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Ïðèíöèïû ïðîåêòèðîâàíèÿ èçäåëèé èç íîâåéøèõ ñëîæíîñòðóêòóðèðîâàííûõ ïîëèìåðíûõ

êîìïîçèöèîííûõ ìàòåðèàëîâ îáóñëàâëèâàþò íåîáõîäèìîñòü ó÷åòà ìàñøòàáíî-ñòðóêòóð-

íûõ ýôôåêòîâ, îïðåäåëÿåìûõ ïðîöåññàìè íà íàäìîëåêóëÿðíîì è ìîëåêóëÿðíîì óðîâíÿõ

ïîëèìåðà: ðåëàêñàöèîííûìè, êèíåòè÷åñêèìè (ðàçðûâ è ðåêîìáèíàöèÿ õèìè÷åñêèõ ñâÿ-

çåé), ðåêðèñòàëëèçàöèè íàäìîëåêóëÿðíûõ ñòðóêòóð è äð. Ðàçâèòèå ýòèõ ïðîöåññîâ îïèñû-

âàåòñÿ ôóíêöèÿìè ðåëàêñàöèè, êîòîðûå, â ñâîþ î÷åðåäü, ìîãóò áûòü ðàññ÷èòàíû ñ ïîìî-

ùüþ ôóíêöèé ñïåêòðîâ âðåìåí ðåëàêñàöèè. Öåëü ðàáîòû ñîñòîÿëà â ðàçðàáîòêå ñïåöèàëè-

çèðîâàííîé îñíàñòêè äëÿ èñïûòàíèé ìèêðîîáðàçöîâ ñ âàðüèðóåìîé ðàáî÷åé ÷àñòüþ íà îä-

íîîñíîå ðàñòÿæåíèå, ýêñïåðèìåíòàëüíîé ìåòîäèêè è ðàñ÷åòíîãî àëãîðèòìà îáðàáîòêè ïî-

ëó÷àåìûõ äàííûõ èçìåðåíèé, à òàêæå ýêñïåðèìåíòàëüíîé àïðîáàöèè ñîçäàííîãî ïîäõîäà

ê îïðåäåëåíèþ ñïåêòðàëüíûõ ôóíêöèé ðåëàêñàöèè. Ïðåäëîæåí ìåòîä îöåíêè ôóíêöèé ðå-

ëàêñàöèè íå íà ôèêñèðîâàííûõ óðîâíÿõ íàïðÿæåíèÿ â ïðåäåëàõ ëèíåéíîé óïðóãîñòè, ñå-

êóùèõ òî÷êàõ äèàãðàìì äåôîðìèðîâàíèÿ, ïðè ôèêñèðîâàííûõ çíà÷åíèÿõ ìîäóëÿ ëèíåé-

íîé óïðóãîñòè, à â ðàñøèðåííîì äèàïàçîíå äåôîðìèðîâàíèÿ îáðàçöîâ, âïëîòü äî ïðåäðàç-

ðûâíûõ ñîñòîÿíèé. Ñîçäàí êîìïëåêò èñïûòàòåëüíîé îñíàñòêè, ïðåäíàçíà÷åííîé äëÿ èñ-

ïûòàíèé ìèêðîîáðàçöîâ ñ òîëùèíîé ðàáî÷åé ÷àñòè 0,2 – 1,2 ìì íà ðàñòÿæåíèå. Îñíàñòêà

ìîæåò óñòàíàâëèâàòüñÿ íà ñîâðåìåííûå âûñîêîòî÷íûå ðàçðûâíûå ìàøèíû. Ïðîâåäåíû

òåñòîâûå èñïûòàíèÿ ìèêðîîáðàçöîâ èç ïîëèýòèëåíòåðåôòàëàòà òîëùèíîé 50 è 175 ìêì íà

ðàñòÿæåíèå ñ ó÷åòîì ìàñøòàáíîãî ôàêòîðà. Îïèñàí âàðèàíò èñïûòàíèé íà ðàñòÿæåíèå

ìèêðîîáðàçöîâ, òåõíîëîãè÷åñêè ñòàáèëèçèðóåìûõ áóìàæíûìè ðàìêàìè ñïåöèàëüíîé ôîð-

ìû. Íà îñíîâå äàííûõ èñïûòàíèé ìèêðîîáðàçöîâ ñ ïîñòîÿííîé ñêîðîñòüþ äåôîðìàöèè ïî-

ñòðîåíû äèàãðàììû, îòîáðàæàþùèå êèíåòèêó èçìåíåíèÿ ñïåêòðàëüíûõ ôóíêöèé ðåëàêñà-

öèè îðèåíòèðîâàííîãî ïîëèýòèëåíòåðåôòàëàòà. Îïèñàí ìåòîä ïðèìåíåíèÿ ýòèõ äèàãðàìì

äëÿ ðàñ÷åòîâ ýìïèðè÷åñêèõ ñïåêòðîâ âðåìåí ðåëàêñàöèè. Ïðåäñòàâëåíû ðåçóëüòàòû èñïû-

