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ÝÔÔÅÊÒÈÂÍÎÑÒÜ ÁÐÎÌÎÐÃÀÍÈ×ÅÑÊÈÕ ÀÍÒÈÏÈÐÅÍÎÂ
Â ÝÏÎÊÑÈÄÍÛÕ ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÌÀÒÅÐÈÀËÀÕ

Ðàññìîòðåíî âëèÿíèå ñîäåðæàíèÿ è õèìè÷åñêîé ïðèðîäû ïðîìûøëåííûõ è àääèòèâíûõ àðî-
ìàòè÷åñêèõ áðîìîðãàíè÷åñêèõ àíòèïèðåíîâ è ðåàêöèîííîñïîñîáíûõ áðîìñîäåðæàùèõ ñîåäè-
íåíèé íà òåðìîñòîéêîñòü, âîñïëàìåíÿåìîñòü è äûìîîáðàçóþùóþ ñïîñîáíîñòü ìàòåðèàëîâ íà
îñíîâå ýïîêñèäíûõ îëèãîìåðîâ. Âûÿâëåíà êîððåëÿöèÿ ìåæäó êèñëîðîäíûì èíäåêñîì è ïîêà-
çàòåëåì ãîðþ÷åñòè Kñð ïðè èñïûòàíèè ìåòîäîì êåðàìè÷åñêîé òðóáû ïî ÃÎÑÒ 12.1.044–89. Ïîêàçà-
íî, ÷òî äëÿ ïîëó÷åíèÿ ñëàáîãîðþ÷èõ ìàòåðèàëîâ êèñëîðîäíûé èíäåêñ äîëæåí ïðåâûøàòü 31 %.
Óñòàíîâëåíî, ÷òî õèìè÷åñêîå ñòðîåíèå àðîìàòè÷åñêèõ áðîìñîäåðæàùèõ àíòèïèðåíîâ àääèòèâ-
íîãî òèïà ïðàêòè÷åñêè íå âëèÿåò íà ãîðþ÷åñòü ýïîêñèäíûõ ÏÊÌ. Ïîêàçàíî, ÷òî îïòèìàëüíîé êîí-
öåíòðàöèåé ïðîìûøëåííûõ áðîìñîäåðæàùèõ àíòèïèðåíîâ ÿâëÿåòñÿ 8–10 % ìàññ. Âûÿâëåíà
ëèíåéíàÿ çàâèñèìîñòü êèñëîðîäíîãî èíäåêñà îò êîíöåíòðàöèè áðîìà â èññëåäîâàííûõ áðîì-
ñîäåðæàùèõ ýïîêñèäíûõ ñîåäèíåíèÿõ.

Êëþ÷åâûå ñëîâà: áðîìñîäåðæàùèé àíòèïèðåí; ãîðþ÷åñòü; êèñëîðîäíûé èíäåêñ; êîýôôèöèåíò
äûìîîáðàçîâàíèÿ; òåðìîñòîéêîñòü.

DOI: 10.18322/PVB.2017.26.07.5-15

Ñîñòîÿíèå ïðîáëåìû

Â ñòðîèòåëüíîé èíäóñòðèè øèðîêîå ïðèìåíåíèå

ïîëó÷èëè ïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèà-

ëû (ÏÊÌ) íà îñíîâå ýïîêñèäíûõ îëèãîìåðîâ [1–5].

Â òî æå âðåìÿ ïîâûøåííàÿ ãîðþ÷åñòü òàêèõ ìàòåðè-

àëîâ ñäåðæèâàåò èõ èñïîëüçîâàíèå â ñòðîèòåëüñò-

âå. Îäíèì èç íàèáîëåå ðàñïðîñòðàíåííûõ è ýôôåê-

òèâíûõ ìåòîäîâ ñíèæåíèÿ ãîðþ÷åñòè ýïîêñèäíûõ

ÏÊÌ ÿâëÿåòñÿ ïðèìåíåíèå àääèòèâíûõ áðîìñîäåð-

æàùèõ àíòèïèðåíîâ. Ýòî îáóñëîâëåíî ïðåæäå âñåãî

øèðîêèì àññîðòèìåíòîì è îòíîñèòåëüíî íåâûñî-

êîé ñòîèìîñòüþ ïðîìûøëåííûõ ìàðîê áðîìñîäåð-

æàùèõ àíòèïèðåíîâ. Ê íàñòîÿùåìó âðåìåíè îïóá-

ëèêîâàíî áîëüøîå ÷èñëî ðàáîò, â êîòîðûõ èçó÷åíî

âëèÿíèå ðàçëè÷íûõ ãàëîãåíñîäåðæàùèõ àíòèïèðå-

íîâ íà ãîðþ÷åñòü, òåõíîëîãè÷åñêèå è ôèçèêî-ìåõà-

íè÷åñêèå ñâîéñòâà ïîëèìåðíûõ ìàòåðèàëîâ [6–9].

Ðÿä ðàáîò ïîñâÿùåí èçó÷åíèþ ìåõàíèçìà äåéñòâèÿ

òàêèõ àíòèïèðåíîâ [10–12]. Â òî æå âðåìÿ â íèõ îòìå-

÷àåòñÿ, ÷òî ãàëîãåíñîäåðæàùèå àíòèïèðåíû ñóùå-

ñòâåííî ïîâûøàþò äûìîîáðàçóþùóþ ñïîñîáíîñòü

è òîêñè÷íîñòü ïðîäóêòîâ ïèðîëèçà è ãîðåíèÿ ÏÊÌ.

Îäíàêî ðàáîò, íàïðàâëåííûõ íà âûÿâëåíèå âëèÿíèÿ

õèìè÷åñêîé ïðèðîäû áðîìîðãàíè÷åñêèõ àíòèïèðå-

íîâ íà âîñïëàìåíÿåìîñòü è äûìîîáðàçóþùóþ ñïî-

ñîáíîñòü ýïîêñèäíûõ ÏÊÌ, îïóáëèêîâàíî êðàéíå

ìàëî. Â ñâÿçè ñ ýòèì öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿ-

åòñÿ âûÿâëåíèå âëèÿíèÿ ñîäåðæàíèÿ è õèìè÷åñêîé

ïðèðîäû àääèòèâíûõ è ðåàêöèîííîñïîñîáíûõ áðîì-

îðãàíè÷åñêèõ àíòèïèðåíîâ íà âîñïëàìåíÿåìîñòü è

äûìîîáðàçóþùóþ ñïîñîáíîñòü ýïîêñèäíûõ ïîëè-

ìåðîâ. Äëÿ ýòîãî ðåøàëèñü ñëåäóþùèå çàäà÷è: âû-

ÿâëåíèå âëèÿíèÿ õèìè÷åñêîé ïðèðîäû áðîìîðãàíè-

÷åñêèõ ñîåäèíåíèé íà âîñïëàìåíÿåìîñòü, ãîðþ÷åñòü
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è äûìîîáðàçóþùóþ ñïîñîáíîñòü ýïîêñèäíûõ êîì-

ïîçèòîâ; óñòàíîâëåíèå çàâèñèìîñòè ìåæäó êîíöåíò-

ðàöèåé áðîìà è ïîêàçàòåëÿìè ïîæàðíîé îïàñíîñòè;

âûÿâëåíèå êîððåëÿöèè ìåæäó ìàëîìàñøòàáíûìè ìå-

òîäàìè îöåíêè ãîðþ÷åñòè ïîëèìåðíûõ ìàòåðèàëîâ.

