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Èçâåñòíî, ÷òî èç-çà âûñîêîé ñòåïåíè àíèçîòðîïèè è íèçêîé ïîïåðå÷íîé æåñòêîñòè óãëå-

ðîäíûå íàíîòðóáêè îáðàçóþò êîëüöåîáðàçíûå ñòðóêòóðû (ôðàêòàëüíûå îáúåêòû) â ïîëè-

ìåðíîé ìàòðèöå íàíîêîìïîçèòîâ. Äëÿ êîëè÷åñòâåííîé õàðàêòåðèñòèêè ñòðóêòóðû íàíîíà-

ïîëíèòåëÿ (óãëåðîäíûõ íàíîòðóáîê) â ïîëèìåðíîé ìàòðèöå èñïîëüçîâàíà ôðàêòàëüíàÿ

ðàçìåðíîñòü, äëÿ ðàñ÷åòà êîòîðîé ïðåäëîæåíû äâå ìåòîäèêè, îñíîâàííûå íà ìîäåëÿõ íåîá-

ðàòèìîé àãðåãàöèè è ôðàêòàëüíîãî àíàëèçà. Ïîëó÷åííûå ñ ïðèìåíåíèåì îáîèõ ïîäõîäîâ

ðåçóëüòàòû õîðîøî ñîãëàñóþòñÿ (â ïðåäåëàõ 6 %) ìåæäó ñîáîé. Óñòàíîâëåíî, ÷òî ôîðìèðî-

âàíèå êîëüöåîáðàçíûõ ñòðóêòóð ïðîèñõîäèò ïî ìåõàíèçìó êëàñòåð-êëàñòåð (îáúåäèíåíèåì

ìåëêèõ ôîðìèðîâàíèé â áîëåå êðóïíûå, à íå îòäåëüíûõ íàíîòðóáîê). Êðîìå òîãî, ìåòîä

ôðàêòàëüíîãî àíàëèçà ó÷èòûâàåò âëèÿíèå ïîëèìåðíîé ìàòðèöû íà ñòðóêòóðó êîëüöå-

îáðàçíûõ ôîðìèðîâàíèé è, ñëåäîâàòåëüíî, ñâîéñòâà ïîëèìåðíûõ íàíîêîìïîçèòîâ. Êîð-

ðåêòíîñòü èñïîëüçîâàííûõ ìåòîäèê ïðîâåðÿëè ñ ïîìîùüþ ïåðêîëÿöèîííîé ìîäåëè óñèëå-

íèÿ, ïîêàçàâøåé õîðîøåå ñîîòâåòñòâèå òåîðèè è ýêñïåðèìåíòà ïðè ïðèìåíåíèè ôðàêòàëü-

íûõ ðàçìåðíîñòåé, îïðåäåëåííûõ îáîèìè ñïîñîáàìè. Ýòî îçíà÷àåò, ÷òî ïðè ôèêñèðîâàí-

íîì ñîäåðæàíèè íàíîíàïîëíèòåëÿ ñâîéñòâà íàíîêîìïîçèòîâ îïðåäåëÿþòñÿ òîëüêî ñòðóê-

òóðîé íàíîíàïîëíèòåëÿ. Èíà÷å ãîâîðÿ, ñóùåñòâåííîå èçìåíåíèå ñâîéñòâ (äëÿ ñòåïåíè óñè-

ëåíèÿ áîëåå ÷åì íà ïîðÿäîê) âîçìîæíî äàæå ïðè ìàëîì ñîäåðæàíèè íàíîíàïîëíèòåëÿ, êî-

òîðîå ðåàëèçóåòñÿ òîëüêî âàðèàöèåé åãî ñòðóêòóðû. Ïðè ýòîì âàðèàöèÿ ñòðóêòóðû ìîæåò

