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ÃÎÐÞ×ÅÑÒÜ È ÄÛÌÎÎÁÐÀÇÓÞÙÀß ÑÏÎÑÎÁÍÎÑÒÜ
ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÌÀÒÅÐÈÀËÎÂ
ÍÀ ÎÑÍÎÂÅ ÝÏÎÊÑÈÄÍÛÕ ÎËÈÃÎÌÅÐÎÂ

Ðàññìîòðåíî âëèÿíèå ñîäåðæàíèÿ è õèìè÷åñêîé ïðèðîäû èñõîäíûõ êîìïîíåíòîâ íà òåðìî-
ñòîéêîñòü, âîñïëàìåíÿåìîñòü è äûìîîáðàçóþùóþ ñïîñîáíîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ
íà îñíîâå ýïîêñèäíûõ îëèãîìåðîâ. Óñòàíîâëåíî, ÷òî ôîñôàòíûå ïëàñòèôèêàòîðû ïðàêòè÷åñêè
íå âëèÿþò íà ãîðþ÷åñòü ýïîêñèäíûõ ïîëèìåðîâ, íî ñíèæàþò èõ äûìîîáðàçóþùóþ ñïîñîáíîñòü.
Ïîêàçàíî, ÷òî ïðè ñîäåðæàíèè ìèíåðàëüíûõ íàïîëíèòåëåé ìåíåå 45 % ìàññ. èõ õèìè÷åñêàÿ
ïðèðîäà ìàëî âëèÿåò íà âîñïëàìåíÿåìîñòü ýïîêñèäíûõ êîìïîçèòîâ, à êîýôôèöèåíò äûìî-
îáðàçîâàíèÿ ëèíåéíî óìåíüøàåòñÿ ñ ðîñòîì ñòåïåíè íàïîëíåíèÿ. Äëÿ ñíèæåíèÿ ãîðþ÷åñòè
ýïîêñèäíûõ êîìïîçèòîâ ïðåäëîæåíî èñïîëüçîâàòü àääèòèâíûå áðîìñîäåðæàùèå àíòèïèðåíû
â âèäå ðàñòâîðà â N,N-äèìåòèë-2,4,6-òðèáðîìàíèëèíå. Ïîêàçàíà âûñîêàÿ ýôôåêòèâíîñòü àöå-
òèëôåððîöåíà è �-îêñèýòèëôåððîöåíà, èñïîëüçóåìûõ â êà÷åñòâå äûìîïîäàâèòåëåé ýïîêñèä-
íûõ êîìïîçèòîâ. Âûÿâëåíà êîððåëÿöèÿ êèñëîðîäíîãî èíäåêñà ñ ïðåäåëüíîé êîíöåíòðàöèåé
êèñëîðîäà è êðèòè÷åñêîé ïëîòíîñòüþ òåïëîâîãî ïîòîêà âîñïëàìåíåíèÿ êîìïîçèòîâ.

Êëþ÷åâûå ñëîâà: àíòèïèðåí; âîñïëàìåíÿåìîñòü; ãîðþ÷åñòü; äûìîîáðàçóþùàÿ ñïîñîáíîñòü;
êîìïîçèòû; íàïîëíèòåëè; ïëàñòèôèêàòîðû; ïðîèçâîäíûå ôåððîöåíà; ýïîêñèäíûå îëèãîìåðû.
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Ââåäåíèå

Êðóïíîòîííàæíûì ïîòðåáèòåëåì äèàíîâûõ ýïîêñèä-

íûõ îëèãîìåðîâ ÿâëÿåòñÿ ñòðîèòåëüíàÿ èíäóñòðèÿ.

Ýòî îáóñëîâëåíî øèðîêèì äèàïàçîíîì òåõíîëîãè-

÷åñêèõ, ôèçèêî-ìåõàíè÷åñêèõ è ôèçèêî-õèìè÷åñêèõ

ñâîéñòâ ìàòåðèàëîâ íà èõ îñíîâå è îòíîñèòåëüíî

äîñòóïíîé ñûðüåâîé áàçîé äëÿ ñèíòåçà òàêèõ îëèãî-

ìåðîâ [1–3]. Ýïîêñèäíûå îëèãîìåðû èñïîëüçóþò

â êà÷åñòâå ñâÿçóþùåãî ïðè ïðîèçâîäñòâå óãëå-, áà-

çàëüòî- è ñòåêëîïëàñòèêîâ, êîìïîçèòíîé àðìàòóðû,

õèìè÷åñêè ñòîéêèõ ëàêîêðàñî÷íûõ ïîêðûòèé, ïîëè-

ìåððàñòâîðîâ è ïîëèìåðáåòîíîâ, ïåíîïëàñòîâ, êëååâ

è ìîíîëèòíûõ ïîêðûòèé ïîëà [4–8]. Èõ ïðèìåíÿþò,

êàê ïðàâèëî, â âèäå ìíîãîêîìïîíåíòíûõ êîìïîçè-

öèé, ñîäåðæàùèõ, ïîìèìî ýïîêñèäíûõ îëèãîìåðîâ

è îòâåðäèòåëåé, ðàçëè÷íûå íàïîëíèòåëè, ìîäèôè-

êàòîðû, àíòèïèðåíû, ñèíåðãèñòû è äðóãèå ôóíêöè-

îíàëüíûå äîáàâêè.

Øèðîêîå ïðèìåíåíèå â ñòðîèòåëüíîé èíäóñòðèè

ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ (ÏÊÌ)

íà îñíîâå ýïîêñèäíûõ îëèãîìåðîâ ñäåðæèâàåòñÿ èõ

ïîâûøåííîé ïîæàðíîé îïàñíîñòüþ [9–13]. Â ñâÿçè

ñ ýòèì â Ðîññèè è çà ðóáåæîì áîëüøîå âíèìàíèå

óäåëÿåòñÿ ðàçðàáîòêå ïîæàðîáåçîïàñíûõ ýïîêñèäíûõ

êîìïîçèòîâ, îáëàäàþùèõ âûñîêèìè ýêñïëóàòàöè-

îííûìè õàðàêòåðèñòèêàìè. Öåëüþ ðàáîòû ÿâëÿåòñÿ

óñòàíîâëåíèå âëèÿíèÿ ñîäåðæàíèÿ è õèìè÷åñêîé

ïðèðîäû èñõîäíûõ êîìïîíåíòîâ íà òåðìîñòîéêîñòü

è îñíîâíûå ïîêàçàòåëè ïîæàðíîé îïàñíîñòè ýïîê-

ñèäíûõ ÏÊÌ, ÷òî äàñò âîçìîæíîñòü öåëåíàïðàâ-
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ëåííî ðåãóëèðîâàòü âîñïëàìåíÿåìîñòü, ãîðþ÷åñòü

è äûìîîáðàçóþùóþ ñïîñîáíîñòü òàêèõ ìàòåðèàëîâ.

