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Ïðîáëåìà ïîâûøåíèÿ îãíåñòîéêîñòè çäàíèé è ñîîðóæåíèé âñåãäà àêòóàëüíà. Â íàñòîÿùåå

âðåìÿ äëÿ îáåñïå÷åíèÿ ïðîòèâîïîæàðíîé áåçîïàñíîñòè îáúåêòîâ èíôðàñòðóêòóðû è ñîöèà-

ëüíî-áûòîâîãî íàçíà÷åíèÿ ïðèìåíÿþò îãíåçàùèòíûå âñïó÷èâàþùèåñÿ è äðóãèå ìàòåðèà-

ëû, èìåþùèå îãðàíè÷åííûé ñðîê ñëóæáû. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâà-

íèÿ îáðàçöîâ îãíåçàùèòíûõ âñïó÷èâàþùèõñÿ ïîêðûòèé íà îñíîâå ïîëèôîñôàò àììî-

íèÿ-ìåëàìèí-ïåíòàýðèòðèòà, ïîäâåðãíóòûõ èñêóññòâåííîìó êëèìàòè÷åñêîìó ñòàðåíèþ (3,

6 è 9 ëåò) è òåðìè÷åñêîìó âîçäåéñòâèþ (íàãðåâ äî 300 è 500 °C). Ìåòîäàìè ðåíòãåíîäèô-

ðàêöèîííîãî è òåðìè÷åñêîãî àíàëèçîâ, îïòè÷åñêîé è ÈÊ ñïåêòðîñêîïèè èññëåäîâàëè ôàçî-

âûé è ñòðóêòóðíûé ñîñòàâ ìàòåðèàëîâ. Óñòàíîâëåíî, ÷òî âñïó÷èâàíèå îáðàçöîâ çíà÷èòåëü-

íî óìåíüøàåòñÿ ñ óâåëè÷åíèåì ñðîêà ýêñïëóàòàöèè ïîêðûòèÿ. Ýòî ïðèâîäèò ê ñíèæåíèþ

ïðåäåëà îãíåñòîéêîñòè çàùèùàåìîãî îáúåêòà. Êðîìå òîãî, â ðåçóëüòàòå ñòàðåíèÿ è íàãðåâà

ïðîèñõîäèò ðåçêîå èçìåíåíèå ôàçîâîãî ñîñòàâà ìàòåðèàëîâ, ñîïðîâîæäàþùååñÿ ñíèæåíè-

åì ñòåïåíè êðèñòàëëè÷íîñòè. Ïîñêîëüêó ñîñòàâ îãíåçàùèòíûõ ïîêðûòèé èãðàåò êëþ÷åâóþ

ðîëü â îáåñïå÷åíèè ïîæàðíîé áåçîïàñíîñòè êîíñòðóêöèé è ñîîðóæåíèé, ïîëó÷åííûå ðåçó-

ëüòàòû ìîæíî èñïîëüçîâàòü äëÿ ñâîåâðåìåííîãî âûÿâëåíèÿ íàðóøåíèé êà÷åñòâà ïîêðû-

òèÿ è ïðîãíîçà ñðîêà åãî ñëóæáû.

Êëþ÷åâûå ñëîâà: îãíåçàùèòíûå âñïó÷èâàþùèåñÿ ïîêðûòèÿ; ñòàðåíèå ïîêðûòèé; ðåíò-

ãåíîäèôðàêöèîííûé àíàëèç; ÈÊ ñïåêòðîñêîïèÿ; òåðìè÷åñêèé àíàëèç.

STUDY OF INTUMESCENT COATINGS IN OPERATION USING X-RAY PHASE

AND THERMAL ANALYSIS AND IR SPECTROSCOPY

� Marina Yu. Umrikhina1*, Tatyana O. Shorokhova1, Sergey V. Utkin1,

Lyubov A. Pyankova2, Larisa Yu. Krasnova2

1 Testing Fire Laboratory, 6, ul. Penkovaya, St. Petersburg, 197046, Russia; *e-mail: ipl@ipl-spb.ru
2 JSC Nauchnye pribory, 26, Rizhsky pr., St. Petersburg, 190103, Russia.

Received July 1, 2019. Revised December 24, 2019. Accepted December 25, 2019.

