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Àäãåçèîííûå ñêëåéêè êîìïîçèòíûõ ýëåìåíòîâ, â îòëè÷èå îò áîëòîâûõ èëè çàêëåïî÷íûõ ñîåäèíåíèé, íå òðåáóþò ñâåðëåíèÿ îòâåð-
ñòèé, êîòîðûå ÿâëÿþòñÿ êîíöåíòðàòîðàìè íàïðÿæåíèé. Ïîýòîìó òàêîãî ðîäà ñîåäèíåíèÿ ïðåäïî÷òèòåëüíû, îñîáåííî â òåõ êîíñòðóêöè-
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èñïîëüçóåìûõ â ïðîìûøëåííîñòè. Ïîñêîëüêó ìåõàíè÷åñêîå ïîâåäåíèå ñêëååê è ñàìèõ êîìïîçèòíûõ ýëåìåíòîâ ñëîæíî, òî äëÿ ðàçðàáîò-
êè íàäåæíûõ  ìåòîäîâ íà ïðî÷íîñòü, òðåáóåòñÿ íàïîëíÿòü áîëüøóþ áàçó äàííûõ ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè, ïîëó÷åííûìè â
ðàçëè÷íûõ óñëîâèÿõ íàãðóæåíèÿ. Ê ñîæàëåíèþ, ëèøü íåáîëüøîå ÷èñëî èñïûòàòåëüíûõ óñòðîéñòâ ïîçâîëÿåò ðåàëèçîâàòü íàïðÿæåííîå
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îáðàçöà, êîíñòðóêöèÿ êîòîðîãî ïîçâîëÿåò óìåíüøèòü âëèÿíèå êðàåâûõ ýôôåêòîâ. Ïðåäñòàâëåíû íåêîòîðûå ýêñïåðèìåíòàëüíûå äàí-
íûå, äåìîíñòðèðóþùèå ïîòåíöèàëüíûå âîçìîæíîñòè ñõåìû. Ðåçóëüòàòû äàííûõ â âèäå ïðåäåëüíûõ ïîâåðõíîñòåé äëÿ ïðîïîðöèîíàëü-
íîãî (ïðîñòîãî) íàãðóæåíèÿ  ñ íîðìàëüíîé êîìïîíåíòîé íàïðÿæåííîãî ñîñòîÿíèÿ. Êðîìå òîãî, çàòðîíóòû íåêîòîðûå àñïåêòû âëèÿíèÿ
íèçêèõ òåìïåðàòóð íà ìåõàíè÷åñêîå ïîâåäåíèå ãèáðèäíûõ êëååíûõ ñîåäèíåíèé êîìïîçèòîâ (ñ. 19-36; èë. 17).
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Â ñòàòüå ïðåäñòàâëåíû àïïàðàòóðà è îïèñàíû, îñíîâàííûå íà çàêîíå Äàðñè, ìåòîäû îöåíêè ïëîñêîñòíîé è ñêâîçíîé ïðîíèöàåìî-
ñòè ñóõèõ çàãîòîâîê èç ñòåêëÿííûõ è óãëåðîäíûõ âîëîêîí, ïðåäíàçíà÷åííûõ äëÿ èçãîòîâëåíèÿ ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðè-
àëîâ (ÏÊÌ) ìåòîäîì âàêóóìíîé èíôóçèè. Ýêñïåðèìåíòàëüíûì ïóò¸ì îïðåäåëåíû çíà÷åíèÿ ïëîñêîñòíîé è ñêâîçíîé ïðîíèöàåìîñòè,
ïîêàçàíà çàâèñèìîñòü èõ âåëè÷èí îò îáú¸ìíîãî ñîäåðæàíèÿ àðìèðóþùåãî íàïîëíèòåëÿ â èññëåäóåìûõ îáðàçöàõ. Óäîâëåòâîðèòåëü-
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ÌÎÄÈÔÈÖÈÐÎÂÀÍÈÅ ÌÍÎÃÎÑËÎÉÍÛÕ ÓÃËÅÐÎÄÍÛÕ
ÍÀÍÎÒÐÓÁÎÊ ÏÎËÈÀÍÈËÈÍÎÌ È ÈÑÑËÅÄÎÂÀÍÈÅ ÑÂÎÉÑÒÂ

ÏÎËÓ×ÅÍÍÛÕ ÌÀÒÅÐÈÀËÎÂ
(Ïîëó÷åíî ðåäàêöèåé -  22.10.2012,  –  ïðèíÿòî ê ïå÷àòè - 12.03.2013)

Ò.Ï.Äüÿ÷êîâà1, Å.Þ.Ôèëàòîâà1, Ñ.Þ.Ãîðñêèé1, À.Â.Øóêëèíîâ2,
À.Ã.Òêà÷åâ1, Ñ.Â.Ìèùåíêî1

1ÔÃÁÎÓ ÂÏÎ «Òàìáîâñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò», Òàìáîâ,
2ÔÃÁÎÓ ÂÏÎ «Òàìáîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èìåíè Ã.Ð. Äåðæàâèíà», Òàìáîâ

Ïîëó÷åíû íàíîêîìïîçèòû íà îñíîâå ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì èñõîäíûõ è ôóíêöèî-
íàëèçèðîâàííûõ óãëåðîäíûõ íàíîòðóáîê (ÓÍÒ). Èññëåäîâàíî âëèÿíèå ïðåäâàðèòåëüíîé ôóíê-
öèîíàëèçàöèè ÓÍÒ, ìîëüíûõ ñîîòíîøåíèé ðåàãåíòîâ îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà
ïîä äåéñòâèåì ïåðñóëüôàòà àììîíèÿ íà ìîðôîëîãèþ, òåðìè÷åñêóþ ñòàáèëüíîñòü è ýëåêòðîïðîâî-
äÿùèå ñâîéñòâà ïîëó÷åííûõ ìàòåðèàëîâ.

Êëþ÷åâûå ñëîâà: ïîëèàíèëèí, ìíîãîñëîéíûå óãëåðîäíûå íàíîòðóáêè, ýëåêòðîïðîâîäÿùèå
ïîëèìåðû, íàíîêîìïîçèòû.

MODIFICATION MULTIWALLED CARBON NANOTUBES WITH
POLYANILINE AND STUDY OF PROPERTIES OF THE MATERIALS

OBTAINED

T.P.Dyachkova1, E.Yu.Filatova1, S.Yu.Gorskiy1,
A.V.Shuklinov2, A.G. Tkachev1, S.V. Mischenko1

1Tambov State Technical University
2Derhavin Tambov State University

Nanocomposites based on pristine and functionalized carbon nanotubes (CNT) modified with polyaniline
were obtained. Effects of pre-functionalization of CNTs, molar ratios of reactants of the oxidative polymerization
of aniline under the action of ammonium persulfate on the morphology, thermal stability and conductive properties
of these materials were studied.

Key words: polyaniline, multiwalled carbon nanotubes, conductive polymers, nanocomposites.

1. Ââåäåíèå
Óãëåðîäíûå íàíîòðóáêè (ÓÍÒ) îáëàäàþò âûñîêîé ìåõàíè÷åñêîé ïðî÷íîñòüþ, ýëåêòðîïðîâîäíîñ-

òüþ, òåðìè÷åñêîé ñòàáèëüíîñòüþ è ðÿäîì äðóãèõ óíèêàëüíûõ õàðàêòåðèñòèê, áëàãîäàðÿ ÷åìó îêàçà-
ëîñü öåëåñîîáðàçíûì ââåäåíèå èõ â êîìïîçèöèîííûå ìàòåðèàëû íà îñíîâå ðàçëè÷íûõ, â òîì ÷èñëå,
ïðîâîäÿùèõ ïîëèìåðîâ. Â ÷àñòíîñòè, ìîäèôèöèðîâàííûå ïîëèàíèëèíîì ÓÍÒ ìîãóò ïðèìåíÿòüñÿ
â áèîñåíñîðèêå [1-3], ìåäèöèíå [4], â êà÷åñòâå ýëåêòðîäíûõ ìàòåðèàëîâ â õèìè÷åñêèõ èñòî÷íèêàõ
òîêà [5-7], ñóïåðêîíäåñàòîðàõ [8-10], ôîòîêàòàëèçàòîðàõ, ïðåîáðàçîâàòåëÿõ ñîëíå÷íîé ýíåðãèè è ò.ï.
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Îäíàêî äëÿ óñïåøíîé ïðàêòè÷åñêîé ìàñøòàáíîé ðåàëèçàöèè óêàçàííûõ íàïðàâëåíèé íåîáõîäèìî
âûÿñíåíèå âëèÿíèÿ ïàðàìåòðîâ ïðîöåññîâ ìîäèôèöèðîâàíèÿ ÓÍÒ ïîëèàíèëèíîì íà ñòðóêòóðó è
ñâîéñòâà ïîëó÷åííûõ ìàòåðèàëîâ. Ê íàñòîÿùåìó âðåìåíè èçâåñòíû õèìè÷åñêèå [1-2, 5-8, 11-13] è
ýëåêòðîõèìè÷åñêèå [5, 10, 14-16] ìåòîäû îñàæäåíèÿ ïîëèàíèëèíà íà óãëåðîäíûå íàíîòðóáêè. Íàè-
áîëåå ïðîñòûì â ðåàëèçàöèè ÿâëÿåòñÿ îñàæäåíèå êîìïîçèòíîãî ñëîÿ ïîëèàíèëèíà íà ïîâåðõíîñòü
ÓÍÒ ïðè îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà ïîä äåéñòâèåì ðàçëè÷íûõ îêèñëèòåëåé (ïåðñóëü-
ôàòà àììîíèÿ, ïåðìàíãàíàòà êàëèÿ è äð.). Â ðÿäå ðàáîò [1, 3, 14, 17-19] ïðåäëàãàåòñÿ ïðåäâàðèòåëü-
íàÿ õèìè÷åñêàÿ ôóíêöèîíàëèçàöèÿ ïîâåðõíîñòè óãëåðîäíûõ íàíîòðóáîê ñ öåëüþ óñèëåíèÿ èõ âçàè-
ìîäåéñòâèÿ ñ ïîëèàíèëèíîì è óâåëè÷åíèÿ âûõîäà ïðîâîäÿùåãî ïîëèìåðà. Â îáçîðå [20] óêàçûâàåò-
ñÿ íà âîçìîæíîñòü ôîðìèðîâàíèÿ ïîëèàíèëèíîâûõ ìèêðî- è íàíîñòðóêòóð ðàçëè÷íîé ìîðôîëîãèè
ïðè âàðüèðîâàíèè êèñëîòíîñòè ñðåäû, òåìïåðàòóðíûõ óñëîâèé è ðÿäà äðóãèõ ôàêòîðîâ. Îñíîâûâà-
ÿñü íà ýòèõ äàííûõ, öåëåñîîáðàçíî ïðåäïîëàãàòü, ÷òî â çàâèñèìîñòè îò óñëîâèé ïðîâåäåíèÿ ïðîöåñ-
ñà (ïðèðîäû îêèñëèòåëÿ, ìîëüíûõ ñîîòíîøåíèé ðåàãåíòîâ, êèñëîòíîñòè ñðåäû, òåìïåðàòóðû è ò.ï.)
è ñïîñîáà ïðåäâàðèòåëüíîé ôóíêöèîíàëèçàöèè ïîâåðõíîñòè óãëåðîäíûõ íàíîòðóáîê âîçìîæíî ôîð-
ìèðîâàíèå êîìïîçèòíûõ ñëîåâ, ñîñòîÿùèõ èç ïîëèàíèëèíîâûõ öåïî÷åê ðàçëè÷íîé ñòðóêòóðû è ñòå-
ïåíè ïîëèìåðèçàöèè. Ýòè öåïî÷êè ìîãóò áûòü ïî-ðàçíîìó îðèåíòèðîâàíû îòíîñèòåëüíî óãëåðîä-
íûõ íàíîòðóáîê, îáðàçîâûâàòü ñëîè ðàçíîé òîëùèíû. Óêàçàííûìè ìîðôîëîãè÷åñêèìè îñîáåííîñ-
òÿìè êîìïîçèòíûõ ñëîåâ äîëæíû îïðåäåëÿòüñÿ ôèçèêî-õèìè÷åñêèå ñâîéñòâà ìàòåðèàëîâ íà îñíîâå
ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì ÓÍÒ.

Ñîãëàñíî ðÿäó ëèòåðàòóðíûõ äàííûõ, ïðåäâàðèòåëüíàÿ ïðèøèâêà ê ÓÍÒ ÑÎÎÍ-ãðóïï ñïîñîá-
ñòâóåò áîëåå ýôôåêòèâíîìó ïðîòåêàíèþ ðåàêöèè îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà íà èõ
ïîâåðõíîñòè. Â ðÿäå ñëó÷àåâ ýòîò ôàêò îáúÿñíÿåòñÿ òåì, ÷òî êàðáîêñèëüíûå ãðóïïû ÿâëÿþòñÿ öåí-
òðàìè õåìîñîðáöèè ìîíîìåðîâ íà ïîâåðõíîñòè ÓÍÒ. Àâòîðû ðàáîò [21-22] ïîëàãàþò, ÷òî âçàèìî-
äåéñòâèå àíèëèíà ñ êàðáîêñèëèðîâàííûìè íàíîòðóáêàìè ïðîèñõîäèò íå òîëüêî çà ñ÷åò âçàèìî-
äåéñòâèÿ π-ñèñòåìû ÓÍÒ ñ ìîëåêóëàìè àíèëèíà, íî òàêæå è áëàãîäàðÿ âîçíèêíîâåíèþ âîäîðîä-
íûõ ñâÿçåé ìåæäó NH

2
- è ÑÎÎÍ-ãðóïïàìè. Âëèÿíèå ñïîñîáà è ñòåïåíè ôóíêöèîíàëèçàöèè ÓÍÒ â

ïðèâåäåííûõ ðàáîòàõ íå àíàëèçèðîâàëîñü.
Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ÿâèëîñü èçó÷åíèå âëèÿíèÿ ïðåäâàðèòåëüíîé ôóíêöèîíàëèçà-

öèè ÓÍÒ è óñëîâèé îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà íà ýëåêòðîïðîâîäÿùèå ñâîéñòâà è
òåðìè÷åñêóþ ñòàáèëüíîñòü ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì óãëåðîäíûõ íàíîòðóáîê.

2. Ìåòîäèêà ýêñïåðèìåíòà

Â ðàáîòå èñïîëüçîâàíû ìíîãîñëîéíûå óãëåðîäíûå íàíîòðóáêè «Òàóíèò-ÌÄ» («Íàíîòåõöåíòð»,
Ðîññèÿ, Òàìáîâ) äèàìåòðîì îò 30 äî 80 íì, äëèíîé áîëåå 20 ìêì (Ðèñ. 1), ïîëó÷åííûå CVD-ìåòî-
äîì èç óãëåâîäîðîäíîãî ñûðüÿ.

Äëÿ ìîäèôèöèðîâàíèÿ èñïîëüçîâàíû ÓÍÒ êàê íåïîñðåäñòâåííî ïîñëå CVD-ïðîöåññà, òàê è
ïðåäâàðèòåëüíî ôóíêöèîíàëèçèðîâàííûå. Ïðèìåíåíî äâà ñïîñîáà îêèñëåíèÿ ïîâåðõíîñòè óãëå-
ðîäíûõ íàíîòðóáîê: æèäêîôàçíûé (êèïÿ÷åíèå â êîíöåíòðèðîâàííîé àçîòíîé êèñëîòå) è ãàçîôàç-
íûé (âûäåðæêà â ïàðàõ àçîòíîé êèñëîòû ïðè 140 °C).

Ïîâåðõíîñòíûå ôóíêöèîíàëüíûå ãðóïïû èäåíòèôèöèðîâàíû ìåòîäîì ÈÊ-ñïåêòðîñêîïèè. Êî-
ëè÷åñòâî ÑÎÎÍ-ãðóïï (ììîëü) íà åäèíèöó ìàññû ÓÍÒ îöåíèâàëîñü òèòðèìåòðè÷åñêè [23].

Ñïåêòðû êîìáèíàöèîííîãî ðàññåÿíèÿ (ÊÐ) îáðàçöîâ ÓÍÒ èññëåäîâàëèñü íà Ðàìàí-àìîðôíîé
ïîëèêðèñòàëëè÷åñêîé ïîäëîæêå èç Al

2
O

3
 ñ ïîìîùüþ ïðèáîðà Integra Spectra, ÍÒ ÌÄÒ (äëèíà âîë-

íû âîçáóæäàþùåãî ëàçåðà 473 íì). Ýëåêòðîííûå èçîáðàæåíèÿ óãëåðîäíûõ íàíîòðóáîê è èõ êîì-
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ïîçèòîâ ñ ïîëèàíèëèíîì ïîëó÷àëè ñ ïîìîùüþ äâóõ ëó÷åâîãî ñêàíèðóþùåãî ýëåêòðîííîãî ìèêðî-
ñêîïè÷åñêîãî êîìïëåêñà Neon 40, Carl Zeiss.

Ìîäèôèöèðîâàíèå îñóùåñòâëÿëîñü â õîäå îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà ïîä äåé-
ñòâèåì ïåðñóëüôàòà àììîíèÿ (NH

4
)
2
S

2
O

8
 â ïðèñóòñòâèè óãëåðîäíûõ íàíîòðóáîê. Äëÿ ýòîãî ÓÍÒ

äèñïåðãèðîâàëè â äèñòèëëèðîâàííîé âîäå â êîëè÷åñòâå 1-5 ã/ë. Â ïîëó÷åííóþ ñóñïåíçèþ ïðè
ïåðåìåøèâàíèè ââîäèëè ðàññ÷èòàííûå êîëè÷åñòâà êîíöåíòðèðîâàííîé ñîëÿíîé êèñëîòû è àíè-
ëèíà (1 è 0,05 ìîëü/ë ñîîòâåòñòâåííî). Îõëàæäàëè ñìåñü äî 0 °Ñ è ðàâíîäîçèðîâàííî äîáàâëÿëè ê
íåé ðàñòâîð, ñîäåðæàùèé 1 ìîëü/ë HCl è 0,0625 ìîëü/ë (NH

4
)
2
S
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8
. Â ðàçíûõ ýêñïåðèìåíòàëüíûõ

ñåðèÿõ èñïîëüçîâàëèñü îáúåìû ðàñòâîðà ïåðñóëüôàòà àììîíèÿ óêàçàííîé êîíöåíòðàöèè, ðàâíûå
îáúåìó ñóñïåíçèè ÓÍÒ â ðàñòâîðå ñîëÿíîêèñëîãî àíèëèíà, ëèáî â ñîîòíîøåíèÿõ 2:1 èëè 0,5:1. Ïî
îêîí÷àíèè ïîäà÷è ïîäêèñëåííîãî ðàñòâîðà ïåðñóëüôàòà àììîíèÿ ñìåñü ïðîäîëæàëè ïåðåìåøè-
âàòü â òå÷åíèå 1-2 ÷àñîâ ïðè òåìïåðàòóðå 0-5 °Ñ. Ïîñëå ñèíòåçà îò ðåàêöèîííîé ìàññû îòäåëÿëè
íåðàñòâîðèìóþ ÷àñòü ôèëüòðîâàíèåì íà áóìàæíîì ôèëüòðå è ïðîìûâàëè åå âîäîé äî íåéòðàëü-
íîãî ðÍ è àöåòîíîì äî îáåñöâå÷èâàíèÿ ôèëüòðàòà. Ïîëó÷åííûé êîìïîçèò âûñóøèâàëñÿ ïðè òåì-
ïåðàòóðå 80-100 °Ñ äî ïðåêðàùåíèÿ ïîòåðè ìàññû. Ìàññîâîå ñîäåðæàíèå ïîëèàíèëèíà â ïîëó-
÷åííûõ îáðàçöàõ íàíîêîìïîçèòîâ ðàññ÷èòûâàëè êàê ðàçíîñòü ìàññ ñóõîãî êîìïîçèòà è èñõîäíûõ
óãëåðîäíûõ íàíîòðóáîê, îòíåñåííóþ ê ìàññå íàíîêîìïîçèòà â %.

Òåðìîãðàâèãðàììû îáðàçöîâ çàïèñûâàëè ñ ïîìîùüþ ïðèáîðà ñèíõðîííîãî òåðìè÷åñêîãî àíà-
ëèçà STA 449 F3 Jupiter ôèðìû Netzsch. Âî âðåìÿ èçìåðåíèÿ êàìåðà îáðàçöà ïðîäóâàëàñü âîçäóõîì
ñ ðàñõîäîì 30 ìë/ìèí, êàìåðà òåðìîâåñîâ � èíåðòíûì ãàçîì (àðãîí) ñ ðàñõîäîì 10 ìë/ìèí. Òåìïå-
ðàòóðíàÿ ïðîãðàììà âêëþ÷àëà â ñåáÿ âûäåðæêó ïðè òåìïåðàòóðå 30 °Ñ â òå÷åíèå 10 ìèíóò, íàãðåâ
îò 30 äî 900 °Ñ ñî ñêîðîñòüþ 10 °Ñ/ìèí. è îõëàæäåíèå îáðàçöîâ äî êîìíàòíîé òåìïåðàòóðû ñî
ñêîðîñòüþ 15 °Ñ/ìèí.

Äëÿ îïðåäåëåíèÿ óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ, îáðàçöû ïîëó÷åííûõ ìàòåðèàëîâ
ïîìåùàëèñü â ñòåêëÿííóþ òðóáêó è ñæèìàëèñü ñ ïîìîùüþ äâóõ ìåòàëëè÷åñêèõ ïîðøíåé ïîä äàâ-

Ðèñ. 1. SEM (a) è TEM (á) - èçîáðàæåíèÿ «Òàóíèòà-ÌÄ»
SEM (a) and TEM (b) - images of «Taunit-MD»

                                      a)

                                                                                      á)
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ëåíèåì 10 ÌÏà. Èçìåðÿëîñü ýëåêòðè÷åñêîå ñîïðîòèâëåíèå ìàòåðèàëà, êîòîðîå ïåðåñ÷èòûâàëîñü
íà óäåëüíîå ñîïðîòèâëåíèå ρ (Îì⋅ñì). Îòíîñèòåëüíàÿ îøèáêà èçìåðåíèé íå ïðåâûøàëà 10 %.

3. Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû è èõ îáñóæäåíèå

Õàðàêòåðíîé îñîáåííîñòüþ èñïîëüçîâàííûõ â ðàáîòå óãëåðîäíûõ íàíîòðóáîê ÿâëÿåòñÿ èõ óêëàä-
êà ïàðàëëåëüíî äðóã äðóãó â ïðîòÿæåííûå ïó÷êè (Ðèñ. 1). Òàêàÿ îðèåíòàöèÿ ÓÍÒ äîëæíà ñïîñîá-
ñòâîâàòü áîëåå ëåãêîé äèôôóçèè èîíîâ âäîëü ïó÷êà, ÷òî äåëàåò äàííûé ìàòåðèàë ïåðñïåêòèâíûì
äëÿ ðÿäà ýëåêòðîõèìè÷åñêèõ ïðèìåíåíèé, â òîì ÷èñëå, â ìîäèôèöèðîâàííîì ïðîâîäÿùèìè ïîëè-
ìåðàìè âèäå. Òàêæå ýëåêòðè÷åñêàÿ ïðîâîäèìîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå ÓÍÒ ìî-
æåò áûòü ñâÿçàíà ñ äåôåêòíîñòüþ íàíîòðóáîê. Èíôîðìàöèþ î êîëè÷åñòâå äåôåêòîâ íà ïîâåðõíîñòè
óãëåðîäíûõ íàíîòðóáîê ïîçâîëÿþò ïîëó÷èòü ñïåêòðû êîìáèíàöèîííîãî ðàññåÿíèÿ [24], â êîòîðûõ
íàáëþäàåòñÿ äâå õàðàêòåðíûå ìîäû: G (1500-1600 ñì-1), îáóñëîâëåííàÿ êîëåáàíèÿìè àòîìîâ óãëåðî-
äà â ïëîñêîñòè ãðàôåíîâîãî ñëîÿ, è D (1250-1450 ñì-1), îáóñëîâëåííàÿ íàëè÷èåì íàðóøåíèÿ ñèììåò-
ðèè èäåàëüíîãî ãðàôèòîâîãî ñëîÿ. Ïîýòîìó îòíîøåíèå èíòåíñèâíîñòåé ïîëîñ D/G ìîæåò èñïîëüçî-
âàòüñÿ äëÿ ñòåïåíè óïîðÿäî÷åííîñòè ñòðóêòóðû ìíîãîñëîéíûõ ÓÍÒ.

Îêèñëåíèå óãëåðîäíûõ íàíîòðóáîê ñïîñîáñòâóåò ïîÿâëåíèþ íåçíà÷èòåëüíîãî êîëè÷åñòâà äåôåê-
òîâ íà ïîâåðõíîñòè ÓÍÒ «Òàóíèò-ÌÄ». Ïðè÷åì, îêèñëåíèå â ïàðàõ àçîòíîé êèñëîòû ÿâëÿåòñÿ áîëåå
ùàäÿùèì ïî îòíîøåíèþ ê ñòðóêòóðå ïîâåðõíîñòè íàíîòðóáêè, ÷åì áîëåå ðàñïðîñòðàíåííûé ñïîñîá
ôóíêöèîíàëèçàöèè ïîñðåäñòâîì êèïÿ÷åíèÿ â êîíöåíòðèðîâàííîé àçîòíîé êèñëîòå (Ðèñ. 2).

Àíàëèç ÈÊ-ñïåêòðîâ óãëåðîäíûõ íàíîòðóáîê ïîçâîëÿåò îöåíèòü êà÷åñòâåííûé ñîñòàâ ôóíêöè-
îíàëüíûõ ãðóïï íà ïîâåðõíîñòè èñõîäíûõ è îêèñëåííûõ óãëåðîäíûõ íàíîòðóáîê (Ðèñ. 3). Âñå èçó-
÷åííûå ÈÊ-ñïåêòðû õàðàêòåðèçóþòñÿ ïðèñóòñòâèåì ïîëîñ ïîãëîùåíèÿ, îáóñëîâëåííûõ íàëè÷èåì
ñâÿçåé C–H (2920; 2850 è 1460 ñì-1), >C = C< (1630 ñì-1) è Î�Í (3450 ñì-1). Ïîñëåäíèé ïèê ìîæåò
áûòü òàêæå îáúÿñíåí ïðèñóòñòâèåì êàê ãèäðîêñèëüíûõ ãðóïï, îáðàçóþùèõñÿ ïðè îêèñëåíèè íà-

Ðèñ. 2. Ñïåêòðû êîìáèíàöèîííîãî ðàññåÿíèÿ óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ»: (1) � áåç
ïðåäâàðèòåëüíîé îáðàáîòêè; (2) � îêèñëåííûõ â ïàðàõ àçîòíîé êèñëîòû; (3) � îêèñëåííûõ
êèïÿ÷åíèåì â àçîòíîé êèñëîòå
Raman spectra of carbon nanotubes «Taunit-MD» (1) - without pre-treatment, (2) - oxidized with nitric
acid vapor, and (3) - oxidized in boiling nitric acid
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íîòðóáîê, òàê è àäñîðáèðîâàííîé íà ïîâåðõíîñòè ìàòåðèàëà âîäû. Ìàëîâûðàæåííàÿ ïîëîñà ïî-
ãëîùåíèÿ, ñîîòâåòñòâóþùàÿ êîëåáàíèþ ñâÿçåé C = O â êàðáîêñèëå (1740 ñì-1) ïîÿâëÿåòñÿ íà ÈÊ-
ñïåêòðå ÓÍÒ, îêèñëåííûõ êèïÿ÷åíèåì â àçîòíîé êèñëîòå. À äëÿ ìàòåðèàëà, îêèñëåííîãî â ïàðàõ
àçîòíîé êèñëîòû, ýòîò ïèê ñòàíîâèòñÿ îòíîñèòåëüíî âûðàæåííûì. Òàêèì îáðàçîì, íà îñíîâàíèè
äàííûõ ÈÊ-ñïåêòðîñêîïèè îáðàáîòêà óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ» â ïàðàõ àçîòíîé êèñ-
ëîòû ñïîñîáñòâóåò áîëåå ãëóáîêîìó îêèñëåíèþ è ïîÿâëåíèþ áîëüøåãî êîëè÷åñòâà êàðáîêñèëüíûõ
ãðóïï, ÷åì ïðè îáû÷íîì êèïÿ÷åíèè â êîíöåíòðèðîâàííîé HNO3. Ýòî ïîäòâåðæäàåòñÿ òèòðèìåò-
ðè÷åñêèìè äàííûìè (Òàáë. 1). Êîëè÷åñòâî ÑÎÎÍ-ãðóïï íà ïîâåðõíîñòè ìàòåðèàëà îêèñëåííîãî
â ãàçîâîé ôàçå ïî÷òè íà ïîðÿäîê âûøå, ÷åì ïðè æèäêîôàçíîì îêèñëåíèè àçîòíîé êèñëîòîé.

Ïðè ýòîì, íåñìîòðÿ íà áîëåå âûñîêóþ ñòåïåíü ôóíêöèîíàëèçàöèè óãëåðîäíûõ íàíîòðóáîê ïðè
èõ îêèñëåíèè â ïàðàõ, ñòåïåíü äåôåêòíîñòè èõ ïîâåðõíîñòè íèæå, ÷åì ïîñëå êèïÿ÷åíèÿ â êîíöåí-
òðèðîâàííîé HNO3.

Êàê óêàçûâàëîñü ðàíåå, ïîëèàíèëèí áûë ñèíòåçèðîâàí ìåòîäîì îêèñëèòåëüíîé ïîëèìåðèçà-
öèè ïðè ðàçíûõ ìîëüíûõ ñîîòíîøåíèÿõ ðåàãåíòîâ � ïåðñóëüôàòà àììîíèÿ è àíèëèíà (nPSA:nAn), êàê
îòäåëüíî, òàê â ïðèñóòñòâèè íåôóíêöèîíàëèçèðîâàííûõ è îêèñëåííûõ ðàçëè÷íûìè ñïîñîáàìè

Ðèñ. 3. ÈÊ-ñïåêòðû èñõîäíûõ (1), îêèñëåííûõ êèïÿ÷åíèåì â êîíöåíòðèðîâàííîé àçîòíîé êèñ-
ëîòå (2) è â åå ïàðàõ (3) óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ»
IR spectra of initial CNTs «Taunit-MD» (1), CNTs oxidized in boiling concentrated nitric acid (2) and
its vapor (3)
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óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ». Ïðîòåêàþùàÿ õèìè÷åñêàÿ ðåàêöèÿ ïðèâîäèò ê îáðàçîâà-
íèþ ýìåðàëüäèíîâîé ñîëè ïîëèàíèëèíà çåëåíîãî öâåòà è ìîæåò áûòü îïèñàíà ñ ïîìîùüþ ñëåäó-
þùåé ñõåìû:

Âûõîä ïîëèàíèëèíà â ýòîé ðåàêöèè ÿâëÿåòñÿ îïòèìàëüíûì ïðè ñîîòâåòñòâóþùåì ñòåõèîìåò-
ðèè ïðîòåêàþùåé ðåàêöèè ìîëüíîì ñîîòíîøåíèè ïåðñóëüôàòà àììîíèÿ è àíèëèíà (Òàáë. 2). Ïðè
íåäîñòàòêå îêèñëèòåëÿ âûõîä ïîëèìåðà íå ïðåâûøàåò 38% îò òåîðåòè÷åñêîãî. Ñíèæåíèå âûõîäà
ïîëèàíèëèíà ïðè èçáûòî÷íîì êîëè÷åñòâå îêèñëèòåëÿ (ïåðñóëüôàòà àììîíèÿ) ïî îòíîøåíèþ ê
àíèëèíó, ÷òî, êàê óêàçûâàåòñÿ â [25], ìîæåò áûòü ñâÿçàíî ñ ïðîòåêàíèåì îêèñëåíèÿ àìèííûõ çâå-
íüåâ ïîëèìåðíîé öåïè, ïðèâîäÿùèì ê ñíèæåíèþ âûõîäà ïîëèàíèëèíà ñ âûñîêîé ìîëÿðíîé ìàñ-
ñîé è âòîðè÷íîìó îáðàçîâàíèþ îêèñëåííûõ îëèãîìåðîâ. Èçâåñòíî òàêæå, ÷òî ïðè äåéñòâèè èç-
áûòêà îêèñëèòåëÿ (äèîêñèäà ìàðãàíöà â êèñëîé ñðåäå) âîçìîæíî îêèñëåíèå àìèíî-ãðóïï äî õèíî-
èäíûõ [26], ÷òî ìîæåò ïðèâîäèòü ê îáðàçîâàíèþ óêîðî÷åííûõ ïîëèìåðíûõ ìîëåêóë ÏÀÍÈ ñ êîí-
öåâûìè õèíîèäíûìè ãðóïïàìè.

Òàáëèöà 1
Êîëè÷åñòâåííàÿ îöåíêà íàëè÷èÿ êàðáîêñèëüíûõ ãðóïï íà ïîâåðõíîñòè

óãëåðîäíûõ íàíîòðóáîê ïî äàííûì êèñëîòíî-îñíîâíîãî òèòðîâàíèÿ

Òàáëèöà 2
Âûõîä ïîëèàíèëèíà* (â % îò òåîðåòè÷åñêîãî) â ðåàêöèÿõ îêèñëèòåëüíîé ïîëèìåðèçàöèè

Êîëè÷åñòâî COOH-ãðóïïÑïîñîá ïðåäâàðèòåëüíîãî îêèñëåíèÿ

ÓÍÒ ììîëü/ã ìàññ.%

íåîêèñëåííûå 0 0
êèïÿ÷åíèå â êîíöåíòðèðîâàííîé HNO3 0,3 1,35
â ïàðàõ HNO3 2,0 9,00

Ìîëüíîå ñîîòíîøåíèå nPSA:nAn
Òåìïëàò

0,625:1 1,25:1 2,5:1
- 38,2 77,4 58,1
«Òàóíèò-ÌÄ» 49,6 83,5 62,3
«Òàóíèò-ÌÄ», îêèñëåííûé êîíöåíò-

ðèðîâàííîé àçîòíîé êèñëîòîé
- 87,3 68,7

«Òàóíèò-ÌÄ», îêèñëåííûé â ïàðàõ

àçîòíîé êèñëîòû
- 92,6 70,9

*Îòíîñèòåëüíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ âûõîäà ïîëèàíèëèíà ñîñòàâëÿëà

íå áîëåå 2%.
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Ñóùåñòâóåò äâà âîçìîæíûõ ïîäõîäà ê îáúÿñíåíèþ óâåëè÷åíèÿ ýôôåêòèâíîñòè ïðîòåêàíèÿ îêèñ-
ëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà â ïðèñóòñòâèè óãëåðîäíûõ íàíîòðóáîê [27]. Âî-ïåðâûõ, íà
ïîâåðõíîñòè ÓÍÒ, îáëàäàþùèõ âûñîêîé óäåëüíîé ïîâåðõíîñòüþ, âîçìîæíà àäñîðáöèÿ îëèãîìåð-
íûõ ôðàãìåíòîâ, êîòîðûå îáðàçóþòñÿ â õîäå ðåàêöèè. Âòîðàÿ âîçìîæíàÿ ïðè÷èíà ñâÿçàíà ñ ïðîâî-
äÿùèìè ñâîéñòâàìè ÓÍÒ. Ïðåäïîëàãàåòñÿ, ÷òî óãëåðîäíûå íàíîòðóáêè ìîãóò áûòü ïåðåíîñ÷èêàìè
ýëåêòðîíîâ îò ìîëåêóë âîññòàíîâèòåëÿ (àíèëèíà) ê ÷àñòèöàì îêèñëèòåëÿ (ïåðîêñèñóëüôàò-èîíàì),
÷òî çíà÷èòåëüíî îáëåã÷àåò ïðîòåêàíèå îêèñëèòåëüíî-âîññòàíîâèòåëüíîãî ïðîöåññà è, âîçìîæíî,
ñïîñîáñòâóåò ôîðìèðîâàíèþ ïîëèìåðíûõ öåïî÷åê ñ áîëüøèì êîëè÷åñòâîì çâåíüåâ. Ïðè ýòîì äîëÿ
ïîáî÷íûõ îëèãîìåðíûõ ïðîäóêòîâ, ôîðìèðîâàíèå êîòîðûõ ïðîèñõîäèò â îáúåìå ðàñòâîðà, äîëæ-
íà çíà÷èòåëüíî ñíèæàòüñÿ.

Ïðè ïîÿâëåíèè íà ïîâåðõíîñòè ÓÍÒ 0,2 ììîëü/ã (èëè 1,35 ìàñ.%) ÑÎÎÍ-ãðóïï âûõîä öåëåâî-
ãî ïðîäóêòà ðåàêöèè ñòàíîâèòñÿ íà 4-6 ìàñ.% áîëüøå. Ïðè óâåëè÷åíèè êîëè÷åñòâà êàðáîêñèëüíûõ
ãðóïï (äî 2 ììîëü/ã èëè 9 ìàñ.%) íà ïîâåðõíîñòè îêèñëåííûõ ïàðàìè HNO

3
 óãëåðîäíûõ íàíîòðó-

áîê âûõîä ïîëèàíèëèíà óâåëè÷èâàåòñÿ íà 2-5 ìàñ.% â çàâèñèìîñòè îò óñëîâèé îêèñëèòåëüíîé
ïîëèìåðèçàöèè. Î÷åâèäíî, íàëè÷èå ÑÎÎÍ-ãðóïï íà ïîâåðõíîñòè ÓÍÒ íå ñòîëü ñèëüíî ñêàçûâà-
åòñÿ íà âûõîäå öåëåâîãî ïðîäóêòà ðåàêöèè. Ïðåäâàðèòåëüíàÿ ôóíêöèîíàëèçàöèÿ êèñëîðîäñîäåð-
æàùèìè ãðóïïàìè äîëæíà îêàçûâàòü áîëüøåå âëèÿíèå íà ìîðôîëîãèþ êîìïîçèòíîãî ïîëèàíèëè-
íîâîãî ñëîÿ, ïîñêîëüêó îíà âûçûâàåò çàìåòíîå óñèëåíèå âçàèìîäåéñòâèÿ óæå ñôîðìèðîâàâøèõñÿ
ïîëèàíèëèíîâûõ öåïî÷åê ñ ïîâåðõíîñòüþ ÓÍÒ [1].

