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P. B. KPUBOBOK, O. C. PABIHIH, O. C. PUIIIEHKO, A. A. BOPOHKIH, B. B. IEBE/[€B

CYYACHI TEHJEHIIII Y BUPOBHUIITBI KEPAMIKHU: CTBOPEHHSI ATIOMOCH/IIKATHUX
BUPOBIB 3A OITOMOTI'OI0 3D-APYKY TA BIIVIMB IHHOBAIIIMHUX MIJAXO/IB HA T'AJIY3b

VY cTaTTi pO3rIIsIHYTO Cy4acHi TEHJEHLIT y BUPOOHUITBI KEpaMiKH IPU CTBOPEHHI aJIFOMOCHIIIKATHUX KepaMiyHUX BUPOOIB 3a gornoMororo 3D-npyky
a00 aaauTHBHOrO BHpOOHHITBA. KepaMika € MarepiajioM 3 BUCOKOK MPOJYKTHBHICTIO, OCKIJIbKH BOHAa Ma€ TBEp.i, MEXaHIYHO-MillHI BIACTHBOCTI,
BIZIMIHHY CTiHKiCTh 1O 3HOILIYBAaHHS, a TAKOXX BHCOKHI TeMIeEpaTypHHUU i KoposiiiHuii omip. Tako)k pO3MIIHYTO TPaAMLiiiHI METOIM BHPOOHULITBA
KepaMiKH, SIKi CKIaJaloThesl 3 TPHOX €TalliB: MirOTOBKU Marepiany, GpopMyBaHHsS (MOKe OyTH BUKOHAHE 3a JOIOMOTOIO Pi3HMX METOMIB, TAKUX SIK
i30CcTaTUYHE NPECyBaHHS, NPECYBAHHS ITiJ] THCKOM, JIUTTS ITiJi THCKOM, CTPIYKOBE JIMTTS, TeJICBE JINTTS, BiVIMBAHHS CYCIIEH3il Ta iH.) Ta CIiKaHHS.
Texuomoris 3D-apyky — e eeKTHBHHUIT Ta EPCIEKTUBHUN METOJ BUPOOHUIITBA, SIKHI IPOJOBKYE PO3BHBATHUCS 1 3HAXOJUTH HOBI 3aCTOCYBaHHS B
PI3HMX Taly3sX: MEIW4YHA, XiMiyHa, OlOXiMiYHA, E€KOJIOTiYHA, TEXHIYHA, PAIOTEXHIYHa NPOMUCIOBOCTI Ta iH. HoBi mocmimkeHHs 1 po3poOKu
JIO3BOJISIFOTH BJOCKOHAJFOBATH SIKICTh 1 TOYHICTH OPYKY, @ TaKOX PO3LIMPIOBATH MOXKJIMBOCTI BUKOPUCTAHHS KepaMidHMX MatepianiB. OcoOnuBe
3HA4YCHHs HAJIaHO NepeBaraM BUKOPHUCTaHHS 3D-ApyKy Ui BUTOTOBJICHHS KepaMidHHX BUPOOIB, 30KpEeMa MOXIIMBOCTI CTBOPIOBATH iHAMBILyaIbHUM
JIM3alH MPOYKIIT Ta JocATaTH MoTpiOHOT HOpMH, CKIIamy, MIKPOCTPYKTYpPH 1 BlacTUBOCTEH. Bukopucranns texHonorii 3D-apyKy Takox gomomarae
3MEHIIHUTH BiIXO/AU Ta 3HU3UTH BHUTPATH Ha MaTepiaiH, M0 poOUTh BUPOOHHYHMII mpoliec OiibII eKOJIOTIYHUM Ta €KOHOMIYHO BUTIIHUM. B 1inomy,
CTaTTs HAJa€ BIIOMOCTI NPO aKTyajbHI HANpPSAMKH y BHPOOHMIITBI KepaMiK{ Ta BIUIMB iHHOBALIHMX METOJIB HAa IO Traly3b MPOMHCIOBOCTI.
IIpoananizoBaHO mepeBard Ta MEPCHEKTUBH BUKOPUCTAaHHA 3D-IpyKy A CTBOPEHHS KepaMidHUX BHPOOIB, a TaKOX HAJAHO OIJIJ MaTepiaiiB Ta
METO/IiB, SIKi BUKOPHUCTOBYIOTBCSI B 1IbOMY Hpotieci. KpiM Toro, y cTarTi po3risiHyTO Martepialii, sSiKi 3aCTOCOBYIOThCS B TeXHOJOTii 3D-apyKy, 1mo
MOXYTb OyTH Ki1acu]ikoBaHi B 3aJI©XKHOCTI Bifl IX IPUJATHOCTI 10 0OpaHOT0 METOy BUTOTOBIICHHS a00 32 THIIOM MaTepialy.

KuiouoBi cioBa: 3D-pyk, afnuTuBHE BHPOOHUITBO, KOCMIUHA TeXHIKA, TEXHIUYHA KepaMika, OKCHIHA KepaMika, METOIH BUPOOHUITBA,
TEXHOJIOT1] BUpOOHUIITBA.

R. V. KRYVOBOK, O. S.RIABININ, O. S. RYSHCHENKO, A. A. VORONKIN, V.V. LEBEDEV

CONTEMPORARY TRENDS IN CERAMIC PRODUCTION: CREATION OF ALUMINOSILICATE
PRODUCTS USING 3D PRINTING AND THE IMPACT OF INNOVATIVE APPROACHES ON THE
INDUSTRY

The article discusses modern trends in the production of ceramics in the creation of aluminosilicate ceramic products using 3D printing or additive
manufacturing. Ceramic is a high-performance material because it has hard, mechanically strong properties, excellent wear resistance, and high
temperature and corrosion resistance. Traditional methods of ceramic production are also considered, which consist of three stages: material
preparation, molding (can be performed using various methods, such as isostatic pressing, pressure pressing, pressure casting, tape casting, gel
casting, suspension casting, etc. ) and sintering. 3D printing technology is an effective and promising production method that continues to develop and
find new applications in various fields: medical, chemical, biochemical, environmental, technical, radio engineering, etc. New research and
development allow to improve the quality and accuracy of printing, as well as to expand the possibilities of using ceramic materials. Special
importance is given to the advantages of using 3D printing for the manufacture of ceramic products, in particular, the ability to create an individual
product design and achieve the desired shape, composition, microstructure and properties. The use of 3D printing technology also helps to reduce
waste and lower material costs, making the production process more environmentally friendly and cost-effective. In general, the article provides
information about current directions in the production of ceramics and the impact of innovative methods on this branch of industry. The advantages
and prospects of using 3D printing to create ceramic products are analyzed, and an overview of the materials and methods used in this process is
provided. In addition, the article discusses the materials used in 3D printing technology, which can be classified depending on their suitability for the
chosen manufacturing method or by the type of material.

Keywords: 3D printing, additive manufacturing, space technology, technical ceramics, oxide ceramics, production methods,
manufacturing technologies.

OcHoBHa TmepeBara  TexHousorii  3D-nmpyxy
TIOJISTa€ Y MOXIIMBOCTI CTBOPEHHSI OCOOJIHMBOTO IH3aifHy

Beryn.

[IpoTsroMm ocCTaHHIX pOKiB, B pI3HHX Taly3sax

BUPOOHMITBA, TOYasa aKTMBHO BHKODHCTOBYBATHCh  TPOJYKIi, a TakoX  3JaTHICTH JOCATTH HeoOXiaHoi
cydacHa TexHouoris 3D-IpyKy, sKa 10 TOro K Bimoma sk~ (GOpMH,  CKIady, MIKPOCTPYKTYpH Ta  NOTPiOHMX
ajutuBHe  BUpoOHMUTBO (AB). Il  inmHoBamilfina  BIacTMBOCTEH. MaTepianu, BUTOTOBIEH] 332 TEXHOJOTIE

BUPOOHHMYA TEXHOJIOTis BIUIMBA€ Ha 3arajJbHONPHUHHSITI
METOAM BHUPOOHHUIITBA PI3HOMAHITHUX BHIIB MPOIYKIII,
BPAaxOBYIOUHM TaKOX 1 BHIOTOBJICHHS Kepamiku. Tomy,
BOHa MOXXE€ BHKOPHCTOBYBaTHCh JUII  CTBOPCHHS
CKJIaTHUX KEPaMIYHHX CTPYKTYp, SIKi 3a JIOTIOMOTOIO
TPaIUI[IHAX METOMIB BHPOOHHUIITBA HEMOXJIUBO a00
JTy’Ke CKJIaTHO BUTOTOBUTH. MOXIHBOCTI TexHOIOTIi 3D-
JIpyKy JUIS CTBOPEHHS CKJIamHUX QopM poOusaTh i
izeabHUM BHUOOpPOM Yy BUPOOHMITBI (yHKIIOHATBHUX
CKJIaMHUKIB PpI3HUX 0O0JacTell, TakuMxX HANPHUKIAL, SK:
XIMIiYHa, 6ioxiMivYHa, €KOJIOTIYHa, TEXHIYHA,
pamioTexXHIYHA IIPOMHUCIIOBOCTI Ta iH.

3D-apyKy MamTh BHCOKY MIIHICTH Ta TBEPAICTh, IIO
poOuTH iX yHiBepcaJbHHUMH y BHKOpHcTaHHI. Kpim Toro,
BOHU MalOTh BiJIMIHHY TEPMI4YHYy Ta XIMiYHYy CTIHKICTb, a
TaKOX 3aJlOBIJIbHI ONTHYHI, ENEeKTPUYHI Ta MAarHiTHI
BiiactuBocTi [1]. Le go3Bomsie 3MiHCHUTH TPUCTOCYBaHHS
MIPOYKIIi IiJT IEBHI BUMOTH Ta MOTPeOH, [0 HacaMIepe
HEOOXI/THO Ta Ba)KJIMBO B TAITy3sX, /¢ KOKEH KOMIOHEHT
MOJKE MAaTH BHHITKOBI OCOOJHMBOCTI. 3aBIIKH CBOIHU
BHCOKIl MIITHOCTI Ta CTIMKOCTI, KepaMmika € igealbHIM
MaTepiaioM s pi3HOMaHITHHX cdep 3acTOCyBaHHS,
30KpeMa aBTOMOOLTBHOI, MaTepiamiB JUIsi EJIEMEHTIB
KOHCTPYKIIIH ~ KOCMIYHOI  TEXHIKH, MEIWYHOI Ta
€JIEKTPOHHOI TPOMUCIIOBOCTi. 3aBISKH BIACTHBOCTSIM

Bicnux Hayionanenozo mexuiunozo ynisepcumemy « XI1I».
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KepaMiku, BHOIp LBOrO MaTepially Ja€ MOXIJIMBICTh
CTBOPIOBATH BHCOKOTEXHOJIOTIUHI BUpPOOHW, SIKi 37aTHI
BUTPUMYBATH €KCTPEMallbHI YMOBU Ta BUMOTH CYy4aCHHX
TEXHOJIOTif, a He JWIIe BUTOTOBJICHHS JeTaneil i
KOMITOHEHTiB. ToMy CTBOpEHHS KepamiuyHMX BHpPOOIB 3
BUKOpHCTaHHAM 3D-1pyKy € onHi€l0 3 HaHOBITHIIINX
iHHOBAIH v miif Tamy3i [2].

Jlo HemaBHBOTO 4Yacy, BHPOOHHITBO CKJIQIHHX
KepaMiuyHUX JeTajleil oOMexyBajocs depe3 Opak
HeoOXimHmx  TexHonorid. OpmHak, y  pe3ynbrari
BUKOPUCTaHHS TEXHOJIOTIH aJIMTHBHOTO BHUPOOHHLTBA,
BIIKPHBAIOTECS HOBI MOXJIMBOCTI JUII  CTBOPEHHS
CKIamHUX  KEepaMi4HUX  CTPYKTYp, SKi  MOXYTb
3aJI0BOJIbHUTH Pi3HOMaHITHI BUMOT'H Taily3i KEpaMiKu.

Kpim Ttoro, Bukopucranus 3D-apyky 3MeHIye
KUIBKICTh  BIAXOAIB, IO YTBOPIOIOThCA MiJ  dYac
BUPOOHMIITBA, OCKUIBKM MaTepiajl BUKOPHCTOBYETHCS
OlbIl e)eKTUBHO, 1 3MEHIIYE BUTpATH MarepiauiB Jyis
CTBOPCHHS reoMeTpii BUpPOOiB. J[0 TOTO X, I TEXHOJIOTIs
cupusie  30€peKEHHI0  PecypciB  Ta  3MEHIIEHHIO
HETaTHBHOT'O BILIMBY Ha HAaBKOJIMIIIHE CEPEIOBHIIIE.

3aragom, 3D-apyk €  OpPOXYKTUBHHM 1
MEPCIEKTUBHAM  METOJIOM  BHUPOOHMITBa,  SIKMH
MIPOJIOBXKUTh MOJEPHI3yBaTUCh Ta BIIKPUBATH HOBI
MOJKJIMBOCT] BUKOPHCTAHHS B PI3HUX IHAYCTPIsX.

L5 cTaTTs MpONoHyE JeTanbHile 03HAHOMHUTHCS
3 TPOLIECOM BUTOTOBJICHHS AMOMOCHITIKATHHX
KepaMiuHuX BHPOOIB 3a mormomoror 3D-apyky, a Takox
pO3IJIsiHE TepeBard Ta MEePCIeKTHBH BUKOPUCTAHHS L€l
TEXHOJIOT 1.

AHaui3 nocaigxeni i myoaikauniii.

3 PO3BHUTKOM TeXHOIOTIH, iHpopMamnig npo 3D-
IpyK Oynma oOMeXeHOI0, 1 TOMy TeXHOJIOTisI aATUTHBHOTO
BUPOOHMIITBA BBaYKAJIAcs CHENU(pigHOIO, TOCTYITHOIO
JIMIIE U1l OKPEMHX CIELiallicTiB. AJie 32 OCTaHHI POKH
CUTyalisi  CyTT€BO  3a3Haja  3MiH.  AJJIUTHBHE
BUPOOHMIITBO MPOJOBXYE pO3BMBaTH pi3Hi cdepu
MIPOMHUCIIOBOCTI 1 OJHMM 3 HAWOUIBII NEPCIEKTHBHUX
HanpsIMKIB 3aCTOCYBaHHsS M€l TEXHOJOTii € Kepamika.
3pocTtaHHs TOTPeOM Ta PO3MOBCIO/PKEHHS 3D-apyky y
6aratbox cepax BUPOOHHMIITBA, MOJIepHi3awis
TEXHOJIOTIH Ta 3HWKEHHsI BApTOCTI 00IaHaAHHS, 3p00NIN
IO TEXHOJIOTIIO OUIBII JOCTYITHOIO JUIS IIMPOKOTO KOJIa
kopuctyBauiB. TexHonoris 3D-npyKy BUKOPHUCTOBYETHCS
HE IUIIe B MPOMUCIOBOCTI, alleé i B OCBIiTi, MEIWIIWHI,
apxiTeKTypi Ta HaBiTh y MOOYTi, TOMy IO OJHIE€IO 3
roJIoBHUX TepeBar 3D-ApyKy kepamiku — 11e MOXKJIUBICTh
CTBOPEHHS CKJIQJHHX I'€OMETPHYHUX (POpM, SIKi CKIIAIHO
BUTOTOBUTH TPaJULiHHUMH METOJAaMH BHPOOHUIITBA, L0
JI03BOJISIE JIM3aiiHEpaM 1 1HXKEHepaM peaii3oBYBaTH CBOI
inei Ta CTBOpIOBaTM  yHIKalbHI MPOAYKTH, SIKi
BIJITIOBIJAIOTh BUCOKHM CTaHIapTaM SIKOCTi Ta €CTECTHKH.

3D-nmpyk KepaMiKH Moyan JTUHAMIYHO
po3BuBaTHCS 1 HaOMpaTh MOMYJSAPHICTH NPHOJIU3HO 3
cepequnan 2010-x pokiB (puc. 1) [3] 1 meéd mporec OyB
00YMOBJICHUI KiJTbKOMa KITIOYOBUMHU (paKTOpaMu.
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Puc. 1 — Po3Butok 3D-apyKy Kepamiki 1o pokax

Iepmr 3a Bce, TEXHOJOTIYHUI MNpPOrpec CTaB
BUpIlIaJIbHUM  (akTopoM y  po3BUTKY  3D-apyky
kepamiku. HoBi TexHosorii 1 Marepiaam J03BOJIHIH
CTBOpIOBaTH OUIBII TOYHI 1 SIKICHI KepaMiuHi BUpoOH. Y
JMAHOMY BHIIaJKy, PO3pOOKa CICIIaJbHUX KepaMiuyHHX
CyCHeH3IH 1 macT, sIKi MOKHa BHUKOPHCTOBYBaTH B 3D-
MIPUHTEPaX, 3HAYHO MOKpAIHiIa SIKICTb APYKY [4].

B pizHux oOnactsaX, HaNpUKIAA, MEAMIMHA,
apxiTekTypa, JIM3ailH, BHPOOHMLUTBO — IIONHUT JO
CTBOPEHHS KepaMiyHMX BHpPOOiB, BUTOTOBJIECHHX 3a
TexHoJoriero 3D-ApyKy 1moyaB 3poCTaTH, IO JIOMOMOTIIO
BJOCKOHAQJICHHIO  IIi€]  TexHojorii. 3a  JI0moMoroio
TexHonorii  3D-mpyKy KepaMikd B - apXiTeKTypi, €
MOXJIABICTE TS BHPOOHHIITBA CKJTAHUAX Ta
HE3BUYAWHUX EJEMEHTIB, MO0 CTBOPIOBATH IHHOBAIiiHI
JIM3aHEPCHKI PILIEHHs Ta apXITeKTYPHI KOHCTPYIOBAHHSI.
Y wMmenmuuHi, 3a gomomMoror 3D-mpyky Kkepamikw,
BHUT'OTOBJISIOTHCS KepamiuHi IMIUTAaHTATH, SIK1
aJlanTyIOThCsl TMiJ KOHKPETHI MOTpeOH IMallieHTa, mo B
MOJAJbIIOMY TPHU3BOAUTH IO 3HAYHOIO ITOKpAIIEHHS
Pe3yJIbTaTIB JTIKYBaHHS.

HaykoBi mocnipkeHHsS Ta 1HHOBAIiiHI pillleHHS
TaKOX BINIrpajy BaXKJIMBY pOJb Yy BIPOBaKeHHI 3D-

TIPYKY KepaMiKu. HaykoBumu LICHTPaMH,
JIOCHITHALBKIMH  JTa0OpaTopisiMK,  KOMIIAHIIMH  Ta
VHIBEpCHTETAMH, II0YaJOCh AaKTHBHE  JOCIIKCHHS

MOXJIMBOCTeH TexHoJiorii 3D-AapyKy Kepamikd, IIo
HaJaJI0 3MOTY HAyKOBISIM 3pOOWTH 3HAYHY KiJIbKICTh
myOmikamiif HayKOBUX TpaIlk Ta MaTeHTIB (puc. 2).

MeguumHa IHmeHepia

13% 11%

Haywa npn
MAaTepianm
26%

dapmaronoria BloxImls IndopmaTHra
6% 89 9%

Puc. 2 — JlokyMeHTH 3a pi3HUMH HaNpsIMaMy
HayKOBUX JIOCIIIKEHb
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Ii mocmimKeHHS MIO3BOJIMIM PO3POOHMTH HOBI
Mmeronu 1 Matepianu i 3D-IpyKy Kepamiku, a TaKox
BUBYMTH iX BJIACTUBOCTI 1 3acTocyBaHHS. TakuM YMHOM,
JOCII/DKEHHST B Tajy3i Marepiao3HaBCTBa JIO3BOJIMIN
CTBOPMUTH KepaMiuHi MarepiaJii 3 TOKpalleHUMH
MEXaHIYHUMH 1 (QI3UYHMMH  BJIACTHBOCTSIMH, IO
PO3IINPIIIO MOXKIIMBOCTI iX BUKOPHCTAHHS.

BukopucTanHs iHHOBaiHUX TEXHOIIOTIH TaKOXK
MIIITOBXHYIO 10 eBomomii 3D-mpyky kepamiku [losiBa
koMepuiHnx 3D-puHTepiB, HA AKX MOXHA JAPYKYBaTH
KepaMmiuHi MaTepiaiy, 3poOwia M0 TEXHOJIOTiI0 OLTBII
JOCTYIIHOIO Ui LIMPOKOrO KOjia KOPUCTYBadiB, IO
CTHMYJIIOE€ PO3BHTOK KpPEAaTHMBHUX Ta 1HHOBALIHHUX
npoekTiB. KpiM Toro, 3pocTaHHs KOHKYPEHLIl Ha PUHKY
3D-npuHTEpiB, NPHU3BENO 0 3HWKEHHS X BapTOCTI, IIO
TaKOX 3pOOHIIO L0 TEXHOJIOTII0 JOCTYITHOO ISl MaJoro
Ta CepeIHBOro Oi3HECY, CIPUSIOYN IXHHOMY PO3BHUTKY.

OpHUM 3 MepHIIMX 3HAYHMX JOCATHEHb y I
rajaysi crajno crBopeHHs 3D-mpuHTEpiB, SKI MOINH
JpYKyBaTh KepamiyHi MaTepiaiy 3 BUCOKOIO TOUHICTIO W
skictio. B Tomy wuwmcni, B iHZyCTpil IOBeNipHOTO
BUpOOHMITBA, 3D-pyK KepaMiku ae 3MOTy CTBOPIOBAaTH
ocoOumBi Ta ckiagHi BUpoOHM 0e3 HeJOCKOHAIMX IpaHen
a6o kpaiB. IloBepxHi BUpOOiB MalOTh BHCOKHHA CTYIIiHB
TJIAZAKOCTI Ta BIAMIHHY TEKCTypy Oe3 nedopwmariii abo
nedexTiB muTTH [5].

Indpopmanis npo 3D gpyk KepaMiku TOCTIHHO
3pOCTaE, OCKIJIBKH TEXHOJIOTS MPOJOBXKY€E PO3BUBATHCH 1
3HAaXOJUTH HOBi 3aCTOCYBaHHSA B PI3HHX raimy3sx. Hosi
JOCTI/DKCHHS 1 pO3pOOKM [O3BOJSIOTH ITOKpPAIIyBaTH
SKICTb 1 TOYHICTH JpPYKY, a TaKoX pPO3IINPIOBATH
MOXJIMBOCTI BHKOPUCTaHHS KepaMidyHHX Marepialis.
Takum unmHOM, BHKOpHCTaHHs TexHouorii 3D-apyky
KEepaMikl Ma€ BEJMKHHA MOTEHIaN I IOJaJIBIIOr0
PO3BUTKY, OCKUIBKH IICH BHJ MIsUTBHOCTI CTA€ BCE OLTBIIT
TIOITYJISIPHUM Ta IIePCIIEKTHBHIM.

Jo Toro ik, 3D-mpyk Kepamiku J103BOJISIE
BHPOOJIATH BUPOOHM MaUMH TAPTiSAMH, IO POOHTH IO
TEXHOJIOTII0 OCOOJIMBO NPUBAOIMBOIO Ui BUPOOHUIITBA
eKCKJIIO3MBHHX Ta IIEPCOHAI30BaHMX BUPOOIB.

[Ile onmiero BaxuMBOIO TepeBaror 3D-mpyky
KepaMiKd €  MOXKIHUBICTHP  BHKOPHCTAHHS  PI3HHUX
MaTepiamiB, BKIIOYaloun OiocyMmicHI Ta Oiopo3KiIagHi
Matepiand. Lle Takox BiIKpHUBa€ HOBI MOMIJIHMBOCTI IS
CTBOPCHHSI OIOMEIUYHHX BHUPOOIB, TAKHX SK KepaMidHi
KapKacH I pereHeparfii KiCTKOBOi TKaHWMHH. Taki
KapKacl MOXYTh OyTH BHTOTOBJICHI 3 MartepiaiiB, fKi
MarTh XOpomy Oi0CYMICHICTh Ta OGIOpPO3KIAHICTh, L0
poOHTh TX MPUAATHUMU [UIsl BAKOPUCTAHHS B MEAMIIHHI.

UYepe3 30iMbIICHHS OHJIAHH-PECYpCiB, TaKuX SK
6noru, Gopymu Ta Bileo-TyTOpiaiii, KOPUCTYBadi MalOTh
MOXIIMBICT ~ JTUIUTHCh JOCBIIOM Ta 3HAHHIMU Yy
BUPOOHHMIITBI JaHOI TEXHOJIOTII, IO JO3BOJIAE IIBUAIIC
OCBOITH IO TEXHOJIOTIIO Ta IIOYaTH 3aCTOCOBYBATH ii y
pI3HHX Tay33sx BUpOOHMITBA. HOBaYKHM TaKOXK MOXKYTbh
LIBUJIIIE OCBOITH TeXHONIOTiI0 3D-IpyKy Kepamiku uepe3
COLlIaNbHI MEpeKi Ta OHJIAWH-CIIBHOTH, IO CTAalOTh
mwiathopMamMu sl OOMiHY ilesIMH Ta TIpOoeKTaMu. Takox
BOXJIMBO BIA3HAYMTH, IO PO3BUTOK IPOrPaMHOTO
3abe3nedeHHs st 3D-MomemoBaHHs Ta JU3aifHy pOOUTH

NIPOLIEC CTBOPEHHS MoOAeNed OUIbIl JOCTYIHHM Ta
iHTyiTHBHO  3po3yminmuM. Ile  1o3Bossie  HaBiTh
HE/IOCBITYCHNM KOPUCTyBayaM BUT'OTOBIISTH CKIAIHI Ta
(yHKIIOHATTBHI BUPOOH.

Hocmimaukamu [6] Big3HadeHO, IO MPOTpPaMHE
3a0e3neueHHs Bilirpae KIFO4oBy poib ¥ 3D-aApyKy riuHHA
Ta iHMMX MarepiamiB. Sk i 6araTo IHIIMX MAaIIMH IS
nudpoBoro BHpOOHUITBA, 3D-mpuHTEpH IS TIWHU
BUKOPHUCTOBYIOTh .gcode aiinm, sKi MOXyTh OyTH
3TeHepOBaHI 3a JOMOMOTOK KOMEPIIHHUX claicepis,
takux sk Cura abo Simplify3D, abo nuisixom HanucaHHs
KOy 0e3mocepeHbo.

Ix naGopartopis Biamae mHepeBary HamMCaHHIO
BiacHoro gcode 3a nomomororo Grasshopper i Python, 1o
JIO3BOJISIE PO3IIMPIOBATH MOXJIHMBOCTI 3D-ApyKy B TiIHHI
Ta MATPUMYBATH JIPYK YHIKQIBHUX MaTepiaiiB, TaKUX SIK
OpoH3a 1 CKJI0, aie JuiIe OOMEeXEHHH CIIEKTp TeoMeTpiit
MOXKHa JApyKyBatd Ha 3D-mpuHTEepi 3 TIJIMHOMO, SIKIIO
BUKOPUCTOBYBAaTH KOMEpPLIfHO JOCTYIIHE NpOrpaMHe
3a0e3reveHHs s CIaliCHHTY.

ToMy aBTOpamMm pO3pOOIICHO CreIiali30BaHi
nporpamui pimenas WeaveSlicer i TRAvel Slicer mus
pO3IIMpPEHHS [OPYKOBAaHMX TeOMETpid, SKi 3HAYHO
po3mupoooTs  MokimBocTi  3D-gpyky.  WeaveSlicer
JIO3BOJISIE IPYKYBATH T€OMETPIi 3 MOCTIHHOI TOBIIMHOIO
CTIHKY, TE€HEepyIoud KOJMBHUI ILIAX, IO OCOOIMBO
KOpuCHO it ruHsSHuX ckyinentyp. TRAvel Slicer, B
CBOIO Yepry, CTBOPIOE HENEPEPBHI CHipabHI MIISAXH JUIs
MarepiaiiB 3 HEJliHIHHOIO PEeoJIori€r0, TaKUX K OPOH30Ba
IJIMHAa 1 CKJSHA TMacra, IO MiHIMI3ye 3aTpUMKH Ta
3abe3neuye Oinpm umeti apyku. Lli pecypem narote
MOXIJIUBICTh YCHIIIHO APYKYBAaTH CKJIQJHI Ta YHiKaJbHI
¢dopmu, ski HemMoxsMBO Oyno O peamizyBaTH 3a
JOIIOMOTOI0 TPAJULIHHOTO MPOrPaMHOTO 3a0e3IIeYCHHSI.

Y minomy, pesomromiss TexHoiorii 3D-apyky B
o0macTi Kepamikd BIIKpHBa€ HOBI TOPWU3OHTH JUIA
iHHOBAlli# Ta PO3BUTKY. BOHa J03BOJSE CTBOPIOBATH
VHIKaNbHI Ta BHCOKOSKICHI BHpOOW, SKi BiAIMOBINAIOTH
BHCOKHM CTaHJApTaM SKOCTI Ta €CTETHUKH, a TaKOXK
3a[0OBOJIGHSAIOTh  IHOWBIAyanbHI TOTPEOM  KOXKHOTO
CHOXKMBAya.
3acrocyBanns 3D-1pyKy B KOCMIiYHil raJaysi.

AIUTHBHI TEXHOJIOTi, MOB'I3aHI 3 MOIIAPOBUM
HApOLIYBaHHSIM 1 CHHTE30M OO0'€KTIB 3a JIOIOMOTOIO
KOMI'IOTepHUX 3D-TeXHOJIOTiH, ChOTOJHI BUXOAATH Ha
NepIInil IJIaH TPU CTBOPEHHI KOCMIYHOTO OOJaJHaHHS.
Ha nymxy Buenux, 3D-apyk Moke 3HAUYHO HPUCKOPUTH
OCBOEHHSI [103a3€MHOT'0 IIPOCTOPY.

Sk 1 B IHIMX raimy3sx MpoMuciioBocTi, 3D apyk
MOXE CIIPOCTUTH BUPOOHHMLTBO OaraTthbox jeTajel
KOCMIYHHX araparis, ycyBaloun  motpedy B
IHCTpYMEHTax, THM CaMHUM 3Ha4YHO 3MEHIIYIOYH BUTpPATH
Ha JeTagb — OCOONHMBO IUII HEBEIHMKHX 3a O0CITOM i
HECTaHJAPTHUX JAeTaieil, HeoOXiTHUX M1 pakeT. Aue
BiIMOBa BiJl IHCTPYMEHTIB MOXXE€ TaKOXX CKOPOTHTH dHac
BUTOTOBIICHHS, IO JONOMOXKE Ine Oinblie 3HU3UTH
BUTPAaTH 1 NPUCKOPUTH MOJBOTHI IUKIHM. Hampuknan,
Space Shuttle mpo#foB MUISIX BiJ KOHIIEMIIT A0 MEPIIOro
MOJILOTY TPOXH OLIbIle ACB'ATH POKiB. [ MOPIBHAHHS,
kamidopHiiicbkka kommanis  Relativity  Space, 1o
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6azyetbes B KanihopHii, MOXe HaAPYKyBaTH LTy pakeTy
BCchOoro 3a 60 JHIB, BHKOPUCTOBYIOUM aJUINTHBHE
BUPOOHHMIITBO.

AJIe He JTUIIe HOBI JAeTali MOKYTh OTPUMATH BUTOJTY
Big 3D nmpyky. Ockinbku Oararopa3oBi pakeTH LIBHIKO
CTalOTh HOPMOIO JUISi KOCMIYHHMX 3aIlyCKiB, IIONHT Ha
3amacHi Ta 3MiHHI YacTMHM 30UThIIMBCA. Maroun
MOXJIMBICTh ~IIBHAKO Ta CEKOHOMIYHO e(EeKTHBHO
BUTOTOBJIATH IIi JAETaNi, aAWTHBHE BHPOOHHLTBO MOXeE
JOTIOMOITH TIPOJOBXUTH TEPMiH CIykOM LUX pakeT Ta
iXHIX JBUTYHIB, e OUTbIIEe 3HWKYIOUH BHTPATH Ta
CKOpOUYYIOUH Yac pPEMOHTY. 3a0e3leduyroud IIBHIIIC
BITHOBJICHHS pPAaKeT Ta IHIIMX TPAHCIOPTHHUX 3aco0iB,
AIUTUBHEC BUPOOHHUIITBO MOXE 3a0€3MEeYUTH OLIBIIY
KIJIBKICTh 3alyCKiB, WIO CIHPHUSITUME BIPOBAIKCHHIO
OUIBIIOT KUTBKOCTI TOTOBHMX pIIlIEHb MISI KOCMIYHHX
moJLoTIB [29].

Ane 3D npyk meraneid Uit TOCHIPKEHHSI KOCMOCY —
1€ He JIMIIEe 3eMHa JisIbHICTh. [IpoTsirom Gararbox pokxiB
NASA Ta iHIIi KOCMIYHI areHTCTBa APYKYIOTh MOJIMEpHI
netani Ha MiKHapoTHi KOCMIYHIN CTaHIII.

OkpiM MITBEp/DKEHHS KOHIEMINI, IO JeTai
MOXKHa  JpPYKyBaTH B  yMOBax  MiKporpasiTaii,
JIOCITIJPKEHHS! IIKPECTIOI0Th OIHY 3 KJIIOYOBUX IepeBar
AIUTUBHOTO BHPOOHUIITBA [ MaHOYTHIX KOCMIYHHUX
JIOCTIKCHb - MPHUIATHICTH O BTOPHHHOI IEPepoOKH.
Hamaroun MOXIMBICTH HE JIWIIE BATOTOBIATH OLIBIIICTH
JeTajeii 4M IHCTPYMEHTIB, SKi MOXYThb 3HAJ0OUTHCS
acTpoHaBTaM, aje ¥ OaraTtopa3oBo mepepoOIATH i
nmerani, 3D-mapyk Moxe 3BUTBHHTH acCTPOHABTIB BiA
HEOOXITHOCTI  mepembadaTd  KOXKHY — A€Talb  Yd
IHCTPYMEHT, sIKi MOXYTb 3HAJ00MUTHCS IM M Yac Micii.
Hartomicth, y KoCMOC mOTpiOHO Oyzae OpaTu Jjuie
CHUpOBHHY [29].

3acrocyBanHs 3D-Ipyky Kepamiku B rajysi
KicTKoBOI iH:KeHepii.

TkaHnuHHa 1HXEHepis, sKa NOenHye OioJorito,
IH)KEHEepiIo Ta MeIULKHY, e(EeKTUBHO BUKOPHUCTOBYE 3D-
JIPYK JUIs CTBOPCHHS KICTKOBUX KapkaciB. JlikyBaHHS
KICTKOBHX JIe()eKTiB 3aBXIU OyJIO0 CKIAJHOIO 33/1a4€i0 B
opromenii, TOMy KapKacH, SK BaKJIMBUH KOMIOHEHT
imKeHepii  KICTKOBOi  TKaHWHHM, BUTOTOBJICHI  3a
JOTIOMOT0I0 TexHouorii 3D-npyKy, NpONOHYIOTh 3HAYHI
mmepeBarn B JIOCHIDKEHHI Ta JIKYBaHHI KIIHIYHHAX
KICTKOBUX Je(]EKTiB.

HaHOKOMIO3WUTHI KapKacH, CTBOPEHI 3a JOMOMOTO0

3D-apyKy, TOKa3ylOThb CHOPHATINBI pe3yabTaTd B
MPEeKIIIHIYHNX ~ JochimkeHHax. Lli Kapkacm MOXYTb
BKJIFOYATH OCTCOKOHIYKTHBHY MaTpuLIo,

OCTCOIHIYKTHUBHI OITKM Ta OCTEOTeHHI KJIITHHH, IO
CIIpHSi€E POCTYy HOBOI KICTKOBOi TKaHMHHW. OpHi€r0 3
KJIIOYOBUX MpOoOJeM B  OPTONEAWYHIA Xipyprii €
JIIKYBaHHS 3aTPUMaHOI'O 3pOILIECHHS, HENPaBHIBHOTO
3pOILICHHS Ta B3araji HE3POUICHHSA KIiCTOK. Jlns
BUpILIEHHsS Ii€i TpoOJNIeMH BHUKOPHUCTOBYIOTBCS Ppi3HI
METOIM, BKJIIOYAIOYM KICTKOBY TpaHCIUIAHTAIil0 Ta

PO3TIIAAIOTHCS TIEPEBAry Ta HEJOMIKH PI3HUX TEXHOJIOTIH
CTBOPEHHS KOMITO3UTHHX KapKaciB, BIIACTUBOCTI KepaMiK
1 moJtiMepis.

TraHMHHA IHXKEHEPIs KICTOK € MIXIUCIUILTIHAPHOIO
ob0macTio, B AKI PO3POONAIOTBCS HOBI  METOIH,
BpaxoByro4n MeToJ 3D-nmpyKy, Ui JTiKyBaHHS IaIli€HTiB
3 KICTKOBUMH MOMIKO/DKCHHSIMU 200 3aXBOPIOBAHHSIMH.
OcHOBHa MeTa TKAaHWHHOI iHXKeHepil KICTOK —
BIIHOBJIEHHS IIOIIKO/DKEHNX KICTOK 34 JOIIOMOIOIO
VHIKQTbHUX HAHOTEXHOJNOTIYHHX MeToxiB. Jlroachka
TBepAa TKaHHHA (KICTKA) € OIHI€0 3 HAWBAXIIMBIIIMX
CTPYKTYp JIIOJICBKOTO Tijla, 3a0e3Meuyroud MiATPUMKY,
3aXHCT 1 PYHKIIOHATIBbHICTh. [OMIKOIKEHHS KICTOK MOXe
OyTH pe3yibTaToM BIKY, JAEr€HEpaTHBHHUX 3aXBOPIOBAHb
abo HeIacHWX BHIAJKIB. 3aMiHa KICTOK BKJIIOYA€
IMIIJIAHTALi}0 HOBOI KICTKM a00 BiAMOBIAHOI 3aMIHH MIXK
MICIIIMH TTOIITKOJIKCHOT TBEpAOl TKaHWHU (KicTkKH) abo
BTpa4y€HOi TBEepAOi TKAaHWUHM (KICTKM) AJIsl MiATPUMKH
Ipolecy  3aro€HHs.  MeToaum  JIKyBaHHS — IHX
MOUIKOMKEHb, SIKI  ICHYIOTb, 4YacTO  BHSBIISIOTHCA
Hee(eKTUBHUMH, OCKUTBKA  BOHH  3ajJeXaTh  Bif
ayTOTPaHCILIAHTATIB, aJTOTPAHCIUIAHTATIB i
OlomiMeTHuHMX ab0 PpI3HUX IWITYYHUX pecypciB i
MiAXoMiB. AYTOTpaHCIUIAaHTATH, XO4Ya 1 BBAKAIOTHCH
CTaHAAPTOM JUIs KICTKOBOI TpaHCIUIaHTallii, MaroTh
OOMEKCHHSI Yepe3 MOXKIHUBI 3aXBOPIOBAHHS JIOHOpA,
CTBOPEHHS IHIIMX TEPAreBTHYHUX TPYIHOLIB 1 HHU3BKY
JIOCTYIHICTh ~ TKaHWH.  EdexkTuBHICTE  3aMiHHHKa
IMIUTaHTaTa CHJIBHO 3aJISKHUTH BiJl CEPEAOBHIIA PO3PUBY
abo nmedexry TBepaoi TkaHuHM (KicTkh). Lle obmexye
BUKOPHCTAHHS  IMIUIAaHTaTa, Oyab TO  HEBEIMKHI
HAMOBHIOBaY a00 BENMKHI HAMOBHIOBAY, SIKMU [i€ SIK
KapKkac, o crpusie (GopMyBaHHIO HOBOI KicTku. BuOip
3aMiHHHUKA IMITIAHTATA, IKAN 33I0BOJBHSIE IIM YMOBaM, i
omHa abo0 KiTbKa CTpaTeriyHMX TPaBHI KiCTKOBOTO
3aroeHHs (OCTEOKOHAYKIiSl, OCTEOIHIYKIIisl 1 OCTeOTreHe3)
He € BuuepnHUMU. [TpuHaliMHI, KOHCTPYKIsl iMIIaHTaTa
NMOBUHHA  OYTH  OCTEOKOHAYKTHBHOIO B  CBOEMY
CepenoBuIlli, 1100 BHKOPHCTOBYBATHCS SK HEBEIHKI
HallOBHIOBaYi, WIO CHPHUAIOTH (OPMYBaHHIO HOBHUX
KICTKOBUX KJIITHH.

BkirouenHs: QakTopiB pocTy, TakMX SIK KOCTHI
Mopdorenernuni Oinku (BMPs), nonomarae xiituHam
pPOCTH, 1 OCTEOIHOYKTHBHE CEpEJOBHILE MOXe OyTH
JIOJIAHO O IMIUTAHTaTa JJIsl CTUMYJIIOBAHHS II¢ OUTBII
IIBUJIKOTO  3aroeHHs. llocTiifiHe 3'SBICHHS  HOBHUX
pPEBOMIOIIHUX 200 TOKpalIeHuX MaTtepiamiB  ais
iMrumaHTanii 30epirae 001acTh TBEpAOi TKAHUHU (KiCTKH)
SK  3aXOIUTIOI0YY ~ MOXJIMBICTE Ui MaHOyTHIX
JIOCII/KEHb, CIIPSMOBAaHUX HA MOJOJNAHHS WX MPOTaHH
Yy CTBOPEHHI CTPYKTypH IMIUIaHTaTa, sKa BiAIMOBimae
BHMOTaM aJIeKBaTHOI TUMYaCOBOI KiCTKOBOI CTPYKTYpH.

IIpotesm 3 MeTamiB 1 KICTKOBOIO IIEMEHTY,
MOJIiMEPIB 1 KepaMikd € JO0AaTKOBUMH BapiaHTaMH
nmikyBaHHs. TkaHMHHA 1HXeHepish Moxke OyTH po3jiieHa
Ha pi3Hi miaxomd. OCHOBHUN METOI CTBOPEHHS MIITHUX

3aMiHHUKHM KICTKOBOi TKaHWHH. ABTOpH [7] 30cepemxeni  TKaHMHHHX (HanpuKMaj, KICTKOBAX 1  XPSLIOBKX)
B ONIAN CyYaCHHX KICTKOBMX TpaHCIDIAHTATiB 1 ix  3aMIHHHUKIB [OJsAra€ B IIO€JAHAHHI JKUBUX  KIITHH,
3aMiHHUKAaX, 10 BHKOPHCTOBYIOTBCS B KIiHIYHIKH  [IPUPOAHO  aKTUBHUX  MOJCKYl1 1 THMYacoBUX
TIPaKTHII OpTOTNIEANYHOI  Xipyprii, a Tako)k ~ TPHUBHUMIpHHUX (3D) ITOpUCTHX KapKaciB.
6 Bicnux Hayionanvnoeo mexuiunoeo ynieepcumemy «XI1I».
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BukopucroByroun 1eid MeToJ, TKaHWHHA 1HXEHepis
CTBOPIOE TBEpAY TKaHHHY (KICTKY) 3 PO3CISIHUX KIITHH,
SAKi  MOXYThb IIEPETBOPIOBATHCS B OCTEOOJIACTH Ha
BHCOKOITOPHCTHX OloMarepianax.

B ocranHi necATHNITTA BUPOOHHUIITBO YaCTUH Tija,
TBepAMX  (KICTOK) 1  M'SKMX  TKaHWH  CTaJo
6araTtooOiIsIFOY0I0 ANBTEPHATHBOIO IS JIIKYBaHHS abo
3aMiHU BTpATH TKaHWH 1 OPTaHiB, BUKIMKAHUX 1H(EKIIi€t0
abo Oosem. HaliOumepmn mDocHipKEHUI METOX BKIIFOUAE
BHUKOPUCTaHHS CHHTETHYHOTO MMO3aKJIITHHHOTO MaTPUKCY
(xapkacy), 3a3BHYail MPHU3HAYCHOTO Ui THMYAaCOBOTO
BUKOPHCTAHHSA 1, OTXKE, BUTOTOBJICHOTO 3 0i0pO3KIIaJHUX
abo Oionmerpanupyrounx moiimepiB. TkaHWHHA IHKeHEpis
NpUBEpHYJIA yBary 1O BUPOOHUITBA OPUCTUX CTPYKTYp
JUIS IATPUMKHU pereHepariii TKaHH|H.

BupoOHuITBO TBepmoi TKaHWHH (KICTKH) MOXKE
BUpPIIUTH Oarato mpodjeM, Takux sK OakTepiaabHa
iH(eKuis, HecTaya JIOHOPIB, BUCOKA BapTICTh 1 MOBIJIbHA
BacKyJsipu3anisi (pO3IIUPEHHS, BiJJHOBJICHHS 3BYXXEHHUX
ab0 TMepeKpUTHX KPOBOHOCHUX CYIMH). BimHOBIEHHS
KICTOK € OCHOBHOK) METOK0 TKAaHWHHOI IH)KEHepii KiCTOK.
Bono Mmoxe OyTW KOpPHCHMM Yy TEpaneBTUYHHX abo
penapaTHBHUX LUISAX IPH MHPOKOMY CIIEKTPi KiCTKOBHX
nedekTiB. Sk 3a3HaYCHO BWINE, TKAHWHHA IHXCHEPIs
KICTOK BHMara€ TpbOX OCHOBHHX  KOMIIOHEHTIB!
KIITHHHAX  amapariB  MO3aKIITHHHOTO  MAaTPHKCY
(xapkacy) i paKToOpiB POCTY.

3rigHO 3 OCTaHHIM 3BiTOM NP0 CBITOBHHA PHHOK
OPTONIEANYHUX  TPAHCIUIAHTATiB 1  BUPOOHHUIITBA
MaTepiaiis, 3araJbHUN PHUHOK OpTOTIEAMIHHUX
TPaHCIUIAHTATIB 1 MPUCTPOIB 3pOCTE 31 CepeHbOPIYHOTO
temity 3poctanHs (CAGR) maibke Ha 8,8% mpoTsrom
HACTYIHOTO MECATHIITTA, m00 mocsartu Omusbko 91,42
Minbsipaa gonapiB  go 2025 poky. OpTomneandHi
TPaHCIUIAHTAaTU 3pOCTalOTh 3 TeMnoM 7-10% 3a ocTtaHHE
JECSATHIIITTS, 1 OUIKy€ThCsI, IO LIEH PICT MPOJOBXKUTHCS B
HaOIDKY1 POKH.

VYcnix BUpOOHUIITBA YaCTHH TiNA, M'SKUX 1 TBEPIUX
TKaHWH KapKaciB BPEUITi-peIlT 3ajJexaTUMe B TOro, 4n
3MOKE€ BiH BUTPHMAaTH HPUKPIIUIEHHS KIITHHH, PICT 1,
BPCIITI-PEIIT, MO KIITHH Y BiNNOBITHY CTPYKTYpY.
Tomy Giopo3kiagHuil KapKac MOBHHEH OyTH 610CyMiCHIM
1 MaTH POHUKHUI 3B'S30K ISl CTBOPEHHS He(opManbHOT
BaCKyJIIpH3allii Ta MIBUAKOTO POCTY HOBOI CTPYKTYpH [7].

B 3anexxHOCTI Big BHKOPHCTOBYBaHHX MaTepialiB,
3D-gpykoBaHi Kapkach MO)KHa Kiacu(ikyBaTH Ha [Ba

THUNX: OJHOKOMIIOHEHTHI KapKacH Ta KOMIIO3UTHI
kapkacu. OJIHOKOMIIOHEHTHI KapKacu BKJIIOYAIOTh H'STh
kiacudikani:  MeraneBi  OioMaTepiajbHI  KapKacu

(Menu4Hi IMIUIAHTAaTH), KepamiuHi kapkacu (Oiomporesn
JuIsl 3aMiHU KicTok), BAG-kapkacu (0ioakTHBHE CKJIO, K
3B'A3YETBCSI 3 KICTKOBOIO Ta M'SKMMH TKaHWHAMH),
NOJIMEpHi KapkacH (HaTypajbHi Ta CHHTETHYHI MOJIMEpH
JUIl KICTKOBOi TKAaHMHM) Ta HAHOBOJOKOHHI KapKach
(moxpaiye OiocyMicHICTB 1 crpusie anresii Kapkacy 3
KICTKOBOIO TKaHHHOIO). KOMITO3UTHI KapKacH, B CBOIO
yepry, MOXKHa pO3IUMTH Ha ciM Karteropiii: PMMA
KICTKOBI IIEMEHTHI KapKach (BHCOKa MIIIHICTh Ha CTHCK,
3py4HICTh 00po0KH, OiocyMicHICTP Ta Bisyamizamis), CPC
KICTKOBI ILIEMEHTHI KapKacH (XOopomla IUIaCTHYHICTh 1

3allOBHEHHS CKJIQJHUX KICTKOBHX JE(EKTIiB), MOJIMEpHI
Kapkacu (OpraHiuHi CIOJIyKH), >KEIaTHHOBI KapKacu
(BHCOKAa  BOJIODO3YMHHICTB, HH3bKa IMYHOT'CHHICTB,
BHCOKa TICTOCYMICHICTh 1 HH3bKa BapricTh), PLA-
Kapkach (KOMITO3UTH, [OMOMiXKHI Matepiamn), PCL-
KapKacu (MaroTh BHCOKY 0i0CyMiCHICTB Ta
010pO3KIaAHICTh, IO POOUTH IX NPHUIATHUMHU IS
BUKOPHCTAHHS K OCHOBHOTO Marepially B KapKacax Ui
imkeHepii kictkoBoi TkaHmHHM) Ta PLGA-Kkapkacu
(Oiopo3kiIaHe OpraHiuHe CIIOTyYSHHSI, 110 CKIaIAEThCS 3
JIBOX MOHOMEpIB — MOJIOYHOI KHCJIOTH Ta TIJIIKOJEBOT
KucioTH) [8].

Bupanenns nyxnuH, Jedopmaiii, CHOPTHBHI
TpaBMH Ta iH(EKII] MOXYTh NPHU3BECTH 1O KICTKOBUX
nedektie. Y Coomyuenux — Illrarax  mopiuHO
peeECTPYEThCs MOHAM 6,5 MUTBHOHIB BHITAJKIB KICTKOBHX
nedekriB. Haiibinpln mommpeHrM METOIOM JiKyBaHHS
KiCTKOBHX JAe(eKTiB € KicTKoBa TpaHciuianTamis. Ilo
BCBOMY CBITy IIIOPIYHO BHKOHYETHCS JBAa MIIBHOHM
KICTKOBHUX TpaHCIDIAHTAIIIH.

ABTopamu [9] IOCHIDKEHO BUTOTOBJICHHS
KICTKOBUX KapKaciB 3 0i0CYMICHHX MaTepiaiiB, TAaKUX SK
¢ochar xamprito Ta HOro mMOXigHI, IO CIyXaTb
THMYacOBOIO OCHOBOIO JJISI POCTYy HOBOI KiCTKOBOi
TkaHuHU. llepenoBi Texnomorii 3D-ApyKy IO3BOJISIOTH
CTBOPIOBaTH CKJafgHi, cremudiuyHi Ansd mamieHTa
reoMeTpii, 10 IMITYIOTh MPHUPOAHY KICTKOBY CTPYKTYDY.
OcHOBHa MeTa TakMX KapkaciB — Ie 3a0e3NeueHHs
MEXaHIYHOI MIATPUMKH Ta HANpaBJICHHS POCTY KIITHH,
CIIPHSIOYH pereHeparii KiCTKOBOi TKAaHUHU.

[TopiBHSHO 3 KJIACHYHIMHU METOJaMU pereHeparnii Ta
PEMOHTY KICTOK, KICTKOBI Kapkacu 3a 3D-TexHoioriero
MatoTh nepeBaru. [lo-mepmie, Texuosoris 3D-apyky
JIO3BOJISIE TOYHO HAJAIITOBYBAaTH KICTKOBI KapKacH y
BIJIMOBITHOCTI 10 KOHKPETHUX AaHATOMIYHUX TIOTpeO
mariedra. J{ng 3a0e3medeHHs Kpamioi TATOHKH —Ta
BHPIBHIOBaHHA, TU(PPOBUI AU3aliH MOKHA MOAU(]IKyBaTH
mg po3mip, ¢opMy Ta CTpyKTypy aAedekry abo
BijcyTHbOI KicTku Ilo-gpyre, 3a momomororo 3D-apyky
MOKHa CTBOPIOBAaTM BHCOKO CKJIQJHI Ta KOMIUIEKCHI
CTPYKTYPH, SIKi BiITBOPIOIOTH NPHUPOAHY OyJIOBY KICTKH.
e Brxirowae  iHTETpamifo  MOPUCTUX  CTPYKTYD,
B33a€MO3B'SI3aHUX KaHAIIB Ta cHenu(idHNX MOBEPXHEBUX
XapaKTEePUCTHK, SIKI MOXYTh HOJICTIIMTH MPHUKPIIUICHHS
KITITHH, mudys3iro TTO’KUBHUX pevOBUH Ta
Backymsipm3aniro. [lo-tpere, 3a momomororo 3D-mpyky
KICTKOBI KapKacH MOXXYTh OyTH CTBOPEHI BIAITOBIIHO IO
yHIKaTbHUX BHMOTr TmamieHta. lled miaxix 306imbmnye
e(peKTHBHICTF  BIAHOBIEHHS KICTOK Ta MIiHIMI3ye
WMOBIpPHICTh YCKJIaJHEHb, OCKUJIBKH BiH IPUCTOCOBAaHUI
mig  IHAWBiZyanpHI  MOTpeOM, a Takok IMiABHILYE
Pe3yIbTaTUBHICTH Teparii.

Cranuii po3BUTOK Ta €KOJIOTTYHI MPOOJIEMH CTalOTh
BCE OUIBII aKTyalbHUMH, OCKUJIBKH CBIT CTHKA€THCS 3
CepHO3HIMHU EKOJIOTTYHUMH IpoOiieMaMH. 3aroCTpeHHS
€KOJIOTTYHUX TPOO0JIeM, TakuX SK 3a0pyIHEHHs MOBITPS,
BUKHIM TOKCHYHHX PEYOBMH Y BOJHI Ta TIPYHTOBI
cucTeMH, BTpara OiOpi3HOMAHITTSI, & TAKOX BHCHAa)KEHHS
MIPUPOJTHUX PECYPCIB JIMIIE MOCHITIOETHCS Yepe3 MIBUAKHN
piCT JIIOJICBKOTO HACEJIeHHS Ta BIUIMBY EKOHOMIYHOI
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JISUTBHOCTI HAa HABKOJIMIIHE cepemoBuiie. Tomy, s
CTBOpEHHs  IHKeHepii TKaHMH Ta  OlomarepiaiiB
BUKOPHCTOBYIOTbCS ~ BIJJHOBIIIOBaHI Ta ImepepolieHi
BIJIXO/IH, IO € OJTHUM i3 MEPCICKTUBHUX HampsMKiB. Leit
HaNpsIMOK TOKa3ye 3HAYHWH MOTEHIIaN Ui BUPIICHHS
mpo0iieM, MoB'sI3aHKUX 3 AeIlUTOM NPHUPOIAHUX PECYPCIB
Ta 30UTBIICHHSIM 00CATY BIIXOIIB.

OpnauM i3 crocoOiB BpaxyBaHHS CTalOCTi IIpH
po3po0ri OGioMaTepianiB € BUKOPHUCTaHHS HATYPalbHUX
monimepiB. Li MaTepianu € oXHUM i3 HAUOUTBII CTIHKHAX
TUMIB OioMaTepiamiB 3aBASKH IX TOCTaTKy, 3IAaTHOCTI IO
CaMOBITHOBJICHHSI Ta MOXIIMBOCTI TEPEepOOKH BiAXOIiB

JUTst MOBTOPHOTO BUKOPHCTAHHSI. Buainsrots
BUKOPHUCTAHHS MoJlicaxapuaiB (Ier0103a, OakTepiaabHa
LeJI0NIo3a, aibriHaT Ta XITHH 3 PaKomnoJiOHHX),

HaTypaJbHUX BOJIOKOH 3 0aMOyKy Ta KOKOCY, a TaKOX
OinKiB (MOpPCHKMI KojareH, LIOBKOBHH (iOpoiH Ta
epepoOieHH KepaTHH) IS JOCIIKEHb HAaTypaJTbHUX
HOJIMEPIB Ta X KOMIO3UTIB iHXEHepii KICTKOBUX TKaHHH
[10].

Tomy, agutuBHe BHpOOHMUTBO (3D-mpyK) crilike
3aBISKH CBOIll aJIJIUTUBHIN MPHUPOJI Ta Ma€ MOTCHINAN
Juisl 3a0e3MeYeHHs] 3aMKHYTOTO LMKy IIOCTaBOK JUIs
BUPOOHULITBA  MEAWYHHMX  MNPHUCTPOIB, TaKUX  SK
OpPTOTICANYHI IMIUIAHTATH, SKi TaKOXX aJanToOBaHi IIiJ
KOHKPETHOT'O NamieHTa. Xo4ya aJuTHBHE BHPOOHHITBO HE
€ TEXHOJOri€l0 0e3 BigXoAiB, BOHA TEHEpye MEHIIEe
BIIXOMIB MOPIBHSAHO 3 OaraThMa iHIIUMH TPaTUIIHHAMHI
mporecaMi. TakoX, BiTHOBIIOBaHI MaTepiand Ta pi3Hi
TUIU BiJXOJIB MOXYTb MEPEepOOSSITUCH JUIS TOro, 1100
3MEHIIMTH  BIUIMB  IIPOMUCIIOBOT  JisUTbHOCTI  Ha
HaBKOJIMIIHE CEPEAOBHIIE Ta 3MEHIINUTH 3aJIeXKHICTh
HaceJeHHs BiJl MEPBUHHUX MaTepiaibHUX pPEeCcypciB.
[eperBopenHst BinxoniB y Oiomarepianu ajist iHXeHepii
KICTKOBOI TKaHWHH € J00pe BCTAHOBJICHOIO IPAKTHKOIO.
BonHowac BUKOpHCTaHHS TepepoONeHHX MeTaliB Y
BUTOTOBJICHHI Giomarepiainis 3HAXOJUTHCS B
3apOIKOBOMY CTaHi. AmuTHBHE BHUTOTOBJICHHS
OiomaTepiaiB 3 BIJHOBIIOBAHHX Ta IIePEPOOIICHUX
pecypciB  JIMIE HELIONABHO II0YajO BBOIHMTHCH Y
BupoOHUIITBO [10].

BioakTHBHE CKJIO TpagWIiiHO CHHTE3YyBaloCsd 3

BUKOPHCTaHHSM BHCOKOTEMITEPATYPHOT TEXHIKH
IUTaBIICHHS, aJie 3 PO3BUTKOM XiMii 30JIb-T'eJIb TEXHOJIOTI1,
CTaJlO  MOXJIMBMM  OTPHMaHHS  PI3HMX  CKJIaiB

010aKTHBHOTO CKJja, 110 MicTaTh 10 90 Mom.% SiO,. Ile
JO3BOJIJIO BHUKOPUCTOBYBAaTH OIOAKTHBHE CKIIO SIK
pe3epByap ioHiB, Takux sk Ca, Mg, Cu, Zn Ta Ag, a
TaKOXX PIAKO3EeMENbHUX METAliB Ui TepaleBTHYHUX
ioniB. TuM He MeHII, MOTPiOHI IHAWBIAYaNBHI eIeMEHTH
Ta 3MiHA TpH JAedekrax KICTOK Ta TpaBMax. Takum
YHHOM, TPUBUMIpHUH 3D-ApyK KOMMO3UTIB O10aKTHBHUX
CTEKOJI Ma€ MOTEeHLIaN Uil HaJaHHS I1HIUBIITyaTbHUX
KicTKOBUX iMIUTaHTaTiB. CHHTETHYHI MONIMEpH, Taki SIK
nosinakTraHa kucaota (PLA), moni(JlakTua-Ko-TiikosieBa
kucnora) (PLGA), nomiBinutoBuii crmmpr  (PVA),
nonikarnposnaktoH  (PCL),  momi(rizpokcu0yTupar-Ko-
rinpokcusanepar) (PHBV) Ta axpunonitpui-OyranieH-
CTHpOJI,  BHKODHCTO-BYBAIWCSI ~ JJSI  BUTOTOBIJICHHS
Olomennmyamx KicTkoBHMX iMrnraHTaTiB. Cepem mux

moJiimMepiB iMrutanTatd Ha ocHoBi PLGA, PCL, PLA Ta
AKPUIIOHITPHII-0yTadieH-CTUPOITY JTOCSTIIA cramii
kiiHiuHuX BHNpoOyBanb. PLA, PLGA ta PCL wHaBiTh
otpumainu cxBaseHHs FDA CHIA sk matepianu aius 3D-
JIpyKy O10MENYHUX IMIUTaHTATIB.

HatypanbpHi moyiMepu, Taki SIK KOJIAreH, JKEJIaTHH,
nIoBKoBUi (GiOpuH Ta (GiOpHH, a TaKOX MOJICaXapHIH,
Taki SK XITO3aH Ta albliHAT, BUKOPUCTOBYIOTHCS B
KOMOiHaIii 3 OiOaKTHBHHM CKJIOM JUIS TOJITIIICHHS
010JIOTIYHMX Ta MEXaHIYHUX BJIACTHBOCTEH. Hampukman,
KoJlareH 3a0e3nedye HATHBHY IO3AKIITHHHY MAaTpHIIO
JUTSL KICTKOBHX KIIITHH, a XiTO3aH IOJIIIIIye MEXaHIuHI Ta
Oiomoriuni BiacTUBOCTI OiomarepiamiB. JlocmigHUKaMu
MmoKa3aHo, mo 3D-apykoBaHi KOMIO3HWTHI KapKacH 3
010aKTHBHOTO CKJIa TIPOJEMOHCTPYBAJIH CHPHUSATINBI
pe3ynpTaTd B TPEKIIHIYHUX JOCHIIKEHHSIX Ta MAalOTh
BEIMKUII TOTEHLiaJl y KIIHIYHOMY 3acTOCYBaHHI B
HaiOmmKIoMy MaiOyTHhOMy. OCHOBHOIO MEepeBaroro
KOMITO3UTIB 0I0aKTHMBHOTO CKJa € IX BHCOKI MEXaHi4Hi
BJIACTHBOCTI Ta OIOJIOTIYHI OCTEOTeHHI BJIACTHBOCTI.
Opnak BHOIp TOJIiIMEpIB TOBMHEH IPYHTYBaTHCS Ha
IXHPOMY 3aCTOCYBaHHI a00 00acTi KiCTKH, IO MoTpedye
3aminn. Po3poOka Ta onTHMizamis (opMyIIOBaHHS
TParoTh KJIIOYOBY pojib y po3po0ri iMruranratis [11,12].

3D-1pyKk Ha OCHOBI TipOrelniB CTaB IHHOBAIIHHOIO
TEXHOJIOTIEI0 B OIOMEIUYHMX JOCIIKEHHSX, OCOOJIMBO B
TaKUX Taly3sX, SIK TKAaHWHHA iHXCHEpis, pereHepaTuBHa
MEIUIIMHA, 3arO€HHS paH 1 MepcoHai30BaHa MEAMIMHA
[13-16]. 3aBask;mn MOMJIHMBOCTI CTBOPEHHS KapKaciB 3
BHCOKOIO TOYHICTIO Ta CHEIU(pIYHIMH BIACTUBOCTIMHU
UIS KOJXKHOTO IIaIfieHTa, I TEXHOJOTIS Hajgae HOBI
MOXIIMBOCTI B  Tepamii, 30KpeMa B  HalpsIMKy
nepcoHaiizoBaHux  pimenb  [17].  Bukopucranss
TPUBUMIPHHX JIPYKOBaHHX KapKaciB JO3BOJISIE HE JIMIIE
PaHHIO JIarHOCTHKY 3aXBOPIOBaHb Y€pe3 MOJICIIOBAHHS
in vitro, ajie ¥ KacTOMi3allif0 JIIKYBaHHs Ta ONTHUMAaJbHE
JI03YBaHHS 3 KOHTPOJILOBAHMUMU MPOQUISIMH BUBUILHEHHS,
K1 e()eKTHBHO aIaNTYIOTHCS JI0 HOTPed OKpeMoi JIFOIMHA
[18]. Excrpysiftanit  3D-npyx, sk omgHa 3
HaMpO3BMHEHIINX  TEXHIK, JO3BOJSIE  CTBOPIOBATH
rigporeneBi Kapkach 31 CKIQJHOI TEOMETPI€l0, IO
BIIKpHBA€ HOBI  NEPCHEKTHBH B  OiOMEIWYHUX
3acTtocyBaHHAX [19].

