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Ýêñïðåññíîå îïðåäåëåíèå öåôàëîñïîðèíîâûõ àíòèáèîòèêîâ â áèîëîãè÷åñêèõ æèäêîñòÿõ

íåîáõîäèìî äëÿ îöåíêè ôèçèîëîãè÷åñêèõ è áèîõèìè÷åñêèõ ïðîöåññîâ, ïðîòåêàþùèõ â îð-

ãàíèçìå. Ðàçðàáîòàíû ïëàíàðíûå íåìîäèôèöèðîâàííûå è ìîäèôèöèðîâàííûå ïîëèàíè-

ëèíîì (0,3 – 1 %), íàíî÷àñòèöàìè NiZnFeO è èõ áèíàðíûìè ñìåñÿìè ïîòåíöèîìåòðè÷åñêèå

ñåíñîðû ðàçëè÷íûõ òèïîâ íà îñíîâå àññîöèàòîâ òåòðàäåöèëàììîíèÿ (ÒÄÀ) ñ êîìïëåêñíû-

ìè ñîåäèíåíèÿìè ñåðåáðî(I) — â-ëàêòàì, ÷óâñòâèòåëüíûå ê öåôàçîëèíó (Cef), öåôóðîêñè-

ìó (Cefur) è öåôòðèàêñîíó (Ceftr). Â ñåíñîðàõ I òèïà ýëåêòðîäíî-àêòèâíûå êîìïîíåíòû

(ÝÀÑ) è ìîäèôèêàòîðû âíîñèëè â óãëåðîäñîäåðæàùèå ÷åðíèëà, â ñåíñîðàõ II òèïà èñïîëü-

çîâàëè ïîëèâèíèëõëîðèäíûå ïëàñòèôèöèðîâàííûå íåìîäèôèöèðîâàííûå è ìîäèôèöè-

ðîâàííûå ìåìáðàíû íà îñíîâå [Ag2(Ceftr)2]2 · 2ÒÄÀ. Îöåíåíû ýëåêòðîàíàëèòè÷åñêèå è

îïåðàöèîííûå õàðàêòåðèñòèêè íåìîäèôèöèðîâàííûõ è ìîäèôèöèðîâàííûõ ïëàíàðíûõ

ñåíñîðîâ â âîäíûõ ðàñòâîðàõ öåôàçîëèíà, öåôóðîêñèìà, öåôòðèàêñîíà è íà ôîíå ðîòîâîé

æèäêîñòè. Ïîêàçàíî, ÷òî ââåäåíèå ìîäèôèêàòîðîâ â óãëåðîäñîäåðæàùèå ÷åðíèëà ñåíñîðîâ

ïðèâîäèò ê ñòàáèëèçàöèè èõ ïîòåíöèàëà, óâåëè÷åíèþ óãëîâûõ êîýôôèöèåíòîâ ýëåêòðî-

äíûõ ôóíêöèé, ñíèæåíèþ ïðåäåëà îáíàðóæåíèÿ àíòèáèîòèêîâ äî 1,7 · 10–5 ìîëü/ë, óìåíü-

øåíèþ âðåìåíè îòêëèêà è äðåéôà ïîòåíöèàëà. Íàèáîëåå ýôôåêòèâíûì ìîäèôèêàòîðîì

îêàçàëèñü íàíî÷àñòèöû NiZnFeO. Äëÿ ñåíñîðîâ II òèïà ýëåêòðîäíûå ôóíêöèè ëèíåéíû â

èíòåðâàëå êîíöåíòðàöèé 3,1 · 10–5 – 0,1 · 10–1 ìîëü/ë öåôòðèàêñîíà. Â çàâèñèìîñòè îò ñî-

äåðæàíèÿ ÝÀÑ â ôàçå ìåìáðàí íåìîäèôèöèðîâàííûõ ïëàíàðíûõ ñåíñîðîâ óãëîâûå êîýô-

ôèöèåíòû ýëåêòðîäíûõ ôóíêöèé èçìåíÿþòñÿ â ïðåäåëàõ 25 – 27 ìÂ/pC è ñîîòâåòñòâóþò

íåðíñòîâñêèì çíà÷åíèÿì äëÿ äâóçàðÿäíûõ èîíîâ. Èíòåðâàëû ëèíåéíîñòè ýëåêòðîäíûõ

ôóíêöèé ñåíñîðîâ èäåíòè÷íû ïðè âñåõ èññëåäóåìûõ êîíöåíòðàöèÿõ ÝÀÑ; ñ óâåëè÷åíèåì

CÝÀÑ óìåíüøàþòñÿ äðåéô ïîòåíöèàëà è âðåìÿ îòêëèêà. Ðàçðàáîòàííûå ïëàíàðíûå ñåíñî-

ðû èñïîëüçîâàëè äëÿ îïðåäåëåíèÿ öåôàëîñïîðèíîâûõ àíòèáèîòèêîâ â ìîäåëüíûõ âîäíûõ

ðàñòâîðàõ, ëåêàðñòâåííûõ ïðåïàðàòàõ è ðîòîâîé æèäêîñòè.
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Pluripotential cephalosporin antibiotics of different generations active against Gram-negative bacteria are

used when treating urinary tract infections, mild and moderate pyelonephritis, acute otitis in children,
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etc. Rapid determination of cephalosporin antibiotics in the biological fluids is important to evaluate phys-

iological and biochemical processes resulting from their metabolism in a human organism. Planar

potentiometric sensors of different types — unmodified and modified with polyaniline (0.3 – 1%),

NiZnFeO nanoparticles, and their binary mixes — are developed on the basis of associates of tetra-

decylammonium (TDA) with complex compounds silver (I) — â-lactam [Ag (I) – (â-lac)
2
] which are sensi-

tive to some cephalosporin antibiotics, i.e., cefazoline (Cef), cefuroksime (Cefur) and ceftriaksone (Ceftr).

In the sensors of type I, electrode-active components (EAC) and modifiers were added to carbon-contain-

ing ink, whereas in type II sensors the polyvinylchloride plasticized unmodified and modified membranes

based on [Ag
2
(Ceftr)

2
]
2

· 2TDA were used. Electroanalytic and operational characteristics of unmodified

and modified planar sensors in aqueous solutions of cefazoline, cefuroxime, ceftriaxone and against the

background of oral fluid were estimated. It is shown that introduction of the modifiers into sensor mem-

branes leads to stabilization of their potential, increases angular coefficients of electrode functions, de-

creases the antibiotic detection limit to 1.7 × 10–5 M, reduces the response time and potential drift.

Nanoparticles of NiZnFeO appeared to be the most effective modifier. For the sensors of type II linearity of

electrode functions is observed in the range of ceftriaxone concentrations of 3.1 × 10–5 – 0.1 × 10–1 M.

Depending on the content of the electrode active components in the membrane phase of the unmodified

planar sensors, the values of the angular coefficients of the electrode functions vary within 25 – 27 mV/pC

and correspond to the values of the non-static value for doubly-charged ions. The linearity intervals of sen-

sor electrode functions are identical at all EAC concentrations under study; as Ceas increases, potential

drift and response time decreases. The developed planar sensors were used for determination of

cephalosporin antibiotics in model aqueous solutions, medicinal preparations and oral fluid.

Keywords: cefazoline; cefuroxime; ceftriaxone; potentiometric sensor; polyaniline; nanoparticles; medici-

nal and biological media.

Ââåäåíèå

Â ïîñëåäíåå âðåìÿ äëÿ àíàëèçà ðàçëè÷íûõ

îáúåêòîâ âñå ÷àùå èñïîëüçóþò ïëàíàðíûå ñåíñî-

ðû, äîñòîèíñòâàìè êîòîðûõ ÿâëÿþòñÿ íèçêàÿ

ñòîèìîñòü, ïðîñòîòà èçãîòîâëåíèÿ, âîçìîæíîñòü

ìèíèàòþðèçàöèè è ðàáîòû â ðåæèìå online. Ñïî-

ñîáû èçãîòîâëåíèÿ ìåìáðàí, óãëåðîäñîäåðæàùèõ

÷åðíèë ñåíñîðîâ, ÷óâñòâèòåëüíûõ ê ïîâåðõíîñò-

íî-àêòèâíûì âåùåñòâàì, îïòèìèçèðîâàíû àâòî-

ðàìè ðàáîòû [1], âëèÿíèå òèïà è ñîäåðæàíèÿ

ïëàñòèôèêàòîðîâ íà õàðàêòåðèñòèêè ñåíñîðîâ

ðàññìîòðåíî â ðàáîòå [2].

Ñðàâíåíèå ïëàíàðíûõ ýëåêòðîäîâ, èçãî-

òîâëåííûõ ñ èñïîëüçîâàíèåì äâóõ êîììåð÷åñêèõ

óãëåðîäíûõ ÷åðíèë, ïðîâåäåíî â ðàáîòå [3]. Ïî-

âåðõíîñòü ýëåêòðîäîâ îáðàáàòûâàëè ñ ïîìîùüþ

óëüòðàçâóêà è ýëåêòðîõèìè÷åñêîãî àíîäèðîâà-

íèÿ. Ïðè îáðàáîòêå ýëåêòðîäîâ äèìåòèëôîðìà-

ìèäîì óëó÷øàëèñü èõ ýëåêòðîõèìè÷åñêèå õàðàê-

òåðèñòèêè [4].

Â íàñòîÿùåå âðåìÿ âñå áîëüøå âíèìàíèå óäå-

ëÿþò ïîèñêàì íîâûõ ìîäèôèêàòîðîâ ïîâåðõíî-

ñòè ýëåêòðîäîâ. Íàèáîëåå ïåðñïåêòèâíûì â ýëåê-

òðîõèìè÷åñêîì àíàëèçå ÿâëÿåòñÿ ìîäèôèöèðîâà-

íèå ñåíñîðîâ ìàòåðèàëàìè íà îñíîâå óãëåðîäà,

íàíî÷àñòèö ìåòàëëîâ è èõ îêñèäîâ, êîòîðûå õà-

ðàêòåðèçóþòñÿ âûñîêîé ýëåêòðîïðîâîäíîñòüþ,

èìåþò øèðîêóþ îáëàñòü ïîëÿðèçóåìîñòè, íèçêèé

ôîíîâûé òîê, à òàêæå îòëè÷àþòñÿ íèçêîé ñòîè-

ìîñòüþ [5].

Ýëåêòðîäû ñ òðàôàðåòíîé ïå÷àòüþ, ìîäèôè-

öèðîâàííûå îêñèäîì ãðàôåíà è íàíî÷àñòèöàìè

çîëîòà, èñïîëüçîâàëè äëÿ îïðåäåëåíèÿ äîôàìè-

íà, àñêîðáèíîâîé è ìî÷åâîé êèñëîò â ìî÷å ÷åëî-

âåêà [6]; ìîäèôèöèðîâàííûå îêñèäîì ãðàôåíà è

íàíî÷àñòèöàìè äèîêñèäà ìàðãàíöà — äëÿ îïðå-

äåëåíèÿ êîýíçèìà Q-10 è á-ëèïîåâîé êèñëîòû â

ïèùåâûõ ïðîäóêòàõ [7]; ìîäèôèöèðîâàííûå íà-

íî÷àñòèöàìè çîëîòà — äëÿ îïðåäåëåíèÿ ëåâîäî-

ïû â ñûâîðîòêå êðîâè ÷åëîâåêà [9], òðåñòàçû â

îáðàçöàõ ðàñòåíèé [8], ãåíòàìèöèíà â ôàðìàöåâ-

òè÷åñêèõ ïðåïàðàòàõ [10], ôëóêëîêñàöèëëèíà â

ïëàçìå êðîâè è ìî÷å ÷åëîâåêà [11].

Ìîäèôèöèðîâàííûå òâåðäîêîíòàêòíûå è

ïëàíàðíûå ñåíñîðû íà îñíîâå óãëåðîäíûõ ìàòå-

ðèàëîâ äëÿ îïðåäåëåíèÿ öåôóðîêñèìà è öåôà-

ëåêñèíà ïðåäëîæåíû àâòîðàìè ðàáîò [12, 13].

Íà ñåãîäíÿøíèé äåíü àêòóàëüíîé ïðîáëåìîé

ÿâëÿåòñÿ îñóùåñòâëåíèå ëåêàðñòâåííîãî ìîíèòî-

ðèíãà, êîòîðûé îáåñïå÷èâàåò âûáîð àäåêâàòíîé

èíäèâèäóàëüíîé äîçû è ñõåìû ïðèìåíåíèÿ àíòè-

áèîòèêîâ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè è áåçî-

ïàñíîñòè ëå÷åíèÿ. Öåôàëîñïîðèíîâûå àíòèáèî-

òèêè ðàçëè÷íûõ ïîêîëåíèé, îáëàäàþùèå øèðî-

êèì ñïåêòðîì àêòèâíîñòè â îòíîøåíèè ãðàìîòðè-

öàòåëüíûõ áàêòåðèé, ïðèìåíÿþò ïðè ëå÷åíèè

èíôåêöèé ìî÷åâûâîäÿùèõ ïóòåé, ïèåëîíåôðèòà

ëåãêîé è ñðåäíåé òÿæåñòè, îñòðîãî îòèòà ó äåòåé

è äð. [14, 15]. Ýôôåêòèâíîñòü ëå÷åíèÿ â çíà÷è-

òåëüíîé ñòåïåíè çàâèñèò îò èíäèâèäóàëüíîãî

âîñïðèÿòèÿ ïðåïàðàòà, ñòåïåíè íàêîïëåíèÿ âå-

ùåñòâà îðãàíàìè è òêàíÿìè, à òàêæå îò âðåìåíè

ðàñïàäà àíòèáèîòèêà â îðãàíèçìå. Ýêñïðåññíîå

îïðåäåëåíèå öåôàëîñïîðèíîâûõ àíòèáèîòèêîâ â

áèîëîãè÷åñêèõ æèäêîñòÿõ íåîáõîäèìî äëÿ îöåí-

êè ôèçèîëîãè÷åñêèõ è áèîõèìè÷åñêèõ ïðîöåññîâ

îðãàíèçìà.

Â îñíîâíîì äëÿ îïðåäåëåíèÿ öåôàëîñïîðè-

íîâûõ àíòèáèîòèêîâ â ëåêàðñòâåííûõ è áèîëî-

ãè÷åñêèõ ñðåäàõ èñïîëüçóþò ñïåêòðîìåòðè÷å-

ñêè÷åñêèå, õðîìàòîãðàôè÷åñêèå è âîëüòàìïåðî-

ìåòðè÷åñêèå ìåòîäû àíàëèçà [6]. Ïîòåíöèîìåò-

ðè÷åñêèå ñåíñîðû ïîçâîëÿþò ïðîâîäèòü ýêñ-

ïðåññíîå îïðåäåëåíèå ðàçëè÷íûõ âåùåñòâ, â òîì
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÷èñëå è â ìèêðîîáúåìàõ ïðîá. Â ëèòåðàòóðå îïè-

ñàíû ïîòåíöèîìåòðè÷åñêèå ñåíñîðû, ÷óâñòâè-

òåëüíûå ê íåêîòîðûì â-ëàêòàìíûì àíòèáèîòè-

êàì [12, 13, 16].

Â ïîñëåäíåå âðåìÿ âñå áîëüøåå âíèìàíèå

ïðèâëåêàþò ïðîñòûå, áåçáîëåçíåííûå, íåèíâà-

çèâíûå ìåòîäû èññëåäîâàíèÿ, òàêèå êàê ñàëèâà-

äèàãíîñòèêà. Ñìåøàííàÿ ñëþíà (ðîòîâàÿ æèä-

êîñòü — ÆÐÏ) îáëàäàåò öåëûì ñïåêòðîì ñâîéñòâ,

÷òî ïîçâîëÿåò ïðèìåíÿòü åå äëÿ èññëåäîâàíèÿ

ðàçëè÷íûõ ïàòîëîãè÷åñêèõ ñîñòîÿíèé [17]. Ñóùå-

ñòâóåò âûðàæåííàÿ ñâÿçü ìåæäó õàðàêòåðèñòèêà-

ìè ñëþíû è ïàðàìåòðàìè êðîâè [18].

Öåëü íàñòîÿùåé ðàáîòû — ñîçäàíèå íåìîäè-

ôèöèðîâàííûõ è ìîäèôèöèðîâàííûõ ïëàíàð-

íûõ ïîòåíöèîìåòðè÷åñêèõ ñåíñîðîâ ðàçëè÷íûõ

òèïîâ íà îñíîâå àññîöèàòîâ òåòðàäåöèëàììî-

íèÿ (TDA) ñ êîìïëåêñíûìè ñîåäèíåíèÿìè ñåðåá-

ðî (²) — â-ëàêòàì äëÿ ýêñïðåññíîãî äåòåêòèðîâà-

íèÿ íåêîòîðûõ öåôàëîñïîðèíîâûõ àíòèáèîòèêîâ

â âîäíûõ è áèîëîãè÷åñêèõ ñðåäàõ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àïïàðàòóðà è ðåàêòèâû. Îáúåêòàìè íàñòîÿ-

ùåãî èññëåäîâàíèÿ ñëóæèëè öåôàëîñïîðèíîâûå

àíòèáèîòèêè ðàçëè÷íûõ ïîêîëåíèé: öåôàçîëèí

(Cef) — êèñëîòíûé àíòèáèîòèê ² ïîêîëåíèÿ —

;

öåôóðîêñèì (Cefur1) — êèñëîòíûé àíòèáèîòèê ²²

ïîêîëåíèÿ —

;

öåôòðèàêñîí (Ceftr) — àìôîòåðíûé àíòèáèîòèê

²²² ïîêîëåíèÿ —

;

öåôóðîêñèì àêñåòèë — ýôèð öåôóðîêñèìà —

.

Äëÿ ïðèãîòîâëåíèÿ 0,01 Ì ðàñòâîðîâ àíòè-

áèîòèêîâ èñïîëüçîâàëè ñëåäóþùèå ïðåïàðàòû:

«Öåôàçîëèí» ïðîèçâîäñòâà ÎÀÎ «Áèîñèíòåç»

(ã. Ïåíçà); «Öåôóðóñ» (ÎÀÎ «Ñèíòåç», ã. Êóðãàí);

«Öåôóðîêñèì» (ÎÀÎ «Êðàñôàðìà», ã. Êðàñíî-

ÿðñê); «Öåôóðàáîë» (ÎÎÎ «ÀÁÎËìåä», ã. Íîâî-

ñèáèðñê); «Öåôòðèàêñîí» (Vertex Exports, Èíäèÿ

è ÎÀÎ «Áèîñèíòåç», ã. Ìîñêâà) — â âèäå ïîðîø-

êîâ ïî 1,0 ã âî ôëàêîíàõ è «Öåôóðîêñèì àêñå-

òèë» — â ôîðìå ñóñïåíçèè «Çèííàò» (Glaxo Ope-

rations UK, Ltd, Âåëèêîáðèòàíèÿ).

Íàâåñêè ïðåïàðàòîâ ðàñòâîðÿëè â äèñòèëëè-

ðîâàííîé âîäå; ðàáî÷èå ðàñòâîðû ñ êîíöåíòðà-

öèÿìè 1 · 10–2, 5 · 10–3; 1 · 10–3; 5 · 10–4; 1 · 10–4,

1 · 10–5 ìîëü/ë ïîëó÷àëè ïîñëåäîâàòåëüíûì ðàç-

áàâëåíèåì èñõîäíûõ ðàñòâîðîâ.

Â êà÷åñòâå ýëåêòðîäíî-àêòèâíûõ ñîåäèíåíèé

(ÝÀÑ) èñïîëüçîâàëè èîííûå àññîöèàòû òåòðà-

äåöèëàììîíèÿ ñ êîìïëåêñíûìè ñîåäèíåíèÿìè

Ag (I) – â-lac. 0,01 Ì ðàñòâîð áðîìèäà òåòðàäå-

öèëàììîíèÿ (Sigma Aldrich) ãîòîâèëè ðàñòâîðå-

íèåì 0,0329 ã âåùåñòâà â 5 ìë õëîðîôîðìà (â äå-

ëèòåëüíîé âîðîíêå). Ðàñòâîðû íèòðàòà ñåðåáðà

(0,01 Ì) è õëîðèäà íàòðèÿ (0,1 Ì) ãîòîâèëè ðàñ-

òâîðåíèåì òî÷íûõ íàâåñîê â äèñòèëëèðîâàííîé

âîäå.

Ìîäèôèêàòîðàìè ñëóæèëè êîììåð÷åñêèå

ïðåïàðàòû: ïîëèàíèëèí (ýìåðàëüäèí) (ÏÀÍè)

,

íàíî÷àñòèöû NiZnFeO (d = 50, Sigma-Aldrich) è

áèíàðíûå ñìåñè ÏÀÍè ñ íàíî÷àñòèöàìè â ñîîò-

íîøåíèè 1:1.

Ñèíòåç ÝÀÑ — [Ag(â-lac)2]ÒÄÀ — îñóùåñòâ-

ëÿëè â äâà ýòàïà: 1) 5 ìë 0,02 Ì âîäíîãî ðàñòâîðà

öåôòðèàêñîíà (öåôàçîëèíà, öåôóðîêñèìà) ïîìå-

ùàëè â êîíè÷åñêóþ êîëáó, äîáàâëÿëè 5 ìë 0,01 Ì

ðàñòâîðà íèòðàòà ñåðåáðà è 1 – 2 êàïëè NaOH

äëÿ ñîçäàíèÿ ùåëî÷íîé ñðåäû (ðÍ � 8), ñìåñü

òùàòåëüíî ïåðåìåøèâàëè; 2) â äåëèòåëüíóþ âî-

ðîíêó ïîìåùàëè 5 ìë âîäíîãî ðàñòâîðà êîì-

ïëåêñíîãî ñîåäèíåíèÿ ñåðåáðî (²) — àíòèáèîòèê

è 5 ìë 0,01 Ì ðàñòâîðà ÒÄÀ â õëîðîôîðìå, ïîëó-

÷åííóþ ñìåñü âñòðÿõèâàëè â òå÷åíèå äâóõ ÷àñîâ,

çàòåì õëîðîôîðìíûé ñëîé îòäåëÿëè îò âîäíîé
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ôàçû â ïðåäâàðèòåëüíî âçâåøåííûé áþêñ è îñ-

òàâëÿëè ïîä òÿãîé äî ïîëíîãî èñïàðåíèÿ õëîðî-

ôîðìà.

Ñèíòåç ÝÀÑ ñ èñïîëüçîâàíèåì öåôòðèàêñîíà

îñóùåñòâëÿëè ïî ðåàêöèè

2 2
2 2

2

2 2

2ÒÄÀ Ag Ceftr Ag Ceftr ÒÄÀ� � � �
� �( ) [ ( ) ] · .

Ìåìáðàíû ñåíñîðîâ ñîäåðæàëè â êà÷åñòâå

èíåðòíîé ìàòðèöû ïîëèâèíèëõëîðèä (ÏÂÕ)

ìàðêè Ñ-70 (÷äà), ðàñòâîðèòåëü-ïëàñòèôèêà-

òîð — äèáóòèëôòàëàò (ÄÁÔ) è ýëåêòðîäíî-

àêòèâíîå ñîåäèíåíèå (CÝÀÑ = 1 – 3 %). Â ìîäèôè-

öèðîâàííûõ ìåìáðàíàõ ñîîòíîøåíèå ìîäèôèêà-

òîð:ÝÀÑ = 1:1.

Óãëåðîäñîäåðæàùèå ÷åðíèëà ãîòîâèëè, ïîìå-

ùàÿ â ñòåêëÿííûå áþêñû 0,3627 ã ÄÁÔ, 0,6166 ã

ïîðîøêà óãëåðîäà è 0,0399 ã ÝÀÑ. Áþêñ ïîìåùà-

ëè íà ìàãíèòíóþ ìåøàëêó, ïðè íåáîëüøîì íà-

ãðåâàíèè äîáàâëÿëè 2 ìë ðàñòâîðèòåëÿ (ñìåñü

àöåòîíà è öèêëîãåêñàíîíà â ñîîòíîøåíèè 1:1)

è ïîñòåïåííî — íàâåñêó ÏÂÕ ìàññîé 1,0156 ã.

Ñìåñü ïåðåìåøèâàëè äî ãîìîãåííîãî ñîñòîÿíèÿ.

Îïòèìàëüíîå ñîîòíîøåíèå êîìïîíåíòîâ óãëåðîä-

ñîäåðæàùèõ ÷åðíèë: 30 – 32 % óãëåðîäà, 16 –

18 % ÏÂÕ, 48 – 50 % ïëàñòèôèêàòîðà, 2 – 5 %

ÝÀÑ [13].

Â ðàáîòå èññëåäîâàëè êàê íåìîäèôèöèðîâàí-

íûå ïëàíàðíûå ñåíñîðû (ÝÀÑ âíîñèëè â óãëåðîä-

ñîäåðæàùèå ÷åðíèëà, CÝÀÑ = 2 %), òàê è ìîäèôè-

öèðîâàííûå ñåíñîðû I òèïà (â óãëåðîäñîäåðæà-

ùèå ÷åðíèëà âíîñèëè ÝÀÑ è ìîäèôèêàòîðû —

ïîëèàíèëèí (0,3 – 1,0 %), íàíî÷àñòèöû NiZnFeO

è áèíàðíûå ñìåñè ïîëèàíèëèíà è íàíî÷àñòèö è

II òèïà (íà óãëåðîäñîäåðæàùèå ÷åðíèëà íàíîñè-

ëè ÏÂÕ-ìåìáðàíû, ñîäåðæàùèå 1 – 3 % ÝÀÑ è

ìîäèôèêàòîðû.

Ðàçìåð ñåíñîðîâ ðàçëè÷íûõ òèïîâ ñîñòàâëÿë

30 × 12 ìì (ðèñ. 1). Â êà÷åñòâå ïîäëîæåê èñïîëü-

çîâàëè ÏÂÕ, ïîëèýôèðíîå âîëîêíî, àêðèëîâûé

ïëàñòèê.

Ïîäãîòîâêà ñåíñîðîâ ê ðàáîòå. Ñåíñîðû ïå-

ðåä íà÷àëîì ðàáîòû êîíäèöèîíèðîâàëè â òå÷å-

íèå ñóòîê â 1 · 10–3 Ì ðàñòâîðàõ ñîîòâåòñòâóþùèõ

àíòèáèîòèêîâ.

Èçìåðåíèÿ ÝÄÑ ïðîâîäèëè ñ èñïîëüçîâàíèåì

ýëåìåíòîâ ñ ïåðåíîñîì òèïà:

Ag, AgCl/KClíàñ//èññëåäóåìûé ðàñòâîð/óãëå-

ðîäñîäåðæàùèå ÷åðíèëà;

Ag, AgCl/KClíàñ//èññëåäóåìûé ðàñòâîð/ìåìáðà-

íà/ìîäèôèêàòîð/óãëåðîäñîäåðæàùèå ÷åðíèëà.

Êîíòàêò ìåæäó ïîëóýëåìåíòàìè îñóùåñòâëÿ-

ëè ñ ïîìîùüþ ñîëåâîãî ìîñòèêà, çàïîëíåííîãî

íàñûùåííûì ðàñòâîðîì õëîðèäà êàëèÿ; ýëåêòðîä

ñðàâíåíèÿ — õëîðèäñåðåáðÿíûé ÝÂË-1ÌÇ. Çíà-

÷åíèå ÝÄÑ öåïè èçìåðÿëè ñ ïîìîùüþ èîíîìåðà

È-160 Ì ïðè òåìïåðàòóðå 20 ± 3 °C (ïîãðåø-

íîñòü èçìåðåíèÿ ÝÄÑ — ±1 ìÂ).

Äëÿ óäàëåíèÿ áåëêîâûõ êîìïîíåíòîâ èç

ñìåøàííîé ñëþíû äîíîðîâ èñïîëüçîâàëè öåí-

òðèôóãó ÖËÌÈ-Ð10-01 — «Ýëåêîí» (Ðîññèÿ),

âåñû àíàëèòè÷åñêèå HR-250A (252 ã/0,1 ìã, AND,

ßïîíèÿ).

Îáñóæäåíèå ðåçóëüòàòîâ

Öåôàçîëèí è öåôóðîêñèì — àíòèáèîòèêè êè-

ñëîòíîãî òèïà — ïîëíîñòüþ äèññîöèèðóþò ïðè

pH = 5. Öåôàëîñïîðèíû ïîäâåðæåíû ãèäðîëèçó:

ïðè ðàñêðûòèè â-ëàêòàìíîãî êîëüöà îáðàçóåòñÿ

7-àìèíîöåôàëîñïîðàíîâàÿ êèñëîòà [14]. Öåôó-

ðîêñèì àêñåòèë — ýôèð öåôóðîêñèìà — ãèäðîëè-

çóåòñÿ äî öåôóðîêñèìà (â âîäíîé ñðåäå è êèøå÷-

íèêå) [15].

Öåôòðèàêñîí îòíîñèòñÿ ê àíòèáèîòèêàì àì-

ôîòåðíîãî òèïà, â áîêîâîé öåïè ñîäåðæèò àìèíî-

òèàçîëüíóþ ãðóïïó; àòîì àçîòà òèàçîëüíîãî öèê-

ëà ÿâëÿåòñÿ ñëàáîîñíîâíûì è ñïîñîáåí ïðèñîåäè-

íÿòü ïðîòîí. Äëÿ öåôòðèàêñîíà õàðàêòåðíû äâå

êîíñòàíòû êèñëîòíîé äèññîöèàöèè; â âîäíûõ

ðàñòâîðàõ àíòèáèîòèê ñóùåñòâóåò â ôîðìå êàòèî-

íà (â ñèëüíîêèñëîé ñðåäå), öâèòòåð-èîíà (â ñëàáî-

êèñëîé) è äâóçàðÿäíîãî àíèîíà (â íåéòðàëüíîé è

ùåëî÷íîé) [19].

Èçâåñòíî, ÷òî â-ëàêòàìíûå àíòèáèîòèêè îá-

ðàçóþò óñòîé÷èâûå êîìïëåêñíûå ñîåäèíåíèÿ ñ

êàòèîíàìè ìåòàëëîâ [20], ÷òî âëèÿåò íà èõ àíòè-

ìèêðîáíóþ àêòèâíîñòü, òîêñè÷íîñòü è óñòîé÷è-

âîñòü ê ãèäðîëèçó. Êîîðäèíàöèÿ ëèãàíäîâ ïðîèñ-

õîäèò ÷åðåç êàðáîêñèëüíóþ è áåòà-ëàêòàìíóþ

ãðóïïû: êîîðäèíèðóåòñÿ àòîì êèñëîðîäà, òàêæå

âîçìîæíî ó÷àñòèå â êîîðäèíàöèè ãåòåðîöèêëîâ

áîêîâûõ öåïåé, ÷òî óâåëè÷èâàåò óñòîé÷èâîñòü

êîìïëåêñîâ [20]. Ñåðåáðî êàê êèñëîòà Ëüþèñà

ïðîÿâëÿåò ñâîéñòâà àêöåïòîðà è îáðàçóåò äîíîð-

íî-àêöåïòîðíóþ ñâÿçü ñ òèîãðóïïîé öåôàëîñïî-

ðèíîâûõ àíòèáèîòèêîâ, îáðàçóÿ ïðè ýòîì îòðè-

öàòåëüíî çàðÿæåííûå ñîåäèíåíèÿ [21].

Ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì óñòàíîâ-

ëåíû ñîîòíîøåíèÿ êîìïîíåíòîâ â êîìïëåêñíûõ

ñîåäèíåíèÿõ ñåðåáðî (I) – â-ëàêòàì (1:2). Öåôòðè-
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Ðèñ. 1. Êîíñòðóêöèÿ ñåíñîðà, èçãîòîâëåííîãî ìåòîäîì

òðàôàðåòíîé ïå÷àòè: 1 — ïîëèìåðíàÿ ïîäëîæêà; 2 — èçî-

ëÿöèîííûé ñëîé; 3 — ðàáî÷àÿ îáëàñòü; 4 — óãëåðîäñîäåð-

æàùèå ÷åðíèëà ñ ÝÀÑ; 5 — òîêîîòâîä

Fig. 1. Design of screen-printed sensor: 1 — polymer sub-

strate; 2 — insulating layer; 3 — working area; 4 — car-

bon-containing ink with EAC; 5 — electrical lead-out



àêñîí ïðåäïî÷òèòåëüíî îáðàçóåò ïîëèÿäåðíûå

êîìïëåêñû ñîñòàâà Ag L2 2

2� , ÷òî ïîäòâåðæäåíî

äàííûìè ïîòåíöèîìåòðè÷åñêîãî òèòðîâàíèÿ

[20]. Ïîêàçàíî ïðèìåíåíèå àññîöèàòîâ òåòðà-

àëêèëàììîíèÿ ñ êîìïëåêñíûìè ñîåäèíåíèÿìè

Ag – â-lac â êà÷åñòâå àêòèâíûõ êîìïîíåíòîâ ìåì-

áðàí, ÷óâñòâèòåëüíûõ ê â-ëàêòàìíûì àíòèáèîòè-

êàì [22].

Ýëåêòðîàíàëèòè÷åñêèå ñâîéñòâà ïëàíàð-

íûõ ñåíñîðîâ. Âðåìÿ îòêëèêà ñåíñîðîâ îïðå-

äåëÿëè ïðè ñêà÷êîîáðàçíîì èçìåíåíèè êîí-

öåíòðàöèè ðàñòâîðîâ àíòèáèîòèêîâ íà ïîðÿäîê

îò ìåíüøåé êîíöåíòðàöèè ê áîëüøåé. Èññëåäóå-

ìûå ñåíñîðû íà îñíîâå [Ag(â-lac)2]ÒÄÀ õàðàê-

òåðèçóþòñÿ íåáîëüøèì âðåìåíåì îòêëèêà: äëÿ

ìîäèôèöèðîâàííûõ ïîëèàíèëèíîì è íàíî÷àñòè-

öàìè NiZnFeO — â ïðåäåëàõ 5 – 10 ñ, äëÿ íåìîäè-

ôèöèðîâàííûõ — 10 – 20 ñ (òàáë. 1.)

Íà ðèñ. 2 â êà÷åñòâå ïðèìåðà ïðåäñòàâëåíû

ýëåêòðîäíûå ôóíêöèè íåìîäèôèöèðîâàííûõ è

ìîäèôèöèðîâàííûõ ñåíñîðîâ I òèïà â ðàñòâîðàõ

öåôòðèàêñîíà, â òàáë. 1 — ýëåêòðîàíàëèòè÷åñêèå

õàðàêòåðèñòèêè öåôàçîëèí-ñåëåêòèâíûõ ñåíñî-

ðîâ. Ñåíñîðû ïðîÿâëÿþò ÷óâñòâèòåëüíîñòü ê èñ-

ñëåäóåìûì àíòèáèîòèêàì è ìîãóò áûòü èñïîëüçî-

âàíû äëÿ èõ îïðåäåëåíèÿ â âîäíûõ ðàñòâîðàõ.

Ìåõàíèçì ôîðìèðîâàíèÿ ïîòåíöèàëîâ îäè-

íàêîâ äëÿ íåìîäèôèöèðîâàííûõ è ìîäèôèöè-

ðîâàííûõ ñåíñîðîâ â ðàñòâîðàõ èññëåäóåìûõ

àíòèáèîòèêîâ: ïîòåíöèàëîïðåäåëÿþùèå ðåàê-

öèè, ïðîòåêàþùèå â óãðåðîäñîäåðæàùèõ ÷åðíè-

ëàõ è íà ãðàíèöå ðàçäåëà ýëåêòðîä-ðàñòâîð, ñâÿ-

çàíû ñ äèññîöèàöèåé èîíîîáìåííèêîâ è êîì-

ïëåêñíûõ ñîåäèíåíèé Ag – â-ëàêòàì è èîííûì

îáìåíîì àíòèáèîòèêîâ íà ïîâåðõíîñòè ðàçäåëà

[13]. Ìîäèôèêàòîðû ñòàáèëèçèðóþò ýëåêòðîä-

íûé ïîòåíöèàë, òàê êàê âûïîëíÿþò ôóíêöèþ ìå-

äèàòîðà ýëåêòðîííîãî ïåðåíîñà. Ïîëèàíèëèí è

íàíî÷àñòèöû óâåëè÷èâàþò ïðîâîäèìîñòü è îá-

ëåã÷àþò ïåðåíîñ çàðÿäà íà ãðàíèöå ðàçäåëà ìåì-

áðàíà — ýëåêòðîííûé ïðîâîäíèê.

Ñðàâíåíèå ýëåêòðîàíàëèòè÷åñêèõ ñâîéñòâ

ñåíñîðîâ ïîêàçûâàåò, ÷òî ìîäèôèöèðîâàíèå ïî-

âåðõíîñòè ìåìáðàí ïðèáëèæàåò êðóòèçíó ýëåê-

òðîäíûõ ôóíêöèé ê íåðíñòîâñêèì çíà÷åíèÿì äëÿ

îäíîçàðÿäíûõ (â ñëó÷àå öåôàçîëèíà, öåôóðîê-

ñèìà) è äâóçàðÿäíûõ èîíîâ (â ñëó÷àå öåôòðèàê-

ñîíà); ñîêðàùàåòñÿ âðåìÿ îòêëèêà, óìåíüøàåòñÿ

ïðåäåë îáíàðóæåíèÿ àíòèáèîòèêîâ, à èíòåðâàëû

ëèíåéíîñòè ýëåêòðîäíûõ ôóíêöèé îäèíàêîâû

äëÿ èññëåäóåìûõ íåìîäèôèöèðîâàííûõ è ìîäè-

ôèöèðîâàííûõ ñåíñîðîâ. Â öåëÿõ óëó÷øåíèÿ

ýëåêòðîàíàëèòè÷åñêèõ ñâîéñòâ ñåíñîðîâ â ðàñ-

òâîðàõ èññëåäóåìûõ àíòèáèîòèêîâ èñïîëüçî-

âàíèå íàíî÷àñòèö NiZnFeO îêàçàëîñü íàèáîëåå

ýôôåêòèâíûì.

Ïðîöåññ ïåðåõîäà îò èîííîé ïðîâîäèìîñòè

ìåìáðàíû ê ýëåêòðîííîé â ïðîâîäíèêå äîñòàòî÷-

íî ñëîæåí. Ìîäèôèêàòîðû îñóùåñòâëÿþò ôóíê-

öèè ìåäèàòîðà ýëåêòðîííîãî ïåðåíîñà, ýëåêòðî-

êàòàëèçàòîðà, ñïîñîáñòâóþò õèìè÷åñêîé êîíâåð-

ñèè àíàëèòà, åãî ôèçèêî-õèìè÷åñêîìó êîíöåí-

òðèðîâàíèþ íà ïîâåðõíîñòè ýëåêòðîäà [23].

Ýëåêòðîàíàëèòè÷åñêèå ñâîéñòâà ñåíñîðîâ íà

îñíîâå [Ag(Cef)2]ÒÄÀ (òàáë. 1) è [Ag2(Ceftr)2]-

2ÒÄÀ èäåíòè÷íû â ðàñòâîðàõ îäíîçàðÿäíûõ

èîíîâ öåôàçîëèíà è öåôóðîêñèìà. Ñåíñîðû íà

îñíîâå ðàçëè÷íûõ ýëåêòðîäíî-àêòèâíûõ êîìïî-

íåíîâ äàþò îäèíàêîâûé îòêëèê íà ýòè àíòèáèî-

òèêè. Ïîýòîìó íåò íåîáõîäèìîñòè ñèíòåçèðîâàòü

ðàçëè÷íûå ýëåêòðîäíî-àêòèâíûå êîìïîíåíòû,

ìîæíî èñïîëüçîâàòü îäèí èç íèõ. Äëÿ îïðåäåëå-

íèÿ öåôòðèàêñîíà íåîáõîäèìî èñïîëüçîâàòü ñåí-
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Òàáëèöà 1. Ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè íåìîäèôèöèðîâàííûõ è ìîäèôèöèðîâàííûõ ïëàíàðíûõ ñåíñîðîâ

íà îñíîâå [Ag(Cef)
2
]ÒÄÀ â ðàñòâîðàõ öåôàçîëèíà (n = 3; P = 0,95)

Table 1. Electroanalytical characteristics of unmodified and modified planar sensors based on [Ag(Cef)
2
]TDA in cefazoline

solutions (n = 3; P = 0.95)

Ìîäèôèêàòîð
Ëèíåéíûé äèàïàçîí ýëåê-

òðîäíûõ ôóíêöèé, ìîëü/ë
S ± ÄS, ìÂ/pC C

min
, ìîëü/ë

ô, ñ (10–4 –

10–3 ìîëü/ë)
ÄE, ìÂ/ñóò

— 5 · 10–5 – 1 · 10–1 48 ± 4 3 · 10–5 20 – 35 6 – 9

ÏÀÍè 5 · 10–5 – 1 · 10–1 54 ± 3 2 · 10–5 10 – 15 5 – 6

NiZnFeO 5 · 10–5 – 1 · 10–1 57 ± 3 2 · 10–5 5 – 10 3 – 4

ÏÀÍè + NiZnFeO 5 · 10–5 – 1 · 10–1 55 ± 3 2 · 10–5 5 – 10 4 – 6

1

2
3

4

E
,
ì

Â

pC

Ðèñ. 2. Ýëåêòðîäíûå ôóíêöèè öåôòðèàêñîí-ñåëåêòèâ-

íûõ ïëàíàðíûõ ñåíñîðîâ â âîäíûõ ñðåäàõ: íåìîäèôèöè-

ðîâàííûé (1); ìîäèôèöèðîâàííûé ÏÀÍè (2), íàíî÷àñòè-

öàìè (3), íàíî÷àñòèöàìè è ÏÀÍè (4)

Fig. 2. Electrode functions of ceftriaxone selective planar

sensors in aqueous media: unmodified (1), modified with

PANI (2), nanoparticles (3), both nanoparticles and

PANI (4)



ñîð íà îñíîâå àññîöèàòîâ òåòðàäåöèëàììîíèÿ ñ

êîìïëåêñíûìè ñîåäèíåíèÿìè ñåðåáðà (I) — öåô-

òðèàêñîí (äâóçàðÿäíûé èîí).

Äëÿ îïðåäåëåíèÿ ñðîêà ñëóæáû ñåíñîðîâ ðå-

ãèñòðèðîâàëè ýëåêòðîäíûå ôóíêöèè â ðàñòâîðàõ

àíòèáèîòèêîâ íà ïðîòÿæåíèè äëèòåëüíîãî âðå-

ìåíè è ïî èçìåíåíèþ óãëà íàêëîíà ñóäèëè î ÷óâ-

ñòâèòåëüíîñòè äàííûõ ýëåêòðîäîâ ê àíòèáèî-

òèêàì. Óãëîâîé êîýôôèöèåíò ýëåêòðîäíûõ

ôóíêöèé â ðàñòâîðàõ öåôàçîëèíà è öåôóðîêñèìà

èçìåíÿåòñÿ â ïðåäåëàõ 54 – 57 ìÂ/pC è 28 –

29 ìÂ/pC — â ðàñòâîðå öåôòðèàêñîíà. Ýòè çíà÷å-

íèÿ óãëîâûõ êîýôôèöèåíòîâ ñîõðàíÿþòñÿ â òå÷å-

íèå 1,5 – 2 ìåñ. Ñî âðåìåíåì óãëîâîé êîýôôèöè-

åíò óìåíüøàåòñÿ è ñîñòàâëÿåò 35 – 40 ìÂ/pC äëÿ

îäíîçàðÿäíûõ è 17 – 20 ìÂ/pC — äëÿ äâóçàðÿä-

íûõ èîíîâ. Íà ðèñ. 3 ïðåäñòàâëåíû ýëåêòðîäíûå

ôóíêöèè â ðàñòâîðàõ öåôóðîêñèìà è ñóñïåíçèè

«Çèííàò», çàðåãèñòðèðîâàííûå â òå÷åíèå òðåõ

íåäåëü.

Ñðîê ñëóæáû íåìîäèôèöèðîâàííûõ ñåíñîðîâ

ñîñòàâëÿåò 1,5 ìåñ, ìîäèôèöèðîâàííûõ — 2 ìåñ.

Ýëåêòðîõèìè÷åñêèé îòêëèê ïëàíàðíûõ

ñåíñîðîâ èçó÷èëè ïðè ðàçëè÷íîé êèñëîòíîñòè

ñðåäû. Êèñëîòíîñòü èçìåíÿëè â äèàïàçîíå pH

1 – 14, äîáàâëÿÿ ê 1 · 10–2 Ì ðàñòâîðàì àíòèáèî-

òèêîâ 0,05 Ì ÍÑl è 0,05 Ì NaOH. Ïîêàçàíî, ÷òî

îòêëèê ïëàíàðíûõ ñåíñîðîâ íå çàâèñèò îò pH

ñðåäû â äèàïàçîíå 7,0 – 10,0. Èçó÷åíî âëèÿíèå

èîííîé ñèëû ðàñòâîðà íà îòêëèê ñåíñîðîâ (èîí-

íóþ ñèëó ñîçäàâàëè äîáàâëåíèåì ê ðàñòâîðàì àí-

òèáèîòèêîâ 0,05 Ì ðàñòâîðà KCl): îïòèìàëüíîå

çíà÷åíèå ì = 0,1.

Îöåíèëè êîýôôèöèåíòû ïîòåíöèîìåòðè-

÷åñêîé ñåëåêòèâíîñòè ìîäèôèöèðîâàííûõ íà-

íî÷àñòèöàìè NiZnFeO â-lac-ñåëåêòèâíûõ ñåíñî-

ðîâ ïî îòíîøåíèþ ê öåôàçîëèíó, öåôîòàêñèìó è

öåôòðèàêñîíó ìåòîäîì ñìåøàííûõ ðàñòâîðîâ.

Ñåíñîðû íà îñíîâå [Ag(â-lac)2]ÒÄÀ íå îáëàäà-

þò ñïåöèôè÷íîñòüþ ïî îòíîøåíèþ ê îñíîâíîìó

èîíó — îíè ïðîÿâëÿþò ÷óâñòâèòåëüíîñòü è ê äðó-

ãèì öåôàëîñïîðèíàì (öåôóðîêñèìó, öåôòðèàêñî-

íó, öåôàçîëèíó). Áëèçîñòü êîýôôèöèåíòîâ ñåëåê-

òèâíîñòè ê åäèíèöå ñâèäåòåëüñòâóåò î òîì, ÷òî

ñåíñîðû ñåëåêòèâíû êàê ê îñíîâíîìó, òàê è ê ìå-

øàþùèì èîíàì. Çíà÷åíèå K
ij

pot
ïî îòíîøåíèþ ê

íåîðãàíè÷åñêèì àíèîíàì, âõîäÿùèì â ñîñòàâ ðî-

òîâîé æèäêîñòè (Cl–, Br–, I–, HCO3
� , H PO2 4

� ,

HPO
4

2� ), ñîñòàâëÿþò n · 10–2 – n · 10–3 [12].

Èññëåäóåìûå ñåíñîðû ìîãóò áûòü èñïîëüçî-

âàíû äëÿ äåòåêòèðîâàíèÿ èíäèâèäóàëüíûõ öå-

ôàëîñïîðèíîâûõ àíòèáèîòèêîâ èëè èõ ñóììàð-

íîãî ñîäåðæàíèÿ â ïðèñóòñòâèè 100 – 1000-êðàò-

íûõ èçáûòêîâ íåîðãàíè÷åñêèõ èîíîâ â ëåêàð-

ñòâåííûõ è áèîëîãè÷åñêèõ ñðåäàõ.

Ïîñêîëüêó îáúåêòîì èññëåäîâàíèÿ áûëà âû-

áðàíà æèäêîñòü ðîòîâîé ïîëîñòè èëè ñìåøàííàÿ

ñëþíà (ÆÐÏ), èçó÷èëè ýëåêòðîàíàëèòè÷åñêèå

ñâîéñòâà ñåíñîðîâ ðàçíûõ òèïîâ íà ôîíå ÆÐÏ

(òàáë. 2). Ïðîáîïîäãîòîâêà ÆÐÏ äîíîðîâ è ìåòî-

äèêà èîíîìåòðè÷åñêîãî îïðåäåëåíèÿ àíòèáèîòè-

êîâ â ÆÐÏ ïðåäñòàâëåíû â ðàáîòå [13].

Ñåíñîðû ïðîÿâëÿþò ÷óâñòâèòåëüíîñòü ê öåô-

òðèàêñîíó, öåôàçîëèíó è öåôóðîêñèìó, è èõ

ìîæíî èñïîëüçîâàòü äëÿ îïðåäåëåíèÿ àíòèáèî-

òèêîâ íà ôîíå ÆÐÏ. Íàáëþäàåòñÿ îòêëîíåíèå

ýëåêòðîäíûõ ïîòåíöèàëîâ â ñòîðîíó îòðèöàòåëü-

íûõ çíà÷åíèé, ÷òî ìîæåò áûòü ñâÿçàíî ñ ñèëü-

íûì ôîíîâûì âëèÿíèåì íåîðãàíè÷åñêèõ è îðãà-

íè÷åñêèõ èîíîâ, âõîäÿùèõ â ñîñòàâ ÆÐÏ.

10 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9

Òàáëèöà 2. Ýëåêòðîõèìè÷åñêèå õàðàêòåðèñòèêè ïëàíàðíûõ ñåíñîðîâ I òèïà â âîäíûõ ðàñòâîðàõ öåôòðèàêñîíà è íà

ôîíå ÆÐÏ (ÝÀÑ — [Ag
2
(Ceftr)

2
] · 2ÒÄÀ; n = 3; P = 0,95)

Table 2. Electrochemical characteristics of planar sensors of type I in aqueous solutions of ceftriaxone and against LRP back-

ground (EAS: [Ag
2
(Ceftr)

2
] · 2ÒÄÀ; n = 3; P = 0.95)

Ìîäèôèêàòîð

Âîäíûå ñðåäû Áèîëîãè÷åñêèå ñðåäû (ÆÐÏ)

S ± ÄS,

ìB/pC

ô, ñ (1 · 10–3 –

1 · 10–2 ìîëü/ë)

C
min

,

ìîëü/ë

ÄE,

ìÂ/ñóò

S ± ÄS,

ìB/pC

ô, ñ (1 · 10–3 –

1 · 10–2 ìîëü/ë)

C
min

,

ìîëü/ë

ÄE,

ìÂ/ñóò

— 28 ± 4 15 – 30 2,6 · 10–5 3 – 4 19 ± 4 30 – 35 2,7 · 10–5 3 – 4

Ïîëèàíèëèí 28 ± 3 15 – 20 2 · 10–5 2 – 3 19 ± 3 20 – 25 2,5 · 10–5 3 – 4

Íàíî÷àñòèöû 29 ± 2 10 – 15 1,7 · 10–5 2 – 3 22 ± 2 15 – 20 2,2 · 10–5 2 – 3

Íàíî÷àñòèöû è ïîëèàíèëèí 29 ± 3 10 – 15 1,9 · 10–5 2 – 4 21 ± 4 15 – 20 2,3 · 10–5 2 – 3

1
2
3

4

E
,
ì

Â

pC

Ðèñ. 3. Ýëåêòðîäíûå ôóíêöèè ìîäèôèöèðîâàííûõ

ÏÀÍè ïëàíàðíûõ ñåíñîðîâ â ðàñòâîðàõ öåôóðîêñèìà (1)

è ñóñïåíçèè «Çèííàò»: 2 — 1 íåä., 3 — 2 íåä., 4 — 3 íåä.

Fig. 3. Electrode functions of PANi-modified planar sen-

sors in cefuroxime solution (1) and “Zinnat” suspension so-

lution: 2 — 1 week; 3 — 2 weeks; 4 — 3 weeks



Ïëàíàðíûå ñåíñîðû II òèïà ñîäåðæàëè ìåì-

áðàíû ñ ðàçëè÷íîé êîíöåíòðàöèåé ÝÀÑ (1 – 3 %).

Â êà÷åñòâå ïðèìåðà èçó÷èëè ïîâåäåíèå ñåíñîðîâ

II òèïà â ðàñòâîðàõ öåôòðèàêñîíà. Ñòàöèîíàð-

íûå çíà÷åíèÿ ïîòåíöèàëîâ ñåíñîðîâ â 1 · 10–3 Ì

ðàñòâîðàõ öåôòðèàêñîíà äîñòèãàþòñÿ â òå÷åíèå

15 – 20 ñ â çàâèñèìîñòè îò êîíöåíòðàöèè ÝÀÑ.

Èññëåäîâàëè âëèÿíèå êîíöåíòðàöèè ÝÀC â

ôàçå ìåìáðàíû (1, 2, 3 %) íà ýëåêòðîõèìè÷åñêèå

õàðàêòåðèñòèêè íåìîäèôèöèðîâàííûõ è ìîäè-

ôèöèðîâàííûõ ÏÀÍè ïëàíàðíûõ ñåíñîðîâ

(òàáë. 3).

Ëèíåéíîñòü ýëåêòðîäíûõ ôóíêöèé íàáëþäà-

åòñÿ â èíòåðâàëå êîíöåíòðàöèé àíòèáèîòèêîâ

3,1 · 10–5 – 1 · 10–1 ìîëü/ë ïðè âñåõ èññëåäóåìûõ

êîíöåíòðàöèÿõ ÝÀÑ (1, 2, 3 %). Â çàâèñèìîñòè îò

ñîäåðæàíèÿ ýëåêòðîäíî-àêòèâíûõ êîìïîíåíòîâ â

ôàçå ìåìáðàí íåìîäèôèöèðîâàííûõ ïëàíàðíûõ

ñåíñîðîâ óãëîâûå êîýôôèöèåíòû ýëåêòðîäíûõ

ôóíêöèé ìåíÿþòñÿ â ïðåäåëàõ 25 – 27 ìÂ/pC è

ñîîòâåòñòâóþò íåðíñòîâñêèì çíà÷åíèÿì äëÿ äâó-

çàðÿäíûõ èîíîâ. Ñ óâåëè÷åíèåì CÝÀÑ äî 3 %

óìåíüøàþòñÿ äðåéô ïîòåíöèàëà è âðåìÿ îòêëè-

êà è ñíèæàåòñÿ ïðåäåë îáíàðóæåíèÿ.

Ïëàíàðíûå ñåíñîðû II òèïà èìåþò áîëüøåå

âðåìÿ îòêëèêà, çíà÷èòåëüíûé äðåéô ïîòåíöèàëà

è ìåíüøèé ñðîê ñëóæáû ïî ñðàâíåíèþ ñ ñåíñîðà-

ìè I òèïà. Ïî ñâîèì ñâîéñòâàì ìîäèôèöèðîâàí-

íûå ñåíñîðû I òèïà ïðåâîñõîäÿò ñåíñîðû II òèïà,

êðîìå òîãî, òåõíîëîãèÿ èõ èçãîòîâëåíèÿ ãîðàçäî

ïðîùå. Òàêèì îáðàçîì, äëÿ îïðåäåëåíèÿ èññëå-

äóåìûõ àíòèáèîòèêîâ â âîäíûõ è áèîëîãè÷åñêèõ

ñðåäàõ ñëåäóåò ðåêîìåíäîâàòü ìîäèôèöèðîâàí-

íûå ñåíñîðû I òèïà.

Ïðèìåíåíèå ìîäèôèöèðîâàííûõ ñåíñîðîâ

äëÿ îïðåäåëåíèÿ èññëåäóåìûõ àíòèáèîòèêîâ â

âîäíûõ ñðåäàõ. Ïëàíàðíûå ñåíñîðû I òèïà èñ-

ïîëüçîâàíû äëÿ îïðåäåëåíèÿ öåôòðèàêñîíà, öå-

ôàçîëèíà, öåôóðîêñèìà â ìîäåëüíûõ âîäíûõ

ðàñòâîðàõ è ðîòîâîé æèäêîñòè. Â òàáë. 4 â êà÷å-

ñòâå ïðèìåðà ïðèâåäåíû ðåçóëüòàòû èîíîìåòðè-

÷åñêîãî îïðåäåëåíèÿ öåôàçîëèíà â ìîäåëüíûõ

âîäíûõ ðàñòâîðàõ è íà ôîíå ÆÐÏ.

Îòíîñèòåëüíàÿ ïîãðåøíîñòü (D) îïðåäåëåíèÿ

àíòèáèîòèêà â ìîäåëüíûõ âîäíûõ ðàñòâîðàõ è íà

ôîíå ðîòîâîé æèäêîñòè íå ïðåâûøàåò 9 %.

