
DOI: https://doi.org/10.26896/1028-6861-2020-86-5-31-36

ÎÏÐÅÄÅËÅÍÈÅ ÊÎÐÐÎÇÈÎÍÍÎÉ ÑÒÎÉÊÎÑÒÈ

ÍÈÇÊÎËÅÃÈÐÎÂÀÍÍÛÕ ÑÒÀËÅÉ ÌÀÃÍÈÒÍÛÌ ÌÅÒÎÄÎÌ

� Âèòàëèé Ô¸äîðîâè÷ Íîâèêîâ1, Êàìèëü Ðàõèì÷àíîâè÷ Ìóðàòîâ1*,

Ðîìàí Àëåêñàíäðîâè÷ Ñîêîëîâ1, Âàëåðèé Ïåòðîâè÷ Óñòèíîâ2

1 Òþìåíñêèé èíäóñòðèàëüíûé óíèâåðñèòåò, Ðîññèÿ, 625000, ã. Òþìåíü, óë. Âîëîäàðñêîãî, 38; *e-mail: muratows@mail.ru
2 Ãàçïðîì äîáû÷à Íîÿáðüñê, Ãóáêèíñêèé ÃÏÇ, Ðîññèÿ, 629830, ßìàëî-Íåíåöêèé ÀÎ, ã. Ãóáêèíñêèé, ïîñ. Ïðîìûøëåííàÿ

çîíà.

Ñòàòüÿ ïîñòóïèëà 1 íîÿáðÿ 2019 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 20 ìàðòà 2020 ã.

Ïðèíÿòà ê ïóáëèêàöèè 25 ìàðòà 2020 ã.

Âëèÿíèå òåðìîîáðàáîòêè íà ñêîðîñòü êîððîçèè îáðàçöîâ âûñîêîóãëåðîäèñòûõ ñòàëåé (ìàê-

ñèìàëüíàÿ êîððîçèîííàÿ óáûëü íàáëþäàåòñÿ ïðè òåìïåðàòóðå îòïóñêà 400 °C) îñíîâàíî íà

âîçíèêíîâåíèè ìèêðîãàëüâàíè÷åñêèõ ïàð ìåæäó ôàçîâûìè ñîñòàâëÿþùèìè ìàòåðèàëà.

Ìèêðîãàëüâàíè÷åñêèå ïàðû â ïðîöåññå òåðìîîáðàáîòêè ïåðåðàñïðåäåëÿþòñÿ, ÷òî ìåíÿåò

óñëîâèÿ ïðîòåêàíèÿ ãàëüâàíè÷åñêèõ òîêîâ. Â ñâîþ î÷åðåäü ñòðóêòóðíî-ôàçîâûé ñîñòàâ

îáóñëàâëèâàåò ìàãíèòíûå ñâîéñòâà ñòàëåé è îïðåäåëÿåò ñâÿçü èõ ìàãíèòíûõ õàðàêòåðè-

ñòèê ñ êîððîçèîííîé àêòèâíîñòüþ. Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà êîíòðîëÿ ñêîðîñòè

êîððîçèè ïî èçìåíåíèþ ìàãíèòíûõ õàðàêòåðèñòèê. Óñòàíîâëåíî, ÷òî ñóùåñòâóåò òåñíàÿ

âçàèìîñâÿçü ìåæäó êîýðöèòèâíîé ñèëîé è ýëåêòðîõèìè÷åñêèì ïîòåíöèàëîì (îòíîñèòåëüíî

õëîðñåðåáðÿíîãî ýëåêòðîäà) — ïîêàçàòåëåì êîððîçèîííîé àêòèâíîñòè. Íà ïðèìåðå òðóáî-

ïðîâîäà èç ñòàëè 09Ã2Ñ, âäîëü êîòîðîãî èçìåíåíèå êîýðöèòèâíîé ñèëû äîñòèãàëî 25 %,

ïîêàçàíî, ÷òî ðèñê ðàçâèòèÿ ìàêðîãàëüâàíè÷åñêèõ ïàð äîñòàòî÷íî âûñîê. Ïðåäëîæåí ýêñ-