The problem of increasing the fire resistance of buildings and structures is still relevant. Nowadays, fire-

proof intumescent and other materials with a limited service life are used to ensure fire safety of infra-

structure and social facilities. Among these, fire-proofing of metal structures is one of the vital problems.

The results of studying samples of fire-retardant intumescent coatings based on ammonium polyphos-
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phate-melamine-pentaerythritol and subjected to artificial climatic aging (3, 6, and 9 years) and thermal

exposure (heating to 300 and 500°C) are presented. The methods of X-ray diffraction and thermal ana-

lyzes, optical and IR spectroscopy are used to study the phase and structural composition of materials. It

was found that the intumescence of the samples significantly decreases during service life of the coating.

This leads to a decrease in the fire resistance of the protected object. Moreover, a sharp change in the

phase composition of materials occurs as a result of aging and heating, accompanied by a decrease in the

degree of crystallinity. Since the composition of fire-retardant coatings plays a key role in ensuring the fire

safety of buildings and structures, the results of the study can be used for timely detection of violations in

the quality of coatings and forecasting their service life.

Keywords: intumescent coating; aging of coatings; X-ray phase analysis; IR spectroscopy; thermal analysis.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ øèðîêîå ðàñïðîñòðàíåíèå

ïîëó÷èëè îãíåçàùèòíûå âñïó÷èâàþùèåñÿ ïî-

êðûòèÿ (ÎÂÏ) — òîíêîñëîéíàÿ îãíåçàùèòà. Ñóòü

òàêîé çàùèòû ìåòàëëè÷åñêèõ êîíñòðóêöèé îò

âîçäåéñòâèÿ âûñîêèõ òåìïåðàòóð çàêëþ÷àåòñÿ â

ïðåâðàùåíèè åå â ïåíîêîêñîâûå ÿ÷åèñòûå ñëîè,

êîòîðûå ïðåäîõðàíÿþò çàùèùàåìóþ ïîâåðõ-

íîñòü â òå÷åíèå îïðåäåëåííîãî âðåìåíè [1].

Îãíåçàùèòíûé ñîñòàâ ïðè ýòîì ïîä âîçäåé-

ñòâèåì òåïëà ðàñøèðÿåòñÿ, è ÿ÷åéêè æåñòêîãî

êîêñîâîãî ñëîÿ çàïîëíÿþòñÿ ãàçîîáðàçíûìè íå-

ãîðþ÷èìè ïðîäóêòàìè, âûäåëÿþùèìèñÿ â ïðî-

öåññå òåðìè÷åñêîé äåñòðóêöèè.

Êàê ïðàâèëî, ÎÂÏ ñîäåðæàò ñëåäóþùèå îñ-

íîâíûå êîìïîíåíòû [2 – 4]: àíòèïèðåí (íàïðè-

ìåð, ïîëèôîñôàò àììîíèÿ); èñòî÷íèê óãëåðîäà

(íàïðèìåð, ïåíòàýðèòðèò èëè äèïåíòàýðèòðèò);

âñïó÷èâàþùèé àãåíò (íàïðèìåð, ìåëàìèí); ïëåí-

êîîáðàçîâàòåëü (ñâÿçóþùåå, íàïðèìåð, àêðèëî-

âàÿ ñìîëà èëè ïîëèâèíèëàöåòàòíàÿ äèñïåðñèÿ).

Â ïðîöåññå ýêñïëóàòàöèè ÎÂÏ íåèçáåæíî

ïðîèñõîäèò èõ ðàçðóøåíèå, êîòîðîå ñâÿçàíî ñ

ïðîòåêàíèåì â ïëåíêàõ íåîáðàòèìûõ õèìè÷åñêèõ

è ôèçè÷åñêèõ ïðîöåññîâ ïîä âëèÿíèåì âíåøíèõ

è âíóòðåííèõ ôàêòîðîâ. Òàê, ïîä âîçäåéñòâèåì

ïîâûøåííîé âëàæíîñòè îãíåçàùèòíûå ñîñòàâû

íà÷èíàþò ðàçëàãàòüñÿ, ñíèæàåòñÿ èõ àäãåçèîí-

íàÿ ïðî÷íîñòü, íàáëþäàþòñÿ îòñëîåíèå è ðàñ-

òðåñêèâàíèå ìàòåðèàëà. ÎÂÏ òåðÿþò âîäîðàñòâî-

ðèìûå êîìïîíåíòû, ÷òî ïðèâîäèò ê äèñáàëàíñó

èõ ñîñòàâà è íàðóøåíèþ ìåõàíèçìîâ çàùèòíûõ

õèìè÷åñêèõ ïðîöåññîâ ïðè âîçäåéñòâèè òåìïåðà-

òóðû [5 – 8].