Ìàòåðèàëû è ìåòîäû

Îáúåêòîì èññëåäîâàíèÿ â ðàáîòå ÿâëÿëèñü ìà-

òåðèàëû íà îñíîâå ýïîêñèäíîãî îëèãîìåðà ÝÄ-20

(ÃÎÑÒ 10587–84). Â êà÷åñòâå àíòèïèðåíîâ ïðèìå-

íÿëè ïðîìûøëåííûå ìàðêè àääèòèâíûõ àðîìàòè÷å-

ñêèõ áðîìîðãàíè÷åñêèõ ñîåäèíåíèé, ôèçèêî-õèìè-

÷åñêèå ñâîéñòâà êîòîðûõ ïðèâåäåíû â òàáë. 1 (òåðìî-

ñòîéêîñòü ñîîòâåòñòâóåò òåìïåðàòóðå 5 %-íîé ïîòåðè

ìàññû ïðè íàãðåâàíèè àíòèïèðåíîâ íà âîçäóõå ñî

ñêîðîñòüþ 5 °Ñ/ìèí). Äëÿ ñðàâíåíèÿ èñïîëüçîâàëè

ìèêðîêàïñóëèðîâàííûå õëàäîí 114Â2, CCl4, ïîëè-

ôîñôàò àììîíèÿ è äåêàáðîìäèôåíèëîêñèä (ÄÁÄÔÎ),

ðåàêöèîííîñïîñîáíûå ãàëîãåíñîäåðæàùèå ýïîêñèä-

íûå îëèãîìåðû ìàðîê Îêñèëèí-6 (ÒÓ 6-02-1376–87)

è ÓÏ-631 (ÒÓ 2225-020-00203306–96), à òàêæå ïðî-

äóêòû áðîìèðîâàíèÿ ýïîêñèäíîãî îëèãîìåðà ÝÄ-22,

ñîäåðæàùèå àòîìû áðîìà â àðîìàòè÷åñêîì (ñåðèÿ 1)

èëè àëèôàòè÷åñêîì è àðîìàòè÷åñêîì (ñåðèÿ 2) ôðàã-

ìåíòàõ ìîëåêóëû àíòèïèðåíà, è ìîäèôèöèðîâàííûé

àíèëèíîì äèãëèöèäèëîâûé ýôèð òåòðàáðîìäèàíà.

Ïðè ýòîì óñòàíîâëåíî, ÷òî êîíöåíòðàöèÿ ýïîêñèäíûõ

ãðóïï è áðîìà â ìîäèôèöèðîâàííîì àíèëèíîì äè-

ãëèöèäèëîâîì ýôèðå òåòðàáðîìäèàíà ëèíåéíî ñíè-

æàåòñÿ ñ óâåëè÷åíèåì ìîëüíîãî ñîîòíîøåíèÿ ÓÏ-631

è àíèëèíà (òàáë. 2).

Êèñëîðîäíûé èíäåêñ (ÊÈ), òåìïåðàòóðû âîñïëà-

ìåíåíèÿ Òâ è ñàìîâîñïëàìåíåíèÿ Òñâ, êîýôôèöèåíò

äûìîîáðàçîâàíèÿ Dm â ðåæèìàõ ïèðîëèçà è ãîðåíèÿ

ýïîêñèäíûõ ÏÊÌ îïðåäåëÿëè ïî ÃÎÑÒ 12.1.044–89.

Ïðåäåëüíóþ êîíöåíòðàöèþ êèñëîðîäà ñïð è ñêî-

ðîñòü ðàñïðîñòðàíåíèÿ ïëàìåíè ïî ãîðèçîíòàëüíîé

ïîâåðõíîñòè Vðï ÏÊÌ ïðè ðàçëè÷íîé êîíöåíòðà-

öèè êèñëîðîäà [Î2] â ïîòîêå îêèñëèòåëÿ èçó÷àëè ïî

ìåòîäèêå, îïèñàííîé â ðàáîòå [13]. ÊÈ áðîìñîäåð-

æàùèõ àíòèïèðåíîâ ïîëó÷àëè ýêñòðàïîëÿöèåé çà-

âèñèìîñòè âåëè÷èíû 1/ÊÈ îò ñòåïåíè ïðîïèòêè ïðî-

êàëåííîãî àñáîêàðòîíà íà íóëåâîå ñîäåðæàíèå íà-

ïîëíèòåëÿ ïî ìåòîäèêå, ïðèâåäåííîé â ðàáîòå [14].

Òåðìè÷åñêèé àíàëèç áðîìñîäåðæàùèõ àíòèïèðå-

íîâ è ÏÊÌ èññëåäîâàëè ñ ïîìîùüþ òåðìîàíàëèòè-

÷åñêîãî êîìïëåêñà “DuPont-9900” ïðè íàãðåâå íà

âîçäóõå ñî ñêîðîñòüþ 20 °Ñ/ìèí.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Êèñëîðîäíûé èíäåêñ ïðîìûøëåííûõ ìàðîê àä-

äèòèâíûõ áðîìîðãàíè÷åñêèõ àíòèïèðåíîâ, êàê ïðà-

âèëî, ïðåâûøàåò 90 % (äëÿ N(2,4,6-òðèáðîìôåíèë)-

ìàëåèíèìèäà ÊÈ = 65 %), à òåïëîòà èõ ñãîðàíèÿ ñî-

ñòàâëÿåò 9,4–10,8 êÄæ/êã. Ïðè ýòîì òåìïåðàòóðû íà-

÷àëà è 10 %-íîé ïîòåðè ìàññû N(2,4,6-òðèáðîìôå-

íèë)ìàëåèíèìèäà ðàâíû ñîîòâåòñòâåííî 200 è

228 °Ñ, õëîðãèäðèíîâîãî ýôèðà ïåíòàáðîìôåíîëà

— 220 è 300 °Ñ è äåêàáðîìäèôåíèëîêñèäà — 330

è 398 °Ñ.

Âëèÿíèå õèìè÷åñêîé ïðèðîäû ïðîìûøëåííûõ

ìàðîê áðîìîðãàíè÷åñêèõ àíòèïèðåíîâ (5,7 % ìàññ.)

íà âîñïëàìåíÿåìîñòü, ãîðþ÷åñòü è äûìîîáðàçóþùóþ

ñïîñîáíîñòü ýïîêñèäíûõ êîìïîçèòîâ, ìîäèôèöèðî-

âàííûõ ñèíòåòè÷åñêèì êàó÷óêîì ÑÊÍ-26-1À è íà-

ïîëíåííûõ êâàðöåâîé ìóêîé (41 % ìàññ.), ïîêàçàíî

â òàáë. 3.