Îïðåäåëåíèå îñíîâíîãî âåùåñòâà â ñóñïåíçèè

«Çèííàò». Èññëåäóåìûå ñåíñîðû íà îñíîâå

[Ag(Cefur)2]ÒÄÀ áûëè èñïîëüçîâàíû äëÿ îïðåäå-

ëåíèÿ îñíîâíîãî âåùåñòâà â ëåêàðñòâåííîì ïðå-

ïàðàòå «Çèííàò» (â âèäå ìåëêîäèñïåðñíûõ ãðà-

íóë): äåéñòâóþùåå âåùåñòâî — öåôóðîêñèì àêñå-

òèë 0,150 ã (ýêâèâàëåíòíî 125 ìã öåôóðîêñèìà);

âñïîìîãàòåëüíûå âåùåñòâà — ñòåàðèíîâàÿ êè-

ñëîòà, ñàõàðîçà, àðîìàòèçàòîð «òóòòè-ôðóòòè»,

àöåñóëüôàì êàëèÿ, àñïàðòàì, ïîâèäîí-Ê30, êà-

ìåäü êñàíòàíîâàÿ.

Íàâåñêó ãðàíóëèðîâàííîãî ïðåïàðàòà «Çèí-

íàò» ðàñòâîðÿëè â ìåðíîé êîëáå íà 25 ìë â äèñ-

òèëëèðîâàííîé âîäå (êîíöåíòðàöèÿ öåôóðîêñèì

àêñåòèëà — 0,01 ìîëü/ë). Ïîñëåäîâàòåëüíûì ðàç-

áàâëåíèåì ãîòîâèëè 1 · 10–3, 1 · 10–4, 1 · 10–5 Ì

ðàñòâîðû ñóñïåíçèè. Èçìåðÿëè ÝÄÑ ñ èíäèêà-

òîðíûì è õëîðèäñåðåáðÿííûì ýëåêòðîäàìè. Ðàñ-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 11

Òàáëèöà 3. Ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè ñåíñîðîâ II òèïà, ìîäèôèöèðîâàííûõ ÏÀÍè, ïðè ðàçëè÷íûõ êîí-

öåíòðàöèÿõ àêòèâíîãî êîìïîíåíòà â ôàçå ìåìáðàí (n = 3; P = 0,95)

Table 3. Electroanalytical characteristics of PANI-modified sensors of type II at different concentrations of the active compo-

nent in the membrane phase (n = 3; P = 0.95)

C
ÝÀÑ

, % S ± ÄS, ìB/pC ô, ñ (1 · 10–3 – 1 · 10–2 Ì) C
min

, ìîëü/ë ÄE, ìÂ/ñóò

1,0 25 ± 3 20 – 25 2,7 · 10–5 6 – 7

2,0 25 ± 2 20 – 25 2,6 · 10–5 5 – 7

3,0 26 ± 2 15 – 20 2,3 · 10–5 4 – 5

Òàáëèöà 4. Ðåçóëüòàòû èîíîìåòðè÷åñêîãî îïðåäåëåíèÿ öåôàçîëèíà â ìîäåëüíûõ âîäíûõ ðàñòâîðàõ è íà ôîíå ÆÐÏ

(n = 3; P = 0,95)

Table 4. The results of ionometric determination of cefazoline in model aqueous solutions and against LRP background of

(n = 3; P = 0.95)

Ââåäåíî,

ìã/10 ìë

Íàéäåíî â ìîäåëüíûõ ðàñòâîðàõ Íàéäåíî â ÆÐÏ

m, ìã/10 ìë S
r

D, % m, ìã/10 ìë S
r

D, %

27,7 26,5 ± 3,1 0,02 4,3 28,6 ± 2,2 0,01 3,2

16,6 15,5 ± 1,1 0,03 6,6 16,0 ± 0,9 0,01 3,6

11,1 12,1 ± 0,8 0,03 9,0 11,9 ± 0,6 0,02 7,2

2,8 2,9 ± 0,3 0,02 4,0 2,9 ± 0,2 0,01 3,2

1,7 1,8 ± 0,2 0,02 8,4 1,7 ± 0,1 0,01 2,4

1,1 1,2 ± 0,1 0,04 9,1 1,2 ± 0,1 0,03 9,0



òâîð ñóñïåíçèè îñòàâëÿëè íà íåñêîëüêî íåäåëü

äëÿ êîíòðîëÿ èçìåíåíèé ñîäåðæàíèÿ öåôóðîê-

ñèì àêñåòèëà â ïðåïàðàòå. Ïî çàâèñèìîñòè ÝÄÑ

îò îòðèöàòåëüíîãî ëîãàðèôìà êîíöåíòðàöèè ñâå-

æåïðèãîòîâëåííîãî ðàñòâîðà öåôóðîêñèì àêñåòè-

ëà îïðåäåëÿëè êîíöåíòðàöèþ àíòèáèîòèêà â ñóñ-

ïåíçèè ÷åðåç 1 – 3 íåäåëè.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíû íåìîäèôèöèðî-

âàííûå è ìîäèôèöèðîâàííûå ïîëèàíèëèíîì,

íàíî÷àñòèöàìè NiZnFeO è èõ áèíàðíûìè ñìå-

ñÿìè ïëàíàðíûå ñåíñîðû ðàçëè÷íûõ òèïîâ íà

îñíîâå óãëåðîäñîäåðæàùèõ ÷åðíèë è èîííûõ àñ-

ñîöèàòîâ òåòðàäåöèëàììîíèÿ ñ êîìïëåêñíûìè

ñîåäèíåíèÿìè ñåðåáðî (I) – â-ëàêòàì (öåôòðèàê-

ñîí, öåôàçîëèí, öåôóðîêñèì).

Îöåíåíû ýëåêòðîàíàëèòè÷åñêèå è îïåðà-

öèîííûå õàðàêòåðèñòèêè èññëåäóåìûõ ñåíñîðîâ

â âîäíûõ è áèîëîãè÷åñêèõ ñðåäàõ. Ïîêàçàíî, ÷òî

ââåäåíèå ìîäèôèêàòîðîâ â ìåìáðàíû ïðèâîäèò

ê ñòàáèëèçàöèè ïîòåíöèàëà ñåíñîðîâ, óâåëè÷å-

íèþ óãëîâûõ êîýôôèöèåíòîâ ýëåêòðîäíûõ ôóíê-

öèé, ñíèæåíèþ ïðåäåëà îáíàðóæåíèÿ àíòèáèî-

òèêîâ, óìåíüøåíèþ âðåìåíè îòêëèêà è äðåéôà

ïîòåíöèàëà.

Ðàçðàáîòàííûå ñåíñîðû èñïîëüçîâàëè äëÿ

ýêñïðåññíîãî äåòåêòèðîâàíèÿ àíòèáèîòèêîâ â ìî-

äåëüíûõ âîäíûõ ðàñòâîðàõ, ðîòîâîé æèäêîñòè è

äëÿ îïðåäåëåíèÿ îñíîâíîãî âåùåñòâà â ñóñïåíçèè

«Çèííàò», ÷òî îñîáåííî âàæíî èç-çà îãðàíè÷åí-

íîãî ñðîêà åå õðàíåíèÿ. Ñåíñîðû ìîæíî èñïîëü-

çîâàòü äëÿ îïðåäåëåíèÿ àíòèáèîòèêîâ â ìóòíûõ

ðàñòâîðàõ.
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Èññëåäîâàíà âîçìîæíîñòü óëó÷øåíèÿ îïðåäåëåíèÿ 1,1-äèìåòèëãèäðàçèíà (íåñèììåòðè÷-

íîãî äèìåòèëãèäðàçèíà, ÍÄÌÃ) ìåòîäîì ÂÝÆÕ-ÑÔ ñ ïðåäâàðèòåëüíîé äåðèâàòèçàöèåé

2-íèòðîáåíçàëüäåãèäîì (2ÍÁÀ) è 4-íèòðîáåíçàëüäåãèäîì (4ÍÁÀ) â âîäíîé ñðåäå çà ñ÷åò

ïðèìåíåíèÿ ìèöåëëÿðíîãî êàòàëèçà ðåàêöèè ïîëó÷åíèÿ ïðîèçâîäíûõ. Áûëè îïòèìèçèðî-

âàíû óñëîâèÿ äåðèâàòèçàöèè ÍÄÌÃ, òàêèå êàê ðÍ, êîíöåíòðàöèè ðåàãåíòà è ïîâåðõíîñò-

íî-àêòèâíîãî âåùåñòâà (ÏÀÂ), òåìïåðàòóðà è âðåìÿ ïðîâåäåíèÿ ðåàêöèè. Óñòàíîâëåíî, ÷òî

ðåàêöèè äåðèâàòèçàöèè ïðîòåêàþò ïîëíîñòüþ ïðè pH 9 â ïðèñóòñòâèè 87 ìÌ ðàñòâîðà

äîäåöèëñóëüôàòà íàòðèÿ (ÄÄÑÍ) è èçáûòêà ðåàãåíòîâ ïðè êîìíàòíîé òåìïåðàòóðå çà 45 è

30 ìèí äëÿ 2ÍÁÀ è 4ÍÁÀ ñîîòâåòñòâåííî. Ìåòîäîì èîííîé õðîìàòîãðàôèè ïî îòñóòñòâèþ

ÍÄÌÃ â ðåàêöèîííîé ñìåñè äîêàçàíî, ÷òî â ýòèõ óñëîâèÿõ äîñòèãàåòñÿ êîëè÷åñòâåííûé

âûõîä ïðîäóêòîâ ðåàêöèè. Ìèöåëëÿðíûé êàòàëèç ïîçâîëÿåò ïðîâîäèòü äåðèâàòèçàöèþ

â áîëåå ìÿãêèõ óñëîâèÿõ è îáåñïå÷èâàåò ïîëíîòó ïðîòåêàíèÿ ðåàêöèè â îáëàñòè ìàëûõ

êîíöåíòðàöèé ÍÄÌÃ, ÷òî ðàñøèðÿåò ëèíåéíûé äèàïàçîí îïðåäåëÿåìûõ êîíöåíòðàöèé.

Äëÿ ÂÝÆÕ-ÑÔ îïðåäåëåíèÿ ÍÄÌÃ èñïîëüçîâàëè õðîìàòîãðàôè÷åñêóþ êîëîíêó ZORBAX

Eclipse Plus C18 (150 × 3,0 ìì, 3,5 ìêì), à â êà÷åñòâå ïîäâèæíîé ôàçû — ñìåñü àöåòî-

íèòðèëà è 10 ìÌ àììèà÷íîãî áóôåðíîãî ðàñòâîðà pH 7 (50/50, % îá.) ïðè ñêîðîñòè ïîòîêà

0,7 ìë/ìèí â èçîêðàòè÷åñêîì ðåæèìå. Äåòåêòèðîâàíèå äèìåòèëãèäðàçîíîâ 2ÍÁÀ è 4ÍÁÀ

ïðîâîäèëè íà äëèíàõ âîëí 308 è 394 íì ñîîòâåòñòâåííî. Ïðåäåëû îáíàðóæåíèÿ ÍÄÌÃ

(S/N = 3) ñîñòàâèëè 3 è 1,5 ìêã/ë äëÿ 2ÍÁÀ è 4ÍÁÀ ñîîòâåòñòâåííî. Âðåìÿ õðîìàòîãðàôè-

÷åñêîãî àíàëèçà — 15 ìèí. Ðàçðàáîòàííàÿ ìåòîäèêà àíàëèçà âîä îáåñïå÷èâàåò ïðîñòîå,

÷óâñòâèòåëüíîå è âîñïðîèçâîäèìîå îïðåäåëåíèå ÍÄÌÃ â äèàïàçîíå êîíöåíòðàöèé 5 –

1000 ìêã/ë ìåòîäîì ÂÝÆÕ-ÑÔ áåç äîïîëíèòåëüíîãî êîíöåíòðèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: äåðèâàòèçàöèÿ; 1,1-äèìåòèëãèäðàçèí; ìèöåëëÿðíûé êàòàëèç; ÂÝÆÕ;

íèòðîáåíçàëüäåãèä; àíàëèç âîäû.

DETERMINATION OF 1,1-DIMETHYLHYDRAZINE (UDMH) IN WATER BY HPLC-UV

USING MICELLAR CATALYSIS FOR PREPARATION OF THE DERIVATIVES
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The possibility of improving the HPLC-UV determination of 1, 1-dimethylhydrazine (unsymmetrical di-

methylhydrazine, UDMH) with preliminary derivatization with 2-nitrobenzaldehyde (2NBA) and 4-nitro-

benzaldehyde (4NBA) in an aqueous medium when using micellar catalysis of the reaction to obtain the

derivatives is studied. Conditions of UDMH derivatization (pH, concentrations of the reagent and sur-

factant (SAS), temperature and reaction time) were optimized. It is shown that complete derivatization

occurs at room temperature during 45 and 30 min (for 2NBA and 4NBA, respectively) at pH 9 in the pres-

ence of 87 mM sodium dodecyl sulfate (SDS) and the excess content of the reagents. Ion chromatography

was used to prove the quantitative yields under conditions of derivatization by the absence of UDMH in

14 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9



the reaction mixture. Micellar catalysis provides the completeness of derivatization carried out under

milder conditions and in the region of low UDMH concentrations thus expanding the linear range of

UDMH determination in water. ZORBAX Eclipse Plus C18 column (150 × 3.0 mm, 3.5 ìm) was used for

separation of the components. A mixture of acetonitrile and 10 mM ammonia buffer solution pH 7

(50/50 vol.%) at a flow rate of 0.7 ml/min in isocratic mode was used as a mobile phase. Detection of

dimethylhydrazines (2NBA and 4NBA) was performed at 308 and 394 nm, respectively. The obtained de-

tection limits of UDMH (S/N = 3) were 3 and 1.5 ìg/L for 2NBA and 4NBA, respectively. Duration of

chromatographic analysis was 15 min. The developed technique of water analysis provides simple, sensi-

tive and reproducible HPLC-UV determination of UDMH in a concentration range of 5 – 1000 ìg/L with-

out additional preconcentration.

Keywords: derivatization; 1,1-dimethylhydrazine; micellar catalysis; HPLC; nitrobenzaldehyde; water

analysis.

Ââåäåíèå

ÍÄÌÃ íàøåë øèðîêîå ïðèìåíåíèå â îðãàíè-

÷åñêîì ñèíòåçå, ïðîèçâîäñòâå ëåêàðñòâåííûõ

ïðåïàðàòîâ è óæå äàâíî èñïîëüçóåòñÿ â êà÷åñòâå

êîìïîíåíòà âûñîêîýôôåêòèâíîãî ðàêåòíîãî òîï-

ëèâà [1, 2]. Â ñâÿçè ñ ýòèì îí íåèçáåæíî ïîïàäàåò

â îêðóæàþùóþ ñðåäó. ÍÄÌÃ îáëàäàåò êàíöåðî-

ãåííûìè è ìóòàãåííûìè ñâîéñòâàìè è ÿâëÿåòñÿ

âåùåñòâîì 1-ãî êëàññà îïàñíîñòè [3], âñëåäñòâèå

÷åãî óñòàíîâëåíû íèçêèå ñàíèòàðíî-ãèãèåíè÷å-

ñêèå íîðìàòèâû åãî ñîäåðæàíèÿ â ïðèðîäíûõ

îáúåêòàõ: ÏÄÊ â âîäå — 20 ìêã/ë [4], â ïî÷âå —

0,1 ìã/êã [5]. Ïîýòîìó àêòóàëüíîé çàäà÷åé ÿâëÿ-

åòñÿ ñîçäàíèå íîâûõ ïîäõîäîâ è ñîâåðøåíñòâîâà-

íèå óæå ðàçðàáîòàííûõ ìåòîäèê äëÿ áîëåå ÷óâñò-

âèòåëüíîãî îïðåäåëåíèÿ ñ ó÷åòîì òðåáîâàíèÿ

ýêñïðåññíîñòè àíàëèçà è äîñòóïíîñòè èñïîëüçóå-

ìîãî àíàëèòè÷åñêîãî îáîðóäîâàíèÿ.

Ïðÿìîå îïðåäåëåíèå ÍÄÌÃ îñëîæíåíî èç-çà

åãî âûñîêîé ïîëÿðíîñòè, òåðìîëàáèëüíîñòè,

ñêëîííîñòè ê îêèñëåíèþ, îòñóòñòâèÿ õðîìîôîð-

íûõ ãðóïï è íèçêîé ìîëåêóëÿðíîé ìàññû. Îäíà-

êî ïðåäëîæåíî íåñêîëüêî ñïîñîáîâ îïðåäåëåíèÿ

íèçêèõ êîíöåíòðàöèé ÍÄÌÃ â íàòèâíîé ôîðìå ñ

èñïîëüçîâàíèåì âàðèàíòîâ èîííîé [6], èîí-ïàð-

íîé [7] è ãèäðîôèëüíîé õðîìàòîãðàôèè [8].

Ïîäàâëÿþùåå áîëüøèíñòâî ðàçðàáîòàííûõ

íà ñåãîäíÿøíèé äåíü ïîäõîäîâ âêëþ÷àåò â ñåáÿ

ñòàäèþ ïðåäâàðèòåëüíîé äåðèâàòèçàöèè ÍÄÌÃ.

Êàê ïðàâèëî, â êà÷åñòâå äåðèâàòèçèðóþùèõ ðåà-

ãåíòîâ äëÿ ïîëó÷åíèÿ ïðîèçâîäíûõ èñïîëüçóþò

êàðáîíèëüíûå ñîåäèíåíèÿ áëàãîäàðÿ èõ áîëüøåé

èçáèðàòåëüíîñòè ïî îòíîøåíèþ ê ãèäðàçèíàì è

åãî ïðîèçâîäíûì è îòíîñèòåëüíî áîëüøåé óñòîé-

÷èâîñòè îáðàçóþùèõñÿ äèìåòèëãèäðàçîíîâ.

Äàëåå äåðèâàòû èëè âûäåëÿþò èç ðåàêöèîííîé

ñìåñè, èëè ñðàçó àíàëèçèðóþò ïîäõîäÿùèì ìå-

òîäîì. Äëÿ îïðåäåëåíèÿ ÍÄÌÃ ïðèìåíÿþò â

îñíîâíîì ñïåêòðîôîòîìåòðèþ [9] è õðîìàòîãðà-

ôè÷åñêèå ìåòîäû [10]. Ñòîèò äîáàâèòü, ÷òî çà

ñ÷åò âûñîêîé ñåëåêòèâíîñòè, îòíîñèòåëüíîé äîñ-

òóïíîñòè è øèðîêîãî âûáîðà ïîäâèæíûõ è íå-

ïîäâèæíûõ ôàç, à òàêæå ëåãêîñòè èõ âàðüèðî-

âàíèÿ îáðàùåííî-ôàçîâàÿ (ÎÔ) ÂÝÆÕ ÿâëÿåòñÿ

îäíèì èç íàèáîëåå ÷àñòî âûáèðàåìûõ âàðèàíòîâ

àíàëèçà ðåàêöèîííûõ ñìåñåé è îáúåêòîâ ñî ñëîæ-

íîé ìàòðèöåé.

Èçâåñòíû ñïîñîáû îïðåäåëåíèÿ ÍÄÌÃ ñ èñ-

ïîëüçîâàíèåì ïðîñòåéøèõ ïðåäñòàâèòåëåé àëè-

ôàòè÷åñêèõ àëüäåãèäîâ [11] è êåòîíîâ [12],

äèêàðáîíèëüíûõ ñîåäèíåíèé [13], îäíàêî íàè-

áîëüøåå ïðåäïî÷òåíèå èññëåäîâàòåëè îòäàþò

áîëåå ãèäðîôîáíûì ðåàãåíòàì êëàññà àðîìàòè÷å-

ñêèõ àëüäåãèäîâ — áåíçàëüäåãèäó, ôóðôîðîëó

[14] è èõ ïðîèçâîäíûì [15 – 19], ïðè ýòîì ïðåäå-

ëû îáíàðóæåíèÿ âî âñåõ ýòèõ ñëó÷àÿõ äîñòèãàþò

ïîðÿäêà äîëåé èëè íåñêîëüêèõ ìêã/ë (ìêã/êã).

Ñòîèò ïîä÷åðêíóòü, ÷òî äîáèâàòüñÿ òàêèõ çíà-

÷åíèé â ðÿäå ñëó÷àåâ ïîçâîëÿåò èñïîëüçîâàíèå

îòíîñèòåëüíî äîðîãîãî îáîðóäîâàíèÿ (ìàññ-ñïåê-

òðîìåòðè÷åñêèé äåòåêòîð (ÌÑÄ), óñòðîéñòâà äëÿ

òâåðäîôàçíîé ìèêðîýêñòðàêöèè), à òàêæå âûäåð-

æèâàíèå ðåàêöèîííûõ ñìåñåé ïðè ïîâûøåííîé

òåìïåðàòóðå (äî 80 °C) â òå÷åíèå ïðîäîëæèòåëü-

íîãî âðåìåíè (äî 1 ÷) äëÿ óâåëè÷åíèÿ âûõîäà

ïðîäóêòîâ äåðèâàòèçàöèè. Îäíàêî íàãðåâ â ïðè-

ñóòñòâèè êèñëîðîäà è èîíîâ ìåòàëëîâ ñïîñîáñòâó-

åò òðàíñôîðìàöèè ÍÄÌÃ [20, 21], ÷òî â èòîãå ìî-

æåò ïðèâåñòè ê çàíèæåííûì ðåçóëüòàòàì, à ïðî-

äîëæèòåëüíîå âðåìÿ ïðîâåäåíèÿ ðåàêöèé ñóùå-

ñòâåííî ñêàçûâàåòñÿ íà îáùåé ïðîäîëæèòåëüíî-

ñòè àíàëèçà. Â öåëîì ýòàïó èçó÷åíèÿ è ïîäáîðà

óñëîâèé ðåàêöèé äåðèâàòèçàöèè óäåëÿåòñÿ ìåíü-

øå âíèìàíèÿ, ïðè ýòîì îò ñòåïåíè çàâåðøåííî-

ñòè ðåàêöèè íàïðÿìóþ çàâèñÿò ÷óâñòâèòåëüíîñòü

è ïðàâèëüíîñòü ðåçóëüòàòà îïðåäåëåíèÿ.

Ïåðñïåêòèâíûì ïîäõîäîì ê ñîêðàùåíèþ

âðåìåíè ðåàêöèè ìîæåò áûòü èñïîëüçîâàíèå êà-

òàëèòè÷åñêîãî ýôôåêòà ìèöåëëÿðíûõ ñðåä. Ìè-

öåëëàìè íàçûâàþò ñôåðè÷åñêèå ñóïðàìîëåêóëû,

êîòîðûå îáðàçóþòñÿ àìôèôèëàìè â âîäíûõ ñðå-

äàõ. Àãðåãàòû ìèöåëë â ðàñòâîðå ïðåäñòàâëÿþò

ñîáîé êîëëîèäíûå òåðìîäèíàìè÷åñêè ñòàáèëü-

íûå ñèñòåìû, à ñîëþáèëèçèðîâàííûå ìîëåêóëà-

ìè ÏÀÂ ðåàãåíòû íàõîäÿòñÿ â ìèêðîãåòåðîãåí-

íîé äâóõôàçíîé ñèñòåìå. ßâëåíèå ìèöåëëÿðíîãî

êàòàëèçà øèðîêî èñïîëüçóþò â îðãàíè÷åñêîì

ñèíòåçå äëÿ óñêîðåíèÿ ðåàêöèé êîíäåíñàöèè,
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ãèäðîëèçà, ïîëèìåðèçàöèè è ò.ä. [22]. Êàòàëè-

òè÷åñêèé ýôôåêò ìèöåëëÿðíûõ ñðåä èñïîëüçîâà-

ëè äëÿ îïðåäåëåíèÿ ãèäðàçèíà â âîäíûõ ìàòðè-

öàõ ñ ïðåäâàðèòåëüíîé äåðèâàòèçàöèåé 4-äèìå-

òèëàìèíîáåíçàëüäåãèäîì [23]. Àâòîðû îòìå÷àþò

100-êðàòíîå óâåëè÷åíèå ñêîðîñòè è 104-êðàò-

íîå — êîíñòàíòû ðàâíîâåñèÿ ðåàêöèè îáðàçîâà-

íèÿ ãèäðàçîíà â ïðèñóòñòâèè ÄÄÑÍ. Ðàáîòû, ïî-

ñâÿùåííûå ïîäîáíûì èññëåäîâàíèÿì ðåàêöèé

äåðèâàòèçàöèè â ìèöåëëÿðíûõ ñðåäàõ è èõ àíà-

ëèòè÷åñêîìó ïðèëîæåíèþ äëÿ îïðåäåëåíèÿ

ÍÄÌÃ, íà äàííûé ìîìåíò îòñóòñòâóþò.

Öåëü äàííîé ðàáîòû — èçó÷åíèå ðåàêöèé äå-

ðèâàòèçàöèè ÍÄÌÃ êîììåð÷åñêè äîñòóïíûìè

ðåàãåíòàìè — íèòðîáåíçàëüäåãèäàìè, èññëåäîâà-

íèå âîçìîæíîñòè ïðèìåíåíèÿ ìèöåëëÿðíîãî êà-

òàëèçà äëÿ äåðèâàòèçàöèè ÍÄÌÃ, à òàêæå ðàçðà-

áîòêà êîìáèíèðîâàííîãî ïîõîäà ê îïðåäåëåíèþ

ÍÄÌÃ â âîäíûõ îáðàçöàõ ìåòîäîì ÎÔ ÂÝÆÕ ñî

ñïåêòðîôîòîìåòðè÷åñêèì äåòåêòèðîâàíèåì.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ðåàêòèâû è ìàòåðèàëû. Â ðàáîòå èñïîëüçî-

âàëè ñëåäóþùèå ðåàêòèâû: ÍÄÌÃ (>98 %, Sigma

Aldrich, ÑØÀ), àöåòîíèòðèë (äëÿ ãðàäèåíò-

íîé ÂÝÆÕ, Panreac, Èñïàíèÿ), H2SO4 (95 %;

«Êîìïîíåíò-ðåàêòèâ», Ðîññèÿ), 2-íèòðîáåíçàëü-

äåãèä (2ÍÁÀ) (>99,0 %, TCI, ßïîíèÿ), 4-íèòðî-

áåíçàëüäåãèä (4ÍÁÀ) (>98,0 %, TCI, ßïîíèÿ), äî-

äåöèëñóëüôàò íàòðèÿ (ÄÄÑÍ) (>98 %, Panreac,

Èñïàíèÿ), CH3COONH4 (÷äà, Panreac, Èñïàíèÿ),

ëåäÿíóþ CH3COOH (÷äà, Panreac, Èñïàíèÿ), NH3

(25 %, Panreac, Èñïàíèÿ), HCOOH (99,7 %, «Êîì-

ïîíåíò-Ðåàêòèâ», Ðîññèÿ), NaOH (÷äà, Panreac,

Èñïàíèÿ), öèòðàò íàòðèÿ áåçâîäíûé (>99 %, Sig-

ma Aldrich, ÑØÀ), NH4Cl (õ÷, ÀÎ «ËåíÐåàêòèâ»,

Ðîññèÿ), HCl (õ÷, Õèììåä, Ðîññèÿ), NaH2PO4

(÷äà, Panreac, Èñïàíèÿ), Na2HPO4 (÷äà, Panreac,

Èñïàíèÿ), 85 %-íûé âîäíûé ðàñòâîð H3PO4 (÷äà,

Panreac, Èñïàíèÿ), òðèýòàíîëàìèí (>99 %, Sig-

ma Aldrich, ÑØÀ), HCOONH4 (÷äà, Panreac, Èñ-

ïàíèÿ), äåèîíèçîâàííóþ âîäó (èç ñèñòåìû âîäî-

ïîäãîòîâêè Milli-Q, Millipore, ÑØÀ).

Ïðèãîòîâëåíèå ðàñòâîðîâ. Ðàñòâîðû ÍÄÌÃ

ñ êîíöåíòðàöèåé 10 ìã/ë ãîòîâèëè ðàñòâîðåíèåì

åãî òî÷íîé íàâåñêè â 10 ìÌ H2SO4. Ðàñòâîðû

õðàíèëè ïðè + 4 °C íå áîëåå ìåñÿöà è èñïîëüçî-

âàëè äëÿ ïðèãîòîâëåíèÿ ðàáî÷èõ ðàñòâîðîâ

ÍÄÌÃ ñ ìåíüøèìè êîíöåíòðàöèÿìè ðàçáàâëåíè-

åì 10 ìÌ H2SO4 íåïîñðåäñòâåííî â äåíü ïðîâåäå-

íèÿ ñîîòâåòñòâóþùåãî ýòàïà ýêñïåðèìåíòà.

Ðàñòâîðû 2ÍÁÀ è 4ÍÁÀ ñ êîíöåíòðàöèÿìè 6

è 24 ã/ë ãîòîâèëè ðàñòâîðåíèåì òî÷íûõ íàâåñîê â

àöåòîíèòðèëå. Óêàçàííûå ðàñòâîðû õðàíèëè ïðè

+4 °C íå áîëåå íåäåëè.

Äëÿ ñîçäàíèÿ òðåáóåìîé êèñëîòíîñòè ðåàê-

öèîííîé ñðåäû èñïîëüçîâàëè áóôåðíûå ðàñòâî-

ðû ñ pH: 2 (H2SO4, 10 ììîëü/ë), 3 (HCOONH4,

5 ìîëü/ë), 4 (HCOONH4, 5 ìîëü/ë), 5 (öèòðàò,

1,5 ìîëü/ë), 6 (ôîñôàò, 2 ìîëü/ë), 7 (ôîñôàò,

2 ìîëü/ë), 8 (òðèýòàíîëàìèí, 4 ìîëü/ë), 9 (NH4Cl,

4 ìîëü/ë), 10 (NH4Cl, 4 ìîëü/ë). Áóôåðíûå ðàñ-

òâîðû ãîòîâèëè, ðàñòâîðÿÿ ðàññ÷èòàííûå íàâåñ-

êè ñîîòâåòñòâóþùèõ òâåðäûõ ñîëåé â äåîíè-

çîâàííîé âîäå, à pH äîâîäèëè ðàñòâîðîì èëè

÷èñòîé ñîïðÿæåííîé êèñëîòîé èëè îñíîâàíèåì,

êîíòðîëèðóÿ åãî çíà÷åíèå ñ ïîìîùüþ pH-ìåòðà

PB-11 (Sartorius, Ãåðìàíèÿ).

Õðîìàòîãðàôè÷åñêèé àíàëèç. Â ðàáîòå èñ-

ïîëüçîâàëè ÂÝÆÕ-ñèñòåìó Agilent 1100, ñîñòîÿ-

ùóþ èç äâóõêàíàëüíîãî ãðàäèåíòíîãî íàñîñà ñî

ñìåøåíèåì ïî íèçêîìó äàâëåíèþ, òåðìîñòàòà êî-

ëîíîê, äåãàçàòîðà ïîäâèæíîé ôàçû, ñïåêòðî-

ôîòîìåòðè÷åñêîãî äåòåêòîðà íà äèîäíîé ìàòðèöå

(ñ ïðîòî÷íîé ÿ÷åéêîé îáúåìîì 13 ìêë è äëèíîé

îïòè÷åñêîãî ïóòè 10 ìì) è îõëàæäàåìîãî àâòîìà-

òè÷åñêîãî èíæåêòîðà ñ äîçèðóþùèì óñòðîéñòâîì

äëÿ ââîäà ïðîáû (îò 0,1 äî 100 ìêë ñ øàãîì â

0,1 ìêë) (Agilent Technologies, ÑØÀ). Äëÿ ðàç-

äåëåíèÿ êîìïîíåíòîâ èñïîëüçîâàëè õðîìàòî-

ãðàôè÷åñêóþ êîëîíêó ZORBAX Eclipse Plus C18

(150 × 3,0 ìì), äèàìåòð çåðíà ñîðáåíòà —

3,5 ìêì (Agilent Technologies, ÑØÀ). Ïîäâèæíîé

ôàçîé ñëóæèëà ñìåñü 10 ìÌ àììèà÷íî-àöåòàò-

íîãî áóôåðíîãî ðàñòâîðà (pH 7) è àöåòîíèòðèëà

â ñîîòíîøåíèè 1:1. Ýëþèðîâàíèå ïðîâîäèëè â

èçîêðàòè÷åñêîì ðåæèìå, ñêîðîñòü ïîòîêà ïîä-

âèæíîé ôàçû — 0,7 ìë/ìèí, îáúåì ââîäèìîé ïðî-

áû — 100 ìêë. Äëèíà âîëíû äåòåêòèðîâàíèÿ îò-

âå÷àëà ìàêñèìóìó ïîãëîùåíèÿ ïðîäóêòà âçàèìî-

äåéñòâèÿ ÍÄÌÃ ñ ñîîòâåòñòâóþùèì ðåàãåíòîì.

Èñïîëüçîâàëè ÂÝÆÕ-ñèñòåìó ñ àìïåðîìåòðè-

÷åñêèì äåòåêòîðîì «Öâåò-ßóçà» (ÍÏÎ «Õèìàâòî-

ìàòèêà», Ðîññèÿ). Îáúåì ïåòëè êðàíà ââîäà ïðî-

áû ñîñòàâëÿë 100 ìêë. Ðàçäåëåíèå êîìïîíåíòîâ

ïðîâîäèëè íà êîëîíêå Luna SCX (250 × 4,6 ìì),

äèàìåòð çåðíà ñîðáåíòà — 10 ìêì (Phenomenex,

ÑØÀ). Â êà÷åñòâå ïîäâèæíîé ôàçû ïðèìåíÿëè

100 ìÌ àììîíèéíî-àöåòàòíûé áóôåðíûé ðàñ-

òâîð (pH 5,4) ñ äîáàâêîé 10 % îá. àöåòîíèòðèëà.

Ñêîðîñòü ïîòîêà ïîäâèæíîé ôàçû ñîñòàâëÿëà

1,0 ìë/ìèí, ïîòåíöèàë àìïåðîìåòðè÷åñêîãî äå-

òåêòîðà — +1,3 Â [6].

Èçó÷åíèå âëèÿíèÿ pH íà îáðàçîâàíèå äèìå-

òèëãèäðàçîíîâ. Ê 1 ìë ðàñòâîðà ÍÄÌÃ ñ êîíöåí-

òðàöèåé 1 ìã/ë äîáàâëÿëè 200 ìêë ñîîòâåòñòâó-

þùåãî áóôåðíîãî ðàñòâîðà, 25 ìêë ðàñòâîðà ðåà-

ãåíòà ñ êîíöåíòðàöèåé 6 ã/ë (60-êðàòíûé ìîëü-

íûé èçáûòîê ðåàãåíòà â ðåàêöèîííîé ñìåñè).

Ïîëó÷åííûå ñìåñè îñòàâëÿëè áåç äîñòóïà ñâåòà

ïðè êîìíàòíîé òåìïåðàòóðå (20 ± 2 °C) è àíàëè-

çèðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ ÷åðåç 30 ìèí, 6, 24

è 48 ÷ ïîñëå äîáàâëåíèÿ ðåàãåíòà.

Èçó÷åíèå âëèÿíèÿ èçáûòêà ðåàãåíòà íà âû-

õîä äèìåòèëãèäðàçîíîâ. Ê 1 ìë ðàñòâîðà ÍÄÌÃ
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ñ êîíöåíòðàöèåé 1 ìã/ë äîáàâëÿëè 200 ìêë àì-

ìèà÷íîãî áóôåðíîãî ðàñòâîðà (pH 9) è 5, 10, 25,

50 ìêë (6 ã/ë) èëè 25, 50 è 100 ìêë (24 ã/ë) ðàñòâî-

ðîâ ñîîòâåòñòâóþùèõ ðåàãåíòîâ (15-, 30-, 60-,

120-, 300-, 600- è 1200-êðàòíûé èçáûòîê ðåàãåí-

òîâ ñîîòâåòñòâåííî). Ïîëó÷åííûå ñìåñè îñòàâëÿ-

ëè áåç äîñòóïà ñâåòà ïðè êîìíàòíîé òåìïåðàòóðå

(20 ± 2 °C) è àíàëèçèðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ

÷åðåç 15 ìèí.

Èçó÷åíèÿ âëèÿíèÿ òåìïåðàòóðû è âðåìåíè

ïðîâåäåíèÿ ðåàêöèè íà âûõîä äèìåòèëãèäðàçî-

íîâ. Ê 1 ìë ðàñòâîðà ÍÄÌÃ ñ êîíöåíòðàöèåé

1 ìã/ë äîáàâëÿëè 200 ìêë àììèà÷íîãî áóôåðíîãî

ðàñòâîðà (pH 9). Çàòåì âíîñèëè íåîáõîäèìûå êî-

ëè÷åñòâà íóæíîãî ðåàãåíòà: äëÿ 2ÍÁÀ — 25 ìêë

ðàñòâîðà (24 ã/ë), äëÿ 4ÍÁÀ — 50 ìêë (6 ã/ë).

Ïðîáû âûäåðæèâàëè ïðè êîìíàòíîé òåìïåðàòó-

ðå (20 ± 2 °C) è 40, 60, 80 °C â òâåðäîòåëüíîì òåð-

ìîñòàòå T-1 (Biosan, Ëàòâèÿ) è ÷åðåç 5, 10, 15, 30,

45, 60, 90 è 120 ìèí àíàëèçèðîâàëè ìåòîäîì

ÂÝÆÕ-ÑÔ.

Âûáîð êîíöåíòðàöèè ÏÀÂ. Ê 1 ìë ðàñòâî-

ðà ÍÄÌÃ ñ êîíöåíòðàöèåé 1 ìã/ë äîáàâëÿëè

200 ìêë àììèà÷íîãî áóôåðíîãî ðàñòâîðà (pH 9) è

íàâåñêó ÄÄÑÍ (0,003; 0,0150; 0,030; 0,060 ã — ñî-

îòâåòñòâóåò êîíöåíòðàöèÿì â ðåàêöèîííîé ñìåñè

8,7; 43,3; 86,7; 173,4 ììîëü/ë), ðåàêöèîííóþ

ñìåñü âûäåðæèâàëè â óëüòðàçâóêîâîé âàííå â òå-

÷åíèå 5 ìèí, çàòåì äîáàâëÿëè 25 ìêë ðàñòâîðà

2ÍÁÀ (24 ã/ë). Ðåàêöèþ ïðîâîäèëè â òå÷åíèå

10 ìèí ïðè êîìíàòíîé òåìïåðàòóðå (20 ± 2 °C).

Ïðîáû àíàëèçèðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ.

Èçó÷åíèå âðåìåíè âîçäåéñòâèÿ óëüòðàçâóêà.

Ê 1 ìë ðàñòâîðà ÍÄÌÃ ñ êîíöåíòðàöèåé 1 ìã/ë

äîáàâëÿëè 200 ìêë àììèà÷íîãî áóôåðíîãî ðàñ-

òâîðà (pH 9) è 0,030 ã ÄÄÑÍ. Ïðîáó âûäåðæèâà-

ëè â óëüòðàçâóêîâîé âàííå â òå÷åíèå 1, 3, 5 è

10 ìèí, ïîñëå ÷åãî äîáàâëÿëè 25 ìêë ðàñòâîðà

2ÍÁÀ (24 ã/ë). Ðåàêöèþ ïðîâîäèëè â òå÷åíèå

10 ìèí ïðè êîìíàòíîé òåìïåðàòóðå (20 ± 2 °C).

Ïðîáû àíàëèçèðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ.

Èçó÷åíèå êèíåòèêè ðåàêöèè äåðèâàòèçàöèè

â ìèöåëëÿðíîé ñðåäå. Ê 1 ìë ðàñòâîðà ÍÄÌÃ

ñ êîíöåíòðàöèåé 1 ìã/ë äîáàâëÿëè 200 ìêë àì-

ìèà÷íîãî áóôåðíîãî ðàñòâîðà (pH 9) è 0,030 ã

ÄÄÑÍ. Ïðîáó âûäåðæèâàëè â óëüòðàçâóêîâîé

âàííå â òå÷åíèå 1 ìèí. Äàëåå âíîñèëè íåîáõîäè-

ìûå êîëè÷åñòâà íóæíîãî ðåàãåíòà: äëÿ 2ÍÁÀ —

25 ìêë ðàñòâîðà (24 ã/ë), äëÿ 4ÍÁÀ — 50 ìêë

(6 ã/ë). Ïîëó÷åííûå ñìåñè îñòàâëÿëè áåç äîñòó-

ïà ñâåòà ïðè êîìíàòíîé òåìïåðàòóðå (20 ± 2 °C)

è àíàëèçèðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ ÷åðåç 3, 5,

10, 15, 30, 60, 90 è 120 ìèí ïîñëå äîáàâëåíèÿ

ðåàãåíòà.

Ìåòîäèêà îïðåäåëåíèÿ ÍÄÌÃ â îáðàçöàõ

âîä. Ê 1 ìë îáðàçöà èëè ãðàäóèðîâî÷íîãî ðàñòâî-

ðà ñ çàäàííîé êîíöåíòðàöèåé ÍÄÌÃ äîáàâëÿëè

200 ìêë àììèà÷íîãî áóôåðíîãî ðàñòâîðà (pH 9) è

0,030 ã ÄÄÑÍ. Êàæäóþ ïðîáó âûäåðæèâàëè â

óëüòðàçâóêîâîé âàííå â òå÷åíèå 1 ìèí. Çàòåì

âíîñèëè íåîáõîäèìûå êîëè÷åñòâà íóæíîãî ðåà-

ãåíòà: äëÿ 2ÍÁÀ — 25 ìêë ðàñòâîðà (24 ã/ë), äëÿ

4ÍÁÀ — 50 ìêë (6 ã/ë). Ïîëó÷åííûå ñìåñè îñòàâ-

ëÿëè áåç äîñòóïà ñâåòà ïðè êîìíàòíîé òåìïåðà-

òóðå (20 ± 2 °C) â òå÷åíèå 30 ìèí ñ 4ÍÁÀ è

45 ìèí ñ 2ÍÁÀ, ïîñëå ÷åãî ïðîâîäèëè àíàëèç

ìåòîäîì ÂÝÆÕ-ÑÔ.

Îáñóæäåíèå ðåçóëüòàòîâ

Âûáîð óñëîâèé õðîìàòîãðàôè÷åñêîãî ðàçäå-

ëåíèÿ. Îáðàçóþùèåñÿ äèìåòèëãèäðàçîíû èìåþò

â ñâîåé ñòðóêòóðå àòîìû àçîòà, êîòîðûå ñïîñîá-

íû ê ïîëÿðíûì âçàèìîäåéñòâèÿì ñî ñâîáîäíûìè

ñèëàíîëüíûìè ãðóïïàìè ìàòðèö ãèäðîôîáèçè-

ðîâàííûõ ñèëèêàãåëåé, ÷òî â èòîãå ìîæåò ïðè-

âåñòè ê óõóäøåíèþ ýôôåêòèâíîñòè ðàçäåëåíèÿ è

ôîðìû õðîìàòîãðàôè÷åñêèõ ïèêîâ è, êàê ñëåä-

ñòâèå, ê óõóäøåíèþ ìåòðîëîãè÷åñêèõ õàðàêòåðè-

ñòèê ìåòîäèêè. Ïîýòîìó äëÿ ðàçäåëåíèÿ áûëà

âûáðàíà õðîìàòîãðàôè÷åñêàÿ êîëîíêà ZORBAX

Eclipse Plus C18, çàïîëíåííàÿ ãèäðîôîáèçèðî-

âàííûì ñèëèêàãåëåì ñ ïðèâèòûìè îêòàäåöèëü-

íûìè ãðóïïàìè è äâîéíûì ýíäêåïïèíãîì, êîòî-

ðàÿ óñòîé÷èâà â äèàïàçîíå pH ïîäâèæíîé ôàçû

îò 2 äî 9.

Â êà÷åñòâå ïîäâèæíîé ôàçû èñïîëüçîâàëè

ñìåñè àöåòîíèòðèëà è àììèà÷íîãî áóôåðíîãî

ðàñòâîðà ñ êîíöåíòðàöèåé 10 ììîëü/ë è pH 7 â

èçîêðàòè÷åñêîì ðåæèìå. Â ýòèõ óñëîâèÿõ èîíèçà-

öèÿ ãèäðàçîííîãî ôðàãìåíòà ïîäàâëåíà, ÷òî áëà-

ãîïðèÿòíî ñêàçûâàåòñÿ íà ôîðìå õðîìàòîãðà-

ôè÷åñêèõ ïèêîâ, à òàêæå èñêëþ÷àþòñÿ êèñëîò-

íûé ãèäðîëèç äèìåòèëãèäðàçîíîâ è óìåíüøåíèå

ïëîùàäåé èõ ïèêîâ â ðåçóëüòàòå ÷àñòè÷íîãî ðàç-

ëîæåíèÿ íà ñîðáåíòå. Òàêèì îáðàçîì, áëàãîäàðÿ

ïðàâèëüíîìó âûáîðó õðîìàòîãðàôè÷åñêèõ óñëî-

âèé óäàëîñü äîáèòüñÿ âûñîêîé ýôôåêòèâíîñòè

ðàçäåëåíèÿ è ïîëíîãî ðàçðåøåíèÿ ïèêîâ äè-

ìåòèëãèäðàçîíîâ ñ ïèêàìè äðóãèõ êîìïîíåíòîâ

ïðîá.

Âûáîð óñëîâèé äåòåêòèðîâàíèÿ. Ñïåêòðû

ïîãëîùåíèÿ â äèàïàçîíå äëèí âîëí îò 190 äî

400 íì ïîëó÷àëè ñ èñïîëüçîâàíèåì äåòåêòîðà íà

äèîäíîé ìàòðèöå. ÍÄÌÃ íå ïîãëîùàåò èçëó÷å-

íèå â óëüòðàôèîëåòîâîé è âèäèìîé îáëàñòÿõ.

2ÍÁÀ è 4ÍÁÀ èìåþò ìàêñèìóìû ïîãëîùåíèÿ

ïðè 225 è 267 íì ñîîòâåòñòâåííî, à ñîîòâåòñòâó-

þùèå äèìåòèëãèäðàçîíû — ïðè 308 è 394 íì.

Äàííûå äëèíû âîëí áûëè âûáðàíû äëÿ äåòåê-

òèðîâàíèÿ.

Äåðèâàòèçàöèÿ

Áûëè ïîñëåäîâàòåëüíî ïîäîáðàíû óñëîâèÿ

ïðîâåäåíèÿ ðåàêöèè äåðèâàòèçàöèè ïóòåì âàðü-
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èðîâàíèÿ òðåáóåìîãî ïàðàìåòðà ïðè ïîñòîÿííûõ

çíà÷åíèÿõ äðóãèõ.

Âîäîðîäíûé ïîêàçàòåëü (pH). Ïîñêîëüêó ðå-

àêöèÿ îáðàçîâàíèÿ äèìåòèëãèäðàçîíîâ ÿâëÿåòñÿ

ðåàêöèåé êîíäåíñàöèè, è èîíû âîäîðîäà â íåé

ïðèíèìàþò êðèòè÷åñêè âàæíîå ó÷àñòèå [24],

áûëî èçó÷åíî âëèÿíèå pH ðåàêöèîííîé ñðåäû íà

âûõîä ñîîòâåòñòâóþùèõ äåðèâàòîâ. Â öåëÿõ ìè-

íèìèçàöèè äîáàâëÿåìûõ îáúåìîâ â ïðîöåññå äå-

ðèâàòèçàöèè æèäêîñòåé è ðàçáàâëåíèÿ ïðîáû

íóæíîãî çíà÷åíèÿ pH äîáèâàëèñü äîáàâëåíèåì

ñîîòâåòñòâóþùåãî êîíöåíòðèðîâàííîãî áóôåð-

íîãî ðàñòâîðà ñ áîëüøîé áóôåðíîé åìêîñòüþ.

Íà ðèñ. 1 ïðåäñòàâëåíû çàâèñèìîñòè âûõîäà

ïðîäóêòà ðåàêöèè îò pH. Ðàñòâîðû ñ êîíöåí-

òðàöèåé ÍÄÌÃ 1 ìã/ë àíàëèçèðîâàëè ÷åðåç 0,5,

6, 24 è 48 ÷ ïîñëå ïðèãîòîâëåíèÿ ðåàêöèîííîé

ñìåñè ïðè òåìïåðàòóðå ïîìåùåíèÿ (ïðèìåðíî

20 °C) è îäèíàêîâîì ìîëüíîì ñîîòíîøåíèè

n(Ðåàã):n(ÍÄÌÃ), ðàâíîì 60:1. Âûõîä ïðîäóêòà

ðåàêöèè îöåíèâàëè êàê îòíîøåíèå ïëîùàäè

ïèêà ãèäðàçîíà ê ìàêñèìàëüíîé çàðåãèñòðèðî-

âàííîé ïëîùàäè åãî ïèêà ñðåäè âñåõ ýêñïåðèìåí-

òàëüíûõ òî÷åê.

Â ïðåäñòàâëåííûõ çàâèñèìîñòÿõ ÷åòêî âûäå-

ëÿþòñÿ äâà ëîêàëüíûõ ìàêñèìóìà âûõîäà äèìå-

òèëãèäðàçîíîâ â äèàïàçîíàõ pH 5 – 7 è 9 – 10,

ïðè÷åì â ýòèõ äèàïàçîíàõ íàáëþäàþòñÿ êàê ëî-

êàëüíûå ìàêñèìóìû ñêîðîñòè íàêîïëåíèÿ äåðè-

âàòîâ (òî÷êà 0,5 ÷), òàê è ñòåïåíè êîíâåðñèè èñ-

õîäíîãî ÍÄÌÃ (òî÷êè 6, 24, 48 ÷). Ïðè÷èíîé ýòî-

ãî, ïî âñåé âèäèìîñòè, ìîæåò áûòü ñìåíà ìåõà-

íèçìà êèñëîòíîãî êàòàëèçà íà îñíîâíûé â äèàïà-

çîíå pH 7 – 9. Ëó÷øèå õàðàêòåðèñòèêè ðåàêöèè

äëÿ âñåõ èññëåäîâàííûõ ðåàãåíòîâ îáåñïå÷èâàåò

åå ïðîâåäåíèå â ñëàáîùåëî÷íîé ñðåäå (pH 9 – 10).

Ñëåäóåò îòìåòèòü, ÷òî ñîãëàñíî ìåòîäèêàì [15,

16] ðåàêöèè ÍÄÌÃ ñ íèòðîáåíçàëüäåãèäàìè ïðî-

âîäèëè, íàïðîòèâ, â ñëàáîêèñëîé ñðåäå (pH 5 – 7),

à â ñëàáîùåëî÷íîé ðåàêöèþ äàæå íå èçó÷àëè.

Óìåíüøåíèå êîíöåíòðàöèè äèìåòèëãèäðàçîíîâ

÷åðåç 24 ÷ ñîñòàâèëî íå áîëåå 5 %, à ÷åðåç 48 ÷ —

íå áîëåå 10 %. Ýòî ãîâîðèò î òîì, ÷òî â ýòèõ óñëî-

âèÿõ äåðèâàòû äîñòàòî÷íî ñòàáèëüíû. Óìåíü-

øåíèå êîíöåíòðàöèè äèìåòèëãèäðàçîíîâ ñî âðå-

ìåíåì, âåðîÿòíî, âûçâàíî îêèñëèòåëüíî-âîñ-

ñòàíîâèòåëüíûìè ïðîöåññàìè. Äàëüíåéøèå èñ-

ñëåäîâàíèÿ ðåàêöèé äåðèâàòèçàöèè â ðàáîòå ïðî-

âîäèëè ïðè pH 9, ïîñêîëüêó â ýòîì ñëó÷àå

ðåàëèçóþòñÿ íàèëó÷øèå êèíåòè÷åñêèå è òåðìî-

äèíàìè÷åñêèå óñëîâèÿ ïðîòåêàíèÿ ðåàêöèè äëÿ

îáîèõ ðåàãåíòîâ.

Êîíöåíòðàöèÿ ðåàãåíòà. Ñêîðîñòü ïðàêòè-

÷åñêè ëþáîãî õèìè÷åñêîãî ïðîöåññà çàâèñèò îò

êîíöåíòðàöèè ðåàãèðóþùèõ âåùåñòâ. Áûëè èçó-

÷åíû çàâèñèìîñòè âûõîäà ãèäðàçîíîâ ïðè âðåìå-

íè ïðîòåêàíèÿ ðåàêöèè 15 ìèí â óñëîâèÿõ ðàç-

ëè÷íîãî èçáûòêà ðåàãåíòîâ (ðèñ. 2). Â ñîîòâåò-

ñòâèè ñ çàêîíîì äåéñòâóþùèõ ìàññ, êàê è ñëå-

äîâàëî îæèäàòü, ñêîðîñòü îáðàçîâàíèÿ äèìåòèë-

ãèäðàçîíîâ ðàñòåò ñ óâåëè÷åíèåì êîíöåíòðàöèè

ðåàãåíòîâ â ñèñòåìå, êîòîðàÿ îãðàíè÷åíà èõ ìàê-

ñèìàëüíîé ðàñòâîðèìîñòüþ â ðåàêöèîííîé ñìå-
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Ðèñ. 1. Çàâèñèìîñòü âûõîäà ïðîäóêòà ðåàêöèè ÍÄÌÃ ñ 2ÍÁÀ (à) è 4ÍÁÀ (á) îò pH (T = 20 °C, C(ÍÄÌÃ) = 1 ìã/ë,

n(ÍÁÀ):n(ÍÄÌÃ) = 60:1; n = 3; P = 0,95)

Fig. 1. Dependence of the yield of UDMH reaction with 2NBA (a) and 4NBA (b) (T = 20°C, C(UDMH) = 1 mg/L,

n(NBA):n(UDMH) = 60:1; n = 3; P = 0.95) on the pH value

Ðèñ. 2. Çàâèñèìîñòü âûõîäà äèìåòèëãèäðàçîíîâ îò

êîíöåíòðàöèè íèòðîáåíçàëüäåãèäîâ (pH 9, C(ÍÄÌÃ) =

= 1 ìã/ë, T = 20 °C, âðåìÿ ðåàêöèè — 15 ìèí; n = 3;

P = 0,95)

Fig. 2. Dependence of the yield of dimethylhydrazones (pH

9, C(UDMH) = 1 mg/L, T = 20°C, reaction time — 15 min,

n = 3; P = 0.95) on the concentration of nitrobenzaldehydes



ñè. Ýòè çíà÷åíèÿ êîíöåíòðàöèé ðåàãåíòîâ áûëè

âûáðàíû äëÿ äåðèâàòèçàöèè.

Òåìïåðàòóðà. Òåìïåðàòóðà — îäèí èç ñàìûõ

âàæíûõ ïàðàìåòðîâ ëþáîãî ïðîöåññà. Áûëî èçó-

÷åíî âëèÿíèå òåìïåðàòóðû íà âûõîä äèìåòèë-

ãèäðàçîíîâ âî âðåìåíè. Íà ðèñ. 3 ïðåäñòàâëåíû

ýêñïåðèìåíòàëüíûå çàâèñèìîñòè âûõîäà ïðîäóê-

òà ðåàêöèè ÍÄÌÃ ñ íèòðîáåíçàëüäåãèäàìè îò

âðåìåíè äëÿ ðàçíûõ òåìïåðàòóð.

Ðåàêöèÿ îæèäàåìî ïðîòåêàåò áûñòðåå ïðè ïî-

âûøåííûõ òåìïåðàòóðàõ, îäíàêî òåðìè÷åñêîå

âîçäåéñòâèå ïðèâîäèò ê óìåíüøåíèþ âûõîäà äè-

ìåòèëãèäðàçîíîâ, ÷òî ñâÿçàíî ñ ðàçðóøåíèåì

ãèäðàçîíîâ è/èëè èñõîäíûõ âåùåñòâ â ðåçóëüòàòå

óñêîðåíèÿ ïîáî÷íûõ ïðîöåññîâ (âåðîÿòíî, îêèñ-

ëèòåëüíî-âîññòàíîâèòåëüíîé ïðèðîäû) â ðåàêöè-

îííîé ñìåñè. Ïî ýòîé ïðè÷èíå êîìíàòíàÿ òåìïå-

ðàòóðà áûëà âûáðàíà êàê îïòèìàëüíàÿ äëÿ ïðî-

âåäåíèÿ äåðèâàòèçàöèè. Âðåìÿ ïðîâåäåíèÿ ðåàê-

öèè äëÿ 2ÍÁÀ è 4ÍÁÀ ñîñòàâèëî 60 è 45 ìèí ñî-

îòâåòñòâåííî (òî÷êà âûõîäà êðèâîé íà «ïëàòî» —

âûõîä äåðèâàòà >98 %).

