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AHHOTANUA

Beeoenue. B oannoii cmamve paccmompen 0peanoMUHepaibHblil MenioU30IAYUOHHbIL KOMRO3UM HA OCHO8E PEAKYUOHHO-
CROCOOHOU CMeCU CUHME3A JHCECMKO20 3ANUB0UHO20 NEHONONUYPEMAHA, MOOUPUYUPOBAHHOU CUTUKATNHBIM KOMROHEHMOM -
neumazudpamom memacuiuxama nampus (Na>SiOz5SH>0) oeyx ¢ppaxyuii (0,9-1,25 mm u 0,1-0,315 mm) ons crudicenus 2opio-
yecmu U NOIUMEPOEMKOCIU, U UCCTIe008AHO GIUsAHUE NOCIeOHe20 HA (OPpMUPOBAHUE NOPOBOL CHMPYKMYPbl KOMNO3UMA, NO-
cpeocmeom uzyueHus nPoYecco8 NeHo- U NOIUMEPOOOPA308AHUSL (3APOAHCOCHUE U POCT 2A308bIX «NY3bIPLKOGY», UX PABHOMED-
HOe pacnpeoeieHue u cmadbunu3ayus 8 NOIUMePHOU Mampuye).

Mamepuanst u memoowt. B kauecmae cvlpbesblx KOMNOHEHMO8 OJis NPOBEOeHUs] UCCAEO08AHULL ObLIU 8bIOPAHBL CedYIouUe
KOMNOHeHmbl: uzoyuanamuuiii komnonenm (UK), usoyuanam — dcuokocmos, peakyOHHOCHOCOOHBIIL OIULOMED, COOEPHCAUYUL
@yuxyuonanvnvle epynnol (-NCO), noauonvhsitl komnonenm (I1K), noauon - scuokocms, peakyutOHHOCROCOOHDbII O1u2oMep,
cooeparcawuil 2uOpoxcubhvle yHkyuonarvhvle epynnul (-OH), cunuxamuouii komnonenm (CK) - kpucmannoeuopam memacu-
Jaukama wampusi (Memacuiukam Hampusi 5-mu 600uwill (nenmazuopam) - NaxSiOz5H>0)). Cnocob nonyuenusi opeanomume-
PANbHO20 MENIOUZONAYUOHHO20 KOMNOZUMA 3AKII0OYAEHCS 6 CBOO0OHOM 6CREHUBANUU KOMNOHEHMO8 pearkyuonnot cmecu. Co-
OMHOWEeHUEe KOMNOHEHMO8 OJisl 8CeX COCMABO8 PEAKYUOHHOCHOCOOHOU KOMNOZUYUU NOTYYEHUS HCECMKO20 3ANUBOUHO20 NEHO-
noauypemana nocmosauroe u cocmasnaem UK:IIK = 1,8:1. B ee cocmag 6600Uncs cunukammbviil KOMHOHEHM 8 KOIUYeCeax
- 15, 30, 45, 60, 75, 90 % om codepcarus peakyuOHHOCHOCOOHOU KOMNOZUYUU HOLYYEHUS. HCECMKO20 3AUBOUHO20 NEHONO-
Juypemana.

Pe3ynomamut uccinedosanusn. Boiasneno, umo CURUKAmMHubIl KOMHOHEHM YCKOPAEen NPoyecchl NeHO- U ROIUMeP0obpazosa-
HUSl, 4 UBSMEHeHUe e20 OUCNEePCHOCIU NO3605e Pe2yluposams CeneHb GIUsHUS HA OaHHble NPOYeccyl, 3d CUem U3MeHeHUs
NPOCMPAHCIBEHHOU CMPYKMYPbl OUCHEp2ayuu N0 00beMy Mamepuid, U NO8ePXHOCMHOU NIOWA0U KOHMAKma ¢has « CunuKam-
Hblll KOMNOHEHM - PeaKyUOHHOCHOCOOHA CMeCh ONUSOMEPO8Y», U3OYUAHAMHbIE DYHKYUOHAIbHbIE SPYRNbL KOMOPOU MO2ym
63aUMO0eUCmMB08amMsb ¢ NOGEPXHOCIMHO AOCOPOUPOBAHHOU U KPUCMATLIOUOPAMHOU 8000l NEeHMA2uopama Memacuiuxama
Hampus, 8blOeAsl NPU IMOM Y2NeKUCTbIU 2a3, U MeHss HANPAGIeHHOCMb XUMUYECKUX PeaKyutll, Ymo HAnpsamyo enusem Ha
MOPGON02UIO STUEUCMOTE CIMPYKIMYPbL, pasmep nop, moawury cmenok nop. Moouguxayus meaxooucnepcnou gpaxyue (0,1-
0,315 Mm) cunuxamuo2o KOMROHEHMA NPUBOOUM K «B3PLIBHOMY» XAPAKMEPY GCHEHUBAHUS, YMO 8 COBOKYNHOCMU C YCKOpe-
HUeM npoyeccos noaumMepoodpa308aHusi NPUSOOUN K HAPYUWEHHOU cmpykmype, cKIoHHoU ycaoke. [Ipu nacviugenuu oo 90%,
cpeonuti ouamemp nop ymenvutaemces ¢ 343 mxm 0o 186 mxm (00 46%), a cmenxu sueex cmanosgamesi monvue, ¢ 21,3 mxm 00
9,3 mxm (6 cpednem 00 55%). Mooughuxayua kpynnou paxyueii (0,9-1,25 mm) cunukamnozo komnonenma oxasvieaem boee
cOanancupoBaHHoe 6IUsSHUE HA YCKOPEHUe NPoYecco8 NeHo- U NOJUMEPOODPA308AHUS, CIeOCMBUEM Ye20 AGIAENICs MeHbluee
GIIUSHUE HA NOPOBYIO CIPYKMYPY KOMRO3UMA, YMO 0eidem 803MONCHbIM HACLIYEHUEe KOMNOZUYULL IHCECMKO20 3ANUBOYHO20
NEeHONONUYPEMAHA CUTUKAHBIM KOMROHeHmoM 00 90 %, HeobX00uMblMm 0/ CHUJICEHUsL €20 20piodecmiu.

3aknrouenue. Cunukammuwiti KOMHOHEHM 8 PEAKYUOHHOCNOCOOHOU CMecU YCKOpsiem Npoyeccsl NeHO- U NOAUMepPooopaso-
8aHUs, A €20 PA3TUYHAS OUCNEPCHOCIb NO3BO0JIAIe Pe2yIupo8ams CmeneHs 8uUAHUA HA OAHHbIE NPOYECChL, 3d CYem U3MeHeHUs
NPOCMPAHCINBEHHOU CMPYKMYPbl OUCHepeayuy no odvemy Mamepuaid, u No8epXHOCHHOU NIoWaou KOHMaxkma a3z «cuiu-
KAmHblil KOMIOHEHM - PeAKYUOHHOCTIOCODHASI CMECh OU2OMEPOBY, UBOYUAHAMHbLE (DYHKYUOHATbHBLE 2DYRIbL KOMOPOU MO2YM
83AUMOO0ELICMBO8AMb C XUMUYECKU C8A3AHHOU 8000l MEMACUNUKAMA HAMPUS, 8b10eaa NPU IMOM VeNIeKUCTbIlL 2d3, U MeHAA
HANpagneHHOCMb XUMUYECKUX PeaKyull KaxK 8 nepugheputinol 301e, max u 6 YeioM, Ymo HAnpIMylo eiusem Ha MOppoIozuro
AYEUCMOU CMPYKMYPbl, PA3MeEP NOp, U OUAMEmp CMeHOK Nop.
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ORGANIC-MINERAL THERMAL INSULATION COMPOSITE: FORMATION OF
A POROUS STRUCTURE
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ABSTRACT

Introduction. This article examines an organo-mineral thermal insulation composite based on a reactive mixture for the
synthesis of rigid polyurethane foam, modified with a silicate component—sodium metasilicate pentahydrate (Naz2SiOs 5H:0)
of two fractions (0.9—1.25 mm and 0.1-0.315 mm)—to reduce flammability and polymer capacity. The study investigates the
effect of this additive on the formation of the composite’s pore structure by analyzing the processes of foaming and polymer
formation (nucleation and growth of gas bubbles, their uniform distribution, and stabilization within the polymer matrix).

Materials and methods. The following components were selected as raw materials for the studies:

Isocyanate component (IC), isocyanate — a liquid, reactive oligomer containing NCO functional groups. Polyol component
(PC), polyol — a liquid, reactive oligomer containing hydroxyl functional groups (OH). Silicate component (SC) — crystalline
hydrate of sodium metasilicate (sodium metasilicate pentahydrate)- Na:SiO35H,0)). The method for producing the organo-
mineral thermal insulation composite consists of free foaming of the components of the reaction mixture. The component ratio
for all compositions of the reactive system for producing rigid polyurethane foam is constant and equals IC:PC = 1.8:1. The
silicate component was introduced into the composition in amounts of 15, 30, 45, 60, 75, and 90% relative to the content of the
reactive composition for producing rigid polyurethane foam.