Èç òàáë. 3 ñëåäóåò, ÷òî àðîìàòè÷åñêèå áðîìñî-

äåðæàùèå àíòèïèðåíû ñíèæàþò ãîðþ÷åñòü è âîñ-

ïëàìåíÿåìîñòü ýïîêñèäíûõ ÏÊÌ. Òàê, ÊÈ êîìïî-

çèòîâ âîçðàñòàåò ñ 21,6 äî 27,2–28,8 %, à âåëè÷èíà

ñïð — ñ 34 äî 36,1–39,6 %. Ñêîðîñòü Vðï ïðè êîí-

öåíòðàöèè êèñëîðîäà â ïîòîêå îêèñëèòåëÿ, ðàâíîé

45 %, óìåíüøàåòñÿ ñ 0,41 äî 0,23–0,31 ìì/ñ. Òåìïå-

ðàòóðà Òâ, êàê ïðàâèëî, ñíèæàåòñÿ íà 20 °Ñ, à Òñâ ñî-

ñòàâëÿåò 460–480 °Ñ. Êîýôôèöèåíò äûìîîáðàçîâà-

íèÿ Dm ýïîêñèäíûõ êîìïîçèòîâ â ðåæèìå ïèðîëèçà

âîçðàñòàåò íåçíà÷èòåëüíî — ñ 410 äî 440–490 ì2/êã,

à â ðåæèìå ïëàìåííîãî ãîðåíèÿ — áîëåå ÷åì â

1,4 ðàçà, ñ 570 äî 890–990 ì2/êã. Ïðè ýòîì Dm â ðå-

æèìå ïëàìåííîãî ãîðåíèÿ ïðåâûøàåò êîýôôèöèåíò

äûìîîáðàçîâàíèÿ â ðåæèìå ïèðîëèçà áîëåå ÷åì â

1,3 ðàçà (ñì. òàáë. 3). Àíàëèç ïîëó÷åííûõ äàííûõ

ïîêàçûâàåò, ÷òî õèìè÷åñêîå ñòðîåíèå ïðîìûøëåí-

íûõ ìàðîê àðîìàòè÷åñêèõ áðîìñîäåðæàùèõ àíòè-

ïèðåíîâ àääèòèâíîãî òèïà íåçíà÷èòåëüíî âëèÿåò íà

ãîðþ÷åñòü ýïîêñèäíûõ êîìïîçèòîâ. Òàê, íàïðèìåð,

ÊÈ êîìïîçèòîâ, ñîäåðæàùèõ 2,4,6-òðèáðîìàíèëèí,

2,4,6-òðèáðîìôåíîë è ãëèöèäíûé ýôèð ïåíòàáðîì-

ôåíîëà, ðàâåí ñîîòâåòñòâåííî 28,0; 28,7 è 28,8 %.

Ñ ó÷åòîì òîíêîñòè ìåòîäà ÊÈ (1 %) ýòè çíà÷åíèÿ

áëèçêè.

Êèñëîðîäíûé èíäåêñ ýïîêñèäíûõ êîìïîçèòîâ,

ñîäåðæàùèõ ïðîìûøëåííûé ãåêñàõëîðáåíçîë, ðàâåí

27,1 %. Ñëåäóåò îòìåòèòü, ÷òî î÷èùåííûé ãåêñàõëîð-

áåíçîë, óñòóïàÿ ïî ýôôåêòèâíîñòè ïëàìåãàñÿùåãî

äåéñòâèÿ ãåêñàáðîìáåíçîëó, ïðàêòè÷åñêè íå ïîâû-

øàåò äûìîîáðàçóþùåé ñïîñîáíîñòè ýïîêñèäíûõ

êîìïîçèòîâ.

Ñòåïåíü î÷èñòêè è óñëîâèÿ ïðîèçâîäñòâà òåòðà-

áðîìäèàíà ïðàêòè÷åñêè íå âëèÿþò íà ãîðþ÷åñòü

ýïîêñèäíûõ ìàòåðèàëîâ (òàáë. 4).

Ïî íàøåìó ìíåíèþ, îñíîâíûì ôàêòîðîì, îïðå-

äåëÿþùèì ýôôåêòèâíîñòü áðîìñîäåðæàùèõ àíòè-

ïèðåíîâ, ÿâëÿåòñÿ áëèçîñòü òåìïåðàòóð íà÷àëà èí-

òåíñèâíîãî ðàçëîæåíèÿ ýïîêñèäíîãî ïîëèìåðà è

áðîìñîäåðæàùåãî ñîåäèíåíèÿ. Ó÷èòûâàÿ, ÷òî èññëå-

äîâàííûå àíòèïèðåíû îêàçûâàþò ñóùåñòâåííîå âëè-

ÿíèå íà òåðìîîêèñëèòåëüíóþ ñòàáèëüíîñòü è ìàëî
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âëèÿþò íà ÊÈ, ìîæíî ïðåäïîëîæèòü, ÷òî îíè ÿâëÿ-

þòñÿ àíòèïèðåíàìè ãàçîôàçíîãî äåéñòâèÿ. Ìåõàíèçì

èõ äåéñòâèÿ îáóñëîâëåí êàê èíãèáèðîâàíèåì ðàäè-

êàëüíûõ öåïåé ïðîöåññîâ â ïëàìåíè, òàê è ôëåãìà-

òèçàöèåé ïëàìåíè ïðîäóêòàìè ðàçëîæåíèÿ áðîì-

ñîäåðæàùèõ àíòèïèðåíîâ.

Ñëåäóåò îòìåòèòü, ÷òî ÊÈ èññëåäîâàííûõ ñòåê-

ëîíàïîëíåííûõ áðîìñîäåðæàùèõ ýïîêñèäíûõ êîì-

Âèä àíòèïèðåíà

Type of flame retardant

Ñòðóêòóðíàÿ ôîðìóëà

Structural
formula

Ìîëåêóëÿð-
íàÿ ìàññà

Molecular
mass

Ñîäåðæàíèå
áðîìà, %

Bromine, %

Òåìïåðàòóðà
ïëàâëåíèÿ, °Ñ

Melting
point, °Ñ

Òåðìîcòîé-
êîñòü, °Ñ

Thermal
stability, °Ñ

Ãåêñàáðîìáåíçîë
(ÒÓ 6-22-46–80)

Hexabromobenzene
(TU 6-22-46–80)

551,52 85,5 325–326 265

Äåêàáðîìäèôåíèëîêñèä
(ÒÓ 6-47-49–95)

Decabromo-diphenyloxide
(TU 6-47-49–95)

959,22 82,5 300–304 392

2,4,6-Òðèáðîìàíèëèí
(ÒÓ 6-09-07-629–76)

2,4,6-Tribromanyline
(TU 6-09-07-629–76)

329,83 72,0 119–120
200

ñóáë.

Òåòðàáðîìäèàìèíî-
äèôåíèëñóëüôîí

Tetrabromo-diamino-
diphenylsulfone

563,90 56,2 318–320
350

ñóáë.

N(2,4,6-òðèáðîìôåíèë)-
ìàëåèíèìèä

N(2,4,6-tribromophenyl)-
maleimide

409,87 58,0 138–139 225

2,4,6-Òðèáðîìôåíîë

2,4,6-Tribromophenol
330,82 72,0 92–94

170
ñóáë.

