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Beeoenue. [losviuennas 2oprouecms NOIUMEPHBIX MENTOUIOIAYUOHHBIX MAMEPUATO8 (NeHONIACHO8) CYUWeCNBEHHO cOoep-
Jrcusaem ux 6o.ee WUPOKoe NPUMEHeHUe 8 CIPOUmMenbHOU UHOYCmpuu. sl CHUdMCeHUs 20prodecmu YKA3aHHbIX MAMepuanos
UCNOTIL3VIOM AHMUNUPEHbL HA OCHOBe Pa3IuyHblX ghocghop- u azomcodeparcaujux coeournenutl. Ocodulii uHmepec 018 CHUNCEHUS.
eoprouecmu nenonoauuzoyuanypamos (IIHP) npedcmasnsem cmecov meramuna u noaugocgpama ammonus (IIPA). Ienvio
HacmosAue2o uccie008aHUs A6IAL0Ch YCMAHOBLeHUe GIUAHUA CO0epAHcanus u coomuoutenus meiamuna u [1DPA na coproyvecmo
U OCHOBHbBLE 3aKOHOMEPHOCTNU MEPMUUECKOU U mepmooKuciumenviou oecmpykyuu ITUP. 3adauu uccnedosanusn. [lonyuenue
ITHUP ¢ pasnuunvim codepacanuem u coomuoutenuem meramuna u [1DA, onpedenenue mepmocmouxocmu u 2opovecmu poc-
gopcodeporcawyux neHoniacmos, aHAIU3 NOJYUEHHbIX PE3VIbMaAmos OYeHKU 20pIoYecmi, MepMUYecKol U mepmoOKUCIUMElb-
Hot decmpyxkyuu gocgopcodeprcawyux ITHP.

Mamepuanvl u memoowt. B kauecmse 06vekmos ucciedosanus ucnoawvzosanu IHHP ¢ paznuunsim cooepaicanuem u coom-
nHouwtenuem meramuna u IIPA. Tepmocmoiikocms ghocghopcodepaicawpux ITUP uzyuanu ¢ nomoupio MysmumooaibHo20 mep-
MmoaHnanumuueckozo komniaekca DuPont — 9900 u mepmosecos TGA-951. I'oprouecmsv nenoniacmog onpeoensiiyu memooom
Kucnopoonoeo unoexca no 'OCT 21793-76.

Pe3ynomamut uccnedosanus. I[loxazano, umo obpazosanue KOKCO8020 OCMAMKA NpU RUpoause Goc@opcooepircaujux
ITUP 3a6ucum om coodepoicanusi UCCie008aHHbIX AHMUNUPerHo8 u coomuoutenus meramuna u I1DA. Ilpu mepmuueckoii Oe-
empykyuu ITHP npu coomnowenuu menamuna u I[IPA, pasnom 62:38, croii kokca npesviuaem 6 1,27 — 1,63 paza evbixo0 kokca
npu COOMHOULEHUU YKA3AHHbIX coeouHeHull, pasiom 50:50. Buisisieno, umo nabmodaemvlil dQhpexm s61semcsi OCHOSHbIM PakK-
mopom, onpedensowum boee 8blCOKYIO IPpexmusnocme niamseacsuezo oeticmeusi cmecei meramuna u I1PA npu ux co-
omuouenuu 62:38.

Bui60ovl. Ycmanosneno, umo ymepenno coprouue neHonoIuu3oyuanypamol (KUCIopooHslil unoekc npesviuiaem 27%) mo-
2ym Obimb NOAYYEHbl NPU KOHYESHMPAYUU UCCTe008AHHbIX (pochopazomcodeparcawmux anmunupenos, bonee 8-15 mac. % 6 3a-
BUCUMOCMU OM COOMHOWEHUS MeLaMuta u noaugocgpama ammonusa. Ilpu smom nabarooaemcs MuHelUHas 3A8UCUMOCTb KUC-
J0podHoeo undexca (KH) nenoniacmoe om senuyunvl KOKCO8020 OCMAMKA NPU MEPMUYECKOU decmpyKyuu pocghopcodepaica-
wux [IUP. Mexanusm cHudicenus eoprouecmu paspabomanHsix Gocgopcodepiicaujux neHONOIUUIOYUAHYPAMOE OCHOBAH HA
YCUuneHuu KapOoHU3ayu NOAUMEPHO MAmpuybl U 6CHEHUBAHUEM KOKCO8020 CNOsL 34 CYEN PA3N0NCEHUS MEIAMUHA.
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ABSTRACT

Introduction. The high flammability of polymeric thermal insulation materials (foams) significantly limits their wider ap-
plication in the construction industry. To reduce the flammability of these materials, flame retardants based on various phos-
phorus- and nitrogen-containing compounds are used. Of particular interest for reducing the flammability of polyisocyanurate
foams (PIR) is a mixture of melamine and ammonium polyphosphate (APP). The aim of this study was to determine the effect
of the content and ratio of melamine and APP on the flammability and main patterns of thermal and thermo-oxidative degra-
dation of PIR.

Research objectives. Production of PIR with varying content and ratio of melamine and APP; determination of thermal
stability and flammability of phosphorus-containing foams, analysis of the obtained results on flammability assessment, ther-
mal and thermo-oxidative degradation of phosphorus-containing PIR.

Materials and methods. PIR with varying content and ratio of melamine and APP were used as research objects. The
thermal stability of phosphorus-containing PIR was studied using a DuPont-9900 multimodal thermoanalytical complex and
TGA-951 thermobalance. The flammability of foams was determined by the limiting oxygen index method according to GOST
21793-76.

Results. It was shown that the formation of char residue during pyrolysis of phosphorus-containing PIR depends on the
content of the studied flame retardants and the ratio of melamine to APP. During thermal degradation of PIR at a mela-
mine:APP ratio of 62:38, the char yield exceeds by 1.27—1.63 times the char output at a ratio of these compounds equal to
50:50. It was revealed that the observed effect is the main factor determining the higher flame-retardant efficiency of melamine-
APP mixtures at a ratio of 62:38.

Conclusions. It was established that moderately flammable polyisocyanurate foams (oxygen index exceeding 27%,) can be
obtained at a concentration of the studied phosphorus-nitrogen flame retardants above 8—15 wt.%, depending on the mela-
mine:APP ratio. A linear dependence of the oxygen index (OI) of foams on the char residue value during thermal degradation
of phosphorus-containing PIR was observed. The mechanism of flammability reduction in the developed phosphorus-contain-
ing polyisocyanurates is based on enhanced carbonization of the polymer matrix and foaming of the char layer due to melamine
decomposition.

KEY WORDS: oxygen index, char residue, melamine, polyisocyanurate foam, ammonium polyphosphate, thermal and
thermo-oxidative degradation, phosphorus-containing flame retardant
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BBEJIEHUE

[IpropuTeTHEIM HampaBlIeHHEM B COBPEMEHHOM CTpOH-
TEJNBCTBE SBJSICTCS TOBHIMICHUE YHEProcOEpekeHUs 3a CUET
nprMeHeHns 0ojee 3P PEeKTUBHBIX TEIION30IAIINOHHBIX MaTe-
puanos [1-3]. IIpu 5ToM HOpMATUBBI IO TETIOBOM 3aIIUTE 3/a-
HUI ¥ COOPYKCHUH, TEIUIOBOM M30JIALIUU 000PYIOBaHUS U TPY-
Gonposonos permamentupyrorcs CIT 50.13310.2012' u CII
61.13310.20122. B kauecTBe 3QPEKTUBHBIX TETIOM30JISAIMOH-
HBIX MaTepUaNOB B CTPOUTENHLHOM HHIYCTPUH LIUPOKO HC-
MOJB3YIOT TICHOIUIACTHI HAa OCHOBE PEAaKIHOHHOCIIOCOOHBIX
omuromepos (meHononuyperans (I1I1Y), neHomonmmm3onmany-
patsl (ITNP), meHOeHOITACTHI, KapOaMHUIHBIC M SITOKCHTHBIC
MICHOIUIACTHI), 00JaaroIye BEICOKUMH SKCIUTYaTallHOHHBIMA
nokazaresnsiMu [4-8]. Cpean NeHOIUIacTOB Ha OCHOBE PEaKLIM-
OHHOCITOCOOHBIX OJIITOMEPOB 0CO00E IOJIOKCHUE 3aHUMAIOT
3aJIMBOYHbBIE MEHONOJIMMU30I[HAHYpaThl, HMEIOIINE BBICOKHE
TEXHOJIOTHYEeCKHe M (PU3MKO-MEXaHMYECKUE XapaKTepUCTHU-
kamu [4,6,9,10]. Tepmocroiikocts 3anuBouHbIX [IUP neranpHO
paccmotpena B pabore [11]. OqHako yka3aHHBIC MEHOILIACTHI
3a UCKJIFOYEHUEM PEe30JIbHBIX EHO(EHOIUIacTOB 00JIaIaloT Cy-
IIECTBEHHBIM HEIOCTATKOM — OHH OTHOCATCS K TpYIIIEe TOpio-
YUX MaTepHalioB, a ux kuciuopoaHsrii maaekc (K1) He mpeBbI-
mraet 23,2% [12]. CormacHo manebM pabots! [13] KU yme-
PEHHO- M CTa0OTOPIOYMX MOJMMEPHBIX MAaTepHajoB, B TOM
YHCcIIe TICHOIUTACTOB, TOJDKEH TPEBHIMIATh COOTBETCTBEHHO 27
1 31%. IlosTOMY BecbMa akTyaJIbHBIM SIBISIOTCS] CHUDKEHUE T'O-
PIOYECTH MEHOMOINH30IHAHYPATOB.