Ïî âèçóàëüíûì íàáëþäåíèÿì (ïî èíòåíñèâíîñòè îêðàñêè àöåòîíîâîãî ôèëüòðàòà ïðè ïðîìûâ-
êå êîìïîçèòîâ íà îñíîâå ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì òðóáîê), äîëÿ ðàñòâîðèìûõ â àöåòî-
íå îëèãîìåðîâ òàêæå ñíèæàåòñÿ ïðè îïòèìàëüíîì ñîîòíîøåíèè ðåàãåíòîâ íà ñòàäèè îêèñëèòåëü-
íîé ïîëèìåðèçàöèè. Ïðè ïðîìûâêå àöåòîíîì êîìïîçèòà ïîëèàíèëèíà ñ îêèñëåííûìè â ïàðàõ
àçîòíîé êèñëîòû ÓÍÒ îêðàøèâàíèÿ ôèëüòðàòà ïðàêòè÷åñêè íå íàáëþäàëîñü.

Ìàêñèìàëüíûé âûõîä ïîëèàíèëèíà, íàáëþäàåìûé ïðè ñòåõèîìåòðè÷åñêîì ñîîòíîøåíèè ìîëü-
íûõ êîëè÷åñòâ àíèëèíà è ïåðñóëüôàòà àììîíèÿ ïðàêòè÷åñêè âî âñåõ ïðåäñòàâëåííûõ ñëó÷àÿõ ïî-
êàçûâàåò, ÷òî ââåäåíèå êàê èñõîäíûõ, òàê è ïðåäâàðèòåëüíî îêèñëåííûõ ÓÍÒ íå èçìåíÿåò ìåõà-
íèçìà ñàìîé ðåàêöèè îêèñëèòåëüíîé ïîëèìåðèçàöèè.

Íà ÒÃ- êðèâûõ (Ðèñ. 4) îáðàçöîâ ïîëèàíèëèíà, ñèíòåçèðîâàííûõ ïðè ðàçëè÷íûõ ñîîòíîøåíè-
ÿõ ðåàãåíòîâ, íà ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçàöèè íàáëþäàåòñÿ òðè âûðàæåííûõ ó÷àñòêà.
Ìîæíî ïðåäïîëîæèòü, ÷òî ïðè òåìïåðàòóðå äî 200 °Ñ ïðîèñõîäèò ïîòåðÿ îñòàòî÷íîé âëàãè [28].
Âûøå 200° ïðîèñõîäèò äåïðîòîíèðîâàíèå ìàòåðèàëà, è ñîëü ïîëèàíèëèíà ïåðåõîäèò â íåïðîâî-
äÿùåå îñíîâàíèå. Ïðè òåìïåðàòóðå âûøå 350 °Ñ ïðîèñõîäèò íåîáðàòèìàÿ òåðìè÷åñêàÿ è òåðìî-
îêèñëèòåëüíàÿ äåñòðóêöèÿ ïîëèìåðà, êîòîðàÿ çàêàí÷èâàåòñÿ ïðè 650-670 °Ñ.

Ïîëîæåíèå íàèáîëåå âûðàæåííûõ ìàêñèìóìîâ íà ÄÑÊ-êðèâûõ äëÿ ìàòåðèàëîâ, ñèíòåçèðîâàí-
íûõ ïðè n

PSA
:n

An
 = 0,625:1 è 1,25:1 ïðèìåðíî îäèíàêîâî è ñîîòâåòñòâóåò òåìïåðàòóðå 380-400 °Ñ

(Ðèñ. 4). Äëÿ îáðàçöà, ïîëó÷åííîãî ïðè äâóêðàòíîì èçáûòêå îêèñëèòåëÿ, ýêñòðåìóì íà ÄÑÊ -êðèâîé
íàáëþäàåòñÿ ïðè áîëåå âûñîêîé òåìïåðàòóðå ïîðÿäêà 480-490 °Ñ. Ìîæíî ïðåäïîëàãàòü, ÷òî ïðè
çíà÷èòåëüíîì èçáûòêå îêèñëèòåëÿ â ðåçóëüòàòå âòîðè÷íûõ õèìè÷åñêèõ ïðåâðàùåíèé ìîðôîëîãèÿ
ïîëèìåðíîé öåïî÷êè è åå õàðàêòåðèñòèêè èçìåíÿþòñÿ.

Èñõîäíûå óãëåðîäíûå íàíîòðóáêè, êîòîðûå ïðèìåíÿëèñü äëÿ ìîäèôèöèðîâàíèÿ ïîëèàíèëè-
íîì â ðàìêàõ äàííîãî èññëåäîâàíèÿ òàêæå èìåëè ðàçëè÷íóþ òåðìîñòàáèëüíîñòü. (Ðèñ. 5). Íàèáî-
ëåå óñòîé÷èâû ê äåéñòâèþ âûñîêèõ òåìïåðàòóð â îêèñëèòåëüíîé àòìîñôåðå èñõîäíûå ÓÍÒ, íàè-
ìåíåå � ôóíêöèîíàëèçèðîâàííûå â ïàðàõ àçîòíîé êèñëîòû. Õàðàêòåð ÒÃ-êðèâûõ ôóíêöèîíàëèçè-
ðîâàííûõ ìàòåðèàëîâ çàìåòíî îòëè÷àåòñÿ îò ÒÃ-êðèâîé íåîêèñëåííîãî îáðàçöà. Ó÷àñòîê ïîòåðè
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Ðèñ. 4. ÒÃ è ÄÑÊ-êðèâûå îáðàçöîâ ïîëèàíèëèíà, ñèíòåçèðîâàííûõ ïðè ìîëüíîì ñîîòíîøåíèè
nPSA:nAn, ðàâíîì 0,625:1 (1); 1,25:1 (2); 2,5:1 (3)
TG and DSC plots of polyaniline samples synthesized at a molar ratio n PSA:nAn, equal to 0.625:1 (1);
1.25:1 (2), and 2.5:1 (3)

Ðèñ. 5. ÒÃ è ÄÑÊ-êðèâûå èñõîäíûõ ÓÍÒ «Òàóíèò-ÌÄ» (1), îêèñëåííûõ êèïÿ÷åíèåì â êîíöåíò-
ðèðîâàííîé àçîòíîé êèñëîòå (2) è â ïàðàõ HNO3 (3)
TG and DSC plots of the original CNTs «Taunit-MD» (1), and CNTs oxidized by boiling in concentrated
nitric acid (2) and in HNO3 vapor (3)
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ìàññû ìàòåðèàëîâ â òåìïåðàòóðíîì èíòåðâàëå äî 150 °Ñ ñâÿçàí ñ èñïàðåíèåì àäñîðáèðîâàííîé
âîäû. Âòîðîé � ñî 150 äî 350° � ñîãëàñíî ëèòåðàòóðíûì äàííûì [29], ñîîòâåòñòâóåò äåêàðáîêñè-
ëèðîâàíèþ ôóíêöèîíàëèçèðîâàííûõ ÓÍÒ. Ïîòåðè ìàññû ìàòåðèàëà ïðè òåìïåðàòóðàõ îò 350 äî
500 °Ñ ìîãóò áûòü îáúÿñíåíû îòùåïëåíèåì ãèäðîêñèëüíûõ ãðóïï [30]. È, íàêîíåö, ïðè òåìïåðà-
òóðàõ âûøå 500 °Ñ ïðîèñõîäèò îêèñëåíèå ñàìîãî óãëåðîäà [31].

Ïèêè íà ÄÑÊ-êðèâûõ äëÿ èñõîäíîãî è îêèñëåííîãî â êîíöåíòðèðîâàííîé àçîòíîé êèñëîòå «Òà-
óíèòà-ÌÄ» íàáëþäàþòñÿ ïðè òåìïåðàòóðå 615-620 °Ñ. Íà àíàëîãè÷íîé êðèâîé äëÿ «Òàóíèòà-ÌÄ»,
îáðàáîòàííîãî â ïàðàõ HNO

3
, íàáëþäàåòñÿ ñëàáîâûðàæåííûé ýêñòðåìóì ïðè 350 °Ñ è áîëåå âû-

ðàæåííûé � ïðè 520 °Ñ. Êàæäûé èç íèõ ñîîòâåòñòâóåò õàðàêòåðíûì ó÷àñòêàì íà ÒÃ-êðèâîé. Ñïî-
ñîá ïðåäâàðèòåëüíîãî îêèñëåíèÿ óãëåðîäíûõ íàíîòðóáîê îêàçûâàåò çíà÷èòåëüíîå âëèÿíèå íà õà-
ðàêòåð òåðìè÷åñêîãî ðàçëîæåíèÿ èõ êîìïîçèòîâ ñ ïîëèàíèëèíîì, ïîëó÷åííûõ ïðè ðàçëè÷íîì
ìîëüíîì ñîîòíîøåíèè ðåàãåíòîâ íà ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçàöèè (Ðèñ. 6).

3.1. Èñõîäíûå ÓÍÒ.
 Ìàòåðèàëû, ñèíòåçèðîâàííûå ïðè íåäîñòàòêå îêèñëèòåëÿ è ïðè îïòèìàëüíîì ìîëüíîì

ñîîòíîøåíèè ïåðñóëüôàòà àììîíèÿ è àíèëèíà, èìåþò ñõîäíûé õàðàêòåð òåðìè÷åñêîãî ðàçëî-
æåíèÿ. Ñíèæåíèå òåðìîñòàáèëüíîñòè ïî ñðàâíåíèþ ñ íåìîäèôèöèðîâàííûìè ÓÍÒ ñâÿçàíî ñ
áîëåå íèçêîé òåìïåðàòóðîé ðàçëîæåíèÿ ïîëèàíèëèíà. Çíà÷èòåëüíûé èçáûòîê îêèñëèòåëÿ íà
ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà, êàê óêàçûâàëîñü âûøå, ñïîñîáñòâóåò ñíèæå-
íèþ âûõîäà ïðîäóêòà ðåàêöèè, ñîäåðæàíèå ÓÍÒ â êîìïîçèòå îêàçûâàåòñÿ áîëåå âûñîêèì, ïî-
ýòîìó òåðìîñòàáèëüíîñòü ìàòåðèàëà íåñêîëüêî óâåëè÷èâàåòñÿ. Ïîëîæåíèå ìàêñèìóìà íà ÄÑÊ-
êðèâîé êàê äëÿ èñõîäíûõ, òàê è äëÿ ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì, íàíîòðóáîê, ñîîòâåò-
ñòâóåò òåìïåðàòóðå 605-620°Ñ, êîòîðàÿ ñîîòâåòñòâóåò íàèáîëåå áûñòðîé îêèñëèòåëüíîé äåñò-
ðóêöèè ÓÍÒ.

3.2. ÓÍÒ ïðåäâàðèòåëüíî îêèñëåííûå êîíöåíòðèðîâàííîé àçîòíîé êèñëîòîé.
Íàáëþäàåòñÿ òàêàÿ æå çàâèñèìîñòü òåðìîñòàáèëüíîñòè ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì ÓÍÒ îò

ìîëüíîãî ñîîòíîøåíèÿ ðåàãåíòîâ, ÷òî è â ïðåäûäóùåì ñëó÷àå. Ïîëîæåíèå ýêñòðåìóìîâ íà ÄÑÊ-êðè-
âûõ äëÿ ìàòåðèàëîâ, ñèíòåçèðîâàííûõ ïðè ðàçëè÷íûõ ìîëüíûõ ñîîòíîøåíèÿõ n

PSA
:n

An
 ñîâïàäàåò.

3.3. ÓÍÒ, îêèñëåííûå â ïàðàõ àçîòíîé êèñëîòû.
Âçàèìíîå ðàñïîëîæåíèå ÒÃ-êðèâûõ è õàðàêòåð ÄÑÊ-êðèâûõ çàìåòíî îòëè÷àåòñÿ îò äâóõ

ïðåäûäóùèõ ñëó÷àåâ. Íàèáîëåå óñòîé÷èâûì ê òåìïåðàòóðíîìó âîçäåéñòâèþ îêàçûâàåòñÿ êîì-
ïîçèò, ïîëó÷åííûé ïðè äâóêðàòíîì èçáûòêå îêèñëèòåëÿ. Óãëåðîäíûå íàíîòðóáêè, èñõîäíûå è
ïîêðûòûå ïîëèàíèëèíîì ïðè îïòèìàëüíîì çíà÷åíèè n

PSA
:n

An
, ïðèìåðíî îäèíàêîâî òåðìîñòà-

áèëüíû. Îäíàêî ó÷àñòêè õàðàêòåðèçóþùèõ èõ ïîâåäåíèå ïðè âûñîêèõ òåìïåðàòóðàõ ÒÃ-êðè-
âûõ íåñèíõðîííû. Êîìïîçèòû ïîëèàíèëèíà íà÷èíàþò òåðÿòü ìàññó ïðàêòè÷åñêè ñ ñàìîãî
íà÷àëà ÒÃ-êðèâîé. Ýòî ñâÿçàíî, âèäèìî, ñ èñïàðåíèåì àäñîðáèðîâàííîé âîäû. Ïîìèìî ó÷àñ-
òêà óäàëåíèÿ îñòàòî÷íîé âëàãè íà ÒÃÀ-êðèâûõ èìååòñÿ åùå äâå âûðàæåííûå ñòóïåíè ñ íàèáî-
ëåå èíòåíñèâíûìè ïîòåðÿìè ìàññû ïðè 400-450 è 600-620 °Ñ. ÄÑÊ-êðèâàÿ ìàòåðèàëà, ïîëó-
÷åííîãî ïðè îïòèìàëüíîì ñîîòíîøåíèè ðåàãåíòîâ ïðè îêèñëèòåëüíîé ïîëèìåðèçàöèè, õà-
ðàêòåðèçóåòñÿ íàëè÷èåì äâóõ ðàâíîâûðàæåííûõ ýêñòðåìóìîâ, ñîîòâåòñòâóþùèõ òåìïåðàòó-
ðàì ïðîòåêàíèÿ áûñòðîé îêèñëèòåëüíîé òåðìîäåñòðóêöèè ìàòåðèàëà. Ïîëîæåíèå ýêñòðåìó-
ìîâ íà ÄÑÊ-êðèâûõ äëÿ êîìïîçèòîâ è èñõîäíûõ ÓÍÒ íå ñîâïàäàþò. Î÷åâèäíî, â äàííîì ñëó-
÷àå, áëàãîäàðÿ íàëè÷èþ íà ïîâåðõíîñòè ÓÍÒ äîñòàòî÷íî áîëüøîãî êîëè÷åñòâà êàðáîêñèëü-
íûõ ãðóïï, ïðîèñõîäèò ñóùåñòâåííîå âçàèìîäåéñòâèå ìåæäó íèìè è àìèíîãðóïïàìè àíèëè-
íà, îëèãîìåðîâ è âûñîêîìîëåêóëÿðíîãî ïîëèàíèëèíà, â ðåçóëüòàòå ÷åãî çàìåòíî èçìåíÿåòñÿ
ïîâåäåíèå êîìïîçèòà ïðè âûñîêèõ òåìïåðàòóðàõ.
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Ðèñ. 6. ÒÃ è ÄÑÊ-êðèâûå èñõîäíûõ (à), îêèñëåííûõ êèïÿ÷åíèåì â êîíöåíòðèðîâàííîé àçîòíîé
êèñëîòå (á) è ïàðàõ HNO

3
 (â) óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ» (1), ìîäèôèöèðîâàííûõ

ïîëèàíèëèíîì ïðè ìîëüíîì ñîîòíîøåíèè n
PSA

:n
An

 íà ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçàöèè,
ðàâíîì 0,625:1 (2); 1,25:1 (3); 2,5:1 (4).
TG and DSC plots of the initial(s), oxidized by boiling in concentrated nitric acid (b) and vapor of HNO

3

(c) carbon naotubes, «Taunit-MD» (1) modified with polyaniline at a molar ratio n
PSA

:n
An

 under oxidative
polymerization equal to 0.625:1 (2); 1.25:1 (3), 2.5:1 (4).

à)

á)

â)
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Ýëåêòðîïðîâîäÿùèå ñâîéñòâà êîìïîçèòîâ íà îñíîâå óãëåðîäíûõ íàíîòðóáîê, ïîêðûòûõ ïîëè-
àíèëèíîì, òàêæå çàâèñÿò êàê îò ñïîñîáà ïðåäâàðèòåëüíîé ôóíêöèîíàëèçàöèè ÓÍÒ, òàê è îò ìîëüíî-
ãî ñîîòíîøåíèÿ ðåàãåíòîâ íà ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçàöèè (òàáë. 3). Íàèáîëüøåé ýëåêòðî-
ïðîâîäíîñòüþ îáëàäàåò ïîëèàíèëèí, ñèíòåçèðîâàííûé ïðè îïòèìàëüíîì ìîëüíîì ñîîòíîøåíèè
ðåàãåíòîâ. Êîìïîçèòû ñ ÓÍÒ îáëàäàþò ëó÷øèìè ïðîâîäÿùèìè ñâîéñòâàìè, ÷åì èñõîäíûé ïîëè-
àíèëèí. Ïðåäâàðèòåëüíàÿ ôóíêöèîíàëèçàöèÿ ÓÍÒ ïðèâîäèò ê ñíèæåíèþ ýëåêòðîïðîâîäíîñòè. Ïðè-
÷åì, ïîñêîëüêó ñòåïåíü ôóíêöèîíàëèçàöèè îêèñëåííûõ â ïàðàõ àçîòíîé êèñëîòû ÓÍÒ âûøå, òî ìîæíî
äåëàòü âûâîä, ÷òî ýëåêòðîïðîâîäÿùèå ñâîéñòâà êîìïîçèòîâ óõóäøàþòñÿ ïî ìåðå ðîñòà ñòåïåíè ôóí-
êöèîíàëèçàöèè ïîâåðõíîñòè óãëåðîäíûõ íàíîòðóáîê êàðáîêñèëüíûìè ãðóïïàìè. Ïðè÷åì ýôôåêò ýòîò
íå ñâÿçàí ñ ðàçðóøåíèåì ïîâåðõíîñòíûõ ñëîåâ óãëåðîäíûõ àòîìîâ íàíîòðóáîê, ïîñêîëüêó îêèñëåíèå
â ïàðàõ, êàê ïîêàçàíî âûøå íà îñíîâàíèè èññëåäîâàíèÿ ñïåêòðîâ ÊÐ, íå âûçûâàåò çíà÷èòåëüíûõ
äåñòðóêòèâíûõ èçìåíåíèé. Î÷åâèäíî, ïî ìåðå óâåëè÷åíèÿ ñòåïåíè ôóíêöèîíàëèçàöèè ñëó÷àå ïðî-
èñõîäèò óñèëåíèå âçàèìîäåéñòâèÿ ÓÍÒ ñ ïîëèàíèëèíîì, íî ïðè ýòîì ñíèæàåòñÿ âçàèìîäåéñòâèå
ÓÍÒ äðóã ñ äðóãîì, ïîýòîìó ôðàãìåíòû ïåðêîëÿöèîííîé ñåòêè îêàçûâàþòñÿ èçîëèðîâàííûìè äðóã
îò äðóãà ïðîñëîéêàìè èç ìåíåå ýëåêòðîïðîâîäíîãî ïîëèàíèëèíà.

Ïðåäïîëîæåíèÿ î çàâèñèìîñòè ìîðôîëîãèè ïîëèàíèëèíîâîãî ïîêðûòèÿ îò ñòåïåíè ôóíêöèî-
íàëèçàöèè ÓÍÒ è óñëîâèé ñèíòåçà, òàêæå ïîëó÷èëè ñâîå ïîäòâåðæäåíèå ïðè àíàëèçå SEM-èçîá-
ðàæåíèé ìîäèôèöèðîâàííûõ ÓÍÒ (Ðèñ. 7). Íà ïîâåðõíîñòè íåôóíêöèîíàëèçèðîâàííûõ ÓÍÒ ôîð-
ìèðóåòñÿ íåðàâíîìåðíûé òîíêèé ñëîé ïîëèàíèëèíà (Ðèñ. 7à). ×àñòü óãëåðîäíûõ íàíîòðóáîê îñ-
òàåòñÿ íåïîêðûòîé. Áîëüøîé èçáûòîê îêèñëèòåëÿ ñïîñîáñòâóåò ðàçðóøåíèþ ïîëèàíèëèíà è óäà-
ëåíèþ ÷àñòè åãî ñ ïîâåðõíîñòè ÓÍÒ (Ðèñ. 7á). Ïðåäâàðèòåëüíàÿ ôóíêöèîíàëèçàöèÿ ÓÍÒ ñïîñîá-
ñòâóåò ôîðìèðîâàíèþ áîëåå ðàâíîìåðíîãî è ìàññèâíîãî ñëîÿ ïîëèàíèëèíà. Îäíàêî íàáëþäàþò-
ñÿ îòëè÷èÿ â ôîðìèðîâàíèè êîìïîçèòíûõ ñëîåâ ïîëèàíèëèíà îò ñïîñîáà ïðåäâàðèòåëüíîé ôóíê-
öèîíàëèçàöèè ïðè ðàçëè÷íûõ ìîëüíûõ ñîîòíîøåíèÿõ ðåàãåíòîâ. Òàê, èçáûòîê îêèñëèòåëÿ ñïî-
ñîáñòâóåò óäàëåíèþ ÷àñòè ïîëèàíèëèíà ñ ïîâåðõíîñòè ÓÍÒ, ïðåäâàðèòåëüíî ôóíêöèîíàëèçèðî-
âàííûõ êèïÿ÷åíèåì â êîíöåíòðèðîâàííîé àçîòíîé êèñëîòå (Ðèñ. 7 â, ã). Åñëè æå óãëåðîäíûå íà-
íîòðóáêè áûëè ïðåäâàðèòåëüíî îêèñëåíû â ïàðàõ HNO3, òî ïî ìåðå äîáàâëåíèÿ îêèñëèòåëÿ ïîëè-
àíèëèíîâîå ïîêðûòèå ñòàíîâèòñÿ âñå áîëåå ìàññèâíûì (Ðèñ. 7 ä,  å).

Ìàòåðèàë  

Óäåëüíîå ýëåêòðè÷åñêîå  

ñîïðîòèâëåíèå (Îì⋅ñì) êîìïîçèòà,  

ïîëó÷åííîãî ïðè nPSA:nAn 

0,625:1 1,25:1 2,5:1 

Ïîëèàíèëèí 4,4 3,2 212,0 

Èñõîäíûé «Òàóíèò-ÌÄ»/ïîëèàíèëèí 1,4 0,4 1,0 

«Òàóíèò-ÌÄ», îêèñëåííûé êîíöåíòðèðî-

âàííîé àçîòíîé êèñëîòîé/ïîëèàíèëèí 
- 0,8 1,5 

«Òàóíèò-ÌÄ», îêèñëåííûé â ïàðàõ àçîò-

íîé êèñëîòû/ïîëèàíèëèí 
- 1,6 5,3 

 

Òàáëèöà 3
Çàâèñèìîñòü óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ êîìïîçèòîâ íà îñíîâå

ìîäèôèöèðîâàííîãî ïîëèàíèëèíîì (50 ìàñ.%) «Òàóíèòà-ÌÄ» îò ñïîñîáà
ïðåäâàðèòåëüíîé ôóíêöèîíàëèçàöèè óãëåðîäíûõ íàíîòðóáîê è ìîëüíîãî ñîîòíîøåíèÿ

ðåàãåíòîâ ïðè îêèñëèòåëüíîé ïîëèìåðèçàöèè àíèëèíà
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à)  á)

â) ã)

ä) å)

Ðèñ. 7. SEM-èçîáðàæåíèÿ èñõîäíûõ (à, á), îêèñëåííûõ êèïÿ÷åíèåì â êîíöåíòðèðîâàííîé àçîò-
íîé êèñëîòå (â, ã) è ïàðàõ HNO

3
 (ä, å) óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-ÌÄ», ìîäèôèöèðîâàí-

íûõ ïîëèàíèëèíîì ïðè ìîëüíîì ñîîòíîøåíèè n
PSA

:n
An

 íà ñòàäèè îêèñëèòåëüíîé ïîëèìåðèçà-
öèè, ðàâíîì 1,25:1 (à, â, ä) è 2,5:1 (á, ã, å)
SEM-images of initial (a , b) and oxidized by boiling in concentrated nitric acid (c , d) and vapor HNO

3
(d , e) carbon nanotubes, «Taunit-MD,» modified with polyaniline at a molar ratio n

PSA
:n

An
 under oxidative

polymerization equal 1.25:1 (a, c , d) and 2.5:1 (b, d , e)
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4. Âûâîäû
1) Ïðåäâàðèòåëüíàÿ îáðàáîòêà ÓÍÒ â ïàðàõ àçîòíîé êèñëîòû ñïîñîáñòâóåò ïîëó÷åíèþ ìàòåðè-

àëà ñ áîëåå âûñîêîé ñòåïåíüþ ôóíêöèîíàëèçàöèè, íî ñ ìåíüøåé äåôåêòíîñòüþ ïîâåðõíîñòíûõ
ñëîåâ, ÷åì îáðàáîòêà â æèäêîé êîíöåíòðèðîâàííîé HNO

3
.

2) Ïðåäâàðèòåëüíàÿ ôóíêöèîíàëèçàöèÿ ÓÍÒ ïîâûøàåò âûõîä ïîëèàíèëèíà â ðåàêöèÿõ îêèñëè-
òåëüíîé ïîëèìåðèçàöèè.

3) Õàðàêòåð òåðìîîêèñëèòåëüíîé äåñòðóêöèè ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì ÓÍÒ â áîëü-
øîé ìåðå îáóñëîâëåí ñïîñîáîì ïðåäâàðèòåëüíîé ôóíêöèîíàëèçàöèè ÓÍÒ.

4) Ñ ðîñòîì ñòåïåíè ïðåäâàðèòåëüíîé ôóíêöèîíàëèçàöèè ïîâåðõíîñòè ÓÍÒ ýëåêòïðîïðîâîäíîñòü
èõ êîìïîçèòîâ ñ ïîëèàíèëèíîì ñíèæàåòñÿ. Íàèëó÷øèìè ïðîâîäÿùèìè ñâîéñòâàìè îáëàäàþò ìàòåðè-
àëû, ñèíòåçèðîâàííûå ïðè îïòèìàëüíîì ïî ñòåõèîìåòðèè ñîîòíîøåíèè ðåàãåíòîâ n

PSA
:n

An
 = 1,25:1.

5) Íàèáîëåå ìàññèâíûé è ðàâíîìåðíûé ñëîé ïîëèàíèëèíà ôîðìèðóåòñÿ íà ïîâåðõíîñòè óãëå-
ðîäíûõ íàíîòðóáîê ñ âûñîêîé ñòåïåíüþ ôóíêöèîíàëèçàöèè ïðè îïòèìàëüíîì ìîëüíîì ñîîòíî-
øåíèè ðåàãåíòîâ.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ (ãðàíò 12-03-97555).
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Àáñòðàêò
Àäãåçèîííûå ñêëåéêè êîìïîçèòíûõ ýëåìåíòîâ, â îòëè÷èå îò áîëòîâûõ èëè çàêëåïî÷íûõ ñîåäèíåíèé, íå

òðåáóþò ñâåðëåíèÿ îòâåðñòèé, êîòîðûå ÿâëÿþòñÿ êîíöåíòðàòîðàìè íàïðÿæåíèé. Ïîýòîìó òàêîãî ðîäà ñîåäè-
íåíèÿ ïðåäïî÷òèòåëüíû, îñîáåííî â òåõ êîíñòðóêöèÿõ, äëÿ êîòîðûõ âåñ ÿâëÿåòñÿ êðèòè÷íûì ïàðàìåòðîì. Íî
â àäãåçèîííûõ ñîåäèíåíèÿõ è â îáëàñòÿõ, ê íèì ïðèëåãàþùèì, ÷àñòî çàðîæäàþòñÿ òðåùèíû èëè ðàññëîåíèÿ
â ðåçóëüòàòå äåéñòâèÿ êàñàòåëüíûõ íàïðÿæåíèé ìåæäó ñëîÿìè èëè ðàñòÿãèâàþùèõ ïî íîðìàëè ê ñëîÿì.
Òàêèå ñîåäèíåíèÿ ÷àñòî ðàáîòàþò â óñëîâèÿõ áîëüøèõ êîíöåíòðàöèé íàïðÿæåíèé, ÷òî çàòðóäíÿåò ðàñ÷åòû íà
ïðî÷íîñòü êîíñòðóêöèé, èñïîëüçóåìûõ â ïðîìûøëåííîñòè. Ïîñêîëüêó ìåõàíè÷åñêîå ïîâåäåíèå ñêëååê è ñà-
ìèõ êîìïîçèòíûõ ýëåìåíòîâ ñëîæíî, òî äëÿ ðàçðàáîòêè íàäåæíûõ  ìåòîäîâ íà ïðî÷íîñòü, òðåáóåòñÿ íàïîë-
íÿòü áîëüøóþ áàçó äàííûõ ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè, ïîëó÷åííûìè â ðàçëè÷íûõ óñëîâèÿõ íàãðó-
æåíèÿ. Ê ñîæàëåíèþ, ëèøü íåáîëüøîå ÷èñëî èñïûòàòåëüíûõ óñòðîéñòâ ïîçâîëÿåò ðåàëèçîâàòü íàïðÿæåííîå
ñîñòîÿíèå ñ íåíóëåâûì íàïðÿæåíèåì, íîðìàëüíûì ê ïëîñêîñòè ñëî¸â. Èñêëþ÷åíèå ñîñòàâëÿþò ëèøü èñïû-
òàíèÿ «òîëñòûõ» îáðàçöîâ, ïðè ýòîì òàêàÿ ñõåìà íå ñîîòâåòñòâóåò ïðàêòè÷åñêè âàæíûì ñëó÷àÿì êîìïîçèò-
íûõ ýëåìåíòîâ. Â ñòàòüå îïèñûâàþòñÿ âîçìîæíîñòè íàãðóæàþùåãî ïðèñïîñîáëåíèÿ, ïðåäñòàâëÿþùåãî ñî-
áîé ìîäèôèêàöèþ òàê íàçûâàåìîãî Arcan-óñòðîéñòâà, è îïòèìèçèðîâàííîãî îáðàçöà, êîíñòðóêöèÿ êîòîðîãî
ïîçâîëÿåò óìåíüøèòü âëèÿíèå êðàåâûõ ýôôåêòîâ. Ïðåäñòàâëåíû íåêîòîðûå ýêñïåðèìåíòàëüíûå äàííûå,
äåìîíñòðèðóþùèå ïîòåíöèàëüíûå âîçìîæíîñòè ñõåìû. Ðåçóëüòàòû äàííûõ â âèäå ïðåäåëüíûõ ïîâåðõíîñ-
òåé äëÿ ïðîïîðöèîíàëüíîãî (ïðîñòîãî) íàãðóæåíèÿ  ñ íîðìàëüíîé êîìïîíåíòîé íàïðÿæåííîãî ñîñòîÿíèÿ. Êðî-
ìå òîãî, çàòðîíóòû íåêîòîðûå àñïåêòû âëèÿíèÿ íèçêèõ òåìïåðàòóð íà ìåõàíè÷åñêîå ïîâåäåíèå ãèáðèäíûõ
êëååíûõ ñîåäèíåíèé êîìïîçèòîâ.

Êëþ÷åâûå ñëîâà: ìíîãîñëîéíûå êîìïîçèòû,  íàãðóæåíèå ñ íîðìàëüíîé êîìïîíåíòîé íàãðóæåíèÿ, àäãå-
çèÿ, êîíöåíòðàöèÿ íàïðÿæåíèé, ìåõàíè÷åñêèå èñïûòàíèÿ.
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Abstract
Adhesively bonded assemblies, unlike riveted or bolted joints, do not require holes, which can lead to large

stress concentrations in composites. For this reason adhesive bonding is attracting attention particularly when
weight is critical. But failure in adhesively bonded assemblies involving composites is often associated with crack
initiation in the adhesive or delamination of the composite plies close to the adhesive joint caused by interlaminar
or through-thickness stresses. Such assemblies are often characterized by large stress concentrations, which
make the analysis of their behaviour for industrial applications difficult. As the mechanical behaviour of adhesives
and of composites are quite complex, a large database of experimental results under various loading conditions,
is necessary to develop accurate numerical models. Unfortunately, few experimental devices allow out-of-plane
loading to be studied, except for specific loadings or by using thick composite specimens which are not always
representative of industrial applications. This paper presents the possibilities of an experimental device, using a
modified Arcan test, and optimized hybrid bonded assemblies, which limit the influence of edge effects. Some
test results, showing the potential of the approach, are presented in the form of failure envelope curves for
proportional monotonic out-of-plane loadings. Moreover, some aspects of the influence of low temperature on
the mechanical behaviour of hybrid bonded assemblies with composites are analysed.

Keywords: Laminates, Out-of-plane loading, Adhesion, Stress concentrations, Mechanical testing.

1. Introduction

The use of composite materials is a key element in energy reduction strategies, particularly in all areas of
transportation. Therefore, the design of assemblies of composite modules and connections between composite
and metallic structures are of great importance. Thus, the development of accurate numerical models is necessary
in order to optimize such assemblies, especially to respect safety conception constrains which are more and more
required in high-tech industries. Adhesive bonding is an attractive joining technique for many aerospace or auto-
motive applications, especially when assembling dissimilar or composite materials [1, 2]. Such joining tech-
niques, unlike riveted or bolted joints, do not require holes which can lead to large stress concentrations in
composites. However, bonded assemblies can often be characterized by large stress concentrations at the ends
of the overlap length [3, 4]. Thus, the failure in adhesively bonded assemblies involving composites is often
associated with crack initiation in the adhesive or delamination of the composite plies close to the adhesive joint
caused by interlaminar or through-thickness stresses. Therefore, stress concentrations can lead to an incorrect
analysis of the behaviour of the bonded assemblies. The analysis of such assemblies is difficult because the
weakest part of the assemblies is close to the adhesive-composite interface and this region is characterized with
out-of-plane loadings for which few results exist in the literature. The development of accurate non-linear models
for such assemblies (i.e. for the adhesive and the composite) requires a large data base of experimental results
under various compression/tensile-shear out-of-plane loads. The aim is to limit the number of experimental tests
on large structures [5, 6]. Unfortunately, few experimental devices are proposed in the literature to characterize
the mechanical behaviour of composites and their bonded assemblies under tensile/compression-shear out-of-
plane loads [7, 8]. For instance, Interlaminar Shear Stress test on plain coupon (ILSS) [9] and Four Point
Bending test on L-angle specimen [10] can be used to determine respectively out-of-plane shear and tensile
strength. Lap-shear type specimens are often used to characterize the behavior of adhesively bonded assemblies
but the analysis of the results is difficult due to the complex loading of the bonded part associated with large stress
concentrations [4, 11-13]. Available tests often use thick composite specimens, not representative of the end
application, (Iosipescu type tests [9]) or require special geometries [14, 15]. In order to analyse the influence of
the tension-shear loads, some work have been proposed on the so-called Arcan test fixture [16, 17], but the
machining of the composite, the specimen geometry, and the fixing system can all lead to large scatter in the
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experimental results [17]. Ideally, to obtain experimental results representative of industrial applications, it is
interesting to use composite plates with quite low thicknesses [18], which are easy to manufacture.

This paper describes the possibilities of an experimental device, using a modified Arcan apparatus, and opti-
mized hybrid bonded assemblies with thin composite plates, which limit the influence of edge effects in order to
obtain reliable experimental results [4]. Different numerical studies have been performed in order to analyze and
optimize the design of such a system (geometry of the composite plate, geometry of the substrates, fixing system,
etc). This test allows the mechanical behaviour of both composites and hybrid metal/composite bonded assemblies
to be analyzed under a large range of proportional tensile-shear out-of-plane loadings. Another particularity of this
device is the use of the same device and a single bonded joint for the different tensile-shear loadings. Moreover the
same experimental device has previously been designed to characterize the mechanical behaviour of an adhesive in
an assembly [19], including the influence of wet aging [20] and temperature [21], and it provides interesting results
to accurately model the mechanical behavior of adhesives [22]. For hybrid bonded assemblies, it is important to
note that failure can occur in the composite, in the adhesive joint or at the composite-adhesive interface according to
the tensile-shear loading ratio. An optimization of the adhesive must be performed, especially under shear loadings,
as the shear strength of the composite can be higher than that of the adhesive. Experimental results show that the
fibre orientations, the characteristics of different plies, and the surface preparation all have an influence on the out-of-
plane strength of composites and of hybrid bonded assemblies [4, 23].

First some experimental results are presented for lap-shear type specimens with composites substrates, in order to
underline the complex behaviour of such tests. Secondly, 3D numerical analysis results will present the out-of-plane
stress state within the composite plate and the adhesive in the case of the proposed modified Arcan test on hybrid
assemblies. Such models are under development in order to characterize the evolution of the non-linear behaviour
(damage, plasticity...) of the composite under out-of-plane loads using inverse procedures, as the stress state is not
homogeneous in the bonded specimen, even under linear elastic assumptions. The third part presents experimental
results, in the form of failure envelope plots for radial out-of-plane loadings, showing the potential of the approach.
Moreover, some aspects of the influence of low temperatures on the mechanical behaviour of hybrid bonded assem-
blies with composites are analysed. This study makes it possible to optimize the strength of hybrid bonded assemblies.

2. Examples of results from lap shear tests

Given that the lap shear test remains by far the most popular test to provide information on joint performance,
it is interesting to first examine what this test measures when composite substrate assemblies are tested. Within a
European Network (DOGMA) a series of unidirectional (UD) glass/epoxy samples was tested at IFREMER
[24], in order to provide data to compare to models. Some of the results from the tests are shown below. A
second series was performed more recently on UD carbon/epoxy specimens and these results are also provided.
These results have been interpreted in terms of stress distributions elsewhere [25].

2.1 Bonded glass/epoxy lap shear tests

Testing of single lap shear specimen is the most frequently used way of evaluating adhesively bonded compos-
ite joints today. A series of tests was performed on bonded glass/epoxy specimens, Fig. 1. The composites used
were manufactured using 300 g/m² quasi-UD glass layers and epoxy resin SR1500/2505. For 3 mm thick
substrates (h = 3 mm with 8 layers), single lap shear specimens were manufactured with overlap of l = 10, 20, 30 mm.
For 6 mm thick substrates (h = 6 mm with 16 layers) single lap shear specimens were manufactured with overlap
of l = 30 mm. The width of the specimen was 20 mm. The adhesive bond-line was nominally 0.2 mm thick. The
adhesive used was Huntsman Araldite® 420 A/B, cured for 4h at 50°C.
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Fig. 1. Single lap shear specimen with glass/epoxy composites
Ðèñ. 1. Ñîåäèíåíèå âíàõëåñò ñòåêëîïëàñòèêîâûõ îáðàçöîâ

Fig. 2. Influence of substrate thickness (h = 3 and 6 mm), of overlap length (l =10, 20 and 30 mm) and
of bonded material (glass/epoxy and carbon/epoxy composites) on the failure load
Ðèñ. 2. Âëèÿíèå òîëùèíû ñëîÿ (h = 3 è 6 ìì), äëèíû íàõëåñòêè (l = 10, 20, 30 ìì) è ñîåäèíÿåìûõ
ìàòåðèàëîâ (ñòåêëî- è óãëåïëàñòèê) íà ðàçðóøàþùóþ íàãðóçêó
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Fig.  2 shows the influence of overlap length on failure load, in this range the apparent shear strength (maximum
load divided by bonded area) is roughly constant, in the range 20-25 MPa for all specimens. Such values provide an
initial indication of the behaviour of a particular bonded assembly but are of little use for design purposes.