OpHuM 3 B@KIMBUX  aClEKTIB  CTBOPEHHS
rigporeneBux Kapkacis € BUOip OioMaTepialbHUX YOPHHMII,
SIKI TIOBMHHI BiAMOBIZaTH MEBHUM PEOJIOTIYHUM BUMOTaM
JUTSL CTaOLIBHOTO APYKY Ta 30€pexeHHs CTPYKTYpPH Iicist
Hporo [20]. IIpupoani mosimMepu, 30KpeMa 3 POCIUHHUX
JOKEpeN, CTaloTh IOMYJSIPHIIIMMH  3aBJASKH  CBOIH
010CyMiCHOCTI, BiJTHOBJIFOBAHOCTI Ta HU3bKIN
imyHorenHocTi [20]. Hampukiaa, BUKOPUCTaHHS HATPilO
aNbriHaTy B IO€JHAHHI 3 JKEJIATHHOM ITOKpAIy€e ajre3ito
KIITHH Ta 3a0e3rnedyye KOHTPOJIbOBAHE T'E€IIOBAHHS IPH
HU3bKUX Temneparypax [20]. JlogaTkoBe BKIIOUEHHS
HaHOMATepialiB, TaKUX SK ME30IOpPHCTI HAHOYACTHHKU
kpemHe3eMy (MSNs), m03BoJsIE 3HAYHO ITOKPAIIUTH
MeXaHI9HI BIaCTHBOCTI Ta 0i0aKTHUBHICTH Tigporemis [21-
24]. MSNs MaroThb BHCOKY ITOPHCTICTh, BEIUKY MTHUTOMY
MTOBEPXHIO Ta JIETKICTh (PyHKITiOHAMI3aMii, IO poOUTH iX
e(eKTUBHUMHU HOCISIMU JJIsl MOJIEKYJISIPHOI BizyaJi3ariii,
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JOCTaBKM JIKIB Ta OUIKIB, a TakoX KOHTPOJIbOBAHOTO
BUBLIbHEHHsS OIOJIONIYHUX areHTiB 3aJeXHO Bix IX
i30enmexkTpuyHoi Toukm [25-33].

Taxum YHUHOM, IO€THAHHS 3D-npyky 3
IHHOBaIITHUMHU OioMaTepialaMi Ta HAHOKOMITO3UTAMH
BIJIKpUBA€ HOBI IUIAXU JUI PO3POOKHU MEPCOHANI30BAHUX
Ta e(peKTHBHUX MEJWYHUX pimeHs. BukopucranHs
PI3HHX THIIIB IOJIIMEPIiB i HAHOYACTHHOK y KOMITO3HUIIi1
TiApOTeNiB  MO3BONISE  CTBOPIOBATH  Marepiamm 3
HEOOXITHUMHU MeXaHIYHUMHU, 010JIOTITYHUMHU Ta
TEpalleBTUYHUMHU  BJIACTHBOCTSIMM, IO BIATIOBIZArOTH
iHANBiTyapHUM TOTpebam namieHTiB [34-35].

Takum gwmHOM, TexHomoris 3D-mpyky BimkpuBae
HOB1 MOYKIJTUBOCTI JJIS1 CTBOPEHHS KiCTKOBHX KapKacis, sKi
MOXYTh 3Ha4HO IMOKPAIUTH TPOIEC pereHepaiii KicTok.

Bukopucranus  OiocymicHux — marepiadie  (docdar
KaJbI[ifo, Ol0OAKTHBHE CKJIO, HAHOKOMIIO3UTH) A€
MOKJIMBICTE JUISt BHUIOTOBJICHHS CKJIaIHHX,

IHAMBITyadbHUX (OPM I TAIi€EHTa, IO CIPHUSIOTH
pocTy KIITHH Ta MeXaHiyHid migrpumii. CTiHKiCTh
MarepiagiB Ta BUKOPHCTaHHS BiJJHOBIIIOBAaHHX PECypciB
TaKOX BIJIIrpaloTh BXXJIMBY POJIb Y PO3BUTKY 1€l ramysi.
Marepiaan Ta METOAM CTBOPEHHS CYYACHUX
KepaMiyHMX BUPOOiB 3 BUKOpUCTaHHAM 3D-1pyKy.

Kepamika BBakaeTbcs MarepialoM 3 BHCOKOIO
MIPOIYKTUBHICTIO, 3aBISIKM CBOIM TBEPAMM, MEXaHIYHO-
MIITHUM BJIACTHUBOCTSM, BIAMIHHIN CTIKOCTI TPOTH
3HOIIYBaHHS, TEMIIEPATypHOMY 1 KOpO3iHHOMY OHOpY.
Kepamiuni Matepianmn 3 OCOONHBAMH BIaCTHBOCTIMHU
LIMPOKO 3aCTOCOBYIOTBCS B PI3HUX CYYaCHHX Taily3six
MIPOMHUCIIOBOCTI, BKJIIOYAlOYM EHEPreTHKy, aBialliro,
00OpOHHY TEXHIKY, XIMIUYHY IPOMHCIIOBICTh, a TaKOX B
MEXaHTpOHIII Ta GioMeauuHUX mociimkeHHsx. Kepamika
€ KJIIOYOBUM KOMIIOHEHTOM JUIi PO3POOKH HOBHX
TEXHOJIOTIM Ta MpPOMYKTiB, IO BiINOBIAAIOTH BHCOKHM
CTaH/apTaM BUMOT Cy4acHOTO CBITY.

BupoOHNITBO KepaMiyHUX BHPOOIB 3a JIOIOMOTOI0
TPAIUIIIMHUX METOJIB CKIANA€ThCI 3 TPbOX ETaIliB:
MiATOTOBKK Marepiany, GpopMyBaHHS (SIKMH € HaiOUIbII
TPYZOMICTKMM) Ta cmikaHHS. PopMyBaHHS KepaMiKu
MoOXKe OyTH BHKOHAHE 3a JIOIIOMOTOI0 PI3HUX METO/IIB,
TaKUX SK I30CTaTHYHE IPECYBaHHs], NPECYBaHHS IIij
TUCKOM, JIMTTS MiJ THCKOM, CTPIYKOBE JIHTTS, TEJCBE
JMUTTA, BijyIMBaHHA cycmen3ii Ta iH. [1, 2]. Xoua
TEXHOJIOTIYHAN TIPOLIEC KOXKHOTO 3 LUX METOMIB MOXKE
BIZIPi3HATHCS, OUTBINICTH 3 HUX BHMAarae€ BHKOPHCTaHHSA
¢opm. Ile oOMexye MOXNKIMBOCTI BHUTOTOBJICHHS
CKJIQJIHUX KOMIIOHEHTIB, OCKLIbKH (DOPMH MArOTh MPOCTI
reomeTpuuti gopmu. Kpim Toro, odpobka Mmarepiaiis
MOe OyTH CKIIQJIHOIO Yepe3 KPUXKICTh KepaMiKu.

Marepianu, siKi BUKOPHCTOBYIOTHCSI B TEXHOJIOTISX
AUIMTUBHOTO BUPOOHUNTBA 4K 3D-ApyKy, MOXKYTh OyTH
Kjacu(pikoBaHi B 3aJIeKHOCTI BiI iX NPHIATHOCTI [0
00paHOT0 METOAY BUIOTOBJIEHHS (HAIIPUKIAJ, MMOPOIIKH,
BOJIOKHA, JIPIT, PiZIMHA, JIUCT Ta CYCHeH3ii) abo 3a THIIOM
Marepianxy (HampHKiazl, METajH, MOJIMEPH Ta KepaMika).
Bubip wmatepiamy i BHPOOHHMITBA 3aJ€XHTh BilX
KOHKPETHOTO MpPU3HAYeHHS NpOAYKTy. Ilpm wnpomy
MaTepial IOBUHEH MaTd BiAMOBiIHI (i3UYHI BIACTHBOCTI
Ta 3a0e3medyBaTH HEOOXiMHY MEXaHIYHY MIIHICTh ITiCIsA

00po0KH, SIKY MOKHA BIOCKOHAJIHTH il 9ac IMOAAJBIIOT
00po0ku [1, 36].

Ha cporommimmiii JeHp Bce Ouiblie yBaru
NPUAISIETbCS  PO3POOIII TEXHIUHOI KepaMikh, OCKUIBKU
BOHA Ma€ WIUPOKUIl CIEKTP 3aCTOCYBaHb y Pi3HHUX
TaTy3siX IPOMHCIOBOCTI.

MonepHizoBaHa (BIOCKOHAJIEHa) Kepamika, IIe
BiZloMa K «TOHKa» ab0 «TeXHIYHa» Kepamika — Iie
KepaMmiuHi MaTepiand, MO0 MAarTh TaKi BIACTHBOCTI:
BHCOKA MIIHICTB, KOPCTKICTh, CTIHKICTh IO 3HOUTYBaHHS,
XiMiUHa {HEpTHICTB, TEIUIOCTIMKICTh Ta iH. Lli mMarepiamm
BUTOTOBIISIIOTBCSL 3 BHCOKOSIKICHUX ~ CHPOBHHHHX
MarepiaiiB, TakMX SK OKCHUIW, KapOinu, HITpUIM Ta
OopuaM MeTaniB, a TaKOX HEMETaJeBUX CIOJYK:
KpPEMHIIO, OKCHJ aJIOMiHil0, KapOiJ KpeMHito, HITpHI
KpPEMHIIO Ta 1HIII.

ToHka, TexHIYHa KepaMika 3HaWIIa IIMPOKE
3aCTOCYBaHHS B pI3HMX Tally3sX I[POMHCIOBOCTI,
BKJIIOUAIOYM aBIaKOCMiYHY, aBTOMOOUIbHY, €JIEKTPOHHY,
MeIMYHy Ta XIMi4Hy npomucioBictb. Lli marepiann
BUKOPHCTOBYIOTBCSI JUIS BHUTOTOBJICHHS KOMITOHEHTIB
IBUTYHIB, TypOiH, HACOCIB, IiJIIAITHHUKIB, CICKTPOHHUX
IUTaT, CCHCOpiB, MEAWYHHUX IMIUIAHTATiB Ta IHIOUX
BHCOKOTEXHOJIOTIYHUX BUPOOIB.

OpHi€0 3 TONOBHUX IIepeBar TOHKOI, TEXHI4HOi
KepaMikKd € ii 3JaTHICTh NpamoBaTH B EKCTPEMalbHUX
YMOBaX, TAaKHX SK BHCOKI TEMIIEpaTypH, BUCOKHH THUCK,
arpecWBHI  CEpelOBHINa Ta IHIN BaXKi YMOBH
ekcruryaramii. L{i Marepianm TakoXk MarOTh HH3BKHUHA
KOCQII[IEHT TEIIOBOTO PO3LIUPEHHS, M0 JJ03BOJIE 1M
30epiraTi CTablIbHY T€OMETPII0 MpH 3MiHI TeMIIepaTypu
[37, 38].

TexHiuHy Kepamiky, BIANOBIIHO g0 i XiMiuHOT
NpUpoH, KJIACH(IKyIOTh Ha OKCHIM METaNiB, Taki SK
okcuy amominio (Al,O3;) 1 nupkonii (ZrO,), abo Ha
HEOKCHIH, Taki sk kapOimu, HiTpuam abo Oopumu. Ili
BHCOKOC()EKTUBHI KepaMidHi Marepiali MOXYTh OyTH
kimacudikoBaHi 3alle)KHO BiJ IXHBOTO TMPHU3HAYCHHS Ha

KOHCTPYKIIIHHY  KepaMiKy, eJIIeKTpOKepaMiky (3
JieNeKTPHIHIMH, T'€30€IeKTPUYHIMHA Ta
MipOSNEKTPUYHIMH  BJIACTUBOCTSAMH),  ONTOKEPaMiKy,

KepaMiky ajsi XiMi4HOi OOpOOKH, KepamiyHi HMOKPHTTS,
OioKepaMiKy Ta CBEPXIIPOBIIHUKH.

Cepex  OKCHAHMX  KepaMik, sKi  Hal4acrinie
JIOCHIJDKYIOTBCS U aJIMTUBHOTO BUPOOHMIITBA, BapTO
Bim3Hauntu Al,O3 3a HOro yHIBEPCaIbHICTIO, JOCTYITHOO
LIHOI0 Ta HU3BKOIO TEMIEPATypOIO CIIIKAHHSA, a TaKOX
ZrO, 3a BHCOKY YAApOCTiHKICTh, HH3bKY TEMIIEpaTypy
CHIKaHHS Ta IIMPOKE BHKOPUCTAHHS B IPOMHCIOBOCTI.
Xoua kpemHiit (SiO,) Ta cuimikaTHa KepaMmika iHOZI HE
PO3TILINAIOTECS K TEXHIYHI KepaMidHi marepianm, ix
BKJIFOUEHO B II€H oI/ uepe3 iX MUPOKEe BUKOPUCTAHHS Y
JIEKiTPKOX ~ HAayKOBHX  Ipymax K  €KOHOMidHa
albTepPHATHBA OKCHIY AQMIOMIHIIO Ta IHIIMM CYYacHUM
KepaMiuHHUM MarepiajaM Ha IIOYaTKOBUX  eTamax.
Heokcuani kepamiuHi MaTepianm, Taki sK KapOig
kpemHiro (SiC), xap6inx Bonbsdpamy (WC), kapding Oopy
(B4C), nitpun xpemHiro (SizNy), HiTpua amominito (AIN)
i qubopun 1upkoHiro (ZrB,), 3a3Budail BiA3HAYAIOTHCS
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BHUIIIOI0 TEPMOCTIHMKICTIO, @ TAKOXK ITiJBUILECHOIO MII[HICTIO
Ta MaroTh OIIp 0 pyiHyBaHH: (puc. 3).
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Puc. 3 — Cxema knacucikanii kepaMiqHIX MaTepiais,
SIKi BAKOPHCTOBYIOTHCS B aJ/INTUBHOMY BUPOOHUIITBI

Bimpme TOrO, SKMIO OKCHOHY KepaMiKy MOXHa
JOCUTh JIETKO O00poOmsaTH (TemmepaTypa CHIKaHHS
3a3BHuail He mepeBuirye Oimm3pko 1550 °C), obpobxa
HEOKCHIHOI KepaMiKu BHSBIISIETHCS Habarato
CKJIaHIIIO dYepe3 I BHINY TBEPAICTh, TeMIIEpaTypa
CIiKaHHs, K MpaBwio, 3HauHO mepepuirye 1700 °C [37,
39].

Kepamiuni Marepianu 3acTOCOBYIOTBCS y PI3HHX
MEeTOoJlaX aJJINTHBHOI'O BUPOOHUIITBA, TAKHUX SK EKCTPY3is,
CTpyMEHeBa 00poOKa 3 BHKOPUCTAHHSAM 3B'SI3YFOUUX
PEUOBHH Ta HarpasjeHe eHeproBuaiieHHs. Ll rexHnomorii
JI03BOJISIIOTH CTBOPIOBATH CKJIAJIHI KepaMiuHi KOHCTPYKIIT
IIISIXOM TIOCITIJJOBHOTO HAaHECEHHs Marepialy Ta HOro
00po0Oku. Ilpore MeToan, sIKi ITPYHTYIOThCS Ha EKCTPY3ii,
€ HaHOUTBII MOMyISIPHAMH  3aBIOSKH  JOCTYITHOCTI
BUTOTOBJICHHA OOJIAAHAHHS JUIA IIMX TMPOIECiB, IO
poOUTHh iX EKOHOMIYHO BHWTiZHUMH. Taki TexXHOJIOTil
311e0LIBIIIOr0 BUKOPHCTOBYIOTHCS B BHPOOHHIITBI uepes3
CBOIO TIPOCTOTY Ta €(PeKTUBHICTH, JO3BOJIAIOYH IIBHUAKO
Ta e(peKTHBHO BHIOTOBJIATH KepaMiuHi BHPOOU pi3HOI
ckmagHocTi.  JlomaTtkoBo, Ieli  MeTOH  J03BOJISE
BUKOPHCTOBYBAaTH pI3HOMaHITHI MaTepiajii, a BTpaTu
Marepiany MiJ 4ac BUPOOHHMLTBA € He3HayHuMH. Lle
pOOHTH  eKCTPY3il0  NPHBAaOIMBHM  BHOOpOM  JUIA
BUTOTOBJICHHSI KEpPaMi4HUX BHpPOOIB 3 ypaxyBaHHSIM
e(EeKTUBHOTO BHKOPUCTAHHS MaTepialiB Ta 3HIDKCHHS
BuTpar. [Ipomecn BUpOOHHIITBA KEpaMiYHUX BHUPOOIB 3a
JIOTIOMOTOI0 €KCTPY3ii BKIIIOYAIOTHh Pi3HI METONH, TaKi sSK
HAHECEHHS KepaMiKd LULIXOM IUIaBJICHHS, GOpMyBaHHS
KepaMiuHUX BHPOOIB 3a JOMOMOTOI0 eKCTPy3ii st
OTPUMaHHS pi3HUX (QOpPM, aBTOMATH30BaHE JIATTS,
BuKopuctanHs 3D-mpyky 3 TepMmoruiactTamMm - Ta
eKCTpy3iliHe BUTOTOBIICHHS B 3amopokeHid ¢opmi. Ll
METOIM HaJal0Th MOXKIIHMBICTH CTBOPIOBAaTH KepaMiuHi
BUPOOHM 3 PI3HOMAHITHOIO T€OMETPIEI0 Ta BIIACTHBOCTSIMH,
IO PO3MIMPIOE MOMJIMBOCTI 1X BHUKOPHUCTAHHS Y PI3HUX
rajy3siX, BKIIOYAlO4d HPOMHCIIOBICTh, OYAIBHHULTBO Ta
MEIUIHHY.

Meroau  eKCTpY3iHHOTO BUPOOHMITBA KepaMiKu
TaKOX BKJIIOYAIOTH JIUTTS MiJl THCKOM, NPECYBaHHS Mix
THCKOM, CTPIYKOBE JIUTTS Ta renese JUTTS. Lli TexHomoTii
BHPOOHHMIITBA JO3BOJITIOTH CTBOPIOBATH OULTBII CKIIATHI

reoMeTpuuHi  GopMH, HDK  TpaguliiHI  METOIH
BHpOOHHMITBA  Kepamiku.  [Ipote, BHUTpatH  Ha
BHPOOHHUIITBO MOXYTh OyTH BHUIIUMH y TOPIBHSHHI 3
IHIIMMH METOJaMH, OCKIJIBKH JUISl X 3aCTOCYBaHHS MOXKE
3HAJOONTHCS BHUCOKOBapTicCHE oOnamHanHA. Tum He

MEHII, BOHHM BiJIKpHUBAIOTh IIMPOKI MOXMIIUBOCTI JUIS

CTBOPEHHS BHCOKOSIKICHMX KEpaMiuHMX BHpPOOIB 3
pi3HOMaHITHUMH BiacTUBOCTAMHE [40, 41].
AnnnTusHe BUPOOHHIITBO KepaMigyHHX

MaTepialiB J1a€ MOXKIHUBICTh 3a0e3Me4YeHHs OUIBIIOT
THY4YKOCTI y popMyBaHHI Ta An3aiiHi.
TexuoJiorii 3D-a1pyKy Kepamiku.
3aJexHO BII METOMy MONEPEeAHbOI MiATOTOBKU
MarepianiB,  TexHojorito  3D-npyky — KepamiuHHX
MarepiagiB MOXKHa KJIacH(]iKyBaTH y TPhOX KaTeropisix:
PizIKi, IIOPOIIKOBI Ta TBEP/i MaTepiaiH.

Texnouorist, mo 0a3yerbcs Ha cycrensii (slurry-
based), mepenbayae BUKOpPHCTaHHS CyCIEH3ii B SKOCTI
BUXIJJHOTO Marepially, $Ka CKIQJaeTbCsl 3 TBEPIUX
YAaCTHHOK, PO3MIIIEHUX y PiguHI. Y BHUNAIKy KEpaMiKH,
CyCIIeH3i1 MOXE  MICTUTH  KepaMidHI  YaCTHHKH,
po3MilIeHi y BogHIi abo HeBoHiH pinuHi. L TexHOMOTIS
YacTO BHKOPHCTOBYETBCI B TaKMX Ipolecax, K
crepeouitorpadis  (SLA) Ta MyabTHIKETHHH JIpyK
(MJP), nms BUTOTOBJICHHS KepaMi4HHX  BHPOOIB.
CycneHsist moBHHHAa OyTH pETENbHO OHWCIIEPrOBaHA B
piiMHI 3 BHKOPUCTaHHSIM HEOOXiTHHX ITOBEPXHEBO-
aKTUBHUX PEYOBMH Ta 100aBOK, MIO0 3abe3meuuTu
PIBHOMIpHE pO3MOJUICHHST YacTHHOK Ta 3amolirté ix
ocimanHto. [Ilicms 1mporo cycmeHsis Moxe OyTu
BUKOpHCTaHa sl (opMyBaHHS IIapiB 3a JIOMOMOTOIO
PI3HHX TEXHONOTi JpyKy, a TOTIM TiIZJaeThCcs
MOANBIII 00poOIi, Takifl SK MIPONi3 Ta CHIKaHHS, I
OTPUMAaHHS KIHIICBOTO KEPaMiqHOTO BHPOOY [42, 43].

Texnomorist, mo Oa3yerscst Ha eHeprii (power-
based), nepenbayae BUKOPHCTAHHS JOKepeda eHeprii Juis
BHTOTOBJICHHA BHPOOiB [44]. Y KOHTEKCTI BUPOOHHUIITBA
KepaMiky, IIsI TEXHOJIOTis MOXE BKJIIOUATH B cebe Taki
METOIH, SK CeJeKTHBHE JaszepHe cmikanHA (SLS) Ta
eNeKTpoHHO-TIpoMeHeBa aBka (EBM) [45, 46].

Y SLS mHopoIiok KepaMiKd PO3CHUIIAETHCS TOHKHM
mIapoM Ha IiaTgopmi, a Jiazep BUCOKOI IMOTYXKHOCTI
CEJIEKTUBHO CITIKa€ MOPOLIOK, YTBOPIOIOYH TBEPIUH HIap.
Ileit mpoiuec MOBTOPHOETHCA IIapO3allIapoOBO, MOKU HE
Oyzie CTBOpPEHA BCS JICTANIb.

Y EBM BHKOPUCTOBYETHCS €JICKTPOHHHUI NMPOMIHB
JUI  TIJIaBJICHHS TMOPOIIKY Kepamiku. lLleld mporec
BiZIOyBa€THCS B BaKyyMi, IO JI03BOJISIE JTOCSITTH BHCOKOT
IITEHOCTI Ta MIITHOCT1 BHPOOY.

OO0uaBa METOM JI03BOJISIIOTH BUTOTOBIISITH BUPOOH 3
BHCOKOIO TOYHICTIO Ta CKJIAIHOI TeoMmerpiero, ane SLS
3a3BUYail  BUKOPHUCTOBYETHCS  JUIsI ~ BHPOOHUIITBA
MIPOTOTHIIB Ta IpiOHOCEpiHOI mpoaykwii, Toxi sk EBM
— U1 BUTOTOBJICHHS BEJHMKOTa0apuUTHUX BHUPOOIB 3
BHCOKHMH BUMOTaMH JI0 MIITHOCTI Ta ImiJIbHOCTI [47-50].

Texuomorist, mo 0a3yeTbcs Ha O0'€MHHX TBEPIUX
MaTepianax (bulk solid-based), nependavae
BUKOPHUCTaHHSA TBEPAMX MaTepialiB y BUTIAAI OJOKIB,
IUTacTHH a00 iHmMHX 00'eMHUX (QOPM AJIS BUTOTOBIICHHS
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BUPOOIB. Y KOHTEKCTI BHPOOHHMITBA KEpaMiku, LS
TEXHOJIOTISE  MOX€E  BKJIIOYATH Taki  METOOH, SK
(bpe3epyBaHHs, TOKapHa O0OOpoOKa Ta CTpyrajibHa
00poOKa.

VY ¢dpesepyBaHHI BHKOPHCTOBYETHCS (hpe3epHHI
CTaHOK JUIsl BHpi3aHHs MaTepialy 3 00'€éMHOI 3aroTOBKH.
Ie#t mpomec Moxe OyTH BUKOHAHUI 3 BUKOPUCTAHHSIM
pi3HHX THUMIIB Qpe3, TaKuX SK IUIOCKI, Kpyrim abo
cepuyHi, I CTBOPSHHS Pi3HUX (POPM Ta TEOMETPIH.

VY TOKapHii 00poOIli BUKOPHCTOBYETHCS TOKapHHUN
BepcTar A 0OpOOKM 3aroTOBKH, IO OOepTaeThCs, 3a
mormomororo  pismiB.  Ileit mpomec  Moxke Oyt
BUKOPUCTaHUH ISl CTBOPSHHS LIMIIHAPHYHUX, KOHIYHUX
Ta IHIIIX 00epTOBHUX (PopM.

Y  crpyrampHii  00poOIli  BHUKOPHCTOBYETHCS
CTpyTaIbHUI BepcTaT Al 0OpOOKH TTOBEPXHI 3aTOTOBKH
3a JIONOMOTOI0 CTpyranpHOro iHctpymeHty. Lleit mporec
MOXe OyTH BHMKOPHCTaHHMH IJIsi CTBOPEHHSA IIOCKHX,
(hacKOBHX Ta IHIIKX MTOBEPXOHB [51].

OO6'eMHi TBepai Marepiaiy, IO BUKOPUCTOBYIOTHCS

B Wi TeXHOJOril, MOXyTh OyTH KepaMi4HUMH,
METaJCBUMH a00 TOJIMEPHHMH, B 3aJIEXKHOCTI BiX
NOTpIOHMX ~ BiacTUBOCTEW BHpoOOy. Llg  TexHomoris

JI03BOJISIE BUTOTOBJIATH BUPOOM 3 BHCOKOIO TOYHICTIO Ta
CKJIQJIHOI0O TEOMETpi€lo, aje MoXe OyTH MeHII
e()eKTHUBHOIO, HDX IHII METOMU BHPOOHHIITBA, TaKi SK
3D-1pyk, sl  BUTOTOBJICHHS  BENHKOI  KIIBKOCTI
OITHaKOBHX BHPOOIB[1, 52].
BHCHOBKHM Ta NepcneKTHBH MOAATBIIOT0
PO3BHUTKY IaHOTO HATIPSIMKY.

[poTsSIroM OCTaHHBOT'O Yacy, HAYKOBI JOCIiKSHHS
Ta MPOMHUCIIOBI TOTpeOH 3poOWiIN KepaMiKy HOBITHBOIO
oOmacTio ms BIpOBapKeHHS TexHoioriit 3D-npyky. Y
JAaHOMY OIIAAi TpOBEACHO aHami3 iHdopmamii Tpo
texHousorii 3D-ApyKy Ta acOpPTHMEHT MaTepiaimiB, sKi
3aCTOCOBYIOTBCS JJISl CTBOPEHHSI KEpPaMidHUX BHPOOIB.
3aB1sKU TeXHOJNOTISIM 3D-1pyKy, KepaMidHi KOMIIOHEHTH
3  HAU3BUYalHO  CKIaJHOK Ta  YHiBEpCaJbHOIO
CTPYKTYPOIO Terep MOXyTh OyTH peai3oBaHi y pi3HUX
rajxyss3sax, Mo Oylo HEMOXJIMBHM IPH  BUTOTOBJICHHI
TpaguIiiHUMH MeTonamu. lle nOeMOHCTpye BHCOKHMA
MOTEHIliaT  3acTOCyBaHHS TexHojorii 3D-apyky Ta
aKTyaJbHICT IIHOTO IHHOBALIHHOTO MiAXOMY.

Texnomoriss  3D-mpyky  mpencraBisie  co0Omo
CKJIQJIHUI TIpoLieC, 1[0 BKJIIOYAE PsiJi €TaliB MiATOTOBKU
JI0 BUTOTOBJICHHSI KiHIIEBUX KepaMidHUX BHpOOiB. OTKe,
BJIACTMBOCTI ~ OCTaTOYHHMX JeTaleil TakoX IOBHHHI
BIANOBIZATH BHUMOraM, SIKI BHU3HAYAIOTLCA CKJIAJOM Ta
MIKpPOCTPYKTYpPOO, 110 (DOPMYIOTBCS 3 BHKOPUCTAHHAM
TIEBHUX MaTepiaiB i MPOIeCy CITiKaHHS.

Aure, He3Ba)XKalOUM Ha BEJIMKI JTOCATHEHHS y BHOODI
BIIMIOBIMHUX KEPAMIYHMX MaTepialiB Ta ONTUMI3aIlil
mpoueciB  0o0poOkm Ta micnst  oOpoOkM, ICHYIOTBH
MIePeIIKOIM Ul OUTBII IIMPOKOTO 3acTtocyBaHHS 3D-
IPYKy B KepaMigHOMY BHPOOHHUIITBI.

Jlist Toro mo6 po3muputu chepy 3actocyBanns 3D-
IPYKy B KepaMidHii MTPOMICIOBOCTI Ta JOCATTH 3HAYHOTO
BIUIMBY HA BUPOOHHMIITBO SIKICHUX TEXHIYHAX KE€PaMIiTHHUX
JeTajell y BeNUKAX MacimTabax, HeOOXiTHO aKIEHTYBaTH

MaiiOyTHI JOCSTHEHHs B I 00NacTi Ha pPO3BUTKY
MarepianiB Ta onTtuMmizauii nporeciB. OcobiuBa yBara
MOBHHHA OyTH TpHIiIeHAa BJOCKOHAICHHIO METO/IB
(dhopmyBaHHS, 110 JI03BOJISATH BUTOTOBJIATH
BUCOKOE(EKTHBHI KepamiuHi KOMIIOHEHTHU 3
MiHIMaJIbLHUMH BUTpaTaMH MaTepiaiy Ta yacy.
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A. 1. HEYUITIOPEHKO, T. b. HOBO/KHUJ/IOBA, K. B. CEBKO, O. B. 3/]OPEHKO

BU3HAYEHHSA ITOXUBOK JABONNAPAMETPOBUX BUMIPIOBAHb EJIEKTPUYHHUX TA
TEMIIEPATYPHUX ITAPAMETPIB 3PA3KIB CTIYHUX BOJl BUPOBHUIITBA ®PYKTOBHUX COKIB

CpbOrofiHi y BCbOMY CBITi Jy’K€ TOCTPO CTOITh MUTAHHS IIPOMHCIIOBUX BUKH/IIB B HABKOJIMIIHE cepepoBuIle. st BUKOPUCTaHHS Oy/Ib SIKOT TEXHOJIOTIT
Ta anapaTypHOro O(GpOpPMIICHHS OYHCTKH CTIYHHX BOJ HEOOXiZHO TOYHO 3HATH 1i (hi3MKO-XiMi4yHi BiacTUBOCTI. TOMy OCTaHHIM 4YacoM 3HaiILIa
MOJANBLINI PO3BUTOK 3arajibHa TEOpis OLHIOBAHHS MOXUOOK CYMICHHX €JIEKTPOMArHITHHX BHUMIpIOBaHb (i3HKO-XIMIYHHX MapamMeTpiB ClaOKHX
€JIEKTPOJITUYHMX DPiJUH (CTIYHUX BOJA BUPOOHMITBA ()PYKTOBHUX COKIB), 32 PaxyHOK aHali3y CIIBBIJJHOLICHB, SIKI OMUCYIOTh XapaKTEPUCTUKU
TOYHOCTI eNieKTpomarHiTHoro mneperBoptoBaua (EIT). Tomy B CTaTTi HaBeAEHO JMOCITIKEHHS METOAMKM OOpOOKM JaHMX IpH CYMICHHX
JBOTIAPAMETPOBHX BUMIPIOBAHHAX EJIEKTPUYHHX 1 TEMIEPaTypHUX MapaMerpiB 3pa3KiB CTIYHHUX BOJ Xap4yOBHUX MiANPHEMCTB. 3alpOIOHOBAHO
METOJIMKY OIHIOBaHHS TeMIepaTypHOi NOXMOKHU 3pasKa v, sKka Oe3rmocepe/iHbO BIUIMBAE HA aMILTITY/Hi, (pa30Bi Ta 4aCTOTHI KOMIIOHEHTH CUTHAJIB
EIl. 3HaiineHo Bupas3u Uil BU3HAYCHHS MOXMOOK CYMICHHX BHMIDIOBaHb CJICKTPHYHMX Ta TEMIIEPATYPHHX MapaMeTpiB 3pa3KiB KHUCINX 3a CBOIM
MOXO/DKEHHSM CTIYHHMX BOA. 3alpOMOHOBAHA METOJMKA OLIHIOBAHHS MOXMOOK CYMICHHX BHUMIPIOBAaHb J03BOJISE 3HAUTH [iama30HHU 3MiHH CHIHAJIB
6e3koHTakTHUX EIl, siki BiANOBiAaI0Th MexaM 3MiHHU (i3UKO-MEXaHIYHUX MapaMeTpiB 3pa3KiB piiuH, 31iHCHIOBATH BUOIp BUMIPIOBAJILHOT aniapaTtypu,
BCTaHOBUTH PALiOHANBHI 3a NMOXMOKaMH BHMIiprOBaHb peskuMu poborn EIl Ta aBTOMaTH30BaHHX HPHUCTPOIB, SIKi iX BHKOPHUCTOBYIOTH, IiJBHIIUTH
BIPOTiHICTh KOHTPOMIO (hi3UKO-MEXaHIYHUX XAPAKTEPHCTHK 3pasKiB CTIYHMX BOJ Ta CYTTEBO MiJABHIUUTH SKICTh YNPABIIHHS MPOLECAMH OYUILCHHS
CTOKIB Xap4yOBHX Ta MEpepoOHUX BUPOOHMIITB 32 PaXyHOK BHOOPY PalliOHAIBHUX METOJIB OYHMILECHHS Ha OCHOBI JJaHUX, OTPUMAHUX EJIEKTPOMArHITHUM
METOZOM BHMIPIOBaHb.

Kitro4oBi cioBa: cyMmicHI BUMIPIOBAaHHSI, Xap4yoBi Ta mepepoOHi BUPOOHMIITBA, CTiUHI BOJH, SICKTPOMATHITHHII MepeTBOPIOBaY, JBOIAPAMETPOBHUIL
METO/I, EJIEKTPOTITHYHA piinHa, Gi3uKo-XiMiUHI MapaMeTpH, BiJTHOCHI MOXHUOKH BUMiPIOBAaHb, TMTOMHMI E€IEKTPUYHUI OMIp.

D. NECHYPORENKO, T. NOVOZHYLOVA, K. SEBKO, O. ZDORENKO

DETERMINATION OF ERRORS OF TWO-PARAMETER MEASUREMENTS OF ELECTRICAL AND
TEMPERATURE PARAMETERS OF WASTEWATER SAMPLES OF FRUIT JUICE PRODUCTION

Today, the issue of industrial emissions into the environment is very acute all over the world. To use any technology and equipment for wastewater
treatment, it is necessary to know its physical and chemical properties. Therefore, the general theory of error estimation of compatible electromagnetic
measurements of physicochemical parameters of weak electrolytic liquids (wastewater from fruit juice production) has recently been further
developed, due to the analysis of ratios that describe the characteristics of the accuracy of the electromagnetic transducer (ET). Therefore, the article
presents a study of data processing techniques for compatible two-parameter measurements of electrical and temperature parameters of wastewater
samples of food enterprises. A method of estimating the temperature error of the sample vy, is proposed, which directly affects the amplitude, phase
and frequency components of ET signals. Expressions were found for determining the errors of simultaneous measurements of electrical and
temperature parameters of samples of acidic wastewater. he proposed method of evaluating the errors of compatible measurements allows to find the
ranges of changes in signals of non-contact E that correspond to the limits of changes in the physical and mechanical parameters of liquid samples, to
select measuring equipment, to establish rational modes of operation of ET and automated devices that use them, to increase the probability of
physical control -mechanical characteristics of wastewater samples and significantly improve the quality of management of wastewater treatment
processes of food and processing industries due to the selection of rational cleaning methods based on data obtained by the electromagnetic method of
measurements.

Keywords: compatible measurements, food and processing industries, waste water, electromagnetic transducer, two-parameter method, electrolytic
liquid, physicochemical parameters, relative measurement errors, specific electrical resistance.

Beryn Ha croromHi, y cydYacHiii Jiteparypi €
MPAaKTHYHO BIJICYTHIM 3arajbHUM MiIXiZ 10 OLIHIOBaHHS
MOXMOOK CYMICHHX €JEKTPOMArHiTHUX BUMIPIOBaHb
(hi3UKO-MEeXaHIYHIX napamMmeTpiB 3pasKiB
EJIEKTPONITUYHUX piguH. [lpy npomy, aHaii3 HOXHOOK
BUMIPIOBaHb KOMIIOHEHTIB CHUTHAJIB €JIEeKTPOMarHiTHUX
MIEPETBOPIOBAYIB JIO3BOJIAE B IIJIOMY OI[IHIOBATH SIKICTh
poboTu Bci€i aBTOMATH30BaHOI CHUCTEMH BHMIpPIOBaHb
(i3uKO-XIMIYHMX ITapaMeTpiB 3pa3KiB CTIYHUX BOJ. 3auis
BUPIIICHHS] BaJIMBUX [UTaHb, SIKi MOB’S3aHO 3
VIOCKOHAJIEHHSM  METOMIB  OIIHIOBaHHI  IOXHOOK
BUMIPIOBaHbp  EJIEKTPOJITHYHUX  PiAWH, MPHU3BOIATH
BUMOTH CYMICHHX OaraTornapaMeTpOBHX BHMipIOBaHb,
SKAM  IpUTaMaHHa  yCKIAQAHEHHS  BUMIipIOBAIbHUX
3aBIaHb Ta 3aco0iB OaraTormapaMeTpOBHX BHMIpPIOBAHb
[1-3]. IIpu upoMy, pO3MHUPEHHS MOXIUBOCTEH 0OPOOKHU
JAHUX TIOB'S3aHO 3 PO3BUTKOM METOJOJIOTIi BUMIpPIOBaHb
Ta BJOCKOHAJCHHSIM MaTeMaTHYHUX METOJIB, a TaKOX

PO3pOOKOI0 IEPCIIEKTUBHUX AITOPUTMIB BUMIPIOBATBHIX
Ta  OOYHMCIIOBAJBHUX  MOpOLEAYp HpH  peaiizauii
OaraTomapaMeTpoOBUX METOJIB BUMiproBaHb [4—9]. Takum
YUHOM, BaXJIMBOIO HAyKOBO-IPAKTHYHOIO HPOOIEMOI0
3aCTOCYBaHHSI 3arajpHOi Teopil NOXMOOK BUMIpPIOBAaHb
CTOCOBHO  OLIHIOBaHHS  NOXHMOOK  (hi3MKO-XIMIYHHX
mapaMeTpiB  3pa3KiB  CJIEKTPONITHYHHUX  PiAMH €
Y/IOCKOHAJIEHHSI ICHYIOUMX METOAMK Ta CTBOPEHHS HOBHX
TEOPETUYHHX II0JIOKEHb BU3HAYCHHS MOXHOOK CYMICHHX
BUMIpIOBaHb 0araTboX MapaMeTpiB CTIYHUX BOJ XapUOBUX
Ta nepepoOHuX BUpoOHUITB Ha 0asi EIl.

Metoto  poboTH €  AOCHIIKEHHS  MCETOAHMKH
BU3HAUYCHHS MOXMOOK  CHUIBHHX  JIBOMAPAMETPOBUX
BUMIpIOBaHb SNEKTPUUHHUX Ta TEMIEpaTypPHUX

mapaMeTpiB 3pas3KiB KHCIMX CTIYHHX BOJA BHUPOOHHUIITBA
(pYKTOBHX COKiB, IpH peami3amii JBOMApPaMeTPOBOrO
€JIEKTPOMArHiTHOr0 METOJla Ha OCHOBI YHIBEpPCaIbHHUX
GbyHKIIH MIEPETBOPEHHS TpaHcgopMaTopHOTO
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€JIEKTPOMArHiTHOTO IIePEeTBOPIOBaYA.

Jis TOoCATHEHHST METH HEOOXiTHO OYyJ0 BHPIIIUTH
HaCTYIIHI 3aBJJaHHS:

1. PosrnsnyTtn cxemy BKmodeHHs TerioBoro EIT i
BIJIMOBITHI aJTOPUTMH pealizamii JIBOIapamMeTpOBOTO
CJIEKTPOMArHiTHOTO METOAAa CYMICHHX BHMIpIOBaHb
IIITOMOTO E€JIEKTPUYHOTO ONOpY A Ta TEMIIEpaTypH f
3pa3KiB CTIYHUX BOJ BUPOOHUITBA (PPYKTOBHX COKIB.

2. JlocmiauTd  MOXJIMBICTH  3aCTOCOBYBAaHHS
TEOPETUYHHX TOJIOKEHb 3arajbHOI Teopil MOXHUOOK MO0
CYMICHHUX JIBOIIapaMETPOBHX BHMIPIOBaHb apaMeTpiB A i
¢ 3pa3KiB KUCIIUX CTIYHUX BO/I.

Meroauka BU3HAUCHHSI MOXMOOK JBONApaMeTPOBUX
BUMIpIOBaHb 3pa3ka KUCIHUX CTIYHMX BOJ BHPOOHHUIITBA
(PYKTOBHX COKIB

Ha puc. 1 3 ypaxyBaHHSM pe3ynbTaTiB HAyKOBUX
mparte  [10-14], HaBemeno cxemy EIl mis cymicHOTO
BU3HAYEHHS IIMTOMOTO EJEKTPUYHOTO OIopy A Ta
TEMIEPaTypH ¢ 3pa3Ka CTIYHUX BOJ.

Puc. 1 — Cxema EII 11 cymicHux GararornapamMeTpoBUX
€JISKTPOMArHITHUX BUMIpIOBaHb (Di3UKO-XIMIYHUX MapaMeTpiB
3paska CTIYHUX BOJ

Cxema wictuth camomuc — C, reneparop — I,
gactotomip — Y, pobounii neperBoproBaud — PII, omopHwmii
neperBoptoBau — OIl, Bombtmerpu — B;, B, 1 Bj,

ocumnorpad — OC, dazomerp — @. OIl mae igeHTHYHE 3
PII uucno BuTkiB, HOBKUHY / Ta paniyc a, 30yIrKyroda
KOTYIIKA [IPU3Ha4YeHa JUIsi CTBOPEHHsI MAarHITHOTO MOJIS Ta
BHACJII/IOK IL[OIO BUXPOBUX CTPYMIB Yy 3pasKy piJMHU
(KMt pO3TAIIOBAHO y CKIISHINA MPOOHMIL), Y CBOIO HYepry,
BUMIPIOBAJIbHA KOTYIIKAa TNpU3HA4YeHa IUIsi BUMIPIOBAaHHS
EPC FE,, ska HaBOOUTHCS MAarHiTHAM IIOTOKOM, IIO
NPOXOAUTE Oe3rmocepeHbo y 3pasky. s KoHTpomo
(GopMH HaMarHiYyBaJIbHOIO CTPYMYy Ta HalpyTH JDKepena
3MIHHOTO CTpyMy reHeparopa [ — 3aCTOCOBYIOTH CaMOIIHC

C, uacrory 3MiHEHHA CTpyMy (ikcye BuUMiproBay
yactotu — Y.

3a  JOmMOMOrol  BUMIpIOBaua  Hampyrd B,
BusHauatoTe EPC FEj, sKa 3aJIeXuTh BiJ TeMIepaTypu
3pasKa piiMHM, NPH LBOMY OJHOYAaCHO OcUMIOrpadoM
OC Buznavarote (opmy miei x EPC. BumiproBau
HanpyTu B,, cBilf BUXiMHUI CHTHAN TOZAa€ HAa OJUH BXif
BHMiproBada (a3oBoro kyTa 3cyBy — @, omopuny EPC E,
BHMIPIOIOTh 3a JONOMOTrOI0 BoimbTMeTpa B;, Bxim OII
3’emHyeThes 3 iHmMMM BxomoM P. 3a gomomoror @
BU3HAYAIOTh 3AJICKHUNA Bij Temmeparypu (azoBuil KyT
3cyBy ¢y nomik EPC Ey i EPC E,, EIl. 3amgns imitamii
BUPOOHMYMX YMOB Ta MiJBUIICHHS  BIPOTIAHOCTI
KOHTpOJIO  iH(GOPMAaTHBHUX  MapaMerpiB,  cxema
nependavyae HarpiBaHHs 3pa3ka CTIYHHX BOJ B IpOIEci
BUMIpIOBaHb 3a JIoNoMororo Harpisaya — H [13].

TakuM YMHOM, 3a JOTIOMOTOI0 CXEMH BKIIIOUCHHS
EIl HeoOXimHO BHU3HAYMTH J[BAa MArHITHHUX II0TOKAa:
omopHUil MarHiTHHE TmOTIK Py (mpu BiACyTHOCTI Yy
MIEPETBOPIOBAYI CKIISTHOT TPYOKH 3 PiIMHOI0) 1 MarHITHHMA
motik @, (IpW HAABHOCTI y WEpPETBOPIOBadi 3pasKa
CTiYHMX BON) Ta (Ha30BUH KYT (0, MOMDK HHMH, MICIA
BOTO BUIUIMBIIA aMIUTITYOHI Ta (a3oBi CKiIag0Bi
KOMIIOHEHTiB OaratomapamerpoBoro curHary EII, a
TaKOXX TICHS BBEICHHS HOPMOBAHHMX IapaMeTpiB, SKi
MOB’SI3yI0Th KOMIIOHEHTH CHTHANIB 3 (Di3UKO-XIMIYHUMHU
XapaKTEepUCTUKAMH 3pa3ka CTIYHHX BOJ, € MOXIHMBHM
(mpu peaizanii eNEKTPOMAarHiTHUX METOJIB) OTpPUMATH
3HAQUEHHS [UTOMOTO  €JEeKTPUYHOTO omopy A i
TEMIIepaTypH ¢ 3pa3KiB cTiuHKX Box [1, 2].

[lpy 1BOMY, BUKOPHCTOBYIOYHM IPEICTABIICHHS
¢yskmiii KenpBiHa y BUTIAAI cTermeHeBUX pamaiB [1-3],
BCTaHOBJIIOIOThH YHiBepcalbHi (DYHKIIT mepeTBopeHHst G =
flA) 1 ¢ = f(4). Cnig BU3HAYMTH, IO HABITH HE3HAYHI
3MIHEHHS TMTOMOTO €JEeKTPUYHOrOo Omopy A Ta
TEMIIEpaTypu f, IPU3BOIATH O 3MIHCHHS KOMIIOHEHTIB
CHTHaNiB  OaraTomapaMeTpoOBHX  €IEKTPOMAarHITHUX
MIEPEeTBOPIOBAYIB: MArHITHUX NOTOKIB @Dy, D; 1 D,
BignoBinHux EPC Ey, Ex i E, Ta (a30BUX KYyTiB 3CYBY @ 1
¢y 1 SIK HACHIJOK, Yy3araJbHEHHUX HOPMOBAaHHUX
XapaKTEePUCTHK y3arajJbHEHOT0 MarHiTHOro napaMerpa A
Ta HOPMOBaHOro MarHitHoro mnoroky G [13], sxi
NoB’s13y10Th  KomrioHeHTn curHaiiB EIl 3 ¢izuko-
XIMIYHUMH XapaKTepUCTUKaMH 3pa3KiB CTIYHUX BO/I.

s yHiBepcanbHoi ¢yHKuil neperBopentst 4=£G),
a0COIOTHY OXMOKY BUMIPIOBaHb MOKHA PO3IIITHYTH SIK
gacTHHHUN audepeHmian GyHKIii, TOOTO 3 ypaXyBaHHIM
[15-17], maemo
04
oG

dA ="24dG , (1)

e S—é — wyactuHHa mnoxigHa 4 mo G, dG -
nmudepentian G.
BimnocHuit mudepenmian ¢yukmii 4 = fG), 3
ypaxyBaHHsM [15-17], 3anucyersbest y BUTIISIL
d4 1 04 .dG
— = G

=——G—. 2
A 408G G @
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ITpu Bimomomy paaiyci a, CKISHOI TPyOKH (SKuMii
JOPIBHIOE @ pIOVHU) 1 BIIOMHX 3HAYCHHSX YacCTOTH
MAarHiTHOTO HOJIS f, JUIsl TNTOMOTO €JIEKTPUYHOTO OTIOpY A
3pa3Ka CTIYHHX BOJI, MAEMO

dA da dn df
S e )
A4 a 2n 2f

ne —; — i — BigHOCHI IudepeHuiamm

iHQOpPMATHBHUX TNapaMeTpiB JIOCTIJDKyBaHOI MOJEII:
EIl—3pa3ok cTiyHMX BOJ, TOOTO: pajiyca @, HUTOMOTO
€JIEKTPUYHOT'O OIIOpY A 1 YaCTOTH MarHiTHOTO TTOJIS f.

I[Tpu boMy A1 CXeMH HaBeeHOT Ha puc 1, MaeMo

dG _dE, dE,, @
G E2 E20 ’

ne dE, | E, ta dE,, / E,, — BimHOCHI audepeHuiamm
BinnoBiganx BenmuarH EPC EIT 3i 3pa3kamu CTiYHHX BOJI.

3 Bupasis (2), (3) i (4), orpumaemo

da_dh df _1 8A.G(d£_dE20j.(5)

@ 2n 2f A40G \E, E

2

3BiJiCH BUILUIMBAE

B _yda oA GdE _dBy) o
A a f

Ha mingcraBi HaBeneHOro Bullle, yepe3 aOCOIFOTHHMA
mudepeHmian 3 ypaxyBaHHAM pe3yibrariB pooit [15-17],
MOXKHa 3amucatu (GOpMyJly JJsi BU3HAUCHHsS! aOCONIOTHOT
MOXUOKM MHUTOMOTO EJEKTPUYHOTO OMOpy 7, 3paska
CTIYHHX BOJI

dh =\ dt, +M,do+Mdi+), d,,  (7)

Je "mTpuxu" 03HA4alOTh YACTHHHI MOXiqHI (QYHKIIT
A CTIYHMX BOJ| 32 apryMEHTaMHM, BKa3aHUMH IHIEKCAMHU;
dty; da;dti d)\, — madepenniamm ty, o, ¢ i 4.

Jaimi i OmiHIOBaHHS MOXHOOK JBONApaMETPOBHX
BUMIPIOBaHb SNeKTPUIHHX Ta  TEMIEepaTypHUX
mapaMeTpiB 3pa3KiB, 3 ypaxyBaHHM [15-17], maemo:

b :|:7"0(t_t0):| _
o 1+at, !
ok [(=D-(+at) ot —1,)]
- (1+at,)’ B
o (—l—af, —ar+at,)
- (1+at,)? -
I+or
C(+ar)’

(®)

(04
A=At =
o =M 0)(1+Wol

(I+at,)—oat,

=A,(t—-t) ——————=
T )y ©)
1+ot, —at, t—1t
=%, (t—1,) L0 =2, ¢’ .
1+at, 1+at,
A
M= (10)
1+ o,
Al =1+0L(t—t0)=1+at0+(xt—at0 _ 1+at. (11)
’ 1+af, 1+at, 1+at,

Cinijg BU3HAYMTH, W0 HAaBEACHI BHINE ITOXimHI
¢yHKIii OaratboX 3MIHHHX TOTPIOHO 3HAXOOUTH Y
KOHTPOJIEHHX TOYKaX, BIAMOBIAHO IO JOCITIKYBaHOTO
Jiama3oHy TeMIlepaTtyp 3pasKiB CTIYHHX BOJ, TOOTO ¥y
niamasoni 18 <1 <40 °C.

Takum YMHOM, JUIS BU3HAYEHHS BiTHOCHOT OXUOKH
MMUTOMOTO EJIEKTPUYHOTO OIOPY 3pa3KiB CTIYHUX BOX

%, 3aMIHUBIINA BIAHOCHI AuepeHiiany Ha BiAIOBIIHI
3HaueHHs aprymeHris [15-17], maemo
A~ (L), ﬂ+ o, (t—t,) Yo
A (I+at,)’AL  t, Al+at) o
ot v Ay (I+01) v,
A+at)h ¢ (I+at)rh A,

(12)

Jns cupomeHHss (opMysin po3paxyHKy ITOXHOOK
¢yHKUil OaraThOX 3MIHHHX, IO3HAYMMO KOE(ILiEHTH
BIUIUBY HACTYITHHM YHHOM:

_ —ah (1 +an)t,

; 13
g (1+at))*x (13)
- a?»o(t—to); (14)

Al+at,)

Aot

et (1s)

(1+at)r

Ao (1+ )
0, === (16)

(1+oat)r

HpupiBasBimn ~ (8) 1 (12) 3  ypaxyBaHHSIM

Koe(illiEHTIB BIUIMBY, OTPUMAEMO:

t A
Ftuy_0+Gaﬁ+ZIY_t+QM o _
t, o t Ay

(17)
_ 2ya+£_26A YE, vE,
a f 0G|\ E, E, )

3 0CTaHHBOTO BHpa3y IJIs TEMIEPATYPHOI MOXUOKH,
sKa BIUIMBA€ HA KOMIIOHGHTH CHTHAJIIB NEpETBOPIOBaya,
MaemMo
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i S dy g da
vt 1| @ S 4 a

—=— - (18)
t B, dh, 20x G| dE,

< r, 0G x| E,

TakuMm 9YHHOM, B paMKaxX IIOCTaBJICHOI HAayKOBOI i
MPaKTHYHOI mpobisemu Oylo JOCHIHKEHO MOXHOKH
BHUMIpPIOBaHh KOMIIOHEHTIB CHTHAJIB €JIeKTPOMArHITHUX
MIEPETBOPIOBAYIB, @ TAKOX BIHOCHI MOXMOKH BUMIpPIOBaHb
SNIEKTPUYHUX Ta TEMIIEpAaTypHUX MapaMeTpiB 3pasKiB
criunux Box. Cnijg BH3HA4YMTH, 110 Npu 00poOIl maHMX
GararorapamMeTpOBHX BHMIpIOBaHb HIAPOKO
3aCTOCOBYIOTBCS Pi3HI YHCENbHI METOAH, sKi abo
MOB'sI3aHi 31 CHPONICHHSAMHU IOCHTIKYBAaHUX MOJeNeH 1
MEPETBOPEHHSIM  BHUXIMHUX CHIiBBiAHOWIEHb, abo0 €
JOTIOMDKHUMH TIPH  pealizalii MeTOHIB BU3HAUYCHHS
MOXUOOK (PI3UKO-XIMIYHUX IMapaMeTpiB 3pa3KiB CTIYHHUX
BoJ. JIo HUX BiZHOCSTH, HANIPUKIIAJ, METOH HAOIMKESHHS
¢ysKmii mepeTBopeHHs (MaeThCs Ha yBas3i HAONIKECHHS
MOB'sI3aHE 13 3aCTOCYBAHHAM MOJIHOMIB a00 3aMiHOIO TIPU
BUKOHAHHI JOCHIDKCHb BUXITHOI (YHKIIT 1HIIMMHA
OpOCTUMH  (DYHKI[SMH ~ ONM3BKMMH [0  JIHIHHHX
XapaKTePUCTUK, TOOTO CTATEYHUMHU (YHKLISMH), & TAKOX
METOAW BUDIIIEHHS CHUCTEM piBHAHb (OJM3BKUX 10O
JHIHHUX).

BuchoBku

TakuM 4YMHOM, B paMKax JOCHI/PKCHHS Ba)KIIMBOL
HAyYKOBO-TIPAaKTHYHOIO npodIeMu 3aCTOCYBaHHS
3arasbHOi  Teopii MOXWOOK BHMIpPIOBAaHh CTOCOBHO
OIIIHIOBaHHS TOXHOOK ()i3MKO-MEXaHIYHUX MapaMeTpiB
3pa3KiB ENEKTPOJITHYHHUX PIiIWH, PO3MIIAHYTAa METOIUKA
BU3HAYCHHS TOXMOOK CHUIBHHUX JIBONApaMETPOBHX
BUMIpIOBaHb SNeKTPUIHHX Ta  TEMIepaTypHUX
napaMeTpiB 3pa3KiB KHCIMX CTIYHHX BOJ BHPOOHHIITBA
(GpYKTOBMX COKIB, NpW peaiizauii JBONapaMmeTpoBOro
€JIEKTPOMArHITHOTO METOJla Ha OCHOBI YHIBEpPCaJIbHUX
¢ynkuiii neperBopensst Tpanchopmaropuoro EIL. Ilpu
oMy, O0OpoOKa JaHMX TPH  EJIEKTPOMAarHiTHUX
BUMIPIOBaHHAX (i3MKO-MEXaHIUYHUX MapameTpiB 3pa3KiB
CTIYHHX BOJI, IO KOHTPOJIOIOTHCS, MPEACTABISIE COO0I0
3aKJIIOYHUH ~eTan  BHMIpIOBAIBHOI TPOLENypH, sKa
3BOINTHCS /10 BAXKJIMBOIO 3aBAAHHA: 32 BHMIPSIHHUMH
komnoHeHTamMu curHaiiB EIl 3i 3pa3skamul CTiYHHX BOZ,
3HaO4YN reomeTpuyHi xapakrepuctuku EIl Ta otpumani B
pe3ysbTari OararomnapaMeTpoBHX BUMIpIOBaHb (i3HKO-
MEXaHIYHI MapaMeTpH 3pa3KiB CTIYHUX BOJ: BU3HAYAIOTh
MOXMOKH BHMIpIOBaHb KOMIIOHEeHTiB curHamiB EIl Ta
HOPMOBaHUX BEJHMYHMH, a TaKoXX HOXHOKH mHapaMmeTpiB
JOCTIIKYBaHUX 3pa3KiB, TOOTO MHUTOMOTO CJICKTPHYHOTO
ornopy A i Temneparypu y,. Ciix BU3HAYMTH, IO BMICT Ta
o0csir 00poOKK aHUX MOXYTh OyTH Pi3HI 3aJI€KHO BiJ
BHIYy BHMIPIOBaHb IapaMeTpiB 3pa3KiB CTIYHHX BOJ,
KUTBKOCTI 3HAWJIEHWX TMapaMeTpiB Ta BIACTHBOCTEH
eKCIIEPUMEHTAIHUX ~JIaHUX, a TaKOoX [MOCTaBJICHUX
MOYAaTKOBUX BHUMOT JI0 TOYHOCTI OararormapaMeTpoBUX
BUMIpIOBaHb MapamerpiB 3paskiB. Ilpu mpomy 3aBxau
HaMBaXIMBIIINM 3aBIaHHSIM € BH3HAUYEHHS DPE3YJIbTaTy

BUMIpIOBaHb  (DI3WKO-XIMIYHUX  XapaKTEPUCTHK  Ta
MOXWOOK  pe3ylbTaTy BHMIPIOBaHb BIIMOBIAHO 1O
MEBHOTO aJTOPUTMY, BCi 1Ii omepauii i CTaHOBIATH Y
LBOMY BHIaJKy OOpOOKY pe3ynbTariB BHMIpIOBaHb. 3a
paxyHOK 3acTOCYBAaHHs CIIIBBIJHOLIECHb, IO OITUCYIOTh
TOYHICHI XapaKTEPUCTUKH GararorapaMeTpoOBHX
NIepeTBOPIOBAYiB, BH3HAYEHO IOXWOKM BUMIpIOBaHb
koMmoHeHTIB curHamiB EIl Ha OCHOBI OIIHIOBaHHS
XapaKTepUCTHK (QYHKIII Oaratbox 3MiHHHX. HaykoBoro
HOBH3HOIO POOOTH € IOCHIMHKEHHS METOAY OIliHIOBAaHHS
MOXHOOK CyMICHMX BUMIpIOBaHb (yHKIii OaraTbox
3MIHHHX, TOOTO (yHKIIi MEpeTBOPEHHS, SKa BHPa)KEHA
3aJISKHICTIO HOPMOBAHHUX XapaKTEPUCTUK
NEepeTBOpIOBaYa  BiJl  BAXJIMBHX  iH(GOPMATHBHUX
rapameTpiB eNEeKTPOTITUYHHUX PiAMH (10 SIKMX BIIHOCSTH
Xap4oBl TPOAYKTH Ta 3pa3Kd CTIYHUX BOJ XapYOBUX
BupoOHUITB). [IpakTHuHe 3HAa4YeHHS POOOTH MOJsrae y
TOMy, IIO BHM3Ha4Ye€HHS MOXMOOK CYMICHMX BHMIpIOBaHb
(hi3MKO-XIMIYHHMX TapaMeTpiB 3pa3KiB CTIYHHX BOJ| HaJae
3MOTY BCTAQHOBJIOBATH pAIliOHANBHI PEXUMH POOOTH
OararomapamerpoBux  EIl, miABHIUTH  BipOTiAHICTH
KOHTPONIFO  (i3UKO-XIMIYHMX  XapaKTEPUCTUK  3pa3KiB
CTIYHMX BOJ Ta CYTTEBO IIABHIIWUTH SKICTH YIpPABIIHHI
MIpOIIecaMy OYUIIEHHS eNEeKTPONITHYHUX PinuH (Y ToMy
YUCI CTIYHMX BOJ| MPaKTU4YHO OyJb SKHX Xap4yOBUX
BUPOOHUIITB) 32 paXyHOK BHOOpY palliOHaJIbHHX METOJIB
OYMIIIEHHSI Ha OCHOBI JaHHX, OTPUMAaHUX 32 JIONOMOIOI0
EIL

[epcrieKTHBH ~TMOMATBIIMX JOCTIPKCHb B  Ii€l
obmacti  monsAralOTh B CTBOPEHHI  IOBHICTIO
ABTOMATHU30BaHUX CHCTEM OaraTomapamMeTpoBOro

BUMIpIOBAJILHOTO KOHTPOJIIO TapaMeTpiB CTIYHUX BOJ
XapuoBHX Ta NEepepoOHMX BHPOOHUITB HA OCHOBI
3anyptoBaHux EIL
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0. H.MIXE/IbKIHA, I. I. TAPIHA, O. B. INTAHKOB

OCOBJIMBOCTI PO3KPUTTA HUKJIY B
TIOAHI3O0J1Y B CUCTEMI CuSO,/DMSO/H,0

2em-JUT AJIOT EHIUKJIONTPONTIVIITIOXTIHUX

HaBeneHno pesynbTaTH AOCITIDKEHb PO3KPUTTS LMKIONPOIAHOBOIO Kbl B 2,2-muxiiop(andpom)uukionponinmerii(peHin)cynpdinax mig aiero
Kymnpywm cynedary B Bogaomy auMermiadopmamini. [TokasaHo, mo 3a nux yMoB IpH HarpiBanHi 3a Temmneparypu 100-105 °C npotsarom 10-11 rogun
YTBOPIOIOTBCS CYMIllli TPHOX 130MEpHHX XJIOpo(OpoMo)-aninoBux cnupTiB. CiBBIAHOIICHHS LUX CIUPTIB BH3HAYEHI CIIBCTABICHHSM IHTEIpaIbHUX
inTeHcuBHOCTE curHamis mpoToHie B crektpax IMP 'H Ta iHTerpanpHuX iHTEHCHBHOCTel xpomaTorpaM i mpubmmsuo ckiagae 3,54:3,15: 1 ms
maxsopo- Ta 5,1:3,9:1 11 AM6pPOMONMKIIONpPONITIOXiHIX. By/I0BY i30MepHHX CTIMPTIiB JOBEJEHO 3a pe3yabTaTaMu aHamizy crektpis AMP 'H Ta
(parMenTarii B Mac-CIeKTpax.
Mpu aii iony Cu(Il)" 3a THX ke yMOB HA MPOJYKTH OKHCHEHHs CyIb(iiB 2,2-1uxjopo- Ta 2,2-IuGpOMOUHMKIONPONiIMeTHI(GEHIICY TbGOHIB
PO3KPHTTS LUKIIY 32 JaHHMH TOHKOIIapoBoi xpomartorpadii He crioctepiranu. Ilpu nocsraenHi temneparypu suie 150 °C BinOyBaeThesi OCMOJICHHS
BIAOBITHUX CYJIb(HOHIB.
TIpoaHani3oBaHO BILUIMB IPUPOJIM TaJOTeHY Ha PErioceleKTHBHICTh peakiii. Biporiguuit MexaHi3m peaxuii, skuii nepenbayae yTBOPEHHS aILHOTO
KaTiOHy SK KJIIOYOBOTO IPOMDKHOTO TponykTy. OTpuMmaHi pe3ynbTaTH pO3MIMPIOIOTH YSBICHHS @O peakuiiiHy 31aTHICTE cem-
JIMTAJIOTCHIUKIIONPOIIAHIB Ta BiAKPUBAIOTH HOBI MEPCHEKTHBH U1 CHHTE3y (yHKIIOHATi30BaHUX OPraHiYHHUX CIOJYK, 30KpeMa, IMOTCHIIHHUX
0IOJNIOriYHO aKTHBHHX. BusBIGHO, 110 3aMiHa (QeHITiO-3aMicHUKa Ha (eHUICYNb(GOHIIBHUI ICTOTHO 3HIDKYE peakuiiiHy 3[aTHICTb
LUKJIONPOIIAHOBOTO KiIBIIS.

KimouoBi cioBa: cem-auxiop(IuOpoM)IUKIONPONUINOXiAHI TioaHi30my, i30MepHi XJIOp(OpOM)aniloBi CIHPTH, PO3KPUTTS TPUWICHHOIO
nukiy mig giero ionis Cu(Il)’, conbBOINi3 aninbHUX KapGOKATIOHIB.

