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Ñòàëü-àëþìèíèåâûå êîìïîçèöèîííûå ìàòåðèàëû øèðîêî ïðèìåíÿþò â òåõíèêå áëàãîäàðÿ

âûñîêèì ïîêàçàòåëÿì õàðàêòåðèñòèê âåñîâîé ýôôåêòèâíîñòè â ñî÷åòàíèè ñî çíà÷èòåëüíû-

ìè ìåõàíè÷åñêèìè ñâîéñòâàìè. Èñïîëüçóþò èõ, íàïðèìåð, â àâèàêîñìè÷åñêîé îòðàñëè äëÿ

èçãîòîâëåíèÿ êîðïóñíûõ äåòàëåé ðàêåò, òîïëèâíûõ áàêîâ è ýëåìåíòîâ àâèàöèîííîé áðîíè.

Öåëü äàííîé ðàáîòû — èçó÷åíèå òðåùèíîñòîéêîñòè è ìåõàíèçìà ðàçðóøåíèÿ êîìïîçèöè-

îííîãî ìàòåðèàëà àëþìèíèé-ñòàëü (20 % îá.) ïëîòíîñòüþ 2,85 ã/ñì3. Êîìïîçèò ïîëó÷àëè,

èñïîëüçóÿ âûñîêîäèñïåðñíóþ àëþìèíèåâóþ ïóäðó ÏÀÏ-2 äëÿ ôîðìèðîâàíèÿ åãî ìàòðè÷-

íîãî êîìïîíåíòà. Àðìèðóþùèé êîìïîíåíò èçãîòàâëèâàëè èç ñòàëüíûõ ñåòîê, ñïëåòåííûõ

èç òðîñà àóñòåíèòíîé ñòàëè (08Õ17Í13Ì2). Ïðî÷íîñòü ïîëó÷åííîãî ìàòåðèàëà ïðè ïî-

ïåðå÷íîì èçãèáå (550 – 600 ÌÏà) ðàññ÷èòûâàëè ïî ìàêñèìàëüíîé íàãðóçêå, ñîîòâåòñòâó-

þùåé ïåðâîìó ñêà÷êó òðåùèíû, çàðîäèâøåéñÿ â ìàòðèöå. Åãî òðåùèíîñòîéêîñòü íà ñòà-

äèè èíèöèèðîâàíèÿ ðàçðóøåíèÿ, îöåíèâàåìàÿ ïî ïàðàìåòðó K1c, ñîñòàâëÿëà îò 15 äî

30 ÌÏà · ì1/2. Äëÿ îïèñàíèÿ òðåùèíîñòîéêîñòè èññëåäóåìîãî êîìïîçèòà íà ñòàäèè ðàçâè-

òèÿ ðàçðóøåíèÿ èñïîëüçîâàëè òàêóþ õàðàêòåðèñòèêó, êàê óäåëüíàÿ ýôôåêòèâíàÿ ðàáîòà

ðàçðóøåíèÿ ãF = 2 · 104 – 8 · 104 Äæ/ì2. Äëÿ äàííîãî êîìïîçèòà ãF íà ïîðÿäîê âûøå, ÷åì

äëÿ ñòàëè Ñò3, àëþìèíèåâîãî ñïëàâà Ä16Ò è òèòàíîâîãî ñïëàâà ÂÒ-5, ÷òî ÿâëÿåòñÿ ïðåèìó-

ùåñòâîì ðàçðàáîòàííîãî ìàòåðèàëà. Çíà÷èòåëüíûå ïîêàçàòåëè ïàðàìåòðà ãF îáóñëîâëåíû

âûñîêîýíåðãîåìêèì ìåõàíèçìîì ðàçðóøåíèÿ. Îí îáåñïå÷èâàåòñÿ ïîâûøåííûìè çàòðàòà-

ìè ýíåðãèè íà ðàçðóøåíèå ïåðåìû÷åê ìåæäó ìàòðè÷íûìè àëþìèíèåâûìè ñëîÿìè ïóòåì

èõ ñðåçà òðîñîì â ðåçóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé, íà ïðåîäîëåíèå ñèë òðåíèÿ

ïðè âûòÿãèâàíèè òðîñà èç ìàòðèöû è íà ñäâèã ñëîèñòûõ ïàêåòîâ âíóòðè ìàòðèöû, îáðàçî-

âàííûõ äèôôóçèîííî-ñâÿçàííûìè àëþìèíèåâûìè ÷åøóé÷àòûìè ÷àñòèöàìè. Ñâîéñòâà

ïîëó÷åííîãî ñòàëü-àëþìèíèåâîãî êîìïîçèòà ïîçâîëÿþò èñïîëüçîâàòü åãî â êà÷åñòâå ìà-

òåðèàëà äëÿ ëåãêèõ ýëåìåíòîâ êîíñòðóêöèé, ýêñïëóàòèðóåìûõ â óñëîâèÿõ ìåõàíè÷åñêîãî

íàãðóæåíèÿ.

Êëþ÷åâûå ñëîâà: ñòàëü-àëþìèíèåâûé êîìïîçèöèîííûé ìàòåðèàë; àëþìèíèåâàÿ ïóäðà

ÏÀÏ-2; ñòàëü 08Õ17Í13Ì2; ïðî÷íîñòü; òðåùèíîñòîéêîñòü; äèàãðàììà äåôîðìèðîâàíèÿ;

ìåõàíèçì ðàçðóøåíèÿ; ôðàêòîãðàììà ïîâåðõíîñòè ðàçðóøåíèÿ.

STUDY OF THE CRACK RESISTANCE AND FRACTURE MECHANISM

OF STEEL-ALUMINUM COMPOSITE MATERIAL

� Dmitry A. Ivanov1*, Sergey D. Shlyapin1, Georgy E. Valiano2,

Nurgiz D. Akkuzhin1, Larisa V. Fedorova1

1 Moscow Aviation Institute (National Research University) MAI, 4, Volokolamskoe sh., Moscow, 125993, Russia; *e-mail:

dali_888@mail.ru
2 Joint Institute for High Temperatures of the Russian Academy of Sciences, 13, str. 2, Izhorskaya ul., Moscow, 125412,

Russia.