Results. It was found that the silicate component accelerates foaming and polymer formation, and varying its dispersion
allows the degree of this influence to be controlled by altering the spatial distribution of the additive throughout the material
volume and the interfacial contact area between the silicate component and the reactive oligomer mixture. The isocyanate
functional groups of the mixture can interact with the surface-adsorbed and crystal hydrate water of sodium metasilicate pen-
tahydrate, releasing carbon dioxide and modifying the direction of chemical reactions. This directly affects the morphology of
the cellular structure, pore size, and cell wall thickness. Modification with the fine fraction (0.1-0.315 mm) of the silicate
component leads to an explosive foaming behavior, which, combined with accelerated polymer formation, results in a compro-
mised structure prone to shrinkage. At a loading of up to 90%, the average pore diameter decreases from 343 um to 186 um
(a 46% reduction), and the cell walls become thinner, decreasing from 21.3 um to 9.3 um (an average reduction of 55%,).
Modification with the coarse fraction (0.9—1.25 mm) of the silicate component exerts a more balanced effect on the acceleration
of foaming and polymer formation. Consequently, the impact on the pore structure of the composite is less pronounced, making
it possible to incorporate the silicate component into rigid polyurethane foam compositions at up to 90% loading—the amount
required to effectively reduce its flammability.

Conclusions. The silicate component in the reactive mixture accelerates the processes of foaming and polymer formation,
and its varying dispersion makes it possible to regulate the degree of influence on these processes by altering the spatial
structure of dispersion throughout the material volume and the interfacial contact area between the silicate component and the
reactive oligomer mixture. The isocyanate functional groups of the mixture can interact with the chemically bound water of
sodium metasilicate, releasing carbon dioxide and changing the direction of chemical reactions both in the peripheral zone
and overall, which directly affects the morphology of the cellular structure, pore size, and pore wall thickness.

KEY WORDS: silicate component, sodium metasilicate, crystalline hydrate, dispersion, pore structure, foaming, rigid
polyurethane foam
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BBEJEHUE

OcHOBHOM 3a/1aueil MPUMEHEHHS TEIUION30IIILIMOHHBIX Ma-
TEpHAJIOB SBISIETCS PALMOHATIBHOE MCIOIb30BAHNUE YHEPTEeTH-
YECKHUX PECYPCOB 3a CUET CHUXKEHHUS TETJIOBBIX MOTEPh.

Ha mpoTsbkeHuH MocineaHuX AeCATUICTHIH aKTHBHO MPOU3-
BOJIMTCSl aKTyaln3alys HOPMaTHBHO-TEXHUYECKOH JOKyMEH-
TaIlY, perjJaMeHTUPYIOIeH pealn3aliio Mep rocy1apcTBeH-
HOHM TOJINTHKU B 00JACTH SHEProcOEPEIKEHUS M ITOBBIILICHUS
SHepreTuaeckoil 3h(HeKTUBHOCTH, KOTOpast HOCHT MEXOTpac-
JIeBO# 1 00IIecuCTeMHBIN Xapaktep [1-4].

CoBpeMeHHas CTPOUTENbHAsI OTPacib XapaKTEePU3yeTCsI 110-
CTOSIHHBIM POCTOM TpeOOBaHHH K 9HEPTro3((HEeKTUBHOCTH 37a-
HUH U COOPYKEHUH.

OO0nacTp TPUMEHEHUS! CTPOUTEIBHBIX TETUIOM30IALHOH-
HBIX MaTE€PHAJIOB 3aBUCHUT OT UX IKCILUTyaTallMOHHBIX CBOWCTB,
KOTOpBIE BO MHOTOM OO€ECIIeUeHbI PUPOIOi POUCXOKIICHUS
MaTepuana [5].

OnnumMu u3 Hamboinee 3(h(EeKTUBHBIX M BOCTPEOOBAHHBIX
KJIACCOB TEIUIOM30JISIIIMOHHBIX MAaTE€PUANIOB, SABISIOTCS CHHTE-
THYECKHUE SIYCUCTHIC TIACTMACCHI (TICHOIIACTBI), 00JIaAI0IIHe
HHU3KOH TETJIONPOBOJHOCTHIO U TEXHOJIOTHYHOCTBIO, YTO CIIO-
COOCTBYeT MX aKTUBHOMY BHEIPEHHIO B CTPOUTEIBHYIO HHIY-
CTPHIO JJISI U30JISILIUK CTEH, KPOBEIb, MarCTPaIbHBIX TPyOO-
MPOBOJIOB.

OnHaKo KJIIOYEBBIM CIECP)KUBAIONIINM (aKTOPOM IIHPOKOTO
MPUMEHEHHS TIEHOIUIACTOB B CTPOMTEIILCTBE, OCTAETCS UX BBI-
COKast TOPI0YECTh, KOTOpast CO3AAeT Yrpo3y Ul KHU3HH JIF0AEH
Y TIPUBOJIUT K 3HAUUTEJIFHOMY MaTepUaIbHOMY yIEpOy.

B Poccuiickoit @eneparun ¢ 2019 no 2022 66110 3adukcu-
poBano 6onee 1 miH. 600 ThIC. MOXKapOB, IAe MOTHOJIO0 Gosee
33 ThIC. MoJeH, TpaBMupoBaHo Oosiee 34 ThIC. MroaeH, 00Ut
npsaMoit yimepO coctaBmi 74 Mipa. py0., a eXKeroIHbIH yepo
OT MOXAapoB M 3aTpar Ha OOPHOY C HUMHU COCTaBIAET CyMMY
HpUMEpPHO B pazmepe | % BaJIoOBOro HAIMOHAIBHOTO MPOAYKTa
[6-71.

B ycmoBusx yxecTodeHHs TpeOOBaHHIA IMOKapHOW Oe3-
ONAaCHOCTH, 3aKperuieHHbIX B DenepanbHoM 3akoHe PO Ne 123-
®3, pa3paboTKa CTPOUTENHHBIX MAaTEPUATIOB, COUETAIOIIUX BbI-
COKHE TEIJIOU30JISILIMOHHbIE CBOMCTBA C IIOHUKEHHOU TOproye-
CTBIO0, SIBJISICTCS BAXKHOM 3aaucii.

[lepcrieKTUBHBIM HAMpaBJICHUEM B TJAHHOW 00JIACTH, SIBJISI-
€TCsI CO3/IaHNe OPTraHOMHHEPAJIBHBIX KOMIIO3UTOB, 32 CYET MO-
JudUKaMy TOJIMMEPHO MaTPHIIbI IEHOIIACTa, HEOpraHuye-
CKHMH BelllecTBaMH, B ToM uucie (ocdopconepxkanmmu [8-
10], munepansubiMu [11-13], a Taxke opraHo-HeopraHude-
ckumu rudpunamu [ 14-15].

Oco0bI1ii HHTEPEC BBI3BIBAIOT PAOOTHI, TOCBAIEHHBIE MOJIU-
(bMKanmy IIeHONoINypeTaHa, IEHOIUIACTa C 3aKPBITO TYEUCTOH,
MEJIKOTIOPUCTON CTPYKTYpOH, 00JIamaronero BhICOKOd(GeEK-
TUBHOH TEIJION30JIMPYIOMEH CHOCOOHOCTBIO, BOAHBIMH pac-
TBOPaMH IIENOYHBIX METAIJIOB, B Y4CTHOCTH BOJIHBIMHU PACTBO-
paMu CHIIMKATOB HAaTpus (KuaKoe cTekio) [16-18].

OnHako, XOTs BBEICHHE CHIIMKATOB HATPHSI B BUJIC BOJHOTO
pacTBOpa CIIOCOOCTBYET PaBHOMEPHOMY IHCIIEPTHPOBAHHIO
MOCJIC/THETO B PEAKI[MOHHOW CMECH, 3TO HE IO3BOJISET B OOJIb-
II0M 00bEME €TI0 BBOJIUTD, 33 CYET PEAKLIMOHHOM CTIocOOHOCTH
BOJIbI C M30IIMAaHATHBIM KOMIIOHEHTOM, YTO ITPH U30BITKE BEJET
K HapyleHnto (QU3NKO-XUMHYECKUX IpoleccoB (GopMupoBa-
HHS IOPOBOM CTPYKTYPBI KOMIIO3UTa, BBI3BIBACT SKCTPEMAaIIb-
HBII XapaKkTep BCIICHUBaHUsI, HAPYIIAET POLIECC TOJIMMEPO00-
pa3oBaHus, U BEJCT K MOCIEAYIOMEH ycaake.
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INTRODUCTION

The primary objective of using thermal insulation ma-
terials is the rational use of energy resources by reducing
heat losses.

Over the past decades, regulatory and technical docu-
mentation governing the implementation of state policy
measures in the field of energy saving and energy effi-
ciency has been actively updated. This policy is cross-sec-
toral and systemic in nature [1-4].

The modern construction industry is characterized by
constantly increasing requirements for the energy effi-
ciency of buildings and structures.

The application area of building thermal insulation ma-
terials depends on their performance properties, which are
largely determined by the nature of the material’s origin
[5].

Among the most effective and sought-after classes of
thermal insulation materials are synthetic cellular plastics
(foams), which have low thermal conductivity and are
easy to process. This facilitates their widespread adoption
in the construction industry for insulating walls, roofs, and
main pipelines.

However, the key limiting factor for the widespread
use of foams in construction remains their high flamma-
bility, which poses a threat to human life and leads to sig-
nificant property damage.

In the Russian Federation, from 2019 to 2022, more
than 1.6 million fires were recorded, in which over 33,000
people died and more than 34,000 were injured. The total
direct damage amounted to 74 billion rubles, while the an-
nual damage from fires and firefighting costs is approxi-
mately 1% of the gross national product [6—7].

