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Ïðè ïðèìåíåíèè êàòîäíîé çàùèòû â ìåñòàõ ïîâðåæäåíèÿ ëàêîêðàñî÷íûõ ïëåíîê ïðîèñõî-

äèò èíòåíñèâíîå âûäåëåíèå âîäîðîäà, ÷àñòü êîòîðîãî óäàëÿåòñÿ ïî çàêîíàì äèôôóçèè, à

÷àñòü èç àäñîðáèðîâàííîãî ñîñòîÿíèÿ íà ïîâåðõíîñòè ìåòàëëà ïåðåõîäèò â ïðèïîâåðõíîñò-

íûå ñëîè. Êàê ñëåäñòâèå, ðàçâèâàåòñÿ ñòàòè÷åñêàÿ âîäîðîäíàÿ óñòàëîñòü ñòàëè, õàðàêòåðè-

çóþùàÿñÿ òåì, ÷òî ìåòàëë, íàõîäÿùèéñÿ â óñëîâèÿõ ñòàòè÷åñêîãî íàãðóæåíèÿ, âíåçàïíî

õðóïêî ðàçðóøàåòñÿ ïðè íàïðÿæåíèÿõ, çíà÷èòåëüíî ìåíüøèõ íå òîëüêî ïðåäåëà ïðî÷íîñ-

òè, íî è ïðåäåëà ïëàñòè÷íîñòè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ

ñòàòè÷åñêèõ ðàñòÿãèâàþùèõ íàïðÿæåíèé íà àáñîðáöèþ âîäîðîäà ìåòàëëîì â ïðîöåññå åãî

êàòîäíîé ïîëÿðèçàöèè è ðàñïðåäåëåíèÿ âîäîðîäà ïî ñå÷åíèþ ïîâåðõíîñòè ìåòàëëà. Èñïî-

ëüçîâàëè ìåòàëëè÷åñêèå îáðàçöû òðåõ òèïîâ: ïðîâîëî÷íûå èç ñòàëè Ó8À, ïëàñòèí÷àòûå èç

ñòàëè 10ÕÑÍÄ è ïîëóêîëüöåâûå èç íåðæàâåþùåé ñòàëè Õ18Í9Ò ñ êîíöåíòðàòîðîì íàïðÿ-

æåíèé. Èñïûòàíèÿ ïðîâîëî÷íûõ è ïîëóêîëüöåâûõ îáðàçöîâ ïðîâîäèëè ïðè ïîñòîÿííîé

íàãðóçêå, ïëàñòèí÷àòûõ — ïðè ïîñòîÿííîé äåôîðìàöèè. Ïîëÿðèçàöèþ ïðîâîëî÷íûõ è

ïëàñòèí÷àòûõ îáðàçöîâ îñóùåñòâëÿëè ïðè ðàçíûõ ïëîòíîñòÿõ òîêà â òå÷åíèå 4 ñóòîê, ïî-

ëóêîëüöåâûõ — 1 ÷. Ïî îêîí÷àíèè ïîëÿðèçàöèè îïðåäåëÿëè ïîñëîéíîå ðàñïðåäåëåíèå âî-

äîðîäà, àáñîðáèðîâàííîãî ìåòàëëîì, ìåòîäîì àíîäíîãî ðàñòâîðåíèÿ. Óñòàíîâëåíî, ÷òî ñ

óâåëè÷åíèåì âåëè÷èíû äåôîðìàöèè ðàñòåò âîäîðîäîñîäåðæàíèå ïîâåðõíîñòíûõ ñëîåâ ìå-

òàëëà. Êðîìå òîãî, ïðèëîæåíèå ðàñòÿãèâàþùèõ íàãðóçîê è äåôîðìèðîâàíèå ìåòàëëà èçãè-

áîì ñïîñîáñòâóþò óâåëè÷åíèþ êîëè÷åñòâà ïîãëîùåííîãî âîäîðîäà, âëèÿþò íà åãî ðàñïðå-

äåëåíèå ïî ñå÷åíèþ ìåòàëëà. Â ñòàëÿõ ðàçíîãî ñîñòàâà è ñòðóêòóðû òîëùèíà ñëîÿ, ñîäåð-

æàùåãî ìàêñèìàëüíîå êîëè÷åñòâî âîäîðîäà, ðàçëè÷íà. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò

áûòü èñïîëüçîâàíû ïðè çàùèòå îò êîððîçèè èçäåëèé èç êîíñòðóêöèîííûõ ñòàëåé â ìîð-