ïðåññ-ìåòîä âûÿâëåíèÿ êîððîçèîííî îïàñíûõ çîí èçäåëèé ïóòåì ñêàíèðîâàíèÿ ìàãíèòíûõ

ïàðàìåòðîâ ìàòåðèàëà. Â êà÷åñòâå ðåøåíèÿ ïðîáëåìû íåîäíîçíà÷íîñòè ñâÿçè êîððîçè-

îííîé àêòèâíîñòè è ìàãíèòíûõ ïàðàìåòðîâ èñïîëüçîâàëè ìíîãîïàðàìåòðîâûé ïîäõîä.

Ãàðìîíè÷åñêèì ðàçëîæåíèåì ïåòåëü ìàãíèòíîãî ãèñòåðåçèñà îáðàçöîâ ñòàëè 45Õ ïîëó÷è-

ëè ðÿä íå÷åòíûõ ãàðìîíèê, íåêîòîðûå èç êîòîðûõ ñëàáî êîððåëèðîâàëè ñ êîððîçèîííîé

óáûëüþ. Âìåñòå ñ òåì êîìïëåêñû èç íåñêîëüêèõ ãàðìîíèê êîððåëèðîâàëè ñ íåé óæå â çíà-

÷èòåëüíî áîëüøåé ñòåïåíè. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè òåõíè-

÷åñêîé äèàãíîñòèêå è ïðîãíîçèðîâàíèè êîððîçèîííîé àêòèâíîñòè ñòàëüíûõ êîíñòðóêöèé

äî íà÷àëà èõ ýêñïëóàòàöèè.
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An innovative method of measuring and control of the steel corrosion rate by changing magnetic charac-

teristics is developed. The impact of heat treatment on the corrosion rate of the samples of high-carbon

steels (maximum corrosion loss is observed at a tempering temperature of 400°C) is attributed to the ap-

pearance of micro-galvanic pairs (MGP) between the phase components of the material. MGP undergo re-

distribution under heat treatment thus changing conditions of the galvanic current flow. The structural

phase composition, in turn, determines the magnetic properties of steel and correlation between the mag-

netic properties and corrosiveness. The goal of the study is demonstration of the possibility and expedi-

ency of using the magnetic parameters of steel for determination of the steel corrosion rate. A close corre-

lation dependence is observed between the coercive force and the electrochemical potential (relative to the

silver chloride electrode) which are direct indicators of the corrosiveness. Case study of a pipeline made of

09G2S steel along which change in the coercive force attained 25% revealed rather high risk of developing

micro-galvanic pairs. A rapid method of scanning magnetic parameters is proposed to detect potentially

corrosive zones. A multi-parameter approach can be used to solve the problem of the ambiguity of the rela-

tionship between the corrosiveness and magnetic parameters. Harmonic decomposition of magnetic hys-
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teresis loops of 45Kh steel samples is used to obtain a number of odd harmonics. Some of them weakly cor-

relate with the corrosion loss, whereas complexes of several harmonics correlate to a greater extent. The

results can be used in technical diagnostics and prediction of the corrosion activity of steel structures be-

fore their operation. The results can be used in technical diagnostics and forecasting of the corrosiveness

of steel structures prior to their operation.

Keywords: coercivity; relaxation magnetic susceptibility; corrosion rate; forecasting, hardening; temper-

ing after hardening; galvanic corrosion pair; Fourier transform; methods of technical diagnostics.

