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Ïîêàçàíà âîçìîæíîñòü ñîçäàíèÿ òâåðäûõ çàùèòíûõ ïîêðûòèé íà àëþìèíèåâîì ñïëàâå AK12MMGH ìåòî-
äîì ìèêðîäóãîâîãî îêñèäèðîâàíèÿ (ÌÄÎ), èññëåäîâàíû îñîáåííîñòè ñòðîåíèÿ ìîäèôèöèðîâàííûõ ñëîåâ, óñ-
òàíîâëåíî âëèÿíèå åìêîñòè êîíäåíñàòîðà óñòàíîâêè è ïðîäîëæèòåëüíîñòè îáðàáîòêè íà ñòðóêòóðó è ìèêðîòâåð-
äîñòü ïîëó÷àåìûõ ïîêðûòèé.

Êëþ÷åâûå ñëîâà: ìèêðîäóãîâîå îêñèäèðîâàíèå, àëþìèíèåâûé ñïëàâ AK12MMGH, òîëùèíà ïîêðûòèÿ, åìêîñòü
êîíäåíñàòîðà.

Ââåäåíèå

Çíà÷èòåëüíîå ðàçâèòèå è â Ðîññèè, è çà ðóáå-
æîì ïîëó÷èëà òåõíîëîãèÿ ìèêðîäóãîâîãî îêñèäè-
ðîâàíèÿ, êàê ýôôåêòèâíûé ìåòîä óïðî÷íåíèÿ
ïîâåðõíîñòåé äåòàëåé [1]. ÌÄÎ — ñîâðåìåííàÿ
ïåðñïåêòèâíàÿ òåõíîëîãèÿ ýëåêòðîõèìè÷åñêîãî
îêèñëåíèÿ ìåòàëëîâ âåíòèëüíîé ãðóïïû, âêëþ÷àÿ
àëþìèíèé, òèòàí, öèðêîíèé, ìàãíèé, íèîáèé,
áåðèëëèé, òàíòàë, à òàêæå èõ ñïëàâîâ â öåëÿõ îá-
ðàçîâàíèÿ íà èõ ïîâåðõíîñòè ðàâíîìåðíîãî êåðà-

ìè÷åñêîãî ïîêðûòèÿ òîëùèíîé äî 200—300 ìêì
ñ âûñîêèìè ýêñïëóàòàöèîííûìè è çàùèòíûìè
ñâîéñòâàìè. Ýêîëîãè÷åñêè áåçîïàñíûé ìåòîä
ìèêðîäóãîâîãî èëè ìèêðîïëàçìåííîãî îêñèäèðî-
âàíèÿ îïòèìàëåí äëÿ îáðàáîòêè è óïðî÷íåíèÿ ïî-
âåðõíîñòåé èçäåëèé ñî ñëîæíûì ðåëüåôîì —
ñëîæíîïðîôèëüíûõ äåòàëåé è óçëîâ îãðàíè÷åííîé
ìàññû â ýëåêòðîòåõíè÷åñêîé, àâèàöèîííîé, íåô-
òå- è ãàçîïåðåðàáàòûâàþùåé ïðîìûøëåííîñòè,
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ïðèáîðî- è ìàøèíîñòðîåíèè, à òàêæå ñóäîñòðî-
åíèè, ìåäèöèíå è êîììóíàëüíîì õîçÿéñòâå [2].

Â íàñòîÿùåå âðåìÿ àëþìèíèé è åãî ñïëàâû
ÿâëÿþòñÿ îñíîâíûì ñûðüåì â àâèàöèîííîé è
àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè, îíè òàêæå
ïðèìåíÿþòñÿ â äðóãèõ ïðîìûøëåííûõ îòðàñëÿõ
[3, 4].