ñêîé âîäå.
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When cathodic protection is applied in places where paint films are damaged, an intense release of hydro-

gen occurs, which is removed both through diffusion and by transition from the adsorbed state on the

metal surface to the subsurface layers thus leading to static hydrogen fatigue of steels, i.e., a brittle frac-

ture occurs suddenly under static loading conditions at stress values significantly lower than the strength

limit and even below the plasticity limit. We present the results of studying the impact of static tensile

stresses on the hydrogen absorption by a metal during its cathodic polarization and the distribution of hy-

drogen over the cross-section of the metal surface. Three types of metal samples were used: wire samples

made of U8A steel, plate samples made of 10KhSND steel, and semicircular samples made of Kh18N9T

stainless steel with a stress concentrator. Tests of wire and semi-ring samples were carried out under a

constant load and plate samples were tested under constant deformation. Polarization of wire and plate
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samples was carried out at different current densities for 4 days and semi-ring samples for 1 hour. At the

end of polarization, the layer-by-layer distribution of hydrogen absorbed by the metal was determined by

the anodic dissolution method. It is shown that with increasing deformation, the hydrogen content of the

surface layers of the metal increases. Moreover, application of tensile loads and deformation of the metal

by bending contribute to an increase in the amount of absorbed hydrogen and affect hydrogen distribution

over the metal cross section. The thickness of the layer containing the maximum amount of hydrogen dif-

fers in steels of different compositions and structures. The results obtained can be used to protect struc-

tural steels against corrosion in sea water.

Keywords: hydrogen content; steel; corrosion; static stress; cathodic polarization.

Ââåäåíèå

Ïîä âëèÿíèåì âíåäðåííîãî â ñòàëü âîäîðîäà,

íåãàòèâíî âëèÿþùåãî íà åå ñâîéñòâà è ðàáî÷èå

õàðàêòåðèñòèêè, âîçíèêàþò è ðàçâèâàþòñÿ äå-

ôåêòû ñòðóêòóðû è ðåøåòêè, ïîíèæàþùèå êà÷å-

ñòâî ìåòàëëà, à òàêæå ñîçäàþùèå óñëîâèÿ äëÿ

ïðîÿâëåíèÿ âîäîðîäíîé õðóïêîñòè ñòàëè. Âîäî-

ðîä ñïîñîáñòâóåò îáðàçîâàíèþ ïîðèñòîñòåé, ôîð-

ìèðîâàíèþ è ðàçâèòèþ òðåùèí, ðàññëàèâàíèþ

ìåòàëëà, ïîÿâëåíèþ ëîêàëèçîâàííûõ èñêàæåíèé

ðåøåòêè è ó÷àñòêîâ ìåòàëëà ñ èçìåíåííûì õèìè-

÷åñêèì ñîñòàâîì è ñòðóêòóðíûìè ñâîéñòâàìè.

Àäñîðáèðîâàííûé ñòàëüþ âîäîðîä ïðèâîäèò ê

ñíèæåíèþ äëèòåëüíîé ïðî÷íîñòè è âûíîñëèâî-

ñòè ñòàëè ïðè öèêëè÷åñêèõ íàãðóçêàõ, ê âíåçàï-

íîìó õðóïêîìó ðàçðóøåíèþ íàãðóæåííûõ äåòà-

ëåé [1 – 4].

Âîäîðîä ìîæåò ïðîíèêàòü â ñòàëü êàê â ïðî-

öåññå ïëàâêè, òàê è â ðåçóëüòàòå åå îáðàáîòêè:

ñâàðêè, òðàâëåíèÿ â ðàñòâîðàõ êèñëîò, íàíåñåíèÿ

ãàëüâàíè÷åñêèõ ïîêðûòèé è äð. Íàâîäîðàæèâà-

íèå ìåòàëëà ïðîèñõîäèò ïðè êîððîçèè ñ âîäîðîä-

íîé äåïîëÿðèçàöèåé, êàòîäíîé çàùèòå ñòàëüíûõ

èçäåëèé è äð.

Êàòîäíàÿ ïîëÿðèçàöèÿ â ñî÷åòàíèè ñ ëà-

êîêðàñî÷íûìè ïîêðûòèÿìè — ýôôåêòèâíûé

ñïîñîá çàùèòû îò ìîðñêîé êîððîçèè [5 – 9].

Îäíàêî íåîáõîäèìî ó÷èòûâàòü, ÷òî ïðè ïðèìå-

íåíèè êàòîäíîé çàùèòû â ìåñòàõ ïîâðåæäå-

íèÿ ëàêîêðàñî÷íûõ ïëåíîê ïðîèñõîäèò èíòåí-

ñèâíîå âûäåëåíèå âîäîðîäà, ÷àñòü êîòîðîãî óäà-

ëÿåòñÿ ïî çàêîíàì äèôôóçèè, à ÷àñòü èç àäñîð-

áèðîâàííîãî ñîñòîÿíèÿ íà ïîâåðõíîñòè ìåòàëëà

ïåðåõîäèò â ïðèïîâåðõíîñòíûå ñëîè [10 – 14].