JI1 CHIDKEHUS TOPIOYeCTH MOJMMEPHBIX MaTepUalioB IIIH-
POKO MCHONB3YIOT aHTUIIMPEHB! PA3IMYHON XMMUUYECKOH IIpU-
ponsl. [Ipu 3ToM OosbIIoe BHUMaHHE yAENACTCS TIPUMEHEHHIO
AQHTHUITUPEHOB, COCTOSAIINX U3 HECKOJIBKUX KOMIIOHEHTOB, IIPO-
SBJISIIOLIMX cuHepruueckuii ¢ dexr. Kiaccuyeckum npume-
POM TaKMX aHTHITUPEHOB ABJISIETC cMech SboO3 ¢ XIIOpUpOBaH-
HBIMH WA OPOMUPOBAHHBIMH OPTaHUYECKAMH COCTUMHCHHUSIMU
[14]. OnHako yka3aHHbIE AHTUIHUPEHBI CYIIECTBEHHO IMOBBI-
[IAI0T TOKCUYHOCTH MPOIYKTOB MHUPOJN3a U TOPEHUS OTHE3a-
LIMILEHHBIX TOJIMMEPHBIX MaTepuaios [15].

B Hacrosmee Bpems 00JbII0e BHIMaHUE yISIICTCS pa3pa-
60TKe 06e3rajoreHHBIX HHTYMECLEHTHBIX aHTHIIMPEHOB, OTIH-
yaromuxcs 0osee 6IaronpusATHRIM 3KOJIOTHIECKUM PO HiIeM
1 3 PeKTUBHBEIM MEXaHU3MOM WHTHOMPOBAHUS TpoIecca ro-
PEHHS MMOJIMMEPHBIX MaTEPHAJIOB KaK B Ta30BOM, TaK M KOH/ICH-
CHUpOBaHHOW (pa3ax. B kauecTBe TaKMX aHTHIIMPEHOB IPUMeE-
HSIOT pasnuyHbie (ocdop- u Oopconepkaiiye CoeTMHESHUS
[16,17]. Tak, HampuMep, MOTYUYEHUS YMEPEHHO FOPIOYHX JKECT-
kux 3anuBouHbIx [1ITY ¢ KU, npesbimaromum 27% Conepixa-
HHe (oCnoInoia B MOJMI(QUPHON COCTABIISIONIEH IIPH ITPOU3-
BozcTBE 3ayIMBOYHBIX [IITY MOHMKEHHOHN rOprOYecTH, TOCTH-
raet 70%, 4TO CHIDKACT 3KCILTYyaTAIIHOHHBIC XapaKTePUCTUKU
TETJION30JSIIIMOHHBIX U37eNnid Ha ux ocHoBe [18,19].

Jis cHIDKEHUS TOPIOYeCTH MOJMMEPHBIX MaTepHalioB IIH-
POKO MPHUMEHSIOT cMecCh Gochop- U a30TCoAePIKALTUX COCTH-
HeHUH, oOmamaronux cuHeprudeckuM 3ddextom [22-25] wu,
cleIoBaTeNlbHO, 00J1ee BBICOKOH 3 (hEeKTUBHOCTHIO IIaMsTacs-
uiero nevictus. [Ipu ucnosib30BaHNMU yKa3aHHBIX CMeced BO3-
pacraet KOKCO0Opa30BaHKe MOJMMEPHON MaTPHIIBL, a CIIOH 00-
pasytolerocs KOKca MOKPBIT TEPMOCTOHKUMH

! CI1 50.13330.2012. Cox npaBu. TeruToBast 3aluTa 31aHHH.
'SP 50.13330.2012. Thermal performance of the buildings

INTRODUCTION

A priority direction in modern construction is improv-
ing energy efficiency through the use of more effective
thermal insulation materials [1-3]. Regulatory require-
ments for thermal protection of buildings and structures,
as well as thermal insulation of equipment and pipelines,
are governed by SP 50.13330.2012 "Thermal performance
of buildings"' and SP 61.13330.2012 "Designing of ther-
mal insulation of equipment and pipelines"?. As effective
thermal insulation materials in the construction industry,
foams based on reactive oligomers are widely used (poly-
urethane foams (PUF), polyisocyanurate foams (PIR),
phenolic foams, urea-formaldehyde and epoxy foams),
which possess high performance characteristics [4-8].
Among foams based on reactive oligomers, cast polyiso-
cyanurate foams occupy a special position due to their
high technological and physico-mechanical properties
[4,6,9,10]. The thermal stability of cast PIR has been thor-
oughly examined in [11]. However, these foams - with the
exception of resole phenolic foams - have a significant dis-
advantage: they belong to the group of flammable materi-
als, and their limiting oxygen index (LOI) does not exceed
23.2% [12]. According to [13], the LOI of moderately and
low-flammable polymeric materials, including foams,
should exceed 27% and 31%, respectively. Therefore, re-
ducing the flammability of polyisocyanurate foams is
highly relevant.

To reduce the flammability of polymeric materials,
flame retardants of various chemical natures are widely
used. Particular attention is paid to the application of
multi-component flame retardants exhibiting a synergistic
effect. A classic example of such flame retardants is a mix-
ture of Sb.0; with chlorinated or brominated organic com-
pounds [14]. However, these flame retardants significantly
increase the toxicity of pyrolysis and combustion products
of fire-protected polymeric materials [15].

Currently, considerable attention is devoted to devel-
oping halogen-free intumescent flame retardants, which
feature a more favorable environmental profile and an ef-
fective mechanism for inhibiting the combustion process
of polymeric materials in both gas and condensed phases.
Various phosphorus- and boron-containing compounds
are used as such flame retardants [16,17]. For example, to
obtain moderately flammable rigid cast PUF with an LOI
exceeding 27%, the content of phosphorus-containing pol-
yol in the polyester component during production of low-
flammability cast PUF reaches 70%, which reduces the
performance characteristics of thermal insulation products
based on them [18,19].

To reduce the flammability of polymeric materials,
mixtures of phosphorus- and nitrogen-containing com-
pounds exhibiting a synergistic effect are widely applied
[22-25], resulting in higher flame-retardant efficiency.
When using such mixtures, char formation in the polymer
matrix increases, and the resulting char layer is covered
with heat-resistant ceramic-like structures. The formation
of char on the material surface significantly reduces heat

2 CII1 61.13310.2012. Temwtosas u3onsys 000pya0BaHus U TPyOOPOBOIOB
2CII 61.13310.2012. Designing of thermal insulation of equipment and pipe lines
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KepaMoNoA0OHBIMH CTPYKTypaMu. O6pazoBaHHe KOKCa Ha TMO-
BEPXHOCTH MaTEPHANa CyIECTBEHHO CHIXKAET TEILIO- U MaCCO-
00OMEH MEeXIy IUIAaMCHEM M MaTepHalIoOM, YTO B KOHEYHOM
UTOT€ M NPHUBOAMT K MPEKPALICHUIO TOPEHUS MOJIUMEPHOIO
KOMIO3UTa. BO3MOKHOCTh NOTy4EHUS HECTEXHOMETPHIECKUX
AQHTUIIMPEHOB Ha OCHOBE PazIM4HBIX hochop- 1 azoTcoaepxa-
IIMX COETMHEHHH TT03BOJISIET pa3padaThiBaTh MOJIMMEPHBIE Ma-
TepHuabl, 00J1aJaronIe He TOJIKO HU3KOW rOpIYeCThio, HO U
BBICOKHMH DKCILTyaTallHOHHBIMH XapakTepucTukamu. OcoOblid
uHTepec i cHkeHus roprouectu [IUP npencrasnsger cMech
MenamMuHa 1 noiudocdara ammornsa. HecMOTpst Ha BBICOKYIO
3¢ PEKTUBHOCTD YKa3aHHON MIaMSATaCSIIEH CUCTEMBI TP CHU-
JKEHHH TOPIOYECTH MOJUMEPHBIX KOMIIO3UTOB Ha OCHOBE CET-
YaThIX 3MOKCUIHBIX NOJUMEPOB [22-25], ee BIUSHUE HA TEp-
MUYECKUE XaPAKTEPUCTHKH 1 TOprodecTsb 3anuBouHbIX [THP He
U3Y4YEHO.