Ìàòåðèàëû è ìåòîäû
èññëåäîâàíèÿ

Îáúåêòîì íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿëèñü

ÏÊÌ íà îñíîâå ýïîêñèäíîé ñìîëû ìàðêè ÝÄ-20

(ÃÎÑÒ 10587–84), ñîäåðæàùèå â êà÷åñòâå îòâåðæ-

äàþùåãî àãåíòà àëèôàòè÷åñêèå àìèííûå îòâåðäè-

òåëè: äèýòèëåíòðèàìèí (ÒÓ 6-02-914–86), ïîëèýòè-

ëåíïîëèàìèí (ÏÝÏÀ, ÒÓ 2413-357-00203447–99),

òðèýòèëåíòåòðàìèí (ÒÓ 6-09-11-2119–93), èìèä-

àçîëèíû ìàðîê ÓÏ-0640, ÓÏ-0641 è ÓÏ-0642 (ÒÓ

6-05-241-514–87) è ìîíîöèàíýòèëäèýòèëåíòðèàìèí

ÓÏ-0633Ì (ÒÓ 2494-552-00203521–99). Óïðóãîýëàñ-

òè÷åñêèå õàðàêòåðèñòèêè êîìïîçèòîâ ðåãóëèðîâà-

ëè çà ñ÷åò ïðèìåíåíèÿ íèçêîìîëåêóëÿðíûõ áóòà-

äèåí-íèòðèëüíûõ êàðáîêñèëàòíûõ êàó÷óêîâ ìàðîê

ÑÊÍ-18-1À è ÑÊÍ-26-1À (ÒÓ 38.303-01-41–92), ôîñ-

ôàòíûõ ïëàñòèôèêàòîðîâ — äè(2-ýòèëãåêñèë)ôå-

íèëôîñôàòà, äèôåíèë(2-ýòèëãåêñèë)ôîñôàòà, òðè-

ôåíèëôîñôàòà, äèôåíèëêðåçèëôîñôàòà, äèôåíèë-

(ï-òðåòáóòèë)ôåíèëôîñôàòà (ÒÓ 6-06-241–92), äèôå-

íèëèçîïðîïèëôåíèëôîñôàòà (ÒÓ 6-05-211-1211–80),

òðèõëîðïðîïèëôîñôàòà (ÒÓ 2493-513-05763441–

2007), òðèõëîðýòèëôîñôàòà (ÒÓ 2493-319-05763441–

2000), ñâîéñòâà êîòîðûõ ïðèâåäåíû â ðàáîòå [14],

à òàêæå õëîðïàðàôèíà ìàðêè Ïàðàõëîð-380 (ÒÓ

2493-005-13164401–92), ñîäåðæàùåãî 54–57 % õëîðà.

Â êà÷åñòâå òîíêîäèñïåðñíûõ (3–25 ìêì) ìèíåðàëü-

íûõ íàïîëíèòåëåé èñïîëüçîâàëè îêñèäû è ãèäðîêñè-

äû ìåòàëëîâ, ãåòèò, ìàðøàëèò, àíäåçèò, êâàðöåâóþ

ìóêó è ãèäðàòñîäåðæàùèå ìèíåðàëû. Òåïëîôèçè-

÷åñêèå ñâîéñòâà èñïîëüçîâàííûõ îêñèäîâ ìåòàëëîâ

ïðèâåäåíû â ðàáîòå [15], à òåðìè÷åñêèå ñâîéñòâà

ãèäðàòñîäåðæàùèõ ìèíåðàëîâ è ðàçëàãàþùèõñÿ ìè-

íåðàëüíûõ íàïîëíèòåëåé — â [16, 17].

Äëÿ ñíèæåíèÿ ãîðþ÷åñòè ýïîêñèäíûõ ÏÊÌ ïðè-

ìåíÿëè ïðîìûøëåííûå ìàðêè áðîìîðãàíè÷åñêèõ

àíòèïèðåíîâ è ñèíòåçèðîâàííûå áðîìñîäåðæàùèå

ñîåäèíåíèÿ ñåðèè “Ðåäàíò”, ôèçèêî-õèìè÷åñêèå è

òåðìè÷åñêèå ñâîéñòâà êîòîðûõ ïðèâåäåíû â ðàáîòå

[18], à â êà÷åñòâå äûìîïîäàâèòåëåé — ïðîèçâîäíûå

ôåððîöåíà [19]. Ñèíòåçèðîâàííûå àíòèïèðåíû ñå-

ðèè “Ðåäàíò” ñîäåðæàò àòîìû áðîìà è õëîðà â àðî-

ìàòè÷åñêîì è àëèôàòè÷åñêîì ôðàãìåíòàõ ìîëåêó-

ëû è ïðåäñòàâëÿþò ñîáîé ïðîäóêòû áðîìèðîâàíèÿ

1,1-äèõëîð-2,2-äè(4-õëîðôåíèë)ýòèëåíà (Ðåäàíò 1),

êîíäåíñàöèè n-õëîðáåíçîëà ñ õëîðàëåì (Ðåäàíò 2),

à òàêæå áðîìïðîèçâîäíûå äåãèäðîõëîðèðîâàííûõ

ïðîäóêòîâ êîíäåíñàöèè n-õëîðáåíçîëà ñ õëîðàëåì

(Ðåäàíò 1-2, Ðåäàíò 2-1). Â çàâèñèìîñòè îò ñòåïåíè

áðîìèðîâàíèÿ èñõîäíîãî õëîðàëêèëàðîìàòè÷åñêî-

ãî ñîåäèíåíèÿ àíòèïèðåíû ñåðèè “Ðåäàíò” ñîäåðæàò

15,5–26,5 % õëîðà è 44–46 % áðîìà.

Òåðìè÷åñêèé àíàëèç íàïîëíèòåëåé, àíòèïèðåíîâ,

ïðîèçâîäíûõ ôåððîöåíà è ýïîêñèäíûõ êîìïîçèöèé

íà âîçäóõå è â òîêå àçîòà ïðîâîäèëè ñ ïîìîùüþ

àâòîìàòèçèðîâàííîé ìîäóëüíîé òåðìîàíàëèòè÷å-

ñêîé ñèñòåìû “DuPont-9900” ïðè ñêîðîñòè íàãðåâà

10 °Ñ/ìèí. Êèñëîðîäíûé èíäåêñ (ÊÈ), òåìïåðàòóðû

âîñïëàìåíåíèÿ Òâ è ñàìîâîñïëàìåíåíèÿ Òñâ, êîýô-

ôèöèåíò äûìîîáðàçîâàíèÿ Dm â ðåæèìå ïèðîëèçà

è ïëàìåííîãî ãîðåíèÿ, òåïëîòó ñãîðàíèÿ, êðèòè÷å-

ñêóþ ïëîòíîñòü òåïëîâîãî ïîòîêà âîñïëàìåíåíèÿ

qêð, ïðåäåëüíóþ êîíöåíòðàöèþ êèñëîðîäà ñïð è ñêî-

ðîñòè ðàñïðîñòðàíåíèÿ ïëàìåíè Vðï ïî ãîðèçîíòàëü-

íîé ïîâåðõíîñòè ýïîêñèäíûõ ïîëèìåðîâ è ÏÊÌ íà

èõ îñíîâå îïðåäåëÿëè ïî ÃÎÑÒ 12.1.044–89* è ïî

ìåòîäèêàì, ïðèâåäåííûì â ðàáîòàõ [14–16].

