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Â íåôòåãàçîâîé ïðîìûøëåííîñòè ÷àñòî âîçíèêàþò àâàðèéíûå ñèòóàöèè, îáóñëîâëåííûå

ðàçðóøåíèåì òðóáîïðîâîäîâ â ðåçóëüòàòå íàâîäîðîæèâàíèÿ è êîððîçèè. Êîððîçèîííûé

ïðîöåññ è íàâîäîðîæèâàíèå ìåòàëëà ïðèâîäÿò ê òîìó, ÷òî ïðè íåêîòîðîì êðèòè÷åñêîì ñî-

îòíîøåíèè òîëùèíû ìåòàëëà è åãî ïðî÷íîñòè â ðåçóëüòàòå âíóòðåííåãî äàâëåíèÿ òðàíñ-

ïîðòèðóåìîãî ïî ãàçîïðîâîäó ãàçà â ñòåíêå òðóáû îáðàçóþòñÿ ñêâîçíûå îòâåðñòèÿ. Íåñìîò-

ðÿ íà øèðîêèå èññëåäîâàíèÿ, ìíîãèå âîïðîñû, ñâÿçàííûå ñ ýòîé ïðîáëåìîé, òðåáóþò äàëü-

íåéøèõ èññëåäîâàíèé. Ýòî êàñàåòñÿ, â ÷àñòíîñòè, âîïðîñîâ êèíåòèêè õðóïêîãî ðàçðóøåíèÿ

ìåòàëëà ñòåíîê òðóáîïðîâîäà è ðîëè äèôôóçèîííî-ïîäâèæíîãî (àêòèâíîãî) è ìîëèçîâàí-

íîãî (ñâÿçàííîãî) âîäîðîäà â ýòîì ïðîöåññå. Ïóòåì ýëåêòðîõèìè÷åñêîãî íàñûùåíèÿ âîäî-

ðîäîì öèëèíäðè÷åñêèõ îáðàçöîâ èç ñòàëè óñòàíîâëåíî ñîâïàäåíèå çîíû ïðîíèêíîâåíèÿ

ýëåêòðîëèòè÷åñêîãî âîäîðîäà è îáëàñòè çàðîæäåíèÿ òðåùèíû îòðûâà. Äðóãèìè ñëîâàìè,

çîíó ïðèïîâåðõíîñòíîãî ðàñïðåäåëåíèÿ âîäîðîäà ìîæíî ñ÷èòàòü ëîêàëüíîé îáëàñòüþ ðåà-

ëèçàöèè ìèêðîñêîëà ïðè èñïûòàíèè íà ñîïðîòèâëåíèå îòðûâó. Ýòî ïîçâîëÿåò èññëåäîâàòü

êèíåòèêó è êîíöåíòðàöèîííûå çàâèñèìîñòè õðóïêîãî ðàçðóøåíèÿ ñòàëè ïîä âëèÿíèåì êàê

äèôôóçèîííî-ïîäâèæíîãî, òàê è ìîëèçîâàííîãî âîäîðîäà, ò.å. â óñëîâèÿõ îáðàòèìîé è íå-

îáðàòèìîé âîäîðîäíîé õðóïêîñòè. Ñ ïîìîùüþ óñòàíîâëåííîãî ðàçìåðíîãî ýôôåêòà ïðî-

íèêíîâåíèÿ ýëåêòðîõèìè÷åñêè âíåäðåííîãî âîäîðîäà â öèëèíäðè÷åñêèå ñòàëüíûå îáðàç-

öû ðàçíîãî äèàìåòðà èçó÷åíà âîäîðîäíàÿ õðóïêîñòü ñòàëè ïðè êîíòðîëå ëîêàëüíîé êîí-

öåíòðàöèè âîäîðîäà â ïðèïîâåðõíîñòíîì ñëîå. Â ðåçóëüòàòå ïðîâåäåííûõ êèíåòè÷åñêèõ

èññëåäîâàíèé âïåðâûå ïîëó÷åíû çàâèñèìîñòè ñîïðîòèâëåíèÿ îòðûâó (ìèêðîñêîëó) îò êîí-

öåíòðàöèè äèôôóçèîííî-ïîäâèæíîãî è ìîëèçîâàííîãî âîäîðîäà â çîíå ìèêðîñêîëà. Íà

îñíîâå ýëåêòðîííî-ôðàêòîãðàôè÷åñêîãî èññëåäîâàíèÿ èçëîìîâ îáðàçöîâ ñòàëè 18ÕÃÌÔ

ïîêàçàíî, ÷òî â ñîîòâåòñòâèè ñî ñòàäèéíîñòüþ ðàçâèòèÿ õðóïêîñòè èçìåíÿåòñÿ è ìîðôîëî-

ãèÿ èçëîìà. Èñõîäíîå âÿçêîå ðàçðóøåíèå ñìåíÿåòñÿ òèïè÷íî õðóïêèì îòðûâîì ïðè îáðà-

òèìîé õðóïêîñòè. Â äàëüíåéøåì, ïî ìåðå ðàçâèòèÿ íåîáðàòèìîé õðóïêîñòè, íàáëþäàåòñÿ

ñìåøàííîå ðàçðóøåíèå. Ïîëó÷åííàÿ òðåõñòàäèéíàÿ çàâèñèìîñòü èçìåíåíèÿ ñîïðîòèâëå-

íèÿ îòðûâó ñ ó÷åòîì ñîñòîÿíèé âîäîðîäà ïîäòâåðæäàåò ðàçëè÷íóþ ôèçè÷åñêóþ ïðèðîäó

ïðîöåññîâ íà ðàçëè÷íûõ ñòàäèÿõ âîäîðîäíîé õðóïêîñòè è îáúÿñíÿåò èçâåñòíîå ðàçäåëåíèå

âîäîðîäíîé õðóïêîñòè íà îáðàòèìóþ è íåîáðàòèìóþ âëèÿíèåì äèôôóçèîííî-ïîäâèæíîãî

è ñâÿçàííîãî âîäîðîäà ñîîòâåòñòâåííî.