O. I. MIKHEDKINA, H. 1. LARINA, A. V. TSYGANKOV

FEATURES OF CYCLE OPENING IN THE gem-DIHALOGENCYCLOPROPYL DERIVATIVES OF
THIOANISOLE IN THE SYSTEM CuSO,/DMSO/H,0

The results of studies on the cleavage of the cyclopropane ring in 2,2-dichloro- and 2,2-dibromocyclopropylmethyl(phenyl)sulfides under the action
of copper sulfate in aqueous dimethylformamide are presented. It is shown that under these conditions, when heated at 100-105 °C for 10-11 hours,
mixtures of three isomeric chloro(bromo)-allyl alcohols are formed. The ratios of these alcohols were determined by comparing the integral intensities
of the proton signals in the IH NMR spectra and the integral intensities of the chromatograms and are approximately 3.54:3.15:1 for dichloro- and
5.1:3.9:1 for dibromocyclopropyl derivatives. The structure of the isomeric alcohols was proved by the results of NMR 'H analysis and fragmentation
in the mass spectra.
Under the same conditions, the action of Cu(I)" ion on the oxidation products of 2,2-dichloro- and 2,2-dibromocyclopropylmethylphenylsulfonyl
sulfides did not show ring cleavage according to thin layer chromatography. When the temperature reaches above 150 °C, the corresponding sulfones
are charred.
The influence of the nature of the halogen on the regioselectivity of the reaction was analyzed. A likely reaction mechanism involves the formation of
an allylic cation as a key intermediate. The obtained results expand the understanding of the reactivity of heme-dihalogencyclopropanes and open new
perspectives for the synthesis of functionalized organic compounds, in particular, potential biologically active ones. It was found that replacing the
phenylthio substituent with a phenylsulfonyl one significantly reduces the reactivity of the cyclopropane ring.

Keywords: gem-dichloro(dibromo)cyclopropyl derivatives of thioanisole, isomeric chloro(bromo)allyl alcohols, opening of the three-
membered cycle under the action of Cu(Il)” ions, solvolysis of allylic carbocations.

SIKIo K 10 peakuidHOi CyMill omaTH HyKJIeodi,
TO BiZIOYBAa€ThCS 3aXOIUICHHS KaTIOHOM HyKjieodity i
YTBOPIOIOThCS JTUJIbHI CUCTEMHU. B TOMY BHMAjAKy, KOJIH

Beryn.  em-auranoreHUMKIONPONaHM — MaroTh
IIMPOKE  3aCTOCYBaHHS B  OpraHi4YHOMY  CHHTE3I.
BaxnuBoro ocoOnuBicTIO iX € Te, IO X04a BOHH €

nedpopmamniiHo HaNpy>KEHUMH OpraHiYHMUMH  TEHEepYIOThCS HECHMETPHUYHI KaTiOHM, TO TOJI MOJKJIHBE
MOJIEKYJIaMH, NpH IIbOMYy BOHHM MalOThb JOCTaTHIO  YTBOPCHHS  CyMillleil  perioi3oMepHHX  MPOIYKTIB
KIHeTHYHY CTaOUIBHICTH 1 IX MOJKHA NPOBOAWTH UYEPe3  3aXOIUICHHS.

OaraTtocTafiitHi TTOCTIiTOBHI peaxuii. Ane B sKkocTi peareHTiB, IO CHPHUSIOTH PO3KPUTTIO
HalBaXIMBIIIUM B XiMii IUKJIONPONAHy € HMUKJIONPONiI-  TPUWIEHHOTO LHUKIY, BHKOPHCTOBYIOTH  AaJKOTOJISATH

QNIBHI MEPETBOPEHHS IIMKIIOMPOIILI-TaJIoreHiAiB. Peakii
PO3KPUTTA MUKITY B ceM-TUraJIOrCHIUKIoNpornanax
LIIMPOKO BHMBYAIOTBCS 3 METOK OTPUMAaHHS HOBHX
CHHTOHIB JUIi CHHTE3Y MaJIOJOCTYITHUX IPHUPOJHUX
CHONyK CKiIagHuX cTpyktyp [1-3]. bimpmicts mux
peakuiii BinOyBaeTbcs SIK ENIMIHYBaHHS TajlOT€HiTHOTO
aHIOHY 3 YTBOPEHHSM AaJIJIBHOTO KaTiOHYy Ta CHHXPOHHE
PO3KpUTTS LUKIIOIPOIIAHOBOIO KiJTbLs [4]
(muB. puc. Ne 1). INomampima monsi IOTO IHTEpMeEmiaTy
3aJIC)KUTh BI YMOB, 3a SKHX BiH yTBOPIOETHCS. SIKIIIO
CepelOBHUIIE JIy)KHE, TO BiIOYBa€ThCA IETIPOTOHYBAHHS
KaTiOHY 1 YTBOPIOIOTHCS JI€HH, LIO 3[aTHI BCTYNaTH B
TTOANTBIII peaKIil HUKIOPHETHAHHS.

JTY)KHUX MeTamiB [5], metwusutitiii [6], BTopuHHI aminu [7].
[Ipn mpoMy 3anexHO Bim yMOB peakmii Ta OymoBH
BUXIJJHOTO TaJIOTEHIMKJIONPONAaHy YTBOPIOIOTHCS aJeHH,
OpTOETEpH, HEHACHYCHI KUCIIOTH, ECTEPH, aMi IH.

YacTo pO3KPUTTS TPUWICHHOTO IMKIY B 2eM-
JIUTaJIOTCHIUKIIONPONaHax TPOBOJSTH 32 JIOTIOMOTOI0
kucnor Jlptoica. Tak y NMpPUCYTHOCTI TaKkuX CIIONYK SIK
AICl; ta FeCl; eem-muxnopiyKiIONpoOnaHd yTBOPIOIOTh
XJIOpATiIbHI KaTiOHH, 3[aTHI BCTYHATH 3 apOMaTHIYHHUMH
BYTJICBOAHAMU B peakmii aimkimyBaHHSI 3a @Dpinenem-
Kpadtcom [8]. ¥V Toil e yac rajJoreHaJiIbHUA KAaTioH,
YTBOPEHUH y NPUCYTHOCTI cojiel cpibna, Moxe OyTu
3aXOIUICHUII aHIOHOM HYKJICO(IUILHOrO PO3UYMHHHUKA
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(Bozta, METaHOI, OLTOBA KUCIIOTa), IEPETBOPIOIOUUCH HA
rajoreHaiiyioi crimprtu [9-10], erepu [11] abo, sk y pasi

+ CXy; —>

X =Cl abo Br

3aCTOCYBaHHS aleraTy cpidja B OITOBIH KHCIIOTI, ecTepu
[12—-14].

T
o X
-H*

Pucynok 1 — Cxema yTBOpEHHsI allijIbHOTO KapOOKaTioHy i1 #oro TpaHchopmallisi B i€HOBY Ta aJIIbHY CTPYKTYPH

Takoxx  Bimomo  [5-15], 1m0 njeski  eem-
JIUTaJIOTeHAIIKUIIUKIIONPONIAHH  3a3HAIOTh  PO3KPUTTS
TPUYICHHOTO IMKIY HE TUIBKM Y HPUCYTHOCTI 1OHIB
cpibna, a ¥ mix BIUIMBOM Mifi Ta ii coneil 3 yTBOpEHHSIM
rajJoreHaJJIOBUX CIMPTIB. AHali3 CBIMYHUTH MO TE, L0
LUKJIONIPONI-NiIbHI  TIEPETBOPEHHA €  TOTY)XHUMH
IHCTPYMEHTaMH B CHHTE31 OPraHiYHHX CIOJIYK IIUPOKOTO
ACOPTUMEHTY, BKJIIOYAIOYM CKIagHi abo  CHIIBHO
Hampy>keHi kKap0o- Ta reTepOIKIIYHI CTPYKTYPH, B TOMY
YHCII aJKaoinu, TepreHoinu, Tomo [18].

DMSO-H,0

Pe3ynbTaTn Ta 00roBopeHHsi. PO3KpHUTTS IUKITY y
NPUCYTHOCTI 1OHIB cpibma Ta Mimi y cynbdigax, Mo
MalTh B CTPYKTYpl 2em-IUrajoreHIIUKIONPOIIIbEHIIMA
(parmMeHT He BUBHYAJIOCSA (HEe OmMucaHO) padime. Tomy,
MPOJIOBXYIOUM JIOCHI/DKEHHSI 3 BHBYEHHS peakmiiHOl
3aTHOCTI CHHTE30BaHUX Hamu cynbdinis [19], mu
3MIHCHUIN  PO3KPHUTTS TPUWICHHOIO LHUKIy B 2,2-
quopoMo- 1 2,2-puxiopounrkionponiimMeri(QeHin)-
cynpdinax Ia, 6 y mpucytHocTi KynpyMm cyinbdary B
cepenoBumIi BogHOTO muMmetwicyinbhokcuny (JMCO)
(muB. puc. Ne 2).

OH
S S S
X cuso, \)\’/ .\ v\rd‘\OH
_
X X

Ia,0
X =Cl (a); Br (0)

I1a,0 IIIa,0; IVa,o

Pucynok 2 —Cxema cHHTE3y 130MEpHHUX rajoreHaniyiosux ciuprtis Ila,6 — [Va,6

Peakuii mnpoBogumucs mnpu  temmepatypi  (100-
105)°C i npu MOJBHOMY CIIBBIJHOIIECHHI pEarcHTiB
nuranoreniukionponan: CuSO, - SH,O: IMCO:H,0, 1o
JIOPIBHIOE 1:1:10:14. 3aKiHYeHHs peaxiii
KOHTPOJIOBAIOCS 32 JIOIIOMOTOK)  TOHKOIIAPOBOT
xpomarorpadii 3a 3HUKHCHHSM IUIIM BHUXIJHHAX CITONYK.
[Micns BimmoBimHOI OOpPOOKHM peakIiifHUX Mac B 000X
BHIIAJKaX BHIUICHO MaJlOPYXJIMBI B'SI3KI piOWHA 3
Buxogamu 46 % ta 53 % g cionyk Ia ta 16 BigmosigHO.

cymimi (quB. Tadn. Ne 1). 3a HanpsiMkoM dparMeHTariii ta
3a mepeadavyyBaHUM MeXaHi3MOM 3rifHo [15-17], uumu
cnonykamu € aninoBi cnupru Ila-IVa Ta I116-1V6.
OcHOBHUIT HAaNIPSIMOK (pparMeHTallii MOJIEKYJIIPHOTO i0HA
i conykn Ila — pospuB 3B'sizky C(3)-C(4) 3
YTBOPEHHSIM YacTHHKH 3 m/z 123, ska B CHEKTpi Mae
HaMOUIBITy IHTEHCHBHICTD Ta YaCTHUHKH 3 m/z 91. YV Toii
xe gac mst cnonyk IIla Ta IVa crnocrepiraerscs iHma
kapTuHa QparmenTanii. HalOinplly iHTEHCHBHICTH Y

[licns  mpoBemeHHS  XpoMaro-Mac  CHEKTPANbHHUX  CIEKTpi Mae dacTmHKa 3 m/z 109, mo Bigmosigae
JociiakKeHb GyJI0 BCTAHOBJIEHO, IO KOKHA 3 BHAIIEHHX  yTBOPEHHIO CTiKOrO —amiipHOro KaTiomy [M-105]"
CyMiled MICTHTh TpPW I30MEpHiI CIONYKH. Yci BoHH  (OuB. puc. Ne 3). AHanoriuyaa (parmenTartis
XapaKTepU3YIOThCS HU3bKOIHTEHCUBHUMHU MiKaMH  CHOCTEpPIraeThes Ui CIOJIYK 116-IV6
OJTHAKOBMMH 332 MacOI0 MOJIEKYJISIPHUX 10HIB JIJIS KOXKHOT
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OH . OH
S 1 ®
Ph \)Y o S k’/
Cl Cl

IIa m/z 214/216 m/z 123 m/z 91
S +e S.
Ph” v\[”\o; . Ph @/\{MOH
Cl Cl
IIa; IVa m/z 214/216 m/z 109 m/z 105

Pucynok 3 — Cxema ¢parmeHTanii MoJIeKyJIsIpHUX HOHIB B Mac-criekTpax crniosyk [la-IVa

s toro, mo6 moBecTd OYyAOBY MPOAYKTIB pPeaKilii
PO3KPHUTTS TPUWICHHOTO LUKIy B cronykax la,0, mwu
PO3AUTIIN BUAUICHI cyMili XpomaTorpadieio Ha KOIOHII
1 TpoaHami3yBalyd iX 3a JONOMOTOI0 CIIEKTPOCKOIIi
SIMP 'H.

Tak, y cnektpax SIMP'H cnomyk Ila-IVa
(IKCYIOThCS CUTHANM BCIX MPOTOHIB (AuB. Tadm. Ne 1). ¥V
cuektpi cmonyku Ila  cmocrepiraioThbcss — CHUTHAIA

reMiHaJIbHUX MPOTOHIB Hl, H? y BUIJISLII JIBOX JyOJICTIB B
obuacti 5,37 M. 5,56 M.1I. 3 KOHCTAaHTAMHU CIiH-CIIIHOBOI
B3aemonii (KCCB) 1,4 'y, mo cBiq4uTh TPO HASBHICTH
TEPMIHAJIBHOIO IIO/IBIHHOTO 3B'S3KYy, CHUTHAJ IPOTOHY
TiIpoKCHIbHOI Tpynmu B obOmacti 5,95 M., a Takox
MyneTHIDIET Tpu  3,0-3,24 M.I. HAJEKUTh MAarHiTHO-
HECKBIBAJICHTHUM IPOTOHAM H* i B°. Moni6ri curuamm
¢ikcyrotbess 'y cmektpi  cnonmykm 116. Hassaicts
MMOJBIHHOTO 3B'A3KY 3 YOTHPMA PI3HUMH 3aMiCHUKaMHU
nependadae iCHyBaHHA JBOX TeOMeTpuyHHX FE-1 Z-

11a,0

Il1a,6 (£-i30Mep)

i3omepiB. 3a Bimommm MetomoM [20], mo T03BOJSE
3'ACyBaTH THIl OJEPKaHOTO 130Mepy. MM 3HIHCHWIN
OoOYHCICHHS XIMIYHHX 3CYBIiB TIPOTOHIB OJE(iHOBOTO
psiny. PospaxyHok XiMiuHmX 3cyBiB s mpotony H® raB
taxi 3HaueHnss: 8 (Hf) 5,95 m.x., &8 (HE) 5,82 m.a. mus Cl-
amimenoro ta 8 (Hf) 6,14 m.x., & (HE) 6,34 m.a. ans Br-
3aMmimenoro. IIOpiBHSHHS OTpPUMaHUX BEIMYMH 13
JaHuMu  cnekTpis  SIMP 'H JI03BOJIMJIO  BIIHECTH
crpykrypu IIla,6 no E-i3omepiB, a cTpykrypu 1Va,6 mo
Z-i3omepiB. Y cmektpi cmomyku Illa (E-izomep) €
Tpurier B o6macti 6,0 M.I., 0 HAXEXHTH npotony H-.
Hua cnonyku IVa (Z-i3oMmep) criocTepira€Tbesi TPUILIET
mis mporony H® mpm 5,93ma 3 KCCB 7,0 I'm.
Po3paxoBaHi BenmuuuHM XiMIYHUX 3CyBIB aist crionyk 1116
i IV6 Tex miaTBep/pKYIOTh MPUITYIICHHS, 10 3pO0JicHE
Ha OCHOBI aHAJII3y CIEKTPIB I[UX CIIOJIYK.

IVa,6 (Z-i30mep)

Ta6maus 1 — IMP 'H CHeKTpH, J, M.A., J, 'l Ta Mac-cniektpu, m/z (I, %) cnonyk 11a,6 — IVa,0

H' H? H’® HY H’ Hapovar OH m/z (I, %)
5371
» 216 (5), 214 (5), 186 (10),
V=14 423 n.no. . B 5951
Ia 5,561 U=60.116) 3,0324 M 7,12-7,4 m T253) 123 (100),7170(9180), 91 (5),
=14
216 (5), 214 (15), 161 (5),
lla ( J3=9 35 Z;) ( J6=’07T3) ( J3=’717(f”7"3) 7,16-7,49 m ( J5=5 15 T7) 147 (5), 109 (100), 106 (10)
’ ’ Pl ’ 105 (25), 77 (20)
214 (5), 197 (45), 161 (50),
IVa 3,93 ¢ (J5=937 ‘(')) (J3f67£3‘) 7,12-7,53 m o 147 (5), 135 (30), 129 (5),
’ ’ 109 (100), 91 (5), 77 (10)
5611 260 (7), 258 (5), 232 (5),
J=17) 4,15 . 5971 179 (25), 151 (), 135 (5),
16 599 1 (=58, 11.5) 2,97-3,24m 711750 M (J=45) 123 (100), 109 (15),
J=17) 91 (5), 77 (25)
260 (3), 258 (5), 179 (5),
1116 3,98 ¢ (ffgz) ( J3: ’2)69’1'5‘ 3 707-7,4 M _* 149 (25), 137 (5), 123 (15),
’ ool 110 (100), 84 (5), 77 (20)
260 (), 258 (5),
V6 4,03 ¢ (ffgg) (3’5 172) 7,15-7,46 M - 148 (25), 123 (5),
; ; 110 (100), 84 (5), 77 (20)

*CuUrHaiay NIpOTOHIB T JIPOKCUIIBHUX TPYH He (IKCYIOTHCS Yepe3 AeHTepooOMiH.
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Cain 3a3Ha4yMTH, 0 3aMiHa (EHLITIO-3aMICHUKA y
cnonykax la,0 Ha deHuICYynbOHIIBHUI J1€3aKTUBYE
[UKJIONPOMAHOBE  Kijiblle. BimmoBimui 2,2- qUXJI0pO-
(mOpoMO ) IUKITONIPONIIMETHII(DEHIICY TH(POHH HaBiTh
npu  TpuBaioMy HarpiBanHi mpu  (100-105) °C  me
PO3KpHBAIOTh TPUWICHHOTO LHKIY 1 BHAUISIOTBCS 3
peaxuiitHoi cymimn B He3MiHEHOMY BUIILsIAL. [Ipy Brmmx

temneparypax (mpubmmzao 150 °C)  BimOyBaeThes
OCMOJICHHSI PeaKLiifHuX Mac.
BucHoBku. TakuM 4YHHOM TOpIBHSHHS JaHUX

SIMP 'H i Mac-CrieKkTpiB [03BOIMIO 3pOOHTH BHCHOBOK,
IO MPOAYKTaMH peaKiii pO3KPUTTS TPUUICHHOTO IHMKILY
cnonyk Ia,6 € i3omepHi aninbHi cnuptu. OTXKe, peakiis
reMiHaJIbHUX JMTaJ0r €HIIMKIIONPOIIaHiB MiJl €10 KynpyM
cynbdaTy IpoTiKae HaiBIpOTigHiNIEe Yepe3 yTBOPEHHS
CTa0ITbHOTO aNIBHOTO KaTiOHY, SIKMH Haaai 3aXOILTIOE
TIIPOKCHJIBHUIM aHIOH 3 YTBOPEHHSM BiIIOBIIHOTO
CIIUPTY.

[opiBHSHHSAM  IHTETPaTbHUX  IHTEHCHBHOCTEU
CHTHANB NpoTOHiB y cmektpax SIMP 'H cymiureii Ta
IHTEeTpaTbHUX IHTEeHCUBHOCTEH XpoMarorpam
BIIMOBIMHUX cCyMmimedi MH BH3HAUWIM HPUOTU3HE
CHIBBIAHOIIECHHS 130MEPHUX AaNliJIOBUX CHHPTIB 1 BOHH
ckmamm Ha:Ila:IVa / 3,54:3,15:1 i Ho:116:IV6 / 5.1:3,9:1.

ExcnepumentaibHa yactuHa. Crnekxtpu SIMP 1H
3apeecTpoBaHi Ha mpmwiani Varian Mercury VX-200 i3
pobouoro wactotoro 200 MHz y IMCO-ds, BHYTpilIHIH
cragmapt — TMC. Xin peaknii Ta 9MCTOTY BHAIJICHUX
NPOJYKTIB KOHTPOJIIOBAJIH 32 JIOIIOMOIOI0 TOHKOIIAPOBOT
xpomarorpadii Ha mactuakax Silufol UV-254, emtoeHT —
TeKCaH-alleToH, 4:1, MPOSBHUK — Mapu HOXy y BOJOTii
kamepi. Cymimi TpoAyKTiB aHai3yBallCs HA XpOMaTo-
Mac crekrpomerpi GC-Column-CP-Sil 5CB, MS-Varian
1200L 3 enepriero ioHizyrouoro BunpomintoBanHs 70 eB.
Po3nineHHss oTpuMaHuMX CyMillleii TPOBOAWIIOCS Ha
kojoHi d=0,09 M, L=0,8 M, enMroeHT — IeKCaH-alEeToH,
8:1, cuikarens Juist xpomatorpadii 100/250.

Buxigni cnonyku (Ia,0) Oynm cuHTe30BaHi 3a
PO3pO0JICHOI HAMU paHillle METOIUKOO [19].

Ooepoicanusi  3-eanozen-1-(peninmio)oym-3-en-2-
onie (Ila,6) ma 2-canoeen-4-(gheninmio)oym-2-en-1-onis
(Illa,6, 1Va,6) (3acanvna memoouxa). Jlo po3uuHYy
0,001 moms CuSO,4-5H,0 B 0,73 Mt (0,01 moas) JIMCO i
0,25mn (0,015 mons) Bomm  momaroth 0,001 momb
BiJIOBITHOTO TUTANOTECHIMKIONponany. PeakuiiiHy macy
nepeminryiote npu Temneparypi 100-105 °C mpotsirom
10-11 roaun. Xix peakuii KOHTpoOOTH MeTogoM THIX.
Ilicns OXONOMKEHHS peakiliiHy Macy po30aBIsiOTh
Bomoro (10 my) Ta ekcrparyroTh erepoM (2x2 mi).
Etepunit map Bucymytots Hajg Na,SO, 1 micist Biarony
PO3YMHHMKA BUIUIIOTH CyMilll TQJIOTCHATIJIOBUX CIIHPTIB
Yy BHIIIAAI B'I3K01 MaNoOpyxXimBOi pigwHHU. . Buxin cupoi
cymimi cronyk Ila-IVa ckmaB 0,18 r (46 %) 1 cymimi
116-1V6 - 0,21 r (53%), BiAmoBigHO.

Otpumani cymimi Oyfmu poO3IUICHI 3a JIOTIOMOTOIO
KOJIOHOYHOI Xpomartorpadii Ta oxapakTepu3oBaHi 3a
noroMoroko crektpis IMP 'H Ta Mac-crieKTpoMeTpii.
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O. H. LEVYTSKA, V. V. TSARENKO

ANALYSIS OF POLLUTANTS EMISSIONS IN
ALTERNATIVE AND TRADITIONAL SOLID FUELS

THE CONDITIONS OF COMBUSTION OF

The problem of pollutant emissions and the correlation of emission values with climate change is an extremely urgent task today. Climate change is
causing glaciers to melt, which is causing water levels in reservoirs to rise. The issues of environmental pollution by the products of combustion of
solid fuels are becoming more and more relevant. Among the pollutants that enter the air after the combustion of fuel in the furnaces of boiler units,
there are also greenhouse gases that stimulate the greenhouse effect, causing climate change. The work determines emission indicators and emissions
of pollutants into the atmospheric air. The task of the work is to identify and recommend the use of modern and effective methods for reducing emis-
sions of pollutants into the atmosphere. The work uses analytical articles and sites that raise the problem of climate change. The work also shows the
results of calculating pollutant emissions from combined heat and power boilers, carried out according to the recommendations of national guidelines.
A high value of dust emission is typical for straw and flax fescue. In terms of nitrogen oxide emissions, wood waste has the highest values. Slightly
lower values for the emission of carbon dioxide, methane, NMVOC are determined for wood waste. It is important to note that when gaseous fuels are
burned, there will be no emissions of suspended particulate matter. It should also be noted that natural gas and wood waste do not contain sulfur-
containing compounds, which ensures the absence of sulfur dioxide in flue gases when fuels are burned. However, when gases are burned, mercury
compounds can be released in trace amounts. One of the options for solving the problem is the transition to alternative energy sources. The develop-
ment of such sources is already underway, but their implementation in practice, unfortunately, is slow.

Keywords: emissions; atmosphere; fuels; climate change, gases.

O. I.JIEBHIIbKA, B. B. JAPEHKO

AHAJIITUKA BUKHAIB 3ABPYJHIOIOUHUX PEYOBHH B VYMOBAX CHAJIOBAHHSA
AJIBTEPHATUBHUX TA TPAAULINMHUX TBEPJIUX ITAJINUB

[Ipo6aema BUKHIIB 3a0pyIHIOIOYMX PEYOBHMH Ta KOPEJLALis 3HAYCHb BHKH/AIB 31 3MIHOIO KIIMaTy € HaJ3BHYallHO aKTyaJlbHUM 3aBIAaHHSIM ChOTOJCHHS.
3MiHa KIIiMaTy CpUYMHsE TAHEHHs JIbOIOBUKIB, 110 BEJE A0 MiJABUILEHHS PiBHSA BOJM y BojoiMax. [InTanHs 3a0pyAHEHHS HaBKOJIMIIHBOTO CEPEeIOBUILA
MIPOIYKTaMH 3TOPSIHHS TBEPOTro ITaJIBa CTalOTh Bce OLIbII akTyanbHUMHU. Cepel] 3a0pyHIOIOUNX PEYOBHUH, SKi HOTPAILIAIOTE B IIOBITPS MIiCIIs 3TOPSHHS
MajKBa B TONKAX KOTEIbHHUX arperaris, € i IapHUKOBI ra3, [0 CTUMYJIIOIOTh MTAPHUKOBHN eeKT Ta MOXYTh OYTH NPUYMHOIO 3MiHH KiiMaty. B pobori
BHU3HAYAIOThCS MOKA3HUKM eMicii Ta BUKMIM 3a0pYAHIOIOUUX PEYOBMH B aTMOc(epHe MOBITps. 3aBIaHHAM pOOOTH € BHUSBJICHHA Ta PEKOMEHIALIS 10
BUKOPHCTAHHS CyJacHUX Ta e()EKTHBHUX METO/IB 3MEHIIECHHS BUKHU/IIB 3a0pyIHIOIOUNX PEYOBHH B aTMochepy. Y poOOTi BUKOpUCTaH] aHAIITHYHI CTATTI
Ta caifTH, sKi HOPYIIYIOTh HpoOiIeMy 3MiHM KiIiMary. Y poOOTI TakoX HAaBEICHO Pe3yJbTaTH PO3PaxyHKY BHKHIIB 3a0pyIHIOIOUMX PEYOBHH Bif
KOMOIHOBaHMX TEIUIOCHEPTeTUYHUX KOTIiB, BUKOHAHUX BIANOBIIHO O PEKOMEHAAIM HAIIOHAJIPHMX METOAMK. BHCOKEe 3HA4€HHS BUKUIY MUY
XapaKTepHO JJIsl KOCTPHUI COJIOM'SIHOT 1 JIbHAHOI. 3a piBHEM BHKH/IIB OKCHIB a30Ty JIEPEBHI BIXOAM MalOTh HalBUIII 3HAUYeHHs. JIemo HIKYi 3HAYCHHS
BHKH]Y Byriekucioro rasy, merany, HMJIOC Bu3HauaioThCsi came JUlst ISPEeBHMX BiIX0JiB. Ba1iBo Bi3HAYNTH, 110 TIPHU CHANOBaHHI ra30MoAiOHOro
nanyBa He Oy/e BUKH/IB 3BXEHUX TBEPJAMX YAaCTHMHOK. TakoX CiijJ 3a3HA4YMTH, 110 IPUPOIHUI ra3 i JepeBHI BIIXOIU HE MICTATh CIDKOBMICHHX CIIOJYK,
mo 3abe3nedye BiICYTHICTh MIOKCHAY CIpKH B AMMOBHX ra3axX IpH CHalioBaHHI mamuea. OJHaK HpH CHATIOBaHHI Ta3iB CIONYKH PTYTI MOXKYTh
BUIULITUCS B HE3HAUHMX KUTbKOCTSIX. OMHUM 3 BapiaHTiB BUPILICHHS MPOOJIEMH € Mepexil Ha alnbTepHATHBHI JKepena eHeprii. Po3poOka Takux mkepern
BIKE BEJIEThCS, ajie iX peajii3allis Ha MPaKTHIl, Ha )KaJlb, Bi0YBA€ThCS MOBUIBHO.

Kurouosi c1oBa: Bukuay; atMocdepa; manuBa; 3MiHa KIiMarty, Tasm.

found that areas located in the zone of influence of
industrial facilities that are sources of volatile

Introduction. Environmental pollution is a
problem that often affects the functioning and life of a

critical number of regions and territories.

For example, the article (Laela et al., 2023)
determined the concentrations of arsenic in soil and rice,
while samples were taken in several cities and regions of
East Java, and high levels of this pollutant were found in
several places. Clogging of water is also dangerous. Thus,
the transfer of microplastics through the food chain has an
adverse effect on organisms (Rahmayanti et al., 2022)
living in water.

Authors of the article (Piracha et al., 2022) are
reported about significant temperature differences
between urban areas and adjacent rural regions as a
characteristic feature of urbanization. Frequent emissions
of pollutants in cities include carbon, sulfur, nitrogen, and
dust compounds.

The article (Houngbégnon et al., 2019) states that
intersections are the areas with the highest levels of
exposure to PM 2.5, which negatively affects drivers and
passengers in traffic.

And, of course, high risks exist in industrial zones.
According to studies presented in (Lin et al., 2021), it was

combustible gases in many cities are not monitored, but
the probability of an increase in the level of such
substances remains high.

The issues of environmental pollution by the
products of combustion of solid fuels are becoming more
and more relevant. Among the pollutants that enter the air
after the combustion of fuel in the furnaces of boil-er
units, there are also greenhouse gases that stimulate the
greenhouse effect, causing climate change.

In particular, the authors (Bauer et al., 2015)
considered scenarios for assessing the impact of policies
stabilization of climate change in fossil fuel markets,
where oil and gas are shown to generate higher revenues
than coal, while the latter is the largest among those
considered by the source of CO, emissions.

Global warming is steadily leading to the melting
of glaciers and, as a result, an increase in the level of the
World Ocean.

Traditional natural gas is becoming a scarce
resource. New alternative gaseous and solid fuels are
emerging. Experts are inclined to interpret "alternative
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energy" as non-traditional energy sources. These include
solar energy, wind energy, geothermal energy, and
biomass. At the same time, the importance of developing
energy solutions that not only minimize environmental
impact, but also use inexhaustible or renewable resources
to meet energy needs is emphasized (KiBBa, 2022).

The problems of comparing the quantitative and
qualitative composition of combustion products when
using natural gas and alternative fuels remain relevant.

The work presents estimated comparative
assessment of emissions re-lease in combustion products
during work of high-power steam boilers with the use of
traditional fuel — natural gas and alternative fuels — blast-
furnace and coke-oven gases generated in the process of
technological cycle at iron and steel and coke-chemical
enterprises. Biomass has also been investigated as an
alternative resource.

Calculation algorithm is shown and formulas for
assessment of car-bon content in exhaust gases and
biomass are defined, conclusions on ecological efficiency
of gaseous fuels and biomass are given.

The main factor disrupting the climate balance is
the use of coal fuels and inefficient use of energy.
Greenhouse gases such as CO,, CHy and N,O, that are
generated due to human activity can cause an increase in
the greenhouse effect.

According to the data of United States
Environmental Protection Agency the fossil fuel
combustion produces about 65% of global emishsions of
greenhouse gases (United States Environmental
Protection Agency Website, Covert et al., 2016).

Excessive amounts of these gases trap the sun's
heat in the lower atmosphere, preventing it from escaping
back into space. This causes the planet to heat up, which
in turn leads to an increase in the average annual
temperature on Earth (Ukrainian Climate Network).

Rising temperatures on Earth contribute to the
melting of glaciers in Greenland, the Arctic and
Antarctica, leading to the release of water into the oceans.
This leads to a rise in sea level, and as a result, coastal
areas become victims of flooding. During the twentieth
century alone, global sea level increased by 20 cm and
continues to rise annually. The reservoir has already
deepened entire islands and poses a threat to cities such as
Melbourne, New York, Dakar, not to mention Venice or
Amsterdam (Mapuerko et al., 2020).

Methodology. When determining the gross
emission of hazardous substances for combustion units,
there is used the method of continuous measurements
with the application of in-process control devices or as
per calculation of the index of hazardous emission — the
specific value of emissions that is determined for a
particular unit and takes into consideration the fuel
characteristics, in particular its chemical composition,
combustion processes and methods of emission reduction,
assessment of the purification systems performance
(36ipHuK noka3HUKIB emicii, 2004).

Index of hazardous emission and lower wet
heating value of this fuel were calculated according to
procedure (30ipamk mokazHukiB ewicii, 2004). To

determine the indexes of emissions of NOx and
sulphurous anhydride, it was used the parameters of the
effectiveness of primary measures to reduce emissions,
efficiency of flue gases purification from pollutant,
purification plant performance coefficient, low load
(36ipuuk mokasuukie emicii, 2004). In the calculations,
we set the fuel consumption equal to 1 t.

Results and discussion Pollutant emissions from
solid fuel combustion include non-methane volatile
organic compounds (NVOC), dust, soot, methane,
compounds of sulphur, carbon, nitrogen and are partially
captured in gas cleaning equipment. The problem of
capturing of pollutants during fuel combustion in small
household installations is actual because additional
equipment is expensive to install, and the capacity of
heating systems, as a rule, is not so large as to be checked
by inspection authorities.

Therefore, a significant part of pollutant emissions
that are generated during the combustion of solid fuels is
simply not taken into account in the summary reports
about emissions.

Below the emissions from the combustion of coal
or coal briquettes based on the data (Meroauku
pO3paxyHKy BUKHUJIB 3a0pyaHIOIOUNX pedoBuH, 2011) are
examined and are shown on Fig. 1.

In addition, when burning coal or coal briquettes,
3169 kg of carbon dioxide is released per ton of fuel.

8,7

5,8 5.8

0,116

NO CcoO NVOC methane

Figure 1 — Emissions of harmful substances during the
combustion of coal or coal briquettes, kg per ton of fuel
(using data of MeTouka po3paxyHKy BHUKH/IIB
3a0pyaHIOI0YHX pedoBuH, 2011)

From the graph of Fig. 1 it can be seen that the
expected high levels of methane, carbon monoxide and
NVOC emissions have been obtained.

Emissions from the burning of peat or peat
briquettes based on data (MeTonuku po3paxyHKy BUKH/IIB
3a0pyaHiorounx peuosuH, 2011) are shown on Fig. 2.

In addition, when burning peat or peat briquettes,
1070 kg of carbon dioxide is emitted per ton of fuel.
Taking into account this fact and the data of Fig. 2,
emissions from the combustion of peat or peat briquettes
are the highest in terms of carbon dioxide, significantly
lower in terms of other pollutants. Among the latter, there
are higher emissions for carbon oxides and NVOC and
the lowest emissions for nitrogen oxide.
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Emissions from combustion of wood waste, straw,
flax firewood, sunflower husk are shown on Fig. 3. These
alternative fuels are often used today in small industries
or households.

In addition, due to rising temperatures, the deep
layer of the Earth, which previously remained frozen for
thousands of years, begins to melt — this is the so-called
permafrost or permafrost. This leads to a series of serious
problems: as the permafrost melts, the ground above it
shifts, causing buildings and infrastructure to collapse.

46 2,46
1.62 2,01
CO NO2 SO2 NVOC
a
0,615
0,049 0,131
methane O soot
b

Figure 2 — Emissions of harmful substances: a —
CO, NO,, SO, NVOC, b — methane, NO, soot, during the
combustion of peat or peat briquettes, kg per ton of fuel
(using data of MeTomka po3paxyHKY BUKH/IIB
3a0pyaHIOI0YNX pedoBuH, 2011)

Emissions of harmful substances during the
combustion of various types of fuels in boilers are shown
in Fig. 3. Sulfur dioxide emissions when burning straw
will be 2 kg per ton of fuel, when burning sunflower
husks — 3.2 kg per ton of fuel.

A high value of dust emission is typical for straw
and flax fescue. In terms of nitrogen oxide emissions,
wood waste has the highest values.
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ﬁ\
st 0.171

wood wa596027 straw
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—NOx carbon oxide

1556,78

; 1593.4
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carbon dioxide
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c
Figure 3 — Emissions of harmful substances: a —
dust, NVOC, methane, b — NOx, carbon oxide, ¢ — carbon
dioxide, during the combustion of different types of fuels,
kg per ton of fuel

Slightly lower values for the emission of carbon
dioxide, methane, NVOC are determined for wood waste.

Conclusions.  Comparing  the  considered
alternative and traditional sources of emissions, it should
be said that carbon dioxide emissions are very high for all
types of fuels, but the highest emission values are shown
for traditional coal and coal briquettes. Logically, carbon
monoxide emissions are also highest for coal and coal
briquettes.
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Estimates of methane and NVOC emissions also
indicate to the advantage of alternative fuels. Emissions
of these pollutants for traditional coal are the highest
among all the fuels considered.

Emissions of alternative fuels contain dust or soot
in small quantities.

Considering the alternative fuels, it is difficult to
single out one type of fuel that can be called the most
environmentally friendly. Of course, emissions occur
when all fuels are burned, and for each fuel there are
pollutants for which the emission is relatively higher, as

Cnucok JgiTepatypu

1. Laela, N., Pasma S. A., Santoso M. Arsenic Levels in
Soil and Rice and Health Risk Assessment via Rice
Consumption in Industrial Areas of East Java, Indonesia.
Environment and Natural Resources Journal. 2023, No
21(4), pp. 370-380.

2. Rahmayanti, R., Adji, B. K., Nugroho, A. P.
Microplastic Pollution in the Inlet and Outlet Networks of
Rawa Jombor Reservoir: Accumulation in Aquatic Fauna,
Interactions with Heavy Metals, and Health Risk
Assessment. Environment and Natural Resources
Journal. 2022, No 20(2), pp. 192-208.

3. Piracha A., Tariq Chaudhary M. Urban Air Pollution,
Urban Heat Island and Human Health : a review of the

Literature. Sustainability. 2022, No 14(15). URL:
https://doi.org/10.3390/sul4159234
4. Houngbégnon P., Ayivi-Vinz G., Lawin H,,

Houessionon K., Tanimomon F., Kédoté M., Fayomi B.,
Dossougbété S., Agueh V. Exposure to PM2.5 Related to
Road Traffic : Comparison between Crossroads and
Outside of Crossroads at Cotonou, Benin. Open Journal
of Air Pollution. 2019, No 8, pp. 108-117.

5. Lin S., Liu Z., Qian J., Li X., Zhang Q. Flammability
and Explosion Risk of Post-explosion CH4/air and
CH4/coal dust/air Mixtures. Combustion Science and
Technology. 2021, no 193 (8), pp. 1279-1292.

6. Bauer N., Bosetti V., Hamdi-Cherif M., Kitous A.,
McCollum D., Méjean A., Rao S., Turton H., Paroussos
L., Ashina Sh., Calvin K., Wada K., Vuuren D. CO,
emission mitigation and fossil fuel markets: Dynamic and
international aspects of climate policies. Technological
Forecasting and Social Change. Elsevier B.V. 2015, No
90 (A), pp. 243-256.

7. Kisea. 1. Byruuis, nadpra Ta ras, mnpouiasaii-te!
Enextpoeneprito  no0yBatumyTh y kocmoci. URL:
https://zaborona.com/vugillya-nafta-ta-gaz-proshhavajte-
elektroenergiyu-dobuvatymut-u-kosmosi/ (mara
3BepHeHHs: (09.08.2024).

8. Global Greenhouse Gas Emissions Data. United
States Environmental Protection Agency Website. URL:
https://www.epa.gov/ghgemissions/global-greenhouse-
gas-emissions-data (mata 3BeprenHs: 09.08.2024).

9. Covert T.R., Greenstone M., Knittel C.R. Will We Ever
Stop Using Fossil Fuels? URL:
https://papers.ssrn.com/sol3/papers.cfm?abstract id=2720
633> (nata 3BepHeHHs: 10.08.2024).

well as there are substances for which the emission is
relatively lower.

In any case, all the types of considered alternative
fuels are competitive in comparison with traditional coal,
for some substances they have lower emission values. At
the same time, one and all the wood waste, straw, flax
firewood, sunflower husk are the waste that is recyclable
and the environmental problems are solved with their use.

One of the options for solving the problem is the
transition to alternative energy sources. The development
of such sources is already under-way, but their
implementation in practice, unfortunately, is quite slow.

10. Ukrainian Climate Network. URL:
https://ucn.org.ua/?page id=66 (nara 3BEPHCHHS:
10.08.2024).

11. Mapuenko lO., Kamyctunceka T., Tumyx O.,

®ponomryk M. Ilnanerapuuii macmrad: Bce, mo Tpeda
3HaTH IO KIIMaTW4Hy KpHU3y — IPOCTOI0 MOBOIO 1 3
nogapyHkamu. URL:https://vygravaino.platfor.ma/articles/
eko (mara 3BeprenHs: 10.08.2024).

12. 30ipHUK TOKa3HHWKIB emicii (TUTOMHX BHKHIIB)
3a0pyIHIOIOYNX PEUOBHH B aTMOC(EpHE TOBITPs pI3HUMHI
BupoOHunTBamMu. 2004. YkpaiHCPKHHI HayKOBHH LIEHTP
TexHiyHOi exojorii, No. 1, pp. 184

13. Meroauka poO3paxyHKy BHKHIIB 3a0pyIHIOIOUUX
pEUOBMH Ta NAapHUKOBMX Ta3iB Yy TIOBITpSA  BiA
BUKOPDHCTaHHS IaJiMBa Ha TMOOYyTOBI moTpedu B
JoMorocmonapceTax: Hakaz Ne 98 Bim 22.04.11. 2011,
HepxxkomcraT Ykpainu, pp. 19.

References

1. Laela, N., Pasma S. A., Santoso M. Arsenic Levels in
Soil and Rice and Health Risk Assessment via Rice
Consumption in Industrial Areas of East Java, Indonesia.
Environment and Natural Resources Journal. 2023, No
21(4), pp. 370-380.

2. Rahmayanti, R., Adji, B. K., Nugroho, A. P.
Microplastic Pollution in the Inlet and Outlet Networks of
Rawa Jombor Reservoir: Accumulation in Aquatic Fauna,
Interactions with Heavy Metals, and Health Risk
Assessment. Environment and Natural Resources
Journal. 2022, No 20(2), pp. 192-208.

3. Piracha A., Tariq Chaudhary M. Urban Air Pollution,
Urban Heat Island and Human Health : a review of the

Literature. Sustainability. 2022, No 14(15). URL:
https://doi.org/10.3390/sul14159234
4. Houngbégnon P., Ayivi-Vinz G., Lawin H,

Houessionon K., Tanimomon F., Kédoté M., Fayomi B.,
Dossougbété S., Agueh V. Exposure to PM2.5 Related to
Road Traffic : Comparison between Crossroads and
Outside of Crossroads at Cotonou, Benin. Open Journal
of Air Pollution. 2019, No 8, pp. 108—-117.

5. Lin S., Liu Z., Qian J., Li X., Zhang Q. Flammability
and Explosion Risk of Post-explosion CH4/air and
CH4/coal dust/air Mixtures. Combustion Science and
Technology. 2021, No 193 (8), pp. 1279-1292.

6. Bauer N., Bosetti V., Hamdi-Cherif M., Kitous A.,
McCollum D., Méjean A., Rao S., Turton H., Paroussos

28

Bicnux Hayionanvnoeo mexuiunoeo ynieepcumemy «XI1I».
Cepis: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(12)°2024



ISSN 2708-5252 (Online)

L., Ashina Sh., Calvin K., Wada K., Vuuren D. CO,
emission mitigation and fossil fuel markets: Dynamic and
international aspects of climate policies. Technological
Forecasting and Social Change. Elsevier B.V. 2015, No
90 (A), pp. 243-256.

7. Kivva. I. Vugillya, nafta ta gaz, proshchavaj-te!
Elektroenergiyu dobuvatimut' u  kosmosi. URL:
https://zaborona.com/vugillya-nafta-ta-gaz-proshhavajte-
elektroenergiyu-dobuvatymut-u-kosmosi/ (accessed 2024
August 9).

8. Global Greenhouse Gas Emissions Data. United
States Environmental Protection Agency Website. URL:
https://www.epa.gov/ghgemissions/global-greenhouse-
gas-emissions-data (accessed 2024 August 9).

9. Covert T.R., Greenstone M., Knittel C.R. Will We Ever
Stop Using Fossil Fuels? URL:
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=2720
633> (accessed 2024 August 10).

10. Ukrainian Climate Network. URL:
https://ucn.org.ua/?page id=66 (accessed 2024 August
10).

11.Marchenko Yu., Kapustins’ka T., Tishchuk O.,
Fronoshchuk M. Planetarnij masshtab: vse, shcho treba

znati pro klimatichnu krizu — prostoyu movoyu i z
podarunkami.URL:https://vygravaino.platfor.ma/articles/e
ko (accessed 2024 August 10).

12. Zbirnyk pokaznykiv emisii (pytomykh vykydiv)
zabrudniuiuchykh rechovyn v atmosferne povitria
riznymy vyrobnytstvamy. [Collection of emission
indicators (specific emissions) of pollutants into the air by
different productions]. 2004, Ukrainian Scientific Center
of Technical Ecology [Ukrayinskij naukovij centr
tehnichnoyi ekologiyi]. No. 1, pp. 184 (in Ukrainian)

13. Metodika rozrahunku vikidiv zabrudnyuyuchih
rechovin ta parnikovih gaziv u povitrya vid vikoristannya
paliva na pobutovi potrebi v domogospodarstvah: nakaz
Ne 98 wvid 22.04.11 [Methodology for calculating
emissions of pollutants and greenhouse gases into the air
from the use of fuel for household needs in households:
decree no. 98 of 22.04.11], 2011, Derzhkomstat Ukrayini
[State Statistics Committee of Ukraine], p. 19.

Bioomocmi npo asmopis / About the Authors

Jesuyvka Onena I'pucopiiena (Levytska Olena) — xannunaT TEXHIYHUX HayK, JOLEHT, JOLEHT Kadenpu
Besnexn xurTenismbHOCTI J{HIMPOBCHKOTO HaliOHaJIBHOTO yHiBepcuteTy iM. Omecst ['onuapa, M. [Ixinpo, YkpaiHa,
ORCID: https://orcid.org/0000-0002-2598-3651, e-mail: LLevi@ukr.net

Llapenxo Banepis Bixmopisna (Tsarenko Valeria) — crtynentka kadenpu besneku KUTTERIsIIBHOCTI

JHinpoBcbkoro — HamioHasibHOro  yHiBepcutery iM. Omnecs Tonuapa, ™. [lwinpo, VYkpaina, ORCID:
https://orcid.org/0009-0004-3862-4860, e—mail: V.Tsarenko@ftf.dnu.edu.ua
Bicnux Hayionanvnoeo mexuiunozo ynieepcumemy «XI1I». 29

Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(12)°2024



ISSN 2079-0821 (print)
YK 539.196: 544.144

doi: 10.20998/2079-0821.2024.02.05
M. T. MAJIA®AEB, 0.0. TAIIOHOBA, T. B. HIKOJIbHIKOBA

ITPO MEXAHI3M IUVTIABJIEHHA JIBOJAY

Ha ocHosi Teopii epexry Sna — Tennepa (ESIT) 3anpornoHoBaHO MOJETb MOKIIMBOTO MEXaHI3MY IIIaBJICHHS JIbOJLY. 3POCTAHHS TEIIOEMHOCTI JILOAY
no6iu3y 0 °C y miBTOpa pasu, MopiBHIHO i3 3akoHOM Jlrosonra ta IITi, 103BOJISE NMPUITYCTUTH, IO B HHOMY BiJOYBA€ThCS MOYATKOBE 30YIKEHHS
00epTalbHUX KOJMBAJIBHUX MO MOJIeKyl Bojau. CrodaTKy BinOyBaeThcs 30y/KEHHS 00epTaIbHOI HU3BKOYACTOTHOI MOJM, MOTIM — 30YyIKEHHS
npoMixkHOi 0bepTansHoi Moau. Edexr 3B’s13aHOCTI MO Ta HECTIHKOCTI 00epTaIbHUX MOJ KOJMBaHb MOJICKYIIM Ha MPOMIDKHIN 00epTaibHiil 4acTOTi
TIOB’I3aHUH 3 HASBHICTIO 3B’3Ky MK yCiMa HM3bKOYAaCTOTHUMH Ta BUCOKOYACTOTHUMHU 0OEpTaJbHUMH MOJAMH MOJIEKYJIHU uepe3 piBHsAHHSA Eitnepa.
Tomy 30y 0KEHHsI IPOMIXHOI YaCTOTH Yy JIbOAY HPH3BOJUTH 10 MOXIIMBOCTI 30y/KEHHS BCiX 00epTaIbHUX KOJMBAJIIBHUX MOJ, LIO BiIOyBa€eTbCsA B
HBOMY IpH TeMmepatypi 0 °C micias OTpUMaHHS HEM TEIUIOTH IUIaBIeHHS. 30yIkeHHs 00epTalbHIX KOIUBAIBHEX MOJ BeJie 10 OB MOXKIMBOCTEH
CKJIAJIaHHsl KOJMBAJIbHUX MOJ Ta iX CHMHXpOHi3awil. 3pocTaHHA aMIUITYyu 00EPTaIbHUX KOJMBAHb, 30JMKEHHS IPU LIbOMY YacTOT LMX JBOX MOJ
KOJIMBAaHb Ta IX MOJabIIa CHHXPOHI3allisi IPU3BOAUTE O HOSIBH 00epPTaHb aTOMIB BOAHIO MOJICKY/IH BOAU HABKOJIO OCe MIXKMOJIEKYIIIPHHUX 3B’S3KiB,
JI0 CTIIKOrOo BUI'MHY BOJHEBHMX 3B’SI3KiB Ta iX HOJAJIbLIOrO OCHabieHHA y BOAi. BHacHiZok LbOro ocnalieHHs CHI 3B S3KIB MAeMO 3HYDKCHHS
o0epTalbHUX YacTOT KOJNUBAHb I MOJEKYJ BOAU Ta IX JOKAIbHHX 3apsiiB. BHAcIiIOK IbOr0 3HIKEHHS YacTOT, KOJNMBAHHS JIOKAIBHUX 3apsiiB
MOJIEKYJI BOJIM CTAIOTh MEHII BUIIPOMIHIOIOUMMH Ta MEHII 3aracarouumu. Tomy B pifkii ¢asi Boau ui oO0epTanbHi KOJIMBaIbHI MOJM CTAaIOTh HOBUMH
HE3aTyXalOuUMH Ta He3aICKHHMH MOJAMH KOJIUBAaHb ii Monekyi. I1osiBa HOBUX MOJ KOJIMBAaHb Y MOJEKYJ BeJe [0 IOABOEHHS TEIIOEMHOCTI BOIU
MOPIBHSAHO 3 JTb0JOM. 30yDKSHHS Mi/l 4ac IIaBJICHHS JIbOLY BCIX TPHOX 00EPTANBHUX KOJIMBAJIBHUX MOJ MPHU3BOAUTH 10 TMOSIBU Y HHOTO aHOMAIBHO
BEJIMKOI BEINUHMHH TEIUIOTH IUIABICHHS.

Kurodosi ci1oBa: miaBneHns npo1y, edext Sna — Temnepa, KoIUBaIbHI MOJH, TEIIOEMHICTb.

N. T. MALAFAYEYV, O. O. GAPONOVA, T. V SHKOLNIKOV A

ON THE MECHANISM OF ICE MELTING

Based on the theory of the Jahn-Teller effect (JTE), a model of a possible mechanism of ice melting is proposed. The increase in the heat capacity of
ice near 0 °C by 1.5 times, compared with the Dulong and Petit law, suggests that the initial excitation of rotational vibrational modes of water
molecules occurs in it. First, the excitation of the rotational low-frequency mode occurs, then the excitation of the intermediate mode. The effect of
mode coupling and instability of rotational modes of molecule vibrations at an intermediate rotational frequency is associated with the presence of a
connection between all low-frequency and high-frequency rotational modes of the molecule through the Euler equations. Therefore, excitation of the
intermediate frequency in ice leads to the possibility of excitation of all rotational vibrational modes, which occurs in it at a temperature of 0 °C after
it receives the heat of fusion. Excitation of rotational vibrational modes leads to the emergence of possibilities for the addition of vibrational modes
and their synchronization. The increase in the amplitude of rotational oscillations, the convergence of the frequencies of their oscillation modes and
their subsequent synchronization leads to the appearance of rotations of hydrogen atoms of a water molecule around their axes of intermolecular
bonds, to a stable bending of hydrogen bonds and their subsequent weakening in water. As a result of this weakening of the bond forces, we have a
decrease in the rotational frequencies of oscillations for water molecules and their local charges. As a result of this decrease in frequencies,
oscillations of local charges of water molecules become less radiating and less damped. Therefore, in the liquid phase of water, these rotational
oscillation modes become new undamped independent oscillation modes of its molecules. The appearance of new oscillation modes in molecules
leads to a doubling of the heat capacity of water compared to ice. Excitation of all three of its rotational oscillation modes during melting of ice leads
to the appearance of an anomalously large value of the heat of fusion.

Key words: ice melting, Jahn-Teller effect, oscillation modes, heat capacity.

Beryn. 3pocraHHS BABiYI TEIUIOEMHOCTI BOJIM  TUIBKH «TiI» Ta «Boxy» [3]. OJHAaK BOHU TaKOX HE AyXKe

MOPIBHSHO 3 JIbOJIOM 3YMOBJICHE TMOSIBOIO BEITUKOI
KIJIBKOCTI HOBHX CTYIEHIB CBOOOAM MOJEKyNl Ta ix
BIIMOBIMHUX KOJHMBAJBbHUX MOJA Yy piOKid BoAi, IO
MIPU3BOIUTH 10 HASIBHOCTI BENMKOI KITBKOCTI aHOMAIIH y
BiaactuBocTeil Boau. OMHAK THTaHHSA MPO AHOMAIBHO
BEJIMKY KIUTBKICTh HOBHX CTYICHIB CBOOOIM MOJICKYN Y
piAkii BOIi JOCI CepHO3HO HIKMM HE PO3IJISIanocs, i
TOMy MNOTpiOeH Horo NHUIBHUII pO3MIAA, 30KpeMma, iX
3MiHa IiJ] 9aC CaMOro MPOIECy IUIABICHHS JILOY.

Orusin Jirepatypm Benuky TemioeMHicTh BOAU
HEPIAKO MOB'S3YIOTH 13 KOH(IrypaIiifHO TEIUIOEMHICTIO
Bomu [1], ame BoHa 3 morsAmy (I3UKH HE BUTPHMYE
KPHUTHKH, X04a B Hill MPUCYTHI «IIOTIEPEYHI» KOJUBAHHS
3B’S3KiB, a TaKoX Jeski iHmi  (Qism4HO  He
3araJlbHOBH3Ha4YeHi Aedopmartii. [Tpuaomy, «momepedHi»
KOJIMBAHHS 3B’SI3KIB 3aBXKIU PO3MIIAIAIOTHCS K XaOTHYHI
Ta HeBnopsakoBaHi [1;2]. Takox TeIIOEMHICT BOAM
9acTO MOB’S3YIOTh i3 HE3aJECKHUMH KOJMBAaHHAMH BCiX
TppOX aroMiB MoJyiekynu [2]. OjHak Bci aToMu B
MOJICKYJi BOJIHM YKOPCTKO 3B’SI3aHi aX IO JyKE BHCOKHX
TEMIIEpaTyp, a B IHIMMX OUTBIT BHUCOKOMOJICKYJIIPHHUX
pinmHax Takoro edekry He crHocTepiraeTbcs. €
0araTOKOMIIOHEHTHI MOJIeN, M0 MICTATh HaBiTh HE

¢iznuHi # He mprkwiHcsa. TeroeMHICTs BOIM 3aHAITO
BeJMKA I TOAUTY 1I MOJ KOJNWBaHb CTaHIAPTHO HA
TINBKK TPH TPAHCIALINHI Ta TpH 00epTabHI KOJIHBAIbHI
mou. [Ipu risoMy mpupoaa oOepTanbHUX Ta JiOpamiiHIX
KOJINBaHb MOJIEKYJ y BOJI, SIKi crioctepirarothes B ii [U-
cnekTpax [1], Ta iX ponb I BETMYMHH i1 TETUIOEMHOCTI
HE PO3TILIAIOTHCS Ta HE 0OTOBOPIOIOTHCSL.

Posrisimaroun MexaHi3M IDIaBICHHS JIBOIY, MU
HNOBUHHI 3aiITH (yHIAMEHTaNbHY Teopilo (a3oBHX
HepeTBOpeHb — Teopito edekrty Ana — Tennepa (EAT) [4],
sKa PO3MIISAIAE MPUYMHA HECTIMKOCTI JHIMHUX 3B’SI3KiB
Ta KOH(Irypariif aTomMiB Ta MOJIEKYJ, i TOJOBHE — BILIUB
KOJIUBAHb aTOMiB Ta MOJEKYJ Ha BIACTHBOCTI PEUOBHHHU
Ta (¢a3oBi meperBopeHHs y Hei. Tomy HeoOXigHO
PO3MIISSHYTH TMHWTAHHS: SIKI HOBI KOJHBAJIBHI MOJAU
3'SBISIFOTECS y JIBOAY INIPH MEPexoni HOro B HOBY PiAKY
(dazy, 1 K 1e MOB’A3aHO 3 IMOSIBOIO BUTHHIB BOJHEBUX
3B’s13KiB B pinukiil Boxi [5]. Y [6] moka3aHo, IO TaAKUMU
HOBUMH MOJaMH KOJHMBaHb y BOJAI € o00epTaibHi
(«wribpamidini»  [1]) KoJdMBaHHA MOJEKyNl, MO0 €
KOONICPATUBHEMH Ta BEOYTh JO IOSBH HE BHIIAJKOBHX
[5], a nuHAMIYHHMX, KOJHMBAIBGHHX BHIHHIB BOJHECBHX
3B’s3KIB Yy Bomi. IlosBa BeNWMKOI KITBKOCTI HOBHX
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o0epTabHUX KOJNHMBAJbHUX MOJ B PiJKii BOXI Beae 0
3pOCTaHHS BJBiUi TEIUIOEMHOCTI BOJW MOPIBHSHO 3
JIBOJOM Ta BEIHMKOTO 4YHCIIa aHOMAJIIl BIIACTHBOCTEHN
BOJIH, YACTO MaKCUMAJIbHHX 32 BEJIMYMHOIO CEPeJl Pi/IUH.

TemnoeMHICTE y pPEYOBHHI TPOMOpIiiiHa dYHCITY
CTYTIEHIiB CBOOOAN ii MOJEKyJ Ta BiAMOBIAHOMY 1M 4HCITy
ix xomuBanbHuX Moj. Temmoemuocti C, i C, nobnusy
0 °C y npakTHYHO HECTUCIHUBIH BOJi BBAXAEMO PIBHUMHU
Ta OyJnemMo jaaji posrisaaTu TennoeMHicth C,. OCKilIbKU
OJTHOMY CTYIICHIO CBOOOJM MOJICKYJH BiINOBIZa€ HpU
KOJIMBAHHAX OJHA IUTOMAa ra3oBa crtaja R = 8314/18 =
462 JIx/(xr K), a unciio cTymneHiB cBOOOIM MOJEKYJH B
pinkiif Boxi aHomanbHo Bemuko: n = C,/R = 9. Tomy
MOTPIOCH PpO3TJIsiA, SIK Ta SKI HOBI KOJMBAIBbHI MOJH
3'ABILIFOTECS Y BOJI MiJ 4Yac IUIABJICHHS JIBOIY.
Temnoemuicts apoay npu 0 °C y miBTOpa pasu Oiibplia,
HDXK 3a eMmipundauM 3akoHoM Jromonra Tta IITi, 1mo
nopieHioe: C, = C, = 3R, y SIKOMY PO3IJIAAIOTHCS JIMILE
TPH TPAHCIALIAHI MOJAM KOJHMBaHb. Js pimkoi Boau
TEIIOEMHICTB, TPH YpaxyBaHHI HOBHX 00epTaNbHUX
KOJMBAJILHUX MOJI, Ma€ 3pOCTH BJBIUi [6], TOAI SK BOHA
peabHO Ta aHOMAaJIbHO 3POCTAE BTPUHI, MOPIBHIHO 3 [[M
3aKOHOM 1 B/IBiui nopiBHsaHO 3 16070M 11pu 0 °C — 10 C, =
9R, mo noTtpedye aHaANi3y Ta MOSACHEHHS MPUPOIHU IIHOTO
AQHOMAJIFHOTO YHCJIa KOJMBANBHUX MOJ y MOJIEKYJ BOIH
Ta MPUYHH OO SBUIIIA.

Merta Ta 3aBaaHHs podotu. Mertoro pobotu €
moscHeHHs Ha 06a3i teopii EAT ¢isuunoro mexanizmy
IUTaBJIE€HHS JHOAY 1 NPUYMH HOSBU BEIHMKOI KUIBKOCTI
HOBHX KOJIUBAJBHUX MOJ y HBOMY IIPH MEPEXOJi HOro B
piaky ¢a3zy. [ng mporo Oyao MOCTaBIEHO Ta BUPIIIEHO
Taki 3aBJaHHI:

- BM3HAYUTH, SIKI HOBI SBHIIA Ta OCOOJUBOCTI
3'SBILIFOTHCS MiJ 9ac IUIaBICHHS JhOY;

- BHU3HAYMTH, SKIi HOBI KOJNHBaJbHI MOIU
3'SBISIFOTBCS Y MOJICKYJ BOJM IIPU HEPEXOJl JbOAY B
HOBY pinky (dasy;

- TOSICHUTH MEXaHi3M TOro, 4YOMy Y JbOIY
KOJIMBAJIbHI O0EpTajbHI MOIU Oyl HECTIHKUMH Ta
IIBHJKO 3aracalouiMH, a Y BOJI BOHHU CTAIIN CTiHKUMH Ta
KOOIIEpaTHBHIMU;

- TOSCHUTH, YOMY Y JIBOLYy aHOMAlbHO BEITHKA
BEJIMYMHA TETUIOTH IUIABJICHHS.

OcHoBHa YacTHHA. TEIUIOEMHICTh JTLOIY 3pOCTAE
npu Temneparypi 0°C mo C, 4,5R. Ile MmoxHa
MOSICHUTH HASIBHICTIO TPHOX TPAHCIAIIMHUX MOI, a
TaKOX TMOSBOIO TOOJIN3Y TOYKH TUTABIICHHS 00epTabHUX
MOJI KOJIMBaHb 3 BKIagoM 1,5R. V mepiry uepry HOBHHHA
30y IUTHCS HAfTHMKYA 32 YACTOTOI 00epTaibHA MOJA ().
IIpu mpoMy 30YyIKYIOTBCS B IIEpIIy uepry Haicmadmri
MDKIIApPOBi 3B’SI3KH B JIbOZY 1, KOHKPETHO, aTOMH BOJIHIO
B LUX 3B’fA3KaX, fKi gam 30yMKyIOTb BCIO CBOIO
MOJICKYJIy B TeKCaroHaJbHOMY Imapi. AJe i momepedHi
KOJIMBaHHS, IIBUIIIC 3a Bce, OyOyTh AT MOJICKYJ
IHAUBIyaJbHUMH, 2 HE KOONCPATUBHHMH, OCKIIBKH OCI
oOepTaHHs 11 MO ; CYCITHIX MOJICKYJI 3BUYAHHO HE
30iraroThCsl, HEMa€ YMOB ISl CHHXPOHI3amii KOJWBaHb,
CIJIM 3B’S3KIB BENIMKI Ta TOMY Li KOJHBaHHA IIBHUAKO
3racaroTb. Aje 3 iHmoro OOKy, Il KOJWBaHHSI

HaBiTh OUIBII BHCOKOYACTOTHI,
KOJIUBAHB IINX MOJIEKYII.
O6epTasibHiI 9aCTOTH MOJICKYJIM BOAHM ITOB’s13aHi 3 11
TphOMa MOMEHTAMH 1HEPIIii /;, IKi CHiBBIAHOCATHCS B Hiil
npubmu3Ho sK: 1:2:3 [1]. Po3rasHeMo MOJeKyTy BOJM Ta
il KOMMBaHHS SIK JeIKUi Qi3HUHUN KPyTUIBHHNA MasSTHHK.
YacToTH KPYTUIIHHOTO MAsITHUKA 10 OCAX i JOPIBHIOIOTH:

w; = K / I, , ne K — KOe}ilienT KOPCTKOCTI TPYKHUX

obOepTanbHi  MOJIH

cu (CWII 3B’SI3Ky), IO JiIOTh Ha MAasTHUK, [; = ijlj,-2 -
MOMEHT iHepuii momo oci 7, xae I BifcTaHi Mac
MasTHUKA j (aTOMIiB j MOJEKynH) A0 onHiei 3 oced ii
obepraHHs i. BigHOmEHHA dYacTOT JUIT 00EPTANBHHUX
9acTOT MAasATHWKA, K 1 MOJEKYJIH BOIH, 3aJEXKHUThH Bif
MOMEHTIB iHepmii mo ocsx. Jliama3oH 3MiHU iX 4acToT
TIOPIBHIOE: W0y /Wiy = @3 /0 =+/3 = 1,73 Ta 3MiHA IS
MPOMDKHOT YaCTOTH: @, /w; = +/3/2 ~1,22.

