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Ïðåïðåãè ýëåêòðîòåõíè÷åñêîãî íàçíà÷åíèÿ èñïîëüçóþò â êà÷åñòâå ñêëåèâàþùåé ïðîêëàä-

êè îòäåëüíûõ ñëîåâ ïðè èçãîòîâëåíèè ìíîãîñëîéíûõ ïå÷àòíûõ ïëàò. Îíè ïðåäñòàâëÿþò

ñîáîé ìàòåðèàëû, ïîëó÷àåìûå ïóòåì ïðîïèòêè ñòåêëîòêàíè ñìåñüþ ìîäèôèöèðîâàííûõ

ýïîêñèäíûõ ñìîë. Òåìïåðàòóðó ñòåêëîâàíèÿ (Tñò) îòâåðæäåííîãî ïðåïðåãà îïðåäåëÿþò ìå-

òîäîì äèôôåðåíöèàëüíîé ñêàíèðóþùåé êàëîðèìåòðèè. Äàííûé ïîäõîä óíèâåðñàëåí, ïðå-

äóñìàòðèâàåò øèðîêèå ãðàíèöû èíñòðóìåíòàëüíûõ ïàðàìåòðîâ è íå ñîäåðæèò ÷èñëåííûõ

çíà÷åíèé ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê. Â ðàáîòå ïðåäñòàâëåíû ìåòîäèêà îïðåäåëåíèÿ

Tñò ñ ó÷åòîì òðåáîâàíèé ÃÎÑÒà è óñëîâèé ïðîâåäåíèÿ ýêñïåðèìåíòîâ è îöåíêà åå ìåòðîëî-

ãè÷åñêèõ õàðàêòåðèñòèê. Èññëåäîâàëè îòâåðæäåííûå îáðàçöû ïðåïðåãîâ ðîññèéñêîãî è çà-

ðóáåæíîãî ïðîèçâîäñòâ. Òåðìîãðàììû çàïèñûâàëè íà äâóõ ïðîáàõ äëÿ êàæäîãî îáðàçöà,

Tñò ðàññ÷èòûâàëè ïî ïåðåõîäó ñòåêëîâàíèÿ íà êðèâîé âòîðîãî íàãðåâà ñî ñêîðîñòüþ

20 °C/ìèí. Ïîêàçàíî, ÷òî îòíîñèòåëüíàÿ ñóììàðíàÿ ïîãðåøíîñòü ìåòîäèêè ñîñòàâëÿåò

±4 %. Ïîñêîëüêó â îòäåëüíûõ ñëó÷àÿõ íà òåðìîãðàììàõ îòâåðæäåííûõ ïðåïðåãîâ âèäè-

ìûé ïåðåõîä ñòåêëîâàíèÿ íå ôèêñèðîâàëñÿ, ïðîâîäèëè ëèíåéíóþ àïïðîêñèìàöèþ çàâèñè-

ìîñòè Tñò îò âûñîêèõ ñêîðîñòåé íàãðåâà, ïðè êîòîðûõ ïåðåõîä ñòåêëîâàíèÿ âûðàæåí çàìåò-

íî ëó÷øå, ê çíà÷åíèþ ñêîðîñòè 20 °C/ìèí. Êîíòðîëü ïðàâèëüíîñòè îïðåäåëåíèÿ îñóùåñòâ-

ëÿëè íà îáðàçöàõ, äëÿ êîòîðûõ ìîæíî áûëî óâåðåííî îïðåäåëèòü Tñò ýêñòðàïîëÿöèîííûì

è êëàññè÷åñêèì ýêñïåðèìåíòàëüíî-ðàñ÷åòíûì ñïîñîáàìè. Óñòàíîâëåíî, ÷òî îáà ìåòîäà ðàñ-

÷åòà ïðèâîäÿò ê îäèíàêîâûì ðåçóëüòàòàì â ïðåäåëàõ ïîãðåøíîñòè àíàëèçà. Ïîëó÷åííûå

ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè îïðåäåëåíèè Tñò ïðåïðåãîâ ýëåêòðîòåõíè÷åñêîãî

íàçíà÷åíèÿ è âõîäíîì êîíòðîëå ñîîòâåòñòâóþùèõ èçäåëèé.
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ñêèå õàðàêòåðèñòèêè.
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Electrotechnical prepregs are used as gluing gasket in the manufacture of multilayer printed circuit

boards. These materials are obtained by fiberglass impregnation with a mixture of modified epoxy resins.

The glass transition temperature (T
g
) of the cured prepreg is determined by differential scanning calorim-

etry. This universal approach provides a wide range of instrumental parameters and does not contain nu-

merical values of metrological characteristics. We present a methodology of T
g

determination taking into

account the requirements of GOST and experimental conditions and assess the metrological characteris-

tics of the technique. Cured samples of prepregs produced in Russia and aboard were studied.

Thermograms were recorded for two samples of each prepreg. T
g

was calculated from the transition on the

curve of second heating at a rate of 20 °C/min. It has been shown that the relative total error of the method

is ±4%. Since in some cases the visible glass transition was not recorded on the thermograms of cured

prepregs, a linear approximation of the T
g

dependence from a high heating rate at which the glass transi-
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tion is more pronounced to the value of 20 °C/min was carried out. Control of the correctness of the deter-

mination was carried on samples for which T
g

can be confidently determined by extrapolation and tradi-

tional experimental-calculation methods. It is shown that both extrapolation and calculation methods lead

to the same results within the limits of the analytical error. The obtained results can be used for determin-

ing T
g

of electrotechnical prepregs and incoming inspection of the corresponding product.