Êàê ñëåäñòâèå, ðàçâèâàåòñÿ ñòàòè÷åñêàÿ âîäî-

ðîäíàÿ óñòàëîñòü ñòàëè, êîòîðàÿ õàðàêòåðèçóåòñÿ

òåì, ÷òî ìåòàëë, íàõîäÿùèéñÿ â óñëîâèÿõ ñòàòè-

÷åñêîãî íàãðóæåíèÿ, âíåçàïíî õðóïêî ðàçðóøàåò-

ñÿ ïðè íàïðÿæåíèÿõ, çíà÷èòåëüíî ìåíüøèõ íå

òîëüêî ïðåäåëà ïðî÷íîñòè, íî è ïðåäåëà ïëàñòè÷-

íîñòè.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ñòà-

òè÷åñêèõ íàïðÿæåíèé íà àáñîðáöèþ âîäîðîäà

ñòàëüþ â ïðîöåññå êàòîäíîé ïîëÿðèçàöèè è ðàñ-

ïðåäåëåíèÿ âîäîðîäà ïî ñå÷åíèþ ïîâåðõíîñòè

ìåòàëëà.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû ñòàëåé, èñïîëüçóåìûõ

äëÿ èçãîòîâëåíèÿ îáîðóäîâàíèÿ, ïðèìåíÿåìîãî

äëÿ ýêñïëóàòàöèè â ìîðñêîé âîäå. Íåðæàâåþùèå

ñòàëè ïðèìåíÿþò äëÿ îáëèöîâêè øòûðåé è øååê

áàëëåðà ðóëÿ, äëÿ èçãîòîâëåíèÿ íàñîñîâ è àðìà-

òóðû, ãðåáíûõ âàëîâ è äð. Âîäîðîäíîå îõðóï÷è-

âàíèå àóñòåíèòíûõ íåðæàâåþùèõ ñòàëåé ïîä-

òâåðæäåíî ìíîãèìè èññëåäîâàíèÿìè [15 – 17],

ïîýòîìó àíàëèç ôàêòîðîâ, âëèÿþùèõ íà íàâîäî-

ðîæèâàíèå ñòàëåé ïðè êàòîäíîé ïîëÿðèçàöèè â

ìîðñêîé âîäå, ïðåäñòàâëÿåò çíà÷èòåëüíûé ïðàê-

òè÷åñêèé èíòåðåñ.

Èñïûòûâàëè îáðàçöû òðåõ òèïîâ: ïðîâîëî÷-

íûå èç ñòàëè Ó8À (äèàìåòð — 0,8 ìì), ïëàñòèí-

÷àòûå èç ñòàëè 10ÕÑÍÄ (ðàçìåð — 70 × 15

× 1,5 ìì) è ïîëóêîëüöåâûå èç íåðæàâåþùåé ñòà-

ëè Õ18Í9Ò (ðàçìåð — 20 × 15 × 1,5 ìì) ñ êîí-

öåíòðàòîðîì íàïðÿæåíèé. Îáðàçöû ïîäâåðãàëè

âíåøíåìó ðàñòÿãèâàþùåìó íàïðÿæåíèþ. Èñ-

ïîëüçîâàëè ñïîñîáû íàãðóæåíèÿ, òèïè÷íûå äëÿ

óñëîâèé ýêñïëóàòàöèè ìåòàëëà â ìîðñêîé âîäå.

Ïðîâîëî÷íûå è ïîëóêîëüöåâûå îáðàçöû èñïûòû-

âàëè ïðè ïîñòîÿííîé íàãðóçêå, ïëàñòèí÷àòûå —

ïðè ïîñòîÿííîé äåôîðìàöèè. Íàãðóæåíèå ïðîâî-

ëî÷íûõ îáðàçöîâ îñóùåñòâëÿëè ñ ïîìîùüþ ìà-

øèíû äëÿ èñïûòàíèÿ ïðóæèí è ðåññîð ÌÈÏ-102.

Ïîëóêîëüöåâûå è ïëàñòèí÷àòûå îáðàçöû èñïû-

òûâàëè ñ ïîìîùüþ ñïåöèàëüíûõ ïðèñïîñîáëå-

íèé, ïîçâîëÿþùèõ çàäàâàòü òðåáóåìóþ íàãðóçêó

è ìåíÿòü ñòðåëó ïðîãèáà îáðàçöà. Â ýêñïåðèìåí-

òàõ íàãðóçêà ñîñòàâëÿëà 0, 10, 20, 30, 40, 50, 60,

70, 80 è 90 % îò ïðåäåëüíîé, ïðè êîòîðîé îáðàç-

öû ðàçðóøàëèñü íà âîçäóõå.

Â òàáëèöå äëÿ ïëàñòèí÷àòûõ îáðàçöîâ ïðèâå-

äåíû èçìåíåíèÿ âåëè÷èí ïðèëîæåííîé íàãðóçêè,

âíóòðåííèõ íàïðÿæåíèé è äåôîðìàöèè.

Êàòîäíóþ ïîëÿðèçàöèþ îáðàçöîâ ïðîâîäèëè

â ìîðñêîé âîäå (pH = 7,5). Ñòàöèîíàðíûé ïîòåí-

öèàë îïðåäåëÿëè îòíîñèòåëüíî 0,1í õëîðñåðåáðÿ-

íîãî ýëåêòðîäà, ñîåäèíåííîãî ñ îáðàçöîì ñ ïîìî-

ùüþ êàïèëëÿðà Ëóããèíà, çàïîëíåííîãî ðàñòâî-

ðîì KCl ñ àãàð-àãàðîì. Äëÿ èçìåðåíèÿ ïîòåíöèà-

ëà èñïîëüçîâàëè ïîòåíöèîìåòð ïîñòîÿííîãî òîêà

ñî ñòðåëü÷àòûì ãàëüâàíîìåòðîì ÷óâñòâèòåëü-

íîñòüþ 5 · 10–8 À/äåë. Â ñëó÷àå ïëàñòèí÷àòûõ
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îáðàçöîâ ïîòåíöèàë èçìåðÿëè â ïÿòè òî÷êàõ ïî

äëèíå äåôîðìèðîâàííîé ïëàcòèíû, íà ïîëó-

êîëüöåâûõ îáðàçöàõ — âáëèçè êîíöåíòðàòîðà

íàïðÿæåíèé.

