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AHHOTADIUA

B cospemennoti cmpoumenvrou unoycmpuu 015 NOGbIUEHUS MEPMULECKO20 CONPOMUBTEHUs KOHCMPYKYUU U CHUIICEHUS] TNeNI08bIX No-
mepb WUPOKO UCHOTbIVION 3ANUB0YHbIE NEHONAACHIbL HA OCHOBE PEAKYUOHHOCNOCOOHBIX ONULOMEPO8, 00aadalowue 8biCOKUMU SKCHIYama-
YuoHHBIMU Xapakmepucmukamu. IIpu smom, ocoboe enumanue yoensiom npumerenuto nenonoauuzoyuarnypamos (IIUP). Oonaxo, 6 nayuno-
MeXHUYecKol 1umepamype npaKxmuiecku Omcymcmeyiom OaHHble 0 GIUAHUU COCMABA NEHONOTUUSOYUAHYPAMO8 HA UX mepMuiecKue ceoti-
cmesa. Lenvio nacmoswell pabomvl A615A€mMCs YCMAHOGIEHUe BAUAHUA COOMHOWEHUS USOYUAHAM/NONUON, COOEPIUCAHUSL MOOUDUKAMOpa
(mpuxnopnponuigocpama) u Kadxcywecs niomHOCmU nel Ha mepmudeckue ceovcmea 3aausounvix ITHP. Tepmuueckue ceoticmea ITHP,
npu ux nazpesanuu ¢ unmepsaie memnepamyp 30-800 °C ¢ ammocghepe azoma u na 6030yxe, UCCI008aU C NOMOUBIO MYTLIMUMOOAILHOZO
mepmoanarumuyeckozo komniekca DuPont-9900 (ckopocmo nazpesa 20°C/mun). Buisigneno, umo mepmoOKUCIUmMenIbHoe pasioxceHue ne-
HONONUUZOYUAHYPATNO8 ABNAEMCA APKO BbIPAHCEHHBIM, 08YXCMAOULIHBIM npoyeccoMm, a decmpykyusa IIAP ¢ unepmuoii cpede (azome) -00-
HOCMAOUUHBIM HPOYECCOM, YMO CEUOEMENbCMEYem O PA3IUYHBIX MEXAHUSMAX PA3I0dICEeHUs NeHONIACINO8 Ha 6030yXe U azome. B pesyib-
mame dKCHePUMEHMATbHBIX UCCe008aHUL BbIAGTEeHO, YmMo uccredoganusie ITHUP 6onee ycmotiuugel Kk mepmMooKUCIUMENbHOU 0ecmpyKyuu
yem Kk mepmuueckou oecmpykyuu. Tepmuueckue c60lcmea yKa3anHbiX NEHONAACNOE 3A6UCAM 0N COOMHOWEHUS. USOYUAHAM/NONTUON U CO-
Oeporcanus TXTI®. [Tnomnocmb neHONOAUUZOYUAHYPAIMOE HESHAYUMENLHO GIUAEM HA UX MEPMOCMOUKOCHb. TIpu onmumansHom cooepaica-
HUU ucxoonvix komnonenmog ITHP obradaiom Gonee 8biCOKOU MeEPMOCHOUKOCHbIO HO CPABHEHUIO C JHCECIKUMU NEHONONUYPemanami
(I1iy).
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ABSTRACT

In the modern construction industry for increasing the thermal resistance of structures and reducing heat losses, casting foams based on
reactive oligomers with high performance characteristics are widely used. At the same time, special attention is paid to the use of polyisocy-
anurate foams (PIR). However, in the scientific and technical literature there are practically no data on the influence of the composition of
polyisocyanurate foams on their thermal properties. The purpose of this work is to determine the influence of isocyanate/polyol ratio, modifier
content (trichloropropyl phosphate) and apparent density of foams on thermal properties of casting PIRs. The thermal properties of PIRs,
when heated in the temperature range of 30-800 °C in nitrogen atmosphere and in air, were investigated using a multimodal thermal analyt-
ical complex DuPont-9900 (heating rate 20°C/min). It is revealed that thermo-oxidative decomposition of polyisocyanurate foams is a pro-
nounced, two-stage process, and the destruction of PIR in inert medium (nitrogen) is a one-stage process, which indicates different mecha-
nisms of decomposition of foams in air and nitrogen. As a result of experimental studies, it was revealed that the investigated PIRs are more
resistant to thermo-oxidative degradation than to thermal degradation. The thermal properties of the above foams depend on the isocya-
nate/polyol ratio and TCPP content. The density of polyisocyanurate foams insignificantly affects their thermal stability. At the optimal
content of initial components PIRs have higher thermal resistance compared to rigid polyurethane foams (FPU).
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BBEJEHUE

B Hacrosmiee Bpemsl SIBISIETCS aKTyaJbHBIM IOBBILIEHHE
TEPMHUYECKOTO COIPOTHUBIICHUS CTPOUTEIBHBIX KOHCTPYKIUI U
CHIDKCHHUE TETUIOBBIX ITOTEPh NPY TPAHCIIOPTHPOBKE TEIIOHO-
CHUTENs OT NMPOM3BOAMTENS K norpedutento. C y4eToM H3HO-
IIEHHOCTH JEHCTBYIOIIMX TEIIOBBIX CETEH, MPEBBIIIAIOIMINX
90%, n BBeieHHs OoIee )KECTKUX HOPMAaTHUBOB IO TETIIIOBOH 3a-
IIUTE 3IaHUH ¥ COOPYKEHHH, TEIUIOBOW H30JISIHUN 000pyI0Ba-
Hus, peraamentupoBanHbix CIT  50.13330.2012 u  CII
61.13330.2012, BO3HUKIA HEOOXOJUMOCTh B NMPUMEHEHUHU B
CTPOUTEIBHOW MHAYCTpHUU Ooiiee d3P(PEKTUBHBIX TEIION30JIs-
IIMOHHBIX MaTepuajoB U KOHCTpyKuuii. K BbicokodddexTHs-
HBIM TEIUIOU3OJISIIIMOHHBIM MaTepHaiaM OTHOCSTCSl Ta3oHa-
MOJIHEHHBIE TIOJIMMEpPH! (IIEHOILIACTHI), 00JIaJalone HU3KOH
wiotHocTeiO0 (15-100 kr/mM%) m TemonposogrocThIO (0,022-
0,045 Br/M*K), mmpokuM TeMmnepaTypHbIM JHarna30HOM MpH-
meneHus (ot -180 mo +150 °C), xopommM codeTaHHEM HpoU-
HOCTH W TUIOTHOCTH. OHHM BBIAEPKHUBAIOT MHOTOKPATHBIC
IIUKJIBl 3aMOPAXMBAHMSI W OTTAMBAHHS, 3HAYUTEIHHO ITOBBI-
IIAI0T HAJAEKHOCTh W JIOJITOBEYHOCTh CTPOMTEIBHBIX KOH-
cTpyknwii, Ha 10-15% cHmwkatot motepu Temia u B 1,5-1,8 paza
YBEJIMYMBAIOT MPOU3BOAUTEIBHOCTh TPY/A MPH BHITOJIHEHUH
CTPOUTEIBHO-MOHTAXHBIX pabot [1-12]. Yuutsias, uto npoy-
HOCTb TICHOIUTACTOB, B OCHOBHOM, ITPOIOPIMOHATBbHA UX TUIOT-
HOCTH, TpeOyeMblii TMana3oH MJIOTHOCTEH Ta30HAMOIHEHHBIX
MOJIMMEPOB OIPEAENIIeTCS 00JIACTHIO UX IPUMEHEHHSI.

Cpenu 3aIMBOYHBIX EHOIUIACTOB HA OCHOBE PEAKIIMOHHO-
CIIOCOOHBIX OJIMTaMEPOB B CTPOUTEIBHOW MHIYCTPUH ILIHPOKO
UCTIONIB3YIOT Pe30JIbHbIE NEeHO(EHOIUIaCThl M KapOaMuIHbIC
neHoracTsl, neHonommyperansl (I111Y) n nenononunzonna-
mypartsl ([INP). [Ipu »TOM, mocneaHNe 3HAYUTETFHO MPEBOC-
XOZAT MO CBOMM JKCIUTyaTallHOHHBIM XapaKTepHUCTHKaM Tpa-
TUIIMOHHEIE TETION30IAIINOHHBIe MaTepuaisl [13,14]. B kaue-
CTBE NpHMEpa HIXKE MPUBEICHBI OCHOBHBIE JKCILTyaTaI[MOH-
HbIE MTOKa3aTenu 3auBoIHbIX [TUP [14]:

KaxKyIascs IIOTHOCTb, Kr/m® — 30-40;

npouHocTh npu 10%-HoM cxatun, klla — 120;

BoJoIorioiieHue 3a 24 gaca, % oobeMH. — 2,0;

TEIUIONPOBOAHOCTE, BT/(M*K) — 0,022-0,027;

TeMmneparypa 3kcmyatanuy, °C — ot -65 go +110;

rpynmna roproyecta — I'1-I'2.

OpnHaxo, CyIecTBEHHBIM HEI0OCTaTKOM ITEHOIIACTOB Ha OC-
HOBE TTOJINYPETAHOB SIBISAETCS UX HU3Kas TEPMOCTONKOCTb.