Keywords: differential scanning calorimetry; electrotechnical prepregs; glass transition temperature; de-

gree of cure; heating rate; metrological characteristics.

Ââåäåíèå

Ïðåïðåãè ýëåêòðîòåõíè÷åñêîãî íàçíà÷åíèÿ

èñïîëüçóþò â êà÷åñòâå ñêëåèâàþùåé ïðîêëàäêè

îòäåëüíûõ ñëîåâ ïðè èçãîòîâëåíèè ìíîãîñëîé-

íûõ, ãèáêî-æåñòêèõ è òåïëîîòâîäÿùèõ ïå÷àòíûõ

ïëàò [1, 2]. Îíè ïðåäñòàâëÿþò ñîáîé ìàòåðèàëû,

ïîëó÷àåìûå ïóòåì ïðîïèòêè ñòåêëîòêàíè ñìåñüþ

ìîäèôèöèðîâàííûõ òåðìîðåàêòèâíûõ ýïîêñèä-

íûõ ñìîë.

Îäèí èç êîíòðîëèðóåìûõ ïàðàìåòðîâ, ïîêà-

çûâàþùèõ ñòåïåíü îòâåðæäåíèÿ ñâÿçóþùåãî, —

òåìïåðàòóðà ñòåêëîâàíèÿ (Tñò) ñëîèñòîãî ìàòå-

ðèàëà, ïîëó÷àåìîãî èç ïðåïðåãà [3 – 5]. Òåõíè÷å-

ñêèìè óñëîâèÿìè (ÒÓ 22.29.29-025-96330920–

2022, ÒÓ 22.29.29-018-96330920–2020) ðåãëàìåí-

òèðîâàíî îïðåäåëåíèå Tñò îòâåðæäåííîãî ïðå-

ïðåãà ìåòîäîì äèôôåðåíöèàëüíîé ñêàíèðóþùåé

êàëîðèìåòðèè (ÄÑÊ) (ÃÎÑÒ Ð ÌÝÊ 61189-2).

Òðåáîâàíèÿ ñôîðìóëèðîâàíû òàêèì îáðàçîì,

÷òîáû èñïûòàíèÿ ìîæíî áûëî ïðîâîäèòü íà ëþ-

áîì ïðèáîðå ÄÑÊ, ñ ëþáûì ìåòàëëè÷åñêèì òèã-

ëåì â øèðîêîì èíòåðâàëå ìàññ îáðàçöîâ. Ñëåäñò-

âèå òàêîãî ïîäõîäà — íåîáõîäèìîñòü óñòàíîâëå-

íèÿ ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê äëÿ êàæäûõ

êîíêðåòíûõ óñëîâèé âûïîëíåíèÿ îïðåäåëåíèé.

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäèêè îïðåäå-

ëåíèÿ Tñò ñ ó÷åòîì òðåáîâàíèé ÃÎÑÒà è óñëîâèé

ïðîâåäåíèÿ ýêñïåðèìåíòîâ è îöåíêà åå ìåòðîëî-

ãè÷åñêèõ õàðàêòåðèñòèê äëÿ ïîñëåäóþùåãî âõîä-

íîãî êîíòðîëÿ ïðåïðåãîâ.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè îòâåðæäåííûå îáðàçöû ïðå-

ïðåãîâ ðîññèéñêîãî è çàðóáåæíîãî ïðîèçâîäñòâ

(òàáë. 1) [6, 7]. Ïàðàìåòðû ðåæèìà îòâåðæäåíèÿ

ïðåïðåãîâ ñîîòâåòñòâîâàëè ðåêîìåíäîâàííûì

ïðîèçâîäèòåëåì äëÿ ïðåññîâàíèÿ ìíîãîñëîéíûõ

ïå÷àòíûõ ïëàò: ïîäúåì òåìïåðàòóðû äî 190 °C

ñ ïîñëåäóþùåé âûäåðæêîé â òå÷åíèå âðåìåíè

äî 1,5 ÷. Ïåðåä èçìåðåíèÿìè îáðàçöû âûäåð-

æèâàëè â ñóøèëüíîì øêàôó ñ ïðèíóäèòåëüíîé

âåíòèëÿöèåé â òå÷åíèå 2 ÷ ïðè 105 °C, äàëåå îíè

êîíäèöèîíèðîâàëèñü âûäåðæêîé â äåñèêàòîðå

ñ ñèëèêàãåëåì ìèíèìóì 2 ÷ ïðè êîìíàòíîé òåì-

ïåðàòóðå.

Êàëîðèìåòðè÷åñêèå èñïûòàíèÿ ïðîâîäèëè ñ

èñïîëüçîâàíèåì äèôôåðåíöèàëüíîãî ñêàíèðóþ-

ùåãî êàëîðèìåòðà PerkinElmer DSC 8500 (ÑØÀ)

(äåðæàòåëü îáðàçöà — ñòàíäàðòíûé àëþìèíèå-

âûé òèãåëü, çàêðûòûé êðûøêîé, ãàç ïðîäóâêè —

àçîò, ñêîðîñòü ïðîäóâêè — 20 ìë/ìèí). Ìàññó

ïðîáû îïðåäåëÿëè íà ýëåêòðîííûõ âåñàõ Ohaus

DV215CD (òî÷íîñòü âçâåøèâàíèÿ — 0,1 ìã). Ýêñ-

ïåðèìåíòû ïðîâîäèëè ïî óñòàíîâëåííîé òåìïå-

ðàòóðíîé ïðîãðàììå (ÃÎÑÒ Ð ÌÝÊ 61189-2)

(òàáë. 2). Tñò îïðåäåëÿëè êàê òåìïåðàòóðó â ñðåä-

íåé òî÷êå ïåðåõîäà, ðàñ÷åò ïðîâîäèëè ïî òåðìî-

ãðàììå ïîâòîðíîãî íàãðåâà îáðàçöà.