Òåòðàáðîìäèôåíèëîëïðîïàí
(ÒÓ 6-18-47–85)

Tetrabromo-diphenylolpropane
(TU 6-18-47–85)

543,88 58,5 178–180 187

Ïåíòàáðîìôåíîë

Pentabromophenol
488,62 80,9 225–229 230

Ãëèöèäíûé ýôèð ïåíòàáðîì-
ôåíîëà (ÒÓ 6-18-22-105–87)

Pentabromophenol glycidyl
ether (TU 6-18-22-105–87)

544,68 72,0 161–163 285

Òåòðàáðîìôòàëåâûé àíãèäðèä
(ÒÓ 6-22-24–77)

Tetrabromo-phthalic anhydride
(TU 6-22-24–77)

463,72 67,5 269–280
270

ñóáë.

Õëîðãèäðèíîâûé ýôèð ïåíòà-
áðîìôåíîëà

Chlorohydrin pentabromophe-
nol ether

581,14 68,0 118–120 285

Òàáëèöà 1. Ñâîéñòâà àðîìàòè÷åñêèõ áðîìñîäåðæàùèõ àíòèïèðåíîâ

Table 1. Properties of aromatic bromine-containing flame retardants
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Ìàðêà àíòèïèðåíà

Type of fire retardant

Òâ, °Ñ

Òc, °C

ÊÈ, %

LOI, %

ñïð, %

ñl, %

Vðï ïðè [O2] = 45 %,
ìì/ñ

Vfs for [O2] = 45 %,
mm/s

Dm, ì2/êã, â ðåæèìå

Dm, m2/kg, for

ïèðîëèçà

pyrolysis

ïëàìåííîãî
ãîðåíèÿ

combustion

Áåç àíòèïèðåíà

No fire retardant 300 21,6 34,0 0,41 410 570

Ãåêñàõëîðáåíçîë (î÷èùåííûé)

Pure hexachlorobenzene 290 27,2 37,4 0,35 470 580

Ãåêñàáðîìáåíçîë

Hexabromobenzene 280 28,8 36,1 0,31 440 1000

Äåêàáðîìäèôåíèëîêñèä

Decabromodiphenyl oxide 270 28,2 36,8 0,25 460 900

Òåòðàáðîìïàðàêñèëîë

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

2,4,6-Òðèáðîìàíèëèí

2,4,6-Tribromaniline 300 28,4 36,0 0,33 480 820

N(2,4,6-òðèáðîìôåíèë)ìàëåèíèìèä

N(2,4,6-tribromophenyl)maleimide 290 28,5 36,1 0,48 430 830

Ïåíòàáðîìôåíîë

Pentabromophenol 280 28,4 38,4 0,24 460 360

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 28,7 39,4 0,23 550 820

Òåòðàáðîìäèôåíèëïðîïàí

Tetrabromodiphenylpropane 290 27,2 39,6 0,45 – –

Òåòðàáðîìôòàëåâûé àíãèäðèä

Tetrabromphthalic anhydride 260 28,1 38,9 0,36 490 900

Òàáëèöà 3. Ïîæàðíàÿ îïàñíîñòü ýïîêñèäíûõ ÏÊÌ

Table 3. Fire safety properties of epoxy PMC

Ïîêàçàòåëü

Property

Ìîëüíîå ñîîòíîøåíèå îëèãîìåðà ÓÏ-631 è àíèëèíà

Molar ratio of UP-631 oligomer and aniline

1:0,2 1:0,4 1:0,6 1:0,8 1:1

Êîíöåíòðàöèÿ, % ìàññ.:

Concentration, % by mass:

ýïîêñèäíûõ ãðóïï / of epoxy groups 9,8 7,1 5,4 2,9 0,7

áðîìà / of bromine 47,4 46,1 45,0 43,8 42,8

Òåìïåðàòóðà íà÷àëà èíòåíñèâíîãî ðàçëîæåíèÿ, °C

Temperature of start of intensive decomposition, °C 284 273 272 271 269

Òåìïåðàòóðà ìàêñèìàëüíîé ñêîðîñòè ðàçëîæåíèÿ, °Ñ, íà ñòàäèè:

Temperature of maximal rate of decomposition, °C, at stage:

ïåðâîé / first 351 337 327 319 315

âòîðîé / second 488 513 520 525 526

Ìàêñèìàëüíàÿ ñêîðîñòü ðàçëîæåíèÿ, %/ìèí, íà ñòàäèè:

Maximal rate of decomposition, %/min, at stage:

ïåðâîé / first 84,4 115,4 173,6 196,8 245,5

âòîðîé / second 7,85 5,43 5,04 5,2 5,52

Ïîòåðÿ ìàññû ïðè 600 °Ñ, %

Loss of mass at 600 °Ñ, % 98,69 99,09 97,9 98,01 99,18

Òàáëèöà 2. Òåðìîñòîéêîñòü ìîäèôèöèðîâàííîãî äèãëèöèäèëîâîãî ýôèðà òåòðàáðîìäèàíà

Table 2. Thermal stability of the modified diglycidyl ether of tetrabromodiamine
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ïîçèòîâ õîðîøî êîððåëèðóåò ñ ïîêàçàòåëåì ãîðþ-

÷åñòè Kñð ïðè èñïûòàíèè ïî ìåòîäó êåðàìè÷åñêîé

òðóáû (ÃÎÑÒ 12.1.044–89) (ðèñ. 1). Èç ðèñ. 1 ñëå-

äóåò, ÷òî òðóäíîãîðþ÷èå (ñëàáîãîðþ÷èå) êîìïî-

çèòû ìîãóò áûòü ïîëó÷åíû ïðè ÊÈ � 31 %, à òðóä-

íîâîñïëàìåíÿþùèåñÿ (óìåðåííîãîðþ÷èå) — ïðè

ÊÈ > 26 %.

Ñ ðîñòîì ñîäåðæàíèÿ àääèòèâíûõ áðîìîðãàíè-

÷åñêèõ àíòèïèðåíîâ çàêîíîìåðíî ñíèæàåòñÿ âîñïëà-

ìåíÿåìîñòü è ãîðþ÷åñòü ýïîêñèäíûõ êîìïîçèòîâ.

Òàê, íàïðèìåð, ñ ïîâûøåíèåì ñîäåðæàíèÿ òåòðà-

áðîìäèàíà äî 9,8 % ìàññ. òåìïåðàòóðà âîñïëàìåíå-

íèÿ ÏÊÌ óìåíüøàåòñÿ ñ 300 äî 280 °Ñ, à òåìïåðà-

òóðà ñàìîâîñïëàìåíåíèÿ, íàïðîòèâ, âîçðàñòàåò —

ñ 460–470 äî 480–490 °Ñ; ÊÈ òàêæå óâåëè÷èâàåòñÿ

ñ 21,6 äî 29,2 %. Âåëè÷èíà Dm â ðåæèìå ïèðîëèçà

ïðàêòè÷åñêè íå çàâèñèò îò ñîäåðæàíèÿ àíòèïèðå-

íîâ è ñîñòàâëÿåò 420–440 ì2/êã, à â ðåæèìå ïëàìåí-

íîãî ãîðåíèÿ âîçðàñòàåò ñ 570 äî 990 ì2/êã. Çàâèñè-

ìîñòü ãîðþ÷åñòè ýïîêñèäíûõ êîìïîçèòîâ, ìîäèôè-

öèðîâàííûõ áðîìîðãàíè÷åñêèìè ñîåäèíåíèÿìè,

ïðåäñòàâëåíà íà ðèñ. 2.

