
Ââåäåíèå
Ïðîèçâîäèòåëü ïðåöèçèîííîãî îïòè÷åñêîãî îáîðóäîâàíèÿ

ðàçðàáîòàë ïëàñòèêîâóþ êðûøêó, ñ îïðåäåëåííûìè òðåáîâà-
íèÿìè ê õèìè÷åñêîìó ñîñòàâó, òåêñòóðå ïîâåðõíîñòè, öâåòó è
ñâåòîïðîïóñêàíèþ. Âêðàòöå − êðûøêà äîëæíà áûëà áûòü èç-
ãîòîâëåíà èç ïîëèêàðáîíàò-àêðèëîíèòðèë-áóòàäèåí-ñòèðî-
ëüíîãî (P-ABS) ïîëèìåðà ñ ñîäåðæàíèåì äèîêñèäà òèòàíà
äîñòàòî÷íûì, ÷òîáû îáåñïå÷èòü ñëåãêà îòëè÷àþùèéñÿ îò áå-
ëîãî öâåò è îïòè÷åñêîå ïðîïóñêàíèå ìåíåå 0.01% â øèðîêîì
ñïåêòðàëüíîì äèàïàçîíå − îò óëüòðàôèîëåòà äî áëèæíåãî èí-
ôðàêðàñíîãî. Íåïðîçðà÷íîñòü òðåáîâàëàñü äëÿ òîãî, ÷òîáû
êîìíàòíûé ñâåò íå ïðîíèêàë â ïðèáîð è íå âëèÿë íà èçìåðå-
íèÿ ñëàáûõ ñâåòîâûõ ïîòîêîâ. Èçíà÷àëüíî âñå ïîñòàâëåííûå
äåòàëè ñîîòâåòñòâîâàëè òðåáîâàíèÿì è èçäåëèå ðàáîòàëî íî-
ðìàëüíî.

Âïîñëåäñòâèè áûë íà÷àò ïðîöåññ ìîäåðíèçàöèè äëÿ ñíè-
æåíèÿ çàòðàò íà ïðîèçâîäñòâî ñ öåëüþ ïîâûøåíèÿ êîíêóðåí-
òîñïîñîáíîñòè ïðèáîðà. Ó ðàçíûõ ïðîèçâîäèòåëåé áûëè çà-
ïðîøåíû ïðåäëîæåíèÿ íà ðàçëè÷íûå äåòàëè, â òîì ÷èñëå íà
êðûøêó. Íîâûé ïðîèçâîäèòåëü ïîáåäèë â êîíêóðñå è ïîñòàâ-
ëåííûå èì ïðîáíûå èçäåëèÿ ñîîòâåòñòâîâàëè òðåáîâàíèÿì
ïî íåïðîçðà÷íîñòè. Â ïðîèçâîäñòâå ïðèáîðà ñòàëè èñïîëüçî-
âàòü êðûøêè ýòîãî ïðîèçâîäèòåëÿ.

Âñêîðå ïîñëå ýòîãî ïðèáîð ïåðåñòàë ïðîõîäèòü âàæíûå
òåñòû. Áûëî îáíàðóæåíî, ÷òî íà èçìåðåíèÿ ñëàáûõ ñâåòîâûõ
ïîòîêîâ âëèÿåò êîìíàòíûé ñâåò. Âèçóàëüíîå îáñëåäîâàíèå
íîâûõ êðûøåê íå âûÿâèëî îòëè÷èé îò ïðåæíèõ, îäíàêî êîí-
òðîëüíûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ïðè÷èíîé îòêàçîâ ÿâ-
ëÿþòñÿ èìåííî íîâûå êðûøêè. Äëÿ âûÿâëåíèÿ ïðè÷èí áûëî
ïðîâåäåíî êîìïëåêñíîå èññëåäîâàíèå ñ ïðèìåíåíèåì ðàç-
ëè÷íûõ ìåòîäîâ.

Ðåçóëüòàòû ýêñïåðèìåíòà
Ñïåêòðîñêîïèÿ â ÓÔ è âèäèìîì äèàïàçîíå

Äèôôóçíîå (ðàññåÿííîå) ïðîïóñêàíèå èçìåðÿëîñü íà ñïåê-
òðîôîòîìåòðå Evolution™ 220 êîìïàíèè Thermo Fisher
Scientific™, ñíàáæåííîì èíòåãðèðóþùåé ñôåðîé. 