Çàìåòèì, ÷òî îæèäàåìàÿ Tñò — òåìïåðàòóðà

ñòåêëîâàíèÿ, óêàçàííàÿ ïðîèçâîäèòåëåì ïðåïðå-

ãà â ñîîòâåòñòâóþùåé äîêóìåíòàöèè. Äëÿ èññëå-

äóåìûõ ìàòåðèàëîâ ïðåäïîëàãàëîñü, ÷òî îíà áó-

äåò íàõîäèòüñÿ â èíòåðâàëå 165 – 180 °C.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðàçðàáîòêà ìåòîäèêè îïðåäåëåíèÿ Tñò íà

îñíîâå ÃÎÑÒà. Ðåêîìåíäóåòñÿ ïðîâîäèòü ïîâòîð-

íûé íàãðåâ îáðàçöà, ïî ðåçóëüòàòàì êîòîðîãî îï-

ðåäåëÿåòñÿ Tñò, íà ñêîðîñòè 10° Ñ/ìèí (ÃÎÑÒ Ð

ÌÝÊ 61189-2). Âìåñòå ñ òåì ÷àñòî ïðèìåíÿåìàÿ

ñêîðîñòü íàãðåâà îáðàçöà, ïðè êîòîðîé îïðåäåëÿ-

åòñÿ Tñò, ñîñòàâëÿåò 20 °C/ìèí [8 – 10]. Ïîýòîìó

ïðåæäå âñåãî íåîáõîäèìî óáåäèòüñÿ â òîì, ÷òî

ïðè ïîíèæåííîé ñêîðîñòè ïåðåõîä ñòåêëîâàíèÿ

áóäåò ôèêñèðîâàòüñÿ.
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Òàáëèöà 1. Èññëåäóåìûå îòâåðæäåííûå ïðåïðåãè

Table 1. Cured prepregs under study

Ïðåïðåã Òåõíè÷åñêèå óñëîâèÿ Ïðîèçâîäèòåëü

ÝÌ-5Í-1078-63 22.29.29-025-96330920–2022 ÀÎ «Ýëåêòðîìàø» (Ðîññèÿ)

ÝÌ-5-2116-57 22.29.29-018-96330920–2020 ÀÎ «Ýëåêòðîìàø» (Ðîññèÿ)

IT-180GNBS-Low Flow Prepreg 1078 MF 2001.0412.2014-20183 ITEQ Corporation (Òàéâàíü)

IT-180ABS-2116-53 2001.0412.2014-20165 ITEQ Corporation (Òàéâàíü)



Ïðåäâàðèòåëüíûå ýêñïåðèìåíòû, ïðîâåäåí-

íûå äëÿ âñåõ èññëåäóåìûõ ïðåïðåãîâ, ïîêàçàëè,

÷òî â ðÿäå ñëó÷àåâ ïåðåõîä ñòåêëîâàíèÿ ïðè ñêî-

ðîñòè íàãðåâà 10 °C/ìèí íà òåðìîãðàììå íå ôèê-

ñèðóåòñÿ. Â íåêîòîðûõ ñëó÷àÿõ ýòî íàáëþäàëîñü

è ïðè íàãðåâå ïðè 20 °C/ìèí. Â äàëüíåéøèõ èñ-

ïûòàíèÿõ èñïîëüçîâàëè ñêîðîñòü 20 °C/ìèí, òàê

êàê ÃÎÑÒ, ïîìèìî ðåêîìåíäóåìîé, äîïóñêàåò åå

ïðèìåíåíèå.

Â ñîîòâåòñòâèè ñ òåìïåðàòóðíîé ïðîãðàììîé

è óñòàíîâëåííîé ñêîðîñòüþ âòîðîãî íàãðåâà (ñì.

òàáë. 2) ðàññ÷èòûâàëè Tñò ïðåïðåãîâ ïî ñðåäíåìó

çíà÷åíèþ èç äâóõ ïàðàëëåëüíûõ èçìåðåíèé. Íà

ðèñ. 1 ïðèâåäåíû òåðìîãðàììû íàãðåâîâ ïðåïðå-

ãà ÝÌ-5Í-1078-63. Ïîëó÷åííûå ðåçóëüòàòû ñèñ-

òåìàòèçèðîâàíû â òàáë. 3.