Given the tightening of fire safety requirements estab-
lished by Federal Law No. 123-FZ (in Russian), the devel-
opment of building materials that combine high thermal
insulation properties with reduced flammability is an im-
portant task.

A promising direction in this area is the creation of or-
gano-mineral composites by modifying the polymer ma-
trix of the foam with inorganic substances, including phos-
phorus-containing [8—10], mineral [11-13], and organo-
inorganic hybrid materials [14-15].

Of particular interest are studies devoted to the modi-
fication of polyurethane foam—a foam with a closed-cell,
fine-pored structure that possesses highly efficient thermal
insulation capability—with aqueous solutions of alkali
metals, in particular aqueous solutions of sodium silicates
(liquid glass) [16—18].

However, although introducing sodium silicates in the
form of an aqueous solution facilitates their uniform dis-
persion in the reaction mixture, this approach does not al-
low their introduction in large volumes due to the reactiv-
ity of water with the isocyanate component. An excess of
water disrupts the physicochemical processes involved in
forming the composite’s pore structure, causes extreme
foaming, interferes with polymer formation, and leads to
subsequent shrinkage.

A solution to this problem may be the use of crystalline
hydrate forms of sodium metasilicates. Owing to the lower
content of bound water and the small amount of water ad-
sorbed on the surface, it becomes possible to introduce the
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Pemennem nanHO#M TpoOIEMBI, MOXET OBITH TIEpPEeXon K
KPUCTAJUIOTHAPATHEIM BHIAaM METACHIIMKATOB HATPH, TAC 3a
CUYET MEHBIIET0 COJePKaHUs BOJIbI, HAXOAAIICHCS B CBA3aHHOM
BUJEC M HE3HAYUTEIIBHOIO KOJMYECTBAa aCOPOMPOBAHHOI Ha
HOBEPXHOCTH, IMOSBIISETCS BO3MOXXHOCTD BBOAUTH MUHEPAJIb-
HOE BELIECTBO B CHCTEMY CHHTE3a IEHOIIOJIMYpeTaHa B 3HaYH-
TENBHBIX 00BbEMax, 4TO MO3BOJIUT CYIIECTBEHHO CHU3HTH IO-
PIOYECTB, U TTOJIMMEPOEMKOCTh KOMIIO3UTOB.

B cBs13u ¢ yem omnpezesneHa meab HCCAe0BAHMSA, KOTOpas
3aKJIF0YaeTCs B UCCIICIOBAaHNH BIMSHUS [IEHTaruipara MeTacu-
mkata HaTpus (NaxSiOs - SH>O) paznuunoit nucnepcHOCTH Ha
(pU3UKO-XUMHYECKHE TMPOIecChl (OPMHUPOBAHHA ITOPOBOH
CTPYKTYPBI 3AIMBOYHOTO )KECTKOTO IIEHOIIONINYPETaHa.

MaTepl/laﬂbI M METOAbI HCCJICA0BAHUSA

B kadecTBe CHIpBEBBIX KOMIIOHCHTOB JJISI IPOBEACHUS HC-
CJIeZIOBaHUH OBUTH BBIOPAHBI CIEAYIOINE KOMIIOHCHTHI:

W3onmanatuerii komnoneHt (UK), n3onuaHaT — xKHUIKOCTS,
PCaKIIMOHHOCIIOCOOHBIH OJIMIOMEp, COICPKAIUi (YHKIHO-
HanbpHbIe Tpynisl (-NCO). B kagectBe MK ncnonp3oBaics mo-
nuu3oranat Mapku « Wannate PM-200» xommnanuu Wanhua
(Kurait), koTopslii mpezacTaBisieT coboii cMech qudeHnIMETaH
- 4, 4'-nun3onnanara (MDI) ¢ uzomepamu u romonoramu. Ero
MOJIEKYJISIpHasl Macca BapbupyeTcs B Auana3one ot 350 no 400
a.e.M., coepkanueM NCO-rpyn - B fuanazose ot 30,5 no 32
%, mI0THOCTH — 1240 kr/m>. (Homep CAS — 9016-87-9);

Homuonpaerit komnoreHT (1K), mommon - )KuaAKoCcTh, peak-
UOHHOCTIOCOOHBIH OJUTOMEp, COAEPIKAIINN THIPOKCHIEHBIC
¢yaxunonansaele Tpynnsl (-OH). Mcmons3oBaiicst momusGup
Mmapku «M3oman A-359» (TY 20.16.40-920-97445105-18),
mwioTHOCTE — 1100 kr/M3, Bpems crapra - 35-65 c., Bpems refe-
obpazoBanus 150-300 c., MIOTHOCTH CBOOOJHOTO BCIIEHUBA-
Hus 33-50 xr/m>.

Cumukataeiii komnoHeHT (CK) - kpucramioruapat MeTacu-
JMKaTa HaTpus (METaCHUIIMKAT HATPHUS S-TH BOIHBIN (TICHTATru-
par) - Na,SiO3-5H,0)), maccoBas mons SiO» B npexenax 27-
29%, maccoBas nonst Na,O B mpenenax 28-30%, maccoBast
nonst xenesa (FexOs3) %, ve 6omee 0,01, XY (mHomep CAS —
10213-79-3), (TY 2145-001-52257004-2002). JucriepcHOCTH
u crioco6 m3mMenbueHus Na;SiOs3-5H,O npencraBieHsl B Ta0-
e 1.

Cnoco6 nojiyyeHusi OpraHOMHHEPATbHOI0 TENJI0OU30.15-
IMOHHOI0 KOMITO3UTA 3aKII0YaeTCsI B CBOOOTHOM BCIICHHMBA-
HUHM KOMIIOHEHTOB PEaKIHOHHOW cMecH. COOTHOIIEHNE KOM-
TIOHEHTOB JIJIsl BCEX COCTABOB PEAKIIMOHHOCIIOCOOHOI

TABJIMIIA 1. CBOMCTBA Na,SiO3-5H:0
Table 1. PROPERTIES Na»SiO3-5H:0

mineral substance into the polyurethane foam synthesis
system in significant volumes, thereby substantially re-
ducing the flammability and polymer capacity of the com-
posites.

The purpose of the study: to investigate the effect of
sodium metasilicate pentahydrate (Na,SiO3 - SH,O) with
varying dispersion on the physicochemical processes in-
volved in the formation of the pore structure of rigid pol-
yurethane foam.

Materials and methods of research

The following components were selected as raw mate-
rials for the studies:

Isocyanate component (IC), isocyanate — a liquid, re-
active oligomer containing NCO functional groups. The
polyisocyanate of the brand "Wannate PM-200" from
Wanhua (China) was used as the IC. It is a mixture of di-
phenylmethane-4,4'-diisocyanate (MDI) with isomers and
homologues. Its molecular weight ranges from 350 to 400
amu, the NCO group content ranges from 30.5 to 32%, and
the density is 1240 kg/m* (CAS No. 9016-87-9);

Polyol component (PC), polyol — a liquid, reactive ol-
igomer containing hydroxyl functional groups (OH). The
polyester of the brand "Izolan A-359" was used (TU
20.16.40-920-97445105-18) (in Russian), density — 1100
kg/m?, start time — 35-65 s, gelation time — 150-300 s, free
foaming density — 33—50 kg/m?;

Silicate component (SC) — crystalline hydrate of so-
dium metasilicate (sodium metasilicate pentahydrate)-
Na,Si03-5H,0)), SiO; content within 27-29%, Na,O con-
tent within 28-30%, iron (Fe;Os3) content no more than
0.01%, chemically pure (CAS number 10213-79-3), (TU
2145-001-52257004-2002) (in Russian). The dispersion
and grinding method of Na,SiO3 5H,O are presented in
Table 1.

The method for producing the organo-mineral
thermal insulation composite consists of free foaming of
the components of the reaction mixture. The component
ratio for all compositions of the reactive system for pro-
ducing rigid polyurethane foam is constant and equals
IC:PC=1.8:1.

Cocras, macc. % . ®pakunusi, | [aoTHOCTB,
Ne cocraBa i 0 Buemnni 3
Composion Composition, mass % BUL MM Kl"/l\:l Cnoco6 H3Me b eHHs
number Na;SiOs5H20 Appearance Fraction, Dens1t3y, Method of grinding
mm kg/m
®pakuus 3aBOACKON TOTOBHOCTH
1 0,9-1,25 . .
100 I'panyisl 2400 Factory readiness fraction
2 Granules 0.1-0.315 Mexanudecku U3MeIbYCHHAs
T Mechanically crushed

KOMITO3UITUH TIOJTYYEHHS JKECTKOTO 3aJIMBOYHOTO TMEHOIIOJH-
yperana noctossHHoe U coctaBisger MK:IIK = 1,8:1. B ee co-
CTaB BBOJWJICS CHJIMKATHBIM KOMIIOHEHT B KOJIMYECTBaX - 15,
30, 45, 60, 75, 90 % ot coxepkaHUS PEAKIIMOHHOCTIOCOOHOH

The silicate component was introduced into the com-
position in amounts of 15, 30, 45, 60, 75, and 90% relative
to the content of the reactive composition for producing
rigid polyurethane foam.
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KOMITO3HIIMH TOIyYeHUS ’KECTKOTO 3aJTMBOYHOTO ICHOIOJH-
ypeTaHa.

