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AHHOTADIUSA

Cpeou nonumephvix meniou3oIayuOHHbIX MAMEPUALO8 HA OCHOBE PeAKYUOHHOCHOCOOHBIX 0IULOMEPO8 0CO60e MECO 3AHUMAIOM INOK-
CUOHbBLE NEHONAACbL, 0011A0AUUe BbICOKUMU MEXHOIOSUYECKUMU U IKCHILYAMAyuoHHbIMU xapakmepucmukamu. OOHAKO 8blCOKAsl 20PIO-
uecms NEeHONOAUINOKCUOO8 CYUJECNBEHHO COEPIICUBAEM UX NPUMEHEHUe 8 cmpoumenbHol unoyempuu. Llens pabomel — paspabomka 3anu-
B0UHBIX INOKCUOHBIX NEHONJIACMO8, 001A0AIOWUX HOHUNCEHHOU 20PIOYeCMbIO U BbICOKUMU (DUUKO-MEXAHUYECKUMU noKazamensmu. 3adaqu
UCCIe008aHUA: YCIMAHOBUMY BIUAHUE XUMUYECKOU NPUPOObL U COOEPIHCAHUSL AOOUMUBHBIX U PEAKYUOHHOCNOCOOHBIX Opom- U ghocgopcodep-
JHCAWUX COCOUHEHUL] HA MEPMOCIMOUKOCHTb, 20PI0YeCb, MEXHON02UYecKUe U IKCRIYAMAYUOHHbIE CEOUCMBA INOKCUOHBIX NEHONNACINO8 U
pazpabomra 3anU804YHbIX NEHONOIUINOKCUOO08 NOHUICEHHOU 20PIOYeCmU C 8bICOKUMU QUIUKO-MeXaHudecKumu xapakmepucmuxamu. Tep-
MudecKue colcmea NeHONOIUINOKCUOO8 ONPedeNsIU ¢ NOMOWLIO MYTbMUMOOYIbHO20 mepMoanarumuyecko2o komnnexca DuPont-9900.
IIpeocmasnenvi 0antvie 0 GIUAHUU KAHCYUEUCS NIOMHOCHU NEHONAACIOS U KOHYEHMPAYUU KUCI0poOd 8 NOMOKe OKUCIUMENs Had CKOPOCMb
PACNPOCMPAHeHsl NIAMEHU RO 20PU30HMATIbHO NOBEPXHOCU NEHONOAUINOKCUO08. [oKA3aH0, YMO XUMU1ecKast npupood AMUHHbIX OMEep-
oumeiell He3HAYUMEbHO GIUsIeM HA MEePMOCMOUKOCHb U 20PIOYeChlb INOKCUOHBIX HeHONIACMO8. Bulsigreno, umo gocamuvie nracmuu-
Kamopul A61510MCSE MAN0IPDEKMUSHLLMU AHMUNUPEHAMU 0151 NEHONOAUINOKCUOOS, d XUMUYECKOe CIPOeHUe a0OUMUBHbIX OPOMOp2aHuye-
CKUX GHMUNUPEHO8 He3HAYUMENbHO 6lUsilem Ha ux dgdexmusnocmo. Ilokazano, 4¥mo MUKPOKANCYIUPOBAHHBLE AHMUNUPEHbI YCIMYNAIOM 1O
aghpexmusHocmu niamsacacsueco 0eucmeus a0OUMUSHbIM AHMUNUPEHAM. YCmaHo6aeHo, Ymo 3phexmugnbviMu aHmunupeHamu Ot NoJLy-
YeHUsl NeHONONUINOKCUOO08 NOHUINCECHHOU 20proYecmu ABNAI0MCs ochopcodepircawyuli 0auU0IPUPMEMaKpUIam u IMOKCUOUPOBAHHbLE ON-
X00bl NPOU3B00CMEA MempadPOMOUPEHUTOTNPONAHA.
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ABSTRACT

Epoxy foams with their high technologic parameters and performance characteristics have a special place in a field of polymer insulation
materials based on reactive oligomers. However, polyepoxy foams are highly flammable, which significantly limits their use in the construc-
tion industry. The purpose of the work is to develop effective methods for reducing the flammability of cast epoxy foams and increasing
physical and mechanical properties. Research objectives: to establish the influence of the chemical nature and content of additive and reactive
bromine- and phosphorus-containing compounds on the heat resistance, flammability and performance properties of cast epoxy foams and
to develop low-flammability polyepoxy foams with high physical and mechanical characteristics. The thermal properties of epoxy foams were
studied using a DuPont-9900 multimodular thermal analytical complex. Experimental data on the influence of the apparent density of poly-
epoxy foams and the oxygen concentration in the oxidizer flow on the speed of flame propagation along the horizontal surface of polyepoxy
foams are presented. It was revealed that the chemical nature of amine hardeners has virtually no effect on the heat resistance and flamma-
bility of polyepoxy foams. It has been established that phosphate plasticizers are ineffective flame retardants for polyepoxy foams, and the
chemical structure of additive organobromine flame retardants has little effect on their effectiveness. It has been shown that microencapsu-
lated flame retardants are inferior in flame extinguishing efficiency to additive flame retardants. It was revealed that effective flame retard-
ants for casting polyepoxy foams are phosphorus-containing oligoester methacrylate and epoxidized waste from the production of tetra-
bromdiphenylol propane.
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BBEJEHUE

BBeneHne »xecTKUX HOPMATUBOB K TEMJIOBOM 3alUTe 3MaHUI
1 COOpY’KEHHH, TETUIOBOH M3OJSIMH TEXHOJIOTHIECKOTO 000py-
JoBaHus, pernamentupoBaHHeix CIT 50.13330.2012 u CII
61.13330.2012, mpuBeno kK HEOOXOAMMOCTH MPUMEHEHUS B CTPO-
UTENBbHON MHAYCTPHUHU 3()D(PEKTUBHBIX MOIMMEPHBIX TEIIIOM30Is-
[IMOHHBIX MarepranoB (menomracto) [1]. TTeHomTacTsl Ha oc-
HOBE TEPMOIUIACTUYHBIX U TEPMOPEAKTUBHBIX ITOJIMMEPOB 001a-
IAroT HU3KAMU KaxyIeics mioTHocThio (15...200 kr/m?) 1 Ten-
aonpoBoaHocThio (0,022...0,055 (BT/(M - K)), mmpokum temre-
paTypHbIM MHTepBanoM npumeHneHus (ot -50 no +150°C), xopo-
IIAM COYCTAHWEM TIPOYHOCTH W TUIOTHOCTH [2 — 7]. TTomamep-
Hble Terulon3oysinuonHble  Matepuansl (IITM) moBsimatoT
HaJIe)KHOCTh M JIOJTOBEYHOCTh CTPOUTENBHBIX KOHCTPYKIMH,
CHIDKAIOT MOTEPH TeIlIa, YBEIMIHBAIOT IPOU3BOJUTEIBHOCTD U
YIIy4IIaloT YCIOBUS TPYAA IPHU BBHIIOTHEHUH CTPOUTEIHHO-MOH-
TakHBIX pabot. Tpebyemslit quanasoH miotHocTel IITM ompe-
JemnsieTcst 001acThIO MX IPUMEHEHHUS.

IITM MmoryT OBITh H3TOTOBIICHBI IPAKTUYECKH U3 JIFOOOTO I10-
JIMMepa, BEIOOP KOTOPOTO OIpesiessieTesl Tpe0yeMBIMH TEXHOJIO-
THYECKAMHU U 3KCIUTyaTallMOHHBIME Xapakrepuctukamu [1TM, a
TaKke SKOHOMUYHOCTHIO MpoOIecca MPOU3BOCTBA TEIION30IIS-
IIMOHHBIX W3AEITHI Ha UX OCHOBE. JKCIUTyaTallHOHHbBIE CBOHCTBA
MEHOIUIaCTOB 3aBUCAT OT XMMHUYECKOW MPUPOIBI MOIUMEPHOI
MaTpHIbl U JUCHEPCHOM (asbl, MOPUCTOCTH, pazMepa U (HOpMbI
MOp, TEXHOJIOTMH MPOU3BOACTBA TEMIOU3OIAIMOHHBIX U3ICIHMA
[2,3,4,7]. Tlpu 3TOM, MMEHOIUIACTH HA OCHOBE PEAKIIMOHHOCIIO-
COOHBIX OJIMTOMEPOB 00JIaAIOT OoJiee BBICOKOH MPOYHOCTHIO,
TEPMOCTOMKOCTBIO M XHMHUYECKOI CTOHKOCTBIO IO CPAaBHEHHIO C
ra30HaIOIHEHHBIMU TEPMOIUTACTUYHBIMH MOJIMMEPaMH.