òàíèé ìèêðîîáðàçöîâ ïîëèýòèëåíòåðåôòàëàòà. Ïðèâåäåíû äèàãðàììû äåôîðìèðîâàíèÿ

èññëåäîâàííûõ ïîëèìåðíûõ îáðàçöîâ è ðàññ÷èòàííûå ïî îïèñàííîé ìåòîäèêå ðàñ÷¸òíûå

äèàãðàììû ôóíêöèé ñïåêòðîâ âðåìåí ðåëàêñàöèè.
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The principles of designing products made of the latest complex-structured polymer composite materials

necessitate the need to take into account the large-scale structural effects determined by processes at the

supramolecular and molecular levels of the polymer: relaxation, kinetic (breaking and recombination of
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chemical bonds), recrystallization of supramolecular structures, etc. The development of these processes is

described by relaxation functions, which, in turn, can be calculated using the functions of relaxation time

spectra. The purpose of the work was to develop a specialized equipment for testing micro-samples with a

variable working part for uniaxial stretching along with the experimental technique and computational

algorithms for processing the obtained measurement data, and experimental approbation of the developed

approach to determining spectral relaxation functions. A method is proposed for estimating relaxation

functions not at fixed stress levels within linear elasticity, at secant points of deformation diagrams, at

fixed values of the linear elasticity modulus, but within an extended range of the sample deformation up to

pre-rupture states. A set of test equipment designed for tensile tests of micro-samples with a thickness of

the working part of 0.2 – 1.2 mm has been developed. The tooling can be installed on modern high-preci-

sion breaking machines. Tensile tests of polyethylene terephthalate micro-samples with a thickness of 50

and 175 ìm were carried out taking into account the scale factor. A tensile test of micro-samples that are

technologically stabilized by paper frames of a special shape is described. Diagrams illustrating the kinet-

ics of changes in the spectral relaxation functions of oriented polyethylene terephthalate (PET) are con-

structed proceeding from the data of testing micro-samples with a constant strain rate. A method for us-

ing these diagrams in calculations of empirical relaxation time spectra is described. The results of testing

micro-samples of polyethylene terephthalate are presented. Illustrative deformation diagrams of the stud-

ied polymer samples and calculated diagrams of functions of relaxation time spectra calculated according

to the described method are given.

Keywords: relaxation function; microsamples; test equipment; stress-strain diagram; micro-molecule

structure; polymer; destruction.

Ââåäåíèå

Ðàçðàáîòêè ñîâðåìåííûõ òåõíîëîãè÷åñêèõ

ïðèåìîâ ôîðìèðîâàíèÿ ñëîæíûõ è ôóíêöèî-

íàëüíûõ èçäåëèé èç øèðîêîãî êëàññà òðàäèöèîí-

íûõ è íîâûõ ïîëèìåðíûõ ìàòåðèàëîâ òðåáóþò

ðåøåíèÿ çàäà÷ ìåòîäè÷åñêîé îöåíêè èõ ôèçèêî-

ìåõàíè÷åñêèõ ñâîéñòâ [1 – 3]. Ðàçâèâàåìûå ïðèí-

öèïû ïðîåêòèðîâàíèÿ èçäåëèé èç íîâåéøèõ

ñëîæíîñòðóêòóðèðîâàííûõ ïîëèìåðíûõ êîìïî-

çèöèîííûõ ìàòåðèàëîâ [4, 5] íåðåäêî îñíîâàíû

íà îïèñàíèè çàêîíîìåðíîñòåé äåôîðìàöèîííîãî

ïîâåäåíèÿ ìàòåðèàëîâ ïðè íàïðÿæåíèÿõ, âûõî-

äÿùèõ çà ðàìêè ëèíåéíîé óïðóãîñòè [6]. Âûðà-

æåííî íåëèíåéíîå ïîâåäåíèå ïîëèìåðîâ îòìå-

÷àåòñÿ â ñòåíêàõ íîâîãî êëàññà ÿ÷åèñòûõ ìàòå-

ðèàëüíûõ ýëåìåíòîâ, øèðîêî èñïîëüçóåìûõ â

ñëîèñòûõ ïàíåëÿõ [7, 8] â êà÷åñòâå âíóòðåííèõ

çàïîëíèòåëåé. Ìîäåëè ìåõàíè÷åñêîãî ïîâåäåíèÿ

ìàòåðèàëîâ â îòìå÷åííûõ óñëîâèÿõ ðàçðàáàòûâà-

þò íà îñíîâå ëèíåéíûõ è íåëèíåéíûõ ìîäåëåé

âÿçêîóïðóãîãî òåëà [9 – 11] ñ çàäàííûìè çàêîíà-

ìè äåôîðìèðîâàíèÿ ñîñòàâëÿþùèõ çâåíüåâ ìîäå-

ëåé. Íàèáîëåå óäà÷íûå äëÿ êîíêðåòíûõ óñëîâèé

ýêñïëóàòàöèè ìîäåëè ìàòåðèàëîâ è çíà÷åíèÿ ïà-

ðàìåòðîâ ýòèõ ìîäåëåé ìîãóò îáåñïå÷èòü ýôôåê-

òèâíóþ êîíñòðóêòèâíóþ ðàçðàáîòêó èçäåëèé è

ìåòîäîâ èõ ôîðìîâàíèÿ, â òîì ÷èñëå ìåòîäàìè

íîâåéøèõ òåõíîëîãèé ïåðåðàáîòêè ïîëèìåðîâ.

Äîñòîâåðíîñòü îïðåäåëåíèÿ çíà÷åíèé ïàðà-

ìåòðîâ, õàðàêòåðèçóþùèõ ñâîéñòâà ìàòåðèàëîâ,

ñóùåñòâåííî ìîæåò áûòü ïîâûøåíà ïðè ó÷åòå

ìåòðîëîãè÷åñêèõ îñîáåííîñòåé ïðîâåäåíèÿ èñïû-

òàíèé ïîëèìåðíûõ îáðàçöîâ íà îäíîîñíîå ðàñòÿ-

æåíèå è ìîëåêóëÿðíî-êèíåòè÷åñêèõ çàêîíîìåð-

íîñòåé ðàçâèòèÿ îñíîâíûõ ìåõàíèçìîâ äåôîðìà-

öèîííûõ ïðîöåññîâ â ðàáî÷åé ÷àñòè îáðàçöîâ

[12].

