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AHOTANIA

3o3ynuneys B.B. KucnoTocTiiiki Ty>KH1 IEMEHTH 1 KOMIO3UIIIMHI MaTepiaik Ha 1X
ocHoB1 — KBasidikaiiiiiHa HaykoBa Tpals Ha MpaBax PyKOIUCY.

HNucepranis Ha 3700yTTS HAyKOBOIO CTymeHs JokTtopa (duiocodii 3a
cnemianbHIcTIO 192 «byniBHUITBO Ta uBUIbHA 1HXeHepis» (19 — Apxitektypa Ta
OyaiBHULTBO). — KHiBChKMII HalllOHATBbHUN YHIBEpCUTET OYIIBHUIITBA 1 apXITEKTypHU
MinictepcTBa OCBITH 1 Hayku YKpainu, Kuis, 2024.

B nucepramiiinii  poOGOTi  1OCHIIKEHO  €(EeKTHBHICTh  BUKOPUCTAHHS
JTY’)KHOAKTUBOBAHHMX B’SKYUYWX PEUYOBHMH B HANPSAMKY JIOCTIDKEHb OTPUMAaHHS
KACJIOTOCTIMKMX MarepiaiiB. Sk moka3zye aHaimi3 poOiT, crnpoda MiABUIICHHS
KHCJIOTOCTIMKOCTI JIY)KHOAKTUBOBAaHUX B SOKYYMX TIOB’S3aHAa SK 31 3HIDKEHHSIM
OCHOBHOCTI TIJIPOCHJIIKATIB KaJbIlil0 32 paxyHOK BBeaeHHsS SiOz-BMINIyrounx ¢as
Tak 1 3 MJBUIICHHSAM y (pa30BOMYy CKJIaji IIEMEHTHOTO KaMEHIO I1€0ITONOMI0HNX
¢da3 3a paxyHOK BBEJEHHS NPUPOIHUX IeofiTiB abo Al,Os-pminryrounx das, ski
CIIpUSIOTh X CUHTe3y. BpaxoByrwoum naHy TEHJEHIIII0O B JaHId poOoTi Oyio
TOCIIIHPKEHO KHUCJIOTOCTIMKICTh IIEMEHTHHX KOMIIO3MIII B CHCTEMaxX «JIOMEHHUM
IpaHyJlbOBAHUM IIJJAK — METAaKaoJdiH —  TpemesJ — YEpBOHUM LIIaM — JIYKHHM
KOMIIOHEHT», <«JOMCHHUW TpPaHyJIbOBAHUM INUIAK — YEPBOHUW MLJIAM — JIY)KHUH
KOMITOHEHT» Ta «JIOMEHHHI IpaHyJIbOBaHUH MIIaK — JIY)KHUH KOMITOHCHT — TPUHATPIM
dbocdary.

Jlns  ¢GopMmyBaHHS CTIMKMX TIAPOCHIIIKATHUX 1 IEOMITONMOMIOHUX a3, sKi
XapaKTepU3yIOThCS  KHUCIOTOCTIMKICTIO  Ta  3a0e3MeUeHHsSM  TiAPaBIIYHUX
BJIACTUBOCTEH OyJi0 BU3HAYEHO MPABUJIHHE CITIBBITHOIICHHS OKCUIIB y cuctemi. J[ms
nporo Oymo chopMoBaHO psAa  MOACHBHMX cucTeM. OnrTuMizamiio  CKIaxy
KHUCJIOTOCTIMKUX CHCTEM MPOBOJIMIH 32 TOIIOMOTOI0 TPU()AKTOPHOTO EKCIIEPUMEHTY.

BusnaueHo, mo migBHIeHUH BMICT MeTakaoliny (40%) npu3BoAUTh 10 3HAYHOT
BTpaTH MIITHOCTI, TO1 SIK BBEACHHS Tperneny y KinbkocTi 20% mpakTUYHO HE BIUIMBAE
Ha MIIHICHI MOKa3HUKHU. HaliMeHIII010 BTPATOI0 MIITHOCTI XapaKTePU3YIOThCS CUCTEMHU
3 BUOIPKOBUM BBEJICHHSIM OJTHOTO I0JJaTKOBOTO KOMIIOHEHTY MPY BMICT1 METACUITIKATY
— 10%. a came: ckian 12 3 Bmictom Tpemneny — 10% 3abe3neuye mirHicTh Ha 28 100y,

o ckianae 39,8 Mlla, a ckitan 14 3 Bmictom metakaoniny — 20% — 38.5 MIla.



KucnoroctiiikicTb MaTepialy OLIHIOBAIM 3a EKCIPEC-METOJ0M  IIUISTXOM
KU SITIHHS 3pa3KiB npotsaroM | roguan y 35% posuuHi cipuanoi kucinotu (HzSO4).
Sk xputepii oliHKH Oys0 00paHO MOKA3HUWKHU 30BHIIIHBOIO BHUIJISAY, BTPAaTH Macu
micisl BUNPOOYBAHHS Ta 3aJMIIKOBY MILHICTh Micas BUNpoOyBaHHs. OTpuMani
pe3yNbTaTH CBIAYAaTh MPO TMO3UTHUBHUN BIUIMB BBEJIECHHS TpENeny Ha KoedilieHT
KHCJIOTOCTIMKOCTI, TOA1 SIK BBEJICHHSI METaKAOJIHY Y 3aJ]aHii KUTbKOCTI MPU3BOJIUTH 10
JaCTKOBOTO a00 TOBHOTO 10 PYHHYBaHHS OTPUMAHOTO Martepiany. TakuM YHWHOM,
nonatkoBuil BMIcT Tpeneny Big 10 no 20% mo3Bosisie OTpUMAaTH JIYKHOAKTHBOBAaHI
IIEMEHTH1 cucteMu 3 koedimientoM kucnotoctiiikocti Ke=0,81-0,85. Brpara macu
3pa3kiB micist BUunpoodysanus He nepesuiye 0,35%.