Ðèñ. 1 Ñïåêòðîôîòîìåòð Evolution 220 ñ èíòåãðèðóþùåé ñôåðîé.
Èññëåäóåìàÿ êðûøêà ñîäåðæèò ñóùåñòâåííîå êîëè÷åñòâî

÷àñòèö, ýôôåêòèâíî ðàññåâàþùèõ ëþáîé ïðîõîäÿùèé ñâåò;
èìåííî ïî ýòîé ïðè÷èíå èñïîëüçîâàëàñü èíòåãðèðóþùàÿ
ñôåðà. Ôðàãìåíòû êðûøåê èñïðàâíîãî è äåôåêòíîãî óñòðîé-
ñòâà ðàçìåùàëèñü íà âõîäíîì îòâåðñòèè ñôåðû, çàòåì ðåãèñ-
òðèðîâàëèñü ñïåêòðû â äèàïàçîíå îò 220 äî 800 íì (ðèñ. 2).

Ìàòåðèàë õîðîøåé êðûøêè ïðàêòè÷åñêè íå ïðîïóñêàåò èç-
ëó÷åíèå. Íàïðîòèâ, äëÿ äåôåêòíîé êðûøêè ïîëó÷åíî ïðî-
ïóñêàíèå â âèäèìîé îáëàñòè ñïåêòðà, ïðåâûøàþùåå 7% Ò.
Ýòî îáúÿñíèëî ïðè÷èíó íåïðàâèëüíîãî ôóíêöèîíèðîâàíèÿ
ïðèáîðà − ïîñòîðîííÿÿ çàñâåòêà. Îäíàêî íà ýòîì ýòàïå íåâî-
çìîæíî  áûëî óñòàíîâèòü ïðè÷èíó áðàêà.
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Îïðåäåëåíèå ïðè÷èí âîçíèêíîâåíèÿ áðàêà ïîëèìåðíûõ èçäåëèé
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Ïðîèçâîäèòåëè ïîëèìåðíûõ èçäåëèé ÷àñòî ñòàëêèâàþòñÿ ñ íåîáõîäèìîñòüþ àíàëèçà äåôåêòíûõ èçäåëèé äëÿ îïðåäåëåíèÿ ïðè÷èíû
âîçíèêíîâåíèÿ áðàêà è ñïîñîáîâ åå óñòðàíåíèÿ. Äëÿ âûïîëíåíèÿ ïîäîáíîãî àíàëèçà êàê ïðàâèëî ïðèìåíÿþòñÿ èíôðàêðàñíàÿ ñïåêòðîñêîïèÿ
è ñïåêòðîñêîïèÿ êîìáèíàöèîííîãî ðàññåÿíèÿ (ÊÐ èëè Ðàìàí) äëÿ îïðåäåëåíèÿ õèìè÷åñêîãî ñîñòàâà, ñïåêòðîôîòîìåòðèÿ â ÓÔ è âèäèìîé
îáëàñòÿõ äëÿ îïðåäåëåíèÿ öâåòà è îïòè÷åñêîãî ïðîïóñêàíèÿ, à òàêæå òåðìè÷åñêèé àíàëèç äëÿ îïðåäåëåíèÿ ôèçè÷åñêèõ ñâîéñòâ. Â íàñòîÿùåé
ñòàòüå îïèñàíî èññëåäîâàíèå, èñïîëüçóþùåå âñå ýòè ìåòîäû äëÿ îïðåäåëåíèÿ ïðè÷èí îòêàçà ïðåöèçèîííîãî îïòè÷åñêîãî èçäåëèÿ â ïðîöåññå
ýêñïëóàòàöèè.

Êëþ÷åâûå ñëîâà: ÍÏÂÎ, äèôôóçíîå îòðàæåíèå, àíàëèç äåôåêòîâ, ÈÊ-Ôóðüå ñïåêòðîñêîïèÿ, Ðàìàí ñïåêòðîñêîïèÿ, èññëåäîâàíèå
ïîëèìåðîâ, ñïåêòðîñêîïèÿ

Root cause analysis of a failed plastic cover
Manufacturers employing plastic parts routinely face the challenge of analyzing failed parts to determine the root cause and corrective actions. The

tools used to perform this analysis often include infrared and Raman spectros-copy for chemical composition, UV-Visible spectroscopy for color and
optical transmissivity, and thermal analysis for determination of physical properties. This paper describes a study utilizing all of these tools to deter-
mine why a plastic part used in a precision optical device failed when put into service.

Keywords: ATR, Diffuse transmission, failure analysis, FT-IR, FT-Raman, Polymer testing, spectroscopy
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Ðèñ. 2. Ñïåêòð äèôôóçíîãî ïðîïóñêàíèÿ ïëîõîé äåòàëè (1) è
õîðîøåé äåòàëè (2).