K meHorutacram Ha OCHOBE PEaKIIMOHHOCIIOCOOHBIX OJIUIO-
MepoB oTHocsiTcst U neHonoimnokeuas! (II19), cunresupye-
MBbI€ Ha OCHOBE 3MTOKCH/IHBIX U 3TIOKCH-HOBOJAYHBIX CMOJI C JI0-
GaBlIeHHEM JIETKOJIETYUHX YTIEBOJAOPOAOB B KA4EeCTBE BCIICHU-
BAIOIIUX areHTOB U JIU- U TOJIMaMHUHOB B Ka4eCTBE OTBEPANUTEINICH
[4,5,7]. Ona moeeimenus temnocToiikoctu IIIID B KauecTBe
OTBEpUTENEH UCTIONB3YIOT apOMATUIECKUE TTOTMaMUHEI ((heHuU-
JICHAMAMHH, TUAMUHOAN(ECHUIIMETaH), a B Ka4eCTBE KaTau3a-
TOPOB OTBEPKAEHHUSA - KOMIUIEKCHI TpexgTopucroro Oopa co
cupTamH, 3QHUpaMH WIM aMHHaMH. B kauecTBe BCIeHHBaro-
mero areHra npu npoussozctse [1I10 yame Bcero npuMeHSOT
XJIaIoHB! ((peoHbI). BOTBITMHCTBO TEHOMOIMATIOKCHIOB SIBIISI-
I0TCS JKECTKUMH MIEHOIIIIACTAMH C 3aKPBITOSTYEUCTONH CTPYKTYpOH
[4,5,7].

IIpeumymectBom III1D sBASIOTCA BBICOKHE TPOYHOCTD,
TEIUIO- ¥ 3BYKOM3OJIIHOHHBIE CBOICTBA, AMIIEKTPHUECKUE Xa-
PaKTEPUCTHUKH, TEPMOCTOHKOCTh M IIMPOKHH HHTEPBAI PabOUNX
temrepatyp (ot -50 o +150°C), xuMuueckast CTOHKOCTb, HU3KOE
BOJIOTIOTJIOMIEHHE (32 UCKJIIOYEHHEM OTKPBITOMOPUCTHIX MEHO3-
MIOKCHJIOB) M BBICOKAsl aAre3ust K pa3JInuHbIM 1o ytoxkkam. I1119
B CTPOUTENBCTBE MIPUMEHSIOT B KaUeCTBE TEIUIO- U 3BYKOM30JIs-
IIMOHHOTO Marepualia TpH MPOU3BOACTBE COHIBUY-TIAHENCH U
KPOBEJIbHBIX TEIUIOM30JISIIIMOHHBIX TUINT. DTOKCHJIHBIE CMOJIbBI
TaKOKe MCIOIB3YIOT JUISl OIYyYSHHUS DIIEKTPOU3O0ISAIMOHHBIX Ma-
TEPHANOB B PAJANOTEXHHKE, B IIPOU3BOICTBE KOHCTPYKIIMOHHBIX
W37IeTNH B aBUAIIMOHHOM, aBTOMOOMIIBHOM, CyTOCTPOUTEIHHOM 1
pHUOOPOCTPOUTEEHON MPOMBIIIUIEHHOCTH. DKCIUTyaTaI[HOHHBIE
CBOWCTBA, OCHOBHBIE METOJBI MOAU(DHUKAINN U YCUICHHUS SIIOK-
CHJIHBIX TIOJIMMEPOB U KOMIIO3UTOB HA UX OCHOBE PACCMOTPEHBI

B paborax [8 — 10].

INTRODUCTION

Introduction of strict standards for thermal protection
of buildings and structures, thermal insulation of techno-
logical equipment, regulated by SP 50.13330.2012 and
SP 61.13330.2012, has led to the need to use in the con-
struction industry effective polymeric thermal insulation
materials (foams) [1]. Foams based on thermoplastic and
thermosetting polymers have low apparent density
(15...200  kg/m3) and thermal conductivity
(0.022...0.055 (W/(m'K)), wide temperature range of
application (from -50 to +150°C), good combination of
strength and density [2-7]. Polymer thermal insulation
materials (PTM) increase the reliability and durability of
building structures, reduce heat losses, increase produc-
tivity and improve working conditions during construc-
tion and installation works. The required range of PTM
densities is determined by the area of their application.

PTMs can be made practically from any polymer, the
choice of which is determined by the required techno-
logical and operational characteristics of PTMs, as well
as the cost-effectiveness of the production process of
thermal insulation products based on them. The perfor-
mance properties of foams depend on the chemical na-
ture of the polymer matrix and dispersed phase, porosity,
pore size and shape, and the production technology of
thermal insulation products [2,3,4,7]. At the same time,
the foams based on reactive oligomers have higher
strength, heat and chemical resistance compared to gas-
filled thermoplastic polymers.

The foams based on reactive oligomers include pol-
yepoxide foams (PEF) synthesized on the basis of epoxy
and epoxy resins with the addition of volatile hydrocar-
bons as foaming agents and di- and polyamines as curing
agents [4,5,7]. Aromatic polyamines (phenylenedia-
mine, diaminodiphenylmethane) are used as hardeners
to increase heat resistance of PEF, and complexes of bo-
ron trifluoride with alcohols, esters or amines are used
as curing catalysts. Chladones (freons) are most often
used as a foaming agent in the production of PEF. Most
polyepoxide foams are rigid foams with closed cell
structure [4,5,7].

The advantages of PEFs are high strength, thermal
and acoustic insulation properties, dielectric characteris-
tics, heat resistance and a wide operating temperature
range (-50 to +150°C). They also have chemical re-
sistance and high adhesion to various substrates. PEFs
are characterized by low water absorption except for
open-porous epoxy foams. PEF is used in construction
as a heat and sound insulating material in the production
of sandwich panels and roof insulation boards. Epoxy
resins are also used for production of electrical insulat-
ing materials in radio engineering, in production of
structural products in aviation, automotive, shipbuilding
and instrumentation industries. Operational properties,
basic methods of modification and reinforcement of
epoxy polymers and composites based on them are con-
sidered in [8-10].

In Russia, two main methods of polyepoxy foam pro-
duction have been developed: PE grade - foaming of
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B Poccum pa3paboTaHbl 1Ba OCHOBHBIX CITIOCO0A IMOTYICHHS
TICHOIIOJIMANIOKCHIOB: Mapku [ID — BCrieHWBaHHE NEHOIIACTOB
MPOUCXOINT IIPU MOBBIIMIEHHBIX TeMIiepaTypax u mapku 11911 —
BcIeHMBaHue Ipu Temmeparype 20-25°C. DnokcuaHbIe MEHO-
mwiactel Mapok 1193-1, T13-2, T12-2T, I13-3, [13-5, nonyyaiot B
pe3yJbTare BCICHUBAHUS U OTBEPXKICHMS SMOKCHIIHON CMOJIBI
Mmapku D/I-16 ¢ momoIbl0 aMUHHBIX oTBepauteneii. Ilenomna-
ctel Mapok [13-1, [12-2, TI2-2T u I13-3 BcneHHUBAIOT C MOMO-
uipto nopodopa UX3-57, a II1D mapku [13-5 — ¢ moMoIkko Xi1a-
JoHa-113 (pydHas 3anuBKa) WM XJafoHa-142 (MamnHHas 3a-
nuBka). IleHomnactel Mapku [13-6 moxy4aroT BCIIEHWBaHHEM
SMOKCHUIHOM cMoibI Mapku D/1-16 xmagoHoM-113, oTBepkaas ee
C TIOMOIIBIO KaTAJTM3aTOPOB KATHOHHOM MOJIMMEPHU3aLINH.

