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Óêðà¿íñüêèé äåðæàâíèé óí³âåðñèòåò íàóêè ³ òåõíîëîã³é, ì. Äí³ïðî, Óêðà¿íà

Äîñë³äæåíî âïëèâ ïîë³äèìåòèëñèëîêñàíó íà òåõíîëîã³÷í³, ìåõàí³÷í³ òà òðèáî-

òåõí³÷í³ âëàñòèâîñò³ êîìïîçèö³éíèõ ìàòåð³àë³â, ñôîðìîâàíèõ íà îñíîâ³ ãðàô³òî-

íàïîâíåíîãî àðîìàòè÷íîãî ïîë³àì³äó. Ðîçãëÿíóòî ìîæëèâîñò³ êåðóâàííÿ åêñïëó-

àòàö³éíèìè õàðàêòåðèñòèêàìè êîìïîçèò³â â óìîâàõ ï³äâèùåíèõ íàâàíòàæåíü ³

òåìïåðàòóð. Ïîêàçàíî, ùî âëàñòèâîñò³ ïîë³ìåð³â âèçíà÷àþòüñÿ íå ëèøå õ³ì³÷íèì

ñêëàäîì, àëå é ñòðóêòóðíîþ îðãàí³çàö³ºþ ìàêðîìîëåêóë ³ ì³æìîëåêóëÿðíèìè

âçàºìîä³ÿìè. Äîâåäåíî, ùî ìîäèô³êàö³ÿ ãðàô³òîíàïîâíåíîãî àðîìàòè÷íîãî ïî-

ë³àì³äó ïîë³äèìåòèëñèëîêñàíîì ñïðèÿº çíèæåííþ â’ÿçêîñò³ ðîçïëàâó ìàéæå íà

ïîðÿäîê òà ðîçøèðåííþ òåìïåðàòóðíîãî ³íòåðâàëó ïåðåðîáêè ïðåñ-ìàòåð³àëó â³ä

+50Ñ äî +150Ñ. Íàïîâíåííÿ êîìïîçèö³¿ ãðàô³òîì çíà÷íî âïëèâàº íà ïîêðàùåííÿ

àíòèôðèêö³éíèõ âëàñòèâîñòåé îäåðæàíîãî ìàòåð³àëó çàâäÿêè óòâîðåííþ òâåðäî¿

ìàñòèëüíî¿ ïë³âêè íà ïîâåðõí³ êîíòðò³ëà. Öå ïðèçâîäèòü äî çíèæåííÿ êîåô³ö³ºíòà

òåðòÿ òà ³íòåíñèâíîñò³ çíîøóâàííÿ ó äåñÿòêè ðàç³â, îñîáëèâî â óìîâàõ òåðòÿ áåç

çìàùóâàííÿ, îäíàê âîäíî÷àñ çá³ëüøóºòüñÿ êðèõê³ñòü ìàòåð³àëó. Ââåäåííÿ

êðåìí³éîðãàí³÷íîãî ìîäèô³êàòîðà ñïðèÿº ï³äâèùåííþ ÿê ïîêàçíèê³â ì³öíîñò³,

òàê ³ àíòèôðèêö³éíèõ õàðàêòåðèñòèê ãðàô³òîíàïîâíåíîãî àðîìàòè÷íîãî ïîë³àì³-

äó. Ðàö³îíàëüíà ìàñîâà ÷àñòêà ïîë³äèìåòèëñèëîêñàíó ó ñêëàä³ êîìïîçèö³éíîãî ìà-

òåð³àëó ñòàíîâèòü íå âèùå 3%. Ïåðåâèùåííÿ äàíî¿ êîíöåíòðàö³¿ ïðèçâîäèòü äî

óòâîðåííÿ ôàçîâî¿ íåîäíîð³äíîñò³ òà ð³çêîãî ïîã³ðøåííÿ åêñïëóàòàö³éíèõ õà-

ðàêòåðèñòèê. Âèçíà÷åíà îïòèìàëüíà ïîë³ìåðíà ñèñòåìà íà îñíîâ³ àðîìàòè÷íîãî

ïîë³àì³äó ç ìàñîâîþ êîíöåíòðàö³ºþ ãðàô³òó 20% òà ïîë³äèìåòèëñèëîêñàíó 2%, ÿêà

ìàº âèñîê³ òðèáîòåõí³÷í³ õàðàêòåðèñòèêè òà ïîêàçíèêè ì³öíîñò³ ïðè òåìïåðàòóðàõ

äî 2500Ñ, ùî ï³äòâåðäæóº åôåêòèâí³ñòü ìîäèô³êàö³¿ òà ïåðñïåêòèâí³ñòü çàñòîñóâàí-

íÿ ðîçðîáëåíèõ êîìïîçèò³â ó âàæêèõ óìîâàõ åêñïëóàòàö³¿.
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Âñòóï
Ñó÷àñíà ïðîìèñëîâ³ñòü âèñóâàº âèñîê³ âè-

ìîãè äî êîíñòðóêö³éíèõ ìàòåð³àë³â, ÿê³ ïîâèíí³
ïîºäíóâàòè åêñïëóàòàö³éí³ âëàñòèâîñò³ ç òåõíîëî-
ã³÷í³ñòþ ïåðåðîáêè. Ó öüîìó êîíòåêñò³ àêòóàëü-

íèì º ñòâîðåííÿ ïîë³ìåð³â ³ç êåðîâàíèìè õà-
ðàêòåðèñòèêàìè.