Òåðìîãðàâèìåòðè÷åñêèé àíàëèç
Äëÿ èññëåäîâàíèÿ ìåòîäîì ÒÃÀ è îïðåäåëåíèÿ ñîñòàâà áûëè

âçÿòû íåáîëüøèå ôðàãìåíòû êðûøåê, ðåçóëüòàòû ïðåäñòàâ-
ëåíû íà ðèñ. 3. Ïðîáû íàãðåâàëèñü îò êîìíàòíîé òåìïåðàòó-
ðû äî 650°Ñ ñî ñêîðîñòüþ 20 °Ñ/ìèí, ñ ïðîäóâêîé àçîòîì, çà-
òåì îõëàæäàëèñü è ïîâòîðíî íàãðåâàëèñü äî 1000°Ñ ñ òîé æå
ñêîðîñòüþ è ïðîäóâêîé âîçäóõîì.

Íà÷àëüíîå íàãðåâàíèå â òîêå àçîòà ïðèâîäèò ê ïèðîëèçó
îðãàíè÷åñêîé ÷àñòè ìàòåðèàëà êðûøåê, à ïîâòîðíîå íàãðå-
âàíèå â òîêå âîçäóõà ñæèãàåò îðãàíè÷åñêèé îñòàòîê, îñòàâ-
ëÿÿ òîëüêî îêñèäû íåîðãàíè÷åñêîé ñîñòàâëÿþùåé.

Ðèñ. 3. Êðèâûå ïîòåðè âåñà ïðè òåðìîãðàâèìåòðè÷åñêîì
èññëåäîâàíèè äëÿ ïëîõîé (2,2 %) è õîðîøåé (5,4 %) äåòàëåé.

Êðèâûå ðàçëîæåíèÿ îðãàíè÷åñêîé ÷àñòè îáåèõ êðûøåê
áûëè ïðàêòè÷åñêè èäåíòè÷íû, ÷òî óêàçûâàåò íà îäèíàêîâûé
ñîñòàâ ïîëèìåðà. Îäíàêî, åñëè äëÿ õîðîøåé êðûøêè ñîäåð-
æàíèå íåîðãàíè÷åñêîãî îñòàòêà ðàâíÿëîñü 5.4% ïî âåñó, òî
äëÿ ïëîõîãî èçäåëèÿ ýòîò ïàðàìåòð ñîñòàâëÿë 2.2% ïî âåñó.
Ýòî óêàçûâàåò íà ñóùåñòâåííîå ðàçëè÷èå â ñîäåðæàíèè íå-
îðãàíè÷åñêîãî íàïîëíèòåëÿ è óêàçûâàåò íà ïðè÷èíó ïàðàçèò-
íûõ çàñâåòîê â ïðèáîðå.

Èíôðàêðàñíûé àíàëèç
Èíôðàêðàñíûå ñïåêòðû íåáîëüøèõ ôðàãìåíòîâ êðûøåê

áûëè ïîëó÷åíû ñ èñïîëüçîâàíèåì âñòðîåííîãî óñòðîéñòâà
ÍÏÂÎ íà Ôóðüå-ñïåêòðîìåòðå Nicolet iS50 (ðèñ.4). Âñòðîåí-
íîå óñòðîéñòâî ÍÏÂÎ èìååò ñîáñòâåííûé äåòåêòîð, ÷òî ïîç-
âîëÿåò ðåãèñòðèðîâàòü ñïåêòðû ÍÏÂÎ â ñðåäíåì è äàëüíåì
ÈÊ äèàïàçîíàõ âïëîòü äî 100 ñì-1. Ñïîñîáíîñòü ïðèáîðà
iS50 ðàáîòàòü â ñòîëü øèðîêîì ñïåêòðàëüíîì äèàïàçîíå ïîç-
âîëÿåò ëåãêî èäåíòèôèöèðîâàòü íåîðãàíè÷åñêèå íàïîëíèòå-
ëè â ïîëèìåðàõ. Ïðè ñîâìåñòíîì èñïîëüçîâàíèè âñòðîåííîãî
óñòðîéñòâà ÍÏÂÎ è óñòðîéñòâà àâòîìàòè÷åñêîé ñìåíû ñâå-

òîäåëèòåëÿ ñïåêòðû â ñðåäíåì è äàëüíåì ÈÊ äèàïàçîíàõ ìî-
ãóò áûòü àâòîìàòè÷åñêè çàðåãèñòðèðîâàíû è "ñøèòû" ñ èñïî-
ëüçîâàíèåì ïðîãðàììû íà Visual Basic (ñ èñïîëüçîâàíèåì
ñðåäñòâ ïðîãðàììèðîâàíèÿ OMNIC Macros/Pro) äëÿ ïîëó÷å-
íèÿ åäèíîãî ñïåêòðà â äèàïàçîíå îò 4000 äî 100 ñì-1.

