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Â äàí³é ðîáîò³ çàïðîïîíîâàíî âèêîðèñòàííÿ íîâ³òíüîãî åêîëîã³÷íî áåçïå÷íîãî
ðîç÷èííèêà Ethaline, ùî ÿâëÿº ñîáîþ åâòåêòè÷íó ñóì³ø õîë³í õëîðèäó ç åòèëåíãë³-
êîëåì ó ìîëÿðíîìó ñï³ââ³äíîøåíí³ êîìïîíåíò³â 1 äî 2 â³äïîâ³äíî, ÿê âèñîêîåôåê-
òèâíîãî åëåêòðîë³òó äëÿ ïîë³ðóâàííÿ íåðæàâ³þ÷îþ ñòàë³ ç ï³äâèùåíèì âì³ñòîì
Ìàíãàíó. Ïîêàçàíî, ùî ïðîöåñ àíîäíîãî îáðîáëåííÿ ñòàë³ ó çàçíà÷åíîìó åëåê-
òðîë³ò³ ñïðèÿº çá³ëüøåííþ âì³ñòó Õðîìó ó ïîâåðõíåâîìó øàð³ ñïëàâó òà çìåíøåí-
íþ âì³ñòó Ôåðóìó çà ðàõóíîê ïåðåá³ãó åëåêòðîõ³ì³÷íî¿ ðåàêö³¿ Fe0

Fe2++2e–. Âñòà-
íîâëåíî, ùî ïðîöåñ åëåêòðîïîë³ðóâàííÿ â Ethaline çàáåçïå÷óº âèð³âíþâàííÿ ïî-
âåðõí³ íåðæàâ³þ÷î¿ ñòàë³ âíàñë³äîê ðîç÷èíåííÿ íåîäíîð³äíîñòåé òà äåôåêò³â. Çì³íà
ñêëàäó òà çìåíøåííÿ ñòóïåíÿ øîðñòêîñò³ ñòàëåâî¿ ïîâåðõí³ ï³ñëÿ åëåêòðîïîë³ðó-
âàííÿ â³äáèâàþòüñÿ íà ¿¿ ô³çèêî-ìåõàí³÷íèõ ³ êîðîç³éíèõ âëàñòèâîñòÿõ. Ïðîäåìîí-
ñòðîâàíî, ùî ïîòåíö³îñòàòè÷íå àíîäíàå îáðîáëåííÿ íåðæàâ³þ÷î¿ ñòàë³ â Ethaline
òðèâàë³ñòþ 20 õâ ïðè 250Ñ äîçâîëÿº çìåíøèòè øîðñòê³ñòü ïîâåðõí³ ìåòàëåâèõ çðàçê³â
íà 30–55%, ïðè öüîìó çá³ëüøèòè ì³êðîòâåðä³ñòü íà 20–35% òà ïîêðàùèòè êîðîç³é-
íèé îï³ð íà 20–80% ó ïîð³âíÿíí³ ç íåïîë³ðîâàíîþ ïîâåðõíåþ. Âèÿâëåíî, ùî ìàê-
ñèìàëüíèé åôåêò ïîêðàùåííÿ çîâí³øíüîãî âèãëÿäó ïîâåðõí³ íåðæàâ³þ÷î¿ ñòàë³ òà
¿¿ âëàñòèâîñòåé äîñÿãàºòüñÿ ïðè ïîë³ðóâàíí³ â Ethaline ïðè òåìïåðàòóð³ 250Ñ ³ àíîä-
íîìó ïîòåíö³àë³ 2 Â.
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Âñòóï

Íåðæàâ³þ÷à ñòàëü – äóæå ïðàêòè÷íèé ìà-
òåð³àë òà îäíî÷àñíî åñòåòè÷íèé. Çàâäÿêè ð³çíî-
ìàí³òíîñò³ ìàðîê ³ âèä³â ïîâåðõîíü âîíà â çìîç³
çàäîâîëüíèòè ð³çí³ ïîòðåáè â çàëåæíîñò³ â³ä âè-
ìîã, ÿê³ ñòàâëÿòüñÿ ïåðåä ìàòåð³àëîì. Íåðæàâ³-
þ÷à ñòàëü âèêîðèñòîâóºòüñÿ â óñ³õ ñôåðàõ ä³ÿëü-
íîñò³ ëþäèíè, ïî÷èíàþ÷è â³ä âàæêîãî ìàøèíî-
áóäóâàííÿ ³ çàâåðøóþ÷è åëåêòðîí³êîþ òà ìåäè-
öèíîþ. Íåðæàâ³þ÷à ñòàëü º íåçàì³ííèì ìàòåð³-
àëîì äëÿ âèãîòîâëåííÿ âåëèêîãî ïåðåë³êó ìå-
äè÷íèõ ³íñòðóìåíò³â, çàñîá³â ïðîòåçóâàííÿ òà
ìåäè÷íîãî îáëàäíàííÿ. Î÷åâèäíèì º òå, ùî âè-
ìîãè äî ñòàëåâî¿ ïîâåðõí³ ìåäè÷íîãî ïðèçíà-
÷åííÿ íàäçâè÷àéíî âèñîê³, òîìó á³îìåäè÷íà íå-
ðæàâ³þ÷à ñòàëü çàâæäè ïðîõîäèòü ïðîöåäóðó
ïîïåðåäíüîãî îáðîáëåííÿ ïîâåðõí³ ç ìåòîþ ïî-
êðàùåííÿ ¿¿ çîâí³øíüîãî âèãëÿäó òà âëàñòèâîñòåé.