Îñîáëèâó óâàãó ïðèâåðòàþòü àðîìàòè÷í³ ïî-
ë³àì³äè («Íîìåêñ», «Êåâëàð», «Òåðëîí», «Ôåí³ëîí»),
ÿê³ õàðàêòåðèçóþòüñÿ âèñîêîþ ì³öí³ñòþ, òåïëî-
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ñò³éê³ñòþ òà õ³ì³÷íîþ ñò³éê³ñòþ [1]. Ôåí³ëîí
(ïîë³-ì-ï-ôåí³ëåí³çîôòàëàì³ä) â³äð³çíÿºòüñÿ
ìîæëèâ³ñòþ ïåðåðîáêè ó âèðîáè ç ðîçïëàâëåíîãî
ñòàíó [2]. Âîäíî÷àñ öåé ïðîöåñ óñêëàäíþºòüñÿ âè-
ñîêîþ â’ÿçê³ñòþ ðîçïëàâó òà âóçüêèì ³íòåðâàëîì
òåìïåðàòóð ïåðåðîáêè.

Âëàñòèâîñò³ ïîë³ìåðíèõ ìàòåð³àë³â âèçíà÷à-
þòüñÿ íå ëèøå ¿õíüîþ õ³ì³÷íîþ ïðèðîäîþ, à é
îñîáëèâîñòÿìè áóäîâè ìàêðîìîëåêóë [3]. Ìîäè-
ô³êàö³ÿ ñòðóêòóðè äîçâîëÿº ðåãóëþâàòè ìåõàí³÷í³
òà òåïëîâ³ õàðàêòåðèñòèêè, îäíàê âèñîêèé ñòóï³íü
æîðñòêîñò³ ìàêðîìîëåêóë àðîìàòè÷íèõ ïîë³àì³ä³â
³ ñèëüí³ ì³æìîëåêóëÿðí³ âçàºìîä³¿ îáìåæóþòü
òåõíîëîã³÷í³ ìîæëèâîñò³ ïåðåðîáêè [4]. Ï³äâèùåí-
íÿ ãíó÷êîñò³ ìàêðîìîëåêóë ìîæëèâå, çîêðåìà, øëÿ-
õîì ââåäåííÿ ñòðóêòóðíèõ «ì³ñòê³â» [5].

Åôåêòèâíèì ñïîñîáîì ïîêðàùåííÿ õàðàêòå-
ðèñòèê ïîë³ìåðíèõ ñèñòåì º ââåäåííÿ ôóíêö³-
îíàëüíèõ íàïîâíþâà÷³â. Çîêðåìà, âèêîðèñòàííÿ
ãðàô³òó äîçâîëÿº ñóòòºâî ï³äâèùèòè çíîñîñò³éê³ñòü
³ ïîêðàùèòè àíòèôðèêö³éí³ âëàñòèâîñò³ ìàòå-
ð³àë³â çàâäÿêè çäàòíîñò³ êîìïîçèòó ôîðìóâàòè íà
ïîâåðõí³ òåðòÿ çàõèñí³ ïë³âêè [6]. Ïðîòå òàêèé
ï³äõ³ä ñóïðîâîäæóºòüñÿ çíèæåííÿì ïîêàçíèê³â
ì³öíîñò³, ùî îáóìîâëåíî ñëàáêîþ àäãåç³ºþ ì³æ
êîìïîíåíòàìè êîìïîçèö³¿ òà îáìåæåííÿì ñåãìå-
íòàëüíî¿ ðóõîìîñò³ ëàíöþã³â ïîë³ìåðíî¿ ìàòðèö³
[7].

Ó ïîä³áíèõ óìîâàõ äîö³ëüíî çàñòîñîâóâàòè
ìîäèô³êàòîðè, ÿê³ çäàòí³ çì³íþâàòè ì³æìîëåêó-
ëÿðíó âçàºìîä³þ. Ïåðñïåêòèâíèìè º êðåìí³éîð-
ãàí³÷í³ ñïîëóêè, çîêðåìà îë³ãîäèìåòèëñèëîêñàíè
(ðèñ. 1), ÿê³ ñïðèÿþòü çìåíøåííþ âíóòð³øí³õ
íàïðóæåíü ³ ï³äâèùåííþ åêñïëóàòàö³éíèõ õà-
ðàêòåðèñòèê êîìïîçèö³é [8]. Âñòàíîâëåííÿ çà-
ëåæíîñò³ ì³æ ñêëàäîì ìàòåð³àëó, óìîâàìè éîãî
ïåðåðîáêè òà åêñïëóàòàö³éíèìè õàðàêòåðèñòèêà-
ìè çàëèøàºòüñÿ àêòóàëüíèì çàâäàííÿì.

Ìàòåð³àëè òà ìåòîäè äîñë³äæåíü
ßê îá’ºêò äîñë³äæåííÿ âèáðàíèé àðîìàòè÷íèé

ïîë³àì³ä – ôåí³ëîí Ñ-2 (ÒÓ-6-05-221-226-72), ùî

ìàº ñïðîùåíó ñòðóêòóðíó ôîðìóëó:

[–NH–C6H4(1,3)–NH–CO–C6H4(1,3)–CO–]n.     (1)

Äàíèé àìîðôíèé ïîë³ìåð ó âèãëÿä³ äð³áíî-
äèñïåðñíîãî ïîðîøêó ç íàñèïíîþ ãóñòèíîþ
200–400 êã/ì3 ïðèçíà÷àºòüñÿ äëÿ îäåðæàííÿ âè-
ðîá³â ç âèñîêîþ ì³öí³ñòþ ìåòîäàìè ïðÿìîãî
ïðåñóâàííÿ òà ïðåñ-ëèòòÿ.

Àíòèôðèêö³éíèì íàïîâíþâà÷åì äî àðîìà-
òè÷íîãî ïîë³àì³äó îáðàíî ãðàô³ò ÃÊ-1 äèñïåðñí³-
ñòþ äî 63 ìêì ó ìàñîâ³é êîíöåíòðàö³¿ äî 30%.

Äëÿ çíèæåííÿ â’ÿçêîñò³ ðîçïëàâó ³ ï³äâè-
ùåííÿ ïëàñòè÷íîñò³ ïðè ïåðåðîáö³ ó âèðîáè
çä³éñíþâàëè ìîäèô³êàö³þ êîìïîçèö³¿ äîäàâàííÿì
ïîë³äèìåòèëñèëîêñàíîâî¿ ð³äèíè ÏÌÑ-100 ó ìà-
ñîâ³é êîíöåíòðàö³¿ äî 5%.