Âèäíî, ÷òî äëÿ òðåõ èç ÷åòûðåõ ïðåïðåãîâ Tñò

óäîâëåòâîðÿåò òðåáîâàíèÿì ÒÓ. Tñò ïðåïðåãà
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Òàáëèöà 2. Ïàðàìåòðû òåìïåðàòóðíîãî ðåæèìà ýêñïåðèìåíòà

Table 2. Temperature program of the experiment

Ñòàäèÿ Ïðîöåññ
Òåìïåðàòóðà, °C Ñêîðîñòü èëè

äëèòåëüíîñòüíà÷àëüíàÿ êîíå÷íàÿ

1 Íàãðåâàíèå 30 Íà 15 °C âûøå îæèäàåìîé Tñò 20 °C/ìèí

2 Âûäåðæêà Íà 15 °C âûøå îæèäàåìîé Tñò 5 ìèí

3 Îõëàæäåíèå Íà 15 °C âûøå îæèäàåìîé Tñò 30 100 °C/ìèí

4 Âûäåðæêà 30 5 ìèí

5 Íàãðåâàíèå 30 Íà 25 °C âûøå îæèäàåìîé Tñò 10 (20) °C/ìèí

Òàáëèöà 3. Ðàññ÷èòàííûå òåìïåðàòóðû ñòåêëîâàíèÿ ïðåïðåãîâ

Table 3. Calculated glass transition temperatures

Ïðåïðåã Ìàññà îáðàçöà, ìã Tñò, °C Tñò ñðåäíåå, °C Íîðìà Tñò ïî ÒÓ, °C

ÝÌ-5Í-1078-63 13,5 159,8 159,2 Íå ìåíåå 165

12,5 158,5

ÝÌ-5-2116-57 16,0 174,8 176,2 Íå ìåíåå 170

16,9 177,6

IT-180GNBS-Low Flow

Prepreg 1078 MF

10,4 182,3 183,0 Íå ìåíåå 175

10,7 183,6

IT-180ABS-2116-53 17,9 176,2 177,5 Íå ìåíåå 175

17,7 178,8
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Ðèñ. 1. Òåðìîãðàììû ïåðâîãî è âòîðîãî íàãðåâîâ ïðåïðåãà ÝÌ-5Í-1078-63

Fig. 1. First and second heating curves of EM-5N-1078-63 prepreg



ÝÌ-5Í-1078-63 îêàçàëàñü çàìåòíî íèæå óñòàíîâ-

ëåííîé â ÒÓ. Âåðîÿòíîñòü îøèáî÷íîãî ðåçóëüòà-

òà èñêëþ÷àëè ñåðèåé ïîâòîðíûõ îïðåäåëåíèé

(îíè ïîêàçûâàëè àíàëîãè÷íîå ÷èñëåííîå çíà÷å-

íèå Tñò). Íèçêîå çíà÷åíèå òåìïåðàòóðû ñòåêëîâà-

íèÿ ìîæåò áûòü ñâÿçàíî êàê ñ õèìè÷åñêîé ïðèðî-

äîé èñõîäíîãî íåîòâåðæäåííîãî ïðåïðåãà, òàê è ñ

íåäîñòàòî÷íûì åãî îòâåðæäåíèåì.

Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ìåòîäè-

êè. Ïîñêîëüêó ïðåäëàãàåìàÿ ìåòîäèêà ìîæåò

áûòü èñïîëüçîâàíà ïðè ïàðàìåòðè÷åñêîì êîíòðî-

ëå ïðåïðåãîâ ïî ïàðàìåòðó «Òåìïåðàòóðà ñòåêëî-

âàíèÿ ñëîèñòîãî ìàòåðèàëà, ïðèãîòîâëåííîãî èç

ïðåïðåãà», îíà äîëæíà èìåòü óñòàíîâëåííûå

ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè. Òàê, îáùóþ

ïîãðåøíîñòü (òî÷íîñòü) ìåòîäèêè Ut ìîæíî îïðå-

äåëèòü ïî ôîðìóëå (ÃÎÑÒ Ð ÌÝÊ 61189-2)

U U U Ut s r i
� � � �

2 2
, (1)

ãäå Us, Ur — ñèñòåìàòè÷åñêàÿ (ïðàâèëüíîñòü) è

ñëó÷àéíàÿ (ïðåöèçèîííîñòü) ñîñòàâëÿþùèå ïî-

ãðåøíîñòè; Ui — ïîãðåøíîñòü èíòåðïîëÿöèè.

Ïîä ïîãðåøíîñòüþ èíòåðïîëÿöèè ïîíèìàþò

20 % îò ðàçíèöû ìåæäó çíà÷åíèÿìè ñîñåäíèõ äå-

ëåíèé øêàëû ïðèáîðà, ïî êîòîðîìó âåäóò îòñ÷åò

îïðåäåëÿåìîé âåëè÷èíû. Â íàøåì ñëó÷àå ðåãèñò-

ðàöèÿ ñèãíàëà îñóùåñòâëÿëàñü óïðàâëÿþùèì

ïðîãðàììíûì îáåñïå÷åíèåì, è äàííàÿ ñîñòàâ-

ëÿþùàÿ ïîãðåøíîñòè âêëþ÷àëàñü â ñîñòàâ èíñò-

ðóìåíòàëüíîé ïîãðåøíîñòè ïðèáîðà.

