmugnum OJisi CMBOPEHHS. MAMEPIAie, 30Kpema KOMNOZUMHUX, 3 MEnOK
nOOANbULO2O OOCTIONCEHHS X 8 2ALY35X eeKMPOONMUKU MA POMOHIKU.

Kniouogi cnosa: noniazomemunu, omoposari ghpacmenmu, izomepis, mepmocmaoiibHicmo,
cunmes

Cepen  BUCOKOMOJIEKYJISIDHMX  CIOJIYyK OCOOJIMBY yBary IPHBEPTAIOTh
nomazomeTnan (ITAM) [1-4], ski BOJOMIIOTH BUCOKOK TEPMIYHOIO CTIHKICTIO,
CJIEKTPOHHOIO  MPOBIJIHICTIO, PIAKOKPUCTAIIYHUMH Ta  HENIHIHHO-ONTUYHUMU
BJIACTUBOCTAMHU [4-6], a TaKOX 3/aTHI YTBOPIOBAaTH KOMIUICKCH 3 10HAMH METaliB
pisaux tumiB [1]. Knacuunaum (Tpanumiitanm) metonom cuHTesy [TAM € B3aemomis
JTlambJeriaiB 13 JilaMiHaMW, B Pe3yJbTaTi YOTr0o YTBOPIOETHCS a30METHHOBHUM

(imiHOBHH) 3B's30K. Takox st cuHTe3y [IAM BHKOPHCTOBYIOTH MOHOMEPH 13 BXKE
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c(hopMOBaHUM a30METUHOBHMM 3B’A3KOM (ajgbTepHATUBHUN MeTon). [Ipu mpomy pict
MaKpOMOJIEKYJISIPHUX JIAHIIOTIB BOYBA€ETHCS 3a PaXyHOK IHIIUX XIMIYHUX 3B’S3KIB,
HaIpUKIaJ €TePHUX, YPETAaHOBUX, IMITHUX [2, 7].

B Toii e yac, [IAM matoTe oOMexeHe MpaKTUYHE 3aCTOCYBAaHHS Yepe3 HU3bKI
MOJIEKYJISIPHI MacH Ta MEXaHIYHI XapaKTepUCTHKH, & TAKOX MOTaHy PO3YMHHICThH B
OpraHiYHMX PO3YMHHHMKAX, 110 OOYMOBJIGHO IiJIBUIIIEHOIO >KOPCTKICTIO iXHIX
Makpomosiekyn [2]. Tomy po3pobka metomiB cuHTe3y HOBUX [TAM 3 mokpameHnmu
(G13UKO-XIMIYHMMHU BJIACTUBOCTSAMHU Ta, 30KpeMa, PIAKOKPUCTATIYHUMH, ONTUYHUMU
XapaKTepUCTUKAMH, € AaKTyaJlbHUM 3aBJaHHSAM B Ximii momimepiB. OmHum 13
e(peKTUBHUX MIIXOAIB O BUPIIICHHS 3a3HaYCHUX MPOOJIEM € PEryIIOBaHHS XIMIYHOT
ctpyktypu IIAM 3a J0mMOMOrorw 3MEHIIEHHS UIUIBHOCTI YMAaKOBKH  iXHIX
MaKpOMOJIEKyYJ. 3a3BU4ail IJIs MOKpamleHHs: po3unHHOCTI [IAM B iXHIO CTpYKTYpY,
OKpIM THYYKHX 3B’SI3KIB (HaNpUKIIaJ, €TepPHUX ), BBOAATH amidaruyHi (pparMeHTu, sKi
OJIHAK TMPU3BOJATH JI0 3HUKEHHS TEepMOCTaOUIBLHOCTI moiiMmepiB [2]. B nmaHomy
acCTeKTl MEepCIEeKTUBHUM € pEerylioBaHHsS KOHQIrypaiii MHOJIIMEPIB 3a PaXyHOK
130MEpHUX JaHOK Ta, TaK 3BAaHUX, BY3JIB BUKpHBIeHHS. Hampukian, Bigomo, 1o
BEJICHHS Mema-130MEpHUX JIAHOK Ta HEKOMIUIAHapHUX OKTapTOpOipeHIIeHOBUX
KUIEIb MOKpallye 3HAaYHUM YHHOM PO3YMHHICTh MOJiMEpiB 0e3 BTpaTu iXHBOI
TepMocTabibHOCTI [8]. binbm Toro, ¢gropoBaHa KOMIOHEHTA CIPUSIE 3HUKEHHIO
JIENeKTPUYHOI MPOHUKHOCTI Ta TMOKPAIICHHIO ONTHYHUX, EJNEeKTPOONTHYHUX 1
PIIKOKPHUCTATIYHUX BIACTUBOCTEH moJiiMepiB [2].

Mertoro 11i€1 poOb0TU € CUHTE3 Mema-130MepHOTO (PTOPOBAHOTO MOJI1A30METUHY
3 (¢parmentamu oktadropOideHisie NUIIAXOM peakilii eTepoyTBOPEHHS Ta
JOCITIDKEHHS KO0 XIMIYHOI Oy0BH, CTPYKTYPHU Ta BIACTUBOCTEH.

Jnsa cuHtesy @TopoBaHOro apomaruyHoro mnomiazomeTuHy (PIIAM)
BUKOPHCTAHO aJlbTEPHATUBHUM MiAX1, 10 0a3ye€Thes Ha peakilii Aekadropbideniny 3
napa-/mema-3aMillleHUM a30METHHBMICHUM MOHOMepoM (eHosibHOoro THny (AM) 3a
MEXaHI3MOM apOMAaTUYHOTO HYKJICO(PUIHHOTO 3aMIIICHHS 3 YTBOPEHHSM €TEpHOTO
3B’s13Ky (puc. la). Peakiito npoBoaunu B cepeoBuil gumerwianetaminy (JIMAA)

npu 90 °C mpotsirom 4 roaun y npucytHocTi K,CO;. Buxin nomimepy cknas 89 %.
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Puc. 1. Cxema cunresy ®IIAM (a); IY cnexTp PIIAM (0)

Otpumanuniit ®ITAM pozuunserscs y JIMAA, xnopodopMi Ta TOJIyosIl, OJHAK
HEPO3UMHHUI y cnupTax Ta rekcaHi. CTpyKTypy OTpPHUMAaHOrO mojiMepy Oyio
nociimkeno 3a gonomororo Merois 14, 'H IMP, F SIMP ta YV ®-criekTpockorii.

HasiBHicTh eTepHOro apomatuuyHoro 3B's3ky B IU cmektpi DPITAM
croctepiraerses npu 1250 cm™! (Puc. 16). Kpim Toro, cmyru B o6macti 980 — 1004
cm’! BKa3ylOTh Ha HasABHICTh BAJEHTHMX KOJUBaHb 3B a3KiB C—F, a mpucyTHiCTH —
CH=N- rpyn miATBEpIKyeTbCS CMYTroOl0 IOMIMHAaHHA npu 1629 cm™!. Banenrni
KoiuBaHHs apoMaTHuHUX —C=C— 3B’43KIB MPOSBIAIOTHCA B Aiama3oHi 1585 — 1470
cm!. TIpu oMy 3HHKA€ mMpoOKa cMmyra B o0macti 3150 — 3400 cm!, sxa Bigmosinae
BaJIeHTHUM KoJuBaHHsIM OH-rpyn a30MeTHHBMICHOTO MOHOMEDY.

V cnextpi 'H SAMP cnocrepiraerbcs Ximiunmii 3cyB mpu 8,45 m.4., mIo
BianoBigae nporoHam rpynu CH=N (puc. 2). BiacyTHICTh CUTHaNIB, XapaKTEPHUX
IUIA T1IPOKCHIBHUX TPy BUX1AHOTO MOoHOMepy AM (mpu 9,48 Ta 9,62 m.u.; puc. 2),
CBIIUUTH TIPO yYaCTh IUX TPYN y XIMIUHIN peakiii. [Him XiMiuHI 3CyBH BKa3ylHOTh Ha

HAasIBHICTh QpOMaTUYHUX MPOTOHIB (a, b, ¢, d, e) DIIAM (puc. 2).
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Puc. 2. "H SIMP cnexktpu ®IIAM (1) Ta a30MeTHHBMiCHOr0 MOHOMepa (2)

B F SIMP cnekrpi ®ITAM MiCTUTBCS [BAa CUTHAIM Yy BULJISAI AyOJIETIB, 110
BIMOBIAAIOTH atomMaMm (ropy okradropOideHiieHoBoro ¢parMeHTy B opmo- Ta
Mema-TIoJIOKEHHSIX BIJIHOCHO €TEPHOro 3B’sI3Ky. MaKCUMyM TOIJIMHAHHS AJis
®OITAM B pozuuni [IMAA 3rigno Y@ cnekrpockomii ckiagae 329 HM, TOIl K IS
AM — 322 HM, 1O AOJATKOBO CBIIYUTH MPO 3aMIIICHHS TIAPOKCHWIBHUX TPYN Yy
BUX1THOMY MOHOMEDI.

CtpyktypHi  ocobmuBocti  OIIAM  Oynum jmociikKeHI  METOAOM
mupokokyToBoro pentreHorpadiunoro (LLIKP) anamizy. Sk BugHo 3 puc. 3a, B
nianasoHi 20 Big 8° 10 25° crocTepiraeThesl MUPOKE TAI0 ACUMETPUIHOI (POPMH, TI10
BKasye Ha amopdHy cTpykTypy PITAM 3 MOXIMBHMH JIOKAJIBHO BHOPSIKOBAHUMHU
obnactssmu. OcKinbky AUQY31HHUN MK € aCUMETPUIHUM, HOTro OyJI0 ampOKCUMOBAHO
TpbOMa rayCCOBUMHU KOMIIOHEHTaMH, PO3TallOBaHUMHU NMPUOIM3HO Ha 8,2°, 15,6° Ta
23,3°. BkazaHi miku BiANOBIJAIOTh MIKIUIOIIUHHUM BifcTaHaM (d-Biactansam) 1,08,
0,57 Ta 0,38 M BianoBiaHO. 3rigHO podoTu [9] mik mpu 23,3° xapakTepHU TpHU
yTBOpeHHI TAr-mtArF crtexkoBux B3aemojid Ta arperamii xpomodopis. Ilixk 3 d-

BijicTanHio 0,57 HM MOB'A3aHUNA 3 MDKJIAHIIOTOBOIO BIJICTAHHIO IIUIBHO YIAaKOBAaHUX
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noJiMepHUX JaHUporiB. Tpeti mik 3 d-BiactanHio Onu3bko 1,08 HM Bkasye Ha

HAsIBHICTh MEHIII L[IJIbHO OPraHi30BaHUX MOJIMEPHUX JIAHIIIOT1B.
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Puc. 3. IKP nudpakrorpama (a), kpusa JICK (0) Ta kpusa TT' A (8B) ®IIAM

JImst  MOCHIKEHHS TEPMIYHUX BJIACTUBOCTEH CHHTE30BAHOTO IOJIMEPY
BukopuctoByBainu metoau JICK i TT'A. Jlani JICK miaTBepmKyrOTh, 10 MOJIIMEp Mae
aMmopbHy TOpPHUPOTY, OCKUIBKM He Oysno 3adiKCOBaHO TNEPEXOJiB MPOIECIB
kpuctamizamii ab6o mnaBiaenns (Puc. 36). Opnmak nHa JICK Tepmorpami
CIIOCTEPIraeThCsl J1Ba MEPEXOH, K BiIMOBITAIOTH JTBOM TEMIIEpaTypaM CKIyBaHHS
nommepy (To=154 °C 1 To= 169 °C). ITloasiiiHa TemmepaTypa CKJIyBaHHS
3yMOBJIEHA HAsIBHICTIO JBOX (ha3 — MOOLIbHOI Ta OubI xKopcTKoi. MoOiiabpHa (asa
bopMy€eTbCS 32 PaxXyHOK THYYKOi €TEpBMICHOI CKJIaIOBOi, TOMI SIK JKOpCTKa (hasa
YTBOPIOETHCSI BHACIIOK 7T—TT CTEKOBHUX B3a€EMOJIIN Ta arperarii a30METHHOBUX TPYIIL.

Taka nmoBexinka cnocrepiraerbes 1 s iHmMX OIIAM [2]. 3 ganux TI'A BugHO, 110
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npu 355 °C cnoctepiraetbes 5% BTpaTa Macu NOJIMEpY, IO CBIAYUTH IPO HOTro
BUCOKY TepMiuHy cTabunpHicTh (Puc. 3B). Haiibinpln iHTEHCHMBHA BTpaTa Baru

crioctepiraetses npu 520 °C.

BUCHOBKUA

Otxe, B pe3ynbTaTi B3aeMoii aekadTopOideHuTy 3 130MEPHUM MOHOMEPOM,
IO MICTUTh Aa30METHHOBY TpyIly, CHHTE30BaHO (TOpOBaHMN apoOMaTUYHHUNA
nosiazoMeTuH. [lokazaHo, 110 BBEACHHS €TEPHOTO 3B’A3KY, @ TAKOX 130MEPHHX 1
nepTOPOBAHUX APOMATHYHUX (PparMeHTIB A0 CTPYKTYpPHU MOJIa30METUHY JO3BOJISE
OTpUMAaTH PO3UYMHHUN TMOJIMEp 13 IUIIBKOYTBOPIOBAJIBHUMHU  BJIACTUBOCTSIMHU.
Otpumanuii moxiMep € amMop(HUM 1 XapaKTePU3YeETbCSA BHUCOKOK TEPMIYHOIO
CTaOUIBHICTIO 13 3HAYEHHAM 150, 0 cKiiagae 355°C. Cunre3oBanuii PITAM moxke
OyTH LIKaBUM SIK PIAKOKPUCTAIIYHUI MaTepial 3 ONTUYHUMH Ta €JIEKTPOONITHYHUMU
BJIIACTUBOCTSIMH, a TaKOX K MaTpULs A HOJAJIBIIOrO JOIMyBaHHS, HAIPHUKIIAL,

ﬁOﬂOM, 3 METORO BI/IKOpI/ICTaHHi TaKNX KOMIIOBUTHUX CUCTEM Y q)OTOBOHBTa.l.Hi.
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Abstract. A method is developed for the synthesis of fluorinated aromatic polyazomethine
(FPAM). This is achieved through the reaction of decafluorobiphenyl with para-/meta-substituted
azomethine-containing phenolic monomer via an aromatic nucleophilic substitution mechanism,
using K>CO3 as a base. The resulting polymer is characterized by good solubility in highly polar
aprotic solvents and in chloroform, from which it forms mechanically stable films. The chemical
structure of FPAM is investigated by means of FTIR, UV, 'H and ’F NMR spectroscopy
techniques. Wide-angle X-ray diffraction data demonstrates that the polymer possesses an
amorphous structure. A distinctive feature of FPAM is the presence of two glass transition
temperatures (according DSC), indicative of the formation of both more mobile and rigid phases
within its structure. The polymer demonstrates notable thermo-oxidative stability, with a Ts of
355°C, making it a promising material for further study in the fields of electro-optics and photonics.

Key words: polyazomethines, fluorinated fragments, isomeric, thermostability
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Abstract This research focuses on the characterization of liquid-repellent polymer films with
micro- and nanostructured surfaces, using the Owens-Wendt method. The study investigates
polydimethylsiloxane (PDMS) and low-density polyethylene (LDPE) films engineered to enhance
water repellency. The Owens-Wendt approach was applied to estimate surface energy and evaluate
the influence of surface texture on wetting behavior. Results demonstrated that while both materials
exhibited superhydrophobic properties under specific conditions, PDMS surfaces showed lower
stability against wetting transition compared to LDPE. The presence of the Cassie-Baxter state was
confirmed through deviations from linearity in Owens-Wendt plots. These findings support the
potential of structured polymer surfaces for developing efficient liquid-repellent materials in

various applications.
Key words Liquid-repellent  surfaces, Owens-Wendt method, PDMS, LDPE,
superhydrophobicity, Cassie-Baxter state, surface energy, wetting behavior, micro/nanotexture.

Textured liquid repellent materials rely on surface micro- and nanostructures
combined with low surface energy coatings to repel liquids. Inspired by natural
surfaces like lotus leaves, these materials create a rough topography that minimizes
the contact area between the liquid and solid, causing water or other fluids to bead up
and roll off easily. This phenomenon, known as the Cassie-Baxter state, allows
droplets to remain suspended on the surface without wetting it fully.

These materials have broad applications across various industries. In textiles,

they are used to produce water-repellent and stain-resistant clothing [1]. In
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electronics, they protect sensitive components from moisture. In transportation, they
are applied to windshields and sensors to improve visibility and performance under
wet conditions. Additionally, in healthcare and biotechnology, they help prevent
biofouling and bacterial adhesion [2]. Their self-cleaning properties also make them
ideal for building materials like glass and coatings exposed to the environment.

Thermal pressing is a promising technique for forming liquid-repellent textures
on polymer film surfaces. It offers excellent scalability, making it suitable for the
mass production of functional surfaces in industrial settings. The method allows for
high accuracy in replicating micro- and nanoscale patterns, which are critical for
achieving desired wetting behaviors. Moreover, thermal pressing supports a wide
range of texture variations, enabling customization for specific liquid-repellent needs,
such as hydrophobicity or oleophobicity. Its compatibility with various thermoplastic
polymers and relatively low processing costs further enhance its appeal for
applications in packaging, textiles, and flexible electronics.

The Owens-Wendt theory is used to characterize surface energy by dividing it
into polar and dispersive components. This method involves measuring contact
angles of different probe liquids on a surface and applying the Owens-Wendt
equation to estimate the surface energy. In studying liquid-repellent materials, the
theory helps quantify how a surface interacts with various liquids. A lower surface
energy, particularly in both polar and dispersive terms, typically indicates higher
liquid repellency. This makes Owens-Wendt's theory valuable for optimizing
coatings and surface treatments in hydrophobic and oleophobic applications.

As it was shown in [3], the Owens-Wendt method is very sensitive to the
appearance of the Cassie-Baxter state, where the surface becomes heterogeneous in
the wetting process.

This work aims at the characterization of polymer film samples, which were
textured by the thermal pressing process with the Owens-Wendt method.

Materials used in this work were 2-component platinum-cured PDMS, low-

density polyethylene film. The templates for textures were fabricated as it is
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described in [3]. PDMS negatives were obtained via casting method and LDPE - via
thermal pressing at 110 deg. C

An Owens-Wendt plot of flat cured polydimethylsiloxane may be linearly
approximated, that accords with the classical approach (Fig.1). In that case, the
surface energy of this material is near 24,7 mN/m and it’s disperse and polar
components - 21,7 and 3.0 mN/m respectively. It may be noticed, that experimental
curves corresponding to a different textures cannot be approximated by linear
dependance because they contain another significant pattern. Low (Y) plateau is
responsible for the Cassie wetting anomaly. It’s Y coordinates lets us to compare
materials liquid repellency and X coordinates - the stability of this state in the range

0s surface tensions.
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Fig.1. Owens-Wendt plots: a - polydimethylsiloxane film; b - low density polyethylene
film

It is noteworthy that structures on the siloxane surface are likely to be less
stable to the wetting transition than the polyethylene ones. In their case the wetting
happens faster at X values 1,20-1,25. And is the case of polyethylene is prolonged on
the ranges of X 0,70-1,20. This may be an indicator of the sub micron structure of the
surfaces tested: it is known that despite PDMS, that is amorphous material, the LDPE
has it’s own supramolecular texture, that may be formed under crystallization from
the melt and produce the lower level of liquid repellent structure.
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It 1s also evident that the negative of K sample texture provides higher initial
water repellency than L does. It is approved by their water contact angle values: 151

and 136 for silicone and 155 and 146 for polyethylene substrate.

CONCLUSIONS

It was demonstrated that the polymer films' liquid repellent properties may be
characterized by the use of the Owens-Wendt approach. It was shown that the liquid
repellent structures, obtained on the surface of polydimethyl siloxane by curing
casting, are less stable to wetting transition than the structures obtained by thermal
pressing of low-density polyethylene films. However, both of the film types
demonstrated superhydrophobicity for the K-type structure.
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XAPAKTEPUCTHKA BOJIOBIIIITOBXYBAJTBHNUX TEKCTYP,
OTPUMAHMX HA MTOJIMEPHHUX ILTIBKAX 3A METOJIOM OYEHCA-
BEH/ITA

Boaoagumup CTPAIHIEHKO

TOB "Kuisryma", AcmipaHr,

KIII im. Iropst Cikopcbkoro,

Ouaekciii M. POIIH

HoxTtop dinocodii, rosioBa nadopatopii,
Hentp diznunnx Hayk ta Texnojorii (FTMC),
Oaexcii MUPOHIOK

JI.T.H., TOLICHT,

KIII im. Iropst CikopchKoTo

Anomauia Jlane 0ocniodceHHsi npucesueHe Xapakmepucmuyi 80008I0UMOBXYEANbHUX
NONIMEPHUX NIIBOK 3 MIKpO- ma HAHOCMPYKMYPOBAHOI NOBEPXHEI0 3 BUKOPUCMAHHAM Memooy
Oyenca-Benoma. /Jlocnioxceno nuieku nonioumemuncunoxcany (IJIMC) ma noniemuneny Huzbkoi
eyemunu (IIHI), po3pobneni 0nsa nokpawerHs 80008i0wmMOoBXy8aivHux eracmueocmet. I11ioxio
Oyenca-Benoma 06yno 3acmocosano Onsi OYIHKU NOBEPXHeB0i eHepeii ma 6niugy meKCcmypu
noeepxui Ha NO8eOdiHKy Npu 3mouyeauwi. Pezynemamu nokaszanu, wo xoua obudsa mamepianu
0eMOoHCmpyoms cynepeiopogobui enacmugocmi 3a nesHux ymos, nogepxui PDMS oemoncmpyromu
HUJCYY CmilKicms 00 nepexody smouyeanus nopisuano 3 LDPE. Hassenicms cmany Kacci-
baxcmepa 6yna niomeepodicena gioxunennamu 6i0 ainitiHocmi Ha epagixax Oyenca-Benoma. L[i
pe3yibmamu ni0meepotCyIoms NOMeHYian CmpyKmypos8anux nOAMepPHUX NHO8EePXOHb OJisl pO3POOKU
ehekmuHUx 80008IOUMOBXYBALHUX MAMepianie OJisl PI3HUX 3ACMOCY8AHb.

Knrwowuosi cnosa [liopoghooni noeepxmi, memoo Oyenca-Benoma, I[I/IMC, [IIHT,
cynep2iopoghobricme, cman  Kecci-baxcmepa, noeepxuega - eHepeia,  3MOYYBAHICMb,
MIKpo/Hanomexkcmypa.
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Abstract: Poly(lactic acid) (PLA), a biodegradable biopolymer, faces challenges in coatings
due to film formation and stability issues. To enhance performance, researchers use plasticizers,
flexibilizers, and cross-linking agents. Emulsification techniques like solvent evaporation, high-
shear mixing, and ultrasonic emulsification aid PLA dispersion, with recent focus on solvent-free
methods such as reactive extrusion. Stabilizers like polyvinyl alcohol, casein, and pectin improve
emulsion stability. However, issues like phase separation, high energy demands, and residual
solvents persist. Research into eco-friendly stabilizers, green processing, and PLA nanocomposites
aims to enhance mechanical properties and scalability. PLA emulsions show promise for wood
finishes, food packaging, and biomedical coatings, reducing volatile organic compound emissions.
Advancements in formulation and processing will be key to unlocking PLA-based coatings’ full
potential.

Keywords: PLA, biopolymer, polymer, film, coatings

In the quest for sustainable development, the transition from fossil-based to
renewable or bio-based raw materials in polymer production has become increasingly
essential. Using renewable sources reduces reliance on limited fossil resources,
lowers greenhouse gas emissions, and decreases the environmental impact of polymer
production and disposal. In particular, poly(lactic acid) (PLA), a biopolymer derived
from renewable sources like corn starch or sugarcane, has gained attention for its
biodegradability and low carbon footprint. However, its application in coatings
remains underexplored, partly due to the challenges posed by its inherent properties.

It was indicated that one of the primary limitations of PLA and other
biopolymers in coatings is their film-forming ability [1]. Traditional petroleum-based

polymers offer a proven track record of forming durable, flexible films critical for
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coating applications, whereas biopolymers often struggle to meet these standards [2].
To address this, researchers are investigating various approaches to enhance the film-
forming properties of PLA and similar biopolymers. By incorporating additives such
as plasticizers, flexibilizers, and cross-linking agents, it is possible to improve
flexibility, durability, and adhesion, paving the way for biopolymer coatings with
enhanced performance.

The synthesis of polylactic acid (PLA) emulsions involves processes aimed at
dispersing hydrophobic PLA particles into a continuous aqueous phase. These
methods are influenced by the physical and chemical properties of PLA, such as its
high hydrophobicity and limited water solubility. Common techniques include:
solvent evaporation method, solvent diffusion method, high-shear or ultrasonic
emulsification, emulsion-solvent-free method [3].

Solvent evaporation method is one of the most widely used techniques for
preparing PLA emulsions. In this method, PLA is first dissolved in an organic solvent
(e.g., dichloromethane or acetone). The organic phase is then emulsified into water
containing surfactants to stabilize the dispersion. After emulsification, the organic
solvent is evaporated, leaving behind PLA particles suspended in the aqueous phase.
This method has the following aspects: produces uniform particles with controllable
sizes, limited by the need for organic solvents and complex solvent recovery
processes, requires volatile organic compounds (VOCs), raising concerns about
emissions and solvent disposal.

Solvent diffusion method is similar to the solvent evaporation method, this
approach relies on the diffusion of a water-miscible organic solvent (e.g., acetone)
into the aqueous phase. This results in the precipitation of PLA as fine particles. This
method has the following aspects: suitable for smaller-scale applications with
moderate energy input, more feasible than solvent evaporation due to lower solvent
recovery requirements, less solvent-intensive but still involves VOCs.

In a high-shear or ultrasonic emulsification method, molten PLA or PLA in a
solvent is broken into fine droplets within an aqueous phase using high-shear mixers

or ultrasonic waves. Stabilizers or surfactants are used to prevent particle coalescence.
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This method produces stable emulsions with relatively low surfactant concentrations,
uses high-shear devices that are scalable for industrial production and eliminates
organic solvents, making it more eco-friendly.

Recent advances have focused on avoiding solvents altogether by using
reactive extrusion or direct melt emulsification. Emulsion-solvent-free method
involve mixing molten PLA with water under controlled conditions to form
emulsions directly. This method has high efficiency, as it avoids solvent evaporation
steps, promising for large-scale production, environmentally sustainable due to the
elimination of harmful solvents.

Belletti et al. [4] demonstrated that stabilizing agents and emulsification
systems are critical for producing stable PLA emulsions. They prevent phase
separation by forming a protective layer around PLA particles in the aqueous phase,
ensuring the long-term stability of emulsions.

Surfactants like sodium dodecyl sulfate (SDS) and polyvinyl alcohol (PVA) are
commonly used. They reduce the interfacial tension between PLA and water, aiding
in the formation of uniform emulsion droplets. The choice of surfactant significantly
influences particle size and stability. SDS provides effective stabilization but can
have environmental concerns, whereas PV A offers a more eco-friendly option.

Mileti et al. [5] explored polysaccharides (e.g., pectin) and proteins (e.g.,
casein) as natural stabilizers. These biopolymers can form strong viscoelastic
interfaces that enhance the mechanical and thermal stability of PLA emulsions. Their
natural origin aligns with the eco-friendly goals of PLA-based systems.

Mixed stabilizers, such as combinations of surfactants and biopolymers, are
gaining attention. For instance, systems using both casein and pectin demonstrate
enhanced stabilization through synergistic interactions, where proteins provide
interfacial activity and polysaccharides add thickening properties.

Methods like high-shear mixing and ultrasonic emulsification are often paired
with stabilizing agents. These techniques ensure better dispersion of PLA particles

and maximize the effectiveness of the stabilizers used.

93



CEKIIIA 1. KoMrto3utiifHi MaTepiaayn Ha OCHOBI TOJIIMEPiB

Andrzejewski et al. [6] and Jem & Tan [7] described several key challenges in
the development of PLA emulsions. Achieving stable emulsions with uniform
particle size is challenging due to PLA's hydrophobic nature. The mismatch between
the properties of PLA and water often leads to phase separation or coagulation during
or after emulsification processes. This instability limits the broader applicability of
PLA-based emulsions in coatings and other applications.

Many emulsification methods, such as ultrasonication and high-pressure
homogenization, demand significant energy input. While effective, these methods
increase production costs and may limit scalability.

Solvent-based methods, often employed to disperse PLA in water, can leave
residual organic solvents, posing environmental and health risks. Developing solvent-
free or green processing methods remains a critical focus for sustainability.

PLA's low thermal resistance and brittle nature further complicate its use in
demanding applications, necessitating modifications or blending with other materials,
which can affect biodegradability.

To address these challenges, the following research avenues are promising:

- investigating eco-friendly stabilizing agents, such as bio-based
surfactants or polysaccharides, could improve emulsion stability without
compromising biodegradability [8].

- techniques like reactive extrusion or direct polymerization may reduce
energy consumption and eliminate the need for organic solvents, creating more
sustainable production processes [6].

- enhancing PLA properties: research on nanocomposites or bio-additives
to improve PLA's thermal stability and mechanical strength could broaden its
application in high-performance coatings [9].

PLA emulsions have potential applications across various industries. They can
be used as wood finishes, paper coatings for food packaging, and biomedical coatings.
These applications reduce volatile organic compound emissions and align with global
environmental regulations. The focus is on creating coatings that are both high-

performing and eco-friendly.
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In conclusion, PLA emulsions offer an exciting avenue for sustainable coatings.
Despite challenges like stability and scalability, ongoing research into novel
stabilizers and green processing methods provides hope for their widespread use.
PLA-based coatings hold great potential to meet both industrial and environmental

needs.
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OCTAHHI JOCATHEHHA Y CTBOPEHHI ILIIBKOYTBOPIOIOYHX
EMYJIbCIN HA OCHOBI BIOIIOJIIMEPA PLA

Cepriii XJIUCTYH
AcrmipaHr,

Oaexcii MUPOHIOK
JI.T.H., TOLICHET,

KIII im. Irops Cikopcbkoro

Anomauin: Iloni(monouna xucioma) (PLA), Giopo3kniadnuii Giononimep, cmMuKaemovcs 3
npoodremamu npu CMeopeHHi NOKpUmmia uepes npobiemu 3 ymeopeHHAM NAi6KU ma cmadiibHicmio.
Mna  nokpawenms — xapakmepucmuk — OOCHOHUKU — GUKOPUCMOBYIOMb  niaacmughikamopu,
Gnexcubinizamopu ma 3wugaroui azenmu. Memoou emynvey8auHs, Maxi AK GUNAPOBYEAHHS
PO3YUHHUKA, 3MIULYBAHHA 3 BUCOKUM 3CY80M MaA YIbMPA38YKOGe eMYNbey8aHHs, O00NOMAa2aromy
oucnepeyeannto 11JIA, npuvomy ocmauHiv 4acom OCHOBHA Y8az2a NPUOLNAEMbCL MeMOoOaM, U0 He
Micmsamb PO3YUHHUKIE, MAKUM K peakxmuena ekcmpysis. Cmabinizamopu, maxi K Noai6iHi106ull
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cnupm, Kazein i neKmuH, NOKpawyromos cmabitbhicms emyivcii. OQOHAK 3anuarOmvCs maxi
npobnemu, K ¢hazosuti nooil, GUCOKI eHepeemuuHi 6UMO2U MA 3ATUWKOS8] PO3UUHHUKU.
Jlocniosicenns exonoeiyvno uucmux cmadinizamopis, «3eieHoi» nepepoOKu ma HAHOKOMNO3UMIE
PLA cnpsamosani ma nokpawjenHs MmexawiyHux eiacmusocmeti ma macwmabosanocmi. Emynvcii
PLA € nepcnexmuenumu 05 00podOKU 0epesuHu, NaKy8aHHs Xapuo8ux npooyKkmie ma 0iomeOuyHux
NOKPUMMIB, 3MEHWYIOUU BUKUOU JIeMKUX OP2AHIYHUX cnoayk. /locsicHenHs 6 po3pobyi peyenmyp i
nepepobyi cmanymeo Kaouem 00 po3Kpumms n08H020 NomeHyianry nokpummis Ha ocnosi PLA.
Knrouoei cnosa: I1JIA, 6iononimep, nonimep, niiexka, NOKpumms

97



CEKIIIA 1. KoMrto3utiifHi MaTepiaayn Ha OCHOBI TOJIIMEPiB

VIIK: 667.6
DOI: 10.20535/iwcemm2025327080

EVALUATION OF COPPERHYDROXYAPATITE ADDITIVE ON
FEMTOSECOND LASER ABLATION OF CARBON FIBER REINFORCED
PLASTICS

Denys BAKLAN,
PhD, assistant

Igor Sikorsky Kyiv Polytechnic Institute,
d.baklan@kpi.ua

Anna BILOUSOVA,

PhD student

Igor Sikorsky Kyiv Polytechnic Institute,
a.bilousova@kpi.ua

Oleksiy MYRONYUK,

D. of Tech. Sci, associate professor

Igor Sikorsky Kyiv Polytechnic Institute,
o.myronyuk@kpi.ua

Egidijus VANAGAS,

PhD, Principal Researcher

Center for Physical Sciences and Technology (FTMC), Lithuania
egidijus.vanagas@ftmc.lt

Abstract: Carbon fiber reinforced plastics (CFRP) are widely used in aerospace,
automotive, and marine industries due to their excellent strength-to-weight ratio, chemical
resistance, and formability. However, their heterogeneous structure complicates conventional
machining, often requiring multistep processing. Laser micromachining, particularly with
femtosecond (fs) pulses, offers a promising alternative by minimizing heat-affected zones (HAZ) and
enabling precise ablation. Yet, uneven ablation between the epoxy matrix and carbon fibers
remains a challenge. In this work, copper-substituted hydroxyapatite (Cu-HAp) microparticles were
synthesized and introduced into the epoxy matrix to improve laser energy absorption and ablation
uniformity. SEM analysis revealed that Cu-HAp particles possess a hierarchical quasi-cubic
morphology with a high surface area, favorable for infrared absorption. CFRP samples modified
with Cu-HAp were processed using a 1030 nm fs-laser, and the resulting surface morphology was
examined. Compared to unmodified systems, Cu-HAp-modified composites showed more defined
ablation zones, deeper material removal, and enhanced uniformity across fiber and matrix phases.
The results confirm that Cu-HAp serves as an efficient near-infrared absorber, enhancing the
precision and quality of fs-laser machining of CFRP. These findings support the potential of Cu-
HAp additives for advanced micromachining and functional surface structuring of polymer
composites.

Key words: CFRP, femtosecond laser, copper hydroxyapatite, epoxy resin, carbon fiber.
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Carbon fiber reinforced plastics (CFRP) have a number of properties that
provide them with applications in aerospace, automotive and marine applications,
including lightness, strength, ease of formation, ease of scaling, and resistance to
aggressive environments. However, the processing of such material has difficulties
due to the heterogeneity of phases (fiber and polymer), which requires an increase in
processing operations [1]. One of the promising processing methods is laser
processing, however, for CFRP there is a problem related to heat affected zones
(HAZ) [2]. The laser processing method utilizes constant or pulsed laser exposure,
but this method is energy intensive and the cut site has a high HAZ value [3].

The use of femtosecond laser pulse can reduce the influence of HAZ due to
high machining accuracy and minimizing the heating area of the material [4].
Another advantage of femtosecond laser processing is the possibility of equalizing
the ablation rate for both the polymer part (epoxy matrix) and reinforcing fibers
(carbon fiber) in the composite material. The epoxy degrades much faster than the
carbon fiber when exposed to the laser beam, resulting in uneven cutting of the
CFRP. One option to further improve the thermal resistance of the resin is to
introduce adsorbers - additives that will sorb the laser radiation and compensate for
the heating. Copper hydroxyphosphates have attracted attention due to their strong
absorption in the NIR region and are a possible adsorber for systems with laser
radiation with a wavelength of 1030 nm [5]. The aim of this work was to determine
the effect of copper hydroxyapatite-based additives on the femtosecond laser ablation
process.

The synthesis of copper hydroxyapatite particles was performed in accordance
with [6]. The surface morphology of synthesized copper hydroxyapatite (Cu-HAp)
microparticles was investigated by scanning electron microscopy (Fig. 1). The
particles have a well-defined quasi-cubic morphology with well-defined faceted
surfaces. The average particle size is 2.5 um and individual particles consisted of
densely packed plate-like substructures. The particles are not agglomerated.
Hierarchical and layered surface structure, along with high apparent surface area,

which may contribute to more efficient heat dissipation and localized energy
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absorption during femtosecond laser ablation. These morphological features are
expected to enhance the functional performance of the material as an infrared
radiation absorber. The hierarchical and layered surface structure, along with the high
apparent surface area, may improve the interaction with near-infrared laser radiation,
particularly at a wavelength of 1030 nm. Copper-containing hydroxyapatites are
known for their strong NIR absorption, and the morphological characteristics
observed here may contribute to more efficient heat dissipation and localized energy
absorption during femtosecond laser ablation. This supports the potential application
of Cu-HAp as an additive for laser-sensitive polymer systems, where precise control

over ablation efficiency and thermal effects is critical.
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Fig. 1. SEM image of copper hydroxyapatite microparticles
For laser treatment of CFRP, a femtosecond laser-based system was used (Fig.

2). A laser with a wavelength of 1030 nm, forming a Gaussian beam with a diameter
of 4,1 mm (at an intensity level of 1/e*), was used as a radiation source. The

maximum output power of the laser was 6 W, and the operating frequency was up to
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200 kHz. The power was adjusted using an external attenuator including a half-wave
plate (HWP) and a polarizer (Pol). To convert linear polarization to circular
polarization, the beam was additionally passed through a quarter-wave plate (QWP).
The beam was focused using a 10x Mitutoyo Plan Apo NIR lens mounted on the Z-
axis, with a focal spot diameter of about 3,9 pum (1/e* level). The CFRP samples were
placed on precision XY line tables (Aerotech ANTI130-XY). Processing was
performed by passing reciprocating the sample to ensure ablation of a 0,5x0,5 mm
area. The track spacing was 2,5 um and the degree of overlap was varied to achieve

the optimal value. CFRP samples were washed in an ultrasonic bath in distilled water

after processing.
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Fig. 2. Optical setup for the fabrication of the CFRP

To evaluate the effect of Cu-HAp additive on the laser ablation performance of
CFRP, the surface morphology after exposure to femtosecond laser irradiation was
examined by SEM (Fig. 3). The intact epoxy sample (Fig. 3a) exhibits a relatively
smooth ablated surface with moderate edge definition, indicating limited NIR laser
energy absorption and inefficient material removal. In contrast, the Cu-HAp modified
epoxy resin (Fig. 3b, 3c) exhibits a markedly different morphology: the ablation zone
appears more textured and granular, with improved material removal and sharper
edges. This suggests improved laser absorption in the presence of Cu-HAp, probably
due to its strong interaction with near-infrared light, resulting in increased localized
heating and effective ablation. Further improvement is observed in fiber-reinforced

systems. CFRP (Fig. 3d) shows partial exposure of fibers and a characteristic
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furrowed texture along the scanning direction, with resin not completely removed.
After Cu-HAp modification (Fig. 3e, 3f), the ablation becomes much more uniform.
Secondary (SE) and backscattered (BSE) images show improved ablation contrast,

indicating deeper penetration into the resin matrix and improved edge quality.

SEM HV: 10.0 kV WD: 15.66 mm | MIRA3S TESCAN SEM HV: 20.0 kv WD: 16.28 mm
View field: 500 um Det: SE 100 pm View field: 500 pm Det: SE, BSE
SEM MAG: 379 x SEM MAG: 379 x

SEM HV: 20.0 kV WD: 16.24 mm MIRA3 TESCAN|
View field: 500 pm Det: SE, BSE
SEM MAG: 379 x SEM MAG: 379 x

Fig. 3. SEM images: a — epoxy resin; b, ¢ — SE, BSE image of Cu-HAp modified epoxy resin; d
— epoxy resin + carbon fiber; e, f — SE, BSE image of Cu-HAp modified epoxy resin + carbon
fiber

CONCLUSIONS

The results show that Cu-HAp acts as an efficient absorber of 1030 nm laser
radiation, facilitating more controlled and efficient femtosecond laser ablation. This
is particularly relevant for applications requiring precise microstructuring and laser

cutting of polymer composites.
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OIIHKA BIIVIMBY TOBABKH MI/THOI'O I'TIPOKCHUAITATUTY HA
PEMTOCEKYHIHY JA3EPHY ABJIAIIIO APMOBAHUX
BYI'JIEHEBUM BOJIOKHOM IIVTIACTHUKIB

Jlenuc BAKJIAH

JloxTop dimocodii, acuCTeHT,

Anna BIVIOYCOBA

AcmipaHT, aCUCTEHT,

Ounekciit MUPOHIOK

JI.T.H., TOLIEHT

KIII im. Iropst Cikopcbkoro,

Erigiyc BAHAT'AC

JloxTop dimocodii, 70CTI THUK

Hentp dpiznunux Hayk Ta TexHosorii (FTMC)

Anomauin: Apmoesani  gyenennacmuxu (CFRP) wupoko  euxopucmosyromscsi 8
AepOKOCMIYHIU, ABMOMOOIILHIUL Ma MOPCHKIll NPOMUCTOBOCMI 3AB0AKU IXHLOMY BIOMIHHOMY
CNiBBIOHOULEHHIO MIYHOCMI 00 8a2u, XiMIuHil cmilikocmi ma 30amuocmi 0o gopmysanns. OOHaxK ix
HEOOHOPIOHA CMPYKMypa YCKIAOHIOE 36UYALIHY MEXAHIYHYy 00pOoOKY, Hacmo 8umMazaroyu
bacamoemannoi 0o6pobku. Jlazepna Mikpoobpobra, 0cooIUB0 3 BUKOPUCTNAHHAM (HemMmOoceKyHOHUX
(¢hc) imnynvcis, npononye 6azamoooiysayy arbmepHamuey, MiHIMI3 U 30HU MEPMIYHO20 6NIUBY
(3TB) i 3abesneuyiouu mouny abnayiio. IIpome uepienomipHicmsb abaayii Midc enoKcuoHO
mampuyero i gyeneyesumi 8010KHAMU 3AIUUAEMbCs npobaemoro. Y yiti pobomi 6yno cunmeso8aHo
MIKPOUACMUHKU  3amieHo20 Mmioow 2iopoxkcuanamumy (Cu-HAp) ma 68edeno 8 enokcuouy
mampuyro 0151 NOKPAWEHHs. NO2TUHAHHS 1a3epHOi eHepeii ma pisHomipnocmi abasayii. Ananiz 3a
oonomoeorw PEM noxazas, wo wacmunxu Cu-HAp maroms iepapxiuny xeazikyoiuny mopponozin 3
BUCOKOIO NJIOWeI0 NOBEPXHI, CNPUAMAUBOI0 Ol NONUHAHHA [HYPAUEPBOHO20 BUNPOMIHIOBAHHSL.
3pasxu gyenennacmuxy, mooughikosani Cu-HAp, 06pobasiu 3a 00nomo2oio fs-nazepa 3 008HCUHONO
xeuni 1030 wum i Oocnioxcyeanru mopgonocito nogepxwi, wo ymeopuiacs. Ilopiensano 3
Hemoougixosanumu cucmemamu, Komnozumu, moougixoeani Cu-HAp, noxasanu Oinbui uimko
OKpeclieHi 30HU abaayii, erudwe BuoanieHHs mamepianry ma NOKPaweHy OOHOPIOHICMb MidiC
BOJIOKHUCMOI0 ma mampuunoro gasamu. Pesynomamu niomeepoxcyioms, wo Cu-HAp cayeye
epexmusHUM no2nuHayem OIUNCHbO2O IHPPAUEep8OHO20 SUNPOMIHIOBAHHS, NIOBUWYIOUU MOYHICb
ma AKicme jaazepHoi 0bpobku eyenenaacmuxy. Li pe3yromamu niomeepoxcyioms nomeHyian
oobasox Cu-HAp onsa e0ockouaneHoi Mikpooopobku ma @QYHKYIOHATIbHO20 CMPYKMYPYEAHHS
NOBEPXHI NONIMEPHUX KOMNOZUMIE.

Knrouoei cnoea: apmosani syzneyesum 60J0KHOM HIACMUKU, eMmMOCEKYHOHUL aasep,
2iopokcuanamum mioi, enoKCUOHAa cMoad, 8yeieyese B0N0KHO.
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BILIMB KAPBOHATY KAJIBIIIIO HA ITPOIIEC BATATOPA30BOI
IHEPEPOBKH IIBX KOMIIO3UTIB

Anpapiit CABUVYK,

AcrmipaHt

KuiBchkuii HallloOHaIBHUM YHIBEPCUTET TEXHOJIOTIH Ta AU3aiiHy,
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Anomauin. JlocniodceHo 6niue HANOBHEAUA KApPOOHAMY KAIbYIO HA PeonociuHi ma
Qizuxo-mexaniuni eracmusocmi ompumanux sxcopcmkux I[IBX-xomnosuyiti y npoyeci yuxiiunoi
nepepooKu. 3 Mmemow BUHAYEHHS ONMUMAILHUX napamempie Moougikyouux 006agok 6yno
NpoBeOdeHO Cepit eKcnepumMermis i3 eapiayicio ix KOHYeHmpayii ma aHaiizom 3MIiH NOKA3HUKA
meuii posnnaey (IITP), miynocmi npu po3mscy8aHui, IOHOCHO20 BUOOBIHCEHHS Mda YOAPHOL
8 SI3KOCMI 6NPOO0BIC N’AmuU Yukiie nepepooxu. Pezynomamu ceiouams, wo esedenns 15-20 mac.
yacmun KapoOoHamy Kaivyio niosuwye mepmocmaodiibHicmy i 3a0e3neuye 30epertceHHs MexaniyHux
gnacmugocmetl, ane NepesUUjeHHsi Yb020 3HAYEHHS He2amueHo BNIUBAE HA YOApHy MIYHICMb ma
obmedicye nosmopHe suxkopucmanus mamepiany. Ompumani pe3yibmamu € 8a20MUM BHECKOM Y
PO38UMOK mexHo02ill 6acamopaszoseoi nepepobrku I[IBX 6 ymoeax yukniumoi exkoHOMIKU ma
00360.7110Mb YOOCKOHAIUMU peyenmypu KOMRAYHOI8 OJis NPOMUCTIO8020 3ACMOCYBAHHS.

Knrwowuosi cnosa: I[IBX, yukiiuna nepepooxa, ¢izuuna mooughikayis, Hano6H08ay,
KapOoHam Kanibyito, MeXamiuHi 61aCmMu8oCcmi, NOKA3HUK meyii po3niaey.

[MomiBininxsnopun (IIBX) oauH 13 HaWNOMIMPEHIMIUX TEPMOIUIACTIB Yy CBiTi[1-
3]. IlpoTe moyaTkoBa MIACTHYHICTH 1 TepMOCTaOLIBHICTH [IBX mocTynaroThes 1HIINM
IIMPOKO BUKOPHCTOBYBAaHUM TEPMOILIACTAM, TAKUM SIK TOJIIETHIICH 1 TIOJICTHPOII, Ta
YCKIAJHIOE TIOBTOpHY ©Oararopa3oBy mepepoOky[l, 4]. Jlns mokpamieHHs
BJIACTUBOCTEH Ta moJjermeHHs nepepodku [I1BX momudikyroTs 100aBKaMu, TaKUMHU
K 11acTudiKaTopu, TEPMOCTad1T113aTOPH, MaCTHIIa, HATTOBHIOBAY1 Ta 1HIII MOJIIMEPH,

a TAaKOX 3a paxyHOK CHIBIOJIMeEpH3allii 3 iHmuMu MoHoMepamu[5-7]. lobpe Bimomo,
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10 TEPMOCTIHWKICTh TOJIIMEPHUX MaTepiaiiB MOKHA IMOKPAIIUTH HUISTXOM JI0JaBaHHS
HEOpPTraHIYHUX HAMOBHIOBAYiB Ha OCHOBI KpEMHE3eMY, OKCHIY THUTaHy, LIapyBaTHX
CUJIIKATHUX TJIMH, KapOOHATy KaJbIlit0, (hepOMarHiTHUX HAHOYACTHMHOK Ta BaHAJIIO.
Sk akTHBHI HANOBHIOBAaYi, sIKI MOXYTh pearyBaTH 3 XJOPOBOJHEM, OLIbIIE YBaru
MPUBEPTAIOTh KAPOOHAT KaJbIIIO Ta TIAPOKCUIN a00 OKCUIU MeTamiB[§].

BpaxoByroun, 1110 kapOOHAT KaJbIlil0 3HAYHO BIIUBAE HA TEPMOCTAOUIBHICTH
[IBX KOMIO3UTY BaXXJIUBOIO 33/1a4€l0 SIBISETHCSA MiAOIp pallioHAIbHUX MapaMeTpiB
naHoi T0OaBKH, IO MOKE 3HAYHO MOKPAIIUTH MOBTOPHY OaraTopazoBy mepepoOKy
[IBX koMno3ury.

Jnsa mpurotyBanHs 3paskiB [IBX koMmo3uTiB y poOOTI BHKOPHCTOBYBAIU
nomiBiHuixjgopux mMapku VYNOVA S6706(Vynova Group, benwris), crabdim3zarop
kanbiii/makoBuit BAEROPAN MC 91424 FP/1 (Bupo6uuk Baerlocher Kimya San.
Tic. Ltd. Sti. Akhisar Subesi, Typmis), kapbonat kambmiro Omyacarb 2T —
KA(KARABIGA, Typuis), Ta nomietuneHoBuii Bick Licowax PE 520(Clariant,
Himeyunna).

Jlnst  mocnijpkeHHsT BIUIMBY KapOoHaTy Kanbllito Ha BiactuBocTi [IBX
KOMIIO3UTY B yMOBax OaraTopa3oBoi TmepepoOku Oylio po3poOieHo  psif

penentyp(Tads. 1) me BapiroBaqu KOHIICHTPAIIIO HAMIOBHIOBAYA Big 5 10 25 MacoBHX

YJaCTHH.
Tadoauus 1 — Penentypu [IBX komno3umiii
MacoBi yacTuHA
Kommnonent Mapka
Kommozur | Kommosut | Komnosur | Komnosur | Komnosur
Nel No2 No3 No4 No5
TIBX S6706 100 100 100 100 100
Kap60§aT Omyacarb 2T - 5 10 15 20 25
KaJbIIIIO KA
CTa61J‘1£3aTop, BP MC 91424 4 4 4 4 4
KaJIbI[11/ITHHK FP/1
HO“IGTBP;:EHOBH“ Licowax PE520 | 0.5 0.5 0.5 0.5 0.5
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[TpuroryBanusa [I1BX kommno3utiB BigOyBanoch HacTymHUM 4uHOM. CrioyaTkKy
KOMIIOHEHTH KOMIIO3UTY 3MillyBaiu y BucokomBuakicnomy mikcepi HKN-SG400
Hurakan BopogoBx 5-10 xB. OTprMaHy NOPOIIKOBY Macy nepepoOisiiu y TpaHyIsT
3a JOTIOMOTOI0 €KCTpyAepa 31 NTHEKOM JiaMeTpoM 25 MM 1 cmiBBigHOMIEHHSIM L/D =
16 Ta ctpeHrorpanynaropa. TemmepaTypa Ha 30HI 3aBaHTAKEHHS EKCTpyJepa
ckianana 165 °C, Ha 30H1 maBneHHs — 185 °C, Ha 30H1 no3yBanHs — 180 °C. Ilicas
BOTO 3 TPaHYIATYy BUTOTOBISUIM CTPIYKM Ha EKCTpylepl 3 IUIOCKOIIIIMHHOIO
TOJIOBKOIO. Y pe3yJsibTaTi OTPUMYBAJIU CTPIYKY 3aBTOBIIKH 2 MM 1 IMIUPUHOIO 18 MM.
[Ticnst mocmipkeHHsT BJIACTUBOCTEM  CTPIYKM 11 TOBTOPHO MOJPIOHIOBAIM Ta
nepepoOIsIM Ha eKCTPYAEPl y HOBY CTPIUKY BIIPOJIOBXK 5 pasiB.

Ha xoxxnomy ki nepepooku [1BX koMITO3UTIB TOCTIKYBaAIHM iX PEOJIOTTUH1
Ta MexaHiuHl BIacTUBOCTI. [loka3HUK Tedii po3riaBy BU3HAYa M 3T1IHO CTaHIAPTIB
ASTM D1238 Ta ISO R1133 3a 10moMoror0 KamIspHOTO BICKO3UMETPY MOCTIHHOTO
tucky tunny UMPT-AM (OOO IITIT «ACMA-ITpubop», Ykpaina). 151 BusHaUeHHs
MEXaHIYHUX BJIACTUBOCTEM MPHU PO3TATYBAHHI MPOBOAWIM 3TiAHO cTraHgapty ISO
527-2:2012. nHa pospuBHiKM MmamumHi Tany ZD-10t/91M (OOO IITIT «ACMA-
[Ipubop», Ykpaina).

[IpoBenene mOCHIKEHHS TIOKA3aJio, MO0 30UIBIIEHHS BMICTY KapOOHATY
Kaybilito 3HauyHo 3HWXKYye IITP posmnaBy TIBX kommosuty (Tabma. 2), 3HHKYETHCS

PYXJIMBICTh MAKpOMOJIEKYJI IOJIIMEPY, 1110 CYTTEBO BILTUBAE HA MPOLIEC EPEPOOKH.

Taoauus 2 — [loxka3Huk Teuii po3miaaBy IIBX koMno3uTiB B 3a/1€5KHOCTI Bi
KOHIIeHTpallii KapOoHATY KAJIbIII0 Ta HUKJIY NepepodKu

Ne xomno3ury [TTP, r/10xs
loukn | 20ukT | 3 0UKIT | 4 UK | S UK
1 32,5 35 37 38 38,5
2 29 30 32 31 31
3 21 22 22 23 22
4 17 16 18 17 16
5 8 7.5 7 5 5

Brenenns kapOonarty kanpiito 70 10 Mac. 9acTHH HE MPU3BOJANUTH /10 3HAYHOTO
samkeHHs [ITP, nmpore monaneiie 30UIbIICHHS HAmMOBHIOBaua a0 15 Mac. 4acTuH
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3HIKYE TIOKa3HUK mnpubiau3Ho y 1,5 pasu. [lpu nopanpimiomy 3011bIICHHI
KOHIIEHTpaIlli kKapOoHaTy KambIlito 10 25 mac. yactul [ITP 3menmyeTscs He MeHIe
gk y 4 pasu. [Ipu GaraTopasoiii nepepoO1ll HaiOIb cTabinbHauM [1TP 3anumarses
JUTSI KOMTIO3UTIB 3 KOHIICHTPAIE€r0 KapOooHaTy kanbIlito Bia 10 1o 20 mac. gacTuH.