PaznuyHbIe KOHIIEHTPAINHU CHIIMKATHOTO KOMITOHEHTA COB-
MECTHO C PEeaKIIMOHHOCTIOCOOHON KOMITO3HUIIHEH ITepeMelInBa-
mmck B Teuenue 30 ¢, ¢ wactoroit Bpamenus 1500 o6/muH, na-
Jiee CMech M0/IaBaach B 3AJIMBOYHYIO ()OPMY U TBEpAeia B Te-
yenue 24 4 npu tremmneparype 22+3°C.

TexHonOrMYeckre napaMeTpsl ONpPeAesUINCh B COOTBET-
ctBuu ¢ I'OCT P 59561-2021 (M3nenust TeMIOU30JIAUOHHBIE
u3 mneHononuyperana (IIIIY) u nenHomonmumsonumanypara
(ITNP) nunst cTpouTENbCTBA, HAMBIISIEMBIC HA MECTE IIPOU3BO/I-
cTtBa paboT. XXecTKre NeHONOoNMNYPETAaHOBBIE U IIEHOMIOIHN30-
[IMaHypaTHbIE CHCTEMBI IEpes NMPUMCHEHHEM. TeXHHUYECKHe
YCIIOBHSA).

OmnpeneneHust Xxapakrepa SYEHCTOH CTPYKTYpbI 00pas3IioB
MPOBOIMIIOCH METOAOM ONTHYECKOH MHUKPOCKOITHH.

JKcIepuMEeHThI M 00Cy KaeHHe pe3yIbTaTOB

bbuu mpoBeneHbl MCcIen0BaHus BIUSHUS Moaudukanmn
3aJIMBOYHOTO KECTKOTO IEHOMOINYpeTaHa KpUCTaUIOTHIpa-
TaMM METacCHJIMKaTa HATPHsl Ha Npolecchl HOPMHUPOBAHUS T10-
POBOI1 cTPYKTYpBI KoMITo3uTa. OHU NMOKAa3aJId, YTO CTPYKTYpO-
o0pa3oBaHHe JaHHBIX KOMIIO3UTOB XapaKTepU3yeTcs KOHKY-
PEHTHBIMHU, B3aUMOCBS3aHHBIMH IIPOIECCaMU IIEHO- U TTOJINMe-
pooOpa3oBaHUs, 3apOKICHAEM M POCTOM Ta30BBIX «ITy3BIPh-
KOB», IX paBHOMEPHEIM paclpeeliCHHeM U cTabmim3anueii B
MOJIMMEPHON MaTpuie, KOTOpas IMO3TAllHO W3 KHUIKOH CH-
CTEMEI, C HapaCTaHUEM BSI3KOCTH TIPEBPAIAeTCs B Iellb, B pe-
3yJbTaTe PeaKkUid MOIUKOHICHCAUH (OPMHUPYETCS MpOYHas,
CIIMTAsI TOTUMEPHAsI CTPYKTYpa.

YnpaBieHne JaHHBIMU MPOLIECCAMU YepPe3 COCTaB CUCTEMBI
(kaTanuzatopsl, TOpooOpazoBaTeNu, A00ABKU-aHTUITUPEHBI),
MO3BOJISIET PETYIHPOBATH HAPABIEHHOCTh XUMHUECKUX PEaK-
IIUH, a CleZOBaTeIbHO, BapbUPOBATh XUMHUYECKOE CTPOCHUS
KOHEYHBIX TPOIYKTOB B3aUMOJCHCTBUS PEaKIIMOHHOCIIOCO0-
HOU cMeCH W MOP(OIIOTHIO MOITy4aeMOro MaTtepuana (pasmep
mop, X (opMa U 3aMKHYTOCTb STYEEK), KOTOPHIE, B CBOKO OYe-
penb, ONpeaesIoT KOMILUIEKC CBOMCTB KOHEYHOTO MaTepHala.

Takum 00pa3oM, KOHTPOIb TAHHBIX MPOIECCOB MO3BOJSAET
MPOTHO3MPOBATH MOBEJICHUE CUCTEMBI, U TIPOCKTHPOBATh KOM-
MO3UTHI C 3a/IaHHBIMH JKCIUTyaTAllMOHHBIMUA XapaKTepHCTH-
KaMH.

B of6mem cirydae XUMHUYECKHE PEaKIUy CMECH MPOTEKA0T
MO0 JByM OCHOBHBIM B3aMMOCBSI3aHHBIM HAIPaBJICHUSM peak-
UH “3onMaHaTcoaepkamux rpymnm ¢ Boaoi (H,O) u ruapok-
cuibHBIME Tpynnamu (-OH), KoTopeie 3aIrycKaroT HK30TepMHU-
YECKHMH MPOLIECC CUHTE3a XKECTKOro NEHONOINypeTaHa, COIpo-
BOXKIAOIIETOCS JATbHEHITMMH CTYICHYATEIMHA PEAKIIASIMHE.

[Ipu sTOM B3amMoJeHicTBHE C BOJIOW 0OecneyrBaeT MeHO-
obpazoBaHnue 3a cuet peakun (1-2) ¢ Bergenenuem CO», ¢ no-
CJIEAYIOUINM 0Opa30BaHUEM ITOJIMMOYCBHHEI IO peakuuu (3),
KOTOpas OTBe4YaeT 3a (OPMHPOBAHHE IOIMMEPHBIX CTEHOK
SYeeK M MPUAAET UM KECTKOCTh U XPYIIKOCTb.

BsanmMopeiicTBre ¢ THAPOKCIIIEHBIMU (DYHKIIMOHATEHBIMHU
rpymmamu (-OH) monnonoB obecriednBaeT ypeTraHooOpa3oBa-
HUE TI0 peakuuu (4), KOTopoe oTBedaeT 3a GopMHUpOBAHHUE TI0-
JMMEPHBIX CTEHOK s[UeeK M MPHUAAET UM IIaCTHYHOCTE U yIap-
HYIO BA3KOCTb.

R-N=C=0 + H.0 — R-NH-COOH
R-NH-COOH — R-NH: + CO2
R-NH: + R-N=C=0 — R-NH-C(O)-NH-R
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Different concentrations of the silicate component
were mixed together with the reactive composition for 30
s at a rotation speed of 1500 rpm; the mixture was then
poured into a mold and cured for 24 h at a temperature of
2243 °C.

The technological parameters were determined in ac-
cordance with GOST R 59561-2021 (Thermal insulation
products made of polyurethane foam (PUF) and polyiso-
cyanurate foam (PIR) for construction, sprayed on-site.
Rigid polyurethane and polyisocyanurate foam systems
before use. Specifications) (in Russian).

The cellular structure of the samples was characterized
using optical microscopy.

Experiments and discussion

Studies were conducted on the effect of modifying
rigid polyurethane foam with sodium metasilicate crystal-
line hydrates on the processes of forming the pore struc-
ture of the composite. The results showed that the structure
formation of these composites is characterized by compet-
itive, interrelated processes of foaming and polymer for-
mation, nucleation and growth of gas “bubbles,” their uni-
form distribution and stabilization in the polymer matrix,
which gradually transforms from a liquid system with in-
creasing viscosity into a gel, as a result of polycondensa-
tion reactions, a strong, cross-linked polymer structure is
formed.

Controlling these processes through the composition
of the system (catalysts, blowing agents, flame-retardant
additives) allows the direction of chemical reactions to be
regulated, and consequently, the chemical structure of the
final products of the reaction mixture and the morphology
of the resulting material (pore size, shape, and cell closure)
to be varied, which in turn determine the set of properties
of the final material.

Thus, monitoring these processes makes it possible to
predict the behavior of the system and design composites
with specified performance characteristics.

In general, the chemical reactions of the mixture pro-
ceed along two main interrelated pathways: reactions of
isocyanate-containing groups with water (H20) and with
hydroxyl groups (-OH), which initiate the exothermic syn-
thesis of rigid polyurethane foam, accompanied by further
stepwise reactions.

Interaction with water ensures foaming via reactions
(1-2) with the release of CO-, followed by the formation
of polyurea according to reaction (3), which is responsible
for the formation of polymer cell walls and imparts rigid-
ity and brittleness.

Interaction with the hydroxyl functional groups (-OH)
of polyols ensures urethane formation according to reac-
tion (4), which is responsible for the formation of polymer
cell walls and imparts elasticity and impact strength.

)
(@)
3
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R-N=C=0 + R'-OH — R-NH-C(0)-O-R'

[Tpu 5TOM BO3MOJKHAsI peaKLUsl MEKAY KPHCTaUIOTHIPAT-
HOM M ajcopOMpOBaHHOI Ha ITOBEPXHOCTH BOJNOW NEHTArua-
paTa MeTacHiIHKaTa HaTPHs ¢ M30LMAHATOM, a TAKXKe ero KaTa-
JUTHYECKAsk aKTHBHOCTb HA CHCTEMY B II€JIOM, OyJeT MATH 1O
TOHNOXUMHUYECKOMY MEXaHU3MY, U 3aBHCETh OT IIOBEPXHOCTHOH
TUTOIAAN KOHTaKTa (a3, koTopas OyAeT Bo3pacTaTh C YBEIH-
YEeHHEM JAUCIICPCHOCTH TOOABKH.