Ñèñòåìàòè÷åñêóþ ñîñòàâëÿþùóþ ïîãðåøíî-

ñòè îöåíèâàëè, èñõîäÿ èç èçìåðåíèé îïðåäåëÿå-

ìîãî ïàðàìåòðà äëÿ àòòåñòîâàííîãî ñòàíäàðòíîãî

îáðàçöà (ÑÎ). Â ñâÿçè ñ òåì, ÷òî Tñò — óñëîâíûé

ïàðàìåòð, õàðàêòåðèçóþùèé èíòåðâàë òåìïåðà-

òóð, â êîòîðîì ïðîèñõîäèò ðåëàêñàöèîííûé ïåðå-

õîä, îöåíèòü ñèñòåìàòè÷åñêóþ ñîñòàâëÿþùóþ ïî-

ãðåøíîñòè ìîæíî èñêëþ÷èòåëüíî ðàñ÷åòíûì

ñïîñîáîì, ñóììèðóÿ ïîãðåøíîñòè, íå îòíîñÿùèå-

ñÿ ê ñëó÷àéíûì ôëóêòóàöèÿì. Â òåðìîàíàëèçå ê

òàêîâûì ìîæíî îòíåñòè ïîãðåøíîñòü âçâåøèâà-

íèÿ îáðàçöà, èíñòðóìåíòàëüíóþ ïîãðåøíîñòü îï-

ðåäåëåíèÿ òåìïåðàòóðû è ïîãðåøíîñòü ïðî-

ãðàììíîãî îáåñïå÷åíèÿ ïðè îïðåäåëåíèè çíà÷å-

íèé ýêñòðåìóìîâ íà òåðìîãðàììàõ. Ñóììàðíàÿ

îöåíêà äàííûõ ôàêòîðîâ â íàøåì ñëó÷àå äàåò

äëÿ ïðàâèëüíîñòè çíà÷åíèå 3,2 % (äëÿ àíàëèçè-

ðóåìîãî òåìïåðàòóðíîãî èíòåðâàëà).

Ñëó÷àéíàÿ ñîñòàâëÿþùàÿ ïîãðåøíîñòè Ur

âû÷èñëÿåòñÿ ïî ôîðìóëå

U t nr � � , (2)

ãäå t — êðèòåðèé Ñòüþäåíòà; ó — ñðåäíåêâàäðà-

òè÷íîå îòêëîíåíèå; n — îáúåì âûáîðêè.

Îáúåì âûáîðêè äîëæåí ñîñòàâëÿòü íå ìåíåå

20 îïðåäåëåíèé (ÃÎÑÒ Ð 8.997). Åñëè ìåòîäèêà

ïðåäóñìàòðèâàåò ïàðàëëåëüíûå èçìåðåíèÿ, êàê â

äàííîì ñëó÷àå, òî ÷èñëî îïðåäåëåíèé ïîäðàçóìå-

âàåò, ÷òî ðåçóëüòàò êàæäîãî èç íèõ — ýòî ñðåäíå-

àðèôìåòè÷åñêîå. Êðèòåðèé Ñòüþäåíòà äëÿ 20

îïðåäåëåíèé ñîñòàâëÿåò 2,09 ïðè äîâåðèòåëüíîé

âåðîÿòíîñòè 95 %. Òåìïåðàòóðû ñòåêëîâàíèÿ

ýïîêñèäíûõ ïðåïðåãîâ, äëÿ îïðåäåëåíèÿ êîòîðûõ

ðàçðàáàòûâàëàñü ìåòîäèêà, ëåæàò â äîñòàòî÷íî

óçêîì òåìïåðàòóðíîì èíòåðâàëå. Ïîýòîìó íàáîð

ñòàòèñòè÷åñêîé èíôîðìàöèè îãðàíè÷èëè îäíèì

ïðåïðåãîì — ÝÌ-5Í-1078-63.

Â ðåçóëüòàòå ïðîâåäåííûõ ýêñïåðèìåíòîâ

ñðåäíåå çíà÷åíèå Tñò ïî 20 ïàðàëëåëüíûì îïðå-

äåëåíèÿì ñîñòàâèëî 157,6 °C, ñðåäíåêâàäðà-

òè÷íîå îòêëîíåíèå — 3,5 °C. Ïî (2) Ur = 1,6 °C

(îêîëî 1 % â èññëåäóåìîì äèàïàçîíå òåìïåðàòóð

ñòåêëîâàíèÿ), òàêèì îáðàçîì, ñóììàðíàÿ ïî-

ãðåøíîñòü ìåòîäèêè ìîæåò áûòü îöåíåíà êàê

3,4 %. Êîíñåðâàòèâíî äëÿ äàëüíåéøèõ ðàñ÷åòîâ

ïðèíÿëè, ÷òî îíà ñîñòàâëÿåò 4 %. Äåéñòâèòåëüíî,

âñå 40 ïàðàëëåëüíûõ èçìåðåíèé Tñò ïðåïðåãà

ÝÌ-5Í-1078-63 óâåðåííî âõîäÿò â èíòåðâàë

157,6 ± 6,3 °C.

Ìåòîäîëîãè÷åñêèé ïîäõîä ê îïðåäåëåíèþ Tñò

ìåòîäîì ýêñòðàïîëÿöèè. Â ðÿäå ýêñïåðèìåíòîâ

ïî îïðåäåëåíèþ Tñò ïðåïðåãîâ èñïîëüçîâàëè îá-

ðàçöû, â êîòîðûõ ïðè ñêîðîñòÿõ íàãðåâàíèÿ 10 è

20 °C/ìèí ïåðåõîä ñòåêëîâàíèÿ íå ôèêñèðîâàëñÿ

íà òåðìîãðàììå (ðèñ. 2). Ðàñ÷åò Tñò ïîñðåäñòâîì

äèôôåðåíöèðîâàíèÿ òåðìîãðàììû òàêæå íå ïðè-

âåë ê óñïåõó âñëåäñòâèå íèçêîé èíòåíñèâíîñòè

ïèêà ïåðâîé ïðîèçâîäíîé íà ôîíå øóìîâ.