Iesblo HacTOs el PpadOTHI SIBIISIOCH YCTAHOBJIEGHHUE BIIU-
STHUS COOTHOIIeHHs MenaMuH U [IDA, conepikaHus ykazaHHOM
CMECH Ha TEPMOCTOMKOCTh U roprouects ITHP.

3agaum uccjief0BAHUS BKIIOYANH:

-nony4yenue obpasuos [IUP, copepkanux ykaaHHbIC aH-
TUIMPEHBI, U TIPOBEJCHHE UX TePMOTPABUMETPHUUECKOrO aHa-
nM3a B aTMOcdepax BO3ayXa M TOKE a30Ta;

-OIpeaeNeHNe KIIFOYEBBIX XapAKTEPUCTUK TEPMOCTONKOCTH
(TemmepaTyp Hayana WHTEHCHBHOTO PAa3JIOKECHHUS W IIOTEPH
MAacChl, MAKCUMaJIbHOM CKOPOCTH Pa3I0XKEHUS U KOKCOBOIO
OCTaTKa) ¥ TOPIOYECTH MEHOIIACTOB,;

-YCTaHOBJIEHHE ONTHMAaJIbHBIX ITapaMeTPOB MOAN(PHUKAINH
TINP nns nocTuxkeHus MakCUMalbHOU TEPMOCTOMKOCTH U HU3-
KO TOPIOYECTH MOJIMMEPHBIX IIEH.

MaTepna.m,I U METOAbI HCCJICTOBAHUA.

3anMBOYHbIE NEHOMOIMU30NMAHYpaThl MOJydad Ha OcC-
HoBe nosnonioB (TY 2422-058-38892610-2014) u 4,4-nude-
HUIMeTHAeHann3onnanaTa (TY 2472-002-72311668-2004). B
Ka4yecTBE KaTalu3aTopa TPUMEpPU3aIlUH HUCIIOIF30BAIN OKTOAT
kamus (Trimer K-15), mpousBoncrBa kommanmun NANLNG
MAYSTAFINE Chemical Co. LTD. Karanuzaropom BcrieHU-
BaHUs 1 oTBepxkaeHus [TUP seusuics Polykat 5, mpousBozacTea
kommanuu Air Products Chemicals Europe V.P. BerienuBanmne
TTUP ocymecTrisin ¢ momombio Bogasl [OCT 23732-2011 u
CMECH H-TICHTaHa U M30TICHTaHa, B3AThIX B coOOTHOIeHnH 80:20
(TY 0272-68-00151638-2006). JIns1 CHHYKEHUS TOPIOYESCTH TIe-
HOIUTACTOB B COCTaB MOJMA(UPHON COCTABIIAIONIEH BBOJIMIN
AQHTHITUPEHBI, COCTOSINE U3 cMecH MenamuHa (1,3,5- Tpuasun
— 2,4,6-tpuamun, TOCT 7579-76%) u nonudocdara aMMoHHS
Mmapku APP SO1Ru co crenensro nomumepusanuu 1250 u co-
nepxanueM ¢pochopa 31,55% B cootHomenusx. CymmapHoe
COJICpXKaHNE YKA3aHHBIX AHTHIIUPEHOB B MCXOJHONH KOMIIO3H-
i gocturio 20 mac. %.

Tepmuueckue cBoiicTBa MenamuHa, [IOA u ux cmecei,
dhochopcomepxkamux [TNP nuccrenoBaiy ¢ moMOIIbI0 MYJIbTH-
MOJIAJTFHOT'O TepMOaHAIUTHIeCKoro komiiekca DuPont-9900
u repmoBecoB TGA-951 nipu ckopoctu Harpesa 20°C/muH. Hc-
MIBITAHUS TIPOBOJIMITA B COOTBETCTBUU ¢ TpeboBanusmu ['OCT
P 53293-2009*.  TepMOOKHMCIMTENLHYIO  JECTPYKIHIO

3TOCT 7579-76. MEJIAMUH. TexHuueckue yCioBus
3TOCT 7579-76. Melamine. Specifications

and mass transfer between the flame and the material, ul-
timately leading to cessation of combustion of the poly-
meric composite. The possibility of obtaining non-stoichi-
ometric flame retardants based on various phosphorus-
and nitrogen-containing compounds enables the develop-
ment of polymeric materials that possess not only low
flammability but also high performance characteristics.

Of particular interest for reducing the flammability of
PIR is a mixture of melamine and ammonium polyphos-
phate. Despite the high effectiveness of this flame-retard-
ant system in reducing the flammability of polymeric com-
posites based on cross-linked epoxy polymers [22-25], its
influence on the thermal characteristics and flammability
of cast PIR has not been studied.

The aim of this work was to determine the effect of
the melamine: APP ratio and the content of this mixture on
the thermal stability and flammability of PIR.

Research objectives included:

- production of PIR samples containing the specified
flame retardants and conducting their thermogravimetric
analysis in air and nitrogen atmospheres;

- determination of key thermal stability characteristics
(temperatures of onset of intensive decomposition and
mass loss, maximum decomposition rate, and char resi-
due) and flammability of foams;

- establishment of optimal PIR modification parame-
ters to achieve maximum thermal stability and low flam-
mability of polymeric foams.

Materials and research methods

Cast polyisocyanurate foams were produced based on
polyols (TU 2422-058-38892610-2014) and 4,4'-diphe-
nylmethane diisocyanate (TU 2472-002-72311668-2004).
Potassium octoate (Trimer K-15), manufactured by NAN-
LING MAYSTAFINE Chemical Co. LTD, was used as
the trimerization catalyst. Polykat 5, manufactured by Air
Products Chemicals Europe V.P., served as the foaming
and curing catalyst for PIR. Foaming of PIR was carried
out using water (GOST 23732-2011) and a mixture of n-
pentane and isopentane in an 80:20 ratio (TU 0272-68-
00151638-2006). To reduce foam flammability, flame re-
tardants consisting of a mixture of melamine (1,3,5-tria-
zine-2,4,6-triamine, GOST 7579-76) and ammonium pol-
yphosphate grade APP SO1Ru (degree of polymerization
1250, phosphorus content 31.55%) were introduced into
the polyester component in various ratios. The total con-
tent of these flame retardants in the initial composition
reached 20 wt.%.

The thermal properties of melamine, APP, their mix-
tures, and phosphorus-containing PIR were studied using
a DuPont-9900 multimodal thermoanalytical complex and
TGA-951 thermobalance at a heating rate of 20°C/min.

4TOCT P 53293-2009 IToxapHas ONacHOCTb BEIIECTB M MATEPHAIOB. MaTepualbl, BEECTBA 1 CPEICTBA OTHE3AIUTL

I/IIIeHTI/I(l)I/IKaHI/ISI METOAaMHU TEPMUYECCKOT'O aHaIn3a.

