
Èññëåäîâàíèå ñòðóêòóðû è ñâîéñòâ

Structure and properties research

Ôèçè÷åñêèå ìåòîäû

èññëåäîâàíèÿ è êîíòðîëÿ

Physical methods

of research and monitoring

DOI: https://doi.org/10.26896/1028-6861-2020-86-8-32-37

ÊÎÍÒÐÎËÜ ÏÎÃËÎÙÅÍÈß ÂÎÄÎÐÎÄÀ ÍÈÊÅËÅÂÛÌÈ ÏËÅÍÊÀÌÈ,

ÏÎËÓ×ÅÍÍÛÌÈ ÏÐÈ ÂÀÊÓÓÌÍÎ-ÌÀÃÍÅÒÐÎÍÍÎÌ ÍÀÏÛËÅÍÈÈ

ÖÈÐÊÎÍÈÅÂÎÃÎ ÑÏËÀÂÀ, ÌÅÒÎÄÎÌ ÒÅÐÌÎÝÄÑ

� Âèòàëèé Âàñèëüåâè÷ Ëàðèîíîâ*, Ñþé Øóïýí,

Âèêòîð Íèêîëàåâè÷ Êóäèÿðîâ

Íàöèîíàëüíûé èññëåäîâàòåëüñêèé òîìñêèé ïîëèòåõíè÷åñêèé óíèâåðñèòåò, Ðîññèÿ, 634050, ã. Òîìñê, ïð. Ëåíèíà 30;

*e-mail: lvv@tpu.ru

Ñòàòüÿ ïîñòóïèëà 8 àïðåëÿ 2020 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 18 ìàÿ 2020 ã.

Ïðèíÿòà ê ïóáëèêàöèè 27 ìàÿ 2020 ã.

Äëÿ çàùèòû ìàòåðèàëîâ èç öèðêîíèåâûõ ñïëàâîâ îò âîäîðîäà ÷àñòî èñïîëüçóþò íèêå-

ëåâûå ïëåíêè, ôîðìèðóåìûå íà ïîâåðõíîñòè èçäåëèé. Àäñîðáöèÿ âîäîðîäà ïðîõîäèò

áûñòðåå íà íèêåëå, ïîñêîëüêó ïîñëåäíèé àêòèâíî ñ íèì âçàèìîäåéñòâóåò. Àäñîðáèðóÿ âî-

äîðîä, íèêåëü îêèñëÿåòñÿ è îáðàçóåò çàùèòíóþ ïëåíêó. Öåëü äàííîé ðàáîòû — ðàçðàáîòêà

ìåòîäà êîíòðîëÿ ïîãëîùåíèÿ âîäîðîäà íèêåëåâûìè ïëåíêàìè ïðè âàêóóìíî-ìàãíåòðîí-

íîì íàïûëåíèè è íàâîäîðîæèâàíèè ñ ïîìîùüþ îïðåäåëåíèÿ òåðìîÝÄÑ. Öèðêîíèåâûé

ñïëàâ Ý110 íàñûùàëè âîäîðîäîì ïðè òåìïåðàòóðå 350 °C è äàâëåíèè 2 àòì. èç ãàçîâîé

ôàçû. Íàíåñåíèå ïîêðûòèÿ îñóùåñòâëÿëè íà ñïåöèàëèçèðîâàííîé óñòàíîâêå «Ðàäóãà

ñïåêòð». Ïîêàçàíî, ÷òî íàëè÷èå íèêåëåâîé ïëåíêè ñóùåñòâåííûì îáðàçîì âëèÿåò íà ïðî-

íèêíîâåíèå âîäîðîäà â ñïëàâ. Ïîêðûòèå òîëùèíîé áîëåå 2 ìêì, íàíåñåííîå ìàãíåòðîí-

íûì íàïûëåíèåì íà ïîâåðõíîñòü öèðêîíèåâîãî ñïëàâà ñ 1 % Nb, çàùèùàåò ñïëàâ îò ïðî-