B HaydHO-TeXHMYECKOH nHTepaType OOJBIIOC BHUMAHHUE
YAENSAETCS UCCIENOBAHUIO 3aKOHOMEPHOCTEH TEPMUYECKON U
TEPMOOKHCINTENPHON JECTPYKINHU Pa3IMIHBIX MOJIHypeTa-
HOB, XeCTKuX U 3nacTuuHblX [II1Y: Tak, Harpumep, yCTaHOB-
JIEHO, YTO IIPY HU3KOTEMIIEPATypPHOM IIHPOJIN3€E IOJINYPETAHOB
u xectkux [ITY mpoucxoauT B OCHOBHOM pa3jioK€HHE ypeTa-
HOBBIX TPYIII ¢ 00pa30BaHHEM MCXOIHBIX MOJIMOJIOB, aMHHOB,
UCIIOJIb3YEMbIX B KAaU€CTBE KaTaJIM3aTOPOB IIPH CHHTE3E yKa-
3aHHBIX MOJMUMEPOB M 4,4'-MeTHIIeHIUPEeHIIANU30aHaTa.
[Trponn3 noanypeTaHoOB CONPOBOXIIACTCS MPOTEKAHUEM BTO-
PHYHBIX IIPOIECCOB, TAKUX KaK JAErUApaTalys MoJINoJIoB ¢ 00-
Pa3oBaHMEM Pa3INYHBIX OKCUTE€HATOB (CIIMPTOB, KETOHOB, AJIb-
JIETHJIOB, MPOCTBIX M CIOXXHBIX 3(HUPOB) AEKapOOKCHINPOBa-
HHe ¢ BpieneHneM CO», a Taxoke IUKIN3anus U apOMaTH3aIHS
YTIIEBOJOPO/IOB ¢ 00pa30BaHUEM MOJHINUKINIECKIX apOMaTH-
YEeCKUX COCIMHEHUH, copepkamux 10 4-5 OeH30IbHBIX KOJIEIl
[15-17].

INTRODUCTION

Nowadays it is urgent to increase the thermal re-
sistance of building structures and reduce heat losses dur-
ing transportation of heat carrier from the producer to the
consumer. Taking into account the deterioration of exist-
ing heat networks, which exceed 90%, and the introduc-
tion of more stringent standards for thermal protection of
buildings and structures, thermal insulation of equipment,
regulated by SP 50.13330.2012 and SP 61.13330.2012,
there is a need to use more effective thermal insulation ma-
terials and structures in the construction industry. Gas-
filled polymers (foam plastics) possessing low density
(15-100 kg/m®) and thermal conductivity (0,022-0,045
W/m*K), wide temperature range of application (from -
180 to +150 °C), good combination of strength and density
belong to highly effective heat-insulating materials. They
withstand multiple cycles of freezing and thawing, signif-
icantly increase the reliability and durability of building
structures, reduce heat losses by 10-15% and increase la-
bor productivity during construction and installation
works by 1.5-1.8 times [1-12]. Taking into account that
the strength of foams is mainly proportional to their den-
sity, the required density range of gas-filled polymers is
determined by the field of application.

Among the casting foams based on reactive oligamers,
resin and urea foams, polyurethane foams (PU) and poly-
isocyanurate foams (PIR) are widely used in the construc-
tion industry. At the same time, the latter are significantly
superior in their performance characteristics to traditional
thermal insulation materials [13,14]. As an example, the
main performance indicators of casting PIRs are given be-
low [14]:

apparent density, kg/m? - 30-40;

strength at 10% compression, kPa - 120;
water absorption for 24 hours, % vol. - 2,0;
thermal conductivity, W/(m*K) - 0,022-0,027;
operating temperature, °C - from -65 to +110;
flammability group - G1-G2.

However, a significant disadvantage of polyurethane-
based foams is their low heat resistance.

In the scientific and technical literature much attention
is paid to the study of regularities of thermal and thermo-
oxidative degradation of various polyurethanes, rigid and
elastic FPU: for example, it is established that at low-tem-
perature pyrolysis of polyurethanes and rigid FPU there is
mainly decomposition of urethane groups with the for-
mation of initial polyols, amines used as catalysts in the
synthesis of these polymers and 4,4'-methylenediphenyl
diisocyanate. Pyrolysis of polyurethanes is accompanied
by secondary processes such as dehydration of polyols
with formation of various oxygenates (alcohols, ketones,
aldehydes, simple and esters) decarboxylation with release
of CO,, as well as cyclization and aromatization of hydro-
carbons with formation of polycyclic aromatic compounds
containing up to 4-5 benzene rings [15-17].

The composition of pyrolysis products of polyure-
thanes depends not only on the conditions of thermal
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IIpu 3TOM cocTaB MPOAYKTOB MUPOJIM3A OINYPETAHOB 3a-
BHUCHUT HE TOJBKO OT YCIOBUH TEPMHUYECKOTO Pa3lI0XKeHUs I0-
JIMMEPOB (TeMIIepaTypbl, CKOPOCTH HarpeBa, aTMoc]epbl, U
T.JI.) ¥ IPUMEHEHUSI PA3INYHBIX TTHPOJIMTUYECKUX yCTPOHCTB,
HO M OT XMMUYECKOTO CTPOEHUS U COJEP KAHUS MOJIUOJIOB U
M30LIMOHATOB, KaTAIM3aTOPOB M IUIACTU(HMKATOPOB, a TaKXKe
JIPYTHX IIEJEBBIX T00aBOK, NCIIOJIb3YEMBIX IIPU CHHTE3€ HOJIH-
ypetaHoB [15-17]. bonbpmroe BIusHIE HA TEPMOCTOUKOCTD I10-
mmyperanoB u [1ITY okasbiBaeT n30mMaHATHBIN HHAEKC (COOT-
Homernne rpymnn NCO-rpynn u3ormanatos, 1 OH-rpymm mo-
JIOJIOB) IIPY TOJYyYCHUH TOJIMYPETAHOB M MaTepUAlIOB HA UX
OCHOBE.

BrIsBIIEHO, YTO TEPMOOKUCINUTENBHOE Pa3JIOKEHHUE IOJIH-
ypetanoB u IIITY mpotekaeT ¢ OOJNBIICH CKOPOCTBHIO YeM HX
MUPOJIN3 B UHEPTHOM cpejie, ¢ 00pa30BaHUEM MEHBIIIEr0 KOJH-
YeCTBa Pa3INYHBIX YIJIEBOJOPOIOB U OONIbLIEH KOHIIEHTPALUH
Beiensonerocs CO,. YckopeHue pa3nokeHus NoInypeTaHoB
Ha BO3AyX€ MPOHCXOJUT 3a CUET Pa3pyLICHUS MOIHOIBHBIX
CTPYKTYP W CHIIKEHHSI TEMIIEpaTyphl PA3JI0KEHHS TIOINypeTa-
HOB Ha IMOJIMOJBI ¥ TUU30LIHAHATH U UX n3oMepsl 1o 200 °C o
CPaBHECHHUIO C IHUPOJHM30M IIOJMMEPOB B HMHEPTHOH cpere
[16,17].

[loBBllLIEHNE TEPMOCTOMKOCTU IOJMYPETAHOB [OCTUIa-
€TCsl, yallle BCEro, XuMUIeCKol Mou(rKaiue 3a cCueT BBeIe-
HUS B UX COCTaB TEPMOCTOMKHUX CTPYKTYyp, HaIIpUMep, U30IHa-
HypaToB, 00pa3yomuxcs B MpoLiecce KaTATUTHYECKON TpUMe-
pu3aiuu uzonuaxaros [16,17]. IlpeacraButensiMu ra3oHamo-
HEHHBIX NTOJIUMEPOB, COJEPKAIUX U U30I[HaHyPaTHBIE CTPYK-
TypHl sBistorest [IUP. Pasnoxxenue ITMP Ha Bo3myxe mpote-
KaeT B ABe craauu. Ha mepBoil craguu mpu Temmeparype 10
300 °C mpoucxXomuT pa3pblB MOJHONBHBIX U M30LMAaHATHBIX
cBsizel, a moteps Maccel gocturaetr 50%. Bropas cragus npo-
TekaeT B otk 70 800 °C ¢ oOpa3oBaHNEM HEOOIBIIOTO KOK-
coBoro ocratka [17]. OcoOEHHOCTH TEePMUYECKOH H TepMO-
OKUCIUTENbHBINA AecTpyKIuH nonuyperanoB u [1I1Y neransHO
paccMoTpeHs! B pabdorax [16,17].

[ToBenenue paznuunbix Mmapok [I1P npu ternnoBom u orue-
BOM BO3JICHCTBUU paccCMOTpeHo B padote [18]. ABTopamu pa-
0OTHI yCTaHOBIICHO, 4TO MOANUIMPOBaHHBIE (hochopopraHu-
yeckuMu aHtunupeHamu IIMP mapox «ApuaHuT», IIIOTHO-
cThio 47-50 xr/m?, mpousBozcTBa kommanuu 3A0 «Apuaga»
OTHOCSTCS K rpymnmne roprouectu I'l, mpu ucnbeITaHum no me-
tony Il 'OCTa 30244-94 u x rpynne BocmiaMmeHsieMoctu Bl
npu ucneitanuy no I'OCT 30402-96, a Teriora UxX cropaHus
cocrasisier 25,86 MJ[x/kr. IINP nnotHocThio 40-45 Kr/M3 0T-
HOCHTCS K TpyTIe roptodectr ['2 1 rpymire BoCIiIaMeHsIeMOCTH
B2, a xokcoBbIif ocTaTok mpu Temmeparype 850 °C He mpeBbI-
maet 27%.