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íàëè÷èå â äèàíîâûõ ñìîëàõ ýïîêñèäíûõ (1–24 %)

è ãèäðîêñèëüíûõ (0,2–10 %) ôóíêöèîíàëüíûõ ãðóïï

ïîçâîëÿåò îòâåðæäàòü èõ îðãàíè÷åñêèìè, íåîðãà-

íè÷åñêèìè è ýëåìåíòîîðãàíè÷åñêèìè ñîåäèíåíèÿ-

ìè ðàçëè÷íûõ êëàññîâ [1–3]. Óñòàíîâëåíî, ÷òî õè-

ìè÷åñêîå ñòðîåíèå èññëåäîâàííûõ îòâåðäèòåëåé

ìàëî âëèÿåò íà ãîðþ÷åñòü è äûìîîáðàçóþùóþ ñïî-

ñîáíîñòü ýïîêñèäíûõ êîìïîçèòîâ [20]. Çíà÷åíèÿ ñïð

ÏÊÌ ïðåâûøàþò ÊÈ áîëåå ÷åì íà 25 %, ÷òî ñâÿçàíî

ñ áîëüøèìè òåïëîïîòåðÿìè ïðè ðàñïðîñòðàíåíèè

ïëàìåíè ïî ãîðèçîíòàëüíîé ïîâåðõíîñòè ìàòåðèà-

ëîâ. Ïðè ýòîì ñêîðîñòü ðàñïðîñòðàíåíèÿ ïëàìåíè Vðï

ïî ïîâåðõíîñòè èññëåäîâàííûõ êîìïîçèòîâ âîçðàñ-

òàåò ñ 0,17–0,20 ìì/ñ ïðè êîíöåíòðàöèè êèñëîðîäà

â ïîòîêå îêèñëèòåëÿ [O2] 30 % äî 0,32–0,69 ìì/ñ

ïðè êîíöåíòðàöèè êèñëîðîäà 45 % (ðèñ. 1). Ñ ðîñòîì

ñîäåðæàíèÿ àìèííûõ îòâåðäèòåëåé (ÏÝÏÀ) â ñâÿ-

çóþùåì íå òîëüêî ïîâûøàåòñÿ ñòåïåíü îòâåðæäå-

Ðèñ. 1. Çàâèñèìîñòü ñêîðîñòè ðàñïðîñòðàíåíèÿ ïëàìåíè ïî

ãîðèçîíòàëüíîé ïîâåðõíîñòè ýïîêñèäíûõ êîìïîçèöèé îò êîí-

öåíòðàöèè êèñëîðîäà â ïîòîêå îêèñëèòåëÿ è ïðèðîäû àìèí-

íîãî îòâåðäèòåëÿ: 1 — ïîëèýòèëåíïîëèàìèí; 2 — ÓÏ-633Ì;

3 — òðèýòèëåíòåòðàìèí; 4 — äèýòèëåíòðèàìèí

Fig. 1. Dependencies between fire spread speed Vfs (flat hori-

zontal surface of epoxy matrix composite), oxygen concentration

in stream and type of amine hardener: 1 — polyethylenepoly-

amine; 2 — hardener of type UP-663M; 3 — triethylenetriamine;

4 — diethylenetriamine
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íèÿ ýïîêñèäíîé ñìîëû ìàðêè ÝÄ-20, íî è ñíèæàåòñÿ

ãîðþ÷åñòü è âîçðàñòàåò äûìîîáðàçóþùàÿ ñïîñîá-

íîñòü ïîëèìåðîâ. Ïîýòîìó âûáîð àìèííûõ îòâåðäè-

òåëåé ñëåäóåò ïðîâîäèòü ëèøü ñ ó÷åòîì òðåáóåìûõ

òåõíîëîãè÷åñêèõ è ýêñïëóàòàöèîííûõ ïîêàçàòåëåé

ýïîêñèäíûõ êîìïîçèòîâ.

Ýôôåêòèâíûì ìåòîäîì ïîâûøåíèÿ äåôîðìàöè-

îííî-ïðî÷íîñòíûõ ïîêàçàòåëåé ýïîêñèäíûõ êîì-

ïîçèòîâ ÿâëÿåòñÿ èõ ìîäèôèêàöèÿ ðàçëè÷íûìè ñî-

åäèíåíèÿìè [21]. Ïðè ýòîì íèçêîìîëåêóëÿðíûå

îðãàíè÷åñêèå ñîåäèíåíèÿ ïîâûøàþò ãîðþ÷åñòü è êî-

ýôôèöèåíò äûìîîáðàçîâàíèÿ Dm ýïîêñèäíûõ ÏÊÌ.

Ïðîìûøëåííûå ìàðêè ôîñôàòíûõ ïëàñòèôèêàòî-

ðîâ ïîâûøàþò ÊÈ è òåìïåðàòóðó ñàìîâîñïëàìåíå-

íèÿ ýïîêñèäíûõ ñâÿçóþùèõ ñ 22,1 % è 470 °C äî

23,1–24,5 % è 500–510 °Ñ ñîîòâåòñòâåííî, ñíèæàþò

âåëè÷èíó qêð ñ 11,7 äî 9,2–10,7 êÂò/ì2 [20]. Ïî ýô-

ôåêòèâíîñòè ïëàìåãàñÿùåãî äåéñòâèÿ òðèõëîðýòèë-

(ïðîïèë)ôîñôàòû ïðåâîñõîäÿò àðèë- è àëêèëôîñ-

ôàòû. Íèçêàÿ ýôôåêòèâíîñòü ôîñôàòíûõ ïëàñòèôè-

êàòîðîâ îáóñëîâëåíà èõ îòíîñèòåëüíî âûñîêîé ãî-

ðþ÷åñòüþ (ÊÈ = 23,1$29,9 %) ïî ñðàâíåíèþ ñ ïîëè-

ìåðîì ÝÄ-20 (ÊÈ = 21,6$22,3 %) [14]. Ñóùåñòâåííîå

âëèÿíèå íà äûìîîáðàçóþùóþ ñïîñîáíîñòü ýïîê-

ñèäíûõ êîìïîçèòîâ îêàçûâàåò õèìè÷åñêàÿ ïðèðîäà

ïëàñòèôèêàòîðîâ. Òàê, íàïðèìåð, êîýôôèöèåíò äû-

ìîîáðàçîâàíèÿ Dm ýïîêñèäíîãî ïîëèìåðà, ñîäåðæà-

ùåãî 8,3–15,4 % ìàññ. äèôåíèë(2-ýòèëãåêñèë)ôîñ-

ôàòà, íåçíà÷èòåëüíî ñíèæàåòñÿ â ðåæèìå ïèðîëèçà

ñ 980 äî 910–640 ì2/êã, ïëàìåííîãî ãîðåíèÿ — ñ 990

äî 840–970 ì2/êã. Òðèõëîðýòèë(ïðîïèë)ôîñôàòû ïî-

âûøàþò êîýôôèöèåíò äûìîîáðàçîâàíèÿ â ðåæèìå

ïèðîëèçà.

Êèñëîðîäíûé èíäåêñ ýïîêñèäíîãî êîìïîçèòà, íà-

ïîëíåííîãî àíäåçèòîì (45 % ìàññ.) è ñîäåðæàùåãî

4,4 % ìàññ. õëîðïàðàôèíà ìàðêè Ïàðàõëîð-380 â

ñî÷åòàíèè ñ 2,2 % ìàññ. Sb2O3, ðàâåí 29,1 %. Äëÿ ïî-

ëó÷åíèÿ àíàëîãè÷íîãî çíà÷åíèÿ ÊÈ äëÿ êîìïîçèòîâ,

ìîäèôèöèðîâàííûõ ñèíòåòè÷åñêèì êàó÷óêîì ìàðêè

ÑÊÍ-26-1À, íåîáõîäèìî ñîäåðæàíèå Ïàðàõëîðà-380

11,7 % ìàññ. Óñòàíîâëåíî, ÷òî îïòèìàëüíûì ÿâ-

ëÿåòñÿ åãî ñîäåðæàíèå â êîìïîçèòàõ 10–15 % ìàññ.