Ìåòðîëîãè÷åñêèå òðåáîâàíèÿ îáåñïå÷åíèÿ

äîñòîâåðíîñòè èñïûòàíèé îáóñëàâëèâàþò íåîá-

õîäèìîñòü ó÷åòà ìàñøòàáíî-ñòðóêòóðíûõ ýôôåê-

òîâ [13, 14], êîòîðûå çàâèñÿò îò ðàçìåðîâ îáðàç-

öîâ, êîíñòðóêöèè ýëåìåíòîâ èñïûòàòåëüíûõ ñèñ-

òåì, ðàñ÷åòíûõ ñõåì îáðàáîòêè ðåçóëüòàòîâ èçìå-

ðåíèé è äð. Ïðàêòèêà èññëåäîâàòåëüñêèõ ðàáîò

[15] âûÿâèëà â êà÷åñòâå îïòèìàëüíûõ ðÿä ôîðì

ìèêðîîáðàçöîâ ïëåíî÷íîãî è âîëîêîííîãî òèïîâ.

Ìîëåêóëÿðíî-êèíåòè÷åñêèå çàêîíîìåðíîñòè

âîçíèêíîâåíèÿ è ðàçâèòèÿ ìåõàíèçìîâ äåôîð-

ìàöèîííîãî îòêëèêà èñïûòûâàåìîãî îáðàçöà

îïðåäåëÿþòñÿ ïðîöåññàìè íà íàäìîëåêóëÿðíîì è

ìîëåêóëÿðíîì óðîâíÿõ ïîëèìåðà: ðåëàêñàöèîí-

íûìè, êèíåòè÷åñêèìè (ðàçðûâ è ðåêîìáèíàöèÿ

õèìè÷åñêèõ ñâÿçåé), ðåêðèñòàëëèçàöèè íàäìîëå-

êóëÿðíûõ ñòðóêòóð è äð. Ðàçâèòèå ýòèõ ïðîöåñ-

ñîâ îïèñûâàþò ôóíêöèè ðåëàêñàöèè, êîòîðûå,

â ñâîþ î÷åðåäü, ìîãóò áûòü ðàññ÷èòàíû ñ ïî-

ìîùüþ ôóíêöèé ñïåêòðîâ âðåìåí ðåëàêñàöèè

[6, 9, 16]. Íàêîïëåí ñóùåñòâåííûé îïûò ïðàêòè-

÷åñêîãî èñïîëüçîâàíèÿ âÿçêîóïðóãèõ ìåõàíè÷å-

ñêèõ ìîäåëåé ìàòåðèàëîâ, îïåðèðóþùèõ ðàçëè÷-

íûìè âèäàìè ôóíêöèé ðåëàêñàöèé, ïîçâîëÿ-

þùèõ ñ ðàçëè÷íîé ñòåïåíüþ ïðèáëèæåíèÿ ó÷åñòü

ðåëàêñàöèîííóþ ïàìÿòü ïîëèìåðîâ íà îñíîâå

íàñëåäñòâåííîé òåîðèè Áîëüöìàíà – Âîëüòåððà.

Ïåðå÷åíü ïðèìåíÿåìûõ ôóíêöèé ðåëàêñàöèè

øèðîê è ìîæåò áûòü äîñòàòî÷åí äëÿ ðåøåíèÿ

ìíîãèõ èíæåíåðíûõ çàäà÷. Îäíàêî äëÿ îïðåäåëå-

íèÿ âèäîâ ôóíêöèè ðåëàêñàöèè îáû÷íî èñïîëü-

çóþò ýêñïåðèìåíòû â ïðåäåëàõ ëèíåéíîé óïðóãî-

ñòè ìàòåðèàëîâ ïðè ìàëûõ çíà÷åíèÿõ äåôîðìà-

öèé îáðàçöîâ, ÷òî âåäåò ê îãðàíè÷åííîé îáëàñòè

ïðèìåíåíèÿ ñîîòâåòñòâóþùèõ ðàñ÷åòíûõ ñîîòíî-

øåíèé. Ðàñ÷åòíûå âîçìîæíîñòè òàêèõ îïðåäå-
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ëÿþùèõ ôóíêöèé îãðàíè÷åíû äîïóñêàåìûìè íà-

ãðóçêàìè ìàëûõ óðîâíåé ïî íàïðÿæåíèÿì [9].

Íåîáõîäèì ìåòîäè÷åñêèé ïîäõîä, îáåñïå÷è-

âàþùèé ýêñïåðèìåíòàëüíîå îïðåäåëåíèå ñïåê-

òðàëüíûõ ôóíêöèé ðåëàêñàöèè ïîëèìåðîâ ïðè

óðîâíÿõ èñïûòàòåëüíûõ ñòàòè÷åñêèõ è êâàçè-

ñòàòè÷åñêèõ íàãðóçîê, äîñòèãàþùèõ ñòàäèé íà-

ïðÿæåííî-äåôîðìèðîâàííûõ ñîñòîÿíèé, ïðåä-

øåñòâóþùèõ ðàçðóøåíèþ. Òåîðåòè÷åñêèå ðàçðà-

áîòêè òàêèõ ôóíêöèé ñïåêòðîâ ðåëàêñàöèîííûõ

ïðîöåññîâ óæå ïðîâåäåíû â [6, 9] è èçâåñòíû ìå-

òîäû èõ îïðåäåëåíèÿ â ïðåäåëàõ ëèíåéíîé âÿçêî-

óïðóãîñòè.