JI)1st BU3HAYCHHSI TPUIATHOCTI OTPUMAHUX IIEMEHTHUX CUCTEM Ta ¢(EKTHUBHOCTI
iX excruryaTarlii B 4aci, Ik abTepHATHBY MPUCKOPEHOMY METOIY JOCIiKEHHS, 0YI10
IIPOBEJICHO JI0/IaTKOBE BU3HAYCHHS NTOKAa3HUKA KUCIOTOCTIMKOCTI OTPUMAHUX CKIIAIiB,
IUISIXOM BUTPUMYBAHHS 3pa3KiB 3 LEMEHTHO-MINIAHOTO PO3YMHY (CITIBBIIHOIIECHHS
1:3) y 5% po3zuuni cipuanoi kuciotu (H2SO4) mpotsirom 30 116, micis nmonepeaHboro
Ha0Opy HUMH MIITHOCTI TIpoTsiroM 28 110 B H.y. HaifO11b110r0 AECTPYKTUBHOTO BILJIUBY
3a3Hanu cucrteMu 3 BBeneHHsM 40% wmerakaoniny. [Ipum MiHIManbHOMY BMICTI
Jy’)KHOTO KOMITIOHEHTY, 110 ckianae 8%, medopmarliiiiHi mpoiecH, 0 BUHUKAIOTh B
CTPYKTYp1 3aTBEPAUIOTO IITYYHOTO KaMEHIO XapaKTEePU3YIOThCS YCAIKOI, sKa
cknanae 4,86%, y mOpiBHAHHI 31 3pa3kaMu, 10 30€epiraiuch B H.Y.

[Iporiecn CTPYKTYpPOYTBOPEHHSI KHCJIOTOCTIMKUX JY)KHHX IIEMEHTIB OyJo
JOCTIHPKEHO 3a JIOMOMOTOK TaMU METOMIB (PI3UKO-XIMIYHOTO aHami3y, 30Kpema:
nIepuBaTOrpadivHOro, TEPMOTPABIEMETPIYHOTO aHATI3Y, EIEKTPOHHOI MIKPOCKOIIl, a
TaKOX peHTreHodazoBoro aHamizy. [lns migBUIIEHHS BIpOTiMHOCTI 3adiKCOBaHUX
HOBOYTBOPEHb (ha30BHil CKJIaJ HOBOYTBOPEHb KOKHOI KOMITO3HIIIT OIIIHIOBAU SIK
MIHIMYM TpbOMa METOJAaMH aHaji3y. 3TiMHO 13 OTPUMAaHUMU PE3yIbTaTaMHu, MOXHA
KOHCTaTyBaTH, 110 JacTHHA HOBOYTBOPCHD 3HAXOJIUTHCS y
cirabko3akpucTanizoBanomy (amopdHOoMy) craHi. OCHOBHUH €HIOTEPMIYHHAN €PEKT
MOB’A3aHUN 13 BUJUICHHSM CTPYKTYPHO 3B’S13aHO1 BOJM, BMICT SKOI KOJUBAETHCS
3anmexHo Bif cuctemu Bim 10 mo 20% 3a macoro. /lomatkoBi eHmoTepMiuHI eheKTH

MOB’s3aHl 13 CTPYKTYPHUMHU 3MIHAMHM Yy CKJaJl 3ajUIIKIB pecypcy amopdHoro



KpEeMHe3eMy, TPEJCTaBICHOTO MEIEHUM TpemeaoM abo wmerakaoiiHoMm. [
MIATBEP/KEHHS  (Pa30BOro CKJIaJay HOBOYTBOPEHb KOMIIO3MINM JTOCTIIXKYBAHUX
LIEMEHTIB OYJI0 3p00JEHO €JNIEKTPOHHI MiKpooTorpadii MTYUYHOTO KaMEHIO, 3 SIKUX
BUJIHO, IO BHUKOPUCTAHHS 3MIIMIAHOT KPEMHE3EMHUCTOI TO0O0aBKH TPH3BOAUTH [0
OTPUMAaHHsS JAPIOHO3EPHUCTOI CTPYKTYPH Marepiany y 3arajibHiil HIUIbHIM criaiHii
CTPYKTYPi, 3a0€3MMeUy0UH MUPOKO PO3BUHEHY ITOBEPXHIO HOBOYTBOPCHD.

3a pe3yibTaTaMu MOMEPEeHIX MOCTIKEHb OYJ0 BHUSBICHO, 110 BUKOPUCTAHHS
3HAYHOTO BMICTYy METAKaOJIiHy Ta TpPENeNy TNPU3BOJNTh BHHHKHEHHS CYTTEBHX
HEJOJIKIB, TOB’S3aHUX 3 TIJBUINCHHIM BOJOMOTPEOM CHUCTEMH Ta 3HUKCHHS
MOKA3HUKIB MIIHOCTI. 3 METOI0 YCYHEHHS IHMX HEJOJIKIB, a TaKOoX MiABUIICHHS
€KOJIOTTYHOCTI MaTepiany Ta OIIHKK MOXKJIMBOCTI 3HMXKEHHSI Horo co01BapTOCTi, Oyi0
PO3TIITHYTO MOMIJIMBICTh YACTKOBOI 3aMiHM aJIOMOCHIIIKATHUX KOMIIOHCHTIB Ha
YEPBOHMM LIUIaM.

Cepen pi3HHX MOTEHIIIHHO JOCTYITHUX JKEPES aMOP(HOTO KPEMHE3eMYy 3HAYHY
yBary NnpuBEepTa€E MOMKIUBICTh 3aCTOCYBAHHS YEPBOHOTO LIIAMY — BETMKOTOHAKHOTO
BIJIXOIy BUTOTOBJICHHS MIEPBUHHOTO aJIOMiHIIO 3a mporiecoM baiiepa. 3 ogHoro 6oky,
piBeHb ioro yTwiizamii y cBiToBOMY MacmTabi He mnepeBuinye 1% Big HOBHUX
HAJIXO/KE€Hb, TOMY HOTO YTHJII3aIlis € BAXKJIMBOIO €KOJIOTIYHOIO 3aJ/1aueto, a 3 1HIIIOTO
— HasBHICTh Y WOT0 CKJaJi 3HAYHOTO BMICTY JIY)KHUX CITOJIYK YHEMOXIJIMBIIIOE HOTO
BUKOPHUCTAHHS y CKJIQ/Ii TPAIUIIIMHUX CUCTEM, IIPOTE MOXKE OYTH IIHHUM JHKEPEIIOM
CUPOBUHM [UJIsl JIY)KHUX MarepianiB. YepBoHMN 1IlaM B TaKUX CHCTEMax
BUKOPUCTOBYBAIM SIK JDKEPENIO aIIOMOCHIIIKATIB, HATOMICTh BMICT YHCTOTO
KpEMHEe3eMy MiABUIIYBAIM 3a PaxyHOK BHUKOPHCTaHHS MeJeHoro Tpemeny. Jlis
MIJIBHUINCHHS BJIACTUBOCTEH  KHCJIOTOCTIMKOCTI HUISXOM IIABHUINCHHS BMICTY
ATFOMOCHJTIKATHOTO KOMITOHEHTY BMICT JOMEHHOI'O TPaHyJILOBAaHOIO IIIaKy Oyio
obmexxeHo Ha piBHI 50...73 % Big Macu eMeHTH

