
229Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4

Ìåòàëëîâåäåíèå è òåðìè÷åñêàÿ îáðàáîòêà ìåòàëëîâ è ñïëàâîâ  Metal science and thermal processing of metals and alloys

ÌÅÒÀËËÓÐÃÈß È ÌÀÒÅÐÈÀËÎÂÅÄÅÍÈÅ

ÌÅÒÀËËÎÂÅÄÅÍÈÅ È ÒÅÐÌÈ×ÅÑÊÀß ÎÁÐÀÁÎÒÊÀ
ÌÅÒÀËËÎÂ È ÑÏËÀÂÎÂ

ÓÄÊ 629.7.023.224 DOI:10.34759/vst-2020-4-229-240

ÒÐÀÍÑÔÎÐÌÀÖÈß ÑÒÐÓÊÒÓÐÛ È ÑÂÎÉÑÒÂ ÆÀÐÎÑÒÎÉÊÎÃÎ ÏÎÊÐÛÒÈß
Â ÏÐÎÖÅÑÑÅ ÂÛÑÎÊÎÒÅÌÏÅÐÀÒÓÐÍÛÕ ÖÈÊËÈ×ÅÑÊÈÕ

ÈÑÏÛÒÀÍÈÉ ËÎÏÀÒÊÈ ÒÓÐÁÈÍÛ

Èëüèíêîâà Ò.À.1*, Èëüèíêîâ À.Â.1**, Êëèìêèí Þ.Î.1***,

Æèâóøêèí À.À.2****, Áóäèíîâñêèé Ñ.À.3*****

1 Êàçàíñêèé íàöèîíàëüíûé èññëåäîâàòåëüñêèé òåõíè÷åñêèé óíèâåðñèòåò èìåíè À.Í. Òóïîëåâà –
ÊÀÈ (ÊÍÈÒÓ-ÊÀÈ),

óë. Ê. Ìàðêñà, 10, Êàçàíü, 420111, Ðîññèÿ
2 ÎÄÊ-Êëèìîâ,

óë. Êàíòåìèðîâñêàÿ, 11, Ñàíêò-Ïåòåðáóðã, 194100, Ðîññèÿ
3 Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò àâèàöèîííûõ ìàòåðèàëîâ (ÂÈÀÌ),

óë. Ðàäèî, 17, Ìîñêâà, 105005, Ðîññèÿ
* e-mail: pochta20006@bk.ru

** e-mail: ailinkov@mail.ru
*** e-mail: yurakl@mail.ru

**** e-mail: azhivush@gmail.com
***** e-mail: admin@viam.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 04.08.2020

Ïðîâåäåíû òåðìîöèêëè÷åñêèå èñïûòàíèÿ íåîõëàæäàåìûõ ðàáî÷èõ ëîïàòîê 2-é ñòóïåíè òóðáèíû âåðòîëåò-
íîãî ÃÒÄ èç ñïëàâà ñ æàðîñòîéêèì ïîêðûòèåì ñîñòàâà Ni-20Co-20Cr-12Al-Ti-Y+Al-5Si-B. Èñïûòàíèÿ ïðîâåäå-
íû íà ñïåöèàëüíîì ñòåíäå, îáåñïå÷èâàþùåì ðåàëèçàöèþ èññëåäîâàííûõ òåðìîöèêëîâ, âîçíèêàþùèõ ïðè ýêñï-
ëóàòàöèè ÃÒÄ. Ïîñëå îïðåäåëåííîé òåïëîâîé íàðàáîòêè ëîïàòêè ñíèìàëèñü ñ èñïûòàíèé. Èññëåäîâàëèñü èçìå-
íåíèÿ ñîñòàâà, ìèêðîñòðóêòóðû è ìèêðîìåõàíè÷åñêèõ ñâîéñòâ æàðîñòîéêîãî ïîêðûòèÿ â íàèáîëåå íàãðóæåííîé
÷àñòè ëîïàòîê. Âûÿâëåíû äåãðàäàöèîííûå ïðîöåññû â âèäå äèôôóçèè õðîìà è àëþìèíèÿ, ñíèæåíèÿ ìèêðîòâåð-
äîñòè è óïðóãîñòè ïîêðûòèÿ, ðîñòà ïîëçó÷åñòè è äîëè ðàáîòû, çàòðà÷åííîé íà ïëàñòè÷åñêîå äåôîðìèðîâàíèå.
Âûÿâëåííûå äåãðàäàöèîííûå ïðîöåññû â öåëîì íå îêàçàëè âëèÿíèÿ íà ðàáîòîñïîñîáíîñòü ëîïàòîê ñ ïîêðûòè-
åì.

Êëþ÷åâûå ñëîâà: ëîïàòêà òóðáèíû, äâóõñëîéíîå æàðîñòîéêîå ïîêðûòèå, òåðìè÷åñêàÿ óñòàëîñòü, äèôôóçèÿ
àëþìèíèÿ è õðîìà, ìèêðîñòðóêòóðà, ìèêðîìåõàíè÷åñêèå ñâîéñòâà.
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Ââåäåíèå

Æàðîñòîéêèå ïîêðûòèÿ ïðåäíàçíà÷åíû äëÿ
çàùèòû æàðîïðî÷íûõ ìàòåðèàëîâ è ñïëàâîâ îò
îêèñëèòåëüíîé êîððîçèè ïðè òåìïåðàòóðàõ ñâû-

øå 600 °Ñ. Ýôôåêòèâíîñòü çàùèòíûõ ñâîéñòâ ïî-
êðûòèé îïðåäåëÿåòñÿ èõ ñòðóêòóðîé è õèìè÷åñêèì
ñîñòàâîì.

Âàêóóìíûå èîííî-ïëàçìåííûå ìåòîäû íàíå-
ñåíèÿ æàðîñòîéêèõ ïîêðûòèé íà ëîïàòêè òóðáè-
íû ÃÒÄ â íàñòîÿùåå âðåìÿ ïîëó÷èëè âåñüìà øè-
ðîêîå ðàñïðîñòðàíåíèå, áëàãîäàðÿ áîëüøîìó ðàç-
íîîáðàçèþ ýëåìåíòíîãî è ôàçîâîãî ñîñòàâà ïîëó-
÷àåìûõ ïîêðûòèé è âûñîêîìó óðîâíþ ñâîéñòâ.
Êîìïëåêñíîå ââåäåíèå â ïîêðûòèå Ni, Co, Pt, Pd,
à òàêæå Y- è Hf-ýëåìåíòîâ, êîòîðûå óâåëè÷èâà-
þò ñöåïëåíèå ïëåíêè Al2O3 ñ îñíîâîé, ïîâûøàåò
ñîïðîòèâëåíèå âûñîêîòåìïåðàòóðíîìó îêèñëåíèþ
[1—3].

Â íàñòîÿùåå âðåìÿ æàðîñòîéêèå ïîêðûòèÿ
èìåþò ñëîæíûé ñîñòàâ: Ìå (Ni,Ñî)-Ñã-À1-Y,
À1-Si-Ni-Y. Ni-Cr-Al-Y, Co-Cr-Al-Y, Ni-Co-Al-Y,
Ni-Co-Cr-Al-Y-Hf-Si è äð.