C 1enbio BBISBICHUS 3aKOHOMEpHOCTEH (opMUpoBaHMs
MIOPOBOM CTPYKTYpPBl KOMIIO3UTOB, MOJU(MDUIIMPOBAHHBIX KPH-
CTAJUIOTHAPATaMH METACWIIMKAaTOB HATPUSl Pa3IMYHOM JUC-
MEPCHOCTH, ONPENEISUIN BIMSHUE MOCIEAHNX Ha W3MEHEHHE
HAaIpaBJIeHHOCTHU IMPOILIECCOB MEHO- U MOJIUMEPO0Opa3oBaHus,
«MapKepaMu» KOTOPBIX CIIy>KaT B TOM YHCJIE TEXHOJIOTUUECKHE
napameTpsl (KpaTHOCTh BCIICHHMBAaHUS, BPEMs CTapTa, BpeMs
reeo0pa3oBaHusl, BpeMsl OKOHYaHHS BCIICHUBAHUSA, BPEMS OT-
JMNa), a CIeICTBHEM MOP(]OIIOTHS T4EUCTO CTPYKTYpHI (Ccpea-
HHH TUaMeTp siueeK, CPeIHss TOIMKHA cTeHOK). CocTaBbl 00-
pasLoB U pe3yNbTaThl HCIBITAHUI IPUBEACHBI B TaOHIE 2.

“

In this case, the potential reaction between the crystal-
line hydrate and surface-adsorbed water of sodium meta-
silicate pentahydrate with the isocyanate, as well as its cat-
alytic activity on the system as a whole, will proceed via a
topochemical mechanism and will depend on the phase
contact surface area, which increases with the dispersion
of the additive.

In order to identify the patterns of pore structure for-
mation in composites modified with sodium metasilicate
crystalline hydrates of varying dispersion, the effect of the
latter on the change in the direction of foaming and poly-
mer formation processes was determined. The “markers”
of these processes include technological parameters (ex-
pansion ratio, start time, gelation time, foaming end time,
tack-free time), and the consequence is the morphology of
the cellular structure (average cell diameter, average cell
wall thickness). The compositions of the samples and the
test results are presented in Table 2.

TABJIAIIA 2. CBOMCTBA OPTAHOMMHEPAJIBHBIX TEIUIOU3OJAIMOHHBIX KOMIIO3UTOB
Table 2. Properties of organic-mineral thermal insulation composites

SC, % Bpemsi okoH4Ya- | Bpems 10 pea JIit
TIPS NK:UK, JHaMeTp CTEHKH
£ Bpems rejieo0- HUS HCYE3HO- .
g £ M-H dpakuus dpakuus cTapTa, ¢ | pa3oBa- BCIIEHH- BeHHUS TOP, MKM |~ sI€HKcH,
£ g PC:IC, P i P K i Average MKM
S 2 arts by MM MM Start HHUA, C BaHHUsA, ¢ | OTJMJIA, C pore Average
S g P (0,9-1,25) | (0,1-0315), | time,s | Gelation | Foaming | Tack-free | ..
= mass . X 5 . . diameter, | cell wall
@) fraction, fraction, time, s end time, time, s .
pm thick-
mm mm s ness, pm
(0.9-1.25) | (0.1-0.315) i
0 1:1,8 - - 74 256 304 452 343 21,3
1.1 15 - 63 221 344 401 345 27,7
1.2 30 - 59 212 406 480 389 23,8
1.3 1-1.8 45 - 54 200 390 452 372 21,1
1.4 o 60 - 41 197 301 371 362 17,2
1.5 75 - 40 187 281 379 391 17,7
1.6 90 - 40 162 292 375 403 17,2
2.1 - 15 70 128 182 254 372 17,2
2.2 - 30 66 91 123 143 351 13
2.3 1-1.8 - 45 51 79 96 106 336 9,6
2.4 o - 60 48 74 99 136 271 8,8
2.5 - 75 45 70 99 146 206 9,7
2.6 - 90 39 69 100 146 186 9,4

W3 pe3ynbTaToB MpPOBEICHHBIX HCIBITAHHUNA IO OIpe/elie-
HUIO BPEMCHHU Hadyalla BCTICHUBAHUSI, BUIHO, UYTO BpEMs cTapTa
MOTU(PHUIIMPOBAHHBIX 00pa3IOB HUXKE, YeM y KOHTPOIHHOTO
00pas3ia, 1 IIaBHO CHIKAETCS B 3aBUCHMOCTH OT KOHIICHTpa-
UM CIJIUKATHOTO KoMmoHeHTa ¢ 63 1o 40 c (ot 15 mo 46 %)
st ppakun 0,9-1,25 MM u ¢ 70 1o 39 ¢ (ot 5 mo 47 %) ms
¢dpaxuu 0,1-0,315 MM 3a cder ero agcopOUPOBAHHON BOABI U
KaTAIUTUYECKOW aKTUBHOCTH. [[aBHBIN XapakTep CHUKEHHS
Havajia BpeMEHH BCIIEHUBAHUS 00YCIIOBIIEH MTPOTEKAHUEM IPO-
mecca JeruapaTalii KPHUCTaUIOTHIPATHON YacTH CHIJIMKAT-
HOTO KOMIIOHEHTa, KOTOPBIH COMPOBOMKIAAECTCS BBICBOOOXKIE-
HUEM KPHCTAJUIOTHIPATHON BOABL. [Ipu 3TOM €ro MHTCHCHUB-
HOCTB BO3pAcTacT MPH MOBBIIICHHH TEMIICPATyPhI CMECH.

U3 pe3ynbTaToB onpeneeHus BpeMeHU reieo0pa3oBaHus,
KOTOPOE C TOYKH 3PCHUS] KHHETUKU XHMMUYECKOTO B3aUMO/ICH-
CTBHSI OTPaXKaeT CKOPOCTh PEAKIUK M30I[MAHATA C MOJIHUOJIOM

From the results of the tests to determine the foaming
start time, it can be seen that the start time of the modified
samples is lower than that of the control sample and grad-
ually decreases depending on the concentration of the sil-
icate component from 63 to 40 s (from 15 to 46%) for the
0.9—1.25 mm fraction and from 70 to 39 s (from 5 to 47%)
for the 0.1-0.315 mm fraction, due to its adsorbed water
and catalytic activity. The gradual nature of the decrease
in foaming start time is due to the dehydration process of
the crystalline hydrate part of the silicate component,
which is accompanied by the release of crystalline hydrate
water. Its intensity increases with increasing temperature
of the mixture.

From the results of determining the gelation time,
which from the viewpoint of chemical interaction kinetics
reflects the rate of the reaction between isocyanate and
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(peaxmust momuMepooOpa3zoBaHus), BUIAHO, YTO KpyIHAs Qpak-
IS IEMOHCTPHPYET IIaBHOE CHIKeHHe oT 221 ¢ 1o 162 ¢ (ot
14 o 37 %), B TO BpeMsI Kak MEIKOJUCIIEpCHAs (ppaKIus 3Ha-
YUTETBHO YCKOPSET Mpoliece reaeodpa3zoBanus ot 128 ¢ go 69
¢ (ot 50 mo 73%).

W3 pesynbTaToB OnpesieneHuss BpeMEHH OKOHYaHUs BCIie-
HHUBaHUS, XapaKTePU3YIOIUM JAOCTH)KEHHE PAaBHOBECHOTO CO-
CTOSIHUSI M@y Ta30BbIM JIaBJICHHEM BHYTPH SIUEEK C IIPOYHO-
CTBIO ITOJIMMEPHBIX CTEHOK M BHEITHUM JaBJICHUEM, BUJTHO, YTO
JUISL KpYTTHOW (ppaKIvy IPpH HACHIIEHUH KOMITO3HIUH 110 45%
CHIIMKATHBIM KOMIOHeHToM (0o0Opa3ms! 1.1.-1.3.) mpoucxomut
yBenmaeHue BpeMern ot 344 ¢ (aa 13%) mo 406 ¢ (wa 34%), a
C TIOCTIEIYIOIEM HapaCTaHHEM e€ro KOHIEHTparwu (00pasiisl
1.4.-1.6.) — camxenne no 281 ¢ (Ha 8%), manHbIH Y dekT Mo-
JKET OBITH CBS3aH C ITOCTECTICHHBIM yBEIMYCHUEM BA3KOCTH pe-
aKIIMOHHOCIIOCOOHOH CMeCH KOMIIOHEHTOB.

Jist MenkonucniepcHOM pakiny 3aBUCUMOCTh H3MEHEHHS
napameTpa Corjacyercs ¢ MpeIblIyMMU 3HaYCHUSIMH, OTMe-
YaeTcsl yCKOPEeHUe Tpoliecca 3aBepIleHUs] BCTICHUBAHUS OTHO-
CUTEJIbHO KOHTPOJILHOTO cocTaBa oT 182 ¢ (Ha 40%) mo 96 ¢
(12 68%).

Bpewmst orimma, KoTopoe XapakTepu3yeT 3aBeplIeHHe Oc-
HOBHBIX DEaKIM{ IOJHKOHACHCAI[MN IOBEPXHOCTHOTO CIIOS
HoJIMMeEpa, MOKa3bIBaeT, YTO IS KPYIHON (hpaKIK MPOUCXO-
JIUT CHaJasa yckopeHue nporecca Ha 11 % (obpazer 1.1), no-
TOM HaOmomaeTcs 3aMeuieHne Ha 6% y obpasma 1.2. u ycko-
perne B cpenHeM Ha 17% (oOpasmsr 1.4-1.6); mis Mmemkomuc-
nepcHOW (pakiun yckopenue ot 254 ¢ (Ha 44%) s obpasua
2.1 mo 106 ¢ (Ha 77%) nns obpasna 2.3. CkauykooOpa3HbIH Xa-
paKkTep 3aBepIICHHUS Tpolecca CBA3AaH TAaKKe C M3MEHEHHEM
BA3KOCTH PEaKIIMOHHOCIIOCOOHOI cMecH.