BianoBigHo 10 OTpUMaHHMX pe3yibTaTiB, MOXXHA KOHCTATyBaTH, IO BBEICHHS
Mmertacuiikaty B Mexax 10-12% 3a mMacoro mpu3BOAUTH J0 MPHUIIBUANICHHS MOYATKY
TY)KaBJICHHsI ccTeMH. [[0MaTKkoBe BBEACHHS TPETEy JE0 CIIOBUTBLHIOE 1IeH TIPoIiec 1

IIPUBOAUTD IIOKA3HUKHN TepMiHiB TYXKaBJICHHA 10 HOPMATHBHHUX 3HAYCHDb



3rifHo 3 pe3yJlbTaTaMu JOCHIIKEHb TOKA3HUKU MIIIHOCTI Ha CTHUCK
NPSIMONPONOPLIMHO 3aJIeKaTh BiJ BMICTY YEPBOHOI'O IIJJaMy Ta KUIBKOCTI1 JIY>KHOTO
komroHeHTy [Ipu oMy, nomatkoBe BBeaeHHs Tpeneny (mo 10%) mpusBomuth 10
MOKpPAILIEHHS MOKA3HUKIB MILIHOCTI, OJJHAK 32 HAsIBHOCTI IM1JIBUILIEHOI KUTBKOCTI JIYTY B
MOJAJIBIIOMY MOXYTh CIIPUYMHUTH 3HUKEHHS KOoeIlieHTa KUCIOTOCTIMKOCTI.

3arajioM BUBYCHHS MIIHICHUX BJIACTUBOCTEH JOCIHIPKYBAHUX KOMITO3HUIIIM
MOKa3aJl0, U0 HAHOUIBIIOK 3aJUIIKOBOIO MIIHICTIO XapaKTepU3YIOThCS CUCTEMH 13
MiBUIIEHUM BMICTOM aJTIOMOCHJIIKATHOI CKJIQJ0BOI Ta 3HWKEHHM CHIIIKATHUM
MOJyJIeM CHCTeMH, IO BiJMOBia€ TeOpeTUYHHM TmepeaymoBaMm. CTOCOBHO
MOKAa3HUKIB KUCIOTOCTIMKOCTi, OyJI0 BCTAHOBJIICHO IO BUKOPUCTAHHS UYEPBOHOTO
nlaMy Ha 3aMiHy YacTHHHU aJIOMOCHJIIKATHOTO KOMITOHEHTY HE TNPHU3BOIUTH O
3HIDKEHHS CTIMKOCTI Marepiaiy A0 Jii KOpO31MHOro cepenoBUINA MPU KUI STIHHI
HailimeHmumu pyitHyBaHHSIMU XapaKTEPU3YIOThCS MaTepiaiy 13 HAWOUIBIIIUM BMICTOM
QITFOMOCHJTIKATHOT CKJIAJI0OBOi MPU OJHOYACHOMY IIJBHIIIEHOMY BMICTI CHJIIKATHOTO
KOMIIOHEHTY B CUCTEMI.

3 orisaay Ha aHaji3 JITepaTypHUX JKEpen Oysao MOCHIIKEHO IOIUTBHICTH
BUKOPUCTAHHS J0OABOK, MpecTaBlIeHuX GochaToM HATPir0, HA KMCIOTOCTINKI JTY>KHI
neMeHTH. s OIiHIOBaHHsS BIUIMBY TpuHaATpidocdaTy HATpir0o Ha TMPOIECH
CTPYKTYPOYTBOPEHHS JOCIIDKEHO KOMIIO3HIIIl JYy)KHUX IIEMEHTIB 13 (hIKCOBAaHUM
BMicToM Metacwiikaty Hatpiro 10% Big macu mementy. Bmict docdary y Takwmii
cucreMi O0yno oOmexxeHo Ha piBHI 6% 3a macoro. BukopuctanHs OUIBIIOT KITBKOCT1
n00aBKM Ma€ HETaTUBHUN €(EeKT Ha KIHETUKY PO3BUTKY MIITHOCTI NIJIAKOIYXKHUX
cucTteM. BinmoBigHO, BMICT OCHOBHOTO  QIIOMOCHJIIKATHOTO  KOMITOHEHTY,
MPEICTaBICHOTO JOMEHHUM T'paHyJIhOBaHUM Iu1akoM, ctaHOBUB 84-90 % 3a macoro.
Jlnst miaTBepmkeHHS (Pa30BOTO CKJIaay HOBOYTBOPEHB KOMMO3MIIIN JOCIIIKYBaHHX
IIEMEHTIB Oyno 3po0ieHO eneKTpoHHI MikpodoTorpadii MTYyYHOTO KaMEHIO.
PesynpTaTé mpoBeNeHUX IOCTIIKEHb MOKA3aid, M0 MiABUINCHHS BMICTy docdary
HATPII0 y CKIIAJ1 TOCTIDKYBAHUX CHCTEM MPU3BOIUTH 0 (POPMYBAaHHS OLTBIIT MLUTHHOT
KOMIIAKTHOI CTPYKTYpU HOBOYTBOPEHb 13 HHU3BKOIO JAE(PEKTHICTIO CTPYKTypU Ha
BIIMIHY BiA ApiOHO3EPHUCTOIO CTPYKTypu Oe3700aBOYHOr0 3paska. PesynbraTn

peHTreHo¢a30BOro aHaI3y CBIAYATh PO HAsIBHICTh MPOAYKTIB KapOOH13a1lii, KOCHUTY



Ta YaCTKOBO JI0 MOSIBH TEJI0 KPEMHIEBOT KHCJIOTH, SKa Ha OUIBII MI3HIX eTamax
TBEPAHEHHS 3/1aTHA JI0 KpUCTaJi3amii Ta MiJBUILEHHS KHCIOTOCTIMKOCTI CHCTEM.
Boanouac, HasBHICTH (ochaTHUX Tpyln HE (PIKCYEThCS AJIsA JKOJHOI CHUCTEMH, IO
CBIAUMTH N0 iX PO3BUHEHHS Ta JOJYUYEHHS JO IMPOLECIB CTPYKTYpOYTBOPEHHS
KHCJIOTOCTIMKOTO JIY’KHOTO MaTepiaay Ha CyOMIKpOKPUCTATIYHOMY PIBHI.