Öåëü ðàáîòû — èññëåäîâàíèå èçìåíåíèé

êîìïîíåíòíîãî ñîñòàâà ÎÂÏ â ïðîöåññå èõ ýêñ-

ïëóàòàöèè, à òàêæå ïðè âîçäåéñòâèè âûñîêèõ

òåìïåðàòóð.

Ìåòîäû, ìàòåðèàëû, îáîðóäîâàíèå

Èçìåíåíèÿ êîìïîíåíòíîãî ñîñòàâà ÎÂÏ èñ-

ñëåäîâàëè ìåòîäàìè ÈÊ ñïåêòðîñêîïèè, ðåíòãå-

íîôàçîâîãî è òåðìè÷åñêîãî àíàëèçîâ.

Îáðàçöû ÎÂÏ (òàáë. 1) ïîëó÷àëè ïóòåì åãî

íàíåñåíèÿ ñ ïîìîùüþ êèñòè íà ìåòàëëè÷åñêóþ

ïîäëîæêó (ÃÎÑÒ 8832–76), çàòåì ïðîâîäèëè ñóø-

êó äî îáðàçîâàíèÿ òâåðäîãî ñóõîãî ñëîÿ ïîêðû-

òèÿ. Èñêóññòâåííîå ñòàðåíèå (íà 3, 6 è 9 ëåò) îñó-

ùåñòâëÿëè â êëèìàòè÷åñêèõ êàìåðàõ, íàãðåâ (äî

300 è 500 °C) — â ìóôåëüíîé ïå÷è (ÃÎÑÒ

9.401–91).

Ïðè ðåíòãåíîôàçîâîì àíàëèçå èñïîëüçîâàëè

äèôðàêòîìåòð «Äèôðåé-401» (ðåíòãåíîîïòè÷å-

ñêàÿ ñõåìà Áðåããà — Áðåíòàíî, îñòðîôîêóñíàÿ

òðóáêà ÁÑÂ-33, íàïðÿæåíèå íà òðóáêå — 25 êÂ,

ñèëà òîêà — 3 ìÀ, õðîìîâûé àíîä, ùåëü êîëëè-

ìàòîðà — 0,5 ìì, èçîãíóòûé ïîçèöèîííî-÷óâñò-

âèòåëüíûé äåòåêòîð, äèàïàçîí îäíîâðåìåííîé

ðåãèñòðàöèè — 43°). Äèôðàêöèîííûå ñïåêòðû

ðåãèñòðèðîâàëè â äèàïàçîíå óãëîâ 2è 10 – 75° c

âðàùåíèåì îáðàçöà (ýêñïîçèöèÿ — 300 ñ). ÈÊ-

ñïåêòðû ïîëó÷àëè íà Ôóðüå-ñïåêòðîìåòðå «ÔÑÌ

1201» â äèàïàçîíå 4000 – 400 ñì–1 (ðàçðåøåíèå —

4 ñì–1, ÷èñëî ñêàíîâ — 4). Ïðè òåðìè÷åñêîì àíà-

ëèçå ïðèìåíÿëè àíàëèçàòîð ìàðêè STA 449 F3

Jupiter (NETZSCH), ñî÷åòàþùèé ìåòîäû òåðìî-

ãðàâèìåòðè÷åñêîãî àíàëèçà (ÒÃ) è äèôôåðåíöè-

àëüíîé ñêàíèðóþùåé êàëîðèìåòðèè (ÄÑÊ) (àò-
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Òàáëèöà 1. Õàðàêòåðèñòèêè èññëåäóåìûõ ñîñòàâîâ

