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Ïðè êàòîäíîé çàùèòå ñòàëè â ìîðñêîé âîäå âîçìîæíî âûäåëåíèå âîäîðîäà íà ïîâåðõíîñòè

êàòîäà è ïðîíèêíîâåíèå åãî â ãëóáü ìåòàëëà. Ýòîò ïðîöåññ îïàñåí òåì, ÷òî âíåäðåííûé ïðè

êàòîäíîé ïîëÿðèçàöèè âîäîðîä ìîæåò ïðèâîäèòü ê ïîÿâëåíèþ âîäîðîäíîé õðóïêîñòè

ìåòàëëà è, êàê ñëåäñòâèå, ðàçðóøåíèþ èçäåëèé è êîíñòðóêöèé. Â ñòàòüå ïðåäñòàâëåíû

ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ òåìïåðàòóðû è âíåøíèõ ðàñòÿãèâàþùèõ íàïðÿæåíèé

íà íàâîäîðîæèâàíèå êàòîäíî çàùèùàåìîé ñòàëè â ñïîêîéíîé è ïîäâèæíîé áàëòèéñêîé

ìîðñêîé âîäå. Àíàëèçèðîâàëè òàêæå èíãèáèðóþùåå íàâîäîðîæèâàíèå ïîä äåéñòâèåì áåí-

çîëñóëüôîïèðèäèíõëîðèäà â êà÷åñòâå èíãèáèòîðà. Äëÿ íàãðóæåíèÿ èñïîëüçîâàëè ìàøèíó

ÌÈÏ-102 (äëÿ ïðîâîëî÷íûõ îáðàçöîâ) è ñïåöèàëüíîå îáîðóäîâàíèå (äëÿ ïîëóêîëüöåâûõ

è ïëàñòèí÷àòûõ îáðàçöîâ), ïîçâîëÿþùåå ïëàâíî ðåãóëèðîâàòü ïðèëàãàåìóþ íàãðóçêó,

êîòîðóþ çàäàâàëè ñòðåëîé ïðîãèáà è êîíòðîëèðîâàëè äèíàìîìåòðàìè. Ïðè èññëåäîâàíèè

âëèÿíèÿ òåìïåðàòóðû íà íàâîäîðîæèâàíèå ñòàëè ðàáî÷óþ ÿ÷åéêó òåðìîñòàòèðîâàëè.

Ïîëÿðèçàöèþ ïðîâîëî÷íûõ è ïëàñòèí÷àòûõ îáðàçöîâ ïðîâîäèëè â òå÷åíèå 96 ÷, ïîëóêîëü-

öåâûõ — 1 ÷. Â ïðîöåññå èñïûòàíèé ïîòåíöèàë îïðåäåëÿëè ïî îòíîøåíèþ ê õëîðèäñåðåá-

ðÿíîìó ýëåêòðîäó ñðàâíåíèÿ. Ïîñëîéíîå ðàñïðåäåëåíèå âîäîðîäà, àáñîðáèðîâàííîãî ìå-

òàëëîì, îöåíèâàëè ìåòîäîì àíîäíîãî ðàñòâîðåíèÿ. Óñòàíîâèëè, ÷òî óâåëè÷åíèå âíåøíå

ïðèëîæåííûõ ðàñòÿãèâàþùèõ íàïðÿæåíèé ïîâûøàåò âîäîðîäîñîäåðæàíèå ïðèïîâåðõíî-

ñòíûõ ñëîåâ ñòàëè êàê â ñïîêîéíîé, òàê è ïîäâèæíîé ìîðñêîé âîäå. Ïîãëîùåííûé ìåòàë-

ëîì âîäîðîä âûçûâàåò èçìåíåíèå ïîòåíöèàëà ïîâåðõíîñòè ìàòåðèàëà (÷åì áîëüøå ïîãëî-

ùåííîãî âîäîðîäà, òåì ñèëüíåå èçìåíåíèå). Â äâèæóùåéñÿ âîäå âîäîðîä àáñîðáèðóåòñÿ àê-

òèâíåå. Âìåñòå ñ òåì ïðèëîæåíèå íàãðóçêè íå âëèÿåò íà íàâîäîðîæèâàíèå â ïðèñóòñòâèè

èíãèáèòîðà, ñïîñîáñòâóþùåãî óìåíüøåíèþ âîäîðîäîñîäåðæàíèÿ â ìåòàëëå.