Äîáðå â³äîìî, ùî íàéåôåêòèâí³øèì ñïî-
ñîáîì îáðîáëåííÿ ïîâåðõí³ ìåòàë³â ³ ñïëàâ³â º
åëåêòðîïîë³ðóâàííÿ (ÅÏ). ÅÏ çàáåçïå÷óº âèð³â-
íþâàííÿ ïîâåðõí³ çà ðàõóíîê ðîç÷èíåííÿ ì³êðî-
íåð³âíîñòåé, äåôåêò³â, âêëþ÷åíü òà çàáðóäíþþ-
÷èõ åëåìåíò³â; äëÿ ñïëàâ³â, ÿê ïðàâèëî, â³äáó-
âàºòüñÿ çì³íà ñêëàäó ïîâåðõíåâîãî øàðó òà ôîð-
ìóâàííÿ çàõèñíèõ ìåòàëîêñèäíèõ ïë³âîê, ùî
ñïðèÿº äîäàòêîâîìó ïîêðàùåííþ âëàñòèâîñòåé
ïîâåðõí³: çá³ëüøåííþ ì³êðîòâåðäîñò³, çíîñî-
ñò³éêîñò³, êîðîç³éíî¿ âèòðèâàëîñò³, òîùî [1].

Ñë³ä çàóâàæèòè, ùî íàéðîçïîâñþäæåí³ø³
òåõíîëîã³¿ ÅÏ íåðæàâ³þ÷î¿ ñòàë³ áàçóþòüñÿ íà
âèêîðèñòàíí³ âèñîêèõ òåìïåðàòóð (60–850Ñ) ³
õ³ì³÷íî àãðåñèâíèõ åëåêòðîë³ò³â íà îñíîâ³ êîí-
öåíòðîâàíèõ ñóì³øåé ñóëüôàòíî¿ òà îðòîôîñôàò-
íî¿ êèñëîò, ³íîä³ ç äîäàâàííÿì Cr2O3 àáî ãë³öå-
ðèíó [2–7]. Òàê³ åëåêòðîë³òè, îñîáëèâî ç óðàõó-
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âàííÿì âèñîêèõ òåìïåðàòóð ¿õ åêñïëóàòàö³¿, º
íåáåçïå÷íèìè ç òî÷êè çîðó âïëèâó íà çäîðîâ’ÿ
ñï³âðîá³òíèê³â ãàëüâàí³÷íèõ ë³í³é, ñòàí ïðîìèñ-
ëîâîãî îáëàäíàííÿ òà íàâêîëèøíº ñåðåäîâèùå.
Çâàæàþ÷è íà öå, äëÿ ñó÷àñíî¿ ïðîìèñëîâîñò³
íàäçâè÷àéíî àêòóàëüíîþ º çàäà÷à ïîøóêó âèñî-
êîåôåêòèâíî¿ òà åêîëîã³÷íîáåçïå÷íî¿ àëüòåðíà-
òèâè ³ñíóþ÷èì «êëàñè÷íèì» òåõíîëîã³ÿì ÅÏ
íåðæàâ³þ÷î¿ ñòàë³.

«Çåëåíîþ» àëüòåðíàòèâîþ êèñëîòíèì åëåê-
òðîë³òàì ïîë³ðóâàííÿ ìîæóòü ñòàòè ³îíí³ ð³äè-
íè íîâîãî ïîêîë³ííÿ – íèçüêîòåìïåðàòóðí³ åâ-
òåêòè÷í³ ðîç÷èííèêè (ÍÅÐ), ùî õàðàêòåðèçóþòü-
ñÿ åêîëîã³÷í³ñòþ, äîñòóïí³ñòþ êîìïîíåíò³â, ïðî-
ñòîòîþ ñèíòåçó òà óí³êàëüíîþ êîìá³íàö³ºþ âè-
ñîêî¿ â’ÿçêîñò³ ³ â³äíîñíî âèñîêî¿ åëåêòðîïðî-
â³äíîñò³, ÿêà º äóæå âèãðàøíîþ äëÿ ïðîöåñó
åëåêòðîïîë³ðóâàííÿ. Óïåðøå ìîæëèâ³ñòü âèêî-
ðèñòàííÿ ÍÅÐ äëÿ àíîäíîãî îáðîáëåííÿ íåðæà-
â³þ÷î¿ ñòàë³ ïðîäåìîíñòðóâàëè ñï³âðîá³òíèêè
Ëåéñòåðñüêîãî óí³âåðñèòåòó Ðóäåð òà Åááîòò [8].
Îäíàê äîñë³äæåííÿ öèõ àâòîð³â áóëè íåâè÷åð-
ïíèìè ³ ñòîñóâàëèñÿ ëèøå í³êåëüâì³ñíî¿ íåðæà-
â³þ÷î¿ ñòàë³ SS 316.