ITicist gacToTH @; mobnmsy 0 °C Mae 30ypKyBaTHCs
HACTynHa obOepTaibHa Moaa w, =~ 1,22 w; (obepTaibHi
KOJIUBAHHS Bi0YBAIOTHCS HABKOJIO oci Z Moiekynu [1] —
Oicextpucu xyra H-O-H monekynm), sika € IpOMiIXKHOIO
3a MOMEHTOM iHepmii Ta dwacTtoToro. Ilpo mowarok ii
30y/DKEHHS TOBOPUTH 3POCTAHHSA TEIUIOEMHOCTI JIBOIY
nonatkoBo Ha 0,5R. BiamosimHo no piBHsHB Eiinepa [7]
aHa TPOMDKHA oO0epTalbHA MOJA € HECTIHKOI 0
30BHIIIHIX 30y/KEHb, 10 IPU3BOIUTE A0 3MiH HANIPSIMKY
obepraHHs mo  mif  oci  uepe3  30ymKCHHS
BHCOKOYACTOTHOI MoOmu ;. Jias Moyiekyn Bomu I
30yPKEHHS MOXYTb 3YMOBIIIOBATHCS HAsBHICTIO Oyab-
SKUX  MOA  KOJMBaHb  CyCiIHIX  MOJEKyJd,  iX
HECHHXPOHHICTIO. AJie TOJOBHE: IsI MPOMDKHA MoOJa
KOJIUBaHb 3a0e3Meuye 3B’30K Mik yciMa 0OepTalbHUMU
MOJaMM  KOJMBAaHb MOJEKYyJM BOJM. be3yMoBHO,
HasIBHICTb CUITBHHUX MDKMOJICKYIIIPHUX CHIT
oOMeKyBaTHME  3pDOCTaHHSI X  «3araJlbMOBaHHX
obepTanpy [1] Ha MPOMIXKHIA YACTOTI, ane 3B’SI3KH MK
o0epTaTbHUMH MOJAMH MOJICKYJIM 4Yepe3 pIiBHSIHHS
Eitnepa moBuHHI 30epertucs, HaBiTh, M BHIAJIKY
o0epTanbHUX KOJNUBaHb. PO3YMIHHA HAasBHOCTI JaHOI
3B’S3aHOCTI BCIX OOEpPTATBHHX MOJ| KOJHBAaHb dYepe3
MPOMDKHY MOAY € HaWBaXJIMBIIIUM IS PO3YMIHHS, SK
NpOIIeCY IUIABJICHHS JBOMY, TaK 1 NPUYMH ICHYBaHHS
METacTabUTFHOT MePEe0X0I0HKEHOT BOH.

BHacnmizok 1mporo 3B’s3Ky Ta OTPUMAaHHS TEIUIOTH
Tu1aBiieHHs, Tipu Temieparypi 0 °C y piakiit ¢asi Boau
BinOyBaeThes 30yHKEHHS BCiX TPHOX OOEPTAIBHUX MOJ
Mosiekysm Boau. CKiIajaHHS JBOX OOCpPTANBHUX MO
KOJIMBaHb, 332 HASBHOCTI CHHXPOHI3aIi] iX 9acToT Ta a3,
MOX€ BECTH JO0 MOSBH 00EPTaHb aTOMIB BOJHIO MOJICKYJI
BOJIM HABKOJIO OCEH 3B’S3KY 3 CYCIIHIMH MOJICKYJIaMH i
IO TIOSIBU CTIHKWX BUTHHIB BOJHEBHX 3B’s13KiB y BOfi. Lli
MOCTIHHI BUTHHHU 3B’S3KIB CYHPOBOXKYIOTHCA 3HAYHUM
MOCIA0NeHHSIM BEJIWYMH CHIPSIMOBAHMX CHJI 3B’SI3KiB
MOJIEKYJI y BOJi, IO CIpHUSE€ NOJATKOBOMY 3pPOCTaHHIO
aMIIITy KOJMBaHb Ta KyTiB BHIMHIB 3B’S3KiB. Y
cTabimizarii BUTHHIB 3B’A3KiB OepyTh yJacTh BiALICHTPOBL
CWJIY, 1110 BUHUKAIOTH MiJ 4ac oOepTaHHs aTOMiB BOAHIO
MOJIEKYJT BOAM HABKOJO OCEH 3B’S3KiB Ta JOLEHTPOBI
CHIM CaMHX 3B’SI3KiB, Ha TII OCIA0JCHHS I[HMX CHII
3B’SI3KiB y BOJI BHACIHINOK iX BUTWHIB, a TaKOX CHIIU

HCPCIABATUMY T IMITYJIbCH  CYCITHIM - MOJICKYJIAM, & gijqiroBXyBaHHS — €IEKTPOHHUX —opbiraieil  cycimmix
TaKOXX BOHH MOXYTb 36yI[)KyBaTI/I, Xo4u 1 ciabo 1HIII1, MOJIEKYJT B3IOBK X 3araJIbHUX OCeii 3B’ S3KiB.
Bicnux Hayionanenozo mexuiunozo ynisepcumemy « XI1I». 31

Cepisn: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(12)°2024



ISSN 2079-0821 (print)

MogenroBanHsT ~ OOCpTabHUX  KOJNWMBaHb  3a
JIOTIOMOTOI0  MOJIeJi  JBOYACTOTHOTO MasTHHKA [8]
MOKa3ye, II0 32 MalUX IIBUIKOCTEH MAasTHHUK 3MiHCHIOE
HE3aJIeXKHI MO OCAM JBOYACTOTHI KojuBaHHA. CepemHii
KyT HOTO BIIXWJICHHS BiJl OCi HYJIOBHH, X04a IIPH IIbOMY
MasATHHK i3 YacTOTOI0 OHWTTS NHX 4YacTOT 3MiHIOE
HanpsIMOK 00epTaHHS HABKOJIO CBOEI OC1 KONMWBAaHb, a KYT
HOro BIIXWIJICHHS BiJl OCI MOCTIHHO 3MIHIOETHCS BiJ HYJIS
10 MakCUMyMy. 31 3pOCTaHHSM ITOYAaTKOBOi IIBUIKOCTI
MasTHHKAa HMOr0  YacTOTH  KOJMBaHb IO  OCSX
30JIMKYIOTBCS 1, 3a JesKOi MIBHAKOCTI 1 Jajli, BOHH
CTalOTh PIBHUMH. PIBHOCTI 9acTOT TakKOX CIPHUATHME
HasBHICTh BEJIMKOTO MOMEHTY IMIIyJIbCY y MasTHHKA
0710 oci o0epraHHs. B pe3ynbTari CHHXpOHi3allil 4acToT
Ta iX Qa3 3’SBISAIOTHCA EININCOMOMIOHI KOJMBaHHSI —
o0epTaHHS MasTHHKA B OJHOMY HAaIpPsAMKY HaBKOJIO OCi
Ta Maibke NOCTilfHUMII HEHyJIBOBHH cepemHill KyT Horo
BiIXWJICHHS Bl ocCi KomuBaHb. l[loTeHmilHA eHepris
MasITHUKA 33 TAKHX KOJIMBAHb MMOMITHO 3MEHIIYETHCS, a
Hforo KiHeTHYHA €Heprisl MOCTIMHO BeJuKa.

Jna BUnasKy MOJEKyJIH BOIU TaKui mepexin Bin ii
HE3aJCKHUX KOJIUBAaHb IO OCAX [0 EJIIMCOMOMIOHHX, 31
CTpUOKOM 3MIiHHM BEJIMYMHH CEPEIHBOr0 KyTa BUTHHY
3B’S13Ky, YHACHIJOK MOSIBH HOBHX 1 CTIMKHX 00epTaIbHIX
KOJIMBaHb MOJIEKYJ, O3Ha4dae ¢a3oBuil mepexiny i3
TBEPIOro CTaHy — JbOIY B HOBHI PiJKHUiA CTaH.

IIpu upomy, 3rigao 3 Teopiero EST [4], 3MiHUTBCS
TAKOX BH/J| IIOTEHI[iaTy B3aeMO/Iil. SIKIIO paHilie y JI01y
MIiHIMyM TOTeHIiany OyB Ha Oci 3B’SI3Ky, TO Telep BiH
3MIHUTBCS 1 CHIOCTEPIraTUMETHCS MPH CEPEIHbOMY KYTi
BUTHHY 3B’s3Ky. lle oO3Hauae, 1o HaBKOIO HOro oci
3B’S3Ky B HOBOMY PIIKOMY CTaHi 3’SBHBCS KPYTrOBHUi
KOO0 MOTEHIIANy, THUIy «caMOpepo», B SKOMY Jaii
BinOyBaTHMYTHCS KOJIMBAHHS MOJICKYIIH BOJH, 1 B IKOMY
TaKOXX TMOBHHHI 3’SBHUTHCS 1 HOBI TPH MOIU KOJIMBAaHB
MOJIEKYJIH Y K0JI001 IIbOTO MOTEHITiaNy, SIKi BUILTHBAIOTH
3 aHOMaJIbHOT BEJTMYMHU TETUIOEMHOCTI BOJIH [9].

[IBuakicTh aTomMa BOAHIO TPH HOro obepTaHHi
HaBKOJIO OCi 3B’A3Ky IIOBMHHA BIJMOBIZaTH HOTO
TEIIOBIH MIBHIKOCTI, a Horo paniyc obepTaHHA — KyTy
BUTHHY 3B’SI3Ky. BHACHIOK TOCHTH BEIHKUX paJiyCcy
0o0epTaHHS Ta KyTa BUTHHY 3B’SI3KY IUIS JICTKOTO aroMa
BOJHIO, OTPUMAEMO 3MCHIICHHS MIKMOJICKYSIPHUX
BiJICTaHEH y BOJI, IO Belle 0 aHOMAJHHOTO 3POCTaHHS
T'YCTHHH BOJH, OPIBHSAHO 3 Jboa0M. 11IBHaKe 3pocTanHs
KyTa BUTHHY 3B’SI3Ky MOOJHM3y TOYKH IUIABICHHS JIBOIY
BeZIe 10 MOSBH MaKCHUMyMy TyCTHHH y Bogu mipu 4 °C.
HaliBaxxnuBimumMu Qi3MYHAMHU HACTIAKAMU TIOSIBH IIAX
BEJIMKUX BUTUHIB 3B’43KiB Y MOJIEKYJI BOAHM € Iepexif ii y
PIAKHMI cTaH Ta 3MiHU SIK BEIMYMHH, TaK 1 OSBH 30BCIM
HOBOTO THUITY Ta BUIJISAY MOTCHINIATY B3a€MO/Ii1 MOJICKYJI
y piakiit Boxi [4; 9].

Ocnabnenns cua 3B’A3KIB BHACHINOK iX BHIHHIB
NPU3BOMUTH 10 3HIDKCHHS  YacTOT  OOepTalbHHUX
KoJIMBaHb MoJIeKyIL. Lle Beme 10 OUIBMIOT CTaOIIBHOCTI TX
aMIUTITyl BHACIIJIOK 3MCHIICHHS BTpAaT €Heprii Ha
CJIICKTPOMATHITHE  BHIIPOMIHIOBAaHHS BiI  KOJHBaHb
BEIMKUX JIOKAIBHUX 3apsdiB  MOJCKYJN BOIH, MIO
MPOIOPIiffHE YETBEPTOMY CTYICHIO YaCTOTH KOJMBAaHBb
o’ [10]. Bigem BHCOKOYACTOTHE Ta iHTCHCHBHE
€JIeKTPOMAarHiTHE  BHUIIPOMIHIOBAaHHA Bi  KOJIHMBaHb
JIOKAJIBHUX 3aps/IiB MOJICKYJ BOIH y JIbOJY MPU3BOIUTH
IO MIBUAKOI penakcamii ux o0epTaabHUX KOMUBaHb. s

OUThII ~ HHU3PKOYACTOTHUX  OOCPTAJIBHUX  KOJHMBAHB
MOJICKYJI y BOJi, IIi KOJWBaHHSA HE MOXYTh IIOBHICTIO
peaKkcyBaTH MDK HEPIOJUYHMMH aKTaMH iX 30yJUKEHB,
SK BHACIIJJOK 3HM)KCHHS YaCTOTH, TaK 1 4epe3 3pOCTaHHS
yrcna ix 30y/DKeHb Y BOAI W TOMY I KOJMBaHHS B PilIKii
BOJIi 30epiraroThes i CTalOTh CTINKMMH Yy Yaci .

Tomy MoOXHa JiHTH JO BHCHOBKY, IO BHIIE
temnepatypu 0 °C cepenHi aMIUTITyIy KOJMBaHb 1 KyTH
BUTHHIB 3B’SI3KIB y PiAKil BOAI CTAlOTh 3HAYHUMH. BoHU
JOCSITAIOTh TaKOi BEIMIMHH, [0 OCITA0JICHHS CHII 3B’ SI3KY
CTa€ JIOCTAaTHIM JUIS 3HIKCHHS YacTOTH KOJMBaHb
HACTLTBKH, IO IIi KOJMBAaHHS B PiKil BOJI IMepecTaioTh
MOBHICTIO pellakCyBaTH 1 oOepTambHI  KOJWUBaHHS
MOJIEKYJI CTAlOTh y Hilf CTIHKMMHU Ta KOOIEPATUBHUMH Y
1 HOBiH ¢a3i crany. [l Toro mol Take 30yHKEHHA
CTaJO HE JIOKAJBHMM, a 3arajlbHAM 1 KOOIEpPaTHBHHM,
Tpeba HamaTd JIbOAY AONATKOBY €HEprilo, SK TEIIOTY
IUIABJICHHS, s 30y/DKeHHS B HBOMY BCIX TpPbOX
00epTaTbHNX MOJ KOJMBAHb HOTO MOJIEKYJI.

3pocTaHHs HaWBUIIOI 00epTaIbHOT YaCTOTH 3 AJIS
MOJIEKYJIH BOJM IIOJO HPOMDKHOI CTAaHOBUTUME @3 =
V2w, = 1,41 w, mo mocurs mobpe Y3TOJDKY€EThCA 13
3HIDKCHHSIM 11i€1 4aCTOTH IIiJ] Yac IUIABJICHHS. SHUKEHHS
nmiOpamiffHnX ~ 9acTOT TpPH  IUIaBIEHHI  CTaHOBHUTH
npubmm3Ho 1,4 pasu [1]. Lle roBopuTh mpo mociabieHHs
CWJI 3B’SI3KIiB Y BOJIi TTiJl Yac TUIABJICHHS B 1,42 ~ 2 pasu, a
BUTMIPOMIHIOBaHHSA BiJl KOJHMBAaHb JIOKAJBbHHUX 3apsjiiB
MOJIEKYJI BOJM uepe3 3MeHIIeHHs ii wactotu B 1,4* =
4 pa3u. Ilicnos mmaBieHHS JbOAY BCi HOro oOepTaibHi
MOJIY MOJIEKYJIH CTalOTh 3B’3aHUMU Ta CTilIKMMU y yaci,
a TOMy 1 HOBUMH KOOIEPAaTHBHMMH MOJaMH KOJIMBaHb
MOJICKYJI BOJH Y ii HOBI# pimkiit dasi.

3 momIsAAy KBaHTOBOI MEXaHIKH JJISi MOJICKYJ, SIKi
MOXYTh TU(GYHIyBaTH depe3 MOTEHLiNHMI Oap’ep, Mae
criocrepiraticss Oe3NepepBHUH EHEPreTHYHUI CIIEKTp
[11]. Le Beme 10 MOKJIMBOCTI MOJECTIOBAHHS KOJUBaHb
MOJIEKYJ 32 3aKOHAMH KJIACHKH, 10 0aunMo y podorax
[8-9, 12—-13]. OngHak BUNPOMIHIOBAHHS Ta MOTJIMHAHHS
KBaHTIB IIOBHHHI TpalloBaTH B paMKaX KBaHTOBOI
MEXaHIK{, IO TiJ Yac MOJEIIOBaHHA 3BUYAHHO He
BiZIOYBA€THCS Ta HE BPAXOBYETHCH.

Maemo TakoX KBAHTOBOMEXaHIYHI OOMEKEHHS IS
BUIPOMiHIOBaHHS. Tak eHepris KBaHTa IIsi 00epTanbHOT
YaCTOTH BHSABIAETHCS TOMITHO OIIBIIOI0 3a TEIJIOBY
eHepriro oxHiei komuBanbHOT Momu (hv > kg T). Ilpu
MOTJIMHAHHI KBaHTa IPOMDKHOI 00epTaabHOi dYacToTh
BiH, BHACTIZIOK 3B’SI3KYy MOJ, 3MOXe 30y/KyBaTHCS
pemTa 00epTaIbHUX 9aCTOT MOJIEKYJH, X04a JJIS 1HIIHX
yacToT ne Oe3mocepenHbo, 6e3 30yIKEHHS MPOMiKHOL
obepTanbpHOi yacTOTH, MaOyTh HeMOXJIHBO. OIHAK IpPU
BUIIPOMIHIOBAHHI KBaHTIB BHHHKAIOTh MpoOIeMH — ix
eHeprii BeNIUKi, MOPiBHAHO 3 TEIUIOBOIO €HEPri€l0 OIHIel
MOJM  KOJMBaHb  MOJIEKYJIM, 3BOPOTHHMH  Ipolec
TIEPETBOPEHHS €HEeprii TphoX abo Oinble 00epTaTBHUX
YacTOT B KBAaHT IS OJHIE€T MOJEKYJH, IIBH/IIIE 3a BCE,
MajouMoBipHHMA.  O4eBHOHO, IO TYT  MOXIHUBA
penakcanisi 30yIKeHHS depe3 Mpollec KOJEKTUBI3allii Ta
CHHXpOHI3aIli{ KONMBaHb HU3KU CYyCiOHIX Mojekys. Lle
TOBOPUTH NP0 HEOOXIIHICTH YpaxyBaHHS CTATHCTUYHOI
WMOBIPHOCTI aKTa TAaKOro BHIPOMiHIOBaHHsA. Tak sK 1ie
BUIIPOMIHIOBaHHS  BiOyBaeTbCs MPH  KOJHBaHHAX
JEKITBKOX MOJICKYJ 1 3a0HWpae BEIMKY CEHEpriio, Iie
TIOBHICTIO 3HMIIUTE Take 30y/PKEHHS. MOJIEKYJIH Y JIbOJLY.
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Bce me BuMarae po3poOKm TeopeTHYHOI, MalyTh
KBaHTOBOMEXAaHIYHOT, MOJENI penakcaii o0epTalbHUX
KOJIUBaHb MOJICKYII y JIbOIY Ta y BOMI, OCKUIBKH JTaHUH
MEXaHI3M pelakcamii B paMKaX BHIIPOMIHIOBaHHS
JIOKaJIBHUX 3apSAAiB MOJICKYII, [0 KOJIUBAIOTECS, A0 KiHIIS
HE 3pO3YMUTHI Ta CyNepedINBHA.

Jnsa  peamizamii 30ymKeHHS BCIX TPbOX MOJ
o0epTambHAX KOJHBAaHb MOJIEKYJ Yy IJIBOLY TIiJ dac
IUTaBIEHHS TOTpiOHAa [JOJaTKOBa EHEprist — TeIloTa
ruiaBnenHs. [Ipu boMy BUMaaKoBe 30YAKEHHS MOJIEKYJT
B JIbOAYy HOr0 BHCOKOYACTOTHHX MOA ®; 1 @)
CYNPOBOJKYBAaTUMETHCSI LIBUJIKOIO PENIAKCALi€l0  [UX
KOMMBaHb. Xoua Jix Bumle temneparypu 0 °C He Moxke
icHyBaTH y TBepaii (asi, ane BiH mepeiige B pinky ¢azy
JIUIIE TiCHsE OTPUMAHHS TeIUIOTH IUIABJICHHS, 30y DKCHHS
OpU IOMY TPBOX OOEPTANbHUX MOJ KOIHMBaHb BCIiX
MOJICKYJ, TOAANBIIOl CHHXpOHI3awii MOI 1 MOsSBU
3HAYHOI'O Ta CTIKHKOTO BUTHHY KYTIB 3B’S13KiB Y MOJCKYIL
Takox BiI3HAYMMO, IO € HEOOXITHUMH B3a€MO3B 30K
Ta B3aEMOIIATPUMKA KOJMBAHb CYCIIHIX MOJIEKYT Yy
JESIKOMY MiHIManbHOMY 00°eMi MOOJHM3y 30BHIIIHIX
CTIHOK, 1100 Ii oOepTaybHI KOJMBAHHS MOJICKYJ BOIU
MOTJIH CTaTH CIUIEHIMH Ta He3aTyXal0YHMH.

Baakaroum, 110 TEIUIOTa IUTABJICHHS JIBOIY Bele 10
3pOCTaHHs 4YHCJIA CTYNEHIB CBOOOJM MOJEKYJ BOIH,
3Hainemo ixHe umcno. 3 Q,, = n R T,,, 3HaiineMo ue
qucno: n = Q,, / R T,, = 332000 / 462 / 273 = 2,63. 1lsa
BeNIMYMHA OJNIM3BKA IO TPHOX, TOOTO TEIUIOTA IIABIICHHS
fime Ha 30yMmKEHHS TPHOX  CTYNEHIB  CBOOOIH
obepTanbHUX KOJIMBaHb MOJIeKyn Boau. Hecraua B 0,37
OJIUHUIIb CTYTICHIB CBOOOJM TOBOPHUTH TPO HASBHICTH
IIPUXOBAHOI TEIUIOTH IUIABIECHHS JIbOAY Ta ii OJlepKaHHA
Hmwkde temmeparypu 0°C mim dwac 3pocraHHsA Horo
temnoeMHocTi Ha AC, = 1,5R 111 4aCTKOBOIO 30y PKEHHS
o0epTambHUX KONUBaHb. 30YMKEHHS Y BOJI BCIX TPHOX
00epTaIbHAX MOJ KOJMBAaHb MOJIEKYJIM BOAM Bele MO
BUTpATH TOBHOI TeIIOTH IuiaBieHHs Q,,9 = 3RT,, =3 *
462 * 273 = 378 x/Ix / kr, 1m0 OJU3bKO 10 BEIMYHHH
TEMIoTH TaBjieHHs boay Q,, = 332 kJlx / kr. Ixus
PI3HHI — LIe MPUXOBaHA TEIUIOTa IaBieHHs O, Maxna
BeIMYMHA I[i€i TEIUIOTH, TPH 3HAYHOMY 3POCTaHHI
TennoeMHocTi Ha AC,, TOBOPUTH TIPO HASBHICTH Y JBOITY
MeXaHi3My MIBHAKOI penakcamnii oOepTalbHHX KOIHUBAHB
HaBITh I HU3HLKOYACTOTHOI MOJM, a THM OUIBII, IS
BHCOKOYACTOTHHX MOJ. Po3Mip 1iel mpuxoBaHOi YaCTHHU
TEIUIOTH TUTaBJICHHS CTaHOBUTD (O,,' < Q.0 /8 = O, /7.

[lix gac MOCTYIIOBOTO OXOJIOJPKEHHS BOJXU HIDKYE
0°C amrmrityad BciX 1 KOJHMBaHb OyAyTh IOCTYIOBO
3MeHNIyBaTUMyTHCs. [IpoTe BHACHIIOK KOJEKTHBi3amii
obepTambHAX KOJIMBaHb MOJIEKYT, MeXaHIuHOT
3B’3aHOCTI MOJ] KOJIMBaHb y MOJIEKYINi depe3 MPOMIKHY
Moy [7] BOHM MiATPUMYBATUMYTh OJTHE OJTHOTO, Ta SKIIO
obepTanbHI KOJMBAHHSA HE 3MOXYTh 3aracaTH MOBHICTIO,
TO MU  OTpUMaeMo  MeracTabimbHy  dazy  —
nepeoxonokeny  Boxy [14]. Ila  Boma  Moxe
HEBIIOPAAKOBAHO 3aCTUTHYTH Yy BHIUIAAI amMop(dHOTO
apony mobmmsy temmeparypu 230 K. Jlume mpu mossi
3apoaKkiB HOBOi a3y — KpHCTaNiB JbOAYy abo 3a
HasBHOCTI  OyIb-KMX BKJIIOYEHb, 3 IOTPiOHHMHU
MIXXaTOMHUMU BiJICTaHSIMHU Ta 000B’SI3KOBOIO
MOXJIUBICTIO penakcanii o0epTallbHUX MOJ KOJIUBaHb,
CTa€  MOXIHMBHM  BHMOPOXXYBAaHHS  OOEpTaIbHHX
KOJIMBaHb MOJICKYJI BOIHM Ta mepexin 11 y TBepay ¢asy ta

HWKYMH CHepreTHuHuid cTtaH. [lpm mpomy mpomeci €
000B’sI3KOBUM TIOBHE 3aracaHHs 0OEpTaIbHHX KOJIMBAaHb
MOJICKYJ] BOJM Ta BIABEACHHS IX €HEprii y BUIIIAIL
TETUIOTH IUIaBJICHHS.

VY poboti [6] mis mpouecy Kpucramizamii BoAd
PO3IIIAHYTO, K KpuTHYHA BenmmuuHa ripu 0 °C, BenuunHa
CTyNeHs  3B’S3aHOCTI  MOJIEKYJ, 1IN0  JOPIBHIOE
BIZHOIIICHHIO CHEpril akTHWBaIil Tedil 10 BHYTPIIIHBOT
TEIUIOTH TTapoyTBOpeHHS E, /7' = 0,5, 3 MOXKIUBICTIO Teii
TPU MO>KJIMBOCTI PO3PHBY ITOJIOBUHH 200 OLIBIIOT YaCTKH
3B’A3KiB MOJICKYJI BiJl TOBHOI BeNWYMHH €Heprii ix
3B’AI3KiB, IO JOPIBHIOE BEIWYMHI BHYTPINIHBOI TEIUIOTI
HMapoyTBOPEHHS 7. 3pOCTaHHA TEIUIOEMHOCTI JIBOAY IO
4,5R TakoX MOXKHA PO3IVIAJATH SIK KPUTUUHY BEJIUYUHY
JUIs TIporecy 30y/KeHHS NPH HOTo IJIaBJICHHI MOJOBUHU
3 oOepralbHUX MOJ KOJIMBAaHb MOJICKYJIH BOJIH.
OueBHAHO, MOXKHA BBa)KaTH aHAJIOTIYHOIO KPHUTHYHOIO
BEJIMYMHOIO JUISl TIPOLIECY HOTO IUIABJICHHS 1 BiHOILICHHS
TEIJIOEMHOCTEH  npomy Ta  Bogu mpu  0°C:
C, (nin)/C, (Boga) = 0,5, a Tako 3pOCTaHHs IPHXOBAHOT
YAaCTUHM TEIUIOTH IUIABJICHHS Yy JBOJY O HOro IMOBHOT
BEJIMYMHH, 110 AopiBHIOE O,,'~ O,, /7.

BractuBocTi BOAM B HAaHOMOpax OYIKYIOTHCS
ONMM3BKUMHU 10 BIJIACTHBOCTEH «3B’S3aHOT» BOIM —
MaJOPYXJMBOI Ta 3 MaJiol0 TeroeMHicTio. Y [15]
BCTAHOBJICHO, MIO TEIUIOEMHICTE BOOM B HAHOIIOPax
po3mipom 1...2 HM HaBiTh I TemmepaTypu Buine 0 °C
BianoBinae 3akoHy Jrononra i Ilti ta nopisntoe C, = 3R i
BTPWYi MEHIIA, HIX y 3BHYaiHOI 00'eMHOi BoH. Y Takmx
HAHONIOpaxX JBa MOHOIIAPY MOJIEKYT BOAW MAalOTh
TOBIIMHY Onm3bko 0,5 HM, 1O OMU3BKO 10 paniycy
Ha”Honopu. Ilepmmii mnoBepxHEBUH MOHOLIAD BOAU
CHJIBHO B3a€EMOJi€ 3 HaBKOJMIIHIMH CTiHKaMH abo
MaKpOMOJICKYJIaMH, 10 yTBOPIOIOTH MOPH, 1 00epTaibHi
KOJIMBAHHS MOJICKYJI BOAU B HOMY ITOBHICTIO IIPUTHIYEH1
X MIBHUAKOIO perlakcamiero Oinsg 30BHINIHIX CTIHOK. A 1ed
11ap caM HpUTHidye oOepTanbHi KOJIUBAHHS Yy IPyroMy i
HaBiTh HACTYNIHHUX MOHOMIapax Moylekyn Bogu. Lle
HiATBepAXKye MipKyBaHHS B pamkax Teopii EAT [4;16]
Hpo Te, IO NPH HAsSBHOCTI CIaOKMX B3a€MO3B’SI3KiB B
MOJIEKYJI — y HaHOIOpax Ta y «3B’si3aHii» BOJI, 4acTo
CIIOCTEPIraloThCS  JIMIIE  TPAHCIAMIMHI  KOJMUBAHHS
MOJIEKYJ 1 4YacTO MOBHICTIO TPHTHIYCHI 00epTaybHi
KOJMBaHHS Mosekyn [15;16].

Takum umHOM, 3actocyBanHs Teopii EAT [4], 11
JUHAMIYHOTO BHUNAAKy JUIL  PO3MILILY  30yDKCHHS
o0epTaIbHUX MOJl KOJWBAaHb MOJEKYJT BOJU HPH
IUIaBJICHHI JILOAY Pa3oM 3 pe3ysbTaTaMH MOJAECIIOBAHHS
JmOpamifHuX  KOJMWBaHb 32  JONIOMOTOI0  MOJEi
JIBOYACTOTHOTO MasiTHUKAa [8, 9] H03BOJIsIE MPOSICHUTH
MEXaHI3M Tpolecy HOro IUIaBiIeHHS, HOro AWHAMIKY Ta
HH3KY 0COOJIMBOCTEN BOTO MPOIIECY.

BucHoBku
1. [IBmake 3pocTaHHA TEIUIOEMHOCTI JIBOIY
nobmm3y 0°C  cBimuMTHR MpO MOYATOK 30YIKCHHS

o0epTallbHUX KOJMBaHb MOJEKyl Boau. Kpuruunoro
BENTMYMHOIO i mpouecy tuiaBneHHs npu 0 °C moxHa
BBAXKaTH 3pOocTaHHs Horo TemnoemMHocTi 1o C, = 4,5R a6o
3pocTanHs BigHomenHs 1o C, (nin)/C, (Boga) = 0,5.

2. 30ymKeHHS TPOMDKHOI 00epTaJIbHOI YaCTOTH
KOJIUBaHb MOJICKYJIM BOJM BelIe [0 peaisalii 3B’s3Ky
MDK yciMa OOEpTabHUMH MOJAaMH MOJICKYJIHM dYepes3
piBasHHs Efnepa. Lle ctumyiioe ix 3arajbpHe 30yIKCHHS
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Ta IJIaBJICHHSA JIbOAY, IO BiZl6yBa€TBCH micyst OTpHUMaHHsA
TCIIJIOTH ITJIABJICHHA.

3. 30ymxeHHs oOepTalbHUX MOJ  KOJIMBaHb

MOJIEKYJI BeA€ 10 IXHBOTO CKIAJaHHS 1 CHHXpOHI3amii,
0 BeJE A0 MOsIBU OOEpTaHb aTOMIB BOJHIO MOJIEKYJ
HaBKOJIO OCEM 3B’SI3KIB Ta MOCTIMHHUX BHUTHHIB BOJHEBUX
3’s3kiB. [Ipm Temmepatypi 0°C ammniTynim BHUTHHIB

3B’I3Ky MOJICKYJ JOCATalOTh TaKoi

BCJIIMYMHHU, OIO

ociiabiieHHsT 3B’A3KIB Ta 3HIDKEHHS YacTOT KOJIMBaHb

10.
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M. Y. BUROVA, O. O. YATSKEVYCH, O. P. VARAVINA

FEATURES OF USING SURFACTANTS TO INTENSIFY THE OPERATION OF WATERED WELLS

At the late stage of field development, the reservoir pressure drops. For various reasons, liquid begins to rise into the bottomhole zone of the

formation, which may entail a sharp drop in the gas well production rate and a reduction in the well life. There are many methods of flooded
wells operating, among which the method of using foaming surfactants has recently become increasingly widespread. This paper examines the
reasons for the influx of liquid into the wellbore, as well as the features of the use of foaming surfactants to intensify gas production from

flooded wells. In addition, an overview was made of various types of foaming surfactants used to intensify gas production by removing liquid
from flooded wells, their advantages and disadvantages, and the feasibility of using certain types of foaming surfactants was considered,

depending on the mineralization of the liquid and the presence of gas condensate in its composition. An algorithm for selecting foaming
surfactants to remove liquid from the bottomhole is presented. The requirements for foaming surfactant compositions are set forth. Processes

occurring at application of foaming surfactants for liquid removal from wellbore are described. Parameters characterizing properties of foaming
surfactants solutions and factors influencing foaming properties of surfactants are indicated. Methods of injecting aqueous solutions of

surfactants into production wells are described. The technology of gas well bottomhole treatment with liquid surfactants, methods of process
control, as well as problems that may arise when using surfactants are described.

Keywords: well flooding; surfactants; foaming surfactants; anionic surfactants; nonionic surfactants; foaming properties; intensification
of gas production; bottomhole treatment; gas-liquid mixtures.

M. A. BYPOBA, O. O. AIIKEBHY, O. I1. BAPABIHA

OCOBJIMBOCTI 3ACTOCYBAHHA INOBEPXHEBO-AKTHBHUX
IHTEHCHU®IKAIII POBOTH OBBOJJHEHUX I'A30BUX CBEPJIJIOBUH

PEYOBHH JJIA

Ha mi3Hiif craznii po3poOku pomoBHUII BinOyBaeThCs MaiHHS IIACTOBOTO TUCKY B MOKIAAL. 3a Pi3HOMAHITHUX IPHYNH IMOYHHAETHCS MiAHOM
piIvHM B IPUBUOIHHY 30HY IIacTa, 0 MOXKE CHPHYNHUTH Pi3Ke NaJiHHS AeOiTy CBEPAJIOBHHH IO Ta3y 1 CKOPOUCHHS TePMiHy (YHKI[IOHYBaHHS
CBEPJUIOBHHU.. ICHYIOTh 0araTo METOAIB eKCIuTyarallii 0OBOJHEHHX CBEPIJIOBHH, CEpesl KX OCTAHHIM 4acoM Bce OiNblile PO3MOBCIOMIKYETHCS
METOJI 3aCTOCYBaHHS [IIHOTBOPHUX IIOBEPXHEBO-aKTHBHHUX PEUOBHH. Y NaHIM poOOTI pO3IILAaoThCs IPUIHHH HAIXOKEHHS PIJUHH Y CTOBOYD
CBEp/JIOBHHH, a TaKOXX OCOOJIHMBOCTI BUKOPUCTAHHS MHOYTBOPIOIOYHX ITOBEPXHEBO-aKTHBHUX PEYOBHH IS iHTeHcU]ikanii BUIOOYTKy rasy 3
00BoIHEHHUX CBepMIOBHH. KpiM [bOro 3po0neHo OrjsA pPI3HOMAHITHHX THINB MMIHOTBOPHHUX IOBEPXHEBO-aKTUBHHX PEYOBUH, LIO
3aCTOCOBYIOThCS M iHTeHcHikanii BHIOOYTKy rasy HUIIXOM BHHECEHHS DiIUHH 3 OOBOJHEHUX CBEpIOBUH, IX IlepeBar Ta HEJIONIKiB i
PO3IIISIHYTa JOLIJIBHICTS BUKOPUCTAHHS THX YM IHIINX THIIB MHOTBOPHUX HOBEPXHEBO-aKTHBHHX PEYOBHH B 3aJIEKHOCTI Bil MiHepaii3amil
pinuHE i HasBHOCTI ra3okoHAeHcary y ii ckiaai. HaBeneHuit anropurM BHOOpPY MiHOTBOPHHX ITOBEPXHEBO-aKTHBHUX PEYOBUH JUIS BUIAJICHHS
pinumHM i3 BHOOIO CBEpIUIOBHMH. BHKIazeHi BUMOTH /0 KOMIIO3MLIM MIHOTBOPHUX IMOBEPXHEBO-aKTHBHUX pedoBHH. OmucaHi mporecH, sKi
BiIOYBAIOThCS ITiJ{ Yac 3aCTOCYBAaHHS IIHOTBOPHUX NOBEPXHEBO-aKTUBHUX PEUOBHH UL BHHOCY PIAMHU 31 CTOBOYpY CBEPUIOBHHH. 3a3HA4eHI
MOKA3HUKH, 10 XapaKTePHU3yIOTh BIIACTHUBOCTI PO3YMHIB MIHOTBOPHHX MOBEPXHEBO-aKTHBHMX PEYOBHMH, Ta YHHHHUKH, IO BIUIMBAIOTH HA
MHOTBOPHI BJIACTUBOCTI MOBEPXHEBO-aKTUBHUX peuoBUH. ONUCAHI METOAM 3aKauyBaHHS BOJHMX PO3YMHIB MOBEPXHEBO-aKTHMBHHX PEYOBUH B
eKcIuTyaTaniiiHi cBeputoBHHHU. OlMcaHa TEXHONOTis 0OpoOKH BHOOIB ra30BHX CBEPAJIOBHH PIiIKHMHU ITOBEPXHEBO-aKTUBHHUMHU PEUOBHHAMHU,
METOZU KOHTPOIIIO 32 BEJCHHSIM IIPOIIECy a TAKOXK IPOOJIeMH, 10 MOXKYTh BHHHKATH IiJ] YaC BUKOPHCTAHHS IOBEPXHEBO-aKTHBHHUX PEUOBHH.

KurouoBi ciioBa: 00BOJHEHHs CBEPUIOBHH; MMOBEPXHEBO-aKTUBHI peyoBHHM; miHOTBOpHI ITAP; anionorenni ITAP; neioHorenui I1AP;
MHOTBOPHI BIACTUBOCTI; iHTeHCHDiKaIist BUIOOYTKY ra3y; o0poOka BUOOIO CBEPUIOBUHH; Ta30-PiIAMHHI CYMIilIi.

A significant number of gas reservoirs are
associated with water drive formation systems and are

during poor-quality cementing, corrosion of the tubing
under the influence of mineralized waters of the

developed under conditions of inflow of formation
water into the gas-saturated zone and water flooding of
wells [1].

The water flooding of a large number of fields
under development is a serious and common problem
in the oil and gas industry. Water flooding has

increased rapidly in recent years. In this regard, the
issue of reducing the amount of liquid accumulated in
the well is becoming more acute in order to reduce
operating costs and increase gas and condensate
production.

Water flows through a cement plug at the bottom
of the well, through the filter holes along with the well
product, defects in the tubing (cracks, shells in the
metal, leaky threaded connections). These defects occur

formations washing it.

In addition, it is possible that water flows from
one formation to another, which occurs as a result of
their opening during well drilling and the absence of
insulation from each other with cement stone. Although
in this case the formation water does not enter the
tubing, its contact with the outer surface of the pipes
can lead to corrosion and subsequently damage the
tightness of the tubing.

Cross-flows are always unacceptable as the
following undesirable effects occur:

- well production rate is disturbed, as well as the
nature of saturation of the productive formation, which
leads to a decrease in both the production capabilities
of the well and the coefficient of extraction of well
product from the formation;
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- the natural salinity of formation waters along the
well section is disturbed, which distorts the assessment
of the nature of formation saturation during
geophysical studies;

- reduced reliability of gas-oil ratio value during
oil production, which disturbs the design reservoir
development technology;

- secondary oil and gas deposits are formed,
which may make it difficult to drill further wells at the
field,;

- in the presence of hydrogen sulfide and carbon
dioxide in the incoming water, intense corrosion of
underground and ground-based equipment and cement
stone occurs. During insulation work, it is necessary to
isolate the upper and lower waters flowing through the
cement plug and through the annulus, as well as the
bottom waters of individual beds and waters flowing
through an adjacent well.

Accumulation of liquid in a gas well occurs when
the produced gas is unable to carry it out of the
wellbore, which leads to a decrease in production and a
reduction in the life of the well.

The main reason for the accumulation of liquid at
the bottomhole of gas wells is the low difference
between the operating pressure and the pressure in the
flow line within one well cluster, which leads to the
accumulation of liquid at the bottomhole of the wells.

When gas moves to the ground surface at a
sufficiently high speed, it carries liquid too. The high
gas velocity provides a flow regime in which the liquid

is in a finely dispersed state. This results in a low
volume fraction of liquid in the flow in the tubing or
production string and low pressure losses caused by the
gravitational component of the flow.

The main reasons for the flooding of production
wells in gas fields are a drop in reservoir pressure in
productive formations, active movement of bottom
water, which leads to flooding of perforated intervals of
the productive formation.

The presence of annular pressures during well
operation is also one of the contretemps. One of the
reasons for the presence of annular pressures is the
poor quality of cementing and the insufficient supply of
cement slurry behind the casing string to the wellhead
when the well exits the drilling. Poor quality of well
cementing also promotes to the formation of interbed
flows and their premature flooding.

For low-rate gas wells operating on the verge of
profitability, the continuation or termination of
operation may depend on the optimization and
reduction of the volume of accumulated liquid. Fluid
accumulation is shown not only in low-rate wells, in
gas wells with a large tubing diameter and/or high
wellhead pressure, fluid accumulation can also occur,
even at high production rates.

Few gas wells produce completely dry gas. Under
certain conditions (with a decrease in temperature and
pressure of the gas stream rising to the ground surface),
liquid can be formed in the wellbore of a gas well. Both
hydrocarbons (condensate) and water can condense
from the gas. In some cases, fluid may enter the

wellbore as a result of an influx of water from an
underlying aquifer or other sources.

If the formation pressure drops lower the dew
point, the condensate is produced together with the gas
in liquid form; if the formation pressure is above the
dew point, the condensate enters the wellbore as a
vapor phase together with the gas and becomes liquid
in the tubing or separator.

There may be several sources of water entering
the well:

- water may come from the aquifer zone above or
lower the pay bed;

- if the formation is operated in water drive mode,
the water moving through the formation will eventually
reach the wellbore;

- water may enter the wellbore from another
productive zone which is some distance from this gas
formation;

- unbound formation water can be removed from
the formation together with gas;

- water and/or hydrocarbons may enter the
wellbore as a vapor phase along with the gas and
condense in the production tubing.

If the gas production rate is high enough, the gas
may entrain water from the bottom aquifer, even if it is
not perforated in the well.

Liquid hydrocarbons may also enter the gas well

as a vapor phase. If the formation temperature exceeds
the critical condensation temperature (the maximum
temperature at which the formation of a liquid phase is
possible with a decrease in temperature), there is no
liquid in the formation, but it can fall out in the form of
droplets in the wellbore in the same way as it happens
with condensation of water vapor.

During the late phase of gas field development,
specific issues must be addressed to increase well
production rates and reduce water cut.

When gas-liquid mixtures move along the
wellbore, the following gas-liquid structures may exist:
dispersed, dispersed-annular, projectile-annular,
projectile, etc. In the gas-liquid flow, when it moves
along the wellbore, the processes of film formation and
fluid dispersion occur.

To change the structure of the gas-liquid flow,
foaming compositions of surfactants are injected into
wells, when they are dissolved in the well fluid and gas
passes through it, a foam structure, consisting of gas
bubbles separated by a film of water, is formed, but the
density of the foam structure is significantly less than
the density of the liquid in the wellbore and a
significantly lower gas velocity is required for its
removal than for water removal.

The accumulated experience in the development
of gas and gas condensate fields evidences that the
injecting of surfactant based foaming agents at the
bottomhole, which lead to foaming of the liquid or gas-
liquid mixture in the wellbore and its removal to the
ground surface, is the most effective way to remove the
accumulated liquid from the well.

Water surfactant injection is also effective for oil
wells. Aqueous surfactant solutions injected into the
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formation have a multifaceted effect on the physical
and chemical properties of formation systems. Even
with a small concentration, they promote a significant
decrease in the surface tension of water at the border
with oil and solid surface, as a result of which oil is
more completely displaced from the porous medium.
Surfactants promote the crushing of oil globules
covered by water, reduce the necessary pressure drop
for liquids filtration in a pore medium, and improve the
washing properties of water. Surfactants affect the
wettability of the pore surface with formation fluids: a
decrease in the wettability angle, the intensity of
capillary absorption of water into oil-saturated rock. As
a result, oil droplets that stick to the rock are washed
away.

The essence of this method is that when foaming
surfactants are injected at the bottomhole, they dissolve
in the liquid accumulated at the bottomhole, and when
gas passes through a column of liquid with dissolved
surfactants, a foam, consisting of gas bubbles separated
by a liquid film, is formed.

When the reagent is at the bottomhole, it dissolves
in the well fluid. The rate of dissolution of the reagent
in the well fluid depends on the rate and volume of gas
that passes. When the gas is filtered through the liquid
remaining at the bottomhole, the solution foams.
Having a density 3 or 4 times lower than the density of
water, the foam system with a gas flow rises along the
tubing to the wellhead, which ensures the removal of
well fluid. The developed surfactant compositions
make it possible to remove condensation liquid with an
admixture of formation water from the bottomhole
without negative impact on the gas gathering network,
booster complex and gas dehydration units.

The list of surfactants used to remove bottomhole
fluid is quite large, but anionic (ASA) and non-ionic
surfactants (NSA) are most used. ASA belong to the
class of surfactants that, when dissolved in water,
dissociate into a positively charged cation and a
negatively charged anion. The most typical
representatives of these surfactants are water-soluble
soaps of higher carboxylic acids, which are the
products of the interaction of these acids with alkali
metal hydroxides. The foaming capacity of these
surfactants depends on the length of the hydrocarbon
radical: it is maximum with a length of 13 to 14 carbon
atoms, and then it decreases. Depending on the length
of the alkyl chain of the original organic substances,
methods for the synthesis of sulfates and sulfonates,
various brands of surfactants of this class are produced:
sodium decyl sulfate, sulfanol NP-1, sulfanol NP-3,
DS-PAC, etc. The main disadvantages of these
surfactants are the significant effect of the salt
composition of water on the solubility, dissociation and
surface tension of the formed systems, and the change
in the characteristics of surfactants in the presence of
organic solvents. Anionic surfactants have a high
foaming capacity, but their using is limited by the
salinity of the liquid and the presence of gas condensate
in the liquid.

NSAs do not dissociate into ions in aqueous
solutions. Their typical representatives are oxyethylated
chemical compounds: alkyl phenols, alcohols, fatty
acids, amides, etc. These NSAs also include
imidazolines, high molecular weight oil-soluble
amines, oxazolines, carboxylic acids and their esters,
metal soaps of these acids with polyvalent metals.
NSAs include neonol AF 9-12, oxyethylated fatty
alcohols and alkyl phenols, oxyethylated fatty acids,
block copolymers based on diamine, block copolymers
of ethylene oxide and propylene oxide, oxyethylated
alkyl phenols OP-7, OP-10, etc. Due to the high
molecular weight and low solubility of these
surfactants, they cannot form a large amount of foam,
therefore, it becomes necessary to combine ASA with
them. NSAs are more cost effective because they are
easier to produce than surfactants from other groups.
The greatest development was the production of
oxyethylated fatty acids, alkylphenols, alcohols,
amines, mercaptans, etc. The disadvantages of NSAs
include their high cost, especially block copolymers,
low solubility in aqueous solutions, and the need to
clean the well from the remnants of NSAs. The
advantages of using NSAs are the formation of foams
with hydrocarbon fluids (gas condensate). The main
indicators characterizing the properties of foams are
their stability, rheological characteristics, density and
elasticity. The duration of the existence of foam
depends on the concentration and type of surfactant, the
multiplicity of the foam, its temperature, dispersion and
the presence of stabilizers. Non-ionic surfactants are
mainly used to remove highly mineralized liquids from

gas wells.

Two reagents for foaming at well bottomhole
have been developed by JSC
"UKRGASVYDOBUVANNYA" and PE "RPE
ALEXSS-A".

The first one is "Reagent for foam RF-1,"
designed for foaming highly mineralized (up to 300
g/dm’)  water-gas-condensate mixtures (with a
condensate content of up to 50 %) in a wide
temperature range (up to 170 °C); the second one -
"Reagent for foam RF-1K," designed for foaming
hydrocarbon mixtures in a wide temperature range and
removing them from oil and gas production wells.

The task of the foaming agent RF-1 is to increase
the efficiency of removing highly mineralized water-
condensate mixtures and formation water from the
bottomhole of gas, gas-condensate, oil-gas-condensate
wells at high temperatures. The task is solved by the
fact that foaming reagent, which includes alkyl sulfates,
alpha olefin sulfonates and water, contains
triethanolamine salts of alkyl sulfates.

Due to addition of alkyl sulphates to
triethanolamine salts as foaming component, efficiency
of removal of water-condensate mixture with gas
condensate content of up to 30 vol % and dissolved
calcium and magnesium salts of more than 1.5 wt % of
liquid from well increases. The efficiency of using the
reagent does not decrease at temperatures of 90-150 °C.
The foaming agent RF-1, together with the liquid, is
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easily removed from the well, which ensures the flow
of gas, and, as a result, increases production by 3-5
times. Sludge is removed from the well together with
water, which ensures effective cleaning of the wellbore
from pollutions. The technology for preparing the
reagent does not differ from the known one, therefore,
there are no additional costs.

The RF-1K foaming agent was designed to
improve the efficiency of removing hydrocarbon
condensate at its significant content and insignificant
water content. The problem is solved by the fact that
polymethylsiloxane and hydrocarbon solvent are
introduced into polymethylvinylsiloxane.

As the hydrocarbon solvent, for example, diesel
fuel, kerosene, condensate, etc. can be used. The RF-
IK reagent is not aggressive to the well equipment,
therefore it can be used as a corrosion inhibitor. The
reagent is RF-1K easy to use, does not require complex
preparatory work and additional equipment.

When selecting surfactants to remove water from
the bottomhole, geophysical surveys (GPS) should be
carried out and information about the state of the well

should be refined. During GPS, the following
parameters are determined:

- well depth;

- sump;

- perforation interval height;

- casing string and tubing diameters;

- packer availability and setting depth;

- bottomhole temperature;

- salt content in water (PPM);

- bottomhole pressure;

- wellhead pressure;

- wellhead pressure drop;

- type of produced fluid (oil, gas, gas condensate);

- current well production (oil, gas, gas
condensate);

- the height of the water column in the tubing or
casing string (it is necessary to calculate the volume of
liquid that will be removed by foam).

Before surfactant is injected into the well, a
hydrochemical analysis of the removed fluid is
performed, and based on the results of the analysis, the
surfactant composition is selected for treatment of the
bottomhole in laboratory conditions. Laboratory studies
evaluate the ability of surfactants to foam well fluids
(condensation, formation water, process fluids), foam
system stability. Based on the stability of the foam
obtained from the surfactant, the surfactant
concentration in the well fluid is selected, at which
foaming begins.

Developed surfactant compositions  should
provide foaming of liquid with mineralization from 1 to
30 g/dm’® and more. The life cycle of the foam must
ensure that liquid can be removed from the well and
breaking before entering the complex gas treatment
unit. Surfactant solutions shall not affect DEG drying
properties, well operation and corrosion of field
equipment.

Based on the analysis of the development object
operation, the surfactant component composition and

its volume are selected to remove fluid from the
bottomhole.

The developed surfactant compositions create a
stable foam system, which in static mode has a degree
of destruction from 10 to 35 % per 10 minutes. In the
process of being the surfactants at the bottomhole, their
dissolution in the liquid occurs during 14 - 16 hours in
static mode. In dynamic mode, the dissolution of the
surfactant is much faster and depends on the speed and
amount of gas passing through the liquid. When gas
passes through the liquid accumulated on the
bottomhole, the process of its foaming occurs, and the
amount of foam constantly increases throughout the
process. Foam system is lifted by gas flow to wellhead.
In the process of lifting the foam system along the
tubing, its destruction occurs in the amount of 10 to 15
%, depending on the roughness of the tubing walls. As
a result of destruction of the foam system, it turns into a
liquid, which, depending on the velocity of the upward
gas flow, flows to the bottomhole at a flow speed of
less than 5 m/s or rises to the wellhead at a gas flow
speed of more than 5 m/s. At the wellhead, foam from
the tubing enters the trail and moves here faster than
through the tubing, where it loses its properties and
collapses.

However, few surfactants and stabilizers can be
effectively used in gas production. The main
parameters characterizing the properties of surfactant
solutions are their stability, rheological characteristics,
density and elasticity. The lifetime of foam formed
from surfactants in a well depends on the type and
concentration of surfactants in the fluid. Injection of
foaming surfactants into the well can be carried out in
the form of aqueous solutions or solid rods and balls.
The most common bottomhole treatment technology is
the injection of aqueous surfactant solutions with
hydrate inhibitor into the well.

The technology of the bottomhole treatment with
liquid surfactants is the most technologically advanced
and simple method.

A prerequisite for effective removal of liquid with
surfactants is the formation of a stable foam at the
bottomhole, which is a dispersed system consisting of
gas bubbles. The foaming properties of surfactants are
influenced by a number of factors such as the salinity
of the formation water, the temperature of the
formation, the presence of condensate in the liquid, etc.

These processes become more difficult
significantly due to the presence of water of various
mineralization in the formation. High mineralization
sharply reduces the foaming ability of surfactants. The
foaming process is mainly influenced by calcium and
magnesium salts. The composition of the foaming
agent and its concentration are selected depending on
the composition of the liquid, its mineralization and the
presence of hydrocarbons.

The following methods of introducing foaming
surfactants into the gas-liquid flow are possible:
centralized injection into the hole annulus from CGTP
by inhibitor pipelines; dosed surfactant injection into
the hole annulus from wellhead tanks; periodic
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injection of diluted and viscous surfactant solutions
into the hole annulus using mobile pumping units;
surfactant dosing by using tubing as a container for
surfactant storage and well operation through the hole
annulus; surfactant injection through capillary tubes
mounted inside tubing; introduction to the bottomhole
of solid surfactants in the form of cylindrical rods,
balls, cones and other shapes by tubing and other
methods.

Pumping of liquid surfactants to the bottomhole is
performed through the well pipeline, which is lowered
into the well to the bottomhole.

The technology for treatment the bottomhole of
gas wells with liquid surfactants is carried out in the
following order: the well is worked out at the flare
device and stopped; surfactant is then pumped and
pushed to the bottomhole using a compressor; at the
next stage, the well is worked out at the flare device
and put into operation.

Control over the process is carried out both for
production and injection wells. The concentration of
the solution is measured both during injection into
injection wells and during sampling from production
wells, and the surface tension is measured in laboratory
conditions. Input profile for injection wells and output
profiles for production wells are taken. Water content,
gas and liquid production rates, etc. are measured.

But problems can arise with surfactants. This is
the formation of stable foam systems (emulsions),
which causes difficulties in the operation of field
equipment, a decrease in the quality of industrial gas
treatment, and an additional load on the BCS
equipment.

In wells with sand plug growth in the perforation
interval, surfactants will increase sand production due
to high foam bearing capacity. The use of surfactants is
not recommended in these wells, it is most reasonable
to carry out work to fix the bottomhole zone of the
formation in them.

One of the important factors influencing the
efficiency of liquid removal from well bottomholes is
the design of production wells, therefore, when
productive formations are penetrated by wells with
horizontal end, the efficiency of treatment of well
bottomholes with liquid surfactants becomes very low.
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O. B. XPUHCTHY, A. M. KOPOI'O/ICbKA, I'. M. IIABAHOBA, C. M. IOI'BIHKOB, P. M. BOPOXBIATH

XAPAKTEPUCTUKA CYBCOJIIIYCHOI BYJOBU CUCTEMM CaO - Al,O; — CoO — NiO

VY paboTi HaBeAEHO pe3yJbTATH PO3PAXYHKIB, IO XapaKTePH3YIOTh eleMeHTH cyOcomigycHoi OymoBu cucremn CaO — ALO; — CoO — NiO,
[IEPCHEKTUBHOIO VIS OTPUMAHHS MOAM(IKOBAaHUX TNIMHO3EMHCTHX LIEMEHTIB Ta rerepoda3Hux MaTepiaiiB 3 KOMIUIEKCOM YHIKaJIbHHUX BIACTUBOCTEH.
Henocratapo BiomocTell npo Oy[0BY YOTHPHKOMIIOHEHTHOI JiarpaMH CTaHy BH3HAUEHOI 0araTOKOMIIOHEHTHOI CHCTEMH, YCKIIAJHIOE OJepIKaHHs
Takux MarepiamiB. J{is mporHo3yBaHHsT (ha30BOro CKJIaLy MarepianiB MPOBENCHO TEOPETHUHI TOCITIIKEHHS OyIOBH CHCTeMH. BHkoHaHO aHami3
0co0MBOCTEH criBiCHYyBaHHA rerepodasHuX KOMOIHAIiKH 3 ypaxyBaHHSM I'€OMETPOTOIOJIOTIYHMX Ta CTATUCTUYHHMX XapaKTEPUCTHK. BusHaueno
TEXHOJIOT1YHI PH3HKH IIPOrHO3YBaHH (ha30BOTr0 CKIIAJy MaTepialiB, 1[0 BUHHKAIOTh y NEBHUX KOHIEHTPALIHHUX 00JACTSX HOCIIIKYyBAHOI CHCTEMH.
Po3paxyHKH HPOBOAMINCS y BCHOMY TEMIIEPATYpHOMY IHTEpBali, sSIK 10 TeMIEpaTypH IUIaBieHHs notpiiiHoro okcuanoro 3'exuanns Ca;CoAlLO
npu 1439 K, tak i 6inbin BUCOKoTeMnepaTypHoi obnacti. 3a BiTOMHUMHU METOJMKAMHU PO3PaxXOBaHi XapaKTEPUCTHKU €BTEKTUK Y JESIKHX Hepepizax
JOCIIDKYBAaHOT CHCTEMH, IIJ0 CTAHOBHUTD IHTEPEC JUISl TEXHOJIOTIYHOrO IPOSKTYBAHHS MaTepialliB. Pe3yIbTaTH po3paxyHKIiB XapaKTepPHCTHK eBTEKTHK
MOKa3yI0Th, 10 CEpeJl aHaNli30BaHUX TETPacApiB MiHIMalbHA TeMreparypa eBTeKTHkH (1367 K) BinzHauaeTbcs Mk OKCHAAMH KOOAJbTy, HIKEIIo,
KaJIbLIMKOOAIIBTOBUM aJIIOMIHATOM Ta MOHOAJIIOMIHATOM KaJIbLIIO, 10 MOKE OyTH peaii3oBaHO JUIs CHHTE3y TeTepo(asHuX MarepiaiiB 3 BUCOKUM
Bmictom Ca;CoAOy. Taki MaTepiaaM MaroTh NpPaKTHYHE 3aCTOCYBaHHS B DI3HHMX Tally3sX IIPOMUCIOBOCTI: BHPOOHHLTBO BallHA; BAITHSIHHX
B'SDKYy4YMX; KOPYHHOBHX a0pa3sMBHHX Marepiajlax Ta BOTHETPUBAX; BHCOKOTEMIICPATypHHMX KaTali3aTopax; KepaMiku 3 OCOOIMBHMHU
€JICKTPOMATHITHUMH BJIACTHBOCTSMU.

Knrouoei cnosa: cydeconinycna 0ynosa, 6araTOKOMIOHEHTHA CHCTEMa, JOBXKUHA KOHOJ, 00CAT eJIEMEHTapHOr0 TeTpaepa, CTYIiHb aCHMeTpii,
HAMOBIPHICTb iCHYBaHHS, PO3PaXyHOK €BTEKTHUK.

O. V. KHRYSTYCH, A. M. KOROHODSKA, H. M. SHABANOVA, S. M. LOGVINKOV, R. M. VOROZHBIYAN

CHARACTERIZATION SUBSOLIDUS SYSTEM STRUCTURE CaO - Al,03- CoO — NiO

The paper presents the results of calculations characterizing the elements of the subsolidus structure of the CaO— Al,05 — CoO — NiO system, which is
promising for the production of modified aluminous cements and heterophase materials with a complex of unique properties. Insufficient information
about the structure of the four-component phase diagram of a certain multicomponent system makes it difficult to obtain such materials. To predict
the phase composition of materials, theoretical studies of the structure of the system were carried out. An analysis of the features of the coexistence of
heterophase combinations was carried out, taking into account geometric-topological and statistical characteristics. The technological risks of
predicting the phase composition of materials that arise in certain concentration regions of the system under study are shown. Calculations were
carried out over the entire temperature range, both up to the melting point of the ternary oxide compound Ca;CoAl,O at 1439 K, and in a higher
temperature region. Using known methods, the characteristics of eutectics in some sections of the system under study, which is of interest for the
technological design of materials, were calculated. The results of calculations of the characteristics of eutectics show that among the analyzed
tetrahedra, the minimum eutectic temperature (1367 K) is observed between the oxides of cobalt, nickel, calcium-cobalt aluminate and calcium
monoaluminate, which can be realized for the synthesis of heterophase materials with a high content of Ca;CoAlLO,,. Such materials have practical
application in various industries: lime production; lime binders; corundum abrasives and refractories; high temperature catalysts; ceramics with
special electromagnetic properties.

Keywords: subsolidus structure, a multi-component system, the length of tie lines, the volume of an elementary tetrahedron, the degree of
asymmetry, calculation of eutectic.

Beryn. OcranHiMH  pokamMu B PI3HHX Tajy3sx
TIPOMHCIIOBOCTI, B SIKMX BUKOPUCTOBYIOTHCS
BHCOKOTEMITEpaTypHi arperarti, CIOCTEPIraeThes

TEHJICHIIISl 3pOCTaHHSI OOCSTIB BUITyCKY Ta 3aCTOCYBaHHS
BOTHETPHUBKUX IEMEHTIB 3 BUKOPHCTAHHSAM BiIXOJIB, IO

3abesmnevye 3HAYHY SKOHOMIIO CHPOBHHHHUX,
SHEPreTHYHNX  pecypciB.  ['oloBHOIO — IepeBaroro
TTIMHO3EMUCTUX IIEMEHTIB € BHKOPHCTAHHS 1X y PI3HUX
ramy3sx  BHPOOHHWITBA:  METANypridHif,  XiMIUHIH,

Ha(TOnepepoOHii TOImIO. [JIMHO3EMHCTUH LEMEHT €
HaWOUIbII BHMBYCHUM Ta JIOCHIDKEHUM 3  PO3PSIy
BOTHETPUBKUX B'SKYYHX, aje BiH Ma€ psj HEIOJIKIB,
VHUKHYTH SIKUX MOXXHA IUISXOM IIPOTHO3YBaHHsS Ta
Bapiaiii (a30BOro ckiaay IEMEHTY. [IepCrleKTUBHUM €
CTBOPCHHS HOBUX €(DEKTHBHUX BOTHETPHUBKHX MaTepialliB
Ha OCHOBI TJIMHO3EMHCTHX IICMCHTIB, OTpPHMaHUX 3
BUKOPHCTaHHAM BIXOJMIB XIMIYHHX IMIJIPUEMCTB, SKi
MOXYTh 3aMIHHTH OKCHJ KAaJbI[II0 HAa IHII OKCHIU

posrisiayTH cuctemy CaO — CoO — NiO — AlLO;, sika
B)XJIMBA HE TUIBKHM JUIS TOJIMIICHHS EeKCILTyaTalliiHuX
XapaKTEpPUCTUK IIHPOKOTO AaCOPTHMEHTY BHPOOIB 3
MaTepiaiiB, 0 BUIYCKAIOTHCS HAa OCHOBI CIIONYK ITi€l

CHUCTEeMH, aje ¥ TepCrneKTHBHA JUIi  OTPUMAaHHs
MOTH(IKOBaHUX TJIMHO3EMHUCTHX LIEMEHTIB Ta
($yHKIIOHATFHUX MaTepiamiB[5,6].