Received February 31, 2020. Revised February 31, 2020. Accepted April 2, 2020.

Steel-aluminum composite materials are widely used in technology due to perfect wedding of their weight

efficiency and high mechanical properties. This is the reason for their wide application in the aerospace in-

dustry for manufacturing case-type parts of rockets, fuel tanks and elements of aviation armor. The goal of

the study is analysis of the crack resistance and the mechanism of fracture of aluminum-steel composite
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material (20 vol.%) with a density of 2.85 g/cm3. The matrix component of the material was obtained using

a finely dispersed aluminum powder PAP-2. The reinforcing component was made of steel meshes woven

from austenitic steel cable (08Kh17N13M2). The transverse bending strength of the obtained material

(550 – 600 MPa) was calculated from the maximum load corresponding to the first jump (onset) of the

crack nucleating in the matrix. The crack resistance of the composite material at the stage of fracture ini-

tiation (estimated using K
1c parameter) varied from 15 to 30 MPa · m1/2. The crack resistance of the com-

posite at the stage of fracture development was described using the specific effective fracture work ãF

ranged from 2 × 104 to 8 × 104 J/m2. The latter parameter exceeds by the order of magnitude the value ãF

determined for steel St3, aluminum alloy D16T, and titanium alloy VT-5. The high value of ãF (which is an

advantage of the obtained composite) is attributed to high-energy-consuming mechanism of the material

fracture provided by the increased energy consumption for the destruction of the bridges between the ma-

trix aluminum layers by cutting them off with a cable resulting from the shear stresses, for overcoming

the friction forces when pulling cable out of the matrix, and for shifting layered packets formed by diffu-

sion-bonded aluminum scaly particles inside the matrix. The properties of the obtained steel-aluminum

composite provide the expediency of using the material for lightweight structural elements operated un-

der mechanical loading.

Keywords: steel-aluminum composite material; PAP-2 aluminum powder; 08Kh17N13M2 steel;

strength; crack resistance; deformation diagram; fracture mechanism; fractogram of the fracture surface.

Ââåäåíèå

Ñòàëü-àëþìèíèåâûå êîìïîçèöèîííûå ìàòå-

ðèàëû íàõîäÿò øèðîêîå ïðèìåíåíèå â òåõíèêå

áëàãîäàðÿ âûñîêèì ïîêàçàòåëÿì õàðàêòåðèñòèê

âåñîâîé ýôôåêòèâíîñòè — óäåëüíîé ïðî÷íîñòè è

óäåëüíîé æåñòêîñòè, çíà÷èòåëüíîìó ñîïðîòèâëå-

íèþ óñòàëîñòíîìó ðàçðóøåíèþ ïðè âîçäåéñòâèè

çíàêîïåðåìåííûõ íàãðóçîê, à òàêæå ïðè ñòàòè÷å-

ñêîì è äèíàìè÷åñêîì íàãðóæåíèÿõ. Èñïîëüçóþò

èõ, íàïðèìåð, â àâèàêîñìè÷åñêîé îòðàñëè äëÿ èç-

ãîòîâëåíèÿ êîðïóñíûõ äåòàëåé ðàêåò, òîïëèâíûõ

áàêîâ è ýëåìåíòîâ àâèàöèîííîé áðîíè [1].

Èçãîòàâëèâàþò òàêèå êîìïîçèòíûå ìàòå-

ðèàëû, êàê ïðàâèëî, ïóòåì îáðàáîòêè äàâëåíèåì

çàãîòîâîê èç ÷åðåäóþùèõñÿ ñëîåâ ñòàëè è àëþ-

ìèíèåâîãî ñïëàâà ëèáî ÷åðåäóþùèõñÿ ñëîåâ àëþ-

ìèíèåâîãî ñïëàâà è ñòàëüíîé ïðîâîëîêè — ñ ïî-

ìîùüþ äèôôóçèîííîé ñâàðêè, äèíàìè÷åñêîãî

ãîðÿ÷åãî ïðåññîâàíèÿ, óäàðíî-âîëíîâîãî âîçäåé-

ñòâèÿ ïðè âçðûâíîì ïðåññîâàíèè, à òàêæå ïðî-

êàòêè [1 – 5].

Ââåäåíèå ñòàëüíîé ïðîâîëîêè â àëþìèíè-

åâóþ ìàòðèöó ÿâëÿåòñÿ âåñüìà ýôôåêòèâíûì ìå-

òîäîì åå àðìèðîâàíèÿ, ïîçâîëÿþùèì ñóùåñòâåí-

íî ïîâûñèòü ïðî÷íîñòíûå õàðàêòåðèñòèêè ïîëó-

÷àåìîãî êîìïîçèòà. Îíè ïðèáëèæàþòñÿ ê ïîêà-

çàòåëÿì äàííûõ õàðàêòåðèñòèê äëÿ òèòàíîâûõ

ñïëàâîâ [6].