íèêíîâåíèÿ âîäîðîäà ïðàêòè÷åñêè ïîëíîñòüþ. Ïðè ýòîì âåëè÷èíà òåðìîÝÄÑ çàâèñèò îò

êîíöåíòðàöèè âîäîðîäà â ìàòåðèàëå è òîëùèíû ïëåíêè. Ïðèâåäåíû àíàëèç øèðèíû ãèñ-

òåðåçèñà òåìïåðàòóðíîé ïåòëè òåðìîÝÄÑ è ñïîñîá îïðåäåëåíèÿ ýôôåêòèâíîé ýíåðãèè

àêòèâàöèè ïðîâîäèìîñòè íàâîäîðîæåííîãî ìàòåðèàëà ñ ïëåíêîé íèêåëÿ. Ïîëó÷åííûå ðå-

çóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè îöåíêå êîíöåíòðàöèè âîäîðîäà â ìàòåðèàëå è,

ñîîòâåòñòâåííî, ïðè åãî êîððîçèîííîé çàùèòå.

Êëþ÷åâûå ñëîâà: öèðêîíèé; íèêåëåâûå ïëåíêè; âîäîðîä; ìàãíåòðîííîå íàïûëåíèå;

òåðìîÝÄÑ.
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Nickel films formed on the surface of zirconium alloys are often used to protect materials against hydro-

gen penetration. Hydrogen adsorption on nickel is faster since the latter actively interacts with hydrogen,

oxidizes and forms a protective film. The goal of the study is to develop a method providing control of hy-

drogen absorption by nickel films during vacuum-magnetron sputtering and hydrogenation via measuring

thermoEMF. Zirconium alloy E110 was saturated from the gas phase with hydrogen at a temperature of

350°C and a pressure of 2 atm. A specialized Rainbow Spectrum unit was used for coating. It is shown that

a nickel film present on the surface significantly affects the hydrogen penetration into the alloy. A coating

with a thickness of more than 2 ìm deposited by magnetron sputtering on the surface of a zirconium alloy

with 1% Nb, almost completely protects the alloy against hydrogen penetration. The magnitude of

thermoemf depends on the hydrogen concentration in the zirconium alloy and film thickness. An analysis

of the hysteresis width of the thermoEMF temperature loop and a method for determining the effective
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activation energy of the conductivity of a hydrogenated material coated with a nickel film are presented.

The results of the study can be used in assessing the hydrogen concentration and, hence, corrosion protec-

tion of the material.

Keywords: zirconium; nickel; hydrogen; FEM; thermoEMF; magnetron.

Ââåäåíèå

Àêêóìóëèðîâàíèå âîäîðîäà ïðè ýêñïëóàòà-

öèè èçäåëèé èç öèðêîíèÿ ïðèâîäèò ê îõðóï÷èâà-

íèþ ìàòåðèàëà è ïîñëåäóþùåé äåãðàäàöèè åãî

ìåõàíè÷åñêèõ ñâîéñòâ [1 – 6, 8, 9]. Äëÿ ïîâûøå-

íèÿ âîäîðîäíîé ñòîéêîñòè ïîâåðõíîñòü èçäåëèé

ñïåöèàëüíûì îáðàçîì îáðàáàòûâàþò, ôîðìèðóÿ

íà íåé çàùèòíîå ïîêðûòèå. Òàê, âîçäåéñòâèå íà

ïîâåðõíîñòü öèðêîíèåâûõ ñïëàâîâ èîíàìè (èîí-

íàÿ èìïëàíòàöèÿ) è ýëåêòðîííûìè ïó÷êàìè ñó-

ùåñòâåííî (â 2 – 3 ðàçà) óìåíüøàåò ïðîíèêíîâå-

íèå â ìàòåðèàë âîäîðîäà ïî ñðàâíåíèþ ñ íåîá-

ðàáîòàííûìè îáðàçöàìè [6, 8 – 13]. Íåäîñòàòîê

ïîäîáíûõ ñïîñîáîâ — íåïðîäîëæèòåëüíîñòü çà-

ùèòíîãî äåéñòâèÿ îáðàçóþùèõñÿ ïîñëå îáëó÷å-

íèÿ ýëåêòðîíàìè îêñèäíûõ ïëåíîê, êîòîðûå ïðè

âçàèìîäåéñòâèè ñ âîäîðîäîì ðàñòâîðÿþòñÿ [7, 11,

14]. Âðåìÿ ðàñòâîðåíèÿ îêñèäíîãî ñëîÿ çàâèñèò

îò òåìïåðàòóðû è óìåíüøàåòñÿ ñ åå ðîñòîì.