CybcomigycHa  OymoBa  0araTOKOMIIOHEHTHHX

CHCTEM CKJajae ()i3MKO-XIMIYHYy OCHOBY YIPaBIiHHS
B332€EMO3B'SI3KOM «CKJIaJI — CTPYKTYpa — BIIACTHBOCTI» MPH
OTpPUMaHHI TYTOIUIABKMX HEMETaJeBUX MaTepialiB, II0
HaJIeXKaTh IMM CcUcTeMaM. [ligBHINEHHI IHTEpeC [0
cnonyk cuctemu CaO - Al,O; - CoO - NiO o0yMoBIteHMi
OCBOEHHSIM HOBMX IPOLECIB JUCIIEPCHOTIO 3MIIIHEHHS Ta
PO3KHCIJICHHSI CIELIaJIbHUX CIUIaBiB, IO BKJIOYAIOTh
KoOampT Ta Hikenb [7,8]. BimmoimHO, 3pocTae poib
(yHIaMeHTaIbHUX BioMocTel Ta JeTaTbHUX
XapaKTEePUCTHK cyOcomimycHoi OymoBu cucremu CaO —

Ty)KHO3EMENbHUX  eJleMeHTiB 3  Oumpm  BHCOKOIO  Al,O; — CoO — NiO, mo BHU3HAYaIOTh TEPMOAMHAMIYHO
TEMIEpaTypol0 IUIABJICHHS, IO JO3BONUTh HAJaTH  DPIBHOBaXHI  KOMOIHAIii MDK yciMa  CIIONIyKamH.
OJIep)KyBaHUM B'SOKY4YMM Marepianam iHII yHikaibHi  HemocrtatHicTe Bimomocteil mpo cyOcomigycHy OyaoBy
pnactuBocti [1-4]. JlominpHO B 1OMY acHeKTi JiarpaMd CTaHy BH3HAueHOl 0araTOKOMIIOHEHTHOI
40 Bicnux Hayionanvnoeo mexuiunoeo ynieepcumemy «XI1I».
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CHCTEMH YCKJIAIHIOE O KaHHSI TaKUX MaTepialiB, TOMY
METOI0 pOOOTH CTaB  PO3paxyHOK  XapaKTePUCTUK
CTPYKTYPHHX €JIeMEHTIB cyOcomimycHoi OymoBm Ta ix
aHaJi3 IO BIJHOLIEHHIO JIO TEXHOJOTIYHO 3HAYYIIUX
CTaJliii CHHTE3y MaTepiaiB.
Merta poboTtu.

Mertoro poO0TH € po3paxyHOK XapaKTEPUCTUK €JICMEHTIB
cyOcomiycHol OyZ0oBH, aHami3 iX MO BiIHOUICHHIO [0
TEXHOJIOTIYHO 3HAUYIIMX CTaJiil CHHTE3y MarepialliB Ha
OCHOBI JIOCHI/DKYBaHOT CHCTEMH, a TaKOX pPO3PaxHOK

XapaKTepUCTHYHUX  JAaHUX  EBTEKTHK B  JICSKHX
CJIEMECHTAPHMUX TEeTpac]apax CHCTEMH, BaXKIMBUX IS
NPOTHO3YBAaHHA  PEXHMIB  BHUNALy  TYTOIUIABKHX

HEMETaTiYHIX MaTepiaiB.

TeopeTn4Hi N0J10:KeHHSI TA METOAU AOCTiI’KEHb.
Pesynbratu nocnimxens [9, 10] cknanaroTh HOBHUN HAOIp
eneMeHTIB cyocouiaycHoi 0ynosu cuctemu CaO - Al,O; -
CoO - NiO i Oy NpUHATI K BUXIIHI U1l BU3HAUCHHS
ix xapakrepucTuk. Po3paxyHKH reoMeTpo-TOIOJIOTIYHUX
Ta CTAaTUCTUYHHMX XapaKTEPUCTUK BHKOHYBaJIM 32
Metoaukamu [11], a s BU3HA4YeHHS TeMIEparyp Ta
CKJIaJiB EBTEKTHK B EJIEMEHTapHHX TeTpaeapax, IIo

HENIHIHHUX PIBHSAHB U TICPETHHY MMOBEPXOHB JIKBITYCY
[12, 13].

Pe3yabTaT po3paxyHkiB Ta ix 00rosopeHHs.
JIOBXKHMHM ~ KOHOJ pO3paxoBaHi Uil HHU3bKO- Ta
BUCOKOTEMIIEPATYpHOi ~ TeTpaeapauii  JOCIiKyBaHOT
cucremu [9] 1 3BenieHi B Tadu. 1.

MakcumanbHy JOBXHHY Mae KoHoma NiO -
Ca,Al 4053, sKa mpeacTaBiIeHa y CyOCOmiaycHi OymoBi
JIOCHI/PKYBAHOI CHUCTEMH Yy BCbOMY TEMIIEPATypHOMY
iHTepBaNi. Y cyOcomimycHii mimgHm go 1439 K
MiHIMaIIbHY JOBXKUHY Ma€ KOHOJIa MiJK TeKCaaTIOMIHATOM
KaJbIII0 Ta KaJbI[IH-KOOAIHTOBUM aJIFOMIHATOM, a BHIIE
1439 K — xonony CoAl,O4 - CaAl,049, sika mepeBuILye
BUIIE3TafaHy Maixke B 2,5 pasm (tabm. 1). Il
0COONMBOCTI BiMOOpaXKarOThCST BIANOBITHAM YHHOM Ha
oOcsirax Ta CTyNeHi acCUMeTpil eIeMEHTapHUX TeTpaepiB,
MIPEe/ICTaBICHUX B Ta0I. 2.

Ha Bciii TemmepaTypHiii AiIsSHII cyOcomimgycHOT
OylOoBH MaKCHMaJIbHHH 00'€eM Ta BIJHOCHO HE3HAYHY
acHMeTpiro Mae eneMeHTapHuil Tetpaeap Ne 8 (tadm. 2).
Lls oOcTtaBuHa mependavae AOCHTH MPOCTI TEXHOJIOTIYHI
3aX0/AM IIOJO JIO3YBaHHS Ta 3MINIyBaHHSA BHXIJIHUX

BKITIOYAlOTh  moTpiitHy  cmomyky  Ca;CoAlyOyy —  iHTpemieHTIB mpw OTpHMaHHI MaTepianiB 3 (a3oBuM
BUKOPHCTOBYBAJIM  METOJA  PO3B'SI3aHHS ~ CHCTEMH  CKJIQJOM, 10 BIANIOBIJa€ INOMY EJIEMEHTapHOMY
TeTpaempy.
Tabauns 1 - Jlopsxunu koHoj y cuctemi CaO - Al,O; — CoO — NiO
L, Biz. ox.

e Konoza 10 1439 K sume 1439 K
1 Co0O-Ca;Al,04 0,8743 0,8743

2 Co0-Ca|,Al1405; 0,8661 0,8661

3 Co0-Ca;CoAl04 0,7202 -

4 Co0O-CaAL,0O, 0,8789 0,8789

5 Ca3CoAl4010—Ca12A114O33 0,1513 -

6 Ca3C0A14010—CaA1204 0, 1808 -

7 Ca3COAl4010-NiO 0,8300 -

8 CoO-NiALL,O4 0,8695 -

9 CoAL,04-NiALL Oy 0,4232 0,4232

10 CaA1204—C0A1204 0,3 897 -

11 CoAl,04-CaAl 04 0,3639 -

12 CoALO4-CaAl;,0y9 0,3863 0,3863

13 NiAL,O4-CaAl ;09 0,3890 0,3890

14 NiALL,O,-CaAl O, 0,4268 0,4268

15 NiALLO4-CaAL, Oy 0,4238 0,4238

16 NiO-CaAl,O,4 0,8789 0,8789

17 NiO-C812A114033 0,9171 0,9171

18 NiO-Ca;Al,06 0,9114 0,9114

19 Co0-CaAl,O, - 0,9102

Tabmuis 2 — 00’ emu enemenrapaux terpaeapis cuctemu CaO - Al,O;— CoO — NiO
Ne Enemenrapuuii Terpaenp 006’eM, %o CTyHiHL ?EHMeTpu
Bumie 1439 K

1 A1203-CaA112019-C0A1204—NiA1204 0,0143 5,29

2 CaA112019-COO-COA1204-NiA1204 0,0 195 2,47

3 CaAh2019—CaAl4O7—COO-NiAle4 0,0592 6,50

4 CaAl,07-CaAL04-CoO-NiALL Oy 0,0550 7,46

5 CaAl,04-Co0O-NiO-NiAlLOy4 0,2020 2,36
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6 CaA1204—Ca12A114O33—C00-Ni0 0,1400 7, 14
7 Ca12A114033—Ca3A1206—COO—NiO 0, 1300 7,69
8 Ca;Al,0,-Ca0-CoO-NiO 0,3800 2,63
Cyma 1,0000 -
Max 0,3800 7,69
Min 0,0143 2,36
Hmxue 1439 K
1 A1203-C3.A112019-C0Ale4—NiA1204 0,0143 5,29
2 CaA112019-C0A1204—NiA1204-CaA14O7 0,0251 3,05
3 CoAlL,04-NiAl,04-CaAl0,-CaAl, 0y 0,0233 3,28
4 CoAL,04-NiAl,04-CaAl,04-CoO 0,0853 2,08
5 NiAl,04-CaAl,04-CoO-NiO 0,2020 2,34
6 CaAl,04-Co0O-NiO-Ca;CoAl 0y 0,0850 5,53
7 Co00-NiO-Ca;CoAl;04-Ca;pAl 14033 0,0316 6,61
8 NiO-Ca3COAl4O10-C312A114O33-C3A1204 0,0235 6,28
9 Co00-Ca,Al;14033-NiO-Ca3A1,0¢ 0,1300 1,06
10 Co0-Ca3;A1,04-NiO-CaO 0,3800 1,14
Cyma 1,0000 ;
Max 0,3800 6,61
Min 0,0143 1,06

MinHimManpHHIA 00’€M Ma€ eJIeMCHTApHHU TeTpaeip
Ne 1 (tabmn.1 ), mo mMae 3HaYHY acUMETPIIO i epeadadae
BHCOKY TOYHICTh J03yBaHHS 1 3HAYHUI Yac 3MIIIyBaHHS
IHTpeNIi€HTIB MaTepiaiiB, MO CHHTE3YIOThCS. He MeHIn
BRXJMBAM €  JIOJATKOBUH  KOHTPOJIb  3a3HAYCHHX
TEXHOJIOTIYHUX ONeparliil JUIs 3HIKSHHS PU3UKY BHUTH 32
MeXi 00’e€MiB eJIeMEHTApHUX TETpaenpiB 3 BHCOKUM
crynereM acumetpii (Bumie 1439 K: Ne 3, 4 1 6, 7; Hmxde

1439 K: Ne 6 — 8) Ta cuHTe3yBaTH HEUIJIbOBI CIIOJIYKH Y
(hazoBOMYy CKJIa/Ii MaTepiais.

['eoMeTpo-TOMONOTIYHI XapaKTEePUCTHKH €JIEMEHTIB
cyOcoutigycHoi OyIOBH JI03BOJIAIOTH OLHWTH BiJHOCHY
TEPMOJMHAMIYHY CTaOIJIBHICTH CIIOJYK CHCTEMH Ta
HMOBIpHICTh TOsIBH (Da3 mpH il BUNAaIKOBHUX (DAKTOPIB,
pe3yIpTaTH pO3paxyHKiB IPEACTaBICHI B Ta0I. 3.

Tabauns 3 — ['eomerpo-Tononoriuna xapakrepuctuka (a3 cucremu CaO - Al,O; — CoO — NiO

VY CcKijbKOX 3i ckinbKOMa CymapHa miora ImoBipHiCTB
Ne Crnonyka TeTpaeapax (azamu iCHyBaHHSI, S, ICHyBaHHSI, @,
iCHy€ CIIIBICHY€ BiIH. OI. BiJH. OJ1.
Bume 1439 K
1 CaO 1 2 0,3800 0,0950
2 CoO 7 8 0,9857 0,2464
3 Al,O; 1 2 0,0143 0,0036
4 NiO 4 5 0,8520 0,2130
5 CoAlO4 2 3 0,0338 0,0084
6 NiALO,4 5 6 0,3500 0,0875
7 CaALLO4 3 4 0,3970 0,0992
8 CaAL,O; 2 3 0,1142 0,0285
9 CaAl;;0y9 3 4 0,0930 0,0232
10 CapAl14053 2 3 0,2700 0,0675
11 Ca;A1,0¢ 2 3 0,5100 0,1275
Cyma 4,000 1,000
Max 0,9857 0,2464
Min 0,0143 0,036
Huxue 1439 K

1 CaO 1 2 0,3800 0,0950
2 CoO 7 8 0,9139 0,2285
3 Al O; 1 2 0,0143 0,0036
4 NiO 6 7 0,8521 0,2130
5 CoAl 04 4 5 0,1480 0,0370
6 NiALO4 5 6 0,3500 0,0875

42

Bicnux Hayionanvnoeo mexuiunoeo ynieepcumemy «XI1I».
Cepis: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(12)°2024



ISSN 2708-5252 (Online)

7 CaALO,4 5 6 0,4191 0,1048
8 CaAl,0; 2 3 0,0483 0,0121
9 CaAl;p0y9 2 3 0,0394 0,0098
10 CapAl14053 2 3 0,1851 0,0463
11 Ca;A1,04 2 3 0,5100 0,1275
12 Ca;CoAlOy 3 4 0,1401 0,0350

Cyma 4,000 1,000

Max 0,9139 0,2285

Min 0,0143 0,0036

MaxkcumanbHa HMOBIpHICTB ICHYBaHHS HasiBHiCTD y cCKJIalaX IEMEHTHHX KOMIIO3HUIIIN

BIJI3HAYAETBCSI Y OKCHIY KOOAJbTy, SIKMW CIIBICHYE 3
yciMa crioykaMu CyOcomiycHOT 001acTi TOCIiIKyBaHOT
cucremu. Binnosigno, oxcup kobanety CoO  Moxke
BB)KATHCS HAMOUIBII TEPMOAMHAMIYHO CTIHKHM cepejn
Oynb-skuX (a30BHX KOMITO3MINH, 1 MOXKE YacTo
inenTrudikyBaruca B Marepianax cucremu CaO - ALO; -
CoO - NiO, sk akmecopHa (asza, o yTBOpWiacs B
JOKaNbHUX  MICHAX Marepialy 4epe3 BIUIMB Ha
TEXHOJIOT{I0 BHUMAAKOBUX (akTopiB. KopyHa y momioHHX
CUTyaI[isIX HAWMEHII MOXJIMBO IJeHTH(]IKYBATH, TOMY
110, Y BChOMY TeMIIepaTypHOMY iHTepBaji cyOCcoiIycHOT
Oy/I0BH, BiH € JIMIIE B OJJHOMY €JIEMEHTAPHOMY TeTpae/pi
3 MaJuM 00’€éMOM Ta Ma€ MiHIMalbHy WMOBIPHICTB
icHyBaHHs. IMoBipHicTh icHyBanHsS AlLO; y ¢a3oBux
KOMITO3MLISAX JIOCTI/DKYBaHOI CHCTEMH Ha TOPSIOK
MEHINAa, HDK Yy MOTPIHHOI  OKCHJIHOI  CIIOJNYKH
Ca;CoA40,p, a mopiBHsIHO 3 CoO mmie merma: y 63 ta 68
pa3iB y HU3BKO- Ta BUCOKOTEMIIEPATypHiil CyOCOiycHIN
OynoBi (Tabm. 3).

YUCTHX OKCHJIB € HEOaKaHUM, OCKITBKH MOXKIUBUM € X
NoJiajibllie NEPETBOPEHHSI y MpoIecax CIy:KOW, TOMY 3
TEXHOJIOTIYHOI TOYKH 30py pO3MNISLA TETpaenpiB, sKi
MICTSTB naHi (ha3u € HenonuibHUM. Cepel TeTpaepiB, sSKi
MICTSITh TEXHOJIOTIYHO 3HauyIli (a3u, HaHOUTBIINI 00’ eM
MarThb CaAluOlg - COA1204 — N1A1204 - CaAl4O7 Ta
COA1204 — N1A1204 — CaAl4O7 — CaA1204, 10 3YMOBIIIO€
pO3poOKy cremianbHHX B’SDKYYHX MarepialliB came Ha
OCHOBI CIIOJTyK OOpaHHX TeTpaeapiB.

Takox BIIA3HAYMMO, IO KaJbIIi-KOOAJbTOBUN
ANIOMIHAT Mae JayXe 3Ha4yHy KHMOBIPHICTh I1CHYBaHHS,
TOMY 1O BIiH TpPHUCYTHIH y TpbOX eJIEMEHTAPHUX
TeTpaenpax 3 MaluM CyMapHHUM 00’eMoM. BBaxkaeTbcst
JIOUUIBHAM  OIIIHUTH TEMIIepaTrypy MOJKIJINBOI TIOSBH
po3IuIaBy — 4epe3  YTBOPEHHS  €BTEKTHK y  IHUX
CJIEMEHTApHUX  TeTpaeapax. Po3paxoBaHi 3HAYeHHS
TEMIIEpaTyp Ta CKJIQJAN €BTEKTHK IIPEACTaBIIeH] B Ta0. 4.

Tabnuus 4 - XapakTePUCTHKH eBTEKTHIHUX TOYOK y cuctemi CaO - Al,O;— CoO — NiO.

CxJ1ag eBTeKTHUKH, MOI.%
No Iepepis Tenr, K X, X, X, X,
1 Co0-NiO-Ca;CoAl;044-CaAl, 04 1367 38,49 42,33 11,74 7,43
2 COO-NiO—Ca3COAl4010-C312A114033 1387 40,17 44,12 15,71 -
3 NiO—Ca3C0Al4OIO—Ca12A114033— CaA1204 1450 49,86 37,22 0,03 12,88

PesynbpraTi po3paxyHKIB XapaKTEPUCTHK EBTEKTHK
(Tabmn. 4) MoKa3yroTh, 110 cepeJl aHATI30BaHUX TETpacapiB
MiHIMambHa ~ Temmeparypa  eBTektuku (1367  K)
BII3BHAYAETHCI MDK OKCHIAMH KOOAIbTy, HIKEIIo,
KaJIbI[1I-K00OAIETOBAM AJIFOMIHATOM Ta MOHOQJIFOMIHATOM
KambIfifo. Temmeparypa 1mi€i eBTekTnkn jmme Ha 163 K
HIDKYe 3a Temmeparypy poskmamganas Ca;CoApOpy i
MOKHAa TPOTHO3YBAaTH BY3bKHI i1HTEpBAJN CIIKaHHI
MaTepiayiB y Iiii obmacti. Y ckiami 1€l SBTCKTHKH B
MaKCHMaJbHIN KimbKkocTi MicTuThess CoO, MiHIMATbHUN —
CaAl,04. B enementapHomy tetpacnpi Ne 3 (tabn. 4)

peanizoBaHa Juisi CHHTE3y rerepodazHUX MaTepiaiiB 3
BucokuM BMicToM CazCoA4Oy.

BucnoBku. TakuMm 4YMHOM, NPOBEJCHUH aHAII3 Ta
BUKOHAHWH  KOMIUIEKC  JIOCHiKEHb  CyOCOJiTycHOT
oynoBu cucremun CaO - AlLO; - CoO — NiO nHamae
TEXHOJIOTAaM BaXJIMBI (PYHZAMEHTAIbHI BIZOMOCTI TIPO
(a3oBi piBHOBArM, M0 JO3BOJIAIOTH MPOTHO3YBAaTH pPi3HI
TEePMOANHAMIYHO CTaOlIbHI KOMOIHAIIIT CITONTYK, KePYBaTH
IpoLecaMu CHHTE3y Ta (hopMyBaTH 3aJaHMil KOMIUIEKC
BJIACTMBOCTEH y MaTepiajax 3a3HauyeHoi cucremMu. Ha
mijicTaBi OTPUMaHUX pe3yJbTaTiB PO3IISIHyTa
MOXIIUBICTh CHHTE3y MaTepialiB, sSIKi MalOTh HNpPaKTHYHE

IHTepBaI  CIIKaHHS I[I¢ BYXYHH, TAaKHM YHHOM, 3aCTOCYBaHHS B pI3HHX Taly3iX IIPOMHUCIIOBOCTI:
TeMIeparypa TIOSBA  CBTCKTHYHOTO PO3IUIABY Ta  BUPOOHHUIITBO BallHA; BaIHIHUX B'SXKYYHX; KOPYHIOBHX
temrniepatypa posknananas Ca;CoApOjg BIIPI3HAIOTECS — aOpa3HBHUX Mmarepianax Ta BOTHETPHBAX;
mmme Ha 80 K. Kpim TOro, y ckiami eBTEKTHKH  BHCOKOTEMIIEPATypHHX  Karami3aTopax; KepaMmiKkm 3
HeBenmukuid  BMicT (Bchoro 0,03 wmom%) Kampmii- — OCOOMMBHMH  €JICKTPOMATHITHUMH  BJIIACTHBOCTSIMH.
KOOQJIBTOBOTO aJIOMIHATy 1 1 ocoOmuBicTh Moke Oyt  OTpumani pe3yabTatu JIOCITIKEHb MOXYTb

BHKOPHUCTOBYBATHCS TUTS BHpIIICHHIM HU3KH
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0. €. IIOJIFIK, B. M. 'YHbBKA

BJACTHUBOCTI BITYMY, MOJUPIKOBAHOI'O A/ITE3IMHUMUA JIOGABKAMHY HA OCHOBI
BITHOBJIIOBAHOI CHPOBUHHA

OCHOBHUMH XapaKTEPUCTHKAMH SKOCTI JOPOXKHIX HaTOBMX OITYMiB €: aaresidiHi BJIACTHBOCTI, IO BHU3HAYAIOTh 3YEIUICHHS B'SDKYYHX i3
MiHepaJIbHIMH MaTepiajlaMy; PEOJIOTiUHI BIACTHBOCTI, 110 00YMOBIIIOIOTH TEXHOJIOTIUHI Ta eKCIUTyaTaliiHi napamMeTpH; (i3uKo-XiMiuHi BIACTUBOCTI,
110 BH3HAYAIOTh CTIMKICTh IO BIUIMBY MOTOAHO-KIIMATHYHHX 1 €KCIUTyaTAl[iHHUX YWHHHKIB BIPOJOBX TEPMiHY CIy)OU (CTIHKICTH 1O CTapiHHA).
Birym sBisS€TBCS OCHOBHHUM B’SDKYyYMM MatepiajioM acaibTOOETOHHHX HOKPUTTIB, TOMY CaM€ BIACTHBOCTI OiTyMy BH3HAYalOTh IOKa3HUKU
ac(aiapTo0eTOHIB. 3YCIUIIOBAHICTh OiTyMy 3 MiHEpaJbHHM MarepiajioM, TaKMM SK IeOiHb a0 CKJIO, € OJHHUM 3 TOJIOBHHUX IOKa3HHUKIB MPHU
MPOEKTYBaHHI Ta OyAIBHULTBI aBTOMOOUIFHUX AOpIr. JlaHuii MOKa3HUK BH3HAYA€ MILHICTh Ta TPUBAIICTh EKCIUTyaTallii JOPOXKHBOTr0 MOKpUTTS. Toxi
SIK BIZICYTHICTD 34EIUIFOBAHOCTI MOJKE IPH3BECTH JJO 3HAUHOT'O MOIIKOKEHHS achanbTo0eToHy. OCKUIBKH OLIBIIICT JUCTHIALIHHNX Ta OKUCHEHUX
OiTyMiB BOJIOAIIOTh HU3BKHMH aAre3iHMMHU BJIACTHBOCTSAMH, TO HEOOXIIHMM € BBEJICHHS J0 HUX aJre3iiiHnx mobaBok. HaiiGinbin mommpeHum
METOZOM MOKPALICHHS 3YCIUTIOBAHOCTI OITYMHHX B’SDKYYHX i3 KaM’SHHMH MarepiajlaMi, LIO0 MICTSAThCS B CKiIafi ac(anbToOCTOHHHX CyMilleH, €
BUKOPHCTAHHS a/ire€3iHNX JOMIIIOK (ITOBEPXHEBO-aKTUBHUX peuoBuH — [TAP): KaTiOHHMX, aHIOHHUX Ta HEIOHOT€HHUX.

IIpoGiiema oJepkaHHS BHCOKOSIKICHHX JIOPOXKHIX OITYMiB € JOCHTH TOCTpOI. 3’SIBISIETHCS BCE OiNIbIIE JOCIIKEHb, HANMPSIMIICHHX Ha
BUTOTOBJICHHSI ac(anbTOOCTOHHUX IMOKPUTTIB i3 aJbTEpPHATHBHHUX IOHOBIIOBaHUX OiopecypciB. Came ToMy, B HdaHiii po0OTi, 3ampOIOHOBAHO
moaudikyBatu B’sokydi [TAP pocnunHoro moxomkenss. [ani [TAP onepskani MeTooM aminyBaHHs pinakoBoi oiii. Taki g00aBKH € BUTiITHUMH 3
TOYKH 30py BHPOOHHIITBA, JOCTYIIHHMH, €KOJIOTI9HO O€3NEeYHHMH i BUTOTOBISIIOTHECS 3 BiTHOBIIOBAHOI CHPOBUHH, SKa B JOCTATHIH KiBKOCTI
BUpoIIyeThest B Ykpaini. Onepikanumu no6aBkamu Oyio mpoBeneHO MoauGikyBaHHS OiTyMy Ta BH3HAUYCHHsS HOr0 34CIUTIOBAHOCTI 3 MOBEPXHIMH
meOHIOo Ta CKIa.

KurrouoBi ci1oBa: 1opoxHiii 6iTyM; 34eIUIIOBaHICTh, aAre3iiiHi BIacTHBOCTI, pimakoa oiist, [IAP, amiHu.

O. Ye. POLIAK, V. M. GUNKA

PROPERTIES OF BITUMEN MODIFIED WITH ADHESIVE ADDITIVES BASED ON RENEWABLE
RAW MATERIALS

The main quality characteristics of road petroleum bitumen are: adhesive properties that determine the adhesion of binders to mineral materials;
rheological properties that determine technological and operational parameters; physical and chemical properties that determine resistance to weather,
climate and operational factors during the service life (aging resistance). Bitumen is the main binder of asphalt pavements, so it is the properties of
bitumen that determine the performance of asphalt concrete. The adhesion of bitumen to mineral material, such as crushed stone or glass, is one of the
main indicators in the design and construction of roads. This indicator determines the strength and service life of the road surface. Whereas a lack of
cohesion can lead to significant damage to asphalt concrete. Since most distillation and oxidised bitumen have low adhesive properties, it is necessary
to introduce adhesive additives to them. The most common method of improving the adhesion of bitumen binders to stone materials contained in
asphalt mixtures is the use of adhesive additives (surfactants): cationic, anionic and non-ionic.

The problem of producing high-quality road bitumen is quite acute. There is an increasing number of studies aimed at the production of asphalt
pavements from alternative renewable bioresources. That is why, in this paper, it is proposed to modify binding surfactants of plant origin. These
surfactants are obtained by amidation of rapeseed oil. Such additives are profitable in terms of production, affordable, environmentally friendly and
made from renewable raw materials, which are grown in sufficient quantities in Ukraine. The resulting additives were used to modify the bitumen and
determine its adhesion to the surfaces of crushed stone and glass.

Keywords: road bitumen; adhesion, adhesive properties, rapeseed oil, surfactants, amines.

Berym. Ta BHOOIH, a TakoX BHKPHUIIyBaHHS IIeOHIO 3
3 OpTaHIYHUX B SDKYUIHX HalOUIBIIOTO  JJOPO’KHBOTO IMOJOTHA. BijoMo, 1110 Bojia Ma€ MOKIIMBICTh
3aCTOCYBaHHS B JOPOXKHbOMY OYHIBHHUITBI 3HAWHILIM  MNPOHMKATH Kpi3h OITyMHY IUIIBKY HaBiTh NPU ITOBHOMY
HadToBI GiTymu. AcdanbrodeToHHE MOKPUTTSI  TOKPHUTTI MEOHIO B SHKYYHMM, HAPHUKIAI B MICIIX 3HOCY

CKJIQJIAETHCS 3 JIBOX KIIOYOBHX KOMIIOHEHTIB: OiTyMy Ta
3alIOBHIOBAYIB, TaKWX SK meOiHb. BiTyM BHKOHY€E pOJb
3B’3yI0Y0i  PEUYOBHMHH, IO  CKPIIUIIOE  YACTHHKH
MiHepaJIbHUX Marepiaiis, YTBOPIOIOYH MilHe
acaapToOCTOHHE TIOKPUTTS, 3a PAaxyHOK CTBOPEHHS
JIOCTaTHBOI ~ BHYTPIIIHBOI  Kore3ii. 3aBOSKH  CBOIi
HENOJISIPHIT MIPUPO, oiTym Ma€ BHCOKI
BOJIOBIAIITOBXYBaIbHI BIACTHBOCTi. Bimomo, 1mo mis
BHPOOHHIITBA SKiCHOTO OiTyMy HaWKpamie MiIX0IuTh
HusbKkomnapadinucra Hadra. OnHak, dyepes i1 oOMexeHy
JIOCTYIHICTh, BUKOPUCTOBYIOTh Maiike Oy/b-siki HadTOBI
3aJIMIIKH, 10 MPU3BOIUTH JI0 3HWKEHHS SIKOCTI OiTyMYy 1,
BiIIOBiTHO, ac(haTbTOOETOHHOTO OKPHUTTSI.

Haii6inpil  pO3MOBCIO/DKEHUM €  pyWHYBaHHs
JIOPO’KHBOTO MOKPHTTSI i Ti€0 BOJH, 3 YTBOPEHHSM M

TOHKHX OITYMHHX IUTIBOK TOCTPUMU KPOMKAaMH KaMEHIO.
Ac¢anbpTo0eTOH 3arajioM € MaTepiajJoM 3 BUCOKUMH
BOJIOHETNPOHMKHAMHK BJIACTHBOCTSIMH, alie BOJIOTa BCE XK
MOJKe TMPOHUKATH B WOTO MOpHW KimbKoMma nuraxamu. Lle
MOXeE BIiIOyBaTucsl 4epe3 MPOCOUYBAHHS MOBEPXHEBUX
BOJ, MiAHOM BOJIOTH 3 JOPOXXHBOI OCHOBH IIiJ[ MII€I0
KamIIpHUX CHJI, @ TAKOXK Yepe3 MPOHUKHEHHS BOJSHOI
napu 3 arMocgepH, 10 MOXKe KOHJCHCYBAaTHCS B IOpax
acanbrobeToHy. Kpim TOro, depes THCK BiJ KOJiC
TPaHCIIOPTHUX 3ac00iB BOJIA BTHUCKAETHCS B TMOBEPXHIO
JIOPOTH  TIepell KOJIeCOM, IO KOTUThCS, a TMOTIM
BUILNTOBXY€EThCS Mo03any koneca. Lle ctBoproe edekr
nepeKadyBaHHsS BOJM B IIapax JOPOXKHBOTO MOKPHUTTS,
0 CHpHUs€ MPUCKOPEHHIO 3HOCY acdaabToOETOHY i

Bicnux Hayionanenozo mexuiunozo ynisepcumemy « XI1I».
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BHHUKHCHHIO IIOIODKOMXCHb, TaKUX K BI/I60.1.HI/I Ta
TpimuaH [1-3].

OpauM 3 MMOKA3HUKIB, fKI
BH3HAYAIOTh SKICTh achaibTOOCTOHIB B mpomeci ix

eKCIUTyaTalil € 34YeIrUIIoBaHICTh OITyMiB 3 ITOBEPXHIMHU

HalBaKJIMBIIIAX

MiHepaJIbHUX MarepianiB. AnresiiHi 100aBKM 3HAYHO
MOKPAIIyIOTh ~ 3UYCIUIEHHS  OiTyMy 3  IOBEpXHEIO
MiHEpaJbHUX MarepiaiiB, MO0 CYTTEBO MiJIBUILYE
JIOBTOTPUBANY  BOJOCTIMKICT 1 MOpPO3OCTIHKICTh

acdampToOeTOHHNX TOKPHUTTIB. lle 3abe3meuye OimbITY
CTIMKICTD JOPOXKHIX MOKPUTTIB IO BIUIUBY BOJIOTH i
HU3BKUX TEMIlepaTyp, W0 J0IoMara€ 3HU3UTUH PHU3HK
YTBOPEHHSI MOMIKO/DKCHb Ta TPOAOBXUTH TEpMIiH IX
excruryararii [4-5].

Cporo/iHi HalOIIBIIOrO 3aCTOCYBaHHS, SIK aare3iiHi
N00aBKM, 3HAWIUIM MOBEPXHEBO-aKTHBHI  PEYOBUHHU
(ITAP), mo [I03BONSIOTH MiABHIIUTHA BOIOCTIMKICTH Ta
iHIII ~ BIACTMBOCTI  ac(aiapTOOETOHIB 32  paxyHOK
HIBUILICHHS 34ETUICHHS IUTBKU 0iTyMy 3 MiHEpalbHHUMH

Po3pi3usaioTh  KaTiOHHI, aHIOHHI Ta
[MTAP. Opuak, sk azaresifini mK00aBKH
BUKOPHCTOBYIOTh CaMe€ KaTiOHHI TOBEPXHEBO-aKTHBHI
PEYOBHHH. Monekynu B TaKUX nobaBKax
KOHIIEHTPYIOTBCS Ha TOBEPXHI po3alTy OiTyM/mIeOiHb.
[Ipr pOMY MO3WUTHBHO 3apsKeHi rpynH (TigpodimsHa
YacTHHA) NOBEPXHEBO-aKTUBHUX OOABOK MPHETHYIOTHCS

Marepiatam.
HEIOHOTCHHI

JO HEraTHMBHO-3aps/DKEHWX YacTUH Ha  TOBEpPXHI
KaM’ssHUX MarepianiB, a Trigpo¢oOHI BYIJIEBOJHEBI
YaCTHHHU 3aKkpiUBIoThes y Oitymi. Omke, axresiiiai

JN00aBKH NPAIIOIOTh SIK 3B’3yI0Ya JIAHKA MK B SDKYYHM
Ta TIOBEPXHCK KaM’SHOTO Marepiamy, TakKuM YHHOM,
CTBOPIOIOYH OIIip 110 Hii BOJM.

R,/\/\/\/\H/\NHZ
rizpopoOHa yacTHHA
Puc. 1 XimivyHa cTpyKTypa aare3iiiHnx 100aBOK

Bimomo, mo no karioHoaktuBHuX (ITAP) Hanexartsb
TPyl TIEpBUHHUX, BTOPHMHHHX Ta TPETHMHHHUX aMiHIB
(mampukaz coii amidaTHIHUX Ta aApOMATHIHUX aMiHiB),
YOTHPHU3aMIILIEHOT0 aMOHIil0, L0 MICTHTh a30TOBMICHY

rizpodinsHa yactiaa (NH,)

TpyIly, @ TAKOX J[iaMiHH, NOJiaMiHM, iMiI030JIIHY Ta 1HIII
[6-7].

Merta podoTu

Bcranosnenus BIUIMBY aI[l"e3iI7[HPIX z[06a1301< Ha
OCHOBI Bi,HHOBJ'IIOBaIILHO.I. CUPOBHHU Ha 3YEILIIOBaHICTh

oitymy wmapku BHJ[ 70/100 3  wmiHepampHUMH
MarepiazamH.
MeTtoauka 10CTiTKeHHS
Hns  mocmimkens Oynmo  oOpaHO — OKHCHEHHH

nopoxHii HapToBmit Oitym wmapkm BHJI  70/100
BupoOuuirtea [IAT «YkpratHadra» (M. Kpemenuyk) Ta
nobaeku tuny ITAP, mo oxepxani Ha Kadempi XiMidHOT
TexHoorii nepepoOku HadTH Ta razy HaiioHanbpHOTO

yHiBepcuTeTy  «JIbBIBCbKa  TONITEXHIKa»  METOIIOM
aminyBaHHS «cupoi» pinakoBoi omii. Taki mobGaBku €
€KOHOMIYHO BUTIJIHUMHM JUIS BUPOOHHWITBA, JOCTYITHUMHU
3a IIHOI0, €KOJIOTTYHO OE3MEeYHMMH 1 BUTOTOBIISIOTHCS 3
BiJTHOBJIFOBAHOI CHPOBUHH, SIKy B JOCTAaTHIH KiTbKOCTI
BUPOLIYIOTh B YKpaiHi. Lle poOuTh iXx npuBabIMBUMHU HE
JTUIIE 3 TOYKH 30pY TMOJNIMIICHHS SKOCTI JOPOXKHIX
TIOKPUTTIB, ajJie¢ W 3 MO3UIIil eKOJOTIYHOI Ta EKOHOMIYHOI
JIOTUTBHOCTI [8-9].

MonudikyBanHs 6iTyMy oAep KaHUMH aATe3iHHIMA
no0aBKaMH TPOBOMIN Ha JaOOpaTOpHIA YCTaHOBII
(puc.1) 3a 150 °C, BopomoBx 30 XB.

NI,

Puc.2 JlaGopatopHa ycraHoBKa Is MOAN(DIKYBaHHS
Oitymy: 1 — emuicTh 31 3pazkom; 2 — 3MilnyBay; 3
TEPMOMETP; 5 —€JIEKTPOILIIUTA

B pesynbraTi cepii MomudiKyBaHb OJEpKaHO TpU
nmobasku Al, A2, A3 3 Bmictom momiaminy 40, 20 Ta
10 % mac., BiAMOBIAHO.

®i3uKo-MexaHIuHI IOKa3HWKH BHXIJHOTO OiTyMy
HaBeJeHo B Talu. 1.

Tabmums 1 — [Toka3HUKH JOPOKHBOTO HAPTOBOTO OITYMy
mapku BH/T 70/100

Ol
[Toxaznuk A 3Ha4yeHHS
BUMIPIOBaHHS
I'mubuHa TPOHUKHOCTI TOJNKH
(meHeTparis) 3a TeMIepaTypu 0,1 mm 78
25°C
TemnepaTypa po3m’KIIEHHs °C 47,8
34erIIoBaHICTh 3 HOBEPXHEIO .
Oamni 3

eOHI0
34enIoBaHICTh 3 MOBEPXHEIO

P % 26,1
CKIIa

Hocnimkennit BuxigHuii tTa MoaudikoBaHi OiTyMH
aHaJIi3yBaJM BiAMOBITHO J0 CTAHIAPTH30BAHUX METOJIUK
HOPMaTHBHHUX JIOKYMEHTIB, a came:

- meHeTparis 3a remneparypu 25 °C [10];

- TemnepaTypa po3M’sKiieHHs [11];

- 3UCIUTIOBAHICTH 3 MOBEpXHEI0 ckia [12];

- 3UCIUTIOBAHICTH 3 MOBEepXHEto mebHro [13];

- TyKTHIBHICTB 3a TeMmepaTypu 25 °C [14].
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Pe3yabTaTu A0CTiTKEHD

Ha puc. 3 300paxkeHO CKJISIHI IUTAaCTHHH 3 0iTyMOM
Ta O0iTyMOM, MOAM(]IKOBAaHUM aare3iifHor nodaBkoro Al
micins BumpoOyBaHb. Sk BumHO 3 pHc. 3 Ta Tabm.2
ONTUMAITFHUH BMIcT mo0OaBku ctaHOBUTH 0,4 % Mac., mpu
HBOMY 3YEIUTIOBAHICTh 3 IIOBEPXHEI0 CKJIA CTAaHOBUTH
95,1 %. 3rigHO 3 HOpMAaTHBHMMH OaHMMHU [15] agresis
MOBHMHHA CTAHOBUTHU HE MeHIe 75 %. Biau3skuM 10 LbOTo
€ 3HAYCHHS 34erunoBaHocTi 3 BMictoM Al — 0,2 % mac., a
came 74,3 %.

L

by
[ ¥

0 0,05 0,2 0,4 0,6
Bwict ITAP, % mac.

Puc. 3 Cxiani iactuay 3 6iTyMOM, MogudikoBanuM Al

TiCIIA BUIPOOYBaHb

B

Tabmuns 2 — 3HaueHHS 3YEIUTIOBAHOCTI 3 IOBEPXHEIO
CKJIa 3a pizHoro Bmicty ITAP

Bwict [TIAP, % mac. 0 0,05 0,2 0,4 0,6

3ueroBaHicTh, %  |26,1| 47,4 74,3 95,1 96,9

Ha puc. 4 nomaHo 34YEIUIIOBAHOCTI 3 HOBEPXHSIMH
ckia B 3alexHocti Big BMmicty [IAP y Oirywmi.
Haiixpamuii Hoka3HHUK 3YETIIIOBAHOCTI MPOSIBIISiE TOOaBKa
Al, Bmict momiamiHy B fAKkii ctaHoBuTh 40 % Mac.
Bognouac noGaBka A2 (Bmict momiaminy 20 % wmac.)
MMOKa3ye He MEHII Xopoili pe3yibraTd. [Ipm momaBaHHI
nob6aBku y kimekocTi 0,4 % Mac. BiICOTOK 34ETTIOBAaHOCTI
O0iTyMHOI TUTIBKM 3 CKISHHUMH IUTACTHHAMH CKJIaJa€e
85,1 %, mo Bignmosimae BuMoraMm BcraHoBieHuM COY
45.2-00018112-067:2011 [15].

Takok MoOXHa 3pOOMTH BHCHOBOK IIPO BHCOKY
epexTuBHicTh n00aBkM Al, amke 3a 1 BMicTy Yy
B’spKydoMy Beworo 0,05 % mac. aaresis 3poctae 3 26,1 no
47,4 %.

34eIUTIOBaHICTh 31 IMeOHEeM 300paXeHO Ha puc. 5,
3TIOHO 3 SKUM BiIMIHHY aAre3ito M0 IIeOHI0 IPOSBISE
Oitym, MomudikoBaHuii BciMa Tproma mobOaBkamu (Al,
A2 1 A3) npm Bwmicti B HhoMy IIAP 0,6 % wmac.
OntuMajabHUMH JJIsl BUKOPUCTaHHSI Y MOAM(IKYyBaHHI €
nobaBku Al Ta A2, siki 3a0€3MEeUyIOTh 3YETUTIOBAHICTh 3i
mebHeM y 5 GaniB, 3a BMicTy nobasku 0,4 % mac.

3a pesyiapraTamu  aare3ii 3 MiHEpPaJbHUMHU
MaTepialaMd BBa)KAEMO ONTHUMAJbHUM BMICT H00aBKH y
B’sokydyomy 0,4 % wmac. OcHOBHI (i3nKo-MexaHi4HI
MIOKAa3HUKH OiTyMy Ta OiTyMy MOJM(IKOBAaHOTO MOJAHO Y
Tabn. 3. Buxonsuum 3 JaHUX HABEINCHUX Yy I TaOIHUIl

po3M’siKiieHOCTi. BojHoYac, 3MEHIIECHHS JIYKTHILHOCTI
IpU JI0JIaBaHHI J100aBOK MOe OyTH HaciiIKOM 3MiH Y
CTPYKTYpi 0iTyMy ab0 HOro PEoJOTiYyHHMX BIACTUBOCTSX,
110 ITPU3BOIUTH JI0 3MEHIIEHHS HOT0 THYYKOCTI.

Tabmuust 3 — Pi3uKo-MexaHIuHI ITOKa3HUKH BHUX1JIHOTO
OiTymy Ta OiTymy, MmogudikoBanoro [TAP

o - N o
RN
szl 8|88
m - — —
ITokazauk © S S S
=35 2|5
w0}
RE|Z | = |2
K BB | A
I'mubuHa npoHUKHOCTI
rosku (MeHeTpaitis) 3a 78 93 92 89
temneparypu 25 °C, 0,1 mm
Tewmepatypa 47,8 | 44,0 | 46,4 | 46,6
po3m’sikiieHHs, °C
AykTiibHicts 3a >150 | 132 | 139 | 141
temneparypu 25 °C, cm

100,0
100 5
986
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90
%
80
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[-¥]
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IIAP, % mac.

Puc. 4 3uerunioBaHicTh 3 MOBEPXHEIO CKJIA B 3aJIEKHOCTI
Bix BmicTy [TAP

CPXHEIO
P
o )

woLn

KA LA LTS LSS SIS

|
PSS IS
R
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T N A

P P T
I
A SIS

I
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SUETIIOBAHICTL 3 TTOBI

Al A2
" Be3 nobagxu 0,2 % mac. IIAP

.

=0,4% mac. [TAP = 0,6 % mac. [IAP

Puc. 5 3uemmoBanicts 3
3aiexHocTi Bij BMicTy [TAP

MOBCPXHCHO IIIG6H}O B

0aunmMo, [0 JdaHi anresiHi M00AaBKM MPAKTUIHO HE Takox, Bapro  BiN3HAYWTH, IO  3HAYCHH
BIUIUBAIOTH Ha HeHeTpaL[iIO Ta TeMIeparypy 3YCIUIIOBAHOCTI 3  IOBEPXHEIO H.IC6H}0 HE 3aBXIHU
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CHIBBIAHOCATHECS 13 3HAYEHHSIMH 34YEIUIFOBAHOCTI 13
MIOBEPXHEIO CKJIa uepe3 pi3Hi (Pi3uKo-XiMi4YHI BJIaCTHBOCTI
OUX MaTepiajiB (HaNpUKIaJ TOBEpXHEBAa CTPYKTYpa,
XIMIYHUH CKJ1a]] Ta rifpooOHICTh TTOBEPXHi).

OneprkaHi 100aBKH MO 3HAYCHHS iX 3YCIUTFOBAHOCTI
3 MiHEpaJbHAMHU MaTepiallaMy BiIMOBIIAIOThH aare3iHHUM
nobaskam Ha ocHOBI I[TAP 3rigao JICTY 9187:2022 [16].

BucHoBku
[IpoBeneno Moau(iKyBaHHS Ha(pTOBOTO
JOPOXHBOTO  OKHCHeHoro  Oitymy BHJI  70/100

aares3iitanMu mo6aBkaMu aminHoro Ty (Al, A2 ta A3,
3 BmictoM momiaminy 40, 20 Ta 10 % BianoBigHO)
oJlep)KaHMMH Ha OCHOBI BIIHOBJIIOBaHOI CHPOBHHH, a
came pimakoBoi oJIii.

Ha OCHOBI EKCIIEpUMEHTAIbHUX JTaHUX
BCTaHOBJICHO, 1[0 ONTUMAJILHUI BMICT KOXKHOT 3 T0OABOK
3a MOKA3HUKOM 3YEIlIIOBAHOCTI 31 1ieOHeM cTaHoBUTE 0,4
%. Anresis Al, A2 ta A3 craHoBuTh 5; 5; 4,5 OaniB
BIAIIOBIAHO 1 Il 3HAYEHHS BIANOBIZAIOTH BHUMOTraM [0
0iTymMy, MOIH()IKOBAHOTO aare3iitHIMU T00aBKaMu.

ITpu BmicTi y B soxydomy 0,4 % Mac. 3UeTTIOBaHICTb
0ITyMHOI TUTIBKH 3 ITOBEPXHEIO CKia 100aBku Al ckirangae
- 95,1 %, A2 — 85,1 %. Jlo6aBka Al 3a BMicTy y OiTym™mi y
KinmpkocTi Besoro 0,05 % mac. mokpamtye aaresiro 3 26,1
no 47,4 %. lle cBiguuth npo ii BHCOKY e(EeKTHBHICTh
HABITh 32 HE3HAYHOTO BMICTY Y B’SDKy4OMY.
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PENUKJIIHI' IMOBYTOBHUX TA IPOMHCJIOBUX CTIYHUX BOJ 3 BHUKOPHUCTAHHAM
TEXHOJIOI'II BEPMI®IIIBTPALII

OpHi€o 3 HaiOIIBI MacIITAOHUX NPOOJIEM CydacHOCTI € Ae(dilMT MpiCHOI BOIM, IO HApOCTae. 3a JAaHMMHU BcecBiTHBOI OpraHizaiii 0XOpoHH
3[00pOB’ 10 CepeIvHH 21 CTONITTS MOJIOBHHA JKUTENIB IUIAHETH BiJUyBaTHME TIOCTpy HecTady mpicHoi Bogu. OIHOYACHO 3i 3pOCTAalOUUM
CHOKMBAHHIM YHCTOI BOJM 3pOCTAa€ 1 00CAT CTIYHUX BOJI KOMYHAJIbHHX, CUIBCHKOTOCIIOAAPCHKUX 1 MPOMUCIOBUX MianpueMcts. [Ipu npomy obcsru
BOJH, IO HIOPIYHO BUKOPUCTOBYIOTHCS, OLNBIL, HIXK Ha MOPSIOK MEPEBHILIYIOTh OOCSTH CTIYHHX BOJ, L0 OYMIIAIOTHCSA. HeouwmieHi cTiuHi Bogu
XapaKTepU3YIOThCSI BHCOKHM BMICTOM OPraHIYHUX JOMIIIOK Ta XBOPOOOTBOPHUX MIiKPOOPTaHi3MiB, 3aTHHX BHUKJIMKATH 3aXBOPIOBAHHS, HeOES3MeUHi
JUISL JKUTTS JTIOAMHK. Y 3B 13Ky 3 BUKJIAJCHMM HAJ3BHYalHO BaXKIMBHM 3aBJAaHHAM € 3a0e3eYeHHS e(EeKTHBHOIO OYMILNEHHS CTiYHHX BOJ BiJ
3a0pyZHEHD 3 MOAANBIINM PEIUKIIHIOM OYHUIIEHUX CTOKIB — MOBTOPHHUM iX BUKOPHUCTaHHSM JUIS IHIIMX Lieil: B 00OPOTHIi CHCTEMI POMHCIOBHX
IINPUEMCTB, CHCTEMaX CLIbCHKOTOCIIONAPCHKOrO Ta JAaHAMA(THOrO 3pOIICHHA. 3 NBOr0 IOITIIAY BENHKUH IHTEpec BHKIMKAE IIPOLEC
BepMi(inbTpanii — OYMIIEHHs CTIYHHX BOJ 3 BHKOPUCTAHHSAM IOLIOBHX 4epB’sikiB. TeXHOJOTIs 3aCHOBaHA Ha 3[aTHOCTI YEPB’SKIB MPALIOBATH, K
«6iopineTpu». UepB’aku MOINIMHAIOTH OPTaHiyHi Ta HEOPraHiYHI MONIOTAHTH 31 CTIYHUX BOJ, HEPETPABIIOIOTH IX 1 BUAUIIOTH Y BHUIUISAII CBOIX
EKCKpPEMEHTIB (KOIIPOJITiB) y HABKOIHMIIHE cepenoBuie. [Ipu Takiil nepepoOii BinOyBaeThesl OUMIICHHS, Ne3iH(EeKNis, AeTOKCHKAIis CTIYHUX BOT;
OYHIIIEHI CTOKH MPHIATHI TSl TIOBTOPHOTO BUKOPUCTaHHA. Takoxk BiIOyBaeThes TpaHC(OopMallisi OpraHiyHUX Ta HEOPraHiYHUX KOMITOHEHTIB CTIYHHX
BOJl Y BEPMUKOMIIOCT, 1[0 Ma€ BJIACTHBOCTI OpraHO-MiHEPaJbHOTO 100pHBa, Ta OGioMacy IOIIOBUX YEpPB’SKiB, sIKA MOXE CIY)KUTH CHPOBHHOIO IS
KOPMOBOI Ta (hapManeBTUYHOI IPOMHCIIOBOCTI.
KumiouoBi ciioBa: cTivuHi Boau; 610TEXHOJIOTIS; OUHIIICHHS; BepMi(hinbTpais; JOUIOBI YepB’sIKH; BEPMUKOMITOCT

M. G. ZINCHENKO, N. O. BUKATENKO, Y. T. MISYK

RECYCLING OF DOMESTIC AND INDUSTRIAL WASTEWATER USING VERMIFILTRATION
TECHNOLOGY

One of the biggest problems of our time is the growing shortage of fresh water. According to the World Health Organization, by the middle of the
21st century, half of the planet's inhabitants will experience an acute shortage of fresh water. Simultaneously with the growing consumption of clean
water, the annual volume of wastewater from municipal, agricultural and industrial enterprises also increases. At the same time, the volume of water
used annually is more than an order of magnitude higher than the volume of treated wastewater. Untreated wastewater is characterized by a high
content of organic impurities and pathogenic microorganisms capable of causing diseases that are dangerous for human life. In connection with the
outlined extremely urgent task is to ensure effective purification of wastewater from pollution with subsequent recycling of purified effluents - their
reuse for other purposes: in the circulating system of industrial enterprises, agricultural and landscape irrigation systems. From this point of view, the
process of vermifiltration - wastewater treatment using earthworms - is of great interest. The technology is based on the ability of worms to work as
"biofilters". Worms absorb organic and inorganic pollutants from wastewater, digest them and release them in the form of their excrement (coprolites)
into the environment. With such processing, wastewater is cleaned, disinfected, and detoxified; treated effluents are suitable for reuse. There is also a
transformation of organic and inorganic components into organo-mineral fertilizer - vermicompost and biomass of earthworms, which can serve as
raw materials for the fodder and pharmaceutical industry.
Key words: wastewater; biotechnology; purification; vermifiltration; earthworms; vermicompost

Beryn. lopiuHa BuTpara BoAu Ha 3eMHIN KyJIi 3a
BCiMa BHAAMH BOJoNoOcTadyaHHs cTtaHoBUTH 3300-3500
kM3, ipuuomMy 6au3bko 70% BHKOpHCTaHOT BO/IM iijie B
CUCTEMY KaHali3alii y BUIJSI CTOKIB. HeouwmmeHi
CTIYHI BOJY MPEICTABIAIOTEH NIOOANTBHY MpoOIeMy JIs
BOJHUX pecypciB Ta 3mopoB’s jrojaed. Came Tomy
po3poOKa Ta 3acTOCYBaHHS CYYacHHX TEXHOJOTiH
MepepoOKU CTIYHUX BOJ € HEBiJ €MHOI YaCTHHOIO
CTaJIOTO0 PO3BHUTKY CYCHiJIbCTBA. BakinMBUM eramom y
mepepoOIi  CTIYHMX BOA €  IXHE  TOJaJbIIe
BuUKOpHcTaHHs. QOUHIIEeHI CTOKH MOXXHA 3aCTOCOBYBATH
JUIL  TIPOMHUCIIOBUX TIOTpeDd, a MpU MPaBUILHOMY
3He3apakeHHI Ta 00poOIli BUKOPHCTOBYBATH SIK MUTHY
BOIY.

Jdust  OYMCTKM  CTIYHMX  BOJA  HIUPOKO
BUKOPHCTOBYIOTh (i3W4Hi, XiMiuHi Ta OioyoriuHi
METOJ, SIKi € EHEePreTHYHO BUTPATHUMH, JOPOTHMHU B
YCTaHOBII Ta OOCIyroBYBaHHI; JO TOro K IX
BUKOPHCTAHHSI 3a3BUYail MOB’SI3aHO 3 YTBOPEHHSAM
0Cajly Ta HAJIMIIKOBOTO aKTUBHOI'O MYJY, 1[I0 BUMArae
3aCTOCYBaHHA CIEHIATBHOTO OOJamHaHHA IS iX

nepepoOKH Ta 30epiraHHs i MPUBOJHUTH 10 BTOPUHHOTO
3a0py/IHEHHS HABKOJIMIIHLOT'O CEPEIOBUIIIA.

OTKe, BUKOPUCTAHHS ICHYIOUHX METO/IIB OUUCTKU
CTOKIB ~ HE  J03BOJsiE  3pOOMTH  3aMKHYTHH
TEXHOJOTIYHUI  LUKJI  THepepoOKH  3a0pyIHEHUX
CTIYHMX BOA. Y 3B’SI3KY 3 IIUM OCOOJIMBO aKTyaJIbHUMHU
CTAalOTh CIIEIajbHl TEXHOJOTil, 34aTHI 3a0e3leunTH
SKICTh OYHMILEHOI BOJH, NPHUAATHOI IJIsI MOBTOPHOTO
BUKOPUCTaHHS Ta BOJHOYaC OYyTH EKOHOMIYHO

MIPUBAOIUBHAMHU.

Haiib6inpme UM BHUMOTaM BIIIOBIgAE
BepMidinmpTpariss - HOBHHA  OIOJOTIYHHH  METOJ
OYUILEHHS CTIYHUX BOJI, TAKOX BIJOMHH IiJ TEPMIHOM
"mroMOpudinbTparisn'. Bepwmiginerpariis €
MIPOJIOBXKEHHSIM BEPMiKOMITOCTYBaHHS TBEPIHX

BIIXOMiB, II¢ IHJKCHEpHA CHCTEMa, B SKid BAaJIO
MOEJHYIOTBCS ~ JBa  IpolecH: OiodinbTparis Ta
BEPMIKOMITOCTYBaHHS, TOOTO CITiJIbHE BHKOPHCTaHHS
aepoOHMX MIKpOOpTaHi3MiB y ckiaai OiogureTpy Ta
JIOLIOBHMX 4YepB’sKiB y ckiaii BepMidpiietpy. Ilo cyti
BepMiinmeTp € pisHOBHAOM OiodimpTpa, ame 3
OJTAaBaHHSIM TON[OBUX YEPB’AKIB IS IIiABHIICHHS
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e(eKTUBHOCTI OUMILEHHs. Y cHcTeMi BepMi(inbTpa
MIKpOOM  37ifiCHIOIOTH  OiOJIOTiUHY  Jerpajariio
BIXOMiB, a JIOIIOBI YepB’SKH pPO3KIANAIOTH Ta
rOMOTEHI3yl0Th MaTepian Hacanku Oiodinbrpa, TUM
caMuM 30UTBINYIOYM IUIONLy TOBEpXHi Juis  [il
MikpoOiB. Hacankoro GiodinbTpa MOXyTh OyTH pi3Hi
MaTepianu-Hocii s OIOIUTIBOK: JepeBHA CTPYKKa,
THpCa, BEJHMKHH ICOK, KepaM3WT, IpaBil, a TaKoX
rnopucti Marepianu (UUIak, memsa) ibHIicTIO 500-
1500 xr/m3 i mopucrictio 40-50%, [ns 3mificHeHHS
MPOIeCY OYMCTKM CTiYHI BOAM TIIOJAIOTHCS HA
TTOBEPXHIO BEPMIQiIbTpa, MPOCOUYIOTHCS T Hi€I0
CHIIN TSDKIHHA 4Yepe3 Imap BepMidinbTpa, TOTIM depe3
mapu OiodinpTpa 1, HapemrTi, OYHMIIEHa BOJA
30Mpa€eTbCs HA JHI HPUCTPOI0 Ta BHUIATAETHCS 3
ycTaHOBKH. PoO3uMHEHI KOJOiAHI Ta 3aBUCHi TBEpIi
YaCTHHKHM 3aTPUMYIOTBCS y BEpXHIM YacTHHI IIapy
BepMidiabTpa. epepoOIIAIOTHCS JTOIIIOBUMU
4YepB’sSIKaMH y BEPMIKOMIIOCT, a TIIOJIIOTaHTH, IO
3aJMIIMJIMCS B CTIYHMX BOJAX MWICIS IPOXOJPKEHHS
BEPXHBOTO mapy, MiAIaI0ThCs Oiogerpanarii
IPYHTOBHMHM MiKpoOaMu, sKi iMMOOLTi30BaHi Yy
0ioinbTpi. JKUTTEMIATBHICTE JOMOBHX YEpB’SIKIB
CIpHs€ TOTJMHAHHIO 31 CTIYHHX BOJ MYJHCTOI Ta
TIMHUCTOI  (pakmiid, BUAULIOYA iX Yy CKJIaml
TpaHyJIhOBAHIX KOTIPOJTITIB, o 30LIBITyE
«TigpaBIiyHy IPOBIAHICTE yciel cuctemu [1].

UYepn’sxu 3gatHi Bugansata 10 90 % BCK, 80 %
XCK, i 90-95 % 3aBUCIMX pPEUYOBHH CTIYHHX BOJ,
NPOKOBTYIOUM X Ta IOTIMHAIOYM OPTaHiuHi CIOIYKH
yepe3  crinku cBoro Tina  depmeHtn, 1O
BUPOOJISIIOTECS  YEPB’SIKaMM, DPO3KJIaAAI0Th XIMiuHI
pEUOBHMHHM  JOMIIIOK  CTIYHMX  BOA, SIKI  HE
po3knanatoThesi Mikpobamu. Takox 3a paxyHOK mii
(epmeHTiB KHMIIEYHUKA  JOIIOBHX YepB’sKiB
BIIOYBAETECA  3HUINCHHS  IATOTCHIB  (TOTABHHUX
KosihopM, CTpENTOKOKiB, caimpMoHen, E. coli). no
piBHA, IO BiAMOBimae pexoMeHpamisM BcecBiTHBOL
OpraHizamii OXOpOHH 3J0pOB’S IIONO OE3MeYHOTO
TTOBTOPHOTO BUKOPHUCTaHHS BOJIU Y BUPOOHUITBI [2].

Omxe, TexHousoriss BepMidinbTparii 31aTHa
3a0e3MeUnTH BUCOKY SIKICTh OYHIIEHOI CTIYHOI BOJM.
TexHojoriss  €KOJIOTiYHA, OCKIJIBKM  BHUKIIIOYAE
YTBOPEHHSI OCa/iB Ta BH[IUICHHS UIKIJUIMBUX Ta3iB.
Bona TakoX €KOHOMIYHO mNpUBaOIMBa, OCKUIBKH B
mporieci  BepMidinbTpamii  YTBOPIOIOTHCS  IiHHI
MIPOJLYKTH, IKi MOXKYTb OyTH peasti3oBaHi.

Merta crarri — Hazatu iHdOpMALiO IIOJO
TeXHOJIOTIT BepMi(inbTparii —iHHOBaLiiHOT TEXHOJIOTIT
OYHMCTKM CTIYHMX BOJ, sKa 3HaWllIa LIHPOKY
MOMYJISPHICTE Yy  0OaraThOX KpaiHaxX CBITy, aie
NPaKTUYHO HEBigoMa B  YKpaiHi; MpeacTaBUTH
TepeBar ii BIPpOBaKSHHS B HAIIii KpaiHi.

CTaH Ta nepcHeKTHMBM PO3BHUTKY TEXHOJOTII
BepMidinbTpanii y cBiTi

Bnepme — excepuMeHT i3 BHKOPHCTaHHAM
YepB’sKIB Y CKJIaJl KpaluIMHHUX Oio(inbTpiB MPOBIB
Hartenstein i3 cniBpo6iTHukamu y 1984 pori [3]. Byno
MOKa3aHo, 110 KOMIOCTHHUU uepB’sik Eisenia fetida ta
appuKaHChKUI HIUHMKA BUNOB30K Eudrillus eugeniae

CYTTEBO  MOKpAIylOTh  €(EeKTUBHICTH  pOOOTH
010QibTPY NPH OYHMIIECHHI CTIYHUX BOJI.

Tepmin "Bepmidinbrpauis" (vermis — 4YepB’siK
(;mar.)) OyB BHmeplue 3ampoIOHOBaHWI mpodecopom
Jose Toha (Himi) y 1992 pomi [4]. Ha Toit yac ms
TEXHOJIOTisl OyJla BUIPOOYBaHa JyIsl OYHMILIEHHS MiCBKUX
CTIYHMX BOJ 1 BIAXOMIB CBHHAPCTBA Ta I[OKa3aja
xopori pe3ynbTary. [li3Hime BoHa Oyna npuitHITa A
OYMIICHHS PI3HUX IPOMHUCIOBHX Ta MOOYTOBUX
CTIYHHX BOJX 1 HaOyna TOMYyJSPHOCTI MEPEBaXKHO B
KpaiHax 3 TEIUTMM KJIIMaTOM.

B ocraHHI poKM BiI3HAYEHO TIOSBY 3HAYHOI
KUIBKOCTI HOBHX JOCHIDKCHb, CHOPSIMOBAaHHUX Ha
BUBYEHHS MOXXJIMBOCTI BUKOPHCTaHHSI BEPMIKYJIbTYpH
JUISl OYMILIEHHS CTIYHUX BOJ| PI3HOTO ITOXOKEHHS Ta
CKJIaJy, @ TaKo)X BWU3HAYCHHS BIUIMBY Oi0JIOTTYHHX
(BUIM Ta KUIBKICTh YEpB’SKiB, CKJIaJ (LIBTPYIOUOTO
CepeIOBHINA) Ta TiIpaBIivYHAX mapaMeTpiB
(rimpaBiiuyHE HABaHTaKEHHS, 4Yac TiIPaBIiYHOTO
YTPUMYBaHHSI) TIpoliecy Ha e(heKTHBHICTD OYHCTKH.