In order to understand what is happening in these tests, it is important to examine the sequence of events
leading to failure. Inspection of fracture surfaces, using optical or scanning electron microscopy (SEM) is ambig-
uous, and it is difficult to pinpoint damage initiation. Fracture surfaces show many features including adhesive
deformation, traces of fibres, areas where cracks appear to have run along the adhesive/adherend interface.

A second series of tests was therefore run on the 6 mm thick 20 mm overlap single lap shear specimens to
different loads as a percentage of the mean break load, stopping the tests after the acoustic emission was record-
ed but before final failure, to try to determine the nature of the damage. All the damage detected was within the
adhesive bond-line, Fig. 3. Other results can be found in [25].

Fig. 3. Damage within adhesive bond-line before final failure
Ðèñ. 3. Ïîâðåæäåíèÿ â àäãåçèîííîì ñëîå ïðè íàãðóæåíèè äî îêîí÷àòåëüíîãî ðàçðóøåíèÿ

This shows that damage is certainly present in the adhesive layer before final failure, in the form of shear cracks
which initiate at defects, particularly voids. However, it does not exclude the possibility that damage is also present
in the composite. Once the specimen is unloaded matrix cracks or delaminations will close, and it is unlikely that they
will be detected by SEM observations. Dye penetrants were used to try to detect such damage but none was found.

2.2 Bonded carbon/epoxy lap shear tests

A series of tests was then performed on bonded carbon/epoxy specimens. One example was obtained using
substrates of 20 mm with manufactured with 4 layers 300g/m² UD T700 with an overlap of 20 mm and using the
same adhesive.

The mean tensile failure load obtained from tests on four carbon/epoxy specimens was 9.57 kN (standard
deviation 0.39 kN, Fig. 2). This value is slightly higher than those obtained on the thicker glass/epoxy specimens
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with the same overlap (8.93 and 8.55 kN for 3 mm and 6 mm thick substrates, respectively). Failure was again
mixed and difficult to interpret: some areas of damaged adhesive were visible, while other regions exhibited
debonded fibres, suggesting composite damage. There have been some recent studies to address the damage
development in carbon fibre composite lap shear specimens; Potter et al examined crack propagation during
fatigue tests and proposed crack deflection mechanisms to improve joint performance [26, 27].

The complex stress state (shear, peel, stress concentrations) associated with single lap shear specimens [4],
makes the analysis of results difficult even using metallic substrates. For such specimens, techniques have been
proposed to limit the influence of edge effects [12], but it seems difficult to limit the stress concentrations signif-
icantly for such specimens [28].

3. Modified Arcan device for the analysis of hybrid bonded assemblies

3.1 Experimental device

The aim here was to propose an experimental fixture, which intrinsically promotes low edge effects for testing
adhesively bonded assemblies, in order to prevent crack initiation close to the free edges of the adhesive. In a
previous study a modified Arcan fixture, which allows compression or tension to be combined with shear loads,
was designed in order to define an experimental methodology enabling the adhesives of interest to be character-
ized up to failure, Fig. 4 [19]. It has been shown numerically that the use of a beak close to the adhesive joint
makes it possible to limit the contribution of the stress concentrations due to edge effects, and that the geometry
of the joint close to the edge is an important parameter. This experimental fixture allows the non-linear behaviour
of an adhesive joint to be analyzed for radial tensile-shear loadings, and thus precise numerical models can be
developed to describe the behaviour of an adhesive in an assembly [22].

Fig. 4. Presentation of the modified Arcan device with the measuring system.
Ðèñ. 4. Ìîäèôèöèðîâàííîå Arcan-óñòðîéñòâî ñ èçìåðèòåëüíîé ñèñòåìîé

a) shear loading
íàãðóæåíèå íà ñäâèã

b) tensile-shear loading
íàãðóæåíèå íà ñäâèã è ðàñòÿæåíèå
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Following this strategy, specimens with a thin composite plate bonded between two metallic substrates have
been developed for analyzing the behaviour of hybrid bonded assemblies [4]. A special alignment fixture is used in
order to guarantee the quality of the geometry of the bonded specimen. Fig. 5 defines the main parameters of the
hybrid bonded assembly. For the different tests, presented below, aluminium substrates have been used and the
values of the parameters were such that: h ≈ 0.1 mm, α = 45°, ρ ≈ 1.5 * h (cleaned edges), H ≈ 2 mm, D ≈ 5 mm.

y

x

a) bonded specimen
Îáðàçåö ñîåäèíåíèÿ

b) geometry of the bonded
metal/composite assemblies

Ìåòàëëî-êîìïîçèòíàÿ
ñáîðêà - ãåîìåòîðèÿ

Fig. 5. Presentation of the mixed bonded assembly
Ðèñ. 5. Ñîñòàâíîé îáðàçåö ñ àäãåçèîííûì ñëîåì

Using a non-contact measurement system based on image correlation [19] (Fig. 4), the modified Arcan
device allows the relative displacement of the two substrates to be analyzed (in the normal, DN, and tangential,
DT, directions) with respect to the prescribed tensile-shear loading (in the normal, FN, and tangential, FT,
directions). The normal and tangential directions are respectively the x and y directions defined in Fig. 4b. It is
important to note that the direct analysis of the adhesive deformation is quite complex. For bonded hybrid
assemblies, the relative displacement measured corresponds to the deformation of the adhesive and of the com-
posite plate.

For the different tests presented in the following, the crosshead displacement rate of the tensile testing ma-
chine was 0.5 mm/min.

3.2 Analysis of the behavior of hybrid bonded assemblies

The use of the modified Arcan device in order to determine the strength of hybrid bonded assemblies neces-
sitates a numerical analysis of the stress state in the composite [4]. The aims of this numerical analysis are firstly
to determine the effect of the composite thickness on the stress state near the edge and secondly to calculate the
stress in the material axis of the different plies of the composite with respect to the tensile-shear load for a given
composite plate. Such analysis requires 3D simulations; in the following preliminary numerical results are present-
ed under elastic assumption in order to analyze the influence of various parameters using carbon epoxy compos-
ites [29]. The numerical model has to be optimized in order to develop inverse identification of the non-linear
behavior of a composite under out-of-plane loadings using the modified Arcan results (load-displacement dia-
grams for various tensile-shear loads). For symmetric composites with respect to the middle plane of the plate
half of the model can be used taking into account anti-symmetrical type boundary conditions.

The geometry of the finite element model (in Abaqus) is shown in Fig. 6. The whole Arcan device is not
modeled, indeed its rigidity is higher than those of the specimen. The load (prescribed load) is applied on master



26

¹ 1
2013

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

nodes (noted RP-3 and RP-4 in Fig. 6). Multi-point constraints are used between point RP-4 (respectively RP-
3) and the lower surface of the substrate (respectively the upper surface) with kinematics conditions (the degrees
of freedoms of the slave nodes are equal to those of the master nodes). Moreover, due to the properties of the
problem, the master nodes RP-3 and RP-4 are linked using equations such as:

• the displacement in the direction 1 of the node RP-3 is the opposite of that of the node RP-4,
• the displacement in the direction 2 of the node RP-3 is the same of that of the node RP-4,
• the displacement in the direction 3 of the node RP-3 is the opposite of that of the node RP-4.

A particular attention has been paid to the modeling of the beaks which have a great influence on the stress
state near the edges. For this study, the composite insert has been modeled using brick elements with one element
in the thickness of each ply. In the composite and in the adhesive, the size of the elements is 50 µm near the edge
and 100 µm elsewhere. Linear elastic behavior is used for the different materials. The thickness of the adhesive is
equal to 200 µm and the thickness of one ply is equal to 200 µm.

Three angles of loadings have been studied: g = 0°, 45° and 90°. In the following, (x1,x2,x3) is the coordinate
system associated to the Arcan device and (x,y,z) is the coordinate system associated to the UD ply (x is the fiber
direction, y the in-plane transverse direction and z the through-the-thickness direction).

The effect of the thickness of the composite insert (UD ply at 0°, i.e. the axis x is equal to the axis 1) has been
studied on tests with an angle equal to 0° (i.e. through-the-thickness tension test which leads to the high stress
concentration). Three configurations have been investigated: 2 plies (0.8 mm), 8 plies (1.6 mm) and 16 plies (3.2
mm). Fig. 7 shows the out-of-plane stress σzz in the composite under a tensile out-of-plane load (γ = 0°). The
composite is loaded only in the part bonded under the substrate. For the thin composite inserts (2 or 8 plies), the

Fig. 6. Geometry and boundary conditions for the finite element modeling of the Arcan test with composite
Ðèñ. 6. Ãåîìåòðèÿ è ãðàíè÷íûå óñëîâèÿ äëÿ êîíå÷íî-ýëåìåíòíîãî ìîäåëèðîâàíèÿ Arcan-ñõåìû
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stress in the composite is quite homogeneous. For the thick insert (16 plies), the stress is not homogeneous
through the thickness nor along the length.

Fig. 8 shows the evolution of normalized stress σzz in the first ply of the composite through the length (in the
middle plane). For the thin composite, the stress increases progressively from 0 to a constant value. For the thick
composite, the stress is maximal near the edges. In this case, the failure would occur due to the influence of edge
effects. These results show that to obtain intrinsic properties of the assembly and of the composite, it is necessary
to use thin composites, in order to remove the effect of the stress concentrations near the free edges of the
adhesive. Similar results are observed for the other loading directions.

a) composite with 8 plies
8-ñëîéíûé êîìïîçèòíûé îáðàçåö

b) composite with 16 plies
16-ñëîéíûé êîìïîçèòíûé îáðàçåö

Fig. 7. Out-of-plane stress component σσσσσzz in the composite insert for a tensile out-of-plane loading (γγγγγ = 0°)
with UD composites
Ðèñ. 7. Íîðìàëüíàÿ ê ñëîþ êîìïîíåíòà íàïðÿæåíèÿ  zz â îäíîíàïðàâëåííîì êîìïîçèòíîì îáðàçöå
äëÿ íàãðóæåíèÿ ïî íîðìàëè ê ñëîþ (γγγγγ = 0°)

Fig. 8: Evolution of the out-of-plane stress as a function of the length (stress in the first ply in the middle
plane of the composite x2=0; due to the symmetry only a half of the length is represented)
Ðèñ. 8. Ðàñ÷åòíàÿ âåëè÷èíà íîðìàëüíîé êîìïîíåíòû íàïðÿæåíèÿ â ñðåäíåì ñå÷åíèè ñëîÿ (x2 = 0)
â çàâèñèìîñòè îò êîîðäèíàòû. Â ñèëó ñèììåòðèè ïðåäñòàâëåíà ïîëîâèíà îáðàçöà
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More refined meshes have to be used to accurately analyze the stress concentrations with respect to the
composite thickness. Nevertheless such results underline the good behavior of the proposed test using thin
composites (similar results have been obtained using 2D computations [4].

It is worth mentioning that particular attention must be paid to the analysis of the results for shear or tension-
shear loadings (i.e. angles of loading different from 0) with multidirectional composites. Indeed, for a shear
loading for instance (angle of loading equal to 90°), the composite is subjected to pure homogeneous shear τxz in
the coordinate system associated to the Arcan device. For the 0° ply, in the coordinate system associated to the UD
ply it corresponds to a pure shear τxz while for a 90° ply it corresponds to a pure shear τyz. Fig. 9 shows an example
of normalized out-of-plane shear stress on half of a quasi-isotropic laminate ([-45, 90, 45,0]s).

The 0° ply is subject to a pure shear τxz equal to τyz in the 90° ply. It is worth mentioning that the ±45° plies are
subjected to both τxz and τyz. The shear strength Sc

yz being much lower than the Sc
xz one, in this case failure will

occur in the 90° ply by shear in the (yz) direction.
This result shows that in order to analyze Arcan tests with composite inserts correctly, it is necessary to

determine precisely the stress state within the composite to accurately determine the failure zone.

4. Behaviour of hybrid bonded assemblies under out-of-plane loads

4.1 Influence of the curing process of the composite

The different experimental results presented in this section have been obtained using the Huntsman Araldite®

420 A/B epoxy resin with a joint thickness of 0.1 mm in order to optimize the mechanical behaviour of the joint
[30]. Aluminium substrates are used for all the mechanical tests. The area of the bonded section is 65 x 10 mm2.

In order to analyse the influence of the manufacturing process of the composite, a composite plate, has been
analyzed (5 plies of ±45° with Carbon 0/90° prepreg G0803/M10/42%/3K/285g/m²; thickness of about 1.64
mm). Two curing processes were examined. Composite I has been manufactured using boatyard environment
conditions (i.e.: curing at 100 °C under a pressure of 1.9 bars for 6 hours). Composite II has been manufactured
in an autoclave with metal plates on both faces in order to obtain similar surfaces using aeronautical type curing
(at 120 °C under a pressure of 7 bars for 2 hours).

Fig. 9. Evolution of the normalized out-of-plane shear stress as a function through the thickness of the
composite
Ðèñ. 9. Çàâèñèìîñòü íîðìèðîâàííîé âåëè÷èíû êàñàòåëüíîãî íàãðóæåíèÿ â ïëîñêîñòè ñëî¸â îò
êîîðäèíàòû Z (ñì. Ðèñ. 7)
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Fig. 11. Failure envelopes in the normal stress�tangential stress diagram for the adhesive, for different
composites and for a bonded assembly under out-of-plane loadings.
Ðèñ. 11. Ïðåäåëüíûå äèàãðàììû â êîîðäèíàòàõ íîðìàëüíîå - êàñàòåëüíîå íàïðÿæåíèÿ äëÿ àä-
ãåçèîííîãî ñëîÿ, ðàçëè÷íûõ êîìïîçèòîâ è ñîñòàâíîãî îáðàçöà, â óñëîâèÿõ ñëîæíîãî íàïðÿæåí-
íîãî ñîñòîÿíèÿ
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Figure 10 presents a synthesis of experimental results for hybrid bonded assemblies. For each material, 3 or
4 tests have been performed, with failure always in the composite by delamination. Figure 10a shows the results
for the two composite materials under tensile loads (γ = 0°) and under tensile-shear loads (γ = 45°); F represents
the transmitted load. It can be seen that the scatter in the results is a little larger for material I. Under tensile-shear
the differences between the two composites is lower than under tensile loads, associated with the influence of the
fibres. Figure 10b presents the experimental results in the normal and tangential directions in the case of tensile-
shear out-of-plane loadings (γ = 45°, tensile load equal to shear load) for the composite II. It can be noted that
the scatter in the experimental results is quite low for such tests.

For a given hybrid bonded assembly (materials, joint thickness, surface preparations, manufacturing condi-
tions) and for a given loading rate, it is possible to determine the fracture envelope in the tensile stress–shear
stress diagram starting from various tensile-shear out-of-plane loadings (γ ∈ [0°, 90°]). Figure 11 presents the
fracture envelope for the adhesive used and for composites I and II. The envelopes are plotted in the normal-
shear average stresses in order to facilitate the analysis. Especially, it is possible to notice the difference between
the two composites. The experimental results underline that the strength under monotonic out-of-plane loadings
can be strongly influenced by the load direction (influence of the normal and tangential load components). More-
over, the failure envelope can be completely determined for composite I but only partially for composite II. It has
been numerically shown that for a given hybrid assembly that the failure envelope cannot be always determined

a) γ = 0°, 15° and 30°

d) γ = 0°, 15° and 30°

a) γ = 45°

a) γ = 60°

Fig. 12. Failure modes for the composite II with respect to the direction of the tensile-shear load
Ðèñ. 12. Òèïû ðàçðóøåíèÿ äëÿ êîìïîçèòà II â çàâèñèìîñòè îò íàïðÿæåííîãî ñîñòîÿíèÿ
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for loads close to out-of-plane shear conditions as the composite resistance can be higher than that of the adhesive
under shear [4]. The failure envelope for composite II is obtained for loadings characterized with γ ∈ [0°, 60°], as
for γ ∈ [60°, 90°] failure does not occur within the composite. The curve in gray, in Fig. 11b, shows the failure of the
assembly, which occurs at the matrix-adhesive interface. These results seem to underline that the presence of the
composite increases the strength of the adhesive, especially close to the matrix-adhesive interface.

It is important to note that failure can occur in the composite, for numerous out-of-plane tensile-shear loads,
or at the composite-adhesive interface according to the tensile-shear loading ratio. Thus one can define the
fracture envelope for hybrid bonded assemblies.

The analysis of the failure modes, for composite II (Fig. 12), shows the influence of the direction of the tensile-
shear load in the case of monotonic loads. Failure is located in the middle plane of the composite for loadings
characterized with γ ∈ [0°, 45°]. Beyond this, when the shear part of the load increases (increasing of angle γ  up
to 90°) the localisation of the failure comes close to the adhesive-matrix interface.

Other experimental results under out-of-plane loads (load-displacement curves and failure modes) can be
found in [4, 23].

4.2 Influence of low temperatures

One of the concerns with adhesively bonded assemblies is that adhesive behaviour may become brittle at low
temperatures. The objective of this section is to characterize the temperature-dependent behaviour of a hybrid
bonded assembly with composites under monotonic out-of-plane tensile/compression-shear loads at low tem-
perature. Experimental results are presented for a temperature range between 20 °C and -60 °C which is
available using a thermal chamber. The thermal chamber has a view-glass which allows us to use an optical 3D
measuring system by digital image correlation in order to measure the relative displacement of the two substrates.
It is important to note that the displacement measurement through the view-glass of the thermal chamber require
specific adjustments in order to obtain good quality images.

For this analysis, specimens with a bonded section area of 50 mm x 9 mm have been used (variant of the
modified Arcan device [22], Fig. 13). The adhesive thickness was chosen to be 0.2 mm and a curing cycle of 1
hour at 110 °C was used. The composite used (glass fibres and epoxy resin) with a thickness of 1.8 mm has been
designed to ensure the electrical insulation in a very large superconducting magnets requires a cooling system
using a 4 K pressurized bath of Helium [31]. As few results on the mechanical behaviour of bonded assemblies
at very low temperature exist in the literature, the possibilities of the modified Arcan device have been studied at
low temperature (from 20 °C to -60 °C) first for bonded assemblies with aluminium substrates [21] and secondly
with composite plates. It has been shown that the geometry of the substrates which have been developed to limit
stress concentrations for mechanical loads, leads also to very low stress concentrations in the case of thermal
loads (associated with a change in service temperature) [21]. However, even for a mechanical load prescribed at
a given temperature the stress state evolution is quite complex as a coupling between the components of the
stresses of the two loads (thermal and mechanical) exists; in fact such loadings are non-proportional.

Figures 14 and 15 present in the load-displacement diagram the mechanical response of the adhesive (at 20 °C,
-20 °C and -60 °C) and of bonded assemblies with composites (at 20 °C and -60 °C) respectively under tensile
and shear out-of plane loads. It is important to notice on the one hand that the scatter in the results is quite low (two
tests for each configuration) and on the other hand that for bonded assemblies with composites one must take into
account the deformation of the two adhesive joints.

The experimental results underline that, for the adhesive, a reduction in the temperature leads, on the one hand
to a small reduction in the strain at failure of the adhesive; and on the hand, to a large increase in the elastic limit
and of the failure stress of the adhesive for the different compression/tensile-shear loads. The latter property
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a) hybrid bonded specimens
ãèáðèäíûé ñîñòàâíîé îáðàçåö

b) bonded specimens and geometry of the substrates
ñîñòàâíûå îáðàçöû è ãåîìåòðèÿ îáðàçöîâ

Fig. 13. Presentation of the bonded specimens.
Ðèñ. 13. Ñîñòàâíîé îáðàçåö
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a) behaviour of the adhesive
Ïîâåäåíèå àäãåçèîííîãî ñëîÿ

b) bonded assembly with composite
Ñáîðêà ñ êîìïîçèòîì

Fig. 14. Influence of low temperature in the load-displacement diagram for the adhesive and for bonded
assembly with composite under out-of-plane tensile loadings
Ðèñ. 14. Âëèÿíèå íèçêèõ òåìïåðàòóð íà êðèâûå äåôîðìèðîâàíèÿ àäãåçèîííîãî ñëîÿ è ñêëååííîé
ñáîðêè ïðè íàãðóæåíèè ïî íîðìàëè ê ïëîñêîñòè ñëîÿ

-60 °C

-20 °C

20 °C

-60 °C

20 °C

explains why for some tests, the failure has not been reached as the maximum transmitted load has been limited
to 50 kN in order to prevent permanent deformation of the Arcan device and of the loading pins, which were not
designed for such high loads.

For a bonded assembly with composite, large differences between the behaviour under tensile and shear out-
of-plane loads can be notice, associated with the presence of fibres. A larger increase of the initial stiffness of the
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Fig. 15. Influence of low temperature in the load-displacement diagram for the adhesive and for bonded
assembly with composite under out-of-plane shear loadings
Ðèñ. 15. Âëèÿíèå íèçêèõ òåìïåðàòóð íà êðèâûå äåôîðìèðîâàíèÿ àäãåçèîííîãî ñëîÿ è ñêëååííîé
ñáîðêè ïðè íàãðóæåíèè ñäâèãîì â ïëîñêîñòè, íîðìàëüíîì ê ïëîñêîñòè ñëîÿ

F
T 

(k
N

)

F
T 

(k
N

)

DT (mm) DT (mm)

-60 °C

-20 °C

20 °C

-60 °C

20 °C

a) behaviour of the adhesive
Ïîâåäåíèå àäãåçèîííîãî ñëîÿ

b) bonded assembly with composite
Ñáîðêà ñ êîìïîçèòîì

a) γ = 0° and T = 20 °C b) γ = 0° and T = -60 °C

c) γ = 90° and T = 20 °C d) γ = 90° and T = -60°C

Fig. 16. Failure modes of the bonded assembly under tensile and shear out-of-plane loads
Ðèñ.16. Òèïû ðàçðóøåíèÿ ñêëååííîé ñáîðêè ïðè ðàñòÿæåíèè ïî íîðìàëè ê ïëîñêîñòè ñëîÿ è
ñäâèãå â ïëîñêîñòè, íîðìàëüíîé ê ïëîñêîñòè ñëîÿ
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assembly can be noted with respect to the decrease of the temperature. Under tensile out-of-plane loads a very
large influence of the temperature on the failure load can be noted. But, under shear loadings, a decrease of the
temperature leads to a large increase of the failure load. At 20°C, the behaviour of the hybrid assembly is ductile
(mainly the deformation of the adhesive) and at -60°C the behaviour becomes quite brittle. Moreover, the failure
modes of the bonded assembly under tensile and shear out-of-plane loads are presented in Fig. 16; they under-
line once again the influence of the loading type and of the temperature on the behaviour of hybrid bonded
assemblies under out-of-plane loads.

Fig. 17 presents the failure envelopes in the normal load–tangential load diagram for the adhesive and for the
bonded assembly with composite under out-of-plane loadings at different temperatures. Results are presented
under tensile (γ = 0°), tensile-shear (γ = 45°), shear (γ = 90°) and compression-shear (γ = 135°) loads. As
mentioned previously, for some tests at -60°C failure was not reached, as the loads were too high for the test
fixture. For such configurations, an arrow is used in Fig. 17 in order to indicate that the failure load would be
higher than the proposed value.

These results are useful for the design of bonded applications, but a more precise analysis of the degradation
of the hybrid bonded assembly using inverse identification techniques has to be developed in order to define a
failure criterion in terms of stress and/or strain.
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FIG. 17. FAILURE ENVELOPES IN THE NORMAL LOAD�TANGENTIAL LOAD DIAGRAM FOR THE ADHESIVE AND FOR THE

BONDED ASSEMBLY WITH COMPOSITE UNDER OUT-OF-PLANE LOADINGS AT DIFFERENT TEMPERATURE.
Ðèñ. 17. Äèàãðàììû ðàçðóøåíèÿ â êîîðäèíàòàõ ñèëà ïî íîðìàëè � ñäâèãàþùàÿ (ïåðåðåçûâàþ-
ùàÿ) ñèëà â íàïðàâëåíèè ïî íîðìàëè ê ñëîþ ïðè ðàçëè÷íûõ òåìïåðàòóðàõ.
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5. Conclusions

Numerical and experimental results indicate that the modified Arcan test fixture is a much more attractive
alternative to traditional lap shear tests for obtaining the response of hybrid bonded assemblies (metal-adhesive-
composite-adhesive-metal), provided certain conditions are respected to limit the influence of edge effects: i.e.
thin composite plates, substrates with beaks, thin adhesive layer with cleaned free edges. This test allows the
mechanical behaviour of adhesives, composites and hybrid metal/composite bonded assemblies to be analysed
under tensile/compression-shear out-of-plane loadings. An optimization of the adhesive must be performed,
especially under shear loadings, as the shear strength of the composite can be higher than that of the adhesive.
Experimental results show that the fibre orientations, the characteristics of different plies, the surface preparation
and the temperature all have an influence on the out-of-plane strength of the composite and of bonded assem-
blies. This study makes it possible to optimize the strength of hybrid bonded assemblies taking into account the
influence of service life parameters (aging, temperature...).

More work is underway to clarify the role of composite damage mechanisms in mixed joints. In order to
characterize the damage evolution in the composite under out-of-plane loadings, appropriate measurement tech-
niques have to be used, in order to analyze very small displacements. Inverse procedures must also be developed
in order to take into account the non-linear behavior of the adhesive and of the composite, as the stress state is
not homogeneous for the proposed Arcan type test. Moreover, the experimental analysis of the mechanical
behaviour of hybrid bonded assemblies with composites under tensile/compression-shear out-of-plane loadings,
taking into account the influence of service life conditions, is underway (influence of cyclic loadings, of aging...);
such analyses are very important for the design of future high-tech industrial applications.

Acknowledgements

The authors wish to acknowledge DGA (Direction Générale de l�Armement, France) and CEA (Commissar-
iat à l�énergie atomique et aux energies alternatives, France) for their financial support.

References
1. D. A. Dillard, Advances in structural adhesive bonding (Woodhead Publishing Limited Abington Hall,

Cambridge 2010).
2. L. F. M. da Silva, A. Öchsner, R. D. Adams R.D., Handbook of Adhesion Technology (Springer, Heidel-

berg, 2011).
3. C. H. Wang, L.R.F. Rose, Compact solutions for the corner singularity in bonded lap joints, Int. J. Adhes.

Adhes., 20, 145-154 (2000).
4. J. Y. Cognard, L. Sohier, P. Davies, A modified Arcan test to analyse the behaviour of composites and their

assemblies under out-of-plane loadings. Composites: Part A, 42, 111�121 (2011).
5. W. J. Maroun, J. Cao, J. L. Grenestedt, Steel truss/composite skin hybrid ship hull. Part II: Manufacturing

and sagging testing, Composites: Part A, 38, 1763�1772 (2007).
6. F. Sayer, A. Antoniou, A. Wingerde, Investigation of structural bond lines in wind turbine blades by sub-

component tests, Int. J. Adhes. Adhes., 37, 129�135 (2012).
7. ASTM International, The composite materials handbook MIL17. vol. 1 (2004).
8. P. Junhou, R.A. Shenoi, Examination of key aspects defining the performance characteristics of out-of�

plane joints in FRP marine structures, Composites Part A, 27, 89-103 (1996).
9. A. Chan, W. K. Chiu, X. L. Liu, Determining the elastic interlaminar shear modulus of composite laminates,

Compos. Struct., 80, 396�408 (2007).



36

¹ 1
2013

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

10. J.S. Charrier, N. Carrere, F. Laurin, T.  Bretheau, E.G. Novo, S. Mahdi, Proposition of 3D progressive
failure approach and validation on tests cases, in Proceedings of 14th European Conference on Composite
Materials 7-10, Budapest, Hungary, Paper ID: 675-ECCM14 (2010).

11. A. Balan, Review - Adhesively-bonded joints in metallic alloys, polymers and composite materials: Me-
chanical and environmental durability performance, J. of Materials Science, 39,  4729 � 4797 (2004).

12. L. F. M. da Silva, R. D. Adams, Techniques to reduce the peel stresses in adhesive joints with compos-
ites, Int J Adhes Adhes, 27, 227-235 (2007).

13. D. N. States, K.L. DeVries, Geometric Factors Impacting Adhesive Lap Joint Strength and Design, J.
Adhes. Sci. Technol., 26, 89-107 (2012).

14. S. Mespoulet, J. M. Hodgkinson, F. L. Matthews, Design, development and implementation of test
methods for determination of through thickness properties of laminated composites. Plast. Rubber. Compos.,
29, 496-502 (2000).

15. G. P. Tandon, R. Y. Kim, V. T. Bechel, Evaluation of interfacial normal strength in a SCS-0/epoxy
composite with cruciform specimens, Compos. Sci. Technol., 60, 2281-2295 (2000).

16. M. Arcan, Z. Hashin, A. Voloshin, A method to produce uniform plane stress states with applications to
fiber reinforced materials, Exp. Mech., 18, 141-146 (1978).

17. P. B. Gning, D. Delsart, J. M. Mortier, D. Coutellier, Through-thickness strength measurements using
Arcan�s method, Composites: Part B, 41, 308�316 (2010).

18. J. H. Weaver, J. Yang, A. G. Evans, F. W. Zok, A modified test for measuring the interlaminar tensile
strength of fiber-reinforced ceramic composites, Compos. Sci. Technol., 68, 10�16 (2008).

19. J. Y. Cognard, P. Davies, L. Sohier, R. Créac�hcadec, A study of the non-linear behaviour of adhesively-
bonded composite assemblies, Compos. Struct., 76, 34-46 (2006).

20. M. Bordes, P. Davies, J. Y. Cognard, L. Sohier, V. Sauvant-Moynot, J. Galy, Prediction of long term
strength of adhesively bonded joints in sea water, Int. J. Adhes. Adhes., 29, 595-608, (2009).

21. C. Badulescu, J. Y. Cognard, R. Créac�hcadec, P. Vedrine, Analysis of the temperature-dependent behaviour
of a ductile adhesive under monotonic tensile/compression-shear loads, Int. J. Adhes. Adhes., 36, 56-64 (2012).

22. J. Maurice, J.Y. Cognard, R. Créac�hcadec, P. Davies, L. Sohier, S. Mahdi, 3D modeling of the behavior
of an adhesive in an assembly using a non-associated elastoplastic pressure dependent model, J. Adhes. Sci.
Technol., 1-17, DOI:10.1080/01694243.2012.701528 (2012)

23. L. Sohier, J.Y. Cognard, P. Davies, Analysis of the mechanical behaviour of adhesively bonded assem-
blies of composites under tensile-shear out-of-plane loads, submitted to Composites Part A (2012).

24. P. Davies et al., Failure of bonded glass/epoxy composite joints: A benchmark study and correlation with
test results, in Proceedings of SAEVI, Bristol, 233-238 (2001).

25. J. Y. Cognard, P. Davies, L. Sohier, Advances in Testing Adhesively Bonded Composites, in Advances in
structural adhesive bonding, ed. D.A. Dillard, Woodhead Publishing Limited Abington Hall, Cambridge,
ISBN: 978-1-84569-435-7, 437-465 (2010).

26. K. D. Potter, F. J. Guild, H. J. Harvey, M. R. Wisnom, R. D. Adams, Understanding and control of
adhesive crack propagation in bonded joints between carbon fibre composite adherends I. Experimental, Int. J.
Adhes. Adhes., 21, 435-443 (2001).

27. F. J. Guild, K. D. Potter, J. Heinrich, R. D. Adams, M. R. Wisnom, Understanding and control of
adhesive crack propagation in bonded joints between carbon fibre composite adherends II. Finite element anal-
ysis, Int. J. Adhes. Adhes., 21, 445-453 (2001).

28. J.Y. Cognard, R. Creac’hcadec, J. Maurice, Numerical analysis of the stress distribution in single lap
shear tests under elastic assumption - Application to the optimisation of the mechanical behaviour, Int. J. Adhes.
Adhes., 31, 715-724 (2011).

29. N. Carrère, F. Laurin, J.F. Maire, Micromechanical based hybrid mesoscopic 3D approach for non-linear
progressive failure analysis of composite structures, J. of Composite Material, 46, 19-20, under press (2012).

30. J.Y. Cognard, Numerical analysis of edge effects in adhesively-bonded assemblies. Application to the
determination of the adhesive behaviour, Computers & Structures, 86, 1704-1717 (2008).

31. J. M. Rey, B. Gallet, F. Kircher, J. C. Lottin, Epoxy resin developments for large superconducting magnet
impregnation, Cryogenics, 38, 19-23 (1998).



37

¹ 1
2013

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

ÓÄÊ 621.762

ÏÎËÓ×ÅÍÈÅ ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÌÀÒÅÐÈÀËÎÂ Ñ ÀËÞÌÈÍÈÅÂÎÉ
ÌÀÒÐÈÖÅÉ È ÍÅÊÎÒÎÐÛÌÈ ÊÀÐÁÈÄÍÛÌÈ È ÎÊÑÈÄÍÛÌÈ

ÍÀÏÎËÍÈÒÅËßÌÈ
(Ïîëó÷åíî ðåäàêöèåé 07.01.2013, ïðèíÿòî ê ïå÷àòè � 17.02.2013)

Ë.Ð.Âèøíÿêîâ, Â.Ï.Ìîðîç, È.Ì.Ðîìàøêî, Å.Ë.Âèøíÿêîâà, Î.Ï.ßðåìåíêî
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Ïðîìûøëåííî âûïóñêàåìûå ïîðîøêè SIC è îïûòíî èçãîòàâëèâàåìûå èãîëü÷àòûå êðèñòàëëû
ìóëëèòà ÿâëÿþòñÿ äîñòóïíûìè äëÿ ïîëó÷åíèÿ èçíîñîñòîéêèõ êîìïîçèòîâ ñ àëþìèíèåâîé ìàòðè-
öåé â ïðîèçâîäñòâåííûõ óñëîâèÿõ. Ìåòîäàìè ãîðÿ÷åé ýêñòðóçèè ñìåñåé ïîðîøêîâ àëþìèíèåâûõ
ñïëàâîâ è êåðàìè÷åñêèõ ÷àñòèö èëè ïóòåì èçãîòîâëåíèÿ ïîðîøêîâûõ ãðàíóë Al-SiC ïîëó÷åíû êîì-
ïîçèòû ñ ïîâûøåííîé ïðî÷íîñòüþ è èçíîñîñòîéêîñòüþ. Æèäêîôàçíàÿ òåõíîëîãèÿ âàêóóì-êîìï-
ðåññèîííîé ïðîïèòêè áèîìîðôíûõ ïðåôîðì èç êàðáèäà êðåìíèÿ ïîçâîëÿåò èñïîëüçîâàòü ïðîäóê-
òû ïåðåðàáîòêè îòõîäîâ ðàñòèòåëüíîãî ñûðüÿ, â ÷àñòíîñòè, ñîñíîâóþ ñòðóæêó äëÿ ïîâûøåíèÿ
ñâîéñòâ êîìïîçèòîâ ñ àëþìèíèåâîé ìàòðèöåé.

Êëþ÷åâûå ñëîâà: êîìïîçèòû ñ àëþìèíèåâîé ìàòðèöåé, êàðáèä êðåìíèÿ, ìóëëèò, ïîðîøêîâûå
ãðàíóëû, ïðîïèòêà, áèîìîðôíûé êàðáèä êðåìíèÿ, èçíîñîñòîéêîñòü.

DESIGN OF ALUMINIUM MATRIX COMPOSITES REINFORCED
WITH CARBIDE AND OXIDE FILLERS

L.R.Vyshniakov, V.P.Moroz, I. M.Romashko, K.L.Vyshniakova, O.P.Yaremenko

Frantsevich Institute for Problems of Materials Science of NAS of Ukraine,  Kiev, Ukraine

Silicon carbide commercial powders or needle-like crystals of mullite are available to reinforce aluminium matrix
to obtain wear-resistant metal matrix composites at industrial scale. It is possible to produce composites of enhanced
strength and wear resistance by hot extrusion of either powder mixtures or powder granules of Al-SiC.

The liquid-phase technique based on vacuum-compressing infiltration of biomorphic SiC preforms allows
using wastes of vegetable raw materials, in particular, pine wood chips, to produce Al matrix composites with
improved characteristics.

Key words: aluminum matrix composites, silicon carbide, mullite, powder granules, infiltration, biomorphic
silicon carbide, wear resistance.

1. Ââåäåíèå

Â ïðîãíîçàõ äàëüíåéøåãî ðàçâèòèÿ êîìïîçèöèîííûõ ìàòåðèàëîâ (ÊÌ) ñóùåñòâóåò ñòîéêàÿ òåí-
äåíöèÿ ê ïîèñêó ýôôåêòèâíûõ àðìèðóþùèõ ôàç, â êîòîðûõ áëàãîäàðÿ äîñòèæåíèþ îñîáîé ôîðìû,
ðàçìåðîâ è ñïåöèàëüíûõ ñòðóêòóðíûõ ñîñòîÿíèé ìîæíî ïîëó÷èòü ïîâûøåííûå ïðî÷íîñòü, ìî-
äóëü óïðóãîñòè è äðóãèå ïîëåçíûå ñâîéñòâà, ðåàëèçóåìûå â êîìïîçèòàõ [1].
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Îïûò ðàçðàáîòêè ÊÌ, íàêîïëåííûé â ÈÏÌ ÍÀÍ Óêðàèíû, ïîêàçàë, ÷òî äëÿ øèðîêîãî âíåäðå-
íèÿ êîìïîçèòîâ íåîáõîäèìî èìåòü â äîñòàòî÷íîì êîëè÷åñòâå ðàçëè÷íûå àðìèðóþùèå ñðåäñòâà,
íàïðèìåð, ïðîìûøëåííûå ïîðîøêè êàðáèäà êðåìíèÿ è âîëîêíà, ëèáî ïîðîøêè êàðáèäîâ è îêñè-
äîâ, ïðîèçâîäèìûå ïî òåõíîëîãèÿì, êîòîðûå ìîãóò ñòàòü îñíîâîé ïðîìûøëåííûõ ïðîèçâîäñòâåí-
íûõ ïðîöåññîâ.