Êëþ÷åâûå ñëîâà: âîäîðîäíàÿ õðóïêîñòü; äèôôóçèîííî-ïîäâèæíûé âîäîðîä; îñòàòî÷-
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ýôôåêò.
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Diagnostics of the emergencies attributed to the pipeline destruction resulted from hydrogen charging

and corrosion is one of the important problems of the oil and gas industry. Corrosion and hydrogen charg-

ing of the metal lead to formation of holes in the pipe wall at a certain critical ratio of the metal strength

and thickness resulted from the impact of the internal pressure of the gas transported through the pipe-

line. Despite extensive research, many issues related to this problem require further consideration. This

concerns, in particular, the issues regarding kinetics of the brittle fracture of metal of the pipeline walls
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and the role of diffusion-mobile (active) and combined (bound) hydrogen in this process. Electrochemical

hydrogenation (saturation) of cylindrical steel samples revealed that the zone of penetration of electrolytic

hydrogen match the region of the cleavage crack origin, i.e., the area of the subsurface hydrogen distribu-

tion can be considered a local area of micro-cleavage in the peel tests thus making possible the study of ki-

netics and concentration dependences of steel brittle fracture under the impact of both diffusion-mobile

and combined hydrogen, i.e., under conditions of reversible and irreversible hydrogen brittleness. The

dependences of the peel resistance (micro-cleavage) on the concentration of diffusion-mobile (active) and

bound hydrogen in the micro-cleavage zone are obtained as a result of kinetic studies. Electron-fractogra-

phic study of fractures of 18KhGMF steel samples showed that fracture morphology changes in accor-

dance with the stages of brittleness development. The initial ductile fracture is followed by a typically brit-

tle peeling at reversible brittleness. Then, with the development of irreversible fragility, a mixed character

of destruction is observed. The obtained three-stage dependence of the peeling strength, taking into ac-

count different hydrogen states, proves the different physical nature of the processes at different stages of

hydrogen brittleness and connects the known reversible and irreversible hydrogen brittleness with the ef-

fect of diffusion-mobile and bound hydrogen, respectively.

Keywords: hydrogen brittleness; diffusion-mobile hydrogen; residual hydrogen; local concentration; peel

resistance (micro-cleavage); dimensional effect.

Ââåäåíèå

Îäíîé èç âàæíûõ ïðîáëåì íåôòåãàçîâîé ïðî-

ìûøëåííîñòè ÿâëÿåòñÿ âîçíèêíîâåíèå àâàðèé-

íûõ ñèòóàöèé, îáóñëîâëåííûõ ðàçðóøåíèåì òðó-

áîïðîâîäîâ â ðåçóëüòàòå íàâîäîðîæèâàíèÿ è êîð-

ðîçèè. Êîððîçèéíûé ïðîöåññ è íàâîäîðîæèâàíèå

ìåòàëëà ïðèâîäÿò ê òîìó, ÷òî ïðè íåêîòîðîì êðè-

òè÷åñêîì ñîîòíîøåíèè òîëùèíû ìåòàëëà è åãî

ïðî÷íîñòè â ðåçóëüòàòå âíóòðåííåãî äàâëåíèÿ

ãàçà, òðàíñïîðòèðóåìîãî ïî ãàçîïðîâîäó, â ñòåíêå

òðóáû îáðàçóþòñÿ ñêâîçíûå îòâåðñòèÿ. Ýòî ÿâëÿ-

åòñÿ ïðè÷èíîé áîëåå ïîëîâèíû àâàðèé íà ìàãè-

ñòðàëüíûõ ãàçîïðîâîäàõ.

Íåñìîòðÿ íà øèðîêèå èññëåäîâàíèÿ, ñâÿçàí-

íûå ñ ýòîé ïðîáëåìîé, ìíîãèå âîïðîñû òðåáóþò

äàëüíåéøèõ èññëåäîâàíèé, â ÷àñòíîñòè, âîïðîñû

êèíåòèêè õðóïêîãî ðàçðóøåíèÿ ìåòàëëà ñòåíîê

òðóáîïðîâîäà è ðîëè äèôôóçèîííî-ïîäâèæíîãî

(àêòèâíîãî) è ìîëèçîâàííîãî (ñâÿçàííîãî) âîäî-

ðîäà â ýòîì ïðîöåññå.

Àíîìàëüíî âûñîêàÿ äèôôóçèîííàÿ ïîäâèæ-

íîñòü âîäîðîäà â ìåòàëëàõ è ñïëàâàõ, çíà÷èòåëü-

íûé ãðàäèåíò åãî ïðèïîâåðõíîñòíîãî ðàñïðåäå-

ëåíèÿ ïðè íàâîäîðîæèâàíèè, à òàêæå ðÿä äðóãèõ

îñîáåííîñòåé ïîâåäåíèÿ çàòðóäíÿþò âûðàáîòêó

åäèíûõ ïîäõîäîâ ê îïðåäåëåíèþ êîíöåíòðàöèé

âîäîðîäà â ëîêàëüíûõ îáëàñòÿõ è èõ âëèÿíèÿ íà

ìåõàíè÷åñêèå ñâîéñòâà ìåòàëëîâ. Ê òîìó æå ê íà-

ñòîÿùåìó âðåìåíè îòñóòñòâóþò íàäåæíûå ìåòî-

äèêè îïðåäåëåíèÿ êîíöåíòðàöèè âîäîðîäà â ëî-

êàëüíûõ îáúåìàõ, à ñóùåñòâóþùèå äàþò òîëüêî

èíòåãðàëüíûå õàðàêòåðèñòèêè [1].

Äëÿ îïðåäåëåíèÿ êîíöåíòðàöèè âîäîðîäà

ïðè åãî ëîêàëèçàöèè â îáëàñòè âêëþ÷åíèé, âåð-

øèíå òðåùèíû, íà ãðàíèöå è â òåëå çåðíà ïðèìå-

íÿþò ðàçëè÷íûå ñïîñîáû ðàñïëàâëåíèÿ ìåòàëëà

â ëîêàëüíûõ îáëàñòÿõ (çîíäèðîâàíèå) ñ ïîñëå-

äóþùèì àíàëèçîì ñîñòàâà è êîëè÷åñòâà âûäå-

ëèâøèõñÿ ãàçîâ. Îäíàêî ýòè ìåòîäû çîíäèðîâà-

íèÿ (îæå-ñïåêòðîñêîïèÿ, èîííûé çîíä ñ ïîñëîé-

íûì àíàëèçîì, ëàçåðíûé ìàññ-ñïåêòðîìåòðè÷å-

ñêèé ìåòîä, ëàçåðíûé çîíä, ýëåêòðîííî-ëó÷åâîé

çîíä è äð.) ïîçâîëÿþò îïðåäåëèòü òîëüêî êîëè÷å-

ñòâî íåîáðàòèìî ñâÿçàííîãî èëè îñòàòî÷íîãî âî-

äîðîäà (ÎÂ).

