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Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ñåëåíà êàê ìàêðîýëåìåíòà ñèíòåòè÷åñêèõ ïîëèãåòåðî-

àòîìíûõ îðãàíè÷åñêèõ ñîåäèíåíèé ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ ìèêðî-

âîëíîâîé ïëàçìîé (ÌÏ-ÀÝÑ). Â êà÷åñòâå îáúåêòîâ àíàëèçà â îñíîâíîì ñëóæèëè ðàçëè÷íûå

ïðîèçâîäíûå ñåëåíàäèàçîëà. Íàéäåíû îïòèìàëüíûå óñëîâèÿ ïðîáîïîäãîòîâêè è àòîìíî-

ýìèññèîííîãî îïðåäåëåíèÿ ñåëåíà. Äëÿ ìèíåðàëèçàöèè èññëåäóåìûõ âåùåñòâ èñïîëüçîâà-

ëè ñæèãàíèå â êîëáå, íàïîëíåííîé êèñëîðîäîì, ñ äîáàâêîé íèòðàòà êàëèÿ, êîòîðûé óëó÷-

øàåò ïðîöåññ ãîðåíèÿ è ïðåïÿòñòâóåò îáðàçîâàíèþ ñàæè. Â êà÷åñòâå ïîãëîòèòåëüíîãî ðàñ-

òâîðà äëÿ ïðîäóêòîâ ñæèãàíèÿ èñïîëüçîâàëè 0,1 Ì ñîëÿíóþ êèñëîòó. Îòìå÷åíî, ÷òî ïåðåä

íà÷àëîì èçìåðåíèé íåîáõîäèìî ïðîâåñòè ïðîäóâêó ìîíîõðîìàòîðà è îïòèìèçèðîâàòü äàâ-

ëåíèå â ðàñïûëèòåëå àòîìíî-ýìèññèîííîãî ñïåêòðîìåòðà. Â ïîëó÷åííûõ óñëîâèÿõ îöåíå-

íû ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ìåòîäèêè — ïðåäåëû îáíàðóæåíèÿ è êîëè÷åñòâåííî-

ãî îïðåäåëåíèÿ ñåëåíà (0,2 è 0,6 ìã/ë ñîîòâåòñòâåííî), âíóòðèëàáîðàòîðíàÿ ïðåöèçèîí-

íîñòü è ïðàâèëüíîñòü. Ïî ðàçðàáîòàííîé ìåòîäèêå ïðîàíàëèçèðîâàëè 11 ñèíòåòè÷åñêèõ

îðãàíè÷åñêèõ ñîåäèíåíèé ñ ñîäåðæàíèåì ñåëåíà îò 12 äî 51 %, ïðè ýòîì àáñîëþòíàÿ ïî-

ãðåøíîñòü àíàëèçà íå ïðåâûøàëà 0,3 %, ÷òî ñîîòâåòñòâóåò òðåáîâàíèÿì ê îðãàíè÷åñêîìó

ýëåìåíòíîìó àíàëèçó.

Êëþ÷åâûå ñëîâà: îðãàíè÷åñêèé ýëåìåíòíûé àíàëèç; îïðåäåëåíèå; ñåëåí; àòîìíî-ýìèñ-

ñèîííàÿ ñïåêòðîìåòðèÿ ñ ìèêðîâîëíîâîé ïëàçìîé; ìåòîä Øåíèãåðà.

DETERMINATION OF SELENIUM IN POLYHETEROATOMIC ORGANIC COMPOUNDS

BY MICROWAVE PLASMA ATOMIC EMISSION SPECTROMETRY

� Svetlana Yu. Petrakova, Vera D. Tikhova*

N. N. Vorozhtsov Novosibirsk Institute of Organic Chemistry, SB RAS, 9, Akademika Lavrentieva prosp. , Novosibirsk,

630090, Russia; *e-mail: tikhova@nioch.nsc.ru
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Currently, the problem of selenium determination in various objects attracts a large number of scientists.

Interest in this area is attributed to the biological importance of selenium, since it is both an important

nutrient and has a toxic effect on the body, depending on its amount and the properties of the compounds

in which it is contained. Checking the purity of selenium-containing organic compounds (both determina-

tion of impurities and analysis of the basic composition), which is carried out by methods of elemental

analysis, is an important task, however, in modern literature there is lack of information regarding this

problem. The purpose of the presented study is to develop a method for the determination of selenium in

the basic composition of synthetic polyheteroatomic organic compounds by microwave plasma atomic

emission spectrometry. Various selenodiazole derivatives were mainly used for analysis. Optimal condi-

tions for sample preparation and atomic emission determination of the selenium content were specified.

To mineralize the substances under study, oxygen flask combustion was used with the addition of potas-

sium nitrate, which improves combustion and prevents the formation of soot. Hydrochloric acid at a con-

centration of 0.1 M was used as an absorption solution. It is noted that before measurements it is neces-

sary to purge the monochromator and optimize the pressure in the atomic emission spectrometer
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nebulizer and optimize pressure in the atomizer. In addition, the number of replicates and sampling time

were increased to optimize selenium measurement. Under specified conditions, the metrological charac-

teristics of the technique were determined: the detection limit and quantitation limit, intra-laboratory

precision and accuracy. Selenium was determined in 11 synthetic organic compounds with selenium con-

tent ranged from 12 to 51%. The error of the analysis did not exceed 0.3%, which meets the requirements

of organic elemental analysis.

Keywords: organic elemental analysis; selenium; determination; microwave plasma atomic emission

spectrometry; Schöniger method.

Ââåäåíèå

Â ñîâðåìåííîé ëèòåðàòóðå âñòðå÷àåòñÿ áîëü-

øîå êîëè÷åñòâî ðàáîò, ïîñâÿùåííûõ îïðåäåëå-

íèþ ñåëåíà â ðàçëè÷íûõ îáúåêòàõ, òàêèõ êàê

ïðèðîäíûå è ñòî÷íûå âîäû [1 – 7], ïèùåâûå äî-

áàâêè è ïðîäóêòû [3, 4, 8 – 17], áèîëîãè÷åñêèå îá-

ðàçöû [18 – 22], ìåòàëëóðãè÷åñêèå ìàòåðèàëû

[23], ÷òî â ïåðâóþ î÷åðåäü îáóñëîâëåíî áèîëîãè-

÷åñêîé âàæíîñòüþ ñåëåíà, êîòîðûé â çàâèñèìî-

ñòè îò åãî ñîäåðæàíèÿ è ôîðìû íàõîæäåíèÿ ÿâ-

ëÿåòñÿ òîêñè÷íûì äëÿ îðãàíèçìà èëè æèçíåííî

íåîáõîäèìûì ìèêðîýëåìåíòîì. Äëÿ îïðåäåëåíèÿ

ñåëåíà èñïîëüçóþò àòîìíî-àáñîðáöèîííóþ [3, 5,

8, 13, 18, 21] èëè àòîìíî-ýìèññèîííóþ ñïåêòðî-

ìåòðèþ [2, 9, 20, 23], ìàññ-ñïåêòðîìåòðèþ [1, 12,

17, 19, 22], ñïåêòðîôîòîìåòðèþ [7, 11], ðåíòãå-

íîôëóîðåñöåíòíûé àíàëèç [4, 24], ýëåêòðîõèìè-

÷åñêèå ìåòîäû [6, 10, 14, 16] è âûñîêîýôôåêòèâ-

íóþ æèäêîñòíóþ õðîìàòîãðàôèþ [15].

Ñåëåíñîäåðæàùèå îðãàíè÷åñêèå ñîåäèíåíèÿ

áëàãîäàðÿ ðÿäó ïîëåçíûõ ñâîéñòâ íàõîäÿò øèðî-

êîå ïðèìåíåíèå â õèìèè, áèîìåäèöèíå è ìàòå-

ðèàëîâåäåíèè [25 – 28], ïðè ýòîì òðåáîâàíèÿ ê

÷èñòîòå âåùåñòâ, îñîáåííî â ìåäèöèíå, î÷åíü âû-

ñîêè, ïîýòîìó äëÿ îïðåäåëåíèÿ â íèõ ìàêðîêîì-

ïîíåíòîâ è ïðèìåñåé èñïîëüçóþò êîìïëåêñ àíà-

ëèòè÷åñêèõ ìåòîäîâ, â òîì ÷èñëå ìåòîäû îðãàíè-

÷åñêîãî ýëåìåíòíîãî àíàëèçà.

Â íàñòîÿùåå âðåìÿ â ëèòåðàòóðå ìàëî ðàáîò,

ïîñâÿùåííûõ îïðåäåëåíèþ ñåëåíà â ñèíòåòè-

÷åñêèõ îðãàíè÷åñêèõ âåùåñòâàõ, à áîëüøàÿ èõ

÷àñòü ïðèõîäèòñÿ íà XX âåê. Íàïðèìåð, â îáçîðå

[29] ðàññìîòðåíî áîëüøîå êîëè÷åñòâî ðàáîò

1950 – 1970-õ ãîäîâ. Â òî âðåìÿ äëÿ îïðåäåëåíèÿ

ñåëåíà ÷àñòî èñïîëüçîâàëè ãðàâèìåòðè÷åñêèé ìå-

òîä ñ îñàæäåíèåì ýëåìåíòíîãî ñåëåíà, äèîêñèäà

ñåëåíà è ñåëåíèòà ñåðåáðà, à òàêæå áûëè øèðîêî

ðàñïðîñòðàíåíû ðàçëè÷íûå ìåòîäèêè éîäîìåò-

ðè÷åñêîãî òèòðîâàíèÿ. Îñíîâíûìè íåäîñòàòêàìè

ãðàâèìåòðè÷åñêîãî îïðåäåëåíèÿ áûëè òðóäîåì-

êîñòü è äëèòåëüíîñòü ïðîöåññà, à â ñëó÷àå éîäî-

ìåòðè÷åñêîãî òèòðîâàíèÿ — òðóäíîñòü âèçóàëü-

íîãî îïðåäåëåíèÿ êîíå÷íîé òî÷êè òèòðîâàíèÿ è

âîçìîæíîñòü îêèñëåíèÿ éîäèäà âîçäóõîì. Áûëè

òàêæå ïðåäëîæåíû ìåòîäèêè, âêëþ÷àþùèå ðàç-

ëîæåíèå îðãàíè÷åñêèõ âåùåñòâ â òîêå êèñëîðîäà

ïðè 900 – 950 °C è äàëüíåéøåå éîäîìåòðè÷åñêîå

îïðåäåëåíèå ñåëåíà ñ êóëîíîìåòðè÷åñêîé èíäè-

êàöèåé êîíå÷íîé òî÷êè òèòðîâàíèÿ [30, 31] èëè

ãðàâèìåòðè÷åñêîå îïðåäåëåíèå [32]. Ýòè ðàáîòû

èíòåðåñíû òåì, ÷òî àâòîðû ïðîâîäÿò îäíîâðå-

ìåííîå îïðåäåëåíèå òàêèõ ýëåìåíòîâ, êàê ñåëåí,

óãëåðîä, âîäîðîä, ñåðà è ôîñôîð. Ðàçðàáîòàííûå

ìåòîäèêè èìåþò ñâîè íåäîñòàòêè, íàïðèìåð, îï-

ðåäåëåíèþ ìîãóò ïîìåøàòü ãàëîãåíû, ïðèñóòñò-

âóþùèå â ñòðóêòóðå îðãàíè÷åñêîãî ñîåäèíåíèÿ.

Èç èíñòðóìåíòàëüíûõ ìåòîäîâ àíàëèçà äëÿ

îïðåäåëåíèÿ ñåëåíà â îðãàíè÷åñêèõ âåùåñòâàõ

÷àñòî èñïîëüçóþò ñïåêòðîôîòîìåòðèþ [33, 34].

Ïîñëå ðàçëîæåíèÿ ïðîá ñæèãàíèåì â êîëáå,

íàïîëíåííîé êèñëîðîäîì, ïðîâîäÿò ðåàêöèþ

Se (IV) ñ î-äèàìèíàìè ñ îáðàçîâàíèåì ïèàçîñåëå-

íîëà, êîòîðûé îïðåäåëÿþò ýêñòðàêöèîííî-ñïåê-

òðîôîòîìåòðè÷åñêè. Èçâåñòíû ìåòîäèêè îïðåäå-

ëåíèÿ ñåëåíà â îðãàíè÷åñêèõ âåùåñòâàõ ìåòîäîì

èîííîé õðîìàòîãðàôèè [35]. Íåäîñòàòêîì ýòèõ

ìåòîäèê ÿâëÿåòñÿ íåîáõîäèìîñòü ïåðåâîäà ñåëå-

íà â åäèíóþ àíàëèòè÷åñêóþ ôîðìó — Se (IV) ïó-

òåì äëèòåëüíîãî êèïÿ÷åíèÿ â ñîëÿíîé êèñëîòå.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäèêè

îïðåäåëåíèÿ ñåëåíà êàê ýëåìåíòà îñíîâû â ïîëè-

ãåòåðîàòîìíûõ îðãàíè÷åñêèõ ñîåäèíåíèÿõ ìåòî-

äîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ ìèêðî-

âîëíîâîé ïëàçìîé. Àòîìíî-ýìèññèîííàÿ ñïåêòðî-

ìåòðèÿ, â ÷àñòíîñòè ñ ìèêðîâîëíîâîé ïëàçìîé,

èìååò âàæíîå ïðåèìóùåñòâî ïî ñðàâíåíèþ ñ äðó-

ãèìè àíàëèòè÷åñêèìè ìåòîäàìè, ïîñêîëüêó ïî-

çâîëÿåò îïðåäåëÿòü îáùåå ñîäåðæàíèå ñåëåíà íå-

çàâèñèìî îò òîãî, â êàêîé ôîðìå îí íàõîäèòñÿ,

÷òî ñóùåñòâåííî ñîêðàùàåò âðåìÿ àíàëèçà. Êðî-

ìå òîãî, èñïîëüçîâàíèå àçîòíîé ìèêðîâîëíîâîé

ïëàçìû äåëàåò ýòó ìåòîäèêó ýêîíîìè÷åñêè âû-

ãîäíîé è äîñòóïíîé áîëüøèíñòâó àíàëèòèêîâ.

Âûáîð äàííîãî ìåòîäà äëÿ îïðåäåëåíèÿ äîâîëüíî

âûñîêèõ ñîäåðæàíèé ñåëåíà îáóñëîâëåí ìàññîé

èñïîëüçóåìûõ ìèêðîíàâåñîê è íåâûñîêîé èíòåí-

ñèâíîñòüþ ýìèññèîííûõ ëèíèé ñåëåíà â ìèêðî-

âîëíîâîé ïëàçìå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Îáúåêòàìè àíàëèçà áûëè ñåëåíñîäåðæàùèå

ïîëèãåòåðîàòîìíûå îðãàíè÷åñêèå ñîåäèíåíèÿ,

ñèíòåçèðîâàííûå â ëàáîðàòîðèè ãåòåðîöèêëè-

÷åñêèõ ñîåäèíåíèé Íîâîñèáèðñêîãî èíñòèòóòà

îðãàíè÷åñêîé õèìèè ÑÎ ÐÀÍ ïî ìåòîäèêàì, èç-

âåñòíûì â ëèòåðàòóðå (ðèñ. 1). Âñå âåùåñòâà ïðî-
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âåðåíû ìåòîäàìè ßÌÐ, ÕÌÑ, à òàêæå ýëåìåíò-

íûì CHN-àíàëèçîì, èõ ÷èñòîòà ïî äàííûì ÕÌÑ

ñîñòàâëÿåò áîëåå 95 %.

Ðàçëîæåíèå èññëåäóåìûõ âåùåñòâ ïðîâîäèëè

ñæèãàíèåì â êîëáå, íàïîëíåííîé êèñëîðîäîì

(ìåòîä Øåíèãåðà). Íàâåñêè îáðàçöîâ (3 – 4 ìã)

âçâåøèâàëè íà ìèêðîàíàëèòè÷åñêèõ âåñàõ Sarto-

rius CP225D è çàâîðà÷èâàëè â êâàäðàòèê òîíêîãî

ïîëèýòèëåíà ìàðêè Í è áåççîëüíîãî ôèëüòðà «ñè-

íÿÿ ëåíòà» ñ îòðîñòêîì, ïðîïèòàííîãî 2 %-íûì

ðàñòâîðîì íèòðàòà êàëèÿ (÷äà). Ôèëüòð ñ íàâåñ-

êîé çàæèìàëè â êîíöå ïëàòèíîâîé ïðîâîëîêè,

ñâåðíóòîé çèãçàãîì è âïàÿííîé â ñòåêëÿííóþ

ïðîáêó, ïîäæèãàëè îòðîñòîê è âñòàâëÿëè ïðîáêó

â êîëáó îáúåìîì 500 ìë, ïðåäâàðèòåëüíî íàïîë-

íåííóþ ãàçîîáðàçíûì êèñëîðîäîì èç áàëëîíà

(ÃÎÑÒ 5583–78) è ñîäåðæàùóþ ïîãëîòèòåëüíûé

ðàñòâîð — 10 ìë 0,1 Ì ñîëÿíîé êèñëîòû, êîòî-

ðóþ ãîòîâèëè èç ñòàíäàðò-òèòðà (ÒÓ 2642-001-

33813273–97). Ïî çàâåðøåíèè ñæèãàíèÿ êîëáó

âñòðÿõèâàëè è îñòàâëÿëè â õîëîäèëüíèêå íà

30 ìèí äëÿ ïîëíîãî ïîãëîùåíèÿ ïðîäóêòîâ ñãîðà-

íèÿ. Ïîñëå ýòîãî êîëáû îòêðûâàëè, îìûâàëè

ïðîáêó, ïëàòèíîâûé äåðæàòåëü è ñòåíêè êîëáû

áèäèñòèëëèðîâàííîé âîäîé. Ïîëó÷åííûå ðàñòâî-

ðû óïàðèâàëè íà íàãðåâàòåëüíîé ïëèòêå ñ çà-

êðûòîé ñïèðàëüþ äî îáúåìà ~5 ìë, îñòóæàëè, äî-

áàâëÿëè ñîëÿíóþ êèñëîòó (îñ÷) (ÃÎÑÒ 14261–77)

äëÿ ñîçäàíèÿ íåîáõîäèìîé êîíöåíòðàöèè, çàòåì

ðàñòâîð êîëè÷åñòâåííî ïåðåíîñèëè â ìåðíûå

êîëáû íà 100 ìë è äîâîäèëè åãî îáúåì äî ìåòêè

áèäèñòèëëèðîâàííîé âîäîé.

Â ýêñïåðèìåíòå ïî îöåíêå ïðàâèëüíîñòè ê íà-

âåñêàì îáðàçöîâ äîáàâëÿëè ñåëåíàò íàòðèÿ áåç-

âîäíûé (CAS 13410-01-0) è ïðîâîäèëè ïðîáîïîä-

ãîòîâêó, êàê îïèñàíî âûøå.

Äëÿ îïðåäåëåíèÿ ñåëåíà èñïîëüçîâàëè àòîì-

íî-ýìèññèîííûé ñïåêòðîìåòð ñ ìèêðîâîëíîâîé

ïëàçìîé Agilent 4100 MP-AES (Agilent Technol-

ogies, Àâñòðàëèÿ) ïðè ñëåäóþùèõ îïòèìèçèðî-

âàííûõ çíà÷åíèÿõ ïàðàìåòðîâ: äëèíà âîëíû —

196,026 íì, âðåìÿ ÷òåíèÿ — 5 ñ, ÷èñëî ïîâòî-

ðîâ — 5, ñêîðîñòü íàñîñà — 15 ìèí–1, âðåìÿ çàáî-

ðà ïðîáû — 20 ñ, âðåìÿ ñòàáèëèçàöèè ïëàçìû —

15 ñ, êîëè÷åñòâî ïèêñåëåé — 3. Ïåðåä íà÷àëîì

èçìåðåíèé íåîáõîäèìî äîæäàòüñÿ çàâåðøåíèÿ

ïðîäóâêè ìîíîõðîìàòîðà, à òàêæå ïðîâåñòè îïòè-

ìèçàöèþ äàâëåíèÿ â ðàñïûëèòåëå.

Ðàñòâîð ïðîáû ïðè ïîìîùè ïåðèñòàëüòè÷å-

ñêîãî íàñîñà ââîäèëè â ðàñïûëèòåëü OneNeb

10/0309 ðàñïûëèòåëüíîé êàìåðû Agilent Techno-

logies C23205, è â âèäå àýðîçîëÿ ðàñòâîð ïîñòó-

ïàë â àçîòíóþ ïëàçìó. Äëÿ ïîäæèãà ïëàçìû èñ-

ïîëüçîâàëè âûñîêî÷èñòûé àðãîí. Ýìèññèîííîå

èçëó÷åíèå ïðîõîäèëî ÷åðåç ñàìîíàñòðàèâàþùèé-

ñÿ ìîíîõðîìàòîð ×åðíè-Òåðíåðà ñ ôîêóñíûì

ðàññòîÿíèåì 600 íì è ïîïàäàëî íà CCD-äåòåêòîð

ðàçìåðîì 532 × 128 ïèêñåëåé ñ êâàíòîâîé ýô-

ôåêòèâíîñòüþ >90 %, îõëàæäàåìûé äî 0 °C ñ ïî-

ìîùüþ ýëåìåíòà Ïåëüòüå. Îáðàáîòêó ýìèññèîí-

íûõ ñïåêòðîâ ïðîâîäèëè ñ èñïîëüçîâàíèåì ïðî-

ãðàììíîãî îáåñïå÷åíèÿ ñïåêòðîìåòðà MP Expert

(âåðñèÿ 1.5.1.6821).
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Ðèñ. 1. Èññëåäóåìûå îðãàíè÷åñêèå ñîåäèíåíèÿ ñ ðàçëè÷íûì ñîäåðæàíèåì ñåëåíà (%): 1 — 43,1; 2 — 31,0; 3 — 18,2; 4 —

36,1; 5 — 36,5; 6 — 50,6; 7 — 12,3; 8 — 42,9; 9 — 42,9; 10 — 23,1; 11 — 43,1

Fig. 1. Organic compounds with different selenium content (%): 1 — 43.1; 2 — 31.0; 3 — 18.2; 4 — 36.1; 5 — 36.5; 6 — 50.6;

7 — 12.3; 8 — 42.9; 9 — 42.9; 10 — 23.1; 11 — 43.1



Äëÿ ïîñòðîåíèÿ ãðàäóèðîâî÷íûõ ãðàôèêîâ

èñïîëüçîâàëè ðàñòâîðû ñðàâíåíèÿ ñ êîíöåíòðà-

öèåé Se 1 – 25 ìã/ë, ïðèãîòîâëåííûå èç ãîñóäàð-

ñòâåííîãî ñòàíäàðòíîãî îáðàçöà ñåëåíèò-èîíà

(ÃÑÎ 7340–96) ïóòåì ïîñëåäîâàòåëüíîãî ðàçáàâ-

ëåíèÿ. Ãðàäóèðîâêó ïðîâîäèëè íåïîñðåäñòâåííî

ïåðåä êàæäîé ñåðèåé îïðåäåëåíèé.

Îáñóæäåíèå ðåçóëüòàòîâ

Îïòèìèçàöèÿ óñëîâèé îïðåäåëåíèÿ ñåëåíà

ìåòîäîì ÌÏ-ÀÝÑ. Ïðîãðàììíîå îáåñïå÷åíèå

ïðèáîðà ïîçâîëÿåò èñïîëüçîâàòü äëÿ îïðåäåëå-

íèÿ ñåëåíà òðè ýìèññèîííûå ëèíèè ñ äëèíàìè

âîëí 196,026, 203,985 è 206,279 íì. Ëèíèþ

196,026 íì êàê íàèáîëåå èíòåíñèâíóþ èñïîëü-

çîâàëè â äàííîé ðàáîòå. Íà äàííóþ àíàëèòè-

÷åñêóþ ëèíèþ íàêëàäûâàþòñÿ ëèíèè æåëåçà è

ãåðìàíèÿ, è õîòÿ èõ èíòåíñèâíîñòü íà 1 – 2 ïî-

ðÿäêà âåëè÷èíû íèæå, ïðèñóòñòâèå âûñîêèõ ñî-

äåðæàíèé ýòèõ ýëåìåíòîâ â ïðîáàõ ìîæåò ïîâëè-

ÿòü íà îïðåäåëåíèå ñåëåíà. Ïîñêîëüêó îáúåêòû

àíàëèçà, èñïîëüçóåìûå â äàííîé ðàáîòå, íå ñî-

äåðæàò æåëåçî è ãåðìàíèé, íèêàêèõ ñïåêòðàëü-

íûõ íàëîæåíèé íå íàáëþäàåòñÿ.

Áûëà ïðîâåäåíà îïòèìèçàöèÿ ðàáî÷èõ ïàðà-

ìåòðîâ ñïåêòðîìåòðà. Äëÿ ýòîãî èçìåðÿëè èíòåí-

ñèâíîñòü àíàëèòè÷åñêîé ëèíèè ñåëåíà â ðàñòâîðå

ñðàâíåíèÿ ñ êîíöåíòðàöèåé 25 ìã/ë, ïîñëåäîâà-

òåëüíî ìåíÿÿ êàæäûé èç ïàðàìåòðîâ è ñðàâíèâàÿ

ýìèññèîííûå ñïåêòðû. Îïòèìàëüíûìè ñ÷èòàëè

çíà÷åíèÿ ïàðàìåòðîâ, ïðè êîòîðûõ ñîîòíîøåíèå

ñèãíàë/øóì áûëî ìàêñèìàëüíûì.

Íà êà÷åñòâî ïîëó÷àåìûõ ñïåêòðîâ, à ñëåäîâà-

òåëüíî, è íà ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ ñå-

ëåíà âëèÿþò è òàêèå ïàðàìåòðû, êàê ïðîäóâêà

ìîíîõðîìàòîðà âîçäóõîì è äàâëåíèå â ðàñïûëè-

òåëå. Ïðîäóâêà ìîíîõðîìàòîðà ïðîâîäèòñÿ ïðè-

áîðîì àâòîìàòè÷åñêè â òå÷åíèå òðåõ ÷àñîâ ñ ìî-

ìåíòà âêëþ÷åíèÿ. Ýòî íåîáõîäèìî, ïîñêîëüêó ìî-

ëåêóëû âîäû è ÷àñòèöû ïûëè, ïîïàäàþùèå â ìî-

íîõðîìàòîð èç ëàáîðàòîðíîé ñðåäû, ìîãóò ñîçäà-

âàòü äîïîëíèòåëüíûå øóìû â ñïåêòðå. Â ñëó÷àå

ñåëåíà, ýìèññèîííûå ëèíèè êîòîðîãî èìåþò íå-

âûñîêóþ èíòåíñèâíîñòü, ïàäåíèå ÷óâñòâèòåëü-

íîñòè ìîæåò áûòü çíà÷èòåëüíûì. Íà ðèñ. 2 ïðåä-

ñòàâëåíû ñïåêòðû ðàñòâîðà ñðàâíåíèÿ ñ êîíöåí-

òðàöèåé Se 25 ìã/ë. Ïîëíàÿ ïðîäóâêà ìîíîõðîìà-

òîðà ñïîñîáñòâóåò ïîëó÷åíèþ ñïåêòðîâ ñ áîëü-

øèì ñîîòíîøåíèåì ñèãíàë/øóì, ÷òî â çíà÷èòåëü-

íîé ìåðå âëèÿåò íà ïîëó÷àåìûå ðåçóëüòàòû.

Ïðîãðàììíîå îáåñïå÷åíèå ñïåêòðîìåòðà Agilent

4100 MP-AES ïîçâîëÿåò òàêæå îïòèìèçèðîâàòü

äàâëåíèå â ðàñïûëèòåëå äëÿ îïðåäåëåíèÿ êîí-

êðåòíîãî ýëåìåíòà â äèàïàçîíå îò 80 äî 240 êÏà.

Ïî óìîë÷àíèþ ïðè îïðåäåëåíèè ñåëåíà äàâëåíèå

ñîñòàâëÿåò 100 êÏà. Îïòèìèçàöèÿ äàâëåíèÿ â

ðàñïûëèòåëå ïðèâîäèò ê çíà÷èòåëüíîìó óëó÷øå-

íèþ êîýôôèöèåíòîâ ÷óâñòâèòåëüíîñòè è ïîâû-

øåíèþ èíòåíñèâíîñòè ñèãíàëà Se (ðèñ. 3, 4), ïî-

ýòîìó åå íåîáõîäèìî ïðîâîäèòü ïåðåä êàæäîé ñå-

ðèåé èçìåðåíèé. Êàê ïðàâèëî, îïòèìàëüíûì äëÿ
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Ðèñ. 2. Ñïåêòðû Se äî (êðàñíûé) è ïîñëå (ñèíèé) ïðîäóâ-

êè ìîíîõðîìàòîðà (C = 25 ìã/ë)

Fig. 2. Spectra of selenium before (red) and after (blue)

purging the monochromator (C = 25 mg/liter)
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Ðèñ. 3. Ãðàäóèðîâî÷íûå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ

Se áåç îïòèìèçàöèè (ñèíèé) è ñ îïòèìèçàöèåé (êðàñíûé)

äàâëåíèÿ â ðàñïûëèòåëå

Fig. 3. Calibration curves for the selenium determination

with (red) and without pressure optimization (blue) in the

nebulizer
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Ðèñ. 4. Ñïåêòðû Se áåç îïòèìèçàöèè (ñèíèé) è ñ îïòèìè-

çàöèåé (êðàñíûé) äàâëåíèÿ â ðàñïûëèòåëå (C = 25 ìã/ë)

Fig. 4. Se spectra with (red) and without pressure optimi-

zation (blue) in the nebulizer (C = 25 mg/liter)



îïðåäåëåíèÿ ñåëåíà ÿâëÿåòñÿ äàâëåíèå 180 –

240 êÏà.

Âûáîð óñëîâèé ïðîáîïîäãîòîâêè. Ðàçëîæå-

íèå â êîëáå, íàïîëíåííîé êèñëîðîäîì (ìåòîä Øå-

íèãåðà) — ïðîñòîé è áûñòðûé ñïîñîá ðàçëîæåíèÿ

îðãàíè÷åñêèõ ñîåäèíåíèé, ðàñïðîñòðàíåííûé â

ýëåìåíòíîì àíàëèçå. Åãî ïðèìåíÿþò äëÿ îïðå-

äåëåíèÿ ãàëîãåíîâ, õàëüêîãåíîâ, ôîñôîðà è ò.ä.

Îí íå òðåáóåò ñëîæíîãî îáîðóäîâàíèÿ è áîëüøî-

ãî êîëè÷åñòâà ðåàêòèâîâ, ÷òî ñíèæàåò âåðîÿò-

íîñòü çàãðÿçíåíèÿ ïðîáû, è ïîòîìó èñïîëüçóåòñÿ

âî ìíîãèõ ðàáîòàõ [33 – 35]. Âîçìîæíûå ïîòåðè

ëåòó÷èõ ñîåäèíåíèé ñåëåíà, îáðàçóþùèõñÿ ïðè

ñæèãàíèè îðãàíè÷åñêîãî âåùåñòâà, ìîæíî ïðå-

äîòâðàòèòü ïåðåâîðà÷èâàíèåì êîëáû ïðè ñæèãà-

íèè èëè ïðåäâàðèòåëüíûì îìûâàíèåì åå ïðîáêè

è ãîðëà áèäèñòèëëèðîâàííîé âîäîé, êîòîðàÿ ïðè

çàêðûâàíèè êîëáû íà ñòàäèè ñæèãàíèÿ ñîçäàåò

äîïîëíèòåëüíîå óïëîòíåíèå è íå ïîçâîëÿåò ëå-

òó÷èì ñîåäèíåíèÿì ïîêèäàòü êîëáó. Âûáîð ïî-

ãëîòèòåëüíîãî ðàñòâîðà çàâèñèò îò îïðåäåëÿ-

åìîãî ýëåìåíòà. Òàê, ïðè îïðåäåëåíèè õàëüêîãå-

íîâ â êà÷åñòâå ïîãëîòèòåëüíûõ ðàñòâîðîâ ÷àñòî

èñïîëüçóþò âîäó, ðàñòâîðû êèñëîò è ïåðåêèñü

âîäîðîäà.

Ïîãëîòèòåëüíûé ðàñòâîð äëÿ ïðîäóêòîâ ñãî-

ðàíèÿ îðãàíè÷åñêîãî âåùåñòâà ïðåäâàðèòåëüíî

âíîñÿò â êîëáó äëÿ ñæèãàíèÿ. Åãî âûáèðàþò òà-

êèì îáðàçîì, ÷òîáû ìàêñèìàëüíî ïðèáëèçèòü ñî-

ñòàâ ðàñòâîðîâ ïîñëå ðàçëîæåíèÿ ê ðàñòâîðàì

ñðàâíåíèÿ, êîòîðûå áûëè ïðèãîòîâëåíû èç ÃÑÎ

ñåëåíèò-èîíîâ. Èñïîëüçîâàíèå ïåðåêèñè âîäîðî-

äà â êà÷åñòâå ïîãëîòèòåëüíîãî ðàñòâîðà ïðèâî-

äèò ê òîìó, ÷òî â êîíå÷íîì ðàñòâîðå ñåëåí ïðè-

ñóòñòâóåò â îñíîâíîì â âèäå ñåëåíàò-èîíà. Ïðè

èñïîëüçîâàíèè âîäû îáðàçóåòñÿ ñìåñü ñåëåíèò- è

ñåëåíàò-èîíîâ, à â ñëó÷àå êèñëîò — ïðåèìóùå-

ñòâåííî ñåëåíèò-èîíû, ïîýòîìó ïîãëîòèòåëüíûé

ðàñòâîð, èñïîëüçóåìûé â äàííîé ðàáîòå, ïðåä-

ñòàâëÿë ñîáîé 10 ìë 0,1 Ì HCl. Êðîìå ýòîãî, êè-

ñëîòà â ñîñòàâå ðàñòâîðà ïðåïÿòñòâóåò âûïàäå-

íèþ ñåëåíà â ýëåìåíòíîì âèäå è óâåëè÷èâàåò

ñðîê õðàíåíèÿ ðàñòâîðîâ, ïîýòîìó ïðîáû ïîñëå

ðàçëîæåíèÿ è ðàñòâîðû ñðàâíåíèÿ áûëè ïîäêèñ-

ëåíû ñîëÿíîé êèñëîòîé.

×àñòî ïðè ðàçëîæåíèè ïî ìåòîäó Øåíèãåðà

èñïîëüçóþò ðàçëè÷íûå äîáàâêè, ïðåïÿòñòâó-

þùèå ñàæåîáðàçîâàíèþ. Â äàííîé ðàáîòå äëÿ

óëó÷øåíèÿ ñæèãàíèÿ ôèëüòðû, â êîòîðûå çàâî-

ðà÷èâàëè íàâåñêó âåùåñòâà, ïðîïèòûâàëè íàñû-

ùåííûì ðàñòâîðîì íèòðàòà êàëèÿ.

Âëèÿíèå ñîîòíîøåíèÿ êèñëîòíîñòè ïðîá è

ðàñòâîðîâ ñðàâíåíèÿ íà ðåçóëüòàòû àíàëèçà.

Íà ïåðâîíà÷àëüíîì ýòàïå èññëåäîâàíèé êîíöåí-

òðàöèÿ ñîëÿíîé êèñëîòû â ðàñòâîðàõ ñðàâíåíèÿ è

ïðîáàõ ñîñòàâëÿëà 1 ìîëü/ë äëÿ óâåëè÷åíèÿ ñòà-

áèëüíîñòè ïëàçìû è ñðîêîâ õðàíåíèÿ ðàñòâîðîâ.