Çðàçêè äëÿ äîñë³äæåíü îäåðæóâàëè ìåòîäîì
êîìïðåñ³éíîãî ïðåñóâàííÿ ç êîìá³íîâàíèì
îá³ãð³âîì. Êîíòðîëü ³ ðåãóëþâàííÿ òåìïåðàòóðè
ïðîâîäèëè îäíî÷àñíî ó äåê³ëüêîõ ì³ñöÿõ
ïðåñ-ôîðìè, ó áåçïîñåðåäí³é áëèçüêîñò³ äî ïî-
âåðõí³ ôîðìóâàëüíèõ ïîðîæíèí, çà äîïîìîãîþ
åëåêòðîííîãî ïîòåíö³îìåòðó ÊÑÏ-4.

Ïåðåä ïðåñóâàííÿì êîìïîçèö³þ áðèêåòóâà-
ëè ïðè ê³ìíàòí³é òåìïåðàòóð³ òà ñóøèëè ïðè
180–2000Ñ, ùîá çíèçèòè âîëîã³ñòü, ÿêà º àãåíòîì
äåñòðóêö³¿ àðîìàòè÷íîãî ïîë³àì³äó ó ïðîöåñ³
ôîðìóâàííÿ âèðîá³â. Òèñê áðèêåòóâàííÿ ï³äáè-
ðàëè â çàëåæíîñò³ â³ä âèñîòè áðèêåòó äëÿ äî-
ñÿãíåííÿ ãóñòèíè ïîðÿäêó 400–450 êã/ì3.

Âèçíà÷åííÿ åôåêòèâíî¿ â’ÿçêîñò³ ðîçïëàâó
âèêîíóâàëè íà êàï³ëÿðíîìó â³ñêîçèìåòð³ ³ç çà-
âàíòàæóâàëüíîþ êàìåðîþ ä³àìåòðîì 10 ìì, îñíà-
ùåíîìó êàï³ëÿðîì äîâæèíîþ 10 ìì òà ä³àìåòðîì
2 ìì. Çì³ùåííÿ øòîêà, ïðîïîðö³éíå âèòðàò³ ìà-
òåð³àëó, ùî âèò³êàº ó ïðèéìàëüíó êàìåðó,
ðåºñòðóâàëîñÿ ïðèëàäîì ÄÑ²-08 ç äèôåðåíö³éíî
òðàíñôîðìàòîðíèì äàò÷èêîì ïåðåì³ùåííÿ.
Êðóòíèé ìîìåíò ñòâîðþâàëè íàáîðîì òÿãàðö³â
çàãàëüíîþ ìàñîþ äî 25 êã, ùî çàáåçïå÷óâàëî òèñê

Ðèñ. 1. Ñòðóêòóðíà ôîðìóëà îë³ãîäèìåòèëñèëîêñàíó
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íà ðîçïëàâ äî 100 ÌÏà.
Âèçíà÷åííÿ ãðàíèö³ ì³öíîñò³ ïðè ñòèñêàíí³

ïîëÿãàëî ó âèçíà÷åíí³ âåëè÷èíè ñèëè, ïðè ÿê³é
â³äáóâàºòüñÿ ðóéíóâàííÿ çðàçêà ï³ä ÷àñ éîãî
ñòèñêàííÿ ñòàòè÷íèì íàâàíòàæåííÿì.

Âèçíà÷åííÿ ãðàíèö³ ì³öíîñò³ ïðè ñòàòè÷íî-
ìó çãèíàíí³ ïîëÿãàëî ó âèçíà÷åíí³ âåëè÷èíè
ðóéí³âíî¿ ñèëè ïðè çãèíàíí³ ñòàíäàðòíîãî çðàçêà,
ùî â³ëüíî ëåæèòü íà äâîõ îïîðàõ, òà ðîçðàõóíêó
ìàêñèìàëüíîãî íàïðóæåííÿ, ùî âèíèêàº ó ñå-
ðåäíüîìó ïåðåð³ç³ çðàçêà ï³ä ä³ºþ ö³º¿ ñèëè. Äëÿ
âèïðîáóâàíü âèêîðèñòîâóâàëè çðàçêè, ùî ìàþòü
ðîçì³ðè 50±1×6±0,2×4±0,2 ìì. Ïðè âèïðîáóâàíí³
çðàçîê øèðîêîþ ñòîðîíîþ â³ëüíî ëåæèòü íà îïî-
ðàõ, â³äñòàíü ì³æ ÿêèìè ñêëàäàëà 40±0,3 ìì.

Óäàðíó â’ÿçê³ñòü âèçíà÷àëè ìåòîäîì, ùî ïî-
ëÿãàº ó ðóéíóâàíí³ çðàçêà, âñòàíîâëåíîãî ãîðè-
çîíòàëüíî íà äâîõ îïîðàõ, óäàðîì ïîïåðåê. Äëÿ
âèïðîáóâàíü âèêîðèñòîâóâàëè çðàçêè ó ôîðì³
áðóñê³â ïðÿìîêóòíîãî ïåðåð³çó ç ðîçì³ðàìè
50±1×6±0,2×4±0,2 ìì. Âèïðîáóâàííÿ ïðîâîäèëè
çà äîïîìîãîþ êîïðà ìàÿòíèêîâîãî ÊÌ-0,5.

Ìåòîä âèçíà÷åííÿ òâåðäîñò³ ïîëÿãàâ ó âèì³-
ðþâàíí³ ñèëè âäàâëþâàííÿ êóëüêè ä³àìåòðîì
5 ìì ó âèïðîáîâóâàíèé ìàòåð³àë. Äëÿ ïðîâåäåííÿ
äîñë³äæåíü âèêîðèñòîâóâàëè ñòàíäàðòíèé ïðèëàä
ìîäåë³ 2013 ÒØÑÏ.