MexaHiuHl BIIACTUBOCTI TAaKOX CYTTE€BO TMOTIPUIYIOTHCA MpU 30UIBIICHHI
KOHIICHTpAIlii KapOoHaTy KaJbliito (Tadm. 3).

Taboauus 3 — Mexaniuni Ba1acTuocti [IBX koMno3uTy B 3a/1€5KHOCTI Bil KOHIEHTPaIii
KapOOHATy KAJbIII0 Ta HUKJY MepepooKu

[ukn No kommosury
Hoxasmik nepepoOKu 1 2 3 4 5
1 31 25 23 20 17
MilHiCTh IpU pO3pHBI 2 29 24 21 19 16
MITa ’ 3 27 23 21 20 14
4 26,5 23,2 20,7 18 14
5 27 23 20 18 13
1 19 15 12 10 9
2 17 14 11 9 8
Binnocue BugoBxeHHA, % 3 16 13 10 9 7
4 15,5 12 10 8 7
5 15 12 9 7 6
1 27 20 17 13 5
2 36 19 16 12 4
Vnapua B’si3KicTh, KJx/M? 3 39 18 14 14 3
4 37 17 14 13 3
5 36 18 13 12 4

31 30UIBIICHHSIM BMICTY KapOOHATy KajbI[il0 0 25 Mac. YacTWH 3HAYHO
MOTIPIIIyE MEXaHI4YHI BJIACTUBOCTI, a caMe 3MEHIIIYEThCSI Maike BIBIYl MIIHICTh Ha
pPO3pUB, BIAHOCHE BUIOBXKECHHS Ta Maibke B 5 pa3iB, 3HIKYETHCS yJIapHa B’S3KICTh
nopiBHsiHO 3 [IBX kommozutom Nel.

OTtpuMaHi pe3yibTaTH dAalOTh 3MOTy OOTPYHTYBaTH palliOHAJIbHUNA BMICT
kapOoHaTy kanblito B ckinami [IBX-komnayHmiB [isi 30epekeHHS CTaOUTbHUX
MEXaHIYHHUX BJIACTUBOCTEH 1 3MEHIIIEHHS MPOSBIB Jerpadaliii i yac 6araTopa3oBoi
nepepoOku. Benmennss 15-20 mac. 4acTuH HamoBHIOBaua CHpuUsie 30€peKEeHHIO
’KOPCTKOCTI Ta CTIMKOCTI MEXAHIYHHUX XapaKTEPUCTHK HABITH MICIS I STH LHUKIIB
nepepoOku. [lpoTe mpu 3017bIIEHHI KOHIEHTpalli KpeWau ao 25 Mac. 4acTuH
BIIMIYA€ThCS 3MEHIICHHS YIApHOi B’SI3KOCTI, IO OOMEXYE 3aCTOCYBAaHHSA TaKUX

KOMHaYHI[iB Yy BI/Ip06aX, CXHJIBHHUX OO0 3HAYHHUX ,Z[I/IHaMi‘IHI/IX HaBaHTAa>XXCHb.
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BUCHOBKHA

[IpoBemeHi AOCHIKEHHS MIATBEPAUIN, 0 (I3UKO-MEXaHIUHI Ta PEOJIOTTYHI
xapakTepucTuku xopctkoro [IBX cyTreBo 3anmexars Bif BMICTYy KapOOHATY KaJbIIii0
B mporeci Oaratopa3oBoi mnepepoOku. PamionanbHe kopuryBaHHs ckinany [IBX-
KOMITAyH/IIB JIa€ 3MOT'y 3a0€3MeYUTH ONTUMabHE CHIBBIAHOIICHHS MK TEKYYiCTIO,
MEXaHIYHOIO MIIHICTIO Ta 3[JaTHICTIO 10 Oaratopa3oBOro nepepoOieHHs 0e3 iICTOTHOT
Jerpaaaii BIaCTUBOCTEH.

BcraHoBieHo, 110 101aBaHHS KapOOHATY KalbIlifo B Mexax 15-20 mac. yacTuH
3a0e3neuyye 30€pekeHHs BHCOKHX EKCIUTyaTallliHUX XapaKTepUCTHK HaBITh MICIH
I’SITH TUKITIB nepepoOku. OKpiM 1bOT0, BUKOPUCTAHHS KPEHIU CTpHsi€e 3HIKEHHIO
BapTOCTI Marepiajgy Ta MOKpallye HOro TepMOCTINKICTh. BomgHOuac mepeBUINCHHS
KOHIIEHTpallli HamoBHIOBaua 10 25 Mac. YacTUH MPHU3BOAUTH IO 3HUKCHHS
MOKa3HWKa Tedil pO3IIaBy Ta YJapHOI B’S3KOCTI 4epe3 HaAMIPHY >KOPCTKICTh 1
BTpaTy €JACTUYHOCTI, IO YCKJIAIHIOE TMOJAIBIIY TIEPepPoOKy Ta OOMEXKye
3aCTOCYBAaHHS KOMITAyH]Ty B TWHAMIYHO HaBaHTa)XCHUX BUPOOAX.

Takum uymHOM, BUKOpHUCTaHHS KapOOHATY KalblLilo y KuibkocTi 15-20 mac.
YaCTUH € ONTUMaJIbHUM JUIsi 30epekeHHs cTabuibHuX BiactuBocTeit [IBX-
KOMTIO3MIIH y 6araTopa3oBUX MUKIAX MEPEPOOKH, IO Y3TOKYETHCS 3 TPUHIIMITAMA

UKJIIYHOT EKOHOMIKH.
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Abstract The influence of calcium carbonate filler on the rheological and
physicomechanical properties of the obtained rigid PVC compositions during the cyclic processing
process was investigated. In order to determine the optimal parameters of modifying additives, a
series of experiments was conducted with the variation of their concentrations and the analysis of
changes in the melt flow index (MFR), tensile strength, relative elongation and impact toughness
during five processing cycles. The results show that the introduction of 15-20 wt. parts of calcium
carbonate increases thermal stability and ensures the preservation of mechanical properties, but
exceeding this value negatively affects the impact strength and limits the reuse of the material. The
results obtained are a significant contribution to the development of technologies for multiple PVC
recycling in the conditions of a cyclical economy and allow improving the formulations of
compounds for industrial use.

Key words: PVC, cyclic processing, physical modification, filler, calcium carbonate,
mechanical properties, melt flow index.
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Anomauin: 30invuienns 3a0pyOHeHHs OO0BKILISL MPAOUYIUHUMU NAACMUKAMU HA OCHOBI
Hagmu cmano 6a)ciugorw NPUYUHOW AKMUBHO20 PO3BUMK)Y OIOpO3KIAOHUX Mamepianis, sKi
8UCOMOBIAIOMb 3 GIOHOBIIOBAHOI CUPOBUHU, 30Kpema noaimonounoi kucromu (I1JI4). Cepeo
YUCAEeHHUX Gopm il 3acmOoCy8aHHs 3HAUHUU THMepeC BUKIUKAIOMb 8OOHI OUCNepPCii, SIKI MOXNCYMb
Oymu 8UKOPUCAHT 011 CMBOPeHHsL (PYHKYIOHATbHUX NOKpummis abo niigok. OOHax cmabinbHicmb
makux oucnepciii ma Mop@onocisi YACMUHOK 3HAYHOK MIPOI0 3aNexcamsv 6i0 MeXHONOIUHUX
napamempis npoyecy ix ooepowcanua. Y yii pobomi npedcmasieno pe3yibmamu O0CHIOHNCEHHs
BNIUBY MEXHONI02IYHUX napamempis Ha ompumanns I1JIA-oucnepciti. Byno po3pobreno memoouxy
ompumanHs cmabinbHoi oucnepcii wiiaxom oucnepeysanus poszuuny IIJIA y ouxnopmemani 8
npucymuocmi 3mouygada SDS 3a HU3bKOWBUOKICHO20 nepemiuty8aHHs, NOCMYN08020 HAPIBAHHS
ma nooanvwioi cmabinizayii cucmemu 32yugyéavem. Ycmanoseieno, wo ouxaopmemar 3abesneyye
PIBHOMIpHe UNAapo8y8anHs ma 00360J1A€ YHUKHYMU NepeoyacHoi Koa2ynayii YaCmuHoK, Ha 8iIOMIiHY
8i0 emunayemamy, AKUU NPOOEMOHCMPY A8 HeOOCMAMHIO eheKMUsHICmb y yboMy npoyeci. Taxoorc
Oyn0 6CmMaHo8NeHo, WO VIbMpa3eykosa 00pobKa 6 3acmoco8aHux yMoeax He 3abe3neuye
3MeHueH A po3mipy yacmunok. Ompumani pe3ynibmamu 003601UNU BUSHAYUMU ONMUMATbHI YMOBU
dopmysanns I1JIA-Oucnepciii 3 uacmuHKamu MiKpOHHO20 PO3MID).

Knrwowuosi cnosa: I1JIA, Oucnepcis, MiKpouacmuHKu, OUXJIOPMEmaH, YIbmpa3eyKoed
obpoodxa.

301blIeHHST 3a0pYJHEHHS JOBKULIS TPAAULIMHUMU IJIACTUKAMH Ha OCHOBI
HAaQTH CTAJO0 BAXJIMBOK NPHYMHOIO AaKTUBHOTO PO3BUTKY Oi0OpO3KIaTHUX
MaTepialiB, sIKI BATOTOBIISIIOTH 3 BiAHOBIIOBaHOI cupoBuHH [1]. Cepen Giomomimepis

nonimosiouHa kuciota (ITJIA) mocinae oHe 3 MPOBIAHUX MICIb 3aBJSKHU IMO€THAHHIO
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TaKUX XapaKTEPUCTHUK, SK O10pO3KIaJAHICTh, TEPMOIUIACTUYHICTh, OIOCYMICHICTD,
JOCTYMHICTh CUPOBUHU Ta O10BIAHOBIIOBAHICTh. 3TIAHO 3 MPOTHO3aMH, Y MEpiof 3
2024 mo 2029 pik puHOK OiOMOJIMEpIB JEMOHCTPYBaTHUME CTIHKE 3pOCTaHHS 13
CepeIHbOPIYHUM TeMIOM O5u3bko 18 %, mpuyomy HaiiOiIblla YacTKa MpUnagaTuMe
came Ha IIJIA [2]. Lle 3pocTaHHs BiAKpHUBAa€ HOBI MOXKJIMBOCTI JJISi 3aCTOCYBAaHHS
ITJIA B pi3HHX Taiy3sX, 30KpeMa B BUPOOHHUIITBI €KOJIOTTYHO O€3MEeYHUX MOKPUTTIB
Ha BOJHIN OCHOBI.

3a3Buyall TeXHOJIOTIi OTPUMAaHHS JUCIEPCi BKIHOYalOTh po3unHeHHs [1JIA B
OpraHIYHOMY PO3YMHHHKY, TUCIEPIyBaHHS HOro y BOJAHOMY CEPEIOBHILI, a MOTIM
BUIIAPOBYBaHHS PO3YMHHMKA, IO MPU3BOAUTH A0 YTBOpeHHs yacTuHOK [1JIA y Boi.
Onnak CcTaOUIBHICTh TaKUX JUCTEPCid 1 po3Mipu cHOPMOBAHMX YACTMHOK Oarato B
YoMy 3ajJieKaTh BiJ] YMOB IXHBOTO OTPHUMaHHS - 30KpeMa, BiJ BUOOPY PO3UMHHHUKA,
TEeMIepaTypHu, CKJIaay BoAHOI (pa3u Ta pexxumy nepemimyBanus [3]. 3 ornsay Ha 1€,
B poOOTI TPOBEACHO JOCIIPKEHHsS BIUIMBY TEXHOJIOTIYHUX IapaMeTpiB Ha
dbopmyBanas [IJIA-mgucnepciit, s onTUMI3arii yMOB OTPUMAaHHS CTaOUTBHOI
CUCTEMH.

3 mi€ro MeTo Oyno po3poOJEHO EKCIEPUMEHTAIbHY METOAUKY OTPUMAaHHSA
[IJTA-mucnepciit. Ha mouatkoBoMy ertami, 3a temmepatrypu 25 °C 3mificHIOBAIH
posuunenHs 0,17 r HaTpiit noaemmicyiabdaty (SDS) y 42,86 M1 IUCTHILOBAHOI BOJIU
3 BUKOPUCTaHHSIM BEPXHbONPUBIIHOT MIITAJIKK 32 MIBUAKOCTI 00epTaHHs He Buie 40
00/xB. ITinTpuMaHHs HU3BKOI MIBUAKOCTI MEepEeMilllyBaHHS OyJI0 KPUTHYHO BAXKJIUBUM
JUIsl 3aro0iraHHsl 1HTEHCUBHOMY ITIHOYTBOPEHHIO, SIK€ YCKJIAIHIOBAJIO PIBHOMIPHUMN
po3noain kommoHeHTiB. Ilicas moBHoro pos3umaeHHs I[IAP (SDS), B cywmim
noctynoBo BBoauian 40 miu 15% pozuuny nonunakruny (PLA 4060d, Natureworks) B
auxjaopMmetani. Bulip nuxmopMeraHy sK pO3YMHHHKA OOYMOBJIEHHH HOTO
ONTUMAJbHOIO MIBUAKICTIO BHUMapoByBaHHs. [Ipomec mnepemilnyBaHHS TpUBaB
OPOTATrOM 2-3 TOJIMH 3 TOCTYIIOBUM IT1JIBUILIEHHSIM TEMIIEpaTypHu BOASHOI OaHi Bix 25
10 60 °C xoxui 15 xBunun Ha 5-10 °C, micnsg yoro cucreMy BuTpuMyBanu mpu 60 °C
npotsrom 10 xBunuH. Ilicns uporo Oyno gomano 3aryuryBau (Carbopol Ultrez 21) y

BUTJISIZII KOHIIEHTPOBAHOTO BOAHOTO po3uuHy 1o 0,65 mac. % st craOimizamii
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YACTUHOK, ITiCJII YOTO MOBTOPHO MEPEMINITyBAIM HA HU3BKUX 00epTax Ta MPOBOIUIH
BaKyyMyBaHHSI Il BUJAJICHHS 3aJUIIKOBOTO AUXJIOPMETaHy. Y pe3yJibTaTi OyJio
orpumano aucnepcito IIJIA 3 yactuHkamu MikpoHHoro posmipy (Puc. 1) 3

MiHIMAJBHOKO KOATYIISITIETO.
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Puc. 1. ®oro onTu4HOi Mikpockonii yacTUHOK IIJIA oTpuMaHHuX 3 BUKOPHCTAHHAM
JMXJIOPMETAHy Ta BAKYYMYBaHHAM (30ibmeHHs 10x)

Y pamkax poOoTu Oysio BHUNPOOYBAaHO JOAATKOBI METOAMKHU OTPUMAHHS
aucnepciit [IJTA, mpote okpemi 3 HUX BUSBHIIMCA MAJOPe3yJbTaTUBHUMH B 3a/1aHUX
ymoBax. [Ipu BukopucranHi po3unny IIJIA B ermnauerari crnocrepirajgacsi HU3bKa
CYMICHICTb MOJIIMEPY 3 PO3YMHHHUKOM, L0 MPU3BOAMIIO 10 MOMYTHIHHS PO3YMHY. Y
pe3ynbTaTi IUCTIEpPryBaHHS KOaryJssiis 4acTUHOK BimOyBamacs Bxke B mepii 20-30
XBUJIMH TEPEMIITyBaHHs, 110 MepenIkoxkano GopMyBaHHIO CcTiiikoi nucnepcii (Puc.
2. a). Y iHmmx pobotax [4] ayig yCyHEeHHS 1bOTro e()eKTy 3aCTOCOBYBAJIM POTAIIHUIMA
BumnapoByBad. [1ia yac nocnikeHHs Py BUKOPUCTAaHHI BEPXHbOIPUBIIHOT MILIAIKH
1 BaKyyMHOI KaMepu JOCSITH AaHAJOTIYHUX YMOB HE BJIAJIOCS, IO OOMEXHIIO
e(eKTUBHICTH IIbOTO METO/Y.

JIJ1g 3HMKEHHS pO3MIpy YaCTUHOK AMCIIEPCHO a3y Oyso TakoK BUIPOOYBAHO
yIbTPa3ByKOBY 00poOKy 3 BUKOpucTaHHSAM ycTaHoBKU ¥Y3/IH-2T. Onnak, Ha BiAMIHY
BiJl ONTUCAHUX Y JiTeparypi [S5, 6] pe3ynpTaTiB, B €KCIIEPUMEHTAIbHUX YMOBAxX TaHOI
poOOTH HOr0 3aCTOCYBAHHS HE MPU3BENIO JO 3MEHUIEHHs po3Mipy yacTuHOK (Puc. 2.
06). MOXIUBOIO MNPUUYMHOI € HEAOCTaTHS TMOTY)XHICTb YCTAaHOBKM  abo

HEBIAMOBIHICTh MapaMeTPiB 00pOOKH (IMOTYKHICTh, TPUBATICTh, PEKUM) CUCTEMHU.
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a 0

Puc. 2. ®oro onTH4YHOI MiKpoCcKoMii 0OTpUMaHUX qucHepcii (30l1bmenns 10x): a —3
BUKOPUCTAHHAM €THJIALETATY IK PO3YMHHHUKA; 0 — 3 BUKOpPUCTAHHAM ycTaHOBKU Y3 H-2T.

BUCHOBKH

[IpoBeneHi cripobu Moaudikalii METOUKH MOKa3aju, 110 BUOIP PO3UYMHHUKA 1
cnoco0y BHWAQJICHHS JIeTIouoi (a3 Mae KPUTHYHHUNA BIUIMB Ha CTaOUTBHICTH
onepxxyBanoi gucnepcii IIJIA. 3acrocyBaHHs eTHIANETaTy CYMPOBOIKYBAJIOCS
MIBUJKOK  KOAryJsIi€l0  YacTUHOK  4Yepe3  HEPIBHOMIpHE  BUMAPOBYBAHHS.
BuxopucrtanHs BakyyMHOI KamMepW Ta MIIMIQJIKH BHUSBHIOCS HEIOCTATHIM IS
MIITPUMaHHS HEOOXiAHUX yMOB. Takok IMOKa3zaHo, IO YJbTpa3ByKoBa oOpoOKa i3
3actocyBaHHAM ycTaHOBKH Y3J/IM-1000 He 3a0e3meunsna O4iKyBaHOTO 3MEHIIICHHS
po3MmipiB yacTuHOK. Ha mijcTaBi mpoBeneHUX MOPIBHSAHB Oyl0 00paHO METOAMKY 13
3acTocyBaHHAM po3uuHy [IJIA B nuxjopmeTaHi, 1mo 3a0e3nedye OuUlblll PiBHOMIpHE
Ta MIBUAKE BUNApPOBYBaHHS 1 Jae 3Mory (opmyBath cTabuIbHI aucmepcii 3a
KOHTPOJIbOBAHOTO TEMIIEPATYPHOTO pPEXHUMY. BakyyMyBaHHS BHUKOPHUCTOBYETHCS
nutie K GiHaTRHUN eTan JJIsi TOBHOTO BUAAJICHHS AuxyiopMmetany. Lo cxemy Oyio
B35ITO 32 OCHOBY 1 BUKOPUCTAHO B MOJANBINNX JTOCTIKEHHAX SK TaKy, 10 HAWO1IBII

BIJITBOPIOETHCS 1 TEXHOJIOTIUHO PEaTi3y€eThCS.

®IHAHCYBAHHA
JlocmimkeHHsT BUKOHAaHI B pPaMKax HAYKOBO-TEXHIYHOI poOOTH, 110 (HiHAHCYIOTHCS 3a
pPaxyHOK 30BHINTHBOTO I1HCTPYMEHTY pgomomoru €Bporneiicbkoro Cor3y i BHKOHAHHS

3000B’s13aHbp YKpainu y PamkoBiii mporpami €Bporeiickkoro Coro3y 3 HayKOBUX JOCTIIKEHb Ta
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Abstract: Increasing environmental pollution by traditional oil-based plastics has become
an important reason for the active development of biodegradable materials made from renewable
raw materials, in particular polylactic acid (PLA). Among its numerous applications, aqueous
dispersions are of great interest, as they can be used to create functional coatings or films.
However, the stability of such dispersions and the morphology of the particles largely depend on
the technological parameters of the process of their preparation. This paper presents the results of
a study of the influence of technological parameters on the preparation of PLA dispersions. A
methodology was developed for obtaining a stable dispersion by dispersing a solution of PLA in
dichloromethane in the presence of SDS wetting agent under low-speed stirring, gradual heating,
and subsequent stabilization of the system with a thickener. It was found that dichloromethane
ensures uniform evaporation and avoids premature coagulation of the particles, unlike ethyl
acetate, which demonstrated insufficient efficiency in this process. It was also found that sonication
under the applied conditions does not reduce the particle size. The obtained results allowed us to
determine the optimal conditions for the formation of PLA dispersions with micron-sized particles.

Key words: PLA, dispersion, microparticles, dichloromethane, sonication.
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Anomauin Y pobomi Oocniodceno 6naue 0iOpo3KIAOHUX naacmupikamopie —
HAMypaibHo20 mMa COEBO20 B0CKI8 — HA cmabintbHicmy noairakmuonoi (PLA) niiexu nio Oicio
yavmpagionemogoeo sunpominioearts. Q6 €kmom 00CaiodcenHs € 6ionoaiMepHi NIi8KU HA OCHOBI
PLA, npeomemom — mooughikayis ix eracmugocmeu 3a  OONOMO20I0  HAMYPATLHUX
naacmughixamopis. Memoro € oyinka egekmusnocmi maxux 000a60K 3 NO3UYIU NOKPAWEHHS
eKCHLyamayiiHux xapakmepucmuxk 6e3 empamu eKonociuHoi nepesacu mamepiany. Becmanogéneno,
wo obuosa munu 80CKie noxkpawyroms 2iopogobricme nuieku nicis YD-cmapinka NOpiBHAHO 3
yucmum PLA ma 3paskamu, moougixosanumu PEG. Havimenute 3HUIICEHHS KYMA 3MOYYBAHHSA
cnocmepieanocs Onsl 3pA3Ki6 i3 HAMYPAIbHUM 60CKOM. Buchosku ceiouame npo OoyinbHicmb
guKopucmantns oOionracmugixamopie 0ns niosuwenus Y @-cmabinonocmi PLA-nnigox  6Oe3
3HUICeHHs X OIOpPO3KIAOHOCMI, WO BIOKPUBAE NEPCHeKMUBU IXHbO2O 3ACMOCY8AHHA ) cghepi
€KOJI02TYHOI YNAKOBKU.

Knrwowuosi cnosa: IlJIA, nnacmughixamopu, coesuii 6ick, HamypanrbHuil 8ick, Y-
BUNPOMIHIOBAHHSL, OionoaiMepu

[Mominaktun (PLA) — me mepcrnekTuBHMI O10pO3KJIaJHUN TMOJIMEp, SKUH
OTPUMYIOTh 13 BiJHOBJIIOBaHHMX JIKEpPEJ, 30KpeMa KyKypyI3SHOTO KpOoXMaiio abo
IyKpPOBOI TPOCTUHU. 3aBISKU CBOiM 3JaTHOCTI 10 Ol0pO3KJIaJaHHS BIH BBaXKAETHCS
OUIBII €KOJOTIYHO CTIMKUM, HDK TpPaAUIiiHI TIACTUKH, BUTOTOBJIEHI HAa OCHOBI
Hadptu. Ilicma Bukopucrands, PLA 3a BIANOBIAHMX NPOMHCIOBUX YMOB

KOMITOCTYBaHHSI PO3KJIaIa€ThCsl Ha BYIJIEKHCIUN ra3, BOAy Ta O6ioMacy, IO CIpHsE
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CEKIIA 1. Kommo3swumiitai MaTepiaiv Ha OCHOBI IOIIMEpPiB

3MEHIIEHHIO KUIBKOCTI IUIACTUKOBUX BIAXOIB 1 3HM)KEHHIO PIBHA 3a0pyIHEHHS
ok [1, 2].

IToripu cBoi exonoriuHi nepesaru, PLA Mae neBHi ekcruTyaTaliitHi 0OMeXeHHs
— 30KpeMa, BIH € KPUXKHM MaTepiajioM, 10 YCKIAIHIOE HWOTO 3aCTOCYBAaHHS B
neskux cdepax. Ilpore 11 BIACTUBOCTI MOXHA KOPUTYBAaTH: JIOJABaHHS
macTU(diKaTopiB TO3BOJISIE CYTTEBO MMIJABUIIMTH THYUYKICTh 1 MIIHICTh mojiMepy. Lle
MOSICHIOETHCSI TUM, IO TUIACTU(DIKATOPH 3MEHIIYIOTh MIKMOJIEKYJISIPHI B3a€MOJII B
ctpykTypi PLA, 3a0e3nedyrouu OUIBINY PYXJIMBICTh MOJIMEPHUX JAHIIOTIB 1, K
HACJIJIOK, TMTOKPAIlleHy TJIaCTUYHICTh MaTepiany [3].

3 orsAy Ha €KOJIOTiuHYy crupsiMoBaHICTh PLA, BaXXIMBOIO 3a1a4er0 Cy4yacHUX
JOCIIDKEHb € TOIIYK IiacTu(dikaTtopiB, siki O HE TUIBKM MOKpAIlyBaJM MEXaHIYHI
BJIACTMBOCTI TMOJIIMEPY, ajie ¥ BIANOBIAAIN MPUHIUIAM CTAJIOr0 PO3BUTKY. Y LBOMY
KOHTEKCTI OCOOJIMBY yBary mpHBEPTAIOThH Oi0TIacTH(IKaTOp — A00ABKH Ha OCHOBI
IPUPOJHUX a00 O10PO3KIJIAJHUX PEUYOBHH, SKI MOXYTh 3a0€3MEYUTH CYMICHICTH 3
PLA 6e3 mkoau 1151 HOTO €KOJIOTIYHOI mepeBaru. BuBueHHs iXHBOI €()eKTUBHOCTI, a
TaK0XX BIUIMBY Ha CTaOlIBHICTh Ta 3JaTHICTh JI0 PO3KJIAJaHHs MOJIIMEPHOI IUIIBKH,
30KpeMa Tif A€l yabTpadioieTOBOTO BUIPOMIHIOBAHHSA, € AKTyaJIbHUM HAIMPsIMOM
JOCTIIKEHb.

VYaeTpadioseroBe BUINPOMIHIOBAHHS 37aTHE BUKIWMKATH  (HOTOCTAPIHHSA
MOJIIMEPIB, 110 MPU3BOJUTH IO 3MEHILIEHHS IXHHOTO TEPMIHY €KCIUTyaTallii, a TaKOoX
70 3MIH Y MEXaHIYHUX, ONTUYHMX 1 0ap'€epHUX BIACTUBOCTAX Mmatepiany [4, 5]. Lle
0COOJIMBO aKTyaJbHO JJIsI TUTIBOK Ha OCHOBI PLA, sIKi BUKOPHUCTOBYIOThCSI B XapuoBiit
YIaKOBINl, a/pKe ISl HUX BAXKIWBO HE JHIIE 30€perTd €KOJOTiYHI mepeBaru, a i
3a0€3MeUUTH HAJICKHUM PIBEHb MIIMHOCTI i1 €()EKTUBHOTO 3aXUCTy MPOJYKTIB.
Boanouyac naamipHa CTidKicTh 10 YD-BUNPOMIHIOBAaHHS TaKOX € HEOaKaHOIO,
OCKITBKM BOHAa MOXE CIOBUIBHHTH TIPOIIEC TPHPOAHOTO PO3KIATAaHHS, IO
CyHepeUnTh MPUHIIMIIAM €KOJIOTIYHOCTI MaTepiaiy [4].

VY nocnimkeHHi Oynyu BUKOPHUCTaHI JIBa TUMH O10pO3KIAIHUX IUIacTU(DIKATOPIB
— HaTypaJbHUHN BICK Ta COEBUH BICK, SIK1 IEMOHCTPYIOTh XOPOIITY CyMICHICTh 13 PLA.

Bubip Mixk HHUMH 3aJeXUTh Bil Oa)XaHWX BIACTHBOCTEHW KIHIIEBOTO MaTepiaiy.
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CEKIIIA 1. KoMmo3uiiHi MaTepiaiyd Ha OCHOBI MTOJIIMEPIB

HarypanpHuii BICK, 3aBASKH CBOid BHUIIIA TeMmIepaTypl IUIaBJICHHS, 3a0e3rnedye
M1BUIIEHY KOPCTKICTh 1 MIIHICTD, 0 POOUTH WOTO MPHUIATHUM JJISI BAKOPUCTAHHS
B YMOBaX 3MiHHUX TeMIieparyp. HaTtoMicTh cO€BUI BICK XapaKTePU3YETHCS HUKIOIO
TEMIIEpaTypOI0 TUIABJICHHS, 3aBISKA 4YOMY HaJa€ IUTIBKaM OUIBIIOT THYYKOCTI Ta
emactuaHocTi [3]. s omiHku e)EeKTUBHOCTI IuX OiommacTugikaTopiB yci 3pa3Ku
MOPIBHIOBAIM 3 €TAJOHHUMH, OTPUMAHMMH 3 BHKOPHUCTAHHIM TOJIIETUIICHTTIKOIIIO
(PEG) — mnommpenoro turactudikaropa, sSkuii 3abe3nedye miependadyBaHy
MOBEIIHKY TUTIBOK Y CTAaHIAPTHUX YMOBaX.

B xoni nocnimkenHs 0yno Bukopuctano po3uudn PLA 15% 3 nomaBanHsSIM 10
HBOTO PO3YHMHIB HATYpPaJHHOTO Ta COEBOTO BOCKIB B PI3HUX PO3YMHHHUKAX, TAKUX 5K
JIUXJIOpMETaH Ta eTrwianeTar. [LTiBKM BUTOTOBJIEHI Ha OCHOBI €TWIIAIETATy MajH
MEHIITy IIBUAKICTh 3aCTUTAHHS, a TaKOoX 3HA4YHO Ourbmry anresiro. [ami B
JOCTIPKEHH1 eTHIaleTaT, K PO3UMHHUK, HE BUKOPUCTOBYBaBcsi. Ha BiaMiHY BiA
eTHJIAIETATy, TUXJIOPMETaH MOKa3aB Kpalli BIACTHBOCTI MPW BUCHXaHHI TUTIBKH Ta
MeHIIy anaresito. Jljii BUTOTOBJICHHS 3pa3KiB IUTIBOK OYJ0 BUKOPHCTAHO arulikaTop
Ta MPEeIMETHE CKJIO, TOBIIMHA BOJIOTOI TUTiBKHY ckiaaana 200 HM.

Ho cknamy 3pas3kiB (Puc. 1) 6ymo momano mnemono3y mapku TECHNOCEL
500, six HamoBHIOBaY. B skoCTI muacTu(ikaTopiB BUKOPUCTOBYBAJIM HATypaJbHUN
Bick (3% BiHOCHO moimMepy) , coeBult Bick (3% BigHOCHO TosiMmepy), Ta PEG (3%
BIJTHOCHO TIOJIIMEPY).

I'otoBi 3paszku Oynu BumpoOyBaHI Ha CTIMKICTH 10 YiIbTPadioaeTOBOIO
BUIPOMIHIOBaHHS 3a JI01oMororw Y ®-jgamnu noTykHicTio 250 BT, 3 iHTEHCHUBHICTIO
unpomintoBanHs Ha 340 um (UVA 340) 0,7 Bt/m? 3pa3ku Oynu po3MmilieHi Ha
MAKIAAl I IIOJIINIIEHHS BIABEAECHHS TeIUla, a BiacTanb MK Y®d-nmammoro Ta
MOBEpXHEI0 3pa3ka ckimamana 50 cm. Jlnsg OIiHKM BIUIMBY YyJIbTpadiojeTOBOTO
BUIIPOMIHIOBaHHs OyJI0 3aCTOCOBAHO MeToJ cuasuoi kparii. [licns pi3HuX mnepiofis
eKCIO3UIIii1 yabTpadioneTy, Ha 3pa30K HAHOCHIIU TI0 I'ATh Kpamesb BOAM, MICIs 4OTO
OOYHMCITIOBANIM CEpeIHE 3HAYEHHS KyTa 3MouyBaHHA. CTaTMYHUN KyT 3MOYYyBaHHS
BUMIpIOBaJIM, BUKOpuUcTOBYrO4YM 1udpoBy kamepy UCMOS 1300 (Sigeta) Ta

nporpamy ToupView. [lns mnopiBHSHHS 3 JITEPAaTypHUMHU JaHUMH, OTPHUMaHi
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CEKIIIA 1. Kommo3wuiiiiHi Matepiaiu Ha OCHOBI MOJIiMepiB

pe3yabTatu OyJM MepeBe/ieHI B €KBIBAJICHT 4acy, A€ 1 pik BIUIMBY yibTpadiosery

r) 7)
Puc. 1. 3pa3ku miiBok Ha ocHOBI 15% po3unny I1JIA 3 pisHuMu 1o6aBkaMu: a) YuCTHH
3paszok IIJIA; 6) IIJIA + 10% uesrosio3u; B) IIJIA + 10% uemroso3u + 3% IIET; r) IIJTA +
10% uearwao3u + 3% nHatypaabHoro Bocky; 1) IIJIA + 10% uearwao3u + 3% coeBoro Bocky

BinmoBinae 140 romwHam ompoMmiHeHHsS. Pe3ynpTaT BuUNpoOyBaHb HaBEIEHO B
Tabmui 1.

Tadauus 1 — Pe3yabTarn BUMiproBaHHA KyTiB 3MOYyBaHHA micias Y -
ONPOMiHEHH

Yac, | Yac, | TWIA15% | TJIA+ | TJIA+Ta | TUIA +1Ia ﬁ)li},A++HL]I§J}‘
XB IHi YUCTHH o 10% | 10% + HB 3% | 10% + CB 3% 39,
0 0 73 74 73 74 74
5 13 73 73 73 74 74
10 26 73 73 72 74 74
15 39 71 71 69 73 71
20 52 71 70 68 71 69
25 65 70 68 67 70 68
30 78 69 67 66 70 67
40 104 68 65 66 66 65
50 130 67 64 64 66 64
90 235 51 58 65 64 57

121




CEKIIIA 1. KoMrto3utiifHi MaTepiaayn Ha OCHOBI TOJIIMEPiB

| 120 | 313 | 47 | 51 | 61 | 58 \ 53

Ha ocHOBi oTpuMaHuX naHux OyJio moOya0BaHO Tpadik 3ajeKHOCTI KyTa

3MouyBaHHs Bij TpuBasocTi Y d-onpominenss (Puc. 1).
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Puc. 2. 3ajexxHicTh KyTa 3MOYyBaHHSI Bil TpUBAJIOCTI Y PD-0npoMiHeHHS

Ilin dyac mpoBemeHUX BUIPOOYBaHbL Ha BIUIMB  YJIbTPadioseTOBOIO
BuripoMiHioBaHHs (Y®) Bci 3pa3ku Ha ocHOBI PLA mpoaeMoHCTpyBainu 3HUKEHHS
KyTa KOHTaKTy 3 BOJIOIO, XO4a PO3KJIaJ MaTepialy BIJIPIZHSABCS B 3aJICKHOCTI BiJ
miactudikatopa. HaitOinbIe 3HIKEHHS KyTa 3MOYYBaHHS 3a(hiIKCOBAHO I YUCTOTO
IUTA. JTonaBanus 10% 1emron03u A€MI0 MOKpaIiIo cTablIbHICTh MaTepiany (51°), a
BBeAeHHS 3% mnomieTwieHrikomo (I1IEY) mo3Boamno 3HU3UTH PO3KIIAA 3pa3KiB IIIe
outbme — g0 53°. 3pa3ku 3 JO0JaBaHHSAM HATypaJbHOTO Ta COEBOTO BOCKIB
IIPOJIEMOHCTPYBAJIM HaliMEeHIIe 3MeHIIeHHs T1podoOHOCTI: 61° 1 58° BiMOBIAHO.

Yci 3pa3ku MPOSIBIIIM O3HAKH JIECTPYKIIii, 30KpeMa JYIICHHs TOBEPXHI MpHU
MEXaHIYHOMY KOHTaKTi, Bxke micias 40 xBuwinH Y®-onpoMiHEHHS, IO BiAMOBIA€
npubu3Ho 104 gHsM npupogHOoTro cTapiHHsa. OTpuMaHi pe3yabTaTH Y3TOIKYIOThHCS 3

JaHUMH, HAaBEJCHUMH B JIiTEpaTypi [6].
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CEKIIA 1. Kommo3swumiitai MaTepiaiv Ha OCHOBI IOIIMEpPiB

BUCHOBKHA

VY pe3ynbTari NpoBEAEHOT0 AOCHIHKEHHS OyI0 JOCSTHYTO MOCTaBIEHY METY
— OILIIHEHO BIUIMB OI10pO3KIAJAHUX IUIACTU(]IKATOPIB HATYypajJbHOIO Ta COEBOTO
BOCKIB Ha CTa0UIBHICTh IUTIBOK Ha oOcHOBI mnomimaktuny (PLA) mig miero
yJIbTpadioaeTOBOr0 BUIIPOMIHIOBAHHS. Pe3ynbTaT BUMIpIOBaHHS KyTa 3MOYYBaHHS
CBIJ4aTh, 110 KOMITO3UIIT 3 10JaBaHHIM BOCKIB JIEMOHCTPYIOTh BUlly Y D-CTIHKICTh
nopiBHAHO sK 13 uncTuUM [IJIA, Tak 1 31 3pa3kamu, IO MICTATH MOJIETUICHTIIKOIb
(ITET"). Tlicns 120 xB ompoMmiHEHHSI 3pa3Kd 3 HATypaJlbHUM 1 COE€BHUM BOCKOM
30epiranau BUIlll 3HAYEHHS KyTa 3MO4YyBaHHS — 61° 1 58° BiAMOBIIHO, TOAIL SIK 3pa30K
13 IIEI" maB 53°, a xoHTponbHuUN — smimie 47°. TakuM YUHOM, BUKOPHUCTAHHS
OioracTudikaTopiB Ha OCHOBI BOCKIB TIJIBUIIY€ JIOBIOBIYHICTH MOJIMEPHUX

MaTepialiB 6e3 BTpAaTH X €KOJIOTTYHOCTI.
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Abstract The paper investigates the effect of biodegradable plasticizers - natural and
soybean waxes - on the stability of polylactide (PLA) films under the influence of ultraviolet
radiation. The object of the study is biopolymer films based on PLA, and the subject is the
modification of their properties using natural plasticizers. The aim is to evaluate the effectiveness of
such additives in terms of improving performance characteristics without losing the environmental
benefits of the material. It was found that both types of waxes improve the hydrophobicity of the
film after UV aging compared to pure PLA and samples modified with PEG. The smallest decrease
in the contact angle was observed for samples with natural wax. The conclusions indicate the
feasibility of using bioplastifiers to increase the UV stability of PLA films without reducing their
biodegradability, which opens up the prospects for their use in the field of eco-friendly packaging.

Key words: PLA, plasticizers, soy wax, natural wax, UV radiation, biopolymers
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Anomauin. Cunme3osani onicoemepeyaHiOuHie8i KOMNAeKCU 3i CpiOIOM HA OCHO8I
apoMamuyHo20  2YaHiOUHIE6020  ONicoMepy  ma  AIKII3AMICHUX — O0JlicoMepi8  peaxyicio
2YAHIOUBMICHO20 OlicomMepy 3 HImpamom cpioaa 3a MOIbHO2O CNIBBIOHOWIeHHS KOMNOHeHmis 1:1 6
oumemungopmioi 3a Kimuamuoi memnepamypu. Komniexu 2yaniounemicno2o apomamuynozo,
anigpamuynoeo oniecomepié ma anipamuyHUX aIKLI3AMICHUX 2VAHIOUHIUBMICHUX OJlicoMepie 3
Himpamom cpiona nposeusAnu aHMUMIKPOOHY 0il0 w000 IPYHMOBUX 2emepOmpodHux Oaxmepiti-
decmpyKkmopie 3axucHux noxpummis. [liavemp 30H 3ampumku pocmy 6axmepiti cmanosus 11-
29um. Komnnexcu anigpamuyrux aixii3amicHUX 2yamiOuHiU@MICHUX OlicomMepie Nposeisiu OiibuLy
AHMUMIKPOOHY AKMUBHICMb NPOMU OOCHIONCEHUX OAKMeEDPIll HIdNC 2YAHIOUHBMICHUL APOMAMUYHULL
onicomep. Busgneno, wo aHmMuMIKpoOOHA AKMUBHICMb 0Jic0emepeyaHiOUHIEUX KOMNO3UYIL
3anexdcums 8i0 008HCUHU ANKIIbHO20 paduxany. Haubinbwi 30enu npueHivenns pocmy oaxkmepii
cnocmepieanucy nio 0i€l0 KOMNIeKcY 2yaniouniesux onaicomepie 3 Alk- C;H;s  Alk -CroHps 3
cpibnom.

Knwuosi  cnosa: cunmes,  onicoemepeyaHiOuHie8i  KOMNIEKCU, apomMamuyti
2YAHIOUHIUBMICHI ~ oNicomepu,  anigpamuuui  AIKIA3AMICHI — 2YAHIOUHIUGMICHI  Onlicomepu,
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aHmMubaxmepiaibHa aKMuUeHiCmo

['yaniguau Ta iX MOXIJHI CTAHOBJIATH IHTEPEC SK JITaHIW B KOOPIUHAIIHHIMA
ximil 3aBasgku HasBHOCTI CNs-pparMeHTy 1 € XOpOUIMMH JOHOPaMHU EJIEKTPOHIB
3aBJSKHU JIOKami3aiii 6 m-eleKTpoHiB y Y-moiOHii yactuHi ¢parmenta CNj, sxuit
HA3UBAETHCS Y-apOMATUYHICTIO ab00 PE30HAHCHOI CTaOLII3aIll€l0 1 € OCHOBHOKO
MPUYMHOIO BUCOKOT OCHOBHOCTI TyaHimuHIB [1-3]. 3aBOsku OMMCAaHOMY BOHH €
yHIBEpCUIbHUMU Ta €(GEeKTUBHUMH JITaHAaMu IS KOMIUIEKCIB 3 TEepeXiaTHUMU
metanamu, Takumu Kk Mn, Co, Ni, Zn, Cd, Hg ta Ag. [2-5]. Cepen momimMepHuX
MOX1THUX TyaH1JUHY HANOUIbII NOILIMPEHUIN
MOJTITeKCAMETHJICHTYaHI IMHT1IPOXJIOPU, SIKUM Ma€e XOpollll aHTHOaKTepialibHI
BJIACTHBOCTI Ta BIIHOCHUTHCS 10 4 Kiacy HeOesneku. Panimie Hamu Oy CUHTE30BaHi
aJIKIJI3aMICHI T'yaHITUHBMICHI OJIITOMEPHU Ta JOCIIJKEeHA iX aHTHOaKTepiaibHa Jisl. 3
METOI0  TIOCHJICHHS  aHTUMIKpOOHMX  BIacTHBOCTEd  Oylo  CHHTE30BaHO
OJIITOETEPryaHiInHIEBI KOMIUIEKCH 31 CpiOIOM Ha OCHOBI aJIKII3aMICHUX OJITOMEPIB.

OmiroerepryaHiiuHi€EBl KOMIUIEKCH 31 CpiOJOM Ha OCHOBI apOMaTHYHOTO
TYaHIJUHIEBOTO OJIITOMEPY Ta aJIKUI3aMICHUX OJIIFOMEPIB OTPUMAaHl pPeakili€ro
I'YaHIJUBMICHOTO OJIITOMEPY 3 HITpATOM Cpibjia 3a MOJIBHOTO CIiBBITHOIICHHS
KoMroHeHTiB 1:1 B naumetmndopmial 3a KiMHATHOI Temmeparypu. OTpuMaHuit
KOMILJIEKC TepeocapKyBajid B IETUJIOBUI €Tep Ta BHUCYIIYBAIA Y BaKyyMi 0
nocTiiHoi Macu. CHHTE3 apoMaTHYHOTO Ta alipaTUYHOTO TyaHIIUHBMICHOTO
OJIITOMEpY TPYHTYBaBCSl Ha BBEICHHI T'yaHIAIHIEBUX (PparMEHTIB SK KIHIIEBUX TPYII
oJiroepipHOTO aIKiIapOMATHYHOTO JIAHIIOTa. 3 L1€I0 METOI0 3A1MCHIOBAIM PEaKIiio
IYaHIAUHY 3 JI1aHOBUM €MOKCHUJIHUM OJIITOMEPOM — JAUTIIUAWIOBUM edipoM
mudeHutomponany ado AITTINUIAIOBUMKTEPOM JieTHIICHITKOMIO. [ peakiis
XapaKTePU3y€EThCA JIETKICTIO PO3KPHUTTS OKCHPAHOBOTO KiJbIl TaKUM CHIBHUM
HyKJIeodUIoM, SIK TyaHIIMH. B pesynbTaTi peakiii yTBOPHOETbCS (PparMeHT 3
amdarununoi C-N 3B’43K0M, B fKiil 30epira€Tbcs BUCOKAa OCHOBHICTh aroma a3oTy.
Oco06MMBICTIO TAHOT'O CUHTE3Y € MOMEPEIHIN Tepeksiajl ryaHiIuHy 3 COJIbOBOi (hopMu

B OCHOBHY B PO3UMHI €TaHOJY 3 BUAAQJIEHHSM XJIOPUIAY HATPIlO, IO YTBOPHUBCS.
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CunTe3oBaHi ojiiroMepu € AUQPUIBHUMH CIIOJyKaMH 3 allKiIapOMaTHYHOK €TEPHOIO
abo amiaTHYHOIO CKJIAJO0BOIO, MICTATH TIAPOKCUIIBHI TPYNH, KIHIEBI T'yaHIiIiHI€BI
(parMeHTH 1 € peakIiiHo 3TaTHUMHU.

Bynosa omiromepis oxapakrepusosana merogamu 14, 'H JIMP T1a °C SIMP
cnektp. B T4 cnekrpi omiromepis B o6macti 3200-3550 cm™!' npucyTtHi cmyru
nornvHadHs BaeHTHHX koimBaHb OH ta NH rpyn. Ilpucyrnicte CH, CH, 1 CHj
Py MiATBEPIKYIOTH BiAMOBiIHO cMyrH norauHands 2869 cM™!, 2926 cm1,2964 cm!,
10 BIAMOBINAIOTh BajJeHTHUM KoiuBaHHSIM C-H 3B’s3kiB, cmyru aedopmaiiitHux
KOJMBAHb IIMX 3B’S3KIB 3HAXOIsAThca B ooOmacti 1460 cm!. Cmyra morivHaHHS
BaJICHTHUX KoiMBaHb C=N TyaHIAMHOBUX (parMeHTIB Ta AedopMalliiiHi KOJTUBAHHS
NH rpyn 3maxomatbess B obmacti 1640 cm!. V  giamasomi 1450-1650 cwm!
3HaXoAAThCs cMyru mnormHaHHS C=H 3B’s3kiB OeH301bHOTO Kbl CMmyru
norMHands B inrepsani yactor 1100-1300 cm™! Bianmosimarote C-O-C 38’ s3kam. Y
NOPIBHSHHI 3 BUXIAHUMHU 3HUKAIOTH CMYTM TOTJIMHAHHS €MOKCUAHUX Tpyn o0acti
920 cm™.

V 'H SIMP cnekrpi omiromepiB IPHCYTHI CHTHAIM HPOTOHIB IpH 2,73 M.A.
NH-CH; rpynu 1 3HMKalOTh CHUTHAJIM MPOTOHIB OKCUPAHOBOTO IHKIY. Y CHEKTpI €
TaKoX curHayim npotoHiB npu 1,72 m.a. (1, 3H, CHs), 2,73 m.a. -NH (NH-CHx; (¢)),
2,58 m.n. -CH, (CH,CHOH), 3,58 m.a. -OH (CH-OH), 3,96 m.n. -CH (CH-OH), 6,8
ta 7,2 m.a. -CH apomartnunoro 6en3osnbHOTO Kimbis, 8,4 ta 8,6 m.u. -NH (NH;
rpymn). YV 1C SIMP cnexrpi omiromepis € curmamu 30,9 m.a. (-CHs)), 42,2 m.a
(-C(CHs),, -CH(NH-CH,CHOH)), 68,8 wm.a. (-CH(CHOH)), 73,5 w™m.n.
(-CH2(O-CH,CHOH)), 114,9 1 127,1 m.a. (-CH apomatnunoro kuieiig ta 156 m.m.
(-CH-O ) apomatuunoro kiibip), 160 m.a. (-C = N).

CepennpounciioBa MOJIEKYJSIpHA Maca CHHTE30BAHOTO  apOMAaTUYHOTO
oJiiroMepy CTaHoBUTh 516 r/mMonb 1 Onu3pka A0 po3paxoBanoi (556 r/moinb). Lle
BKa3ye Ha BIICYTHICTh PEaKIIil 3pOCTaHHs JIAHIIora y BUOpAHUX yMOBaX MpPOBEJICHHS
peakuii. 3HayeHHS Koe(ili€eHTa TOJIAMCIEPCHOCTI CHUHTE30BAHOI PEUYOBHHH
nopiBHOe 1,06 1 CBIIUNTH MPO BY3bKUM MOJICKYJISIPHO-MACOBUH po3MoAil. 3a

pe3ynpTaTamMu AudepeHIianbHOT CKaHYI0u01 KaJOpUMETpli CHHTE30BaHa PEUOBHHA €
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aMOp(HOI CIIONYKOI 3 Temmeparyporo ckiayBanns 70 °C. Temmeparypa Brpatu
Mmacu 3paska 10 % cranosurs 185 °C.
CxeMy CHHTE3y TyaHIJUHBMICHMX OJIITOMEPIB MOKHA MPEJCTABUTH

HAaCTYITHUM YHMHOM:

AJKII3aMICHI TYaHITUHBMICHI OJIITOMEPH OTpUMYBanu y 1Bl crazmii. Ha
nepirii  — OTpUMYBAIM ajKUI3aMICHUH TyaHIIMH PEaKI€ TyaHIIUHY Ta
AJKUIOpOMiZy Y MOJIBHOMY CHiBBITHOIIEHHI kommoHeHTiB 1:1. Ha mpyriit cramii
OPOBOAATH PEAKI[I0 MDK apoOMaTUYHOIO enokcuaHoro cmoior DER-331 Ta

AJIK1JI3aMICHUM TYaH1IMHOM Y MOJILHOMY CITiIBBIIHOIIIEHH1 KOMITOHEHTIB 1:2.

NH NH-Alk Br
)L *  AlkBr —= JI\
HN  §H, HN  NH,

NH-Alk Br

LA A =t Ao LU

NH, " N -Alk Nk -Alk Br

OH
0 O. :
O@‘I‘@’DH‘A nn\?@—@ Alk = C3H; CyHys, CygHay

Kontposs 3a 3aBepuieHHsIM peakiiii mpoBoamin MmetogaoM [Y crekTpockormii mo

R=

3HMKHEHHIO CMyl NOIJMHAaHHA enokcuauux rpyn 920 cm!. B IY-cmektpi
OTPUMAHOrO MPOAYKTYy B Mexkax 3200-3550 cM™!' mpucyTHI cMyru NOrIMHaHHS
BajeHTHUX KommuBaHb OH ta NH rpymn. Ilpucyrnicts -CH, -CH; ta -CH;3 rpyn
MiATBEPIKYIOTh BiMOBIIHO cMyTy moriuHaHHA 2869 cm™!, 2926 cm!, 2964 cm!, axi
BI/IMOBIIalOTh BasieHTHUM KonuBaHHsAM C-H 3B’s3ky, cmyrum ngedopmariiHux
KOJIMBAHB IMX 3B’ S3KiB 3HAXOAATHCSA B Mexi 1460 cm™. Cwmyra norjavHaHHS BAJIEHTHUX
koimuBanb C=N ryaHimuHOBHMX ()parMeHTiB cmocrtepiractbess mpu 1640 cm™!' Tta

nepekpuBac cMyry aedopmaniiinux xkonusanb NH rpyn. B mianasoni 1450-1650 cm!
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3HaXOMAThCsl cMmyrd mnoriauHaHHsg C=C 3B’s3kiB  O€H307bHOTO KuIblig. CMmyru
norMHands B iHrepsani dactor 1100-1300 cm™! Brasyrors Ha komuBanus C-O-C
3B’SI3KIB €TEpHUX Tpyn. B MOPIBHAHHI 3 BUXIIHUMH MPOIYKTAMHU 3HHUKAIOTh CMYTH
IOTJIMHAHHS EMOKCHIHUX IPyIl B Mexki 920 cm™.

BynoBy OTpMMaHOro OJiromMepy miATBepIKeHO Metogom H o SIMP
cnextpometpii. B 'H SAMP(CDCI;) crexTpi ankia3aMiCHOro TI'yaHiJIMHBMICHOTO
OJIITOMEPY MPUCYTHI cCUrHaM TipotoHiB nipu 1,72 m.a. (1, 3H, -CH3), 2,73 m.a. -NH
(NH-CH»), 2,58 m.a. -CH; (CH,CHOH), 3,58 m.a. -OH (CH-OH), 3,96 m.n. —CH
(CH-OH), 6,8 m.n. u 7,2 m.a. -CH OenzonpHOrO Kinmbils, 8,4 mM.ja. u 8,6 M.I.
-NH (NH; rpymn).

AJIK113aMICHI TYaHIAMHBMICHI OJIITOMEPU SIBJSIIOTH COOOK B’SI3K1  PiIUHU
CBITJIO-)KOBTOTO  KOJIbOPY, SIKI ~PO3YMHHI y BOZI, €TaHOJi, METaHo’i,
METHJIETUIIKETOHI, TUMETII(PopMamii, TMMETHICYIb()OKCH I, TUMETHIIAETaMIIl Ta
HEPO3YMHHI Y JIeTWJIOBOMY eTepl, rekcaHi, aineroHl. CHUHTE30BaHl ajKUI3aMiCHI
IyaHIJUHBMICHI OJIITOMEpPH € MOoJi()yHKUIOHAIBHUMHU CHOJyKaMu 3 T1ApodoOHOI0
apOMAaTUYHOIO CKJIAJIOBOIO, aJIKUIbBHUMHU 3aMICHUKAMU, MICTSITh T1IPOKCUIIBHI TPYIIN Ta
ryaHiuHI€eB] (parMeHTH.

CTpyKTypy KOMIUIEKCY  apOMaTHYHOTO TyaHITUHBMICHOTO OJIIrOMEpy 31

Cpi6JIOM MOXHa IIpEACTaAaBUTH TaKUM YWMHOM:

C fIH; CHy UH CHz jJLHE Cl
oA o K- O
HENJL‘N H, CH, TN N,
H H oo OH R -
\ — - ch
—
. —
. e, -
o L
K==

CTpyKTypy KOMIUIEKCY aJKUJI3aMICHUX T'yaHIIMHBMICHUX OJIITOMEpPIB 31 CpibiioM

MOJXHa HOpCcACTaBUTU HACTYITHUM YHMHOM:
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Alk-HN-C-NH-CH,CH-R~CH-CH,NH-C-NH- Al
Br NH; OH OH NH; Br

-~
s
-
e

All=C~H; All=C7H+ All=C1pHn
ne R-= DCHE CHE OCH,CH,O

OTpuMaHHsl KOMIUIEKCY MiATBEpIKy€eThest Y D ciekTpom (puc.l).