Íà âûáîð ñîñòàâà ïîêðûòèÿ âëèÿþò ñëåäóþ-
ùèå ôàêòîðû:

— ìèíèìàëüíîå ðàçëè÷èå êîýôôèöèåíòîâ òåð-
ìè÷åñêîãî ðàñøèðåíèÿ ïîêðûòèÿ è ñïëàâà äåòàëè;

— çíà÷åíèÿ ðàáî÷èõ òåìïåðàòóð è ñîñòàâ îêèñ-
ëèòåëüíîé ñðåäû, îïðåäåëÿþùèå óñëîâèÿ ôîðìè-
ðîâàíèÿ çàùèòíûõ ïëåíîê, èíòåíñèâíîñòü äèôôó-
çèîííûõ ïðîöåññîâ è ñêîðîñòü äåãðàäàöèè çàùèò-
íûõ ñâîéñòâ ïîêðûòèÿ;

— ñòåïåíü âëèÿíèÿ ïîêðûòèÿ íà ñîïðîòèâëå-
íèå óñòàëîñòè äåòàëåé;

— ñïîñîá íàíåñåíèÿ ïîêðûòèÿ, âîçìîæíîñòè
äàëüíåéøåé îáðàáîòêè ñ öåëüþ ïîâûøåíèÿ ïðî÷-
íîñòè ñöåïëåíèÿ, ïëîòíîñòè, øåðîõîâàòîñòè è ò.ä.

Ïî ñòðóêòóðå ñîâðåìåííûå æàðîñòîéêèå ïî-
êðûòèÿ ÿâëÿþòñÿ ëèáî äâóõôàçíûìè, ëèáî ìíîãî-

ôàçíûìè. Îñíîâíîé ôàçîé ÿâëÿåòñÿ NiAl (β -ôàçà),

â êîòîðîé ðàñïðåäåëåíû âêëþ÷åíèÿ êàðáèäîâ è

èíòåðìåòàëëèäîâ; β -ôàçà ÿâëÿåòñÿ íàèáîëåå æà-

ðîïðî÷íîé, òóãîïëàâêîé, îäíàêî îíà ñîîáùàåò ïî-
êðûòèþ õðóïêîñòü. Äëÿ ïîâûøåíèÿ åå ñòàáèëüíî-
ñòè â ñîñòàâ ïîêðûòèÿ äîïîëíèòåëüíî ââîäÿòñÿ ëå-
ãèðóþùèå ýëåìåíòû (Òà, Íf, Y, Si è äð.). Ïðèñóò-
ñòâèå ïëàñòè÷íîãî γ -òâåðäîãî ðàñòâîðà ñïîñîá-

ñòâóåò ïîâûøåíèþ ñîïðîòèâëåíèÿ òåðìè÷åñêîé
óñòàëîñòè, 'γ -ôàçà (Ni3Al) ïîâûøàåò æàðîñòîé-

êîñòü è æàðîïðî÷íîñòü [4, 5].
Æàðîñòîéêèå ïîêðûòèÿ íà ëîïàòêàõ ÃÒÄ ìî-

ãóò èìåòü ðàçëè÷íûé ñîñòàâ íà ðàçëè÷íûõ ó÷àñò-

êàõ. Òàê, àâòîðû ïàòåíòîâ [6, 7] ïðåäëàãàþò ñîçäà-
âàòü ïîêðûòèå ñ ãðàäèåíòîì õðîìà è àëþìèíèÿ ïî
ïðîôèëþ ïåðà ëîïàòêè è òåì ñàìûì îáåñïå÷èâàòü
ïîâûøåííóþ óñòîé÷èâîñòü ïîêðûòèÿ ïðè ýêñïëó-
àòàöèè.

Â íàñòîÿùåå âðåìÿ æàðîñòîéêèå ìíîãîñëîé-
íûå ïîêðûòèÿ ñîçäàþòñÿ íå òîëüêî äëÿ ìåòàëëè-
÷åñêèõ äåòàëåé è óçëîâ ÃÒÄ, íî è äëÿ ïåðñïåêòèâ-
íûõ êîìïîçèöèîííûõ ìàòåðèàëîâ äëÿ ðàêåòíîé
òåõíèêè, â ÷àñòíîñòè óãëåðîä-óãëåðîäíûõ. Òàê,
àâòîðû [8] ïðåäëîæèëè ìíîãîñëîéíîå æàðîñòîé-
êîå ïîêðûòèå ñîñòàâà: Al2O3-TiO2-LaB6 LaB6-
Ni22Cr10AIY-ZrN – äëÿ ýòèõ èçäåëèé.

×åðåäóþùèåñÿ ñëîè êåðàìèêè èç òóãîïëàâêèõ
îêèñëîâ ìåòàëëîâ è ïëàñòè÷íîãî ìåòàëëà ïîçâî-
ëÿþò ñîçäàâàòü ìíîãîôóíêöèîíàëüíûå ïîêðûòèÿ:
æàðîñòîéêèå è òåïëîçàùèòíûå. Â òàêèõ ïîêðûòè-
ÿõ ñëîè êåðàìèêè äîïîëíèòåëüíî ñîäåðæàò íå
áîëåå 40% ïëàñòè÷íîãî ìåòàëëà [9], à êîìïåíñà-
öèîííûå ñëîè äîïîëíèòåëüíî ñîäåðæàò íå áîëåå
20% òóãîïëàâêèõ îêèñëîâ, ïðè ýòîì êàæäûé êîì-
ïåíñàöèîííûé ñëîé èç ïëàñòè÷íîãî ìåòàëëà èìååò
òîëùèíó íå áîëåå 100 íì è â 1,5—20 ðàç ìåíüøå
òîëùèíû ñëîÿ êåðàìèêè. Îäíàêî ñîçäàíèå òàêèõ
ïîêðûòèé — äîñòàòî÷íî ñëîæíàÿ çàäà÷à, êîòîðàÿ
çà÷àñòóþ òðåáóåò ïðèìåíåíèÿ ðàçëè÷íûõ òåõíîëî-
ãè÷åñêèõ ïðîöåññîâ: äèôôóçèîííîãî íàñûùåíèÿ,
âàêóóìíî-ïëàçìåííîãî íàïûëåíèÿ, ïëàçìåííîãî
íàïûëåíèÿ [10].

Ïî îñîáåííîñòÿì òåõíîëîãèé íàíåñåíèÿ æàðî-
ñòîéêèõ ïîêðûòèé ðàçëè÷àþò äèôôóçèîííûå
(àëþìèíèäíûå) è êîíäåíñàöèîííûå ïîêðûòèÿ,
êîòîðûå õàðàêòåðèçóþòñÿ áîëüøèì ìíîãîîáðàçè-
åì ôàç.

