
The defective areas of tanks constructions with abnormal dispersion of magnetic parameters (strength of

self-magnetic dispersion field and local change of the field gradient) are analyzed using the magnetic

memory method. More than 80 horizontal and vertical tanks made of steel ST3 and 09G2S were exam-

ined without their retirement from service and some of them were partially subjected to full inspection in

different geographical regions (Northern Europe, Yamalo-Nenets Autonomous Okrug, Eastern Siberia

and Far East). It was determined that the character of distribution of the strength and gradient of

self-magnetic dispersion field atop damages provides visualization and recording of corrosive fracture

and cracks using compact magnitometric devices similar to SCM (stress concentration meter). It is

shown that stress concentration zones can be identified by a magnetic signal without any optional visual

control and the values of strength and gradient of the self magnetic field provide determination of the

damage parameters. In most cases (90 %) the results of traditional methods of non-destructive testing

(eddy current flaw detection, fluorescent magnetic testing, ultrasound detection and optical visual con-

trol) match the location of magnetic anomalies and corrosive crack-like damages of tanks.

Keywords: cylindrical steel tanks (vessels); metal magnetic memory; stress concentration lines; strength

of self-magnetic dispersion field; non-destructive testing; corrosion; crack.
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ÑÎÑÒÀÂËßÞÙÈÕ ÑÒÀËÅÉ Õ12 È Ð6Ì5
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Ñòàòüÿ ïîñòóïèëà 23 äåêàáðÿ 2015 ã.

Ìåòîäàìè àòîìíî-ñèëîâîé ìèêðîñêîïèè ïðîâåäåí ñðàâíèòåëüíûé àíàëèç óïðóãèõ õàðàêòåðèñòèê

ñòðóêòóðíûõ ñîñòàâëÿþùèõ ìíîãîôàçíûõ ìàòåðèàëîâ. Â ïðîöåññå âçàèìîäåéñòâèÿ âåðøèíû çîí-

äà ñ ïîâåðõíîñòüþ èññëåäóåìîãî îáðàçöà â äèíàìè÷åñêîì ðåæèìå ðàáîòû àòîìíî-ñèëîâîãî ìèê-

ðîñêîïà ôèêñèðîâàëè èçìåíåíèÿ äèíàìè÷åñêèõ õàðàêòåðèñòèê ìèêðîêîíñîëè (àìïëèòóäó è ôàçó

êîëåáàíèé, ðåçîíàíñíóþ ÷àñòîòó). Â ðåçóëüòàòå îäíîâðåìåííî ñ âèçóàëèçàöèåé òîïîãðàôèè

ïîâåðõíîñòè ðåãèñòðèðîâàëè ôàçîâûé êîíòðàñò ïîëèìîðôíûõ ìàòåðèàëîâ ñ íàíîìàñøòàáíûì

ðàçðåøåíèåì. Èñïîëüçóÿ ïîëó÷åííûå äàííûå, îïðåäåëÿëè óïðóãèå õàðàêòåðèñòèêè ñòðóêòóðíûõ

ñîñòàâëÿþùèõ è óïðî÷íåííûõ ñëîåâ ñòàëåé ëåäåáóðèòíîãî êëàññà Õ12 è Ð6Ì5. Äëÿ îöåíêè óïðó-

ãèõ õàðàêòåðèñòèê ïîâåðõíîñòíî-ìîäèôèöèðîâàííûõ ñëîåâ ìàòåðèàëîâ ïðîâîäèëè ñîïîñòàâè-

òåëüíûé àíàëèç ôàçîâîãî êîíòðàñòà íà ïîäãîòîâëåííîé ïîâåðõíîñòè ñîñòàâíûõ (èç äâóõ ïîëîâèí,

êàæäàÿ èç êîòîðûõ èìåëà ìîäèôèöèðîâàííûé ñëîé) îáðàçöîâ. Ñîâìåùàÿ îáðàçöû ïî ïîâåðõ-

íîñòÿì ñ ìîäèôèöèðîâàííûìè ñëîÿìè, ïîëîâèíêè æåñòêî ñêðåïëÿëè è ìåñòî ñòûêà øëèôîâàëè.