OmHrM 3 HaMBXIMBINIMX TapaMeTpiB s
MATPUMKH ~ ONTHMAJTBHUX  PIBHIB  TeMIepaTypH,
aepoOHMX YMOB Ta BOJIOTOCTi y cHCTeMi BepMidimbTpa
€ TiIpaBiiYHE HABAaHTAKCHHS IMOTOKY CTIYHHX BOJ Ha
moBepxHi0O  GQinpTpy. IlinTpuMka — onTHManBEHUX
TEXHOJIOTIYHUX mapameTpiB y BepMiQinbTpi
3a0e3mneyuye COPHUATINBI YMOBU ICHYBaHHS JOIIOBHX
4yepB’sikiB. Kuraiicbku BYeHi [5] BCTaHOBWIHM, WIO
HaBaHTaXkeHHs Bix 2,4 10 6,0 M CTIUHMX BOJ Ha M> Ha
JICHb TIPAKTUYHO HE BIUIMBAJIO HA IIUIBHICTH 1 OiomMacy
4yepB’sikiB. OnHaK TpH TMOJAIBIIOMY 30iJbIICHHI
TiJpaBIiYHOr0 HABAHTAKCHHS YHCEJIBHICTH JOIIOBUX
4yepB’sKiB MMOCTYIIOBO 3MEHIIyBajacs i 3a MOKa3HHKa
6,7 M’/M” Ha 106y 3HIKYBAACA HA OJHY TPETHHY; IPH
LBOMY Yy HHUX MOPYIIYBAIWCS JIUXalbHI (OYHKIII.
ABTOpH  BBaXalOTh, MmO JII  3a0e3lMedeHHs
CHPHATIMBHX YMOB IIPOKMBAHHS JIOIIOBUX YEPB’SKIB Y
30HI BepMiiIbTpa TiApaBlidyHe HABaHTAKCHHS Mae
6yTH MeHIIe 6,7 M/M*/106y.

lNgpaBniuHe HaBaHTAXCHHS TAKOXX BIUIMBAE Ha
Yac KOHTAaKTy CTIYHMX BOA 3 OIOIUIIBKOIO: OUIBII
BHUCOKa MIBHJKICTh TiIPaBIIYHOTO HAaBaHTAXXCHHS
MIPU3BOJUTE JI0 3MEHIIEHHS 4acy YTPUMaHHS CTIYHHX
BoA y Mmapi BepMmidimeTpa i, OTKe, 3HIKCHHIO
e(EKTHUBHOCTI IXHHOTO OUHIIICHHS [6].

Bimpmricte mociimkeHp nporecy BepMidimpTparii
MPOBEACHO 3 BHKOPHCTAHHSIM JOMIOBUX YepB’SKiB
Buny Eisenia fétida. CipoGa BUKOPUCTATH iHII BUAN
YepB’SKiB Y MPOIECi OYMIICHHS MICHKHUX CTIYHHX BOJ
ToKasana, 1o 4epB’siku BULy Perionyx sansibaricus ta
Perionyx excavatus BUSBISIIOTb BUCOKY aKTHBHICTB,
3a0e3Meuy0Yn 3HIKCHHS BMICTY PO3YHHEHHUX PEUYOBHH
Ha 88,6%, 3BakeHUX peyoBUH — Ha 99,8 %, HITPAaTHOTO
asoty - Ha 92,7 % dochopy — Ha 98,3 %, XCK — Ha 90
% [7] Tomi sk uepB’siku BULY Eudrilus eugenia THHYTH
ie 710 KiHI nporecy [8].

OmauM i3 KIIOYOBHX  (pakTOpiB  mporecy
BepMidinmeTpamii € Temmeparypa. OCKUIBKH  1i
KONMBAaHHS INPH3BOJUTH JO 3MiHM  AKTHBHOCTI
JOIIOBUX dYepB’sKiB. Y poOoTi [9] BHBYamM BIUIUB
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CE30HHOI TeMImeparypu Ha ePEKTHBHICTH OOpPOOKHU
CTOKIB Ta BHJajeHHs maroredis. IToBimoMiserses, 1o
Ooinmbmr  epextuBHe 3HWkeHHs BCK ta XCK
JOCSITaeThCsl B JITHIM  mepiox 3a  cepenHbol
temmeparypu  26-27°C.  Ia  Temmeparypa €
ONTHMAJIBHOIO  JUIi  3POCTaHHS, AKTHBHOCTI Ta
PO3MHOKEHHS IOIIOBOTO UepB’sika BuAy Eisenia fetida,
a Oynmp-fKe BIiIXWJICHHA Bif Hel NPU3BOAUTH MO
3HIDKCHHA  ©(QEKTHBHOCTI  OOpPOOKH  CTOKiB 1
YHCETBHOCTI 4epB’sAKkiB. EdekTuBHICTH BUmaIeHHA
MaTOTCHIB 3 M1 ABUIIICHHSAM TeMIepaTypu
36impmyersess: mpu  38-40 °C  cmocrepiraerbes
3HIDKEHHS KITBKOCTI cambMOHeNI Ha 96,9 %, KUIIKOBOT
magnuky Ha 99,3 %.

BB 3uMoBHMX TeMmeparyp Ha aKTHBHICTb
JIOIIOBUX 4YepB’skiB BHBYaIM y poboti [10]. Bymno
M0Ka3aHo, 110 TEMIIepaTypa B Hacajui BepMiinbTpa
B3UMKYy Oyma wHa 1-5 °C Bumoio, HIX Yy
HAaBKONMIIHBOMY cepefoBHIli. B mmx ymoBax
30ATHICTh JOLIOBHX 4YepB’sKiB 1O IIOTJIMHAHHS Ta
MePeTPaBICHHS OPraHiYHUX BIIXOIB CTIYHHUX BOJ
ckiamana Onm3pko 1/3 Bim Takoi B JiTHINA mepio mpu
OIHAKOBOMY  TiApaBIiYHOMY  HaBaHTaXCHHI, a
HIBUJKICTh BUJAJICHHS 3a0pyTHIOIOYMX PEYOBUH Oyiia
BJIBIYi HH)KUYOIO 3a TaKy B JIITHIH mepiof. 3Biacu ciigye
BHUCHOBOK, IO B 3MMOBHI rmepioax BepMidiabTp
MOTPiOHO YTEIUTIOBATH.

dinprpyrounit  Matepian  BepmidiaeTpa Mae
MOJIBifHE NMpHU3HAYEHHS: YTPUMYBATH 3aBHCII TBEPIi
peuoBMHM Ha CcBOii moBepxHI Ta 3abe3nedyBarn
CepeJIOBHIIE MPOKUBAHHS, CIIPUATIIMBE IS iICHYBaHHS
MOTYJIALi KOMIIOCTHHX 4epB’SIKiB i MIKPOOPTaHi3MiB.
[Tnoma moBepxHI Ta MOPHUCTICTP HUX (LIBTPYIOUMX
MaTepialiB BIDIMBAIOTh Ha C€(QEKTHBHICTh OYHIICHHS.
Martepiasin 3 HU3BKOIO TpaHyJIoMeTpiero (apiOHi
YACTWHKH) Ta BEJHKOIO IUIOMICIO TOBEPXHI MOXYTh
MOBICUTH  TPONYKTHBHICTE  BepMiimbpTpy,  aie
YIPYAHUTU JpeHaX CTiyHuX Boj. CaloBHi IPYHT y
NEeBHIH KUIBKOCTI TOBMHEH OYTH BHKOPHCTaHHWIl B
YCTaHOBIII BepMIiQUIbTpaIlii SK MICIle 1CHYBaHHS
yepB’skiB. KpiM Toro, BiH € HAWOUTBII MiAXOIAIIAM
cybcrpaTom Ui HiTpuDiKyroUnx Oakrepiit
(Nitrobacteraceae, Nitrosomonas, Nitrosococcus), siKi
OKHCITIOIOTh aMiak, 110 YTBOPIOETHCS B MPOLEC THUTTS
OpTaHiYHMX PEYOBHH, JI0 HITpHUTIB Ta HiTpatis [11].
JocnipkeHHs pi3HUX IPUPOAHUX MaTepialliB, TAKUX SIK
PIUKOBHH TICOK, AEPEBHE BYTLMUIA, CKIITHI KYJIBKH 5K
GbinpTpyroumii MaTepian IS BepMiQirbTpa MmoKa3al,
10 HAWOLTBII BUCOKOIO Oyna e(peKTUBHICTh 3HMKECHHS
XCK, BCK Ta 3BakeHMX 4YaCTHMHOK Ha Hacaimi 3
PIYKOBOTO MICKY, BimoBinHo 96 %, 89 % ta 90 % [12].
ABTOpM  [NIAIIIM  BUCHOBKY, IO  pe3yiabTaTd
JOCIIDKEHHS MOXYTh OyTH BHMKOpPHCTaHi Ha Pi3HUX
JCUEHTPATI30BaHUX  YCTAHOBKAax JUISl  OYMILECHHS
CTIYHHX BOJI.

HocnijpkeHHsT  €(peKTHBHOCTI  BEpMIOYHCTKH
CTIYHHX BOJI IPOBOJIMIIUCS SIK ISl MYHIIIUITAIIBHUX, TaK
1 I TIPOMHUCIOBUX CTiYHHX BoX. Tak y po0ori [13]
MPOBEACHO JOCII/UKEHHSI 3 OYHINCHHS TOKCHYHUX
CTIYHUX BOJ HadTOBOI mpomwmcaoBocTi. [lokazaHo, Mo

yepB’siku  Eisenia fétida He TITPKM BIDKWIA B
HaQTOBOMY cepeloBHIN, a W OYHCTHIA TEMHO-
KOPUYHEBI CTiYHI BOJM 3 PI3KUM 3amaxoMm 1o Oimo-
KOBTOI BoAM Oe3 3amaxy, [0 BKa3y€ Ha 3HUKHEHHS
BCIX TOKCHYHHX ByTieBoaHiB. ByrmeBomui C10-C14
Oynu BiITHOBIJIEHI JOIIOBMMH 4epB’skamu Ha 99,9 %,
C15-C28 na 99,8 % 1 C29-C36 na 99,7 %.

[To3uTHBHI pe3ysbTaTi OyJIM OTPUMaHi y mporeci

OUMILEHHS CTIYHUX BOJ TNPOMHCIOBHX MiANPUEMCTB
MojouHoi mpomucioBocti [14].  Bigxomum mux
MIAIPUEMCTB MICTATh BEJHMKY KUIBKICTh 3aBUCIHX
peUoBHMH, a TaKOX OpraHiYHUX JIOMIMIOK ¥y
PO3YMHEHOMY Ta KOJIOiJHOMY cTaHi. J[omoBi 4epB’aku
3a M'ATh MHIB 3HWKYyBaW nokasHUKA 1o BCK Oinbm
Hix Ha 98 %, XCK - Ha 95 %, 3MeHITyBaNN 3arajJbHAN
BMICT po3uMHeHHMX pedyoBumH Ha 90-92 %, BMmicT
3BaKEHUX TBEpAUX pedoBwH - Ha 90-95 %. Ounmena
BOJa MOIJIa BHKOPHCTOBYBATHCS IIOBTOPHO JUIs
ipurarii.
Y pob6ori [l5] mnpoBemeHo aHami3 pe3yNbTaTiB
JOCIIDKCHb  TIpoLieCy BepMi(inbTpallii OCTaHHBOTO
JNECATHIITTS. SIKMA TOKa3aB IIUPOKI MOJKIJIHUBOCTI
3acTOCYBaHHS Ii€i TexHoorii. Oco0MMBO Big3HAYEHO 11
e(EeKTUBHICTh ISl OYMIICHHS CHJIbHO3a0pyIHEHUX
criuaux Bog (XCK > 92 r/n, BCK > 25 r/n): npu
ONTHUMAIBHUX MTapaMeTpax MpOoLecy CTYMiHb OYHIIEHHS
CcTaHOBUTH BiAmoBinHO 89% i 91%. [lokasaHo, mo icHye
MOXIJIUBICTh 3aCTOCYBAaHHS TEXHOJIOTIl ISl 3HMKEHHS
KOHIICHTpAIii BaXXKUX MeTaliB — Zn, Pb, Cr, Cu — npu
KOMOiIHYBaHHI OYHIICHHSA MOOYTOBHX CTIYHHX BOJ Ta
opranigyHoi (pakmii TBepAMX MNOOYTOBHX BiIXOIIB.
ABTOpU TaKOX MIAKPECIHIN EKOJOTIYHICTh METOIY
MTOPIBHAHO 3 IHIIMMH METOAAMH OYHMCTKH CTIYHHX BO/I.
3a paXyHOK TOro, IO JIOLIOBI YepB’SKH CTBOPIOIOTH y
¢utpTpaniiHoMy — mapi  aepoOHE  CepeloBHILE,
MIPUTHIYY€ETHCS PO3BUTOK aHAEPOOHUX MIKPOOPIaHi3MiB,
IO BUPOOJISIOTH IMApHUKOBI Ta3u. 3aBAsSKU LbOMY Y
BepMi(pUIBTPI NPUIHMHSAETHCS YTBOPEHHS Ta BUKWJ LUX
rasiB B atMmocdepy.

Omxe, uncieHHI myOiikauwii cBig4aTte 1po
BUCOKHH piBeHb 3HaHb Ta CTYNiHb NPaKTHYHOTO
OCBOEHHS TEXHOJOTiI BepMidimpTpamii B 0Oorarsox
KpaiHax. Ha gymky mpoBigHHX 3apyOiKHHX (axiBIiB
[16, 17] BepmidimbTpamis € omHi€r0 3 HaWOLIBIT
NEPCIIEKTUBHUX TEXHOJIOTif JUTS MacoBOTO
BIIPOBAKEHHSI B HAIKOPOTIII TEPMiHH.

Cucremn BepMmidinbTpanii a1  oUMIICHHS
CTIYHHMX BOJI HE MOTPEOYIOTh CKIAIHOIO Ta JOPOrOro
obnagHaHHA.

OCHOBHI TNPHHUMIIM KOHCTPYIOBaHHS CHCTEM
BepMiQinbTpanii 3B0asAThes 10 HacTymHoro [ 18]:

1. ®inbTpyrOUHid MaTepiall CKIAAEThCA 3 KUTBKOX
mapiB, po3Mip YacTOK SIKMX 3a3BHYail 301JBLIYETHCS 3
rmubuHoro. Lli mapu MoXyTh OyTH MiHEpaIbHHUMHU
(micox, Tpagiii, mopucTi MaTepianyu (IIIaK, nemsa)) abo
OpraHiYHUMH (KOMIIOCT, KOpa, THPCa).

2. [JomatkoBuii BepxHiM QinmeTpyrounii I1Iap
(BepMi(binbTp) BKIIOYAE OpraHidyHuii cyOcTpar abo
TPYHT, IIO MICTUTh TOMYJIAIIIO JIONOBHX YEpPB’SIKiB,
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Takux sk FEisenia fetida, Eisenia. andrei, Perionyx
sansibaricus a6o Lumbricus Rubellus.

3. CriyHi BOAM TOJNAIOTHCS y BEPXHIO YACTUHY
¢ubTpa 3a JOMOMOrOI0  PO3MOJUIBYOI  CHCTEMH,
MIPOCOYYIOTBCS  4epe3  Marepian, Imo  (UIbTpYyeE,
MOKPUTHI  OIOIUIIBKOIO.  YTBOPEHOIO  KOJIOHISIMU
MiKpooprafi3miB.  JIOMmOBI  YepB’SKH  JKUBIATHCS
MIKpOOHOIO 0ioMacoro, TBEpPIUMH Ta KOJOITHUMH
PEUYOBHHAMH, IO MICTATHCA Y CTIYHUX BOJAX.

4. Ouunmeni criyHi BoxWM 30WparOTECA B
HIKHBOMY IIapi TpaBito abo B OKpeMOMY BiACTIHHHKY,
3BIJIKH BOHM MOXYTh OyTH CIPSIMOBaHI Ha CKWJIaHHS,
MOaJTbITY 00pOOKY a00 MOBTOPHE BUKOPHUCTAHHS.

5. @inpTpyroui mapu He BUMararoTb 0COOJIMBOIO
JOTJISILY, OCKUIBKM TOMYJIALiS JOUIOBUX YepB’sKiB
MATPUMYE MEpEeXy KaHaJB 10 BCHOMY CEPEJOBHILY.
Y noBepxHeBOMY miapi, mo (UIBTpye, 3 4YacoMm
HaKOIMMYYIOTHCS KalpoJIiTH JIOLIOBUX YepB sIKIB. SIKI
HEOOXi/THO TepioIMYHO BUAAISATH JUISI BUKOPHCTaHHS B
SIKOCTI 0lOTyMyCy Yy CLIBCBKOMY TOCHOAApcTBi abo
CaIIBHUILITBI.

6. Cucremu BepMidinmeTparii HE BHMAararmTh
30BHIIIHBOIO JDKEPENa JKUBJICHHA, XO4a I IOoAadi
BOOM 1O  PO3NOJIIBYMX  INPUCTPOIB  MOXKYTh
BUKOPUCTOBYBATHCS HACOCH.

BepmidineTpr MOXYyTh eKCIDTyaTyBaTHCS —SIK
ONMHOYHI arperaTd ab0 B CHUCTEMi IOCIIIOBHO
KOMYHIKOBaHUX MiDX CO00I0 (ibTpiB (CaMOIUTUBHUX
YM HACOCHHUX), 3aJIeKHO BIiJ CTyIeHs 3a0pyAHEHHs
CTIYHHMX BOJA Ta HEOOXiTHOI SIKOCTI OYMINEHOI BOIHU
(puc. 1) Bimbma KinbkicTs BepMiiIbTpiB y cUcTeMi
MOXK€ TIIBUIIUTH CTYIMiHb OYHINCHHS, OCKUIBKH Y
6araToCTymiHIaCTHX cucreMax 301IBIIy€EThCS
3arajJbHUM 00CAT aepoOHOI 30HM, IO CTBOPIOETHCS
yepB’sikamu. [lepecyBarodumch mo cyOCTparty, 4epB’siKd
HOTO pO3PHBAIOTh, YTBOPIOIOTH INPOXOIM, 3alOBHEHI
moBiTpsiM. CTabinpHI aepoOHI YMOBH BCEpeauHi MIapy,
o (inbTpye, CHPUSIOTH PO3BUTKY MIKPOOPTaHi3MiB,
0 3AIHCHIOITH mpollecd HiTpudikamii aMoHil0 1
OKHCJIEHHS. OpraHIYHUX pEYOBHH 1 3a0e3MeUyIoTh
3umkeHHs XCK y cTiuHux Bojax.

ow

Ybipume
criumol

o

Pucynok 1 — CrymiHgacra cuctema
BepMi(LIBTPIB
Qy — BHXIIZHHI MOTIK CTIYHHX BOX; Q; - 3BOPOTHHIA
MOTIK BOJM Ha JIOAATKOBY OYHMCTKY; Qg — oOuHIIeHa
BOJIa

Takoxk y  acpoOHOMY  CEpEeIOBHIN, IO
YTBOPIOETHCS, NPUTHIYYEThCS AiSIBHICTH aHAEpOOHUX
MIiKpoOiB, 110 BHUKJIMKAIOTH IPOIECH THUTTS, TOMY
mporec  BepMidimpTpamii  HE  CYNPOBOMKYETHCS

BU/IUICHHSIM CMEPIIOYHUX Ta3iB, 0 TAKOXK € BaXKIHBOIO
IepeBaroro TexHoIorii BepmidiapTpariii [19].

YcraHOBKa KUJIBKOX arperaTiB IOCIIJIOBHO MOXe
posrisiaaTics K - IbTEPHATHBA LIEHTPai30BaHUM
CHCTEMaM BOJIOBIJIBE/ICHHS, NPUIHATHM Y OUIBIIOCTI
KpaiH cBiry. 3 ypaxyBaHHAM TOro, mo Oararo
HEBEJIMKHUX MICT 1 CeJIMI HE MOXYTh JIO3BOJIUTH c001
CTBOPIOBaTH Ta OOCIYroBYBaTH JIOPOIl  CTaHIIl
OUMIIECHHS CTIYHHMX BOJ, JCLEHTPATi30BaHI CHCTEMH
3HAXOIATH Bce Olnpie Bu3HAaHHS (axiBmis [20].

Tak, y ®paniii Ha OCHOBI 3alaTCHTOBAHOTO
croco0y 00poOKM MOOYTOBHMX Ta arpONpPOMHUCIOBHX
CTIYHUX BOJ 3a JOIIOMOTOI0 TEXHOJIOT1i
BepMiduibTpauii [21] po3pobneHo npoekt Recyclaqua
OYHIICHHS CTIYHHMX BOJ Bij mepeamicts MOoHIENbE 3
HaceseHHsiM 2000 oci0.

TpuctyneneBa cucrema BepMidiabTpamii 3
BUKOPHMCTaHHSIM JIOIIOBOTO 4epB’ska FEisenia fetida
BUIIPOOOBYBAJIACh MPOTATOM TPHUBAJIOr0 HEpiomy st
OUMIIECHHS IOOYTOBMX CTIYHHUX BOJA Y CLIBCHKIH
MICIICBOCTI Ta TIOKa3aja HACTYIHY c(EKTHBHICTh:
ximigHa morpeba y kmcHI — 81,3 %; amowniit 98 %;
3arajgpHU a3or (HiTpatn) — 60,2 %, 3aranbHHN
docdop — 98,4 % [22].

[HHOBaMIIHE pimeHHS 11 BHPOOHHUIITBA YHCTOI
BOJAM BHCOKOI SKOCTi OyNO 3allpOIIOHOBAHO y paMKax
€Bporneiickkoro mnpoekry Horizon 2020 (Project
European Union's Horizon 2020) [23]. KomrmuiekcHa
yYCTaHOBKa BKJtouae OioJyoriyni Ta (i3MKO-XiMivHI
OYHMCHI MOJYJIi; CTiYHA BOJia MOCIHIZOBHO IPOXOJHUTH
BepMipuIbTp (JIFOMOpUdITBTP), PimbTp 3 AadHiIMH,
yisTpadioneroBy abo Gioconsuny (biosolar) cucremy
ouuieHHs (puc.2).

AW

'S E i Lz‘%

< |
BIOSOLAR
SETTLEMENT  (UMBRIWITER  DAPHWIAFILTER  RETENTIONTAMK  UVPURIFICATION  PUSIFCATION

@ @ © © W -G

Pucynox 2 - KommiekcHa ycTaHOBKa OUUIIEHHS

CTIYHHUX BOJ
Cucrema npu3HaueHa JUIs HEBEJIMKHX Ta CepeHiX
spomenHACETICHIX ITyHKTIB. Texnomoris poiiuia
pepisnBIIPOOYBAHHS Ha MIIOTHUX yCTaHOBKax B Ipmansii Ta
kmapuonfcrianii  (yHiBepcuter JKuponm). SKicTe ounieHoi
rps BOMM  BIANOBiZac BMMOraM PaMKOBOi IMPEKTHBH
€BpONEHCHKOTO TAPIAMEHTYy 3 BOIHHX pECYpCiB.
“PérenepoBana Ta [e3iH(pikoBaHa Boma MOXe OyTH
CIPsIMOBaHa Ha IOBTOPHE BUKOPUCTaHHA a00 CIyIIeHa

y IPUPOIHi IPICHOBOIHI BOJOHMHU.

IlepeBarn TexnoJorii BepmiginbTpamii

TexHOJIOTiA OYHILEHHA CTIYHUX BOJ METOIOM
BepMiduibTpanii Mae 3HauHI mepeBarn  mepen
TPaIUI[ifHUMU acpOOHUMH TEXHOJIOTIIMH, a came:
HU3bKI 1HBECTHIIi, HHM3bKI eKCIUlyaTalliiiHi BUTpaTu

IIPY BUCOKOMY CTYIICHI OYHIIICHHS.
Ho nepeBar CUCTEMU BepMiQuIbTpamii
BIJTHOCUTBCS TakoXX Te, IO BOHA MOXe OyTu
BCTaHOBJICHA JICLIEHTPANIi30BaHO, HAa MICIi yTBOPEHHS
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CTIYHHMX BOJ, IO JO3BOJHTH 3HU3UTH HAaBaHTA)KECHHS
Ha CTaHII0 OYMINEHHS CTiuHMX BoA. [Ipu 1BOMY
OYMIIeHa BOJIA HE MICTUTB MaTOTeHHUX
MIKpOOpPraHi3MiB 1 TOKCHYHMX XIMIiKaTiB i IpHJIaTHA
JUIl  BUKODHCTaHHS Yy  CHCTEMiI  3aMKHYTOTO
BOJIOTIOCTAYaHHS  IJIPHEMCTBA, 10  JIO3BOJISIE
€KOHOMHTH 3HauHI oOcsru mpicHoi Bomm. [loBTOpHE
BHUKOPHCTAHHS BepMi(iTbTpoBaHOT BOJIH,
BEPMHKOMIIOCTA K OpraHidHoro mo0pmBa Ta Oiomach
KOMIOCTHHX 4YepB’SKiB sIK OIIKOBOTO KOpMY MJIst
TBAPHH [a€ MOXIIMBICTh YAacTKOBO KOMIIEHCYBaTH
BUTPAaTH Ha [0 TEXHOJOI0 Ta MIABHIIMTA 11
peHTabeNnbHICTh. BajJIMBO BiJ3HAYMTH TaKOXK, IO
npoiiec BepMidiabTpallii MPOXOoAWTh 0€3 YTBOPEHHS
MOOIYHMX TMPOAYKTIB — OCamiB CTIYHMX BOA 1
MOTraHOMAaXy4uX Ta3iB, IO BiJPi3HIE WOTrO BiJ
TPATUIIIHHUX CHOCOOIB OYMINEHHS CTIYHHUX BOJA 1
pOOUTH OLITBIT EKOJIOTIIHHM.

Oo0MexxeHHs  TexHOJoOrii  BepMmidinbTpanii:
HE3Ba)KAIOUM HA 3HAYHI IIepeBard Iepel] BiJOMHMH
aepOoOHUMH TEXHOIIOTiSIMH, ICHYIOTB €Ki 00MeXEeHHS
st LIXPOKOTO 3aCTOCYBaHHS TEXHOJIOT11
BepMiQinbTparii y mpakTUIli OYUCTKH CTiyHHX Box. Lle
OB’ A3aHO 3 KUTbKOMA MMPHYUHAMH, & CaMe:

- J0Ci He TPOBOIWINCS BeIMKOMacIITaOHI Ta
JIOBTOCTPOKOBI BUTIPOOYBaHHA, 6e3mepepBHUi
MOHITOPUHI TpOLleCY B IOJBOBUX YMOBax i3
OUHINEHHSIM pealbHUX CTIYHUX BOJ. bBiIBIIICTh
JOCIIPKEHb MPOBEJCHO Y JIA0OPaTOPHHUX Ta MIIOTHUX
MacmTadax;

- He TpOBEIEHI TpHUBAII  CHCTEMaTW4Hi
JOCIIKEHHST BIUIMBY OYHIIEHOI BepMi(ilbTpoBaHOT

BOAU Ha 3pOCTaHHSA Ta BpOXKalHICTh
CUTBCHKOTOCIIOIAPCHKHUX KYJIBTYD;
- HEMO>KIIHBO BHUKOPHCTOBYBATH

BepMiQinbTpariiiiHi yCTaHOBKH ISl OYUIIEHHS CTITHIX
BOJA TMIATPHEMCTB, IO TPAIIOIOTh CE30HHO (3aBOIU
BUPOOHHUIITBA IYKPY, KEMIIHIH, JITHI TabopH),
OCKIJIbKM 3YNMHHKa BepMi(UIbPIB MPHU3BOAUTH IO
3arubeni Mikpoduopy, iMMoOiTi3oBaHO Ha cyOcTparti
6io¢iabTpa.

BucHoBku
OuuieHHs! Ta MMOBTOPHE BUKOPHCTAHHS CTIYHHX
BOJA — OIWH 3 OCHOBHHX HAIPSIMKIB OOpOTHOM 3
riIo0aIbHOI0 BOIHOIO Kpu3or. Cepen ycix iCHYrOUHX
3€NICHUX  TEXHOJIOTiH  BepMidinbTpamis  3aiimae
oco0nHBe Micle 3aBISKH BEIUKHM IepeBaraM, TaKUM
SK  JCUEHTpaNi3alis, YTBOPEHHSI  BHCOKOIIIHHUX
KIHIIEBUX TPOAYKTIB, 1 MOXKE PO3TIAATHUCS SK HOBa

napagurMa OYMIIeHHs CTIYHUX BOJ.
3aBasgku  CBOIif TPOCTOTI Ta EKOHOMIYHIN
e(peKTUBHOCTI TEXHOJIOTis BepMi(iabTpawii Biakpuia
HOBI MOXIJIMBOCTI [UIS OYMIICHHS CTIYHHX BOX Y
KpaiHax, 110 PO3BUBAIOTHCS, a TAaKOX y MajHX Ta
CepelHIX BIAJAJICHUX  €BPONEHCHKHX  HACENICHUX
ITyHKTaXx, [0 MaloTh 0OMexeHi pecypcu. bararo kpai,
takux sk Ymi, Mekcuka, Benecyena, Tumist, bpasumis
BXXE BIPOBAWIN II0 CHCTEMY Yy IPOMHCIOBHUX
Macmrabax. 3HalIUIa 3acTOCYBaHHS IISI TEXHOJOTis

TakoX y Ascrpamii, Kwurai, meskux eBponenchKHX
kpainax (®panuis, [Topryranis).

B VYkpaini no cux mip He mpuIinsuIocs yBaru
IFOMY IHHOBALliIHHOMY METOAY OYUCTKH CTiYHHX BOJ,
HEe3BaKAI0UW Ha Te, IO B HAIIill KpaiHi JaBHO 1 J00Ope
PO3BMHEHI  TEXHOJOTii BEpPMIKOMIIOCTYBaHHS  Ta
BEPMIKYJIBTHBYBaHHA: 1€ Y BICIMAECATHX pOKax
MHUHYJIOTO CTOpiuusi B IBaHO-DpaHKIBCHKY Oyna
CTBOPEHA MepIia y KOJIHMIIHbOMY PaISHCHKOMY COMO31
acorgiaris «biokoHBepciny, sIKa 3aiiManach
MIPOMHUCIIOBUM BEPMIKYJIbTHBYBaHHAM. Ll acoriaris
icHye i morenep.

BepmidineTpartiiiHa TEXHOJIOTIS OUUCTKH CTIYHUX
Bo OEe3yMOBHO, 3acilyrOBy€ yBard BiTYM3HSHHUX
6ioTexHoJOTiB. BBajkaeMo, 10 BpaXxOBYIOYM BUCOKHI
CBITOBHM pIBEHb TEXHIYHMX 3HaHb TMPO IPOIEC
BepMidimbTparrii, Oaratuii BJIACHUN JIOCBIL
BUKOPHUCTaHHS BEPMIKYJIBTYpH VKpaiHCBKI (axiBIli
3MOXXYTh 3aIPOBAaIUTH TEXHOJOTiI0 BepMidinbTparii B
HaIIiK KpaiHi BxKe HAaHOIMKINM 9acoM.
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A. O. IIOKPO€BA, O. B. CABBOBA, O. 1. DECEHKO

JOCIII)KEHHSA ®A30YTBOPEHHS B ITPO30PUX CKIIOKPUCTAJITYHUX MPOTEKTOPHUX
HOKPUTTAX AJISA KEPAMOI'PAHITY

BcraHoBiIE€HO MEPCHEKTUBHICTh PO3POOKH Ta BIPOBA/KEHHS KEPAMOTPAHITY BITYM3HSHMMH BUPOOHMKAMU i3 3aCTOCYBAHHSM IPHPOAHOI CUPOBHHH
Haap YKpaiHu 3 HOTpeO CHPOBHHHOIO Ta MAIMBHO-CHEPIETHYHOTO KOMIUIEKCY B YMOBAaX BOEHHHUX Aiil. BH3HaueHO HEOOXIMHICTH CTBOPEHHS HOBHX
BUJIIB KEPaMOTPAHITY 3 ypaxyBaHHSIM HOBHX MiIXO[iB, IIO0 BHKOPUCTAHHS IbTCPHATUBHOI CHPOBHHM Ta CyYaCHHX TEXHOJIOIIYHHMX MPUHIMIIB
CTBOPEHHSI HAHOCTPYKTYPOBaHUX ckiomatepianiB. CdopmysboBaHO MeTy Ta 3aBHaHHS pPOOOTH, SIKI BH3HAYAIOTh HEOOXIIHICTH JOCHIIKEHHS
CTPYKTYpH Ta (pa30BOro ckiiagy KepaMorpaHiTy B yMOBaX IIBHIKICHOI TepMidHOI 00poOku. CHOpMyIb0BaHO TIMOTE3y IIOA0 OACPKAHHS MPO30PHX
3HOCOCTIMKUX MPOTEKTOPHUX MOKPUTTIB HAa OCHOBI BHCOKOKAIBLIEBUX JTy)KHOQIFOMOCHIIKATHHX (PUT, sKa MOJSIrae y MOXIIMBOCTI (hOpMyBaHHSI
3MII[HEHOT ONTHYHO MPO30POi CUTATI30BAHOI CTPYKTYPH CKJIa MPH MBHIKICHOMY PEXHMi TEPMOOOPOOKH Ta MPOTIKAHHI MOBEPXHEBOI KPHCTAI3aLlis
JUIsl 3a0€3MeUYCHHsT 3HOCOCTIHKOT CTpyKTypH 4 cTymeHs. JlocimipkeHo nporecu (pa3oyTBOPEHHS, sIKi MPOTIKATh MPU TepMidHid 00podui dputn —
OCHOBHM Ta IPOTEKTPHOrO IMOKPUTTS IS KEPaMOTPAaHITYy il BH3HAUCHO MPIOPHTETHY POJb METACTAOLIBHOrO (pa30BOr0 PO3MUICHHS CKIAa HPH
(dopMyBaHHI cuTaNi30BaHOi CTPYKTypH. BcraHoBneHo, mo (opMyBaHHS 3apOAKIB KpUCTali3alii HUIIXOM METacTabiabHOro (ha3oBOro PO3IiIEHHS
J03BOJISIFOTE C(HOPMYBATH CHTATI30BaHy CTPYKTYPy IPOTEKTOPHOTO MOKPHUTTS Ul KEPaMOIPAHITy 3 BMICTOM KPHCTATIYHHX (a3 aHOPTHTY 3
PO3MIpOM MEHIIE JOBXUHU XBUJI y BUIUMIN YaCTHHI CIIEKTPY Ta 0-KOPYHAY B IPUIIOBEPXHEBHX IIapax INIa3ypi, [0 OHOYACHO 3a0e3Meuye ONTHIHY
MPO30PICTh Ta 3HOCOCTIMKOCTI po3po0bieHOro mokpurTs. Po3pobieHi Ta BrnpoBa/pkeHi Ha BUpoOHMUTBI B ymoBax IIpAT «XII3» mnpozopi
CKJIOKPHCTANIYHI TOKPUTTS 3 BHCOKUMH EKCILTyaTalifHUMI BIACTHBOCTSIMH Y JO3BOJATH CYTTEBO MiJBHUIMMTH KOHKYPEHTO3AATHICTH BITYM3HSIHOL
KepaMivHOI IUIUTKH Ta CIPHATHU CTal0iizauii pUHKY B yMOBaxX CTAJIOr0 PO3BUTKY JCP)KaBH.
Ku11040Bi c/10Ba: CKIOKPUCTATIYHI MOKPUTTS, KEPAMOTPAHIT, (ha30yTBOPEHHSI, aHOPTUT, KOPYHA, 3HOCOCTIHKICTh, IPO30PICTh.

Y. O. POKROIEVA, O. V. SAVVOVA, O. 1. FESENKO

RESEARCH OF PHASE FORMATION IN TRANSPARENT GLASS-CERAMIC PROTECTIVE
COATINGS FOR CERAMOGRANITE

The perspective of the development and introduction of porcelain stoneware by domestic producers using natural raw materials from the subsoil of
Ukraine for the needs of the raw material and fuel-energy complex in the conditions of military operations has been established. The need to create
new types of ceramic granite was determined, taking into account new approaches, regarding the use of alternative raw materials and modern
technological principles of creating nanostructured glass materials. The purpose and tasks of the work are formulated, which determine the need to
study the structure and phase composition of porcelain stoneware under the conditions of high-speed heat treatment. A hypothesis has been
formulated regarding the production of transparent wear-resistant protective coatings based on high-calcium alkaline aluminosilicate frits, which
consists in the possibility of forming a strengthened optically transparent sytalized glass structure with a high-speed heat treatment mode and the flow
of surface crystallization to ensure a wear-resistant structure of the 4th degree. The processes of phase formation that take place during the heat
treatment of the base frit and the protective coating for porcelain stoneware have been studied and the priority role of the metastable phase separation
of glass in the formation of the sytalized structure has been determined. It was established that the formation of crystallization nuclei by means of
metastable phase separation allows for the formation of a sytalized structure of the protective coating for ceramic granite with the content of
crystalline phases of anorthite with a size smaller than the wavelength in the visible part of the spectrum and o-corundum in the near-surface layers of
the glaze, which simultaneously ensures optical transparency and wear resistance of the developed coating. Transparent glass-ceramic coatings with
high operational properties, developed and implemented in the production conditions of PrJSC «KhPZ», will significantly increase the
competitiveness of domestic ceramic tiles and contribute to the stabilization of the market in the conditions of sustainable development of the state.
Keywords: glass-ceramic coatings, porcelain stoneware, phase formation, anorthite, corundum, wear resistance, transparency.

Beryn.  KepamorpanitTHa [iMTKa € [IMPOKO  BUIMH THCK mnpecyBanHs (35-45 MIla); Oinbin BHCOKa

3aTpeOyBaHUM apXiTEKTYpHO-OYIBEIbHUM MaTepiaioM,
KA Mae BHCOKY MIIHICTh, MOPO30OCTIHKICTh, @ TaKOX
Ma€ BHUCOKY JIOBIOBIUHICTh Ta XapaKTepU3yeThbCs
HU3bKOI0 nopucTicTio [1]. BignosigHo go ISO 10545-3, ii
BOJIONIOTIIMHAHHS TOBUHHO OyTH MeHie 0,5%.

Ha cBitoBoMy puHKY MarepiaiiB Ta BUpoOiB Itamis
Ta [craHis, BioMi CBOEIO BICOKOSIKICHOIO KEPaMidHOIO Ta
MOPLEISIHOBOIO  IUIMTKOKD 31 CKIaJHUM  JU3alHOM,
NPOJOBXKYIOTh 3aIMINATUCSA OCHOBHHMH JIIepaMu Y
cBiToBii iHAgycTpii muuTkm. [Ipore, came Kwuraii €
HaHOUIBIINM Y CBiTi €KCIIOPTEPOM IUIMTKH, 3BAKAIOUH Ta
TPHUBAJY iCTOPIiIO Ta BUPOOHUIITBO KEPaMidyHOI TUTUTKH Ta
NOTYKHUI HAyKOBUH moTeHwian [2].

JlirepaTtypuuii  oruisig.  KepamorpanitHa —IuiMTKa
BIIPI3HAETHCS Bil IHIIMX KIIACIB HACTYITHUMHU O3HAKaMH:
CKJIaJIOM CHUPOBHHH, SIKMH 3a0e3neuye Outblry cTaOlIbHICTD
J0 TeMmeparypHuX aAedopmariil; ApiOHIIME po3mnoait
YaCTMHOK 3a PO3MIpOM TiClsl momery (ceperHiii po3mip
5-10 MxM Ta 3-6 % 4YacTok po3MipoM HOHAX 45 MKM);

temmeparypa (1180-1220 °C) ta gac (40—60 xB) BHIIamy.

Hespaxaroun Ha Te, IO BHUIIE3a3Ha4YeHi BUMOTH €
3araJlbHUMHE TTapaMeTpaMu BUPOOHUIITBA KepaMOTpaHiTy,
KOHKpPETHI ~ TEXHOJOTIYHI MapameTpu BHPOOHHUIITBA
KepaMorpaHiTy He 3aBkau oaHakosi. 11l00 3abe3neunTu
JIOCATHEHHS BojonormuHanHsa Hwkde 0,5 %, MoxHa
3aCTOCOBYBAaTH pi3HI HaOOpH mapamMeTpiB Mporecy Ta
Tumu  omepaniid. lle o3Hawae, Wm0 € TOTCHIIHHA
MOXJIUBICTh ITOKPAIIUTH HPOJYKTHBHICTH IPOAYKTY Ta
mporiecy 3 TOYKH 30pY CTaOLTBHOCTI MapaMeTpiB Ta
MPOAYKTUBHOCTI TIPOLECY BHPOOHMIITBA, SKOCTI Ta
BapTOCTI TMPOAYKLii ¥ TmependadnTd BIPOBAIKCHHS
3axO0JiB i3 pecypco- Ta eHepro30epexenHs [3].

Kinmesa MIKpPOCTPYKTYpa KepaMOoTpaHiTy
CKIamaeTbes 31 ckmomoxmionoi martpmmi (55-65 %) i3
3aKPUTHMH opamu (4-6 %), JIUCTIEPTOBaHHUX
KPHUCTAJIYHUX YaCTHHOK, TaKHX SK KBapll, IUPKOH abo
HEepO3IUIABJICHUH MOJBOBHU IIIAT, 1 3aKPHCTai30BaHOT
(ha3m, Hanpukiag Myt [1].
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Kepamorpasit Ha OCHOBI MyJITy JIOMiHY€ Ha PHHKY,
a KepaMOTpaHIT Ha OCHOBI aHOPTUTY € HaWOUIBII
MIePCIIEKTUBHUM KaHIUJaTOM piiv| 3aMiHH
BHCOKOTEMIIEpaTypHOro MyJiTy. He3paxaioun Ha Te, o

KepaMOrpaHiT ~ Ha  OCHOBI ~ aHOPTUTY  YCIIIIHO
BUKOPHCTOBYETBCSA Ui 0OaraTb0X BHIIB KEepamiku
BKJIIOYAIOUM  TOPLENSHOBY  IUIUTKY [1],  #oro

BUKOPHCTaHHS B TMPOIECi MPOMHUCIIOBOTO OJEPKaHHS
KEPaMOTpaHiTy CYyTTEBO OOMEXKEHE.

Ha nporuBary 1npoMy aHOPTHUTOBI CKIOKPUCTANIYHI
MaTepiajM YCIHIIIHO BHKOPHUCTOBYIOTbCS B 0araTbox
rajgy3sXx HayKd Ta TEXHIKA 3aBISIKM  BHCOKHM
MEXaHIYHUM, TEPMIYHNAM 1 JIEKTPUYHIMHU BIACTHBOCTSIM,
JCIICBU3HI CHPOBHHHUX MaTepialiB 1 IITHPOKOMY
PO3MOBCIOIDKEHHIO iX y mpuponi [4]. BpaxoByrounm
BITHOCHO  HH3BKY  €HEPrOEMHICTb  TEXHOJIOTIYHHX
MPOIECiB  MpH  CHHTE31  KaJIbIiHATIOMOCHIIKATHIX
CUTaJIB, iX BIPOBA/DKCHHS B CKISAHIA Ta OymiBelbHIN
ragy3six, CJIICKTPOCHEPIeTHIll ¥  MAaIrMHOOYyBaHHI,
JIO3BOJIMTH 3a0€3MEYNTH CHEPHO- Ta PECypco30epesKeHHS.

IMpn cuHTE31 aHOPTUTBMICHHX CKJIOKEpaMIiYHHX
MarepiajiB OyIiBEJIBHOTO NMPU3HAYECHHS! BHKOPHCTOBYETHCS
6araTo BHIIB NPOMHCJIOBHX BiJXOMAIB — JIy’KHI HUIaKH 3
BUCOKHM BMICTOM OKCHUAY Kaubllito (43-50 %), 3omm
TOPIOYMX CJIaHINB, a TaKoX BIAXOAM TIPCHKUX TOPI,
30KkpeMa 0a3zanbToBOi THOpOaM. 3HAYHMH ITOTEHILial
BUKOpHCTaHHSl 0a3albTy NpU BHUPOOHULTBI Iazypen
MIPOSIBIISIETHCSL y MiIBUINEHHI 1X TBepocTi 1o 6,5 'Tla, mo
TIEPEBHIILYE CTaHAAPTHE 3HAYCHHS IJa3ypi Ha PUHKY, 3a
paxyHOK BMICTy MiHepamiB rpaHity (ZnAl,O,) i koe3uty
(Si0,) [5]. 3acTocyBaHHS K BiAXOIIB MPU BUPOOHHIITBI
KepaMi4HOi  TUIMTKA  pOJMKIB  Te4Yed  JI03BOJISIE
3a0e3MeunTH CUHTE3 aHOPTHUTY y CTPYKTYpi MaTepiajiB Ta
CYTTEBO TIiIBUIIUTH €KCILTyaTaIliiHI BIACTHBOCTI [6].

3Ba)karouM Ha 3pOCTar0Yi BUMOTH, IIOJIO MiIBUIICHHS
3HOCOCTIMKOCTI KepaMOTpaHiTHOT IDTATKH, sKa
BUKOPHCTOBYETBCS. B MICISX 3 BHCOKOI MPOXIJHICTIO,
HEOOXi/IHOI € po3poOKa IPOTEKTOPHUX TOKPUTTIB 3
4 crymeHemMm 3HOCOCTIHKOCTI i3 3aCTOCYBaHHSM
BITYM3HSAHOT KOMIUICKCHOI CHPOBUHH. PilmeHHsIM Iriel
mpoOJeMH € CTBOPEHHS HOBOTO THIY 3HOCOCTIHKOTO

PO30pOro CKJIOKPHCTAJIIYHOTO MOKPUTTS v}
KepaMmorpaHitTHoi 1uTtku [7], y ToMy dwucm i3
3actocyBaHHsM BinxoxmiB [8]. OcobmmBo BaxkiHBe

3HAYCHHS MOXXJIMBICTh 3aCTOCYBaHHS allbTePHATHBHOT
CHPOBHHH Ma€ B YMOBAaX BEACHHS BOECHHHX [ii, Y 3B’A3Ky
3 TMOpPYIICHHSIM JIOTICTUKM  MOMEPEIHIX  KaHANiB
MOCTayaHHS CHPOBMHM Ta NOTpebaMM  NaIMBHO-
SHEPreTHYHOTO KOMILICKCY.

[IIupoko BimoMi po3poOKH MPO30POi CKIOKEPAMIKH
SK HOBOI'O TIOKONIHHSM  aJanTOBaHUX  ONTHYHHUX
MarepiajiB i3 LIMPOKUM CIIEKTPOM 3acCTOCYBaHb BiJl
ontukn 10  Qoronikm [9]: iHPpauepBoni (IY)
BIKHA/KYIIOJHM,  OOOJOHKM  JIaMI,  ONTOEJIEKTPUYHI
KOMITOHEHTH/TIPUCTPOI, KOMIIO3UTHA OpOHS Ta EKpaHu
s cMapT(OoHiB, IX MOYKHA BUKOPHCTOBYBATH SIK OCHOBHI
MaTepiand I TBepIOTUIhHHX Ja3epis [10].

OnTryHa TPO30PICTh € OIHIEI0 3 HAHBAXKIIMBIIINX
BIAacTHBOCTEH mpo3opoi kepamiku. o6 mocsrtu

MIPO30pPOCTi, KepaMika TOBHHHA MaTH BUCOKOCHMETPUYHI
KPUCTAIIUHI CTPYKTYpH, 30KpeMa KyOidHOi CTPYyKTypH.
Kpim TOrO, onTHYHA MPO30PicTh KEPaMikd BU3HAYAETHCS
il YHUCTOTOIO 1 IMUIBHICTIO. BHUPOOHHUIITBO KepamiKH
BUCOKOTO  CTYNEHS  YHCTOTH BHMAara€ BUXIJHHX
MarepiajiB i3  MaJiOl  KUIBKICTIO  JIOMIIIOK, &
BUPOOHHMLTBO KepaMiKM BHCOKOi IIUIBHOCTI BHMarae
3aCTOCYBAHHS CKJIAJJHMX TEXHOJIOTIH CITIKAHHS, YiTKOTO
JIOTPUMaHHS ~ ONTUMaJIbHUX PEXHMIB  BHPOOHHIITBA,
cremianizoBanoro ob6nmamgHaHHs Ta TexHiku [11]. Kpim
TOT0, KEpaMOTpaHIT 3 4-M CTYICHEM 3HOCOCTIHKOCTI,
SKUH 3aCTOCOBYETHCSI Y T'POMAJICBKMX MICLSIX, NTOBUHEH
XapaKTepHU3yBaTHCS BHCOKHMH TPHOOJIOTIIHUMH
BJIACTUBOCTSIMH, 30KpeMa 3HOCOCTIHKICTIO, i
HEOOXiTHIUMH TBEPAICTIO Ta TPIIMHOCTIHKICTIO.

[IpoTe, KOHKYPEHTO3JaTHICTh KEPaMiqHOT IPOTYKIIii
apXITEeKTYPHO-OYiBEIIFHOTO MPHU3HAYCHHS BU3HAYAETHCS
HE TIIBKH i  BHUCOKHMH eKCIUTyaTallitHIMHA
XapaKTEepUCTUKaMM, a ¥ PHHKOBOK BapricTio. Tomy
3aCTOCYBaHHSI BHXIJJHMX MaTepiajliB BUCOKOi YHCTOTH €
HEOOIPYHTOBAHUM, a BHPOOHHUIITBO  BUCOKOMIIIHUX
CKJIIOKPUCTAIIYHUX MaTepiaiiB MOTpedye J0IaTKOBHX
cTajiii TepMiuHOi OOpOOKM Ta 3aCTOCYBaHHS BapTiCHUX
KaTami3aTopiB KPHUCTANi3allii, sKi 3HAYHO ITiJBUIIYIOTH
BapToCTi MaTepiainis [12].

PimennsaM 1miei mpobimemu € po3poOka TMpo30pux
AHOPTUTOBHX CKIIOKPUCTATIYHAX MIPOTEKTOPHUX
MOKPUTTIB  [UII  KEpaMoOTpaHiTy i3 3acCTOCYBaHHIM
BITYM3HIHOI CHPOBUHH.

Mera po6oTH. MeToro poOOTH € JOCIIIKCHHS
npotieciB (a3zoyTBOpeHHsT Npu (OPMYBaHHI CTPYKTYpH
IPO30PHUX aHOPTHTOBUX CKJIOKPUCTAJIIYHHX
MPOTEKTOPHUX ITOKPUTTIB JJIsI KEPaMOTPAHITY.

Jnst mocsrHEeHHsT O3Ha4YeHOi MeTH OyJM IIOCTaBieHi
HACTYIHI 3aBIaHHs:

— BU3HAYEHHS BUMOT 0 IIPO30PUX HPOTEKTOPHHUX
MIOKPHTTIB,;

— 00rpyHTyBaHHs BUOOPY CKJIa/IiB TJ1a3ypeii;

— IOCIIIDKEHHST CTPYKTYpH Ta (ha30BOTO CKIIAAy
GbpuT Ta TIA3ypei.

Bapky ¢pur 3aiiicHioetses B ymoBax [IpAT «XI13»
B IUIAaBWIBHUX Ie4ax OesrnepepBHOi aii moxens BKT 112
3 HepyxomuM TogoM i Mozpens TLT 112 3 nogom dipmu
«Sacmi»  BupoOHuuTBa ITamii, moO  roimaerscs.
3aBaHTaXeHI B IiY MaTepiaiy Mijl BIUINBOM TEMIIEpaTypH
B OKHCJIIOBAIFHOMY CEPENOBHILI ITOCTYIIOBO HaOyBalOTh
BUIJISITy PO3IUIABY, SIKMA Ha BUXOAL 3 I€4i I BIUIMBOM
Harmopy BOJAW TEPETBOPIOETHCSI HA TPaHyJIbOBAHUH
MaTtepiain (Qputy).

[pu pmocmimkeHHi TpormeciB  (Pa30yTBOPEHHS,
CTpYKTYpH  Ta  (a30oBOro  CKJIagy  MaTepiaiiB
BUKOPHCTOBYBAJIM B3a€MOAOMNOBHIOIOYI MeTOonu (i3nuKo-
XIMIYHOTO aHaji3y: peHTreHodasopuii (auppakTromMeTp
JAPOH-3M), mnerporpadiyauii (ONTHYHHHA MIKPOCKOII
NU-2E), rpagieHTHO-TepMiYHMH aHaii3 (rpafi€HTHA Miv).
MiKpOCTpyKTYypY CTEKOJI JIOCITIIKY BN 3
BHuKopucTanHsiM POMMA-2000.

JudepennianbHO-CKaHYI0Yy KOJIOPHUMETPIIO 3pa3KiB
npoBommn Ha cymimernomy JACK-TT'A tepmoanaizaTopi
TA Instruments SDT Q 600 B iHTepBaii Temreparyp Bix
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25 mo 1200 °C y KOpYHIOBHX THTJISX HPU IIBHUAKOCTI
HarpiBanus 10 °C/xs.

Jnst  omepaHHA  IIOBKOBOTO  MPOTEKTOPHOTO
MOKPUTTS 3 MapKyBaHHsAM [I-1 Oymo oOpaHO HacTymHUi
cKkJanm rhasypi, Mac. %: CyMilll BHCOKOKAJbIII€BUX
HaTpIAaTIOMOCHITIKATHUX (QpHT (MapkyBaHHs M9) — 55-58;
rmuHa  AmnzpiiBceka «IIpimay — 5-7; Hedenin ZPN
05093MS — 29-32; nonomit — 5—6; HMHKOBI Oinmna — 1-3;
tpumnonidochar marpiro — 0,1-0,15; KMIL] CARBOCEL
ST/25-PT — 0,10-0,25; HaTpit0 XJIOpHUI 0,10-0,25;
pospisaioBau ZLD 04978 LM — 0,01-0,05.

INonepenne mOCTiIKEHHA BIUIMBY 4acy NOMeENy Ha
TEXHOJIOTIYHI ~ BJACTUBOCTI  TJIa3ypHUX  LUIIKEpiB
JO3BOJIMJIO BU3HAYUTH ONTHMAJIbHE HOTO 3HAYEHHS VIS
OJIepKaHHS HEOOXiTHHMX BIIACTHBOCTEH HUTIKEPY, a came:
sanumok Ha cuti Ne 0045 — 0,5-0,7 %; IIiIbHICTE —
1,69-1,70 r/cm’ Ta tekyuicth 30—40 c.

Pe3yjabTaTn ekcnmepuMeHTY Ta iX 0OroBOpeHHS.
Sk OCHOBY s OJIep>KaHHS 3HOCOCTIHKOTO
NPOTEKTOPHOTO MOKPUTTS JIA KepaMivuHOI INTMTKH OyJo
oOpaHo aBi ¢puTH, fAKi OyJI0 CHHTE30BaHO HAa OCHOBI
CHCTEMH Si0,-Al,05-B,0;—Ca0O-Ba0O-ZnO-CeO,—
Na,0-K,O0 i3 3aranbHiUM BMICTOM KOMITIOHEHTIB (Mac. %):
Si0, - 51,4-51,9, ALO; — 19,1-20,6, K,0 — 4,7-5,2,
Na,O - 4,2-4,6, CaO - 12,4-12,9, ZnO - 3,0-3,5, BaO —
0,70-0,95, B,O; — 0,20-0,70 ta CeO, — 0,05-0,10.

Bubip BHCOKOKAJBI[IEBUX JIY)KHOATFOMOCHIIIKATHIX
¢bpur, sxi Moar(IKOBAHO OKCHAAMH LUHKY, Oapito, 0opy
Ta Lepito, 0a3yBaBcs Ha iX 37aTHOCTI J10:

— HanpaBiieHol ~ o0’eMHOl  KpucTamizamii  3a
MeXaHi3MOM (ha30BOTO PO3/ALICHHS;

— (hbopMyBaHHS ONTHYHO IIPO30OPUX KPHCTATIB 3
n = 1,58 Ta pozmipom meHme 0,4 MKM y KUIBKOCTI He
6inb1ie 50 00. %;

— HaIpaBIeHO1 MTOBEPXHEBOT KpHUCTaNi3amii
KpUCTATIYHUX (a3 3 MOKa3HUKOM TBEpIOCTi 32 Moocom
7,5-9,0 oquHUIIG.

Opep>xaHHs OIOIMIHUX NPOTEKTOPHHUX TOKPHUTTIB
Ha OCHOBI BHCOKOKAJBII€EBUX JYKHOATIOMOCHIIIKATHUX
(GpUT € MOXIIMBHM 3aBISKH CHPSMOBAHOMY CTPYKTYpO-
Ta (a30yTBOPEHHIO MPH BUKOHAHHI TAKUX YMOB:

— ¢opMyBaHHS ~ 3MIIIHEHOI  ONTHYHO  IPO30POT
CHTQJII30BaHOI CTPYKTypH CKJa TIpH IIBHIKICHOMY
peXuMi TepMOOOPOOKH;

— [IOBEpXHEBAa KpucTamizalist ans  (opMyBaHHS

3HOCOCTIHMKOI CTpYKTypH MmopcTkicTio (R, = 2—3 MkM).

BBenenas MoOuQiKyrOUnX OKCHIIB LUHKY, Oapiro,
0opy Ta Lepil0 MOSICHIOETHCS HEOOXIMHICTIO 3HIKCHHS
TeMIepaTypu HyKJIearii TUTS dhopmyBaHHS
HaHOCTPYKTPOBAHOI CTPYKTYpPH Ha IIOYaTKOBHX eTamax
TEpMiuHOi 00poOKH. BaxnMBUI BIUIMB Ha PO3MIp
KPUCTATIB aHOPTHTY 1 IMPO30PICTh CKIOKEPAMIYHHX
riazypei ta posziieHHs $as mig yac TepMiuHOi 00poOKH
B Mae criBBigHomeHHs B,05/Si0; [13].

3a pesynsratamu JJCK-TI'A (puc. 1) BcTaHOBIEHO,
o iHTepBai po3M’siKiIeHHs ckia Gpuru M9 (puc. 1, a)
Mae iHTepBai 900-1100 °C Ta € mmpmuM, aHDK I
nokputts I18 (puc. 1, 6) 3 TeMnepaTyporo po3m’sIKIICHHS

1000 °C, sixe mOAaTKOBO BMIIIy€ TYTOTOIKI KOMITOHEHTH.
IurencuBHa  kpucramizamii  mpu  1100°C  TI-1,
sKa IIOB’s3aHa 3 JOJaTKOBHM BMICTOM KaTajli3aTopiB
KpHcTaji3aiii, MO3HAYAETHCS Ha MPOTiKaHHI
MOBEpXHEBOi KpucTaiizauii miast mokpurts [1-1  Bxke
npu 1150°C  (puc.2) Ta 3aKiH4yeTbCS I[OBHHUM
(hopMyBaHHSIM CTPYKTYpH NOKpHUTTS Bxke 1ipu 1200 °C.
HasBHicTh omanecueHTHOI CTpykTypu ¢putan M9
npu 1000 °C (puc. 2) BKa3zye Ha MOXKJIHMBE IPOTiKAHHS
(a3oBoro po3miEHHS Ta Ma€ 3HAYHUM BKIAN Y
¢opmyBanHi  ctpyktypn  mokpurts 118,  Came
Momudikaris mokputts [1-1 okcmmamMu nWHKY, Oapiro,
Oopy Ta mepito JO3BOJIIE  3MICTHUTH  iHTEepBal
3apOAKOYTBOPEHHS B 00JAacTh HIXKYMX TEMIEparyp Ta
CTBOPUTH YMOBH i1 (QOPMYBaHHAI BHCOKOMIITHOL
Mpo30poi1 CHUTANII30BaHOI CTPYKTYypH. [HTEHCHMBHMI picT
3apoAKiB B o0yacti TeMmeparypu  po3M’SIKIICHHS
JIO3BOJIUTH TIPH MiJIBUILEHHI Temreparypu chopmysBaTu
3HaYHy KUIBKICTh TOHKOJIHUCIIEPCHHX KpPUCTATiB Ta
oOMexuTtu iX picT, IO € OCHOBHOI YMOBOIO
3a0e3MeUYeHHS MPO30POCTi MOKPUTTS Ta HOTO MIITHOCTI.

MapkyBaHHSI
T, °C PrY

950
1000
1050
1100

1150

1200

BRI

P
PR

Pucynok 2 — I'pagieHTHO-TepMiUHNMIT aHANI3 MaTepianiB
|- npo3ope, = — onanecueHrHe,
— TIOBEPXHEBA KPUCTATI3aIlis

[TinTBEpmKEHHSIM IBOMY € HasIBHICTb
HEOJHOpiMHOCTeH y BHIIIAAi nycok (puc. 3, al), mpu
temrnepatypi 1000 °C ta iX CKym4eHHs y KpuUCTaIH M
noJanbmui pict npu temnepatypi 1200 °C (puc. 3, a II).
IMpn  Tepmiunii  00poOIi moONM3y  TemIeparypu
PO3M’SKILIEHHS npu TeMIiepaTypi 1000 °C
CIIOCTEpiraeThest pict odiacTeld 3apoAKOYTBOPEHHS, IO €
XapaKTepHUM TIPOSIBOM MeTacTaOUTbHOI JIiKBamii sIK

(azoBoro  mepexony. BupiBHIOBaHHAM  CTPYKTYpH
mokputTs I1-1, sixe micims 0OpoOKH y po34HHI TTABHKOBOT
KUCIIOTH  IIPOSBISETBCA  3IVIQJUKYBAaHHAM  Kparens,
CBIMUMWTH TIPO  3aBeplIIeHHS Tporecy  (a3oBoro

PO3IUICHHST 3 TIOAANBIIAM IPOIECOM YHOPSAKYBaHHS
cTpykTypH. lle moB’si3aHO 3 YTBOPEHHSM rerepodasHux
(ykTyanifi, 10 YTBOPIOIOTH HAHOCTPYKTYpY, SKa
camoopraHnizyerbes [15].
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Sample: ¢pura M9
Size: 4.6190 mg
Method: Ramp

DSC-TGA File: C:.. \XNW\cpputa M 9.001

Run Date: 19-Apr-2024 09:54

Instrument: SDT Q600 V20.9 Build 20
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99 --0.2
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a7 1 - -0.6
1
Temperature (°C)
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o] 20 40 60 80 100 120
Exo Up Time (min)
a
Sample: rnasyps M-1 File: C:..\XNW\rnazype M-1.001
Size: 15310 mg DSC-TGA
Method: Ramp Run Date: 01-May-2024 09:20
Instrument: SDT Q600 V20.9 Build 20
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Pucynok 1 — JTudepeniiianpHO-CKaHy04Ya KOJIOPUMETPis po3po0IeHOT PPUTH Ta MOKPUTTS:

a—M9, 6 -II-1

Temperature Difference (*C/mg)

Temperature Difference (*C/mg)
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DKV WIN000  100nm WD 73mm

Pucynok 3 — CTpyKTypa AOCTIIHHUX CKJIOMaTepiatiB

CTpyKTypa CKJIOKpPHCTaNi4YHOrO mNOKpUTTs [I-1
TICIIS TepMigHOi 00poOKH TpeacTaBisie co00r0 CKiIodazy
y AKiif piBHOMIpHO pO3MOfineHi TabierdacTi (JIyckKari)
KPUCTAIIM TPUKINHHOTO aHOPTUTY Ta KOPYHAY PO3MipoM
menmie 0,4 MKM, SIKi OPIEHTOBaHI B OJHOMY HAIpPSIMKY
(puc. 3, 6). DopmyBaHHs Takol JUCUIIATUBHOT CTPYKTYpH
JIO3BOJISIE 3a0€3MEUYNUTH OJHOYACHO BUCOKI TPHOOJIOTIUHI
BJIACTHBOCTI TIOKPUTTS Ta 1Or0 ONTHYHY IPO30PICTh.

HasBHicTh Ha  TNOBEpXHI  CKJIOKEPaMiyHOTO
MOKPUTTSI KPHUCTANIYHOI (ha3u 0-KOPYHAY 3abesmedye
4 CTyniHb 3HOCOCTIHKOCTI pO3pOOJIEHOTO TOKPUTTA
(EN ISO 10545-7). Pa3zom 3 1umMm, 3a0c3mcucHHS
MOKa3HWKa  LIOPCTKOCTI  Ra=~2 MKM  MOKPHUTTS
MpOTEKTOpa Ta BH3Ha4ae omip xoB3aHHO (ISO 10545-17
CEN/TS 16165:2012). HasBHICTb TOHKOIHCIIEPCHOT
CTPYKTYPH TIOKPUTTS TO3BOJISIE 3a0€3MEYUTH TPO30PICTH
CTPYKTYPH TIOKPHTTS y BHUIWUMIN YaCTHHI CIIEKTPY 3
KoeilieHTOM NpomycKaHHs cBiTia 6im3pko 60 % [14].

BucHoBkn. 3 ypaxyBaHHsIM C(OPMOBAHOI TiNOTE3H
Oyno oOrpynroBano BuOiIp cuctemn SiOr-Al,0;—B,05—
Ca0-Ba0O—ZnO-MgO—CeO,Na,0-K,O Ta
MO/M(IKYIOUMX KOMIIOHEHTIB Ta po3poOiieHo ¢pur mis
OTPHMaHHS 3HOCOCTIMKOrO IPO30pPOr0  IPOTEKTOPHOTO
TIOKPHUTTS IS KEPaMOTPAHITy.

KpUCTami3amii NUIIXoM MeractadirpHOrOo  (pa3oBoro
pO3IiNIeHHsT  J03BOJISIFOTh  C(OPMYBATH CHTAII30BaHY
CTPYKTYPY IPOTEKTOPHOT'O IIOKPHUTTS A KEPaMOTpaHiTy
3 BMICTOM KpHCTaJliYHUX (a3 aHOPTHUTY 3 PO3MIpOM
MEHIIE JIOBXMHHU XBWJII Y BUJIMUMIH YacTHHI CIEKTPY Ta
0-KOpYHZy B TIPUIIOBEPXHEBHMX Ilapax Ija3ypi, IO
OHOYAaCHO 3abe3redye ONTHYHY IPO30picTh  Ta
3HOCOCTIHKOCTI pO3pO0JICHOTO MOKPUTTS.