Crenyet OTMETHTH, YTO MOAABISONIEE OOIBITMHCTBO OTEYe-
CTBEHHBIX AMOKCUIHBIX KOMITO3UTOB (B ToM uncie I1TM) obna-
JIAfOT TOBBIIIEHHON MOYXKapPHOH OMAacHOCTHIO (TOPIOYECTHIO, JIbI-
MooOpasyromuiell CIIOCOOHOCThI0O M TOKCHYHOCTBIO IPOJIYKTOB
nposusa v roperns) [11 — 13]. O BaXHOCTH CHIKEHHUS TTOKap-
HOH OIIaCHOCTH TOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTEpHUaioB
(ITKM) u orHe3amuThl pa3IuIHbIX CTPOUTEIBHBIX KOHCTPYKLIUI
Ha WX OCHOBE CBHIETCIBCTBYIOT MHOTOUYHCIICHHBIC 0030pPbI
HayYHO-TEXHHYECKOH JIMTepaTyphl, OIMyOJMKOBaHHBIC 3a IIO-
cienHue 5-6 JeT, TeMaTuKa KOTOPBIX OXBAThIBAET IMPAKTHIECKU
BCE BOINPOCHI TOKapobeszonacHoro mnpumeHenus I[IKM [14 —
20]. ToprouecTh 3MOKCHHOBONAYHEIX TIEHOIUIACTOB PACCMOTPEHA
B pabote [21]. IToaTOMY, CHIKEHHE TOPIOYECTH SIIOKCHIHBIX I1e-
HOIIJIACTOB CTPOUTEIILHOI'O Ha3HAUYCHUS SABJIACTCA aKTyaHLHOi/lI
3aja4eil.

Ieablo naHHOW HccIeI0BATENbCKON PadoThl SABIAETCS
pa3paboTka 3aJIMBOYHBIX SMOKCHUIHBIX MEHOIUIACTOB, 00JIaaato-
IIUX MOHIKEHHON TOPIOYECThIO0 M BBHICOKMMHU (PM3MKO-MEXaHH-
YECKUMH MOKA3aTeISIMU.

3amaum uccae0BaHUA: YCTAHOBUTD BIMSTHHE XMMHUECKON
NPUPOJIBI U COJIEPIKAaHMA aVIMTHBHBIX M PEAKIIHOHHOCIIOCOOHBIX
6pom- u pocdopcoaepkanx COSANHEHUI HA TEPMOCTOUKOCTB,
ropro49€CTb, TEXHOJOTUYCCKUE U IKCIUTyaTallUOHHBIC CBOMCTBA
OIIOKCHUJIHBIX TICHOIIIIACTOB U pa3pa60TKa 3aJIMBOYHBIX IICHOIIO-
JINBIIOKCUI0OB MOHMKEHHOMH TOPIOYCCTU C BBICOKUMU (1)I/I3I/IKO-MG-
XaHUYCCKUMU XapaKTCPUCTUKaMU.

MaTepna.m,I U METOAbI UCCJICJOBAHUA

3aMMBOYHbIE SMOKCHIHbIE IEHOIUTACTHI TOTyYaid Ha OCHOBE
JMaHOBOU 3MoKcuaHOM cMoibl Mapku D/1-20 (TOCT P 56211-
2014). B xauecTBe aMHHHOTO OTBEPIUTEIISI HCTIOIB30BaH CMECh
MOJMATUIICHIIONMAMIHA HANPaBJICHHOTO CHHTe3a (IOoJInaMH-
HoanKmmMunazonuH) Mapku YI1-064111 (TY 6-05-241-202-82)
u nmommdtuieHmonuamuaa ([IOIIA, TY 2413-010-75678843-
2012) B cooTHomIeHN" 4:1. B kayecTBe XUMUYECKOTO BCIICHHUBA-
fomiero areHTa npu noxydexnu [1119 npuMensnm kpemHuiopra-
HUYECKYI0 THIPOGOOH3UPYIOMIYIO JXHIKOCTh Mapku 136-41
(I'OCT 10834-76), a B kauectBe [IAB — kxpemHuifopranngeckoe
coequaenne mapku KOII-2A (TY 20.14.51-309-00209013-
2020). [lna cHWKEHHUS TOPIOYECTH SMOKCHUIHBIX IEHOIIACTOB
ucronb3oBan (ochaTHele MIaCTH(UKATOPH! (TpUKpe3mipoc-
¢ar, mudenun(2-stunrexcuin)pocdar, 1u(2-3THIATEKCHIT)HEHNIT-
¢docoar (TY 6-06-241-92), nudpennnuzonponunpocdar (TY 6-
05-211-1211-80), Tpuxnopnponuindochar (TY 2493-513-
05763441-2007), u xsopupoBanHbIi napadua mapku [Tapaxiop-
380 (TVY 2493-005-1316440-92). B xauecTBe alAUTUBHBIX OpO-
MOPTaHUYECKUX AHTHIHPEHOB MPUMEHSIIH TeKcaOpoMOeH301,
TeTpadbpoMan(peHMIONIIPONaH, TeTpadpoM(TaneBbIi aHTUAPHU,
nexabpomaudermtokcua U N(2,4,6-tpubpompeHnT) MaleuHu-
MHJ, @ B KaueCTBE PEAKIHOHHOCIIOCOOHBIX AHTHIIUPEHOB —
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foams occurs at elevated temperatures and PEP grade -
foaming at 20-25°C. Epoxy foams of PE-1, PE-2, PE-
2T, PE-3, PE-5 grades are obtained by foaming and cur-
ing of ED-16 epoxy resin with amine hardeners. Foams
of PE-1, PE-2, PE-2T and PE-3 grades are foamed with
the help of ChKhZ-57 porophore, and PE-5 PPE is
foamed with the help of Hladon-113 (manual pouring)
or Hladon-142 (machine pouring). PE-6 foam plastics
are produced by foaming ED-16 epoxy resin with refrig-
erant-113, curing it with cationic polymerization cata-
lysts.

It should be noted that the vast majority of domestic
epoxy composites (including PTM) have increased fire
hazard (flammability, smoke-forming ability and tox-
icity of pyrolysis and combustion products) [11-13]. The
importance of reducing the fire hazard of polymer com-
posite materials (PCM) and fire protection of various
building structures on their basis is evidenced by numer-
ous reviews of scientific and technical literature pub-
lished over the last 5-6 years, the topics of which cover
almost all the issues of fire-safe application of PCM [14-
20]. The flammability of epoxy-based foams is reviewed
in [21]. Therefore, reducing the flammability of epoxy
foams for construction purposes is an urgent task.

The purpose of this research work is to develop
casting epoxy foams with reduced flammability and high
physical and mechanical properties.

Research objectives: to establish the influence of
chemical nature and content of additive and reactive
bromo- and phosphorus-containing compounds on ther-
mal stability, flammability, technological and opera-
tional properties of epoxy foams and development of
casting polyepoxy foams of reduced flammability with
high physical and mechanical characteristics.

Materials and methods of research

Filling epoxy foams were prepared on the basis of
ED-20 dian epoxy resin (GOST R 56211-2014). As an
amine hardener a mixture of polyethylene polyamine of
directed synthesis (polyaminoalkylimidazoline) of UP-
0641D grade (TU 6-05-241-202-82) and polyethylene
polyamine (PEPA, TU 2413-010-75678843-2012) in the
ratio 4:1 was used. Organosilicon hydrophobizing liquid
of 136-41 grade (GOST 10834-76) was used as a chem-
ical foaming agent to obtain PPE, and organosilicon
compound of KEP-2A grade (TU 20.14.51-309-
00209013-2020) was used as a surfactant. Phosphate
plasticizers (tricresyl ~ phosphate, diphenyl(2-
ethylhexyl)phosphate, di(2-ethylhexyl)phenyl phos-
phate (TU 6-06-241-92), diphenylisopropyl phosphate
(TU 6-05-211-1211-80), trichloropropyl phosphate (TU
2493-513-05763441-2007), and chlorinated paraffin
Parachlor-380 (TU 2493-005-1316440-92). Hexabro-
mobromobenzene, tetrabromodiphenylpropane, tetra-
bromophthalic anhydride, decabromodiphenyloxide and
N(2,4,6-tribromophenyl)maleinimide were used as addi-
tive organobromine flame retardants, and as reactive
flame retardants - bromine-containing epoxy resins of
UP-631 (TU 2225-652-11131395-2008) and UP-645
(TU 6-05-241-40-82) grades, containing 46.2 and 50.8%
of bromine, respectively, as well as epoxidized wastes of
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OpomMmcoiepikaniie SMOKCUAHBIE cMOJbI Mapok YII-631 (TY
2225-652-11131395-2008) u YII-645 (TVY 6-05-241-40-82), co-
JiepKaIIre cOOTBeTCTBEHHO 46,2 1 50,8% Opoma, a TakkKe STOK-
CHIVPOBAaHHBIE OTXOABI IPOM3BOJACTBA TEeTpabpoMan(eHN-
nommponana (QOTBAII), conepxamme 44,3% 6poma u 10,5%
SMOKCHIHBIX rpynn. J{is cpaBHeHHs ucnonb30Baiu Gocdopco-
JepKalui onurospupmerakpuiar (2-GpochoHOKCHITHIMETAK-
punat), cogepxkanmid 14,3% docdopa.