Ïîëó÷åííûé ïîïåðå÷íûé ìèêðîøëèô ïîçâîëÿë èññëåäîâàòü òîíêèå ïðîñëîéêè äâóõ ìîäèôè-

öèðîâàííûõ ñëîåâ è ïîäëîæêó ñ îáåèõ ñòîðîí. Îöåíêà óïðóãèõ õàðàêòåðèñòèê ñòðóêòóðíûõ ñî-

ñòàâëÿþùèõ è òîíêèõ ïîâåðõíîñòíûõ ñëîåâ ñòàëåé ïîêàçàëà, ÷òî êàðòèíà ðàñïðåäåëåíèÿ ôàçîâî-
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ãî êîíòðàñòà, ôîðìèðóþùåãîñÿ ïðè ñêàíèðîâàíèè ïîâåðõíîñòè îáðàçöîâ, îòðàæàåò ñâîéñòâà ðàç-

íîðîäíûõ ìàòåðèàëîâ. Ïðåäëîæåííóþ ìåòîäèêó ìîæíî ïðèìåíÿòü äëÿ îïðåäåëåíèÿ ìîäóëÿ

óïðóãîñòè êàê óïðî÷íåííûõ ñëîåâ ìàëîé òîëùèíû, òàê è ñòðóêòóðíûõ ñîñòàâëÿþùèõ.

Êëþ÷åâûå ñëîâà: àòîìíî-ñèëîâàÿ ìèêðîñêîïèÿ; ñòàëè ëåäåáóðèòíîãî êëàññà; ìîäèôèöèðîâàí-

íûå ñëîè; ìîäóëü óïðóãîñòè.

Êàê èçâåñòíî, ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè

(äèíàìè÷åñêèé ðåæèì) â ïðîöåññå âçàèìîäåéñòâèÿ

çîíäà ñ ïîâåðõíîñòüþ èññëåäóåìîãî îáðàçöà ðåãè-

ñòðèðóþò èçìåíåíèÿ äèíàìè÷åñêèõ õàðàêòåðèñòèê

ìèêðîêîíñîëè (àìïëèòóäû è ôàçû êîëåáàíèé, ðåçî-

íàíñíîé ÷àñòîòû). Â ðåçóëüòàòå îäíîâðåìåííî ñ âèçóà-

ëèçàöèåé òîïîãðàôèè ïîâåðõíîñòè ôèêñèðóþò ôàçî-

âûé êîíòðàñò ïîëèìîðôíûõ ìàòåðèàëîâ [1], ÷òî â

ñâîþ î÷åðåäü ïîçâîëÿåò èññëåäîâàòü ñâîéñòâà ñòðóê-

òóðíûõ ñîñòàâëÿþùèõ. Òàê, ïî îñîáåííîñòÿì âçàèìî-

äåéñòâèÿ çîíäà ñ èñïûòóåìîé ïîâåðõíîñòüþ ìîæíî

îöåíèòü, íàïðèìåð, ìîäóëü óïðóãîñòè ìèêðî- è íàíî-

ìåòðîâûõ îáëàñòåé ãåòåðîãåííûõ ìàòåðèàëîâ è òîí-

êèõ ñëîåâ íà íèõ [2]. Â òî æå âðåìÿ èññëåäîâàíèå

ñòîëü íåáîëüøèõ îáúåêòîâ ìåòàëëè÷åñêèõ ñïëàâîâ ñ

ïîìîùüþ òðàäèöèîííûõ ìåòîäèê, îñíîâàííûõ íà ðàç-

ðóøåíèè îáúåìíîãî îáðàçöà, íåâîçìîæíî [3].