Takum o06pa3oM, aHaIM3 HAYYHO-TEXHUYECKOW JHTEpa-
TYpPBI IOKa3aJ1, YTO OJHUMH U3 CaMbIX 3G PEKTUBHBIX MOTUMED-
HBIX TEIUIOM3OJIAIOHHBIX MaTepHANIOB SIBIAIOTCS TEHOIOIH-
ypeTaHbl U NeHONOJIMU30I[HaHypaThl, 00J1a1at0IIe BBICOKMMHU
9KCIUTyaTallHOHHBIMU XapakTepucTukaMu. IIpu 3TOM, OCHOB-
HOE BHUMaHHE YAEIAIOCh UCCIEAOBAaHNIO (PU3NKO-MEeXaHnYe-
CKUX XapaKTepUCTHK MEHOMOIUM30LUaHypaToB. B TO ke
BpeMs B JINTEPAType OTCYTCTBYET JOCTOBEPHBIE JAHHBIE O BIIU-
STHAW COOTHOIIICHYSI H30IIHAHAT/TIONHON 1 coaepkanust TXI1D,
a TaKke Kaxyuencs miotHocty [P Ha Tepmuueckue cBoii-
CTBA yKa3aHHBIX NEHOMIACTOB. [103TOMY HeJIbI0 JAHHOTO HC-
CJ1eJ0BAHMS SABISUIOCH YCTAHOBUTH BIHMSHHE COOTHOIICHUS
M30LMAHATOB U MoyNoIIoB, conepxanue TXIID u nmnotHOCTH
MICH Ha OCHOBHbIE TEPMHUYECKUE CBOICTBA, 3aJIMBOYHBIX MEHO-
MOJTMH30IIHAHYPATOB.
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decomposition of polymers (temperature, heating rate, at-
mosphere, etc.) and the use of various pyrolytic devices,
but also on the chemical structure and content of polyols
and isocyanates, catalysts and plasticizers, as well as other
target additives used in the synthesis of polyurethanes [15-
17]. The isocyanate index (the ratio of NCO-groups of iso-
cyanates and OH-groups of polyols) has a great influence
on the thermal stability of polyurethanes and polyure-
thane-based materials.

It was revealed that thermo-oxidative decomposition
of polyurethanes and PPU proceeds at a higher rate than
their pyrolysis in inert medium, with the formation of a
smaller amount of various hydrocarbons and a higher con-
centration of released CO,. Acceleration of polyurethanes
decomposition in air occurs due to destruction of polyol
structures and decrease of polyurethanes decomposition
temperature into polyols and diisocyanates and their iso-
mers up to 200 °C in comparison with polymer pyrolysis
in inert medium [16,17].

Increasing the thermal stability of polyurethanes is
most often achieved by chemical modification through the
introduction of heat-resistant structures, for example, iso-
cyanurates formed in the process of catalytic trimerization
of isocyanates [16,17]. The representatives of gas-filled
polymers containing isocyanurate structures are PIRs. The
decomposition of PIRs in air proceeds in two stages. At
the first stage at temperatures up to 300 °C, polyol and iso-
cyanate bonds are broken, and mass loss reaches 50%. The
second stage proceeds up to 800 °C with the formation of
a small coke residue [17]. The features of thermal and
thermo-oxidative degradation of polyurethanes and PPU
are discussed in detail in [16,17].

The behavior of different brands of PIR under thermal
and fire exposure is considered in [18]. The authors of the
work found that modified organophosphorus flame retard-
ants PIR grades "Arianit", density 47-50 kg/m?, produced
by CJSC "Ariada" belong to flammability group G1 when
tested according to method II of GOST 30244-94 and to
flammability group B1 when tested according to GOST
30402-96, and their heat of combustion is 25.86 MJ/kg.
PIR with density 40-45 kg/m? belongs to flammability
group G2 and flammability group B2, and coke residue at
temperature 850 °C does not exceed 27%.

Thus, the analysis of scientific and technical literature
has shown that one of the most effective polymeric ther-
mal insulation materials are polyurethane foams and pol-
yisocyanurate foams with high performance characteris-
tics. At the same time, the main attention was paid to the
study of physical and mechanical characteristics of polyi-
socyanurate foams. At the same time, there is no reliable
data in the literature on the influence of isocyanate/polyol
ratio and TCPF content, as well as apparent density of PIR
on the thermal properties of these foams. Therefore, the
purpose of this study was to determine the influence of
isocyanate/polyol ratio, TCPF content and foam density
on the basic thermal properties of the poured polyisocy-
anurate foams.
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MaTepHaJ’lLI H METOAbI UCCJICA0BAHUSA

3aJIMBOYHBIE TCHOIOJIMM30IHAHYPAThl TOJNyYadl Ha OC-
HoBe noyuoinos (TY 2422-058-38892610-2014) u 4,4-nude-
HunMmermiienqunzonuanara (TY  2472-002-72311668-2004),
cogepxamero 30% NCO-rpynn. B kauectBe karamusaTropa
TpUMEpH3aluy IUU30LUAHATOB MPUMEHSUIM OKTOAT Kallus
(Trimer K-15), mpousBoactBa kommammu NANJING
MAYSTA FINE CHEMICAL CO., LTD. B kauectBe Karaiu-
3aTopa BclieHuBaHus U orBepxaeHus [IMP ucnonb3oBanu ka-
tanu3atop Mapku Polycat 5, mpomsBoiacTBa KoMmaHwu Air
Products Chemicals Europe B.V., a B kauecTBe BCIIEHHUBaIO-
mero areara — Bony (TOCT 23732-2011) u cMech H-TIEHTaHa U
M30MeHTaHa, B3AThIX B cooTHomenun 80:20 (TY 0272-68-
00151638-2006). st ynydineHus: TEXHOJOTHYECKUX CBOMCTB
I[MHP ucnons3oBanm Tpuxiopnpomnwidocdar (TY 2493-513-
05763441-2007), KOTOpBIil SIBISIETCS OAHOBPEMEHHO U aHTH-
MUPEHOM JUTS IEHOIUIACTOB. B KauecTBe MOBEPXHOCTHO-aKTHB-
HOTO BELIECTBAa NPUMEHSUIN KPEMHUHOPraHNYECKOe COEIHNHE-
mue Silicone L-5111, npousBoactBa kommanuum Momentive
Performance Materials Inc.

Kaxymryrocs IIIOTHOCT HCCIeyeMBIX IEHOILUTACTOB OIpe-
nemsima o 'OCT 409-2017. Tepmudeckie cBOMCTBA ITEHOIIO-
JUH30LHIAHYPAaTOB MCCIEIOBAIN C MTOMOIIBI0 MYJIbTUMOIYIIb-
HOTO TepMoaHaJIuTH4Yeckoro komrmiekca DuPont — 9900 mpu
HarpeBanuu o6pasmnos [TNUP maccoit 5-8 mr. co ckopocThio 20
°C/mMMH Ha BO3IyXe W B TOKE a30Ta, C y4eTOM TpeOOBaHMii
I'OCT P 53293-2009. B xauecTBe KpUTEpPUEB TEPMOCTONKOCTU
IINP ucnionp3oBanu TeMIEpaTypbl Hayajla HHTEHCUBHOIO pa3-
noxeHust (Typ), 5%-noii motepu maccl (Tsy,) 1 MaKCUMaIbHOM
ckopoctH pa3inokeHus (Tmax). O0pa3is! [IUP mocne Harpesa B
uHepTHOU cpezae a0 750 °C, mpopomxkanu HarpeBaTb B aTMO-
cdepe Bozmyxa o 800 °C.

Pe3yabTaTshl HccjiefoBaHMS U UX 00CyKAeHHe

OKCIuTyaTallnOHHBIE U TEPMUIECKHE CBOWCTBA 3aTMBOYHBIX
TIWP 3aBucsAT OT GYHKINOHATBHOCTH M MOJIEKYIIIPHON MacChI
UCTIONB3YEMBIX IOJINOJIOB, COOTHOIIEHUS M30I[MaHATOB U TIO-
JIMOJIOB, KaXKYyILEHCs INIOTHOCTH U COAEPKaHMs LIENEBbIX 100a-
BOK.

Ha puc. 1 npeacrasnenst TI'- u T -kpuBbie paznoxeHus
[TMP nnotHoctsio 27,1 u 33,6 xr/M® B aTMocdepe a30Ta U Ha
Bo3ayxe. I3 puc. 1 cneayert, 4To MeXaHU3M MUPOJIN3a IEHOIO-
JUU30LUAHYyPAaTOB HA BO3JyXE U B MHEPTHOM cpeie pa3iIHueH.
TepMookucnuTensHOe pasnoxeHue uccienoBaHubix 1P sB-
JSIeTCsl SIPKO BBIPAXKEHHBIM JIBYXCTaJMIHBIM IPOLIECCOM: Ha
MEepBOM CTaIUN TEPMOOKHUCIUTENbHON AecTpykuuu TP npu
teMreparypax 250-380 °C, MakcuMalnbHasi CKOPOCTb pa3ioxke-
HUS EHOIUI1acToB B 2,28-2,50 HUKe MAaKCUMaJIbHOM CKOPOCTH
pa3iokeHus Ha BTOPOii cramgmu npu reMmnepatypax 450-620 °C.
IIpu 3TOM noTEPs Macchl Ha IEPBOM M BTOPO CTaiUAX TEPMO-
OKHMCIUTENbHOTrO pasnoxeHus [P paBHBI COOTBETCTBEHHO:
39,7-41,8 u 56,6-59,8 %, a Tmax - 328-329 u 546-553 °C.