Ïîëÿðèçàöèþ ïðîâîëî÷íûõ è ïëàñòèí÷àòûõ

îáðàçöîâ ïðîâîäèëè ïðè ðàçíûõ ïëîòíîñòÿõ òîêà

â òå÷åíèå 4 ñóòîê, ïîëóêîëüöåâûõ — 1 ÷. Ïî

îêîí÷àíèè ïîëÿðèçàöèè îïðåäåëÿëè ïîñëîéíîå

ðàñïðåäåëåíèå âîäîðîäà, àáñîðáèðîâàííîãî ìå-

òàëëîì, ìåòîäîì àíîäíîãî ðàñòâîðåíèÿ [1, 16].

Äëÿ îïðåäåëåíèÿ ðàñòâîðåííîãî êèñëîðîäà äî è

ïîñëå àíîäíîãî ðàñòâîðåíèÿ â êà÷åñòâå ðåàãåíòà

íà êèñëîðîä ïðèìåíÿëè ñàôðàíèí Ò. Äëÿ èçìåðå-

íèÿ îïòè÷åñêîé ïëîòíîñòè èñïîëüçîâàëè ôîòî-

ýëåêòðîêîëîðèìåòð ÔÝÊ-Ì ñ çåëåíûì ñâåòî-

ôèëüòðîì (ðàáî÷àÿ äëèíà êþâåòû — 30 ìì).

Îáðàçöû îáåçæèðèâàëè, ïðîñóøèâàëè, âçâå-

øèâàëè è çàòåì àíîäíî ðàñòâîðÿëè ïðè ïëîòíî-

ñòè òîêà 0,02 À/ñì2 â òå÷åíèå îïðåäåëåííîãî ïðî-

ìåæóòêà âðåìåíè â çàâèñèìîñòè îò òîëùèíû

ñëîÿ, â êîòîðîì îïðåäåëÿëè âîäîðîä. Äàëåå ðàñ-

ñ÷èòûâàëè ñîäåðæàíèå âîäîðîäà â ðàñòâîðåííîì

ñëîå ìåòàëëà [1].

×òîáû îñóùåñòâèòü ïîñëîéíîå ðàñòâîðåíèå

ìåòàëëà, ÷åðåç ýëåêòðîëèçåð ïðîïóñêàëè òîê â òå-

÷åíèå 10 ìèí. Äàëåå, ñîãëàñíî ìåòîäó àíîäíîãî

ðàñòâîðåíèÿ, îòáèðàëè ïðîáó àíîëèòà íà îïðåäå-

ëåíèå îïòè÷åñêîé ïëîòíîñòè. Çàòåì ñíîâà ïîäà-

âàëè òîê â òå÷åíèå 10 ìèí, îòáèðàëè ïðîáó àíî-

ëèòà è ò.ä. Òàê ñíèìàëñÿ ñëîé çà ñëîåì ñ ïîñëå-

äóþùèì îïðåäåëåíèåì ñîäåðæàíèÿ âîäîðîäà â

êàæäîì èç íèõ.

Â ñëó÷àå ïëàñòèí÷àòûõ îáðàçöîâ îáðàçåö ïî

îêîí÷àíèè ïîëÿðèçàöèè ðàçðåçàëè íà ïÿòü ÷àñ-

òåé, â êàæäîé èç êîòîðûõ îïðåäåëÿëè ñîäåðæà-

íèå âîäîðîäà.

Îáñóæäåíèå ðåçóëüòàòîâ

Ñíà÷àëà èññëåäîâàëè âëèÿíèå íàïðÿæåíèé

íà âîäîðîäîñîäåðæàíèå ñòàëè, çàòåì îïðåäåëÿëè

ðàñïðåäåëåíèå âîäîðîäà ïî ñå÷åíèþ îáðàçöà â çà-

âèñèìîñòè îò íàïðÿæåíèÿ â íåì, äàëåå îöåíèâà-

ëè âëèÿíèå íàïðÿæåíèé íà ýëåêòðîäíûé ïîòåí-

öèàë îáðàçöà.

Èññëåäîâàíèÿ âëèÿíèÿ âíåøíèõ ñòàòè÷åñêèõ

íàãðóçîê íà àáñîðáöèþ âîäîðîäà ìåòàëëîì â ïðî-

öåññå åãî êàòîäíîé ïîëÿðèçàöèè ïîêàçàëè, ÷òî

òàêèå íàãðóçêè ïîâûøàþò êîëè÷åñòâî àáñîðáèðî-

âàííîãî âîäîðîäà. Ïðè÷åì ñ óâåëè÷åíèåì ïðèëî-

æåííîé íàãðóçêè ðàñòåò è âîäîðîäîñîäåðæàíèå

ìåòàëëà.