Óñòàíîâëåíî òàêæå [6], ÷òî óïðî÷íåíèå ìàòå-

ðèàëà òèïà ÑÀÏ-1 ñòàëüíîé ïðîâîëîêîé Õ18Í9

(15 % îá.) ïîçâîëÿåò äîñòè÷ü (ïðè 20 °C) ïðåäåëà

ïðî÷íîñòè íà ðàçðûâ óâ = 1750 ÌÏà. Ïðè òåìïå-

ðàòóðå 500 °C äëÿ ýòîãî êîìïîçèòà ñîõðàíÿåòñÿ

äîñòàòî÷íî âûñîêèé ïîêàçàòåëü óâ — íå ìåíåå

300 ÌÏà. Êðîìå òîãî, èìååò ìåñòî òåðìîñòàáèëü-

íîñòü ãðàíèöû ðàçäåëà àëþìèíèé – ñòàëü —

èçîòåðìè÷åñêàÿ âûäåðæêà â òå÷åíèå 150 ÷ ïðè

òåìïåðàòóðå 450 °C íå ïðèâîäèò ê îáðàçîâàíèþ

èíòåðìåòàëëè÷åñêèõ ñîåäèíåíèé. Ýòî ÿâëÿåòñÿ

âåñüìà âàæíûì ôàêòîì äëÿ âûñîêîòåìïåðàòóð-

íîé ýêñïëóàòàöèè íåêîòîðûõ ýëåìåíòîâ êîí-

ñòðóêöèé.

Ïî íàøåìó ìíåíèþ, îäèí èç ïåðñïåêòèâíûõ

ìåòîäîâ ïîëó÷åíèÿ ñòàëü-àëþìèíèåâûõ êîìïîçè-

òîâ ñîñòîèò â ââåäåíèè ñòàëüíûõ àðìèðóþùèõ

ýëåìåíòîâ â âûñîêîäèñïåðñíûå ïîðîøêîâûå êîì-

ïîçèöèè íà îñíîâå àëþìèíèÿ, ðàçìåð ÷àñòèö êî-

òîðûõ ñîîòâåòñòâóåò ñóáìèêðîííîìó äèàïàçîíó.

Ïîëó÷åíèå òàêèõ ïîðîøêîâûõ êîìïîçèöèé äîñ-

òèãàåòñÿ, êàê ïðàâèëî, ìåõàíè÷åñêîé îáðàáîòêîé

èñõîäíîãî ñûðüÿ â âûñîêîýíåðãåòè÷åñêèõ ìåëü-

íèöàõ ïðè óäàðíî-èñòèðàþùåì âîçäåéñòâèè ïî-

ìîëüíûõ òåë [7, 8].

Â ýòîì ñëó÷àå ôîðìèðîâàíèå ìíîãîôàçíûõ

ïîðîøêîâûõ êîìïîçèöèé âîçìîæíî âñëåäñòâèå

ìåõàíîñèíòåçà [8, 9] ëèáî çà ñ÷åò ââåäåíèÿ â ïî-

ðîøêîâóþ ñìåñü íàíîðàçìåðíûõ ÷àñòèö ðàçëè÷-

íûõ ñîåäèíåíèé [10 – 13]. Ïîñëåäíèé ïîäõîä ÷àñ-

òî áûâàåò íåîïðàâäàííûì èç-çà åãî ñëîæíîñòè è

ñêëîííîñòè íàíîðàçìåðíûõ ÷àñòèö ê àãëîìåðèðî-

âàíèþ [14 – 16].

Â ðàìêàõ äàííîé ðàáîòû èçó÷åíà òðåùèíî-

ñòîéêîñòü ñòàëü-àëþìèíèåâîãî êîìïîçèòà, â êî-

òîðîì ìàòðè÷íûì êîìïîíåíòîì ÿâëÿåòñÿ âûñîêî-

äèñïåðñíàÿ àëþìèíèåâàÿ ïóäðà ïðîìûøëåííîé

ìàðêè ÏÀÏ-2 ñ ÷åøóé÷àòîé ôîðìîé ÷àñòèö ñóá-

ìèêðîííîé òîëùèíû, à àðìèðóþùèìè ýëåìåíòà-

ìè — ñåòêè, ñïëåòåííûå èç òðîñà àóñòåíèòíîé

ñòàëè. Ðàññìîòðåí ìåõàíèçì ðàçðóøåíèÿ äàííî-

ãî êîìïîçèöèîííîãî ìàòåðèàëà.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Âèä ÷àñòèö èñïîëüçóåìîé ïóäðû (ÃÎÑÒ

5494–95) ïîêàçàí íà ðèñ. 1. Ýòè ÷àñòèöû èìåþò

ñëåäóþùèå õàðàêòåðíûå ðàçìåðû: äëèíà 10 –

100 ìêì; øèðèíà 5 – 50 ìêì; òîëùèíà 250 –

500 íì. Îíè ïîêðûòû òîíêèì ñëîåì ñòåàðèíà

(~3 % ìàññ.), âûïîëíÿþùåãî ôóíêöèþ æèðîâîé

äîáàâêè.

Äëÿ ïëåòåíèÿ àðìèðóþùèõ ñåòîê ñ ðàçìå-

ðîì ÿ÷ååê 5 ìì èñïîëüçîâàëè òðîñ èç àóñòå-
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íèòíîé îêàëèíîñòîéêîé ñòàëè (08Õ17Í13Ì2)

òîðãîâîé ìàðêè À4 ñëåäóþùåãî õèìè÷åñêîãî ñî-

ñòàâà, % ìàññ.: �0,08 C; 16 – 18 Cr; 66,345 – 74 Fe;

�2 Mn; 10 – 14 Ni; �0,045 P; �0,03 S; �1 Cu; 2 – 3

Mo. Òðîñ äèàìåòðîì 0,8 – 1,0 ìì â ñêðóòêå ñîäåð-

æèò 19 ïðîâîëîê äèàìåòðîì 0,16 – 0,20 ìì

(ñêðóòêà òèïà 1 × 19). Ëàáîðàòîðíîå óñòðîéñòâî

äëÿ ïëåòåíèÿ òðîñîâûõ ñåòîê ïîêàçàíî íà ðèñ. 2.