Â ýòîì ñëó÷àå ïðè îïðåäåëåíèè ïðîöåíòíîãî ñî-

äåðæàíèÿ ñåëåíà â èññëåäóåìûõ âåùåñòâàõ áûëî

îáíàðóæåíî çíà÷èòåëüíîå çàíèæåíèå ïîëó÷àå-

ìûõ ðåçóëüòàòîâ, êîãäà àáñîëþòíàÿ ïîãðåøíîñòü

àíàëèçà ñîñòàâëÿëà 1 % è áîëåå. Ïðåäïîëî-

æèòåëüíî ýòà ïðîáëåìà ñâÿçàíà ñ áîëåå ñëîæíûì

ñîñòàâîì ðàñòâîðîâ ïðîá. Ïðè ñæèãàíèè îðãàíè-

÷åñêîãî âåùåñòâà è ïîãëîùåíèè ïðîäóêòîâ ðàñ-

òâîðîì â ïðîáå ïðèñóòñòâóþò ãèäðîêàðáîíàòû,

êàðáîíàòû, ñåëåíèò- è ñåëåíàò-èîíû, à òàêæå

èîíû, îáðàçóþùèåñÿ èç ãåòåðîýëåìåíòîâ, ïðè-

ñóòñòâóþùèõ â ïðîáå — ãàëîãåíèäû, íèòðàòû,

èîíû êàëèÿ è ò.ä. Êîãäà ðàñòâîð ïîïàäàåò â ïëàç-

ìó, åå ýíåðãèÿ ðàñõîäóåòñÿ íà èîíèçàöèþ, àòîìè-

çàöèþ è âîçáóæäåíèå âñåõ âåùåñòâ â ðàñòâîðå, à

íå òîëüêî îïðåäåëÿåìîãî ýëåìåíòà. Ñîîòâåò-

ñòâåííî, äëÿ èîíèçàöèè, àòîìèçàöèè è âîçáóæ-

äåíèÿ ñåëåíà â ïðîáå îñòàåòñÿ ìåíüøåå êîëè÷åñò-

âî ýíåðãèè, ÷åì äëÿ àíàëîãè÷íûõ ïðîöåññîâ ïðè

àíàëèçå ðàñòâîðîâ ñðàâíåíèÿ áîëåå ïðîñòîãî ñî-

ñòàâà. Ïðè ýòîì èíòåíñèâíîñòü àíàëèòè÷åñêîãî

ñèãíàëà òàêæå áóäåò íèæå, ÷òî è ïðèâîäèò ê çà-

íèæåíèþ ïîëó÷àåìûõ ðåçóëüòàòîâ.

Ðåøåíèåì äàííîé ïðîáëåìû ìîæåò ñòàòü ãðà-

äóèðîâêà ïî ñòàíäàðòíîìó îðãàíè÷åñêîìó âåùå-

ñòâó, ïðèãîòîâëåííîìó òåì æå ñïîñîáîì, ÷òî è

ðàñòâîðû ïðîá. Îäíàêî ñòàíäàðòíîå îðãàíè÷å-

ñêîå âåùåñòâî äîëæíî ñîîòâåòñòâîâàòü ðÿäó òðå-

áîâàíèé: îíî äîëæíî áûòü ÷èñòûì, îõàðàêòåðèçî-

âàííûì âñåìè äîñòóïíûìè ñïîñîáàìè è ñàìîå

ãëàâíîå — èìåòü àòòåñòîâàííîå çíà÷åíèå ñîäåð-

æàíèÿ ñåëåíà. Â íàøåì ðàñïîðÿæåíèè òàêîãî

âåùåñòâà íå áûëî. Êðîìå òîãî, òàêîé ñïîñîá ãðà-

äóèðîâêè ñóùåñòâåííî óäëèíÿåò è óñëîæíÿåò

àíàëèç, ïîýòîìó, áåçóñëîâíî, èñïîëüçîâàíèå ÃÑÎ

ÿâëÿåòñÿ ïðåäïî÷òèòåëüíûì. Äëÿ òîãî, ÷òîáû

óðàâíîâåñèòü âëèÿíèå ïîëó÷åííûõ ïîñëå ñæè-

ãàíèÿ ðàñòâîðîâ íà ïëàçìó, íóæíî óìåíüøèòü

êîíöåíòðàöèþ êèñëîòû â ïðîáàõ, îñòàâèâ ñîñòàâ

ðàñòâîðîâ ñðàâíåíèÿ íåèçìåííûì, ïîñêîëüêó

ýêñïåðèìåíòàëüíî íåîäíîêðàòíî áûëî çàìå÷åíî,

÷òî ñîëÿíàÿ êèñëîòà òîæå ñíèæàåò àíàëèòè÷å-

ñêèé ñèãíàë.

Äëÿ íàõîæäåíèÿ îïòèìàëüíîãî ñîîòíîøåíèÿ

êèñëîòíîñòè â ïðîáàõ è ðàñòâîðàõ ñðàâíåíèÿ àíà-

ëèçèðîâàëè ðàñòâîðû áåíçîñåëåíàäèàçîëà (ñî-

åäèíåíèå 1) ñ êîíöåíòðàöèåé â íèõ HCl 0,01,

0,33, 0,65 è 1 ìîëü/ë. Êîíöåíòðàöèÿ ñîëÿíîé êè-

ñëîòû â ðàñòâîðàõ ñðàâíåíèÿ ïðè ýòîì îñòàâà-

ëàñü ïîñòîÿííîé è ñîñòàâëÿëà 1 ìîëü/ë. Ïîëó÷åí-

íûå ðåçóëüòàòû ïðåäñòàâëåíû íà ðèñ. 5.

Ïðèåìëåìûìè ñ÷èòàëèñü ðåçóëüòàòû îïðå-

äåëåíèÿ ñåëåíà (â %), àáñîëþòíàÿ ïîãðåøíîñòü

êîòîðûõ íå ïðåâûøàëà 0,3 %, ÷òî ñîîòâåòñòâóåò

òðåáîâàíèÿì, îáû÷íî ïðåäúÿâëÿåìûì ê äàííûì

ýëåìåíòíîãî àíàëèçà, ñîãëàñíî êîòîðûì àáñîëþò-

íàÿ ïîãðåøíîñòü íå äîëæíà ïðåâûøàòü 0,3 –

0,5 % [36]. Èñõîäÿ èç äàííûõ, ïðåäñòàâëåííûõ

íà ðèñ. 5, â èíòåðâàë äîïóñòèìûõ çíà÷åíèé
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(%Seðàññ÷èòàíî ± 0,3 % àáñ.) ïîïàäàåò òîëüêî ðå-

çóëüòàò, ïîëó÷åííûé ïðè êîíöåíòðàöèè ñîëÿíîé

êèñëîòû â ïðîáå 0,33 ìîëü/ë, ò.å. îïòèìàëüíûì

ÿâëÿåòñÿ ñîîòíîøåíèå êèñëîòíîñòè ïðîá è ðàñ-

òâîðîâ ñðàâíåíèÿ 1:3.

Àíàëèç ñåëåíñîäåðæàùèõ îðãàíè÷åñêèõ ñî-

åäèíåíèé è îöåíêà ìåòðîëîãè÷åñêèõ õàðàêòåðè-

ñòèê ðàçðàáîòàííîé ìåòîäèêè. Ïî ðàçðàáîòàí-

íîé ìåòîäèêå îïðåäåëÿëè ñåëåí â ðÿäå îðãàíè÷å-

ñêèõ ñîåäèíåíèé (òàáëèöà). Çà ðåçóëüòàò ïðèíè-

ìàëè ïðîöåíòíîå ñîäåðæàíèå ñåëåíà ïî ìàññå,

ðàññ÷èòàííîå ïî ôîðìóëå:

%Se = CV/m · 100 %, (1)

ãäå C — êîíöåíòðàöèÿ ñåëåíà â àíàëèçèðóåìîé

ïðîáå, ìã/ë; V — îáúåì àíàëèçèðóåìîãî ðàñòâîðà,

ë; m — ìàññà íàâåñêè, ìã. Àáñîëþòíàÿ ïîãðåø-

íîñòü íå ïðåâûøàåò 0,3 %, ÷òî óäîâëåòâîðÿåò

òðåáîâàíèÿì ê ýëåìåíòíîìó îðãàíè÷åñêîìó àíà-

ëèçó.

Áûëè îöåíåíû òàêèå ìåòðîëîãè÷åñêèå õàðàê-

òåðèñòèêè ìåòîäèêè, êàê ïðåäåë îáíàðóæåíèÿ

(ÏÎ) è ïðåäåë êîëè÷åñòâåííîãî îïðåäåëåíèÿ

(ÏÊÎ), âíóòðèëàáîðàòîðíàÿ ïðåöèçèîííîñòü è

ïðàâèëüíîñòü. ÏÎ è ÏÊÎ îïðåäåëÿëè ïî ôîðìó-

ëàì:

ÏÎ = 3s/k, (2)

ÏÊÎ = 10s/k, (3)

ãäå s — ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå êîí-

òðîëüíîãî îïûòà; k — óãîë íàêëîíà ãðàäóèðîâî÷-

íîé çàâèñèìîñòè. Ðàññ÷èòàííûå çíà÷åíèÿ ÏÎ è

ÏÊÎ ñåëåíà ñîñòàâèëè 0,2 è 0,6 ìã/ë ñîîòâåòñò-

âåííî. Ñ ó÷åòîì äàííîãî ÏÊÎ è ìàêñèìàëüíî

âîçìîæíîé íàâåñêè äëÿ ñæèãàíèÿ (4 ìã) ðàññ÷è-

òàíî ìèíèìàëüíî îïðåäåëÿåìîå äàííûì ìåòîäîì

ñîäåðæàíèå ñåëåíà â îðãàíè÷åñêîì âåùåñòâå —

1,5 %.

Âíóòðèëàáîðàòîðíóþ ïðåöèçèîííîñòü îöåíè-

âàëè â óñëîâèÿõ âîñïðîèçâîäèìîñòè êàê ñðåäíå-

êâàäðàòè÷åñêîå îòêëîíåíèå 3 – 6 ðåçóëüòàòîâ îï-

ðåäåëåíèÿ ñåëåíà â îðãàíè÷åñêèõ âåùåñòâàõ ñ

äèàïàçîíîì ñîäåðæàíèé 12 – 51 %. Çíà÷åíèÿ

ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ ñîñòàâèëè

0,085 – 0,390 (ñì. òàáëèöó).

Ïðàâèëüíîñòü àíàëèçà ïðîâåðÿëè ìåòîäîì

äîáàâîê. Â êà÷åñòâå äîáàâêè èñïîëüçîâàëè òî÷íî

èçâåñòíîå êîëè÷åñòâî ñåëåíàòà íàòðèÿ, êîòîðîå

äîáàâëÿëè ê íàâåñêå èññëåäóåìîãî îáðàçöà ïåðåä

ñæèãàíèåì. Ìàññà ñåëåíà â äîáàâêå ñîñòàâëÿëà

30 – 50 % îò ìàññû ñåëåíà â îáðàçöå. Ïðè äîáàâ-

ëåíèè 0,41 ìã Se ñðåäíåå íàéäåííîå çíà÷åíèå

ìàññû ñîñòàâèëî 0,40 ± 0,01 ìã (n = 4; P = 0,95)

ïðè çíà÷åíèè îòíîñèòåëüíîãî ñòàíäàðòíîãî îò-

êëîíåíèÿ 2,8 %.

Çàêëþ÷åíèå

Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ñåëåíà â

ñèíòåòè÷åñêèõ ïîëèãåòåðîàòîìíûõ îðãàíè÷åñêèõ

ñîåäèíåíèÿõ ìåòîäîì ÌÏ-ÀÝÑ ïîñëå ñæèãàíèÿ â

êîëáå, íàïîëíåííîé êèñëîðîäîì. Íàéäåíû îïòè-

ìàëüíûå óñëîâèÿ ïðîáîïîäãîòîâêè îáúåêòîâ àíà-

ëèçà è óñëîâèÿ èçìåðåíèé ñ èñïîëüçîâàíèåì

àòîìíî-ýìèññèîííîãî ñïåêòðîìåòðà. Îïòèìàëü-

íîå ñîîòíîøåíèå êèñëîòíîñòè ñîëÿíîêèñëûõ ðàñ-

òâîðîâ ïðîá è ðàñòâîðîâ ñðàâíåíèÿ ñîñòàâëÿëî

1:3. Îïðåäåëåíî ïðîöåíòíîå ñîäåðæàíèå ñåëåíà â

11 îðãàíè÷åñêèõ ñîåäèíåíèÿõ ñ àáñîëþòíîé ïî-

ãðåøíîñòüþ àíàëèçà, íå ïðåâûøàþùåé 0,3 %.

Ìèíèìàëüíîå îïðåäåëÿåìîå ñîäåðæàíèå ñåëåíà,

ðàññ÷èòàííîå èñõîäÿ èç ìàêñèìàëüíî âîçìîæíîé

íàâåñêè âåùåñòâà è çíà÷åíèÿ ÏÊÎ, ñîñòàâèëî
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Fig. 5. Results of Se determination in benzoselenodiazole solutions of different acidity
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Ðåçóëüòàòû îïðåäåëåíèÿ ñåëåíà â îðãàíè÷åñêèõ âåùåñòâàõ (n = 3 – 6; P = 0,95)

Results of selenium determination in organic compounds (n = 3 – 6; P = 0.95)

Îðãàíè÷åñêîå

ñîåäèíåíèå
%Seðàññ÷èòàíî, % m, ìã C, ìã/ë %Seíàéäåíî, % %Se ± Ä, % S |Äàáñ|, %

1 43,1 3,510 15,10 43,01 43,15 ± 0,09 0,086 0,05

3,740 16,14 43,16

4,010 17,31 43,15

3,563 15,38 43,17

3,942 17,06 43,28

3,001 12,95 43,15

2 31,0 2,690 8,46 31,45 31,1 ± 0,6 0,390 0,1

2,690 8,39 31,19

2,770 8,47 30,56

3,060 9,58 31,29

3 18,2 4,470 8,19 18,32 18,2 ± 0,3 0,171 0

2,940 5,28 17,94

3,940 7,14 18,12

3,680 6,73 18,27

4 36,1 2,760 9,93 35,96 35,9 ± 0,3 0,177 0,2

3,740 13,52 36,15

2,055 7,38 35,91

2,718 9,71 35,72

5 36,5 3,320 12,16 36,63 36,7 ± 0,2 0,085 0,2

3,661 13,40 36,60

3,292 12,10 36,76

6 50,6 2,920 14,67 50,22 50,4 ± 0,4 0,144 0,2

3,510 17,73 50,50

3,130 15,78 50,42

7 12,3 3,755 4,69 12,49 12,3 ± 0,3 0,191 0

3,655 4,55 12,45

3,164 3,89 12,29

3,023 3,65 12,07

8 42,9 3,350 14,46 43,15 43,2 ± 0,4 0,228 0,3

4,340 18,65 42,97

4,410 19,19 43,50

3,930 16,94 43,09

9 42,9 3,230 13,93 43,11 42,90 ± 0,18 0,143 0

3,057 13,15 43,00

3,268 13,98 42,78

2,588 11,07 42,76

3,122 13,38 42,86

10 23,1 3,503 8,02 22,89 22,92 ± 0,17 0,104 0,18

3,681 8,40 22,81

3,274 7,55 23,06

3,264 7,49 22,93

11 43,1 2,130 9,19 43,15 43,18 ± 0,15 0,121 0,08

2,460 10,59 43,05

2,437 10,56 43,33

2,533 10,91 43,09

2,201 9,53 43,28



1,5 %. Ïðàâèëüíîñòü àíàëèçà ïîäòâåðæäåíà ìå-

òîäîì äîáàâîê.

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò áëàãîäàðíîñòü ñîòðóäíè-

êàì ëàáîðàòîðèè ãåòåðîöèêëè÷åñêèõ ñîåäèíåíèé

ÍÈÎÕ ÑÎ ÐÀÍ çà ïðåäîñòàâëåíèå îðãàíè÷åñêèõ

âåùåñòâ, èñïîëüçóåìûõ â äàííîé ðàáîòå, à òàêæå

çà êîíñóëüòàòèâíóþ ïîìîùü ïðè âûïîëíåíèè èñ-

ñëåäîâàíèÿ.

Êîíôëèêò èíòåðåñîâ

Àâòîð çàÿâëÿåò îá îòñóòñòâèè êîíôëèêòà èí-

òåðåñîâ.

ËÈÒÅÐÀÒÓÐÀ

1. Song J., Zheng R., Yang R., et al. Species selective concent-

ration and determination of nano-selenium and inorganic sele-

nium species in environmental waters by micropore membrane

filtration and ICP-MS / Anal. Bioanal. Chem. 2024. Vol. 416.

N 13. P. 3271 – 3280. DOI: 10.1007/s00216-024-05278-w

2. Ìèõååâ È. Â., Êàðïóõèíà Å. À., Óñîëüöåâà Ë. Î. è äð.

Ïðèìåíåíèå àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ ìèêðî-

âîëíîâîé ïëàçìîé è ãåíåðàöèåé ãèäðèäîâ äëÿ îïðåäåëåíèÿ

ìûøüÿêà è ñåëåíà â ìèíåðàëüíîé âîäå / Çàâîäñêàÿ ëàáîðàòî-

ðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 2016. Ò. 82. ¹ 6. Ñ. 5 – 9.

3. Altunay N., Elik A., Katin K. Optimization of vortex-assisted

ionic liquid dispersive liquid-liquid microextraction by experi-

mental design prior to hydride generation atomic absorption

spectrometry for determination of selenium species in food, be-

verage and water samples / J. Food Compos. Anal. 2021. Vol. 99.

103871. DOI: 10.1016/j.jfca.2021.103871

4. Musielak M., Musielak E., Sitko R. Ultrasensitive determi-

nation of selenium in food samples and its speciation in water

and beverages using thiosemicarbazide-incorporated graphene

and total-reflection X-ray fluorescence spectrometry / Food

Chem. 2024. Vol. 439. 138156.

DOI: 10.1016/j.foodchem.2023.138156

5. Atasoy M., Yildiz D., Kula Ý. Determination and speciation of

selenium in water samples collected from Muðla (Turkey) pro-

vince by hydride generation atomic absorption spectrometry /

J. Indian Chem. Soc. 2022. Vol. 99. N 7. 100511.

DOI: 10.1016/j.jics.2022.100511

6. Wei H., Pan D., Cui Y., et al. Anodic stripping determination

of selenium in seawater using an electrode modified with gold

nanodendrites/perforated reduced graphene oxide / Int. J. Elec-

trochem. Sci. 2020. Vol. 15. N 2. P. 1669 – 1680.

DOI: 10.20964/2020.02.51

7. Agrawal K., Patel K. S., Shrivas K. Development of surfac-

tant assisted spectrophotometric method for determination of

selenium in waste water samples / J. Hazard. Mater. 2009.

Vol. 161. N 2 – 3. P. 1245 – 1249.

DOI: 10.1016/j.jhazmat.2008.04.082

8. Palatnik J., Londonio A., Morzán E., et al. Sensitive met-

hod for total selenium determination in garlic and nuts by

UV-photochemical vapor generation coupled to atomic absorpti-

on spectrometry using mild conditions / J. Food Compos. Anal.

2024. Vol. 125. 105765. DOI: 10.1016/j.jfca.2023.105765

9. Tyburska A., Jankowski K. Determination of selenium in di-

etary supplements by optical emission spectrometry after alka-

line dissolution and subsequent headspace solid phase microex-

traction / J. Pharm. Biomed. Anal. 2013. Vol. 74. P. 268 – 272.

DOI: 10.1016/j.jpba.2012.11.011

10. Švarc-Gajiæ J., Stojanoviæ Z. Selenium determination in

biscuits and pasta: Development of chronopotentiometric strip-

ping determination by using a sulphide as an internal stan-

dard / Talanta. 2013. Vol. 115. P. 474 – 481.

DOI: 10.1016/j.talanta.2013.06.005

11. Shishov A., Krekhova F., Bulatov A. Deep eutectic solvent

based on thymol and menthol for microextraction and sensitive

UV-Vis determination of total selenium in eggs and chicken tis-

sue / J. Food Compos. Anal. 2024. Vol. 126. 105875.

DOI: 10.1016/j.jfca.2023.105875

12. Botella M. B., Oviedo M. N., Pacheco P., Wuilloud R. G.

Highly efficient natural deep eutectic solvent-based liquid-liqu-

id microextraction and inductively coupled plasma mass spect-

rometry for selective determination of inorganic selenium spe-

cies in nut samples / Spectrochim. Acta, Part B. 2024. Vol. 211.

106832. DOI: 10.1016/j.sab.2023.106832

13. Atasoy M., Kula Ý. Speciation and determination of inorganic

selenium species in certain fish and food samples by gold-coated

W-coil atom trap hydride generation atomic absorption spectro-

metry / Food Chem. 2022. Vol. 369. 130938.

DOI: 10.1016/j.foodchem.2021.130938

14. Martins F. C. O. L., De Souza D. Ultrasensitive determinati-

on of selenium in foodstuffs and beverages using an electroana-

lytical approach / Microchem. J. 2021. Vol. 164. 105996.

DOI: 10.1016/j.microc.2021.105996

15. He X., Huangfu K., Zhao J., et al. An efficient and low-cost

method for the determination of selenium in selenium-enriched

tea by high-performance liquid chromatography coupled with

3,3�-Diaminobenzidine derivatization / Talanta. 2024. Vol. 268.

N 1. 125335. DOI: 10.1016/j.talanta.2023.125335

16. Àíòîíîâà Ñ. Ã., Åëåñîâà Å. Å., Íîñêîâà Ã. Í., Äðà÷å-

âà Ë. Â. Ñîäåðæàíèå è îïðåäåëåíèå ñåëåíà â ïèùåâûõ ïðî-

äóêòàõ / Ïèùåâàÿ ïðîìûøëåííîñòü. 2009. ¹ 2. Ñ. 8 – 10.

17. Schmitz C., Grambusch I. M., Neutzling Lehn D., et al.

A systematic review and meta-analysis of validated analytical

techniques for the determination of total selenium in foods and

beverages / Food Chem. 2023. Vol. 429. 136974.

DOI: 10.1016/j.foodchem.2023.136974

18. Gómez-Nieto B., Gismera M. J., Sevilla M. T., Pro-

copio R. J. Direct solid sampling of biological species for the

rapid determination of selenium by high-resolution continuum

source graphite furnace atomic absorption spectrometry / Anal.

Chim. Acta. 2022. Vol. 1202. 339637.

DOI: 10.1016/j.aca.2022.339637

19. Hildebrand J., Greiner A., Drexler H., Göen T. Determina-

tion of eleven small selenium species in human urine by chro-

matographic-coupled ICP-MS methods / J. Trace Elem. Med.

Biol. 2020. Vol. 61. 126519. DOI: 10.1016/j.jtemb.2020.126519

20. Sihlahla M., Mpupa A., Sojka M., et al. Determination of

selenium in cereal and biofortified samples by ICP-OES using

an alcohol-based deep eutectic solvent in digestion procedure /

Adv. Sample Prep. 2023. Vol. 8. 100092.

DOI: 10.1016/j.sampre.2023.100092

21. Åðìàêîâ Â. Â., Òþòèêîâ Ñ. Ô., Õóøâàõòîâà Ñ. Ä. è äð.

Îñîáåííîñòè êîëè÷åñòâåííîãî îïðåäåëåíèÿ ñåëåíà â áèîìà-

òåðèàëàõ / Âåñò. Òþìåíñêîãî ãîñ. óí-òà. 2010. ¹ 3. Ñ. 206 –

214.

22. Wiesenhofer T., Francesconi K. A., Kuehnelt D. A time-ef-

ficient flow injection/ICPMS method for the direct determina-

tion of total selenium in human urine / Microchem. J. 2017.

Vol. 130. P. 310 – 315. DOI: 10.1016/j.jtemb.2020.126519

23. Áåëîçåðîâà À. À., Ìàéîðîâà À. Â., Áàðäèíà Ì. Í. Èçó÷å-

íèå ìàòðè÷íûõ ïîìåõ ïðè ÈÑÏ-ÀÝÑ îïðåäåëåíèè ñåëåíà è

òåëëóðà â ìåòàëëóðãè÷åñêèõ ìàòåðèàëàõ / Çàâîäñêàÿ ëàáîðà-

òîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 2023. Ò. 89. ¹ 5. Ñ. 19 – 27.

DOI: 10.26896/1028-6861-2023-89-5-19-27

24. Ôèëàòîâà Ä. Ã., Àðõèïåíêî À. À., Ñòàòêóñ Ì. À. è äð.

Ñîðáöèÿ As(III) è Se(IV) èç âîäíûõ ðàñòâîðîâ äëÿ îïðåäåëå-

íèÿ ìåòîäîì ðåíòãåíîôëóîðåñöåíòíîãî àíàëèçà ñ ïîëíûì

âíåøíèì îòðàæåíèåì / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà

ìàòåðèàëîâ. 2021. Ò. 87. ¹ 8. Ñ. 19 – 22.

DOI: 10.26896/1028-6861-2021-87-8-19-22

25. Chulanova E. A., Radiush E. A., Shundrina I. K., et al.

Lewis ambiphilicity of 1,2,5-chalcogenadiazoles for crystal engi-

neering: Complexes with crown ethers / Cryst. Growth Des.

12 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



2020. Vol. 20. N 9. P. 5868 – 5879.

DOI: 10.1021/acs.cgd.0c00536

26. Baldissera M. D., Souza C. F., da Silva A. S., et al. Diphe-

nyl diselenide dietary supplementation alleviates behavior im-

pairment and brain damage in grass carp (Ctenopharyngodon

idella) exposed to methylmercury chloride / Comp. Biochem.

Physiol., Part C. 2020. Vol. 229. 108674.

DOI: 10.1016/j.cbpc.2019.108674

27. Mitra R., Sridevi V. S., Somasundaram K., Samuel-

son A. G. Photophysical and Biological Studies with Organo-

metallic Ruthenium Complexes of Selenodiazole Ligands / Proc.

Natl. Acad. Sci., India, Sect. A. 2016. Vol. 86. N 4. P. 511 – 520.

DOI: 10.1007/s40010-016-0292-y

28. Rakitin O. A., Zibarev A. V. Synthesis and Applications of

5-Membered Chalcogen-Nitrogen ð-Heterocycles with Three

Heteroatoms / Asian J. Org. Chem. 2018. Vol. 7. N 12. P. 2397 –

2416. DOI: 10.1002/ajoc.201800536

29. Masson M. R. Determination of Selenium and Tellurium in

Organic Compounds and Organic Materials-A Review / Microc-

him. Acta. 1976. Vol. 1. P. 419 – 439. DOI: 10.1007/bf01218274

30. Àíèñèìîâà Ã. Ô., Êëèìîâà Â. À. Îïðåäåëåíèå ñåëåíà â

îðãàíè÷åñêèõ âåùåñòâàõ / Æóðí. àíàëèò. õèìèè. 1977. Ò. 32.

¹ 1. Ñ. 119 – 122.

31. Àíèñèìîâà Ã. Ô., Êëèìîâà Â. À. Êóëîíîìåòðè÷åñêèå ìåòî-

äû îäíîâðåìåííîãî ìèêðîîïðåäåëåíèÿ óãëåðîäà, âîäîðîäà è

ñåëåíà èëè óãëåðîäà, ñåëåíà è ñåðû â îðãàíè÷åñêèõ ñîåäèíå-

íèÿõ / Æóðí. àíàëèò. õèìèè. 1982. Ò. 37. ¹ 6. Ñ. 1100 – 1103.

32. Àëåêñååâà Í. Í., Ëåëþõ Ì. È., Àðåñòîâà Ã. Ñ., Øèðèí-

êèíà Í. Â. Îäíîâðåìåííîå îïðåäåëåíèå óãëåðîäà, âîäîðîäà,

ñåëåíà è ôîñôîðà â ñîåäèíåíèÿõ, ñîäåðæàùèõ ñåëåíîôîñôî-

ðèëüíóþ ãðóïïó / Æóðí. àíàëèò. õèìèè. 1991. Ò. 46. ¹ 10.

Ñ. 2096 – 2098.

33. Ôàäååâà Â. Ï., Ïàíèí Ä. Î., Íèêóëè÷åâà Î. Í., Òèõî-

âà Â. Ä. Ýêñòðàêöèîííî-ñïåêòðîôîòîìåòðè÷åñêîå îïðåäåëå-

íèå ñåëåíà â ñåëåíîðãàíè÷åñêèõ ñîåäèíåíèÿõ àðîìàòè÷åñêè-

ìè o-äèàìèíàìè / Æóðí. àíàëèò. õèìèè. 2014. Ò. 69. ¹ 5.

Ñ. 481 – 486. DOI: 10.7868/S0044450214030037

34. Ñîëäàòîâà Þ. À., Íåäâåäöêàÿ Ã. Á. Ñïåêòðîôîòîìåòðè÷å-

ñêîå îïðåäåëåíèå ñåëåíà â îðãàíè÷åñêèõ ïðåïàðàòàõ / Ðåçó-

ëüòàòû íàó÷íûõ èññëåäîâàíèé: ñá. ñòàòåé Ìåæäóíàðîäíîé

íàó÷íî-ïðàêòè÷åñêîé êîíôåðåíöèè. ×. 2. — Åêàòåðèíáóðã,

2015. Ñ. 21 – 23.

35. Isozmu A., Kudou S., Nagashima H., Okutani T. Determi-

nation of selenium in organic selenium compounds by ion chro-

matography / Bunseki Kagaku. 1999. Vol. 48. N 5. P. 491 – 497.

DOI: 10.2116/bunsekikagaku.48.491

36. Kuveke R. E. H., Barwise L., Van Ingen Y., et al. An Inter-

national Study Evaluating Elemental Analysis / ACS Cent. Sci.

2022. Vol. 8. N 7. P. 855 – 863. DOI: 10.1021/acscentsci.2c00325

REFERENCES

1. Song J., Zheng R., Yang R., et al. Species selective concen-

tration and determination of nano-selenium and inorganic sele-

nium species in environmental waters by micropore membrane

filtration and ICP-MS / Anal. Bioanal. Chem. 2024. Vol. 416.

N 13. P. 3271 – 3280. DOI: 10.1007/s00216-024-05278-w

2. Mikheev I. V., Karpukhina E. A., Usoltseva L. O., et al.

Application of atomic emission spectrometry with microwave

plasma and hydride generation for the determination of arsenic

and selenium in mineral water / Industr. Lab. Mater. Diagn.

2016. Vol. 82. N 6. P. 5 – 9 [in Russian].

3. Altunay N., Elik A., Katin K. Optimization of vortex-assisted

ionic liquid dispersive liquid-liquid microextraction by experi-

mental design prior to hydride generation atomic absorption

spectrometry for determination of selenium species in food,

beverage and water samples / J. Food Compos. Anal. 2021.

Vol. 99. 103871. DOI: 10.1016/j.jfca.2021.103871

4. Musielak M., Musielak E., Sitko R. Ultrasensitive determi-

nation of selenium in food samples and its speciation in water

and beverages using thiosemicarbazide-incorporated graphene

and total-reflection X-ray fluorescence spectrometry / Food

Chem. 2024. Vol. 439. 138156.

DOI: 10.1016/j.foodchem.2023.138156

5. Atasoy M., Yildiz D., Kula Ý. Determination and speciation of

selenium in water samples collected from Muðla (Turkey) prov-

ince by hydride generation atomic absorption spectrometry /

J. Indian Chem. Soc. 2022. Vol. 99. N 7. 100511.

DOI: 10.1016/j.jics.2022.100511

6. Wei H., Pan D., Cui Y., et al. Anodic stripping determination

of selenium in seawater using an electrode modified with gold

nanodendrites/perforated reduced graphene oxide / Int. J. Elec-

trochem. Sci. 2020. Vol. 15. N 2. P. 1669 – 1680.

DOI: 10.20964/2020.02.51

7. Agrawal K., Patel K. S., Shrivas K. Development of surfac-

tant assisted spectrophotometric method for determination of

selenium in waste water samples / J. Hazard. Mater. 2009.

Vol. 161. N 2 – 3. P. 1245 – 1249.

DOI: 10.1016/j.jhazmat.2008.04.082

8. Palatnik J., Londonio A., Morzán E., et al. Sensitive

method for total selenium determination in garlic and nuts by

UV-photochemical vapor generation coupled to atomic absorp-

tion spectrometry using mild conditions / J. Food Compos. Anal.

2024. Vol. 125. 105765. DOI: 10.1016/j.jfca.2023.105765

9. Tyburska A., Jankowski K. Determination of selenium in di-

etary supplements by optical emission spectrometry after alka-

line dissolution and subsequent headspace solid phase microex-

traction / J. Pharm. Biomed. Anal. 2013. Vol. 74. P. 268 – 272.

DOI: 10.1016/j.jpba.2012.11.011

10. Švarc-Gajiæ J., Stojanoviæ Z. Selenium determination in

biscuits and pasta: Development of chronopotentiometric

stripping determination by using a sulphide as an internal stan-

dard / Talanta. 2013. Vol. 115. P. 474 – 481.

DOI: 10.1016/j.talanta.2013.06.005

11. Shishov A., Krekhova F., Bulatov A. Deep eutectic solvent

based on thymol and menthol for microextraction and sensitive

UV-Vis determination of total selenium in eggs and chicken

tissue / J. Food Compos. Anal. 2024. Vol. 126. 105875.

DOI: 10.1016/j.jfca.2023.105875

12. Botella M. B., Oviedo M. N., Pacheco P., Wuilloud R. G.

Highly efficient natural deep eutectic solvent-based liquid-liq-

uid microextraction and inductively coupled plasma mass spec-

trometry for selective determination of inorganic selenium spe-

cies in nut samples / Spectrochim. Acta, Part B. 2024. Vol. 211.

106832. DOI: 10.1016/j.sab.2023.106832

13. Atasoy M., Kula Ý. Speciation and determination of inorganic

selenium species in certain fish and food samples by gold-coated

W-coil atom trap hydride generation atomic absorption spec-

trometry / Food Chem. 2022. Vol. 369. 130938.

DOI: 10.1016/j.foodchem.2021.130938

14. Martins F. C. O. L., De Souza D. Ultrasensitive determina-

tion of selenium in foodstuffs and beverages using an electro-

analytical approach / Microchem. J. 2021. Vol. 164. 105996.

DOI: 10.1016/j.microc.2021.105996

15. He X., Huangfu K., Zhao J., et al. An efficient and low-cost

method for the determination of selenium in selenium-enriched

tea by high-performance liquid chromatography coupled with

3,3�-Diaminobenzidine derivatization / Talanta. 2024. Vol. 268.

N 1. 125335. DOI: 10.1016/j.talanta.2023.125335

16. Antonova S. G., Elesova E. E., Noskova G. N., Drache-

va L. V. Content and determination of selenium in food prod-

ucts / Pishch. Prom. 2009. N 2. P. 8 – 10 [in Russian].

17. Schmitz C., Grambusch I. M., Neutzling Lehn D., et al.

A systematic review and meta-analysis of validated analytical

techniques for the determination of total selenium in foods and

beverages / Food Chem. 2023. Vol. 429. 136974.

DOI: 10.1016/j.foodchem.2023.136974

18. Gómez-Nieto B., Gismera M. J., Sevilla M. T., Proco-

pio R. J. Direct solid sampling of biological species for the rapid

determination of selenium by high-resolution continuum

source graphite furnace atomic absorption spectrometry / Anal.

Chim. Acta. 2022. Vol. 1202. 339637.

DOI: 10.1016/j.aca.2022.339637

19. Hildebrand J., Greiner A., Drexler H., Göen T. Determina-

tion of eleven small selenium species in human urine by chro-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9 13



matographic-coupled ICP-MS methods / J. Trace Elem. Med.

Biol. 2020. Vol. 61. 126519. DOI: 10.1016/j.jtemb.2020.126519

20. Sihlahla M., Mpupa A., Sojka M., et al. Determination of

selenium in cereal and biofortified samples by ICP-OES using

an alcohol-based deep eutectic solvent in digestion procedure /

Adv. Sample Prep. 2023. Vol. 8. 100092.

DOI: 10.1016/j.sampre.2023.100092

21. Ermakov V. V., Tyutikov S. F., Khushvakhtova S. D., et al.

Features of the quantitative determination of selenium in bio-

materials / Vestn. Tumen. Gos. Univ. 2010. N 3. P. 206 – 214 [in

Russian].

22. Wiesenhofer T., Francesconi K. A., Kuehnelt D. A time-ef-

ficient flow injection/ICPMS method for the direct determina-

tion of total selenium in human urine / Microchem. J. 2017.

Vol. 130. P. 310 – 315. DOI: 10.1016/j.jtemb.2020.126519

23. Belozerova A. A., Mayorova A. V., Bardina M. N. Study of

matrix interference in the ICP-AES determination of selenium

and tellurium in metallurgical materials / Industr. Lab. Mater.

Diagn. 2023. Vol. 89. N 5. P. 19 – 27 [in Russian].

DOI: 10.26896/1028-6861-2023-89-5-19-27

24. Filatova D. G., Arkhipenko A. A., Statkus M. A., et al.

Sorption of As(III) and Se(IV) from aqueous solutions for deter-

mination by X-ray fluorescence analysis with total external re-

flection / Industr. Lab. Mater. Diagn. 2021. Vol. 87. N 8. P. 19 –

22 [in Russian]. DOI: 10.26896/1028-6861-2021-87-8-19-22

25. Chulanova E. A., Radiush E. A., Shundrina I. K., et al.

Lewis ambiphilicity of 1,2,5-chalcogenadiazoles for crystal engi-

neering: Complexes with crown ethers / Cryst. Growth Des.