Àëþìèíèåâûé ñïëàâ AK12MMGH ÿâëÿåòñÿ
âûñîêîëåãèðîâàííûì, â åãî ñòðóêòóðå ñîäåðæèò-
ñÿ áîëüøîå êîëè÷åñòâî âòîðîé ôàçû, òàêîé, êàê
ñèëóìèíû, äàííûé ñïëàâ èìååò áîëüøîå çíà÷åíèå
êàê êîíñòðóêöèîííûé ìàòåðèàë [5, 6]. Ìîäèôè-
êàöèÿ ñ ïîìîùüþ ÌÄÎ ïîçâîëÿåò ïîâûñèòü ðå-
ñóðñ è íàäåæíîñòü äåòàëåé äâèãàòåëåé âíóòðåííåãî
ñãîðàíèÿ (ÄÂÑ), çàùèòèòü èõ îò âûñîêîòåìïåðà-
òóðíîé ãàçîâîé ýðîçèè è ñíèçèòü òåìïåðàòóðó ìå-
òàëëà îñíîâû â 1,5 ðàçà [7—12].

Íà îñíîâàíèè âûøåèçëîæåííîãî áûëà ñôîð-
ìóëèðîâàíà öåëü äàííîãî èññëåäîâàíèÿ: îöåíèòü
âîçìîæíîñòü ïðèìåíåíèÿ ÌÄÎ ê àëþìèíèåâîìó
ñïëàâó AK12MMGH, îòðàáîòàòü ðåæèìû è èçó-
÷èòü ñòðîåíèå è ñâîéñòâà ïîëó÷åííûõ ïîêðûòèé.

Ìàòåðèàëû è ìåòîäèêè èññëåäîâàíèÿ

Äëÿ ìîäèôèêàöèè ñ ïîìîùüþ ÌÄÎ áûë âûá-
ðàí àëþìèíèåâûé ñïëàâ AK12MMGH. Îáðàçöû
äëÿ íàíåñåíèÿ ïîêðûòèÿ áûëè âûðåçàíû èç ïîð-
øíÿ ÄÂÑ50 â ôîðìå ïðÿìîóãîëüíûõ ïàðàëëåëåïè-
ïåäîâ, èìåþùèõ ïëîùàäü ïîâåðõíîñòè 0,17 ìì2.

Ïîïåðå÷íûå øëèôû áûëè ïîäãîòîâëåíû ìå-
õàíè÷åñêîé øëèôîâêîé è ïîëèðîâêîé íà óñòàíîâ-
êå LaboPol-5 (Struers) [13] ñ èñïîëüçîâàíèåì àá-
ðàçèâíîé áóìàãè è ñóñïåíçèé.

Îáðàçöû áûëè èññëåäîâàíû íà ðàñòðîâîì
ýëåêòðîííîì ìèêðîñêîïå (ÐÝÌ) Quanta 200 â
ðåæèìå îáðàòíîãî ðàññåèâàíèÿ ýëåêòðîíîâ, óñêî-
ðÿþùåå íàïðÿæåíèå íà êàòîäå ñîñòàâëÿëî 3 êÂ.

Ïÿòü îáðàçöîâ áûëè ïîäãîòîâëåíû äëÿ èññëå-
äîâàíèÿ. Ðåæèìû îáðàáîòêè ïðèâåäåíû â òàáë. 1.
Îêñèäèðîâàíèå ïðîâîäèëîñü â ùåëî÷íîì ýëåêò-
ðîëèòå ñ äîáàâëåíèåì æèäêîãî ñòåêëà. Åìêîñòü
êîíäåíñàòîðîâ Ñ óñòàíîâêè ÌÄÎ ñîñòàâëÿëà

78 ìêÔ, çà èñêëþ÷åíèåì ðåæèìà èññëåäîâàíèÿ îá-
ðàçöà ¹3, êîãäà ÌÄÎ ïðîâîäèëîñü ïðè 100 ìêÔ,
÷òîáû çíà÷èòåëüíî ñîêðàòèòü âðåìÿ îáðàáîòêè è
óâåëè÷èòü òîëùèíó ïîêðûòèÿ. Âðåìÿ îáðàáîòêè τ
îïðåäåëÿëîñü óìåíüøåíèåì èíòåíñèâíîñòè ïðî-
öåññà (ïîÿâëåíèÿ äóãîâîãî ðàçðÿäà íà ðåáðàõ).