Íà ðèñ. 1 äëÿ ïðîâîëî÷íûõ îáðàçöîâ ïðèâåäå-

íû çàâèñèìîñòè âîäîðîäîñîäåðæàíèÿ ìåòàëëà îò

âåëè÷èíû ðàñòÿãèâàþùåé íàãðóçêè. Âèäíî, ÷òî

ñîäåðæàíèå âîäîðîäà ñ óâåëè÷åíèåì âíåøíåé

ðàñòÿãèâàþùåé íàãðóçêè ñíà÷àëà ðàñòåò, à çàòåì

ñíèæàåòñÿ. Ïîäîáíóþ çàâèñèìîñòü êîíöåíòðàöèè

àáñîðáèðîâàííîãî ìåòàëëîì âîäîðîäà îò ïðèëî-

æåííîé íàãðóçêè ïîëó÷èëè è íà ïîëóêîëüöåâûõ

îáðàçöàõ (ìàêñèìàëüíîå âîäîðîäîíàñûùåíèå

ñòàëè íàáëþäàëîñü ïðè äåôîðìàöèè 70 % îò ïðå-

äåëüíîé, ïðè êîòîðîé îáðàçåö ðàçðóøàëñÿ íà âîç-

äóõå).

Äëÿ ïëàñòèí÷àòûõ îáðàçöîâ ðàññ÷èòûâàëè

âíóòðåííåå íàïðÿæåíèå â ìåòàëëå ïðè ðàçëè÷-

íîé ñòåïåíè äåôîðìàöèè (ñòåïåíü äåôîðìàöèè

îïðåäåëÿëàñü ñòðåëîé ïðîãèáà îáðàçöà). Íà

ðèñ. 2 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ íàïðÿæåíèé

è ñîäåðæàíèÿ âîäîðîäà ïî äëèíå äåôîðìèðîâàí-

íîãî îáðàçöà. Âèäíî, ÷òî ìàêñèìóì íàïðÿæåíèé

ïðèõîäèòñÿ íà öåíòðàëüíóþ ÷àñòü. Îíà æå ïðè

ðàçëè÷íîé ñòåïåíè äåôîðìàöèè ïîãëîùàåò íàè-

áîëüøåå êîëè÷åñòâî âîäîðîäà. Â öåëîì ìîæíî çà-

êëþ÷èòü, ÷òî ðàñïðåäåëåíèå âîäîðîäà ïîâòîðÿåò

ðàñïðåäåëåíèå íàïðÿæåíèé ïî äëèíå îáðàçöà.

Äëÿ èññëåäóåìûõ òèïîâ îáðàçöîâ íàáëþäà-

åòñÿ óâåëè÷åíèå âîäîðîäîñîäåðæàíèÿ ìåòàëëà

ïðè ðîñòå ñòàòè÷åñêèõ íàïðÿæåíèé, êàê âíåøíå

ïðèëîæåííûõ, òàê è ðàçâèâàþùèõñÿ â ìåòàëëå

ïîä äåéñòâèåì ïðèëîæåííîé íàãðóçêè. Ýòî ìîæ-

íî îáúÿñíèòü äåôîðìàöèåé, ïðè êîòîðîé íàðó-

øàåòñÿ ðàñïîëîæåíèå àòîìîâ â êðèñòàëëè÷åñêîé

ðåøåòêå ìåòàëëà, ÷òî ïðèâîäèò ê âîçíèêíî-
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Âåëè÷èíû ïðèëîæåííîé íàãðóçêè, âíóòðåííèõ íàïðÿæå-

íèé è äåôîðìàöèè (ïëàñòèí÷àòûå îáðàçöû)

Values of applied load, internal stresses and deformation

(plate samples)

Äåôîðìàöèÿ f, ìì Íàãðóçêà p, êã Íàïðÿæåíèå ó, êã/ìì2

1 3,5 19,2

2 7,3 40,0

3 10,5 57,5

4 12,7 70,0

5 14,2 78,0

6 15,0 82,0

1

2

C
H

2
,
ì

ë
/ã

P, êã

Ðèñ. 1. Çàâèñèìîñòè âîäîðîäîñîäåðæàíèÿ ìåòàëëà CH
2

îò âåëè÷èíû ðàñòÿãèâàþùåé íàãðóçêè P (êàòîäíàÿ ïîëÿ-

ðèçàöèÿ ïðè ïëîòíîñòè òîêà 5 (1) è 20 ìÀ/ñì2 (2))

Fig. 1. Dependences of the hydrogen content in metal CH
2

on the magnitude of the tensile load P (cathode polarization

at a current density 5 (1) and 20 mA/cm2 (2))



âåíèþ ðàçíîãî ðîäà äåôåêòîâ è íåñîâåðøåíñòâ,

ê êîòîðûì îòíîñÿòñÿ âàêàíòíûå ìåñòà â ðåøåòêå

êðèñòàëëà, àòîìû â ìåæäîóçëèÿõ, äèñëîêàöèè

è äð.