Â îñíîâå òåõíîëîãèé ïîëó÷åíèÿ ýòèõ íàïîëíèòåëåé ëåæàò ðàçëè÷íûå ïðîöåññû, õàðàêòåðèçóå-
ìûå ñïåöèôèêîé èñõîäíûõ ìàòåðèàëîâ. Èõ îáúåäèíÿåò îòíîñèòåëüíàÿ ïðîñòîòà è âîçìîæíîñòü
íàðàáîòêè äîñòàòî÷íî áîëüøèõ îáúåìîâ âîëîêîí èëè ÷àñòèö, ÷òî â ðÿäå ñëó÷àåâ èñêëþ÷àåò íåîá-
õîäèìîñòü ïðèìåíåíèÿ â ÊÌ äîðîãîñòîÿùèõ è âåñüìà äåôèöèòíûõ ìàòåðèàëîâ.

Â êà÷åñòâå ñïîñîáîâ ñîâìåùåíèÿ àðìèðóþùèõ ôàç ñ àëþìèíèåâîé ìàòðèöåé íàìè ðàçâèâà-
ëèñü: òâåðäîôàçíàÿ òåõíîëîãèÿ ïîðîøêîâîé ìåòàëëóðãèè, ñïîñîáû ïîëó÷åíèÿ è ïîñëåäóþùåãî
óïëîòíåíèÿ ïîðîøêîâûõ êîìïîçèòíûõ ãðàíóë, à òàêæå æèäêîôàçíàÿ òåõíîëîãèÿ âàêóóìíî-êîìï-
ðåññèîííîé ïðîïèòêè àðìèðóþùèõ êàðêàñîâ è ïîðèñòûõ ïðåññîâîê.

2. Êîìïîçèòû ñ ïîðîøêàìè êàðáèäà êðåìíèÿ

Äëÿ ïîëó÷åíèÿ èçíîñîñòîéêîãî ÊÌ íà îñíîâå äåôîðìèðóåìûõ àëþìèíèåâûõ ñïëàâîâ ÀÌã5 è
Â95 è ÷àñòèö SiC îïðîáîâàí ìåòîä ïîðîøêîâîé ìåòàëëóðãèè ñ ïîñëåäóþùåé ýêñòðóçèåé ïîëó÷åí-
íûõ çàãîòîâîê. Ïî ñðàâíåíèþ ñ ëèòåéíûìè òåõíîëîãèÿìè ýòî äàåò ïåðñïåêòèâó ýêîíîìíîãî ðàñõî-
äîâàíèÿ ìàòåðèàëîâ è ðàöèîíàëüíîãî ââåäåíèÿ â ÊÌ óïðî÷íÿþùèõ ÷àñòèö SiC.

Äëÿ ïðèãîòîâëåíèÿ øèõòû èñïîëüçîâàëèñü ïîðîøêè èç àëþìèíèåâûõ ñïëàâîâ ÀÌã5 è Â95 ñ
ðàçìåðîì ÷àñòèö 100 - 160 ìêì è ïðîìûøëåííûå ïîðîøêè êàðáèäà êðåìíèÿ ñî ñðåäíèì ðàçìåðîì
÷àñòèö 14 ìêì. Äëÿ êàæäîãî òèïà ÊÌ ïðèãîòàâëèâàëèñü ñìåñè, èç êîòîðûõ ïðåññîâàëè áðèêåòû
äèàìåòðîì 25 ìì ñ ïîðèñòîñòüþ ∼20% Â ðåçóëüòàòå ýêñòðóçèè ïðåññîâîê ïðè òåìïåðàòóðå 450 °Ñ
ïîëó÷àëè ïðóòêè ∅7-10 ìì.

Àíàëèç ìåõàíè÷åñêèõ ñâîéñòâ ÊÌ (Òàáë. 1) ïîêàçàë, ÷òî ââåäåíèå ÷àñòèö SiC ïðèâîäèò ê óâåëè÷å-
íèþ ïðî÷íîñòè ïî ñðàâíåíèþ ñî ñòàíäàðòíûìè ìàòðè÷íûìè ñïëàâàìè ÀÌã5 è Â95. Óñòàíîâëåíî
ñóùåñòâåííîå âëèÿíèå ÷àñòèö SiC íà óìåíüøåíèå èçíîñà ÊÌ (Ðèñ.1), êîòîðûé äëÿ ñïëàâîâ ìàòðèöû
ïðè èñïûòàíèÿõ íà âîçäóõå è óäåëüíûõ äàâëåíèÿõ 0,2 - 4,0 ÌÏà ïðèìåðíî â äâà ðàçà ïðåâûøàåò èçíîñ
ÊÌ (Ðèñ. 1, à). Ïðè èñïûòàíèÿõ íà òðåíèå â âîäå (Ðèñ. 1, á) êàòàñòðîôè÷åñêèé èçíîñ (110 - 160 ìã/êì)
è ñõâàòûâàíèå äëÿ îáðàçöîâ ìàòðèö íàñòóïàëè ïðè äàâëåíèÿõ 0,5 -1,0 ÌÏà. ÊÌ ñ ÷àñòèöàìè SiC
óäîâëåòâîðèòåëüíî ðàáîòàëè ïðè óäåëüíîì äàâëåíèè äî 4,0 ÌÏà è ìàññîâîì èçíîñå 4,0 - 7,0 ìã/êì.

¹¹ 
ï/ï 

Ñîñòàâ 
îáðàçöîâ 

Ïëîòíîñòü, 

ρ, ã/ñì3 

Õàðàêòåðèñòèêè 
ïðî÷íîñòè è ïëàñòè÷íîñòè 

σÂ, 

ÌÏà 

σ0,2, 

ÌÏà 

δ, 

% 

1 ÀÌã5 2,66 250-270 110-120 10-15 

2 Â95 2,79 500-540 400-430 4-6 

3 ÊÌ ÀÌã5+10%SiC 2,73 310-330 180-200 4-6 

4 ÊÌ  Â95 +10%SiC 2,83 500-520 480-500 4-5 

 

Òàáëèöà 1
Ìåõàíè÷åñêèå ñâîéñòâà ñòàíäàðòíûõ àëþìèíèåâûõ ñïëàâîâ ÀÌã5 è Â95 [2]
è êîìïîçèöèîííûõ ìàòåðèàëîâ íà èõ îñíîâå, àðìèðîâàííûõ ÷àñòèöàìè SiC
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Òàêèì îáðàçîì, ïîëó÷åííûå ÊÌ íà îñíîâå àëþìèíèåâûõ ñïëàâîâ ÀÌã5 è Â95, óïðî÷íåííûå
ïðîìûøëåííî âûïóñêàåìûìè ïîðîøêàìè êàðáèäà êðåìíèÿ, îáëàäàþò ïîâûøåííîé èçíîñîñòîé-
êîñòüþ è ìîãóò áûòü ðåêîìåíäîâàíû äëÿ ðàáîòû â óçëàõ òðåíèÿ â óñëîâèÿõ èíòåíñèâíîãî èçíîñà.

Ñëåäóåò îòìåòèòü, ÷òî â êîìïîçèòàõ ïðè V = 10 % îá. SiC íå óäàëîñü ïîëó÷èòü âûñîêèõ ìåõàíè-
÷åñêèõ ñâîéñòâ, ãëàâíûì îáðàçîì, â ñâÿçè ñ òåì, ÷òî ïðèíÿòàÿ òåõíîëîãèÿ óïëîòíåíèÿ ïîðîøêî-
âûõ ñìåñåé ãîðÿ÷åé ýêñòðóçèåé, õîòü è ÿâëÿåòñÿ ñàìîé ïðèãîäíîé ê ðåàëèçàöèè â ïðîèçâîäñòâåí-
íûõ óñëîâèÿõ, íå îáåñïå÷èëà îïòèìàëüíûé ðàçìåð è ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ ÷àñòèö íà-
ïîëíèòåëÿ (â ÊÌ), à òàêæå ïðî÷íîñòü ñâÿçè íà ãðàíèöå ÷àñòèöà SiC-ìàòðèöà.

Àëüòåðíàòèâîé ïðèâåäåííîé âûøå òåõíîëîãèè ÿâëÿåòñÿ ðàçðàáîòàííûé àâòîðîì ñòàòüè [3]
äðóãîé ïðîöåññ � èçãîòîâëåíèå êîìïîçèòíûõ ãðàíóë ïóòåì ïðåäâàðèòåëüíîé ìåõàíî-õèìè-
÷åñêîé îáðàáîòêè ñìåñåé ïîðîøêîâ àëþìèíèåâûõ ñïëàâîâ â àòòðèòîðàõ ñ ïîñëåäóþùèì óï-
ëîòíåíèåì òàêèõ ãðàíóë îáû÷íûìè ìåòîäàìè ãîðÿ÷åé îáðàáîòêè äàâëåíèåì (ïðåññîâàíèåì,
ýêñòðóçèåé, ïðîêàòêîé, øòàìïîâêîé è äð.). Òàêàÿ òåõíîëîãèÿ îáåñïå÷èâàåò ëó÷øóþ «ïðîðàáîò-
êó» ñòðóêòóðû ìàòåðèàëà ïðè ïîâûøåííûõ ñîäåðæàíèÿõ óïðî÷íèòåëÿ, ïðèâîäèò ê èçìåëü÷å-
íèþ ÷àñòèö, áîëåå ðàâíîìåðíîìó èõ ðàñïðåäåëåíèþ â îáúåìå ÊÌ è óëó÷øåíèþ ñâÿçè íà ãðà-
íèöå ðàçäåëà ôàç.

Â ýêñïåðèìåíòàõ áûëè èñïîëüçîâàíû òå æå ïðîìûøëåííûå ïîðîøêè êàðáèäà êðåìíèÿ, à â êà-
÷åñòâå ñïëàâà ìàòðèöû ïðèìåíÿëñÿ ïîðîøîê ñïëàâà Ä16, ñ ðàçìåðàìè ÷àñòèö 30 - 80 ìêì. Îáðà-
áîòêà ñìåñè ïîðîøêîâ ïðîâîäèëàñü â àòòðèòîðå âåðòèêàëüíîãî òèïà åìêîñòüþ 10 ë, çàïîëíåííîì
íà 2/3 îáúåìà ñòàëüíûìè øàðàìè äèàìåòðîì 5 ìì.

Ñòðóêòóðà êîìïîçèòíûõ ãðàíóë èññëåäîâàëàñü ïóòåì ìåòàëëîãðàôè÷åñêîãî è ôðàêòîãðàôè÷åñêî-
ãî àíàëèçîâ. Áûëî óñòàíîâëåíî, ÷òî ïðè îáðàáîòêå â àòòðèòîðå â òå÷åíèå 3 ÷ íà÷èíàåòñÿ ïðîöåññ
íàëèïàíèÿ íà øàðû ïîðîøêà àëþìèíèåâîãî ñïëàâà ñ âíåäðåííûìè â íåãî ÷àñòèöàìè êàðáèäà
êðåìíèÿ. Ïîñëå îáðàáîòêè â òå÷åíèå 7 ÷ ãðàíóëû ïðèîáðåòàþò ñòàáèëüíóþ ôîðìó ñ ðàçìåðàìè 70
- 170 ìêì (Ðèñ. 2). ×àñòèöû SiÑ â ðåçóëüòàòå ðàçðóøåíèÿ è óìåíüøåíèÿ ðàçìåðà äî 3 - 5 ìêì ðàñïî-
ëàãàþòñÿ ïðåèìóùåñòâåííî âäîëü ãðàíèö çåðåí àëþìèíèÿ, à êîëè÷åñòâî ñâàðåííûõ êîíòàêòîâ óâå-
ëè÷èâàåòñÿ. Â ãðàíóëàõ íàáëþäàåòñÿ õîðîøàÿ ïðîðàáîòêà ñòðóêòóðû, î ÷åì ñâèäåòåëüñòâóþò ñëåäû
âÿçêîãî ìåëêîÿìî÷íîãî èçëîìà (Ðèñ. 3).

Ðèñ. 1. Çàâèñèìîñòü ìàññîâîãî èçíîñà îò óäåëüíîãî äàâëåíèÿ àëþìèíèåâûõ ñïëàâîâ ÀÌã5 (1) è Â95
(2) è ÊÌ íà èõ îñíîâå (1*, 2*), àðìèðîâàííûõ ÷àñòèöàìè SiC: èñïûòàíèÿ íà âîçäóõå (à) è â âîäå (á)
Fig. 1. Wear resistance as versus pressure of aluminium alloys AMg5 (1) and B95(2) and composites
(1*, 2*) reinforced with SiC particles, tests in air (a) and in water (b)

                                                                 a)                                                                                                         á)
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Ýôôåêòèâíîñòü ìåõàíî-õèìè÷åñêîé îáðàáîòêè ñìåñåé ïîðîøêîâ îöåíèâàëàñü ïî õàðàêòåðèñòè-
êàì ïðî÷íîñòè è ïëàñòè÷íîñòè íà îáðàçöàõ ÊÌ ñîñòàâà Ä16 - 17 % îá. SiÑ. Ýòè îáðàçöû ïîëó÷à-
ëèñü ïðè îäèíàêîâûõ ðåæèìàõ ïðîâåäåíèÿ îïåðàöèé, ñëåäóþùèõ çà îáðàáîòêîé â àòòðèòîðå: ãîðÿ-
÷åå áðèêåòèðîâàíèå � ïðè 420-440 °Ñ, ãîðÿ÷åå äåôîðìèðîâàíèå (ýêñòðóçèÿ) � ïðè 480-490 °Ñ ñ
êîýôôèöèåíòîì âûòÿæêè λ = 22, òåðìîîáðàáîòêà � çàêàëêà ïðè 495 °Ñ â òå÷åíèå 45 ìèíóò. Èññëå-
äîâàëèñü ñâîéñòâà ïðóòêîâûõ çàãîòîâîê äèàìåòðîì 17 ìì, èç êîòîðûõ èçãîòàâëèâàëèñü ñòàíäàðò-
íûå îáðàçöû äëÿ ìåõàíè÷åñêèõ èñïûòàíèé.

Áûëî óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì âðåìåíè îáðàáîòêè ñìåñè â àòòðèòîðå äî 7 ÷ ñóùå-
ñòâåííî óâåëè÷èâàåòñÿ ïðî÷íîñòü è ïëàñòè÷íîñòü ÊÌ (Ðèñ. 4). Óâåëè÷åíèå îòíîñèòåëüíîãî
óäëèíåíèÿ ìîæíî ñâÿçàòü ñ óëó÷øåíèåì ñòðóêòóðû è äîñòàòî÷íîé ðàâíîìåðíîñòüþ ðàñïðåäå-
ëåíèÿ ÷àñòèö SiÑ â ìàòðèöå. Îäíàêî êðèâàÿ ïëàñòè÷íîñòè, ïðîéäÿ ìàêñèìóì, íà÷èíàåò ñíè-
æàòüñÿ, ÷òî îáúÿñíÿåòñÿ ïðîöåññàìè îõðóï÷èâàíèÿ, âåðîÿòíî, âñëåäñòâèå îêèñëåíèÿ ÷àñòèö
ñïëàâà Ä16. Ïðè îáðàáîòêå â àòòðèòîðå â òå÷åíèå 8-9 ÷ ïðåäåë ïðî÷íîñòè îáðàçöîâ ÊÌ íå-
çíà÷èòåëüíî óìåíüøàåòñÿ è ñíîâà íà÷èíàåò ðàñòè (äî 660 ÌÏà ïðè îáðàáîòêå â òå÷åíèå 30 ÷).
Ìîäóëü óïðóãîñòè ÊÌ îêàçàëñÿ ñòàáèëüíûì è ïî÷òè íå çàâèñåë îò âðåìåíè îáðàáîòêè â àòò-
ðèòîðå: ïðè îáðàáîòêå ñìåñè â òå÷åíèå 7 ÷ åãî âåëè÷èíà äîñòèãàëà 10-11 ÃÏà è çàòåì ïðàêòè-
÷åñêè íå èçìåíÿëàñü.

Íà îñíîâàíèè ïðîâåäåííûõ ýêñïåðèìåíòîâ ìîæíî óòâåðæäàòü, ÷òî â ïðîöåññå ìåõàíè÷åñêîé
îáðàáîòêè â àòòðèòîðå ïðè ïîëó÷åíèè êîìïîçèòíûõ ãðàíóë çàêëàäûâàåòñÿ íåîáõîäèìàÿ ìèêðîãåî-
ìåòðèÿ ÊÌ, êîòîðàÿ ðåàëèçóÿñü íà ïîñëåäóþùèõ îïåðàöèÿõ äåôîðìàöèîííîãî è òåðìè÷åñêîãî âîç-
äåéñòâèÿ, ïðèâîäèò ê äîñòèæåíèþ æåëàåìîãî ýôôåêòà àðìèðîâàíèÿ â ïîðîøêîâûõ ÊÌ ñ ìàòðè÷-
íîé ñòðóêòóðîé.

Ðèñ. 2. Êîìïîçèòíûå ãðàíóëû ÊÌ ñïëàâ Ä16
- ÷àñòèöû SiC ïîñëå îáðàáîòêè â àòòðèòî-
ðå â òå÷åíèå 7 ÷.
Fig. 2. Composite granules  D16/SiC - particles
after attrition during 7 hours

×300 ×2000

à) á)
Ðèñ. 3. Ôðàêòîãðàììà ãðàíóëû ÊÌ ñïëàâ
Ä16 -÷àñòèöû SiC ïîñëå îáðàáîòêè ñìåñè â
àòòðèòîðå â òå÷åíèå 7 ÷.
Fig. 3. Fracture surface of a D16/SiC - particles
after attrition during 7 hours



41

¹ 1
2013

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

3. Êîìïîçèòû ñ êðèñòàëëàìè ìóëëèòà

Íèæå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé, íàïðàâëåííûõ íà ñîçäàíèå óñîâåðøåíñòâîâàí-
íîé òåõíîëîãèè ïîëó÷åíèÿ êðèñòàëëîâ ìóëëèòà (3Al

2
O

3
⋅2SiO

2
) ñïîñîáîì êðèñòàëëèçàöèè èç ðàñ-

ïëàâà â ðàñòâîðå. Â êà÷åñòâå èñõîäíîãî ñûðüÿ èñïîëüçîâàëàñü êðåìíèåâàÿ êèñëîòà, ãëèíîçåì
è áîðíûé àíãèäðèä. Âûáîð ýòèõ èñõîäíûõ êîìïîíåíòîâ îáúÿñíÿåòñÿ òåì, ÷òî SiO2 è Al 2O3 ÿâëÿþò-
ñÿ ãëàâíûìè ìóëëèòîîáðàçóþùèìè îêñèäàìè, à â ðîëè ïëàâíÿ-ìèíåðàëèçàòîðà âûñòóïàåò Â

2
Î

3
,

êîòîðûé ïîíèæàåò òåìïåðàòóðó ïëàâëåíèÿ øèõòû, ñïîñîáñòâóåò îáðàçîâàíèþ êðèñòàëëîâ ñ áåçäå-
ôåêòíîé ïîâåðõíîñòüþ è ðàñòâîðåíèþ çàñòûâøåãî ìîíîëèòíîãî ðàñïëàâà â âîäå [4].

Òèïè÷íàÿ ñòðóêòóðà êðèñòàëëîâ ìóëëèòà ïðåäñòàâëÿåò ñîáîé ÷åòûðåõãðàííûå ïðèçìû, äëèíà
êîòîðûõ ñîñòàâëÿåò 35 - 200 ìêì, à ïîïåðå÷íèê - 1,0-8,0 ìêì (Ðèñ. 5). Ïèêíîìåòðè÷åñêàÿ ïëîò-
íîñòü êðèñòàëëîâ ñîñòàâèëà 2,86 ã/ñì3. Ìîäóëü óïðóãîñòè è òâåðäîñòü èõ îêàçàëèñü äîñòàòî÷íî
âûñîêèìè: ìîäóëü óïðóãîñòè Å ñîñòàâëÿåò 187 ± 11 ÃÏà, à íàíîòâåðäîñòü Í – 18,7 ± 2,1 ÃÏà.

Èç ïîëó÷åííûõ êðèñòàëëîâ ìóëëèòà áûëè ñïðåññîâàíû çàãîòîâêè, êîòîðûå ïîäâåðãàëèñü ïðîïèò-
êå àëþìèíèåâûì ñïëàâîì ÀÊ12 íà âàêóóìíî-êîìïðåññèîííîé óñòàíîâêå [5], ñîñòîÿùåé èç âàêóóì-
íîé ïå÷è è àâòîêëàâà. Îñîáåííîñòüþ ïðîïèòêè ïðè ïîëó÷åíèè ýòèõ ÊÌ ÿâëÿåòñÿ âûïîëíåíèå ðàç-
äåëüíûõ îïåðàöèé: ðàñïëàâëåíèå àëþìèíèåâîé ìàòðèöû, ñîâìåùåíèå ðàñïëàâà ñ ïîðèñòîé çàãî-
òîâêîé (â âàêóóìíîé ïå÷è) è ïîñëåäóþùåå äîóïëîòíåíèå ïîä äàâëåíèåì íåéòðàëüíîãî ãàçà (àðãîíà)
â àâòîêëàâå. Èññëåäîâàíèÿì ïîäâåðãàëèñü îáðàçöû ÊÌ, ñîäåðæàùèå 50-52 îá.% ìóëëèòîâîãî íà-
ïîëíèòåëÿ. Òèïè÷íàÿ ìèêðîñòðóêòóðà ÊÌ ñ ìóëëèòîâûì íàïîëíèòåëåì ïîêàçàíà íà Ðèñ. 6.

Êàê ïîêàçûâàþò ðåçóëüòàòû îïðåäåëåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ (Òàáë. 2), ìîäóëü óïðóãîñòè ÊÌ
è òâåðäîñòü îêàçàëèñü äîñòàòî÷íî âûñîêèìè ïî ñðàâíåíèþ ñî ñïëàâîì ìàòðèöû. ÀÊ12.

 Ñëåäóåò îòìåòèòü, ÷òî íåñìîòðÿ íà îòñóòñòâèå óâåëè÷åíèÿ ïðî÷íîñòè, ïðèìåíåíèå êàê îêñèä-
íûõ, òàê è êàðáèäíûõ íàïîëíèòåëåé â èññëåäîâàííûõ ÊÌ ÿâëÿåòñÿ ïåðñïåêòèâíûì â ñâÿçè ñ èõ
âûñîêîé òâåðäîñòüþ è æåñòêîñòüþ, îáåñïå÷èâàþùèõ ïîâûøåííîå ñîïðîòèâëåíèå ÊÌ ê ñõâàòûâà-
íèþ, îñîáåííî ïðè âûñîêèõ ñêîðîñòÿõ ñêîëüæåíèÿ [6]. Ðåçóëüòàòû òðèáîòåõíè÷åñêèõ èñïûòàíèé
îáðàçöîâ êîìïîçèòà è ñïëàâà ÀÊ12 ïðèâåäåíû â Òàáë. 3 [7]. Èñïûòàíèÿ ïîêàçàëè, ÷òî êîìïîçèò íà

 

Ðèñ. 4. Çàâèñèìîñòü ïðåäåëà ïðî÷íîñòè è îòíîñèòåëüíîãî óäëèíåíèÿ ÊÌ ñïëàâ Ä16 � 17 % SiC
îò âðåìåíè îáðàáîòêè â àòòðèòîðå (à) è îáúåìíîãî ñîäåðæàíèÿ ÷àñòèö SiC (á)
Fig. 4. Tensile strength and ultimate strain of D16/SiC composites as function of attrition time (a) and
volume content of SiC particles (b)

à) á)
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Ðèñ. 5. Òèïè÷íàÿ ñòðóêòóðà ïîëó÷åííûõ êðè-
ñòàëëîâ íà îñíîâå ìóëëèòà
Fig. 5. Typical structure of mullite crystals

Ðèñ. 6. Ìèêðîñòðóêòóðà êîìïîçèòà ñ ìóë-
ëèòîâûì íàïîëíèòåëåì
Fig. 6. Microphotograph of Al matrix composite
reinforced with mullite

Ñîñòàâ 

Ìîäóëü 

óïðóãîñòè 
Å, ÃÏà 

Òâåðäîñòü, 

ÃÏà 

Ïëîòíîñòü 

ρ, ã/ñì
3
 

Ïðåäåë 
ïðî÷íîñòè 

σè, ÌÏà 

Îêñèäíûå êðèñòàëëû ìóëëèòà 187±11 18,7±2,1 2,5-2,8 � 

Ñïëàâ ÀÊ12 (ìàòðè÷íûé) 87±2 1,2±0,1 2,8 200-240 

Êîìïîçèò:  (ñïëàâ ÀÊ12 + 50 îá.% 
êðèñòàëëîâ) 

143±13 4,6±1,7 2,65-2,7 220-260 

 

Òàáëèöà 2
Ñâîéñòâà îêñèäíûõ êðèñòàëëîâ è ÊÌ

¹ 
ï.ï. 

Ñîñòàâ 
Ñêîðîñòü 

ñêîëüæåíèÿ 

V, ì/ñ 

Óäåëüíîå 
äàâëåíèå 

Ð, ÌÏà 

Êîýôôè-
öèåíò 

òðåíèÿ f 

Ëèíåéíûé 

èçíîñ ïàðû 
òðåíèÿ, ²ë 

ìêì/êì 

Ìàññîâûé 

èçíîñ 
îáðàçöà ²ì 

ã/êì 

Òåìïåðàòóðà 
êîìïîçèòà 

t, °Ñ 

ïðè ñóõîì òðåíèè 

1 

 
Ñïëàâ ÀÊ12 

(ìàòðè÷íûé) 
1,0 

0,8 
1,6 

2,4 

3,2 

0,52 
0,51 

0,44 

0,45 

37,0 
81,0 

107,0 

161,0 

1,6 
5,3 

8,3 

12,2 

32,0 
48,0 

58,0 

82,0 

2 

Êîìïîçèò 
ÀÊ12 + 

50% îá. 

êðèñòàëëîâ 

1,0 

0,8 
1,6 

2,4 

3,2 

0,41 
0,44 

0,54 

0,55 

19,0 
16,0 

24,0 

60,0 

0,53 
1,46 

2,8 

5,6 

30,0 
41,0 

68,0 

98,0 

ñî ñìàçêîé ìàñëîì È20 

3 

Êîìïîçèò 
ÀÊ12 + 

50% îá.  

êðèñòàëëîâ 

1,0 

2,0 
4,0 

6,0 

8,0 

0,16 
0,14 

0,127 

0,105 

4,5 
4,5 

7,5 

7,5 

0,17 
0,15 

0,10 

0,10 

37,0 
58,0 

73,0 

84,0 

 

Òàáëèöà 3
Òðèáîòåõíè÷åñêèå ñâîéñòâà ñïëàâà ÀÊ12 è êîìïîçèòà
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îñíîâå àëþìèíèåâîãî ñïëàâà ÀÊ12, àðìèðîâàííûé êðèñòàëëàìè ìóëëèòà, ìîæåò ýôôåêòèâíî ðàáî-
òàòü êàê ïîäøèïíèêîâûé ìàòåðèàë â ïàðå ñ êîíñòðóêöèîííûìè ñòàëÿìè ïðè ñêîðîñòÿõ ñêîëüæåíèÿ
1,0 ì/ñ è óäåëüíûõ äàâëåíèÿõ äî 3 ÌÏà −äëÿ ñóõîãî òðåíèÿ è äî 8 ÌÏà − äëÿ òðåíèÿ ñî ñìàçêîé.

Èñïûòàíèÿ ïðîâîäèëèñü íà ìàøèíå òðåíèÿ Ì-22ì ïî ñõåìå «âàë-âêëàäûø» ïðè ïîñòîÿííîé
ñêîðîñòè ñêîëüæåíèÿ (V = 1 ì/ñ) è óäåëüíîì äàâëåíèè (Ð = 0,8-8,0 ÌÏà), ïóòü òðåíèÿ � 1 êì. Â
êà÷åñòâå êîíòðòåëà èñïîëüçîâàëèñü êîëüöà èç ñòàëè 45 ñ òâåðäîñòüþ HRC 50-55 è øåðîõîâàòîñòüþ
ïîâåðõíîñòè R

a
 ðàâíîé 0,63 - 0,32 ìêì.

Ñëåäóåò îòìåòèòü, ÷òî æèäêîôàçíàÿ òåõíîëîãèÿ âàêóóìíî-êîìïðåññèîííîé ïðîïèòêè êðèñòàë-
ëîâ ìóëëèòà îêàçàëàñü äîñòàòî÷íî ýôôåêòèâíîé è äëÿ äðóãèõ íàïîëíèòåëåé, â ÷àñòíîñòè, õðóïêèõ
âîëîêîí è íèòåâèäíûõ êðèñòàëëîâ êàðáèäà êðåìíèÿ.

4. ÊÌ, ñîäåðæàùèå SiC, ïîëó÷àåìûé èç äðåâåñíîé ñòðóæêè

Íèæå èçëàãàþòñÿ ðåçóëüòàòû èññëåäîâàíèÿ áèîìîðôíîé êåðàìèêè, ïîëó÷àåìîé èç äðåâåñ-
íîé ñòðóæêè.

Äëÿ ñèíòåçà òàêîé êåðàìèêè ïðèìåíÿëàñü ñòðóæêà ñîñíîâîé äðåâåñèíû, ïðåäñòàâëÿþùàÿ ñî-
áîé ÷àñòèöû äëèíîé 5 - 10 ìì ñ ïîïåðå÷íûìè ðàçìåðàìè äî 1 ìì. Òåõíîëîãè÷åñêàÿ ñõåìà ýòîãî
ïðîöåññà ïîêàçàíà íà Ðèñ.7. Êîëè÷åñòâî äèîêñèäà êðåìíèÿ, èìïðåãíèðîâàííîãî äðåâåñíîé ñòðóæ-
êîé, ñîñòàâëÿëî 40 - 50 ìàñ. % îò ìàññû âûñóøåííîé èñõîäíîé ñòðóæêè, òåìïåðàòóðà ñîñòàâëÿëà
1300-1500 °Ñ, âðåìÿ âûäåðæêè ïðè ìàêñèìàëüíîé òåìïåðàòóðå - 30-60 ìèí.

Îñîáåííîñòüþ òàêîé êåðàìèêè ÿâëÿåòñÿ ñòðóêòóðà, íàñëåäóåìàÿ îò ïðèðîäíîãî ïðåäøåñòâåí-
íèêà [7, 8]. Ñòðîåíèå áèîìîðôíîãî êàðáèäà êðåìíèÿ õàðàêòåðèçóåòñÿ íàëè÷èåì ñèñòåìû êàíà-
ëîâ ñ âíóòðåííèì ñå÷åíèåì îêîëî 10 ìêì. Ñòåíêè ýòèõ êàíàëîâ òîëùèíîé 1-2 ìêì èìåþò íà-
íîêðèñòàëëè÷åñêóþ ñòðóêòóðó, à âíóòðè èõ ìîãóò íàðàñòàòü âèñêåðñû SiC ñ ïîïåðå÷íûìè ðàçìå-
ðàìè 20 - 400 íì, äëèíîé îò 5 äî 20 ìêì (Ðèñ. 8).

Ðèñ. 7. Òåõíîëîãè÷åñêàÿ ñõåìà ïîëó÷åíèÿ êåðàìèêè SiC èç ñòðóæêè ñîñíîâîé äðåâåñèíû
Fig. 7. Flow chart of SiC ceramics synthesis from pine wood chips



44

¹ 1
2013

Êîìïîçèòû è íàíîñòðóêòóðû
COMPOSITES and NANOSTRUCTURES

Ïðîöåññ ïðîïèòêè æèäêîé àëþìèíèåâîé ìàòðèöû (ñèëóìèíîì) îñóùåñòâëÿëñÿ íà óñòàíîâêå,
ñîñòîÿùåé èç àâòîêëàâà âûñîêîãî äàâëåíèÿ (äî 10 ÌÏà) è âñòðîåííîé â íåãî ïå÷è ñ ìàêñèìàëüíîé
ðàáî÷åé òåìïåðàòóðîé 1200 °Ñ. Òàêàÿ êîíñòðóêöèÿ îáîðóäîâàíèÿ äëÿ âàêóóìíî-êîìïðåññèîííîé
ïðîïèòêè ïîçâîëÿåò ïðîïèòûâàòü çàãîòîâêè â øèðîêîì äèàïàçîíå ïëîòíîñòåé, îáåñïå÷èâàÿ òàê-
æå ïîëó÷åíèå è íåâûñîêèõ îáúåìíûõ ñîäåðæàíèé êåðàìèêè (äî 5 % îá.), õàðàêòåðíûõ äëÿ ÊÌ,
àðìèðîâàííûõ íàíîñòðóêòðíûìè íàïîëíèòåëÿìè.

Â ðåçóëüòàòå ýêñïåðèìåíòîâ ïðè òåìïåðàòóðå ïðîïèòêè, ðàâíîé 750 °Ñ, äàâëåíèè - 8 ÌÏà è
âûäåðæêå 120 ñåê. áûëè ïîëó÷åíû îáðàçöû ÊÌ, òèïè÷íàÿ ñòðóêòóðà êîòîðûõ ñâèäåòåëüñòâóåò î
õàðàêòåðíûõ äëÿ äðåâåñèíû «ñîòàõ», çàïîëíåííûõ àëþìèíèåâîé ìàòðèöåé (Ðèñ. 9).

Â ïîðèñòîé ïðåôîðìå ÊÌ îáåñïå÷èâàëîñü ñîäåðæàíèå íàïîëíèòåëÿ â êîìïîçèòå 20-25 % îá.
Òðèáîòåõíè÷åñêèå èñïûòàíèÿ ïàð òðåíèÿ ýòèõ ÊÌ ñî ñòàëüíûìè êîíòðòåëàìè ïîêàçàëè âûñîêóþ
èçíîñîñòîéêîñòü òàêèõ ìàòåðèàëîâ. Èçó÷åíèå ïîâåðõíîñòè òðåíèÿ ìåòîäîì ýëåêòðîííîé ìèêðî-
ñêîïèè ïîêàçàëî, ÷òî â ïðîöåññå èçíîñà ñòðóêòóðíûå îáðàçîâàíèÿ èç SiC ýôôåêòèâíî òîðìîçÿò
ðàçðóøåíèå àëþìèíèåâîé ìàòðèöû.

5. Âûâîä
Ðàçðàáîòêà êîìïîçèòîâ ñ àëþìèíèåâîé ìàòðèöåé è ÷àñòèöàìè êàðáèäà êðåìíèÿ èëè ìóëëèòà

ÿâëÿåòñÿ ïåðñïåêòèâíîé äëÿ ïðîèçâîäñòâà íîâûõ èçíîñîñòîéêèõ êîìïîçèöèîííûõ ìàòåðèàëîâ.
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ÎÖÅÍÊÀ ÏÐÎÍÈÖÀÅÌÎÑÒÈ ÇÀÃÎÒÎÂÎÊ ÈÇ ÑÓÕÎÃÎ
ÍÀÏÎËÍÈÒÅËß, ÏÐÅÄÍÀÇÍÀ×ÅÍÍÛÕ ÄËß ÈÇÃÎÒÎÂËÅÍÈß

ÏÀÍÅËÅÉ ÂÀÊÓÓÌÍÎÉ ÈÍÔÓÇÈÅÉ
(Ïîñòóïèëà â ðåäàêöèþ 11.12.2012, ïðèíÿòà ê ïå÷àòè � 18.02.2013)

À.Å.Óøàêîâ, Þ.Ã.Êëåíèí, Ò.Ã.Ñîðèíà, Å.È.Êîðíèåíêî, À.À.Ñàôîíîâ

ÎÎÎ «ÍÒÈÖ ÀïÀÒýÊ-Äóáíà», ã. Äóáíà, Ìîñêîâñêàÿ îáë.

Â ñòàòüå ïðåäñòàâëåíû àïïàðàòóðà è îïèñàíû, îñíîâàííûå íà çàêîíå Äàðñè, ìåòîäû îöåíêè
ïëîñêîñòíîé è ñêâîçíîé ïðîíèöàåìîñòè ñóõèõ çàãîòîâîê èç ñòåêëÿííûõ è óãëåðîäíûõ âîëîêîí,
ïðåäíàçíà÷åííûõ äëÿ èçãîòîâëåíèÿ ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ (ÏÊÌ) ìåòîäîì
âàêóóìíîé èíôóçèè. Ýêñïåðèìåíòàëüíûì ïóò¸ì îïðåäåëåíû çíà÷åíèÿ ïëîñêîñòíîé è ñêâîçíîé
ïðîíèöàåìîñòè, ïîêàçàíà çàâèñèìîñòü èõ âåëè÷èí îò îáú¸ìíîãî ñîäåðæàíèÿ àðìèðóþùåãî íà-
ïîëíèòåëÿ â èññëåäóåìûõ îáðàçöàõ. Óäîâëåòâîðèòåëüíàÿ ñõîäèìîñòü ïîëó÷åííûõ çíà÷åíèé êîýô-
ôèöèåíòîâ ïðîíèöàåìîñòè ïîçâîëÿåò èõ èñïîëüçîâàòü äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðî-
öåññà èíôóçèîííîé ïðîïèòêè ïðè èçãîòîâëåíèè èçäåëèé èç ÏÊÌ.

Êëþ÷åâûå ñëîâà: ïðîíèöàåìîñòü, ïëîñêîñòíàÿ, ñêâîçíàÿ, ïåðìåàìåòð, èíôóçèÿ, àðìèðóþùèé
íàïîëíèòåëü, çàãîòîâêà èç ñóõîãî âîëîêíà.

PERMEABILITY EVALUATION OF DRY FIBER PREFORMS DESIGNED
FOR VACUUM INFUSION PRODUCTION OF COMPOSITE PANELS

À.Å.Ushakov, Y.G.Klenin, Ò.G.Sorina, Å.I.Kornienko, À.À.Safonov

 «STTC ApATeCh-Dubna», Dubna, Moscow Region

Abstract
The article describes the apparatus and the Darcy�s law based methods of evaluation of in-plane and

through-the-thickness permeability of dry glass and carbon fiber preforms designed for production of polymer
composite materials (PCM) by vacuum infusion. The values of in-plane and through-the-thickness
permeability have been experimentally determined and the correlation between these values and fiber volume
content in the test specimens has been demonstrated. Satisfactory convergence of the received values of
permeability coefficient allows using them for mathematical simulation of the infusion process during
fabrication of polymer composite parts.