Ðèñ. 4. ÈÊ-Ôóðüå ñïåêòðîìåòð  Nicolet iS50
Ñïåêòðû ÍÏÂÎ ïîëèìåðíûõ äåòàëåé, ïîêàçàííûå íà ðèñ.

5, áûëè ñêîððåêòèðîâàíû ñ èñïîëüçîâàíèåì ïðîäâèíóòîãî
àëãîðèòìà êîððåêöèè ÍÏÂÎ, âõîäÿùåãî â ïðîãðàììíûé
ïàêåò OMNIC. Ýòîò àëãîðèòì ó÷èòûâàåò êàê èçìåíåíèå îòíî-
ñèòåëüíîé èíòåíñèâíîñòè ïîëîñ ïîãëîùåíèÿ, âûçâàííîå èç-
ìåíåíèåì ãëóáèíû ïðîíèêíîâåíèÿ â çàâèñèìîñòè îò äëèíû
âîëíû èçëó÷åíèÿ, òàê è ñäâèã ïîëîñ, îáóñëîâëåííûé èçìåíå-
íèåì êîýôôèöèåíòà ïðåëîìëåíèÿ ïðîáû. Ñðàâíåíèå èíôðà-
êðàñíûõ ñïåêòðîâ îáîèõ ïîëèìåðîâ ïîêàçûâàåò, ÷òî ñîñòàâ
èõ îäèíàêîâ, çà èñêëþ÷åíèåì òîãî, ÷òî "õîðîøèé" ïîëèìåð
èìååò â ñïåêòðå ñïàä áàçîâîé ëèíèè íèæå 800 ñì-1 è ÷åòêî
âûðàæåííûé ïèê íà 360 ñì-1,  ÷òî âèäíî íà ðèñ. 6, à â ñïåêòðå
"ïëîõîãî" ïîëèìåðà ýòè îñîáåííîñòè îòñóòñòâóþò ëèáî ïðî-
ÿâëÿþòñÿ î÷åíü ñëàáî. Ïîëîñà ïîãëîùåíèÿ 360 ñì-1 íàõî-
äèòñÿ çà ïðåäåëàìè òèïè÷íîãî ÈÊ ñïåêòðîìåòðà ñðåäíåãî
äèàïàçîíà, èìåþùåãî ñâåòîäåëèòåëü íà îñíîâå KBr. Ñèñòåìà
ñìåíû ñâåòîäåëèòåëåé ñïåêòðîìåòðà iS50, óêîìïëåêòîâàííàÿ
ñâåòîäåëèòåëåì ñ æåñòêîé ïîäëîæêîé (Solid Substrate) äàåò
âîçìîæíîñòü ëåãêî ïðîâîäèòü àíàëèç â äàëüíåì ÈÊ äèàïà-
çîíå ñ âûñîêèì êà÷åñòâîì äàííûõ ïî âñåìó ñïåêòðó.

Ðèñ. 5. Êîððåêòèðîâàííûå ñïåêòðû õîðîøåé äåòàëè (âåðõ), ïëî-
õîé äåòàëè (ñåðåäèíà) è ðàçíîñòíûé (íèç).

Ïðè âû÷èòàíèè ïîëó÷åííûõ ñïåêòðîâ âûÿâëÿþòñÿ äîïîë-
íèòåëüíûå ðàçëè÷èÿ. Ðàçíîñòíûé ñïåêòð (ðèñ.5, íèæíèé)
ïîêàçûâàåò íåáîëüøîé ñäâèã ïîëîñ ïîãëîùåíèÿ ïîëèìåðîâ,
óêàçûâàþùèé íà íåêîòîðîå ðàçëè÷èå â ñîñòàâå îáåèõ äåòà-
ëåé, òèïè÷íîå äëÿ ïîëèìåðîâ ðàçíûõ ïðîèçâîäèòåëåé; ïðè
ýòîì îñíîâíûå ðàçëè÷èÿ ïî-ïðåæíåìó îáíàðóæèâàþòñÿ íà
÷àñòîòàõ íèæå 800 ñì-1. 

Ïîèñê ïî êðèìèíàëèñòè÷åñêîé áèáëèîòåêå ñïåêòðîâ ïèã-
ìåíòîâ è íàïîëíèòåëåé äëÿ àâòîìîáèëüíîé ïðîìûøëåííîñòè
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ïîçâîëèë èäåíòèôèöèðîâàòü ðàçíîñòíûé ñïåêòð êàê ðóòèë,
îäíó èç êðèñòàëëè÷åñêèõ ôîðì äèîêñèäà òèòàíà, ÷òî óêàçû-
âàåò íà ðàçëè÷èÿ â ñîñòàâå äâóõ èññëåäóåìûõ ïîëèìåðîâ.