Èíòåðïðåòàöèÿ ôàçîâîãî êîíòðàñòà, ïîëó÷åííîãî

íà ìèêðî- è íàíîîáúåêòàõ ñïëàâîâ, ñîïîñòàâèìà ïî

ñâîåé ñóòè ñ ìåòîäàìè íàíîèíäåíòèðîâàíèÿ äëÿ àíà-

ëèçà óïðóãèõ õàðàêòåðèñòèê êàê îòäåëüíûõ êðèñòàë-

ëîâ, òàê è òîíêèõ ïîâåðõíîñòíûõ ñëîåâ [4 – 6]. Àêòó-

àëüíîñòü îöåíêè ìîäóëÿ óïðóãîñòè ìèêðîîáúåêòîâ

îáóñëîâëåíà íåîáõîäèìîñòüþ òî÷íîãî ìîäåëèðîâàíèÿ

âçàèìîäåéñòâèÿ ôàç â ãåòåðîãåííûõ ìàòåðèàëàõ ïðè

âîçäåéñòâèè íà íèõ âíåøíèõ ôàêòîðîâ, â ïåðâóþ î÷å-

ðåäü ìåõàíè÷åñêîé ïðèðîäû [7].

Öåëü ðàáîòû — îöåíêà óïðóãèõ õàðàêòåðèñòèê

ñòðóêòóðíûõ ñîñòàâëÿþùèõ è òîíêèõ ïîâåðõíîñò-

íî-ìîäèôèöèðîâàííûõ ñëîåâ ñòàëåé Õ12 è Ð6Ì5 ìå-

òîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè.

Èññëåäîâàëè îáðàçöû (10 × 15 ìì) ñòàëåé ëåäåáó-

ðèòíîãî êëàññà Õ12 è Ð6Ì5. Ïîâåðõíîñòíî-ìîäèôè-

öèðîâàííûå ñëîè ñîåäèíÿëè, îáðàùàÿ ìîäèôèöèðî-

âàííûå ïîâåðõíîñòè äðóã ê äðóãó (ðèñ. 1).

Ñèíòåç áîðèðîâàííîãî ñëîÿ îñóùåñòâëÿëè õèìè-

êî-òåðìè÷åñêîé îáðàáîòêîé ñòàëè â ïîðîøêîâîé ñìå-

ñè íà îñíîâå êàðáèäà áîðà ïðè òåìïåðàòóðå 950 °C â

òå÷åíèå ÷åòûðåõ ÷àñîâ. Â êà÷åñòâå àêòèâàòîðà èñïîëü-

çîâàëè ôòîðáîðàò êàëèÿ KBF4. Ïîâåðõíîñòíûé ñëîé

èç íèòðèäà òèòàíà íà èññëåäóåìûõ îáðàçöàõ ïîëó÷àëè

ìåòîäîì èîííî-ïëàçìåííîãî îñàæäåíèÿ â âàêóóìíîé

êàìåðå ïðè äàâëåíèè 10–3 Ïà è òåìïåðàòóðå íå áîëåå

600 °C. Ïîêðûòèå (îêîëî 1 – 2 ìêì) íàíîñèëè ïîñëå

òåðìè÷åñêîé îáðàáîòêè ñòàëè.