Óÿâëåííÿ ïðî åëåêòðîïîë³ðóâàííÿ íåðæà-
â³þ÷î¿ ñòàë³ â ÍÅÐ ðîçâèíóò³ äîïîâíåí³ â ðàì-
êàõ íàäàíî¿ ðîáîòè. Îñîáëèâîñò³ àíîäíîãî îá-
ðîáëåííÿ ç âèêîðèñòàííÿì ÍÅÐ ðîçêðèò³ íà ïðè-
êëàä³ åâòåêòè÷íî¿ ñóì³ø³ Ethaline äëÿ ïîë³ðóâàííÿ
íåðæàâ³þ÷î¿ ñòàë³ ç ï³äâèùåíèì âì³ñòîì Ìàí-
ãàíó. Ìàíãàí, ÿê ³ Í³êåëü, º àóñòåí³òóòâîðþ-
þ÷èì åëåìåíòîì, ïðîòå â³í º çíà÷íî äåøåâøèì.
Îêð³ì òîãî, Ìàíãàí ó ñêëàä³, ñòàë³ ñïðèÿº ¿¿
çì³öíåííþ. Íåðæàâ³þ÷à ñòàëü, äî ñêëàäó ÿêî¿
âõîäèòü Ìàíãàí, çàçâè÷àé âèêîðèñòîâóºòüñÿ â
óìîâàõ ï³äâèùåíîãî òåðòÿ. Ïðèâàáëèâîþ îñîá-
ëèâ³ñòþ íåðæàâ³þ÷î¿ ñòàë³ ç Ìàíãàíîì º ¿¿ ïëà-
ñòè÷í³ñòü, ëåãê³ñòü âèòÿæêè òà çâàðþâàííÿ, ïà-
ì’ÿòü äî äåôîðìàö³¿. ×óäîâ³ ìåõàí³÷í³ òà àíòè-
êîðîç³éí³ âëàñòèâîñò³ íà ðÿäó ç ïðèâàáëèâîþ
âàðò³ñòþ öüîãî ìàòåð³àëó ðîáëÿòü íåðæàâ³þ÷ó
ñòàëü ç ï³äâèùåíèì âì³ñòîì Ìàíãàíó ïåðñïåê-
òèâíîþ ñèðîâèíîþ äëÿ áàãàòüîõ âèðîáíèöòâ, ó
òîìó ÷èñë³ ³ äëÿ ñòâîðåííÿ ìåäè÷íîãî îáëàäíàí-
íÿ òà ³íñòðóìåíòàð³þ. Çàóâàæèìî, ùî äîñë³äæåí-
íÿ õàðàêòåðèñòèê òà îñîáëèâîñòåé çàñòîñóâàííÿ
ìàíãàíîâì³ñíî¿ íåðæàâ³þ÷î¿ ñòàë³ ò³ëüêè íàáè-
ðàþòü îáåðòè, ïðî ùî ñâ³ä÷àòü íåäàâí³ ïóáë³-
êàö³¿ ó ïðîâ³äíèõ íàóêîâèõ âèäàííÿõ [9–11].

Ðîáîòè ùîäî åëåêòðîõ³ì³÷íîãî îáðîáëåííÿ ïî-
âåðõí³ ñòàë³ ç Ìàíãàíîì òà âïëèâó öüîãî îáðîá-
ëåííÿ íà âëàñòèâîñò³ ó ë³òåðàòóð³ íå íàäàí³, òîìó
äàíà òåìàòèêà º àêòóàëüíîþ òà ëÿãëà â îñíîâó
íàäàíî¿ ðîáîòè.

Ìåòîäèêà åêñïåðèìåíòó

Íèçüêîòåìïåðàòóðíó åâòåêòè÷íó ñóì³ø
Ethaline ãîòóâàëè çì³øóâàííÿì õîë³í õëîðèäó
(ChCl) ç åòèëåíãë³êîëåì (Etgl) ó ìîëÿðíîìó
ñï³ââ³äíîøåíí³ êîìïîíåíò³â 1 äî 2 â³äïîâ³äíî,
âèòðèìóâàëè ïðîòÿãîì 2 ãîä çà òåìïåðàòóðè 700Ñ
äî ïîâíî¿ ãîìîãåí³çàö³¿ òà çíåâîäíåííÿ, ï³ñëÿ
÷îãî îõîëîäæóâàëè òà âèêîðèñòîâóâàëè äëÿ åêñ-
ïåðèìåíò³â. Çáåð³ãàëè åâòåêòè÷íó ð³äèíó â åê-
ñèêàòîð³ äëÿ çàïîá³ãàííÿ òðèâàëîãî êîíòàêòó ç
ïîâ³òðÿì ³ àáñîðáö³¿ âîäè, ùî ïðèòàìàííî
äîñë³äí³é ñèñòåì³ [12].

Äëÿ çä³éñíåííÿ âñ³õ åêñïåðèìåíò³â âèêî-
ðèñòîâóâàëè çðàçêè íåðæàâ³þ÷î¿ ñòàë³, òîâùèíà
ÿêèõ ñêëàäàëà 0,2 ìì, à ïëîùà 4 ñì2. Åëåìåíò-
íèé ñêëàä âèêîðèñòàíî¿ ñòàë³ íàâåäåíî ó òàá-
ëèö³ 1. Ïîïåðåäíÿ ï³äãîòîâêà çðàçê³â âêëþ÷àëà:
ìåõàí³÷íå îáðîáëåííÿ ïîâåðõí³ øë³ôóâàëüíèì
ïàïåðîì äî îòðèìàííÿ êîåô³ö³ºíòà øîðñòêîñò³
Ra=0,78±0,2 ìêì, ê³ëüêà ñåêóíäíå òðàâëåííÿ ó
ðîç÷èí³ HCl (1:1), çíåæèðåííÿ ìàãíåç³ºâîþ ñó-
ì³øøþ, ïðîìèâàííÿ äèñòèëüîâàíî¿ âîäîþ òà
âèñóøóâàííÿ.

