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Ïðèíÿòà ê ïóáëèêàöèè 28 àïðåëÿ 2023 ã.

Ñëîèñòûå ïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ) íà îñíîâå óãëåðîäíîãî âîëîê-

íà è ýïîêñèäíîãî ñâÿçóþùåãî øèðîêî ïðèìåíÿþò â êîíñòðóêöèè ïàññàæèðñêèõ ñàìîëåòîâ.

Èç ÏÊÌ âûïîëíÿþò êàê ñëàáîíàãðóæåííûå, òàê è îñíîâíûå ñèëîâûå ýëåìåíòû ïëàíåðà

ñàìîë¸òîâ. Â ïðîèçâîäñòâå óðîâåíü ìåõàíè÷åñêèõ õàðàêòåðèñòèê äëÿ âñåõ ñèëîâûõ ýëåìåí-

òîâ èç ÏÊÌ äîëæåí áûòü ïîäòâåðæäåí ýêñïåðèìåíòàëüíûìè äàííûìè — èñïûòàíèÿìè

îáðàçöîâ-ñâèäåòåëåé. Îäíà èç âàæíåéøèõ õàðàêòåðèñòèê ñëîèñòîãî êîìïîçèöèîííîãî ìà-

òåðèàëà — ñïîñîáíîñòü âîñïðèíèìàòü ñäâèãîâûå íàãðóçêè â ïëîñêîñòè ïàêåòîâ ñëîåâ (ëà-

ìèíàòîâ). Äëÿ îïðåäåëåíèÿ õàðàêòåðèñòèê ñäâèãà èñïîëüçóþò ñòàíäàðòíûå ìåòîäû èñïû-

òàíèé — ïî ASTM D5379 è ASTM D7078. Ýòè ìåòîäû ïîçâîëÿþò óñòàíîâèòü ñâîéñòâà ïðè

ñäâèãå êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå ïîëèìåðíîé ìàòðèöû, óñèëåííîé âûñîêî-

ìîäóëüíûì âîëîêíîì. Â öåëÿõ âûáîðà îïòèìàëüíîãî äëÿ âûõîäíîãî êîíòðîëÿ èçäåëèÿ ìå-

òîäà èñïûòàíèé ïðîâåäåíû ñðàâíèòåëüíûå èñïûòàíèÿ ïî îáîèì ñòàíäàðòàì. Ïðèâåäåíû

ïðåèìóùåñòâà è íåäîñòàòêè ðàññìàòðèâàåìûõ ìåòîäîâ. Äëÿ èñïûòàíèé áûëè èçãîòîâëåíû

îáðàçöû èç ñòåíêè è çîíû ïðèïóñêà ëîíæåðîíà, íà êîòîðûõ îïðåäåëÿëè çíà÷åíèÿ ðàçðóøà-

þùèõ íàïðÿæåíèé è ìîäóëÿ ñäâèãà ïî êàæäîìó ìåòîäó. Ðåçóëüòàòû èñïûòàíèé ïîêàçàëè,

÷òî ðàçðóøàþùèå ñäâèãîâûå íàïðÿæåíèÿ â ìàòåðèàëå, ïîëó÷åííûå ïî ASTM D7078, çíà-

÷èòåëüíî (â 1,8 ðàçà) ïðåâîñõîäÿò îïðåäåëåííûå ïî ASTM D5379. Ïðè ýòîì ìîäóëü óïðóãî-

ñòè îòëè÷àåòñÿ íåçíà÷èòåëüíî — â 1,1 ðàçà. Ýòî îáúÿñíÿåòñÿ ÷óâñòâèòåëüíîñòüþ ðåçóëüòà-

òîâ èñïûòàíèé ê ìåòîäó íàãðóæåíèÿ è êà÷åñòâó èçãîòîâëåíèÿ îáðàçöîâ. Ïðè ðàñòÿæåíèè

ïî ASTM D7078 íàãðóçêà ïåðåäàåòñÿ ÷åðåç ëèöåâûå ïîâåðõíîñòè îáðàçöîâ, èìåþùèå âû-

ñîêîå êà÷åñòâî çà ñ÷åò îñíàñòêè èëè âàêóóìíîãî ìåøêà. Ïðè ñæàòèè ïî ASTM D5379 êðè-

òè÷íûì ñòàíîâèòñÿ ïàðàëëåëüíîñòü ãðàíåé, ÷åðåç êîòîðûå ðàñïðåäåëÿåòñÿ íàãðóçêà. Êðî-

ìå òîãî, íà ðåçóëüòàòû èñïûòàíèé ïî ASTM D5379 îêàçûâàåò âëèÿíèå òîëùèíà îáðàçöà —