îòíîñèòåëüíî ìàññû ýïîêñèäíîãî îëèãîìåðà ÝÄ-20.

Â ýòîì ñëó÷àå îáåñïå÷èâàþòñÿ íå òîëüêî âûñîêèå

ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà è õèìè÷åñêàÿ ñòîé-

êîñòü ýïîêñèäíûõ êîìïîçèòîâ, íî è ïîíèæåííàÿ ãî-

ðþ÷åñòü.

Ñóùåñòâåííîå âëèÿíèå íà ñòðóêòóðó ýïîêñèäíûõ

ïîëèìåðîâ îêàçûâàþò ìèíåðàëüíûå íàïîëíèòåëè

[15, 16]. Âëèÿíèå òîíêîäèñïåðñíûõ ìèíåðàëüíûõ

íàïîëíèòåëåé íà ïîêàçàòåëè ïîæàðíîé îïàñíîñòè

ýïîêñèäíûõ ÏÊÌ ïîêàçàíî â òàáë. 1. Óñòàíîâëåíî,

÷òî ïðè ñòåïåíè íàïîëíåíèÿ ìåíåå 45 % ìàññ. õèìè-

Íàïîëíèòåëü

Filler

Ïîêàçàòåëü

Value

Òñâ, °Ñ

T
si

, °Ñ

ÊÈ, %

LOI, %

ñïð, %

cl , %

qêð, êÂò/ì2

ql , kW/m2

D
m

, ì2/êã, â ðåæèìå

D
m

, m2/kg, for

ïèðîëèçà

pyrolysis

ïëàìåííîãî ãîðåíèÿ

combustion

– 470 19,3 20,1 10,9 1350 890

CaO 480 21,2 27,0 11,7 520 350

CaCO3 495 20,5 25,1 11,4 790 390

Ca(OH)2 480 20,1 23,8 11,2 410 290

MgO 490 20,6 25,6 11,7 720 400

Al2O3 490 20,1 23,3 10,8 800 460

CuO 480 19,8 21,8 10,6 590 480

Fe2O3 500 21,9 29,7 – 760 500

Sb2O3 510 20,6 25,4 11,2 630 470

Ãåòèò
Goethite

500 21,5 28,2 11,4 760 500

Êâàðöåâàÿ ìóêà
Grinded quartz sand

480 21,6 28,8 12,7 840 540

Mg(OH)2 500 22,1 30,9 14,8 680 330

Al(OH)3 515 22,3 31,6 16,2 780 360

Ï ð è ì å ÷ à í è å . Ñîäåðæàíèåìèíåðàëüíûõíàïîëíèòåëåéðàâíî43,5 %ìàññ.,ïëàñòèôèêàòîðà (äèîêòèëôòàëàòà)—8,7 %ìàññ.

N o t e . Amount of mineral fillers is 43.5 % by mass, amount of plasticizer (dioctylphthalate) is 8.7 % by mass.

Òàáëèöà 1. Ïîêàçàòåëè ïîæàðíîé îïàñíîñòè ýïîêñèäíûõ êîìïîçèòîâ

Table 1. Properties related to fire safety of epoxy matrix composites
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÷åñêàÿ ïðèðîäà ìèíåðàëüíûõ íàïîëíèòåëåé ìàëî

âëèÿåò íà ïîêàçàòåëè ïîæàðíîé îïàñíîñòè ýïîêñèä-

íûõ êîìïîçèòîâ: ÊÈ = 19,8$22,3 %; Òâ = 280$310 °Ñ;

Òñâ = 480$515 °Ñ; qêð = 10,6$16,2 êÂò/ì2; â ðåæèìå

ïèðîëèçà Dm = 520$840 ì2/êã, ïëàìåííîãî ãîðåíèÿ

— Dm = 350$540 ì2/êã.

Çíà÷èòåëüíîå ñíèæåíèå ïîæàðíîé îïàñíîñòè

ýïîêñèäíûõ êîìïîçèòîâ ïðîèñõîäèò ïðè ñòåïåíè íà-

ïîëíåíèÿ áîëåå 50 % ìàññ. Ñ ðîñòîì ñîäåðæàíèÿ

ìèíåðàëüíûõ íàïîëíèòåëåé äî 61 % ìàññ. ÊÈ ïîëè-

ìåððàñòâîðîâ óâåëè÷èâàåòñÿ äî 30,8 % (ðèñ. 2), Òâ —

äî 290–320 °Ñ, Òñâ — äî 490–520 °C, âåëè÷èíà qêð

ëèíåéíî âîçðàñòàåò ñ 10,3 äî 12,2–18,5 êÂò/ì2, à Dm

ñíèæàåòñÿ â ðåæèìå ïèðîëèçà ñ 1470 äî 460–550 ì2/êã,

ïëàìåííîãî ãîðåíèÿ — ñ 800 äî 190–250 ì2/êã. Êî-

ýôôèöèåíò äûìîîáðàçîâàíèÿ â ðåæèìå ïèðîëèçà è

ïëàìåííîãî ãîðåíèÿ ïðè ñîäåðæàíèè íàïîëíèòåëåé

áîëåå 20 % ìàññ. ëèíåéíî ñíèæàåòñÿ ñ ðîñòîì ñòåïå-

íè íàïîëíåíèÿ ÏÊÌ è íåçíà÷èòåëüíî çàâèñèò îò õè-

ìè÷åñêîé ïðèðîäû èñïîëüçóåìûõ íàïîëíèòåëåé [20].

Ïðè ýòîì ìàðøàëèò íåçíà÷èòåëüíî ïîâûøàåò,

à ãåòèò è ëèìîíèò ñíèæàþò òåðìîñòîéêîñòü êîìïî-

çèòîâ, ÷òî îáóñëîâëåíî, ïî íàøåìó ìíåíèþ, ðàçëè÷-

íîé óñòîé÷èâîñòüþ íàïîëíèòåëåé ê äåéñòâèþ ïî-

âûøåííûõ òåìïåðàòóð è ðàçëè÷íîé êîíöåíòðàöèåé

ãèäðîêñèëüíûõ ãðóïï íà èõ ïîâåðõíîñòè [22]. Ñëå-

äóåò îòìåòèòü, ÷òî äëÿ âñåõ èññëåäîâàííûõ êîìïî-

çèòîâ íàáëþäàåòñÿ ëèíåéíàÿ çàâèñèìîñòü âåëè÷èíû

100/ÊÈ îò îòíîñèòåëüíîãî ñîäåðæàíèÿ ìèíåðàëü-

íûõ íàïîëíèòåëåé k. Ïðè ýòîì òàíãåíñ óãëà íàêëîíà

ïðÿìûõ ê îñè àáñöèññ tg� ïðîïîðöèîíàëåí óäåëü-

íîìó òåïëîïîãëîùåíèþ íàïîëíèòåëÿ (ðèñ. 3). Âå-

ëè÷èíà tg� ìîæåò áûòü èñïîëüçîâàíà äëÿ îöåíêè

ýôôåêòèâíîñòè ïëàìåãàñÿùåãî äåéñòâèÿ íàïîëíè-

òåëåé [16]. Çíà÷åíèÿ tg� äëÿ ïëàñòèôèöèðîâàííîãî

ïîëèìåðà ÝÄ-20 ïðè ðàçíûõ íàïîëíèòåëÿõ ïðèâåäå-

íû íèæå:

Al2O3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0,04

CaCO3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0,13

CaÎ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0,24

Ñåðïåíòèí. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,07

Al(OH)3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,2

Mg(OH)2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,25

Ëèìîíèò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,32

Ýôôåêòèâíûì ìåòîäîì ñíèæåíèÿ ãîðþ÷åñòè

ýïîêñèäíûõ êîìïîçèòîâ ÿâëÿåòñÿ ïðèìåíåíèå àä-

äèòèâíûõ áðîìîðãàíè÷åñêèõ àíòèïèðåíîâ (òàáë. 2).