Ðèñ. 6. Íàëîæåíèå ñïåêòðîâ õîðîøåé è ïëîõîé äåòàëåé.

Àíàëèç ìåòîäîì êîìáèíàöèîííîãî ðàñåÿíèÿ.
Äëÿ ïîäòâåðæäåíèÿ çàêëþ÷åíèÿ, ñäåëàííîãî ïî ðåçóëü-

òàòàì ÈÊ àíàëèçà, îáå ïðîáû áûëè èññëåäîâàíû íà ïðèñòàâ-
êå êîìáèíàöèîííîãî ðàññåÿíèÿ, ðàçìåùàåìîé â êþâåòíîì
îòäåëåíèè ñïåêòðîìåòðà Nicolet iS50. Òàêîå ðàñïîëîæåíèå íå
òðåáóåò ãðîìîçäêîé âíåøíåé ïðèñòàâêè, òèïè÷íîé äëÿ ñòà-
ðûõ ñèñòåì ÈÊ ñïåêòðîñêîïèè. Ïðèñòàâêà äëÿ iS50 ïîçâîëÿ-
åò ëåãêî ïîëó÷àòü ñïåêòðû ïðè óñòàíîâêå ñâåòîäåëèòåëÿ äëÿ
áëèæíåãî ÈÊ äèàïàçîíà è äåòåêòîðà íà îñíîâå InGaAs, ñìîí-
òèðîâàííîãî âíóòðè êîðïóñà ñïåêòðîìåòðà. Îêàçàëîñü, ÷òî
"õîðîøàÿ" äåòàëü ëåãêî ãîðèò â ëó÷å âîçáóæäàþùåãî ëàçåðà
1064 íì, ÷òî ïîòðåáîâàëî ïðèìåíåíèÿ ðàñôîêóñèðîâêè ëó÷à.
"Ïëîõàÿ" äåòàëü îêàçàëàñü íå ñòîëü ÷óâñòâèòåëüíà ê íàãðåâó
ëàçåðîì, ÷òî ëèøíèé ðàç ïîäòâåðäèëî ðàçíèöó â ñîñòàâå äå-
òàëåé. Íà ðèñ. 8 ïðèâåäåíî èçîáðàæåíèå ïàíåëè óïðàâëåíèÿ
ìîùíîñòüþ ëàçåðà è äåôîêóñèðîâêîé èç ïðîãðàììû OMNIC. 

Ðèñ. 7. Ðàçíîñòíûé ñïåêòð ÊÐ è ñïåêòð èç áèáëèîòåêè ïèãìåíòîâ
è íàïîëíèòåëåé, èìåþùèé íàèëó÷øåå ñîâïàäåíèå.

Ðèñ. 8. Îêíî âûáîðà óñëîâèé èçìåðåíèÿ â ïðîãðàììå OMNIC.
Ñïåêòðû ÊÐ õîðîøåé è ïëîõîé äåòàëåé, à òàêæå ðàçíîñ-

òíûé ñïåêòð, ïðèâåäåíû íà ðèñ. 9. Ôóðüå-Ðàìàí ïðèñòàâêà
ïîçâîëÿåò ïîëó÷èòü ñïåêòðû â íèçêî÷àñòîòíîé îáëàñòè, äî-
ïîëíÿÿ â ýòîì ïëàíå âîçìîæíîñòè iS50 ñ óñòðîéñòâîì ÍÏÂÎ.
Îáà ñïåêòðà ÊÐ î÷åíü ñõîæè, ðàçëè÷èå íàáëþäàåòñÿ òîëüêî â
îáëàñòè íèæå 800 ñì-1, ÷òî õîðîøî âèäíî íà ðàçíîñòíîì ñïåêòðå.

Ïîèñê ðàçíîñòíîãî ñïåêòð à ïî áèáëèîòåêå ñïåêòðîâ ÊÐ
ìèíåðàëîâ (ðèñ.10) ïîêàçàë, ÷òî ðàçíèöà ìåæäó îáðàçöàìè

ÿâëÿåòñÿ ðóòèëîì, ÷òî ïîäòâåðæäàåò âûâîä, ñäåëàííûé ïî
ðåçóëüòàòàì ÈÊ àíàëèçà. 

Ðèñ. 9. Ñïåêòðû ÊÐ õîðîøåé äåòàëè (âåðõ), ïëîõîé äåòàëè
(ñåðåäèíà) è ðàçíîñòíûé (íèç).

Ðèñ. 10. Ðàçíîñòíûé ñïåêòð ÊÐ (âåðõ) è ñïåêòð äâóîêèñè òèòàíà,
íàéäåííûé â áèáëèîòåêå ìèíåðàëîâ.

