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Âïëèâ ôóíêö³îíàë³çîâàíèõ ñèë³ö³éâì³ñíèõ êîìïîíåíò³â íà
ê³íåòèêó òâåðäíåííÿ åïîêñèäíî¿ ñìîëè
Ì.Ã. Òêàë³÷, Ë.À. Ãîðáà÷, Î.Î. Áðîâêî

²íñòèòóò õ³ì³¿ âèñîêîìîëåêóëÿðíèõ ñïîëóê ÍÀÍ Óêðà¿íè
48, Õàðê³âñüêå øîñå, Êè¿â, 02160, Óêðà¿íà

Ìåòîäîì ²×-ñïåêòðîñêîï³¿ ç Ôóð’º-ïåðåòâîðåííÿì äîñë³äæåíî ê³íåòè÷í³ îñîáëèâîñò³ òâåðäíåííÿ
âèõ³äíî¿ ñìîëè ÅÄ-20 ³ ïîë³ìåðíèõ åïîêñèäíèõ êîìïîçèö³é íà ¿¿ îñíîâ³ ç ð³çíèì âì³ñòîì
ñèë³ö³éâì³ñíèõ êîìïîíåíò³â, ôóíêö³îíàë³çîâàíèõ àì³íî- àáî åïîêñèãðóïàìè. Âñòàíîâëåíî, ùî ïîâíà
êîíâåðñ³ÿ åïîêñèäíèõ ãðóï âèõ³äíî¿ ÅÄ-20 â³äáóâàºòüñÿ âïðîäîâæ 14 ãîä. Äîäàâàííÿ ñèë³ö³éâì³ñíèõ
êîìïîíåíò³â, ôóíêö³îíàë³çîâàíèõ àì³íîãðóïàìè Àm-Si, ïðèøâèäøóº ïðîöåñ òâåðäíåííÿ êîìïîçèö³¿
òà ³ñòîòíî ñêîðî÷óº éîãî äî 5 ãîä., ïîð³âíÿíî ç âèõ³äíîþ ñìîëîþ ÅÄ-20. Âíåñåííÿ â åïîêñèäíó
ñèñòåìó ñèë³ö³éâì³ñíèõ êîìïîíåíò³â, ôóíêö³îíàë³çîâàíèõ åïîêñèãðóïàìè Ep-Si, óïîâ³ëüíþº òà
çá³ëüøóº òðèâàë³ñòü ïðîöåñó òâåðäíåííÿ äî 25 ãîä., ó ïîð³âíÿíí³ ç ³íäèâ³äóàëüíîþ ñìîëîþ ÅÄ-
20. Âèÿâëåíî, ùî ê³ëüê³ñòü 0,5 àáî 10,0 % ôóíêö³îíàë³çîâàíèõ ñèë³ö³éâì³ñíèõ êîìïîíåíò³â Àm-Si
àáî Ep-Si íå âïëèâàº íà øâèäê³ñòü ïåðåòâîðåííÿ åïîêñèäíèõ ãðóï, òîáòî íå âïëèâàº íà øâèäê³ñòü
ïðîöåñó òâåðäíåííÿ.

Êëþ÷îâ³ ñëîâà: åïîêñèäè, ñèë³ö³éâì³ñí³ ñïîëóêè, ²×-ñïåêòðîñêîï³ÿ, ê³íåòèêà òâåðäíåííÿ, òðèåòàíîëàì³í.

Âñòóï.
Â³äîìî, ùî åïîêñèäí³ ñìîëè çàâäÿêè õîðîøèì ³çî-

ëÿö³éíèì âëàñòèâîñòÿì, õ³ì³÷í³é òà òåðì³÷í³é
ñò³éêîñò³ øèðîêî âèêîðèñòîâóþòü ÿê àäãåçèâè, ïîêðèò-
òÿ òà ìàòðèö³ â ïîë³ìåðíèõ êîìïîçèòàõ [1–4]. Ïðîòå,
íàãàëüíèìè òà âîäíî÷àñ àêòóàëüíèìè çàëèøàþòüñÿ
âèìîãè ùîäî çìåíøåííÿ êðèõêîñò³ åïîêñè-êîìïîçèò³â
³ ï³äâèùåííÿ ¿õíüî¿ àäãåç³¿ äî ñóáñòðàò³â ç íèçüêîþ
ïîâåðõíåâîþ åíåðã³ºþ [5, 6]. Ó ðîáîòàõ [7–11] ïîêà-
çàíà çàëåæí³ñòü àäãåç³éíèõ âëàñòèâîñòåé ïîë³ìåðíèõ
êîìïîçèö³é â³ä óìîâ ³ ê³íåòè÷íèõ îñîáëèâîñòåé ¿õ ôîð-
ìóâàííÿ, çîêðåìà, øâèäêîñò³ ïîë³ìåðèçàö³¿, ñï³ââ³äíî-
øåííÿ êîìïîíåíò³â, óâåäåííÿ íàïîâíþâà÷³â òîùî.
Àíàë³ç ë³òåðàòóðíèõ äàíèõ ïîêàçàâ, ùî õî÷à ðîáîòè
ïî ñòâîðåííþ àäãåçèâ³â íà îñíîâ³ ñìîëè ÅÄ-20 ³ âèâ-
÷åííþ ¿õí³õ âëàñòèâîñòåé ïðîâîäÿòü äàâíî, ïðîòå òàê³,
ùî ïðèñâÿ÷åí³ âèâ÷åííþ îñîáëèâîñòåé ¿õ òâåðäíåííÿ
çà íàÿâíîñò³ ôóíêö³îíàë³çîâàíèõ ñèë³ö³éâì³ñíèõ ñïî-
ëóê, ïðàêòè÷íî â³äñóòí³.