Äëÿ àíàëèçà ôàçîâîãî êîíòðàñòà èñïîëüçîâàëè

àòîìíî-ñèëîâîé ìèêðîñêîï ÍÒ-206 (Áåëàðóñü) ñ çîí-

äîì XSCX11 (Mikro masch). Îáðàçåö ïîìåùàëè íà

ïðåäìåòíûé ñòîëèê ìèêðîñêîïà òàêèì îáðàçîì, ÷òîáû

îáëàñòü ñêàíèðîâàíèÿ çîíäà îõâàòûâàëà òîíêèå ïðî-

ñëîéêè ìîäèôèöèðîâàííûõ ñëîåâ è ïðèìûêàþùóþ ê

íèì îñíîâó (ñì. ðèñ. 1, á ). Ïîâåðõíîñòü ïðåäâàðè-

òåëüíî øëèôîâàëè, ïîëèðîâàëè è òðàâèëè â 5 %-ì

ñïèðòîâîì ðàñòâîðå àçîòíîé êèñëîòû. Ñêàíèðóÿ ïî-

âåðõíîñòü îáðàçöà, çîíä ñîâåðøàë âûíóæäåííûå êîëå-

áàíèÿ ñ ðåçîíàíñíîé ÷àñòîòîé. Â ìîìåíò ïåðåõîäà ãðà-

íèöû ìåæäó ñòðóêòóðíûìè ñîñòàâëÿþùèìè ôàçà êî-

ëåáàíèé çîíäà ìåíÿëàñü, îòðàæàÿ ðàçëè÷èå â óïðóãèõ

õàðàêòåðèñòèêàõ ìàòåðèàëîâ. Ïî èçìåíåíèþ ôàçû

îöåíèâàëè ôàçîâûé êîíòðàñò (êàðáèäíûõ ÷àñòèö è ïî-

âåðõíîñòíî-ìîäèôèöèðîâàííûõ ñëîåâ).

Èçâåñòíî, ÷òî ìîíîêàðáèäû, îáðàçóåìûå ëåãè-

ðóþùèìè ýëåìåíòàìè âûñîêîïðî÷íûõ ñòàëåé (WC,

W2C, Mo2C, Cr3C2, VC), îáëàäàþò âûñîêèìè òâåð-

äîñòüþ è ìîäóëåì óïðóãîñòè [8, 9]. Ïðîâåäåííûé

àòîìíî-ñèëîâîé àíàëèç ñâîéñòâ êàðáèäíûõ ÷àñòèö

ïîêàçàë, ÷òî ñëîæíûå ïî õèìè÷åñêîìó ñîñòàâó âêëþ-

÷åíèÿ ñòàëåé Ð6Ì5 è Õ12 òàêæå èìåþò ïîâûøåííûå

ïî ñðàâíåíèþ ñ ìåòàëëè÷åñêîé ìàòðèöåé õàðàê-

òåðèñòèêè.

Ïðè ñêàíèðîâàíèè îáðàçöîâ â îáëàñòè êàðáèäíûõ

âêëþ÷åíèé èçìåíåíèå ôàçû êîëåáàíèé çîíäà ñîñòàâè-

ëî 50 – 60 (ñòàëü Õ12) è 25 – 30 åäèíèö (ñòàëü Ð6Ì5)

(ðèñ. 2, à, á ). Ïðè ýòîì ìîäóëü óïðóãîñòè ìåòàëëè÷å-

ñêîé ìàòðèöû (ìàðòåíñèòà) — îäíîé èç ñòðóêòóðíûõ

ñîñòàâëÿþùèõ — ñîñòàâëÿë îêîëî 200 ÃÏà. Ïîñêîëü-

êó âåëè÷èíà ñêà÷êà ôàçû êîëåáàíèé ïðè ïåðåõîäå êàí-

òèëåâåðà ñ ìàòðèöû íà âêëþ÷åíèå ïðîïîðöèîíàëüíà

óïðóãèì ñâîéñòâàì ÷àñòèöû [2], ìîæíî çàêëþ÷èòü,

÷òî êàðáèäû ñòàëè Õ12 èìåþò áóëüøèå òâåðäîñòü è

ìîäóëü óïðóãîñòè, ÷åì âêëþ÷åíèÿ ñòàëè Ð6Ì5.

Äëÿ îöåíêè óïðóãèõ õàðàêòåðèñòèê ïîâåðõíîñò-

íî-ìîäèôèöèðîâàííûõ ñëîåâ, ñîïîñòàâèìûõ ïî ðàç-

ìåðàì ñ êðóïíûìè êàðáèäíûìè âêëþ÷åíèÿìè, ïðî-

âîäèëè ñîïîñòàâèòåëüíûé àíàëèç ôàçîâîãî êîíòðàñòà

ïîâåðõíîñòè îáðàçöà. Äëÿ ýòîãî èçâåñòíûå âåëè÷èíû

ìîäóëåé óïðóãîñòè ìåòàëëè÷åñêîé ìàòðèöû è ñëîÿ

íèòðèäà òèòàíà (TiN), íàíåñåííîãî íà îäíó èç ÷àñòåé

îáðàçöà, ñîïîñòàâëÿëè ñ ïîëó÷åííûìè çíà÷åíèÿìè

ôàç êîëåáàíèé çîíäà. Èñêîìûé ìîäóëü óïðóãîñòè

áîðèäíîãî ñëîÿ (FeB) îïðåäåëÿëè ïóòåì ëèíåéíîé

àïïðîêñèìàöèè.