Èñõîäíóþ ïóäðó ìàðêè ÏÀÏ-2 ïðåäâàðèòåëü-

íî òåðìîîáðàáàòûâàëè íà âîçäóõå ïî ñïåöèàëüíî

îòðàáîòàííîìó ðåæèìó [17] äëÿ âûæèãà ñ ïîâåðõ-

íîñòè åå ÷àñòèö ñòåàðèíà è åãî çàìåíû ïàññèâè-

ðóþùèìè àëþìîîêñèäíûìè ïëåíêàìè â öåëÿõ

îáåñïå÷åíèÿ õîðîøåé ïðåññóåìîñòè äàííîé ïî-

ðîøêîâîé êîìïîçèöèè [18].

Äëÿ èçãîòîâëåíèÿ ñòàëü-àëþìèíèåâîãî êîì-

ïîçèòà ôîðìèðîâàëè ìíîãîñëîéíóþ çàãîòîâêó

(ðèñ. 3) â îáúåìå ãíåçäà ìàòðèöû 1 ïðåññ-ôîð-

ìû — ïîñëåäîâàòåëüíî ÷åðåäîâàëè ñëîè ïóäðû 3

è ñòàëüíûå ñåòêè 4 ïðè ñîîòíîøåíèè èõ òîëùèí

2:1. Çàòåì ê ìíîãîñëîéíîé çàãîòîâêå ïðèêëàäû-

âàëè äàâëåíèå 700 ÌÏà. Â ðåçóëüòàòå äîñòèãàëè

ïëîòíîãî ñðàùèâàíèÿ ñòàëüíûõ ñåòîê çà ñ÷åò

ïðîäàâëèâàíèÿ ìàòðè÷íîé ïðîñëîéêîé àëþìè-

íèåâîé ïóäðû ÷åðåç ÿ÷åéêè ñåòîê è ïëàñòè÷åñêîé

äåôîðìàöèè àëþìèíèåâûõ ÷àñòèö â îáúåìå ïî-

ëó÷àåìîé ïîðîøêîâîé çàãîòîâêè.

Ïîëó÷åííîå èçäåëèå ñïåêàëè íà âîçäóõå ïðè

600 °C â òå÷åíèå 15 ìèí. Äàííûé ðåæèì ñïåêà-

íèÿ îáåñïå÷èâàë â êîìïîçèòå ñòàáèëüíóþ îêñèä-

íóþ ñâÿçü ìåæäó ìàòðè÷íûì è àðìèðóþùèì êîì-

ïîíåíòàìè (îáúåìíàÿ äîëÿ ñåòîê â êîìïîçèòå ñî-

ñòàâëÿëà 20 %).

Òðåùèíîñòîéêîñòü íà ñòàäèè èíèöèèðîâà-

íèÿ ðàçðóøåíèÿ îöåíèâàëè â ðàìêàõ êîíöåïöèé

ëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ, èñïîëüçóÿ ïà-

ðàìåòð K1c — êðèòè÷åñêèé êîýôôèöèåíò èíòåí-

ñèâíîñòè íàïðÿæåíèé (êîýôôèöèåíò òðåùèíî-

ñòîéêîñòè), ñîîòâåòñòâóþùèé ìîìåíòó ñòàðòà

òðåùèíû. Åãî îïðåäåëÿëè â ñîîòâåòñòâèè ñ

ÃÎÑÒ 25.506–85 ïðè êîìíàòíîé òåìïåðàòóðå ïó-

òåì èçãèáà ñîñðåäîòî÷åííîé íàãðóçêîé ïðèçìàòè-

÷åñêèõ îáðàçöîâ. Èíèöèèðóþùèé áîêîâîé íàä-

ðåç — êîíöåíòðàòîð íàïðÿæåíèé ñ ðàäèóñîì êðè-

âèçíû âåðøèíû ñ, ðàâíûì 50 ìêì, — ñîçäàâàëè

ïóòåì ïðîðåçàíèÿ îáðàçöà àëìàçíûì êðóãîì íà

ãëóáèíó 0,5 îò åãî âûñîòû. Èñïûòàíèå ïðîâîäèëè

íà óñòàíîâêå TIRATEST-2300 ïðè ñêîðîñòè ïåðå-

ìåùåíèÿ òðàâåðñû íàãðóæàþùåãî óñòðîéñòâà

V = 0,15 ìì/ìèí. Ðàññ÷èòûâàëè K1c (ÌÏà · ì1/2)

ïî ìàêñèìàëüíîé íàãðóçêå (Pc), ñîîòâåòñòâóþùåé

ñòàðòó òðåùèíû.

Òðåùèíîñòîéêîñòü íà ñòàäèè ðàçâèòèÿ ðàçðó-

øåíèÿ îïðåäåëÿëè ïî âåëè÷èíå óäåëüíîé ýôôåê-

òèâíîé ðàáîòû ðàçðóøåíèÿ (ãF) [1, 19]. Äëÿ ýòîãî

ðåãèñòðèðîâàëè äèàãðàììû äåôîðìèðîâàíèÿ â

êîîðäèíàòàõ íàãðóçêà (P) – ïðîãèá (ä) ïðè èçãèáå

ñîñðåäîòî÷åííîé íàãðóçêîé íàäðåçàííûõ íà ïî-
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1

Ðèñ. 1. Âèä ÷àñòèö àëþìèíèåâîé ïóäðû ÏÀÏ-2: 1, 2 —

÷åøóé÷àòûå ÷àñòèöû; 3 — êðîìêè ÷àñòèö

Fig. 1. Patterns of PAP-2 aluminum powder particles:

1, 2 — scaly particles; 3 — particle edge

ä

1

3

2

Ðèñ. 2. Óñòðîéñòâî äëÿ ïëåòåíèÿ ñåòêè èç ñòàëüíîãî òðî-

ñà: 1 — äþðàëåâûå ãðåáåíêè (ä = 5 ìì); 2 — äþðàëåâûå

äèñòàíöèîííûå ñòåðæíè; 3 — ñòàëüíîé òðîñ

Fig. 2. A device for weaving a mesh from a steel cable: 1 —

duralumin combs (ä = 5 mm); 2 — duralumin distance rods;