HITpaT cpidaa

Tirasg

KOMILTeRKC

T
em

WaneRRgT R (19000

A, HM
Puc.1 Y@ cnekTp - oJiiroerepryaHiinHieBMil KOMILIEKC 3i cpidjioM Ha

OoCHOBI auakiizamicHoro ojiromepy Alk=CioHzi

Ax BupHO 3 puc. | MakcumMym mnoriauHaHHsA Komiuiekcy 430 HM, w0

BIJIMOBIAA€ CMY31 MOTJIMHAHHSA Ccpi0Ja.
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Kommieken ryaHiTMHBMICHOTO apOMaTUYHOIO, ajii(paTUYHOTO OJIIrOMEpiB Ta
amdaTHIHNX AJKIJI3aMICHUX TYaHIIMHBMICHUX OJITOMEpiB 3 HITpaToM cpidia
IPOSIBIISTIA  @aHTUMIKPOOHY Jil0 IIOJAO IPYHTOBUX TreTepoTpopHUX OakTepiit-
JIECTPYKTOPIB 3aXHMCHUX NOKPUTTIB. [liamMeTp 30H 3aTpUMKU pOCTy OakTepiii
ctanoBuB 11-29 mm. Kommuiekcn amiaTuyHuX aikia3aMiCHUX TyaHIAMHBMICHHX
OJIITOMEPIB MPOSBIISUIM OUIBIIY AHTUMIKPOOHY AKTHUBHICTh MPOTH JOCIIKEHUX
OakTepii HIK TyaHIIMHBMICHHH apoMaTHYHUN oJiromep. BusBreno, mo
AHTUMIKpOOHA AaKTHUBHICTh OJIITOCTEPryaHIUHIEBUX KOMIIO3UINN  3aJ€XKHUTh BIJ
JTOBXUHU aJIKIIbHOTO paaukany. HalOinbInl 30HM NPUTHIYEHHS POCTy OakTepiit
CIIOCTEPIrajucCh MM A0 KOMIUIEKCY TyaHiauHieBuX omiromepiB 3 Alk- C;H;s Alk -
CioHis 31 cpi6iom (Tadm. 1).

Taoauus 1 — 30HU NpUTHiYeHHS POCTY rerepoTpodHUX OaKTepiil mia 1€l KOMIUIEKCIB

TryaHiIMHBMIiCHHX 0JIiroMepiB (MM)

[lItamu GakTepiit Apomatnul |Amidarnunuii |  AjkiizamicHi amidaTUdHi 0JIrOMEPH
ui ormiromep | Alk=C3H; | Alk=C7H;s | Alk=CioHz;
oJIiromep
Komruiekcu 31 cpibmom

P.psedoalcaligenes 109 17+0,16 20+0,21 18+0,17 15+0,12 20+0,21
P.psedoalcaligenes 17+0,16 20+0,21 18+0,17 15+0,12 20+0,21
R.erythropolis 102 14+0,13 20+0,21 23+0,18 26+0,27 29+0,3
B.subtilis 138 17+0,16 15+0,14 17+0,16 14+0,12 19+0,2
P.aeruginosa 27 0 0 25+0,26 0 0
P.mendocina 29 0 0 18+0,17 0 0

P. mendocina 101 11+0,1 0 18+0,17 22+0,21 16+0,15
St. maltophilia 31 11+0,1 15+0,14 14+0,13 20+0,21 19+0,18
Pseudomonas sp.100 15+0,14 0 17+0,16 24+0,25 19+0,2
Pseudomonas sp.T/2 16+0,5 14+0,13 16+0,15 20+0,21 20+0,21

3 maHMX JITEpaTypH BiJOMO, MO 3aXWCHI MOKPUTTS 3 JOJAaBaHHSIM CIIOJIYK
cpibyiia MPUTHIYYIOTh YTBOPEHHS OIOIUTIBKM Ha iX IOBEPXHSAX, IO HETaTUBHO
BIUTUBAE HA CTYIIHb JECTPYKIi 3axwcHOro wmatepiany [2]. Taki kommo3uirii
€KOJIOTTYHO O€3IeUHI JJIsl JOBKIUISA HI’K TOKPUTTS 3 BMICTOM MPOAYKTIB XIMIYHOTO

BUPOOHUIITBA.
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BUCHOBKH

TakuM YMHOM KOMIUIEKCH QlKII3aMICHUX TyaHIAMHBMICHHX OJITOMEpiB Ha
OCHOBI aji(aTUYHOTO OJIiIroeTepy 3 JAO0JIaBaHHSAM HITpaTy cpidja TPOSIBISIOTH
BUCOKY aHTHOAKTepiajbHy 10 MO BIAHOMICHHIO IO JOCIHIIKEHUX TeTepOTPOPHUX
OaKTepi-NeCTPYKTOPIB 3aXWCHUX TMOKPUTTIB. Y TIOPIBHAHHI 3 BHXITHUMHU
OJIITOMEpPaMH 111 KOMITO3UIlli MalOTh 3HAYHY aHTUMIKPOOHY JIif0, SIKa 3aJI€KHUTh Bi
JOBKUHU aJKUIBHOTO pajikainy. OTpuMaHi KOMIUIEKCH MOXYTh OyTH BUKOPHUCTaHi
K Je3iH(exTaHTH s 00pOOKH TPHUMIIIEHb, 1HTIOITOPH MIKpOOHOI KOpo3ii, B

SKOCT1 KOMIIOHEHTIB MOJIMEPHUX MOKPUTTIB, CTIMKUX 10 MIKpOOHO1 Oioerpaaatii.
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Abstract. Synthesized oligoetherguanidinium complexes with silver based on aromatic
guanidinium oligomer and alkyl-substituted oligomers by the reaction of guanidinium-containing
oligomer with silver nitrate at a molar ratio of components 1:1 in dimethylformamide at room
temperature. Complexies of guanidinium-containing aromatic, aliphatic oligomers and aliphatic
alkyl-substituted guanidinium-containing oligomers with silver nitrate exhibited antimicrobial
activity against soil heterotrophic bacteria-destructors of protective coatings. The diameter of the
zones of bacterial growth inhibition was 11-29 mm. Complexes of aliphatic alkyl-substituted
guanidinium-containing oligomers exhibited greater antimicrobial activity against the studied
bacteria than the guanidinium-containing aromatic oligomer. It was found that the antimicrobial
activity of oligoetherguanidinium compositions depends on the length of the alkyl radical. The
highest inhibition of bacterial growth was observed under the action of a complex of guanidinium
oligomers with Alk-C7H s Alk-CioH s with silver.

Key words: synthesis, oligoetherguanidinium complexes, aromatic guanidinium-containing
oligomers, aliphatic alkyl-substituted guanidinium-containing oligomers, antibacterial activity
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CEKIIIA 2. KomMmo3uiiHi MaTepiaid Ha OCHOBI TYTOIUIABKHUX, HEMETAICBHX 1 CHJIIKATHUX MaTepialiB

YAK:666.982.24
DOI: 10.20535/iwcemm?2025325281

MILOHICTDb KOMITIO3UTY K @YHKUIA B3AEMOII 11
KOMIIOHEHTIB Y 30HI KOHTAKTY

Baamuciaas T'TYXOBCBKHM,
K.T.H., JOIICHT

KIII imeni Iropst Cikopcbkoro,
svscomp(@ukr.net

Anomauin bemown, sikuii npedcmasisie co60i0 KOMROUYIUHULL 2emepo2eHHUll Mamepial,
Xapakmepusyemvpcsi HAAGHICMIO MAKUX CMPYKMYPHUX Napamempie AK MmexHOoA02IYHI MPIWUHU ma
3aMUUKO08I Dedhopmayii, AKi GUHUKAIOMb Y NEPio0 OMPUMAHHS CaMO20 Mamepiany npu hopmysanHi
ma nooanbwomy meepoOHeHHi. Y 38’A3Ky 3 YUM, OCHOBHOI NPUYUHON DYUHVEAHHA MAKUX
mamepianie € He380pOmHe 3POCMAHHA MEXHONOSIUHUX mpiun 00 MpiyuH pPYUHY8AHHSI abo
mazicmpanvHux. Y 38'a3Ky 3 uum, eupiuienHs npooaemu niosuweHHs MIYHOCmi OemoHie 3
VPAxXy8aHHAM HECHpUAMIUBO20 GNIUBY HABKOIUWHLO20 Cepedosuwa € BUNpagoaHum ma
npakmuyHo Heobxionum. [1]. Jucnepche apmysanms smenutye po3mip 00'emuux Oegopmayii
bemony 6 nouamKosutl nepioo MeEepoiHHsA, NPUYOMY U020 6NAUE MUM Oilblie, YUM Bule
KOHYEHMpayist 60OJIOKHA 8 YeMEeHMHIl MAmpuy.

IIpeomemom 00CniONHCeHHA € BUBUEHHA 3ANEHCHOCMI eKCHIYAMAayitiHuxX 61acmusocmeti
KOMNO3uyili HA OCHOBI HEOP2SAHIYHUX 8 SJiCYUUX MA MIHEepalbHUX B0JIOKOH 8i0 Npoyecié XiMiuHOi
83A€MOOII y 30HI KOHMAKMY MIJHC HOBOYMBOPEHHAMU MBePOil04020 HEOP2AHIYHO20 8 SIHCY1020 ma
aApMYI0YUM KOMNOHEHMOM 3 BUKOPUCTNAHHAM MOOENbHUX CUCTNEM

Y saxocmi o06'exmieé Oocniodicenns SUKOPUCMAHI CKIOYEMEeHMHI KOMNO3UYii HA OCHOBI
apmyruux KOMNOHEHMI8 3i CMeKONl PI3HOI 2I0poNIMUYHOI CMIUKOCMI ma Mampuyb HA OCHOBL
HEOP2aHidHUX 8 SHCYUUX.

Knrouosi cnoea: oucnepcno-apmosani KOMNOZUYILHI MamMepianu, CKISAHI 80J0KHA, CKIAHI
Wmanuky, MIYHICMb HA pO3MsA2 NpU 32UHI, NOPMIAHOYEMEHM, 2TUHOZEMUCTNULL YeMeHM,
bydigenvrull 2inc, 2incose 8 ’sicyue a-mooupikayii.

Haii6inpm 1mupoko BHUKOPUCTOBYBAHUM KOMIIO3HIIMHMM MaTepiajioM Ha
OCHOBI  TOPTJAHILIEMEHTy € OeToH. bepyun 1m0 yBarm ekcIuTyaTalliiiHi
XapaKTEPUCTHKU OY/IBENb Ta CIOPYJ Ha OCHOBI MOPTIAHAIIEMEHTHOTO OETOHY,
IPOTATOM YChOTO 1X KHTTEBOTO IMKITY, OeTOH 3abe3meuye 3HauHI TIepeBaru y IuiaHi
CTIMKOCTI TMOPIBHAHO 3 IHIIMMHU OyIBEJIbBHUMH MarepiajaMi 3aBISKH CBOIM
BHYTPIIIHIM BIIACTUBOCTSIM, TAaKUM $K MILHICTh, JOBTOBIYHICTb, CTIMKICTH [0

CKCTpEMAJIbHUX IIOTOAHHUX YMOB Ta TCEXHOI'CHHUX HOﬂiﬁ. Kle TOro, nIbOIO
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KOHCTPYKIIIHHOTO MaTtepiany JAOCTaTHhO, BiH JOCTYMHHH 3a I[IHOK, TOCTYIMHHH Ha
MICILIEBOMY PIBHI 1 MOYK€ BUKOPUCTOBYBATHCS HE3NITUYEHHUMH crioco0amu [2].

VY To#t ke yac, OJHUM 13 HEJOJNIKIB KOHCTPYKIII HAa OCHOBI O€TOHY, € iXHS
BHCOKa MaTeplajJOEMHICTh, SIKA KOMIIEHCYE KPHUXKICTh I[bOTO KOMIIO3UTY Ta HOro
HU3bKY MIIHICTh MpPH PO3TATY, IO JOCSITAE€ThCS BUKOPUCTAHHSIM METaJIeBOi
apMaTypH.

Y pa3i, Koo HEOOXITHO CTBOPUTHM TOHKOCTIHHY KOHCTPYKILIIO, CIOCIO
apMyBaHHS BHpOOIB METaJE€BOI apMaTypol0 HE MiIXOJUTh, IO 3YMOBIIOE
HEOOXiTHICTh BUKOPUCTAHHS Y SIKOCTI apMyIOUOr0 KOMIIOHEHTa TOHKUX JHCIIEPCHUX
BOJIOKOH PI3HOTO XIMIYHOTO CKJIaay. AJie SIKIIO apMyIOUHii KOMIIOHEHT BBOAHUTHCS 3
METOI0 IMABUIIEHHS] MIIHOCTI KOMIIO3UIIIM TPH PO3TATY, JUCIEPCHI BOJIOKHA SKI
BUKOPUCTOBYIOThCSI, TOBHHHI MaTH MOJIYyJIb MPYXKHOCTI BHIIE, HDK MOIYJb
NpYKHOCTI Marepiany maTpuii. /[o TakuxX BOJIOKOH BIAHOCHUTBCS: XPU30THI-a30€cCT,
CKJISTHE BOJIOKHO, BYTJICIIEBI Ta KOPYHIOBI BOJIOKHA Ta BiJIPi3KH METAJIEBOTO JAPOTY.

BrnactuBocTi mucmepcHO-apMOBAaHUX KOMIIO3HWTIB Ha OCHOBI HEOPTaHIYHHUX
B’SDKYYMX Ta TOHKUX MIHEpaJIbHUX BOJOKOH (miamerpom 10...15 Mxm) abo
CKJIOLIEMEHTHUX KOMIO3MIIIMHUX MaTepialiB 3ajekaTh Bl CKJIaay KOMIIOHEHTIB,
MapKkd IIEMEHTY, BOJOIIEMEHTHOTO BIJHOIICHHS, IIUIBHOCTI I[EMEHTHOI MAaTpHIIi,
BUJIy Ta CKJIQJy BOJIOKHA, IXHIH OpI€HTAIl 1 PIBHOMIPHOCTI PO3MOJIIY B 00’€Mi,
TEXHOJIOT1i BUPOOHMIITBA Ta YMOB €KCILTyaTali BupooiB [3-4].

MeTor0  HAyKOBO-AOCHIAHOI  poOOTH €  JOCHIIUKEHHS  OCHOBHHUX
3aKOHOMIpHOCTEH (opMyBaHHS 30HM KOHTAaKTy KOMIIO3MIIIH Ha  OCHOBI
HEOPTraHIYHUX B’SHKYYHX Ta MIHEpaJbHUX BOJOKHAX 3 BUKOPHUCTAHHSIM MOJEIBHHUX
CUCTEM.

B skocTi 00'€eKTiB JAOCTIMKEHHS] BUKOPUCTAHI CKJIONEMEHTHI KOMITO3HUIIT Y
AKMX Yy SKOCTI MaTeplaJy MaTpulll BHUKOPUCTOBYBAIHUCS MOPTIAH/ILIEMEHT,
TIICOTVIMHO3EMUCTHH 1IEMEHT, TINCOBI B'sDKydl Mapku ['4 Ta o - HamiBriipaT MapKu
[22. BuOip nepepaxoBaHUX BSDKy4HX SIK MaTepiajg MaTpulll 0OyMOBIIEHUH THM, IO
IIEMEHTHUN KaMiHb, OJCP)KYBaHUW Ha OCHOBI KOXXHOTO 3 HHUX, BIJPI3HAETHCS

MPUPOJIOI0 JIY)KHUX OKCHJIB, IO CTBOPIOIOTH JYXKHE CEpelOoBHIlE, BeIndnHOw pH

137



CEKIIIA 2. KomMmo3uiiHi MaTepiaid Ha OCHOBI TYTOIUIABKHUX, HEMETAICBHX 1 CHJIIKATHUX MaTepialiB

bOTO CEPEeIOBUINA 1 CKIJIAJOM HOBOYTBOPEHb. [IMCOTIMHO3EMHUCTUIA 1IEMEHT
MPEACTABICHUA TIEPEBAXXHO HU3BKOOCHOBHMMH QJIOMIHATAMH  KaJlbIlil0, TIPH
rigpaTaiii SKUX CTBOPIOEThCA cllabomykHe cepeaosume 3 pH 10 - 11,
[TopTnanaieMeHT MpeACTaBICHUI B OCHOBHOMY BHCOKOOCHOBHUMH CHJIIKATaMH,
alfOMIHaTaMH 1 amoMopepUTaMy Kalbliio, IPH TiApaTalii SKUX yTBOPIOETHCS JIy>KHE
cepenoBuiie 3 pH 12,5 - 13, 3HaYeHHS SKOTO 3aJUIIAETHCA MOCTIMHOIO MPOTATOM
3Ha4HOTO mepioAy. CepenoBHIne TBEPAIFOYOTO TIIICOBOTO B’ SKY4OTO, HE3AJIEKHO BiJ
MapKH, XapaKTepu3yeTbCs HEUTpaIbHUM 3HaueHHAM pH.

B sKocTi MOAeNbHHUX CHUCTEM [jIsi BUBUEHHS Mpolecy (POpMyBaHHS 30HU
KOHTAaKTy MaTepially MaTpHLll Ta apMyIOYOro KOMIOHEHTY y KOMIO3UIISX HA OCHOBI
HEOPTaHIYHUX B’ SKy4YrX OyiIu 0OpaHi CUCTEMH, 110 SBJISIOTH COO0I0 3pa3Ku-0aJ0uKH,
BUTOTOBJICHI 3 TICTa HOPMAJILHOI T'YCTOTH HEOPTAaHIYHOTO B'SDKYYOTrO 3 apMaTypoIo y
BUTJISIAI CKISTHUX INTanukiB. Bubip maHOTO BHIYy apMylOuoro KOMITOHEHTA IS
MOJIEJIbHUX CUCTEM OyB 0OYMOBJIEHUI HACTYMTHUMU MOJIOKEHHSIMHU:

- BUKOPHUCTAHHS SK apMylO4YoTO KOMIIOHEHTY «MAaCHBHOTO CKJa», SKE Ha
BIJIMIHY BIJ CKJISHUX BOJIOKOH, MPAKTUYHO HE 3MIHIOE CBO€I MIIIHOCTI TIpU
PO3TATYBaHHI B CEPEIOBHIII B'SHKYUOTO, 110 TBEP/IE, JO3BOIIIO BCTAHOBUTH OCHOBHI
3aKOHOMIPHOCTI (OopMyBaHHS MIIHOCTI KOMIIO3MINIA 3 dYacoM 0e3 ypaxyBaHHS
IPOLIECIB, MOB'SI3aHUX 3 KOPO31€I0 TOHKUX CKJISTHUX BOJIOKOH;

- BUKOPHCTAHHS INTANUKIB 13 CKJa PI3HOTO XIMIYHOIO CKJaay Ta 3 PI3HUM
3HAQYEHHSM T1APOTITUYHOI CTIMKOCTI JO3BOJUTH OILIHUTH 3aJICKHICTh XapaKTePUCTUK
MIIIHOCT1 JIOCHIKYBAaHUX KOMIIO3UIIIM BIJT 1HTEHCHUBHOCTI IMPOIECIB B3aEMOIl
arpeCUBHUX HOBOYTBOPEHb HEOPTAHIYHOTO B'SIKYUOTO 3 IMOBEPXHEI0 apMYyHYOro
KOMITOHEHTA;

- n1oOpe BUpakeHa MeXa KOHTAKTYy apMyHdoro KOMIIOHEHTa Yy MOJEITbHUX
CHUCTEMaxX JI03BOJIMJIA TPOBECTH JOCTIIPKCHHS 3 BUBUCHHS CKJIaTy Ta OCHOBHHUX
(G13UKO-MEXaHIYHUX XapaKTEPUCTUK HOBOYTBOPEHb 30HU KOHTAKTy apMYHOUHi
KOMITOHEHT — MaTPHIIS;

- CYyTTE€Ba BIAMIHHICTh 3HA4Y€Hb TEMIIEPATypHOro KoedilieHTa IIHIHHOTO

posmmpenns (TKJIP) ans ckna C90-1 (0,97-10-5rpan.-1) ta C52-1 (0,52-10-5 rpan.-
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1) nmo3BONMIO BHU3HAUMTH BIUIMB LBOTO MapaMerpy Ha (GOpPMYBaHHS MIIIHOCTI
KOMITO3UIIIT IPH TEIIOBOJIOTi 00pobIIi 3 ypaxyBanHaM Toro, mo TKJIP matepiamy
marpuili craHoBuB 1,02-0,98-10-5 rpan.-1, ToOTO OJMM3BKHI 10 aHAJIOTTYHOT
noka3Huka ckia C90-1 1 maiixe 2 pasu Biapizusscs Big TKJIP ckma C52-1.
Pe3ynbrati BH3HAUEHHS TIAPOJITHYHOTO KJACy CKISHUX INTAlHKiB, SKI
BUKOPUCTOBYBAJIUCS TPH JOCTIUKEHHI OCHOBHHX 3aKOHOMipHOCTEH (hopMyBaHHS

CTPYKTYpHU KOMIO3HIIIH Ta iXHE MO3HAYEHHA y TEKCTI MpeAcTaBieH] y Tabmum 1.

Tadoauus 1 - TigpoaiTnyHuil KJIac CKISHUX IITANMUKIB Ta IXHE MO3HAYEHHSA Y TEKCTI

Apmyrounii ['apoiTHYHUN KJ1ac CKJla apMyKOU0ro [To3HaueHHs
KOMIIOHEHT KOMIIOHEHTY apMyI4O0ro
KOMITOHEHTY Y TEKCTI
Ckio mapku C90-1 | III — TBepai anapaTHi cTeki1a Crl
Cxio mapku C52-1 | [ — cTekna, 10 He 3MIHIOIOTHCSI BOJIOIO Cr2

Kinetnka 3miHuM Mexi MiltHOCTI npu 3ruH1 (Ry) MOJAETbHUX KOMIMO3UIIIM Ha
OCHOBI TOPTIAHAIIEMEHTY Ta apMmyrodoro komrmoHeHta Ctl, mo TBepaiaM y BOi,
NpeCTaBIeHa HA PUCYHKY 1.

[IpencraBieni pe3yiabTaTH IMOKa3ylOTh, IO Y pa3l BHUKOPUCTAHHS B SKOCTI
apMyIOUYOTO KOMIIOHEHTa CKJIa 3 HU3bKHUM PIBHEM TiIPOJITHYHOI CTIHKOCTI PIBEHb
MIIIHOCT1 KOMITO3UIIli MOCTINHO 301IbIIy€eThCs. Y BiMi 28 110 MakCuMalibHE 3HAUYCHHS
IIOTO TOKa3HUKa cTaHOBUTH 28,8 — 29,3 MIla (mpu p = 30 — 35%), a y Bii 720 116
BOJHOT'O TBEPJIHHA CTAHOBUTH 66,2 — 66,4 MIla (nmpu p = 30 — 45%) .

70 594 612 66,1 664 66,2

60 54,2

1og 512 535 535 54
284 288 293 294 288

Mezka MiLIHOCTI Ha pO3TAr IpH
3ruHi, MIla
w
[==]

Bigcorok apMyBaHHs, %

——4 —8—3 2 —8—1

Puc. 1. 3anexknicTh MexXi MiIHOCTI HA PO3TSAT NPH 3rMHAHHI KOMIIO3MIii HA OCHOBI
MOPTJIAHAIEMEHTY 3 apMylO4YuM KoMnoHeHToM CTl Bia BicoTka apMyBaHHA NPH iX
TBepAiHHi y Boai npotsirom 28 (1), 180 (2), 360 (3) Ta 720 (4) ni6.
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AHaJIoriyHA KOMIIO3MIIiSl, SKa TBEpAUIa B rigpo3arBopi (puc. 2),
XapaKTEPHU3Y€EThCS] HIDKYUM KIHIIEBHM PIBHEM MIITHOCTI, 3HAYEHHS SKOro y Biri 720

116 cranoButh 45,9-47,3 MIla (mpu p = 30-35%).

45 459 464 47 47,3

Mea MiLIHOCTI HAa pO3TAT NPH 3THHI,
MIla

BiscoTok apmyBaHHA, %

——4 —0—3. 2. —8—1.

Puc. 2. 3ajexHicTh MexKi MIlTHOCTI HA PO3TAT NP 3rUHI KOMIIO3UILIi HA OCHOBI
NOPTJIAHALIEMEHTY 3 apMyl4uM kKoMnoHeHToM CTtl Bin BiicoTKa apMyBaHHA NPH iX
TBepaiHHI B rizpo3arsopi nporsirom 28 (1), 180 (2), 360 (3) Tta 720 (4) xio.

[Ipu boMy Ha puc. 1 BUALISETHCA TEPio] TBEPAIHHSA KOMMO3UIi Bij 28 10
180 116, mpoTsrom AKoro BiAOYBa€ThCS CYTTEBHM HAO1p MIITHOCTI Kommo3uii 3 28,8
— 29,3 Mlla no 53,5 — 54 Mlla (mpu p = 30 — 45%), to6T0. V¥ 1,8 — 1,9 pasu.
3pocTaHHA MIIHOCTI 3a AaHAJIOTIYHUN TMepioJy KOMIO3UIli, W0 TBEpAila B
rigpo3aTBopi (puc. 2), HE3HAYHUHN 1 TIEPEBUINYE AHAJOTIUHY XapaKTEPUCTHKY y 28
no6oBomy Bitll B 1,3 pasu.

[Ipu BukopucTtanHi apmyroudoro kommoHeHTa CT2, MO XapaKTePU3YETHCS
O1IBIIIOI0 TIPOJIITUYHOKO CTIMKICTIO, PIBEHb MIIHOCTI KOMITO3HIlII IPU TBEPIHHI Y
Boi (puc. 3) Ta rimpo3atBopi (puc. 4) cranoBuTh BianoBigHO 43,1 1 41,6 MIla gepes

720 ni® TBepAIHHS.
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-
50 403 43,9 43,1 43,5

MIla

CTHCKY

5 15 25 35 45
Bincotok apmyBaHH4, %

Mexxa MilJHOCTI Ha po3TAr IIpU

——3. —8—2. 1.

Puc. 3. 3ajexxHicTh MeKi MilTHOCTI IPH 3rMHi KOMNO3MIiA HA OCHOBI MOPTJIAHALEMEHTY Ta
apmy4oro komnonenra Ct2 BiJ BiicOTKa apMyBaHHs IIPH iX TBepAiHHI y BoAi mpoTsirom 28
(1), 360 (2) Ta 720 (3) aid

5 15 25 35 45
BigcoTok apmyBaHHg, %

Mexxa MILJHOCTI Ha po3TATr NpH
3ruHi, MIla
(3] w
(=] (=]
[\
3
\w
w
-.m -
[
w
30
(o2l
(O8]
o
(o2
w
o
o

——3. ——2. 1.

Puc. 4. 3anexknicTh Me:Ki MiIHOCTI IPH 3rHHI KOMIIO3M LIl HA OCHOBI MOPTJIAHALIEMEHTY |
apMy4oro komnoHenta Ct2 Big BiAcoTka apMyBaHHS NIPH iX TBEPAiHHI B riipo3aTBopi
npotsirom 28 (1), 360 (2) ta 720 (3) xid

Tennosonora o6pobka mpu Temmepatypi 98°C mpusBoguTe 10 PI3KOrO
301IBIIEHHST MEX1 MIITHOCTI MPU 3rUHAHHI KOMIO3MIIl HA OCHOBI MOPTIAHILEMEHTY
1 apmytoyoro xkommoHeHTa Ctl (puc. 5). Bimpazy micnsa mnpomnaproBaHHs
MaKCHUMAaJIbHUM PiBEHb MIITHOCTI JTOCIIPKYBAaHUX KOMIIO3UIIIM CTaHOBUTH 54,7 — 55,7
Mlla (mpu p = 35 — 45%) mo HE3Ha4YHO BIAPIZHAETHCA BiA PIBHA MIITHOCTI
koMmmo3uuii y Biti 720 ai6 - 61 Mlla (npu p = 40 — 45%), uo Bka3zye Ha CyTTEBY

3aJIeKHICTh MILIHOCT1 KOMITO3ULIIN BiJl YMOB TBEPI1HHS.
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70

=}
=]

[
(=]

'S
=]

w
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Mesia miuHocTi Ha poaTsar npu aruni, MITa

-
o

9,6
0

0 5 10 15 20 25 30 35 40 45
——2. 1

BincoTok apmyBanHs, %

Puc. 5. 3anexuicTb Mexki MIlTHOCTI NPH 3rUHAHHI KOMITO3UILi HA OCHOBI
NOPTJIaHALEMEHTY Ta apMylo4oro komnonenra Crl Bix BiicoTka apMyBaHHA Bigpa3sy micJst
TenJa0BoJI0roi 00pooku (1), i uepes 1 pik (2).

[Ipy moOpiBHAHHI pIBHA MIMHOCTI JOCHDKYBAaHUX KOMIIO3MINHN  MMICHSA
aBTOKJIaByBaHHs mpu Ttemmeparypi 175°C (puc. 6) BuaHO, IO IOCIIIKyBaHHNI
MOKAa3HWK B JaHOMY BHIIAQJIKy BIAPI3HIETbCA HECYTTeBO. Biapa3y micis
npornaproBaHHs BiH cTaHoBUTH 55,7 - 60,7 MIla (npu p = 35 - 45%), a micnd

aBTOKJIaByBaHHs - 52,0 - 55,7 MlIlIa (npu p = 40 - 45%).

70

60 537547557

Mesa MilHOCTI Ha po3TAr MpH
aruni, Mlla

0 10 20 30 40

—a—2 ——1 s
Bipcorok apmyBanns, %

Puc. 6. 3anexkHicTh MeXi MiIHOCTI IPH 3rHHAHHI KOMIIO3UILil HA OCHOBI MOPTJIAHEMEHTY 3
apMyw4um KoMnoHeHToM Ctl Bix BiicoTka apMmyBaHHs Bigpa3y micjsi TenJI0BOJIOI 01
00po0kM (2) Ta micas apTokjaaByBaHHs (1).

VY Toif ke yac, y pa3i BUKOPHUCTaHHS apMmyrodoro kommnoneHta CTt2, piBeHb
MIIIHOCTI KOMIIO3MINM MIC/s TEIUIOBOJIOroi 00poOKku (puc. 7) HE NEpeBUIIYE
aHAJIOTTYHUIM TMOKA3HUK JUIS 1€l KOMIO3HUIIII Y pa3i il HOpMaJIbHOTO TBEPIHHS Y BOJI1
1 cranoButh 37,1 - 38,2 Mlla (npu p = 35 - 45%). TBepAiHHSA IOCIHIKYBaHOI

KOMITO3UIIIT B YMOBAaX aBTOKJABYBaHHS MPU3BOJUTH J0 PI3KOTO 3HIKEHHS PIBHS ii
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minHocTi 10 14,8 — 17,9 MIla (mpu p = 35 — 45%), 10 € HaCHIAKOM PI3HUIN Y

sradenHi TKJIP apmytouoro kommonenta Ct2 Ta MaTepialy MaTpPHIIL.

Mexa MiLIHOCTI Ha pO3TAT NPH

3runi, Mlla

70
60
50
40
30
209jg
10
0 10
0

356 358 36 362 382 37,1

31,3
233

117 12 145 149 15 15 148 153

10 20 30

Bincorok apmysanns, %

40

-2 —81

Puc. 7. 3anexHicTb Me:xXi MIITHOCTI NPHU 3rUHAHHI KOMIIO3UIIii HA OCHOBI
NMOPTJAHAILEMEHTY Ta apMYIH4Y0ro kommnonenta Crt2 Bia BiicOTKa apMyBaHHA Bigpa3y micis
TEIJIOBOJIOT0i 00po0KkHM (2) Ta micas aBTokjIaByBaHHs (1)

[Tpu mocmimxeHH! KIHETUKHA 3MIHM MEX1 MIITHOCTI TIPU 3TWHAHHI KOMIO3UIIIN

HA OCHOBI TIMCOTJIMHO3EMHUCTOIO IIEMEHTY BCTAHOBJICHO, L0 y pa3l BUKOPUCTAHHS

apmyrouoro kommnonenta Ctl npu TBepAiHHI y BOl (pUC. 8) MakcUMalbHUN PiBEHBb

MIIIHOCTI 3pa3KiB y Bili 7 Ta 28 110 BIAPI3HAETHCS HE3HAYHO 1 CTAaHOBUTH 24,6 — 2,5

MIla (mpu p = 35 - 45%).

[Ticns 3akinuennsa 360 110 ix TBepAIHHS y BOJI BiH 301IbIIyeThCS A0 32,5 - 34

MlITa (ipu p = 35 - 45%) 1 Hamasm TPaKTUIHO HE 3MIHIOETHCS.

Mesxa MILIHOCTI Ha pO3TAT NpPH

aruHi, Mlla

70
60
50
35,8

34,1

10 20 30

BincoTok apmysanns, %

40

——4 —8—3. 2. —8—1

Puc. 8. 3anexnicTh Mexki MIlTHOCTI NPM 3rUHAHHI KOMITO3HUIIii HA OCHOBI
rifncorJuHO3eMHCTOr0 EeMEHTY Ta apMyro4oro kommnonenTa Crl Bix BiicoTka apMyBaHHA
npu ix TBepAiHHi y Boai mporsarom 7 (1), 28 (2), 360 (3) ta 720 (4) nid
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AHaJIOTIYHO BIiJIOYBAa€ThCS 3OUIBIICHHS MEX1 MIIMHOCTI KOMIIO3MINN, IO

TBEPLIN B TiApo3aTBOpi (puc. 9) 1 BIAPI3HAETHCS BiJl TOMEPETHIX KOMITO3HIIIN THM,

10 PI3HUIIA MK piBHEM MIITHOCTI y Billi 28 Ta 360 a16 1mie MeHIia.

70

.

Me2«a MiLLHOCTI Ha pO3TAT NPH 3THHI,

60
50
40

=30

20

34,5 33,9

31,6

249 254

238
148

20 30
BiacoTok apmyBanus, %
——3 —e—2. 1.

40

Puc. 9. 3anexxHicTh Me:xXi MIITHOCTI NPHU 3rUHAHHI KOMIIO3UIIii HA OCHOBI
rincorJiMHO3eMMCTOr0 IeMEeHTY Ta apMyl040ro KommnoHenta Ct2 Bil BiicOTKa apMyBaHHS
micJist iX TBepaiHHA B riapo3aTsopi nporsirom 7 (1), 28 (2) Ta 360 (3) xid.

[TopiBHSHHS 3HAYEHHS MEXI1 MIITHOCTI NIPHW 3TWHAHHI KOMITO3HUIIIM HA OCHOBI

MOPTJIAHJICBKOTO Ta TINCOTJIMHO3EMHUCTOTO IieMeHTIB y Bimi 360 ni6 (puc. 10)

MOKa3ye, IO PIBEHb MIIMHOCTI KOMIO3UINIA HA OCHOBI TINCOTJIMHO3EMHCTOTO

[IEMEHTY HE 3aJICKUTh BIJ T1IPOJITUYHOI CTIMKOCTI JOCIIIKYBAHOTO apMyKHOUOTO

KOMIOHEeHTa. Toal AK y pa3l BUKOPHUCTAHHS Yy SKOCTI MaTepiady MaTpulll

MOPTIAHIAIIEMEHTY, PIBEHb MIITHOCTI KOMIIO3MII BU3HAYAETHCS TiIPOJIITUIHOIO

CTIAKICTIO QpMYHOYOT0 KOMITOHEHTY.

Mesxa MILHOCTI HA PO3TAT OPH

3rusi, MITa

18,2

10 20 30

BincoTok apmysanus, %

40

——4. —0—3. 2. —9—1.

Puc. 10. 3ane:kHicTh Me:Ki MIIHOCTI NPH 3rMHAHHI KOMIIO3ULiil HA OCHOBI MOPTJIAHAIEMEHTY
Ta apmy4oro komnonenry Crl (4) i Cr2 (3) Ta Ha 0OCHOBI IiNCOIVIMHO3eMHUCTOI0 IEMEHTY Ta
apmyw4oro komnodHenTa Crl (2) i Cr2 (1) Bix BizcoTka apMmyBaHHS MicJsi iX TBepAiHHSA Y BOi

nporsirom 360 nio.
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BUCHOBKHA

BcranoBneHo, 1m0 31 3MEHIIEHHSM TIAPOJITHYHOI CTIMKOCTI CKJa, IO
BUKOPHUCTOBYETHCS, MILHICTh MPU 3TUHI TOCHIKYBAaHUX KOMITO3ULINA 3017bIIYETHCS,
10 MOX€E OyTH MOSICHEHO 3MIIIHEHHSIM 30HM KOHTAKTYy 32 PaXyHOK BHIJIYTOBYBAaHHS
OKCHJIIB CKJIa 3 MOBEPXHI apMyIOUOro KOMIIOHEHTA Ta IXHbOI HACTYITHOI B3a€EMOJIIT 3
NPOAYKTaMH TipaTalii B’ sHKyqoro.

Y pa3i BUKOPUCTAHHS apMyIHUYOro KOMIIOHEHTY 3 moka3HukoMm TKIJIP
OJIM3bKUM JI0 3HAYCHHS aHAJIOTIYHOI XapaKTePUCTUKH MaTepially MaTpPHUIlil, MIIHICTh
3pa3KiB Ha OCHOBI MOPTJIAHALIEMEHTY 30LIbIIYETbCS MPH IXHIM TEIIOBOJIOTIH
00pobui (98°C) Ta npu aBTOKNaByBaHHI. Y pa3i BHUKOPUCTaHHS apMyO4OIO
koMrnoHeHTy TKJIP skoro cyTTeBO BIAPI3HIETHCS Bl aHAJIOTIYHOI XapaKTEPUCTUKH
MaTepially MaTpHIli, MIIIHICTh 3pa3KiB MiCJs aBTOKJIABHOI 0OPOOKH XapaKTepU3YEThCS
MEHIIMMHU 3HAYEHHSIMU Y MOPIBHIHHI 3 MPONApPEHUMH 3pa3KkaMH, 10 CBIIYUTH PO
HAsIBHICTh JECTPYKTHBHHMX TMPOIIECIB, MOB’SI3aHUX 3 PYWHYBaHHSAM 30HU KOHTAKTY
IIPU OXOJIOJIPKEHHI.

Y pa3i BHUKOPUCTaHHS Yy SKOCTI Marepially MaTpulll B’SHKYy4Ooro siKe
XapaKTepU3y€eThCs OB BUCOKUM PIBHEM arpeCUBHOCTI 10 KPEMHE3EM BMIIIYIOYOTO
KOMIIOHEHTY (MOPTJAHIIIEMEHTY), pIBEHb MIIHOCTI 3pa3KiB  3aJCKHUTh  BIJ
TIAPOJIITUYHOI CTIMKOCTI apMyIOUOTO KOMIIOHEHTY. Y pasi BUKOPUCTAHHS y SIKOCTI
Marepiajly MaTpulll TINCOTJIMHO3EMHUCTOTO ILIEMEHTY, MPOJIYKTHU Tijparallii SKOro
xapaktepusyroTbess pH Ha piBai 10 -11, piBeHb MIIHOCTI AOCHIIHUX 3pa3KiB

MPAKTUYHO HE 3aJICKHUTh BiJ TAPOIITUYHOI CTIMIKOCTI CKJIa apMyIOYOT0 KOMIIOHEHTY.
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COMPOSITE STRENGTH AS A FUNCTION OF THE INTERACTION
OF ITS COMPONENTS IN THE CONTACT AREA

Vladislav GLUHOVSKY
Candidate of Technical Sciences, Assosiate professor,
Igor Sikorsky Kyiv Politechnic Institute

Abstract: Concrete is a composite heterogeneous material. It is characterized by the
presence of such structural parameters as technological cracks and residual deformations that
arise during the period of obtaining the material itself during molding and subsequent hardening.
In this regard, the main cause of the destruction of such materials is the irreversible growth of
technological cracks to fracture or main cracks. In this regard, solving the problem of increasing
the strength of concrete taking into account the adverse effects of the environment is justified and
practically necessary. [1]. Dispersed reinforcement reduces the size of volumetric deformations of
concrete in the initial period of hardening, and its effect is greater the higher the concentration of
fiber in the cement matrix.

The subject of the research is the study of the dependence of the operational properties of
compositions based on inorganic binders and mineral fibers on the processes of chemical
interaction in the contact zone between new formations of a hardening inorganic binder and a
reinforcing component using model systems.

Glass-cement compositions based on reinforcing components from glasses of different
hydrolytic resistance and matrices based on inorganic binders were used as research objects.

Key words: dispersion-reinforced composite materials, glass fibers, glass beads, flexural

tensile strength, Portland cement, alumina cement, construction gypsum, o-modified gypsum
binder.
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Abstract. The processes of synthesis of the working layer of abrasive tools using various
methods are considered, their features and disadvantages are noted. The results of the use of laser
radiation for sintering composites with superhard materials (SHM) are presented. It is shown for
the first time that laser heating of composites containing a metal bond and SHM grains to
temperatures of 1600 °C does not lead to a loss of their strength. The results of the study of the
effect of laser radiation with a wavelength of 10.6 and 1.06 um on SHM grains and a combination
of various methods of protecting abrasive grains from thermal effects are presented. It is shown
that the time of laser radiation and melting of the bond on SHM grains should not exceed 0.3 s.
Data on high-performance drum-type tools equipped with replaceable inserts with SHM are
highlighted. The results of mathematical modeling of the processes of forming a layer with SHM,
methods for calculating sintering parameters are highlighted, and a set of devices and tools for
ensuring the process of manufacturing abrasive diamond inserts for drums is presented.

Key words: abrasive tool, bond, laser synthesis, mathematical modeling, superhard
materials.
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Introduction. One of the trends in the development of modern machine-
building production is the creation of metalworking technological complexes that
allow using one or more universal tools to produce parts of various shapes and sizes,
while carrying out a full cycle of mechanical processing. Such tools must have high
cutting ability and a long period of stability. In addition, to implement optimal cutting
kinematics, they must have a rather complex shape (sphere, ellipsoid, hyperboloid,
torus, etc.) and a certain geometry of cutting elements. These requirements can be
met by tools made of special superhard composite materials.

The main tasks of the technology for manufacturing tools from superhard
materials, including diamond, are to obtain the required shape and size, ensure strong
fixation of abrasive grains on the working surfaces, and provide them with cutting
ability, which must be continuously maintained during operation.

Analyzing the state of diamond tool production technologies in general, it
should be noted that they have very low productivity. The demand of the world
market significantly exceeds the capabilities of the most modern diamond tool
production. In the manufacture of diamond tools, a limited number of bonds are used,
containing as a basis only low-melting components with a melting point not
exceeding 700°C [1-8].

This significantly limits the possibilities of its optimal use in processing a wide
range of structural materials that differ significantly in hardness, chemical
composition and other characteristics. In addition, such bonds do not hold diamond
grains firmly enough, which limits cutting performance, tool stability, contributes to
an increase in diamond consumption, and processing costs. Existing methods for
manufacturing tool composites do not allow controlling the location of diamond
grains, especially to create single-row, multi-layer tools.

The most promising and effective method of manufacturing the above-
mentioned universal tools is the method of layer-by-layer laser sintering of powder
composites.

As shown by the results of research carried out in this direction by specialists

of the Department of Laser Technics and Applied technologies of National Technical
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University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” and the Institute of
Superhard Materials named after V. M. Bakul, laser radiation allows, due to the high
speed of contactless energy input into the material and its precision dosing, to carry
out ultrafast heating of local areas of the composite containing a metallic bond (Cu,
Fe, Ni) and SHM grains (diamond, cubic boron nitride (CBN)) to temperatures of
1500 - 1600 °C without loss of their strength and other properties [9]. It has been
established that the time of action of laser radiation and melting of the bond on SHM
grains should not exceed 0.3 s. With a longer exposure time, their graphitization
begins. The high locality of the process allows layer-by-layer formation of single- or
multi-row working elements from SHM and, thus, to obtain tools of almost any
configuration, to easily control the concentration of composite components, to obtain
structures with high dispersion and other physical and mechanical properties. The
developed process and manufactured prototypes of diamond disk tools that have
passed the tests indicate the feasibility of developing and implementing the
development in production.

This study is aimed at expanding the application of laser synthesis processes in
the manufacture of cutting elements of high-performance drum-type tools.

Materials and Methods. For mechanical high-performance processing of the
external surfaces of large-sized metal and non-metallic products, it is proposed to use
a grinding drum in the form of a metal hollow round cylinder with rectangular
grooves evenly spaced along its entire length, at a certain distance from each other, at
an angle of 5° to its axis. Rectangular metal inserts are tightly installed and fixed in
the grooves of a certain width and depth, the length of each of which is 5 mm greater
than half the length of the cylinder, on the outer surface of which a layer containing
SHM of a given thickness and radius of curvature of its outer surface is applied by
laser sintering. Flanges are attached to both ends of the cylinder, on the opposite
surfaces of which, corresponding to the protrusions on the ends of the metal inserts,
corresponding recesses and holes are made for placing screws that secure the flanges

to the housing.
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Results and Discussion. The general view of such a drum is presented in Fig.
la, b. The drum contains several separate elements: directly a metal cylinder with a
system of longitudinal grooves 1, rectangular inserts 2 located and fixed in them, on
the outer surfaces of which a layer of SHM 3 is applied by laser sintering, which
protrudes along the radius from its surface to the working depth of the drum circle H
and two flanges 4, fixing and securing the inserts with SHM on the ends of the
cylinder with screws 5. One of the main tasks of this work is to determine the
conditions for laser sintering of composites containing synthetic diamonds. On the
outer surfaces of the inserts, a layer of synthetic diamonds of grades AC 15-H, AC
32-H and grades AC15, AC20 and AC32 with a grain size of 500/400 - 200/160 with
a metal bond is applied by laser sintering (AC — synthetic diamond brand).

To determine the conditions for implementing the process of laser liquid-phase
synthesis of an abrasive layer from SHM, its mathematical modeling was carried out
[10, 11]. In this case, the speed of movement of the workpiece was determined, at
which the formation of an abrasive composite from SHM was ensured, the radiation
power with a wavelength of 1.06 um was 1500 W, and the size of the focusing zone
varied within 3 mm, 4 mm and 5 mm. The results of the calculations are shown in
Fig. 2.

2 3
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a)
1 - body; 2 —inserts; 3 — SHM layer; 4 — flanges; 5 — screws; H — height of the working
abrasive layer
Fig. 1. Grinding drum with inserts containing SHM obtained by laser sintering: a) main view
b) cross-sectional view
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Fig. 2. Movement speed at different thicknesses of the SHM layer and sizes of the
focusing zone

Fig. 3 shows a set of devices and tools for ensuring the process of
manufacturing inserts from SHM for abrasive drums. The synthesis process is carried

out using fiber laser radiation.
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Fig. 3. Block diagram of a laser technological complex for the synthesis of an abrasive
layer from SHM

To feed abrasive materials into the synthesis zone, it is necessary to develop a
special device that controls the SHM grain feed system, after which they enter the
focusing and sintering zone, where the main process of the entire system takes place,
namely the synthesis of the abrasive layer on the surface of the insert. In order to

control and program the number of SHM grains entering the feed system, a system
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was modeled, which includes a binder feed system, a laser radiation transportation
and focusing system, and a system for accounting and regulated feed of abrasive
grains. The sintering process is carried out using fiber or blue lasers by directional
heating of the substrate with laser radiation of a mixture of powders to temperatures
of 1500-1600°C for 0.2-0.4 seconds, which allows avoiding the phenomenon of
graphitization and preserving the initial strength of diamonds. Depending on the
selected typesetting plate and other components, the laser radiation power to ensure
this process is in the range of 1.0 - 2.5 kW. The diameter of the focusing zone is 0.7-
2.0 mm. The scanning amplitude of the laser beam is 7 mm. The scanning frequency
is 150-200 Hz. The speed of relative movement of the laser beam and the matrix is
(0.2-2.0) m/min. Our device has the ability to adjust the focal distance of the laser
beam relative to the typesetting plate. This adjustment is carried out automatically in
a mechanical way.

Conclusion. For the first time, a process of laser synthesis of composites based
on synthetic SHM s on the working surfaces of tool drum inserts has been developed,
which allows to radically (by 20 or more times) increase the productivity of
manufacturing such tools, reduce the cost of their manufacture. A new design of a
cylindrical tool drum at the level of the invention is proposed, which contains a
system of replaceable metal inserts, located with a certain pitch and angle of
inclination to its axis (4-5°), on the surfaces of which an abrasive layer of SHM of a
certain thickness is applied by laser sintering.
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BUCOKOIIPOAYKTUBHI ABPASUBHI IHCTPYMEHTHU BAPABAHHOI'O
TUIIY OCHAIIEHI 3SMIHHUMMU PIDKYUYUMU EJIEMEHTAMMU 3 HTM

Ouaexcii TOHYAPYK

K.1.H., noneHT,

Jleoninx I'OJIOBKO

J.1.1., npodecop,

Ounexciit KATJISAK

K.1.H., noueHT,

Anapiii BOHJIAPYYK

Crynent, Oakanasp,

Kadenpa nazepHoi TeXHIKM Ta MPUKIATHUX TEXHOJIOTIH
KIII im. Iropst CikopchKoro

Anomauia. Posenanymo npoyecu cunme3y poO0o4020 wiapy aOpasuHux IHCMpPYMeHmis 3
BUKOPUCAHHAM PI3HUX CNOCo0I8, 8iomiueni ix ocobaueocmi, Hedoniku. Hasedewi pezyromamu
3aCMOCYBAHHA 1A3€PHO20 GUNPOMIHEHHA OISl CHIKAHHA KOMNO3UmMieé 3 HAOmeepoux mamepianie
(HTM). Bnepwe noxazarno, wo 1azepHne HazpiaHus KOMNO3UMIB, WO MICMAMb Memanesy 38 a3Ky i
sepna HTM 0o memnepamyp 1600 °C ue npuzeooums 0o empamu ix miynocmi. Hasedeno
pe3yibmamu 00CAI0NCEeHHs. GNIUBY JIA3EPHO20 BUNPOMIHEHHS 3 008ucunoio xeuni 10,6 ma 1,06 mxm
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Ha 3eprna HTM ma xombinayis pisHux memodis 3axucmy 3epeH abpazugy 8i0 mepmiuHo20 8NIUB).
Ilokazano, wo uac 0ii 1a3epHoco BUNPOMIHeHHs i po3niagy 36 s3ku Ha 3epua HTM ne nosunen
nepesuwgyeamu 0,3 c. Bucgimaioromscs 0aHi npo 8UCOKONPOOYKMUBHI IHCMpYMeHmu 6apabanno2o
muny, ochawjeHux sminnumu ecmasxkamu 3 HTM. Bucsimaroiomscs pe3yiomamu MamemamuiHo2o
MoOentoeanus npoyecie gopmysanns wapy 3 HTM, memoou po3paxynky napamempié CniKaHHs,
npeocmasieHo KOMNWIEeKC Npucmpoie ma 3acodié 01 3ab6e3nedenHs npoyecy U2OmosleHHs
abpazuBHUX AIMAa3HUX 6CMABOK 6apabauis.
Knrwouosi cnosa: abpazuenuil incmpymenm, 36 3Ka, 1a3epHULl CUHMe3, Mamemamuine

MOOeN068anHs, Ha0meepoi mamepianu
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Anomauin Memorw pobomu 6yn10 po3podKa 00HOCMAOIIHO20 MeMOOy CUHME3Y KOMNO3UMIB
MOOUIKOBAHUX KamMIOHAMU HaAmMpilo | MacHilo ma KapOOHAmM-aHiOHOM Kanvyi gocpamie
anamumogoco muny 3 pizuum (5, 10 ma 25 mac%) emicmom ZrQz. 3pazku cuHmes08amo 3 600HUX
pozuunie cucmemu Ca’"-Mg?*-Na"-NH; -POs -CO3*-NO5 3 dodasannam yupkowinmimpamy ma
gionaneno npu memnepamypi 600°C. 3a oOanumu penmeeHiécbkoi Ouppaxyii Ha nopowxax
8CMAaHOBIEHO hopmyeanus Kanvyiu Gocghamie anamumoozo muny (2eKCA20HANbHA CUH2OHIs,
npocmoposa epyna P63/m) ma ZrQO;. [Ipucymuicme kapbonam-aHionie y ckiaoi 2iopoKcuanamumia
niomeepoxceno Odanumu I4-cnexkmpockonii. [locniodcenns 6naugy CUHmME308aHUX KOMNO3UMIE 3
emicmom 10 uu 25 mac% ZrO: na 3uauenns pH mooenvHo2o po3uuny 6UABUN0 iX aKmMueHicmov 3i
spocmanuam pH enpooosoc nepwiux 3 OwHis, wo € Oewo Suwum 0151 KOMHO3UMIE 3 OLIbUUM
gmicmom  akmueHoi  gocpamnoi  komnonenmu. QOOepocani  pezyibmamu  MOXCYMb  Oymu
BUKOPUCMAHI Y PO3POOKAX OIOAKMUBHUX MAMePIaNie 015 Opmoneoii.

Knrwowuosi cnoea: wmikpoenemenmu, e2iopokcuanamum, YUpKoW, Hampiu, maeHiu, 14-
CNEeKMpPOCKONIAL.

biomaTepianu Ha ocHOBI KaybIlii ¢ocdarTiB 3 amaTUTOBUM THUIIOM CTPYKTYpH
BUKJIMKAIOTh 3HAYHUM 1HTEPEC y MEAMYHUX 3aCTOCYBAHHSIX Uepe3 iXHIO CXOXKICTh 3a
CKJIaZIOM 13 TPUPOJHOI0 HEOPTaHIYHOK KOMITOHEHTOI KICTOK 1 3y0iB. OmHaK ix
MEXaHIYHI BJIACTUBOCTI Ta OG10aKTHUBHICTh YaCcTO MOTPEOYIOTh MOKPAIICHHS HIISTXOM
10HHOTO 3aMiIIeHHS aTOMIB y KaTiOHHIM 1 aHIOHHIM MIArpaTkax CTPYKTypH abo
CTBOPEHHSI KOMITO3UTHUX MaTrepialliB Ha iX OCHOBi. Y JaHOMY acIeKTi BBEJCHHS

HE3HAYHUX KUIbKOCTEH MikpoesnemeHTiB HaTpito (Na) 1 marHito (Mg) B CTpPYKTypy
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amaTUTy, a TakoXX pO3pOOKa KOMITO3WUTIB HA MOrO OCHOBI 3 IHIIUMH OKCHAAMH,
30KpeMa 3 OKCHIOM IHUPKOHII, € MEPCHEKTUBHUMU MiAXOJAaMU JJIS ITiIBUIICHHS
iXHBOT (PYHKIIIOHAIBHOCTI B MEIMYHUX 3aCTOCYBAHHSX.