Íà ðèñ. 2, â, ã ïðåäñòàâëåíû ðåçóëüòàòû ñêàíèðî-

âàíèÿ îáðàçöîâ ñ áîðèäíûì ñëîåì è ïîêðûòèåì èç

íèòðèäà òèòàíà. Âèäíî, ÷òî ïðè ñêàíèðîâàíèè îñíîâû

èç ñòàëè Õ12 (ñì. ðèñ. 2, â ) ôàçà êîëåáàíèé çîíäà ñî-

ñòàâëÿëà îêîëî 68 åäèíèö, çàòåì îíà èçìåíèëàñü, äîñ-

òèãíóâ çíà÷åíèé 112 (ñëîé TiN) è 108 åäèíèö (ñëîé

FeB). Â ñëó÷àå ñîñòàâíîãî îáðàçöà (ñì. ðèñ. 2, ã ) ôàçà
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ìåíÿëàñü ñ 71 äî 110 (ñîñòàâëÿþùèå Ð6Ì5 è TiN) è

ñ 68 äî 105 åäèíèö (Õ12 è FeB).

Ðåçóëüòàòû îïðåäåëåíèÿ ìîäóëåé óïðóãîñòè ïðè-

âåäåíû â òàáëèöå. Âèäíî, ÷òî ðàñ÷åòíûå çíà÷åíèÿ

ìîäóëÿ óïðóãîñòè áîðèäíîãî ñëîÿ äëÿ îáîèõ îáðàç-

öîâ ïðàêòè÷åñêè ñîâïàäàþò. Íåáîëüøîå îòêëîíåíèå,

ïî-âèäèìîìó, îáóñëîâëåíî íåêîòîðîé íåîäíîðîä-

íîñòüþ ñòðóêòóðíûõ ñîñòàâëÿþùèõ.

Îòìåòèì, ÷òî çíà÷åíèÿ ìîäóëåé óïðóãîñòè íèòðè-

äà òèòàíà è áîðèäà æåëåçà âàðüèðóþòñÿ îò 256 äî 620

è îò 240 äî 420 ÃÏà [10, 11] â çàâèñèìîñòè îò ñïîñîáà

ïîëó÷åíèÿ ñîåäèíåíèé. Ðåçóëüòàòû àíàëèçà íå ïðîòè-

âîðå÷àò ëèòåðàòóðíûì äàííûì.

