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Â óñëîâèÿõ âûñîêîòåìïåðàòóðíîé ýêñïëóàòàöèè ê êîìïîíåíòàì ãàçîòóðáèííûõ äâèãàòåëåé ïðåäúÿâëÿþòñÿ
îñîáûå òðåáîâàíèÿ, ïîýòîìó ñ öåëüþ çàùèòû ýëåìåíòîâ ãàçîâîé òóðáèíû áûëè ðàçðàáîòàíû òåïëîçàùèòíûå
ïîêðûòèÿ (ÒÇÏ), ïðåäñòàâëÿþùèå ñîáîé ñèñòåìó èç äâóõ èëè áîëåå ñëîåâ, íàíåñåííûõ ñïåöèàëüíûì ñïîñîáîì
íà ïîäëîæêó. Â äàííîé ðàáîòå äëÿ èññëåäîâàíèÿ áûëè âûáðàíû ïîêðûòèÿ, ïîëó÷åííûå ìåòîäîì ýëåêòðîäóãîâî-
ãî ôèçè÷åñêîãî ïàðîîñàæäåíèÿ (ÝÄÏ). Äëÿ ñèñòåìû ÒÇÏ èñïîëüçîâàëèñü òðè òèïà ñïëàâîâ: ÑÄÏ-4, ïðåäñòàâ-
ëÿþùèé ñîáîé ïîêðûòèå òèïà NiCoCrAlY; ÂÑÄÏ-16 — äèôôóçèîííîå ïîêðûòèå òèïà AlNiY è, íàêîíåö, êåðà-
ìè÷åñêèé ñëîé èç îêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì èòòðèÿ (ZrO2 + 8% Y2O3). Õèìè÷åñêèé ñîñòàâ
òåïëîçàùèòíîãî ïîêðûòèÿ îïðåäåëÿëñÿ ñ ïîìîùüþ ðåíòãåíîñïåêòðàëüíîãî ìèêðîàíàëèçàòîðà ñèñòåìû Inca Energy
OXFORD instruments. Îïðåäåëåíî, ÷òî ïîñëå äëèòåëüíîé ýêñïëóàòàöèè ñâÿçóþùèé ñëîé ïîêðûòèÿ, îáðàçîâàí-

íûé ñïëàâàìè ÑÄÏ-4 è ÂÑÄÏ-16, èìååò äâå ÷åòêî îïðåäåëåííûå çîíû: β -NiAl-ôàçó è çîíó èíòåðäèôôóçèè, â

òî âðåìÿ êàê NiCrCoAlY íå ïðîÿâëÿåò ðàçäåëåíèÿ ôàç, è ñòðóêòóðà ïîêðûòèÿ ïðåäñòàâëÿåò ñîáîé ñìåñü β -NiAl-

è γ -ôàçû. Óñòàíîâëåíî, ÷òî ïðîèñõîäèò äèôôóçèÿ êèñëîðîäà ñíàðóæè êåðàìè÷åñêîãî âåðõíåãî ñëîÿ äî åãî ãðà-

íèöû ñ æàðîïðî÷íûì ïîäñëîåì, ÷òî ñïîñîáñòâóåò îáðàçîâàíèþ òåðìè÷åñêè âûðàùåííîãî îêñèäà — α -Al2O3. Çà-
ìå÷åíî, ÷òî ñïëàâ ÂÑÄÏ-16, îñàæäàåìûé íà ñëîé ÑÄÏ-4, óâåëè÷èâàåò êîëè÷åñòâî àëþìèíèÿ â ñâÿçóþùåì ïî-

êðûòèè, êîìïåíñèðóÿ åãî ðàñõîä íà îáðàçîâàíèå α -Al2O3 èç β -NiAl-ôàçû.