BrpoBapkenuii y BUPOOHHUIITBO Ha BITYM3HSIHOMY
BrupoOHNITBI [IpAT «XII3» po3pobiiennii KepamorpaHiT
3 BHCOKOI0O KOHKYPEHTOCIIPOMOXHICTIO  JO3BOJISIE
M IBUIIUTH KOHKYPEHTO3IaTHICTh KEPAMIYHOI TUIUTKU Ta
CHpHUATH cTadiTi3aIil pUHKY B YMOBaX CTaJIOTO PO3BUTKY
JepIKaBU.
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L. P. SHCHUKINA, A. M. KOROHODSKA, R. V. KRYVOBOK, G. M. SHABANOVA

SMALL-PIECE SEMI-DRY-COMPACTED CONCRETE PRODUCTS
ENERGY GENERATING ENTERPRISES

BASED ON WASTE FROM

The article investigates the fly ash from Burshtyn TPP for its use as a component of binding raw material compositions for the production of small-
piece concrete products. Based on the integrated characteristics of chemical and phase composition, it was found that the ash is ultra-acidic, is an
amorphous substance and is characterized by low hydraulic activity. Calcium-containing additives (slag cement and/or hydrated lime) and an alkaline
aggregate (soda solution) were used to activate the ash glass. The charges compositions using ash at the level of 75-90 wt. %, in which the type and
amount of activator and the type of aggregate (alkaline solution or water) were subject to variation in order to optimize the technological parameters
of the materials. For materials formed at a pressing pressure of 25 kgf/cm® and hardened under steaming conditions, a positive effect of cement,
alkaline aggregate and combined hardening activator on the properties of materials, their appearance and geometric dimensions was established. Such
materials have a low level of mechanical properties; only certain charge compositions allow for a mechanical strength grade of M50 to M75. In order
to improve the final mechanical strength of materials, the influence of pressing pressure, moulding moisture and hydrothermal treatment methods
(steaming or parboiling) on the properties of materials of individual compositions was investigated. It has been determined that increasing the
pressure up to 300 kgf/cm® and autoclave treatment of semi-finished products can significantly improve the level of mechanical properties. The
rational compositions of binder compositions with a high degree of fly ash use (75 and 77 wt. %) were determined, on the basis of which water-
resistant samples of asphalt concrete grades M 125 and M200 in terms of mechanical strength and grade F25 in terms of frost resistance were
obtained by semi-dry pressing. The materials are recommended for the manufacture of products for the construction of sidewalk elements, as well as
wall small-piece concrete products.

Key words: industrial waste; fly ash; production of fly ash concrete; hardening activators; hydrothermal treatment; semi-dry pressing;
materials for road construction; wall concrete products

JIL II. IIYKTHA, AM. KOPOTI'O/ICBKA, P. B. KPUBOBOK, I'' M. IIABAHOBA

JAPIBHOHITYYHI BETOHHI BUPOBH HAINIBCYXOI'O MPECYBAHHSI HA OCHOBI BIIXO/IB
EHEPIT'OI'EHEPYIOUUX HNIAITPUEMCTB

JHocnimxeno 3omy-suHocy Bypmruncskoi TEC Ha npenMer ii BUKOPUCTaHHS SIK KOMIIOHEHTA B SDKYYHMX CHPOBHHHHMX KOMITO3MILH ISl OTPUMaHHS
JPIOHOMTYYHHX OCTOHHUX BHPOOIB. 3a iHTErpaJlbHUMHU XapaKTEPUCTUKAMH XiMIYHOTO i ()a30BOTO CKIaLy BCTAHOBJIEHO, IIO 30J1a € HAJKHUCIOIO,
sIBIIE CO00K0 aMOp(HY PEYOBHHY 1 XapaKTepH3yeThCsl HHM3BKOIO TiAPABIIYHOI0 aKTHBHICTIO. J{Is akTHBi3amil 30JbHOTO CKJIa BHKOPHCTaHI
KaJbLiMBMICHI /100aBKM (LIIAKOIIEMEHT Ta/a00 TifipaTHE BalHO) Ta JIy)KHUH 3aTBOpIOBad (CONOBHMH po3uuH). Po3poOieHi mmMXTOBI Ckiamu
KOMIIO3HIII 3 BUKOPHCTAHHSAM 301U Ha piBHI 75-90 mac. %, B SKHX 3 METOIO ONTHMi3alil TEXHOJOTIYHUX MapaMeTpiB OTPHMAaHHS MaTepialiB
BapifOBaHHIO MiJULIrajyd BHUA 1 KUJIBKICTh aKTHUBI3aTOpa, TUII 3aTBOpIOBAaYa (JIy)KHHH PO34MH 4i Boxa). Jmst marepianmiB, cOPMOBaHHX 3a THCKY
npecyBaHHs 25 Krc/cM’ Ta SKi Ty)KaBili B yMOBaX MPONMAPIOBAHHS, BCTAHOBICHHMII MO3UTHBHHMII BIUIMB LEMEHTY, Iy)KHOTO 3aTBOPIOBAYA i
KOMOIHOBAaHOTO aKTHBI3aTOpa TY)KaBiHHA Ha BIACTUBOCTI MarepiadiB, iX 30BHIIIHIA BUIJIAA 1 reoMeTpH4Hi posmipu. Taki Marepianu MaroTh
HEBUCOKHUH PIBEHb MEXaHIYHHX BJIACTHBOCTEHl, JIMIIE OKpEMi MIMXTOBI CKIAAM IAI0Th 3MOTY 3a0e3MeYnTH MapKy 3a MEXaHiqHOI MilHicTio M50 —
M75. 3 METO0 MOKpAIEHHs KiHIIEBOT MEXaHIYHOI MIIIHOCTI MaTepiaiiB JOCII/UKEHO BIUIMB TUCKY HpecyBaHHs, (JOPMYBAIBHOI BOJIOTOCTI 1 crtocobiB
rigporepManbHoi 00poOKH (IpOmaploBaHHS YU 3alapIOBaHHS) Ha BIACTHBOCTI MaTepialiB OKpeMHX CKJIajiB. Bu3HadeHO, IO 30iNbIICHHS THCKY
npecysanns 10 300 krc/cM’ Ta aBTOKIaBHa 06po6ka HamiBhaGpUKATIB JO3BOIAIOTH CYTTEBO MOKPAUIMTH PiBEHh MEXAHIYHHX BJIACTHBOCTEH.
BusnaueHi parioHanbHi CKIaAU B’ sDKyYHX KOMIIO3UIIH 3 BUCOKUM CTYIEHEM BUKOPHCTAaHHS 301H-BUHOCY (75 1 77 Mac. %), Ha OCHOBI SIKMX METOJOM
HAIBCYXOT0 IIPECYBaHHS OTPHUMaHi BOJOCTIMKI 3pasku 30100eToHy Mapok M 125 1 M200 3a MexaHiuHOl MinHicTiIo i Mapku F25 3a
Mopo3ocTiiikicTio. Matepiaan peKOMEHIOBaHI M BUTOTOBICHHS BHPOOIB i OymiBHHLTBA EJIEMEHTIB TPOTYyapiB, a TaKOX CTiHOBHX
JIpiOHOITYYHUX OETOHHUX BUPOOIB.

Ki104oBi cj10Ba: TEXHOTEHHI BiJXOIM; 30JIa-BUHOCY; BHPOOHHILTBO 30J00€TOHIB; aKTHBI3aTOPU TY)KaBiHHS; TiIpoTepMaibHa 00poOKa;
HaIiBCyXe MMpecyBaHHs;; MaTepiaiy Ui JOPOXXHBOro OyJiBHUITBA; CTIHOBI OETOHHI BUPOOU

Introduction. The ever-increasing consumption of
resources is closely linked to the problem of increasing
waste production, i.e. waste generation at such an
intensity that the volume of waste exceeds the capacity
for its recycling or disposal. The National Waste
Management Strategy for Ukraine until 2030 [1] points to
real threats to Ukraine's environmental, anthropogenic,
man-made and, ultimately, national security that have
reached their critical point. The reasons that led to these
threats are as follows: irreversible withdrawal of natural
resources, exponential growth of waste generation and
accumulation, and lack of effective technologies for their
reuse. The approved Waste Management Strategy in
Ukraine emphasizes the need to introduce a new paradigm
of post-industrial social development, which primarily
involves considering waste as a source of secondary
material and energy resources.

For the production of binder-based construction
materials, ash and slag waste from power generating
enterprises has a significant resource potential, which is
usually used as fertilizer in agriculture, in the production
of lime-ash and lime-slag cements, slag pumice and slag
wool, glass tiles, and as concrete aggregates. The studies
of foreign scientists on the problem of utilization of large-
tonnage industrial waste present technological solutions
for the use of fly ash (so-called light ash) and coal ash
(heavy ash) in the technologies of various types of
binders, including composite and hybrid cements [2-8].
Domestic researchers of this waste group point to the
prospects of using TPP fly ash in binder technologies as a
component of raw material mixtures, as a filler for
construction materials, and as a porosizer in the
manufacture of structural and thermal insulation ceramics
[9-12]. According to statistical data, fly ash is generated
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in Ukraine in large quantities: 11539 tons (2018), 7187
tons (2019), 7674 tons (2020) [13], but despite the
obvious benefits of using fly ash, the volume of its
utilization in our country does not exceed 10 % [5], in the
European Union it is more than 50 %, and governments at
the state level stimulate its use [6]. Taking into account
the large amount of generated and stacked ash waste in
Ukraine, which remains after the destruction of thermal
power plants by the aggressor country, as well as the
positive results of its use in cement and concrete
technology, such waste has broad prospects when
considered as secondary raw materials for hybrid and
composite cement technologies, alkali-activated binders.

Article purpose — study of fly ash from the
Burshtyn thermal power plant of Ukraine as the main
component of raw material mixtures for the production of
small-piece concrete products for various purposes.

Theoretical justification on the choice of the
material hardening mechanism. In this study, fly ash
with  the  following  established classification
characteristics was investigated. The fly ash is low in
calcium (CaO = 4,1 %), low in sulphate (SO; = 0,21 %),
in terms of carbon content (2,5 %), it belongs to the first
category. The Fe,O; content in the ash is high (22,5 %).
According to such integral characteristics of the chemical
composition of ash as the basicity module (M, = 0,06), it
is classified as super acidic waste, and according to the
quality factor (K = 0,5), it is classified as chemically
inactive (for chemically active waste, K is > 1). According
to the thermal analysis carried out on a synchronous
thermal analyzer STA 402 PC to a temperature of 650 °C
and subsequent cooling, the ash is thermally inactive, as
evidenced by the absence of any thermal effects on the
DTA curves. There are also no ‘quartz’ transitions, which
indicates the amorphous form of SiO, in the ash. It can be
concluded that the ash does not contain any crystalline
quartz residues and is an amorphous substance, which is
also indicated by the very low M, value.

According to the literature, it is the amorphous phase
that is characterized by binding ability when interacting
with a wet environment, while the crystalline phase is
inert in this process [14]. The hydraulic activity of the
glass phase is determined by the Al,05/SiO; ratio — the
higher the ratio, the better the process of ash glass
hydration. In this case, Al,03;/Si0, = 0,4, which is
insufficient for the chemical activity of the ash glass
phase. It is also known that ash glass is not hydrated at all
in a neutral environment, but can exhibit hydraulic
activity in alkaline or sulfate-alkaline environments.
Therefore, since the experimental ash has low hydraulic
activity and cannot solidify on its own under normal
conditions, it is necessary to apply specific methods of
influencing the ash glass to ensure the required
solidification and structure formation of the future
material.

In order to select effective methods of chemical
influence on the amorphous phase of ash and its
conversion to a hydraulically active state, the mechanisms
of hardening of pozzolanic and slag cements, as well as
certain types of clinkerless binders, deserve special

attention. The hardening of pozzolanic cements is based
on pozzolanization reactions (reactions of formation of
CaO-SiOyH,0  (CSH), CaO-ALOs;-H,O  (CAH),
2C30A120381028H20 (CzASHg) or 2C30A12038102
and hydrogarnets of  variable composition
3Ca0-Al,03-xS105(6-2,)H,0. In the presence of iron
oxides, calcium hydroferrites or hydroalumina can also
form. The formation of these binders occurs through the
direct interaction of Ca(OH), with SiO,, Al,O;, radicals
of dehydrated clay minerals Al,0;-2Si0, (AS,), which are
present in mineral additives either in an amorphous and
therefore more active form or in an amorphous form in
the form of aluminosilicate glass. Such additives
containing active SiO,, Al,O3;, AS, or aluminosilicate
glass are both natural substances (opoka, diatomite,
volcanic ash) and artificial (metallurgical slags, fuel ash
and slag). Regarding the mechanism under consideration,
it should be noted that all hardening products contain
CaO, which is the main participant in pozzolanization
reactions, and its content in the raw material mixture is
ensured by the use of Portland cement clinker and
gypsum in the production of pozzolanic cement and air or
hydrated lime in the production of lime-pozzolanic
cement. In this case, these additives act as a calcium-
containing hardening activator.

In contrast to the hardening mechanism of
pozzolanic cements, when new formations arise as a
result of direct interaction of Ca(OH), with amorphous
SiO, and Al,O;, slag cement technology uses the ‘slag
awakening’ effect. It consists in the fact that when a small
amount of activators is added to slag glass, its
thermodynamically unstable state is disturbed and its
latent hydraulic properties are ‘awakened’. This results in
the restructuring of slag glass with the formation of CSH,
CAH and other compounds with binding properties,
which is accompanied by stone hardening. Activators in
slag cement technology can perform the function of
activators: CaQO, Portland cement clinker, Na,CO;3; and
other alkaline substances (alkaline activators), gypsum or
anhydrite (sulphate activators), lime and gypsum together
(mixed activators).

Among clinkerless binders, the most interesting in
this case are slag and ash binders, which are obtained by
closing ash, ash and slag mixtures or simply slag (fuel or
metallurgical) with a solution of an alkaline component.
A prerequisite for the production of such binders is the
presence of an amorphous aluminosilicate phase in the
waste, which, like any aluminosilicate glass, is able to
interact with alkalis under normal conditions. The glass
phase is hydrolytically dissolved to form insoluble
alkaline hydroaluminosilicates, which are not only more
active than calcium compounds but also structurally
stable, which gives the artificial stone greater durability
compared to, for example, sulphate-slag cements. It is
important that alkalis, unlike Ca(OH),, can interact not
only with the vitreous phase of slag or ash, but also with
crystalline compounds and amorphous AS, particles,
forming the same alkaline hydroaluminosilicates.
Therefore, two essential components must be present in
the production of slag or ash binders - aluminosilicate
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slag or ash glass and an alkaline component. For high-
calcium slags and ashes (M, > 1), any alkaline compounds
that give an alkaline reaction in water can be used, for
low-calcium slags and ashes only caustic alkalis
(expensive NaOH or KOH) and soluble glass with a
modulus of 0,5 + 2,0. Non-silicate salts of weak acids
(NayCO; or K,COj3) are more widely available, but can
only be used in hydrothermal treatment of semi-finished
products. To increase the basicity of the aluminosilicate
component and its activity when using these salts, lime,
Portland cement, or both are added to the mixture. It is
important to note that for all the types of binders
discussed above, hydrothermal treatment of semi-finished
products is usually used. For steaming, hot air saturated
with water vapour at atmospheric pressure is used, and for
parboiling, the treatment is carried out at temperatures of
175-190 °C saturated water vapour under a pressure of

0,9 — 1,6 MPa in autoclaves. Hydrothermal treatment is
especially important for amorphous components of binder
compositions, whose solubility increases significantly
with increasing temperature.

Having analyzed the above mentioned solidification
mechanisms, it can be concluded that each of them can be
applied to the experimental ash to a certain extent. To
implement these mechanisms, the charge composition of
binder compositions, in addition to the main material -
ash, should contain Portland cement clinker and/or lime
as hardening activators. The binder mixtures should be
closed with an alkaline solution rather than water.

Experiment. Taking into account the above-
mentioned mechanisms of fly ash glass hardening, the
compositions of raw material binders were developed,
which are given in Table 1.

The main principle used in the development of the

Table 1 — Charge composition of binding compositions

Charge components, wt. %
Charge code ash slag cement clay hyl(iirrr?;ed (moulgzlzehif;ff;;ggIZ %)
Ca(OH),
1s 87 10 3 - 22 % aqueous solution of Na,CO;
2s 77 20 3 - 22 % aqueous solution of Na,COs
Isw 87 10 3 - water
25w 77 20 3 - water
Osg 90 - 10 22 % aqueous solution of Na,CO;
Isg 85 10 - 5 22 % aqueous solution of Na,CO4
2sg 75 20 - 5 22 % aqueous solution of Na,CO4
Isgw 85 10 - 5 water
2sgw 75 20 - 5 water

blends was that all components of the blend should be
involved in the process of quenching the material. Ash
was used in its original state, with a specific surface area
of 811 m’kg. To activate the ash glass, calcium-
containing substances were used - slag cement P/A-S-
400-N with a specific surface area of 464 m*kg (PJSC
Ivano-Frankivskcement) and hydrated lime Ca(OH), in
the form of fluff. Soda ash Na,CO; was used as an
alkaline lime, the choice of which was due, firstly, to the
greater efficiency of sodium lime as compared to
potassium lime, and, secondly, to the fact that Na,CO; is
a part of large-tonnage waste from chemical production
(production of Na,S, alumina, caprolactam). It is known
from the technology of slag and ash binders that the
content of the alkaline component in the composition
should be at least 2 % and not more than 5 % by weight of
ash or slag (in terms of Na,0O). Calculations have shown
that to meet the requirement for Na20 content of 2 wt. %,
it is necessary to use an aqueous solution with a mass
fraction of soda of 22 % (at a moulding moisture content
of 12 %). To increase the raw strength of the semi-
finished products, highly plastic clay with a plasticity

number of 25 was added to some of the blends. To
determine the effect of raw material components on the
properties of the materials, the charge compositions were
varied in a certain way, and the type of hardener (alkaline
solution or water) was also subject to variation.
Laboratory samples in the form of parallelepipeds
measuring 70 x 35 x 17 mm were formed on a hydraulic
press VP-500 with a specific pressure of 25 kgf/cm?.
Those charge compositions that showed the best results in
terms of product properties at this stage of the study were
later additionally moulded with a specific pressure of 300
kgf/em?. After moulding, the samples were hardened
under different conditions. At the first stage, the samples
were hydrothermally treated in a climate chamber for 15
hours, where the air temperature was constantly
maintained at 75 °C and the humidity at 75 % (hereinafter
‘steaming’). After steaming, the samples were kept at a
relative humidity of 90 % for 7 days on grids in closed
desiccators with water poured on the bottom. Only after
such exposure were the properties of the samples tested.
At the second stage of the work, the samples were
autoclaved at an industrial enterprise for the production of
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silicate bricks (Kharkiv region). After the autoclave
treatment, the samples were subjected to testing without
further aging.

For all the samples, regardless of the setting
conditions, their main properties were studied according
to standard methods. The density of the samples after
hardening was determined based on the weight and
volume of the sample. The mechanical strength of the raw
materials and hardening products was assessed by their
tensile strength in bending (laboratory device MI-100
(NTU «KhPI»)) and compression (laboratory hydraulic
press VP-500 (PLINFA)). The water resistance of the
samples after curing was assessed by the softening
coefficient K,, which was determined by dividing the
compressive strength of the sample in the water-saturated

state (Rsy, MPa) by the compressive strength of the dry
sample (Ray, MPa). The material is considered water
resistant if K, > is 0,75. The freeze-thaw resistance of the
samples was assessed by the freeze-thaw resistance
coefficient K,,, which was determined by dividing the
compressive strength of the samples after 25 freeze-thaw
cycles (Rn,, MPa) by the compressive strength of the
samples saturated with water for 3 days (R, MPa). For
frost-resistant materials, K, > 0,75.

Experiment results and their discussion. The
results of studying the properties of laboratory samples
that were steamed are presented in Table 2.

Regarding the appearance of the samples, it should
be noted that the samples containing cement as a calcium

Table 2 — Physical, mechanical, and operational properties of semi-finished and finished products that were

cured in a climate chamber

Property indicators
Composition strength limit
code and sample| Product " softening | frost resistance
appearance* density, - i ‘o when bending| under product| factor K, | coefficient after
glem® | COMPIEssIo the product, | compression, 25 test cycles
of raw MPa MPa K
sample, MPa i
Is 1,8 0,63 0,7 3,0 0,48 disruption
2s 1,9 0,75 2,5 4,9 0,85 0,80
Isw 1,7 0,60 0,5 1,8 not studied not studied
Isw 1,8 0,65 1,2 2.5 not studied not studied
Osg 1,6 0,60 0,4 2,3 0,70 0,40
Isg 1,8 0,60 1,8 5.8 0,75 0,90
2sg 1,9 0,65 2,2 7,0 0,75 0,75
Isgw 1,7 0,51 0,3 3,0 0,50 0,90
2sgw 1,8 0,56 0,5 3,9 0,60 1,00

Note*. Fill marks those samples that are defect-free and have an acceptable appearance.

activator, regardless of the curing conditions, were
characterized by a uniform surface and a uniform grey
color. For the samples obtained on the basis of blends
containing 10 % cement, destruction of corners and
individual faces was observed. At the same time, the
samples of this group containing 20 % cement retained
their shape. White specks were found on the samples of
composition 0Osg, which are probably represented by
hydrated lime, which did not react due to insufficient
moisture. In addition, the samples of this composition had
defects in the form of chips and even surface peeling. The
samples obtained from the mixtures with a combined
activator (cement + lime) are characterized by the best
appearance. It is important to note that the influence of
cement is less pronounced on these samples in terms of
appearance. Therefore, it can be concluded that samples
of acceptable appearance can be obtained with 20 %
cement for mixtures containing only cement activator and
10 % for mixtures containing a combined activator.

During the hardening of binders, there are always
some changes in their volume and density, which occur
due to the formation of compounds with different molar
volumes and densities during hydration. Table 2 shows
that the density values differ little from each other.
However, there is a tendency for better compaction of
materials (by 5 %) with an increase in the cement content
in the compositions and when using an alkaline aggregate.
The influence of cement is quite logical, given that it is
the clinker component of the charge, as the most
hydraulically active, that will be subject to hydration and
hardening in the first place.

The highest compressive strength after hardening is
characterized by samples obtained from blends with a
combined activator (3—7 MPa), while for other materials
this figure does not exceed 4,9 MPa. Also, any group of
samples shows that with an increase in the cement content
in the composition, their mechanical properties improve.
Studies of mechanical properties have practically proved
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the ineffectiveness of using water as filler: such materials
have very low values of flexural and compressive
strengths (1sw, 2sw, 1sgw, 2sgw). In general, it should be
noted that the level of mechanical properties of the
samples is low, which is explained by the small amount of
moisture required for hardening, which is limited by the
chosen moulding method. The significant dispersion of
the components of the blends themselves, which does not
allow for effective compaction of the semi-finished
product at the stage of its formation, also does not
contribute to the increase in mechanical strength. To some
extent, this problem can be alleviated by using higher
pressing forces than those used at this stage of the study,
as well as by using a consolidating agent (e.g. sand). The
use of clay as a binder at the moulding stage also did not
produce the expected effect of strengthening the raw
material, but instead worsened the mechanical strength of
the hardening products. At the same time, even under the
studied conditions, certain charge compositions of
binding compositions make it possible to obtain materials
with a mechanical strength grade of M50 (2s, 1sg, 2sg).
When studying the water resistance and frost
resistance of materials (Table 2), it was found that most of
them are characterized by the required water resistance
(K: > 0,75). At the same time, materials of compositions
Is, 1sgw and 2sgw have unacceptable water resistance.
This may be due to the formation of water-soluble
crystalline hydrates in the process of hardening, which
adversely affects their mechanical strength in the water-
saturated state. The programme for determining water
resistance and frost resistance did not include materials of
Isw and 2sw compositions, which showed low
mechanical properties. The dependence of frost resistance
on the charge composition of the binding composition is
more extreme than water resistance. In the first group of
compositions (with cement activator), there is a clear
tendency for this indicator to decrease with a decrease in
the amount of cement. Similarly, the cement activator
affects the frost resistance of materials containing a
combined activator. It is noteworthy that the materials
with lime activator (composition 0sg), despite their
acceptable water resistance, turned out to be not frost-
resistant. Given the significant influence of the structure
factor on frost resistance, in particular porosity, this
behavior of these materials can be explained by their
increased porosity (the materials have the lowest density
among all). Analyzing the frost resistance of the materials
in interrelation with their appearance during or after the
test, it can be noted that the samples of the first group of
compositions (1s, 2s) containing 10 % cement had
chipped corners and small fractures of the edges, which
was not recorded on samples with 20 % cement. The
materials with the combined activator had a good

appearance after 25 test cycles, except for those obtained
using water and 10 % cement.

Thus, analyzing the results of the studies carried out
at this stage, it can be concluded that the materials are
generally water resistant, with the exception of only three
of the seven tested (1s, lsgw and 2sgw). Most of the
materials studied (five out of seven) can be assigned
grade 25 in terms of frost resistance, while samples of
compositions 1s and Osg were not frost-resistant. Only
two types of materials are characterized by a set of
required properties, as well as an acceptable appearance:
composition 2s (with cement activator) and composition
2sg (with combined activator). But they, like all the
others, have low raw strength, which can be improved by
applying higher pressing pressure and using lower
moulding moisture. In addition, to increase the
mechanical strength of the finished product, it would also
be advisable to use an autoclave method of hydrothermal
treatment (parboiling).

The second stage of the study was devoted to
investigating the effect of these technological parameters
on the properties of samples of compositions 2s and 2sg.
The samples were pressed on a laboratory press at a
specific pressure of 300 kgf/cm® and a moulding humidity
of 10 %. Hardening of the moulded samples was carried
out in industrial autoclaves for 10 hours at a temperature
of 183 °C and a steam pressure of 1 MPa. To compare the
effectiveness of hydrothermal treatment methods
(steaming or parboiling), the samples were also hardened
in a climate chamber under the same conditions as in the
first stage of the study. Fig. 1 shows the appearance of the
samples obtained under the above-mentioned conditions
of moulding and hydrothermal treatment (in the photo, the
letter ‘S’ means hardening of the material in a climate
chamber (steaming), and the letter ‘P’ means in
autoclaves (parboiling)). As can be seen from Fig. 1, the
samples have the correct geometric dimensions and a
defect-free appearance.

Figure 1 — Appearance of samples after hydrothermal
treatment:
a — samples of composition 2s; b — samples of
composition 2sg

The diagrams in Fig. 2 show the main properties of
the test materials obtained under different pressing and
curing conditions. The initial properties are given for the
materials obtained at the first stage of the work — formed
at a pressing pressure of 25 kgf/cm”, moulding humidity
of 12 % and steamed in a climate chamber.
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Figure 2 — Comparative characteristics of the properties of materials after curing under different conditions:
a — materials of composition 2s; b — materials of composition 2sg

As for the raw strength of the semi-finished products and
their density, the change in the technological parameters
of the samples (pressing pressure and moisture content of
the charge) had almost no effect on these properties, with
changes occurring within + 5%. Similarly, the level of
frost resistance of materials of composition 2s remains
almost unchanged, while in contrast, in autoclaved samples
of composition 2sg, this indicator improves by 24 %,
which allows us to predict a higher grade for their frost
resistance. The ‘structurally sensitive’ property of curing
products, mechanical strength, undergoes certain changes
compared to the initial level of these properties. For
example, an increase in pressing pressure leads to a
noticeable improvement in the mechanical strength of
materials. The increase in the mechanical properties of the
samples when changing the conditions of hardening from
processing in a climate chamber to autoclave processing
is explained by the fact that steaming conditions produce
a much larger amount of condensation moisture, which
contributes to the activation of the hardening process. The
diagrams in Fig. 2 shows that when parboiling was used,
the mechanical strength of the hardening products
increased by 2,7 times (samples 2s) and 1,3 times (2sg).

Analyzing the effect of semi-dry pressing conditions
and hydrothermal treatment methods on the properties of
materials in the complex, it should be noted that
increasing the pressing pressure and autoclave treatment
of semi-finished products leads to an improvement in the
basic properties of materials, especially mechanical
strength, on the basis of which it is possible to
recommend such technological parameters for their
production.

Conclusions. Based on the results of the study of the
chemical and phase composition of fly ash, it was found
that it is an amorphous substance of aluminous iron
silicate composition and belongs to low-calcium, low-
sulfate and superoxide ash. According to the values of the
modulus of basicity (M, = 0,09) and the quality factor
(K=0,5), the ash is a material with low hydraulic activity
and is not prone to self-hardening under normal
conditions.

Based on the analysis of the known mechanisms of
hardening of pozzolanic, slag cements and clinkerless

binders, a method of activating fly ash was chosen, which
consisted of the use of activators (slag cement and
hydrated lime separately and in combination) and an
alkaline hardener (Na,COj solution). The properties of the
samples obtained by semi-dry pressing of charges with a
moisture content of 12 %, which contained ash in the
amount of 75-90 wt. % and hydrothermally treated at
atmospheric pressure. The samples have a raw strength
that is at the level typical for silicate bricks (0,5 — 0,75
MPa). A positive effect of the cement component of the
charge on the raw strength, density of materials after
hardening, and geometry of the samples was revealed.
The compressive strength of the samples (2,3—7,0 MPa) is
at a low level, which is explained by the insufficient
amount of moisture required for hardening, which is
limited by the chosen moulding method. There is a
tendency to improve the mechanical strength when using
an alkaline hardener instead of water, slag cement in the
amount of 20 % or a combined hardening activator (20 %
cement, 5 % lime). The resulting materials are generally
water-resistant, but only a few samples can be assigned
the F25 frost resistance grade.

In order to improve the properties of the materials of
two charge compositions (2s and 2sg), the effect of
pressing pressure, moulding humidity, and hydrothermal
treatment in an autoclave was studied. It was found that
an increase in pressing pressure and a decrease in
moisture content have almost no effect on the raw
strength and density of the hardening products, but
improve their final mechanical strength. Hydrothermal
treatment in an autoclave leads to a significant
improvement in the mechanical strength of materials. A
rational composition of the charge (80 % ash, 20 % slag
cement) was established, on the basis of which, at a
specific pressing pressure of 300 kgf/em’, a mixture
moisture content of 10 % and under the condition of
hardening in an autoclave, materials with a raw strength
of 0,75 MPa, a predicted grade for mechanical strength of
M200 and frost resistance of 25 cycles can be obtained.
The resulting materials can be recommended for the
manufacture of curb and park stones, paving slabs, solid
and hollow wall blocks and ordinary bricks.
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M. A. NAHORNYI, A. O. NAGORNIY
SOME PHYSICAL-CHEMICAL FEATURES THE SOLID PHASES HYDRAULICITY

The most widely used in composite materials industry are concrete installations bonded with different binders. Higher energy consumption and
several ecological problems make their manufacture to become more and more expensive. The growing market of construction works and constant
extension of real estate property increases the demand for cheap and new materials with desired features. As a result of many years intensive scientific
researches there is now a practical possibility to offer an alternative and unique products technology of manufacture based on binding suspension
(bricks, wall, heat insulating and refractory materials and other) — all of them of desired size and shape. The experience of the composite materials
technology development shows that in comparison with traditional the microhardness of materials with an ultradispersive structure increases several
times and the specific surface increases by an order contributing to a decrease in the sintering temperature. The longevity of similar material is
essentially increasing provided structure is forming under conditions of the service site. Thus, building industry will obtain improved service life and
performance from binding suspensions as field installations will continue to move toward adopting and utilizing practices based on technology
described herein, rather than on cement technology. Relative to conventional composite materials products with mechano-chemical binders will
continue to gain in popularity because of the following advantages: low energy consumption and low prices for the products; ecological safety of the
manufacture process and of the ready-made products; good mechanical and design properties; moisture and cold proofness; surface need not be fired;
no shrinkage of the products after drying; simple to manufacture a variety of different products; ready availability and flexibility in design; absence
of manufacture wastes.
Key words: composite materials, binding properties, colloidal suspension phase, mechano-chemical binder, mechanical-strength properties.

M. A. HATOPHHH, A. 0. HATOPHHH
JESIKI ®I3UKO-XIMIYHI OCOBJIUBOCTI I'IJIPABJIITYHOI AKTUBHOCTI TBEPJIUX ®A3

IHaycTpist KOMNO3UIIMHEX MaTtepianiB HaHOLIBII MIMPOKO BHKOPUCTOBYE OCTOHHI KOHCTPYKILII HAa Pi3HOMAaHITHHUX B’SHKYyYHX Marepianax. Bucoxe
€HEProCIOKMBAHHS Ta JEsAKi eKOJOTiuHi MPOoOIeMH POOIATH iX BUPOOHULTBO BCE JOPOXKUIUM. 3POCTAIOUMI PHHOK OyIiBeNbHHX POOIT i HmOCTiiHE
po3LIMpeHHsT 00’ €KTIB HEPYXOMOCTI 301IbIIy€e MOIMMUT HA JEUIEBI Ta HOBI Marepiayid 3 OaXaHUMH XapaKTepUCTHKaMU. B pe3ynbraTi GaratopiuHux
IHTEHCHBHUX HAayKOBHUX JOCIIJUKEHb 3’SBHJIACS IPAKTHYHA MOXKIUBICTH 3allPONIOHYBAaTH aJbTEPHATHBHY 1 YHIKaJbHY TEXHOJOTiIO BHPOOHHITBA
MPOAYKTIB HA OCHOBI B’SDKYYHX CYyCIEH3iH (Lerja, CTIHOBI, TEIIOi30sLiiiHI Ta BOTHETPUBKI MaTepiain TOLIO) — yci BOHH OaXaHOTO PO3MIpy Ta
¢dopmu. JIoCcBi PO3BUTKY TEXHOJOTIT KOMIIO3MLIMHUX MarepialliB CBIIYMTh NPO T€, LI0 Y IOPIBHSHHI 3 TPaAULiMHUMH, y MarepiaiiB 3
YIBTPAJHUCIICPCHOIO CTPYKTYpPOIO y HEKUIbKa pa3iB 30LIBIIYEThCS MIKPOTBEPHICTb, a IUTOMA IHOBEPXHS Ha IOPSAOK, LIO CIPHSE 3HIKCHHIO
TeMIIEpaTypHu CIHiKaHHs HOPOLIKiB. JJOBrOBIYHICTh TAKOIO MaTepiany CyTTEBO 3pPOCTAE, SIKIIO HOro CTPyKTypa (HOpMYy€ETHCS B yMOBax eKCIUTyaTaril.
3ampoNoHOBaHA TEXHOJOTIs BHPOOHMITBA MaTepianiB IIMPOKOrO IPU3HAYCHHS BIIKPUBAE OJMH 3 IICPCICKTHBHHUX HAIPSMKIB Yy PO3BHTKY
HAHOTEXHOJIOTIHl — CTBOPEHHS HAATBEPAMX 1 HaJMIIHUX MarepiayiB I iHAYCTpii KoMmnosuriB. IIopiBHSHO 3i 3BHYAWHMMH KOMIIO3HI[IHHHMH
MarepianaMd BHPOOM Ha MEXaHOXIMIYHOMY B’SDKYYOMY HpPOJOBXYBaTHMYTh HAOMpaTH MOMYJSAPHICTh 3aBIASKA TAaKHUM IiepeBaraM: HH3bKe
CHEProCIOXKMBAaHHS Ta HU3bKAa IiHA HAa BUPOOM; €KoJOriyHa Oe3leka Mpolecy BHPOOHHLTBA i TOTOBOI MPOMYKIIl; XOpOLIl MeXaHi4Hi Ta
KOHCTPYKTHBHI BIaCTHBOCTI; BOJOTOCTIHKICTh i MOPO30OCTIHKICTh; BiICyTHICTH HEOOXiJHOCTI BUNAy BHPOOIB; BiICYTHICTh YCauKu BHPOOIB IicCis
CYIIHHS; TIPOCTOTA y BUTOTOBJICHHI PI3HOMAHITHUX BUPOOIB; JIOCTYIHICTb i THYYKICTh IU3aliHy; BiJICyTHICTh BiZIX0/liB BAPOOHHIITBA.

KiarouoBi cjioBa: KOMMO3MLINHHI Marepiand, B’sDKy4i BJIAaCTHBOCTI, KonoinHa (paza cycneHsii, MexaHOXiMiuHE B’SDKy4e, MiI[HOCTHI
XapaKTEePUCTHKIL.

Introduction. The limited raw materials deposits
have a sequential effect on the expenditures for composite
materials production. It is concerned of enrichment,
conditioning, heat processing, ecologically save
technology developing and other. The longevity of any
constructional material is essentially increasing provided
structure is forming under conditions and at the service
site. That is why developing of new composite materials
must be carried out by means of its structure design.
These principles have been realizing in the refractory
concretes technology under the limited conditions of
heatup, hardening time, drying and other [1; 2].

Meanwhile refractory concretes bonded with the
different hydraulically setting cements at the temperature
range defined have the strength losses as the ceramic
processes and chemical conversions (dehydration, bonds
disruption, easy-melting compositions forming) occur.
The last ones are accompanied by the volume changes. It
emphasizes the necessity for developing binders to obtain
optimum concrete performance and to avoid structural
defects relating to the transition of hydrated phases and
gels. Permeable crystalline phases are then developed that
maximize structural stability and ensure safe heating of
large cross sections.

As for our opinion similar binders must have a high
binding properties; the soundness through the whole
range of service temperatures; to be matched by nature or
to approximate to the utmost of refractory constitution; to
be technological (to have a good distribution between the
grains during a mixing) and resistant to preaging [3, 4].

Experimental. The solid phases hydraulicity can be
influenced on some factors. They are caused by atom
structure, chemical bonds nature, anion and cation
properties. Four main of them are presented herein [5].

Central atom of EOZ_ anions is in the sp’-

hybridization state and each anion has one vacant 3-d
orbital but different number of unpaired electrons that
influences on the internal hybridization possibility while
the vacant orbitals number in outer level is decreasing. A
presence of vacant orbitals in outer level defines a
possibility of multiple, donor-acceptor bonds forming
along with the electrons transition occurs during the
chemical reactions. This premise explains the phases
chemical activity — this is a first factor.

Next factor determining a phase ability to interact
with water is E-O chemical bond nature in anion. The
initial steps of hydration are polarization and
polycondensation processes with subsequent hydroxyl
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bonds developing result in E-O-E bonds are forming in
setted stone. This factor is evaluated by chemical bond
nature analysis in anions. The evaluation is carried out by
ionic covalent resonance energy value AE according to
Polling’s equation. This value is a measure of deviation
the chemical bond nature from covalent. The larger AE
value the larger ionic nature of bond. The larger AE
value (it means more ionic nature of E-O bond) the larger
phase activity containing EO;~ anion. Binding properties
appear when the ionic bond degree is reached not the less
25% — this is a second factor.

Within the period from Sinf to Sinf central

atom sp>-hybridization is reducing and w-bonding
becomes important to stabilize of hybridization. The
given transition is accompanied by the O, atoms number
decreasing that able to form of m -bonds in following
reactions. The some anions electron structure analysis
carried out by means of Molecular Orbitals Method has
shown the electron distribution on the molecular orbitals:

Aloy _[O-b]6 '[”nb]B ; PO, _[Gb ]8 '[7Z-b]2 '[ﬂnb]“
Sioy —[Gb]g -[ﬂnb]lz [5].

The subscripts b and nb in these distributions identify
bonding and nonbonding ¢ and m molecular orbitals

accordingly. In POif anion the electrons on m-bonding

orbital appear stabilizing sp’-hybridization state. The
delocalized d,-p,, bond arises due to that. Reducing of
phases hydraulicity from aluminate to sulfate of calcium
results in m-bonding enhancing, with E-O bond strength
increases. Third factor is absence or a minimum of 7-

bonding in £O, " anions.
The cation properties also have an important

significance. The screening constants S for s-elements that
define an effect degree on the internal orbitals of Me-O

anion were calculated (S o = 18,8 e = 10)). From

Be®" to Ba® cation effecting on oxygen ions decreases
and Me-O bond strength reduces. Also the ionic field
intensity (cation polarizability) value were evaluated

Ca’ =1,85;Mg*" =3,65;5t"" =1,67; Ba’" =1,45
The higher cation polarizability, the lower activity of

anhydrous phases, while the binding properties appear
when intensity is not the less 2 — this is a four factor [5].

In present work a specific method of binders
obtaining based on the reactants implantation was used,
with their enable to initiate the binding properties of
materials surface. Similar method is supplying the
chemical compositions formation on the particle surface
during of the mechanical dispersion. The suspension
should be a final product of mechano-chemical
implantation. The suspensions being used for refractories
manufacture have the important advantages as: a high
concentration and polydispersity of solid phase and the
bonded liquid a minimum also. As implantators carriers the
water solution of salts, acids, bases can perform. To
obtain with mechano-chemical method the suspensions on
the base of corundum and zirconia as effective implanting
reactant is phosphate ion.

An implantator solution-carrier optimum
concentration selection is determinated by following
requirements: suspensions must have a good flowability
with humidity a minimum, ensure the proper strength and
density and also soundness of casting. Typical
suspensions with mechano-chemical method obtained are
given in Table 1 [6].

Results and discussion. An important technological
task of mechano-chemical method to suspensions
obtaining is maximum developed active interphase
surface conditions creating that be able to interact with
implanting ion. Similar topochemical interaction is acco-
mpanied by appearance of complicated content colloid
phases that give the specific properties set to suspensions
enabling to combine a cementitious ability required with
soundness during a heating.

The phosphate-ion chemical interaction
technological product on the ZrO, particles surface is gel
Zr0O,P,05-5H,0. On carrying out sequentially first raw
materials dry grinding with particles size 2—0.5 mm to
particles size less 60 pm and then their chemical
interaction with H;PO,4 water solution about 1.3% gel is
forming into suspension, when the both processes
gathering — 3.7%. At the ZrO, grains mechanical grinding
into the water environment (wet grinding) the gel-shaped
substances are not forming into suspension [6].

The influence of suspensions preconditioning and
implantator (H;PO4) concentration on the castings
properties are shown in Figures 1 and 2. Optimum
castings strength and density with their shrinkage a
minimum develop in the 1.40-1.55 PH range. Meantime
topochemical interaction during the wet grinding into the
water environment for materials with the higher ionic

Table 1. Characteristics of suspensions obtained with mechano-chemical method.

Characteristics of suspensions Properties of castings
Solid . .
Solid phase Ion- phase Density, Spemﬁc Density, Openpd Bending
. 3 PH | viscosity, 3 porosity, strength,
content implantator | volume g/cm 0 g/cm
E % MPa
part
Fused ZrO, PO,” 0.45-0.50 3.10 1.2 18 3.40 34.0 14.0
Sintered corundum PO,” 0.45 2.48 1.4 40 2.52 27.0 18.0
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Figure 1 — Influence of zirconia (=) and corundum
(--) suspensions preconditioning on bending strength and
density of castings dried 300 °C: 1 — dry grinding with
sequential powder suspending into H;PO, water solution;
2 — wet grinding into H;PO, water solution; 3 — same as
2, but with gel substitution by water.
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Figure 2 — Influence of zirconia (=) and corundum
(--) suspensions PH on properties of castings dried at
300 °C.

potential than ZrO, and Al,Os, for example B-quartz
and chamot, occurs [6, 12].

As the reactors enabling to obtain the suspensions
with mechano-chemical method the 7 m® volume ball and
tube mills were used [7].

Mechano-chemical implantation results in the solid
phase concentration increasing to 0.5 with the suspension
humidity 14-15%. Such conditions provide growing of
the colloid component content, while compressive
strength of zirconia and corundum suspensions castings is
increasing. When sufficiently high degree of solid phase
volume concentration is reached, growing together of
particles due to polycondensation processes is beginning
in despersive system on the phosphate base. With original

coagulative structures appear, that are followed by the
phase crystalline contacts forming.

At this step slower compressive strength in
comparison with crystalline structures having the same
degree of volume filling occurs. Colloid phase provides a
thixotropy (a capability of colloid "setted" structures to
decay reversible result from mechanical action),
cementitious ability of hydrosuspensions by the
mechanism: sol-gel—xerogel [8].

A presence into suspension of colloid component
with the high specific surface of particles (250-270 m*/g),
while its content into suspension solid phase reaches 1
(mass) %, increases the active centers amount to reactants
implanting. It is characteristic for silica and alumina the
Lewis acid centers forming results in the vacant orbitals
presence with the high cohesive energy.

Corundum suspension colloid phase IR-spectrum
after the wet grinding at the range of frequencies 460-650
and 785-800 cm™ shown in Fig. 3 is typical for O-P-O
bonds deformation oscillations of phosphate-anion. IR-
spectrum range of frequencies 2900-3500 cm™ is very
important. If 1630 cm™ frequency belongs the free water
oscillations, then 2945, 3000, 3450 cm’ frequencies
correspond with the occurrence of hydroxyl vicinal
groups adjacent to  “cristobaphite”  (aluminum
orthophosphate) tetrahedron structure defects [8].
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2

K] 2945 800
< 1640
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345
1080
3180
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Figure 3 — Corundum suspension colloid phase IR-
spectrum after the wet grinding.

Beside 785-800 cm' oscillations clarify the
interaction product as AIPO, (orthophosphate phase).
AIPO, phase elementary cell geometrical parameters are
similar to the same of quartz, but in comparison with the
close-packed quartz lattice, the structure voids occur as
the result of larger distances between the tetragonal
complexes of AIPO,[6, 8].

These voids enable to accept the different ionic
groups as during the P-O and P-OH bonds
polymerization with O-P-O bonds forming into
“branching” structures of phosphate binder and at the
solid phase interaction during heating as well. Thus,
active absorption at the range of spectrum involved may
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be explained by the reactant implanting (PO, —groups) on
particles surface after the mechanical activation [9].
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Figure 4 — Thermogram of suspension: mineral
content of zirconia suspension — I and colloid component
after the wet grinding — II.
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Figure 5 — Comparative mechanical-strength

properties of the concretes. Concretes on the base: m —
liquid glass; A — AC; A — HAC; e — mechano-chemical
zirconia binder.

Figure 4 shows that colloid component losses under
the suspension heating achieve 4 (mass) %. This amount
consist of 60-65 (mass) % — physical H,0, remaining —
structural H,0 within the implanting groups and
crystalline hydrates. Since the colloid component content
into suspension is about 1%, great amount of implanting

groups have no influence on the shrinkage and other

service properties of refractory concretes, thus, at the

temperature range defined the drop-off in fired strength is
absent. Figure 5 supports this premise (dotted line).

The dried and fired strengths developed in refractory
concretes are critically dependent on use of:

— the correct amount of tempering H,O required by the
specific method of placement to assure installation of
a sound lining having minimum structural defects;

— proper curing conditions to ensure development of the
desired hydrated phases to maximize structural
integrity;

— controlled uniform heating schedules [10, 11].

The binders obtained by means of the raw mix
mechano-chemical processing (mechanical dispersion and
chemical interaction processes combination) become the
most important ceramic setting binders used for bonding
refractory concretes because they develop initial strength
during a heatup of the units within 8-10 h, in contrast to
24 h after placement for HAC cements. This strength
development enables high temperature processing units to
be put back on stream with minimum turnaround time,
thus providing a favored cost/performance ratio.

Relative to conventional, composite materials with
mechano-chemical binders will continue to gain in
popularity because of the following advantages:
quick installation;
possibility of fully anchored construction;
reduced and simplified furnace maintenance;
good thermal-shock resistance;
monolithic (no joints);
linings/elements of the units done need not be setted
to develop initial strength;
¢ ready availability; and flexibility in design [12].

Conclusion. A priority of the technology developed is
the specific method of the non-firing binders obtaining for
concretes bonding. It is necessary that binders (suspensions)
have the important advantages as: high concentration and
polydispersity of solid phase and the bonded liquid a
minimum also when their being used for refractory
materials manufacture. We conclude that industry will
obtain improved service life and performance from
refractory concrete or castable lining as field installations
will continue to move toward adopting and utilizing
practices based on high concentrated bonding suspensions
(HCBS) technology described herein, rather than on
cement technology.
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M. B. IIIYFHUH, M. 0. CYXOPYTYEHKO, I'. O. 3AIJIAJJKIHA, C. IT. KPHBLIbOBA

EKOJIOI'I3ANIA I MOAEPHI3AIIA OBJIATHAHHA U1 HEPEPOBKU BY AIBEJIBHOI'O
BPYXTY Y BTOPUHHUW IIEGIHb

VY crarTi po3mITHYTO aKkTyalbHY NpoOJeMy IepepoOKH 3ali300eTOHHHX KOHCTPYKIH, IO yTBOPHINCS B Pe3ylbTaTi pyHHyBaHHs Oy[IiBesnb B
VYkpaini. 3a1i300€TOHHUN OpYXT, KU HAKOMUYYEThCS Y 3HAYHUX 00CATax, Mae BEIUKHUH MOTEHIIAM Ul MOJaIbIIOr0 BUKOPUCTAHHS, alle TOTpedye
epexTuBHOI nepepoOku. OCHOBHA yBara MpHIiIEHa €KOJIoTi3awil i MoJepHizalii IMOKOBUX Apo0apok /i 3abe3medeHHs iX 34aTHOCTI e()eKTUBHO
MOAPiIOHIOBATH LIeH BUJ BiIXOIB, 1[0 € BXKINBUM 3aBJaHHSAM y KOHTEKCTI CTaJIOr0 PO3BHTKY Ta BIIPOBA/UKEHHS SKOJIOTIYHO O€3MEeYHHX TeXHOJIOTIH y
OyniBenpHIM Tramys3i. Y mnpoueci IOCHIUKEHHS NPOaHaNi30BaHO ICHYIOYI KOHCTPYKLII LIOKOBHX APOOapoK, IX TEXHIYHI XapaKTEpPUCTUKH Ta
MOXIIMBOCTI MOZEpHi3alii. Byso npoBeneHo neTansHuil aHai3 nmapaMmeTpiB podoTH ApoOapoK, TaKUX SIK KyT 3aXBaTy, XiJ| IIOKH, YAaCTOTa 00EpTaHHS
EKCIIEHTPHKOBOTO Bally, MIIHICTh Ta JKOPCTKICTh OCHOBHHX €JIE€MEHTIB. 3a pe3yJIbTaTaMU JOCHTiKeHb, I0Ka3aHo, 10 ONTUMI3alis KyTa 3aXBaTy Ta
peryiioBaHHs IapaMeTpiB OOepTaHHsA EKCLEHTPUKOBOTO Baly JO3BOJISE 3HAYHO IIJBUIIUTH MPOAYKTHUBHICTH ApOOApKu, IO MiATBEPIKYE
e(eKTUBHICTh 3aMPOIIOHOBAHKMX 3MiH. J[J1 TOCSATHEHHS MOCTAaBJICHUX LW y TOCTIIKEHHI TaKoXK OyJI0 NPUALIECHO yBary MUTaHHAM 3HOCOCTIHKOCTI
pobOYNX eJIEMEeHTIB IJOKOBOI ApOOapKH, 30KpeMa IIiK Ta eKCIIEHTPHKOBOro Bairy. I[IpoBeneHo aHali3 OCHOBHUX ()aKTOPIB, IO BIUIMBAIOTH Ha 3HOC
LHX CJIEMCHTIB MiJ Yac MOAPIOHEHHs 3ali300€TOHHOrO OPYXTy, Ta 3aHpPOIOHOBAHO 3aXOAW LIOAO iX MiJBHINCHHSA. 30KpeMa, OyJio pO3rSHYTO
MOXITMBICTh BUKOPHCTaHHS HOBUX MarepialiB 3 MiJBHIICHOI 3HOCOCTIHKICTIO JUI BUTOTOBJICHHS IIiK, @ TAKOX ONTHUMI3aI[I0 TEIJIOBOTO PEKUMY
pob6oTH ApoOapKu ISl 3HIKCHHS 3HOLTYBAaHHS EKCIIGHTPUKOBOTO Baly. Pe3ynbTaTH NOCIIDKEHHS MiATBEPAMIIN, IO 3aCTOCYBAHHS JAaHHX IITXONIB
JI03BOJISIE HE TUIBKU MiABUIIUTH ¢()EKTHBHICTH pOOOTH ApOOApKH, aje W 3HAYHO 3OUTBLINTH TepMiH CiIyxKOH 1l poOOUYHMX EJIEMEHTIB, LIO CIpHUsE
3HW)KEHHIO EeKCIUTyaTallifHUX BUTpAT Ta MiJBUIICHHIO PEHTA0ENBHOCTI Mpolecy MnepepoOKH 3aii300eToHHoro Opyxrty. HaykoBa HOBM3HA IIbOTO
JOCTI/DKEHHS HOJISrae y po3poOli ONTHMi30BaHHX pillleHb JUIS eKOJIoTi3amii i MojepHizamii MOKOBUX AP0oOapoK, sSKi 3a0€3MeuyIoTh IiJBUICHHS
IXHBOT €PEKTUBHOCTI MPH MepepoOLi 3a1i300eTOHHOTO OPYXTy Pi3HOI MIlIHOCTI. 30KpeMa, aKI[EHTOBaHO yBary Ha Ba)KJIMBOCTI MPAaBUIBHOTO BUOOPY
KyTa HaXHJIy IUIMT Ta iHIIMX NMapameTpiB, IO BIUIMBAIOTh Ha MPOAYKTHBHICTH 00JaJHaHHSA. BIPOBa/UKEHHS OTPHMAaHMX Pe3yJbTaTiB MOXE MaTH
BaroMHil BIUIMB Ha PO3BUTOK TEXHOJIOTiH IepepoOKy Oy/JiBeIbHUX BIAXO/IB Ta COPHATH €KOJIOTiuHiil Oe3meni B OyaiBenbHill ramysi YKpaiHH.

KuarouoBi ciioBa: moxoBa qpobapka; OyaiBelabHUI OpyXT; MOJEPHI3allis; KyT 3aXBaTy; ONTUMAIbHUN XiJ1 IOKK

M. V. PIDDUBNYI, M. O. SUKHORUTCHENKO, H. O. ZAHLADKINA, S. P. KRIVILEV A

IMPGREENING AND MODERNIZATION OF EQUIPMENT FOR PROCESSING CONSTRUCTION
WASTE INTO SECONDARY CRUSHED STONE

The article addresses the pressing issue of processing reinforced concrete structures that have resulted from the destruction of buildings in Ukraine.
Accumulating in significant volumes, reinforced concrete debris holds substantial potential for further use but requires efficient processing methods.
The main focus is on the greening of equipment and modernization of jaw crushers to ensure their capability to effectively crush this type of waste,
which is a critical task in the context of sustainable development and the implementation of environmentally safe technologies in the construction
industry. The study analyzes existing jaw crusher designs, their technical characteristics, and possibilities for modernization. A detailed examination
of crusher operation parameters, such as the angle of capture, jaw stroke, eccentric shaft rotation frequency, and the strength and rigidity of the main
components, was conducted. The research findings demonstrate that optimizing the angle of capture and adjusting the rotation parameters of the
eccentric shaft can significantly enhance the crusher's performance, thereby confirming the effectiveness of the proposed modifications. To achieve
the set objectives, the study also focused on the wear resistance of the jaw crusher's working elements, particularly the jaws and the eccentric shaft.
An analysis of the main factors affecting the wear of these elements during the crushing of reinforced concrete debris was conducted, and measures to
improve their durability were proposed. Specifically, the potential use of new, more wear-resistant materials for manufacturing the jaws was explored,
as well as the optimization of the crusher's thermal regime to reduce the wear of the eccentric shaft. The results of the study confirmed that the
application of these approaches not only increases the crusher's efficiency but also significantly extends the service life of its working elements, which
contributes to reducing operational costs and enhancing the profitability of the reinforced concrete debris processing process. The scientific novelty of
this research lies in the development of optimized solutions for the greening of equipment and modernization of jaw crushers, which ensure increased
efficiency in processing reinforced concrete debris of varying strengths. Particular attention was paid to the importance of properly selecting the angle
of the plates and other parameters that affect equipment productivity. The implementation of the obtained results could have a significant impact on
the development of construction waste processing technologies and contribute to environmental safety in Ukraine's construction industry.

Keywords: jaw crusher; construction; waste; recycling; modernization; angle of Capture; optimal jaw stroke

Beryn

MopepHizaliisi MoApiOHIOIOYOr0 OONaTHAHHS IS
nepepoOku  OyJiBEIBHOTO OpyXTy € HaJ3BHYaiiHO
aKTyaJIbHOIO IMPOOJIEMOI0 B Cy4acHMX yMOBax YKpaiHu
Yyepe3 3HA4HI pyHHyBaHHS 1HQPACTPYKTYpH BHACIIJOK

BiliHH. BilicbkoBi il TpU3BENH 0 HAKOIHYCHHS
MIJTBHOHIB TOHH OyIiBENEHOTO OpyXTy, IO CTalo
BEIUKUM €KOJOTIYHUM 1 €KOHOMIYHMM BHKJIMKOM.

3o0kpema, mepepoOKka 3aii300€TOHHUX KOHCTPYKIH €

OJTHIE€TO 3 HAHOLIBII CKITATHIX 1 BXKITUBUX 3a[a4 depes ix
BHCOKY MIITHICTb Ta JOBTOBIYHICTb.

Buxopucranas ~ OyaiBempHOro  OpyxTy — SIK
BTOPUHHOI CHPOBHHH MOJKE CYyTTE€BO 3HU3UTH BUTpPATH Ha
HOBe Oy/IiBHHUIITBO Ta peMOHTH. [I0BTOpHE BUKOpUCTaHHS
MarepiajiB JI03BOJISIE SKOHOMHTH Ha TNPHI0aHHI HOBOI
CHUPOBMHM,  3MEHIIyE  BHUTpaTH Ha  YTHJIi3alilo
OyaiBENBEHOTO CMITTS Ta CIPUSE PO3BUTKY OUIBII CTIiHKOT
exoHoMiku. EdexruBHa nepepobka OyniBessHOTO OpyXTY
MOX€ TaKOXX CIIPHATH CTBOPEHHIO HOBHX POOOYMX MiCllb
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y cdepi mepepoOku Ta OyAiBHUITBA, L0 OCOOJIMBO
B)XJIMBO B YMOBAX MiCISIBOEHHOTO BiJHOBJICHHSI.

CydacHe mofpiOHIOIOYE oONamHaHHS Mae OyTH
3MaTHUM  €(eKTHBHO  TepepoOsITH  pi3HI  THOH
OymiBenmpHHX MaTepialiB, BKIIOYAIOYH 3ai300€TOHHI
KOHCTPYKIIi, fKi € CKIagHUMH Ui OOpoOKH depe3 ix
BHUCOKY MIIIHICTh 1 HAsABHICTh CTajbHOI apmatypu [1].
MonepHizaiis iCHyFOUHX JApo0apoK, COpsAMOBaHa Ha
MIABMINCHHS IX MPOAYKTHBHOCTI Ta HATIHHOCTI, €
KIIFOYOBOIO I 3a0e3meucHHs e()EeKTUBHOI MEpepoOKu
OyniBensHOrO OpyxTy. lle, B cBolo 4epry, crnpustume
3HW)KEHHIO BapTOCTI HOBOro OY/IBHHUIITBA, 3a0e3MEeYHTh
OUTBII CTIMKWIA pPO3BUTOK MICIICBOTO OYIBHUIITBA Ta
JIOTIOMOXKE Y pO3UMINCHHI TEpPHUTOpill Tmepen
BiJTHOBJICHHSIM 1H(PACTPYKTYPH KpaiHH MiCIs BIHHH.

TakuM 9MHOM, aKTyaJIbHICTh IPOOIEMH ITepepoOKH
OymiBempHOTO  OpyxTy B YKpaiHi  HEMOXXIIHBO
MEPEOIiHUTH. 3aBIAaHHS MOJEpHI3alii ApodapoK IS
MoJipiOHeHHsT OETOHY € OJHUM 3 KJIOUOBHX HAIPSIMKIB,
IO 3aciIyroBye Ha OCOONMBY yBary. BukopucTaHHS
BTOPHMHHOI CHpPOBHHH y (opmi moapiOHEHOTo OpyXxTy
MOX€ CIHpHUSTH PO3BUTKY €KOHOMikM Ykpainu. Hapasi
Oarato  OyZJiBHMITBa  BiAOYBaeThCs 32  PaxyHOK
IMIIOPTOBAaHMX MaTepianiB. 3amiHa X BITYH3HSHOIO
BTOPHHHOIO CHPOBHHOIO MOE IO3UTHBHO BTOPHHHOIO
CHPOBHHOIO MOJKE IMO3WTHUBHO BIUIMHYTH Ha €KOHOMIKY,
3a0e3Medyoun JOAaTKOBI [Kepena MpHOYTKY s
MiIIPUEMCTB, SKi  3aliMalOThCsi  OyMIBHUIITBOM  Ta
PEKOHCTPYKLIELO.

OxkpiM TOrO, MOJEpHi3amis ApoOapoOK He JIHIIe
3abe3mnedye eeKTHBHE MOAPIOHEHHS, ale i MOXe 3HAYHO
MOKPAIIUTH  EKOJNIOTIYHy  CHTyalilo B  KpaiHi.
BukopucraHHsT BTOpUHHOI CHPOBHUHH 3aMICTh BiJKPUTTS
HOBHX Kap'epiB JoIIOMAara€ 3MEHIIMTH HaBaHTA)KCHHS Ha
HABKOJIMIIHE CEPENOBHUILE, a caMe 3MEHLINTH BHUKUIU
CO, i cnoxuBaHHA eHeprii [2], sika BUKOPUCTOBYETHCS Ha
BUIOOYTOK 1 TPaHCIOPTYBaHHS INEPBHHHOTO MLICOCHIO.
BuBuenns mpobinemu mepepoOku OyHiBeNsHOTO OpYyXTy
Ta MOJepHi3alis oOjJamHaHHA UIA  TOAPIOHEHHS
3aJ1i300€TOHHNX KOHCTPYKIIA € aKTyaJbHUM HAIPSIMKOM
JOCIIIDKeHb, SKHH MO CIPHUATH CTaJOMYy DPO3BHTKY
OyIiBeNbHOI Tray3i, MOIMIICHHIO EKOJIOTIYHOI CHTYyarlil
Ta 30UIBIICHHIO €()EKTUBHOCTI BUKOPUCTAHHS PECYPCIB.

Merta podoTu

MeTtoro po0OOTH € MOJAEpHi3amis 1 eKOJIoTi3amis
LOIOKOBHX  JOpo0apoK  JId  MiABUIICHHS  IXHBOI
e(eKTUBHOCTI B ITepepoOIi 3a1i300eTOHHIX KOHCTPYKITii.
PobGoTa cmpsmMoBaHe Ha ONTHUMI3aIlil0 KOHCTPYKIIHHUX
nmapaMeTpiB qpoOapoK, TaKUX sIK KyT 3aXBaTy, XiJI MIOKH,
Ta 4Yactota OOEpTaHHS EKCLEHTPHKOBOIO Baly, Ul

MOKpAIeHHS MPOAYKTUBHOCTI Ta HaAIHHOCTI
obnanHanHs. JlocSTHEHHs Ii€i MeTH  CIpHUATHME
3HW)KEHHIO BUTpPAaT Ha OyIIBHUUTBO, €(EKTHBHOMY

BUKOPUCTAHHIO BTOPUHHOI CHPOBHHU Ta 3MCHIICHHIO
CKOJIOTIYHOTO BIUIMBY OYAIBEIBHOIO OpyXTy, MO0 €
BaXIUBUM Y KOHTEKCTI CTaJOr0 PO3BUTKY KpaiHU Ta

BIIPOBA/DKEHHSI EKOJIOTIYHO Oe3NeYHNX TEXHOJIOTIH Yy
OyniBenbHi ramysi.

OcHoBHI BioMocTi Ipo noApiOHeHHsT MaTepiaJIiB

B VkpaiHi Ha chOTOAHI iCHy€e HarambHa 1MoTpeda B
nepepoOIi MUIBHOHIB TOHH OyJIBEIBHOTO OpPYyXTYy, IO
HAKOMWYMBCS BHACTINIOK pPYyHHYBaHb 1HGPACTPYKTYPH.
3HayHa YacTMHAa [BOr0 OpYXTy CKIAQIAeThCs 3
3a)1i300€TOHHUX KOHCTPYKIIH 1 BENUKHX (parMeHTiB
Oy/IiBeIbHUX MaTepiajiB, AKi HEOOXITHO MOIPIOHUTH IO
PO3MIpiB, IO HE MepeBUILyoTh 40 MM, JUIsl ITOJAIBIIOTO
BUKOPHCTaHHS y BUNIAJI BTOpHHHOTO InebeHro. lLlei
Iporec MoApiOHEHHS, BiIOMHUH SIK NEPBUHHE JpOOICHHS,
norpedye TONepeaHboi IMIArOTOBKM Martepiany, Mo
BKJIIOYA€ BHAAJIICHHS BEJIHMKUX METaJCBUX EJIEMEHTIB Ta
IHIIAX JOMIMIOK, SIKi MOXYTh BIUIMBAaTH HA €(DEKTUBHICTH
pobotu npobapku.