Table 1. Characteristics of the studied samples

Õàðàêòåðèñòèêà ÎÂÏ 1 ÎÂÏ 2 ÎÂÏ 3 ÎÂÏ 4

Öâåò Áåëûé ìàòîâûé Áåëûé ìàòîâûé Áåëûé ìàòîâûé Áåëûé ìàòîâûé

Ïëîòíîñòü, ã/ñì3 1,2 – 1,4 1,28 – 1,34 — —

Ñóõîé îñòàòîê, % 50 – 70 70 60 66,5 – 73,5

Ðàñõîä, êã/ì2 2 1,62 1,78 1,74

Àäãåçèÿ 1 2 — 2

Ñðîê ýêñïëóàòàöèè, ëåò 15 20 15 15



ìîñôåðà — âîçäóõ, ðàñõîä ãàçà — 100 (ïðîäóâî÷-

íûé) è 50 ìë/ìèí (àçîò, çàùèòíûé), ñêîðîñòü íà-

ãðåâà — 20 °C/ìèí, êîíå÷íàÿ òåìïåðàòóðà —

800 °C).

Îáñóæäåíèå ðåçóëüòàòîâ

Êà÷åñòâåííûé ðåíòãåíîôàçîâûé àíàëèç (ïðî-

ãðàììíûé êîìïëåêñ Difract, áàçà äèôðàêöèîí-

íûõ äàííûõ PDF2) ïîêàçàë, ÷òî èñõîäíûå îáðàç-

öû ïðåäñòàâëåíû ñëåäóþùèìè ôàçàìè: ôîñôàò

àììîíèÿ NH4PO3, ïåíòàýðèòðèò C5H12O4, ìåëà-

ìèí C3H6N6 è ðóòèë TiO2. Ïî ìåðå ñòàðåíèÿ ïî-

êðûòèÿ (ðèñ. 1) íà äèôðàêòîãðàììàõ ïîìèìî îñ-

íîâíûõ ôàç ïîÿâëÿåòñÿ êðèñòàëëè÷åñêàÿ ôàçà

äèôîñôàòàòåòðààììîíèÿ (NH4)4P2O7. Âìåñòå ñ

òåì ïðàêòè÷åñêè ïîëíîñòüþ èñ÷åçàþò èëè çíà÷è-

òåëüíî óìåíüøàþòñÿ äèôðàêöèîííûå ìàêñèìó-

ìû, îòíîñÿùèåñÿ ê ôàçå ìåëàìèíà è ïåíòàýðèò-

ðèòà. Ïîñòåïåííî ðàñòåò äèôôóçíàÿ ñîñòàâëÿþ-

ùàÿ, ÷òî ìîæåò ñâèäåòåëüñòâîâàòü îá óâåëè÷åíèè

äîëè àìîðôíîé ôàçû. Îòíîøåíèå èíòåãðàëüíûõ

èíòåíñèâíîñòåé äèôðàêöèîííîãî ìàêñèìóìà

(110) ôîñôàòà àììîíèÿ ê äèôôóçíîé ñîñòàâëÿ-

þùåé óìåíüøàåòñÿ îò èñõîäíîãî îáðàçöà ê ñîñòà-

ðåííîìó (9 ëåò) â 1,5 ðàçà.

Ïðè íàãðåâå îáðàçöîâ (äî 300 °C) ñíà÷àëà

ïðîèñõîäèò òåðìè÷åñêîå ðàçëîæåíèå ïåíòàýðèò-

ðèòà è ïîëèôîñôàòà àììîíèÿ, à çàòåì — ýíäî-

òåðìè÷åñêîå ðàçëîæåíèå ìåëàìèíà, ÷òî ïîäòâåð-

æäàåòñÿ èñ÷åçíîâåíèåì õàðàêòåðíûõ äèôðàêöè-

îííûõ ìàêñèìóìîâ íà äèôðàêòîãðàììàõ (ðèñ. 2,

òàáë. 2). Ýòî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè

äàííûìè òåðìè÷åñêîãî àíàëèçà [8]. Ïðè óâåëè-

÷åíèè òåìïåðàòóðû (äî 500 °C) îáðàçöû ðåçêî

àìîðôèçèðóþòñÿ (íà äèôðàêòîãðàììàõ íàäåæíî

èäåíòèôèöèðóþòñÿ òîëüêî ïèêè TiO2).