÷åì îíà áîëüøå, òåì âûøå ìîäóëü ñäâèãà. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ñôîðìó-

ëèðîâàíû ðåêîìåíäàöèè ïî ïðèìåíåíèþ ìåòîäîâ îïðåäåëåíèÿ ñäâèãîâûõ õàðàêòåðèñòèê

ñëîèñòûõ ÏÊÌ.
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Layered polymer composite materials (LPCM) based on carbon fiber and epoxy are widely used in the con-

struction of commercial aircraft both in manufacturing lightly loaded and main power elements of aircraft

airframes. The level of mechanical characteristics for all the composite constructions must be confirmed

by experimental data of coupon testing. One of the most important characteristics of a layered composite

material is the ability to perceive shear loads. Standard test methods ASTM D5379 and ASTM D7078 are

used to determine the shear characteristics. These test methods enable determination of the shear proper-

ties of composite materials based on a polymer matrix reinforced with a high-modulus fiber. Comparative

tests were carried out according to both methods. The samples were made from the wall and the

tehnological zones of the spar to determine the values of destructive stresses and shear modulus. The re-

sults showed that the shear stresses in the material obtained by ASTMD7078 significantly (1.8 times) ex-
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ceed those determined by ASTM D5379. At the same time, the modulus of elasticity differs slightly (by 1.1

times). This is due to the sensitivity of the test results to the method of loading and the quality of the spec-

imens. When stretched according to ASTMD7078, the load is transmitted through the front surfaces of

the coupons, which are obtained with sufficiently high quality from the tooling or vacuum bag. When com-

pressed by ASTM D5379, the parallelism of the faces through which the load is distributed becomes criti-

cal. Moreover, the thickness of the sample also affected the test results obtained according to ASTM

D5379, the greater the thickness, the greater the shear modulus. Proceeding from the results obtained,

the recommendations on the choice of the method to be used for determining the shear characteristics of

LPCM are formulated.

Keywords: composite materials; mechanical characteristics; shear testing; test methods; production

support.

Ââåäåíèå

Ïîñëåäíèå äåñÿòèëåòèÿ â ñèëîâûõ êîíñòðóê-

öèÿõ ïàññàæèðñêèõ ñàìîëåòîâ âñå áîëüøåå ïðè-

ìåíåíèå íàõîäÿò êîìïîçèöèîííûå ìàòåðèàëû íà

îñíîâå óãëåðîäíîãî âîëîêíà è ïîëèìåðíîãî ñâÿ-

çóþùåãî. Ýòî íå òîëüêî ýëåìåíòû ìåõàíèçàöèè

(ðóëè, çàêðûëêè, èíòåðöåïòîðû è âîçäóøíûå

òîðìîçà), íî è ïîäêðåïëåííûå ñòðèíãåðàìè ïàíå-

ëè ôþçåëÿæà, øïàíãîóòû, ýëåìåíòû êåññîíà

êðûëà [1, 2].

Øèðîêîå ïðèìåíåíèå ïîëó÷èëè àâòîêëàâíûå

è èíôóçèîííûå ìåòîäû ôîðìîâàíèÿ äåòàëåé. Â

çàâèñèìîñòè îò êîíñòðóêòèâíûõ îñîáåííîñòåé èñ-

ïîëüçóþò êàê àâòîìàòè÷åñêóþ, òàê è ðó÷íóþ âû-

êëàäêó íàïîëíèòåëÿ èëè ïðåïðåãà.

Ïðè ïðîèçâîäñòâå äåòàëåé èç ÏÊÌ âñòàåò âî-

ïðîñ î ñîîòâåòñòâèè ìàòåðèàëà äåòàëåé ïðîåêò-

íûì ìåõàíè÷åñêèì ñâîéñòâàì [3]. Ïîñêîëüêó óê-

ëàäêà äåòàëè îïðåäåëÿåòñÿ òèïîì äåéñòâóþùåé

íàãðóçêè (íàïðèìåð, ðàñòÿæåíèå/ñæàòèå, êðó÷å-

íèå èëè èõ êîìáèíàöèÿ), à òàêæå åå óðîâíåì, òî

íåîáõîäèìî îïðåäåëèòü êîìïëåêñ ïðèåìî÷íûõ

õàðàêòåðèñòèê è èõ çíà÷åíèé â ñîîòâåòñòâèè ñ

õàðàêòåðîì ðàáîòû äåòàëè â êîíñòðóêöèè.