Äðóãîé ñïîñîá çàùèòû — íàïûëåíèå ïó÷êà-

ìè ýëåêòðîíîâ è èîíîâ ðàçëè÷íûõ ìåòàëëîâ [14 –

18]. Ïåðñïåêòèâíî ïðèìåíåíèå, íàïðèìåð, íèò-

ðèäà òèòàíà TiN, îñàæäåííîãî âàêóóìíûì èîííî-

ïëàçìåííûì ñïîñîáîì [15, 21 – 23].

Ïðè èñïîëüçîâàíèè äëÿ çàùèòû öèðêîíèåâî-

ãî ñïëàâà íèêåëåâûõ ïëåíîê âîäîðîä ïðîíèêàåò

â ïîêðûòèå è ñïëàâ â ïðîöåññå àäñîðáöèè. Ïðè

ýòîì êîëè÷åñòâî àäñîðáèðîâàííîãî âîäîðîäà

óìåíüøàåòñÿ ñ ïîâûøåíèåì òåìïåðàòóðû, îíî

òàêæå çàâèñèò îò ÷èñòîòû, ñòðóêòóðû, ñîñòîÿíèÿ,

âèäà òåðìîîáðàáîòêè è íàëè÷èÿ íàïðÿæåíèé â

íèêåëå [7]. Ôîðìèðóåìàÿ íà ïîâåðõíîñòè íèêåëÿ

òîíêàÿ îêñèäíàÿ ïëåíêà äîïîëíèòåëüíî çàùè-

ùàåò îò îêèñëåíèÿ [3, 6, 7].

Ñòåïåíü âçàèìîäåéñòâèÿ âîäîðîäà ñ öèð-

êîíèåâûì ñïëàâîì â ïðîöåññå åãî èçãîòîâëåíèÿ

(ïîñëå ðàäèàöèîííîãî âîçäåéñòâèÿ è íàïûëåíèÿ)

è ýêñïëóàòàöèè ìîæíî îöåíèòü ïî âåëè÷èíå

òåðìîÝÄÑ [24, 25]. Ïðè ýòîì ìîæíî ïîëó÷èòü èí-

ôîðìàöèþ íå òîëüêî î ðîëè äåôåêòîâ, íî è ìåõà-

íèçìå èõ îáðàçîâàíèÿ.

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà êîíòðîëÿ

ïîãëîùåíèÿ âîäîðîäà íèêåëåâûìè ïëåíêàìè ïðè

âàêóóìíî-ìàãíåòðîííîì íàïûëåíèè è íàâîäîðî-

æèâàíèè èç ãàçîâîé ôàçû ñ ïîìîùüþ îïðåäåëå-

íèÿ òåðìîÝÄÑ.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè ïëîñêèå îáðàçöû öèðêîíèåâîãî

ñïëàâà Ý110 (Zr — 98,8 % ìàññ., Nb — 1, ïðèìåñè

êèñëîðîäà, àçîòà, ìàðãàíöà, àëþìèíèÿ — ìåíåå

0,005 % ìàññ. êàæäûé) ðàçìåðîì 20 × 20 × 0,5 ìì.

Ïîâåðõíîñòü îáðàçöîâ, êîòîðûå âûðåçàëè èç ëèñ-

òà ñïëàâà ìåòîäîì ýëåêòðîèñêðîâîé ðåçêè, ìåõà-

íè÷åñêè øëèôîâàëè. Ñíÿòèå ïîâåðõíîñòíûõ íà-

ïðÿæåíèé è óñòðàíåíèå äåôåêòîâ îñóùåñòâëÿëè

ïóòåì îòæèãà â âàêóóìå ïðè òåìïåðàòóðå 580 °C

â òå÷åíèå 180 ìèí. Èñïîëüçîâàëè âàêóóìíûé äó-

ãîâîé èñïàðèòåëü ñ êîàêñèàëüíûì ïëàçìåííûì

ôèëüòðîì [26, 27].