Âîïðîñû ýêñïåðèìåíòàëüíîé îöåíêè êîí-

öåíòðàöèè äèôôóçèîííî-ïîäâèæíîãî âîäîðîäà

(ÄÏÂ) â çîíå èíèöèèðîâàíèÿ ðàçðóøåíèÿ ïîêà

íå ðåøåíû. Äîñòàòî÷íî ðàçðàáîòàíû ëèøü ìå-

òîäèêè îöåíêè èíòåãðàëüíîé êîíöåíòðàöèè ÄÏÂ

â ìåòàëëå [2]. Ïðè ýòîì îñòàåòñÿ îòêðûòûì âî-

ïðîñ, ê êàêîé ìàññå ìåòàëëà îòíîñèòü ýêñòðàãèðî-

âàííûé âîäîðîä. Åñëè îòíåñòè ñîäåðæàíèå âîäî-

ðîäà êî âñåé ìàññå îáðàçöà, òî ñðàâíèòåëüíûé

àíàëèç ðåçóëüòàòîâ ðàçíûõ ðàáîò âûçîâåò çà-

òðóäíåíèå. Ê òîìó æå èçìåíåíèå ñâîéñòâ ìåòàë-

ëîâ è ñïëàâîâ îáû÷íî ñâÿçûâàþò ñ êîíöåíòðàöè-

åé âñåãî àáñîðáèðîâàííîãî âîäîðîäà (ÄÏÂ è ÎÂ),

÷òî ïðèâîäèò ê íåîäíîçíà÷íûì ðåçóëüòàòàì äëÿ

îäíèõ è òåõ æå ñïëàâîâ.

Èç èçëîæåííîãî âûøå ñëåäóåò, ÷òî äëÿ äàëü-

íåéøèõ èññëåäîâàíèé êèíåòèêè õðóïêîãî ðàç-

ðóøåíèÿ ñòàëè íåîáõîäèìî ðàçäåëüíî îïðåäå-

ëÿòü êîíöåíòðàöèè äèôôóçèîííî-ïîäâèæíîãî

(àêòèâíîãî) è ìîëèçîâàííîãî (ñâÿçàííîãî) âîäî-

ðîäà íåïîñðåäñòâåííî â çîíå èíèöèèðîâàíèÿ

ðàçðóøåíèÿ.

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ

Ïðèïîâåðõíîñòíîå ðàñïðåäåëåíèå âîäîðîäà

ïðè ýëåêòðîõèìè÷åñêîì íàñûùåíèè ìîæíî ðàñ-

ñìàòðèâàòü êàê èçâåñòíîå ëîêàëüíîå ðàñïðåäå-

ëåíèå åãî â çîíå ðàçðóøåíèÿ. Â äàííîé ðàáîòå

âûïîëíåíà ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëüòà-

òîâ ðàñïðåäåëåíèÿ âîäîðîäà â îáðàçöàõ ðàçíîãî

äèàìåòðà.

Óñòàíîâëåíî, ÷òî ãëóáèíà ïðîíèêíîâåíèÿ

âîäîðîäà íåëèíåéíî çàâèñèò îò äèàìåòðà îáðàç-

öîâ: òîëùèíà íàâîäîðîæåííîãî ñëîÿ ó îáðàçöîâ

äèàìåòðîì 1 ìì ðàâíà 60 ± 15 ìêì, äèàìåòðîì

2 ìì — 200 ± 50 ìêì, äèàìåòðîì 6 ìì — 750 ±

± 250 ìêì (êîýôôèöèåíò íàäåæíîñòè 0,95) è ò.ä.
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Òàêèì îáðàçîì, ïðè ýëåêòðîõèìè÷åñêîì íàñûùå-

íèè îáðàçöîâ èç ñòàëè óñòàíîâëåí ðàçìåðíûé ýô-

ôåêò ïðîíèêíîâåíèÿ âîäîðîäà â öèëèíäðè÷åñêèå

îáðàçöû ðàçíîãî äèàìåòðà (ðèñ. 1).

Ñâåäåíèÿ î ãëóáèíå ïðîíèêíîâåíèÿ ýëåêòðî-

õèìè÷åñêè âíåäðåííîãî âîäîðîäà â öèëèíäðè÷å-

ñêèå îáðàçöû ðàçíîãî äèàìåòðà ïîçâîëÿþò èçó-

÷àòü ïîâðåæäàåìîñòü è ÂÕ ìåòàëëîâ è ñïëàâîâ

ïðè êîíòðîëå ëîêàëüíîé êîíöåíòðàöèè âîäîðîäà

â ïðèïîâåðõíîñòíîì ñëîå. Ëîêàëüíîñòü àíàëèçà:

ãëóáèíà ïðîíèêíîâåíèÿ 200 – 400 ìêì äëÿ îáðàç-

öîâ äèàìåòðîì 2 – 4 ìì.