Tepmuueckas necrpykuus IIP B unepTHOU cpexae sBis-
€TCsl OJHOCTAJUIHBIM MPOIIECCOM: MAaKCHMallbHasi CKOPOCTh
pasznoxenus cocrariseT 12,1-12,96 %/muH, a Tmax = 331-338
°C. IIpu 3tom uccnemopanusie [INP Gomee CTOWKH B OKHCITH-
TENBbHOM Cpefe MO CpPaBHEHHMIO ¢ HHepTHOU cpenoil. Tak,
Hanpumep, Tsv, Tmax 1 IOTEPS Macchl pu Temmneparype 30-450
°C HEeHOHNONMHU30IHAHYPATOB MIOTHOCTRIO 27,1 1 33,6 xr/M°
IIPU TEPMHUYECKOI U TEPMOOKHCIUTENBHON NECTPYKIIUH

Materials and methods of research

Polyisocyanurate foams were prepared on the basis of
polyols (TU 2422-058-38892610-2014) and 4,4-diphenyl-
methylene diisocyanate (TU 2472-002-72311668-2004)
containing 30% NCO-groups. Potassium octoate (Trimer
K-15) produced by NANJING MAYSTA FINE CHEMI-
CAL CO., LTD. was used as a catalyzer for trimerization
of diisocyanates. Polycat 5 catalyst produced by Air Prod-
ucts Chemicals Europe B.V. was used as a foaming and
curing catalyst, and water (GOST 23732-2011) and a mix-
ture of n-pentane and isopentane taken in the ratio of 80:20
(TU 0272-68-00151638-2006) were used as a foaming
agent. To improve technological properties of PIR, tri-
chloropropyl phosphate (TU 2493-513-05763441-2007)
was used, which is at the same time an anti-flame retardant
for foams. Organosilicon compound Silicone L-5111, pro-
duced by Momentive Performance Materials Inc. was used
as a surfactant.

The apparent density of the studied foams was deter-
mined according to GOST 409-2017. Thermal properties
of polyisocyanurate foams were investigated with the help
of DuPont-9900 multimodular thermoanalytical complex
when heating PIR samples weighing 5-8 mg at a rate of 20
°C/min in air and in a nitrogen current, taking into account
the requirements of GOST R 53293-2009. The tempera-
tures of the beginning of intensive decomposition (Txy),
5% mass loss (Tsy%) and maximum decomposition rate
(Tmax) were used as criteria of PIR thermal stability. After
heating in inert medium up to 750 °C, the PIR samples
were heated in air atmosphere up to 800 °C.

Research results and their discussion

The performance and thermal properties of casting
PIRs depend on the functionality and molecular weight of
the polyols used, the ratio of isocyanates to polyols, appar-
ent density and the content of target additives.

Fig. 1 shows TG and DTG decomposition curves of
PIR with densities of 27.1 and 33.6 kg/m? in nitrogen at-
mosphere and in air. Fig. 1 shows that the mechanism of
pyrolysis of polyisocyanurate foams in air and in inert me-
dium is different. Thermo-oxidative decomposition of the
studied PIRs is a pronounced two-stage process: at the first
stage of thermo-oxidative degradation of PIRs at temper-
atures 250-380 °C, the maximum decomposition rate of
foams is 2.28-2.50 lower than the maximum decomposi-
tion rate at the second stage at temperatures 450-620 °C.
Thus mass loss at the first and second stages of thermo-
oxidative decomposition of PIR are equal respectively:
39.7-41.8 and 56.6-59.8 %, and Tpmax - 328-329 and 546-
553 °C.

Thermal degradation of PIRs in inert medium is a one-
step process: the maximum degradation rate is 12.1-12.96
%/min, and Tmax = 331-338 °C. At the same time, the in-
vestigated PIRs are more resistant in oxidizing medium
compared to inert medium. For example, Tsy, Tmax and
mass loss at 30-450 °C of polyisocyanurate foams with
densities of 27.1 and 33, 6 kg/m? during thermal and
thermo-oxidative degradation are 217-243 and 226-245
°C, 331-338 and 329-328 °C, 50.2-50.6 and 39.7-41.8 %,
respectively, and the maximum decomposition rate is
12.1-12.96 and 7.86-8.13 %/min.
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PUCYHOK 1
100
TEPMOTPABUMETPUYECKHE (1,234) H
JTNP®PEPEHIIUAJIBHBIE TEPMOI'PABUMET-
PUYECKHUE KPHUBBIE (1',2",3'.4") PA3JIOXKE-
HHUSAI MEHONOJIMU30IIMAHYPATOB PA3- 80+
JIMYHOM IIJIOTHOCTH

- (1,3,1',3') na BO31yXE€;

-(2,4,2',4") B TOKE a30TA

- IIUP maotHocThIo 27,1 kr/M3 (3,4,3',4");
- ITUP motHocThIo 33,6 kr/m3 (1,2,17,2")

%

60

Macca,

404
Figure 1

Thermogravimetric (1,2,3,4) and Differential Ther- 207
mogravimetric curves (1',2',3',4") of decomposition
of polyisocyanurate foams of different densities
-(1,3,1,1',3") in air;

40

CKOpOCTL NOTEPH MacChl, %/MUH

- (2,4,2',2',4") in a nitrogen current 0
- PIR with a density of 27.1 kg/m3 (3,4,3',3',4");
- PIR with a density of 33.6 kg/m3 (1,2,1',2',2")

100 200 300 400 500 600 700 800

Temnepatypa, °C

paBHBI COOTBETCTBEHHO 217-243 u 226-245 °C, 331-338 u 329-
328°C, 50,2-50,6 u 39,7-41,8 %, a MakcuMalbHast CKOPOCTD pa3-
nokeHus cocrapisieT 12,1-12,96 u 7,86-8,13 %/mMum.

BnusiHre COOTHOIICHHS U30IIMAHAT/TIOJINOJ HA TEPMHUYCCKHE
CBOMCTBA 3aJMBOYHBIX MEHOMOINU30LUAHYPATOB IPUBEIECHBI B
tabmure 1, a TI' - u ATT - kpuskie uccnenoBanneix [TUP mpu
HarpeBaHUU B aTMoc(epe a30Ta U Ha BO3JIyXe Ha PUCYHKe 2 U 3.

AHanu3 naHHBIX TaOMUIB! | TOKa3an, 4TO MPU YMEHBIICHUU
COOTHOIICHUS m3oImaHat/mommon ¢ 5,01 mo 1,25, xaxymascs
TUTOTHOCTH TICHOTIACTOB MPAKTHYECKH HE H3MEHSAETCS M COCTaB-
asger 36,5-32,3 kr/m°, a tepmocroiikocts ITUP cymiecTBeHHO
CHIKAETCS.

Influence of isocyanate/polyol ratio on thermal prop-
erties of polyisocyanurate foams is given in Table 1, and
TG - and DTG - curves of investigated PIRs at heating
in nitrogen atmosphere and in air are shown in Figures 2
and 3.

The analysis of the data in Table 1 showed that when
the isocyanate/polyol ratio decreases from 5.01 to 1.25,
the apparent density of foams practically does not
change and amounts to 36.5-32.3 kg/m?, and the thermal
stability of PIR significantly decreases.

TABJIAIA 1 TEPMOCTOMKOCTD 3AJTMBOYHBIX MEHOIIOJIUU3OIIAAHYPATOB

Table 1 Heat resistance of poured polyisocyanurate foams

CooTHoOIIEHHE H30IHAHAT/MOJTHOI*
IToxa3aTenn /volvol rati
Indications Isocyanate/polyol ratio

5,01 2,35 1,25

Kaxymascs mioTHocTh, Kr/m? 36,5 33,6 32,3
Temmnepatypa, °C: 227 177 138
- Hayaja MHTEHCUBHOT'O Pa3JI0KeHUS 237 167 133
262 226 201

- 5%-Hoii ToTepu Macchl 261 217 180

aKCHUMaJIbHOM CKOPOC aA3JI0KE a:

MaKCHUMAaJIbHOM CKOPOCTH PA3I0KEHHS, H 330 329 320
- IEPBOH CTaIun 351 331 321
- BTOPOH cTaiuu 531 553 547
MakcuManbHasi CKOPOCTh Pa3lIoKEeHNUs, Yo/MUH, Ha: 57 813 13.4
- IepBOM cTaauu 7,38 12,1 10,2
- BTOPOH CTaauu 27,6 18,5 21,0
[orepst Mmaccrl, %, B HHTEpBalie TEMIIEPATYP: 329 418 503
- 30- 0 = _ i

SRS 45,5 50,6 54,7

450—800 °C 66,5 56,6 48,8

" 450-750°C 15,3 18,4 17,0

0,6 1,6 0,9

KokcoBslii octatok, % 392 310 283
CKOpOCTh OKHCIIEHHS KOKCa, Yo/MHUH 38,7 34,2 37,4

* B yncnuTene JaHHble pu Harpese [TUP Ha Bo3ayXe, B 3HaMeHatene — B arMoc(epe azora 10 750 °C u o 800 °C Ha Bo3ayxe.
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PUCYHOK 2
TEPMOTI'PABUMETPUYECKHUE (1,2,3) U 1UD- o
®EPEHIIUAJIBHBIE TEPMOTI'PABUMETPHUYE-
CKHUE KPUBBIE (1',2",3") PA3JIO’)KEHUS ITIEHO-
MNOJIMNU30LHUAHYPATOB HA BO3YXE 80+
- 1,1’ npu cOOTHOLIEHUH U30LHAHAT/MIOINOJ — 2,35;
- 2,2’ Ipu COOTHOLIEHUH W30 HAHAT/TIOHO]I — 1,25;

- 3,3’ npu COOTHOLIEHUH H30IUAHAT/IOINO0I —5,01. 604

Macca, %

Figure 2 40

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2',3") of polyisocyanurate
foam decomposition in air

- 1,1’ at an isocyanate/polyol ratio of 2.35;

- 2.2’ at an isocyanate/polyol ratio of 1.25;

204

30

CKOpOCTE MoTepy Maccebl, Yo/MyH

- 3.3’ at an isocyanate/polyol ratio of -5.01. 0

TemnepaTypa, °C

PUCYHOK 3 100-
TEPMOT'PABUMETPUYECKHUE (1,2,3) U JUD-
®EPEHIIUAJIBHBIE TEPMOI'PABUMETPHUYE-
CKHUE KPUBBIE (1',2',3") PA3JIOKEHU S ITEHO- 80~
MNOJIMU30LHUAHYPATOB B ATMOC®EPE
A30T-BO3AYX

- 1,1’ npu COOTHOLIEHUH U30LUAHAT/MOINO — 2,35;
- 2,2’ npu COOTHOLIEHUH U30IUAHAT/MOINO0 — 1,25;
- 3,3’ npu cOOTHOLIEHUH U30HHAHAT/OMOJ —5,01.