Ïîñëå îáðàáîòêè îáðàçöû ïðîìûâàëè ïîä
ïðîòî÷íîé âîäîé â òå÷åíèå 3 ìèí, ÷òîáû ïðåäîò-
âðàòèòü îñàæäåíèå êîìïîíåíòîâ ýëåêòðîëèòà âî
âðåìÿ ñóøêè.

Òîëùèíà ïîêðûòèÿ îïðåäåëÿëàñü íà ïîïåðå÷-
íûõ øëèôàõ ñ èñïîëüçîâàíèåì ïðîãðàììû
Digimizer.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 1 ïîêàçàíà ñòðóêòóðà ïîâåðõíîñòè
èñõîäíîãî îáðàçöà èç ñïëàâà AK12MMGH. Â
ñòðóêòóðå, íàðÿäó ñ ìàòðè÷íîé ôàçîé, ìîæíî âû-
äåëèòü êðåìíèåâóþ ôàçó ñî ñðåäíèì ðàçìåðîì
2,4 ìêì, ðàâíîìåðíî ðàñïðåäåëåííóþ ïî îáúåìó
ñïëàâà.

Íà ðèñ. 2 ïîêàçàíî ïîïåðå÷íîå ñå÷åíèå ïîñ-
ëå ÌÄÎ ïðè ðàçëè÷íûõ ðåæèìàõ. Ñîäåðæàíèå
êðåìíèÿ â ñïëàâå îòðèöàòåëüíî âëèÿåò íà ïîêðû-
òèå, îñîáåííî â ïåðåõîäíîì ñëîå [14, 15]. Â îá-
ðàçöå ¹1 (ðèñ. 2,à,á) âèäíî, ÷òî òàì, ãäå íàõîäÿòñÿ
ôàçû êðåìíèÿ, ïîðèñòîñòü áîëüøå, è, êàê ñëåä-
ñòâèå, àäãåçèÿ ìåíüøå. Â îáðàçöå ¹3 (ðèñ. 2,â),
êîòîðûé èññëåäîâàëñÿ ïðè óâåëè÷åííîé åìêîñòè
êîíäåíñàòîðà, ïîðèñòîñòü ìåíüøå êàê â ïåðåõîä-
íîì, òàê è â îñíîâíîì ñëîå. Äëÿ îáðàçöîâ ¹4 è
¹5 (ðèñ. 2,ã,ä) õàðàêòåðíà áîëüøàÿ ïîðèñòîñòü â

Òàáëèöà 1

Ðåæèìû ÌÄÎ-îáðàáîòêè èññëåäóåìûõ îáðàçöîâ

¹  
îáðàçöà 

Ñ,  
ìêÔ 

τ,  
ìèí 

Ýëåêòðîëèò, ã/ë 

1 78 60 ÊÎÍ- 4; Жñò- 9 

2 78 120 ÊÎÍ- 10; Жñò- 4 

3 100 60 ÊÎÍ- 10; Жñò- 4 

4 78 60 ÊÎÍ- 10; Жñò- 30 

5 78 90 ÊÎÍ- 7; Жñò- 20 

Ðèñ. 1. Ìèêðîñòðóêòóðà ìàòåðèàëà-îñíîâû ñïëàâà
AK12MMGH
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Ðèñ. 2. ÌÄÎ ïîêðûòèÿ íà ñïëàâå AK12MMGH: à — îáðàçåö ¹1; á — îáðàçåö ¹2; â — îáðàçåö ¹3;
ã — îáðàçåö ¹4; ä — îáðàçåö ¹5 (ïîïåðå÷íîå ñå÷åíèå, ðåæèì îáðàòíî-ðàññåÿííûõ ýëåêòðîíîâ)
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îñíîâíîì ðàáî÷åì ñëîå, â ïåðåõîäíîì ïîðèñòîñòü
ìåíüøå, è, êàê ñëåäñòâèå, àäãåçèÿ ëó÷øå ïî ñðàâ-
íåíèþ ñ îáðàçöàìè ¹1 è ¹2.