Öåëè äàííîé ðàáîòû:

1) ðàçðàáîòêà îñíàñòêè äëÿ èñïûòàíèé ìèê-

ðîîáðàçöîâ ïîëèìåðîâ ñ âàðüèðóåìîé òîëùèíîé

ðàáî÷åé çîíû (0,2 – 1,2 ìì), íàäåæíî ñî÷ëåíÿå-

ìîé ñ èçìåðèòåëüíîé ñèñòåìîé âûñîêîòî÷íîé èñ-

ïûòàòåëüíîé ìàøèíû;

2) ñîçäàíèå ýêñïåðèìåíòàëüíîé ìåòîäèêè è

ðàñ÷åòíîãî àëãîðèòìà îáðàáîòêè ïîëó÷àåìûõ

äàííûõ èçìåðåíèé ïðè èñïûòàíèÿõ ìèêðîîáðàç-

öà íà îäíîîñíîå ðàñòÿæåíèå äëÿ îïðåäåëåíèÿ

ñïåêòðàëüíûõ ôóíêöèé ïðè äåôîðìàöèîííûõ

ñîñòîÿíèÿõ îáðàçöà âïëîòü äî ñòàäèé, ïðåäøå-

ñòâóþùèõ ðàçðóøåíèþ;

3) ýêñïåðèìåíòàëüíàÿ àïðîáàöèÿ ñîçäàííîãî

ïîäõîäà ê îïðåäåëåíèþ ñïåêòðàëüíûõ ôóíêöèé

ðåëàêñàöèè, ðàññìàòðèâàåìûõ äëÿ òåñòîâûõ

îáðàçöîâ òèïîâûõ ïîëèìåðîâ ïðîìûøëåííîãî

ïðîèçâîäñòâà.

Ìåòîäèêà èñïûòàíèé

Èñïûòàíèÿ ìàëîãàáàðèòíûõ îáðàçöîâ óêà-

çàííîãî ðàçìåðíîãî äèàïàçîíà íà ðàñòÿæåíèå äî

ðàçðûâà ïðîâîäèëè íà âûñîêîòî÷íîé ðàçðûâíîé

ìàøèíå SHIMADZU AG-X plus 10 kN. Øòàòíûé

êîìïëåêò îñíàñòîê ýòîé ìàøèíû íå ïðåäíàçíà-

÷åí äëÿ ìèêðîîáðàçöîâ, íåîáõîäèìûõ äëÿ äîñòè-

æåíèÿ öåëåé äàííîé ðàáîòû. Ïîýòîìó áûëà ðàç-

ðàáîòàíà ìàëîãàáàðèòíàÿ îñíàñòêà äëÿ ðàçìåùå-

íèÿ èññëåäóåìûõ ìèêðîîáðàçöîâ, íàäåæíî óñòà-

íàâëèâàåìàÿ â ýëåìåíòàõ ñî÷ëåíåíèÿ ñ èçìåðè-

òåëüíûìè äàò÷èêàìè íàãðóæàþùåãî óñòðîéñòâà

ìàøèíû. Êîíñòðóêöèÿ çàæèìîâ â íîâîé îñíàñòêå

ïðåäíàçíà÷åíà äëÿ óñòàíîâêè óêàçàííûõ òèïîâ

ïîëèìåðíûõ ìèêðîîáðàçöîâ, ñõåìà êîòîðûõ ïðè-

âåäåíà íà ðèñ. 1. Ïîïåðå÷íîå óòîíåíèå ðàáî÷åé

çîíû äîïóñòèìî è àíàëîãè÷íî êîíôèãóðàöèè,

ïðåäñòàâëåííîé â ðàáîòå [17]. Äëÿ ïðåäâàðèòåëü-

íîé îðèåíòàöèîííîé ñòàáèëèçàöèè òîíêèõ îáðàç-

öîâ ïðèìåíÿëè èçâåñòíûé ìåòîä èõ ôèêñèðîâà-

íèÿ â áóìàæíûõ ðàìêàõ. Â îñíàñòêó îáðàçöû

âñòàâëÿëè âìåñòå ñ ðàìêîé, à ïåðåä èñïûòàíèåì

ðàìêó íàäðåçàëè äëÿ ïðèâåäåíèÿ îáðàçöà â ðàáî-

÷åå ñîñòîÿíèå.