Íåðàâíîìåðíîå ðàñïðåäåëåíèå âîäîðîäà ïî

ñå÷åíèþ ìåòàëëà ñ êîíöåíòðàöèåé â îñíîâíîì â

ïðèïîâåðõíîñòíûõ ñëîÿõ [5] èãðàåò çíà÷èòåëü-

íóþ ðîëü â ðàçðóøåíèè ìåòàëëà, ïîñêîëüêó ïðî-

öåññû åãî ïîâðåæäàåìîñòè ïðîòåêàþò, ãëàâíûì

îáðàçîì, â ïîâåðõíîñòíîì ñëîå. Ïðîâåäåííûå èñ-

ïûòàíèÿ ïîêàçàëè, ÷òî ïðèëîæåíèå íàãðóçîê èëè

äåôîðìèðîâàíèå ìåòàëëà ñóùåñòâåííî âëèÿåò íà

ðàñïðåäåëåíèå âîäîðîäà ïî ñå÷åíèþ ìåòàëëà

(ðèñ. 3).

Óñòàíîâèëè, ÷òî ìàêñèìàëüíîå ñîäåðæàíèå

ïîãëîùåííîãî ìåòàëëîì âîäîðîäà íàáëþäàåòñÿ

äëÿ ïðîâîëî÷íûõ îáðàçöîâ â ñëîå òîëùèíîé 6 –

13, äëÿ ïîëóêîëüöåâûõ — 2 – 4, äëÿ ïëàñòèí÷à-

òûõ — 20 – 40 ìêì. Èç ýòîãî ñëåäóåò, ÷òî â ñòàëÿõ

ðàçëè÷íîãî ñîñòàâà è ñòðóêòóðû òîëùèíà ñëîÿ,

ñîäåðæàùåãî ìàêñèìàëüíîå êîëè÷åñòâî ïîãëî-

ùåííîãî âîäîðîäà, ðàçëè÷íà. Îòìåòèì, ÷òî â ñòà-

ëè òèïà Õ18Í9Ò áîëüøåå êîëè÷åñòâî âîäîðîäà,

àáñîðáèðîâàííîãî ìåòàëëîì, ñîñðåäîòî÷åíî â

òîíêîì ïîâåðõíîñòíîì ñëîå ìåòàëëà.

Èç ïðåäñòàâëåííûõ äàííûõ âèäíî, ÷òî ïðè-

ëîæåíèå ðàñòÿãèâàþùåé íàãðóçêè è äåôîðìèðî-

âàíèå èçãèáîì ñïîñîáñòâóþò óâåëè÷åíèþ êîëè÷å-

ñòâà ïîãëîùåííîãî ìåòàëëîì âîäîðîäà. Ïðè÷åì

ðåçêî ðàñòåò âîäîðîäîñîäåðæàíèå ïîâåðõíîñòíûõ

ñëîåâ ñòàëè. Ãëóáèíà æå ñëîÿ, ñîäåðæàùåãî ìàê-

ñèìàëüíîå êîëè÷åñòâî ïîãëîùåííîãî âîäîðîäà, ñ

ïîâûøåíèåì ñòåïåíè äåôîðìàöèè íåñêîëüêî

óìåíüøàåòñÿ.

Ñâîéñòâà ìåòàëëà ïîä âëèÿíèåì âîäîðîäà

ìåíÿþòñÿ âñëåäñòâèå âçàèìîäåéñòâèÿ ïîñëåäíåãî

ñ äèñëîêàöèÿìè, èìåþùèìèñÿ â ìåòàëëå èëè îá-

ðàçóþùèìèñÿ âî âðåìÿ ïëàñòè÷åñêîé äåôîð-

ìàöèè [15 – 20]. Èçìåíåíèÿ äèñëîêàöèîííîé

ñòðóêòóðû â ïðîöåññå äåôîðìàöèè ïðèâîäÿò,

âèäèìî, ê èçìåíåíèþ óñëîâèé àáñîðáöèè âîäî-

ðîäà ìåòàëëîì.
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Ðèñ. 2. Çàâèñèìîñòè íàïðÿæåíèé ó (à) è ñîäåðæàíèÿ âî-

äîðîäà CH
2

(á) îò äëèíû ïëàñòèí÷àòîãî îáðàçöà l ïðè ñòå-

ïåíè äåôîðìàöèè 1 (1), 2 (2), 3 (3), 4 (4), 5 (5) è 6 ìì (6)

Fig. 2. Dependences of stresses ó (a) and hydrogen content

CH
2

(b) on the length of the plate sample l at the deforma-

tion degree 1 (1), 2 (2), 3 (3), 4 (4), 5 (5), and 6 mm (6)
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Ðèñ. 3. Çàâèñèìîñòè ñîäåðæàíèÿ âîäîðîäà CH
2