Âèçíà÷åííÿ òåïëîñò³éêîñò³ çà Â³êà ïîëÿãàëî
ó âèçíà÷åíí³ òåìïåðàòóðè, çà ÿêî¿ öèë³íäðè÷íèé
íàêîíå÷íèê, øî çíàõîäèòüñÿ ï³ä ïîñò³éíèì íà-
âàíòàæåííÿì, âäàâëþâàâñÿ ó çðàçîê íà ãëèáèíó 1
ìì. Âèïðîáóâàííÿ ïðîâîäèëè íà ïðèëàä³ ÏÒÏ-².

Äîñë³äæåííÿ òðèáîòåõí³÷íèõ õàðàêòåðèñòèê
ïîë³ìåðíèõ ìàòåð³àë³â ïðîâîäèëè íà ìàøèí³
òåðòÿ ÑÌÖ-2 çà ñõåìîþ äèñê-êîëîäêà. ßê äèñê,
ùî âèêîíóº ôóíêö³þ êîíòðò³ëà, çàñòîñîâóâàëè
ðîëèê ä³àìåòðîì 50 ìì, âèãîòîâëåíèé ç³ ñòàë³ 45.
Êîëîäêó âèãîòîâëÿëè ³ç äîñë³äæóâàíî¿ ïîë³-
ìåðíî¿ êîìïîçèö³¿. Âåëè÷èíó ìîìåíòó òåðòÿ ô³êñó-
âàëè çà äîïîìîãîþ åëåêòðîííîãî ïîòåíö³îìåòðà.

Äëÿ íàî÷íîãî ïðåäñòàâëåííÿ, àíàë³çó òà âñòà-
íîâëåííÿ õàðàêòåðó âïëèâó äîñë³äæóâàíèõ
ôàêòîð³â íà âëàñòèâîñò³ ìîäèô³êîâàíîãî êîìïî-
çèòó áóëî âèêîðèñòàíî ìåòîäèêó òðèâèì³ðíîãî ãðà-
ô³÷íîãî ìîäåëþâàííÿ ó ïðîãðàìíîìó ñåðåäî-
âèù³ OriginLab. Ïîáóäîâó òðèâèì³ðíèõ ïîâåðõîíü
â³äêëèêó çä³éñíþâàëè íà îñíîâ³ ìàòðèöü
äèñêðåòíèõ åêñïåðèìåíòàëüíèõ äàíèõ. Îñê³ëüêè
õàðàêòåð âçàºìîçâ’ÿçêó ì³æ ïàðàìåòðàìè ñèñòåìè
ìàº âèðàæåíó íåë³í³éí³ñòü, áóëî çàñòîñîâàíî ìå-
òîä ñïëàéí-³íòåðïîëÿö³¿. Öåé àëãîðèòì ãðàô³÷íî-
ãî çãëàäæóâàííÿ äîçâîëèâ àïðîêñèìóâàòè åêñïå-
ðèìåíòàëüí³ òî÷êè ó ñóö³ëüí³ ïëàâíî-êðèâîë³í³éí³
ïîâåðõí³ áåç çàäàííÿ æîðñòêî¿ àíàë³òè÷íî¿ ôîðìè
ð³âíÿííÿ ðåãðåñ³¿. Öå çàáåçïå÷èëî ì³í³ì³çàö³þ

âïëèâó âèïàäêîâèõ â³äõèëåíü âèì³ðþâàíü òà
äîçâîëèëî ÷³òêî â³çóàë³çóâàòè òîïîãðàô³þ ïî-
âåðõîíü. Ó ðåçóëüòàò³ êîæíà ïîâåðõíÿ â³äîáðàæàº
³íòåãðàëüíó çàëåæí³ñòü äîñë³äæóâàíîãî ïîêàçíè-
êà â³ä îäíî÷àñíî¿ çì³íè äâîõ íåçàëåæíèõ
ôàêòîð³â, ùî äàëî çìîãó âñòàíîâèòè çîíè åêñòðå-
ìóì³â òà âèçíà÷èòè îáëàñò³ îïòèìàëüíîãî ñêëàäó
³ òåõíîëîã³÷íèõ ïàðàìåòð³â ìàòåð³àëó.

Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ
Àðîìàòè÷íèé ïîë³àì³ä â³äð³çíÿºòüñÿ äîñèòü

ñêëàäíîþ òåõíîëîã³ºþ ïåðåðîáêè ó âèðîáè, òàê
ÿê â’ÿçê³ñòü ðîçïëàâó éîãî ìàº çíà÷åííÿ ïîðÿäêó
6,8⋅10–6 Ïà⋅ñ, à ³íòåðâàë òåìïåðàòóð ïåðåðîáêè ñòà-
íîâèòü âñüîãî +50Ñ [9]. Ââåäåííÿ êðåìí³éîðãà-
í³÷íîãî ìîäèô³êàòîðà ïðèçâîäèòü äî çíèæåííÿ
åôåêòèâíî¿ â’ÿçêîñò³ ðîçïëàâó ìàéæå íà ïîðÿäîê
(ðèñ. 2).

Ó òåìïåðàòóðí³é îáëàñò³ íèæ÷å 3150Ñ â³äáó-
âàºòüñÿ çíà÷íå çá³ëüøåííÿ â’ÿçêîñò³ ðîçïëàâó,
ÿê³ñòü îòðèìóâàíèõ âèðîá³â ïîã³ðøóºòüñÿ, à ïðè
òåìïåðàòóð³ âèùå 3450Ñ ïî÷èíàºòüñÿ òåðì³÷íà äå-
ñòðóêö³ÿ ïîë³ìåðíîãî ìàòåð³àëó. Òîìó íàéá³ëüø
äîö³ëüíèì º ïðåñóâàííÿ ó òåìïåðàòóðíîìó ä³àïà-
çîí³ 315–3450Ñ. Òåìïåðàòóðíèé ³íòåðâàë ïåðåðîáêè
ðîçøèðþºòüñÿ â³ä +50Ñ äî +150Ñ.