Ñ ðîñòîì èõ ñîäåðæàíèÿ çàêîíîìåðíî ñíèæàåòñÿ ãî-

ðþ÷åñòü ýïîêñèäíûõ êîìïîçèòîâ. Òàê, íàïðèìåð,

ñ ïîâûøåíèåì ñîäåðæàíèÿ òåòðàáðîìäèàíà äî

9,8 % ìàññ. òåìïåðàòóðà âîñïëàìåíåíèÿ Òâ ÏÊÌ

óìåíüøàåòñÿ ñ 300 äî 280 °C, à ñàìîâîñïëàìåíåíèÿ

Òñâ, íàïðîòèâ, âîçðàñòàåò ñ 460–470 äî 480–490 °Ñ,

ÊÈ óâåëè÷èâàåòñÿ ñ 21,6 äî 29,2 %. Êîýôôèöèåíò

äûìîîáðàçîâàíèÿ Dm â ðåæèìå ïèðîëèçà ïðàêòè-

÷åñêè íå çàâèñèò îò ñîäåðæàíèÿ àíòèïèðåíîâ è ñî-

ñòàâëÿåò 420–440 ì2/êã, à â ðåæèìå ïëàìåííîãî

ãîðåíèÿ âîçðàñòàåò ñ 750 äî 990 ì2/êã. Ñëåäóåò îòìå-

òèòü, ÷òî àíòèïèðåíû àääèòèâíîãî òèïà ýôôåêòèâ-

íåå ðåàêöèîííîñïîñîáíûõ ñîåäèíåíèé. Òàê, äëÿ ïî-

ëó÷åíèÿ ÏÊÌ ñ ÊÈ = 27 % êîíöåíòðàöèÿ áðîìà ïðè

Ðèñ. 2. Çàâèñèìîñòü êèñëîðîäíîãî èíäåêñà ýïîêñèäíûõ êîì-

ïîçèòîâ îò õèìè÷åñêîé ïðèðîäû è ñîäåðæàíèÿ ìèíåðàëüíûõ

íàïîëíèòåëåé: 1 — ëèìîíèò; 2 — Mg(OH)2; 3 — Al(OH)3;

4 — ñåðïåíòèí; 5 — ãåòèò; 6 — SiO2; 7 — CaCO3; 8 — Al2O3

Fig. 2. Dependencies between LOI of epoxy matrix composites

and chemical type and amount of mineral fillers: 1 — limonite;

2 — Mg(OH)2; 3 — Al(OH)3; 4 — serpentine; 5 — goethite;

6 — SiO2; 7 — CaCO3; 8 — Al2O3

Ðèñ. 3. Çàâèñèìîñòü âåëè÷èíû 100/ÊÈ îò ñîîòíîøåíèÿ ìàñ-

ñû ìèíåðàëüíîãî íàïîëíèòåëÿ ê ìàññå ýïîêñèäíîãî ïîëè-

ìåðà mí�mýï äëÿ ÏÊÌ, íàïîëíåííûõ: 1 — Al2O3; 2 — CaCO3;

3 — CaO; 4 — SiO2; 5 — ãåòèò; 6 — ñåðïåíòèí; 7 — Al(OH)3;

8 — Mg(OH)2; 9 — ëèìîíèò

Fig. 3. Dependencies between 100/LOI end mineral filler/epoxy

polymer fraction for PCM filled with: 1 — Al2O3; 2 — CaCO3;

3 — CaO; 4 — SiO2; 5 — goethite; 6 — serpentine; 7 — Al(OH)3;

8 — Mg(OH)2; 9 — limonite
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èñïîëüçîâàíèè ïåíòàáðîìôåíîëà ñîñòàâëÿåò 8,3 %,

à ïðè ïðèìåíåíèè áðîìñîäåðæàùåãî îëèãîìåðà ìàð-

êè ÓÏ-631 — 20 %. Âëèÿíèå ñèíòåçèðîâàííûõ áðîì-

îðãàíè÷åñêèõ àíòèïèðåíîâ ñåðèè “Ðåäàíò” íà òåðìî-

ñòîéêîñòü è ïîæàðíóþ îïàñíîñòü ýïîêñèäíûõ ÏÊÌ

ïðèâåäåíî â òàáë. 3. Ýïîêñèäíûå êîìïîçèòû, ìîäè-

ôèöèðîâàííûå àíòèïèðåíîì Ðåäàíò 1-Ñ, èìåþò áîëåå

âûñîêóþ òåïëîïðîâîäíóþ ñïîñîáíîñòü ïî ñðàâíå-

íèþ ñ ìàòåðèàëàìè, ìîäèôèöèðîâàííûìè àíòèïè-

ðåíàìè Ðåäàíò 1-20 è Ðåäàíò 1-22 (óäåëüíàÿ òåïëîòà

ñãîðàíèÿ êîìïîçèöèè, ñîäåðæàùåé 20 ìàññ. ÷. àíòè-

ïèðåíà Ðåäàíò 1-Ñ, ðàâíà 31570 êÄæ/êã, Ðåäàíò 1-20

— 29030 êÄæ/êã, Ðåäàíò 1-22 — 29900 êÄæ/êã) è ïî-

íèæåííóþ òåðìîñòîéêîñòü. Ìàññîâàÿ ñêîðîñòü âû-

ãîðàíèÿ êîìïîçèòîâ, ìîäèôèöèðîâàííûõ 20 ìàññ. ÷.

àíòèïèðåíîâ Ðåäàíò 1-Ñ è Ðåäàíò 2-1, ðàâíà ñîîò-

âåòñòâåííî 32,17 è 30,59 ã/(ì2·ñ) ïðè ïëîòíîñòè òåï-

ëîâîãî ïîòîêà âîñïëàìåíåíèÿ 10,58 êÂò/ì2.

Êîýôôèöèåíò äûìîîáðàçîâàíèÿ ÏÊÌ ïîâûøà-

åòñÿ â ðåæèìå ïèðîëèçà ñ 410 äî 440–490 ì2/êã, ïëà-

ìåííîãî ãîðåíèÿ — ñ 570 äî 890–990 ì2/êã. Îñíîâ-

íûì êðèòåðèåì, îïðåäåëÿþùèì ýôôåêòèâíîñòü òà-

êèõ àíòèïèðåíîâ, ÿâëÿåòñÿ áëèçîñòü òåìïåðàòóðû

íà÷àëà èíòåíñèâíîãî ðàçëîæåíèÿ Tíð äëÿ ïîëèìåðà

ÝÄ-20 è áðîìñîäåðæàùåãî ñîåäèíåíèÿ. Ìåõàíèçì

äåéñòâèÿ áðîìñîäåðæàùèõ àíòèïèðåíîâ äåòàëüíî

ðàññìîòðåí â ðàáîòàõ [23–25]. Òàêèì îáðàçîì, ïðè-

ìåíåíèå àääèòèâíûõ áðîìîðãàíè÷åñêèõ àíòèïèðå-

íîâ ïîçâîëÿåò ïîëó÷àòü óìåðåííîãîðþ÷èå ýïîêñèä-

íûå êîìïîçèòû ïðè èõ ñîäåðæàíèè 8–10 % ìàññ.