TexHonoruyeckue napamMeTpbl BOCIUIAMEHEHHST M OTBEPIK/Ie-
Hus [1113 onpenensiim 1o oOMETPUHITEIM METOANKAM, a UX (u-
3UKO-MEXaHWIECKHUE TIOKa3aTeNN - B COOTBETCTBUH C TPEOOBAHU-
avmu neiictByromux ['OCToB: KaxymIylocs IDIOTHOCTh — IIO
T'OCT 409-2017 (ISO 845:2006), mpoYHOCTH TIPH CHKATHH -
T'OCT 23206-2017 (ISO 844:2014), Bomponornomenne - [OCT
2869-2017 (ISO 2896:2001) u termonposogaocts — 1o 'OCT
7076-99.

Kucnoponusiit nameke (KU), TeMmeparypsl BOCIIIAMEHEHHUS
(T,) m camoBocrmamenenust (T.,) ompenensiiu mo ['OCT
12.1.044-89. IlpenenbHyt0 KOHLUEHTPALUIO KUCIOPOIA (Cnp) "
CKOPOCTB pacmpocTpanenus miaMmenn (V,) 1o TOpH30HTaIbHOM
MOBEPXHOCTH MPH KOHLIEHTPALMH KUCIOPOAA B TOTOKE OKHCIIHU-
tenst ot 20 10 75% wuccaenoBanu no MeToauke pabotel [22], a
KPUTHUYECKYIO IIIOTHOCTh TEIUIOBOTO MOTOKA BOCIIAMEHEHUS
(qxp) - MO MeTO/MKE paboThI [23].

TepMmuueckue xapakTepucTuku uccienoBanusix I1I13 ompe-
JIETSUTH € TIOMOIIBIO TEPMOaHAINTHIECKOro KoMIuiekca DuPont-
9900 pu HarpeBaHUU 0OPA3IOB HA BO3IYXE CO CKOPOCThIO 10 1
20 °C/muH ¢ yuetoMm tpedoBanus ['OCT 53293-2009. Kputepu-
SIMH TEPMOCTOMKOCTH STIOKCHIHBIX ITIEHOIUIACTOB SBJISIACH TEM-
neparypsl Hadajla HHTEHCHBHOTO Pa3JIOKEHHS (Tﬂp) U MaKcH-
MaJbHOM cKkopocTH pasnokeHust (Tpax)-

JKcnepuMeHTHI U 00CyKIeHHe pe3y1bTaToB

B PE3YIBbTATE BBINTOJTHECHHBIX OKCIICPUMEHTAJIBHBIX UCCIIEI0-
BaHMH yCTaHOBJIEHO, YTO TEPMOCTOMKOCTh U FOPIOYECTh HCCIIe-
JIOBaHHBIX 3AIMBOYHBIX SITOKCHUIHBIX TIEHOIIACTOB IIPAKTUICCKU
HE 3aBUCHT OT XMMHUYECKOH MPUPOIBI aMUHHOTO OTBEPIUTEIIS:
Typ cocrasmser 230-240°C, Tp,ax HaOMIOAAETCS NPH TEMIIEPa-
type 330-340°C, a KU pasen 19,2-19,7%. C pocToM cKOpoCTH
Harpesa 00pa3noB neromactoB ¢ 10 mo 20 °C/mun Ty, eHOIO-
JUATIOKCHUJIOB HE3HAYUTENHHO Bo3pacTaeT — ¢ 240 no 250°C. Cko-
POCTB PacIpOCTPaHEHUs TUIAMEHH 110 TOPH30HTAIBHOH MOBEPX-
Hoctu [II1D 3aBHCHT OT KOHIEHTpAIMU KHCIOpPOJAa B TOTOKE
okucauTens (puc. 1) v IIIOTHOCTH NeHomacTa (puc. 2).

KoHueHTpalys OKCHAOB yriepoja B MPOAYKTaxX MHPOJIN3a
SMOKCUAHBIX MEHOIUTacTOB Tipu Temmeparype 450-750°C He3Ha-
YHUTEJIHO 3aBHCUT OT COJIEPIKaHHs OTBEPXKIAIOIIEr0 areHTra B
MCXOJIHOW KOMIO3UIIMH U COCTABIISIET:

tetrabromodiphenylpropane production (EOTBDP),
containing 44.3% of bromine and 10.5% of epoxy
groups. Phosphorus-containing oligoether methacrylate
(2-phosphonoxyethyl methacrylate) containing 14.3%
phosphorus was used for comparison.

Technological parameters of ignition and curing of
PPE were determined according to generally accepted
methods, and their physical and mechanical parameters
were determined in accordance with the requirements of
the current State Standards: apparent density - according
to GOST 409-2017 (ISO 845:2006), compressive
strength - GOST 23206-2017 (ISO 844:2014), water ab-
sorption - GOST 2869-2017 (ISO 2896:2001) and ther-
mal conductivity - according to GOST 7076-99.

Oxygen index (OI), ignition temperature (T,) and au-
toignition temperature (Ts,) were determined according
to GOST 12.1.044-89. The limiting oxygen concentra-
tion (cpr) and flame propagation velocity (V,) on a hori-
zontal surface at oxygen concentration in the oxidizer
stream from 20 to 75% were investigated according to
the method of work [22], and the critical density of the
ignition heat flux (gir) - according to the method of work
[23].

The thermal characteristics of the studied PPE were
determined using DuPont-9900 thermoanalytical com-
plex when the samples were heated in air at a rate of 10
and 20 °C/min, taking into account the requirements of
GOST 53293-2009. Temperature of the beginning of in-
tensive decomposition (Tyny) and maximum decomposi-
tion rate (Tmax) Were the criteria of epoxy foam thermal
resistance.

Experiments and discussion

As a result of the performed experimental studies, it
was found that the heat resistance and flammability of
the investigated casting epoxy foams are practically in-
dependent of the chemical nature of the amine hardener:
Thr 18 230-240°C, Thax is observed at 330-340°C, and KI
is 19.2-19.7%. As the heating rate of the foam samples
increases from 10 to 20°C/min, the Ty, of the polyepoxy
foams increases slightly from 240 to 250°C. The flame
propagation rate along the horizontal surface of the PPE
depends on the oxygen concentration in the oxidizer
stream (Fig. 1) and the density of the foam (Fig. 2).

The concentration of carbon oxides in the pyrolysis
products of epoxy foams at 450-750°C does not depend
significantly on the content of curing agent in the initial
composition and is:

CO/CO,, 06beMH.%
450°C-0,25-0,26/0,42 - 0,46;
600°C - 0,75 - 1,00/ 8,00 - 12,20;

750°C - 0,20 - 0,25 /16,50 — 16,90

IIpu aToM MakcuManbHBIH BeIxo CO peanu3yercs npHu TeM-
neparype 600°C. IlpuBeneHHbIC BBIIIE JaHHBIE CBUICTENb-
CTBYIOT B IOBBILIEHHON IMOXAapHOI ONACHOCTH U BCIIECICTBUE
3TOr0 TOKCHYHOCTH 3aiuBOoYHbIX 113, uTo cymecTBeHHO orpa-
HUYUBAET UX MPUMEHEHHE B CTPOUTEIBHON UHIYCTPUH.

At the same time, the maximum CO yield is realized
at a temperature of 600°C. The above data indicate the
increased fire hazard and consequent toxicity of filler
foam, which significantly limits their use in the construc-
tion industry.
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PUCYHOK 1

3ABUCUMOCTb CKOPOCTH PACHPOCTPA-
HEHUS IUIAMEHHM IO TOPA3OHTAJILHOM
INOBEPXHOCTH IIEHOIIVIACTOB PA3JINY-
HOM ILIOTHOCTH OT KOHIEHTPAIIAH
KHUCJOPOJA B IIOTOKE OKHUCJIUTEJIA U
KAXYIIEACA IJIOTHOCTH I

1-90,3 xr/m3,2 —115,2 xkr/m3, 3 — 164,4 xr/m3,
4 -172,1 xr/m3, 5-250,6 xr/m3, 6 — 315,6 xkr/m3

MM/ C

Figure 1

Dependence of flame propagation velocity along the
horizontal surface of foams of different densities on
the oxygen concentration in the oxidizer flow and ap-
parent density of PPE:

1-90.3 kg/m3, 2 - 115.2 kg/m?, 3 - 164.4 kg/m3,
4 -172.1 kg/m?3, 5 - 250.6 kg/m3, 6 - 315.6 kg/m?