PesynbTaT  MOCHIKEHHS KOMIIOHEHTHUX CKJIAIB MIATBEPIXKYIOTh, IO
BIJICOTKOBUM BMICT TpUHATPIX (docdaTy NpSIMONPOINOPLINHO BIJIMBAE HA MOKA3HUK
THI' Ta TepMiHU TyXaBJIeHHS cUCTeMH. TakoXX MPOCIIAKOBYETHCS HE3HAUHHUM BILJIUB
BBEJICHHS TpuHATpid ¢ochary Ha TMOKA3HUKKA MIIHOCTIL. 3a pe3yjbTaTaMu
NPUCKOPEHOTO METOJy BH3HAUEHHS KHCIOTOCTIMKOCTI IIEMEHTHHX CHUCTEM, MOYKHA
3p0oOUTH BUCHOBOK, IO BBEJACHHS B cucTeMy 10 6% TpuHatpiii pocdaty npu3BoauTh
710 30UTbIIEHHS KoeilieHTa KUCIOTOCTIMKOCTI. Halikpammuii pe3ynbraT OTpUMYEThCS
OpU HAsSBHOCTI B KOMIOHEHTHOMY ckiani 2% TpuHatpii docdary, npu mpomy
KoedilieHT KucnoTocTikocTi cknanae Ko = 0,97, a BTpara Macu micisi BUTPOOyBaHHS
3HaxXoAUThC B Mexax 10%.

Merton BUTpUMYBaHHSI MIATBEPKYE €(PEKTUBHICTh BUKOPUCTAHHS TPHUHATPIN
docdhary miIs MIABUIIEHHS KHUCIOTOCTIMKOCTI JYXHUX cUCTeM. ONTUManbHUM
3aJIMIIAEThCST BMICT TpUHATPIA Pocdaty y kuibkocTi 2% (BTpaTa MIIIHOCTI CKJIa/ae
15,7%). Onnak 3a yMOB BUTPUMYBaHHS 3pa3KiB JAHOTO CKJIAJTy B yMOBaX arpeCUBHOTO
CepeOBHINA MPOCTIAKOBYETHCS HASIBHICTH JedOopMaIliiHUX TPOIIECIB PO3IIMPEHHS B
CTpYKTYypl Martepiany. 3O0UIbIICHHS 00’ €My JOCHIIHKYBaHUX 3pa3KiB HE MEPEBUIILYE
2,5%.

Ha ocHOBI pe3ynbTaTiB, 110 BPaxOBYIOTh NEPEBaru Ta HEAOJIKH TOMEPETHBO
PO3pOOICHIX KOMIIOHEHTHUX CHUCTEM, OYJIO MPOBEIECHO OMTUMI3AIlIO BiJICOTKOBOTO
BMICTY JOJIATKOBUX KOMITOHCHTIB CHCTEMHU (2 caMe METaKaoJNiHy Ta Tpereiy) Ta
JTY’)KHOTO KOMIIOHEHTY. TakuM YHMHOM MaKCHUMaJIbHAWA BMICT METaKaoJIiHy ¥
ONTHMI30BaHUX cKiagax craHoBuTh 30%, Tpeneny — 10%, a metacunikaty — 14%. Sk
1 B TOmEepeaHbOMY JIOCIIKEHHI JIOJATKOBE BBEJICHHS METAKaOJiHy Ta Tperneny
npu3BoaNTh 10 miaBuiieHHs THI' Ta 301U1blIeHHS TEPMIHIB TYXKABJICHHS, alie y
MeHIi Mipl. ONTUMaNbHUM 3aJIMINAETHCS CYMICHE BBEICHHS METAaKaoJiHy Ta

eneny. OpoTe X BIACOTKOBUN BMICTY V KUIBKOCTI 15 Ta 5% B1AIIOBIIHO NIPU3BOIUTE
y Yy



710 OTPUMAaHHS KpaluX MOKa3HUKIB y MOPIBHSAHHI 3 onepeaHiM gociixeHsam. THI
He nepeBunrye 30%, a CTpOKM TyXaBJIEHHS 30€piraloThCs B MeXaX HOPMATHUBHUX
3HAY€Hb. 3HMKEHHS MAaKCUMaJIbHOTO BMIcTy MeTakaoJiiny 10 30% Ta tpeneny 10 15%
B OJIHI} CUCTEM1 TO3BOJIUIIO 3HU3UTHU TToKa3HUK THI', 1110 mpu3BOAUTE 10 MiBUILICHHS
IIUTBHOCTI ~ CTPYKTYpH  IIEMEHTHOIO KaMEHI0O Ta TOKpAICHHS MIIHICHUX
XapaKTepUCTUK OTpUMaHOro Matepiany. ONTHMaJIbHUMH TaKOX 3aJIAIIAIOTHCS
MOKA3HUKKM CKIIQJiB 3 BUOIPKOBMM BBEICHHSIM OfHi€i M00aBKM (METaKaoJiHy Y
KibkocTi 15% abo tpeneny — 5%) Ta, BiAMOBIAHO, 30UIBIICHHIM aTIOMOCHIIIKATHOT
CKJIAJI0BOI.