Ââåäåíèå

Ïðîöåññû êîððîçèîííîãî ðàçðóøåíèÿ ïðîòå-

êàþò íà ïîâåðõíîñòè ìåòàëëà êðàéíå íåðàâíî-

ìåðíî. Â ïðàêòèêå ýêñïëóàòàöèè ñòàëüíûõ âåð-

òèêàëüíûõ ðåçåðâóàðîâ íåðåäêè ñëó÷àè, êîãäà

÷åðåç íåêîòîðîå âðåìÿ (ìåíåå ðàñ÷åòíîãî ïåðèî-

äà ýêñïëóàòàöèè) ðåçåðâóàð îêàçûâàåòñÿ ïîëó-

ïóñòûì, à âîêðóã ìåñòà åãî óñòàíîâêè íàáëþäàåò-

ñÿ ðàçëèâ íåôòåïðîäóêòà [1, 2]. Ïðè÷èíîé ïîäîá-

íîé ñèòóàöèè ìîæåò áûòü ñêâîçíàÿ êîððîçèÿ,

âîçíèêàþùàÿ â ñòàëüíûõ ëèñòàõ. Âìåñòå ñ òåì

êîíòðîëü ìåòàëëà ïîçâîëÿåò óìåíüøèòü ÷èñëî

ïîäîáíûõ îïàñíûõ ñëó÷àåâ.

Îñíîâíûå ìåòîäû êîíòðîëÿ êîððîçèîííûõ

ñâîéñòâ ñòàëè — ãðàâèìåòðè÷åñêèé, ìåòàëëî-

ãðàôè÷åñêèé, ìåòîäû îïðåäåëåíèÿ ýëåêòðîõèìè-

÷åñêîãî ïîòåíöèàëà è äð. [3, 4], êàê ïðàâèëî, òðå-

áóþò çíà÷èòåëüíûõ âðåìåííûõ çàòðàò è õàðàê-

òåðèçóþòñÿ ñóùåñòâåííûìè ïîãðåøíîñòÿìè (íà-

ïðèìåð, ìåòîä îïðåäåëåíèÿ ýëåêòðîõèìè÷åñêîãî

ïîòåíöèàëà). Èñïîëüçîâàíèå êîñâåííûõ ïàðà-

ìåòðîâ, äàþùèõ âîçìîæíîñòü îïåðàòèâíîãî íå-

ðàçðóøàþùåãî êîíòðîëÿ ñêëîííîñòè ìåòàëëà ê

êîððîçèè â êîíêðåòíîé êîððîçèîííîé ñðåäå,

ïðåäñòàâëÿåòñÿ áîëåå ïåðñïåêòèâíûì [5, 6].

Öåëü ðàáîòû — êîíòðîëü ñêîðîñòè êîððîçèè

ñòàëè ñ èñïîëüçîâàíèåì ìàãíèòíûõ õàðàêòåðè-

ñòèê ìàòåðèàëà (êîýðöèòèâíîé ñèëû, ðåëàêñàöè-

îííîé ìàãíèòíîé âîñïðèèì÷èâîñòè è ìàãíèòíîé

ïåòëè ãèñòåðåçèñà).

Âëèÿíèå ñòðóêòóðíîãî ñîñòîÿíèÿ ñòàëè

íà êîððîçèîííóþ àêòèâíîñòü

è ìàãíèòíûå õàðàêòåðèñòèêè

Èçâåñòíî, ÷òî ñêîðîñòü êîððîçèè çàêàëåííîé

âûñîêîóãëåðîäèñòîé ñòàëè çàâèñèò îò òåìïåðà-

òóðû îòïóñêà, êîòîðàÿ âëèÿåò íà ñòðóêòóðó ìà-

òåðèàëà [3]. Òàê, êîððîçèîííàÿ ïîòåðÿ ìàññû

ñòàëüíîãî îáðàçöà, îòïóùåííîãî ïðè 400 °C,

â øåñòü ðàç áîëüøå, ÷åì îáðàçöîâ, îòïóùåííûõ

ïðè òåìïåðàòóðàõ íèæå 200 è âûøå 600 °C.

Ïðè÷èíà — ìèêðîãàëüâàíè÷åñêàÿ êîððîçèÿ,

îáóñëîâëåííàÿ ðàçëè÷èåì ýëåêòðîõèìè÷åñêèõ

ñâîéñòâ ôàçîâûõ ñîñòàâëÿþùèõ ñòàëè, êîòîðûå

â ñâîþ î÷åðåäü â ïðîöåññå îòïóñêà òðàíñôîðìè-

ðóþòñÿ [7, 8].