(kopocmb PAcNpoCMPAHEHUs NAGMEHU,

Pucynoxk 2

3ABUCUMOCTDB KUCJIOPOJHOI'O UHJAEKCA
(1) 1 CKOPOCTHU PACITPOCTPAHEHUMS I1JIA-
MEHHU IO T'OPU3OHTAJIBHOM IOBEPXHO-
CTH (2, 3, 4) 3AJIMBOYHbBIX 3IIOKCHUIHBIX
INEHOILIACTOB OT UX KAXKYIIENCSA IUIOT-
HOCTH U KOHIEHTPALIUU KHCJIOPOJA B
IIOTOKE OKHUCJIUTEJISA:

2-45%; 3-40%, 4 — 35%.

Ckopocmb pacnpocmpaHeHus
naaMeHu, MM/c

Figure 2

Dependence of oxygen index (1) and flame propaga-
tion velocity along the horizontal surface (2, 3, 4) of
poured epoxy foams on their apparent density and
oxygen concentration in the oxidizer flow:

2-45%; 3-40%,4 - 35%.

Jis yirydineHnst TeXHOJIOTMYECKUX CBOMCTB M HOBBIICHHS
9KCIUTYaTAI[HOHHBIX XapaKTEPUCTHUK SIOKCHIHBIX CBS3YIOMINX
UCIIONIB3YIOT OpraHndeckue 3(pupsl opTohochOpHONH KUCIOTHI
U KHjKUe XxiopupoBanusle napaduael [10,24]. Xiopnapa-
(bUHBI ABIAFOTCA €J1a00 TOSIPHBIMHU BEIECTBAMH, HMEIOIIMMHU
MOJSIPHYIO TPyHIy (XJ0p) W HEHOJSIPHBIN yTIIEBOJOPOIHBIN
CKeJIeT, YTO MO3BOJISIET MM XOPOIIO COBMEIIATHCS CO CMOJION
3/1-20 ¢ obpa3oBaHUEM OJHOPOIHOM KOMIIO3UIIMHU. B pe3yin-
TaTe IPOBEACHHBIX MCCIIEN0BaHUI YCTaHOBJIEHO, UTO (ocdart-
Hble TUIACTU(UKATOPHI U XJopupoBaHHble napaduus ([Tapax-
10p-380) He3HAUUTENBHO BIMSIOT Ha TEXHOJIOTMYECKHUE CBOM-
ctBa 3aimBoYHBIX [1I13 (Bpems crapTa ¥ IpOJOIKUTENLHOCT
BCIEHMBAHUS COCTaBIISIIOT cOOTBeTCTBEHHO 160-180 c. u 14-18
MHH.), a TeMIeparypa B 6yoke He npesbimiaer 90°C. Ongnako,
TUTACTH(HUKATOPHI CHIDKAIOT BSI3KOCTh UCXOTHON KOMITO3HIINY,
YTO YXyZAMAeT MUKPOCTPYKTYPY IIEH.

T'oprouects mccinenoBanusix 111D mpakTiuueckn He 3aBU-
CUT OT XHMHYECKOTO CTpoeHHA (pocdaTHBIX IUIacTH(UKATO-
poB: KM nenomnacros, coxepxamux 6,9 mac.% sdupos
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Organic esters of orthophosphoric acid and liquid chlo-
rinated paraffins are used to improve the technological
properties and increase the performance characteristics of
epoxy binders [10,24]. Chlorinated paraffins are weakly
polar substances having a polar group (chlorine) and a
nonpolar hydrocarbon skeleton, which allows them to
combine well with ED-20 resin to form a homogeneous
composition. As a result of the research, it was found that
phosphate  plasticizers and chlorinated paraffins
(Parachlor-380) have an insignificant effect on the techno-
logical properties of the casting RPE (the start time and
duration of foaming are 160-180 s. and 14-18 min. respec-
tively), and the temperature does not exceed 90°C. and 14-
18 min.), and the temperature in the block does not exceed
90°C. However, plasticizers reduce the viscosity of the in-
itial composition, which deteriorates the foam microstruc-
ture.

The flammability of the investigated RPE is practically
independent of the chemical structure of phosphate
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oproocdoproii kucnoTsl, pasen 19,5-21,2%, a q,, = 18,3 —
19,3 kBt/M? (tabnuua 1). Bausuue cojepskaHus yKa3aHHBIX
acTU(UKaTopoB Ha BocriamenseMocts [1I10 nokazano Ha

pHucyHKe 3.

plasticizers: the CI of foams containing 6.9 wt.% of ortho-
phosphoric acid esters is 19.5-21.2%, and gx~=18.3-19.3
kW/m? (Table 1). The effect of the content of the above

plasticizers on the flammability of RPE is shown in Figure
3.

TABJIALA 1 - ®U3UKO-MEXAHUYECKHUE CBOMCTBA, TEPMOCTOMKOCTH U TOPIOUECTD
MVMIACTUO®PUILIUPOBAHHBIX (6,9 MAC.%) 3AJIMBOYHbIX SJITIOKCHU/JHbIX IEHOIIJIACTOB
Table 1 - Physical and mechanical properties, heat resistance and flammability of plasticized (6.9 wt.%) poured

epoxy foams

Mapxka niacTuukaTopa
o Grade of plasticizer
oKa3aTean
Indicators Tpuxaopnpo- Augpernn (2- | Jlu (2-51marek- | Jlugennso- Tpukpesui-
maadocdar ITHITEKCHJI) - CHJI) - nponujipenn- bocdar
hocpar ¢enunadochar dochar

Konnenrpauus dpocdopa, mac. %,
B:
mIacTuuKaTope 9,47 8,55 7,78 8,42 9,50
MEHOIIACTE 0,65 0,59 0,54 0,58 0,66
Kaxymuiascs mioTHoCTb, Kr/m> 195 201 200 220 229
Paspymiaioniee Hanpsvkenue. npu 1650 1710 1700 1670 1550
cxatn, Klla
Bononorilomenne 3a 24 wuaca, 3.8 3.9 4 3.7 3.9
00beMH. %
Temmnepatypa Haqalna HMHTEHCHB- 217 216 215 220 224
HOTO pazioxenus, °C
Kucnoponusiii unneke, % 21,2 19,7 19,5 19,8 19,7
PUCYHOK 3 250
3ABUCUMOCTH KUCJIOPOJHOT' O UHAEKCA /
3AJIMBOYHBIX DIIOKCUJIHBIX NEHOILIA- el
CTOB OT COAEPXKAHMUS IIIACTU®UKATO- A‘
POB: é 23,0 //
; — xJopnapagun MZ(ll)pKI&l) IMapaxaop-380; = - 22,1%

— TpuxJgopnponuiagocdar; '3 22,0
3 — qudenn (2-3Tuarexcui) gocdar; = / 2 || ]
4 — qu (2-3Tuarexcut) gpeanadocdar. E_ - A %

i / /
5
Figure 3 = 20,0 / 19, 15%
' r._______.._lqi_.—b»_——— -

Dependence of oxygen index of poured epoxy foams — | 19,55%]
on the content of plasticizers: 19,0 0 3 6 4 7 =

1 - Parachlor-380 chloroparaffin;

2 - trichloropropyl phosphate;

3 - diphenyl (2-ethylhexyl) phosphate;
4 - di (2-ethylhexyl) phenyl phosphate.

Janneie Tabnuis! 1 v pucyHKa 3 TOATBEPKIAAIOT BBIBOJBI

pabor [25,26], uro 3¢upbl 0pTodhochHOpHO KUCITOTHI SBJIsI-
10Tcs Masiod g dexTnBHBIMH anTHIIpeHamu [IKM. U3 uccneno-
BaHHBIX OpraHNMYecKuX 3GpUpoB opTohocHOPHOI KUCTOTHI BbI-
cokuil mmacTuuuupyommi 3¢pdexT npossiseT audpeHmn (2-
stwrekcwin) Qocdar, obianaromuii Xxopouieli cOBMECTHMO-

CTBIO C 3MMOKCHUHBIM OJIMTOMEPOM.

