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Òðàäèöèîííî ïðèìåíÿåìûå ìåòîäû îöåíêè ñâîéñòâ ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòå-

ðèàëîâ (ÏÊÌ) â áîëüøèíñòâå ñëó÷àåâ äàþò îáîáùåííóþ êàðòèíó è ëèøü íåêîòîðûå èç íèõ

ïîçâîëÿþò ïîëó÷èòü áîëåå äåòàëüíóþ èíôîðìàöèþ. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâà-

íèÿ îòôîðìîâàííûõ ìåòîäîì èíôóçèè îáðàçöîâ óãëåïëàñòèêà. Ìèêðîòâåðäîñòü ïîëèìåð-

íîé ìàòðèöû îáðàçöîâ òîëùèíîé îêîëî 8 ìì îöåíèâàëè íà ïîïåðå÷íûõ øëèôàõ â äâóõ

âçàèìíî ïåðïåíäèêóëÿðíûõ ïëîñêîñòÿõ (áîêîâîé è òîðöåâîé ïîâåðõíîñòÿõ) ïðè íàãðóçêå

íà èíäåíòîð ìèêðîòâåðäîìåðà 10 ã (0,1 Í). Óñòàíîâëåíî, ÷òî âåëè÷èíà ìèêðîòâåðäîñòè

ìàòðèöû óãëåïëàñòèêà ïî òîëùèíå îáðàçöà (îò ëèöåâîé ê åãî îáîðîòíîé ïîâåðõíîñòè) ìå-

íÿåòñÿ ïî ïàðàáîëè÷åñêîìó çàêîíó ñ ìàêñèìàëüíûìè çíà÷åíèÿìè â ñåðäöåâèíå è ìèíèìà-

ëüíûìè â ïîäïîâåðõíîñòíûõ çîíàõ. Ïîëó÷åííûå ãðàôè÷åñêèå çàâèñèìîñòè èçìåíåíèÿ

ìèêðîòâåðäîñòè ïî òîëùèíå â äâóõ âçàèìíî ïåðïåíäèêóëÿðíûõ ïëîñêîñòÿõ îêàçàëèñü ïî-

äîáíû (êîýôôèöèåíòû îáúåìíîé àíèçîòðîïèè ïðàêòè÷åñêè ñîâïàäàþò). Ñ ïîìîùüþ ìèê-

ðîñêîïè÷åñêèõ èññëåäîâàíèé ïîïåðå÷íûõ øëèôîâ âûÿâëåíà ñòðóêòóðà èññëåäóåìîãî óãëå-

ïëàñòèêà, îöåíåíû òîëùèíû ìàòðèöû è ñëîåâ óãëåðîäíîãî íàïîëíèòåëÿ, îïðåäåëåíû ñõå-

ìû âûêëàäêè è îðèåíòàöèè ëåíò èç óãëåðîäíîãî íàïîëíèòåëÿ. Èññëåäîâàíû çîíû, â êîòî-

ðûõ îïðåäåëÿëè ìèêðîòâåðäîñòü ìàòðèöû. Èçîáðàæåíèÿ øëèôîâ ñ îòïå÷àòêàìè èíäåíòî-

ðà ñâèäåòåëüñòâóþò î òîì, ÷òî èçìåðåíèÿ ïðîâîäèëè íåïîñðåäñòâåííî íà ìàòðèöå, ïðè÷åì

â çîíàõ, ñâîáîäíûõ îò íàïîëíèòåëÿ. Èñïîëüçîâàíèå òàêîé äèôôåðåíöèàëüíîé õàðàêòåðè-

ñòèêè, êàê ìèêðîòâåðäîñòü, äàåò âîçìîæíîñòü îöåíèòü ñâîéñòâà ìàòðèöû â êàæäîé êîíê-

ðåòíîé ñòðóêòóðíîé ñîñòàâëÿþùåé, ÷òî ìîæåò áûòü ïîëåçíî ïðè êîíòðîëå õàðàêòåðèñòèê

îòôîðìîâàííûõ êîíñòðóêöèé èç ÏÊÌ.
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Traditional methods used for assessing the properties of polymer composite materials (PCM) in most

cases present a generalized picture and only few of them provide more detailed information. We present

the results of studying carbon fiber samples molded using the infusion method with a thickness of about