Âûáîð ãåîìåòðè÷åñêèõ ðàçìåðîâ îáðàçöîâ

ïðè èñïûòàíèÿõ íà ðàñòÿæåíèå ïîñëå íàâîäîðî-

æèâàíèÿ, à òàêæå îñíîâíîé õàðàêòåðèñòèêè

õðóïêîãî ðàçðóøåíèÿ — ñîïðîòèâëåíèÿ îòðûâó

S (ìèêðîñêîëó) — ïðè èññëåäîâàíèè ïîâðåæäàå-

ìîñòè ñòàëè âîäîðîäîì îáîñíîâàí â [4]. Ïîêàçà-

íî, ÷òî ñòåïåíü ÂÕ (ÄS/S · 100 %) îñòàåòñÿ îäèíà-

êîâîé äëÿ îáðàçöîâ äèàìåòðîì 2 – 6 ìì, ò.å. äëÿ

ýòèõ îáðàçöîâ ñîáëþäàåòñÿ óñëîâèå ôèçè÷åñêîãî

ïîäîáèÿ ñâîéñòâ ìåòàëëà ïðè ýëåêòðîëèòè÷åñêîì

íàâîäîðîæèâàíèè. Ïîëó÷åííûå äàííûå ñîïî-

ñòàâëåíû ñ ðåçóëüòàòàìè ïî ðàçìåðíîìó ýôôåê-

òó ïðîíèêíîâåíèÿ âîäîðîäà â öèëèíäðè÷åñêèå

îáðàçöû. Èñïûòàíèÿ öèëèíäðè÷åñêèõ îáðàçöîâ

ñ êîëüöåâûì íàäðåçîì â óñëîâèÿõ ðåàëèçàöèè îò-

ðûâà ïîêàçûâàþò, ÷òî òðåùèíà çàðîæäàåòñÿ

âáëèçè íàäðåçà íà ãëóáèíå 0,1 – 0,2 ìì.

Òàêèì îáðàçîì, çîíà ïðîíèêíîâåíèÿ ýëåêòðî-

ëèòè÷åñêîãî âîäîðîäà è îáëàñòü çàðîæäåíèÿ òðå-

ùèíû îòðûâà ñîâïàäàþò. Îòñþäà ñëåäóåò, ÷òî

çîíó ïðèïîâåðõíîñòíîãî ðàñïðåäåëåíèÿ âîäîðîäà

âáëèçè íàäðåçà ìîæíî ñ÷èòàòü ëîêàëüíîé îáëà-

ñòüþ ðåàëèçàöèè ìèêðîñêîëà ïðè èñïûòàíèè íà

ñîïðîòèâëåíèå îòðûâó.

Íà îñíîâàíèè óñòàíîâëåííûõ çàêîíîìåð-

íîñòåé ðàçðàáîòàíà ìåòîäèêà, êîòîðàÿ ïîçâîëÿåò

îïðåäåëÿòü ñîïðîòèâëåíèå ðàçðûâó è ñîïîñòàâ-

ëÿòü åãî ñ ëîêàëüíîé êîíöåíòðàöèåé àêòèâíîãî

èëè ñâÿçàííîãî âîäîðîäà â çîíå ðàçðûâà. Äëÿ

îïðåäåëåíèÿ êîíöåíòðàöèè âîäîðîäà èñïîëü-

çîâàëè îáðàçöû ðàçìåðàìè 2 × 7,5 × 25 ìì, ïîä-

âåðãíóòûå ìåõàíè÷åñêîé è ýëåêòðîõèìè÷åñêîé

ïîëèðîâêàì (äîïóñòèìî èçìåíåíèå ïëîùàäè è

ôîðìû îáðàçöîâ ïðè ñîõðàíåíèè òîëùèíû).

Îáðàçöû ýëåêòðîëèòè÷åñêè íàâîäîðîæèâàëè, çà-

òåì áûñòðî èçâëåêàëè èç ÿ÷åéêè, ïðîìûâàëè

â ñòðóå âîäû è â òåõíè÷åñêîì ýòèëîâîì ñïèðòå,

îñóøàëè è ïîìåùàëè â óñòàíîâêó Itnac DO-01

ôèðìû Adamele äëÿ àíàëèçà âîäîðîäà. Âðåìÿ îò

ìîìåíòà èçâëå÷åíèÿ èç ÿ÷åéêè äî íà÷àëà àíàëè-
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Ðèñ. 1. Ãëóáèíà ïðîíèêíîâåíèÿ âîäîðîäà X ïðè ýëåê-

òðîõèìè÷åñêîì íàñûùåíèè ñòàëüíûõ öèëèíäðè÷åñêèõ

îáðàçöîâ ðàçíîãî äèàìåòðà d (ðàçìåðíûé ýôôåêò ïðîíèê-

íîâåíèÿ ýëåêòðîõèìè÷åñêè âíåäðåííîãî âîäîðîäà â öè-

ëèíäðè÷åñêèå ñòàëüíûå îáðàçöû ðàçíîãî äèàìåòðà) [3]:

1, 3 — ðàçáðîñ ýêñïåðèìåíòàëüíûõ äàííûõ; 2 — óñðåäíåí-

íîå çíà÷åíèå ýêñïåðèìåíòà; ïóíêòèðîì ïîêàçàí äîâå-

ðèòåëüíûé èíòåðâàë çíà÷åíèé ãëóáèíû ïðîíèêíîâåíèÿ

âîäîðîäà

Fig. 1. Hydrogen penetration depth X at electrochemical

saturation of steel cylindrical samples of different diameter

d (dimensional effect of penetration of electrochemically

embedded hydrogen into cylindrical steel samples of differ-

ent diameter) [3]: 1, 3 — experimental scatter; 2 — experi-

mental averages; dotted line corresponds to the confidence

interval of the hydrogen penetration depth
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Ðèñ. 2. Èçìåíåíèå êîíöåíòðàöèè îáùåãî (1), ñâÿçàííîãî

(2), äèôôóçèîííî-ïîäâèæíîãî (3) âîäîðîäà è ñîïðîòèâëå-

íèÿ îòðûâó (4) ñòàëè 18ÕÃÌÔ â çàâèñèìîñòè îò âðåìåíè

íàâîäîðîæèâàíèÿ ïðè êîìíàòíîé òåìïåðàòóðå (ñðåäà íà-

âîäîðîæèâàíèÿ: íàñûùåííûé âîäíûé ðàñòâîð ñåðîâîäî-

ðîäà ñ äîáàâëåíèåì 5 % ñîëÿíîé êèñëîòû äî pH 0,6 ± 0,1)

Fig. 2. Change in the concentration of total (1), bound (2)

and diffusion-mobile (3) hydrogen and peel resistance (4) of

steel 18KhGMF depending on the time of hydrogenation at

room temperature (hydrogenation medium: saturated hy-

drogen sulfide solution added with 5% hydrochloric acid up

to pH 0.6 ± 0.1)



çà âîäîðîäà íå ïðåâûøàëî 20 ñ. Îáùàÿ äëèòåëü-

íîñòü àíàëèçà ñîñòàâëÿëà 5 – 8 ìèí.