Keywords: permeability, in-plane permeability, through-the-thickness permeability, permeameter, infusion,
reinforcement, dry fiber preform.

1. Ââåäåíèå

Ðåàëèçàöèè ïðîöåññà èçãîòîâëåíèÿ êðóïíîãàáàðèòíûõ, ìàòåðèàëî¸ìêèõ è òðóäî¸ìêèõ ïðè âûê-
ëàäêå èçäåëèé ìåòîäîì âàêóóìíîé èíôóçèè ïðåäøåñòâóåò ìàòåìàòè÷åñêîå ïðîåêòèðîâàíèå (ìîäå-
ëèðîâàíèå) ïðîöåññà ïðîïèòêè çàãîòîâêè èçäåëèÿ èç ñóõîãî íàïîëíèòåëÿ. Òî÷íîñòü è âîñïðîèçâî-
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äèìîñòü íà ïðàêòèêå ðåêîìåíäàöèé ïî îïòèìèçàöèè ðåæèìîâ ïðîïèòêè, îòâå÷àþùèõ çà êà÷åñòâî
ãîòîâîãî èçäåëèÿ, ïîëó÷åííûõ ïðè ðàçðàáîòêå ìàòåìàòè÷åñêîé ìîäåëè, çàâèñèò îò òî÷íîñòè îïðå-
äåëåíèÿ õàðàêòåðèñòèê êîìïîíåíòîâ ÊÌ. Îäíèì èç îñíîâíûõ ïàðàìåòðîâ, âõîäÿùèõ â ìàòåìàòè-
÷åñêóþ ìîäåëü è òðåáóþùèõ ýêñïåðèìåíòàëüíîé îöåíêè ïðè ïðîâåäåíèè ðàñ÷¸òîâ, ñâÿçàííûõ ñ
ïðîãíîçèðîâàíèåì è îïòèìèçàöèåé òåõíîëîãè÷åñêèõ ðåæèìîâ èíôóçèè, ÿâëÿåòñÿ æèäêîñòíàÿ ïðî-
íèöàåìîñòü ñóõîãî íàïîëíèòåëÿ, ïîçâîëÿþùàÿ ïðîãíîçèðîâàòü âðåìÿ ïðîïèòêè èçäåëèÿ ïðè çà-
äàííûõ òåìïåðàòóðàõ è âåëè÷èíå âàêóóìà.

Íà ñåãîäíÿøíèé äåíü ñòàíäàðòíûå ìåòîäèêè ïî îöåíêå ñêâîçíîé è ïëîñêîñòíîé ïðîíèöàåìîñ-
òè ïàêåòîâ, èç ñóõîãî àðìèðóþùåãî íàïîëíèòåëÿ, èçãîòîâëåííûõ ìåòîäàìè ðó÷íîé èëè ìàøèííîé
âûêëàäêè, îòñóòñòâóþò.

Â ñâÿçè ñ ýòèì áûëè ðàçðàáîòàíû ïðèáîð äëÿ îöåíêè ïðîíèöàåìîñòè ïðåôîðìà è ìåòîäèêà
ðàáîòû íà í¸ì, ïîçâîëÿþùèå îïðåäåëèòü ýòè âàæíûå õàðàêòåðèñòèêè. Ìåòîäèêà ïî îïðåäåëå-
íèþ ïðîíèöàåìîñòè ñóõîãî ïàêåòà â çàâèñèìîñòè îò îáúåìíîãî ñîäåðæàíèÿ âîëîêíà äîëæíà
áûòü íåîòúåìëåìîé ÷àñòüþ òåõíîëîãè÷åñêîãî ïðîöåññà èçãîòîâëåíèÿ ýëåìåíòîâ êîíñòðóêöèè
ìåòîäîì âàêóóìíîé èíôóçèè. Çíà÷åíèÿ êîýôôèöèåíòîâ ïðîíèöàåìîñòè ïðåôîðì ðàçëè÷íîé
ñòðóêòóðû è ïëîòíîñòè ïîçâîëÿþò ðàññ÷èòàòü âðåìÿ ïðîïèòêè. Ìîäåëèðîâàíèå ïðîöåññîâ òå-
÷åíèÿ æèäêîñòåé òðåáóåò òî÷íîãî îïðåäåëåíèÿ èñõîäíûõ äàííûõ äëÿ ïîñòðîåíèÿ ìîäåëè.

2. Çàêîí Äàðñè è èíôóçèîííàÿ òåõíîëîãèÿ èçãîòîâëåíèÿ ÏÊÌ

Ìåòîäèêà îöåíêè ïðîíèöàåìîñòè âîëîêíèñòûõ ìàòåðèàëîâ ðàçëè÷íîé ñòðóêòóðû, ïðåäëîæåí-
íàÿ â íàñòîÿùåé ðàáîòå, îñíîâàíà íà çàêîíå Äàðñè äëÿ îäíîìåðíîãî ïîòîêà è ïîçâîëÿåò îïðåäå-
ëèòü ïëîñêîñòíûå êîìïîíåíòû òåíçîðà ïðîíèöàåìîñòè (Ê1 è Ê2) â ãëàâíîé ñèñòåìå êîîðäèíàò.
Ýêñïåðèìåíò ïðîâîäèòñÿ íà ïðÿìîóãîëüíûõ îáðàçöàõ. Ñìîëà ïîñòóïàåò ñ îäíîãî êðàÿ îáðàçöà
÷åðåç ëèíåéíûé èñòî÷íèê, íà äðóãîì êîíöå ïîääåðæèâàåòñÿ ïîñòîÿííûé âàêóóì. Ýêñïåðèìåí-
òàëüíî íàéäåííàÿ çàâèñèìîñòü êîîðäèíàòû ôðîíòà æèäêîñòè îò âðåìåíè ïîäñòàâëÿåòñÿ â àíàëè-
òè÷åñêîå âûðàæåíèå äëÿ êîýôôèöèåíòà ïðîíèöàåìîñòè [1-3].

Äëÿ îäíîìåðíîãî ïîòîêà çàêîí Äàðñè ñâÿçûâàåò ñêîðîñòü ôèëüòðàöèè æèäêîñòè ñêâîçü ìàòåðè-
àë ïðè äåéñòâèè ãðàäèåíòà äàâëåíèÿ ñ êîýôôèöèåíòîì ïðîíèöàåìîñòè ìàòåðèàëà, âÿçêîñòüþ æèä-
êîñòè è ãåîìåòðè÷åñêèìè õàðàêòåðèñòèêàìè ìàòåðèàëà óðàâíåíèåì (1).

( ) ( ) ( )
( )

( ),A x dP x t
Q t k x

t dx
= ,                                                                                                   (1)

ãäå
Q(t): ñêîðîñòü ôèëüòðàöèè æèäêîñòè (ì3/ñ);
k(x): êîýôôèöèåíò ïðîíèöàåìîñòè ìàòåðèàëà (ì2);
η (t): äèíàìè÷åñêàÿ âÿçêîñòü æèäêîñòè (Ïà.ñ);
A(x): ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ìàòåðèàëà (ì2);
dp(x,t)/dx: ïåðåïàä äàâëåíèÿ â òåêó÷åé æèäêîñòè (Ïà/ì).
Äëÿ óñòàíîâèâøåãîñÿ ðåæèìà ôèëüòðàöèè æèäêîñòè (ôèëüòðàöèÿ æèäêîñòè ñ ïîñòîÿííîé ñêî-

ðîñòüþ è íàïðàâëåíèåì) ÷åðåç îäíîðîäíûé ìàòåðèàë ñ ïîñòîÿííûì êîýôôèöèåíòîì ïðîíèöàå-
ìîñòè è ïîñòîÿííûì ïîïåðå÷íûì ñå÷åíèåì, çàêîí Äàðñè ïðèíèìàåò âèä (2)
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Ð0: äàâëåíèå â íà÷àëüíîé òî÷êå èçìåðåíèÿ (Ïà);
Ð1: äàâëåíèå â êîíå÷íîé òî÷êå èçìåðåíèÿ (Ïà);
∆x: ðàññòîÿíèå ìåæäó íà÷àëüíîé è êîíå÷íîé òî÷êàìè èçìåðåíèÿ äàâëåíèÿ (ì).
Óðàâíåíèå (2) âåðíî ïðè ñëåäóþùèõ äîïóùåíèÿõ è óñëîâèÿõ:
− ïðåíåáðåæåíèå ÿâëåíèÿìè, ïðîòåêàþùèìè íà ãðàíèöå ðàçäåëà íàïîëíèòåëü/æèäêîñòü (ñìà-

÷èâàíèå âîëîêîí, ïðîïèòêà, òðåíèå);
− âÿçêîñòü ïðîòåêàþùåé æèäêîñòè íå èçìåíÿåòñÿ âî âðåìåíè (èçìåðåíèÿ ïðîèçâîäÿò ïðè ïî-

ñòîÿííîé òåìïåðàòóðå);
− íàïîëíèòåëü îäíîðîäåí ïî âñåé äëèíå îáðàçöà (ñòðóêòóðà íàïîëíèòåëÿ, îáúåìíîå ñîäåðæàíèå);
− ïîïåðå÷íîå ñå÷åíèå îáðàçöà ïîñòîÿííî;
− äëÿ àíèçîòðîïíûõ íàïîëíèòåëåé êîýôôèöèåíò ïðîíèöàåìîñòè îïðåäåëÿåòñÿ äëÿ âûáðàííîãî

íàïðàâëåíèÿ àðìèðîâàíèÿ.
Äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ, âõîäÿùèõ â óðàâíåíèå (2) áûë ðàçðàáîòàí ïðèáîð (ïåðìåàìåòð),

ïîçâîëÿþùèé èçìåðÿòü ïðîíèöàåìîñòü àðìèðóþùèõ ìàòåðèàëîâ ïðè óñòîé÷èâîì ïîòîêå ìîäåëü-
íîé (ðàáî÷åé) æèäêîñòè. Â êà÷åñòâå ìîäåëüíîé æèäêîñòè èñïîëüçîâàëñÿ ðàñòâîð ãëèöåðèíà â âîäå
ðàçëè÷íîé êîíöåíòðàöèè, ïîçâîëÿþùèé èìèòèðîâàòü âÿçêîñòíûå ïàðàìåòðû ñâÿçóþùåãî [4].

Äëÿ îïðåäåëåíèÿ çàâèñèìîñòè êîýôôèöèåíòà ïðîíèöàåìîñòè îò îáúåìíîãî ñîäåðæàíèÿ âîëîê-
íà, â ïðèáîðå ïðåäóñìîòðåíà âîçìîæíîñòü ðåãóëèðîâàíèÿ âûñîòû ðàáî÷åé ïîëîñòè. Òàêèì îáðà-
çîì, ïîëîñòü ôîðìû ñ ïîñòîÿííîé øèðèíîé b ìîæíî îòðåãóëèðîâàòü äî òîëùèíû h çàãîòîâêè.
Âûñîòà ðàáî÷åé ïîëîñòè óñòàíàâëèâàåòñÿ òàê, ÷òîáû äîñòèãíóòü çàäàííîãî îáúåìíîãî ñîäåðæà-
íèÿ âîëîêíà, êîòîðîå ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (3).
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hblρ
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ãäå
Ví: îáúåìíîå ñîäåðæàíèå âîëîêíà;
h: âûñîòà ðàáî÷åé ïîëîñòè (ì);
ρí:ïëîòíîñòü èñïûòóåìîãî ìàòåðèàëà (êã/ì3);
mí: ìàññà çàãîòîâêè ìàòåðèàëà (êã);
b: øèðèíà çàãîòîâêè ìàòåðèàëà (ì);
lí: äëèíà çàãîòîâêè ìàòåðèàëà (ì).
Ìåíÿÿ âûñîòó ðàáî÷åé ïîëîñòè, ìîæíî âû÷èñëèòü êîýôôèöèåíò ïðîíèöàåìîñòè àðìèðóþùåãî

ìàòåðèàëà êàê ôóíêöèþ îáúåìíîãî ñîäåðæàíèÿ âîëîêíà.
Ïëîòíîñòü ìàòåðèàëà âîëîêíà íàïîëíèòåëÿ ρí îïðåäåëÿåòñÿ èç ïàñïîðòíûõ äàííûõ. Ïðè îòñóò-

ñòâèè ïàñïîðòíûõ äàííûõ ïëîòíîñòü ìàòåðèàëà âîëîêíà âûáèðàåòñÿ èç ñïðàâî÷íûõ äàííûõ.
Â èíæåêöèîííûõ ïðîöåññàõ ÷àñòî èñïîëüçóåòñÿ êîìáèíàöèÿ ñëîåâ àðìèðóþùèõ íàïîëíèòåëåé

ñ ðàçëè÷íûì êîýôôèöèåíòîì ïðîíèöàåìîñòè (ñîåäèíåíèå ìàòîâ è òêàíåé, óêëàäêà ñëîåâ àíèçîò-
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ðîïíîé òêàíè ñ ðàçëè÷íûì íàïðàâëåíèåì àðìèðîâàíèÿ, èñïîëüçîâàíèå ñïåöèàëüíûõ ïðîâîäÿ-
ùèõ ñëîåâ). Ðåçóëüòàòîì òàêîãî ñî÷åòàíèÿ ñëî¸â ÿâëÿåòñÿ ñðåäíåå çíà÷åíèå êîýôôèöèåíòà ïðîíè-
öàåìîñòè, êîòîðîå îïèñûâàåòñÿ ïðîñòûì çàêîíîì ñëîæåíèÿ (4).

1

  
,

n
i i

a

i

k d
k

d=

×= ∑                                                                                                                               (4)

ãäå:
ka: ñðåäíÿÿ ïðîíèöàåìîñòü ïàêåòà (ì2);
ki: ïðîíèöàåìîñòü ñîñòàâëÿþùèõ ñëîåâ (ì2);
di: òîëùèíà ñîñòàâëÿþùèõ ñëîåâ (ì);
d: ñóììàðíàÿ òîëùèíà ïàêåòà (ì).
Ýòî ïðàâèëî ñëîæåíèÿ ìîæåò áûòü ïðîâåðåíî ïóòåì èçìåðåíèÿ ïðîíèöàåìîñòè â íàïðàâëå-

íèè îñíîâû è óòêà àíèçîòðîïíîé òêàíè, à òàêæå èçìåðåíèåì è âû÷èñëåíèåì ïðîíèöàåìîñòè óê-
ëàäêè â äâóõ íàïðàâëåíèÿõ ïðè ðàâíîì îáúåìå ñîäåðæàíèÿ âîëîêíà.

3. Ñóùíîñòü ìåòîäà îïðåäåëåíèÿ êîýôôèöèåíòà ïðîíèöàåìîñòè

Ñóùíîñòü ìåòîäà çàêëþ÷àåòñÿ â èçìåðåíèè ìàññû è âðåìåíè èñòå÷åíèÿ ðàáî÷åé æèäêîñòè
ñ èçâåñòíîé âÿçêîñòüþ ÷åðåç âîëîêíèñòûé íàïîëíèòåëü ïîä äåéñòâèåì óñòàíîâëåííîãî ïåðå-
ïàäà äàâëåíèÿ. Ïðè ýòîì îáúåìíàÿ ñêîðîñòü ôèëüòðàöèè ðàáî÷åé æèäêîñòè ðàññ÷èòûâàåòñÿ
êàê îòíîøåíèå èçìåðåííîé ìàññû æèäêîñòè îòôèëüòðîâàííîé ÷åðåç èñïûòóåìûé ìàòåðèàë â
òå÷åíèå óñòàíîâëåííîãî âðåìåíè ê åå ïëîòíîñòè. Ïðîíèöàåìîñòü k âû÷èñëÿåòñÿ â ñîîòâåò-
ñòâèè ñ çàêîíîì Äàðñè.

Èñïûòóåìûé ìàòåðèàë ïîìåùàåòñÿ â ðàáî÷óþ ïîëîñòü ïåðìåàìåòðà. Âûñîòà ðàáî÷åé ïîëîñòè h
óñòàíàâëèâàåòñÿ òàê, ÷òîáû äîñòèãíóòü çàäàííîãî îáúåìíîãî ñîäåðæàíèÿ âîëîêíà, êîòîðîå ðàñ-
ñ÷èòûâàåòñÿ ïî ôîðìóëå. Â ðàáî÷óþ ïîëîñòü ôîðìû ïîäàåòñÿ ðàáî÷àÿ æèäêîñòü ïîä çàäàííûì äàâëå-
íèåì. Ïî äîñòèæåíèè óñòàíîâèâøåãîñÿ ðåæèìà ôèëüòðàöèè âêëþ÷àþò ïðîãðàììó ðåãèñòðàöèè äàí-
íûõ íà ïåðñîíàëüíîì êîìïüþòåðå, êîòîðàÿ ïðèíèìàåò è îáðàáàòûâàåò âñå ýêñïåðèìåíòàëüíûå äàí-
íûå. Âûõîäíûå ñèãíàëû ñ ýëåêòðîííûõ âåñîâ (mðæ i; mðæ i+1) è äàò÷èêîâ äàâëåíèÿ (Ð0 i; P0 i+1) è (Ð1 i; P1i+1)
ñ÷èòûâàþòñÿ ðåãèñòðàòîðàìè â íà÷àëå è â êîíöå êàæäîãî èíòåðâàëà âðåìåíè ∆ti (5).
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ãäå
P0 ñð: ñðåäíèå äàâëåíèå â íà÷àëüíîé òî÷êå èçìåðåíèÿ çà ïåðèîä âðåìåíè ∆ti (Ïà);
P1 ñð: ñðåäíèå äàâëåíèå â êîíå÷íîé òî÷êå èçìåðåíèÿ çà ïåðèîä âðåìåíè ∆ti (Ïà);
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Ð0 i; Ð0 i+1: äàâëåíèå â íà÷àëüíîé òî÷êå èçìåðåíèÿ â íà÷àëå è â êîíöå êàæäîãî èíòåðâàëà âðåìåíè
èçìåðåíèÿ ∆ti (Ïà);

Ð1 i; Ð1 i+1: äàâëåíèå â êîíå÷íîé òî÷êå èçìåðåíèÿ â íà÷àëå è â êîíöå êàæäîãî èíòåðâàëà âðåìåíè
èçìåðåíèÿ ∆ti (Ïà).

Ìàññà îòôèëüòðîâàííîé æèäêîñòè çà èíòåðâàë âðåìåíè ∆ti ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (6). Ñêî-
ðîñòü ôèëüòðàöèè Q ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (7) ïî èçìåðåííîé ìàññå îòôèëüòðîâàííîé ðàáî-
÷åé æèäêîñòè.

ðæ ðæ   1 ðæ   ,i im m m+= −                                                                                                                     (6)

ãäå
mðæ: ìàññà ðàáî÷åé æèäêîñòè ïðîøåäøàÿ ñêâîçü èñïûòóåìûé ìàòåðèàë çà ïåðèîä âðåìåíè ∆ti (êã);
mðæ i; mðæ i+1: ìàññà ðàáî÷åé æèäêîñòè ïðîøåäøàÿ ñêâîçü èñïûòóåìûé ìàòåðèàë â íà÷àëå è â

êîíöå êàæäîãî èíòåðâàëà âðåìåíè èçìåðåíèÿ ∆ti (êã).

ðæ
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ãäå
Qi: ñêîðîñòü ôèëüòðàöèè (ì3/ñ);
mðæ: ìàññà ðàáî÷åé æèäêîñòè ðàññ÷èòàííàÿ ïî ôîðìóëå (4) (êã);
ñðæ: ïëîòíîñòü ðàáî÷åé æèäêîñòè (êã/ì3);
∆ti: ïåðèîä âðåìåíè èçìåðåíèÿ (ñ).
Âðåìåííîé èíòåðâàë ∆ti âûáèðàåòñÿ òàê, ÷òîáû, ÷åðåç ôîðìó â òå÷åíèå ýòîãî ïåðèîäà ïðîøëî

íå ìåíåå 5 ã ðàáî÷åé æèäêîñòè. Â òå÷åíèå ýêñïåðèìåíòà èçìåðåíèÿ ïðîâîäÿòñÿ íå ìåíåå 10 ðàç. Íà
îñíîâàíèè ïîëó÷åííûõ äàííûõ äëÿ êàæäîãî ïåðèîäà èçìåðåíèé ∆ti ïî ôîðìóëå (8) ðàññ÷èòûâàåò-
ñÿ ïðîíèöàåìîñòü ki èñïûòóåìîãî ìàòåðèàëà äëÿ êàæäîãî ïåðèîäà èçìåðåíèé. Çíà÷åíèå ïðîíèöà-
åìîñòè èñïûòóåìîãî îáðàçöà ðàññ÷èòûâàþò ïî ôîðìóëå (9) êàê ñðåäíåå àðèôìåòè÷åñêîå.
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ãäå
k: ðàñ÷åòíîå çíà÷åíèå ïðîíèöàåìîñòè (ì2);
ki: ïðîíèöàåìîñòü èñïûòóåìîãî ìàòåðèàëà äëÿ êàæäîãî ïåðèîäà èçìåðåíèé (ì2);
n: êîëè÷åñòâî èçìåðåíèé.
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4. Îïèñàíèå ýêñïåðèìåíòàëüíûõ óñòàíîâîê è îáëàñòü èõ ïðèìåíåíèÿ

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ïðîíèöàåìîñòè ñîñòîèò èç:
− ïåðìåàìåòðà,
− èñòî÷íèêà äàâëåíèÿ ñ êîíòåéíåðîì äëÿ ðàáî÷åé æèäêîñòè,
− ñèñòåìîé ñáîðà è îáðàáîòêîé ýêñïåðèìåíòàëüíûõ äàííûõ.
Óñòàíîâêà ðàçìåùàåòñÿ â ëàáîðàòîðíîì ïîìåùåíèè ñ ïîñòîÿííî ïîääåðæèâàåìîé òåìïåðàòó-

ðîé (23±3,0) °C.
Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ äâà ïåðìåàìåòðà äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ïðîíèöàå-

ìîñòè àðìèðóþùèõ ìàòåðèàëîâ: ïëîñêîñòíîé è ñêâîçíîé.
Ïëîñêîñòíîé ïåðìåàìåòð èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ïëîñêîñòíîé ïðîíèöàå-

ìîñòè ìàòåðèàëà íà îáðàçöå äëèíîé 490 ìì è øèðèíîé 125 ìì. Ìàêñèìàëüíàÿ òîëùèíà îáðàçöà
ïðè ýòîì ñîñòàâëÿåò 30 ìì. Ìåõàíèçì çàêðûâàíèÿ ïåðìåàìåòðà ïîçâîëÿåò ðåãóëèðîâàòü âûñîòó
ðàáî÷åé ïîëîñòè ñ øàãîì 0,1 ìì. Äëÿ äàííîãî ïåðìåàìåòðà ðåêîìåíäóåìàÿ ìèíèìàëüíàÿ òîëùèíà
îáðàçöà 3,0 ìì, íî íå ìåíåå 4-õ ñëîåâ èñïûòóåìîãî ìàòåðèàëà.

Â ïëîñêîñòíîì ïåðìåàìåòðå ïðèìåíåí ëèíåéíûé âïðûñê ðàáî÷åé æèäêîñòè, ò.å. ôðîíò ïðî-
ïèòêè ðàñïðîñòðàíÿåòñÿ ïàðàëëåëüíî øèðèíå îáðàçöà.

Ñêâîçíîé ïåðìåàìåòð èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ñêâîçíîé ïðîíèöàåìîñòè
ìàòåðèàëà íà îáðàçöå ðàçìåðîì 260×260 ìì. Ìàêñèìàëüíàÿ òîëùèíà îáðàçöà ñîñòàâëÿåò 30 ìì. Ìå-
õàíèçì çàêðûâàíèÿ ïåðìåàìåòðà ïîçâîëÿåò ðåãóëèðîâàòü âûñîòó ðàáî÷åé ïîëîñòè ñ øàãîì 0,1 ìì.

Çíà÷åíèÿ ïëîñêîñòíîé è ñêâîçíîé ïðîíèöàåìîñòè, ïîëó÷åííûå ýòèìè ìåòîäàìè, ìîãóò èñïîëü-
çîâàòüñÿ äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ ïðîïèòêè.

5. Óñòðîéñòâî è ïðèíöèï äåéñòâèÿ ïåðìåàìåòðîâ

Ïëîñêîñòíîé ïåðìåàìåòð (Ðèñ. 1) ñîñòîèò èç íèæíåé íåïîäâèæíîé ïëèòû îñíîâàíèÿ (1) è âåð-
õíåé ïîäâèæíîé ïëèòû (2), ìåæäó êîòîðûìè ôîðìèðóåòñÿ ðàáî÷àÿ ïîëîñòü çàäàííîé âûñîòû äëÿ
ðàçìåùåíèÿ îáðàçöà. Íà íèæíåé ïëèòå èìåþòñÿ ÷åòûðå ñòîéêè (íà Ðèñ. íå ïîêàçàíû). Âåðõíÿÿ
ïëèòà ïîäíèìàåòñÿ (îïóñêàåòñÿ) ñ ïîìîùüþ ìåõàíèçìà ïëîñêîïàðàëëåëüíîãî ïîäúåìà, â êîòîðûé
âõîäÿò ÷åòûðå âèíòîâûõ íàïðàâëÿþùèõ, ìåõàíè÷åñêèé ïðèâîä è ðåìåííàÿ ïåðåäà÷à, êîòîðàÿ îáåñ-
ïå÷èâàåò ñèíõðîííîå âðàùåíèå âèíòîâûõ íàïðàâëÿþùèõ. Ìåõàíèçì ïëîñêîïàðàëëåëüíîãî ïîäúåìà
îáåñïå÷èâàåò íåîáõîäèìóþ âûñîòó ðàáî÷åé ïîëîñòè ñ òî÷íîñòüþ ~ 0,3 ìì, äëÿ îêîí÷àòåëüíîé
íàñòðîéêè âûñîòû èñïîëüçóåòñÿ ìåõàíèçì òî÷íîé íàñòðîéêè êîòîðûé ïîçâîëÿåò ðåãóëèðîâàòü
âûñîòó ðàáî÷åé ïîëîñòè ñ òî÷íîñòüþ 0,1 ìì. Äëÿ êîíòðîëÿ âûñîòû ðàáî÷åé ïîëîñòè èñïîëüçóþò-
ñÿ öèôðîâûå èíäèêàòîðû (3), çàêðåïëåííûå íà âåðõíåé ïëèòå. Ñ òîðöîâ ðàáî÷óþ ïîëîñòü ôîðìè-
ðóþò äâå ïðîçðà÷íûå áîêîâûå ñòåêëÿííûå ïëàñòèíû (4) è äâå òîðöåâûå ïëèòû (5) ñ ðåçèíîâûì
óïëîòíåíèåì. Äëÿ ôèêñàöèè áîêîâûõ ïëàñòèí è òîðöåâûõ ïëèò èñïîëüçóþòñÿ 24 ýêñöåíòðèêîâûõ
çàæèìà (6) çàêðåïëåííûõ íà âåðõíåé è íèæíåé ïëèòå.

Â íèæíåé ïëèòå âûïîëíåíû 2 îòâåðñòèÿ ∅ 10 ìì, â êîòîðûå óñòàíîâëåíû øòóöåðà äëÿ ïîäêëþ-
÷åíèÿ ëèíèè ïîäà÷è è îòâîäà ðàáî÷åé æèäêîñòè. Ïî öåíòðàëüíîé îñè ïëèòû íà ðàññòîÿíèè 400 ìì
äðóã îò äðóãà âûïîëíåíû îòâåðñòèÿ ∅1,5 ìì äëÿ ïîäêëþ÷åíèÿ æèäêîñòíûõ äàò÷èêîâ äàâëåíèÿ.

Ñõåìà ñêâîçíîãî ïåðìåàìåòðà ïðèâåäåíà íà Ðèñ. 2.
Ñêâîçíîé ïåðìåàìåòð ñîñòîèò èç íèæíåé ïëèòû (1) è âåðõíåé ïëèòû (2), ìåæäó êîòîðûìè ôîð-

ìèðóåòñÿ ðàáî÷àÿ ïîëîñòü çàäàííîé âûñîòû äëÿ ðàçìåùåíèÿ îáðàçöà . Äëÿ èñêëþ÷åíèÿ âëèÿíèÿ
ôèëüòðàöèè ðàáî÷åé æèäêîñòè ïî êðàÿì îáðàçöà íà íèæíåé è âåðõíåé ïëèòàõ âûïîëíåíû ñïåöè-
àëüíûå óãëóáëåíèÿ, êîòîðûå îãðàíè÷èâàþò çîíó èçìåðåíèÿ öåíòðàëüíîé ÷àñòüþ îáðàçöà. Âîêðóã
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öåíòðàëüíîé ðàáî÷åé çîíû âûïîëíåíà êàíàâêà äëÿ ñáîðà è îòâîäà ðàáî÷åé æèäêîñòè, íå ïîïàâ-
øåé â çîíó èçìåðåíèÿ. Äëÿ èñïûòàíèé èññëåäóåìûé ìàòåðèàë âûêëàäûâàåòñÿ íà ïîäëîæêó èç
ñîòîâîãî çàïîëíèòåëÿ (3). Òàê êàê ïëîùàäü ðåáåð ñîòîâîãî çàïîëíèòåëÿ ñîñòàâëÿåò ~ 1�2 % îò
ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ, òî ýòî ïðàêòè÷åñêè íå ñêàçûâàåòñÿ íà îêîí÷àòåëüíûõ ðåçóëüòà-
òàõ èçìåðåíèé. Âåðõíÿÿ ïëèòà èìååò àíàëîãè÷íóþ êîíñòðóêöèþ: ïî öåíòðó âûïîëíåíî óãëóáëå-
íèå ðàáî÷åé ïîëîñòè, ïî ïåðèìåòðó êàíàâêà äëÿ ðàáî÷åé æèäêîñòè, íå ïîïàâøåé â ðàáî÷óþ
çîíó. Âåðõíÿÿ ïåðôîðèðîâàííàÿ ïëèòà è ñîòîâûé çàïîëíèòåëü (4) ñëóæàò äëÿ ðàâíîìåðíîãî ðàñ-
ïðåäåëåíèÿ ðàáî÷åé æèäêîñòè ïî ïîâåðõíîñòè îáðàçöà è ðàâíîìåðíîãî ñæàòèÿ èñïûòóåìîãî
ìàòåðèàëà äëÿ ïîëó÷åíèÿ îäèíàêîâîãî îáúåìíîãî ñîäåðæàíèÿ âîëîêíà. Âûñîòà ðàáî÷åé ïîëîñ-
òè ïðèáîðà êîíòðîëèðóåòñÿ ñ ïîìîùüþ èíäèêàòîðîâ (5), çàêðåïëåííûõ íà âåðõíåé ïëèòå.

Ðèñ. 1. Ïëîñêîñòíîé ïåðìåàìåòð
Fig. 1. In-plane permeameter
1 - íåïîäâèæíàÿ ïëèòà; stationary base plate;
2 - âåðõíÿÿ ïîäâèæíàÿ ïëèòà; upper moving plate;
3 � öèôðîâûå èíäèêàòîðû; digital indicators;
4 � áîêîâûå ïëàñòèíû èç ñòåêëà; glass side plates;
5 �òîðöåâûå ïëàñòèíû ñ óïëîòíåíèåì; end
plates with sealing;
6 � ýêñöåíòðèêîâûå çàæèìû; eccentric clamps

Ðèñ. 2 Ñêâîçíîé ïåðìåàìåòð
Fig. 2 Through-the-thickness permeameter
1 � âåðõíÿÿ ïëèòà; bottom plate;
2 � íèæíÿÿ ïëèòà; upper plate;
3- âåðõíÿÿ ïåðôîðèðîâàííàÿ ïëèòà è ñîòî-
âûé áëîê; bottom perforated plate and
honeycomb core;
4 �íèæíÿÿ ïåðôîðèðîâàííàÿ ïëèòà è ñîòî-
âûé áëîê; upper perforated plate and
honeycomb core;
5 � èíäèêàòîðû; indicators,
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Âåðõíÿÿ ïëèòà ïîäíèìàåòñÿ (îïóñêàåòñÿ) ñ ïîìîùüþ ìåõàíèçìà ïëîñêîïàðàëëåëüíîãî ïîäúåìà, â
êîòîðûé âõîäÿò ÷åòûðå âèíòîâûõ íàïðàâëÿþùèõ, ïðèâîäèìûå â äâèæåíèå ÷åòûðüìÿ ðåäóêòîðàìè,
ìåõàíè÷åñêèé ïðèâîä, äâà ñîåäèíèòåëüíûõ âàëà è ðåìåííàÿ ïåðåäà÷à, êîòîðûå îáåñïå÷èâàþò ñèí-
õðîííîå âðàùåíèå âèíòîâûõ íàïðàâëÿþùèõ. Ìåõàíèçì ïëîñêîïàðàëëåëüíîãî ïîäúåìà îáåñïå÷èâà-
åò íåîáõîäèìóþ âûñîòó ðàáî÷åé ïîëîñòè ñ òî÷íîñòüþ ~ 0,2 ìì. Äëÿ ãåðìåòèçàöèè ðàáî÷åé ïîëîñòè
èñïîëüçóþòñÿ äâà ðåçèíîâûõ óïëîòíèòåëüíûõ êîëüöà, óñòàíîâëåííûõ â êàíàâêè íà âåðõíåé ïëèòå.

Â âåðõíåé ïëèòå âûïîëíåíî îòâåðñòèå ∅ 10 ìì, â êîòîðîå óñòàíîâëåí øòóöåð äëÿ ïîäêëþ÷å-
íèÿ ëèíèè ïîäà÷è ðàáî÷åé æèäêîñòè è îòâåðñòèå ∅ 1,5 ìì ñî øòóöåðîì äëÿ ïîäêëþ÷åíèÿ äàò÷è-
êà äàâëåíèÿ. Îáà øòóöåðà ðàñïîëîæåíû â ðàéîíå âåðõíåé ðàáî÷åé ïîëîñòè. Â íèæíþþ ïëèòó
óñòàíîâëåíû äâà øòóöåðà  ∅ 10 ìì � îäèí øòóöåð äëÿ îòâîäà ðàáî÷åé æèäêîñòè èç ðàáî÷åé çîíû,
âòîðîé äëÿ ñáîðà æèäêîñòè, íå ïîïàâøåé â ðàáî÷óþ çîíó è øòóöåð äëÿ ïîäêëþ÷åíèÿ äàò÷èêà äàâ-
ëåíèÿ. Ïðè ýòîì øòóöåð äëÿ âûõîäà ðàáî÷åé æèäêîñòè äîëæåí ðàñïîëàãàòüñÿ âíèçó.

Ñáîð è îáðàáîòêà äàííûõ îñóùåñòâëÿëàñü ñ ïîìîùüþ äâóõ æèäêîñòíûõ äàò÷èêîâ äàâëåíèÿ, óñ-
òàíîâëåííûõ â íà÷àëüíîé è êîíå÷íîé òî÷êàõ èçìåðåíèé. Ðàññòîÿíèå ìåæäó òî÷êàìè èçìåðåíèÿ
èñïîëüçóåòñÿ â ôîðìóëå äëÿ ðàñ÷åòà êîýôôèöèåíòà ïðîíèöàåìîñòè. Ìàññà ðàáî÷åé æèäêîñòè, îò-
ôèëüòðîâàííîé ÷åðåç èñïûòóåìûé ìàòåðèàë, èçìåðÿëàñü ýëåêòðîííûìè âåñàìè. Äàò÷èêè äàâëå-
íèÿ è âåñû ïîäêëþ÷àþòñÿ ê êîíòðîëëåðó, ÷åðåç êîòîðûé èíôîðìàöèÿ ïåðåäàåòñÿ íà êîìïüþòåð.

Ïåðåä èñïûòàíèÿìè êàæäûé îáðàçåö èñïûòóåìîãî ìàòåðèàëà âçâåøèâàëñÿ è èçìåðÿëèñü åãî
ãàáàðèòíûå ðàçìåðû. Ýòî íåîáõîäèìî äëÿ ðàñ÷åòà âûñîòû ðàáî÷åé ïîëîñòè èñõîäÿ èç òðåáóåìîãî
îáúåìíîãî ñîäåðæàíèÿ íàïîëíèòåëÿ.

Ìîäåëüíàÿ æèäêîñòü äëÿ èñïûòàíèé ïðåäñòàâëÿëà ñîáîé ðàñòâîð ãëèöåðèíà â âîäå. Ãëèöåðèí
íåòîêñè÷åí, íåãîðþ÷ è èìååò íåîãðàíè÷åííóþ ðàñòâîðèìîñòü â âîäå, ÷òî ïîçâîëÿåò ðåãóëèðîâàòü
âÿçêîñòü ðàáî÷åé æèäêîñòè â øèðîêîì äèàïàçîíå. Âÿçêîñòü ðàñòâîðà ãëèöåðèíà çàâèñèò îò åãî
êîíöåíòðàöèè è òåìïåðàòóðû. Íà Ðèñ. 3 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè âÿçêîñòè ðàñòâîðà îò åãî
êîíöåíòðàöèè ïðè ðàçëè÷íûõ òåìïåðàòóðàõ.

Ðèñ. 3. Çàâèñèìîñòü âÿçêîñòè ðàñòâîðà ãëèöåðèíà îò êîíöåíòðàöèè
Fig. 3. Viscosity of glycerol solution vs. concentration
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Òàê êàê â ðàñ÷åòå êîýôôèöèåíòà ïðîíèöàåìîñòè ó÷àñòâóåò çíà÷åíèå ïëîòíîñòè ðàáî÷åé æèäêî-
ñòè, òî íåîáõîäèìî òàêæå ó÷èòûâàòü åå èçìåíåíèå â çàâèñèìîñòè îò òåìïåðàòóðû. Íà Ðèñ. 4 ïîêà-
çàí ãðàôèê èçìåíåíèÿ ïëîòíîñòè ðàñòâîðà ãëèöåðèíà â çàâèñèìîñòè îò òåìïåðàòóðû è ðàçíûõ
ñîîòíîøåíèé ãëèöåðèí/âîäà (100 %-íûé ãëèöåðèí, 20% ðàñòâîð, âîäà).