Èîíîõðîìàòîãðàôè÷åñêèé àíàëèç. Äëÿ ïîä-

òâåðæäåíèÿ êîëè÷åñòâåííîãî ïðîòåêàíèÿ ðåàê-

öèè ïî îòñóòñòâèþ ÍÄÌÃ â ðåàêöèîííîé ñìåñè

ïðîâîäèëè åå èîíîõðîìàòîãðàôè÷åñêèé àíàëèç â

âûáðàííûõ óñëîâèÿõ äåðèâàòèçàöèè â ñîîòâåòñò-

âèè ñ ìåòîäèêîé [6]. Ïðåäåë îáíàðóæåíèÿ ÍÄÌÃ

ñîñòàâëÿë 10 ìêã/ë. Íà ðèñ. 4 ïðåäñòàâëåíû íàëî-

æåíèÿ ýêñïåðèìåíòàëüíûõ õðîìàòîãðàìì ðåàê-

öèîííîé ñìåñè ñ êîíöåíòðàöèåé ÍÄÌÃ 1 ìã/ë,

õîëîñòîé ïðîáû ñ äîáàâêîé ðåàãåíòà è ðàñòâîðà

ÍÄÌÃ (50 ìêã/ë) â àíàëîãè÷íûõ óñëîâèÿõ äåðè-

âàòèçàöèè áåç äîáàâêè ðåàãåíòà.

Â ðåàêöèîííûõ ñìåñÿõ ÍÄÌÃ íå áûë îáíàðó-

æåí (<10 ìêã/ë): ýòî ãîâîðèò î òîì, ÷òî â âûáðàí-

íûõ óñëîâèÿõ ðåàêöèÿ ÍÄÌÃ ñ íèòðîáåíçàëüäå-

ãèäàìè ïðîòåêàåò êîëè÷åñòâåííî (>99 %).
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Ðèñ. 3. Çàâèñèìîñòü âûõîäà ïðîäóêòà ðåàêöèè ÍÄÌÃ ñ 2ÍÁÀ (à) è 4ÍÁÀ (á) (ö) îò âðåìåíè ïðè ðàçíûõ òåìïåðàòóðàõ

(pH 9, C(ÍÄÌÃ) = 1 ìã/ë, n(ÍÁÀ):n(ÍÄÌÃ) = 300:1 (à); 150:1 (á); n = 3; P = 0,95)

Fig. 3. Dependence of the yield of UDMH reaction with 2NBA (a) and 4NBA (b) (ö) on the temperature and reaction time

(pH 9, C(UDMH) = 1 mg/L, n(NBA): n(UDMH) = 300:1 (a); 150:1 (b); n = 3; P = 0.95)

à

1 2 3

á

t, ìèí t, ìèí

Ðèñ. 4. Íàëîæåíèå õðîìàòîãðàìì õîëîñòîé ïðîáû (1) ñ äîáàâêîé 2ÍÁÀ (à) è 4ÍÁÀ (á), ðåàêöèîííîé ñìåñè ñ ÍÄÌÃ ïîñëå

çàâåðøåíèÿ äåðèâàòèçàöèè (1 ìã/ë) (2) è ðàñòâîðà ÍÄÌÃ (50 ìêã/ë) â óñëîâèÿõ äåðèâàòèçàöèè áåç äîáàâêè ðåàãåíòà (3)

(êîëîíêà — Luna SCX 250 × 4,6 ìì, 10 ìêì, ïîäâèæíàÿ ôàçà — 100 ìÌ àììîíèéíî-àöåòàòíûé áóôåðíûé ðàñòâîð (pH

5,4) ñ äîáàâêîé 10 % îá. àöåòîíèòðèëà, ñêîðîñòü ïîòîêà — 1,0 ìë/ìèí, ïîòåíöèàë äåòåêòîðà — +1,3 Â)

Fig. 4. Overlapped of chromatograms of the blank sample (1) added with 2NBA (a) and 4NBA (b), reaction mixture with

UDMH (1 mg/L) after complete derivatization (2) and UDMH solution (50 ìg/liter) under derivatization conditions without

adding a reagent (3) (column — Luna SCX (250 × 4.6 mm, 10 ìm), mobile phase — 100 mM ammonium acetate buffer solu-

tion (pH 5.4) with 10 vol.% acetonitrile, flow rate — 1.0 ml/min, detector potential — +1.3 V)



Äåðèâàòèçàöèÿ ñ ïðèìåíåíèåì

ìèöåëëÿðíîãî êàòàëèçà

Êîíöåíòðàöèÿ ÏÀÂ. ÄÄÑÍ îòíîñèòñÿ ê ñå-

ìåéñòâó ñóëüôîàíèîííûõ ÏÀÂ è â âîäíîé ñðåäå

îáðàçóåò ïðÿìûå ìèöåëëû. Îäíàêî ñóùåñòâî-

âàíèå ìèöåëë â ðàñòâîðå âîçìîæíî òîëüêî ïðè

îïðåäåëåííûõ óñëîâèÿõ, à èìåííî, ïðè êîíöåí-

òðàöèè ÏÀÂ âûøå ïîðîãîâîé (êðèòè÷åñêîé) êîí-

öåíòðàöèè ìèöåëëîîáðàçîâàíèÿ (ÊÊÌ). Ïîýòîìó

èçó÷èëè âëèÿíèå êîíöåíòðàöèè ÄÄÑÍ â ðàñòâî-

ðå íà âûõîä äèìåòèëãèäðàçîíà 2ÍÁÀ çà 10 ìèí

ïðîòåêàíèÿ ðåàêöèè. Çíà÷åíèÿ âûõîäà ðåàêöèè

( %) ïðè ðàçëè÷íûõ êîíöåíòðàöèÿõ ÄÄÑÍ (pH 9,

C(ÍÄÌÃ) = 1 ìã/ë, n(2ÍÁÀ):n(ÍÄÌÃ) = 300:1,

T = 20 °C, âðåìÿ âîçäåéñòâèÿ óëüòðàçâóêà 5 ìèí;

n = 3; P = 0,95) ïðèâåäåíû íèæå:

C(ÄÄÑÍ), ììîëü/ë ö, %

8,7 36 ± 2

43,3 55 ± 2

86,7 58 ± 3

173,4 58 ± 2

Ïî äàííûì ðàáîòû [25] èçâåñòíî, ÷òî 1-ÿ

ÊÊÌ è 2-ÿ ÊÌÌ äëÿ ÄÄÑÍ ðàâíû 8,3 ììîëü/ë è

ïðèìåðíî 80 ììîëü/ë ñîîòâåòñòâåííî. Ïðè êîí-

öåíòðàöèè ÄÄÑÍ îêîëî 90 ììîëü/ë äîñòèãàåòñÿ

ìàêñèìàëüíàÿ ñêîðîñòü îáðàçîâàíèÿ ãèäðàçîíà,

÷òî ñîîòâåòñòâóåò 2-é ÊÊÌ. Ïðè äàëüíåéøåì

óâåëè÷åíèè êîíöåíòðàöèè ÄÄÑÍ âûõîä ïðîäóê-

òà äåðèâàòèçàöèè íå ìåíÿåòñÿ. Ïîýòîìó ýòà êîí-

öåíòðàöèÿ ÄÄÑÍ áûëà âûáðàíà äëÿ äàëüíåéøèõ

èññëåäîâàíèé.

Âðåìÿ óëüòðàçâóêîâîãî âîçäåéñòâèÿ. Áûëî

âûäâèíóòî ïðåäïîëîæåíèå, ÷òî óâåëè÷åíèå âðå-

ìåíè âîçäåéñòâèÿ óëüòðàçâóêà íà ïðîáó ñ ÏÀÂ

ìîæåò ñïîñîáñòâîâàòü áîëåå âûðàæåííîìó ïðî-

ÿâëåíèþ ýôôåêòà ìèöåëëÿðíîãî êàòàëèçà âñëåä-

ñòâèå áîëüøåãî äèñïåðãèðîâàíèÿ àãðåãàòîâ ìî-

ëåêóë ÏÀÂ è, êàê ñëåäñòâèå, — áîëåå áûñòðîìó

äîñòèæåíèþ òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ ìè-

öåëëîîáðàçîâàíèÿ. Äëÿ ïðîâåðêè ýòîé ãèïîòåçû

êàæäûé îáðàçåö âûäåðæèâàëè â óëüòðàçâóêîâîé

âàííå â òå÷åíèå 1, 3, 5 è 10 ìèí, ïîñëå ÷åãî äî-

áàâëÿëè ðåàãåíò äëÿ äåðèâàòèçàöèè è àíàëèçè-

ðîâàëè ìåòîäîì ÂÝÆÕ-ÑÔ ÷åðåç 10 ìèí. Çíà÷å-

íèÿ âûõîäà äèìåòèëãèäðàçîíà 2ÍÁÀ ïðè ðàçëè÷-

íîì âðåìåíè óëüòðàçâóêîâîãî âîçäåéñòâèÿ (pH 9,

C(ÍÄÌÃ) = 1 ìã/ë, n(2ÍÁÀ):n(ÍÄÌÃ) = 300:1,

T = 20 °C, C(ÄÄÑÍ) = 86,7 ììîëü/ë, âðåìÿ ðåàê-

öèè — 10 ìèí; n = 3; P = 0,95) ïðèâåäåíû íèæå:

Âðåìÿ ÓÇÂ, ìèí ö, %

1 57 ± 2

3 57 ± 3

5 58 ± 3

10 57 ± 2

Âûÿâëåíî, ÷òî âðåìÿ óëüòðàçâóêîâîãî âîçäåé-

ñòâèÿ íå îêàçûâàåò âëèÿíèÿ íà âûõîä äèìåòèë-

ãèäðàçîíà. Ïî âñåé âèäèìîñòè, 1 ìèí ÓÇÂ äî-

ñòàòî÷íî äëÿ ïîëíîãî äèñïåðãèðîâàíèÿ ÄÄÑÍ è

äîñòèæåíèÿ òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ ìè-

öåëëîîáðàçîâàíèÿ.

Êèíåòèêà ðåàêöèè äåðèâàòèçàöèè â ìèöåë-

ëÿðíîé ñðåäå. Äëÿ îöåíêè ýôôåêòèâíîñòè ìè-

öåëë ÄÄÑÍ â êàòàëèçå ðåàêöèè ÍÄÌÃ ñ íèòðî-

áåíçàëüäåãèäàìè èçó÷èëè çàâèñèìîñòü âûõîäà

äèìåòèëãèäðàçîíà îò âðåìåíè åå ïðîâåäåíèÿ è

ñðàâíèëè ïîëó÷åííóþ çàâèñèìîñòü ñ àíàëîãè÷-

íîé â óñëîâèÿõ áåç ÏÀÂ (ðèñ. 5).

Èç ïîëó÷åííûõ äàííûõ ìîæíî ñäåëàòü âû-

âîä, ÷òî ìèöåëëÿðíàÿ ñðåäà îêàçûâàåò çàìåòíîå

êàòàëèòè÷åñêîå äåéñòâèå íà ðåàêöèþ ÍÄÌÃ ñ

íèòðîáåíçàëüäåãèäàìè. Äëÿ 2ÍÁÀ ðåàêöèÿ çà-

âåðøàåòñÿ ïðèìåðíî çà 45 ìèí, à äëÿ 4ÍÁÀ — çà

30 ìèí. Òàêèì îáðàçîì, óäàëîñü ñîêðàòèòü âðåìÿ

ïðîâåäåíèÿ äåðèâàòèçàöèè íà 15 ìèí ñ êàæäûì
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Ðèñ. 5. Çàâèñèìîñòü âûõîäà ïðîäóêòà ðåàêöèè ÍÄÌÃ ñ 2ÍÁÀ (à) è 4ÍÁÀ (á) â ïðèñóòñòâèè è áåç äîáàâëåíèÿ ÄÄÑÍ îò

âðåìåíè (pH 9, C(ÍÄÌÃ) = 1 ìã/ë, T = 20 °C, n(ÍÁÀ):n(ÍÄÌÃ) = 300:1 (à); 150:1 (á); n = 3; P = 0,95)

Fig. 5. Time dependence of the yield of UDMH reaction with 2NBA (a) or 4NBA (b) with and without SDS added (pH 9,

C(UDMH) = 1 mg/L, T = 20°C, n(NBA):n(UDMH) = 300:1 (a); 150:1 (b); n = 3; P = 0.95)



èç ðåàãåíòîâ ïî ñðàâíåíèþ ñ ðåàêöèåé áåç ïðèìå-

íåíèÿ ìèöåëëÿðíîãî êàòàëèçà.

Àíàëèç îáðàçöîâ âîäû. Ïî ðåçóëüòàòàì ðà-

áîòû áûëè âûáðàíû óñëîâèÿ äåðèâàòèçàöèè

(òàáë. 1) ñ ïðèìåíåíèåì ìèöåëëÿðíîãî êàòàëè-

çà, êîòîðûå ñî÷åòàþòñÿ ñ óñëîâèÿìè ÂÝÆÕ-ÑÔ

îïðåäåëåíèÿ ïðîèçâîäíîãî.

Äëÿ îöåíêè ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê

è àïðîáàöèè ïðåäëîæåííîãî ïîäõîäà ÂÝÆÕ-ÑÔ ñ

ïðåäâàðèòåëüíîé äåðèâàòèçàöèåé â óñëîâèÿõ ìè-

öåëëÿðíîãî êàòàëèçà (òàáë. 2) ïðîâîäèëè àíàëèç

îáðàçöîâ ïðèðîäíîé âîäû (îç. Èìàíäðà, Ìóðìàí-

ñêàÿ îáë.) ñ èçâåñòíîé äîáàâêîé ÍÄÌÃ. Àíàëèòè-

÷åñêèì ñèãíàëîì ïðè ïîñòðîåíèè ãðàäóèðîâî÷-

íîé çàâèñèìîñòè ñëóæèëà ïëîùàäü ïèêà ñîîòâåò-

ñòâóþùåãî äèìåòèëãèäðàçîíà. Ïðåäåë îáíàðóæå-

íèÿ îöåíèâàëè ïî îòíîøåíèþ S/N = 3. Ïðàâèëü-

íîñòü ïðåäëîæåííîãî ïîäõîäà ïîäòâåðæäàëè

ìåòîäîì «ââåäåíî – íàéäåíî». Ñõîäèìîñòü ðàñ-

ñ÷èòûâàëè ïî òðåì ïàðàëëåëüíûì ðåçóëüòàòàì

îïðåäåëåíèÿ ÍÄÌÃ â ïðîáå, ïîëó÷åííûì â òå÷å-

íèå îäíîãî äíÿ.

Ðàçðàáîòàííûå ïîäõîäû õàðàêòåðèçóþòñÿ

ïðèåìëåìîé ïðàâèëüíîñòüþ, âîñïðîèçâîäèìî-

ñòüþ è ÷óâñòâèòåëüíîñòüþ, à òàêæå øèðîêèìè

ëèíåéíûìè äèàïàçîíàì îïðåäåëÿåìûõ êîíöåí-

òðàöèé.

Â òàáë. 3 ïðåäñòàâëåíî ñðàâíåíèå ðàçðàáî-

òàííûõ ïîäõîäîâ ñ óæå èçâåñòíûìè â ëèòåðàòóðå.

Â ðàáîòå [15] íåñìîòðÿ íà èñïîëüçîâàíèå ÷óâñò-

âèòåëüíîãî ÌÑÄ â ðåæèìå ìîíèòîðèíãà ìíîæå-

ñòâåííûõ ðåàêöèé áûëî ïîëó÷åíî äîñòàòî÷íî âû-

ñîêîå çíà÷åíèå íèæíåé ãðàíèöû îïðåäåëÿåìûõ

êîíöåíòðàöèé (Cí) ÍÄÌÃ ïîñëå äåðèâàòèçàöèè

ñ 2ÍÁÀ è óçêèé ËÄÎÊ. Àâòîðû ðàáîòû [16] ñîîá-

ùàëè îá îòñóòñòâèè ëèíåéíîñòè íà óðîâíå êîí-

öåíòðàöèé íèæå 100 ìêã/ë, à óêàçàííûé ïðåäåë

îáíàðóæåíèÿ áûë äîñòèãíóò òîëüêî ñ èñïîëüçîâà-

íèåì ñòàíäàðòíîãî îáðàçöà äèìåòèëãèäðàçîíà

4ÍÁÀ. Òàêèå ðåçóëüòàòû ìîæíî îáúÿñíèòü íå

ñàìûì ëó÷øèì âûáîðîì óñëîâèé äåðèâàòèçàöèè.

Â îáîèõ ñëó÷àÿõ èñïîëüçîâàëè ñëàáîêèñëóþ ñðå-

äó, òîãäà êàê ïðîâåäåíèå ðåàêöèè â ñëàáîùåëî÷-

íîé ñðåäå, ðåàëèçîâàííîå â äàííîé ðàáîòå, âû-

ãîäíåå ñ òî÷êè çðåíèÿ êàê êèíåòèêè, òàê è òåðìî-

äèíàìèêè äåðèâàòèçàöèè (ñì. ðèñ. 1). Ïðè ýòîì

àâòîðû ïðîâîäèëè äåðèâàòèçàöèþ ïðè ïîâûøåí-

íîé òåìïåðàòóðå, ÷òî, êàê áûëî ïîêàçàíî, íåãà-

òèâíî ñêàçûâàåòñÿ íà âûõîäå ïðîäóêòîâ ðåàê-

öèé: ñîîòâåòñòâóþùèå óêàçàííîìó âðåìåíè íà-
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Òàáëèöà 1. Ïðåäëîæåííûå óñëîâèÿ ïðîâåäåíèÿ äåðèâàòèçàöèè ÍÄÌÃ

Table 1. Specified conditions for UDMH derivatization

Ðåàãåíò ë, íì pH C(ÄÄÑÍ), ììîëü/ë n(ÍÁÀ):n(ÍÄÌÃ) T, °C Âðåìÿ, ìèí

2ÍÁÀ 308 9 87 300:1 20 °C 45

4ÍÁÀ 394 150:1 30

Òàáëèöà 2. Õàðàêòåðèñòèêè ÂÝÆÕ-ÑÔ îïðåäåëåíèÿ ÍÄÌÃ â ïðèðîäíîé âîäå ñ ïðåäâàðèòåëüíîé äåðèâàòèçàöèåé íè-

òðîáåíçàëüäåãèäàìè

Table 2. Characteristics of HPLC-UV determination of UDMH in natural water with preliminary derivatization with nitro-

benzaldehydes

Ðåàãåíò

Ëèíåéíûé äèàïàçîí

îïðåäåëÿåìûõ êîí-

öåíòðàöèé, ìêã/ë

S = kC + a R2
C

min
,

ìêã/ë

Ââåäåíî,

ìêã/ë

Íàéäåíî,

ìêã/ë (n = 3,

P = 0,95)

s
r

2ÍÁÀ 7 – 1000 S = (0,745 ± 0,009)C 0,9997 3 7 7,5 ± 1,7 0,09

250 245 ± 12 0,02

4ÍÁÀ 5 – 1000 S = (0,954 ± 0,005)C 0,9999 1,5 5 5,4 ± 1,4 0,1

250 255 ± 24 0,04

Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ ÍÄÌÃ â âîäå ðàçëè÷íûìè àíàëèòè÷åñêèìè ìåòîäàìè ñ ïðåäâàðèòåëüíîé äåðèâà-

òèçàöèåé íèòðîáåíçàëüäåãèäàìè

Table 3. Comparison of analytical methods for the determination of UDMH in water with preliminary derivatization with

nitrobenzaldehydes

Ðåàãåíò Óñëîâèÿ Ìåòîä ËÄÎÊ, ìêã/ë C
min

, ìêã/ë Èñòî÷íèê

2ÍÁÀ pH 5,5, 45 ìèí, 75 °C ÂÝÆÕ-ÌÑ/ÌÑ 10 – 200 — [15]

pH 9, ÄÄÑÍ, 45 ìèí, 20 °C ÂÝÆÕ-ÑÔ 7 – 1000 3 Äàííàÿ ðàáîòà

4ÍÁÀ pH 5,5, 15 ìèí, 75 °C ÂÝÆÕ-ÑÔ 120 – 600 2,4 (0,04 ìêìîëü/ë) [16]

pH 9, ÄÄÑÍ, 30 ìèí, 20 °C ÂÝÆÕ-ÑÔ 5 – 1000 1,5 Äàííàÿ ðàáîòà



ãðåâàíèÿ âûõîäû áóäóò ìåíåå 40 % â ïåðâîì ñëó-

÷àå è 75 % — âî âòîðîì (ñì. ðèñ. 3).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, èçó÷åíû çàêîíîìåðíîñòè ðå-

àêöèé äåðèâàòèçàöèè ÍÄÌÃ ñ íèòðîáåçàëüäåãè-

äàìè è íàéäåíû îïòèìàëüíûå óñëîâèÿ èõ ïðîâå-

äåíèÿ. Âïåðâûå äëÿ äåðèâàòèçàöèè ÍÄÌÃ áûëè

ïðèìåíåíû ñëàáîùåëî÷íàÿ ñðåäà (pH 9) è ìèöåë-

ëÿðíûé êàòàëèç. Äîêàçàí è óñïåøíî ïðèìåíåí

ýôôåêò óñêîðåíèÿ ðåàêöèé îáðàçîâàíèÿ äèìå-

òèëãèäðàçîíîâ â ïðèñóòñòâèè àíèîííîãî ÏÀÂ —

ÄÄÑÍ. Ýòî ïîçâîëèëî íå òîëüêî çíà÷èòåëüíî ñî-

êðàòèòü îáùåå âðåìÿ îïðåäåëåíèÿ, ÷òî êðàéíå

âàæíî â ðóòèííîì àíàëèçå, íî è îáåñïå÷èòü îáðà-

çîâàíèå ïðîèçâîäíûõ ïðè íèçêèõ êîíöåíòðàöèÿõ

ÍÄÌÃ, à òàêæå ñóùåñòâåííî óìåíüøèòü íèæ-

íþþ ãðàíèöó îïðåäåëÿåìûõ êîíöåíòðàöèé. Ïðåä-

ëîæåíû êîìáèíèðîâàííûå ïîäõîäû ïðîâåäåíèÿ

äåðèâàòèçàöèè â ìèöåëëÿðíîé ñðåäå ñ 2ÍÁÀ è

4ÍÁÀ ñ ïîñëåäóþùèì ÂÝÆÕ-ÑÔ îïðåäåëåíèåì.

Ðàçðàáîòàííûå ìåòîäèêè ïðîñòû, íå òðåáóþò

ïðîâåäåíèÿ òðóäîåìêèõ ñòàäèé êîíöåíòðèðîâà-

íèÿ è âûäåëåíèÿ âåùåñòâ, èñïîëüçîâàíèÿ òðóä-

íîäîñòóïíûõ ðåàãåíòîâ è îáîðóäîâàíèÿ, õàðàêòå-

ðèçóþòñÿ ïðèåìëåìîé ïðàâèëüíîñòüþ, âîñïðîèç-

âîäèìîñòüþ è ÷óâñòâèòåëüíîñòüþ, à òàêæå øèðî-

êèì ëèíåéíûì äèàïàçîíîì îïðåäåëÿåìûõ êîí-

öåíòðàöèé. Ïðèìåíåíèå ìèöåëëÿðíîãî êàòàëèçà

âåñüìà ïåðñïåêòèâíî êàê äëÿ ñîâåðøåíñòâîâàíèÿ

óæå èçâåñòíûõ, òàê è â ðàçðàáîòêå íîâûõ ñïîñî-

áîâ îïðåäåëåíèÿ ÍÄÌÃ è äðóãèõ ãèäðàçèíîâ. Â

ïåðñïåêòèâå ðàçðàáîòàííûå ìåòîäèêè ìîãóò

áûòü ðàñïðîñòðàíåíû íà àíàëèç íå òîëüêî âîä,

íî è ëþáûõ âîäíûõ ìàòðèö, â òîì ÷èñëå êèñëîò-

íûõ âûòÿæåê è îòãîíîâ ÍÄÌÃ èç ïî÷â, à òàêæå

ñìûâîâ ñ ïîâåðõíîñòåé è îòãîíîâ èç ñòðîèòåëü-

íûõ ìàòåðèàëîâ.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé

ïîääåðæêå ÐÔÔÈ â ðàìêàõ íàó÷íîãî ïðîåêòà

¹ 19-33-90120.
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Â ñâÿçè ñ ðàñøèðåíèåì ðàáîò ïî ñèíòåçó è èññëåäîâàíèþ ñòðóêòóðû íîâûõ èíòåðêàëÿöè-

îííûõ ñîåäèíåíèé íà îñíîâå äèñóëüôèäà ìîëèáäåíà ñ âêëþ÷åííûìè â åãî ñëîèñòûå ñòðóê-

òóðû ðàçíîîáðàçíûìè îðãàíè÷åñêèìè ìîëåêóëàìè âîçíèêàåò íåîáõîäèìîñòü â áûñòðîì

ïðîâåäåíèè àíàëèçà ýòèõ ñîåäèíåíèé íà ñîäåðæàíèå ìîëèáäåíà ñ âîçâðàùåíèåì îáðàçöîâ

èññëåäîâàòåëÿì. Â íàñòîÿùåé ðàáîòå ïðåäëîæåíà ýêñïðåññ-ìåòîäèêà ðåíòãåíîôëóîðåñöåí-

òíîãî àíàëèçà (ÐÔÀ) ýòèõ ñîåäèíåíèé íàñûïíûì ñïîñîáîì â îáëàñòè ñîäåðæàíèé ìîëèáäå-

íà 28 – 50 %. Àíàëèòè÷åñêèé ñèãíàë èçìåðÿëè íà äëèíå âîëíû ëèíèè MoKá ñ èñïîëüçîâà-

íèåì ñïåêòðîìåòðà VRA-30 (Carl Zeiss, Ãåðìàíèÿ; ðåíòãåíîâñêàÿ òðóáêà ñ Rh-àíîäîì;

35 êÂ, 15 ìÀ). Ñîäåðæàíèå ìîëèáäåíà ðàññ÷èòûâàëè ïî âûâåäåííîìó óðàâíåíèþ ñâÿçè, ïî-

ãðåøíîñòü îïðåäåëåíèÿ — ±2,5 % Ìî (àáñ.). Â îòëè÷èå îò òðàäèöèîííî èñïîëüçóåìîé â ëà-

áîðàòîðèè ìåòîäèêè àíàëèçà ïî ñïîñîáó âíåøíåãî ñòàíäàðòà ñ ðàçáàâëåíèåì ïðåäëàãàåìàÿ

ìåòîäèêà ïðè óäîâëåòâîðèòåëüíîé òî÷íîñòè ïîçâîëÿåò ñîêðàòèòü âðåìÿ àíàëèçà ñ

~100 ìèí äî ~20 ìèí, ïðè ýòîì ìàòåðèàë îáðàçöà ñîõðàíÿåòñÿ è ìîæåò áûòü âîçâðàùåí

äëÿ äàëüíåéøèõ èññëåäîâàíèé. Ïðàâèëüíîñòü ìåòîäèêè ïîäòâåðæäåíà äëÿ ïàðòèè ñîåäè-

íåíèé ñðàâíåíèåì ñ ðåçóëüòàòàìè ÐÔÀ ïî ìåòîäó ñ ðàçáàâëåíèåì.

Êëþ÷åâûå ñëîâà: ýëåìåíòíûé àíàëèç; ðåíòãåíîñïåêòðàëüíûé ôëóîðåñöåíòíûé àíàëèç;

ÐÔÀ; íàñûïíîé ýêñïðåññ-àíàëèç; èíòåðêàëÿöèîííûå ñîåäèíåíèÿ; ìîëèáäåí.
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Expansion of the works on the synthesis and study of the structure of new intercalation compounds based

on molybdenum disulfide (MD)with various organic molecules inclusions in the layered structures, entails

the necessity of developing methods for rapid analysis of those compounds for molybdenum content. We

developed a rapid method of RF analysis of such compounds using in bulk method in the range of 28 – 50%

Mo content. Analytical signals were measured for MoKá line on a VRA-30 spectrometer (“Karl Zeiss,”

Jena Germany, X-ray tube with Rh-anode operated in the mode of 35 kV, 15 mA). The molybdenum con-

tent is calculated using the derived constraint equation, the error of determination is ±2.5% Mo (abs.). In

contrast to the traditional methods of external standard method with dilution used in the laboratory prac-

tice, the proposed method provides a satisfactory accuracy and reduces the duration of analysis from �100

to �20 min, the sample material being kept safe for further studies. Correctness of the method was con-

firmed for the batch of compounds by comparison of the obtained results and the data of XRF analysis

with the dilution procedure.

Keywords: elemental analysis; X-ray spectral fluorescence analysis; XRF; bulk express analysis; interca-

lation compounds; molybdenum.
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Ââåäåíèå

Â ïîñëåäíèå ãîäû âîçðîñëî ÷èëî ðàáîò, ïîñâÿ-

ùåííûõ ñèíòåçó è èññëåäîâàíèþ ñòðóêòóðû

íîâûõ èíòåðêàëÿöèîííûõ ñîåäèíåíèé íà îñíîâå

äèñóëüôèäà ìîëèáäåíà ñ âêëþ÷åííûìè â åãî

ñëîèñòûå ñòðóêòóðû îðãàíè÷åñêèìè ìîëåêóëàìè

[1 – 4]. Â ïðîöåññå ñèíòåçà âîçíèêàåò íåîáõî-

äèìîñòü â áûñòðîì ïðîâåäåíèè àíàëèçà ïîëó-

÷åííûõ ñîåäèíåíèé íà ñîäåðæàíèå ìîëèáäåíà ñ

âîçâðàùåíèåì îáðàçöîâ äëÿ äàëüíåéøèõ èñ-

ñëåäîâàíèé.

Îäíèì èç ìåòîäîâ ýëåìåíòíîãî àíàëèçà ÿâëÿ-

åòñÿ ðåíòãåíîôëóîðåñöåíòíûé àíàëèç (ÐÔÀ)

[5 – 7], ïîçâîëÿþùèé îïðåäåëÿòü øèðîêèé êðóã

ýëåìåíòîâ â ðàçíîîáðàçíûõ ïðèðîäíûõ îáúåêòàõ:

ìèíåðàëàõ, ðóäàõ, ïî÷âàõ, ïðîäóêòàõ ïèòàíèÿ,

æèâûõ îðãàíèçìàõ è äð. [8 – 14].

Â ëàáîðàòîðèè ìèêðîàíàëèçà ÈÍÝÎÑ ÐÀÍ

äëÿ îïðåäåëåíèÿ ìåòàëëîâ â ñîñòàâå íîâûõ ñèí-

òåçèðóåìûõ ìåòàëëîîðãàíè÷åñêèõ ñîåäèíåíèé

(ÌÎÑ) òðàäèöèîííî èñïîëüçóþò ÐÔÀ ïî ñïîñîáó

âíåøíåãî ñòàíäàðòà ñ 100 – 200-êðàòíûì ðàçáàâ-

ëåíèåì ìèêðîïðîáû (3 – 10 ìã) ýìóëüñèîííûì

ïîëèñòèðîëîì (ÏÑ) [15 – 18]. Ðàçáàâëåíèå ïðèâî-

äèò ê ïîëó÷åíèþ îäíîòèïíûõ ïî ñîñòàâó îðãàíè-

÷åñêèõ ìàòðèö (ÏÑ ñîäåðæèò ~98 % óãëåðîäà).

Îáðàçöû-èçëó÷àòåëè, ñïðåññîâàííûå ïîä îäèíà-

êîâûì äàâëåíèåì, ñîîòâåòñòâóþò ïðàêòè÷åñêè

âñåì òðåáîâàíèÿì ñðàâíèòåëüíîé ÐÔ-ñïåêòðî-

ìåòðèè: îäíîðîäíîñòü ðàñïðåäåëåíèÿ âåùåñòâà

ïðîáû è ïîñòîÿííàÿ ïî âñåé îáëó÷àåìîé ïîâåðõ-

íîñòè ïëîòíîñòü. Äèàïàçîí ñîäåðæàíèé ìåòàëëîâ

â îáðàçöàõ-èçëó÷àòåëÿõ ñîñòàâëÿåò îò 0,005 äî

0,5 %. Óñëîâèÿ ðàçáàâëåíèÿ ïîçâîëÿþò íèâåëèðî-

âàòü ìàòðè÷íûå ýôôåêòû ïðè àíàëèçå âåùåñòâ

ðàçíîãî ýëåìåíòíîãî ñîñòàâà è ðàáîòàòü ïî îäíî-

ìó ñòàíäàðòó â îáëàñòè ëèíåéíîé çàâèñèìîñòè

èçìåðÿåìîãî ñèãíàëà îò êîíöåíòðàöèè îïðå-

äåëÿåìîãî ýëåìåíòà. Ïðîäîëæèòåëüíîñòü àíàëè-

çà — îêîëî 1,5 ÷, ïðè ýòîì ïðîáà ðàñõîäóåòñÿ è íå

âîçâðàùàåòñÿ.

Öåëü íàñòîÿùåé ðàáîòû — èññëåäîâàíèå âîç-

ìîæíîñòè ïðîâåäåíèÿ ðåíòãåíîôëóîðåñöåíòíîãî

ýêñïðåññ-àíàëèçà äàííûõ èíòåðêàëÿöèîííûõ ñî-

åäèíåíèé â îáëàñòè ñîäåðæàíèé ìîëèáäåíà 28 –

50 % ñ âîçìîæíîñòüþ âîçâðàùåíèÿ ìàòåðèàëà

èññëåäîâàòåëÿì.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àïïàðàòóðà è óñëîâèÿ àíàëèçà. Â ðàáîòå èñ-

ïîëüçîâàëè ñïåêòðîìåòð VRA-30 (Carl Zeiss, Ãåð-

ìàíèÿ). Ðåíòãåíîâñêóþ ôëóîðåñöåíöèþ âîç-

áóæäàëè ñ ïîìîùüþ ðåíòãåíîâñêîé òðóáêè ñ ðî-

äèåâûì àíîäîì â ðåæèìå 30 êÂ, 15 ìÀ. Îáðàçåö

îáëó÷àëè ñíèçó. Èñïîëüçîâàëè êðèñòàëë-àíàëè-

çàòîð LiF 200; êîëëèìàòîð 0,17°; ñöèíòèëëÿöèîí-

íûé äåòåêòîð SD, èçìåðåíèÿ ïðîâîäèëè íà âîçäó-

õå, âðåìÿ ñ÷åòà èìïóëüñîâ ñîñòàâëÿëî 10 ñ. Â êà-

÷åñòâå àíàëèòè÷åñêîé èñïîëüçîâàëè ëèíèþ

MoKá1,2, óãîë ìàêñèìóìà ïèêà ëèíèè — 20,28°

(â äàëüíåéøåì àíàëèòè÷åñêóþ ëèíèþ áóäåì îáî-

çíà÷àòü MoKá, íå ïîä÷åðêèâàÿ çíà÷êàìè 1, 2 åå

äóáëåòíûé õàðàêòåð).

Ïîäãîòîâêà ïðîá è ðåíòãåíîôëóîðåñöåíò-

íîå îïðåäåëåíèå ìîëèáäåíà ñ ïðèìåíåíèåì âíåø-

íåãî ñòàíäàðòà è ðàçáàâëåíèåì. Äëÿ ïîäãîòîâ-

êè ïðîá áðàëè ìèêðîíàâåñêè àíàëèçèðóåìîãî ñî-

åäèíåíèÿ ìàññîé 5 – 10 ìã (mâ) íà âåñàõ Mettler

Toledo XP6 (òî÷íîñòü âçâåøèâàíèÿ 0,001 ìã) è

980 – 990 ìã ýìóëüñèîííîãî ïîëèñòèðîëà ìàðêè

ÏÑÝ-1 (mïñ) íà âåñàõ Ìettler Toledo AB 265-S

(òî÷íîñòü âçâåøèâàíèÿ 0,01 ìã). Íàâåñêè ïåðåíî-

ñèëè â ÿøìîâûå ñòóïêè, òùàòåëüíî ïåðåìåøèâà-

ëè ñ äîáàâëåíèåì 2 – 3 ìë ýòèëîâîãî ñïèðòà, âû-

ñóøèâàëè íà âîçäóõå è ïðåññîâàëè â ïðåññ-ôîðìå

äèàìåòðîì 20 ìì ïîä äàâëåíèåì 10 ò. Ïîëó÷åí-

íûå àíàëèçèðóåìûå îáðàçöû (ÀÎ) ìàðêèðîâàëè

ñ óêàçàíèåì íà íèõ øèôðà âåùåñòâà, ñèìâîëà

îïðåäåëÿåìîãî ýëåìåíòà è ðàññ÷èòàííîãî ïî ìàñ-

ñàì íàâåñîê êîýôôèöèåíòà ðàçáàâëåíèÿ

Kðàçá = (mâ + mïñ)/mâ. (1)

Ñòàíäàðòíûé îáðàçåö ìîëèáäåíà (ÑÎ) äëÿ êà-

ëèáðîâêè ñïåêòðîìåòðà ãîòîâèëè ïî òîé æå ìåòî-

äèêå, ñìåøèâàÿ ïîëèñòèðîë ñ íàâåñêîé õèìè÷å-

ñêè ÷èñòîãî äèñóëüôèäà ìîëèáäåíà. Ñîäåðæàíèå

ìîëèáäåíà â ÑÎ — 0,357 ± 0,002 %. Ôîíîâûé îá-

ðàçåö (ÔÎ) ãîòîâèëè èç íàâåñêè ÷èñòîãî ïîëèñòè-

ðîëà (îêîëî 1 ã).

Äëÿ ðàçìåùåíèÿ îáðàçöîâ â äåðæàòåëå ñïåê-

òðîìåòðà èñïîëüçîâàëè ìåäíûå âêëàäûøè ñ äèà-

ìåòðîì îêíà 18 ìì. Èçìåðÿëè ïî 2 – 3 ðàçà ÷èñëî

èìïóëüñîâ N MoKá çà 10 ñ îáëó÷åíèÿ àíàëèçè-

ðóåìîãî, ôîíîâîãî è ñòàíäàðòíîãî îáðàçöîâ. Äëÿ

ñíèæåíèÿ ïîãðåøíîñòè, âûçûâàåìîé íåîäíîðîä-

íîñòüþ îáðàçöîâ, èõ ýêñïîíèðîâàëè ñ îáåèõ

ñòîðîí ñ âðàùåíèåì [16]. Àíàëèòè÷åñêèé ñèãíàë

(ÀÑ) äëÿ ÀÎ è ÑÎ ïðåäñòàâëÿåò ñîáîé ðàçíîñòü

ñðåäíèõ çíà÷åíèé:

ÀÑ(ÀÎ) = N MoKá(ÀÎ) – N MoKá(ÔÎ),

ÀÑ(ÑÎ) = N MoKá(ÑÎ) – N MoKá(ÔÎ).

Ðàññ÷èòûâàëè óäåëüíóþ èíòåíñèâíîñòü NS

äëÿ ñòàíäàðòíîãî îáðàçöà

NS MoKá = ÀÑ(ÑÎ)/0,357 %, (2)

èñêîìîå ñîäåðæàíèå ìîëèáäåíà â âåùåñòâå íàõî-

äèëè èç ñîîòíîøåíèÿ

ù(Ìî), % = Kðàçá ÀÑ(ÀÎ)/NS MoKá. (3)

Âðåìÿ, çàòðà÷èâàåìîå íà àíàëèç, ñîñòàâëÿåò

îêîëî 100 ìèí (âçâåøèâàíèå íàâåñîê àíàëèçè-

ðóåìîãî âåùåñòâà è ïîëèñòèðîëà äëÿ äâóõ îáðàç-

öîâ-èçëó÷àòåëåé — ~30 ìèí, ïåðåìåøèâàíèå â
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ÿøìîâûõ ñòóïêàõ ñ ýòèëîâûì ñïèðòîì —

~10 ìèí, âûñóøèâàíèå íà âîçäóõå — ~30 ìèí,

èçìåðåíèå èíòåíñèâíîñòåé — ~20 ìèí, ðàñ÷åò

êîíöåíòðàöèé — ~10 ìèí).

Ïîäãîòîâêà ïðîá è ðåíòãåíîôëóîðåñöåíò-

íîå îïðåäåëåíèå ìîëèáäåíà íàñûïíûì ñïîñîáîì

áåç ðàçáàâëåíèÿ. Íàâåñêó ~30 ìã ïîðîøêîîáðàç-

íîãî âåùåñòâà (âåñû Ìettler Toledo AB 265-S) ïî-

ìåùàëè â êþâåòó-ïÿëüöû äèàìåòðîì 1 ñì ñ äíîì

èç òîíêîé îðãàíè÷åñêîé ïëåíêè (ìàéëàð) òîëùè-

íîé 6 ìêì. Äëÿ ðàâíîìåðíîãî ðàñïðåäåëåíèÿ ÷àñ-

òèö ïî ïîâåðõíîñòè äíà ÷àøå÷êè åå ïîòðÿõèâàëè,

ïîäíèìàÿ è îïóñêàÿ íà ïîâåðõíîñòü ïðè íåçíà÷è-

òåëüíîì ïîâîðîòå ïî êðóãó. Âèçóàëüíî óñòàíîâëå-

íî, ÷òî ïîëíîå ðàâíîìåðíîå çàïîëíåíèå äíà äîñ-

òèãàåòñÿ ïðè ìàññàõ áîëåå 20 ìã. Ïåðåðàñïðåäå-

ëåíèå ïîðîøêà ïðîâîäèëè 3 ðàçà, êàæäûé ðàç

äâàæäû èçìåðÿëè ÷èñëî èìïóëüñîâ çà 10 ñ îáëó-

÷åíèÿ îáðàçöà. Äëÿ óñòàíîâêè êþâåòû â ñïåêòðî-

ìåòð èñïîëüçîâàëè ñïåöèàëüíûå âêëàäûøè èç

àëþìèíèÿ. Ôîí èçìåðÿëè, îòñòóïèâ îò óãëà ìàê-

ñèìóìà ïèêà (20,28°) íà 1 ãðàäóñ â êàæäóþ ñòîðî-

íó, è âû÷èñëÿëè ñðåäíåå çíà÷åíèå. Âðåìÿ, çàòðà-

÷èâàåìîå íà àíàëèç, ñîñòàâëÿåò îêîëî 20 ìèí

(âçâåøèâàíèå — ~5 ìèí, ñáîðêà êþâåòû-ïÿëü-

öåâ, ðàâíîìåðíîå ðàñïðåäåëåíèå âåùåñòâà ïî åå

äíó è èçìåðåíèÿ — ~10 ìèí, ðàñ÷åò êîíöåíòðà-

öèé — ~5 ìèí).

Îáñóæäåíèå ðåçóëüòàòîâ

Äëÿ ÐÔ-àíàëèçà íà ñîäåðæàíèå ìîëèáäåíà

óãëåðîäñîäåðæàùèõ èíòåðêàëëÿöèîííûõ ñîåäè-

íåíèé íàñûïíûì ñïîñîáîì íåò ñòàíäàðòíûõ îá-

ðàçöîâ, ïîýòîìó â êà÷åñòâå îáðàçöîâ ñðàâíåíèÿ

(ÎÑ) âûáðàëè íåñêîëüêî âåùåñòâ ýòîãî êëàññà,

ñîäåðæàíèå Ìî â êîòîðûõ áûëî îïðåäåëåíî ðà-

íåå ìåòîäîì ÐÔÀ ñ ðàçáàâëåíèåì ñ èñïîëüçîâà-

íèåì ÑÎ 0,357 % Ìî. Ñîäåðæàíèå Ìî â ÎÑ ïðåä-

ñòàâëåíî â òàáë. 1.

Äëÿ ïðîâåðêè âîçìîæíîñòè áåçíàâåñî÷íîãî

àíàëèçà îïðåäåëèëè òîëùèíó íàñûùåííîãî ñëîÿ.

Ïðåäâàðèòåëüíûå ðàñ÷åòû ïî èçâåñòíûì ôîðìó-

ëàì [6, 7, 19] ïîêàçàëè, ÷òî äëÿ îáåñïå÷åíèÿ íà-

ñûùåííîãî ñëîÿ ïðè ñîäåðæàíèÿõ ìîëèáäåíà

50 – 60 % íåîáõîäèìî èìåòü áîëåå 40 ìã ìàòåðèà-

ëà, çàãðóæàåìîãî â êþâåòó äèàìåòðîì 1 ñì, à äëÿ

îáðàçöîâ ñ ñîäåðæàíèåì ìîëèáäåíà 35 – 40 % —

áîëåå 80 ìã.

Ðàñ÷åòû áûëè ïðîâåðåíû ýêñïåðèìåíòàëüíî

íà ïðèìåðå ÎÑ ¹ 5, ñîäåðæàùåãî 50,2 % ìîëèá-

äåíà. Íà ðèñóíêå ïðåäñòàâëåíà çàâèñèìîñòü ÀÑ

îò ìàññû çàãðóæåííîãî ìàòåðèàëà: âèäíî, ÷òî

âïëîòü äî 60 ìã íàñûùåíèÿ ñëîÿ íå äîñòèãàåòñÿ.

Ïîñêîëüêó ìàññà ïðåäîñòàâëÿåìûõ äëÿ àíà-

ëèçà îáðàçöîâ, êàê ïðàâèëî, íå ïðåâûøàëà 40 ìã,

âûáðàëè ìàññó 30 ìã, ïîýòîìó âçâåøèâàíèå ïðè

ðàáîòå íåîáõîäèìî.

Â öåëÿõ ïîëó÷åíèÿ ðàáî÷åãî óðàâíåíèÿ

äëÿ àíàëèçà íàñûïíûì ñïîñîáîì â êþâåòû-ïÿëü-

öû çàãðóæàëè ïî ~30 ìã îáðàçöîâ ñðàâíåíèÿ

(ÎÑ) è èçìåðÿëè N MoKá. Óðàâíåíèå ãðàäóèðî-

âî÷íîé õàðàêòåðèñòèêè äëÿ îïðåäåëåíèÿ 28 –

50 %, ïîñòðîåííîé äëÿ ïÿòè ÎÑ (ïðîâîäèëè ïî

3 ïàðàëëåëüíûõ îïðåäåëåíèÿ äëÿ êàæäîãî), èìå-

åò âèä: y = 3,1169x + 33,551 (R2 = 0,9814). Ñòàí-

äàðòíîå îòêëîíåíèå ïàðàìåòðîâ óðàâíåíèÿ: Sa =

= 0,16, Sb = 6,60; êðèòåðèè çíà÷èìîñòè ïàðàìåò-

ðîâ:

ta = a/Sa = 19,5 > tòàáë; tb = b/Sb = 5,08 > tòàáë

(tòàáë = 3,18 äëÿ á = 0,05, f = 3),

ñëåäîâàòåëüíî, ïàðàìåòðû a è b çíà÷èìû.

Äîâåðèòåëüíûå èíòåðâàëû îïðåäåëåíèÿ

ïàðàìåòðîâ:

Äa = SatP, f = 0,51; Äb = SbtP, f = 21,00,

ãäå êîýôôèöèåíò Ñòüþäåíòà t = 3,18 äëÿ P =

= 0,95; f = 3 [20].

Èññëåäîâàëè âëèÿíèå âàðèàöèè ìàññû îáðàç-

öà â ïðåäåëàõ 1 ìã íà ðåçóëüòàòû îïðåäåëåíèÿ
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Òàáëèöà 1. Ñîäåðæàíèå ìîëèáäåíà â îáðàçöàõ ñðàâíå-

íèÿ, îïðåäåëåííîå ìåòîäîì ÐÔÀ ïî ñïîñîáó ñ ðàçáàâëåíè-

åì (n = 4; f = 3; P = 0,95)

Table 1. The molybdenum content in the reference samp-

les, determined by the method of XRF analysis with the dilu-

tion (n = 4; f = 3; P = 0.95)

Íîìåð

îáðàçöà
ù (Mo), %

Ñòàíäàðòíîå

îòêëîíåíèå

S, % (àáñ.)

Ïîëóøèðèíà äîâå-

ðèòåëüíîãî èíòåð-

âàëà Ä, % (àáñ.)

1 28,5 0,46 0,7

2 33,0 0,59 0,9

3 45,5 0,42 0,7

4 48,7 0,50 0,8

5 50,2 1,32* 2,1

* Áîëåå âûñîêèå çíà÷åíèÿ S è Ä äëÿ ÎÑ ¹ 5 ìîãóò áûòü

ñâÿçàíû ñ îñîáåííîñòÿìè ñòðóêòóðû âåùåñòâà è íåîä-

íîðîäíîé ïîâåðõíîñòíîé ïëîòíîñòüþ òàáëåòèðîâàííûõ

îáðàçöîâ.
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Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà îò ìàññû çàãðóæåí-

íîãî îáðàçöà (¹ 5), ñîäåðæàùåãî 50,2 % ìîëèáäåíà

Dependence of the analytical signal on the weight of the

loaded sample (No. 5) with a molybdenum content of 50.2%



ìîëèáäåíà ïðè àíàëèçå íàñûïíûì ñïîñîáîì. Äëÿ

ýòîãî â êþâåòû-ïÿëüöû ìíîãîêðàòíî çàãðóæàëè

30 ± 1 ìã ÎÑ ¹ 5, èçìåðÿëè àíàëèòè÷åñêèé ñèã-

íàë (N MoKá) è âû÷èñëÿëè ñîäåðæàíèå Mo ïî

óðàâíåíèþ (òàáë. 2).

Ïîëó÷åííîå çíà÷åíèå ñòàíäàðòíîãî îòêëîíå-

íèÿ S = 0,75 % (àáñ.) ñâèäåòåëüñòâóåò î ìàëîé

ñëó÷àéíîé ïîãðåøíîñòè ïðèãîòîâëåíèÿ íàñûïíî-

ãî èçëó÷àòåëÿ.

Äëÿ ïðîâåðêè âîçìîæíîñòè èñïîëüçîâàíèÿ

ïîëó÷åííîãî óðàâíåíèÿ äëÿ ðàñ÷åòà ñîäåðæàíèÿ

ìîëèáäåíà ïàðòèþ ñèíòåçèðîâàííûõ âåùåñòâ

ïðîàíàëèçèðîâàëè äâóìÿ ñïîñîáàìè: òðàäèöèîí-

íî èñïîëüçóåìûì â ëàáîðàòîðèè ìåòîäîì ðàçáàâ-

ëåíèÿ è íàñûïíûì ìåòîäîì. Ðåçóëüòàòû àíàëèçà

ïðåäñòàâëåíû â òàáë. 3.

Èç òàáë. 3 âèäíî, ÷òî ìåòðîëîãè÷åñêèå õàðàê-

òåðèñòèêè ðåçóëüòàòîâ îïðåäåëåíèÿ Mo íàñûï-

íûì ìåòîäîì, ðàññ÷èòàííûå ñ ó÷åòîì ïîãðåøíî-

ñòåé ïàðàìåòðîâ óðàâíåíèÿ ñâÿçè (4) [21, ñ. 31],

äëÿ ÀÎ ¹ 2 – 7 èìåþò áëèçêèå çíà÷åíèÿ: S �

� 0,8 %, Sr � 1,6 %, Ä � 2,5 %, Är � 5,3 %, èñêëþ÷å-

íèå ñîñòàâëÿåò ÀÎ ¹ 1.

Â ñëó÷àå ìåòîäà ðàçáàâëåíèÿ S � 0,5 %,

Sr � 1,6 %, Ä � 0,8 %, Är � 2,5 % (çà èñêëþ÷åíèåì

ÀÎ ¹ 7).

Äëÿ îöåíêè ïðàâèëüíîñòè ìåòîäèêè [7,

ñ. 171] ðàññ÷èòàëè ðàñõîæäåíèå ðåçóëüòàòîâ,

ïîëó÷åííûõ äâóìÿ ìåòîäàìè (ñì. òàáë. 3). Âû÷èñ-

ëåííîå ïî ýòèì äàííûì çíà÷åíèå t-êðèòåðèÿ

(Sd = 1,49, t = 0,43) íèæå òàáëè÷íîãî (tòàáë =

= 2,45) ïðè á = 0,05, f = 6. Ñëåäîâàòåëüíî, ðå-

çóëüòàòû äâóõ ìåòîäîâ ñîãëàñóþòñÿ ìåæäó ñîáîé.

Íåñìîòðÿ íà ìåíüøóþ òî÷íîñòü ïî ñðàâíå-

íèþ ñ ìåòîäîì ðàçáàâëåíèÿ, ó÷èòûâàÿ áûñòðîòó,

âîçìîæíîñòü âîçâðàòà ìàòåðèàëà è óäîâëåòâîðè-

òåëüíóþ ïîãðåøíîñòü îïðåäåëåíèÿ (±2,5 % Mo),

ïðè íàëè÷èè 30 ìã âåùåñòâà íàñûïíîé ñïîñîá

ÐÔÀ ìîæíî èñïîëüçîâàòü â ïðîöåññå íàó÷íûõ

èññëåäîâàíèé.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ýêñïðåññ-ìåòîäè-

êà ðåíòãåíîôëóîðåñöåíòíîãî îïðåäåëåíèÿ ìî-

ëèáäåíà â èíòåðêàëÿöèîííûõ ñîåäèíåíèÿõ, ïîç-

âîëÿþùàÿ ñîêðàòèòü âðåìÿ àíàëèçà â 5 ðàç (äî

~20 ìèí). Ìàòåðèàë îáðàçöà ñîõðàíÿåòñÿ è ïîñëå

àíàëèçà ìîæåò áûòü âîçâðàùåí èññëåäîâàòåëÿì.

Ïðàâèëüíîñòü ìåòîäèêè ïîäòâåðæäåíà ñðàâíåíè-

åì ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ñ èñïîëüçîâàíè-

åì ìåòîäà ðàçáàâëåíèÿ.
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Òàáëèöà 2. Ðåçóëüòàòû ðåíòãåíîôëóîðåñöåíòíîãî îïðå-

äåëåíèÿ Mo â ÎÑ ¹ 5 íàñûïíûì ñïîñîáîì

Table 2. The results of XRF determination of Mo in refe-

rence sample No. 5

Íîìåð

îïðåäåëåíèÿ
m, ìã

N MoKá,

òûñ. èìï.
ù (Mo), %

1 30,85 194,2 51,8

2 30,31 194,2 51,8

3 30,80 196,5 52,6

4 30,95 192,9 51,3

5 29,97 198,4 53,2

6 29,69 193,3 51,5

7 29,08 196,2 52,5

8 30,18 196,8 52,7

9 30,20 190,1 50,4

10 29,65 192,9 51,3

11 29,28 195,4 52,2

12 29,02 196,1 52,4

Ñðåäíåå 194,9 52,0

S, % (àáñ.) 2,2 0,75

Òàáëèöà 3. Ðåçóëüòàòû ðåíòãåíîôëóîðåñöåíòíîãî îïðåäåëåíèÿ ìîëèáäåíà â ïàðòèè èíòåðêàëÿöèîííûõ ñîåäèíåíèé

ïðè ðàçëè÷íûõ ñïîñîáàõ àíàëèçà îáðàçöîâ

Table 3. The results of determination of the molybdenum content in the batch of intercalation compounds for different met-

hods of analysis

Íîìåð

ÀÎ

Øèôð

ÀÎ

Íàñûïíîé ìåòîä Ìåòîä ðàçáàâëåíèÿ

Ðàñõîæäåíèå

ðåçóëüòàòîâ,

d = ù
1

– ù
2
, %

ù
1

(Mo) ± Ä,

% (n = 3)
S, % S

r
, % Ä

r
, %

ù
2

(Mo) ± Ä,

% (n = 4)
S, % S

r
, % Ä

r
, % d d2

1 2098à 27,8 ± 2,8 0,88 3,1 9,8 28,5 ± 0,7 0,46 1,6 2,5 –0,7 0,49

2 2095à 44,9 ± 2,4 0,74 1,6 5,3 45,0 ± 0,7 0,42 0,9 1,6 0 0

3 2097â 48,3 ± 2,5 0,78 1,7 5,5 45,5 ± 0,7 0,42 0,9 1,5 2,8 7,84

4 2098â 48,6 ± 2,5 0,78 1,6 5,2 48,5 ± 0,8 0,50 1,0 1,6 0,1 0,01

5 1948à 44,2 ± 2,3 0,74 1,6 5,1 45,3 ± 0,7 0,44 1,0 1,5 –1,1 1,21

6 1965â 47,7 ± 2,5 0,77 1,6 5,1 48,7 ± 0,8 0,50 1,0 1,6 –1,0 1,00

7 1908â 52,0 ± 2,7 0,84 1,7 5,4 50,2 ± 2,1 1,32 2,6 4,2 1,8 3,24

Ñóììà 1,7 13,79



Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ìèíèñòåð-

ñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé

Ôåäåðàöèè.
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Òåðìè÷åñêàÿ îáðàáîòêà (ÒÎ) — îäèí èç îñíîâíûõ è íàèáîëåå âàæíûõ ýòàïîâ òåõíîëîãè÷å-

ñêîãî öèêëà ïðîèçâîäñòâà ìåòàëëè÷åñêèõ èçäåëèé. Ïðè ïðîâåäåíèè ÒÎ â ìåòàëëàõ âîçíè-

êàþò îñòàòî÷íûå íàïðÿæåíèÿ (ÎÍ), îêàçûâàþùèå ñóùåñòâåííîå âëèÿíèå íà ýêñïëóàòàöè-

îííûé ðåñóðñ èçäåëèé. Öåëü íàñòîÿùåé ðàáîòû — ðàçðàáîòêà ìåòîäèêè íåðàçðóøàþùåãî

àêóñòè÷åñêîãî êîíòðîëÿ ÎÍ â ñòàëüíûõ îáðàçöàõ. Àêóñòè÷åñêèé ìåòîä îñíîâàí íà ÿâëåíèè

àêóñòîóïðóãîñòè — çàâèñèìîñòè àêóñòè÷åñêèõ õàðàêòåðèñòèê îò ïàðàìåòðîâ êîíòðîëèðóå-

ìîé ñðåäû. Ïîëÿ ÎÍ â ïðÿìîóãîëüíûõ îáðàçöàõ èç øòàìïîâîé ñòàëè 5ÕÍÌ ôîðìèðîâàëè

ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ðåæèìîâ ÒÎ, âêëþ÷àþùèõ îõëàæäåíèå êàê â òðàäèöèîííûõ

ñðåäàõ (âîäå, ìàñëå, âîçäóõå), òàê è ñ ïîìîùüþ âîäîâîçäóøíîé ñìåñè (ÂÂÑ). Óïðàâëÿÿ ñîîò-

íîøåíèåì ïàðàìåòðîâ âîäû è âîçäóõà, à òàêæå íàïðàâëåíèåì ïîòîêà ÂÂÑ, îáåñïå÷èâàëè

íåîáõîäèìûå ñêîðîñòü îõëàæäåíèÿ è ëîêàëüíîñòü ïðîöåññà. Óñòàíîâèëè, ÷òî ïðè óäàëåíèè

îò ïëîñêîñòè îõëàæäåíèÿ óðîâåíü ÎÍ ñíèæàåòñÿ, ìåíÿþòñÿ ìèêðîñòðóêòóðà è óïðóãèå õà-

ðàêòåðèñòèêè ìàòåðèàëà. Âëèÿíèå îõëàæäåíèÿ íà ôîðìèðîâàíèå òåìïåðàòóðíûõ ïîëåé è

âåëè÷èíó ÎÍ àíàëèçèðîâàëè ñ ïðèìåíåíèåì êîìïüþòåðíîãî ìîäåëèðîâàíèÿ (ïðîãðàììà

CAE ANSYS). Â êà÷åñòâå çàäàâàåìûõ ïàðàìåòðîâ èñïîëüçîâàëè çíà÷åíèÿ õàðàêòåðèñòèê

ñòàëè 5ÕÍÌ. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïîäòâåðäèëè äàííûå ýêñïåðèìåíòàëüíûõ èñïû-

òàíèé. Àêóñòè÷åñêèå èçìåðåíèÿ ïðîâîäèëè íà èçìåðèòåëüíî-âû÷èñëèòåëüíîì êîìïëåêñå

«ÀÑÒÐÎÍ», êîòîðûé ïîçâîëÿë îïðåäåëÿòü ñêîðîñòè óïðóãèõ (ïðîäîëüíîé è ïîïåðå÷íîé)

âîëí è ìîäóëè óïðóãîñòè èññëåäóåìîãî ìàòåðèàëà. Âûÿâèëè, ÷òî ðàçëè÷èÿ èçìåðÿåìûõ

çíà÷åíèé àêóñòè÷åñêèì è ðåíòãåíîâñêèì ìåòîäàìè íå ïðåâûøàþò 10 %. Ïîëó÷åííûå ðåçó-

ëüòàòû ìîãóò áûòü èñïîëüçîâàíû íà ïðîèçâîäñòâå ïðè èçìåðåíèè ÎÍ àêóñòè÷åñêèì ìåòî-

äîì â êðóïíîãàáàðèòíûõ øòàìïàõ èç ñòàëè 5ÕÍÌ.