Çàïèñü òåðìîãðàìì íà ñêîðîñòÿõ, â íåñêîëüêî

ðàç ïðåâûøàþùèõ ñòàíäàðòíûå (ðåæèì fast-scan

èëè hyperscan), íàðÿäó ñ î÷åâèäíûì ñóùåñòâåí-

íûì ïîâûøåíèåì ñêîðîñòè àíàëèçîâ, ïîçâîëÿåò

ïîâûñèòü ÷óâñòâèòåëüíîñòü ðåãèñòðàöèè âûõîä-

íîãî ñèãíàëà è, êàê ñëåäñòâèå, èñïîëüçîâàòü äëÿ

àíàëèçà ìèêðîãðàììîâûå êîëè÷åñòâà âåùåñòâà,

÷òî ìîæåò áûòü ïîëåçíûì ïðè èññëåäîâàíèè òîí-

êèõ ïëåíîê, áèîëîãè÷åñêèõ îáúåêòîâ è òîêñè÷íûõ

ñîåäèíåíèé [11 – 15]. Êðîìå òîãî, èñïîëüçîâàíèå

âûñîêèõ ñêîðîñòåé ñêàíèðîâàíèÿ ïðè àíàëèçå

ìàòåðèàëîâ äàåò âîçìîæíîñòü èñêëþ÷èòü àðòå-

ôàêòû, ñâÿçàííûå ñ âîçìîæíîé ïåðåãðóïïèðîâ-

êîé è ñòðóêòóðèðîâàíèåì íàäìîëåêóëÿðíûõ îá-

ðàçîâàíèé ïðè ìåäëåííîì ðîñòå òåìïåðàòóðû, è

èññëåäîâàòü ìîðôîëîãè÷åñêîå ñîñòîÿíèå âåùåñò-

âà â èñõîäíîì ñîñòîÿíèè [16, 17].

Íà îáðàçöàõ êðàõìàëà ñ òðóäíî èäåíòèôèöè-

ðóåìûì ïåðåõîäîì ñòåêëîâàíèÿ áûëî ïîêàçàíî,

÷òî ïîâûøåíèå ñêîðîñòè íàãðåâà îáðàçöà ïðèâî-

äèò ê óâåëè÷åíèþ âûñîòû ïåðåãèáà íà òåðìî-

ãðàììå, ñîîòâåòñòâóþùåãî ïðîöåññó ñòåêëîâàíèÿ

ïîëèìåðà [18]. Â òî æå âðåìÿ ðîñò ñêîðîñòè íà-

ãðåâà ñäâèãàåò îáëàñòü ôàçîâûõ è ðåëàêñàöèîí-

íûõ ïåðåõîäîâ, â òîì ÷èñëå ïåðåõîä ñòåêëîâàíèÿ,

â îáëàñòü áîëåå âûñîêèõ òåìïåðàòóð, ïðè÷åì âå-
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ëè÷èíà ñäâèãà ïðÿìî ïðîïîðöèîíàëüíà ñêîðîñòè.

Èñïîëüçóÿ ýòó çàêîíîìåðíîñòü, ìîæíî âû÷èñëÿòü

Tñò, ýêñòðàïîëèðóÿ åå çàâèñèìîñòü ê íóëåâîé ñêî-

ðîñòè íàãðåâà.

Â íàøåì ñëó÷àå ýêñòðàïîëÿöèþ êðèâûõ âû-

ïîëíÿëè äî ñêîðîñòè íàãðåâàíèÿ 20 °C/ìèí, êîòî-

ðóþ ÷àùå âñåãî ïðèìåíÿþò ïðè îïðåäåëåíèè Tñò

â êàëîðèìåòðè÷åñêèõ èñïûòàíèÿõ. Îòìåòèì, ÷òî

âàæíî áûëî íå òîëüêî ðàçðàáîòàòü ñïîñîá îïðåäå-

ëåíèÿ Tñò, íî è îöåíèòü, ïîïàäàþò ëè ðåçóëüòàòû

ýêñòðàïîëÿöèè â äîâåðèòåëüíûé èíòåðâàë ðàçðà-

áîòàííîé ìåòîäèêè, îñíîâàííîé íà ÃÎÑÒ. Äëÿ

îïòèìèçàöèè ïðîöåññà îïðåäåëåíèÿ Tñò è îáúåê-

òèâíîñòè ñðàâíåíèÿ ðåçóëüòàòîâ ïåðâûìè âû-

ïîëíÿëèñü ñòàäèè 1 – 5 (ñì. òàáë. 2), çàòåì íà òåõ

æå îáðàçöàõ — ñòàäèè 6 – 17 (òàáë. 4). Tñò îïðåäå-

ëÿëè ïî ðåçóëüòàòàì äâóõ ïàðàëëåëüíûõ èçìåðå-

íèé. Èçìåðåíèÿ ïðîâîäèëè ïðè ñêîðîñòÿõ íàãðå-

âà 40, 70 è 100 °C/ìèí. Ïîëó÷àåìûå òåðìîãðàììû

ïðèâåäåíû íà ðèñ. 3.