Ñîçäàíèå êîìáèíèðîâàííûõ êîíäåíñàöèîííî-
äèôôóçèîííûõ ïîêðûòèé âîçìîæíî ïðè èñïîëü-
çîâàíèè âàêóóìíîé ïëàçìåííîé òåõíîëîãèè âûñî-
êèõ ýíåðãèé [11]. Ýòî ïîçâîëÿåò çíà÷èòåëüíî ïî-
âûñèòü èõ æàðîñòîéêîñòü è ñîïðîòèâëåíèå òåðìè-
÷åñêîé óñòàëîñòè ïðè òåìïåðàòóðàõ 1423—1473 Ê.
Â íàñòîÿùåå âðåìÿ íàèáîëåå ðàñïðîñòðàíåííûì
ñïîñîáîì ïîâûøåíèÿ æàðîñòîéêîñòè èîííî-ïëàç-
ìåííûõ ïîêðûòèé ñòàëî íàíåñåíèå èõ â íåñêîëüêî
ñëîåâ [12], â òîì ÷èñëå è ñ ïðåäâàðèòåëüíîé èì-
ïëàíòàöèåé èîíîâ ðåäêîçåìåëüíûõ ìåòàëëîâ â
ïîâåðõíîñòü ñïëàâà-îñíîâû [13, 14]. Èîííî-èì-
ïëàíòàöèîííóþ îáðàáîòêó ïîâåðõíîñòè ëîïàòêè
ïðîâîäÿò èîíàìè ïî êðàéíåé ìåðå îäíîãî èç ýëå-
ìåíòîâ: Nb, Pt, Yb, Y, La, Hf, Cr, Si, Pd, Ag ñ
ïîëó÷åíèåì ìèêðî- è íàíîñëîåâ. Äàííàÿ îáðàáîò-
êà ñïîñîáñòâóåò ïîâûøåíèþ æàðîñòîéêîñòè ïî-
êðûòèÿ ïðè îäíîâðåìåííîì ïîâûøåíèè öèêëè-
÷åñêîé ïðî÷íîñòè äåòàëåé ñ ïîêðûòèåì.
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Äëÿ ïîâûøåíèÿ ôàçîâîé ñòàáèëüíîñòè ñëîÿ è
ðàáî÷åé òåìïåðàòóðû ïîêðûòèÿ â öåëîì âíóòðåí-
íèé ïîäñëîé äåëàþò èç ñïëàâîâ ñèñòåìû Ni-Cr-
Al-R (ìàðêè ÑÄÏ, ÂÆÌÑ), ãäå R — îäèí èç òó-
ãîïëàâêèõ ýëåìåíòîâ (Re, Ta, W, Ru,Hf, Y, Zr
è äð.) [15]. Ïðè ýòîì âíóòðåííèé ïîäñëîé âûïîë-
íÿåò ôóíêöèþ äåìïôåðà, ïîñêîëüêó åãî èçãîòàâ-
ëèâàþò èç ñïëàâîâ, èìåþùèõ çíà÷åíèÿ êîýôôè-
öèåíòà òåðìè÷åñêîãî ðàñøèðåíèÿ è ìîäóëÿ óïðó-
ãîñòè, ïðîìåæóòî÷íûå ìåæäó ñîîòâåòñòâóþùèìè
õàðàêòåðèñòèêàìè ñïëàâà îñíîâû è ñïëàâà âíåø-
íåãî ñëîÿ ïîêðûòèÿ íà îñíîâå ìîíîàëþìèíèäà íè-
êåëÿ. Ýòî ñíèæàåò ðèñê ðàñòðåñêèâàíèÿ è îòñëàè-
âàíèÿ ïîêðûòèÿ ïðè ñìåíàõ òåïëîâîãî ðåæèìà.

Âíåøíèé ñëîé ôîðìèðóþò ñ èñïîëüçîâàíèåì
àëþìèíèäíûõ ñïëàâîâ ñèñòåì Al-Si-Y, Al-Si-B,
Al-Ni-Cr-Y è äð. (ìàðêè ÂÑÄÏ -11, ÂÑÄÏ-13,
ÂÑÄÏ-16) [15]. Â èõ ñîñòàâ âõîäÿò ýëåìåíòû (Hf,
Y, ðåäêîçåìåëüíûå ìåòàëëû), ñòàáèëèçèðóþùèå
çàùèòíóþ ïë¸íêó íà îñíîâå îêñèäà àëþìèíèÿ íà
ïîâåðõíîñòè âíåøíåãî ñëîÿ ïîêðûòèÿ. Âíåøíèé
ñëîé ïîêðûòèÿ íà îñíîâå ñïëàâà îáëàäàåò áîëåå
âûñîêèìè ïîêàçàòåëÿìè ñîïðîòèâëåíèÿ ê îêèñëå-
íèþ è êîððîçèè â ïðîäóêòàõ ãîðåíèÿ òîïëèâà.

Â ïðîöåññå ýêñïëóàòàöèè â æàðîñòîéêèõ ïî-
êðûòèÿõ ïðîòåêàþò äèôôóçèîííûå, îêèñëèòåëü-
íûå ïðîöåññû [16, 17], ïðèâîäÿùèå ê òðàíñôîð-
ìàöèè õèìè÷åñêîãî ñîñòàâà ïîêðûòèÿ è äåãðàäà-
öèè çàùèòíûõ ñâîéñòâ ïîêðûòèÿ.

Ïîýòîìó èñïûòàíèÿ æàðîñòîéêèõ è òåðìîáà-
ðüåðíûõ ñ æàðîñòîéêèì ïîäñëîåì ïîêðûòèé â
óñëîâèÿõ ìàëîöèêëîâîé è ìíîãîöèêëîâîé óñòàëî-
ñòè ïîçâîëÿþò ñîâåðøåíñòâîâàòü ñîñòàâû è òåõ-
íîëîãèè íàíåñåíèÿ ïîêðûòèé (ïîäãîòîâêó ïîâåðõ-
íîñòè äåòàëè ïåðåä íàíåñåíèåì ïîêðûòèÿ, ðåæè-
ìû, òîëùèíû îòäåëüíûõ ñëîåâ ïîêðûòèÿ, ïîñëå-
äóþùóþ òåðìè÷åñêóþ îáðàáîòêó, ïàðàìåòðû øå-
ðîõîâàòîñòè ïîâåðõíîñòè è ò.ï.) è, òàêèì îáðàçîì,
ïîâûøàòü íàäåæíîñòü îòâåòñòâåííûõ äåòàëåé ãà-
çîòóðáèííûõ äâèãàòåëåé [18—26].

Ïðè ïðîâåäåíèè âûñîêîòåìïåðàòóðíûõ öèêëè-
÷åñêèõ èñïûòàíèé âàæíà íå òîëüêî îöåíêà äîë-
ãîâå÷íîñòè èçäåëèé èëè îáðàçöîâ ñ ïîêðûòèåì â
çàäàííûõ óñëîâèÿõ, íî è èññëåäîâàíèå ïîâðåæäà-
åìîñòè ïîêðûòèé íà ìèêðîóðîâíå. Ýòî ïîçâîëÿ-
åò ïîíÿòü ìèêðîìåõàíèçìû ðàçðóøåíèÿ ñèñòåìû
«ïîêðûòèå-ñïëàâ» è òåì ñàìûì ñîâåðøåíñòâîâàòü
òåõíîëîãèþ. Ïðè ýòîì ìèêðîìåõàíèçìû ïîâðåæ-
äàåìîñòè ïîêðûòèé ìîãóò ðàçëè÷àòüñÿ â çàâèñè-
ìîñòè îò òîãî, ïðîâîäÿòñÿ ëè èñïûòàíèÿ íà ìî-
äåëüíûõ îáðàçöàõ èëè ðåàëüíûõ äåòàëÿõ, à òàêæå
ðåàëèçóþòñÿ ëè óñëîâèÿ ðàáî÷èõ âíåøíèõ íàãðó-
çîê ïðè ïðîâåäåíèè èñïûòàíèé. Ïîýòîìó öåëüþ

íàñòîÿùåãî ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå ïîâå-
äåíèÿ æàðîñòîéêîãî èîííî-ïëàçìåííîãî ïîêðû-
òèÿ òèïà ÑÄÏ-1Ò + ÂÑÄÏ-13 íà íåîõëàæäàåìûõ
ðàáî÷èõ ëîïàòêàõ 2-é ñòóïåíè òóðáèíû âåðòîëåò-
íîãî ÃÒÄ â óñëîâèÿõ òåðìîöèêëè÷åñêèõ èñïûòà-
íèé, áëèçêèõ ê ýêñïëóàòàöèîííûì, èññëåäîâàíèå
èçìåíåíèé, ïðîèñõîäÿùèõ â ñîñòàâå, ñòðóêòóðå è
ìåõàíè÷åñêèõ ñâîéñòâàõ íà ìèêðîóðîâíå.

