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Psbinin C.O. 3MilIHEH1 CIIOTyMEHOBI CKJIOKOMITO3UIIIMHI MaTepiaid TEXHIYHOTO
npu3HadeHHs. — KBamidikariiiina HayKoBa mpalls Ha IpaBax PyKOIUCY.

Hucepranis Ha 3100yTTS HAyKOBOIO CTymHeHsS JokTopa ¢igocodii 3a
crnemianbHicTIO 161 — XimiuH1 TEXHOJIOTIT Ta 1HXKeHepis (rajly3b 3HaHb 16 XimivyHa Ta
OloimkeHepis). —  HarioHanpHUII  TeXHIYHUN  yHIBepcUTET  «XapKiBChKHIA
MOMITEXHIYHUHN IHCTUTYT», XapkiB, 2021.

JlucepTaliito MPUCBIYEHO PO3POOIIl 3MIITHEHUX CKJIOKOMITO3UIIIHHUX MaTepiajiiB
HA OCHOBI CHOAYMEHY TMOJi(YHKI[IOHAIBHOTO TMPHU3HAYEHHS, 30Kpema Jyis
1HMBITyaJIbHOTO 3aXMCTY BiJl BUCOKOIIBUIKICHOTO JUHAMIYHOTO HABAHTAXKCHHS Ta
JeTajiel eNeKTPUYHUX MTPUIIa/IIB.

Ilpeomem  OocniddiceHHsi:  TIPOLIECH  CTPYKTYpo- Ta  (ha30yTBOPEHHS
CKJIOKPUCTATIUHUX MaTepiaiB Ha OCHOBI JITIHATFOMOCHIIIKATHUX CTEKOJI, MEXaHI3MHU
3MIIIHEHHS, EKCIUTyaTalliifHl BJIACTUBOCTI Ta TEXHOJIOTIYHI MapaMETpH OJIEepXKaHHs
CKJIOKOMITO3UIIIHHUX MaTepiaiB.

06’ekm QocniodicenHs: 3MILHEH] CKIOKOMIIO3UIIMHI Marepiaid TEXHIYHOIO
MIPU3HAYCHHS.

Memoou docniosxcenns. BusHaueHHsS (P13UKO-XIMIYHUX BIACTHBOCTEH CTEKOI
Ta  eKCIUTyaTallliHuX  XapakTepucTHK  ckiokpuctamiunux  (CKM)  Ta
ckiaokomno3uiiiaux ~ matepianie  (CKnM) mnpoBoauiu 3 BUKOPUCTAHHSIM
CHeIiaIbHUX Ta CTAHJAPTHUX METOIUWK, 3T1IHO 3 BUMOTAMH JIIFOYMX HOPMATHBHUX
JIOKYMEHTIB JI0 CHUJIIKATHUX BUPOOIB Ta BUPOOIB /IS 1HAUBITYaIbHOTO 3aXUCTy M
JeTane eNeKTPUYHMX NpPHWIaaiB. bimbln neTtaqsHO yCi BUKOPHUCTaHI METOIU
JOCIIIJIKEHb PO3TJIAHYTI y BIANOBIIHOMY pO3AUTl poO6oTH. BiZHOCHY AleNneKTpUUHy
MIPOHUKHICTh Ta TAHTCHC KyTa JIEJICKTPUYHUX BTpPAT HA YACTOTaX YJIBTPAKOPOTKUX
XBWJIb BU3HAYaIM 3a JOMOMOTOI0 KOMIT IOTEPHOTO TMOPIBHSUIBHOTO —aHaji3y
EKCTIIEPUMEHTAJILHOI Ta PO3PaXyHKOBOI YaCTOTHOI 3aJIE)KHOCT1 KOE(ILIEHTY CTOSYO1
XBUJIl TOCTIAHOTO 3Pa3Ky.