%

60+

Macca,

40+

Figure 3

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2’,3') of polyisocyanurate
foam decomposition in nitrogen-air atmosphere

- 1,1’ at an isocyanate/polyol ratio of 2.35;

CkopocTe noTepu macchbl, % /MUH

- 2.2’ at an isocyanate/polyol ratio of 1.25; 0
- 3.3’ at an isocyanate/polyol ratio of -5.01.

200 400 600 800
Temnepatypa, °C

Tak, HanpuMep, IPH TEPMOOKUCITUTEITHLHOHN AeCTPYKITIH TEM-
nepaTypsl Tip, Tso 1 Tiax YMEHBIIAIOTCS COOTBETCTBEHHO € 227,
262 u 330 °C go 138, 201 u 320 °C, a MakcuManbHasi CKOPOCTh
pa3okeHUs Ha MEePBOM CTAAWK W TOTEPs] MacChl B WHTEpBaJe
temrieparyp 30-450 °C Bo3pacTaroT COOTBETCTBEHHO C 5,7 J0
13,4 %/mun u 32,9 1o 50,3 %. AHajIOrnyHbIC 3aKOHOMEPHOCTH
HaOJII0JAl0TCS U ITPU TEPMUYECKON AECTPYKLHUH B ITOTOKE a30Ta
(rabnuua 1). ITpu sTom npu Tepmuueckoit aecrpykuuu [TUP (B
MOTOKE a30Ta) KOKCOBBINA OCTAaTOK CHUXaeTcs ¢ 39,2 no 28,3 %,
YTO CBUAETEIHCTBYET 00 YMEHBIICHUH TEPMOCTOHKOCTH TMEHO-
ractoB. HaOmonaemblii a3 dext 00yciioBieH, 1o HaeMy MHe-
HUIO, POCTOM CTENICHN TPHUMEPU3aIMN M30I[HaHaTOB IPH yBEJIH-
YCHHH COJICPKAHIS N30IMAHATOB B ICXOTHON KoMIIO3HIHH. O1-
TUMaJIbHBIM COOTHOIICHHEM HM30LMAHAT/TIONHON B MCCICIOBAH-
ueIx ITUP asnstercs 2,35-2,41.

CymiecTBeHHOE BIHSIHHE Ha TEPMHUUYECKYIO U TEPMOOKHCITH-
TENBHYIO CTaOMIIBHOCTh HCCIIEZIOBAaHHBIX MIEHOTOJIH -

For example, at thermo-oxidative degradation tem-
peratures Ty, Tse, and Tmax decrease from 227, 262 and
330 °C to 138, 201 and 320 °C, respectively, and the
maximum decomposition rate at the first stage and mass
loss in the temperature range of 30-450 °C increase from
5.7 to 13.4%/min and 32.9 to 50.3%, respectively. Sim-
ilar regularities are observed at thermal degradation in
nitrogen flow (Table 1). At the thermal degradation of
PIR (in nitrogen flow), the coke residue decreases from
39.2 to 28.3 %, which indicates a decrease in the thermal
resistance of foams. The observed effect is caused, in our
opinion, by the increase in the degree of trimerization of
isocyanates with increasing isocyanate content in the in-
itial composition. The optimal ratio of isocyanate/polyol
in the studied PIRs is 2.35-2.41.

Significant influence on thermal and thermo-oxida-
tive stability of the studied polyisocyanurate foams has
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n30LMaHypaToB oOKasblBaeT cogepxkanue TXIID, ucnonssye-
MOTO JAJISl YIY4YIIEHUsI TEXHOIOTHYECKUX CBOMCTB MEHOIIACTOB
U CHUXXEHUS TOpPIOYECTH TEIIOM30JISALIMOHHBIX M3JIENUN Ha HX
OCHOBE. Y CTaHOBJIEHO, YTO ¢ pocToM conepxanue TXIID B uc-
XOJHON KOMIIO3UIUY, 3aKOHOMEPHO CHIIKAeTcs TEPMOCTOM-

kocts [INP (Tabun. 2, puc. 4,5).

the content of TCPF, used to improve the technological
properties of foams and reduce the flammability of ther-
mal insulation products based on them. It was found that
with the increase of TCPF content in the initial compo-
sition, the thermal stability of PIR decreases (Table 2,
Fig. 4,5).

TABJIUIA 2 TEPMOCTOMKOCTD 3AJTMBOYHBIX TEHOIOJIUU3OLUAHYPATOB, MOJAUDUIIAPO
BAHHBIX TPUXJIOPITPOIIMJI®OCPATOM
Table 2 Thermal stability of casting polyisocyanurate foams modified with trichloropropyl phosphate

CooTHOIIEHNEe U30HAHAT/TI0JIHOJI*
IToka3arenn .
Indications Isocyanate/polyol ratio

0 2,69 5,14

Kaxymascs mioTHocTk, Kr/m? 29,1 27,1 26,1

Temnepatypa, °C: 277 277 185

- HayaJla *HTEHCUBHOTO Pa3JIOKEeHUS 277 185 188

260 245 222

- 5%-Hoii moTepu Macchl 7256 243 228

MaKCHUMAaJIbHOW CKOPOCTH Pa3IOKEHHS, Ha: 320 328 332

- MepBoii CTaauH 321 338 344

- BTOpPOH cTaiul 543 546 546

MakcuManbHasi CKOPOCTh Pa3NIOKEHUs, Yo/MUH, Ha: 102 786 843

- TIEPBOM CTAUH m 12' 9% 1’3 5

- BTOpPOH CTauu 233 19,7 19,6

HOTepﬂ MaccChblI, %, B UHTEPBAJIC TEMIIEpATYP: 40,7 397 4272

-30-450 © — ==L il

30-450°C 475 50,2 52,2

450—800 °C E 59_8 ﬁ

" 2e0-750°C 15,6 14,8 15,8

0,6 1,6 0,9

KokcoBsiii octatok, % 392 310 283

CKOpOCTh OKHCIIEHHS KOKCa, Yo/MHH 38,7 34,2 37,4
* — B yHCIUTENe PeJICTaBIIeHBI JaHHbIe ITpU Harpese [1MP Ha Bo3myxe, B 3HaMeHatene — B atMmocdepe azorta 10 750 °C u 1o

800 °C na Boznyxe.

Tak, Ipu TEPMOOKHCIUTENBHON M TEPMUYECKOU Je-
CTPYKLIMHM HCCIIEIOBAaHHBIX IIEHOIUIACTOB, MOBBIIICHHE CO-
nepxaane TXIID mo 5,14% npuBoanT K CHMKEHUIO Typ U
Tse, Ha BO3IyXe U B TOKE a30Ta COOTBETCTBEHHO ¢ 277 u 260,
277 n 256 °C o 185 u 222, 188 u 228 °C. Tmax Ha TIEpBOH
cranuu nuponusa [TUP Bozpacraer ¢ 320 u 321 °C 1o 332 u
344 °C (tabn. 2), a Tmax Ha BTOPOW CTAAUU TEPMOOKHUCIIH-
TENBHOTO Pa3/IoXKEHHsI IEHOIUIACTOB, IPAKTHUECKU HE 3aBU-
cut oT koHueHtpauuu TXIID u cocraBiaser 543-546 °C
(tabm. 2). [Ipu 3TOM, TP TEPMHUYECKON ECTPYKIIUU, MAKCH-
MaJlbHasi CKOPOCTh Pa3JIoKEHHs Ha MEPBOH CTaJMK BO3pac-
taeT Ha 36,3% (¢ 10,2 no 13,9 %/MuH), a Ipu TEPMOOKHUCITH-
TeNbHOM JecTpykumu ymenblnaercs Ha 17,4% (c 10,2 mo
7,86-8,43 %/MuH).

CrnenyeT OTMETHUTh, YTO C IOBBIINICHUEM COAEPIKaHUS
TXII® B ucxoaHoi kommo3uuuu, noreps maccol [IMP Ha
MepBOH CTaANN MUPOJIN3a IIEHOIOIMHU30IUaHypaToB pu 30-
450 °C Bo3pacTaeT npu HarpeBaHuu Ha Bosayxe ¢ 40,7 mo
42,2%, a B Toke azoTa ¢ 47,5 10 52,2%. D10 00yCIOBICHO,
0 HalleMy MHEHHUI0, ucnapenuem TXII® u3 neHomnacra. B
TO K€ BPEMS CKOPOCTh OKHCJICHHS KOKCa CYIIECTBEHHO CHH-
xaercs (¢ 40 mo 31,3 %/MuH), 9TO CBHACTEIHCTBYET O HAJIH-
4uK B KOKCOBOM octatke [TMP, coenunenuii hochopa (mpo-
IykToB pasznoxkenus TXIID), apngiomuxcs WHIHOUTOPOM
OKHCJICHHsI KOHJICHCUPOBaHHBIH (a3bl (Kokca). OnTumaib-
Hol koHeHTpauell TXIID B ucxo1HON KOMIIO3ULIUHU SBJISA-
ercs 2,69 mac.%.
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Thus, during thermo-oxidative and thermal degradation
of the studied foams, increasing the content of TCPF up to
5.14% leads to a decrease in Ty, and Tse in air and nitrogen
current, respectively, from 277 and 260, 277 and 256 °C to
185 and 222, 188 and 228 °C. Tmax at the first stage of PIR
pyrolysis increases from 320 and 321 °C to 332 and 344 °C
(Table 2), and Tmax at the second stage of thermal oxidative
decomposition of foams, practically does not depend on the
concentration of TCPF and is 543-546 °C (Table 2). At the
same time, at thermal degradation, the maximum decompo-
sition rate at the first stage increases by 36.3% (from 10.2 to
13.9 %/min), and at thermo-oxidative degradation decreases
by 17.4% (from 10.2 to 7.86-8.43 %/min).