Ðåçóëüòàòû èññëåäîâàíèé

Îïðåäåëÿëè îáùóþ êîíöåíòðàöèþ âñåãî àá-

ñîðáèðîâàííîãî âîäîðîäà è êîíöåíòðàöèþ îñòà-

òî÷íîãî âîäîðîäà â îáðàçöàõ. Â ýòèõ öåëÿõ ïðî-

âîäèëè àíàëèç ïîëîâèíû îáðàçöîâ-ñâèäåòåëåé

ïîñëå íàâîäîðîæèâàíèÿ äëÿ îïðåäåëåíèÿ êîí-

öåíòðàöèè âñåãî àáñîðáèðîâàííîãî âîäîðîäà.

Âòîðóþ ïîëîâèíó îáðàçöîâ-ñâèäåòåëåé íàâîäîðî-

æèâàëè, çàòåì ïîäâåðãàëè äåãàçàöèè ñ âûäåëåíè-

åì ÄÏÂ (âûäåðæèâàëè ïðè êîìíàòíîé òåìïåðà-

òóðå íà âîçäóõå) â òå÷åíèå äâóõ ÷àñîâ, à äàëåå íà

óñòàíîâêå Itnac DO-01 îïðåäåëÿëè â íèõ êîíöåí-

òðàöèþ îñòàâøåãîñÿ âîäîðîäà. Êîíöåíòðàöèþ

ÄÏÂ íàõîäèëè êàê ðàçíîñòü ìåæäó êîíöåíòðà-

öèÿìè îáùåãî è îñòàâøåãîñÿ ìîëèçîâàííîãî âî-

äîðîäà è êà÷åñòâåííî ñîïîñòàâëÿëè ñ ðåçóëüòàòà-

ìè ðàäèîìåòðè÷åñêîãî è õðîìàòîãðàôè÷åñêîãî

àíàëèçîâ ïîñëå äåãàçàöèè âîäîðîäà èç ìåòàëëà.

Ñîãëàñíî ðàçìåðíîìó ýôôåêòó â îáðàçöàõ

òîëùèíîé 2 ìì âîäîðîä íàõîäèòñÿ â ïðèïîâåðõ-

íîñòíîì ñëîå 0,25 ìì. Âû÷èñëÿÿ êîíöåíòðàöèþ

ÄÏÂ ïîñëå õðîìàòîãðàôè÷åñêîãî àíàëèçà, âîäî-

ðîä îòíîñèëè ê ìàññå ïðèïîâåðõíîñòíûõ ñëîåâ.

Ñòðîèëè òðè ãðàôèêà èçìåíåíèÿ êîíöåíòðà-

öèè âîäîðîäà (îáùåãî, îñòàòî÷íîãî è äèôôóçèîí-

íî-ïîäâèæíîãî) â îáðàçöàõ. Íà ðèñ. 2 ïðåäñòàâ-

ëåíû êèíåòè÷åñêèå äèàãðàììû ýëåêòðîëèòè-

÷åñêîãî íàâîäîðîæèâàíèÿ è ïåðåðàñïðåäåëåíèÿ

âîäîðîäà ïî ñîñòîÿíèÿì, à òàêæå èçìåíåíèå ñî-

ïðîòèâëåíèÿ îòðûâó ñòàëè 18 ÕÃÌÔ.

Êèíåòèêó âëèÿíèÿ âîäîðîäà íà ñîïðîòèâëå-

íèÿ ñòàëåé îòðûâó èçó÷àëè ñëåäóþùèì îáðàçîì.

Îáðàçöû áåç íàãðóçêè íàâîäîðîæèâàëè â ñåðîâî-

äîðîäñîäåðæàùèõ âîäíûõ ñðåäàõ. Ïîñëå âûäåðæ-

êè ðàçëè÷íîé ïðîäîëæèòåëüíîñòè îáðàçöû èç-

âëåêàëè èç ðàñòâîðîâ, âûñóøèâàëè ôèëüòðîâàëü-

íîé áóìàãîé è ïîòîêîì òåïëîãî âîçäóõà è òóò æå

èñïûòûâàëè íà ðàñòÿæåíèå ñî ñêîðîñòüþ íàãðó-

æåíèÿ 30 ìì â ìèíóòó íà ðàçðûâíîé ìàøèíå

FM-500. (Âðåìÿ îò ìîìåíòà èçâëå÷åíèÿ îáðàçöîâ

èç ðàñòâîðà äî èñïûòàíèÿ êîíòðîëèðîâàëè, îíî

ñîñòàâëÿëî ~1,5 ìèí.) Çàïèñûâàëè äèàãðàììû

íàãðóæåíèÿ.
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Ðèñ. 3. Ñòðîåíèå èçëîìîâ îáðàçöîâ èç ñòàëè 18ÕÃÌÔ áåç âîäîðîäà: à – â — ñêàíèðóþùàÿ ìèêðîñêîïèÿ, óâåëè÷åíèå 50,

1000, 3000 ñîîòâåòñòâåííî; ã — ýëåêòðîííàÿ ìèêðîñêîïèÿ (óãîëüíàÿ ðåïëèêà), óâåëè÷åíèå 6000

Fig. 3. The structure of the fractures of hydrogen-free steel samples (18KhGMF): a – c — scanning microscopy, magnification

50, 1000, 3000, respectively; d — electron microscopy (carbon replica), magnification 6000



Â ðåçóëüòàòå ïðîâåäåííûõ êèíåòè÷åñêèõ èñ-

ñëåäîâàíèé âïåðâûå ïîëó÷åíû çàâèñèìîñòè ñî-

ïðîòèâëåíèÿ îòðûâó (ìèêðîñêîëó) îò êîíöåíòðà-

öèè äèôôóçèîííî-ïîäâèæíîãî è ìîëèçîâàííîãî

âîäîðîäà â çîíå ìèêðîñêîëà.