4 GOST R 53293-2009 Fire hazard of substances and materials. Materials, substance and fire protective means.

Identification by thermal analysis methods.
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menamuHa, [IOA n ux cmecelt, docdopconepxamux [TNP Ha
BO3ayXe (pacxon 50 MII/MHH) IEHOIIACTOB MUCCIICIOBAIH B MH-
tepBaine Temreparyp 30-950°C, a TepMHUYECKyIO JECTPYKIHIO
[IUP - B Toke a3zota g0 Temmepatypsl 750 °C ¢ mocreayommum
nepexoaoM Ha Bo3ayx (o 950°C) ams okuciaeHust 00pa3oBaB-
merocst KOkcoBoro ocratka. O6padorky nomyueHnsix TI- u
JATT-KpuBBIX TPOBOJWIN C HCIOJIB30BAHHEM IPOrPAMMHOTO
obecnieuenns «Universal Analysis 2000» (Bepcust 4.0 C). Kuc-
noponHbli uHAEKE dochopconepxamux [TUP onpenensiau B
cootBeTcTBUM ¢ TpeboBanusamu [OCT 21793-76°, a ux kaxy-
myrocs miotHocTs — 10 FOCT 409-2017%. BocmamenseMocTh
MICHOTIOJIMHU30MaHyPATOB ONPEACISIIN 10 TPEOOBAHUSAM MEXK-
nyHapoaHoro cragaapta UL 947,

Pe3yabTaThl Hcc/ieq0OBAHUS U UX 00CYyKAeHUE

Jlnsi yCTaHOBICHUSI BIMSIHHSL HCIOJIB30BAHHBIX B paboTe
dhocdopazoTcoaepkaluX aHTHIUPCHOB HA MUPOJIA3 U TOPIO-
YeCTh 3aJIMBOYHBIX IEHONOJIMU30LHAaHYPAaTOB B HaYaje uccie-
JIOBAJIM TEPMOOKHUCIUTENLHOE pa3iokeHue Menamuna, [IOA u
nX cMecel IprU COOTHOIICHUU YKa3aHHbIX KOMIIOHCHTOB, paB-
HOM 50:50 1 62:38. Pe3ynpTaThl HCCIIEOBAaHHUS TEPMOOKHUCITH-
TCJILHOT'O PA3JIOKCHUA YKa3aHHbBIX COC[[I/IHEHI/Iﬁ MpeaACTaBJICHBL
Ha puc.l u B Ta0m. 1.

PUCYHOK 1

Tests were conducted in accordance with GOST R 53293-
2009

Thermo-oxidative degradation of melamine, APP,
their mixtures, and phosphorus-containing PIR was stud-
ied in air (flow rate 50 mL/min) over the temperature
range 30 - 950°C, while thermal degradation of PIR was
studied in a nitrogen flow up to 750°C, followed by
switching to air (up to 950°C) to oxidize the resulting char
residue. Processing of the obtained TG and DTG curves
was performed using "Universal Analysis 2000" software
(version 4.0 C). The limiting oxygen index of phosphorus-
containing PIR was determined according to GOST
21793-76%, and their apparent density was measured ac-
cording to GOST 409-2017°. Determination of apparent
density" [6]. The flammability of polyisocyanurate foams
was assessed according to the international standard UL
947,

Results and discussion

To determine the influence of the phosphorus-nitrogen
flame retardants used in this work on the pyrolysis and
flammability of cast polyisocyanurate foams, the thermo-
oxidative decomposition of melamine, APP, and their
mixtures at component ratios of 50:50 and 62:38 was first
investigated. The results of the thermo-oxidative decom-
position studies of these compounds are presented in Fig.
1 and Table 1.

L]

TEPMOT'PABUMETPUYECKHUE 1,2,3,4) n 1804
JANODOEPEHIIMAJTBHBIE TEPMOI'PABUMET-
PUYECKUE KPUBBIE (1',2',3'4") ®OCPOP-
A3O0TCOJAEPXKAIIUX AHTHUIIMPEHOB HA
BO3AYXE:

1, 1' - TIDA;

2,2' - Me1aMuH;

3, 3' — coorHomenue mesiamuHa u [P A pasuo 50:50;

4, 4' - coorHomienne mesiamuna u IIPA pasno 62:38

MMacca, %o

Figure 1

Thermogravimetric (1,2,3,4) and differential ther-
mogravimetric curves (1',2',3',4") of phosphorus-ni-

T T T
wr - -

T
CrOpOCTE MOTEPH MACCEI, %0/ METH

trogen flame retardants in air:

T
-

1, Iy - APP; b
2, 2/ - melamine;
3 3’ - melamine:APP ratio = 50:50;

b
4,4’ — melamine:APP ratio = 62:38

Amnanus repmorpasumerpuueckux (TI7) u muddepenumans-
HBIX TepMmorpaBumerpuueckux kpusbix ([ATI) (puc.l)

Univoraal Vi OC TA Ingvumaents

Te.\mepan'pa,oc

Analysis of the thermogravimetric (TG) and differen-
tial thermogravimetric (DTG) curves (Fig. 1) for the

>TOCT 21793-76. Tlnact™Macchl. MeToJ onpe/ieieHus KUCIOPOTHOTO HHIEKCA.

5 GOST 21793-76. Plastics. Method for Determining the Oxygen Index.

® TOCT 409-2017 I1nacTMacChl SYEHCTbIE H PE3UHBI IyOuaThie. MeToJ OIpeIeeH s KaxyIeiics IIOTHOCTH.
¢ GOST 21793-76. Plastics cellular and rubbers cellular. Determination of apparent density.

TUL 94. OrrecToiKocTh TIOTHMEPHBIX MATEPHANIOB.
7 UL 94. Fire resistance of polymeric materials.
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TEPMOOKUCIUTENBHOTO pasznoxeHus [IOA u menamuHa, uc-
MOJB3YyEMBIX [UIS TTOIy4eHHs (ochopa3oTconepKaiux aHTH-
MUPEHOB MTOKA3aJI, YTO IMUPOJIN3 METAMHUHA SIBIISCTCS SIPKO BBI-
PaXEHHBIM OTHOCTAIUNUHBIM IpoLieccoM. IHTEHCUBHOE pa3iio-
JKEHHE MellaMHHa HaOmofaeTcs IpH TeMIlepaType BbIIIC
300°C (notepst Maccel mipu 700°C cocrtapisiet 98,7) u compo-
BOJK/IAETCS BBIICJIICHMEM aMMHaka M MejaeMa. MakcumanbHas
ckopocTh pasnoxenus (V,.) MenamuHa Ha Bo3ayxe (41,4
%/Mun) Habmopaercs mpu temnepatype 381°C (tabin.1). [IOA
pasnaraercsi Ha BO3yXe B HECKOJBKO CTa/Iuii ¢ 00pa3oBaHHEM
aMMHaKa, OKcuIoB ¢ocopa u Bogsl. Ha mepsoii ctanuu mpo-
necca mpu temmeparypax 10 450°C Vi (2,87 %/MuH) monu-
tocdara ammonns peammsyercs npu 383°C. Bbomee wmHTEH-
cuBHO IIDA paszmaraercs Ha BTOpPOHM CcTaguM Ipouecca MpU
temriepatypax 550-700°C V4 coctaBuser 14,75%/mMun npu
temmeparype 650°C. Ha TpeTbeii craguu mpouecca npHu TemIie-
patype 805°C (puc.1) muponus [IOA nporekaeT ¢ MUHUMATb-
HOU ckopocThio (2,36 %/MuH). [Ipu 3TOM CcTeneHb 0Opa3oBa-
HHSI KOKCOBOTO OCTaTka npu nupoiuse [IPA 3aBucut oT TeM-
neparypsl nupoiusza u coctasiser npu 750 u 900°C cootset-
cTBeHHO 25,9 u 15,4 % (T1abn.1).

thermo-oxidative decomposition of APP and melamine
used to produce phosphorus-nitrogen flame retardants
showed that melamine pyrolysis is a distinctly single-stage
process. Intensive decomposition of melamine occurs at
temperatures above 300°C (mass loss at 700°C is 98.7%)
and is accompanied by the release of ammonia and melem.
The maximum decomposition rate (V) of melamine in
air (41.4 %/min) is observed at 381°C (Table 1). APP de-
composes in air in several stages with the formation of am-
monia, phosphorus oxides, and water. In the first stage of
the process at temperatures up to 450°C, the Vi
(2.87 %/min) of ammonium polyphosphate occurs at
383°C. APP decomposes more intensively in the second
stage at temperatures of 550-700°C, with Ve =
14.75 %/min at 650°C. In the third stage at 805°C (Fig. 1),
APP pyrolysis proceeds at a minimal rate (2.36 %/min).
The degree of char residue formation during APP pyroly-
sis depends on the pyrolysis temperature and amounts to
25.9% and 15.4% at 750°C and 900°C, respectively (Table

1.