Çàâèñèìîñòè Tñò îò ñêîðîñòè íàãðåâàíèÿ

ïðåäñòàâëåíû íà ðèñ. 4. Âèäíî, ÷òî ýêñïåðèìåí-
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Òàáëèöà 4. Òåìïåðàòóðíûé ðåæèì ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ Tñò ìåòîäîì ýêñòðàïîëÿöèè

Table 4. Temperature program of experiments for T
g

determination by the extrapolation technique

Ñòàäèÿ Ïðîöåññ
Òåìïåðàòóðà, °C Ñêîðîñòü èëè

äëèòåëüíîñòüíà÷àëüíàÿ êîíå÷íàÿ

6 Âûäåðæêà Íà 25 °C âûøå îæèäàåìîé Tñò 5 ìèí

7 Îõëàæäåíèå Íà 25 °C âûøå îæèäàåìîé Tñò 30 100 °C/ìèí

8 Âûäåðæêà 30 5 ìèí

9 Íàãðåâàíèå 30 205 40 °C/ìèí

10 Âûäåðæêà 205 5 ìèí

11 Îõëàæäåíèå 205 30 100 °C/ìèí

12 Âûäåðæêà 30 5 ìèí

13 Íàãðåâàíèå 30 215 70 °C/ìèí

14 Âûäåðæêà 215 5 ìèí

15 Îõëàæäåíèå 215 30 100 °C/ìèí

16 Âûäåðæêà 30 5 ìèí

17 Íàãðåâàíèå 30 230 100 °C/ìèí
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Ðèñ. 2. Òåðìîãðàììû ïåðâîãî è âòîðîãî íàãðåâîâ ïðåïðåãà ÝÌ-5Í-1078-63 ñ ïëîõî èäåíòèôèöèðóåìûì ïåðåõîäîì

ñòåêëîâàíèÿ

Fig. 2. First and second heating curves for EM-5N-1078-63 prepreg with weakly expressed glass transition



òàëüíûå òî÷êè óäîâëåòâîðèòåëüíî ëîæàòñÿ íà

ïðÿìóþ. Ðàññ÷èòàííûå êîýôôèöèåíòû êîððåëÿ-

öèè ñîñòàâèëè: 0,9931, 0,9975, 0,9997, 0,9984 (äëÿ

ÝÌ-5Í-1078-63, ÝÌ-5-2116-57, IT-180GNBS-Low

Flow, IT-180ABS-2116-53 ñîîòâåòñòâåííî).

Çíà÷åíèÿ Tñò, ïîëó÷åííûå ìåòîäîì ýêñòðàïî-

ëÿöèè, îêàçàëèñü âûøå çíà÷åíèé, ïîëó÷åííûõ

íåïîñðåäñòâåííîé îáðàáîòêîé òåðìîãðàìì, îäíà-

êî íàõîäÿòñÿ â ðàìêàõ ãðàíèö óñòàíîâëåííîé ïî-

ãðåøíîñòè ìåòîäèêè (òàáë. 5).

Îöåíêà ïðèìåíèìîñòè ðàçðàáîòàííîé ìå-

òîäèêè äëÿ âõîäíîãî êîíòðîëÿ ïðåïðåãîâ. Ââèäó

îòñóòñòâèÿ ÑÎ ñ àòòåñòîâàííîé Tñò íåâîçìîæíî

îäíîçíà÷íî çàêëþ÷èòü, êàêîé èç èññëåäîâàííûõ

ìåòîäîâ îöåíêè äàåò íàèáîëåå áëèçêîå ê èñòèí-

íîìó çíà÷åíèå Tñò. Ìîæíî óòâåðæäàòü, ÷òî ðå-

çóëüòàòû, ïîëó÷àåìûå ïî ëþáîìó èç ïîäõîäîâ,

óêëàäûâàþòñÿ â óñòàíîâëåííûé ýêñïåðèìåíòàëü-

íûì ìåòîäîì èíòåðâàë ïîãðåøíîñòè (±4 %), ÷òî

ïîçâîëÿåò ïðèçíàòü èõ èäåíòè÷íûìè â ïðåäåëàõ

îøèáêè è îïðåäåëÿòü Tñò ïî íàèáîëåå ïðèåìëåìî-

ìó ìåòîäó.

Ïðåäëîæåííûå ìåòîäèêè ìîãóò áûòü ïðèìå-

íåíû ïðè âõîäíîì êîíòðîëå ýïîêñèäíûõ ïðåïðå-

ãîâ ïî ïàðàìåòðó «Òåìïåðàòóðà ñòåêëîâàíèÿ

ñëîèñòîãî ìàòåðèàëà, èçãîòîâëåííîãî èç ïðå-

ïðåãà». Â ýòîì ñëó÷àå î ñîîòâåòñòâèè ìàòåðèàëà

òðåáîâàíèÿì ÒÓ íåîáõîäèìî ñóäèòü ñ ó÷åòîì

óñòàíîâëåííîé ïîãðåøíîñòè èçìåðåíèÿ. Äëÿ

èññëåäóåìûõ ïðåïðåãîâ íèæíÿÿ ãðàíèöà ýêñïå-
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Ðèñ. 3. Òåðìîãðàììû ïðåïðåãà ÝÌ-5Í-1078-63, ïîëó÷åííûå ïðè ðàçëè÷íûõ ñêîðîñòÿõ íàãðåâà

Fig. 3. Heating curves for EM-5N-1078-63 prepreg obtained at different heating rates
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Ðèñ. 4. Çàâèñèìîñòè Tñò ïðåïðåãîâ ÝÌ-5Í-1078-63 (1), ÝÌ-5-2116-57 (2), IT-180GNBS-Low Flow (3), IT-180ABS-2116-53
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Fig. 4. Dependences of the glass transition temperature of prepregs EM-5N-1078-63 (1), EM-5-2116-57 (2), IT-180GNBS-Low

Flow (3), IT-180 ABS-2116-53 (4) on the heating rate



ðèìåíòàëüíî ïîëó÷åííîé Tñò, íèæå êîòîðîé ìàòå-

ðèàë äîëæåí áûòü ïðèçíàí íå ñîîòâåòñòâóþùèì

òðåáîâàíèÿì ÒÓ, ñîñòàâëÿåò, íå ìåíåå, °C: 158,4

(ÝÌ-5Í-1078-63), 163,2 (ÝÌ-5-2116-57), 168,0

(IT-180GNBS-Low Flow, IT-180ABS-2116-53).