Ïðèíöèïèàëüíàÿ ñõåìà èñïûòàíèé ìèêðîîá-

ðàçöîâ íà îäíîîñíîå ðàñòÿæåíèå ïðèâåäåíà íà

ðèñ. 2. Èñïûòàíèÿ ïîëèìåðíûõ îáðàçöîâ ïî äàí-

íîé ñõåìå ïðîâîäÿò â öåëÿõ ïîëó÷åíèÿ äîñòîâåð-

íûõ äàííûõ ïî èçìåíåíèþ ñïåêòðàëüíûõ ôóíê-

öèé ðåëàêñàöèè íà âñåõ ñòàäèÿõ äåôîðìàöèîííî-

ãî ïîâåäåíèÿ ìàòåðèàëà îáðàçöà âïëîòü äî ðàç-

ðûâà. Èìåííî êèíåòè÷åñêîå ðàññìîòðåíèå ôóíê-

öèé ðåëàêñàöèè ïîçâîëÿåò âûÿâèòü ñòàäèè

òåðìîôëóêòóàöèîííûõ è àòåðìè÷åñêèõ ìåõàíèç-

ìîâ ðàçðóøåíèÿ èññëåäóåìûõ îáðàçöîâ [6, 13, 16,

15]. Ñòàäèè ýòèõ ìåõàíèçìîâ äåôîðìàöèîííîãî

îòêëèêà íà âíåøíèå íàãðóçêè îïðåäåëÿþò êèíå-

òèêó èçìåíåíèÿ ðåëàêñàöèîííûõ ìîäóëåé óïðó-

ãîñòè îáðàçöîâ è äîñòîâåðíûå äèàãðàììû äåôîð-

ìèðîâàíèÿ ðàñòÿãèâàåìûõ äî ðàçðûâà ïîëèìåð-

íûõ îáðàçöîâ (ñì. ðèñ. 2). Èñïûòóåìûé îáðàçåö 1

÷åðåç áóìàæíî-êëååâûå ïðîêëàäêè 2 (áóìàæíûå

ðàìêè) ôèêñèðóþò â îñíàñòêå ïîñðåäñòâîì çàæè-

ìîâ 3. Óñèëèå ðàñòÿæåíèÿ P ïåðåäàåòñÿ îò òðà-

âåðñû ìàøèíû ê îáðàçöó 1 ÷åðåç ïåðåäàòî÷íîå

çâåíî — èçìåðèòåëüíûé äàò÷èê 4. Îöèôðîâàí-

íûå ïîêàçàíèÿ äàò÷èêà 4 íàïðàâëÿþòñÿ â âû÷èñ-

ëèòåëüíûé áëîê ìàøèíû 5 è ðåãèñòðèðóþòñÿ â

âèäå äèàãðàììû äåôîðìèðîâàíèÿ â êîîðäèíàòàõ

íàïðÿæåíèå – äåôîðìàöèÿ. Óñèëèå ïîïåðå÷íîãî
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Ðèñ. 1. Ñõåìà ïîëèìåðíûõ îáðàçöîâ ñ âàðüèðóåìîé òîë-

ùèíîé ðàáî÷åé çîíû

Fig. 1. The shape of polymer samples with a varying thick-

ness of the working area
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P

Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà èñïûòàíèÿ ìèêðîîáðàç-

öîâ íà ðàñòÿæåíèå: 1 — èñïûòóåìûé îáðàçåö; 2 — áóìàæ-

íî-êëååâûå ïðîêëàäêè; 3 — çàæèì; 4 — äàò÷èê óñèëèé

ðàñòÿæåíèÿ; 5 — âû÷èñëèòåëüíûé áëîê

Fig. 2. Schematic diagram of the tensile testing of micro

samples: 1 — test sample; 2 — paper-glue pads; 3 — clamp;

4 — tensile force sensor; 5 — computing unit



çàæèìà ãîëîâîê îáðàçöà Q ìîæíî ðåãóëèðîâàòü

ñîãëàñíî öåëÿì èçìåðåíèé.

Ìåòîäèêà îáðàáîòêè

ýêñïåðèìåíòàëüíûõ äàííûõ

Ñïåêòðàëüíûå ôóíêöèè ðåëàêñàöèè (ïðè íå-

êîòîðûõ óñëîâèÿõ èõ îïðåäåëåíèÿ) ìîãóò âû-

ÿâèòü ïîñëåäîâàòåëüíîñòü íàèáîëåå çíà÷èìûõ

äëÿ êîíêðåòíûõ óñëîâèé íàãðóæåíèÿ ìåõàíèçìîâ

ìîëåêóëÿðíîãî îòêëèêà ïîëèìåðà íà âíåøíèå

âîçäåéñòâèÿ è èõ âëèÿíèå íà ôîðìèðîâàíèÿ ðå-

àëüíûõ ôóíêöèîíàëüíî-ìåõàíè÷åñêèõ ñâîéñòâ

èçó÷àåìûõ îáðàçöîâ ìàòåðèàëîâ. Â ÷àñòíîñòè,

òàêèìè ìåõàíèçìàìè âíóòðåííåãî îòêëèêà ïîëè-

ìåðà íà ñèëîâûå íàãðóçêè îáúÿñíÿþò íèçêî-

ïðî÷íûå, ïðî÷íûå, âûñîêîïðî÷íûå, ñóïåðïðî÷-

íûå ñîñòîÿíèÿ ïîëèìåðíûõ ñòðóêòóð ïðàêòè-

÷åñêè îäíîé õèìè÷åñêîé ïðèðîäû [6, 13, 15, 16].

Â îñíîâå ìíîãèõ ôàêòîâ ïðîÿâëåíèÿ ñïåöèôè÷å-

ñêèõ ñâîéñòâ ïîëèìåðîâ ëåæàò ðåëàêñàöèîííûå

ñòðóêòóðíûå ïðîöåññû [18, 19].

Ðàññìîòðèì ñïåêòðàëüíûå ôóíêöèè ðåëàêñà-

öèè ïîëèìåðîâ H(ô), ïðèìåíèâ íåêîòîðûå ïîäõî-

äû, èçëîæåííûå â ðàáîòàõ [15, 13, 19]. Öåëåñî-

îáðàçíû âàðèàíòû àïïðîêñèìàöèé ôóíêöèé

âñïîìîãàòåëüíîãî êà÷åñòâà ñ ïîñëåäóþùèì èõ

ïðåîáðàçîâàíèåì ìåòîäîì Ëàïëàñà [6]. Îäíàêî

âîçìîæíîñòè ýòîãî ïîäõîäà âåñüìà îãðàíè÷åíû

èñïîëüçîâàíèåì, íàïðèìåð, ñåêóùèõ çíà÷åíèé

ìîäóëÿ óïðóãîñòè íà äîñòàòî÷íî ïðîèçâîëüíî íà-

çíà÷åííûõ åäèíñòâåííûõ êîíòðîëüíûõ äåôîðìà-

öèÿõ [17]. Â ÷àñòíîñòè, ïðîâåäåì àíàëèç íàïðÿ-

æåííî-äåôîðìèðîâàííûõ ñîñòîÿíèé èñïûòóåìî-

ãî îáðàçöà, óñëîâíî ïðåäñòàâëåííûõ íà ðèñ. 3.

Èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî êàæäîìó äîñòèã-

íóòîìó óðîâíþ äåôîðìàöèîííîãî ñîñòîÿíèÿ îá-

ðàçöà ñîîòâåòñòâóåò îïðåäåëåííîå ïîëîæåíèå

ôóíêöèè H(ô).