Êëþ÷åâûå ñëîâà: íåðàçðóøàþùèé êîíòðîëü; òåõíè÷åñêàÿ äèàãíîñòèêà; óëüòðàçâóêîâîé

ìåòîä; òåðìè÷åñêàÿ îáðàáîòêà; îñòàòî÷íûå íàïðÿæåíèÿ; ñòàëü 5ÕÍÌ.
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Heat treatment (HT) is one of the main and most important stages of the technological cycle of manufac-

turing metal products. Residual stresses (RS) arising in metals upon their heat treatment significantly af-

fect the service life of the products. The goal of the study is developing a technique for non-destructive

acoustic testing of the residual stresses in steel samples. The method is based on the phenomenon of

acoustoelasticity, i.e., the dependence of the acoustic characteristics on the parameters of the environment

under study. The fields of residual stresses in rectangular samples made of die steel 5KhNM were formed
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using various HT modes, including cooling both in traditional media (water, oil, air) and using a water-air

mixture (WAM). Control of the ratio of water-air parameters as well as the direction of the WAM flow pro-

vided the desired cooling rate and locality of the process. It is shown that the level of residual stresses de-

creases with the distance from the cooling plane, the microstructure and elastic characteristics of the ma-

terial also change. The effect of cooling on the formation of temperature fields and the value of residual

stresses was analyzed using computer simulation (CAE ANSYS program). The values of the characteris-

tics of 5KhNM steel formed a set of input parameters in simulation. The simulation results proved the ex-

perimental data. Acoustic measurements carried out on the measuring and computing complex

“ASTRON,” provided determination of the velocities of elastic (longitudinal and transverse) waves and the

elastic moduli of the material under study. The RS values obtained by the acoustic method were compared

with the data obtained by the X-ray method. It is shown that the differences between the values measured

by acoustic and X-ray methods do not exceed 10%. The results can be used in a production environment

when measuring the residual stresses by the acoustic method in large-sized dies made of 5KhNM steel.

Keywords: non-destructive testing; technical diagnostics; ultrasonic method; heat treatment; residual

stresses; 5KhNM steel.

Ââåäåíèå

Òåðìè÷åñêàÿ îáðàáîòêà (ÒÎ) — îäèí èç

îñíîâíûõ è íàèáîëåå âàæíûõ ýòàïîâ òåõíîëîãè-

÷åñêîãî öèêëà ïðîèçâîäñòâà ìåòàëëè÷åñêèõ èçäå-

ëèé. Ïðàâèëüíûé âûáîð ðåæèìîâ ÒÎ (òåìïåðà-

òóðû íàãðåâà, âðåìåíè âûäåðæêè, ñêîðîñòè îõëà-

æäåíèÿ è äð.) îáåñïå÷èâàåò êà÷åñòâî êîíñòðóê-

öèé [1 – 4]. Îäíàêî âîçíèêàþùèå â ïðîöåññå ÒÎ

â ìàòåðèàëå îñòàòî÷íûå íàïðÿæåíèÿ (ÎÍ) âìå-

ñòå ñ ðàáî÷èìè íàãðóçêàìè îêàçûâàþò ñóùåñò-

âåííîå âëèÿíèå íà ýêñïëóàòàöèîííûå õàðàêòå-

ðèñòèêè è ðåñóðñ äåòàëåé. Ïðè ýòîì âîçäåéñòâèå

çàâèñèò êàê îò âåëè÷èíû è çíàêà íàïðÿæåíèé,

òàê è îò óñëîâèé ýêñïëóàòàöèè èçäåëèÿ [5].

Ïîÿâëåíèå ÎÍ ïîñëå çàêàëêè âûçûâàåòñÿ

äâóìÿ îñíîâíûìè ïðè÷èíàìè: òåðìè÷åñêèìè íà-

ïðÿæåíèÿìè ïðè íåîäíîðîäíîì òåìïåðàòóðíîì

ïîëå è ñòðóêòóðíûìè ïðåâðàùåíèÿìè ïðè ðàñïà-

äå àóñòåíèòà. Óðîâåíü ÎÍ çíà÷èòåëüíî âûøå

ïðè ÒÎ êðóïíîãàáàðèòíûõ èçäåëèé (íàïðèìåð,

ìîëîòîâûõ øòàìïîâ), â êîòîðûõ ëîêàëüíûå òåì-

ïåðàòóðíûå ãðàäèåíòû äîñòèãàþò çíà÷èòåëüíûõ

âåëè÷èí [6].

Íàëè÷èå îïåðàòèâíûõ äàííûõ î âåëè÷èíå

ÎÍ ïîçâîëÿåò óïðàâëÿòü ïðîöåññîì îõëàæäåíèÿ,

ïðîãíîçèðîâàòü ðåñóðñ èçäåëèÿ è ñâîåâðåìåííî

ðåàãèðîâàòü íà íåáëàãîïðèÿòíûå (ñ òî÷êè çðåíèÿ

íàäåæíîñòè) ïîñëåäñòâèÿ òåõíîëîãè÷åñêèõ îïå-

ðàöèé. Â ïðîèçâîäñòâåííûõ óñëîâèÿõ îñòàòî÷-

íûå ìåõàíè÷åñêèå íàïðÿæåíèÿ îïðåäåëÿþò ñ ïî-

ìîùüþ ìåòîäîâ íåðàçðóøàþùåãî êîíòðîëÿ.

Îäèí èç íàèáîëåå ïåðñïåêòèâíûõ ñðåäè íèõ —

àêóñòè÷åñêèé ìåòîä, èñïîëüçóþùèé ýôôåêò àêó-

ñòîóïðóãîñòè [7 – 11]. Â åãî îñíîâå — çàâèñè-

ìîñòü ñêîðîñòè ïðîõîæäåíèÿ óïðóãèõ âîëí ÷åðåç

îáúåì ìåòàëëà îò óðîâíÿ ìåõàíè÷åñêèõ íàïðÿæå-

íèé [12 – 15].

Öåëü ðàáîòû — ðàáîòêà ìåòîäèêè íåðàçðó-

øàþùåãî àêóñòè÷åñêîãî êîíòðîëÿ ÎÍ â ñòàëüíûõ

îáðàçöàõ ïðè ðàçëè÷íûõ ðåæèìàõ ÒÎ (ñêîðîñòÿõ

îõëàæäåíèÿ).

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû èç øòàìïîâîé ñòàëè

5ÕÍÌ ðàçìåðîì 20 × 20 × 250 ìì. Õèìè÷åñêèé

ñîñòàâ ñòàëè, % ìàññ.: C — 0,51; Si — 0,22; Mn —

0,63; P — 0,01; S — 0,01; Cr — 0,58; Ni — 1,51;

Mo — 0,19; Cu — 0,34; Al — 0,03; Ti — 0,01; W —

0,01; V — 0,01.

Äëÿ èçó÷åíèÿ âëèÿíèÿ ñêîðîñòè îõëàæäåíèÿ

íà ñòðóêòóðó, ñâîéñòâà è óðîâåíü ÎÍ â ìàòåðèàëå

èñïîëüçîâàëè ðåæèìû ÒÎ, êîòîðûå âêëþ÷àëè çà-

êàëêó â âîäå, ìàñëå è âîäîâîçäóøíîé ñìåñè

(ÂÂÑ), îòæèã, íîðìàëèçàöèþ. ÂÂÑ ïîëó÷àëè ðàñ-

ïûëåíèåì âîäû â ïîòîêå âîçäóõà. Îõëàæäàþùóþ

ñïîñîáíîñòü ñìåñè âàðüèðîâàëè, èçìåíÿÿ ðàñõîä

âîäû è äàâëåíèå âîçäóõà. Íàãðåâ ïðè ÒÎ ïðîâî-

äèëè äî 850 °C (âðåìÿ íàãðåâà è âûäåðæêè —

30 ìèí).

Òåìïåðàòóðó â îáðàçöå êîíòðîëèðîâàëè ñ ïî-

ìîùüþ òåðìîïàð õðîìåëü-àëþìåëü (ÒÕÀ) ñ äèà-

ìåòðîì ïðîâîëîêè 0,5 ìì. ÒÕÀ ïîìåøàëè â âû-

ñâåðëåííûå îòâåðñòèÿ äèàìåòðîì 1 è ãëóáèíîé

10 ìì. Ñõåìà ðàñïîëîæåíèÿ ÒÕÀ íà îáðàçöå ïðè-

âåäåíà íà ðèñ. 1.

Òåðìîïàðû ïîäêëþ÷àëè ê ìîäóëþ ÀÖÏ ÖÀÏ

ZET 210, ÷òî ïîçâîëÿëî îñóùåñòâëÿòü êîìïüþ-
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5 4 3 2 1

Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ íà îáðàçöå òåðìîïàð 1 – 5

Fig. 1. Layout of thermocouples 1 – 5 on the sample



òåðíûé êîíòðîëü òåìïåðàòóðû (÷àñòîòà îïðîñà

òåðìîïàðû — 10 êÃö).

Ìåòàëëîãðàôè÷åñêèé àíàëèç îáðàçöîâ ïðîâî-

äèëè ïî ñòàíäàðòíîé ñõåìå: øëèôîâêà, ïîëèðîâ-

êà è ïîñëåäóþùåå òðàâëåíèå â 4 %-ì ðàñòâîðå

HNO3 â òå÷åíèå 5 – 10 ñ. Èçîáðàæåíèÿ ìèêðî-

ñòðóêòóð ïîëó÷àëè ñ ïðèìåíåíèåì îïòè÷åñêîãî

ìèêðîñêîïà KEYENCE VHX-1000.

ÎÍ îïðåäåëÿëè ñ èñïîëüçîâàíèåì äèôðàêòî-

ìåòðà «ÄÐÎÍ-2» (FeKá-èçëó÷åíèå) ïî ñìåùåíèþ

ïèêîâ íà ðåíòãåíîãðàììàõ ïîñëå ÒÎ. Ðàñ÷åò ïðî-

âîäèëè ïî ôîðìóëå

	



i

E d

d
� � �

�

, (1)

ãäå 	 i� — ñóììà íàïðÿæåíèé óx, óy, óz; E — ìî-

äóëü óïðóãîñòè (ìîäóëü Þíãà); í — êîýôôèöèåíò

Ïóàññîíà; Äd — ðàçíèöà ìåæïëîñêîñòíûõ ðàñ-

ñòîÿíèé íàïðÿæåííîãî è íåíàïðÿæåííîãî îáðàç-

öîâ; d — ìåæïëîñêîñòíîå ðàññòîÿíèå îòîææåííî-

ãî îáðàçöà [16].

Ïðèíÿëè, ÷òî â îòîææåííîì ñîñòîÿíèè ÎÍ

áëèçêè íóëþ.

Ïðè àêóñòè÷åñêèõ èçìåðåíèÿõ ÎÍ ïðèìåíÿ-

ëè èçìåðèòåëüíî-âû÷èñëèòåëüíûé êîìïëåêñ

«ÀÑÒÐÎÍ» (òî÷íîñòü èçìåðåíèÿ âðåìåíè ðàñ-

ïðîñòðàíåíèÿ óïðóãèõ èìïóëüñîâ — 10–9 ñ, íîìè-

íàëüíàÿ ÷àñòîòà óïðóãèõ (ïðîäîëüíûõ è ïîïåðå÷-

íûõ) âîëí — 5 ÌÃö) [9, 10]. Îïðåäåëåíèÿ ïðîâî-

äèëè íà îòøëèôîâàííîé áîêîâîé ïîâåðõíîñòè

îáðàçöà ïðè òåìïåðàòóðå 20 °C ñ øàãîì îò îõëàæ-

äàåìîãî òîðöà 10 ìì (òî÷íîñòü èçìåðåíèÿ òîëùè-

íû îáðàçöà â òî÷êå çàìåðà — 0,005 ìì).

Ñêîðîñòü óïðóãîé âîëíû Cl,t ïðè ïðîõîæäå-

íèè ÷åðåç îáðàçåö îïðåäåëÿëè ïî ôîðìóëå

Cl,t = 2L/t, (2)

ãäå L — òîëùèíà îáðàçöà; t — âðåìÿ ïðîõîæäå-

íèÿ âîëíû ÷åðåç îáðàçåö.

Ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòå-

ðèàëà ðàññ÷èòûâàëè ñ ïîìîùüþ ñîîòíîøåíèé

[8 – 10]
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ãäå G — ìîäóëü ñäâèãà; Ct, Cl — ñêîðîñòè ïî-

ïåðå÷íîé è ïðîäîëüíîé âîëí; ñ — ïëîòíîñòü

ìàòåðèàëà.

Ïëîòíîñòü îïðåäåëÿëè ìåòîäîì ãèäðîñòàòè-

÷åñêîãî âçâåøèâàíèÿ íà àíàëèòè÷åñêèõ âåñàõ

(òî÷íîñòü — 10–5 ã). Ïåðåä âçâåøèâàíèåì ñ îáðàç-

öîâ óäàëÿëè îêàëèíó (øåðîõîâàòîñòü íå áîëåå

2,5 ìêì), îáðàçöû îáåçæèðèâàëè ñïèðòîì è òåð-

ìîñòàòèðîâàëè. Òî÷íîñòü îïðåäåëåíèÿ òåìïåðà-

òóðû âîäû äî è ïîñëå âçâåøèâàíèÿ — 0,1 °C.

Ïëîòíîñòü ðàññ÷èòûâàëè ïî ôîðìóëå [16]
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m

m m m

íà âîçä

íà âîçä âîäà ïð ïð

, (6)

ãäå míà âîçä, mâîäà + ïð, mïð — ìàññû îáðàçöà íà

âîçäóõå, ïîãðóæåííîãî â âîäó îáðàçöà è ïðîâîëî-

êè è ïîãðóæåííîé ïðîâîëîêè ñîîòâåòñòâåííî.

Äëÿ ðàñ÷åòà äâóõîñíîãî íàïðÿæåííîãî ñî-

ñòîÿíèÿ àêóñòè÷åñêèì ìåòîäîì èñïîëüçîâàëè

ôîðìóëû [8, 9]
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ãäå ó1, ó2 — íàïðÿæåíèÿ â äâóõ âçàèìíî ïåðïåí-

äèêóëÿðíûõ íàïðàâëåíèÿõ (âäîëü è ïåðïåíäèêó-

ëÿðíî îñè îáðàçöà); t1, t2 — çàäåðæêè (âðåìÿ ðàñ-

ïðîñòðàíåíèÿ) ïîïåðå÷íûõ âîëí âäîëü íàïðÿæå-

íèé ó1 è ó2; t3 — çàäåðæêà (âðåìÿ ðàñïðîñòðàíå-

íèÿ) ïðîäîëüíûõ âîëí; t01, t02, t03 — ñîîòâåòñò-

âóþùèå çíà÷åíèÿ çàäåðæåê â îòñóòñòâèå íàïðÿ-

æåíèé (ïîñëå îòæèãà îáðàçöîâ); K1, K2 — êîýô-

ôèöèåíòû óïðóãîàêóñòè÷åñêîé ñâÿçè ìàòåðèàëà.

Êîýôôèöèåíòû k1 è k2 îïðåäåëÿëè, èñïûòû-

âàÿ îáðàçöû íà ðàñòÿæåíèå (ÃÎÑÒ 1497–84). Íà-

ãðóæåíèå îñóùåñòâëÿëè ñ ïîìîùüþ èñïûòàòåëü-

íîé ìàøèíû ÓÒÑ-110Ì-5-0Ó ñ ïðèìåíåíèåì äå-

ôîðìîìåòðà ñ áàçîé 50 ìì. Èñïîëüçîâàëè óñòà-

íîâëåííûå íà îáðàçöàõ äàò÷èêè ïðîäîëüíîé è

ïîïåðå÷íîé (â äâóõ âçàèìíî ïåðïåíäèêóëÿðíûõ

íàïðàâëåíèÿõ) âîëí.

Ïîñëå ìíîãîêðàòíîãî (íå ìåíåå ïÿòè ðàç)

íàãðóæåíèÿ ïîëó÷èëè ñëåäóþùèå çíà÷åíèÿ

êîýôôèöèåíòîâ, ÌÏà: k1 = –1,14 · 10–5, k2 =

= –0,10 · 10–5.

Äëÿ îöåíêè ðàñïðåäåëåíèÿ òåìïåðàòóðû è

ÎÍ ïðè îõëàæäåíèè ïðèìåíÿëè òàêæå êîìïüþ-

òåðíîå ìîäåëèðîâàíèå (ïðîãðàììà CAE ANSYS).

Óïðóãèå (ìîäóëü Þíãà, êîýôôèöèåíò Ïóàññîíà),

ïëàñòè÷åñêèå (áèëèíåéíàÿ äèàãðàììà äåôîð-

ìèðîâàíèÿ ñ ïðåäåëîì òåêó÷åñòè) è òåïëîâûå

(òåïëîïðîâîäíîñòü, òåïëîåìêîñòü, êîýôôèöèåíò

òåïëîâîãî ðàñøèðåíèÿ, ýíòàëüïèÿ) õàðàêòå-

ðèñòèêè çàäàâàëè ñ ó÷åòîì èõ çàâèñèìîñòè îò

òåìïåðàòóðû.
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Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáë. 1 äëÿ äèàïàçîíà 850 – 400 °C ïðèâåäå-

íû ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ ïðè ðàçëè÷-

íûõ ðåæèìàõ ÒÎ, íà ðèñ. 2 — èçìåíåíèå òåìïå-

ðàòóðû â òî÷êàõ 1 – 5 (ñì. ðèñ. 1) ïðè îõëàæäåíèè

ÂÂÑ (1 àò, 164 ìë/ìèí) ñ òîðöà îáðàçöà. Ñêîðîñòè

îõëàæäåíèÿ â òî÷êàõ 1 – 5 ñîñòàâèëè 17,3, 3,2,

1,7, 1,0 è 0,8 °C/ñ.

Ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ

ðàñïðåäåëåíèÿ òåìïåðàòóðíîãî ïîëÿ ÷åðåç 1 ìèí

ïîñëå íà÷àëà îõëàæäåíèÿ ÂÂÑ ñ òîðöà ïðåäñòàâ-

ëåíû íà ðèñ. 3.

Èññëåäîâàíèå ìèêðîñòðóêòóðû îáðàçöîâ ïî-

ñëå ÒÎ ïîêàçàëî íàëè÷èå ìàðòåíñèòíûõ (ñêîðî-

ñòè îõëàæäåíèÿ áîëåå 30 °C/ñ) è ïðîìåæóòî÷íûõ

ôåððèòíî-êàðáèäíûõ ñòðóêòóðíûõ ñîñòàâëÿ-

þùèõ (ñêîðîñòè 1 – 30 °C/ñ). Ïðè ñêîðîñòè îõëàæ-

äåíèÿ 0,1 – 0,2 °C/ñ â ìèêðîñòðóêòóðå íàáëþäàëè

ïðèñóòñòâèå ôåððèòíî-ïåðëèòíûõ ñîñòàâëÿþùèõ

(ðèñ. 4).

Ïî èçìåðåííîìó âðåìåíè ðàñïðîñòðàíåíèÿ

óïðóãèõ âîëí â îáðàçöàõ ïîñëå ÒÎ ðàññ÷èòûâàëè

âåëè÷èíó ÎÍ. Ðåçóëüòàòû îïðåäåëåíèÿ ñêîðî-

ñòåé óïðóãèõ âîëí ïðèâåäåíû íà ðèñ. 5. Âèäíî,

÷òî ñ óâåëè÷åíèåì ñêîðîñòè îõëàæäåíèÿ ñêîðîñòè

ïðîäîëüíîé è ïîïåðå÷íûõ âîëí óìåíüøàþòñÿ.

Â ñòðóêòóðå ìàðòåíñèòà, ôîðìèðóåìîãî çà-

êàëêîé ñ íàèáîëüøåé ñòåïåíüþ èñêàæåíèÿ êðè-

ñòàëëè÷åñêîé ðåøåòêè, ñêîðîñòü ðàñïðîñòðàíå-

íèÿ óïðóãèõ âîëí ìèíèìàëüíà. Ïîñëåäóþùèé îò-

ïóñê ñ óëó÷øåíèåì (îñîáåííî åñëè èñïîëüçóþòñÿ

òàêèå ñìÿã÷àþùèå îáðàáîòêè, êàê íîðìàëèçàöèÿ)
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Ðèñ. 2. Çàâèñèìîñòè òåìïåðàòóðû îáðàçöà â òî÷êàõ 1 – 5

îò âðåìåíè ïðè îõëàæäåíèè ÂÂÑ ñ òîðöåâîé ïîâåðõíîñòè

Fig. 2. The time dependence of the sample temperature at

points 1 – 5 upon sample cooling from the end surface using

WAM

Òàáëèöà 1. Ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ ïðè ðàçëè÷-

íûõ ðåæèìàõ ÒÎ

Table 1. The cooling rate of the samples at different heat

treatment modes

Ðåæèì ÒÎ
Ñêîðîñòü îõëàæ-

äåíèÿ, °C/ñ

Çàêàëêà Âîäà 64

Ìàñëî 34,6

Íîðìàëèçàöèÿ 2,6

Îòæèã 0,1

ÂÂÑ 0,5 àò, ðàñõîä — 11 ìë/ìèí 5,2

1 àò, ðàñõîä — 164 ìë/ìèí 17,3

4 àò, ðàñõîä — 240 ìë/ìèí 14

Ñæàòûé

âîçäóõ

1 àò 2

4 àò 1,2

T, °C

Ðèñ. 3. Ðàñïðåäåëåíèå òåìïåðàòóðû â îáðàçöå ÷åðåç

1 ìèí ïîñëå íà÷àëà îõëàæäåíèÿ ÂÂÑ ñ òîðöà

Fig. 3. Temperature distribution in the sample after 1 min

of cooling from the end surface using WAM

à á â

Ðèñ. 4. Ìèêðîñòðóêòóðà îáðàçöîâ, îõëàæäåííûõ ñî ñêîðîñòÿìè 64 (à), 1,2 (á) è 0,1 °C/ñ (â)

Fig. 4. The microstructure of samples at different cooling rate 64 (a), 1,2 (b), and 0,1 °C/sec (c)



ïðèâîäèò ê ðîñòó ñêîðîñòè óëüòðàçâóêîâûõ âîëí

[17, 18]. Â ñëó÷àå íàèáîëåå ðàâíîâåñíûõ ôåððèò-

íî-ïåðëèòíûõ ñòðóêòóð ñêîðîñòè ïðîäîëüíûõ è

ïîïåðå÷íûõ âîëí ìàêñèìàëüíû.

Íà ðèñ. 6 ïðèâåäåíû ðàñïðåäåëåíèÿ ÎÍ ïî

äëèíå îáðàçöà ïðè îõëàæäåíèè ñ òîðöà â ðàçëè÷-

íûõ ðåæèìàõ, ïîëó÷åííûå àêóñòè÷åñêèì ìåòî-

äîì. Âèäíî, ÷òî íà òîðöåâîé ïîâåðõíîñòè èíòåí-

ñèâíîå îõëàæäåíèå ïðèâîäèò ê ïîÿâëåíèþ

íàïðÿæåíèé áîëåå 1500 ÌÏà. Ýòî ïðåâûøàåò

ïðåäåë ïðî÷íîñòè ìàòåðèàëà. Êàê ñëåäñòâèå, â

ýòîé çîíå ôèêñèðîâàëè îáðàçîâàíèå òðåùèí.

Óïðóãèå õàðàêòåðèñòèêè ñòàëè 5ÕÍÌ îïðå-

äåëÿëè àêóñòè÷åñêèì ìåòîäîì ñ èñïîëüçîâàíèåì

âûðàæåíèé (3) – (5) è ñ ó÷åòîì èçìåíåíèé ïëîò-

íîñòè ìàòåðèàëà ïðè ÒÎ (òàáë. 2).

Âûÿâèëè, ÷òî ñíèæåíèå ñêîðîñòè îõëàæäåíèÿ

ïðèâîäèò ê âîçðàñòàíèþ óïðóãèõ ìîäóëåé. (Çàìå-

òèì, ÷òî àíàëîãè÷íàÿ çàâèñèìîñòü ïîëó÷åíà äëÿ

ñòàëè 40Õ [13, 17, 19].) Ýòî ìîæíî îáúÿñíèòü èç-

ìåíåíèåì êðèñòàëëè÷åñêîé ðåøåòêè ñïëàâà. Ïî-

âûøåíèå îáùåãî óðîâíÿ êîìïàêòíîñòè, ñâÿçàí-

íîé ñ ìèíèìàëüíîé òåòðàãîíàëüíîñòüþ ðåøåòêè

ïðè îòæèãå, âåäåò ê ïîâûøåíèþ óïðóãèõ ñâîéñòâ

ìàòåðèàëà [20].

Çíà÷åíèÿ ÎÍ, ïîëó÷åííûå àêóñòè÷åñêèì ìå-

òîäîì, ñðàâíèâàëè ñ ðåçóëüòàòàìè ðåíòãåíî-

ñòðóêòóðíîãî àíàëèçà (ðèñ. 7). Íàáëþäàåìûé

ðîñò ÎÍ ñ ïîâûøåíèåì èíòåíñèâíîñòè îõëàæäå-

íèÿ ñâÿçàí ñ îãðàíè÷åíèåì âðåìåíè äëÿ äèôôó-

çèè ëåãèðóþùèõ ýëåìåíòîâ èç ðåøåòêè Fe ïðè

çàêàëêå (òåì ñàìûì óâåëè÷èâàåòñÿ òåòðàãîíàëü-

íîñòü).

Ñ ïðèìåíåíèåì ïðåäëàãàåìîé ìåòîäèêè àêó-

ñòè÷åñêîãî êîíòðîëÿ ÎÍ èññëåäîâàëè êðóïíîãà-

áàðèòíóþ çàãîòîâêó èç ñòàëè 5ÕÍÌ (òîëùèíà

ïëèòû — 250 ìì) ïîñëå îõëàæäåíèÿ íà âîçäóõå.

Íà ðèñ. 8 ïðåäñòàâëåíû ïîëó÷åííûå çàâèñèìîñòè

òâåðäîñòè è ÎÍ îò òîëùèíû.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

âëèÿíèÿ ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ èç ñòàëè
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1

Ðèñ. 5. Çàâèñèìîñòè ñêîðîñòåé ðàñïðîñòðàíåíèÿ ïðî-

äîëüíîé (1) è ïîïåðå÷íîé (2) âîëí îò ñêîðîñòè îõëàæäå-

íèÿ îáðàçöà

Fig. 5. Dependence of the velocity of longitudinal (1) and

transverse (2) waves on the sample cooling rate

5

43
2

1

Ðèñ. 6. Çàâèñèìîñòè ÎÍ îò ðàññòîÿíèÿ îò òîðöà ïðè

îõëàæäåíèè âîçäóõîì (0; 0,5 àò) (1, 2) è ÂÂÑ (0,5 àò,

11 ìë/ìèí; 1 àò, 164 ìë/ìèí (áåç è ñ èçîëÿöèåé)) (3 – 5)

ñîîòâåòñòâåííî

Fig. 6. Dependence of the residual stresses on the distance

from the end surface when cooling by air (0; 0.5 atm) (1, 2)

and WAM (0.5 atm, 11 ml/min; 1 atm, 164 ml/min (without

and with insulation)) (3 – 5), respectively

Òàáëèöà 2. Óïðóãèå õàðàêòåðèñòèêè ñòàëè 5ÕÍÌ, îïðå-

äåëåííûå àêóñòè÷åñêèì ìåòîäîì

Table 2. The elastic characteristics of 5KhNM steel deter-

mined by acoustic method

Ñêîðîñòü

îõëàæäå-

íèÿ, °C/ñ

Ìîäóëü

Þíãà

E
àêóñò

, ÃÏà

Ìîäóëü

ñäâèãà

G
àêóñò

, ÃÏà

Êîýôôè-

öèåíò

Ïóàññîíà í

Ïëîòíîñòü

ñ, ã/ñì3

64,0 199,8 77,2 0,2942 7,748

34,6 200,3 77,4 0,2938 7,759
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Ðèñ. 7. Çàâèñèìîñòè ÎÍ, îïðåäåëåííûõ ðåíòãåíîñòðóê-

òóðíûì (1) è àêóñòè÷åñêèì (2) ìåòîäàìè, îò ñêîðîñòè

îõëàæäåíèÿ îáðàçöà

Fig. 7. Dependence of the residual stresses determined by

x-ray diffraction (1) and acoustic (2) methods on the sample

cooling rate



5ÕÍÌ íà ñêîðîñòü ðàñïðîñòðàíåíèÿ óïðóãèõ

âîëí ïîêàçàëè, ÷òî ñ ïîìîùüþ èçìåðåíèÿ ñêîðî-

ñòè (çàäåðæêè) óïðóãèõ âîëí ìîæíî îöåíèòü âå-

ëè÷èíó ÎÍ. Ðåçóëüòàòû îïðåäåëåíèÿ ÎÍ àêóñòè-

÷åñêèì ìåòîäîì ïîäòâåðæäàþòñÿ äàííûìè ðåíò-

ãåíîñòðóêòóðíîãî àíàëèçà (ðàñõîæäåíèå ìåíåå

10 %). Êðîìå òîãî, îíè ñâèäåòåëüñòâóþò î âûñî-

êîì óðîâíå ÎÍ â çîíå êîíòàêòà îõëàæäàþùåé

ñðåäû ñ îáðàçöîì ïðè çàêàëêå. Ïðè ýòîì ñêîðîñòü

ðàñïðîñòðàíåíèÿ óëüòðàçâóêà ïîñëå çàêàëêè ìè-

íèìàëüíà. Âìåñòå ñ òåì ðàâíîâåñíàÿ ñòðóêòóðà,

ôîðìèðóåìàÿ ïðè îòæèãå, õàðàêòåðèçóåòñÿ ìàê-

ñèìàëüíîé ñêîðîñòüþ óëüòðàçâóêà è íàèìåíüøè-

ìè ÎÍ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïî ãðàíòó ÐÍÔ

¹ 19-19-00332.

ËÈÒÅÐÀÒÓÐÀ

1. Ñàìîõîöêèé À. È., Ïàðôåíîâñêàÿ Í. Ã. Òåõíîëîãèÿ

òåðìè÷åñêîé îáðàáîòêè ìåòàëëîâ. — Ì.: Ìàøèíîñòðîåíèå,

1976. — 311 ñ.

2. Ðÿáîâ Ä. À., Õëûáîâ À. À., Ìèíêîâ Ê. À. Î ïåðñïåêòèâå

ïðèìåíåíèÿ âîäî-âîçäóøíîé ñìåñè äëÿ îõëàæäåíèÿ ìîëîòî-

âûõ øòàìïîâ / Òðóäû ÍÃÒÓ èì. Ð. Å. Àëåêñååâà. 2018.

¹ 1(120). Ñ. 196 – 203.

3. Áîðèñîâ È. À., Áîðèñîâ À. È. Ðàçðàáîòêà òåõíîëîãèè ñïðå-

åðíîé çàêàëêè îïîðíûõ âàëêîâ ïðîêàòíûõ ñòàíîâ / ÌèÒÎÌ.

1997. ¹ 8. Ñ. 2 – 4.

4. Ïûøìèíöåâ È. Þ., Ýéñìîíäò Þ. Ã., Þäèí Þ. Â. è äð.

Çàêàëêà êðóïíûõ ïîêîâîê â âîäíî-âîçäóøíîé ñìåñè / ÌèÒÎÌ.

2003. ¹ 3. Ñ. 24 – 28.

5. Ãóëÿåâ À. Ï. Òåðìè÷åñêàÿ îáðàáîòêà ñòàëè. — Ì.: Ìàøãèç,

1960. — 495 ñ.

6. Ñîêîëîâ Ê. Í. Òåõíîëîãèÿ òåðìè÷åñêîé îáðàáîòêè ñòàëè. —

Ì.: Ìàøãèç, 1954. — 302 ñ.

7. Ãóçü À. Í., Ìàõîðò Ô. Ã., Ãóùà Î. È. Ââåäåíèå â àêóñòîóï-

ðóãîñòü. — Êèåâ: Íàóêîâà äóìêà, 1977. — 162 ñ.

8. Íåðàçðóøàþùèé êîíòðîëü. Ñïðàâî÷íèê / Ïîä ðåä. Â. Â. Êëþå-

âà. — Ì.: Ìàøèíîñòðîåíèå, 2004. — 226 ñ.

9. Õëûáîâ À. À., Ðÿáîâ Ä. À. Îöåíêà îñòàòî÷íûõ íàïðÿæåíèé

â îáðàçöàõ èç ôåððèòíî-ïåðëèòíîé ñòàëè ñ àóñòåíèòíîé íà-

ïëàâêîé / Ìåòàëëîâåäåíèå è òåðìè÷åñêàÿ îáðàáîòêà ìåòàëëîâ.

2019. ¹ 2. Ñ. 45 – 50. DOI: 10.1007/s11041-019-00385-3

10. Õëûáîâ À. À., Ðÿáîâ Ä. À., Íóæäèíà Ò. Â., Ìèíêîâ Ê. À.

Èññëåäîâàíèå âëèÿíèÿ òåðìè÷åñêîé îáðàáîòêè íà îáðàçîâà-

íèå îñòàòî÷íûõ íàïðÿæåíèé è ðàçðàáîòêà ìåòîäèêè èõ îïðå-

äåëåíèÿ â îáðàçöàõ èç ñòàëè 5ÕÍÌ / ×åðíûå ìåòàëëû. 2019.

¹ 5. Ñ. 17 – 24.

11. Íèêèòèíà Í. Å., Êàçà÷åê Ñ. Â. Ïðåèìóùåñòâà ìåòîäà

àêóñòîóïðóãîñòè äëÿ íåðàçðóøàþùåãî êîíòðîëÿ ìåõàíè÷å-

ñêèõ íàïðÿæåíèé â äåòàëÿõ ìàøèí / Âåñòíèê íàó÷íî-òåõíè-

÷åñêîãî ðàçâèòèÿ. 2010. ¹ 4(32). Ñ. 18 – 28.

12. Êàìûøåâ À. Â., Íèêèòèíà Í. Å., Ñìèðíîâ Â. À. Èçìå-

ðåíèå îñòàòî÷íûõ íàïðÿæåíèé â îáîäüÿõ æåëåçíîäîðîæíûõ

êîëåñ ìåòîäîì àêóñòîóïðóãîñòè / Äåôåêòîñêîïèÿ. 2010. ¹ 3.

Ñ. 50 – 54.

13. Ìóðàâüåâ Â. Â., Ìóðàâüåâà Î. Â., Ñòðèæàê Â. À., Ïðÿ-

õèí À. Â., Áàëàáàíîâ Å. Í., Âîëêîâà Ë. Â. Îöåíêà îñòà-

òî÷íûõ íàïðÿæåíèé â îáîäüÿõ âàãîííûõ êîëåñ ýëåêòðîìàã-

íèòíî-àêóñòè÷åñêèì ìåòîäîì / Äåôåêòîñêîïèÿ. 2011. ¹ 6.

Ñ. 16 – 28.

14. Javadi Y., Najafabadi M., Akhlaghi M. Residual stress eva-

luation in dissimilar welded joints using finite element simula-

tion and the LCR ultrasonic wave / Russ. J. Nondestr. Test.

2012. Vol. 48. Ð. 541 – 552.

15. Qozam H., Chaki S., Bourse G., Robin C, Walaszek H.,

Bouteille P. Microstructure Effect on the LCR Elastic Wave for

Welding Residual Stress Measurement / Experimental Mecha-

nics. 2010. Vol. 50. P. 179 – 185.

16. Óìàíñêèé ß. Ñ., Ñêàêîâ Þ. À., Èâàíîâ À. Í., Ðàñòîð-

ãóåâ Ë. Í. Êðèñòàëëîãðàôèÿ, ðåíòãåíîãðàôèÿ è ýëåêòðîí-

íàÿ ìèêðîñêîïèÿ. — Ì.: Ìåòàëëóðãèÿ, 2012. — 632 ñ.

17. Ìóðàâüåâ Â. Â., Ìóðàâüåâà Î. Â., Ïåòðîâ Ê. Â. Ñâÿçü ìå-

õàíè÷åñêèõ ñâîéñòâ ïðóòêîâîãî ïðîêàòà èç ñòàëè 40Õ ñî ñêî-

ðîñòüþ îáúåìíûõ è ðýëååâñêèõ âîëí / Äåôåêòîñêîïèÿ. 2017.

¹ 8. Ñ. 20 – 28.

18. Carreón H., Barrera G., Natividad C., Salazar M., Con-

treras A. Relation between hardness and ultrasonic velocity on

pipeline steel welded joints / Nondestructive Testing and Evalu-

ation. 2016. Vol. 31. N 2. P. 97 – 108.

19. Ìóðàâüåâ Â. Â., Çóåâ Ë. Á., Êîìàðîâ Ê. Ë. Ñêîðîñòü çâó-

êà è ñòðóêòóðà ñòàëåé è ñïëàâîâ. — Íîâîñèáèðñê: Íàóêà,

1996. — 184 ñ.

20. Åëìàíîâ Ã. Í., Çàñëóæíûé À. Ã., Ñêðûòíûé Â. È.,

Ñìèðíîâ Å. À., Ïåðëîâè÷ Þ. À., ßëüöåâ Â. Í. Ôèçèêà

òâåðäîãî òåëà. — Ì.: ÍÈßÓ ÌÈÔÈ, 2012. — 764 ñ.

REFERENCES

1. Samokhotsky A. I., Parfenovskaya N. G. Technology of

heat treatment of metals. — Moscow: Mashinostroenie,

1976. — 311 p. [in Russian].

2. Ryabov D. A., Khlybov A. A., Minkov K. A. On the prospect

of using a water-air mixture for cooling hammer dies / Proceed-

ings of NGTU. 2018. N 1(120). P. 196 – 203 [in Russian].

3. Borisov I. A., Borisov A. I. Development of technology for

spray hardening of the support rolls of rolling mills / MiTOM.

1997. N 8. P. 2 – 4 [in Russian].

4. Pyshmintsev I. Yu, Eismondt Yu. G., Yudin Yu. V., et al.

Hardening of large forgings in a water-air mixture / Metalloved.

Term. Obrab. Met. 2003. N 3. P. 24 – 28 [in Russian].

5. Gulyaev A. P. Heat treatment of steel. — Moscow: Mashgiz,

1960. — 495 p. [in Russian].

6. Sokolov K. N. Technology of heat treatment of steel. — Mos-

cow: Mashgiz, 1954. — 302 p. [in Russian].

7. Guz’ A. N., Makhort F. G., Gushcha O. I. Introduction to

acoustoelasticity. — Kiev: Naukova Dumka, 1977. — 162 p. [in

Russian].

8. Non-destructive testing. Handbook / V. V. Klyuev, ed. — Mos-

cow: Mashinostroenie, 2004. — 226 p. [in Russian].

9. Khlybov A. A., Ryabov D. A. Assessment of residual stresses

in samples of ferritic-pearlite steel with austenitic surfacing /

Metal Science and Heat Treatment. 2019. Vol. 61. N 2. P. 114 –

119. DOI: 10.1007/s11041-019-00385-3.

10. Khlybov A. A., Ryabov D. A., Nuzhdina T. V., Minkov K. A.

Investigation of the influence of heat treatment on the forma-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 35

2

1
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Fig. 8. Dependence of the hardness (1) and RS (2) on the

billet thickness
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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ñðàâíèòåëüíîãî èññëåäîâàíèÿ ôóíêöèé ðàñïðåäåëåíèÿ

îðèåíòèðîâîê (ÔÐÎ), ðàññ÷èòàííûõ èç ïðÿìûõ ïîëþñíûõ ôèãóð (ÏÏÔ) ñ ïîìîùüþ ñóïåð-

ïîçèöèè áîëüøîãî ÷èñëà ïîëîæèòåëüíûõ ñòàíäàðòíûõ ãàóññîâñêèõ íîðìàëüíûõ ðàñïðåäå-

ëåíèé ñ îäèíàêîâûì ðàññåÿíèåì (ïðîãðàììà Texxor) è ìåòîäà ïðîèçâîëüíî îïðåäåëåííûõ

ÿ÷ååê (ADC-ìåòîäà) (ïðîãðàììà LaboTex). Ñðàâíåíèå îñóùåñòâëÿëè äëÿ ýòàëîííîé îðèåí-

òèðîâêè Santa Fee (â êà÷åñòâå ýêñïåðèìåíòàëüíûõ ÏÏÔ ïðèìåíÿëè ðàññ÷èòàííûå ðàíåå

ïîëíûå ÏÏÔ) è èçìåðåííûõ íåïîëíûõ ÏÏÔ, õàðàêòåðèçóþùèõ òåêñòóðû ðåêðèñòàëëèçà-

öèè àëþìèíèåâîãî ñïëàâà 6016 ñ âûñîêîé ñòåïåíüþ îñòðîòû. Â êà÷åñòâå êðèòåðèÿ îöåíêè

ïîãðåøíîñòåé âû÷èñëåíèé ïî îáåèì ïðîãðàììàì èñïîëüçîâàëè RP-ôàêòîð — óñðåäíåííûå

ïî êàæäîé è âñåì èçìåðÿåìûì ÏÏÔ ðàçíîñòè èíòåíñèâíîñòåé ýêñïåðèìåíòàëüíîé è ðàñ-

÷åòíîé ÏÏÔ, îòíåñåííûå ê ñîîòâåòñòâóþùèì ýêñïåðèìåíòàëüíûì çíà÷åíèÿì íà ïîëþñ-

íîé ôèãóðå. Óñòàíîâèëè, ÷òî RP(0,5)-ôàêòîð (íîðìèðîâàííûå èíòåíñèâíîñòè, èñïîëüçóå-

ìûå ïðè ðàñ÷åòå, �0,5) äëÿ Santa Fee ñîñòàâëÿåò 0,3 (Texxor) è 2,6 % (LaboTex). Ïðè ýòîì

ìàêñèìàëüíûå çíà÷åíèÿ îðèåíòàöèîííîé ïëîòíîñòè ÔÐÎ îòëè÷àþòñÿ íåçíà÷èòåëüíî (5,1

è 4,5). Îäíàêî äëÿ èçìåðåííûõ íåïîëíûõ ÏÏÔ òåêñòóðû ðåêðèñòàëëèçàöèè àëþìèíèåâî-

ãî ñïëàâà îíè ðàçëè÷àþòñÿ ñóùåñòâåííî (61,8 è 95,9), à RP(0,5)-ôàêòîð âîçðàñòàåò äî 12,6 è

30,5 % ñîîòâåòñòâåííî. Ïîñêîëüêó â ñëó÷àå ìåòîäà ñóïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëå-

íèé RP(0,5)-ôàêòîð ìåíüøå, ÷åì ïðè ADC-ìåòîäå, âîññòàíîâëåíèå ÔÐÎ ñ èñïîëüçîâàíèåì

ïðîãðàììû Texxor ïðåäïî÷òèòåëüíåå ïî ñðàâíåíèþ ñ LaboTex.
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A comparative study of orientation distribution functions (ODF) calculated from direct pole figures (DPF)

is carried out using a superposition of a large number of positive standard Gaussian normal distributions

with the same scattering (Texxor program) and the method of arbitrary defined cells (ADC) (LaboTex pro-

gram) to identify the advantages and shortcomings of each method. The comparison was carried out for

the Santa Fee reference orientation (the previously calculated total PPF were used as the experimental

PPF) and the measured incomplete PPF characterizing the recrystallization textures of 6016 aluminum

alloy with a high degree of sharpness. The RP-factor was used as a criterion for evaluating the calculation

errors for both programs: the difference between the intensities of the experimental and calculated PPFs

averaged over each and all measured PPFs and referred to the corresponding experimental values on the

pole figure. The values of the RP-factors depend on the method of the ODF reconstructing and the experi-

mental errors of the measured pole figures of the materials under study. It is shown that the values of

RP(0.5)-factor (normalized intensities used in the calculation, �0.5) for Santa Fee are 0.3 (Texxor) and
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2.6 % (LaboTex) and the corresponding maximum values of the orientational density of ODF differ insig-

nificantly (5.1 and 4.5, respectively). However, for measured incomplete PPF of the recrystallization tex-

ture of the aluminum alloy, they differ significantly (61.8 and 95.9), and the RP(0.5)-factor increases to

12.6 and 30.5%, respectively. Since the method of superposition of normal distributions provides a lower

value of the RP(0.5)-factor compared to the ADC method, the ODF reconstruction using the Texxor pro-

gram is preferable compared to LaboTex.

Keywords: texture; direct pole figure; orientation distribution function; superposition of normal distribu-

tions; Texxor and LaboTex software; ADC method.

Ââåäåíèå

Ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðîâîê

(ÔÐÎ) f(g) — òðåõìåðíàÿ ôóíêöèÿ â îðèåíòàöè-

îííîì ïðîñòðàíñòâå îðèåíòèðîâîê {g}, êîòîðóþ

÷àùå âñåãî îïèñûâàþò ÷åðåç óãëû Ýéëåðà g =

= g(ö1, Ö, ö2). ÔÐÎ êîëè÷åñòâåííî õàðàêòåðèçó-

åò òåêñòóðó èññëåäóåìîãî ïîëèêðèñòàëëè÷åñêîãî

ìàòåðèàëà è ïðåäñòàâëÿåò ñîáîé ïëîòíîñòü ðàñ-

ïðåäåëåíèÿ îðèåíòèðîâîê êðèñòàëëèòîâ (çåðåí)

[11]:

d
d

V

V
f g g� ( ) , (1)

ãäå dV — îáúåì êðèñòàëëèòà, ñîäåðæàùèé îðèåí-

òèðîâêè â äèàïàçîíå dg; V — ïîëíûé îáúåì ïî-

ëèêðèñòàëëè÷åñêîãî îáðàçöà, âêëþ÷àþùåãî âñå

êðèñòàëëèòû.

ÔÐÎ, õàðàêòåðèçóþùóþ ïîëèêðèñòàëëè÷å-

ñêîå ñîñòîÿíèå ìàòåðèàëà ñ òî÷êè çðåíèÿ ðàñïðå-

äåëåíèÿ êðèñòàëëîãðàôè÷åñêèõ îðèåíòèðîâîê

êðèñòàëëèòîâ, ìîæíî ïîëó÷èòü äâóìÿ ñïîñîáàìè:

ñ ïîìîùüþ èçìåðåíèÿ ñòàòèñòè÷åñêè áîëüøîãî

÷èñëà òàê íàçûâàåìûõ èíäèâèäóàëüíûõ îðèåí-

òèðîâîê êðèñòàëëèòîâ (èñïîëüçóÿ ýëåêòðîííî-

ìèêðîñêîïè÷åñêóþ äèôðàêöèþ) è ïîëþñíûõ ôè-

ãóð (èñïîëüçóÿ ðåíòãåíîâñêóþ èëè íåéòðîííóþ

äèôðàêöèþ). Â ïåðâîì ñëó÷àå ÔÐÎ ðàññ÷èòûâà-

þò èç ìàññèâà îðèåíòèðîâîê êðèñòàëëèòîâ, âî

âòîðîì — ïóòåì ðåøåíèÿ ñèñòåìû èíòåãðàëüíûõ

óðàâíåíèé âèäà

PF y f g g
h

( ) ( ) .�
�

1

2�
d (2)

Ôîðìóëà (2) — ìàòåìàòè÷åñêîå ïðåäñòàâëå-

íèå ðàñïðåäåëåíèÿ êðèñòàëëè÷åñêèõ íàïðàâëå-

íèé h (âåêòîðà â êðèñòàëëè÷åñêîé ñèñòåìå êîîð-

äèíàò KC), èçìåðåííîãî â íàïðàâëåíèè îáðàçöà y

(âåêòîðà â ñèñòåìå êîîðäèíàò îáðàçöà KS).

Ñèñòåìó óðàâíåíèé (2) ðåøàþò ñ ïðèìåíåíè-

åì ìåòîäîâ ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê

(ADC-ìåòîäà) è ñóïåðïîçèöèè áîëüøîãî ÷èñëà

ïîëîæèòåëüíûõ ñòàíäàðòíûõ ãàóññîâñêèõ íîð-

ìàëüíûõ ðàñïðåäåëåíèé ñ îäèíàêîâûì ðàññåÿíè-

åì, ðåàëèçîâàííûõ â êîìïüþòåðíûõ ïðîãðàìì-

íûõ ïðîäóêòàõ LaboTex v. 3.0 (LaboSoft, Poland)

è Texxor [1 – 10].

Öåëü ðàáîòû — ñðàâíèòåëüíûé àíàëèç òåê-

ñòóð ìàòåðèàëîâ ñ ïîìîùüþ âîññòàíîâëåíèÿ

ÔÐÎ èç ýêñïåðèìåíòàëüíûõ íåïîëíûõ ïðÿìûõ

ïîëþñíûõ ôèãóð (ÏÏÔ) ñ èñïîëüçîâàíèåì ñóïåð-

ïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé è ADC-

ìåòîäà.

Ìåòîä ñóïåðïîçèöèè

íîðìàëüíûõ ðàñïðåäåëåíèé

Äëÿ ðåøåíèÿ ñèñòåìû (2) ÔÐÎ ìîæíî ïðåä-

ñòàâèòü â âèäå ñóïåðïîçèöèè ïîëîæèòåëüíûõ

ñòàíäàðòíûõ íîðìàëüíûõ ðàñïðåäåëåíèé, ðàñïî-

ëîæåííûõ íà ðåãóëÿðíîé èëè ñëó÷àéíîé òðåõ-

ìåðíîé ñåòêå â îðèåíòàöèîííîì ïðîñòðàíñòâå

[11 – 15]:

f g W f g g
i

s

i i

i

N

( ) ( , , ),�

�

� �

1

(3)

ãäå N — êîëè÷åñòâî ñòàíäàðòíûõ ôóíêöèé; Wi,

gi — âåñ (àìïëèòóäà) è ïîëîæåíèå öåíòðà i-é

ôóíêöèè; åi — ïàðàìåòð ðàññåÿíèÿ.

Ïðè íàëè÷èè êðèñòàëëè÷åñêîé ñèììåòðèè è

ñèììåòðèè îáðàçöà â êà÷åñòâå ñòàíäàðòíûõ

ôóíêöèé fs(g, gi, åi) èñïîëüçóþò ñóïåðïîçèöèþ

ïèêîâ f(g, g0, å) (ðàñïðåäåëåíèå ñ ñèììåòðè÷íûì

ðàññåÿíèåì å âîêðóã öåíòðà g0):

f g g
N N

f g g g gs

A B

Bj Ai

j

N

i

N BA

( , , ) ( , , ),
0 0

11

1
� ��

��

�� (4)

ãäå GA = {gAi, i = 1, 2, ..., NA}, GB = {gBj, j = 1, 2,

..., NB} — ýëåìåíòû ñèììåòðèè, ïðèíàäëåæàùèå

ãðóïïå âðàùåíèé SO(3), ïîäãðóïïû ñîîòâåò-

ñòâóþùèõ òî÷å÷íûõ ãðóïï ñèììåòðèè îáðàçöà è

êðèñòàëëà.

Áàçèñíàÿ àïïðîêñèìèðóþùàÿ ôóíêöèÿ

f(g, g0, å) — êðóãîâîå ãàóññîâñêîå ðàñïðåäåëåíèå

(ïàðàìåòð ðàññåÿíèÿ å ñîîòâåòñòâóåò óãëó ðàññåÿ-

íèÿ � �� 4 2ln ) — äëÿ óçêèõ ïèêîâ (å < 0,3) èìå-

åò âèä [13 – 22]:

f g g f t
g

erfc( , , ) ( , ) exp
0 3

2

24 2

1
� �

� � �

�

� �

�

�

�
�

�

�

�
�

�

�

�

�

�

� �

�

�

�

�

�

�
�

� �

�

�

�
�

�

�

�
�

t

t

t2

2 4

2

2sin( )
exp ,

�

(5)

ãäå cos t = [ ( )Tr g g
0

1� – 1]�2.
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Ïðè ýòîì ïîëþñíûå ïëîòíîñòè ïëîñêîñòè

êðèñòàëëà h äëÿ íàïðàâëåíèÿ â îáðàçöå y [22]

P g P( , , , ( , )h y
0
��  �! �

� �

�

�

�
�

�

�

�
�
� �

��

�

�
�

�

�

�
�

�

�

�

�

�

�

1

2 4 42

2

2

2

2
�

 

�

�  

�

exp exp
( )

, (6)

ãäå cos(è) = (h, g0y) — ñêàëÿðíîå ïðîèçâåäåíèå

âåêòîðîâ h è g0y.

Ñòàíäàðòíîé òåêñòóðíîé ôóíêöèè fS(g, g0, å)

(óðàâíåíèå (4)) ñîîòâåòñòâóåò ñòàíäàðòíàÿ ôóíê-

öèÿ ïîëþñíîé ïëîòíîñòè

P g
N N

P g g gS

A B

Bj Ai

j

N

i

N BA

( , , , ) ( , , , ),h y h y
0 0

11

1
� ��

��

�� (7)

ãäå gA " GA, gB " GB — ýëåìåíòû ïîäãðóïïû âðà-

ùåíèé äëÿ ñîîòâåòñòâóþùèõ òî÷å÷íûõ ãðóïï

ñèììåòðèè îáðàçöà è êðèñòàëëà.