Ñòðóêòóðà çàêàëåííîé óãëåðîäèñòîé ñòàëè

ñîñòîèò èç ìàðòåíñèòà è îñòàòî÷íîãî àóñòåíèòà.

Îòïóñê ïðè íèçêèõ òåìïåðàòóðàõ âåäåò ê ïðåâðà-

ùåíèþ àóñòåíèòà â ìàðòåíñèò îòïóñêà è çàòåì —

ê ðàçðóøåíèþ ìàðòåíñèòà ñ ôîðìèðîâàíèåì êàð-

áèäíîé ôàçû. Ïðè ñðåäíåì îòïóñêå (300 – 450 °C)

ïîëíîñòüþ çàâåðøàåòñÿ ïðîöåññ âûäåëåíèÿ óãëå-

ðîäà èç ïåðåñûùåííîãî òâåðäîãî ðàñòâîðà è ìàð-

òåíñèò ïðåâðàùàåòñÿ â ôåððèò. Êàðáèä Fe2C ïðå-

îáðàçóåòñÿ â öåìåíòèò Fe3C. Ïðè ýòîì îáðàçóåòñÿ

äâóõôàçíàÿ ñòðóêòóðà (òðîîñòèò îòïóñêà), ñî-

ñòîÿùàÿ èç ôåððèòà, â êîòîðîì ðàâíîìåðíî ðàñ-

ïðåäåëåíû ìåëü÷àéøèå ÷àñòèöû öåìåíòèòà. Ýòà

ñòðóêòóðà ïðè íàëè÷èè ýëåêòðîëèòà âåäåò ê ïî-

ÿâëåíèþ àêòèâíûõ ãàëüâàíè÷åñêèõ öåíòðîâ,

óñêîðÿþùèõ ïðîöåññ êîððîçèîííîãî ðàçðóøåíèÿ.

Ïðè 2-÷àñîâîé òåðìîîáðàáîòêå çàêàëåííîé îò

850 °C ñòàëè, ñîäåðæàùåé 0,95 % óãëåðîäà, ìàê-

ñèìóì òîíêîäèñïåðñíîãî öåìåíòèòà äîñòèãàåòñÿ

ïðèìåðíî ïðè 400 °C (äëÿ ñòàëè ñ 0,7 % C — ïðè

300 °C). Ïîñëå îòïóñêà ïðè ýòèõ òåìïåðàòóðàõ

êàòîäíûå âêëþ÷åíèÿ öåìåíòèòà (îòíîñèòåëüíî

ôåððèòà) çàíèìàþò áîëüøóþ ÷àñòü ïîâåðõíîñòè

ôåððèòà, ïîýòîìó èõ ãàëüâàíè÷åñêîå äåéñòâèå

ìàêñèìàëüíî [3]. Ïðè âûñîêîì îòïóñêå (500 –

650 °C) ïðîèñõîäÿò ðàñòâîðåíèå ìåëêèõ ÷àñòèö â

ìàòðèöå è äèôôóçèîííûé ïåðåíîñ âåùåñòâà

÷åðåç ìàòðèöó ê ïîâåðõíîñòè êðóïíûõ ÷àñòèö,

âñëåäñòâèå ÷åãî îíè ñòàíîâÿòñÿ åùå êðóïíåå.

Ôîðìèðóåòñÿ ôåððèòî-öåìåíòèòíàÿ ñìåñü áîëåå

ãðóáîãî, ÷åì òðîîñòèò, ñòðîåíèÿ, íàçûâàåìàÿ ñîð-

áèòîì îòïóñêà. Â ðåçóëüòàòå óìåíüøàåòñÿ êîëè-

÷åñòâî ãàëüâàíè÷åñêèõ ïàð è ñêîðîñòü êîððîçèè

ñíèæàåòñÿ.