8 mm. The microhardness of the PCM matrix was measured on transverse sections in two mutually per-

pendicular planes, named side and end surfaces, load of a microhardness indenter being 10 g (0.1 N). The

studies revealed that the microhardness of the carbon fiber matrix in depth from the front surface of the

sample to opposite one varies according to a parabolic law with maximum values in the core and minimum

values in the subsurface zones. Moreover, statistical calculations showed the significance of differences in

the microhardness values measured in two mutually perpendicular planes. The obtained graphical

dependences of the microhardness variation measured over the thickness of the samples in two mutually

perpendicular planes are similar in shape, whereas the volume anisotropy coefficients are almost equal.

Microscopic studies of transverse sections of the samples revealed the structure of the studied carbon fiber

reinforced plastic, provided determination of the thickness of the matrix and layers of the carbon filler, as
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well as the layout and orientation of the carbon filler tapes. The results of microscopic studies of zones in

which the matrix microhardness was measured directly are also presented along with the obtained images

of thin sections with indenter prints of the microhardness tester which indicate that the measurements

were carried out directly on the matrix in areas free of the filler. The use of microhardness as a differential

characteristic made it possible to evaluate the properties of the matrix in each specific structural compo-

nent. The results can be used in assessing the properties of molded PCM structures.

Keywords: carbon fiber reinforced plastic (carbon plastic); matrix; filler; microhardness; exothermic ef-

fects; molding defects.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ øèðîêîå ðàñïðîñòðàíåíèå

â àâèàöèîííîé ïðîìûøëåííîñòè ïîëó÷èëè ïîëè-

ìåðíûå êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ) [1].

Èñïîëüçîâàíèå â ÏÊÌ ñâÿçóþùèõ íîâîãî ïîêî-

ëåíèÿ ïîçâîëèëî îáåñïå÷èòü ìàòåðèàëàì óïðóãî-

ïðî÷íîñòíûå õàðàêòåðèñòèêè, íåîáõîäèìûå äëÿ

ïîâûøåíèÿ ðàáîòîñïîñîáíîñòè êîíñòðóêöèé [2].

Ïî ìåðå âñå áîëüøåãî ïðèìåíåíèÿ ïîëèìåð-

íûõ êîìïîçèöèé â ïðîìûøëåííîñòè óâåëè÷èâà-

þòñÿ è îáúåìû èññëåäîâàíèé èõ ìåõàíè÷åñêèõ è

ôèçè÷åñêèõ ñâîéñòâ, à òàêæå òåõíîëîãè÷åñêèõ ðå-

æèìîâ è ïðèåìîâ èçãîòîâëåíèÿ [3 – 7].

Ñâîéñòâà ñîâðåìåííûõ ÏÊÌ îïðåäåëÿþòñÿ

íå òîëüêî ñîñòàâàìè ïîëèìåðíîãî ñâÿçóþùåãî è

àðìèðóþùåãî íàïîëíèòåëÿ, õîòÿ è îíè âàæíû,

íî è òåõíîëîãè÷åñêèìè ïðîöåññàìè èõ ôîðìîâà-

íèÿ (òåìïåðàòóðíî-âðåìåííûìè ðåæèìàìè, ñïî-

ñîáàìè ïîäâîäà òåïëà è îõëàæäåíèÿ, ñòåïåíüþ

âàêóóìèðîâàíèÿ è äð.) [8 – 11]. Âìåñòå ñ òåì ìà-

òåìàòè÷åñêèå ìåòîäû èññëåäîâàíèÿ è ìîäåëèðî-

âàíèå ïðîöåññîâ îòâåðæäåíèÿ è ïîëó÷àåìûõ

ñâîéñòâ ïîçâîëÿþò ñîçäàâàòü ÏÊÌ ñ çàäàííûìè

õàðàêòåðèñòèêàìè [12 – 14].