It should be noted that with the increase of TCPF content
in the initial composition, the mass loss of PIR at the first
stage of pyrolysis of polyisocyanurate foams at 30-450 °C
increases when heated in air from 40.7 to 42.2%, and in the
nitrogen current from 47.5 to 52.2%. This is due, in our opin-
ion, to the evaporation of TCPF from the foam. At the same
time, the rate of coke oxidation significantly decreases (from
40 to 31.3 %/min), which indicates the presence in the coke
residue of PIR, phosphorus compounds (decomposition
products of TCPF), which are an inhibitor of oxidation of the
condensed phase (coke). The optimal concentration of TCPP
in the initial composition is 2.69 wt.%.
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PUCYHOK 4

TEPMOTI'PABUMETPUYECKHUE (1,2,3) U 1UD- 100+
OEPEHIIUMAJBHBIE TEPMOI'PABUMETPHUYE-
CKHUE KPUBBIE (1',2",3") PA3JIO’)KEHUS ITIEHO-
MMOJUNU30IIUAHYPATOB HA BO3JIYXE 804
- 1,1’ conepxamux — 2,69 TXIID;
-2,2' 0e3 copep:xxkanus TXIIdD;

- 3,3 conepxamux —5,14 TXIID.
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Figure 4 40+

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2',3") of polyisocyanurate
foam decomposition in air 201
- 1,1’ containing - 2,69 TCPF;
- 2,2’ containing no TCPF;

- 3.3’ containing -5.14 TCPF.
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PUCYHOK 5
100+
TEPMOT'PABUMETPUYECKHUE (1,2,3) U JUD-
®EPEHIIUAJIBHBIE TEPMOI'PABUMETPHUYE-
CKHUE KPUBBIE (1',2',3") PA3JIOKEHU S ITEHO- 80-
MNOJIMU30LHUAHYPATOB B ATMOC®EPE
A30T-BO3AYX

- 1,1’ conepaxamux — 2,69 TXIID;

- 2,2’ 6e3 conepxanus TXIID;

- 3,3 cogepxkamux —5,14 TXIID.
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Figure 5 -

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2',3") of polyisocyanurate 20
foam decomposition in nitrogen-air atmosphere
- 1,1’ containing - 2,69 TCPF;

- 2,2’ containing no TCPF;
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Bausaue kaxxymielcst INIOTHOCTH MCCIIEI0BAHHBIX TTEHO-
MOJMU30LMAHYpPaTOB Ha X TEPMUUECKHE CBONCTBA, IPHBE-
neHsl B Taba. 3 u Ha puc. 6,7. Takxke, Ha pucyHKe 8 Tpen-
craBieHa 3aBucuMocTh IotHoctH IIMP or comepkanus
BCIIEHUBarowIero areHTa. M3 puc. § cienyer, 4To Amist mpous-
BOJICTBA NEHOILIACTOB ILIOTHOCTHIO 33-38 Kr/M°, comepixa-
HHUC CMCCH H-IICHTAHA U H30IICHTaHa, B3ATHIX B COOTHOIIC-
uuu 80/20, gomxkHa cocraBisaTh 4,3-5,4 mac.%.

AHanu3 JaHHBIX TaOJIHILBI 3 TOKa3bIBAET, YTO MNIOTHOCTh
MIEHOTIOJIMM301IMaHyPaTOB TIPAKTUYECKH HE BIUSET Ha Tep-
MOCTOMKOCTh MCCJIEJOBaHHBIX IEHOIIACTOB: IIPY Harpesa-
Huu 110 Temmneparypsl 450 °C Ty, Tsy, U Tax B TOKE a30Ta U
Ha BO3]lyX€ paBHbI COOTBETCTBEHHO 167-187 u 177-183,217-
246 n 226-245 °C, 333-344 u 325-329 °C. Pa3zbpoc 3HaueHni
MOKa3aTelel TEPMOCTOMKOCTH IEHONOIMU30LHAHYPATOB
Pa3MUYHOMN IUIOTHOCTH OOYCJIOBIIEH, IO HAlleMy MHEHHIO,
Pa3IUYHBIM COJEPIKaHUEM, YPETAHOBBIX

The influence of apparent density of the studied polyiso-
cyanurate foams on their thermal properties, are shown in
Table 3 and Figs. 6,7. Also, Figure 8 shows the dependence
of PIR density on the content of foaming agent. It follows
from Fig. 8 that for the production of foams with density of
33-38 kg/m?, the content of the mixture of n-pentane and iso-
pentane taken in the ratio of 80/20 should be 4.3-5.4 wt.%.

The analysis of the data in Table 3 shows that the density
of polyisocyanurate foams practically does not affect the
thermal stability of the studied foams: when heated to a tem-
perature of 450 °C Ty, Tsy, and Tmax in @ nitrogen current and
in air are equal to 167-187 and 177-183, 217-246 and 226-
245 °C, 333-344 and 325-329 °C, respectively. The variation
of values of thermal resistance indicators of polyisocyanu-
rate foams of different densities is due, in our opinion, to the
different content of urethane and isocyanurate groups in the
polymer matrix of foams.

135



Texuurxa u mexnonocus cunuxkamos. Tom 31, No2, 2024

PUCYHOK 6

TEPMOTPABUMETPUYECKUE W JUDDE-
PEHIUAJIBHBIE TEPMOI'PABUMETPUYE-
CKHUE KPUBBIE PA3JIOKEHUS IEHOIIOJIU-
HN30LIMAHYPATOB HA BO3JYXE

Pa3auyHOIl mIoTHOCTH: 2 — 66 Kr/M%, 3 — 25,1 Kr/M?,
5-43,1 kr/m3, 6 — 37,5 kr/m?

Figure 6

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2',3") of polyisocyanurate
foam decomposition in air
of different densities: 2 - 66 kg/m3, 3 - 25.1 kg/m?, 5 -
43.1 kg/m?, 6 - 37.5 kg/m?

PUCYHOK 7

TEPMOTPABUMETPUYECKUE W JUDDE-
PEHILIUAJIBHBIE TEPMOI'PABUMETPUYE-
CKHUE KPUBBIE PA3JIOKEHUS IIEHOIIOJIN-
N30LHIMAHYPATOB B ATMOC®EPE A30T-
BO3YX

PasaM4Hoil mIoTHoOCTH: 2 — 66 KI/™M3, 3 — 25,1 KI/M3,
5-43,1 xkr/m3, 6 — 37,5 kr/m®

Figure 7

Thermogravimetric (1,2,3) and Differential Thermo-
gravimetric curves (1',2',3") of polyisocyanurate
foam decomposition in nitrogen-air atmosphere

of different densities: 2 - 66 kg/m3, 3 - 25.1 kg/m?, 5 -
43.1 kg/m?, 6 - 37.5 kg/m?

PUCYHOK 8

3ABUCHMOCTH KAXKYIIEACA ILIOTHOCTH
NEHOIIOJIMHU30IUAHYPATOB OT COJEP-
KAHUSA BCIEHUBAIOLIETO ATEHTA

(cMech H-IEHTAH M M30MEHTAH B COOTHOLICHHU
80:20)

Figure 8

Dependence of apparent density of polyisocyanurate
foams on the content of foaming agent (a mixture of
n-pentane and isopentane in the ratio 80:20)
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Ta6auna 3 TEPMOCTOMKOCTD 3AJTUBOYHBIX ITEHOMIOJIAN3OIMAHYPATOB PA3JIMUHOM

INIOTHOCTH

Table 3 Heat resistance of poured polyisocyanurate foams of different densities

Moxasaren Co.nepmalme CMeCH H-IIEHTaH U M3?HeHTaH, mac.%*
Indications Mixture content of n-pentane and isopentane, wt.%
1,0 3,0 4,3 5,38 9,7
Kaxymascs nIoTHOCTb, KI/M> 66,0 43,1 37,5 33,8 25,1
Temmepartypa, °C:
- Havana uHTEHCHBHOTO pasio- 178 183 183 177 181
JKEHUS 177 183 187 167 168
- 5%-Hol noTepu Macchl
245 244 243 226 241
246 244 242 217 230
MakcuManbHOM CKOPOCTH pas-
JIOXKEHUsI, Ha:
- IlepBoii cranun 334 334 325 329 326
340 344 337 331 333
- Bropoii cragun
547 546 538 553 554
MakcumanbHas CKOpPOCTb pas-
noxkenust, %/MHH, Ha: 10,3 93 94 8,13 8,11
- IlepBoii craguu 14,5 14,4 11,9 12,1 12,3
- BTopoﬁ CTagun 26,6 23,3 28,9 18,5 18,9
IToTepst maccel, %, B UHTEpBAJIC
TeMmepatyp: 415 41,2 40,6 41,8 40,2
- 30-450 °C 51,2 48,9 51,5 50,6 55,2
56,6 56,8 58,0 56,6 57,1
_ 450-800°C 15,6 16,2 12,5 18,4 13,6
450-750°C
. 1,9 2,0 1,4 1,6 2,7
KoxkcoBslit ocratok, % 332 349 360 310 2
gljopocn, OKHCJICHUS KOKCa, 28.6 28.4 39.6 342 35.9
o/MHUH
* — B YHCIUTENe IPe/ICTAaBIICHBI faHHbIe ITpu Harpese [1MP Ha Bo3myxe, B 3HaMeHartene — B atMocdepe azorta 10 750 °C u 1o
800 °C Ha Bo3myXE.