Ìåòîäèêà èñïûòàíèé è èññëåäîâàíèé

Â ðàáîòå èññëåäîâàëèñü íåîõëàæäàåìûå ðàáî-
÷èå ëîïàòêè 2-é ñòóïåíè òóðáèíû âåðòîëåòíîãî
ÃÒÄ, èçãîòîâëåííûå èç ñïëàâà ÂÆË-21. Ñïëàâ
ÂÆË-21 ÿâëÿåòñÿ íîâûì ëèòåéíûì ïîëèêðèñòàë-
ëè÷åñêèì æàðîïðî÷íûì ñïëàâîì íà íèêåëåâîé
îñíîâå ïîíèæåííîé ïëîòíîñòè. Ïî óäåëüíîé
ïðî÷íîñòè îí ïðåâîñõîäèò øèðîêî ðàñïðîñòðà-
í¸ííûé â ïðîìûøëåííîñòè ñïëàâ ÆÑ6Ó. Â åãî
ñîñòàâ âõîäÿò 5,4 %Al; 3,8 %Mo; 2,5 % Ti; 0,12 % C,
à òàêæå Cr, W, Co, B, La, Zr. Ñóììàðíîå ñîäåð-
æàíèå òóãîïëàâêèõ ýëåìåíòîâ, â òîì ÷èñëå Ta,
ñâåäåíî ê ìèíèìóìó äëÿ ñíèæåíèÿ ïëîòíîñòè.
Ñïëàâ îáëàäàåò ïîâûøåííîé ïëàñòè÷íîñòüþ ïðè
êîìíàòíîé òåìïåðàòóðå, ÷òî îáóñëîâëåíî áëàãî-
ïðèÿòíîé ôîðìîé êàðáèäíûõ ÷àñòèö è èõ ðàñïðå-
äåëåíèåì â ìàòðèöå.

Æàðîñòîéêîå ïîêðûòèå áûëî íàíåñåíî ïî ñå-
ðèéíîé òåõíîëîãèè íà óñòàíîâêå ÌÀÏ-2 ïîñëå-
äîâàòåëüíûì îñàæäåíèåì íà ïîâåðõíîñòü ðàáî÷èõ
ëîïàòîê êîíäåíñèðîâàííîãî ñëîÿ ÑÄÏ-1Ò ñîñòàâà
Ni-20Co-20Cr-12Al-Ti-Y (âíóòðåííèé ñëîé) è
äèôôóçèîííîãî ñëîÿ ÂÑÄÏ-13 ñîñòàâà Al-5Si-B
(âíåøíèé ñëîé).

Êîíäåíñèðîâàííûé è äèôôóçèîííûé ñëîè
ïîñëåäîâàòåëüíî íàíîñèëèñü íà ëîïàòêè â âàêó-
óìå ïðè çàäàííûõ ïàðàìåòðàõ òîêà äóãè è íàïðÿ-
æåíèè ñìåùåíèÿ â òå÷åíèå 200—220 ìèí è
60—65 ìèí ñîîòâåòñòâåííî. Ïî îêîí÷àíèè ïðî-
öåññà íàïûëåíèÿ áûëà ïðîâåäåíà âàêóóìíàÿ òåð-

ìîîáðàáîòêà ëîïàòîê ïðè òåìïåðàòóðå 1000 °Ñ â
òå÷åíèå 240 ìèí äëÿ îêîí÷àòåëüíîãî ôîðìèðîâà-
íèÿ ñòðóêòóðû è ôàçîâîãî ñîñòàâà ïîêðûòèÿ.

Ñðàâíèòåëüíûå èñïûòàíèÿ ëîïàòîê ñ ïîêðû-
òèåì è áåç ïîêðûòèÿ áûëè ïðîâåäåíû â èäåíòè÷-
íûõ óñëîâèÿõ íà ñïåöèàëüíîì èñïûòàòåëüíîì
ñòåíäå ñ ïîìîùüþ ìåòîäèêè, îáåñïå÷èâàþùåé
âîñïðîèçâîäèìîñòü òåðìîöèêëà ïðè åãî ìíîãî-
êðàòíûõ ïîâòîðåíèÿõ. Ïðèíöèï äåéñòâèÿ ýêñïå-
ðèìåíòàëüíîé óñòàíîâêè çàêëþ÷àëñÿ â îìè÷åñêîì
íàãðåâå èñïûòóåìîé ëîïàòêè ïîñòîÿííûì ýëåêò-
ðè÷åñêèì òîêîì, èçìåíÿþùèìñÿ ïî çàäàííîìó
àëãîðèòìó. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà (ñõåìà
íà ðèñ. 1,à) ñîñòîèò èç çàæèìà äëÿ êðåïëåíèÿ ëî-
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ïàòêè ñ òîêîïîäâîäàìè 1, èñòî÷íèêà ïîñòîÿííî-
ãî òîêà 2 è ñèñòåìû óïðàâëåíèÿ íàãðåâîì. Â ñèñ-
òåìó óïðàâëåíèÿ íàãðåâîì ëîïàòêè âõîäÿò ðåî-
ñòàòû 3, ýëåêòðîìàãíèòíîå ðåëå 4, óïðàâëÿåìûé
âåíòèëÿòîð 6, âêëþ÷àåìûé îò îòäåëüíîãî ðåëå 7.
Èçìåíåíèå òîêà âîçáóæäåíèÿ îñóùåñòâëÿåòñÿ
ïåðåêëþ÷åíèåì ðåîñòàòîâ 3. Êîììóòàöèÿ ïðîèç-
âîäèòñÿ áëîêîì ýëåêòðîìàãíèòíûõ ðåëå 4. Êîíò-
ðîëü òîêà âûïîëíÿåòñÿ ñ ïîìîùüþ àìïåðìåòðà 5.
Êîíòðîëü òåìïåðàòóðû ëîïàòêè ïðîâîäèëñÿ ïðè
ïîìîùè òåðìîïàðû ñ ðàçíåñåííûì ñïàåì 8 òèïà
ÒÕÀ, ïðèâàðåííîé â çîíå ìàêñèìàëüíîãî íàãðå-
âà ëîïàòêè. Èçìåðåíèå ñèãíàëà òåðìîïàðû è
âêëþ÷åíèå ðåëå âûïîëíÿëîñü àíàëîãî-öèôðîâûì
ïðåîáðàçîâàòåëåì 9  òèïà E-270 USB, óïðàâëÿå-
ìûì êîìïüþòåðîì 10. Äëÿ íàñòðîéêè ðåæèìîâ íà-
ãðåâà è îõëàæäåíèÿ, ïðîâåäåíèÿ èñïûòàíèé áûëà
íàïèñàíà ñïåöèàëüíàÿ ïðîãðàììà, ñ ïîìîùüþ

êîòîðîé áûë ðåàëèçîâàí òåðìè÷åñêèé öèêë, ïîë-
íîñòüþ ñîîòâåòñòâóþùèé ðåàëüíîìó, óñòàíîâëåí-
íîìó ïðè èñïûòàíèÿõ ÃÒÄ (ðèñ. 1,á).