Êàê ïðàâèëî, äëÿ îïðåäåëåíèÿ ìåõàíè÷åñêèõ

è ôèçè÷åñêèõ ñâîéñòâ ÏÊÌ èñïîëüçóþò ñòàí-

äàðòíûå ìåòîäû èñïûòàíèé ñîãëàñíî ASTM, EN,

ÃÎÑÒ [4 – 10]. Ïîñêîëüêó ñîâðåìåííûå ñòàíäàð-

òû (íàïðèìåð, ÃÎÑÒ Ð 56785–2015, ÃÎÑÒ Ð

56812–2015, ÃÎÑÒ Ð 57207–2016 è ò.ä.) ðàçðàáî-

òàíû íà îñíîâå ñîîòâåòñòâóþùèõ ASTM ïóòåì

âíåñåíèÿ íåêîòîðûõ óòî÷íåíèé (êîððåêòèðîâêè

ñòðóêòóðû, äîïîëíåíèÿ è èñêëþ÷åíèÿ îòäåëüíûõ

ïóíêòîâ, à òàêæå ðåäàêòîðñêèõ ïðàâîê â öåëÿõ
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Ðèñ. 1. Îáðàçöû (à) è ñõåìû íàãðóæåíèÿ (á)

Fig. 1. Specimens (a) and loading scheme (b)



ñîáëþäåíèÿ íîðì ðóññêîãî ÿçûêà, èçìåíåíèÿ òåõ-

íè÷åñêîãî ñòèëÿ èçëîæåíèÿ èñõîäÿ èç îñîáåííî-

ñòåé ñòàíäàðòèçàöèè, õàðàêòåðíûõ äëÿ Ðîññèé-

ñêîé Ôåäåðàöèè), òî äàëåå áóäåì ðàññìàòðèâàòü

ìåòîäû ASTM.

Îäíîé èç âàæíåéøèõ õàðàêòåðèñòèê ñëîèñ-

òîãî êîìïîçèöèîííîãî ìàòåðèàëà ÿâëÿåòñÿ åãî

ñïîñîáíîñòü âîñïðèíèìàòü ñäâèãîâûå íàãðóçêè.

Ñóùåñòâóåò ðÿä ìåòîäîâ [6, 11], ïîçâîëÿþ-

ùèõ îïðåäåëÿòü:

ñäâèãîâûå íàãðóçêè;

ìîäóëü ñäâèãà;

ìàêñèìàëüíûå ñäâèãîâûå íàïðÿæåíèÿ;

äèàãðàììó íàïðÿæåíèå – äåôîðìàöèÿ.

Äàííûå ìåòîäû ïðèìåíÿþòñÿ äëÿ:

îäíîíàïðàâëåííûõ ëàìèíàòîâ ñ âîëîêíàìè,

ïàðàëëåëüíûìè èëè ïåðïåíäèêóëÿðíûìè îñè íà-

ãðóæåíèÿ èñïûòàòåëüíîé ìàøèíû;

ëàìèíàòîâ íà îñíîâå òêàíåé ñ íàïðàâëåíèåì

îñíîâû, ïàðàëëåëüíûì èëè ïåðïåíäèêóëÿðíûì

îñè íàãðóæåíèÿ èñïûòàòåëüíîé ìàøèíû;

êîìïîçèòîâ, àðìèðîâàííûõ ðóáëåííûì âî-

ëîêíîì, ðàñïðåäåëåííûì ñëó÷àéíûì îáðàçîì.

Â òàáë. 1 ïðèâåäåíû ìåòîäû èñïûòàíèé

ASTM, ïîëó÷èâøèå íàèáîëüøåå ðàñïðîñòðàíå-

íèå â ñîâðåìåííîé ïðàêòèêå.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Ìåòîäû èñïûòàíèé D5379 [12] è D7078 [13]

îïðåäåëÿþò ñâîéñòâà ïðè ñäâèãå êîìïîçèöèîí-

íûõ ìàòåðèàëîâ íà îñíîâå ïîëèìåðíîé ìàòðèöû,
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Òàáëèöà 1. Ìåòîäû îïðåäåëåíèÿ ñäâèãîâûõ íàãðóçîê

Table 1. Comparison of the methods for determining shear loads

Îïèñàíèå è õàðàêòåðèñòèêè ìåòîäîâ Íåäîñòàòêè ìåòîäîâ

ASTM D3518

Èñïûòàíèå îáðàçöà ñ óêëàäêîé [+45°/–45°]
n

íà

ðàñòÿæåíèå. Ïðåèìóùåñòâà ìåòîäà — íèçêàÿ

ñòîèìîñòü è ïðîñòîòà ðåàëèçàöèè. Â îáðàçöå íå

âîçíèêàåò ÷èñòîãî íàïðÿæåíèÿ ñäâèãà, à ïî ñâî-

áîäíûì êðàÿì ïîÿâëÿþòñÿ ñëîæíûå ïîëÿ íàïðÿ-

æåíèé.