Òàêèì îáðàçîì, ôàêòîðû, ñâÿçàííûå ñî ñòðóê-

òóðíî-ôàçîâûì ñîñòàâîì ìàòåðèàëà, â ñîâîêóï-

íîñòè ñ íàïðÿæåííî-äåôîðìèðîâàííûì ñîñòîÿ-

íèåì îïðåäåëÿþò êîððîçèîííûå ñâîéñòâà ñòàëè

[3, 4, 7, 9 – 11]. Îäíîâðåìåííî ýòè ôàêòîðû îá-

óñëàâëèâàþò ìàãíèòíûå ñâîéñòâà ìàòåðèàëà

[13 – 15]. Èíûìè ñëîâàìè, ìåæäó ìàãíèòíûìè è

êîððîçèîííûìè õàðàêòåðèñòèêàìè ñòàëåé ñóùå-

ñòâóåò êîñâåííàÿ âçàèìîñâÿçü.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðåäñòàâëåíà çàâèñèìîñòü ïîòåðè

ìàññû Äm îáðàçöîâ ñòàëè Ó10, çàêàëåííûõ îò

850 °C â ìàñëî è îòïóùåííûõ ïðè ðàçëè÷íûõ

òåìïåðàòóðàõ îò êîýðöèòèâíîé ñèëû Hc [3, 16].
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Âðåìÿ ïðåáûâàíèÿ îáðàçöîâ â 1 %-ì âîäíîì ðàñ-

òâîðå ñåðíîé êèñëîòû ñîñòàâëÿëî 72 ÷.

Òîíêîäèñïåðñíàÿ ñòðóêòóðà ñòàëè âëèÿåò íà

åå ðåëàêñàöèîííûå ñâîéñòâà, â ÷àñòíîñòè, íà ðå-

ëàêñàöèîííóþ ìàãíèòíóþ âîñïðèèì÷èâîñòü ÷r

[17]. Íà ðèñ. 2 äëÿ ñòàëè Ó10 ïðèâåäåíà çàâèñè-

ìîñòü êîððîçèîííîé óáûëè ìàññû Äm [3] îò ðå-

ëàêñàöèîííîé ìàãíèòíîé âîñïðèèì÷èâîñòè ÷r

[3, 16].

Âèäíî, ÷òî âçàèìîñâÿçü (òî÷êè) ìåæäó ñêî-

ðîñòüþ êîððîçèè è ðåëàêñàöèîííîé ìàãíèòíîé

âîñïðèèì÷èâîñòüþ äîñòàòî÷íî òåñíàÿ. Âûïàäà-

þùèå èç ìîíîòîííîé çàâèñèìîñòè òî÷êè (êðåñ-

òèêè) îòíîñÿòñÿ ê îáðàçöàì, îòïóùåííûì ïðè

òåìïåðàòóðàõ 600 è 660 °C (èõ ëåãêî ðàñïîçíàòü,

íàïðèìåð, ïî òâåðäîñòè HRC) [16].

Ãàëüâàíè÷åñêèå ïàðû, âîçíèêàþùèå ìåæäó

ðàçëè÷íûìè ôàçîâûìè è ñòðóêòóðíûìè ñîñòàâ-

ëÿþùèìè ñòàëè, ìîãóò èìåòü è ìàêðîìàñøòàá

[18, 19]. Ìàêðîãàëüâàíîïàðû îáóñëîâëåíû íåîä-

íîðîäíîñòüþ ñòðóêòóðíî-ôàçîâîãî ñîñòàâà ìåòàë-

ëà, âíóòðåííèìè íàïðÿæåíèÿìè è íåîäíîðîä-

íîñòüþ êîíòàêòèðóþùåé àãðåññèâíîé ñðåäû.

Êðîìå òîãî, îòìåòèì òàêîé ôàêòîð, êàê ðàçíîçåð-

íèñòîñòü ìèêðîñòðóêòóðû [9], êîòîðàÿ îòðàæàåò

äèñïåðñèþ ðàçìåðà ñòðóêòóðíûõ êîìïîíåíòîâ

ìàòåðèàëà.