3 — steel cable

1

2

4

3
ä

Ðèñ. 3. Ñõåìà ôîðìèðîâàíèÿ ìíîãîñëîéíîé çàãîòîâêè:

1 — ìàòðèöà ïðåññ-ôîðìû; 2 — ïóàíñîí; 3 — ñëîé ïóäðû

ÏÀÏ-2; 4 — ñòàëüíàÿ ñåòêà èç òðîñà (ä = 5 ìì — ðàçìåð

ÿ÷åéêè)

Fig. 3. Scheme of forming a multi-layer billet: 1 — mold

matrix; 2 — punch; 3 — layer of PAP-2 powder; 4 — steel

mesh (ä = 5 mm — cell size)



ëîâèíó âûñîòû ïðèçìàòè÷åñêèõ îáðàçöîâ ñ ðàç-

ìåðàìè 10 × 12 × 55 ìì (ñ = 50 ìêì, v = 1,0

ìì/ìèí). Âåëè÷èíó ãF (Äæ/ì2) ðàññ÷èòûâàëè ïî

ôîðìóëå ãF = U/2S, ãäå U — ðàáîòà ðàçðóøåíèÿ,

îöåíèâàåìàÿ ïî ïëîùàäè ãðàôèêà P – ä; S —

ïëîùàäü ïîâåðõíîñòè ðàçðóøåíèÿ.

Ïîñêîëüêó èññëåäóåìûé ìàòåðèàë ñòðóêòóð-

íî-íåîäíîðîäíûé, òî äëÿ èçó÷åíèÿ åãî õàðàêòå-

ðèñòèê ðàçðóøåíèÿ (K1c, ãF) èñïûòûâàëè îáðàç-

öû ñ íàäðåçîì, âåðøèíà êîòîðîãî íàõîäèëàñü êàê

â òåëå àðìèðóþùåãî òðîñà (îáðàçåö òèïà 1), òàê è

â àëþìèíèåâîé ìàòðèöå (îáðàçåö òèïà 2) (ðèñ. 4).

Ïðåäåë ïðî÷íîñòè ïðè ïîïåðå÷íîì èçãèáå

îïðåäåëÿëè íà îáðàçöàõ-áàëî÷êàõ ïðÿìîóãîëü-

íîãî ñå÷åíèÿ â ñîîòâåòñòâèè ñ ÃÎÑÒ 18228–94.

Èñïûòàíèÿ ïðîâîäèëè ïðè êîìíàòíîé òåìïåðà-

òóðå íà óñòàíîâêå TIRATEST-2300.

Ïîâåðõíîñòè ðàçðóøåíèÿ îáðàçöîâ èçó÷àëè

íà ðàñòðîâîì ýëåêòðîííîì ìèêðîñêîïå Nova

NanoSem 650.

Îáñóæäåíèå ðåçóëüòàòîâ

Óñòàíîâëåíî, ÷òî ïðè ïîïåðå÷íîì èçãèáå îá-

ðàçöîâ ñîñðåäîòî÷åííîé íàãðóçêîé ðàçðóøåíèå

èíèöèèðóåòñÿ â àëþìèíèåâîé ìàòðèöå ñòàëü-

àëþìèíèåâîãî êîìïîçèòà (ïðè îáúåìíîé äîëå àð-

ìèðóþùèõ ýëåìåíòîâ, ðàâíîé 20 %, åãî ïëîò-

íîñòü ñîñòàâëÿåò 2,85 ã/ñì3). Ïðî÷íîñòü îáðàçöîâ,

ðàññ÷èòàííàÿ ïî íàãðóçêå, ñîîòâåòñòâóþùåé ïåð-

âîìó ñêà÷êó òðåùèíû â ìàòðèöå, ñîñòàâëÿëà îò

550 äî 600 ÌÏà.

Ïîñêîëüêó ïîëó÷åííûå ïîêàçàòåëè ïðî÷íî-

ñòè íå äàâàëè ïîëíîãî ïðåäñòàâëåíèÿ î ìåõàíèç-

ìå ðàçðóøåíèÿ äàííîãî ìàòåðèàëà, òî ïîòðåáîâà-

ëîñü èçó÷èòü åãî òðåùèíîñòîéêîñòü íà ñòàäèè

èíèöèèðîâàíèÿ è ðàçâèòèÿ ðàçðóøåíèÿ ïóòåì

àíàëèçà äèàãðàìì äåôîðìèðîâàíèÿ îáðàçöîâ, ñî-

äåðæàùèõ íàäðåç — êîíöåíòðàòîð íàïðÿæåíèé

(ðèñ. 5).

Âèäíî, ÷òî äëÿ îáðàçöîâ òèïà 1 íàãðóçêà P1,

ñîîòâåòñòâóþùàÿ ñòàðòó òðåùèíû, âûøå, ÷åì

äëÿ îáðàçöîâ òèïà 2, ïðè ýòîì ïàðàìåòð òðåùè-

íîñòîéêîñòè K1c äëÿ îáðàçöîâ òèïà 1 âûøå â äâà

ðàçà, ÷åì äëÿ îáðàçöîâ òèïà 2 (òàáë. 1). Ýòî ñâÿçà-

íî ñ áîëüøåé ïðî÷íîñòüþ íàäðåçàííîãî ñòàëüíî-

ãî òðîñà ïî ñðàâíåíèþ ñ íàäðåçàííîé àëþìèíèå-

âîé ìàòðèöåé, ÷òî íå ÿâëÿåòñÿ ïðîòèâîðå÷èâûì.