Îáñóæäåíèå ðåçóëüòàòîâ

Èç ðèñ. 2 âèäíî, ÷òî ñîïðîòèâëåíèå îòðûâó S

èçìåíÿåòñÿ ñèíõðîííî ñ êèíåòè÷åñêèìè ïðåâðà-

ùåíèÿìè àáñîðáèðîâàííîãî âîäîðîäà. Ýòî èçìå-

íåíèå íàèáîëåå âûðàæåíî â óñëîâèÿõ íåñòàöèî-

íàðíîé äèôôóçèè, êîãäà âîäîðîä â ìåòàëëå íàõî-

äèòñÿ â äèôôóçèîííî-ïîäâèæíîì ñîñòîÿíèè è

ìîæåò ïîêèäàòü òâåðäóþ ôàçó ïðè êîìíàòíîé

òåìïåðàòóðå. Ñîïðîòèâëåíèå îòðûâó S ðåçêî

ñíèæàåòñÿ ñ óâåëè÷åíèåì êîíöåíòðàöèè ïîäâèæ-

íîãî âîäîðîäà è çàìåòíî âîññòàíàâëèâàåòñÿ ïðè

óìåíüøåíèè åãî êîíöåíòðàöèè â ñâÿçè ñ ïåðåõî-

äîì â ñâÿçàííîå ñîñòîÿíèå, à ïî ìåðå óâåëè÷åíèÿ

êîíöåíòðàöèè ìîëèçîâàííîãî âîäîðîäà ïðîèñõî-

äèò ñíîâà ïîíèæåíèå ñîïðîòèâëåíèÿ îòðûâó S.

Ñòàäèéíîñòü êèíåòèêè ðàçâèòèÿ ïîâðåæäà-

åìîñòè ìåòàëëà â ïðîöåññå ýëåêòðîëèòè÷åñêîãî

íàâîäîðîæèâàíèÿ îáóñëîâëåíà êèíåòè÷åñêèìè

ïðåâðàùåíèÿìè àáñîðáèðîâàííîãî âîäîðîäà.

Ïåðâàÿ ñòàäèÿ ÿâëÿåòñÿ îáðàòèìîé â òîì ñìûñëå,

÷òî âûäåðæêà îáðàçöîâ ïðè êîìíàòíîé òåìïåðà-

òóðå ïðèâîäèò ê ýôôóçèè ÄÏÂ è âîññòàíîâëåíèþ

ñâîéñòâ. Âòîðàÿ ñòàäèÿ íåçíà÷èòåëüíîãî âîññòà-

íîâëåíèÿ ïðî÷íîñòè îáóñëîâëåíà óìåíüøåíèåì

êîíöåíòðàöèè ïîäâèæíîãî âîäîðîäà â ñâÿçè ñ åãî

ïåðåõîäîì â ñâÿçàííîå ñîñòîÿíèå. Òðåòüÿ ñòàäèÿ

íåîáðàòèìà è îáóñëîâëåíà ðàçâèòèåì êîëëåêòî-

ðîâ ìîëåêóëÿðíîãî âîäîðîäà. Ïîëó÷åííàÿ òðåõ-

ñòàäèéíàÿ çàâèñèìîñòü èçìåíåíèÿ ñîïðîòèâ-

ëåíèÿ îòðûâó ñ ó÷åòîì ñîñòîÿíèé âîäîðîäà ïîä-

òâåðæäàåò è îáúÿñíÿåò èçâåñòíîå ðàçäåëåíèå ÂÕ

íà îáðàòèìóþ è íåîáðàòèìóþ âëèÿíèåì äèô-

ôóçèîííî-ïîäâèæíîãî è ñâÿçàííîãî âîäîðîäà

ñîîòâåòñòâåííî.

Òàêèì îáðàçîì, èñïûòàíèÿ öèëèíäðè÷åñêèõ

îáðàçöîâ ñ êîëüöåâûì íàäðåçîì â óñëîâèÿõ ðåà-

ëèçàöèè îòðûâà ïîêàçàëè, ÷òî çîíà ïðîíèêíîâå-
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Ðèñ. 4. Ñòðîåíèå èçëîìîâ îáðàçöîâ èç ñòàëè 18ÕÃÌÔ ïîñëå òðåõ ÷àñîâ íàâîäîðîæèâàíèÿ (ñòàäèÿ îáðàòèìîãî ðàçóïðî÷-

íåíèÿ): à – â — ñêàíèðóþùàÿ ìèêðîñêîïèÿ, óâåëè÷åíèå 50, 1000, 3000 ñîîòâåòñòâåííî; ã — ýëåêòðîííàÿ ìèêðîñêîïèÿ

(óãîëüíàÿ ðåïëèêà), óâåëè÷åíèå 6000

Fig. 4. The structure of the fractures of steel samples (18KhGMF) after 3 h of hydrogenation (stage of reversible softening):

a – c — scanning microscope, magnification 50, 1000, 3000, respectively; d — electron microscopy (carbon replica), magnifica-

tion 6000



íèÿ ýëåêòðîëèòè÷åñêîãî âîäîðîäà è îáëàñòü çàðî-

æäåíèÿ òðåùèíû îòðûâà (ìèêðîñêîëà) ñîâïàäà-

þò. Äðóãèìè ñëîâàìè, çîíà ïðèïîâåðõíîñòíîãî

ðàñïðåäåëåíèÿ âîäîðîäà âáëèçè íàäðåçà ÿâëÿåò-

ñÿ ëîêàëüíîé îáëàñòüþ ðåàëèçàöèè ìèêðîñêîëà.

Ýòî äàåò âîçìîæíîñòü ñîïîñòàâëÿòü ñîïðîòèâëå-

íèå îòðûâó è ëîêàëüíóþ êîíöåíòðàöèþ âîäîðîäà

â çîíå ðàçðóøåíèÿ îáðàçöîâ.

Â ñâÿçè ñ ïîëó÷åííûìè ðåçóëüòàòàìè ïðåä-

ñòàâëÿëîñü íåîáõîäèìûì èçáèðàòåëüíî èññëåäî-

âàòü âëèÿíèå àêòèâíîãî è ñâÿçàííîãî âîäîðîäà

íà ñòðóêòóðíûå ïðåâðàùåíèÿ â ñòàëè.