Êëþ÷åâûå ñëîâà: êåðàìè÷åñêîå ïîêðûòèå, æàðîïðî÷íûé ïîäñëîé, òåðìè÷åñêè âûðàùåííûé îêñèä.
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Ââåäåíèå

Ãàçîòóðáèííûé äâèãàòåëü – íåîòúåìëåìàÿ
÷àñòü ëåòàòåëüíîãî àïïàðàòà, êîòîðàÿ îáåñïå÷èâà-
åò ïîäúåìíóþ ñèëó. Äëÿ òîãî ÷òîáû ëåòàòåëüíûé
àïïàðàò áûë áîëåå äèíàìè÷åí è ñòàáèëåí, òðåáó-
åòñÿ áîëüøîå îòíîøåíèå òÿãè ê âåñó. Íå ïðåêðà-
ùàåòñÿ ðàçðàáîòêà íîâûõ êîíñòðóêöèé êàìåð ñãî-
ðàíèÿ äâèãàòåëåé è ñèñòåì èõ îõëàæäåíèÿ [1].
Ñîçäàþòñÿ è èçó÷àþòñÿ íîâûå æàðîïðî÷íûå ñïëà-
âû [2]. Âåäåòñÿ ïîèñê íîâûõ ìåòîäîâ ïîâûøåíèÿ
ýôôåêòèâíîñòè ãàçîòóðáèííûõ óñòàíîâîê [3]. Ñ
ýòîé öåëüþ ðàçðàáîòàíû òåïëîçàùèòíûå ïîêðû-
òèÿ (ÒÇÏ), ñ ïîìîùüþ êîòîðûõ âîçìîæíî óâåëè-
÷èòü òåìïåðàòóðó ãàçîâ íà âõîäå â òóðáèíó è óï-
ðîñòèòü ñèñòåìû îõëàæäåíèÿ, ÷òî áëàãîïðèÿòíî
ñêàçûâàåòñÿ íà óäåëüíîé òÿãå ãàçîòóðáèííîãî äâè-
ãàòåëÿ. Òàêèì îáðàçîì äîñòèãàåòñÿ áîëåå âûñîêàÿ
ýôôåêòèâíîñòü äâèãàòåëÿ, ñíèæåíèå âûáðîñîâ è
ïîâûøåíèå ïðîèçâîäèòåëüíîñòè [4—6].

Â íàñòîÿùåå âðåìÿ òåïëîçàùèòíûå ïîêðûòèÿ
îáû÷íî ïðåäñòàâëÿþò ñîáîé äâóõñëîéíûå ñèñòå-
ìû, ñîñòîÿùèå èç âåðõíåãî êåðàìè÷åñêîãî ñëîÿ è
ìåòàëëè÷åñêîãî ñâÿçóþùåãî ñëîÿ, íàíîñèìîãî íà
ïîäëîæêó èç ñóïåðñïëàâà [7—9]. Îñíîâíîé ïðèí-
öèï ðàáîòû ÒÇÏ çàêëþ÷àåòñÿ â óìåíüøåíèè òåï-
ëîïåðåäà÷è îò êåðàìè÷åñêîãî ñëîÿ, ñîñòîÿùåãî èç
ñòàáèëèçèðîâàííîãî èòòðèåì îêñèäà öèðêîíèÿ, íà
ìåòàëëè÷åñêóþ ïîäëîæêó [10—12].

Ñóùåñòâóåò ìíîæåñòâî ìåòîäîâ îñàæäåíèÿ
òåðìîáàðüåðíûõ ïîêðûòèé, òàêèå êàê ãàçîòåðìè-
÷åñêîå âîçäóøíî-ïëàçìåííîå íàïûëåíèå (ÃÏÍ),
ëàçåðíîå õèìè÷åñêîå íàïûëåíèå, ýëåêòðîäóãîâîå
ôèçè÷åñêîå ïàðîîñàæäåíèå (ÝÄÏ) è äð. [13—15].
Íàèáîëåå ïîïóëÿðíûì ìåòîäîì ÿâëÿåòñÿ ýëåêòðî-
äóãîâîå ôèçè÷åñêîå ïàðîîñàæäåíèå, òàê êàê ïî-
êðûòèÿ, ïîëó÷åííûå äàííûì ìåòîäîì, èìåþò

ëó÷øóþ øåðîõîâàòîñòü, ÷òî áëàãîïðèÿòíî âîçäåé-
ñòâóåò íà àýðîäèíàìè÷åñêèå ñâîéñòâà ãàçîòóðáèí-
íûõ ëîïàòîê. Äàííîìó ìåòîäó ïîñâÿùåíî ìíîæå-
ñòâî ðàáîò [16—18].