Îáðàçåö íå ïîäõîäèò äëÿ îïðåäåëåíèÿ ðàçðóøàþùèõ íàïðÿæåíèé (äå-

ôîðìàöèé) íà ñäâèã èç-çà çíà÷èòåëüíîãî èçìåíåíèÿ óãëîâ àðìèðîâà-

íèÿ â õîäå íàãðóæåíèÿ. Äèàãðàììà íàãðóçêà — äåôîðìàöèè èìååò íå-

ëèíåéíûé õàðàêòåð. Îáëàñòü ïðèìåíåíèÿ îãðàíè÷èâàåòñÿ òîëüêî ïëî-

ñêèìè îáðàçöàìè ñ óêëàäêîé [+45°/–45°]
n
. Äëÿ ïîëó÷åíèÿ äàííûõ î ìî-

äóëå è ðàçðóøàþùåé äåôîðìàöèè íåîáõîäèìû âçàèìîïåðïåíäèêóëÿð-

íûå òåíçîäàò÷èêè.

ASTM D4255/D4255Ì

Ìåòîä èñïûòàíèÿ «ïåðåêàøèâàíèåì» â ñèñòåìå

íàïðàâëÿþùèõ. «Ðåëüñîâûé» ìåòîä èñïûòàíèé

íà ñäâèã â ïëîñêîñòè.

Âûñîêàÿ òðóäîåìêîñòü èñïûòàíèé è ñëîæíîå èçãîòîâëåíèå îáðàçöîâ.

Ïëîõàÿ ïîâòîðÿåìîñòü ðåçóëüòàòîâ èç-çà âûñîêîé ÷óâñòâèòåëüíîñòè ê

êà÷åñòâó âûïîëíåíèÿ îòâåðñòèé â îáðàçöå/îñíàñòêå è äîïóñêàì èñïî-

ëüçóåìîãî êðåïåæà. Íàëè÷èå êîíöåíòðàöèè íàïðÿæåíèé â îáðàçöå â

çîíàõ êðåïåæà. Íåîáõîäèìà óñòàíîâêà òåíçîäàò÷èêîâ äëÿ ïîëó÷åíèÿ

äàííûõ î ìîäóëå è äåôîðìàöèè äî ðàçðóøåíèÿ.

ASTM D5448

Èñïûòàíèå êðó÷åíèåì îáðàçöà öèëèíäðè÷åñêîé

ôîðìû ñî ñëîÿìè, íàìîòàííûìè ïîä óãëîì 90° ê

îñè öèëèíäðà.

Îñíîâíàÿ îáëàñòü ïðèìåíåíèÿ — ÏÊÌ, ïîëó÷àåìûé òåõíîëîãèåé íà-

ìîòêè. Îïðåäåëÿþòñÿ òîëüêî õàðàêòåðèñòèêè ñäâèãà â ïëîñêîñòè ñëî-

åâ. Ñëîæíîñòü êðåïëåíèÿ îáðàçöà ê îñíàñòêå.

ASTM D5379

Èñïûòàíèå èçãèáîì îáðàçöà ñ V-îáðàçíûì âûðå-

çîì, óñòàíîâëåííîãî â ñïåöèàëüíîì ïðèñïîñîá-

ëåíèè. Íàðÿäó ñ ìåòîäîì D7078/D7078M äåìîí-

ñòðèðóåò õîðîøèå ðåçóëüòàòû ïðè âñåõ íàïðàâ-

ëåíèÿõ âûðåçêè îáðàçöîâ. Â îáðàçöå ñîçäàåòñÿ

îòíîñèòåëüíî ðàâíîìåðíîå ñîñòîÿíèå íàïðÿæå-

íèÿ ñäâèãà.

Ìîæåò ïîòðåáîâàòüñÿ óñòàíîâêà ñïåöèàëüíûõ íàêëàäîê ïîä îñíàñòêó.

Âûñîêàÿ òðóäîåìêîñòü è ñëîæíîñòü èçãîòîâëåíèÿ îáðàçöà. Äëÿ ïîëó÷å-

íèÿ äàííûõ î ìîäóëå è ðàçðóøàþùåé äåôîðìàöèè íåîáõîäèìû òåíçî-

äàò÷èêè, óñòàíîâëåííûå ïî äâóì îðòîãîíàëüíûì íàïðàâëåíèÿì. Âîç-

ìîæíî íåçà÷åòíîå ðàçðóøåíèå îáðàçöà â çîíàõ íàãðóæåíèÿ (îïîð) äëÿ

âûñîêîïðî÷íûõ ÏÊÌ. Òðåáóåòñÿ âûñîêàÿ êâàëèôèêàöèÿ ñïåöèàëè-

ñòîâ-èñïûòàòåëåé.