3HIWKEHHS BIJICOTKOBOTO BMICTy METaKaoJiHy TPHU3BEIO J0 30LTBIICHHS
MOKa3HUKIB MIIIHOCTI PO3pPOOJICHHX CHUCTEM. HAWKpaluMHU TMOKa3HUKAMU MIITHOCT1
XapaKTepU3yIOThCS CKIIAU 3 BMICTOM MeTakaodiny — 15% ta BmicTom Tpeneny — 5%.
BBenennst merakaoininy y kiibkocti 15% npu BMmicTi Metacumiikary 12% noszBossie
OTPUMATH MaTepiaj 3 MoKa3HUKOM MimHocTi 45,8 MIla Ha 28 100y .

3a 10MOMOror MaTeMaTUYHOTO MOJIETIOBAHHS OYyJI0 MPOBEJECHO €KCIIEPUMEHT 31
BCTAHOBJICHHS 3aJIC)KHOCTI MDK MIIHICTIO IIEMEHTY ITiCJII BUTPUMYBaHHA B 5 %
po3unni xiopuanoi kucinotd (HCI) Ta ifioro ckmagom. Amxamoridda o0poOka
pe3ynbTatiB mpoBeneHa 1 ana 5% posumny azotHoi kuciotu (HNOs). Otpumani
3HAYCHHS YITKO BiJOOpa)KarOTh IHTEHCHUBHICTh Ta CTYIIHb 3HM)KCHHS IOKa3HHUKIB
MIITHOCT1 Ha CTUCK B Yaci JJIsi KOMIIOHEHTHUX CKJIQJIIB, IK1 BATPUMYBAJIUCh Y PO3UHNHAX
kucioT. Tak, 3pa3ku siki nepedyBanu y 5-% po3unHi XJIOPHUIHOI KUCIOTH 3a3HAJH
OLTBIIOT MEeCTPYKIi y TMOpPIBHSHHI 31 3pa3kaMHM 3 a30THOI Kucjiaotu. HaitOinbiie
3HAUEHHS 3aJUIIKOBOT MIIHOCTI i 000X CEPeNOBHUI CTAHOBISATH CKIAAH 3
JI0JTAaTKOBUM BBEJICHHSAM Tperneny y KiTbkocTi 20% mnpu BMICTI JTyKHOTO KOMIIOHEHTY
12% Ta y kinmbkocti 10% npu BmicTi metacuiikaty 10%. MinHICTh Ha CTUCK 3pa3KiB,
BUTOTOBJICHUX 3a JAHUMHU CKiagamu BunpoOyBanux micis 90 ni6 BUTpUMYBaHHS Y
pPO3YMHAX XJOPUIHOI Ta a30THOT KuCIoTH ckianae Bix 43,1 MIla no 45,7 MIla Ta Bin
47,1 MIla no 49,7 MIla BixmoBigHO.

[Ilogqo onTUMI30BaHUX CKIAiB, TO Yy BIAMOBIIHOCTI N0 TMOMNEPEIHBOIO
JOCIIKCHHSI, KHCIIOTHE CEPEOBHINE HA OCHOBI XJIOPUIHOT KHCIOTH MPU3BOIUTH JI0

OUIBIIIOT BTPATU MILIHOCT1 MaTepialliB y OPIBHSAHHI 3 CEPEIOBUILIEM Ha OCHOBI a30THO1



KUCIOTU. Te K CTOCYyeThCA 1 MIABUIIEHOrO0 BMICTY MeTakaoiniHy. Ilpore 3aranbHe
3HIJKEHHS BMICTY NPHUPOJHIX MIHEpaJbHUX J00aBOK HaBIThb MpPU HASBHOCTI
MiABUIIIEHOTO BMICTY JY)KHOTO KOMIIOHEHTY JIO3BOJISIE OTpUMAaTH MaTepiaiu, 3
MOoKa3HUKaMu MINHOCTI B Mexax 33,0 — 44,0 MIla ans 5% po3uuHy XJIOpUAHOI
kuciotu Ta 36,0 — 45,0 Mlla nns 5% po3uuHy a30THO1 kuciaotu Ha 90 no0y
BUNPOOYBAHHS.

3aranom, pe3yJabTaTu, OTPMMaH1 Ha OCHOB1 ITPOBEACHOTO TOCTIKEHHS, BKa3yIOTh
Ha Te, [0 TPUBAJIC BUTPUMYBAHHS 3pa3KiB y arpeCHBHOMY CEPEIOBHIII 3 HU3bKHM pH
Ma€ 3HAYHHWHA JACCTPYKTUBHHM BIUIMB Ha CTPYKTYPY IEMEHTHOTO KaMeHIO. AJDKe 3a
PaxyHOK JIY>KHOI MPUPOAM IEMEHTHI CHUCTeMH MIAAAI0ThCS peakilii HeWTpamizarlii
KHACJIOTaMHM Ta 3a3HAIOTh PyWHYBaHHSI. HalWMEHITMMU MOKa3HUKAaMU BTPATH MIITHOCTI
XapaKTePU3YyIOThCS HACTYITHI KOMITO3UIIIT: 3 0JaTKOBUM BBeaeHHAM SiO; y KITBKOCTI
20% (3amminkoBa MilHICTh Ha cTrck micis 90 110 ButpumyBanHs B 5% po3unni HSO4
ckianae 35,0 MIIa) ta 3 MiHIMaIbHHUM BMICTOM JTY’)KHOTO KOMITOHEHTY — 8% (MilHICTD
— 38,5 MlIa, 3a Tux xe yMOB.

Brenenns uepBoHoro mniamy y kibkocti 15% npu HasiBHOCTI mogaTkoBux 5%
SiO; y BUIIISAII MEJIEHOTO TPEMeny J03BOJIIE OTPUMATH MaTepian 3 MinHicTio 47,8
MIIa micns 90 ni6 BurpumyBanHs y 5% po3uumni HNOs. Lleii ke ckiam 3a ymoB
36epiranns B 5% po3uunni HCI, xapakTepusyrorbes mokazaukoM miraocti — 40,0 MITa.
[TigBumieHu#t BMICT YEpBOHOTO NUIaMy 3a0e3rnedye OTpUMAaHHS Marepiany 3
rmokasHukaMu MimHocti B Mexax 30,5 — 39,2 MIla ta 30,1 — 37,0 MIla micag 90 ni6
PYWHIBHOTO BIUTUBY KMCIOTHOTO CEPEIOBHUIIA HA OCHOBI a30THOT Ta XJIOPUTHOT KHCIIOT
BIZIIOBIIHO.