Öâåò ïîêðûòèÿ íà èññëåäóåìûõ îáðàçöàõ âà-
ðüèðóåòñÿ îò ñâåòëî-ñåðîãî äî áóðîãî, ÷òî óêàçû-
âàåò íà ðàçëè÷íûé ôàçîâûé ñîñòàâ âíåøíèõ íà-
ðóæíûõ ñëîåâ.

Â ñòðóêòóðå ìîæíî âûäåëèòü íåñêîëüêî ñëî-
åâ, õàðàêòåðíûõ äëÿ ÌÄÎ-ïîêðûòèé íà àëþìèíè-
åâûõ ñïëàâàõ (ðèñ. 3). Îíè ñîñòîÿò èç ñëåäóþùèõ
ñëîåâ: òîíêîãî ïåðåõîäíîãî ñëîÿ, ðàáî÷åãî ñëîÿ ñ
ìàêñèìàëüíîé òâåðäîñòüþ è ìèíèìàëüíîé ïîðè-
ñòîñòüþ, ñîñòîÿùåãî â îñíîâíîì èç êîðóíäà, è
íàðóæíîãî ðûõëîãî òåõíîëîãè÷åñêîãî ñëîÿ, îáî-
ãàùåííîãî àëþìîñèëèêàòàìè [16].

Òàêàÿ æå ïîñëåäîâàòåëüíîñòü ñëîåâ áûëà îá-
íàðóæåíà íà èññëåäîâàííûõ îáðàçöàõ (ðèñ. 4), ñ
ïåðåõîäíûì ñëîåì îò 3 äî 5 ìêì, ðàáî÷èì ñëîåì
îò 70 äî 120 ìêì è òåõíîëîãè÷åñêèì ñëîåì îêîëî
30 ìêì.

Òàêèì îáðàçîì, ïîâûøåííîå ñîäåðæàíèå ýëå-
ìåíòîâ, âõîäÿùèõ â ïîêðûòèå èç ýëåêòðîëèòà,
ìîæåò íàáëþäàòüñÿ â ïåðåõîäíîì è íàðóæíîì òåõ-
íîëîãè÷åñêîì ñëîå (ðèñ. 5).

Îáùàÿ òîëùèíà ïîêðûòèÿ è òîëùèíà åãî ðà-
áî÷åãî ñëîÿ ìîãóò ðàçëè÷àòüñÿ â çàâèñèìîñòè îò
ðåæèìà ÌÄÎ (òàáë. 2).

Íà îáðàçöå ¹4 áûëî ñôîðìèðîâàíî ñàìîå
òîëñòîå ïîêðûòèå, ÷òî ñâÿçàíî ñ óâåëè÷åíèåì
êîíöåíòðàöèè ýëåêòðîëèòà. Íåñìîòðÿ íà ýòî, åñëè
ñðàâíèâàòü åãî ñ îáðàçöîì ¹5, ó íåãî ïîëó÷àåò-
ñÿ áîëåå ïîðèñòûé òåõíîëîãè÷åñêèé ñëîé. Îáðàç-
öû ¹1 è ¹2 èìåþò ñàìîå òîíêîå ïîêðûòèå, ýòî
ñâÿçàíî ñ ìåíüøåé êîíöåíòðàöèåé æèäêîãî ñòåê-
ëà. Îáðàçåö ¹3, òàê æå êàê è îáðàçöû ¹4 è ¹5,
èìååò òîëñòîå ïîêðûòèå, â äàííîì ñëó÷àå ýòî
îáóñëîâëåíî òåì, ÷òî óâåëè÷åíèå åìêîñòè êîíäåí-
ñàòîðà óñòàíîâêè ÌÄÎ ïðèâåëî ê óâåëè÷åíèþ
ýíåðãèè ìèêðîäóãîâûõ ðàçðÿäîâ. Êàê ñëåäñòâèå,
óâåëè÷èâàåòñÿ îáúåì ïðîäóêòîâ ðåàêöèè, êîòîðûå
îáðàçóþòñÿ çà åäèíèöó âðåìåíè.