Êëþ÷åâûå ñëîâà: íàâîäîðîæèâàíèå ñòàëè; êàòîäíàÿ çàùèòà; ðàñòÿãèâàþùèå íàïðÿæå-

íèÿ; èíãèáèðóþùåå äåéñòâèå; èçìåíåíèå ïîòåíöèàëà.

STUDY OF THE EFFECT OF TENSILE STRESSES ON HYDROGEN ABSORPTION

UPON CATHODIC PROTECTION OF STEEL IN SEA WATER

� Ekaterina G. Rakovskaya1*, Lyudmila K. Yagunova2

1 St. Petersburg State Forest Technical University, 5, Institutsky per., St. Petersburg, 194021, Russia;

*e-mail: rakovskayabzd@gmail.com
2 Kant Baltic Federal University, 14, ul. A. Nevskogo, Kaliningrad, 236016, Russia.

24 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 6



Received March 27, 2020. Revised April 22, 2020. Accepted April 29, 2020.

When using cathodic protection of steel in sea water, hydrogen can be accumulated on the cathode surface

and penetrate deep into the metal. This rather dangerous phenomenon of hydrogen corrosion can lead to

hydrogen embrittlement, i.e., to destruction of the metal. We present the results of studying the impact of

the temperature and external tensile stresses on the hydrogenation of cathodically protected steel in calm

and mobile Baltic sea water. Dependence of the inhibitory hydrogenation on the temperature and applied

load under the action of benzenesulfapyridine chloride as an inhibitor was analyzed. An MIP-102 machine

(wire samples) and special equipment (half-ring and plate lamellar samples) were used to provide smooth

control of the applied load set by the deflection and controlled by dynamometers (lamellar samples were

tested under constant deformation). When studying the effect of temperature on steel hydrogenation, the

working cell was thermostatically controlled. The wire and plate samples were polarized for 96 h, and

half-ring samples for 1 h. The potential was measured with respect to the silver chloride reference elec-

trode. The layered distribution of absorbed hydrogen in the metal was determined using anodic dissolu-

tion. It is shown that external tensile stresses increase the hydrogen content in the surface layers of steel.

Hydrogen absorbed by a metal changes the potential of the steel surface (the more absorbed hydrogen, the

stronger change). It is also shown that hydrogen is absorbed by the metal more actively in moving seawa-

ter than in calm water, and an increase in the load contributes to an increase in hydrogen content in the

metal both in calm and mobile seawater. However, the load did not affect the hydrogen absorption with the

inhibitor present, thus providing reduction of the hydrogen content in the metal under loading.

Keywords: steel hydrogenation; cathodic protection; tensile stresses; inhibitory effect; potential change.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ äëÿ çàùèòû ìåòàëëîâ îò

êîððîçèè â ìîðñêîé âîäå øèðîêî ïðèìåíÿþò òàê

íàçûâàåìóþ êàòîäíóþ çàùèòó [1 – 4]. Îäíàêî

ïðè êàòîäíîé ïîëÿðèçàöèè ñòàëè âîçìîæíî âû-

äåëåíèå âîäîðîäà íà ïîâåðõíîñòè êàòîäà è åãî

ïðîíèêíîâåíèå â ãëóáü ìåòàëëà. Ýòî îïàñíî òåì,

÷òî âîäîðîä, âíåäðåííûé â ìåòàëë â ïðîöåññå êà-

òîäíîé çàùèòû, ìîæåò ïðèâåñòè ê âîäîðîäíîé

õðóïêîñòè è ðàçâèòèþ ñòàòè÷åñêîé âîäîðîäíîé

óñòàëîñòè ñòàëè è, êàê ñëåäñòâèå, ðàçðóøåíèþ

èçäåëèé è êîíñòðóêöèé [5 – 7].