JlocmipKeHHsT CKJIaay, CTPYKTYpH, (PI3MKO-XIMIYHHUX Ta EKCIUTyaTalliiHhX

BJIACTUBOCTEH MTOCHITHUX 3Pa3KiB 3IMCHIOBAIA 3 BUKOPUCTAHHSIM OOJaJHAHHS:



kadeapu TEXHOJOrii Kepamikh, BOTHETpHBIB, ckja Ta emaimed HTY «XIIy,
kadenpu npukiagHoi enexkrpoauHamiku XHY im. B.H. Kapaszina, HTK «lactutyr
monokpuctaniBy HAHY ta [TAT «YkpHIB» im. A.C. bepexxnoro (M. XapkiB).

bamictuyni BumpoOyBaHHS JOCTITHUX 3pa3KiB MPOBOJUINCH y HAyKOBO-
JOCHiTHIA aboparopii  ¢akymnbTeTy BIHCHKOBOI MIATOTOBKH HarioHaasHOTO
TEXHIYHOT'O YHIBEPCUTETY «XapKIBCHKUM MOJITEXHIYHUM 1THCTUTYTY.

Enextpodizuuni  BUNpoOyBaHHA  JOCTITHUX  3pa3KiB  MPOBOIUIUCH
Ha 0a3l KII «MicbkenekTpoTpaHccepBic» 1 Kapeapu eIeKTpOI30JALiiHOI Ta
ka0enpHOT TexHIKH HTY «XIID».

3a pe3yibTaTaMu MPOBEICHUX TEOPETHUUHHUX, JIAOOPATOPHUX Ta OaliCTHUHUX
JOCTIJIPKEHB 32 TEMOIO AUCEPTALIMHOT POOOTH Oiep KaHl TaKl HAyKOB1 PE3YyJIbTATH:

Po3pobnieHo ckmaau 3MmilHEHUX CKJIOKoMmo3uiiitHux marepiaiiB (CKM) 3
BHCOKOIO TPIIIMHHOCTIMKICTIO Ha OCHOBI [-CIIOYMEHY TEXHIYHOIO MPU3HAYECHHS Ta
BU3HAYEHO ONTHUMAJIbHI TEXHOJOTIYHI MapaMeTpH iX oJiep>KaHHs, K1 3a0€3MeUyI0Th
dbopMyBaHHS HAHO- Ta CYOMIKpOHHOI 00’€MHO3aKpPHCTaII30BaHOI CTPYKTYpH 3a
MEXaHI3MOM CIIHOJANBHOTO (ha30BOr0 PO3AUIEHHS B YMOBaxX JBOCTaIHHOL
HU3BKOTEMIIEPATYPHOI TEPMIYHOI OOPOOKH.

Bnepiue:

— BCTAHOBJICHO TPUCTAAIMHUN MeEXaHI3M CTPYKTypO- Ta (pa30yTBOPEHHS B
creknax cuctemu R,O-RO-RO,—R,05-LiF-CaF,—P,05-Si0O,, 3a sxum Ha mepIiiomy
eTam 3a yMmMoB gojaepxkanHs cBiBBimHomeHHs Al,Oz : SiO, = 1 : 3-6 ta BMIiCcTY
Li,O = 8-10 mac. %, X (TiO,, Zn0O, CeO,, P,0s) = 6,5 mac. % cnocrepiraerbccs
yTBOpeHHs cubotakcnynux rpym [Si,Og] y posmiasi. Ha apyromy erari 3a0e3neueHHs
IHTEHCUBHOTO (opMmyBaHHs 3apoakiB Metacuiikary Jjitito (T =550 °C) y dopwmi
cdepolIiTiB 32 MEXaHI3MOM (Ha30BOTO PO3JUICHHS J03BOJISIE CTBOPUTH YMOBHU IS
kpuctamzanii  B-eBkpuntuty (T =650°C) npu 3a0e3nedeHHi  B’SI3KOCTI
7 =10%"%% Tla-c. Ha TperpoMy erTami CIOCTEpPIraeThecsi MPOTIKAHHS 00’ €MHOI
TOHKOJIMCIIEPCHOT KpHUCTai3alii CKJIa 3a paxyHOK MepeKkpucTaiizamii B cTaOLIbHI
KpUCTadu [-CIOAYMEHY CTOBOYACTOrO IUJIACKOrO IMPU3MAaTUYHOTrO radityca