Ïîêðûòèÿ, ïîëó÷åííûå ìåòîäîì ÝÄÏ, èìåþò
ñòîëá÷àòóþ êðèñòàëëè÷åñêóþ ìèêðîñòðóêòóðó, ÷òî
äàåò èì áîëåå äîëãèé ñðîê ñëóæáû, â îòëè÷èå,
íàïðèìåð, îò ïîêðûòèé, èìåþùèõ ñëîèñòóþ ìèê-
ðîñòðóêòóðó, ïîëó÷åííûõ ìåòîäîì ÃÏÍ [19—21].
Òàêèì îáðàçîì, ìåòîäû ÝÄÏ ïðè ïðîèçâîäñòâå
òåðìîáàðüåðíûõ ïîêðûòèé ïîëó÷àþò âñå áîëüøåå
ðàñïðîñòðàíåíèå [22—24].

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿëîñü èññëåäîâà-
íèå ìèêðîñòðóêòóðû è íåêîòîðûõ ñâîéñòâ ïîêðû-
òèé, ïîëó÷åííûõ ìåòîäîì ÝÄÏ, â èñõîäíîì ñîñòî-
ÿíèè è ïîñëå äëèòåëüíîé ýêñïëóàòàöèè.

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèé

Äëÿ èññëåäîâàíèÿ áûëè âûáðàíû íîâûå ëîïàò-
êè ñ ïîêðûòèåì, ïîëó÷åííûì ìåòîäîì ÝÄÏ íà óñ-
òàíîâêå MAP-1, ñîçäàííîé âî Âñåðîññèéñêîì èí-
ñòèòóòå àâèàöèîííûõ ìàòåðèàëîâ, à òàêæå ëîïàòêè
ïîñëå äëèòåëüíîé ýêñïëóàòàöèè (îêîëî 8000 ÷à-
ñîâ) â òóðáèíå äâèãàòåëÿ. Äëÿ ñèñòåìû ÒÇÏ èñ-
ïîëüçîâàëèñü òðè òèïà ñïëàâîâ: ÑÄÏ-4, ïðåäñòàâ-
ëÿþùåå ñîáîé ïîêðûòèå èç Ni-ñïëàâà òèïà
NiCoCrAlY; ÂÑÄÏ-16, äèôôóçèîííîå ïîêðûòèå
èç Al-ñïëàâà òèïà AlNiY è, íàêîíåö, êåðàìè÷åñ-
êèé ñëîé èç îêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàí-
íûé îêñèäîì èòòðèÿ (ZrO2 + 8% Y2O3).

Õèìè÷åñêèé ñîñòàâ ÒÇÏ îïðåäåëÿëñÿ ñ ïîìî-
ùüþ ðåíòãåíîñïåêòðàëüíîãî ìèêðîàíàëèçàòîðà
ñèñòåìû Inca Energy OXFORD instruments, êîòî-
ðûé ïîêàçàí íà ðèñ. 1. Ýëåìåíòíûé àíàëèç ïîêðû-
òèé ïîçâîëÿåò èññëåäîâàòü íàëè÷èå, ñîäåðæàíèå
è ðàñïðåäåëåíèå ýëåìåíòîâ [25].