TABJIULA 1. MOKA3ATEJIN TEPMOOKHUCJIIUTEJBHOI'O PA3JIOKEHUSA
DPOCPOPA3OTCOAEPKALINX AHTUIIUPEHOB
Table 1. Parameters of thermo-oxidative decomposition of phosphorus-nitrogen flame retardants

CoennHenne
IMoka3zaTenn Compound
Indicators MNPA MenamMuH Melamine:PPA ratio
APP Melamine 50:50 62:38
Temnepatypa, °C, ipu KOTOPOii MOTEPs1 MacChl COETUHEHUEM
cocTaBisieT, %:
Temperature, °C, at which mass loss is:
5 365 308 310 296
10 405 323 325 312
20 556 340 342 329
50 639 365 391 354
TemnepaTypa MakCUMaIbHOM CKOPOCTH paznoxenus, °C:
Temperature of maximum decomposition rate, °C:
Ha TIepBOii cTauK
Ffrst sage 383 - 360 351
Ha BTOPOW CTagun
Secgnd stage 643 634 614
MakcumasbHas CKOPOCTb pasiokeHus, % / MHUH, Ha:
Maximum decomposition rate, %/min:
ICPBOH CTAIIHH 2,87 25,1 28,5
FlrsE stage 414
BTOpOIi CTaIuK 14,73 6.2 6.4
Second stage
IToteps maccel, %, ipu Temneparype, °C
Mass loss, %, at temperature, °C:
200 0,05 0,07 0,15 0,10
300 0,66 3,42 3,18 5,98
400 9,5 96,7 51,4 61,2
500 16,1 97,1 58,0 65,9
Koxcosslii ocratok, %, npu Temneparype, °C:
Char residue, %, at temperature, °C:
750 25,9 1,3% 12,73 7,9
900 15,4 - 7,0 3.4

* KoxcoBsli ocTaTok npu Temmnepatype 700°C

Char residue at a temperature of 700°C

TepMOOKUCIUTENBHOE PAa3lI0KEHHE CMECH MeJaMHHA U
DA npu ux coornomenuu 50:50 u 62:38 (puc.l) sBusercs
SIPKO BBIPAXKEHHBIM JIBYXCTaIUHHBIM mponieccoM. Ha mepBoit
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Thermo-oxidative decomposition of melamine-APP
mixtures at ratios of 50:50 and 62:38 (Fig. 1) is a distinctly
two-stage process. In the first stage at temperatures of
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cTamum nporecca npu remneparypax 300-450 °C remmneparypa
MaKCUMAIBHOM cKOpocTH pasnokeHus (Th.q.) pocpopazorco-
Jepxamiero anTanupena camxaercs ¢ 360 no 351 °C mpu yBe-
JIMYEHUHU COIEPKAaHUS MEJIaMUHA, a Vi ax BO3pacraer ¢ 25,1 0o
28,5 %/MuH. AHajorWdHas 3aKOHOMEPHOCTh HaOII0OgacTcs U
Ha BTOPOH CcTaJMM Mpolecca TEPMOOKUCIUTENEHOTO Pa3ioKe-
HUA (ochopazoTcoepiKallero aHTUnupeHa (Ipu TeMnepary-
pax 550-700 °C) T",..x ymenbIaercs ¢ 634 10 614 °C, a V1,4
noBbImaercs ¢ 6,2 10 6,4 %/muH (Tabdmn.l).

[IpuBeneHHbIC BbIIE JaHHBIE MOKAa3bIBAIOT, YTO CYIIe-
CTBEHHOE BJIMSHHE Ha TEPMOOKHCIHTEIHLHOE Pa3JIOKECHUE HC-
CIIeZIOBaHHBIX (POCHOPa3z0TCONSPKALNIINX AHTUIIHPEHOB OKa3bI-
BaeT co/iepKaHNe MeJaMHHa, KOTOPBIH CIIOCOOCTBYET 00pa3o-
BaHMIO BCIIEHEHHOTO KOKCOBOTO ciosl. IIpm 3TOM KOKCOBBIH
OCTaTOK HMCCIJICIOBAHHBIX aHTUIIMPEHOB NpH TemriepaType 750
°C camxaercs ¢ 12,73 no 7,9 % npu NOBBIIIEHUH COAEPKAHUA
MeJIaMUHA B CMECEBOM aHTHMUpPEHe (Tabi.1).

Pesynbrarel uccnenoBaHUs TEPMOOKHUCIUTEIBHOM Jie-
cTpykimu pocdopcoaepxanumx [TMP Ha ocHOBe cMecu Mena-
muHa ¥ [IOA npu ux cootHomenuu 50:50 u 62:38 npuBeneHs!
B TabI1. 2 U Ha puc. 2,3.

300-450°C, the temperature of maximum decomposition
rate (7T7,.q) of the phosphorus-nitrogen flame retardant de-
creases from 360 to 351°C with increasing melamine con-
tent, while V7, increases from 25.1 to 28.5 %/min. A sim-
ilar pattern is observed in the second stage of thermo-oxi-
dative decomposition (at 550-700°C): 77, decreases
from 634 to 614°C, and V7%, increases from 6.2 to
6.4 %/min (Table 1).

The data above indicate that melamine content signifi-
cantly influences the thermo-oxidative decomposition of
the studied phosphorus-nitrogen flame retardants, promot-
ing the formation of a foamed char layer. Meanwhile, the
char residue of the studied flame retardants at 750°C de-
creases from 12.73% to 7.9% with increasing melamine
content in the mixed flame retardant (Table 1).

Results of the thermo-oxidative degradation studies of
phosphorus-containing PIR based on melamine-APP mix-
tures at ratios of 50:50 and 62:38 are presented in Table 2
and Figs. 2,3.
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PUCYHOK 2

TEPMOT'PABUMETPUYECKHUE U JUDODE- 100+
PEHIIMAJIBHBIE TEPMOT'PABUMETPHUYE-

CKHE KPUBBIE TEPMOOKHUCJMUTEJIBHOI'O
PA3JIOKEHUS HA BO3AYXE 80

- ¢ochopcoaep:xxkamux [MAP, MmoagudpuuupoBaHHbIX
cMmecbi0 Medamuna M [IPA npu uUX COOTHOLIEHMH

paBHoM 50:50 60

NMacca, Yo

Figure 2
TG/DTG curves of thermo-oxidative degradation in 404
air of PIR foams modified with melamine/APP
(50:50)
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TEPMOTPABUMETPUYECKHUE U JUODE-
PEHIIMAJIBHBIE TEPMOI'PABUMETPUYE-
CKHE KPUBBIE TEPMOOKHUCJ/MUTEJIBHOI'O
PA3JIOKEHUS HA BO3J1YXE

- ¢ochopcoaep:xkamux [MUP, moandunupoBaHHbIX
cvMecb10 MOC u [1PA npu uX COOTHOLIEHHMH PABHOM
62:38

Figure 3

TG/DTG curves of thermo-oxidative degradation in
air of PIR foams modified with melamine/APP
(62:38)
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TABJIMLA 2 IOKA3ATEJIX TEPMOOKHCJIMTEJBHOI'O PA3JIOKEHUS
DPOCPOPCOJAEPKAIIUX NEHOIIOJIUU3OLIUAHYPATOB
Table 2 Parameters of thermo-oxidative decomposition of phosphorus-containing polyisocyanurate foams

Copep:kanue aHTHIHPEHOB, Mac.%

ri‘:;?::::g“ Flame retardant content, wt.%
- 10 15 20
Temmnepatypa, °C, Ipi KOTOPOii OTEPST MaCChI
TIUP cocraBnser, %:
Temperature, °C, at which mass loss of PIR
reaches, %o:
; 01 208 223 196
210 229 214
0 s 240 258 237
249 262 254
297
20 328 ﬁ ﬁ —
2 % B
50 477 — —6 ﬁ
495 486 503
TemnepaTypa MakCUMaJIbHOM CKOPOCTH
pasnoxenus, °C:
Temperature of maximum decomposition rate, °C:
Ha IepBOii cTagun 339 334 331
: 352 — - -
First stage 337 335 333
Ha BTOPOU CTauu 556 550 540
558 — - i
Second stage 555 551 544
MaxkcuMaiibHast CKOPOCTh Pa3JIOKCHUS,
% / MuH, Ha:
Maximum decomposition rate, %/min:
Ha TIepBOif CTaann 12.6 7,47 7,36 7,
First stage ’ 10,9 8,9 11,0
Ha BTOPOU CTaauu 12,5 8,9 5,58
21,9 — -
Second stage 17,4 11,9 3
Toreps maccsl, %, pu Temnepatype, °C
Mass loss, %, at temperature, °C:
200 438 4,6 2,8 5,28
’ 3,96 2,0 34
18,3 16,7 20,5
300 14,3 — — —
18,3 17,8 20,6
400 432 41,1 39,6 44,0
’ 41,0 40,1 41,2
Koxcossrit ocratok mpu temmneparype 800°C, % 05 2,99 39 2
Char residue at a temperature of 800°C > 1,78 1,26 9

IIpumeuanue: B uncnurene cootHouienue Menamuna u [IOA pasuo 50:50, B 3HameHaTene 62:38
Note: In the numerator, the ratio of melamine and PPA is 50:50, in the denominator 62:38

U3 puc. 2 u 3 cnepyer, uro nuponu3 gochopcoaepxa-
MIMX TCHOOJIHUA30IMAHYyPAaTOB HA BO3IYyXE SBIACTCS SPKO
BBIPAKEHHBIM JIBYXCTaIMHHBIM MPOIIECCOM: Ha TIEPBOM CTa-
JIMY TIpolecca mpu Temmnepatype 25-400 °C TV, uccneno-
BaHHBIX [INP cHmxkaetcst ¢ 352 mo 331-333 °C u mpakTude-
CKH HE 3aBUCHT OT COJCP)KAHHS aHTHIIMPEHOB M COOTHOIIIE-
Hust meamuna u [IPA. Oxnaxo, Ve, Gochopconepxarmux
MIEHOIUIACTOB TP COOTHOIIEeHUN MenamuH: [IDA,; paBHOM
50:50, 3nauntensHO MeHbIIe (7,36-7,6 %/MuH), uem y [TUP,
conepxanux MenaMuH u [IOA B cootHomeHnu 62:38 (8,9 —
11,0 %/muH).