Òîìó, ìåòîþ ðîáîòè áóëî äîñë³äèòè ê³íåòè÷í³ îñîá-
ëèâîñò³ òâåðäíåííÿ åïîêñèäíèõ êîìïîçèö³é íà îñíîâ³
ñìîëè ÅÄ-20 ç ð³çíèì ñï³ââ³äíîøåííÿì ñèë³ö³éâì³ñ-
íèõ êîìïîíåíò³â, ôóíêö³îíàë³çîâàíèõ àì³íî- òà åïîê-
ñèãðóïàìè.
Åêñïåðèìåíòàëüíà ÷àñòèíà.
Îá’ºêòè äîñë³äæåííÿ.

Äîñë³äæóâàëè îñîáëèâîñò³ òâåðäíåííÿ ³íäèâ³äó-
àëüíî¿ åïîêñèäíî¿ ñìîëè ÅÄ-20 (åïîêñèäíå ÷èñëî
24,76 %) ³ ïîë³ìåðíèõ êîìïîçèö³é íà ¿¿ îñíîâ³, ùî
ì³ñòèëè ñèë³ö³éâì³ñí³ ñïîëóêè, ôóíêö³îíàë³çîâàí³

àì³íî- òà åïîêñèãðóïàìè 3-(òðèåòîêñèñèë³ë)-ïðî-
ï³ëàì³í (Am-Si) ³ [3-(2,3-åïîêñèïðîïîêñè)-ïðîï³ë]-
òðèìåòîêñèñèëàí (Ep-Si) â³äïîâ³äíî. Âèêîðèñòîâóâà-
ëè ñèë³ö³éâì³ñí³ ñïîëóêè ô³ðìè MERCK(Alsi, Êè¿â),
åïîêñèäíà ñìîëà ÅÄ-20 â³äïîâ³äàëà ÃÎÑÒ 10587-84).
ßê îòâåðäæóâà÷ çàñòîñîâóâàëè òðèåòàíîëàì³í (ÒÅÀ,
Í³ìå÷÷èíà). Âñ³ ðåàãåíòè âèêîðèñòîâóâàëè áåç äîäàò-
êîâîãî î÷èùåííÿ. Ñòðóêòóðí³ ôîðìóëè âèõ³äíèõ ñïî-
ëóê òà ¿õ ²×-ñïåêòðè íàâåäåíî íà ðèñ.1 ³ 2 â³äïîâ³äíî.

Ñêëàä äîñë³äæóâàíèõ åïîêñèäíèõ ïîë³ìåðíèõ êîì-
ïîçèö³é ïîäàíî â òàáë. 1.
Ìåòîäè äîñë³äæåííÿ.