Jnsg cucremMu <«JIOMEHHHUM TpPaHyJIbOBAHUM IUIAK — JIY)KHUA KOMIIOHEHT —
tpuHaTpidd docdar» micas 90 ni6 BurpumyBanHsa y 5% po3unni H2SO4, HaliMeHIIM
MOKa3HUKOM BTpatu MimHOCTI (25,7%) xapakTtepu3yeTbcs CKIaJ 3 JIOJAaBaHHIM
NasPO4:12H,0 y kimbkocTi 4%. Toxi sk my1s po34rHy a30THOI KUCIOTH PI3HUI MK
3HAYEHHSMH MIITHOCTI HE 3aJIeKHO Bif BinmcoTkoBoro Bmicty TH® ne mepesumiye 1,0
MIIa. o crtocyeTbcsi pe3ynbTaTiB MICAST BUTPUMYBAHHA B PO3UYMHI XJIOPUIHOI

KHCJIOTH, TO ONTUMAaJIbHUM TeX € BiacoTkoBui BMicT TH® y kimbkocTi 4%, 110



3a0e3neuye MinHIcTh 41,3 MIla. Ognak BBeneHHs 6% Malike HE 3MIHIOE KapTUHY
(41,0 MITa).

OTtxe, 3a pe3ynbTaTaMu JUCEPTALIHHOT pOOOTH OYI0 pO3pOOIEHO KUCIOTOCTIHKI
Martepiald Ha OCHOBI MOPUIHUX JTYKHUX LIEMEHTIB 3 KO(DEIliEHTOM KUCIOTOCTIMKOCTI
Kc > 0,8, migBuieHo HEMPOHUKHICTIO Ta 3MEHIIEHO BIAKPUTOIO TOPUCTICTIO IS
3aCTOCYBaHHSI y BHUPOOax 1 KOHCTPYKIIISIX 3arajbHO OYAIBEBHOIO Ta CIEHIiaIbHOTO
NpU3HaYeHHs . Bu3HAaueHO BIUIMB KOMIIOHEHTHOrO CKJIaay Ha (HI3MKO-MEXaHIuHI
XapaKTePUCTUKH Ta IMOKAa3HUKHU KHUCIOTOCTIHKOCTI TIOPHIHMX JTy)KHOAKTHBOBAHUX
IIEMEHTHUX CHCTEM, Ta BHOKPEMJICHO 3aKOHOMIPHOCTI iX CTPYKTYpOYTBOPCHHS.
OnTuMi3oBaHO KOMITOHEHTHI CKJIAaud PO3POOJICHUX CHUCTEM IS 3a0e3NCUCHHS
MOKPAIICHUX EKCIUTyaTalliIiHUX XapaKTePHCTHK OTPHMMaHOro matepiany. Bu3HadueHo
ONTUMAbHUIA BMICT 100aBOK MeTakaodiny (mo 15%) ta tpemeny (mo 10%), mio
3a0e3meuye  IMJBHMINCHI TMOKAa3HUKH  KHCIOTOCTIMKOCTI IEMEHTHHX  CHCTEM.
[TinTBepIPKEHO MOKJIMBICTH YAaCTKOBO1 3aMIHM aJIOMOCHJIIKATHUX KOMIIOHEHTIB Ha
4epBOHMI 11aM (BiIXiJx BUPOOHMIITBA aTIOMIHIIO) JUIsI OTPUMAHHS JY)KHUX IIEMEHTIB
3 MIABUIIEHUMHU MOKAa3HUKAMH KHUCJIOTOCTIMKOCTI. Bussieno, mo BBeaeHas g0 30%
YEpPBOHOTO IIJIAMY JIa€ 3MOTY OTpUMATH MaTepiai 3 MitHicTio 46,0 MIla micns 360 116
BUTPUMYBaHHS B 5% po3unHi CipuaHOi KUCIIOTH.

[TixTBepI’KEHO MOXKIIMBICTD MIJBUINCHHS MOKAa3HUKA KHUCIOTOCTIMKOCTI JIYKHUX
nieMeHTiB nuisxoM BBeAeHHs NazsPO4-12H0. Ilicas 1oBroTpuBaioro BUTPUMYBaHHS
HaWKpaIuMH TOKa3HUKaMHU MIITHOCTI SIK TP 30epiraHHi B H.Y., TaK 1 i BILIUBOM Jii
KHCIIOTHOTO CEPE/IOBUIIA, XapaKTepU3yIOThCA 3pasku 3 BMicTom THO® — 4%.
3anuiIkoBa MIlHICTh MPU CTUCKY y IIbOMY BUTAIKy ckiagae 41,5 MITa.

KitouoBi cioBa: riOpuHi Ty HI [IEMEHTH, JTy>KHUA OCTOH, KUCIOTOCTIHKICTB,

CTPYKTYPOYTBOPEHHSI, KUCIIOTHE CEPEIOBUIIE, HOPMaJIbHI YMOBH.
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ABSTRACT

Zozulynets V.V.Acid-resistant alkaline cements and composite materials based on
them - Qualifying scientific work on manuscript rights.
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specialty 192 "Construction and civil engineering” (19 - Architecture and
construction). - Kyiv National University of Construction and Architecture of the
Ministry of Education and Science of Ukraine, Kyiv, 2024,

In the dissertation, the effectiveness of using alkali-activated binders in the
direction of research on obtaining acid-resistant materials is investigated. As the
analysis of the works shows, the attempt to increase the acid resistance of alkali-
activated binders is connected both with a decrease in the basicity of calcium
hydrosilicates due to the introduction of SiO,-containing phases and with an increase
in the phase composition of cement stone of zeolite-like phases due to the introduction
of natural zeolites or Al;Os-containing phases. which contribute to their synthesis.

Taking this trend into account, this paper investigated the acid resistance of cement



compositions in the systems "ground granulated furnace blast slag - metakaolin - slag
- red slime - alkaline component”, " ground granulated furnace blast slag - red slime -
alkaline component” and " ground granulated furnace blast slag - alkaline component
- trisodium phosphate™.