Ðèñ. 3. Òèïè÷íîå ñòðîåíèå ÌÄÎ-ïîêðûòèé: 1 — ïåðå-
õîäíûé ñëîé; 2 — ðàáî÷èé ñëîé; 3 — òåõíîëîãè÷åñêèé
ñëîé

Ðèñ. 4. Ñëîèñòîå ñòðîåíèå ïîêðûòèÿ íà ïðèìåðå îáðàç-
öà ¹3

Ðèñ. 5. Ðàñïðåäåëåíèå ýëåìåíòîâ ïî òîëùèíå
ÌÄÎ-ïîêðûòèÿ

Òàáëèöà 2

Òîëùèíà ïîêðûòèÿ, ñôîðìèðîâàííàÿ ìåòîäîì ÌÄÎ

¹ 
îáðàçöà 

Òîëùèíà ðàáî÷åãî 
ñëîÿ, ìêì 

Îáùàÿ 
òîëùèíà, ìêì 

1 70 105 

2 70 90 

3 120 140 

4 120 170 

5 126 150 
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Âûâîäû

Ìîäèôèöèðîâàíèå ïîâåðõíîñòè àëþìèíèåâî-
ãî ñïëàâà AK12MMGH ìåòîäîì ìèêðîäóãîâîãî
îêñèäèðîâàíèÿ ïîçâîëèëî óñòàíîâèòü, ÷òî ñôîð-
ìèðîâàâøèåñÿ ïîêðûòèÿ èìåþò ñëîèñòóþ ñòðóê-
òóðó, êîòîðàÿ õàðàêòåðíà äëÿ ÌÄÎ-ïîêðûòèé íà
àëþìèíèåâûõ ñïëàâàõ. Óâåëè÷åíèå åìêîñòè êîí-
äåíñàòîðà óñòàíîâêè óâåëè÷èâàåò èíòåíñèâíîñòü
ïðîöåññà ÌÄÎ, ÷òî, â ñâîþ î÷åðåäü, ïðèâîäèò ê
óâåëè÷åíèþ êîëè÷åñòâà ïðîäóêòîâ ýëåêòðîõèìè-
÷åñêîé ðåàêöèè è, êàê ñëåäñòâèå, ê ôîðìèðîâà-
íèþ áîëåå òîëñòûõ ïîêðûòèé [17—20].

Èçó÷åíèå ïîïåðå÷íîãî ñå÷åíèÿ ïîêàçàëî, ÷òî
ïîðèñòîñòü õàðàêòåðíà òîëüêî äëÿ íàðóæíîãî òåõ-
íîëîãè÷åñêîãî ñëîÿ. Óâåëè÷åíèå åìêîñòè êîíäåí-
ñàòîðîâ íà óñòàíîâêå ÌÄÎ ñïîñîáñòâóåò óìåíü-
øåíèþ ïîðèñòîñòè. Èçìåðåíèå òâåðäîñòè ïîçâî-
ëèëî âûÿâèòü íåîäíîðîäíîñòü ìåõàíè÷åñêèõ
ñâîéñòâ ÌÄÎ-ïîêðûòèé ïî òîëùèíå â çàâèñèìî-
ñòè îò ôàçîâîãî ñîñòàâà è íàëè÷èÿ äåôåêòîâ.