Çàêëþ÷åíèå
Çàìåíà ïîñòàâùèêà ôîðìîâàííûõ ïëàñòèêîâûõ êðûøåê

ïðèâåëà ê ñáîÿì â ðàáîòå ïðåöèçèîííîãî îïòè÷åñêîãî
îáîðóäîâàíèÿ. Ïðîíèêíîâåíèå êîìíàòíîãî ñâåòà â ïðèáîð
âûçûâàëî ïîãðåøíîñòè ïðè èçìåðåíèè ìàëûõ ñâåòîâûõ
ïîòîêîâ. Èçìåðåíèå äèôôóçíîãî ïðîïóñêàíèÿ ýòèõ äåòàëåé â
ÓÔ-âèäèìîì äèàïàçîíå ïîäòâåðäèëî, ÷òî ïðè÷èíîé äåôåêòà
ÿâëÿþòñÿ êðûøêè, íå ñîîòâåòñòâóþùèå òðåáîâàíèÿì ïî
ñâåòîïðîïóñêàíèþ. Òåðìîãðàâèìåòðè÷åñêèé àíàëèç ïîêàçàë,
÷òî îðèãèíàëüíûå êðûøêè ñîäåðæàëè íà 3% áîëüøå íåîðãà-
íè÷åñêîãî íàïîëíèòåëÿ ïî ñðàâíåíèþ ñ íîâûìè. Èíôðàêðàñ-
íîå èññëåäîâàíèå ìåòîäîì ÍÏÂÎ â ñðåäíåì è äàëüíåì ÈÅÊ
äèàïàçîíàõ ïîêàçàëî, ÷òî îðèãèíàëüíûå äåòàëè ñîäåðæàëè
ñóùåñòâåííî áîëüøå ðóòèëà (äâóîêèñè òèòàíà). Ýòè ðåçóëü-
òàòû áûëè ïîäòâåðæäåíû ìåòîäîì êîìáèíàöèîííîãî ðàññåÿ-
íèÿ. Òàêèì îáðàçîì, ïðè÷èíîé áðàêà áûëî íåäîñòàòî÷íîå ñî-
äåðæàíèå ðóòèëà.

Ýòè èññëåäîâàíèÿ ÷åòêî ïîêàçûâàþò âàæíîñòü ïðèìåíå-
íèÿ ðàçëè÷íûõ ìåòîäîâ ïðè îïðåäåëåíèè èñòî÷íèêà áðàêà.
Ìíîãèå ïðîáëåìû ýòîãî ðîäà ìîãóò áûòü ðåøåíû ïðè ïîìî-
ùè èíôðàêðàñíîãî Ôóðüå-ñïåêòðîìåòðà Nicolet iS50, ñïîñîá-
íîãî ðàáîòàòü â øèðîêîì ñïåêòðàëüíîì äèàïàçîíå ñ èñïîëü-
çîâàíèåì âñòðîåííîãî óñòðîéñòâà ÍÏÂÎ è ïðèñòàâêè êîìáè-
íàöèîííîãî ðàññåÿíèÿ. Êîìïàíèÿ Thermo Fisher Scientific
ïðåäëàãàåò òàêæå öåëûé ðÿä ñïåêòðîôîòîìåòðîâ ÓÔ-âèäèìî-
ãî äèàïàçîíà. Àíàëèç, ïðîâåäåííûé ñ èñïîëüçîâàíèåì âñåõ
ýòèõ ïðèáîðîâ, à òàêæå òåðìîãðàôèìåòðè÷åñêîãî ïðèáîðà, ïîç-
âîëèë ðåøèòü ïðîáëåìó ïîÿâëåíèÿ áðàêà ïëàñòèêîâûõ êðûøåê.

Ëèòåðàòóðà
1. Thermogravimetric results provided by Jeff Jansen, The Madison
Group, 2615 Research Park Drive, Madison, WI, 53711.
2. Mid-Far ATR iS50 collection program available upon request.
Requires Nicolet iS50 FT-IR spectrometer configured with built-in dia-
mond iS50 ATR, and ABX Automated Beamsplitter exchanger with KBr
and solid substrate beamsplitter.
3. Thermo Scientific Application Note 50581, Advanced ATR
Correction Algorithm.
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Ê ìàòåðèàëàì äëÿ àâèàöèîííîé ïðîìûøëåííîñòè òðàäè-
öèîííî ïðåäúÿâëÿþòñÿ îñîáûå òðåáîâàíèÿ. Â ïðîèçâîäñòâå
èçäåëèé èç ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ (ÏÊÌ)
ýòî â íåìàëîé ñòåïåíè îòíîñèòñÿ òàêæå ê èõ êîìïîíåíòàì è
ïîëóôàáðèêàòàì (ïðåïðåãàì). Íåîáõîäèìîå óñëîâèå îáåñïå-
÷èâàþùåå ñòàáèëüíîñòü òåõíîëîãèè, à ñëåäîâàòåëüíî, è ýêñ-
ïëóàòàöèîííûõ ñâîéñòâ èçäåëèé è äåòàëåé, ýòî ñîâåðøåíñòâî-
âàíèå ýêñïåðèìåíòàëüíîé òåõíèêè è ìåòîäè÷åñêîé áàçû äëÿ
êîíòðîëÿ èõ êà÷åñòâà [1−3].