2020. Vol. 20. N 9. P. 5868 – 5879.

DOI: 10.1021/acs.cgd.0c00536

26. Baldissera M. D., Souza C. F., da Silva A. S., et al. Diphen-

yl diselenide dietary supplementation alleviates behavior im-

pairment and brain damage in grass carp (Ctenopharyngodon

idella) exposed to methylmercury chloride / Comp. Biochem.

Physiol., Part C. 2020. Vol. 229. 108674.

DOI: 10.1016/j.cbpc.2019.108674

27. Mitra R., Sridevi V. S., Somasundaram K., Samuel-

son A. G. Photophysical and Biological Studies with Organo-

metallic Ruthenium Complexes of Selenodiazole Ligands / Proc.

Natl. Acad. Sci., India, Sect. A. 2016. Vol. 86. N 4. P. 511 – 520.

DOI: 10.1007/s40010-016-0292-y

28. Rakitin O. A., Zibarev A. V. Synthesis and Applications of

5-Membered Chalcogen-Nitrogen ð-Heterocycles with Three

Heteroatoms / Asian J. Org. Chem. 2018. Vol. 7. N 12. P. 2397 –

2416. DOI: 10.1002/ajoc.201800536

29. Masson M. R. Determination of Selenium and Tellurium in

Organic Compounds and Organic Materials-A Review / Micro-

chim. Acta. 1976. Vol. 1. P. 419 – 439. DOI: 10.1007/bf01218274

30. Anisimova G. F., Klimova V. A. Determination of selenium in

organic substances / Zh. Anal. Khimii. 1977. Vol. 32. N 1.

P. 119 – 122 [in Russian].

31. Anisimova G. F., Klimova V. A. Coulometric methods for

simultaneous microdetermination of carbon, hydrogen and se-

lenium or carbon, selenium and sulfur in organic compounds /

Zh. Anal. Khimii. 1982. Vol. 37. N 6. P. 1100 – 1103 [in Rus-

sian].

32. Alekseeva N. N., Lelyukh M. I., Arestova G. S., Shirinki-

na N. V. Simultaneous determination of carbon, hydrogen, sele-

nium and phosphorus in compounds containing a selenophos-

phoryl group / Zh. Anal. Khimii. 1991. Vol. 46. N 10. P. 2096 –

2098 [in Russian]

33. Fadeeva V. P., Panin D. O., Nikulicheva O. N., Tikho-

va V. D. Extraction-spectrophotometric determination of sele-

nium in organoselenium compounds with aromatic o-diamines /

Zh. Anal. Khimii. 2014. Vol. 69. N 5. P. 432 – 437.

DOI: 10.1134/S1061934814030034

34. Soldatova Yu. A., Nedvedtskaya G. B. Spectrophotometric

determination of selenium in organic preparations / Results of

Scientific Research: Proc. of the International Scientific and

Practical Conference. Part 2. — Yekaterinburg, 2015. P. 21 – 23

[in Russian].

35. Isozmu A., Kudou S., Nagashima H., Okutani T. Determi-

nation of selenium in organic selenium compounds by ion chro-

matography / Bunseki Kagaku. 1999. Vol. 48. N 5. P. 491 – 497.

DOI: 10.2116/bunsekikagaku.48.491

36. Kuveke R. E. H., Barwise L., Van Ingen Y., et al. An Inter-

national Study Evaluating Elemental Analysis / ACS Cent. Sci.

2022. Vol. 8. N 7. P. 855 – 863. DOI: 10.1021/acscentsci.2c00325

14 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



DOI: https://doi.org/10.26896/1028-6861-2024-90-9-15-23

ÊÎÌÏËÅÊÑÍÛÉ ÏÎÄÕÎÄ Ê ÎÏÐÅÄÅËÅÍÈÞ ÈÄÅÍÒÈ×ÍÎÑÒÈ

ÇÀÃÐßÇÍÅÍÈß ÍÅÔÒÅÏÐÎÄÓÊÒÀÌÈ ÑÎÏÐßÆÅÍÍÛÕ ÒÅÐÐÈÒÎÐÈÉ

� Òàòüÿíà Àíàòîëüåâíà Ìàðþòèíà*, Íàòàëüÿ Ñåðãååâíà Ìóñèíà,

Þëèÿ Íèêîëàåâíà Ðîìàíîâà

Èíñòèòóò ãåîõèìèè è àíàëèòè÷åñêîé õèìèè èì. Â. È. Âåðíàäñêîãî Ðîññèéñêîé àêàäåìèè íàóê, Ðîññèÿ, 119334, Ìîñêâà,

óë. Êîñûãèíà, ä. 19; *e-mail: tatiana@maryutina.ru

Ñòàòüÿ ïîñòóïèëà 8 ìàÿ 2024 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 23 ìàÿ 2024 ã.
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Îïèñàíà ìåòîäîëîãèÿ îðãàíèçàöèè ëàáîðàòîðíûõ èññëåäîâàíèé íåôòåçàãðÿçíåííûõ ïî÷â,

ãðóíòîâ è äîííûõ îòëîæåíèé â öåëÿõ îïðåäåëåíèÿ èñòî÷íèêà è ñîñòàâà óãëåâîäîðîäíîãî

çàãðÿçíåíèÿ. Ïðåäëîæåí êîìïëåêñíûé ïîäõîä ê ïðîâåäåíèþ ëàáîðàòîðíîãî àíàëèçà ïðîá,

ïîçâîëÿþùèé ñ âûñîêîé äîñòîâåðíîñòüþ îïðåäåëÿòü (èäåíòèôèöèðîâàòü) ïîòåíöèàëüíûé

èñòî÷íèê çàãðÿçíåíèÿ è/èëè äåëàòü âûâîäû îá èäåíòè÷íîñòè çàãðÿçíåíèÿ ñîïðÿæåííûõ

òåððèòîðèé. Èñïîëüçóåìûé êîìïëåêñ àíàëèòè÷åñêèõ ìåòîäîâ âêëþ÷àåò ÈÊ-ñïåêòðîìåò-

ðèþ, ãàçîâóþ õðîìàòîãðàôèþ ñ ìàññ-ñåëåêòèâíûì äåòåêòèðîâàíèåì, òîíêîñëîéíóþ õðîìà-

òîãðàôèþ ñ ïëàìåííî-èîíèçàöèîííûì äåòåêòèðîâàíèåì è ýëåìåíòíûé àíàëèç (C, H, N, S,

O). Ïðèìåíåíèå ïðåäëîæåííîãî êîìïëåêñíîãî ïîäõîäà ïîçâîëÿåò ñ âûñîêîé äîñòîâåðíî-

ñòüþ óñòàíîâèòü õàðàêòåð íåôòÿíîãî çàãðÿçíåíèÿ ïî÷â, îöåíèòü îáùåå âàëîâîå ñîäåðæà-

íèå íåôòåïðîäóêòîâ è èõ óãëåâîäîðîäíûé ñîñòàâ, à òàêæå ñäåëàòü âûâîäû î ïîòåíöèàëü-

íîì èñòî÷íèêå çàãðÿçíåíèÿ. Ïðè àíàëèçå ðåàëüíûõ îáðàçöîâ ïî÷â, îòîáðàííûõ ñ íåôòåçàã-

ðÿçíåííûõ îáúåêòîâ è ñîïðÿæåííûõ ñ íèìè òåððèòîðèé, ïîêàçàíû âîçìîæíûå îøèáêè â

èíòåðïðåòàöèè ðåçóëüòàòîâ îïðåäåëåíèÿ èäåíòè÷íîñòè çàãðÿçíåíèÿ òåððèòîðèé è âàæ-

íîñòü ïðèìåíåíèÿ êîìïëåêñíîãî ïîäõîäà ïðè ôîðìèðîâàíèè âûâîäîâ îá èñòî÷íèêå (âè-

íîâíèêå) çàãðÿçíåíèÿ. Ïðîäåìîíñòðèðîâàíà íåîáõîäèìîñòü ó÷åòà ïîòåðü ëåòó÷èõ íåôòå-

ïðîäóêòîâ íà ñòàäèè ïðîáîïîäãîòîâêè ïðè çàãðÿçíåíèè ïî÷â ëåãêèìè íåôòÿíûìè ôðàêöè-

ÿìè. Èñïîëüçîâàíèå ñòàíäàðòíûõ ìåòîäîâ ïðîáîïîäãîòîâêè (âûñóøèâàíèå àíàëèçèðóå-

ìûõ ïðîá) âëå÷åò çà ñîáîé îøèáêè ïðè îöåíêå óðîâíÿ çàãðÿçíåíèÿ òåððèòîðèé ëåòó÷èìè

óãëåâîäîðîäàìè è âûáîðå ñïîñîáîâ âîññòàíîâëåíèÿ çàãðÿçíåííûõ òåððèòîðèé. Äëÿ ìèíè-

ìèçàöèè ïîòåðü ëåãêîëåòó÷èõ óãëåâîäîðîäîâ (áåíçèíîâûå è ëèãðîèíîâûå ôðàêöèè) íà ñòà-

äèè îòáîðà è òðàíñïîðòèðîâêè îáðàçöîâ ïî÷â ïðåäëîæåíî èñïîëüçîâàíèå ñîðáåíòà. Äîáàâ-

ëåíèå ñîðáåíòà ê çàãðÿçíåííîé íåôòåïðîäóêòàìè ïî÷âå ïîçâîëÿåò ìèíèìèçèðîâàòü ïîòåðè

ëåãêîëåòó÷èõ óãëåâîäîðîäîâ â àíàëèçèðóåìûõ ïðîáàõ íà 15 – 20 %. Ïðèìåíåíèå ðàçðàáî-

òàííîãî êîìïëåêñíîãî ïîäõîäà ïîçâîëÿåò îïðåäåëèòü îñîáåííîñòè èíäèâèäóàëüíîãî óãëå-

âîäîðîäíîãî ñîñòàâà, ãðóïïîâîãî è ýëåìåíòíîãî ñîñòàâà íåôòåïðîäóêòà è èäåíòèôèöè-

ðîâàòü óãëåâîäîðîäíûå èíäèêàòîðû (ìàðêåðû), ïðèñóùèå òîëüêî îïðåäåëåííîìó âèäó

íåôòåïðîäóêòà.

Êëþ÷åâûå ñëîâà: àíàëèç íåôòåçàãðÿçíåííûõ ïî÷â; èäåíòèôèêàöèÿ èíäèâèäóàëüíûõ óã-

ëåâîäîðîäíûõ êîìïîíåíòîâ; óãëåâîäîðîäíûé ñîñòàâ; ýëåìåíòíûé ñîñòàâ; îïðåäåëåíèå èñ-

òî÷íèêà çàãðÿçíåíèÿ.
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The methodology of arranging laboratory studies of oil-contaminated soils, soils and bottom sediments to

determine the source and composition of hydrocarbon contamination is described. The complex approach

to laboratory analysis of samples of oil-contaminated soils, soils and bottom sediments is proposed, which

allows a highly reliable identification of the potential source of contamination and/or making conclusions

about the identity of the contamination of adjacent territories. The proposed complex of analytical meth-

ods includes infrared spectrometry, gas chromatography with mass-selective detection, thin-layer chroma-

tography with flame ionization detection and elemental analysis (C, H, N, S, O). Application of the pro-

posed integrated approach allows highly reliable determination of the nature of oil contamination of soils,
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estimation of the total gross content of oil products and their hydrocarbon composition, and identification

of the potential source of pollution. Possible errors in the interpretation of the results of determining the

identity of contamination of territories and the importance of using an integrated approach in drawing

conclusions about the source (culprit) of pollution are shown using real soil samples taken from oil-con-

taminated objects and adjacent territories. The importance of taking into account the losses of volatile oil

products at the stage of sample preparation for soil contamination with light oil fractions is demonstrated.

The use of standard methods of sample preparation (drying of the samples under study) leads to errors in

assessing the level of contamination of territories with volatile hydrocarbons and in the choice of methods

of remediation of contaminated territories. To minimize losses of volatile hydrocarbons (petrol and naph-

tha fractions) at the stage of soil sampling and transportation the use of sorbent is proposed. Addition of a

sorbent to the soil contaminated with oil products can reduce losses of volatile hydrocarbons by 15 – 20%

in the analyzed samples. Application of the developed complex approach makes it possible to determine

the features of the individual hydrocarbon composition, group and elemental composition of petroleum

products and identify hydrocarbon indicators (markers) inherent only to a certain type of petroleum

product.

Keywords: analysis of oil-contaminated soils; identification of individual hydrocarbon components; hy-

drocarbon composition; elemental composition; determination of the source of pollution.

Ââåäåíèå

Äëÿ îïðåäåëåíèÿ ñîäåðæàíèÿ íåôòåïðî-

äóêòîâ â ïðîáàõ çàãðÿçíåííûõ ïî÷â è ãðóíòîâ â

çàâèñèìîñòè îò öåëåé èññëåäîâàíèÿ èñïîëüçóþò

ñòàíäàðòíûå èëè èññëåäîâàòåëüñêèå ìåòîäèêè

àíàëèçà. Ê ñòàíäàðòíûì ìåòîäèêàì, ïðîøåäøèì

ïðîöåäóðó àòòåñòàöèè äëÿ îáåñïå÷åíèÿ åäèíñòâà

èçìåðåíèé, îòíîñÿòñÿ ðàçëè÷íûå ÃÎÑÒ (ãîñóäàð-

ñòâåííûå ñòàíäàðòû), ÏÍÄ Ô (ïðèðîäîîõðàííûå

íîðìàòèâíûå äîêóìåíòû ôåäåðàòèâíûå), ÐÄ (ðó-

êîâîäÿùèå äîêóìåíòû) è ÌÓÊ (ìåòîäè÷åñêèå

óêàçàíèÿ). Èõ èñïîëüçóþò äëÿ îïðåäåëåíèÿ îá-

ùåãî ñîäåðæàíèÿ íåôòåïðîäóêòîâ â ïî÷âàõ è

ãðóíòàõ ìåòîäàìè ãðàâèìåòðèè, ÈÊ-ñïåêòðîìåò-

ðèè è ôëóîðèìåòðèè [1 – 6] èëè èíäèâèäóàëüíûõ

îðãàíè÷åñêèõ ñîåäèíåíèé (áåíçîë, òîëóîë, ïîëè-

öèêëè÷åñêèå àðîìàòè÷åñêèå óãëåâîäîðîäû, ôåíî-

ëû, âûñøèå êàðáîíîâûå êèñëîòû) ìåòîäàìè ãàçî-

âîé è æèäêîñòíîé õðîìàòîãðàôèè [7]. Ê èññëåäî-

âàòåëüñêèì ìîæíî îòíåñòè ìåòîäèêè àíàëèçà, êî-

òîðûå íå ïðîõîäèëè ïðîöåäóðó àòòåñòàöèè èëè â

êîòîðûõ ïðåäóñìîòðåíû îòêëîíåíèÿ îò ñòàíäàðò-

íûõ ìåòîäèê (íàïðèìåð, èñïîëüçîâàíèå äðóãèõ

ýêñòðàãåíòîâ èëè ñìåñè ýêñòðàãåíòîâ äëÿ èçâëå-

÷åíèÿ íåôòåïðîäóêòîâ) [5, 8, 9].

Âñå ñòàíäàðòíûå ìåòîäèêè îïðåäåëåíèÿ ñî-

äåðæàíèÿ íåôòåïðîäóêòîâ â ïî÷âàõ è ãðóíòàõ

ïðåäóñìàòðèâàþò ñòàäèþ ïðîáîïîäãîòîâêè, çà-

êëþ÷àþùóþñÿ â âûñóøèâàíèè ïðîáû ïðè êîì-

íàòíîé òåìïåðàòóðå äî âîçäóøíî-ñóõîãî ñîñòîÿ-

íèÿ, ÷òî àïðèîðè ïðèâîäèò ê ïîòåðå ëåòó÷èõ

óãëåâîäîðîäîâ. Â ðåçóëüòàòå ýòîãî âîçíèêàþò

îøèáêè ïðè èíòåðïðåòàöèè ðåçóëüòàòîâ àíàëè-

çà, ïðèâîäÿùèå ê âûáîðó íåâåðíûõ òåõíîëîãè÷å-

ñêèõ ðåøåíèé ïðè îðãàíèçàöèè ðåêóëüòèâàöèîí-

íûõ èëè âîññòàíîâèòåëüíûõ ðàáîò. Â ñâÿçè ñ

ýòèì îñîáîå çíà÷åíèå ïðèîáðåòàåò ìîäèôèêàöèÿ

ïðîáîïîäãîòîâêè, èñêëþ÷àþùàÿ ïîòåðè ëåòó÷èõ

óãëåâîäîðîäîâ. Îäíèì èç ñïîñîáîâ ìèíèìèçàöèè

òàêèõ ïîòåðü ìîæåò áûòü ïðèìåíåíèå ñîðáåíòîâ.

Â ëèòåðàòóðå åñòü äàííûå ïî èñïîëüçîâàíèþ ðàç-

ëè÷íûõ âèäîâ ñîðáåíòîâ äëÿ ñáîðà íåôòè è íåô-

òåïðîäóêòîâ ñ âîäíûõ è ïî÷âåííûõ ïîâåðõíîñòåé

â ñëó÷àå àâàðèé òðóáîïðîâîäîâ è òàíêåðíûõ ñó-

äîâ, àâàðèé è ïîæàðîâ íà íåôòåãàçîâûõ ïðåä-

ïðèÿòèÿõ è ïðè ðàçëèâàõ â ìåñòàõ äîáû÷è íåôòè

[10 – 15]. Ïîýòîìó ïåðñïåêòèâíûì íàïðàâëåíèåì

ìîæåò ñòàòü ïðèìåíåíèå ñîðáåíòîâ íà ñòàäèè

ïðîáîïîäãîòîâêè äëÿ ñîâåðøåíñòâîâàíèÿ ñòàí-

äàðòíûõ ìåòîäîâ îïðåäåëåíèÿ íåôòåïðîäóêòîâ è

èíäèâèäóàëüíûõ ñîåäèíåíèé â ïî÷âàõ, ãðóíòàõ è

äîííûõ îòëîæåíèÿõ.

Ïîñëå ïðîâåäåíèÿ îöåíêè óðîâíÿ íåôòÿíîãî

çàãðÿçíåíèÿ ïî÷â íà îáñëåäîâàííîì îáúåêòå è ñî-

ïðÿæåííûõ ñ íèì òåððèòîðèÿõ [16, 17] ìîãóò âîç-

íèêàòü ñïîðíûå ñèòóàöèè, ñâÿçàííûå ñ ïîòåíöè-

àëüíûìè èñòî÷íèêàìè íåôòÿíîãî çàãðÿçíåíèÿ:

ïðèðîäîîõðàííûì îðãàíàì íåîáõîäèìî îïðåäå-

ëèòü ðàçìåð øòðàôà çà çàãðÿçíåíèå çåìåëü è

èíèöèèðîâàòü ñóäåáíîå ïðåñëåäîâàíèå âèíîâíè-

êà çàãðÿçíåíèÿ. Èäåíòèôèêàöèÿ ñîñòàâà íåô-

òåïðîäóêòîâ â ïðîáàõ ïî÷â, îòîáðàííûõ íà ìåñòå

ïîòåíöèàëüíîãî èñòî÷íèêà çàãðÿçíåíèÿ (íåô-

òåáàçà, íåôòåïåðåðàáàòûâàþùèé çàâîä è ò.ï.), è

èõ ñðàâíåíèå ñ ñîñòàâîì íåôòÿíîãî çàãðÿçíåíèÿ

ñïîðíûõ/ñîïðÿæåííûõ òåððèòîðèé ìîãóò ïîçâî-

ëèòü ðåøèòü çàäà÷ó âûÿâëåíèÿ èñòî÷íèêà çà-

ãðÿçíåíèÿ è/èëè îöåíèòü èäåíòè÷íîñòü çàãðÿçíå-

íèÿ ñîïðÿæåííûõ òåððèòîðèé. Äëÿ îïðåäåëåíèÿ

ñîñòàâà íåôòÿíîãî çàãðÿçíåíèÿ èñïîëüçóþò ãàçî-

âóþ èëè æèäêîñòíóþ õðîìàòîãðàôèþ (óãëåâî-

äîðîäíûé ñîñòàâ, ôðàêöèîííûé ñîñòàâ, èíäè-

âèäóàëüíûå ñîåäèíåíèÿ), òîíêîñëîéíóþ õðîìà-

òîãðàôèþ (ãðóïïîâîé óãëåâîäîðîäíûé ñîñòàâ),

ñïåêòðàëüíûé àíàëèç (ãðóïïîâîé ñîñòàâ, èíäèâè-

äóàëüíûå ñîåäèíåíèÿ), CÍNS/Î-àíàëèç (ýëå-

ìåíòíûé ñîñòàâ): â ñîâîêóïíîñòè ýòè ìåòîäû ïî-

çâîëÿþò äåòàëüíî îöåíèòü ñîñòàâ çàãðÿçíåíèÿ è

ïðîâåñòè åãî èäåíòèôèêàöèþ [7, 18, 19].

Òàêèì îáðàçîì, â ñëó÷àå íåîáõîäèìîñòè ïîëó-

÷åíèÿ äîêàçàòåëüíîé áàçû ïî âûÿâëåíèþ èñòî÷-

íèêà íåôòÿíîãî çàãðÿçíåíèÿ òåððèòîðèé äëÿ

16 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



àíàëèçà îòîáðàííûõ íåôòåçàãðÿçíåííûõ îáðàç-

öîâ ïî÷â öåëåñîîáðàçíî èñïîëüçîâàòü êîìïëåêñ-

íûé ïîäõîä, êîòîðûé çàêëþ÷àåòñÿ â ïðèìåíåíèè

ðàçíûõ àíàëèòè÷åñêèõ ìåòîäîâ äëÿ îïðåäåëåíèÿ

è èäåíòèôèêàöèè óãëåâîäîðîäíîãî ñîñòàâà. Íà

îñíîâàíèè èäåíòèôèêàöèè ñîñòàâà íåôòåïðîäóê-

òîâ â îòîáðàííûõ íà ñïîðíûõ òåððèòîðèÿõ ïðî-

áàõ íåîáõîäèìî ïðîâåñòè èõ ñðàâíèòåëüíûé àíà-

ëèç è âûäàòü çàêëþ÷åíèå îá èäåíòè÷íîñòè èëè

ðàçëè÷èÿõ óãëåâîäîðîäíîãî çàãðÿçíåíèÿ èññëå-

äóåìûõ ïðîá.

Öåëü íàñòîÿùåé ðàáîòû — äåìîíñòðàöèÿ âîç-

ìîæíîñòåé ïðåäëàãàåìîãî êîìïëåêñíîãî ïîäõîäà

ê àíàëèçó íåôòåçàãðÿçíåííûõ ïðîá ïî÷â äëÿ ñíè-

æåíèÿ ðèñêà îøèáîê ïðè èíòåðïðåòàöèè ðåçóëü-

òàòîâ ëàáîðàòîðíûõ èññëåäîâàíèé. Íà ïðèìåðå

ëàáîðàòîðíîãî èññëåäîâàíèÿ íåôòåçàãðÿçíåííûõ

îáðàçöîâ ïî÷â, îòîáðàííûõ íà ñîïðÿæåííûõ òåð-

ðèòîðèÿõ, ïîêàçàíà âàæíîñòü êàæäîãî ýòàïà îð-

ãàíèçàöèè àíàëèçà, âêëþ÷àþùåãî èäåíòèôèêà-

öèþ îòäåëüíûõ èíäèâèäóàëüíûõ êîìïîíåíòîâ

íåôòÿíîãî çàãðÿçíåíèÿ ìåòîäîì ãàçîâîé õðîìà-

òîãðàôèè ñ ìàññ-ñåëåêòèâíûì äåòåêòèðîâàíèåì,

îïðåäåëåíèå ãðóïïîâîãî óãëåâîäîðîäíîãî ñîñòàâà

è ýëåìåíòíîãî ñîñòàâà (C, H, N, S, O).

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ áûëè îòî-

áðàíû ÷åòûðå îáðàçöà íåôòåçàãðÿçíåííûõ ïî÷â ñ

òåððèòîðèé íåôòåáàçû (ïðîáà 1Í), òåððèòîðèè

ðÿäîì ðàñïîëîæåííîãî çàâîäà ïî ïðîèçâîäñòâó

òðóáîïðîâîäíîé àðìàòóðû (ïðîáà 1Ç) è äâóõ ó÷à-

ñòêîâ, ðàñïîëîæåííûõ íà ñîïðÿæåííûõ òåððèòî-

ðèÿõ (ïðîáû 1Ó è 2Ó). Ïðîáîîòáîð ïðîâîäèëè ñî-

ãëàñíî ÃÎÑÒ 17.4.3.01–20171.

Äëÿ îïðåäåëåíèÿ ïîòåðü ëåòó÷èõ óãëåâîäîðî-

äîâ íà ñòàäèè ïðîáîïîäãîòîâêè íåôòåçàãðÿçíåí-

íûõ ïðîá ïî÷â ïðè èõ âûñóøèâàíèè îòîáðàííûå

ïðîáû áûëè ðàçäåëåíû íà äâå ÷àñòè. Â îäíè

zip-ïàêåòû áûëè ïîìåùåíû çàãðÿçíåííûå ïî÷-

âû, â äðóãèå — çàãðÿçíåííûå ïî÷âû ñ äîáàâëåíè-

åì ãðàíóëèðîâàííîãî ñîðáåíòà (ðèñ. 1) äëÿ óëàâ-

ëèâàíèÿ ëåãêîëåòó÷èõ óãëåâîäîðîäîâ (5 ã ñîðáåí-

òà íà 1000 ã ïî÷âû). Â êà÷åñòâå ñîðáåíòà áûë èñ-

ïîëüçîâàí öåîëèò CaX ñî ñëåäóþùèìè õàðàêòå-

ðèñòèêàìè: ðàçìåð ÷àñòèö — 4000 ìêì, äèàìåòð

ïîð — 8 – 10 íì, óäåëüíàÿ ïîâåðõíîñòü —

1200 ì2/ã, åìêîñòü — 2,5 ã/10 ã.

Îïðåäåëåíèå ìàññîâîé äîëè íåôòåïðîäóêòîâ

â èññëåäóåìûõ ïðîáàõ ïðîâîäèëè ìåòîäîì

ÈÊ-ñïåêòðîìåòðèè ñ ïîìîùüþ êîíöåíòðàòîìåðà

ÊÍ-2ì (ÎÎÎ «Ïðîèçâîäñòâåííî-ýêîëîãè÷åñêîå

ïðåäïðèÿòèå «ÑÈÁÝÊÎÏÐÈÁÎÐ», Ðîññèÿ) ñî-

ãëàñíî ÏÍÄ Ô 16.1.2.2.22-982. Ïðè ýòîì äëÿ ïðîá

ïî÷â ñ ñîðáåíòîì ïåðåä âûñóøèâàíèåì ïðîâåëè

îòäåëåíèå ãðàíóë öåîëèòà CaX îò ïî÷âû ñ ïîìî-

ùüþ ñèòà è ïîñëåäóþùåå ýêñòðàãèðîâàíèå íåô-

òåïðîäóêòîâ èç îòäåëåííîãî ñîðáåíòà òåòðàõëîð-

ìåòàíîì. Ïîëó÷åííûé ýêñòðàêò èç ñîðáåíòà äî-

áàâëÿëè ê ýêñòðàêòó èç ïî÷âû, ïîëó÷åííîìó ñî-

ãëàñíî ï. 9 çàÿâëåííîé ìåòîäèêè.

Äëÿ îïðåäåëåíèÿ óãëåâîäîðîäíîãî ñîñòàâà îá-

ðàçöîâ ïî÷â èñïîëüçîâàëè ãàçîâûé õðîìàòîãðàô

ñ ìàññ-ñåëåêòèâíûì êâàäðóïîëüíûì àíàëèçàòî-

ðîì «Ìàýñòðî-àëüôà ÌÑ» («Èíòåðëàá», Ðîññèÿ) è

ïèðîëèçíîé ïå÷üþ (Frontier Lab, ßïîíèÿ).

Ðàçäåëåíèå êîìïîíåíòîâ ñìåñè ïðîâîäèëè íà

êàïèëëÿðíîé êîëîíêå HP-5ms (Agilent, ÑØÀ)

äëèíîé 30 ì è âíóòðåííèì äèàìåòðîì 0,25 ìì. Â

êà÷åñòâå íåïîäâèæíîé ôàçû èñïîëüçîâàëè

95 %-íûé äèìåòèëïîëèñèëîêñàí ñ 5 % ïðèâèòûõ

ôåíèëüíûõ ãðóïï, íàíåñåííûõ íà ñòåíêè êàïèë-

ëÿðà (òîëùèíà ñëîÿ — 0,52 ìêì). Ïèðîëèç èñõîä-

íûõ îáðàçöîâ ïî÷â ìàññîé 3 ìã ïðîâîäèëè â ïè-

ðîëèçíîé ïå÷è ïðè 400 °C. Çíà÷åíèÿ îïåðàöèîí-

íûõ ïàðàìåòðîâ ðàáîòû ãàçîâîãî õðîìàòîãðàôà

ïðèâåäåíû íèæå:

Ïàðàìåòð Çíà÷åíèå

Ãàç-íîñèòåëü . . . . . . . . . . . . . . . . . . . Ãåëèé

Ñêîðîñòü ãàçà-íîñèòåëÿ, ìë/ìèí . . . . . . . . . . . 1

Ñêîðîñòü ïîòîêà ãàçà-íîñèòåëÿ íà ñáðîñå

(ðåæèì — “split”), ìë/ìèí . . . . . . 54,01 (50:1)

Òåìïåðàòóðà èíæåêòîðà, °C . . . . . . . . . . . . 300

Íà÷àëüíàÿ òåìïåðàòóðà êîëîíêè, °C . . . . . . . . 35

Âðåìÿ âûäåðæèâàíèÿ, ìèí . . . . . . . . . . . . . . 2

Ñêîðîñòü ïîäúåìà

òåìïåðàòóðû 6 °C/ìèí . . . . . . . . . Äî 280 °C
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1 ÃÎÑÒ 17.4.3.01–2017. Îõðàíà ïðèðîäû. Ïî÷âû. Îáùèå

òðåáîâàíèÿ ê îòáîðó ïðîá. — Ì.: Ñòàíäàðòèíôîðì,

2018. — 12 ñ.

Ðèñ. 1. Ïðèìåíåíèå ñîðáåíòà äëÿ íåôòåçàãðÿçíåííûõ

ïðîá ïî÷â

Fig. 1. Application of a sorbent for oil-contaminated soil

samples

2 ÏÍÄ Ô 16.1.2.2.22-98. Êîëè÷åñòâåííûé õèìè÷åñêèé

àíàëèç ïî÷â. Ìåòîäèêà âûïîëíåíèÿ èçìåðåíèé ìàññî-

âîé äîëè íåôòåïðîäóêòîâ â ìèíåðàëüíûõ, îðãàíîãåí-

íûõ, îðãàíîìèíåðàëüíûõ ïî÷âàõ è äîííûõ îòëîæåíèÿõ

ìåòîäîì ÈÊ-ñïåêòðîìåòðèè, 1998 (èçäàíèå 2005 ã.). —

18 ñ.



Âðåìÿ âûäåðæèâàíèÿ

ïðè òåìïåðàòóðå 250 °C, ìèí . . . . . . . . . . 10

Äàâëåíèå ãàçà-íîñèòåëÿ (ðåæèì àíàëèçà —

«ïîñòîÿííîå äàâëåíèå»), êÏà . . . . . . . . . 25,0

Îáúåì ââîäèìîé ïðîáû, ìêë . . . . . . . . . . . . 2,0

Êà÷åñòâåííóþ èäåíòèôèêàöèþ óãëåâîäî-

ðîäíîãî ñîñòàâà ïðîá ïðîâîäèëè ïðè ñëåäóþùèõ

çíà÷åíèÿõ îïåðàöèîííûõ ïàðàìåòðîâ ðàáîòû

ìàññ-ñïåêòðîìåòðà SCAN (ñêàíèðîâàíèå âî âñåì

çàäàâàåìîì äèàïàçîíå ìàññ): òåìïåðàòóðà êâàä-

ðóïîëÿ — 150 °C, òåìïåðàòóðà èñòî÷íèêà

èîíîâ — 230 °C, óñòðàíåíèå ýôôåêòà ðàñòâîðèòå-

ëÿ (“solvent delay”) — íåò, èíòåðâàë ñêàíèðóå-

ìûõ ìàññ — 50 – 550 à.å.ì., ñêîðîñòü ñêàíèðîâà-

íèÿ — 4 ñêàí/ñ, ÷àñòîòà ñáîðà äàííûõ — 20 Ãö.

Èäåíòèôèêàöèþ êîìïîíåíòíîãî ñîñòàâà ïðîá

îñóùåñòâëÿëè ñðàâíåíèåì ìàññ-ñïåêòðà êîìïî-

íåíòà, ïðèñóòñòâóþùåãî â ïðîáå, ñ åãî áèáëèîòå÷-

íûì ìàññ-ñïåêòðîì èç áàçû äàííûõ NIST-2017.

Ãðóïïîâîé óãëåâîäîðîäíûé ñîñòàâ (ñîäåðæà-

íèå íàñûùåííûõ, àðîìàòè÷åñêèõ, ïîëÿðíûõ I è

ïîëÿðíûõ II ñîåäèíåíèé) îïðåäåëÿëè ìåòîäîì

òîíêîñëîéíîé õðîìàòîãðàôèè ñ ïëàìåííî-èîíè-

çàöèîííûì äåòåêòèðîâàíèåì (ÒÑÕ-ÏÈÄ) ñ èñ-

ïîëüçîâàíèåì õðîìàòîãðàôà IATROSCAN MK-6s

(SES GmbH (Ltd.) Analysesysteme, Ãåðìàíèÿ) ñî-

ãëàñíî ñòàíäàðòíîé ìåòîäèêå IP 469/013.

Â ñòåêëÿííûå âèàëû îáúåìîì 10 ìë (ALWSCI

Corporation, Êèòàé) êîëè÷åñòâåííî îòáèðàëè ïî

100 ± 10 ìã àíàëèçèðóåìîé ïðîáû, ãîìîãåíèçè-

ðîâàííîé çà ñ÷åò èíòåíñèâíîãî ìåõàíè÷åñêîãî

ïåðåìåøèâàíèÿ. Äàëåå ê îòîáðàííûì ïðîáàì äî-

áàâëÿëè ïî 5,0 ± 0,1 ìë äèõëîðìåòàíà (îñ÷, ÎÎÎ

«Êîìïîíåíò-Ðåàêòèâ», Ðîññèÿ). Ïîëó÷àåìûå ñìå-

ñè èíòåíñèâíî âñòðÿõèâàëè íà øåéêåðå S-3.10L

(Elmi, Ëàòâèÿ) â òå÷åíèå 30 ìèí äëÿ ïðîâåäåíèÿ

ïðîöåññà ýêñòðàêöèè íåôòåïðîäóêòîâ èç àíàëè-

çèðóåìûõ ïðîá ïî÷â. Ïîëó÷åííûå ýêñòðàêòû

ôèëüòðîâàëè ÷åðåç ôèëüòð «áåëàÿ ëåíòà».

Çàòåì ïðèìåðíî ïî 1,0 – 1,5 ìë îòôèëü-

òðîâàííûõ ýêñòðàêòîâ ïîìåùàëè â ñòåêëÿííûå

âèàëû îáúåìîì 2 ìë (Agilent Technologies, Inc.,

ÑØÀ) è ñ ïîìîùüþ àâòîñïîòòåðà SES A4500 ñ

ïðîãðàììíûì îáåñïå÷åíèåì ALS-G Control

version 1.43 ïîðöèÿìè ïî 0,10 ìêë ñî ñêîðîñòüþ

0,1 ìêã/ñ ÷åðåç èíòåðâàëû ïî 5 ñ íàíîñèëè 1 ìêë

ýêñòðàêòà (ïî 3 ïàðàëëåëüíûõ íàíåñåíèÿ äëÿ êà-

æäîãî îáðàçöà) íà ïðåäâàðèòåëüíî î÷èùåííûå è

àêòèâèðîâàííûå ñîãëàñíî ðåêîìåíäàöèÿì ïðîèç-

âîäèòåëÿ êâàðöåâûå ñòåðæíè Chromarods-S5, ïî-

ìåùåííûå â ñïåöèàëüíûé äåðæàòåëü SD-5. Ïî

îêîí÷àíèè íàíåñåíèÿ âûñóøèâàëè èõ â ñóøèëü-

íîì øêàôó FD 23 (Binder GmbH, Ãåðìàíèÿ) ïðè

òåìïåðàòóðå 50 – 70 °C â òå÷åíèå 2 ìèí, à ïîñëå

ýòîãî îõëàæäàëè íà âîçäóõå äî êîìíàòíîé òåìïå-

ðàòóðû òàêæå â òå÷åíèå 2 ìèí.