Âèá³ð òèñêó ïðåñóâàííÿ îáóìîâëåíèé çà-
áåçïå÷åííÿì íåîáõ³äíîãî êîíòàêòó ì³æ ðîçïëà-
âëåíèìè ÷àñòèíêàìè ïðåñ-ìàòåð³àëó, ïðè ÿêîìó
âèõîäèòü ìîíîë³òíèé âèð³á ç íåîáõ³äíèì
êîìïëåêñîì âëàñòèâîñòåé. Äëÿ îòðèìàííÿ âèðîá³â
ïðîñòî¿ ôîðìè âñòàíîâëåíî ïèòîìèé òèñê íà ìà-
òåð³àë áëèçüêî 50 ÌÏà.

Âëàñòèâîñò³ êîìïîçèö³éíèõ ïëàñòèê³â íà îñ-
íîâ³ àðîìàòè÷íîãî ïîë³àì³äó çíà÷íîþ ì³ðîþ
âèçíà÷àþòüñÿ ñï³ââ³äíîøåííÿì êîìïîíåíò³â ó ïî-

Ðèñ. 2. Çàëåæí³ñòü óäàðíî¿ â’ÿçêîñò³ (a) òà åôåêòèâíî¿

â’ÿçêîñò³ ðîçïëàâó (ηåô) â³ä ìàñîâî¿ êîíöåíòðàö³¿

äèìåòèëñèëîêñàíó (ω) ó ãðàô³òîíàïîâíåíîìó êîìïîçèò³

íà îñíîâ³ àðîìàòè÷íîãî ïîë³àì³äó
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ë³ìåðí³é ñèñòåì³. Íàïîâíåííÿ ãðàô³òîì çàáåçïå-
÷óº çíèæåííÿ êîåô³ö³ºíòà òåðòÿ ³ ï³äâèùóº çíî-
ñîñò³éê³ñòü. Ãðàô³ò ñòâîðþº òâåðäó ìàñòèëüíó
ïë³âêó ï³ä ÷àñ òåðòÿ, çíèæóº êîåô³ö³ºíò òåðòÿ òà
³íòåíñèâí³ñòü çíîøóâàííÿ â 40–50 ðàç³â, îñîáëè-
âî ó ðåæèì³ òåðòÿ áåç çìàùóâàííÿ. Îïòèìàëüí³
ðåçóëüòàòè äîñÿãàþòüñÿ ïðè êîíöåíòðàö³¿ ãðàô³òó
20%. Ïðè á³ëüøîìó âì³ñò³ ñïîñòåð³ãàºòüñÿ àãðå-
ãàö³ÿ ÷àñòèíîê ³ ïîã³ðøåííÿ ìåõàí³÷íèõ õàðàêòå-
ðèñòèê êîìïîçèòó.

Ââåäåííÿ äî ñêëàäó êîìïîçèö³¿ ãðàô³òó
çíà÷íîþ ì³ðîþ çóìîâëþº ïîë³ïøåííÿ àíòèôðè-
êö³éíèõ âëàñòèâîñòåé, àëå ïðè öüîìó, âíàñë³äîê
îáìåæåííÿ ðóõëèâîñò³ íàäìîëåêóëÿðíèõ ñòðóêòóð,
çá³ëüøóºòüñÿ æîðñòê³ñòü ³ êðèõê³ñòü ìàòåð³àë³â [10].
Çíèæåííÿ âíóòð³øíüîãî íàïðóæåíîãî ñòàíó ïî-
ë³ìåðíî¿ ñèñòåìè äîñÿãàºòüñÿ òèì, ùî ïðèñóòí³ñòü
êðåìí³éîðãàí³÷íîãî ìîäèô³êàòîðà çá³ëüøóº
ðóõëèâ³ñòü ñòðóêòóðíèõ åëåìåíò³â ïîë³ìåðó íà ìåæ³
ðîçä³ëó ç òâåðäèì íàïîâíþâà÷åì, ñïðèÿþ÷è ïî-
ëåãøåííþ ðåëàêñàö³¿ íàïðóæåíü, ùî âèíèêàþòü
÷åðåç â³äì³ííîñò³ ó êîåô³ö³ºíòàõ ë³í³éíîãî òåðì³-
÷íîãî ðîçøèðåííÿ ïîë³àì³äó ³ ãðàô³òó. Çðåøòîþ
öå ïðèçâîäèòü äî çá³ëüøåííÿ ì³öíîñò³ ïîë³-
ìåðíèõ ñèñòåì (ðèñ. 3, 4).

Ïîòðàïëÿþ÷è â çîíó òåðòÿ, íåñóì³ñíèé ç àðî-
ìàòè÷íèì ïîë³àì³äîì êðåìí³éîðãàí³÷íèé ìîäè-
ô³êàòîð äîäàòêîâî ïîëåãøóº ³ ñàì ïðîöåñ òåðòÿ,
ùî ïðèçâîäèòü äî çá³ëüøåííÿ çíîñîñò³éêîñò³ ³ çíè-
æåííÿ êîåô³ö³ºíòà òåðòÿ. Òîìó ï³äâèùåííÿ ïî-
êàçíèê³â ì³öíîñò³ ìîäèô³êîâàíèõ ïîë³ìåðíèõ
ñèñòåì äîäàòêîâî ñïðèÿº ïîë³ïøåííþ ¿õ àíòè-

ôðèêö³éíèõ õàðàêòåðèñòèê.
Ìàñîâà ÷àñòêà ìîäèô³êàòîðà â ãðàô³òîíà-

ïîâíåíèõ ñèñòåìàõ íà îñíîâ³ àðîìàòè÷íîãî ïî-
ë³àì³äó âèùå 3% íå º ðàö³îíàëüíîþ, òàê ÿê ïðè
öüîìó âëàñòèâîñò³ ìàòåð³àëó ïî÷èíàþòü ð³çêî ïî-
ã³ðøóâàòèñÿ (ðèñ. 5, 6). Öå ïîâ’ÿçàíî ç ïðîÿâîì
åôåêòó íåñóì³ñíîñò³ êîìïîíåíò³â, ùî ïðèçâîäèòü
äî ðîçøàðóâàííÿ ôàç ³ ïîÿâè â ñèñòåì³ ì³êðîñêî-
ï³÷íèõ äåôåêò³â ó âèãëÿä³ êðàïåëü íåñóì³ñíî¿ ç
îñíîâîþ êðåìí³éîðãàí³÷íî¿ ð³äèíè.

Êðåìí³éîðãàí³÷íèé ìîäèô³êàòîð ïîðÿä ç
ïîêðàùåííÿì ì³öíîñò³ äîñë³äæóâàíèõ ïîë³ìåðíèõ
ñêëàä³â íå ïîðóøóº çàãàëüíîãî ìåõàí³çìó òåðòÿ òà
çíîøóâàííÿ ãðàô³òîíàïîâíåíîãî àðîìàòè÷íîãî
ïîë³àì³äó, ïîâ’ÿçàíîãî ç óòâîðåííÿì íà ïîâåðõí³
êîíòðò³ëà ïë³âêè, ùî âèêîíóº ôóíêö³þ òâåðäîãî
ìàñòèëà. Ñë³ä çàçíà÷èòè, ùî äîñë³äæóâàí³ ìàòå-
ð³àëè ìàþòü á³ëüø âèñîê³ àíòèôðèêö³éí³ âëàñòè-
âîñò³ â ðåæèì³ òåðòÿ áåç çìàùóâàííÿ. ¯õ âèêî-
ðèñòàííÿ äîçâîëèòü çá³ëüøèòè ðåñóðñ îáëàäíàí-
íÿ, ñïðîñòèòè åêñïëóàòàö³þ òà îòðèìàòè åêîíî-
ì³þ ìàñòèëüíèõ ìàòåð³àë³â.

Ïðè äîñë³äæåíí³ âëàñòèâîñòåé êîìïîçè-
ö³éíîãî ìàòåð³àëó ïðè ï³äâèùåíèõ òåìïåðàòóðàõ
âñòàíîâëåíî, ùî ïîë³ìåðíà ñèñòåìà íà îñíîâ³ àðî-
ìàòè÷íîãî ïîë³àì³äó ³ç ìàñîâîþ êîíöåíòðàö³ºþ
ãðàô³òó 20% òà äèìåòèëñèëîêñàíó 2% çáåð³ãàº äî-
ñèòü ñòàá³ëüí³ ïîêàçíèêè ³íòåíñèâíîñò³ çíîøó-
âàííÿ, êîåô³ö³ºíòà òåðòÿ òà òâåðäîñò³ â ³íòåðâàë³
òåìïåðàòóð äî 2500Ñ, ùî äîçâîëÿº ¿¿ â³äíåñòè äî
ðîçðÿäó òåðìîñò³éêèõ (ðèñ. 7). Ïðè öüîìó ñïîñòå-
ð³ãàºòüñÿ êîðåëÿö³ÿ ì³æ çì³íàìè ìåõàí³÷íèõ òà

Ðèñ. 3. Çàëåæí³ñòü ì³öíîñò³ ïðè ñòèñêàíí³ (σñò) â³ä ìàñîâî¿

êîíöåíòðàö³¿ äèìåòèëñèëîêñàíó (ω1) òà ãðàô³òó (ω2) ó

ãðàô³òîíàïîâíåíîìó êîìïîçèò³ íà îñíîâ³ àðîìàòè÷íîãî

ïîë³àì³äó

Ðèñ. 4. Çàëåæí³ñòü ì³öíîñò³ ïðè çãèíàíí³ (σçã) â³ä ìàñîâî¿

êîíöåíòðàö³¿ äèìåòèëñèëîêñàíó (ω1) òà ãðàô³òó (ω2) ó

ãðàô³òîíàïîâíåíîìó êîìïîçèò³ íà îñíîâ³ àðîìàòè÷íîãî

ïîë³àì³äó
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àíòèôðèêö³éíèõ âëàñòèâîñòåé.
Â ³íòåðâàë³ òåìïåðàòóð äî 1500Ñ ñïîñòåð³-

ãàºòüñÿ äåÿêå ï³äâèùåííÿ òâåðäîñò³ ìàòåð³àëó,
çìåíøåííÿ ³íòåíñèâíîñò³ çíîøóâàííÿ òà êîåô³-
ö³ºíòó òåðòÿ. Öå ïîâ’ÿçàíî ç äåñîðáö³ºþ âîëîãè ç
îá’ºìó ïîë³ìåðíîãî çðàçêà, ùî ïðèçâîäèòü äî
ï³äâèùåííÿ éîãî æîðñòêîñò³ òà çíèæåííÿ äå-
ôîðìàö³éíî¿ çäàòíîñò³. Íàÿâí³ñòü âîëîãè çä³éñíþº
ïîçèòèâíèé âïëèâ íà òåðòÿ òà çíîøóâàííÿ âóãëå-
öåâèõ ìàòåð³àë³â. Ó ïðîöåñ³ åêñïëóàòàö³¿ àðîìà-
òè÷íèé ïîë³àì³ä ñõèëüíèé äî ïîãëèíàííÿ âîëî-
ãè, ùî ñïðèÿº çìåíøåííþ êîåô³ö³ºíòà òåðòÿ òà
³íòåíñèâíîñò³ çíîøóâàííÿ. Ïðè ï³äâèùåíí³
òåìïåðàòóðè ¿¿ ê³ëüê³ñòü çìåíøóºòüñÿ, ùî íåãà-
òèâíî âïëèâàº íà àíòèôðèêö³éí³ ïîêàçíèêè. Ó
ïîäàëüøîìó ç³ çðîñòàííÿì òåìïåðàòóðè ðóõîì³ñòü
ëàíöþã³â ìàêðîìîëåêóë òà çäàòí³ñòü äî äåôîðìó-
âàííÿ ïîë³ìåðíîãî ìàòåð³àëó çá³ëüøóºòüñÿ. ²ñ-
òîòíîãî çíà÷åííÿ äàí³ çì³íè íàáóâàþòü â îáëàñò³
òåìïåðàòóðè ñêëóâàííÿ. Òîìó ó äàí³é îáëàñò³
òåìïåðàòóð ñïîñòåð³ãàºòüñÿ ð³çêå çá³ëüøåííÿ ³í-
òåíñèâíîñò³ çíîøóâàííÿ òà êîåô³ö³ºíòà òåðòÿ ïðè
çíèæåíí³ çíà÷åíü òâåðäîñò³ ïîë³ìåðíîãî ìàòå-
ð³àëó. Öå ï³äêðåñëþº âàæëèâ³ñòü êîíòðîëþ
òåìïåðàòóðíîãî ðåæèìó ïðè åêñïëóàòàö³¿ ðîç-
ðîáëåíèõ êîìïîçèò³â.

Òàêèì ÷èíîì, çàâäÿêè àíàë³çó îòðèìàíèõ
åêñïåðèìåíòàëüíèõ äàíèõ âñòàíîâëåíî, ùî ìîäè-
ô³êàö³ÿ ãðàô³òîíàïîâíåíîãî ôåí³ëîíó ïîë³äèìå-
òèëñèëîêñàíîì ñïðèÿº ï³äâèùåííþ òåõíîëîã³-
÷íîñò³ ïåðåðîáêè ïðåñ-ìàòåð³àëó, à òàêîæ ïîêðà-

ùåííþ ïîêàçíèê³â ì³öíîñò³ ³ àíòèôðèêö³éíèõ
âëàñòèâîñòåé ðîçðîáëåíèõ ïîë³ìåðíèõ ñèñòåì.

Âèñíîâêè

1. Ìîäèô³êàö³ÿ ãðàô³òîíàïîâíåíîãî ôåí³ëî-
íó ïîë³äèìåòèëñèëîêñàíîì çìåíøóº â’ÿçê³ñòü
ðîçïëàâó ïðåñ-ìàòåð³àëó ìàéæå íà ïîðÿäîê òà
ðîçøèðþº òåìïåðàòóðíèé ³íòåðâàë ïåðåðîáêè â³ä
+50Ñ äî +150Ñ, ùî ï³äâèùóº òåõíîëîã³÷í³ñòü
ôîðìóâàííÿ âèðîá³â.

2. Íàéá³ëüø ñïðèÿòëèâèé âïëèâ íà
êîìïëåêñ âëàñòèâîñòåé ôåí³ëîíó íàäàº ââåäåííÿ
äî éîãî ñêëàäó ïîë³äèìåòèëñèëîêñàíó ó ê³ëüêîñò³
2%, çà ÿêîãî äîñÿãàºòüñÿ íàéá³ëüø åôåêòèâíå ïî-
ºäíàííÿ ìåõàí³÷íèõ, äåôîðìàö³éíèõ ³ àíòèôðè-
êö³éíèõ âëàñòèâîñòåé. Ïåðåâèùåííÿ ìàñîâî¿
êîíöåíòðàö³¿ êðåìí³éîðãàí³÷íîãî ìîäèô³êàòîðà â
ìàòåð³àë³ âèùå 3% ïðèçâîäèòü äî ôàçîâî¿
íåîäíîð³äíîñò³ òà ð³çêîãî ïîã³ðøåííÿ åêñïëóàòà-
ö³éíèõ õàðàêòåðèñòèê.

3. Ââåäåííÿ ãðàô³òîâîãî íàïîâíþâà÷à äî àðî-
ìàòè÷íîãî ïîë³àì³äó ñóòòºâî ïîêðàùóº òðèáî-
òåõí³÷í³ õàðàêòåðèñòèêè ðîçðîáëåíîãî êîìïîçèòó.
Ï³ä ÷àñ òåðòÿ ãðàô³ò óòâîðþº òâåðäó ìàñòèëüíó
ïë³âêó íà ïîâåðõí³ êîíòðò³ëà, çíèæóº êîåô³ö³ºíò
òåðòÿ òà ³íòåíñèâí³ñòü çíîøóâàííÿ â 40–50 ðàç³â,
îñîáëèâî ó ðåæèì³ òåðòÿ áåç çìàùóâàííÿ. Îïòè-
ìàëüí³ ðåçóëüòàòè äîñÿãàþòüñÿ ïðè êîíöåíòðàö³¿
ãðàô³òó 20%. Ïðè á³ëüøîìó âì³ñò³ ñïîñòåð³ãàºòü-
ñÿ àãðåãàö³ÿ ÷àñòèíîê ³ ïîã³ðøåííÿ ìåõàí³÷íèõ
õàðàêòåðèñòèê êîìïîçèö³éíîãî ìàòåð³àëó.

4. Âèçíà÷åíà îïòèìàëüíà ïîë³ìåðíà ñèñòåìà

Ðèñ. 5. Çàëåæí³ñòü ³íòåíñèâíîñò³ çíîøóâàííÿ (²) â³ä

ìàñîâî¿ êîíöåíòðàö³¿ äèìåòèëñèëîêñàíó (ω1) òà ãðàô³òó

(ω2) ãðàô³òîíàïîâíåíîìó êîìïîçèò³ íà îñíîâ³

àðîìàòè÷íîãî ïîë³àì³äó

Ðèñ. 6. Çàëåæí³ñòü êîåô³ö³ºíòó òåðòÿ (f) â³ä ìàñîâî¿

êîíöåíòðàö³¿ äèìåòèëñèëîêñàíó (ω1) òà ãðàô³òó (ω2) ó

ãðàô³òîíàïîâíåíîìó êîìïîçèò³ íà îñíîâ³ àðîìàòè÷íîãî

ïîë³àì³äó
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íà îñíîâ³ àðîìàòè÷íîãî ïîë³àì³äó ç äîäàâàííÿì
ãðàô³òó ó êîíöåíòðàö³¿ 20% òà îë³ãîñèëîêñàíó ó
êîíöåíòðàö³¿ 2%, ÿêà ïîºäíóº âèñîêó ì³öí³ñòü,
òåðìîñò³éê³ñòü, íèçüêèé êîåô³ö³ºíò òåðòÿ òà ï³äâè-
ùåíó çíîñîñò³éê³ñòü ïðè òåìïåðàòóðàõ äî 2500Ñ,
ùî ðîáèòü ¿¿ ïåðñïåêòèâíîþ äëÿ âóçë³â òåðòÿ ó
ñêëàäíèõ óìîâàõ åêñïëóàòàö³¿.
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EFFECT OF AN ORGANOSILICON MODIFIER ON THE
PERFORMANCE CHARACTERISTICS OF A GRAPHITE-
FILLED POLYMER COMPOSITE BASED ON
AROMATIC POLYAMIDE

D.V. Kozyrko *, V.I. Sytar, V.S. Molokov, A.O. Nazarenko,
Yu.O. Kudryavtsev

Ukrainian State University of Science and Technologies,
Dnipro, Ukraine

* e-mail: d.v.kozyrko@ust.edu.ua

The influence of polydimethylsiloxane on the technological,
mechanical and tribotechnical properties of composite materials
based on graphite-filled aromatic polyamide has been investigated.
The possibilities of controlling the operational characteristics of
composites under conditions of elevated loads and temperatures
were considered. It is shown that the properties of polymer
composites are determined not only by the chemical composition,
but also by the structural organization of macromolecules and
intermolecular interactions. Modification of a graphite-filled
composite based on aromatic polyamide with
polydimethylsiloxane contributes to a significant decrease in melt
viscosity by almost an order of magnitude and an expansion of
the temperature interval for processing the molded material from
+50C to +150C. It has been established that graphite filling
significantly improves the antifriction properties of the composite
material due to the formation of a solid lubricating film on the
counterbody surface. This leads to a decrease in the coefficient of
friction and wear rate by tens of times, especially under dry
friction conditions; however, the brittleness of the material
increases. The introduction of an organosilicone modifier enhances
both the strength characteristics and antifriction properties of the
graphite-filled aromatic polyamide. The limit mass concentration
of polydimethylsiloxane in the polymer composition is 3%.
Exceeding this concentration results in phase inhomogeneity and
a sharp deterioration in performance characteristics. An optimal
polymer system based on aromatic polyamide containing 20%
graphite and 2% polydimethylsiloxane has been determined. This
system exhibits high tribological and strength properties at
temperatures up to 2500C, confirming the effectiveness of
modification and the prospects of using the developed composites
under severe operating conditions.

Keywords: aromatic polyamide; polydimethylsiloxane;
graphite; polymer composites; melt viscosity; heat resistance;
antifriction properties.

REFERENCES

1. Gallini J. Polyamides, aromatic. In: Encyclopedia of
Polymer Science and Technology. Vol. 3. New York: John Wiley
& Sons; 2005. p. 558-584.

2. Kabat O, Boiko Yu. Polymer-composites based on
aromatic polyamide and aramid fiber for heavy-duty friction and
sealing units. Chem Chem Technol. 2025; 19(2): 335-341.
doi: 10.23939/chcht19.02.335.

3. Kabat O, Girin O, Heti K. Polymer composites based
on aromatic polyamide and fillers of spherical and layered structure
for friction units of high-performance equipment. Proc Inst Mech

Eng L J Mater Des Appl. 2023; 237(11): 2269-2276.
doi: 10.1177/14644207231176796.

4. Tokar AV, Boiko YuV, Kabat OS, Artemov AO.
Kvantovo-khimichni ta eksperymentalni doslidzhennia osoblyvostei
mizhmolekuliarnykh vzaiemodii u kompleksnykh systemakh
«aromatychnyi poliamid–aramidne volokno–sylikahel» [Quantum-
chemical and experimental studies of the features of intermolecular
interactions in complex systems «aromatic polyamide-aramid fiber-
silica gel»]. J Chem Technol. 2025; 33(3): 890-900. (in Ukrainian).
doi: 10.15421/jchemtech.v33i3.337894.

5. Kabat O, Sytar V, Sukhyy K. Antifrictional
polymer composites based on aromatic polyamide and
carbon black. Chem Chem Technol. 2018; 12(3): 326-330.
doi: 10.23939/chcht12.03.326.

6. Ji X, Wang H, Ma X, Hou C, Ma G. Progress in
polydimethylsiloxane-modified waterborne polyurethanes. RSC

Adv. 2017; 7: 34086-34095. doi: 10.1039/c7ra05738e.

7. Garcia JM, Garcia FC, Serna F, de la Pena JL.
High-performance aromatic polyamides. Prog Polym Sci. 2010;
35(5): 623-686. doi: 10.1016/j.progpolymsci.2009.09.002.

8. Vaia RA, Dudis D, Henes J. Chain conformation and
flexibility of thorny rod polymers. Polymer. 1998; 39(24): 6021-
6036. doi: 10.1016/S0032-3861(98)00113-X.

9. Sytar VI, Klimenko AV, Burmistr MV, Dudka AN.
Developing heat-resistant antifriction phenilone-based coatings
with enhanced adhesion characteristics. J Frict Wear. 2014; 35:
210-214. doi: 10.3103/S1068366614030155.

10. Sytar V, Kozyrko D, Kabat O, Nazarenko A.
Development of polymer composite materials for friction elements
of conveyor equipment. Technology Audit and Production Reserves.
2025; 4(3): 26-31. doi: 10.15587/2706-5448.2025.334018.