Â ñëó÷àå íàïðÿæåííûõ ñòàëåé èñêàæåíèÿ ðå-

øåòêè ìåòàëëà, âûçâàííûå óïðóãèìè è ïëàñòè-

÷åñêèìè äåôîðìàöèÿìè, ñóùåñòâåííî âëèÿþò íà

àáñîðáöèþ âîäîðîäà, ñïîñîáñòâóÿ ñîçäàíèþ êðè-

òè÷åñêèõ åãî êîíöåíòðàöèé â ìåñòàõ áóäóùèõ

ðàçðóøåíèé [8 – 11].

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ òåìïå-

ðàòóðû è âíåøíèõ ðàñòÿãèâàþùèõ íàïðÿæåíèé

íà àáñîðáöèþ âîäîðîäà ñòàëüþ ïðè êàòîäíîé åå

çàùèòå â ìîðñêîé âîäå è èíãèáèðóþùåå íàâîäî-

ðîæèâàíèå ïîä äåéñòâèåì áåíçîëñóëüôîïèðè-

äèíõëîðèäà.

Ìàòåðèàëû, ìåòîäèêè, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû èç âûñîêîïðî÷íîé ñó-

äîñòðîèòåëüíîé ñòàëè: ïëàñòèí÷àòûå (70 ×

15 × 1,5 ìì), ïîëóêîëüöåâûå (20 × 15 × 1,5 ìì)

ñ êîíöåíòðàòîðîì íàïðÿæåíèé è ïðîâîëî÷íûå

(äèàìåòð — 0,5 ìì). Ïðè ïîäãîòîâêå îáðàçöû ïî-

ëèðîâàëè òîíêîé íàæäà÷íîé áóìàãîé è îáåçæè-

ðèâàëè. Èñïûòàíèÿ ïðîâîäèëè â áàëòèéñêîé

ìîðñêîé âîäå. Ïðîâîëî÷íûå îáðàçöû ñòàòè÷åñêè

íàãðóæàëè ñ ïîìîùüþ ìàøèíû ÌÈÏ-102, ïîëó-

êîëüöåâûå è ïëàñòèí÷àòûå — ñ èñïîëüçîâàíèåì

ñïåöèàëüíîãî ïðèñïîñîáëåíèÿ, ïîçâîëÿþùåãî

ïëàâíî ðåãóëèðîâàòü ïðèëàãàåìóþ íàãðóçêó, êî-

òîðóþ êîíòðîëèðîâàëè äèíàìîìåòðàìè ñ èíäèêà-

òîðàìè ÷àñîâîãî òèïà. Ïëàñòèí÷àòûå îáðàçöû

èñïûòûâàëè ïðè ïîñòîÿííîé äåôîðìàöèè (íà-

ãðóçêó çàäàâàëè ñòðåëîé ïðîãèáà). Ïðè èññëåäî-

âàíèè âëèÿíèÿ òåìïåðàòóðû íà íàâîäîðîæèâà-

íèå ñòàëè ðàáî÷óþ ÿ÷åéêó òåðìîñòàòèðîâàëè.

Êîíöåíòðàöèÿ ââîäèìîãî â ìîðñêóþ âîäó èíãè-

áèòîðà (èñïîëüçîâàëè áåíçîëñóëüôîïèðèäèíõëî-

ðèä [9]) ñîñòàâëÿëà 0,002 ìîëü/ë.