Îòíîñèòåëüíî õëîðñåðåáðÿíîãî ýëåêòðîäà

îïðåäåëÿëè ýëåêòðîõèìè÷åñêèé ïîòåíöèàë îá-

ðàçöîâ ñòàëè 09Ã2C ñ ðàçëè÷íûìè ðåæèìàìè

òåðìîîáðàáîòêè (ðèñ. 3). Îáðàçöû ñíà÷àëà øëè-

ôîâàëè, çàòåì ñòðàâëèâàëè íàêëåïàííûé ïî-

âåðõíîñòíûé ñëîé. Âèäíî, ÷òî ñ ðîñòîì Hc ýëåê-

òðîõèìè÷åñêèé ïîòåíöèàë E óìåíüøàåòñÿ ïðàê-

òè÷åñêè ëèíåéíî.

Íà ðèñ. 4 ïðèâåäåíû çàâèñèìîñòè ïðîäîëü-

íîé è ïîïåðå÷íîé êîýðöèòèâíîé ñèëû îò äëèíû

òðóáû èç ñòàëè 09Ã2C. Ïî ðåçêèì ïåðåïàäàì Hc

(â äàííîì ñëó÷àå äî 1,60 À/ñì) ìîæíî ïðîãíîçè-

ðîâàòü àíîìàëüíóþ êîððîçèþ â ðåçóëüòàòå âîç-

íèêíîâåíèÿ ìàêðîïàð.

Îïðåäåëåíèå êîýðöèòèâíîé ñèëû è ðåëàêñà-

öèîííîé ìàãíèòíîé âîñïðèèì÷èâîñòè íà ïðîòÿ-

æåííûõ èçäåëèÿõ ñòàíäàðòíûìè ïðèáîðàìè òðå-
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Äm, ã

Hc, À/ñì

Ðèñ. 1. Çàâèñèìîñòü ïîòåðè ìàññû Äm ñòàëè Ó10 îò êîýð-

öèòèâíîé ñèëû H
c

Fig. 1. Dependence of the mass loss Äm (steel U10) on the

coercive force H
c

Äm, ã

R2 = 0,8708

Ðèñ. 2. Çàâèñèìîñòü ìåæäó ðåëàêñàöèîííîé ìàãíèòíîé

âîñïðèèì÷èâîñòüþ ÷
r

è êîððîçèîííîé óáûëüþ ìàññû Äm

(72 ÷) äëÿ ñòàëè Ó10

Fig. 2. Dependence between the relaxation magnetic sus-

ceptibility ÷r and corrosive loss of mass Äm (72 h) in steel

U10

E, Â

R2 = 0,9609

Hc, À/ñì

Ðèñ. 3. Çàâèñèìîñòü ýëåêòðîõèìè÷åñêîãî ïîòåíöèàëà E

îò êîýðöèòèâíîé ñèëû H
c

äëÿ îáðàçöîâ ñòàëè 09Ã2C

Fig. 3. Dependence of the electrochemical potential E on

the coercive force H
c

in 09G2S steel samples

L, ì

2

1

Hc, À/ñì

Ðèñ. 4. Çàâèñèìîñòè ïðîäîëüíîé (2) è ïîïåðå÷íîé (1) êî-

ýðöèòèâíîé ñèëû H
c

îò äëèíû òðóáû L èç ñòàëè 09Ã2C

Fig. 4. Dependence of transverse (1) and longitudinal (2)

coercive forces H
c

on the pipe length L (steel 09G2S)



áóåò íåïîäâèæíîãî ðàñïîëîæåíèÿ ïðåîáðàçîâàòå-

ëÿ íà ïîâåðõíîñòè, ÷òî çàòðóäíÿåò íåïðåðûâíîå

ñêàíèðîâàíèå. Òàêàÿ ïðîáëåìà îòñóòñòâóåò ïðè

ñêàíèðîâàíèè îñòàòî÷íîé íàìàãíè÷åííîñòè ïîëÿ

ðàññåÿíèÿ ïðîòÿæåííîé íàìàãíè÷åííîé ïîëîñû

ïî ïîâåðõíîñòè èçäåëèÿ [20 – 22].