áûòü äîñòèãíóòà ìåòîäàìè îáðàáîòêè íàíîíàïîëíèòåëÿ (èñïîëüçîâàíèåì óëüòðàçâóêà,

ôóíêöèîíàëèçàöèè, ïîñòðîåíèåì îñîáûõ òèïîâ êàðêàñà íàíîíàïîëíèòåëÿ è äð.).
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By virtue of high degree of anisotropy and small transverse stiffness, carbon nanotubes are known to form

ring-shaped annular structures (fractal objects) in the polymer matrix of nanocomposites. We used the

fractal dimension for quantitative and physically strict characterization of the nanofiller structure (carbon

nanotubes) in the polymer matrix of nanocomposites. Two methods of calculation based on the models of

irreversible aggregation and fractal analysis are proposed. The results obtained using both approaches

match each other within 6%. It has been shown that formation of the annular structures occurs according

to the cluster-cluster mechanism (i.e., by combining small formations into larger ones, rather than indi-

vidual nanotubes). Moreover, the method of fractal analysis takes into account the effect of the polymer

matrix on the structure of ring-shaped formations and, hence, on the properties of polymer nanocompo-

sites. The correctness of the methods thus used was proved using the percolation model, which showed

good agreement between the theory and experiment when using fractal dimensions determined by both

methods. This means that for a fixed nanofiller content, the properties of nanocomposites are determined

only by the nanofiller structure. In other words, a significant change in the properties (for the degree of re-

inforcement more than by an order of magnitude) is possible even at a low content of a nanofiller, which is
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realized only through change in the nanofiller structure using various methods of nanofiller treatment

(ultrasound, functionalization, construction of special types of nanofiller frame, etc.).

Keywords: nanocomposite; carbon nanotubes; structure; fractal dimension; interfacial adhesion; rein-

forcement degree; ring-shaped annular structures.

Ââåäåíèå

Èçâåñòíî, ÷òî óãëåðîäíûå íàíîòðóáêè (ÓÍÒ)

â ïîëèìåðíîé ìàòðèöå íàíîêîìïîçèòîâ îáðàçó-

þò êîëüöåîáðàçíûå ôîðìèðîâàíèÿ — ñòðóê-

òóðíûé àíàëîã ìàêðîìîëåêóëÿðíûõ êëóáêîâ

ðàçâåòâëåííûõ ïîëèìåðíûõ öåïåé [1]. Ðàçìåð-

íîñòü ýòèõ ôîðìèðîâàíèé — ôðàêòàëüíûõ îáú-

åêòîâ — âàðüèðóåòñÿ â äîñòàòî÷íî øèðîêèõ ïðå-

äåëàõ (Df = 1,57 – 2,93) [1]. Ôðàêòàëüíàÿ ðàçìåð-

íîñòü — ñòðóêòóðíàÿ õàðàêòåðèñòèêà, ïîñêîëüêó

îíà îïèñûâàåò ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå

ýëåìåíòîâ îáúåêòà [2]. Ñâîéñòâà ïîëèìåðíûõ íà-

íîêîìïîçèòîâ êîíòðîëèðóþòñÿ ñòðóêòóðîé íàíî-

íàïîëíèòåëÿ â ïîëèìåðíîé ìàòðèöå [3]. Î÷åâèä-

íî, ÷òî áåç õàðàêòåðèñòèêè åãî ñòðóêòóðû íåâîç-

ìîæíî ïîëó÷èòü êîëè÷åñòâåííûå ñîîòíîøåíèÿ

ñòðóêòóðà — ñâîéñòâà äëÿ äàííûõ ìàòåðèàëîâ.

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà êîëè÷å-

ñòâåííîé îöåíêè ñòðóêòóðíîãî ñîñòîÿíèÿ íàíî-

íàïîëíèòåëÿ â ïîëèìåðíîé ìàòðèöå è ó÷åò åãî

âëèÿíèÿ íà ñâîéñòâà íàíîêîìïîçèòîâ [4].