IonpiOHeHHS MaTepiaiB 3aJICIKUTh BiJ
KOHCTpPYKIIi Ta NpUHOUIY Xii JApoOapok, 1 Moxe
3IIMCHIOBaTUCA TaKMMH METOAaMH, SK PO3/IaBIIOBAHH,
CTHpaHH], yAap 4d pO3KoJIoBaHHS. Hanpukman,
PO3IaBIIOBaHHS 4acTO  BUKOPHCTOBYETBHCS  JUIS
noJpiOHeHHsT TBepAuWX MatepianiB [3], y Tomy uwmcii
TakuX sIK OETOH 1 NMPUPOAHUH KaMiHb, TOAI SIK yIapHHUH
MeTon Oinbml eeKkTHBHUI Ui MartepianiB ceperHbOl
TBEPJIOCTI.

OxpiM TpamWIifHUX METOiB, iCHYIOTH i HOBITHI
TEXHOJIOTIi TOJPiOHEeHHs, TaKi K €JICKTPOTiIPaBIIYHAH,
YIBTPa3BYKOBHUH, JIa3epHUN Ta TpaBiTaiHHWI crocoOu.
Li TexHOMOTI{ 6a3yI0THCS HA HOBHX (PI3SUUHUX MPUHITAIIAX
1 MaTh TOTEHHiadn Uil WiABHIICHHS e()eKTUBHOCTI

moapiOHEHHs, 30KpeMa 3aBIIKH  OUIBII  TOYHOMY
KOHTPOJIIO 32 po3Mmipamu OTpUMaHMX (pakuiid Ta
3MeHIeHHI0 eHeprocrnoxkuBanas [4—10]. Tlpore Ha
ChOTO/IHI IIi TexHoJorii mepeOyBaloTh Ha crauil
JIOCHI/DKEHHST 1 TMOKM He  HaOymud  IIMPOKOTO
MIPOMHCIIOBOTO 3aCTOCYBaHHS.

Juns  monpiOHeHHA ~— KpyNHHUX  (parMeHTiB

MarepiaiiB, po3MipH SKHX MOXyTh csratd Bix 100 mo
1200 MM, HalOLTBII IIUPOKO BUKOPHCTOBYIOTHCS IIOKOBI
npobapku. Lli mpoOapku Bigpi3HAIOTHECS MPOCTOTOIO
KOHCTPYKIi Ta BHUCOKOI HAMIHHICTIO, IO POOHTH iX
0CcOONMMBO e(eKTUBHUMH I APOONEHHS TBEPAHUX 1
KpyIIHUX MarepiaiiB, Takux SK OeToH, Ilerna, Ta
MPUPOJHUNA KaMiHb. 3afaHi 3aKkpilsIeHHS [UIS 0K
JpobapKu HaBeCHI Ha puc. 1.

[ToxoBi apobapku 3maTHI 3a0€3MEYUTH BUCOKY
NPOAYKTHUBHICT, LIO OCOOJMBO BAXJIMBO B YMOBax
MacmTabHOTo MOpiOHEHHS Oy iBETBHOTO OPYXTY.

3aBasKH CBOIM KOHCTPYKIIIITHUM OCOOIHBOCTSIM
IIOKOBI IpOOapKHM MOXKYTHb THPAIIOBATH IPU BHCOKUX
HaBaHTAKEHHSX 1 320€31e4yI0Th e(heKTUBHE MOPIOHEHHS
HaBITh HAWTBEPAILIMX MaTepiaiiB. Y TOCKOHAICHHS TaKUX
JIpoOapoK, 30KpeMa ILUIIXOM ONTHMI3allii KyTa 3aXBaTy Ta
pEryJIIOBaHHs MapaMeTpiB pyXy IIOKH, AO3BOJISIE 3HAUYHO
MiJBUIIUTH iXHKO TNPOIYKTUBHICTh Ta 3a0C3MCUUTH
HaJliHICTh y JOBIOTPHUBaNil €KCILTyaTallii.
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Orisig IOTOYHOTO CTany

OmiHKka TOTOYHOTO CTaHy OOJNAgHAHHS  UIA
monpiOHEHHS 3ai300€TOHHMX KOHCTPYKIIA MOBHHHA
OXOILTIOBATH KiJIbKa KJIFOYOBHX acriekTiB. [lo-mepie, ciin
MpoaHagi3yBaTH TEXHIYHMHA CTaH ApoOapKu, 30KpemMa
3HOC BY3JIB 1 Jeraneil, HasBHICTb HecHpaBHOCTEHl Ta
MOXIIUBICTh PEMOHTY a00 3aMiHM KOMHOHEHTIB. [lo-
Jpyre, BaXJTMBO IOCIIAUTH €HEPreTHYHY e(eKTHBHICTH
(EE) o0JiaiHaHHS, BPaxoBYIOUH CIOXKUBAaHHS
€JIEKTPOEHEPT i, MO>KJIMBOCTI pibie: 3HWKECHHS
SHEPrOCIOKUBAHHS Ta PO3IJIS] albTEPHATUBHUX JDKEpPEI

JKMBJIEHHS  JUI1  [IABHMINEHHS  €KOJIOIYHOCTI  Ta
exoHoMiuHOCcTi.  Ilo-Tpere, HEOOXiHO  PO3IISHYTH
AaBTOMATH3AIil0 Ta HOBITHI TEXHOJOTIl YIpaBIiHHA

o0JIaIHaHHAM, 10 MOXYTh MiABHIINTH NPOAYKTHBHICTS,
e(peKTHBHICTh 1 Oe3leKy, a TaKoX 3MCHIIHUTH BIAXOIM i
BTpaTH dHacy. llo-ueTBepre, Ba)kKJIMBO TpOAHATI3yBaTH
poboui yMOBH orepaTopa, BKIIOYAI0UN 3aXHCT Bifl IIyMY,
mury Ta BiOpamii, a TakoX 3pYy4HICTh YHPAaBIiHHA i
oprasizauito podouoro micus. Ha ocHOBI 1poro anamizy
MOXYTh OyTH 3alpoNOHOBaHI PEKOMEHAALil 00
MoOJIepHi3allii, Taki SK 3amMiHa CTaporo oOJIaJHAaHHS Ha
HOBE, BIPOBAKCHHSA HOBUX TEXHOJOTiH, 30kpema loT,
CHCTEM MOHITOPHHI'Y Ta pPO3YMHHX CEHCOPIB ISt
BIJICTe)KCHHSI CTaHy KOMIIOHEHTiB. BaXkiamBo Takox
BpaxyBaTH MOXJIUBY pEOpraHi3amilo BHPOOHHYOTO
mpomecy, 3MiHy  po3MimieHHS — oOmamgHaHHA — abo
BIIPOBAKEHHS CHCTEM EKOJOTiYHOTO MOHITOPHHTY Ta
¢inprpamii. B kiHmi KiHINB, MOTPIOHO pPO3pOOUTH
JeTadbHUN  TIaH  MOJEpHi3amii, 1m0  MICTHTUME
MPIOPUTETH, CTPOKH BUKOHAHHS, OYiKYBaHI pe3yJIbTaTH,
BHUTpPATH T4 EKOHOMIYHI BUTOJIH.

Ouinka epekTHBHOCTI MoaepHiZamii

B nmepmy dYepry, MonepHi3allis pyxy IIOKH
TIOJISITa€e y BIIPOBAKEHHI HOBOI MEXaHIYHOI CUCTEMH, sIKa
3abe3nedye OimpInr edeKTUBHHUIA Ipolec IMOApiOHEHHS
OeToHy.

OnTtuManbHUR KyT 3aXBaTy € KPUTUYHO BayKJIMBUM
Juisl epeKTUBHOCTI MOAPIOHEHHS OETOHY, OCKIIBKH BiH
3aJ@KHUTh B BJIACTHBOCTEH MaTepialy Ta po3Mipy
BUXIJJHOTO MPOAYKTY. KyT IIIOKM TakoX CyTTEBO BILUIUBA€E
Ha MPOXYKTUBHICTH Jpo0Oapku, BU3HAYAIOYM CTYIIHB
CTHCHEHHsI Marepially MDK IIOKaMH 1 pO3MIp YacTOK.
Bubip mnpaBmibHOrO KyTa WIOKM JONOMAara€ aoCAITH
OaxaHOTO po3Mipy YacTOK i 3MEHILUTH
SHePrOCIIOKUBAHHS.
Obeptu npobapky BH3HAYAIOTH MPOIYKTUBHICTH 1 SIKICTH
monpiOHEHHS: MiABUINCHHS O00EpTiB MOXKe 30UTBIIATH
NPONYKTHBHICTB, ale TaKOX CIPHYMHHUTH 3POCTAHHSA
€HEepProCIOKUBaHHSA 1 3HOCY JHeTajeil. ToMy BaKIIMBO
3HAWTH ONTHMaJIbHE 3HAYCHHS 00epTiB IS 3a0e3MeUeHHS
BUCOKOi MPOJIYKTHUBHOCTI 1 MiHimi3amlii BTpaTr eHeprii.
MonepHi3aiiisi ApoOapku MMOBHHHA BPaxOBYBaTH BCi IIi
rnapameTpu — pyX ILIOKH, KYT 3aXBaTy, KYyT Haxuiy
po3mipHOi IUTH APOOAPKH, KyT IMOKH Ta 00epTH, L0

JIO3BOJITh ~ MIJBUIIUTH €(EeKTHBHICTh MOAPIOHEHHS,
3MEHIIUTH EHEProCIOXHMBaHHA 1 IOKPAIIUTH SKICTh
BuxigHoro npoaykry [11-13]. Ha Puc. 2 HaBeneHo BB

0 2,5¢+003

Se+003 (mm)

1254003 3.75e+003
KyTa Haxwily pO3MIpHOI IUIMTH HIOKOBOI ApoOapku. Sk

pe3ynIpTaT, MOAEPHI30BaHe 00JIaTHAHHS CTaHE OB
Puc. 1 — 3agani 3akpituieHHS U MIOK APOOapKu

e(heKTUBHUM VTS epepoOKH 3211300 TOHHUX
KOHCTPYKIIiH, MIiABUINYIOYH e(eKTUBHICTh THpolecy i
3HWKYIOUH €KCIUTyaTalliiiHi BUTpaTH.

O1iHIOI0YY 3arayibHy e(peKTUBHICTh MOJepHi3aLlii,
CJIiJT 3a3HAYUTH, 10 BIPOBAHKEHI 3MiHH 1 BIIOCKOHAJICHHS
CYTTEBO MiJIBUIIYIOTh NPOJYKTHUBHICTH APOOAPKH, IO, B
CBOIO 4epry, H03BOJISIE 30UIBIIMTH 0OCATH TepepoOKH
3ami300€TOHHNX KOHCTPYKILIH. 3aBISKH ITOKPAIICHHIO
TEXHIYHUX XapaKTEPUCTHK, TAKHX SK ONTHMIi3alis KyTa
3axBary, KyTy IIOKH, 0OEpPTiB ApoOapKu Ta aBTOMATH3AIIii
MIPOIIECY, TOCATAETHCS 3HAYHE TTiIBUIIEHHS e()eKTHBHOCTI
00pobkm MatepiamiB. lle He nmime miABHINYe 3araibHy
MIPOAYKTUBHICTH 00JaIHAHHSA, ae i J03BOJIsIE 00POOIATH
Oinbii oOcsirn Matepiany B oJuHUI0 dacy. OKpiM TOro,
MOJIEpHI3allil  OOJaJHAHHS  CIPHSIE  MOKPAIICHHIO
eKoJIoTiyHO1 Oe3meku nporecy. HoBa TexHika 3abe3mneuye
3HW)KEHHs pIiBHS BiOpamiif, mymy Ta muiy, Mo poOHuTh
mporec Oe3MeYHUM JIJIs PAIiBHUAKIB 1 MEHII NIKIITHBHM
JUIs  HaBKOJMIIHBOTO  cepexoBumia. Lle  mo3Boisie
MiANPUEMCTBY  BIANOBINAaTH CYYaCHUM  €KOJOTi9HHM
CTaHmapTaM 1 3HW)KYBaTH HETaTHBHUHA BIUIMB Ha
JIOBKIJIJIAL.

Exonomiuna e(heKTUBHICTD MOJIepHi3amii
MPOSIBIISIETBCSL Y 3MEHIIEHHI BUTpAaT Ha CHEPril0 Ta
PEMOHT OONamHAHHS, a TaKOX y 30UIBIICHHI MPHOYTKY
Bix peamizamii mepepoOieHnx MartepianiB. Butpatm Ha
0o0CIIyTOBYBaHHS 1 PpPEMOHT 3HIKYIOTBCS  3aBISKH
BUKOPHMCTAHHIO HOBHX 1 OUIbII HAJIHHUX KOMITOHEHTIB, a
3MEHILICHHSI EHEepProCIIOXKMBAHHS 3HIXKYE BHTpaTH Ha
CJICKTPOCHEPTIIO. Oxkpim TOTO, MOKpaIieHa
NPOJXYKTUBHICTh 1 SKICTh HepepodSICeHOr0 MaTepiaity
MOXYTh CIOPHATH TiJBUIICHHIO I[IHA HAa KIHICBUHA
MPOJYKT i, BIATIOBITHO, 301IBIICHHIO TIPHOYTKY.

78

Bicnux Hayionanvnoeo mexuiunoeo ynieepcumemy «XI1I».
Cepis: Ximis, ximiuna mexnonozis ma exonozisi Ne 2(12)°2024



ISSN 2708-5252 (Online)

3aranom, MOJIepHi3alis oOJraTHaHHA TS
MoJpiOHEHHS 3a1I300€TOHHUX KOHCTPYKIIA Ma€e 3HAuYHHIA
MO3UTHBHUH  BIUIMB  Ha  e(QEeKTHBHICTH  POOOTH
nmignpueMcTBa. BoHa  copusie  cTanoMy — pO3BHTKY,
MiBUILYE KOHKYPEHTOCIPOMOXHICTh Ha PHHKY Ta
3a0e3meuye JOBrOCTPOKOBI CKOHOMIUHI BUTOTH.

BucHoBku

Y xomi pobotu Oyno pO3IISIHYTO aKTyaJIbHY
mpobiieMy  mepepoOKu OpyxXTy  3ali300€TOHHUX
KOHCTPYKIIIH 3 IOIIKO/KEHUX OyaAiBens B YKpaiHi Ta
3arpoIrOHOBAHO MO/ICPHI3aIliI0 o IpiOHIOBATBHOTO
obOmamHanHs. OCHOBHOIO METOIO JOCIHIDKEHHS Oyio
YIOCKOHAJIEHHS  KOHCTPYKLIi  iCHYIOWOi  II[OKOBOI
apobapku Ta i poOOYMX ENEeMEHTIB AJS IIiJBUIICHHS
e(eKTUBHOCTI MpoIecy NOAPiOHEHHS.

OO0'eKTOM  JIOCITIJDKEHHST ~ BHCTyNaja  I[OKOBa
apobapka 31 CKJIAIHUM PYXOM IIOKH, HpPU3HAYEHA IS
noApiOHeHHs1 OpyxTy OyHmiBeNbHUX KOHCTpYKUi. Jlms
JIOCSITHEHHS! TIOCTaBJIeHOT MeTH OyJio NMpPOBEJCHO aHalli3
Cy4acHHX  MpoOJieM  MepepoOKH  3a1i300€TOHHUX
KOHCTpPYKIIH, 3pyHHOBaHUX BHACJIJIOK BifHU B YKpaiHi.
[IpoananmizoBano  icHyIOYl  KOHCTPYKIII  IIIOKOBHX
Ipobapok, sKi MOXYTb OyTH BHKOpPHCTaHi  JuIsi
monpiOHeHHsT OpyxTy OeTOHY Ta  3ali300eTOHHHX
KOHCTPYKIIIH pi3HUX MapoK. 3a OIOMOTOI0 aHalli3y
JiTepaTypHAX Keped Oylno BHUSBICHO 3aJIeKHOCTI MiX
KyTOM 3aXBaTy Ta IPOAYKTUBHICTIO JpOOapKH, IO CTaJo
OCHOBOIO JJIS IIPOBEICHOT MOICPHi3alIii.
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Puc. 2 — BrumiB KyTa Haxuily po3mipHOi IUINTH

A — kyT Haxuiny ALl TpaekTopii HMXXKHBOI TOUKH
poboUoi TOBEpXHI PyXOMOi IIOKH, O — XiJl CTHCHEHHS S B
HIOKHIA 9acTHHI poOovoi KaMmepw, B — CepemHidl MUIIX
Uecp i mpomyKTHBHOCTI Q, T — mapamMeTp HaBaHTAXKCHHS
eKCIIEHTPHKOBOTO Bay T1.

VY mnpoueci pob6otu Oymo BHKOHAHO PO3PaXyHKH
KyTa 3aXBaTy, ONITHMI30BaHO XiJ IOKU Ta PETYJIIOBAHHS
00epTaHHs eKCIEHTPUKOBOTO BaJly, a TAKOX PO3TIISTHYTO
MOXIIMBOCTI 30UIBIICHHS NMPOAYKTHBHOCTI JApOoOapku Ta

Amnamiz  pe3ynpTaTiB  OKa3aB, 10 BIIPOBaKEHHS
3aIPONOHOBAHNX 3MiH JIO3BOJIMJIO IOKPAIIUTH TIPOIEC
NoJApiOHEHHsT OpyXTy 3aJi300€TOHHHMX KOHCTPYKIIH.
30Kkpema, ONTHMi3amis KyTa 3axBaTy Ta pETYJIIOBaHHSA
obepraHHS  ©KCHEHTPHUKOBOTO  Bailly  3a0e3meunnn
301IBIIEHHSI IPOAYKTUBHOCTI Apodapku. OcoOmBy yBary
NPUAICHO KyTy HaxXWwily IUIMTH, SKHH Mg 4ac
MoJiepHi3alii OyB ONTUMI30BaHMH JUIS MIJBUINEHHS
e(peKTUBHOCTI MOJPIOHEHHsT Marepialy Ta, BiJIIOBIIHO,
MPOAYKTUBHOCTI 00IaIHAHHS.

TakuM  YWHOM,  TNpOBEAEHE  JOCIIIKCHHS
MiATBEPAWIO MOUITBHICTE 1 €(PEKTHBHICTE MOJCPHi3amii
oOnafHaHHs sl NOJPIOHEHHST OpyXTy 3ai1i300€TOHHUX
KOHCTPYKWIiH, 11O CHPHATHME IOKPALICHHIO  Ta
eKoJiorizamii BHPOOHWYMX TPOIECIB, 3HIDKEHHIO iX
BIUIMBY Ha MOBKUUISA, a TaKOX MiJBUIICHHIO 3arajbHOI
e(eKTUBHOCTI TmepepoOku OyJiBenbHOro OpyXTy B
Yxkpaini.
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O. B. CABBOBA , O. B. BABIY, O. 1. ®ECEHKO, M. 1. TUMOI YK, C. C. ®IPCOB

HEPCIIEKTUBHI HAITPAMKH PO3POBKH BIOAKTUBHUX CKJIOBOJIOKOH MEJNUYHOT'O
3ACTOCYBAHHA

Bu3Ha4eHO HarajbHICTH PO3POOKU Ta 3aCTOCYBAHHS CKJIOBOJIOKOH JUISl CTBOPEHHS MIKPOBOJIOKHHCTHX IIOB’S30K JUIS JIKYBaHHS XPOHIYHHX paH B
yMoBax 0oioBuX Aiil. OcOONMMBO BaXJIMBE 3HAYCHHSI MA€ JAOCTYIHICTh TAKUX MaTepialiB B yMOBaX BeICHHs OOMOBHX i, U1 SKUX XapaKTEPHOIO €
HEOOXIHICTh IIBHIKOI peaHiMaulii NOpPaHEHHX Ta HaJaHHS HEBiJAKIAaJHOI JONMOMOTHM Ha moji 00w. 3acTOCYBaHHS TaKMX MaTepialiB JO3BOJHUTHh
30eperTH JKUTTs, CKOPOTHUTH Iepio] peabinitanii Ta NPHIIBUALINTH OLY>KaHHS BiHCHKOBOTO Ta LIUBIJIEHOTO HACEJICHHS.

IIpoBesieHO aHai3 HAayKOBO-TEXHIYHOI JiTEpaTypu IOJO0 CKIaJiB Ta BIACTHBOCTEil O0i0AKTHBHUX CKJIOBOJOKOH MEJMYHOIO 3aCTOCYBAaHHS.
IIpoananizoBaHO CKJIAJM Ta BJIACTUBOCTI CKJIOBOJOKOH Pi3HOTO MPHU3HAYECHHS Ta BCTAHOBJCHO IX MOXIIMBICTH 3aCTOCYBAHHS MNpU PO3poOIi
610aKTHBHUX CKJIOBOJIOKOH MEJIMYHOTO 3acTocyBaHHA. OOTpyHTOBaHO BHOIp CKIIa/iB 610aKTHBHMX CKJIOBOJIOKOH 3 MPOJIOHTOBAHOKO OiOIMJHOIO JTi€l0
JUTSL IIBHJIKOTO 3arO€HHS PaH Ta BiJHOBJICHHS KICTKOBOI TKaHMHH. [IpoaHanizoBaHO MeXaHi3M Aii OIOLMAHMX KOMIIOHEHTIB Ta iOHIB Oopy y ckiami
010CTEeKON Ha 3[aTHICTH 0 iHriOyBaHHS HEraTMBHOI Jil MATOTEHHMX MIKpoopraHi3miB. BukopuctanHs GopoantoMopocdaTHUX CKIOBOJIOKOH JUIS
BUTOTOBJICHHSI €(DEKTHBHHUX OB SI30K JUIS JTIKYBAHHS PaH B KPU30BUX CHTYallisX B yMOBax OOHOBHX il JJO3BOJUTH IiBUIIMTH BiICOTOK BIKUBAHHS
Ta 3HM3UTH TEPMiH JIKyBaHHS 3a PaXyHOK Oe3rmocepeqHbol Aii KAaTiOHIB Ta aHIOHIB MarepiamiB in vivo. BH3Ha4eHO OCHOBHI TEOPETHYHI 3acaiu
CTBOpEHHSI 010aKTUBHHX OopoamoModochaTHUX CKIOBOIOKOH, MoaudikoBaHux kaTioHamu MetaniB Il rpymu siki OyayTh XapaKTepuU3yBaTUCS
HasBHICTIO 3MIIIHEHOTO ITOBEPXHEBOT'O IIapy, Ta XapaKTepHU3yBaTHCs OJJHOYACHO BHCOKOKO 0iOCYMICHICTIO, OIOIMIHICTIO 3 IPOJIOHTOBAHOIO AI€I0 Ta
HETOKCHYHICTIO. BIpoBa/[pKeHHsT B MEAMYHY MPAKTHKY BITYM3HAHUX PO3POOJIEHUX Oi0aKTHBHHX CKJIOBOJOKOH JO3BOJUTH CYTTEBO IiJBUIIHTH
KOHKYPEHTO3JaTHICTh BITYM3HSIHUX MEIMYHMUX MATEpialliB, a TAKOX 3a0e3MeyuTH 0O0OpPOHO3IATHICTH Ta OE3MeKy Ta CHpHUATH CTalimizaiii pHHKY B
YMOBaX CTaJIOT0 PO3BHTKY JICPKABH.

KutiouoBi ci1oBa: 6i0akTHBHE CKIOBOJIOKHO, ATIOMOOOPOCHITIKATHE CKIIO, MEMYHI MaTepialii, 3ar0O€HHs paH, 010U HICTh, O10CYMICHICTh

O.V.BABICH, O. V. SAVVOVA, O .1. FESENKO, M. 1. TYMOSHCHUK, S. S. FIRSOV

PROSPECTIVE DIRECTIONS OF THE DEVELOPMENT OF BIOACTIVE GLASS FIBERS FOR
MEDICAL APPLICATION

The urgency of the development and use of glass fibers for the creation of microfiber dressings for the treatment of chronic wounds in combat
conditions has been determined. The availability of such materials is especially important in the conditions of hostilities, which are characterized by
the need for quick resuscitation of the wounded and the provision of emergency aid on the battlefield. The use of such materials will save life, shorten
the rehabilitation period, and speed up the recovery of the military and civilian population.

An analysis of the scientific and technical literature on the composition and properties of bioactive glass fibers for medical use was carried out. The
compositions and properties of glass fibers for various purposes were analyzed and their possibility of use in the development of bioactive glass fibers
for medical use was established. The selection of the compositions of bioactive glass fibers with a prolonged biocidal effect for the rapid healing of
wounds and the restoration of bone tissue is substantiated. The mechanism of action of biocidal components and boron ions in the composition of
bioglasses on the ability to inhibit the negative effects of pathogenic microorganisms was analyzed. The use of boroaluminophosphate glass fibers for
the manufacture of effective dressings for the treatment of wounds in crisis situations in combat conditions will increase the percentage of survival
and reduce the duration of treatment due to the direct action of cations and anions of the materials in vivo. The main theoretical principles of the
creation of bioactive boroaluminophosphate glass fibers, modified with group II metal cations, which will be characterized by the presence of a
strengthened surface layer, and characterized at the same time by high biocompatibility, biocide with prolonged action and non-toxicity, have been
determined. The introduction of domestically developed bioactive glass fibers into medical practice will significantly increase the competitiveness of
domestic medical materials, as well as ensure defense capability and safety, and contribute to the stabilization of the market in the conditions of
sustainable development of the state.

Keywords: bioactive glass fiber, aluminoborosilicate glass, medical materials, wound healing, biocide, biocompatibility

Beryn.  biomenmyne — marepiaJo3HaBCTBO €
cOpMOBaHOIO Taly33l0 HAyKd 3a OCTaHHI KilbKa

JECATHIIITh, SIK€ CIPSIMOBAHO BHUPILIYBaTH OCHOBHI
COlliaJibHI  3aBJAHHS CTAJOTO  PO3BUTKY JIEp)KaBH:
30epeKeHHs] HAlllOHAILHOTO TeHO(pOHAY B YMOBax

KPM30BUX CHUTyalill, 3a0e3nedeHHs (YHKIIOHYBaHHS
JIIO/ICBKOTO  Karmitany, crabimizamis. Po3poOka HOBHX
BUJIB BITYM3HSHUX MaTepialiB MEAWYHOTO MPU3HAUCHHS
BimnoBimae Crparerii HamioHaJNBFHOI Oe3meku YKpaiHwu,
3arBepmkeHoi Ykazom [Ipesmmenta VYkpainm Bin 14
Bepecust 2020 poky Ne 392/2020, a came cr. 57
«Jlrogcpkmii Karmitan — 3amopyka MaifOyTHROTO YKpaiHu.
Juss #ioro po3BUTKY HEOOXimHO: 3a0e3ledYnTH MpaBo
JIOIMHN HA OXOPOHY 3[I0POB’SI, 30KpeMa ... peadiiTallio
3 MEepmuX JAHIB 3aXBOPIOBAHHS, MaJiaTHBHI IIOCIYTH,
PO3BUTOK TpaHCIUIAHTAIN» Ta JO3BOJSE IIiBHIIUTH
KOHKYpeHTHY  iX  CHPOMOXHICTH  Ta  3HHM3UTH
iMIopTo3anexHicTb. OCOOMMBO BaXkJIMBE 3HAYECHHS Mae
JOCTYIHICTh TaKMX MaTepialiB B YMOBaxX BeJICHHs

OolfoBHX miif, IUIA SKUX XapakTepHOIO € HeoOXiTHICTh
MIBUAKOI  peaHiMmailii  MOpaHEHHMX  Ta  HAJaHHA
HEBIAKIATHOI AONOMOTH Ha momi 00r0. 3acToCyBaHHS
TaKAX MaTepiajiB JO3BOJIUTH 30€PETTH KUTTS, CKOPOTHTHU
mepiox peaOimitamii Ta TPUIIBHAMIATH  OXy>KaHHS
BifICEKOBOIO Ta LMBIILHOTO HACEIEHHS.

HoBi MeToau BUTOTOBJICHHS 3MIHHIIM TPaIuIliiiHi

METOIM  JIKyBaHHsS, OCKUIBKM  HIAIPYHTSAM  JUIs
BIPOBA/DKCHHS HOBUX OIOMEIMYHMX MaTepialiB €
3aCTOCYBaHHsS  OIOMIMETHYHOTO  IMigXOQy —  HOBOI

napagurMy CTAHIAPTIB HAWCY4YacHIIOro JOMIsAAy 3a
marieHTamMu. Y Taiy3i OpTe3yBaHHS Ta CTOMATOJIOTii
BIOCKOHAJICHHS Ta JOCHI[DKEHHS KepaMiuHUX Ta
CKJIOMaTepialiB TPWU3BEJ0 [0 TOSBH HOBUX BHUJIB
010aKTHBHMX MaTepiajiB i3 IOKpalleHUMH (Hi3uKo-
XIMIYHAMH Ta MEIUKO-010T0TTYHIUMH BIACTHBOCTAMH [1].

OcobmuBe  Mmicime  cepelq  IMHPOKOro  KIacy
010aKTHBHUX MarepiayiB 3aliMaroTh O10aKTHUBHI CTEKJIA Ta
CKJIOKPUCTAIIYHI MaTepiaJii Ha IX OCHOBI, SIKI HIMPOKO
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3aCTOCOBYIOTBCS UIsI PETEHEPaTHBHOI OpTOoIlexdii Ta
CTOMATOJIOTIi SIK MaTpuIli UIs  TKaHe-1H)KEHePHHUX
koHcTpykuid [2;3]. KoHcTpykuiss MaTpuii Moxe OyTH
npe/icTaBIeHa CKJIOMaTepianoM 3 pi3HOIO
apXITEKTOHIKOIO, SIKMH  MOXe OyTH  OTpHUMaHHi
aJIMTUBHUMHU METOJ[aMH, Y TOMY YHMCIIi 13 3aCTOCYBaHHIM
OpTaHIYHUX CKJIIOBUX Ta aHTHOAKTEepiaTbHUX
HAIIOBHIOBAYiB, SIKi IPUCKOPIOIOTH 3aro€HHs [4;5].

Tomy Ha mouatky 2000-x pokiB i GiOMEAMYHUX
3aCTOCYBaHb LIMPOKO MOYAIM JOCHIIKYBaTH OoOpaTHE
OioaktuBHe ckino (BBG). JlocmimkeHHS CKiIa BKa3yrOTh
Ha Te, mo BBG uacto BusBISIE Kpamly Oi0OaKTHBHICTH i
3IATHICTH /IO 3arO€HHS KiCTOK IMOPIiBHSHO 3 CHJIIKATHHM
ckiaoM. Taki CTekia € MpUOATHUMH UL JOCTAaBKH JIKiB
U JiKyBaHHA iH(eEKmiii abo JiKyBaHHIO 3aXBOPIOBaHb,
TaKuXx sk ocreonopos. Kpim Toro, BBG Takox € 4ynoBum
BUOOpPOM JIJIsl 3arO€HHS paH, IO BKIIIOYAE HASBHICTh
koMmepuiiiuux (cxBanmennx FDA) MiKpOBOJOKHHUCTHUX
BBG nepeB’s30k [yist JIiKyBaHHS XpPOHIYHUX paH. 3aBASKA
nojaBaHHIO Moau(ikyrounx ioHiB 3aatHicTe BBG 1o
3aro€HHs KICTOK a0o0 paH Moxe OyTH mocwicHa [6].
Hampuknan, Oyno mokasaHo, 1o J0AaBaHHS 10HIB Mifi 10
BBG pi3ko 30u1bI1ye YTBOPEHHS! KPOBOHOCHHUX CYAWH IS
3aroeHHs paH. KpiM TOro, MoJaBaHHS TaKuX IOHIB, SK
MarHiff, CTpOHIIH i KOOATBT, MOKpAIIye 3arO€HHS KiCTOK.
[Hmmi ocTaHHI MOCHIAHUIBKI HAMpsSMKH, TOB’s3aHi 3 BBG,
30cepeKeHI Ha pereHepariii HepBiB 1 M’s3iB, pereHeparii
XpsIIa Ta CTBOPSHHS TKaHe-IHKEHEPHUX KOHCTPYKILH [7].

Jns 3aroeHHs WKIpSAHUX paH po3poOIeHNH BioMUil
KOMEpLiiiHuH nponykr Mirragen, BHUTOTOBJICHUHA 31
CKIsIHUX ~ MikpoBosiokoH  13-93B3  (22CaO-6Na,O—
8MgO-8K,0-18S5i10,-36B,0;-2P,0s5),  sxmit  Oyio
cxpaneno y CHIA  VYmopaBmiHHAM 3 KOHTPONIO 3a
mpongykramu # sikamu (FDA) y 2016 pomi. Ili
MIKPOBOJIOKHa MAalOThb CTPYKTYPY, CXOXY Ha IyKPOBY
BaTy, 10 IMITY€E MIKPOCTPYKTYpY (DiOpHHOBOIO 3rycTKy.
JlocnmipkeHHd Ha JIIOASX TOKa3alu, 0 XPOHIYHI paHw,
Taki SK Aia0eTW4YHI BUpPA3KW Ha CTOMI Ta TIPOJIEXKHI,
3axuBaM d4epe3 6-10 TIDKHIB Micis 3acTOCYBaHHS
MIKpOBOJIOKOH Mirragen. [HIIMMU mepeBaramMu LUX
HAHOBOJIOKOH € TXHsS JIETKICTh y BHKOPHUCTaHHI Ta
MOJJIUBICTh TIPUCTOCYBaHHS JO paH HENpaBUIBHOI
¢dopmu. HaBeneni aBropamu [6] naHi BKa3yroTh Ha Te, IO
Jy’Ke BaKJINBO po3pobutn kapkacu BBG 3 BigmosimHOIO
IIBUKICTIO BUBUIBHEHHS 10HIB OOpy IS iHOYKYBaHHS
mpoideparii KIiTHH.

3 miero MeTor0 Ol0AKTHBHI BOJIOKHA PI3HHX MapoK
JIOTTYIOTh OJIITOJMHAMIYHAMH KOMITOHEHTaMH, SKi MalOTh
OiomuHi BacTuBOCTI. [0 TaKUX KOMIIOHEHTIB HaJeKaTh,
SIK HEECCEHI[IaJIbHI €JIEMEHTH — KaTIOHU BaXKKUX METAJIB
(TuTrOMOYM, TiZpapripyM, apreHTyM) TaK 1 €CCEeHI[aTbHIX
eneMeHTiB (IIMHK, MapraHeib, KoOanbT ToOIIO). Taki
€JIEMEHTH 32 MEXaHI3MOM HE3BOPOTHOTO IHTiOyBaHHS
(epMEHTAaTUBHOT aKTUBHOCTI ~ TMATOT€HHUX MiKpoopra-
HI3MIB a00 TOBHOI JeHaTypauii y pasi 3acTOCYyBaHHS
TOKCHYHUX PEYOBHMH (MHII'SIK, PTYTh, CBHHEIb TOIIO)
HaJaI0Th OIOLMIHI BIACTUBOCTI.

JocmimKkeHHss  pi3HUX ~ MapoK  CKJIOBOJIOKOH
JOTIOBAaHUX OlOUWJHMMH KOMIOHEHTAMH JIO3BOJIHJIM
BCTAaHOBUTH Pi3HUH 1HTIOyIOUHH BIUIMB, TOKCHYHICTH Ta

30aTHICTB 10 mpotidepanii Ta qudepenmiamii kirituH. Tak
CKIOBOIOKHO Ne 1, sKe JleropaHe apreHTYMOM,
MIPUTHIYYBAJIO PicT OaKTepiil, TOMi K HEErOBaHe CKIIO HE
BUSABISUIO  Takoro  edekry. VYei  rpymum  Oyim
HETOKCHYHUMH U1 (piOpobiacTiB ¥ KEPOTHHOIUTIB.
CkioBonokHa 3 Bmictom 0,3 ta 0,5 Mom% ioHiB
apreHTyMy, 3MEHIIYBaJIM Iutomy paHu (tadmn. 1) [6]. [Ipu
JIeTYBaHHI CKJIOBOJIOKHa No 2 OKcuaaMHu Kymnpymy Ta
UUHKY KITHHE (QiOpo0NacTiB IIKIpH JIIOAWHH Maiu
BHCOKY JKUTT€3JIaTHICTh, 3JATHICTh JIO POCTY Ta Mirpariii.
Just cxnoBonokHa Ne 3 KHTTE3MATHICTH JICHIPUTHUX
KIITHH 3HWKYyBaJacs 31 30UTBIMICHHAM KOHIICHTpAIIil
OKcHAy KymnpyMmy 10 3 % i KOHIEHTpamii i0HIB IIUHKY 10
1 %. IoHn okcumy Kympymy Aias ckioBoilokHa Ne 4
iIBUIYBAJIM 3JAaTHICTH JI0 3aTOEHHS paH, IiIBUIYBaIN
xkutte3gatHicTs KnithH HUVEC i xmitue ¢ibpobmacTis.
Jns ckaddonmiB Ha ocHOBI ckimoBoyiokHa 13-93B3 ionn
HEepifo TMOCHITIOIOTH AHTIOTeHe3, TOMi SIK I0HW BaHAMmiI0 Ta
Tajgil0 HE TMoKa3auu Takoro edekry. OpHak BKas3aHi
MIKPOBOJIOKHA MAarOTh OOMEXEHUI TEpMiH Jii Ta BHACIIIOK
MICIIEBOTO HAKOITMUCHHSI OJTHOYACHO 10HIB O0OpYy Ta Kympymy
BUKJIMKAIOTh 3aIaJIeHHs M SIKMX TKaHUH.

CKIIa[IHICTIO 3aCTOCYBAaHHS KaTiOHIB BayKKMX METaJIiB,
SK OIOIMIHMX KOMIIOHEHTIB € IX 3HauyHa TOKCHYHICTb
CTOCOBHO KMBHX OpraHi3MiB. PTyTb, CBUHEIb, XpOM, KaaMiH i
MHII'SIK € HAWMONIMPEHIINMHA BaKKMMU METAIaMHM, SIKi
BUKJIMKAIOTh OTPY€EHHS JirozeH [8].

Tabmung 1 — Ckiazg 010aKTUBHUX CKIIOBOJIOKOH,
JIOTIOBAHMUX OJITOJMHAMIYHUMM KOMIIOHEHTAMM
N¢ Kommosumis Bwmict gonaaty

60 B,O3—36 CaO — 0; 0,3; 0,5; 1 mom. % ioHuU

1| (4 —x)P,0s—xAg,0
( 1_)[01320 1151 oK & apreHTyMmy

2 13-93B3 0,4 % oxcun kynpymy Ta

CKJIOBOJIOKHO 1% oxcuay IHUHKY

0,
3| 13-93B3 noporox 1 % oxcu wky,
3 % okcun Kynpymy

4 13-93B3 0,5; 1,0; 3,0 mac. % oxcup

CKJIOBOJIOKHO Kynpymy

1;3;5 mac. % ionu mepirto,
1; 3 mac.% Banagito, 1; 5
mac. % 10HHM Taio

51 13-93B3 ckaddong

3HayHUI BMICT aHiOHIB Oopy y ckiami OopaTHHX
CTCKOJI MOJXKE TPU3BECTH J0 HEOAKAHMX HACIHIAKIB JUIs
3I0POB’st JTIOAWHU. BopHa KHCIIOTH Mae psiJi TOKCHYHUX
edeKTiB Ha MKipy: aOJOMIHANBHUM | MiCHEBHH BILIMB.
CMmepTenbHI  BHIAAKKA Bi OOpHOI KHCIOTH TaKOX
TPAIUBUIACS  TICHS  TNEPOpPAIbHOTO  NPHHOMY, IIpH
KOHILICHTpAIlISIX BUIIUX 32 HOPMY y TBapHH Oynu BTpara
Barn Ta PENpoAyKTHBHA ToKcwuHicTh. LIlo crocyeThcs
JIOCHI/PKEHb TE€HOTOKCHYHOCTI, TO 3arajbHa KapTHHA
CBIMUUTH TMpo Te, MO0 OOpPBMICHI CHOIYKH HE €
TEHOTOKCHUYHUMH [9].

ToxcuuHMii BIIIMB Ha KIITHHH MOXHA 3MEHIIUTH
gacTkoBUM neperBopeHHsM BBG na T'AIl mepen
KyJIbTHBYBaHHSIM KIITHH Ta BUKOPHCTaHHSIM OUIBII
JMHAMIYHUX YMOB ab0 mozambikaiii nmoBepxHi ckia. s
3HMKCHHS IUTOTOKCcHuHOCTI [10] Oyno orpumMaHo
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6opatre ckio ckmany (y mac. %) B,O; —53, CaO — 20,
Na,0 — 6, MgO - 5, K, O — 12, SO - 4 3
TiIPOKCHUKapOOHATHUM IOKPHUTTSM, OTPUMAHHUM ILIIXOM
3aHypeHHs 6opaTHoro ckia B OydepHuii po3unn 4,2 MM
NaHCO3, 1 MM KH2PO4/K2HPO4 i 2,5 MM CaC12 B
JUHAMIYHHX YMOBaX.

Oxcup 60py Bifirpae BaykJIMBY pOJIb TIPH OTPHUMaHHI
CKJIOBOJIOKOH: 3HMXKY€ TEMIIEpaTypy IUIABJICHHS, CIIPHSE
3HW)KEHHIO MOAyJsl npykHocTi. OmHak OopaTHi cTekia
JIETKO PO3YMHIOETHCS y BOJI Ta KHCIOTaX, MPHUUOMY 3
MiJABUIIEHHAM  TEMIIEpaTypH  PO3UYMHEHHS  CYTTEBO
TIPUCKOPIOEThCS. ISl 3HIDKEHHS PO3YMHEHHS CTEKOJI
BHKOPHCTOBYIOTh e(hekT OOpHOi aHOMaii, Impu SKiA 3a
BU3HAYECHOTO BMICTYy JIY)KHUX Ta JIy)KHO3EMEIbHUX
KOMIIOHEHTIB TPUKOOPIWHOBAaHUI 3a KHCHEM 0Oop
NIePEXOAUTh Y YOTUPUKOOPAMHOBAHUM CTaH Ta IIiJBHIILY€E
XIMIUHY CTIHKICTb.

HesBaxaroun Ha Te, mo Oyno IOCATHYTO OaraTto
YCIIiXiB Yy JIOCHIJDKEHHI CTPYKTYp 1 BJIQCTHBOCTEH
0OpOCHITIKATHOTO CKIIa [6], icHYE 1ie AeKiIbKa TPy THOIIIB
1 IIMTaHb, 10 3aJIMIIAIOTHCS NPU BHBYCHHI OOPBMICHUX
OioakTHBHUX cTeKou [11]:

1) BuBUEeHHS  Kpucramizamii Ta
OHOPIMHOI  CTPYKTYypH Oi0aKTHBHHUX
3amimienHi B,05/Si0,;

2) 3Ha4HI BigMiHHOCTI MexaHi3MiB (opmyBanas ['ATl
Ha TIOBEpXHI CWJIIKaTHUX Ta OopaTtHMX crekoi. Hampukian,
BincyTHicTh rpynu Si—OH s GopaTHUX CTEKON MOXKe
3HaYHO BIUIMHYTH Ha MexaHism 3apomkeHns [All, i sk
HAcHiIOK (OPMYBaHHS  amaTUTONMOMIOHOTO Iapy Ha
TIOBEPXHi 0I0aKTUBHHX CTEKOJT;

3) ekBimoisipHi 3aminm  B,O; Ta  SiO,, sKki
BH3HAYAIOTh MOJIPHAN KOE(]IIi€HT 3aMillleHHsS KaTiOHiB
B/Si = 2:1, nmpu sskoMy OIWH TOJATKOBHH OOp ¥ OIuH
KHCCHb IHAYKYIOTBCS B CITKYy CKJa, IO NPU3BOJUTH 10
MEHTIIOT KIUTBKOCTI aTOMIB-MOIU(IKATOPiB Ha
CKJIOYTBOPIOIOYHMI KOMIIOHEHT. Y IIbOMY BHIIAJKy aTOMHU
Ca it Na BUKOHYIOTH POJIb KOMIICHCATOPA 3apsiay I Si i
B, 3amicte TOro, mo0 CTBOPIOBATH HEMICTKOBI aTOMHU
KHCHIO, IO IpPU3BOAWUTH A0 30UIBIIEHHS 3araJbHOro
BXOJDKEHHS JI0 CITKH CKJIa.

Tomy 3actocyBaHHsi 0i10aKTHBHMX CTEKON 3
MiJBUIICHUM BMIiCTOM OKCHAY OOpY Ui OJHOYAaCHOTO
3aro€HHS Ta 3He3apakeHHsI MOoTpedye OOIPYHTYBaHHS.

Meta po6oTu. Metoro 1aHoi poOOTH € BCTAHOBIICHHS
TICPCIICKTABHOCTI PO3POOKHM  BITYM3HSHAX  010aKTUBHUX
QTIOMOOOPOCIUTIKATHUX ~ CKJIOBOJIOKOH — JUIA  CTBOPSHHS
MIKPOBOJIOKHHCTHX TIOB’SI30K JUTS JTIKYBAHHS XPOHITHHX PaH.

Jns mocsirHeHHsT O3HA4YeHOI METH OYJIM MOCTaBIICHI
HACTYTIHI 3aBJaHHS:

— aHaji3 HAyKOBO-TEXHIYHOI JiTEpaTypd MIOJ0
CKJIamiB Ta BJIACTUBOCTEN OIOAKTUBHUX CKJIOBOJIOKOH
MEJIMYHOT0 3aCTOCYBaHHS;

— OOrpyHTyBaHHS BHOOPY CKIaaiB Oi0AKTHBHHX
CKJIOBOJIOKOH;

—  OWIHKa  NEpPCHEeKTHBHOCTI  3aCTOCYBaHHS
CKJIIOBOJIOKOH  JJI1 ~ CTBOPEHHS  MIiKPOBOJIOKHHCTHX
TIOB’SI30K IS JIIKYBAHHS XPOHIYHHX paH.

PesynbTaTn excnepuMeHTy Ta iX OOroBOpeHHS.
Bubip cxmamiB gnd  BUpOOHWITBA  Oi0aKTHBHOTO

(hopmyBaHHs
CTEKONl  TpH

CKJIOBOJIOKHA I'PYHTYEThCSl HA ypaxXyBaHHI TEXHOJIOTIYHUX
mapameTpiB  QopMyBaHHA Oe3lEepepBHOTO BOJIOKHA 3
po3miaBy  QUIBEPHHM  CIIOCOOOM:  TeMIepaTypHOIO
3aJIOKHICTIO B SI3KOCTI,  BEPXHBOIO  TEMIIEPATypOIO
KpHcTajizaiii (TeMrepaTypor JIKBIIYCY); UIBHIKICTIO
3pOCTaHHS KPUCTAJIIB; TIOBEPXHEBUM HATATOM PO3ILIABY.

BaxximBumu TEXHOJIOTTYHIUMH rapameTpamu
BUPOOHHMIITBA CKJISTHUX BOJIOKOH € TaKOX IT0YaTKOBa 1
KiHLIEBa TEMIIEpaTypH IUIaBJICHHS CHPOBUHH, SIKi MOOIYHO
XapaKTepH3yIOTh EHEPrOBUTPATH Ha OTPUMAHHS PO3ILIaBY.

Cepenrl IMMPOKOTO  KIagy CKJIOBOJIOKOH — PI3HOTO
BUKOPUCTAHHS JUISl CTOMATOJIONTYHOTO 3aCTOCYBAHHS IIPOKO
3aCTOCOBYIOTBCS XIMITHO MIITHI aIFOMOOOPOCHITIKATHI CKITSTHI
BOJIOKHA, BijioMi sk E-ckioBomokHa (tabm. 2) [12], ski
BHUKOPDUCTOBYIOTBCSI B~ OCHOBHOMY  JUISL  3MILIHEHHS
MOTIMEPHHX MaTPUIHMX KOMIIO3UTIB.

Ckiag cTexo cHHTE3YyIoTh Ha 6a3i cucremu SiO; —
Al,03—CaO-MgO, sKa Mae BHCOKY 3IaTHICTH [0
CKJIOYTBOPEHHSI, BBa)KAIOThCS 1HEPTHHUMH B CEpEJIOBHIII
tina. Komnosurist E-ckia BiZipi3HIETHCS BiJ KOMIO3HITIN
010aKTHBHOTO CKJIa, OTPUMaHUX 3 PO3IUIABY, HHU3bKUM
BMICTOM JIy)HOTO OKcuay (<2 wmac.%) Ta BHCOKHM
BMictoM Al,O; (14 mac.%) Ta B,O; (10 mac. %) (Tabm. 3).
Opnak, 4epe3 BHCOKHHA BMICT OKCHAY Kajblifo E-ckio
JNEMOHCTPY€ HHU3BKY XIMIUHY CTIHKICTP Yy KHCIHX
po3urHax. Takok BBEJCHHS MarHir0 MOXK€ HETraTHBHO
MO3HAYUTHCS Ha XIMIYHIH CTAOUIRHOCTI CKJIa BHACIIIOK
foro 3maTHOCTI (opMyBaTH 3 KPEMHIEBOIO KHCIOTOO
PO3YMHHI CHONYKH Kanbliito. 3 wiei mpuunHu ckian E-
ckia OyB 3MIHCHHH IUIAXOM 3MCHINCHHS KuUThKOocTi RO
3aBasku 3aminu Ha SiO, [14] Ta orpuMaHO S-ckiio, sike
npu MOpiBHAHHI 3 E-ckiloM Mae miJBHINCHI MEXaHIYHI
BIIACTUBOCTI: pYyHHYyIOYa HANpyra WpH pPO3TATHEHHI
cknoBosiokHa (MIla) mis S-cxma 3000-3500, mis E-ckina
—4650—4900; momyse ipy>kHOCTI TipH posTsirHerHi (I'Tla)
mis S-ckma 86-88, mia E-ckma  73,5-95. Onnak,
TemnepaTypa (GopMyBaHHS Ta B’S3KiCTh JAHOTO CKIa €

JOCTaTHBO  BHCOKOK, IO  IOTpedye  3HAYHUX
MaTepiaJbHUX Ta €Hepro3arpar Ha BHPOOHULTBO Ta €
HEOOTPYHTOBAHOIO  IIOAO  3a0e3MEeUeHHS  BHCOKUX

MOKa3HUKIB MIIHOCTI Al CKJIOBOJIOKOH OiOMEINYHOTO
NPU3HAYCHHS, SIKI HE 3aCTOCOBYIOTHCS Ha JIMHAMIYHO
HaBaHTXXYBAaHMX [UISHKax TKaHWH. bBioakTHBHI cTekia
45S5 Ta S53P4, sxi MOXyThb OyTH 3aCTOCOBAaHUMH IS
BUPOOHHMIITBA CKJIOBOJIOKHA MalOTh JIOCTaTHHO BHCOKHN
PiBEHb PO3YMHHOCTI, III0 MOXKE MPHU3BECTH 10 (OPMYyBAHHS
Ha 1X TOBEPXHI KPUXKOTO TiIPOKCHANaTHUTOBOTO HIapy, IO
3HAYHO 3HM3UTH IX 3[ATHICTH 10 IPOsBY OiocymicHocTi [13].

ABtopamu [14] Oymo CHHTE30BaHO CKIIOBOJOKHA
1-06, sxi oTprMaHO Ha OCHOBi OioakTHBHOTO ckia 13-93.
Hane CKJIOBOJIOKHO BH3HAYAETHCA TIOMIpHOIO
OioaktuBHicTIO. [l mopiBHAHHA ckimo 18-06, ske
OTpUMaHO Ha OCHOBI OioakTuBHOro ckia S53P4, BoHO €
CTaOlIBHUM 1 He PO3UMHSBCA B JIei0HI30BaHii Bozl abo B
MoJenbHIH piguHi opranisaMmy (MPO) Bmpomosx 4
TwkHIB. Ile MOB’s3aHO 3 MIABUINEHHSIM HOTO XiMIYHOL
CTIMKOCTI 3a paxyHOK NpOsIBY TMONIKaTIOHHOTO edekTy
IpU  OJHOYACHIH NPUCYTHOCTI KaTiOHIB JYXKHHX Ta
JyKHO3EMEIbHUX MeTaliB (Tabm. 2).
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Tabmums 2 — OcoOIMBOCTI CKIAIiB CKIOBOJIOKOH X BIIACTHBOCTEH Ta 3aCTOCYBaHHS [12]

Tun Ckrnan XapaKTepuCTUKU 3acTocyBaHHs /BIIaCTUBICTh
A-ck0* | my»HO-BaIlHsIHE CKJIO 3 MaJIOIO He CTiHKe /10 JIyTiB JYTOCTIHKICTh HE BUMAraeThest
KUIBKICTIO 200 6€3 00py OKCHIY
AR-cki0 JYTOCTIMKICTh JIYTOCTIHKICTh BHMAaraerhbCst
C-cki1o JyKHO-BAITHSHE CKJIO 3 CTilKe 10 XIMIYHOTO BHCOKAa XIMIYHa CTIHKICTH 10 KHUCIOT
(T- BHCOKHMM BMICTOM OKCHAY O0py | BIUTHBY Ta OUIBIIOCTI /mrTanenbHe CKIIOBOJIIOKHO
CKII0)** KHUCIIOT, SIKi PO3YHHSIOTh
E-ckno
D-cxno GopocuiikaTHe BUCOKA JIieNIeKTpHYHA BHCOKA JIieNIeKTPHYHA TIPOHUKHICTb
IIPOHUKHICTh
E-ckio AIMOMOOOPOCHITIKATHE C MEHIII HE CTilKe /10 XJIOpH- JUTSL CKJIOTUTACTUKY/€IeKTPUIHOTO
HiK 1 Mac.% JTy>KHUX OKCHIIIB ioHiB; moBepxHs E-ckina | 3acrocyBaHHA
pO3YMHHA
E-CR- AITIOMOBAIHAH-OCHIIIKaTHE C BHUCOKA BHCOKA KHCJIOTOCTIHKICTh
CKJIO MeHII HiK 1 Mac.% my>XHIX KHCIJIOTOCTIHKICTh
OKCHJIIB
R-cxio aimfomocmitikatHe 6e3 MgO abo | moOpi mexaHidHI BHCOKi MEXaHi9HI BHMOTH
CaO BIIACTHBOCTI
S-ckito amromocmirikatae 6e3 CaO, ane | HaiiBHIIA MiIHICTh Ha KOMIIOHEHTH JTiTaka Ta KOPITyCH paKeT
3 BUCOKUM BMicTom MgO PO3PHB Cepell YCiX BUIIB
BOJIOKHA
Tabnuns 3 — XiMigHUH CKJIa]] CTEKOI, SIKI 3aCTOCOBYIOTBCS JJIs OJIepKaHHS CKIOBOJIOKHA
Oxcunu MapkyBaHHS cKla
Bwmict kommnoneHris, mac.%
E S 4585 S53P4 13-93 1-06 18-06
Si0, 53-55 62— 65 45 53 53 50,0 65,0
AlLO; 14-16 20-25 - - - - -
CaO 20-24 - 24,5 20 20 22,6 15
MgO 20-24 10-15 - - 5 53 0,1
B,0; 6-9 0-1,2 - - - 0,2 1,5
K,0 <1 0-1,1 - - 12 - -
Na,O <1 0-1,1 24,5 23 6 59 18,4
Fe,04 <1 0,2 - — - — —
P,0s - - 6 4 4 4,0 -

OpHaK Take CKJIOBOJOKHO 31 3HAYHUM BMIiCTOM
OKCHJy KPEMHIIO IIPH KOHTAaKTi 3 piIMHAMU OpraHi3My He
3mqatHe  (opMyBaTH Ha  TIOBEpXHI  CKJIOBOJIOKHA
kanblifipocdarnoro mapy. IIpote, Bci BkazaHi ckiiaan
CKJISTHUX BOJIOKOH ITOKa3aiw, 1o 30epiranus npu 37 °C y
SBF mpusBeno 10 mpuckopeHoi Aerpanamii. Y BHIIAAKY
ckia 1-06 i 13-93 BoyIOKHA TOBHICTIO PO3YMHSETHCSA B
SBF menm Hixk 32 OAWH JAeHb. Taka MBUAKA POSYUHHICTE
MOJKE€ TPU3BECTH 10 3HAYHOTO, a y pa3i IHTeHCHBHOI Hii
OionoriyHMX (paKTOpPiB HEKOHTPOJIHOBAHOTO BHUXOIY
ioHIB OOpy, IO MOKE€ BUSBUTH TOKCHYHHH BIUIMB Ha
TKaHHHU OPTaHi3My JIFOAWHH Ta MOCUIIUTH 3arlaleHHS.

lupoko Bimomi Oi0aKTHBHI CTEKJIa HOBOTO
MOKOJIHHS JUIs oJlepKaHHA 010aKTHBHOTO

6opodocharnoro Bosokna (SC) 31 ckimagoMm (y Moi.%)
P,0;5— 47,5, CaO — 20, SrO — 20, Na,0 - 10, B,0;-2,5
Ta 6opodocdarHoro BookHa 3 cepueBuHo (CC), ckman
(y Mo1n1.%) obononku Ta cepueBunn P,Os— 47,5, CaO —
20, SrO — 20, Na,O — 10, B,0; — 2,5 it 0,025 CeOp—
0,975(P,05— 47,5, CaO — 20, SrO — 20, Na,O — 10, B,03
— 2,5) BignosigHo [15]. 3aHypeHHS y BOIHI PO3YHHH,
Taki sk  Tpuc(rizpokcumernn)aminomeran  (TPIC),
CIOYATKy IABHMIIYE MEXaHiuHI BJIACTHBOCTI TaKUX
BOJIOKOH 3aBJISIKH paHHBOMY KOHI'PYEHTHOMY
PO3YMHEHHIO CKJa, 3aBISKH 3MEHIICHHIO MIUTbHOCTI
noBepxHeBux jgedekriB. OnHaKk, TMpPH TPUBATIOMY
sanypenHi B TRIS abo MPO 3Hmwkye MexaHidHI
BJIACTMBOCTI 4epe3 OCaJUKEHHsS KaJblieBo-(pocaTHOro
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mapy Ha IOBEPXHi BOJIOKOH. OCOOIMBO MPH TPHBAIOMY
(~7-14 nuiB) 3anypenHi y po3unni MPO i Ha ~21 nenp
y Oy¢epi TRIS BomokHa CTaOTh 3aHAATO KPUXKHUMH,
11100 MO>KHa OYJIO BUMIPSTH IX MEXaHI4HI BIACTUBOCTI.

[TepcrieKTUBHUM HaNpaBJICHHAM [UIS € CTBOPEHHS
apMOBaHMX BOJOKHHUCTHX ckiiokommno3uTiB (FRC) — me
KOMOIHAIis IBOX MartepialiB, y sKili OlWH i3 Marepiais,
SKHd Ha3WBa€ThCI apMyrodor (aszoro, mae dopmy
BOJIOKOH 1 BOyIOBaHMI B IHIIMHA Marepian, SKHA
Ha3MBaEThCsl MaTpUuHOIO (azoro [16]. Ckio cxiany SC,
BUKOPUCTOBYBAJIOCh  sIK  apmyrkoua ¢asza. Ckian
cepuesunn BojokHa CC (y Mon.%) ckiagae 0,025 CeO,
- 0,975 (P,05 — 47,5, CaO — 20, SrO — 20, Na,O — 10,
B,O; — 2,5). Beemenns CeO, y ckimanm cepleBUHH
IO3BOJIMIIO  3a0€3MeYnTH  BIANIOBIOHUN  ITOKa3HUK
samomieHHs. OOHAK CTBOPEHHS TaKHX MarepiaiiB €
OaraTocTaliifHUM.

BupimrenssiM - mie€i  mpobieMH € CTBOPEHHS
0ioakTHBHUX OOpoamroMopocdaTHUX  CKIOBOJIOKOH,
moaudikoBaHux karionamu MetaniB Il rpymu, sxi
OyIyTh XapaKTCPU3yBAaTUCS HASBHICTIO 3MIIIHEHOTO
MOBEPXHEBOTO LIapy, SIKOMY OyJe BIACTHBI OJHOYACHA
BUCOKa OlOCYMICHICTh, OIOIMAHICTH 3 TPOJIOHIOBAHOIO
JI€T0, HETOKCHYHICTH 33 PaXyHOK:

— MPOTIKaHHS MTOBEPXHEBOI KPUCTANI3aIlil B yMOBaxX
OITHOCTATIHHOL HHU3BKOTEMIIEPATYPHOI TePMIgHOL
00po0OKwy;

— (opMyBaHHS Ha MOBEPXHI HAHOCTPYKTYPOBAHUX
KPHUCTAIIB TiApokcHanatuty Ta okcuay metany (II);

— (hopmyBaHHs HaHOCTPYKTPOBAHOTO
arnaTUTONONIOHOrO WIApY in Vivo 3 HU3bKUM MOJYJIEM
NPY>KHOCTI Ta MiIBUIEHOO TPIIIMHOCTIHKICTIO.

Buxopucranus 6opoanromodochaTanx
CKJIOBOJIOKOH [UTsI BUTOTOBIICHHST €(DEKTHBHUX ITOB’ 30K
IUIS JTIKyBaHHS paH, B KPU30BUX CUTYalisX B YMOBax
00lOBUX il  JO3BOJIMTH MIABMINUTH  BIJCOTOK
BIDKMBAHHS Ta 3HU3UTH TEPMiH JIIKyBaHHS 32 PaXyHOK
Oe3nocepeHbOI MTii KaTIOHIB Ta aHIOHIB MaTepiaiiB in
VIVO HUISIXOM:

— iniujawii dasu remocrasy (Ca*");

— BimHoBneHHr0O ECM, KomareHy, IIMTOKIHIB
(BMP, FGF), MMPs (B*", Ca®");
— 3a0e3nedeHHs CTUIBHHKOBOI eHeprii

6yxiBensHOro 610Ky, ATP (P);

— KOHTPOJIIO KHUCJIOTHO-IIy>kHOro Oamancy (Na
+’ Ps +, K +);

— (dopmyBaHHS KICTKOBOT TKaHWHH,
3armo0iraHHsl  PO3BUTKY  OCTEOINOPO3Y, 3aCBOEHHS
KaJIbI[I0 KiICTKOBOIO TKAHMHOIO, META00Ii3My KaJIbIIiI0
Ta MarHiro, 3aroenss pan (Ca’’, P°*, B*");

— 3MEHLIEHHA IMOBIPHOCTI 3amaJieHHs 3a
paxyHOK iHTiIOyBaHHS NAaTOTEHHUX MIKpOOpPTraHi3MiB
(okcumu MetaiiB rpynu II).

Po3poOka Ta BOpOBAa[PKEHHI B MEIUYHY
[IPaKTUKY 610aKTHBHHUX 6opoamromodocharHux
CKJIOBOJIOKOH [UTsI BUTOTOBJICHHST €(PEKTHBHUX ITOB’S30K
U1 JTKYBaHHA  paH, SKi  XapaKTepH3YIOTHCS
HEOOXiJTHOI0 aHTIOT€HHOIO 3JATHICTIO J103BOJIUTH

OJTHOYACHO 3a0e3MeUYnTH IIBUAKE 3arO€HHS paH Ta
IIKIpH, BIJIHOBUTH MOUTKOJKEHI JUISTHKH KiCTKH.

BucHoBkn. BcTaHOBIIEHO HEOOXIIHICTH PO3POOKH
BITYM3HSIHUX MaTepialiB MEAUNYHOIO MPU3HAYCHHS TS iX
e(eKTHUBHOTO 3aCTOCYBAHHS B YMOBax BeJICHHsS OOMOBUX
i 7 MIBUAKOT peaHiMallii MOpaHeHWX Ta HaJlaHHS
HEBIJIKJIAAHOT JOMOMOTH Ha 1moiii 6oro. [IpoananizoBaHo
OCHOBHI BHUJH, BIIACTHBOCTI Ta OOJIACTI 3aCTOCYBaHHS
CKJIOBOJIOKOH Ta BH3HAYEHO TEPCIEKTHBHI HANPIMKH iX
pO3po0KH y HampsMKy 3a0e3neueHHs iX Oi0JorigHOT
cyMicHOCTI Ta OiomuaHOCTi. Po3po0iieHO OCHOBHY
rinote3y po3poOku OioakTHBHUX OopoamomModocdaTHux
CKJIOBOJIOKOH, MoIu}ikoBaHWX KaTioHamu MetamiB Il
JIOAWHU. 3aCTOCYBaHHS TAaKMX MaTepialiB I03BOJHUTH
30eperTy KHUTTSI, CKOPOTHTH Iepioj peaOuriTamii Ta
NPUIIBUAIINTA OJY)KaHHS BIHCHKOBOTO Ta LUBLIFHOTO
HaceneHHs. Po3poOka Ta BIPOBAJKCHHS B MEIUYHY
MPAKTUKY BITYM3HSIHHUX GiOAKTHBHUX CKIIOBOJIOKOH JUIS
BUTOTOBJICHHS €(DEKTUBHUX OB A30K JUIA JIKYBaHHS
paH J03BOJIUTH OJHOYACHO 3a0e3MeYnTH  MIBUIKE
3aro€HHS paH Ta IIKIPW, BIJIHOBHTH ITOIIKODKEHI
TUISTHKY KICTKH.
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