(T =850 °C) 3 BmicToMm kpuctamniB 50-80 06.% Ta ix po3mipom Bix 0,4 1o 1,0 MxmMm;



— BCTAHOBJICHO, 1110 CIIOTyMEHBMICHI CKJIOKPUCTAJIIUHI Ta CKJIOKOMIIO3HUIIIIH1
MaTepiajid TeIIOTEXHIYHOTO, SJICKTPOTEXHIYHOTO 1 pa/IlOTEXHIYHOTO MPU3HAYCHHS,
0 OTPHIMAaHHI 3a CKJISTHOIO Ta KEPaMidHOIO TEXHOJIOTI€I0 METOJaMH IIIIKEPHOTO
JIMTTS Ta MPECYBaHHS 1 3MIIHEHHI NIJSIXOM 10HOOOMIHHOI OOpPOOKHM B mapax Ha
posmiaBom abo y pos3miaBi  NaNOj, xapakTepusyloThCS PETYIbOBAaHOIO
cBiTmonponukHicTio T < 0,7 % Ta BUCOKUMH €KCIUTyaTalliiHUMHU BIIATUBOCTSIMHU
(Kic=26-3,5 MIla-m®™; HV = 82-10,8 IMa; o, = 620-820 MIIa;
o = 22,4-27,6-107 rpax’; Ty = 1250 °C; E, =37 MB/m; tgd = 0,008; ¢ = 9,
Igp, = 15, f = 10° I'm, t=20°C) ta pamionpo3zopictio (tgd = 0,006; ¢ = 4,75,
lg p, =15, f = 10" I'y, t = 20 °C);

— BCTAHOBIICHO, IO 3a0e3medcHHs 00’emHoro 3mimHeHHS CKM nomsxom
BBEJICHHs HaroBHIOBa4iB — Zr0O,, crabimizoBaHoro Y,0s; abo a-SiC ta dopmyBanHs
rpagientHol TpurapoBoi ctpyktypu CKoM (CKM; CKM Tta 30 mac. % a-SiC; rpadit)
31 3MiHHOIO €: 4,75; 6,2 Ta 12,3 m03BOIIsSIE OTPUMATH METOIOM TPECYBAHHS CIIOyMEHOBI
CKJIOKOMITO3MIIIMHI MaTreplajii 3 BHUCOKHMMU TEPMOMEXaHIYHUMH BIIACTUBOCTSIMHU
(Kic = 3,5-8,1 MITa-m">; HV = 8,94-10,65 I'TIa; KCU=5,6-6,2 KR/
E =308 —320 I'Tla; RE 90(h); M = 1,16 I'Tla>m*kr'; v = 13,27 xwm/c; B=1,1 M"%;
p = 2410 kr/M’), [T PO3POOKH TOJETIICHHX GPOHEETEMEHTIB ISl 1HAHBIAyaIbHOTO
3axXUCTy (KJac 3axucty 6), 30KpemMa 31 3[aTHICTIO 10 PaaioNOrIMHAHHS IS
3a0e3MeUeHHs] MaCKyBaHHsA 3ac001B 030pO€EHHS.