Ìàòåðèàëû è ìåòîäèêà

Â êà÷åñòâå íàíîíàïîëíèòåëÿ èñïîëüçîâàëè

îäíîñëîéíûå ÓÍÒ, îáðàáîòàííûå êàðáîêñèëüíîé

êèñëîòîé (ÓÍÒ-COOH). ÓÍÒ-COOH îáëàäàþò

ñïåöèôè÷åñêèìè îêîí÷àíèÿìè äëÿ õèìè÷åñêîé

ôóíêöèîíàëèçàöèè: îíè ñîäåðæàò 3 – 4 % êàð-

áîêñèëüíûõ êèñëîòíûõ ãðóïï è èìåþò îòíîñè-

òåëüíóþ ÷èñòîòó ïî óãëåðîäó 80 – 90 %. Äðóãèå

íåîáõîäèìûå ðåàãåíòû ïðèìåíÿëè â ñîñòîÿíèè

ïîñòàâêè [4].

Íàíîêîìïîçèòû íà îñíîâå ïîëèàìèäà-6

(ÏÀ-6) ñ ïîëèìåðèçàöèåé in situ ïîëó÷àëè ñëå-

äóþùèì îáðàçîì. ÓÍÒ è êàïðîëàêòàì çàãðóæàëè

â êîëáó. Ñìåñü îáðàáàòûâàëè óëüòðàçâóêîì ïðè

òåìïåðàòóðå 353 Ê â òå÷åíèå 2 ÷ äëÿ ïîëó÷åíèÿ

ãîìîãåííîé äèñïåðñèè ÓÍÒ. Çàòåì êîëáó ïîìå-

ùàëè â íàãðåòóþ äî 373 Ê ìàñëÿíóþ âàííó, ê ñóñ-

ïåíçèè äîáàâëÿëè 6-àìèíîêàïðîèäíóþ êèñëîòó.

Ñóñïåíçèþ íàãðåâàëè â òå÷åíèå 6 ÷ ïðè 523 Ê è

ìåõàíè÷åñêîì ïåðåìåøèâàíèè â àòìîñôåðå àçî-

òà. Ïîëó÷åííóþ ñìåñü âûëèâàëè â âîäó. Âûïà-

äàþùèé îñàäîê (æåñòêèé ïîëèìåðíûé íàíîìà-

òåðèàë) ðàçðåçàëè íà íåáîëüøèå êóñêè è ïðîìû-

âàëè ãîðÿ÷åé âîäîé ïðè 353 Ê â òå÷åíèå 1 ÷ äëÿ

óäàëåíèÿ íåïðîðåàãèðîâàâøåãî ìîíîìåðà è íèç-

êîìîëåêóëÿðíûõ îëèãîìåðîâ [4].

Âîëîêíà íàíîêîìïîçèòîâ ÏÀ-6/ÓÍÒ ïîëó÷à-

ëè ýêñòðóçèåé íàãðåòîãî äî 523 Ê â àòìîñôåðå

àçîòà ìàòåðèàëà ÷åðåç îòâåðñòèå äèàìåòðîì

0,4 ìì è ïîñëåäóþùèì îõëàæäåíèåì íà âîçäóõå

äî êîìíàòíîé òåìïåðàòóðû. Ìåõàíè÷åñêèå èñïû-

òàíèÿ íà îäíîîñíîå ðàñòÿæåíèå ïðîâîäèëè ñ èñ-

ïîëüçîâàíèåì îáðàçöîâ âîëîêîí äèàìåòðîì ~1 è

äëèíîé ~40 ìì íà ïðèáîðå UTM (ìîäåëü 4455,

ÑØÀ) ïðè òåìïåðàòóðå 293 Ê è ñêîðîñòè äåôîð-

ìàöèè ~10–3 ñ–1 [4].

Îáñóæäåíèå ðåçóëüòàòîâ

Ôðàêòàëüíóþ ðàçìåðíîñòü Df àãðåãàòîâ

(êîëüöåîáðàçíûõ ôîðìèðîâàíèé) ÓÍÒ îïðåäåëÿ-

ëè äâóìÿ ñïîñîáàìè.