Íèêåëåâîå ïîêðûòèå íà öèðêîíèåâûé ñïëàâ

íàíîñèëè ñ ïîìîùüþ óñòàíîâêè «Ðàäóãà ñïåêòð»

[16, 17]. Ïðîöåññ îñàæäåíèÿ íèêåëÿ ñõåìàòè-

÷åñêè ïðåäñòàâëåí íà ðèñ. 1. Ïðåäâàðèòåëüíî

îáðàçöû ïîëèðîâàëè íàæäà÷íîé áóìàãîé äî øå-

ðîõîâàòîñòè 0,1 ìêì, çàòåì ïîäâåðãàëè èîííîé

áîìáàðäèðîâêå â àðãîíîâîé ïëàçìå òëåþùåãî

ðàçðÿäà (1500 Â) â òå÷åíèå 5 ìèí. Òîëùèíó íèêå-

ëåâîé ïëåíêè èçìåðÿëè íà ïðèáîðå Calotest

CAT-S-0000 ìåòîäîì øàðîâîãî èñòèðàíèÿ. Ïðî÷-

íîñòü ñöåïëåíèÿ ïîêðûòèÿ ïîâûøàëè ñ ïîìîùüþ

ýëåêòðîäóãîâîãî ðàçðÿäà.

Îáðàçöû ôèêñèðîâàëè â ñïåöèàëüíîì äåðæà-

òåëå, ðàñïîëîæåííîì â âàêóóìíîé êàìåðå (ñì.

ðèñ. 1). Ïðåäåëüíîå îñòàòî÷íîå äàâëåíèå â êàìå-

ðå ñîñòàâëÿëî 2,5 · 10–3 Ïà. Íàíåñåíèå íèêåëÿ

(99,99 % ÷èñòîòû) îñóùåñòâëÿëè ìåòîäîì ðåàê-

òèâíîãî ìàãíåòðîííîãî ðàñïûëåíèÿ. Ïàðàìåòðû

ìàãíåòðîííîãî îñàæäåíèÿ íèêåëÿ è èîííîé î÷è-

ñòêè ïîâåðõíîñòè îáðàçöîâ ïðèâåäåíû â òàáëèöå.

Íàñûùåíèå îáðàçöîâ âîäîðîäîì ïðîâîäèëè

èç ãàçîâîé ñðåäû (äàâëåíèå âîäîðîäà â êàìåðå —

0,6 – 2 àòì.) ïðè òåìïåðàòóðå 350 – 600 °C â òå÷å-

íèå 60 ìèí íà àâòîìàòèçèðîâàííîì êîìïëåêñå
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Ðèñ. 1. Ñõåìà íàíåñåíèÿ ïîêðûòèé íà îáðàçöû öèðêîíè-

åâîãî ñïëàâà

Fig. 1. Diagram of coating application to the samples of zir-

conium alloy



Gas Reaction Controller LPB. Êîíöåíòðàöèþ âî-

äîðîäà îïðåäåëÿëè ñ èñïîëüçîâàíèåì àíàëèçàòî-

ðà RHEN602 (LECO), ñîðáöèþ èññëåäîâàëè ìåòî-

äîì Ñèâåðòñà [6, 19].

Ïîñëå íàíåñåíèÿ ïîêðûòèÿ è íàâîäîðîæèâà-

íèÿ íà îáðàçöû âîçäåéñòâîâàëè ýëåêòðè÷åñêèì

ðàçðÿäîì (ìîùíîñòü — 20 – 45 Âò). Âåëè÷èíó

òåðìîÝÄÑ èçìåðÿëè ñ ïîìîùüþ çîíäà èç çîëîòà

(ïëîùàäü — 1 ìì2) äèôôåðåíöèàëüíûì ìåòîäîì

îòíîñèòåëüíî ýòàëîííîãî ìåäíîãî îáðàçöà, ÷òî

îáåñïå÷èâàëî âûñîêóþ ÷óâñòâèòåëüíîñòü è ìèíè-

ìàëüíûå ïîãðåøíîñòè. Èññëåäóåìûé è ýòàëîí-

íûé îáðàçöû ñîåäèíÿëèñü ìàññèâíûì ìåäíûì

áëîêîì, êîòîðûé íàãðåâàëè. Äëÿ êàæäîãî îáðàç-

öà ïðîâîäèëè ïî 5 èçìåðåíèé ñ ïîâîðîòîì åãî íà

180° äëÿ èñêëþ÷åíèÿ âîçìîæíûõ íåîäíîðîä-

íîñòåé ñòðóêòóðû ïî ïëîùàäè. Ïîãðåøíîñòü

âñëåäñòâèå òåìïåðàòóðíûõ êîëåáàíèé íå ïðåâû-

øàëà 5 % [24].