Ñêàíèðîâàíèå ïîëó÷åííûõ òîíêîñëîéíûõ

õðîìàòîãðàìì âûïîëíÿëè ïðè ñëåäóþùèõ çíà÷å-

íèÿõ îïåðàöèîííûõ ïàðàìåòðîâ ñèñòåìû ïëà-

ìåííî-èîíèçàöèîííîãî äåòåêòèðîâàíèÿ: ñêîðîñòü

ïîäà÷è âîçäóõà — 2 ë/ìèí, ñêîðîñòü ïîäà÷è âîäî-

ðîäà — 160 ìë/ìèí, ñêîðîñòü ñêàíèðîâàíèÿ —

40 ñ/Chromarods-S5. Îáðàáîòêó ïîëó÷åííûõ õðî-

ìàòîãðàìì îñóùåñòâëÿëè ñ ïîìîùüþ ïðîãðàìì-

íîãî îáåñïå÷åíèÿ i-ChromStar (version 6.4).

Äëÿ îïðåäåëåíèÿ ýëåìåíòíîãî ñîñòàâà (ñîäåð-

æàíèå óãëåðîäà, âîäîðîäà, àçîòà, ñåðû è êèñëîðî-

äà) îáðàçöîâ èñïîëüçîâàëè ýëåìåíòíûé àíàëèçà-

òîð EuroEA-3000 (EuroVector, Èòàëèÿ).

Ìåòîä îñíîâàí íà ñæèãàíèè îáðàçöà â ïðè-

ñóòñòâèè îêèñëèòåëÿ â òîêå èíåðòíîãî ãàçà, ðàç-

äåëåíèè íà èíäèâèäóàëüíûå êîìïîíåíòû ñ ïîìî-

ùüþ õðîìàòîãðàôè÷åñêîé êîëîíêè è ïîñëåäóþ-

ùåé èäåíòèôèêàöèè âûñîêî÷óâñòâèòåëüíûì äå-

òåêòîðîì, íàñòðîåííûì íà îïðåäåëåíèå CHNS-O

ýëåìåíòîâ. Äëÿ àíàëèçà ïðîá èñïîëüçîâàëè ðå-

æèì ïîâûøåííîé ÷óâñòâèòåëüíîñòè òåðìîêîí-

äóêòîìåòðè÷åñêîãî äåòåêòîðà (×10). Â öåëÿõ ïî-

âûøåíèÿ ñåëåêòèâíîñòè áûëè îïòèìèçèðîâàíû

ñëåäóþùèå ïàðàìåòðû: ïîòîê ãàçà íîñèòåëÿ (He),

òåìïåðàòóðà êîëîíêè è ðåàêòîðà, ìàññà íàâåñêè,

âðåìÿ îêèñëåíèÿ è ïîäâîäèìûé äëÿ îêèñëåíèÿ

îáúåì êèñëîðîäà â ñëó÷àå CHNS-àíàëèçà. Îïòè-

ìèçèðîâàííûå îïåðàöèîííûå ïàðàìåòðû ïðèáî-

ðà, ïðè êîòîðûõ ïðîâîäèëè ýëåìåíòíûé àíàëèç,

ïðèâåäåíû íèæå:

Ïàðàìåòð Çíà÷åíèå

Òåìïåðàòóðà ðåàêòîðà, °C . . . . . . . . . 1000 – 1050

Òåìïåðàòóðà õðîìàòîãðàôè÷åñêîé

êîëîíêè, °C . . . . . . . . . . . . . . . . 105 – 115

Ñêîðîñòü ïîòîêà ãåëèÿ, ìë/ìèí . . . . . . . . 80 – 120

Îáúåì êèñëîðîäà, ìë . . . . . . . . . . . . . . 20 – 25

Âðåìÿ îêèñëåíèÿ, ñ . . . . . . . . . . . . . . . 15 – 20

Ìàññà íàâåñêè, ìã . . . . . . . . . . . . . . . 0,5 – 2,0

Âðåìÿ îäíîãî èçìåðåíèÿ, ñ . . . . . . . . . . . . . 460

Âçâåøåííûå àíàëèçèðóåìûå îáðàçöû è îá-

ðàçöû ñðàâíåíèÿ ìàññîé 0,5 – 2,0 ìã ñâîðà÷èâàëè

â öèíêîâûå (â ñëó÷àå CHNS-àíàëèçà) èëè ñåðåá-

ðÿíûå (â ñëó÷àå O-àíàëèçà) ãèëüçû, êîòîðûå çà-

ãðóæàëè â àâòîñýìïëåð. Ïîñëå çàïóñêà àíàëèçà

çàäàííîé ñåðèè îáðàçåö èç àâòîñýìïëåðà ïîïàäàë

â ðåàêòîð, ïðåäñòàâëÿþùèé ñîáîé êâàðöåâóþ

òðóáêó, çàïîëíåííóþ ñìåñüþ êàòàëèçàòîðîâ è íà-

õîäÿùóþñÿ ïðè âûñîêîé òåìïåðàòóðå. Â ðåæèìå

ñãîðàíèÿ (äëÿ îïðåäåëåíèÿ C, H, N, S) â ðåàêòîð

ïîäàåòñÿ îïðåäåëåííûé îáúåì êèñëîðîäà. Ïðî-

äóêòû ñãîðàíèÿ ïîäâåðãàþòñÿ õèìè÷åñêèì/àä-

ñîðáöèîííûì ïðåîáðàçîâàíèÿì â âèäå ñìåñè èí-

äèâèäóàëüíûõ êîìïîíåíòîâ (óãëåðîä â âèäå CO2,

âîäîðîä â âèäå H2O, àçîò â âèäå N2, ñåðà â âèäå
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SO2 è êèñëîðîä â âèäå CO) è ïîñòóïàþò íà âõîä

õðîìàòîãðàôè÷åñêîé êîëîíêè. Ïîñëå ðàçäåëåíèÿ

èíäèâèäóàëüíûå êîìïîíåíòû îïðåäåëÿþò ïðè

ïîìîùè âûñîêî÷óâñòâèòåëüíîãî êàòàðîìåòðà.

Ïîëó÷åííûå ìàññû êîìïîíåíòîâ àâòîìàòè÷åñêè

(ñ ïðèìåíåíèåì ãðàäóèðîâêè) ïåðåñ÷èòûâàþòñÿ

â ìàññîâóþ äîëþ îïðåäåëÿåìûõ ýëåìåíòîâ.

Âñå ðåçóëüòàòû CHNS/O-àíàëèçà (ïîñòðîå-

íèå ãðàäóèðîâî÷íûõ ãðàôèêîâ, íàñòðîéêà ïðèáî-

ðà ñ èñïîëüçîâàíèåì îáðàçöîâ ñðàâíåíèÿ, ñòàòè-

ñòè÷åñêèå äàííûå è êîíöåíòðàöèè ýëåìåíòîâ â

ïðîáàõ) áûëè îáðàáîòàíû ñ èñïîëüçîâàíèåì ïðî-

ãðàììíîãî îáåñïå÷åíèÿ Calidus 2E3.

Îáñóæäåíèå ðåçóëüòàòîâ

Äëÿ îïðåäåëåíèÿ òèïà è èñòî÷íèêà íåôòÿíî-

ãî çàãðÿçíåíèÿ ïî÷â áûëà ðàçðàáîòàíà è àïðîáè-

ðîâàíà ñõåìà ïðîâåäåíèÿ àíàëèòè÷åñêîãî èññëå-

äîâàíèÿ ñ èñïîëüçîâàíèåì êîìïëåêñà ìåòîäîâ

(êîìïëåêñíûé ïîäõîä ê àíàëèçó íåôòÿçàãðÿçíåí-

íûõ ïî÷â), ïîçâîëÿþùàÿ îïðåäåëèòü âàëîâîå ñî-

äåðæàíèå íåôòåïðîäóêòîâ, èäåíòèôèöèðîâàòü

âèä íåôòÿíîãî çàãðÿçíåíèÿ è îöåíèòü îñîáåííî-

ñòè åãî ñîñòàâà.

Íà ðèñ. 2 ïðèâåäåíà ñõåìà ïðåäëîæåííîãî

ïîäõîäà, êîòîðàÿ âêëþ÷àåò â ñåáÿ ïîñëåäîâàòåëü-

íîå ïðîâåäåíèå êîìïëåêñíîãî àíàëèçà íåôòåçàã-

ðÿçíåííûõ ïî÷â. Íà ïåðâîì ýòàïå àíàëèçà îïðå-

äåëÿþò îáùåå ñîäåðæàíèå íåôòåïðîäóêòîâ äëÿ

îöåíêè óðîâíÿ çàãðÿçíåíèÿ òåððèòîðèè ïî ñòàí-

äàðòíûì ìåòîäèêàì ñ èñïîëüçîâàíèå ìåòîäîâ

ãðàâèìåòðèè, ÈÊ-ñïåêòðîìåòðèè è ôëóîðèìåò-

ðèè. Íà âòîðîì ýòàïå îïðåäåëÿþò èíäèâèäóàëü-

íûé óãëåâîäîðîäíûé ñîñòàâ íåôòÿíîãî çàãðÿçíå-

íèÿ ñ èñïîëüçîâàíèåì ïèðîëèòè÷åñêîé ÃÕ-ÌÑ

äëÿ óñòàíîâëåíèÿ òèïà çàãðÿçíåíèÿ. Ñëåäóåò îò-

ìåòèòü, ÷òî äàííûé ìåòîä àíàëèçà ÿâëÿåòñÿ âû-

ñîêîèíôîðìàòèâíûì è ïîçâîëÿåò íå òîëüêî óñòà-

íîâèòü òèï íåôòÿíîãî çàãðÿçíåíèÿ (áåíçèíîâûå,

äèçåëüíûå, ìàñëÿíûå è äðóãèå ôðàêöèè) ïî îá-

ùåìó âèäó õðîìàòîãðàììû, íî è îïðåäåëèòü

áîëüøîå êîëè÷åñòâî èíäèâèäóàëüíûõ ñîåäèíå-

íèé â àíàëèçèðóåìûõ ïðîáàõ. Ýòî òðåáóåò âûñî-

êîé êâàëèôèêàöèè è âíèìàíèÿ îïåðàòîðà, ÷òîáû

ñîïîñòàâèòü ñîñòàâ íåñêîëüêèõ ïðîá äëÿ âûÿâëå-

íèÿ èõ îòëè÷èé. Äëÿ óïðîùåíèÿ ïðîöåäóðû âû-

ÿâëåíèÿ îòëè÷èé â ñîñòàâå íåôòÿíîãî çàãðÿçíå-

íèÿ ïî÷â öåëåñîîáðàçíî ïðîâåñòè îïðåäåëåíèå

åãî ãðóïïîâîãî óãëåâîäîðîäíîãî è ýëåìåíòíîãî

ñîñòàâà. Äëÿ ýòîãî ìåòîäîì òîíêîñëîéíîé õðîìà-

òîãðàôèè ñ ïëàìåííî-èîíèçàöèîííûì äåòåêòè-

ðîâàíèåì ìîæíî áûñòðî îöåíèòü ðàçëè÷èÿ èëè

èäåíòè÷íîñòü ïðîá ïî êîíöåíòðàöèÿì íàñûùåí-

íûõ, àðîìàòè÷åñêèõ è ïîëÿðíûõ ñîåäèíåíèé, à ñ

èñïîëüçîâàíèåì ýëåìåíòíîãî àíàëèçàòîðà — ñî-

ïîñòàâèòü ñîäåðæàíèÿ â íèõ óãëåðîäà, âîäîðîäà,

àçîòà, ñåðû è êèñëîðîäà. È íà çàâåðøàþùåì ýòà-

ïå àíàëèçà, îáëàäàÿ äîñòàòî÷íî ïîëíîé èíôîðìà-

öèåé î ñîñòàâå íåôòÿíîãî çàãðÿçíåíèÿ, â ñëó÷àå

íåîáõîäèìîñòè ìîæíî óñòàíîâèòü íàëè÷èå èíäè-

âèäóàëüíûõ ñîåäèíåíèé/ìàðêåðîâ íåôòåïðîäóê-

òîâ ìåòîäîì ÃÕ-ÌÑ äëÿ áîëåå òî÷íîé èäåíòèôè-

êàöèè èñòî÷íèêà è âûÿâëåíèÿ âèíîâíèêà çàãðÿç-

íåíèÿ. Ñëåäóåò îòìåòèòü, ÷òî äàííàÿ ñõåìà íîñèò

îáùèé ðåêîìåíäàòåëüíûé õàðàêòåð. Ïîñëåäî-

âàòåëüíîñòü ýòàïîâ àíàëèçà è ïðèìåíåíèå ïðåä-

ëàãàåìûõ ìåòîäîâ àíàëèçà ìîãóò áûòü èçìåíåíû

â çàâèñèìîñòè îò âîçìîæíîñòåé òîé èëè èíîé

ëàáîðàòîðèè.

Îñîáåííîñòè îðãàíèçàöèè ïðîáîïîäãîòîâêè

ïðîá, çàãðÿçíåííûõ ëåãêèìè íåôòåïðîäóêòàìè.

Ïðè çàãðÿçíåíèè ïî÷â ëåãêèìè íåôòåïðîäóêòà-

ìè èõ ëåãêîëåòó÷èå êîìïîíåíòû ìîãóò èñïàðÿòü-

ñÿ íåïîñðåäñòâåííî ïðè îòáîðå ïðîá è èõ òðàíñ-

ïîðòèðîâêå â ëàáîðàòîðèþ, à òàêæå íà ñòàäèè

ïðîáîïîäãîòîâêè ïðè âûñóøèâàíèè â ñëó÷àå ïðî-

âåäåíèÿ àíàëèçà ïî ñòàíäàðòíûì ìåòîäèêàì.

Äëÿ ìèíèìèçàöèè ïîòåðü ëåãêîëåòó÷èõ óãëåâî-

äîðîäîâ è ïîëó÷åíèÿ áîëåå äîñòîâåðíûõ ðåçóëü-

òàòîâ ïî ñîäåðæàíèþ íåôòåïðîäóêòîâ â ïî÷âàõ

íàìè áûë ïðèìåíåí ñîðáåíò íà ñòàäèè îòáîðà è

òðàíñïîðòèðîâêè ïðîá.

Â òàáë. 1 ïðåäñòàâëåíû ïîëó÷åííûå ðåçóëü-

òàòû îïðåäåëåíèÿ íåôòåïðîäóêòîâ â èññëåäóå-

ìûõ ïðîáàõ áåç èñïîëüçîâàíèÿ ñîðáåíòà è ïðè

åãî äîáàâëåíèè ê ïðîáå ñðàçó ïîñëå îòáîðà.

Êàê âèäíî èç òàáë. 1, äîáàâëåíèå ñîðáåíòà ê

çàãðÿçíåííîé íåôòåïðîäóêòàìè ïî÷âå ïîçâîëÿåò

îïðåäåëèòü â àíàëèçèðóåìûõ ïðîáàõ íà 15 – 20 %

áîëüøå íåôòåïðîäóêòîâ, òåðÿþùèõñÿ íà ñòàäèè

õðàíåíèÿ è òðàíñïîðòèðîâêè. Ïðè ýòîì àíàëèç

ïðîá âûïîëíÿëè ñîãëàñíî ÏÍÄ Ô 16.1.2.2.22-98

è ïîòåðè íåôòåïðîäóêòîâ íà ñòàäèè âûñóøèâà-

íèÿ ïðè äîâåäåíèè ïðîá ïî÷â äî âîçäóøíî-ñóõîãî

ñîñòîÿíèÿ íå ó÷èòûâàëè. Ïîëó÷åííûå ðåçóëüòà-

òû ïîêàçûâàþò íåîáõîäèìîñòü ìîäèôèêàöèè

ïðîáîïîäãîòîâêè â öåëÿõ ìèíèìèçàöèè ïîòåðè

ëåòó÷èõ óãëåâîäîðîäîâ. Ýòî îñîáåííî âàæíî ïðè

àíàëèçå ãëóáèííûõ ïðîá ãðóíòîâ, çàãðÿçíåííûõ

áåíçèíîâûìè ôðàêöèÿìè íà òåððèòîðèÿõ íåôòå-

áàç. Àíàëèç òàêèõ ïðîá, îòîáðàííûõ òðàäèöèîí-

íûì ñïîñîáîì, íå âûÿâèò êàêîãî-ëèáî ñóùåñòâåí-

íîãî çàãðÿçíåíèÿ òåððèòîðèé, ïîñêîëüêó âñå ëå-

òó÷èå ôðàêöèè èñïàðÿòñÿ íà ñòàäèè ïðîáîïîäãî-
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Ðèñ. 2. Ïðåäëàãàåìàÿ ñõåìà êîìïëåêñíîãî ïîäõîäà

Fig. 2. Proposed scheme of the integrated approach



òîâêè. Ïðè ýòîì ëåãêèå íåôòåïðîäóêòû ìîãóò îá-

ðàçîâûâàòü íåôòÿíûå ëèíçû íà ïîâåðõíîñòè

ãðóíòîâûõ âîä è ìèãðèðîâàòü íà çíà÷èòåëüíûå

ðàññòîÿíèÿ îò ìåñòà çàãðÿçíåíèÿ.

Îïðåäåëåíèå ñîñòàâà íåôòÿíîãî çàãðÿçíå-

íèÿ ìåòîäîì ïèðî-ÃÕ-ÌÑ. Íà ðèñ. 3 ïðåäñòàâëå-

íà õðîìàòîãðàììà âñåõ èññëåäóåìûõ îáðàçöîâ

íåôòåçàãðÿçíåííûõ ïî÷â.

Ïðè ðàñøèôðîâêå õðîìàòîãðàìì áûëî óñòà-

íîâëåíî, ÷òî âî âñåõ ïðîáàõ ïðèñóòñòâóþò ïàðà-

ôèíîâûå óãëåâîäîðîäû (í-àëêàíû) îò C5H12 äî

C26H54 è èõ ãîìîëîãè, àðîìàòè÷åñêèå ñîåäèíåíèÿ

îò C8H10 äî C23H40, à òàêæå ñîåäèíåíèÿ ñ êèñëîðî-

äîì. Ïðîàíàëèçèðîâàííûå ïðîáû èìåþò íåáîëü-

øîå ðàçëè÷èå â ñîäåðæàíèè óãëåâîäîðîäîâ (èí-

òåíñèâíîñòü ïèêîâ) îò C5 äî C10 (âðåìÿ óäåðæèâà-

íèÿ — îò 5,5 äî 8,0 ìèí) è îò C20 äî C26 (âðåìÿ

óäåðæèâàíèÿ — îò 11,5 äî 13,5 ìèí), ÷òî ñâÿçàíî

ñ èñïàðåíèåì ëåãêîëåòó÷èõ êîìïîíåíòîâ.

Ñîãëàñíî íàáëþäàåìîìó óãëåâîäîðîäíîìó ñî-

ñòàâó ïî äàííûì õðîìàòîãðàôè÷åñêîãî àíàëèçà

ìîæíî ñäåëàòü âûâîä, ÷òî âñå àíàëèçèðóåìûå îá-

ðàçöû çàãðÿçíåíû ìîòîðíûì òîïëèâîì. Áîëåå

òîãî, îöåíèâàÿ õðîìàòîãðàììû (ñì. ðèñ. 3), ìîæ-

íî îøèáî÷íî ïðåäïîëîæèòü, ÷òî èñòî÷íèêîì/âè-

íîâíèêîì çàãðÿçíåíèÿ ó÷àñòêà, ðàñïîëîæåííîãî

íà ñîïðÿæåííîé òåððèòîðèè (ïðîáà 1Ó), ÿâëÿåòñÿ

ðàñïîëîæåííûé ðÿäîì çàâîä ïî ïðîèçâîäñòâó

òðóáîïðîâîäíîé àðìàòóðû, à èñòî÷íèêîì/âèíîâ-

íèêîì çàãðÿçíåíèÿ äðóãîãî ó÷àñòêà (ïðîáà 2Ó) —

íåôòåáàçà. Îäíàêî ìîòîðíîå òîïëèâî ìîæåò ðàç-

ëè÷àòüñÿ ïî ñîñòàâó: ïðÿìîãîííûé äèñòèëëÿò

(òåìïåðàòóðû êèïåíèÿ — îò 45 äî 350 °C) è òî-

âàðíûé ïðîäóêò (ìîòîðíîå òîïëèâî ñ ðàçëè÷íû-

ìè ïðèñàäêàìè). Äëÿ ïîäòâåðæäåíèÿ èëè îïðî-

âåðæåíèÿ ñäåëàííûõ âûâîäîâ òðåáóåòñÿ áîëåå äå-

òàëüíîå èçó÷åíèå ñîñòàâà çàãðÿçíåíèÿ (ìîòîðíî-

ãî òîïëèâà), íàïðèìåð, îöåíêà ãðóïïîâîãî óãëå-

âîäîðîäíîãî è ýëåìåíòíîãî ñîñòàâà èññëåäóåìûõ

ïðîá.

Îïðåäåëåíèå ãðóïïîâîãî óãëåâîäîðîäíîãî è

ýëåìåíòíîãî ñîñòàâà. Â òàáë. 2 è 3 ïðèâåäåíû

ðåçóëüòàòû îïðåäåëåíèÿ ãðóïïîâîãî óãëåâî-

äîðîäíîãî è ýëåìåíòíîãî ñîñòàâà èññëåäóåìûõ

ïðîá.
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Òàáëèöà 1. Ñîäåðæàíèÿ íåôòåïðîäóêòîâ â îòîáðàííûõ

ïî÷âàõ, îïðåäåëåííûå ìåòîäîì ÈÊ-ñïåêòðîìåòðèè

Table 1. Content of petroleum products in soils determi-

ned by IR spectrometry

Íàèìåíîâàíèå

ïðîáû

Ðåçóëüòàòû èñïûòàíèé, ìã/êã (% ìàññ.)

áåç ñîðáåíòà ñ ñîðáåíòîì

1Í 2850 (0,29) 3430 (0,34)

1Ç 14 730 (1,47) 17 650 (1,77)

1Ó 16 540 (1,65) 19 020 (1,90)

2Ó 9870 (0,99) 11 350 (1,14)
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Ðèñ. 3. Õðîìàòîãðàììà îáðàçöîâ ïî÷â, îòîáðàííûõ ñ ðàçíûõ ó÷àñòêîâ (çåëåíûé öâåò — ïðîáà 1Í, æåëòûé — ïðîáà 2Ó,

ñèíèé — ïðîáà 1Ç, êðàñíûé — ïðîáà 1Ó)

Fig. 3. Chromatogram of soil samples taken from different sites (green — sample 1H, yellow — sample 2U, blue — sample 1Z,

red — sample 1U)



Ïðè ðàññìîòðåíèè ðåçóëüòàòîâ ïî ãðóïïîâî-

ìó óãëåâîäîðîäíîìó ñîñòàâó (ñì. òàáë. 2) óñòàíîâ-

ëåíî, ÷òî ïðîáà 1Í ñîäåðæèò áîëüøå íàñûùåí-

íûõ óãëåâîäîðîäíûõ ñîåäèíåíèé, à ïðîáà 1Ç —

áîëüøå àðîìàòè÷åñêèõ è ïîëÿðíûõ I óãëåâîäî-

ðîäíûõ ñîåäèíåíèé. Ïðîáû 1Ó è 2Ó ïî ãðóïïîâî-

ìó óãëåâîäîðîäíîìó ñîñòàâó ñõîæè ìåæäó ñîáîé.

Ïî ñîäåðæàíèþ íàñûùåííûõ è àðîìàòè÷åñêèõ

ñîåäèíåíèé ïðîáû 1Ó è 2Ó ñõîæè ñ ïðîáàìè 1Í è

1Ç, à ïî ñîäåðæàíèþ ïîëÿðíûõ I — ñ ïðîáîé 1Ç.

Ñîãëàñíî ïîëó÷åííûì ðåçóëüòàòàì ýëåìåíò-

íîãî àíàëèçà ïðîá ïî÷â (ñì. òàáë. 3) ðàçëè÷èÿ ïî

ñîäåðæàíèþ óãëåðîäà è âîäîðîäà, ÿâëÿþùèõñÿ

îñíîâíûìè è îáðàçóþùèìè ýëåìåíòàìè íåôòå-

ïðîäóêòîâ, ñâÿçàíû ñ ðàçíîé ìàññîâîé äîëåé

íåôòåïðîäóêòîâ â ïðîáàõ ïî÷â (ñì. òàáë. 1), è äëÿ

èäåíòèôèêàöèè èñòî÷íèêà çàãðÿçíåíèÿ èõ ñîäåð-

æàíèå ÿâëÿåòñÿ íåèíôîðìàòèâíûì. Â äàííîì

ñëó÷àå îðèåíòèðîì äëÿ îïðåäåëåíèÿ èñòî÷íèêà

çàãðÿçíåíèÿ ìîæåò ñëóæèòü ñîäåðæàíèå ñåðû,

àçîòà è êèñëîðîäà: â ïðîáàõ 1Ç, 1Ó è 2Ó ðåçóëüòà-

òû îïðåäåëåíèÿ ýòèõ ýëåìåíòîâ áëèçêè, â îòëè-

÷èå îò ïðîáû 1Í. Â ïðîáå 1Í ñîäåðæèòñÿ â 2,4

ðàçà ìåíüøå êèñëîðîäà è àçîòà, íî â 5 ðàç áîëüøå

ñåðû, ÷åì â îñòàëüíûõ àíàëèçèðóåìûõ ïðîáàõ.

Òàêèì îáðàçîì, èñïîëüçîâàíèå ýëåìåíòíîãî

àíàëèçà îäíîçíà÷íî âûÿâèëî ðàçëè÷èå ñîñòàâà

íåôòåïðîäóêòîâ â àíàëèçèðóåìûõ ïðîáàõ ïî ñî-

äåðæàíèþ àçîòà, ñåðû è êèñëîðîäà, ÷òî ïîäòâåð-

äèëî âûâîäû î ðàçëè÷èè âèäîâ íåôòÿíîãî çà-

ãðÿçíåíèÿ îáñëåäóåìûõ òåððèòîðèé.

Èäåíòèôèêàöèÿ èíäèâèäóàëüíûõ ñîåäèíå-

íèé íåôòÿíîãî çàãðÿçíåíèÿ. Òîâàðíûå ìî-

òîðíûå òîïëèâà îòëè÷àþòñÿ îò ïðÿìîãîííîé

áåíçèíîâîé ôðàêöèè äîáàâëåíèåì ðàçëè÷íûõ

ïðèñàäîê. Äîáàâêè â òîïëèâî ïðèìåíÿþò â äâóõ

îñíîâíûõ ñëó÷àÿõ: ïðè èçãîòîâëåíèè òîïëèâà

äëÿ ïîëó÷åíèÿ ïðîäóêòà, êîòîðûé ñîîòâåòñòâóåò

òðåáîâàíèÿì ñòàíäàðòîâ, èëè ïðè èñïîëüçîâàíèè

ñòàíäàðòíîãî òîïëèâà äëÿ óëó÷øåíèÿ åãî ýêñ-

ïëóàòàöèîííûõ, ýêîëîãè÷åñêèõ è ýðãîíîìè÷å-

ñêèõ õàðàêòåðèñòèê. Â îñíîâó ïðèñàäîê âõîäÿò

ñïèðòû (ìåòàíîë, ýòàíîë, èçîïðîïèëîâûé ñïèðò

è äð.), ýôèðû (ýòèë-òðåò-áóòèëîâûé ýôèð, äèèçî-

ïðîïèëîâûé ýôèð è äð.), àíòèäåòîíàòîðû (òåòðà-

ýòèëñâèíåö, ïåíòàêàðáîíèë æåëåçà, ôåððîöåí è

äð.) è àíòèîêñèäàíòû (ýòèëåíäèàìèí, áóòèëèðî-

âàííûé ãèäðîêñèòîëóîë è äð.). Ïîñêîëüêó ïðè

îïðåäåëåíèè ãðóïïîâîãî óãëåâîäîðîäíîãî è ýëå-

ìåíòíîãî ñîñòàâà íåôòåçàãðÿçíåííûõ ïî÷â áûëè

âûÿâëåíû ðàçëè÷èÿ, ïðîâåëè äåòàëüíûé ðàçáîð

õðîìàòîãðàìì ñ èñïîëüçîâàíèåì áàçû ìàññ-ñïåê-

òðîâ ïî ïîèñêó èíäèâèäóàëüíûõ ñîåäèíåíèé, êî-

òîðûå âõîäÿò â ñîñòàâ ïðèñàäîê (ðèñ. 4).

Ïî ðåçóëüòàòàì îáðàáîòêè â ïðîáå 1Ç èäåíòè-

ôèöèðîâàëè íàëè÷èå N-ìåòèëàíèëèíà, 2,5-äèìå-

òèëáåíçîëà, òåòðàýòèëñâèíöà è èçîïðîïèëîâîãî

ñïèðòà; â ïðîáå 1Í áûë îáíàðóæåí òîëüêî èçî-

ïðîïèëîâûé ñïèðò â êîíöåíòðàöèè â 2 ðàçà

ìåíüøå, ÷åì â ïðîáå 1Ç (ñì. ðèñ. 4). Ïîëó÷åííûå

äàííûå óêàçûâàþò íà çàãðÿçíåíèå ïî÷â ðàçíûìè

ïî ñîñòàâó íåôòåïðîäóêòàìè. Ïðè ðàññìîòðåíèè

õðîìàòîãðàìì ïðîá 1Ó è 2Ó ïî ìàðêåðàì, îòíîñÿ-

ùèìñÿ ê ïðèñàäêàì, áûëî óñòàíîâëåíî ñõîäñòâî

çàãðÿçíåíèÿ ñ ïðîáîé 1Ç.

Òàêèì îáðàçîì, íà ïðèìåðå ïðåäëàãàåìîãî

êîìïëåêñíîãî ïîäõîäà ê îöåíêå íåôòÿíîãî çà-

ãðÿçíåíèÿ áûëî îäíîçíà÷íî óñòàíîâëåíî, ÷òî

ó÷àñòêè, ðàñïîëîæåííûå íà ñîïðÿæåííûõ òåððè-

òîðèÿõ, çàãðÿçíåíû òîâàðíûì ìîòîðíûì òîïëè-

âîì, êîòîðîå èñïîëüçóåòñÿ íà çàâîäå ïî ïðîèçâîä-

ñòâó òðóáîïðîâîäíîé àðìàòóðû.
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Òàáëèöà 2. Ãðóïïîâîé óãëåâîäîðîäíûé ñîñòàâ íåôòåçàãðÿçíåííûõ ïî÷â, îïðåäåëåííûé ìåòîäîì ÒÑÕ-ÏÈÄ

Table 2. Group hydrocarbon composition of oil-contaminated soils determined by TLC-FID method

Íàèìåíîâàíèå

ïðîáû

Ñîäåðæàíèå óãëåâîäîðîäîâ, % ìàññ.

Íàñûùåííûå Àðîìàòè÷åñêèå Ïîëÿðíûå I Ïîëÿðíûå II

1Í 52,57 47,09 0,34 —

1Ç 51,39 47,78 0,83 —

1Ó 52,14 47,05 0,81 —

2Ó 52,25 47,04 0,71 —

Òàáëèöà 3. Ýëåìåíòíûé ñîñòàâ íåôòåçàãðÿçíåííûõ ïî÷â, îïðåäåëåííûé ñ èñïîëüçîâàíèåì CHNS/O-àíàëèçàòîðà

Table 3. Elemental composition of oil-contaminated soils determined using a CHNS/O analyzer

Íàèìåíîâàíèå

ïðîáû

Ñîäåðæàíèå ýëåìåíòà, %

C H N S O

1Í 0,820 0,201 0,014 0,064 0,30

1Ç 3,816 0,332 0,035 0,012 0,80

1Ó 4,693 0,546 0,041 0,010 0,65

2Ó 2,631 0,920 0,036 0,013 0,70



Çàêëþ÷åíèå

Íà ïðèìåðå èññëåäîâàíèÿ îáðàçöîâ íåôòå-

çàãðÿçíåííûõ ïî÷â, îòîáðàííûõ ñ ðàçíûõ ñîïðÿ-

æåííûõ òåððèòîðèé, ïîêàçàíà öåëåñîîáðàçíîñòü

ïðèìåíåíèÿ êîìïëåêñíîãî ïîäõîäà äëÿ îïðåäå-

ëåíèÿ óãëåâîäîðîäíîãî ñîñòàâà íåôòÿíîãî çà-

ãðÿçíåíèÿ è óñòàíîâëåíèÿ èñòî÷íèêà (âèíîâíè-

êà) çàãðÿçíåíèÿ.

Íà îñíîâàíèè ïîëó÷åííûõ ñâåäåíèé (îñîáåí-

íîñòè èíäèâèäóàëüíîãî ñîñòàâà óãëåâîäîðîäîâ,

ãðóïïîâîãî è ýëåìåíòíîãî ñîñòàâà íåôòåïðîäóê-

òà, íàëè÷èå óãëåâîäîðîäíûõ èíäèêàòîðîâ) ìîæíî

ìèíèìèçèðîâàòü îøèáêè ïðè îïðåäåëåíèè

(èäåíòèôèêàöèè) ïîòåíöèàëüíîãî èñòî÷íèêà çà-

ãðÿçíåíèÿ è/èëè èäåíòè÷íîñòè çàãðÿçíåíèÿ ñî-

ïðÿæåííûõ òåððèòîðèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî

çàäàíèÿ ÃÅÎÕÈ ÐÀÍ.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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Ðèñ. 4. Õðîìàòîãðàììà ñ èäåíòèôèöèðîâàííûìè èíäèâèäóàëüíûìè ñîåäèíåíèÿìè â ïðîáàõ 1Í (êðàñíûé öâåò) è 1Ç (ñè-

íèé öâåò): 1 — N-ìåòèëàíèëèí; 2 — èçîáóòèëîâûé ñïèðò; 3 — 2,5-äèìåòèëáåíçîë; 4 — òåòðàýòèëñâèíåö

Fig. 4. Chromatogram with identified individual compounds in samples 1H (red) and 1Z (blue): 1 — N-methylaniline; 2 —

isobutyl alcohol; 3 — 2,5-dimethylbenzene; 4 — tetraethyl lead
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ÏÐÀÊÒÈÊÀ ÎÏÐÅÄÅËÅÍÈß ÆÅËÅÇÀ ÌÅÒÎÄÎÌ

ÎÊÈÑËÈÒÅËÜÍÎ-ÂÎÑÑÒÀÍÎÂÈÒÅËÜÍÎÃÎ ÒÈÒÐÎÂÀÍÈß

Â ÒÅÕÍÎÃÅÍÍÛÕ ÌÀÒÅÐÈÀËÀÕ Ñ ÏÎÂÛØÅÍÍÛÌ

ÑÎÄÅÐÆÀÍÈÅÌ ÌÅÄÈ ÍÀ ÏÐÈÌÅÐÅ ÂÅËÜÖ-ÊËÈÍÊÅÐÀ

� Ïàâåë Èâàíîâè÷ Ãðóäèíñêèé1*, Àíôèñà Àëåêñàíäðîâíà Þðòàåâà1,2,

Âàëåðèé Ãðèãîðüåâè÷ Äþáàíîâ1

1 Èíñòèòóò ìåòàëëóðãèè è ìàòåðèàëîâåäåíèÿ èì. À. À. Áàéêîâà Ðîññèéñêîé àêàäåìèè íàóê, Ðîññèÿ, 119334, Ìîñêâà, Ëå-

íèíñêèé ïðîñïåêò, ä. 49; *e-mail: GruPaul@yandex.ru
2 Ðîññèéñêèé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò èì. Ä. È. Ìåíäåëååâà, Ðîññèÿ, 125047, Ìîñêâà, Ìèóññêàÿ ïëîùàäü,

ä. 9.

Ñòàòüÿ ïîñòóïèëà 16 àïðåëÿ 2024 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 28 ìàÿ 2024 ã.