6. Îáúåêòû èññëåäîâàíèÿ è ýêñïåðèìåíòàëüíàÿ îöåíêà êîýôôèöèåíòîâ ïðîíèöàåìîñòè

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ïëîñêîñòíîé ïðîíèöàåìîñòè èñïîëüçîâàëèñü îáðàçöû â âèäå
ñôîðìèðîâàííûõ çàãîòîâîê èç ñòåêëîòêàíè è óãëåðîäíîé òêàíè:

Ñòåêëîòêàíü EF 420 Injectex Hexcel (50/50 EC11(warp) EC9-EC1(weft)).
Óãëåòêàíü Carbon Injectex GF630 N 1000 50/50 6k HR.
Îïðåäåëåíèå êîýôôèöèåíòà ñêâîçíîé ïðîíèöàåìîñòè ïðîèçâîäèëîñü íà îáðàçöàõ ñòåêëîòêàíè

EQX 1200 Selcom. è óãëåðîäíîé òêàíè UNIC 600 Selcom. Â êà÷åñòâå ìîäåëüíîé æèäêîñòè èñïîëü-
çîâàëñÿ ðàñòâîð ãëèöåðèíà â âîäå, ñî ñðåäíåé âÿçêîñòüþ ç = 18 ìÏà·ñ è ç = 18 ìÏà·ñ.45 ìÏà·ñ.

Äëÿ ïðîâåäåíèÿ èñïûòàíèé ïîäãîòîâëåííûé îáðàçåö èñïûòóåìîãî ìàòåðèàëà ïîìåùàëè â ðà-
áî÷óþ ïîëîñòü ïåðìåàìåòðà, âûñîòà êîòîðîé îïðåäåëÿëàñü èñõîäÿ èç äîñòèæåíèÿ íåîáõîäèìîãî
îáúåìíîãî ñîäåðæàíèÿ íàïîëíèòåëÿ. Ê ïðèáîðó ïîäêëþ÷àëñÿ êîíòåéíåð ñ ðàáî÷åé æèäêîñòüþ è
ñèñòåìà èçìåðåíèÿ. Ðàáî÷àÿ æèäêîñòü ïîäàâàëàñü â ðàáî÷óþ ïîëîñòü ïîä ïîñòîÿííûì äàâëåíèåì
÷åðåç âõîäíîé øòóöåð. Â ïëîñêîñòíîì ïåðìåàìåòðå ïðîïèòêó îáðàçöà ðàáî÷åé æèäêîñòüþ ìîæíî
íàáëþäàòü ÷åðåç ïðîçðà÷íûå áîêîâûå ïëèòû. Ïî ðàâíîìåðíîñòè ïðîïèòêè áîêîâûõ ïîâåðõíîñòåé
îáðàçöà ìîæíî ñóäèòü î ïðîïèòêå îáðàçöà â öåëîì.

Ðèñ. 4. Çàâèñèìîñòü ïëîòíîñòè ðàñòâîðà ãëèöåðèíà îò òåìïåðàòóðû ïðè ðàçëè÷íîé êîíöåí-
òðàöèè
Fig. 4. Density of glycerol solution vs. temperature at different concentration
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Îòôèëüòðîâàííàÿ ðàáî÷àÿ æèäêîñòü, ïðîøåäøàÿ ÷åðåç îáðàçåö, ñîáèðàëàñü â êîíòåéíåðå, êîòî-
ðûé óñòàíàâëèâàëñÿ íà ýëåêòðîííûå âåñû. Ïîñëå òîãî, êàê ïîêàçàíèÿ îáîèõ äàò÷èêîâ äàâëåíèÿ
ñòàáèëèçèðîâàëèñü, âêëþ÷àëàñü ðåãèñòðàöèÿ ïàðàìåòðîâ ýêñïåðèìåíòà.

Ðåãèñòðàöèÿ äàííûõ ýêñïåðèìåíòà ïðîèçâîäèëàñü ñ ïîìîùüþ ñïåöèàëèçèðîâàííîé ïðîãðàììû.
Â ïðîöåññå ïðîâåäåíèÿ èñïûòàíèé áûëî óñòàíîâëåíî, ÷òî ìîäåëüíàÿ æèäêîñòü ñ âÿçêîñòüþ

íèæå 10 ìÏà·ñ, ìîæåò èñïîëüçîâàòüñÿ òîëüêî ïðè èñïûòàíèè ìàòåðèàëà ñ î÷åíü íèçêèì êîýôôè-
öèåíòîì ïëîñêîñòíîé ïðîíèöàåìîñòè (kplane≤10-12). Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ ïðîíèöàå-
ìîñòè çàãîòîâîê ñ ñîäåðæàíèåì âîëîêíà áîëååò 40% ñëåäóåò èñïîëüçîâàòü æèäêîñòü ñ âÿçêîñòüþ
60 �80 ìÏà·ñ. Â ïðîòèâíîì ñëó÷àå ðåçóëüòàòû ìîãóò áûòü íåêîððåêòíûìè èç-çà ñëèøêîì áûñòðîé
ôèëüòðàöèè æèäêîñòè ñêâîçü èñïûòóåìûé ìàòåðèàë è íåðàâíîìåðíîãî ïîòîêà ïî êðàÿì îáðàçöà.
Äëÿ îïðåäåëåíèÿ ñêâîçíîé ïðîíèöàåìîñòè ìàòåðèàëîâ ñ êîýôôèöèåíòîì k≥10-12 òîëùèíà îáðàçöà
äîëæíà áûòü íå ìåíåå 10 ìì.

Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ ïîñòðîåíû ãðàôèêè (Ðèñ. 5, 6.) èçìåíåíèÿ ïëîñêîñòíîé ïðî-
íèöàåìîñòè çàãîòîâîê èç ñòåêëîòêàíè EF 420 InjectexHexcel (50/50 EC11(warp) EC9-EC1(weft)) è
óãëåðîäíîé òêàíè CarbonInjectex GF630è â çàâèñèìîñòè îò îáúåìíîãî ñîäåðæàíèÿ âîëîêíà.

Ðèñ. 5. Èçìåíåíèå êîýôôèöèåíòà ïëîñêî-
ñòíîé ïðîíèöàåìîñòè ñòåêëîòêàíè EF 420
Injectex Hexcel â çàâèñèìîñòè îò îáúåìíîãî
ñîäåðæàíèÿ âîëîêíà
Fig. 5. Variation of in-plane permeability
coefficient of glassfiber fabric EF 420 Injectex
Hexcel depending on the fiber volume content

Ðèñ. 6. Èçìåíåíèå êîýôôèöèåíòà ïëîñêîñòíîé
ïðîíèöàåìîñòè óãëåòêàíè CarbonInjectex
GF630 â çàâèñèìîñòè îò îáúåìíîãî ñîäåðæà-
íèÿ âîëîêíà
Fig. 6 Variation of in-plane permeability
coefficient of carbon fiber fabric CarbonInjectex
GF630 depending on the fiber volume content

7. Âûâîäû

Ïðîâåäåííûå èññëåäîâàíèÿ è âîñïðîèçâîäèìîñòü ïîëó÷åííûõ ðåçóëüòàòîâ ïîäòâåðæäàþò ðà-
áîòîñïîñîáíîñòü ïðåäëàãàåìûõ ìåòîäèê è àïïàðàòóðû äëÿ îïðåäåëåíèÿ ïëîñêîñòíîé è ñêâîçíîé
ïðîíèöàåìîñòè çàãîòîâîê èç ñóõèõ íàïîëíèòåëåé (ïðåôîðì) èç ñòåêëÿííûõ è óãëåðîäíûõ íàïîë-
íèòåëåé, ïðåäíàçíà÷åííûõ äëÿ èçãîòîâëåíèÿ ÏÊÌ ìåòîäîì èíôóçèè.
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Ïîêàçàíî, ÷òî ñêâîçíàÿ è ïëîñêîñòíàÿ ïðîíèöàåìîñòè çàâèñÿò îò îáú¸ìíîãî ñîäåðæàíèÿ íà-
ïîëíèòåëÿ, òàê èçìåíåíèå ýòîãî çíà÷åíèÿ îò 30% äî 42% ïðèâîäèò ê ñíèæåíèþ êîýôôèöèåíòà
ïëîñêîñòíîé ïðîíèöàåìîñòè áîëåå ÷åì íà ïîðÿäîê.

Íåçíà÷èòåëüíîå ðàñõîæäåíèå â çíà÷åíèÿõ êîýôôèöèåíòîâ ïðîíèöàåìîñòè â ïðåäåëàõ îäíîãî è
òîãî æå îáú¸ìíîãî ñîäåðæàíèÿ ñóõîãî íàïîëíèòåëÿ â çàãîòîâêàõ ïîçâîëÿåò èñïîëüçîâàòü èõ äëÿ
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðîöåññà ïðîïèòêè â èíôóçèîííîé òåõíîëîãèè.
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Èññëåäîâàíî èçìåíåíèå ñâîéñòâ êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå ñòåêëÿííûõ è óãëå-
ðîäíûõ íàïîëíèòåëåé ñ ðàçëè÷íûìè ñïîñîáàìè ïðîøèâêè, ïîäâåðãíóòûõ âîçäåéñòâèþ óäàðíûõ
íàãðóçîê. Ïîêàçàíî ÷òî, ïðîøèâêà òêàíûõ íàïîëíèòåëåé ïîçâîëÿåò óìåíüøèòü îáëàñòè ðàçðóøå-
íèÿ è ïîâûñèòü îñòàòî÷íóþ ïðî÷íîñòü ñòåêëîïëàñòèêîâ è óãëåïëàñòèêîâ ïðè ñæàòèè.

Êëþ÷åâûå ñëîâà: ñòåêëîïëàñòèêè, óãëåïëàñòèêè, ïðîøèâêà, ïðî÷íîñòü ïðè ñæàòèè, ðàçðóøå-
íèå êîìïîçèöèîííûõ ìàòåðèàëîâ.

AN EFFECT OF STITCHING GLASS AND CARBON REINFORCEMENTS
ON RESIDUAL STRENGTH OF COMPOSITE MATERIALS AFTER IMPACT

N.S.Cavun, I.F.Davydova, T.V.Grebneva
Federal state unitary enterprise « All-Russia scientific research institute of aviation materials»

Russia, Moscow

Change of properties of composite materials is investigated on the basis of glass and carbon feelings with
various ways of the insertion with were exposed to shock loadings. It was demonstrated, that insertion of fabric
feelings allows to reduce areas of destruction and to increased residual durability of fibreglasses and carbon
plastics under compression.

Key words: fibreglasses, carbon plastics, insertion, durability under compression, destruction of composite materials.

Õîðîøî èçâåñòíî, ÷òî â èçäåëèÿõ ñîâðåìåííîé àâèàöèîííîé è êîñìè÷åñêîé òåõíèêè âñå áîëüøåå
ïðèìåíåíèå íàõîäÿò ïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ). Èç íèõ èçãîòàâëèâàþòñÿ ñè-
ëîâûå, âûñîêîíàãðóæåííûå êîíñòðóêöèè ëåòàòåëüíûõ àïïàðàòîâ, òàêèõ êàê ïàíåëè ôþçåëÿæà è êðû-
ëà. Ýòî ïîçâîëÿåò çíà÷èòåëüíî ñíèçèòü èõ âåñ è ïîâûñèòü ýêñïëóàòàöèîííóþ íàäåæíîñòü [1].

Îïûò èñïîëüçîâàíèÿ âûñîêîïðî÷íûõ è âûñîêîìîäóëüíûõ ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèà-
ëîâ ñ îäíîíàïðàâëåííûì è ïåðåêðåñòíûì àðìèðîâàíèåì, êîãäà íåîáõîäèìàÿ òîëùèíà èçäåëèÿ ñîçäà-
åòñÿ ïîñëåäîâàòåëüíîé óêëàäêîé îäíîíàïðàâëåííûõ ñëî¸â, ïîêàçàë, ÷òî èõ íåäîñòàòêîì ÿâëÿåòñÿ íèç-
êàÿ ñäâèãîâàÿ è òðàíñâåðñàëüíàÿ ïðî÷íîñòü. Ðàññëîåíèÿ, âîçíèêàþùèå â ïðîöåññå èçãîòîâëåíèÿ è ïðè
ýêñïëóàòàöèè, ìîãóò ïðèâåñòè ê ïîòåðå íåñóùåé ñïîñîáíîñòè è ðàçðóøåíèþ êîíñòðóêöèè.

Ïîâûøåíèþ ñäâèãîâîé è òðàíñâåðñàëüíîé ïðî÷íîñòè ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèà-
ëîâ óäåëÿåòñÿ áîëüøîå âíèìàíèå. Çíà÷èòåëüíûé ïðîãðåññ ñ òî÷êè çðåíèÿ óâåëè÷åíèÿ ñäâèãîâûõ
õàðàêòåðèñòèê áûë ïîëó÷åí íà ìíîãîñëîéíûõ òêàíÿõ îáúåìíîãî ïëåòåíèÿ. Â ýòèõ òêàíÿõ íåñêîëü-
êî ñëîåâ íèòåé îñíîâû è óòêà ïåðåïëåòàþòñÿ íå òîëüêî â ïëîñêîñòè îäíîãî ñëîÿ, íî è ìåæäó ñëî-
ÿìè, îáðàçóÿ òåì ñàìûì îáúåìíî-óïðî÷íåííóþ ñòðóêòóðó. [2-3]
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Äëÿ âûñîêîìîäóëüíûõ óãëåðîäíûõ è ñòåêëÿííûõ âîëîêîí íàèáîëåå ïðèåìëåìà ñõåìà òðåõ-
ìåðíîãî àðìèðîâàíèÿ, ïðè êîòîðîé âîëîêíà ñîõðàíÿþò ïðÿìîëèíåéíîñòü. Â ýòîì ñëó÷àå â
îäíîì èëè íåñêîëüêèõ íàïðàâëåíèÿõ ìîãóò áûòü óëîæåíû ðàçëè÷íûå âîëîêíà, áëàãîäàðÿ ÷åìó
îáðàçóåòñÿ ìíîãîêîìïîíåíòíàÿ ñèñòåìà, ÷òî ïîçâîëÿåò ïîëó÷àòü ìàòåðèàëû ñ íóæíûì êîìï-
ëåêñîì ñâîéñòâ.

Â ñâÿçè ñ ðàñøèðåíèåì îáëàñòåé ïðèìåíåíèÿ ÏÊÌ â àâèàñòðîåíèè, íåîáõîäèìîñòüþ ñíèæå-
íèÿ âåñà êîíñòðóêöèé è èõ ñòîèìîñòè âîçíèêëà ïîòðåáíîñòü â ïîëó÷åíèè òåõíîëîãè÷íûõ ïðå-
ôîðì ÏÊÌ ñëîæíîé êîíôèãóðàöèè. Ýòî ïðèâåëî ê óñêîðåíèþ ðàçðàáîòîê â îáëàñòè òåêñòèëüíûõ
òåõíîëîãèé è, â ÷àñòíîñòè, ê ïîëó÷åíèþ òðåõìåðíûõ òåêñòèëüíûõ ïðåôîðì ìåòîäîì ïëåòåíèÿ,
÷òî ïîçâîëèëî îáåñïå÷èòü ñîçäàíèå èçäåëèé, áëèçêèõ ê òðåáóåìîé ôîðìå, à òàêæå âûñîêóþ ñòå-
ïåíü àâòîìàòèçàöèè ïðîöåññà è ïîëó÷åíèÿ õîðîøèõ ïðî÷íîñòíûõ õàðàêòåðèñòèê ïðè âíåîñåâîì
íàãðóæåíèè äåòàëè.

Îäíàêî âûøåïåðå÷èñëåííûå ìåòîäû ïîëó÷åíèÿ 3-D çàãîòîâîê èìåþò îãðàíè÷åíèÿ ïî ðàçìå-
ðàì èçäåëèÿ è íå ìîãóò áûòü èñïîëüçîâàíû äëÿ ñîçäàíèÿ êðóïíîãàáàðèòíûõ çàãîòîâîê, òàêèõ êàê
îáøèâêè êðûëà ïëàíåðà èëè ðóëåé íàïðàâëåíèÿ ñîâðåìåííûõ òðàíñïîðòíûõ ñàìîëåòîâ.

Ïîýòîìó â ïîñëåäíèå ãîäû ïîëó÷èëà ðàçâèòèå äðóãàÿ òåõíîëîãèÿ ðàçðàáîòêè îáúåìíûõ çàãî-
òîâîê, à èìåííî òåõíîëîãèÿ ìíîãîñëîéíûõ ïðîøèâíûõ ïðåôîðì. Ýòîò ìåòîä ïðåäóñìàòðèâàåò
ïîñëîéíóþ âûêëàäêó ñëîåâ àðìèðóþùåãî íàïîëíèòåëÿ ñ îäíîâðåìåííîé èõ ïðîøèâêîé ïî òîë-
ùèíå (Z - ïðîøèâêà). Äëÿ ïîëó÷åíèÿ ïðîøèâíûõ çàãîòîâîê áûëè ñêîíñòðóèðîâàíû è âûïóñêà-
þòñÿ ñïåöèàëüíûå ìàøèíû, êîòîðûå ïîçâîëèëè ïîëó÷àòü çàãîòîâêè äëèíîé äî 15 ìåòðîâ, øè-
ðèíîé äî 3-õ ìåòðîâ è òîëùèíîé äî 4 ìì.

Èçâåñòíî, ÷òî ïðîøèâêà óãëåðîäíîãî íàïîëíèòåëÿ íå ïîâûøàåò ïðî÷íîñòíûå õàðàêòåðèñòèêè
ìàòåðèàëîâ è èõ ñäâèãîâóþ ïðî÷íîñòü, íî óâåëè÷èâàåò ñòîéêîñòü êîìïîçèòà ê óäàðó è ñíèæàåò
âåðîÿòíîñòü ðàññëîåíèÿ êîíñòðóêöèé èç êîìïîçèöèîííûõ ìàòåðèàëîâ ïðè ïðèëîæåíèè íàãðóçêè è â
ïðîöåññå ýêñïëóàòàöèè â ðàçëè÷íûõ êëèìàòè÷åñêèõ óñëîâèÿõ [4-7]. Êðîìå òîãî, òåõíîëîãèÿ ïðîøèâêè
ïîçâîëÿåò òàêæå óìåíüøèòü òðóäîåìêîñòü èçãîòîâëåíèÿ ïàêåòîâ íàïîëíèòåëåé çà ñ÷åò ôèêñàöèè ïðåä-
âàðèòåëüíî óëîæåííûõ ïîä ðàçíûìè óãëàìè ñëîåâ óãëåðîäíîé èëè ñòåêëÿííîé òêàíåé íà ñïåöèàëüíîì
ñòåíäå è âîçìîæíîñòè äàëüíåéøåãî ïåðåìåùåíèÿ ïàêåòà â îñíàñòêó äëÿ ôîðìîâàíèÿ êîíñòðóêöèé èç
êîìïîçèöèîííûõ ìàòåðèàëîâ. Ôîðìîâàíèå äåòàëåé íà îñíîâå òàêèõ ïðîøèòûõ àðìèðóþùèõ íàïîë-
íèòåëåé ïðîèçâîäèòñÿ, êàê ïðàâèëî, ìåòîäàìè ïðîïèòêè ïîä äàâëåíèåì ( RTM) èëè ïðîïèòêîé ïîä
âàêóóìîì (VaRTM).

Â çîíå óäàðíîãî âîçäåéñòâèè ïðîèñõîäèò ðàçðóøåíèå ïîëèìåðíîé ìàòðèöû è îòñëîåíèå ìàò-
ðèöû îò àðìèðóþùåãî íàïîëíèòåëÿ. Ïðè ýòîì íàèáîëüøåìó èçìåíåíèþ ïîäâåðãàåòñÿ ïðî÷íîñò-
íûå õàðàêòåðèñòèêè ïðè ñæàòèè, ïîýòîìó ñòîéêîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ ê óäàðó îöåíè-
âàåòñÿ îáû÷íî ïî âåëè÷èíàì ïëîùàäè ðàçðóøåíèÿ è îñòàòî÷íîé ïðî÷íîñòè ïðè ñæàòèè. Â ñòàòüå
ðàññìàòðèâàåòñÿ âëèÿíèå ïðîøèâêè íàïîëíèòåëÿ íà ñòîéêîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ (óã-
ëåïëàñòèêîâ è ñòåêëîïëàñòèêîâ) ê óäàðó.

Êîìïîçèöèîííûå ìàòåðèàëû èç óãëåðîäíûõ ÓÒ-900∗  è ñòåêëÿííûõ Ò-10(ÂÌÏ)-4ñ∗ òêàíåé ïðî-
øèòûõ â òðàíñâåðñàëüíîì íàïðàâëåíèè (20-30 ñëîåâ òêàíåé) èçãîòàâëèâàëèñü ìåòîäîì ïðîïèòêè
ïîä äàâëåíèåì íà îñíîâå ðàñïëàâà ïîëèöèàíóðàòíîãî ñâÿçóþùåãî ÂÑÒ-1210, ðàçðàáîòàííîãî âî
ÔÃÓÏ «ÂÈÀÌ».

 Ìåòîä ïðîïèòêè ïîä äàâëåíèåì RTM (Resin Transfer Molding) � çàêëþ÷àåòñÿ â òîì, ÷òî íàõîäÿ-
ùèéñÿ ïîä äàâëåíèåì â ñïåöèàëüíîì îáîãðåâàåìîì áà÷êå ðàñïëàâ ñâÿçóþùåãî ÂÑÒ-1210 ïîäàåòñÿ

∗Ðîññèéñêèå òîðãîâûå ìàðêè
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â æåñòêóþ ñîìêíóòóþ ôîðìó, â êîòîðîé íàõîäèòñÿ ïðåäâàðèòåëüíî óëîæåííûé è îòâàêóóìèðîâàí-
íûé ïàêåò àðìèðóþùåãî íàïîëíèòåëÿ, ïðîïèòûâàåò åãî, âûòåñíÿÿ ïî ìåðå çàïîëíåíèÿ ôîðìû
îñòàâøèéñÿ âîçäóõ. Îòâåðæäåíèå ïðîïèòàííîãî ïàêåòà îñóùåñòâëÿåòñÿ íåïîñðåäñòâåííî â ôîðìå
ïî çàäàííîìó ðåæèìó. Ðàçìåð, êîíôèãóðàöèÿ è òîëùèíà ôîðìóåìûõ äåòàëåé îïðåäåëÿþòñÿ ïðåä-
âàðèòåëüíî ñêîíñòðóèðîâàííîé îñíàñòêîé (ôîðìîé).

 Èñïûòàíèÿì íà óäàð ïîäâåðãàëèñü ïëîñêèå îáðàçöû ðàçìåðîì 140õ60 ìì. Óäàð íàíîñèëñÿ ïà-
äàþùèì èíäåíòîðîì ñî ñôåðè÷åñêîé ðàáî÷åé ïîâåðõíîñòüþ äèàìåòðîì 6 ìì. Ýíåðãèÿ óäàðà èç-
ìåíÿëàñü ïóòåì ðàçëè÷íîé âûñîòû ïîäúåìà èíäåíòîðà è âàðüèðîâàëàñü îò 2,5 äî 8 Äæ/ìì äëÿ
óãëåïëàñòèêîâ è îò 3,5 äî 5 Äæ/ìì äëÿ ñòåêëîïëàñòèêîâ.

 Ïëîùàäü ðàçðóøåíèÿ ïðè óäàðå îïðåäåëÿëàñü äëÿ ñòåêëîïëàñòèêîâ îïòè÷åñêèì ìåòîäîì íà
ïðîñâåò è àêóñòè÷åñêèì ìåòîäîì (òåíåâîé ñïîñîá) íà ïðèáîðå ÓÄ2-12 ñ ìàëîãàáàðèòíûì ïðåîá-
ðàçîâàòåëåì ÌÏÒ-1 è ýëàñòè÷íûìè ïðîòåêòîðàìè ïî èçìåíåíèþ ìîùíîñòè ñèãíàëà ïðè ïåðåìå-
ùåíèè äàò÷èêîâ âäîëü ïîâåðõíîñòè îáðàçöà, äëÿ óãëåïëàñòèêîâ � àêóñòè÷åñêèì ìåòîäîì. [8-9].
Ðàñ÷åò ïëîùàäè ðàçðóøåíèÿ ïðîâîäèëñÿ ïî ïðîãðàììå «Areas». Ñðàâíåíèå äâóõ ìåòîäîâ îöåíêè
îáëàñòåé ðàçðóøåíèÿ (àêóñòè÷åñêîãî è îïòè÷åñêîãî íà ïðîñâåò) ïîêàçàëî ñîâïàäåíèå ðåçóëüòàòîâ.
Ãðàíèöû äåôåêòíûõ îáëàñòåé íà ñòåêëîïëàñòèêå, èçìåðåííûå ðàçíûìè ñïîñîáàìè, ñîâïàëè.

Íà Ðèñ. 1 ïðåäñòàâëåíû îáðàçöû ñòåêëîïëàñòèêîâ íà îñíîâå ñòåêëÿííîãî íàïîëíèòåëÿ Ò-10(ÂÌÏ)-4ñ,
ïðîøèòîãî ðàçëè÷íûìè øâàìè, äî óäàðà (3 âåðõíèå ôîòîãðàôèè) è ïîñëå óäàðà (3 íèæíèå ôîòî-
ãðàôèè). Îáðàçåö 17-2 ïðîøèò çèãçàãîîáðàçíûì øâîì, îáðàçöû 19 è 20 ïðÿìûì øâîì.

Êàê âèäíî, ïëîùàäè ðàçðóøåíèÿ ïîñëå óäàðà ïðè ïðîøèâêå ïðÿìûì øâîì ìåíüøå, ÷åì ïðè
ïðîøèâêå çèãçàãîì. Íà Ðèñ. 2 ïðèâåäåíû ôîòîãðàôèè îáðàçöîâ óãëåïëàñòèêà íà íåïðîøèòûõ è
ïðîøèòûõ íàïîëíèòåëÿõ ïîñëå âîçäåéñòâèÿ óäàðíîé íàãðóçêè.

Ðèñ. 1 Õàðàêòåð ðàçðóøåíèÿ ñòåêëîïëàñòè-
êà ïîñëå óäàðà ñ ðàçëè÷íîé ïðîøèâêîé (ñì.
îáúÿñíåíèå â òåêñòå)
Fig. 1. A view of the specimens of glass fibre
reinforced plastics with various stitching after
impacting (see explanation in the text)

Ðèñ. 2 Õàðàêòåð ðàçðóøåíèÿ ïîñëå óäàðà óã-
ëåïëàñòèêà íà îñíîâå íåïðîøèòîé (ñëåâà) è
ïðîøèòîé (ñïðàâà) òêàíè ÓÒ-900.
A view of the specimens of carbon fibre reinforced
plastics without (left pictures) and with (at right
side) stitching after impacting the reinforcements
are carbon fabric UT-900.
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Ïëîùàäü äåôåêòíîé îáëàñòè, îïðåäåëåííàÿ àêóñòè÷åñêèì ìåòîäîì, íà ïðîøèòîì îáðàçöå ñî-
ñòàâëÿåò 811 ìì2, à íà íåïðîøèòîì ~ 950 ìì2.

Â ýòîì ñëó÷àå î÷åâèäíî, ÷òî ïîñëå óäàðíîãî âîçäåéñòâèÿ â ìàòåðèàëàõ ïîÿâëÿþòñÿ äåôåêòíûå
çîíû ðàçëè÷íîé âåëè÷èíû. Â ýòèõ çîíàõ íàáëþäàåòñÿ íàðóøåíèå ñïëîøíîñòè ìàòåðèàëà, ðàçðûâ
âîëîêîí è ðàññëîåíèå ìåæäó ñëîÿìè. Çîíà ðàçðóøåíèÿ èçìåíÿåòñÿ â çàâèñèìîñòè îò ýíåðãèè óäàðà
è ñïîñîáîâ ïðîøèâêè.

Ñ öåëüþ îöåíêè íåñóùåé ñïîñîáíîñòè ìàòåðèàëà ïîñëå óäàðà îïðåäåëÿëàñü îñòàòî÷íàÿ ïðî÷íîñòü
ïðè ñæàòèè (σ-â,îñò) êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå ïðîøèòûõ è íåïðîøèòûõ íàïîëíèòåëåé.
Èñïûòàíèÿ ïðîâîäèëèñü íà ïàðòèè èç 10 îáðàçöîâ, â Òàáë. 1 ïðèâåäåíû ïëîùàäè ðàçðóøåíèÿ ïîñëå
óäàðà è ðåçóëüòàòû ìåõàíè÷åñêèõ èñïûòàíèé íà ñæàòèå (ñðåäíèå âåëè÷èíû) êîìïîçèöèîííûõ ìàòåðè-
àëîâ íà îñíîâå ïðîøèòûõ òêàíûõ óãëåðîäíûõ íàïîëíèòåëåé ñ ðàçëè÷íûìè òèïàìè ïðîøèâêè.

 Êàê ñëåäóåò èç ïðèâåäåííûõ äàííûõ, ñ óâåëè÷åíèåì ýíåðãèè óäàðà ïëîùàäü ðàçðóøåíèÿ óãëå-
ïëàñòèêîâ íà íåïðîøèòûõ íàïîëíèòåëÿõ çàêîíîìåðíî âîçðàñòàåò ñ 500 ìì2 (2,5 Äæ/ìì) äî 1400
ìì2 (8 Äæ/ìì). Ïðè ýòîì ñîîòâåòñòâåííî ñíèæàþòñÿ âåëè÷èíà îñòàòî÷íîé ïðî÷íîñòè ïðè ñæàòèè

¹ 

ï/ï 

Âèä ïðîøèâêè Ýíåðãèÿ 
óäàðà, 

Äæ/ìì 

Ïëîùàäü 
ðàçðóøåíèÿ, 

ìì
2
 

σ-â, îñò , 

ÌÏà 

σ-â, îñ ò /σ-â , 

% 

1 Áåç ïðîøèâêè 2,5 502 193 35,0 

2 3,5 590 190 34,4 

3 5,0 950 154 28.0 

4 8,0 1400 137 25,0 

5 Ïðÿìîé øîâ  (2,5 ñò/ñì) 

Íèòü ÑÂÌ -180 òåêñ 

5,0 812 151 27,0 

6 8,0 850 125 22,0 

7 Ïðÿìîé øîâ  (2,5 ñò/ñì) 

Íèòü ÂÌÏ -180 òåêñ 

5,0 811 158 29,0 

8 8,0 815 157 28,0 

9 Ïðÿìîé øîâ (2,5 ñò/ñì) 

Íèòü êðåìí. -250 òåêñ 

5,0 890 139 25,0 

10 8,0 1120 138 25,0 

11 Çèãçàãîîáðàçíûé øîâ 

(3,9 ñò/ñì) 

Íèòü ÑÂÌ -29,4 òåêñ 

8,0 646 125 24,8 

12 Ïðÿìîé øîâ  (3,82 ñò/ñì) 

 
Íèòü ÑÂÌ -29,4 òåêñ 

5,0 510 172 35,0 

13 8,0 549 163 33,8 

 

Òàáëèöà 1
Âëèÿíèå ïðîøèâêè  íà ïëîùàäü   ðàçðóøåíèÿ   è îñòàòî÷íóþ   ïðî÷íîñòü

ïðè ñæàòèè óãëåïëàñòèêà
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Ðèñ. 3. Õàðàêòåð ðàçðóøåíèÿ îáðàçöîâ óãëåïëàñòèêà, ïîäâåðãíóòûõ óäàðíûì íàãðóçêàì ïðè
èñïûòàíèè íà ñæàòèå (ñì. îáúÿñíåíèå â òåêñòå)
A view of the specimens of carbon fibre reinforced plastics subjected to impact and then compression
(see explanation in the text)

                                                                  a)                                                                                                                á)

(σ-â,îñò) è ïðîöåíò ñîõðàíåíèÿ ïðî÷íîñòè (σ-â,îñò /σ-â), ãäå σ-â � ïðî÷íîñòü ïðè ñæàòèè èñõîäíîãî
îáðàçöà, ó-â,îñò ïðî÷íîñòü ïðè ñæàòèè îáðàçöà ïîñëå óäàðíîãî âîçäåéñòâèÿ.

Ïðîøèâêà âîëîêîí ñíèæàåò ïëîùàäü îáðàçîâàíèÿ äåôåêòîâ â îòâåðæäåííîì ìàòåðèàëå ïðè
óäàðå ñ ýíåðãèåé 5 Äæ/ìì ñ 950 ìì2 äî 810 - 812 ìì2. Ñ óâåëè÷åíèåì ýíåðãèè óäàðà äî 8 Äæ/ìì ýòà
ðàçíèöà âîçðàñòàåò. Ïðè èñïîëüçîâàíèè íåïðîøèòûõ íàïîëíèòåëåé ïëîùàäü ðàçðóøåíèÿ ñîñòàâ-
ëÿåò 1400 ìì2 , ïðîøèòûõ - 549 ìì2.

Ñîñòàâ ïðîøèâíîé íèòè òàêæå îêàçûâàåò âëèÿíèå íà êà÷åñòâî ïîâåðõíîñòè óãëåïëàñòèêîâ è
ïëîùàäü èõ ðàçðóøåíèÿ. Ïðè ïåðåõîäå îò òîëñòûõ íîìèíàëîâ, íàïðèìåð, êðåìíåçåìíîé ïðîøè-
âî÷íîé íèòè, ê òîíêèì íèòÿì èç ñòåêëà ÂÌÏ è îðãàíè÷åñêîé íèòè ÑÂÌ óëó÷øàåòñÿ ïîâåðõíîñòü
ìàòåðèàëà (îòñóòñòâèå âûêðàøèâàíèé), à ïëîùàäü ðàçðóøåíèÿ ñíèæàåòñÿ ñ 890 ìì2 äî 810 ìì2.
Ëó÷øèå ðåçóëüòàòû ïîëó÷åíû ïðè ïðîøèâêå íèòüþ ÑÂÌ ìèíèìàëüíîãî äèàìåòðà, îäíàêî î÷åíü
òîíêàÿ íèòü ÑÂÌ (14,7 òåêñ) ðâåòñÿ ïðè ïðîøèâêå, â ñâÿçè, ñ ÷åì äëÿ èçãîòîâëåíèÿ ïðîøèòûõ
îáðàçöîâ áûëà âûáðàíà íèòü ÑÂÌ íîìèíàëà 29,4 òåêñ.

 Ïîñëå âîçäåéñòâèÿ óäàðà ñ ýíåðãèåé 5 Äæ/ìì êîìïîçèöèîííûå ìàòåðèàëû íà îñíîâå ïðîøèòîãî óã-
ëåðîäíîãî íàïîëíèòåëÿ èç òêàíè ÓÒ-900 ñîõðàíÿþò îñòàòî÷íóþ ïðî÷íîñòü ïðè ñæàòèè íà óðîâíå 35%.
Ó ìàòåðèàëîâ íà îñíîâå íåïðîøèòûõ íàïîëíèòåëåé ïðîöåíò ñîõðàíåíèÿ ïðî÷íîñòè ïðè ñæàòèè ñî-
ñòàâëÿåò 28%. Ïðè óäàðå ñ ýíåðãèåé 8 Äæ/ìì ïðîöåíò ñîõðàíåíèÿ îñòàòî÷íîé ïðî÷íîñòè ïðè ñæàòèè
ñîñòàâèë 33,8% äëÿ óãëåïëàñòèêà íà ïðîøèòûõ íàïîëíèòåëÿõ è 25% íà íå ïðîøèòûõ íàïîëíèòåëÿõ.

 Èñïûòàíèÿ ïîêàçàëè, ÷òî ïðîøèâêà íàïîëíèòåëåé òàêæå èçìåíÿåò õàðàêòåð ðàçðóøåíèÿ êîì-
ïîçèöèîííîãî ìàòåðèàëà ïðè ñæàòèè (Ðèñ. 3 à, á).
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Âèäíî, ÷òî îáðàçöû íà îñíîâå ïðîøèòûõ íàïîëíèòåëåé (á) èìåþò ìåíåå äåôåêòíóþ çîíó ïî
ñðàâíåíèþ ñ îáðàçöàìè óãëåïëàñòèêîâ, íà íåïðîøèòûõ íàïîëíèòåëÿõ (à).

 Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ íà ñæàòèå ñòåêëîïëàñòèêà ïîñëå óäàðà ïðèâåäåíû â Òàáë.2.
Ïî ñðàâíåíèþ ñ óãëåïëàñòèêàìè äëÿ ñòåêëîíàïîëíèòåëÿ ïðîøèâêà áîëåå ýôôåêòèâíà. Ïðè ýíåð-

ãèè óäàðà 3,5 Äæ/ìì ïëîùàäü ðàçðóøåíèÿ ñòåêëîïëàñòèêà íà îñíîâå íåïðîøèòîãî íàïîëíèòåëÿ
ñîñòàâëÿåò 464 ìì2, íà îñíîâå ïðîøèòîãî - 275 ìì2. Ñ óâåëè÷åíèåì ýíåðãèè óäàðà äî 5 Äæ/ìì ýòà
ïëîùàäü óìåíüøàåòñÿ, ñîîòâåòñòâåííî, ñ 1380 ìì2 äî 448 ìì2. Äèàìåòð ïðîøèâíîé íèòè òàêæå
îêàçûâàåò âëèÿíèå íà êà÷åñòâî ïîâåðõíîñòè è ïëîùàäü ðàçðóøåíèÿ ñòåêëîïëàñòèêà. Òàê, ïðè óìåíü-
øåíèè äèàìåòðà ïðîøèâíîé íèòè ÑÂÌ ïëîùàäü ðàçðóøåíèÿ (ïðè ýíåðãèè óäàðà 3,5 Äæ/ìì) ñíè-
æàåòñÿ ñ 355 ìì2 äî 275 ìì2.

Êîìïîçèöèîííûå ìàòåðèàëû íà îñíîâå ñòåêëÿííûõ íàïîëíèòåëåé ìåíåå ÷óâñòâèòåëüíû ê óäàð-
íûì âîçäåéñòâèÿì, ÷åì óãëåïëàñòèêè. Â ñòåêëîïëàñòèêå íà îñíîâå âîëîêîí Ò-10(ÂÌÏ) - 4ñ ïîñëå
óäàðà ñ ýíåðãèåé 5 Äæ/ìì ïðîöåíò ñîõðàíåíèÿ ïðî÷íîñòè ïðè ñæàòèè ñ èñïîëüçîâàíèåì ïðîøè-
òûõ íàïîëíèòåëåé ñîñòàâëÿåò 46%, íåïðîøèòûõ - 35%.