Ha BTOpo#i cragmm mporecca TEPMOOKUCIUTEIHLHOTO
pasioxenus Qocdopcoaeprammx MEHOMOIMH30IHAHYPa-
T0B T4y HE3HAUMTENBHO CHMKAETCA ¢ 558 °C mis ucxog-
Horo ITUP no 540-544 °C npu coaep>xaHum UCCIEN0BaHHbIX
antunapenos 20% wac., a V7, YMEHBIIAETCS COOTBET-
ctBeHHo ¢ 21,9 %/mun no 5,58-9,3 %/mun (T2671.2).

MakcumManbHasi CKOPOCTh pa3ioxeHwust pocopcoaepra-
uux [IUP npu cootHomennn menamuna u [IDA, paBHoM
50:50, B 1,21 1,46 pa3a wMeHbplle, dYeM IS
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From Figs. 2 and 3, it follows that pyrolysis of phospho-
rus-containing polyisocyanurate foams in air is a distinctly
two-stage process: in the first stage at 25—400°C, 7" of the
studied PIR decreases from 352 to 331-333°C and practi-
cally does not depend on flame retardant content or mela-
mine:APP ratio. However, the decomposition rate V7’ of
phosphorus-containing foams at melamine:APP = 50:50 is
significantly lower (7.36—7.6 %/min) than that of PIR con-
taining melamine and APP at a ratio of 62:38 (8.9—
11.0 %/min).

In the second stage of thermo-oxidative decomposition of
phosphorus-containing PIR, 77, slightly decreases from
558°C for the original PIR to 540-544°C at 20 wt.% flame
retardant content, while V%, decreases from 21.9 %/min to
5.58-9.3 %/min, respectively (Table 2).

The maximum decomposition rate of phosphorus-con-
taining PIR at melamine:APP = 50:50 is 1.21-1.46 times
lower than for polyisocyanurate foams containing the mix-
ture at a ratio of 62:38. The studied phosphorus-containing
flame retardants increase char formation at 800°C from 0.5%
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MICHOMOIMHU30IIUAHYPATOB, COACPKAIIUX CMECh YKa3aHHBIX
coequHEHUH B cooTHomeHni 62:38. HccnenoBannsie doc-
(opconepxamiie aHTHIHUPEHBl IOBBIMIAIOT O0O0pa3OBaHUE
kokca npu 800 °C ¢ 0,5% mig uCXOAHOTO TEHOoIUIacTa 10
3,0-3,9 1 1,78 — 8,9 % npu cooTHOIIeHNN MenamuHa i [IOA
cootBeTcTBeHHO 50:50 1 62:38. CnenyeT OTMETHTD, YTO 00-
pa3oBaHUE KOKCA MPH TEPMOOKHCIHMTEIHHOM Pa3jioKCHUH
TIHP cymiecTBeHHO 3aBUCHT OT cojiepkanus (pochopazoTco-
JIepKaIero aHTUIHUPEHA B COCTAaBE TICHOIIACTA.

PesynbpTathl TepMUYECKOTrO pasioxeHus pochopcoaep-
skamux [1MP B Toke a30Ta npeacTaBiieHbl COOTBETCTBEHHO B
Tabs. 3 v Ha puc. 4 u 5.

for the original foam to 3.0-3.9% and 1.78-8.9% at mela-
mine:APP ratios of 50:50 and 62:38, respectively. It should
be noted that char formation during thermo-oxidative de-
composition of PIR significantly depends on the content of
the phosphorus-nitrogen flame retardant in the foam compo-
sition.

Results of thermal decomposition of phosphorus-con-
taining PIR in a nitrogen flow are presented in Table 3 and
Figs. 4-5.

TABJIMIA 3 IOKA3ATEJIM TEPMUYECKOI'O PA3JIOKKEHUS ®OCPOPCOJEPKAIINX
INEHOIIOJIMA30IMAHYPATOB B TOKE A30TA
Table 3 Parameters of thermal decomposition of phosphorus-containing polyisocyanurate foams in nitrogen flow

CoaeprxaHue aHTUIIMPEHOB, Mac. %
LT L Flame retardant content, wt.%
Indicators 2 22 0
- 10 15 20
Temmepatypa, °C, Ipi KOTOPOi IOTEPST MaCChI
IINP cocrasnser, %:
Temperature, °C, at which mass loss of PIR
reaches, %:
5 199 E g E
212 206 212
10 246 E @ E
255 248 252
20 324 ﬁ ﬁ ﬁ
316 301 299
50 382 ﬁ 5£ ﬂ
539 491 491
TemmepaTypa MaKCUMAaIbHOM CKOPOCTH Pa3ioxKe-
s, °C:
Temperature of maximum decomposition rate, °C:
Ha TIepBOii CcTauK 347 @ ﬁ %
First stage 348 343 345
Ha BTOPOH CTaJuu 536 540 540
Second stage ] £33 542 44
MaxkcuManpsHasi CKOPOCTh Pa3JIOKEeHUS,
% / muH, Ha:
Maximum decomposition rate, %/min:
Ha [IEPBOH CTaHH 177 % E E
First stage ’ 8,7 9,8 10,9
Ha BTOPOIi cTaauu 1,8 7,8 1,
Second stage 2,8 2,1 1,7
Torepst maccrl, %, pu Temnepatype, °C
Mass loss, %, at temperature, °C:
200 5,0 4,86 5,2 4,48
3,87 4,3 3,6
300 14,8 18,6 19,3 19,0
16,8 19,8 20,3
400 52,2 43,5 43,1 42,4
39,1 44,3 44,2
KoxkcoBblit ocTatok, % 122 E 19,8 21,8
Char residue, % ” 25,6 26,3 27,7
IIpumeuanue: B unciurene cootHonrenre menamuna u [IMA pasro 50:50, B 3Hamenartene 62:38
Note: In the numerator, the ratio of melamine and PPA is 50:50, in the denominator 62:38

IIpu nmponm3e B TOKE a30Ta HCCIICAOBAHHBIX ICHOIIONH-
M30IIMaHypaToOB MPOIECC pasliokeHus Gochopcoaepranmx
MIEHOIUIACTOB MPOTEKaeT OoJiee NHTCHCUBHO HA TIEPBOW CTAINN
npouecca npu Temrneparype 10 400 °C. ITpu 3tom, T, Ha TIEp-
BOM cTaguu tepmuueckoil aectpykuuu [TMP npaktuuecku He
3aBUCHUT OT coOTHomeHus: MenamuH: [IDA n KoHUEHTpauuu
(ocopazoTcoepKaliero aHTUNMPEHa B NCXOHOI KOMITO3H-
UH: TeMIeparypa MaKCHMaJIbHOM CKOPOCTH pa3JIoKeHHs

During pyrolysis in nitrogen, the decomposition pro-
cess of the studied phosphorus-containing foams proceeds
more intensively in the first stage at temperatures up to
400°C. Meanwhile, 7%, in the first stage of thermal deg-
radation of PIR practically does not depend on the mela-
mine:APP ratio or the concentration of the phosphorus-ni-
trogen flame retardant in the initial composition: the tem-
perature of maximum decomposition rate for original and

17
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ucxonuoro u pochopconepxkamux I[P cocrasmser 343 - 350
°C. B Toxke BpeMs /7,0y CHEKAETCS TIPU BBEICHUH B HCXOIHYIO
KOMIIO3UINIO (ochopazoTcopepkamiero anrumnupesa ¢ 17,7
%/vun 10 7,6 - 10,9 Y%/mun. Ipu sTom docdopconepsramiuii
[IUP, nmomydeHHsIi ipu cooTHomeHnn MenanuH: [IDA, pas-
HoM 50:50, obnamaer Oosee HM3KOM CKOpPOCTBIO MHPOJIM3a
(Tabn.3).