Òîãäà ÔÐÎ f(g), çàïèñàííîé â âèäå ñóïåðïî-

çèöèè ñòàíäàðòíûõ ôóíêöèé fS(g) (óðàâíåíèå

(3)), ñîîòâåòñòâóþò ïîëþñíûå ïëîòíîñòè â âèäå

ñóïåðïîçèöèè ñòàíäàðòíûõ ôóíêöèé ïîëþñíîé

ïëîòíîñòè

P W P g
i

S

i i

i

N

( , ) ( , , ).h y h y�

�

� �

1

(8)

Öåíòðû ñòàíäàðòíûõ ôóíêöèé fS(gi, å) çàäà-

þò íà íåêîòîðîé ðåãóëÿðíîé òðåõìåðíîé ñåòêå â

îðèåíòàöèîííîì ïðîñòðàíñòâå. Èõ ðàññåÿíèå,

êîòîðîå ïðèíèìàþò îäèíàêîâûì, îïðåäåëÿåòñÿ

óãëîâûì ðàññòîÿíèåì ìåæäó åå óçëàìè. Ñòàí-

äàðòíûå ôóíêöèè äîëæíû ïåðåêðûâàòüñÿ ïî

êðàéíåé ìåðå íà ïîëîâèíå âûñîòû ïèêîâ, ïîýòî-

ìó èõ ÷èñëî äîëæíî áûòü î÷åíü áîëüøèì (ðàññåÿ-

íèå ôóíêöèé fS(gi, å) äîëæíî áûòü ñóùåñòâåííî

ìåíüøå ðàññåÿíèÿ ëþáîé êîìïîíåíòû ðåàëüíîé

òåêñòóðû). Îòìåòèì, ÷òî â ýòîì ñëó÷àå ñòàíäàðò-

íûå ôóíêöèè íå ìîãóò ðàññìàòðèâàòüñÿ êàê ðå-

àëüíûå êîìïîíåíòû òåêñòóðíîé ôóíêöèè (ëþáàÿ

åå êîìïîíåíòà ïðåäñòàâëÿåòñÿ â âèäå ñóïåðïîçè-

öèè ñòàíäàðòíûõ ôóíêöèé).

Ïðè òàêèõ óñëîâèÿõ ïîëó÷àåì ñèñòåìó ëèíåé-

íûõ óðàâíåíèé äëÿ íàõîæäåíèÿ íåèçâåñòíûõ

âåñîâ Wi

A W
ij i

i

N

�

�

1

= Pexp{h, y}j, (9)

ãäå Pexp{h, y}j — ýêñïåðèìåíòàëüíûå ïîëþñíûå

ïëîòíîñòè äëÿ âñåõ èçìåðåííûõ êîìáèíàöèé

{h, y}j; Aij = PS({h, y}j, gi, å) — ìàòðèöà ñèñòåìû,

ýëåìåíòû êîòîðîé — êîýôôèöèåíòû âëèÿíèÿ

ñòàíäàðòíîé ôóíêöèè fS(gi, å) íà ïîëþñíóþ ïëîò-

íîñòü Pexp{h, y}j.

Çàìåòèì, ÷òî ïîëþñíûå ïëîòíîñòè â óðàâíå-

íèè (9) — íîðìèðîâàííûå âåëè÷èíû, èñïðàâëåí-

íûå íà èíñòðóìåíòàëüíûå ôàêòîðû.

Ñèñòåìó ëèíåéíûõ óðàâíåíèé ñ ïîëîæèòåëü-

íûìè è íîðìèðîâàííûìè íåèçâåñòíûìè ðåøàþò

ñ ïîìîùüþ èòåðàöèîííîãî ìåòîäà ïðîåêöèé

[23, 24]. Ïðè ïëîõîé îáóñëîâëåííîñòè ìàòðèöû

ñèñòåìû ìåòîä îáåñïå÷èâàåò ðåãóëÿðèçàöèþ ðå-

øåíèÿ ïî îäíîìó èç ôóíêöèîíàëîâ ãëàäêîñòè

( W
i

2
� # min) è äîïîëíèòåëüíî ó÷èòûâàåò óñëî-

âèå ïîëîæèòåëüíîñòè àìïëèòóä ïèêîâ. Êðîìå

òîãî, â îòëè÷èå îò äðóãèõ èòåðàöèîííûõ ïîäõî-

äîâ â ñëó÷àå ìåòîäà ïðîåêöèé ïîñëåäîâàòåëü-

íîñòü âåêòîðîâ wi âñåãäà ñõîäèòñÿ â ðåçóëüòàòå

ìíîãîêðàòíîãî ïîâòîðåíèÿ öèêëîâ èòåðàöèé [15].

ADC-ìåòîä

Ìåòîäîì ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê

(arbitrarily defined cells — ADC) âû÷èñëÿþò ÔÐÎ

èç ïîëþñíûõ ôèãóð (ÏÔ) íåïîñðåäñòâåííî â îðè-

åíòàöèîííîì òðåõìåðíîì ïðîñòðàíñòâå Ýéëåðî-

âûõ óãëîâ [1, 2].

Äëÿ ðåøåíèÿ óðàâíåíèÿ (2) îðèåíòàöèîííîå

ïðîñòðàíñòâî è ÏÔ äèñêðåòèçèðóþò, ñîîòâåò-

ñòâåííî, íà ÿ÷åéêè Ca (a — íîìåð ÿ÷åéêè) è äîìå-

íû Dkie (k íóìåðóåò äîìåíû, i — ÏÔ, e — ñèììå-

òðè÷íî ýêâèâàëåíòíûå ïîëþñà íà i-é ÏÔ). Çíà÷å-

íèÿ ÔÐÎ f(g) ñîîòâåòñòâóþò ÿ÷åéêàì Ca (äèñêðåò-

íûì ýëåìåíòàì îðèåíòàöèîííîãî ïðîñòðàíñòâà),

Pkie — äîìåíàì Dkie (äèñêðåòíûì ýëåìåíòàì ÏÔ).

Dkie â îðèåíòàöèîííîì ïðîñòðàíñòâå ïðåäñòàâëÿ-

þò ÷åðåç ïðîåêöèîííûå òðóáêè Tkie. Ãåîìåòðè÷å-

ñêèå ïåðåñå÷åíèÿ Tkie è Ca êîëè÷åñòâåííî âûðà-

æàþò ÷åðåç âåñîâûå ìíîæèòåëè Uakie — îáúåì-

íûå äîëè òðóáîê Tkie, ïåðåñåêàþùèõ ÿ÷åéêè Ca.

Àïïðîêñèìàöèÿ ÔÐÎ ñ ïîìîùüþ ADC-ìåòîäà

âêëþ÷àåò òðè èòåðàöèîííûå ñòàäèè:

1. Ðàñ÷åò ÔÐÎ ïóòåì ãåîìåòðè÷åñêîãî óñðåä-

íåíèÿ Pkie ïî âñåì ÏÔ (i = 1, ..., I) è ñèììåòðè÷íî

ýêâèâàëåíòíûì ïîëþñàì (e = 1, ..., Ei) íà êàæäîé

èç ÏÔ:

I a akie kie

T C
e E

i I

f U P

kie a
i
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|
,

,

,1

1
1

�

�

�

�
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�
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(10)

I a
n

a
n

akie

T C

kie

kie

n

e

f f U
P

P
kie a

( ) ( )

|
( )

,

�

�

�

�

�

�

�

�

�

�

�

�
1

1 E
i Ii �1,

, (11)

ãäå f a
n( ) — çíà÷åíèÿ ÔÐÎ, ïðèïèñàííûå ê ÿ÷åé-

êå Ca, ðàññ÷èòàííîé íà n-ì øàãå èòåðàöèé;

Tkie|Ca — òðóáêè Tkie, ïåðåñåêàþùèå ÿ÷åéêó Ca;

Pkie — ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ÏÔ;

P
V

V f
kie

n

kie

akie a
n

T Ckie a

( ) ( )

|

� �

1
— (12)

çíà÷åíèÿ ÏÔ, ðàññ÷èòàííûå íà n-ì øàãå èòåðà-

öèé èç f a
n( ) ñ èñïîëüçîâàíèåì äèñêðåòíîé ôîðìû

èíòåãðàëüíîãî óðàâíåíèÿ (2); Vkie, Vakie — îáúåìû

òðóáêè Tkie è ÿ÷åéêè Ca âíóòðè òðóáêè Tkie.
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2. Ðåøåíèå, ïîëó÷àåìîå â ðåçóëüòàòå èòåðà-

öèé, êàê ïðàâèëî, îòêëîíÿåòñÿ îò èñòèííîãî

(ïðèñóòñòâóþò ëîæíûå ìàêñèìóìû — «äóõè»).

Ïîýòîìó â èòåðàöèîííîé ïðîöåäóðå íåîáõîäèìû

äîïîëíèòåëüíûå óñëîâèÿ äëÿ êîíòðîëÿ ïîèñêà

ïðèåìëåìîé àïïðîêñèìàöèè ÔÐÎ [26]. Â äàííîì

ñëó÷àå ýòî âûáîð ìèíèìàëüíîãî çíà÷åíèÿ äëÿ

êàæäîãî èç f a
n( ) [2, 3].

Èòåðàöèîííàÿ ïðîöåäóðà ñëåäóþùàÿ. Ñêîð-

ðåêòèðîâàííûå íà 1-ì øàãå ÏÔ âûñòóïàþò íà-

÷àëüíûìè äàííûìè äëÿ 2-é ñòàäèè:

II kie I kie

n
P P�

( )
. (13)

Äëÿ êàæäîãî ñåìåéñòâà òðóáîê (i, e) â êàæäîé

ÿ÷åéêå Ca âû÷èñëÿåòñÿ îðèåíòàöèîííàÿ ïëîò-

íîñòü
II af ( ) .1 Èç ñåðèè ðåçóëüòèðóþùèõ çíà÷åíèé

äëÿ ðàçëè÷íûõ ñåìåéñòâ òðóáîê, ïåðåñåêàþùèõ

ÿ÷åéêó, âûáèðàåòñÿ íàèìåíüøåå:

II a akieII kie

T C

f U P

kie a

( )

|

min1
�

�

�

�

�

�

�

�

�

� $ i = im, e = em. (14)

Îïðåäåëåííûå òàêèì îáðàçîì fa îáîçíà÷àþò-

ñÿ èíäåêñàìè i = im, e = em. Ïîñëå íîðìàëèçàöèè

â ïðîñòðàíñòâå ÔÐÎ ðàññ÷èòûâàþòñÿ ÏÔ è íàõî-

äèòñÿ ñëåäóþùåå çíà÷åíèå îïåðàòîðà QII (äëÿ i =

= im, e = em):

Q U
P

P
II

n

akie

II kie

II kie

n
T Ckie a

( )

( )
|

.� � (15)

Â çàâèñèìîñòè îò QII îðèåíòàöèîííûå ïëîò-

íîñòè â ÿ÷åéêàõ äëÿ ñëåäóþùåé èòåðàöèè âûáè-

ðàþòñÿ ñîãëàñíî âûðàæåíèÿì

II a
n II a

n

II

n

II a
n

II

n

II

n
f

f Q

f Q Q

( )

( ) ( )

( ) ( ) (

;
�

�

�
1

1ïðè

ïðè
)

.%

&

'

(
1

(16)

Îòìåòèì, ÷òî fa â ýòîé ïðîöåäóðå ìîãóò ïðå-

âûøàòü èñòèííûå (íàïðèìåð, ýêñïåðèìåíòàëü-

íûå) çíà÷åíèÿ (QII < 1).

3. Â òå÷åíèå èòåðàöèîííîãî ïðîöåññà ÔÐÎ è

ÏÔ íîðìèðóþòñÿ, ñòðóêòóðà èòåðàöèîííîãî îïå-

ðàòîðà îáåñïå÷èâàåò íåîòðèöàòåëüíîñòü ÔÐÎ.

Â ðåçóëüòàòå ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé

ñòàòèñòè÷åñêàÿ îøèáêà ýêñïåðèìåíòàëüíûõ ÏÔ

óñðåäíÿåòñÿ, «äóõè» êîððåêòèðóþòñÿ íà îñíîâå

íàèìåíüøèõ çíà÷åíèé ïîëþñíîé ïëîòíîñòè íà

ÏÔ, è, íàêîíåö, îñóùåñòâëÿåòñÿ ñãëàæèâàíèå

ÔÐÎ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìåòîäû âîññòàíîâëåíèÿ ÔÐÎ ñðàâíèâàëè ñ

ïðèìåíåíèåì RP-ôàêòîðà — âåëè÷èíû ïîãðåø-

íîñòè îòêëîíåíèÿ âû÷èñëåííûõ è ýêñïåðèìåí-

òàëüíûõ ÏÔ. Âåëè÷èíó RP-ôàêòîðà îïðåäåëÿëè

èç ñîîòíîøåíèé [11, 26, 27]

RP
N

PF PF

PF
hkl

i calc i

ii

N

{ }
( )

{ } { }

{ }
� �

�)

)

)

)

)

)

�

�

1

1

exp

exp

*100 %, (17)

RP
M

RP
hkl

j

M

j

( ) ( ),
{ }

� ��

�

�

1

1

(18)

ãäå RP{hkl} — îòíîñèòåëüíàÿ ïîãðåøíîñòü äëÿ

{hkl} ÏÔ; {PFexp}i, {PFcalc}i — èíòåíñèâíîñòè

ýêñïåðèìåíòàëüíîé (ñêîððåêòèðîâàííîé è íîð-

ìèðîâàííîé) è ðàñ÷åòíîé ÏÔ â òî÷êå i (ïîëþñíàÿ

ïëîòíîñòü); N — ÷èñëî èçìåðåííûõ òî÷åê íà ÏÔ;

M — ÷èñëî èçìåðåííûõ ÏÔ.

Ñóììèðîâàíèå â (17) âåäåòñÿ ïî âñåì òî÷êàì i

íà ÏÔ, â êîòîðûõ âûïîëíåíî óñëîâèå {PFexp}i >

> Ä > 0. Ââåäåíèå ïàðàìåòðà Ä îáóñëîâëåíî èñ-

êëþ÷åíèåì çíà÷åíèé ïîëþñíîé ïëîòíîñòè íèæå

çàäàííîãî óðîâíÿ, òàê êàê íàèáîëüøèå ïîãðåø-

íîñòè âîçíèêàþò èìåííî äëÿ ìàëîé ïîëþñíîé

ïëîòíîñòè (â ñèëó íåäîñòàòî÷íîé ñòàòèñòèêè èç-

ìåðåíèé çåðåí, îòâå÷àþùèõ ñîîòâåòñòâóþùèì

îáëàñòÿì îðèåíòàöèîííîãî ïðîñòðàíñòâà).

Êðèòåðèåì óñòîé÷èâîñòè âû÷èñëèòåëüíîãî

ìåòîäà ìîæíî ñ÷èòàòü ìèíèìàëüíîå çíà÷åíèå

RP-ôàêòîðà.

Íà ðèñ. 1 ïðèâåäåíû ÔÐÎ, ðàññ÷èòàííûå äëÿ

ýòàëîííîé îðèåíòèðîâêè Santa Fee (ãàóññîâñêîå

ðàñïðåäåëåíèå, ö1 = ö2 = 333,4°, Ö = 48,2°, øè-

ðèíà 20°, âåñ 0,27, áåñòåêñòóðíàÿ êîìïîíåíòà âå-

ñîì 0,73) [24, 25].

Ïðè âîññòàíîâëåíèè ÔÐÎ ïèêè êîìïîíåíòû

íà ÏÔ ñëèâàþòñÿ, ïîýòîìó âû÷èñëÿëè êîýôôè-

öèåíòû ðàçëîæåíèÿ ÷åòíîé ÷àñòè ÔÐÎ â ðÿä

îáîáùåííûõ ñôåðè÷åñêèõ ôóíêöèé [11]. Ðàññ÷è-

òàííûå ïî ýòèì êîýôôèöèåíòàì íà ñåòêå 5 × 5°

ÏÏÔ {001}, {011}, {111} è {113} èñïîëüçîâàëè

â êà÷åñòâå «ýêñïåðèìåíòàëüíûõ» äëÿ âîññòà-

íîâëåíèÿ ÔÐÎ ñ ïðèìåíåíèåì ñóïåðïîçèöèè

ñòàíäàðòíûõ òåêñòóðíûõ ôóíêöèé ñ ðàññåÿíèåì

12° äëÿ êàæäîé ôóíêöèè (Texxor) è ADS-ìåòîäà

(LaboTex).

Ïîëó÷èëè, ÷òî ìàêñèìàëüíûå îðèåíòàöèîí-

íûå ïëîòíîñòè äëÿ ÔÐÎ ñîñòàâëÿþò 5,1 (Texxor)

è 4,5 (LaboTex). Ïðè ýòîì ÔÐÎ ïî LaboTex áîëåå

ðàññåÿííàÿ ïî ñðàâíåíèþ ñ ÔÐÎ, âû÷èñëåííîé

ïî Texxor.

Íà ðèñ. 2 äëÿ îðèåíòèðîâêè Santa Fee ïðåä-

ñòàâëåíû èñõîäíûå è ðàññ÷èòàííûå èç ÔÐÎ

ÏÏÔ. Âèäíî, ÷òî âû÷èñëåííûå ÏÏÔ áëèçêè ê

èñõîäíûì.

Îòíîñèòåëüíóþ ïîãðåøíîñòü ðàñ÷åòîâ îöåíè-

âàëè ïî çíà÷åíèÿì RP(0,5)-ôàêòîðà (èñïîëüçó-

åìûå íîðìèðîâàííûå èíòåíñèâíîñòè �0,5), êî-

òîðûå ñîñòàâèëè 0,3 (Texxor) è 2,6 % (LaboTex).

Ïîñêîëüêó â ïåðâîì ñëó÷àå âåëè÷èíà ôàêòîðà

40 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9



«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 41

à á
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Fig. 2. Initial (a) and calculated DPF using Texxor (b) and LaboTex (c) programs for Santa Fee orientation



ìåíüøå, ìîæíî óòâåðæäàòü, ÷òî ÔÐÎ ïðè èñ-

ïîëüçîâàíèè ìåòîäà ñóïåðïîçèöèè íîðìàëüíûõ

ðàñïðåäåëåíèé âîññòàíàâëèâàåòñÿ òî÷íåå.

Íà ðèñ. 3 äëÿ îòîææåííîãî ëèñòà àëþìèíèå-

âîãî ñïëàâà 6016 ïðèâåäåíû ðàññ÷èòàííûå ïî

Texxor è LaboTex ÔÐÎ è ÏÏÔ.

Èñõîäíûå äàííûå â âèäå íåïîëíûõ ÏÔ (111),

(200), (220), (311) ïîëó÷àëè ñ ïîìîùüþ ñúåìêè íà

ðåíòãåíîâñêîì äèôðàêòîìåòðå «ÄÐÎÍ-7» ñ òåê-

ñòóðíîé ïðèñòàâêîé ÏÃÒÌ (CoKá-èçëó÷åíèå, ðå-

æèì îòðàæåíèÿ, ìàêñèìàëüíûé óãîë íàêëîíà

ámax = 70°, øàã ïî óãëàì á è â (ðàäèàëüíîìó è

àçèìóòàëüíîìó óãëàì íà ÏÔ) — 5°) [28]. Ïåðåä

âîññòàíîâëåíèåì ÔÐÎ èçìåðåííûå ÏÔ ïîäâåð-

ãàëè ïðîöåäóðå ñèììåòðèçàöèè, çàòåì ââîäèëè

ïîïðàâêó íà äåôîêóñèðîâêó [29]. Îòíîñèòåëüíóþ

ïîãðåøíîñòü ðàñ÷åòîâ îöåíèâàëè ïî RP(0,5)-

ôàêòîðó.

Âèäíî, ÷òî ñòåïåíü îñòðîòû êóáè÷åñêîé îðè-

åíòèðîâêè íà ÔÐÎ, ðàññ÷èòàííûõ ñ ïîìîùüþ ñó-

ïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé è ADC-

ìåòîäà, çíà÷èòåëüíî îòëè÷àåòñÿ. Ïðè ýòîì áîëåå
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Ðèñ. 3. Ñå÷åíèÿ ÔÐÎ (à, á) è ÏÏÔ (â, ã), ðàññ÷èòàííûå äëÿ îòîææåííîãî ëèñòà ñïëàâà 6016 ïî ïðîãðàììàì Texxor è

LaboTex ñîîòâåòñòâåííî (ö
2

= const)

Fig. 3. The ODF sections (a, b) and DPF (c, d) calculated for the annealed sheet of 6016 alloy using Texxor and LaboTex pro-

grams, respectively (ö
2

= const)



âûñîêèì çíà÷åíèÿì ìàêñèìàëüíîé îðèåíòàöèîí-

íîé ïëîòíîñòè, ïîëó÷åííûì ñ èñïîëüçîâàíèåì

ïðîãðàììû LaboTex (95,9 ïðîòèâ 61,8 ïî Texxor),

ñîîòâåòñòâóåò áîëüøåå çíà÷åíèå RP(0,5)-ôàêòîðà

(30,5 ïðîòèâ 12,6 %). Ìîæíî çàêëþ÷èòü, ÷òî ïðè

âîññòàíîâëåíèè ÔÐÎ îñòðûõ òåêñòóð ìåòîä ñó-

ïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé îêà-

çûâàåòñÿ ïðåäïî÷òèòåëüíåå (RP(0,5)-ôàêòîð

ìåíüøå).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ñðàâíèòåëüíûé àíàëèç ìåòî-

äîâ âîññòàíîâëåíèÿ ÔÐÎ, ðåàëèçîâàííûõ ïî ïðî-

ãðàììàì LaboTex è Texxor, ïîêàçàë, ÷òî êàê äëÿ

ýòàëîííîé îðèåíòèðîâêè Santa Fee, òàê è îòî-

ææåííîãî ëèñòà àëþìèíèåâîãî ñïëàâà 6016 ñ èñ-

õîäíîé îñòðîé òåêñòóðîé ìåòîä ñóïåðïîçèöèè

íîðìàëüíûõ ðàñïðåäåëåíèé èìååò ïðåèìóùåñòâî

ïî ñðàâíåíèþ ñ ADC-ìåòîäîì. Â îáîèõ ñëó÷àÿõ

RP(0,5)-ôàêòîð, ïî êîòîðîìó îöåíèâàëè îòíîñè-

òåëüíóþ ïîãðåøíîñòü ðàñ÷åòîâ, îêàçûâàëñÿ çíà-

÷èòåëüíî ìåíüøå (0,3 ïðîòèâ 2,6 è 12,6 ïðîòèâ

30,5 % ñîîòâåòñòâåííî). Êðîìå òîãî, ìåòîä ñóïåð-

ïîçèöèè õàðàêòåðèçóåòñÿ áîëüøåé òî÷íîñòüþ.
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Òèòàíîâûå ñïëàâû øèðîêî ïðèìåíÿþò â êà÷åñòâå ìàòåðèàëîâ äëÿ ýëåìåíòîâ ÿäåðíûõ

ýíåðãåòè÷åñêèõ óñòàíîâîê, ê êîòîðûì ïðåäúÿâëÿþòñÿ âûñîêèå òðåáîâàíèÿ íàäåæíîñòè.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäèêè ðåíòãåíîäèôðàêöèîííîãî èññëåäîâàíèÿ îá-

ðàçöîâ á- è ïñåâäî-á-òèòàíîâûõ ñïëàâîâ ÏÒ-3Â, ÏÒ-7Ì è ÂÒ1-0. Îáðàáîòêó ïîâåðõíîñòè

îáðàçöîâ äëÿ èñïûòàíèé ñ èñïîëüçîâàíèåì ðåíòãåíîâñêîãî äèôðàêòîìåòðà Shimadzu

XRD-7000 (CuKá-èçëó÷åíèå) îñóùåñòâëÿëè ñ ïîìîùüþ ïîëèðîâêè (ìåõàíè÷åñêîé è ýëåêò-

ðîõèìè÷åñêîé) è õèìè÷åñêîãî òðàâëåíèÿ. Óñòàíîâëåíî, ÷òî ñïëàâû ÏÒ-3Â è ÏÒ-7Ì õàðàê-

òåðèçóþòñÿ ñìåøàííîé ñòðóêòóðîé, ñîñòîÿùåé èç á- è á+-ôàç, ïî ãðàíèöàì çåðåí êîòîðûõ

íàáëþäàåòñÿ âûäåëåíèå ñóáìèêðîííûõ ÷àñòèö â-ôàçû. Ðåçóëüòàòû ðåíòãåíîôàçîâîãî àíà-

ëèçà, êîòîðûå ñîïîñòàâëÿëè ñ äàííûìè ìåòàëëîãðàôèè è ýëåêòðîííîé ìèêðîñêîïèè, â çíà-

÷èòåëüíîé ñòåïåíè çàâèñÿò îò ñïîñîáà, êà÷åñòâà è ïðîäîëæèòåëüíîñòè îáðàáîòêè ïîâåðõ-

íîñòè. Ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà è îáðàáîòêà êèñëîòîé ïðèâîäÿò ê óìåíüøåíèþ øè-

ðèíû äèôðàêöèîííûõ ìàêñèìóìîâ è áîëåå ÿâíîìó ïðîÿâëåíèþ èõ «òîíêîé» ñòðóêòóðû.

«Ðàñùåïëåíèå» îñíîâíûõ ðåíòãåíîâñêèõ ïèêîâ òèòàíà — ñëåäñòâèå òîíêîé ñòðóêòóðû ïåð-

âè÷íîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ (Ká1,2-äóáëåò). Çàâèñèìîñòü îò ñïîñîáà è êà÷åñòâà ïîä-

ãîòîâêè ïîâåðõíîñòè ñíèæàåò äîñòîâåðíîñòü êîëè÷åñòâåííîãî àíàëèçà ôàçîâîãî ñîñòàâà.

Ïîýòîìó íåîáõîäèìà âåðèôèêàöèÿ ðåçóëüòàòîâ ñ ïîìîùüþ ïðÿìûõ ìåòîäèê èññëåäîâàíèÿ

ñòðóêòóðû ñïëàâîâ.
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ëèðîâêà; ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà.

X-RAY POWDER DIFFRACTION ANALYSIS OF THE PHASE COMPOSITION

OF á- AND NEAR-á-TITANIUM ALLOYS

� Pavel V. Andreev1,2*, Ksenia E. Smetanina1, Daria A. Gudz1,

Nataliya Yu. Tabachkova3,4, Yana S. Shadrina1

1 Lobachevsky State University, 4, ul. Ashkhabadskaya, Nizhny Novgorod, 603105, Russia.
2 Institute of Chemistry of High-Purity Substances, RAS, 49, ul. Tropinina, Nizhny Novgorod, 603951, Russia;

*e-mail: andreev@phys.unn.ru
3 National University of Science and Technology “MISIS”, 4, Leninsky pr., Moscow, 119049, Russia.
4 Prokhorov General Physics Institute, RAS, 38, ul. Vavilova, Moscow, 119991, Russia.

Received May 22, 2020. Revised June 23, 2020. Accepted June 26, 2020.

Titanium alloys are widely used as materials for the elements of nuclear power plants, which are subject to

high reliability requirements. The goal of the study is to develop X-ray diffraction analysis of the phase

composition of á- and near-á-titanium alloys. Surface treatment of the samples of titanium alloys PT-3V,

PT-7M and VT1-0 was carried out by mechanical, electrochemical polishing and chemical etching. It is

shown that PT-3V and PT-7M alloys are characterized by a mixed structure consisting of á- and á+-phases

with precipitation of submicron particles of the â-phase along the grain boundaries. The results of X-ray

diffraction analysis of the samples obtained on an X-ray diffractometer Shimadzu XRD-7000 (CuKá radia-

tion) were compared with the data of metallography and electron microscopy. It is shown that the results

of X-ray diffraction analysis strongly depend on the method, quality and duration of the surface treatment

of the samples. Electrochemical polishing and acid treatment reduce the width of diffraction peaks and
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lead to a more pronounced manifestation of their “fine” structure thus demonstrating the presence of at

least two crystalline phases in the alloys. “Splitting” of the main X-ray peaks of titanium is a consequence

of the fine structure of primary X-ray radiation (Ká
1,2

-doublet). Presence of “fine” structure of X-ray peaks

and correlation between the intensities of different peaks appears to depend essentially on the mode and

quality of surface treatment of the titanium alloy thus reducing the reliability of quantitative analysis of

the phase composition of titanium alloys without verification of the results by direct methods of studying

alloy structure.

Keywords: titanium alloys; X-ray phase analysis; mechanical polishing; electromechanical polishing.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ê íàäåæíîñòè ÿäåðíûõ

ýíåðãåòè÷åñêèõ óñòàíîâîê (ßÝÓ), à ñîîòâåòñòâåí-

íî, è ê ýêñïëóàòàöèîííûì õàðàêòåðèñòèêàì êîí-

ñòðóêöèîííûõ ìàòåðèàëîâ, ïðèìåíÿåìûõ äëÿ èõ

èçãîòîâëåíèÿ, ïðåäúÿâëÿþòñÿ ïîâûøåííûå òðå-

áîâàíèÿ [1 – 2]. Îáåñïå÷èòü íåîáõîäèìóþ ýêñ-

ïëóàòàöèîííóþ íàäåæíîñòü òåïëîîáìåííîãî îáî-

ðóäîâàíèÿ ßÝÓ ïîçâîëÿþò òèòàíîâûå á-ñïëàâû ñ

ìàëûì (íå áîëåå 5 % îá.) ñîäåðæàíèåì ÷àñòèö

â-ôàçû, õàðàêòåðèçóþùèåñÿ ïðî÷íîñòüþ, ïëà-

ñòè÷íîñòüþ è óñòîé÷èâîñòüþ ê âûñîêèì íàãðóç-

êàì è òåìïåðàòóðàì [1 – 4].

Êîððîçèîííàÿ ñòîéêîñòü ñïëàâîâ â óñëîâèÿõ

âîçäåéñòâèÿ ïîâûøåííûõ òåìïåðàòóð è ñîëåâûõ

îòëîæåíèé (òàê íàçûâàåìîé ãîðÿ÷åé ñîëåâîé êîð-

ðîçèè) â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ èõ

ôàçîâûì ñîñòàâîì. Èçìåíåíèå ñòðóêòóðíî-ôàçî-

âîãî ñîñòîÿíèÿ ãðàíèö çåðåí ïðè èíòåíñèâíîé

ïëàñòè÷åñêîé äåôîðìàöèè äàåò âîçìîæíîñòü ñó-

ùåñòâåííî ïîâûñèòü ñòîéêîñòü óëüòðàìåëêîçåð-

íèñòûõ òèòàíîâûõ ñïëàâîâ ê ãîðÿ÷åé ñîëåâîé

êîððîçèè è êîððîçèîííî-óñòàëîñòíîìó ðàçðóøå-

íèþ [5 – 7].

Ôàçîâûå ïðåâðàùåíèÿ â òèòàíîâûõ ñëàâàõ

ïðîõîäÿò ñ îáðàçîâàíèåì ìåòàñòàáèëüíûõ ôàç,

çíà÷èòåëüíî âëèÿþùèõ íà ñâîéñòâà ìåòàëëà.

Òàê, ïðè çàêàëêå èç â-îáëàñòè â íèçêîëåãèðîâàí-

íûõ ñïëàâàõ íàáëþäàåòñÿ ìàðòåíñèòíûé ïåðåõîä

â # á+, à â ñïëàâàõ ñ ïåðåõîäíûìè ýëåìåíòàìè —

ôîðìèðîâàíèå ìàðòåíñèòíîé á++-ôàçû [1, 8, 9].

Ìîðôîëîãè÷åñêîå ïîäîáèå á+- è á++-ôàç, îáðàçó-

þùèõñÿ â ðåçóëüòàòå ïðåâðàùåíèÿ â-ôàçû â íèç-

êîòåìïåðàòóðíóþ ìîäèôèêàöèþ òâåðäîãî ðàñ-

òâîðà íà îñíîâå á-Ti [9], òðåáóåò ïðè ìåòàëëîãðà-

ôè÷åñêèõ èñïûòàíèÿõ èñïîëüçîâàíèÿ ìåòîäîâ

ðåíòãåíîôàçîâîãî àíàëèçà (ÐÔÀ). Êðèñòàëëîãðà-

ôè÷åñêèå ïàðàìåòðû ôàç òèòàíà ïðèâåäåíû â

òàáë. 1.

Îáû÷íî ïîäãîòîâêà îáðàçöîâ äëÿ ÐÔÀ âêëþ-

÷àåò îïåðàöèè øëèôîâàíèÿ è ïîëèðîâàíèÿ. Ìå-

õàíè÷åñêàÿ ïîëèðîâêà òèòàíà àëìàçíîé ïàñòîé

ñîïðîâîæäàåòñÿ èíòåíñèâíûì íàêëåïîì ïîâåðõ-

íîñòè, ÷òî ïðèâîäèò ê íåîáõîäèìîñòè ýëåêòðîëè-

òè÷åñêîé ïîëèðîâêè íà çàâåðøàþùåé ñòàäèè

ïðîáîïîäãîòîâêè. Îñîáåííîñòü àíîäíîé îáðàáîò-

êè îáðàçöà ñîñòîèò â òîì, ÷òî ïðè èñïîëüçîâàíèè

â êà÷åñòâå ýëåêòðîëèòîâ êèñëîò (HNO3, H2SO4 è

äð.) ïðîèñõîäèò áûñòðîå ïàññèâèðîâàíèå ïîâåðõ-

íîñòè, è ïðîöåññ ðàñòâîðåíèÿ ïðåêðàùàåòñÿ. Äëÿ

ýôôåêòèâíîãî àíîäíîãî ðàñòâîðåíèÿ òðåáóåòñÿ

ââîäèòü â ñîñòàâ ýëåêòðîëèòà àêòèâèðóþùèå äî-

áàâêè (íàïðèìåð, ïëàâèêîâóþ êèñëîòó), â ïðèñóò-

ñòâèè êîòîðûõ êîððîçèîííîå ðàçðóøåíèå ïàññè-

âèðîâàííîé ïîâåðõíîñòè èíòåíñèôèöèðóåòñÿ è

øëèô «ïåðåòðàâëèâàåòñÿ». ×òîáû èçáåæàòü ýòî-

ãî, âîäó â ýëåêòðîëèòå ïîëíîñòüþ èëè ÷àñòè÷íî

çàìåíÿþò íåâîäíûìè ðàñòâîðèòåëÿìè (ìåòà-

íîëîì, áåçâîäíîé óêñóñíîé êèñëîòîé è äð.) è ñíè-

æàþò ðàáî÷óþ òåìïåðàòóðó [10 – 12]. Òàêîé

ñïîñîá ïîäãîòîâêè õîðîøî çàðåêîìåíäîâàë ñåáÿ

ïðè ýëåêòðîííî-ìèêðîñêîïè÷åñêèõ èññëåäîâàíè-

ÿõ, îäíàêî ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà ïîâåðõ-

íîñòè ìîæåò ìåíÿòü õàðàêòåð äèôðàêöèîííîé

êàðòèíû ïðè ÐÔÀ çà ñ÷åò «àëüôèðîâàíèÿ» («á-

case-ýôôåêòà»), âîçíèêàþùåãî ïðè íàñûùåíèè

êèñëîðîäîì ïîâåðõíîñòíîãî ñëîÿ òèòàíà [13 –

15].

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäèêè ðåíò-

ãåíîäèôðàêöèîííîãî èññëåäîâàíèÿ á- è ïñåâäî-

á-òèòàíîâûõ ñïëàâîâ.
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Òàáëèöà 1. Êðèñòàëëîãðàôè÷åñêîå îïèñàíèå ôàç òèòàíà

Table 1. Structural parameters of titanium crystal phases

Ôàçà Ñèíãîíèÿ
Ïðîñòðàíñòâåííàÿ

ãðóïïà ñèììåòðèè

Ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè

a, Å b, Å c, Å

á-Ti Ãåêñàãîíàëüíàÿ (ÃÏÓ) P6
3
/mmc 2,90 — 4,67

á+ Ãåêñàãîíàëüíàÿ P6
3
/mmc 2,94 — 4,67

á++ Ðîìáè÷åñêàÿ Cmcm 2,996 4,98 4,65

â Êóáè÷åñêàÿ (ÎÖÊ) Im3m 3,27 — —



Ìàòåðèàëû, ìåòîäû, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû ïðîìûøëåííûõ òèòà-

íîâûõ ñïëàâîâ ÏÒ-7Ì, ÏÒ-3Â è ÂÒ1-0, ïîëó÷åí-

íûõ ïî ñòàíäàðòíûì ðåæèìàì òåðìîäåôîðìàöè-

îííîé îáðàáîòêè. ÏÒ-7Ì è ÂÒ1-0 îòíîñÿòñÿ ê

ãðóïïå á-, ÏÒ-3Â — ïñåâäî-á-òèòàíîâûõ ñïëàâîâ.

Õèìè÷åñêèé ñîñòàâ ñïëàâîâ ïðåäñòàâëåí â

òàáë. 2.

Èñïûòàíèÿ ïðîâîäèëè íà ïîâåðõíîñòè ñâåæå-

ãî ñðåçà. Ïîâåðõíîñòü ãîòîâèëè ñ èñïîëüçîâàíè-

åì ìåõàíè÷åñêîé øëèôîâêè è ïîëèðîâêè àëìàç-

íûìè ïàñòàìè ðàçëè÷íîé äèñïåðñíîñòè. Ïîñëå

îáðàáîòêè óðîâåíü øåðîõîâàòîñòè ñîñòàâëÿë ìå-

íåå 1 ìêì (àëìàçíàÿ ïàñòà 1/0). Îáðàçóþùèéñÿ

íàêëåïàííûé ñëîé óñòðàíÿëè ïðè ïîìîùè ýëåê-

òðîëèòè÷åñêîé ïîëèðîâêè â ýëåêòðîëèòå (75 %

H2SO4 + 25 % HF, íàïðÿæåíèå — 9 Â, ñèëà

òîêà — 2,5 À, ïðîäîëæèòåëüíîñòü — 30, 120 ñ).

Õèìè÷åñêîå òðàâëåíèå øëèôîâ îñóùåñòâëÿëè

êîíöåíòðèðîâàííîé ïëàâèêîâîé êèñëîòîé (ïðî-

äîëæèòåëüíîñòü — 5 ñ).

Äëÿ ÐÔÀ èñïîëüçîâàëè ïîðîøêîâûé äèôðàê-

òîìåòð Shimadzu XRD-700 (ßïîíèÿ) (CuKá-èç-

ëó÷åíèå, ë = 1,5406 Å, ñõåìà Áðýããà – Áðýíòàíî,

îðèåíòàöèÿ ãîíèîìåòðà — âåðòèêàëüíàÿ), äëÿ

ìèêðîñòðóêòóðíûõ èññëåäîâàíèé — èíòåðôåðåí-

öèîííûé (Leica IM DRM), ðàñòðîâûé ýëåêòðîí-

íûé (Jeol JSM-6490, ñ ýíåðãîäèñïåðñèîííûì

ìèêðîàíàëèçàòîðîì Oxford Instruments INCA

350) è ïðîñâå÷èâàþùèé ýëåêòðîííûé (Jeol JEM-

2100, ñ ýíåðãîäèñïåðñèîííûì ìèêðîàíàëèçàòî-

ðîì JED-2300 EDS) ìèêðîñêîïû.

Ïðè âûáîðå ðåæèìîâ ðåíòãåíîâñêèõ èñïû-

òàíèé ñ ïîìîùüþ òåîðåòè÷åñêèõ äèôðàêòîãðàìì

ôàç á- è â-Ti äëÿ CuKá-èçëó÷åíèÿ îïðåäåëÿëè íå-

îáõîäèìûé äèàïàçîí óãëîâ ñúåìêè (2è = 34 –

42°), â êîòîðîì íàáëþäàëèñü äèôðàêöèîííûå

ïèêè (100), (002) è (101) á-Ti. Ïðèíÿòûå ïàðàìåò-

ðû ñúåìêè: øèðèíà ùåëè — 0,15 ìì, øàã ñêàíè-

ðîâàíèÿ — 0,02°, âðåìÿ ýêñïîçèöèè — 6 ñ [5, 6].

«Ãëóáèíà äèôðàêöèè» äëÿ âûáðàííûõ óñëî-

âèé — ~8 ìêì.

Äëÿ áîëüøèíñòâà ñïîñîáîâ îáðàáîòêè îñíîâ-

íûå ïèêè á-Ti ñîñòîÿò èç äâóõ èëè áîëåå áëèçêî

ðàñïîëîæåííûõ äèôðàêöèîííûõ ìàêñèìóìîâ.

Òàêîå «ðàñùåïëåíèå» ìîæåò ñâèäåòåëüñòâîâàòü

î íàëè÷èè â ñòðóêòóðå ñïëàâîâ êðèñòàëëè÷åñêèõ

ôàç ñ áëèçêèìè ïàðàìåòðàìè êðèñòàëëè÷åñêîé

ðåøåòêè (íàïðèìåð, á-, á+- è á++-ôàçû). Ïîýòîìó

ýòî ó÷èòûâàëè ïðè âûáîðå ðåæèìà ñúåìêè.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1, 2 ïðåäñòàâëåíû ðåçóëüòàòû èññëå-

äîâàíèÿ ìèêðîñòðóêòóðû îáðàçöîâ.

Âèäíî, ÷òî ìèêðîñòðóêòóðà ñïëàâà ÂÒ1-0 íå-

îäíîðîäíà, â íåé ïðèñóòñòâóþò äîñòàòî÷íî êðóï-

íûå ðåêðèñòàëëèçîâàííûå çåðíà (ñðåäíèé ðàç-

ìåð — 10 – 20 ìêì). Îòìåòèì, ÷òî çåðíà ðàâíî-

îñíîé ôîðìû äîñòàòî÷íî òèïè÷íû äëÿ á-ôàçû

òèòàíà [8].

Â ñëó÷àå ÏÒ-7Ì çåðíà òèòàíà èìåþò èãîëü÷à-

òóþ ôîðìó, èõ ìîæíî îõàðàêòåðèçîâàòü êàê á+-

èëè á++-ôàçà [8]. Íà ãðàíèöàõ çåðåí (ðåæèì êîí-

òðàñòà îò àòîìíîãî íîìåðà — Z-êîíòðàñòà) ïðî-

ñëåæèâàþòñÿ ñóáìèêðîííûå ñâåòëûå ÷àñòèöû ñ

ïîâûøåííîé êîíöåíòðàöèåé öèðêîíèÿ.

Ñïëàâ ÏÒ-3Â èìååò ðàçíîçåðíèñòóþ ìèêðî-

ñòðóêòóðó, â êîòîðîé ó÷àñòêè ñ êðóïíûìè (30 –

50 ìêì) ðàâíîîñíûìè çåðíàìè á-ôàçû ÷åðåäóþò-

ñÿ ñ çåðíàìè á+-ôàçû ïëàñòèí÷àòîé ôîðìû (ðàç-

ìåð — 3 – 5 ìêì). Íà ãðàíèöàõ çåðåí á+-ôàçû

ïðèñóòñòâóþò ñâåòëûå ÷àñòèöû, îáîãàùåííûå âà-

íàäèåì. Ïîñêîëüêó âàíàäèé — â-ñòàáèëèçàòîð

[8], ìîæíî ïðåäïîëîæèòü, ÷òî âûäåëèâøèåñÿ ïî
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Òàáëèöà 2. Õèìè÷åñêèé ñîñòàâ òèòàíîâûõ ñïëàâîâ

(% ìàññ.)

Table 2. Chemical composition of titanium alloys (wt.%)

Ñïëàâ

ÂÒ1-0 ÏÒ-3Â ÏÒ-7Ì

Al 0,62 4,73 2,45

Zr 0,02 0,019 2,63

V — 1,88 0,002

Si 0,016 0,03 0,02

Fe 0,059 0,11 0,086

Sn — — 0,005

Nb — — 0,024

O
2

— 0,042 0,12

H
2

— 0,004 0,001

N
2

— 0,01 0,003

C — 0,0024 0,028

Ðèñ. 1. Ìèêðîñòðóêòóðà á-ñïëàâà ÂÒ1-0

Fig. 1. The microstructure of VT1-0 á-titanium alloy



ãðàíèöàì çåðåí ÷àñòèöû âòîðîé ôàçû — â-ôàçà.

Ïðè÷åì èõ îáúåìíàÿ äîëÿ è ðàçìåð çàìåòíî áîëü-

øå, ÷åì â ñïëàâå ÏÒ-7Ì.

Äàííûå ïðîñâå÷èâàþùåé ýëåêòðîííîé ìèê-

ðîñêîïèè (ðåæèì ñâåòëîãî ïîëÿ) (ðèñ. 3) è àíàëèç

ýëåêòðîíîãðàìì ïîäòâåðäèëè, ÷òî ïàðàìåòðû

êðèñòàëëè÷åñêîé ðåøåòêè âûäåëèâøåéñÿ ÷àñòè-

öû áëèçêè ê êóáè÷åñêîé ðåøåòêå â-ôàçû.

Ýëåêòðîííî-ìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ

ìèêðîñòðóêòóðû ñâèäåòåëüñòâóþò, ÷òî âíóòðè

ìåëêèõ çåðåí á-ôàçû òèòàíà (äàííûå äèôðàêöè-

îííûõ êàðòèí äëÿ îòäåëüíûõ çåðåí êðóïíîêðè-

ñòàëëè÷åñêîãî ñïëàâà ñâèäåòåëüñòâóþò, ÷òî ýòî

èìåííî çåðíà á-Ti) ïðèñóòñòâóþò õàîòè÷åñêè ðàñ-

ïîëîæåííûå ðåøåòî÷íûå äèñëîêàöèè (ðèñ. 4).

Óãëû ðàçîðèåíòèðîâêè îáðàçóåìûõ èìè ãðàíèö

äîñòèãàþò 120° (â òðîéíûõ ñòûêàõ).

Îáðàáîòêó ïîâåðõíîñòè îáðàçöîâ ïðîâîäèëè

ïîýòàïíî:

1 – 4) ìåõàíè÷åñêàÿ ïîëèðîâêà àëìàçíîé ïàñ-

òîé (äèñïåðñíîñòü 20 – 28, 10 – 14, 3 – 5 è ìåíåå

1 ìêì);

5 – 6) ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà â òå÷å-

íèå 30 è 120 ñ;

7) ïîâòîðíàÿ ìåõàíè÷åñêàÿ ïîëèðîâêà àëìàç-

íîé ïàñòîé (äèñïåðñíîñòü ìåíåå 1 ìêì) ñ ïîñëå-
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à á

â ã

Ðèñ. 2. Ìèêðîñòðóêòóðà òèòàíîâûõ ñïëàâîâ ÏÒ-7Ì (à, á) è ÏÒ-3Â (â, ã), â òîì ÷èñëå â ðåæèìå Z-êîíòðàñòà ñîîòâåòñòâåííî

Fig. 2. The microstructure of PT-7M (a, b) and PT-3V (c, d) titanium alloys including in Z-contrast mode, respectively

Ðèñ. 3. ×àñòèöû â-ôàçû (óêàçàíû ñòðåëêîé) (ñïëàâ

ÏÒ-3Â)

Fig. 3. â-Phase particles in the light field (indicated by the

arrow) (PT-3V alloy)



äóþùåé ýëåêòðîõèìè÷åñêîé ïîëèðîâêîé â òå÷å-

íèå 120 ñ;

8) õèìè÷åñêîå òðàâëåíèå â ïëàâèêîâîé êèñ-

ëîòå.

Ïîñëå êàæäîãî èç ýòàïîâ îñóùåñòâëÿëè ñúåì-

êó äèôðàêòîãðàìì (ðèñ. 5).

Âûÿâèëè, ÷òî «òîíêàÿ» ñòðóêòóðà ðåíòãåíîâ-

ñêèõ ïèêîâ îò÷åòëèâî ïðîÿâëÿåòñÿ íà ýòàïàõ îá-

ðàáîòêè 5 (ñïëàâû ÏÒ-3Â, ÂÒ1-0) è 8 (ÏÒ-7Ì), íà

äðóãèõ ýòàïàõ îíà îòñóòñòâóåò. Ýòî ñâÿçàíî ñ øå-

ðîõîâàòîñòüþ èëè íàêëåïîì ïðè ìåõàíè÷åñêîé

îáðàáîòêå è ñ ýôôåêòîì «àëüôèðîâàíèÿ» ïðè õè-

ìè÷åñêîé îáðàáîòêå ïîâåðõíîñòè. Îòìåòèì, ÷òî

«ðàñùåïëåíèå» ïèêîâ ïðàêòè÷åñêè íå ôèêñèðó-

åòñÿ äàæå â ñëó÷àå âåñüìà êà÷åñòâåííîé ìåõàíè-

÷åñêîé ïîëèðîâêè ñ ïîìîùüþ àëìàçíûõ ïàñò 3/5

è 1/0 (äèôðàêòîãðàììû 3 è 4). Ïèêè, ñîîòâåòñò-

âóþùèå ÷àñòèöàì á+- è â-ôàç, íå íàáëþäàëè, ÷òî,

âåðîÿòíî, îáóñëîâëåíî ìàëîñòüþ èõ îáúåìíîé

äîëè è ñóáìèêðîííûì ðàçìåðîì.

Ïðîÿâëåíèå «òîíêîé» ñòðóêòóðû îñíîâíûõ

ðåíòãåíîâñêèõ ïèêîâ (èõ «ðàñùåïëåíèå») —

ñëåäñòâèå òîíêîé ñòðóêòóðû ïåðâè÷íîãî ðåíòãå-

íîâñêîãî èçëó÷åíèÿ (Ká1,2-äóáëåò). Åñëè êà÷åñòâî

äèôðàêòîãðàììû ïîçâîëÿåò ðàçäåëèòü ïèêè äè-

ôðàêöèè îò Ká1,2-äóáëåòà, òî ìîæíî óòâåðæäàòü,

÷òî êà÷åñòâî ýêñïåðèìåíòà áëèçêî ê ïðåäåëüíî

âîçìîæíîìó äëÿ äàííîãî ïðèáîðà.

Äëÿ ïðîâåäåíèÿ êîëè÷åñòâåííîãî ôàçîâîãî

àíàëèçà íåîáõîäèìî óáåäèòüñÿ â îòñóòñòâèè

âëèÿíèÿ äåôåêòíûõ ïîâåðõíîñòíûõ ñëîåâ íà îò-

íîñèòåëüíûå èíòåíñèâíîñòè ñîñòàâëÿþùèõ ïèêà,

èìåþùåãî «òîíêóþ» ñòðóêòóðó. Äëÿ óïðîùåíèÿ

ïðåäïîëîæèëè, ÷òî êàæäàÿ èç èìåþùèõñÿ â ñî-
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Ðèñ. 4. Ðàâíîîñíîå çåðíî á-Ti è åãî ýëåêòðîíîãðàììà

(ñïëàâ ÏÒ-3Â) (êîíòóð óêàçûâàåò ãðàíèöû çåðíà)

Fig. 4. The small á-Ti grain and its TEM diffraction pat-

tern (PT-3V alloy) (the contour indicates the grain bound-

aries)

à

á

â

Ðèñ. 5. Äèôðàêòîãðàììû ñïëàâîâ ÏÒ-3Â (à), ÏÒ-7Ì (á)

è ÂÒ1-0 (â) (íóìåðàöèÿ ñîîòâåòñòâóåò ýòàïó îáðàáîòêè ïî-

âåðõíîñòè)

Fig. 5. The diffraction patterns of titanium alloys PT-3V

(a), PT-7M (b), and VT1-0 (c) (numbering corresponds to the

stage of surface treatment)



ñòàâå îáðàçöà êðèñòàëëè÷åñêèõ ôàç (á èëè á+)

âíîñèò îäèíàêîâûé âêëàä â íàáëþäàåìûå äè-

ôðàêöèîííûå ïèêè. Ïðè ýòîì êðèòåðèé ïîâòî-

ðÿåìîñòè ðåçóëüòàòîâ ðåíòãåíîäèôðàêöèîííûõ

èñïûòàíèé — ïîñòîÿíñòâî îòíîøåíèÿ èíòå-

ãðàëüíûõ èíòåíñèâíîñòåé ïàðû àíàëèçèðóåìûõ

ìàêñèìóìîâ.

Äëÿ ïèêîâ íà äèôðàêòîãðàììàõ (ñì. ðèñ. 5)

ðàññ÷èòûâàëè èíòåãðàëüíûå èíòåíñèâíîñòè è

ïîëóøèðèíó íà ïîëóâûñîòå. Ðàñ÷åò ïðîâîäèëè

ìåòîäîì ñóììèðîâàíèÿ èíòåíñèâíîñòåé êàæäîé

ýêñïåðèìåíòàëüíîé òî÷êè ïèêà áåç ó÷åòà ïîñòî-

ÿííîé ñîñòàâëÿþùåé ôîíîâîãî ñèãíàëà ñ èñïîëü-

çîâàíèåì ïàêåòà Wolfram Mathematica.

Íà ðèñ. 6 äëÿ èññëåäóåìûõ îáðàçöîâ ïðèâåäå-

íû çíà÷åíèÿ îòíîñèòåëüíûõ èíòåãðàëüíûõ èí-

òåíñèâíîñòåé I(100)/I(101) è I(002)/I(101). Âèäíî,

÷òî îòíîñèòåëüíûå èíòåíñèâíîñòè ìåíÿþòñÿ ïðè

èçìåíåíèè ñïîñîáà îáðàáîòêè. Ýòî ñâèäåòåëüñò-

âóåò î ñóùåñòâåííîì âëèÿíèè ñîñòîÿíèÿ ïîâåðõ-

íîñòíîãî ñëîÿ íà ñîîòíîøåíèå èíòåíñèâíîñòåé

äèôðàêöèîííûõ ïèêîâ.

Çàâèñèìîñòü «òîíêîé» ñòðóêòóðû ðåíòãå-

íîâñêèõ ïèêîâ è ñîîòíîøåíèÿ ìåæäó èíòåí-

ñèâíîñòÿìè ðàçëè÷íûõ ìàêñèìóìîâ îò ñïîñîáà è

êà÷åñòâà ïîäãîòîâêè ïîâåðõíîñòè ñíèæàåò äîñòî-

âåðíîñòü êîëè÷åñòâåííîãî àíàëèçà ôàçîâîãî ñî-

ñòàâà òèòàíîâûõ ñïëàâîâ. Äëÿ âåðèôèêàöèè

ðåçóëüòàòîâ íåîáõîäèìî èñïîëüçîâàòü ïðÿìûå

ìåòîäèêè èññëåäîâàíèÿ ñòðóêòóðû (ìåòàëëîãðà-

ôèþ, ðàñòðîâóþ è ïðîñâå÷èâàþùóþ ýëåêòðîí-

íóþ ìèêðîñêîïèþ).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî çàâèñèìîñòü ðåçóëüòàòîâ ðåíòãåíî-

äèôðàêöèîííûõ èñïûòàíèé îò ñïîñîáà ïîäãîòîâ-

êè ïîâåðõíîñòè òèòàíîâûõ á- è ïñåâäî-á-ñïëàâîâ

âûñîêà. Ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà è îáðà-

áîòêà êèñëîòîé ïðèâîäÿò ê âèäèìîìó óìåíüøå-

íèþ øèðèíû äèôðàêöèîííûõ ìàêñèìóìîâ è áî-

ëåå ÿâíîìó ïðîÿâëåíèþ èõ «òîíêîé» ñòðóêòóðû,

ñâÿçàííîé ñî ñïåêòðîì èñïîëüçóåìîãî èñòî÷íèêà

ðåíòãåíîâñêîãî èçëó÷åíèÿ (Ká1,2-äóáëåò). Ïðè

ýòîì ýëåêòðîõèìè÷åñêàÿ ïîëèðîâêà, âûïîëíåí-

íàÿ ïîñëå ïðåäâàðèòåëüíîé ìåõàíè÷åñêîé øëè-

ôîâêè, âåäåò ê èçìåíåíèþ îòíîñèòåëüíûõ èíòåí-

ñèâíîñòåé äèôðàêöèîííûõ ïèêîâ ïðè ðàçëè÷íîé

ïðîäîëæèòåëüíîñòè îáðàáîòêè. Êîððåêòíîå êîëè-

÷åñòâåííîå îïðåäåëåíèå ñîäåðæàíèÿ á+- è â-ôàç â

èññëåäóåìûõ îáðàçöàõ ñïëàâîâ ÏÒ-3Â, ÏÒ-7Ì è

Â1-0 ñ èñïîëüçîâàíèåì ðåíòãåíîâñêèõ ìåòîäîâ

ìîæåò áûòü âûïîëíåíî òîëüêî â ñëó÷àå ïðèìåíå-

íèÿ íåçàâèñèìûõ ìåòîäèê, ïîçâîëÿþùèõ äîñòî-

âåðíî îöåíèòü ïðèñóòñòâèå ÷àñòèö âòîðîé ôàçû.