Ïåðñïåêòèâíûì íàïðàâëåíèåì ñíèæåíèÿ ãîðþ-

÷åñòè ýïîêñèäíûõ ÏÊÌ ÿâëÿåòñÿ ïðèìåíåíèå ìèê-

ðîêàïñóëèðîâàííûõ àíòèïèðåíîâ. Ìèêðîêàïñóëû,

ñîäåðæàùèå àíòèïèðåíû, âçðûâîïîäîáíî ðàçðóøà-

þòñÿ ïðè âîçäåéñòâèè ïîâûøåííûõ òåìïåðàòóð èëè

îãíÿ, âûáðàñûâàÿ ãàçèôèöèðîâàííûé ïëàìåãàñÿùèé

àãåíò â çîíó ïëàìåíè.

Ìèêðîêàïñóëèðîâàííûå àíòèïèðåíû ìîãóò ïðè-

ìåíÿòüñÿ â êà÷åñòâå êàê ïîðîøêîâîãî îãíåãàñèòåëÿ,

òàê è íàïîëíèòåëåé ÏÊÌ. Ìèêðîêàïñóëèðîâàííûå

àíòèïèðåíû ñî÷åòàþò â ñåáå, ñ îäíîé ñòîðîíû, àâ-

òîíîìíóþ àâòîìàòè÷åñêóþ áåçûíåðöèîííóþ ñèñ-

òåìó ïîäàâëåíèÿ âîçãîðàíèÿ, à ñ äðóãîé — ñâîéñòâà

ñëàáîãîðþ÷åãî ìàòåðèàëà. Îñíîâíîå ïðåèìóùåñòâî

ìèêðîêàïñóëèðîâàííûõ àíòèïèðåíîâ — âîçìîæ-

íîñòü àêòèâíîãî ïîäàâëåíèÿ èñòî÷íèêà âîçãîðàíèÿ

(êàê íà ïîâåðõíîñòè, òàê è âíóòðè îáúåêòà) è ëèêâè-

äàöèè ïîæàðà íà íà÷àëüíîé ñòàäèè ðàçâèòèÿ.

Ïîêàçàòåëü

Property

Òåòðàáðîìäèàí

Tetrabromobisphenol A

Ëüâîâñêîãî
çàâîäà

Lvov plant

Íåáèò-Äàãñêîãî
çàâîäà

Nebit-Dag plant

Òåìïåðàòóðà ïëàâëåíèÿ, °Ñ

Melting point, °C
180,05
181,54

178,14
180,95

Òåïëîòà ïëàâëåíèÿ, êÂò/êã

Heat of fusion, kW/kg
51,12
54,48

43,13
54,97

Êèñëîðîäíûé èíäåêñ, %

LOI, %
27,2
27,4

27,1
27,3

Ï ð è ì å ÷ à í è å . Íàä ÷åðòîé ïðèâåäåíû äàííûå äëÿ òåõ-

íè÷åñêîãî òåòðàáðîìäèàíà, ïîä ÷åðòîé — äëÿ î÷èùåííîãî.

N o t e . First numbers correspond to technical-grade tetra-

bromobisphenol A, second ones correspond to purified tetra-

bromobisphenol A.

Òàáëèöà 4. Ïîêàçàòåëè ãîðþ÷åñòè ýïîêñèäíûõ ìàòåðèàëîâ

Table 4. Flammability of epoxy-based materials

Ðèñ. 1. Çàâèñèìîñòü ãîðþ÷åñòè ýïîêñèäíûõ êîìïîçèòîâ, ìî-

äèôèöèðîâàííûõ áðîìîðãàíè÷åñêèìè ñîåäèíåíèÿìè, ïðè èñ-

ïûòàíèè ìåòîäîì êåðàìè÷åñêîé òðóáû îò èõ êèñëîðîäíîãî

èíäåêñà

Fig. 1. Dependence between LOI and flammability of epoxy

composites modified by bromine-organic compounds (ceramic

pipe test method)

Ðèñ. 2. Çàâèñèìîñòü êèñëîðîäíîãî èíäåêñà ýïîêñèäíûõ êîì-

ïîçèòîâ, ñîäåðæàùèõ àääèòèâíûå áðîìîðãàíè÷åñêèå àíòè-

ïèðåíû, îò êîíöåíòðàöèè áðîìà â ìàòåðèàëå: 1 — ãåêñàáðîì-

áåíçîë; 2 — äåêàáðîìäèôåíèëîêñèä; 3 — 2,4,6-òðèáðîì-

àíèëèí; 4 — N(2,4,6-òðèáðîìôåíèë)ìàëåèíèìèä

Fig. 2. Dependence between concentration of bromine in the ma-

terial and LOI for epoxy composites with additive bromine-organic

fire retardants: 1 — hexabromobenzene; 2 — decabromodi-

phenyl oxide; 3 — 2,4,6-tribromanylene; 4 — N(2,4,6-tribromo-

phenyl)maleimide
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Â êà÷åñòâå ïðèìåðà íà ðèñ. 3 ïîêàçàíî âëèÿíèå

ñîäåðæàíèÿ ìèêðîêàïñóëèðîâàííûõ àíòèïèðåíîâ

íà ãîðþ÷åñòü ýïîêñèäíûõ ìàòåðèàëîâ.

ÄÁÄÔÎ ïî ýôôåêòèâíîñòè ïëàìåãàñÿùåãî äåéñò-

âèÿ ïðåâîñõîäèò ìèêðîêàïñóëèðîâàííûé ÄÁÄÔÎ.

Ýôôåêòèâíîñòü ìèêðîêàïñóëèðîâàííûõ àíòèïèðå-

íîâ çàâèñèò â îñíîâíîì îò äèàìåòðà ìèêðîñôåð è

õèìè÷åñêîé ïðèðîäû èñïîëüçîâàííîãî àíòèïèðåíà

è â ìåíüøåé ñòåïåíè — îò õèìè÷åñêîé ïðèðîäû îáî-

ëî÷êè ìèêðîêàïñóëû. Ðåçóëüòàòû èññëåäîâàíèÿ âëè-

ÿíèÿ ìèêðîêàïñóëèðîâàííîãî ÄÁÄÔÎ (5,85 % ìàññ.)

íà ãîðþ÷åñòü ýïîêñèäíûõ êîìïîçèöèé, íàïîëíåííûõ

ìàðøàëèòîì (41,8 % ìàññ.), ïðèâåäåíû â òàáë. 5.

Ïðèìåíåíèå ïðîìûøëåííûõ ìàðîê àääèòèâíûõ

áðîìîðãàíè÷åñêèõ àíòèïèðåíîâ ïîçâîëÿåò ïîëó÷àòü

ýïîêñèäíûå êîìïîçèòû ñ ÊÈ, ðàâíûì 30–33 %, ïðè

êîíöåíòðàöèè áðîìà 6–8 % ìàññ. Îïòèìàëüíûì ñî-

äåðæàíèåì òàêèõ àíòèïèðåíîâ ÿâëÿåòñÿ 8–10 % ìàññ.