Ïîëÿðèçàöèþ ïðîâîëî÷íûõ è ïëàñòèí÷àòûõ

îáðàçöîâ ïðè ïëîòíîñòè òîêà 5 ìÀ/ñì2 ïðîâîäèëè

â òå÷åíèå 96 ÷, ïîëóêîëüöåâûõ — 1 ÷. Îòìåòèì,

÷òî îáðàçóþùèéñÿ íà îáðàçöàõ è âëèÿþùèé íà

ïîòåíöèàë êàòîäíûé ãèäðîîêèñíî-ñîëåâîé îñà-

äîê îáóñëîâèë ïðîäîëæèòåëüíîå âðåìÿ ïîëÿðèçà-

öèè â ïåðâîì ñëó÷àå. Ïîòåíöèàë â õîäå èñïûòà-

íèé îïðåäåëÿëè ïî îòíîøåíèþ ê õëîðèäñåðåáðÿ-

íîìó ýëåêòðîäó ñðàâíåíèÿ. Ïî îêîí÷àíèè ïîëÿ-

ðèçàöèè ïîñëîéíîå ðàñïðåäåëåíèå âîäîðîäà, àá-

ñîðáèðîâàííîãî ìåòàëëîì, îöåíèâàëè ìåòîäîì

àíîäíîãî ðàñòâîðåíèÿ [9]. Íà ïëàñòèí÷àòûõ îá-

ðàçöàõ ïîòåíöèàë èçìåðÿëè â ïÿòè òî÷êàõ ïî

äëèíå äåôîðìèðîâàííîãî îáðàçöà. Ïîñëå ðàçðå-

çàíèÿ îáðàçöà ñîäåðæàíèå âîäîðîäà îïðåäåëÿëè

â êàæäîé èç ïÿòè åãî ÷àñòåé.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðèâåäåíà çàâèñèìîñòü âîäîðîäîñî-

äåðæàíèÿ ìåòàëëà îò ïðèëîæåííîé íàãðóçêè äëÿ

ïîëóêîëüöåâûõ îáðàçöîâ. Âèäíî, ÷òî âíåøíèå

ðàñòÿãèâàþùèå íàïðÿæåíèÿ óâåëè÷èâàþò âîäî-

ðîäîñîäåðæàíèå ïðèïîâåðõíîñòíûõ ñëîåâ ñòàëè.

Íàèáîëüøåå êîëè÷åñòâî âîäîðîäà àáñîðáèðóåòñÿ

ïðè 70 % îò ïðåäåëüíîé íàãðóçêè, ïðè êîòîðîé

îáðàçöû ðàçðóøàþòñÿ íà âîçäóõå (äëÿ ïðîâîëî÷-

íûõ — ïðè 35 %).
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Ðàñïðåäåëåíèÿ âîäîðîäà è ïîòåíöèàëà ïî

äëèíå ïëàñòèí÷àòîãî îáðàçöà ïðåäñòàâëåíû íà

ðèñ. 2 (òåìïåðàòóðà — 18 °C). Âèäíî, ÷òî ìàêñè-

ìàëüíîå êîëè÷åñòâî ïîãëîùåííîãî âîäîðîäà è ìè-

íèìóì ïîòåíöèàëà ïðèõîäÿòñÿ íà íàèáîëåå íà-

ïðÿæåííóþ öåíòðàëüíóþ îáëàñòü. Ýòî, âåðîÿòíî,

ñâÿçàíî ñ äåôîðìàöèåé è èçìåíåíèåì ýëåêòðî-

õèìè÷åñêèõ ñâîéñòâ ïîâåðõíîñòè [6, 12, 14, 15].

Â äâèæóùåéñÿ ìîðñêîé âîäå (â íàøåì ñëó÷àå

ñêîðîñòü ñîñòàâëÿëà 2 ì/ñ) âîäîðîä àáñîðáèðîâàë-

ñÿ ìåòàëëîì áîëåå àêòèâíî (ðèñ. 3). Âìåñòå ñ òåì

óâåëè÷åíèå íàãðóçêè ñïîñîáñòâîâàëî ðîñòó âîäî-

ðîäîñîäåðæàíèÿ íåçàâèñèìî îò ñêîðîñòè äâè-

æåíèÿ ñðåäû. Èíà÷å ãîâîðÿ, äâèæåíèå ñðåäû

îïðåäåëÿåò áîëüøèé óðîâåíü íàâîäîðîæèâàíèÿ.