Êà÷åñòâåííûé àíàëèç, âêëþ÷àþùèé ïîäãîòîâêó

àíàëèçèðóåìîé ïîâåðõíîñòè è ðåíòãåíîâñêóþ

ñúåìêó äî è ïîñëå èñïûòàíèÿ, âîçìîæåí, åñëè

ïîäãîòîâëåííàÿ ïîâåðõíîñòü íå íàðóøàåòñÿ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå ÐÍÔ (ãðàíò ¹ 19-73-00295).

Áëàãîäàðíîñòè

Àâòîðû áëàãîäàðÿò Ï. Â. Òðÿåâà (ÀÎ «ÎÊÁÌ

Àôðèêàíòîâ», ã. Íèæíèé Íîâãîðîä) çà ïðåäî-

ñòàâëåíèå îáðàçöîâ è ïðîâåäåíèå ðàáîò ïî àíà-

ëèçó õèìè÷åñêîãî ñîñòàâà òèòàíîâûõ ñïëàâîâ,

À. Â. Ïèñêóíîâà (ÍÍÃÓ èìåíè Í. È. Ëîáà÷åâñêî-

ãî, ã. Íèæíèé Íîâãîðîä) çà ðåêîìåíäàöèè ïî âû-

áîðó ðåæèìîâ ýëåêòðîïîëèðîâêè îáðàçöîâ.
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Ýòàï îáðàáîòêè ïîâåðõíîñòè

Ýòàï îáðàáîòêè ïîâåðõíîñòè

Ýòàï îáðàáîòêè ïîâåðõíîñòè

Ðèñ. 6. Äèàãðàììû îòíîñèòåëüíûõ èíòåíñèâíîñòåé

ïèêîâ á-Ti äëÿ ðàçëè÷íûõ ýòàïîâ îáðàáîòêè ïîâåðõíîñòè

ñïëàâîâ ÏÒ-3Â (à), ÏÒ-7Ì (á) è ÂÒ1-0 (â) (� —

I(100)/I(101), �— I(002)/I(101))

Fig. 6. The diagrams of relative intensities of á-Ti peaks

for different stages of surface treatment of PT-3V (a),

PT-7M (b), and VT1-0 (c) alloys (� — I(100)/I(101), � —

I(002)/I(101))
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Ïðåäëîæåí íîâûé ìåòîä èññëåäîâàíèÿ âëèÿíèÿ ìàëîöèêëîâîé óñòàëîñòè íà ýâîëþöèþ âå-

ëè÷èí ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ ïðè íàãðóæåíèè ïëîñêèõ îáðàçöîâ ñ êîíöåíòðà-

òîðàìè íàïðÿæåíèé. Ðàññìîòðåíû òðè ïðîãðàììû íàãðóæåíèÿ ñ ïîñòîÿííûì çíà÷åíèåì

ðàçìàõà íàïðÿæåíèé è ðàçëè÷íûìè êîýôôèöèåíòàìè àñèììåòðèè öèêëà, à òàêæå äâå ïðî-

ãðàììû ñ ïîñòîÿííûì êîýôôèöèåíòîì àñèììåòðèè è ðàçëè÷íûìè âåëè÷èíàìè ðàçìàõà

íàïðÿæåíèé öèêëà. Îäíà ïðîãðàììà — îáùàÿ äëÿ îáîèõ ñëó÷àåâ. Âñå ïðîãðàììû âêëþ÷à-

þò îäíîîñíîå ðàñòÿæåíèå-ñæàòèå. Êàæäóþ ïðîãðàììó ðåàëèçîâûâàëè ïóòåì èñïûòàíèÿ

ïàðòèè îäèíàêîâûõ îáðàçöîâ — îò ñåìè äî äåâÿòè â êàæäîé. Îäèí îáðàçåö èç ïàðòèè áûë

ïðåäíàçíà÷åí äëÿ îöåíêè äîëãîâå÷íîñòè. Â ðàìêàõ êàæäîé ïðîãðàììû îñòàëüíûå îáðàçöû

äîâîäèëè äî ðàçëè÷íûõ ñòàäèé ìàëîöèêëîâîé óñòàëîñòè. Ýêñïåðèìåíòàëüíûå äàííûå ïî-

ëó÷àëè äëÿ òðåùèí ðàçëè÷íîé äëèíû, êîòîðûå ìîäåëèðîâàëè ïîñëåäîâàòåëüíîñòüþ èç

òðåõ óçêèõ íàäðåçîâ, íà÷èíàþùèõñÿ îò ñêâîçíîãî îòâåðñòèÿ â ïðÿìîóãîëüíîì îáðàçöå. Äå-

ôîðìàöèîííûé îòêëèê íà ìàëîå ïðèðàùåíèå äëèíû íàäðåçà ïðè ïîñòîÿííîé âíåøíåé íà-

ãðóçêå èçìåðÿëè ñ ïîìîùüþ ìåòîäà ýëåêòðîííîé ñïåêë-èíòåðôåðîìåòðèè. Èñõîäíàÿ ýêñïå-

ðèìåíòàëüíàÿ èíôîðìàöèÿ — êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, êîòîðûå îáåñïå÷èâàëè

îïðåäåëåíèå òàíãåíöèàëüíûõ êîìïîíåíò ïåðåìåùåíèé íåïîñðåäñòâåííî íà áåðåãàõ íàäðå-

çà. Òàêèì îáðàçîì, âåëè÷èíû ðàñêðûòèÿ íàäðåçà îïðåäåëÿëè ïî ðåçóëüòàòàì ïðÿìûõ èçìå-

ðåíèé. Îò èçìåðåííûõ ïåðåìåùåíèé ê âåëè÷èíàì êîýôôèöèåíòîâ èíòåíñèâíîñòè íàïðÿ-

æåíèé (ÊÈÍ) è T-íàïðÿæåíèé ïåðåõîäèëè ñ ïîìîùüþ ñîîòíîøåíèé ìîäèôèöèðîâàííîé

âåðñèè ìåòîäà ïîñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû, êîòîðûå îñíîâàíû íà

ôîðìóëèðîâêå Óèëüÿìñà. Ïîëó÷åíû ðàñïðåäåëåíèÿ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ ïî

äëèíå íàäðåçîâ íà ðàçëè÷íûõ ýòàïàõ öèêëè÷åñêîãî íàãðóæåíèÿ. Íà ýòîé îñíîâå ïîñòðîåíû

çàâèñèìîñòè âåëè÷èí ðàñêðûòèÿ, ÊÈÍ è T-íàïðÿæåíèé äëÿ íàäðåçîâ ôèêñèðîâàííîé äëè-

íû îò êîëè÷åñòâà öèêëîâ íàãðóæåíèÿ. Óñòàíîâëåíî, ÷òî ýêñïåðèìåíòàëüíûå ðàñïðåäåëå-

íèÿ âåëè÷èí ÊÈÍ ïî ïåðèîäó äîëãîâå÷íîñòè ïðàêòè÷åñêè ñîâïàäàþò äëÿ âñåõ ÷åòûðåõ

êîìáèíàöèé ïàðàìåòðîâ öèêëà íàãðóæåíèÿ.

Êëþ÷åâûå ñëîâà: ìàëîöèêëîâàÿ óñòàëîñòü; ìåòîä ïîñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëè-

íû òðåùèíû; ïàðàìåòðû ìåõàíèêè ðàçðóøåíèÿ; ýëåêòðîííàÿ ñïåêë-èíòåðôåðîìåòðèÿ.
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We propose a new method for studying the effect of low-cycle fatigue on the evolution of the fracture me-

chanics parameters in conditions of loading plane specimens with stress concentrators. Three programs of

loading with a constant value of the stress range and different values of the stress ratio, as well as two pro-

grams with a constant value of the stress ratio but different stress ranges are considered. One program is

common for both cases. All the programs include uniaxial tension-compression. Each program was imple-

mented by testing a batch of the same specimens from seven to nine in each. One specimen from each

batch was assigned to assess the durability. The other specimens were brought to various stages of low-cy-

cle fatigue in each program. Experimental data were obtained for cracks of different length which were

modeled by a sequence of three narrow notches launched from a through hole in a rectangular specimen.

Each notch was exposed to constant external load of the same level. The deformation response to a small

increment in the notch length at a constant external load was measured at different stages of low-cycle fa-

tigue using electronic speckle pattern interferometry. The interference fringe patterns used as initial ex-

perimental data provided determination of the tangential components of in-plane displacements directly

on the notch sides and the values of notch opening were thus determined from the results of direct mea-

surements. The transition from measured displacement components to the values of the stress intensity

factor and T-stress was performed using the relationships of a modified version of the crack compliance

method based on Williams formulation. Distributions of the fracture mechanics parameters along the

notches were obtained at various stages of cyclic loading. The dependences of the crack mouth opening

displacement, the stress intensity factor and the T-stress on the number of loading cycles are constructed

for the notches of a fixed length at different stages of low-cycle fatigue. It is shown that experimental dis-

tributions of the stress intensity factor values over the life time practically coincide for all four combina-

tions of the loading cycle parameters.

Keywords: low-cycle fatigue; crack compliance method; fracture mechanics parameters; electronic

speckle pattern interferometry.

Ââåäåíèå

Èññëåäîâàíèÿ ïðîöåññîâ íàêîïëåíèÿ ïîâðåæ-

äåíèé, çàðîæäåíèÿ óñòàëîñòíîé òðåùèíû è åå

äàëüíåéøåãî ðîñòà, êîòîðûå ïðîèñõîäÿò â íåðå-

ãóëÿðíûõ çîíàõ ìåòàëëè÷åñêèõ êîíñòðóêöèé â

ïðîöåññå ìàëîöèêëîâîé óñòàëîñòè, ÿâëÿþòñÿ íå-

îáõîäèìûì çâåíîì ïðè àíàëèçå è îáîñíîâàíèè

êàê ñòàòè÷åñêîé, òàê è óñòàëîñòíîé ïðî÷íîñòè

[1 – 4]. Ìåòîäû ëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ

øèðîêî èñïîëüçóþòñÿ äëÿ àíàëèçà íàêîïëåíèÿ

ïîâðåæäåíèé è îöåíêè íà åãî îñíîâå äîëãîâå÷íî-

ñòè êîíñòðóêöèé [5].

Íåîáõîäèìîñòü ðàçíîîáðàçíûõ ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé ïðîöåññîâ íàêîïëåíèÿ óñ-

òàëîñòíûõ ïîâðåæäåíèé, îñîáåííî ïðè íàëè÷èè

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé,

ìíîãîêðàòíî îáîñíîâàíà â ëèòåðàòóðå (ñì., íà-

ïðèìåð, [1 – 3]). Ìåòîäèêè, îñíîâàííûå íà îïòè-

÷åñêèõ è îïòèêî-èíòåðôåðåíöèîííûõ èçìåðåíè-

ÿõ, íàèáîëåå ýôôåêòèâíû äëÿ êîëè÷åñòâåííîãî

îïèñàíèÿ ýâîëþöèè óïðóãîïëàñòè÷åñêèõ äåôîð-

ìàöèé [6 – 8]. Ìíîãî÷èñëåííûå ìåòîäû èçìåðå-

íèÿ ïîëåé ïåðåìåùåíèé è äåôîðìàöèé èñïîëüçó-

þò äëÿ ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ ïàðà-

ìåòðîâ ìåõàíèêè ðàçðóøåíèÿ è îöåíêè íàêîïëå-

íèÿ ïîâðåæäåíèé [9 – 29]. Áîëüøèíñòâî èç ýòèõ

ïîäõîäîâ âêëþ÷àþò èçìåðåíèÿ òàíãåíöèàëüíûõ

êîìïîíåíò ïåðåìåùåíèé â îêðåñòíîñòè òðåùèíû

ïîñòîÿííîé äëèíû ïðè ïîøàãîâîì óâåëè÷åíèè

âíåøíåé íàãðóçêè.

Ñóùåñòâóåò, ìîæíî ñêàçàòü, àëüòåðíàòèâíûé

ïîäõîä ê ýêñïåðèìåíòàëüíîìó îïðåäåëåíèþ ïà-

ðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ. Ýòî ìåòîä ïî-

ñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû

(ÏÍÄÒ) äëÿ èçìåðåíèÿ îñòàòî÷íûõ íàïðÿæåíèé,

ïåðâîíà÷àëüíî ïðåäëîæåííûé àâòîðàìè ðàáîò

[30, 31]. Â îòëè÷èå îò ïîäõîäîâ òðàäèöèîííûõ

ìåòîäîâ ýêñïåðèìåíòàëüíîé ìåõàíèêè ðàçðóøå-

íèÿ, â ìåòîäå ÏÍÄÒ èñïîëüçóþò èçìåðåíèÿ äå-

ôîðìàöèîííîãî îòêëèêà íà ìàëîå ïðèðàùåíèå

äëèíû óçêîãî íàäðåçà áåç èçìåíåíèÿ âíåøíåé

íàãðóçêè. Äðóãèìè ñëîâàìè, äàííûé ïîäõîä áà-

çèðóåòñÿ íà ðåëàêñàöèè èññëåäóåìîãî ïîëÿ íà-

ïðÿæåíèé ïîñëå ïîñëåäîâàòåëüíîãî íàíåñåíèÿ

íàäðåçîâ è ïîñëåäóþùèõ èçìåðåíèÿõ ñîîòâåòñò-

âóþùèõ äåôîðìàöèîííûõ îòêëèêîâ. Íà÷àëüíàÿ

âåðñèÿ ìåòîäà ÏÍÄÒ òðåáîâàëà ñëîæíîãî ìàòå-

ìàòè÷åñêîãî àïïàðàòà, áîëüøîãî îáúåìà âû÷èñ-

ëåíèé è áûëà íàïðàâëåíà òîëüêî íà îïðåäåëåíèå

îñòàòî÷íûõ íàïðÿæåíèé. Â êà÷åñòâå ñëåäóþùåãî

øàãà áûëà ïðåäëîæåíà áîëåå ïðîñòàÿ âåðñèÿ àíà-

ëèçà, êîòîðàÿ èñïîëüçóåò ñîîòíîøåíèÿ ëèíåéíîé

ìåõàíèêè ðàçðóøåíèÿ [32, 33]. Äàííûé ïîäõîä

îáåñïå÷èâàåò ïîëó÷åíèå êîýôôèöèåíòà èíòåí-

ñèâíîñòè íàïðÿæåíèé (ÊÈÍ) KI êàê ôóíêöèè

äëèíû íàäðåçà íåïîñðåäñòâåííî ïî ðåçóëüòàòàì

èçìåðåíèÿ äåôîðìàöèîííîãî îòêëèêà. Ìîäèôè-

öèðîâàííàÿ âåðñèÿ ìåòîäà ÏÍÄÒ äàåò âîçìîæ-

íîñòü âûñîêîòî÷íîãî îïðåäåëåíèÿ ðàñêðûòèÿ â

âåðøèíå íàäðåçà (CMOD), ÊÈÍ è T-íàïðÿæåíèé

[34]. Àíàëèç èçìåíåíèÿ âåëè÷èí ïàðàìåòðîâ ìå-

õàíèêè ðàçðóøåíèÿ, êîòîðûå îòíîñÿòñÿ ê íàäðå-

çàì îäèíàêîâîé äëèíû íà ðàçëè÷íûõ ýòàïàõ ìà-

ëîöèêëîâîé óñòàëîñòè, ìîæåò ñëóæèòü îñíîâîé

äëÿ êîëè÷åñòâåííîãî îïèñàíèÿ ñòåïåíè ïîâðåæ-

äåííîñòè ìàòåðèàëà. Åñòåñòâåííî, ÷òî ïîäîáíàÿ

èíôîðìàöèÿ íåîáõîäèìà äëÿ íåñêîëüêèõ ïðî-

ãðàìì íàãðóæåíèÿ, êîòîðûå îòëè÷àþòñÿ âåëè÷è-
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íàìè êîýôôèöèåíòà àñèììåòðèè öèêëà è ðàçìà-

õà íàïðÿæåíèé. Ïåðâûå ïîïûòêè ïðèìåíåíèÿ

ïîäîáíîãî ïîäõîäà ïðèâåëè ê âåñüìà èíòåðåñíûì

ðåçóëüòàòàì [35, 36].

Îñíîâíàÿ öåëü äàííîé ðàáîòû — ïîëó÷åíèå

íîâûõ ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûå îïè-

ñûâàþò âëèÿíèå èçìåíåíèÿ êîýôôèöèåíòà àñèì-

ìåòðèè è ðàçìàõà íàïðÿæåíèé öèêëà íà ýâîëþ-

öèþ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ äëÿ òðå-

ùèí ðàçëè÷íîé äëèíû, êîòîðûå ìîäåëèðóþòñÿ

ïîñëåäîâàòåëüíîñòüþ óçêèõ íàäðåçîâ, íà÷èíà-

þùèõñÿ îò ñêâîçíîãî îòâåðñòèÿ â ïðÿìîóãîëüíîì

îáðàçöå, íà ðàçëè÷íûõ ýòàïàõ ìàëîöèêëîâîãî

íàãðóæåíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàëè ïëîñêèå îáðàçöû ðàçìåðàìè

180 × 30 × 4 ìì, èçãîòîâëåííûå èç àëþìèíèåâî-

ãî ñïëàâà 2024 (ðèñ. 1). Ìåõàíè÷åñêèå ñâîéñòâà

ìàòåðèàëà, êîòîðûå óñòàíîâëåíû ñòàíäàðòíûìè

èñïûòàíèÿìè íà ðàñòÿæåíèå, ñîñòàâëÿþò: ìî-

äóëü óïðóãîñòè E = 74 000 ÌÏà; êîýôôèöèåíò

Ïóàññîíà í = 0,33; ïðåäåë òåêó÷åñòè ó0,2 =

= 330 ÌÏà.

Âñåãî èñïûòàíî 32 îáðàçöà. Âñå îíè èçãîòîâ-

ëåíû èç îäíîé öåëüíîé çàãîòîâêè ïî îäèíàêîâîé

òåõíîëîãèè. Îòñóòñòâèå îñòàòî÷íûõ íàïðÿæåíèé

óñòàíîâëåíî íà îñíîâå ñîâìåñòíîãî ïðèìåíåíèÿ

ìåòîäà ñâåðëåíèÿ îòâåðñòèÿ è ýëåêòðîííîé

ñïåêë-èíòåðôåðîìåòðèè [37]. Âî âñåõ èññëåäó-

åìûõ êóïîíàõ âûïîëíåíû öåíòðàëüíûå ñêâîç-

íûå îòâåðñòèÿ äèàìåòðîì 2r0 = 3 ìì. Îáðàçöû,

ðàçäåëåííûå íà ÷åòûðå ãðóïïû, ïîäâåðãàëè îäíî-

îñíîìó ðàñòÿæåíèþ-ñæàòèþ ïðè ïîìîùè ýëåê-

òðîìåõàíè÷åñêîé èñïûòàòåëüíîé ìàøèíû Wal-

ter + Bai AG, Type LFM-Z 200 ñ äèàïàçîíîì íà-

ãðóæåíèÿ 0 – 200 êÍ ñîãëàñíî ïàðàìåòðàì öèêëà

íàãðóæåíèÿ, êîòîðûå óêàçàíû â òàáë. 1. Âåëè÷è-

íû ìàêñèìàëüíîãî íàïðÿæåíèÿ öèêëà ómax ñî-

ñòàâëÿëè 76, 61, 51 è 53 % îò ïðåäåëà òåêó÷åñòè

ìàòåðèàëà äëÿ ãðóïï T4_AA, T4_BB, T4_CC è

T4_XX ñîîòâåòñòâåííî (ñì. òàáë. 1).

Ïðîãðàììû íàãðóæåíèÿ âûáèðàëè èñõîäÿ èç

ñëåäóþùèõ ñîîáðàæåíèé. Öèêë íàãðóæåíèÿ äëÿ

ãðóïïû T4_AA ñîîòâåòñòâóåò ìàêñèìàëüíîìó

ðàñòÿãèâàþùåìó íàïðÿæåíèþ ómax = 250 ÌÏà è

ìèíèìàëüíîìó ñæèìàþùåìó ómin = –83,3 ÌÏà.

Â ýòîì ñëó÷àå ñîãëàñíî äàííûì ÷èñëåííîãî ìîäå-

ëèðîâàíèÿ íà êîíòóðå îòâåðñòèÿ ìàêñèìàëüíàÿ

âåëè÷èíà îêðóæíîé äåôîðìàöèè å
ömax = 0,01.

Äëÿ èñïîëüçóåìîãî àëþìèíèåâîãî ñïëàâà òàêîé

äèàïàçîí íàãðóçêè ïðèâîäèò ê çíà÷èòåëüíûì

ïëàñòè÷åñêèì äåôîðìàöèÿì íà êîíòóðå îòâåð-

ñòèÿ â òå÷åíèå íåñêîëüêèõ ïåðâûõ öèêëîâ è ïî-

ñëåäóþùåìó óïðî÷íåíèþ ìàòåðèàëà â îêðåñòíî-

ñòè ñêâîçíîãî îòâåðñòèÿ èç-çà âëèÿíèÿ ýôôåêòà

êîíöåíòðàöèè íàïðÿæåíèé [8]. Äëÿ îòâåðñòèÿ

äèàìåòðîì 2r0 = 3,0 ìì â ïðÿìîóãîëüíîé ïëàñòè-

íå øèðèíîé w = 30 ìì òåîðåòè÷åñêàÿ âåëè÷èíà

êîýôôèöèåíòà êîíöåíòðàöèè íàïðÿæåíèé Kt =

= 3,04. Îòìåòèì, ÷òî ïàðàìåòðû öèêëà Äó =

= 333,3 ÌÏà è R = –0,33 ñîîòâåòñòâóþò íàèáî-

ëåå æåñòêîé ïðîãðàììå íàãðóæåíèÿ, êîòîðàÿ ìî-

æåò èìåòü ìåñòî ïðè ýêñïëóàòàöèè áîëòîâûõ èëè

çàêëåïî÷íûõ ñîåäèíåíèé àâèàöèîííûõ êîí-

ñòðóêöèé. Ñèììåòðè÷íûé öèêë (R = –1,0) ïðåä-

ñòàâëÿåò ñîáîé íèæíèé ïðåäåë ðåàëüíîé âåëè÷è-

íû êîýôôèöèåíòà àñèììåòðèè öèêëîâ. Öèêë ñ

ïàðàìåòðàìè Äó = 333,3 ÌÏà è R = –0,66 èìååò

ïðîìåæóòî÷íûé õàðàêòåð.

Äàííûå äëÿ îäíîãî èç îáðàçöîâ (T4_09), îá-

ùåãî äëÿ âñåõ ãðóïï, ïîëó÷åíû â èñõîäíîì ñî-

ñòîÿíèè áåç ïðèëîæåíèÿ çíàêîïåðåìåííîãî ðàñ-

òÿæåíèÿ-ñæàòèÿ. Öèêëè÷åñêîå íàãðóæåíèå îá-

ðàçöîâ T4_A0, T4_B0, T4_C0 è T4_X0 (ñì.

òàáë. 1) — ñëåäóþùèé ýòàï ïðîãðàììû ýêñïåðè-

ìåíòàëüíûõ èññëåäîâàíèé. Íà ýòèõ îáðàçöàõ îï-

ðåäåëÿëè äîëãîâå÷íîñòü êàê êîëè÷åñòâî öèêëîâ

NF äî ïîëíîãî ðàçðóøåíèÿ. Îñòàëüíûå îáðàçöû

òèïîâ T4_AA, T4_BB, T4_CC è T4_XX ïîäâåðãà-

ëè ïåðèîäè÷åñêîìó ðàñòÿæåíèþ-ñæàòèþ ñ ðàç-

íûì êîëè÷åñòâîì öèêëîâ (òàáë. 2 – 5). Ïîñëå öèê-

54 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9

Ðèñ. 1. Ãåîìåòðè÷åñêèå ïàðàìåòðû èññëåäóåìûõ îáðàçöîâ

Fig. 1. Geometric parameters of the specimens under study

Òàáëèöà 1. Íîìåíêëàòóðà îáðàçöîâ è õàðàêòåðèñòèêè öèêëîâ íàãðóæåíèÿ

Table 1. Nomenclature of specimens and parameters of the loading cycles

Òèï îáðàçöîâ
Ðàçìàõ íàïðÿæåíèé

Äó, ÌÏà

Êîýôôèöèåíò

àñèììåòðèè R

Ìàêñèìàëüíîå

íàïðÿæåíèå ó
max

, ÌÏà

Ìèíèìàëüíîå

íàïðÿæåíèå ó
min

, ÌÏà

T4_AA 333,3 –0,33 250 –83,3

T4_BB 333,3 –0,66 200,8 –132,5

T4_CC 333,3 –1,00 166,65 –166,65

T4_XX 233,3 –0,33 175,4 –57,9



ëè÷åñêîãî íàãðóæåíèÿ, êîòîðîå îáåñïå÷èâàåò íà-

êîïëåíèå ïîâðåæäåíèé â îêðåñòíîñòè îòâåðñòèÿ,

ïðîâîäèëè îïòè÷åñêèå èíòåðôåðåíöèîííûå èç-

ìåðåíèÿ ëîêàëüíîãî äåôîðìàöèîííîãî îòêëèêà

íà ìàëîå ïðèðàùåíèå äëèíû íàäðåçà. Îáðàçöû ñ

ðàçëè÷íîé ñòåïåíüþ ïîâðåæäåííîñòè ïîñëåäîâà-

òåëüíî óñòàíàâëèâàëè â çàõâàòàõ èñïûòàòåëüíîé

ìàøèíû Walter+Bai AG, Type LFM-L 25, ñ äèà-

ïàçîíîì íàãðóæåíèÿ 0 – 25 êÍ. Íàãðóæàþùåå

óñòðîéñòâî âêëþ÷åíî â îïòè÷åñêóþ ñõåìó èíòåð-

ôåðîìåòðà (ðèñ. 2). Â êàæäîì îáðàçöå âûïîëíÿëè

òðè ïîñëåäîâàòåëüíûõ íàäðåçà ïðè ïîñòîÿííîé

âíåøíåé íàãðóçêå, êîòîðàÿ ñîîòâåòñòâîâàëà íî-

ìèíàëüíûì ðàñòÿãèâàþùèì íàïðÿæåíèÿì ó =

= 53,1 ÌÏà. Ñõåìà íàíåñåíèÿ íàäðåçîâ è âîçíè-

êàþùèå ïðè ýòîì êàðòèíû èíòåðôåðåíöèîííûõ

ïîëîñ ïîêàçàíû íà ðèñ. 3 — èíòåðôåðîãðàììû

ïîëó÷åíû äëÿ îáðàçöà T4_23 èç ãðóïïû BB ïîñëå

ïðèëîæåíèÿ N = 2571 öèêëîâ.

Âíà÷àëå ýêñïåðèìåíòàëüíîé ïðîöåäóðû èç-

ìåðÿëè ðàñêðûòèå óçêîãî íàäðåçà øèðèíîé Äb =

= 0,17 ìì ìåòîäîì ýëåêòðîííîé ñïåêë-èíòåðôå-

ðîìåòðèè [34]. Äàëåå ïåðåõîäèëè îò âåëè÷èí ðàñ-

êðûòèÿ ê çíà÷åíèÿì ÊÈÍ è T-íàïðÿæåíèé äëÿ

íàäðåçîâ òðåõ ðàçëè÷íûõ äëèí. Èçìåðÿåìûå âå-

ëè÷èíû ïîêàçàíû íà ðèñ. 4. Ïîëó÷åííûå äàííûå

ïîçâîëÿþò ïîñòðîèòü ðàñïðåäåëåíèÿ ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ ïî ñóììàðíîé äëèíå íàä-

ðåçà íà ðàçëè÷íûõ ñòàäèÿõ ìàëîöèêëîâîãî íàãðó-

æåíèÿ, ïðèâåäåííûõ â òàáë. 2 – 5. Äëÿ äîñòèæå-

íèÿ ïîñòàâëåííûõ öåëåé çà÷åòíûå îáðàçöû (8, 6,

9 è 5 øòóê èç òàáë. 2 – 5 ñîîòâåòñòâåííî) ïîäâåð-

ãàëè îäíîîñíîìó öèêëè÷åñêîìó ðàñòÿæåíèþ-ñæà-

òèþ ñ çàäàííûì äëÿ êàæäîãî îáðàçöà êîëè÷å-

ñòâîì öèêëîâ íàãðóæåíèÿ. Ïîñëå ýòîãî ïðîâîäè-

ëè ðåãèñòðàöèþ è âèçóàëèçàöèþ êàðòèí èíòåð-

ôåðåíöèîííûõ ïîëîñ äëÿ òðåùèí ðàçëè÷íîé äëè-

íû â îêðåñòíîñòè îòâåðñòèÿ íà ðàçëè÷íûõ ýòàïàõ

ìàëîöèêëîâîãî íàãðóæåíèÿ. Ïåðåä âûïîëíåíèåì

ïåðâîãî íàäðåçà âñå îáðàçöû íàõîäèëèñü ïîä äåé-

ñòâèåì íîìèíàëüíûõ ðàñòÿãèâàþùèõ íàïðÿæå-

íèé ó = 53,1 ÌÏà. Íà÷àëüíûå òî÷êè öåíòðàëü-

íûõ ñèììåòðè÷íûõ íàäðåçîâ ðàñïîëîæåíû â òî÷-

êàõ ïåðåñå÷åíèÿ êîíòóðà îòâåðñòèÿ ñ öåíòðàëü-
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Òàáëèöà 2. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_AA

Table 2. Stages of the measurement procedure for the specimens of T4_AA group

Íîìåð îáðàçöà

T4_09 T4_28 T4_29 T4_25 T4_26 T4_19 T4_20 T4_27 T4_A0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 100 1000 1412 2477 2900 3500 4025 5228

Äîëãîâå÷íîñòü, % 0 1,9 19,1 27 47,4 55,4 67 77 100

Òàáëèöà 3. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_BB

Table 3. Stages of the measurement procedure for the specimens of T4_BB group

Íîìåð îáðàçöà

T4_09 T4_21 T4_30 T4_23 T4_24 T4_31 T4_22 T4_B0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 780 1800 2571 3474 4600 5450 6948

Äîëãîâå÷íîñòü, % 0 11,2 26 37,0 50 67 78,4 100

Òàáëèöà 4. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_CC

Table 4. Stages of the measurement procedure for the specimens of T4_CC group

Íîìåð îáðàçöà

T4_09 T4_10 T4_11 T4_12 T4_13 T4_14 T4_15 T4_16 T4_17 T4_18 T4_C0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 100 500 1000 1800 2500 3300 4500 6000 7000 8912

Äîëãîâå÷íîñòü, % 0 1,1 5,6 11,2 20,2 28,1 37,0 50,5 67,3 78,5 100

Òàáëèöà 5. Ýòàïû ïðîâåäåíèÿ èçìåðåíèé äëÿ îáðàçöîâ òèïà T4_XX

Table 5. Stages of the measurement procedure for the specimens of T4_XX group

Íîìåð îáðàçöà

T4_09 T4_X3 T4_X1 T4_X2 T4_X5 T4_X4 T4_X0

Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ N 0 2378 5350 9314 13277 15060 19816

Äîëãîâå÷íîñòü, % 0 12 27 47 67 76 100



íûì ïîïåðå÷íûì ñå÷åíèåì, ïåðïåíäèêóëÿðíûì

ëèíèè ïðèëîæåíèÿ íàãðóçêè, êàê ýòî ïîêàçàíî íà

ðèñ. 2 è 4. Íà âñåõ èññëåäîâàííûõ ýòàïàõ öèêëè-

÷åñêîãî íàãðóæåíèÿ ïîñëåäîâàòåëüíî âûïîëíÿëè

òðè íàäðåçà, ìîäåëèðóþùèå òðåùèíû ðàçëè÷íîé

äëèíû. Ïîëíûé íàáîð äàííûõ — îáÿçàòåëüíîå

óñëîâèå ïîñòðîåíèÿ çàâèñèìîñòåé ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ îò êîëè÷åñòâà öèêëîâ íà-

ãðóæåíèÿ äëÿ íàäðåçîâ ôèêñèðîâàííîé äëèíû,

êîòîðûå ÿâëÿþòñÿ íåîáõîäèìûì çâåíîì äëÿ êî-

ëè÷åñòâåííîãî îïèñàíèÿ âëèÿíèÿ êîýôôèöèåíòà

àñèììåòðèè öèêëà è àìïëèòóäû íà íàêîïëåíèå

ïîâðåæäåíèé.

Èñõîäíàÿ ýêñïåðèìåíòàëüíàÿ

èíôîðìàöèÿ

Â ðàìêàõ äàííîé ðàáîòû ïîëó÷åíî 87 íàáîðîâ

èíòåðôåðîãðàìì, êàæäûé èç êîòîðûõ ñîñòîèò èç

øåñòè êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ äëÿ 29

îáðàçöîâ (ñì. òàáë. 2 – 5). Âñå êàðòèíû ïîëîñ îò-

ëè÷àþòñÿ âûñîêèì êà÷åñòâîì è ïðèãîäíû äëÿ íà-

äåæíîé êîëè÷åñòâåííîé îáðàáîòêè è èíòåðïðå-

òàöèè â òåðìèíàõ òàíãåíöèàëüíûõ êîìïîíåíò

ïåðåìåùåíèé. Èíòåðôåðîãðàììû, êîòîðûå ñî-

îòâåòñòâóþò ïåðâîìó íàäðåçó äëÿ îáðàçöà T4_09

â èñõîäíîì ñîñòîÿíèè, ïðèâåäåíû íà ðèñ. 5.

Òèïè÷íûå êàðòèíû ïîëîñ, ïîëó÷åííûå äëÿ ïåð-

âîãî íàäðåçà íà ðàçëè÷íûõ ýòàïàõ ìàëîöèêëîâî-

ãî íàãðóæåíèÿ, ïîêàçàíû íà ðèñ. 6 – 9 äëÿ ãðóïï

T4_AA, T4_BB, T4_CC è T4_XX ñîîòâåòñòâåííî.

Ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåðôåðåíöè-

îííûõ ïîëîñ â òåðìèíàõ òàíãåíöèàëüíûõ êîìïî-

íåíò ïåðåìåùåíèé u è v äëÿ âñåõ èññëåäîâàííûõ

îáðàçöîâ ïðåäñòàâëåíû â íàáîðå ñîîòâåòñòâóþ-

ùèõ òàáëèö äëÿ êàæäîãî èññëåäîâàííîãî îáðàçöà.

Â ýòè òàáëèöû âêëþ÷åíû òàêæå ñîîòâåòñòâóþ-

ùèå âåëè÷èíû ÊÈÍ è T-íàïðÿæåíèé.

Ðàñïðåäåëåíèÿ ïàðàìåòðîâ ìåõàíèêè

ðàçðóøåíèÿ ïî äëèíå íàäðåçà

íà ðàçëè÷íûõ ýòàïàõ

ìàëîöèêëîâîãî íàãðóæåíèÿ

Ïîëíûé íàáîð ýêñïåðèìåíòàëüíûõ äàííûõ

äàåò âîçìîæíîñòü ïîëó÷èòü çàâèñèìîñòè ïàðà-

56 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9

1

2

3

4

56

7

1

2

3

4

5
6

7

Ðèñ. 2. Ñõåìà èíòåðôåðîìåòðà: 1 — äèîäíûé ëàçåð; 2 —

ìèêðîîáúåêòèâ; 3 — ëèíçà; 4 — ìîáèëüíûé ìîäóëü; 5 —

îáðàçåö â çàõâàòàõ èñïûòàòåëüíîé ìàøèíû; 6 — èñïûòà-

òåëüíàÿ ìàøèíà; 7 — âèäåîêàìåðà

Fig. 2. Scheme of the interferometer: 1 — diode laser, 2 —

microlens, 3 — lens, 4 — mobile module; 5 — specimen, 6 —

testing machine, 7 — video camera

Ðèñ. 3. Ñõåìà ïîëó÷åíèÿ êàðòèí èíòåðôåðåíöèîííûõ

ïîëîñ ïðè ïîñëåäîâàòåëüíîì óâåëè÷åíèè äëèíû íàäðåçà

Fig. 3. Scheme of obtaining the interference fringes pat-

terns corresponding to a sequential increase in the notch

length

Ðèñ. 4. Ñõåìà íàíåñåíèÿ íàäðåçîâ è îáîçíà÷åíèÿ ñîîò-

âåòñòâóþùèõ ýêñïåðèìåíòàëüíûõ âåëè÷èí ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ

Fig. 4. Schematic drawing of the notches and correspond-

ing notations of experimental values of the fracture mechan-

ics parameters



ìåòðîâ ìåõàíèêè ðàçðóøåíèÿ îò äëèíû íàäðåçà

(òðåùèíû) ~an
(n = 1, 2, 3) íà ðàçëè÷íûõ ýòàïàõ

öèêëè÷åñêîãî íàãðóæåíèÿ. Òèïè÷íûå ãðàôèêè

ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ â âåðøèíå

òðåùèíû (CMOD) ~ ,vn�1
êîýôôèöèåíòîâ èíòåí-

ñèâíîñòè íàïðÿæåíèé
~
K n

I
è T-íàïðÿæåíèé

~
Tn

ïðåäñòàâëåíû íà ðèñ. 10 äëÿ îáðàçöîâ ãðóïïû

T4_BB.

Òàêèå ðàñïðåäåëåíèÿ, ïîëó÷åííûå íà ðàçëè÷-

íûõ ýòàïàõ ìàëîöèêëîâîãî íàãðóæåíèÿ, äàþò

âîçìîæíîñòü ïîñòðîèòü çàâèñèìîñòè âåëè÷èí ïà-

ðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ îò êîëè÷åñòâà

öèêëîâ íàãðóæåíèÿ. Ïîêàæåì, ÷òî çàâèñèìîñòè

âåëè÷èí ÊÈÍ ìîæíî èñïîëüçîâàòü äëÿ êîëè÷åñò-

âåííîãî îïèñàíèÿ ïðîöåññà íàêîïëåíèÿ ïîâðåæ-

äåíèé. Îòìåòèì, ÷òî ñêðûòàÿ ñòàäèÿ íàêîïëåíèÿ

ïîâðåæäåíèé â ñëó÷àå ìàëîöèêëîâîé óñòàëîñòè

ìîæåò áûòü î÷åíü áëèçêà ê âåëè÷èíå äîëãîâå÷-

íîñòè îáðàçöîâ. Èìåííî òàêàÿ ñèòóàöèÿ íàáëþ-

äàëàñü äëÿ îáðàçöîâ âñåõ ÷åòûðåõ ãðóïï. Êîðîò-

êèå, íî ðåàëüíî âèäèìûå òðåùèíû (äëèíîé ìå-

íåå 0,5 ìì) ïîÿâëÿëèñü ïðè N, ðàâíîì 4900, 6100,

7200 è 14 300 öèêëîâ, ÷òî ñîîòâåòñòâóåò 94, 88,

81, 72 % äîëãîâå÷íîñòè äëÿ îáðàçöîâ òèïîâ

T4_ÀÀ, T4_BB, T4_CC è T4_XX ñîîòâåòñòâåííî.
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à á

Ðèñ. 5. Îáðàçåö T4_09: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (à) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,0 ìì (ñëåâà) è �a1

� = 2,14 ìì (ñïðàâà)

Fig. 5. Specimen T4_09: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.0 mm (left) and �a1

� = 2.14 mm (right)

à á

Ðèñ. 6. Îáðàçåö T4_19: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,14 ìì (ñëåâà) è �a1

� = 2,28 ìì (ñïðàâà)

Fig. 6. Specimen T4_19: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.14 mm (left) and �a1

� = 2.28 mm (right)



Âëèÿíèå êîýôôèöèåíòà àñèììåòðèè

öèêëà íà ýâîëþöèþ ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ â îêðåñòíîñòè

êîíöåíòðàòîðà íàïðÿæåíèé

Äëÿ êîëè÷åñòâåííîé îöåíêè âëèÿíèÿ êîýô-

ôèöèåíòà àñèììåòðèè öèêëà R è ðàçìàõà íà-

ïðÿæåíèé Äó íà ïåðåðàñïðåäåëåíèå ïàðàìåòðîâ

ìåõàíèêè ðàçðóøåíèÿ â îêðåñòíîñòè îòâåðñòèé

íåîáõîäèìî ïðåäñòàâèòü ïîëó÷åííóþ ýêñïåðè-

ìåíòàëüíóþ èíôîðìàöèþ â âèäå çàâèñèìîñòåé

îïðåäåëÿåìûõ âåëè÷èí îò êîëè÷åñòâà öèêëîâ íà-

ãðóæåíèÿ äëÿ ôèêñèðîâàííûõ äëèí íàäðåçîâ.

Íàèáîëüøèé èíòåðåñ â ýòîì ñìûñëå ïðåäñòàâëÿ-

åò ïåðâûé íàäðåç äëèíîé ~ ,a1
êîòîðûé ðàñïðî-

ñòðàíÿåòñÿ îò êîíòóðà îòâåðñòèÿ: âî-ïåðâûõ, îí

çàòðàãèâàåò ó÷àñòîê, íàèáîëåå ïîäâåðæåííûé

óïðóãîïëàñòè÷åñêîìó äåôîðìèðîâàíèþ, âî-âòî-

ðûõ, ýòîò íàäðåç âûïîëíÿåòñÿ â ñïëîøíîì ìàòå-

ðèàëå, ãäå íà íàêîïëåíèå ïîâðåæäåíèé íå âëèÿ-

þò ïðåäûäóùèå íàðóøåíèÿ ñïëîøíîñòè ìàòå-

ðèàëà. Äàííûå, íåîáõîäèìûå äëÿ ïîñòðîåíèÿ òà-

êèõ çàâèñèìîñòåé, ïîëó÷åíû â ïîëíîì îáúåìå

äëÿ îáðàçöîâ âñåõ ãðóïï.

Çàâèñèìîñòè ýêñïåðèìåíòàëüíûõ âåëè÷èí

ðàñêðûòèÿ â âåðøèíå ïåðâîãî íàäðåçà (CMOD)

�
~vn�1 , ÊÈÍ

~
K n

I
è T-íàïðÿæåíèé

~
Tn îò ïðîöåíòà
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Ðèñ. 7. Îáðàçåö T4_23: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2,24 ìì (ñëåâà) è �a1

� = 2,10 ìì (ñïðàâà)

Fig. 7. Specimen T4_23: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.24 mm (left) and �a1

� = 2.10 mm (right)

à á

Ðèñ. 8. Îáðàçåö T4_15: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2.07 ìì (ñëåâà) è �a1

� = 2,17 ìì (ñïðàâà)

Fig. 8. Specimen T4_15: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.07 mm (left) and �a1

� = 2.17 mm (right)



äîëãîâå÷íîñòè äëÿ ðàçëè÷íûõ êîýôôèöèåíòîâ

àñèììåòðèè R è ïîñòîÿííîãî ðàçìàõà íàïðÿæå-

íèé Äó = 350 ÌÏà ïðåäñòàâëåíû íà ðèñ. 11. Ýòè

ãðàôèêè îòðàæàþò ïðîöåññ ïëàíèðîâàíèÿ ýêñïå-

ðèìåíòîâ. Äðóãèìè ñëîâàìè, èçìåðåíèÿ âåëè÷èí

ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ â êëþ÷åâûõ

òî÷êàõ ïðîâîäÿò ïðè îäèíàêîâîì ïðîöåíòå äîëãî-

âå÷íîñòè äëÿ âñåõ òð¸õ òèïîâ îáðàçöîâ.

Ðàñïðåäåëåíèÿ, ïðèâåäåííûå íà ðèñ. 11, êî-

ëè÷åñòâåííûì îáðàçîì îòðàæàþò âëèÿíèå êîýô-

ôèöèåíòà àñèììåòðèè öèêëà íàãðóæåíèÿ íà ýâî-

ëþöèþ ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ, êîòî-

ðûå îòíîñÿòñÿ ê ïåðâîìó íàäðåçó. Íåñîìíåííî,

÷òî âñå ýòè çàâèñèìîñòè ñâÿçàíû ñî ñòåïåíüþ ïî-

âðåæäåííîñòè ìàòåðèàëà. Òåïåðü âûÿñíèì, êà-

êàÿ èç ýòèõ çàâèñèìîñòåé íàèáîëåå ïðèãîäíà äëÿ

êîëè÷åñòâåííîãî îïèñàíèÿ ïðîöåññà íàêîïëåíèÿ

ïîâðåæäåíèé.

Ðàñïðåäåëåíèÿ âåëè÷èí �
~v0

ïî ïðîöåíòàì

äîëãîâå÷íîñòè (ðèñ. 11, à), êîòîðûå ñîîòâåòñòâó-

þò íà÷àëüíûì ýòàïàì ìàëîöèêëîâîãî íàãðóæå-

íèÿ (N � 0,15NF), âûÿâëÿþò çíà÷èòåëüíîå âëèÿ-

íèå óïðî÷íåíèÿ àëþìèíèåâîãî ñïëàâà âñëåä-

ñòâèå âûñîêîãî óðîâíÿ ïëàñòè÷åñêèõ äåôîð-

ìàöèé â îêðåñòíîñòè îòâåðñòèÿ äëÿ R = –0,33, òî-

ãäà êàê ýòîò ýôôåêò ìåíåå çàìåòåí äëÿ R = –0,66

è ïîëíîñòüþ îòñóòñòâóåò äëÿ R = –1,0. Ýòà òåí-

äåíöèÿ âïîëíå î÷åâèäíà — ÷åì âûøå óðîâåíü

ìàêñèìàëüíîãî íàïðÿæåíèÿ öèêëà ómax, òåì

ìåíüøå âåëè÷èíà ðàñêðûòèÿ �
~ ,v0

êîòîðàÿ ñîîò-

âåòñòâóåò îäèíàêîâûì íîìèíàëüíûì íàïðÿæå-

íèÿì ó. Âñå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïî-

ëó÷åíû ïðè ïîñòîÿííîé ðàñòÿãèâàþùåé íàãðóçêå

ó = 53,1 ÌÏà, ÷òî ñîîòâåòñòâóåò 15 % îò ïðåäåëà

òåêó÷åñòè ìàòåðèàëà ó0,2 = 330 ÌÏà. Ìàêñè-

ìàëüíûå íàïðÿæåíèÿ öèêëà ómax ðàâíû 250,

200,8 è 166,7 ÌÏà, ÷òî ñîîòâåòñòâóåò 76, 61 è

51 % îò ïðåäåëà òåêó÷åñòè äëÿ ãðóïï îáðàçöîâ

T4_ÀÀ, T4_BB è T4_CC ñîîòâåòñòâåííî. Âñëåäñò-

âèå ýòîãî ìàêñèìàëüíûå îêðóæíûå äåôîðìàöèè

â îêðåñòíîñòè îòâåðñòèÿ, âûçâàííûå êîíöåíòðà-

öèåé íàïðÿæåíèé ïðè äåéñòâèè âíåøíåé

ðàñòÿãèâàþùåé íàãðóçêè, â îáðàçöàõ, îòíîñÿ-

ùèõñÿ ê ãðóïïå T4_ÀÀ, çíà÷èòåëüíî áîëüøå, ÷åì

àíàëîãè÷íûå äåôîðìàöèè â îáðàçöàõ ãðóïï

T4_ÂÂ è T4_ÑÑ. Ýôôåêò êîíöåíòðàöèè äåôîðìà-

öèé è åãî âëèÿíèå íà óïðî÷íåíèå ìàòåðèàëà îñî-

áåííî çàìåòåí íà íà÷àëüíûõ ñòàäèÿõ ìàëîöèêëî-

âîé óñòàëîñòè. Äàííûé ôàêò äëÿ àëþìèíèåâîãî

ñïëàâà õîðîøî ñîãëàñóåòñÿ ñ äàííûìè ðàáîòû

[8]. Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû, ïîëó÷åííûå

äëÿ ðàçìàõà íàïðÿæåíèé Äó = 350 ÌÏà è êîýô-

ôèöèåíòà àñèììåòðèè R = –0,52, ñâèäåòåëüñòâó-

þò, ÷òî ïåòëÿ ãèñòåðåçèñà â êîîðäèíàòàõ ìàêñè-

ìàëüíàÿ îêðóæíàÿ äåôîðìàöèÿ íà êîíòóðå îò-

âåðñòèÿ å
ömax — íîìèíàëüíûå íàïðÿæåíèÿ ó ïðå-

âðàùàåòñÿ â ïðÿìóþ ëèíèþ ïîñëå ïðèëîæåíèÿ

100 öèêëîâ ê ïðÿìîóãîëüíîìó îáðàçöó ñ öåí-

òðàëüíûì îòâåðñòèåì. Îòëè÷èÿ â ýêñïåðèìåí-

òàëüíûõ çàâèñèìîñòÿõ ðàñêðûòèÿ �
~v0

îò êîëè÷å-

ñòâà öèêëîâ íàãðóæåíèÿ, ïîëó÷åííûõ äëÿ ðàç-

íûõ çíà÷åíèé R, âûçûâàþò çàòðóäíåíèÿ ïðè êî-

ëè÷åñòâåííîì àíàëèçå ïðîöåññà íàêîïëåíèÿ ïî-

âðåæäåíèé. Ýêñïåðèìåíòàëüíûå çàâèñèìîñòè

âåëè÷èí T-íàïðÿæåíèé
~
T1

îò ïðîöåíòà äîëãîâå÷-

íîñòè (ðèñ. 11, â), ïîëó÷åííûå äëÿ ðàçëè÷íûõ

çíà÷åíèé êîýôôèöèåíòà àñèììåòðèè öèêëà R,

èìåþò áîëåå âûñîêóþ ñòåïåíü ñîâïàäåíèÿ. Îäíà-

êî íåîáõîäèìî ó÷èòûâàòü, ÷òî ïîãðåøíîñòü îïðå-

äåëåíèÿ T-íàïðÿæåíèé ñîñòàâëÿåò 15 % îò àáñî-

ëþòíîé âåëè÷èíû [34], à ïîãðåøíîñòü îïðåäåëå-
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Ðèñ. 9. Îáðàçåö T4_17: êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå â òåðìèíàõ ïëîñêèõ êîìïîíåíò u (a) è v (á); èñ-

õîäíàÿ äëèíà òðåùèíû a
0

= 0 ñ ïðèðàùåíèÿìè �a1
� = 2.10 ìì (ñëåâà) è �a1

� = 2.17 ìì (ñïðàâà)

Fig. 9. Specimen T4_17: interference fringe patterns obtained in terms of in-plane displacement component u (a) and v (b);

initial crack length a
0

= 0 with an increment of �a1
� = 2.10 mm (left) and �a1

� = 2.17 mm (right)



íèÿ âåëè÷èí K
I

1 â áîëüøèíñòâå ñëó÷àåâ íå ïðå-

âîñõîäèò òðåõ ïðîöåíòîâ. Òàêèì îáðàçîì, èñ-

ïîëüçîâàíèå âàðèàöèé ÊÈÍ ïî êîëè÷åñòâó

öèêëîâ íàãðóæåíèÿ âûãëÿäèò áîëåå ïåðñïåêòèâ-

íûì äëÿ îöåíêè ñòåïåíè ïîâðåæäåííîñòè ìàòå-

ðèàëà.

Â îòëè÷èå îò çàâèñèìîñòåé �
~v0

(ñì. ðèñ. 11, à)

è
~
T1

(ñì. ðèñ. 11, â), ýêñïåðèìåíòàëüíûå ãðàôèêè

K
I

1 (ñì. ðèñ. 11, á) èìåþò î÷åíü áëèçêóþ ôîðìó

äëÿ ðàçëè÷íûõ âåëè÷èí R. Äàííûé ôàêò ïðåä-

ñòàâëÿåòñÿ âåñüìà çíà÷èòåëüíûì ñ òî÷êè çðåíèÿ

êîëè÷åñòâåííîãî îïèñàíèÿ âëèÿíèÿ R íà ïðîöåññ

íàêîïëåíèÿ ïîâðåæäåíèé. Äîñòàòî÷íî î÷åâèäíî,

÷òî äîëæíî ñóùåñòâîâàòü ðàçëè÷èå â ñêîðîñòè

íàêîïëåíèÿ ïîâðåæäåíèé äëÿ îáðàçöîâ òðåõ ðàç-

ëè÷íûõ ãðóïï.

Âëèÿíèå ðàçìàõà íàïðÿæåíèé

íà ýâîëþöèþ ïàðàìåòðîâ ìåõàíèêè

ðàçðóøåíèÿ â îêðåñòíîñòè

êîíöåíòðàòîðà íàïðÿæåíèé

Çàâèñèìîñòè ýêñïåðèìåíòàëüíûõ âåëè÷èí

�
~ ,vn�1

~
K n

I
è

~
Tn îò ïðîöåíòà äîëãîâå÷íîñòè, êîòî-

ðûå ïîëó÷åíû ïðè èñïûòàíèÿõ îáðàçöîâ ñ îäèíà-

êîâûì êîýôôèöèåíòîì àñèììåòðèè öèêëà R =

= –0,33, íî ðàçëè÷íûìè ðàçìàõàìè íàïðÿæåíèé

Äó, ðàâíûìè 333,3 è 233,3 ÌÏà, ïðåäñòàâëåíû

íà ðèñ. 12.

Ðàñïðåäåëåíèÿ ÊÈÍ (ñì. ðèñ. 12, á), êàê è â

ñëó÷àå âàðèàöèè êîýôôèöèåíòà àñèììåòðèè R

(ñì. ðèñ. 11, á), ïðåäñòàâëÿþò îñîáûé èíòåðåñ,

òàê êàê îíè èìåþò ïðàêòè÷åñêè îäèíàêîâóþ ôîð-

ìó. Òàêîå áëèçêîå ñîâïàäåíèå ïîçâîëÿåò êîëè÷å-

ñòâåííî îïèñàòü âëèÿíèå ðàçìàõà íàïðÿæåíèé

Äó íà ïðîöåññ íàêîïëåíèÿ ïîâðåæäåíèé.

Çàêëþ÷åíèå

Ïîëó÷åíû íîâûå ýêñïåðèìåíòàëüíûå äàí-

íûå, êîòîðûå îïèñûâàþò âëèÿíèå èçìåíåíèÿ êî-

ýôôèöèåíòà àñèììåòðèè R è ðàçìàõà íàïðÿæå-

íèé öèêëà Äó íà ýâîëþöèþ ïàðàìåòðîâ ìåõàíè-

êè ðàçðóøåíèÿ äëÿ òðåùèí ðàçëè÷íîé äëèíû.

Òðåùèíû ìîäåëèðîâàëè ïîñëåäîâàòåëüíîñòüþ

óçêèõ íàäðåçîâ, íà÷èíàþùèõñÿ îò ñêâîçíîãî îò-

âåðñòèÿ â ïðÿìîóãîëüíîì îáðàçöå, ïîñëå äîñòè-

æåíèÿ ðàçëè÷íûõ ñòàäèé ìàëîöèêëîâîé óñòàëî-
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â

R = –0,33

R

R

= –0,66

= –1,0

R = –0,33

R

R

= –0,66

= –1,0
R = –0,33

R

R

= –0,66

= –1,0

Ðèñ. 11. Çàâèñèìîñòè âåëè÷èí ðàñêðûòèÿ âåðøèíû íàäðåçà �
~
v0

(à), ÊÈÍ K I
1 (á) è T-íàïðÿæåíèé

~
T1

(â) äëÿ ðàçëè÷íûõ

çíà÷åíèé ïàðàìåòðà R îò ïðîöåíòà äîëãîâå÷íîñòè

Fig. 11. Dependences of �
~
v0

(a), SIF K I
1 (b), and

~
T1

(c) on the lifetime for different values of the stress ratio R

à á

â

Ðèñ. 10. Ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ â âåðøèíå òðåùèíû Äv
n – 1

(à), K n
I

(á) è T-íàïðÿæåíèé
~
Tn

(â) ïî äëèíå íàäðå-

çà íà ðàçëè÷íûõ ýòàïàõ öèêëè÷åñêîãî íàãðóæåíèÿ äëÿ îáðàçöîâ ãðóïïû T4_BB

Fig. 10. Experimental values of CMOD �
~
vn�1

(a), SIF K n
I

(b)
~
Tn (c) as a function of total notch length for the specimens of

T4_BB group



ñòè. Íàäðåçû âûïîëíÿëè ïðè ïîñòîÿííîé âíåø-

íåé íàãðóçêå, îäèíàêîâîé äëÿ âñåõ îáðàçöîâ.