Ïðè òàêîì ñîäåðæàíèè áðîìîðãàíè÷åñêèõ ñîåäè-

íåíèé íåçíà÷èòåëüíî ñíèæàþòñÿ ïðî÷íîñòíûå ïî-

êàçàòåëè ýïîêñèäíûõ êîìïîçèòîâ. Ïðè ñîäåðæàíèè

11,5 % ìàññ. ÄÁÄÔÎ, õëîðãèäðèíîâîãî ýôèðà ïåíòà-

áðîìôåíîëà èëè òåòðàáðîìäèôåíèëïðîïàíà â ñî÷å-

òàíèè ñ Sb2O3 ïðè èõ ñîîòíîøåíèè, ðàâíîì 3:1, ïî-

ëó÷åíû ýïîêñèäíûå ñòåêëîïëàñòèêè ñ ÊÈ = 33�35 %

è ïîêàçàòåëåì ãîðþ÷åñòè Kñð = 0,85�0,9 ïðè èñïû-

òàíèè ïî ìåòîäó êåðàìè÷åñêîé òðóáû.

Ñëåäóåò îòìåòèòü, ÷òî àääèòèâíûå àíòèïèðåíû

â ïðîöåññå äëèòåëüíîé ýêñïëóàòàöèè èçäåëèé èç

ÏÊÌ ñêëîííû ê ìèãðàöèè è âûïîòåâàíèþ íà ïî-

âåðõíîñòü ìàòåðèàëîâ, ÷òî ïðèâîäèò ê ïîâûøåíèþ

âîñïëàìåíÿåìîñòè è ãîðþ÷åñòè êîìïîçèòîâ. Â ñâÿçè

ñ ýòèì â êà÷åñòâå àíòèïèðåíîâ ïðåäïî÷òèòåëüíåå

ïðèìåíÿòü ðåàêöèîííîñïîñîáíûå áðîìñîäåðæàùèå

ýïîêñèäíûå ñîåäèíåíèÿ. Â êà÷åñòâå òàêèõ ñîåäèíå-

íèé â ðàáîòå èñïîëüçîâàëè áðîìñîäåðæàùèé ýïîê-

ñèäíûé îëèãîìåð ìàðêè ÓÏ-631, õëîðñîäåðæàùèé

îëèãîìåð ìàðêè Îêñèëèí-6, ìîäèôèöèðîâàííûé àíè-

ëèíîì îëèãîìåð ÓÏ-631 è áðîìèðîâàííûé ýïîêñèä-

íûé îëèãîìåð ÝÄ-22.

Òåðìîñòîéêîñòü ìîäèôèöèðîâàííîãî ýïîêñèä-

íîãî îëèãîìåðà ÓÏ-631 ñíèæàåòñÿ íà 6–15 °Ñ ñ ðîñ-

òîì ìîëüíîãî ñîîòíîøåíèÿ äèãëèöèäèëîâîãî ýôèðà

òåòðàáðîìäèàíà è àíèëèíà ñ 1:0,2 äî 1:1 (ñì. òàáë. 2).

Ñ ïîâûøåíèåì ñòåïåíè áðîìèðîâàíèÿ ýïîêñèäíîãî

îëèãîìåðà ÝÄ-22 òåðìîñòîéêîñòü èññëåäîâàííûõ ïðî-

äóêòîâ òàêæå ñíèæàåòñÿ (òåìïåðàòóðà íà÷àëà èíòåí-

ñèâíîãî ðàçëîæåíèÿ ñ ðîñòîì êîíöåíòðàöèè áðîìà

ñ 8,1 äî 25 % ëèíåéíî óìåíüøàåòñÿ ñ 296 äî 249 °Ñ),

âîçðàñòàåò ñêîðîñòü è ýêçîòåðìè÷åñêèé ýôôåêò ðàç-

ëîæåíèÿ îëèãîìåðà (òàáë. 6).

Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî-

êàçàëè, ÷òî èñïîëüçîâàííûé â ðàáîòå ïîäõîä, îñíî-

âàííûé íà òåïëîâîé ìîäåëè ïðåäåëîâ ãîðåíèÿ ÏÊÌ,

ïðèìåíèì è äëÿ îöåíêè ýôôåêòèâíîñòè áðîìñîäåð-

æàùèõ àíòèïèðåíîâ. Äëÿ âñåõ èññëåäîâàííûõ ïðî-

äóêòîâ áðîìèðîâàíèÿ ýïîêñèäíîãî îëèãîìåðà ÝÄ-22,

Âèä ÄÁÄÔÎ

Type of decabromodiphenyl oxide

ÊÈ, %

LOI, %

ÄÁÄÔÎ ñ äèàìåòðîì ÷àñòèö 240 ìêì

DBDPO with a particle diameter of 240 �m 36,9

ÄÁÄÔÎ ñ îáîëî÷êîé èç ýïîêñèäíîé ñìîëû
ñ äèàìåòðîì ÷àñòèö 150–400 ìêì

DBDPO with a shell of epoxy resin with
a particle diameter of 150–400 �m

32,1

ÄÁÄÔÎ ñ îáîëî÷êîé èç ñîïîëèìåðà ñòèðîëà
è N(2,4,6-òðèáðîìôåíèë)ìàëåèíèìèäà ñ äèà-
ìåòðîì ÷àñòèö:

DBDPO with a shell of a copolymer of styrene
and N(2,4,6-tribromophenyl)-maleimide with
a particle diameter of:

íå ìåíåå 150 ìêì / at least 150 �m 32,1

íå áîëåå 150 ìêì / not more than 150 �m 32,8

ÄÁÄÔÎ ñ îáîëî÷êîé èç àðîìàòè÷åñêîãî ïî-
ëèàìèäà ñ äèàìåòðîì ÷àñòèö 150–400 ìêì

DBDPO with a shell of an aromatic polyamide
with a particle diameter of 150–400 �m

32,1

Õëàäîí 114Â2 ñ îáîëî÷êîé èç ïîëèâèíèëîâî-
ãî ñïèðòà ñ äèàìåòðîì ÷àñòèö 125–250 ìêì

Chladon 114V2 with a shell of polyvinyl alcohol
with a particle diameter of 125–250 �m

28,6

Òàáëèöà 5. Êèñëîðîäíûé èíäåêñ ýïîêñèäíûõ êîìïîçèöèé
c ÄÁÄÔÎ

Table 5. LOI of epoxy compositions with decabromodiphenyl
oxide

Ðèñ. 3. Çàâèñèìîñòü êèñëîðîäíîãî èíäåêñà ýïîêñèäíûõ ìà-

òåðèàëîâ îò ñîäåðæàíèÿ ìèêðîêàïñóëèðîâàííûõ àíòèïè-

ðåíîâ: 1 — ïîëèôîñôàò àììîíèÿ; 2 — õëàäîí 114Â2; 3 — ÷å-

òûðåõõëîðèñòûé óãëåðîä

Fig. 3. Dependence between content of microencapsulated fire

retardants and LOI of epoxy materials: 1 — ammonium poly-

phosphate; 2 — Chladon 114V2; 3 — carbon tetrachloride
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ñîäåðæàùèõ àòîìû áðîìà â àëèôàòè÷åñêîì èëè àðî-