Èññëåäîâàíèå èçëîìîâ îáðàçöîâ ñòàëè

18ÕÃÌÔ ïðîâîäèëè ïîñëå ðàçðûâà èñõîäíûõ

(áåç âîäîðîäà) îáðàçöîâ è îáðàçöîâ íà ðàçëè÷-

íûõ ñòàäèÿõ âîäîðîäíîé õðóïêîñòè: ïðè îáðàòè-

ìîì ðàçóïðî÷íåíèè (íàâîäîðîæèâàíèå â òå÷åíèå

3 ÷), íåçíà÷èòåëüíîì âîññòàíîâëåíèè ïðî÷íîñòè

(4,5 ÷) è íåîáðàòèìîì îõðóï÷èâàíèè (25 ÷). Èçëî-

ìû èçó÷àëè íà ìèêðîñêîïå ÌÁÑ-2, ñêàíèðóþùåì

ýëåêòðîííîì ìèêðîñêîïå Cwikscan-100. Îñíîâ-

íûå ðåçóëüòàòû ôðàêòîãðàôè÷åñêèõ èññëåäîâà-

íèé èçëîìîâ ïðåäñòàâëåíû íà ðèñ. 3 – 6.

Èçëîìû ñòàëè 18 ÕÃÌÔ áåç âîäîðîäà (ñì.

ðèñ. 3) èìååò ñòðóêòóðó âÿçêîãî îòðûâà, õàðàê-

òåðíóþ äëÿ ïëàñòè÷íûõ ñòàëåé ïîñëå ðàñòÿæåíèÿ

öèëèíäðè÷åñêèõ îáðàçöîâ ñ ãëóáîêèì îñòðûì

íàäðåçîì. Íàëè÷èå äîñòàòî÷íî ðàâíîìåðíî ÷åðå-

äóþùèõñÿ êðóïíûõ è ìåëêèõ ÿìîê îáóñëîâëåíî,

êàê ïðàâèëî, íåîäíîðîäíîñòüþ ñòðóêòóðû ìàòå-

ðèàëà è, ñîîòâåòñòâåííî, íåðàâíîìåðíîñòüþ ïëà-

ñòè÷åñêîé äåôîðìàöèè. Íåîäíîðîäíîñòü ìèêðî-

ñòðóêòóðû ñòàëè íàãëÿäíî âèäíà íà ðèñ. 5, ã.

ßìî÷íàÿ ñòðóêòóðà èçëîìà ñâèäåòåëüñòâóåò î

òîì, ÷òî ðàçðóøåíèå îòðûâîì ïðîèñõîäèò ïî ìå-

õàíèçìó ñëèÿíèÿ ìèêðîïîð, îáðàçóþùèõñÿ â ïðî-

öåññå ïëàñòè÷åñêîé äåôîðìàöèè [5 – 10].

Íà ñòàäèè îáðàòèìîãî ðàçóïðî÷íåíèÿ õàðàê-

òåð ðàçðóøåíèÿ íàâîäîðîæåííîé ñòàëè ðåçêî ìå-

íÿåòñÿ (ñì. ðèñ. 4). Âèäíû îòäåëüíûå ó÷àñòêè

õðóïêîãî ñêîëà êðèñòàëëîâ (à), ïëîñêèå ôàñåòêè

èñòèííî õðóïêîãî îòðûâà (á). Âèä îòðûâà ñìå-

øàííûé, ò.å. ðàçðóøåíèå ïðîèñõîäèò êàê âíóò-
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Ðèñ. 5. Ñòðîåíèå èçëîìîâ (à – â) è ìèêðîñòðóêòóðà (ã) îáðàçöîâ èç ñòàëè 18 ÕÃÌÔ ïîñëå 4,5 ÷àñîâ íàâîäîðîæèâàíèÿ

(ñòàäèÿ íåçíà÷èòåëüíîãî âîññòàíîâëåíèÿ ïðî÷íîñòè): à – â — ñêàíèðóþùàÿ ìèêðîñêîïèÿ, óâåëè÷åíèå 50, 1000, 3000 ñîîò-

âåòñòâåííî; ã — ýëåêòðîííàÿ ìèêðîñêîïèÿ (óãîëüíàÿ ðåïëèêà), óâåëè÷åíèå 1000

Fig. 5. The fracture structure (a – c) and microstructure (d) of steel samples (18KhGMF) after 4.5 h of hydrogenation (stage

of slight strength recovery): a – c — scanning microscopy, magnification 50, 1000, 3000, respectively; d — electron microscopy

(carbon replica), magnification 1000



ðèçåðåííîå ñ êðèñòàëëè÷åñêèì èçëîìîì, òàê è

ìåæçåðåííîå ñ çåðíèñòûì èçëîìîì. Íà ôàñåòêàõ

(â) âèäíû ìåëêèå è êðóïíûå ñòóïåíüêè. Â ðåçóëü-

òàòå íà ïîâåðõíîñòè èçëîìà âûÿâëÿåòñÿ ðó÷üè-

ñòûé èçëîì, òèïè÷íûé äëÿ áîëüøèíñòâà õðóïêèõ

èçëîìîâ ïóòåì îòðûâà. Òðåùèíû çàðîæäàþòñÿ,

êàê ïðàâèëî, íà êðàþ ôàñåòîê, îòêóäà ðàñõîäÿòñÿ

ëó÷è-ñêëàäêè. Íà ðèñ. 4, ã ïðè óâåëè÷åíèè 6000

íàáëþäàåòñÿ ñãëàæåííûé ðå÷íîé óçîð è äîñòà-

òî÷íî ãëàäêèå ïîâåðõíîñòè ôàñåòîê [11 – 15].

Íà ñòàäèè íåçíà÷èòåëüíîãî âîññòàíîâëåíèÿ

ïðî÷íîñòè ôðàêòîãðàììû ðàçðóøåíèÿ ñëåãêà èç-

ìåíÿþòñÿ (ñì. ðèñ. 5, à – â). Èçëîì îñòàåòñÿ õðóï-

êèì, õîòÿ ìîæíî çàìåòèòü, ÷òî ÷èñëî è ðàçìåðû

õðóïêèõ ñêîëîâ è êðóïíûõ âåðòèêàëüíûõ ñòóïå-

íåê óìåíüøàþòñÿ.