Öèêë³÷í³ âîëüòàìïåðîãðàììè (ÖÂÀ) òà
ñïåêòðè ³ìïåäàíñó îòðèìóâàëè ç âèêîðèñòàííÿì
ïîòåíö³îñòàòà Gamry Potentiostat/Galvanostat
Reference 3000 (âèðîáíèöòâà ÑØÀ) òà òåðìî-
ñòàòîâàíî¿ òðèåëåêòðîäíî¿ ñêëÿíî¿ åëåêòðîõ³ì³-
÷íî¿ êîì³ðêè. Çðàçêè íåðæàâ³þ÷î¿ ñòàë³ âèêîðè-
ñòîâóâàëè ó ÿêîñò³ ðîáî÷îãî åëåêòðîäà, âóãëåöå-
âèé åëåêòðîä ç âèñîêîðîçâèíåíîþ ïîâåðõíåþ
ñëóãóâàâ äîïîì³æíèì åëåêòðîäîì, à ó ÿêîñò³
åëåêòðîäà ïîð³âíÿííÿ âèêîðèñòîâóâàëè Ag-äð³ò,
ÿêèé çàçâè÷àé º ïñåâäî-åëåêòðîäîì ïîð³âíÿííÿ
äëÿ íåâîäíèõ ðîç÷èííèê³â òèïó Ethaline [13–15].
Øâèäê³ñòü ñêàíóâàííÿ ïîòåíö³àëó ïðè îòðèìàíí³
ÖÂÀ âàð³þâàëè â³ä 5 ìÂ/ñ äî 100 ìÂ/ñ. Âèì³ðþ-
âàííÿ åëåêòðîõ³ì³÷íîãî ³ìïåäàíñó âèêîíóâàëè çà
ñòàö³îíàðíîãî êîðîç³éíîãî ïîòåíö³àëó (Ecorr) ó
ä³àïàçîí³ ÷àñòîò 105–10–2 Ãö, àìïë³òóäà êîëèâàíü
ïîòåíö³àëó ñòàíîâèëà 5 ìÂ. Îáðîáëåííÿó ãîäî-
ãðàô³â ³ìïåäàíñó âèêîíóâàëè ç ïðîãðàìíèì çà-
áåçïå÷åííÿì Gamry Echem Analyst ìåòîäîì
Levenberg-Marquardt.

Òàáëèöÿ 1
Åëåìåíòíèé ñêëàä çðàçê³â íåðæàâ³þ÷î¿ ñòàë³

Елемент Fe Cr Mn Ni Cu C Si 

мас.% 72,270,12 12,170,08 10,190,09 1,520,03 0,600,05 0,250,05 0,320,02 

 



94

À. Kityk, Î. Kun, V. Pavlik, Ì. Boča

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 92-98

Åëåêòðîïîë³ðóâàííÿ ñòàëåâèõ çðàçê³â (òðè-
âàë³ñòü îáðîáëåííÿ 20 õâ) çä³éñíþâàëè ó ïîòåí-
ö³îñòàòè÷íîìó ðåæèì³ ç âèêîðèñòàííÿì òèõ æå
åëåêòðîõ³ì³÷íî¿ êîì³ðêè òà ïîòåíö³îñòàòó. Âñ³
åëåêòðîõ³ì³÷í³ åêñïåðèìåíòè âèêîíóâàëè ç àâ-
òîìàòè÷íîþ êîìïåíñàö³ºþ IR ñêëàäîâî¿.

Øâèäê³ñòü ðîç÷èíåííÿ ñòàë³ âèçíà÷àëè ãðà-
â³ìåòðè÷íèì ìåòîäîì. Âèì³ðþâàííÿ êîåô³ö³-
ºíòó øîðñòêîñò³ Ra âèêîíóâàëè ç âèêîðèñòàí-
íÿì ïðèëàäó Surface Roughness Tester SRT 6210
(âèðîáíèöòâà ÊÍÐ). Ì³êðîòâåðä³ñòü çðàçê³â âèç-
íà÷àëè çà Â³êêåðñîì ç âèêîðèñòàííÿì ì³êðîò-
âåðäîì³ðà ÏÌÒ-3. Âèì³ðþâàííÿ áëèñêó âèêî-
íóâàëè çà äîïîìîãîþ áëèñêîì³ðà Gloss Meter YG
60S (âèðîáíèöòâà ÊÍÐ).

Ðåçóëüòàòè òà îáãîâîðåííÿ

ÖÂÀ íåðæàâ³þ÷î¿ ñòàë³ îòðèìàí³ çà ð³çíèõ
øâèäêîñòåé ñêàíóâàííÿ ïîòåíö³àëó (v, ìÂ/ñ) ó
íèçüêîòåìïåðàòóðíîìó åâòåêòè÷íîìó ðîç÷èííè-
êó Ethaline íàâåäåíî íà ðèñ. 1. Ðîçãîðòêó ïîòåí-
ö³àëó ïðè îòðèìàíí³ ÖÂÀ ïðîâîäèëè â³ä ñòàö³-
îíàðíîãî çíà÷åííÿ (–0,195 Â) ñïî÷àòêó â àíîä-
íèé á³ê, à ïîò³ì – ó êàòîäíèé ç ïîâåðíåííÿì äî
ñòàö³îíàðíîãî ïîòåíö³àëó.