Bimomo, 1o yacTkoBe 3aMillieHHs KaJbIlif0 HAa HATpii y Tiapokcuamatuti (Na-
HAp) no3Bonsie  moOKpallyBaThd  OCTEOKOHAYKTHBHICT Ta  O10aKTHBHICTb
CUHTETUYHOTO Matepiany. [lokazaHo, 1m0 MPUCYTHICTh HATPIIO CIPHUSE YTBOPEHHIO
CTPYKTYpHUX BaKaHCid, 110 MOKpallye 10HHUHA OOMIH 1 MIABHUILYE POZYHMHHICTDH
MiHEpay, MPUCKOPIOIOYN TAaKUM YHMHOM TPOIIeC pereHepallii KicTkoBoi TkaHuHu [1].
Kpim TOro, HaTpiiiBMICHI TIiAPOKCHANATUTH TMPOJEMOHCTPYBAIU IOKpAIICHY
MEXaHIYHYy CTa0lIBHICTh 1 3MaTHICTh 10 OlomiHepamizalii [2]. Pasom 3 TuM, KaTioOHH
MmarHio (Mg) BiirparoTh BaXJIMBY POJib y MeTa0013M1 KICTKOBO1 TKaHUHU. MarHii-
3amimeHuil rigpokcuanatut (Mg-HAp) mnokpamnrye O10aKTUBHICTh, MEXaHIYHY
MIIHICTh Ta OCTEOTCHHHI TOTEHINAJ 3aBSKH BIUTMBY HA MPOIECH KpUCTai3arii Ta
ioHHOTO O00OMIHY [3]. Bimomo, 1m0 karioHn Mg TakoX CHPHUSIOTH KpamoMy
MPUKPIJICHHIO Ta MPUKUBAHHIO KICTKOBUX TKAHUH, 1[0 BU3HAYA€E HOTO BaXKIIUBICTD Y
Marepiajax JJjisi OpTONe/ii 1 CTOMaTOJIOT 1.

Jlis TOKpallleHHST MEXaHIYHUX XapaKTepUCTUK CHHTETHYHUX MaTepiajiB
3HAYHOI yBarW MPHUBEPTAIOTh KOMIIO3UTH AamaTHTIB 3 OKCHIOM ITUPKOHIIO, SKHMA
BIJI3HAYAETHCS BHUCOKOI OI10CYMICHICTIO, MIIHICTIO Ta CTidkicTio [4]. A ix
KOMOIHYBaHHS JI03BOJISIE€ MO€AHATH O10aKTUBHICTh AllATUTY 3 MEXaHIYHOIO MILIHICTIO
IIUPKOHY, 110 3a0e3leuye CTBOPEHHS MaTepiajiiB 3 MiJBUIIECHOI JIOBIOBIUHICTIO Ta
€(EeKTUBHICTIO B YMOBaX MEXaHIYHOT'O HABAHTAKEHHSI.

Mertoto pobotu Oysio po3poOKa OJHOCTAMIMHOTO METOAY CUHTE3Y KOMITO3UTIB
MOAM(DIKOBAHMX KaTIOHAaMHM HaTpil0 1 MarHiro Ta KapOOHAaT-aHIOHOM KaJIbIIii
dbocdatiB anaTUTOBOTO TUMY 3 Pi3HUM BMIicTOM ZrO,. BcTaHOBICHHS BIUIMBY CKIIaTy
KOMITO3UTIB Ha aKTHBHICTh PO3POOJIEHUX KOMIIO3UTIB Y MOJEIBHUX PO3UMHAX MPH
pH = 7.45 Ta temmeparypi 37 °C pans OIIHKM NEpPCHEKTUB iX MOJANIBIIOTO
NPAaKTHYHOTO BUKOPUCTAHHS.

3pa3ku CHMHTE30BaHO 3 BOAHUX po3uuHiB cuctemu Ca’ -Mg**-Na'-NH,"-PO4* -
CO;* -NO;™ 3a mMonbuux criBBigomens Ca**:Mg?":Na":PO,*:CO;*> = 9.38 : 0.25 :
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0.25 : 5.5 : 0.5, mo mnepenbayaso 4YacTKOBE 3aMIIIEHHS KaTIOHIB KaJbIliiO
KOMILJIEKCOM KaTIOHIB HaTpito Ta MarHiro 1 (ochary — kapOoOHAT-aHIOHOM Y
CTPYKTypl amaTUTOBOTO THUIY 3 JIOJAaBaHHSIM IMPKOHUTHITPATY VY KIJBKOCTSIX
HEOOX1THUX IJIs OJiep>KaHHs KOMIO3UTIB 3 5, 10 un 25 mac% ZrO,.

3a JaHMMM PEHTIEeHIBCHKOI AMQpaKilii Ha MOpPOIIKaX Yy BCIX BHMaAKax
BcTaHoBieHO (opmyBanHs ¢da3su Ha ocHOBI Cajo(PO4)s(OH), (rekcaronanpHa
CUHTOHIs, mpocTopoBa rpyna P6s/m (Puc. 1). Baecenns 5 mac% ZrO, no ckimamy
KOMIO3UTY MPAaKTUYHO HE BIUIMBAE HA BUTIISAJ HOro MUPAKTOTpaMH, Tak K 1 HE
BU3Hauae ¢opmyBaHHs nomimkoBux ¢as (Puc. 1a). Jonasanus x 10 um 25 mac%

ZrO; CynpoOBOKYETHCS MOSBOIO YIIMPEHUX rajio y aiamazoHax 20 = 28-36° ta 48-

54°, IHTEHCUBHICTb SIKUX KOPENIOE 3 HOro BMICTOM Yy ckJiajii komno3uty (Puc. 1 6 ta
B).

[Y-cnexTpu cMHTE30BaHUX 3pa3KiB HaBeneHO Ha Puc. 2. ¥V cmekTpax mpucyTHI
KoamBanbHi Moau POg-TerpaenpiB y yacToTHMX miamaszonax: 980-1150 cm! i 500—
680 cm! Ta kapGomar-amiony: 850-890 cm' Ta 1400-1480 cm'. IlomoxeHHs
OCTaHHIX CMYT TIATBEP/DKYE peani3aiilo Y4acTKOBOTO 3amimieHHs (ocdary Ha
KapOoOHAT y CTPYKTypi Tiapokcuanatuty. IIupoki cMyru y 4acTOTHHMX Jiama3oHax
3200-3600 cm?, 1620-1640 cM™ BigHOCSTHCS 0 KOJMBaHb copOoBaHoi Boau (Puc.

2).
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Puc. 1. PeHTreHorpaMu KOMIO3UTIB riAPOKCHANATUTIB 3 MOJIbHUM CHiBBiIHOIIEHHAM
Ca?":Mg**:Na*":PO4:CO3* =9.38 : 0.25: 0.25 : 5.5 : 0.5 Ta 5 (a), 10 (6) i 25 (B) mac % ZrO:

(BepTukajbHi JiHii yepBoHOro KoJILOpPY — (paza anaTutoBoro Tuny #00-009-0432)
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Puc. 2. I'Y-cnieKTpH CHHTE30BaHNUX KOMIIO3MTIB IiIPOKCHATIATHTIB 3 MOJIBHUM
cniBBigHomenusim Ca**:Mg?":Na*:PO4>:CO3* =9.38 : 0.25: 0.25: 5.5 : 0.5 Ta 5 (kpuBa 1),
10 (kpuBa 2) i 25 (kpuBa 3) mac% ZrO:

JloCniPKEHO aKTUBHICTh i1 Vitro CUHTE30BaHUX KOMIIO3UTIB MOJU(DIKOBAHUX
kanbiiid pocdaris 3 10 un 25 mac% ZrO, y moxensHOoMy po3unHi ipu pH = 7.45 Ta
temnepatypi 37°C. OnepxkaHi pe3yibTaTh IPEACTaBICHO, sIK 3MiHa 3HadyeHHs pH
pPO34YMHY y TPHUCYTHOCTI 3pasKiB depe3 24 TOAWMHU MPOTITOM S5 AHIB. AHAII3
oJlepKaHUX JAHUX TIO0Ka3aB OJU3bKUN XapakTep MiJIBHILEHHS 3HadeHHs pH
YOPOJOBXK MepHIuX 3 JHIB, 0 MOXE BKa3zyBaTH Ha OJHAKOBUH ckiaj ¢docdaTHOoi
KOMIIOHEHTH y KOMIIO3UTI, OJ€pKaHOMY OJHACTaIiiiHUM MeTonoM. OIHaK, AEIo
HUWK4l 3HaueHHs pH y Bumaaky xommno3uty 3 OutbimiuM BMicTOM ZrO; (25 mac%)
(Puc. 3, kpuwBa 2), KOpemrOOTH 13 3MEHIICHHSIM KIJbKOCTI AaKTUBHOI ¢asu
MoaudiKoBaHOTO Kajibllidi (ocdary, y MOpIBHAHHI 3 KOMIIO3UTOM, IO MICTHTh

10mac% ZrO; (Puc. 3, xpusa 1).
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Puc. 3. 3mina pH po3unHy y NpHCYTHOCTi CHHTe30BaHUX KOMIIO3UTIiB MOAU(IKOBaHUX

rizpokcuanaTutis Ta 5 mac % (kpuBa 1) i 25 mac % (kpusa 2) ZrO:

BUCHOBKUA
Po3pobnenuii  ogHOCTamiiHUN METOA CHHTE3y JI03BOJISIE  OJEP)KYBaTH
KOMITO3UTU JIeroBaHux KkarioHamu Hatpito (0,6mac%) 1 maruio (0,6mac%) Ta
kapOoHaT-aHioHoM (3 mac%) kanbuiii ¢ocdaTiB amaTuToBOro TUMy 3 pizHuM (5, 10
ta 25 wmac%) BMmictom ZrO,. Peamizamito yacTkoBoro 3amimieHHs ¢docdary
KapOOHATOM Yy CTPYKTypl amatuTy MiATBep/pkeHo naHumu [Y-cnextpockomii.
ITokazano, mo 3MeHIIEHHS BMICTY ¢ocdary y CKIaal KOMIIO3UTY KOPEIE 31

3MEHIIEHHSIM HOr0 aKTUBHOCTI Y MOJIEIbHOMY PO3UMHI.

PoGoty BukonaHo 3a ¢inancoBoi miarpuMku HOIY (peectpariiinuii HoMep

Ne2023.03/0109).
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SYNTHESIS AND CHARACTERIZATION OF COMPOSITES BASED
ON MODIFIED HYDROXYAPATITES WITH Zr0O2
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Abstract The aim of this work was to develop a one-stage method for synthesizing

composites based on modified with sodium and magnesium cations and carbonate anions of
apatite-type calcium phosphates and varying ZrO: content (5, 10, and 25 wt%). The samples were
synthesized from aqueous solutions of the Ca’-Mg?-Na*-NH+-PO+*-COs?*-NQO;s~ system with the
addition of zirconyl nitrate and subsequently calcined at 600°C. XRD analysis of the powders
confirmed the formation of apatite-type calcium phosphates (hexagonal system, space group P6s/m)
and ZrQO:. The presence of carbonate anions in the structure was verified using FTIR-spectroscopy.
The study of the effect of synthesized composites containing 10 or 25 wt% ZrO: on the pH values of
a model solution revealed their activity, leading to an increase in pH during the first three days.
This effect was slightly more pronounced for composites with a higher content of the active
phosphate component. The obtained results may be useful in the development of bioactive materials
for orthopedics.

Keywords: microelements, hydroxyapatite, zirconium, sodium, magnesium, IR spectroscopy.
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Anomauis. /[ocniodxcenHs CNpaMOBAHT HA BUPIUEHHSA AKMYAbHOT npobaemu 6ydisenbHoi iHOycmpii —
NPUCKOPEHHSL  Npoyecié  mMEEepPOHeHHs NOpMIAAHOYeMeHmy Ha pPAHHIX — mepMiHax. 3anponoHoeano
BUKOPUCMAHHA MA 6UBYeHOo O0il0 000asku miocyrvghamy Kamvyitlo AK IHmMmeHcugixamopa panHbo20
meepOoHenHs. nopmaanoyemenmy. Jocaiosxceno enaue dodasku miocyiegpamy kanvyiro (CaxS:036H,0) na
npoyecu zciopamayii ma meepoHeHHs: nopmiaanoyemenmy muny CEM II/A-52,5R. Bcmanoeneno, wo
esedenna 0,5-2,0 %(mac.) 0o0b6asxku 3miHIOE AKICHUU MA KilbKiCHUL CK1A0 NpodyKmis 2iopamayii
nopmaanoyemenmy. 32i0HO 3 OAHUMU DPEHM2eHOPA308020 AHANIZY HA PAHHIX MEPMIHAX MBEPOHEHHS 6
NOPMIAHOYEMEHMHOMY KAMEHI YMBOPIOEMbC NIOBUWEHA KiNbKICMb 80JIOKHUCMUX KPUCMANIE empPUHIimy.
DopMmyBaHHs maxKoi cmpyKmypu npusooums 00 30iIbUEeHHS NOKAZHUKIE MIYHOCMU DEMONY, WO € BaANCTUBUM
015 8Up0odIB i3 BUCOKOIO PAHHLOIO MIYHICMIO HA 32UH MA CMUCK. Bcmanosneno, wo npupicm MiyHocmu Ha
cmuck/3eun Ha 1 000y meepouenHs 0na 3paskie i3 dobaskoio 0,5 Y%(mac.) miocyrsgamy Kanvyiio
cmanosums 16,3/7,7 %, a ons 3paskie iz dobaskoio 2,0 Y%(mac.) — 33,7/26,9 %. IIpu ybomy maxcumaivha
dist miocyabghamy Kanvyiro K inmencugpikamopa meeponents cnocmepieacmoca na 1 000y ciopamayii.

Knrouosi cnoea: ciopamayis nopmianoyemenmy, empuneim, MIYyHiCmb HA 32UH, NOPMAAHOUM,
PAHHE CIMPYKIMYPOYMBOPEHHS, MIOCYTbham Kanvyito, WeUOKOMBEEPOHY UL YyeMeHM.

CydacuHi OymiBenbHI TEXHOJOTIT TependadaroTh BHUCOKI TEMITH 3BEACHHS
OyniBenp, 10, 30KpeMa MOKHA JIOCSATHYTH 3a PAaxXyHOK BUKOPUCTaHHSA
BHCOKOMAapOYHUX IIEMEHTIB, sIKI 3a0€3Meuyl0Th BEJIMKY MILHICTh Y paHHI TEPMIHH

TBepAHEHHS. Taki BJIACTHUBOCTI LIEMEHTIB € OCOOJMBO BAXKJIMBUMHU B OyXIBHMUIITBI
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KapKaCHUX CIIOPY/], i€ KPUTUYHO BAXJIMBUM € MIHIMAJIbHUN Yac MIXK eTaramMu pooirT,
30KpeMa JIJIsl IBUJIKOTO MEPEMIIEHHS ONaaTyOOuHUX CUCTEM.

OgHuM 13 HaOpsIMKIB BUPIIIEHHS 1bOrO 3aBJAaHHS € BHUKOPUCTAHHS
MPUCKOPIOBAUiB TBepAHEHHs. J{0 Takux 100aBOK HaleXaTh MPUCKOPIOBAaUYl Ha OCHOBI
ponmaniziB, Tiocynb(datiB Ta cynbdatiB HaTpito [1-3]. MexaHi3m nii BKazaHHX
PUCKOPIOBAYiB MOB’A3aHUH 13 MPOIIECOM JIY>KHOI aKTHBallli KOMIIOHEHTIB LIEMEHTY,
30KpeMa JJOMEHHUX IIUIAKIB, K1 YaCTO BXOJATH IO CKJIaTy PI3HUX THIIB IIEMEHTIB [4].
Onnak mpu iX BHKOPUCTaHHI, OCOOJWMBO B MIJABUIIEHUX KIUIBKOCTSIX, MOXYTh
YTBOPIOBATUCS BUCOJIU, SIKI HE JIMIIIE MOTIPIIYIOTh 30BHINIHINA BUTJISA OCTOHIB, ajie U
3HWKYIOTh a/Ir€3110 THHBbKYBAJIbHUX PO3UMHIB 0 MOBEPXHI 3aTBEPALIOT0 OETOHY.

EdexktuBHUMU [100aBKaMHM MNPUCKOPIOBAYaMU TBEPAHEHHS € BOAOPO3UMHHI
comi kanbuiro. L1 com MICTATH aHIOHH, SIKI B3a€EMOJIIOTH 3 MPOAYKTaMHU TiapaTtarii
KIIHKEPHUX MIHEpaJiB, YTBOPIOIOUM MAIOPO3YMHHI crnonykd. OJHI€0 3 Takux
no06aBok € Tiocynbdat kanbiiio (CaS,03-6H,0), akuii 106pe po3UMHSAETHCS y BOJI,
IpU [IbOMY KOHIEHTpaIlisl HOro HacCu4eHoro po3unHy Moxe aocaratu 30 % [5].

Y pobGoTi [HOCHITKEHO BIUIMB TiOCYJb(paTy KajbI[il0 Ha MIIHICHI
XapaKTEPUCTUKU TMOPTIAHAUEMEHTY Ha paHHIX TEepPMIHAX TBEPIAHEHHS, a TaKOX
BHUBUYEHO 3MiHY ()a30BOr0 CKJIaqy MPOAYKTIB TigpaTaiii KIIHKEPHHX MIHEpaliB 3a
BBEJIEHHS 111€] J00OaBKU.

Tiocynbdar Kaabllit0o OTPUMYBAIM 3a CHEIIATIbHO PO3POOJIEHOI0 METOIUKOIO,
sKa BKIJIFOYAJia KUTbKa €TariB:

— B3a€EMO/II TIAPATHOIO BamHa 3 E€JIEMEHTApHOKO CIPKOK 3a TeMIeparypu

90 °C;

— OKHCHEHHSI YTBOPEHHMX CIPUMCTUX CIOJYK Kajbllito 0apOOTyBaHHIM
MOBITPSIM;

— QiabTpyBaHHS Ta MIABHUILEHHS KOHIEHTpalli coii 32 JAOMOMOIOI0
BaKyyMyBaHHS.

V pesynbrari otpumano 30 %-nuii poszunn CaS;0; 3 ryctunow 1,25 r/em?,
Jlnst nocmimxens BukopuctoByBanmu memeHT CEM II/A-52,5R TIAT “IBano-

O®pankiBcbkiieMeHT . HopmanibHa rycTtoTy ueMmeHty 38 %, MouYaToK TY’KaBJICHHS
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90 xB. Sk npiOHUI 3aMOBHIOBAY JJisi MPUTOTYBAHHS I[EMEHTHO-MIIIAHOTO PO3YUHY
BUKOPUCTOBYBAJIM MICOK MmuKkomaiBchkoro pogoBumia JIbBiBChKOi — obmacTy.
TiocynbdaT KayIbIito 10 CKIAay B’SHKYYUMX KOMITO3MIISAX BBOJAWUIN y KiJIbkocTH 0,5—
2,5 % Big Macu IEMEHTY B NIEPEPaxyHKy Ha CyXy PEUOBHHY.

Busnauenns (i3uko-MeXaHIYHMX XapaKTEPUCTUK 3pa3KiB MPOBOAWIM Ha
O6anoukax 4x4x16cm 3a BomouemeHTHOro BigHomieHHS 0,45 (cmiBBIAHOIICHHS
IIEMEHT : micok = 1 : 3).

JlocnmipKeHHSIMM  BCTAHOBJICHO, IO 31 30UIBIICHHSM BMICTY TioCyJbdaTy
kasbliito Bix 0,5 10 2,0 %(mac.) MIIHICTh IIEMEHTHOT'O0 KaMEHIO SIK Ha CTHCK, TaK 1 Ha
3TUH JUHAMIYHO 3pocTae (Tabmmus). Tak, mpuUpiCT MIMHOCTH Ha CTUCK/3TMH Ha
1 no0y TBepaHeHHs 1 3paskiB 13 gomatkoMm 0,5 %(mac.) TiocynbdaTy KajbIliio
cranoButh 16,3/7,7 %, a ans 3paskiB 13 pomatkom 2,0 %(mac.) — 33,7/26,9 %.
[Tonanpiie 301IbIIEHHS BMICTY TiOCYIb(aTy Kanbliio 10 2,5 %(mac.) mpu3BOAUTH 0
3MEHIIIEHHS MIIHOCTH SIK Ha CTUCK, TaK 1 Ha 3ruH. [Ipu 11boMy HEOOX1IHO 3a3HAYUTH,
0 MakCUMalibHa Jisl Tiocynb(haTy Kalblilo SK IHTeHCU(IKaTOpa TBEPAHEHHS
croctepiraethcsi Ha 1 700y rigpartarlii, 10 € BHU3HAYAIbHUM IOKA3HUKOM IS
IIBUIKOTBEPAHYYHUX  IIeMEHTiB. B mojampmoMy Ha 2 100y  TBEpIHCHHS
IHTeHCU(]IKyBalbHA i TIOCYIb(aTy KaJbIil0 SK MPUCKOPIOBaYa TBEPIHEHHS JIEIIO0

CIIOBUIBHIOETHCS.

Taoauus 1 — BnimB 100aBKH Tiocyab(paTy KaJbLi0 HA (Pi3MKO-MeXaHIYHI
XapPaKTePUCTHKH MOPTIAHALEMEHTY

Bui 1 noGa TBepaAHEHHS 2 moba TBepIHEHHS
MiCT
Cxuan CaS-0 MinnicTs Ha [pupict MinnicTs Ha [Tpupict
Ne o (Mzac3), CTHUCK/3THH, MILIHOCTH Ha CTHCK/3THH, MIIHOCTH Ha
° ) MIla CTHUCK/3TuH, % MIla CTHUCK/3TUH, %
9.8 17.9
! 0 2,6 B 3,3 B
114 16.3 18.1 L1
2 0,5 28 7.7 42 273
12,7 29,6 19.9 11,2
3 L> 3,1 19,2 4,7 42,4
13,1 33,7 20,1 12,3
4 2,0 3,3 26,9 4,8 45,5
11,8 20.4 19,3 7.8
. 2,5 3.0 154 44 333
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MexaHi3M BIUIMBY J00aBKU TiocyJb(aTy KalbIlil0o OOYMOBICHUHN (13UKO-
XIMIYHUMHU TPOIECAMU TiApaTamii CKJIAJOBUX MOPTIAHAIIEMEHTHOTO KIIHKEPY Ta
YTBOPEHHSIM HOBUX KpHUCTaTiYHUX a3, SKI € BU3HAYAIbHUMHU Yy (popMyBaHHI
CTPYKTYpPH IIEMEHTHOTO KaMEHIO Ta JOCATHEHHS HUM MEXaHIYHUX IMOKAa3HUKIB Ha
BCIX eTamax TBEpAHEHHs. 3a NaHUMHU PEHTreHO(]a30BOro aHamizy B cHcTeMi Oe3
n006aBkH Tiocynb(hary Kajbliio Ha 1 700y TBEpAHEHHS CIOCTEPITA€ThCS YTBOPEHHS
TUTIOBUX TPOMYKTIB Tiapatamii: nopmianauty (d/n=0,493; 0,263; 0,193 am),
erpunrity (dn=0,973; 0,561; 0,388 HM), TiApOCUIIKATIB KaJblil0 PI3HOT
ocHoBHoOcCTl (d/n=0,307; 0,280; 0,183 HM), a TakOXX 3aJUIIKOBUX HET1APATOBAaHUX
minepaniB Cs;S ta B-C,S (d/n=0,3022; 0,271; 0,2776; 0,2185 am). Haromicts mis
CKJIaZy 3 100aBKOIO TioCcyib(haTy Kaibliio B KUlbKOCTi 2,0 %(Mac.) Ha nepiry a00y
TBEPAHECHHA MPAKTHYHO BIACYTHI pediaeKcHu MNOPTIAHAWTY, MPU I[BOMY 3HAYHO
3pOCTalOTh — €TPUHTITY.

Ha minacraBi nmpoBeeHUX AOCTIIKEHb MOKHA 3pOOUTH MPHUITYIIEHHS, IO T
yac rifpatauii HEeMEHTHUX MiHEpaliB aHIOHM Ta KaTiOHH, IO ICHYIOTh B MIXIIOPOBIii
pIIMHI, a TaKOX KHUCEHb MOBITPsA copuuuHsie okucHeHHs CaS;0; go CaSOq4
(S** — S%). Bmacmigoxk 1pOro BigOyBacTbCs B3aeMomis  Cynb(ar-ioHiB 3
rigpoanrominatamMu Kambilifo 3a HasBHOCTI Ca(OH), 3 yrBOopenHsM erpunriTy. lle
Y3TOMKYEThCSI 3 pe3yJbTaTaMH EIeKTPOHHO-MIKPOCKOIYHUX JOCIIHKEHb, SKUMHU
3a()iKCOBAaHO YTBOPEHHS BOJOKHHUCTUX KPHUCTANIB ETPUHTITY JOBXHHOIO 1-3 MKM.
YTBOpEHHSI OAATKOBOi KITBKOCTH ETPHUHTITY B TIOYaTKOBI TEPMIHU TBEPIHCHHS

CIIpHUIE 3MiHH€HHI-O OEMEHTHOI'O KaMCHIO.

BUCHOBKHA
[IpoBeneHMU  JOCTIIHKCHHSIMU  BCTAHOBJIEHO  €(QEKTUBHICTH  JOOABKHU
TiOCynb(aTy Kalbllil0 SK MPHCKOPIOBaYa TBEPAHEHHS NJs OCTOHIB, /¢ HEOOXigHa
BUCOKA paHHS MIIHICT, Ha 3TUH. KoMrekCHUMH (PI3UKO-XIMIYHUMHU METOJIaMH
BUSBIICHO, IO Tiocynb(aT Kaublilo Oepe ydactb y (OpMyBaHHI CTPYKTypU
IIEMEHTHOTO KaMEHIO 4epe3 YTBOPECHHS J0JAaTKOBOI KUIBKOCTI €TPHHTITY BHACIIJIOK

XIMIYHHX peaKiiii OKUCHEHHS MiJ €0 MPOAYKTIB rifpaTalii IeMEeHTHUX MIiHEepaJIiB.
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Abstract: The research is aimed at addressing a pressing issue in the construction industry — the

acceleration of Portland cement hardening at early stages. The use of calcium thiosulphate as an early
strength enhancer for Portland cement has been proposed and its effects have been studied. The influence of
calcium thiosulphate (Ca:S:03-6H>0) on the hydration and hardening processes of Portland cement type
CEM 1I/4-52.5R has been investigated. It has been established that the addition of 0.5-2.0 wt.% of the
admixture alters both the qualitative and quantitative composition of Portland cement hydration products.
According to X-ray diffraction analysis, an increased amount of fibrous ettringite crystals forms in the
cement paste during the early stages of hardening. The formation of such a structure contributes to an
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increase in the mechanical strength of concrete, which is crucial for products requiring high early flexural
and compressive strength. It was found that the strength gain at 1 day of curing for samples with 0.5 wt.%
calcium thiosulphate was 16.3 % in compression and 7.7 % in flexure, while for samples with 2.0 wt.%
admixture, the increase reached 33.7 % and 26.9 %, respectively. The maximum effect of calcium
thiosulphate as a hardening accelerator was observed at 1 day of hydration.

Key words: hydration of Portland cement, ettringite, flexural strength, portlandite, early structure
formation, calcium thiosulphate, rapid-hardening cement.
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NIABUINEHHS COPBIIIMHOI 3JATHOCTI YKPAIHCBKOI
CAIIOHITOBOI I''TMHU 1O10 1I0HIB Fe(I1I), Cu(II), Pb(II), Cd(II)
IJISIXOM AKTUBALII YJIBTPA3ZBYKOM TA NOJAJBIINOI XIMIYHOI
MOJUPIKAIII MOJIMEPAMHU
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Anomauin: Jlocnioxceni copoOyitini eracmugocmi canoHimogoi enunu TawKiecbkoeo
pooosuwa Xmenvnuywvkoi obnacmi wooo iouie Fe(lll), Cu(ll), Pb(ll), Cd(Ill) nicia obpobku
yavmpazeykom npomseom 10-30 xeunur i nodanvuioi Ximiunoi mooughikayii nosepxmi minepary
waxom in Situ immoo6inizayii noni-5-(4-nimpo)gheninazo-8-memaxkpuioKCuxiHoniny ma aocopoyii
3a30a1e2i0b CUHME308AH020 KONOJNIMeEPY NOi-(8-MemaKkpuioKCUXIHONIH-5-CYIbGOoKUCIOMA)-KO-
(memuimemaxpunram)-1:3.  3a  pezyrbmamamu  mMemooy HUbKOmMeMnepamypHoi aocopoyii-
Oecopbuyii azomy noKa3aui 3MIHU NAPAMempie NOBePXHi MiHepaly nicis 0OpoOKU YIbMpPa38yKom ma
immobinizayii nonimepis. Illnsaxom mepmozpasimempuunozo awmanizy GU3HAYEHI MACO8I YACKU
noaimepie y CKaadi CUHMe308aHUX KOMNO3Umis i 3aghikcosane niosuueHHs eqheKmusHoCmi mMemooy
in situ immobinizayii nonimepy nicisi 00poOKU MiHepany Yavmpazgykom. 3HaAudeHo, o
ype3yibmami Yiempaseykoeoi 00poOKu aocopoyitina €MHICMb CANOHIMY 3pPOCMAE w000 IOHI8
Fe(ll), Cu(ll), Pb(l), Cd(ll) y pasu, a nicia nodarvuioi immoobinizayii noaimepie 000amro8o
s0invuwyemscs na 10-20%.

Knrouoei cnosa: canonim, copdyis ioHi@ MOKCUYHUX Memalig, 00poOKa YIbmpasgyKkom, in
Situ iMmobinizayis noaimepy, adcopoyis Konoaimepy, NoaiMep-HeopeaniyHUuLl KOMNO3UM.

[TonmiMepoBMICHI aIcOpOEHTH IHUPOKO 3aCTOCOBYIOTHCS Y MPOIIECaX OYUIICHHS
Ta pereHepamii CTIYHUX BOJ, Yy 3a0e3MedYeHHI BUPOOHUYMX 3aMKHYTHX IIMKIIB
BoJloNIOCTa4aHHs. PO3pi3HsI0Th afAcopOeHTH 3 IMMOOUTI30BaHMMH IMOJIMEpaMHu Ha
HEOPTaHIYHUX HOCIAX Ta Ti, Y SKMX HEOPraHiuHi PEYOBHMHU HAHECEH1 Ha MOJIIMEPHI

MaTpuli. Y SKOCTI HEOPraHIYHUX MAaTpHIlb MOJIMEPOBMICHUX KOMIIO3UTIB YyC€
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YacTillle BUKOPUCTOBYIOTH €KOJIOTIYHO YHCTI MaTrepiajid: MOopyBaTi MNPUPOIHI
MiHEpaJd Ppi3HOI XIMIYHOI TPUPOAM, 30KpeMa TIJIMHH, IIeNIONI03HI BIIXOAH
BUPOOHUIITB Ta TOOIYHI TPOJYKTH CIJIBCHKOTO TOCHOJApCTBa, HAIMPHUKIA,
KIITKOBUHY MYyCTUX IUIO/IB OJIMHOI MaabMH, PUCOBE JYIINUHHS, KYyKYypyA3sHI
KayaHU Ta MIKapalyIy IoAIB 6araTbox pociuH Touro [1-3].

IMMoOOGimi3aliss Ha  MOBEpPXHI  NOPYBAaTHMX  HEOPTaHIYHUX  MaTpPHIlh
noJ1i(PyHKIIOHANBHUX TOJIMEPIB, SKI MOXKYTh OJHOYACHO BHUSBISATH SIK 10HOOOMIiHHI
BJIACTUBOCTI, TaK 1 3[aTHICTh JO y4acTl y KOMIUIEKCOTBIPHUX Mpoliecax, IiBUIIYE
e(EeKTUBHICTh 3aCTOCYBaHHS OCTAaHHIX y SKOCTI COpPOCHTIB JJisi MOHIB IMEpPEexiTHUX
TOKCHYHHUX MeTamiB. /[0 Takux MOmi(yHKIIOHATBHUX MOJIMEPIB MOXXKHA BITHECTH
MOJTIEJIEKTPOJIITH 3 YeTBEPTUHHUM aTOMOM HITPOreHy y O0KOBOMY (TOJIIKAaTIOHH) 200
y TOJIOBHOMY JIaHITI031 (TOJII10HEHH), 30KpeMa Taki, SK MOJIreKCaMeTHICHTYaH 1 iH,
HOro mOXiJHI, MOJIaHUTH, MOJIaKpUIOoBa KHUCIOTa TOIIO. AJie Yy LMX MOJIMEpiB
10HOOOMIHH1 BJIACTMBOCTI 3HAYHO IME€PEBaXKalOTh HaJ KOMILIEKCOTBIDHUMH, TOMY
COpOEHTHU Ha iX OCHOBI MOXKYTh BUJIYyYaTH 31 CTIYHHX BOJ MEPEBaKHO aHIOHHI (hopMu
OaraToBaJICHTHUX MeTajiB (MoJ10aaTH, BOIb(paMaT, XpoMaTH Ta JUXPOMATH TOIIIO)
a00 KHUCTIOTHI 3aJIMIIKK MIHEPAJIbHUX KUCIOT (30KpeMa HiTpaTu, pocdaTu, apceHaTH)
XapaKTEPU3YIOThCS HHU3BKOIO COPOIIMHOI 3JAaTHICTIO MIOM0 KAaTiOHIB TEPEeXiTHUX
MeTanmiB. TOMy aKTyaJlbHUM 3aJIMIIA€ThCA TOIIYK KOMITO3UTHUX MaTtepiaiiB, 10
CKJIaay SIKHX BXOJSTH MOJIMEPU 3 CYTO KOMILIEKCOTBIPHUMH BIIACTUBOCTIMH, SIKI
3/1aTHI BIJIy4aTH KaTIOHHI (POPMHU TOKCHYHHMX METaJIB IUIAXOM X y4acTl y mpoliecax
KOMIUJIEKCOYTBOPEHHS 3  aKTUBHUMHU  (aMiHO-, a30-, OKCOXIHOJIIHOBHMH,
HiPUIMHOBUME, MEPKAINTO-, CyNb(o- TOLI0) rpynamMu y CKiadi iMMOOLTI30BaHUX Ha
TBEP/11i MOBEPXHI MOJIIMEPIB.

Mupoko Bimomi e¢peKkTH BIUIUBY YJIbTPa3BYKOBOi OOpOOKM Ha MOpyBarti
OPUPOJIHI Ta CHUHTETUYHI MaTepiaju, sIKi MOJSITalTh Yy JOJATKOBOMY «PO3PHUTTI,
aKTUBAaIliD» MMOp TBEP/0I MOBEPXHI Y HACIIIOK BUAAICHHS 3 HUX afcopOOBaHOI BOMM,
ras3iB Ta 3aJIMIIKIB PO3YMHHUKIB (Y BUMIAJKYy CHHTETUYHUX MaTepiajiB)

Jlana poOoTa TpHUCBAYECHA MJOCIHIPKEHHIO aJICOPOIIHHUX BIIACTUBOCTEH

CamnoHITOBOI IMMHU TalIKiBCHKOTO POJOBHINA HA TEpUTOpil YKpaiHH ILI0J0 10HIB
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Fe(III), Cu(Il), Pb(1l), Cd(II) micns ii 00poOKH yabTpa3ByKOM 1 MOAAJIBIIOT XIMIYHOT
METaKPWIOKCUXIHOMIHY Ta aJcopOIlii 3a3/1aerib CHHTE30BaHOT'0 KOTMOJIIMEDPY IOJIi-
(8-MeTaKpUIOKCUXIHOIIH-5-CYTh(OKHUCIIOTA )-KO-(MeTUIMeTaKpmiar)-1:3. Merta
pobotu — 3’sicyBaTH SIK HomepeaHs oOpoOka yIbTpa3ByKOM 1 Mojayiblia XiMidHA
Moaudikalisi oOpaHUMM TOJIIMEPAaMHU BIUIMHE Ha aJCOPOIlIHI BJIACTUBOCTI JTAHOTO
MPUPOTHOTO MiHEpaTy 00 0OpaHUX 10HIB TOKCHYHUX METaIB.

OO6poOKy 3pa3kiB CamloHITY YyJbTPA3BYKOM IMPOBOJWIM Ha YCTaHOBII
«ULTRASONIC CLEANER» momeni PS-20A mipu Hampy3i €IeKTpUYHOTO CTPyMY
220 V Ta yacroti enektpuuHoro ctpymy 50/60Hz, moTyxkHoCTi yiabTpasByky 120W
ta yactoti 40KHz, 6e3 HarpiBa"Hs. 3pa3ku MiHepaiay Macoro 1o 10 r koxxHul nepen
00pOOKOI0 yIBETPa3BYKOM 3aMlaKOBYBAJIM Y TEPMETUYHI MAaKeTH 3 3acTiOkoro Zip-Lock
3 MOTEePEHIM BUITYCKaHHSIM 3aiiBOTO MOBITPSL.

XimMiuyny MoaudiKallilo IOBEPXHI CaroHITY, OOpOOJEHOIro YIbTPa3ByKOM
npotsiroM 20 xBuiuH (Hazaii — Sap-US), 3aiiicHIOBaI#M JBOMA CIoco0aMu.

Y nepmioMy BHUOAAKy [UISXOM  pauKalbHOI — mosiMmepu3amii  5-(4-
HITpO)(eH11a30-8-0KCUXIHOIHY Ha MOBEPXHI CAaIMOHITY, MOMEPEeAHbO 0OpOOIECHOTO
yJIBTPa3ByKOM, 32 METOJUKOIO, aHAJIOT14HOO [4], OyB in situ iIMMOO1TI30BaHHI TOJIi-
5-(4-nHiTpO)(PeH11a30-8-METAaKPUIIOKCUXIHOMIIH. Y  pe3ynbTaTi OyB OTpUMaHUM
kommo3utHuii Matepian Nel (mamami — Sap-US]-AzoQN (in situ)). Y apyromy, —
UISIXOM ancopOrii Ha MOBEPXHi CaIloHITY KOIOJIIMEepy 5-((4-
HITpOdEHT)T1a3eH1T)XIHOMIH-8-0)Ty 3  METWJIMETaKpujIaToM 3a  METOJHUKOIO,
aHaJoTiyHOI [5], oTpumaHuii Kommo3uTHui Martepian Ne2 (mamami — Sap-US]-
AzoQN-MMA (adsorb)).

®dakT 3akpiluieHHS TOJIMEpiB HAa TMOBEPXHI CaMoOHITy, MOMEPEIHbO
0o0poOJIeHOTO  yNBTPa3BYKOM,  BCTaHOBJIEHO  MeTtogamu  [Y-cmekrpockomii,
TEPMOTrPaBIMETPUYHOIO aHalli3y, HU3bKOTEMIIEPaTypHOi aacopOIii-aecopoilii a3oTy,
CKaHYyI04O0i €JIEeKTPOHHOI MIKPOCKOITI.

AJncopOIIiiiHi  BJIACTUBOCTI CAMoOHITY Ticis OOpOOKM YJIbTPa3BYKOM Ta

cuHTe30BaHMX Kommo3uTiB 1mogo 1oHiB Cu(ll), Cd(I), Pb(Il) Ta Fe(IIl)
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JTOCHDKYBIM Y CTaTUYHOMY pexumi. Bubip 10HIB MeTaniB OyB 3YMOBJICHUI
BUCOKMM pIiBHEM 3a0pyJHEHHS HUMH IPOMHUCIOBHUX CTIYHHX Ta MOBEPXHEBUX
OpUPOTHUX BOJ YKpaiHu, piBHEM TOKCHYHOCTI mmx MetaniB. [Ipm mpomy 0,1 T
CarloHITy YU KOMIIO3UTY Ha MOTO OCHOBI MPOTATrOM O00M KOHTAaKTyBaB 3 25 i
poOouMX pO3YMHIB HITPATIB BIAMOBIAHUX METaJiB PI3HUX KOHIIEHTpAIL MpH
MOCTIMHOMY ME€XaHIYHOMY CTPYIITyBaHHI. Y pe3ybTaTi MPOBEACHUX JOCHTIIKEHB TS
KOXHOTO 3 IUX 10HIB OynM MoOy[oBaHi 130T€pMH aicopOlii, 3 SAKUX BHU3HAUWIH
3HA4YEHHS aJICOPOIItHOT EMHOCTI, IIT0 HaBe/IeH1 B Tabymisax 1 ta 2.

Taoauus 1 — IMopiBHSAHHA aaCcOPOUiTHOI 3HATHOCTI CANIOHITY /10 TA Mmicjast 00poOKH
yiabTpa3zBykom nporsiroM 10-30 xsuiann moxno ionis Fe(I1I), Cu(II), Pb(II), Cd(II) 3 Boanux
PO34MHIB HiTpaTiB

AncopOriitHa €MHICTh (MMOJIB/T) Ta i1 TpUpICT micas OOpOOKH CaroHITY
lon ynbTpa3BykoM npoTsrom 10 (Ausio), 20 (Aus2o) Ta 30(Aus3o) XBUIHH
Ao Ausio | Aus10/Ag Aus20 Aus20/Ao Aus3o Aus3on/Ao
Fe(I1I) 0.014 - - 0.138 9.86 0.123 8.79
Cu(I) 0.017 0.027 1.59 0.040 2.35 0.039 2.29
Pb(II) 0.016 0.017 1.06 0.019 1.19 0.019 1.19
Cd(1I) 0.002 0.021 10.5 0.018 9.00 0.022 11.00

SAx crmigye 3 maHux 11i€i TaOaMIl, afAcopOIliiiHa €MHICTh CArlOHITY MO0 10HIB
Fe(IIl) micnsa o6poOku ynbTpaszBykom 3poctae j10 10 pasis, mojo ioHiB Cu(Il) —y 2,3
pasu, monao ioHiB Pb(Il) — na 20% 1 momo ioniB Cd(Il) 301mb11yeThCsa HallOIbIIE — Y
9-11 paziB. MakcumanbsHa copOriitHa eMHICTB 100 3-X mociimkennx ioHiB (Fe(IIl),
Cu(Il), Pb(Il)) npumaTtanHa 3pa3Ky canoHiTy, 0OpOOJIEHOMY YIbTPa3ByKOM MPOTATOM
20 XBHWJIHH.

Otpumani nusixoMm o0OpoOku 13otepm copOii 1oHiB Fe(Ill), Cu(ll), Pb(II),
Cd(Il) nma mnoBepxHI CHUHTE30BAaHMX KOMIIO3HUTIB 3HAYEHHS COPOIIHHOI €MHOCTI

310pani y Tabmuii 2 1 MOPIBHSHI 3 TAKUMH JJI1 BUXITHOTO MiHEpaiy, 0OpoOIeHOro

yIbTPa3ByKOM Ta KOMIIO3UTAMH Ha OCHOBI BHUXIIHOTO CamloHITY 3 in Situ
IMMOO1JTI30BaHUM 10J1i-5-(4-HiTpOo) heH11a30-8-ME TAKPHIIOKCUXHOTIHOM Ta
aacopOoBaHMM  KomoJiiMepoM  5-((4-HiTpodeHin)aiazeHun)XiHOMIH-8-00y  Ta

METWIMETAKPHUIIATY, HaBEACHUMU y [4-6].
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Taoauus 2 —IlopiBassnHs copOuiitnoi emHocTi (A) mono ionis Fe(IIl), Cu(Il), Pb(II) Ta Cd(II)

BHUXITHOT0, 00p00J1€HO YJIbLTPa3BYKOM CAMOHITY TA KOMIIO3UTIB Ha HOr0 OCHOBI

AncopOriiitHa eMHICTh A, MMOJIB/T
CaroHir, Sap]- Sap-US]- Sap]- Sap-US]-
Tom Buxigauii | o0pobneHuit AzoQN | AzoQN AzoQN- AzoQN-
CamoHIT | ynbTpa3BykoMm | (im situ) | (in situ) MMA MMA
[6] npotsirom 20 [4] (adsorb) [5] (adsorb))
XB

Fe(I1I) 0.014 0.138 - 0.103 0.085 0.117
Cu(Il) 0.017 0.040 0.035 0.044 0.059 0.036
Pb(II) 0.016 0.019 0.033 0.018 0.025 0.021
Cd(1D) 0.002 0.018 - 0.013 0.020 0.020

3 1aHuX, HaBEJCHUX y TaONHIIl 2, MOKHA 3pOOUTH 3arajibHUi BUCHOBOK PO T€,
10 YJAbTPa3BYKOBHUH BIUIMB Ta XiMidHa MOJu(iKallis MOBEPXHI CANOHITY 0OpaHUMHU
nojiMepaMy B IIJIOMY TOKpaIlylOTh aacopOIiiiHy 34aTHICTh BHUXIJHOTO MiHEpaTy
oo ioniB Fe(IIT), Cu(Il), Pb(Il) Ta Cd(II). 3okpema:
— moao 1oHiB Fe(Ill) naiOinbiie 3pocTaHHs aacopOIiiHOI €MHOCTI 3adikcoBaHE Y
pe3ynbTaTi YIAbTPa3BYKOBOTO BIUIMBY Ha camoHiT. [Ipu nmboMy agcopOiiitHa eMHICTh
y TOpIBHAHHI 3 BHXIJHHM camoHiHOM 3pocna Maibxke y 10 (9,86) pasis. Cepen
JOCIII/DKEHUX KOMIIO3UTIB Ha OCHOBI CaIlOHITY HaWBUINY COpOIIMHY €MHICTh Mae
CaIoHIT,

0o0po0OsieHn  ylIbTpa3BYKOM, 3 in  Sifu 1MMOOUTI30BaHUM MOJi-5-(4-

HiTpO)eHninazo-8-meTakpuIokcuxinominom (Sap-US]-AzoQN (in  situ)). Horo
copOliiiiHa €MHICTh 3pOCiia y MOPIBHSIHHI 3 BUXITHUM MiHepaioM y noHaa 7 (7,35)
pas3iB, MpoTe CTaHOBUTH Jjuiie 75% BiA Takoi UIsl MOMEPEAHBO OOPOOJIEHOTO
yIBTPa3ByKOM CaIOHITY;

— moao ioHiB Cu(Il) makcumanbHe 3HAYEHHS COPOIIITHOI €MHOCTI HpUTaMaHHE
BUXI1JTHOMY CaIoHITy 3 afcopOOBaHUM KOIIOJIIMEpPOM 5-((4-
HITpodeHT)I1a3eH1T)XIHOMIH-8-0)Ty Ta MeTuiamerakpwiaty Sap]-AzoQN-MMA.
Moro amcop6uiiiHa eMHICTh BHINA 3a TAaKy IS BHXIJHOTO CAIOHITY y Maibke 3,5
(3,47) paziB. Yinprpa3BykoBa 00poOKa CamoHITYy MPUBOJIUTH 1O 3POCTaHHS MHOTro
aacopomiitnoi emuocti moao ioHiB Cu(ll) y momax 2 (2,35) pasu, a momanbiia
IMMOOUTI30BaHUM  11OJTi-5-(4-HiTpO)PeHinazo-8-

XxiMiuHa Moaudikauia in  Situ

METaKpUIIOKCUXIHOJIHOM, I1I€ 10AaTKOBO 30uibiye ii Ha 10%;
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— moa0 ioHiB Pb(Il) HaitbibIIe 3pocTaHHs ancopOIiiHOT €MHOCTI 3adikcoBaHe IS
BUXIJTHOTO CamoHITy, in situ wmonudikoBaHoro modi-5-(4-HiTpo)deHinazo-8-
MerakpuiokcuxitoninoM (Sap]-AzoQN (in situ)). Woro ancopOuiiiHa e€MHICTb Y
MOPIBHSAHHI 3 BHUXITHUM CamoHiHOM 3pocia y 2 (2,06) pasu. A yabTpa3ByKoBa
0o0poOka camoHiTy npoTsaroM 20 XBWJIMH HPUBOJUTH O 3POCTaHHS aICcOpOIiitHOT
eMHoCTI 00 10H1B Pb(I) nuiie na 20%;

— yABTPa3BYKOBUH BIUIMB Ha CAMOHIT MPOTAToM 20 XBUJIMH NPUBOAMUTH 10 3POCTAHHS
afcopOuitHoi emuocTi moao0 1oHiB Cd(I) maibke y 9 pasiB. A mnojasibiie
3aKpIIJICHHST Ha TMOBEPXHI O0O0poOJIeHOro yibTpPa3ByKOM KomoiiMepy S5-((4-
HITPO(EH1JT)11a3€HUT)XIHOMIH-8-0]Ty Ta METHWJIMETAaKpuiary 30UIblIye ancopOIiiHy
eMHicTh MiHepaiy o0 ioniB Cd(I) me na 10%.

Takum uymHOM, XiMiuHa Moaudikamiss OOpaHMMHU TMOJIMEpPaMH TOBEPXHI
CamloHITYy TICAs WOro OOpOOKH yIbTPa3ByKOM MPUBOAUTH JI0 TOAAIBIIOTO
MOKpaleHHs aacopOIiiiHoi 3marHocti moao0 ioHiB Pb(Il) — nHa 20%, momo i0HIB
Cu(ITl) Ta Cd(IT) — na 10% 1 ii 3menmenns moao Fe(I1l) ma 25%.

OTtpuMaHi pe3yJbTaTH MOXHA MOSICHUTH HACTYITHIM YHHOM:

— 3a pe3yJibTaTaMu JOCIIIKEHHS MMOBEPXHI CAMOHITY MICIs 0OpOOKU yIbTPa3ByKOM
Ta MOAANBIIOI XIMIYHOI MoAu(IKaIil METOJaMU HU3BKOTEMIIEpaTypHOi aacopOIi-
necopOiI1ii a30Ty Ta CKaHYHYO1 €JIEKTPOHHOI MIKPOCKOIIIT CIiaye, 0 YIbTPa3ByKOBa
0o0poOKa pPO3KpHBa€, BUBLIbHSIE MOPU HA MOBEPXHI MiIHEpally, IO 1 CHPUYHHSIE
3pOCTaHHs KIJIBKOCTI ajgcopOoBaHux 10HIB MeTaiB. [loganpina xiMiyHa Moaudikaris
MOBEPXHI PI3HUMH METOIaMU TIPU3BOUTH J0 OKPUTTS IIUX MOP TOJTIMEpPaMH.

— afcopOIis JOCHIIKEHUX METaliB CHHTE30BAaHUMHU KOMIIO3UTaMHU BiIOyBaeThcs 3a
JIBOMa MeXaHI3MaMM — TO-TIepIiie, IUIIXOM aacopOIli y mopu MmiHepany (¢izudyHa
aacopOuis), MO-Apyre, MLUISIXOM YTBOPEHHS PI3HOJITAHIHUX KOMIUIEKCIB 3
aKTUBHUMU IICHTPAMHU CTPYKTYPHUX JAHOK MOAM(PIKOBAHUX MOJIIMEPIB, a caMme: 3a
pPaxyHOK 3aMiHU akKBaJiraHAiB y BHUXIJHUX aKBaKOMIUIEKCaX METaliB Ha HITPO-,
X1HOJIIHOBMICHI 4YM a30TPYIHU y CKJIa/1 3aKpIIJICHUX Ha MOBEPXHI MOMIMepiB (XiMiYHA
azcopOiist). OCKUIBKY MOJajblia XiMiuHa MoIM(iKallis MoBepxXHi pI3HUMHU METO1aMHU

OPU3BOAUTHh TAaKOX JO MOKPUTTS MOpP Ha MOBEPXHI MiHEpady MOoJiMepaMu, TO
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BUJIYYCHHS 10HIB METaJIIB 3a MEPIIUM MEXaHI3MOM 3MEHIIIYETHCS, 1 CyMapH1 KUIbKICHI
MOKa3HUMHU aAcopOLii MeTano0l0HIB 3a JABOMa MEXaHi3MaMHU 3pOCTalOTh HE3HAYHHUM
YHUHOM.
BUCHOBKU

BceranoBneno, mo ynpTpa3BykoBa 0OpoOKa CaroHITOBOI INIMHU MpoTsaroM 10-
30 XBWIMH MPUBOJUTH 10 3POCTaHHS aAcopOIiiHOoi 31aTHOCTI 1010 10HIB Fe(Ill),
Cu(Il), Pb(Il) ta Cd(II). 3okpema 3adikcoBaHe HAWOLIBIIE 3HAYCHHS COPOIIIHOT
emuocti moxao ioHiB Fe(Ill), Cu(Il), Pb(Il) camonity, 0O6pob6ieHOro yibTpa3ByKoM
npotsirom 20 xB, a moj0 ioHiB Cd(II) — micist 06podku mpoTsirom 30 XBUITHH.

3nificHeHa  XiMiyHa ~ MoAM(IKallis TOBEPXHI  CaloOHITY, MONEPEIHBO
00po6sieHoro npotsaroM 20 XBWIMH YJIBTPAa3BYKOM, HUISXOM in Situ iMMOOUTI3aLil
noJii-5-(4-HiTpo)peH11a30-8-MeTAKPUIIOKCUXIHOIIHOM Ta aJacopOIii KomomiMmepy S-
((4-niTpodenin)aiazeHin)XiHOMIH-8-01y 3 METHJIMETAKPHIaTOM Y Pe3ysbTaTi LbOro
OTpUMaHI1 JIBa HOB1 KOMITO3UTHI MaTepiau.

3a pe3ynbTaTamM TEPMOTPABIMETPUIHOTO AHAJI3y CHHTE30BAHUX KOMITO3HTIB
Ta CaroHITY, MONIEPETHHO 0OPOOIECHOTO YIBTPa3BYKOM, 3HANICHO, 1110 MacOBa YacTKa
3aKpIMJIEHUX TOJIMEPIB y CKJIaAl 000X KOMIIO3HMTIB CTaHOBUTH Onm3bko 23+0,5
mac. %, 1110 CBITYMUTH MPO MiABUILEHHS €(EeKTUBHOCTI in Sifu IMMOOLTI3allli MoNiMepy
niciist 00poOKM MiHepaly yabTpa3ByKoM npudiau3Ho y 10 pasis.

3a pesyiabTaramMu OOpOOKM 130T€PM HHU3BKOTEMIIEPATypHOI  ajacopOrii-
necopOIiii  a30Ty Ha TIOBEPXHI CHHTE30BAHMX KOMIIO3UTIB BCTAHOBJICHO, IIIO
IMMOOLTI3aIlisg  TOJIMEpIiB Ha TIOBEPXHI CaloHITY, IONEpPeHbO O0O0pOOIEHOrO
yJIbTPa3ByKOM, MpHU3Bea A0 3MEHIICHHS MOPYBATOCTI MOBEPXHI MiHEpaly, a came:
70 3MEHIICHHS MUTOMOI IJIOMIi MOBEPXHI Y 7-9 pa3iB Ta 3MEHIICHHSM CEPeTHBOTO
00’emy mop y 2,5-3,5 pa3u 3 0JHOYACHUM 3POCTaHHIM AlaMeTpy HOp MPUOIU3HO y 2
pasu.