Ïåðâûé ïðåäïîëàãàë, ÷òî àãðåãàòû îáðàçóþò-

ñÿ ïî ìåõàíèçìó íåîáðàòèìîé àãðåãàöèè. Òîãäà

Df ìîæíî íàéòè ñ ïîìîùüþ ñëåäóþùåãî óðàâíå-

íèÿ [5]:
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ãäå RÓÍÒ è öí — ðàäèóñ è îáúåìíîå ñîäåðæàíèå

êîëüöåîáðàçíûõ ôîðìèðîâàíèé ÓÍÒ; d — ðàç-

ìåðíîñòü åâêëèäîâà ïðîñòðàíñòâà, â êîòîðîì ðàñ-

ñìàòðèâàåòñÿ ôðàêòàë (î÷åâèäíî, â íàøåì ñëó÷àå

d = 3).

RÓÍÒ íàõîäèëè èç óðàâíåíèÿ [6]

b R
�
	 �56 0 0222( , ),

ÓÍÒ
(2)

ãäå bá — áåçðàçìåðíûé ïàðàìåòð, êîòîðûé õàðàê-

òåðèçóåò óðîâåíü ìåæôàçíîé àäãåçèè â íàíîêîì-

ïîçèòå è îïðåäåëÿåòñÿ ñ ïîìîùüþ ñëåäóþùåãî

ïåðêîëÿöèîííîãî ñîîòíîøåíèÿ [7]:

Eí/Eì = 1 + 11(cöíbá)1,7, (3)

ãäå Eí è Eì — ìîäóëè óïðóãîñòè íàíîêîìïîçèòà

è ìàòðè÷íîãî ïîëèìåðà (îòíîøåíèå Eí/Eì ïðèíÿ-

òî íàçûâàòü ñòåïåíüþ óñèëåíèÿ íàíîêîìïîçèòà);

c — êîíñòàíòà, ðàâíàÿ 2,82 äëÿ ÓÍÒ [7].

Ïðè òàêîì ìåòîäå ðàñ÷åòà âåëè÷èíó RÓÍÒ ïî-

ëó÷àåì â ìèêðîìåòðàõ.

Îáúåìíîå ñîäåðæàíèå íàíîíàïîëíèòåëÿ öí

îïðåäåëÿëè ïî ôîðìóëå [7]

öí = Wí/ñí, (4)

ãäå Wí — ìàññîâîå ñîäåðæàíèå íàíîíàïîëíèòå-
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ëÿ; ñí — åãî ïëîòíîñòü, îïðåäåëÿåìàÿ äëÿ íàíî-

÷àñòèö êàê [7]:

ñí = 188(D÷)
1/3, (5)

ãäå D÷ — äèàìåòð íàíî÷àñòèöû (äëÿ èññëåäóåìûõ

ÓÍÒ D÷ = 50 íì [4]).

Ïîëó÷åííûå ïî óðàâíåíèþ (1) çíà÷åíèÿ Df

ìåíÿëèñü â ïðåäåëàõ 1,78 – 2,17 äëÿ äèàïàçîíà

öí = 0,0063 – 0,0215, ÷òî õîðîøî ñîãëàñóåòñÿ ñ

ðåçóëüòàòàìè ðåíòãåíîñòðóêòóðíîãî àíàëèçà [1].

Âòîðîé ñïîñîá îïðåäåëåíèÿ Df ñëåäóåò èç ïî-

ñòóëàòà, ÷òî ñòðóêòóðà ïîëèìåðíîé ìàòðèöû íà-

íîêîìïîçèòà ôîðìèðóåòñÿ â ðåçóëüòàòå âçàèìî-

äåéñòâèÿ ñòðóêòóð ìàòðè÷íîãî ïîëèìåðà è ÓÍÒ.