Bropas cramus Tepmuueckoi nectpykuuu dochopconep-
xamux [IUP (puc. 4, 5) MeHee BeIpaXkeHa [0 CPaBHEHHUIO C Tep-
MOOKHCIIUTEIBHBIM Pa3I0KEeHHEM aHAJIOTMYHBIX MEHOIOJH-
n3ormanyparos (puc. 2 u 3): T, coctapiser 533 - 544 ‘C, a
Vax - 1,7 - 2,8 %/mun (1a61.3). C pOCTOM KOHIIEHTPAIIMH UC-
CJICIOBAHHBIX AHTHITUPEHOB B UICXOAHON KOMITO3UIINH IIPH T10-
mydeHnn Qocdopcoaeprkanix MoJIMMEPHBIX TIEH MOBBIIIAETCS
o0pazoBaHNe KapOOHM30BAaHHOTO CIJIOS MPH TEPMHUYECKOH Jie-
CTPYKLMHU NEHOIIAcTOB ¢ 12,2% 1y1si UCXOJHOTO NEHOIOIH-
usonumanypara 10 21,8 - 27,7% ansa pochopconepxanux [T1P
(puc. 6). I[Ipu 3ToM 00pa3zoBaHHe KOKCOBOTO OCTaTKa MPHU Tep-
MHUYECKOM TeCTPYyKImU Gochopcoaepralinux MeHOMOIUN301H-
aHypaTOB, MOJYYEHHBIX MPHU COOTHOIIEHWU MenamuH: [IDA,
paBHOM 62:38, 6ombmie B 1,27 - 1,63 pa3za, 4eM y MEeHOIIIACTOB,
conepkanux cmech MenamuH U [IMA B cootHomeHuu 50:50.

PUCYHOK 4

TEPMOT'PABUMETPUYECKHUE U JUDDE-
PEHIIMAJIBHBIE
CKHE KPUBBIE TEPMHUYECKOI'O PA3JIOXKE-
HUSA B TOKE A30TA

- ¢ochopcoaep:xxkamux [MAP, MmoandpuuupoBaHHbIX
cMmecbl0 Medamuna M [IPA npu uUX COOTHOLIEHMH
paBHoM 50:50

804

Macca, %

Figure 4

TG/DTG curves of thermo-oxidative degradation in
nitrogen of PIR foams modified with melamine/APP
(50:50)

TEPMOI'PABUMETPHUYE- 100 ———

phosphorus-containing PIR is 343-350°C. At the same
time, V.- decreases upon introduction of the phosphorus-
nitrogen flame retardant into the initial composition from
17.7 %/min to 7.6—10.9 %/min. Moreover, phosphorus-
containing PIR produced at melamine: APP = 50:50 exhib-
its a lower pyrolysis rate (Table 3).

The second stage of thermal degradation of phospho-
rus-containing PIR (Figs. 4, 5) is less pronounced com-
pared to the thermo-oxidative decomposition of analogous
polyisocyanurate foams (Figs. 2, 3): T is 533-544°C,
and V', is 1.7-2.8 %/min (Table 3). With increasing
concentration of the studied flame retardants in the initial
composition during production of phosphorus-containing
polymeric foams, formation of a carbonized layer during
thermal degradation of foams increases from 12.2% for
the original polyisocyanurate to 21.8-27.7% for phospho-
rus-containing PIR (Fig. 6). Meanwhile, char residue for-
mation during thermal degradation of phosphorus-con-
taining PIR produced at melamine:APP = 62:38 is 1.27—
1.63 times higher than for foams containing the melamine-
APP mixture at a ratio of 50:50.
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PUCYHOK 5

TEPMOTPABUMETPUYECKHUE U JUODE-
PEHIIMAJIBHBIE TEPMOI'PABUMETPUYE-
CKHE KPUBBIE TEPMUYECKOI'O PA3JIOXKE-
HUS B TOKE A30TA 804
- ¢ochopcoaep:xkamux [MUP, moandunupoBaHHbIX
cvMecb10 MOC u [1PA npu uX COOTHOLIEHHMH PABHOM
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Figure 5 40

TG/DTG curves of thermo-oxidative degradation in
nitrogen of PIR foams modified with melamine/APP
(62:38)
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PUCYHOK 6

3ABUCUMOCTb OBPA30OBAHUSI KOKCO-
BOI'O OCTATKA IIPM TEPMUYECKOM JE-
CTPYKIIUUA ®OCPOPCOJAEPKAIIUX INEHO-
NMOJMU30NUAHYPATOB OT KOHLEHTPA-
MU AHTUITUPEHOB:

1 — cooTHomeHue MejamuH: IIPA paBno 62:38;

2 — cootHouienne Menamun: IIDA pasuno 50:50.

Figure 6

Char residue vs. flame retardant content during thermal
degradation of PPA-containing PIR foams:

(1) melamine:APP = 62:38;

(2) melamine:APP = 50:50

AHanu3 TeMnepatypHbIX npodriei mpu nudy3noHHOM
JAMUHAPHOM TOPEHHMH CETYATHIX ITOJMMEPOB ITOKa3all, 4To
TOJIIIMHA 30HBI, B KOTOPOW MPONUCXOJUT MHUPOJIU3 HOJIIME-
pos, coctasnseT 0,4-1,0 MM, a TemnepaTypa B IpPUIIOBEPX-
HOCTHOM CJIO€ TOpsANINX moauMepoB mnpesbiinaet 280-300°C.
3TO CBHIETENBCTBYET O BO3MOXXHOCTH MPOTEKAHHS B 3TOM
CJI0€ YHCTO TEPMHUUYECKOH JecTpyKuuu noaumepos [26]. ITo-
3TOMY HalOio/aeMasi 3aKOHOMEPHOCTh OOpa30BaHUsS CIIOS
KOKCa IPH TepMHYECKOH recTpykiun (ochopcoaepkammx
[P oka3piBaeT CyIIECTBEHHOE BIIMSIHUE M Ha TOPIOYECTh
MIEHOIOJIMM30IIMaHypaToOB. BiHsHNE KOHLIEHTpaK Hccile-
JOBaHHBIX (hocopa3oTcopepkanX aHTUIIMPEHOB U COOT-
HomreHus MenaMuH: [IDA Ha roprodecTs NEHOIOJINH301HA-
HypaToB IPUBEJICHO Ha puc.7.

W3 puc. 7 crienyer, 4To ¢ pOCTOM KOHICHTpanuu Gocdo-
pa3oTco/epKAIIEro aHTHUIUPEHAa U YBEJIMYEHUEM COOTHO-
meHus MenaMut: [IMA roproyects 3aJIMBOYHBIX TIEHONOJH-
nzonuanyparos cHuxkaercs. IIpu stom IIUP, copepxaue
cMech MenaMuHa U [IMOA B cooTHomeHnn 62:38, SBISIOTCS
OoJiee OrHE3alIMIIEHHBIMU NIEHOIIACTAMHU, YeM IIEHOOJIH-
M30LMAaHyPaThl, OJIyYEHHBIE TPA COOTHOLIEHUH YKa3aHHBIX
coequnenuit 50:50.

PUCYHOK 7

3ABUCUMOCTDH KUCJIOPOJHOI'O UHJAEKCA
DPOCPOPCOJAEPKAIIUX MNEHOIIOJIUU30-
IHUAHYPATOB OT KOHIEHTPALIUU AHTU-
IIMPEHOB:

1 — coornomenue IIMA: meramu paBHo 38:62;

2 — cootHomenue IPA: messamun paBHo 50:50.

Figure 7

Dependence of oxygen index of phosphorus-contain-
ing polyisocyanurate foams on flame retardant con-
centration:

1 - APP:melamine
2 — APP:melamine = 50:50

Kucaoponnstii nuaexe, %

38:62;

30

y =-0,0533x2+1,7459% + 13,468

L s
o /
:
=4 /
=3
b= 20 B
=
a
5 (/
5
g
=
15 "
L
/ y =0,0071x240,3136x + 12,087
b,

10

0 5 10 15
Co;lepmamle AHTHNOHpeHa, % Mac.

20

Analysis of temperature profiles during diffusion laminar
combustion of cross-linked polymers showed that the thick-
ness of the zone where polymer pyrolysis occurs is 0.4—1.0
mm, and the temperature in the near-surface layer of burning
polymers exceeds 280-300°C. This indicates the possibility
of purely thermal degradation of polymers occurring in this
layer [26]. Therefore, the observed pattern of char layer for-
mation during thermal degradation of phosphorus-containing
PIR significantly influences the flammability of polyisocy-
anurate foams. The effect of the concentration of the studied
phosphorus-nitrogen flame retardants and the mela-
mine:APP ratio on the flammability of polyisocyanurate
foams is shown in Fig. 7.