îò âåëè-

÷èíû íàïðÿæåíèé ó äëÿ ïðîâîëî÷íûõ (à), ïîëóêîëüöåâûõ

(á) è ïëàñòèí÷àòûõ (â) îáðàçöîâ ïðè íàãðóçêàõ ðàñòÿæå-

íèÿ 0 (1), 20 (2), 40 (3), 50 (4), 60 êã (5) è äåôîðìàöèÿõ ñæà-

òèÿ 0 (1), 30 (2), 50 (3), 70 % (4) è èçãèáîì 0 (1), 2 (2), 4 (3),

6 ìì (4) ñîîòâåòñòâåííî (ïëîòíîñòü òîêà — 0,5 ìÀ/ñì2,

âðåìÿ ïîëÿðèçàöèè — 4 ñóò, ýëåêòðîëèò — ìîðñêàÿ âîäà

+ H
2
S)

Fig. 3. Dependences of the hydrogen content of CH
2

on the

magnitude of stresses ó for wire (a), semi-ring (b), and plate

(c) samples under tensile loads 0 (1), 20 (2), 40 (3), 50 (4),

60 kg (5) and compression deformations 0 (1), 30 (2), 50 (3),

70 % (4) and bend 0 (1), 2 (2), 4 (3), 6 mm (4), respectively

(current density — 0.5 mA/cm2, polarization time — 4 days,

electrolyte — seawater + H2S)



Ðåçêîå ïîâûøåíèå âîäîðîäîñîäåðæàíèÿ ïî-

âåðõíîñòíûõ ñëîåâ ñòàëè ñ ðîñòîì ïðèëîæåííîé

ðàñòÿãèâàþùåé íàãðóçêè èëè ïðè óâåëè÷åíèè

ñòåïåíè äåôîðìàöèè ìåòàëëà èçãèáîì ìîæåò

ïðîèñõîäèòü èç-çà óâåëè÷åíèÿ ïëîòíîñòè äèñëî-

êàöèé â ïîâåðõíîñòíûõ ñëîÿõ. Âîçíèêàþùèå ïðè

äåôîðìàöèè êðèñòàëëè÷åñêîé ðåøåòêè äèñëîêà-

öèè, âàêàíñèè è äðóãèå äåôåêòû áóäóò äâèãàòüñÿ

ïî íàïðàâëåíèþ ïðèëîæåííîé íàãðóçêè, ò.å. ê

ïîâåðõíîñòè ìåòàëëà.

Ïðè èññëåäîâàíèè âëèÿíèÿ íàïðÿæåíèé íà

ýëåêòðîäíûé ïîòåíöèàë ìåòàëëà âûÿâèëè, ÷òî

ýëåêòðîäíûå ïîòåíöèàëû âñåõ òèïîâ îáðàçöîâ

ñòàíîâÿòñÿ áîëåå îòðèöàòåëüíûìè.

Íà ðèñ. 4 ïðèâåäåíû èçìåíåíèÿ ñòàöèîíàð-

íîãî ïîòåíöèàëà ïðîâîëî÷íûõ è ïëàñòèí÷àòûõ

îáðàçöîâ â çàâèñèìîñòè îò ïðèëîæåííîé íàãðóç-

êè. Âèäíî, ÷òî ïîâûøåíèå íàãðóçêè âûçûâàåò

ðàçáëàãîðàæèâàíèå ïîòåíöèàëà. Â ìîìåíò ïðè-

ëîæåíèÿ íàãðóçêè (ïðîâîëî÷íûå îáðàçöû) íà-

áëþäàåòñÿ ðåçêîå ñìåùåíèå ïîòåíöèàëà â îá-

ëàñòü îòðèöàòåëüíûõ çíà÷åíèé (îò 10 ± 2,2 (äëÿ

íàãðóçêè 20 êã) äî 45 ± 2,3 ìÂ (äëÿ 60 êã)).

Â ñëó÷àå ïëàñòèí÷àòûõ îáðàçöîâ ñ ðîñòîì

ñòåïåíè äåôîðìàöèè (âíóòðåííèõ íàïðÿæåíèé â

ìåòàëëå) êðèâûå ëåæàò â îáëàñòè áîëåå îòðèöà-

òåëüíûõ çíà÷åíèé ïîòåíöèàëà. Ïðè ýòîì ïî äëè-

íå ïëàñòèí÷àòîãî äåôîðìèðîâàííîãî îáðàçöà ïî-

òåíöèàë ðàñïðåäåëåí íåðàâíîìåðíî (íàèáîëåå

íàïðÿæåííàÿ öåíòðàëüíàÿ ÷àñòü îáðàçöà èìååò

áîëåå ýëåêòðîîòðèöàòåëüíûé ïîòåíöèàë).

Äåéñòâèå íàïðÿæåíèé è ïëàñòè÷åñêèõ äåôîð-

ìàöèé íà ýëåêòðîõèìè÷åñêèå õàðàêòåðèñòèêè ìå-

òàëëà ìîæíî îáúÿñíèòü ïîíèæåííîé ðàáîòîé âû-

õîäà ó äåôîðìèðîâàííîãî ìåòàëëà [15], ò.å. îñ-

ëàáëåíèåì ñâÿçè Me–O è, ñëåäîâàòåëüíî, áîëü-

øåé ëåãêîñòüþ äëÿ èîíà Me+ ïîêèíóòü ðåøåòêó

ïî ñðàâíåíèþ ñ íåäåôîðìèðîâàííûì ìåòàëëîì.