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 è 3 äëÿ òîëùèíû íèêåëåâîé ïëåíêè

1,54 ìêì ïðèâåäåíû çàâèñèìîñòè âåëè÷èíû òåð-

ìîÝÄÑ E îò îáðàòíîé òåìïåðàòóðû 1/T è êîíöåí-

òðàöèè âîäîðîäà CH â ñïëàâå. Âèäíî, ÷òî ñ ðîñòîì

CH è ïðè ïîâûøåíèè òåìïåðàòóðû (ñ 50 äî 60 °C)
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Ðèñ. 2. Çàâèñèìîñòè E îò 1/T ïðè CH = 2 (1), 1,07 (2), 0

(3), 0,07 (4), 1,5 (5) % ìàññ. (6 — èçîòåðìà 50 °C)

Fig. 2. Dependence of thermoemf E on the inverse temper-

ature 1/T for different hydrogen concentration in the sam-

ple of zirconium alloy CH = 2 (1), 1.07 (2), 0 (3), 0.07 (4),

1.5 wt.% (5) (6 — isotherm 50°C)

Ðèñ. 3. Çàâèñèìîñòè E îò CH ïðè òåìïåðàòóðå 50 (1) è

60 °C (2)

Fig. 3. Dependence of thermoemf E on the hydrogen con-

centration CH at a temperature of 50 (1) and 60°C (2)

Ðèñ. 4. Çàâèñèìîñòè E îò 1/T äëÿ èñõîäíîãî (1) è îáðàáî-

òàííîãî (2) îáðàçöîâ

Fig. 4. Dependence of E on the inverse temperature 1/T for

initial (1) and treated (2) samples

Ïàðàìåòðû èîííîé î÷èñòêè ïîâåðõíîñòè îáðàçöîâ è îñàæäåíèÿ íèêåëÿ

Parameters of the sputtered cleaning of the sample surface and nickel film deposition

Ðàáî÷èé ãàç Ïîòåíöèàë ñìåùåíèÿ, Â Ìîùíîñòü, Âò Òîê, À Äàâëåíèå ãàçà, Ïà Âðåìÿ íàïûëåíèÿ, ìèí

Èîííàÿ ÷èñòêà

Ar 1800 – 2000 400 0,2 0,06 3

Ìàãíåòðîííîå ðàñïûëåíèå

Ar 510 – 520 2000 3,5 0,12 10 – 50



ïðîèñõîäèò ñìåíà çíàêà E è íàáëþäàåòñÿ èíâåð-

ñèÿ òåðìîÝÄÑ.

Èçìåíåíèå òåðìîÝÄÑ ïðè îáðàáîòêå ïîâåðõ-

íîñòè öèðêîíèåâîãî ñïëàâà ïëàçìîé òëåþùåãî

ðàçðÿäà ïðåäñòàâëåíî íà ðèñ. 4 (CH =

= 1,76 % ìàññ.).

Îòìåòèì, ÷òî òàíãåíñ óãëà íàêëîíà êðèâûõ

ÄE/Ä(1/T) îïðåäåëÿåò âåëè÷èíó ýôôåêòèâíîé

ýíåðãèè àêòèâàöèè ýëåêòðîíîâ. Îáðàáîòêà ïî-

âåðõíîñòè ïëàçìîé òëåþùåãî ðàçðÿäà íåçíà÷è-

òåëüíî óìåíüøàåò ýíåðãèþ àêòèâàöèè è ñëàáî

âëèÿåò íà ñîðáöèîííóþ (ïî îòíîøåíèþ ê âîäîðî-

äó) ñïîñîáíîñòü ñïëàâà.

Òåìïåðàòóðíûé ãèñòåðåçèñ òåðìîÝÄÑ äëÿ èñ-

õîäíîãî è îáðàáîòàííîãî ïëàçìîé òëåþùåãî ðàç-

ðÿäà îáðàçöîâ ïðèâåäåí íà ðèñ. 5 (CH =

= 0,51 % ìàññ.). Âèäíî, ÷òî øèðèíà ïåòëè ãèñ-

òåðåçèñà ìåíÿåòñÿ â çàâèñèìîñòè îò îáðàáîòêè

ïîâåðõíîñòè öèðêîíèåâîãî ñïëàâà. Êðîìå òîãî,

óñòàíîâèëè, ÷òî íà øèðèíó ïåòëè òåìïåðàòóð-

íîãî ãèñòåðåçèñà E âëèÿåò êîíöåíòðàöèÿ âîäî-

ðîäà CH.