Ñëåäóåò îòìåòèòü, ÷òî äëÿ ïîëó÷åíèÿ ñëàáîãîðþ÷èõ

êîìïîçèòîâ êèñëîðîäíûé èíäåêñ äîëæåí áûòü áî-

ëåå 31 %.

Ó÷èòûâàÿ, ÷òî àääèòèâíûå áðîìîðãàíè÷åñêèå àí-

òèïèðåíû ÿâëÿþòñÿ ïîðîøêîîáðàçíûìè êðèñòàëëè-

÷åñêèìè èëè àìôîðíûìè âåùåñòâàìè, èõ öåëåñîîá-

ðàçíî èñïîëüçîâàòü â âèäå ðàñòâîðà â N,N-äèìåòèë-

2,4,6-òðèáðîìàíèëèíå. Óñòàíîâëåíî, ÷òî ñ ðîñòîì

êîíöåíòðàöèè àíòèïèðåíà Ðåäàíò 1 â N,N-äèìåòèë-

2,4,6-òðèáðîìàíèëèíå äî 50 % ÊÈ êîìïîçèòîâ ïî-

âûøàåòñÿ ñ 25,8 äî 30,1 %, ìàññîâàÿ ñêîðîñòü âûãî-

ðàíèÿ ïðè ïëîòíîñòè òåïëîãî ïîòîêà 10,58 êÂò/ì2

ñíèæàåòñÿ ñ 29,1 äî 23,4 ã/(ì2·ñ), à òåïëîòà ñãîðàíèÿ

ëèíåéíî óìåíüøàåòñÿ ñ 34400 äî 30150 êÄæ/êã

(ðèñ. 4). Ìàêñèìàëüíûå çíà÷åíèÿ Dm èìåþò êîìïî-

çèòû, ñîäåðæàùèå 20–30 %-íûé ðàñòâîð àíòèïèðå-

Ìàðêà àíòèïèðåíà

Type of fire retardant

Òâ, °C

Òc, °C

ÊÈ, %

LOI, %

ñïð, %

ñl, %

Vðï ïðè êîíöåíò-
ðàöèè êèñëîðîäà
ìåíåå 45 %, ìì/ñ

Vfs for oxygen
concentration less
than 45 %, mm/s

D
m

, ì2/êã, â ðåæèìå

D
m

, m2/kg, for

ïèðîëèçà

pyrolysis

ïëàìåííîãî
ãîðåíèÿ

combustion

Áåç àíòèïèðåíà

No fire retardant
300 21,6 29,4 0,41 410 570

Ãåêñàõëîðáåíçîë

Hexachlorobenzene
290 27,2 37,4 0,35 470 580

Ãåêñàáðîìáåíçîë

Hexabromobenzene
280 28,8 36,1 0,38 440 1000

Äåêàáðîìäèôåíèëîêñèä

Decabromodiphenyl oxide
270 28,6 36,8 0,32 460 900

Òåòðàáðîìïàðàêñèëîë

Tetrabrom P-xylene
270 27,9 37,9 0,33 490 890

2,4,6-òðèáðîìàíèëèí

2,4,6-tribromaniline
300 28,4 38,9 0,32 480 820

N(2,4,6-òðèáðîìôåíèë)ìàëåèíèìèä

N(2,4,6-tribromophenyl)maleimide
290 28,2 36,5 0,36 430 830

3,5,3�,5�-òåòðàáðîì-4,4�-äèàìèäèôåíèëñóëüôîí

3,5,3�,5�-tetrabromo-4,4�-diamidiphenylsulfone
295 28,1 36,1 0,35 470 810

2,4,6-òðèáðîìôåíîë

2,4,6-tribromophenol
290 28,5 38,6 0,23 550 820

Òåòðàáðîìäèôåíèëïðîïàí

Tetrabromodiphenylpropane
290 28,2 36,7 0,37 – –

Òåòðàáðîìôòàëåâûé àíãèäðèä

Tetrabromphthalic anhydride
260 28,3 37,3 0,36 490 900

Òàáëèöà 2. Ïîêàçàòåëè ïîæàðíîé îïàñíîñòè ýïîêñèäíûõ ÏÊÌ

Table 2. Fire safety properties of epoxy matrix composites
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íà Ðåäàíò 1 â N,N-äèìåòèë-2,4,6-òðèáðîìàíèëèíå

(ðèñ. 5).

Ïðèìåíåíèå àíòèïèðåíîâ ñåðèè “Ðåäàíò” â ðàñ-

òâîðå N,N-äèìåòèë-2,4,6-òðèáðîìàíèëèíà ïîçâîëÿåò

ïîëó÷àòü ñëàáîãîðþ÷èå (Ã1), íå ðàñïðîñòðàíÿþùèå

ïëàìÿ ïî ïîâåðõíîñòè ñòðîèòåëüíûõ ìàòåðèàëîâ

(ÐÏ1) ýïîêñèäíûå ÏÊÌ, îáëàäàþùèå âûñîêèìè

ôèçèêî-ìåõàíè÷åñêèìè ïîêàçàòåëÿìè.

Ýôôåêòèâíûì äûìîïîäàâèòåëåì ïîëèìåðíûõ

ìàòåðèàëîâ ÿâëÿåòñÿ ôåððîöåí (ðèñ. 6). Óñòàíîâëå-

íî, ÷òî öèêëîïåíòàäèåíèëüíûå ñýíäâè÷åîáðàçíûå

ïðîèçâîäíûå æåëåçà íå âëèÿþò íà òåìïåðàòóðó

âîñïëàìåíåíèÿ (220–230 °Ñ) è ðàçëîæåíèå ýïîêñèä-

íûõ êîìïîçèöèé â íèçêîòåìïåðàòóðíîé îáëàñòè
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Ïîêàçàòåëü

Value

Ìàðêà àíòèïèðåíà

Type of fire retardant

Ð
åä

àí
ò

1
-2

R
ed

an
t

1
-2

Ð
åä

àí
ò

2
-1

R
ed

an
t

2
-1

Ð
åä

àí
ò

2
R

ed
an

t
2

Ð
åä

àí
ò

1
R

ed
an

t
1

Êèñëîðîäíûé èíäåêñ, % /

LOI, %
32,3 33,2 30,5 33,7

Òåìïåðàòóðà, °Ñ / Tempe-
rature, °C:

íà÷àëà ðàçëîæåíèÿ / be-
ginning of decomposition

284 252 253 264

ìàêñèìàëüíîé ñêîðîñòè
ðàçëîæåíèÿ íà ñòàäèè /
maximal rate of decom-
position for stage:

1 317 322 322 333

2 447 445 447 440

Ñêîðîñòü ðàñïðîñòðàíå-
íèÿ ïëàìåíè, ìì/ñ, ïðè
êîíöåíòðàöèè êèñëîðîäà
â ïîòîêå îêèñëèòåëÿ, % /
Flame spread rate, mm/s, for
oxygen concentration, %:

40 – 0,27 – 0,27

50 0,48 0,5 0,56 0,46

Òåïëîòà ñãîðàíèÿ, êÄæ/êã /
Heat of combustion, kJ/kg

29900 – 29030 31570

Êîýôôèöèåíò äûìîîáðà-
çîâàíèÿ, ì2/êã, â ðåæèìå /
Fume evolution, m2/kg, for:

ïèðîëèçà / pyrolysis 770 870 760 850

ïëàìåííîãî ãîðåíèÿ /
combustion

650 730 690 630

Ï ð è ì å ÷ à í è å . Ñîäåðæàíèå àíòèïèðåíîâ ñîñòàâëÿåò

8,6 % ìàññ., ìàðøàëèòà — 47,2 % ìàññ.