Â ðàáîòå áûëî âûÿâëåíî, ÷òî íà õàðàêòåð ðàçðóøåíèÿ è îñòàòî÷íóþ ïðî÷íîñòü îêàçûâàþò âëè-
ÿíèå ìåòîä ïðîøèâêè, ïëîòíîñòü è ôîðìà ñòåæêà. Ïî ðåçóëüòàòàì ïðîâåäåííûõ èññëåäîâàíèé

¹ 

ï/ï 

Âèä 

ïðîøèâêè 

Ýíåðãèÿ óäàðà - 3,5 Äæ/ìì Ýíåðãèÿ óäàðà - 5 Äæ/ìì 

Ïëîùàäü 

Ðàçðóøåíèÿ 
ìì2 

σ-â îñ ò 
ÌÏà 

σ-â îñò /σ-â 

% 

Ïëîùàäü 

ðàçðóøåíèÿ 
ìì2 

σ-â îñò 
ÌÏà 

σ-â îñò/σ-â 

% 

1 Áåç ïðîøèâêè 464 307 41 1380 260 35 

2 Ïðÿìîé øîâ 

(2,5ñò/ñì) 

Íèòü ÑÂÌ-180 òåêñ. 

355 287 38 1225 236 31 

3 Ïðÿìîé øîâ 
(2,5ñò/ñì) 

Íèòü ÑÂÌ-29,4 òåêñ. 

441 345 43 1419 232 29 

4 Ïðÿìîé øîâ 

(2,5ñò/ñì) 
Íèòü ÑÂÌ-14,7 òåêñ. 

275 388 49 448 230 28 

5 Ïðÿìîé øîâ  
(2,79ñò/ñì) 

Íèòü ÑÂÌ-29,4 òåêñ. 

- - - 238 275 40 

6 Ïðÿìîé øîâ  

(3,82ñò/ñì) 
Íèòü ÑÂÌ-29,4 òåêñ 

 

- - - 296 349 46 

7 Çèãçàãîîáðàçíûé øîâ  

(3,9ñò/ñì) 

Íèòü  ÑÂÌ-29,4  
òåêñ. 

- - - 570 247 34 

 

Òàáëèöà 2
Âëèÿíèå òèïà ïðîøèâêè  íàïîëíèòåëÿ íà ïëîùàäü ðàçðóøåíèÿ è îñòàòî÷íóþ ïðî÷íîñòü

ñòåêëîïëàñòèêà ïðè ñæàòèè  ïîñëå óäàðà
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íàèëó÷øèå ðåçóëüòàòû áûëè ïîëó÷åíû íà îáðàçöàõ óãëåðîäíûõ è ñòåêëÿííûõ íàïîëíèòåëÿõ, ïðîøè-
òûõ øâåéíûì ìåòîäîì ñ èñïîëüçîâàíèåì ïðÿìîãî øâà ñ ïëîòíîñòüþ ïðîøèâêè 3,82 ñòåæêà íà ñàí-
òèìåòð è çèãçàãîîáðàçíîãî øâà ñ ïëîòíîñòüþ ïðîøèâêè 3,9 ñòåæêà íà ñàíòèìåòð. Ïðè èññëåäîâàíèè
ïðîìûøëåííûõ îáðàçöîâ ñ îäèíàêîâîé ïëîòíîñòüþ ïðîøèâêè ïðÿìîé øîâ ïîêàçàë ëó÷øèå ðåçóëüòàòû
ïî ñðàâíåíèþ ñ çèãçàãîîáðàçíûì - ïëîùàäü ðàçðóøåíèÿ ñíèçèëàñü ñ 570 ìì2 äî 296 ìì2, à ïðîöåíò
ñîõðàíåíèÿ îñòàòî÷íîé ïðî÷íîñòè ïîâûñèëñÿ ñ 33,5% äî 40%.

Òàêèì îáðàçîì, ïðîøèâêà òêàíûõ íàïîëíèòåëåé ïîçâîëÿåò çíà÷èòåëüíî óìåíüøèòü îáëàñòè
ðàçðóøåíèÿ è ïîâûñèòü îñòàòî÷íóþ ïðî÷íîñòü êîìïîçèöèîííûõ ìàòåðèàëîâ ïîñëå âîçäåéñòâèÿ
óäàðíûõ íàãðóçîê.
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1. Ââåäåíèå

Ïðîâåäåíèå ñåìèíàðîâ, êîíôåðåíöèé è íàó÷íûõ øêîë ÿâëÿåòñÿ îäíîé èç òðàäèöèé Êàðïîâñêî-
ãî èíñòèòóòà, è ïîçâîëÿåò ýôôåêòèâíî êîíòðîëèðîâàòü äèíàìèêó ðàçâèòèÿ èññëåäîâàíèé â ðàç-
ëè÷íûõ îáëàñòÿõ õèìèè è õèìè÷åñêîé òåõíîëîãèè. Öåëü íàñòîÿùåãî ñîîáùåíèÿ ñîñòîèò â îáçîðå
ñîâðåìåííûõ èññëåäîâàíèé ìîëîäûõ ó÷åíûõ è ñïåöèàëèñòîâ Ðîññèè, âûïîëíÿåìûõ â îáëàñòè
ôèçè÷åñêîé õèìèè è íàíîòåõíîëîãèé. Îáçîð ïîäãîòîâëåí ïî èòîãàì ðÿäà íàó÷íûõ ìåðîïðèÿòèé,
ïðîâåäåííûõ â 2012 ãîäó â ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà» â ðàìêàõ ðàáîò ïî ãîñóäàðñòâåí-
íûì êîíòðàêòàì ¹¹ 12.741.11.0023 è 12.741.11.0127, à èìåííî:

à) Âñåðîññèéñêîé ìîëîäåæíîé êîíôåðåíöèè «Íîâûå êîíñòðóêöèîííûå è ôóíêöèîíàëüíûå ìà-
òåðèàëû è òåõíîëîãèè èõ îáðàáîòêè» (Ìîñêâà � Áåêàñîâî, 17 � 20 àïðåëÿ 2012 ã.);

á) Ìåæäóíàðîäíîé ìîëîä¸æíîé íàó÷íîé øêîëû «Ôóíêöèîíàëüíûå íàíîêîìïîçèöèîííûå ìàòå-
ðèàëû è èõ ïðèìåíåíèå â àòîìíîé îòðàñëè», è â) Ìåæäóíàðîäíîé êîíôåðåíöèè, ïîñâÿù¸ííîé 80-
ëåòèþ íà÷àëà èññëåäîâàíèé â îáëàñòè ôèçèêè è õèìèè àýðîçîëåé â Êàðïîâñêîì èíñòèòóòå  (Ìîñêâà,
17 � 20 ñåíòÿáðÿ 2012 ã.).
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2. Òåîðåòè÷åñêèå è ïðèêëàäíûå àñïåêòû ïðèìåíåíèÿ íàíîêîìïîçèöèîííûõ ìàòåðèàëîâ
â íàóêå è òåõíèêå

Àñïèðàíòîì Òðîøåâûì À.À. èç Èðêóòñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà (ÃÓ) èçó÷åíû ñâîé-
ñòâà äâîéíûõ ýëåêòðè÷åñêèõ ñëî¸â (ÄÝÑ) â îáðàçöàõ ïîðòëàíäöåìåíòà (ÏÖ) ìàðîê 400, 500, à
òàêæå îáðàçöîâ ÏÖ-400, ìîäèôèöèðîâàííûõ íèçêîðàçìåðíîé ôðàêöèåé öåìåíòíîãî ïîðîøêà, ìå-
òîäàìè òåðìîñòèìóëèðîâàííîé è äèýëåêòðè÷åñêîé ñïåêòðîñêîïèè. Ïîêàçàíî, ÷òî ôîðìèðîâàíèå
ÄÝÑ ïðîèñõîäèò ïîä äåéñòâèåì âíóòðåííåé ñîáñòâåííîé ýëåêòðè÷åñêîé ýíåðãèè ñèñòåìû, à ìåæ-
ôàçíûìè ãðàíèöàìè ÿâëÿþòñÿ ðàçíîðîäíûå òâåðäûå è æèäêèå ïîëÿðíûå äèýëåêòðèêè.

Â ðàáîòå ñòóäåíòà Êóáàíñêîãî ÃÓ ×åðíÿåâîé Ì.À. ìåòîäîì ïîðîìåòðèè èññëåäîâàíî âëèÿ-
íèå ñòðóêòóðíîé îðãàíèçàöèè èîíîîáìåííûõ ìåìáðàí íà èõ èîííóþ ñåëåêòèâíîñòü. Ñäåëàí
âûâîä, ÷òî èç ïîðîìåòðè÷åñêèõ êðèâûõ ìîæíî äîñòàòî÷íî êîððåêòíî îöåíèòü èîííóþ ñåëåê-
òèâíîñòü èîíîîáìåííûõ ìåìáðàí.

Â ñîîáùåíèè àñïèðàíòà Ñîêîëîâà Â.Â. è ñîàâòîðîâ (ÌÃÒÈ èì. À.Í. Êîñûãèíà, ã. Ìîñêâà) çàê-
ëþ÷åíî, ÷òî ïåðñïåêòèâíûì ïîëèìåðîì äëÿ ñîçäàíèÿ ëå÷åáíûõ ïåðåâÿçî÷íûõ ìàòåðèàëîâ ÿâëÿ-
åòñÿ àìèíîñîäåðæàùèé ñîïîëèìåð ìåòèë(áóòèë)ìåòàêðèëàòà è ÷åòâåðòè÷íîé ñîëè äèìåòèëàìè-
íîýòèëìåòàêðèëàòà, èçâåñòíûé ïîä òîðãîâîé ìàðêîé Eudragit RS. Óëüòðàòîíêèå âîëîêíà íà îñíîâå
Eudragit RS áûëè ïîëó÷åíû ìåòîäîì ýëåêòðîôîðìîâàíèÿ (ÝÔ) â âèäå òîíêîãî ñëîÿ íåòêàíîãî òåê-
ñòèëüíîãî ìàòåðèàëà, êîòîðûé ìîæåò áûòü èñïîëüçîâàí â êà÷åñòâå ðàíåâîãî ïîêðûòèÿ, ñ îäíîé
ñòîðîíû, îêàçûâàþùåãî çàùèòíîå äåéñòâèå, à ñ äðóãîé � îáëàäàþùåãî âîçäóõîïðîíèöàåìîñòüþ.

Âîïðîñû èñïîëüçîâàíèÿ êåðàìè÷åñêèõ âûñîêîïîðèñòûõ áëî÷íî-ÿ÷åèñòûõ ìàòåðèàëîâ (ÂÏßÌ)
äëÿ î÷èñòêè ãàçîâûõ ñðåä îò ðàäèîàêòèâíûõ èçîòîïîâ öåçèÿ ðàññìîòðåíû â äîêëàäå ðóêîâîäè-
òåëÿ ãðóïïû öåíòðàëüíîé çàâîäñêîé ëàáîðàòîðèè Çàíîðû Þ.À. è ñîàâòîðîâ (ÔÃÓÏ ÍÏÎ «Ìàÿê»,
ã. Îçåðñê ×åëÿáèíñêîé îáëàñòè). Ôèëüòðû-ñîðáåíòû íà îñíîâå ÂÏßÌ ïðåäñòàâëÿþò ñîáîé êîðóí-
äîâûé áëî÷íî-ÿ÷åèñòûé êàðêàñ ñ ñîðáöèîííî-ñîñòàâíûì ñëîåì, íàíåñ¸ííûì ìåòîäîì ïîñëåäî-
âàòåëüíîé ïðîïèòêè è òåðìîîáðàáîòêè, â êîëè÷åñòâå äî 30% îò ìàññû êàðêàñà. Àêòèâíûé ñëîé
ñîñòîèò èç àìîðôíûõ ã-Al

2
O

3 
è SiO

2
 â ñîîòíîøåíèè 35:65% ìàññ. Ñîðáöèîííàÿ ̧ ìêîñòü âíîâü ðàç-

ðàáîòàííûõ ÂÏßÌ ñîñòàâèëà â ñðåäíåì 0,2 ã Cs íà 1 ã ôèëüòðà, ÷òî ïîêàçûâàåò èõ ïåðñïåêòèâ-
íîñòü è êîíêóðåíòîñïîñîáíîñòü â ñðàâíåíèè ñ äðóãèìè àëþìîñèëèêàòíûìè ôèëüòðàìè.

Â ñîîáùåíèè íàó÷íîãî ñîòðóäíèêà ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà» Öûðêèíîé Ò.Á. ïðåä-
ñòàâëåíû ðåçóëüòàòû ðàçðàáîòêè è èñïûòàíèé ïåðñïåêòèâíûõ ìèêðî- è íàíî- âîëîêíèñòûõ ôèëü-
òðóþùèõ ìàòåðèàëîâ äëÿ îñíàùåíèÿ ñðåäñòâ èíäèâèäóàëüíîé è êîëëåêòèâíîé çàùèòû îðãàíîâ
äûõàíèÿ ïåðñîíàëà ïðåäïðèÿòèé õèìè÷åñêîé è àòîìíîé îòðàñëè ïðîìûøëåííîñòè Ðîññèè îäíî-
âðåìåííî îò îçîíà è àýðîçîëåé.

Äîêëàä àñïèðàíòà ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà» Æóêîâîé Å.Â. è äð. áûë ïîñâÿù¸í
îñîáåííîñòÿì èçìåðåíèÿ ïàðàìåòðîâ ðàñïðåäåëåíèÿ ïî ðàçìåðàì è êîíöåíòðàöèé  àýðîçîëü-
íûõ ÷àñòèö â äèàïàçîíå 3 íì � 5 ìêì. Ê ýòèì îñîáåííîñòÿì îòíîñÿòñÿ (1) ÷óâñòâèòåëüíîñòü
èçìåðèòåëüíûõ ïðèáîðîâ, â îñîáåííîñòè âáëèçè ãðàíèö èçìåðåíèé; (2) âðåìÿ èçìåðåíèé, â
òå÷åíèå êîòîðîãî ìîæåò ïðîèñõîäèòü èçìåíåíèå äèñïåðñíîãî ñîñòàâà èññëåäóåìîé ñèñòåìû;
(3) ïðåäåëüíûå êîíöåíòðàöèè, êîòîðûå ìîãóò áûòü îïðåäåëåíû áåç ó÷¸òà ïîïàäàíèÿ íåñêîëü-
êèõ ÷àñòèö îäíîâðåìåííî â ñ÷¸òíûé îáú¸ì ðåãèñòðèðóþùåé ñèñòåìû. Ðàññìîòðåíû ðåçóëüòà-
òû ñðàâíèòåëüíûõ èçìåðåíèé àýðîçîëüíûõ ñèñòåì, ïðîâåä¸ííûõ â óíèâåðñèòåòå Ïàðèæà, â
ëàáîðàòîðèè TSI â Ààõåíå, â èíñòèòóòå Ôðàóíãîôåðà â Ãàííîâåðå. Àíàëèç ïîëó÷åííûõ ðåçóëü-
òàòîâ ïîêàçàë, ÷òî ðàñõîæäåíèå ïðè èçìåðåíèÿõ ðàçìåðîâ íå ïðåâûøàþò 10%, òî æå ñàìîå
êàñàåòñÿ èçìåðåíèé êîíöåíòðàöèé.
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Â äîêëàäå àñïèðàíòà Êàëà÷¸âîé À.À. (ÈÀÒÝ ÍÈßÓ ÌÈÔÈ, ã. Îáíèíñê Êàëóæñêîé îáëàñòè)
ñîîáùàåòñÿ î ðàçðàáîòêå óëüòðàôèëüòðàöèîííûõ (ÓÔ) ìåìáðàí èç ïîëèñóëüôîíîâ. Àâòîðîì áûëè
ïîëó÷åíû îáðàçöû ÓÔ ìåìáðàí ïðîèçâîäèòåëüíîñòüþ ïî âîäå 130, 350 è 550 ë/(ì2�àòì�÷), ñ ñîîò-
âåòñòâóþùèìè ãèäðîäèíàìè÷åñêèìè äèàìåòðàìè ïîð 15, 18 è 24 íì.

Ñîîáùåíèå ìëàäøåãî íàó÷íîãî ñîòðóäíèêà Õàð÷óêà Ñ.Å. (ÔÃÓÏ ÃÍÖ ÐÔ-ÔÝÈ èì. À.È. Ëåé-
ïóíñêîãî, ã. Îáíèíñê Êàëóæñêîé îáëàñòè) áûëî ïîñâÿùåíî ïðîáëåìå ðàçðàáîòêè è âíåäðåíèÿ íî-
âûõ âûñîêîòåìïåðàòóðíûõ ðåàêòîðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ. Ñîçäàíèå òàêèõ ìàòåðèàëîâ
ïîçâîëèò ïîäíÿòü òåìïåðàòóðó íà âûõîäå èç ðåàêòîðà äî çíà÷åíèé 1100-1200 °Ñ, ÷òî ïðåâûøàåò
íà 100-200 °Ñ ñîîòâåòñòâóþùèå çíà÷åíèÿ äëÿ ãàçîîõëàæäàåìûõ ðåàêòîðîâ è îòêðûâàåò êà÷åñòâåí-
íî íîâûå âîçìîæíîñòè ðåàêòîðîâ ñ òÿæåëûìè æèäêîìåòàëëè÷åñêèìè òåïëîíîñèòåëÿìè â ÷àñòè
òåõíèêî-ýêîíîìè÷åñêèõ ïîêàçàòåëåé è ýíåðãîòåõíîëîãèè. Ðàçðàáîòàíû îïûòíûå îáðàçöû êåðàìè-
÷åñêèõ ìàòåðèàëîâ íà îñíîâå íèòðèäà êðåìíèÿ, êàðáèäà êðåìíèÿ, îêñèäà àëþìèíèÿ è äèîêñèäà
öèðêîíèÿ áåç äîáàâîê è ñ äîáàâêàìè íàíîñòðóêòóðíîãî àýðîãåëÿ AlOOH, îáëàäàþùèõ ñëåäóþùè-
ìè õàðàêòåðèñòèêàìè: à) ìèêðîñòðóêòóðà: ñëîèñòî-âîëîêíèñòàÿ (äèàìåòð âîëîêîí 5�50 íì, ðàññòîÿ-
íèå ìåæäó âîëîêíàìè � 5�200 íì); á) ïëîòíîñòü îáðàçöîâ: 0,01�0,10 ã/ñì3; â) ïîðèñòîñòü îáðàçöîâ:
90�99 %; ã) óäåëüíàÿ ïîâåðõíîñòü (îòêðûòàÿ ïî ÁÝÒ): 200�800 ì2/ã.

Ðåçóëüòàòàì èññëåäîâàíèÿ ðàäèîëèçà ïðîïèëåíà áûë ïîñâÿùåí äîêëàä èíæåíåðà Ñòàðèöûíà
Ñ.Â. (ÎÀÎ «ÈÐÌ», ã. Çàðå÷íûé, Ñâåðäëîâñêàÿ îáëàñòü). Óñòàíîâëåíû ãðàíèöû ðàäèàöèîííîé è
ðàäèàöèîííî-õèìè÷åñêîé ñòîéêîñòè Ñ

3
Í

6
 â ïðîïèëåíî-âîçäóøíîé ñìåñè, ñîäåðæàùåé ~1,5% (îá.)

Ñ
3
Í

6
, ðàâíûå ñîîòâåòñòâåííî ~45 è ~75 Ìðàä. Ñêîðîñòü ðàäèîëèçà Ñ

3
Í

6
 â äèàïàçîíå ïîãëîù¸í-

íûõ äîç ~(8,5÷42,5) Ìðàä ðàâíà 4,35·10-2 % (îá.)/Ìðàä â ñóõîé ñðåäå, è ïðè äîçàõ ~(9,2÷75) Ìðàä
ñîñòàâëÿåò 2,24·10-2 % (îá.)/Ìðàä âî âëàæíîé ïðîïèëåíî-âîçäóøíîé ñðåäå.
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, à òàêæå, â çàâè-

ñèìîñòè îò ïîãëîùåííîé äîçû, îò òð¸õ äî äåâÿòè íåèäåíòèôèöèðîâàííûõ âåùåñòâ. Ñîäåðæàíèå
H
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2
 âîçðàñòàåò âî âñ¸ì èññëåäîâàííîì äèàïàçîíå ïîãëîù¸ííûõ äîç îò 0 äî ~100 Ìðàä.

Ñîäåðæàíèå àöåòèëåíà, ýòèëåíà è ýòàíà ìàêñèìàëüíî ïðè äîçå ~65 Ìðàä âî âëàæíîé è ïðè 40
Ìðàä â ñóõîé ïðîïèëåíî-âîçäóøíîé ñìåñè. Ïðè îáëó÷åíèè ñêîðîñòü ïîãëîùåíèÿ êèñëîðîäà â 4
ðàçà âûøå ïî ñðàâíåíèþ ñ èñïûòàíèÿìè âíå îáëó÷åíèÿ.

Çàìåñòèòåëåì ãåíåðàëüíîãî äèðåêòîðà Òîêîâûì Ñ.À. (ÎÎÎ «Ïîëèâóä», ã. Ìîñêâà) ñîîáùåíî, ÷òî
ïðè èññëåäîâàíèè äåôîðìàöèîííî-ïðî÷íîñòíûõ ñâîéñòâ îáðàçöîâ âûñîêîíàïîëíåííûõ äðåâåñíî-
ïîëèìåðíûõ êîìïîçèòîâ (ÄÏÊ, ñîîòíîøåíèå ÷àñòèö äðåâåñíîé ìóêè è ïîëèýòèëåíà (ÏÝ) � 80:20),
ïîëó÷åííûõ ìåòîäîì ýêñòðóçèè è îáëó÷åííûõ íà èñòî÷íèêå 60Ñî, âïåðâûå îáíàðóæåí ýôôåêò ðà-
äèàöèîííîé ìîäèôèêàöèè äåôîðìàöèîííûõ ñâîéñòâ ÄÏÊ. Â ðåçóëüòàòå ðàäèàöèîííîé îáðàáîò-
êè äîëãîâå÷íîñòü ÄÏÊ óâåëè÷èâàåòñÿ â 3 � 3,5 ðàçà.

Ñòóäåíòîì Ìóõèíîé Æ.Â. (ÐÕÒÓ èì. Ä.È. Ìåíäåëååâà, Ìîñêâà) ñ ïîìîùüþ ñîâðåìåííîãî âû-
ñîêîòî÷íîãî ìåòîäà èçìåðåíèÿ äåôîðìàöèè (ïðåäåë îáíàðóæåíèÿ äåôîðìàöèè � íå ìåíåå 0,15
ìêì), - ëàçåðíîé äîïëåðîâñêîé äåôîðìîìåòðèè, - èçó÷åíû ðàäèàöèîííî-èíäóöèðîâàííûå èçìå-
íåíèÿ äåôîðìàöèîííî-ïðî÷íîñòíûõ ñâîéñòâ øèðîêî èñïîëüçóåìîãî â òåõíèêå ïîëèìåðà � ïîëè-
òåòðàôòîðýòèëåíà (ÏÒÔÝ). Îáíàðóæåíî âîçíèêíîâåíèå ìíîãî÷èñëåííûõ ìèêðîôëóêòóàöèé ñêî-
ðîñòè ïîëçó÷åñòè ÏÒÔÝ íà ïëàñòè÷åñêîé ñòàäèè äåôîðìàöèè àìïëèòóäîé äî 10 ìêì/ñ. Íàáëþäà-
ëè ðàçðóøåíèå ïðè äåôîðìèðîâàíèè îáðàçöîâ ÏÒÔÝ, îáëó÷åííûõ äî äîç 20 � 30 êÃð.

Â äîêëàäå èíæåíåðà ÎÀÎ «ÎÊÁÌ Àôðèêàíòîâ» (ã. Íèæíèé Íîâãîðîä) Ìèõàéëîâà À.Ñ. ñîîáùà-
åòñÿ î ïîëó÷åíèè íàíî- è ìèêðîêðèñòàëëè÷åñêèõ òèòàíîâûõ ñïëàâîâ ñ îäíîâðåìåííî ïîâûøåí-
íîé ïðî÷íîñòüþ è êîððîçèîííîé ñòîéêîñòüþ ïóò¸ì èñïîëüçîâàíèÿ ìåòîäà ðàâíîêàíàëüíîãî óãëî-
âîãî ïðåññîâàíèÿ. Ïîêàçàíî, ÷òî óêàçàííûé ìåòîä ïîçâîëÿåò â Ti-ñïëàâàõ ñôîðìèðîâàòü îäíîðîä-
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íóþ ñòðóêòóðó ñ ðàçìåðîì çåðíà ìåíåå 0,5 ìêì, ÷òî ïðèâîäèò ê ïîâûøåíèþ ïðî÷íîñòè â 1,5 - 2,5
ðàçà ïî ñðàâíåíèþ ñ êðóïíîçåðíèñòûìè òèòàíîâûìè ñïëàâàìè.

Â èññëåäîâàíèè àñïèðàíòà Ñåìèíîé Ï.Í. (Èíñòèòóò ôèçèêè èì. Ë.Â. Êèðåíñêîãî ÑÎ ÐÀÍ, ã.
Êðàñíîÿðñê) óñòàíîâëåíî, ÷òî íàíîêîìïîçèòíûå ìàòåðèàëû è íàíîêîëëîèäû, ñîäåðæàùèå íåóïî-
ðÿäî÷åííûå, ëîêàëüíî àíèçîòðîïíûå àãðåãàòû ïëàçìîííî-ðåçîíàíñíûõ íàíî÷àñòèö (Í×) îáíàðó-
æèâàþò íåòðèâèàëüíûå îïòè÷åñêèå è íåëèíåéíî-îïòè÷åñêèå ñâîéñòâà â èìïóëüñíûõ ëàçåðíûõ
ïîëÿõ. Ðåàëèçîâàíà ñîãëàñóþùàÿñÿ ñ ýêñïåðèìåíòîì ìîäåëü ïðîÿâëåíèÿ ôîòîõðîìíûõ ýôôåêòîâ â
ìíîãî÷àñòè÷íûõ àãðåãàòàõ Í× ñåðåáðà ïðè îáëó÷åíèè èõ ëàçåðíûì ïèêîñåêóíäíûì èìïóëüñîì
âûñîêîé èíòåíñèâíîñòè. Èññëåäîâàíî âëèÿíèå ôàêòîðà ïîëèäèñïåðñíîñòè ðåçîíàíñíîãî äîìåíà
è àãðåãàòà Í× ñåðåáðà íà ôîòîìîäèôèêàöèþ.

Îá èñïîëüçîâàíèè ôóíêöèîíàëüíûõ íàíîêîìïîçèöèîííûõ ìàòåðèàëîâ â êàòàëèòè÷åñêîé ñòàäèè
ðàçëîæåíèÿ äåéòåðîâîäîðîäà â êðèîãåííîé ðåêòèôèêàöèè ñîîáùàåòñÿ â äîêëàäå âåäóùåãî èíæåíåðà
Ñåðãååâà Ì.Î. (ÔÃÁÎÓ ÂÏÎ «ÐÕÒÓ èì. Ä.È. Ìåíäåëååâà», ã. Ìîñêâà). Â ðàáîòå èññëåäîâàëèñü êàòàëè-
çàòîðû íà îñíîâå Í× ïëàòèíû, ïàëëàäèÿ, ðîäèÿ è ðóòåíèÿ. Ìîíî- è áèìåòàëëè÷åñêèå ÷àñòèöû ïîëó÷å-
íû õèìè÷åñêèì è ðàäèàöèîííî-õèìè÷åñêèì ñïîñîáàìè âîññòàíîâëåíèÿ â îáðàòíûõ ìèöåëëàõ. Ðåàê-
öèÿ äåéòåðîâîäîðîäíîãî îáìåíà èçó÷åíà â øèðîêîì èíòåðâàëå òåìïåðàòóð: îò 77 Ê äî êîìíàòíûõ. Ïðè
òåìïåðàòóðàõ íèæå 140 Ê ðåàêöèÿ ïðîòåêàåò ñ ýíåðãèåé àêòèâàöèè, áëèçêîé ê íóëþ, è ìîæåò áûòü
îïèñàíà ìåõàíèçìîì Èëè (Eley). Ïðè òåìïåðàòóðàõ âûøå 140 Ê êàæóùàÿñÿ ýíåðãèÿ àêòèâàöèè ñîñòàâ-
ëÿåò 8-11 êÄæ/ìîëü, è ðåàêöèÿ ìîæåò áûòü îïèñàíà ìåõàíèçìîì Áîíãîôôåðà-Ôàðêàñà.

Âûÿâëåíû çàâèñèìîñòè óäåëüíîé êàòàëèòè÷åñêîé àêòèâíîñòè îò ïðèðîäû ìåòàëëà è îò ðàçìå-
ðîâ ÷àñòèö. Çàâèñèìîñòü àêòèâíîñòè ïðè ïåðåõîäå îò îäíîãî ìåòàëëà ê äðóãîìó â ðàçíûõ òåìïåðà-
òóðíûõ äèàïàçîíàõ íîñèò ðàçëè÷íûé õàðàêòåð. Ñàìûì àêòèâíûì ìåòàëëîì â íèçêîòåìïåðàòóðíîé
îáëàñòè ÿâëÿåòñÿ ðîäèé, ïðè òåìïåðàòóðå âûøå 140 Ê íàèáîëåå àêòèâíûì ìåòàëëîì ñòàíîâèòñÿ
ïëàòèíà. Îáíàðóæåí «îòðèöàòåëüíûé» ðàçìåðíûé ýôôåêò: â äèàïàçîíå ðàçìåðîâ Í× îò 0,6 äî 6,5
íì àêòèâíîñòü óâåëè÷èâàåòñÿ ñ ðàçìåðîì ÷àñòèö.

Áèìîäàëüíûé õàðàêòåð ðàñïðåäåëåíèÿ Í× çîëîòà â âîäíûõ ðàñòâîðàõ â çàâèñèìîñòè îò êîíöåí-
òðàöèè öèòðàòà àììîíèÿ îáíàðóæåí â äîêëàäå àñïèðàíòà Äåðåâÿíêî Ä.È. èç Íîâîñèáèðñêîãî èí-
ñòèòóòà îðãàíè÷åñêîé õèìèè èì. Í.Í. Âîðîæöîâà ÑÎ ÐÀÍ, ã. Íîâîñèáèðñê. Í× çîëîòà â âîäíîì
ðàñòâîðå áûëè ïîëó÷åíû âîññòàíîâëåíèåì HAuCl

4
 öèòðàòîì àììîíèÿ ïðè íàãðåâàíèè ðàñòâîðà

äî 80 °Ñ ïðè èçìåíåíèè êîíöåíòðàöèé HAuCl
4 
â äèàïàçîíå 0,13-0,48 ìÌîëü/ë, öèòðàòà àììîíèÿ -

â äèàïàçîíå 0,6-2,3 ìÌîëü/ë.

3. Ñòðóêòóðà, ñâîéñòâà è ìåòîäû èçãîòîâëåíèÿ íàíîêîìïîçèöèîííûõ ìàòåðèàëîâ

Ïåðñïåêòèâû ñîçäàíèÿ ìåòîäîì ÝÔ ìàòåðèàëà äëÿ ëåéêîöèòàðíîé ôèëüòðàöèè íà îñíîâå ïîëè-
àìèäà-6/66 ðàññìîòðåíû â äîêëàäå àñïèðàíòà Ãðóçäåâà Í.À. (ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà», ã.
Ìîñêâà). Ïîêàçàíà ïðèíöèïèàëüíàÿ âîçìîæíîñòü ïîëó÷åíèÿ ìàòåðèàëîâ èç ïîëèàìèäà-6/66, ïî ñâîèì
ñòðóêòóðíûì õàðàêòåðèñòèêàì (ìàòåðèàëû ñî ñðåäíèì ðàçìåðîì ïîð îò 2 äî 6 ìêì) ïðèãîäíûõ äëÿ
ëåéêîöèòàðíîé ôèëüòðàöèè êðîâè. Â íàñòîÿùåå âðåìÿ ïðîâîäèòñÿ äîðàáîòêà òåõíîëîãè÷åñêîãî ïðî-
öåññà ÝÔ ñ öåëüþ ïîëó÷åíèÿ ôèëüòðóþùåãî ìàòåðèàëà ñ îïòèìàëüíûì êîìïëåêñîì ñâîéñòâ.

Â äîêëàäå ìëàäøåãî íàó÷íîãî ñîòðóäíèêà Ñìóëüñêîé Ì.À. (ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà, ã.
Ìîñêâà) ñîîáùàåòñÿ î ïîëó÷åíèè ìåòîäîì ÝÔ íàíîâîëîêíèñòîãî íåòêàíîãî ìàòåðèàëà èç ðàñòâîðà
ôòîðîïëàñòà Ô-42, êîòîðûé ìîæåò áûòü èñïîëüçîâàí â êà÷åñòâå ôèëüòðà äëÿ àâèàöèîííîãî òîïëèâà.

Â äðóãîì ñîîáùåíèè Ñìóëüñêîé Ì.À. îòìå÷àåòñÿ, ÷òî â íàñòîÿùåå âðåìÿ àññîðòèìåíò âîëîêíè-
ñòûõ ìàòåðèàëîâ, ïîëó÷àåìûõ ìåòîäîì ÝÔ, ðàñøèðÿåòñÿ êàê çà ñ÷¸ò ïðèìåíåíèÿ ìîäèôèöèðóþ-
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ùèõ äîáàâîê (Í×, êàó÷óêè, ÏÀÂ è äð.) ê óæå îñâîåííûì ïîëèìåðàì òèïà ôòîðîïëàñòîâ, õëîðèðî-
âàííîãî ïîëèâèíèëõëîðèäà è äð., òàê è çà ñ÷¸ò èñïîëüçîâàíèÿ ïîëèìåðîâ ñ óíèêàëüíûìè ñâîé-
ñòâàìè, â ÷àñòíîñòè, ïîëèâèíèëôîðìàëÿ (ÏÂÔ). Èññëåäîâàííûå ñâîéñòâà ìèêðî- è íàíîâîëîê-
íèñòûõ ìàòåðèàëîâ íà îñíîâå ÏÂÔ ïîçâîëÿþò ïðåäïîëàãàòü èõ äàëüíåéøåå ïðèìåíåíèå êàê â
êà÷åñòâå ïåðåâÿçî÷íûõ ìåäèöèíñêèõ èçäåëèé, òàê è â êà÷åñòâå ôèëüòðóþùèõ è âîäîîòäåëèòåëü-
íûõ ýëåìåíòîâ â ñèñòåìàõ î÷èñòêè òîïëèâ.

Â äîêëàäå çàìåñòèòåëÿ çàâåäóþùåãî ëàáîðàòîðèåé Êàïóñòèíà È.À. è ñîàâòîðîâ (ÔÃÓÏ «ÍÈÔ-
ÕÈ èì. Ë.ß. Êàðïîâà», ã. Ìîñêâà) ðàññìîòðåíû èòîãè ðàçðàáîòêè íîâûõ ôèëüòðóþùèõ ìàòåðèàëîâ
äëÿ óëàâëèâàíèÿ ðàäèîàêòèâíûõ àýðîçîëåé. Â êà÷åñòâå ïîëèìåðíîé îñíîâû äëÿ íîâîãî ôèëüòðóþ-
ùåãî ìàòåðèàëà áûë âûáðàí ïîëèñòèðîë, â ðåçóëüòàòå ÷åãî áûëà ñíèæåíà äî 380 °Ñ òåìïåðàòóðà
îçîëåíèÿ. Ýòî ïîçâîëÿåò èçáåæàòü ïîòåðü ðàäèîíóêëèäîâ (ïðåæäå âñåãî, èçîòîïîâ 137Cs) ïðè ïîä-
ãîòîâêå çîëüíûõ ïðåïàðàòîâ. Áûë ïðåäëîæåí êîìïîçèöèîííûé ìíîãîñëîéíûé ôèëüòðóþùèé ìà-
òåðèàë, ñîñòîÿùèé èç òð¸õ ñëî¸â. Ýòî ïîçâîëèëî óâåëè÷èòü ýôôåêòèâíîñòü óëàâëèâàíèÿ àòìîñ-
ôåðíîãî àýðîçîëÿ ôèëüòðóþùèì ìàòåðèàëîì è çíà÷èòåëüíî ïîâûñèòü åãî ïûëå¸ìêîñòü. Â ðåçóëü-
òàòå ýòîãî âîçìîæíî óâåëè÷åíèå ðåñóðñà àíàëèòè÷åñêîãî ôèëüòðóþùåãî ìàòåðèàëà äî 4-5 ðàç.

Ïðèìåíåíèå êðèòåðèàëüíûõ ïàðàìåòðîâ îöåíêè ðàñòâîðîâ ïîëè-n-âèíèëïèððîëèäîíà (ÏÂÏ)
äëÿ ÝÔ âîëîêîí îáñóæäàåòñÿ â ñîîáùåíèè àñïèðàíòà Ïåòðîâà À.Â. è ñîàâòîðîâ (ÃÒÀ ÒÕÒ, ã. Ìîñ-
êâà). Óñòàíîâëåíà ñâÿçü ìåæäó êîëè÷åñòâîì óçëîâ ôèçè÷åñêîé ñåòêè çàöåïëåíèé, ïðèõîäÿùèõñÿ íà
îäíó ìàêðîìîëåêóëó äëÿ ðàçíûõ ìîëåêóëÿðíûõ ìàññ ÏÂÏ, è âÿçêîñòüþ ïîëèìåðíûõ ðàñòâîðîâ. Â
êà÷åñòâå êðèòåðèåâ äëÿ îöåíêè ðåæèìà ÝÔ èñïîëüçîâàëè ïðèâåä¸ííûå çíà÷åíèÿ âÿçêîñòè è êîí-
öåíòðàöèè â êîîðäèíàòàõ óðàâíåíèÿ Ìàðòèíà, è êîëè÷åñòâîì çàöåïëåíèé íà îäíó ìàêðîìîëåêóëó.

Ðåçóëüòàòû èññëåäîâàíèÿ ðàçíîîáðàçíûõ ôîðì íàíî- è ìèêðîñòðóêòóð ñåðåáðà (ÍÌÑ), ñôîðìè-
ðîâàííûõ íà ïîâåðõíîñòè ÿäåðíûõ ìèêðîôèëüòðîâ (ßÌ) ìåòîäîì àýðîçîëüíîãî íàïûëåíèÿ, ðàñ-
ñìîòðåíû â äîêëàäå ñòóäåíòà Ãàäëåâñêîé À.Ñ. (ÔÃÁÎÓ ÂÏÎ «ÐÕÒÓ èì. Ä.È. Ìåíäåëååâà»). Ïðè-
âåäåíû ðåçóëüòàòû èññëåäîâàíèÿ ïîâåðõíîñòè èñõîäíûõ è ñîäåðæàùèõ ÍÌÑ ðàçëè÷íûõ âèäîâ
ßÌ ìåòîäàìè ðàñòðîâîé ýëåêòðîííîé (ÐÝÌ) è àòîìíî-ñèëîâîé ìèêðîñêîïèè (ÀÑÌ). Ñäåëàí âû-
âîä î çíà÷èòåëüíîì âëèÿíèè ìèêðîïîð íà ïðîöåññ ôîðìèðîâàíèÿ ÍÌÑ íà íà÷àëüíûõ ñòàäèÿõ
îáðàáîòêè ïîâåðõíîñòè ßÌ. Ïðèðîäà ýòîãî ýôôåêòà ìîæåò áûòü ñâÿçàíà ñ àýðîäèíàìè÷åñêèìè
óñëîâèÿìè ïðîõîæäåíèÿ àýðîçîëÿ ñåðåáðà ñêâîçü ïîðû ßÌ, õèìè÷åñêèì ñòðîåíèåì ïîäëîæêè,
îáú¸ìíîé êîíöåíòðàöèåé íàíî-/ìèêðî÷àñòèö ñåðåáðà â àýðîçîëå è ïðî÷èìè ôàêòîðàìè.