Ýòî ìîæíî çàïèñàòü ñëåäóþùèì îáðàçîì [8]:

D

d D D

d D D
f

f f

f f

ì

ï

ï
	

�


 �

( )

( )
,

2

2
(6)

ãäå D
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ï — ôðàêòàëüíûå ðàçìåðíîñòè ìàê-

ðîìîëåêóëÿðíîãî êëóáêà ïîëèìåðíîé ìàòðèöû è

ìàòðè÷íîãî ïîëèìåðà.
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f

ì ( )D
f

ï â ñëó÷àå ëèíåéíûõ ïî-

ëèìåðîâ íàõîäèëè ïî ôîðìóëå [9]
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òóðû ïîëèìåðíîé ìàòðèöû íàíîêîìïîçèòà è

ìàòðè÷íîãî ïîëèìåðà.

Äëÿ îïðåäåëåíèÿ çíà÷åíèé d
f

ì è d
f

ï (îáîçíà-

÷èì èõ îáùèì ñèìâîëîì df) èñïîëüçîâàëè óðàâíå-

íèå [9]

df = (d – 1)(1 + í), (8)

ãäå í — êîýôôèöèåíò Ïóàññîíà, îïðåäåëÿåìûé

ïî ðåçóëüòàòàì ìåõàíè÷åñêèõ èñïûòàíèé ñ ïî-

ìîùüþ ñîîòíîøåíèÿ [9]
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ãäå óò è E — ïðåäåë òåêó÷åñòè è ìîäóëü óïðó-

ãîñòè ïîëèìåðíîãî ìàòåðèàëà.

Çíà÷åíèÿ Df , ïîëó÷åííûå ïî óðàâíåíèþ (6),

ìåíÿëèñü â ïðåäåëàõ 1,70 – 2,14.

Íà ðèñ. 1 ïðèâåäåíû çàâèñèìîñòè ðàññ÷èòàí-

íûõ îáîèìè ñîïñîáàìè âåëè÷èí Df îò öí. Âèäíî,

÷òî äàííûå îáîèõ ìåòîäîâ ðàñ÷åòà áëèçêè (ñðåä-

íåå ðàñõîæäåíèå — ìåíåå 6 %).

Âàæíîñòü ñòðóêòóðíîé õàðàêòåðèñòèêè ÓÍÒ

â ïîëèìåðíîé ìàòðèöå çàêëþ÷àåòñÿ â òîì, ÷òî

â êîíå÷íîì èòîãå ñòðóêòóðà íàíîíàïîëíèòåëÿ

îïðåäåëÿåò ñâîéñòâà íàíîêîìïîçèòîâ [3]. Äëÿ êî-

ëè÷åñòâåííîé åå îöåíêè èñïîëüçîâàëè ïåðêîëÿ-

öèîííóþ ìîäåëü óñèëåíèÿ ïîëèìåðíûõ íàíîêîì-

ïîçèòîâ [10, 11], îñíîâíîå óðàâíåíèå êîòîðîé

Eí/Eì = 1 + 11(öí)a, (10)

ãäå a — êðèòè÷åñêèé ïåðêîëÿöèîííûé èíäåêñ,

ñâÿçàííûé ñ Df ñëåäóþùèì óðàâíåíèåì [12]:

a D
f

	 �1 60 0 27 2, , . (11)

Íà ðèñ. 2 ïðèâåäåíû ýêñïåðèìåíòàëüíàÿ è

ðàñ÷åòíûå çàâèñèìîñòè Eí/Eì îò öí äëÿ íàíîêîì-

ïîçèòîâ ÏÀ-6/ÓÍÒ (ðàçìåðíîñòè Df ðàññ÷èòûâà-

ëè îáîèìè ñïîñîáàìè).

Âèäíî, ÷òî ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå

äàííûå õîðîøî ñîãëàñóþòñÿ ìåæäó ñîáîé (ñðåä-

íåå ðàñõîæäåíèå — ~11 %).