Òàêèì îáðàçîì, öåëåñîîáðàçíåå ïðèìåíèòü

ñïîñîá ìíîæåñòâåííîãî îòîáðàæåíèÿ ôóíêöèè

H(ô), äëÿ ÷åãî, ïî íàøåìó ìíåíèþ, âïîëíå ïðèãî-

äåí ñïîñîá ïðèáëèæåííîãî âûðàæåíèÿ H(ô) äëÿ

êàæäîãî ÍÄÑ ïðÿìîóãîëüíûì ñïåêòðîì íà îñíî-

âå ñîîòíîøåíèÿ äëÿ äåéñòâèòåëüíîé ÷àñòè êîì-

ïëåêñíîãî ìîäóëÿ:

E E

H

� � �

�

�

�
( ) ln ,�

� �

� �

0

2

1

2

2

2

22

1

1
(1)

ãäå ù — ÷àñòîòà; E� — äåéñòâèòåëüíàÿ ÷àñòü ìî-

äóëÿ; ô1 — âðåìÿ ðåëàêñàöèè ñàìîãî áûñòðîãî

çâåíà; ô2 — âðåìÿ ðåëàêñàöèè ñàìîãî ìåäëåííîãî

çâåíà ïîëèìåðíîé ñòðóêòóðû. Ââèäó ìàëîé ñêî-

ðîñòè äåôîðìàöèè â ïðîâîäèìîì èñïûòàíèè

ïðèìåì ù = 1/ô. Íà ðèñ. 3 êà÷åñòâåííî ñîïîñòàâ-

ëåíû àïðîêñèìàöèîííîãî âèäà ôóíêöèè H(ô) [6]

è ïðÿìîóãîëüíûé ñïåêòð H0 äëÿ ðåæèìà äåôîð-

ìèðîâàíèÿ ñ ïîñòîÿííîé ñêîðîñòüþ. Ðàâíîâåñ-

íûé ìîäóëü óïðóãîñòè E
�

â (1) ìîæåò è îòñóòñòâî-

âàòü. Òîãäà ïðèáëèæåííî ðåëàêñàöèîííûé ìî-

äóëü óïðóãîñòè îáðàçöà

E t

H t t

t
p
( )

( )
ln ,�

�

�2

1

1

1

2 2

2

2 2

�

�

(2)

ãäå çíà÷åíèå òåêóùåãî óðîâíÿ ôóíêöèè H(ô
i
) îï-

ðåäåëÿåòñÿ êîíòðîëüíûì âðåìåíåì ïðîöåññà äå-

ôîðìàöèè t.

Ñîãëàñíî ñîîòíîøåíèþ (2) ðåëàêñàöèîííûé

ìîäóëü óïðóãîñòè E
p

íå ÿâëÿåòñÿ âåëè÷èíîé ïî-

ñòîÿííîé è ÿâíî çàâèñèò îò ñòåïåíè âíóòðåííåãî

ìîëåêóëÿðíîãî îòêëèêà ïîëèìåðà. Îá ýòîì ãîâî-

ðÿò è ñîîòíîøåíèÿ òåîðèè ïàìÿòè ìàòåðèàëîâ,

ïîëó÷åííûå èç óðàâíåíèÿ Áîëüöìàíà – Âîëüòåð-

ðà. Ïðè÷åì îáû÷íûå ôóíêöèè ðåëàêñàöèè âûðà-

æåíû ÷åðåç ôóíêöèè ñïåêòðà âðåìåí ðåëàêñàöèè

H(ô).

Ïðåîáðàçóåì (2) â âûðàæåíèå H(ô) ÷åðåç ìî-

äóëü E
p
:

H

E

t

t

p

( )

ln

.�

�

�

�

�

�

2

1

1

1

2 2

2

2 2

(3)

Ñ èñïîëüçîâàíèåì äàííîãî âûðàæåíèÿ â ëþáîé

òî÷êå äèàãðàììû äåôîðìèðîâàíèÿ ìîæíî ðàñ-

ñ÷èòàòü ðåëàêñàöèîííûé ìîäóëü E
p

è ñîîòâåòñò-

âóþùèé åìó óðîâåíü ñïåêòðàëüíîé ôóíêöèè

H(ô). Òîãäà äëÿ îáîçíà÷åííûõ òî÷åê ìîãóò áûòü

îïðåäåëåíû çíà÷åíèÿ ïðÿìîóãîëüíûõ ñïåêòðîâ

H
i
. Åùå ðàç îòìåòèì ñîîòâåòñòâèå (ñì. ðèñ. 3)
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Ðèñ. 3. Ñõåìà àïïðîêñèìàöèè ñïåêòðàëüíûõ ôóíêöèé

ðåëàêñàöèè H(ô), ïðÿìîóãîëüíèêîì H0 è òî÷êè äèàãðàìì

äåôîðìèðîâàíèÿ, ñîîòâåòñòâóþùèå ðàçëè÷íûì óðîâíÿì

H(ô)

Fig. 3. Mapping of spectral relaxation functions by approx-

imation H(ô), rectangle H
0
, and points of deformation dia-

grams corresponding to different levels of H(ô)



äèàãðàìì äåôîðìèðîâàíèÿ ó – å è äèàãðàìì

ñïåêòðàëüíîé ôóíêöèè H
i
– ln ô, èëè H – ô.

Îáñóæäåíèå ðåçóëüòàòîâ

Äèàãðàììû ñïåêòðàëüíûõ ôóíêöèé H(ô) èë-

ëþñòðèðîâàëè ýêñïåðèìåíòàëüíûìè äàííûìè,

ïîëó÷åííûìè èñïûòàíèÿìè ìèêðîîáðàçöîâ èç

ïîëèýòèëåíòåðåôòàëàòà (ÏÝÒÔ) â âèäå ïëåíîê ñ

îäíîîñíîé ïðîìûøëåííîé âûòÿæêîé. Èñïîëü-

çîâàëè ïëåíêè äâóõ òîëùèí — 50 è 175 ìêì.