Ðèñ. 1. Öèêë³÷í³ âîëüòàìïåðîãðàììè íåðæàâ³þ÷î¿ ñòàë³ ó

Ethaline, îòðèìàí³ çà ð³çíèõ øâèäêîñòåé ñêàíóâàííÿ

ïîòåíö³àëó: 1 – 5 ìÂ/ñ, 2 – 10 ìÂ/ñ, 3 – 20 ìÂ/ñ,

4 – 50 ìÂ/ñ, 5 – 80 ìÂ/ñ, 6 – 100 ìÂ/ñ (t=250Ñ)

ßê âèäíî ç ðèñ. 1, íà àíîäíèõ ä³ëÿíêàõ ÖÂÀ
ïðèñóòí³ ï³êè ñòðóìó ðîç÷èíåííÿ íåðæàâ³þ÷î¿
ñòàë³. Â³äì³òèìî, ùî ïîòåíö³àëè, ÿê³ â³äïîâ³äà-
þòü ï³êàì ñòðóìó, ëèøå òðîõè çñóâàþòüñÿ â á³ê
á³ëüø ïîçèòèâíèõ çíà÷åíü ïðè çðîñòàíí³ øâèä-
êîñò³ ñêàíóâàííÿ ïîòåíö³àëó. À îñü ïàñèâíà
ä³ëÿíêà, ùî â³äáóâàºòüñÿ çà ï³êîì ðîç÷èíåííÿ,
äóæå â³äð³çíÿºòüñÿ ïðè çì³í³ øâèäêîñò³ ñêàíó-
âàííÿ: çà íèçüêèõ øâèäêîñòåé ðîçãîðòêè ïîòåí-
ö³àëó (v=5–20 ìÂ/ñ) ïàñèâíà ä³ëÿíêà äîñòàòíüî

òðèâàëà, à ïðè çá³ëüøåíí³ øâèäêîñò³ (50 ìÂ/ñ)
âîíà ñóòòºâî çâóæóºòüñÿ. Çâåðíåìî îñîáëèâó
óâàãó íà äîñòàòíüî âèñîê³ ãóñòèíè ñòðóì³â íà
ÖÂÀ äëÿ àíîäíîãî ïðîöåñó, ùî º îñîáëèâ³ñòþ
ö³º¿ ñèñòåìè ó ïîð³âíÿíí³ ç âîäíèìè êèñëèìè
åëåêòðîë³òàìè, äå ãóñòèíè ñòðóìó ðîç÷èíåííÿ
çíà÷íî íèæ÷³ ³ îáóìîâëåí³ ïàñèâàö³ºþ ïîâåðõí³
ñòàëåâîãî åëåêòðîäà ìåòàëîîêñèäíèìè ïë³âêà-
ìè. Òàêèì ÷èíîì, ìîæíà çðîáèòè âèñíîâîê, ùî
äëÿ äîñë³äíî¿ ñèñòåìè ïîÿâà ï³êà ñòðóìó ³ ïà-
ñèâíî¿ ä³ëÿíêè îáóìîâëåí³ íå «êëàñè÷íîþ» ïà-
ñèâàö³ºþ ïîâåðõí³ åëåêòðîäà, à «ñîëüîâîþ» çà
ðàõóíîê ôîðìóâàííÿ â’ÿçêîãî øàðó ïðîäóêò³â
àíîäíî¿ ðåàêö³¿ ïîáëèçó ïîâåðõí³ ìåòàëåâîãî
çðàçêà. Ôîðìóâàííÿ â’ÿçêîãî øàðó ïðîäóêò³â
àíîäíî¿ ðåàêö³¿ º ðåçóëüòàòîì ¿õ ñïîâ³ëüíåíî¿
äèôóç³¿ â³ä ïîâåðõí³ åëåêòðîäà â îá’ºì åëåêòðî-
ë³òó çà ðàõóíîê âèñîêî¿ â’ÿçêîñò³ Ethaline (48 ñÏ
çà 250Ñ, â òîé ÷àñ ÿê äëÿ âîäè öå çíà÷åííÿ ñòà-
íîâèòü ëèøå 0,89 ñÏ çà ò³º¿ æ òåìïåðàòóðè).
Âð³çêà íà ðèñ. 1 äåìîíñòðóº ë³í³éíó çàëåæí³ñòü
ó êîîðäèíàòàõ «ñòðóì ï³êà–êîð³íü êâàäðàòíèé
øâèäêîñò³ ñêàíóâàííÿ ïîòåíö³àëó», ùî ï³äòâåð-
äæóº äèôóç³éíèé õàðàêòåð ï³êà ãóñòèíè ñòðóìó.