Äëÿ ïîâûøåíèÿ äîñòîâåðíîñòè ìàãíèòíîãî

êîððîçèîííîãî êîíòðîëÿ íåîáõîäèìî èñïîëüçî-

âàòü ìíîãîïàðàìåòðîâûé ïîäõîä [23], êàê, íà-

ïðèìåð, ïðè ãàðìîíè÷åñêîì àíàëèçå êâàçèñòàòè-

÷åñêèõ ïåòåëü ãèñòåðåçèñà [6].

Íà îáðàçöàõ ñòàëè 45Õ, çàêàëåííûõ îò 840 °C

â ìàñëî è îòïóùåííûõ ïðè ðàçëè÷íûõ òåìïå-

ðàòóðàõ, ïðîâåëè 96-÷àñîâûå êîððîçèîííûå èñ-

ïûòàíèÿ â 5 %-íûõ ðàñòâîðàõ ñîëÿíîé è (ïîñëå

øëèôîâàíèÿ) ñåðíîé êèñëîò [6]. Ðåçóëüòàòû ïðè-

âåäåíû íà ðèñ. 5.

Õîä êðèâûõ îòðàæàåò êîððîçèîííûå ñâîéñòâà

ìàòåðèàëà ïðè èçìåíåíèè åãî ñòðóêòóðíîãî

ñîñòîÿíèÿ (ïàäåíèå â äèàïàçîíå 200 – 400 °C,

âñïëåñê ïðè 500 °C, äàëåå ïàäåíèå è ïîäúåì).

Îäíàêî ïîñêîëüêó êîððåëÿöèÿ ñëàáàÿ, ìåõàíèç-

ìû ðàñòâîðåíèÿ â êèñëîòíûõ ñðåäàõ ïðè ðàçíûõ

âàðèàöèÿõ ñòðóêòóðíî-ôàçîâîãî ñîñòàâà ìàòåðèà-

ëà ðàçëè÷íû.

Äî êîððîçèîííûõ èñïûòàíèé ñ ïîìîùüþ

ñòðóêòóðîñêîïà DIUS-1.15M íà èññëåäóåìûõ

îáðàçöàõ ïîëó÷àëè ïåòëè ìàãíèòíîãî ãèñòåðåçè-

ñà, êîòîðûå ñ ïîìîùüþ Ôóðüå-ïðåîáðàçîâàíèÿ

ïðåäñòàâëÿëè â âèäå ãàðìîíèê A1, A3, A5, A7 (â îò-

íîñèòåëüíûõ åäèíèöàõ). Àìïëèòóäû íåêîòîðûõ

ãàðìîíèê óäîâëåòâîðèòåëüíî êîððåëèðîâàëè ñ

óäåëüíîé êîððîçèîííîé óáûëüþ Äm/S (S — ïëî-

ùàäü ïîâåðõíîñòè). Èñïîëüçóÿ ïîäõîä, âêëþ÷à-

þùèé ïåðåáîð ðàçëè÷íûõ êîìáèíàöèé ãàðìîíèê,

ïîëó÷èëè óëó÷øåííóþ (ïî ñðàâíåíèþ ñ ãàðìî-

íèêàìè A3 è A5) êîððåëÿöèîííóþ ñâÿçü êîì-

ïëåêñíûõ ïàðàìåòðîâ P1 = (A1A3A5A7)
1/4 è P2 =

� � �( ) /A A A
3

2

5

2

7

2 1 2 ñ Äm/S (ðèñ. 6) [6].

Âèäíî, ÷òî îáðàçöû ñ òåìïåðàòóðîé òåðìî-

îáðàáîòêè 800 °C âûïàäàþò èç îáùåé çàêîíîìåð-

íîñòè. Ýòî îáóñëîâëåíî ôàçîâûì ïåðåõîäîì ïðè

òåìïåðàòóðå Añ3 = 770 °C è äîñòèæåíèåì ðàâíî-

âåñíîãî ôåððèòî-ïåðëèòíîãî ñîñòîÿíèÿ ìàòåðèà-

ëà. Îòìåòèì, ÷òî ïîäîáíîå ñîñòîÿíèå ëåãêî âû-

ÿâèòü ñ ïîìîùüþ òàêèõ ïàðàìåòðîâ, êàê òâåð-

äîñòü, íàìàãíè÷åííîñòü íàñûùåíèÿ, êîýðöèòèâ-

íàÿ ñèëà è äð. [16].