Ïåðåä íà÷àëîì èñïûòàíèÿ ëîïàòêè âûïîëíÿ-
ëàñü íàñòðîéêà êàæäîãî ðåæèìà âðó÷íóþ. Ïîñëå
îïðåäåëåííîãî êîëè÷åñòâà òåðìîöèêëîâ ëîïàòêà
ñíèìàëàñü ñ èñïûòàíèé è ïîäâåðãàëàñü ïîðåçêå íà
ýëåêòðîèñêðîâîì ñòàíêå â íàèáîëåå íàãðóæåííîé
÷àñòè. Èç ïîëó÷åííûõ òåìïëåòîâ èçãîòàâëèâàëèñü
ìèêðîøëèôû ïî ñòàíäàðòíîé ìåòîäèêå.

Õàðàêòåð çàðîæäåíèÿ è ðàñïðîñòðàíåíèÿ òðå-
ùèí â ïîêðûòèè îïðåäåëÿëñÿ íà ýëåêòðîííîì
ñêàíèðóþùåì ìèêðîñêîïå JSM6460-LV (Ãåðìà-
íèÿ) â ðåæèìå âòîðè÷íûõ ýëåêòðîíîâ. Ìèêðîõè-
ìè÷åñêèé ñîñòàâ ïîêðûòèé â èñõîäíîì ñîñòîÿíèè
è ïîñëå èñïûòàíèÿ èññëåäîâàëè ìåòîäàìè èíòåã-
ðàëüíîãî è ïîòî÷å÷íîãî àíàëèçà íà ýíåðãîäèñïåð-
ñèîííîé ïðèñòàâêå INCA ENERGY 300.

Ìèêðîìåõàíè÷åñêèå õàðàêòåðèñòèêè ïîêðû-
òèé îöåíèâàëèñü ïî ÃÎÑÒ Ð 8.748-2011(ÈÑÎ
14577-1:2002) [27] íà äèíàìè÷åñêîì óëüòðàìèêðî-
òåñòåðå Shimadzu DUH-211 (ßïîíèÿ). Äëÿ èçìå-
ðåíèé áûë èñïîëüçîâàí èíäåíòîð Áåðêîâè÷à.
Íàãðóçêà ïðè èñïûòàíèÿõ ñîñòàâèëà 101 ìÍ, âû-
äåðæêà ïðè ìàêñèìàëüíîé íàãðóçêå 28 ñ. Âûáðàí-
íûå ïàðàìåòðû èçìåðåíèé ïîçâîëèëè îïðåäåëèòü
ìåõàíè÷åñêèå ñâîéñòâà â êàæäîì èç ñëîåâ ïîêðû-
òèÿ. Ïî ðåçóëüòàòàì èçìåðåíèÿ àâòîìàòè÷åñêè

Ðèñ. 1. Òåõíèêà ïðîâåäåíèÿ òåðìîöèêëè÷åñêèõ èñïû-
òàíèé: à — èñïûòàòåëüíûé ñòåíä; á — òåðìè÷åñêèé öèêë
èñïûòàíèéá)

à)
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ñòðîèëàñü äèàãðàììà âèäà «íàãðóçêà—ïåðåìåùå-
íèå» (ðèñ. 2), èç êîòîðîé âû÷èñëÿëèñü ñëåäóþùèå
ñòàíäàðòíûå ìèêðîìåõàíè÷åñêèå õàðàêòåðèñòèêè
ìàòåðèàëà [27]:

— òâåðäîñòü ïî øêàëå Ìàðòåíñà, Í/ìì2:

( ) 2
ÍÌ ,

26,44s

P P
A h h

= =                (1)

ãäå P — íàãðóçêà íà èíäåíòîð; As (h) — çàâèñè-
ìîñòü ïëîùàäè îòïå÷àòêà îò ãëóáèíû ïîãðóæåíèÿ,
ïîñòîÿííàÿ ôóíêöèÿ èíäåíòîðà;

— ìîäóëü óïðóãîñòè, Í/ìì2:
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ãäå Vs — êîýôôèöèåíò Ïóàññîíà ìàòåðèàëà èñïû-
òóåìîãî îáðàçöà; Vi — êîýôôèöèåíò Ïóàññîíà ìà-
òåðèàëà íàêîíå÷íèêà (äëÿ àëìàçà 0,07); Ei — ìî-
äóëü óïðóãîñòè íàêîíå÷íèêà (äëÿ àëìàçà
1,14·106 Í/ìì2); Er — ïðèâåäåííûé ìîäóëü óïðó-
ãîñòè â îáëàñòè èíäåíòèðîâàíèÿ;

— ïîëçó÷åñòü ïðè èíäåíòèðîâàíèè
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ãäå h2 — ãëóáèíà èíäåíòîðà íà ìîìåíò êîíöà
âûäåðæêè; h1 — ãëóáèíà èíäåíòîðà íà ìîìåíò
íà÷àëà âûäåðæêè;

— äîëÿ ìåõàíè÷åñêîé ðàáîòû, çàòðà÷åííîé íà
ïëàñòè÷åñêîå äåôîðìèðîâàíèå:
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ãäå Wplast — äîëÿ ïëàñòè÷íîé ñîñòàâëÿþùåé ðàáî-
òû; Wt — îáùàÿ ðàáîòà íà èäåíòèðîâàíèå,
Wt = Wplast + Welast (ðèñ. 2).

Ðåçóëüòàòû èññëåäîâàíèé è èõ îáñóæäåíèå

Â èñõîäíîì ñîñòîÿíèè ïîñëå âàêóóìíîé òåð-
ìîîáðàáîòêè ïîêðûòèå èìååò ìíîãîñëîéíîå ñòðî-
åíèå (ðèñ. 3,à). Ñëîè, âõîäÿùèå â ñòðóêòóðó ïî-
êðûòèÿ, ôîðìèðóþòñÿ â ïðîöåññå âñòðå÷íîé äèô-
ôóçèè àëþìèíèÿ èç ñïëàâà ÂÑÄÏ-13 ïî íàïðàâ-
ëåíèþ ê ïîâåðõíîñòè ëîïàòêè è íèêåëÿ èç ñïëà-
âà ÑÄÏ-1Ò îò íå¸.