ìàòè÷åñêîì ôðàãìåíòàõ ìîëåêóëû, è ìîäèôèöèðî-

âàííîãî àíèëèíîì äèãëèöèäèëîâîãî ýôèðà òåòðà-

áðîìäèàíà íàáëþäàåòñÿ ëèíåéíàÿ çàâèñèìîñòü âå-

ëè÷èíû 1/ÊÈ îò ñòåïåíè ïðîïèòêè ïðîêàëåííîãî

àñáîêàðòîíà àíòèïèðåíîì K. ÊÈ ïðîäóêòîâ áðîìè-

ðîâàíèÿ ýïîêñèäíîãî îëèãîìåðà ÝÄ-22 è ìîäèôèöè-

ðîâàííîãî îëèãîìåðà ÓÏ-631 ïîëó÷åíû ýêñòðàïî-

ëÿöèåé çàâèñèìîñòè 1/ÊÈ îò âåëè÷èíû K íà íóëåâîå

ñîäåðæàíèå íàïîëíèòåëÿ ïî ìåòîäèêå, ïðèâåäåííîé

â [14]. Ìèíèìàëüíûå çíà÷åíèÿ ÊÈ ìîäèôèöèðî-

âàííîãî îëèãîìåðà ÓÏ-631 ðåàëèçóþòñÿ ïðè ñîîò-

íîøåíèè äèãëèöèäèëîâîãî ýôèðà òåòðàáðîìäèàíà

è àíàëèíà, ðàâíîì 1:(0,4�0,6). Ïðè áîëåå âûñîêîì

ñîäåðæàíèè àíèëèíà ÊÈ îëèãîìåðà ÓÏ-631 âîç-

ðàñòàåò è äîñòèãàåò ìàêñèìàëüíûõ çíà÷åíèé ïðè

ñîîòíîøåíèè èñõîäíûõ êîìïîíåíòîâ, ðàâíîì 1:1

(ÊÈ = 48,9 %).

Âëèÿíèå ñîäåðæàíèÿ èññëåäîâàííûõ ðåàêöèîí-

íîñïîñîáíûõ áðîìñîäåðæàùèõ ýïîêñèäíûõ ñîåäèíå-

íèé íà ãîðþ÷åñòü îòâåðæäåííûõ ñâÿçóþùèõ ïðèâå-

äåíî íà ðèñ. 4. Êàê ñëåäóåò èç ðèñ. 4, õëîðñîäåðæàùèå

ýïîêñèäíûå ñîåäèíåíèÿ (Îêñèëèí-6) çíà÷èòåëüíî

óñòóïàþò ïî ýôôåêòèâíîñòè ïëàìåãàñÿùåãî äåéñòâèÿ

áðîìîðãàíè÷åñêèì ýïîêñèäíûì ñîåäèíåíèÿì. Ïðè

ýòîì áðîìñîäåðæàùèé ýïîêñèäíûé îëèãîìåð ÓÏ-631

ýôôåêòèâíåå ìîäèôèöèðîâàííîãî àíèëèíîì äèãëè-

öèäèëîâîãî ýôèðà òåòðàáðîìäèàíà ïðè èõ ñîîòíîøå-

íèè 1:1 è áðîìèðîâàííîãî ýïîêñèäíîãî îëèãîìåðà

ÝÄ-22 ñ êîíöåíòðàöèåé áðîìà 25 %. Ýòî îáóñëîâëå-

íî, ïî íàøåìó ìíåíèþ, ðàçëè÷íîé êîíöåíòðàöèåé

áðîìà â èñïîëüçîâàííûõ áðîìñîäåðæàùèõ ýïîêñèä-

íûõ ñîåäèíåíèÿõ. Ýòîò âûâîä ïîäòâåðæäàåòñÿ ýêñïå-

ðèìåíòàëüíîé çàâèñèìîñòüþ ÊÈ îòâåðæäåííûõ ýïî-

êñèäíûõ ñâÿçóþùèõ îò êîíöåíòðàöèè áðîìà (ðèñ. 5).

Äëÿ èññëåäîâàííûõ ìîäèôèöèðîâàííûõ ýïîê-

ñèäíûõ ïîëèìåðîâ, îòâåðæäåííûõ àëèôàòè÷åñêèìè

àìèíàìè, íàáëþäàåòñÿ ëèíåéíàÿ çàâèñèìîñòü âå-

ëè÷èíû ÊÈ îò êîíöåíòðàöèè áðîìà. Ýòî óêàçûâàåò

íà òî, ÷òî íà ïðåäåëå äèôôóçèîííîãî ãîðåíèÿ õèìè-

÷åñêàÿ ïðèðîäà èññëåäîâàííûõ ðåàêöèîííîñïîñîá-

íûõ àíòèïèðåíîâ è, ñëåäîâàòåëüíî, ðàñïîëîæåíèå

àòîìîâ áðîìà â àëèôàòè÷åñêîì èëè àðîìàòè÷åñêîì

ôðàãìåíòàõ ìîëåêóëû ïðàêòè÷åñêè íå âëèÿþò íà

ãîðþ÷åñòü ýïîêñèäíûõ ïîëèìåðîâ. Ýôôåêòèâíîñòü

îïðåäåëÿåòñÿ ïðåæäå âñåãî êîíöåíòðàöèåé áðîìà

â àíòèïèðåíå.

Äëÿ ïîëó÷åíèÿ ýïîêñèäíûõ ïîëèìåðîâ ñ ÊÈ áî-

ëåå 27 % êîíöåíòðàöèÿ áðîìà äîëæíà ïðåâûøàòü

18 % ìàññ. Ñëåäóåò îòìåòèòü, ÷òî ðåàêöèîííîñïî-

ñîáíûå áðîìñîäåðæàùèå ñîåäèíåíèÿ çíà÷èòåëüíî

óñòóïàþò ïî ýôôåêòèâíîñòè ïëàìåãàñÿùåãî äåéñò-

Ïîêàçàòåëü

Property

Ñîäåðæàíèå áðîìà, % ìàññ.

Amount of bromine, % by mass

8,1 10 15 20 25

Êîíöåíòðàöèÿ ýïîêñèäíûõ ãðóïï, % ìàññ.

Concentration of epoxy groups, % by mass 19,6 16 14 12 9/13,2

Òåìïåðàòóðà íà÷àëà èíòåíñèâíîãî ðàçëîæåíèÿ, °Ñ

Temperature of start of intensive decomposition, °C 296 288 275 263 249/264

Òåìïåðàòóðà ìàêñèìàëüíîé ñêîðîñòè ðàçëîæåíèÿ, °Ñ,
íà ñòàäèè:

Temperature of maximal rate of decomposition, °C, at stage:

ïåðâîé / first 360 345 335 346 319/340

âòîðîé / second 526 522 517 523 563/509

Ìàêñèìàëüíàÿ ñêîðîñòü ðàçëîæåíèÿ, %/ìèí, íà ñòàäèè:

Maximal rate of decomposition, %/min, at stage:

ïåðâîé / first 25,5 67,7 21,7 63,22 66,6/96,8

âòîðîé / second 10,41 10,7 5,33 6,91 11,83/8,0

Ýêçîòåðìè÷åñêèé ýôôåêò ðàçëîæåíèÿ, êÄæ/êã

Exothermic decomposition effect, kJ/kg 2791 – 3184 – – /3896

Ïîòåðÿ ìàññû ïðè 650 °Ñ, %

Loss of mass at 600 °Ñ, % 98,9 98,0 99,0 97,5 97,0/94,7

Êèñëîðîäíûé èíäåêñ, %

LOI, % 19,6 19,8 21,1 23,5 25/25,3

Ï ð è ì å ÷ à í è å . Íàä ÷åðòîé ïðèâåäåíû äàííûå äëÿ ïðîäóêòîâ ñåðèè II, ïîä ÷åðòîé — ñåðèè I.