BcranoBneno, mo ximiyHa Moaudikaiis OOpaHUMH ToJliMepaMu TOBEPXHi
CamloHITy TICAs WOro OOpOOKH yIbTPa3ByKOM MPUBOAUTH 10 MOAAIBIIOTO
MOKpaleHHs aacopOIiiiHoi 3marHocTi moao0 ioHiB Pb(Il) — na 20%, momo i0HIB

Cu(II) Ta Cd(IT) — na 10% 1 ii 3menmenns moao Fe(I1l) ma 25%.
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INCREASE OF SORPTION CAPACITY OF THE UKRAINIAN CLAY
SAPONITE TOWARDS FE(1II), CU(II), PB(I), CD{I) IONS BY
ULTRASOUND ACTIVATION AND CHEMICAL MODIFICATION OF THE
SURFACE WITH POLYMERS

Olha OLEKSYSHYNA

Student ,

Elina YANOVSKA

PhD,

Irina SAVCHENKO

Doctor of Chemical Sciences,
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Abstract The sorption properties of saponite clay from the Tashkivske deposit in the
Khmelnytskyi region towards Fe(lll), Cu(ll), Pb(Il), and Cd(Il) ions were studied after ultrasonic
treatment for 10-30 minutes and subsequent chemical modification of the mineral surface via in
situ immobilization of poly-5-(4-nitro)phenylazo-8-methacryloxyquinoline and adsorption of a pre-
synthesized copolymer poly-(8-methacryloxyquinoline-5-sulfonic acid)-co-(methyl methacrylate)-
1:3. Based on the results of the low-temperature nitrogen adsorption-desorption method, changes
in the surface parameters of the mineral after ultrasonic treatment and polymer immobilization
were shown. Using thermogravimetric analysis, the mass fractions of the polymers in the
synthesized composites were determined, and an increase in the efficiency of the in situ polymer
immobilization method after ultrasonic treatment of the mineral was recorded. It was found that as
a result of ultrasonic treatment, the adsorption capacity of saponite towards Fe(Ill), Cu(Il), Pb(Il),
and Cd(Il) ions increases several times, and after subsequent polymer immobilization additionally
increases by 10-20%.

Key words: saponite, sorption of toxic metal ions, ultrasonic treatment, in situ polymer
immobilization, copolymer adsorption, polymer-inorganic composite.
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Anomauin. B pobomi nagedeno pezyromamu 00CHiOdiCeHHS 0cobaueocmel Gopmysanus
KOMNO3umie Ha OCHO8I MOOughikosaHux Kanvyiti gocamie 3 epumamu MacHitlo 3a MOJbHUX
cnisgionowens Ca’* : Na* : Zn** : PO/ : CO3* - Mg*" : F&" =385:1,0: 1,0: 24-y) :y :x : 2x
(x =2 ma 15, y = 0 yu 2) sionanenux npu memnepamypax 600 ma 700 C. Bcmarnosneno, wo
niOBUWEeHHS 6MICTY KAMIOHI8 MACHIIO | (hepymy V UXIOHOMY PO3UUHI, WO Nepeddadano 3pOCmanHsl
emicmy ¢hepumy y CcKIadi KOMRO3UMY HPU3800UMb 00 (POPMYSBAHH MOOUPIKosanux Oighaznux
kanvyiti gpocghamie 3 oonakosum emicmom ¢paz na ocnosi Caio(PO4)s(OH)2 ma B-Caz(POy)..
Ilokazano, wo cuHme3068aHi KOMNO3UMU HA OCHOSI Oihaznux xanvyiu ocpamis 3 ¢hepumom
Xapakmepusylomuscs aKmMuHICMo w000 YACMKOB020 PO3YUHEHHS V MOOEIbHOMY PO34YUHI, W0
MOJCHA pe2yniosamu yepes peanizayilo 4acmrko8o2o 3amiwjeHus gocgham-aniony Ha kapobonam y
cknadi  ¢pasu anamumosoeo muny. ILle € eadxciueum Ons  o0epaiicaHus mamepianie O
KOHMPOIbOBAHO20 GIOHOBNIEHHS KICMKOBOI MKAHUHU.

Knrwowuosi cnosa: axmuenicms in vitro, 6ighasni xanvyiti gpocpamu, [4-cnexmpockonis,
MiKpoenemenmu, hepumu

[Tomyk GiomaTepiajiB, 110 MalOTh PO3MIMPEHI (PYHKIIIOHAJIBHI BIACTUBOCTI €
aKTyaJlbHOIO TOTpeOOI0 g cydacHoi opTomexii. 3HauHy YyBary MNpPUAUISIOTH
pOo3p0o0I11i G10MarHiTHUX MaTepiaiiB, 10 BKJIOUYAIOTh B ceOe OloKepamiKy Ha OCHOBI
docdariB KaJbIlif0 B MOEIHAHHI 3 PI3HOMAHITHUMH MArHITHUMH KOMIIOHCHTAaMH,
30kpemMa (eputamu, iX 3aCTOCYBAaHHS € TEPCIEKTHBHUM B 00JacTi JIOKaJbHOI

MarHiTHOi TinmepTepmii, a TaKoX JJIsI KOHTPOJHOBAHOI Ta IIJILOBOI JOCTaBKHU
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nikapcekux 3aco0iB [1-3]. Cepen kambuiii ¢ocdaTiB 0coOIMBY poib 3aiMaiOTh iX
Oidasui cymimi Ha ocHOBI Tiapokcuanatuty (Caio(PO4)s(OH)2) Ta B-Cas(PO4),, mo €
OCTCOKOHYKTUBHHMH Ta OI0aKTUBHHMH, a OCKUIBKM BOHH TOEIHYIOTH B C00i
nepeBaru 000X (a3, K pe3ynbTaT AEMOHCTPYIOTh OUIbIIY IIBUIKICTH pereHeparii
KiCTKH, B TIOPIBHSIHI 3 BHUKOPHCTaHHSIM KOXKHOTO KOMIOHEHTa okpemo [4]. lonne
Moau(iKyBaHHS € COCOOOM 10 po3UIMpeHHs (yHKIIOHAMI3alii TaKUX MaTepiais,
neryBaHHs iomamu Mg?" ta Zn*' nosBonse cTHMymOBaTH O10JIONiYHI MpoOLECH, a
TaKOX 3yMOBIIOE€ crabimizaniro ¢asu Ha ocHOBI -Ca3(POs), sIKa B CBOI 4Yepry
3a0e3neyye BUILY MIBHIAKICTH Olope3opOuii. [[pomy x mpolecy crpusie 1 4acTKOBe
samimenns PO4* ma CO3> aHioH, IO 3HAYHOK MIpOK INPHMCYTHIM y Kalublii
docdarax 610J0TTYHOTO TOXOKEHHS [5]. Y SIKOCTI MarHiTHOTO MaTepiaiy, TOIIHHO
posrisinaty MgFe>O4 abo neroBaHi aHajiord Ha HWOTO OCHOBI, OCKIIBKH TSI HUX
XapakTepHI O010CYMICHICTh, CTaOUIbHICTh Ta BHCOKa €()EKTHUBHICTh HaMarHi4€HOCTI
[6].

Metoro pobotu Oyno IOCTIAUTH OCOOJMBOCTI (pOpMYBaHHS KOMIIO3UTIB Ha
OCHOBI MOAM(]IKOBAaHMX KaJbli{d 3 PI3HUM BMICTOM MarHii (epuTy 3a MOJIBHHX
criBeignomens Ca?* : Na' : Zn?" : POs> : Mg?" : Fe**=38,5:1,0:1,0:24 : x: 2xTa
Ca?" :Na': Zn*" : PO : COs* : Mg* :Fe**=38,5:1,0:1,0:22:2:x:2x (x=2
ta 15), mo nepexbdayano dhopmyBaHHs MoaudikoBaHUX Kanbiiil GocdatiB 3 10 un
50mac. % Mg(FeOz).. Cunte3oBani 3pazku Oynu Bignaneni npu 600 ta 700°C Tta
IpoaHaTi30BaHl METOJIaMH IMOPOIIKOBOI peHTtreHorpadii ta 14 cmexrpockormii s
BCTAHOBJICHHSI KOPEJSIiA MDK CITIBBIJHOIICHHSIMH KOMIIOHEHTIB y CHCTEMi Ta
$a3oBUM CKJIQIOM MPOIYKTIB B3aeMomii. OIiHEHO BIUIMB CKJIAaTy CHHTE30BAaHUX
3pa3kiB Ha 3MiHy pH mMozaenbHOro po3unny npu 37°C Bnpoaosx 7 1io.

3pa3sKy CHMHTE30BaHO 3a MONbHUX criBeignomens Ca** : Na' : Zn*' : PO, :
Mg* : Fe’*=385:1,0:1,0:24:x:2xtaCa* :Na": Zn*" : PO, : CO:* : Mg*" :
Fe’*=385:1,0:1,0:22:2:x:2x (x=2T1a 15) 3 BAKOPUCTAHHAM SIK BUXiIHi
komroHeHTH:  Ca(NOs),-4H,O, Mg(NOs3),:6H,0, Zn(NO;),-6H,O, NaNOs,
(NH4),HPO,, NHHCO; Ta Fe(NOs)3-9H,0 («a.m.a.»). Kommosutu
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OXapaKTepU30BaHO  METOJaMU  PEHTIeHIBChKOI  mudpakiii Ha  MOpPOIIKax
(mudpaxromerp Shimadzu XRD-6000, miamazon 20 = 5-60°) ta [Y-cmexTpockorii
(cnexktpomerp PerkinElmer Spectrum BX, y miamasoni uactor 400-4000 cm™).
AKTHUBHICTD in Vitro HOCTIIPKEHO y MopenbHOMY po3uuHi nmpu pH = 7.45 Ta
temneparypi 37 °C. 3nauenHs pH po3uuHIB y NPHUCYTHOCTI CHHTE30BaHUX (a3
BUMIPIOBAIM KOH1 24 roauHu, 3 BuUKopuctanusam pH-metpy (OHAUS Started 2100).

3riiHO pe3yibTaTiB Audpakiii Ha MOpOIIKaxX Ui 3pasKiB, OJEpKaHUX 3a
MONbHEX criBBigHomens: Ca*t : Na* : Zn?" : PO4* : Mg? : Fe’* =38,5:1,0: 1,0 : 24
:2:41aCa* :Na": Zn*" : POs : COs> : Mg?" : Fe’'=38,5:1,0:1,0:22:2:2:4
ta Harpitux mpu 600 °C oxepkano OidaszHi kambIliid pocdaTtu (cyminr ¢a3 Ha OCHOBI
Caio(PO4)s(OH), Ta B-Ca3(PO4)2) 3 pi3HMM CHiBBIAHOIICHHSIM OCHOBHHX
KOMITOHEHTIB. BcTaHOBIIEHO, 1110 301JIBIIIEHHSI KIIBKOCTI KaTIOHIB MarHiro ta Gpepymy
Yy BHUXIJIHOMY PO34YMHI NPHM3BOJWTH JIO IIABUIIEHHA BMicCTy ()asm Ha OCHOBI [3-
Ca3(PO4)2 y ckmami Oidazamx kanbiiid ¢ocdatie mo 50mac%, oxmepxkaHux 3
0e3kapOOHaT-BMICHMX poO3uuHiB. [liATBEpKeHO, IO J0JaBaHHA KapOoHATy Yy
BUXIJIHUM PO3UMH cripusie opMyBaHHIO KOMITO3UTIB Ha OCHOBI Oia3zHoi cymili 3
BUIIUM BMICTOM (pa3u amaTUTOBOIO THUIy (MacoBe CIIBBIIHOIICHHA (a3 Ha OCHOBI

Caio(PO4)s(OH)2 Ta B-Ca3(PO4)> cranosuts 2:1) (Puc.1 ). Anamis dpa3oBoro ckiamy
3pa3kiB micis Bianany npu temmnepatypi 700°C BUSBUB MiIBUIIICHHS KPUCTAIIYHOCTI
3pa3KiB, y MOPIBHAHHI AJI BIANOBIIHKUX, Harpitux 1o 600°C 1o BigoOpakaeThCs y

3BYkeHHI1 pediiekciB ycix da3 (Puc. 1).
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Puc. 1. IndpakrorpamMu 3pa3kiB, CHHTe30BaHHX 32 MOJILHHUX cHiBBigHomenb: Ca?" : Na':
Zn*" : PO : CO3* : Mg* : Fe’" =38,5:1,0:1,0: (24-y):y:x:2x (x=2T1a 15,y =0 (a, 0)
um 2 (B, r)) Bignagenux npu temneparypi 700 °C.

[Y-cniexkTpu cuHTE30BaHUX 3pa3kiB HaBeneHo Ha Puc. 2. IlpucyTtHi cmyru
kosuBaHb PO4 TeTpaenpis B yacToTHux miamazonax 980-1100 cm! (vi ta v3) Ta 550-
610 cm! (v4), Ta KomuBanbHi Moau OH-rpymu npu 3570 cm!. Cmyru y miamasonax
3100 Ta 3600 cm! manexars no KomuBaHb copOoBaHoi Boau. CMyru B AiamazoHax
1410-1460 cm!' Oynm BimHeceni n0 BajeHTHHX, a mpu 881 cm! no medopmaniiinmx
koimuBanb COs*. B HHM3bKOYACTOTHUX O0O0JACTAX CHEKTPY CIOCTEPIrarThCs
KOJMBAHHS XapakTepHi s JedopmamiiHux koiuBaHb 3B’si3ky Fe-O B
OKTaeIpUYHUX MO3ULiAX da3u hepury.

OnuineHo BIUIMB (a30BOro CKJIaly CUHTE30BaHMX KOMIIO3UTIB Ha 3HaueHHs pH
MozenpHoro po3unHy (pH = 7.45) npu 37°C Bnpoaosxk 7 mi6. Pe3ynbratu HaBeaeHO
Ha Puc. 3. AHami3 ogepaHUX pe3yJbTaTiB IMOKa3aB, IO HE3aJIEKHO BiA CKIIAITy
KOMIIO3UTY Yy Tepin 24 roja CHOCTEpIraeThCs 3pOCTaHHS 3HayeHHs pH, o
O0OyMOBJIEHE YaCTKOBUM pPO3UYMHEHHSM (hochaTHOI KOMIIOHEHTH Ta CBITYHUTH IPO

aKTUBHICTh MaTepiaiB.
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(<4 4
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N

3500 2000 1500 1000 500
v, cM”’

Puc. 2. I'Y-cnekTpu 3pa3KiB, CHHTe30BAHHX 32 MOJILHHUX cHiBBigHOomenb: Ca?" : Na*: Zn*':
PO4 : COz” : Mg* : Fe’*=385:1,0:1,0: (24-y) : y : x : 2x (y=0:x=2 (kpuBa 2) Ta 15
(kpuBa 1); y = 2: x =2 (kpuBa 4) ta 15 (kpuBa 3) Bignaaenux npu temneparypi 700 °C.

VY BumNajgKy KOMIIO3UTIB, 110 MICTATh KApOOHATBMICHUH amaTUT, aKTUBHICTh €
JIETIO BHIIOIO 1 30€pITaEThCsl BIPOJIOBK yChOTO TepMiHY AociimxkeHsb 168 rox (Puc.
3. Kpusa 3). BcraHoBieHo, 110 JieryBaHHS Kaibliii ¢ocdary amaTtuToBOTO THUITY
KapOOHAT-aHIOHOM 3 OJIHOYACHUM JIETYBaHHSM MiKpoeJeMeHTaMHu (HaTpieM Ta
IIMHKOM) JIO3BOJIIE TIABUIIYBATH aKTHUBHICTh KOMITO3UTY IIOJO YaCTKOBOTO
PO3YMHEHHS, [0 € 0COOJMBO BAXKJIMBHUM IS TMPOIIECIB BiTHOBJICHHS MOIIKOIKEHOT

KICTKOBOI TKAHWHH.

pH

10,5 -
10,0 -
9,5 -
9,0 -
85 -

8,0 4

7,5 -

7’0 1 1 1 1 1 1 T 1 1
0 24 48 72 9 120 144 168 192

t, roa

Puc. 3. 3mina pH mMoae bHOr0 po34unHy Yy NPUCYTHOCTI 3pa3KiB, CHHTE30BAHMX 32 MOJIBHUX
cniBBizHomenb: Ca?" : Na*:Zn*" : POs* : CO3% : Mg? : Fe’*=38,5:1,0:1,0: 24-y) :y: x :
2x (y=0:x=2 (kpuBa 2) Ta 15 (kpuBa 1); y =2: x =2 (kpuBa 4) ta 15 (kpuBa 3) BianajgeHmx

npu temuneparypi 700 °C.
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BUCHOBKUA
3niCHEHO CHUHTE3 KOMIIO3UTIB Ola3sHux Kanblii ¢docdatiB 3 deputom
marHito (10 yu 50 mac%) 3 BOAHOrO pO3YMHY, 3 TONAIBUIMM HArpiBaHHAM 0

temrepatyp 600 Ta 700 °C Ta BCTaHOBJIECHO, IO J0/IaBaHHSI KapOOHATY Y BUX1THOMY

pPO3UMHI CIpHsi€ MIABUIICHHIO BMICTY ()a3u amaTUTOBOIO THUIY, B TOW dYac, fK
MiJBUINECHHS KUIBKOCTI KaTIOHIB MarHilo Ta (epyMy y BHUXIIHOMY PO3YHHI IS
cucteM, 1o mictiuind 50 mac% ¢eputy, Npu3BOAUTH 10 3pOCTaHHS BMICTY (a3u Ha
ocHOBI 3-Ca3(PO4)2 y ckiani Oidasnux xanbuii ¢pocdaris g0 S0mac%. Ilokpaienns
AKTUBHOCTI KOMIIO3UTHUX MaTepiaiiB II0JI0 YAaCTKOBOTO PO3YMHEHHS MOXe OyTu
3M1MCHEHO uepe3 MoAW(IKYBaHHS aHIOHHOI MIArpaTkyd (a3u arnaTUTOBOTO THITY

KapOOHAT-aHIOHOM.
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SYNTHESIS AND RESEARCH OF COMPOSITES OF DOPED CALCIUM
PHOSPHATES WITH MAGNESIUM FERRITES
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Abstract. The work presents the investigation results of the features of composites formation
based on modified calcium phosphates with magnesium ferrites at molar ratios Ca’* : Na* : Zn’" :
PO/ : COs* : Mg®" : F*" =385:1,0:1,0:(24-y) :y:x:2x (x=2and 15,y = 0 or 2) and
heated at the temperatures 600 and 700 °C. It was found that increasing of magnesium and iron
cations amount in the initial solution, which predicted an increase of ferrite content in the
composition of composite material led to formation of modified biphasic calcium phosphates with
the same amount of both phases based on Caio(PO4)s(OH)2 and p-Ca3(POq)s. 1t is shown that the
synthesized composites based on biphasic calcium phosphates with ferrite are characterized by
activity towards partial dissolution in a model solution, which can be regulated by partial
substitution of phosphate anion with carbonate in apatite-related phase. This is important for
obtaining materials for controlled bone tissue regeneration.

Key words: activity in vitro, biphasic calcium phosphates, IR-spectroscopy, trace elements,
ferrite
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Anomauia. Y 00nogioi nokazaHo Mo#CIUSIiCms poO3uUpeHHs CUpOBUHHOT 6a3u 8upoOHUYmMea
YeMeHMHO20 KIIHKepY Npu 3MEHUIeHH] UMpam KapOOHAMHUX | 2AIUHUCTIUX NPUPOOHUX MAmepianie.
Memoouxa 0ocniodcenb NOEOHYE 3aCMOCYBAHHA AHANI3A KOMN TOMEPHUX PO3PAXYHKIE CUPOBUHHUX
KOMRO3UYIU 3 XIMIYHUM, PEHM2eHOpA308UM AHATIIZ0OM MA MEXHOJLOTYHUMU MEeCMY8AHHAMU 32I0HO
Oitouux cmanoapmis. [Iposedero ananiz ckiadis CUpoOSBUHHUX cymiulell Ha OCHOBI cucmemu Kpeuoa-
8I0X00U BUPOOHUYMEA nanepy (CKon)-giocieu 6uOOOYMKY neprimy 3 6apil08AHHAM KilbKICHO20
CNiB8IOHOWIEHHS KOMNOHEHMI8 Npu 3a0aHUX XApaKkmepucmuxax npooykmy eunany. Busnaueno
ckaaou cymiweil 3 sedennam 16 — 36 mac.% ckony. Ilokazano ocobausocmi hazoymeopernis
YeMeHmHOo20 KIIHKepy 6 IHmepeani maxcumanvhux memnepamyp eunany 1200-1400 °C ma
NOKA3HUKIG  enacmueocmel yemenmy. Busnauena ModMCIUGiCMb — pecyito8anHs — MepMiHie
MYJHCABNIEHHS NPU  BAPIIOBAHHI 8MICMY CKONY mMA KIIbKICHO20 CNiBBIOHOUWIEHHST KOMNOHEHMI8
BUXIOHOI CUPOBUHHOT CYMILUI.
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Knrwowuosi cnosa: eracmusocmi, KiiHKep, CKON, CYyMild CUPOBUHHA, CKIAO Ol BUNATY,
gazoymeopenns, yemenm.

Beryn — craH nuTaHHSA

Po3mmpenHss cupoBuHHOI 0a3u BHUPOOHUIITBA CWJIIKATHHUX MaTepiajiB Ta
KOMITO3WTIB 13 3aCTOCYBaHHSM BIIXOMIB IHIIMX Taly3ed MPOMHCIOBOCTI €
aKTyaJbHOIO 3aJauelo, 10 KOMIUIEKCHO BHPIIIYye€ MUTAHHS XIMIYHOI TEXHOJIOTIi,
pecypco30epekeHHs Ta OXOpOHU JOBKULIS [1,2]. ¥V 3HaUHOMY CTYIIEHI 11€ CTOCYEThCS
PECYPCOEMHOTO BUPOOHHUIITBA IIEMEHTY [3].

Bigoma 3HauHa KiJIBKICTh JOCIIKEHb Ta PO3pOOOK B I[bOMY HampsiMKy Tak, y
BUPOOHUIITBI IIEMEHTY 1 O€TOHY BHUKOPHMCTOBYIOTHCS BIJXOJM IHIIUX Tary3ei
MIPOMHUCIIOBOCTI, Y HAWOUIBIINA KUTPKOCTI IOMEHHUW TUIAK SIK 3aMIHHUK YaCTHHU
KJIIHKepy mnpu nomeni. o ckiagy CHUpPOBHHHUX CyMilIed - I8 BUTOTOBJICHHS
KJIIHKEPY BBOJATH HE3Ha4Hy KuIbKicTh (1,5-5,0 mac. %) 3ami30BMICHHX BiJIXOJIB
MIPOMUCIIOBOCTI SIK (hIFOCYI04l JOOABKH.

3Bakaloyu Ha BEJIMKY MACOEMHICTh CyMIIlIe aJii BUTOTOBJICHHSI IIEMEHTHOTO
KIIIHKEPY BHUAAETHCS JOMUIBHUM 301TBIIEHHS B 1X CKIAl KUIBKOCTI BiJIXOJIB
IPOMHUCIIOBOCTI SIK T€XHOTeHHO1 cupoBHHHU. [Ipu 1pomy cepen 0OaraTOTOHHAXHUX
BIIXO/IB TMpPHUBEPTAE yBary CKOIM, IIO YTBOPIOETHCS B CY4YaCHOMY BHUPOOHMIITBI
narepy Ta kaptoHy [4,5]. Ckom sBisie cOOO CyMINl IETIOJI03HUX BOJIOKOH,
JUCTIEPCHUX OPTraHIYHUX 1 HEOPTAHIYHUX PEUOBHUH. XIMIKO-MiHEPAJOTIYHUM CKJIa]] Ta
TEIUIOTBIPHA 3[ATHICTh CKOMY BU3HAYWIM HAMPAMKH JOCTIIKEHb 1 pO3pOOOK IO
foro  yrwimzamii B €HEpPreTMYHOMY Ta arpornpoOMHUCIOBOMY KOMILIEKCAX, IS
BUTOTOBJICHHs OyaiBenbHMX MatepiamiB [6-9]. Ilpu mpomy moao OyaiBeIbHUX
MarepiajgiB  3ampolOHOBAHO BHUKOPUCTAHHS CKOMYy SK HAMOBHIOBa4Ya TIPH
BUT'OTOBJICHHI TEIUIO- 1 3BYKO130JIALIIMHUX TUIMT Ta SIK CUPOBUHHUNA KOMIIOHEHT MacH
JUISI BUTOTOBJICHHS KEpaM3UTy 1 arjomopuTy — CIOYyYEHHX TPaHyIhOBAaHUX
KepaMiyHMX MarepiajiB, [0 OTPUMYIOTh IIJISXOM BHIANy TMpPU TeMIepaTypi
> 1150 °C.

[Togana poOoTa TpHUCBAYEHA PO3BUTKY TEXHOJOTIYHUX 3acajl BUKOPHUCTAHHS
CKOITY SIK TEXHOT€HHOT CUPOBHUHU JIJIs1 BUTOTOBJIEHHS IEMEHTHOTO KIIIHKEPY.
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XapakTepucTuKa 00’ €KTIB Ta METOIIB J0CJII/I>KEHHSA
O0’eKTOM JOCHI/DKEHHST CTaad CHUPOBUHHI CyMIIIl JUis BUTOTOBJICHHS
IIEMEHTHOTO KJIIHKepYy Ha OoCHOBI cujiikaTHOI cucteMu CaO-Si0,-AlL0s. [pu nibomy
OyJ10 3aCTOCOBAHO:
- Kperay 31010yHIBCHKOTO poaoBHUIla PiBHEHCHCHKOT 001,
- mepiit beperiBcbkoro poaoBuiia 3akaprnaTcbkoi 0071.;
- ckon — Bigxoau BupoOHunTBa mnamepy I[IpAT «KuiBcbkuil kapTOHHO-
narnepoBuit komOiHaT» [10].
3a XiMiyHUM ckiagoM (Tabm.. 1) mpoOu  JOCHiKyBaHOI CHPOBUHU
XapaKTePU3yIOThCS PAIaMU:
e 3a BMicToMm CaO - kpeiiaa > CKOIl > MEPJIIT;
e 3a BMicToM Si0,, Al,Os, Fe;Os - mepiit > ckon > Kkpeitaa.

Tadoauus 1. XiMiuHMi CKJIa] CHPOBHHH

Hassa Bwmict okcuaiB, mac. %

Hp06I/I SlOz A1203 F6203 TiOz CaO MgO SO3 Na20 Kzo B.II.II

Kpeinaa 0,77 |1 0,25 | 0,13 55,0 | 0,25 | 0,08 43,49

nepmir | 72,08 112,92 | 1,50 | 0,90 | 0,88 | 0,63 3,76 | 433 | 3,0

CKOIl 10,23 ] 7,80 | 0,56 | 0,27 |25,77| 1,27 | 0,20 | 0,33 | 0,17 | 50,41

AHaJi3 MIHEpaJIOTIYHOTO CKIIAAy AOCTIIKYBaHOI CHPOBHHHU MOKA3aB:

- OCHOBHUM TMOPOAOYTBOPIOIOUYMM MIHEpAIOM 3A0JO0YHIBCHKOT KpeHanm €
kanpuut (97,6 mac.%) 3 pomimkamu nonomity (1,2 mac.%), kBapily Ta KaoJiHITY —
BiamosigHo 0,51 0,6 mac.%;

- MEPJIT XapaKTepU3Y€ETbCS PO3BHHEHOI CKJI0(ha3010 13 KpHUCTATIYHUMU
BKJIFOUEHHSIMHU KBapIly Ta MOJHOBOTO IITATY;

- CKOII XapaKTepU3YEThCSI PO3BUTKOM KPUCTANIYHUX (a3 KaJbIUTY, KAOJIIHITY,
KBapILy 13 BKIOYEHHSIMU MOJILOBOTO mmary (puc. 1).

B po60Ti BUKOpHCTOBYBAJIM CIIOJYYEHHS Cy4acHUX (DI3MKO-XIMIYHHX METO/IB
aHaJTi3y 13 CTaHJAPTU30BAHUMHU TECTYBaHHSMH BJIACTUBOCTEH CHPOBHHU Ta B SHKYIHX

peuoBuH [11-13].
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PentrenogazoBuit  aHami3z  (IOPOIIKOBI  Mpenapatd) 3a  JOMOMOTOIO
mudpaxromerpy APOH-3M ( BunpominioBanna Cu Ka 1-2, manpyra 40 kV, ctpym
20 mA, mBUAKICTH 2 Tpaja/XB.).

BinmoBigHO [0 Cy4acHOi TEXHOJOTil B SDKYYMX CHUPOBMHHI — CyMImIl
BHU3HAUEHOTO CKJaay TOTYBajdd ILISXOM JO3yBaHHS KOMIIOHEHTIB IO Maci,
3MIITyBaHHSI Ta TOMOTEHI3allii MpHu MOMeJl y KyJbOBOMY MIJIMHI, BUMTATY 1 TOMEITY

KIHIIEBOTO TIPOYKTY.
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Puc. 1. ludpaxrorpama npodm ckomy: + KaoJiHIiT, X KaJbIUT, V KBap,

A MoJBLOBHII IINAT

Bcei 3pasku AOCHiAHUX CyMilIeH, MOKa3HUKU SIKUX MOPIBHIOBANIM, CYIIWIN Ta
BUMAITIOBAJIM Pa30M, a0U BHUKJIIOUUTH MOKJIMBICTH PI3HHUIN B CTYIEHIO TEPMIYHOI
00poOKH.

AHaJIi3 CHCTEMH Kpeiia — CKOII - MePJIiT

3a pesynbTaTamMu KOMIT FOTEPHUX PO3PaxXyHKIB 3 BHKOPHUCTAHHSM CTBOPEHOI
nporpamu «Kmiakep» [14] BcTaHOBIEHO, IO B CHUCTEMHU Kpehaa—CKON—TIEPIiT
MOXJIMBUNA BMICT BIJXOJIIB TArepoBOr0 BHUPOOHMIITBA B CHPOBHMHHIN CyMIIIl st
BUTOTOBJICHHS LIEMEHTHOTO KJIiHKepy B iHTepBaii 3HaueHb KH=0,80-0,95 cranoBuTH

Bix 15,7 no 53,3 mac. % (puc. 2).
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Puc. 2. 3anexunicTs BMicTy ckomy (Cs) B cymillli Ha OCHOBI CHCTeMH Kpeiaa - mepJirT Bia
koepinienTy HacuyeHHs:t KH kiinkepy npu kpemuesemHomy moxayJai n=2,0 (a) i n=3,5 (b)

[Tpu koedinienti HacuuenHss KH = 0,90 B iHTepBai 3HaUYe€Hb KPEMHE3EMHOTO

mMoayisa n=2,0-3,5 MOXJIMBHI BMICT CKOITy cTaHOBUTH Bia 16,3 mo 50,1 mac. %. Ilpu

bOMY B’SDKYYHI MaTepian Ma€e MiJBUIIEHUIN IITMHO3eMHUNA Monynb p = 8,4-11,1.

Hna  nocmimxenHs Oyio oOpanHo cupoBuHHi cymimi 09-3 1 09-6, mio

BIJIPI3HSIOTBCS BMICTOM CKOIy Ta KUIBKICHHM CITIBBIIHOIICHHSIM KOMITOHEHTIB
(Tabm. 2). Bka3aHi ckiaay NOpiBHIOBAIM 3 BIIOMUM BUpOOHHYUM BK.
Tabanuns 2 — CkJy1ag CHPOBHHHHUX cCyMilei
BwmicTt xomnonenTiB, Mac. %
Kon . .
Kpenaa rJIAHA ) YEPBOHUM
: CKOII nepiiT
mpodu 3I0BOYHIBChKa | KpUBUHCHKA 1jIaM

Bk 77,2 21,1 - - 1,7

09-3 53,3 - 36,3 10,4 -

09-6 68.5 - 16,3 15,2 -

BoueBuap 3a XiMIYHUM CKJIAJIOM CEepell JOCHIIKYBaHUX CyMilIed HailOuUIbII

BiJIpi3HseTbes npoda 09-3, mo npu BBeneHHi 36,3 mac. % CKoIly Ta KUIbKICHOMY

CITIBBIJIHOIIIEHHI TEPJITY 1 CKOIY

1 : 3,5 xapakTepu3yeTbcsi CIIBBIIHOIICHHIMHU

Si0, . ALO; = 2,6, CaO : SiO; = 3,1, CaO : Al,Os; = 8,7 mpu BMICTI OKCHIIB 3aJTi3a
0,45 % (tabm. 3).
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Tadoauusa 3 XiMiuHuUI CKJIaJ CHPOBHHHHUX CyMilllei

Kon BwmicT okcuaiB, Mac. %
HpO6I/I SlOz A1203 F6203 CaO MgO SO3 B.II.II
Bk 14,14 | 3,93 2,21 14332 0,64 | 0,10 | 35,66
09-3 12,49 | 4,54 0,45 [39,13| 0,68 | 0,23 | 42,48
09-6 | 14,29 | 3,65 0,43 [42,20| 0,48 | 0,13 | 38,82

HapeaenuM naHuM pedoBUHHOTO Ta XIMIYHOTO ckiaay cymimr 09-3 BianmoBigae

KOMITO3UIIisl TOPOIOYTBOPIOIOYHMX MIHEPAJIB KaJIbIUT — KAOJIHIT - MyJiT (puc. 3).

600

é; 49-3 ray

500
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Puc. 3. Iudpakrorpama cupoBuHHOI cyMimi 09-3: X KaJabIUT, + KAOJIHIT, M MYJIiT

XiIMIYHUN CKJIaA KIIHKEpY 13 JOCHIIKYBAaHUX CYMIIIEH KOPETIOEThCS 3 1X
BHX1JIHUM CKJIaJIoM (Ta0. 4).

Taboauus 4 XiMiuyHN# CKIAA KIIHKEPY

SlOz A1203 F6203 CaO MgO SO3
Bk 2198 | 6,11 343 167,33 0,99 | 0,16
09-3 | 21,71 | 7,90 0,78 |68,03| 1,18 | 0,40
09-6 |2336| 5,96 0,71 168,97 ] 0,79 | 0,21
Bxazani 0coOMMBOCTI PEYOBHHHOTO Ta XIMIKO-MIHEPAJOTIYHOTO CKJIAAY

JAOCTDKYBaHUX CyMillIeld BU3HAYalOTh BIAMIHHOCTI XapaKTepUCTUK Ta (Pa3zoBOro
CKJIJly LIEMEHTHOTO KIIIHKEPY.

Tak, y BUmagky cymiimieil Ha OCHOBI CUCTEMH Kpeijia — CKOIl — MepiiT npoda
09-6 TPOrHO3HO XapaKTEPU3YEThCS MpPEBANIOIOYMM yTBOpeHHsIM (i3S  mpu
criBBigHomeHHl C3S @ C,S = 3,1 (Tabn. 5). ¥ Bunanky npodu 09-3 mporHo3yeTbest

OubIIMi po3BUTOK (asu CsA.
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Pentrenogazosuii ananiz npobu 09-3 3 10,4 mac. % nepmity ta 36,3 mac. %
CKOMY JO03BOJIUB JOCHIIUTH Tpouec (a30yTBOpEHHS KIIHKEpY B 1HTEpBal

MakcuMalibHuX Temnepatyp Bunaity 1200 — 1400 °C (puc. 4, 5).

Taoauus 5 XapakTrepucTuku Ta (pa30Buil CKJIAA KIIHKePY

Kon XapaKkTepUCTUKH KITTHKEPY Bwmict kpuctaniunux ¢asz, %
npobu KH n p CS | CS | GGA | C4AF
Bk 0,91 2,30 1,78 58,2 116,33 114,29 | 10,43
09-3 0,90 2,50 10,13 | 57,17|18,48 19,61 | 2,35
09-6 0,90 3,51 8,39 161,52]119,89 14,59 | 2,14
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Puc. 4. Juppaxrorpama npoou 09-3 (1200 °C)

BcTranoBneHo, mo mpu 301IbIIEHHI MaKCHUMabHOI TeMIEpaTypu BUIIAY Bij
1200 mo 1400 °C matepiayt BiIpi3HSIETHCS:

® 1070 KpUCTATIYHUX (a3 CHIIIKATIB Kabllito — yrBopeHHsiM C;S (1,63, 2,19,
3,02 A) Ta inTencudikauiero po3BuTKy BonactoHiTy CS (2,97 A);

® [10JI0 KPUCTAMYHUX (ha3 aFOMOCHUIIIKATIB KaJBIIIIO - 3HAYHO MEHIITUM
ytBopeHHsM reneniTy CoAS (2,86, 1,92, 1,77 A);

® 1100 KpUCTAIIYHUX (ha3 aIOMIHATIB KaJbI1I0 — 3HAYHUM yTBOpeHHsIM C3A
(2,70 A); npu 3menmensi kinskocti CA (2,54, 5,50 A) ta maiienity CihA,
(4,90 A);
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- GiJBIIOKO KiNBKICTIO KpucTamiuHoro keapiy (3,35, 4,25 A).
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Puc. 5. Juppaxrorpama npoou 09-3 (1400 °C)

3rigno knacudikamii JCTY b B.27-91-99 [15] 3a mBHAKICTIO TyXaBJICHHS
micysl BUMATy Ha MakcuMaibHy TemrepaTtypy 1200 °C mpoba 09-3 BiZHOCUTBCS 10
rpyny IIBUIKOTY>KaBilouux (TepMiH mMmouyaTky Big 15 mo 45 XB.), XapakTepHUMH

MpPEJICTABHUKAMHU SKOT BBaXKAIOTHCS AHTIAPHUTOBHHA 1 TJIHHO3EMHCTHA IIEMEHT
(Tabm. 6).

Tabdauus 6 BaacTtuBocTi nemMeHTy

Bk 09-3
MaxkcuMmaiabHa 1400 1200 1400
TeMIiepatypa Bunaiy, °C
ToHnHA MOMey, 3aJIMIIOK Ha
14 1 14
cuti 008, mac.% 3
Tepmin NIOYaTOK 30 15 60
TY’KaBJICHHS, XB | KiHEIlb 115 240 75
MinHiCTh Ha CTUCK Yepes 28
2
1i6, MITa 9,0 26,9 38,7

[Ipu migBuUIIeHHI MakCUMaJIbHOT TemnepaTypu Bunany 10 1400 °C nemeHr 3

npo6u 09-3 BIAHOCUTHCS A0 TPYNH HOPMAJbHOTYKaBIIOUHX (TEPMiH MOYATKy Bij 45
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10 120 xB.), XxapakTepHUMU NPEICTABHUKAMU SIKO1 BBAXKAIOTHCS MOPTIAHIIEMEHT 1

IIAKOITOPTIAHATICMCHT.

BUCHOBKU

1. IlepcnexkTuBHUN PO3BUTOK CHPOBHUHHOI 0a3u BUPOOHUIITBA ILIEMEHTY
nependadae 3MEHIIEHHS 00’€MiB BUKOPHCTAHHS TMPUPOTHOI CHPOBUHH, POJIOBUIIA
KO BIIHOCSATH N0 BUYEPIHHUX 1 HEBIIHOBIIOBAIBHHUX pecypciB. B 1mpomy 3B’s3Ky
MiJBUINYETHCS  aKTYaJbHICTh 1HHOBAIIMHUX pIIIEHh IO CTBOPEHHIO HOBHUX
CUPOBHMHHHX CyMIIIEH 13 BUKOPUCTAHHS 0araTOTOHHAYKHUX BIJIXOJIB PI3HUX TaTy3eit
roCIo/IapcTBa, B TOMY YHCIIi CKOMY BiJl BUPOOHUIITBA MAarepy 1 KapTOHY.

2. JIOUinbHICTh BUKOPUCTAHHS CKOITY SIK TEXHOTCHHOI CUPOBHHU B TEXHOJIOTIi
[IEMEHTY BU3HAYAETHCS OCOOJMBOCTSAMH  XIMIKO-MIHEPAJOTIYHOTO CKJIamy -
HAsIBHICTIO TOBHOTO KOMIUIEKCY OKCHIB, HEOOXITHUX JIJIsl YTBOPEHHS NPHU BUMAMI
3a1aHOTO (H)a30BOTO CKJIAy Ta MOXKJIMBICTIO IHTEHCU(IKALIIT CIIIKaHHS.

3. EdexTuBHICTh MPAKTUYHOTO BUKOPHUCTAHHS CKOMYy Ha OCHOBI HaBEACHHUX
PO3pOOOK BU3HAYAETHCS:

- 3 MO3ULIN TEXHOJOTI] - MOKJIMBICTIO PETYJIIOBAHHS TEPMIHIB TYKaBJICHHS

P BapilOBaHHI KIJTLKOCTI BIIXO/IIB Y CKJIA 1 BUXITHUX CUPOBUHHUX
CyMilen;
- 3 TMO3UIIH pecypco30epekeHHs — 301IbIICHASIM 00’ €MIB yTHIII3AITI]

0araTOTOHHAXXHHUX B1JXO/1B TPOMMCIIOBOCTI.
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Abstract. The report shows the possibility of expanding the raw material base for cement
clinker production while reducing the consumption of carbonate and clayey natural materials. The
research methodology combines the use of computer-based analysis of raw material compositions
with chemical, X-ray phase analysis, and technological testing according to current standards. The
composition of raw material mixtures is analyzed based on the chalk-waste from papkru
production-screening from perlite extraction system with varying the quantitative ratio of

components at given characteristics of the firing product. The compositions of mixtures wi

th the

introduction of 16-36 wt.% of osmium were determined. The features of the phase formation of
cement clinker in the range of maximum firing temperatures of 1200—1400 °C and the properties of
cement were shown. The possibility of regulating the setting time by varying the content of osmium

and the quantitative ratio of the components of the initial raw material mixture has
determined.
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Anomauin: Y cmammi po3eisiHymo Cy4dcHi pi3HO8UOU XIMIYHUX 3ac00i6 Ol 8IOHOBIeHHS.
ipoicasoi apmamypu 6 3anizobemounHux xoucmpykyiax. I[lpoananizosamo ix XimiuHuil cK1ao,
MexaHizm 0ii, 0co6aUBOCMI 3aCMOCYB8AHHS, 30KpeMa w000 OYUWEeHHs, nacueayii ma opmyeanus
3axucHo20 nokpumms apmamypu. Poszenawymo npunyunu pobomu  3acobi@ Ha  OCHO8I
opmogocghamis, Mauinie, AYHCHUX 2IOPOKCUOHUX DPO3UUHIB, A MAKONC YUHKOBUX CHONYK, WO
3a6e3neuyroms egexmusHui Kamoonuti 3axucm. Ocobaugy yseacy HNpUOileHO MEXHONO0IUHUM
acnekmam ni02omosKu NOBEPXHi, BKIIOUANOYU OYUWEHHS 8I0 IPIHCI, 3HEHCUPEHHS MA 3HEeNUIeHHS.
IIpogedeno nopisHAnbHUL aHANI3 3AC00i8 34 KpUumepiamu XiMiuH020 CKAAdY, WEUOKOCMI peakryii,
3PYYHOCMI HAHECEHHs, CYMICHOCMI 3 OemOoHOM [ nooarbwum noKkpummsim. Y pobomi HagedeHO
mabauyi enacmugocmell HAUOiIbW eexmueHux cKiadie i NpoLIlOCMPOBaHO OCHOBHI emanu
3acmocygeanns. Busnaueno nepesacu ma 00OMedCeHHs OKpemux 2pyn 3acobié¢ y KOHmeKcmi
00820MPUBANIO20 3AXUCY aAPMAMYPU 6 YMOBAX eKCHIyamayii pi3Ho2o CMyneHs azpecusHOCMi.
Mamepianu cmammi moxcyms Oymu 8ukopucmati sK 008i0Kosa 0aza ONsl  IHICeHepis-
0y0i6eIbHUKIB, NPOEKMAaHmis, Cneyianlicmie 3 MeXHIUHO20 O00CMeNCeHHsT Ma  GIOHOBIEHHSA
KOHCMPYKYIUL.

Knrouoei cnoea: Oemon, 2iopokcuou, 3axucm cmaii, Kopo3isi apmamypu, nacusayis,
nio2comoexa nogepxwi, pochamu, ximiuni 3acoou

Beryn
Koposis apmatrypu — OJHE 3 OCHOBHHUX SIBUII, IO CKOPOYY€E TEPMiH

eKCIUTyaTallii 3aJ1i300€TOHHUX KOHCTPYKI[iH, OCOOJMBO B yMOBax IiJABUIIEHOT
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BOJIOTOCTI, 1ii coneli 1 kuciotT [1]. 3rigHo 3 OCTaHHIMH JOCHIIHKEHHIMH, OJU3BKO
50% ycix MOMIKO/KEHb 3alli300€TOHY BUKJIMKAaHI KOpo3iitHumMu nporecamu [5]. [lpu
BUSBJICHHI 1K1 Ha BIIKPUTIN apMaTypi HEOOX1THO 3aCTOCOBYBaTH €(eKTHUBHI 3acO0U

TSt i cTabumizarii Ta 3axucty (aus. puc. 1).

Puc. 1. Ilpukaagu oroJieHol ip:kaBoi apMaTypH B 3a/1i300eTOHHMX KOHCTPYKIIsIX

XimiuHI ~Tpemapatd, NpW3HAYeHI IS OOpoOKM apMarypu, YMOBHO
MOIJISIIOTHCS HAa 3HEIP)KyBadi, MacMBaTOPU Ta MOKPHUBHI Oap'epHi cuctemu [2]. Bubip
3aco0y 3aJie’KUTh BiJl CTaHy apMaTypH, YMOB €KCIUTyaTallii, KIIMaTU4HOI 30HH, TUITY

0€TOHHOI KOHCTPYKIIIi Ta BUMOT JI0 TPUBAJIOCTI €(PEKTYy.

OcHoBHI THIIN 32C00iB

1. 3aco0u Ha ocHoBi opTodocdaris

docdatHi CKIaAM BCTYMAIOTh y PEaKIlio 3 Ipxkew, yTBoprowun Qocdaru
3aji3a, Kl CTBOPIOIOTh MACHBHHUM 3aXMCHUU 1map. BoHM MalOTh BHCOKY aaresiro 10
MeTaly Ta MOXKYyTh OyTH OCHOBOIO JUIS TIOAAJIBIIOTO HAHECEHHS 3aXMCHUX TOKPHUTTIB
[3]. Kpim Toro, mi 3acobu MarOTh HEBHUCOKY BapTICTh 1 MPOCTI B 3aCTOCYBAaHHI B
yMOBax 00'€KTIB KamiTaJbHOTO Oy /1IBHUIITBA.

2. OpraHivHi TaHiHM Ta KUCJIOTH

[{i GioysoTiyHI KOMIIOHEHTH 3B’SI3yIOTh 10HM 3aji3a, CTaOUII3yIOTh KOpO3iiH1
IPOAYKTH Ta yTBOPIOIOTH Oap'epHUil mIap. 3aCTOCOBYIOTHCS MEPEBAXKHO Y JIETKUX
yMOBaxX €KCIuTyaTallii, exosioriuno 0e3neuni [4]. HoBi gocnipkeHHs MATBEPIHKYIOTh

NEPCTIIEKTUBHICTh TAHIHOBUX CKIIAJIB Y MOEHAHHI 3 OpraHiuHUMU ToJiamigamu [6].
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3. AuikaJtiHHi 3200 HA OCHOBI IiIPOKCU/IIB

[gpokcuaHi CHOMYKH, 30KpemMa HaTpiro abo Kamito, miaBHILyioTh pH
Cepe/IoBUIIla J0 PIBHS, 3a SKOr0 KOpO3is NpUNUHAEThCA. BoHM edexTuBHI B
MO€THAHH] 3 JOJATKOBUMH aHTHKOpO3iiHUMHU Oap’epamu [2]. TloTpiObHa perenbHa
MirOTOBKAa TMOBEPXHI Ta CyBOpe JOTPUMAHHS IHCTPYKILIM 3 Oe3meku dvepes
arpeCUBHICTB JIY’)KHOTO CEPEIOBHIIA.

4. IIMHKOBMICHi aHTMKOPO3iiiHi cyMmini

[{uakoBi mactu abo ¢apObu MNpairolTh 3a MPUHIIUIIOM KAaTOJHOTO 3aXHCTY.
BoHu 3axuimaioTh CTanb, «KEPTBYIOUM» IMHKOM SIK aKTHUBHIIMM MeTanoM [1].
HemonaBHi mpoOAyKTH MICTSITh HAHOYACTMHKH IIMHKY, IO TOKpAIIy€e 3aXUCT Y
TpUBAJIOMY TIep1oAl eKkcrutyaraitii [7].

5. Kom0iHOBaHi 6araTOKOMIIOHEHTHI CHCTEMHU

3acoOu HOBOTO MOKOJIIHHS MOENHYIOTh hocdaTHi 1HT161ITOpH, TiaApododizaTopu
Ta MOJIMEpHI Aucrepcii, 3abe3neuyoun OaraToeTanHui 3axuct apMarypu [8]. Bonu
IpOCTI B HAHECEHHI, IIBUJKO BHCHXAIOTh Ta 3a0€3MeuYyl0Th BHCOKY CTIHKICTBH 10
TIOBTOPHOT'O 3BOJIOKEHHS.

Jlnis BceOGIYHOTO aHajii3y XIMIYHHMX 3acO01B PI3HOTO THUIY iX OyJo 3BEIEHO B
OJIHY TOpIBHsIbHY TaOmuito. Kpurepisimu A nopiBHsAHHSA Oyl BUOpaHi: MEXaHI3M
Jii, MBUIAKICTh peakilii 3aco0y, MiAroToOBKa MOBEPXHI1, 3pYyUHICTh HAHECEHHS, BUMOTH
10 6e3nexu mpu podoTi (auB. Tadmd. 1).

Haiibispi arpecuBHOIO A1€I0 BOJIOAIIOTH JIykKH1 3acoou. [Ipu iX 3acTocyBaHHI
HEOOX1THO PEeTENIbHO CJIJIKYBaTH 3a Oe3nekor (axiBliB Ta BUKOPHUCTOBYBATH
BIIMOBIIHI  3acO0M  iHAWMBiAyanbHOTO 3axucTy. Ili 3acobm OymyTs naBatw
HAWIIBUIIIMIA pE3yJIbTAT, ajie 3 1HIIOI CTOPOHH MOTPEOYIOTh PETEIHHOTO OUYHUIIICHHS
MOBEPXHIi Bif 1pXKI.

MabyTp A0 HaWOUIBII PO3MOBCIOKEHUX 1 MOMYJISPHUX 3ac00IB MOXKHA
BIJIHECTH Ha OCHOBI opTodochopHoi kuciaotu. L{i mpoaykTu 100pe NacuByIOTh 1PKY,
iX MO’KHa HaHOCHUTH BciMa IiApy4yHuMH 3acobamu. [1IBuaKicTs peakiiii Ta BUMOTH JI0

Oe3IMeKu cepeIHi.
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[{MHKOBMICHI MPOAYKTHU MPOTH 1pKi HAWKpaIllle MpaIorTh MPU 3HEKUPEHHI

noBepxHi. Bomonitots cepenniMu BUMOTaMu A0 O€3MeKH Ta MIBUIKICTIO peaKili.

Tabuamnuns. 1. BractusocTi 3ac00iB NpoTH ipaki Ta 3py4YHICTH iX 3aCTOCYBaHHS

. ) ) Bumoru
) ... | IIBunkicts | ITigroroBka 3py4HICTh
Tun 3aco0y MexaHni3m aii . hi (o)
peakiii MOBEPXHI HaHECEHHA
Oesreku
1 2 3 4 5 6
. | ITacuBarus Cyxe Ilenzens .
Oprtodocdarni | . . Cepenns yx ’ Cepenni
1poKi YUIIEHHS BaJINK
Tan1HOBI Ta | XenaTyBaHHS ) _ 3aHypeHHs, )
.. .. IloBiLHA MiHiMaisHa Husexi
OpraHivHi 1oH1B Fe PO3MUICHHS
) ) JIyxHE IloBHe Py4ane )
Iapoxcuani Y Bucoxka Y Bucoki
CEpEIOBHUILIEC OYMILIEHHS HaHECEHHS
.. Karoguuii Kucts, .
[{uHKOBMICHI Cepenns O06e3xupeHHs Cepenni
3aXUCT pO3NMITIOBAY
. ) [MacuBamis + .. )
KomoOinoBani Bucoxka MiHiMaJIbHa PosnumoBau | Cepenni
MOKPUTTS

XenaTyBaHHS 10HOIB 3ali3y 3a JIONIOMOIOK 3aco0iB Ha OCHOBI TaHIHY
BOJIOAIIOTh HU3BKUMH BUMOTaMu 10 Oe3leku Ta NOoTpeOyroTh MIHIMAaIbHOT
MiTOTOBKU TOBEepxHI. JloCTaTHRO TIIBKM OYHUCTUTU apMartypy BiJ cCi1abko
3aKpIMJICHUX MPOAYKTIB KOopo3ii. [{i XiMiuHI MPOIYKTH MOYKHA HAHOCHUTH Ha 1pKYy, sSKa
OyZne mepeTBOPIOBATHCH HAa HEMPOHUKHHM 70 BOJW Ta KUCHIO map. HemomikoMm 1ux
3ac001B € MOBIJIbHA MBUJIKICTh PEAKIIIi.

Haii6inpm yHiBepcanbHUMH € KOMOIHOBaHI 3acoOH, sIKI MOEJHYIOTh B €001
nepeBaru KOMITOHEHTIB Pi3HO1 1ii B CBOEMY CKJIAJl OJHOYACHO. 3a3BHUYall BOHH
OJTHOYACHO TACHBYIOTH TOBEPXHIO 1

CTBOPIOIOTh 3aXHMCHE ToJiMepHe abo

HEOpraHiuHEe MOKPUTTSI.

BUCHOBKH
1. Jlns edeKTUBHOrO BIJHOBJICHHS apMaTypu HEOOXIJTHO BpPaxXOBYBATH

XIMIYHHMM CKJIaJl, YMOBH HAaHECEHHS Ta eKCIuTyaTailiiine cepenonuie [3].
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2. OprodocdaTHi Ta IUHKOBI 3aCO0M JEMOHCTPYIOTh HAaWBHIIY €(EeKTUBHICTh
y )KOpPCTKUX yMoBax [1, 3, 7].

3. TaHIHOBI MPOAYKTH € €KOJIOTIYHHMH, aje MaroThb OOMEXEHHS B yMOBax
I IBUITIICHOT BOJIOTOCTI [4, 6].

4. Kom0iHOBaHI CHCTEMH HOBOTO TOKOJIIHHSI BBaXalOThCS MEPCIEKTUBHUMHU
JUIS. TOBTOTPUBAJIOTO 3aXMCTY Ta CYMICHI 3 yciMa THIIaMu apMmartypu [8].