Îáðàçöû èñïûòûâàëè ïðè êîìíàòíîé òåìïåðà-

òóðå (~24 °C) ñ ïîñòîÿííîé ñêîðîñòüþ äåôîðìè-

ðîâàíèÿ 2 ìì/ìèí. Íà ðèñ. 4 ïðåäñòàâëåíû

äèàãðàììû äåôîðìèðîâàíèÿ äëÿ ýòèõ îáðàçöîâ.

Ðàçðûâíûå íàãðóçêè â ïðåäåëàõ, õàðàêòåðíûõ

äëÿ êàæäîé òîëùèíû ðàáî÷åé ÷àñòè (50 ìêì,

175 ìêì), áûëè ïðèìåðíî îäèíàêîâû è ñîîòâåòñò-

âîâàëè òèïîâîìó ðàçáðîñó äàííûõ èçìåðåíèé.

Ïëåíêè ìåíüøåé òîëùèíû â äàííîì ñëó÷àå

èìåëè ñóùåñòâåííî ìåíüøèå óðîâíè ðàçðûâíûõ

íàïðÿæåíèé.

Îñîáåííîñòè äåôîðìèðîâàíèÿ èññëåäîâàí-

íûõ ìèêðîîáðàçöîâ ñâèäåòåëüñòâóþò î ÿâíîì

ðàçëè÷èè ðåëàêñàöèîííûõ ïðîöåññîâ â íèõ, ÷òî è

îòðàæàåòñÿ íà óðîâíÿõ èõ äåôîðìàöèîííî-ïðî÷-

íîñòíûõ ñâîéñòâ.

Îïðåäåëåííóþ èíôîðìàöèþ î ðàçëè÷èè

ýòàïíûõ äåôîðìàöèîííûõ ïðîöåññîâ â ìèêðîîá-

ðàçöàõ ïðè ðàçðûâíîì ðàñòÿæåíèè ìîãóò äàòü

äèàãðàììû ñïåêòðàëüíûõ ôóíêöèé ðåëàêñàöèè

H(ô), âûÿâëÿþùèå ðàçëè÷íûå ýòàïû ðåëàêñàöè-

îííîãî îòêëèêà âíóòðåííåé ìîëåêóëÿðíîé ñòðóê-

òóðû ìèêðîîáðàçöîâ. Äëÿ èññëåäóåìûõ ïëåíîê èç

ÏÝÒÔ äèàãðàììû H(ô), à òàêæå ñîîòâåòñòâóþ-

ùèå èì äèàãðàììû äåôîðìèðîâàíèÿ ïðåäñòàâëå-

íû íà ðèñ. 5 è 6. Ñïåêòðàëüíûå äèàãðàììû ïî-

ñòðîåíû ïîñðåäñòâîì ñîîòíîøåíèé (1) – (3) íà îñ-

íîâå ïðèâåäåííûõ äèàãðàìì äåôîðìèðîâàíèÿ âî

âðåìåííîì ïåðèîäå äåôîðìèðîâàíèÿ îáðàçöîâ äî

ðàçðûâà. Îáðàòèì âíèìàíèå, ÷òî äèàãðàììû

H(ô) äëÿ îáðàçöîâ îáåèõ òîëùèí (50 è 175 ìêì)

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 5 57

Í
à
ï

ð
ÿ
æ

å
í

è
å
,
Ì

Ï
à

Í
à
ï

ð
ÿ
æ

å
í

è
å
,
Ì

Ï
à

Äåôîðìàöèÿ, %

à

á

Äåôîðìàöèÿ, %
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Fig. 4. Deformation diagrams of polyethylene

terephthalate micro-samples with a thickness of 50 (a) and

175 ìm (b)
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Fig. 5. The spectral relaxation function of a PET sample (50 ìm) (a) and the corresponding deformation diagram (b)



ïðè íà÷àëüíîé èäåíòè÷íîñòè (äî 15 ñ) â äàëüíåé-

øåì îòðàæàþò âåñüìà ðàçëè÷íûå õàðàêòåðû ïðî-

öåññîâ ìîëåêóëÿðíûõ îòêëèêîâ. Ïðåäïîëîæè-

òåëüíûé ïåðå÷åíü ïðîöåññîâ, ðàçâèâàþùèõñÿ â

ìèêðîîáðàçöàõ íà ìîëåêóëÿðíîì óðîâíå, íå îãðà-

íè÷èâàåòñÿ òîëüêî ðåëàêñàöèîííûìè ïåðåõîäà-

ìè [6, 17, 20]. Â ïîëèìåðàõ âûÿâëåíû íå ìåíåå

âàæíûå ìåõàíèçìû âíóòðåííèõ ïðîöåññîâ, ñî-

ïóòñòâóþùèõ ðåëàêñàöèîííûì ïåðåõîäàì [13,

15, 16]. Èõ âîçìîæíîå ðàçâèòèå îòðàæàåò äèà-

ãðàììà H(ô) è ïîêàçûâàåò ñòåïåíü èõ âêëþ÷åíèÿ

â ôîðìèðîâàíèå ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèà-

ëà. Ñîïóòñòâóþùèìè ïðîöåññàìè ìîãóò áûòü:

ðåêðèñòàëëèçàöèÿ íà íàäìîëåêóëÿðíîì óðîâíå;

äèëàòîííûå âîçáóæäåíèÿ ìíîæåñòâåííûõ ìèêðî-

îáúåìîâ; êèíåòè÷åñêèå ðàçðûâû ïåðåíàïðÿæåí-

íûõ õèìè÷åñêèõ ñâÿçåé è èõ ðåêîìáèíàöèè è äð.