ASTM D7078

Îáðàçåö ñ V-îáðàçíûì âûðåçîì óñòàíàâëèâàþò â

ïðèñïîñîáëåíèå äëÿ èñïûòàíèÿ «ïåðåêàøèâàíè-

åì». Íàðÿäó ñ D5379/D5379M ìåòîä îáåñïå÷èâà-

åò íàèëó÷øèå ðåçóëüòàòû èç ñòàíäàðòèçèðîâàí-

íûõ ìåòîäîâ. Â îáðàçöå ñîçäàåòñÿ îòíîñèòåëüíî

ðàâíîìåðíîå ñîñòîÿíèå íàïðÿæåíèÿ ñäâèãà.

Íàèáîëåå òî÷íûå èçìåðåíèÿ ìîäóëÿ óïðóãîñòè

ïîëó÷åíû èç èñïûòàíèé ëàìèíàòîâ ñ óêëàäêîé

[0/90]
n
. Êàê ïðàâèëî, îáðàçåö íå òðåáóåò äîïîë-

íèòåëüíûõ íàêëàäîê ïîä îñíàñòêó.

Ñëîæíàÿ ôîðìà îáðàçöà. Äëÿ îïðåäåëåíèÿ ìîäóëÿ ñäâèãà è äåôîðìà-

öèé ðàçðóøåíèÿ íåîáõîäèìà óñòàíîâêà òåíçîäàò÷èêîâ ïî äâóì îðòîãî-

íàëüíûì îñÿì. Òðåáóåòñÿ âûñîêàÿ êâàëèôèêàöèÿ ñïåöèàëèñòîâ-èñïû-

òàòåëåé.



óñèëåííîé âûñîêîìîäóëüíûì âîëîêíîì. Ýòî íàè-

áîëåå ðàñïðîñòðàíåííûå ìåòîäû èñïûòàíèé

ñëîèñòûõ ÏÊÌ â íàñòîÿùåå âðåìÿ. Îòëè÷àþòñÿ

îíè ôîðìîé îáðàçöîâ è ñõåìîé íàãðóæåíèÿ

(ðèñ. 1).

Â ñîîòâåòñòâèè ñ ìåòîäîì D7078 [13] îáðàçåö

ñ V-îáðàçíûì âûðåçîì çàæèìàþò øåñòüþ âèíòà-

ìè â íàãðóæàþùåì ïðèñïîñîáëåíèè (ðèñ. 2). Ïðè

ðàñòÿæåíèè äâóõ ïîëîâèíîê ïðèñïîñîáëåíèÿ â

öåíòðàëüíîé ÷àñòè îáðàçöà ñîçäàåòñÿ íàïðÿ-

æåííî-äåôîðìèðîâàííîå ñîñòîÿíèå, ñîîòâåòñòâó-

þùåå ÷èñòîìó ñäâèãó â ïëîñêîñòè óêëàäêè.

Ñîãëàñíî D5379 [12] îáðàçåö íàãðóæàþò ñæàòèåì

÷åðåç òîðöåâûå ïîâåðõíîñòè (ðèñ. 3), ÷òî òàêæå

ïðèâîäèò ê ÷èñòîìó ñäâèãó â öåíòðå îáðàçöà. Ïå-

ðåäà÷à ðàñòÿãèâàþùèõ íàãðóçîê ïîñðåäñòâîì

ñèëû òðåíèÿ ìåæäó ýëåìåíòàìè îñíàñòêè è îá-

ðàçöîì ïî D7078 ïîçâîëÿåò ñîçäàòü áîëåå çíà÷è-

òåëüíûå ñäâèãîâûå óñèëèÿ, ÷åì íåïîñðåäñòâåí-

íîå äàâëåíèå íà òîðöû îáðàçöà ïî D5379.

V-îáðàçíûé âûðåç â îáðàçöå (ïî îáîèì ìåòî-

äàì) â öåíòðàëüíîé ÷àñòè ïîçâîëÿåò óâåëè÷èòü

ñäâèãîâûå íàïðÿæåíèÿ â ýòîé çîíå ïî îòíîøå-

íèþ ê îñòàëüíûì ó÷àñòêàì îáðàçöà. Îòìåòèì,

÷òî øèðèíà îáðàçöà ïî ASTM D5379 ìåíüøå,

÷åì ïî ASTM D7078, ÷òî ïîçâîëÿåò ìèíèìèçèðî-

âàòü ïëîùàäü çîíû âûðåçêè îáðàçöîâ.