Äîáðå â³äîìî, ùî íàéêðàùèé ðåçóëüòàò
åëåêòðîïîë³ðóâàííÿ ìåòàë³â òà ñïëàâ³â äîñÿãàºòü-
ñÿ òîä³, êîëè àíîäíèé ïðîöåñ â³äáóâàºòüñÿ â
óìîâàõ ñïîâ³ëüíåíî¿ äèôóç³¿. Ç ö³º¿ òî÷êè çîðó
åëåêòðîë³ò Ethaline º íàäçâè÷àéíî ïåðñïåêòèâ-
íèì ñåðåäîâèùåì äëÿ âèñîêîåôåêòèâíîãî àíîä-
íîãî îáðîáëåííÿ. Äëÿ åëåêòðîïîë³ðóâàííÿ îá-
ðàíèõ çðàçê³â ñòàë³ ç ï³äâèùåíèì âì³ñòîì Ìàíãà-
íó áóëî âèêîðèñòàíî ïîòåíö³àëè 1; 1,5; 2; 3,5 Â.
Åêñïåðèìåíòè ïîòåíö³îñòàòè÷íî¿ àíîäíî¿ îáðîá-
êè çðàçê³â áóëî äîïîâíåíî ãðàâ³ìåòðè÷íèìè äîñ-
ë³äàìè (âèçíà÷àëè çì³íó ìàñè çðàçê³â), ðàçîì ç
òèì ô³êñóâàëè ñòðóì ðîç÷èíåííÿ íåðæàâ³þ÷î¿
ñòàë³, à òàêîæ ìàñó íåðîç÷èííèõ ïðîäóêò³â (÷à-
ñòî÷êè ìàðãàíöþ, ùî â³äîêðåìëþâàëè ô³ëüòðó-
âàííÿì åëåêòðîë³òè ï³ñëÿ çéîìêè ÖÂÀ). Âèêî-
íàíèé åêñïåðèìåíò ³ ðîçðàõóíêè çà çàêîíîì Ôà-
ðàäåÿ äîçâîëèëè âñòàíîâèòè çàëåæí³ñòü ë³í³éíî¿
øâèäêîñò³ ðîç÷èíåííÿ ñòàë³ (v, íì/ñ) â³ä ïîòåí-
ö³àëó (ðèñ. 2), à òàêîæ ïîêàçàòè, ùî àíîäíèé
ñòðóì ðîç÷èíåííÿ íà ÖÂÀ â³äïîâ³äàº åëåêòðîä-
íîìó ïðîöåñó (1), ÿêèé â³äáóâàºòüñÿ ç³ 100% âè-
õîäîì çà ñòðóìîì. Òàêèì ÷èíîì, ï³ä ÷àñ åëåê-
òðîïîë³ðóâàííÿ íåðæàâ³þ÷î¿ ñòàë³ â³äáóâàºòüñÿ
åëåêòðîõ³ì³÷íå ðîç÷èíåííÿ çàë³çà ³ íåçíà÷íå
çìåíøåííÿ êîíöåíòðàö³¿ Ìàíãàíó íà ïîâåðõí³
çðàçê³â çà ðàõóíîê íååëåêòðîõ³ì³÷íîãî ïðîöåñó.

Fe0
Fe 2++2e– (1)



95

Electropolishing of stainless steel with a high content of manganese in the deep eutectic mixture Ethaline

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 92-98

Ðèñ. 2. Çàëåæí³ñòü ë³í³éíî¿ øâèäêîñò³ ðîç÷èíåííÿ

íåðæàâ³þ÷î¿ ñòàë³ â³ä ïîòåíö³àëó åëåêòðîïîë³ðóâàííÿ y

Ethaline (t=250C)

Çì³íà ñêëàäó ïîâåðõí³ íåðæàâ³þ÷î¿ ñòàë³
ï³ñëÿ ïîë³ðóâàííÿ âèêëèêàº çì³íè ¿¿ ô³çèêî-ìå-
õàí³÷íèõ õàðàêòåðèñòèê. Íà ðèñ. 3 çîáðàæåíî
âïëèâ ïîòåíö³àëó åëåêòðîïîë³ðóâàííÿ íà ì³êðî-
òâåðä³ñòü ïîâåðõí³ çðàçê³â íåðæàâ³þ÷î¿ ñòàë³
ï³ñëÿ àíîäíîãî îáðîáëåííÿ.

Ðèñ. 3. Âïëèâ ïîòåíö³àëó ïîë³ðóâàííÿ íåðæàâ³þ÷î¿ ñòàë³ â

Ethaline íà ì³êðîòâåðä³ñòü ïîâåðõí³ ï³ñëÿ àíîäíî¿ îáðîáêè

(t=250C)

ßê âèäíî ç ðèñ. 3, åëåêòðîïîë³ðóâàííÿ íå-
ðæàâ³þ÷î¿ ñòàë³ ó åëåêòðîë³ò³ Ethaline çà áóäü-
ÿêèõ îáðàíèõ ïîòåíö³àë³â ïðèâîäèòü äî ïîì³òíî-
ãî çá³ëüøåííÿ ì³êðîòâåðäîñò³ ïîâåðõí³ çðàçê³â ó
ïîð³âíÿíí³ ç íåïîë³ðîâàíîþ ïîâåðõíåþ. Çàçíà-
÷èìî, ùî ìàêñèìàëüíèé åôåêò çá³ëüøåííÿ
ì³êðîòâåðäîñò³ ñïîñòåð³ãàºòüñÿ ïðè âèêîðèñòàíí³
ïîòåíö³àëó ïîë³ðóâàííÿ 2 Â.