Ðèñ. 1. Ýëåêòðîííûé ìèêðîñêîï Tescan Vega SB ñ ðåíòãåíîñïåêòðàëüíûì ìèêðîàíàëèçàòîðîì INCA Energy
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Îñíîâíûå ðåçóëüòàòû è èõ îáñóæäåíèå

Ïîñëå íàíåñåíèÿ íà ïîâåðõíîñòü îáðàçöà èç
ÆÑ6Ô ïîêðûòèÿ ÑÄÏ-4 áûëî çàìå÷åíî, ÷òî ìèê-
ðîñòðóêòóðà ïîêðûòèÿ àíàëîãè÷íà ìèêðîñòðóêòóðå
ïîâåðõíîñòè ïîäëîæêè. Â íåêîòîðûõ îáëàñòÿõ íà-
áëþäàþòñÿ ïîðû è ïîëîñòè íà ãðàíèöå ìåæäó
ýòèì ñëîåì è ïîâåðõíîñòüþ ïîäëîæêè (ðèñ. 2).

Ïîñëå îñàæäåíèÿ ñëåäóþùåãî ñëîÿ ïîêðûòèÿ
ÂÑÄÏ-16 íà îáðàçåö, óæå ïîêðûòûé ÑÄÏ-4, íà-
áëþäàåòñÿ äèôôóçèÿ ÷åðåç ñëîé ÑÄÏ-4. Îáðàçó-

åòñÿ ñëîé δ -Ni2Al3 ìåæäó òåìïåðàòóðàìè îò 700

äî 950 °C, êîòîðûé çàòåì âî âðåìÿ ýêñïëóàòàöèè

ïðè 1000 °C èçìåíÿåòñÿ íà β -NiAl-ôàçó. Ýòîò

äèôôóçèîííûé ïðîöåññ ñîçäàåò çîíó èíòåðäèô-

ôóçèè è âåðõíèé ñëîé β -NiAl (ðèñ. 3).

Ïîñëå íàíåñåíèÿ ýòèõ ñëîåâ äîáàâëÿþò ïîñëå-
äíèé ñëîé – êåðàìè÷åñêîå ïîêðûòèå ZrO2 + 8% Y2O3.

Àíàëèç ñòðóêòóðû íàíåñåííîãî êåðàìè÷åñêîãî
ïîêðûòèÿ ïîêàçàë, ÷òî îíî èìååò ôîðìó ñòîëá÷à-
òûõ çåðåí, ïåðïåíäèêóëÿðíûõ ïîäëîæêå, íà êîòî-
ðóþ îíî íàíåñåíî. Øèðèíà ýòèõ çåðåí èçìåíÿåòñÿ
îò 2,31 ìêì äî 2,94 ìêì (ðèñ. 4).

Áûëè ïðîâåäåíû èññëåäîâàíèÿ èçìåíåíèÿ
ñòðóêòóðû ïîêðûòèÿ ïîñëå ýêñïëóàòàöèè. Ñëîé
êåðàìè÷åñêîãî ïîêðûòèÿ ïîêàçàë ñòðóêòóðíîå
ñîïðîòèâëåíèå, îáóñëîâëåííîå íåèçìåííîñòüþ åãî
ñòîëá÷àòîé çåðíèñòîé ñòðóêòóðû ïîñëå äëèòåëü-
íîé ýêñïëóàòàöèè. Â òî æå âðåìÿ ïîêðûòèå ïðî-
íèöàåìî, ÷åðåç ìåæïëîñêîñòíûå îáëàñòè ñòîëá-

Ðèñ. 2. Õàðàêòåðèñòèêè ïîêðûòèÿ ÑÄÏ-4, íàíåñåííî-
ãî íà ïîäëîæêó ÆÑ6Ô

Ðèñ. 3. Ïîêðûòèå ÑÄÏ-4 è ÂÑÄÏ-16 ïîñëå äèôôóçèè
àëþìèíèÿ

Ðèñ. 4. Ñòðóêòóðà êåðàìè÷åñêîãî âåðõíåãî ñëîÿ
ZrO2 + 8% Y2O3, ïîëó÷åííîãî ìåòîäîì ÝÄÏ
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÷àòûõ çåðåí êèñëîðîä äèôôóíäèðóåò èç âíåøíåé
çîíû ïîêðûòèÿ ê ãðàíèöå ñ ïîäñëîåì è ðåàãèðó-