Ìèêðîòâåðäîñòü — äèôôåðåíöèàëüíûé ïî-

êàçàòåëü, õàðàêòåðèçóþùèé ñâîéñòâà èññëåäó-

åìîãî ìàòåðèàëà â îïðåäåëåííîé ñòðóêòóðíîé

ñîñòàâëÿþùåé [15, 16]. Èññëåäîâàíèÿ ïîêàçàëè,

÷òî ýêñòðåìàëüíûå çíà÷åíèÿ ìèêðîòâåðäîñòè

ïðèõîäÿòñÿ íà ñåðåäèíó âûñîòíîãî ñå÷åíèÿ îò-

âåðæäåííîãî ñâÿçóþùåãî, à õàðàêòåð åå èçìåíå-

íèÿ ïî òîëùèíå îáðàçöà ïîä÷èíÿåòñÿ ïàðàáîëè-

÷åñêîé çàâèñèìîñòè [17 – 19]. Ïîñêîëüêó ïðîöåññ

ïîëèìåðèçàöèè ñâÿçóþùåãî â îáúåìå ïðîèñõîäèò

íåðàâíîìåðíî, òî âïîëíå âîçìîæíî ïðîÿâëåíèå

àíèçîòðîïèè ñâîéñòâ ïîñëå åãî îòâåðæäåíèÿ ïî

òîëùèíå [20].

Öåëü ðàáîòû — èññëåäîâàíèå îáðàçöîâ óãëå-

ïëàñòèêà, îòôîðìîâàííûõ ìåòîäîì èíôóçèè, ïó-

òåì îöåíêè ìèêðîòâåðäîñòè ìàòðèöû â äâóõ âçà-

èìíî ïåðïåíäèêóëÿðíûõ ïëîñêîñòÿõ âûñîòíîãî

ñå÷åíèÿ.

Ìåòîäû, ìàòåðèàëû, îáîðóäîâàíèå

Èññëåäîâàëè îòôîðìîâàííûå ìåòîäîì èíôó-

çèè îáðàçöû óãëåïëàñòèêà (òîëùèíà — 8 ìì) íà

îñíîâå ðàñïëàâíîãî ýïîêñèäíîãî ñâÿçóþùåãî

PRISM EP2400 (ïðîèçâîäèòåëü Solvey Group) è

íàïîëíèòåëÿ â âèäå ëåíòû èç óãëåðîäíîãî âîëîê-

íà Toray T700. Ìèêðîòâåðäîñòü ìàòðèöû ÏÊÌ

îïðåäåëÿëè ñ ïîìîùüþ ìèêðîòâåðäîìåðà ÏÌÒ-

3Ì (ÃÎÑÒ 9450 – 76) (íàãðóçêà íà èíäåíòîð —

10 ã (0,1 Í)) â äâóõ âçàèìíî ïåðïåíäèêóëÿðíûõ

ïëîñêîñòÿõ (áîêîâîé è òîðöåâîé) (ðèñ. 1).

Ëèíèè, ïî êîòîðûì ïðîâîäèëè èçìåðåíèÿ,

ðàñïîëàãàëèñü îò ëèöåâîé ïîâåðõíîñòè îáðàçöà

íà ãëóáèíàõ 0,5, 2, 4, 6 è 7,5 ìì (ñèììåòðè÷íî îò-

íîñèòåëüíî ñåðäöåâèíû îáðàçöà). Óñëîâíî âûäå-

ëèì ñëåäóþùèå çîíû: ïîäïîâåðõíîñòíûå (ãëóáè-

íà çàëåãàíèÿ — 0,5 è 7,5 ìì); ïîëóñðåäíèå (2 è

6 ìì); ñåðäöåâèííóþ (ãëóáèíà çàëåãàíèÿ —

4 ìì). Â êàæäîé èç çîí äåëàëè ïî 12 óêîëîâ èí-

äåíòîðîì. Ïî ñðåäíèì çíà÷åíèÿì äèàãîíàëåé ïî-

ëó÷åííûõ îòïå÷àòêîâ ðàññ÷èòûâàëè çíà÷åíèå

ìèêðîòâåðäîñòè.

Ìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ øëèôîâ

ïðîâîäèëè íà ìåòàëëîãðàôè÷åñêîì èíâåðòèðî-

âàííîì ìèêðîñêîïå «Îëèìïóñ».