Îòìåòèì, ÷òî ñ óâåëè÷åíèåì âðåìåíè ñëóæáû

ïîêðûòèÿ è ïðè òåìïåðàòóðíûõ âîçäåéñòâèÿõ

àìîðôíàÿ êîìïîíåíòà ñîñòàâà ðàñòåò, à êðèñòàë-

ëè÷åñêàÿ — óìåíüøàåòñÿ. Ýòî ñîãëàñóåòñÿ ñ äàí-

íûìè èññëåäîâàíèÿ ïåíîêîêñîâîãî ñëîÿ, îáðà-

çóþùåãîñÿ ïðè îòæèãå [9, 14].

Íà ðèñ. 3 ïðèâåäåíû ÈÊ-ñïåêòðû îáðàçöîâ

ÎÂÏ1. Âèäíî, ÷òî â èñõîäíîì ñîñòîÿíèè ïðèñóò-

ñòâóþò õàðàêòåðíûå ëèíèè ïîãëîùåíèÿ, ïðèíàä-

ëåæàùèå ôîñôàòó àììîíèÿ (2443, 1257, 1080,

480 ñì–1), ìåëàìèíó (3477, 3416, 3120, 1650, 1560,

1435 ñì–1) è ïåíòàýðèòðèòó (3304, 1014 ñì–1).

Ñ ðîñòîì ñòàðåíèÿ ïîëîñû ìåëàìèíà ðàñïëû-

âàþòñÿ è ñìåùàþòñÿ, ïîëîñû ïåíòàýðèòðèíà

óìåíüøàþòñÿ ïîñòåïåííî. Ïîëîñû 3430, 1670,

1504, 1274, 1089, 900 è 480 ñì–1 (9 ëåò) îòíîñÿòñÿ

ïðåèìóùåñòâåííî ê P–O (P–O–P) è N–H ñâÿçÿì

[10 – 12].
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Ðèñ. 1. Äèôðàêòîãðàììû èñõîäíîãî è ñîñòàðåííîãî îá-

ðàçöîâ ÎÂÏ 1

Fig. 1. X-ray diffraction pattern of the initial and aged

IFR 1 samples
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Ðèñ. 2. Äèôðàêòîãðàììû îáðàçöîâ ÎÂÏ 1, îòîææåííûõ

ïðè 300 (à) è 500 °C (á) (êðàñíàÿ ëèíèÿ — ôîí)

Fig. 2. X-ray diffraction pattern of IFR1 samples after

their annealing at a temperature of 300 (a) and 500°C (b)

(red line — background line)



Îñíîâíûå èçìåíåíèÿ ñîñòàâà ÎÂÏ ïðè îòæè-

ãå ñâÿçàíû ñ ðàçëîæåíèåì ïîëèôîñôàòà àììîíèÿ

è âîçíèêíîâåíèåì ñîëåâîé ðåàêöèè ìåæäó êîì-

ïîíåíòàìè ñ îáðàçîâàíèåì êîìïëåêñíîãî ïðîìå-

æóòî÷íîãî ñîåäèíåíèÿ [13].