Ïðèíÿòà ê ïóáëèêàöèè 25 èþíÿ 2024 ã.

Íà ïðàêòèêå øèðîêî èñïîëüçóþòñÿ êëàññè÷åñêèå ìåòîäû îïðåäåëåíèÿ îáùåãî æåëåçà, ñðå-

äè êîòîðûõ îäíèì èç ñàìûõ ðàñïðîñòðàíåííûõ ÿâëÿåòñÿ îêèñëèòåëüíî-âîññòàíîâèòåëüíîå

òèòðîâàíèå. Â èçâåñòíîé ìåòîäèêå ISO 2597-1 (ÃÎÑÒ 32517) àíàëèç âêëþ÷àåò ðàçëîæåíèå

ïðîáû ñ åå ïåðåâåäåíèåì â ðàñòâîð, âîññòàíîâëåíèå Fe3+ ðàñòâîðîì SnCl2 äî Fe2+ è òèòðî-

âàíèå ðàñòâîðîì K2Cr2O7 â ïðèñóòñòâèè èíäèêàòîðà — äèôåíèëàìèíîñóëüôîíàòà íàòðèÿ

èëè áàðèÿ. Â íàñòîÿùåé ðàáîòå ïðåäëîæåíà òèòðèìåòðè÷åñêàÿ ìåòîäèêà îïðåäåëåíèÿ îá-

ùåãî æåëåçà ñ èñïîëüçîâàíèåì â êà÷åñòâå âîññòàíîâèòåëÿ òåòðàãèäðèäîáîðàòà êàëèÿ âìåñ-

òî SnCl2. Èçó÷åíû îñîáåííîñòè èçâåñòíîé è ðàññìàòðèâàåìîé ìåòîäèê ïðè ïðèìåíåíèè

ñïåêàíèÿ äëÿ ðàçëîæåíèÿ ïðîá â õîäå àíàëèçà áîëüøîãî êîëè÷åñòâà îáðàçöîâ. Ïðèìåíåíèå

ðàçðàáîòàííîé ìåòîäèêè äëÿ àíàëèçà ñòàíäàðòíûõ îáðàçöîâ è ðåàëüíûõ òåõíîãåííûõ ìà-

òåðèàëîâ ñ ïîâûøåííûì ñîäåðæàíèåì ìåäè íà ïðèìåðå âåëüö-êëèíêåðà ïîêàçàëî óäîâëåò-

âîðèòåëüíóþ òî÷íîñòü è âîñïðîèçâîäèìîñòü ïîëó÷åííûõ çíà÷åíèé îáùåãî ñîäåðæàíèÿ æå-

ëåçà. Ðåçóëüòàòû ñâèäåòåëüñòâóþò î âîçìîæíîñòè ïðèìåíåíèÿ ðàññìàòðèâàåìîãî ñïîñîáà

äëÿ îïðåäåëåíèÿ æåëåçà â ïðîáàõ ñ ïîâûøåííûì ñîäåðæàíèåì ìåäè áåç äîïîëíèòåëüíîãî

ýòàïà îòäåëåíèÿ æåëåçà îò ìåäè. Âûñîêàÿ ïðîèçâîäèòåëüíîñòü àíàëèçà îáóñëîâëåíà îòñóò-

ñòâèåì ñòàäèè îòäåëåíèÿ æåëåçà îò ìåäè è ïðîñòîòîé ïðîâåäåíèÿ âîññòàíîâëåíèÿ ïðè êîì-

íàòíîé òåìïåðàòóðå, à òàêæå òåì, ÷òî íå òðåáóåòñÿ êîíòðîëèðîâàòü êîëè÷åñòâî äîáàâëÿå-

ìîãî âîññòàíîâèòåëÿ è òèòðîâàòü ðàñòâîð ñðàçó ïîñëå âîññòàíîâëåíèÿ æåëåçà. Óêàçàííûå

ïðåèìóùåñòâà íàðÿäó ñ îòñóòñòâèåì íåîáõîäèìîñòè ïðèìåíåíèÿ òîêñè÷íûõ ñîåäèíåíèé

ðòóòè äåëàþò ðàññìàòðèâàåìûé ñïîñîá ïðèâëåêàòåëüíûì äëÿ àíàëèçà áîëüøîãî êîëè÷åñò-

âà ïðîá.

Êëþ÷åâûå ñëîâà: æåëåçî; îêèñëèòåëüíî-âîññòàíîâèòåëüíîå òèòðîâàíèå; ìåäü; âåëüö-

êëèíêåð; òåòðàãèäðèäîáîðàò êàëèÿ.

THE EXPERIENCE OF IRON DETERMINATION IN TECHNOGENIC MATERIALS

WITH A HIGH COPPER CONTENT BY THE REDOX TITRATION METHOD:

CASE STUDY OF THE WAELZ SLAG

� Pavel I. Grudinsky,1* Anfisa A. Yurtaeva,1,2 Valery G. Dyubanov1

1 A. A. Baikov Institute of Metallurgy and Materials Science of the Russian Academy of Sciences, 49, Leninsky prosp., Moscow,
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2 D. I. Mendeleev Russian University of Chemical Technology, 9, Miusskaya pl., Moscow, 125047, Russia.
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Redox titration is one of the most common classical methods widely used in practice for the determination

of total iron. A well-known procedure ISO 2597-1 (GOST 32517) includes the decomposition of a sample

with dissolution, the reduction of Fe3+ to Fe2+ using a SnCl2 solution and its titration with a K2Cr2O7 solu-

tion in the presence of sodium or barium diphenylaminosulfonate as an indicator. We propose to use potas-

sium tetrahydroborate KBH4 as a reducing agent for Fe3+ to Fe2+ instead of SnCl2 to modify a titrimetric

method of total iron determination. The features of the well-known and considered methods are studied

when using sintering for sample decomposition during the analysis of a large number of samples. Applica-

tion of the developed method for the analysis of standard samples and technogenic materials with a high
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copper content, namely, Waelz slag showed a satisfactory accuracy and reproducibility of the obtained val-

ues of the total iron content. The results obtained indicate the possibility of the application of this method

to the iron determination in the samples with a high copper content without an additional step of the iron

separation from copper. A high productivity of the analysis (apart from the absence of the separation

stage) is achieved due to the simplicity of the reduction process occurred at room temperature, no need for

the control of the added amount of the reducing agent, and the possibility of holding the solutions for a

long time before the titration. These advantages along with the no need for using toxic mercury com-

pounds during the analysis make the method attractive for the analysis of a large number of samples.

Keywords: iron; redox titration; copper; Waelz slag; potassium tetrahydridoborate.

Ââåäåíèå

Äîëÿ æåëåçà è ñïëàâîâ íà åãî îñíîâå â ìèðî-

âîì ïðîèçâîäñòâå ìåòàëëîâ ñîñòàâëÿåò îêîëî

95 % [1]. Ðàñïðîñòðàíåííîñòü æåëåçà â çåìíîé

êîðå ïðåäîïðåäåëÿåò åãî íàõîæäåíèå â çíà÷è-

òåëüíûõ êîëè÷åñòâàõ íå òîëüêî â æåëåçíûõ ðó-

äàõ è îòõîäàõ ÷åðíîé ìåòàëëóðãèè, íî è â äðóãèõ

ìàòåðèàëàõ, íàïðèìåð, â ðóäàõ è îòõîäàõ öâåò-

íîé ìåòàëëóðãèè, ñûðüå è ïðîäóêòàõ ñòðîèòåëü-

íîé îòðàñëè, õèìè÷åñêîé ïðîìûøëåííîñòè è äð.

Â ñâÿçè ñ ýòèì îïðåäåëåíèå æåëåçà â ðàçëè÷íûõ

ìàòåðèàëàõ èìååò âàæíîå çíà÷åíèå äëÿ íàó÷-

íî-èññëåäîâàòåëüñêîé è ïðîèçâîäñòâåííîé äåÿ-

òåëüíîñòè.

Íåñìîòðÿ íà ñòðåìèòåëüíîå ðàçâèòèå ðåíòãå-

íîôëóîðåñöåíòíîãî àíàëèçà [2, 3] è ñïåêòðàëü-

íûõ ìåòîäîâ ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé

[4, 5] äëÿ îïðåäåëåíèÿ æåëåçà âñå åùå èñïîëüçó-

þò ôîòîìåòðè÷åñêèå [6, 7], òèòðèìåòðè÷åñêèå [8]

è ãðàâèìåòðè÷åñêèå [9] ìåòîäèêè èç-çà èõ îòíî-

ñèòåëüíîé ïðîñòîòû. Ñðåäè ýòèõ ìåòîäèê îäíîé

èç ñàìûõ ðàñïðîñòðàíåííûõ ÿâëÿåòñÿ ISO

2597-11 (ðîññèéñêèé àíàëîã — ÃÎÑÒ 325172).

Àíàëèç âêëþ÷àåò ðàçëîæåíèå ïðîáû ñ åå ïåðå-

âåäåíèåì â ðàñòâîð, âîññòàíîâëåíèå â ðàñòâîðå

èîíîâ æåëåçà (III) ðàñòâîðîì SnCl2 äî Fe2+ è èõ

òèòðîâàíèå ðàñòâîðîì K2Cr2O7 â ïðèñóòñòâèè èí-

äèêàòîðà — äèôåíèëàìèíîñóëüôîíàòà íàòðèÿ

èëè áàðèÿ. Ìåòîä îáëàäàåò âûñîêîé òî÷íîñòüþ

ïðè îïðåäåëåíèè âûñîêèõ ñîäåðæàíèé æåëåçà

[10], ïîýòîìó ñòàíäàðò ïðåäóñìàòðèâàåò èñïîëü-

çîâàíèå ýòîãî ìåòîäà äëÿ îïðåäåëåíèÿ æåëåçà â

ðóäàõ è äðóãèõ æåëåçîñîäåðæàùèõ ìàòåðèàëàõ â

äèàïàçîíå 10 – 75 %.

Â ëàáîðàòîðèè ïðîáëåì ìåòàëëóðãèè êîì-

ïëåêñíûõ ðóä èì. àêàäåìèêà Áàðäèíà ÈÌÅÒ

ÐÀÍ ïðîâîäÿò ìíîãîôàêòîðíûå èññëåäîâàíèÿ

ôèçèêî-õèìè÷åñêèõ îñíîâ ïåðåðàáîòêè ðàçëè÷íî-

ãî ñûðüÿ, â òîì ÷èñëå æåëåçîðóäíîãî è æåëåçîñî-

äåðæàùåãî, àíàëèçèðóÿ ýòèì ìåòîäîì èñõîäíûå

ìàòåðèàëû è ïðîäóêòû èõ ïåðåðàáîòêè. Ïðè ýòîì

áîëüøîå êîëè÷åñòâî àíàëèçèðóåìûõ ïðîá, èíîãäà

èñ÷èñëÿåìîå äåñÿòêàìè çà ðàáî÷èé äåíü, äåëàåò

âàæíûì ôàêòîðîì óâåëè÷åíèå ïðîèçâîäèòåëüíî-

ñòè àíàëèçà ïóòåì óìåíüøåíèÿ åãî ïðîäîëæè-

òåëüíîñòè. Äëÿ ýòîé öåëè èç òðåõ âîçìîæíûõ âè-

äîâ ðàñòâîðåíèÿ ïðîá ïî ÃÎÑÒ 32517, âêëþ÷àþ-

ùèõ êèñëîòíîå ðàçëîæåíèå, ðàçëîæåíèå ñïåêàíè-

åì è ùåëî÷íîå ñïëàâëåíèå, áûëî âûáðàíî ðàçëî-

æåíèå ñïåêàíèåì êàê íàèáîëåå ýôôåêòèâíîå ïðè

àíàëèçå áîëüøîãî êîëè÷åñòâà îáðàçöîâ. Îäíàêî

äëÿ ïðîá ñ ïîâûøåííûì ñîäåðæàíèåì ìåäè äàí-

íûé ñïîñîá ðàçëîæåíèÿ ïðîá íå ïîäõîäèò. Â ðà-

áîòàõ [11, 12] ñîîáùàåòñÿ î çàâûøåííûõ ðåçóëü-

òàòàõ ïðè îïðåäåëåíèè æåëåçà ïóòåì åãî âîññòà-

íîâëåíèÿ õëîðèäîì îëîâà â ïðèñóòñòâèè ïîâû-

øåííûõ ñîäåðæàíèé ìåäè. Ñîãëàñíî ìåòîäèêå,

÷òîáû èçáåæàòü îøèáêè ïðè äàëüíåéøåì îïðåäå-

ëåíèè äëÿ ïðîá ñ ñîäåðæàíèåì ìåäè áîëåå 0,1 %,

ïðåäóñìîòðåíî îòäåëåíèå æåëåçà îò ìåäè ïóòåì

åãî îñàæäåíèÿ ïî ðåàêöèè [13]:

Fe3+ + 3NH3 · H2O = Fe(OH)3 + 3NH4
+. (1)

Ïîëó÷åííûé ãèäðîêñèä æåëåçà çàòåì ïîâòîð-

íî ïåðåâîäÿò â ðàñòâîð äëÿ îïðåäåëåíèÿ æåëåçà.

Ýòîò ýòàï òðåáóåò çíà÷èòåëüíûõ çàòðàò ðåñóðñîâ

è âðåìåíè è íå ïîäõîäèò äëÿ áûñòðîãî àíàëèçà

áîëüøèõ ïàðòèé îáðàçöîâ.

Èñõîäÿ èç ýòîãî äëÿ óñêîðåíèÿ àíàëèçà áûëà

ðàññìîòðåíà âîçìîæíîñòü çàìåíû âîññòàíîâèòå-

ëÿ íà áîëåå ïîäõîäÿùèé ðåàãåíò, êîòîðûé íå

âíîñèò èñêàæåíèé â ðåçóëüòàòû àíàëèçà ïðîá ñ

ïîâûøåííûì ñîäåðæàíèåì ìåäè. Â ðàáîòàõ

[12, 13] îïèñàíà ìåòîäèêà ñ èñïîëüçîâàíèåì òåò-

ðàãèäðèäîáîðàòà êàëèÿ (KBH4) âìåñòî äèõëîðèäà

îëîâà, â êîòîðîé ìåäü íå ìåøàåò îïðåäåëåíèþ

æåëåçà — åå äîïîëíèòåëüíî âíîñÿò â êà÷åñòâå

èíäèêàòîðà è êàòàëèçàòîðà ïðîöåññà âîññòàíîâ-

ëåíèÿ. Â ýòèõ ðàáîòàõ óïîìÿíóòàÿ ìåòîäèêà áûëà

èçó÷åíà â îñíîâíîì ïðè àíàëèçå ìîäåëüíûõ ðàñ-

òâîðîâ èëè ïîñëå ðàçëîæåíèÿ ïðîá ïóòåì ùåëî÷-

íîãî ñïëàâëåíèÿ.

Â íàñòîÿùåé ðàáîòå áûë îïðîáîâàí òèòðèìåò-

ðè÷åñêèé ìåòîä îïðåäåëåíèÿ æåëåçà ñ èñïîëüçî-

âàíèåì KBH4 â êà÷åñòâå âîññòàíîâèòåëÿ ïðè àíà-

ëèçå ðåàëüíûõ òåõíîãåííûõ ìàòåðèàëîâ ïîñëå

ðàçëîæåíèÿ ïðîá ñïåêàíèåì, ðåçóëüòàòû àíàëèçà
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ñðàâíèëè ñ ïîëó÷åííûìè ïî ñòàíäàðòíîé ìåòîäè-

êå ISO 2597-1.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â êà÷åñòâå êîíòðîëüíûõ îáðàçöîâ èñïîëüçî-

âàëè êàðáîíèëüíîå æåëåçî îñ÷ 13-2 (�99,98 % Fe)

è ÃÑÎ æåëåçíîé ðóäû NCS DC 14011a, ñîäåðæà-

ùèé 49,86 % Fe è 0,59 % Cu.

Â êà÷åñòâå îáúåêòîâ àíàëèçà ñëóæèëè îáðàç-

öû âåëüö-êëèíêåðà öèíêîâîãî ïðîèçâîäñòâà è

ïðîäóêòîâ åãî ìàãíèòíîé ñåïàðàöèè. Ïðîáû

âåëüö-êëèíêåðà áûëè ïîëó÷åíû îò äâóõ ðàçíûõ

ïðåäïðèÿòèé (ÏÀÎ «×ÖÇ» è ÎÎÎ «Àëüôàò-

ðàíñ»), ïåðåðàáàòûâàþùèõ ïûëè ýëåêòðîñòàëå-

ïëàâèëüíîãî ïðîèçâîäñòâà ñ ïîìîùüþ âåëüö-ïðî-

öåññà, è îáîçíà÷åíû êàê Ê1 è Ê2 ñîîòâåòñòâåííî.

Ñîäåðæàíèå ìåäè â îáðàçöàõ âåëüö-êëèíêåðà

áûëî îïðåäåëåíî ñ èñïîëüçîâàíèåì àòîìíî-ýìèñ-

ñèîííîãî ñïåêòðîìåòðà Vista Pro (Àâñòðàëèÿ):

äëÿ îáðàçöîâ Ê1 è Ê2 îíî ñîñòàâèëî 0,61 è 0,21 %

ñîîòâåòñòâåííî. Ñîñòàâ è õàðàêòåðèñòèêà âåëüö-

êëèíêåðà áîëåå ïîëíî ïðåäñòàâëåíû â ðàáîòå

[14].

Îáîáùåííîå ïîýòàïíîå îïèñàíèå èñïîëüçóå-

ìûõ àíàëèòè÷åñêèõ ìåòîäèê ïðèâåäåíî â òàáë. 1.

Ðàçëîæåíèå ñïåêàíèåì äëÿ äâóõ ñïîñîáîâ

ïðîâîäèëè îäèíàêîâî â ñîîòâåòñòâèè ñ ÃÎÑÒ

32517.1 (ISO 2597-1). Íàâåñêó àíàëèçèðóåìîãî

îáðàçöà ñìåøèâàëè ñ ðåàãåíòîì äëÿ ñïåêàíèÿ äî

ïîëó÷åíèÿ îäíîðîäíîé ìàññû, çàâîðà÷èâàëè â

êîíäåíñàòîðíóþ áóìàãó è ïåðåíîñèëè â ôàðôîðî-

âûé òèãåëü, â êîòîðîì íàõîäèëñÿ óïëîòíåííûé

ñëîé 0,3 – 0,5 ã îêñèäà ìàãíèÿ. Òèãåëü ïîìåùàëè

â ìóôåëüíóþ ïå÷ü è ñïåêàëè ïðè òåìïåðàòóðå

775 °C â òå÷åíèå 60 ìèí. Â ñîîòâåòñòâèè ñ ìå-

òîäèêîé ïðîäîëæèòåëüíîñòü ñïåêàíèÿ ïðîá äîëæ-

íà ñîñòàâëÿòü 15 – 20 ìèí. Â õîäå ïðåäâàðèòåëü-

íûõ èñïûòàíèé áûëî óñòàíîâëåíî, ÷òî ñïåêàíèå

â òå÷åíèå óêàçàííîãî âðåìåíè ïðèâîäèò ê íåïîë-

íîìó ñãîðàíèþ óãëåðîäà â ïðîáàõ âåëüö-êëèíêå-

ðà è ïðîäóêòàõ åãî ïåðåðàáîòêè, ñîäåðæàùèõ

5 – 20 % C â âèäå òðóäíîðàñòâîðèìîãî ãðàôèòà.

Â ñâÿçè ñ ýòèì âðåìÿ ñïåêàíèÿ áûëî óâåëè÷åíî

äî 60 ìèí èñõîäÿ èç ðåçóëüòàòîâ òåðìîãðàâèìåò-

ðè÷åñêîãî àíàëèçà ñêîðîñòè ñãîðàíèÿ óãëåðîä-

íûõ ìàòåðèàëîâ [15], ÷òî ïðèâåëî ê ïîëíîìó ðàñ-

òâîðåíèþ ïðîá áåç îñòàòêîâ.

Â ñëó÷àå ïðîâåäåíèÿ àíàëèçà ìåòîäîì ISO

2597-1 ñïå÷åííûå îáðàçöû ïåðåíîñèëè èç òèãëåé

â êîíè÷åñêèå êîëáû îáúåìîì 250 ìë, äîáàâëÿëè

ãîðÿ÷óþ äèñòèëëèðîâàííóþ âîäó è íàãðåâàëè

íà ïëèòå äî íà÷àëà êèïåíèÿ, äàëåå äîáàâëÿëè

ôòîðèä íàòðèÿ è îñòîðîæíî ïî ñòåíêå êîëáû ïðè-

ëèâàëè êîíöåíòðèðîâàííóþ ñîëÿíóþ êèñëîòó

(36 %). Åñëè ðàñòâîð áûë ìóòíûì, äîáàâëÿëè íå-

ñêîëüêî êàïåëü ðàñòâîðà õëîðèäà îëîâà (II)

(100 ã/ë) äëÿ îáåñöâå÷èâàíèÿ. Ðàñòâîð âûäåðæè-
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Òàáëèöà 1. Îïèñàíèå ìåòîäèê îïðåäåëåíèÿ æåëåçà

Table 1. Description of methods for iron determination

ISO 2597-1 Ðàññìàòðèâàåìûé ñïîñîá

Ñòàäèÿ ðàçëîæåíèÿ ñïåêàíèåì

Ìàññà íàâåñêè, ã 0,18-0,4

Ñìåñü äëÿ ñïåêàíèÿ 1,5 ã ñìåñè Na2CO3:(NH4)2C2O4:KNO3 = 10:4:1

Òåìïåðàòóðà ñïåêàíèÿ, °C 775

Âðåìÿ ñïåêàíèÿ, ìèí 60

Òåìïåðàòóðà ðàñòâîðåíèÿ, °C >95

Ðåàãåíòû äëÿ ðàñòâîðåíèÿ ñïåêà 10 ìë H2O + 0,5 ã NaF

+ 20 ìë 36 %-íîé HCl + 20 ìë 24 %-íîé H2SO4

Ðåàãåíòû äëÿ îáåñöâå÷èâàíèÿ ðàñòâîðà 1 – 5 êàïåëü SnCl2 (100 ã/ë) 1 – 2 êàïëè 37 %-íîé H2O2

Ñòàäèÿ âîññòàíîâëåíèÿ

Òåìïåðàòóðà âîññòàíîâëåíèÿ, °C >85 25 (êîìíàòíàÿ)

Ðåàãåíò äëÿ âîññòàíîâëåíèÿ SnCl2 (100 ã/ë) KBH4 (20 ã/ë)

Èíäèêàòîð âîññòàíîâëåíèÿ — 0,5 ìë CuSO4 (20 ã/ë)

Ñòàäèÿ òèòðîâàíèÿ

Ìàñêèðîâàíèå èçáûòêà âîññòàíîâèòåëÿ 5 ìë HgCl2 (20 ã/ë) —

Ðàçáàâëåíèå Äîâåäåíèå äî 300 ìë H2O

Ñìåñü êèñëîò 30 ìë ñìåñè: 150 ìë H2SO4 (ñ = 1,84 ã/ìë) + 150 ìë H3PO4 (ñ = 1,7 ã/ìë),

äîâåäåíèå âîäîé äî V = 1 ë

Èíäèêàòîð òèòðîâàíèÿ 1 ìë C12H10NBaO3S (2 ã/ë)

Òèòðàíò 0,01667 ìîëü/ë K2Cr2O7 (0,005585 ã Fe/ìë)



âàëè ïðè òåìïåðàòóðå áîëåå 95 °C äî èñ÷åçíîâå-

íèÿ òåìíîîêðàøåííûõ ÷àñòèö. Ïîñëå ïîëíîãî

ðàñòâîðåíèÿ â ñëó÷àå âîçìîæíîãî ïðèñóòñòâèÿ â

ïðîáàõ îðãàíè÷åñêèõ âåùåñòâ èëè çíà÷èòåëüíîãî

ñîäåðæàíèÿ ìûøüÿêà äîáàâëÿëè 5 ìë ðàñòâîðà

KMnO4 (25 ã/ë) è âûäåðæèâàëè ïðè ýòîé òåìïå-

ðàòóðå â òå÷åíèå 5 ìèí äëÿ èõ óäàëåíèÿ. Ñòåíêè

êîëáû îáìûâàëè íåáîëüøèì êîëè÷åñòâîì êîí-

öåíòðèðîâàííîé ñîëÿíîé êèñëîòû, äàëåå ïðè èí-

òåíñèâíîì ïåðåìåøèâàíèè ïî êàïëÿì äîáàâëÿëè

ðàñòâîð õëîðèäà îëîâà (II) äî îáåñöâå÷èâàíèÿ è

1 – 2 êàïëè â èçáûòêå ïî ðåàêöèè [16]:

2Fe3+ + Sn2+ = 2Fe2+ + Sn4+. (2)

Ïîñëå ýòîãî îõëàæäàëè ïîëó÷åííûé ðàñòâîð

äî êîìíàòíîé òåìïåðàòóðû è äëÿ îêèñëåíèÿ èç-

áûòêà äâóõâàëåíòíîãî îëîâà, êîòîðîå ìåøàåò îï-

ðåäåëåíèþ æåëåçà, äîáàâëÿëè 5 ìë ðàñòâîðà õëî-

ðèäà ðòóòè (20 ã/ë), âûäåðæèâàÿ â òå÷åíèå 5 ìèí

äî îáðàçîâàíèÿ íåáîëüøîãî êîëè÷åñòâà õëîïüå-

âèäíîãî îñàäêà Hg2Cl2 ïî ðåàêöèè:

SnCl2 + 2HgCl2 = SnCl4 + Hg2Cl2�. (3)

Çàòåì ðàçáàâëÿëè ðàñòâîð õîëîäíîé äèñòèë-

ëèðîâàííîé âîäîé, äîáàâëÿëè ñìåñü êèñëîò è äè-

ôåíèëàìèíîñóëüôîíàòà áàðèÿ â êà÷åñòâå èíäè-

êàòîðà è ñðàçó æå òèòðîâàëè ñòàíäàðòíûì ðàñ-

òâîðîì äèõðîìàòà êàëèÿ äî ïåðåõîäà â êîíå÷íîé

òî÷êå òèòðîâàíèÿ áåñöâåòíîé èëè çåëåíîé îêðà-

ñêè â ôèîëåòîâóþ ïî ðåàêöèè:

6Fe2+ + Cr O
2 7

2�

+ 14H+ =

= 6Fe3+ + 2Cr3+ + 7H2O. (4)

Â ðàññìàòðèâàåìîì ñïîñîáå àíàëèçà ïîñëå ïå-

ðåíîñà ñïå÷åííûõ îáðàçöîâ â êîíè÷åñêèå êîëáû

îáúåìîì 250 ìë, äîáàâëåíèÿ ãîðÿ÷åé äèñòèëëèðî-

âàííîé âîäû, íàãðåâà äî êèïåíèÿ è äîáàâëåíèÿ

ôòîðèäà íàòðèÿ â êà÷åñòâå ðåàãåíòà äëÿ ðàñòâî-

ðåíèÿ èñïîëüçîâàëè ðàçáàâëåííóþ ñåðíóþ êèñëî-

òó (1:3) òîãî æå îáúåìà. Âûáîð ñåðíîé êèñëîòû

âìåñòî ñîëÿíîé âûçâàí íåîáõîäèìîñòüþ èçáå-

æàòü îáðàçîâàíèÿ êîìïëåêñîâ õëîðèäà ìåäè

CuCl
ads

�

[17], ïðèñóòñòâèå êîòîðûõ ïðèâîäèò ê çà-

âûøåííûì ðåçóëüòàòàì àíàëèçà. Óêàçàííîå ðàç-

áàâëåíèå ðåàãåíòà áûëî âûáðàíî êàê îïòèìàëü-

íîå â ñâÿçè ñ íàèâûñøåé ñêîðîñòüþ ðàñòâîðåíèÿ

ïðîá. Ïðè íåîáõîäèìîñòè ðàñòâîð îáåñöâå÷èâàëè

ïóòåì äîáàâëåíèÿ 1 – 2 êàïåëü ðàñòâîðà 37 %

H2O2 âìåñòî ðàñòâîðà SnCl2 èç-çà îïèñàííûõ

âûøå àíàëîãè÷íûõ ñîîáðàæåíèé.

Ïîñëå ðàçëîæåíèÿ è ïîäãîòîâêè ïðîáû

ðàñòâîð îõëàæäàëè äî êîìíàòíîé òåìïåðàòóðû,

îáìûâàëè ñòåíêè êîëáû âîäîé. Äàëåå ïðè èíòåí-

ñèâíîì ïåðåìåøèâàíèè ñ ïîìîùüþ ìàãíèòíîé

ìåøàëêè äîáàâëÿëè 10 – 15 êàïåëü ðàñòâîðà

CuSO4 (20 ã/ë) è ïî êàïëÿì — ðàñòâîð KBH4

(20 ã/ë) äî ïîÿâëåíèÿ óñòîé÷èâûõ (áîëåå 5 ñ) òåì-

íîîêðàøåííûõ ÷àñòèö ìåòàëëè÷åñêîé ìåäè, ÷òî

ÿâëÿåòñÿ ñâèäåòåëüñòâîì îêîí÷àíèÿ ïðîöåññà

âîññòàíîâëåíèÿ.

×èñòûé ðåàêòèâ KBH4 ñèíòåçèðîâàëè ñëå-

äóþùèì îáðàçîì [18]: NaBH4 (÷) ðàñòâîðÿëè â

ìèíèìàëüíîì êîëè÷åñòâå âîäû (57 ã íà 100 ìë

âîäû) è äîáàâëÿëè 10 %-íûé ñòåõèîìåòðè÷åñêèé

èçáûòîê ðàñòâîðà KOH (93 ã íà 100 ìë âîäû), âû-

ïàâøèå êðèñòàëëû îòäåëÿëè îò ìàòî÷íîãî ðàñ-

òâîðà ïóòåì ôèëüòðîâàíèÿ ñ ïîìîùüþ âîðîíêè

Áþõíåðà è êîëáû Áóíçåíà, ïðîìûâàëè îñàäîê îõ-

ëàæäåííûì ðàñòâîðîì ýòèëîâîãî ñïèðòà è ñóøè-

ëè ïðè òåìïåðàòóðå 70 – 80 °C. Äëÿ ïðèãîòîâëå-

íèÿ ðàñòâîðà KBH4 (20 ã/ë) 2 ã KBH4 ðàñòâîðÿëè

â 100 ìë âîäíîãî ðàñòâîðà NaOH (10 ã/ë). Ðàñ-

òâîð ñòàáèëåí â òå÷åíèå 24 ÷ ïðè êîìíàòíîé òåì-

ïåðàòóðå [13], ÷òî ñâÿçàíî ñ çàìåäëåíèåì ãèäðî-

ëèçà KBH4 â ðàñòâîðå ùåëî÷è [18].

Ïðîöåññ âîññòàíîâëåíèÿ Fe3+ äî Fe2+ òåòðà-

ãèäðèäîáîðàòîì êàëèÿ â ïðèñóòñòâèè èîíîâ Cu2+

îïèñûâàåòñÿ ðåàêöèÿìè [13, 19, 20]:

Fe3+ + 2BH4
– + 4H2O =

= Fe2+ + 2BO2
– + 4H+ + 6H2, (5)

Cu2+ + 2BH4
– + 6H2O =

= Cu + 2B(OH)3 + 7H2, (6)

Cu+ + Fe3+ = Fe2+ + Cu2+. (7)

Ïîñëå èñ÷åçíîâåíèÿ ÷àñòèö ìåòàëëè÷åñêîé

ìåäè ðàñòâîð ðàçáàâëÿëè õîëîäíîé äèñòèëëèðî-

âàííîé âîäîé, âíîñèëè ñìåñü ôîñôîðíîé è ñåð-

íîé êèñëîò, çàòåì äîáàâëÿëè èíäèêàòîð è òèòðî-

âàëè ïðè ïåðåìåøèâàíèè ñòàíäàðòíûì ðàñòâî-

ðîì äèõðîìàòà êàëèÿ àíàëîãè÷íî ìåòîäó ISO

2597-1.

Â îáåèõ ìåòîäèêàõ ìàññîâóþ äîëþ æåëåçà â

ïðîáå (% Fe) îïðåäåëÿëè ïî ôîðìóëå:

%Fe = C(V1 – V2)K/m · 100, (8)

ãäå V1 — îáúåì ðàñòâîðà K2Cr2O7, èçðàñõîäîâàí-

íûé íà òèòðîâàíèå àíàëèçèðóåìîãî ðàñòâîðà,

ìë; V2 — îáúåì ðàñòâîðà K2Cr2O7, èçðàñõîäîâàí-

íûé íà òèòðîâàíèå ðàñòâîðà â õîëîñòîì îïûòå,

ìë; C — êîíöåíòðàöèÿ òèòðîâàííîãî ðàñòâîðà

K2Cr2O7, ã Fe/ìë; m — ìàññà íàâåñêè îáðàçöà, ã;

K = 100/(100 – A) — êîýôôèöèåíò ïåðåñ÷åòà ìàñ-

ñîâîé äîëè îáùåãî æåëåçà â åãî ìàññîâóþ äîëþ â

ñóõîì âåùåñòâå; A — îïðåäåëÿåìàÿ ïî ÃÎÑÒ

23581.1 ìàññîâàÿ äîëÿ ãèãðîñêîïè÷åñêîé âëàãè â

àíàëèçèðóåìîé ïðîáå, %.

Â êîíòðîëüíûõ îïûòàõ ðåçóëüòàò àíàëèçà çà-

ïèñûâàëè â âèäå %Fe ± S%Fe, ãäå S%Fe — ñðåäíÿÿ

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9 27
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ãäå S
m

— ïîãðåøíîñòü îïðåäåëåíèÿ ìàññû, ã;

S
V

— ïîãðåøíîñòü îïðåäåëåíèÿ îáúåìà, ìë; SC —

ïîãðåøíîñòü îïðåäåëåíèÿ òèòðà, ìë. Â êà÷åñòâå

S
m

èñïîëüçîâàëè çíà÷åíèå àáñîëþòíîé ïîãðåø-

íîñòè àíàëèòè÷åñêèõ âåñîâ ±0,001 ã, â êà÷åñòâå

S
V

— ïîãðåøíîñòü èçìåðåíèÿ áþðåòêè ±0,05 ìë,

çíà÷åíèå SC áûëî îïðåäåëåíî çàðàíåå êàê äî-

âåðèòåëüíûé èíòåðâàë òèòðà óC (P = 0,95) ñ

èñïîëüçîâàíèåì êàðáîíèëüíîãî æåëåçà êàê

àíàëèçèðóåìîãî âåùåñòâà è ñîñòàâëÿëî

±0,000008 ã/ìë.

Â ñëó÷àå àíàëèçà ñ èñïîëüçîâàíèåì àâòîìàòè-

÷åñêîãî òèòðàòîðà Òèòðèîí-3 (Ðîññèÿ) äëÿ îáåèõ

ìåòîäèê ðàñòâîð ïîñëå äîáàâëåíèÿ ñìåñè êèñëîò

è èíäèêàòîðà äîâîäèëè äèñòèëëèðîâàííîé âîäîé

â ìåðíûõ êîëáàõ äî îáúåìà 400 ìë, îòáèðàëè àëè-

êâîòó 50 ìë â ìåðíûé ñòàêàí è äàëåå òèòðîâàëè

ïðè ïåðåìåøèâàíèè ñòàíäàðòíûì ðàñòâîðîì äè-

õðîìàòà êàëèÿ. Çíà÷åíèå ýêâèâàëåíòíîãî îáúåìà

òèòðàíòà îïðåäåëÿëè ïî çàðåãèñòðèðîâàííîé

êðèâîé òèòðîâàíèÿ â òî÷êå ýêâèâàëåíòíîñòè, ñî-

îòâåòñòâóþùåé ñêà÷êîîáðàçíîìó èçìåíåíèþ îï-

òè÷åñêîé ïëîòíîñòè ðàñòâîðà [21].

Îáñóæäåíèå ðåçóëüòàòîâ

Ñîäåðæàíèÿ æåëåçà â êîíòðîëüíûõ îáðàçöàõ

â ñðàâíåíèè ñ åãî èçâåñòíûìè ñîäåðæàíèÿìè â

êàðáîíèëüíîì æåëåçå è ÃÑÎ ïðåäñòàâëåíû â

òàáë. 2.