Â ðåçóëüòàòå îáðàçóåòñÿ âíåøíèé ñëîé ïîêðû-

òèÿ íà îñíîâå ìîíîàëþìèíèäà íèêåëÿ ( β -ôàçû),

ëåãèðîâàííîãî õðîìîì, êðåìíèåì, èòòðèåì è áî-
ðîì â ïðåäåëàõ ðàñòâîðèìîñòè ýòèõ ýëåìåíòîâ â

β -ôàçå ïðè òåìïåðàòóðå îòæèãà ïîêðûòèÿ

(1000 °Ñ), íå ñîäåðæàùèé äðóãèõ òóãîïëàâêèõ ýëå-
ìåíòîâ, êîòîðûå, êàê ïðàâèëî, ïîïàäàþò â æàðî-
ñòîéêîå ïîêðûòèå ïðè îòæèãå èç ïîäëîæêè. Çà-

òåì ñëåäóåò äâóõôàçíûé ñëîé íà îñíîâå β -ôàçû

ñ âêëþ÷åíèÿìè ÷àñòèö òâ¸ðäîãî ðàñòâîðà α -õðî-
ìà. Ïðè îòæèãå ñ óâåëè÷åíèåì ñîäåðæàíèÿ àëþ-
ìèíèÿ â ïîâåðõíîñòíîì ñëîå èç ñïëàâà ÑÄÏ-1Ò
èìåþò ìåñòî ôàçîâûå ïðåâðàùåíèÿ è ïåðåõîä îò

ñòðóêòóðû γ + 'γ , ñîîòâåòñòâóþùåé ñîñòàâó ñïëà-

âà ÑÄÏ-1Ò, ê ñòðóêòóðå β + α . Ðàñïðåäåëåíèå õðî-

ìà â ñëîå ñïëàâà ÑÄÏ-1Ò ïðèîáðåòàåò íåðàâíî-
ìåðíûé õàðàêòåð è äîñòèãàåò ìàêñèìóìà 26—28%
â öåíòðàëüíîé ÷àñòè ïîêðûòèÿ, ÷òî ïîêàçûâàåò
ñâåòëàÿ ïîëîñà â ìèêðîñòðóêòóðå ïîêðûòèÿ.

Íà ãðàíèöå ñî ñïëàâîì ÂÆË-21 ñîõðàíÿåòñÿ
ñëîé, ïî ñîñòàâó è ñòðóêòóðå ñîîòâåòñòâóþùèé
ñïëàâó ÑÄÏ-1Ò. Ïðè ýòîì íà÷èíàåò ôîðìèðîâàòü-
ñÿ çîíà äèôôóçèîííîãî âçàèìîäåéñòâèÿ ïîêðûòèÿ
ñî ñïëàâîì ÂÆË-21 íà ãëóáèíó äî 10 ìêì. Âñå
ïåðå÷èñëåííûå âûøå ñëîè òàêæå íå ñîäåðæàò òó-
ãîïëàâêèõ ýëåìåíòîâ îñíîâû.

Ïî ðåçóëüòàòàì èññëåäîâàíèé áûëî óñòàíîâëå-
íî, ÷òî ìèêðîñòóêòóðà ïîêðûòèÿ íà âñåõ èñïûòàí-
íûõ ëîïàòêàõ íå ïðåòåðïåëà çíà÷èòåëüíûõ èçìå-
íåíèé ïî ñðàâíåíèþ ñ èñõîäíîé (ðèñ 3,à): ïîêðû-
òèå ñîõðàíèëî ïåðâîíà÷àëüíóþ òîëùèíó â 60—
62 ìêì è ÿðêî âûðàæåííóþ äâóõçîííóþ ñòðóêòó-

Ðèñ. 2. Êðèâàÿ çàâèñèìîñòè íàãðóçêè P îò ãëóáèíû
ïîãðóæåíèÿ èíäåíòîðà h
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ðó ñ ÷åòêîé ãðàíèöåé ìåæäó çîíàìè. Âíåøíÿÿ,
ïðàêòè÷åñêè áåññòðóêòóðíàÿ çîíà èìååò òîëùèíó
12—13 ìêì. Íèæíÿÿ çîíà ïîêðûòèÿ – êðóïíîçåð-
íèñòàÿ, ñ íåîäíîðîäíûìè ïî âåëè÷èíå ðàçîðèåí-
òèðîâàííûìè çåðíàìè. Ýòà çîíà èìååò òîëùèíó
33—38 ìêì.

Ïîñëå 280 òåðìîöèêëîâ èñïûòàíèÿ â ïîêðû-
òèè ïîÿâèëàñü îäèíî÷íàÿ ïîïåðå÷íàÿ ìèêðîòðå-
ùèíà, îíà ïðîõîäèò ïî ïîêðûòèþ è çàòóïëÿåòñÿ
â êîíòàêòíîé çîíå «ïîêðûòèå — æàðîïðî÷íûé
ñïëàâ» (ðèñ. 3,á). Êðîìêà ëîïàòêè èìååò ñîõðàíåí-

íîå â ïîëíîì îáúåìå ïîêðûòèå. Ïîñëå 500 òåðìî-
öèêëîâ êðîìêà ëîïàòêè èìååò ïîêðûòèå áåç ïî-
âðåæäåíèé. Îäíàêî âî âíåøíåé çîíå ïîêðûòèÿ
ïîÿâèëèñü íåñïëîøíîñòè (ðèñ. 3,â). Ïîñëå 800
òåðìîöèêëîâ ïîÿâèëîñü íåñêîëüêî ïîïåðå÷íûõ
òðåùèí, êîòîðûå, îäíàêî, çàòóïëÿþòñÿ íà ãðàíèöå
«ïîêðûòèå — îñíîâà» (ðèñ. 3,ã). Â ïîêðûòèè èìå-
åòñÿ ñêîë ñ âíåøíåé ñòîðîíû, à òàêæå âûêðàøè-
âàíèå âíóòðè ïîêðûòèÿ, êîòîðîå ïîñëóæèëî î÷à-
ãîì çàðîæäåíèÿ òðåùèíû, èäóùåé ê ïîâåðõíîñ-
òè ëîïàòêè è çàòóïëÿþùåéñÿ íà ãðàíèöå êîíòàê-

Ðèñ. 3. Ìèêðîñòðóêòóðà ïîêðûòèÿ: à — â èñõîäíîì ñî-
ñòîÿíèè; á — åäèíè÷íàÿ òðåùèíà ïîñëå 280 öèêëîâ èñ-
ïûòàíèÿ; â — ðàêîâèíû ïîñëå 500 öèêëîâ èñïûòàíèÿ;
ã — òðåùèíà è ñêîë ïîñëå 800 öèêëîâ èñïûòàíèÿ; ä —
åäèíè÷íàÿ òðåùèíà, ïðîíèêàþùàÿ â òåëî ëîïàòêè ïîñëå
1350 öèêëîâ

à)

á)

â)

ã)

ä)
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òà. Òåïëîâàÿ íàðàáîòêà â 1350 öèêëà â îñíîâíîì
íå ïîâëèÿëà íà ñîñòîÿíèå ïîêðûòèÿ. Â ïîëíîì
îáúåìå ïîêðûòèå ñîõðàíèëîñü íà êðîìêå ëîïàò-
êè. Îäíàêî ïðèñóòñòâóþò òðåùèíû, äëÿ êîòîðûõ
ãðàíèöà êîíòàêòà íå ÿâëÿåòñÿ ïðåïÿòñòâèåì, è îíè
ïðîõîäÿò â îñíîâíîé ìåòàëë (ðèñ. 3,ä). Òðåùèíû
â îñíîâíîì ðàñïðîñòðàíÿþòñÿ ïî ïðÿìîé, ÷òî
ñâèäåòåëüñòâóåò î íèçêîé ïëàñòè÷íîñòè ïîêðûòèÿ.