Bpemst Mexxay HauanoM BCIICHUBAHUS U relie000pa3oBaHms
B oOpasmax 1.1-1.6 cocrasnser 120-150 c, 4To MO3BOJSAET MO-
Jy4nTh PABHOMEPHYIO IIOPOBYIO CTPYKTYpPY OPTaHOMHHEPaIIb-
Horo Komrro3uta (puc. 1 a, 6). OrmedaeTcs, 4ro y obpasma 1.1.
IIPU CPETHEM JTHaMETpe TI0p, COMOCTABUMBIM C KOHTPOIBHBIM
00pa3momM, cpemHss TONIIMHA SYCHKH cocTaBmia 27,7 MKM U
yBenuumiach Ha 30 %. Ilpu BBeAEHMM CHIMKATHOTO KOMIIO-
HeHTa KpynHo# ¢pakiun ot 30 1o 90% HabmogaeTcs yBenu-
YeHHUe CpeIHero auaMeTpa mnop ¢ 5 1o 17%, a TonmuHa CTeHKH
ymensbItaercs 10 17,2 mxMm (a2 19%), 9T0 HE OKa3bIBaeT OTPH-
LATEeJILHOTO ACUCTBUSI HA MOPOBYIO CTPYKTYpy OpPraHOMHHE-
pansHOTO KOoMno3uta (puc. 16). Takum obpa3oM, MOKHO cre-
JIaTh BBIBO/I, YTO BCE COCTABbI KOMIIO3UTA, COJEPIKAIIETO KPYTI-
HyI0 (paKIHio, MOXKHO pacCMaTpuBaTh B TAIbHEHIINX HCCIIe-
JIOBAHHMSX.

Tak kak y 00pa3noB 2.2-2.6 BpeMsi MeX/ly Ha4aJoM cTapTa
U Teneo0pa3oBaHus B CpeHeM cocTaBisieT 25-30 ¢, TO «reib»
00pazyeTcs «CIUIIKOM OBICTPO», U «3allUpaeT) ra3 B sUeHKax,
NpeloTBpaIlas KOAIECHEHINIO (CIUSHNE) Iy3bIPHKOB, YTO B
COBOKYITHOCTH C B3PBIBHBIM XapaKTepOM BCIIEHUBAHUS CTAHO-
BUTCSl IPUYMHON JTAIbHEHILIETO CTPEMUTEIBHOTO YBEINUCHHS
B 00beMe 3aMKHYTBIX SUEeK M cama CTPYKTypa IpH 3TOM He-
crabuibHasi, 00pasyromas O00JbIIOe KOJUIECTBO MEJIKHUX TOP
(puc. 1r). B cBsi3u ¢ yeM, cpeHAI AMAMETp TTOP YMEHBIIIAeTCs
B obOpasimax 2.3 — 2.6 ot 336 Mxm 10 186 MxM (¢ 2 1o 46%), a
CTEHKH SIUEEK CTAHOBSTCS TOHBIIE M COCTAaBISIOT B CPEIHEM
9,5 MKM (Ha 55% HMXKE IO CPAaBHEHHUIO C KOHTPOJIBHBIM 00pa3-
IIOM), YTO BBI3BIBACT HEJOCTATOYHYIO CTPYKTYPHYIO NpOY-
HOCTb, M MOXKET IIPUBECTH K BO3MOXKHOH yCaJIKe KOMIIO3MTA.

52

polyol (polymer formation reaction), it can be seen that the
coarse fraction demonstrates a gradual decrease from 221
to 162 s (from 14 to 37%), while the fine fraction signifi-
cantly accelerates the gelation process, from 128 to 69 s
(from 50 to 73%).

From the results of determining the foaming end time,
which characterizes the achievement of equilibrium be-
tween the gas pressure inside the cells, the strength of the
polymer walls, and the external pressure, it can be seen
that for the coarse fraction, when the composition is satu-
rated with the silicate component up to 45% (samples 1.1—
1.3), the time increases from 344 s (by 13%) to 406 s (by
34%), and with a subsequent increase in its concentration
(samples 1.4—1.6), it decreases to 281 s (by 8%). This ef-
fect may be associated with a gradual increase in the vis-
cosity of the reactive mixture of components.

For the fine fraction, the dependence of the parameter
change is consistent with the previous values; an acceler-
ation of the foaming completion process relative to the
control composition is observed, from 182 s (by 40%) to
96 s (by 68%).

The tack-free time, which characterizes the completion
of the main polycondensation reactions of the polymer
surface layer, shows that for the coarse fraction, the pro-
cess initially accelerates by 11% (sample 1.1), then a slow-
down of 6% is observed for sample 1.2, followed by an
acceleration averaging 17% (samples 1.4-1.6). For the
fine fraction, acceleration occurs from 254 s (by 44%) for
sample 2.1 to 106 s (by 77%) for sample 2.3. The abrupt
nature of the process completion is also associated with a
change in the viscosity of the reactive mixture.

The time between the start of foaming and gelation in
samples 1.1-1.6 is 120-150 s, which allows a uniform
pore structure of the organo-mineral composite to be ob-
tained (Fig. 1, a, b). It is noted that for sample 1.1, with an
average pore diameter comparable to that of the control
sample, the average cell wall thickness was 27.7 um, an
increase of 30%. When the silicate component of the
coarse fraction is introduced in amounts from 30 to 90%,
an increase in the average pore diameter of 5 to 17% is
observed, while the wall thickness decreases to 17.2 um
(by 19%), which does not adversely affect the pore struc-
ture of the organo-mineral composite (Fig. 1, b). Thus, it
can be concluded that all compositions of the composite
containing the coarse fraction can be considered for fur-
ther studies.

Since for samples 2.2-2.6 the time between the start
and gelation averages 25-30s, the “gel” forms “too
quickly” and “locks” the gas in the cells, preventing bub-
ble coalescence (merging). Together with the explosive
nature of foaming, this causes a rapid increase in the vol-
ume of closed cells, and the structure itself becomes un-
stable, forming a large number of small pores (Fig. 1, d).
Consequently, the average pore diameter decreases in
samples 2.3-2.6 from 336 pm to 186 um (from 2 to 46%),
and the cell walls become thinner, averaging 9.5 pm (55%
lower compared to the control sample), which results in
insufficient structural strength and may lead to possible
shrinkage of the composite.
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PUCYHOK 1

MUKPOD®OTOIPA®UAN TTOPOBOM CTPYKTYPBI
OBPA3I1IOB OPTAHOMUMHEPAJIBHOI'O
KOMIIO3UTA (yBeauuenue 40x):

a) oopasen 1.1 (15% CK);

0) oopasen 1.5 (75% CK);

B) o0pazen 2.1 (15% CK);

r) o6pasen 2.5 (75% CK)

Figure 1

Micrographs of the pore structure of organo-mineral
composite samples (magnification 40x):

a) sample 1.1 (15% SC);

b) sample 1.5 (75% SC);

¢) sample 2.1 (15% SC);

d) sample 2.5 (75% SC)

B o0pasmnax 2.1-2.2 HaOmOAaeTcs YBEIWYCHUE CPEITHETO
JMaMeTpa IMop M0 CPAaBHCHHIO C KOHTPOJBHBIM O0pasloM Ha
8% (372 mxm) u 2% (351 MKM), COOTBETCTBEHHO. ToJIuHA
CTEHOK ATHX 00pa3noB cocTamia 17,2 mxm (Hmxke Ha 19%) n
13 mMxm (ke Ha 39 %), coorBercTBeHHO. Ha puc. 1.B moka-
3aHa OpoBas CTPyKTypa obOpasua 2.1., KoTopas UMeeT TaKKe
OTHOCHTEJIFHO PABHOMEPHYIO IOPOBYIO CTPYKTYPY, UTO ITO3BO-
JseT paccMaTpUBaTh JAHHBINH COCTaB OPraHOMHHEPAIHLHOTO
Kommo3uTa ¢ 15 % CHIMKAaTHOTO KOMIIOHEHTa MEIKOW (pak-
LWHY AJIs JaJIbHEHIINX UCCIIEJOBAHUM.