Â ðàìêàõ ðàáîò ïî îïðåäåëåíèþ ìåõàíè÷å-

ñêèõ ñâîéñòâ ïåðñïåêòèâíûõ êîìïîçèöèîííûõ

ìàòåðèàëîâ îòå÷åñòâåííîãî ïðîèçâîäñòâà áûëè

ïðîâåäåíû ñðàâíèòåëüíûå èñïûòàíèÿ ïî ìåòî-

äàì ASTM D7078 è D5379. Äëÿ èññëåäîâàíèÿ

áûëà âûáðàíà òèïîâàÿ äåòàëü êåññîíà êðûëà ïàñ-

ñàæèðñêîãî ñàìîëåòà — ëîíæåðîí, âûïîëíåííûé

èç óãëåïëàñòèêà íà îñíîâå óãëåðîäíîé ëåíòû è

ýïîêñèäíîãî ñâÿçóþùåãî ïî òåõíîëîãèè âàêó-

óìíîé èíôóçèè. Õàðàêòåðèñòèêè ìîíîñëîÿ óãëå-

ïëàñòèêà, ïðèíèìàåìûå â ðàñ÷åòå, ïðåäñòàâëåíû

â òàáë. 2. Â ëîíæåðîíå èñïîëüçîâàíà ïàêåòíàÿ
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Ðèñ. 2. Ñõåìà óñòàíîâêè îáðàçöà â îñíàñòêå ïî ASTM

D7078 è îñíàñòêà îòäåëüíî [14]

Fig. 2. Assembly of Testing Fixture and Coupon ASTM

D7078 [14]

Ðèñ. 3. Îáðàçåö â îñíàñòêå ASTM D5379 [15]

Fig. 3. Coupon in assembly of testing fixture ASTM D5379

[15]

Òàáëèöà 2. Õàðàêòåðèñòèêè ìîíîñëîÿ

Table 2. Lamina properties

Óïðóãèå ñâîéñòâà

E
+11

, ÃÏà E
+22

, ÃÏà E
–11

, ÃÏà E
–22

, ÃÏà G
12

, ÃÏà õ

159 9 144 9 4 0,3

Ïðî÷íîñòíûå ñâîéñòâà

ó
+11

, ÌÏà ó
+22

, ÌÏà ó
–11

, ÌÏà ó
–22

, ÌÏà ô
12

, ÌÏà —

3200 80 1300 230 100 —

Òàáëèöà 3. Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ èç ñòåíêè ëîíæåðîíà (êîýôôèöèåíò âàðèàöèè, %)

Table 3. Test results (mean values, spar web)

Âûáîðêà (òîëùèíà, ìì)

ASTM D5379 ASTM D7078

ô, ÌÏà E, ÃÏà ô, ÌÏà E, ÃÏà

¹ 1 (3,85) 206 (1,24) 23,5 (9,80) 440 (8,34) 26,6 (3,57)

¹ 2 (3,85) 206 (3,48) 23,9 (8,77) 381 (5,64) 26,1 (4,12)

¹ 3 (7,70) 243 (3,50) 25,7 (9,71) 347 (8,02) 26,4 (0,55)

Ñóììàðíàÿ âûáîðêà ¹ 1 – 3 218 (8,72) 24,4 (9,78) 390 (12,9) 26,4 (2,98)



óêëàäêà ñ áîëüøèì ñîäåðæàíèåì ñëîåâ ñ óêëàä-

êîé ±45° (ñîîòíîøåíèå ñëîåâ ñ óêëàäêîé â íà-

ïðàâëåíèÿõ 0°, ±45° è 90° — ïðèìåðíî 10, 70 è

20 % ñîîòâåòñòâåííî). Èç ñòåíêè áûëè âûðåçàíû

îáðàçöû ïî ASTM D5379 è D7078 â çîíàõ òîëùè-

íîé 3,9 ìì (12 îáðàçöîâ íà êàæäûé ìåòîä) è

7,7 ìì (øåñòü îáðàçöîâ íà êàæäûé ìåòîä). Èç

ïðèïóñêîâîé çîíû íà ïîÿñå ëîíæåðîíà âûðåçàíû

ïî øåñòü îáðàçöîâ äëÿ êàæäîãî ìåòîäà. Íåâîç-

ìîæíîñòü âûðåçêè îáðàçöîâ ïî ASTM D7078 èç

ïðèïóñêà îáúÿñíÿåòñÿ îòíîñèòåëüíî íåáîëüøèìè

ãàáàðèòàìè ýòîé çîíû äåòàëè. Â ìåñòàõ âûðåçêè

îáðàçöîâ äåòàëü ïëîñêàÿ.