Bonee Bwicokoil 3()PEKTUBHOCTHIO TIAMSTACSIIETO JICH-
CTBUs 00JIajaeT XJIOpUPOBaHHBIN mapaduH Mapku [lapaxiop-
380 (pucynok 3). Mexanu3m uHrnoupoBanus ropenus [1110 B
€ro MPUCYTCTBUU OOYCJIOBIEH (ierMarv3anuell miaMeHu U

CodepxaHue naacmupukamopad, Mac.%

The data of Table 1 and Figure 3 confirm the conclu-

sions of [25,26] that orthophosphoric acid esters are inef-
fective flame retardants for PCM. Of the studied organic
esters of orthophosphoric acid, diphenyl (2-ethylhexyl)
phosphate shows a high plasticizing effect and has a good
compatibility with the epoxy oligomer.

Parachlor-380 chlorinated paraffin has a higher flame-

extinguishing efficiency (Figure 3). The mechanism of
combustion inhibition of PPE in its presence is due to
flame phlegmatization and reduction of the concentration
of active radicals (H, ON and O-) due to their interaction

CHIMXKEHUEM KOHIleHTpanmu akTuBHBIX pamukanoB (H', OH u with the dehydrochlorination product of chlorparaffin -
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0’) 3a cuer UX B3aMMOJCHUCTBHUS C MPOJYKTOM AETHAPOXIIOPH-
poBanus xnoprnapagpuna — HCI. ITIpu stom KU Bo3pacraer 1o
24,6 (pucyHOK 3), a ¢, pasen 22,3-23.5 kBt/M2. Kpome Toro,
[Mapaxitop-380 noBeImIaeT gehopMaMOHHBIE XapaKTEPUCTHKA
H cHIKaeT Bomonoriomenne [1I1D: mo BOIOCTONKOCTH TIEHO-
IUIACTBl, IUIACTH(HUIMPOBAHHBIE XJOpHapaduHOM  MapKu
[Mapaxmop-380, mpeBocxomsar IO, mommduMpOoBaHHEIMH
JIpyruMu coeanHeHusiMu. Cienyer oTMeTuTh, uro [lapaxiop-
380 cumkaet TepmocToiikocTs 1113 (pucyHok 4), 1 mpakTiye-
CKH HE BJIMSCT Ha BBIXOJ OKCHIOB YIJIEPOAA MPU PasIoKEHUN
MIEHOIJIACTOB B MHTepBasie Temnepatyp 450-750°C.

PUCYHOK 4

TEPMOTPABUMETPUYECKHUE KPUBBIE 3A-
JIMBOYHBIX 3IIOKCUAHBIX NEHOIIVIACTOB
IOHUXEHHOM 'OPIOYECTH:

1 — 6e3 aHTUNIHPEHA;

2 -N (2,4,6 — TpudpomMpeHn) MaJeHHUMH;

3 — nekadpoman(peHnIT0KCHT;

4 —TteTpadpomaudeHnI01NpPoONaH;

5 — xnopupoBanHblii napagun mapku «IlapaxJop-
380».

Figure 4

Thermogravimetric curves of pouring epoxy foams
of lower flammability:

1 — without flame retardant;

2 -N (2,4,6 - tribromophenyl) maleinimide;
3 - decabromodiphenyloxide;

4 - tetrabromodiphenylolpropane;

5 - chlorinated paraffin “Parachlor-380”.

C MoBBIIIEHHEM TeMIepaTypsl MHPOJIH3a MPOUCXOANT 3a-
KoHOMepHBIN pocT koHIeHTpauuu CO u CO,: npu coaepkaHuu
B [I1D 11,75 mac.%. [apaxiop-308 xounentpanus CO u CO,
Bo3pacraeT coorBeTcTBeHHO ¢ 0,025 u 0,4 ob6vemH. % mpn
450°C mo 2,25 u 15,5 oowemu. % mpu 750°C. MakcuMabHbIH
BeIxox CO,, Kak M y HCXO/THOTO IIEHOTIOJIMAIIOKCH 1A, HAOIr0 1a-
etcs ipu Temreparype 600°C. SnokcuIHbIe TEHOIIACTBI, MJa-
crudunmpoBannbie [Tapaxiop-380, oTHOCTCS K MaTepraliam ¢
BBICOKO# IBIMOOGpasyomieii cnocodHocThio Dy, > 500 M2 /T.

Jl1s CHMKEHUS TOPI0YECTH MEHOIUIaCTOB Ha OCHOBE peak-
IIHOHHOCTIOCOOHBIX OJIMTOMEPOB MIMPOKO UCHOJB3YIOT a30TCO-
JIep Kaliie OpraHuYecKrue COeIMHEHHS, pa3jararonuecs npu
HarpeBaHUU C BBIICICHHWEM a30Ta, BBI3BIBAIONIETO (prermaTu-
3anMI0 TUIaMeHH (Harpumep, nopodop mapku UX3-18). On-
HaKo B 3IMOKCHAHBIX NeHoriacTax nopodop UX3-18 mposs-
asieT HU3Kyro 3¢dexruBHocTh. [Ipu ero coxepkannu 1o 11
Mmac.% KU nenomnnactoB Bo3pactaer ¢ 19,5 no 23,1%, a xaxy-
masics mwioTHocTh 11113 nossimaercs 1o 192 xr/m?® u, cooTser-
CTBEHHO, BO3pACTaeT MIPOYHOCTH MEHOIOIMIMOKCHIOB (pa3py-
Iaroniee HampspDKeHUe MPH CKATHH yBenuuwBaetcs ¢ 1,2 10
2,24 Mlla). Aranorn4ssiii 3 ekt qocTuraeTcs U npu BBEAe-
HUU B UCXOAHYIO Kommosunuto 10 mMac.% MHKpOKarcyImpo-
BAaHHOTO YETHIPEXXJIOPHUCTOTO YIIepoa WK XIagoHa Mapku 11
4B-2 ¢ muameTpom gactull < 160 Mk (000109Ka MUKPOKATICYJT
— nonuBuHWIOBBIM crmpt): KW meHomuactoB paBeH 22,7-
23,5% nipu mtoTHOCTH nien 215-235 kr/m?. CHuskeHue roprove-
ctu [1I13 B npucyTCTBUM MUKPOKAICYJIMPOBAHHBIX aHTUIIHPE-
HOB 00ycCJI0OBJICHO 3(Q(EKTOM IUCHEPTUPOBAHUS TOJIUMEPA H
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[Momeps mMacce, %

HCI. In this case, the KI increases to 24.6 (Figure 3), and
gxe is 22.3-23.5 kW/m?. In addition, Parachlor-380 in-
creases deformation characteristics and reduces water ab-
sorption of RPE: in terms of water resistance, foams plas-
ticized with chloroparaffin of Parachlor-380 grade are su-
perior to PPE modified with other compounds. It should
be noted that Parachlor-380 reduces the thermal stability
of PPE (Figure 4), and practically does not affect the yield
of carbon oxides during the decomposition of foams in the
temperature range of 450-750°C.

5{, A/
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N 7/ Y
SR/
_

Temnepamypa, °C

With the increase of pyrolysis temperature, the con-
centration of CO and CO> increases naturally: with the
content of 11.75 wt% of Parachlor-308 in PPE, the con-
centration of CO and CO; increases from 0.025 and 0.4
vol% at 450°C to 2.25 and 15.5 vol% at 750°C, respec-
tively. The maximum yield of CO,, as with the original
polyepoxy foam, is observed at 600°C. The epoxy foams
plasticized with Parachlor-380 are among the materials
with high smoke production capacity D,>500 m%/g.

To reduce the flammability of foams based on reactive
oligomers, nitrogen-containing organic compounds are
widely used, which decompose when heated with the re-
lease of nitrogen causing flame phlegmatization (e.g.,
porophor ChHZ-18). However, in epoxy foam plastics
porophor ChKhZ-18 shows low efficiency. At its content
of up to 11 wt.%, the KI of foams increases from 19.5 to
23.1%, and the apparent density of PPE increases up to
192 kg/m? and, accordingly, the strength of polyepoxy
foams increases (compressive failure stress increases from
1.2 to 2.24 MPa). A similar effect is achieved by introduc-
ing into the initial composition 10 wt.% of microencapsu-
lated carbon tetrachloride or hladon II 4B-2 with particle
diameter < 160 p (microcapsule shell - polyvinyl alcohol):
KI of foams is 22.7-23.5% at foam density of 215-235
kg/m?. The reduction of flammability of PPE in the pres-
ence of microencapsulated flame retardants is due to the
effect of polymer dispersion and flame knockdown as a
result of microcapsule rupture, phlegmatization and
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cOMBaHMS TUIAMEHH B pPE3yJNbTAaTe pa3pblBa MHUKPOKAICYI,
(ermaTHzanueil 1 UHTHOMPOBAHUEM IENHBIX peaKknuil Ia-
MEHH IPOAyKTaMHu pasnoxenus xianona umm CCly.