Ïîÿñíèòè çá³ëüøåííÿ ì³êðîòâåðäîñò³ ïî-
âåðõí³ íåðæàâ³þ÷î¿ ñòàë³ ï³ñëÿ ïîë³ðóâàííÿ ìîæ-

íà íàñòóïíèì ÷èíîì: ïî-ïåðøå, ïðîöåñ àíîä-
íîãî îáðîáëåííÿ ñóïðîâîäæóºòüñÿ ðîç÷èíåííÿì
çàë³çà ³, òàêèì ÷èíîì, â³äáóâàºòüñÿ çáàãà÷åííÿ
ïîâåðõí³ çðàçê³â õðîìîì, ÿêèé º á³ëüø òâåðäèì;
ïî-äðóãå, åëåêòðîïîë³ðóâàííÿ ñïðèÿº ðîç÷èíåí-
íþ íåîäíîð³äíîñòåé òà äåôåêò³â ïîâåðõí³, ùî
çàáåçïå÷óº ¿¿ âèð³âíþâàííÿ (ðèñ. 4) òà ïîêðà-
ùåííÿ ìåõàí³÷íèõ õàðàêòåðèñòèê ³ êîðîç³éíî¿
âèòðèâàëîñò³.

Ðèñ. 4. Çàëåæí³ñòü ñòóïåíÿ øîðñòêîñò³ ïîâåðõí³ (Ra)

çðàçê³â íåðæàâ³þ÷î¿ ñòàë³ â³ä ïîòåíö³àëó

åëåêòðîïîë³ðóâàííÿ y Ethaline (t=250C)

Çä³éñíåí³ ³ìïåäàíñîìåòðè÷í³ äîñë³äæåííÿ
êîðîç³éíî¿ âèòðèâàëîñò³ äîñë³äíèõ çðàçê³â ó ðîç-
÷èí³ 10% NaCl (ðèñ. 5,à) ï³äòâåðäèëè òîé ôàêò,
ùî ïðîöåñ åëåêòðîïîë³ðóâàííÿ íåðæàâ³þ÷î¿ ñòàë³
ó Ethaline ñïðèÿº çá³ëüøåííþ êîðîç³éíîãî îïî-
ðó çðàçê³â õ³ì³÷íî àãðåñèâíîìó ñåðåäîâèùó.

Åêâ³âàëåíòíà åëåêòðè÷íà ñõåìà çàì³ùåííÿ,
ÿêó âèêîðèñòîâóâàëè äëÿ ìîäåëþâàííÿ ñèñòåìè
ñòàëåâèé çðàçîê/ðîç÷èí NaCl, íàâåäåíà íà ðèñ.
5,á. Îñíîâíèìè åëåìåíòàìè ö³º¿ ñõåìè º îï³ð
åëåêòðîë³òó (Rsol), îï³ð êîðîç³éíîìó ïðîöåñó
(Rcorr) òà åëåìåíò ñòàëî¿ ôàçè (CPE), ÿêèé äîç-
âîëÿº âèçíà÷èòè ºìí³ñíó ñêëàäîâó (Y) òà ñòóï³íü
íåîäíîð³äíîñò³ ïîâåðõí³ íåðæàâ³þ÷î¿ ñòàë³ (n).
ßê ïîêàçàëè ðîçðàõóíêè (òàáë. 2), ï³ñëÿ åëåêò-
ðîïîë³ðóâàííÿ ó Ethaline ñòàëåâà ïîâåðõíÿ õà-
ðàêòåðèçóºòüñÿ çìåíøåííÿì íåîäíîð³äíîñò³ ³
ºìêîñò³ òà çá³ëüøåííÿì îïîðó êîðîç³éíîìó ïðî-
öåñó. Â³äì³òèìî, ùî çàëåæí³ñòü ïàðàìåòðà n â³ä
ïîòåíö³àëó ïîë³ðóâàííÿ óçãîäæóºòüñÿ ³ç çàëåæ-
í³ñòþ Ra â³ä ïîòåíö³àëó.

Âèñíîâêè

Íèçüêîòåìïåðàòóðíèé åâòåêòè÷íèé ðîç÷èí-
íèê Ethaline º åêîëîã³÷íî áåçïå÷íèì òà âèñîêî-
åôåêòèâíèì åëåêòðîë³òîì ïîë³ðóâàííÿ íåðæà-
â³þ÷î¿ ñòàë³. Âèêîðèñòàííÿ öüîãî åëåêòðîë³òó äëÿ
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àíîäíîãî îáðîáëåííÿ ñòàëåâî¿ ïîâåðõí³ íàâ³òü
çà íåâèñîêî¿ òåìïåðàòóðè (250Ñ) äîçâîëÿº îòðè-
ìàòè ñóòòºâå ïîêðàùåííÿ íå ò³ëüêè çîâí³øíüî-
ãî âèãëÿäó ìåòàëåâèõ çðàçê³â, àëå é äîñÿãòè ïî-
ì³òíîãî ïîêðàùåííÿ âëàñòèâîñòåé (çìåíøåííÿ
ñòóïåíÿ øîðñòêîñò³, çá³ëüøåííÿ ì³êðîòâåðäîñò³
òà êîðîç³éíî¿ âèòðèâàëîñò³).

Çä³éñíåí³ äîñë³äæåííÿ ïîêàçàëè, ùî ïåðå-
âàãîþ àíîäíîãî îáðîáëåííÿ íåðæàâ³þ÷î¿ ñòàë³ ó
åëåêòðîë³ò³ Ethaline ó ïîð³âíÿíí³, íàïðèêëàä, ç
ìåõàí³÷íèì îáðîáëåííÿì º íå ò³ëüêè ñóòòºâå âè-
ð³âíþâàííÿ ïîâåðõí³, àëå é çìåíøåííÿ âì³ñòó
çàë³çà òà çá³ëüøåííÿ âì³ñòó õðîìó íà ïîâåðõí³
ñïëàâó. Çàçíà÷èìî, ùî òàêà çì³íà ê³ëüê³ñíîãî
ñêëàäó ïîâåðõíåâîãî øàðó ñïëàâó ïîçèòèâíî
âïëèâàº íà âëàñòèâîñò³ ïîâåðõí³.