1 M30IUAHYPATHBIX TPYII B MMOJTUMEPHON MaTpHIe MEeHOIIa-
cToB. B TO ke BpeMs MakcHMalbHasi CKOPOCTb TEPMOOKHCIH-
TenbHOro pasnoxenus IIMP Ha nepsoii cranuu mnpolecca Iu-
ponnza camxkaercs ¢ 10,3 no 8,11 %/mMuH, a Ipu TepMHYECKO
JIECTPYKIIUM CKOPOCTh pas3yioxkeHus cocTtaBiaser 11,9-14,5
%/MWH, YTO BBIIIE CKOPOCTH TEPMOOKHCIIHMTEILHOM JIeCTpyK-
nuu Ha 40,8-64,9 %. IloTeps Macchl B HHTEpPBAJIE TEMIIEPATYP
30-450 °C npu nupoau3e MeHONOJUU30UaHypaToB B a30Te U
Ha BO3yXE COCTAaBIIET COOTBETCTBEHHO 48,9-55,2 1 40,2-41,5
%. Crnemyer OTMeTHTh, 4TO uccienoBaHuble [P Goxee
CTOMKH K BO3AEHCTBUIO OKHCIUTEIBHBIX CPEM, YEM K TEpPMHIUC-
CKOH AECTPYKLMH.

3akJ/iouenue

B pesynbraTe 3KCIEpHMEHTATBHBIX HCCIEIOBAHUN BBISB-
J€HO, YTO MCCIEAOBAHHBIEC ICHONOJIMU30LMAHYPaThl Ooiee
YCTOWYUBBI K TEPMOOKHUCIUTEIIBHON JECTPYKLUU 10 CpaBHE-
HUIO ¢ TepMuueckoil aectpykuueil. TepMudeckue cBoicTBa
yKa3aHHBIX MEHOIUIACTOB 3aBUCST OT COOTHOIIEHUS HM30LUa-
HaT/NIOJIMOI U coJieprkans Tpuxionponmidocdara. [TnorHoCTH
MEHONOIMU301UaHyPaTOB HE3HAUUTENIBHO BIIUSAET HAa UX TEp-
MOCTOMKOCTb. [Ipy ONTUMambHOM COAEPKAHHHM HMCXOIHBIX
KOMITOHEHTOB TT€HOIIOJIMM30I[aHypaThl 00Ja1aloT Oonee BbI-
COKOM TEpMOCTOMKOCTBIO 110 CpaBHEHUIO ¢ xecTkumH [1ITY.

At the same time, the maximum rate of thermo-oxidative
decomposition of PIR at the first stage of the pyrolysis
process decreases from 10.3 to 8.11 %/min, and at thermal
degradation the rate of decomposition is 11.9-14.5 %/min,
which is 40.8-64.9 % higher than the rate of thermo-oxi-
dative degradation. The mass loss in the temperature range
of 30-450 °C during pyrolysis of polyisocyanurate foams
in nitrogen and in air is 48.9-55.2 and 40.2-41.5 %, respec-
tively. It should be noted that the investigated PIRs are
more resistant to oxidizing media than to thermal degrada-
tion.

Conclusions

Experimental studies revealed that the studied polyiso-
cyanurate foams are more resistant to thermo-oxidative
degradation compared to thermal degradation. The ther-
mal properties of the above foams depend on the isocya-
nate/polyol ratio and trichloropropyl phosphate content.
The density of polyisocyanurate foams insignificantly in-
fluences their thermal stability. At optimum content of in-
itial components, polyisocyanurate foams have higher
heat resistance in comparison with rigid FPU.

137



Texuurxa u mexnonocus cunuxkamos. Tom 31, No2, 2024

Jlurepartypa:

1. bepmuu A.A., llytoB ®.A. IleHOIONTMMEDPHI HA OCHOBE pEaK-
IIMOHHOCIIOCOOHBIX onuromepoB. — M.: Xumus, 1978. — 296 c.
2. bepmua A.A., lllytoB ®.A. XuMUS ¥ TEXHOJIOTHS Ta30HATION-
HEHHBIX BBICOKONOIMMEPOB. — M.: Xumus, 1980. — 503 c.

3. Yuctsaxo A.M. Jlerkne MHOTOCIIOMHBIE OTPa)KAAIOIINE KOH-
crpykuuu. — M.: Ctpoiiuzaar, 1987. — 144 c.

4. Knemnuep [. [TonnmepHbIe TIEHBI M TEXHOJIOTHUS UX BCIICHU-
BaHMS: TIEP. C aHIIL., oJ ped. A. M. Ueboraps. — CII6: IIpodec-
cust, 2009. — 600 c.

5. TypeeB B.B., Hukurun B.H., Kodanos B.A. Yuer ocobenHo-
CTeH SUEUCTOM CTPYKTYPHI IIPHU aHAIN3E PACUETHOU TEIUIONpO-
BOJIHOCTH Ta30HAMOIHEHHBIX TIOJIMMEPHBIX MaTepuaios // IIpo-
MBIIUICHHOE U TpaKaaHckoe cTp-Bo. — 2018. - Ne9. — ¢. 98-104.
6. 'ypees B.B., XKykos A.Jl., Epemees B.E., )Komyzos B.C., Ce-
meHoB B.C., bo6posa E.1O. TemnoBas u3011s B IPOMBIIUICH-
Hoctu. Teopusi, MaTepuansl U CUCTEMbI n3oisiuu. — M.: HUY
MI'CY, 2021. - 184 c.

7. Komnocosa A.C., [Tukanos E.C. CoBpemMeHHBIE Ta30HAIOTHEH-
HbIE TOJMMEPHbIE MaTepuaibl U u3znenus //International journal
of applied and fundamental research. — 2020/ - Ne10. — c. 54-67.
8. Apanos E.C., Kymuikuit .M., Byraesckuit [[.0. D dexrus-
HOCTh TEIUIOM30JBIHOHHBIX MAaTEePHANIOB, IPUMEHSIEMBIX IPU
CTPOUTENBCTBE HAPYKHBIX OTPaXKIAIOIIUX KOHCTpykuuii // I'pa-
nmoctpoutenbeTBo. Mudpactpykrypa. Kommynukarmu. — 2021.
- Ne4(25). — C. 26-31.

9. CepebpsikoBa B.A. CpaBHUTENIbHBIN aHAIN3 TETIIOU30JISIIH-
OHHBIX MAaTEepHAaIOB, UCIOIb3YEMBIX B TPaXKIAHCKOM CTPOH-
TeJbCTBE // BBICOKHE TEXHOJIOTUH B CTPOUTEIIEHOM KOMILIEKCE.
—2019.—Ne 1. — C. 49-55.

10. ®emocor C.B., Manouer C.A., KycenkoBa A.A. u np. Co-
CTOSIHHE W MEPCIEKTHBBI IPUMEHEHHS OJIMMEPHBIX TEIION30-
JISIIMOHHBIX MaTepUalioB B cTpoutesbeTBe // BectHuk IloBomk-
CKOT'O TOCYIapCTBEHHOIO TEXHOJOIMYECKOTO YHHMBEPCHUTETA.
Cepusi: Marepuansl. Konctpykiun. Texunomoruu. — 2018. — Ne
3.-C.26-43.

11. Canpsixun I'.IT., Makcumenko A.T. IlepcrieKTuBbl pume-
HEHUSI HOBBIX TEIUIOM3OJIALMOHHBIX MAaTEpHaIOB B COBPEMEH-
HOM ctpontenbetBe // BectHuk CeBKaBI TU. — 2009. — Ne 9. —
C. 37-39.

12. Mecthukos, A. E. ITporao3upoBaHue CTpyKTYpbl U CBOICTB
TEPMOPEAKTUBHBIX IEHOIUIACTOB C HCHOJB30BAHHEM TEOPHH
TemnoycroifanBocTi // COBpeMEHHBIE HayKOEMKHE TEXHOJO-
run. — 2020. — Ne 11-2. — C. 299-304.

13. Konsuios U. A. PUR u PIR - HOBBIE 5151 Poccuu Temounso-
JSIIMOHHBIE MaTepuaiibl // CTpOUTENbHBIE MaTepHabl, 000py-
nosanue, TexHojoruu XXI sexka —2016. — Ne. 7-8. — C. 16-19.
14. I'norosa }0.B. M3xenus U3 NeHONOIMU30IMAHYpaTa B CTPO-
UTEJbHBIX cucTeMax // BromnereHb Hayku U npakTuku. — 2016. -
Ned. —c. 82-85.

15. Cupenko B.C., Kaugsipun JL.b., Cypukos I1.B. Mozgenupo-
BaHUE TEPMOACCTPYKIHHU NOJINYPETAHOB U STIOKCUIHONW CMOJIBI
B MHEPTHOM atMocdepe / Bonpockl aTOMHO# HAyKH U TEXHUKH,
Cepust: spepHoe mpudopoctpoenue. - 2003. - Bemyck 1/20. - C.
1-8.

16. Hectepor C.B., bakuposa W.H., Camyunos f./1. Tepmuue-
CKas ¥ TEPMOOKHCIIUTENbHAS JECTPYKIUS IOy PETaHOB: MeXa-
HU3MBI MPOTEKaHUsI, (PaKTOPHI BIHMSHHUS M OCHOBHBIC METOJBI
MOBBIIICHHUS TEPMHUECKON cTabuibHOCTH. O030p MO0 MaTepHa-
JlaM OTEYECTBEHHBIX M 3apyOC:KHBIX MyOnukaiuii // BecTHuk
Kazanckoro texnonornyeckoro yauepcutera. - 2011. - Nel4. -
C. 10-23.