From Fig. 7, it follows that with increasing concentration
of the phosphorus-nitrogen flame retardant and increasing
melamine: APP ratio, the flammability of cast polyisocyanu-
rate foams decreases. Moreover, PIR containing the mela-
mine-APP mixture at a ratio of 62:38 are more fire-retardant
foams than polyisocyanurate foams produced at a ratio of
these compounds of 50:50.
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PUCYHOK 8

3ABUCUMOCTDb KHCJOPOJHOI'O NHAEKCA
OT BEJIMYHNHBI KOKCOBOI'O OCTATKA IIPA
TEPMAYECKOM JECTPYKIIAA ®OCPOPCO-
JEPKAINUX ITEHOIMMOJIMU3O0OIIUAHYPATOB:
1 — coorHomienne menamun : IIMA, papuoe 50:50;
2 — cooTHomenune mejaamuH : [IMA, papHoe 62:38.

Figure 8

Dependence of oxygen index on char residue value
during thermal degradation of phosphorus-contain-
ing polyisocyanurate foams:

- melamine:APP =
2 — melamine:APP = 62:38

Kucnopoxnerii napexe, %

50:50;

Crenyer OTMETHTb, YTO HaOIIOAaeTCs IMHEIHAS 3aBUCH-
mocTh KU nccneoBaHHBIX MIEHOIIACTOB OT BEINYNHBI KOK-
COBOT0 OCTaTKa, 00pa3youIerocst Npu TEPMHUYECKOM MHPO-
mu3e [TUP (puc. 8). D10 yka3pIBaeT Ha BEYILYIO POJIb B CHH-
skeHuu roprodyectu [IMP mpoueccoB kapOOHM3AIUH MOJTH-
MEpHOI MaTpHLbl: O00pa3yIOUIMHCS CIIOH KOKCAa CHHXKAET
TEIJIO- U MacCOOOMEH MEXIy IIaMEHEM M IIEHOIUIACTOM,
YTO B KOHEYHOM HTOTe U IMPUBOIUT K INPEKPALCHUIO UX TO-
pernst: [IOA ycumiBaet kapOOHU3AIMIO TOJIMMEPHOH MaT-
PHIIBI, @ MEJIAMUH CIIOCOOCTBYET BCIICHHBAHHIO KOKCOBOTO
cinosi.ccnenoBannsie pochopconepxantie [INP oTHOCSTCS
K Ipymnme ymMepeHHoroprounx marepuanoB (KN>27%) npu
cozepskannu pocdopazoTcoaepuvx aHTUIUPEHOB Oosee 8-
15% mac. B 3aBUCHUMOCTH TO COOTHOIIEHHS MelaMHHA U
[I®A (puc.7). [lo BocIIaMeHAEMOCTH BCe HCCIIEIOBAHHBIC
tdbochopconepxkarue [TUP otHOCATCS K TpyIne Vy npu uc-
MBITAHUU TI0 MeXAyHapoaHoMy craHaapty UL 94, T.x. He
HaOJIOaeTCsl UX CaMOCTOSATENFHOTO TOPEHHUs Mocie Iep-
BOT'0 ¥ BTOPOTO MOKUTAHUSI BEPTUKAIBHO PACIIONIOKEHHBIX
00pa3IoB IEHOIUIACTOB.

C MOBBINICHUEM COJIEpXKaHHS YKa3aHHBIX (ocdopazor-
COJIEpXKAINX AHTUIHMPEHOB JIMHEIHO BO3pacTaeT KaxKyla-
scsa wiotHocTh IIUP ¢ 42 xr/m® mo 56,8 u 59,3 xr/m® (puc.
9). OTO NPUBOIUT K U3MEHEHUIO IIPOYHOCTHBIX U TEIIO(H-
3MYECKUX XapaKTEPUCTUK TETUIOM30JILIIOHHBIX MAaTEPHAIOB
Ha ocHOBe pochopcoaepxkammx [TAP.

PUCYHOK 9

3ABUCUMOCTB KAKYIENCS IJIOTHOCTA
DPOCPOPCOJAEPKALIIUX MNEHOMOJJUHNU30-
HUAHYPATOB OT COAEPKXAHUSA AHTHUIIU-
PEHOB:

1 — cootHomeHnue mejamun: IIPA pasno 50:50;

2 — cootHouenne meiamun: IIPA paBHo 62:38.

Figure 9

Dependence of apparent density of phosphorus-con-
taining polyisocyanurate foams on flame retardant
content:

1 - melamine:APP =
2 — melamine:APP = 62:38

50:50;
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It should be noted that a linear dependence of the LOI of
the studied foams on the char residue value formed during
thermal pyrolysis of PIR is observed (Fig. 8). This indicates
the leading role of polymer matrix carbonization processes
in reducing PIR flammability: the resulting char layer re-
duces heat and mass transfer between the flame and the foam,
ultimately leading to cessation of combustion. APP enhances
carbonization of the polymer matrix, while melamine pro-
motes foaming of the char layer.

The studied phosphorus-containing PIR belong to the
group of moderately flammable materials (LOI > 27%) at a
phosphorus-nitrogen flame retardant content above 8-15
wt.%, depending on the melamine:APP ratio (Fig. 7). Re-
garding ignitability, all studied phosphorus-containing PIR
belong to the Vy group according to UL 94 international
standard testing, as no self-sustained combustion was ob-
served after the first and second ignitions of vertically posi-
tioned foam samples.

With increasing content of the specified phosphorus-ni-
trogen flame retardants, the apparent density of PIR linearly
increases from 42 kg/m® to 56.8 and 59.3 kg/m? (Fig. 9). This
leads to changes in the strength and thermophysical charac-
teristics of thermal insulation materials based on phospho-
rus-containing PIR.
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3akiouenue

Pe3ynbTaThl BBIIOJIHEHHOTO aBTOPAMH UCCIIEJOBAHHMS 3a-
KOHOMEPHOCTEH BEICOKOTEMIIEPAaTypHOT'0 MUPOJIN3a U TOPIO-
gectd (ochopcomepKamux MeHOMOINH30IIHAHYPATOB TI0-
Ka3aJin, 9YTO MPUMEHEHNE OC3TaJOTCHHBIX aHTUIMPEHOB Ha
ocHOBe cMecu [IDA n MenaMuHa TTO3BOJISET pa3padbaThIBaTh
yMmepenHoroptoune 1P ¢ KucinopogHbsIM MHIEKCOM, Ipe-
BhrmaromumM 27%. [Ipu sToM HabrOmaeTCs TMHEHHAs 3aBH-
cumocTth KU neHomnacToB 0T BEIMYMHBI KOKCOBOTO OCTaTKa
IpU TEPMUYECKOH aecTpyKuuu pocdopconepxamux [THP.
MexaHU3M CHUKCHUS TOPIOYECTH pa3paboTaHHBIX (pocdop-
COJIepIKallX MEHOMOIMHU30IIMaHypaTOB OCHOBAH Ha yCHIIe-
HHUH KapOOHU3AINH TIOIMMEPHOM MaTpHUIIBl U BCTICHUBAaHHEM
KOKCOBTO CJIOSI 32 CYET pa3jioxkeHus MenamuHa. [Ipu coot-
HoweHuu MenamuH: [IDA, paBaom 62:38 u 50:50, ymepen-
Horoproune [IMP momydeHsr mpu koHIeHTpammu ¢ocdo-
pa3oTconepKAMNX aHTUIIMPEHOB COOTBETCTBEHHO 8 W 15
Mac.%.
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Conclusions

The results of the authors' study on the patterns of high-
temperature pyrolysis and flammability of phosphorus-con-
taining polyisocyanurate foams showed that the application
of halogen-free flame retardants based on a mixture of APP
and melamine enables the development of moderately flam-
mable PIR with an oxygen index exceeding 27%. A linear
dependence of the foam LOI on the char residue value during
thermal degradation of phosphorus-containing PIR was ob-
served. The mechanism of flammability reduction in the de-
veloped phosphorus-containing polyisocyanurates is based
on enhanced carbonization of the polymer matrix and foam-
ing of the char layer due to melamine decomposition. At mel-
amine:APP ratios of 62:38 and 50:50, moderately flammable
PIR were obtained at phosphorus-nitrogen flame retardant
concentrations of 8 wt.% and 15 wt.%, respectively.
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