Â êà÷åñòâå êîëè÷åñòâåííîé õàðàêòåðèñòèêè

àíèçîòðîïèè èçìåíåíèÿ ìèêðîòâåðäîñòè ìàòðè-

öû èñïîëüçîâàëè áåçðàçìåðíûé êîýôôèöèåíò

îáúåìíîé àíèçîòðîïèè (B), êîòîðûé îïðåäåëÿëè

ïî ôîðìóëå

B = (Hìñ – Hìï)/Hìñ,

ãäå Hìñ, Hìï — çíà÷åíèÿ ìèêðîòâåðäîñòè â ñåðä-

öåâèííîé è ïîäïîâåðõíîñòíîé (íåïîñðåäñòâåííî

ïîä ëèöåâîé ïîâåðõíîñòüþ) çîíàõ âûñîòíîãî ñå-

÷åíèÿ îáðàçöà.
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Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ ïëîñêîñòåé äëÿ îïðåäåëå-

íèÿ ìèêðîòâåðäîñòè ïî òîëùèíå îáðàçöà

Fig. 1. The arrangement of planes for measuring micro-

hardness over the thickness of the sample



Ñòàòèñòè÷åñêóþ îáðàáîòêó ðåçóëüòàòîâ èçìå-

ðåíèÿ äèàãîíàëåé îòïå÷àòêîâ îñóùåñòâëÿëè

ñòàíäàðòíûìè ìåòîäàìè [21].

Îáñóæäåíèå ðåçóëüòàòîâ

Ðåçóëüòàòû èçìåðåíèé äèàãîíàëåé îòïå-

÷àòêîâ è çíà÷åíèé ìèêðîòâåðäîñòè ìàòðèöû äëÿ

òîðöåâîé è áîêîâîé ïëîñêîñòåé ïðèâåäåíû â

òàáëèöå. Âèäíî, ÷òî ðàçáðîñ çíà÷åíèé äèàãîíà-

ëåé îòïå÷àòêîâ íåâåëèê (<1 ìêì).

Íà ðèñ. 2 ïðèâåäåíû çàâèñèìîñòè ìèêðîòâåð-

äîñòè ìàòðèöû îò ãëóáèíû çàëåãàíèÿ.

Âèäíî, ÷òî êðèâûå èçìåíåíèÿ ìèêðîòâåð-

äîñòè èìåþò ïàðàáîëè÷åñêóþ ôîðìó. Â ïîäïî-

âåðõíîñòíûõ è ïîëóñðåäíèõ çîíàõ (ãëóáèíà çàëå-

ãàíèÿ — 0,5, 7,5 è 2, 6 ìì) ðàçíèöà ìåæäó çíà÷å-

íèÿìè ìèêðîòâåðäîñòè ìèíèìàëüíà è ñîñòàâëÿåò

7 – 8 ÌÏà, à â ñåðäöåâèííîé ÷àñòè (ãëóáèíà çàëå-

ãàíèÿ — 4 ìì) âîçðàñòàåò äî 14 ÌÏà. Ïðè ýòîì

êîýôôèöèåíò B äëÿ òîðöåâîé ïîâåðõíîñòè ñî-

ñòàâëÿåò 0,19, äëÿ áîêîâîé — 0,18.

Ïîñêîëüêó âåëè÷èíû ìèêðîòâåðäîñòè â îäíî-

èìåííûõ çîíàõ âçàèìíî ïåðïåíäèêóëÿðíûõ

ïëîñêîñòåé îòëè÷àþòñÿ íåçíà÷èòåëüíî, ïðîâåëè

ñòàòèñòè÷åñêóþ îáðàáîòêó ðåçóëüòàòîâ èçìåðå-

íèÿ äèàãîíàëåé îòïå÷àòêîâ èíäåíòîðà è ðàññ÷è-

òàëè ñðåäíåêâàäðàòè÷åñêèå îòêëîíåíèÿ äëÿ ïîä-

ïîâåðõíîñòíûõ è ñåðäöåâèííûõ çîí. Óñòàíîâèëè,

÷òî ìèêðîòâåðäîñòü ïîäïîâåðõíîñòíîé çîíû â

òîðöåâîé ïëîñêîñòè ìåíÿåòñÿ îò 214 äî 216, à â

áîêîâîé — îò 208 äî 209 ÌÏà. Â ñåðäöåâèííîé

çîíå òîðöåâîé ïëîñêîñòè èíòåðâàë èçìåíåíèé ñî-

ñòàâëÿåò 265 – 268, â áîêîâîé — 252 – 254 ÌÏà.