Bomee BBIcOKOH 3((PEKTUBHOCTHIO IUIAMSATACSAIIETO JeH-
CTBHS 00JaafoT OPOMOPraHWYECKHE AHTUIHPEHBI aIUTHB-
Horo Tuma (tabiuua 2), MeXaHH3M HHTHOMPOBAHUS TOPEHHMS
I[IKM B uX TIPUCYTCTBHH PacCMOTPeH B paborax [27,28]. U3
JIAHHBIX TaOJIUIBI 2 CIEyeT, YTO NPH CoJepKaHnu OpoMopra-
HUUYECKUX aHUTUIHUPEHOB 6,25% mac.% KU snokcuaHbIX me-
HOILIACTOB Bo3pacTtaet 1o 25,1-25,3%, ogHOBpEeMEHHO He3Ha-
YUTENIFHO CHMKAETCAd TEPMOOKHCIUTENbHAS CTaOMIBHOCTh
I3 u nossimaercs ux Te, 10 480-490°C. BnusHue conepxka-
HUS OPOMOPTraHMYECKNX aHTHITUPEHOB HAa TOPIOYECTh 3aJINBOY-
ueIX [1I13 npencrasieHo Ha pucyske 5. /lanabpie TaOuIE! 2 1
PHUCYHKA 5 MOKa3bIBAIOT, YTO XUMHIECKOE CTPOCHHE aAJUTHB-
HBIX OPOMOpPraHMYECKUX aHTHITUPEHOB HE3HAYNUTEIIHHO BIIUSIET
Ha uX 3 (HEeKTHBHOCTD.

TABJINIA 2 TOPIOYECTD 3AJIMBOYHBIX DITOKC

inhibition of flame chain reactions by decomposition
products of hladone or CCla.

Organobromine flame retardants of additive type have
higher flame retardant efficiency (Table 2), the mecha-
nism of inhibition of PCM combustion in their presence is
considered in [27,28]. It follows from the data in Table 2
that at the content of organobrominated anitipyrenes
6.25% wt.%, the KI of epoxy foams increases to 25.1-
25.3%, at the same time, the thermo-oxidative stability of
PCMs decreases slightly and their T, increases to 480-
490°C. The effect of the content of organobromine flame
retardants on the flammability of the casting EPS is shown
in Figure 5. The data in Table 2 and Figure 5 show that
the chemical structure of additive organobromine flame
retardants has little effect on their performance.

NIHBIX NEHOIIJIACTOB, COAEPKAIIINX

BPOMOPI'AHUYECKUE AHTUITUPEHBI
Table 2 Flammability of poured epoxy foams containing organobromine flame retardants

BpomMoprannyeckne aHTUNMPEHBI
Organobrominated flame retardants
IMoxka3arenn Terpa- Terpa- N(2,4,6- Teka-
Indicators I'excabpom- opomandge- opomra- TpuOpoMpe- G
. pomaude-
0eH301 HHJIOJI- JIeBBIT HHUJI)MaJIenH-
HHJIOKCH/Y
MponaH aHrUIApPUI MMH]L
Konnentpanust 6poma, mac. %, B:
- aHTHITUPEHE; 85,5 58,5 67,5 58 82,5
- IEHOIIacTe 5,90 4,04 4,66 4,00 5,69
Kaxy1mascs mioTHOCTb, KI/M> 1572 149,3 1445 139,7 140,1
Kucnoponusrit uanexc, % 24,7 25,0 24,0 253 24,3
Temmepatypa, °C:
- HavaJla MHTEHCUBHOTO PA3JIOKEHNUS; 213 216 225 218 210
- MaKCUMAaJIBHOW CKOPOCTH Pa3I0KEHHS; 315 321 325 317 335
- CaMOBOCIITAMEHEHUSI 490 480 470 460 490
PUCYHOK 5
28,0
3ABUCUMOCTDH KUCJIOPOAHOI'O UHAEKCA
3AJIMBOYHBIX MDY OT COAEPKAHHUSA AJl- e | =" ;
JUTUBHbBIX BPOMOPI'AHUYECKUX AHTHU- °U_ 26,0 ::-; e I 3
MUPEHOB: = B e Ff
3 st :
1 -N (2,4,6, - TpuOpoMdeHnI)MaJeH HUMHI; 5240 =
2 — TeTpadpoMau¢eHHI0JNPONAH; = %/
3 — rexcabpomoOeH30.1; S 720 /‘/
4 — nexabpoMaU(peHNTOKCHT; S
5 — TerpadpomdTasieBblii aHTHIPUIT =
5 20,0
=
Figure 5
L 2 & 6 8 10 12 14 16 18

Dependence of the oxygen index of the filling PPE on
the content of additive organobromine flame retard-
ants:

1-N (2,4,6, - tribromophenyl)maleinimide;
2 - tetrabromodiphenylpropane;

3 - hexabromobenzene;

4 - decabromodiphenyloxide;

5 - tetrabromophthalic anhydride.

CodepxaHue aHmunupeHoB, mMac. %
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J1st mosrydeHnst yMEpEeHHOTOPIOYNX 3aIMBOYHBIX IIEHOILIA-
CTOB Ha OCHOBE PEAKIMOHHOCIIOCOOHBIX OJHMIOMEPOB, CO-
rIacHo JaHHbIM paboTsl [29], KW nomken npesbimath 26%.
W3 pucynka 5 cnenyer, uto ams uccienoBaHHbIX 11110 yka3an-
HBII 5QQEKT JOCTUraeTCst MpU COAEPIKAHUM aIIUTUBHBIX OpO-
MopraHudeckux antunupeHoB (N(2,4,6-tpudpomdenmn) ma-
JenHUMUa M TeTpabpomuudenunonnponana) Oonee 12,0
mac.%, T.e. IPH KOHIIEHTpauy OpoMa B IOJIMMEPHOH MaTpHIe
oonee 7,3 mac.%. Cneayer OTMETHTh, YTO aIUTUBHBIC aHTH-
MHUPEHBI B MIPOIIECCE JUTMTENHHOM IKCILTyaTalliy TeTIOU30JIs-
IIMOHHBIX U3/IeNNI CKIIOHHBI K MUTPAIUX U3 TIOJIMMEPHON MaT-
PHILIBI, YTO TPUBOAUT K ITOBBIIIEHUIO TOPIOYECTH NIEHOIIACTOB
U CHIDKCHHIO MX 3KCIUTyaTallMOHHBIX XapakKTepucCTHK. [lo-
3TOMY HPEANOYTUTEIbHEE HCIIOIb30BaTh PEAKIIMOHHOCIIOCO0-
HBIEe OpoM- 11 pocdopcoaepkalre aHTHIHPEHBI. BrinsHue co-
JICpKaHUs PEaKIIMOHHOCTIOCOOHBIX OpoM- U (ocdopcomepka-
IIMX AHTUIMPEHOB Ha TOPIOYECTh 3IMBOYHBIX STOKCHHBIX

To obtain moderately flammable casting foams based
on reactive oligomers, according to [29], the KI should ex-
ceed 26%. It follows from Figure 5 that for the investi-
gated FPEs the indicated effect is achieved at the content
of additive organobromine flame retardants (N(2,4,6-tri-
bromophenyl) maleinimide and tetrabromodiphenylolpro-
pane) more than 12.0 wt.%, i.e. at the concentration of bro-
mine in the polymer matrix more than 7.3 wt.%. It should
be noted that additive flame retardants in the process of
long-term operation of heat-insulating products are prone
to migration from the polymer matrix, which leads to an
increase in the flammability of foams and a decrease in
their performance characteristics. Therefore, it is prefera-
ble to use reactive bromo- and phosphorus-containing
flame retardants. The influence of the content of reactive
bromine- and phosphorus-containing flame retardants on
the flammability of epoxy foam pours is presented in Fig-

MEHOIIACTOB MPEICTaBICHO Ha PHCYHKE 6.