N o t e . Amount of fire retardants is 8.6 % by mass, amount

of marshalite is 47.2 % by mass.

Òàáëèöà 3. Òåðìîñòîéêîñòü, ãîðþ÷åñòü è äûìîîáðàçóþùàÿ
ñïîñîáíîñòü ýïîêñèäíûõ êîìïîçèòîâ

Table 3. Thermal stability, combustibility and fume evolution
of epoxy matrix composites

Ðèñ. 5. Çàâèñèìîñòü êîýôôèöèåíòà äûìîîáðàçîâàíèÿ ÏÊÌ

îò êîíöåíòðàöèè àíòèïèðåíà Ðåäàíò 1 â N,N-äèìåòèë-2,4,6-

òðèáðîìàíèëèíå â ðåæèìå ïèðîëèçà (1, 2) è ïëàìåííîãî ãî-

ðåíèÿ (1�, 2�) ïðè ñîäåðæàíèè àíòèïèðåíà 4,1 % ìàññ. (1, 1�) è

7,9 % ìàññ. (2, 2�)
Fig. 5. Dependencies between fume evolution of epoxy matrix

composites and amount of Redant 1 in N,N-dimethyl-2,4,6-tri-

bromoaniline: 1, 2 — pyrolysis mode; 1�, 2� — flaming combus-

tion; 1, 1� — amount of fire retardant is 4.1 % by mass; 2, 2� —

7.9 % by mass

Ðèñ. 4. Çàâèñèìîñòü ÊÈ (1, 2), òåïëîòû ñãîðàíèÿ (3) è ìàññî-

âîé ñêîðîñòè ãîðåíèÿ (4) ýïîêñèäíûõ ÏÊÌ îò êîíöåíòðàöèè

àíòèïèðåíà Ðåäàíò 1 â N,N-äèìåòèë-2,4,6-òðèáðîìàíèëè-

íå ïðè åãî ñîäåðæàíèè â ÏÊÌ: 1 — 8,6 % ìàññ.; 2, 3, 4 —

4,5 % ìàññ.

Fig. 4. Dependencies between combustibility of epoxy matrix

composites and amount of Redant 1 in N,N-dimethyl-2,4,6-tri-

bromoaniline: 1, 2 — LOI; 3 — heat of combustion; 4 — mass

burning rate; 1 — amount of fire retardant in the composition

is 8.6 % by mass; 2, 3, 4 — 4.5 % by mass
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(òàáë. 4), íî ñóùåñòâåííî âëèÿþò íà èõ ïèðîëèç ïðè

òåìïåðàòóðå âûøå 300 °Ñ. Ïðè ýòîì ÷åì âûøå ýô-

ôåêòèâíîñòü ïðîèçâîäíûõ ôåððîöåíà, òåì ñ áîëü-

øåé ñêîðîñòüþ ðàçëàãàþòñÿ ýïîêñèäíûå êîìïîçè-

òû íà âòîðîé ñòàäèè è òåì íèæå èõ òåìïåðàòóðà

ñàìîâîñïëàìåíåíèÿ.

Òàê, íàïðèìåð, íà âòîðîé ñòàäèè äëÿ èñõîäíîé

êîìïîçèöèè òåìïåðàòóðà ìàêñèìàëüíîé ñêîðîñòè

ðàçëîæåíèÿ Òmax è ñêîðîñòü ðàçëîæåíèÿ Vðàçë ðàâíû

ñîîòâåòñòâåííî 485 °Ñ è 18,8 %/ìèí, à äëÿ êîìïîçè-

òîâ, ñîäåðæàùèõ 0,29 % ìàññ. �-îêñèýòèëôåððîöåíà,

— 468 °Ñ è 24,5 %/ìèí. Ïðè 10 %-íîé êîíâåðñèè

çíà÷åíèÿ ýôôåêòèâíîé ýíåðãèè àêòèâàöèè Åýôô ðàç-

ëîæåíèÿ èñõîäíîé êîìïîçèöèè è ñîñòàâîâ ñ äîáàâ-

êîé àöåòèëôåððîöåíà è ôåððîöåíà ðàâíû ñîîòâåòñò-

âåííî 170,5; 161,3 è 185,5 êÄæ/ìîëü, ïðè 30 %-íîé

êîíâåðñèè — 193,2; 189,3 è 207,5 êÄæ/ìîëü. Ýòî

îáóñëîâëåíî, ïî íàøåìó ìíåíèþ, òåì, ÷òî îáðàçî-

âàâøèåñÿ ïðè ðàçëîæåíèè ïðîèçâîäíûõ ôåððîöåíà

îêñèäû æåëåçà ïîâûøàþò ñêîðîñòü ðàçëîæåíèÿ

k-ôàçû.

Âîñïëàìåíÿåìîñòü ýïîêñèäíûõ êîìïîçèöèé ñíè-

æàåòñÿ ñ ðîñòîì êîíöåíòðàöèè ïðîèçâîäíûõ ôåððî-

öåíà, ïðè ýòîì ÊÈ ýïîêñèäíûõ êîìïîçèòîâ âîçðàñ-

òàåò ñ 23,3 äî 25,6–28,3 %. Çíà÷èòåëüíîå ïîâûøåíèå

ÊÈ ïîëèìåðîâ ïðîèñõîäèò ïðè óâåëè÷åíèè êîí-

Ïîêàçàòåëü

Value

Áåç
äîáàâêè

No
admixtures

Ôåððîöåí

Ferrocene

�-îêñèýòèë-
ôåððîöåí

�-oxyethyl
ferrocene

Àöåòèë-
ôåððîöåí

Acetyl-
ferrocene

Ôåððîöåí-
äèêàðáîíî-
âàÿ êèñëîòà

Ferrocene
dicarboxylic

acid

Ïîëè-äè(�-îêñè-
èçîïðîïèëåíèë)-

ôåððîöåí

Poly-di(�-oxy-
isopropylenyl)

ferrocene

Sb2O3

Òåìïåðàòóðà, °C / Temperature, °C:

âîñïëàìåíåíèÿ / ignition 220 240 230 220 220 220 –

íà÷àëà èíòåíñèâíîãî ðàçëîæåíèÿ /
start of decomposition

284 276 285 273 284 282 284

ïðè ìàêñèìàëüíîé ñêîðîñòè ðàç-
ëîæåíèÿ íà ñòàäèè / maximal rate
of decomposition on stage:

1 304 301 305 300 305 306 306

2 485 500 468 459 483 481 496

ñàìîâîñïëàìåíåíèÿ / self-ignition 515 490 470 480 480 480 –

Ìàêñèìàëüíàÿ ñêîðîñòü ðàçëîæå-
íèÿ, %/ìèí, íà ñòàäèè / Maximal
rate of decomposition, %/min,
on stage:

1 19,9 19,9 20,0 21,2 18,4 21,4 22,2

2 18,9 24,2 24,5 20,8 18,8 16,0 22,9

Òåïëîâîé ýôôåêò ðàçëîæåíèÿ,
êÄæ/êã / Specific heat of decompo-
sition, kJ/kg

4070 4300 3960 4300 4300 3300 4360

Êèñëîðîäíûé èíäåêñ, % / LOI, % 23,3 27,6 28,3 25,6 26,1 25,8 27,9

Òàáëèöà 4. Òåðìîñòîéêîñòü è ãîðþ÷åñòü íàïîëíåííûõ (35 % ìàññ.) ýïîêñèäíûõ êîìïîçèöèé, ñîäåðæàùèõ 0,29 % ìàññ.
ïðîèçâîäíûõ ôåððîöåíà

Table 4. Thermal stability and combustibility of filled epoxy matrix composites (amount of filler is 35 % by mass) with 0.29 % by mass
of ferrocene derivatives

Ðèñ. 6. Çàâèñèìîñòü êèñëîðîäíîãî èíäåêñà ýïîêñèäíûõ êîì-

ïîçèòîâ îò ñîäåðæàíèÿ ñèíåðãèñòîâ: 1 — ôåððîöåí; 2 — áîð;

3 — Sb2O3

Fig. 6. Dependencies between LOI of epoxy matrix composites

and amount of synergists: 1 — ferrocene; 2 — boron; 3 — Sb2O3
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öåíòðàöèè ïðîèçâîäíûõ ôåððîöåíà äî 0,6 % ìàññ.