Ê³íåòèêó òâåðäíåííÿ åïîêñèäíî¿ ñìîëè òà ïîë³ìåð-
íèõ êîìïîçèö³é íà ¿¿ îñíîâ³ ç ð³çíèì âì³ñòîì ñèë³ö³é-
âì³ñíèõ êîìïîíåíò³â âèâ÷àëè çà äîïîìîãîþ ìåòîäó
ÔÏ²×-ñïåêòðîñêîï³¿, âèêîðèñòîâóþ÷è ³íôðà÷åðâîíèé
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ñèñòåìè
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ñïåêòðîôîòîìåòð ç Ôóð’º ïåðåòâîðåííÿì «Tenzor 37»
(Bruker). Ñïåêòðè îòðèìóâàëè çà òåìïåðàòóðè 100 °Ñ
íà ïîâåðõí³ ëóæíî-ãàëî¿äíèõ ìîíîêðèñòàë³â ÊÂr, ó
ä³àïàçîí³ 600–4000 ñì-1. Ñêàíóâàííÿ çðàçê³â ïðîâîäè-
ëè êîæí³ 30 õâ. äî ïîâíîãî çàê³í÷åííÿ ïðîöåñó òâåðä-
íåííÿ åïîêñèäíèõ êîìïîçèö³é.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Äëÿ âèâ÷åííÿ îñîáëèâîñòåé ïðîöåñ³â ïîë³ìåðèçàö³¿
òà âèçíà÷åííÿ ÷àñó ïîâíî¿ êîíâåðñ³¿ åïîêñèäíèõ ãðóï
³íäèâ³äóàëüíî¿ ñìîëè ÅÄ-20 ³ ïîë³ìåðíèõ êîìïîçèö³é
íà ¿¿ îñíîâ³, çí³ìàëè òà ïîð³âíþâàëè ¿õ ñïåêòðè. Äî
îñíîâíèõ õàðàêòåðèñòè÷íèõ ñìóã â ²×-ñïåêòð³ ÅÄ-20
íàëåæèòü ðÿä ñìóã, ùî õàðàêòåðèçóþòü êîëèâàííÿ â
àðîìàòè÷íîìó öèêë³, à ñàìå: 830, 1509, 1581, 1607 ³
3058 ñì-1, à òàêîæ øèðîêà ñìóãà âàëåíòíèõ êîëèâàíü
ÎÍ-ãðóï çà 3496 ñì-1, ïîâ’ÿçàíèõ âîäíåâèìè çâ’ÿçêà-
ìè. Ñìóãè çà 870 ³ 915 ñì-1 õàðàêòåðèçóþòü êîëèâàííÿ
â åïîêñèäíîìó öèêë³. Äëÿ âèõ³äíîãî çðàçêà ÅÄ-20 áóëî

âèçíà÷åíî ïîëîæåííÿ ñìóã â ²×-ñïåêòð³ òà ¿õ â³äíå-
ñåííÿ äî ð³çíîãî òèïó êîëèâàíü. ßê âèäíî ç îòðèìà-
íèõ äàíèõ, íàâåäåíèõ â òàáë. 2, äëÿ íåçàòâåðäíåíîãî
âèõ³äíîãî çðàçêà ÅÄ-20 åêñïåðèìåíòàëüíî âèçíà÷åí³
ñìóãè â éîãî ²×-ñïåêòð³ êîðåëþþòü ç äàíèìè, íàâåäå-
íèìè â ðîáîòàõ [12, 13].

Ñòóï³íü êîíâåðñ³¿ åïîêñèäíèõ ãðóï ó êîìïîçèö³ÿõ
îö³íþâàëè çà çìåíøåííÿì â³äíîñíî¿ ³íòåíñèâíîñò³ ³çî-
ëüîâàíî¿ ñìóãè çà 915 ñì-1, ùî â³äïîâ³äàº êîëèâàííþ
Ñ–Î-ãðóï â îêñèðàíîâîìó ê³ëüö³ ÅÄ-20 (òàáë. 2).
Âíóòð³øí³ì ñòàíäàðòîì âèêîðèñòàíî ñìóãó ç ìàêñè-
ìóìîì çà 1608 ñì-1 (âàëåíòí³ êîëèâàííÿì Ñ=Ñ àðîìà-
òè÷íèõ ê³ëåöü), ³íòåíñèâí³ñòü ÿêî¿ íå çì³íþºòüñÿ âïðî-
äîâæ âñüîãî åêñïåðèìåíòó [16].
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Ðèñ. 2. ²×-ñïåêòðè ïîãëèíàííÿ âèõ³äíèõ ñêëàäîâèõ: ÅÄ-20 (à); ÒÅÀ (á); Am-Si (â) òà Ep-Si (ã)