Ñòàðåíèå è îòæèã (300 °C) ïðèâîäÿò ê ïåðå-

ñòðîéêå ôîñôàòîâ, â ðåçóëüòàòå ÷åãî ïðîèñõîäèò

ðàçðûâ îñíîâíîé ïîëèôîñôîðíîé öåïè ïîëèôîñ-

ôàòà àììîíèÿ ñ îáðàçîâàíèåì ôîñôîðíîýôèð-

íûõ ãðóïï (P(O)OCH2). Ýòî ïðîÿâëÿåòñÿ íà ÈÊ-

ñïåêòðàõ â âèäå ïîëîñ, ïðèíàäëåæàùèõ ñâîáîä-

íûì ôóíêöèîíàëüíûì ãðóïïàì, âêëþ÷àÿ P–O–H

(1020 ñì–1) è C–O–H (1240 ñì–1). Óâåëè÷åíèå òåì-

ïåðàòóðû îòæèãà (äî 500 °C) âåäåò ê îáðàçîâàíèþ

öèêëè÷åñêèõ ñëîæíîýôèðíûõ ïðîäóêòîâ, ÷òî õà-

ðàêòåðèçóåòñÿ ïîÿâëåíèåì ñâîáîäíûõ ôóíêöèî-

íàëüíûõ ãðóïï P–O–C (1090 ñì–1) è P–O–H

(988 ñì–1). Ïîëîñû-äâîéíèêè (ïðè 300 °C — 2333,

2365 ñì–1 è ïðè 500 °C — 2860, 2930 ñì–1) ãîâîðÿò

î ïîÿâëåíèè â îáðàçöàõ âàðèàöèé ìåëàìèíîâûõ

ñìîë.

ÄÑÊ-äàííûå ïîëó÷àëè ñ ïîìîùüþ ÄÑÊ-ñåí-

ñîðà ïóòåì ôèêñàöèè èçìåíåíèÿ òåïëîâûõ ïîòî-

êîâ, ïðîèñõîäÿùèõ â îáðàçöå, â çàâèñèìîñòè îò

òåìïåðàòóðû. Îäíîâðåìåííî ðåãèñòðèðîâàëè ïî-
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Òàáëèöà 2. Ôàçîâûé ñîñòàâ êðèñòàëëè÷åñêîé ñîñòàâëÿ-

þùåé îáðàçöîâ

Table 2. Phase composition of the crystal part of samples

Ôàçîâûé ñîñòàâ ÎÂÏ 1 ÎÂÏ 2 ÎÂÏ 3 ÎÂÏ 4

Èñõîäíûå

Ïîëèôîñôàò àììîíèÿ 38 43 31 47

Ïåíòàýðèòðèò 13 8 15 12

Ìåëàìèí 8 9 6 4

Äèîêñèä òèòàíà 12 13 15 23

Àìîðôíàÿ ôàçà 29 27 31 14

Ñîñòàðåííûå (9 ëåò)

Ïîëèôîñôàò àììîíèÿ 38 38 28 41

Ïåíòàýðèòðèò 6 6 11 5

Ìåëàìèí 2 7 6 4

Äèîêñèä òèòàíà 12 10 15 20

Àìîðôíàÿ ôàçà 42 39 40 30

Îòîææåííûå (500 °C)

Ïîëèôîñôàò àììîíèÿ 8 — — —

Äèîêñèä òèòàíà 12 — — —

Àìîðôíàÿ ôàçà 80 — — —
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Ðèñ. 3. ÈÊ-ñïåêòðû îáðàçöîâ ÎÂÏ 1 ñ ðàçëè÷íîé ñòåïå-

íüþ ñòàðåíèÿ (ñòðåëêàìè îòìå÷åíû ïîëîñû, õàðàêòåðíûå

äëÿ ÷èñòûõ ôàç) (à), à òàêæå ïîñëå îòæèãà ïðè 300 (á) è

500 °C (â)

Fig. 3. IR-spectra of IFR1 samples of different ageing de-

gree (arrows mark the bands characteristic of pure phases)

(a) and after annealing at a temperature of 300 (a) and

500°C (b)

Òåìïåðàòóðà, °Ñ

Òåìïåðàòóðà, °Ñ

à

á

Ðèñ. 4. ÒÃ-, ÄÒÃ- (à) è ÄÑÊ-êðèâûå (á) ÎÂÏ 1 (èñõîä-

íûé — çåëåíûé, ñîñòàðåííûé íà 3 ãîäà — êðàñíûé,

6 ëåò — êîðè÷íåâûé, 9 ëåò — ñèíèé)

Fig. 4. TG-, DTG- (a), and DSK-curves (b) of IFR 1 samples

(initial — green, aged for 3 years — red, 6 years — brown,

9 years — blue)



òåðè ìàññû îáðàçöîâ è ñêîðîñòè åå èçìåíåíèÿ

[9, 14].

Íà ðèñ. 4 ïðåäñòàâëåíû òåðìîàíàëèòè÷å-

ñêèå êðèâûå äëÿ ðàçëè÷íûõ ñðîêîâ ýêñïëóàòàöèè

ïîêðûòèÿ.