Îáðàçåö ¹3 èìååò ñëåäóþùèå õàðàêòåðèñòè-
êè: ïëîòíàÿ ñòðóêòóðà, òîëùèíà ðàáî÷åãî ñëîÿ
110 ìêì, ñëåäîâàòåëüíî, îí áîëåå èçíîñîñòîéêèé
ïî ñðàâíåíèþ ñ îñòàëüíûìè. Ëó÷øèìè õàðàêòå-
ðèñòèêàìè îáëàäàåò îáðàçåö ¹5: ïðè òîëùèíå
ñâûøå 120 ìêì ïîðèñòîñòü ïîêðûòèÿ ÿâëÿåòñÿ
ìàêñèìàëüíîé ïî ñðàâíåíèþ ñ ïîðèñòîñòüþ âñåõ
èçó÷åííûõ îáðàçöîâ, ñëåäîâàòåëüíî, îí ìîæåò
ïðèìåíÿòüñÿ â êà÷åñòâå òåïëîçàùèòíîãî ñëîÿ äå-
òàëåé êàìåðû ñãîðàíèÿ ÄÂÑ. Îáðàçåö ¹5 ïî ñðàâ-
íåíèþ ñ îáðàçöîì ¹4 ÿâëÿåòñÿ áîëåå ýêîíîìè÷-
íûì ïî êîìïîíåíòàì ýëåêòðîëèòà.

Ðåçóëüòàòû èññëåäîâàíèÿ ñâèäåòåëüñòâóþò î
âîçìîæíîñòè ïîëó÷åíèÿ íà ñèëóìèíàõ âûñîêîêà-
÷åñòâåííûõ ÌÄÎ-ñëîåâ ñ êîìïëåêñîì âûñîêèõ
ìåõàíè÷åñêèõ ñâîéñòâ.
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Abstract

Coatings formed by micro-arc oxidation on
aluminum alloys have a unique combination of
properties such as high heat resistance, wear resistance,
adhesive strength and corrosion resistance. This
combination of properties is largely stipulated by the
nanocrystalline structure, which, according to a
number of studies, is represented in the MAO-layers
by small-scale pores and crystallites with sizes not
more than 100 nm.

For modifications employing MAO the
AK12MMGH aluminum alloy was selected. Oxidation
was performed in an alkaline electrolyte with addition
of liquid glass. Capacitors capacity of MAO
installation, was-78 μF, except for the mode of the
sample No 3, when MAO was being performed at
100 μF. This was done to significantly reduce the
processing time and increase the coating thickness.
The processing time τ  was determined by the process
intensity decrease (arc discharge occurrence on the
ribs).

Samples No. 1 and No. 2 have the thinnest
coating. This is associated with the lower
concentration of liquid glass. The thickest coating was
formed on the sample No. 4, due to the increase in
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the electrolyte concentration. Despite this, being
compared with the sample No. 5, it has a more porous
technological layer. The same as samples No. 4 and
No. 5, sample No. 3 has a thick coating. In this case,
it is stipulated by the fact that capacitor capacitance
increase of the MAO installation led to the increase
of micro-arc discharges, and, as a consequence, the
volume of reaction products, formed per unit time,
increases.

The surface modification of the AK12MMGH
aluminum alloy by micro-arc oxidation method
allowed that formed coatings had a layered structure
intrinsic to MAO-coatings of aluminum alloys. The
installation capacitor capacitance increasing steps up
the MAO process intensity, which leads, in its turn,
to the number of electrochemical reaction products
build-up, and, as a consequence, to the thicker
coatings forming.

The cross-section study revealed that porosity is
characteristic only for the outer technological layer.
The MAO installation capacitors capacitance
increasing helps the porosity reduction. Hardness
measurement revealed heterogeneity of mechanical
properties of MAO coatings in thickness depending on
the phase composition and the presence of defects.
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