¹  çðàçêà Ñêëàä 

1 EÄ-20+TEA 

2 EÄ-20+TEA +0,5% Am-Si 

3 EÄ-20+TEA +10% Am-Si 

4 EÄ-20+TEA +0,5%  Ep-Si 

5 EÄ-20+TEA +10% Ep-Si 
* Â óñ³õ äîñë³äæóâàíèõ çðàçêàõ âèòðèìóâàëè
ñï³ââ³äíîøåííÿ EÄ-20:TEA=10:1

Òàáëèöÿ 1. Åïîêñèäí³ ïîë³ìåðí³ êîìïîçèö³¿
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Ðèñ. 3. ²×-ñïåêòðè ïîãëèíàííÿ EÄ-20:TEA=10:1 íà
ïî÷àòêó (1) ³ íàïðèê³íö³ (2) òâåðäíåííÿ
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Íà ðèñ. 3 íàâåäåíî ²×-ñïåêòðè âèõ³äíî¿ ñóì³ø³ åïîê-
ñèäíî¿ ñìîëè EÄ-20 ³ îòâåðäæóâà÷à TEA, (ñï³ââ³äíî-
øåííÿ EÄ-20:TEA=10:1) íà ïî÷àòêó (ñïåêòð 1) òà ï³ñëÿ
çàê³í÷åííÿ òâåðäíåííÿ (ñïåêòð 2) â³äïîâ³äíî. Âèäíî,
ùî ïðè òâåðäíåíí³ çðàçêà (ðèñ. 3, ñïåêòð 2) ñïîñòåð³-
ãàºìî çíèêíåííÿ ñìóãè ïîãëèíàííÿ îêñèðàíîâîãî
ê³ëüöÿ ÅÄ-20 çà 915 ñì-1, ùî ñâ³ä÷èòü ïðî ðîçêðèòòÿ
åïîêñèäíèõ öèêë³â [12–14]. ßê ïîêàçóþòü äàí³ ðèñ. 3,
êð³ì çìåíøåííÿ ³íòåíñèâíîñò³ ñìóãè ïîãëèíàííÿ åïîê-
ñèãðóïè, äî õàðàêòåðíèõ çì³í ïðè òâåðäíåíí³ ÅÄ-20
ñë³ä â³äíåñòè çá³ëüøåííÿ ³íòåíñèâíîñò³ ñìóãè àñèìåò-
ðè÷íèõ âàëåíòíèõ êîëèâàíü Ñ–Î-ãðóïè ç ìàêñèìóìîì
çà 1118 ñì-1 [16]. Ñàìå çà ðàõóíîê óòâîðåííÿ åòåðíèõ
çâ’ÿçê³â, à òàêîæ âçàºìîä³¿ âòîðèííèõ ã³äðîêñèëüíèõ
ãðóï ç ³íøèìè îêñèðàíîâèìè öèêëàìè â³äáóâàºòüñÿ
ïðîöåñ çøèâàííÿ â ñèñòåì³ ïðè ¿¿ òâåðäíåíí³. Ïðî óò-
âîðåííÿ âòîðèííèõ ã³äðîêñèëüíèõ ãðóï ñâ³ä÷èòü ïî-
ÿâà øèðîêî¿ ñìóãè âàëåíòíèõ êîëèâàíü àñîö³éîâàíèõ
ÎÍ-ãðóï ç ìàêñèìóìîì çà 3424 ñì-1. Íà ðèñ. 3 (ñïåêòð
1) ñìóãà êîëèâàíü ÎÍ-ãðóï çà 3368 ñì-1 õàðàêòåðèçóº
²×-ñïåêòð âèõ³äíî¿ êîìïîçèö³¿ (ÅÄ-20+ÒÅÀ) äî ïî÷àò-
êó òâåðäíåííÿ. Â ²×-ñïåêòð³ ÒÅÀ (ðèñ. 2á) ñïîñòåð³-
ãàºòüñÿ ³íòåíñèâíà ñìóãà âàëåíòíèõ êîëèâàíü ñïèðòî-
âèõ ÎÍ-ãðóï ç ìàêñèìóìîì 3342 ñì-1, ÿêà íàêëàäàºòü-
ñÿ íà ñìóãó ÎÍ-ãðóïè âèõ³äíî¿ ñìîëè ÅÄ-20 (ðèñ. 2à)
(ν(ÎÍ) ç ìàêñèìóìîì çà 3496 ñì-1). Ðåçóëüòàòîì òàêî¿

Ïîëîæåííÿ ñìóã (í), ñì-1 
Â ë³òåðàòóð³  [12, 13] Îòðèìàíî åêñïåðèìåíòàëüíî Â³äíåñåííÿ  

≈ 3500 ≈ 3496 ν (Î–Í) 
3057 3053 ν Ñ–Í îêñèðàíîâîãî ê³ëüöÿ 

2965–2873 2967–2874 ν (Ñ–Í ó ÑÍ2 ³ ÑÍ àðîìàòè÷í³ òà àë³ôàòè÷í³) 
1608 1606 ν (Ñ=Ñ àðîìàòè÷íèõ ê³ëåöü) 
1509 1510 ν (Ñ–Ñ àðîìàòè÷í³) 
1036 1037 ν (Ñ–Î–Ñ åòåðí³) 
915 915 δ (Ñ–Î îêñèðàíîâî¿ ãðóïè) 
772 769 δ (ÑÍ2) 