Óðàâíåíèÿ (10) è (11) (â îòëè÷èå îò òðàäèöè-

îííûõ ïîäõîäîâ [13, 14]) ïðåäïîëàãàþò, ÷òî ñòå-
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1

2

Ðèñ. 1. Çàâèñèìîñòè ïîëó÷åííîé ïî óðàâíåíèÿì (1) (1) è

(6) (2) ôðàêòàëüíîé ðàçìåðíîñòè D
f
êîëüöåîáðàçíûõ ôîð-

ìèðîâàíèé ÓÍÒ îò èõ îáúåìíîãî ñîäåðæàíèÿ ö
í

äëÿ íàíî-

êîìïîçèòîâ ÏÀ-6/ÓÍÒ

Fig. 1. Dependence of the fractal dimension Df of the ring-

shaped formations of carbon nanotubes on their volume

content ön for nanocomposites PA-6/CNT

Ðèñ. 2. Ýêñïåðèìåíòàëüíàÿ (ñïëîøíàÿ êðèâàÿ) è ðàñ÷åò-

íûå çàâèñèìîñòè ñòåïåíè óñèëåíèÿ E
í
/E

ì
, ïîëó÷åííûå

ïðè îïðåäåëåíèè D
f
ïî ôîðìóëàì (1) (�) è (6) (�), îò îáú-

åìíîãî ñîäåðæàíèÿ íàíîíàïîëíèòåëÿ ö
í

Fig. 2. Dependences of the reinforcement degree En/Em on

the nanofiller volume content ön calculated upon Df deter-

mination by formulas (1) (�) and (6) (�); solid line — exper-

imental data



ïåíü óñèëåíèÿ íàíîêîìïîçèòîâ ïîëèìåð/ÓÍÒ

ïðè ôèêñèðîâàííîì ñîäåðæàíèè íàíîíàïîëíèòå-

ëÿ îïðåäåëÿåòñÿ òîëüêî åãî ñòðóêòóðîé, à íå èñ-

õîäíûìè õàðàêòåðèñòèêàìè (ìîäóëåì óïðóãîñòè,

ñòåïåíüþ àíèçîòðîïèè è äð.). Òàê, ïðè öí = 0,02

èçìåíåíèå Df îò 1,5 äî 2,5 ïðèâîäèò ê âàðèàöèè

èíäåêñà a îò 0,99 äî – 0,088 è, ñîîòâåòñòâåííî,

ðîñòó Eí/Eì ñ 1,3 äî 16,5, ò.å. áîëåå ÷åì â 13 ðàç.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäñòàâëåíû äâà ñïîñîáà îï-

ðåäåëåíèÿ ôðàêòàëüíîé ðàçìåðíîñòè àãðåãàòîâ

(êîëüöåîáðàçíûõ ôîðìèðîâàíèé) ÓÍÒ â ïîëè-

ìåðíîé ìàòðèöå íàíîêîìïîçèòà, êîòîðûå äàëè

áëèçêèå ðåçóëüòàòû. Ñòðóêòóðà àãðåãàòîâ, õàðàê-

òåðèçóåìàÿ èõ ôðàêòàëüíîé ðàçìåðíîñòüþ, ïîë-

íîñòüþ îïðåäåëÿåò ñâîéñòâà èññëåäóåìûõ íàíî-

êîìïîçèòîâ ÏÀ-6/ÓÍÒ ïðè ôèêñèðîâàííîì ñî-

äåðæàíèè íàíîíàïîëíèòåëÿ. Ñ ïðàêòè÷åñêîé

òî÷êè çðåíèÿ âàæíî óìåòü öåëåíàïðàâëåííî ìå-

íÿòü ñòðóêòóðó àãðåãàòîâ, ÷òî ïîçâîëèò ïîëó÷àòü

íåîáõîäèìûå ñâîéñòâà íàíîêîìïîçèòîâ ïðè íå-

áîëüøîì è ôèêñèðîâàííîì ñîäåðæàíèè íàíîíà-

ïîëíèòåëÿ.
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