(ðèñ. 7). Ïðè ýòîì èõ êîíöåíòðàöèÿ íå âëèÿåò íà òåì-

ïåðàòóðó âîñïëàìåíåíèÿ Òâ è ñíèæàåò òåìïåðàòóðó

ñàìîâîñïëàìåíåíèÿ Òñâ ýïîêñèäíûõ êîìïîçèöèé.

Òàê, ñ ðîñòîì êîíöåíòðàöèè äèàöåòèëôåððîöåíà

ñ 0,17 äî 1,7 % ìàññ. âåëè÷èíà Òñâ ñíèæàåòñÿ ñ 505

äî 490 °C. Ýòî ïîäòâåðæäàåò âûâîä î òîì, ÷òî äåé-

ñòâèå ïðîèçâîäíûõ ôåððîöåíà ïðîÿâëÿåòñÿ â âûñî-

êîòåìïåðàòóðíîé îáëàñòè ðàçëîæåíèÿ ýïîêñèäíûõ

ÏÊÌ. Âëèÿíèå èññëåäîâàííûõ öèêëîïåíòàäèåíèëü-

íûõ ïðîèçâîäíûõ æåëåçà íà äûìîîáðàçóþùóþ ñïî-

ñîáíîñòü ïëàñòèôèöèðîâàííûõ ýïîêñèäíûõ êîìïî-

çèöèé ïðèâåäåíî íèæå â òàáë. 5.

Áîëåå âûñîêàÿ ýôôåêòèâíîñòü àöåòèëôåððîöå-

íà è �-îêñèýòèëôåððîöåíà ïî ñðàâíåíèþ ñ ôåððî-

öåíîì îáóñëîâëåíà ëåãêîñòüþ îáðàçîâàíèÿ ïðè èõ

ïèðîëèçå óëüòðàäèñïåðñíûõ êàòàëèòè÷åñêè àêòèâ-

íûõ îêñèäîâ æåëåçà (Fe2O3, Fe3O4), êîòîðûå âëèÿþò

íà ìåõàíèçì ïèðîëèçà êîêñóþùèõñÿ ïîëèìåðîâ, ïî-

âûøàþò âåðîÿòíîñòü îáðàçîâàíèÿ íà ïîâåðõíîñòè

ïîëèìåðíîãî ìàòåðèàëà êàðáîíèçîâàííîãî ñëîÿ, èí-

ãèáèðóþò îáðàçîâàíèå áåíçîëà è äûìà. Ïðè ýòîì

îïòèìàëüíîé êîíöåíòðàöèåé ïðîèçâîäíûõ ôåððî-

öåíà â ýïîêñèäíûõ ÏÊÌ ÿâëÿåòñÿ 0,3–0,5 % ìàññ.

Çàêëþ÷åíèå

Âûïîëíåííûé àâòîðàìè êîìïëåêñ ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé ïîçâîëèë âûÿâèòü êîëè÷å-

ñòâåííûå çàêîíîìåðíîñòè âëèÿíèÿ ðåöåïòóðíûõ

ôàêòîðîâ — õèìè÷åñêîé ïðèðîäû è ñîäåðæàíèÿ

äèñïåðñíûõ ôàç è ìîäèôèêàòîðîâ — íà òåðìîñòîé-

êîñòü, âîñïëàìåíÿåìîñòü è äûìîîáðàçóþùóþ ñïî-

ñîáíîñòü êîìïîçèòîâ íà îñíîâå ýïîêñèäíûõ îëèãî-

ìåðîâ.

Îïðåäåëåíû ñîñòàâû ýïîêñèäíûõ êîìïîçèòîâ,

õàðàêòåðèçóþùèõñÿ ïîâûøåííûìè ïîêàçàòåëÿìè

ýêñïëóàòàöèîííûõ ñâîéñòâ è îòëè÷àþùèõñÿ óìå-

ðåííîé è ìàëîé ãîðþ÷åñòüþ. Ðàçðàáîòàííûå êîì-

ïîçèòû ìîãóò áûòü óñïåøíî èñïîëüçîâàíû â ñòðîè-

òåëüíîé îòðàñëè.
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ABSTRACT

Introduction. Epoxy oligomers are widely used as binders in construction industry. At the same time,

wide use of polymers in modern construction industry requires careful examination and optimization

of operational properties related to fire safety. It is known that such properties can be controlled by

chlorinated paraffins, synthesized fire retardants of type “Redant” and many other compounds.

However, the effect of such compounds to the properties of epoxy matrix composites has not been

thoroughly investigated to date. The choice of an admixture that reduces the fume evolution of epoxy

composites is an important task also.

Purpose of the work. The purpose of this work is to study the thermal stability, flammability, fume

evolution of epoxy matrix composites with different types and amounts of hardeners, fillers,

plasticizers, fire retardants and ferrocene derivatives.

Materials and methods. Dependencies between thermal stability, flammability, fume evolution of

polymer matrix composites based on ED-20 epoxy resin and amount and chemical type of compo-

nents are examined in the present work. To control operational properties of interest the chemical type

and content of hardeners, fillers, plasticizers, fire retardants and ferrocene derivatives are varied.

DuPont-9900 device is used for thermal analysis. Properties related to fire safety are determined in

accordance with RU GOST 12.1.044–89 and several methods that were previously developed by

authors of this work.

Results. It is shown that while phosphate-based plasticizers are of almost no effect on combustibility

of epoxy-based polymer matrix composites, they can successfully be used for the reduction of fume

evolution. It is revealed that chemical nature of mineral fillers has little effect on the flammability

when amount of such fillers are less than 45 % by weight; at the same time, fume evolution linearly

decreases with the increase of degree of filling. To reduce the flammability of epoxy composites,

we propose additive bromine-containing flame retardants in the form of a solution in N,N-dimethyl-

2,4,6-tribromoaniline. High efficiency of acetylferrocene and �-hydroxyethylferrocene as reducers

of fume evolution is shown. The correlation between critical density of the heat flux of ignition and

limiting oxygen index and also limiting concentration of oxygen is revealed.

Conclusion. In the present work we have summarized results of several laboratory tests. The tests

were allowed to select the type and amount of components of epoxy matrix composites with improved

operational properties, intermediate and small combustibility. Such composites can successfully

be used in different areas of construction industry.

Keywords: fire retardant; flammability; combustibility; fume evolution; composites; fillers; plasti-

cizers; ferrocene derivatives; epoxies.
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