Òàáëèöÿ 2. Õàðàêòåðèñòè÷í³ ñìóãè ïîãëèíàííÿ åïîêñèäíî¿ ñìîëè ÅÄ-20

ñóïåðïîçèö³¿ º ïîÿâà ³íòåíñèâíî¿ øèðîêî¿ ñìóãè âà-
ëåíòíèõ êîëèâàíü ÎÍ-ãðóï â ²×-ñïåêòð³ âèõ³äíî¿ êîì-
ïîçèö³¿ (ÅÄ-20+ÒÅÀ) çà 3368 ñì-1. Ïðè õ³ì³÷í³é âçàº-
ìîä³¿ ì³æ ÅÄ- 20 ³ ÒÅÀ ³íòåíñèâí³ñòü ñìóãè âàëåíò-
íèõ êîëèâàíü ÎÍ-ãðóï ñïàäàº çà 3368 ñì-1, ïðè öüîìó
íàêîïè÷óþòüñÿ âòîðèíí³ ã³äðîêñèëüí³ ãðóïè [16]. Ïðî
öå ñâ³ä÷èòü ïîÿâà ³íòåíñèâíî¿ ñìóãè ã³äðîêñèëüíèõ
ãðóï ó ä³àïàçîí³ ñïåêòðà 3400–3500 ñì-1 ç ìàêñèìó-
ìîì 3424 ñì-1 (ðèñ. 3, ñïåêòð 2)

Ïðè ââåäåíí³ â âèõ³äíó åïîêñèäíó ñìîëó ôóíêö³î-
íàë³çîâàíèõ àì³íî- àáî åïîêñèãðóïîþ ñèë³ö³éâì³ñíèõ
ñïîëóê â³äáóâàþòüñÿ ïåâí³ çì³íè â ïðîöåñ³ ¿¿ òâåðäíåí-
íÿ, ùî â³äîáðàæàþòüñÿ íà ²×-ñïåêòðàõ. Òàê, íà   ðèñ. 4
âèäíî, ùî ïðè ââåäåíí³ 0,5 % (ðèñ. 4à, ñïåêòðè 1, 2) òà
10,0 % (ðèñ. 4á, ñïåêòðè 1, 2) Àm-Si íà ²×-ñïåêòðàõ ó
ïðîöåñ³ òâåðäíåííÿ â³äáóâàþòüñÿ çíà÷í³ çì³íè â õà-
ðàêòåðèñòè÷íèõ ñìóãàõ. Òàê, ïðè ââåäåíí³ 0,5 % Àm-
Si ïðè çàòâåðäíåíí³ çðàçêà (ðèñ. 4à, ñïåêòð 2), çíèê-
íåííÿ ñìóãè çà 915 ñì-1 ñâ³ä÷èòü ïðî ðîçêðèòòÿ åïîê-
ñèäíèõ ãðóï, ùî ñóïðîâîäæóºòüñÿ óòâîðåííÿì åòåð-
íèõ çâ’ÿçê³â (âèíèêíåííÿ øèðîêî¿ ñìóãè ç ï³êîì çà
1117 ñì-1 [14,15]) òà óòâîðåííÿì ³ ïîäàëüøîþ âçàºìî-
ä³ºþ âòîðèííèõ ã³äðîêñèëüíèõ ãðóï [12,15], ïîäàëüø³
ïåðåòâîðåííÿ ÿêèõ ï³äòâåðäæóþòüñÿ çì³íàìè â ä³à-
ïàçîí³ 3600–3300 ñì-1, à ñàìå, ñïàäîì ³íòåíñèâíîñò³
ñìóãè 3398 ñì-1 òà óòâîðåííÿì ñìóãè 3437 ñì-1, ùî
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Ðèñ. 4. ²×-ñïåêòðè åïîêñèäíî¿ êîìïîçèö³¿ ç âì³ñòîì 0,5 (à) òà 10,0 % Àm-Si (á) íà ïî÷àòêó (1) òà íàïðèê³íö³
(2) òâåðäíåííÿ
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õàðàêòåðèçóº ïîÿâó â êîìïîçèö³¿ âòîðèííèõ ã³äðîê-
ñèëüíèõ ãðóï [15].