For formation stable hydrosilicate and zeolite-like phases,which are characterized
acid resistance and provision hydraulic propertieswasdefined correct correlation oxides
in system.For this was formed number model ones systems.Research acid-resistant
properties conducted by three-factor experiment.

It is determinedwhat increased contents metakaolin (40%) leads to to significant
losses strength,then as introduction aspen in quantity 20% practically not affects on
strong Indexes.The smallest loss strength in comparable with component compositions
are characterized systems with selective input one additional component at in the city
metasilicate — 10% and exactly: storage 12 with content aspen —10% provides strength
on28a day,what makes up 39.8 MPa, and storage 14 with content metakaolin — 20% —
38,5 MPa.

The acid resistance of the material was evaluated by the express method by boiling
the samples for 1 hour in a 35% solution of sulfuric acid (H2SO.). Appearance, weight
loss after testing and residual strength after testing were selected as evaluation criteria.
Received the results testify about positive influence introduction aspen on coefficient
acid resistance,then as introduction metakaolin in given quantity leads to to partial or
complete to destruction received material.Such way, additional contents aspen from 10
to 20% allows get alkaline activated cement systems with coefficient acid resistance
Ks=0.81-0.85. Mass losses samples after trial not exceeds 0,35%.

To determine the suitability of the obtained cement systems and the effectiveness
of their operation over time, as an alternative to the accelerated research method, an
additional determination of the acid resistance index of the obtained compositions was
carried out. by keeping samples from cement-sand solution (ratio 1:3) in a 5% solution
of sulfuric acid (H2SO4) for 30 days, after they had previously gained strength for 28
days in Systems with the introduction of 40% metakaolin experienced the greatest
destructive impact. With the minimum content of the alkaline component, which is 8%,

the deformation processes occurring in the structure of the hardened artificial stone are



characterized by shrinkage, which is 4.86%, in comparison with the samples stored in
the new year.

Processes of structure formation acid-resistant alkaline cements were investigated
by help scales methods physics-chemical analysis, in particular: derivatographic,
thermogravimetric analysis, electronic microscopy, and also x-ray phase analysis. For
increase probability recorded neoplasms phase storage neoplasms each compositions
evaluated as minimum by three methods analysis. According to from received by the
results, you can state, what part neoplasms is located in weakly crystallized
(amorphous) condition. Basic endothermic effect connected from selection structurally
connected water,contents which fluctuates depending from systems from10to20%by
by mass. Additional endothermic effects are related from structural changes in
composition remnants resource amorphous silica, presented ground trepelom or
metakaolin. For confirmation phase composition neoplasms compositions investigated
cements was done electronic photomicrographs artificial stone, from which it is clear
that inusage mixed siliceous supplements leads to to receiving fine-grained structures
material in general dense split structure,providing widely developed the surface
neoplasms.

According to the results of previous studies, it was found that the use of a
significant content of metakaolin and trepel leads to the emergence of significant
disadvantages associated with an increase in the water consumption of the system and
a decrease in strength indicators. In order to eliminate these shortcomings, as well as
increase the environmental friendliness of the material and assess the possibility of
reducing its cost, the possibility of partial replacement of aluminosilicate components
with red mud was considered.

Among the various potentially available sources of amorphous silica, the
possibility of using red sludge - a large-tonnage waste from the production of primary
aluminum according to the Bayer process - attracts considerable attention. On the one
hand, the level of its disposal on a global scale does not exceed 1% of new arrivals, so
its disposal is an important environmental task, and on the other hand, the presence of
a significant content of alkaline compounds in its composition makes it impossible to

use it as part of traditional systems, but it can be valuable a source of raw materials for



alkaline materials. Red mud in such systems was used as a source of aluminosilicates,
instead, the content of pure silica was increased due to the use of ground ash. To
increase the acid resistance properties by increasing the content of the aluminosilicate
component, the content of blast furnace granulated slag was limited to 50...73% of the
cement mass

In accordance to received results, you can state, what introduction metasilicate in
boundaries 10-12% by mass leads to acceleration beginning solidification
systems.Additional introduction aspen something slows down this process and brings
Indexes terms solidification to regulatory values

According to with by the results of research Indexes strength on compression
directly proportional depend from content red mud and quantity alkaline component
At this, additional introduction aspen (t010%) leads to improvement indicators
strength, however by availability increased quantity meadow in further they can to
cause decrease coefficient acid resistance.

In general study strong properties investigated compositions showed, what the
largest residual strength are characterized systems from elevated content
aluminosilicate component and reduced silicate module systems,what responds
theoretical prerequisites. Regarding the indicators of acid resistance, it was established
that the use of red mud to replace part of the aluminosilicate component does not lead
to a decrease in the resistance of the material to the action of a corrosive environment
during boiling. Materials with the highest content of aluminosilicate component with a
simultaneous increased content of the silicate component in the system are
characterized by the smallest destruction.

In view of agot in literary sources wasresearchedexpediency using
supplements,presented phosphate sodium,on acid resistant alkaline cements. For
assessment impact trisodium phosphate sodium on processes structure formation
researched compositions alkaline cements from fixed content metasilicate sodium10%
from masses cement. Contents phosphate in such system was limited on levels 6% by
mass. Using bigger quantity supplements has negative effect on kinetics development
strength slag-alkaline systems. In accordance, contents the main aluminosilicate

component, presented ground granulated furnace blast slag, constituted 84-90% by



mass. Electron microphotographs of the artificial stone were made to confirm the phase
composition of neoplasms of the studied cement compositions. The results carried out
of research showed,what increase content phosphate sodium in composition
investigated systems leads to to formation more dense compact structures neoplasms
from low defectiveness structures on difference from fine-grained structures additive-
free sample. The results x-ray phase analysis testify about availability products
carbonization, coecytus and part to appearance gel silicon acid, which on more late
ones stages hardening capable to crystallization and increase acid resistance systems.
Simultaneously, availability phosphate groups not fixed for none systems,what testifies
to their development and attachment to processes structure formation acid resistant
alkaline material on submicrocrystalline levels.

The results research component made up confirm, what percentage contents
trisodium phosphate directly proportional affects on indicator PNC and terms
solidification systems. Also is being followed minor influence introduction trisodium
phosphate on Indexes strength. According to the results of the accelerated method of
determining the acid resistance of cement systems, it can be concluded that the
introduction of up to 6% trisodium phosphate into the system leads to an increase in
the acid resistance coefficient. The best result is obtained with the presence of 2%
trisodium phosphate in the component composition, while the acid resistance
coefficient is Ks = 0,97, and the mass loss after the test is within 10%.