Ïðåïðåãè èçãîòàâëèâàþò ïðîïèòêîé àðìèðóþùèõ íàïîëíè-
òåëåé â âèäå òêàíåé èëè æãóòîâ èç ñòåêëÿííûõ, óãëåðîäíûõ
èëè ïîëèìåðíûõ âîëîêîí ðàñïëàâîì èëè ðàñòâîðîì ñâÿçóþ-
ùåãî. Ëèñòû, ïëèòû  èëè èçäåëèÿ ñëîæíîé ôîðìû èç ÏÊÌ
ïîëó÷àþò ôîðìîâàíèåì â ïðåññå èëè àâòîêëàâå [4−6]. Â ïðî-
èçâîäñòâå èçäåëèé êîíñòðóêöèîííîãî íàçíà÷åíèÿ â êà÷åñòâå
àêòèâíîãî êîìïîíåíòà èñïîëüçóþò òåðìîðåàêòèâíûå ñâÿçóþ-
ùèå, êîòîðûå â ðåçóëüòàòå õèìè÷åñêîé ðåàêöèè â ïðîöåññå
ôîðìîâàíèÿ äåòàëè ïåðåõîäÿò â íåïëàâêîå è íåðàñòâîðèìîå
ñîñòîÿíèå, îáðàçóÿ ïîëèìåðíóþ ìàòðèöó êîìïîçèöèîííîãî

ìàòåðèàëà. Íàèáîëåå ðàñïðîñòðàíåíû â êà÷åñòâå ñâÿçóþùèõ
êîìïîçèöèè, ïîëó÷åííûå ñìåøåíèåì ýïîêñèäíîé ñìîëû ñ
îòâåðäèòåëåì. Ñîâðåìåííûå ïîëóôàáðèêàòû äëÿ äåòàëåé èç
ÏÊÌ èçãîòàâëèâàþò ãëàâíûì îáðàçîì ñ ïðèìåíåíèåì ðàñ-
ïëàâíûõ òåõíîëîãèé, ò.å., áåç èñïîëüçîâàíèÿ èíåðòíûõ ðàç-
áàâèòåëåé. 

Ðåàêöèÿ îòâåðæäåíèÿ ÿâëÿåòñÿ ñëîæíûì ïðîöåññîì, â êî-
òîðîì íàðÿäó ñ îáðàçîâàíèåì ýëåìåíòîâ õèìè÷åñêîé ñåòêè
(óñòîé÷èâîãî ãåëÿ) â ðåçóëüòàòå âçàèìîäåéñòâèÿ ýïîêñèäíûõ
ãðóïï è ôóíêöèîíàëüíûõ ãðóïï îòâåðäèòåëÿ ïðîèñõîäèò
ôîðìèðîâàíèå ôèçè÷åñêîé ñòðóêòóðû çà ñ÷åò ñèë ìåæìîëå-
êóëÿðíîãî âçàèìîäåéñòâèÿ. Ýòîò òèï âçàèìîäåéñòâèÿ, ñîï-
ðîâîæäàþùèé ïðîöåññ îòâåðæäåíèÿ (ñòåêëîâàíèå), íîñèò ðå-
ëàêñàöèîííûé õàðàêòåð, è âëèÿíèå åãî íà ñêîðîñòü îáðàçî-
âàíèÿ êîâàëåíòíûõ ñâÿçåé óñèëèâàåòñÿ ïî ìåðå íàðàñòàíèÿ
ìîëåêóëÿðíîé ìàññû ôîðìèðóþùåéñÿ ïîëèìåðíîé ìàòðèöû
[7−9]. Îáà ýòè ïðîöåññà âëèÿþò íà õàðàêòåð ýêñïåðèìåíòàëü-
íûõ çàâèñèìîñòåé, ïîëó÷åííûõ ðàçíûìè íåçàâèñèìûìè ìå-
òîäàìè â îäèíàêîâûõ óñëîâèÿõ. 
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4. An Infrared Spectral Library of Automobile Paint Pigments (4000-250
cm-1), developed by Dr. Edward H. Suzuki at the Washington State
Police Crime Laboratory, downloadable from the SWGMAT.org web-
site.