Òàê êàê äèàïàçîíû íå ïåðåêðûâàþò äðóã äðóãà,

òî ïîëó÷åííûå ðàçëè÷èÿ â çíà÷åíèÿõ ìèêðîòâåð-

äîñòè âçàèìíî ïåðïåíäèêóëÿðíûõ ïëîñêîñòåé

ñëåäóåò ñ÷èòàòü çíà÷èìûìè, ÷òî ñâèäåòåëüñòâóåò

î âîçìîæíîñòè íàëè÷èÿ êðèñòàëëè÷åñêîé ñîñòàâ-

ëÿþùåé â îòâåðæäåííîì ñâÿçóþùåì.

Íà ðèñ. 3 ïðèâåäåíû ñòðóêòóðû îáðàçöà ñ

ðàçìåðàìè ñëîåâ ìàòðèöû è íàïîëíèòåëÿ. Âèäíî,

÷òî ñëîè íàïîëíèòåëÿ 1, 2 è 3 îðèåíòèðîâàíû

ïåðïåíäèêóëÿðíî ïëîñêîñòè øëèôà, ïàðàëëåëü-

íî åé èëè ïîä óãëîì ñîîòâåòñòâåííî. Ìåæäó íèìè

è íàä ñëîåì ïàðàëëåëüíûõ ïëîñêîñòè øëèôà âî-

ëîêîí 2 ðàñïîëàãàþòñÿ ñëîè ìàòðèöû 4 è 5. Ïðî-

ñëåæèâàþòñÿ îòäåëüíûå ó÷àñòêè 6, â êîòîðûõ îò-

ñóòñòâóåò íàïîëíèòåëü, è îáëàñòü èñêðèâëåíèÿ

óãîëüíîé ëåíòû 7.

Íà ðèñ. 4 ïîêàçàíû îòïå÷àòêè èíäåíòîðà â

ïîäïîâåðõíîñòíîé è ñåðäöåâèäíîé çîíàõ øëèôà.

Âèäíî, ÷òî â ïîäïîâåðõíîñòíîé çîíå óêîë èíäåí-

òîðà 1 ïðèõîäèòñÿ íåïîñðåäñòâåííî â ìàòðèöó 2

è íå çàäåâàåò íàïîëíèòåëü 3. Äåôåêò ôîðìîâà-

íèÿ (4) êîìïîçèòà ñâÿçàí ñ ðàçðûâîì óãëåëåíòû.

Â ñåðäöåâèííîé îáëàñòè îòïå÷àòêè èíäåíòîðà 1

ôèêñèðîâàëè â ìàòðèöå 2 ìåæäó ïàðàëëåëüíûìè

è ïåðïåíäèêóëÿðíûìè ïëîñêîñòè øëèôà ñëîÿìè

íàïîëíèòåëÿ 3. Îáëàñòü íàíåñåíèÿ óêîëà ñîñòàâ-

ëÿëà 40 – 50 ìêì, ÷òî îáåñïå÷èâàëîñü ìàëîé

(10 ã) íàãðóçêîé íà èíäåíòîð.
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Ðåçóëüòàòû èññëåäîâàíèé äëÿ òîðöåâîé (÷èñëèòåëü) è áîêîâîé (çíàìåíàòåëü) ïëîñêîñòåé îáðàçöà

The results obtained for the end (in the numerator) and side (in the denominator) sample planes