The aging method confirms the effectiveness of using trisodium phosphate to
increase the acid resistance of alkaline systems. The content of trisodium phosphate in
the amount of 2% remains optimal (loss of strength is 15,7%). However, under the
conditions of exposure of samples of this composition in an aggressive environment,
the presence of deformation processes of expansion in the structure of the material is
monitored. The increase in the volume of the tested samples does not exceed 2,5%.

On basis results, what are taken into account advantages and disadvantages
previously developed component systems,was conducted optimization percentage
content additional components systems (and exactly metakaolin and aspen) and
alkaline component.Such way maximum contents metakaolin in optimized warehouses

Is 30%, aspen — 10%, and metasilicate — 14%. As and in previous research additional



introduction metakaolin and aspen leads to to increase PNC and magnification terms
solidification,but in smaller measures. Optimal remains compatible introduction
metakaolin and aspen.but their percentage content in quantity 15 and 5% in accordance
leads to to receiving the best indicators in comparable with previous research. PNC not
exceeds 30%, and deadlines solidification are stored in boundaries regulatory values.
Decrease the maximum content metakaolin to 30% and aspen to 15% in one system
allowed lower indicator PNC, what leads to increase density structures cement stone
and improvement strong characteristics received material. Optimal also remain Indexes
made up with selective input one supplements (metakaolin in quantity 15% or aspen —
5%) and, in accordance, increase aluminosilicate component.

A decrease in the percentage content of metakaolin led to an increase in the
strength indicators of the developed systems. compositions with a metakaolin content
of 15% and a aspen content of 5% are characterized by the best strength indicators. The
introduction of metakaolin in the amount of 15% with a metasilicate content of 12%
makes it possible to obtain a material with a strength index of 45.8 MPa at 28 days.

By help of mathematical modeling tool was carried out experiment with
installation dependencies between strength cement after endurance in 5% solution
chloride acid (HCI) and him composition. Analogous processing results conducted and
for 5% solution nitrogen acid (HNO3). Received value clearly reflect intensity and
degree decrease indicators strength on compression in times for component made
up,which endured in solutions acids. So, samples which were in 5% solution chloride
acid suffered bigger destruction in comparable with samples with nitrogen acid. The
highest value of the residual strength for both environments is the composition with
the additional introduction of aspen in the amount of 20% with the content of the
alkaline component of 12% and in the amount of 10% with the content of metasilicate
of 10%. Strength on compression samples, made by data compositions tested after 90
days endurance in solutions chloride and nitrogen acid makes up from 43.1MPa to
45.7MPa and from 47.1MPa to 49.7MPa in accordance.

As for the optimized compositions, according to the previous study, the acidic
environment based on hydrochloric acid leads to a greater loss of strength of materials

compared to the environment based on nitric acid. The same applies to the increased



content of metakaolin. However, the general decrease in the content of natural mineral
additives, even in the presence of an increased content of the alkaline component,
allows obtaining materials with strength indicators in the range of 33.0 — 44.0 MPa for
a 5% solution of hydrochloric acid and 36.0 — 45.0 MPa for a 5% solution of nitric acid
for the 90th day of the test.

In general, the results, received on basis conducted research, indicate on that, what
lasting endurance samples in aggressive environment with low pH has considerable
destructive influence on structure cement stone. After all by score alkaline nature
cement systems succumb to reactions neutralization acids and undergo destruction.The
smallest indicators losses strength are characterized the following compositions:with
additional input SiO; in quantity 20% (residual strength on compression after 90 days
endurance in 5% solution H,SO, makes up 35.0 MPa) and with minimal content
alkaline component — 8% (strength —38.5 MPa, by those the same conditions.

The introduction of red mud in the amount of 15% with the presence of additional
5% SiO; in the form of aspen to obtain a material with a strength of 47.8 MPa after 90
days of exposure in a 5% HNOj3 solution. The same composition under the conditions
of storage in a 5% HCI solution is characterized by a strength indicator of 40.0 MPa.
The increased content of red mud ensures the production of material with strength
indicators in the range of 30.5 — 39.2 MPa and 30.1 — 37.0 MPa after 90 days of
destructive effects of an acidic environment based on nitric and hydrochloric acids,
respectively.

For the system "ground granulated furnace blast slag - alkaline component -
trisodium phosphate™ after 90 days endurance in 5% solution N2SO,4, the composition
with the addition of NazPO4-12H,0 in the amount of 4% is characterized by the lowest
strength loss (25.7%). Then as for solution nitrogen acid difference between values
strength not depending from percentage content NasPO4-12H,0 not exceeds 1.0 MPa.
What concerns results after endurance in solution chloride acid, then optimal also is
percentage contents NasPO4-12H,0 in quantity 4%, what provides strength 41.3MPa.
However introduction 6% almost not changes picture (41.0 MPa).

So, according to the results of the dissertation, it waselaborated acid resistant

materials on basis hybrid alkaline cements with coefficient acid resistance Ks> 0,8,



increased impenetrability and reduced open porosity for application in products and
constructions generally construction and special appointment. Defined influence
component composition on physics-mechanical characteristics and Indexes acid
resistance hybrid alkaline activated cement systems, and singled out regularities their
structure formation. Optimized component make up developed systems for software
Improved operational characteristics received material. Defined optimal contents
supplements metakaolin (to 15%) and aspen (to 10%), what provides are elevated
Indexes acid resistance cement systems. Confirmed possibility partial replacement
aluminosilicate components on red mud (departure production aluminum) for receiving
alkaline cements with elevated indicators acid resistance. Detected, what introduction
to 30% red mud gives be able to get material with strength 46.0 MPa after 360 days
endurance in 5% solution sulfuric acid.

Confirmed possibility increase indicator acid resistance alkaline cements by
introduction NasPO4-12H,0. After long-term exposure, samples with a NasPO4-12H,0
content of 4% are characterized by the best strength indicators both when stored in a
dry environment and under the influence of an acidic environment. The residual

compressive strength in this case is 41.5 MPa.
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