Èññëåäóåìîå ïîêðûòèå òèïà ÑÄÏ-1Ò +
ÂÑÄÏ-13 èìååò ìàòðèöó íà îñíîâå àëþìèíèäîâ

íèêåëÿ Ni3Al ( 'γ -ôàçà) è NiAl ( β -ôàçà). Îíè â

ñîâîêóïíîñòè îïðåäåëÿþò ìèêðîìåõàíè÷åñêèå
ñâîéñòâà ìàòåðèàëà ïîêðûòèÿ, à òàêæå îáóñëîâ-
ëèâàþò êîððîçèîííóþ ñòîéêîñòü ïîêðûòèÿ. Îä-
íàêî èçâåñòíî [28], ÷òî îáåäíåíèå äàííûõ ôàç
àëþìèíèåì ïðèâîäèò ê äåãðàäàöèè ìåõàíè÷åñêèõ
ñâîéñòâ äàííûõ ñîåäèíåíèé, ÷òî ÿâëÿåòñÿ ñëåä-
ñòâèåì ðàñïàäà ìàòðèöû ñïëàâà ïî òèïó: NiAl →
Ni3Al → γ -Ni + Ni3Al. Â ñâîþ î÷åðåäü, íàëè÷èå

õðîìà îáåñïå÷èâàåò óñòîé÷èâîñòü àëþìèíèäîâ íè-
êåëÿ.

Äëÿ àíàëèçà ðàñïðåäåëåíèÿ ýëåìåíòîâ ïî ñå-
÷åíèþ ïîêðûòèÿ â çîíå îñòðîé êðîìêè ëîïàòêè
áûëî âûäåëåíî òðè çîíû: ïîâåðõíîñòíûé ñëîé
(ãëóáèíà 10 ìêì îò ïîâåðõíîñòè), ñðåäíèé ñëîé
(30 ìêì) è ïðèãðàíè÷íûé ñ ìåòàëëîì ëîïàòêè
(55 ìêì). Èçìåíåíèå êîíöåíòðàöèè àëþìèíèÿ ïî
ñå÷åíèþ ïîêðûòèÿ ïðåäñòàâëåíî íà ðèñ. 4, èç êî-
òîðîãî ñëåäóåò, ÷òî ïðè òåïëîâîé íàðàáîòêå 500—
800 öèêëîâ ïðîèñõîäèò äèôôóçèÿ àëþìèíèÿ ñ ïî-
âåðõíîñòè ïîêðûòèÿ ê ãðàíèöå êîíòàêòà äâóõ çîí
ïîêðûòèÿ è äàëåå ê ïîâåðõíîñòè ëîïàòêè. Ñ óâå-
ëè÷åíèåì íàðàáîòêè äî 1350 òåðìîöèêëîâ àëþ-

ìèíèé äèôôóíäèðóåò ãëóáæå â ìåòàëë ëîïàòêè,
÷òî âûçûâàåò îáåäíåíèå ïîêðûòèÿ àëþìèíèåì è
ñíèæåíèå æàðîñòîéêîñòè ïîêðûòèÿ.

Õàðàêòåð äèôôóçèè õðîìà ïðåäñòàâëÿåòñÿ áî-
ëåå ñëîæíûì (ðèñ. 5).

Â ïîâåðõíîñòíûõ ñëîÿõ ïîêðûòèÿ êîíöåíòðà-
öèÿ õðîìà èçìåíÿåòñÿ íåçíà÷èòåëüíî, îäíàêî â
ìåñòå êîíòàêòà äâóõ çîí èñõîäíàÿ êîíöåíòðàöèÿ
õðîìà ðåçêî ïîíèæàåòñÿ è ïðèíèìàåò ìèíèìàëü-
íîå çíà÷åíèå ïðè íàðàáîòêå 500 öèêëîâ è äàëåå
ñîõðàíÿåòñÿ ïðèìåðíî íà äîñòèãíóòîì óðîâíå äî
ìàêñèìàëüíîé íàðàáîòêè â 1350 òåðìîöèêëîâ. Â
çîíå êîíòàêòà «ïîêðûòèå — ëîïàòêà» êîíöåíòðà-
öèÿ õðîìà ïîñëå 1350 öèêëîâ èñïûòàíèÿ çíà÷è-
òåëüíî âîçðàñòàåò ïî ñðàâíåíèþ ñ èñõîäíûì çíà-
÷åíèåì.

Ìèêðîòâåðäîñòü ïîêðûòèÿ â ðàçëè÷íûõ åãî
çîíàõ â öåëîì ñíèæàåòñÿ â çàâèñèìîñòè îò êîëè-
÷åñòâà òåðìîöèêëîâ (ðèñ. 6), ÷òî ñâèäåòåëüñòâóåò
î ðàçóïðî÷íåíèè ìàòåðèàëà ïîêðûòèÿ â ñâÿçè ñ
äèôôóçèåé îñíîâíûõ ýëåìåíòîâ. Ïðè÷åì çíà÷è-
òåëüíîå ðàçóïðî÷íåíèå íàáëþäàåòñÿ óæå ïðè äî-
ñòèæåíèè íàðàáîòêè â 800 öèêëîâ.

Ïîëçó÷åñòü ìàòåðèàëà ïîêðûòèÿ ñîñòàâëÿåò
ïðèìåðíî 3% â èñõîäíîì ñîñòîÿíèè â âñåõ çîíàõ
ïîêðûòèÿ. Ýòîò óðîâåíü ñîõðàíÿåòñÿ äî 800 òåð-
ìîöèêëîâ, à çàòåì ðåçêî âîçðàñòàåò, îñîáåííî â
ïîâåðõíîñòíîì ñëîå ïîêðûòèÿ (ðèñ. 7).

Îäíàêî äîëÿ ïëàñòè÷åñêîé ñîñòàâëÿþùåé ìå-
õàíè÷åñêîé ðàáîòû ïî äåôîðìèðîâàíèþ ìàòåðè-
àëà ïîêðûòèÿ íà÷èíàåò ðåçêî âîçðàñòàòü íåñêîëü-
êî ðàíüøå, íà÷èíàÿ ñ 500 öèêëîâ è ïðèáëèçèòåëü-
íî ñ îäèíàêîâîé ñêîðîñòüþ âî âñåõ çîíàõ ïîêðû-
òèÿ (ðèñ. 8).

Ðèñ. 4. Èçìåíåíèå êîíöåíòðàöèè àëþìèíèÿ â ðàçëè÷íûõ çîíàõ ïîêðûòèÿ â çàâèñèìîñòè îò êîëè÷åñòâà òåðìî-
öèêëîâ
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Ðèñ. 5. Èçìåíåíèå êîíöåíòðàöèè õðîìà â ðàçëè÷íûõ çîíàõ ïîêðûòèÿ â çàâèñèìîñòè îò êîëè÷åñòâà òåðìîöèê-
ëîâ

Ðèñ. 6. Èçìåíåíèå ìèêðîòâåðäîñòè â ðàçëè÷íûõ çîíàõ ïîêðûòèÿ

Ðèñ. 7. Èçìåíåíèå ïîëçó÷åñòè â ðàçëè÷íûõ çîíàõ ïîêðûòèÿ â çàâèñèìîñòè îò êîëè÷åñòâà òåðìîöèêëîâ
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Âûâîäû