Ha puc. 2 u 3 npuBeneHbl 3aBUCHMOCTH MU3MEHCHHS KpaT-
HOCTH BCIICHMBAa€MOM MacChl KOMIIOHEHTOB PEaKIMOHHOCIO-
cOOHOM cMecH, MOAUGUITMPOBAHHBIX CUIMKATHBIM KOMIIOHCH-
TOM pa3HOil ANCIEPCHOCTH, OT BPEMEHU BCIICHUBaHMA. AHa-
JIM3 Pe3yJIbTaTOB IO0Ka3aj, 4TO B 00pa3Lax ¢ CoAepKaHueM CH-
JMKAaTHOTO KOMIIOHEHTa KpynHO# dpakimn 15% (puc. 2.a), 00-
paser 1.1.) KpaTHOCTH BCTIEGHHBAaEMOI MacChl PEaKIIHOHHOCIIO-
coOHO#t cMecn Bo3pacTaeT Ha 54 % c 25 mo 38. B ocranpHBIX
cocTaBax, COJep KalIix OONbIINE KOJINIECTBA KPYIHOH (pak-
MU KPUCTAJUIOTHAPATa METaCHIINKaTa HaTPHs, HaOII0JaeTcs

In samples 2.1-2.2, an increase in the average pore di-
ameter compared to the control sample is observed: 8%
(372 pm) and 2% (351 pum), respectively. The wall thick-
ness of these samples was 17.2 um (19% lower) and
13 um (39% lower), respectively. Fig. 1.c, shows the pore
structure of sample 2.1, which also has a relatively uni-
form pore structure, allowing this composition of the or-
gano-mineral composite with 15% of the fine-fraction sil-
icate component to be considered for further research.

Figures 2 and 3 show the dependence of the expansion
ratio of the reactive mixture components, modified with
silicate components of different dispersities, on foaming
time. Analysis of the results showed that in samples con-
taining 15% of the coarse-fraction silicate component
(Fig. 2.a, sample 1.1), the expansion ratio of the reactive
mixture increases by 54%, from 25 to 38. In other compo-
sitions containing larger amounts of the coarse-fraction
sodium metasilicate crystalline hydrate, a gradual de-
crease in foam expansion ratio is observed. With a silicate
component content of 30-60%, the expansion ratio
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PUCYHOK 2

3aBHCHMMOCTL  M3MeHEHHUs
KPaTHOCTH BCIEeHMBAaeMOii
Macchbl 00pa3LoB ¢ KPYNHOIi
(paxuuei CHJIMKATHOI0
KOMIIOHEHTa OT BpeMeHH
BenenuBanus: a) 15% CK;
0) 30 % CK; B) 45% CK; 1)
60% CK; n) 75% CK; e)
90% CK

Figure 2

Dependence of the expan-
sion ratio of samples with the
coarse fraction of the silicate
component on foaming time:
a) 15% SC; b) 30% SC; c¢)
45% SC; d) 60% SC;e) 75%
SC; 1) 90% SC.
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PUCYHOK 3

3aBHCHMOCTL  U3MEHEHMs
KPaTHOCTH BCIEHMBaeMOii
Macchl 00pa3LoB € MeJKOI
¢pakuuei CHJIMKATHOI 0
KOMIIOHEHTa OT BpeMEeHHU
BenenuBanus: a) 15% CK;
0) 30 % CK; B) 45% CK; 1)
60% CK; n) 75% CK; e)
90% CK

Figure 3

Dependence of the expan-
sion ratio of samples with the
fine fraction of the silicate
component on foaming time:
a) 15% SC; b) 30% SC; ¢)
45% SC; d) 60% SC; e) 75%
SC; 1) 90% SC.
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MOCTENIEHHOE CHIKEHUE KPAaTHOCTH MeHbl. C conepkaHneM
30-60% CHINKaTHOTO KOMIIOHEHTa KPaTHOCTb IEHBI OCTa-
eTcsl Ha YPOBHE KOHTPOJBHOI'O 00paslia, ¢ KOHIEHTpaluei
75-90% - cumxkaercst ot 8 10 22%.

AHanu3 pe3ynbTaToB 00pa3loB, COACPIKALNINX CHUIHKAT-
HBIA KOMIIOHEHT MEJIKOIUCTIEPCHOH (PpaKIiy, OKa3all 3Ha-
YHUTEJIbHOE YBEJIMYCHIE KPATHOCTH BCIICHUBAEMOM MacChI: B
2,2 pa3za i obpasna 2.1. (15% CK), Ha 50 % mnst o6pas3nos
2.2-2.4 (30-60% CK), ¢ 75% CK (obpa3zer 2.5) kpaTHOCTb
MIEHBI COMOCTaBUMa C KOHTPOJIBHBIM oOpasuoM, a 90% CK
(oOpaserr 2.6) mokas3aiyu MOCTEICHHOE 3aTyXaHue IeHO00pa-
3oBanus Ha 20%. OnHaKo BO Bcex 00paslax ¢ MeTacHIINKa-
TOM HaTPHS MEJIKOI INCIIEPCHOCTH OTMEYAETCs BCILUIECK Te-
HOOOpa30BaHKs Ha HayalbHOM dTare. Y o0pa3noB ¢ 00Jb-
UM COAEPXKaHHEM CHIIMKATHOTO KOMIIOHEHTa (0Opasipbl
2.5-2.6) on mmutes qo 180 c.

Ha puc. 4 npuemena mmkpodoTorpadus MopoBOH
CTPYKTYpPBI OPraHOMUHEPAIBHOTO KOoMIIo3uTa ¢ 45 % cunn-
KaTHOT'O KOMIIOHEHTa MEJIKOJUCIIepCHO (pakiuu (oOpasen
2.3). OHa NoKa3bIBaeT, 4TO IOPHI, OKPYIKAIOLINE CUIIUKAT-
HBIl KOMIOHEHT U COIPHKACAIOIIUXCS C HUM, IMEIOT 3JUTHII-
cousiHyto GopMy, a HalpaBlIeHHE JUIMHHOW OCH MEepIeHAN-
KYJIIDHO €r0 TOBEPXHOCTH. XOTS OOBIYHO Ta30BbIC «ITy-
3bIPEKI» 6.]'[8,1"0/13}’)51 CuJiaM MOBEPXHOCTHOI'O HATSAXKCHUA
CTPEMATCA MAaKCUMaJIbHO COKPATUTH IJIOIIAalb IOBEPXHOCTHU
pasaena «ras-mojuMepy», 00pasyroT chepuyeckyo Gpopmy,
MOATAITHO PACHIMPSACH — COIMIKAIOTCS, U GOPMUPYIOT MHO-
TOTPaHHUKH.

PUCYHOK 4

MUKPO®OTOI'PA®HUS IMOPOBOM CTPYKTYPhI
OP'AHOMMHEPAJIBHOI'O KOMITIO3UTA, COJEP-
KALIETO 45 % CUJIUKATHOI'O KOMIIOHEHTA
MEJKOANUCITEPCHOM ®PAKIINM (o6pazen 2.3) (yBe-
andenue 100x)

Figure 4

Micrograph of the pore structure of the organo-mineral
composite containing 45% of the fine-fraction silicate com-
ponent (sample 2.3) (magnification 100x)

remains at the level of the control sample; with a concentra-
tion of 75-90%, it decreases by 8 to 22%.

Analysis of the results for samples containing the fine-
fraction silicate component showed a significant increase in
the expansion ratio: 2.2 times for sample 2.1 (15% SC), 50%
for samples 2.2-2.4 (30-60% SC); with 75% SC (sample
2.5), the expansion ratio is comparable to that of the control
sample, while 90% SC (sample 2.6) showed a gradual damp-
ing of foaming by 20%. However, in all samples with fine-
fraction sodium metasilicate, a burst of foaming is observed
at the initial stage. In samples with a high content of the sili-
cate component (samples 2.5-2.6), it lasts up to 180 s.

Figure 4 shows a micrograph of the pore structure of the
organo-mineral composite with 45% fine-fraction silicate
component (sample 2.3). It shows that the pores surrounding
and in contact with the silicate component have an ellipsoidal
shape, and the direction of the long axis is perpendicular to
its surface. Although gas “bubbles” typically tend, due to
surface tension forces, to minimize the surface area of the
“gas—polymer” interface, forming a spherical shape, gradu-
ally expanding, converging, and forming polyhedrons, in this
case, interaction of surface-adsorbed moisture or crystalline
hydrate water of the silicate component is possible, creating
a stretching vector of the polymer framework perpendicular
to its surface.

Thus, the conducted studies confirmed the explosive na-
ture of foaming of this reactive mixture.

B ngaHHOM Cilydae BO3MOXKHO B3aMMOCHUCTBHE IIOBEPX-
HOCTHO-3/ICOPOMPOBAHHON BJIAaTH WM KPHUCTAJUIOTHAPATHOMN
BOJIBI CHIIMKATHOTO KOMIIOHCHTA, YTO CO3/IaeT BEKTOP PacTsKe-
HUS IOJIMMEPHOTO KapKaca MepIeHIUKYIIIPHO €0 IIOBEPXHOCTH.

Takum 006pa3oM, IPOBEICHHBIC HCCIEJOBAHUS TTOATBEPAIH
B3PBIBHOI XapaKTep BCIICHUBASI TAHHOM peakIMOHHOCTIOCOOHOMH
CMeECH.

Tax)ke MOKHO OTMETHUTB, YTO YeM OOJIbIIee KOJTHIECTBO CH-
JIMKATHOTO KOMIIOHEHTA KaK KPYITHOH, TaK W MEIKOH IucIepc-
HOCTH BBOJAWTCS B PEAKIIMOHHOCTIOCOOHYIO CMECh, TEM CHIIbHEE
TIPOUCXOIUT TOCTEIyIolIee 3aTyXaHne NeHoo0pazoBanus. [ pa-
¢ukn Ha puc. 2 IS COCTaBOB ¢ KpymHOH (pakumeil oTHOCH-
TEJIHHO KOHTPOJILHOTO 00pa3iia 6osiee mojiorue 6e3 SBHBIX Iepe-
TrHOOB C TUTABHO 3aTYXaIOUINM HOIBEMOM, B TO XK€ BpeMs IS
MEJKOJIUCIICPCHOM (PPaKIIUU — Ipa KK Ha PUC. 3 OTHOCUTEIHHO
KOHTPOJILHOTO UMCIOT KPYTOW MOIBEM, UYTO OTOOPaXKaeT B3PHIB-
HOW XapakTep BCIICHUBAHUSA. [IpU 3TOM HACHINICHHE CHIHKAT-
HbIM KOMIIOHEGHTOM Oosee 15 % NpPUBOIUT K CHUXKCHUIO
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It can also be noted that the larger the amount of the
silicate component, whether coarse or fine, introduced
into the reactive mixture, the stronger the subsequent
damping of foaming.