Êàê ñëåäóåò èç ïðèâåäåííûõ äàííûõ, ðåçóëü-

òàò àíàëèçà êàðáîíèëüíîãî æåëåçà ïðè èñïîëüçî-

âàíèè îáåèõ ìåòîäèê ñîâïàë ñ îæèäàåìûì. Äëÿ

ÃÑÎ ñ ïîâûøåííûì ñîäåðæàíèåì ìåäè ðàññìàò-

ðèâàåìàÿ ìåòîäèêà ïîêàçàëà õîðîøóþ ñõîäè-

ìîñòü ñ îæèäàåìûì çíà÷åíèåì, òîãäà êàê ïðè èñ-

ïîëüçîâàíèè ISO 2597-1 ðåçóëüòàò ïîëó÷èëñÿ çà-

âûøåííûì. Â òàáë. 3 ïðèâåäåíû ñîäåðæàíèÿ æå-

ëåçà â îáðàçöàõ âåëüö-êëèíêåðà, ïîëó÷åííûå ïðè

èñïîëüçîâàíèè äâóõ ðàçíûõ ìåòîäèê.

Êàê âèäíî èç òàáë. 3, ïîëó÷åííûå çíà÷åíèÿ

äëÿ îáðàçöà Ê2 ñ èñïîëüçîâàíèåì ðàçíûõ ìåòî-

äèê îêàçàëèñü áëèçêè ñ ïåðåñå÷åíèåì äîâåðè-

òåëüíûõ èíòåðâàëîâ. Ýòè äàííûå ñâèäåòåëüñòâó-

þò îá îòñóòñòâèè çíà÷èìîãî èñêàæåíèÿ ðåçóëüòà-

òîâ ïðè ïðèìåíåíèè ìåòîäèêè ISO 2597-1, êîãäà

ñîäåðæàíèå ìåäè íåçíà÷èòåëüíî ïðåâûøàåò äî-

ïóñòèìûå çíà÷åíèÿ (0,1 %). Ðàçíèöà â ïîëó÷åí-

íûõ ñðåäíèõ çíà÷åíèÿõ ñîäåðæàíèÿ äëÿ îáðàçöà

Ê1 îêàçàëàñü âûøå. è ñðåäíåå çíà÷åíèå äëÿ ìåòî-

äèêè ISO íå ïîïàäàåò â äîâåðèòåëüíûé èíòåðâàë

äëÿ ðàññìàòðèâàåìîãî ñïîñîáà. Ïðè ýòîì äîâåðè-

òåëüíûé èíòåðâàë äëÿ ñïîñîáà ISO 2597-1 äîñòà-

òî÷íî âåëèê çà ñ÷åò ñóùåñòâåííîãî ðàçìàõà çíà-

÷åíèé è âêëþ÷àåò â ñåáÿ ðåçóëüòàò, ïîëó÷åííûé

ïî ðàññìàòðèâàåìîé ìåòîäèêå. Ñëåäóåò îòìåòèòü

ïðèìåðíî äâóêðàòíî áîëüøåå çíà÷åíèå ðàçìàõà

ïðè èñïîëüçîâàíèè ISO 2597-1 äëÿ îáîèõ îáðàç-

öîâ, ÷òî ñâèäåòåëüñòâóåò î ìåíüøåé ñòàáèëüíî-

ñòè çíà÷åíèé è ìîæåò êîñâåííî óêàçûâàòü íà èñ-

êàæåíèå ðåçóëüòàòîâ àíàëèçà ïðè íåêîòîðûõ èç-

ìåðåíèÿõ, à òàêæå âûñîêóþ âîñïðîèçâîäèìîñòü

ðåçóëüòàòîâ ïðè èñïîëüçîâàíèè ðàññìàòðèâàå-

ìîé ìåòîäèêè.

Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î âîç-

ìîæíîñòè ïðèìåíåíèÿ ðàññìàòðèâàåìîãî ñïîñîáà

äëÿ àíàëèçà ïðîá ñ ïîâûøåííûì ñîäåðæàíèåì

ìåäè çà ñ÷åò õîðîøåé âîñïðîèçâîäèìîñòè è òî÷-

íîñòè ðåçóëüòàòîâ, òîãäà êàê ïðèìåíåíèå ISO

2597-1 ïðè àíàëèçå òàêèõ îáðàçöîâ áåç äîïîëíè-
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Òàáëèöà 2. Ñîäåðæàíèå Fe â êîíòðîëüíûõ îáðàçöàõ, %

Table 2. Fe content in control samples, %

Êîíòðîëüíûé îáðàçåö Îæèäàåìîå çíà÷åíèå ISO 2597-1 Ðàññìàòðèâàåìûé ñïîñîá

Æåëåçî êàðáîíèëüíîå ÎÑ× 13-2 99,98 99,87 ± 0,54 100,03 ± 0,54

Æåëåçíàÿ ðóäà NCS DC 14011a (0,59 % Cu) 49,86 50,87 ± 0,29 49,94 ± 0,29

Òàáëèöà 3. Ñîäåðæàíèå Fe â àíàëèçèðóåìûõ îáðàçöàõ âåëüö-êëèíêåðà, %

Table 3. Fe content in Waelz slag samples, %

Îáðàçåö Ìåòîä
Ñîäåðæàíèå

ìåäè, % Cu

Êîëè÷åñòâî

èçìåðåíèé, n

Ñðåäíåå

çíà÷åíèå, x

Äîâåðèòåëüíûé

èíòåðâàë ïðè

P = 0,95, ó

Ðàçìàõ,

R = xmax – xmin

Ê1 ISO 2597-1 0,61 14 24,16 ±0,34 1,97

Ê1 Ðàññìàòðèâàåìûé 0,61 13 23,87 ±0,17 0,98

Ê2 ISO 2597-1 0,21 12 30,36 ±0,22 1,27

Ê2 Ðàññìàòðèâàåìûé 0,21 20 30,47 ±0,07 0,62



òåëüíîãî ýòàïà îòäåëåíèÿ æåëåçà îò ìåäè ïðèâî-

äèò ê îøèáêàì.

Êðîìå ïîòðåáíîñòè â äîïîëíèòåëüíîì ýòàïå

îòäåëåíèÿ æåëåçà îò ìåäè, îäíèì èç äðóãèõ âàæ-

íûõ íåäîñòàòêîâ ìåòîäà ISO 2597-1 ÿâëÿåòñÿ èñ-

ïîëüçîâàíèå äëÿ ìàñêèðîâàíèÿ èçáûòêà âîññòà-

íîâèòåëÿ òîêñè÷íîãî ðàñòâîðà õëîðèäà ðòóòè (II)

[22], ÷òî âûçûâàåò íåîáõîäèìîñòü óòèëèçèðîâàòü

ïîëó÷åííûå ïîñëå àíàëèçà ðòóòüñîäåðæàùèå

ðàñòâîðû. Áûë ðàçðàáîòàí ðÿä ìåòîäèê ñ èñïîëü-

çîâàíèåì ìåíåå òîêñè÷íûõ ðàñòâîðîâ, ñàìîé èç-

âåñòíîé èç êîòîðûõ ÿâëÿåòñÿ ISO 2597-23, ãäå íà-

ðÿäó ñ SnCl2 â êà÷åñòâå âîññòàíîâèòåëÿ èñïîëüçó-

þò ðàñòâîð TiCl3, à èçáûòîê âîññòàíîâèòåëÿ óäà-

ëÿþò ðàñòâîðîì K2Cr2O7 èëè HClO4. Íî äàííûé

ñïîñîá áåç ñòàäèè îñàæäåíèÿ ïî ðåàêöèè (1) òàê-

æå íå ìîæåò áûòü èñïîëüçîâàí ïðè ïîâûøåííîì

ñîäåðæàíèè ìåäè èç-çà åå êàòàëèòè÷åñêîãî äåéñò-

âèÿ íà îêèñëåíèå òèòàíà â ðàñòâîðå [13]. Íàøè

èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî ïðè àíàëèçå îá-

ðàçöîâ ñ ñîäåðæàíèåì Cu > 0,1 % íà ýòàïå âîñ-

ñòàíîâëåíèÿ Fe3+ ïðè äîáàâëåíèè èíäèêàòîðà

èíäèãîêàðìèíà âèçóàëüíîå îïðåäåëåíèå èçìåíå-

íèÿ öâåòà ðàñòâîðà îñëîæíåíî. Êðîìå òîãî, ìåòî-

äèêà ISO 2597-2 ÿâëÿåòñÿ òðóäîåìêîé èç-çà íåîá-

õîäèìîñòè òî÷íîãî îòñëåæèâàíèÿ îáúåìà äîáàâ-

ëÿåìîãî âîññòàíîâèòåëÿ è ðåàãåíòîâ äëÿ óäàëå-

íèÿ åãî èçáûòêà. Îïèñàíî òàêæå èñïîëüçîâàíèå

äëÿ âîññòàíîâëåíèÿ ìåòàëëè÷åñêîãî öèíêà [23] è

ñåðåáðà [24], íî ýòè ñïîñîáû òîæå ÿâëÿþòñÿ âåñü-

ìà òðóäîåìêèìè.

Ê ãëàâíûì ïðåèìóùåñòâàì ðàññìàòðèâàåìîãî

ñïîñîáà ñ èñïîëüçîâàíèåì â êà÷åñòâå âîññòàíîâè-

òåëÿ KBH4 îòíîñÿòñÿ îòñóòñòâèå âëèÿíèÿ èîíîâ

ìåäè íà îïðåäåëåíèå æåëåçà â ðàñòâîðàõ ñåðíîé

êèñëîòû è íåîáõîäèìîñòè íàãðåâà ïðè âîññòàíîâ-

ëåíèè äî òåìïåðàòóðû, áëèçêîé ê òåìïåðàòóðå

êèïåíèÿ [12]. Êðîìå òîãî, ñëåäóåò îòìåòèòü, ÷òî â

ñïîñîáå ISO 2597-1 ïîñëå âîññòàíîâëåíèÿ, äîáàâ-

ëåíèÿ ðàñòâîðà HgCl2 è âûäåðæêè äëèòåëü-

íîñòüþ 5 ìèí ðàñòâîðû íåîáõîäèìî òèòðîâàòü

ñðàçó æå, ÷òî ñóùåñòâåííî âëèÿåò íà ïðîèçâîäè-

òåëüíîñòü àíàëèçà áîëüøîãî êîëè÷åñòâà ïðîá,

îñîáåííî åñëè ñîòðóäíèê ïðîâîäèò àíàëèç â îäè-

íî÷êó. Â ïðîòèâîïîëîæíîñòü ýòîìó, â ðàññìàòðè-

âàåìîì ñïîñîáå ðàñòâîð îñòàåòñÿ ïðèãîäíûì äëÿ

òèòðîâàíèÿ äî 300 ìèí ïîñëå âîññòàíîâëåíèÿ áåç

âëèÿíèÿ íà òî÷íîñòü àíàëèçà [12]. Ìàñêèðîâàíèå

èçáûòêà òåòðàãèäðèäîáîðàòà êàëèÿ íå òðåáóåòñÿ,

òàê êàê îí íå âëèÿåò íà îïðåäåëåíèå æåëåçà, ïî-

ýòîìó òî÷íîñòü ïðè äîáàâëåíèè âîññòàíîâèòåëÿ

íå íóæíà, ÷òî óñêîðÿåò ïðîâåäåíèå àíàëèçà.

Ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ìåòîäîâ ïðåä-

ñòàâëåíà â òàáë. 4.

Êàê ñëåäóåò èç òàáë. 4, åäèíñòâåííûì óìåíü-

øàþùèì ïðîèçâîäèòåëüíîñòü àíàëèçà íåäîñòàò-

êîì ðàññìàòðèâàåìîãî ñïîñîáà ÿâëÿåòñÿ íåâîç-

ìîæíîñòü èñïîëüçîâàíèÿ ñîëÿíîé êèñëîòû äëÿ

ðàçëîæåíèÿ ïðîá. Ëàáîðàòîðíàÿ ïðàêòèêà ïîêà-

çàëà, ÷òî ïðè èñïîëüçîâàíèè òîëüêî ñåðíîé êè-

ñëîòû ñêîðîñòü ðàçëîæåíèÿ ïðîá îáû÷íî íèçêà è

â çàâèñèìîñòè îò ñîñòàâà ðàçëàãàåìûõ ïðîá â

îïðåäåëåííîé ñòåïåíè ìåíüøå, ÷åì ïðè èñ-

ïîëüçîâàíèè ñîëÿíîé êèñëîòû (êàê â ñïîñîáå ISO

2597-1). Äëÿ óñêîðåíèÿ ïðîöåññà ðàçëîæåíèÿ

ïðîáîâàëè äîáàâëåíèå àçîòíîé êèñëîòû, îäíàêî

îíà âëèÿåò íà ïðîöåññ òèòðîâàíèÿ, âçàèìîäåéñò-

âóÿ ñ èíäèêàòîðîì [25]. Ëó÷øèì ðåøåíèåì äëÿ

óñêîðåíèÿ ïåðåâîäà îáðàçöîâ â ðàñòâîð îêàçàëîñü

äîáàâëåíèå ïî êàïëÿì H2O2 â õîäå ðàçëîæåíèÿ,

÷òî çíà÷èòåëüíî óâåëè÷èëî åãî ñêîðîñòü è íå

âëèÿëî íà ðåçóëüòàòû àíàëèçà. Â ñëó÷àå ëåãêî-

ðàñòâîðèìûõ ïðîá ïðîèçâîäèòåëüíîñòü àíàëèçà

ñ èñïîëüçîâàíèåì òåòðàãèäðèäîáîðàòà êàëèÿ â

êà÷åñòâå âîññòàíîâèòåëÿ çíà÷èòåëüíî âûøå ïî

ñðàâíåíèþ ñî ñïîñîáîì ISO 2597-1 çà ñ÷åò ïðî-

ñòîòû ïðîâåäåíèÿ âîññòàíîâëåíèÿ. Äëÿ àíàëèçà

òðóäíîðàñòâîðèìûõ ïðîá öåëåñîîáðàçíî óñêîðå-

íèå ðàñòâîðåíèÿ â óñòàíîâêàõ ìèêðîâîëíîâîãî

ðàçëîæåíèÿ [26].

Ïî ðåçóëüòàòàì àíàëèçà íåñêîëüêèõ ñîòåí îá-

ðàçöîâ áûëî óñòàíîâëåíî, ÷òî âðåìåííû� å çàòðà-
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3 ISO 2597-2:2008. Iron ores. Determination of total iron

content. Part 2: Titrimetric methods after titanium(III)

chloride reduction n.d. https://www.iso.org/standard/

43731.html (äàòà îáðàùåíèÿ 16.04.24).

Òàáëèöà 4. Ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ISO 2597-1 è ðàññìàòðèâàåìîãî ñïîñîáà îïðåäåëåíèÿ æåëåçà ñ èñïîëüçîâà-

íèåì KBH4 â êà÷åñòâå âîññòàíîâèòåëÿ

Table 4. Comparative characteristics of ISO 2597-1 and considered method of iron determination using KBH4 as a reducing

agent

Ñòàäèÿ àíàëèçà ISO 2597-1
Ðàññìàòðèâàåìûé

ñïîñîá

Ïðåäâàðèòåëüíîå óäàëåíèå ìåäè ïðè åå ñîäåðæàíèè >0,1 % Òðåáóåòñÿ Íå òðåáóåòñÿ

Èñïîëüçîâàíèå êîíöåíòðèðîâàííîé HCl äëÿ ðàñòâîðåíèÿ ïðîá Òðåáóåòñÿ Íå äîïóñêàåòñÿ

Òåìïåðàòóðà ïðîöåññà âîññòàíîâëåíèÿ, áëèçêàÿ ê òåìïåðàòóðå êèïåíèÿ (>90 °C) Òðåáóåòñÿ Íå òðåáóåòñÿ

Êîíòðîëü îáúåìà äîáàâëÿåìîãî âîññòàíîâèòåëÿ Òðåáóåòñÿ Íå òðåáóåòñÿ

Óäàëåíèå èçáûòêà âîññòàíîâèòåëÿ òîêñè÷íûì ñîåäèíåíèåì ðòóòè Òðåáóåòñÿ Íå òðåáóåòñÿ

Íåîáõîäèìîñòü íåìåäëåííîãî òèòðîâàíèÿ ïîñëå óäàëåíèÿ èçáûòêà âîññòàíîâèòåëÿ Òðåáóåòñÿ Íå òðåáóåòñÿ



òû íà ïðîâåäåíèå îïðåäåëåíèÿ îáùåãî æåëåçà

äëÿ ïðîá äîìåííûõ ïûëåé è øëàìîâ â ñîîòâåòñò-

âèè ñ ISO 2597-1, äëÿ êîòîðûõ íå òðåáîâàëîñü

ïðåäâàðèòåëüíîå óäàëåíèå ìåäè, è ðàññìàòðèâàå-

ìûì ñïîñîáîì ïðàêòè÷åñêè îäèíàêîâû. Äëÿ ïðîá

âåëüö-êëèíêåðà ââèäó íåîáõîäèìîñòè ïðåäâàðè-

òåëüíîãî óäàëåíèÿ ìåäè ïî ISO 2597-1 ðàññìàò-

ðèâàåìûé ñïîñîá ÿâëÿåòñÿ çíà÷èòåëüíî áîëåå

ïðîèçâîäèòåëüíûì.

Çàêëþ÷åíèå

Ðåçóëüòàòû èññëåäîâàíèÿ òèòðèìåòðè÷åñêîãî

îïðåäåëåíèÿ îáùåãî æåëåçà ïîñëå ðàçëîæåíèÿ

ïðîá ñïåêàíèåì íà îñíîâå ìåòîäèêè ISO 2597-1

ñ èñïîëüçîâàíèåì òåòðàãèäðèäîáîðàòà êàëèÿ

KBH4 â êà÷åñòâå âîññòàíîâèòåëÿ Fe3+ äî Fe2+

âìåñòî SnCl2 ïåðåä òèòðîâàíèåì ïîêàçàëè çíà÷è-

òåëüíûå ïðåèìóùåñòâà ðàññìàòðèâàåìîãî ñïîñî-

áà. Âûñîêèå ïðîèçâîäèòåëüíîñòü, òî÷íîñòü è âîñ-

ïðîèçâîäèìîñòü àíàëèçà, à òàêæå îòñóòñòâèå íå-

îáõîäèìîñòè ïðèìåíåíèÿ òîêñè÷íûõ ñîåäèíåíèé

ðòóòè äåëàþò ðàññìàòðèâàåìûé ñïîñîá ïðèâëåêà-

òåëüíûì äëÿ àíàëèçà áîëüøîãî êîëè÷åñòâà ïðîá.

Ýòî îñîáåííî âàæíî ïðè ðåøåíèè òåêóùèõ ïðî-

èçâîäñòâåííûõ âîïðîñîâ î ïðèìåíåíèè òåõ èëè

èíûõ òåõíîãåííûõ ìàòåðèàëîâ â ìåòàëëóðãè÷å-

ñêîé òåõíîëîãèè.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà ¹ 24-23-00507,

https://rscf.ru/project/24-23-00507

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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Ñðåäè ïðè÷èí áðàêîâêè èçäåëèé èç ïîëèìåðíûõ ìàòåðèàëîâ, èçãîòîâëåííûõ ñ èñïîëüçîâà-

íèåì Â×-ýëåêòðîòåðìèè, âàæíîå ìåñòî çàíèìàåò îòñóòñòâèå èëè íåòî÷íîñòü èìåþùèõñÿ

ñïðàâî÷íûõ äàííûõ ïî ðåæèìàì îáðàáîòêè. Íåòî÷íîñòè òàêèõ ýëåêòðîôèçè÷åñêèõ ïàðà-

ìåòðîâ, êàê òàíãåíñ óãëà äèýëåêòðè÷åñêèõ ïîòåðü (tg ä) è äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

(å) îáðàçóþòñÿ âñëåäñòâèå íåó÷åòà âëèÿíèÿ çàçîðîâ â ãðàíóëèðîâàííûõ ìíîãîêîìïîíåíò-

íûõ ïîëèìåðíûõ ìàòåðèàëàõ è òåõíîëîãè÷åñêîé ñèñòåìå, à òàêæå çà ñ÷åò ñóáúåêòèâíûõ

ôàêòîðîâ ïðîöåññà êîíòðîëÿ. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ

çàçîðîâ òåõíîëîãè÷åñêîé ñèñòåìû íà ýëåêòðîôèçè÷åñêèå ïàðàìåòðû ïîëèìåðíûõ è êîìïî-

çèòíûõ ìàòåðèàëîâ. Èññëåäîâàëè îáðàçöû èç ãðàíóëèðîâàííûõ ìàòåðèàëîâ: ïîëèïðîïèëå-

íà ìàðêè «Áèìîäàë» è ñòàáèëèçèðóþùåé äîáàâêè «Áàñêî». Ìàòåðèàëû ïðèìåíÿþò äëÿ èç-

ãîòîâëåíèÿ ñòîéêèõ ê óëüòðàôèîëåòîâîìó âîçäåéñòâèþ ïëåíîê, èñïîëüçóåìûõ äëÿ óïàêîâ-

êè. Ïîêàçàíî, ÷òî ïðè îïðåäåëåíèè ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ ïîëèìåðíûõ ìàòåðèà-

ëîâ, èõ ìíîãîêîìïîíåíòíûõ ñìåñåé è îïòèìàëüíîé ÷àñòîòû Â×-âîçäåéñòâèÿ íàèáîëåå ïðè-

åìëåì ðåçîíàíñíûé ìåòîä ñ âîçìîæíîñòüþ èñïîëüçîâàíèÿ äâóõ- è òðåõýëåêòðîäíîé ñèñòå-

ìû. Ïðèâåäåíû óòî÷íåííûå (ñ ó÷åòîì âëèÿíèÿ çàçîðîâ) ýëåêòðîôèçè÷åñêèå äàííûå äëÿ

èññëåäóåìûõ ìàòåðèàëîâ ïðè ýëåêòðîìàãíèòíîì âîçäåéñòâèè (÷àñòîòà 27,12 ÌÃö) è íàãðå-

âå äî 120 °C. Ïðè ñðàâíåíèè ïîëó÷åííûõ äàííûõ ñî çíà÷åíèÿìè ïîêàçàòåëåé áåç ó÷åòà âëè-

ÿíèÿ çàçîðîâ âûÿâëåíî, ÷òî èõ ðàçíèöà äîñòèãàåò 12 (äëÿ tg ä) è 9 % (äëÿ å) îò èõ àáñîëþò-

íîé âåëè÷èíû. Ïðè ýòîì íàèáîëüøåå âëèÿíèå íà ýôôåêòèâíîñòü íàãðåâà îêàçûâàåò tg ä.

Îïòèìàëüíàÿ òåìïåðàòóðà íàãðåâà ïîëèìåðîâ, ïðè êîòîðîé tg ä äîñòèãàåò ìàêñèìàëüíîãî

çíà÷åíèÿ, ñîñòàâëÿåò 50 °C. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû äëÿ ïîâû-

øåíèÿ êà÷åñòâà ïðîèçâîäèìûõ èç øèðîêîãî àññîðòèìåíòà ìíîãîêîìïîíåíòíûõ ïîëèìåð-

íûõ è êîìïîçèòíûõ ìàòåðèàëîâ èçäåëèé ïðè îïòèìèçàöèè ðåæèìîâ èõ ýëåêòðîòåðìè÷å-

ñêîé îáðàáîòêè.
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Among the reasons for the rejection of products made of polymer materials manufactured using HF

electrothermy, an important place is occupied by the lack of available reference data on the modes of their

32 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



processing. The inaccuracy of some electrical parameters, e.g., the dielectric loss tangent (tan ä) and the

dielectric constant (å) are attributed to neglecting the effect of gaps in granular multicomponent polymer

materials or technological system, as well as subjective factors of the control process. We present the re-

sults of studying the impact of gaps of a technological system on the electrophysical parameters of polymer

and composite materials. We studied samples of granular materials “Bimodal polypropylene” and “Basco”

stabilizing additive which are used in production of UV-resistant films for packaging. It is shown that a

resonance method with the possibility of using two- and three-electrode system is most appropriate when

determining the electrophysical parameters of polymer materials, their multicomponent mixtures and the

optimal frequency of exposure. Refined (determined with allowance for gaps) electrophysical data for the

materials under study obtained at a frequency of 27.12 MHz and heating to 120°C are presented. Compar-

ison of the results obtained with and without taking into account the impact of gaps revealed that the dif-

ference reaches up to 12 (for tan ä) and 9% (for å) of their absolute value. Note that the parameter tan ä

has the greatest effect on the heating efficiency. The optimal temperature of polymer heating at which

tan ä reaches the maximum value is 50°C. The results obtained can be used to improve the quality of prod-

ucts produced from a wide range of multicomponent polymer and composite materials by optimizing the

modes of their electrothermal processing.

Keywords: increasing accuracy; electrical properties; technological air gaps; high frequency drying; tech-

nological polymer mixtures.

Ââåäåíèå

Ýôôåêòèâíîñòü ìåòîäà äèýëåêòðè÷åñêîãî íà-

ãðåâà ïîëèìåðíûõ è êîìïîçèòíûõ ìàòåðèàëîâ è

èçäåëèé èç íèõ ïðè èñïîëüçîâàíèè âûñîêî÷àñ-

òîòíîãî (Â×) ïîëÿ îáùåïðèçíàíà [1 – 9]. Òåì íå

ìåíåå ïðîöåíò áðàêà èçäåëèé, âûïîëíåííûõ èç

ïîëèìåðíûõ ìàòåðèàëîâ ñ èñïîëüçîâàíèåì Â×-

îáðàáîòêè, äîñòèãàåò 18 % [2 – 5]. Îñíîâíàÿ ïðè-

÷èíà — îòñóòñòâèå äîñòîâåðíûõ äàííûõ ïî ïîêà-

çàòåëÿì ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ ïîëè-

ìåðíûõ ìàòåðèàëîâ, íåîáõîäèìûõ ïðè âûáîðå

îïòèìàëüíûõ òåõíîëîãè÷åñêèõ ðåæèìîâ ýëåêòðî-

òåðìè÷åñêîé îáðàáîòêè.

Ïðè âûáîðå ðåæèìîâ Â×-îáðàáîòêè èçäåëèé

èç ïîëèìåðîâ ïðè îðãàíèçàöèè òåõíîëîãè÷åñêîãî

ïðîöåññà ýëåêòðîòåðìèè ïðèìåíÿþò òàêèå êðèòå-

ðèè, êàê òàíãåíñ óãëà äèýëåêòðè÷åñêèõ ïîòåðü

(tg ä) è äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü ìàòåðèà-

ëîâ (å). Ñ èõ ïîìîùüþ ðàññ÷èòûâàþò óäåëüíóþ

ìîùíîñòü (Póä), âûäåëÿåìóþ íàãðåâàåìûì ïîëè-

ìåðîì (âíóòðåííèå èñòî÷íèêè òåïëà):

Póä = 5,53 · 10–11
E

2
få tg ä, (1)

ãäå E — íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ; f —

÷àñòîòà ïîëÿ; å — îòíîñèòåëüíàÿ äèýëåêòðè÷å-

ñêàÿ ïðîíèöàåìîñòü; tg ä — òàíãåíñ óãëà äèýëåê-

òðè÷åñêèõ ïîòåðü.

Îòìåòèì, ÷òî òî÷íîå îïðåäåëåíèå tg ä è å ìà-

òåðèàëà ïîçâîëÿåò îïòèìèçèðîâàòü òåõíîëîãè-

÷åñêèé Â×-íàãðåâ, óñòàíîâèâ ðåæèìû îáðàáîòêè

ñ çàðàíåå âûáðàííûìè ïîêàçàòåëÿìè íàïðÿæåí-

íîñòè ýëåêòðè÷åñêîãî ïîëÿ è åãî ÷àñòîòû.

Â òàáëèöå ïðèâåäåíû äèàïàçîíû ÷àñòîò ýëåê-

òðîòåðìè÷åñêîãî îáîðóäîâàíèÿ, íà ðèñ. 1 — ñíè-

æåíèå èíòåíñèâíîñòè âûäåëÿåìîé ìîùíîñòè è

ãëóáèíû ïðîíèêíîâåíèÿ Â×-èçëó÷åíèÿ â ìàòåðè-

àë ñ óâåëè÷åíèåì ÷àñòîòû.

Âèäíî, ÷òî ñ ðîñòîì ÷àñòîòû ñ 27,12 äî

2450 ÌÃö íàïðÿæåííîñòü ïîëÿ è ãëóáèíà ïðî-

íèêíîâåíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ â ìàòåðèàë

ïîíèæàþòñÿ ñ 20,74 äî 2,18 Â/ì è ñ 29,34 äî

0,32 ì ñîîòâåòñòâåííî.

Ïîñêîëüêó ïîëèìåðíûå ìàòåðèàëû â ïðîöåñ-

ñå ïðèãîòîâëåíèÿ ìíîãîêîìïîíåíòíûõ òåõíîëî-

ãè÷åñêèõ ñìåñåé ñîñòîÿò èç ãðàíóë, çàçîðû ìåæäó

êîòîðûìè çàïîëíåíû âîçäóõîì, çíà÷èìîñòü êîí-

òðîëÿ ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ âîçðàñòà-

åò. Ïðèíÿòî ñ÷èòàòü, ÷òî òàíãåíñ óãëà äèýëåêòðè-

÷åñêèõ ïîòåðü âîçäóõà íàñòîëüêî íåâåëèê, ÷òî

îáû÷íî åãî ðàññìàòðèâàþò êàê èäåàëüíûé äè-

ýëåêòðèê — âåùåñòâî, íå ïîãëîùàþùåå è íå îò-

ðàæàþùåå ýíåðãèþ ýëåêòðîìàãíèòíûõ âîëí.

Îäíàêî çíà÷åíèå tg ä âîçäóõà è òåì áîëåå âîç-

äóøíîé ñìåñè ñ ÷àñòèöàìè ïîëèìåðîâ è ãàçîâ,

âûäåëÿåìûõ èìè, çàâèñèò îò òåìïåðàòóðû è ÷àñ-

òîòû ýëåêòðîìàãíèòíîãî ïîëÿ. Ïîêàçàòåëü äè-

ýëåêòðè÷åñêèõ ïîòåðü ìîæåò ìåíÿòüñÿ áîëåå ÷åì

â 3 ðàçà (ñ 0,0004 äî 0,0014), ÷òî âëèÿåò íà äèíà-

ìèêó íàãðåâà ïîëèìåðà ïðè Â×-ýëåêòðîòåðìèè.

Ó÷èòûâàÿ íèçêóþ òåïëîïðîâîäíîñòü ïîëèìå-

ðîâ è èõ ñïîñîáíîñòü ìåíÿòü ýëåêòðîôèçè÷åñêèå

ïàðàìåòðû â øèðîêèõ ïðåäåëàõ [1, 2, 6], ìîæíî

çàêëþ÷èòü, ÷òî ìàêñèìàëüíàÿ ñêîðîñòü Â×-íàãðå-

âà (êîòîðàÿ ÷àùå âñåãî â òåõíîëîãè÷åñêèõ ïðî-

öåññàõ — êðèòåðèé ýôôåêòèâíîñòè) íå âñåãäà
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Äèàïàçîíû ÷àñòîò ýëåêòðîòåðìè÷åñêîãî îáîðóäîâàíèÿ

Frequency ranges of electrothermal equipment

Äèàïàçîí ÷àñòîò f, ÌÃö Îñíîâíûå ïðèìåíåíèÿ

Â× 27,12 ± 0,16 Â×-íàãðåâ

ÎÂ× 40,68 ± 0,02 ÎÂ×-íàãðåâ

ÓÂ× 433,92 ± 0,87 ÓÂ×-íàãðåâ

866 ± 4

915 ± 25

2375 ± 50

ÑÂ× 2450 ± 50 ÑÂ×-íàãðåâ



ïðèâîäèò ê æåëàåìîìó ðåçóëüòàòó. Â ðÿäå ñëó-

÷àåâ òàêîé ðåæèì íàãðåâà ìîæåò ïðèâåñòè ê

ëîêàëüíîìó ïåðåãðåâó ïîâåðõíîñòè ìàòåðèàëà

(ñêèí-ýôôåêòó) è åãî ðàçðóøåíèþ.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ çàçî-

ðîâ òåõíîëîãè÷åñêîé ñèñòåìû íà ýëåêòðîôèçè÷å-

ñêèå ïàðàìåòðû ïîëèìåðíûõ è êîìïîçèòíûõ ìà-

òåðèàëîâ ïðè îïðåäåëåíèè ðåæèìîâ èõ ýëåêòðî-

òåðìè÷åñêîé îáðàáîòêè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Íàðÿäó ñ ñóùåñòâóþùèìè ñïîñîáàìè îïðå-

äåëåíèÿ òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü

(ìåòîäû S-ïàðàìåòðîâ, ïåðåìåùåíèÿ êîíäåíñà-

òîðà, áàëàíñíîãî ìîñòà) øèðîêî ïðèìåíÿþò ðåçî-

íàíñíûé ìåòîä, êîòîðûé äëÿ èçìåðåíèÿ äèýëåê-

òðè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëîâ â íèçêî- è

âûñîêîòåìïåðàòóðíûõ óñëîâèÿõ ïðåäïîëàãàåò

èñïîëüçîâàíèå ðåçîíàòîðîâ [2, 7, 8]. Â ñâÿçè ñ

ýòèì íàèáîëüøåå ðàñïðîñòðàíåíèå ïðè îïðåäåëå-

íèè ýëåêòðîôèçè÷åñêèõ ïîêàçàòåëåé ïîëèìåð-

íûõ ìàòåðèàëîâ ïîëó÷èëè èçìåðèòåëè äîáðîòíî-

ñòè. Íàïðèìåð, Q-ìåòð (ìîäåëü ÂÌ-560) ïðîñò â

èñïîëüçîâàíèè, îáëàäàåò ìàëûìè ïîòåðÿìè ýíåð-

ãèè çà ïåðèîä êîëåáàíèÿ (ðèñ. 2).

Äëÿ ðàñ÷åòà ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ

ìàòåðèàëîâ ïðåäâàðèòåëüíî îïðåäåëÿþò óâåëè-

÷åíèå åìêîñòè èçìåðèòåëüíîãî êîíäåíñàòîðà,

îáóñëîâëåííîå äèýëåêòðèêîì:

C
x

= C1 – C2, (2)

ãäå C1, C2 — åìêîñòè èçìåðèòåëüíîãî êîíäåíñàòî-

ðà áåç è äëÿ êîíòóðà ñ îáðàçöîì.

Îòíîñèòåëüíóþ äèýëåêòðè÷åñêóþ ïðîíèöàå-

ìîñòü ìàòåðèàëà è òàíãåíñ óãëà äèýëåêòðè÷åñêèõ

ïîòåðü âû÷èñëÿþò ïî ôîðìóëàì:

å = (C
x
d)/(å0S), (3)

ãäå d — ðàññòîÿíèå ìåæäó ýëåêòðîäàìè;

å0 = 1/(36ð) · 10–9 — ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ;

S — ïëîùàäü ýëåêòðîäà;

tg

Q Q

Q Q

C

C
x

� �

�
1 2

1 2

1
, (4)

ãäå Q1, Q2 — çàïàñû ýíåðãèè êîëåáàíèé ïî ñðàâ-

íåíèþ ñ ïîòåðÿìè çà îäèí ïåðèîä è ïî ñðàâíå-

íèþ ñ ïîòåðÿìè çà îäèí ïåðèîä äëÿ êîíòóðà ñ îá-
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Ðèñ. 1. ×àñòîòíûå çàâèñèìîñòè âûäåëÿåìîé ìîùíîñòè E (1) è ãëóáèíû ä (2) ïðîíèêíîâåíèÿ èçëó÷åíèÿ â ïîëèïðîïèëåí

ïðè Â×-íàãðåâå

Fig. 1. Frequency dependences of the emitted power E (1) and the depth ä (2) of radiation penetration into polypropylene dur-

ing high frequency heating

Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà èçìåðèòåëÿ äîáðîòíîñòè:

ÃÂ× — ïåðåñòðàèâàåìûé ãåíåðàòîð êîëåáàíèé âûñîêîé

÷àñòîòû; V
i

— âñòðîåííûé âîëüòìåòð äëÿ êîíòðîëÿ óðîâ-

íÿ âûõîäíîãî íàïðÿæåíèÿ U
r
; C1, C2 — êîíäåíñàòîðû åì-

êîñòíîãî äåëèòåëÿ íàïðÿæåíèÿ; U
i

— âõîäíîå íàïðÿæå-

íèå íà èçìåðèòåëüíîì êîíòóðå L
x

– C
x

– C0; V2 — èíäèêà-

òîð ðåçîíàíñà; Uc — íàïðÿæåíèå íà îáðàçöîâîì êîíäåíñà-

òîðå C0 èçìåðèòåëüíîãî êîíòóðà

Fig. 2. Schematic diagram of a quality factor meter:

HFG — tunable high-frequency generator; Vi — built-in

voltmeter for monitoring the output voltage level Ur; C1,

C2 — capacitors of the capacitive voltage divider; Ui — input

voltage on the measuring circuit Lx – Cx – C0; V2 — reso-

nance indicator; Uc — the voltage on the reference capacitor

C0 of the measuring circuit



ðàçöîì; C1 — åìêîñòü èçìåðèòåëüíîãî êîíäåíñà-

òîðà; C
x

— óâåëè÷åíèå åìêîñòè èçìåðèòåëüíîãî

êîíäåíñàòîðà, îáóñëîâëåííîå äèýëåêòðèêîì.