5. TliarotoBka MOBEpXHI — KPUTUYHMI €Tam Mepea HAaHECEHHSIM Oyb-sSKOro

3aco0y [2].
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Abstract: The article considers modern types of chemical agents for the restoration of rusty
reinforcement in reinforced concrete structures. Their chemical composition, mechanism of action,
and application features are analyzed, in particular regarding cleaning, passivation, and formation
of a protective coating of reinforcement. The principles of operation of agents based on
orthophosphates, tannins, alkaline hydroxide solutions, and zinc compounds that provide effective
cathodic protection are considered. Particular attention is paid to technological aspects of surface
preparation, including rust cleaning, degreasing, and dust removal. A comparative analysis of
agents is carried out according to the criteria of chemical composition, reaction speed, ease of
application, compatibility with concrete, and subsequent coating. The paper provides tables of
properties of the most effective compositions and illustrates the main stages of application. The
advantages and limitations of individual groups of agents in the context of long-term protection of
reinforcement in operating conditions of varying degrees of aggressiveness are determined. The
materials of the article can be used as a reference base for civil engineers, designers, and
specialists in technical inspection and restoration of structures.

Keywords: concrete, chemicals, hydroxides, passivation, phosphates, steel corrosion, steel
protection, surface preparation
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Anomauin: Y cmammi npogedeHo po320pHYMuil 02150 CYUYACHUX PEMOHMHUX CyMiuel, Ki
3acmoco8yiomsbcsi 07 BIOHOBIEHHA MOCMOBUX KOHCMPYKYiti pisnozo muny. Ocobaugy yeazy
NpUOiNeHo Xapakxmepucmukam HaAuoiib NONYIAPHUX MAmMepianis, 8KIYadu noaimepyemMeHmHi,
cynbgamocmiliki, MiHepanbHi apmogani ma weuokomeepoioui cxnaou. Ilpoananizosamo ixwio
epexmusHicmsb 8 YMOBAX BUCOKUX HABAHMANCEHb, Nepenadie memnepamyp, 6NIu8y conetl i XiMiuHo
azpecusHux cepedosuwy. IIpedcmasieno NOPIGHANLHUL AHANI3 3A KIIOYOBUMU eKCHIYamayiiHumu
NOKA3HUKAMU. MIYHICMb, MOPO30CMIUKICMb, 8000HENPOHUKHICMb, a02e3isl Ma 008208IYHICMb.
Bpaxosano makooic ocobnusocmi namecenHs, uac meepoOIiHHS, 3UenjieHHs 3 MNION0NHCKOI ma
N06eOIHKY NpUu MpUBaIux mexaniynux enausax. Ha ocnosi 02110y pekomeH008aHo KOHKpemHui munu
cymiweu OJisl OKpeMux yMO8 PeMOHMY MOCMIB, 30KpemMa aéapitiHux, 3aniaHo8aHUX | KOMNIEKCHUX
BIOHOBNIOBALHUX 3aX00i8. I[mocmpamusHi mamepianu, Gomoepagii ma cmpykmypHi cxemu
CHpUAIOMb 2IUOWOMY PO3YMIHHIO eheKMUBHOCMI KOXHCHO20 piuieHHs. Pesyiemamu docniodcenns
MOJHCYMb  OYyMuU  KOPUCHUMU OISl THICEHePiB-NPOEKMYBANbHUKIB, 0VOIBeIbHUKIE MA MEeXHIUHUX
gaxisyis y eany3i Mocmoeozo 6yO0ieHUYMBA MA eKCHAYamayii.

Knwuosi cnosa: mopozocmitikicms, noaimepyemenm, peMoHm MOCmie, peMOHMHI CYMIlLi,
cynbgamocmilkicms, wWeUOKomeepoitoui mamepianu

Beryn
Moctu BIAITpaloTh KIOYOBY pOJb Y TPAHCHOPTHIN 1HPPACTPYKTYpi,
3abe3neuyroun Oe3MepepBHICTh, MOTOKIB JIIOAEH Ta BaHTaxiB. Uepes mnocTiiiHUN

BIUIUB 3MIHHUX KJIIMaTHYHUX YMOB, arpeCHBHOTIO CEpeloBHINA (COJEH, KHUCIOT,
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IIPOMUCJIOBUX BUKHU/IIB), TMHAMIYHUX HaBaHTaXXE€Hb Ta MPOIIECIB CTapiHHA, OCTOHHI I
3aJ11300€TOHH1 KOHCTPYKIIiT MOCTIB MOTPEOYIOTh MEPIOJAUYHOTO peMOHTY [1].
PemoHTHI cyMili, $KI 3aCTOCOBYIOTHCSI JJISI BIJHOBJICHHSI TMOIIKOKEHUX
TISTHOK, TIOBUHHI BIMIOBIATH )KOPCTKAM BUMOTaM 1010 aAre3ii, TPIIUHOCTIHKOCTI,
BOJIOHENIPOHUKHOCTI Ta J0BropiuHocTi [2]. [IpaBuibHMil BUOIp MaTepiany BH3HAYA€E
HE JIUIIE SKICTh PEMOHTY, a M 0€3IeKy eKcIuTyaTallii Bciel KOHCTpYKIli. MeTor gaHoi
CTAaTTl € CUCTEMaTH3allisd Ta MOPIBHSIHHSI OCHOBHUX THIIB PEMOHTHHUX CyMIIIEH, 110
HalyacTillle BUKOPHUCTOBYIOThCS B CYy4YacHId MPaKTUIl PEMOHTY MOCTIB, 3
ypaxyBaHHSIM  iXHbOI  €(EeKTUBHOCTI,  TEXHOJIOTIYHMX  OCOOJMBOCTEH  Ta

eKCIUTyaTariinux mepenar [3].

OCHOBHI THIIM PEMOHTHHMX CyMiLuei

1. ITosimepueMeHTHI cymili

[ToniMeprieMeHTH1 CKJIaAu MarOTh MIABUILEHY aJre3it0 10 CTaporo OCTOHY Ta
BIIMIHHY TPIIIMHOCTINKICTb. BOHU € yHIBEpCaTbHUMH 1 MOKYTh 3aCTOCOBYBATHUCH SIK
JUIS. TOHKOIIIAPOBHX PEMOHTIB, TaK 1 IS OUIbII TIIMOOKUX PEKOHCTPYKINH [1, 4].
3aBAsku  TOJIMEPHUM  MoaudikaTopaM BOHHU  XapaKTEPU3YIOTHCS  BHCOKOIO
BOJIOHETIPOHUKHICTIO Ta MOPO30OCTIMKICTIO, IO OCOOJHMBO BaXKJIMBO B YMOBax
CE30HHUX KOJIMBaHb TEMIEPATYD.

2. llIBuakoTBepAirOYi cymini

[li ckmamu mnpu3HAYeHl JJig aBapiiHOrO PEMOHTY, KOJIM OOMEXEHO dYac
BUKOHAHHS poOiT. BoHM 3a0e3meuyroTh BUCOKY MOYATKOBY MIIHICTh BXe uepe3 1-2
TOJIMHY TICJII HAHECEHHS, IO JO03BOJISIE OTIEPATUBHO BITHOBHUTH PyX Ha MOCTY [2, 3].
3a3Bu4ail MICTITh CIeliaJIbHI TPUCKOPIOBAY1 TBEP/IIHHS, OJTHAK MalOTh KOPOTKHI 4ac
KUTTE3NATHOCTI.

3. CyasarocrTiiiki cyminri

3aBIsKM BUKOPUCTAHHIO CYJIb()ATOCTIMKOTO LIEMEHTY Ta CHELIATbHUX 100aBOK,
Il MaTepiaid JAEMOHCTPYIOTh CTIMKICTh y XIMIYHO arpecMBHOMY cepeloBHIIl [5].

Bonu edexTuBHI TpU PEMOHTI MOCTIB, PO3TAIIOBAHUX MOOJIU3Y MPOMHUCIOBHUX
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00’ekTiB a00 BOAOWM, Ji¢ MIABUIIEHUN PiBEHb CYyJb(aTiB y BOJI MOXE BUKIUKATH
pYHHYBaHHS CTAaHJAPTHUX [IEMEHTHUX KOMITO3ULIIH.

4. MinepaJibHi cyMini 3 (piOpOBOJIOKHOM

i cyminn MicTITh apMyBaJIbHI KOMIIOHEHTH (METaleBy a00 MOJIMPOMiICHOBY
¢106py), 1O MIABUIIYIOTh MEXaHIYHY MIIHICTh 1 TPIIMHOCTIHMKICTE [4]. Bonu
171IeaTbHO  MIAXOMASITh JUISl  JUITHOK, 1[0 3a3HAlOTh JAUHAMIYHUX 1 YJIapHUX
HABaHTaXXeHb, TAKUX SIK AePOpMaIliiiHi IBU Ta KPOMKH ILJIUT.

JdonaTkoBi kpurepii BUOOpY

OkpiM OCHOBHUX TEXHIYHHUX MapameTpiB, IPU BUOOPI PEMOHTHOI CyMIII CIIiJ

BpaxoOBYBaTH TaKl YNHHUKU:

. CyMICHICTb 3 ICHYIOUMMH KOHCTPYKIIHHUMH MaTepiagaMu;
. CKJIaiHICTh MiITOTOBKU TTOBEPXHI;

. ButpaTtu Ha MaTepianu Ta JOTICTHKY;

. HasBHicTh cepTudikaTiB BiamoBiaHocCTi [1, 5].

Jlyis 6ibin ruOOKOro aHaji3y Ta MOPIBHSAHHSA MK COOO0I0 PI3HHX 3a CKJIAIOM
Ta BJIACTUBOCTSMHM PEMOHTHHUX CyMimied ix Oysio 3BefeHO B Ta0iuiro (tadm. 1).
ExcrimyaTamiiHUMU TMOKa3HUKAMU JJI1 TOPIBHSAHHSA OyJ0 BHUOpaHO: MIIHICTH HA
CTUCK, MOPO3OCTIWKICTh, BOJOHEMPOHUKHICTh, Yac TBEpPAIHHA Ta cdepy
3aCTOCYBAaHHS.

VY pa3i HeoOX1AHOCTI MOBECTH WIBUAKUN PEMOHT 1 3aIyCTUTH TPAHCIOPTHE
CTIOJyYeHHS CJIiJ] BUKOPHUCTOBYBATH INBHIKOTBEPAIIOUY CYMIIl MEPEeBarok SKoi €
MIBUJIKIN HAOIp eKCITyaTallliiHOI MIITHOCTI Ta ajare3ii 10 MiJArOTOBJICHOI MTOBEPXHI. Ii
HeJoJIKaMu OyIyTh CepeqHl MOKa3HUKH MOPO30CTIHKOCTI, BOJOHEMPOHUKHOCTI Ta
CTIMUKOCTI 10 [ii arpecMBHUX cepefoBHUIl. TakoX TEepMiH eKCIUIyaTalli JaHoro
PEMOHTY CKopimie 3a Bce Oyae HE3HAaYHUM 1 3HAYHO MPOTpaBaTH IHIIUM, OUIBII

CHeliaNi30BaHUM PEMOHTHUM CyMIIIaM.

Tadoauus 1. [lopiBHsJIbHA TabaULSA

.. MIiIHICTh Mopo3o Bomonemnpo Yac Cdepa
Tun cyminm o . .
(MIIa) CTIMKICTb HUKHICTb TBEPIIHHS | 3aCTOCYBaHHS
1 2 3 4 5 6
[Tomime VHiBepcaibHa,
P 40-60 Bucoxka Bucoxka 3-5 roaun P
LIEMEHTHA JIEKOpaTHBHA
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IIpoooesocenns mabauyi 1

1 2 3 4 5 6
IBuxo 60—80 Cepenns | Cepenns 1= ABapiHHHil
TBEpJioya TOJMHU PEMOHT
C}.Uun’(baTO 35-50 Bucoka Bucoka 4—6 roauH ArpecusHe
CTiliKa CepeIOBHIIE
MlgepanLHa 50-70 Hyxe Bricoka 48 roaun [HTeHCcHBHI
3 (pibporo BHCOKa HABAaHTAKCHHS

3a  HEoOXiAHOCTI BIAHOBJCHHS JUISIHKM LUISIXy 3  1HTEHCUBHHUMU
HaBaHTAXXEHHSIMHU CJIiJ BUOpaTH CyMilll 3 MIHEpaJlbHOK abo MerasieBoro (iOporo
(Puc. 1). Taxki wMarepiasim OyayTb BOJOJITH BUCOKMMH  TOKa3HUKAMU

BOJIOHEMIPOHUKHOCTI Ta MOPO30CTIMKOCTI 1 TEPMIHOM €KCILTyaTallii.

Puc. 1. PeMoHT 0€TOHHOI IVINTH HA MOCTi 3 BUCOKHMM HABAHTAKECHHAM

VY BuUNAAKy PEMOHTY CHOJYYEHHS 3 MiJBUILIEHUM PHU3UKOM JIi arpecUBHUX
CEpEIOBUII, TaKUX SIK CyJb(aT 10HU, CUIb, YT, KUCIOTH Ta 1HII (GaKTOpH - CIif
BUOWpATH CHEIiai30BaHi PEMOHTHI PO3YMHHM: Cyib(darocTiviki. HaitzpyuHimoiwo y

BUKOPHUCTAHHI Ta YHIBEPCAIBHOIO € TOJIIMEPIIEMEHTHA PEMOHTHA CYMIIIl.
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BUCHOBKH

1. Bubip pemoHTHOI cywmimni mae 0a3yBaTUCh Ha TOEIHAHHI TEXHIYHUX
XapaKTePUCTHK 1 KOHKPETHUX YMOB €KCIUTyaTarlii 00'exTa.

2. TlonmiMeprieMeHTHI CyMIlIl € yHIBEPCATbHUMH 1 MIIXOIATh Ui IIUPOKOTO
CHEKTpa 3a/1a4.

3. YV Bumagkax aBapiiHOro BTpy4YaHHS JONUIBHO BHKOPHUCTOBYBATH
HIBUAKOTBEPAII0Yl MaTepiaiu.

4. Jlna cepenoBuI 13 MIJBUIICHUM BMICTOM XIMIYHHMX DPEUYOBHH HaMKpalie
H1IXOISITh CYJIb(PATOCTIMKI CyMIIIII.

5. ApmoBaHi MiHepalbHI CKiIagu 13 (iOpor0 IOIIBPHO 3aCTOCOBYBAaTH Ha
TUTSTHKAX, 110 3a3HAI0Th MOBTOPIOBAHUX YJIapHUX HABAHTA)KEHb.

6. PamioHanpHMil miAXig 00 BUOOpPY MartepiaiiB JO3BOJISIE€ MPOJOBXKHUTU

TEPMIH CITy>KOM MOCTY Ta 3HU3UTHU eKCIUTyaTaliifHi Butparu [1-5].
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PROPERTIES AND COMPOSITION OF REPAIR MIXTURES FOR BRIDGE
RENEWAL
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Abstract: The article provides a detailed review of modern repair mixtures used to restore
bridge structures of various types. Particular attention is paid to the characteristics of the most
popular materials, including polymer-cement, sulfate-resistant, mineral-reinforced and quick-
hardening compositions. Their effectiveness under conditions of high loads, temperature changes,
exposure to salts and chemically aggressive environments is analyzed. A comparative analysis is
presented for key performance indicators: strength, frost resistance, water resistance, adhesion and
durability. The application features, hardening time, adhesion to the substrate and behavior under
prolonged mechanical stress are also taken into account. Based on the review, specific types of
mixtures are recommended for individual bridge repair conditions, in particular emergency,
planned and complex restoration measures. Illustrative materials, photographs and structural
diagrams contribute to a deeper understanding of the effectiveness of each solution. The results of
the study may be useful for design engineers, builders and technical specialists in the field of bridge
construction and operation.

Keywords: bridge repair, frost resistance, polymer cement, rapid-hardening materials,
repair mixtures, sulfate resistance
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Anomauin. Y cmammi npedcmasnieHo 0emanbHull HAyKo8Ull 02510 CYYACHUX MEeXHON02iu
ma memooie 8iOHOGIEHHs 0201eHOI IpoHcasoi apmamypu 8 6emoOHHUX KOHCMPYKYIAX, AKI 3a3HanU
KOpPO3IUHUX NpoYecié 6HACNIOOK aA2PecUBHO20 308HIUHLO2O cepedosuuia ado HeOOMPUMAHHSL
mexHon02il nio yac 0ydisHuymea. Po3enanymo epekxmusHicms MeXaHiuHOo20 OYUWEHHS NOBEPXHI
apmamypu, XiMiyHoi 00poOKU i3 GUKOPUCTAHHAM KUCIOMHUX CKAAOI8, 3ACMOCY8AHHSA iH2IOImopis
KOpO3ii Op2aHiuH020 mMa HeOpP2aMiuHO20 NOXOONCEHHS, BNPOBAONCEHHS  eNeKMPOXIMIUHO20
(kamoono2o) 3axucmy i3 3ACMOCYSBAHHAM 308HIWHIX Odcepesl CMpPYMy md GUKOPUCMAHHS
cneyianizo8anux pemMOHMHUX PO3UUHIE, WO 3a0e3neuyiomsv 3aXUCHUL wap HABKOA0 apMamypu.
Haoano obrpynmosany oyinky nepesae, HeOoniKie, cghep OOYLIbHO2O 3ACMOCYBAHHS KONHCHO2O 3
Memodi8 i3 YPAXy8auHAM eKCHAYAMAYiuHuUX yMo8, 008208I4HOCHI, eKOHOMIUHOI doyitbHoCmi ma
mexHiuHoi ckraonocmi peanizayii. Inrocmpamusnuti mamepian y eueasidi cxem i pomo 003807€
8i3yanizyeamu Ka0408l MEXHON02IUHI emanu 6MpYYaHHs mda CHpusie QOPMYBAHHIO YLNiCHO20
VAGIEeHHSA NPO 8UOIP ONMUMANBLHO20 NIOX00Y 00 PEMOHMY Md 3MIYHEHHs KOHCMPYKYIU.

Knrouoei cnosa: apmamypa, 6emoH, 8i0H08IeHH KOHCMPYKYIU, eleKmpOoXiMIYHULL 3aXUcm,
ineibimopu, Kopo3is

Beryn
Kopo3is apmatypu € ofHUM 13 HaWO1IBIT TOMUPEHUX 1 HEOE3MEUYHUX MPOIIECIB,
10 3arPOXKYIOTh JOBIOBIYHOCTI O€TOHHUX KOHCTpYKwii [1]. Oronenus apmMatypu Ta
nosiBa 1pKi MPU3BOJATH O 3HM)KEHHS HECY4Ooi 37aTHOCTI, TPIIMHOYTBOPEHHS Ta

nepeIyacHoro 3Hocy KoHcTpykuin (Puc. 1).
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g

Puc. 1. Ilpukaan orosieHoi ip:xaBoi apMaTypu B 3a/1i300€TOHHOMY MOCTI 10 BiTHOBJI€HHS

MeTol0 naHOTO JOCHIDKEHHS € CHCTeMaTu3allii Cy4acHHX METOJIB
BIIHOBJICHHSI 1p»KaBOi apMaTypud Ta aHali3 iX eQeKTUBHOCTI 3 YypaxXyBaHHSIM

€KOHOMIYHHX 1 TEXHIYHMX YHHHHKIB [4].

OCHOBHI MeTOM Bi/THOBJICHHSI APMATYPH
1. MexaHniuHe ouMuleHHsl. MexaHiyHE OYHMIICHHA Mependayae BUAATCHHS
1pk1 3a JIONMIOMOTOI0 IIITOK, MICKOCTpyMEHeBOi o0poOku abo muridyBanHs [3].
OcHoOBHI nepeBaru: J0CTYIHICTb, TpoctoTa (Puc. 2). Henoniku: HegocTaTHs riambuHa

OYMILICHHS, PU3KK NOLIKOIKEHHS apMaTypH.

Puc. 2. MexaHiuHe OYHILIEHHSI ApMATYPH BiJ ipiKi CMYKKOI0
uLtigyBanbHOro nanepy

2. XimiuHe ouMIIeHH TAa IHridiTopm Kopo3sii. XiMidyHe OYHMILEHHS
MPOBOAUTLCA 13 3aCTOCYBaHHSAM KHCJIOT abo0 choemiaJbHuX TemiB. JlogaTkoBo

3aCTOCOBYIOTHCS 1HT101TOPH, SIK1 CIIOBUIBHIOIOTH MOIAbITy Kopo3sito [2, 4] (Puc. 3).
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Puc. 3. HaHeceHHS] 0JHOKOMIOHEHTHOI0 MOPOIIKOBOI0 BOAOPO3YHHHOIO CKJIAJy HA OCHOBI
eMeHTY Ta iHridiTopy kopo3ii

3. Eaextpoximiunmid 3axucT (kaTroaHuii 3axucr). Merton mnependauae
nojayy CTpyMy Ha apMaTypy Aisi 3YNUHKH mponecy okucHenHsa [2]. IlorpeOye
CHeIiaJIbHOTO 00IafHaHHS, ajie 3a0e3neuye JOBrOTPUBAINI €EKT.

4. BuxopucTaHHSI PEeMOHTHHUX PO34YMHIB. 3aCTOCOBYIOTHCS CHEIliaIbHI
cKjaau (MOoMIMEpLEeMEHTHI, MIHEpalibH1), SIKI MAalOTh TapHy ajres3iro 10 OYUIICHOI

apMaTtypH 1 3a0e3ne4yroTh JoAaTKOBUM 3axucT [3, 4] (Puc. 4).

Puc. 4. 3aBepiajbHuUii eTan BiAHOBJIeHHS i3 32CTOCYBAHHAM
NOJIiIMepPHEeMEeHTHOT0 PO34YHHY

Binomo, 110 Ha mpakTulll icCHye 6araTo pi3HOBU/IB PyHHYBaHHS MOBEPXHEBOTO
mapy OETOHy 3 OrOJICHHSM apMmaTypH, sKa 3HaXOAUThCA B IpKaBOMY CTaHi.

BigmMiHHOCTI B OIHIN CKJIAIHOCTI MOJAJBIIOTO PEMOHTY MOXYTh OYTH OIlIHEHI B
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TaKUX aclekTax SK: 3pPY4YHICTh JMJOCTYNmy JO0 JUISHKA, 00’eM pyHHYBaHHS,
TEPMIHOBICTh BUTIPABJICHHS MONIKOKEHb, BUIJICHUN OIOJKET, JOCTYITHI 3aCO0M ISt
OYHCTKM Ta MaTepiand [JIsl BiAHOBICHHs, TOIIO. TakoX Yy JeIKUX BHUMAAKaX
HaWBXKIUBIMIUM (AaKTOPOM € MaKCHMajbHA IIBUAKICTh OOpPOOKH apMaTypu Ta
BIIHOBJICHHSI TIOIIKOJKEHOT MIJITHKY, HAMPUKIIA] Y BUIAIKY TEPMIHOBOTO 3aIyCKy
pYXy TpaHCIOPTY uepe3 MicT. BpaxoByroun BHIenepepaxoBaHi ClocoOn Ta METOAH
BIJTHOBJICHHS 1p’KaBOi apMaTypH Ta iCHyIou1 OyJIO 3BEJ€HO B MOPIBHSIbHY TaOJIHIIIO,

SAKY HAaBCACHO HMIKYC.

Taboauus 1. IlopiBHsJIbHA Ta0JIMIA METOIB

Meton oO4YHIICHHSI ) )
) . .. | Bapticth ) CKJ1aIHICTD ..
ip>kaBOi MeTajeBoi EdexTuBHiCTh JIOBroBIYHICTH
METOY BIIPOBAJPKECHHSI
apMmaTypu
1 2 3 4 5
MexaH1uHe
Husbka Cepenns Hwusbpka Hwusska
OYHUILECHHS
XiMi1yHE
Cepenns Bucoka Cepenns Cepenns
OYHUILECHHS
[ari6iTopu xopo3sii | Cepenns Bucoka Cepenns Bucoka
EnexrpoximMiyuuii
P Bucoka Bucoka Bucoka Bucoka
3aXHUCT
PemonTHi po3unnu | Cepens Bucoka Cepenns Cepenns

K0 BUXOIUTH 3 JOBTOBIYHOCTI PEMOHTY OE€TOHHOT KOHCTPYKIIii, TO BapToO
oOpatu OJMH 13 ABOX 3aMpPOIOHOBAHUX B CIIMUCKY METOJIIB: 3aCTOCYBaHHS 1HT101TOPIB
Kopo3ii abo emekTpoxiMiuyHui 3axuct (auB. Ta6bm. 1). Ili metomm mo BapToCTi
BIIHOCSTBCS 10 CEPEAHBOT Ta BHCOKOI BIAMOBIIHO. HaliHMK4uy JOBrOBIUHICTH Oyje
MaTH BIJIHOBJICHHS 3 MEXaHIYHUM YHILECHHSIM apMaTypu BiJl IPOIYKTIB Kopo3ii. Lle
3BUYAIHO 10 Y BUMAAKY 0€3 OJaBIINX 3aCTOCYBAaHb TOJATKOBUX XIMIYHHX 3aC001B
MOBEPX 3a4MIIEHOT MOBEPXHI. CIMHOIO MEePEBarol0 METOIy MEXaHIYHOTO OYHIIEHHS €
TE IO 1€ HAWJIETIINA BapiaHT PoOIT 13 3amponoHOBaHUX. Bcl iHII METOIM MarOTh K

nepeBaru Tak 1 HEJIOJIKM Y BOPOBAIKEHHI Ta MOBUHHI BHOMPATUCH MICIS aHATI3Y
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(daxiBIsIMH. AHATI3YIOUU KOJIOHKY €(EeKTUBHOCTI BUIHO, 110 HAWHMIKYY OLIHKY Mae

METOJI MEXAHIYHOT OUUCTKH.

BUCHOBKU

1. Kopo3is apmaTypu € cepilo3HO0 MpoOIeMOr0 sl OETOHHUX KOHCTPYKITIH,
110 MOTpedy€e CBOEYacCHOTo BTpy4daHHs [1].

2. HailepekTuBHIIIMM METOAOM y  JOBIOTPUBAJIIA  NEPCIEKTHBI €
€JIEKTPOXIMIYHUM 3aXHUCT, IPOTE BiH MOTpeOye 3HAYHUX 1HBECTHIIIH [2].

3. Kom0OiHOBaHE€ BUKOPHUCTAaHHS MEXaHIYHOTO OYHIIEHHS Ta XIMIYHUX
1HT10ITOPIB € ONTUMAJIBLHUM BapiaHTOM JJIsl OUTBIIOCTI MPAaKTUYHUX 3aCTOCYBaHb |3,
4].

4. HeoOxiaHO BpaxoByBaTH YMOBHU €KCIUTyaTalii KOHCTPYKIIi, JOCTYIHICTb

TEXHOJIOT1H Ta KBaidikarliio nepconany [5].
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Abstract. The article presents a detailed scientific review of modern technologies and
methods for restoring exposed rusty reinforcement in concrete structures that have undergone
corrosion processes due to aggressive external environments or non-compliance with technologies
during construction. The effectiveness of mechanical cleaning of the reinforcement surface,
chemical treatment using acidic compositions, the use of corrosion inhibitors of organic and
inorganic origin, the introduction of electrochemical (cathodic) protection using external current
sources and the use of specialized repair solutions that provide a protective layer around the
reinforcement is considered. A substantiated assessment of the advantages, disadvantages, and
areas of appropriate application of each of the methods is provided, taking into account operating
conditions, durability, economic feasibility, and technical complexity of implementation. Illustrative
material in the form of diagrams and photos allows you to visualize the key technological stages of
intervention and contributes to the formation of a holistic idea of the choice of the optimal
approach to the repair and strengthening of structures.

Keywords: concrete, corrosion, electrochemical protection, inhibitors, reinforcement,
structural restoration
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Anomauin. /na niosuwenns xoeghiyiecumy xopucroi 0ii (KK/]) cyuacnux eazomypOinnux
08UCYHIB HeOOXIOHI HOBIMHI Mamepianu Oas KepamiuHo2o wapy mepmooap €pHux noKpummis,
OCKIbKU cmanoapmuuil mamepina kepamiunozo wapy ( ZrOz — 6-8 mac. %) Y203 ) nabausicaemuvcs
0o memnepamypHoi medxci excnayamayii. OOHa 3 OCHOBHUX 6uMO2 00 Mamepianie, uwo
PO3po6aAOmMb, — HU3bKA Menaonpogionicms. Mema pobomu - Busmauenns menionposionocmi
CKIAOHO KOMRNO3UYIHUX Mamepianie Ha ocHosi Zr(r KOMNIEKCHO Cmabili308aH020 OKCUOAMU
PIOKiCHO3eMenbHUX elemenmis impiesoi nidepynu. J{ocniodceHo menionposionicms 3paskis cknady M-
ZrO: (70-90 mac. %) - BK (30-10 mac.%) 6 inmepsani 313-673 K. BK — komnnexcnutl cmabinizamop,
wo emiwye (mac.%): 13,3 Y>03; 33.2 Dy203; 21.8 Er203; 12.5 Yb0s, 1.22 Th4O7; 8.9 Ho203, 1.86
Tm20s; 0.57 Lu203; cymapuuti émicm iHwux oxcudie — 6.65 (y momy uucni ALO3 — 3,2).
Tennonposionicms 3paskieé eusHaueno 6 immepeani 313—673 K. BcmaHnoeneHo, wo KOMNWIEKCHA
cmabinizayia ZrO> okcudamu pioKiCHO3EMeNbHUX eJleMeHMi8 iIMmpPIesoi nioepynu CRPUsE 3HUNCEHHIO
menionpogionocmi Ha 34 % y nopieHAHHI 31 CMAHOAPMHUM MAMEPIATIOM.

Knrwouosi cnosa: odioxcuo yupkonito, okcuou P3E, komniexcha cmabinizayis, eazompyomi
08U2YHU, MEeNIONPOGIOHICHb.
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Tepmobap’epui mokputts (THII) nmpusHaueHi Ajig 3HWKEHHST TeMIIepaTypH Ta
3aXUCTY JIONATOK Ta3oBUX TypOiH BiJ BIUIMBY BHCOKOTEMIIEPATypHUX Ta30BUX
MOTOKIB y Tiporieci ekciutyaTanii. EdbektuBni TBII MaroTh BupimaabHe 3HaUYCHHS IS
MOKpAIEHHS! TEPMOMEXaHIUHUX XapPaKTEPUCTUK Ta TEPMIHY CIyKOMU marepiaiiB B
YMOBaX BHCOKHX TEMIEepaTyp, BHCOKOi KOpPO31MHOT aKTUBHOCTI Ta HEUTPOHHOTO
onpoMidHeHnHsa [1, 2]. Opuiero 3 HaiBaxnuBimux QyHkuii TBII € 3HUXEHHS
TEMIIEpaTypu Ha TMOBEPXHI JIOMATOK TypOiHW, [0 OOEpPHEHO MPOMOpIliiiHe
TETUIONPOBITHOCTI BEPXHBHOTO KepamiyHoro Imapy. Tomy kepamiunuii mmap THII
MOBUHEH MaTH HU3BKY TEIJIOMPOBIIHICTH [3].

Hlupoko BHBUYEHHUI 1 BUKOPUCTOBYBaHMI Martepian BepxHboro mapy THBII —
TBEpJUi po3urH Ha OCHOBI ZrO,, ctabinizoBanoro 6 — 8 mac. % Y,0; (YSZ), sikuii
XapaKTEePHU3y€EThCsl HU3bKOIO TerutonpoBinHicTio (2,1 Bt/m-K) Ta BimHOCHO BHCOKHM
xoediriearom Tepmiunoro posmmpenns (11:10°/K). Marepian HaOamKaeTbes 10
TeMmnepaTypHoi Mexi cBoro 3acrtocyBaHHs (< 1200 °C) yepe3 cmikanHs Ta (a3o0Bi
neperBopenHs t'-¢aza ZrO, — T-ZrO; + F-ZrO; 3 nogansimumM yrBopeHHIM M-ZrO,
npu TOHWKEHHI Temmneparypu. HoBi matepianu kepamiunoro mapy TBII, okpim
HU3bKOI TEIJIONPOBIAHOCTI Ta (pa30oBoi cTabuIbHOCTI (30epexeHHs t'-paszu ZrO,),
MOBMHHI MaTH B'S3KICTh PYWHYBaHHS, JOCTAaTHIO JJISi MPOTUCTOSHHS PYWHYBAaHHIO
yepe3 BHUCOKI HAINpPYXKEHHS, 1[0 BUHUKAIOTh y TOKPUTTI i dYac eKCIuTyararlii,
TEPMOXIMIUHY CTAaOLIBHICTh, MIABHUILIEHY CTIAKICTh N0 €po3ii, TEPMOIHUKIIUHY
JIOBIOBIYHICTb. [TigBuIieHHS pobouoi  Temrmeparypu BHCOKOTIOTY>KHHX
ra3oTypOIHHUX JBUTYHIB HACTYIMHOTO IOKOJIHHS Tepeadadae 3pocTaHHsS poOOUOi
temneparypu a0 1500-1600 °C, mo cTaBuUTh MUTaHHS PO3POOKH HOBUX MaTepiaiiB
1 kepamivydoro 1mapy TBII 3 qocTaTHbO HU3BKOIO TEMIOMPOBIAHICTIO [3- 5.

Meta po6oTH. BruzHaueHHs TEIIONPOBIIHOCTI HOBUX MaTepialiiB Ha 0CHOBI ZrO;,
KOMILJIEKCHO CTaOUTI30BaHOTO OKCHJAMH PIAKICHO3EMENbHUX EJIEMEHTIB 1TPi€BO1
HiATPYIN .

Metoau pociaimkennsi: pentreHodazoBuit  anamiz  (JIPOH-1.5, Cuge-
BUMPOMiHIOBaHHS, Ni-QiIbTp, MIBUAKICTH CKaHyBaHHS 1/4—4 rpaa/XB B IHTepBai

kyTiB 20 Big 15 mo 100 rpanm). Inentudikamiro $ha3 mpoBOAWIM 3 BUKOPHUCTAHHIM
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kaptok X-Ray Powder Diffraction File; mocmimkeHnHs TeMmepaTypHOi 3aj€KHOCTI
TETUIONPOBITHOCTI TBEPJUX MEXaHIYHO OOpOOJIIOBAHMX MAaTepialliB 31 3HAYCHHSIM A
Bix 0,1 go 5 Brm "K' B intepBam -100 go +400 °C B pexumi MOHOTOHHOIO
HarpiBanHs (BumiptoBay UT-A-400) .

Cxnan kommiekcHoro cradimizaropa (BK) (mac.%): 13,3 Y20s; 33.2 Dy,0s;
21.8 Er03; 12.5 Yby03; 1.22 TbsO7; 8.9 H003; 1.86 TmyO3; 0.57 LuyOs; cymapamii
BMICT 1HIIUX OKCUIIB — 6.65 (y Tomy unci Al,O3 — 3,2). OCHOBHUMH KOMIIOHEHTaMH
KOHIICHTpATy € OKCHAM 1Tpit0, JUCIIPO3it0, epbito Ta 1TepOiro, 1HINT MOXKHA
posrisimatd Ak  AoMimkd. OCKUTBKH MK OKCHAAMH JIAHTAHOIMIB B3a€EMOJIsS
IPOTHO3YETHCSI IUIIXOM YTBOPEHHS TBEPJIUX PO3UMHIB, 3BEAEMO CKJaJ Ba)KKOIrO
KOHIIGHTPATy /O YOTUPHOXKOMIIOHEHTHOI CHCTEMH, Y SKOi KOMIIOHCHTAMH
npuiiMemo Y03 1 TBepai poszuunu (Dy,Tb,H0),03;, (Er,Tm),Os 1 (Yb,Lu),Os.
Po3ropTku Opi€HTOBHUX [iarpaM CTaHy TPUKOMOIIOHEHTHUX cHucTeM Y03 —
(Er,Tm),0; — (Dy,Tb,H0),03, Y03 — (Yb,Lu),0; — (Dy,Tb,H0),0s;, Y.0; —
(Yb,Lu),0;3 — (Er,Tm),0; i1 (Dy,Tb,H0),0O3 — (Yb,Lu),03; — (Er,Tm),Os HaBeaeHo Ha
puc. 1 — 4. I3 HaBereHUX MPOTHO3IB 3p0O3yM1NIO, 10 Y BCiX cucteMax Hmxkue 1800 °C
MIPOTHO3YETHCSI YTBOPEHHS TBepAuX po3urHU C 31 KyOIYHOIO CTPYKTYpOIO OKCHIIB
JIAHTAHOIJIIB Y BChOMY 1HTepBasll KOHIleHTpalii. [le came Mo)kHa ckazaTu 1 Tpo
YOTUPUKOMIIOHEHTHY CUCTEMY, B PE3YJIbTATI YOT'O TBEPAUM PO3UUH 31 CTPYKTYypoto C
MOKHA PO3IJISIIATH SIK KOMIIOHEHT KBasinoABiiHOI cuctemu ZrO,— BK.

Jns  pocnmijpkeHHss BuOpaHo ckiaad 3 BMmictom 10, 15 1 30 mac. %
KOMIUIeKCHOro ctabimzatopa. Cywmimni M-ZrO, + BK oxepxkaHo MexaHIYHHM
3MINIYBaHHSIM B €THJIOBOMY crnupTi. [licis cyliku crnpecoBaHO 3pa3ku J1aMEeTPOM
15+0,3 MM, Bucororo 2—4 mm. Tabnetrku BiamamtoBanu y moBitpi B meui III-1 3
cumitoBumu HarpiBadamu nipu 1300 °C npotsarom 10 roj., mMoTIM BiANATIOBAIN Y
noBiTpi B eyl Nabertherm GmbH LHT 08/17 (Himeyunna) npu 1600 °C BnpoaoBxK
2 roj. 3 METOIO 3aBEPIICHHS B3a€MO/Iii KOMIIOHEHTIB. 3pa3Ku OXOJIOHKYBAIIA Pa30M 3

MYYFO.
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Pesynbratn PDA 3paskiB HaBezeHO HA puc. 5. Bumno, mo 31 30UIbIICHHSIM

BMmicty BK kinbkicte M-ZrO, (MoHokmiHHOT (asu ZrO;) 3MeHuIyeThesi, a BMICT T-

ZrO; (TeTparoHaJbHOI0 TBEPAOT0 PO3UUHY Ha OCHOBI1 Zr(Q;) 30UIbIIYETHCA.
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Puc. 5. Inppaxrorpamu 3paskis micas Bignaay npu 1600 °C nporsirom 2 rogun: a —
90% Zr0O2—10 % BK; 6 — 85% ZrO: - 15% BK; B —70% ZrO:2 - 30% BK

HocnipxenHs: TersonpoBigHocTi (A) 3pa3kiB ckiagy M-ZrO, (70-90 mac. %) -

BK (30-10 mac.%) nmpoBeneno B intepBanmi 313-673 K. TemmepaTypHi 3ajeKHOCTI

TEIUIONPOBIIHOCTI 3pa3KiB MOKa3aHo Ha puc. 6. J{s mopiBHSIHHS BUKOPUCTAHO JaHHI

JiTepaTypH i «cTanaapToro» Marepiany ZrO,-8Y,0s [7].
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Puc. 6. TemneparypHa 3aj1exkHicTh Temionposianocti 3pa3kis M-ZrQO: - BK B nopiBHsiHHI 3
AAaHUMHU Jiteparypu aas YSZ [7]

Buano, mo B iHTepBam 313-673 K TemnonposiaHicTs kepamiku M-ZrO,—BK
sminroBanace B iHTepsam 0,65-1,6 Bt m! K, mo 3nauno mmwxue, Hix mia YSZ.

Cepen A0CHIPKEHUX KOMIIO3UTIB HAWHMKYa TETUIOMPOBIIHICTh CIIOCTEPIraeThCs y
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kepamii ckiaay (mac. %) 70 ZrO, - 30 BK, mo, iMOBIpHO, MOXKHa MOSICHUTU
po3citoBaHHAM ()OHOHIB Ha “NeeKTHHX KiacTepax” Ta KHCHEBMX BaKaHCIAX, SIKi

YTBOPHWJIUCH B KOMIUIEKCHO JieroBaHoMy ZrQOs.

BUCHOBKH

Bnepiie mociimpkeHo TEIONPOBIIHICTh 3pa3KiB HOBUX MaTtepialliB cKiaaxy M-
71O, (70-90 mac. %) — BK (30-10 mac.%) B iaTepBam 313—-673 K. Cnocrepiraerbes
TEeHJEHIlIA 0 3MEHIIEHHS 3HayeHb TEIUIONpoBigHOCTI Marepiany (mo 34 %) 3i
301mbIIeHHsM BMicTy BK, 1m0, iMOBipHO, MOXHa MOSCHUTH PO3CiIOBaHHSAM (DOHOHIB
Ha “nedeKTHUX KiacTepax’‘ Ta KUCHEBUX BAKAHCISAX, K1 YTBOPUIIMCH B KOMILJIEKCHO
JIETOBAHOMY J1OKCHA1 IUpKOHito. [lokazaHo, 1110 TemionpoBiaHicTh, MaTepiany 70 M-
ZrO, — 30 BK Mmae nHaiimenmn 3HaueHHs, 1m0 Ha ~50 % HIKY1 HIXK TETUIONPOBITHICTH
Z1O,, yacTKOBO cTabuI130BaHOr0 OKcuaoM Y-0s3 (8 mac. %).

BusBneno, mo momaBaHHS [ACMIEBMX KOMIUIEKCHHX CTa011i3aToOpiB, SIKi
ABIIAIOTH COOOI0 HEPO3IICHY CyMIIl MEpPeBaXHO OKCHIIB PiAKICHO3EMEIbHUX
€JIEMEHTIB, MOX€ OYTH CTpATETri€l0 sl MOJAJIBIIOTO 3HMYKEHHS TEIJIONMPOBIAHOCTI

KepaMiKi Ha OCHOBI JIIOKCUJTY ITUPKOHIIO Ta CTBOpeHHs HOBUX THII.
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THERMAL CONDUCTIVITY OF ZRO2-BASED COMPOSITE MATERIALS
FOR CREATING NOVEL THERMAL PROTECTIVE COATINGS
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Abstract. To increase the efficiency of modern gas turbine engines, new materials are
needed for the ceramic layer of thermal barrier coatings, since the standard material of the ceramic
layer (ZrO: - 6-8 wt. % Y03 ) is approaching the operation temperature limit. One of the main
requirements for the materials being developed is low thermal conductivity. Purpose of the work is
to determine the thermal conductivity of composite materials based on ZrO:, complexly stabilized
by yttrium subgroup of rare earths elements oxides (heavy concentrate, HC). The thermal
conductivity of samples was established, respectively, M-ZrO: (70-90 wt. %) — HC (30-10 wt. %) in
the range of 313-673 K. HC is a complex stabilizer containing (wt.%): 13.3 Y203, 33.2 Dy>03; 21.8
Er:0s; 12.5 Yb203; 1.22 Th4O7; 8.9 Ho203, 1.86 Tm203; 0.57 Lux03, total content of other oxides —
6.65 (including Al;O3 — 3.2). The thermal conductivity of the samples was determined in the range
of 313-673 K. It was found that the complex stabilization of ZrO: with oxides of rare earth elements
of the yttrium subgroup contributes to a decrease in thermal conductivity by 34% compared to the
standard material. is 100-150 words about the subject of the research, the aim and the main results.

Key words: zirconium dioxide, REE oxides, complex stabilization, gas tube engines, thermal
conductivity.
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Anomauin: Kepamixa y cyuyacnomy ceimi 3aumae 6azamozpanHe micye, NOEOHYIOUU
mpaouyii 1 iHHOGayii, ekonociunicmv 1 npakmuynicme. Kepamixa npodoeicye 3aruuiamucs
maubymuin. Kepamiuna yeana 3a1umiaemscs OCHOBHUM 0YOI8eIbHUM MAMepiaiom, i NOKPAWeHHs it
Qizuxo-mexanivHux eracmusocmetl 3abdesneuye Oibul HAOIUHI MA eKOA02IYHI  B1ACTMUBOCHIT
oyoigenv. Cyuacni 0yOigenbHi HOpMU [ CMAHOAPMU BUMALAIOMb BUKOPUCTIAHHS 0)0i8ebHUX
mamepianie sucokoi sikocmi. Tlokpawenns Qi3uKo-mexanivHux 61acmugocmell KepamiyHoi yeauu
gidiepac € sadiciuge 3HaAUeHHs 05 po3sUMKY 0Y0i8ebHOI 2anysi, 3a0e3neuenHs 8i0N08IOHOI AKOCmi
ma Oesneku 0ydigenb, a MAaKoXdC 01 OOCACHEHHSI eKONO2IYHUX MAa eKOHOMIYHUX yineu npu
BUPOOHUYMBI  KepamiuHux mamepianie. Buxopucmanns 6ioxodie szonu  eyeinonux TEC y
BUPOOHUYMBI KepaMIUHOI yeanu CApUsmuMe 3MEHUEHHIO He2amueHo20 6NAUGY HA OO0BKILIA,
3HUICEHHIO BUMPAM HA BUPOOHUYMBO KepamidHuX Mamepianie, pooaadu npoyec GUpoOHUYMEa
yeanu OLIbUW eKONOLIYHUM | eKOHOMIYHO 8USIOHUM.

Knrouoei cnosa: cmumucma cupoguna, 3014, KepamiuHa —yeend, B8000NO2NUHAHMS,
YYMAUBICMb 00 CYUIHHS, MEXAHIYHA MIYHICMb HA CMUCK, MEXAHIYHA MIYHICMb NPU GUSUHI.

Kepamika y cydacHOMy CBITI 3aiiMae OaraTorpaHHe Miciie, MOETHYHOYHU
TpaauIlii 1 IHHOBAIlli, MUCTEIITBO 1 TEXHIKY, €KOJOTIYHICTh 1 TPaKTUYHICTh. BoHa He
mumie 30epirae KylabTypHY CHAIIIMHY, ajié ¥ aKTHBHO PO3BUBAETHCS, 3/1aTHA

BUPIIIYBATH HOBI TEXHIYH1 1 €KOJIOT14HI 3aBJAaHHs
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Kepawmika Bigirpae BaXXJuBY POJib Y CydacHI MPOMHUCIOBOCTI Ta OYyIIBHUIITBI
3aBJISIKM CBOIM YHIKaJbHUM BJIACTUBOCTSIM, TAKUM SIK MII[HICTh, CTIHKICTb JO BUCOKHUX
TEeMIIepaTyp, JOBTOBIUHICTh 1 €KOJIOT14HICTh. BOHa 3aCTOCOBYETHCS B UYHUCICHHUX
rajy3sx, JI€ BaXJIMBO  BHUKOPHCTOBYBAaTH  MaTepiand, SKi  MOETHYIOThH
(YHKIIIOHATBHICTh Ta €CTeTHYHICTh. CydyacHe BHPOOHHUIITBO KEpaMiKH aKTUBHO
BpaxoBy€  €KOJIOTiYHI mpoOjeMu. BuKOpUCTaHHA TNPUPOJHMX  MaTepiaiB,
BITHOBJIIOBAaHMX PECYypCiB, a TaKOXX 3MEHIICHHS EHEpProClOXKUBAHHA IIiJI dYac
BUPOOHHMIITBA JOTIOMArae CTBOPIOBATH OUIBIN cTay mpoaykiito. KepamiuHi BUpoOH €
a0COJIFOTHO O€3MEeYHUMHM JIJIsl TOBKUIJIS, OCKIJIBKM BOHM MOXYTh OyTH TepepoOJieH]
a00 BUKOpPHCTaHl MOBTOPHO. TpaauiiiiHuM Ta HaOUIbII MOIMMUPEHUM OYAIBEIbHUM
MarepiajgoM € KepamidyHa IIeriia, Mo 3a0e3Meuye XOpoIly TEIUIo- Ta 3BYKO130JIAIIIIO.
3aBIKM  CBOiM  MIIHOCTI 1  JIOBITOBIYHOCTI, KepaMiuyHa Ierja  IIHPOKO
BUKOPUCTOBYETHCS 1151 3BEACHHS )KUTIOBUX 1 MPOMUCTIOBUX OYy/11BEb.

[TinBuIeHHs SIKOCTI KepaMivyHOT IETJIM MOKe OyTH JOCSATHYTO 3a JIOMTOMOTOIO
PI3HUX METO/IB, SIKI BKJIIOUAIOTh 3MIHH B CKJIaJll MaTepiaily, TEXHOJIOT1 BUPOOHHUIITBA
Ta 3aCTOCYBaHHS BiIXOAIB BUpoOHUIITBa [1-3]. 307a, 10 YTBOPIOETHCS MiJ Yac
CIAJIFOBAHHS BYT'ULISA, € OJTHUM 13 HAUMOIIMPEHIIINUX BiIXO/IIB. [ ckna 3ameKuTh Bij
TUNy Byruuis (kam’siHe, Oype, aHTpaluT), YMOB CHAMIOBaHHI 1 METO/IB
3onoBuganeHdsa. OCHOBHHI CKiIaxg 301U - Lie okcuan, %: Si0,, Al,Os, Fe O3, CaO,
MgO, Na,O, K,O; cipka y Burasai SO; ta SO4%, a TaKokK JOMIIIKA BaKKUX METAIIiB:
Pb, Cd, Hg, As, Se, pamiHyKIiIiB y HE3HAYHUX KIJbKOCTSIX, 3aJI€XKHO BIJl
re0JIOrYHOT0 MOXO/KEHHS BYTULIS, BYTJIeleBl 3anuiku [4, 5].

Bona moxe OyTm BUKOpHCTaHa SK J00aBKa 0 TJIMHHM IS TOKPAIEHHS
(bI3MKO-MEXaHIYHUX BJIACTUBOCTEH IIETIIM, a TAKOXK JUIS 3MEHIIEHHS CITOKHMBAHHS
OPUPOAHUX CHUPOBUHHUX MaTepialiB. 3aBASKM HHU3BKIM TEMJIOMPOBIIHOCTI 30J1a
CIpHsI€ TIBUINCHHIO TEIUIOI30JSIIINHUX XapaKTepUCTUK KepamiuHoi mernu. lle
0COOJIMBO BaYKJIUBO JJIsl 3MEHIIIEHHS €HEPTOCIIOKUBAHHS B OYIiBIIsAIX. BukopuctaHHs
30JId TaKOX CHPUSIE 3MEHIIIEHHIO KIJTBKOCTI BIAXOIB, SIKI MOTPIOHO yTHIII3YyBaTH, 1
3HUKYE MOTpeOy B TPaAUIIIHHIN CUPOBUHI.

Haii6inpm nommpenuit Buj 30711 YTBOPIOETHCS B CriaroBaHHs Byruuist. Bona

MICTUTh MIKPOEJIEMEHTH, Takli SK KPEMHIM, altoMiHii, 3a7i30 Ta KaJdblid, M0
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NO3UTUBHO BIUIMBAIOTh Ha BiIAacTUBOCTI Leriv. Ha 3aBomax B YkpaiHi Ta 1HIIMX
KpaiHax 30J1a J0JaeThbcad B KUIbKOCTAX 10 20% Bia 3aranpbHOi Macu riuHU. Lle
JIOTIOMAara€e TOKPAIIUTH MEXaHIYHI BJIACTUBOCTI IETIM, TaKi SK MIIHICTh Ha CTHCK.
30i1y MOKHa BUKOPHUCTOBYBATH JIJIsi BUTOTOBJICHHSI TEIJIO130JIAMIMHNX OJIOKIB. 30712
3HIKYE TEIUIONPOBIIHICTh MaTepially, 10 poOUTh Heriy Oulblll €(PEeKTUBHOIO IS
30epekeHHs Teria B OyaiBisax. [le 0co0aMBO akTyalbHO B XOJIOJHUX KIIMaTUYHHUX
yMOBax. 30J1a MOXE€ TaKOX BITMBATH Ha KOJIIP TOTOBOI 1eriu. JlomaBaHHs 301 110
[JIMHA MOXE 3MIHIOBATH BIATIHKK IETJIM, HAMAI0YW 1 OULIBII PI3HOMAHITHHMA 1
€CTETUYHO NPUBAOJIMBUIN BUTJISAA. Y BUPOOHMIITBI LIETJIH, SIKA BUKOPUCTOBYETHCS B
arpecUBHUX CepeoBUIlaX (HANpUKIAJ, y MNPOMUCIOBUX 30HaX abo B 30HAX 3
BHCOKOI) BOJIOTICTIO), 30J1a MOJKE€ JTOTIOMOTTH IIIBUIMUTH CTIAKICTh Marepiaixy 0
KOpPO3ii Ta 1HIIIMX HETATUBHUX BILJIMBIB.

i mpukiIagy AEMOHCTPYIOTh, SIK 30J1a MOXKe OyTH €(EeKTUBHO BUKOPUCTAHA B
PI3HUX acmeKTax BUPOOHUIITBA IIETJIH, MOKPAIIYIOYH ii BIACTUBOCTI Ta 3MEHIIYIOUYH
€KOJIOTIYHUH BIUIMB BiJIXO/IB HA HABKOJIMIITHE CEPETOBHIIIE.

Metorw poOOTH € BUBYEHHS MOXKJIMBOCTI 3aCTOCYBAaHHS BIIXOMIB 30JU IS
oJiepKaHHS KepaMIYHOI 1IeTJIM Ha OCHOB1 MICIIEBOT JIETKOIJIABKOI TJIMHH.

byno nocnixeHo rauHucTy cupoBuHy KuiBchkoi 00macTi, sika CKIala€eThes 3
PI3HUX OKCHJIIB, BUIBHOI 1 XIMIYHO 3B'SI3aHOi BOJIM 1 OPTAHIYHHUX JIOMIIIOK. AHAai3
TJIMHUCTOI CHPOBUHU TMPOBOJAMBCS 32 CTAHJAPTHUMHU METOJIMKAMU. 3a Pe3yJIbTaTaMu
XIMIYHOT'O aHaI3y JOCTIHKYBAaHUN 3pa30K BUPIZHAETHCS HEBUCOKUM BMICTOM SiO,, -
56,5%; xinekicth Al,O; 3HaxoauThcs B Mexkax 13-14%, mo 3a kimacudikaliiero
[JIMHUCTOI CUPOBUHM BIJINOBIAa€ TpymHi KUCIUX THH. 3a KuibkicTio Fe,O3 ta Ti0O;
IJIMHA BIIHOCUTHCA JO CHUPOBUHM 3 BUCOKMM BMICTOM 3a0apBiIIOIOUMX OKCHIB.
KuiBcpka rnuHa mae BUCOKMH BMICT KapOoHaTiB — Ouibine 7 %, cyma JTy»KHUX
okcuaiB mnepeBuirye 2 %. KinbkicTe BUTbHOTO KBapiyy ckiamgae 32,35 %. Cyma
BOJIOPO3YMHHUX COJIEH y BUX1THINA cupoBuHI ckianana 0,25 mr-eks/100 r M, 110
BIIHOCUTH ii JO0 TPyNnu 3 HU3BKUM IX BMICTOM. BMICT IHIIMX OKCHIIB BiAIOBi/IaB
ckinany, %: CaO — 7,56; MgO — 2,05; SO; — 0,45; Na,O — 0,75; K,O — 1,55. Bun

cranoBuB 11,25 %.
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B po6oTi 3acTocoBYBaJIM BIAXOAM, 110 YTBOPIOIOTHCS BHACTIAOK CHATIOBAHHS
BYT'ULIIA, SIKI MAlOTh PI3HUM CKJIaJl, CTPYKTYPY 1 BJAaCTUBOCTI. 3a3BUYail BOHU MICTATH
35% mnaky 1 65% nunonoaiobHoi 30mu. J{o iX ckiIaay BXOIATh MIKPOEIEMEHTH, Takl
K KPEMHIN, aJIOMiHIM, 330 Ta KajibIliii, 110 TMO3WTUBHO OYIyTh BIUTMBATH Ha
BJIacTUBOCTI ueru. Lle gae 3Mory BUKOPUCTOBYBATH iX Y BUPOOHHUITBI KepaMidyHOL
HEerM K J00aBKy, sKa CIPUATHME IT1IBUIIECHHIO MIIHOCTI, 3HMKCHHIO YCaJKU Ta
MOKPAIEHHIO BOJOHETIPOHUKHOCTI.