Èçâåñòíî, ÷òî â íèêåëå âîäîðîä ðàñòâîðÿåòñÿ

â èîíèçèðîâàííîì ñîñòîÿíèè â îòëè÷èå îò öèð-

êîíèÿ, â êîòîðîì ïðîèñõîäèò ïðåèìóùåñòâåí-

íîå îáðàçîâàíèå ãèäðèäîâ [3]. Ñ ðîñòîì òåìïåðà-

òóðû ðàñòâîðèìîñòü âîäîðîäà â íèêåëå ïîâûøà-

åòñÿ, à ïðè åå ïîíèæåíèè íàáëþäàåòñÿ âûäåëå-

íèå âîäîðîäà.

Óâåëè÷åíèå òîëùèíû ïîêðûòèÿ ïðèâîäèò ê

óìåíüøåíèþ ñêîðîñòè ïîãëîùåíèÿ âîäîðîäà.

Òàê, äëÿ îáðàçöà áåç ïîêðûòèÿ ñêîðîñòü ñîñòàâè-

ëà 12 · 10–3 ñì3/(ñì2 · ñ), ïðè òîëùèíå ïëåíêè

0,54 ìêì — 9,6 · 10–3, ïðè 2,04 ìêì — 0,032 ×

× 10–3 ñì3/(ñì2 · ñ).

Âëèÿíèå òîëùèíû ïîêðûòèÿ íà âåëè÷èíó

òåðìîÝÄÑ â óñëîâèÿõ ðàçëè÷íîé íàãðóçêè íà

çîíä ïðèâåäåíî íà ðèñ. 6 (CH = 1,07 % ìàññ.).

Íàáëþäàåìûé ñòóïåí÷àòûé õàðàêòåð êðèâûõ,

âîçìîæíî, ñâÿçàí ñ «ïðûæêîâîé» ïðîâîäèìîñòüþ

â îáðàçöàõ ñ ïîêðûòèåì. Ìîæíî ïðåäïîëîæèòü,

÷òî ïëåíêà ñîçäàåò ñâîåîáðàçíûé çàïèðàþùèé

ïîòåíöèàë äëÿ îáðàçîâàíèÿ âîäîðîäíîé àòìîñôå-

ðû â ñëîå îñíîâíîãî ìåòàëëà. Ïðè ýòîì ìåíÿåòñÿ

ïëîòíîñòü ýëåêòðîííûõ ñîñòîÿíèé íà ãðàíèöå

Zr – Ni, êîòîðàÿ òàêæå çàâèñèò îò êîíöåíòðàöèè

âîäîðîäà.

Ïîñêîëüêó èññëåäóåìûé ñïëàâ ìîæíî îòíåñòè

ê ïåðåõîäíûì ìåòàëëàì, äëÿ òåðìîÝÄÑ èñïîëü-

çîâàëè ñëåäóþùóþ ôîðìóëó:
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ãäå kÁ — ïîñòîÿííàÿ Áîëüöìàíà; T — òåìïåðàòó-

ðà; e, å — çàðÿä è ýíåðãèÿ ýëåêòðîíà; Nd — ïëîò-

íîñòü ýëåêòðîííûõ ñîñòîÿíèé â d-çîíå; F — ïëî-

ùàäü ïîâåðõíîñòè Ôåðìè; åF — ýíåðãèÿ Ôåðìè.

Ïðè âíåäðåíèè âîäîðîäà èçìåíåíèå E â îñ-

íîâíîì îïðåäåëÿåòñÿ �Nd/�å. Âåëè÷èíà �Nd/�å çà-

âèñèò îò ïëîòíîñòè ýëåêòðîííûõ ñîñòîÿíèé â

d-çîíå è ñ ïðèáëèæåíèåì óðîâíÿ Ôåðìè ê âåðõ-

íåé ãðàíèöå çîíû ñòàíîâèòñÿ îòðèöàòåëüíîé.