Èññëåäîâàíèÿ ïðîâåäåíû äëÿ òðåõ ïðîãðàìì íà-

ãðóæåíèÿ ñ îäèíàêîâûìè âåëè÷èíàìè ðàçìàõà

íàïðÿæåíèé Äó, íî ðàçëè÷íûìè çíà÷åíèÿìè êî-

ýôôèöèåíòà àñèììåòðèè öèêëà R, à òàêæå äëÿ

äâóõ ïðîãðàìì íàãðóæåíèÿ ñ îäèíàêîâûì R, íî

ðàçëè÷íûìè Äó. Èçìåðåíèå äåôîðìàöèîííîãî

îòêëèêà íà ëîêàëüíîå óäàëåíèå ìàòåðèàëà â ôîð-

ìå óçêîãî íàäðåçà ïðîâîäèëè ìåòîäîì ýëåêòðîí-

íîé ñïåêë-èíòåðôåðîìåòðèè. Èñõîäíûå ýêñïå-

ðèìåíòàëüíûå äàííûå, ïðåäñòàâëÿþùèå ñîáîé

àáñîëþòíûå âåëè÷èíû ïëîñêèõ êîìïîíåíò ïåðå-

ìåùåíèé íà áåðåãàõ íàäðåçà, ïðåîáðàçîâûâàëè

â âåëè÷èíû ÊÈÍ è T-íàïðÿæåíèé. Ïîëó÷åíû

ðàñïðåäåëåíèÿ âåëè÷èí ðàñêðûòèÿ âåðøèíû

íàäðåçà (CMOD), ÊÈÍ è T-íàïðÿæåíèé ïî äëèíå

òðåùèíû, êîòîðàÿ ðàñïðîñòðàíÿåòñÿ îò êîíòóðà

ñêâîçíîãî îòâåðñòèÿ, íà ðàçëè÷íûõ ýòàïàõ ìàëî-

öèêëîâîãî íàãðóæåíèÿ ñ ðàçëè÷íûìè âåëè÷è-

íàìè R è Äó. Ýòè äàííûå îáåñïå÷èëè ïîñòðîåíèå

çàâèñèìîñòåé ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ

äëÿ íàäðåçîâ ôèêñèðîâàííîé äëèíû îò ïðîöåíòà

äîëãîâå÷íîñòè îáðàçöîâ, êîòîðûå îòðàæàþò ïðî-

öåññ íàêîïëåíèÿ óñòàëîñòíûõ ïîâðåæäåíèé.

Â ñëåäóþùåé ñòàòüå áóäåò ïîêàçàíî, êàê ïîëó-

÷åííûå ðàñïðåäåëåíèÿ âåëè÷èí ÊÈÍ ïî ïåðèîäó

äîëãîâå÷íîñòè ìîæíî èñïîëüçîâàòü äëÿ ïîëó÷å-

íèÿ ÿâíîãî âèäà ôóíêöèè íàêîïëåíèÿ ïîâðåæ-

äåíèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ Ïðîãðàììû ñî-

âìåñòíûõ ôóíäàìåíòàëüíûõ èññëåäîâàíèé ïî

àâèàöèîííî-êîñìè÷åñêèì òåõíîëîãèÿì ÔÃÓÏ

«ÖÀÃÈ» è èíñòèòóòîâ ÐÀÍ íà 2019 – 2020 ãã., à

òàêæå ïðè ïîääåðæêå Ðîññèéñêîãî íàó÷íîãî ôîí-

äà (ïðîåêò ¹ 18-19-00351).

ËÈÒÅÐÀÒÓÐÀ (REFERENCES)

1. Makhutov N. A. Deformation criteria of fracture and structu-

res elements strength analysis. — Moscow: Mashinostroenie,

1981. — 271 p. [in Russian].

2. Osgood C. C. Fatigue Design, 2nd edition. — Oxford, UK: Per-

gamon Press, 1982. — 606 p.

3. Collins J. A. Failure of Materials in Mechanical Design: Analy-

sis, Prediction, Prevention, 2nd edition. — NY, Chichester, Bris-

bane, Toronto, Singapore: John Wiley & Sons, 1993. — 672 p.

4. Makhutov N., Matvienko Yu., Chernyakov S. A unified

methodological approach to calculation analysis of the stages of

nucleation and growth of low-cycle fatigue cracks / Mater. Sci.

1993. Vol. 29. N 2. P. 109 – 114.

5. Zerbst U., Klinger C., Clegg R. Fracture mechanics as a tool

in failure analysis — prospects and limitations / Engineering

Failure Analysis. 2015. Vol. 55. P. 376 – 410. DOI: 10.1016/j.eng-

failanal.2015.07.001.

6. Chiang F.-P. Moiré and speckle methods applied to elastic-plas-

tic fracture studies / Experimental Techniques in Fracture

mechanics. 3rd edition // J. S. Epstein, Ed. — NY: VCH, 1993.

P. 291 – 325.

7. Post D., Han B., Ifju P. High Sensitivity Moiré. Exp. Analysis

for Mech. and Mat. — Berlin: Springer Verlag, 1994. — 444 p.

8. Shchepinov V. P., Pisarev V. S., Novikov S. A., Bala-

lov V. V., Odintsev I. N., Bondarenko M. M. Strain and

Stress Analysis by Holographic and Speckle Interferometry. —

Chichester: John Wiley, 1996. — 483 p.

9. Lee C. et al. Determination of plastic strains at notches

by image-processing methods / Exp. Mech. 1989. Vol. 29. N 2.

P. 214 – 220.

10. Steckenrider J., Wagner J. Computed speckle decorrelation

(CSD) for the study of fatigue damage / Optics & Lasers in

Engineering. 1995. Vol. 22. N 1. P. 3 – 15.

11. Diaz E. V., Kaufmann G. H., Armas A. E., Galizzi G. E.

Optical measurement of the plastic zone size in a notched metal

specimen subjected to low-cycle fatigue / Optics & Lasers in

Engineering. 2001. Vol. 35. N 6. P. 325 – 333.

12. Diaz E. V., Armas A. E., Kaufmann G. H., Galizzi G. E.

Fatigue damage accumulation around a notch using a digital

image measurement system / Experimental Mechanics. 2004.

Vol. 44. N 3. P. 241 – 246.

13. Hamam R., Hild F., Roux S. Stress intensity factor gauging

by digital image correlation: Application in cyclic fatigue /

Strain. 2007. Vol. 43. P. 81 – 192.

14. Backman D. et al. The use of digital image correlation in a

parametric study on the effect of edge distance and thickness on

residual strains after hole cold expansion / J. Strain Analysis.

2008. Vol. 43. P. 781 – 789.

15. López-Crespo P. et al. The stress intensity of mixed mode

cracks determined by digital image correlation / J. Strain Anal.

for Eng. Design. Vol. 43. P. 769 – 780.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 61

à

á

â

Ðèñ. 12. Çàâèñèìîñòè âåëè÷èí ðàñêðûòèÿ âåðøèíû íàäðåçà �
~
v0

(à), ÊÈÍ K I
1 (á) è T-íàïðÿæåíèé

~
T1

(â) äëÿ ðàçëè÷íûõ

çíà÷åíèé ïàðàìåòðà Äó îò ïðîöåíòà äîëãîâå÷íîñòè

Fig. 12. Dependences of CMOD �
~
v0

(a), SIF K I
1 (b), and

~
T1

(c) on the lifetime for different stress range Äó



16. Razumovskii I. A. Interference optical methods of deformable

solid mechanics. — Moscow: Izd. MGTU im. N. É. Baumana,

2007. — 240 p. [in Russian].

17. De-Matos P. F. P., Nowell D. Experimental and numerical in-

vestigation of thickness effects in plasticity-induced fatigue

crack closure / International Journal of Fatigue. 2009. Vol. 31.

P. 1795 – 1804.

18. López-Crespo P. et al. Some experimental observations on

crack closure and crack-tip plasticity / Fat. Fract. Eng. Mater,

Struct. 2009. Vol. 32. P. 418 – 429.

19. Backman D., Cowal C., Patterson E. Analysis of the effects

of cold expansion of holes using thermoelasticity and image cor-

relation / Fatigue & Fracture of Engineering Materials & Struc-

tures. 2010. Vol. 33. P. 859 – 870.

20. Mathieu F., Hild F., Roux S. Identification of a crack propa-

gation law by digital image correlation / International Journal

of Fatigue. 2012. Vol. 36. P. 146 – 154.

21. Mathieu F., Hild F., Roux S. Image-based identification pro-

cedure of a crack propagation law / Engineering Fracture Mech-

anics. 2013. Vol. 103. P. 48 – 59.

22. Zanganeh M., López-Crespo P., Tai Y. H., Yates J. R. Loca-

ting the crack tip using displacement field data: a comparative

study / Strain. 2013. Vol. 49. P. 102 – 115.

23. Yusof F., López-Crespo P., Withers P. J. Effect of overload on

crack closure in thick and thin specimens via digital image

correlation / International Journal of Fatigue. 2013. Vol. 56.

P. 17 – 24.

24. López-Crespo P. et al. Overload effects on fatigue crack-tip

fields under plane stress conditions: surface and bulk analysis /

Fatigue and Fracture of Engineering Materials and Structures.

2013. Vol. 36. P. 75 – 84.

25. Withers P. J. et al. 2D mapping of plane stress crack-tip fields

following an overload / Frattura ed Integrità Strutturale. 2015.

Vol. 33. P. 151 – 158. DOI: 10.3221/IGF-ESIS.33.19.

26. López-Crespo P., Moreno B., Lopez-Moreno A., Zapate-

ro J. Characterisation of crack-tip fields in biaxial fatigue based

on high-magnification image correlation and electro-spray tec-

hnique / International Journal of Fatigue. 2015. Vol. 71.

P. 17 – 25.

27. Vasco-Olmo J. M., Díaz F. A., Patterson E. A. Experimental

evaluation of shielding effect on growing fatigue cracks under

overloads using ESPI / International Journal of Fatigue. 2016.

Vol. 83. P. 117 – 126.

28. Mokhtarishirazabad M. et al. Optical and analytical investi-

gation of overloads in biaxial fatigue cracks / International

Journal of Fatigue. 2017. Vol. 100. P. 583 – 590. DOI: 10.1016/j.

ijfatigue.2016.12.035.

29. Mokhtarishirazabad M. et al. Evaluation of crack-tip fields

from DIC data: a parametric study / International Journal of

Fatigue. 2016. Vol. 89. P. 11 – 19.

30. Vaidyanathan S., Finnie I. Determination of residual stres-

ses from stress intensity factor measurement / Journal of Basic

Engineering. 1971. Vol. 93. P. 242 – 246.

31. Cheng W., Finnie I. Measurement of residual hoop stresses

in cylinders using the compliance method / ASME Journal of

Engineering Materials and Technology. 1986. Vol. 108. P. 87 –

92.

32. Schindler H. J. Determination of residual stress distributions

from measured stress intensity factors / International Journal

of Fracture. 1995. Vol. 74. P. R23 – R30.

33. Schindler H. J., Cheng W., Finnie I. Experimental determi-

nation of stress intensity factors due to residual stresses / Expe-

rimental Mechanics. 1997. Vol. 37. P. 272 – 277.

34. Pisarev V. S., Matvienko Y. G., Eleonsky S. I., Odin-

tsev I. N. Combining the crack compliance method and speckle

interferometry data for determination of stress intensity

factors and T-stresses / Engineering Fracture Mechanics. 2017.

Vol. 179. P. 348 – 374.

35. Pisarev V. S., Matvienko Y. G., Eleonsky S. I., Odin-

tsev I. N. Effect of Low-Cycle Fatigue on Fracture Mechanics

Parameters According to Speckle Interferometry / Zavod. Lab.

Diagn. Mater. 2016. Vol. 82. N 6. P. 44 – 56 [in Russian].

36. Matvienko Yu. G., Pisarev V. S., Eleonsky S. I. The effect

of low-cycle fatigue on evolution of fracture mechanics para-

meters in residual stress field caused by cold hole expansion /

Frattura ed Integrita Strutturale. 2019. Vol. 47. P. 303 – 320.

DOI: 10.3221/IGF-ESIS.47.23.

37. Pisarev V. S., Odintsev I. N., Eleonsky S. I., Apalkov A. A.

Residual stress determination by optical interferometric mea-

surements of hole diameter increments / Optics & Lasers in

Engineering. 2018. Vol. 110. P. 437 – 456.

62 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9



DOI: https://doi.org/10.26896/1028-6861-2020-86-9-63-69

ÈÑÑËÅÄÎÂÀÍÈÅ ÒÐÅÙÈÍÎÑÒÎÉÊÎÑÒÈ È ÌÅÕÀÍÈÇÌÀ

ÐÀÇÐÓØÅÍÈß ÑÒÀËÜ-ÀËÞÌÈÍÈÅÂÎÃÎ

ÊÎÌÏÎÇÈÖÈÎÍÍÎÃÎ ÌÀÒÅÐÈÀËÀ

� Äìèòðèé Àëåêñååâè÷ Èâàíîâ1*, Ñåðãåé Äìèòðèåâè÷ Øëÿïèí1,

Ãåîðãèé Åâãåíüåâè÷ Âàëüÿíî2, Íóðãèç Äàÿíîâè÷ Àêêóæèí1,

Ëàðèñà Âëàäèìèðîâíà Ôåäîðîâà1

1 Ìîñêîâñêèé àâèàöèîííûé èíñòèòóò (íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò) «ÌÀÈ», Ðîññèÿ, 125993, Ìîñêâà,

Âîëîêîëàìñêîå øîññå, ä. 4; *e-mail: dali_888@mail.ru
2 Îáúåäèíåííûé èíñòèòóò âûñîêèõ òåìïåðàòóð ÐÀÍ, Ðîññèÿ, 125412, Ìîñêâà, óë. Èæîðñêàÿ, ä. 13, ñòð. 2.

Ñòàòüÿ ïîñòóïèëà 31 ôåâðàëÿ 2020 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 31 ôåâðàëÿ 2020 ã.
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Ñòàëü-àëþìèíèåâûå êîìïîçèöèîííûå ìàòåðèàëû øèðîêî ïðèìåíÿþò â òåõíèêå áëàãîäàðÿ

âûñîêèì ïîêàçàòåëÿì õàðàêòåðèñòèê âåñîâîé ýôôåêòèâíîñòè â ñî÷åòàíèè ñî çíà÷èòåëüíû-

ìè ìåõàíè÷åñêèìè ñâîéñòâàìè. Èñïîëüçóþò èõ, íàïðèìåð, â àâèàêîñìè÷åñêîé îòðàñëè äëÿ

èçãîòîâëåíèÿ êîðïóñíûõ äåòàëåé ðàêåò, òîïëèâíûõ áàêîâ è ýëåìåíòîâ àâèàöèîííîé áðîíè.

Öåëü äàííîé ðàáîòû — èçó÷åíèå òðåùèíîñòîéêîñòè è ìåõàíèçìà ðàçðóøåíèÿ êîìïîçèöè-

îííîãî ìàòåðèàëà àëþìèíèé-ñòàëü (20 % îá.) ïëîòíîñòüþ 2,85 ã/ñì3. Êîìïîçèò ïîëó÷àëè,

èñïîëüçóÿ âûñîêîäèñïåðñíóþ àëþìèíèåâóþ ïóäðó ÏÀÏ-2 äëÿ ôîðìèðîâàíèÿ åãî ìàòðè÷-

íîãî êîìïîíåíòà. Àðìèðóþùèé êîìïîíåíò èçãîòàâëèâàëè èç ñòàëüíûõ ñåòîê, ñïëåòåííûõ

èç òðîñà àóñòåíèòíîé ñòàëè (08Õ17Í13Ì2). Ïðî÷íîñòü ïîëó÷åííîãî ìàòåðèàëà ïðè ïî-

ïåðå÷íîì èçãèáå (550 – 600 ÌÏà) ðàññ÷èòûâàëè ïî ìàêñèìàëüíîé íàãðóçêå, ñîîòâåòñòâó-

þùåé ïåðâîìó ñêà÷êó òðåùèíû, çàðîäèâøåéñÿ â ìàòðèöå. Åãî òðåùèíîñòîéêîñòü íà ñòà-

äèè èíèöèèðîâàíèÿ ðàçðóøåíèÿ, îöåíèâàåìàÿ ïî ïàðàìåòðó K1c, ñîñòàâëÿëà îò 15 äî

30 ÌÏà · ì1/2. Äëÿ îïèñàíèÿ òðåùèíîñòîéêîñòè èññëåäóåìîãî êîìïîçèòà íà ñòàäèè ðàçâè-

òèÿ ðàçðóøåíèÿ èñïîëüçîâàëè òàêóþ õàðàêòåðèñòèêó, êàê óäåëüíàÿ ýôôåêòèâíàÿ ðàáîòà

ðàçðóøåíèÿ ãF = 2 · 104 – 8 · 104 Äæ/ì2. Äëÿ äàííîãî êîìïîçèòà ãF íà ïîðÿäîê âûøå, ÷åì

äëÿ ñòàëè Ñò3, àëþìèíèåâîãî ñïëàâà Ä16Ò è òèòàíîâîãî ñïëàâà ÂÒ-5, ÷òî ÿâëÿåòñÿ ïðåèìó-

ùåñòâîì ðàçðàáîòàííîãî ìàòåðèàëà. Çíà÷èòåëüíûå ïîêàçàòåëè ïàðàìåòðà ãF îáóñëîâëåíû

âûñîêîýíåðãîåìêèì ìåõàíèçìîì ðàçðóøåíèÿ. Îí îáåñïå÷èâàåòñÿ ïîâûøåííûìè çàòðàòà-

ìè ýíåðãèè íà ðàçðóøåíèå ïåðåìû÷åê ìåæäó ìàòðè÷íûìè àëþìèíèåâûìè ñëîÿìè ïóòåì

èõ ñðåçà òðîñîì â ðåçóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé, íà ïðåîäîëåíèå ñèë òðåíèÿ

ïðè âûòÿãèâàíèè òðîñà èç ìàòðèöû è íà ñäâèã ñëîèñòûõ ïàêåòîâ âíóòðè ìàòðèöû, îáðàçî-

âàííûõ äèôôóçèîííî-ñâÿçàííûìè àëþìèíèåâûìè ÷åøóé÷àòûìè ÷àñòèöàìè. Ñâîéñòâà

ïîëó÷åííîãî ñòàëü-àëþìèíèåâîãî êîìïîçèòà ïîçâîëÿþò èñïîëüçîâàòü åãî â êà÷åñòâå ìà-

òåðèàëà äëÿ ëåãêèõ ýëåìåíòîâ êîíñòðóêöèé, ýêñïëóàòèðóåìûõ â óñëîâèÿõ ìåõàíè÷åñêîãî

íàãðóæåíèÿ.

Êëþ÷åâûå ñëîâà: ñòàëü-àëþìèíèåâûé êîìïîçèöèîííûé ìàòåðèàë; àëþìèíèåâàÿ ïóäðà
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Steel-aluminum composite materials are widely used in technology due to perfect wedding of their weight

efficiency and high mechanical properties. This is the reason for their wide application in the aerospace in-

dustry for manufacturing case-type parts of rockets, fuel tanks and elements of aviation armor. The goal of

the study is analysis of the crack resistance and the mechanism of fracture of aluminum-steel composite
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material (20 vol.%) with a density of 2.85 g/cm3. The matrix component of the material was obtained using

a finely dispersed aluminum powder PAP-2. The reinforcing component was made of steel meshes woven

from austenitic steel cable (08Kh17N13M2). The transverse bending strength of the obtained material

(550 – 600 MPa) was calculated from the maximum load corresponding to the first jump (onset) of the

crack nucleating in the matrix. The crack resistance of the composite material at the stage of fracture ini-

tiation (estimated using K
1c parameter) varied from 15 to 30 MPa · m1/2. The crack resistance of the com-

posite at the stage of fracture development was described using the specific effective fracture work ãF

ranged from 2 × 104 to 8 × 104 J/m2. The latter parameter exceeds by the order of magnitude the value ãF

determined for steel St3, aluminum alloy D16T, and titanium alloy VT-5. The high value of ãF (which is an

advantage of the obtained composite) is attributed to high-energy-consuming mechanism of the material

fracture provided by the increased energy consumption for the destruction of the bridges between the ma-

trix aluminum layers by cutting them off with a cable resulting from the shear stresses, for overcoming

the friction forces when pulling cable out of the matrix, and for shifting layered packets formed by diffu-

sion-bonded aluminum scaly particles inside the matrix. The properties of the obtained steel-aluminum

composite provide the expediency of using the material for lightweight structural elements operated un-

der mechanical loading.

Keywords: steel-aluminum composite material; PAP-2 aluminum powder; 08Kh17N13M2 steel;

strength; crack resistance; deformation diagram; fracture mechanism; fractogram of the fracture surface.

Ââåäåíèå

Ñòàëü-àëþìèíèåâûå êîìïîçèöèîííûå ìàòå-

ðèàëû íàõîäÿò øèðîêîå ïðèìåíåíèå â òåõíèêå

áëàãîäàðÿ âûñîêèì ïîêàçàòåëÿì õàðàêòåðèñòèê

âåñîâîé ýôôåêòèâíîñòè — óäåëüíîé ïðî÷íîñòè è

óäåëüíîé æåñòêîñòè, çíà÷èòåëüíîìó ñîïðîòèâëå-

íèþ óñòàëîñòíîìó ðàçðóøåíèþ ïðè âîçäåéñòâèè

çíàêîïåðåìåííûõ íàãðóçîê, à òàêæå ïðè ñòàòè÷å-

ñêîì è äèíàìè÷åñêîì íàãðóæåíèÿõ. Èñïîëüçóþò

èõ, íàïðèìåð, â àâèàêîñìè÷åñêîé îòðàñëè äëÿ èç-

ãîòîâëåíèÿ êîðïóñíûõ äåòàëåé ðàêåò, òîïëèâíûõ

áàêîâ è ýëåìåíòîâ àâèàöèîííîé áðîíè [1].

Èçãîòàâëèâàþò òàêèå êîìïîçèòíûå ìàòå-

ðèàëû, êàê ïðàâèëî, ïóòåì îáðàáîòêè äàâëåíèåì

çàãîòîâîê èç ÷åðåäóþùèõñÿ ñëîåâ ñòàëè è àëþ-

ìèíèåâîãî ñïëàâà ëèáî ÷åðåäóþùèõñÿ ñëîåâ àëþ-

ìèíèåâîãî ñïëàâà è ñòàëüíîé ïðîâîëîêè — ñ ïî-

ìîùüþ äèôôóçèîííîé ñâàðêè, äèíàìè÷åñêîãî

ãîðÿ÷åãî ïðåññîâàíèÿ, óäàðíî-âîëíîâîãî âîçäåé-

ñòâèÿ ïðè âçðûâíîì ïðåññîâàíèè, à òàêæå ïðî-

êàòêè [1 – 5].

Ââåäåíèå ñòàëüíîé ïðîâîëîêè â àëþìèíè-

åâóþ ìàòðèöó ÿâëÿåòñÿ âåñüìà ýôôåêòèâíûì ìå-

òîäîì åå àðìèðîâàíèÿ, ïîçâîëÿþùèì ñóùåñòâåí-

íî ïîâûñèòü ïðî÷íîñòíûå õàðàêòåðèñòèêè ïîëó-

÷àåìîãî êîìïîçèòà. Îíè ïðèáëèæàþòñÿ ê ïîêà-

çàòåëÿì äàííûõ õàðàêòåðèñòèê äëÿ òèòàíîâûõ

ñïëàâîâ [6].

Óñòàíîâëåíî òàêæå [6], ÷òî óïðî÷íåíèå ìàòå-

ðèàëà òèïà ÑÀÏ-1 ñòàëüíîé ïðîâîëîêîé Õ18Í9

(15 % îá.) ïîçâîëÿåò äîñòè÷ü (ïðè 20 °C) ïðåäåëà

ïðî÷íîñòè íà ðàçðûâ óâ = 1750 ÌÏà. Ïðè òåìïå-

ðàòóðå 500 °C äëÿ ýòîãî êîìïîçèòà ñîõðàíÿåòñÿ

äîñòàòî÷íî âûñîêèé ïîêàçàòåëü óâ — íå ìåíåå

300 ÌÏà. Êðîìå òîãî, èìååò ìåñòî òåðìîñòàáèëü-

íîñòü ãðàíèöû ðàçäåëà àëþìèíèé – ñòàëü —

èçîòåðìè÷åñêàÿ âûäåðæêà â òå÷åíèå 150 ÷ ïðè

òåìïåðàòóðå 450 °C íå ïðèâîäèò ê îáðàçîâàíèþ

èíòåðìåòàëëè÷åñêèõ ñîåäèíåíèé. Ýòî ÿâëÿåòñÿ

âåñüìà âàæíûì ôàêòîì äëÿ âûñîêîòåìïåðàòóð-

íîé ýêñïëóàòàöèè íåêîòîðûõ ýëåìåíòîâ êîí-

ñòðóêöèé.

Ïî íàøåìó ìíåíèþ, îäèí èç ïåðñïåêòèâíûõ

ìåòîäîâ ïîëó÷åíèÿ ñòàëü-àëþìèíèåâûõ êîìïîçè-

òîâ ñîñòîèò â ââåäåíèè ñòàëüíûõ àðìèðóþùèõ

ýëåìåíòîâ â âûñîêîäèñïåðñíûå ïîðîøêîâûå êîì-

ïîçèöèè íà îñíîâå àëþìèíèÿ, ðàçìåð ÷àñòèö êî-

òîðûõ ñîîòâåòñòâóåò ñóáìèêðîííîìó äèàïàçîíó.

Ïîëó÷åíèå òàêèõ ïîðîøêîâûõ êîìïîçèöèé äîñ-

òèãàåòñÿ, êàê ïðàâèëî, ìåõàíè÷åñêîé îáðàáîòêîé

èñõîäíîãî ñûðüÿ â âûñîêîýíåðãåòè÷åñêèõ ìåëü-

íèöàõ ïðè óäàðíî-èñòèðàþùåì âîçäåéñòâèè ïî-

ìîëüíûõ òåë [7, 8].

Â ýòîì ñëó÷àå ôîðìèðîâàíèå ìíîãîôàçíûõ

ïîðîøêîâûõ êîìïîçèöèé âîçìîæíî âñëåäñòâèå

ìåõàíîñèíòåçà [8, 9] ëèáî çà ñ÷åò ââåäåíèÿ â ïî-

ðîøêîâóþ ñìåñü íàíîðàçìåðíûõ ÷àñòèö ðàçëè÷-

íûõ ñîåäèíåíèé [10 – 13]. Ïîñëåäíèé ïîäõîä ÷àñ-

òî áûâàåò íåîïðàâäàííûì èç-çà åãî ñëîæíîñòè è

ñêëîííîñòè íàíîðàçìåðíûõ ÷àñòèö ê àãëîìåðèðî-

âàíèþ [14 – 16].

Â ðàìêàõ äàííîé ðàáîòû èçó÷åíà òðåùèíî-

ñòîéêîñòü ñòàëü-àëþìèíèåâîãî êîìïîçèòà, â êî-

òîðîì ìàòðè÷íûì êîìïîíåíòîì ÿâëÿåòñÿ âûñîêî-

äèñïåðñíàÿ àëþìèíèåâàÿ ïóäðà ïðîìûøëåííîé

ìàðêè ÏÀÏ-2 ñ ÷åøóé÷àòîé ôîðìîé ÷àñòèö ñóá-

ìèêðîííîé òîëùèíû, à àðìèðóþùèìè ýëåìåíòà-

ìè — ñåòêè, ñïëåòåííûå èç òðîñà àóñòåíèòíîé

ñòàëè. Ðàññìîòðåí ìåõàíèçì ðàçðóøåíèÿ äàííî-

ãî êîìïîçèöèîííîãî ìàòåðèàëà.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Âèä ÷àñòèö èñïîëüçóåìîé ïóäðû (ÃÎÑÒ

5494–95) ïîêàçàí íà ðèñ. 1. Ýòè ÷àñòèöû èìåþò

ñëåäóþùèå õàðàêòåðíûå ðàçìåðû: äëèíà 10 –

100 ìêì; øèðèíà 5 – 50 ìêì; òîëùèíà 250 –

500 íì. Îíè ïîêðûòû òîíêèì ñëîåì ñòåàðèíà

(~3 % ìàññ.), âûïîëíÿþùåãî ôóíêöèþ æèðîâîé

äîáàâêè.

Äëÿ ïëåòåíèÿ àðìèðóþùèõ ñåòîê ñ ðàçìå-

ðîì ÿ÷ååê 5 ìì èñïîëüçîâàëè òðîñ èç àóñòå-
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íèòíîé îêàëèíîñòîéêîé ñòàëè (08Õ17Í13Ì2)

òîðãîâîé ìàðêè À4 ñëåäóþùåãî õèìè÷åñêîãî ñî-

ñòàâà, % ìàññ.: �0,08 C; 16 – 18 Cr; 66,345 – 74 Fe;

�2 Mn; 10 – 14 Ni; �0,045 P; �0,03 S; �1 Cu; 2 – 3

Mo. Òðîñ äèàìåòðîì 0,8 – 1,0 ìì â ñêðóòêå ñîäåð-

æèò 19 ïðîâîëîê äèàìåòðîì 0,16 – 0,20 ìì

(ñêðóòêà òèïà 1 × 19). Ëàáîðàòîðíîå óñòðîéñòâî

äëÿ ïëåòåíèÿ òðîñîâûõ ñåòîê ïîêàçàíî íà ðèñ. 2.

Èñõîäíóþ ïóäðó ìàðêè ÏÀÏ-2 ïðåäâàðèòåëü-

íî òåðìîîáðàáàòûâàëè íà âîçäóõå ïî ñïåöèàëüíî

îòðàáîòàííîìó ðåæèìó [17] äëÿ âûæèãà ñ ïîâåðõ-

íîñòè åå ÷àñòèö ñòåàðèíà è åãî çàìåíû ïàññèâè-

ðóþùèìè àëþìîîêñèäíûìè ïëåíêàìè â öåëÿõ

îáåñïå÷åíèÿ õîðîøåé ïðåññóåìîñòè äàííîé ïî-

ðîøêîâîé êîìïîçèöèè [18].

Äëÿ èçãîòîâëåíèÿ ñòàëü-àëþìèíèåâîãî êîì-

ïîçèòà ôîðìèðîâàëè ìíîãîñëîéíóþ çàãîòîâêó

(ðèñ. 3) â îáúåìå ãíåçäà ìàòðèöû 1 ïðåññ-ôîð-

ìû — ïîñëåäîâàòåëüíî ÷åðåäîâàëè ñëîè ïóäðû 3

è ñòàëüíûå ñåòêè 4 ïðè ñîîòíîøåíèè èõ òîëùèí

2:1. Çàòåì ê ìíîãîñëîéíîé çàãîòîâêå ïðèêëàäû-

âàëè äàâëåíèå 700 ÌÏà. Â ðåçóëüòàòå äîñòèãàëè

ïëîòíîãî ñðàùèâàíèÿ ñòàëüíûõ ñåòîê çà ñ÷åò

ïðîäàâëèâàíèÿ ìàòðè÷íîé ïðîñëîéêîé àëþìè-

íèåâîé ïóäðû ÷åðåç ÿ÷åéêè ñåòîê è ïëàñòè÷åñêîé

äåôîðìàöèè àëþìèíèåâûõ ÷àñòèö â îáúåìå ïî-

ëó÷àåìîé ïîðîøêîâîé çàãîòîâêè.

Ïîëó÷åííîå èçäåëèå ñïåêàëè íà âîçäóõå ïðè

600 °C â òå÷åíèå 15 ìèí. Äàííûé ðåæèì ñïåêà-

íèÿ îáåñïå÷èâàë â êîìïîçèòå ñòàáèëüíóþ îêñèä-

íóþ ñâÿçü ìåæäó ìàòðè÷íûì è àðìèðóþùèì êîì-

ïîíåíòàìè (îáúåìíàÿ äîëÿ ñåòîê â êîìïîçèòå ñî-

ñòàâëÿëà 20 %).

Òðåùèíîñòîéêîñòü íà ñòàäèè èíèöèèðîâà-

íèÿ ðàçðóøåíèÿ îöåíèâàëè â ðàìêàõ êîíöåïöèé

ëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ, èñïîëüçóÿ ïà-

ðàìåòð K1c — êðèòè÷åñêèé êîýôôèöèåíò èíòåí-

ñèâíîñòè íàïðÿæåíèé (êîýôôèöèåíò òðåùèíî-

ñòîéêîñòè), ñîîòâåòñòâóþùèé ìîìåíòó ñòàðòà

òðåùèíû. Åãî îïðåäåëÿëè â ñîîòâåòñòâèè ñ

ÃÎÑÒ 25.506–85 ïðè êîìíàòíîé òåìïåðàòóðå ïó-

òåì èçãèáà ñîñðåäîòî÷åííîé íàãðóçêîé ïðèçìàòè-

÷åñêèõ îáðàçöîâ. Èíèöèèðóþùèé áîêîâîé íàä-

ðåç — êîíöåíòðàòîð íàïðÿæåíèé ñ ðàäèóñîì êðè-

âèçíû âåðøèíû ñ, ðàâíûì 50 ìêì, — ñîçäàâàëè

ïóòåì ïðîðåçàíèÿ îáðàçöà àëìàçíûì êðóãîì íà

ãëóáèíó 0,5 îò åãî âûñîòû. Èñïûòàíèå ïðîâîäèëè

íà óñòàíîâêå TIRATEST-2300 ïðè ñêîðîñòè ïåðå-

ìåùåíèÿ òðàâåðñû íàãðóæàþùåãî óñòðîéñòâà

V = 0,15 ìì/ìèí. Ðàññ÷èòûâàëè K1c (ÌÏà · ì1/2)

ïî ìàêñèìàëüíîé íàãðóçêå (Pc), ñîîòâåòñòâóþùåé

ñòàðòó òðåùèíû.

Òðåùèíîñòîéêîñòü íà ñòàäèè ðàçâèòèÿ ðàçðó-

øåíèÿ îïðåäåëÿëè ïî âåëè÷èíå óäåëüíîé ýôôåê-

òèâíîé ðàáîòû ðàçðóøåíèÿ (ãF) [1, 19]. Äëÿ ýòîãî

ðåãèñòðèðîâàëè äèàãðàììû äåôîðìèðîâàíèÿ â

êîîðäèíàòàõ íàãðóçêà (P) – ïðîãèá (ä) ïðè èçãèáå

ñîñðåäîòî÷åííîé íàãðóçêîé íàäðåçàííûõ íà ïî-
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Ðèñ. 1. Âèä ÷àñòèö àëþìèíèåâîé ïóäðû ÏÀÏ-2: 1, 2 —

÷åøóé÷àòûå ÷àñòèöû; 3 — êðîìêè ÷àñòèö

Fig. 1. Patterns of PAP-2 aluminum powder particles:

1, 2 — scaly particles; 3 — particle edge

ä

1

3

2

Ðèñ. 2. Óñòðîéñòâî äëÿ ïëåòåíèÿ ñåòêè èç ñòàëüíîãî òðî-

ñà: 1 — äþðàëåâûå ãðåáåíêè (ä = 5 ìì); 2 — äþðàëåâûå

äèñòàíöèîííûå ñòåðæíè; 3 — ñòàëüíîé òðîñ

Fig. 2. A device for weaving a mesh from a steel cable: 1 —

duralumin combs (ä = 5 mm); 2 — duralumin distance rods;

3 — steel cable

1

2

4

3
ä

Ðèñ. 3. Ñõåìà ôîðìèðîâàíèÿ ìíîãîñëîéíîé çàãîòîâêè:

1 — ìàòðèöà ïðåññ-ôîðìû; 2 — ïóàíñîí; 3 — ñëîé ïóäðû

ÏÀÏ-2; 4 — ñòàëüíàÿ ñåòêà èç òðîñà (ä = 5 ìì — ðàçìåð

ÿ÷åéêè)

Fig. 3. Scheme of forming a multi-layer billet: 1 — mold

matrix; 2 — punch; 3 — layer of PAP-2 powder; 4 — steel

mesh (ä = 5 mm — cell size)



ëîâèíó âûñîòû ïðèçìàòè÷åñêèõ îáðàçöîâ ñ ðàç-

ìåðàìè 10 × 12 × 55 ìì (ñ = 50 ìêì, v = 1,0

ìì/ìèí). Âåëè÷èíó ãF (Äæ/ì2) ðàññ÷èòûâàëè ïî

ôîðìóëå ãF = U/2S, ãäå U — ðàáîòà ðàçðóøåíèÿ,

îöåíèâàåìàÿ ïî ïëîùàäè ãðàôèêà P – ä; S —

ïëîùàäü ïîâåðõíîñòè ðàçðóøåíèÿ.

Ïîñêîëüêó èññëåäóåìûé ìàòåðèàë ñòðóêòóð-

íî-íåîäíîðîäíûé, òî äëÿ èçó÷åíèÿ åãî õàðàêòå-

ðèñòèê ðàçðóøåíèÿ (K1c, ãF) èñïûòûâàëè îáðàç-

öû ñ íàäðåçîì, âåðøèíà êîòîðîãî íàõîäèëàñü êàê

â òåëå àðìèðóþùåãî òðîñà (îáðàçåö òèïà 1), òàê è

â àëþìèíèåâîé ìàòðèöå (îáðàçåö òèïà 2) (ðèñ. 4).

Ïðåäåë ïðî÷íîñòè ïðè ïîïåðå÷íîì èçãèáå

îïðåäåëÿëè íà îáðàçöàõ-áàëî÷êàõ ïðÿìîóãîëü-

íîãî ñå÷åíèÿ â ñîîòâåòñòâèè ñ ÃÎÑÒ 18228–94.

Èñïûòàíèÿ ïðîâîäèëè ïðè êîìíàòíîé òåìïåðà-

òóðå íà óñòàíîâêå TIRATEST-2300.

Ïîâåðõíîñòè ðàçðóøåíèÿ îáðàçöîâ èçó÷àëè

íà ðàñòðîâîì ýëåêòðîííîì ìèêðîñêîïå Nova

NanoSem 650.

Îáñóæäåíèå ðåçóëüòàòîâ

Óñòàíîâëåíî, ÷òî ïðè ïîïåðå÷íîì èçãèáå îá-

ðàçöîâ ñîñðåäîòî÷åííîé íàãðóçêîé ðàçðóøåíèå

èíèöèèðóåòñÿ â àëþìèíèåâîé ìàòðèöå ñòàëü-

àëþìèíèåâîãî êîìïîçèòà (ïðè îáúåìíîé äîëå àð-

ìèðóþùèõ ýëåìåíòîâ, ðàâíîé 20 %, åãî ïëîò-

íîñòü ñîñòàâëÿåò 2,85 ã/ñì3). Ïðî÷íîñòü îáðàçöîâ,

ðàññ÷èòàííàÿ ïî íàãðóçêå, ñîîòâåòñòâóþùåé ïåð-

âîìó ñêà÷êó òðåùèíû â ìàòðèöå, ñîñòàâëÿëà îò

550 äî 600 ÌÏà.

Ïîñêîëüêó ïîëó÷åííûå ïîêàçàòåëè ïðî÷íî-

ñòè íå äàâàëè ïîëíîãî ïðåäñòàâëåíèÿ î ìåõàíèç-

ìå ðàçðóøåíèÿ äàííîãî ìàòåðèàëà, òî ïîòðåáîâà-

ëîñü èçó÷èòü åãî òðåùèíîñòîéêîñòü íà ñòàäèè

èíèöèèðîâàíèÿ è ðàçâèòèÿ ðàçðóøåíèÿ ïóòåì

àíàëèçà äèàãðàìì äåôîðìèðîâàíèÿ îáðàçöîâ, ñî-

äåðæàùèõ íàäðåç — êîíöåíòðàòîð íàïðÿæåíèé

(ðèñ. 5).

Âèäíî, ÷òî äëÿ îáðàçöîâ òèïà 1 íàãðóçêà P1,

ñîîòâåòñòâóþùàÿ ñòàðòó òðåùèíû, âûøå, ÷åì

äëÿ îáðàçöîâ òèïà 2, ïðè ýòîì ïàðàìåòð òðåùè-

íîñòîéêîñòè K1c äëÿ îáðàçöîâ òèïà 1 âûøå â äâà

ðàçà, ÷åì äëÿ îáðàçöîâ òèïà 2 (òàáë. 1). Ýòî ñâÿçà-

íî ñ áîëüøåé ïðî÷íîñòüþ íàäðåçàííîãî ñòàëüíî-

ãî òðîñà ïî ñðàâíåíèþ ñ íàäðåçàííîé àëþìèíèå-

âîé ìàòðèöåé, ÷òî íå ÿâëÿåòñÿ ïðîòèâîðå÷èâûì.

Äàííûé ôàêò ñâèäåòåëüñòâóåò òàêæå î òîì, ÷òî â

ñëó÷àå îòñóòñòâèÿ äåôåêòîâ â òåëå òðîñà ïðè ïðè-

ëîæåíèè ê êîìïîçèòó êðèòè÷åñêîé íàãðóçêè ñëå-

äóåò îæèäàòü èíèöèèðîâàíèÿ ðàçðóøåíèÿ â ìàò-

ðèöå ëèáî íà ãðàíèöå ðàçäåëà ìàòðèöà – òðîñ.
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Îáðàçåö òèïà 1

Îáðàçåö òèïà 2

1

2

2
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Ðèñ. 4. Ñõåìà èñïûòóåìîãî îáðàçöà äëÿ èçó÷åíèÿ õàðàê-

òåðèñòèê ðàçðóøåíèÿ: 1 — ìàòðèöà; 2 — ñòàëüíîé òðîñ;

3 — íàäðåç; 4 — âåðøèíà íàäðåçà (îáðàçåö òèïà 1 — âåð-

øèíà íàäðåçà â òåëå òðîñà, îáðàçåö òèïà 2 — âåðøèíà

íàäðåçà â àëþìèíèåâîé ìàòðèöå)

Fig. 4. Schematic representation of the sample used to

study the fracture characteristics: 1 — matrix; 2 — steel

cable; 3 — notch; 4 — notch top (sample type 1 — top of the

notch in the cable body, sample type 2 — top of the notch in

the aluminum matrix)
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Ðèñ. 5. Âèä äèàãðàìì äåôîðìèðîâàíèÿ íàãðóçêà P – ïðî-

ãèá ä îáðàçöîâ ñ íàäðåçîì: P
1
, P

2
, ..., P

n
— ñêà÷êè íàãðóçêè

Fig. 5. Deformation diagrams load P – bend ä of the

notched samples: P
1
, P

2
, ..., Pn — loading jumps

Òàáëèöà 1. Õàðàêòåðèñòèêè ðàçðóøåíèÿ ñòàëü-àëþìè-

íèåâîãî êîìïîçèòà

Table 1. The fracture characteristics of steel-aluminum

composite

Òèï îáðàçöà K
1c

, ÌÏà · ì1/2
ã

F
, Äæ/ì2

1 30 8 · 104

2 15 2 · 104



Ðàçâèòèå ðàçðóøåíèÿ ïðîèñõîäèò äèñêðåòíî

è íîñèò çàìåäëåííûé, ñòàáèëüíûé õàðàêòåð äëÿ

îáðàçöîâ îáîèõ òèïîâ, ïðè ýòîì ïðîÿâëÿþòñÿ

ñêà÷êè íàãðóçêè (P1, ..., Pn).

Â ðåçóëüòàòå àíàëèçà ïîâåðõíîñòè èçëîìà

ìàòåðèàëà ìåòîäîì îïòè÷åñêîé ìèêðîñêîïèè

(ðèñ. 6) óñòàíîâëåíî, ÷òî òàêèå ñêà÷êè íàãðóçêè

èìåþò ìåñòî âñëåäñòâèå ïîñëåäîâàòåëüíûõ àêòîâ

ðàçðóøåíèÿ «ïåðåìû÷åê» 1 ìåæäó ìàòðè÷íûìè

àëþìèíèåâûìè ñëîÿìè 2 çà ñ÷åò èõ ñðåçà òðîñîì

3 â ðåçóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé

â ïðîöåññå íàãðóæåíèÿ. Ýòî îñíîâíîé ìåõàíèçì,

îáåñïå÷èâàþùèé ïîâûøåííóþ ýíåðãîåìêîñòü

ïðîöåññà ðàçâèòèÿ ðàçðóøåíèÿ è âîçìîæíîñòü

äîñòèæåíèÿ çíà÷èòåëüíûõ ïîêàçàòåëåé ïàðàìåò-

ðà ãF (ñì. òàáë. 1, 2).

Àíàëèç ôðàêòîãðàìì ïîâåðõíîñòè ðàçðóøå-

íèÿ îáðàçöîâ ìåòîäîì ðàñòðîâîé ýëåêòðîííîé

ìèêðîñêîïèè ïîêàçàë òàêæå, ÷òî íàðÿäó ñ âûøå-

óêàçàííûì ìåõàíèçìîì ïîâûøåíèþ ýíåðãîåìêî-

ñòè ðàçðóøåíèÿ êîìïîçèòà äîïîëíèòåëüíî ñïî-

ñîáñòâóþò íåîáõîäèìûå çàòðàòû ýíåðãèè íà ïðå-

îäîëåíèå ñèë òðåíèÿ ïðè âûòÿãèâàíèè òðîñà èç

ìàòðèöû (ðèñ. 7, à) è ïðè ñäâèãå ñëîèñòûõ ïàêå-

òîâ âíóòðè ìàòðèöû, îáðàçîâàííûõ äèôôóçèîí-

íî-ñâÿçàííûìè àëþìèíèåâûìè ÷åøóé÷àòûìè

÷àñòèöàìè (ðèñ. 7, á).

Íà îñíîâàíèè ïðîâåäåííîãî èññëåäîâàíèÿ

ìîæíî êîíñòàòèðîâàòü (ñì. òàáë. 2), ÷òî ðàçðàáî-

òàííûé ñòàëü-àëþìèíèåâûé êîìïîçèöèîííûé

ìàòåðèàë èìååò ïëîòíîñòü, ìåíüøóþ, ÷åì ó òèòà-

íîâîãî ñïëàâà, åãî òðåùèíîñòîéêîñòü ñîïîñòàâè-

ìà ñ K1c äåôîðìèðóåìîãî àëþìèíèåâîãî ñïëàâà, à

ïàðàìåòð ãF , õàðàêòåðèçóþùèé ñîïðîòèâëåíèå

ðàçâèòèþ ðàçðóøåíèÿ, íà ïîðÿäîê ïðåâûøàåò

äàííûå ïîêàçàòåëè äëÿ ñòàëè, àëþìèíèåâîãî è

òèòàíîâîãî ñïëàâîâ.

Çàêëþ÷åíèå

Èçó÷åíû òðåùèíîñòîéêîñòü è ìåõàíèçì ðàç-

ðóøåíèÿ ñòàëü (20 % îá.)-àëþìèíèåâîãî êîìïî-

çèöèîííîãî ìàòåðèàëà.

Åãî ïîëó÷àëè ïóòåì ôîðìèðîâàíèÿ ìíîãî-

ñëîéíîé çàãîòîâêè ïîñëåäîâàòåëüíûì ÷åðåäîâà-

íèåì ñëîåâ àëþìèíèåâîé ïóäðû ÏÀÏ-2 ñ ÷åøóé-

÷àòîé ôîðìîé ÷àñòèö ñóáìèêðîííîé òîëùèíû è

ñòàëüíûõ ñåòîê èç òðîñà àóñòåíèòíîé ñòàëè

08Õ17Í13Ì2 (ðàçìåðû ÿ÷ååê — 5 ìì) ñ ïîñëå-

äóþùèìè åå óïëîòíåíèåì ïîä äàâëåíèåì

700 ÌÏà è ñïåêàíèåì íà âîçäóõå ïðè 600 °C â òå-

÷åíèå 15 ìèí.

Äàííûé ðåæèì îáåñïå÷èâàë äîñòèæåíèå ñòà-

áèëüíîé îêñèäíîé ñâÿçè ìåæäó ìàòðè÷íûì è àð-

ìèðóþùèì êîìïîíåíòàìè (ïðè îáúåìíîé äîëå

ñåòîê â êîìïîçèòå, ðàâíîé 20 %, åãî ïëîòíîñòü ñî-

ñòàâëÿëà 2,85 ã/ñì3).

Ïðî÷íîñòü ïðè ïîïåðå÷íîì èçãèáå îáðàçöîâ

êîìïîçèöèîííîãî ìàòåðèàëà, ðàññ÷èòàííàÿ ïî

íàãðóçêå, ñîîòâåòñòâóþùåé ïåðâîìó ñêà÷êó òðå-

ùèíû â ìàòðèöå, ñîñòàâëÿëà îò 550 äî 600 ÌÏà.

Äëÿ èçó÷åíèÿ òðåùèíîñòîéêîñòè ïðîâîäèëè

ìåõàíè÷åñêèå èñïûòàíèÿ ïîëó÷åííîãî êîìïîçèòà

ñ èñïîëüçîâàíèåì íàäðåçàííûõ îáðàçöîâ äâóõ òè-

ïîâ: ñ âåðøèíîé íàäðåçà â òåëå òðîñà (òèï 1) è ñ
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Ðèñ. 6. Ïîâåðõíîñòü èçëîìà ñòàëü-àëþìèíèåâîãî êîìïî-

çèòà: 1 — «ïåðåìû÷êè» ìåæäó ñîñåäíèìè ìàòðè÷íûìè

àëþìèíèåâûìè ñëîÿìè; 2 — âíåøíèé ìàòðè÷íûé àëþìè-

íèåâûé ñëîé; 3 — ñòàëüíîé òðîñ

Fig. 6. The fracture surface of the steel-aluminum compos-

ite: 1 — “bridges” between adjacent matrix aluminum lay-

ers; 2 — external matrix aluminum layer; 3 — steel cable

Òàáëèöà 2. Ïëîòíîñòü è õàðàêòåðèñòèêè ðàçðóøåíèÿ ðàçëè÷íûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ

Table 2. The density and fracture characteristics of different structural materials

Ìàòåðèàë ñ, ã/ñì3 K
1c

, ÌÏà · ì1/2
ã

F
*, Äæ/ì2

Àëþìèíèåâûé ñïëàâ Ä16Ò [20] 2,78 45 ~103

Òèòàíîâûé ñïëàâ ÂÒ-5 [21] 4,41 82 ~103

Ñòàëü 3 [22] 7,85 60 4 · 103

Àëþìîîêñèäíàÿ êåðàìèêà [23] 3,99 4,5 10

Êîìïîçèò Ñòàëü (20 % îá.) – Al 2,85 15 – 30 (2 – 8) · 104

* Ïàðàìåòðû ã
F

äëÿ âñåõ ìàòåðèàëîâ ïîëó÷åíû àâòîðàìè ýêñïåðèìåíòàëüíî äëÿ ñîáëþäåíèÿ îäèíàêîâûõ óñëîâèé íàãðó-

æåíèÿ îáðàçöîâ.



âåðøèíîé íàäðåçà â òåëå àëþìèíèåâîé ìàòðèöû

(òèï 2).

Óñòàíîâëåíî, ÷òî ïàðàìåòð òðåùèíîñòîéêî-

ñòè K1c, õàðàêòåðèçóþùèé ñîïðîòèâëåíèå èíè-

öèèðîâàíèþ ðàçðóøåíèÿ âñëåäñòâèå ñòàðòà òðå-

ùèíû, ñîñòàâèë 30 è 15 ÌÏà · ì1/2 äëÿ îáðàçöîâ

òèïà 1 è òèïà 2. Ïðè ýòîì óäåëüíàÿ ýôôåêòèâíàÿ

ðàáîòà ðàçðóøåíèÿ ãF , îïèñûâàþùàÿ ñîïðîòèâ-

ëåíèå ðàçâèòèþ ðàçðóøåíèÿ â ìàòåðèàëå â òå÷å-

íèå âñåãî ïðîöåññà íàãðóæåíèÿ, — 8 · 104 è

2 · 104 Äæ/ì2 ñîîòâåòñòâåííî.

Âûñîêèå ïîêàçàòåëè ïàðàìåòðà ãF äëÿ îáðàç-

öîâ îáîèõ òèïîâ ñâÿçàíû ñ îñîáûì ìåõàíèçìîì

ðàçðóøåíèÿ äàííîãî êîìïîçèòà. Â ðåçóëüòàòå

àíàëèçà äèàãðàìì äåôîðìèðîâàíèÿ îáðàçöîâ óñ-

òàíîâëåíî, ÷òî ðàçðóøåíèå íîñèò äèñêðåòíûé è

çàìåäëåííûé õàðàêòåð, ïðè ýòîì ïðîÿâëÿþòñÿ

ìíîãî÷èñëåííûå ñêà÷êè íàãðóçêè íà êðèâûõ äå-

ôîðìèðîâàíèÿ (P1, ..., Pn).

Àíàëèç ïîâåðõíîñòè èçëîìà ñòàëü-àëþìèíèå-

âîãî êîìïîçèòà ìåòîäîì îïòè÷åñêîé ìèêðîñêî-

ïèè ïîêàçàë, ÷òî òàêèå ñêà÷êè íàãðóçêè ïðîèñõî-

äÿò âñëåäñòâèå ïîñëåäîâàòåëüíûõ àêòîâ ðàçðó-

øåíèÿ ïåðåìû÷åê ìåæäó ìàòðè÷íûìè àëþìè-

íèåâûìè ñëîÿìè çà ñ÷åò èõ ñðåçà òðîñîì â ðå-

çóëüòàòå äåéñòâèÿ ñäâèãîâûõ íàïðÿæåíèé â

ïðîöåññå íàãðóæåíèÿ.

Ïðè èññëåäîâàíèè ôðàêòîãðàìì ïîâåðõ-

íîñòåé ðàçðóøåíèÿ îáðàçöîâ ìåòîäîì ðàñòðîâîé

ýëåêòðîííîé ìèêðîñêîïèè óñòàíîâëåíî, ÷òî äî-

ïîëíèòåëüíîìó ïîâûøåíèþ ýíåðãîåìêîñòè ðàç-

ðóøåíèÿ êîìïîçèòà ñïîñîáñòâóþò çíà÷èòåëüíûå

çàòðàòû ýíåðãèè íà ïðåîäîëåíèå ñèë òðåíèÿ ïðè

âûòÿãèâàíèè òðîñà èç ìàòðèöû è ïðè ñäâèãå

ñëîèñòûõ ïàêåòîâ âíóòðè ìàòðèöû, îáðàçîâàí-

íûõ äèôôóçèîííî-ñâÿçàííûìè àëþìèíèåâûìè

÷åøóé÷àòûìè ÷àñòèöàìè.

Îòëè÷èòåëüíàÿ îñîáåííîñòü ðàçðàáîòàííîãî

ñòàëü-àëþìèíèåâîãî êîìïîçèöèîííîãî ìàòåðèà-

ëà — ïîâûøåííîå ñîïðîòèâëåíèå ðàçâèòèþ ðàç-

ðóøåíèÿ ïðè ñòàòè÷åñêîì íàãðóæåíèè — åãî

óäåëüíàÿ ýôôåêòèâíàÿ ðàáîòà ðàçðóøåíèÿ ãF íà

ïîðÿäîê âûøå, ÷åì äëÿ ñòàëè, àëþìèíèåâîãî è

òèòàíîâîãî ñïëàâîâ.

Äàííûé êîìïîçèò ìîæåò áûòü ðåêîìåíäîâàí

äëÿ èñïîëüçîâàíèÿ â êà÷åñòâå ëåãêèõ ýëåìåíòîâ

êîíñòðóêöèé, ýêñïëóàòèðóåìûõ â óñëîâèÿõ ìåõà-

íè÷åñêîãî íàãðóæåíèÿ.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèÿ ïðîâåäåíû â ðàìêàõ áàçî-

âîé ÷àñòè ãîñóäàðñòâåííîãî çàäàíèÿ âóçàì

¹ 11.7568.2017/Á4 ñ èñïîëüçîâàíèåì îáîðóäîâà-

íèÿ ðåñóðñíîãî öåíòðà êîëëåêòèâíîãî ïîëüçîâà-

íèÿ «Àâèàöèîííî-êîñìè÷åñêèå ìàòåðèàëû è òåõ-

íîëîãèè» ÌÀÈ.