Âñòàíîâëåíî, ùî ìàêñèìàëüíèé åôåêò åëå-
êòðîïîë³ðóâàííÿ íåðæàâ³þ÷î¿ ñòàë³ ó Ethaline äî-
ñÿãàºòüñÿ ç âèêîðèñòàííÿì ïîòåíö³àëó àíîäíî-
ãî îáðîáëåíÿ 2 Â ïðè òåìïåðàòóð³ 250Ñ (ìàêñè-
ìàëüíå çíèæåííÿ øîðñòêîñò³ òà çá³ëüøåííÿ òâåð-
äîñò³ ³ êîðîç³éíî¿ âèòðèâàëîñò³).

Ïîäÿêà

Ïðåäñòàâëåíà ðîáîòà âèêîíàíà çà ï³äòðèì-
êè Ì³í³ñòåðñòâà îñâ³òè ³ íàóêè Óêðà¿íè â ðàì-

êàõ äåðæáþäæåòíî¿ ìîëîä³æíî¿ ÍÄÐ «Âèñîêîå-
ôåêòèâíà àíîäíà îáðîáêà á³îðåçèñòåíòíèõ
ñïëàâ³â ìåäè÷íîãî ïðèçíà÷åííÿ ç âèêîðèñòàí-
íÿì åêîëîã³÷íèõ ³îííèõ ð³äèí íîâîãî ïîêîë³í-
íÿ» (íîìåð äåðæàâíî¿ ðåºñòðàö³¿ 0119U002001);
à òàêîæ çà ï³äòðèìêè Íàö³îíàëüíî¿ ñòèïåíä³àëü-
íî¿ ïðîãðàìè Ñëîâàöüêî¿ Ðåñïóáë³êè. Îêðåìó
âäÿ÷í³ñòü çà îáãîâîðåííÿ ðåçóëüòàò³â àâòîðè ïóá-
ë³êàö³¿ âèñëîâëþþòü ïðîô. Äàíèëîâó Ô.É. òà
ïðîô. Ïðîöåíêó Â.Ñ.
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Ðèñ. 5. Ãîäîãðàôè ³ìïåäàíñó Íàéêâ³ñòà (à) ³ åêâ³âàëåíòíà åëåêòðè÷íà ñõåìà (á) äëÿ íåðæàâ³þ÷î¿ ñòàë³ ó 10%-âîìó

ðîç÷èí³ NaCl äî (1) òà ï³ñëÿ åëåêòðîïîë³ðóâàííÿ çà ð³çíèõ ïîòåíö³àë³â y Ethaline:

2 – 1 Â, 3 – 1,5 Â, 4 – 2 Â, 5 – 3,5 Â (t=250C)
Òàáëèöÿ 2

Ïàðàìåòðè åêâ³âàëåíòíî¿ åëåêòðè÷íî¿ ñõåìè, ùî ìîäåëþº êîðîç³éíó ïîâåä³íêó íåðæàâ³þ÷î¿ ñòàë³
ó 10%-âîìó ðîç÷èí³ NaCl (äî òà ï³ñëÿ åëåêòðîïîë³ðóâàííÿ ó Ethaline)

Параметр Потенціал 

електрополірування, В Rsol, Ом Y, Ом–1 сn см–2 n Rcorr, Ом см–2 

– 

(неполірований зразок) 
23,14 0,843 335,75 

1,0 22,62 0,869 395,00 

1,5 22,34 0,883 512,50 

2,0 21,76 0,912 611,25 

3,5 

1,50,5 

22,14 0,893 438,00 
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ELECTROPOLISHING OF STAINLESS STEEL WITH A
HIGH CONTENT OF MANGANESE IN THE DEEP
EUTECTIC MIXTURE ETHALINE
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a Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

b Institute of Inorganic Chemistry, Slovak Academy of Sciences,
Bratislava, Slovakia
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In the present work, we consider the use of a novel
environmentally friendly solvent Ethaline, which is a eutectic mixture
of choline chloride with ethylene glycol in a molar ratio of components
of 1:2 respectively, as a highly efficient electrolyte for electropolishing
of stainless steel with high manganese content. It is shown that the
process of anodic treatment of steel in the electrolyte based on Ethaline
allows both increasing the content of chromium in a surface layer of
the alloy and decreasing the content of iron due to the electrochemical
reaction Fe0Fe2++2e–. It is found that the electropolishing process
in Ethaline ensures smoothing the surface of stainless steel by dissolving
heterogeneities and defects. A change in the composition of the steel
surface and a decrease of the roughness after electropolishing affect
physical-mechanical and corrosion properties. It is demonstrated
that a 20-minute potentiostatic anodic treatment of stainless steel in
Ethaline at 250C reduces the surface roughness of metal samples by
30–55%, while the microhardness is increased by 20–35% and
corrosion resistance is improved by 20–80% as compared with the
unpolished surface. It is shown that the maximum effect of the
improvement of the surface appearance of stainless steel and its
properties is achieved when electropolishing is conducted in Ethaline
at 25°C at an anode potential of 2 V.

Keywords: stainless steel; electropolishing; eutectic mixture;
impedance spectra; corrosion resistance; roughness coefficient;
microhardness.
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