17. 3axapssa E.M., Makcumos A.JL. Iluponus monuypeTaHoB.
Oco0eHHOCTH MPOIIecca U COCTaB MPOAYKTOB peakuun (0030p)
// Kypuan npuknagnon xumun. — 2022. — Tom 95. — Beimyck 2.
— C. 164-230.

138

References:

1. Berlin A.A., Shutov F.A. Foam-polymers on the basis of
reactive oligomers. - Moscow: Khimiya, 1978. - 296 c.

2. Berlin A.A., Shutov F.A. Chemistry and technology of
gas-filled high polymers. - Moscow: Khimiya, 1980. - 503
c.

3. Chistyakov A.M. Light Multilayer Enclosing Structures.
- M.: Stroyizdat, 1987. - 144 c.

4. Klempner D. Polymer foams and technology of their
foaming: per. from Engl. ed. by A.M. Chebotar. - SPb: Pro-
fession, 2009. - 600 c.

5. Guriev, V.V.; Nikitin, V.N.; Kofanov, V.A. Taking into
account the features of the cellular structure when analyz-
ing the calculated thermal conductivity of gas-filled poly-
mer materials // Industrial and civil engineering. - 2018. -
Ne9. - c. 98-104.

6. Guriev V.V., Zhukov A.D., Eremeev V.E., Zholudov
V.S., Semyonov V.S., Bobrova E.Yu. Thermal insulation
in industry. Theory, Materials and Systems of Insulation. -
M.: NIU MGSU, 2021. - 184 c.

7. Kolosova A.S., Pikalov E.S. Modern gas-filled polymer
materials and products //International journal of applied
and fundamental research. - 2020/ - Ne10. - ¢. 54-67.

8. Aralov, E.S.; Kulitskiy, B.M.; Bugaevskiy, D.O. Effi-
ciency of the heat-insulating materials used in the construc-
tion of the external enclosing structures (in Russian) //
Town-planning. Infrastructure. Communications. - 2021. -
Ne4(25). - C. 26-31.

9. Serebryakova, V.A. Comparative analysis of thermal in-
sulation materials used in civil engineering // High technol-
ogies in the construction complex. - 2019. - Ne 1. - C. 49-
55.

10. Fedosov S.V., Malbiev S.A., Kusenkova A.A. et al.
State and prospects of application of polymeric heat-insu-
lating materials in construction // Bulletin of Volga Region
State Technological University. Series: Materials. Con-
structions. Technologies. - 2018. - Ne 3. - C. 26-43.

11. Saprykin, G.P.; Maksimenko, A.T. Prospects of new
heat-insulating materials application in modern construc-
tion (in Russian) // Vestnik SevKavGTI. - 2009. - Ne 9. - C.
37-39.

12. Mestnikov, A. E. Prediction of the structure and prop-
erties of thermosetting foams using the theory of heat re-
sistance // Modern Science-Intensive Technologies. - 2020.
- Ne 11-2. - C. 299-304.

13. Kopylov I. A. PUR and PIR - new for Russia thermal
insulation materials // Building materials, equipment, tech-
nologies of the XXI century - 2016. - Ne. 7-8. - C. 16-19.
14. Glotova Yu.V. Products from polyisocyanurate foam in
building systems // Bulletin of science and practice. - 2016.
- Ne4. - c. 82-85.

15. Sirenko, V.S.; Kandyrin, L.B.; Surikov, P.V. Modeling
of thermo-destruction of polyurethanes and epoxy resin in
an inert atmosphere (in Russian) // Voprosy atomnoy nauki
i tekhnika, Serie: nuclear instrumentation. - 2003. - Issue
1/20.-C. 1-8.

16. Nesterov S.V., Bakirova I.N., Samuilov Y.D. Thermal
and thermo-oxidative degradation of polyurethanes: mech-
anisms of occurrence, factors of influence and the main
methods of increasing thermal stability. Review of domes-
tic and foreign publications // Bulletin of Kazan Techno-
logical University. - 2011. - Nel4. - C. 10-23.

17. Zakharyan E.M., Maksimov A.L. Pyrolysis of polyure-
thanes. Features of the process and composition of reaction
products (review) // Journal of Applied Chemistry. - 2022.
- Vol. 95. - Issue 2. - C. 164-230.



Technique and technology of silicates. Volume 31, No2, 2024

18. Mensaukos B.C., Kupumios C.B., MensaukoB M.B., Bacu-
abes B.I'., Banun C.A., [loremxun C.A. [ToxapHo-cTpyKTypHas
SKCIIEPTH3a TMOBPEXKICHUH TEIUION3OJIAMOHHBIX MaTepHajIoB
W3 MUHEpaJIbHOM BaThl M NMEHONONIMU30nManypara / IHTepHeT-
xxypHan «HaykoBenenne». — 2016. - Tom 8. - Ne3. —c. 1-49.

18. Melnikov V.S., Kirillov S.V., Melnikov M. V., Vasiliev
V.G., Vanin S.A., Potemkin S.A. Fire-structural examina-
tion of damage to thermal insulation materials made of
mineral wool and polyisocyanurate foam // Internet journal
"Naukovlenie". - 2016. - Vol. 8. - Ne3. - ¢. 1-49.

Paboma evinonnena ¢ HUY MI'CY ¢ pamkax peanuzayuu IlIpozpammut pazeumusn ynueepcumema «IIPHOPUTET 2030».

IIpoexm 3.1 «Hayunutii npopvieé 6 cmpoumenvHoi ompaciu —

Yuwikoe Banenmun Anamonvesuy — NOKTOpP TEXHUYECKUX HAYK,
3aBeYIONIMI 1abopaTopreil COBPEMEHHBIC KOMITO3HIIMOHHBIC
CTPOUTENbHBIE MaTepHaibl, HalnoHanbHBIN HMCCIEN0BATENbCKUI
MOCKOBCKMI TOCYJapCTBEHHbI CTPOUTEIbHBIH YHUBEPCUTET
(HY MI'CY), E-mail: VA.ushkov@yandex.ru

Hazanoseckuii IOpuit Ky3emuy — KaHAMIAT TEXHUYECKUX HAYK,
BeAyuil HayuHslil corpynHuk, ®PI'BY «Bcepoccuiickuil oprena
«3Hak Iloueray Hay4HO-UCCIIEI0BATECIILCKUM UHCTUTYT
HPOTHBOINOXKAPHOH  00opoHB»  MunucrepctBa  Poccuiickoit
Oepepanmy 1Mo AenaM IpaXkJaHCKOH OOOPOHBI, UPE3BBIYANHBIM
CUTyalUsIM ¥ JMKBUIALUHU TOCJICACTBUA CTUXUHHBIX OEICTBUH,

Poccust, E-mail: reutl1731@mail.ru

3onomapee Muxaun Eezenvesuu — acriupanT Kadeapsl
CTPOHUTEIBHOTO MaTepHaIoOBEICHIS, Hannonansnsrit
HCCIIEIOBATEILCKUI MockoBckuit rocy/1apCTBEHHBIN

cTpoutenbHblil yansepceuter (HUY MI'CY),
E-mail: egaandmisha9@gmail.com (aBTOP A5 CBSI3H)

Bxaan aBropos: Vukos B.A. - uniesi, HaydHoe pyKOBOJICTBO, HAy4-
HOE pemakTupoBaHue crate; Haeanosckuii FO.K. — pa3paboTka
METO/AUK, 00paboTKa Marepuana, HalMCaHUE CTaTbH; 30.710Mmopes
M_.E. — 06paboTKa MaTepyala, HallMCaHUe CTaThU.

Aemopbl 3asa61510m 06 0OMCYMCMEUU KOHPAUKINA UHINEPECO8.

HOBble MexXHOo/10cHU, HO8ble Mamepudjibl, HOBble Memoobly.

Ushkov V.A. — Doctor of Technical Sciences, Head of the Labora-
tory of Modern Composite Building Materials, Moscow State Uni-
versity of Civil Engineering (National Research University),
E-mail: VA.ushkov@yandex.ru

Naganovskii Yu.K. — Candidate of Technical Sciences, Leading Re-
searcher, All-Russian Research Institute for Fire Protection of Min-
istry of Russian Federation for Civil Defense, Emergencies and
Elimination of Consequences of Natural Disasters, VNIIPO;

E-mail: reutl1731@mail.ru

Zolotarev M.E. — Postgraduate student of the Department of Con-
struction Materials Science, Moscow State University of Civil En-
gineering (National Research University),

E-mail: egaandmisha9@gmail.com (author for contact)

Contribution of the author: Ushkov V.A. - idea, scientific guid-
ance, scientific editing of the article; Naganovskii Yu.K. - develop-
ment of methods, processing of material, writing of the article;
Zolotarev M.E. - processing of material, writing of the article.

The authors declare that there is no conflict of interest.

139


mailto:VA.ushkov@yandex.ru
mailto:reut11731@mail.ru
mailto:egaandmisha9@gmail.com
mailto:VA.ushkov@yandex.ru
mailto:reut11731@mail.ru
mailto:egaandmisha9@gmail.com

	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Для типографии\1-я сторона обложки журнала ТТС Т 31 2 2024.pdf‎
	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Для типографии\2-я сторона обложки журнала ТТС Т 31 2 2024.pdf‎
	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Для типографии\Текст ТТС Т 31 №2 2024.pdf‎
	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Стр. 101 ТТС  Т 31  №2 2024.pdf‎
	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Текст ТТС Т 31 №2-2024.pdf‎

	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Для типографии\3-я сторона обложки журнала ТТС Т 31 2 2024.pdf‎
	‎C:\Users\Юрий Романович\OneDrive\Рабочий стол\2024_ТТС№2\Для типографии\4-я сторона обложки журнала ТТС Т 31 2 2024.pdf‎