Ãëóáèíà,

ìì
Çíà÷åíèå äèàãîíàëè îòïå÷àòêà, ìêì

Ñðåäíåå çíà÷åíèå

äèàãîíàëè

îòïå÷àòêà, ìêì

Ìèêðîòâåðäîñòü,

ÌÏà

0,5 29,16/29,47 29,15/29,45 28,45/29,76 29,06/29,79 30,07/29,46 28,06/29,21

29,16/29,16 29,13/29,77 29,07/29,15 29,16/29,45 28,76/29,48 29,15/29,77

29,03/29,49 216/209

2 27,02/27,41 27,09/27,95 27,33/27,94 27,33/27,94 27,34/27,63 27,63/27,94

27,63/27,94 27,35/27,93 27,63/27,65 27,34/27,63 27,33/27,66 27,33/27,65

27,36/27,77 243/236

4 25,82/26,42 26,12/26,73 25,81/27,03 25,51/26,72 26,42/27,03 26,42/27,03

26,14/27,02 26,18/26,72 26,42/26,72 26,11/26,73 26,30/26,78 26,11/26,73

26,11/26,81 267/253

6 27,33/27,94 27,39/27,96 27,02/27,96 27,04/27,63 27,33/27,95 27,33/27,69

27,37/27,63 27,64/27,94 27,63/27,95 27,03/27,66 27,63/27,65 27,43/27,63

27,35/28,80 243/235

7,5 28,84/29,76 29,16/29,45 29,16/29,26 29,15/29,45 29,45/29,77 29,16/29,76

28,85/29,76 29,46/29,15 29,15/29,46 29,16/29,67 28,55/29,49 28,86/29,47

29,08/29,54 215/208

2

1

Ðèñ. 2. Çàâèñèìîñòè ìèêðîòâåðäîñòè ìàòðèöû îò ãëóáè-

íû çàëåãàíèÿ â áîêîâîé (1) è òîðöåâîé (2) ïëîñêîñòÿõ

Fig. 2. The dependences of the microhardness of the ma-

trix on the depth of occurrence in the lateral (1) and end (2)

planes



Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

óãëåïëàñòèêà íà îñíîâå ðàñïëàâíîãî ýïîêñèäíîãî

ñâÿçóþùåãî PRISM EP2400 è íàïîëíèòåëÿ â

âèäå ëåíòû èç óãëåðîäíîãî âîëîêíà Toray T700

âûÿâèëè ïàðàáîëè÷åñêèå çàâèñèìîñòè èçìåíå-

íèÿ ìèêðîòâåðäîñòè ìàòðèöû ïî òîëùèíå îáðàç-

öà âî âçàèìíî ïåðïåíäèêóëÿðíûõ ïëîñêîñòÿõ.

Ïðè ýòîì ìàêñèìàëüíûå çíà÷åíèÿ ïðèõîäèëèñü

íà ñåðåäèíó ñå÷åíèÿ, à ìèíèìàëüíûå — íà ïîä-

ïîâåðõíîñòíûå çîíû. Ñòàòèñòè÷åñêàÿ îáðàáîòêà

ðåçóëüòàòîâ èçìåðåíèé äèàãîíàëåé îòïå÷àòêîâ

ïîäòâåðäèëà çíà÷èìîñòü ïîëó÷åííûõ äàííûõ.

Àíèçîòðîïèÿ ñâîéñòâ ïîëèìåðíîé ìàòðèöû ïî

òîëùèíå îáðàçöà (êîýôôèöèåíò îáúåìíîé àíèçî-

òðîïèè) ñîñòàâèëà 0,19 è 0,18 äëÿ òîðöåâîé è áî-

êîâîé ïëîñêîñòåé ñîîòâåòñòâåííî. Èññëåäîâàíèÿ

ñòðóêòóðû êîìïîçèòà ïîêàçàëè, ÷òî ÷åðåäîâàíèå

ñëîåâ íàïîëíèòåëÿ è ìàòðèöû äîñòàòî÷íî ñòà-

áèëüíîå, õîòÿ è èìåþò ìåñòî îòäåëüíûå ñòðóê-

òóðíûå äåôåêòû.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ ðåàëèçàöèè êîì-

ïëåêñíîãî íàó÷íîãî íàïðàâëåíèÿ 13.2 «Êîíñòðóê-

öèîííûå ÏÊÌ» («Ñòðàòåãè÷åñêèå íàïðàâëåíèÿ

ðàçâèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîò-

êè íà ïåðèîä äî 2030 ãîäà») [22].
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Fig. 3. Structures of the carbon fiber reinforced plastic

sample at different magnification
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and core (b) areas
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