Âèäíî, ÷òî ñîñòàðåííûå îáðàçöû â îòëè÷èå

îò èñõîäíûõ íà÷èíàþò òåðÿòü ìàññó â áîëåå íèç-

êîì òåìïåðàòóðíîì äèàïàçîíå (îêîëî 100 °C)

(ÒÃ-êðèâûå). Ïëàâíîå óìåíüøåíèå ìàññû ñ ðîñ-

òîì òåìïåðàòóðû ïðèîáðåòàåò áîëåå èíòåíñèâ-

íûé õàðàêòåð. Ýòàï äåñòðóêöèè ìàññû 9-ëåòíèõ

îáðàçöîâ ôèêñèðîâàëè ïðè áîëåå âûñîêèõ (ïî

ñðàâíåíèþ ñ èñõîäíûìè ñîñòàâàìè) òåìïåðàòó-

ðàõ (220 – 300 °C), ÷òî ñâèäåòåëüñòâóåò î ïðîòåêà-

íèè îñíîâíûõ ðåàêöèé â áîëåå ïîçäíåé ñòàäèè.

Ïðè ýòîì îñòàòî÷íàÿ ìàññà ó íèõ áûëà áîëüøå,

÷åì ó èñõîäíûõ îáðàçöîâ.

Ñ óâåëè÷åíèåì ñðîêà ñòàðåíèÿ äëÿ áîëüøèí-

ñòâà àíàëèçèðóåìûõ ÎÂÏ îòìå÷àëè ïàäåíèå ñêî-

ðîñòè ïîòåðè ìàññû (ÄÒÃ-êðèâûå).

Ýíäîòåðìè÷åñêèå ýêñòðåìóìû (ÄÑÊ-êðèâûå)

ñ ðîñòîì ïåðèîäà ýêñïëóàòàöèè ñòàíîâÿòñÿ ìåíåå

âûðàæåííûìè (ïèêè îêîëî 186 è â äèàïàçîíå

160 – 340 °C) èëè ñîâñåì èñ÷åçàþò. Ýêçîòåðìè÷å-
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à á

Ðèñ. 5. Ïîâåðõíîñòè èñõîäíîãî (à) è ñîñòàðåííîãî (á) îáðàçöîâ ÎÂÏ 4

Fig. 5. Surfaces of initial (a) and aged (b) IFR 4 samples

à á â

Ðèñ. 6. Îáðàçöû ÎÂÏ 1 ïîñëå íàãðåâà: à — èñõîäíûé; á, â — ñîñòàðåííûå íà 3 è 6 ëåò ñîîòâåòñòâåííî

Fig. 6. IFR 1 samples after heating: a — initial composition; b, c — aged for 3 and 6 years, respectively



ñêèé ïèê (îêîëî 500 °C) òàêæå óìåíüøàåòñÿ, èñ-

÷åçàÿ ó 9-ëåòíèõ îáðàçöîâ.

Îöåíêà òåìïåðàòóðíûõ äèàïàçîíîâ äåñòðóê-

öèè äëÿ «÷èñòûõ» êîìïîíåíòîâ ÎÂÏ (ïåíòàýðèò-

ðèò, ïîëèôîñôàò àììîíèÿ, ìåëàìèí) â àòìîñôå-

ðå âîçäóõà ïîêàçàëà, ÷òî òåìïåðàòóðíûå õàðàêòå-

ðèñòèêè îñíîâíûõ ýòàïîâ òåïëîôèçè÷åñêèõ ïðî-

öåññîâ, ïîëó÷åííûå ýêñïåðèìåíòàëüíûì ïóòåì,

ñîãëàñóþòñÿ ñ óæå èçâåñòíûìè äàííûìè [15]. Ýí-

äîòåðìè÷åñêèå ïèêè íà òåðìîàíàëèòè÷åñêèõ êðè-

âûõ äëÿ èññëåäóåìûõ îáðàçöîâ ïðèõîäèëèñü íà

òå æå òåìïåðàòóðíûå èíòåðâàëû, ÷òî è â ñëó÷àå

«÷èñòûõ» êîìïîíåíòîâ.