åò ñ β -NiAl-ôàçîé, îáðàçóÿ òåðìè÷åñêè âûðàùåí-

íûé îêñèä (ÒÂÎ) α -Al2O3.
Îáðàçîâàíèå ýòîãî îêñèäà ïðèâîäèò ê çíà÷è-

òåëüíûì ïîòåðÿì àëþìèíèÿ, òàê êàê îí ïîñòåïåí-
íî ïðåâðàùàåòñÿ â α -Al2O3. Ôîðìèðîâàíèå

β -NiAl-çîíû è çîíû èíòåðäèôôóçèè ïðèâîäèò ê

ïîÿâëåíèþ íåáîëüøèõ ïîðèñòîñòåé è ïîëîñòåé
èç-çà ïðîöåññà äèôôóçèè àëþìèíèÿ. Îáðàçóåòñÿ
âòîðè÷íàÿ ðåàêöèîííàÿ çîíà (ÂÐÇ) (ðèñ. 5). Çà-
ìåòíî, ÷òî íà íåêîòîðûõ ó÷àñòêàõ îáðàçöà ïîÿâè-
ëèñü õàðàêòåðíûå èãëû òîïîëîãè÷åñêè ïëîòíî
óïàêîâàííûõ (ÒÏÓ) ôàç, â òî âðåìÿ êàê íà äðó-
ãèõ ó÷àñòêàõ îíè íå âèäíû.

Ýòîò ýôôåêò òàêæå ïîäòâåðæäàåòñÿ ðåíòãåíî-
ñïåêòðàëüíûì ìèêðîàíàëèçîì â òðåõ êîíêðåòíûõ
òî÷êàõ (ïîäëîæêà, ÒÏÓ è êàðáèäû â çîíå èíòåð-
äèôóçèè). Ýëåìåíòíûé ìèêðîàíàëèç ïîêàçàë äèô-
ôóçèþ òàêèõ ýëåìåíòîâ, êàê õðîì è óãëåðîä, â òî
âðåìÿ êàê êîíöåíòðàöèÿ îñòàëüíûõ ýëåìåíòîâ
ñóùåñòâåííî íå èçìåíèëàñü, â ñòðóêòóðàõ TÏÓ-
ôàç óâåëè÷èëàñü êîíöåíòðàöèÿ òàêèõ ýëåìåíòîâ,
êàê âîëüôðàì è êîáàëüò (ðèñ. 6, òàáëèöà).

Âûâîäû

Òàêèì îáðàçîì, ñâÿçóþùèé ñëîé ïîêðûòèÿ,
îáðàçîâàííûé ñïëàâàìè ÑÄÏ-4 è ÂÑÄÏ-16, èìååò

äâå ÷åòêî îïðåäåëåííûå çîíû: β -NiAl-ôàçó è çîíó

èíòåðäèôôóçèè, áëàãîäàðÿ ìåõàíèçìó äèôôóçèè
àëþìèíèÿ ïîñëå îñàæäåíèÿ ÂÑÄÏ-16 íà ÑÄÏ-4.
Â òî âðåìÿ êàê NiCrCoAlY íå ïðîÿâëÿåò ðàçäåëå-
íèÿ ôàç è ñòðóêòóðà ïîêðûòèÿ ïðåäñòàâëÿåò ñî-

áîé ñìåñü β -NiAl- è γ -ôàçû. Â ïðîöåññå ýêñï-

ëóàòàöèè ïðîèñõîäèò äèôôóçèÿ êèñëîðîäà ñíàðó-
æè êåðàìè÷åñêîãî âåðõíåãî ñëîÿ äî åãî ãðàíèöû
ñ æàðîïðî÷íûì ïîäñëîåì. Ïðè êîíòàêòå êèñëî-