N o t e . First numbers correspond to series II products, second ones correspond to series I.

Òàáëèöà 6. Òåðìîñòîéêîñòü áðîìèðîâàííîãî ýïîêñèäíîãî îëèãîìåðà ÝÄ-22

Table 6. Thermal stability of brominated ED-22 oligomer
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âèÿ àääèòèâíûì àíòèïèðåíàì. Òàê, íàïðèìåð, äëÿ

ïîëó÷åíèÿ êîìïîçèòîâ ñ ÊÈ = 27 % êîíöåíòðàöèÿ

áðîìà â êîìïîçèöèè ïðè èñïîëüçîâàíèè ïåíòàáðîì-

ôåíîëà ñîñòàâëÿåò 8,3 %, à áðîìñîäåðæàùåãî îëè-

ãîìåðà ìàðêè ÓÏ-631 — 20 %. Ýòî ñâÿçàíî ñ áîëåå

âûñîêîé êîíöåíòðàöèåé áðîìà â àääèòèâíûõ áðîì-

îðãàíè÷åñêèõ àíòèïèðåíàõ (58,0–85,5 %) ïî ñðàâ-

íåíèþ ñ áðîìñîäåðæàùèìè ýïîêñèäíûìè ñîåäèíå-

íèÿìè (25,0–48,8 %).

Çàêëþ÷åíèå

Â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

óñòàíîâëåíû êîëè÷åñòâåííûå çàêîíîìåðíîñòè âëè-

ÿíèÿ âèäà è ñîäåðæàíèÿ àääèòèâíûõ è ðåàêöèîííî-

ñïîñîáíûõ áðîìñîäåðæàùèõ àíòèïèðåíîâ íà ãîðþ-

÷åñòü ïîëèìåðíûõ ìàòåðèàëîâ íà îñíîâå ýïîêñèäíûõ

îëèãîìåðîâ. Âûÿâëåíà êîððåëÿöèÿ ìåæäó ìàëîìàñ-

øòàáíûìè ìåòîäàìè îöåíêè ãîðþ÷åñòè ïîëèìåðíûõ

ìàòåðèàëîâ. Ïîêàçàíî, ÷òî ïðè ÊÈ > 31 % ýïîêñèä-

íûå ìàòåðèàëû îòíîñÿòñÿ ê ñëàáîãîðþ÷èì ìàòåðèà-

ëàì. Óñòàíîâëåíî, ÷òî ýôôåêòèâíîñòü áðîìñîäåðæà-

ùèõ àíòèïèðåíîâ çàâèñèò ïðåæäå âñåãî îò êîíöåíò-

ðàöèè áðîìà â ìîëåêóëå àíòèïèðåíà. Íàáëþäàåòñÿ

ëèíåéíàÿ çàâèñèìîñòü ÊÈ ìàòåðèàëîâ íà îñíîâå ýïî-

êñèäíûõ áðîìñîäåðæàùèõ ñîåäèíåíèé îò êîíöåíò-

ðàöèè áðîìà. Îïòèìàëüíûì ñîäåðæàíèåì àääèòèâ-

íûõ áðîìñîäåðæàùèõ àíòèïèðåíîâ â ýïîêñèäíûõ ìà-

òåðèàëàõ ÿâëÿåòñÿ 8–10 % ìàññ. (êîíöåíòðàöèÿ áðîìà

ñîñòàâëÿåò 6–8 %).
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ABSTRACT

Introduction. Composites based on epoxy oligomers are characterized by complex of beneficial

operational properties. However, wide use of such composites in modern construction industry is

limited by their relatively low fire safety. It is known that properties related to fire safety can

effectively be controlled by brominated fire retardants. At the same time, quantitative dependencies
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between amount, chemical type of retardant and properties related to fire safety of epoxy polymers till

now are not revealed in detail.

Purpose of the work. The purpose of this work is to study the dependencies between combustibility,

fume evolution of epoxy-based polymers and amount and chemical type of industrial additive and

reactive brominated fire retardants.

Materials and methods. Epoxy polymers were prepared on the base of ED-20 epoxy resin. Several

additive and reactive flame retardants are used: hexabromobenzene, decabromo-diphenyloxide,

2,4,6-tribromanyline, 3,5,3�,5�-tetrabromo-4,4�-diamino-diphenylsulfone, N(2,4,6-tribromophenyl)-

maleimide, 2,4,6-tribromophenol, tetrabromo-diphenylolpropane, pentabromophenol, penta-

bromophenol glycidyl ether, tetrabromo-phthalic anhydride, chlorohydrin pentabromophenol ether,

microencapsulated chladone 114B2, CCl4, ammonium polyphosphate, decabromodiphenyloxide,

reactive halogen-containing epoxy oligomers OXYLIN-6 and UP-631 and brominated epoxy

oligomer ED-22. 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 there is only a weak dependence between chemical structure of the bro-

minated fire retardants and combustibility of epoxy polymer. The primary factor that determines fire

safety is the total amount of bromine. Another important factor that controls efficiency of brominated

fire retardant is the proximity between temperatures of start of intensive decomposition for polymer

and brominated compound. As gas phase fire retardants, brominated compounds inhibit the radical

chains of flame processes and phlegmatize the flame by decomposition products. The flammability

and combustibility of epoxy polymers decreases together with the increase in the content of additive

brominated fire retardants: the oxygen index can be increased by about 50 %, the ignition temperature

decreases by about 5 %. The effectiveness of microencapsulated fire retardants that allow to actively

suppress the ignition source and to eliminate fire at the initial stage, significantly depends on

the diameter of the microspheres and the chemical nature of the fire retardant used; in general, the effec-

tiveness of microencapsulated fire retardants is slightly lower than the effectiveness of their active

compound. The use of reactive compounds prevents the migration of the fire retardant; for such fire

retardants, a linear dependence between oxygen index and bromine concentration was observed.

Conclusion. In the present work we have summarized results of several laboratory tests that allow to

reveal the influence of content and chemical nature of brominated fire retardants to the fire hazard

indicators of epoxy polymers. A correlation was found between the oxygen index and the combus-

tibility index. It is shown that to obtain low-combustible materials the oxygen index should exceed

31 %. It has been established that the chemical structure of additive aromatic brominated fire re-

tardants has practically no effect on flammability. It was found that the optimal concentration of

industrial brominated fire retardants is 8–10 % by weight.

Keywords: brominated flame retardant; combustibility; limiting oxygen index; fume evolution index;

thermal stability.
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