Êðîìå òîãî, îáðàçóþùàÿñÿ íà íàïðÿæåííîì èëè

äåôîðìèðîâàííîì ìåòàëëå â íà÷àëüíûé ìîìåíò

äåéñòâèÿ ýëåêòðîëèòà ïëåíêà ñîäåðæèò áîëüøå

òðåùèí è áîëüøåãî ðàçìåðà, ÷åì íà íåäåôîðìè-

ðîâàííîì èëè íåíàïðÿæåííîì îáðàçöå. Ýòî áóäåò

îïðåäåëÿòü çàðÿä ïîâåðõíîñòè ìåòàëëà è, ñîîò-

âåòñòâåííî, ñòðîåíèå äâîéíîãî ýëåêòðè÷åñêîãî

ïîëÿ. Íåðàâíîâåñíîñòü ïðîöåññà îáðàçîâàíèÿ

äâîéíîãî ýëåêòðè÷åñêîãî ñëîÿ (ñî âðåìåíåì îí

ñòàáèëèçèðóåòñÿ) îáúÿñíÿåò ïåðâîíà÷àëüíûé

ðîñò ïîòåíöèàëà.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ñ óâåëè÷åíèåì âåëè÷èíû äåôîðìà-

öèè ðàñòåò âîäîðîäîñîäåðæàíèå ïîâåðõíîñòíûõ

ñëîåâ ìåòàëëà. Óñòàíîâëåíî, ÷òî äëÿ ïðîâîëî÷-

íûõ îáðàçöîâ ýêñòðåìàëüíàÿ íàãðóçêà ñîñòàâëÿåò

60 êã/ìì2, äëÿ ïîëóêîëüöåâûõ — 70 % îò ïðåäåëü-

íîé, ïðè êîòîðîé îáðàçåö ðàçðóøàåòñÿ íà âîçäó-

õå. Â ñòàëÿõ ðàçëè÷íîãî ñîñòàâà è ñòðóêòóðû òîë-

ùèíà ñëîÿ, ñîäåðæàùåãî ìàêñèìàëüíîå êîëè÷åñò-

âî ïîãëîùåííîãî âîäîðîäà, ðàçëè÷íà. Òàê, äëÿ

ïðîâîëî÷íûõ îáðàçöîâ ìàêñèìàëüíîå ñîäåðæà-

íèå ïîãëîùåííîãî ìåòàëëîì âîäîðîäà íàáëþäà-

åòñÿ â ñëîå 6 – 13 ìêì, äëÿ ïîëóêîëüöåâûõ —

2 – 4, äëÿ ïëàñòèí÷àòûõ — 20 – 40 ìêì. Ðàñòÿãè-

âàþùàÿ íàãðóçêà è äåôîðìèðîâàíèå ìåòàëëà èç-

ãèáîì ñïîñîáñòâóþò óâåëè÷åíèþ êîëè÷åñòâà ïî-

ãëîùåííîãî âîäîðîäà. Ïîä âëèÿíèåì ñòàòè÷åñêèõ

íàãðóçîê è, ñîîòâåòñòâåííî, ïðè ðàçâèòèè âíóò-

ðåííèõ íàïðÿæåíèé â ìåòàëëå äëÿ âñåõ òðåõ òè-

ïîâ îáðàçöîâ íàáëþäàëîñü ðåçêîå ðàçáëàãîðàæè-

âàíèå ïîòåíöèàëà, íàèáîëåå âûðàæåííîå â ïåð-

âûå ìèíóòû èñïûòàíèÿ.

Ôèíàíñèðîâàíèå

Äàííàÿ ðàáîòà ôèíàíñèðîâàëàñü çà ñ÷åò

ñðåäñòâ áþäæåòà èíñòèòóòà (ó÷ðåæäåíèÿ, îðãàíè-

çàöèè). Íèêàêèõ äîïîëíèòåëüíûõ ãðàíòîâ íà

ïðîâåäåíèå èëè ðóêîâîäñòâî äàííûì êîíêðåò-

íûì èññëåäîâàíèåì ïîëó÷åíî íå áûëî.
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Ðèñ. 4. Çàâèñèìîñòè ñòàöèîíàðíîãî ïîòåíöèàëà -Ô ïðî-

âîëî÷íûõ (à) è ïëàñòèí÷àòûõ (á) îáðàçöîâ îò âðåìåíè ô

ïðè âåëè÷èíå ïðèëîæåííîé íàãðóçêè 0 (1), 20 (2), 40 (3),

60 êã (4) è âíóòðåííèõ íàïðÿæåíèé â ìåòàëëå 0 (1), 40 (2),

70 (3), 80 êã/ìì2 (4) ñîîòâåòñòâåííî

Fig. 4. Dependences of the stationary potential -Ö of wire

(a) and plate (b) samples on the time ô at the magnitude of

the applied load 0 (1), 20 (2), 40 (3), 60 kg (4) and internal

stresses in the metal 0 (1), 40 (2), 70 (3), 80 kg/mm2 (4), re-

spectively
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