Ñîïîñòàâëåíèå ñâîéñòâ ðÿäà ìåòàëëè÷åñêèõ íàíîêàòàëèçàòîðîâ â ðåàêöèè îêèñëåíèÿ ìåòàíà
ïðîâåäåíî â äîêëàäå àñïèðàíòà Ãðèøèíîé Ì.À. (Õèìè÷åñêèé ôàêóëüòåò ÌÏÃÓ, ã. Ìîñêâà). Îïðå-
äåëåíà çàâèñèìîñòü ñåëåêòèâíîñòè îáðàçîâàíèÿ ôîðìàëüäåãèäà ïðè èñïîëüçîâàíèè â êà÷åñòâå
êàòàëèçàòîðà Í× çîëîòà ñ ðàçëè÷íûìè äîáàâêàìè. Ìàêñèìàëüíàÿ ñåëåêòèâíîñòü äîñòèãàåòñÿ ïðè
èñïîëüçîâàíèè â êà÷åñòâå FePO

4
.

Â ñîîáùåíèè íàó÷íîãî ñîòðóäíèêà Ëóêàíèíîé Ê.È. (ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà») ðàññìîò-
ðåíû ðåçóëüòàòû ðàáîò ïî èññëåäîâàíèþ âîëîêíèñòûõ ïîëèìåðíûõ ìàòåðèàëîâ èç áèîäåñòðóêòèðóå-
ìûõ è áèîñîâìåñòèìûõ ïîëèìåðîâ, â êà÷åñòâå êîòîðûõ èñïîëüçîâàëèñü ñîïîëèìåðû ïîëèëàêòèäà è
õèòîçàí, ñèíòåçèðîâàííûõ ìåòîäîì ÝÔ. Âíîâü ïîëó÷åííûå ìàòåðèàëû ïîçâîëÿò ñîçäàòü ìàòðèöû äëÿ
âûðàùèâàíèÿ êëåòî÷íûõ ñòðóêòóð, íàïðèìåð, ñòâîëîâûõ êëåòîê. Ýòî îòêðûâàåò ïóòü ê ñîçäàíèþ èìï-
ëàíòàòîâ ñ ïîâûøåííîé áèîñîâìåñòèìîñòüþ. Ðàçðàáîòàíà  îïûòíàÿ òåõíîëîãèÿ ïîëó÷åíèÿ èçäåëèé
íà îñíîâå ðàññìàòðèâàåìûõ èìïëàíòàòîâ â âèäå ñîñóäîâ äèàìåòðîì îò 1,0 äî 4,0 ìì. Èçäåëèÿ ïðîøëè
äîêëèíè÷åñêèå èñïûòàíèÿ íà æèâîòíûõ è ïîêàçàëè õîðîøèå ðåçóëüòàòû.

Öåëü ðàáîòû íàó÷íîãî ñîòðóäíèêà Íèêîëàåâîé À.Â. è äð. èç ÎÀÎ «ÍÈÈãðàôèò», ã. Ìîñêâà, � ðàçðà-
áîòêà êîììåð÷åñêè ïðèâëåêàòåëüíûõ è ýêîëîãè÷åñêè áåçâðåäíûõ ñïîñîáîâ ïîëó÷åíèÿ óñòîé÷èâûõ ñóñ-
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ïåíçèé óãëåðîäíûõ Í× â âîäå. Â êà÷åñòâå èñõîäíîãî ìàòåðèàëà äëÿ ïîëó÷åíèÿ ãðàôåíîâûõ ñóñïåíçèé
èñïîëüçîâàëñÿ ïîðîøîê ñðåäíåçåðíèñòîãî èñêóññòâåííîãî ãðàôèòà ìàðêè ÂÏÏ ñî ñðåäíèì ðàçìåðîì
÷àñòèö îêîëî 3 ìêì. Äëÿ ýêñôîëèàöèè ÷àñòèö ãðàôèòà èñïîëüçîâàëèñü ðàçëè÷íûå ÏÀÂ â êîíöåíòðà-
öèè 0,6 ìã/ìë. Ïîëó÷åííûå ñóñïåíçèè «ãðàôåíîâûõ» Í× èìåëè êîíöåíòðàöèþ îò 6 äî 30 ìã/ìë. Ïðèâå-
äåíû äàííûå î âðåìåííîé ñòàáèëüíîñòè äèôôåðåíöèàëüíûõ ôóíêöèé ðàñïðåäåëåíèÿ ÷àñòèö ïî ðàç-
ìåðàì, îïðåäåë¸ííûõ ìåòîäîì ëàçåðíîé äèôðàêöèè, äëÿ âîäíûõ ñóñïåíçèé ãðàôåíà â ïðèñóòñòâèè
ðàçëè÷íûõ ÏÀÂ. Ïðåäëîæåíà ìåòîäèêà, êîòîðàÿ ïîçâîëÿåò ïîëó÷àòü ñåäèìåíòàöèîííî-óñòîé÷èâûå
ñóñïåíçèè ãðàôåíîâûõ ñòðóêòóð ñ ðàçìåðîì ÷àñòèö îò 20 íì äî 1,5 ìêì â ïëîñêîñòè ñëîÿ.  Äàííûå
ñóñïåíçèè ïðèãîäíû äëÿ àíàëèçà îòäåëüíûõ ÷àñòèö è óñòàíîâëåíèÿ èõ ìîðôîëîãèè, à òàêæå äëÿ èñ-
ïîëüçîâàíèÿ ïðè ïîëó÷åíèè ýêñïåðèìåíòàëüíûõ íàíîñòðóêòóðèðîâàííûõ ìàòåðèàëîâ.

Â ðàáîòå èíæåíåðà-òåõíîëîãà òðåòüåé êàòåãîðèè Çàõàðû÷åâà Å.À. (ÔÃÓÏ «ÔÍÏÖ ÍÈÈÈÑ èì.
Þ.Å. Ñåäàêîâà», ã. Íèæíèé Íîâãîðîä) ïðîâåä¸í ñèíòåç ìîäèôèöèðîâàííûõ óãëåðîäíûõ íàíîòðó-
áîê (ÓÍÒ) ñ ðàçëè÷íûì ñîäåðæàíèåì êàðáîêñèëüíûõ ãðóïï, èçó÷åíî èçìåíåíèå ñòðóêòóðû íàíîò-
ðóáîê, èõ êà÷åñòâåííîãî è êîëè÷åñòâåííîãî ñîñòàâà â çàâèñèìîñòè îò ïðîäîëæèòåëüíîñòè ñèíòå-
çà. Èññëåäîâàíû ôèçèêî-ìåõàíè÷åñêèå, ýëåêòðîôèçè÷åñêèå è ðàäèîïîãëîùàþùèå ñâîéñòâà ýïîê-
ñèäíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ ñ ÓÍÒ â çàâèñèìîñòè îò èõ ñîäåðæàíèÿ è äîëè êàðáîêñèëü-
íûõ ãðóïï. Ïîêàçàíî, ÷òî íàèáîëåå ñèëüíîå âëèÿíèå íà ñâîéñòâà ïîëèìåðíûõ êîìïîçèòîâ (ïî
ñðàâíåíèþ ñ ÷èñòûì ïîëèìåðîì - óâåëè÷åíèå ïðî÷íîñòè â 2 ðàçà, ïðîâîäèìîñòè íà 13 ïîðÿäêîâ,
êîýôôèöèåíòà ïîãëîùåíèÿ ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ íà 3 ïîðÿäêà) îêàçûâàþò ìîäèôèöèðî-
âàííûå ÓÍÒ ñ ìàëûì ñîäåðæàíèåì êàðáîêñèëüíûõ ãðóïï.

Â äîêëàäå àñïèðàíòà Ïàâëîâà À.Ñ. è ñîàâòîðîâ (ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà», ã. Ìîñêâà)
ñîîáùàåòñÿ î ðåçóëüòàòàõ èññëåäîâàíèÿ ïðîöåññà ñøèâàíèÿ ôòîðñîäåðæàùèõ ïîëèìåðîâ ïîëè-
ôóíêöèîíàëüíûìè àìèíàìè ìåòîäîì äèýëåêòðè÷åñêîé ñïåêòðîñêîïèè. Îáíàðóæåíî, ÷òî ïîëè-
ôóíêöèîíàëüíûå àìèíû ñïîñîáíû ê ýôôåêòèâíîìó îòùåïëåíèþ (ýëèìèíèðîâàíèþ) ìîëåêóëû HF
îò îñíîâíîé ïîëèìåðíîé öåïè ñ îáðàçîâàíèåì äâîéíûõ ñîïðÿæåííûõ ñâÿçåé. Óñòàíîâëåíî îáðà-
çîâàíèå ñøèòîé ñòðóêòóðû âñëåäñòâèå ïðèñîåäèíåíèÿ ïîëèôóíêöèîíàëüíûõ àìèíîâ ïî êðàòíûì
ñâÿçÿì ïîëèìåðíûõ ìîëåêóë.

Â äîêëàäå Àðàê÷ååâà À.À. - ìëàäøåãî íàó÷íîãî ñîòðóäíèêà ÔÃÓÏ ÃÍÖ ÐÔ-ÔÝÈ èì. À.È. Ëåé-
ïóíñêîãî, ã. Îáíèíñê, - ðàññìîòðåíû ýìèññèîííûå ñâîéñòâà è ìåòîäû èçãîòîâëåíèÿ ïîêðûòèé íà
îñíîâå ëèíåéíî-öåïî÷å÷íîãî óãëåðîäà. Öåëü ðàáîòû - ýêñïåðèìåíòàëüíîå èññëåäîâàíèå îáðàçöîâ
ìàòåðèàëà êîëëåêòîðà òåðìîýìèññèîííîãî ïðåîáðàçîâàòåëÿ, ïðåäñòàâëÿþùèõ ñîáîé ïîäëîæêè èç
êðåìíèÿ ñ ïîêðûòèåì èç ëèíåéíî-öåïî÷å÷íîãî óãëåðîäà. Èññëåäîâàíèå îáðàçöîâ ïðîâîäèëèñü â
âàêóóìå 10-8 Ïà ìåòîäàìè êîíòàêòíîé ðàçíîñòè ïîòåíöèàëîâ è ýëåêòðîííîé Îæå-ñïåêòðîñêîïèè äëÿ
îïðåäåëåíèÿ âåëè÷èíû ðàáîòû âûõîäà è àíàëèçà ýëåìåíòíîãî ñîñòàâà ïîâåðõíîñòè îáðàçöîâ, ñîîò-
âåòñòâåííî, ïðè îòæèãå äî 800 Ê. Äîñòèãíóòà âåëè÷èíà ìèíèìàëüíîé ðàáîòû âûõîäà 3,2 ýÂ.

Èññëåäîâàíèþ îáùèõ çàêîíîìåðíîñòåé âîññòàíîâëåíèÿ Ðd2+ è ñòàáèëèçàöèè îáðàçóþùèõñÿ Í× ïàë-
ëàäèÿ áûë ïîñâÿù¸í äîêëàä Áàõòèåâîé Å.À. - àñïèðàíòà êàôåäðû ôèçè÷åñêîé õèìèè ÌÃÀ ÒÕÒ èì. Ì.Â.
Ëîìîíîñîâà, ã. Ìîñêâà. Èññëåäîâàíû îñíîâíûå êàíàëû îáðàçîâàíèÿ ïàëëàäèé-ñîäåðæàùèõ Í× â âîä-
íî-îðãàíè÷åñêèõ ðàñòâîðàõ. Ýêñïåðèìåíòàëüíî óñòàíîâëåíî, ÷òî äàæå â îòñóòñòâèå ñïèðòîâ â âîäíûõ
ðàñòâîðàõ õëîðèäà ïàëëàäèÿ ïðîòåêàþò ïðîöåññû àêâàòàöèè ñ ïîñëåäóþùåé äèññîöèàöèåé îáðàçóþ-
ùèõñÿ õëîðàêâàêîìïëåêñîâ ïàëëàäèÿ. Ìèíèìàëüíûé ðàçìåð îáðàçóþùèõñÿ Í× � 14,9 íì.

Îá îñîáåííîñòÿõ ñèíòåçà è èçó÷åíèè ñâîéñòâ âûñîêîýëàñòè÷íûõ ãèäðîãåëåé íà îñíîâå ïîëè-
âèíèëîâîãî ñïèðòà (ÏÂÑ) ñîîáùàåòñÿ â äîêëàäå Âåäåðíèêîâîé À.À. � ñòóäåíòà êàôåäðû ôèçè÷åñ-
êîé õèìèè ÌÃÀ ÒÕÒ èì. Ì.Â. Ëîìîíîñîâà, ã. Ìîñêâà. Óñòàíîâëåíî, ÷òî èñïîëüçîâàíèå ñìåøàí-
íûõ âîäíî-ãëèêîëåâûõ ñèñòåì ïîçâîëÿåò ïîëó÷àòü âûñîêîýëàñòè÷íûå ãèäðîãåëè íà îñíîâå ÏÂÑ,
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ïðî÷íîñòü è âðåìÿ îáðàçîâàíèÿ êîòîðûõ îïðåäåëÿåòñÿ íå òîëüêî êîíöåíòðàöèåé äèîëîâ, íî è èõ
òåðìîäèíàìè÷åñêèì ñðîäñòâîì ê ìîëåêóëàì âîäû. Ïîêàçàíî, ÷òî íà äèôôóçèîííûå õàðàêòåðèñòè-
êè ãèäðîãåëÿ ñóùåñòâåííî âëèÿåò ñòåïåíü êðèñòàëëè÷íîñòè  ïîñëåäíåãî, çàâèñÿùåãî îò ñðîêà åãî
âûäåðæêè ïîñëå îáðàçîâàíèÿ.

Â ñîîáùåíèè ñòóäåíòà ÔÃÁÎÓ ÂÏÎ «Êóáàíñêèé ÃÓ» Øêèðñêîé Ñ.À. è ñîàâòîðîâ îïèñàí ñïî-
ñîá ïîëó÷åíèÿ íàíîêîìïîçèòíûõ ìåìáðàí ÌÔ-4ÑÊ/ïîëèàíèëèí (ÏÀí) ñ ôèêñèðîâàííîé è ðåãó-
ëèðóåìîé òîëùèíîé ìîäèôèöèðîâàííîãî ñëîÿ. Ìîðôîëîãèÿ àíèçîòðîïíûõ êîìïîçèòîâ ÌÔ-4ÑÊ/
ÏÀí èçó÷åíà ìåòîäîì ÀÑÌ, è ïîêàçàíî, ÷òî Ïàí «ñãëàæèâàåò» ðåëüåô ïîâåðõíîñòè è ïðåäñòàâëÿ-
åò ñîáîé íåáîëüøèå ïëîñêèå ãðàíóëû â èíòåðâàëå 5-10 íì. Óñòàíîâëåíî, ÷òî ïîëó÷åííûå êîìïî-
çèòû ÌÔ-4ÑÊ/ÏÀí îáëàäàþò óëó÷øåííûìè ýëåêòðîõèìè÷åñêèìè õàðàêòåðèñòèêàìè ïî ñðàâíå-
íèþ ñ îáðàçöàìè, èìåþùèìè ãðàäèåíòíîå ðàñïðåäåëåíèå ïîëèàíèëèíà.

4. Ìîäåëèðîâàíèå ñòðóêòóðû è ñâîéñòâ íàíîêîìïîçèöèîííûõ ìàòåðèàëîâ

Â äîêëàäå Äîëãîïîëîâà Ñ.Â. � ñòóäåíòà ÔÃÁÎÓ ÂÏÎ «Êóáàíñêèé ÃÓ», - ñîîáùàåòñÿ î ðàçðà-
áîòêå íîâîé ìàòåìàòè÷åñêîé ìîäåëè, ïîçâîëÿþùåé îïèñûâàòü ñëîæíûå ïðîöåññû ýëåêòðî-
ìàññîïåðåíîñà â ìîäèôèöèðîâàííûõ èîíîîáìåííûõ ìåìáðàíàõ ñ àíèçîòðîïíîé ñòðóêòóðîé,
îáëàäàþùèõ àñèììåòðè÷íûìè òðàíñïîðòíûìè õàðàêòåðèñòèêàìè. Ñðàâíåíèå âåëè÷èí ïðå-
äåëüíûõ òîêîâ, ðàññ÷èòàííûõ ïî óðàâíåíèÿì ìîäåëè, ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ïîêà-
çàëî èõ óäîâëåòâîðèòåëüíîå ñîâïàäåíèå â ïðåäåëàõ 10-15%, ÷òî ïîäòâåðæäàåò àäåêâàòíîñòü
äàííîãî ïîäõîäà ê îöåíêå ïðåäåëüíîãî òîêà â ýëåêòðîìåìáðàííûõ ñèñòåìàõ ñ ïîâåðõíîñòíî
ìîäèôèöèðîâàííûìè ìåìáðàíàìè.

Ìîäåëèðîâàíèå ìàññîïåðåíîñà æèäêîñòè èç öèëèíäðà ÷åðåç ðàçíîâåëèêèå îòâåðñòèÿ ïðîâåäå-
íî â ðàáîòå Ñîðîêèíà È.Â. - àñïèðàíòà ÔÃÁÎÓ ÂÏÎ «ÌÀÒÈ-ÐÃÒÓ èìåíè Ê.Ý. Öèîëêîâñêîãî». Â
ðåçóëüòàòå îïðåäåëÿþòñÿ îñíîâíûå õàðàêòåðèñòèêè ïðîöåññà èñòå÷åíèÿ æèäêîñòè - óðîâåíü æèä-
êîñòè, ñêîðîñòü èñòå÷åíèÿ, ìàññîïåðåíîñ. Ïîäðîáíî èññëåäîâàíû ñëó÷àè îäíîóðîâíåâîãî (k = 0) è
ðàçíîóðîâíåâîãî (k ≠ 0) ðàñïîëîæåíèÿ îäèíàêîâûõ (p = 1) è ðàçíîâåëèêèõ (p ≠ 1) ìàëûõ îòâåð-
ñòèé. Ãðàôè÷åñêàÿ âèçóàëèçàöèÿ ðàñ÷¸òîâ îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ïðîãðàììû CWH, íàïèñàí-
íîé íà ÿçûêå MATLAB.

Â ñîîáùåíèè ñòóäåíòà êàôåäðû êàòàëèçà Õèìè÷åñêîãî ôàêóëüòåòà ÌÃÓ èìåíè Ì.Â. Ëîìîíî-
ñîâà Ðàòìàíîâîé Í.Ê. è ñîàâòîðîâ ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ àäñîðáöèè è àêòè-
âàöèè Ñ

2
H

4
 è Ñ

2
Í

2
 íà êëàñòåðàõ ðàçëè÷íîé ôîðìû è çàðÿäà è ïîâåðõíîñòè MgO (100). Â êà÷åñòâå

ìîäåëåé Í× áûëè ðàññìîòðåíû ïëîñêèé êëàñòåð Au
12

 (2D) è îáú¸ìíûé êëàñòåð Au
12

 (3D). Ðàñ÷¸-
òû áûëè âûïîëíåíû ìåòîäîì DFT/PBE ñ ó÷¸òîì ðåëÿòèâèñòñêèõ ýôôåêòîâ äëÿ àòîìîâ çîëîòà.
Äëÿ êàæäîãî óãëåâîäîðîäà áûëè âû÷èñëåíû òåïëîòû àäñîðáöèè (Q, 298Ê) êàê ðàçíèöà ïîëíûõ
ýíåðãèé ñ ïîïðàâêîé íà ýíòàëüïèþ. Ïðè àäñîðáöèè óãëåâîäîðîäîâ íà Au

12 
(2D) îáðàçóþòñÿ ð-

êîìïëåêñû ñ ó÷àñòèåì îäíîãî àòîìà êëàñòåðà. Ïðè àäñîðáöèè íà Au
12 

(3D) â ñëó÷àå Ñ
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åòñÿ ð-êîìïëåêñ, à â ñëó÷àå Ñ
2
Í

2
 - êîìïëåêñ òèïà «⊥ ìîñò». Óâåëè÷åíèå äëèí êðàòíûõ ñâÿçåé â

àäñîðáèðîâàííûõ êîìïëåêñàõ ãîâîðèò îá èõ çíà÷èòåëüíîé àêòèâàöèè. Ðàññ÷èòàííûå çíà÷åíèÿ
Q ñâèäåòåëüñòâóþò î ñåëåêòèâíîé àäñîðáöèè Ñ
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Í

2
 îòíîñèòåëüíî Ñ
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Í

4
 íà îáú¸ìíîì êëàñòåðå.

Äåòàëüíûé àíàëèç ìîëåêóëÿðíûõ îðáèòàëåé (ÌÎ) êîìïëåêñîâ ïîêàçàë, ÷òî âçàèìîäåéñòâèå óã-
ëåâîäîðîä-çîëîòî ïðîèñõîäèò ïî äîíîðíî-àêöåïòîðíîìó ìåõàíèçìó ñ ó÷àñòèåì ÂÇÌÎ óãëåâî-
äîðîäà è ÍÑÌÎ êëàñòåðà çîëîòà. Äëÿ Ñ

2
Í

2
 òàêæå ïîêàçàíà âîçìîæíîñòü äèññîöèàòèâíîé àäñîð-

áöèè ñ Q(2D) = 102 è Q(3D) = 133 êÄæ/ìîëü. Â ñëó÷àå çàðÿæåííûõ êëàñòåðîâ òåïëîòû àäñîðáöèè
âîçðàñòàþò ïî ñðàâíåíèþ ñ íåéòðàëüíûìè êëàñòåðàìè ïðè ñîõðàíåíèè îáùåé ãåîìåòðèè àä-
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ñîðáèðîâàííûõ êîìïëåêñîâ. Ýòî ñâÿçàíî ñ òåì, ÷òî ÍÑÌÎ çàðÿæåííîãî êëàñòåðà ëåæèò áëèæå ê
ÂÇÌÎ óãëåâîäîðîäà, ÷òî ñïîñîáñòâóåò ýôôåêòèâíîìó ñâÿçûâàíèþ. Ïðè àäñîðáöèè íà MgO (100)
ìîëåêóëû óãëåâîäîðîäîâ îðèåíòèðóþòñÿ ïàðàëëåëüíî ïîâåðõíîñòè. Òåïëîòû àäñîðáöèè Ñ

2
H

2
 è

C
2
H

4
 íà MgO (100) ñîñòàâèëè 16 è 34 êÄæ/ìîëü ñîîòâåòñòâåííî. Íèçêèå çíà÷åíèÿ ýíåðãèé àä-

ñîðáöèè è îòñóòñòâèå àêòèâàöèè êðàòíûõ ñâÿçåé ãîâîðÿò î ôèçè÷åñêîé ñîðáöèè óãëåâîäîðîäîâ.
Ìîäåëèðîâàíèå ïîâåäåíèÿ ïðÿìîóãîëüíûõ ïðèçì ïîëèìåòèëìåòàêðèëàòà (ÏÌÌÀ) â óñëîâè-

ÿõ ðàäèàöèîííîãî âîçäåéñòâèÿ è òåðìîóäàðà îñóùåñòâëåíî â ðàáîòå ñòóäåíòà ÔÃÁÎÓ ÂÏÎ ÌÈÝÌ
(ÒÓ) Â.À. Çåéãàðíèêà è ñîàâòîðîâ. Âîçäåéñòâèå íèçêèõ òåìïåðàòóð (òåðìîóäàð) íà îáðàçöû îá-
ëó÷åííîãî ÏÌÌÀ îñóùåñòâëÿëè ïóò¸ì ïîãðóæåíèÿ ïîëèìåðà â æèäêèé àçîò. Ïðè ýòîì íàáëþ-
äàëè ôîðìèðîâàíèå ñèñòåìû ìèêðîòðåùèí â îáðàçöàõ ÏÌÌÀ, îáëó÷åííûõ äîçàìè îò 100 äî
200 êÃð. Ðåçêîå îõëàæäåíèå îáðàçöîâ ÏÌÌÀ, îáëó÷åííûõ äî äîç 300 � 500 êÃð, ïðèâîäèëî ê
ïîëíîìó ðàçðóøåíèþ îáðàçöîâ. Ïîëÿ êðàòêîâðåìåííûõ òåðìîóïðóãèõ íàïðÿæåíèé ðàñòÿæåíèÿ
è ñæàòèÿ â îáú¸ìå áëî÷íîãî ÏÌÌÀ áûëè ðàññ÷èòàíû â ðàìêàõ ìîäåëè Â.È. Äàíèëîâñêîé. Òàê-
æå áûëî ðàññ÷èòàíî ïðåäåëüíîå âðåìÿ îõëàæäåíèÿ ïîëèìåðíîãî îáðàçöà â çàâèñèìîñòè îò ïî-
ãëîù¸ííîé äîçû.

Ñîîáùåíèå ñòàðøåãî íàó÷íîãî ñîòðóäíèêà Êèðøà Â.À. (ÈÔÕèÝ èì. À.Í. Ôðóìêèíà ÐÀÍ, ã.
Ìîñêâà) ïîñâÿùåíî ðàçðàáîòêå òåîðèè íåñòàöèîíàðíîé ôèëüòðàöèè àýðîçîëåé âîëîêíèñòûìè
ôèëüòðàìè, ïîñòðîåííîé íà ìîäåëè «çàïûëÿåìîãî ôèëüòðà» − ñèñòåìå âîëîêîí, ïîêðûòûõ ïîðèñ-
òûìè ïðîíèöàåìûìè îáîëî÷êàìè. Ýòà ìîäåëü äàåò âîçìîæíîñòü îöåíèâàòü ðåñóðñ ôèëüòðà áåç
ïðåäâàðèòåëüíûõ ýêñïåðèìåíòàëüíûõ äàííûõ î íà÷àëå çàáèâêè ôèëüòðà. Ïðè ýòîì, íà÷àëüíîå
ïðåäïîëîæåíèå î ïîñòîÿíñòâå òîëùèíû ïîðèñòîé îáîëî÷êè âîêðóã âîëîêíà (íàáëþäàåìîå ïðè
äèôôóçèîííîì îñàæäåíèè ÷àñòèö) ñóùåñòâåííî óïðîñòèëî ðåøåíèå çàäà÷è î íàõîæäåíèè ïîëÿ
òå÷åíèÿ, ðîñòà ïåðåïàäà äàâëåíèÿ è ýôôåêòèâíîñòè óëàâëèâàíèÿ ÷àñòèö. Àíàëèòè÷åñêè îïðåäå-
ëåíû îñíîâíûå ôóíêöèîíàëüíûå çàâèñèìîñòè äëÿ ïåðåïàäà äàâëåíèÿ è ïðîñêîêà ÷àñòèö ÷åðåç
ôèëüòð ñ ó÷¸òîì ðàñïðåäåëåíèÿ ðàñòóùåãî ïðîíèöàåìîãî îñàäêà ïî ãëóáèíå ôèëüòðà è åãî îáðàò-
íîãî âëèÿíèÿ íà ïîëå òå÷åíèÿ, è ïîëó÷åíî ñîãëàñèå ðàñ÷åòîâ ñ ýêñïåðèìåíòîì.

Òàêæå Êèðøîì Â.À. ðàçâèò ìåòîä ðàñ÷¸òà ïåðåïàäà äàâëåíèÿ â îñàäêå ÷àñòèö íà ïîâåðõíîñòè
âûñîêîýôôåêòèâíîãî ôèëüòðà. Ìåòîäîì áðîóíîâñêîé äèíàìèêè èññëåäîâàíà êèíåòèêà ðîñòà îñàä-
êà, îáðàçóþùåãîñÿ â ðåæèìå äèôôóçèîííîãî îñàæäåíèÿ ÷àñòèö. Ïîëó÷åíà ñâÿçü ìåæäó ïîðèñòî-
ñòüþ îñàäêà è äèôôóçèîííûì ÷èñëîì Ïåêëå. Ïîêàçàíî, ÷òî îñàäêè èìåþò äåíäðèòíóþ ñòðóêòó-
ðó, è ÷òî ñðåäíÿÿ ïëîòíîñòü óïàêîâêè îñàäêà ïðè Ðå>>1 íå ïðåâûøàåò 17%, ÷òî ñîãëàñóåòñÿ ñ
ýêñïåðèìåíòàìè è ñ èçâåñòíûìè ðàñ÷¸òàìè äëÿ ñëó÷àÿ áàëëèñòè÷åñêîãî îñàæäåíèÿ.

Äàëåå áûëî ðàññìîòðåíî äèôôóçèîííîå îñàæäåíèå òî÷å÷íûõ ÷àñòèö èç ïîòîêà ïðè ìàëûõ ÷èñ-
ëàõ Ðåéíîëüäñà â ìîäåëüíûõ ãðàíóëüíûõ (çåðíèñòûõ) ôèëüòðàõ − îòäåëüíûõ ñëîåâ ñîïðèêàñàþ-
ùèõñÿ ñôåðè÷åñêèõ ãðàíóë ñ êâàäðàòíîé è ãåêñàãîíàëüíîé óêëàäêîé. ×èñëåííûì ðåøåíèåì óðàâ-
íåíèé Ñòîêñà è êîíâåêòèâíîé äèôôóçèè îïðåäåëåíû ñèëû ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ
ãðàíóë F è êîýôôèöèåíòû çàõâàòà ÷àñòèö ãðàíóëàìè â çàâèñèìîñòè îò äèôôóçèîííîãî ÷èñëà Ïåêëå
(Pe) â äèàïàçîíå Pe = 0,02 − 2⋅104. Ïîëó÷åíû àïïðîêñèìàöèîííûå ôîðìóëû äëÿ ðàñ÷¸òà ïðîñêîêà
òî÷å÷íûõ ÷àñòèö ÷åðåç îòäåëüíûå ñëîè ãðàíóë, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû â êà÷åñòâå äèô-
ôóçèîííûõ áàòàðåé ïðè îïðåäåëåíèè êîýôôèöèåíòîâ äèôôóçèè ÷àñòèö.

5. Çàêëþ÷åíèå

Èç 36 ñîîáùåíèé ìîëîäûõ ó÷¸íûõ èçëîæåíèþ ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ èññëåäîâà-
íèé áûëî ïîñâÿùåíî 28 äîêëàäîâ; î ðàçðàáîòêå ìàòåìàòè÷åñêèõ ìîäåëåé è ðåçóëüòàòàõ òåîðåòè-
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÷åñêèõ èññëåäîâàíèé çàêîíîìåðíîñòåé ðàçëè÷íûõ ôèçèêî-õèìè÷åñêèõ ïðîöåññîâ â íàíîìàòå-
ðèàëàõ, ðàñ÷¸òàì ñòðóêòóðû è ñâîéñòâ Í× ñîîáùåíî â 8 äîêëàäàõ. Â ÷èñëå àâòîðîâ äîêëàäîâ
áûëî 12 àñïèðàíòîâ, 7 ñòóäåíòîâ è 14 ìîëîäûõ ó÷¸íûõ, ïðåäñòàâëÿþùèõ 21 âóç, ÍÈÈ è ïðåä-
ïðèÿòèÿ Ðîññèè èç Ìîñêâû (21 äîêëàä); Îáíèíñêà Êàëóæñêîé îáëàñòè (3); ïî äâà äîêëàäà � îò
Íèæíåãî Íîâãîðîäà è Êðàñíîäàðà; ïî îäíîìó äîêëàäó - îò ó÷àñòíèêîâ èç Îç¸ðñêà (×åëÿáèíñêàÿ
îáëàñòü), Çàðå÷íîãî (Ñâåðäëîâñêàÿ îáëàñòü), Êðàñíîÿðñêà è Íîâîñèáèðñêà.

Àíàëèç òåìàòèêè ïðåäñòàâëåííûõ ñîîáùåíèé ïîêàçûâàåò, ÷òî èññëåäîâàíèÿ ìîëîäûõ ó÷¸íûõ
Ðîññèè ðàçâèâàþòñÿ ïðåèìóùåñòâåííî â îáëàñòè ôèçèêè è õèìèè àýðîçîëåé (12 äîêëàäîâ), èçó÷å-
íèÿ ìåòîäîâ ñèíòåçà è ñâîéñòâ íàíîìàòåðèàëîâ (15), ðàäèàöèîííîãî ìàòåðèàëîâåäåíèÿ (3), àä-
ñîðáöèè è êàòàëèçà (2), ìåìáðàííûõ òåõíîëîãèé (3).

Òåîðåòè÷åñêèå è ïðàêòè÷åñêèå àñïåêòû èçãîòîâëåíèÿ è ïðèìåíåíèÿ íàíîâîëîêîí íà îñíîâå
ðàçëè÷íûõ ïîëèìåðîâ  ìåòîäîì ÝÔ ÿâëÿþòñÿ îñíîâíîé òåìîé ñîîáùåíèé â îáëàñòè ôèçèêè è
õèìèè àýðîçîëåé. Îòñóòñòâóþò ñîîáùåíèÿ, ïîñâÿù¸ííûå èçó÷åíèþ çàêîíîìåðíîñòåé ïðîöåññîâ
èñïàðåíèÿ/ êîíäåíñàöèè, ïðèâîäÿùèõ ê îáðàçîâàíèþ àýðîçîëåé. Ðàçðàáîòêå ìåòîäîâ äèàãíîñòèêè
ñîñòàâà àýðîçîëåé â îêðóæàþùåé ñðåäå îñâÿù¸í òîëüêî îäèí äîêëàä.

Èçó÷åíèå ðàçëè÷íûõ ìåòîäîâ ñèíòåçà è ñâîéñòâ íàíîìàòåðèàëîâ è Í× ñëåäóåò ñ÷èòàòü îñíîâíûì
íàïðàâëåíèåì èññëåäîâàíèé ìîëîäûõ ó÷¸íûõ Ðîññèè. Òåìàòèêà ïðåäñòàâëåííûõ ñîîáùåíèé âåñü-
ìà ðàçíîîáðàçíà, ÷òî îáóñëîâëåíî ïðàêòè÷åñêîé çíà÷èìîñòüþ ïðîâîäèìûõ èññëåäîâàíèé: êàê ïðà-
âèëî, ðàçðàáîòêà íàíîìàòåðèàëîâ îñóùåñòâëÿåòñÿ â ñîîòâåòñòâèè ñ êîíêðåòíî ïîñòàâëåííîé çàäà-
÷åé (ñîçäàíèå íàíîìàòåðèàëîâ ñ çàðàíåå çàäàííûìè îïòè÷åñêèìè, ýëåêòðîôèçè÷åñêèìè, ïðî÷íîñò-
íûìè è äð. ñâîéñòâàìè). Ìîæíî îòìåòèòü ñîîáùåíèÿ, ïîñâÿù¸ííûå èçó÷åíèþ ìåõàíèçìîâ ïðîöåñ-
ñîâ, îïðåäåëÿþùèõ ðàäèàöèîííóþ ñòîéêîñòü íàíîìàòåðèàëîâ ïðè ýêñïëóàòàöèè â ðåàêòîðå è ïîëÿõ
èîíèçèðóþùèõ èçëó÷åíèé, à òàêæå ñîõðàíÿþùóþñÿ òåíäåíöèþ ê èçó÷åíèþ àäñîðáöèîííî-êàòàëè-
òè÷åñêèõ è ôèëüòðàöèîííûõ õàðàêòåðèñòèê íàíî-/ìèêðîñòðóêòóðèðîâàííûõ ïîðèñòûõ ìàòåðèàëîâ.

Â öåëîì, èòîãè íàó÷íûõ ìåðîïðèÿòèé, ïðîâåä¸ííûõ â ÔÃÓÏ «ÍÈÔÕÈ èì. Ë.ß. Êàðïîâà» â òå÷å-
íèå 2012 ãîäà, ïîêàçûâàþò, ÷òî â ðåøåíèå ðàçíîîáðàçíûõ ïðîáëåì ôèçè÷åñêîé õèìèè è íàíîòåõíî-
ëîãèé çíà÷èòåëüíûé âêëàä âíîñÿò èññëåäîâàíèÿ, ïðîâîäèìûå ìîëîäûìè ó÷åíûìè è ñïåöèàëèñòà-
ìè èç ðàçëè÷íûõ ðåãèîíîâ ñòðàíû. Ïðè âûïîëíåíèè ÍÈÐ èñïîëüçóþòñÿ ñîâðåìåííûå ìåòîäû èñ-
ñëåäîâàíèé; êàê ïðàâèëî, ðàáîòû ìîëîäûõ ó÷åíûõ è ñïåöèàëèñòîâ âûïîëíÿþòñÿ â ðàìêàõ ãîñóäàð-
ñòâåííûõ êîíòðàêòîâ è ïðîåêòîâ ÐÔÔÈ. Ìîæíî ñäåëàòü âûâîä î ñóùåñòâîâàíèè óñòîé÷èâîãî èíòå-
ðåñà íàó÷íîé ìîëîä¸æè ñòðàíû ê èññëåäîâàíèÿì â îáëàñòè ôèçè÷åñêîé õèìèè è íàíîòåõíîëîãèé, è
î ïðîòåêàíèè ïðîöåññîâ ôîðìèðîâàíèÿ íàó÷íîé ñìåíû ïðàêòè÷åñêè ïî âñåì íàïðàâëåíèÿì, âêëþ-
÷¸ííûì â íàó÷íóþ ïðîãðàììó ìåðîïðèÿòèé, ïðîâåä¸ííûõ â Êàðïîâñêîì èíñòèòóòå â 2012 ãîäó.

Íàñòîÿùåå èññëåäîâàíèå âûïîëíåíî ïðè ïîääåðæêå Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîñ-
ñèè (ãîñóäàðñòâåííûé êîíòðàêò ¹ 11.519.11.6032) è Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëå-
äîâàíèé (ïðîåêò ¹ 12-08-00437).
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