Ïðè èññëåäîâàíèè ïîâåðõíîñòè ñ ïîìîùüþ

ñòåðåîñêîïè÷åñêîãî ìèêðîñêîïà «Àëüòàìè

ÑÌ0745 (ÑÌ0745-Ò)» âûÿâèëè, ÷òî èñõîäíûé îã-

íåçàùèòíûé ñîñòàâ ñóùåñòâåííî îòëè÷àåòñÿ îò

ñîñòàðåííîãî (9 ëåò), èìåþùåãî ìíîæåñòâåííûå

âêðàïëåíèÿ êîðè÷íåâîãî öâåòà è áîëåå ðûõëóþ,

ïîðèñòóþ ñòðóêòóðó (ðèñ. 5).

Äëÿ èññëåäîâàíèÿ òåïëîôèçè÷åñêèõ ñâîéñòâ

ïîñëå íàíåñåíèÿ ÎÂÏ íà ïëàñòèíû (ðàçìåð

140 × 70 ìì) [9, 14] îñóùåñòâëÿëè îòæèã ïîñëåä-

íèõ è äàëåå îïðåäåëÿëè âåëè÷èíó âñïó÷èâàíèÿ

ïðè ïîìîùè øòàíãåíöèðêóëÿ.

Â ðåçóëüòàòå òåðìè÷åñêîãî âîçäåéñòâèÿ

(ðèñ. 6) îáúåì ïîêðûòèÿ óâåëè÷èâàëñÿ. Ïðè ýòîì

íà ïîâåðõíîñòè ïëàñòèíû îáðàçîâûâàëîñü äâóõ-

öâåòíîå âåùåñòâî. Áåëàÿ ÷àñòü ïðåäñòàâëÿëà ñî-

áîé ðûõëóþ, ïåïëîïîäîáíóþ ñóáñòàíöèþ, ÷åðíàÿ

(ïðèëåãàþùàÿ ê ìåòàëëó) — ïîðèñòóþ óïðóãóþ

ïåíó (êîêñîâûé îñòàòîê). Ïîñëå îòæèãà ôèêñèðî-

âàëè ÷àñòè÷íîå îïàäåíèå âåðõíåé âñïåíåííîé

÷àñòè. Ïðè óâåëè÷åíèè ñðîêà ýêñïëóàòàöèè (6

ëåò) âåëè÷èíà êîêñîâîãî îñòàòêà óìåíüøàëàñü

ïðèìåðíî â äâà ðàçà ïî ñðàâíåíèþ ñ èñõîäíûì

ñîñòàâîì.

Äëÿ äðóãèõ àíàëèçèðóåìûõ ñîñòàâîâ êàðòèíà

áûëà àíàëîãè÷íîé.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî â ðåçóëüòàòå êëèìàòè÷åñêîãî è òåð-

ìè÷åñêîãî âîçäåéñòâèé ïðîèñõîäèò ïîñòåïåííîå

óìåíüøåíèå ñòåïåíè êðèñòàëëè÷íîñòè ÎÂÏ ñ îä-

íîâðåìåííûì ðàçëîæåíèåì ôàç ïîëèôîñôàòà

àììîíèÿ, ïåíòàýðèòðèòà è ìåëàìèíà. Ïðè ýòîì

óìåíüøåíèå êîíöåíòðàöèè ïåíòàýðèòðèòà è ìå-

ëàìèíà (ïî÷òè â òðè ðàçà îòíîñèòåëüíî èñõîäíî-

ãî ñîñòîÿíèÿ) ñâèäåòåëüñòâóåò î ïîíèæåíèè êà÷å-

ñòâà ïåíîêîêñà è âåëè÷èíû âñïó÷èâàíèÿ. Ðîñò

òåðìè÷åñêîãî âîçäåéñòâèÿ (äî 500 °C) ïðèâîäèò ê

çíà÷èòåëüíîìó íàðóøåíèþ êðèñòàëëè÷åñêîé

ñòðóêòóðû îñíîâíûõ êîìïîíåíòîâ ÎÂÏ, àêòèâ-

íîé êàðáîíèçàöèè è àìîðôèçàöèè ôîñôàòà àì-

ìîíèÿ è åãî ôðàãìåíòîâ, ÷òî ïðîÿâëÿåòñÿ â ðàç-

ðóøåíèè ñòðóêòóðû çàùèòíîãî ïåíîêîêñîâîãî

ñëîÿ.
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