VY BcTymi 0OTpyHTOBAHO aKTYyaJbHICTh MPOOJIEMH, MTOKA3aHO 3B’ SI30K pPOOOTH 3
HAyKOBMMH TIporpamMamMu, IUTaHAMHM 1 TeMaMmH, cQopMyJIbOBaHO MeTy 1 3amadi,
00’€KT, TIpEAMET Ta METOIW JOCIHIJDKEHHS, BH3HAYCHO HAYKOBY HOBU3HY Ta
MPaKTUYHE 3HAYCHHS pOOOTH, OXapaKTepHU30BaHO OCOOMCTHI BHECOK 3/100yBada Ta
anpo0aitito poooTH.

[lepmnii po3aisl MPUCBAYEHO aHaANI3y CyYyaCHUX HAYKOBHUX JOCITIIKEHb B
HaIpPsSMKY CTBOPEHHS MOJIETIIIEHUX BUCOKOMIITHUX MaTepiajiiB JJis 1HAUBITyaTbHOTO
3aXMCTY BiJl BACOKOMIBHUAKICHOTO TUHAMIYHOTO HABAHTAKCHHS Ta TEIJIOTEXHIYHOTO
npusHaueHHs. OOrpyHToBaHa HEOOXimHICTH 3acTocyBaHHS CKM mis po3poOxu

BHCOKOMIIIHUX OPOHEEIEMEHTIB, €JIEMEHTIB TEIIO-, €JIEKTPO- Ta PAIOTEXHIKH.



VY apyromy po3aiiai oOrpyHTOBaHO BUOIp HANPSIMKIB 1 METOJIUKH JTOCTIHKEHb
npoiieciB ¢popMmyBaHHs Ta BiactuBoctel po3podiaeHux CKM ta CKnM, a takox
MOJIAHO OMHC PO3PAXYHKOBUX Ta EKCIEPUMEHTAJIbHUX METOIB, 3aCTOCOBAHHUX Y
poboti. HaBenena xapakTepucTHKa BHUXIJHUX CHPOBHHHUX KOMIIOHEHTIB,
BHUCBITJICHI Ppe3yJdbTaTH TMOMNEPENHIX JOCHiIKeHbh Ta chopmyaroBaHa poboda
rinoresa.

TpeTiit po3ail TPUCBSIYCHUN pO3pOOIN BUXITHUX JHTIHATIOMOCHIIKATHUX
CTEKON JJIsI PO3POOKH BUCOKOMIIHUX CIIOJYMEHBMICHUX CKJIOKPHCTAIIYHUX
MaTepiaiiB 13 3aIaHUMU (b13UKO-XIMIYHUMH, TEXHOJIOTTYHUMH Ta
eKCIUTyaTallliHUMU XapaKTepPUCTUKAMH, 30KpeMa, 3 BUCOKOIO CBITJIONPOHUKHICTIO
JUJIS1 3aCTOCYBAHHS B TETIOTEXHIIIL.

YerBepTuii po3Ail MICTUTh EKCIEPUMEHTANIbHI pe3yJbTaTH ONTHUMI3aIll]
ckaany ckia s onepxkanHs CKM, TeXHOIOTIYHUX MapaMeTpiB TEPMIYHOI 0OPOOKH
Ta 3MIIHEHHS, (QOpPMYBaHHA TPAJIEHTHOI CTPYKTYpU  CIOAYMEHBMICHUX
CKJIOKOMMO3UIIIMHUX MaTepialliB JJIsi CTBOPEHHS TMOJICTIIICHUX OpPOHEEIEMEHTIB IS
IHAMBIIYAJIbHOTO 3aXMUCTY, €JEMEHTIB €JEeKTPOTEXHIKM Ta PaJiOTEXHIKH 3
BJIACTMUBOCTSIMH IO PTIOTOTIMHAHHS 200 paaionpo30pOCTi.