Ýòî ìîæíî îáúÿñíèòü òåì, ÷òî åñëè â ñïîêîéíîé

ìîðñêîé âîäå â ïðèêàòîäíîì ïðîñòðàíñòâå îáðà-

çóåòñÿ ùåëî÷íàÿ çîíà (H2O + e � Hàä + OH–), òî

â äâèæóùåéñÿ ïîäîáíîãî íå íàáëþäàåòñÿ è ïðî-

öåññ ðàçðÿäà ìîëåêóë âîäû ïðîòåêàåò áåñïðå-

ïÿòñòâåííî.

Íà ðèñ. 4 ïðèâåäåíû èçìåíåíèÿ ïîòåíöèàëà

ïîâåðõíîñòè ìåòàëëà ñî âðåìåíåì â äâèæóùåéñÿ

è ñïîêîéíîé ìîðñêîé âîäå ïðè ðàçëè÷íîé òåìïå-

ðàòóðå. Âèäíî, ÷òî õîä êðèâûõ ïðàêòè÷åñêè íå

ìåíÿåòñÿ. Íà íèõ ìîæíî âûäåëèòü òðè õàðàêòåð-

íûõ ó÷àñòêà: ïàäåíèå ïîòåíöèàëà, çàòåì åãî ðîñò

è ïëàâíîå ìîíîòîííîå ïîâûøåíèå (óñëîâíî ñòà-

öèîíàðíûé ðåæèì). Â äâèæóùåéñÿ ñðåäå â öåëîì

óðîâåíü ïîòåíöèàëà íèæå, ÷òî ìîæíî îáúÿñíèòü

íàðóøåíèåì îêèñíûõ ïëåíîê ïîòîêîì ìîðñêîé

âîäû. Ñ ðîñòîì òåìïåðàòóðû âîäîðîäîñîäåð-

æàíèå ìåòàëëà óìåíüøàåòñÿ: â ñïîêîéíîé âîäå —

ñ 1,020 ± 0,022 äî 0,170 ± 0,004, â ïîäâèæíîé —

ñ 1,600 ± 0,023 äî 1,150 ± 0,030 ìã/ã.

Îòìåòèì, ïîâûøåíèå òåìïåðàòóðû ïðèâîäèò

ê óñèëåíèþ ýëåêòðîõèìè÷åñêîé äåñîðáöèè âîäî-

ðîäà (ðàâíîâåñèå Hàä � Hàä � Hìåò ñìåùàåòñÿ

âëåâî).

Ðàñïðåäåëåíèå âîäîðîäîñîäåðæàíèÿ ïî ãëó-

áèíå ìåòàëëà áåç è â ïðèñóòñòâèè èíãèáèòîðà

(áåíçîëñóëüôîïèðèäèíõëîðèäà) ïðèâåäåíî íà

ðèñ. 5 (òåìïåðàòóðà — 18 °C). Âèäíî, ÷òî âîäîðîä

êîíöåíòðèðóåòñÿ, â îñíîâíîì, â ïðèïîâåðõíîñò-

íûõ ñëîÿõ. Ýòî ñâÿçàíî ñ ôîðìèðîâàíèåì âîêðóã

êîëëåêòîðîâ ïîëÿ íàïðÿæåíèé è äåôîðìàöèè,
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îò ïðèëîæåííîé íàãðóçêè P (òîëùèíà ñíÿòîãî ñëîÿ —

30 ìêì)

Fig. 1. Dependence of the hydrogen content in metal on ap-

plied load P (the thickness of removed layer — 30 ìm)
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Ðèñ. 2. Ðàñïðåäåëåíèÿ âîäîðîäà H (à) è ïîòåíöèàëà E (á)

ïî äëèíå l ïëàñòèí÷àòîãî îáðàçöà ïðè ñòðåëå ïðîãèáà 2 (1)

è 6 ìì (2)