5. Downs R T (2006) The RRUFF Project: an integrated study of the
chemistry, crystallography, Raman and infrared spectroscopy of miner-
als. Program and Abstracts of the 19th General Meeting of the Inter-
national Mineralogical Association in Kobe, Japan. O03-13 Minerals
514 Raman Library. 
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Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå âçàèìîñâÿçè êàëîðèìåòðè÷åñêîé è ðåîëîãè÷åñêîé
êîíâåðñèè ïðè îòâåðæäåíèè ýïîêñèäíîãî ñâÿçóþùåãî â êëååâîì ïðåïðåãå

Â.Ì. ÀËÅÊÑÀØÈÍ, Í.Â. ÀÍÒÞÔÅÅÂÀ, Â.À. ÁÎËÜØÀÊÎÂ

ÔÃÓÏ "ÂÈÀÌ" ÃÍÖ ÐÔ
vmaleks65@mail . ru

Â ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíûõ èññëåäîâàíèé, âûïîëíåííûõ â ðàìêàõ ðåàëèçàöèè "Ñòðàòåãè÷åñêèõ
íàïðàâëåíèé ðàçâèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîòêè íà ïåðèîä äî 2030 ã", êîìïëåêñíîãî íàó÷íîãî íàïðàâëåíèÿ ¹2
"Ôóíäàìåíòàëüíî-îðèåíòèðîâàííûå èññëåäîâàíèÿ, êâàëèôèêàöèÿ ìàòåðèàëîâ, íåðàçðóøàþùèé êîíòðîëü" [1].

Ìåòîäàìè òåðìîìåõàíè÷åñêîãî àíàëèçà (ÒÌÀ) è äèôôåðåíöèàëüíîé ñêàíèðóþùåé êàëîðèìåòðèè (ÄÑÊ) â óñëîâèÿõ äèíàìè÷åñêîãî
íàãðåâàíèÿ ñî ñêîðîñòÿìè 2.5, 5 è 10 ãðàä/ìèí è â èçîòåðìè÷åñêèõ óñëîâèÿõ ïðè  òåìïåðàòóðàõ 160, 170 è 180°Ñ èññëåäîâàí ïðîöåññ
îòâåðæäåíèÿ ýïîêñèäíîãî ñâÿçóþùåãî è ïðåïðåãà íà îñíîâå ñòåêëîòêàíè. Îïðåäåëåíû ñòåïåíü ïðåâðàùåíèÿ â òî÷êå ãåëåîáðàçîâàíèÿ è
ôîðìàëüíûå êèíåòè÷åñêèå ïàðàìåòðû ïðîöåññà, ðàññ÷èòàííûå ñ èñïîëüçîâàíèåì ýêñïåðèìåíòàëüíûõ äàííûõ, ïîëó÷åííûõ ìåòîäàìè ÄÑÊ è
ÒÌÀ. Ïîêàçàíû ðàçëè÷èÿ ïðè ñðàâíåíèè êîíâåðñèîííûõ çàâèñèìîñòåé, ïîëó÷åííûõ êàëîðèìåòðè÷åñêèì è ðåîëîãè÷åñêèì ìåòîäàìè àíàëèçà. 

Êëþ÷åâûå ñëîâà: ïðåïðåã, ñâÿçóþùåå, îòâåðæäåíèå, âðåìÿ ãåëåîáðàçîâàíèÿ, òåðìîàíàëèç, êèíåòèêà îòâåðæäåíèÿ.

Experimental study of the interrelationship of the calorimeter and rheological conversion
when curing epoxy binder glutinous prepregs

In the article are given the results of the experimental and calculated studies, executed within the framework of the realization "of strategic direc-
tions in development of materials and technologies of their processing to the period before 2030 g", complex scientific direction ¹2 "Fundamental-
oriented studies, the qualification of materials, the nondestructive testing" [1]. 

By the methods of thermomechanical analysis (TMA) and differential scanning calorimetry (DSC) in conditions for dynamic heating with speeds
2.5,  5 and 10 deg/min and under the isothermal conditions with temperatures 160,  170 and 180°C is investigated the curing process of epoxy bond-
ing agent and prepreg on the basis of fiberglass fabric. Are determined the degree of transformation at the point of gel formation and the formal kinet-
ic parameters of process, calculated with the use of experimental data, obtained by methods DSC and TMA. Are shown differences with the compari-
son of the conversion dependences, obtained by calorimetric and rheological metods analysis.  

The keywords: prepreg, resins, curing, the time of gel formation, thermal analysis, the kinetics of curing.
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