The graphs in Fig. 2 for the compositions with the
coarse fraction relative to the control sample are flatter,
without obvious inflections, with a smoothly decaying
rise, while for the fine fraction, the graphs in Fig. 3 rela-
tive to the control sample show a steep rise, which re-
flects the explosive nature of foaming. At the same time,
saturation with the silicate component above 15% leads
to a decrease in the expansion ratio, which may be
caused by a negative effect on the increase in viscosity
of the reactive mixture as a whole. From the perspective
of its influence on structure formation, this leads to an
increase in the pressure exerted on the nucleating gas
“bubbles,” as well as a decrease in the maximum tem-
perature inside the system itself, and proportionally
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KPaTHOCTH, YTO MOXKET OBITh BEI3BAaHO HETaTHBHBIM BIMSHUEM Ha
YBEJINYCHUE BA3KOCTH PEaKIMOHHOCIIOCOOHON CMECH B LIETIOM.
DT0 ¢ TOYKH 3peHHUs BIUSHUS Ha CTPYKTYpooOpa3oBaHUe, IpH-
BOJIMT K YBEJINYCHUIO OKa3bIBAEMOTO IaBJICHHS Ha 3apOIbINIe00-
pazyroLIne «ITy3bIPbKI» Ia3a, a TAKKEe CHIKCHNE MaKCUMAJIbHOH
TeMIlepaTypbl BHYTPU CAMOW CUCTEMBI M ITPOTIOPIIMOHAIBHO CHHU-
JKaeT JaBJICHUE Ta3a BHYTPH sIUEEK, TEM CaMbIM, YBEJIMUUBAs KO-
HEYHYIO TOJIIIMHY INOJMMEPHBIX CTEHOK 00pa30BaHHBIX SUEeK,
YTO BJICUET K BO3PACTAHHUIO IUIOTHOCTH M MPOYHOCTH KOMIIO3UTA.

W3 aHanmu3a COBOKYITHOCTH PE3YJIBTaTOB WCIBITAHUN JUIS
KOMIIO3UTOB, MOJU(ULIMPOBAHHBIX KPyNMHOH (pakmmeil cumm-
KaTHOTO KOMITIOHEHTa MOYKHO CIEJaTh BBIBOJ, YTO €0 BIIMSIHHE
Ha YCKOPEHHE HPOIIeCCOB NEHOOOpa30BaHMs, IOIMMEpoOpaso-
BaHUs B COBOKYITHOCTH C BIIMSHHEM Ha BSI3KOCTb CUCTEMBI U JH-
nmorepMudeckuit 3¢ ekt Oonee cOaTaHCHPOBAHHOE B CPAaBHCHHUN
C MEJKOIUCIEPCHON (pakuuel, CIEICTBHEM Yero sBIsIeTCS
MEHbIIIee BIIUSIHUE Ha TYEUCTYIO CTPYKTYpPY KOMITO3HTa, YTO 1103~
BOJISIET TIPOTHO3MPOBATh HOJIOKHUTENBHBIN 3((GEKT OT ero npu-
MEHEHHsI [UIsl UCCIIeIOBAHUs AajJbHEHIINX CBOWCTB OPraHOMH-
HEpalbHOTO KOMIIO3UTA.

3akiaouenue

CHMKaTHBIE KOMIIOHEHT B PEaKIIMOHHOCIIOCOOHOH cMecH
YCKOPSIET MPOIIECCH TIEHO- U MOJIMMEepo00pa30BaHus, a ero pas-
JIMYHAs AUCIIEPCHOCTD MO3BOJISIET PETYJIUPOBATH CTETIEHD BIIMS-
HUS Ha JJaHHBIE IPOLECCHI, 32 CUET U3MEHEHMSI IPOCTPAHCTBEH-
HOU CTPYKTYPHI JUCIIEPTAIlX IO 00beMy MaTepHuala, i OBepX-
HOCTHOU IUTOIIAAH KOHTaKTa (a3 «CHITMKATHBIA KOMITOHEHT - pe-
AKIMOHHOCIIOCOOHAsT CMECh OJIMTOMEPOB», H3OIMAaHATHbIC
(hyHKIIMOHAJIBHBIE TPYIIIEI KOTOPOH MOTYT B3aMMO/IEHCTBOBATh
C XUMHYECKH CBA3aHHOW BOJIOW METAaCHJIMKATa HATPUS, BBIICIISL
MIPY 3TOM YTJICKHUCIBIN ra3, ¥ MEHss HalPaBICHHOCTh XUMUYe-
CKUX peaklui Kak B Mepu(epuitHoi 30He, Tak U B IEJIOM, YTO
HANPSMYIO BIHSET Ha MOP(OJIOTHIO STYCHCTOH CTPYKTYPHBI, pa3-
Mep TI0p, U AHaMeTp cTeHOK mop. [Ipu 3ToM Mo uKaus KpyI-
HOU (pakIue’t oka3pIBaeT OoJjiee ITaBHOE W MEHBIIEE BIUSHUC
Ha M3MEHEHHE KOMIUIEKCAa CBOMCTB, YTO JI€JaeT BO3MOXKHBIM
HaCBILEHUE KOMIIO3ULIMH )KECTKOTO 3aJIMBOYHOr0 IIEHOIOJINYpe-
TaHa CHJIMKATHBIM KOMIIOHEHTOM 10 90 %, HEOOXOAMMBIM ISt
CHW)KEHHS ero TroprodecTd. Moaudukaius MeIKoAUCIEpCHON
(paknmedt CHIMKAaTHOTO KOMIIOHEHTa B HCCIEAyeMOM IHaria-
30HE HACBHIIICHMS, IPUBOIUT K «B3PHIBHOMY» XapaKTepy BCIIe-
HUBAHMSA, CIICACTBUEM YETO CTAHOBUTCS CTPYKTYPHO-clabas mo-
JMMEepHas MaTpuma. MIHTepecHBIM HampaBiieHHEeM AaTbHEHUIINX
paboT MOXKeT OBITh HCCIIEOBAHIE BIMSHU JAHHBIX (hpaKkuii Ha
KOHEYHBIE CBOICTBA KOMIO3UTA ((PU3UKO-MEXaHHYECKHE, TEIUIO-
(hu3nveckue), a TaKXKE UCCIICIOBAHUE BIIMSHUS JaHHBIX (PpaKIuit
B JlMana3oHe HachleHus 10 15%, BO3MOXKHOCTD KallCyJISILIUU B
MOJIMMEPHYIO MATPULY JUIsl HUBEJIUPOBAHMSI UX PEAKLUOHHOU
CIIOCOOHOCTH.
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2. Zhigulina A.Yu., Shinguzhieva A.B., Kurmaniyazova
N.Zh., Umereshova S.G., Abzalovna A., Ibraimov A.A. En-
ergy efficiency in construction // Science and Education. -

reduces the gas pressure inside the cells, thereby increas-
ing the final thickness of the polymer walls of the formed
cells, which results in an increase in the density and
strength of the composite.

From the analysis of the comprehensive test results
for composites modified with the coarse fraction of the
silicate component, it can be concluded that its effect on
the acceleration of foaming and polymer formation pro-
cesses, combined with its influence on the viscosity of
the system and the endothermic effect, is more balanced
compared to the fine fraction. Consequently, this results
in a lesser impact on the cellular structure of the compo-
site, which allows us to predict a positive effect from its
use for further studies of the properties of the organo-
mineral composite.

Conclusions

The silicate component in the reactive mixture accel-
erates the processes of foaming and polymer formation,
and its varying dispersion makes it possible to regulate
the degree of influence on these processes by altering the
spatial structure of dispersion throughout the material
volume and the interfacial contact area between the sili-
cate component and the reactive oligomer mixture. The
isocyanate functional groups of the mixture can interact
with the chemically bound water of sodium metasilicate,
releasing carbon dioxide and changing the direction of
chemical reactions both in the peripheral zone and over-
all, which directly affects the morphology of the cellular
structure, pore size, and pore wall thickness. Modifica-
tion with the coarse fraction has a smoother and lesser
effect on the change in the property complex, making it
possible to saturate rigid polyurethane foam composi-
tions with the silicate component up to 90%, which is
necessary to reduce its flammability. Modification with
the fine fraction of the silicate component in the studied
saturation range leads to an explosive foaming behavior,
resulting in a structurally weak polymer matrix. An in-
teresting direction for further research could be to study
the influence of these fractions on the final properties of
the composite (physical-mechanical, thermophysical),
as well as to investigate the effect of these fractions in
the saturation range up to 15%, and the possibility of en-
capsulation in a polymer matrix to mitigate their reactiv-

1ty.
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