VY m’sToMy po3auTl HABEACHO TEXHOJIOTIIO ojepkaHHs BucokominHux CKM Tta
CKoM  BilicbKOBOTO Ta TEXHIYHOTO TMPU3HAYEHHS Ta pe3yibTaTH BUIPOOYBaHb
enekTpodiznyHux BiactuBocte  po3pobnenux CKnM, Oponectiiikocti Ta
BOTHECTIMKOCTI  3pa3KkiB. BuH3HaueHa  KOHKYPEHTO3JAaTHICTb  PO3pPOOJICHUX
CIIOJIyMEHBMICHUX  CKJIOKOMIO3UIIIMHUX  MaTepiaiB 3  ypaxyBaHHSIM  iX
TEXHOJIOTTYHOCTI, BAPTOCTI Ta Baru BUPOOIB.

Knrouosi cnoea: CKJIOKOMIIO3HUIIIMH1 Marepia, B-cromymeH,
HAHOCTPYKTYpa, 3MIIIHEHI Marepiaiu, eJICKTPUYHI BJIACTHBOCTI, EJIEMEHTH
OpOHE3axXUCTy, BOTHECTINKICTh, IPa/llEHTHA CTPYKTYpa.
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ABSTRACT

Riabinin S.O. Strengthened spodumene glass composite materials for
multifunctional purposes. — Qualifying scientific work as a manuscript.

The thesis submitted for the degree of Doctor of Philosophy on the specialty
161 — “Chemical Technologies and Engineering” (field of expertise 16 Chemical
and Bioengineering). — National Technical University "Kharkiv Polytechnic
Institute”, Kharkiv, 2021.

The thesis is devoted to the development of strengthened glass composite
materials based on spodumene for technical purposes, in particular, for individual
protection against high-speed dynamic loading and parts of electrical devices.

Subject of research are the processes of structure and phase formation of
glass-ceramic materials based on lithium aluminosilicate glasses, strengthening
mechanisms, performance properties and technological parameters for obtaining of
glass composite materials.

Object of research is strengthened glass composite materials for technical
purposes.

Research methods. Determination of the physicochemical properties of
glasses and the performance characteristics of glass-ceramic (GCM) and glass-
composite materials (GCpM) was carried out using special and standard techniques,
given in the corresponding chapter of the work. The relative dielectric constant and
the loss-angle tangent at the frequencies of ultra-short waves were determined using
a computer comparative analysis of the experimental and calculated frequency
dependence of the standing wave ratio of the test sample. The physicochemical
properties of the materials were determined in accordance with the requirements of
the current regulatory documents for silicate materials.

The research was carried out using the equipment of the Department of
Technology of Ceramics, Refractories, Glass and Enamels of NTU «KhPly,
Department of Applied Electrodynamics of V.N. Karazin Kharkiv National

University, Scientific and Technological Complex «Institute of Single Crystals» of



the National Academy of Sciences of Ukraine, JSC «UkrRI of Refractories» named
after A.S. Berezhny (Kharkiv).

Ballistic tests of test samples were carried out in the A0501 military unit
(Chuguiv). Electrophysical tests of samples were carried out by UC
"Gorelektrotransservice".

As a result of the research on the topic of the dissertation work, the following
scientific results were obtained:

Compositions of reinforced glass-composite materials with high crack
resistance based on B-memory of technical purpose have been developed and
optimal technological parameters of their production have been determined, which
provide formation of nano- and submicron volume-crystallized structure by spinodal
phase separation mechanism in two-stage low-temperature processing.

For the first time:

— a three-stage mechanism of structure and phase formation in glasses of the
R,O0-RO-RO,-R,05-LiF-CaF,—P,0s-Si0O, system was established, according to
which: at the first stage, provided that the ratio Al,O3: SiO, = 1: 3-6 and the content
of Li,O = 8-10 wt. %, X (TiO,, Zn0O, CeO,, P,Os) = 6.5 wt. % the formation of the
[Si,O¢] sybotaxic groups were observed in the melt; at the second stage, ensuring
the intensive formation of nuclei of lithium metasilicate (T = 550 °C) in the form of
spherulites by the phase separation mechanism makes it possible to create
conditions for the crystallization of B-eucryptite (T = 650 °C) Pa-s while ensuring
the viscosity 1 = 10%7°% Pa's. At the third stage, volumetric fine-disperced
crystallization of glass was observed due to recrystallization into stable crystals of
B-spodumene of a columnar planar prismatic habit (T = 850 °C) with a crystal
content of 50-80 vol.% and their size from 0.4 to 1.0 pum;