Óñëîâèÿ èñïûòàíèé âñåõ îáðàçöîâ: òåìïåðà-

òóðà +23 °C, êîíäèöèîíèðîâàíèå â óñëîâèÿõ ëà-

áîðàòîðèè íå ìåíåå 24 ÷.

Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ, âûðåçàí-

íûõ èç ñòåíêè ëîíæåðîíà, ïðåäñòàâëåíû â

òàáë. 3. Â òàáë. 4 ïðèâåäåíû äàííûå èñïûòàíèé

îáðàçöîâ, âûðåçàííûõ èç çîí ïðèïóñêà äåòàëåé

(â òîì ÷èñëå äðóãèõ ëîíæåðîíîâ). Âñå çíà÷åíèÿ

íîðìàëèçîâàíû ïî íîìèíàëüíîé òîëùèíå [3]:

íîðì çíà÷åíèå ýêñï çíà÷åíèå
CPT

CPT

m

n

. . ,� (1)

ãäå íîðì. çíà÷åíèå — íîðìàëèçîâàííîå çíà÷å-

íèå õàðàêòåðèñòèêè; ýêñï. çíà÷åíèå — çíà÷åíèå

õàðàêòåðèñòèêè, ïîëó÷åííîå ïðè èñïûòàíèè;

CPTm — èçìåðåííàÿ òîëùèíà îáðàçöà ÏÊÌ;

CPTn — íîìèíàëüíîå çíà÷åíèå òîëùèíû îáðàç-

öà ÏÊÌ.

Òèïîâàÿ äèàãðàììà ýêñïåðèìåíòàëüíûõ ðå-

çóëüòàòîâ íàïðÿæåíèå — äåôîðìàöèÿ äëÿ èñïû-

òàíèé ïî ASTM D7078 ïðåäñòàâëåíà íà ðèñ. 4.

Äëÿ íàãëÿäíîñòè íà÷àëüíûå òî÷êè äåôîðìèðîâà-

íèÿ îáðàçöîâ ñìåùåíû ïî îñè àáñöèññ. Ôîðìû

ðàçðóøåíèé îáðàçöîâ ïîêàçàíû íà ðèñ. 5 è 6.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðåçóëüòàòû èñïûòàíèé ïîêàçûâàþò, ÷òî ðàç-

ðóøàþùèå ñäâèãîâûå íàïðÿæåíèÿ â ìàòåðèàëå,

ïîëó÷åííûå ïî ASTM D7078, çíà÷èòåëüíî ïðå-

âîñõîäÿò îïðåäåëåííûå ïî ASTM D5379 — 390 è

218 ÌÏà ñîîòâåòñòâåííî. Ïðè ýòîì ìîäóëü óïðó-

ãîñòè îòëè÷àåòñÿ íåçíà÷èòåëüíî — 24,4 ÃÏà

(ASTM D5379) è 26,4 ÃÏà (ASTM D7078). Ýòî

ìîæíî îáúÿñíèòü ÷óâñòâèòåëüíîñòüþ ðåçóëüòà-
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Òàáëèöà 4. Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ èç çîí ïðè-

ïóñêà (êîýôôèöèåíò âàðèàöèè, %)

Table 4. Test results (mean values, technological zone)

Âûáîðêà (òîëùèíà 7,70 ìì)

ASTM D5379

ô, ÌÏà E, ÃÏà

¹ 4 184 (6,02) 22,8 (10,9)

¹ 5 188 (2,54) 28,2 (18,2)

¹ 6 195 (2,50) 32,6 (15,6)

¹ 7 211 (3,01) 25,0 (3,78)

Ñóììàðíàÿ âûáîðêà ¹ 4 – 7 195 (6,59) 27,3 (19,2)

Í
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à

Äåôîðìàöèÿ, ìì/ìì

Íîìåð

îáðàçöà

Ðèñ. 4. Òèïîâàÿ äèàãðàììà íàïðÿæåíèå – äåôîðìàöèÿ

(ýêñïåðèìåíòàëüíûå äàííûå ïî ASTM D7078)

Fig. 4. Typical stress – strain diagram (experiment for

ASTM D7078)

à

á

Ðèñ. 5. Ôîðìû ðàçðóøåíèÿ îáðàçöîâ ïðè èñïûòàíèÿõ ïî ASTM D5379 (à) è ASTM D7078 (á)

Fig. 5. Typical failure patterns for ASTM D5379 (a) and ASTM D7078 (b)