Êîíòðîëü êîððîçèîííîé àêòèâíîñòè ñ èñïîëü-

çîâàíèåì ìàãíèòíûõ õàðàêòåðèñòèê ìîæíî ñâå-

ñòè ê çàäà÷àì òåõíè÷åñêîé äèàãíîñòèêè. Òàê,

åñëè àìïëèòóäû ãàðìîíèê A1, A3, A5, A7 — îñè êî-

îðäèíàò â íåêîòîðîì ïðîñòðàíñòâå ïðèçíàêîâ

[24], òî ïàðàìåòðû P1 è P2 — ôóíêöèè ïðåîáðà-

çîâàíèÿ ïðîñòðàíñòâà ïðèçíàêîâ â äèàãíîñòè-

÷åñêîå ïðîñòðàíñòâî [24]. Ïîëîæåíèå â ïîñëåä-

íåì îòðàæàåò ñîîòâåòñòâóþùóþ êîððîçèîííóþ

àêòèâíîñòü (Äm/S) îáðàçöà.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî âîçìîæíî îïðåäåëåíèå ñêîðîñòè

êîððîçèè ìàãíèòíûìè ìåòîäàìè ïî êîýðöèòèâ-

íîé ñèëå, ðåëàêñàöèîííîé ìàãíèòíîé âîñïðèèì-

÷èâîñòè è ãàðìîíèêàì ðàçëîæåíèÿ êâàçèñòàòè÷å-

ñêîé ìàãíèòíîé ïåòëè ãèñòåðåçèñà. Ïðèìåíåíèå
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Äm/S, ã/ì (HCl)2 Äm/S, ã/ì (H SO )2
2 4

2

1

Tîòï, °C

Ðèñ. 5. Çàâèñèìîñòü óäåëüíîé êîððîçèîííîé óáûëè

Äm/S îáðàçöîâ ñòàëè 45Õ â ðàñòâîðàõ ñîëÿíîé (1) è ñåð-

íîé (2) êèñëîò îò òåìïåðàòóðû îòïóñêà Tîòï

Fig. 5. Dependence of the corrosion loss Äm/S of steel sam-

ples in the solutions of hydrochloric (1) and sulfuric (2) acids

on tempering temperature T
temp

Äm/S, ã/ì2 Äm/S, ã/ì2 Äm/S, ã/ì2 Äm/S, ã/ì2

(H SO )2 4

(H SO )2 4

(HCl)

(HCl)

à

á

â

ã
A3

P1

P2
A5

Ðèñ. 6. Çàâèñèìîñòè àìïëèòóä ãàðìîíèê A3 è A5 (à, á) è êîìïëåêñíûõ ïàðàìåòðîâ P1 è P2 (â, ã) îò óäåëüíîé êîððîçèîííîé

óáûëè ìàññû Äm/S îáðàçöîâ ñòàëè 45Õ â ðàñòâîðàõ ñîëÿíîé è ñåðíîé êèñëîò

Fig. 6. Dependence of the amplitudes of harmonics A
3

and A
5

(a, b) and complex parameters P
1

(c) and P
2

(d) on the specific

corrosion loss of mass Äm/S of 45Kh steel samples in the solutions of hydrochloric and sulfuric acids



ïðè àíàëèçå ìàãíèòíûõ ñâîéñòâ ñòàëè ìíîãîïà-

ðàìåòðîâîãî ïîäõîäà è òðàäèöèîííûõ ìåòîäîâ

òåõíè÷åñêîé äèàãíîñòèêè ïîçâîëÿåò ïðîãíîçè-

ðîâàòü ñêîðîñòü êîððîçèè ñ äîñòàòî÷íî âûñîêîé

òî÷íîñòüþ.
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