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ ïî

îöåíêå óïðóãèõ õàðàêòåðèñòèê ñîñòàâëÿþùèõ ñòàëåé

ëåäåáóðèòíîãî êëàññà Õ12 è Ð6Ì5, à òàêæå òîíêèõ

ïîâåðõíîñòíûõ ñëîåâ ïîêàçàëè, ÷òî êàðòèíà ðàñïðå-

äåëåíèÿ ôàçîâîãî êîíòðàñòà, ôîðìèðóþùåãîñÿ ïðè

ñêàíèðîâàíèè ïîâåðõíîñòè îáðàçöîâ, îòðàæàåò ñâîé-

ñòâà ìàòåðèàëîâ. Ïðåäëîæåííàÿ ìåòîäèêà, îñíîâàííàÿ

íà ñîïîñòàâèòåëüíîì àíàëèçå ôàç êîëåáàíèé çîíäà

àòîìíî-ñèëîâîãî ìèêðîñêîïà, ñîîòâåòñòâóþùèõ ðàç-

íîðîäíûì ñòðóêòóðíûì ñîñòàâëÿþùèì, ïîçâîëÿåò

îöåíèâàòü ìîäóëü óïðóãîñòè óïðî÷íåííûõ ñëîåâ ìà-

ëîé òîëùèíû.
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1

2

3

4

5

à á

Ðèñ. 1. Ñõåìà (à) è ôîòîãðàôèÿ (á ) îáðàçöà (1 — ïëàñòèíû èç

èñïûòóåìûõ ìàòåðèàëîâ; 2 — îòâåðñòèÿ ïîä êðåïåæ; 3, 4 — ïî-

âåðõíîñòíî-ìîäèôèöèðîâàííûå ñëîè); ñòðåëêîé ïîêàçàíû

áîêîâûå ñå÷åíèÿ ìîäèôèöèðîâàííûõ ñëîåâ íà ãðàíèöå ìåæäó

äâóìÿ ñîñòàâíûìè ÷àñòÿìè îáðàçöà â îáëàñòè ñêàíèðîâàíèÿ ïî-

âåðõíîñòè çîíäîì-êàíòèëåâåðîì àòîìíî-ñèëîâîãî ìèêðîñêîïà

ìì

ìêì ìêì

ìì

à

á

â ã

Ðèñ. 2. Èçìåíåíèå ôàçû êîëåáàíèÿ çîíäà Äö ïðè ñêàíèðîâàíèè îáëàñòåé êàðáèäíûõ âêëþ÷åíèé îáðàçöîâ ñòàëåé Õ12 (à) è Ð6Ì5 (á ),

ñëîåâ TiN è FeB íà îáðàçöàõ A (ñòàëü Õ12) (â ) è B (ñòàëü Õ12 è Ð6Ì5) (ã )

Ðåçóëüòàòû îïðåäåëåíèÿ ìîäóëåé óïðóãîñòè ñòðóêòóðíûõ ñî-

ñòàâëÿþùèõ îáðàçöîâ

Îáðàçåö (ñì.

ðèñ. 2, â, ã )

Ñòðóêòóðíàÿ

ñîñòàâëÿþùàÿ

Èçìåíåíèå ôàçû

êîëåáàíèÿ çîíäà, åä.

Ìîäóëü

óïðóãîñòè, ÃÏà

A Õ12 68 210

FeB 108 400

TiN 112 420

B Õ12 68 210

Ð6Ì5 71 225

FeB 105 395

TiN 110 420
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DETERMINATION OF THE ELASTIC CHARACTERISTICS

OF STRUCTURAL COMPONENTS OF STEELS X210CR12 AND HSS6-5-2
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� I. A. Pankratov and I. N. Stepankin
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Atomic force microscopy is used for comparative analysis of the elastic characteristics of the structural

components of multiphase materials. Changes in the dynamic characteristics of the microcantile (ampli-

tude and phase of oscillations, resonant frequency) are recorded in the dynamic mode of the atomic force

microscope operation upon interaction of the probe tip with the sample surface. The phase contrast of

polymorphic materials with a nanoscale resolution is thus recorded simultaneously with the visualization

of the topography of the sample surface. Using the obtained data we determined the elastic characteristics

of structural components and hardened layers of ledeburite steels X210Cr12 and HSS6-5-2. To assess the

elastic characteristics of the modified layers a comparative analysis of the phase contrast was performed

on the prepared surface of composite samples. The samples consisted of two halves and each of them

contained a modified layer. After putting together the modified layers of the both parts the samples were

tightly fastened and the joint was polished. The resulting transverse microsection provided simultaneous

study of thin interface of two modified layers and substrate on both sides of the layers. Evaluation of the

elastic characteristics of the structural components of steels, as well as thin surface layers showed that the

pattern of the phase contrast distribution formed upon scanning the sample surface reflects the properties

of dissimilar materials. The developed technique can be used in determination of the modulus of elastic-

ity of hardened layers of small thickness and structural components as well.

Keywords: atomic force microscopy; steel of ledeburite class; modified layers; modulus of elasticity.
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