Íîðìà Tñò ïî ÒÓ ïðèâåäåíà â òàáë. 3.

Âî âñåõ ñëó÷àÿõ èñïûòàíèé, áîëüøèíñòâî êî-

òîðûõ ïðîâîäèëè íà îñíîâå ïðåïðåãà ÝÌ-5Í-

1078-63, ðåçóëüòàò àíàëèçà, ïîëó÷åííûé ïî äâóì

ïàðàëëåëüíûì îïðåäåëåíèÿì, îêàçûâàëñÿ íèæå

íîðìèðóåìîãî ïî ÒÓ çíà÷åíèÿ Tñò. Ïðè ýòîì èíî-

ãäà îí îêàçûâàëñÿ íèæå íîðìû äàæå ñ ó÷åòîì ïî-

ãðåøíîñòè, à èíîãäà óêëàäûâàëñÿ â íîðìó òîëüêî

ñ ó÷åòîì ïîãðåøíîñòè èçìåðåíèÿ. Ñðåäíåå çíà-

÷åíèå Tñò, ïîëó÷åííîå ïî 20 ðåçóëüòàòàì àíàëè-

çà, — 157,6 °C. Ýòî ñâèäåòåëüñòâóåò, ÷òî äàííûé

îáðàçåö ñëåäóåò ïðèçíàòü íå ïðîøåäøèì âõîä-

íîé êîíòðîëü. Çàìåòèì, ÷òîáû ìèíèìèçèðîâàòü

âåðîÿòíîñòü áðàêîâêè ãîäíîãî ìàòåðèàëà, íåîáõî-

äèìî ïîâòîðÿòü àíàëèç íà îñíîâå òðåõ ïàðàë-

ëåëüíûõ îïðåäåëåíèé (ÃÎÑÒ Ð ÌÝÊ 61189-2).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, íà îñíîâå ÃÎÑÒ Ð ÌÝÊ

61189-2 ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ Tñò

ýïîêñèäíûõ ïðåïðåãîâ ýëåêòðîòåõíè÷åñêîãî íà-

çíà÷åíèÿ ìåòîäîì ÄÑÊ. Ïî ýêñïåðèìåíòàëüíûì

äàííûì îïðåäåëåíû Tñò äëÿ ÷åòûðåõ îáðàçöîâ

ïðîìûøëåííî âûïóñêàåìûõ ïðåïðåãîâ. Òðè èç

÷åòûðåõ îáðàçöîâ ïîêàçàëè çíà÷åíèå Tñò, ñîîò-

âåòñòâóþùåå ðåãëàìåíòíîìó.

Ñ ó÷åòîì ñòàòèñòè÷åñêîé îöåíêè ñëó÷àéíîé

ñîñòàâëÿþùåé ïîãðåøíîñòè ìåòîäèêè è âêëàäà

èíñòðóìåíòàëüíûõ ïîãðåøíîñòåé áûëî ðàññ÷èòà-

íî, ÷òî îáùàÿ ïîãðåøíîñòü îïðåäåëåíèÿ Tñò íå

ïðåâûøàåò ±4 %. Ó÷èòûâàÿ óñòàíîâëåííóþ ïî-

ãðåøíîñòü ìåòîäèêè, ìîæíî óòâåðæäàòü, ÷òî Tñò

äëÿ îäíîãî èç èññëåäîâàííûõ îáðàçöîâ íå ñîîò-

âåòñòâóåò ÒÓ.

Äëÿ îáðàçöîâ ýïîêñèäíûõ ïðåïðåãîâ ñ ïëîõî

âûðàæåííûì ïåðåõîäîì ñòåêëîâàíèÿ ïðåäëî-

æåíî ïðîâîäèòü èçìåðåíèÿ ñ âûñîêèìè ñêîðî-

ñòÿìè íàãðåâà (40, 60, 80 è 100 °C/ìèí) ñ ïîñëå-

äóþùåé ýêñòðàïîëÿöèåé Tñò ê ñêîðîñòè íàãðåâà

20 °C/ìèí. Ïîêàçàíî, ÷òî òàêîé ïîäõîä â ïðå-

äåëàõ óñòàíîâëåííîé ïîãðåøíîñòè àíàëèçà ïðè-

âîäèò ê òåì æå çíà÷åíèÿì Tñò, ÷òî è ðàçðàáîòàí-

íàÿ íà îñíîâå ÃÎÑÒà ìåòîäèêà, è ìîæåò áûòü

óñïåøíî èñïîëüçîâàí ïðè ïðîâåäåíèè ïàðàìåò-

ðè÷åñêîãî êîíòðîëÿ.

Ôèíàíñèðîâàíèå

Ðàáîòà ôèíàíñèðîâàëàñü çà ñ÷åò ñðåäñòâ áþä-

æåòà èíñòèòóòà (ó÷ðåæäåíèÿ, îðãàíèçàöèè). Äî-

ïîëíèòåëüíûå ãðàíòû íà ïðîâåäåíèå èëè ðóêîâî-

äñòâî äàííûì èññëåäîâàíèåì íå ïðèâëåêàëèñü.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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