PUCYHOK 6
31,0

3ABUCUMOCTDb KUCJIIOPOJHOI'O UHAEKCA
3AJIMBOYHBIX T2 OT COAEP)KAHUS PEAK- 290
IUOHHOCHOCOBHbBIX AHTUIIUPEHOB: e
1 — 2-¢ocoHokcHINIMETAKPHUIAT; g 27.0
2 —3nokcuaHast cmoja mapku YII-645; 5
3 —3nokcuaHas cMoaaa mapku YII-631; 5
4 — HMOKCHINPOBAHHBIE OTXO/ABI MPOM3BOACTBA 2 75,0
TeTpabpoManeHUI0/IIPONIAHA. 2=

o

S 23,0

=

(=)

a
Figure 6 = 210
Dependence of the oxygen index of casting PPE on
the content of reactive flame retardants: 19,0

1 - 2-phosphonoxyethyl methacrylate;

2 - epoxy resin of UP-645 grade;

3 - epoxy resin of UP-631 grade;

4 - epoxidized wastes of tetrabromodiphenylpropane
production.

IlepcnieKTHBHBIM HAIIPABJICHUEM CHIDKCHHS TOPIOYECTH
STIOKCHAHBIX TEHOIJIACTOB CTPOUTEIHHOTO HA3HAYEHUS SIB-
JISIeTCS MCIIOJIb30BAHNE B KAYECTBE AHTUITMPEHOB SIOKCHIH-
POBaHHBIX OTXOJOB IIPOM3BOJACTBAa TeTpabpoMaeduHu-
nonnponana. Kucnopoansiit nuugexc I3 npu ux conepxa-
HuM 6onee 17 mac. % npesblimaer 27%. CiieyeT OTMETHTS,
yTO ¢ pocToM coaepxkanust DJOTB/III ysenuuuBaercs mioT-
HocTh [II1D U, COOTBETCTBEHHO, MPOUCXOJUT YBEITHMUCHHE
MPOYHOCTU SMOKCUAHBIX MeHomnaacToB. [Ipu 3ToM mo 3kc-
TUTyaTallioOHHBIM  XapakTepuctukam 113, mommdpuimpo-
BaHHBII ATMOKCHAMPOBAHHBIMU OTXOJAaMH IPOM3BOICTBA
TeTpabpoMandeHnIIponana, yCTyaeT IpyruM BHAAM MO-
JTUGUIMPOBAHHBIX MEHOMOIMAIIOKCHAOB, HO UMEET 3HAYH-
TEJIEHO MEHBIIYI0 CTOMMOCTh. [lomoxuTenpHbIi 3¢ dexr mo-
CTHTaeTCs W MPH HNPUMEHEHUH (ochopcomepKamero oim-
roadupmeTakpuiara (pucyHok 6). OCHOBHBIE KCILTyaTaly-
OHHBIE CBOICTBA, TOPIOYECTh U TEPMOCTONKOCThH 3aJIHBOY-
HBIX JMOKCUIHBIX IEHOIIACTOB MOHMXEHHOW TOpHOUYECTU
NpUBEJICHEl B Tabumie 3, a 3aBUCHMOCTb pa3pyLIAIOIIEro
HaNpsKEHUS TIPU CIKATUU OT KaXyIIeHcs INIOTHOCTHU pa3pa-
6otannbIx [1I1D cTponTenbHOro Ha3HAUCHHMS NIPECTABICHBI
Ha pUCYHKE 7.
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The use of epoxidized wastes of tetrabromodefinylolpro-
pane production as flame retardants is a promising direction
to reduce flammability of epoxy foams for construction pur-
poses. The oxygen index of PPE with their content of more
than 17 wt. % exceeds 27%. It should be noted that with the
increase of EWTBDP content the density of PPE increases
and, accordingly, the strength of epoxy foams increases. At
the same time, in terms of performance characteristics, the
PPE modified with epoxidized wastes of tetrabromodiphe-
nylpropane production is inferior to other types of modified
polyepoxide foams, but has a significantly lower cost. A pos-
itive effect is also achieved with the use of phosphorus-con-
taining oligoether methacrylate (Figure 6). The main perfor-
mance properties, flammability and heat resistance of casting
epoxy foams of reduced flammability are given in Table 3,
and the dependence of compressive failure stress on apparent
density of the developed PPE for construction purposes is
presented in Figure 7.
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PUCYHOK 7

3ABUCHUMOCTDb PA3PYHIAIOIIEI'O HAIIPA-
KEHUS TPH CKATHHA OT KAXYIIEACS
IINTIOTHOCTH 3AJIUBOYHBIX 2ITIOKCUAHBIX
HNEHOILIACTOB:

1 — ucxoansbrii II19;

2 — [III9Ha ocHoBe docopcoaep:xaiero
0JIMT03()MpPMeTaKPUJIAT;

3 — [II3, conep:kauuii FIMOKCUIUPOBAHHDbIE 0TXO0/bI
NPOH3BOJACTBA TeTPadpoMANeHUI0IIPONIAHA.

Figure 7

Dependence of breaking stress in compression on ap-
parent density of epoxy foams:

1 - initial PPE;

2 - PPE based on phosphorus-containing oligoether
methacrylate;

3 - PPE containing epoxidized wastes of tetrabromo-
diphenylolpropane production.
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TABJMIA 3 ®U3NKO-MEXAHUYECKHUE CBOMCTBA, TOPIOUECTh U TEPMOCTOMKOCTH
3AJIMBOYHBIX DIMTOKCUIHBIX IEHOIIJIACTOB.
Table 3 Physical and mechanical properties, flammability and heat resistance of poured epoxy foams.

Bua peakniMOHHOCIIOCOOHOI0 AHTHIIHPEHA
Type of reactive flame retardant
HMcxoanblii 321MBOY- OTXx0abI NPOU3BOACTBA
Moxasarenn HBIA 31::)1::;1:5114 Te- @ocopeoneprcanuii TeTpaﬁpOMﬁng)eHnno.lmpo-
Indicators oy . O5M aua
Initial pouring epoxy ac Waste products
Phosphorus-containing q
foam foam Tetrabromodiphenylpro-
OEM
pane
Kaxymascs mIoTHOCTh, KI/M> 150-220 130-230 170-230
Paspymatomee nanpsbxkenue, Mna, npu:
- CKATHH 1,07-3,70 1,15-2,65 1,12-2,55
- pacTshKeHHH 0,64-1,40 0,54-1,25 0,48-1,10
Bogomnormnomienue 3a 24 yaca, % 00beMH. 3,00-3,40 6,70-7,80 6,40-7,50
Tennonposoanocte, 0,051-0,054 0,051-0,060 0,052-0,058
Br/(MmK)
Kucnopoaustit unnexc, % 19,5-19.,8 27,2-28.,5 28,4-29,2
Temnepatypa, °C:
- Ha4aJjla ”THTEHCUBHOTO PA3JI0XKEHHUS; 232-235 239-242 222-225
- MAaKCUMAaJIbHOH CKOPOCTH Pa3IOKEHHUS; 342-345 349-353 318-322
- BOCIUTAMCHCHHS, 375 365 360
- CAMOBOCIIJIAMEHEHUS 460 490 480
BoiBoabl Conclusions

B pesympraTe mpOBENEHHBIX 3KCIIEPHMEHTAIBHBIX HC-
CJIeI0BaHUi IOKa3aHO BIMSHUE XUMUYECKOU PUPOJBI U CO-
nepxxanusi  ¢GocPaTHbIX MIACTH()HUKATOPOB, aIUTUBHBIX
OpOMOpPraHWYECKUX W MUKPOKAIICYIMPOBAHHBIX aHTHUIIHPE-
HOB, PEAKIIMOHHOCIIOCOOHBIX OpoM- 1 (hocdopcoaeprammx
COEIMHEHUH M XJIopHpoBaHHOTO HapaduHa mapku Ilapax-
10p-380 Ha TEPMOCTONKOCTB, TOPIOYECTh U PH3UKO-MEXaHH-
geckue cBoifctea IIIID. DOto mno3Boamiao aBTOpam

As a result of the conducted experimental studies the in-
fluence of chemical nature and content of phosphate plasti-
cizers, additive organobromine and microencapsulated flame
retardants, reactive bromo- and phosphorus-containing com-
pounds and chlorinated paraffin of Parachlor-380 grade on
heat resistance, flammability and physical and mechanical
properties of EPS was shown. This allowed the authors to
develop moderately flammable pouring epoxy foams for
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pa3paboTaTh yMEPEHHOTOPIOYNE 3aJHMBOYHBIC ITIOKCHIHBIC
TICHOIUIACTHI CTPOUTEIHHOTO Ha3HAUCHUS, 00IaafoIIie BhI-
COKHMMH TEXHOJIOTHYECKUMH H SKCILTyaTallHOHHBIMHU XapaK-

construction purposes with high technological and opera-
tional characteristics.
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