Fig. 2. Hydrogen content H (a) and potential E (b) distribu-

tions along the length l of plate lamellar sample for different

deflection values 2 (1) and 6 mm (2)
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Ðèñ. 3. Çàâèñèìîñòü ñîäåðæàíèÿ âîäîðîäà â ìåòàëëå H

îò òåìïåðàòóðû t äëÿ ïîäâèæíîé (1) è ñïîêîéíîé (2) ìîð-

ñêîé âîäû

Fig. 3. Temperature dependence of the hydrogen content H

in metal in mobile (1) and calm sea water (2)



ïðåïÿòñòâóþùåãî ñëåäóþùèì ïîðöèÿì âîäîðîäà

ïðîíèêàòü â ãëóáü ìåòàëëà [13]. Èñïîëüçîâàíèå

èíãèáèòîðà íà õàðàêòåð ðàñïðåäåëåíèÿ âîäîðîäà

ïî ñëîÿì íå âëèÿåò, îíî ëèøü óìåíüøàåò âîäîðî-

äîñîäåðæàíèå êàæäîãî ñëîÿ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî âíåøíå ïðèëîæåííûå ðàñòÿãèâàþ-

ùèå íàïðÿæåíèÿ ïîâûøàþò âîäîðîäîñîäåðæà-

íèå ïðèïîâåðõíîñòíûõ ñëîåâ ñòàëè èññëåäóåìûõ

îáðàçöîâ â ñïîêîéíîé è ïîäâèæíîé ìîðñêîé âîäå.

Ïðè÷åì â äâèæóùåéñÿ ñðåäå ïðîöåññ àáñîðáöèè

ïðîòåêàåò àêòèâíåå. Óñòàíîâèëè, ÷òî íàèáîëü-

øåå êîëè÷åñòâî âîäîðîäà â ïðîâîëî÷íûõ îáðàç-

öàõ àáñîðáèðóåòñÿ ïðè 35 % îò ïðåäåëüíîé íà-

ãðóçêè, à â ïîëóêîëüöåâûõ — ïðè 70. Â ñëó÷àå

ïëàñòèí÷àòûõ îáðàçöîâ ìàêñèìàëüíîå êîëè÷å-

ñòâî âîäîðîäà ïîãëîùàåòñÿ íàèáîëåå íàïðÿæåí-

íîé öåíòðàëüíîé ÷àñòüþ. Êðîìå òîãî, ïîãëîùåí-

íûé âîäîðîä âûçûâàåò èçìåíåíèå ïîòåíöèàëà

ïîâåðõíîñòè ìåòàëëà. Ñ ðîñòîì òåìïåðàòóðû âî-

äîðîäîñîäåðæàíèå ìåòàëëà â ñïîêîéíîé è ïîä-

âèæíîé ìîðñêîé âîäå óìåíüøàåòñÿ. Ïðèìåíåíèå

èíãèáèòîðà íå âëèÿåò íà õàðàêòåð ðàñïðåäåëå-

íèÿ âîäîðîäà ïî ñëîÿì, à ëèøü ïîíèæàåò âîäîðî-

äîñîäåðæàíèå êàæäîãî ñëîÿ. Ïðè óâåëè÷åíèè íà-

ãðóçêè èíãèáèòîð ñïîñîáñòâóåò óìåíüøåíèþ âî-

äîðîäîñîäåðæàíèÿ â ìåòàëëå. Àäñîðáèðóÿñü íà

àêòèâíûõ öåíòðàõ, îí ýêðàíèðóåò ïîâåðõíîñòü

ìåòàëëà è çàòðóäíÿåò ðàçðÿä ìîëåêóë âîäû.
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Fig. 4. Time dependence (ô) of the surface potential (E)

of metal in moving and calm sea water at different tempe-

ratures 18 (1, 5), 30 (2, 6), 40 (3, 7), and 50°C (4, 8), res-

pectively
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Fig. 5. Dependence of hydrogen distribution H in the depth

ä in the absence of the inhibitor (1, 2) and with the inhibitor

(3, 4) at different deflection 8 (1, 3) and 0 mm (2, 4)
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