— it has been established that effective spodumene-containing glass-ceramic
and glass-composite materials for thermal, electrical and radio engineering
purposes, obtained by glass and ceramic technology by slip casting and pressing and
strengthening by ion-exchange treatment in vapors over the melt or in the NaNO;

melt, were characterized by adjustable light transmittance T<0.7% and high



operational properties (Kic = 2.6-3.5 MPa -m>>; HV = 82-10.8 GPa;
Geom = 620-820 MPa, o = (22.4-27.6)-10" " deg™; Teore = 1250 ° C, Em = 37 MV/m;
tgd = 0.008; € = 9, log p, = 15, f = 10° Hz, t = 20 °C) and radio transparency
(tg 8 =10.006; € =4.75, log pv = 15 f= 10" Hz, t = 20 °C).

— it was found that the ensure of volume strengthening of GCM by adding of
fillers — ZrO, stabilized with Y,0; or a-SiC and the formation of a gradient three-
layer structure of GCpM (GCM; GCM and 30 wt% a-SiC; graphite with variable &:
4.75; 6.2 and 12 respectively) allows to obtain by pressing method the spodumene
glass composite  materials  with  high  thermomechanical  properties
(Kie = 35-8.1 MPam®; HV = 8.94-10.65 GPa; KCU = 5.6-6.2 kJ/m?
E = 308-320 GPa; RE 90 (h), M = 1.16 GPa?>:m*kg *; v=13.27 km/s, B = 1.1 m*?%
p = 2410 kg/m®), for the development of lightweight armored elements for personal
protection (6 class protection), in particular, with the ability to absorb radio to
ensure camouflage of weapons.

The introduction substantiates the relevance of the problem, shows the
connection between work with scientific programs, plans and themes, formulates the
goal and objectives, object, subject and methods of research, defines the scientific
novelty and practical significance of the work, characterizes the personal
contribution of the applicant and approbation of the work.

The first chapter is devoted to the analysis of modern scientific research in the
direction of creation lightweight high-strength materials for personal protection
against high-speed dynamic loading and heat engineering purposes. The necessity of
using GCM for the development of high-strength armored elements and elements of
thermal and electrical and radio engineering has been substantiated.

In the second chapter, the choice of directions and methods for studying the
formation processes and properties of the developed GCM was substantiated, as
well as a description of the calculation and experimental methods used in the work
was given. The characteristics of raw materials were given, the results of previous

studies were highlighted and a working hypothesis was formulated.



The third chapter was devoted to the development of model lithium
aluminosilicate glasses for the development of high-strength spodumene-containing
glass-ceramic materials with specified physicochemical, technological and
operational characteristics, in particular, high light transmittance for use in heat
engineering.

The fourth chapter contains experimental results of optimization of glass
composition for obtaining GCM, technological parameters of heat treatment and
strengthening, formation of a gradient structure of spodumene-containing glass-
composite materials to create lightweight armored elements for personal protection,
elements of electrical engineering and radio engineering with the ability to radio
absorption and radio transparency.

In the fifth chapter, the technology for obtaining of high-strength GCM and
GCpM for military and technical purposes and the results of testing the
electrophysical properties of the developed GCpM, armor resistance and fire
resistance of samples were presented. The competitiveness of the developed
spodumene-containing glass composite materials was determined, taking into
account their manufacturability, cost and weight of products.

Key words: glass composite materials, B-spodumene, nanostructure, hardened
materials, electrical properties, armor protection elements, fire resistance, gradient
structure.
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