Ìèêðîñêîïè÷åñêèé àíàëèç âûïîëíåí â ÎÈÂÒ

ÐÀÍ ïî ñóáñèäèè íà âûïîëíåíèå ãîñóäàð-

ñòâåííîãî çàäàíèÿ â ñîîòâåòñòâèè ñ ïðîãðàììîé

ôóíäàìåíòàëüíûõ èññëåäîâàíèé ÐÀÍ (òåìà ÃÐ

¹ ÀÀÀÀ-À-16-116051810082-7).
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Ðèñ. 7. Ôðàêòîãðàììà ïîâåðõíîñòè ðàçðóøåíèÿ ñòàëü-

àëþìèíèåâîãî êîìïîçèòà: 1 — ãðàíèöà ðàçäåëà àëþìèíè-

åâàÿ ìàòðèöà/ñòàëüíîé òðîñ; 2 — ðåëüåô, îáðàçîâàííûé

âñëåäñòâèå âûòÿãèâàíèÿ ñòàëüíîãî òðîñà èç ìàòðèöû; 3 —

ñëîèñòûé ïàêåò èç äèôôóçèîííî-ñâÿçàííûõ ÷åøóé÷àòûõ

÷àñòèö; 4 — ïîëîñòè, îáðàçîâàííûå âñëåäñòâèå ñäâèãà

ñëîèñòûõ ïàêåòîâ

Fig. 7. Fractogram of the fracture surface of steel-alumi-

num composite: 1 — aluminum matrix/steel cable interface;

2 — surface relief formed as a result of pulling the steel

cable out of the matrix; 3 — layered package of diffusion-

bonded scaly particles; 4 — cavities resulted from shifting

the layered packages
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Â ïðîöåññå ýêñïëóàòàöèè òðóáíûå ñòàëè íåôòÿíîãî ñîðòàìåíòà ïîäâåðãàþòñÿ âîçäåéñòâèþ

êîððîçèîííî-àêòèâíûõ ñðåä, ÷òî ïðè íàëè÷èè ðàñòÿãèâàþùèõ íàïðÿæåíèé ìîæåò ïðèâåñ-

òè ê èõ êîððîçèîííîìó ðàñòðåñêèâàíèþ. Ñòàíäàðòíàÿ ìåòîäèêà îöåíêè ñêëîííîñòè ñòàëåé

ê êîððîçèîííîìó ðàñòðåñêèâàíèþ ïðè ñòàòè÷åñêîé íàãðóçêå èìååò ïðîäîëæèòåëüíîñòü

720 ÷ è çà÷àñòóþ íå â ïîëíîé ìåðå äàåò ïðåäñòàâëåíèå î õàðàêòåðèñòèêàõ ìàòåðèàëà. Öåëü

ðàáîòû — ðàçðàáîòêà ìåòîäèêè èñïûòàíèé, ïîçâîëÿþùåé ïîëó÷èòü äîñòîâåðíóþ èíôîð-

ìàöèþ î ïîâåäåíèè ìàòåðèàëà â êîððîçèîííîé ñðåäå ïîä íàïðÿæåíèåì çà áîëåå êîðîòêèé

ñðîê. Ïðåäëîæåíà ìåòîäèêà óñêîðåííûõ èñïûòàíèé òðóáíûõ ñòàëåé íåôòÿíîãî ñîðòàìåí-

òà íà êîððîçèîííîå ðàñòðåñêèâàíèå ñî ñêîðîñòüþ îòíîñèòåëüíîé äåôîðìàöèè ~10–6 ñ–1.

Ïðèâåäåíû ðåçóëüòàòû èñïûòàíèé äâóõ ìàòåðèàëîâ ïðè ðàçëè÷íîé ñêîðîñòè äåôîðìàöèè

è â ðàçíûõ êîððîçèîííûõ ñðåäàõ. Ïî äèàãðàììàì ðàñòÿæåíèÿ îáðàçöîâ, èñïûòàííûõ íà

âîçäóõå è â êîððîçèîííûõ ñðåäàõ, ñîäåðæàùèõ ñåðîâîäîðîä è óãëåêèñëûé ãàç, à òàêæå ïî

èçìåðåíèþ îòíîñèòåëüíîãî óäëèíåíèÿ è îòíîñèòåëüíîãî ñóæåíèÿ ðàçðóøåííûõ îáðàçöîâ

îïðåäåëåíà ñòåïåíü ñêëîííîñòè òðóáíûõ ñòàëåé ðàçëè÷íîé ïðî÷íîñòè ê êîððîçèîííîìó

ðàñòðåñêèâàíèþ. Â ðåçóëüòàòå ïðîâåäåííûõ èñïûòàíèé ïîêàçàíî, ÷òî ñòàëè â çàâèñèìîñòè

îò óðîâíÿ ïðî÷íîñòè è êîððîçèîííîé ñðåäû â ðàçëè÷íîé ñòåïåíè ïðîÿâëÿþò ñêëîííîñòü ê

êîððîçèîííîìó ðàñòðåñêèâàíèþ ïîä íàïðÿæåíèåì. Èñïûòàíèÿ ñ ìåäëåííîé ñêîðîñòüþ íà-

ãðóæåíèÿ ïî ñðàâíåíèþ ñ èñïûòàíèÿìè ïðè ñòàòè÷åñêîé íàãðóçêå îáðàçöîâ ñîêðàùàþò

ïðîäîëæèòåëüíîñòü ýêñïåðèìåíòà ñ 720 – 1000 äî 25 – 100 ÷àñîâ.

Êëþ÷åâûå ñëîâà: òðóáíûå ñòàëè; êîððîçèîííîå ðàñòðåñêèâàíèå; ñêîðîñòü äåôîðìàöèè;

ñåðîâîäîðîä; óãëåêèñëûé ãàç.

DEVELOPMENT OF THE METHODOLOGY OF ACCELERATED TESTING

OF OIL-GAS PIPE STEELS FOR STRESS CORROSION CRACKING

� Alexey A. Alkhimenko, Alexander A. Kharkov,
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Tensile stresses present in the pipe steels exposed to corrosive environment can result in the corrosion

cracking of the pipe material. The standard procedure used for assessing the susceptibility of steels to

stress corrosion cracking (for about 720 h) often does not fully provide insight into the characteristics of

the material. The goal of the study is developing of a more rapid test procedure which can provide a reli-

able and complete information about the material placed in a corrosive environment under stress. Acceler-

ated test for stress corrosion cracking of pipe steels with a relative strain rate of ~10–6 sec–1 is proposed.

The results of testing two materials at different deformation rates placed in different corrosive environ-

ments are presented. The tensile diagrams of the specimens tested in air and in corrosive environments

containing hydrogen sulfide and carbon dioxide, as well as the measurement of the relative elongation and

relative contraction of fractured specimens, were used to determine a degree of the susceptibility of the

pipe steels which differ in the strength characteristics to stress corrosion cracking. It is shown that the de-

gree of susceptibility of steel to stress corrosion cracking depends on the characteristics of the corrosive

environment and the strength of the pipe steel. Tests under low rate of loading compared to tests with

static load of the specimens revealed reduced duration of analysis from 720 – 1000 to 25 – 100 h.

Keywords: pipe steels; stress corrosion cracking; strain rate; hydrogen sulfide; carbon dioxide.
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Ââåäåíèå

ßâëåíèå êîððîçèîííîãî ðàñòðåñêèâàíèÿ â

ïðèñóòñòâèè ðàñòÿãèâàþùèõ íàïðÿæåíèé (SCC)

íàáëþäàåòñÿ äëÿ áîëüøèíñòâà êîíñòðóêöèîííûõ

ìåòàëëè÷åñêèõ ìàòåðèàëîâ â ðàçëè÷íûõ êîððîçè-

îííûõ ñðåäàõ [1 – 4]. Â ñâÿçè ñ ýòèì áîëüøîå âíè-

ìàíèå óäåëÿåòñÿ èçó÷åíèþ ïðè÷èí, ïðèâîäÿùèõ

ê SCC êîíñòðóêöèîííûõ ñòàëåé è ñïëàâîâ, è ðàç-

ðàáîòêå ìåòîäîâ èñïûòàíèé, ïîçâîëÿþùèõ îïðå-

äåëèòü ãðàíè÷íûå óñëîâèÿ, ïðè êîòîðûõ ñêëîí-

íîñòü ê SCC íå ïðîÿâëÿåòñÿ.

Â íåôòåãàçîäîáûâàþùèõ îòðàñëÿõ ïðîìûø-

ëåííîñòè, ãäå èñïîëüçóþòñÿ ñòàëè, îòëè÷àþùèå-

ñÿ ïî õèìè÷åñêîìó ñîñòàâó, ñòðóêòóðå è óðîâíþ

ïðî÷íîñòè, îñíîâíûì êîìïîíåíòîì âíåøíåé ñðå-

äû, êîòîðûé ìîæåò âûçâàòü SCC òðóáíûõ ñòàëåé,

ÿâëÿåòñÿ ñîïóòñòâóþùèé îñíîâíîìó òðàíñïîðòè-

ðóåìîìó ïðîäóêòó (íåôòè è ãàçó) âîäíûé ðàñ-

òâîð, ñîäåðæàùèé ðàñòâîðåííûå àãðåññèâíûå âå-

ùåñòâà. Ê ÷èñëó òàêèõ âåùåñòâ îòíîñÿòñÿ ðàñòâî-

ðåííûå ñîëè, áîëüøóþ ÷àñòü êîòîðûõ ñîñòàâëÿþò

õëîðèäû, à òàêæå òàêèå ðàñòâîðåííûå ãàçû, êàê

ñåðîâîäîðîä è óãëåêèñëûé ãàç.

Íàèáîëüøóþ îïàñíîñòü ïðåäñòàâëÿåò ñåðîâî-

äîðîä. Â âîäíîì ðàñòâîðå íà ïîâåðõíîñòè æåëåçà

ñåðîâîäîðîä âåäåò ñåáÿ êàê êèñëîòà è âçàèìîäåé-

ñòâóåò ñ æåëåçîì ñëåäóþùèì îáðàçîì [5 – 7]:

H2S + Fe # FeS + 2H. (1)

Ýòîò ïðîöåññ ìîæíî òðàêòîâàòü êàê ýëåêòðî-

õèìè÷åñêèé, ñîñòîÿùèé èç àíîäíîé ðåàêöèè

Fe + S2–
# FeS + 2e (2)

è êàòîäíîé ðåàêöèè

2H+ +2e # 2H. (3)

Îáðàçóþùèéñÿ FeS îáëàäàåò ïëîõîé ðàñòâî-

ðèìîñòüþ è ìîæåò áûòü ïðåäñòàâëåí â âèäå ïðî-

èçâåäåíèÿ êîíöåíòðàöèé èîíîâ:

FeS = [Fe2+] · [S2–] = 3,7 · 10–19. (4)

Ïîýòîìó îí îñàæäàåòñÿ íà ïîâåðõíîñòü æåëåçà è

ïðåäîòâðàùàåò äàëüíåéøóþ êîððîçèþ ñòàëè. Îä-

íàêî åñëè ñðåäà êèñëàÿ, òî FeS áóäåò ïåðåõîäèòü

â ðàñòâîð:

FeS + 2H+
# H2S + Fe2+. (5)

Â ðàñòâîðå H2S äèññîöèèðóåò ñ îáðàçîâàíèåì èî-

íîâ H+ è SH–

H2S # H+ + SH–. (6)

Íà ïîâåðõíîñòè ìåòàëëà ïðîèñõîäèò ðàçðÿä

èîíîâ âîäîðîäà ïî ðåàêöèè (3) è îáðàçóåòñÿ àòî-

ìàðíûé âîäîðîä. Èîíû ñóëüôèäà SH– ïðåïÿòñò-

âóþò ñîåäèíåíèþ àòîìîâ âîäîðîäà â ìîëåêóëû,

÷òî ïðèâîäèò ê òîìó, ÷òî çíà÷èòåëüíàÿ ÷àñòü àòî-

ìàðíîãî âîäîðîäà ïðîíèêàåò â îáúåì ìåòàëëà.

Ïðè ïàðöèàëüíîì äàâëåíèè ñåðîâîäîðîäà áîëåå

0,35 êÏà âîçìîæíî ïðîÿâëåíèå ñêëîííîñòè òðóá-

íûõ ñòàëåé ê ñåðîâîäîðîäíîìó ðàñòðåñêèâàíèþ

ïîä íàïðÿæåíèåì (SSC).

Â êîíöå XX âåêà áûëî óñòàíîâëåíî, ÷òî íèç-

êîëåãèðîâàííûå ñòàëè ïîäâåðãàþòñÿ SCC â âîä-

íûõ ðàñòâîðàõ, â êîòîðûõ ñîäåðæèòñÿ ðàñòâîðåí-

íûé óãëåêèñëûé ãàç [8 – 11]. ×óâñòâèòåëüíîñòü

èññëåäîâàííûõ ñòàëåé ê SCC â ñèñòåìå H2O –

CO2 âîçðàñòàëà ñ äîáàâëåíèåì â ðàñòâîð äî 5 %

õëîðèñòîãî íàòðèÿ è ïðè óâåëè÷åíèè ïðåäåëà òå-

êó÷åñòè ñòàëè. Íî äëÿ âîçíèêíîâåíèÿ SCC íåîá-

õîäèìû áîëåå âûñîêèå óðîâíè ïðèëîæåííîãî íà-

ïðÿæåíèÿ è ïëàñòè÷åñêîé äåôîðìàöèè, ÷åì äëÿ

ïðîÿâëåíèÿ SSC â ïðèñóòñòâèè H2S. Ïðè÷åì ðàñ-

òðåñêèâàíèå âî âñåõ ñëó÷àÿõ íîñèò ìåæêðèñòàë-

ëèòíûé õàðàêòåð.

Ñóùåñòâóþùèå ðàçíîîáðàçíûå ìåòîäû èñïû-

òàíèé ñòàëåé è ñïëàâîâ íà êîððîçèîííîå ðàñòðåñ-

êèâàíèå (ïî âèäó îáðàçöîâ, ñîñòàâó êîððîçèîí-

íîé ñðåäû, ïî óñëîâèÿì èñïûòàíèé — òåìïåðàòó-

ðå, äàâëåíèþ, ïðèñóòñòâèþ âíåøíåé ïîëÿðèçà-

öèè) ìîæíî ðàçäåëèòü íà òðè ãðóïïû â çàâèñèìî-

ñòè îò ñïîñîáà ñîçäàíèÿ íàïðÿæåííîãî ñîñòîÿíèÿ

â îáðàçöàõ. Ýòî èñïûòàíèÿ ïðè ïîñòîÿííîé äå-

ôîðìàöèè, ïîñòîÿííîé íàãðóçêå èëè ïðè ïîñòî-

ÿííîé ñêîðîñòè äåôîðìàöèè.

Ïåðâûå äâà âèäà èñïûòàíèé øèðîêî èñïîëü-

çóþò äëÿ ïðîâåäåíèÿ òåñòîâ íà ðàáîòîñïîñîá-

íîñòü ìàòåðèàëîâ â ÷àñòè ñîïðîòèâëåíèÿ SCC è

SSC â óñëîâèÿõ äåéñòâèÿ ýêñïëóàòàöèîííûõ íà-

ãðóçîê îïðåäåëåííîãî óðîâíÿ è êîíêðåòíîé êîð-

ðîçèîííîé ñðåäû. Èñïûòàíèÿ ïðè ïîñòîÿííîé

íàãðóçêå òàêæå ÷àñòî ïðèìåíÿþò äëÿ îïðåäåëå-

íèÿ ïîðîãîâûõ çíà÷åíèé ðàñòÿãèâàþùèõ íàïðÿ-

æåíèé [12] èëè êîýôôèöèåíòà èíòåíñèâíîñòè

íàïðÿæåíèé KISCC äëÿ îáðàçöîâ ñ óñòàëîñòíîé

òðåùèíîé [13], íèæå êîòîðûõ ìàòåðèàë íå ïðîÿâ-

ëÿåò ÷óâñòâèòåëüíîñòè ê êîððîçèîííîìó ðàñòðåñ-

êèâàíèþ. Îñíîâíîé íåäîñòàòîê óêàçàííûõ ìåòî-

äîâ — äëèòåëüíîñòü èñïûòàíèé, êîòîðàÿ ñîñòàâ-

ëÿåò îò 720 äî 1000 ÷, à â íåêîòîðûõ ñëó÷àÿõ —

íåñêîëüêî òûñÿ÷ ÷àñîâ.

Ñî âòîðîé ïîëîâèíû XX âåêà ïðè îïðåäåëå-

íèè ñêëîííîñòè ñòàëåé è ñïëàâîâ ê SCC ïðèìåíÿ-

ëè ìåòîä èñïûòàíèé ñ ìåäëåííîé ñêîðîñòüþ äå-

ôîðìàöèè (SSRT). Óñòàíîâëåíî, ÷òî ðàçâèòèå

êîððîçèîííûõ òðåùèí ïðè ñòàòè÷åñêîì íàãðóæå-

íèè îáðàçöîâ è íàãðóæåíèè ñ ìåäëåííîé ñêî-

ðîñòüþ ïðîòåêàåò ïî åäèíîìó ìåõàíèçìó, à ïîëó-

÷åííûå äàííûå ïðè ðàçíûõ ñïîñîáàõ ïðèëîæå-

íèÿ íàãðóçêè ïîçâîëÿþò ñðàâíèâàòü ìåæäó ñîáîé

ðàçëè÷íûå ìàòåðèàëû ïî ñòåïåíè ñêëîííîñòè

ê SCC [14, 15]. Áûëî ïîêàçàíî, ÷òî ïðè ïðîâåäå-
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íèè èñïûòàíèé íà êîððîçèîííîå ðàñòðåñêèâàíèå

ìåòîäîì SSRT âîçìîæíû äâà âàðèàíòà âëèÿíèÿ

ñêîðîñòè äåôîðìàöèè íà ÷óâñòâèòåëüíîñòü ê êîð-

ðîçèîííîìó ðàñòðåñêèâàíèþ ìåòàëëè÷åñêèõ ìà-

òåðèàëîâ [16], êàê ýòî ïîêàçàíî íà ðèñ. 1 [17].

Äëÿ âîäíûõ ðàñòâîðîâ ýëåêòðîëèòîâ çàðîæäå-

íèå è ðîñò òðåùèí ïðè êîððîçèîííîì ðàñòðåñêè-

âàíèè íà÷èíàåòñÿ ñ àíîäíîãî ðàñòâîðåíèÿ íàèáî-

ëåå àêòèâíûõ ó÷àñòêîâ íà ïîâåðõíîñòè ìåòàëëà

(íåìåòàëëè÷åñêèå âêëþ÷åíèÿ, ìåõàíè÷åñêèå ïî-

âðåæäåíèÿ è ò.ï.). Åñëè â êîððîçèîííîé ñðåäå íà

ìåòàëëå îáðàçóåòñÿ çàùèòíàÿ îêñèäíàÿ ïëåíêà,

òî ïðè îïðåäåëåííîé ñêîðîñòè äåôîðìàöèè, ðàâ-

íîé èëè íåñêîëüêî ïðåâûøàþùåé ñêîðîñòü âîñ-

ñòàíîâëåíèÿ ýòîé ïëåíêè, ðàçðóøàþùåéñÿ ïîä

äåéñòâèåì ðàñòÿãèâàþùèõ íàïðÿæåíèé (äåôîð-

ìàöèè), âîçìîæíî çàðîæäåíèå ëîêàëüíûõ î÷àãîâ

êîððîçèè. Çà ñ÷åò ðàñòóùèõ íàïðÿæåíèé íåêîòî-

ðûå î÷àãè ëîêàëüíîé êîððîçèè ïðåîáðàçóþòñÿ â

êîððîçèîííóþ òðåùèíó, ñêîðîñòü ðîñòà êîòîðîé

áóäåò çàâèñåòü îò ñêîðîñòè ÷åðåäóþùèõñÿ ñòàäèé

àíîäíîãî ðàñòâîðåíèÿ è ðîñòà íàïðÿæåíèé (ïëà-

ñòè÷åñêîé äåôîðìàöèè â âåðøèíå ðàçâèâàþùåé-

ñÿ òðåùèíû). Åñëè ñêîðîñòü äåôîðìàöèè ïðè èñ-

ïûòàíèÿõ íèæå ñêîðîñòè âîññòàíîâëåíèÿ ëîêàëü-

íî ðàçðóøàþùåéñÿ îêñèäíîé ïëåíêè, òî êîððî-

çèîííîå ðàñòðåñêèâàíèå áóäåò çàòðóäíåíî èëè

ïîëíîñòüþ íåâîçìîæíî. Ïðè áîëüøîé ñêîðîñòè

äåôîðìàöèè ïëåíêà íà ïîâåðõíîñòè íà÷íåò ðàç-

ðóøàòüñÿ, íî êîððîçèîííûå ïðîöåññû íå óñïåþò

ïðèâåñòè ê âîçíèêíîâåíèþ òðåùèíû è áóäåò íà-

áëþäàòüñÿ ïðîñòî ìåõàíè÷åñêîå ðàçðóøåíèå ïðè

ïðåâûøåíèè ïðåäåëà ïðî÷íîñòè ìàòåðèàëà (ñì.

ðèñ. 1, êðèâàÿ 1). Òàêîé õàðàêòåð âëèÿíèÿ ñêîðî-

ñòè äåôîðìàöèè íà ñêëîííîñòü ê êîððîçèîííîìó

ðàñòðåñêèâàíèþ õàðàêòåðåí äëÿ ñòàëåé è ñïëà-

âîâ, îáëàäàþùèõ ñïîñîáíîñòüþ ê ïàññèâàöèè, íà-

ïðèìåð, àëþìèíèåâûõ è òèòàíîâûõ ñïëàâîâ, íå-

ðæàâåþùèõ ñòàëåé. Àíàëîãè÷íûé õàðàêòåð îáíà-

ðóæåí ó íèçêîëåãèðîâàííûõ ñòàëåé ïðè èñïûòà-

íèè â êàðáîíàòíîì ðàñòâîðå è ñëàáîùåëî÷íîé

ñðåäå ïðè ïîëÿðèçàöèè â óçêîé îáëàñòè ïîòåí-

öèàëîâ, ãäå îáðàçóåòñÿ íåóñòîé÷èâàÿ ïàññèâíàÿ

ïëåíêà [18].

Â êèñëûõ ñîëåâûõ âîäíûõ ðàñòâîðàõ â ïðè-

ñóòñòâèè H2S èëè CO2 íèçêîëåãèðîâàííûå ñòàëè

íå îáðàçóþò çàùèòíóþ îêñèäíóþ ïëåíêó. Ðàçâè-

òèå òðåùèí èç ëîêàëüíûõ ïîâåðõíîñòíûõ äåôåê-

òîâ ïðîèñõîäèò çà ñ÷åò äèôôóçèè àòîìàðíîãî âî-

äîðîäà è îõðóï÷èâàíèÿ ìåòàëëà, ò.å. óìåíüøåíèÿ

ïëàñòè÷åñêîé äåôîðìàöèè â âåðøèíå òðåùèíû,

ïðèâîäÿùåãî ê ïðîñêîêó òðåùèíû íà âåëè÷èíó

îõðóï÷åííîãî ñëîÿ. Ïîñêîëüêó âñå íèçêîëåãè-

ðîâàííûå ñòàëè èìåþò ÎÖÊ êðèñòàëëè÷åñêóþ

ðåøåòêó, òî ñêîðîñòü äèôôóçèè âîäîðîäà áóäåò

ïðèìåðíî îäèíàêîâîé íåçàâèñèìî îò óðîâíÿ

ïðî÷íîñòè ñòàëè. Èç ýòîãî ñëåäóåò, ÷òî ñêîðîñòü

äåôîðìàöèè, ò.å. âðåìÿ, íåîáõîäèìîå äëÿ äîñòè-

æåíèÿ ìàêñèìàëüíîé êîíöåíòðàöèè âîäîðîäà,

òàêæå ïðèìåðíî îäèíàêîâî. Â ýòîì ñëó÷àå ñêî-

ðîñòü äåôîðìàöèè äîëæíà áûòü òàêîé, ÷òîáû çà

âðåìÿ èñïûòàíèé áûëî îáåñïå÷åíî äîñòèæåíèå

ìàêñèìàëüíîé êîíöåíòðàöèè êèñëîðîäà âíóòðè

ìåòàëëà è âåëè÷èíû íàïðÿæåíèé (äåôîðìàöèé),

äîñòàòî÷íîé äëÿ ðîñòà òðåùèíû. Ïðè òàêîì ðàç-

âèòèè ñîáûòèé ñêëîííîñòü ê êîððîçèîííîìó ðàñ-

òðåñêèâàíèþ ñòàëè áóäåò ïëàâíî âîçðàñòàòü äî

ìàêñèìàëüíîãî çíà÷åíèÿ, ïîñëå ÷åãî èçìåíÿòüñÿ

óæå íå áóäåò (ñì. ðèñ. 1, êðèâàÿ 2).

Öåëü ïðîâåäåííûõ èññëåäîâàíèé — ðàçðàáîò-

êà ìåòîäèêè óñêîðåííûõ èñïûòàíèé òðóáíûõ

ñòàëåé íà ñóëüôèäíîå è êîððîçèîííîå ðàñòðåñêè-

âàíèå, äëèòåëüíîñòü êîòîðûõ íå ïðåâûøàåò

100 ÷. Äëÿ ðàíæèðîâàíèÿ ñòàëåé, ìàëî îòëè÷à-

þùèõñÿ ïî õèìè÷åñêîìó ñîñòàâó, ïî ñêëîííîñòè

ê òàêèì âèäàì êîððîçèîííûõ ðàçðóøåíèé íåîá-

õîäèìî áûëî âûáðàòü ñîîòâåòñòâóþùèå ÷óâñòâè-

òåëüíûå êðèòåðèè îöåíêè, à òàêæå ïîðîãîâûå

çíà÷åíèÿ ýòèõ êðèòåðèåâ, ïîçâîëÿþùèå ñ÷èòàòü

ñòàëü ïðèãîäíîé äëÿ ïðèìåíåíèÿ â ñðåäàõ, ñîäåð-

æàùèõ H2S èëè CO2.

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàíèÿ ïðîâîäèëè íà äâóõ òðóáíûõ

ñòàëÿõ ðàçëè÷íîé ïðî÷íîñòè — 34ÕÌÀ è

SAWL485FD ñ ïðåäåëàìè òåêó÷åñòè 980 è

540 ÌÏà. Îáå ñòàëè íèçêîëåãèðîâàííûå, èõ õè-

ìè÷åñêèé ñîñòàâ ïðèâåäåí â òàáë. 1.

Â êà÷åñòâå êîððîçèîííîé ñðåäû èñïîëüçî-

âàëè 5 %-íûé âîäíûé ðàñòâîð õëîðèñòîãî íà-

òðèÿ, ïîäêèñëåííûé äî pH 2,8 ðàñòâîðîì óêñóñ-

72 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9

1

2

Ðèñ. 1. Âëèÿíèå ñêîðîñòè äåôîðìàöèè íà ÷óâñòâèòåëü-

íîñòü ìåòàëëè÷åñêèõ ìàòåðèàëîâ ê êîððîçèîííîìó ðàñ-

òðåñêèâàíèþ

Fig. 1. The effect of the strain rate on the susceptibility of

metal materials to corrosion cracking



íîé êèñëîòû, êîòîðûé ñîîòâåòñòâóåò ðàñòâîðó À,

ðåêîìåíäîâàííîìó ñòàíäàðòîì NACE TM 0177

äëÿ ïðîâåäåíèÿ èñïûòàíèé íà ñóëüôèäíîå è

êîððîçèîííîå ðàñòðåñêèâàíèå òðóáíûõ ñòàëåé.

Â ïðîöåññå ïðîâåäåíèÿ ýêñïåðèìåíòà íà SSC ðàñ-

òâîð äîïîëíèòåëüíî íàñûùàëè ñåðîâîäîðîäîì, à

ïðè èñïûòàíèÿõ íà SCC — óãëåêèñëûì ãàçîì.

Ïðè ðàçðàáîòêå ìåòîäèêè çà îñíîâó ïðèíÿò

ìåòîä èñïûòàíèé ñ ìåäëåííîé ñêîðîñòüþ äåôîð-

ìàöèè (SSRT), êîòîðûé ïðèìåíÿåòñÿ ïðè îïðåäå-

ëåíèè ñêëîííîñòè ñòàëåé è ñïëàâîâ ê SCC. Óñòà-

íîâëåíî, ÷òî ðàçâèòèå êîððîçèîííûõ òðåùèí ïðè

ñòàòè÷åñêîì íàãðóæåíèè îáðàçöîâ è íàãðóæåíèè

ñ ìåäëåííîé ñêîðîñòüþ ïðîèñõîäèò ïî åäèíîìó

ìåõàíèçìó, à ïîëó÷åííûå äàííûå ïðè ðàçíûõ

ñïîñîáàõ ïðèëîæåíèÿ íàãðóçêè ïîçâîëÿþò ñðàâ-

íèâàòü ìåæäó ñîáîé ðàçëè÷íûå ìàòåðèàëû ïî

ñòåïåíè ñêëîííîñòè ê SCC [14, 15]. Äëÿ èñïûòà-

íèé âûáðàíû ãëàäêèå öèëèíäðè÷åñêèå îáðàçöû ñ

äèàìåòðîì ðàáî÷åé ÷àñòè 6,35 ìì ñîãëàñíî ñòàí-

äàðòó NACE TM 0177, ïðåäíàçíà÷åííûå äëÿ èñ-

ïûòàíèé ïðè ñòàòè÷åñêîé íàãðóçêå. Èññëåäîâà-

íèÿ ïðîâîäèëè íà ìîäåðíèçèðîâàííîé ðàçðûâ-

íîé ìàøèíå ÓÌÝ-10Ò, ïîçâîëÿþùåé îñóùåñòâ-

ëÿòü ðàñòÿæåíèå îáðàçöà ñî ñêîðîñòüþ îò 1,3 äî

1,3 · 10–3 ìì/ìèí.

Ïîäáîð íåîáõîäèìîé ñêîðîñòè äåôîðìàöèè

ïðè ïðîâåäåíèè èñïûòàíèé íà êîððîçèîííîå ðàñ-

òðåñêèâàíèå èìååò áîëüøîå ïðàêòè÷åñêîå çíà÷å-

íèå. Ñêîðîñòü äåôîðìàöèè äîëæíà áûòü òàêîé,

÷òîáû êîððîçèîííûå ïðîöåññû, ñïîñîáñòâóþùèå

çàðîæäåíèþ è ðàñïðîñòðàíåíèþ òðåùèí, óñïåëè

îñóùåñòâèòüñÿ. Ýòî îçíà÷àåò, ÷òî ñêîðîñòü äå-

ôîðìàöèè äîëæíà áûòü áëèçêà ê ñêîðîñòè êðàò-

êîâðåìåííîé ïîëçó÷åñòè ñòàëè, âûçûâàåìîé äåé-

ñòâèåì ïðèëîæåííûõ ðàñòÿãèâàþùèõ íàïðÿæå-

íèé, ñîñðåäîòî÷åííûõ â çîíå ðàçâèâàþùåãîñÿ

êîððîçèîííîãî äåôåêòà, êîòîðûé äåéñòâóåò êàê

êîíöåíòðàòîð íàïðÿæåíèé íà ïîâåðõíîñòè îáðàç-

öà. Åñëè ñêîðîñòü äåôîðìàöèè ñëèøêîì ìàëà,

òî ýòî ñóùåñòâåííî óâåëè÷èâàåò ïðîäîëæèòåëü-

íîñòü èñïûòàíèé.

Íà ðèñ. 2 ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå

äàííûå, ïîëó÷åííûå ïðè èññëåäîâàíèè âëèÿíèÿ

ñêîðîñòè äåôîðìàöèè íà ñêëîííîñòü ê êîððî-

çèîííîìó ðàñòðåñêèâàíèþ äâóõ èññëåäóåìûõ

íèçêîëåãèðîâàííûõ ñòàëåé ðàçëè÷íîé ïðî÷íîñòè

â âîäíîì ðàñòâîðå õëîðèäîâ ïðè pH 3 â ïðèñóò-

ñòâèè ñåðîâîäîðîäà ïðè êîìíàòíîé òåìïåðàòóðå.

Ïðè ýòîì äëÿ áîëåå ïðî÷íîé ñòàëè 34ÕÌÀ çà

îñíîâíîé êðèòåðèé ñêëîííîñòè ê SSC ïðèíÿòû

íàïðÿæåíèÿ, ïðèâîäÿùèå ê ðàçðóøåíèþ îáðàç-

öîâ. Äëÿ ñòàëè SAWL485FD ïðè âñåõ ñêîðîñòÿõ

äåôîðìàöèè ðàçðóøàþùèå íàïðÿæåíèÿ âñåãäà

ïðåâûøàëè åå ïðåäåë òåêó÷åñòè è ìàëî îòëè÷à-

ëèñü ìåæäó ñîáîé. Ïîýòîìó ñêëîííîñòü ê SSK îï-

ðåäåëÿëè ïî îòíîñèòåëüíîé äåôîðìàöèè, ïðè êî-

òîðîé ïðîèñõîäèëî ðàçðóøåíèå îáðàçöà.

Â îòëè÷èå îò èñïûòàíèé íà âîçäóõå èñïûòà-

íèÿ â ðàñòâîðå, íàñûùåííîì ñåðîâîäîðîäîì, ïî-

êàçàëè ñóùåñòâåííîå âëèÿíèå ñêîðîñòè äåôîðìà-

öèè íà ìåõàíè÷åñêèå ñâîéñòâà ñòàëåé 34ÕÌÀ è

SAWL485FD. Óìåíüøåíèå ñêîðîñòè äåôîðìàöèè

îò ~10–4 äî ~10–6 ñ–1 ïðè èñïûòàíèè â ñåðîâîäî-

ðîäíîé ñðåäå ïðèâîäèò ê çàìåòíîìó ñíèæåíèþ

äàííûõ õàðàêòåðèñòèê. Äàëüíåéøåå óìåíüøåíèå

ñêîðîñòè äåôîðìàöèè äî ~10–7 ñ–1 ïðàêòè÷åñêè

íå âëèÿåò íà çíà÷åíèÿ ïîëó÷åííûõ õàðàêòå-

ðèñòèê ðàçðóøåíèÿ. Àíàëîãè÷íóþ çàâèñèìîñòü

àâòîðû íàáëþäàëè ïðè ïðîâåäåíèè èñïûòàíèé

ñóäîñòðîèòåëüíûõ ñòàëåé â ìîðñêîé âîäå [14].

Ïðè âûñîêèõ ñêîðîñòÿõ äåôîðìàöèè äèôôóçèîí-

íàÿ ïîäâèæíîñòü àòîìàðíîãî âîäîðîäà íå óñïå-

âàåò ñîçäàòü ó âåðøèíû ðàçâèâàþùåéñÿ òðåùè-

íû íåîáõîäèìóþ äëÿ äàëüíåéøåãî ïðîäâèæåíèÿ

êîíöåíòðàöèþ âîäîðîäà. Ïîýòîìó òðåáóåòñÿ

áîëåå âûñîêèé óðîâåíü ïðèëîæåííûõ íàïðÿæå-
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Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ èññëåäóåìûõ ñòàëåé

Table 1. Chemical composition of the steels under study

Ìàðêà ñòàëè

Ñîäåðæàíèå ýëåìåíòîâ, % ìàññ.

Ñ Si Mn Cr Ni Cu Mo V Nb Al S P

34ÕÌÀ 0,29 0,20 0,52 0,97 0,09 0,06 0,50 0,006 0,008 0,03 0,030 0,006

SAWL 485FD 0,06 0,09 1,73 0,05 0,29 0,01 0,12 0,007 0,005 0,02 0,001 0,008

1

2

Ðèñ. 2. Âëèÿíèå ñêîðîñòè äåôîðìàöèè íà ñêëîííîñòü

ñòàëåé 34ÕÌÀ è SAWL485FD ê SSC: 1 — ðàçðóøàþùèå

íàïðÿæåíèÿ äëÿ ñòàëè 34ÕÌÀ; 2 — äåôîðìàöèÿ äî ðàçðó-

øåíèÿ îáðàçöîâ ñòàëè SAWL485FD

Fig. 2. The effect of the strain rate on the susceptibility

of steels 34KhMA and SAWL485FD to corrosion cracking:

1 — destructive stresses for steel 34KhMA; 2 — deformation

to failure of steel samples SAWL485FD



íèé, ïðèâîäÿùèé ê ðàçðóøåíèþ îáðàçöà. Ïî

ýòîé ïðè÷èíå ïîíèæåíèå ñêîðîñòè äåôîðìàöèè

âïëîòü äî 10–6 ñ–1 ïðèâîäèò ê óìåíüøåíèþ íàïðÿ-

æåíèé (èëè äåôîðìàöèè), íåîáõîäèìûõ äëÿ êîð-

ðîçèîííîãî ðàñòðåñêèâàíèÿ èññëåäóåìûõ ñòàëåé.

Òàêèå ñêîðîñòè äåôîðìàöèè äîñòàòî÷íû, ÷òîáû

èñêëþ÷èòü òîðìîçÿùåå âëèÿíèå îáðàçóþùèõñÿ

ïðîäóêòîâ êîððîçèè íà ëîêàëüíûå î÷àãè ïîâåðõ-

íîñòíûõ äåôåêòîâ, ñëóæàùèõ ìåñòîì çàðîæäåíèÿ

è ðîñòà òðåùèíû. Ïîýòîìó ïåðèîä çàðîæäåíèÿ

òðåùèíû âî ýòîì èíòåðâàëå ñêîðîñòåé äåôîðìà-

öèè ñîñòàâëÿåò íåçíà÷èòåëüíóþ ÷àñòü ïðîäîëæè-

òåëüíîñòè èñïûòàíèé.

Äàëüíåéøåå ïîíèæåíèå ñêîðîñòè äåôîðìà-

öèè äî 10–7 ñ–1 ïðàêòè÷åñêè íå ïîâëèÿëî íà çíà-

÷åíèå ïîðîãîâûõ íàïðÿæåíèé èëè äåôîðìàöèé.

Ïî ñóùåñòâóþùèì íà ñåãîäíÿøíèé äåíü ïðåä-

ñòàâëåíèÿì î ìåõàíèçìå ðàñòðåñêèâàíèÿ ñòàëåé,

âûçûâàåìîì âîçäåéñòâèåì ïðîíèêàþùåãî â ìå-

òàëë âîäîðîäà, äëÿ ðîñòà òðåùèíû íåîáõîäèì

îïðåäåëåííûé óðîâåíü ïðèëîæåííûõ íàïðÿæå-

íèé [1, 2, 18]. À òàê êàê â äàííîì ñëó÷àå íàïðÿ-

æåíèÿ (äåôîðìàöèè), ïðè êîòîðûõ ïðîèçîøëî

ðàçðóøåíèå îáðàçöà ïðè ñêîðîñòÿõ äåôîðìàöèè

10–6 è 10–7 ñ–1, ñîâïàëè, òî â ïðåäåëàõ èññëåäîâàí-

íûõ ñêîðîñòåé äåôîðìàöèè ìîæíî ñ÷èòàòü ïîëó-

÷åííûå íàïðÿæåíèÿ ïîðîãîâûìè è âñå äàëüíåé-

øèå èñïûòàíèÿ ïðîâîäèòü ïðè ñêîðîñòè äåôîð-

ìàöèè 10–6 ñ–1.

Èñõîäÿ èç ïðèâåäåííûõ âûøå äàííûõ, âñå

äàëüíåéøèå èññëåäîâàíèÿ òðóáíûõ ñòàëåé íà

ñêëîííîñòü ê SSC è SCC ïðîâîäèëè ïðè ñêîðîñòè

äåôîðìàöèè 8,5 · 10–7 ñ–1 (0,0013 ìì/ìèí) â ñðå-

äàõ, ñîäåðæàùèõ H2S èëè CO2. Íà ðèñ. 3 è 4 ïî-

êàçàíû äèàãðàììû ðàçðóøåíèÿ ýòèõ ñòàëåé â

óêàçàííûõ ðàñòâîðàõ è äëÿ ñðàâíåíèÿ íà âîçäó-

õå, à â òàáë. 2 ïðèâåäåíû îñíîâíûå õàðàêòåðè-

ñòèêè ïðî÷íîñòè è ïëàñòè÷íîñòè, ïîëó÷åííûå èç
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Ðèñ. 3. Äèàãðàììû ðàñòÿæåíèÿ ñòàëè 34ÕÌÀ ñ ìåäëåí-

íîé ñêîðîñòüþ ïðè íàñûùåíèè ðàñòâîðà H
2
S è CO

2
ïðè

êîìíàòíîé òåìïåðàòóðå

Fig. 3. Tensile test diagrams of steel 34KhMA at a low

strain rate upon saturation of H
2
S and CO

2
solutions at

room temperature
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Ðèñ. 4. Äèàãðàììû ðàñòÿæåíèÿ ñòàëè DNV SAWL 485FD

ñ ìåäëåííîé ñêîðîñòüþ ïðè íàñûùåíèè ðàñòâîðà H
2
S è

CO
2

ïðè êîìíàòíîé òåìïåðàòóðå

Fig. 4. Tensile test diagrams of steel DNV SAWL 485FD at

a low strain rate upon saturation of H
2
S and CO

2
solutions

at room temperature

Òàáëèöà 2. Ïàðàìåòðû ðàçðóøåíèÿ ñòàëåé 34ÕÌÀ è SAWL 485FD ïðè èñïûòàíèè ñ ìåäëåííîé ñêîðîñòüþ äåôîðìàöèè

è ïðîäóâêîé ðàñòâîðà H
2
S èëè CO

2

Table 2. Fracture parameters of 34KhMA and SAWL 485FD steels tested at a low strain rate in conditions of blowing with

H
2
S or CO

2
solutions

Ìàðêà

ñòàëè

Ñðåäà

èñïû-

òàíèé

Ïàðàìåòðû ðàçðóøåíèÿ

Ìàêñèìàëüíîå

íàïðÿæåíèå, ÌÏà

Äåôîðìàöèÿ, %

(ïî äèàãðàììå)

Îòíîñèòåëüíîå

óäëèíåíèå îáðàçöà, %

Îòíîñèòåëüíîå ñóæåíèå

øåéêè îáðàçöà, %

Ñðåäà Âîçäóõ
Ñðåäà/

Âîçäóõ
Ñðåäà Âîçäóõ

Ñðåäà/

Âîçäóõ
Ñðåäà Âîçäóõ

Ñðåäà/

Âîçäóõ
Ñðåäà Âîçäóõ

Ñðåäà/

Âîçäóõ

1 2 3 4 5 6 7 8 9 10 11 12 13 14

34ÕÌÀ H
2
S 566 1035 0,55 3,72 20,47 0,18 — 18,50 — — 68,74 —

CO
2

1042 1035 1,01 9,84 20,47 0,48 6,69 18,50 0,36 16,57 68,74 0,24

SAWL

485 FD

H
2
S 558 600 0,93 5,75 30,09 0,19 — 28,34 — — 79,00 —

CO
2

626 600 1,04 17,21 30,09 0,57 14,17 28,34 0,50 27,68 79,00 0,35



ñîîòâåòñòâóþùèõ äèàãðàìì. Êðîìå òîãî, ïðåä-

ñòàâëåíû ðåçóëüòàòû çàìåðîâ îòíîñèòåëüíîãî óä-

ëèíåíèÿ è îòíîñèòåëüíîãî ñóæåíèÿ îáðàçöîâ.

Îáñóæäåíèå ðåçóëüòàòîâ

Èç ïîëó÷åííûõ äàííûõ âèäíî, ÷òî êàê ñòàëü

34ÕÌÀ, òàê è ñòàëü DNV SAWL 485FD ïðîÿâëÿ-

þò ñêëîííîñòü ê SSC è SCC, õîòÿ â èõ ïîâåäåíèè

íàáëþäàþòñÿ îïðåäåëåííûå ðàçëè÷èÿ. Â ñðåäå ñ

CO2 ðàçðóøåíèå îáðàçöîâ îáåèõ ñòàëåé çà ñ÷åò

SCC ïðîèñõîäèò òîëüêî ïðè íàïðÿæåíèÿõ, ïðå-

âûøàþùèõ èõ ïðåäåë òåêó÷åñòè, ò.å. â îáëàñòè

ïëàñòè÷åñêîé äåôîðìàöèè. Â ïðèñóòñòâèè H2S

ìåíåå ïðî÷íàÿ ñòàëü SAWL 485FD ðàçðóøàåòñÿ

ïî ñõåìå SSC òàêæå ïðè íàïðÿæåíèÿõ âûøå

ïðåäåëà òåêó÷åñòè, à ñòàëü 34ÕÌÀ — óæå â îá-

ëàñòè óïðóãèõ íàïðÿæåíèé, ò.å. íèæå ïðåäåëà

òåêó÷åñòè. Â ñðåäå, íàñûùåííîé óãëåêèñëûì ãà-

çîì, ðàçðóøåíèå îáðàçöîâ ñîïðîâîæäàåòñÿ çàìåò-

íîé ïëàñòè÷åñêîé äåôîðìàöèåé ñ îáðàçîâàíèåì

øåéêè ó ìåñòà èçëîìà. Ïîýòîìó äëÿ îöåíêè ñòå-

ïåíè ñêëîííîñòè ñòàëåé ê SCC â ðàñòâîðå ñ CO2

ìîæíî èñïîëüçîâàòü îòíîøåíèÿ çíà÷åíèé îòíî-

ñèòåëüíîãî óäëèíåíèÿ è îòíîñèòåëüíîãî ñóæåíèÿ

îáðàçöîâ, ïîëó÷åííûõ ïðè èñïûòàíèè â êîððîçè-

îííîé ñðåäå è íà âîçäóõå. Ñðàâíåíèå ñòàëåé ïî

îòíîøåíèþ ðàçðóøàþùèõ íàïðÿæåíèé ìåíåå

èíôîðìàòèâíî, òàê êàê ðàçðóøåíèå âñåãäà ïðî-

èñõîäèò ïðè íàïðÿæåíèÿõ âûøå ïðåäåëà òåêó-

÷åñòè è ïîëó÷åííûå çíà÷åíèÿ ìàëî îòëè÷àþòñÿ

äðóã îò äðóãà.

Â ñðåäå, íàñûùåííîé ñåðîâîäîðîäîì, ðàçðó-

øåíèå îáðàçöîâ ïðîèñõîäèò õðóïêî. Äàæå íà îá-

ðàçöàõ èç ìåíåå ïðî÷íîé ñòàëè 485FD òðóäíî

áûëî èçìåðèòü óòÿæêó è óäëèíåíèå. Ïîýòîìó äëÿ

îïðåäåëåíèÿ ñêëîííîñòè ñòàëè ê SSC â ðàñòâîðå

ñ H2S óäîáíåå èñïîëüçîâàòü îòíîøåíèå ðàçðó-

øàþùåãî íàïðÿæåíèÿ â ñðåäå ê ðàçðóøàþùåìó

íàïðÿæåíèþ íà âîçäóõå èëè àíàëîãè÷íîå îòíî-

øåíèå ïîëíûõ äåôîðìàöèé (óïðóãîé + ïëàñòè-

÷åñêîé). Äëÿ ñðàâíåíèÿ àíàëîãè÷íûå îáðàçöû

èññëåäóåìûõ ñòàëåé áûëè èñïûòàíû ïî ñòàí-

äàðòíîé ìåòîäèêå ïðè ñòàòè÷åñêèõ íàãðóçêàõ.

Â êèñëîì ðàñòâîðå, íàñûùåííîì H2S, îáðàçöû

áîëåå ïðî÷íîé ñòàëè 34ÕÌÀ ðàçðóøàëèñü ïðè

ïðèëîæåííûõ íàïðÿæåíèÿõ 725 ÌÏà (70 % îò

ïðåäåëà òåêó÷åñòè) çà 18 – 25 ÷ è òîëüêî ïðè ñíè-

æåíèè íàïðÿæåíèé äî 500 ÌÏà îíè íå ðàçðóøà-

ëèñü çà âûáðàííîå âðåìÿ èñïûòàíèé 720 ÷. Ñòàëü

485FD íå ïðîÿâèëà ñêëîííîñòè ê SSC è SCC ïðè

íàïðÿæåíèè 70 % îò ïðåäåëà òåêó÷åñòè. Àíàëî-

ãè÷íûå äàííûå ïîëó÷åíû ïðè èñïûòàíèè â ðàñ-

òâîðå, íàñûùåííîì CO2. Ïîýòîìó ïðè èñïûòà-

íèè ýòèõ ñòàëåé ñ ìåäëåííîé ñêîðîñòüþ äåôîðìà-

öèè â óñëîâèÿõ, ïðè êîòîðûõ ïðè ñòàòè÷åñêîì íà-

ãðóæåíèè îíè íå ïðîÿâèëè ñêëîííîñòè ê SSC è

SCC, ðàñòðåñêèâàíèå îáðàçöîâ ïðîèñõîäèëî òîëü-

êî ïðè íàïðÿæåíèÿõ âûøå ïðåäåëà òåêó÷åñòè â

îáëàñòè ïëàñòè÷åñêèõ äåôîðìàöèé.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëàãàåìàÿ ìåòîäèêà óñêî-

ðåííûõ èñïûòàíèé òðóáíûõ ñòàëåé íà SSC è

SCC ïîçâîëÿåò äîñòàòî÷íî áûñòðî — íå áîëåå ÷åì

çà 100 ÷ — îïðåäåëÿòü èõ ÷óâñòâèòåëüíîñòü ê

äàííûì âèäàì êîððîçèîííûõ ðàçðóøåíèé.

ËÈÒÅÐÀÒÓÐÀ

1. Àæîãèí Ô. Ô. Êîððîçèîííîå ðàñòðåñêèâàíèå è çàùèòà âû-

ñîêîïðî÷íûõ ñòàëåé. — Ì.: Ìåòàëëóðãèÿ, 1974. — 256 ñ.

2. Êàðïåíêî Ã. Â., Âàñèëåíêî È. È. Êîððîçèîííîå ðàñòðåñ-

êèâàíèå ñòàëåé. — Êèåâ: Òåõíèêà, 1971. — 192 ñ.

3. Ñèíÿâñêèé Â. Ñ., Ëóêèíà Ñ. È. Êîððîçèîííîå ðàñòðåñêè-

âàíèå òèòàíîâûõ ñïëàâîâ â íåéòðàëüíûõ âîäíûõ ðàñòâîðàõ /

Òåõíîëîãèÿ ëåãêèõ ñïëàâîâ. 1980. ¹ 8. Ñ. 72 – 83.

4. Áîáûëåâ À. Â. Êîððîçèîííîå ðàñòðåñêèâàíèå ëàòóíè. — Ì.:

Ìåòàëëóðãèçäàò, 1956. — 126 ñ.

5. Áåëîãëàçîâ Ñ. Ì. Íàâîäîðîæèâàíèå ñòàëè ïðè ýëåêòðîõè-

ìè÷åñêèõ ïðîöåññàõ. — Ëåíèíãðàä: Èçäàòåëüñòâî Ëåíèíã-

ðàäñêîãî Óíèâåðñèòåòà, 1975. — 142 ñ.

6. Øðåéäåð Ë. Â., Øïàðáåð È. Ñ., Àð÷àêîâ Þ. È. Âëèÿíèå

âîäîðîäà íà íåôòÿíîå è õèìè÷åñêîå îáîðóäîâàíèå. — Ì.: Ìà-

øèíîñòðîåíèå, 1976. — 80 ñ.

7. Perez T. I. Corrosion in the oil and gas industry: an increasing

challenge for materials / JOM. 2013. Vol. 65. N 8. P. 1033 –

1042. DOI: 10.1007/s11837-013-0675-3

8. Burke P. A. Synopsis: Recent progress in the Understanding of

CO
2

Corrosion / Advances in CO
2

Corrosion. Vol. 1. NACE. —

Houston, TX, 1984. P. 3 – 9.

9. Schmitt G. Fundamental Aspects of CO
2

Corrosion. / Advan-

ces in CO
2

Corrosion. Vol. 1. NACE. Houston, TX, 1984. P. 10 –

19.

10. Schmitt G., Horstemeier M. Fundamental Aspects of CO
2

metal loss corrosion. Part II. Influence of different parameters

on CO
2

corrosion mechanisms / NACE — International Corrosi-

on Conference Series. — Houston, TX, 2006. Paper N 06112.

11. Schmitt G., Schierkmann G. Corrosion cracking of Steel in

the System CO
2
/H

2
O / Proc. 8th International Congress on Me-

tallic Corrosion. 1981. Vol. 1. P. 426.

12. ANSI/NACE TM 0177–2016. Standard Test Method. Laborato-

ry Testing of Metals for Resistance to Sulfide Stress Cracking

and Stress Corrosion Cracking in H
2
S Environments. — Hous-

ton, TX:. NACE International, 2016. P. 61.

13. ÃÎÑÒ 9.903–81. ÅÑÇÊÑ. Ñòàëè è ñïëàâû âûñîêîïðî÷íûå.

Ìåòîäû óñêîðåííûõ èñïûòàíèé íà êîððîçèîííîå ðàñòðåñêè-

âàíèå. — Ì.: Èçä-âî ñòàíäàðòîâ, 1981. — 21 ñ.

14. Õàðüêîâ À. À., Íåì÷èêîâà Ë. Ã., Ìèõíåâè÷ À. Ï., Áèëè-

íà Ñ. Þ. Îöåíêà ñêëîííîñòè ñòàëåé ê êîððîçèîííîìó ðàñ-

òðåñêèâàíèþ ïðè èñïûòàíèè ñ ìåäëåííîé ñêîðîñòüþ äåôîð-

ìèðîâàíèÿ / Òåõíîëîãèÿ ñóäîñòðîåíèÿ. 1990. ¹ 3. Ñ. 10 – 13.

15. Oryshchenko A. S., Mushnikova S. Y., Kharkov A. A.,

Kalinin G. Y. Study of stress corrosion cracking of austenitic

steels in seawater / The European Corrosion Congress

EUROCORR’2010. — 12 p.

16. Parkins R. N. 5th Symposium on Line Pipe Research. Ameri-

can Gas Association. Catalogue NL. 30174, 1974.

17. ASTM G129–00(2013). Standard Practice for Slow Strain Rate

Testing to Evaluate the Susceptibility of Metallic Materials to

Environmentally Assisted Cracking.

18. Øðàéåð Ë. Ë. Êîððîçèÿ: ñïðàâî÷íèê / Ïåð. ñ àíãë. — Ì.:

Ìåòàëëóðãèÿ, 1981. — 632 ñ.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9 75



REFERENCES

1. Azhogin F. F. Corrosion cracking and protection of high-

strength steels. — Moscow: Metallurgiya, 1974. — 256 p. [in

Russian].

2. Karpenko G. V., Vasilenko I. I. Steel corrosion cracking. —

Kiev: Technika, 1971. — 192 p. [in Russian].

3. Siniavskii V. S., Lukina S. I. Corrosion cracking of titanium

alloys in neutral aqueous solutions / Tekhnol. Legk. Splavov.

1980. N 8. P. 72 – 83 [in Russian].

4. Bobylev A. V. Corrosion cracking of brass. — Moscow: Metal-

lurgizdat, 1956. — 126 p. [in Russian].

5. Beloglazov S. M. Steel hydrogenation during electrochemical

processes. — Leningrad: Izd. Leningrad. Univ., 1975. — 142 p.

[in Russian].

6. Shreider L. V., Shparber I. S., Archakov Yu. I. Effect of

hydrogen on petroleum and chemical equipment. — Moscow:

Mashinostroenie, 1976. — 80 p. [in Russian].

7. Perez T. I. Corrosion in the oil and gas industry: an increasing

challenge for materials / JOM. 2013. Vol. 65. N 8. P. 1033 –

1042. DOI: 10.1007/s11837-013-0675-3

8. Burke P. A. Synopsis: Recent progress in the Understanding of

CO
2

Corrosion / Advances in CO
2

Corrosion. Vol. 1. NACE. —

Houston, TX, 1984. P. 3 – 9.

9. Schmitt G. Fundamental Aspects of CO
2

Corrosion. / Ad-

vances in CO
2

Corrosion. Vol. 1. NACE. Houston, TX, 1984.

P. 10 – 19.

10. Schmitt G., Horstemeier M. Fundamental Aspects of CO
2

metal loss corrosion. Part II. Influence of different parameters

on CO
2

corrosion mechanisms / NACE — International Corro-

sion Conference Series. — Houston, TX, 2006. Paper N 06112.

11. Schmitt G., Schierkmann G. Corrosion cracking of Steel in

the System CO
2
/H

2
O / Proc. 8th International Congress on Me-

tallic Corrosion. 1981. Vol. 1. P. 426.

12. ANSI/NACE TM 0177–2016. Standard Test Method. Labora-

tory Testing of Metals for Resistance to Sulfide Stress Cracking

and Stress Corrosion Cracking in H
2
S Environments. — Hous-

ton, TX:. NACE International, 2016. P. 61.

13. GOST 9.903–81. Unified system of corrosion and ageing protec-

tion. High-strength steels and alloys. Accelerated test methods

for corrosion. — Moscow: Izd. standartov, 1981. — 21 p. [in

Russian].

14. Kharkov A. A., Nemchikova L. G., Mihnevich A. P., Bili-

na S. Yu. Evaluation of the tendency of steel to corrosion crack-

ing when tested with a slow strain rate / Tekhnol. Sudostr.

1990. N 3. P. 10 – 13 [in Russian].

15. Oryshchenko A. S., Mushnikova S. Y., Kharkov A. A.,

Kalinin G. Y. Study of stress corrosion cracking of austenitic

steels in seawater / The European Corrosion Congress

EUROCORR’2010. — 12 p.

16. Parkins R. N. 5th Symposium on Line Pipe Research. Ameri-

can Gas Association. Catalogue NL. 30174, 1974.

17. ASTM G129–00(2013). Standard Practice for Slow Strain Rate

Testing to Evaluate the Susceptibility of Metallic Materials to

Environmentally Assisted Cracking.

18. Shrayer L. L. Corrosion. Handbook. — Moscow: Metallurgiya,

1981. — 632 p. [Russian translation].

76 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 9