Ïðîâåäåííûå òåðìîöèêëè÷åñêèå èñïûòàíèÿ
íåîõëàæäàåìûõ ðàáî÷èõ ëîïàòîê 2-é ñòóïåíè èç
ñïëàâà ÂÆË-21 âåðòîëåòíîãî ÃÒÄ ñ æàðîñòîéêèì
äâóõñëîéíûì ïîêðûòèåì íîâîãî ñîñòàâà â óñëî-
âèÿõ, áëèçêèõ ê ðåàëüíûì óñëîâèÿì ýêñïëóàòàöèè,
ïîêàçàëè âûñîêóþ ðàáîòîñïîñîáíîñòü ïîêðûòèÿ.
Âñå èñïûòàííûå ëîïàòêè ñ ïîêðûòèåì áûëè ñíÿòû
ñ èñïûòàíèÿ ïîñëå íàçíà÷åííîãî ðåñóðñà áåç âè-
äèìûõ ñëåäîâ ðàçðóøåíèÿ. Ïîñëåäóþùèå ìèêðî-
ñòðóêòóðíûå è ìèêðîõèìè÷åñêèå èññëåäîâàíèÿ
ñîñòîÿíèÿ ïîêðûòèÿ ïîêàçàëè, ÷òî â èññëåäîâàí-
íûõ óñëîâèÿõ èñïûòàíèÿ â ïîêðûòèè ïðîèñõîäÿò
äèôôóçèÿ àëþìèíèÿ è õðîìà, óâåëè÷åíèå äèôôó-
çèîííîé çîíû â ñïëàâå è ñìåùåíèå ãðàíèöû ìåæ-
äó çîíàìè ïîêðûòèÿ. Ýòî íåãàòèâíî îòðàæàåòñÿ íà
ìèêðîìåõàíè÷åñêèõ ñâîéñòâàõ ïîêðûòèÿ: ñíèæà-
åòñÿ ìèêðîòâåðäîñòü è óïðóãîñòü, ðàñòåò ïîëçó-
÷åñòü è äîëÿ ðàáîòû, çàòðà÷åííîé íà ïëàñòè÷åñ-
êîå äåôîðìèðîâàíèå.

Äåãðàäàöèîííûå ïðîöåññû, âîçíèêàþùèå â
ðåçóëüòàòå òåïëîâîãî öèêëè÷åñêîãî âîçäåéñòâèÿ,
âåäóò ê ïîñòåïåííîìó ðàçðóøåíèþ ïîêðûòèÿ íà
ìèêðîóðîâíå. Â ðåçóëüòàòå äåéñòâèÿ òåðìîöèêëè-
÷åñêèõ íàãðóçîê â ïîêðûòèè ïðîèñõîäèò îáðàçî-
âàíèå åäèíè÷íûõ ïîïåðå÷íûõ ìèêðîòðåùèí. Ïðè
âîçíèêíîâåíèè ãðóáîé ñòîëá÷àòîé ñòðóêòóðû â ïî-
êðûòèè ìèêðîòðåùèíû ðàçâèâàþòñÿ ïî ìåæçåðåí-
íûì ãðàíèöàì. Îäíàêî â öåëîì, íà îñíîâàíèè
ïðîâåäåííîãî êîìïëåêñíîãî èññëåäîâàíèÿ, ìîæíî
ïðîãíîçèðîâàòü ñîõðàíåíèå çàùèòíûõ ôóíêöèé
ïîêðûòèÿ íà ïðîòÿæåíèè íå ìåíåå 500 òåðìè÷åñ-
êèõ öèêëîâ.

Ðèñ. 8. Äîëÿ ìåõàíè÷åñêîé ðàáîòû, çàòðà÷åííîé íà ïëàñòè÷åñêîå äåôîðìèðîâàíèå â ðàçëè÷íûõ çîíàõ ïîêðûòèÿ
â çàâèñèìîñòè îò êîëè÷åñòâà òåðìîöèêëîâ
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Abstract

Thermal-cycle tests of uncooled working blades of
the second stage of the new generation helicopter gas
turbine engine turbine were conducted, and changes
in the composition, structure and micromechanical
properties of the heat-resistant coating were studied.

The blades are made of the new VZhL-21 poly-
crystalline casting alloy. The heat-resistant coating was
applied employing the MAP-2 installation according
to the serial technology by successive applying of the
condensed layer of the Ni-20Co-20Cr-12Al-Ti-Y
composition (inner layer) and diffusion layer of the
Al-5Si-B composition (outer layer).

Both condensed and diffusion layers were being
applied in vacuum at the specified parameters of the
arc current and bias voltage at the products for 200-
220 and 60-65 minutes respectively. After this, vacuum
thermal processing of the blades was performed at the
temperature of 1000 °C for 240 min to complete the
coating structure and phase composition formation.

Comparative tests of blades with and without
coating were conducted under identical conditions on
a special test bench by a technique that ensures the
thermal cycle reproducibility while multiple
repetitions. The principle of operation of the
experimental setup consisted in the ohmic heating of
the test blade with direct electric current, varying
according to a given algorithm. The thermal cycle
selected for the blades testing was calculated based on
an engine test: heating to 480 °Ñ (120 s exposure at
this temperature), temperature raising to 770 °Ñ (150 s
exposure). Further, cooling to 480 °Ñ (120 s exposure),
and cooling to room temperature. After the predefined
running time, the blades were being removed from the

STRUCTURE AND PROPERTIES TRANSFORMATION OF HEAT-RESISTANT
COATING IN THE PROCESS OF HIGH-TEMPERATURE CYCLIC TESTS

OF THE TURBINE BLADE

Il’inkova T.A.1*, Il’inkov A.V.1**, Klimkin Yu.O.1***,

Zhivushkin A.A.2****, Budinovskii S.A.3*****

1 Kazan National Research Technical University
named after A.N. Tupolev- KAI (KNRTU-KAI),

10, Karl Marks str., Kazan, 420111, Russia
2 UEC-Klimov,

11, Kantemirovskaya str., St. Petersburg, 194100, Russia
3 All-Russian Scientific Research Institute of Aviation Materials,

17, Radio str., Moscow, 105005, Russia
* e-mail: pochta20006@bk.ru

** e-mail: ailinkov@mail.ru
*** e-mail: yurakl@mail.ru

**** e-mail: azhivush@gmail.com
***** e-mail: admin@viam.ru

test and subjected to microstructural and micro-
chemical studies of the coating state on the JSM6460-
LV scanning electron microscope with the INCA
ENERGY 300 energy dispersive attachment, as well
as micromechanical measurements on the Shimadzu
DUH-211 dynamic ultramicrotester (Japan) using
Berkovich indenter. The results of the studies revealed
that the coating microstructure on all tested blades had
not undergone significant changes compared to the
initial one.

In the process of the thermal running time of 500-
800 cycles, there is an aluminum diffusion from the
coating surface to the contact bound of both coating
zones and further to the blade surface. With the
running time increase up to 1350 thermal cycles,
aluminum diffuses deeper into the blade metal. The
character of chromium diffusion seems to be more
complicated. Chromium concentration changes
insignificantly on the coating surface. However, in the
place of the contact of both zones the chrome
concentration reduces drastically at running time of
500 cycles and stays at the attained level up to the
maximum running time of 1350 cycles. Finally, the
“coating-blade” contact zone significantly enriches
with chrome.

The creep of the coating material remains at
approximately the same level up to 800 thermal cycles,
and then increases sharply, while the share of the
plastic component of the mechanical work on
deforming the coating material starts increasing
sharply somewhat earlier, beginning from 500 cycles.

Thus, the performed comprehensive study allows
predicting the coating protective functions preserving
for no less than 500 thermal cycles.
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