3ona sBisie coOOK0 MyXKHM Martepian yopHoro abo ciporo kombopy. Kpim
MIHEpaJIbHUX PEYOBMH B HIA NPHUCYTHS OpraHiyHa CKJIagoBa. MIKpOCKOIIYHE
BUBUYCHHS BIJIXOJIB IOKa3ajo, 0 OCHOBHUMH CKJIaJ0BUMH (Da30BOTO CKIamy €
rMHUCTI arperatu — 22%, ckiononiOHa peuoBuHa — 50% 1 kpucramiuni (asmu.
CkrnononiOHa pedyoBMHA € TPOAYKTOM TEPMOXIMIYHOTO BIUIMBY Ha MiHEpaJbHY
yacTuHy nanuBa. CkiIomojiOHI YacTUHKM MaroTh pi3HYy GopMmy, CyIiabHI abo
nopoxHucTi. Cxionomiona ¢aza qoCiiHKyBaHOI 301 HEOTHOPITHA 1 MPEeACTaBIeHA
3epHaMU HEMpPaBWIBHOT POpMH 3 TocTpuUMH IpaHsiMu po3Mipom 0,3 - 10 mM. 3HaynHa
YacTHHA 3€pPEeH Mae€ IMOPH PI3HUX PO3MIPIB, IO YTBOPUIIMCS BHACIOK PI3KOTO
BUIIAPOBYBAHHS TiJ Yac MOTPAIUISTHHS 1LJIaKy Y BOAY. [HOMI 3yCTpiuarOThCsl TAKOX
BEJIMKI BKJIIOYEHHA po3MipoMm 10 40 MM.  MiHepanoriuHui CKiaj 30JM MICTHTb
MYJIT, TE€MaTUT, MAarHeTUT Ta OKCHUA KPEMHII0 MpEeACTaBICHUH PI3HUMH
Moau(IKalisIMA KBapily Y BUIISIAI 0e30apBHUX KpucTadiB posmipom g0 0,14 mwm.
JpiOH1 3epHa KBapIly MO Kpasx 4YaCTKOBO OIUIaBJIEHI Ta MalOTh OKPyTI1y (hopMy.

JInst  BU3HAYEHHS TPUAATHOCTI  MICIEBOI  JIETKOTUTABKOI  TJIMHH  JIS
BUTOTOBJICHHS KEpamiuHOI LErau Oyiau MpPOBEACHI CHUCTEMAaTHYHI JOCTIIKEHHS 3
PO3pOOKH CKJIJIB Mac, a TAKO)K OCHOBHUX XapaKTEPUCTUK BUTOTOBJICHOI MPOAYKIIIi.
Y po0oTi BUKOPUCTOBYBAJIM TJIACTUYHUM CIOCIO MiATOTOBKM CUPOBUHHOI CyMiII Ta
dbopmyBanHHS 3paskiB. [Ipu po3podini kepaMigHUX Mac JUIsl BUTOTOBIICHHS KepamMiqHOL
Herjau HeoOXiHO BpaxoBYBAaTH iX MJIACTUYHICTb, YYTJIHMBICTh JO CYIIIHHS, 3MIHY
JIHIMHUX PO3MIPIB 3pa3KiB MijJ Yac BHUMATy, MEXY MIIIHOCTI Ha CTHUCK Ta BUIHUH,
MOPO3OCTIUKICTh Ta BOJIONOTIUHAHHS.

3 METOI BUBYEHHS BIUIMBY J00aBKM 30JIM Ha TEXHOJIOTIYHI BJIACTUBOCTI

KepaMi4YHMX Mac Ha OCHOBI JIETKOIUIABKOI CHPOBUHHM OylH TOCHIIKEHI IIUXTH 3
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nonaBanHsaM 3074 BiJ 10 10 50%. Takoxx mpoBOAMIN JOCIHIIKEHHS KEPAMIYHOI MacH
0€e3 TOMIIIIOK 30JIH.

Kepamiuni 3pa3ku [ansi MPOBENEHHS JOCHIHKEHb TOTYBAJd METOJIOM
IUIACTUYHOTO (POPMYBAHHS, BUKOPUCTOBYIOUU TEXHOJIOTTUHUN PEKUM MaKCHUMAaJbHO
HAOJIMKEHUH 70 TpPOIeCy BHUIOTOBJICHHS KepamMiyHMX Ler. byno mnpoBeneHo
MaTE€MaTUYHE MOJIENIIOBAHHS CKJIaJIB Mac JJisi BUPOOHMIITBA KEpaMiuHOI LErId Ha
ocHoBi ruHU KuiBchkoi obmacti [6]. JIJig bOTO THHY CIIOYATKY MOAPiOHIOBAH, a
MOTIM TIEPEMENIOBANIM Y BaJbIIX TOHKOTO momeny i1 OiryHax. [lompibreHy 301y
JI0J1aBaJId 10 BUX1AHOI IJIMHU Y CHIBBIAHOUIEHHSX «TJIMHA : 30Ja» Y % Jis 3pa3kis: 1
— 100 : 0; 2 -90 : 10; 3 — 80 :20;4—70:30;,5—-60:4016 — 50 : 50.
[linroToBrieHI KOMIOHEHTH MPOCIIOBAIM Kpi3b CHUTO, MEPEMINIyBald 1 3a4WHSIH
BOJIOIO JI0 HOpMajbHOI (GopMyBaibHOI Bosiorocti. Ilicnsi BuUneKyBaHHS MPOTATOM
noou QopmyBasn 3pazku posmipom 50x50x50 MM 1 po3mipom 60x15%10 mm
METOJIOM IUIACTUYHOTO MpecyBaHHs MpH Bosnorocti 18-22 %. CymiHHS TPOBOAWIN B
cymunpHIW madi mpu 105 °C go mocriitHOi Macu. Bumanenns mpoBoauian B
mydenpHiit miedi npu 1000 °C 3 BUTpUMKOIO 2-4 TOAWMHU MPU MaKCHUMAaJIbHIM
TEeMIIepaTypi 3 HACTYITHUM OXOJOKEHHSIM MpOTAroM Ao0u. Pe3ynbratu gociipKeHb
OTpUMaHUX Mac MOopiBHIOBaIM 13 3pazkoM Ne 1, skuii cknamaBcs Ha 100% 3
JIETKOIUIABKOI TJIUHMU.

Ha pucynkax 1-4 HaBeJeHI OCHOBHI pPe3yJIbTaTU JOCHIIKEHb OTPUMaHUX
KepaMi4yHUX 3pa3KiB — YYTJIUBICTh JO CYIIIHHS, BOJOIOIVIMHAHHS, MEXaHIYHY

MILHICTh HAa CTUCK Ta BUTHH.
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CiBBIIHOILIEHHS [VIMHH 1 30JI1 CHiBBiTHOIIEHHS TIIMHH 1 30]I1
Puc. 3. 3ajexkHicTh MexaHigHOI MilTHOCTI Puc. 4. 3ajgexHicT, MexaHidYHOI MIITHOCTI HA
MPHU BUTHHI BiJl CNIBBiTHOLIEHHSI TJINHH i CTHCK BiJ cHiBBiTHOIICHHS I'IMHM i 30)1H MicJis
3014 MICJIsl BUNAJIEHHA 3pa3KiB BHUIIAJICHHSI 3Pa3KiB
BUCHOBKUA

BuxopuctanHs 30511, 10 YTBOPIOETHCS B PE3YJIbTATI CHATIOBAHHS BYT1UIA HA
TEIUIOBUX EJIEKTPOCTAHINISAX, Y BUPOOHUIITBI KEPaMiuyHOI LETVIM € MEPCIeKTHBHUM
HANpPSIMKOM PO3BHUTKY OyniBenbHOI 1HAYCTpii. Bigxoaum 301M MOXYTh YacTKOBO
3aMIHUTH TPaAMIlIiHI CUPOBHUHI MaTepialid, 10 CHPUSATHME 3HI)KCHHIO BUTpPAT Ha
BUpOOHUIITBO 1ern. JlomaBanus 3014 10 40% crnpusiTUME MiABUIIEHHIO MIITHOCTI
nerny Ha 3ruH Ha 1,6 %. OgHoyacHO Meka MIIHOCTI Ha BUTHH 301IbIIKIACs OlIbIIe
HIXK B 2 pasu.

JlocmipKeHHsT MOKa3any, 110 BUKOPUCTAHHS BiAxoniB 301 ByruibHuX TEC
3MEHIIYIOTh BOJOMOTJIMHAHHS, IO NPUBOAUTH 1O MIABUIIEHHA MOPO30CTIMKOCTI
KepaMi4HOI LIETJIM, 1 COPUSATAME ii JOBTOBIYHOCTI. 3HMKEHHS YYTJIUBOCTI LETJIH JI0
CYLIIHHS IPU3BEAE 10 MiJBUILEHHS SKOCTI MPOIECY CYIIIHHS, a TAKOXK MOKJIMBOCTI
3aCTOCYBaHHS OUIBIN 1HTEHCUBHOI IIBHUIKOCTI CYIIIHHS 1, BIAMOBIAHO, 3HM)KCHHS
Opaky.

Bukopuctanss BiaxoniB temaoeHepreTnyHux ByrinbHUX TEC y BUpOOHHUITBI
KepaMiyHOI LIETJIM € BUTIHUM SIK 3 €KOHOMIYHOI, TaK 1 3 €KOJOT1YHOI TOYOK 30DY.

VYTunizaiiss 30714 3MEHIIYBaTUME KUIBKICTh BIJXOIB, MOKPAIILYIOUU EKOJOTIYHHIMA
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CTaH HABKOJHMIIHBOI'O CCPCAOBHIIA IIPOMHCIOBUX paﬁOHiB, mpo 1o CBi,Z[‘II/ITB

CBITOBHUI JTOCBI, T CIIPUSATAME O1JIBIII CTAJIOMY BUPOOHUIITBY.
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Valeria CHEREPEINYK
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Maria YAKOVCHUK

Student ,
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Abstract: Ceramics in the modern world occupies a multifaceted place, combining tradition
and innovation, environmental friendliness and practicality. Ceramics continues to be the future.
Ceramic brick remains the main building material, and improving its physical and mechanical
properties provides more reliable and environmentally friendly properties of buildings. Modern
building codes and standards require the use of high-quality building materials. Improving the
physical and mechanical properties of ceramic bricks is of great importance for the development of
the construction industry, ensuring the appropriate quality and safety of buildings, as well as
achieving environmental and economic goals in the production of ceramic materials. The use of
coal-fired thermal power plant ash waste in the production of ceramic bricks will help reduce the
negative impact on the environment, reduce the costs of producing ceramic materials, and make the
brick production process more environmentally friendly and economically profitable.

Key words: clay raw materials, ash, ceramic bricks, water absorption, sensitivity to drying,
mechanical compressive strength, mechanical bending strength
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Anomauin. Y pobomi 00cnioxcyiomscs iHHO8ayii' y UpOOHUYMEI TUCMO08020 CKIA hroam-
memooom. O6’ekmom 00CHiONCeHHs € cam ¢hroam-npoyec ma U020 K408l YOOCKOHATEHHS,
enposaddiceri y nepioo 3 2014 no 2025 pix. Mema o210y — npoananizyéamu 3Ha4Hi mexHo1021uHi
00CACHEeHHs, 3YMOGeHl 2l00ANbHOI0  Y8a20l0 00  eKOJOo2IuHOi cmililkocmi ma  3a2albHUM
mexHono2iuHuM npozpecom. OCHOBHI pe3yTbmamu 00CHIONHCEeHHA BUCBIMIIOIOMb NPO2pecC Y KIIbKOX
HanpAMKAx:  B00CKOHANEHHA — KOHCMPYKYill — NIA8UNbHUX — nedeli  O0Ad  NIOBUWEHH:
eHepzoeexmusHocmi ma eHy4Kocmi eupoOHuymea, iHmezpayis Cmaiux NPakmuk, GKI0YAoYU
BUKOPUCTNAHHS  AIbMEPHAMUBHUX 6UOI6 NAIUBA, 30LNbUEHH YACMKU CKI000I0 Ma pPO36UMOK
MEeXHONO02IL  VI0GNIOBAHHA — GV2lleylo,  eBONIoYiAs  MEXHONO02IU  HAHeCeHHs  NOKpUmmie
(HUZLKOEMICIUHUX, COHYE3AXUCHUX, CaAMOOYUCHUX), 3pOCMAda poib A8MOMAmMu3ayii, wmyyHo2o
inmenekmy ma yugposizayii ona onmumizayii npoyecie, nosA6a cneyianizoeaHux 6udié CKid
(cmapm-ckno, coHsiuHe CKI0).

Knrwouosi cnosa: 60denv, OexkapOOHIi3ayis, 0caddiceHHs, nepepooKa, niy, NIAGIEHH,
NOKpUMmSA, CMApm-ckio, ghroam-npoyec.

Beryn

JluctoBe CKJIO € HE3aMIHHUM MaTepiajoM y CY4acHOMY CYCHUIbCTBI, SKHIA
JIEKUTh B OCHOBI YHCJIEHHHUX 3aCTOCYBaHb y PI3HUX CEKTOPaX, TAKUX SIK OyJ1BHULTBO,
aBTOMOGLIeOyMyBaHHs Ta enektponika [1]. Moro yHiBepcalbHiCTh Ta yHiKambHi
BJIACTMBOCTI 3pOOMIM IOro HapiXHUM KaMEHEM Cy4YacHOro >KUTTS. B ocHOBI
IIUPOKOI JOCTYMHOCTI BHUCOKOSIKICHOTO JIMCTOBOIO CKJa JIEXKHUTH (pioar-mpouec —
PEBOJIIOLIIMHA TEXHONOTsl BUpOOHHITBA. [IpMHIMI 1BOrO MeToda WOJsArae y
Oe3nmepepBHOMY BWJIMBAaHHI PO3IUIABJICHOTO CKJa 3 M€Yl y MIUIKY BaHHY 3
po3miaBieHuM 0yi0BoM. CKIJIo, Malo4d MEHIIy TyCTHHY, HIX OJIOBO, IUIaBa€ 1
PO3TIKAETHCS, MPUPOJHUM YHMHOM YTBOPIOIOUH 1/1€abHO PIBHY MOBEPXHIO MiJ AI€I0
CWIN TSDKIHHS Ta MOBEPXHEBOIo HatAry. Kosu cTpiuka ckia pyXxaerbes MO OJIOB'SHIN
BaHHI, 1i Temmeparypa MOCTYNOBO 3HMXKYyeTbcs. [licas Toro, sik BOHa JOCTATHBO

OXOJIOHE 1 3aTBEp/Ii€, i1 MIIHIMAIOTh 3 BAHHU 1 MPOMYCKAOTh Uyepe3 iy Bianamty (Jep)
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IUIE KOHTPOJBOBAHOTO OXOJIO/)KCHHS 3 METOK 3HATTS BHYTPIIIHIX HAMpPYXEHb.
Hapemri, 6e3nepepBHy CTpiuKy po3pi3ar0Th Ha 3arOTOBKHU MOTPiOHMX po3MipiB [2].
[le#i mpomec A03BOJNSE OTPUMYBATH CKIISIHI JIUCTH DPIBHOMIPHOi TOBIIMHU Ta
BUHATKOBOI TJaJKOCTI TOBEpPXHI, YyCyBalouu MOTpeOy B EHEProOEMHUX eTamax
nutipyBaHHs Ta MOJipyBaHHS, HEOOXITHUX y MOnepenHix meroaax [1].

Lle#t ornsm Mae Ha METi OCHTIIUTH Ta IPOaHANi3yBaTH 3HAYHI Y OCKOHAJICHHS,
AK1 OyJIM BIIPOBAKEH1 B TEXHOJIOT1I0 BUPOOHHUIITBA TUCTOBOTO CKJa (prroar-mMeToom
y nepioa 3 2014 mo 2025 pik. Lleit yacoBuii MPOMIKOK € OCOOJIMBO aKTyaJIbHUM,
OCKUIbKM BIH 301ra€TbCs 3 IMIJIBUIICHOK TJIO0AJBHOK YBarokw 10 €KOJOTIYHO1
CTIMKOCTI Ta MIBUAKUM TEXHOJOTTYHUM MPOTPECOM Yy PI3HUX Taly3saX MIPOMHUCIOBOCTI.
Cdepa 1mporo orisay OXOIUIIOE KIHOYOBI HANPSMKA 1HHOBAIIA, $KI 3MIHUIU
BUPOOHUITBA (ioaT-ckia. Ll HanpsAMKH BKIIOYAIOTh YAOCKOHAJICHHSI KOHCTPYKIIIT Ta
eKCIUTyaTarlii TJIaBWIBHUX TI€Yel, IHTEeTrpallii0 CTaIuX MNPAKTUK Uil MiHIMi3ali
BIUTMBY Ha JOBKUIIS, €BOJIOIII0 TEXHOJOTIH HaHECEHHS TOKPUTTIB Ha CKJIO MJIA
MOKpAIEHHS! HOT0 XapaKTEepPUCTHK, 3pOCTal0uy pojb aBTOMaTu3alii Ta nudposizarii
B ONTUMI3aIlli BUpPOOHWYHUX TPOIIECIB Ta MOSABY CIIEIiali30BaHUX BUIIB (iioaT-CcKIia,
MPUCTOCOBAHUX O KOHKPETHUX MOTped puHKy. [locTiiiHe mparHeHHs 10 OUIBLIOTOo
PO3MAiTT MPOMYKINii, MiBUINCHHS €(PEKTUBHOCTI, MOKPAIICHHS EKOJIOTTYHOCTI Ta
BUIIUX XAPAKTEPUCTUK MPOAYKII CTUMYJIOE Oe3MepepBHI 1HHOBAII B I J100pe
HaJaropKeHii ramysi.

Y10cKOHAJIEHHA TEXHOJIOTIH Mme4vel Ta MJIaBJIeHHS

3'IBHIIMCS 3HAYH]1 1HHOBAIIT B KOHCTPYKIIi Iedel, cipssMOBaHI HacaMmrepea Ha
MiBUIICHHS €HEeproe(eKTUBHOCTI Ta PO3LIMPEHHS BHUPOOHUYUX MOKIMBOCTEH.
OnHier0 3 MOMITHMX PO3POOOK € BIPOBAIKEHHS CKJIOBApPHOI Medi 3 MOABIMHOIO
3oH010 oxonomkeHHs (FFDC - furnace with a double cooler). Lis HoBa KOHCTpYKIIis,
BJIOCKOHAJICHA MOPIBHSIHO 3 TPAAMIIMHOI0 KOHCTPYKIIEID, Ma€ Ha METI PO3MIUPUTH
ACOPTUMEHT CKJISTHOI MPOAYKIIii, IKy MOKHA BUPOOJIATH HA OJHIH meyi [5]. AKTHBHO
JAOCTIIKYETbCA MOXMJIMBICTh 3aCTOCYBAHHS 1i€1 KOHIIETMIII Y BEIUKOTOHHAaKHUX
neyax, 10 CBIIYUTH MPO PyX N0 OUIBIIMX MAacIITabiB BUPOOHUIITBA Ta THYYKOCTI.

[TatenTHa miTepaTypa TaKOX BimoOpakae IO TEHACHIIIO, TMPOMOHYIOYH BUHAXOMM,
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TaKl sIK M4 JJ1s1 OJJTHOYACHOTO Oe3MepepBHOTO IJIABJICHHS KiJTbKOX BUAIB ckia [6]. 11s
KOHCTPYKLIS Ma€ CHUIbHY KaMmepy 3TOpsSHHS Ta KUIbKa IUIABHJIBHUX OaceiiHiB,
PO3IUIEHUX CHUIBHUMM CTIHaMH, IO J03BOJIIE BUPOOJATH Pi3HI TUMM CKia 0Oe3
B3aeMHOTO 3a0pynHeHHs. [logiOoHuM unHOM Oyja 3amaTeHTOBaHA KOHCTPYKIIIS Medi
st Goar-ckiia, MO BKIIOYAE IIOHAWMeHIe aBa ¢igepu (CKUBHIBHHUKH) Ta
(dbopmyBasibHe 00JaHAHHS, 3 METOIO JOCSITHEHHS PEKUMY BUPOOHUITBA "0O/HA MY —
KUTbKa JTHIN" JUIs 3HWKEHHS BUTpPAT Ha OYAIBHUIITBO Ta MiJABUINEHHS 3arajibHOi
edexTuBHOCTI [7]. 3pocTaroumii iHTepeC 10 BEIMKOTOHHAKHUX Ieder st dioart-
CKJIa 3 TOJBIMHOI 30HOK OXOJIOJKEHHS e OlIbIIe IMiAKPECTIOE MParHeHHs Tary3i
70 3017IbIIEHHS BUITYCKY MPOAYKIT Ta nuBepcudikaiii acOpTUMEHTY.

JlocniKeHHsT TaKoXX 3arjuOWIIMCS B ONTHMI3AIII0 TEIUIOBUX Ta MOTOKOBHX
XapaKTEPUCTHK Y MHX TMEPEeIOBUX CKIOBAPHUX Ie€4aX. METOIu YHCIOBOTO
MOJICITIOBAaHHSI OyJIM 3aCTOCOBaHI /IS aHANI3y IMOBEIIHKH PO3IUIABICHOTO CKJIa B
FFDC, BusBHBIIM TOKpalleHy TeMIepaTypHy CTaOUIbHICTh IOPIBHSIHO 31
3BuvaiiHuMu medamu [S5, 8]. JlomaBaHHsA BiATamy)KEHHS B KOHCTPYKI 30HH
OXOJIOJDKCHHS CIpUsi€ OUTBII PIBHOMIPHOMY PO3MOJAUTY TEMIEpaTypu Ta MIATPUMYE
XapakTep MOTOKY, MOAIOHHI 10 TAKOTO B OPUTIHAIBHIN KOHCTPYKLIT KITACHYHOI 30HH
OXOJIOJDKeHHS. Taki pe3yiabTaTd MOJCITIOBAHHS HAJAIOTh BAKIIWBI YSBJICHHS PO
JOIIILHICTh HOBUX KOHCTPYKIIIH Ta J0omoMaraloTh B YJAOCKOHAJIIOBaTH poOoul
napameTpH JIJIsl ONTUMAIILHOTO BUPOOHHIITBA CKJIA.

3ycwiisa moA0 MiHiMi3allli eHEProEMHOCTI MPOIECY TUIABICHHS 3aIUIIAI0ThCS
KPUTUYHO BaXXJIMBOIO c(eporo. BuBueHo pi3HI cTparerii, BKIIOYAIOUU ONTUMIZAIIIO
MOTOKY TIOBITPSl, TOCWUJICHHSI TEIJIONEpeaayul Ta 3acTOCyBaHHS PI3HUX METOJIIB
CHajroBaHHs mnaiuBa [5]. BUKopucCTaHHS MONEpeIHbO 3MIIIAHUX MAJIMB, MOKAa3ajo
MOTEHITIa IS MABUIICHHS e()EeKTUBHOCTI 3TOPSHHS Ta JOCSITHECHHSI BHUIIUX
TeMIiepatyp IiaBieHHa. KpiM TOro, maTeHTHa aKTHBHICTh CBIIYUTH MPO TOCTIHMHI
1HHOBAIlll B €HEPro30epiraroyux TEXHOJOTIAX, TaKUX SK CHCTEMH MOIMEPEIHbOTO
HArpiBaHHS IIMXTH JUIS M€Yl Ta BUKOPUCTAHHS 1HIYKIIWHOTO HArpiBy MpHU BapiHHI

ckia [9]. i ymockoHaneHHs BiJ0Opa)karOTh CHUTBHI 3yCHJUIA IIOJI0 3MEHIIEHHS
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CIO’KMBAHHS €Heprii Ta MOB'SI3aHOrO 3 I[UM BIUIMBY Ha JOBKULIS MPU BUPOOHHUIITBI
¢noar-ckia.

CraJjii NpakTHKM Ta €KOJIOTIYHI aCIIeKTH

HeoOxigHICTh 3MEHILIEHHS €KOJIOTIYHOTO CJiy MPOMHUCIOBUX MPOLECIB
3MyCHWJIa IPUIUISTH 3HaYHYy yBary CTajioMy PO3BUTKY B Tajily3l BUpOOHHUIITBA (ioaT-
ckia [10]. Benuki eBponelcbki BHUPOOHMKHM JIMCTOBOTO CKJIa BiJpearyBaju
PO3pOOKOI0 BapiaHTIB ()10aT-CKJIa 3 HU3LKUM BYTJICIIEBUM CIiZIOM, X04a MPOOIEMH 3
MacimTaOyBaHHSIM BUPOOHHUIITBA Ta 3aJ0BOJICHHSAM PHUHKOBOTO TMOMUTY Hapasi
00MEXYIOTh 1X MHPOKY gocTynHicTh [10]. IIpomucioBicTh Bce Oinibllie 1HBECTYE B
eHeproepeKTHUBHI TEXHOJIOTii BUPOOHULITBA Ta AOCIIIKYE adbTepHATUBHI JDKepena
eHeprii 1 3MeHIIeHHs BukuaiB Byriento [11, 13]. Eneproemuuii xapakrep
BUPOOHUIITBA CKJla, HacaMmIlepel 4Yepe3 BHUCOKI TeMmmepaTypu, HEOOXiIHI I
TJIaBJICHHS] CHPOBHHM, 3HAYHO CIIPHsi€ 301UIBIICHHIO HOTO ByTIerieBoMy ciiay [12].

KirouoBoro cTpareriero nekapOoHizalii € Iepexi Ha ajdbTepHATHBHI BUIU
namuBa. Kommnanis Pilkington, nampuknazg, ycmimiHo mpoBeia BUIPOOYBaHHS 3
BUKOPUCTAHHSM BOJHIO Ta OiomajuBa 3aMmiCTh NPUPOJHOIO Ta3y, JIOCSATHYBILIU
3HAYHOTO CKOPOYECHHS BHKHUAIB miokcuay Bymiemio [10]. Takoxk akTHBHO
TOCIIKY€EThCS TIOTEHITIAN €JICKTPUYHHUX TeUeH, 1110 KUBJSATHCS Bl BIIHOBIIIOBAHUX
JDKEepell €Heprii, Ta 3eJIEHOTO BOJIHIO SIK CTaJIUX albTepHaTHB [15].

301TbIIIeHHsT BUKOPUCTAHHS TIEPEPOOJICHOTO CKJIa, a00 CKJIO00¥0, € 111 OTHIEI0
BOKJIMBOIO CTaJIOK0 TMPAKTUKOK. BKIIOYEHHS OIbIIOT KIJIBKOCTI CKJI000I0 Yy
BUPOOHUYMI MPOLEC 3HIXKYE HEOOXIJAHY TeMmeparypy IUIABICHHS, THUM CaMHUM
3MEHIIYIOUU SIK TEXHOJIOT1YHI BUKUAM, TakK 1 MoTpedy B mepBuUHHINA cupoBuHi [10].
IlepepoOka omHI€ET TOHW CKJIa MOXE€ 3a0IIAJUTH 3HAYHY KUIBKICTh €Heprii Ta
3amo0IirTH BUKULY COTEHb KinorpamiB CO; [16, 17].

YI0CKOHANEHHS TEXHOJIOTIH YJIOBIIOBAHHS BYTJCII0 TaKOX HaOHparoTh
00epTIiB y CKJISHIA TPOMHCIOBOCTI K crocid 6opoTeou 3 Bukugamu CO, [10].
JIOCTTKYIOThCSL  pI3HI  TEXHOJIOTII, BKJIIOYalouuM abcopOIif0 3a JOTIOMOTOIO
PO3YMHHMKIB Ta aJcopOIiio Ha TBepaux copOentax [18]. Takox po3poOistOThCS

IHHOBAIIIHI TiAXoau, Taki sk meton Airovation Technologies, mo BuKOpHUCTOBYE
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CyHepoKCUIHI pagukanu ais neperBopeHHss CO, Ha minHi kapoonatu [19]. IlinoTHi
MIPOCKTH, SIKI JEMOHCTPYIOTh YJOBIIOBAHHS BYIJICIIO B YMOBaX KOMEPIITHOTO
BUPOOHUIITBA CKJIA, JOCATIM TOMITHOTO YCIIXY, MIAKPECIIOYU TOTEHINAT IUX
TEXHOJIOTIH JJIsl CIpHUSIHHS OBl cTasioMy MailoyTHhoMy ramysi [20, 22]. Komnanis
GEA mnpomonye yctaHoBku g yjosiatoBaHHS CO,, 1m0 BUKOPHUCTOBYIOTH pi3HI
peareHTH [Isi OYMIICHHS, 3 METOI JOMOMOTIM BUPOOHUKAM CKJIa y 3MEHIICHHI
BHUKUJIIB Ta MiABUIIICHH] eHeproedekTuBHOCTI [21].

KpiMm 1mx OCHOBHUX cTpareriid, Bce OUIbIlIa yBara MHNPUIUISETHCS 1HIIUM
CTaJuM IpaKTHKaM, TaKUM K ONTHMI3allis JAHLIOTIB MOCTaYaHHsA, MiI0Ip SAKICHUX
JDKEepeN CUPOBHHHHMX MaTepialliB, 3MEHILEHHS BIIXOIIB Ta €()EeKTHBHE YIPaBIIHHS
BogHUMH pecypcamu [11]. Kommanii BOpOBaIKyIOTh 1HIIIATUBU JJI1 MIHIMI3aIlil
YTBOPEHHS BIAXOAIB Ta MaKCUMi3alli BHUKOPHUCTaHHS pECypCciB y BCIX CBOIX
omeparisx [23]. BropoBamkyroThcsi cuctemMu (UIbTparii BoAM AJiA 3a0€3MEUCHHS
e(eKTUBHOT PELUPKYJISIIT Ta MOBTOPHOIO BUKOPUCTAHHS BOJM HA PI3HUX eTamnax
npolecy BUpOOHHUIITBA CKJIa, IO Iie O1IbIlle 3MEHIITY€e BIUIMB Ha JOBKILIA [24].

InHoBamLil B TeXHOJIOTIAX HAHECEHHS MOKPHUTTIB HA CKJIO

[HHOBALIIT B TEXHOJIOTIAX HAHECEHHS MOKPUTTIB Ha CKJIO 3HAYHO PO3IMIUPUIN
(GYHKIIOHATBHICTh Ta EKCIUTyaTalllifHl XapakTepUCTUKU (PIoaT-ckia, 3a0BOJIbHIAI0OUN
pPI3HOMAaHITHI MOTpeOr B €HEProedEeKTUBHOCTI, KOHTPOJ OCBITJICHOCTI Ta €CTETHIII
[3]. Metoau HaHeceHHs MOKPUTTIB "Ha JiHII", 30KpeMa XIMIYHE OCaHPKCHHS 3
napoBoi (azu (CVD - Chemical Vapor Deposition), ctaim HEBiI'€éMHOI YaCTUHOIO
dnoat-npouecy. CVD mnepenbadae ocaJkeHHs TOHKMX IIIAapiB MarepiajiB Ha
OXOJIOJKYBaHY CTPIUKy CKJIa TiJ 9ac 1i Buxoxay 3 ¢uioar-Bannu. Lleit meTon nqo3Bossie
TOYHO HAHOCUTH MOKPUTTS TOBUIMHOIO MEHIIE MIKPOHA, 110 3/1aTHI BIIOMBATH CBITJIO
MEBHUX JOBXWH XBWIb, TAKUX SK BUANME Ta iH(padepBOHE BUIPOMIHIOBAHHS |3,
27]. Oxcup onosa, neroBanuii propom (FTO), € mommpennm marepianom mist CVD-
MNOKPUTTIB B apXITEKTYPHUX 3aCTOCYBAHHSX 3aBJSKU HOTO MPO30POCTI Y BUIUMOMY
CHEKTp1 Ta BIAOMBHIN 31aTHOCTI y JaJIeKOMy 1H(ppauepBOHOMY Jliana3oHi, 10 CIpUse
HU3BKOMY KO€(QILIEHTY BHUIPOMIHIOBAHHS Ta TOKpalleHid Tero3oasii [26].

[Tomampmmii  po3Butok mpomeciB CVD wmae moTeHmian 3 dYacoM 3aMiHUTH
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Moau(iIKali CKIaay CKjia SK OCHOBHOTO CIOCOOY 3MiHU ONTHYHHMX BJIACTUBOCTEH
¢bnoar-ckia [3].

Metoau HaHeceHHs MOKPUTTIB "Mo3a jiHiew", Taki K (Pi3UuHE OCaIKEHHS 3
napoBoi ¢azu (PVD - Physical Vapor Deposition), Takox BiIirparoTh BUPIIIATIbHY
pOJib y BHUPOOHULTBI BHCOKOSIKICHOTO CKJa 3 MOKpUTTSIM [28]. MarnetpoHHe
posnuiieHHs, nomwupennit metonx PVD, mnependauae OomOapayBaHHS MaTepiainy
MIIIeH] 10HaMH Yy BaKyyMHIA Kamepi, 10 IPU3BOAUTH 0 BHOMBAHHS aTOMIB Ta iX
OCQ/KCHHS Y BUTJISIA1 TOHKOI TUTIBKK Ha CKIISIHY TAKIaaKy. HamumeHni mokpurTs, siki
gacTo HasuBaroTh "M'skumu" ("soft-coat"), MOXyTh ckiamaTucs 3 0araTboxX IIapiB
METaJIeBUX Ta OKCUAHMX MatepiaiiB. Lle 1o3Bossie kpaie KOHTPOIIOBATH ONTUYHI Ta
Ter1o(i3uyHI BIACTUBOCTI ckia [28, 30].

EBomontiss HuspkoemiciiHux (Low-E) MOKpUTTIB cTana OCHOBHUM PYIIEM
nigBuIIeHHa eHeproedextuBHocTi OyaiBens [11]. [lokpurrs Low-E npusnaueni pis
MIPOMYCKAHHS BUMMOTIO CBITJIa ITPU MIHIMI3allli TPOMYCKaHHS yJIbTpadioaeTOBOro Ta
1HGpauepBOHOrO BUIPOMIHIOBAHHS, TUM CaMUM 3MEHIIYIOUM TEIJIONepeaady depes
BikHa [33]. Cnouatky nokputts Low-E HaHocwiucs 3a JOMOMOTO0 MIpOTITUYHUX
metoniB CVD mix wac ¢uoat-npouecy [32]. Opnak cywyacHi mokputts Low-E
3a3BUYail € OaraTomapoBUMU MOKPUTTSIMHU Ha OCHOBI cpibiia, 110 HAHOCATHCS 1032
JHIEIO 32 JOMOMOTOI0 MAarHeTPOHHOTO PO3MUJICHHS JJisi JOCATHEHHS MOKPAIEHOT
MPO30pOCTI Ta HWXKYOro KoedimieHta BunpoMinioBanHs [32]. EdexTtuBHICTH
nokpuTTiB Low-E 3HauHO 3pocna 3a pokd, MPOTrpecyrodd BiJ MOKPUTTIB 3 OJIHUM
mapoMm cpibjsia 10 MOJBIMHUX, MOTPIMHUX 1 HABITh YOTHPHOXIIAPOBUX CPIOHUX
nokputTiB. KoXKHE HAcTymHE NOKOJIHHS MPOMOHYBAJO MOKPAIIEHI MOXKIUBOCTI
OJIOKYBaHHSI COHSYHOTO TEIUIONOIVIMHAHHA Tpu 30epeKeHHI BUCOKOIO pIBHSA
NPOITyCKaHHS BUAUMOTO CcBiTiIa [33].

[ToxkpUTTA AT COHSYHOTO KOHTPOJIIO (COHIIE3aXUCHI) € 1€ OJIHIE€I0 BaXIJIUBOIO
kateropiero 1HHoBaiid [2]. 1li MOKpUTTA mpu3HAYEH] JJIs 3MEHIICHHS KUIBKOCTI
COHAYHOTO TEIUla, fKEe TMOoTparuiie B OYIIBIIO, JOMOMAaraloud MiATPUMYBATH
POXOJIOAY B MPUMILIECHHSX Ta 3HUKYBATH BUTPATH HA KOHJIMLIIFOBAHHSA MOBITPs. JlJis

JOCATHEHHSI COHSIYHOTO KOHTPOJIIO BUKOPHCTOBYIOTHCSI PI3HI METOJM, BKIIOYAIOUH
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Jo/JaBaHHs OapBHUKIB IIiJI 4Yac BHUpPOOHUIITBA (hjioaT-ckja (TOHOBaHE CKJIO) Ta
HAHECEHHSI METAJIEBUX MOKPUTTIB (pe(IEKTOPHE CKIJIO) K HA JIiHII, TaK 1 1034 JIIHIEI0
[2]. OcTanH1 JOCSATHEHHS BKJIIOYAIOTh PO3POOKY O10IHCIIPOBAHUX MOKPHUTTIB, SKI HE
TIIBKK 3a0€3MeuyloTh HEOOXITHUI CTYHiHb MPO30POCTi, ajie ¥ MalTh CaMOOYHCHI
BJIACTMBOCTI Ta HAJI3BHUYAWHO TJaJIKy MOBEPXHIO, IO CBIAYMTH MPO TEHIEHIIO J0
O6araToQpyHKIIOHAIBHUX IMMOKPUTTIB Ha CKJl [34].

TexHonorii caMOOYHUCHOTO CKJa TaKOXK 3a3HalM 3Ha4yHOTO mporpecy [4]. L
MOKPUTTS 3a3BUYall MOJAUIAIOTHCS Ha JB1 KaTeropii: rigpodooHi Ta rigpodiasHi [37].
I'apodinpHl TOKPUTTSA, YacTO HAa OCHOBI JIOKCHAY THUTaHy, BUKOPHUCTOBYIOTh
dboTokaTami3 Ui PO3MICIUICHHS OpraHIYHOrO Opymy Ha TOBEPXHI CKJIA M €0
coHsiyHOoTO CBiT/ia. Ilomanpmia Haa3BHUYaiiHa TiAPOMUIBHICT MOKPUTTS J03BOJISE
JOLIOBIM BOAI 3MHBAaTU pO3MICIJICHUN Opyna, 3ajJumialoydl CKJIO YHUCTUM 3
MiHIMaJIBHUMH po3Bojiamu [37].

InTrerpaunis aBromaru3anii Ta nudposizanii y BUPOOHUIITBO

["anmy3s BupoOHUIITBA (10aT-CKJIa BCE YACTIIIE BIPOBAIKYE aBTOMATU3ALIIIO Ta
nudposizaiio I8 ONTUMI3alii BUPOOHUYUX TMPOIECIB, MOKPAIICHHS KOHTPOJIIO
AKOCTI Ta  TMiABUINEHHS 3arambHOoi  edextuBHOCTI [11].  ABTOMaTum3aris
BIIPOBA/KY€ETHCS. HA PI3HUX eTamax BUPOOHUIITBA, Bil OOpPOOKM CHPOBUHH [0
mTa0eMOBaHHsl TOTOBUX JIMCTIB ckia [43]. ABTOMATHM30BaHI CHUCTEMH MOXKYTh
BUKOHYBAaTH 3aBJaHHA 3 OUIBIIOI TOYHICTIO Ta MOCIIJOBHICTIO, HIXXK py4yHa Mparis,
10 TPU3BOJAUTH /10 3MEHILIEHHS MOMMJIOK, 30UIBIIEHHS MPOIYCKHOI 3IaTHOCTI Ta
3HWKEHHS BUpOOHUUYUX BUTpart [40].

Mrtyynuit  igTenekr (III) Ta  mammHHE  HAaBYaHHA  BIAITPaAOTh
TpaHcopMmarlliiHy poJjib B ONTUMI3allli MpoleciB Ta KOHTpoJi skocTi [44]. Cuctemu
MaIuHHOTO 30py Ha 06a3i [l po3ropratoTbest 1yisi IepEeBIpKHU TOBEPXHI B pEATLHOMY
yaci Ta 374aTHI BHUSBIATHA HaBITh MIKPOCKOIIYHI e()EeKTH HAa BHUCOKHX IIBHIKOCTSIX
BupoOHuITBa [44]. Lli cucremMu MOXYTh HAaBYAaTHCS HAa OCHOBI MPOOJIEM SIKOCTI,
MOCTIMHO TOKPAIYyIOYd CBOIO TOYHICTh Ta €(EKTUBHICTH Yy BHIBJICHHI Ta
kinacudikamii nedekrie [46]. AHammi3 BeaWUYe3HUX OOCATIB BUPOOHWUYMX JaHUX 3a

JIOTIOMOTOI0  aJITOPUTMIB MAIIMHHOTO HABYaHHS HAJA€ IMIHHI BIJOMOCTI IS
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onTUMI3allli MapamMeTpiB TMpoOIEeCy, 3MEHIICHHS BIAXOJIB Ta MPOrHO3YBAaHHS
MOXKJIMBHX B1JIMOB oOjaaHaHHs [47].

CeHCOpHI TEXHOJIOTIi Ta aHaITHKAa JaHUX 3a0€3MeuyloTh MOHITOPUHT
KPUTUYHUX TapameTpiB y peajbHOMY 4aci 1Mo BCiil JiHil BUpOOHMIITBA (hIoaT-CKiIa
[39]. Lle nmo3Bosisie BUpPOOHMKAM OIEPATUBHO BUSBISATH Ta YCYBAaTH BIIXHJICHHS
nporiecy, 3a0e3neuyroud CTaOlIbHY SKICTh NpoAyKilii. IIporHo3He TexHIUHE
0o0CITyroByBaHHS, IO TOJIETIIYETHCS aHATI30M JaHWUX JaTYMKIB Ta ICTOPUYHUX
TEHJICHI[IN, JormoMarae mepeadadatd mNOTpeOu B O0OCITYroByBaHHI OOJaJHAHHS,
MIHIMI3YIOYM  HE3aIllJJaHOBaHI MPOCTOI Ta  MAaKCHMI3YIOUHM  eKCIUTyaTalliiHy
edexTuBHICTH [39].

[HTErpOBaHI CUCTEMU KEpyBaHHS MalOTh BHUpIIIAJIbHE 3HAYECHHS IS
onTUMi3aIlii CKJIaJHOT MOCTIJOBHOCTI Omeparliii Ha JiHii BUpoOHHUIITBA (hrroaT-cKia.
Ili cucremu 00'enHyIOTH pi3HI (QYHKII, BiA NpUWMaHHS CKJa 3 Tedl BiAHaly 10
pi3aHHA, COPTYBaHHS Ta INTaOeMOBaHHS ToToBUX JUCTIB [41]. OO'eqnyroun BCi 1l
byHKIiT Ha €quHIN mIaTdopMi aBTOMaTHU3AaIlll, BAPOOHUKH MOXYTh JAOCATTH Kpamioi
KOOpAWHAIT, 3HU3UTH BUPOOHHY1 BUTPATH Ta 30UIBIIUTH MPOMYCKHY 3AaTHICTH [41].
[Tnatdopmu HHU3BKOpiBHEBOro koayBaHHs (Low-code) Takoxk CTarOTh IIHHUMH
IHCTpYMEHTaMH 7151 BAPOOHMKIB CKJIA, T03BOJISIIOYH M MIBUAKO IIU(POBI3yBaTH Pi3HI
aCIleKTH CBO€1 JISUTBHOCTI, BKJIIOYAIOYM BIJCTEXKEHHS MPOJYKIII, YIpPaBIIHHS
BUPOOHHIITBOM Ta KOHTPOJIbHI CIUCKU SKOCTI, 1[0 MPU3BOJUTH A0 3HAYHOT €KOHOMIi
qacy Ta MOKpaIieHHs mpo3opocTi [42].

Hogi Tenaenuii Ta cneniagizoBani Buam ¢guioar-ckia

Punok (noat-ckia mokasye 3pocTaiounii OMUT Ha CHelialli30BaHy MPOAYKLIO
3 MOKpalleHUMHU (PYHKIIOHAIBbHUMH MOXJIMBOCTSIMH, 11O 3YMOBJIEHO MIHJIMBUMHU
notpedamMu B pi3HHX cekTopax [2]. BupoOHuku Bce Ouibllie 30CEpeIKyIOThCS Ha
po3po0Ili CKJIa 3 TIOKPAIICHOK TeIUIOI30SIIIEI0, COHSYHUM KOHTPOJIEM Ta
AKyCTUYHUMHU XapaKTepUCTUKAMHU. 3arapToBaHe CKJIO Ha0yBa€ MOIMYJSIPHOCTI B
apXITeKTYpHUX 3aCTOCYBAaHHSX, Takhx sK (acamd Ta Jaxu, JJs ONTHMI3aIii

IPUPOJTHOTO JICHHOTO OCBiTIeHHs [11].

241



CEKIIIA 3. KepamidHi Ta CKIIONOMiIOHI MaTepiamu

TexHoorii cMapT-ckia (PO3yMHOIO CKJIa) € HOBOIO TEHJICHIIIE€r0 B ranysi [31].
CMapT-CKI10, TAKOXK BIJOME SIK CKJIO 31 3MIHHUMH BJIACTUBOCTSIMU, MOKE JUHAMIYHO
3MIHIOBATH CBOi XapaKTEPUCTUKH, TaKl sIK HEMPO30piCTh ab0 BIATIHOK, Y BIAMOBIIHL
Ha 30BHIMHI ymMoBH abo mii kopuctyBaua [31]. Lls TexHomoris, HaldacTimie
peanizoBaHa Ha moJiMepHO-AucnepcHux piakux kpucragax (PDLC - Polymer
Dispersed Liquid Crystals), mporoHye MOKpalleHHii KOHTPOJb HaJl MPUPOIHUM
OCBITJICHHSIM Ta eHeproePekTuBHICTIO B OyAiBisax [31]. Po3poOnstoThes pi3HI THIH
CMapT-CKJIa, BKJIIOYAKOYH JJAMIHOBaHI1, 3arapToBaH1, aKyCTUYHI Ta BapiaHTH Y BUTJISII
CaMOKJICIOYOi IUTIBKH, IO 3a/J0BOJBHSIOTh UIIMPOKHUI CIEKTp 3aCTOCYBaHb Y
OyAiBHUIITBI, aBTOMOO1/1e0yJyBaHHI Ta Au3aiiHi iHTep'epy [50].

3poctatoua rio0aipHa yBara J0 BIJIHOBJIIOBAHOI EHEPIreTUKH CTUMYIIOE
YAOCKOHANIGHHS (roaT-ckima it coHsuHOi eHepretuku [11]. dmoar-ckino €
KJIFOUOBUM KOMITOHEHTOM (DOTOCTICKTPUYHHMX TaHesel, 3a0e3medyroun 3axXucT Ta
MPOMYCKaHHs CBITJA ISl IEPETBOPEHHSI COHsUHOI eHeprii [49]. 3pocTae monuT Ha
BHUCOKOE(PEKTUBHI (HOTOETEKTPUYHI MOJyJIl Ta HAANPOo30pe (oaT-CcKIIo, CIeHiaJbHO
po3pobiieHe mig coHsuHMX eneMeHTiB [11]. [aTerparis GoTOEIEKTPUUHOTO CKIa Y
dacamu Ta BikHA OyAiBETh TAKOXK € HOBOIO TEHJCHINEIO, IO JO3BOJISIE OYIIBIISAM
BUPOOJISITH BlIacHy eHeprito [31].

3naTHICTh (hI1oaT-mpoIecy BUPOOISATH CKIO B IIMPOKOMY Jiara3oHi TOBIIWH,
BiJl HAATOHKOTO (10 4 MM) 0 HAATOBCTOrO (10 25 MM), TAKOX PO3IIMPIOE HOTO
3actocyBanHs [1]. Ll yHIBepcanbHICTh JO3BOJSIE BUKOPUCTOBYBATH (HhI0AT-CKIO Y
Creliaii30BaHuX 00JIaCTAX 032 TPAJAUIIHHUMM BIKHAMU, HaNPUKJIAJ, B €JIEKTPOHIII

Ta IEPEOBUX TEXHOJOTTUHUX MPUCTPOsIX [57].

BUCHOBKU
Lle#t ormsa BUCBITIIIOE 3HAYHI Cy4YacHI1 1HHOBAIl y BHPOOHMIITBI JIUCTOBOTO
ckia (uoar-mMerogoMm, mo 3'sBuivcs B mepioxg 3 2014 mo 2025 pik. [anyss
NPOJAEMOHCTpYBaja CTajdy CXWJIBHICTh J0 BIOCKOHAJCHHS TEXHOJOTIH meueill Ta
TUTABJICHHS JUJISl MIABUIIEHHS €(eKTUBHOCTI Ta BUPOOHUYUX MOXIMBOCTEH. 3HauHa

yBara J0 CTajoro PO3BUTKY CTHUMYJIOBaNa JOCIIHKCHHS albTEPHATUBHUX BHIIB
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najauBa, 30UIbIICHHS BUKOPUCTAHHS TMepepoOJICHOro CKia Ta PO3pOOKY TEXHOJIOTiH
VJIOBIIIOBaHHS BYTJIEI0. [HHOBAIli B TEXHOJOTISX HAHECEHHS MOKPUTTIB Ha CKIIO
OpU3BEIM 10  CTBOPEHHS  BHCOKOSKICHOT — MPOAYKIi 3  MOKPAIICHOIO
€Heproe(PeKTUBHICTIO, COHSAYHUM KOHTpPOJIEM Ta IHIIMMU (YyHKLIIOHATBHUMHU
MOKJIMBOCTAMHM. 3pOocTaroda iHTerpailisi aBToMaTu3allii Ta udposizaiii, BKIOYa0YH
I Ta mMamMHHE HABYAHHA, 3MIHIOE BUPOOHHMUI MPOIECH, MOKPAIIYIOUHd KOHTPOJIb
AKOCTI Ta YMOXJIMBIIIOIOUM TIPOTHO3HE TeXHIYHe oOcimyroByBaHHa. Hapemri,
po3poOKa creriagizoBaHuX BUIIB (JI0aT-cKjia, TaKUX SK CMapT-CKIO Ta COHSYHE
CKJIO, BIIKpUBA€ HOBI PUHKH, SIKI MOCTIMHO PO3IIUPIOIOTHCS. Pa3zom 1i J1ocAarHeHHs
JEMOHCTPYIOTh TWHAMIYHHMI Ta IHHOBALIMHUN XapaKTep rauxy3i BAPOOHUIITBA (ioaT-
CKJIa, SIKa BIJITpa€ >KUTTEBO BAXKIUBY POJIb Y CYYaCHOMY CYCIIJIBCTBI, OJHOYACHO

BUPIIYIOYH KPUTUYHI BUKIUKU 21-TO CTOMTTS.