Âîçìîæíî, �F/�E èãðàåò ðåøàþùóþ ðîëü ïðè

âíåäðåíèè âîäîðîäà â ñèñòåìó Zr – Ni, ÷òî, ïî-

âèäèìîìó, ïðèâîäèò ê ñìåíå çíàêà òåðìîÝÄÑ â

óñëîâèÿõ êðèòè÷åñêîãî íàñûùåíèÿ ñïëàâà âîäî-

ðîäîì.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 8 35

Ðèñ. 5. Òåìïåðàòóðíûå çàâèñèìîñòè E äëÿ èñõîäíîãî (1,

1*) è îáðàáîòàííîãî ïëàçìîé òëåþùåãî ðàçðÿäà (2, 2*) îá-

ðàçöîâ ïðè èõ íàãðåâå è îõëàæäåíèè ñîîòâåòñòâåííî

Fig. 5. Temperature dependences of E for initial (1, 1*) and

treated by glow discharge plasma (2, 2*) samples upon their

heating and cooling, respectively

Ðèñ. 6. Çàâèñèìîñòè E îò òîëùèíû ïîêðûòèÿ h ïðè ñèëå

ïðèæàòèÿ çîíäà ê îáðàçöó 0,3 (1), 0,2 (2) è 0 Í (3)

Fig. 6. Dependence of E on the coating thickness h for the

force of the probe pressing to the sample 0.3 (1), 0.2 (2), and

0 N (3)



Â îáëàñòè òåìïåðàòóð, ïðè êîòîðûõ ïðîâîäè-

ìîñòü ìåíÿåòñÿ ïî àêòèâàöèîííîìó çàêîíó, òåì-

ïåðàòóðíàÿ çàâèñèìîñòü òåðìîÝÄÑ îïèñûâàåòñÿ

âûðàæåíèåì
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, (2)

ãäå A — êèíåòè÷åñêèé ïàðàìåòð, íå çàâèñÿùèé

îò òåìïåðàòóðû; Es — ýôôåêòèâíàÿ ýíåðãèÿ àê-

òèâàöèè ïðîâîäèìîñòè ýëåêòðîíîâ.

Òàêèì îáðàçîì, ïî ýêñïåðèìåíòàëüíî èçìå-

ðåííîé òåðìîÝÄÑ ìîæíî îïðåäåëèòü ïðîâîäè-

ìîñòü ìàòåðèàëà è òåì ñàìûì îïåðàòèâíî îöå-

íèòü êîíöåíòðàöèþ âîäîðîäà â íåì.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ñ

óâåëè÷åíèåì òîëùèíû íèêåëåâîãî ïîêðûòèÿ

öèðêîíèåâîãî ñïëàâà Ý110, íàíåñåííîãî ñïîñî-

áîì âàêóóìíî-ìàãíåòðîííîãî íàïûëåíèÿ, ìåíÿ-

åòñÿ âåëè÷èíà òåðìîÝÄÑ (ïëåíêà òîëùèíîé áî-

ëåå 2 ìêì çàùèùàåò ñïëàâ îò ïðîíèêíîâåíèÿ âî-

äîðîäà ïðàêòè÷åñêè ïîëíîñòüþ). Îïðåäåëÿÿ ïðî-

âîäèìîñòü ìàòåðèàëà ïî èçìåðåííûì çíà÷åíèÿì

òåðìîÝÄÑ, ìîæíî îñóùåñòâëÿòü êîíòðîëü êðèòè-

÷åñêîãî ñîäåðæàíèÿ âîäîðîäà â èçäåëèè è, ñîîò-

âåòñòâåííî, ñòåïåíè åãî îõðóï÷èâàíèÿ. Ïðè ýòîì

íåîáõîäèìî ó÷èòûâàòü, ÷òî îáðàáîòêà ïîâåðõíî-

ñòè íàïûëåííîãî ìàòåðèàëà ïëàçìîé òëåþùåãî

ðàçðÿäà íåçíà÷èòåëüíî âëèÿåò íà ïðîíèöàåìîñòü

âîäîðîäà è âåëè÷èíó òåðìîÝÄÑ.

Áëàãîäàðíîñòè

Ðàáîòà âûïîëíåíà ñ èñïîëüçîâàíèåì íàó÷íî-

ãî îáîðóäîâàíèÿ öåíòðà êîëëåêòèâíîãî èñïîëüçî-

âàíèÿ ÒÏÓ.
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