Ïðè ñðàâíåíèè äèàãðàìì H(ô) íà ðèñ. 5 è ðèñ. 6

îò÷åòëèâî âèäíî ðàçëè÷èå âíóòðåííèõ ïðîöåññîâ

â ðàññìàòðèâàåìûõ òèïàõ îáðàçöîâ ÏÝÒÔ.

Áåç ñïåöèàëüíûõ ñòðóêòóðíûõ èññëåäîâàíèé,

êîíå÷íî, òðóäíî ñóäèòü î ñòåïåíè òå÷åíèÿ òîãî

èëè èíîãî ïðîöåññà â ïîëèìåðå. Äëÿ ïðàêòè-

÷åñêèõ æå öåëåé äèàãðàììà H(ô) çíà÷èòåëüíî

ïîìîæåò ðàçðàáîò÷èêàì íîâûõ ìàòåðèàëîâ, îáåñ-

ïå÷èâ áîëåå äîñòîâåðíóþ îöåíêó ðàáîòîñïîñîá-

íîñòè ïðîåêòèðóåìûõ èçäåëèé.

Çàêëþ÷åíèå

Ðàññìîòðåííûé âàðèàíò ðàñ÷åòà ñïåêòðàëü-

íîé ôóíêöèè ðåëàêñàöèè ïîëèìåðîâ â øèðîêîì

äèàïàçîíå äåôîðìàöèé ðàñòÿæåíèÿ ìèêðîîáðàç-

öîâ, âïëîòü äî ïðåäðàçðûâíûõ ñîñòîÿíèé, ìîæíî

èñïîëüçîâàòü â ñëåäóþùèõ öåëÿõ è ñëó÷àÿõ:

äëÿ ñîçäàíèÿ íîâûõ ðàñ÷åòíûõ ìîäåëåé è

óòî÷íåíèÿ ñóùåñòâóþùèõ àëãîðèòìîâ ðàñ÷åòîâ

ÍÄÑ èçäåëèé èç êîìïîçèöèé ñ âûðàæåííûìè

âÿçêîóïðóãèìè ñâîéñòâàìè; äèàãðàììû H(ô) îò-

÷åòëèâî âûÿâëÿþò îáëàñòè òå÷åíèÿ äåôîðìàöè-

îííûõ ïðîöåññîâ ñ óïðóãîé è íåóïðóãîé îñîáåí-

íîñòÿìè äåôîðìàöèè, à òàêæå — îáëàñòè àêòèâà-

öèè âÿçêî-óïðóãèõ äåôîðìàöèîííûõ ÿâëåíèé;

ïðè ðàçðàáîòêàõ ñòðóêòóð è êîíñòðóêöèé

ÿ÷åèñòûõ ìàòåðèàëîâ, íàïðèìåð, äëÿ îáîñíîâà-

íèÿ îïòèìàëüíûõ ãàáàðèòíûõ ðàçìåðîâ ýëåìåí-

òàðíûõ ÿ÷ååê ñîòîâîé ñòðóêòóðû;

ïðè ðàçðàáîòêàõ íîâûõ òåõíîëîãèé ôîðìîâà-

íèÿ èçäåëèé èç ñîâðåìåííûõ êîìïîçèöèîííûõ

ìàòåðèàëîâ;

ïðè ïðîâåäåíèè îöåíî÷íûõ ðàáîò ïî äîñòè-

æåíèþ íåîáõîäèìîé äîëãîâå÷íîñòè èçäåëèé èç

ñîâðåìåííûõ ïîëèìåðíûõ ìàòåðèàëîâ, â ÷àñò-

íîñòè, íà îñíîâå ñîâðåìåííûõ ìåòîäîâ àíàëèçà

ïîëíîé èçîòåðìû äîëãîâå÷íîñòè ñ âûÿâëåíèåì

ýòàïîâ òåðìîôëóêòóàöèîííîãî è àòåðìè÷åñêîãî

îòêëèêà îáðàçöîâ íà âíåøíåå ñèëîâîå âîçäåé-

ñòâèå.

Òàêèì îáðàçîì, ïðåäëàãàåìûé ïîäõîä ê àíà-

ëèçó ôóíêöèé ñïåêòðîâ ðåëàêñàöèè îòñëåæèâàåò

ìíîãèå ýòàïû äåôîðìàöèîííîãî îòêëèêà îáðàç-

öîâ ïîëèìåðîâ, âïëîòü äî ýòàïîâ äåôîðìèðî-

âàíèÿ, ïðåäøåñòâóþùèõ ðàçðóøåíèþ. Ñîçäàí

âàðèàíò èñïûòàòåëüíîé îñíàñòêè, ïîçâîëÿþùåé

ïðîâîäèòü èñïûòàíèÿ ìèêðîîáðàçöîâ ïîëèìåðîâ

äëÿ ó÷åòà ìàñøòàáíî-ñòðóêòóðíîãî ôàêòîðà.

Ïîëó÷åíû ðåàëüíûå âðåìåííûå äèàãðàììû

ñïåêòðàëüíûõ ôóíêöèé äëÿ ïîëèýòèëåíòåðåôòà-

ëàòà, â äàííîì ñëó÷àå âûïîëíÿþùåãî ðîëü òåñòî-

âîãî ìàòåðèàëà. Ðàññìîòðåííûå ìåòîäè÷åñêèå

âîçìîæíîñòè ðåêîìåíäîâàíû ñïåöèàëèñòàì ðàç-

ëè÷íûõ ñîâðåìåííûõ ìàòåðèàëîâåä÷åñêèõ íà-

ïðàâëåíèé [1].
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