ðîäà ñ àëþìèíèåì â β -NiAl-ôàçå îáðàçóåòñÿ

α -Al2O3, èëè òàê íàçûâàåìûé òåðìè÷åñêè âûðà-
ùåííûé îêñèä (TÂÎ). Ñïëàâ ÂÑÄÏ-16, îñàæäà-

Ðèñ. 5. Âòîðè÷íàÿ ðåàêöèîííàÿ çîíà ñî ñòðóêòóðàìè
TÏÓ ïîñëå ýêñïëóàòàöèè

Ðèñ. 6. Òî÷êè ñïåêòðàëüíîãî àíàëèçà ÒÇÏ: 1 — îñíî-
âà; 2 — TÏÓ-ôàçà; 3 — çîíà èíòåðäèôôóçèè

Ýëåìåíòíûé ñîñòàâ â êàæäîé òî÷êå ðèñ. 6

Ò
î÷

ê
à Ìàññîâàÿ äîëÿ ýëåìåíòîâ (%) 

C Al Ti Cr Co Ni W Îáùàÿ 

1 8,77 5,31 1,52 7,06 10,51 56,7 10,14 100 

2 14,63 3,4 1,11 25,39 5,22 39,24 11,01 100 

3 20,1 4,16 0,29 26,84 4,96 37,22 6,44 100 
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åìûé íà ñëîé ÑÄÏ-4, óâåëè÷èâàåò êîëè÷åñòâî
àëþìèíèÿ â ñâÿçóþùåì ïîêðûòèè, êîìïåíñèðóÿ

åãî ðàñõîä íà îáðàçîâàíèå α -Al2O3 èç β -NiAl-

ôàçû.
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Abstract

Thermal protective coatings are the type of
coatings employed to insulate components operating
at elevated temperatures. Application area of such
coatings is the gas turbine engine blades, combustion
chamber, nozzle guide apparatus and pipelines.
Thermal protective coatings allow increase gas turbines
temperature, enhancing thereby the turbine efficiency.

In conditions of high-temperature operation,
special requirements are imposed on components of
gas turbine engines. In this regard, thermal barrier
coatings (TBC) were developed to protect the gas
turbine elements, representing a system of the two or
more layers applied on a substrate in a special way.

Coatings, obtained by the electric arc technique
of physical vapor deposition (EAPVD), were selected
for studying in this work. Three types of alloys were
employed for the TBS system, such as SDP-4,
representing a coating of NiCoCrAlY alloy; VSDP-
16, a diffusion coating of a AlNiY type; and, finally
ceramic layer from Zirconium oxide, stabilized by the
Yttrium oxide (ZrO2 + 8% Y2O3). Chemical
composition of the thermal protective coating was
determined by the X-ray micro-analyzer of the Inca
Energy OXFORD instruments system. It was
determined that after long-term operation the coating
layer formed by the SDP-4 and VSDP-16 alloys had

two clearly defined zones, such as β -NiAl phase and

an inter-diffusion zone, while the NiCoCrAlY alloy
did not exhibit phase separation, and the coating
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Golovach A.M.*, Dmitrieva M.O.**, Bondareva O.S.***

Samara National Research University named after academician S.P. Korolev (Samara University),
34, Moskovskoe shosse, Samara, 443086, Russia

* e-mail: machete.ru2016@gmail.com
** e-mail: mdmitr1ewa@yandex.ru

*** e-mail: osbond@yandex.ru

structure represents the β -NiAl and γ -phase mixture.

It was established that oxygen diffusion occurs outside
ceramic upper layer to its boundary with the heat-
proof underlayer, which contributes to thermally
grown oxide α -Al2O3 forming. It was noticed that the
VSDP-16 alloy deposited on the SDP-4 layer increases
the amount of aluminum in the binder coating layer,
compensating its consumption for α -Al2O3 forming

from the β -NiAl phase.

Keywords: ceramic coating, heat proof underlayer,
thermally grown oxide.
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