Äàííûé ôàêò ñâèäåòåëüñòâóåò òàêæå î òîì, ÷òî â

ñëó÷àå îòñóòñòâèÿ äåôåêòîâ â òåëå òðîñà ïðè ïðè-

ëîæåíèè ê êîìïîçèòó êðèòè÷åñêîé íàãðóçêè ñëå-

äóåò îæèäàòü èíèöèèðîâàíèÿ ðàçðóøåíèÿ â ìàò-

ðèöå ëèáî íà ãðàíèöå ðàçäåëà ìàòðèöà – òðîñ.
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Ðèñ. 4. Ñõåìà èñïûòóåìîãî îáðàçöà äëÿ èçó÷åíèÿ õàðàê-

òåðèñòèê ðàçðóøåíèÿ: 1 — ìàòðèöà; 2 — ñòàëüíîé òðîñ;

3 — íàäðåç; 4 — âåðøèíà íàäðåçà (îáðàçåö òèïà 1 — âåð-

øèíà íàäðåçà â òåëå òðîñà, îáðàçåö òèïà 2 — âåðøèíà

íàäðåçà â àëþìèíèåâîé ìàòðèöå)

Fig. 4. Schematic representation of the sample used to

study the fracture characteristics: 1 — matrix; 2 — steel

cable; 3 — notch; 4 — notch top (sample type 1 — top of the

notch in the cable body, sample type 2 — top of the notch in

the aluminum matrix)

Îáðàçåö òèïà 1

Îáðàçåö òèïà 2

P
1

P
1

P
2

P
2

P
3

P
3

P
4

P
4

P
5

P
5

P
6

P
6

P
7

P
7

P
8

P
8

P
9

P
9

P
·
1

0
,
Í

–
3

P
·
1

0
,
Í

–
3

P
10

P
11

Ðèñ. 5. Âèä äèàãðàìì äåôîðìèðîâàíèÿ íàãðóçêà P – ïðî-

ãèá ä îáðàçöîâ ñ íàäðåçîì: P
1
, P

2
, ..., P

n
— ñêà÷êè íàãðóçêè

Fig. 5. Deformation diagrams load P – bend ä of the

notched samples: P
1
, P

2
, ..., Pn — loading jumps

Òàáëèöà 1. Õàðàêòåðèñòèêè ðàçðóøåíèÿ ñòàëü-àëþìè-

íèåâîãî êîìïîçèòà

Table 1. The fracture characteristics of steel-aluminum

composite

Òèï îáðàçöà K
1c

, ÌÏà · ì1/2
ã

F
, Äæ/ì2

1 30 8 · 104

2 15 2 · 104



Ðàçâèòèå ðàçðóøåíèÿ ïðîèñõîäèò äèñêðåòíî

è íîñèò çàìåäëåííûé, ñòàáèëüíûé õàðàêòåð äëÿ

îáðàçöîâ îáîèõ òèïîâ, ïðè ýòîì ïðîÿâëÿþòñÿ

ñêà÷êè íàãðóçêè (P1, ..., Pn).

Â ðåçóëüòàòå àíàëèçà ïîâåðõíîñòè èçëîìà

ìàòåðèàëà ìåòîäîì îïòè÷åñêîé ìèêðîñêîïèè

(ðèñ. 6) óñòàíîâëåíî, ÷òî òàêèå ñêà÷êè íàãðóçêè

èìåþò ìåñòî âñëåäñòâèå ïîñëåäîâàòåëüíûõ àêòîâ

ðàçðóøåíèÿ «ïåðåìû÷åê» 1 ìåæäó ìàòðè÷íûìè

àëþìèíèåâûìè ñëîÿìè 2 çà ñ÷åò èõ ñðåçà òðîñîì

3 â ðåçóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé

â ïðîöåññå íàãðóæåíèÿ. Ýòî îñíîâíîé ìåõàíèçì,

îáåñïå÷èâàþùèé ïîâûøåííóþ ýíåðãîåìêîñòü

ïðîöåññà ðàçâèòèÿ ðàçðóøåíèÿ è âîçìîæíîñòü

äîñòèæåíèÿ çíà÷èòåëüíûõ ïîêàçàòåëåé ïàðàìåò-

ðà ãF (ñì. òàáë. 1, 2).

Àíàëèç ôðàêòîãðàìì ïîâåðõíîñòè ðàçðóøå-

íèÿ îáðàçöîâ ìåòîäîì ðàñòðîâîé ýëåêòðîííîé

ìèêðîñêîïèè ïîêàçàë òàêæå, ÷òî íàðÿäó ñ âûøå-

óêàçàííûì ìåõàíèçìîì ïîâûøåíèþ ýíåðãîåìêî-

ñòè ðàçðóøåíèÿ êîìïîçèòà äîïîëíèòåëüíî ñïî-

ñîáñòâóþò íåîáõîäèìûå çàòðàòû ýíåðãèè íà ïðå-

îäîëåíèå ñèë òðåíèÿ ïðè âûòÿãèâàíèè òðîñà èç

ìàòðèöû (ðèñ. 7, à) è ïðè ñäâèãå ñëîèñòûõ ïàêå-

òîâ âíóòðè ìàòðèöû, îáðàçîâàííûõ äèôôóçèîí-

íî-ñâÿçàííûìè àëþìèíèåâûìè ÷åøóé÷àòûìè

÷àñòèöàìè (ðèñ. 7, á).

Íà îñíîâàíèè ïðîâåäåííîãî èññëåäîâàíèÿ

ìîæíî êîíñòàòèðîâàòü (ñì. òàáë. 2), ÷òî ðàçðàáî-

òàííûé ñòàëü-àëþìèíèåâûé êîìïîçèöèîííûé

ìàòåðèàë èìååò ïëîòíîñòü, ìåíüøóþ, ÷åì ó òèòà-

íîâîãî ñïëàâà, åãî òðåùèíîñòîéêîñòü ñîïîñòàâè-

ìà ñ K1c äåôîðìèðóåìîãî àëþìèíèåâîãî ñïëàâà, à

ïàðàìåòð ãF , õàðàêòåðèçóþùèé ñîïðîòèâëåíèå

ðàçâèòèþ ðàçðóøåíèÿ, íà ïîðÿäîê ïðåâûøàåò

äàííûå ïîêàçàòåëè äëÿ ñòàëè, àëþìèíèåâîãî è

òèòàíîâîãî ñïëàâîâ.