Çàìåòèì, ÷òî, íåñìîòðÿ íà îãðàíè÷åííîñòü

äèàïàçîíà ãåíåðèðóåìûõ ÷àñòîò äàííîãî îáîðó-

äîâàíèÿ (äî 30 ÌÃö), ðåçîíàíñíûé ìåòîä ñ äâóõ-

ýëåêòðîäíîé ñèñòåìîé ìîæíî èñïîëüçîâàòü â ðàñ-

øèðåííîì äèàïàçîíå ÷àñòîò (âïëîòü äî 1 ÃÃö)

[9 – 15]. Êðîìå òîãî, ðÿä äèàïàçîíîâ ÷àñòîò,

èñïîëüçóåìûõ â ïðîìûøëåííîé ýëåêòðîòåðìèè,

íà êîòîðûå ðàñïðîñòðàíÿþòñÿ íîðìàòèâíûå òðå-

áîâàíèÿ ïî îïðåäåëåíèþ ýëåêòðîôèçè÷åñêèõ

ñâîéñòâ ïîëèìåðíûõ ìàòåðèàëîâ, îêàçûâàþòñÿ

íåîõâà÷åííûìè. Èñïîëüçîâàíèå ðåçîíàíñíûõ ìå-

òîäîâ ïðè èçìåðåíèè ýëåêòðîôèçè÷åñêèõ ïàðà-

ìåòðîâ íà ÷àñòîòå 27,12 ÌÃö ñ ïðèìåíåíèåì èç-

ìåðèòåëåé äîáðîòíîñòè íå ïðîòèâîðå÷èò ðåêî-

ìåíäóåìûì òðåáîâàíèÿì.

Íåñìîòðÿ íà èñïîëüçîâàíèå ïîëèìåðîâ â ðàç-

íûõ îòðàñëÿõ ïðîìûøëåííîñòè, îñíîâíîå íà-

ïðàâëåíèå èõ ïðèìåíåíèÿ (áîëåå 70 %) — óïà-

êîâêà [6, 15 – 19]. Âëèÿíèå âîçäóøíûõ çàçîðîâ

íà ýëåêòðîôèçè÷åñêèå ïàðàìåòðû ïîëèìåðîâ â

ñîñòàâå òåõíîëîãè÷åñêîé ñìåñè èññëåäîâàëè íà

îáðàçöàõ, ïðèìåíÿåìûõ ïðè ïðîèçâîäñòâå óïàêî-

âî÷íîé ïëåíêè ñ ïîâûøåííûìè òðåáîâàíèÿìè ê

óëüòðàôèîëåòîâîìó âîçäåéñòâèþ: ïîëèïðîïèëå-

íà ìàðêè «Áèìîäàë» è ïîëèìåðíîé ñòàáèëèçè-

ðóþùåé äîáàâêè íà îñíîâå îêñèäà òèòàíà ìàðêè

«Áàñêî». Â êà÷åñòâå òåðìîèçîëèðóþùèõ ïðîêëà-

äîê èñïîëüçîâàëè ýëåêòðîèçîëÿöèîííûé êàðòîí

ìàðêè ÝÂÒ (òîëùèíà — 0,42 ìì). Òåìïåðàòóð-

íûé äèàïàçîí íàãðåâà (18 – 120 °C) âûáèðàëè â

ñîîòâåòñòâèè ñ òåõíîëîãè÷åñêîé îïåðàöèåé ýëåê-

òðîòåðìè÷åñêîé ñóøêè, ïðîâîäèìîé ïðè óñëîâèè

íåäîñòèæåíèÿ ìîìåíòà ðàñïëàâà èëè äåñòðóêöèè

èñïîëüçóåìûõ ìàòåðèàëîâ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðîâåäåííûå èñïûòàíèÿ ïîêàçàëè, ÷òî íà

åìêîñòü ðàáî÷åãî êîíäåíñàòîðà è äîáðîòíîñòü

êîíòóðà, â êîòîðóþ îí âêëþ÷åí, îñíîâíîå âëèÿ-

íèå îêàçûâàåò êàðòîí, âõîäÿùèé â ñîñòàâ òåõ-

íîëîãè÷åñêîé ñèñòåìû (ðèñ. 3). Ïðèñóòñòâèå âîç-

äóøíûõ çàçîðîâ îêàçûâàåò íåçíà÷èòåëüíîå âîç-

äåéñòâèå íà èçìåðÿåìûå ïàðàìåòðû êîíòóðà, è

ïðè ïîñòîÿííîé òåìïåðàòóðå èì ìîæíî ïðåíå-

áðå÷ü.
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Ðèñ. 3. Çàâèñèìîñòè åìêîñòè C
x

è äîáðîòíîñòè Q èçìåðèòåëüíîãî êîíòóðà âîçäóøíîãî êîíäåíñàòîðà îò ðàññòîÿíèÿ ìåæ-

äó îáêëàäêàìè

Fig. 3. Dependences of the capacitance Cx and Q-factor of the measuring circuit of the air capacitor on the distance between

plates
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Ðèñ. 4. Çàâèñèìîñòè åìêîñòè C
x

(1) è äîáðîòíîñòè Q (2)

ïàðàìåòðîâ âîçäóøíîé ñìåñè, íàõîäÿùåéñÿ â èçìåðèòåëü-

íîì êîíòóðå, îò òåìïåðàòóðû â ðàáî÷åé êàìåðå ïðè ðàñ-

ñòîÿíèè ìåæäó îáêëàäêàìè êîíäåíñàòîðà h = 3,3 ìì

Fig. 4. Dependences of the capacity Cx (1) and the quality

factor Q (2) of the parameters of the air mixture in the mea-

suring circuit on the temperature in the working chamber at

a distance between the capacitor plates h = 3.3 mm



Îáðàáîòêà ïîëèìåðíûõ ìàòåðèàëîâ ñîïðîâî-

æäàåòñÿ èõ íàãðåâîì, ïîýòîìó äèýëåêòðè÷åñêèå

ñâîéñòâà âîçäóøíîé ñîñòàâëÿþùåé òåõíîëîãè÷å-

ñêîé ñèñòåìû àíàëèçèðîâàëè òàêæå â çàâèñèñìî-

ñòè îò òåìïåðàòóðû.

Íàòóðíûå èñïûòàíèÿ ïî îïðåäåëåíèþ äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè è òàíãåíñà óãëà

äèýëåêòðè÷åñêèõ ïîòåðü ïîëèìåðîâ ñ ó÷åòîì

âëèÿíèÿ âîçäóøíîé ñîñòàâëÿþùåé, âõîäÿùåé â

ñîñòàâ òåõíîëîãè÷åñêîé ñìåñè, ïðîâîäèëè â ñîîò-

âåòñòâèè ñ ÃÎÑÒ 22372–2015. Èñïîëüçîâàëè ïî

15 îáðàçöîâ êàæäîãî ìàòåðèàëà. Ýòî ïîçâîëèëî

ïðîâåñòè òðè ñåðèè ýêñïåðèìåíòîâ.

Àíàëèç èçìåíåíèÿ äèýëåêòðè÷åñêèõ ñâîéñòâ

âîçäóøíîé ñîñòàâëÿþùåé ïîêàçàë, ÷òî íàãðåâ

îêàçûâàåò âëèÿíèå íà äîáðîòíîñòü êîíòóðà è

åìêîñòü ðàáî÷åãî êîíäåíñàòîðà (ðèñ. 4). Çíà÷å-

íèÿ è äèíàìèêó ýòèõ ïàðàìåòðîâ ñëåäóåò ó÷èòû-

âàòü ïðè îïðåäåëåíèè ýëåêòðîôèçè÷åñêèõ ïîêà-

çàòåëåé ïîëèìåðíûõ ìàòåðèàëîâ.

Îòìåòèì, ÷òî ïîä âîçäóøíîé ñîñòàâëÿþùåé

òåõíîëîãè÷åñêîé ñèñòåìû ïîíèìàåòñÿ íå òîëüêî

íàëè÷èå âîçäóõà â ÷èñòîì âèäå, íî è ñîäåðæà-

ùàÿñÿ â íåì ãàçîïûëåâàÿ ñìåñü, îáðàçóþùàÿñÿ

ïðè êîíòàêòå ïîëèìåðîâ äðóã ñ äðóãîì è ÷àñòÿìè

òåõíîëîãè÷åñêîé ñèñòåìû. Òàêèì îáðàçîì, ìîäå-

ëèðóåòñÿ ñèòóàöèÿ, íàèáîëåå ñõîæàÿ ñ ïðîèçâîä-

ñòâåííûìè óñëîâèÿìè.

Íà ðèñ. 5 ïðåäñòàâëåíû òåìïåðàòóðíûå çàâè-

ñèìîñòè ïîëó÷åííûõ ýëåêòðîôèçè÷åñêèõ ïîêàçà-

òåëåé ïîëèìåðîâ ñ ó÷åòîì ìåíÿþùèõñÿ ïàðàìåò-

ðîâ âîçäóøíîé ñìåñè, íàõîäÿùåéñÿ â çàçîðàõ òåõ-

íîëîãè÷åñêîé ñèñòåìû.

Ñðàâíåíèå ñ èñïîëüçóåìûìè íà ïðàêòèêå

ýëåêòðîôèçè÷åñêèìè ïîêàçàòåëÿìè, ðàññ÷èòàí-

íûìè áåç ó÷åòà âëèÿíèÿ âîçäóøíîé ñìåñè â ñî-

ñòàâå òåõíè÷åñêîé ñèñòåìû, ïîêàçûâàåò, ÷òî îò-

êëîíåíèÿ â çíà÷åíèÿõ òàíãåíñà óãëà äèýëåêòðè-

÷åñêèõ ïîòåðü è äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè

äëÿ ìàòåðèàëîâ «Áèìîäàë» è «Áàñêî» íà ÷àñòîòå

27,12 ÌÃö ñ íàãðåâîì òåõíîëîãè÷åñêîãî óñòðîé-

ñòâà äî 120 °C äîñòèãàþò 12 è 9 % îò èõ àáñîëþò-

íîé âåëè÷èíû.

Àïïðîêñèìàöèÿ ïîëó÷åííûõ äàííûõ äàëà

âîçìîæíîñòü îïðåäåëèòü çàâèñèìîñòè tg ä è å îò

òåìïåðàòóðû íàãðåâà ñ ó÷åòîì çàçîðîâ â ñîñòàâå

ñìåñè:

äëÿ «Áèìîäàë»

tg ä = 2 · 10–12
T

6 – 9 · 10–10
T

5 + 2 · 10–7
T

4 –

– 1 · 10–5
T

3 + 0,0006T
2 – 0,0117T + 0,0979,
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Ðèñ. 5. Òåìïåðàòóðíûå çàâèñèìîñòè å (1) è tg ä (2) ïîëèïðîïèëåíà ìàðêè «Áèìîäàë» (à, â) è ïîëèìåðíîé ñòàáèëèçèðóþ-

ùåé äîáàâêè ìàðêè «Áàñêî» (á, ã) ñ ó÷åòîì âëèÿíèÿ âîçäóøíîé ñìåñè â ñîñòàâå òåõíîëîãè÷åñêîé ñèñòåìû è áåç ó÷åòà ýòîãî

âëèÿíèÿ ñîîòâåòñòâåííî

Fig. 5. Temperature dependences å (1) and tan ä (2) of polypropylene “Bimodal” (a, c) and polymer stabilizing additive

“Basco” (b, d) with and without taking into account the effect of the air mixture in the technological system, respectively



R
2 = 0,8097, (5)

å = – 1 · 10–10
T

5 + 4 · 10–8
T

4 – 4 · 10–6
T

3 +

+ 0,0001T
2 – 0,0003T + 1,0115,

R
2 = 0,9009, (6)

äëÿ «Áàñêî»

tg ä = 2 · 10–12
T

6 – 9 · 10–10
T

5 + 2 · 10–7
T

4 –

– 1 · 10–5
T

3 + 0,0006T
2 – 0,0117T + 0,0979,

R
2 = 0,8095, (7)

å = – 1 · 10–10
T

5 + 4 · 10–8
T

4 – 4 · 10–6
T

3 +

+ 0,0001T
2 – 0,0003T + 1,0115,

R
2 = 0,9007. (8)

Îòíîñèòåëüíîå èçìåíåíèå òàíãåíñà óãëà äè-

ýëåêòðè÷åñêèõ ïîòåðü ïðè íàãðåâå èññëåäóåìûõ

ìàòåðèàëîâ çíà÷èòåëüíî âûøå îòíîñèòåëüíîãî

èçìåíåíèÿ èõ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè,

ñëåäîâàòåëüíî, tg ä îêàçûâàåò îñíîâíîå âëèÿíèå

íà äèýëåêòðè÷åñêèé íàãðåâ è ïîýòîìó ìîæåò

áûòü âûáðàí â êà÷åñòâå îñíîâíîãî êîíòðîëèðóå-

ìîãî ïàðàìåòðà. Êðîìå òîãî, äëÿ ìàòåðèàëîâ «Áè-

ìîäàë» è «Áàñêî» îïòèìàëüíàÿ òåìïåðàòóðà íà-

ãðåâà ñîñòàâëÿåò 50 °C (ïðè íåé tg ä ïðèíèìàåò

ìàêñèìàëüíûå çíà÷åíèÿ).

Ïîëó÷åííûå ðåçóëüòàòû èñïîëüçîâàëè äëÿ

îïòèìèçàöèè òåõíîëîãè÷åñêîãî ïðîöåññà Â×-îá-

ðàáîòêè ïîëèìåðíûõ ìàòåðèàëîâ. Àïðîáàöèþ

ïðîâîäèëè íà ïðåäïðèÿòèè õèìè÷åñêîé îòðàñëè

ïðè îðãàíèçàöèè Â×-ñóøêè. Ïðè èñïûòàíèÿõ èñ-

ïîëüçîâàëè ïðîìûøëåííóþ ýëåêòðîòåðìè÷åñêóþ

óñòàíîâêó (ìîäåëü ÓÇÏ 2500, ÷àñòîòà —

27,12 ÌÃö) äëÿ ïðîèçâîäñòâà óïàêîâî÷íîé ïëåí-

êè äëÿ ïðîäóêöèè äåðåâîîáðàáîòêè.

Âëèÿíèå âîçäóøíûõ çàçîðîâ íà ýëåêòðîôèçè-

÷åñêèå ïîêàçàòåëè ïîëèìåðíîãî ãðàíóëÿòà, êàê

îòìå÷àëîñü ðàíåå, ñ÷èòàëîñü íåçíà÷èòåëüíûì è

ïðè âûáîðå ðåæèìîâ îáðàáîòêè íå ó÷èòûâàëîñü.

Ïîýòîìó òàêàÿ òåõíîëîãè÷åñêàÿ ïîäãîòîâêà

Â×-îáðàáîòêè ïðèâîäèëà ê íåêà÷åñòâåííîé ñóø-

êå, ÷òî îòðèöàòåëüíî âëèÿëî íà êà÷åñòâî ïðîäóê-

öèè. Îáúåì ðåêëàìàöèîííîãî áðàêà äîñòèãàë

8 %. Îïòèìèçàöèÿ ðåæèìîâ ðàáîòû Â×-îáðàáîò-

êè ñ ïðèìåíåíèåì íàó÷íî-îáîñíîâàííûõ äàííûõ

ïîçâîëèëà ñíèçèòü îáúåì áðàêà ñ 8 äî 2 % è îäíî-

âðåìåííî ïîâûñèòü ïðîèçâîäèòåëüíîñòü âûïîë-

íåíèÿ îïåðàöèé íà 7 %.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïî îïðåäåëåíèþ ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ

(òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü è îòíîñè-

òåëüíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè) ïîëè-

ïðîïèëåíà ìàðêè «Áèìîäàë» è ïîëèìåðíîé ñòà-

áèëèçèðóþùåé äîáàâêè ìàðêè «Áàñêî» ñ ó÷åòîì

èìåþùèõñÿ â òåõíîëîãè÷åñêîé ñèñòåìå çàçîðîâ

ïîêàçàëè, ÷òî âîçäóøíàÿ ñðåäà èãðàåò çíà÷èòåëü-

íóþ ðîëü â îáùåé äèýëåêòðè÷åñêîé ïðîíèöàåìî-

ñòè ìàòåðèàëîâ. Çíà÷åíèÿ tg ä è å ìîãóò îòëè÷à-

þòñÿ îò èõ äåêëàðèðóåìûõ ñïðàâî÷íûõ çíà÷åíèé

íà 12 è 9 % ñîîòâåòñòâåííî. Àíàëèç äèíàìèêè

ýëåêòðîôèçè÷åñêèõ ïîêàçàòåëåé â çàâèñèìîñòè

îò òåìïåðàòóðû âûÿâèë, ÷òî îòíîñèòåëüíîå èçìå-

íåíèå tg ä ïðè íàãðåâå çíà÷èòåëüíî âûøå îòíî-

ñèòåëüíîãî èçìåíåíèÿ å. Ñ èñïîëüçîâàíèåì ïîëó-

÷åííûõ äàííûõ îïðåäåëèëè îïòèìàëüíóþ òåìïå-

ðàòóðó Â×-íàãðåâà (50 °C) èññëåäóåìûõ ìàòåðèà-

ëîâ, ïðè êîòîðîé tg ä îêàçûâàåò íàèáîëüøåå

âëèÿíèå íà ìîùíîñòü äèýëåêòðè÷åñêîãî íàãðåâà.

Ïîëó÷åííûå çíà÷åíèÿ òåìïåðàòóðû îáðàáîò-

êè, òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü è îò-

íîñèòåëüíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè

ìàòåðèàëîâ ñ ó÷åòîì âîçäóøíûõ çàçîðîâ â ñìåñè

èñïîëüçîâàëè äëÿ îïìèçàöèè òåõíîëîãè÷åñêîãî

ïðîöåññà Â×-ñóøêè ïðè ïðîèçâîäñòâå óïàêîâî÷-

íîé ïëåíêè. Ýòî ïîâûñèëî êà÷åñòâî ïðîäóêöèè

(ñíèæåíèå áðàêà — ñ 8 äî 2 %) è ïðîèçâîäèòåëü-

íîñòü òðóäà íà 7 %.

Ôèíàíñèðîâàíèå

Ðàáîòà ôèíàíñèðîâàëàñü çà ñ÷åò ñðåäñòâ áþä-

æåòà èíñòèòóòà (ó÷ðåæäåíèÿ, îðãàíèçàöèè). Äî-

ïîëíèòåëüíûå ãðàíòû íà ïðîâåäåíèå èëè ðóêîâî-

äñòâî äàííûì èññëåäîâàíèåì íå ïðèâëåêàëèñü.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.

ËÈÒÅÐÀÒÓÐÀ

1. Òóãîâ È. È., Êîñòûðêèíà Ã. È. Õèìèÿ è ôèçèêà ïîëèìå-

ðîâ. — Ì.: Õèìèÿ, 1989. — 430 ñ.

2. Òàãåð À. À. Ôèçèêîõèìèÿ ïîëèìåðîâ. — Ì.: Íàó÷íûé ìèð,

2007. — 573 ñ.

3. Áóòîðèí Ä. Â., Ôèëèïïåíêî Í. Ã., Ëèâøèö À. Â. è äð.

Ðàçðàáîòêà ìåòîäèêè îïðåäåëåíèÿ ñòðóêòóðíûõ ïðåâðàùåíèé

â ïîëèìåðíûõ ìàòåðèàëàõ / Ñîâðåìåííûå òåõíîëîãèè. Ñèñ-

òåìíûé àíàëèç. Ìîäåëèðîâàíèå. 2017. ¹ 1(53). Ñ. 96 – 103.

4. Ëèâøèö À. Â., Ôèëèïïåíêî Í. Ã., Ïîïîâ Ñ. È. è äð.

Èññëåäîâàíèå âëèÿíèÿ äèýëåêòðè÷åñêèõ ýëåìåíòîâ ðàáî÷åãî

êîíäåíñàòîðà âûñîêî÷àñòîòíîé ýëåêòðîòåðìè÷åñêîé óñòàíîâ-

êè íà ïðîöåññ îáðàáîòêè ïîëèìåðíûõ ìàòåðèàëîâ / Ñîâðåìåí-

íûå òåõíîëîãèè. Ñèñòåìíûé àíàëèç. Ìîäåëèðîâàíèå. 2013.

¹ 3(39). Ñ. 270 – 275.

5. Ëèâøèö À. Â., Ëàð÷åíêî À. Ã., Ôèëàòîâà Ñ. Í. Âûñîêî÷à-

ñòîòíàÿ ýëåêòðîòåðìè÷åñêàÿ îáðàáîòêà íåìåòàëëè÷åñêîãî âòî-

ðè÷íîãî ñûðüÿ / Íàóêà è îáðàçîâàíèå. 2014. ¹ 6. Ñ. 55 – 65.

6. Êàáëîâ Å. Í. Ñòðàòåãè÷åñêèå íàïðàâëåíèÿ ðàçâèòèÿ ìàòåðè-

àëîâ è òåõíîëîãèé èõ ïåðåðàáîòêè äî 2030 ã. / Àâèàöèîííûå

ìàòåðèàëû è òåõíîëîãèè. 2020. ¹ 5. Ñ. 7 – 17.

7. Ëàð÷åíêî À. Ã., Ïîïîâ Ñ. È., Ôèëèïïåíêî Í. Ã. Îïðå-

äåëåíèå ôèçèêî-ìåõàíè÷åñêèõ ïàðàìåòðîâ ïîëèìåðíûõ

ìàòåðèàëîâ ïðè âûñîêî÷àñòîòíîì äèýëåêòðè÷åñêîì íàãðåâå â

ýëåêòðîòåðìè÷åñêèõ óñòàíîâêàõ / Ñîâðåìåííûå òåõíîëîãèè.

Ñèñòåìíûé àíàëèç. Ìîäåëèðîâàíèå. 2013. ¹ 2(38).

Ñ. 152 – 157.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9 37



8. Äóáèíñêèé Â. Ã., Êóäðÿâöåâ Ä. À. Ñîâåðøåíñòâîâà-

íèå òåõíîëîãèé è îáîðóäîâàíèÿ äëÿ îñóøêè ÌÃ ïîñëå èñïû-

òàíèé / Íåôòü è ãàç. 2009. ¹ 2/í. Ñ. 20 – 23.

9. Ëèâøèö À. Â., Ìàøîâè÷ À. ß. Àâòîìàòèçàöèÿ ïðîöåññà

âûñîêî÷àñòîòíîãî íàãðåâà ìàòåðèàëîâ íà ïðîìûøëåííîé

óñòàíîâêå ÓÇÏ 2500 àäàïòèâíûì ìåòîäîì. Èñïîëüçîâàíèå

àâòîìàòèçèðîâàííîé óñòàíîâêè â ëàáîðàòîðíûõ öåëÿõ / Ñî-

âðåìåííûå òåõíîëîãèè. Ñèñòåìíûé àíàëèç. Ìîäåëèðîâàíèå.

2011. ¹ 2(30). Ñ. 193 – 198.

10. Ëèâøèö À. Â. Àâòîìàòèçèðîâàííûå èññëåäîâàíèÿ ïðîöåññà

ïðîïèòêè ýëàñòîìåðîâ / Ýëåêòðîòåõíîëîãèè è ýëåêòðîîáîðó-

äîâàíèå â ÀÏÊ. 2022. Ò. 69. ¹ 1(46). Ñ. 72 – 78.

DOI: 10.22314/2658-4859-2022-69-1-72-78

11. Bakanin D., Bychkovsky V., Butorin D. Development and

automation of the device for determination of thermophysical

properties of polymers and composites / Advances in Intelligent

Systems and Computing. 2020. Vol. 982. P. 731 – 740.

DOI: 10.51955/23121327_2022_2_19

12. Ñàôèí Ð. Ð., Õàñàíøèí Ð. Ð., Ñàôèí Ð. Ã. Èññëåäîâàíèå

êîíâåêòèâíîé ñóøêè ïèëîìàòåðèàëîâ ïðè ñòàöèîíàðíîì ïî-

íèæåííîì äàâëåíèè / IV Ìåæäóíàðîä. ñèìïîçèóì «Ñòðîåíèå,

ñâîéñòâà è êà÷åñòâî äðåâåñèíû»: ñá. òð. — ÑÏá.: ÏÃËÒÀ,

2004. Ñ. 523 – 526.

13. Ñàôèí Ð. Ð. Èññëåäîâàíèå ïðîöåññîâ âàêóóìíîé ñóøêè ïè-

ëîìàòåðèàëîâ ïðè êîíâåêòèâíûõ ìåòîäàõ ïîäâîäà òåïëà / Âå-

ñòíèê ÒÃÒÓ. 2006. Ò. 12. ¹ 4À. Ñ. 978 – 993.

14. Coat J. Polymer heterogeneity in waterborne coatings / Tech-

nol. Res. 2020. N 7(1). P. 1 – 21.

DOI: 10.1007/s11998-009-9201-5

15. Äóì÷åâ È. Ñ., Ëàð÷åíêî À. Ã., Ïîïîâ Ñ. È. è äð. Âîññòà-

íîâëåíèå ïîëèàìèäíûõ ñåïàðàòîðîâ ïîäøèïíèêîâ áóêñîâîãî

óçëà ïîäâèæíîãî ñîñòàâà ÎÀÎ ÐÆÄ / Ìîëîäîé ó÷åíûé. 2017.

¹ 12. Ñ. 48 – 51. DOI: 10.15826/analitika.2012.19.2.009

16. Åôèìîâ Â. À., Øâåäêîâà À. Ê., Êîðåíüêîâà Ò. Ã. è äð.

Èññëåäîâàíèå ïîëèìåðíûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ

ïðè âîçäåéñòâèè êëèìàòè÷åñêèõ ôàêòîðîâ è íàãðóçîê â ëàáî-

ðàòîðíûõ è íàòóðíûõ óñëîâèÿõ / Òðóäû ÂÈÀÌ. 2021. ¹ 1.

Ñò. 05. DOI: 10.18577/2307-6046-2022-0-11-16-26

17. Ôèëèïïåíêî Í. Ã. Èññëåäîâàíèå ìåõàíè÷åñêèõ õàðàêòåðè-

ñòèê ïîëèàìèäíûõ ìàòåðèàëîâ ñåïàðàòîðîâ áóêñîâûõ óçëîâ

ïîäâèæíîãî ñîñòàâà / Çàâîä. ëàá. Äèàãíîñò. ìàò. 2017. Ò. 83.

¹ 12. Ñ. 43 – 47.

18. Tomba J., Xiaodong Y., Fugang L. Polymer Blend Latex

Films: Miscibility and PolymerDiffusion Studied by Energy /

Transfer. Polymer. 2018. N 49(8). P. 2055 – 2064.

19. Êîñòèøèí Â. Ã., Øàêèðçÿíîâ Ð. È., Èñàåâ È. Ì. è äð.

Àíàëèç ýëåêòðîìàãíèòíûõ ñâîéñòâ êîìïîçèòîâ

2000ÍÍ/2000ÍÌ ñ ñåãíåòîýëåêòðè÷åñêèìè è ïîëèìåðíûìè

ìàòðèöàìè / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèà-

ëîâ. 2023. Ò. 89. ¹ 12. Ñ. 44 – 52.

DOI: 10.26896/1028-6861-2023-89-12-44-52

REFERENCES

1. Tugov I. I., Kosturkina G. I. Chemistry and physics of poly-

mers. — Moscow: Khimiya, 1989. — 430 p. [in Russian].

2. Tager A. A. Physicochemistry of polymers. — Moscow: Na-

uchny mir, 2007. — 573 p. [in Russian].

3. Butorin D. V., Filippenko N. G., Livshits A. V., et al. Devel-

opment of a technique for determining structural transforma-

tions in polymer materials / Sovr. Tekhnol. Sist. Analiz. Model.

2015. N 4(48). P. 80 – 86 [in Russian].

4. Livshits A. V., Filippenko N. G., Popov S. I., et al. Study of

the influence of dielectric elements of the working capacitor of a

high-frequency electrothermal installation on the process of

processing polymer materials / Sovr. Tekhnol. Sist. Analiz.

Model. 2013. N 3(39). P. 270 – 275 [in Russian].

5. Livshits A. V., Larchenko A. G., Filatova S. N. High-fre-

quency electrothermal treatment of non-metallic secondary

raw materials / Nauka Obraz. 2014. N 6. P. 55 – 65 [in Russian].

6. Kablov E. N. Strategic directions for the development of mate-

rials and technologies for their processing until 2030 / Aviats.

Mater. Tekhnol. 2020. N 5. P. 7 – 17 [in Russian].

7. Larchenko A. G., Popov S. I., Filippenko N. G. Determina-

tion of physical and mechanical parameters of polymer materi-

als during high-frequency dielectric heating in electrothermal

installations / Sovr. Tekhnol. Sist. Analiz. Model. 2013. N 2(38).

P. 152 – 157 [in Russian].

8. Dubinsky V. G., Kudryavtsev D. A. Improvement of technol-

ogies and equipment for gas pipeline drying after testing / Neft i

gas. 2009. N 2/n. P. 20 – 23 [in Russian].

9. Livshits A. V., Mashovich A. Ya. Automation of the process

of high-frequency heating of materials on an industrial installa-

tion UZP 2500 using the adaptive method. Using an automated

installation for laboratory purposes / Sovr. Tekhnol. Sist. Ana-

liz. Model. 2011. N 2(30). P. 193 – 198 [in Russian].

10. Livshits A. V. Automated studies of the process of impregna-

tion of elastomers / Élektrotekhnol. Élektroobor. APK. 2022.

Vol. 69. N 1(46). P. 72 – 78 [in Russian].

DOI: 10.22314/2658-4859-2022-69-1-72-78

11. Bakanin D., Bychkovsky V., Butorin D. Development and

automation of the device for determination of thermophysical

properties of polymers and composites / Advances in Intelligent

Systems and Computing. 2020. Vol. 982. P. 731 – 740.

DOI: 10.51955/23121327_2022_2_19

12. Safin R. R., Khasanshin R. R., Safin R. G. Study of convec-

tive drying of lumber under stationary reduced pressure / Pro-

ceedings of the IV International Symposium “Structure, prop-

erties and quality of wood”. — St. Petersburg: PGLTA, 2004.

P. 523 – 526 [in Russian].

13. Safin R. R. Study of the processes of vacuum drying of lumber

with convective methods of heat supply / Vestn. TGTU. 2006.

Vol. 12. N 4A. P. 978 – 993 [in Russian].

14. Coat J. Polymer heterogeneity in waterborne coatings /

Technol. Res. 2020. N 7(1). P. 1 – 21.

DOI: 10.1007/s11998-009-9201-5

15. Dumchev I. S., Larchenko A. G., Popov S. I., et al. Resto-

ration of polyamide separators of bearings of the axle box unit

of the rolling stock of Russian Railways / Molodoy ucheny. 2012.

N 12. P. 48 – 51 [in Russian].

DOI: 10.15826/analitika.2012.19.2.009

16. Efimov V. A., Shvedkova A. K., Korenkova T. G., et al.

Study of polymeric structural materials under the influence of

climatic factors and loads in laboratory and natural conditions /

Proceedings of VIAM. 2021. N 1. Art. 05 [in Russian].

DOI: 10.18577/2307-6046-2022-0-11-16-26

17. Filippenko N. G. Investigation of the mechanical characteris-

tics of polyamide materials of separators for axle boxes of roll-

ing stock / Industr. Lab. Mater. Diagn. 2017. Vol. 83. N 12.

P. 43 – 47 [in Russian].

18. Tomba J., Xiaodong Y., Fugang L. Polymer Blend Latex

Films: Miscibility and PolymerDiffusion Studied by Energy /

Transfer. Polymer. 2018. N 49(8). P. 2055 – 2064.

19. Kostishin V. G., Shakirzyanov R. I., Isaev I. M., et al.

Analysis of the electromagnetic properties of 2000NN/2000NM

composites with ferroelectric and polymer matrices / Industr.

Lab. Mater. Diagn. 2023. Vol. 89. N 12. P. 44 – 52 [in Russian].

DOI: 10.26896/1028-6861-2023-89-12-44-52

38 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



DOI: https://doi.org/10.26896/1028-6861-2024-90-9-39-47

ÈÑÑËÅÄÎÂÀÍÈÅ ÌÀÃÍÈÒÍÛÕ È ÑÒÐÓÊÒÓÐÍÛÕ ÑÂÎÉÑÒÂ

ÔÅÐÐÈÒÎÂ BaFe12 – x
Cu

x
O19, ÏÎËÓ×ÅÍÍÛÕ ÌÅÒÎÄÎÌ

ÃÈÄÐÎÒÅÐÌÀËÜÍÎÃÎ ÑÈÍÒÅÇÀ
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Ñòàòüÿ ïîñòóïèëà 2 àïðåëÿ 2024 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 5 àïðåëÿ 2024 ã.

Ïðèíÿòà ê ïóáëèêàöèè 26 èþíÿ 2024 ã.

Ãåêñàãîíàëüíûå ôåððèòû Ì-òèïà (â ÷àñòíîñòè, BaFe12O19) — ìàãíèòíûå ìàòåðèàëû, íà

ôóíêöèîíàëüíûå õàðàêòåðèñòèêè êîòîðûõ âëèÿþò êàê õèìè÷åñêèé ñîñòàâ, òàê è òåõíîëî-

ãèÿ èçãîòîâëåíèÿ. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ìàãíèòíûõ è ñòðóê-

òóðíûõ ñâîéñòâ ãåêñàôåððèòîâ BaFe12 – x
Cu

x
O19 (x = 0, 0,1, 0,2, 0,3, 0,4), ïîëó÷åííûõ ìåòî-

äîì ãèäðîòåðìàëüíîãî ñèíòåçà, ïðè ÷àñòè÷íîì çàìåùåíèè æåëåçà ìåäüþ. Ñîñòàâ ñèíòåçè-

ðîâàííûõ îáðàçöîâ àíàëèçèðîâàëè ñ ïîìîùüþ ðåíòãåíîôàçîâîãî àíàëèçà, ìàãíèòíûå õà-

ðàêòåðèñòèêè èçìåðÿëè ñ ïîìîùüþ âèáðàöèîííîãî ìàãíèòîìåòðà. Óñòàíîâëåíî, ÷òî êîýð-

öèòèâíàÿ ñèëà èññëåäóåìûõ ïîðîøêîâ çàâèñèò îò êîíöåíòðàöèè ìåäè íåìîíîòîííî è ïðè-

íèìàåò ìàêñèìàëüíîå (5629 Ý) è ìèíèìàëüíîå (4698 Ý) çíà÷åíèÿ ïðè x = 0 è x = 0,2.

Òî åñòü ïðèñóòñòâèå ìåäè ïðèíöèïèàëüíî ñíèæàåò êîýðöèòèâíóþ ñèëó, íî ïðè ýòîì åå çíà-

÷åíèÿ îñòàþòñÿ äîâîëüíî âûñîêèìè îòíîñèòåëüíî ðåçóëüòàòîâ àíàëîãè÷íûõ èññëåäîâàíèé.