Ïðè ââåäåíí³ 10,0 % Àm-Si (ðèñ. 4á) â³äáóâàþòü-
ñÿ ìàéæå àíàëîã³÷í³ ïåðåòâîðåííÿ, ÿê ³ ïðè äîäàâàíí³
0,5 % Àm-Si (ðèñ. 4à), àëå âîíè á³ëüø ïîì³òí³ â ä³àïà-
çîí³ âàëåíòíèõ êîëèâàíü ÎÍ-ãðóï. Íà ñïåêòðàõ ñïîñ-
òåð³ãàºòüñÿ ³ñòîòíèé ïåðåðîçïîä³ë ³íòåíñèâíîñò³ òà
çì³ùåííÿ ñìóã ïîãëèíàííÿ â ä³àïàçîí³ êîëèâàíü ÎÍ-
ãðóï, ùî ìîæå âêàçóâàòè íà ïåðåá³ã ðåàêö³é, ùî ñóï-
ðîâîäæóþòüñÿ óòâîðåííÿì âòîðèííèõ ÎÍ-ãðóï. Íà ²×-
ñïåêòðàõ (ðèñ. 4á, ñïåêòð 2) ñïîñòåð³ãàºìî âåëèêó êîí-
öåíòðàö³þ åòåðíèõ ãðóï, ùî ïðîÿâëÿºòüñÿ íà ñïåêòð³
çá³ëüøåííÿì ³íòåíñèâíîñò³ ïîãëèíàííÿ â 1115 ñì-1, ùî
óçãîäæóºòüñÿ ç îïèñàíèì ó [12–14].

ßê âèäíî ç³ ñïåêòð³â, ïðè ââåäåíí³ 0,5 % Ep-Si
(ðèñ. 5à) ³ 10,0 % Ep-Si (ðèñ. 5á) â åïîêñèäíèé îë³ãî-
ìåð ïðè ïåðåá³ãó ïðîöåñó òâåðäíåííÿ, ÿê ³ ïðè ââåäåíí³
Àm-Si ïîõ³äíèõ (ðèñ. 4à, á), ðîçêðèâàþòüñÿ åïîêñèäí³
ãðóïè. Öå ïðèâîäèòü äî çíèêíåííÿ ñìóãè 915 ñì-1 òà
óòâîðåííÿ åòåðíèõ (ñìóãà 1115 ñì-1) ³ âòîðèííèõ ã³äðîê-
ñèëüíèõ ãðóï [12–15] (ñìóãè âàëåíòíèõ êîëèâàíü ÎÍ-
ãðóï, çâ’ÿçàíèõ âîäíåâèìè çâ’ÿçêàìè ç ìàêñèìóìàìè
çà 3430 ³ 3412 ñì-1). Ïðî âçàºìîä³þ åïîêñèä³â ç âòîðèí-
íèìè ã³äðîêñèëüíèìè ãðóïàìè ç óòâîðåííÿì åòåðíèõ
çâ’ÿçê³â ñâ³ä÷èòü âèíèêíåííÿ ñìóãè, õàðàêòåðèñòè÷íî¿
äëÿ åòåð³â, ç ìàêñèìóìîì çà 1115 ñì-1 [14].

Íà ðèñ. 6 ïîêàçàíî çàëåæí³ñòü ñòóïåíÿ êîíâåðñ³¿
åïîêñèäíèõ ãðóï â³ä ÷àñó ïåðåá³ãó ïðîöåñó òâåðäíåí-
íÿ äëÿ ³íäèâ³äóàëüíî¿ ÅÄ-20 (ðèñ. 6, êðèâà 1) ³ ïîë³-
ìåðíèõ êîìïîçèö³é íà ¿¿ îñíîâ³, ùî ì³ñòÿòü ïî 0,5 %
Àm-Si (ðèñ. 6, êðèâà 2) ³ Ep-Si (ðèñ. 6, êðèâà 4) òà ïî
10,0 % Àm-Si (ðèñ. 6, êðèâà 3) ³ Ep-Si (ðèñ. 6, êðèâà 2)
â³äïîâ³äíî. Âèäíî, ùî äîäàâàííÿ Àm-Si (ðèñ. 6, êðèâ³
2, 3) ïðèñêîðþº ïåðåá³ã ïåðåòâîðåííÿ åïîêñèäíèõ
ãðóï (áî ä³º ÿê äîäàòêîâèé îòâåðäæóâà÷), à äîäàâàííÿ
Ep-Si (ðèñ. 6, êðèâ³ 4, 5) óïîâ³ëüíþº øâèäê³ñòü êîí-
âåðñ³¿ îêñèðàíîâèõ ãðóï çàâäÿêè íàÿâíîñò³ äîäàòêîâèõ

åïîêñèäíèõ ãðóï.
Ëîã³÷íî ïðèïóñòèòè, ùî äîäàâàííÿ ð³çíî¿ ê³ëüêîñò³

ñèë³ö³éâì³ñíèõ êîìïîíåíò³â áóäå ïî-ð³çíîìó âïëèâà-
òè íà øâèäê³ñòü ïåðåòâîðåííÿ åïîêñèäíèõ ãðóï ç ÷à-
ñîì, à ñàìå äîäàâàííÿ 10,0 % Àm-Si ìàëè á ³ñòîòí³øå
çá³ëüøóâàòè øâèäê³ñòü ïåðåòâîðåííÿ â ïîð³âíÿíí³ ³ç
0,5 % Àm-Si, òà óïîâ³ëüíþâàòè ó âèïàäêó äîäàâàííÿ
ò³º¿ æ ê³ëüêîñò³ Ep-Si ïîõ³äíèõ â³äïîâ³äíî. Íàòîì³ñòü
ñïîñòåð³ãàºìî, ùî ïðè äîäàâàíí³ Àm-Si êîíâåðñ³¿ åïîê-
ñèäíèõ ãðóï (ðèñ. 6, êðèâ³ 2, 3) ïîâí³ñòþ ñï³âïàäàþòü,
òîáòî êðèâ³ íàêëàäàþòüñÿ îäíà íà îäíó íà ãðàô³êó. Ïðè
äîäàâàíí³ Ep-Si (ðèñ. 6, êðèâ³ 4, 5) ïðàêòè÷íî ïîä³áí³.
Òîìó, íàøå ïðèïóùåííÿ ïðî âïëèâ ê³ëüêîñò³ ñèë³ö³é-
âì³ñíèõ êîìïîíåíò³â íà øâèäê³ñòü êîíâåðñ³¿ åïîêñèä-
íèõ ãðóï ó ïðîöåñ³ òâåðäíåííÿ íå ï³äòâåðäèëîñÿ. Òîá-
òî, â öüîìó âèïàäêó ê³ëüê³ñòü ââåäåíî¿ ñèë³ö³éâì³ñíî¿
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Ðèñ. 5. ²×-ñïåêòðè åïîêñèäíî¿ êîìïîçèö³¿ ç âì³ñòîì 0,5 (à) òà 10,0 % Ep-Si (á) íà ïî÷àòêó (1) òà íàïðèê³íö³
(2) òâåðäíåííÿ
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Ðèñ. 6. Çàëåæíîñò³ êîíâåðñ³¿ åïîêñèäíèõ ãðóï â³ä

÷àñó â ïðîöåñ³ òâåðäíåííÿ: 1 – EÄ-20+TEA; 2 – EÄ-
20+0,5% Am-Si; 3 – EÄ-20+10% Am-Si; 4 – EÄ-20+0,5%
Ep-Si òà 5 – EÄ-20+10% Ep-Si
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ñêëàäîâî¿ íå âïëèâàº íà øâèäê³ñòü ïåðåòâîðåííÿ åïîê-
ñèäíèõ ãðóï.

Îòæå, áóëî âñòàíîâëåíî, ùî ïîâíà êîíâåðñ³ÿ åïîê-
ñèäíèõ ãðóï âèõ³äíî¿ ÅÄ-20 â³äáóâàºòüñÿ âïðîäîâæ
ïðèáëèçíî 14 ãîä. Äîäàâàííÿ ñèë³ö³éâì³ñíèõ êîìïî-
íåíò³â, ôóíêö³îíàë³çîâàíèõ àì³íîãðóïàìè, ïðèøâèä-
øóº ïåðåá³ã ïåðåòâîðåííÿ åïîêñèäíèõ ãðóï, çà ðàõó-
íîê ÷îãî ïðîöåñ òâåðäíåííÿ êîìïîçèö³¿ ³ñòîòíî ñêî-
ðî÷óºòüñÿ äî 5 ãîä., ó ïîð³âíÿíí³ ç ³íäèâ³äóàëüíîþ
ñìîëîþ ÅÄ-20. Âíåñåííÿ â åïîêñèäíó ñèñòåìó ñèë³ö-
³éâì³ñíèõ êîìïîíåíò³â, ôóíêö³îíàë³çîâàíèõ åïîêñèã-
ðóïàìè, óïîâ³ëüíþº ïåðåá³ã ïåðåòâîðåííÿ åïîêñèäíèõ
ãðóï, à òðèâàë³ñòü ïðîöåñó òâåðäíåííÿ çðîñòàº äî

á³ëüøå í³æ 25 ãîä., ó ïîð³âíÿíí³ ç âèõ³äíîþ ñìîëîþ
ÅÄ-20. Ïðèñêîðåííÿ òà óïîâ³ëüíåííÿ ïðîöåñó òâåðä-
íåííÿ åïîêñèäíèõ êîìïîçèö³é, ùî ì³ñòÿòü ð³çíó
ê³ëüê³ñòü ñèë³ö³éâì³ñíèõ ôóíêö³îíàë³çîâàíèõ êîìïî-
íåíò³â ç àì³íî- òà åïîêñèãðóïàìè, ñâ³ä÷èòü ïðî ¿õí³é
³ñòîòíèé âïëèâ íà øâèäê³ñòü ïåðåòâîðåííÿ îêñèðàíî-
âèõ ãðóï åïîêñèäíî¿ ñìîëè â ïðîöåñ³ çøèâàííÿ. Îñîá-
ëèâî¿ óâàãè çàñëóãîâóº òîé ôàêò, ùî ê³ëüê³ñòü 0,5 àáî
10,0 % ñèë³ö³éâì³ñíèõ êîìïîíåíò³â, ôóíêö³îíàë³çîâà-
íèõ àì³íî- òà åïîêñèãðóïàìè, íå âïëèâàº íà øâèäê³ñòü
ïåðåòâîðåííÿ åïîêñèäíèõ ãðóï. Ïðèðîäà öüîãî ÿâè-
ùà ïîêè ùî íå çðîçóì³ëà òà ïîòðåáóº äîäàòêîâèõ äî-
ñë³äæåíü.
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êèíåòèêó îòâåðæäåíèÿ ýïîêñèäíîé ñìîëû
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Ìåòîäîì ÈÊ-ñïåêòðîñêîïèè ñ Ôóðüå-ïðåîáðàçîâàíèåì èññëåäîâàíî êèíåòè÷åñêèå îñîáåííîñòè
îòâåðæäåíèÿ èñõîäíîé ñìîëû ÝÄ-20 è ïîëèìåðíûõ ýïîêñèäíûõ êîìïîçèöèé íà å¸ îñíîâå ñ ðàçíûì
ñîäåðæàíèåì êðåìíèéñîäåðæàùèõ êîìïîíåíòîâ, ôóíêöèîíàëèçîâàííûõ àìèíî- èëè
ýïîêñèãðóïïàìè. Óñòàíîâëåíî, ÷òî ïîëíàÿ êîíâåðñèÿ ýïîêñèäíûõ ãðóïï èñõîäíîé ÝÄ-20
ïðîèñõîäèò â òå÷åíèå 14 ÷. Äîáàâëåíèå êðåìíèéñîäåðæàùèõ êîìïîíåíòîâ,
ôóíêöèîíàëèçèðîâàííûõ àìèíîãðóïïàìè Am-Si, óñêîðÿåò ïðîöåññ îòâåðæäåíèÿ êîìïîçèöèè è
ñóùåñòâåííî ñîêðàùàåò åãî äî 5 ÷, â ñðàâíåíèè ñ èñõîäíîé ñìîëîé ÝÄ-20. Âíåñåíèå â ýïîêñèäíóþ
ñèñòåìó êðåìíèéñîäåðæàùèõ êîìïîíåíòîâ, ôóíêöèîíàëèçèðîâàííûõ ýïîêñèãðóïïàìè Ep-Si,
çàìåäëÿåò è óâåëè÷èâàåò ïðîäîëæèòåëüíîñòü ïðîöåññà îòâåðæäåíèÿ äî 25 ÷, â ñðàâíåíèè ñ
èíäèâèäóàëüíîé ñìîëîé ÝÄ-20. Îáíàðóæåíî, ÷òî êîëè÷åñòâî 0,5 èëè 10,0 %
ôóíêöèîíàëèçèðîâàííûõ êðåìíèéñîäåðæàùèõ êîìïîíåíòîâ Àm-Si èëè Ep-Si íå âëèÿåò íà ñêîðîñòü
ïðåâðàùåíèÿ ýïîêñèäíûõ ãðóïï, òî åñòü íå âëèÿåò íà ñêîðîñòü ïðîöåññà îòâåðæäåíèÿ.

Êëþ÷åâûå ñëîâà: ýïîêñèäû, êðåìíèéñîäåðæàùèå ñîåäèíåíèÿ, ÈÊ-ñïåêòðîñêîïèÿ, êèíåòèêà îòâåðæäåíèÿ,
òðèýòàíîëàìèí.

Influence of functionalized silica based compounds on kinetics curing of epoxy

M.G. Tkalich, L.A. Gorbach, Î.O. Brovko
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48, Kharkivske shause, Kyiv, 02160, Ukraine

By using FTIR-spectroscopy the curing kinetics of both initial epoxy resin (ED-20) and epoxy one modified
with a different content of silica-based compounds containing amino – or epoxy groups was studied. The
full conversion of epoxy groups for original epoxy resin was found to be reached for 14 hours. In
introducing the compound containing amino-group (Si-Am) into epoxy composition an acceleration in
curing process was observed and time conversion of epoxy groups was reduced up to 5 hours. On the
contrary, when the compound containing epoxy-group (Si-Ep) was used the duration of epoxy curing
was considerably increased and reached to 25 hours. It was shown the amount 0,5 or 10,0 % of
functionalized silica based component introduced into epoxy resin did not influence the rate conversation
of epoxy groups, i. e. it had no effect on the curing process rate.

Key words: epoxies, silica based compounds, FTIR-spectroscopy, kinetics curing, triethanolamine