Çàêëþ÷åíèå

Èçó÷åíû òðåùèíîñòîéêîñòü è ìåõàíèçì ðàç-

ðóøåíèÿ ñòàëü (20 % îá.)-àëþìèíèåâîãî êîìïî-

çèöèîííîãî ìàòåðèàëà.

Åãî ïîëó÷àëè ïóòåì ôîðìèðîâàíèÿ ìíîãî-

ñëîéíîé çàãîòîâêè ïîñëåäîâàòåëüíûì ÷åðåäîâà-

íèåì ñëîåâ àëþìèíèåâîé ïóäðû ÏÀÏ-2 ñ ÷åøóé-

÷àòîé ôîðìîé ÷àñòèö ñóáìèêðîííîé òîëùèíû è

ñòàëüíûõ ñåòîê èç òðîñà àóñòåíèòíîé ñòàëè

08Õ17Í13Ì2 (ðàçìåðû ÿ÷ååê — 5 ìì) ñ ïîñëå-

äóþùèìè åå óïëîòíåíèåì ïîä äàâëåíèåì

700 ÌÏà è ñïåêàíèåì íà âîçäóõå ïðè 600 °C â òå-

÷åíèå 15 ìèí.

Äàííûé ðåæèì îáåñïå÷èâàë äîñòèæåíèå ñòà-

áèëüíîé îêñèäíîé ñâÿçè ìåæäó ìàòðè÷íûì è àð-

ìèðóþùèì êîìïîíåíòàìè (ïðè îáúåìíîé äîëå

ñåòîê â êîìïîçèòå, ðàâíîé 20 %, åãî ïëîòíîñòü ñî-

ñòàâëÿëà 2,85 ã/ñì3).

Ïðî÷íîñòü ïðè ïîïåðå÷íîì èçãèáå îáðàçöîâ

êîìïîçèöèîííîãî ìàòåðèàëà, ðàññ÷èòàííàÿ ïî

íàãðóçêå, ñîîòâåòñòâóþùåé ïåðâîìó ñêà÷êó òðå-

ùèíû â ìàòðèöå, ñîñòàâëÿëà îò 550 äî 600 ÌÏà.

Äëÿ èçó÷åíèÿ òðåùèíîñòîéêîñòè ïðîâîäèëè

ìåõàíè÷åñêèå èñïûòàíèÿ ïîëó÷åííîãî êîìïîçèòà

ñ èñïîëüçîâàíèåì íàäðåçàííûõ îáðàçöîâ äâóõ òè-

ïîâ: ñ âåðøèíîé íàäðåçà â òåëå òðîñà (òèï 1) è ñ
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Ðèñ. 6. Ïîâåðõíîñòü èçëîìà ñòàëü-àëþìèíèåâîãî êîìïî-

çèòà: 1 — «ïåðåìû÷êè» ìåæäó ñîñåäíèìè ìàòðè÷íûìè

àëþìèíèåâûìè ñëîÿìè; 2 — âíåøíèé ìàòðè÷íûé àëþìè-

íèåâûé ñëîé; 3 — ñòàëüíîé òðîñ

Fig. 6. The fracture surface of the steel-aluminum compos-

ite: 1 — “bridges” between adjacent matrix aluminum lay-

ers; 2 — external matrix aluminum layer; 3 — steel cable

Òàáëèöà 2. Ïëîòíîñòü è õàðàêòåðèñòèêè ðàçðóøåíèÿ ðàçëè÷íûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ

Table 2. The density and fracture characteristics of different structural materials

Ìàòåðèàë ñ, ã/ñì3 K
1c

, ÌÏà · ì1/2
ã

F
*, Äæ/ì2

Àëþìèíèåâûé ñïëàâ Ä16Ò [20] 2,78 45 ~103

Òèòàíîâûé ñïëàâ ÂÒ-5 [21] 4,41 82 ~103

Ñòàëü 3 [22] 7,85 60 4 · 103

Àëþìîîêñèäíàÿ êåðàìèêà [23] 3,99 4,5 10

Êîìïîçèò Ñòàëü (20 % îá.) – Al 2,85 15 – 30 (2 – 8) · 104

* Ïàðàìåòðû ã
F

äëÿ âñåõ ìàòåðèàëîâ ïîëó÷åíû àâòîðàìè ýêñïåðèìåíòàëüíî äëÿ ñîáëþäåíèÿ îäèíàêîâûõ óñëîâèé íàãðó-

æåíèÿ îáðàçöîâ.



âåðøèíîé íàäðåçà â òåëå àëþìèíèåâîé ìàòðèöû

(òèï 2).

Óñòàíîâëåíî, ÷òî ïàðàìåòð òðåùèíîñòîéêî-

ñòè K1c, õàðàêòåðèçóþùèé ñîïðîòèâëåíèå èíè-

öèèðîâàíèþ ðàçðóøåíèÿ âñëåäñòâèå ñòàðòà òðå-

ùèíû, ñîñòàâèë 30 è 15 ÌÏà · ì1/2 äëÿ îáðàçöîâ

òèïà 1 è òèïà 2. Ïðè ýòîì óäåëüíàÿ ýôôåêòèâíàÿ

ðàáîòà ðàçðóøåíèÿ ãF , îïèñûâàþùàÿ ñîïðîòèâ-

ëåíèå ðàçâèòèþ ðàçðóøåíèÿ â ìàòåðèàëå â òå÷å-

íèå âñåãî ïðîöåññà íàãðóæåíèÿ, — 8 · 104 è

2 · 104 Äæ/ì2 ñîîòâåòñòâåííî.