Ñ ðîñòîì x íàìàãíè÷åííîñòü íàñûùåíèÿ ïîëó÷åííûõ ôåððèòîâ ïîñòåïåííî ñíèæàåòñÿ

(ñ 65,88 äî 60,75 À · ì2/êã ïðè x = 0 è x = 0,4 ñîîòâåòñòâåííî). Ðàñïðåäåëåíèå Cu ïî ïîä-

ðåøåòêàì ôåððèòà èññëåäîâàëè ñ èñïîëüçîâàíèåì ìåññáàóýðîâñêîé ñïåêòðîñêîïèè. Ïîêà-

çàíî, ÷òî â ñòðóêòóðå ãåêñàôåððèòà èîíû ìåäè ïðåäïî÷òèòåëüíî çàíèìàþò ïîçèöèè 12k è

4f1. Èç ýòîãî ñëåäóåò, ÷òî ñíèæåíèå íàìàãíè÷åííîñòè íàñûùåíèÿ ñ ðîñòîì õ ñêîðåå âñåãî

îáóñëîâëåíî íàëè÷èåì ïîáî÷íûõ íåìàãíèòíûõ ôàç, íàáëþäàåìûõ íà ðåíòãåíîâñêèõ äèô-

ðàêòîãðàììàõ. Âûÿâëåíî òàêæå, ÷òî â ïðîöåññå ñèíòåçà ìåäü ó÷àñòâóåò â îáðàçîâàíèè íà

ïîâåðõíîñòè çåðåí ãåêñàôåððèòà ëåãêîïëàâêèõ ôàç, ñïîñîáñòâóþùèõ àãëîìåðàöèè ÷àñòèö.

Ýòî çíà÷èò, ÷òî ïîëó÷åííûå ïîðîøêè ïîòåíöèàëüíî ìîæíî ñïåêàòü ïðè ïîíèæåííûõ òåì-

ïåðàòóðàõ è, ñëåäîâàòåëüíî, áåç ñóùåñòâåííîãî óâåëè÷åíèÿ ðàçìåðîâ êðèñòàëëèòîâ. Êîýð-

öèòèâíàÿ ñèëà ïðè ýòîì ñîõðàíÿåò èñõîäíûå âûñîêèå çíà÷åíèÿ. Ïîëó÷åííûå ðåçóëüòàòû

ìîãóò áûòü èñïîëüçîâàíû ïðè ñîçäàíèè ôåððèòîâûõ ïîñòîÿííûõ ìàãíèòîâ ñ óëó÷øåííû-

ìè õàðàêòåðèñòèêàìè.

Êëþ÷åâûå ñëîâà: ãåêñàôåððèò áàðèÿ; ãèäðîòåðìàëüíûé ñèíòåç; ìåññáàóýðîâñêàÿ ñïåê-

òðîñêîïèÿ; ìàãíèòíûå èçìåðåíèÿ; ðåíòãåíîôàçîâûé àíàëèç.
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Hexagonal ferrites of M-type (in particular, BaFe12O19) are magnetic materials with functional character-

istics affected both by chemical composition and technology of their synthesis. We present the results of

studying the magnetic and structural properties of BaFe12 – xCuxO19 hexaferrites (x = 0, 0.1, 0.2, 0.3, 0.4)

obtained by hydrothermal synthesis with partial substitution of copper for iron. The composition of the

synthesized samples was analyzed using X-ray diffraction, and the magnetic characteristics were mea-

sured using a vibration magnetometer. It has been revealed that the coercivity of the ferrite powders de-

pends non-monotonically on the copper concentration and reaches the maximum (5629 Oe) and minimum
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(4698 Oe) values at x = 0 and x = 0.2. The presence of copper reduces the coercive force, but at the same

time the values remain rather high compared to the results of similar studies. The saturation magnetiza-

tion of the obtained ferrites gradually decreases (from 65.88 to 60.75 A · m2/kg at x = 0 and x = 0.4, re-

spectively) with increasing. The distribution of Cu over ferrite sublattices was studied using Mössbauer

spectroscopy. It is shown that in the hexaferrite structure, copper ions preferentially occupy 12k and 4f1

sites. Hence, a decrease in the saturation magnetization with increasing x is most likely attributed to the

presence of side non-magnetic phases observed on X-ray diffraction patterns. It is also revealed that dur-

ing synthesis, copper participates in the formation of low-melting phases on the surface of hexaferrite

grains which promotes agglomeration of the particles. Thus, the resulting powders can potentially be

sintered at lower temperatures and, therefore, without a significant increase in the size of crystallites.

Herewith, the coercivity retains its original high values. The results obtained can be used in developing

ferrite permanent magnets with improved characteristics.

Keywords: barium hexaferrite; hydrothermal synthesis; Mössbauer spectroscopy; magnetic measure-

ments; X-ray diffraction.

Ââåäåíèå

Ãåêñàôåððèò áàðèÿ (BaFe12O19) Ì-òèïà (BaM)

èìååò ñòðóêòóðó, èçîìîðôíóþ ìàãíåòîïëþìáè-

òó — ìèíåðàëó ñîñòàâà PbFe12O19 [1]. Âñëåäñòâèå

ñâîèõ óíèêàëüíûõ ñâîéñòâ BaM èìååò îãðîìíîå

ïðàêòè÷åñêîå çíà÷åíèå. Òàê, â âèäå êåðàìèêè åãî

ïðèìåíÿþò â êà÷åñòâå àêòèâíîé ñðåäû â ÑÂ×-

óñòðîéñòâàõ, ïðè ïðîèçâîäñòâå íåäîðîãèõ ïîñòî-

ÿííûõ ìàãíèòîâ, â êà÷åñòâå íîñèòåëÿ èíôîðìà-

öèè â òåõíîëîãèè ìàãíèòíîé çàïèñè è äð. [2 – 4].

Ðàññìàòðèâàþòñÿ òàêæå ïåðñïåêòèâû èçãîòîâëå-

íèÿ ïëàíàðíûõ ÑÂ×-óñòðîéñòâ íà îñíîâå ïëåíîê

ãåêñàôåððèòà áàðèÿ [5, 6]. Â ïîñëåäíèå ãîäû âî-

çîáíîâëÿåòñÿ èíòåðåñ ê íàíîñòðóêòóðíûì ìàòå-

ðèàëàì, â òîì ÷èñëå è ê íàíî÷àñòèöàì BaM, êîòî-

ðûå ìîãóò èñïîëüçîâàòüñÿ â ìåäèöèíå äëÿ ïðîâå-

äåíèÿ ìàãíèòíîé ãèïåðòåðìèè [7 – 9].

Ñâîéñòâà ãåêñàôåððèòà ìîæíî ìåíÿòü ïî-

ñðåäñòâîì ðåãóëèðîâàíèÿ õèìè÷åñêîãî ñîñòàâà è

óñëîâèé ñèíòåçà (íàïðèìåð, ïðè çàìåùåíèè

èîíîâ æåëåçà äðóãèìè êàòèîíàìè) [10, 28]. Ïðè

ýòîì íå ðåäêî äëÿ îäíèõ è òåõ æå ñîñòàâîâ íåêî-

òîðûå ïàðàìåòðû ìîãóò çíà÷èòåëüíî îòëè÷àòüñÿ,

÷òî îáúÿñíÿåòñÿ ïðèìåíåíèåì ðàçëè÷íûõ ìåòî-

äîâ è óñëîâèé ñèíòåçà [29, 30].

Ìèêðîñòðóêòóðà (ðàçìåðû è ôîðìà êðèñòàë-

ëèòîâ, íàëè÷èå êðèñòàëëè÷åñêèõ äåôåêòîâ è

âêëþ÷åíèé ñòîðîííèõ ôàç) è êàòèîííîå ðàñïðå-

äåëåíèå âëèÿþò íà ìàãíèòíûå, äèýëåêòðè÷åñêèå

è ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà. Â ðåøåòêå

BaM èîíû æåëåçà çàíèìàþò ïÿòü íåýêâèâàëåíò-

íûõ êðèñòàëëîãðàôè÷åñêèõ ïîçèöèé: 12k, 4f1, 4f2,

2a, 2b. Çàìåùàþùèå êàòèîíû ìîãóò ðàñïðåäå-

ëÿòüñÿ ïî ýòèì ïîçèöèÿì ðàâíîâåðîÿòíî, à ìîãóò

èìåòü ïðåäðàñïîëîæåííîñòü ê îïðåäåëåííûì

óçëàì. Ïîäîáíûå ïðåäïî÷òåíèÿ îáóñëîâëåíû êàê

òèïîì êàòèîíà (åãî ýëåêòðîííîé êîíôèãóðàöèåé

è ðàçìåðàìè), òàê è îñîáåííîñòÿìè ñèíòåçà.

Ñóùåñòâåííîå âëèÿíèå êàòèîííîå ðàñïðåäå-

ëåíèå îêàçûâàåò íà ìàãíèòíûå ñâîéñòâà ôåððè-

òîâ. Ãåêñàôåððèò áàðèÿ, êàê è áîëüøèíñòâî ôåð-

ðèòîâ, — ôåððèìàãíåòèê. Îáùåïðèíÿòî, ÷òî ñïè-

íû èîíîâ æåëåçà â ïîçèöèÿõ 12k, 2a è 2b íàïðàâ-

ëåíû «ââåðõ», à â ïîçèöèÿõ 4f1 è 4f2 — «âíèç».

Òàêèì îáðàçîì, çàìåíà æåëåçà íà èîíû, íå îá-

ëàäàþùèå ìàãíèòíûì ìîìåíòîì è çàíèìàþùèå

îïðåäåëåííûå ïîçèöèè, ìîæåò ïðèâîäèòü ê

óìåíüøåíèþ è ê óâåëè÷åíèþ ìàãíèòíîãî ìîìåí-

òà êðèñòàëëè÷åñêîé ðåøåòêè.

Öåëü ðàáîòû — èññëåäîâàíèå ìàãíèòíûõ è

ñòðóêòóðíûõ ñâîéñòâ Cu-çàìåùåííûõ ãåêñàôåð-

ðèòîâ, ïîëó÷åííûõ ìåòîäîì ãèäðîòåðìàëüíîãî

ñèíòåçà.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Ïðèìåíÿåìûé ìåòîä ãèäðîòåðìàëüíîãî ñèí-

òåçà äëÿ ïîëó÷åíèÿ ôåððèòîâ ìîæåò îáåñïå-

÷èòü óëó÷øåíèå íåêîòîðûõ ñâîéñòâ. Ïðåæäå ïî

ýòîé òåõíîëîãèè ïîëó÷àëè ôåððèòû ñîñòàâà

BaFe12 – x
Ni

x
O19 (x = 0, 0,1, 0,3, 0,5) [31]. Õîòÿ ëå-

ãèðîâàíèå íèêåëåì íå ïðèâîäèëî ê ïîâûøåíèþ

ìàãíèòíûõ õàðàêòåðèñòèê, áûëî ïîêàçàíî, ÷òî

ñèíòåçèðîâàííûå ôåððèòû ïî êîýðöèòèâíîé

ñèëå ïðåâîñõîäèëè îáðàçöû àíàëîãè÷íîãî ñîñòà-

âà (â òîì ÷èñëå íàíîäèñïåðñíûå ïîðîøêè), ïîëó-

÷åííûå àëüòåðíàòèâíûìè ìåòîäàìè.

Èññëåäîâàëè ïîðîøêè BaFe12 – x
Cu

x
O19 (x = 0,

0,1, 0,2, 0,3, 0,4). Â êà÷åñòâå ïðåêóðñîðà èñïîëüçî-

âàëè ñìåñü âîäíîãî ðàñòâîðà íèòðàòà æåëåçà

(Fe(NO3)3 · 9H2O), íèòðàòà áàðèÿ (Ba(NO3)2) è

ñóëüôàòà ìåäè (CuSO4 · 5H2O) ñ âîäíûì ðàñòâî-

ðîì ãèäðîêñèäà íàòðèÿ (NaOH) â ñîîòíîøåíèè

60 ìë/20 ìë ñîîòâåòñòâåííî. Ðàñòâîðû èçãîòàâ-

ëèâàëè ñ ðàñ÷åòîì íà òî, ÷òî â êîíå÷íîì îáúåìå

(80 ìë) êîíöåíòðàöèÿ èîíîâ æåëåçà ñîñòàâèò

0,25 ìîëü/ë, ñîîòíîøåíèÿ (Fe3+ + Cu2+)/Ba2+ è

OH NO SO
� � �

�( )3 4

2
— 9 è 2,5. Ïîëó÷åííûå ðàñ-

òâîðû ñìåøèâàëè â òåôëîíîâîì ñòàêàíå îáúåìîì

100 ìë, êîòîðûé çàãðóæàëñÿ â àâòîêëàâ. Àâòî-

êëàâ ïîìåùàëè â ìóôåëüíóþ ïå÷ü, íàãðåâàëè äî

180 °C â òå÷åíèå 2 ÷ è âûäåðæèâàëè ïðè ýòîé

òåìïåðàòóðå 4 ÷. Ðàçäåëåíèå ïîëó÷åííîãî îñàäêà

è æèäêîé ôàçû îñóùåñòâëÿëè ïîñðåäñòâîì ïîñëå-

äîâàòåëüíûõ îïåðàöèé äåêàíòàöèè è äîáàâëåíèÿ

äèñòèëëèðîâàííîé âîäû äî òåõ ïîð, ïîêà pH äå-

êàíòàòà íå äîñòèãàë 7. Äàëåå îñàäîê âûñóøèâàëè
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â òåðìîñòàòå ïðè 90 °C â òå÷åíèå 8 ÷. Ñóõîé îñòà-

òîê ïåðåìàëûâàëè â àãàòîâîé ñòóïêå è îòæèãàëè

íà âîçäóõå â òå÷åíèå 1 ÷ ïðè 900 °C (ñêîðîñòü íà-

ãðåâà — 15 °C/ìèí). Ïîëó÷åííûé ïîðîøîê ïðî-

ìûâàëè 10 %-íûì ðàñòâîðîì HCl äëÿ î÷èñòêè

ôåððèòà îò ïðèìåñåé âîçìîæíûõ ñòîðîííèõ ôàç

(íàïðèìåð, BaCO3 èëè BaFe2O4).

Äëÿ èññëåäîâàíèÿ ïîðîøêîâ èñïîëüçîâàëè

ðåíòãåíîôàçîâûé àíàëèç, ìåññáàóýðîâñêóþ ñïåê-

òðîñêîïèþ è ìàãíèòîìåòðèþ. Ìåññáàóýðîâñêèå

ñïåêòðû ñíèìàëè íà óñòàíîâêå Ms-1104 Em

(óñêîðåíèå ïîñòîÿííîå, ÷èñëî òî÷åê — 512, èñ-

òî÷íèê ã-èçëó÷åíèÿ — 57Co â ìàòðèöå Rh) ïðè

êîìíàòíîé òåìïåðàòóðå. Èçîìåðíûé (õèìè-

÷åñêèé) ñäâèã ðàññ÷èòûâàëè îòíîñèòåëüíî á-Fe.

Ðåíòãåíîôàçîâûé àíàëèç ïðîâîäèëè íà äèôðàê-

òîìåòðå Bruker D8 Advance (CuKá-èçëó÷åíèå,

ë = 0,154 íì, U = 40 êÂ, I = 40 ìÀ). Ñúåìêó ïðî-

èçâîäèëè ñ øàãîì 0,02° â äèàïàçîíå 2è 15 – 100°.

Äèôðàêòîãðàììû îáðàáàòûâàëè ïî ìåòîäó Ðèò-

âåëüäà ñ ïîìîùüþ ïðîãðàììíîãî ïàêåòà Profex

[32]. Ìàãíèòíûå ïàðàìåòðû îáðàçöîâ èçìåðÿëè

íà âèáðîìàãíèòîìåòðå JDAW-2000D ïðè êîìíàò-

íîé òåìïåðàòóðå.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìåòîäèêó ïîëó÷åíèÿ îáðàçöîâ óñëîâíî ìîæíî

ðàçäåëèòü íà äâà ýòàïà: ãèäðîòåðìàëüíóþ îáðà-

áîòêó è îòæèã. Ñ îäíîé ñòîðîíû, ïðåäïî÷òèòåëü-

íåå ïîëó÷àòü ãåêñàôåððèò íåïîñðåäñòâåííî ïî-

ñëå ãèäðîòåðìàëüíîé îáðàáîòêè (ýòî ñîêðàùàåò

÷èñëî îïåðàöèé, íåîáõîäèìûõ äëÿ ñèíòåçà), ñ

äðóãîé — ïîäáîð óñëîâèé, íåîáõîäèìûõ äëÿ ðåà-

ëèçàöèè òàêîãî ïîäõîäà, äîñòàòî÷íî òðóäîåìîê.

Òàê, ãåêñàôåððèò áàðèÿ ìîæåò áûòü ïîëó÷åí ïî-

ñëå ãèäðîòåðìàëüíîé îáðàáîòêè èñõîäíîãî ðàñ-

òâîðà ïðè 160 °C [33]. Îäíàêî, âîçìîæíî, ÷òî äëÿ

ýòîãî ïîòðåáóþòñÿ çíà÷èòåëüíî áîëüøèå òåì-

ïåðàòóðû è ñóùåñòâåííî áîëüøå âðåìåíè [34].

Ê ñîæàëåíèþ, òàêàÿ íåîäíîçíà÷íîñòü ïðèâîäèò ê

íåîáõîäèìîñòè ïðîâåäåíèÿ ñîáñòâåííûõ ïðåäâà-

ðèòåëüíûõ èññëåäîâàíèé.

Ïåðåä ñèíòåçîì è èññëåäîâàíèåì îáðàçöîâ

çàìåùåííûõ ôåððèòîâ àíàëèçèðîâàëè âîç-

ìîæíîñòü ïîëó÷åíèÿ BaM íåïîñðåäñòâåííî â ðå-

çóëüòàòå ãèäðîòåðìàëüíîé îáðàáîòêè ïðåêóð-

ñîðîâ. Íà ðèñ. 1 ïðåäñòàâëåíû ðåíòãåíîâñêèå

äèôðàêòîãðàììû ïîðîøêîâ, ñèíòåçèðîâàííûõ

ïðè 180 °C â òå÷åíèå 4 ÷ è ïðè 230 °C â òå÷åíèå

12 ÷. Âèäíî, ÷òî îáðàçîâàíèÿ ãåêñàôåððèòà íå

ïðîèçîøëî íè â îäíîì èç ñëó÷àåâ (êàê è ïðè èñ-

ïîëüçîâàíèè ïðîìåæóòî÷íûõ çíà÷åíèé âðåìåíè

è òåìïåðàòóðû).

Âûñîêîòåìïåðàòóðíàÿ îáðàáîòêà ïîäîáíûõ

ïîðîøêîâ ñïîñîáíà ïðèâåñòè ê îáðàçîâàíèþ BaM

[33]. Ïîñêîëüêó ñïåêàíèå ÷àñòèö íà÷èíàåòñÿ ïðè

1100 °C, íàãðåâ äî ìåíüøèõ òåìïåðàòóð (íàïðè-

ìåð, äî 1000 °C) ïîçâîëÿåò ïîëó÷èòü ôåððèò è

ïðè ýòîì ñîõðàíèòü äèñïåðñíîñòü ïîðîøêà [34].

Îòìåòèì, ÷òî ñ ïîìîùüþ òàêîãî ïîäõîäà

óñïåøíî ñèíòåçèðîâàëè íàíîäèñïåðñíûå ïîðîø-

êè BaM, BaFe12 – x
Ni

x
O19 è BaFe12 – x

Co
x
O19 [31, 35,

36]. Îäíàêî äëÿ Cu-çàìåùåííûõ ôåððèòîâ ïðè-

çíàêè ñïåêàíèÿ âèçóàëüíî íàáëþäàëèñü ïîñëå

òåðìîîáðàáîòêè ïðè 900 °C â òå÷åíèå 1 ÷. Òàê, ïî-

ðîøêè BaM è BaFe12 – x
Ni

x
O19 ïîñëå òåìïåðàòóð-

íîé îáðàáîòêè ñîõðàíÿëè ñûïó÷åñòü, îáðàçöû æå

BaFe12 – x
Cu

x
O19 ôîðìèðîâàëè åäèíûé àãëîìåðàò.

Ïîëó÷åííûå àãëîìåðàòû áûëè êðàéíå õðóïêè è

ïîñëå ïðîìûâêè â êèñëîòå ðàçðóøàëèñü äî ñî-

ñòîÿíèÿ ïîðîøêà.

Îêñèä ìåäè ìîæíî èñïîëüçîâàòü â êà÷åñòâå

äîáàâêè, ïîâûøàþùåé ýôôåêòèâíîñòü ñïåêàíèÿ

BaM çà ñ÷åò îáðàçîâàíèÿ â ñèñòåìå CuO – BaO

ôàç ñ îòíîñèòåëüíî íèçêîé òåìïåðàòóðîé ïëàâëå-

íèÿ [37]. Äîáàâêà CuO ïîâûøàåò ïëîòíîñòü ñïå-

êàåìîãî BaM [38]. Õîòÿ ïðè 900 °C ïëîòíîñòü

ôåððèòà ñ äîáàâêîé CuO ñîñòàâëÿåò âñåãî îêîëî

65 % îò òåîðåòè÷åñêîé, ýòî íà 15 % áîëüøå, ÷åì

ó îáðàçöà ÷èñòîãî BaM. Èññëåäîâàíèÿ ïîêàçàëè:

â ïåðâîé ñåðèè Cu-çàìåùåííûõ îáðàçöîâ ãåêñà-

ôåððèòîâ, êîòîðûå ãîòîâèëè ïî ñòàíäàðòíîé êå-

ðàìè÷åñêîé òåõíîëîãèè (CuO äîáàâëÿëè íà ñòà-

äèè ïðèãîòîâëåíèÿ øèõòû), ìåäü ëîêàëèçîâàëàñü

íåïîñðåäñòâåííî â çåðíàõ ôåððèòà, à âî âòîðîé, â

êîòîðîé CuO äîáàâëÿëè ê ïîðîøêó ôåððèòà òîëü-

êî íà ñòàäèè ñïåêàíèÿ (â êà÷åñòâå ëåãêîïëàâêîé

äîáàâêè), — â ìåæçåðåííûõ ãðàíèöàõ [39]. Ìîæ-

íî ïðåäïîëîæèòü, ÷òî â ïðîöåññå ãèäðîòåðìàëü-
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Ðèñ. 1. Ðåíòãåíîâñêèå äèôðàêòîãðàììû ïîðîøêîâ

BaFe12O19 äî âûñîêîòåìïåðàòóðíîé îáðàáîòêè, ïîëó÷åí-

íûõ ïðè ñëåäóþùèõ ãèäðîòåðìàëüíûõ óñëîâèÿõ: à —

180 °C, 4 ÷; á — 230 °C, 12 ÷

Fig. 1. X-ray diffraction patterns of BaFe12O19 powders

before high-temperature treatment, obtained under hydro-

thermal conditions: a — 180°C, 4 h; b — 230°C, 12 h



íîãî ñèíòåçà îáðàçóþòñÿ îòäåëüíûå ôàçû ñ áîëü-

øèì ñîäåðæàíèåì ìåäè, â ïðîöåññå îòæèãà îáðà-

çóþùèå ñ êîìïîíåíòàìè ôåððèòà ëåãêîïëàâêèå

ñîåäèíåíèÿ, ñïîñîáñòâóþùèå àãëîìåðàöèè ÷àñòèö.

Ýòî ìîæåò îáåñïå÷èòü áîëåå ýôôåêòèâíîå ñïåêà-

íèå ïîëó÷àåìûõ ïîðîøêîâ, íî â òàêîì ñëó÷àå â

ðåøåòêó ãåêñàôåððèòà âîéäåò ìåíüøå ìåäè, ÷òî

èñêàçèò ðåçóëüòàòû ýêñïåðèìåíòà è íåãàòèâíî

îòðàçèòñÿ íà âîñïðîèçâîäèìîñòè äàííûõ.

Ðåíòãåíîâñêèå äèôðàêòîãðàììû ïîðîøêîâ

BaFe12 – x
Cu

x
O19 ïðåäñòàâëåíû íà ðèñ. 2, ðåçóëü-

òàòû èõ îáðàáîòêè — â òàáë. 1. Âî âñåõ îáðàçöàõ

îñíîâíàÿ ôàçà — BaM. Ïðè ïîâûøåíèè êîíöåí-

òðàöèè ìåäè (x = 0,3, 0,4) â ïðîáàõ ïðèñóòñòâóåò

áàðèò (BaSO4).

Â «ìîêðûõ» ìåòîäàõ ñèíòåçà ãåêñàôåððèòà

áàðèÿ ïðèíÿòî èñïîëüçîâàòü ñîîòíîøåíèÿ Fe/Ba,

çàíèæåííûå ïî ñðàâíåíèþ ñî çíà÷åíèåì, ñîîò-

âåòñòâóþùèì ñòåõèîìåòðèè. Ýòî îáóñëîâëåíî

òåì, ÷òî îáðàçóþùèåñÿ ïðîìåæóòî÷íûå ñîåäèíå-

íèÿ áàðèÿ (÷àñòî ýòî Ba(OH)2) õàðàêòåðèçóþòñÿ

áîëüøåé ðàñòâîðèìîñòüþ, ÷åì ñîåäèíåíèÿ æåëå-

çà (Fe(OH)3). Ôîðìèðóþùèéñÿ âñëåäñòâèå ýòîãî â

òâåðäûõ ïðåêóðñîðàõ èçáûòîê Fe ïðèâîäèò ê

òîìó, ÷òî â êîíå÷íîì ïðîäóêòå — ôåððèòå áàðèÿ

— íàáëþäàåòñÿ ïðèìåñü ãåìàòèòà (á-Fe2O3), ïî-

ýòîìó äëÿ ïîëó÷åíèÿ ÷èñòîé ôàçû BaM ïðåêóðñî-

ðû ãîòîâÿò ñ èçáûòêîì áàðèÿ.

Â ïðèìåíÿåìûõ óñëîâèÿõ ñèíòåçà îïòèìàëü-

íîå ñîîòíîøåíèå Fe/Ba, ïðè êîòîðîì â îáðàçöàõ

íàáëþäàåòñÿ íàèìåíüøåå êîëè÷åñòâî âòîðè÷íûõ

ôàç, ðàâíÿåòñÿ 9 [35]. Ïðè ýòîì èçáûòî÷íûå

èîíû áàðèÿ ìîãóò ðåàãèðîâàòü ñ óãëåêèñëûì ãà-

çîì, ðàñòâîðåííûì â âîäå, è îáðàçîâûâàòü íåðàñ-

òâîðèìûé îñàäîê BaCO3. Â òàêèõ ñëó÷àÿõ êàð-

áîíàò áàðèÿ óäàëÿþò ïðîìûâêîé â ðàñòâîðàõ

êèñëîò (êàê ïðàâèëî, óêñóñíîé èëè ñîëÿíîé).

Î÷åâèäíî, â äàííîì ñëó÷àå èîíû áàðèÿ âñòóïèëè

â ðåàêöèþ ñ ñóëüôàò-àíèîíàìè ðàñòâîðåííîãî

CuSO4. Ñóëüôàò áàðèÿ íå ðàçëàãàåòñÿ ïðè 900 °C

è íå ðàñòâîðÿåòñÿ â ñîëÿíîé êèñëîòå, ïîýòîìó

îñòàåòñÿ â îáðàçöàõ ïîñëå îòæèãà è ïðîìûâêè.

Ïî äàííûì ðåíòãåíîñòðóêòóðíîãî àíàëèçà

îáúåì êðèñòàëëè÷åñêîé ðåøåòêè îáðàçöîâ

BaFe12 – x
Cu

x
O19 ìåíüøå, ÷åì ó íåçàìåùåííîãî

ôåððèòà (ñì. òàáë. 1). Ïðè ýòîì èîíû ìåäè (Cu2+)

èìåþò áîëüøèé ðàäèóñ ïî ñðàâíåíèþ ñ èîíàìè

æåëåçà (Fe3+) [40]. Äàííîå ïðîòèâîðå÷èå ìîæíî

ðàçðåøèòü, äîïóñòèâ îáðàçîâàíèå êèñëîðîäíûõ

âàêàíñèé, îáåñïå÷èâàþùèõ ýëåêòðîíåéòðàëü-

íîñòü â ñëó÷àå ãåòåðîâàëåíòíûõ çàìåùåíèé. Àíà-

ëîãè÷íîå óìåíüøåíèå ðåøåòêè ôèêñèðîâàëè â

BaFe12 – x
Co

x
O19 è BaFe12 – x

Ni
x
O19, à òàêæå â Cu-çà-

ìåùåííûõ ãåêñàôåððèòàõ, ïîëó÷åííûõ äðóãèìè

èññëåäîâàòåëÿìè [31, 36, 38, 41].

Íà ðèñ. 3 ïðåäñòàâëåíû ïåòëè ìàãíèòíîãî

ãèñòåðåçèñà ïîðîøêîâ BaFe12 – x
Cu

x
O19, îñíîâíûå

ìàãíèòíûå ïàðàìåòðû — â òàáë. 2. Âèäíî, ÷òî
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x = 0

Yabs Ycalc Y Yabs calc–

x = 0,1

x = 0,2

x = 0,3

x = 0,4

Ðèñ. 2. Ðåíòãåíîâñêèå äèôðàêòîãðàììû ïîëó÷åííûõ ïî-

ðîøêîâ BaFe12 – x
Cu

x
O19 (Yobs, Ycalc — ðåíòãåíîâñêèå äèô-

ðàêòîãðàììû, ïîëó÷åííûå ýêñïåðèìåíòàëüíî è ðàññ÷è-

òàííûå ïî ìåòîäó Ðèòâåëüäà)

Fig. 2. X-ray diffraction patterns of BaFe12 – xCuxO19 pow-

ders (Yexp, Ycalc — experimental and calculated by the Riet-

veld method X-ray diffraction patterns)

Òàáëèöà 1. Ðåçóëüòàòû îáðàáîòêè ðåíòãåíîâñêèõ äèôðàêòîãðàìì BaFe12 – x
Cu

x
O19 ïî ìåòîäó Ðèòâåëüäà

Table 1. Results of Rietveld refinement of X-ray diffraction patterns of BaFe12 – xCuxO19

Ïàðàìåòð
Ñîäåðæàíèå Cu x, ôîðì. åä.

0 0,1 0,2 0,3 0,4

Rwp, % 1,97 2,15 2,10 1,59 1,78

Rexp, % 1,74 1,67 1,63 1,42 1,54

÷
2 1,28 1,68 1,66 1,25 1,34

a, Å 5,8939 5,8886 5,8878 5,8874 5,8880

c, Å 23,2139 23,2135 23,2177 23,2125 23,2089

V, Å3 698,34 697,07 697,03 696,76 696,81

Ðàçìåð ÎÊÐ [001], íì 60 78 57 62 63

Ðàçìåð ÎÊÐ [100], íì 99 152 138 121 116

Êîëè÷åñòâî BaSO4, % — — — 4,84 7,56



âíåäðåíèå ìåäè ïðèâîäèò ê ðåçêîìó ñíèæåíèþ

êîýðöèòèâíîé ñèëû Hc. Ïðè ýòîì çàâèñèìîñòü

Hc(x) íåëèíåéíà. Âîçìîæíî, ðîñò Hc, íàáëþäàå-

ìûé ïðè ïåðåõîäå îò x = 0,2 ê x = 0,4, îáóñëîâ-

ëåí íàëè÷èåì íåìàãíèòíîé ôàçû BaSO4, ïðåïÿò-

ñòâóþùåé âçàèìîäåéñòâèþ ÷àñòèö. Íàìàãíè÷åí-

íîñòü íàñûùåíèÿ M
s

ñíèæàåòñÿ ïðè óâåëè÷åíèè

x, ÷òî ìîæåò áûòü âûçâàíî çàìåùåíèÿìè æåëåçà

èîíàìè Cu2+ â ïîçèöèÿõ ñî ñïèíîì «ââåðõ». Âìå-

ñòå ñ òåì ñ ïîâûøåíèåì êîíöåíòðàöèè ìåäè ðàñ-

òåò è êîëè÷åñòâî íåìàãíèòíîé ôàçû BaSO4,

óìåíüøàþùåé M
s
.

Äëÿ áîëåå òî÷íîãî óñòàíîâëåíèÿ ïðè÷èíû

ñíèæåíèÿ íàìàãíè÷åííîñòè èñïîëüçîâàëè ìåñ-

ñáàóýðîâñêóþ ñïåêòðîñêîïèþ. Ìåññáàóýðîâñêèå

ñïåêòðû ñèíòåçèðîâàííûõ ôåððèòîâ è èõ ïàðà-

ìåòðû ïðåäñòàâëåíû íà ðèñ. 4 è â òàáë. 3. Îáû÷-

íî ñïåêòð ãåêñàôåððèòà ïðåäñòàâëÿåò ñîáîé ñó-

ïåðïîçèöèþ ïÿòè ñåêñòåòîâ, ñîîòâåòñòâóþùèõ

êðèñòàëëîãðàôè÷åñêèì ïîçèöèÿì æåëåçà 12k, 2a,

2b, 4f1 è 4f2. Ïðè çàìåùåíèè Fe3+ íà äðóãèå êà-

òèîíû âîçíèêàþò äîïîëíèòåëüíûå ñåêñòåòû, îáó-

ñëîâëåííûå íàëè÷èåì æåëåçà ñ óìåíüøåííûì

ìàãíèòíûì ïîëåì íà ÿäðå âñëåäñòâèå îáðûâà îá-

ìåííûõ ñâÿçåé Fe–O–Fe. Àíàëèç ïàðàìåòðîâ òà-

êèõ ñåêñòåòîâ â ñîâîêóïíîñòè ñ èíòåðïðåòàöèåé

âñåãî ñïåêòðà ïîìîãàåò óñòàíîâèòü îñîáåííîñòè

êàòèîííîãî ðàñïðåäåëåíèÿ â ðåøåòêå ôåððèòà.

Ìåññáàóýðîâñêèå ñïåêòðû BaFe12 – x
Cu

x
O19

ðàçëàãàëè íà âîñåìü ñåêñòåòîâ. Òðè äîïîëíèòåëü-

íûõ ñåêñòåòà îáîçíà÷àëè êàê 12k
–, 12k

+ è ÍÝÏ

(íåýêâèâàëåíòíûå ïîëîæåíèÿ). Ñåêñòåòû 12k
– è

12k
+ îòíîñèëè ê íåýêâèâàëåíòíûì ïîëîæåíèÿì

æåëåçà â ïîçèöèè 12k, ïîñêîëüêó èõ ïàðàìåòðû

äîâîëüíî áëèçêè (ä = 0,35 – 0,38 ìì/ñ; Ä = 0,33 –

0,44 ìì/ñ; Heff � 422, 412 è 390 êÝ äëÿ 12k
+, 12k è

12k
– ñîîòâåòñòâåííî). Ñåêñòåò ÍÝÏ èç-çà åãî ïà-

ðàìåòðîâ òðóäíî îòíåñòè ê êàêîé-ëèáî êîíêðåò-

íîé ïîçèöèè. Âåðîÿòíî, äàííàÿ êîìïîíåíòà ñïåê-

òðà — ñóïåðïîçèöèÿ íåñêîëüêèõ ñåêñòåòîâ, â

ïîëüçó ÷åãî ñâèäåòåëüñòâóåò åå áîëüøàÿ øèðèíà

ëèíèè (0,53 – 0,71 ìì/ñ).

Ñðåäè îñíîâíûõ ïÿòè ïîçèöèé ñóùåñòâåííîå

óìåíüøåíèå ïëîùàäåé êîìïîíåíò ïðè çàìåùå-

íèÿõ Fe íà Cu ôèêñèðîâàëè ó ñåêñòåòîâ 12k è 4f1,

÷òî ìîæåò áûòü ñâÿçàíî ñ âõîæäåíèåì èîíîâ

ìåäè íåïîñðåäñòâåííî â ýòè ïîçèöèè. Ìåäü òàê-

æå ìîæåò çàíèìàòü óçëû, ñìåæíûå ñ 12k è 4f1, íî

ïðè ýòîì íà ñïåêòðàõ äîëæíû íàáëþäàòüñÿ äî-

ïîëíèòåëüíûå ñåêñòåòû, ñîîòâåòñòâóþùèå ïîëî-

æåíèÿì Fe12k
–O–Cu è Fe4f1–O–Cu. Äåéñòâèòåëüíî,

äëÿ ïîçèöèè 12k íàáëþäàåòñÿ íåñêîëüêî íåýêâè-

âàëåíòíûõ ïîëîæåíèé: 12k, 12k
– è 12k

+. Òîãäà

ìîæíî ïðåäïîëîæèòü, ÷òî èîíû ìåäè âõîäÿò â ïî-

çèöèè 4f1, ñóïåðîáìåííûå ñâÿçè Fe12k
–O–Fe4f1 îá-

ðûâàþòñÿ è îáðàçóþòñÿ íåýêâèâàëåíòíûå ïîëî-

æåíèÿ Fe12k
–O–Cu4f1. Îäíàêî ïðè ñóììèðîâàíèè

ïëîùàäåé ñåêñòåòîâ 12k, 12k
– è 12k

+ âêëàä ýòèõ

ïîçèöèé ñîñòàâëÿåò 44 – 47 %, ÷òî ìåíüøå, ