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Íå³çîòåðì³÷íà êðèñòàë³çàö³ÿ ÷èñòîãî ³çîòàêòè÷íîãî ãîìîïîë³ìåðó ïîë³ïðîï³ëåíó ³
íàíîêîìïîçèò³â, ùî ì³ñòÿòü 0,2÷1,0 % àåðîñèëó, äîñë³äæåíî ñòàíäàðòíèì ìåòîäîì ÄÑÊ ïðè
îõîëîäæåíí³ ñèñòåì ³ç ðîçïëàâó ç ïîñò³éíîþ øâèäê³ñòþ. Àíàë³ç ïàðàìåòð³â êðèñòàëîóòâîðåííÿ,
îòðèìàíèõ ³ç çàëåæíîñòåé øâèäêîñò³ îõîëîäæåííÿ ³ ïëîù ï³ä åêçîòåðìàìè êðèñòàë³çàö³¿,
ïîêàçàâ çá³ëüøåííÿ áàð’ºðó êðèñòàëîóòâîðåííÿ äëÿ ëàìåëÿðíî¿ êðèñòàë³çàö³¿ ïîë³ïðîï³ëåíó â
ïðîñòîð³ ì³æ ñóñ³äí³ìè íàíî÷àñòèíêàìè íåñê³í÷åííîãî êëàñòåðà íàíîêîìïîçèòó, ùî â³äïîâ³äàº
ñèëüíîìó îáìåæåííþ òðàíñïîðòó ñåãìåíò³â ëàíöþãà ïîë³ïðîï³ëåíó â îáëàñò³ êðèñòàë/ðîçïëàâ.
Äàí³ âàëîâî¿ êðèñòàë³çàö³¿ íàíîíàïîâíåíîãî ïîë³ïðîï³ëåíó ï³äòâåðäèëè ïðèïóùåííÿ, ùî
êðèñòàë³çàö³ÿ â³äáóâàºòüñÿ çà äâîìà ìåõàí³çìàìè: ïî÷àòêîâî¿ êðèñòàë³çàö³¿ (íåçáóðåíî¿) ³
âòîðèííî¿ (çáóðåíî¿, îáìåæåíî¿).

Êëþ÷îâ³ ñëîâà: ê³íåòèêà êðèñòàë³çàö³¿, íàíîêîìïîçèòè, ïîêàçíèê Àâðàì³, àåðîñèë, ïîë³ïðîï³ëåí.

Âñòóï.
Ïîë³ìåðí³ íàíîêîìïîçèòè, ÿê íîâèé êëàñ ìàòåð³-

àë³â, º îá’ºêòàìè ³íòåíñèâíèõ äîñë³äæåíü ïðîòÿãîì
îñòàííüîãî äåñÿòèë³òòÿ [1]. Çðîñòàííÿ ³íòåðåñó äî âèâ-
÷åííÿ òàêèõ ñèñòåì ïîÿñíþºòüñÿ òèì, ùî âîíè ìàþòü
êðàùó ìåõàí³÷íó ñò³éê³ñòü ³ âèùó òåðìîñòàá³ëüí³ñòü ó
ïîð³âíÿíí³ ç íåíàïîâíåíèìè ïîë³ìåðàìè. Ïîêðàùåí-
íÿ õàðàêòåðèñòèê ïîë³ìåðó â³äáóâàºòüñÿ âæå ïðè ââå-
äåíí³ ìàëî¿ ê³ëüêîñò³ íàïîâíþâà÷à (~1–2 %) [2].

Â³äîìî, ùî äåÿê³ íåîðãàí³÷í³ íàïîâíþâà÷³, ÿê³ äè-
ñïåðãîâàí³ ó ïîë³ìåðíó ìàòðèöþ, çàçâè÷àé ñëóãóþòü
íóêëåàö³éíèìè àãåíòàìè, òîáòî öåíòðàìè, ÿê³ ïðèñêî-
ðþþòü êðèñòàë³çàö³þ [3, 4]. Òîìó, çàëåæí³ñòü êðèñòàë³-
çàö³¿ òåðìîïëàñòè÷íèõ ïîë³ìåð³â â³ä óìîâ ââåäåííÿ òà
õàðàêòåðó ðîçïîä³ëó íàïîâíþâà÷à ïðè âèãîòîâëåíí³
íàíîêîìïîçèò³â º íàäçâè÷àéíî âàæëèâîþ õàðàêòåðèñ-
òèêîþ. Òàê, âïëèâ íàíîíàïîâíþâà÷à íà êðèñòàë³çàö³þ
ïîë³ìåðó äîñë³äæåíî ó ðîáîò³ [5] íà ïðèêëàä³ ñèñòåìè
ïîë³åòèëåí (ÏÅ)–íàíîãëèíà. Ïîêàçàíî, ùî íàíîãëèíà
ïðèñêîðþº óòâîðåííÿ çàðîäê³â êðèñòàë³çàö³¿ ³ ñïðè÷è-
íÿº ñôåðè÷íèé ð³ñò êðèñòàë³ò³â, ïðè÷îìó öåé åôåêò
á³ëüø âèðàæåíèé çà íèçüêîãî âì³ñòó íàíîíàïîâíþâà-
÷à. Ó ðîáîò³ [6] îòðèìàí³ ïîä³áí³ åôåêòè äëÿ ñèñòåìè
íà îñíîâ³ ÏÅ òà îäíîøàðîâèõ âóãëåöåâèõ íàíîòðóáîê
(ÂÍÒ). Òàêîæ áóëà çàô³êñîâàíà âèñîêà íóêëåàö³éíà

àêòèâí³ñòü ÂÍÒ, ÿê³ ñïðèÿëè çðîñòàííþ øâèäêîñò³ êðè-
ñòàë³çàö³¿ òà ïðèâîäèëè äî çíèæåííÿ ðîçì³ðíîñò³ êðèñ-
òàë³ò³â ç³ ñôåðè÷íî¿ íà äèñêîïîä³áíó. Ó ðîáîò³ [7], äëÿ
ñèñòåìè ïîë³ïðîï³ëåí–íàíîøàðóâàòèé ã³äðîòàëüöèò
áóëî ïîêàçàíî, ùî ââåäåííÿ íàïîâíþâà÷à ïðèâîäèòü
äî çðîñòàííÿ êðèñòàë³÷íîñò³ òà ïðèñêîðåííÿ ðîñòó ñôå-
ðîë³ò³â. Ó ðîáîò³ [8] íà ïðèêëàä³ ñèñòåìè ÏÅ–ÂÍÒ ïî-
êàçàíî, ùî ââåäåííÿ íàíîíàïîâíþâà÷à ñïðè÷èíÿëî
ï³äâèùåííÿ òåìïåðàòóðè ³ çíèæåííÿ åíåðã³¿ àêòèâàö³¿
ïðè êðèñòàë³çàö³¿. Êð³ì òîãî, çíà÷åííÿ ïîêàçíèê³â Àâ-
ðàì³ áóëè íèæ÷èìè äëÿ íàíîêîìïîçèò³â ïîð³âíÿíî ç
íåíàïîâíåíèì ÏÅ. Ââåäåííÿ ÂÍÒ ïðèñêîðþâàëî êðèñ-
òàë³çàö³þ ÏÅ, çìåíøóþ÷è ðîçì³ðè êðèñòàë³ò³â ³ çì³íþ-
þ÷è ¿õ ìîðôîëîã³þ.

Îäíàê, ÷åðåç íèçüêó ù³ëüí³ñòü êîíöåíòðàö³éíèõ
ðÿä³â äåÿê³ åôåêòè âïëèâó íàíîíàïîâíþâà÷à íà ìåõà-
í³çìè êðèñòàë³çàö³¿ çàëèøàþòüñÿ íå âèâ÷åíèìè. Òîìó
ìåòîþ ö³º¿ ðîáîòè áóëî âèâ÷åííÿ âïëèâó íàïîâíþâà÷à
íà ìåõàí³çìè êðèñòàëîóòâîðåííÿ ³ ð³ñò êðèñòàë³â ó ïå-
ðåîõîëîäæåíîìó ðîçïëàâ³ íàíîêîìïîçèòó ïîë³ïðîï³-
ëåí–àåðîñèë.
Åêñïåðèìåíòàëüíà ÷àñòèíà.

Äëÿ äîñë³äæåííÿ ê³íåòèêè êðèñòàë³çàö³¿ íàíîêîìïî-
çèò³â âèêîðèñòîâóâàëè ñèñòåìè íà îñíîâ³ ïîë³ïðîï³ëåíó
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(ÏÏ) òà ï³ðîãåííîãî àåðîñèëó.
Ïîë³ïðîï³ëåí Mw = 300000 áóâ îáðàíèé ïîë³ìåð-

íîþ ìàòðèöåþ. Ï³ðîãåííèé àåðîñèë (À-175) âèðîá-
íèöòâà Ltd. «Evonik» (Í³ìå÷÷èíà). Ïèòîìà ïîâåðõíÿ
175 ì2/ã, çîâí³øí³é ä³àìåòð <d> ≈  40 íì. Çðàçêè áóëè
âèãîòîâëåí³ ìåòîäîì çì³øóâàííÿ ó ðîçïëàâ³ çà òåìïå-
ðàòóðè 200 °Ñ çà äîïîìîãîþ åêñòðóäåðà. Âì³ñò íàïîâ-
íþâà÷à ñòàíîâèâ 0,2÷1,0 % ìàñ. (äàë³ %).

Ê³íåòèêó íå³çîòåðì³÷íî¿ êðèñòàë³çàö³¿ âèâ÷àëè çà
äîïîìîãîþ åêçîòåðì êðèñòàë³çàö³¿, ÿê³ îòðèìóâàëè,
âèêîðèñòîâóþ÷è äèôåðåíö³àëüíèé ñêàíóâàëüíèé êà-
ëîðèìåòð Perkin Elmer DSC-2 (ìîäèô³êîâàíèé òà îñíà-
ùåíèé ïðîãðàìíèì çàáåçïå÷åííÿì IFA GmbH, Ulm).
Êîæåí çðàçîê ïåðåä îõîëîäæåííÿì ïîïåðåäíüî íà-
ãð³âàëè ïðèáëèçíî íà 50 Ê âèùå çà òåìïåðàòóðó ïëàâ-
ëåííÿ (Òò ≈  440 Ê), âèòðèìóâàëè 3 õâ, à ïîò³ì îõîëîäæó-
âàëè ó ñòàíäàðòíîìó ðåæèì³ ÄÑÊ äî Ò = 360 Ê çà îäí³º¿
ç ï’ÿòè øâèäêîñòåé υ êð (â³ä 0,5 äî 20,0 Ê/õâ).
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Ïàðàìåòðè êðèñòàëîóòâîðåííÿ.
Åêçîòåðìè êðèñòàë³çàö³¿ äëÿ íåíàïîâíåíîãî ÏÏ ³

íàíîêîìïîçèò³â, ÿê³ ì³ñòÿòü ð³çíó ê³ëüê³ñòü àåðîñèëó

(ðèñ. 1), â³äðàõîâóâàëè â³ä òåìïåðàòóðè ïî÷àòêó (òîá-
òî, ïî÷àòêó êðèñòàëîóòâîðåííÿ) êðèñòàë³çàö³¿ (TN) ³ ïðî-
õîäèëè ÷åðåç òåìïåðàòóðó ìàêñèìàëüíî¿ øâèäêîñò³
êðèñòàë³çàö³¿ (Tmax); ÿê î÷³êóºòüñÿ, TN ³ Tmax çìåíøèëèñÿ
ç³ çá³ëüøåííÿì øâèäêîñò³ îõîëîäæåííÿ q–.

ßê ïîêàçàíî â [9–11], çàëåæíîñò³ øâèäêîñò³ îõîëîä-
æåííÿ â³ä TN ïîâèíí³ çàäîâîëüíÿòè òàêå ð³âíÿííÿ:

ln{q–[(m+1)TN – Tm
0](Tm

0)m/TN
2(∆T)m+1} =

= ln(Km/am) -am(Tm
0)m/TN(∆T)m ,

äå: Tm
0 – ð³âíîâàæíà òåìïåðàòóðà ïëàâëåííÿ; ∆Hm

0 –
â³äïîâ³äíà åíòàëüï³ÿ ïëàâëåííÿ “íåñê³í÷åííî âåëèêèõ”
êðèñòàë³â ïîë³ìåðó; ∆T = Tm

0 - TN – ñòóï³íü ïåðåîõîëîä-
æåííÿ; am = Zm / k(∆Hm

0)m – çâåäåíèé ïàðàìåòð íóêëå-
àö³¿; m – áåçðîçì³ðíå ö³ëå, ùî çàëåæèòü â³ä ðîçì³ðíîñò³
êðèñòàëîóòâîðåííÿ (òîáòî m = 1, 2 ÷è 4 äëÿ âèïàäê³â
ïîâåðõíåâî¿, äâîâèì³ðíî¿ íóêëåàö³¿; áëîêîâî¿, ÷è òðè-
âèì³ðíî¿ íóêëåàö³¿; êðèñòàëîóòâîðåííÿ â íàïðóæåí³é
ìàòðèö³ â³äïîâ³äíî); Zm – áàð’ºð êðèñòàëîóòâîðåííÿ;
Km ~ exp(-∆E/kTN) – çâåäåíèé òðàíñïîðòíèé áàð’ºð (çà-
çâè÷àé ïðèéíÿòèé òåìïåðàòóðíî-íåçàëåæíèì â îáëàñò³
Tm

0); ∆E – â³äïîâ³äíà åíòàëüï³ÿ àêòèâàö³¿; k – ñòàëà Áîëü-
öìàíà. Íà ðèñ. 2 çìîäåëüîâàíà êðèñòàë³çàö³ÿ äëÿ äâîõ
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Ðèñ. 1. Åêçîòåðìè êðèñòàë³çàö³¿ äëÿ íåíàïîâíåíîãî ÏÏ (à) òà íàíîêîìïîçèò³â, ÿê³ ì³ñòÿòü: 0,2 (á), 0,3 (â) ³ 1,0 %

àåðîñèëó (ã); ÷èñëà á³ëÿ êðèâèõ ÄÑÊ âêàçóþòü â³äïîâ³äí³ øâèäêîñò³ îõîëîäæåííÿ (ó K/õâ)

(1)
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ìîäåëåé íóêëåàö³¿. Äëÿ êîæíîãî çðàçêà êîðåëÿö³ÿ äà-
íèõ äëÿ îáîõ ðåæèì³â êðèñòàë³çàö³¿ áóëà äîïóñòèìà (êî-
åô³ö³ºíòè êîðåëÿö³¿ R > 0,91) (ó ðîçðàõóíêàõ ïðèéíÿòà
Tm

0 = 461 K [12]).
Á³ëüø âèñîê³ çíà÷åííÿ àì äëÿ íàíîêîìïîçèòó ïðè-

ïóñêàþòü íåâåëèêå çá³ëüøåííÿ áàð’ºðó êðèñòàëîóòâî-
ðåííÿ äëÿ ëàìåëÿðíî¿ êðèñòàë³çàö³¿ ÏÏ â îá’ºì³, îáìå-
æåíîìó äâîìà ñóñ³äí³ìè íàíî÷àñòèíêàìè íåñê³í÷åí-
íîãî êëàñòåðà, ó òîé ÷àñ ÿê íèæ÷³ çíà÷åííÿ Êì (à, îòæå,
âåëèê³ çíà÷åííÿ ∆E), éìîâ³ðíî, ïîâ’ÿçàí³ ç îáìåæåííÿ-
ìè òðàíñïîðòó ñåãìåíò³â ÏÏ ÷åðåç ïîâåðõíþ ðîçä³ëó
ðîçïëàâ/êðèñòàë. Îòðèìàí³ ðåçóëüòàòè ï³äòâåðäæóþòü
ñï³â³ñíóâàííÿ â ïåðåîõîëîäæåíîìó ðîçïëàâ³ íàíîêîì-
ïîçèòó ïåðâèííèõ îáëàñòåé êðèñòàëîóòâîðåííÿ, õàðàê-
òåðíèõ äëÿ ÷èñòîãî ÏÏ ³ îáëàñòåé êðèñòàëîóòâîðåííÿ
³íøî¿ ïðèðîäè.

Ê³íåòèêà êðèñòàë³çàö³¿.
Ãëàäê³ óí³ìîäàëüí³ åêçîòåðìè êðèñòàë³çàö³¿ äëÿ íå-

íàïîâíåíîãî ÏÏ (ðèñ. 1à) áóëè ïðîàíàë³çîâàí³ â ðàìêàõ
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Ðèñ. 2. Çá³ãè åêñïåðèìåíòàëüíèõ çíà÷åíü TN çà ð³çíèõ øâèäêîñòåé îõîëîäæåííÿ ç ð³âíÿííÿ (1) äëÿ íåíàïîâíåíîãî
ÏÏ (íåçàôàðáîâàí³ êâàäðàòè) òà ÏÏ+1 % àåðîñèëó (çàôàðáîâàí³ êâàäðàòè), äå m = 1 (à) òà m = 2 (á)

ñòàíäàðòíîãî ð³âíÿííÿ Êîëìîãîðîâà–Àâðàì³ [9, 10, 12]:
α(θ) = 1 – exp[-Knθ

n],
äå: α(θ) – îá’ºìíà ÷àñòêà ðîçïëàâó, ùî ïåðåéøëà ó êðè-
ñòàë çà ïðèâåäåíèé ÷àñ θ (ó K); Kn – åôåêòèâíà êîíñòàí-
òà øâèäêîñò³ (ó K-n); n – áåçðîçì³ðíèé ïàðàìåòð ôîð-
ìè. ßê âèäíî ç ðèñ. 3, åêñïåðèìåíòàëüí³ äàí³ çà âñ³õ
øâèäêîñòåé îõîëîäæåííÿ (q–) â³äïîâ³äàþòü ð³âíÿííþ
(3), ÿê âèäíî ³ç íàäçâè÷àéíî íèçüêèõ çíà÷åíü ñòàòèñ-
òè÷íîãî ïàðàìåòðà (χ2) (òàáëèöÿ). Á³ëüø³ñòü ðîçðàõóí-
êîâèõ çíà÷åíü íåö³ëî÷èñåëüíîãî ïàðàìåòðà ôîðìè n
ëåæàòü ó â³äíîñíî âóçüêîìó ³íòåðâàë³ ì³æ 4 ³ 5, ùî â³äïî-
â³äàº ïðèïóùåííþ ïðî ³äåíòè÷íèé ìåõàí³çì êðèñòàëî-
óòâîðåííÿ ³ çðîñòàííÿ êðèñòàë³â ó âñüîìó ä³àïàçîí³ çíà-
÷åíü q–. Ôàêòè÷íî, ñóäÿ÷è ç â³äïîâ³äíîãî çíà÷åííÿ χ2

(òàáëèöÿ), ÿê³ñòü çá³ãó äàíèõ ïîì³òíî íå ïîã³ðøèëàñÿ,
êîëè íåö³ëî÷èñåëüíèé ïàðàìåòð n áóâ çì³íåíèé íà ö³ëå
çíà÷åííÿ n = 5.

Íà â³äì³íó â³ä íåíàïîâíåíîãî ÏÏ, åêçîòåðìè êðèñòà-
ë³çàö³¿ äëÿ ñèñòåìè ÏÏ+1 % àåðîñèëó (ðèñ. 1ã) âèÿâèëèñÿ
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Ðèñ. 3. Â³äïîâ³äí³ñòü åêñïåðèìåíòàëüíèõ åêçîòåðì äëÿ íåíàïîâíåíîãî ÏÏ ç ð³âíÿííÿ (2) çà øâèäêîñò³
îõîëîäæåííÿ 0,5 (a) òà 20 K/õâ (á)

θ, Ê θ, Ê

α

(2)
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íå ò³ëüêè çíà÷íî øèðøèìè, àëå òàêîæ ³ á³ìîäàëüíèìè
(îñîáëèâî çà âèñîêèõ øâèäêîñòåé îõîëîäæåííÿ). Êð³ì
òîãî, çíà÷åííÿ ïàðàìåòðà n çìåíøèëèñÿ, ¿õ ðîçêèä
çá³ëüøèâñÿ ³ â³äïîâ³äí³ñòü äàíèõ ð³âíÿííÿ (2) ïîã³ðøè-
ëàñü (òîáòî χ2 ïàðàìåòð ð³çêî çá³ëüøèâñÿ) ç ðîñòîì q–

(ðèñ. 4 ³ òàáëèöÿ). Ö³ ðåçóëüòàòè ðîçãëÿäàëè ÿê äîêàç
ïðèéíÿòîãî ñï³â³ñíóâàííÿ äâîõ ïðèíöèïîâî ð³çíèõ ïî-
âåðõîíü êðèñòàëîóòâîðåííÿ â ïåðåîõîëîäæåíîìó ðîç-
ïëàâ³ ÏÏ íàíîêîìïîçèòó. Òîìó, åêñïåðèìåíòàëüí³ äàí³
äëÿ ñèñòåìè, ÿêà ì³ñòèòü 1 % àåðîñèëó, ðîçãëÿäàëè, ïðè-
ïóñêàþ÷è, ùî ñóìàðíèé ñòóï³íü ïåðåòâîðåííÿ ïîë³ìåðó

q¯ / 
K õâ-1 

Ð³âíÿííÿ (2) Ð³âíÿííÿ (2a) Ð³âíÿííÿ (2á) 

n 105 Kn / K-n 105 χ2 f n'' 105 

Kn’’/K-n’’ 
105 

χ2 f 105 

Kn’/ K-5 n'' θ''/ K 105 

χ2 
ÏÏ 

0,5 5,1 5 24          
1 5,1 12 17          
2 5,0 16 12          
5 4,9 13 5          
10 4,9 24 5          
20 4,7 19 18          

ÏÏ+0,2% àåðîñèëó 
0,5 4,9 213 78 0,78 4,6 689 37 0,77 12 4,5 2,1 5 
1 4,9 205 67 0,78 4,4 622 39 0,76 14 4,5 1,8 10 
2 4,8 195 75 0,79 4,2 751 24 0,76 16 4,3 1,6 4 
5 4,8 168 64 0,82 4,1 730 15 0,80 23 4,2 1,9 2 
10 4,6 154 61 0,80 4,0 690 23 0,81 21 4,1 1,6 3 
20 4,5 148 64 0,81 4,0 630 27 0,82 23 4,1 1,4 4 

ÏÏ+1% àåðîñèëó 
0,5 5,0 243 81 0,79 3,3 597 29 0,76 3 3,2 1,9 6 
1 5,0 216 84 0,79 3,3 589 31 0,79 2 3,2 1,9 6 
2 4,8 203 74 0,77 3,2 524 21 0,82 3 3,1 2,0 8 
5 4,8 201 75 0,83 3,1 536 40 0,81 9 3,0 1,6 9 
10 4,6 197 62 0,81 3,1 519 23 0,81 8 3,0 1,4 8 
20 4,5 164 59 0,82 3,0 504 34 0,84 6 2,9 1,8 2 

Òàáëèöÿ. Ïàðàìåòðè ñòðóêòóðîóòâîðåííÿ äëÿ ð³âíÿíü (2), (2a) òà (2á)

º ñóïåðïîçèö³ºþ äâîõ âíåñê³â, êîæåí ç ÿêèõ îïèñóºòüñÿ
îêðåìèì ð³âíÿííÿì (2) ³ç âëàñíî¿ åôåêòèâíî¿ ïîñò³éíî¿
øâèäêîñò³ ³ ïàðàìåòðîì ôîðìè [13]:

( ) ( ) ( ) ( )1 1 1
' "' n " n

n na f exp K f exp Kθ θ θ   = − − + − − −    . (2a)

Ó ð³âíÿíí³ (2a), f ³ (1 – f) – âíåñêè ïåðøîãî ³ äðóãîãî
ìåõàí³çì³â (ñèìâîëè ç îäíèì ³ äâîìà øòðèõàìè â³äïî-
â³äíî); çíà÷åííÿ ïàðàìåòð³â ìåòîäó íàéìåíøèõ êâàä-
ðàò³â ïîêàçàí³ â òàáëèö³ (ó ðîçðàõóíêàõ ïðèéíÿòå n’ = 5
äëÿ âñ³õ øâèäêîñòåé îõîëîäæåííÿ). ßê ³ î÷³êóâàëîñÿ,
â³äïîâ³äí³ñòü äàíèõ ç ð³âíÿííÿ (2a) ñòàëî çíà÷íî
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Ðèñ. 4. Â³äïîâ³äí³ñòü åêñïåðèìåíòàëüíèõ åêçîòåðì äëÿ ÏÏ+1 % àåðîñèëó ç ð³âíÿííÿ (2) (ñóö³ëüí³ ë³í³¿), (2a)
(ïóíêòèðí³ ë³í³¿) ³ (2á) (øòðèõ-ïóíêòèðíà ë³í³ÿ) çà øâèäêîñò³ îõîëîäæåííÿ 0,5 (a) òà 20,0 K/õâ (á)
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êðàùèì (ðèñ. 4 ³ òàáëèöÿ). Î÷åâèäíî, ïîõîäæåííÿ ö³º¿
íåâ³äïîâ³äíîñò³ çàêëàäåíå ó ð³âíÿííÿ (2a) ÷åðåç îäíî-
÷àñíèé ïî÷àòîê îáîõ òèï³â êðèñòàëîóòâîðåííÿ, òîä³ ÿê
âèä åêçîòåðì êðèñòàë³çàö³¿ äëÿ ÏÏ, íàïîâíåíîãî 1 %
àåðîñèëó (çîêðåìà ïîÿâà äðóãîãî ï³êà çà âèñîêèõ q– íà
ðèñ. 1ã) ïîêàçóº, ùî ïî÷àòîê äðóãîãî ìåõàí³çìó òðîõè
â³äñòàº çà ÷àñîì.

Äëÿ ïîÿñíåííÿ öüîãî çàï³çíåííÿ ð³âíÿííÿ (2a) áóëî
ïåðåïèñàíî ç³ çì³íîþ ïàðàìåòðà θ” [3]:

 
( ) ( ) ( ) ( )

"
'' " "1 exp 1 1 exp

nn
n na f K f Kθ θ θ θ   = − − + − − − −       . (2á)

ßê âèäíî ç ðèñ. 4 ³ òàáëèö³, åêñïåðèìåíòàëüí³ äàí³
äëÿ ÏÏ + 1 % àåðîñèëó äëÿ âñ³õ øâèäêîñòåé îõîëîäæåí-
íÿ ùîíàéêðàùå çàäîâîëüíÿþòü ð³âíÿííÿ (3á), äå çíà-
÷åííÿì ïàðàìåòð³â ìîæíà íàäàòè ô³çè÷íó ³íòåðïðåòà-
ö³þ. Ôàêòè÷íî, íèçüê³ çíà÷åííÿ n”, ùî êîëèâàþòüñÿ
áëèçüêî 3, º íàñë³äêîì çíà÷íèõ ñòåðè÷íèõ ïåðåøêîä äëÿ
äðóãîãî ìåõàí³çìó êðèñòàëîóòâîðåííÿ (ó ïîð³âíÿíí³ ç
n’ = 5 äëÿ áåçïåðåøêîäíîãî êðèñòàëîóòâîðåííÿ, ïðèé-
íÿòîãî äëÿ ïåðøîãî ìåõàí³çìó); â ðåçóëüòàò³, ìàéæå äëÿ
âñ³õ øâèäêîñòåé îõîëîäæåííÿ (êð³ì âèïàäêó q

– = 10 K/õâ)
ïî÷àòîê äðóãîãî ìåõàí³çìó çì³ùåíèé íà θ” = 1-2 K ó
á³ê íèçüêèõ òåìïåðàòóð.

Ñë³ä çàçíà÷èòè, ùî çà äðóãî¿ ñòàä³¿ êðèñòàë³çàö³¿ åêñ-
ïåðèìåíòàëüí³ åêçîòåðìè êðèñòàë³çàö³¿ ðîçãëÿäàëè â
ïðèïóùåíí³ íàÿâíîñò³ äâîõ ìåõàí³çì³â êðèñòàëîóòâî-
ðåííÿ, ïåðøèé ç ÿêèõ ïîâ’ÿçàíèé ç êðèñòàë³çàö³ºþ âëàñ-
íå ïîë³ìåðíî¿ ìàòðèö³ (ùî ðåàë³çóºòüñÿ íà ôëóêòóàö³-
ÿõ ãóñòèíè ïîë³ìåðó) ³ äðóãèé – ç êðèñòàë³çàö³ºþ,

öåíòðàìè ÿêî¿ ñòàþòü ÷àñòèíêè íàïîâíþâà÷à. Îòðèìàí³
äàí³ (òàáëèöÿ) ñâ³ä÷àòü ïðî òå, ùî äëÿ êîìïîçèò³â íà
îñíîâ³ ÏÏ, íàïîâíåíèõ 0,2 ³ 1,0 % àåðîñèëó, ðåàë³çó-
þòüñÿ ìåõàí³çìè íàïðóæåíî¿ ìàòðèö³ ³ îá’ºìíèé (òðè-
âèì³ðíèé) â³äïîâ³äíî.
Âèñíîâêè.

Ó ðåçóëüòàò³ ïðîâåäåíî¿ ðîáîòè âèâ÷åíî âïëèâ
íàïîâíþâà÷à íà ìåõàí³çìè êðèñòàëîóòâîðåííÿ ³ ð³ñò
êðèñòàë³â ó ïåðåîõîëîäæåíîìó ðîçïëàâ³ íàíîêîìïî-
çèòó ïîë³ïðîï³ëåí–àåðîñèë. Àíàë³ç ïàðàìåòð³â êðèñ-
òàëîóòâîðåííÿ, îòðèìàíèõ ³ç çàëåæíîñòåé øâèäêîñò³
îõîëîäæåííÿ çðàçê³â â³ä ïëîù ï³ä åêçîòåðìàìè êðèñòà-
ë³çàö³¿, ïîêàçàâ çá³ëüøåííÿ áàð’ºðó êðèñòàëîóòâîðåí-
íÿ ëàìåëÿðíî¿ êðèñòàë³çàö³¿ ÏÏ â îá’ºì³ ì³æ ñóñ³äí³ìè
íàíî÷àñòèíêàìè íåñê³í÷åííîãî êëàñòåðà íàíîêîìïî-
çèòó, ùî â³äïîâ³äàº ñèëüíèì îáìåæåííÿì òðàíñïîðòó
ñåãìåíò³â ÏÏ ÷åðåç ïîâåðõíþ ðîçä³ëó ðîçïëàâ/êðèñ-
òàë³ò. Ê³íåòèêà êðèñòàë³çàö³¿ äëÿ ñèñòåìè, ÿêà ì³ñòèòü
1 % àåðîñèëó, ï³äòâåðäèëà ïðèïóùåííÿ ïðî ñóïåðïî-
çèö³þ âíåñê³â ïî÷àòêîâîãî (áåçïåðåøêîäíîãî), ³ âòî-
ðèííîãî (îáìåæåíîãî) ìåõàí³çì³â êðèñòàëîóòâîðåííÿ
â³äïîâ³äíî. Îòðèìàí³ ðåçóëüòàòè ï³äòâåðäèëè ñï³â³ñíó-
âàííÿ â ïåðåîõîëîäæåíîìó ðîçïëàâ³ ÏÏ íàíîêîìïî-
çèòó ïî÷àòêîâîãî ìåõàí³çìó êðèñòàëîóòâîðåííÿ, õàðàê-
òåðíîãî äëÿ íåíàïîâíåíîãî ÏÏ, ³ ïðèíöèïîâî ³íøèõ
îáëàñòåé êðèñòàëîóòâîðåííÿ. Äëÿ êîìïîçèò³â íà îñíîâ³
ÏÏ, íàïîâíåíèõ 0,2 ³ 1,0 % àåðîñèëó ðåàë³çîâàí³ ìåõà-
í³çìè íàïðóæåíî¿ ìàòðèö³ ³ îá’ºìíèé (òðèâèì³ðíèé)
â³äïîâ³äíî.
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Íåèçîòåðìè÷åñêàÿ êðèñòàëëèçàöèÿ ÷èñòîãî èçîòàêòè÷åñêîãî ãîìîïîëèìåðà ïîëèïðîïèëåíà è
íàíîêîìïîçèòîâ, ñîäåðæàùèõ 0,2 ÷ 1,0 % àýðîñèëà, áûëà èññëåäîâàíà ñòàíäàðòíûì ìåòîäîì
ÄÑÊ ïðè îõëàæäåíèè ñèñòåì ñ ðàñïëàâà ñ ïîñòîÿííîé ñêîðîñòüþ. Àíàëèç ïàðàìåòðîâ
êðèñòàëëîîáðàçîâàíèÿ, ïîëó÷åííûõ èç çàâèñèìîñòåé ñêîðîñòè îõëàæäåíèÿ è ïëîùàäåé ïîä
ýêçîòåðìàìè êðèñòàëëèçàöèè, ïîêàçàë óâåëè÷åíèå áàðüåðà êðèñòàëëîîáðàçîâàíèÿ äëÿ
ëàìåëÿðíîé êðèñòàëëèçàöèè ïîëèïðîïèëåíà â ïðîñòðàíñòâå ìåæäó ñîñåäíèìè íàíî÷àñòèöàìè
áåñêîíå÷íîãî êëàñòåðà íàíîêîìïîçèòà, ÷òî ñîîòâåòñòâóåò ñèëüíîìó îãðàíè÷åíèþ òðàíñïîðòà
ñåãìåíòîâ öåïè ïîëèïðîïèëåíà â îáëàñòè êðèñòàëë/ðàñïëàâ. Äàííûå âàëîâîé êðèñòàëëèçàöèè
íàíîíàïîëíåííîãî ïîëèïðîïèëåíà ïîäòâåðäèëè ïðåäïîëîæåíèå, ÷òî êðèñòàëëèçàöèÿ
ïðîèñõîäèò ïî äâóì ìåõàíèçìàì: íà÷àëüíîé êðèñòàëëèçàöèè (íåâîçìóùåííîé) è âòîðè÷íîé
(âîçìóùåííîé, îãðàíè÷åííîé).

Êëþ÷åâûå ñëîâà: êèíåòèêà êðèñòàëëèçàöèè, íàíîêîìïîçèòû, ïîêàçàòåëü Àâðàìè, àýðîñèë, ïîëèïðîïèëåí.
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The dependence of crystallization of thermoplastic polymers on the conditions of introduction and the
nature of the distribution of the filler in the production of nanocomposites is an extremely important
characteristic. However, due to the low concentration of concentration series, some effects of the
influence of the nanofiller on the mechanisms of crystallization remain unexplored. Therefore, the
purpose of this work was to study the influence of the filler on the mechanisms of crystallization and
the growth of crystals in the overcooled melt nanocomposite.
To study the kinetics of crystallization of nanocomposites, systems based on polypropylene (PP) and
pyrogenic aerosil, which specific surface was 175 m2/g, and an outer diameter of <d> ≈  40 nm, were
used. The samples were made by mixing in a melt at a temperature of 200 °C using an extruder. The
content of the filler was (0,2 ÷ 1,0) wt. % The kinetics of nonisothermal crystallization was studied
using crystallization exotherm, which was obtained by differential scanning calorimetry.
As a result of this work, the influence of the filler on the mechanisms of crystallization and the growth
of crystals in the overcooled melt of nanocomposite polypropylene-aerosil was studied. The analysis
of the parameters of crystallization obtained from the dependences of the rate of cooling of samples
from the areas under the crystallization exotherms showed an increase in the barrier of crystallization
of the lamellar crystallization of the PP in the volume between adjacent nanoparticles of an infinite
nanocomposite cluster, which corresponds to a strong restriction to transport of PP segments across
the melt/lamellar crystal interface.
The exotherm of crystallization for the non-filled PP was analyzed in the framework of the standard
Kolmogorov-Avrami equation. From the kinetics of crystallization for a system containing 1% of the
aerosil, the assumption, based on the superposition of the contributions of the initial (unimpeded)
and the secondary (limited) mechanisms of crystallization, respectively, is confirmed. The obtained
results confirm the coexistence in the overcooled melt PP of a nanocomposite of the initial mechanism
of crystallization, characteristic of the unpolished PP, and of essentially other areas of crystallization.
For composites based on PP filled with aerosil, at 0,2 % the mechanism of a strained matrix is   realized,
at 1 % a three-dimensional mechanism is realized.
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