Cnucok Jiteparypu:
1. Nascimento, M. L. F. (2014). Brief history of the flat glass patent — Sixty years of the
float process. World Patent Information, 38, 50-56.
https://doi.org/10.1016/;.wpi.2014.04.006
2. Pilkington, A. (1969). The float glass process. Proceedings of the Royal Society of
London. Series A, Mathematical and Physical Sciences, 314(1516), 1-25.
https://doi.org/10.1098/rspa.1969.0212
3. IlnemsuHikOB, M. M., fuenko, A. IL., [lumunenko, 1. B., Kopuinosuu, b. 0. (2018).
IHHOBAITIHiHI TEXHOIOTIT y BUPOOHHUIITBI CIIEHIAILHOTO Ta MOOYTOBOTO CKia [EmekrponHuit
pecypc]: mApYyYHUK AJis CTYACHTIB cremianbHocTi 161 «XiMiuHI TEXHOJIOTIT Ta 1HKEHEPis»,
criemiarizanii «XiMigHI TeXHOJIOTii HeopraHiYHUX KepamidyHuX matepiamiBy. Kui: KIII im.
Iropst Cikoperkoro. 1 ¢aiin (5,94 Moaiir). 298 c.
4. Pilkington. The float process. https://www.pilkington.com/en/global/knowledge-
base/glass-technology/the-float-process/the-float-process
5. Cheng, B., Feng, H., Wu, F., Liang, X., & Li, M. (2024). Study on the Characteristics of
Molten Glass in a Float Glass Process with a New Structure. Materials, 17(20), 4989.
https://doi.org/10.3390/mal7204989
6. Forglass Engineering Sp. z 0.0. (2021). Furnace for simultaneous continuous melting of
multiple glasses (EP  Patent No. 3907196A1). European Patent Office.
https://data.epo.org/publication-server/rest/v1.2/patents/EP3907196NWA 1/document.html
7. Xinyi Electronics (Wuhu) Co., Ltd. (2012). Float glass furnace (Kuraticekuit matent No
CN202139161U). [lepxaBHe ympaBiliHHS IHTENEKTyalbHOI BiacHocTi KwuTaiicbkoi
Haponnoi PecryOumiku. https://patents.google.com/patent/CN202139161U/en
8. Cheng, B., Feng, H., Wu, F., Liang, X., & Li, M. (2024c). Study on the Characteristics
of Molten Glass in a Float Glass Process with a New Structure. Materials, 17(20), 4989.
https://doi.org/10.3390/mal7204989
9. Justia Patents. Glass furnace with furnace charging means patents and patent
applications (Class 65/335). https://patents.justia.com/patents-by-us-classification/65/335

243



CEKIIIA 3. KepamiuHi Ta CKIOMOAIOHI MaTepiaan

10. Decarbonizing flat glass. US Glass Magazine Insights.
https://usglassmag.com/insights/2024/09/decarbonizing-flat-glass/
11. Float glass market report | Industry analysis, size &  forecast...

https://www.mordorintelligence.com/industry-reports/float-glass-market

12. Carbon footprint of glass industry 101: Understanding the environmental impact of
glass production. https://glassforum.org/carbon-footprint-of-glass-industry/

13. AGC Glass Europe. Environmental impact. https://www.agc-
glass.eu/en/sustainability/decarbonisation/environmental-impact

14. Pilkington. Sustainability =~ FAQs. https://www.pilkington.com/en/us/window-
manufacturers/sustainability/sustainability-faq

15. ToughGlaze.  How  the glass industry is embracing  sustainability.
https://www.toughglaze.com/how-the-glass-industry-is-embracing-sustainability

16. Taufique, M., Akram, T., & Fatima, T. (2024). The performance of glass industry in
India: A study of temporal analysis. International Journal for Research in Engineering
Application & Management (IJREAM), 9(11), 150-156. https://doi.org/10.35291/2454-
9150.2024.0041

17. Elstner, M., Contino, A., & Zaccaria, M. (2024, June). Recycle glass: A contribution to
the circularity of flat glass. In Challenging Glass Conference Proceedings (Vol. 9). DOI:
https://doi.org/10.47982/cgc.9.572

18. Capturing geogenic CO; from glass making. Pollution Solutions Online.
https://www.pollutionsolutions-online.com/news/air-clean-up/16/sbh4-gmbh/capturing-
geogenic-co2-from-glass-making/55970

19. Airovation Technologies. Glass industry. https://www.airovation-
tech.com/glassindustry

20. C-Capture's pioneering carbon capture project reaches UK glass awards final. https://c-
capture.co.uk/c-captures-pioneering-carbon-capture-project-reaches-uk-glass-awards-final/
21. GEA. (2022). GEA unveils CO: capture technologies for a more sustainable glass
industry at glasstec 2022. https://www.gea.com/en/news/trade-press/2022/gea-co2-capture-
technology-at-glasstec/

22. NSG Group. (2024). Successful start to Europe's first carbon capture trial in flat glass
industry.  https://www.nsg.com/en/media/ir-updates/announcements-2024/carbon-capture-
trial

23. Sphinx Glass. Sustainable glass supports a greener planet.
https://www.sphinxglass.com/sustainable-glass/

24. Glass Bulletin. Sustainable glass: How to reduce the ecological footprint with water
filtration systems. https://glassbulletin.com/latest-updates/sustainable-glass-how-to-reduce-
the-ecological-footprint-with-water-filtration-systems/

25. Glass Magazine. World of glass 2025 report.
https://www.glassmagazine.com/article/world-glass-2025-report

26. McCamy, J. CVD coatings on glass [Lecture notes]. Lehigh University, Institute for
Metal Forming.
https://www.lehigh.edu/imi/teched/GlassProcess/Lectures/Lecturel 1 _McCamy CVD%20C
0atings%200n%20Glass.pdf

27. A case study of chemical vapor deposition (CVD) methods. Office of Energy Efficiency

& Renewable Energy.
https://www1.eere.energy.gov/manufacturing/industries technologies/imf/pdfs/glasscoatings
tudy.pdf

28. Selecting the best float glass coating technology.

https://www.glassonweb.com/news/selecting-best-float-glass-coating-technology
29. Innovations in glass coating technology: High-performance equipment and industrial
applications. https://www.agc-plasma.com/innovations-in-glass-coating-equipment/

244



CEKIIA 3. Kepamiusi Ta ckironomiOHI MaTepiain

30. Tien, C. (2023). Special issue “Advanced Coating Technology by Physical Vapor
Deposition and Applications.” Coatings, 13(2), 467.
https://doi.org/10.3390/coatings13020467

31. Glass industry trends in 2024. https://architecturalglass.com/blogs/news/glass-industry-
trends-in-2024

32. Khaled, K., & Berardi, U. (2021, August). Advancements in glazing coating
technologies (pp. 1-12). Paper presented at the 8th International Building Physics
Conference (IBPC 2021), Copenhagen, Denmark.
https://www.researchgate.net/publication/354150643 Advancements_in_glazing_coating_te
chnologies

33. Vitro Architectural Glass. The science of low-e coatings. Vitro Glass Education Center.
https://glassed.vitroglazings.com/topics/the-science-of-low-e-coatings

34. Vogel, N., Belisle, R. A., Hatton, B., Wong, T., & Aizenberg, J. (2013). Transparency
and damage tolerance of patternable omniphobic lubricated surfaces based on inverse
colloidal monolayers. Nature Communications, 4(1). https://doi.org/10.1038/ncomms3176
35. Saint-Gobain Glass India. Glass manufacturing process | How is glass made.
https://in.saint-gobain-glass.com/knowledge-center/glass-manufacturing-process

36. Glass Academy. Float glass production process. https://glass-academy.com/float-glass-
production-process/

37. Xue, S., Yang, S., Li, X., Li, Q., & Hu, B. (2024). A comprehensive review on self-
cleaning glass surfaces: durability, mechanisms, and functional applications. RSC Advances,
14(46), 34390-34414. https://doi.org/10.1039/d4ra06680d

38. Pilkington Clear Advantage. The Pilkington process changed the way auto glass is
made. http://www.pilkingtonclearadvantage.com/home/HowlItsMade

39. Isra Vision. Innovative inspection solutions for float glass.
https://www.isravision.com/en-en/industries/glass/float-glass
40. Glastory. Key  applications of  automation in  glass  processing.

https://www.glastory.net/key-applications-of-automation-in-glass-processing/

41. Integrated controls automation enables high-speed float-glass  stacking.
https://www.automate.org/motion-control/news/integrated-controls-automation-enables-
high-speed-float-glass-stacking

42. Mendix. Vivix transforms glass manufacturing for a clearer future.
https://www.mendix.com/customer-stories/vivix-transforms-glass-manufacturing-for-a-
clearer-future/

43. Robots.com. Automation of glass manufacturing.
https://www.robots.com/articles/automation-of-glass-manufacturing

44. Robovis Al Labs. Securing an industrial giant for float glass surface inspection.
https://robovis.ai/home/f/securing-an-industrial-giant-for-float-glass-surface-inspection

45. Beautipak. Automation revolutionizing glass bottle production.
https://beautipak.com/automation-in-glass-bottle-production/

46. Bucher Emhart Glass. (2024, July). Artificial intelligence [Feature document].
https://emhartglass.com/sites/default/files/2024-07/A1%20Feature.pdf

47. Glasstec Online. Deep learning: Al in the machine technology of the flat glass industry.
https://www.glasstec-
online.com/en/Media_News/Magazine/Stories/Deep_Learning_Al in_the machine_technol
ogy of the flat glass industry

48. The RoviSys Company. Automating process perfection - Glass manufacturing.
https://www.rovisys.com/success-stories/automating-process-perfection-glass-
manufacturing/

49. Business Wire. (2024, November 19). Construction glass industry research report 2024-
2033... https://www.businesswire.com/news/home/20241119375937/en/Construction-Glass-
Industry-Research-Report-2024-2033-Innovations-in-Smart-Glass-Low-emissivity-

245




CEKIIIA 3. KepamiuHi Ta CKIOMOAIOHI MaTepiaan

Coatings-and-Advanced-Glazing-Technologies-Fueling-the-160-Billion-Market---
ResearchAndMarkets.com

50. Emergen Research. Global float glass market size, growth, industry trends. Northeast
News Channel Nebraska. http://northeast.newschannelnebraska.com/story/52675745/global-
float-glass-market-size-growth-industry-trends-emergen-research

51. Intelligent Glass. Everything you need to know about smart glass.
https://intelligentglass.net/everything-need-know-smart-glass/

52. EB Glass. How switchable opaque glass and PDLC smart film are made.
https://ebglass.net/manufacturing-process/

53. PDLCGlass.com. Complete guide: Switchable smart glass production process.
https://www.pdlcglass.com/complete-guide-switchable-smart-glass-production-process/

54. Huichi Industrial Development Co.,L.td. Smart glass production method. Knowledge.
https://www.huichipdlc.com/info/smart-glass-production-method-44686523.html

55. Intelligent Glass. Manufacturing process of smart glass. https://intelligentglass.net/why-
choose-us/manufacturing-process/

56. IBISWorld. Flat glass manufacturing in the UK - Market research report (2014-2029).
https://www.ibisworld.com/united-kingdom/industry/flat-glass-manufacturing/1230/

57. AZoM. Float glass - Properties and applications.
https://www.azom.com/article.aspx? ArticleID=89

References:

1. Nascimento, M. L. F. (2014). Brief history of the flat glass patent — Sixty years of the
float process. World Patent Information, 38, 50-56.
https://doi.org/10.1016/].wpi.2014.04.006

2. Pilkington, A. (1969). The float glass process. Proceedings of the Royal Society of
London. Series A, Mathematical and Physical Sciences, 314(1516), 1-25.
https://doi.org/10.1098/rspa.1969.0212

3. Plemiannikov, M. M., Yatsenko, A. P., Pylypenko, 1. V., Kornilovych, B. Yu. (2018).
Innovatsiini tekhnolohii u vyrobnytstvi spetsialnoho ta pobutovoho skla [Elektronnyi
resurs]: pidruchnyk dlia studentiv spetsialnosti 161 «Khimichni tekhnolohii ta inzheneriiay,
spetsializatsii «Khimichni tekhnolohii neorhanichnykh keramichnykh materialivy. Kyiv:
KPI im. Thoria Sikorskoho. 1 fail (5,94 Mbait). 298 s.

4. Pilkington. The float process. https://www.pilkington.com/en/global/knowledge-
base/glass-technology/the-float-process/the-float-process

5. Cheng, B., Feng, H., Wu, F., Liang, X., & Li, M. (2024). Study on the Characteristics of
Molten Glass in a Float Glass Process with a New Structure. Materials, 17(20), 4989.
https://doi.org/10.3390/mal7204989

6. Forglass Engineering Sp. z 0.0. (2021). Furnace for simultaneous continuous melting of
multiple  glasses (EP  Patent No. 3907196A1). European Patent Office.
https://data.epo.org/publication-server/rest/v1.2/patents/EP3907196NWA 1/document.html

7. Xinyi Electronics (Wuhu) Co., Ltd. (2012). Float glass furnace (Kuraiicbkuii mateHT Ne
CN202139161U). JlepxaBHe yIpaBiiHHA IHTEJIEKTyaJlbHOI BiacHOCTI Kurtakcbkoi
Haponnoi PecriyGumiku. https://patents.google.com/patent/CN202139161U/en

8. Cheng, B., Feng, H., Wu, F., Liang, X., & Li, M. (2024c). Study on the Characteristics
of Molten Glass in a Float Glass Process with a New Structure. Materials, 17(20), 4989.
https://doi.org/10.3390/mal7204989

9. Justia Patents. Glass furnace with furnace charging means patents and patent
applications (Class 65/335). https://patents.justia.com/patents-by-us-classification/65/335

10. Decarbonizing flat glass. US Glass Magazine Insights.
https://usglassmag.com/insights/2024/09/decarbonizing-flat-glass/

246



CEKIIIA 3. KepamiuHi Ta CKIOMOAIOHI MaTepiaan

11. Float glass market report | Industry analysis, size &  forecast...
https://www.mordorintelligence.com/industry-reports/float-glass-market

12. Carbon footprint of glass industry 101: Understanding the environmental impact of
glass production. https://glassforum.org/carbon-footprint-of-glass-industry/

13. AGC Glass Europe. Environmental impact. https://www.agc-
glass.eu/en/sustainability/decarbonisation/environmental-impact

14. Pilkington. Sustainability =~ FAQs. https://www.pilkington.com/en/us/window-
manufacturers/sustainability/sustainability-faq

15. ToughGlaze.  How  the glass industry is embracing  sustainability.
https://www.toughglaze.com/how-the-glass-industry-is-embracing-sustainability

16. Taufique, M., Akram, T., & Fatima, T. (2024). The performance of glass industry in
India: A study of temporal analysis. International Journal for Research in Engineering
Application & Management (IJREAM), 9(11), 150-156. https://doi.org/10.35291/2454-
9150.2024.0041

17. Elstner, M., Contino, A., & Zaccaria, M. (2024, June). Recycle glass: A contribution to
the circularity of flat glass. In Challenging Glass Conference Proceedings (Vol. 9). DOI:
https://doi.org/10.47982/cgc.9.572

18. Capturing geogenic CO; from glass making. Pollution Solutions Online.
https://www.pollutionsolutions-online.com/news/air-clean-up/16/sbh4-gmbh/capturing-
geogenic-co2-from-glass-making/55970

19. Airovation Technologies. Glass industry. https://www.airovation-
tech.com/glassindustry

20. C-Capture's pioneering carbon capture project reaches UK glass awards final. https://c-
capture.co.uk/c-captures-pioneering-carbon-capture-project-reaches-uk-glass-awards-final/
21. GEA. (2022). GEA unveils CO: capture technologies for a more sustainable glass
industry at glasstec 2022. https://www.gea.com/en/news/trade-press/2022/gea-co2-capture-
technology-at-glasstec/

22. NSG Group. (2024). Successful start to Europe's first carbon capture trial in flat glass
industry.  https://www.nsg.com/en/media/ir-updates/announcements-2024/carbon-capture-
trial

23. Sphinx Glass. Sustainable glass supports a greener planet.
https://www.sphinxglass.com/sustainable-glass/

24. Glass Bulletin. Sustainable glass: How to reduce the ecological footprint with water
filtration systems. https://glassbulletin.com/latest-updates/sustainable-glass-how-to-reduce-
the-ecological-footprint-with-water-filtration-systems/

25. Glass Magazine. World of glass 2025 report.
https://www.glassmagazine.com/article/world-glass-2025-report

26. McCamy, J. CVD coatings on glass [Lecture notes]. Lehigh University, Institute for
Metal Forming.
https://www.lehigh.edu/imi/teched/GlassProcess/Lectures/Lecturel1_McCamy_ CVD%20C
0atings%200n%20Glass.pdf

27. A case study of chemical vapor deposition (CVD) methods. Office of Energy Efficiency

& Renewable Energy.
https:// www]1.eere.energy.gov/manufacturing/industries technologies/imf/pdfs/glasscoating
study.pdf

28. Selecting the best float glass coating technology.

https://www.glassonweb.com/news/selecting-best-float-glass-coating-technology

29. Innovations in glass coating technology: High-performance equipment and industrial
applications. https://www.agc-plasma.com/innovations-in-glass-coating-equipment/

30. Tien, C. (2023). Special issue “Advanced Coating Technology by Physical Vapor
Deposition and Applications.” Coatings, 13(2), 467.
https://doi.org/10.3390/coatings 13020467

247




CEKIIIA 3. KepamiuHi Ta CKIOMOAIOHI MaTepiaan

31. Glass industry trends in 2024. https://architecturalglass.com/blogs/news/glass-industry-
trends-in-2024

32. Khaled, K., & Berardi, U. (2021, August). Advancements in glazing coating
technologies (pp. 1-12). Paper presented at the 8th International Building Physics
Conference (IBPC 2021), Copenhagen, Denmark.
https://www.researchgate.net/publication/354150643 _Advancements_in_glazing_coating_te
chnologies

33. Vitro Architectural Glass. The science of low-e coatings. Vitro Glass Education Center.
https://glassed.vitroglazings.com/topics/the-science-of-low-e-coatings

34. Vogel, N., Belisle, R. A., Hatton, B., Wong, T., & Aizenberg, J. (2013). Transparency
and damage tolerance of patternable omniphobic lubricated surfaces based on inverse
colloidal monolayers. Nature Communications, 4(1). https://doi.org/10.1038/ncomms3176
35. Saint-Gobain Glass India. Glass manufacturing process | How is glass made.
https://in.saint-gobain-glass.com/knowledge-center/glass-manufacturing-process

36. Glass Academy. Float glass production process. https://glass-academy.com/float-glass-
production-process/

37. Xue, S., Yang, S., Li, X., Li, Q., & Hu, B. (2024). A comprehensive review on self-
cleaning glass surfaces: durability, mechanisms, and functional applications. RSC
Advances, 14(46), 34390-34414. https://doi.org/10.1039/d4ra06680d

38. Pilkington Clear Advantage. The Pilkington process changed the way auto glass is
made. http://www.pilkingtonclearadvantage.com/home/HowlItsMade

39. Isra Vision. Innovative inspection solutions for float glass.
https://www.isravision.com/en-en/industries/glass/float-glass
40. Glastory. Key  applications of  automation in  glass  processing.

https://www.glastory.net/key-applications-of-automation-in-glass-processing/

41. Integrated controls automation enables high-speed float-glass  stacking.
https://www.automate.org/motion-control/news/integrated-controls-automation-enables-
high-speed-float-glass-stacking

42. Mendix. Vivix transforms glass manufacturing for a clearer future.
https://www.mendix.com/customer-stories/vivix-transforms-glass-manufacturing-for-a-
clearer-future/

43. Robots.com. Automation of glass manufacturing.
https://www.robots.com/articles/automation-of-glass-manufacturing

44. Robovis Al Labs. Securing an industrial giant for float glass surface inspection.
https://robovis.ai/home/f/securing-an-industrial-giant-for-float-glass-surface-inspection

45. Beautipak. Automation revolutionizing glass bottle production.
https://beautipak.com/automation-in-glass-bottle-production/

46. Bucher Emhart Glass. (2024, July). Artificial intelligence [Feature document].
https://emhartglass.com/sites/default/files/2024-07/A1%20Feature.pdf

47. Glasstec Online. Deep learning: Al in the machine technology of the flat glass industry.
https://www.glasstec-

online.com/en/Media News/Magazine/Stories/Deep Learning Al in the machine technol
ogy of the flat glass_industry

48. The RoviSys Company. Automating process perfection - Glass manufacturing.
https://www.rovisys.com/success-stories/automating-process-perfection-glass-
manufacturing/

49. Business Wire. (2024, November 19). Construction glass industry research report 2024-
2033... https://www.businesswire.com/news/home/20241119375937/en/Construction-Glass-
Industry-Research-Report-2024-2033-Innovations-in-Smart-Glass-Low-emissivity-
Coatings-and-Advanced-Glazing-Technologies-Fueling-the-160-Billion-Market---
ResearchAndMarkets.com

248



CEKIIIA 3. KepamiuHi Ta CKIOMOAIOHI MaTepiaan

50. Emergen Research. Global float glass market size, growth, industry trends. Northeast
News Channel Nebraska. http://northeast.newschannelnebraska.com/story/52675745/global-
float-glass-market-size-growth-industry-trends-emergen-research

51. Intelligent Glass. Everything you need to know about smart glass.
https://intelligentglass.net/everything-need-know-smart-glass/

52. EB Glass. How switchable opaque glass and PDLC smart film are made.
https://ebglass.net/manufacturing-process/

53. PDLCGIlass.com. Complete guide: Switchable smart glass production process.
https://www.pdlcglass.com/complete-guide-switchable-smart-glass-production-process/

54. Huichi Industrial Development Co.,L.td. Smart glass production method. Knowledge.
https://www.huichipdlc.com/info/smart-glass-production-method-44686523.html

55. Intelligent Glass. Manufacturing process of smart glass. https://intelligentglass.net/why-
choose-us/manufacturing-process/

56. IBISWorld. Flat glass manufacturing in the UK - Market research report (2014-2029).
https://www.ibisworld.com/united-kingdom/industry/flat-glass-manufacturing/1230/

57. AZoM. Float glass - Properties and applications.
https://www.azom.com/article.aspx?ArticleID=89

MODERN INNOVATIONS IN FLOAT GLASS MANUFACTURING
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Thor PYLYPENKO
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Igor Sikorsky Kyiv Politechnic Institute

Abstract. The article investigates innovations in float glass manufacturing. The object of the
study is the float process itself and its key improvements introduced between 2014 and 2025. The
purpose of this review is to analyze significant technological advancements driven by the global
focus on environmental sustainability and overall technological progress. The main findings of the
study highlight progress in several areas: improvements in melting furnace designs to enhance
energy efficiency and production flexibility, the integration of sustainable practices, including the
use of alternative fuels, increased cullet usage, and the development of carbon capture
technologies; the evolution of coating technologies (low-emissivity [Low-E], solar control, self-
cleaning); the growing role of automation, artificial intelligence (A1), and digitalization for process
optimization, and the emergence of specialized glass types (smart glass, solar glass).

Key words: hydrogen, decarbonization, deposition, recycling, furnace, melting, coating,
smart glass, float process.
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Anomauin: Ilpeomemom 0ocniodcents € NOULYK WIIAXIE YMULI3aYii NPOMUCTIOBUX 8I0X00i8,
30Kpema, cknoboio, npu 8ueomosieHHi 0yodigenvHoi kepamiku. Mema — docaioumu eniue 000a68aHHs
CK100010 00 OCHOBHOI 2IUHUCMOL CUPOBUHU HA AKicMb 8upobis 6yodigenvroi kepamiku. O6’ekm —
CKI00Ill (hapmayesmuuno2o, mapHoeo CKIAd i U020 6NIUE HA DI3UKO-MEXAHIYHI 61ACMUBOCMI MA
ecmemuyHi xapakmepucmuxu 0y0igenvHoi Kepamiku. Po321AHYymo MOXCIUBICMb SUKOPUCMAHHSA
CK00010 8 AKOCMI ANbMEePHAMUBHOI CUPOBUHU O  BUPOOHUYMBA OVOielbHOI KepamiKu.
Bcmanosneno, wo 0ooasanms ck100010 00 2NUHUCMUX MAC NPU3BOOUMb 00 3HUINCEHMHS
memnepamypu 6UNAIy KepamidHux eupooie ma noninuierHs ix izuko-mexaHiyHux xapaxKmepucmux,
a came, miynocmi U winonocmi. Ocobausa yeaea 6 pobomi 30cepeddicena Ha apmayesmuiHoMy
CKN1000i, SK BUCOKOAKICHOMY Mamepiani 31 CcmabiibHUM XIMIYHUM CKIAOOM, WO NOKPAWYE
ecmemu4Hi Xxapakxmepucmuxu 0y0ieeibHOi KepamiKu.

Knrouoei  cnosa:  cknobiti, 6yodigenvha  Kepamixa, — albMEpHAMUBHA  CUPOBUHA,
Gapmayesmuune ckio, i3uUKO-MeXaHiyHi 61ACMUBOCMI.

Hapa3i Bce 6inbliie yBaru npuaiiseTbCs PO3BUTKY CTAJIMX TEXHOJOT1H, 0XOpOHI
HABKOJIMIITHBOTO TIPUPOJTHOTO CEepefoBHINA Ta yTwmizarlii BiaxoxiB. Ckiiobiid pi3HUX
BUPOOHUIITB € MOXe OyTH TMOTCHIIMHOI JIOAaTKOBOIO CHPOBUHOKO  JUIA
BUTOTOBJICHHA OyniBenbHOT Kepamiku. Jlo OCHOBHHMX HOTO mepeBar BiTHOCHTBHCS:
BHUCOKHUH BMICT KpeMHE3eMYy, CTaOUIbHUN XIMIYHUM CKJIaJ Ta (DIFOCYr0Y1 BIACTUBOCTI,
K1 CIIPUSIOTh €(PEKTUBHOMY CITIKaHHIO KEpaMIYHUX Mac.

Y poboti [1] mocmimxkeHO MomaBaHHS CKIO00I0 IO TPAAUIIMHOI TIIMHHUCTOI
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CUPOBMHM B IIMXTY JUIsl TIOKpAllleHHS TMpOLecy CHIKaHHS TpU BUPOOHHUIITBI
KEepaMI4YHOI IJIUTKHU JUIs OOJMIIOBAaHHS CTiH. ABTOpPHU MPOBENU DSl €KCIIEPUMEHTIB,
Jie BOHM 3MIHIOBaJIM Moro BMicT BiJ 5% 10 12%. BusiBneno, mo npu nogaBansi 10%
CKJIO00I0 3HMXKYEThCS Temmeparypa Bumaidy Ha 55°C Ta mokpaurytotbes (i3uko-
MEXaHIYHI BJIACTUBOCTI KepamiyHOi TUTMTKH. T00TO, KOHTPOJIbOBAHE JOJaBaHHS
CKJIO0O0I0 y KepaMiuHy HIMXTY MPUBOJIUTH J10 3HIXKEHHS TEMIIEpaTypH, a TAKOXK 4acy
BUTATY KepaMi4HOT MPOAYKIIii.

ABTOpM JOCHIJKEHHS [2] NpUrOoTYBaJM BICIM CyMIIICH, SIKI MOJEIIOBAIN
HIMXTY JIJISl BATOTOBJICHHSI KEPAMIYHOT TUIMTKH, 3 PI3HUM CHIBBITHOILIEHHSM CKJISTHUX
Binxonis (0, 5, 10, 15, 20, 25, 30 1 35%). Burorosieni 3pa3ku Oyino BHUMAICHO TIPH
npu 1000 - 1200 °C BnpoaoBk 2 TOJAWH Ta BHBYEHO iX OCHOBHI TEXHOJIOT1YHI
BJIACTUBOCTI. Pe3ynpTaTu mokaszaiu, 110 BOJONOTIMHAHHSA BHUPOOIB 3MEHIIMIOCH 13
30UTBIIIEHHSIM BMICTY ckiia 110 35% Bike mpu Bunam g0 1100 °C. Ilpu migBumienHi
temnepatypu (> 1100 °C) BomomnorivMHaHHS 3MEHIITYBAJIOCS JUINE JJIs 3pa3KiB, SK1
mictuiu 10 25% ckia, a motiM noyano 30iunbiryBaiocs. [loBiTpsiHa ycanka BUpoOiB
HE 3MIHWJIOCS, TOJI SK BOTHSHA - JIEIIO 3pocia 13 MIABUINEHHS BMICTY CKJa Ta
TeMIEepaTypu Bumaidy. Pe3ynbTatu eKCHepuMEHTY [OKa3alu, IO JOAaBaHHS
CKJI00010 CIIpUsi€ MOKPAIICHHIO TEPMIUHUX, (PI3UUYHUX 1 MEXaHIYHUX BIIACTUBOCTEU
3pa3KiB, 110 MICTITh A0 25 % ckna Ta BunaneHi npu 1150 °C. 30uiblIeHHS BMICTY
cki100010 (> 25 %) y KepamiuHii CyMmilll MPU3BOAUTH 0 MOTIPIIEHHS BCIX BHILE
OMKMCAHUX BJIACTUBOCTEH.

VY po6ori [3] OyJ10 3anpornoHOBAHO MOETHAHHS OCHTOHITY Ta CKJIO00I0 B SIKOCTI
OCHOBHUX KOMITOHEHTIB HIMXTH NPU BUTOTOBJIEHHI KepaMiyHOi IUIMTKH. BeHTOHIT
CIIYT'yBaB IUIACTUYHMM KOMIIOHEHTOM IIUXTH, & JOJIaBaHHS CKJI00O0I0 IMiIBUILUIIO
HIUIBHICT, BUPOOIB Ta 3HU3HWIO TemIepaTypy Bumainy. [IpoBeneHi ekcrnepuMeHTH
MoKa3aju, M0 30UIbIIECHHS KUIBKOCTI TIIMCTOI CKJIaqoBOi moHaa 65% MpU3BOAUTH 10
3MIHU KOJIbOPY BUIAJICHOrO Yeperka Ha OIbII TEMHHUH, 10 MOB’S3aHO 13 3HAYHHUM
BUICTOM 3a0apBIOIOYUX OKCUIIB y OeHTOHITI. [lpu upomy, ckioOii, sKuil €
€KOJIOTIYHO YMCTUM TBEPJIUM BIIXOJOM, CYTTEBO 3MEHIIYE TEMIIEpaTrypa BHUIIATY

KepaMI4HUX BUPOOiB.
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[{ixaBoro € poOoTa yKpaiHCHKUX aBTOPIB [4], KA MPHUCBAYCHA MPOOIEMaTHIl
nepepoOKr (papManeBTHYHOTO CKIO00I0, KWW yTBOPIOETHCS MPU BUTOTOBJICHHI Ta
BUKOPHUCTAHHI (JIAKOHIB Ta aMIys. Y JIOCHIIKEHHI OyJio nepeadadyeHo COpTyBaHHS,
OUMIICHHS Ta MNOApiOHeHHs ckia 10 (pakuii menme 1 mm. Bceranomieno, 1o
dapmareBTHYHUN CKJI001M Mae cTablIpbHUN XIMIYHUN cKiIaf (Bucokuid BMicT SiO; Ta
HEBEJIMKY KUIBKICTh JIOMINIOK), IO JO3BOJISI€E BUKOPUCTOBYBAaTH HOI0  SIK
ATBTEPHATUBHY CUJIIKATHY CHPOBUHY MPY BUTOTOBJICHHI KEPAMIYHOI TUTUTKH. 3pa3KH,
B sAK1 OyJIOo J01aHO (papManeBTUUHHUIN CKII001HM, MaIu MiBUILECHY IIiIJIbHICTh, MEHIIY
KUIBKICTh 1€(EKTiB, a TAKOXK IMOKPAIICHI €CTETUYHI XapaKTEePUCTUKH.

dapmarneBTHUHMI CKJIO0IH TaK0X BHUKOPUCTOBYETHCSI TMPU BUTOTOBJICHHI
MOpHUCTOi Kepamiku [5]. ABTOpH 3aCTOCOBYBAJIM METOJM MEXaHIYHOTO CIIHIOBaHHS
cycrneH3li, sika MicThJIa CKJI00ii, 0e3 J0/aBaHHs MOBEPXHEBO-aKTUBHUX PEUYOBHH 1
MexaHIqHoro mepeminryBanas. lle mo3Bonuino chopmyBatu CTabUIBHY MIHOMOIIOHY
Macy, mojajibllie BUCYIITyBaHHS Ta TepMidHa 00pooOka sikoi npu 550 -650 °C, npusenu
710 YTBOPEHHS BUCOKOTIOPHUCTOI CTPYKTYPH (BIAKpUTA MOPUCTICTH ckiana oimst 78%).
Marepianu, ski Oyn1d OTpMMaHI TaKMM YHHOM, MOJKHAa 3aCTOCOBYBaTH B SIKOCTI
GUIBTpYIOUUX MEMOPaH, HOCIIB JIJIs1 COPOEHTIB 200 TEIUIOI30ISIIIIHHUX MaTepiaiu, sSKi

MOKYTh BUKOPHUCTOBYBATUCH y Oy iBENbHIN cdepi.

BUCHOBKHA

VY3aranbHIOIOUYH PE3yIbTaTH PO3IISIHYTHX POOIT, AO3BOJISIE 3pOOUTH BHCHOBOK
Opo BHUCOKY €(EeKTUBHICTb, a TaKoX 0araTo(pyHKIIOHANIbHICTh CKIO00I0 SIK
CUPOBUHHOTO KOMIIOHEHTa 1Jisi OyaiBenbHOI Kepamikud. He nuBisuuch Ha Te, sike
MOXOJ/KEHHSI MalOTh BIIXOIW CKJIa, BOHM MOKPALIYIOTh TEXHOJIOTIYHI BJIACTHUBOCTI
KepaMIYHUX Mac, 3HIDKYIOUM BHUTpaTH €HEeprii Ha BUPOOHHUITBO Ta 3MEHIIYIOUU
HEraTUBHUM BIUIMB Ha HABKOJIMILIHE CEPEJOBUILE, aje MpU LbOMY Ba)JIHUBO
COpPTYBAaTH, OYHUIIATH Ta KOHTPOIIOBATH BMICT CKJI00010 B mUXTi. [lepcriekTuBHUMY €
HalpsIMKA ~ CTBOPEHHS  (DYHKIIOHAJIBHMX TMOPUCTUX MaTepialiB Ha OCHOBI
(dhapMalieBTUYHOTO CKJI00010, 110 PO3MIMPIOE MEXK1 MOT0 3aCTOCYBAHHS y OYy11BEIbHIM

rajrys3i Ta CyMbKHHUX cepax.
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Abstract: The subject of the study is the search for ways to recycle industrial waste, in
particular, glass cullet, in the manufacture of building ceramics. Objective
- to study the effect of adding glass cullet to the main clay raw material on the quality of building
ceramics products. The object is glass cullet from pharmaceutical and container glass and its
impact on the physical and mechanical properties and aesthetic characteristics of building
ceramics. The possibility of using glass cullet as an alternative raw material for the production of
building ceramics is considered. It has been established that the addition of glass cullet to clay
masses leads to a decrease in the firing temperature of ceramic products and an improvement in
their physical and mechanical characteristics, namely, strength and density. Particular attention is
paid to pharmaceutical glass cullet as a high-quality material with a stable chemical composition
that improves the aesthetic characteristics of building ceramics.

Keywords: glass cullet, building ceramics, alternative raw materials, pharmaceutical glass,
physical and mechanical properties.
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Anomauin. Y pobomi 00cniodxiceno enius 0eoKyIaHmMI8 Pi3HO20 MUNY HA Peono2iuHi ma
MEXHOI02IUHI BACMUBOCIE KEPAMIYHO20 WLTIKEPY, NPUBHAUEHO20 OISl BUPOOHUYMEA CAHMEXHIUHOI
kepamixu. Bueueno O0ito Reotan, Formsil 113 ma nienocynvghonamy uHampiio npu 3MIHHUX
KOHyeHmpayiax. Bcmanoeneno, wo winikep 3 1ieHOCYIb(OHAMOM MAE 2PAHUYHY MEKYUICMb O
Gaancosux mac, wjo YCKIAOHIOE 1020 NOOANbULE 3ACMOCYB8AHHA. Y 00CNIOHCEHHAX MEXHON0TUHUX
napamempis (6000NO2IUHAHHA, MIYHICMb Ha 32uH, HabIp uYepenka) Kpawi pe3yibmamu
npooemMoncmpyeanu noxiakpuiamui Ooegroxynanmu. Reotan nposeué 6ucoxy egekmusHicms 3a
MeHwoi eumpamu, wo 3abe3nedye sK MexHoN02iuHy, max i exonomiuHy nepesazy. Kpim moeo,
NOMIAKPUIAMU MAIOMb  eKON02IUHI nepesacu, Wo pooumsv ix NepcneKmuGHUMU ) KOHMeKCmi
CMano2o po3eumxy 2any3i.

Knrouoei cnosa: oerokynianmu, kepamivHuil witikep, peonozis, meky4icmos, mexHoai02iuHi
61aCMUE0CMI

CydacHe BUpPOOHMIITBO CAHTEXHIYHOI KEpaMiKM BHCYBa€ BHCOKI BUMOTHU JO
SIKOCTI CUPOBUHHUX MaTepialliB, 30KpeMa J0 KepaMiqHOTO HUTIKEPY, [0 € OCHOBOIO
i GopMyBaHHS BUpPOOiB. 3a0e3neueHHs] CTaOUIbHUX PEOJIOTIYHUX BIIACTUBOCTEM
IUTIKEPY € 3alOopyKoI €(PEeKTUBHOCTI TEXHOJIOTIYHOTO MPOIIECY, 3MEHIIEHHS OpaKy
Ta TOKPAIICHHS XapaKTePUCTUK TOTOBOI MPpOoAyKIlii. OMHUM 13 KIFOUOBUX CIIOCOOIB

PETyIIOBaHHS 1UX BIACTUBOCTEH € BUKOPHUCTAHHA NE(IOKYISHTIB — PEYOBHH, IO
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3amo0iraroTh arperaiii YaCTUHOK 1 CIIPUSAIOTh 3HMKEHHIO B'SI3KOCTI cycnensii. [Ipote
epeKTUBHICTh Je(QIOKYISIHTIB 3aleXHUTh B X XIMIYHOI OPUPOAU Ta YMOB
BUKOPHCTAHHS.

MeToro naHoi poOOTH € BU3HAUYEHHS BIUIMBY AC€(JIOKYJISHTIB PI3HOTO THUITY Ha
PEOJIOTIYHI Ta TEXHOJOTI4HI BIACTUBOCTI KEPaMIYHOTO LUTIKEPY, MPU3HAYEHOTO IS
BUTOTOBJICHHS CAHTEXHIYHOI KEepaMikH, 3 METOI ONTHUMIi3allli CKJaay HUIIKEpy Ta
MOJIIMIIEHHS]  TEXHOJIOTIYHOTO  mporecy QopmyBaHHS BuUpoOiB. Y  poOoTi
TOCHDKYBaIMCh Taki neduokynsHtu: Reotan, Formsil 113 Ta mirnocynbgoHaT
Hatpito (Na-JICT).

JJis IpUTrOTYBaHHS MOJIEJIBHOTO HUTIKEPY BUKOPHUCTOBYBAJM KBapLIOBUH MICOK,
ruHy BecemoBChKOTO pooBUINA, METMATHT, | TyXOBEIbKUN KaoJiH Ta (asHCOBHIMA
011, MacoBl CITIBBIJIHOIIICHHS KOMIIOHEHTIB HaBejeHI B Tabjy. 1. 3amiaHoBaHa

BOJIOTICTh LuTiKEPY 45 %.

Tadauusa 1 — Ckaaa 10caigKyBaHoro uiikepy, mac.%

Marepian Mmac.%
KBapmoBwii micox 29,50
Ilermarut 4,00
I'muna BecenoBcrka 24,50
Kaomnin I'myxoBerpkuit 31,00
biii ¢passHCOBUI 11,00

[Tomen nutikepy BimOyBaBcsi B Tpu erand. Ha mepiiomy erami — y KyJb0BOMY
MJIMHI 00’ €MOM 2 J1 BIPOJOBX 9 TOAMH MOAPIOHIOBATIUCS OMICHIOIY1 MaTepiaiu, MpH
bOMY BUKOpHUcTOBYBain 60 % Boau Bia po3paxyHkoBoi. Ha nqpyromy erami y MiluH
nonaBaBcs kaodiH T1a 17 % Bomu. CymicHMI MOMeEN KOMIIOHEHTIB BiaOyBaBcs 3
roguHu. Ha TpetboMy eTami cycneH3is MepeHOCUsIach y MPOIeIepHy MIIIaIKy 1 10
Hel MOCTYIOBO JIoJaBajiacs MomnepeaHbo MoApiOHeHA TJIMHA Ta Boja (Y KUIBKOCTI, SKa
HeoOX1Ha AJi1 OTPUMAaHHs LUTIKEPY 3 MIHIMAJIbHO MOXJIMBOIO BOJIOTICTIO). Takum
YUHOM BiJIOYBaBCS CYMICHMM pO3MYCK JJIsi OTpPUMaHHS MuIikepy. Bosoricts

orpumaHoro uutikepy 46,4 %. B roroBuil nuiikep aogaBan Ae(PIOKYISHTH 3
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ypaxyBaHHAM 3MiHM X KOHIIEHTpaLii, B MepepaxyHKy Ha CyXy Macy, B Jiana3oHi
0,005 -0,01 r.

BusHaueHHs TEKydoCTI OTPMMAaHUX IUIIKEPIB MPOBOJIUIOCH HAa BICKO3UMETPI
Enrnepa. Jliamerp BUITyCKHOTO OTBOpY AOpiBHIOBaB 6,5 mMm. Yac, HEOOXITHUI IS
BuTikauHsg 100 M nutikepa (ikcyBaBCsi aBTOMATHYHO. Pe3ynbTaT BU3HAYCHHS

TEKY4OCTI IOCTI/DKYBAHUX IUTIKEPIB MPEICTaBICHO Ha pucC. 1.

50 4
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Pucynok 1 — BruiuB 1e()JIOKYJISIHTIB Pi3HOI0 THIY HA TEKYYiCTh MOJEJbHOI0 HLJIIKepa

3rigfHO 3 aHami30M KpPUBHUX TEKY4OCTi, 3HAUEHHS TEKy4dOoCTl IUIiKepa 3
JIrHOCYIH(OHATOM HATPII0 3HAXOAUTHCS Ha PIBHI BEPXHBOI JOMYCTHMOI MEXI1 IS
dasHcoBux muIikepiB 15 cekyHn, a mpu pobodoi Bojorocti 31-34 % 3 Benukoro
WMOBIpHiCTIO mepeTHe 1. Tomy nns TpoOBEAeHHS HACTYHNHHUX JOCIIIHKEHb
TEXHOJIOTIYHUX BJIACTUBOCTEH  poO3risAaBcs  LUTKep, po3pikenuit Reotan Ta
Formsil 113.

B sxocTi TexHoOMOTIYHUX mapameTpiB Oyinu oOpaHl Takli XapaKTEPUCTHKHU SK
Ha0lp dYepenka, BOJOMOTJIMHAHHS Ta MeXa MIIMHOCTI Ha 3ruH. JloCiIKeHHs
MPOBOAMIIM 33 CTAaHAAPTHUMH METOAMKaMH. MIIHICTh 3pa3KiB Ha 3TMH BHU3HAuYalach
Ha mnpwiani BST 401 (Himewuwna). Jlns 1poro  BIimHTI  3pa3Ku-0aiouku

BUNAMIOBAIUCH TIpu  Temmepatypit 1050 °C Bopomosxk 1 roaunu. OTpumani
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pe3yJbTaTH AOCIIKYBAaHUX TEXHOJOTTYHUX MTapaMeTpiB IUTIKEPY Ta 3pa3KiB Ha HOTo
OCHOBI MpeJCTaBJeH] B TA0JI. 2.

Tadoauus 2 — BruiuB 1eu1oKy/aIsIHTIiB HA TEXHOJIOTIYHI BJAaCTHBOCTI HLTiKepy

. . Mexa
Bonoricts HaGip gepernka, . .
JedbnoxkynsHT . o 5 Bonmomornmmaanus, % MIITHOCT1 Ha
nuikepy, % r/cM”*XB
3ruH, Mlla
Reotan 48,65 0,054 24,80 8,80
Formsil 113 45,05 0,066 24,28 9,11

CytteBi BimminHOCTI Mk Reotan Ta Formsil 113 3 Touku 30py iX BIUIMBY Ta
TEXHOJIOT14HI BIACTUBOCTI AOCIIXKYBAaHOTO HUIIKEPY Ta BUPOOIB Ha MOr0 OCHOBI HE
criocTepiraroThcs. ['0J0BHOIO BiAMIHHICTIO Reotan € 3Ha4uHO MeHIa Horo morpeda B

nopiBHsiHHI 3 Formsil 113 g1t nocsirHeHHst THX caMUX 3Ha4Y€Hb TEKY4YOCTi.

BUCHOBKH

3 TeXHOJIOTIYHOI TOYKHU 30py, Maike MoABiiHA pi3HUI B TOTpedi Mk Reotan
ta Formsil 113 Moxe npusBecTu 10 30UIbIIEHHS 00e€pTaIbHOCTI TIICOBUX (opM, a 3
TOYKH 30py €KOHOMIKH, SIKIIIO BUBYUTH KOMEPLIIHI MPOMO3ULIi MO 1iHI HA PUHKY Ha
naHl po3pimkyBaui, BukopuctanHs Reotan 3amicte Formsil 113 moxke mpuHecTH
npsIMy €KOHOMitO (DIHAHCOBUX PECYPCIB.

Cepen mepeBar y po6Oorti, momiakpuiata (Reotan) Takok MaroTh €KOJIOTIYHI
nepeBaru. 3a3BUuail BOHM HETOKCHYHI Ta MIIJAIThCA 010JI0TYHOMY PO3KJIaaHHIO,
0 poOUTH iX OLIBII €KOJOTIYHUM BHOOPOM MOPIBHSHO 3 JEIKUMU TPATUIIHHUMU
aednokynsaTaMu. OCKUTBKH €KOJIOTIYHI HOPMHU CTalOTh CYBOPIIIMMH, & BUPOOHUKU
BCce Olnbplle BIJIJAIOTh TMEpPeBary €KOJIOTIYHOCTI, MOMUT Ha EKOJOTIYHO YHCTI

AeIOKYISHTH, TakKl K MOJIlaKpuiIaTH, HMOBIPHO, 3pOCTE.
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Abstract. The paper investigates the effect of different types of deflocculants on the
rheological and technological properties of ceramic slurry intended for the production of sanitary
ceramics. The effects of Reotan, Formsil 113, and sodium lignosulfonate at varying concentrations
were studied. It was found that the use of sodium lignosulfonate results in a yield strength that
approaches the upper limit acceptable for earthenware slurries, which complicates its further
application. In contrast, polyacrylate-based deflocculants demonstrated superior performance in
terms of key technological parameters such as water absorption, flexural strength, and sherd
development. Reotan,in particular, exhibited high efficiency at a lower dosage, offering both
technological and economic benefits. Moreover, polyacrylates present environmental advantages,
positioning them as a promising choice in line with the industry's move toward sustainable
manufacturing practices.

Key words: deflocculants, ceramic slurry, rheology, flowability, technological properties
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Anomauin Ha ocnosi 6i0x00i8 1ucmogoeo hroam-ckia ompumano NiHOCKI0. B axocmi
2azoymeoprogada sukopucmosgysanu anmpayum. Memoro pooomu O6yn0 8usuenHs yMo8 OmMpUMAHHSL
NIHOCKAA 3 UCOKUMU eKCHILYAMAYIUHUMU 81ACTUBOCAMU MA OOCHIOHNCEHHS 8NAUBY 000ABOK, WO
30amHi 3MIHUMU 8 S3KICMb, NOBEpXHeGUUl Hamse ma GUCMYnamu 6 poli 2a30ymeoprosaid, Ha
cmpykmypy i eracmugocmi ninockna. CniHIO8aHHA 3pa3Ki@ nposoounu y mygheivHiu neui 3a
memnepamypu 860 °C npomseom 20 xeunun. Temnepamypa sunany ckaraoara 550 °C. Ompumane
emanoune ckno mae 06'emmy macy 180 ke/m® i cmpyxmypy saxpumoi ninu. ITopucmicmos mamepiany
cxknana 93,5%. Miynicmo na cmuck - 0,8 MIla, miynicme na sueun - 0,5 Mlla, yoapna 8 ’s3kicms -
0,016 Jluc/cm’. Buecenns oobasox Na:SiOs, Na>SOq410H>O, CaCO3 H3BO3, Na:BsO710H20 y
kinbkocmi 1% 6i0 macu wuxmu 3minuno eéracmueocmi ninockaa. Jobasxku NaxSiOsz, H3BO3 ma
Na:xB,O7 y 6neceHux KiIbKOCMAX HpU OAHUX YMOBAX O00380JAI0Mb OMPUMAMU OOHOPIOHY
OpibHOnOpUCmy cmpykmypy RiHOCKIA, KA 3a0e3neyums SUCOKY MEXAHIYHY MIYHICMb ma HU3bKY
MenionpogioHICMb.

Knrouoei cnosa: nepepodxka ckia, niHOCKIO, 8yaneyesi 2azoymeopiosavi, mamepianu
HU3bKOI WiTbHOCMI, CMPYKMYPa CKId, eKOJ02IYHO YUCmi Mamepianu.

Uepe3 xkpusy yTwiizamii CKISHAX BIAXOMIB Ta 3a0pyaHEHHS HUMH
HaBKOJIMIITHROTO CEPEIOBUINA, MOYaiacs po3po0Ka TEXHOJOTiIH HOBUX MaTrepialiB 3
BUCOKUM BMICTOM CKJISTHOTO OO0: CKJIOBOJIOKHO, CKJISIHI Ta CKJIOKEpaMiuyH1 MaTpU4H1
KOMITO3UTH, MHOCKIO [1]. OcobamBe Mictie cepel X TeXHOJIOT1H 3aiiMa€e MHOCKIIO.
Ileit matepian >KapOCTIMKUH, €KOJOTIYHO YUCTUM, CTIMKUH 10 BOJU, Tapu Ta

OakTepii Ta Ma€ HHU3bKY UIUIBHICTh. 3aBASKH YHIKQJIbHOMY TIO€JIHAHHIO

260



CEKIIA 3. Kepamiusi Ta ckironomiOHI MaTepiain

BIACTUBOCTEH, MIHOCKJIO  CTaj0  IIMPOKO  BUKOPUCTOBYETHCS B  SIKOCTI
TEIUIO130JISIITHOr0 MaTepiay B OyIIBHHUIITBI, TaK 1 1HIIMX Taimy3sx [2, 3].

SIk mpaBmIIO, MIHOCKJIO OTPUMYIOTH 32 JOMOMOT'OK BHCOKOTEMIIEPATYypPHOI'O
Ipolecy CHIHIOBaHHA CKJa Ta I1HIIMX [J00aBOK. Y SKOCTI MIHOYTBOpIOBada
BUKOPHUCTOBYIOTh MaTepiaju, 10 MICTUTh kKapOoHaTH, cynbdartu, C 1 SiC 1 Tak gami
[4]. Lli MmaTepianu CTBOPIOIOTH MOPHUCTICTh MIJIAXOM BHJIUICHHS ra3y. Po3mip mop Ta
CTPYKTypa MIHOCKJA 3HAYHO 3aJIe’KaTh BiJ KOHIEHTpallli Ta TUITy OPOYTBOpPIOBaYa
(3,5, 6].

Y HamoMy JOCHIDKEHI B SKOCTI OCHOBHOTO BHUXIJHOTO Martepiairy
BUKOPHUCTOBYBAIM Binxoau Quoat-ckna. [ns mocmimiB BigOupanacsa ¢paxiis a<0,2
MM. YcepeHeHU XIMIYHUI CKJIa1 JIMCTOBOTO (h10oaT-cKjia HaBeaeH1 B Tao. 1.

Tabaunns 1 — Ycepeanenuii ckyiajg JucToBoro gpioar-ckiia

Oxcun Si0, Na,O CaO MgO AlLO3
Bwmict okcuny y ckii, % 72,9 13,5 8,5 3,1 2,0

B sxocTi razoytBoproBaya BUKOPUCTOBYBAJIM aHTPAIUT Yy KuibKocTi 1,8 % Bin
3arajbHOi Macu MMXTH. JlJis BUBYEHHS BIUTMBY J00AaBOK Ha Mpouecd (opMyBaHHS
CTPYKTYpPH IMIHOCKJIA T4 Ha IOr0 BIACTUBOCTI BUKOPHUCTOBYBAJIM HACTYMHI PEUOBUHU:
Na,Si103, Na;SO4-10 H,O, CaCOs, H3BO3 ta Na;B4O7-10 H,O. V muxTy iX BBOAWIN
y KuTbKoCTl 1% y po3paxyHKy Ha ynucTy pedyoBUHY. CHiHIOBaHHS 3pa3KiB MPOBOAMIH
y mydenpHii nedi 3a temneparypu 860 °C mpotsrom 25 xBuiuH. Temmeparypa
Bunaiy cknazaana 550 °C.

VY po6oTi BUBYAIKM MOPHUCTICTH Marepiany, 00’€MHE PO3LIMPEHHS, MIIHICTb
Mmarepiany.

Jlaui audepeHIitHo-TepMIYHOTO aHami3y MIUXTH CBIA4aTh, IO B IHTEpBAJI
temnepatyp 840-930 °C cnocrepiraetbcs eHmoedekT, 0 BIANOBIIAE IpolecaM
wiaBieHHs. [lpu muX yMoBax J0OCATaeThCsl MiHIMalbHA B’SI3KICTh CUCTEMH, IO €
CHPUATIUBUM 7151 GOPMYBaHHS CTPYKTYPH MIHOCKJIA.

OtpumMane miHOCKIO Mano o6'emHy macy 180 kr/m’. 3pa3ok Mae CTPYKTypy

3akputoi miHU. OO'€eMHE PO3MIUPEHHS IJIi €TAJIOHHOTO 3pa3Ky CTaHOBUTH 5,21 y
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MOPIBHSAHHI 3 00’eMOoM BHXiIHOI mMXTH. [lopucTicTe Mmatepiany ckiuana 93,5%.
Minnicte Ha ctuck - 0,8 MIla, mirnHicTs Ha BuruH — 0,5 MIla, ynapaa B’s3KicTh —
0,016 JIx/cm?. BomonormuueHHs — 3,5 %, 1m0 3a0€31€4YNUTh BUCOKI €KCIUTyaTaliiiui
BJIACTUBOCTI.

VY po6oti Oyn0 BUBYEHO BILIUB A00ABOK, SIKi 34aTHI MMOHUKYBATH B’SI3KICTh Ta
MOBEPXHEBUU HATAT CKJIa, a TaKOXX BUCTYINATH Ta30yTBOproBaueM. JlociimkeHHs
miaTBepAWIIo, mo gogaBanHs g0 mmxtd 1 % NaxSiO;, Na,SO410H,0, CaCOs;,
H3;BOs, Na,B407-10H,0 dacTkoBO 3MIHUIN 00’ €MHE PO3MIMPEHHS MiHU, 1 CTPYKTYPY

Ta po3mip nop (puc. 1).

O0'emHe
pPO3MHpeHHSA

1 2 3 : 4 5 6

Puc. 1. BiuinB XiMivHuX 100aBOK HA npouec (POPMYBAHHA CTPYKTYPH IIHOCKJIA:
1 — erajionmii 3pa3ok; 2 — Naz2SiO3, 3 — Na:SO04, 4 - CaCO3, S — H3BO3, 6 — NazB4O7

3anponoHoBaHi J00aBKM  XapaKTEpU3YBaJIUCS  3JATHICTIO TMOHUXKYBaTH
B’SI3KICTh, MOBEPXHEBUI HATAT, BUCTYNAIOTh ra30yTBOpIOBaYamMu. BuBUeHO iX BIUIMB

Ha MakpOCTPYKTYpy Ta 00’€MHE pO3LIMpeHHs miHockaa (Tal. 2).
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Taoauus 2 — Y3arajbHeHi NOKa3HUKHA MAKPOCTPYKTYPH MiHOCTEKOJI

3pasku Eranonuit |\ 61 | NaSOs | CaCO; | H:BO; | NaxBiOs
3pa3oK
0 eme 5,21 5,34 5,93 7,82 5,90 7,14
PO3IIUPEHHS
1-2 2-4 34

Po3mip nop, mm 1-2 MOOJMHOKI | TTOOJMHOKI| TOOAMHOKI 1,5-3 2-4
10 3 mo 15 1o 35

06’emHa Maca, T/cm’ 0,21 0,2 0,18 0,14 0,21 0,15

JlocnimkeHHsl BIULIMBY J00AaBOK CHUJIIKATy HATpilo, Cyib(paTy HATpiio, Kpewau,
OopHOi KkHCiIOTH Ta Oypu ToKazango, 1o BuKopucTtaHHs NaSiOs;, H3;BOs,
Na;B4O7-10H,O mnpu BCTaHOBJIEHMX yMOBax TEPMOOOPOOKH YTBOPIOE OJTHOPIAHY

CTPYKTYpPY Ta BUCOKI €KCILTyaTaliiiH1 BIaCTUBOCTI.
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Abstract. Foam glass was produced from sheet float glass waste, using anthracite as a
blowing agent. The aim of this work was to study the conditions for producing foam glass with
high-performance properties and to investigate the effect of additives that can alter viscosity and
surface tension, as well as act as blowing agents, on the structure and properties of foam glass. The
foaming of the samples was carried out in a muffle furnace at a temperature of 860 °C for 20
minutes. The firing temperature was 550 °C. The resulting reference glass had a bulk density of
180 kg/m?3 and a closed-cell foam structure. The porosity of the material was 93.5%. Compressive
strength was 0.8 MPa, bending strength was 0.5 MPa, and impact strength was 0.016 J/cm?. The
introduction of NaxSiOs, Na>;SO410H>20, CaCO;, H;BOs, NaxB4O7-10H>0 additives in amounts of
1% of the batch weight altered the properties of the foam glass. The addition of Na>SiOs;, H3BOj
and Na>B407 under these conditions led to a homogeneous, fine-cell structure of the foam glass,
resulting in high mechanical strength and low thermal conductivity.

Key words: glass processing, foam glass, carbon blowing agents, low-density materials,
glass structure, environmentally friendly materials.
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