Íà ñòàäèè íåîáðàòèìîãî îõðóï÷èâàíèÿ íà-

áëþäàþòñÿ ÿâíûå èçìåíåíèÿ â ñòðóêòóðå èçëî-

ìîâ (ñì. ðèñ. 6). Â èçëîìå âèäíû êàê ïëîñêèå ôà-

ñåòêè õðóïêîãî îòðûâà, òàê è ó÷àñòêè ÿìî÷íîé

ñòðóêòóðû, îáóñëîâëåííîé ñëèÿíèåì ìèêðîïîð.

Òàêàÿ íåîäíîðîäíîñòü èçëîìà ñâèäåòåëüñòâóåò î

ìèêðîëîêàëüíîé íåîäíîðîäíîñòè ðàçðóøåíèÿ —

íàáëþäàþòñÿ ïðèçíàêè è õðóïêîãî îòðûâà, è âÿç-

êîãî ðàçðóøåíèÿ. Òàêîå ðàçðóøåíèå ìîæíî êâà-

ëèôèöèðîâàòü êàê êâàçèîòðûâ.

Âûâîäû

Ïóòåì ýëåêòðîõèìè÷åñêîãî íàñûùåíèÿ öè-

ëèíäðè÷åñêèõ îáðàçöîâ èç ñòàëè óñòàíîâëåíî

ñîâïàäåíèå çîíû ïðîíèêíîâåíèÿ ýëåêòðîëèòè÷å-

ñêîãî âîäîðîäà è îáëàñòè çàðîæäåíèÿ òðåùèíû

îòðûâà. Çîíó ïðèïîâåðõíîñòíîãî ðàñïðåäåëåíèÿ

âîäîðîäà ìîæíî ñ÷èòàòü ëîêàëüíîé îáëàñòüþ

ðåàëèçàöèè ìèêðîñêîëà ïðè èñïûòàíèè íà ñî-

ïðîòèâëåíèå îòðûâó. Ýòî ïîçâîëÿåò èññëåäîâàòü

êèíåòèêó è êîíöåíòðàöèîííûå çàâèñèìîñòè

õðóïêîãî ðàçðóøåíèÿ ñòàëè ïîä âëèÿíèåì êàê

äèôôóçèîííî-ïîäâèæíîãî, òàê è ìîëèçîâàííîãî

âîäîðîäà, ò.å. â óñëîâèÿõ îáðàòèìîé è íåîáðàòè-

ìîé âîäîðîäíîé õðóïêîñòè.

Ñ ïîìîùüþ óñòàíîâëåííîãî ðàçìåðíîãî ýô-

ôåêòà ïðîíèêíîâåíèÿ ýëåêòðîõèìè÷åñêè âíå-

äðåííîãî âîäîðîäà â öèëèíäðè÷åñêèå ñòàëüíûå

îáðàçöû ðàçíîãî äèàìåòðà èçó÷åíà âîäîðîäíàÿ

õðóïêîñòü ñòàëè ïðè êîíòðîëå ëîêàëüíîé êîíöåí-

òðàöèè âîäîðîäà â ïðèïîâåðõíîñòíîì ñëîå. Â ðå-

çóëüòàòå ïðîâåäåííûõ êèíåòè÷åñêèõ èññëåäîâà-

íèé âïåðâûå ïîëó÷åíû çàâèñèìîñòè ñîïðîòèâëå-

íèÿ îòðûâó (ìèêðîñêîëó) îò êîíöåíòðàöèè äèô-

ôóçèîííî-ïîäâèæíîãî è ìîëèçîâàííîãî âîäîðîäà

â çîíå ìèêðîñêîëà.

Íà îñíîâå ýëåêòðîííî-ôðàêòîãðàôè÷åñêîãî

èññëåäîâàíèÿ èçëîìîâ îáðàçöîâ ñòàëè 18ÕÃÌÔ
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Ðèñ. 6. Ñòðîåíèå èçëîìîâ îáðàçöîâ èç ñòàëè 18ÕÃÌÔ ïîñëå 25 ÷àñîâ íàâîäîðîæèâàíèÿ (ñòàäèÿ íåîáðàòèìîãî îõðóï÷è-

âàíèÿ): à – ã — ñêàíèðóþùàÿ ìèêðîñêîïèÿ, óâåëè÷åíèå 50, 1000, 1000, 3000 ñîîòâåòñòâåííî; ä — ýëåêòðîííàÿ ìèêðîñêî-

ïèÿ (óãîëüíàÿ ðåïëèêà), óâåëè÷åíèå 6000

Fig. 6. The structure of the fractures of steel samples (18KhGMF) after 25 hours of hydrogenation (stage of irreversible

embrittlement): a – d — scanning microscope, magnification 50, 1000, 1000, 3000, respectively; e — electron microscopy (car-

bon replica), magnification 6000



ïîêàçàíî, ÷òî â ñîîòâåòñòâèè ñî ñòàäèéíîñòüþ

ðàçâèòèÿ õðóïêîñòè èçìåíÿåòñÿ è ìîðôîëîãèÿ

èçëîìà. Èñõîäíîå âÿçêîå ðàçðóøåíèå ñìåíÿåòñÿ

òèïè÷íî õðóïêèì îòðûâîì ïðè îáðàòèìîé õðóï-

êîñòè. Â äàëüíåéøåì, ïî ìåðå ðàçâèòèÿ íåîáðà-

òèìîé õðóïêîñòè, íàáëþäàåòñÿ ñìåøàííîå ðàçðó-

øåíèå. Ïîëó÷åííàÿ òðåõñòàäèéíàÿ çàâèñèìîñòü

èçìåíåíèÿ ñîïðîòèâëåíèÿ îòðûâó ñ ó÷åòîì ñî-

ñòîÿíèé âîäîðîäà ïîäòâåðæäàåò ðàçëè÷íóþ ôè-

çè÷åñêóþ ïðèðîäó ïðîöåññîâ íà ðàçëè÷íûõ ñòà-

äèÿõ âîäîðîäíîé õðóïêîñòè è îáúÿñíÿåò èçâåñò-

íîå ðàçäåëåíèå âîäîðîäíîé õðóïêîñòè íà îáðàòè-

ìóþ è íåîáðàòèìóþ âëèÿíèåì äèôôóçèîííî-ïîä-

âèæíîãî è ñâÿçàííîãî âîäîðîäà ñîîòâåòñòâåííî.
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