òîâ èñïûòàíèé ê ìåòîäó íàãðóæåíèÿ è êà÷åñòâó

èçãîòîâëåíèÿ îáðàçöîâ. Ïðè ðàñòÿæåíèè ïî

D7078 íàãðóçêà ïåðåäàåòñÿ ÷åðåç ëèöåâûå ïî-

âåðõíîñòè îáðàçöîâ, èìåþùèå âûñîêîå êà÷åñòâî

çà ñ÷åò îñíàñòêè èëè âàêóóìíîãî ìåøêà. Ïðè

ñæàòèè ïî D5379 êðèòè÷íûì ñòàíîâèòñÿ ïàðàë-

ëåëüíîñòü ãðàíåé, ÷åðåç êîòîðûå ðàñïðåäåëÿåòñÿ

íàãðóçêà. Íåáîëüøèå îòêëîíåíèÿ ìîãóò ïðèâåñòè

ê ìåñòíîìó ïîäìÿòèþ òîðöîâ è ïðåæäåâðåìåííî-

ìó ðàçðóøåíèþ ïî íåçà÷åòíîé ìîäå, ÷òî áûëî çà-

ôèêñèðîâàíî â èñïûòàíèÿõ (ñì. ðèñ. 6).

Íà ðàçðóøàþùèå íàïðÿæåíèÿ îêàçûâàåò

âëèÿíèå òàêæå òîëùèíà îáðàçöà. Âûáîðêè ¹ 1 è

¹ 2 èìåëè íîìèíàëüíóþ òîëùèíó 3,85 ìì, à âû-

áîðêà ¹ 3 — 7,7 ìì. Îáðàçöû ïî D5379 ñ áîëü-

øåé ïëîùàäüþ êîíòàêòà ñ îñíàñòêîé èìåëè áîëåå

âûñîêèå íàïðÿæåíèÿ (243 ÌÏà), ÷åì èç âûáîðîê

¹ 1 è ¹ 2 (206 ÌÏà). Òîëùèíà îáðàçöà ïî D5379

îêàçàëà âëèÿíèå è íà ýêñïåðèìåíòàëüíî îïðåäå-

ëåííûé ìîäóëü ñäâèãà, êîòîðûé ñîñòàâèë

25,7 ÃÏà äëÿ òîëñòûõ îáðàçöîâ è 23,7 ÃÏà — äëÿ

òîíêèõ.

Èñïûòàíèÿ îáðàçöîâ ïî ASTM D7078 ïîêà-

çûâàþò íåáîëüøèå ðàçáðîñû ñ êîýôôèöèåíòîì

âàðèàöèè íå áîëåå 5 % äëÿ ìîäóëÿ ñäâèãà (ñì.

òàáë. 3). Äëÿ ASTM D5379 ðàçáðîñ çíà÷åíèé æå-

ñòêîñòè ñîñòàâëÿåò 10 è 19 % (äëÿ ðàçëè÷íûõ âû-

áîðîê). Ýòî ìîæíî îáúÿñíèòü âëèÿíèåì çîíû

ïðèëîæåíèÿ íàãðóçêè íà îáëàñòü óñòàíîâêè òåí-

çîäàò÷èêîâ.

Çàêëþ÷åíèå

Ïðîâåäåíî ýêñïåðèìåíòàëüíîå ñðàâíåíèå ìå-

òîäîâ èñïûòàíèé íà ñäâèã â ïëîñêîñòè óêëàäêè

ñîãëàñíî ASTM D7078 è ASTM D5379. Ìåòîä,

ïðåäóñìàòðèâàþùèé íàãðóæåíèå îáðàçöà ñæàòè-

åì ÷åðåç òîðöåâûå ïîâåðõíîñòè, ïîêàçûâàåò çíà-

÷åíèÿ íàïðÿæåíèÿ è ìîäóëÿ ñäâèãà íèæå, ÷åì ìå-

òîä íàãðóæåíèÿ ðàñòÿæåíèåì è ïåðåäà÷åé íà-

ãðóçêè ñäâèãîì ÷åðåç ëèöåâûå ïîâåðõíîñòè.

Äëÿ îïðåäåëåíèÿ ñäâèãîâûõ õàðàêòåðèñòèê

ñëîèñòûõ ÏÊÌ ïðè êâàëèôèêàöèè ìàòåðèàëîâ è

ïðîâåäåíèè âûõîäíîãî êîíòðîëÿ ðåêîìåíäóåòñÿ

èñïîëüçîâàòü ìåòîä ASTM D7078 (ÃÎÑÒ Ð

57207–2016).
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