Âûñîêèå ïîêàçàòåëè ïàðàìåòðà ãF äëÿ îáðàç-

öîâ îáîèõ òèïîâ ñâÿçàíû ñ îñîáûì ìåõàíèçìîì

ðàçðóøåíèÿ äàííîãî êîìïîçèòà. Â ðåçóëüòàòå

àíàëèçà äèàãðàìì äåôîðìèðîâàíèÿ îáðàçöîâ óñ-

òàíîâëåíî, ÷òî ðàçðóøåíèå íîñèò äèñêðåòíûé è

çàìåäëåííûé õàðàêòåð, ïðè ýòîì ïðîÿâëÿþòñÿ

ìíîãî÷èñëåííûå ñêà÷êè íàãðóçêè íà êðèâûõ äå-

ôîðìèðîâàíèÿ (P1, ..., Pn).

Àíàëèç ïîâåðõíîñòè èçëîìà ñòàëü-àëþìèíèå-

âîãî êîìïîçèòà ìåòîäîì îïòè÷åñêîé ìèêðîñêî-

ïèè ïîêàçàë, ÷òî òàêèå ñêà÷êè íàãðóçêè ïðîèñõî-

äÿò âñëåäñòâèå ïîñëåäîâàòåëüíûõ àêòîâ ðàçðó-

øåíèÿ ïåðåìû÷åê ìåæäó ìàòðè÷íûìè àëþìè-

íèåâûìè ñëîÿìè çà ñ÷åò èõ ñðåçà òðîñîì â ðå-

çóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé â

ïðîöåññå íàãðóæåíèÿ.

Ïðè èññëåäîâàíèè ôðàêòîãðàìì ïîâåðõ-

íîñòåé ðàçðóøåíèÿ îáðàçöîâ ìåòîäîì ðàñòðîâîé

ýëåêòðîííîé ìèêðîñêîïèè óñòàíîâëåíî, ÷òî äî-

ïîëíèòåëüíîìó ïîâûøåíèþ ýíåðãîåìêîñòè ðàç-

ðóøåíèÿ êîìïîçèòà ñïîñîáñòâóþò çíà÷èòåëüíûå

çàòðàòû ýíåðãèè íà ïðåîäîëåíèå ñèë òðåíèÿ ïðè

âûòÿãèâàíèè òðîñà èç ìàòðèöû è ïðè ñäâèãå

ñëîèñòûõ ïàêåòîâ âíóòðè ìàòðèöû, îáðàçîâàí-

íûõ äèôôóçèîííî-ñâÿçàííûìè àëþìèíèåâûìè

÷åøóé÷àòûìè ÷àñòèöàìè.

Îòëè÷èòåëüíàÿ îñîáåííîñòü ðàçðàáîòàííîãî

ñòàëü-àëþìèíèåâîãî êîìïîçèöèîííîãî ìàòåðèà-

ëà — ïîâûøåííîå ñîïðîòèâëåíèå ðàçâèòèþ ðàç-

ðóøåíèÿ ïðè ñòàòè÷åñêîì íàãðóæåíèè — åãî

óäåëüíàÿ ýôôåêòèâíàÿ ðàáîòà ðàçðóøåíèÿ ãF íà

ïîðÿäîê âûøå, ÷åì äëÿ ñòàëè, àëþìèíèåâîãî è

òèòàíîâîãî ñïëàâîâ.

Äàííûé êîìïîçèò ìîæåò áûòü ðåêîìåíäîâàí

äëÿ èñïîëüçîâàíèÿ â êà÷åñòâå ëåãêèõ ýëåìåíòîâ

êîíñòðóêöèé, ýêñïëóàòèðóåìûõ â óñëîâèÿõ ìåõà-

íè÷åñêîãî íàãðóæåíèÿ.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèÿ ïðîâåäåíû â ðàìêàõ áàçî-

âîé ÷àñòè ãîñóäàðñòâåííîãî çàäàíèÿ âóçàì

¹ 11.7568.2017/Á4 ñ èñïîëüçîâàíèåì îáîðóäîâà-

íèÿ ðåñóðñíîãî öåíòðà êîëëåêòèâíîãî ïîëüçîâà-

íèÿ «Àâèàöèîííî-êîñìè÷åñêèå ìàòåðèàëû è òåõ-

íîëîãèè» ÌÀÈ.

Ìèêðîñêîïè÷åñêèé àíàëèç âûïîëíåí â ÎÈÂÒ

ÐÀÍ ïî ñóáñèäèè íà âûïîëíåíèå ãîñóäàð-

ñòâåííîãî çàäàíèÿ â ñîîòâåòñòâèè ñ ïðîãðàììîé

ôóíäàìåíòàëüíûõ èññëåäîâàíèé ÐÀÍ (òåìà ÃÐ

¹ ÀÀÀÀ-À-16-116051810082-7).
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Ðèñ. 7. Ôðàêòîãðàììà ïîâåðõíîñòè ðàçðóøåíèÿ ñòàëü-

àëþìèíèåâîãî êîìïîçèòà: 1 — ãðàíèöà ðàçäåëà àëþìèíè-

åâàÿ ìàòðèöà/ñòàëüíîé òðîñ; 2 — ðåëüåô, îáðàçîâàííûé

âñëåäñòâèå âûòÿãèâàíèÿ ñòàëüíîãî òðîñà èç ìàòðèöû; 3 —

ñëîèñòûé ïàêåò èç äèôôóçèîííî-ñâÿçàííûõ ÷åøóé÷àòûõ

÷àñòèö; 4 — ïîëîñòè, îáðàçîâàííûå âñëåäñòâèå ñäâèãà

ñëîèñòûõ ïàêåòîâ

Fig. 7. Fractogram of the fracture surface of steel-alumi-

num composite: 1 — aluminum matrix/steel cable interface;

2 — surface relief formed as a result of pulling the steel

cable out of the matrix; 3 — layered package of diffusion-

bonded scaly particles; 4 — cavities resulted from shifting

the layered packages
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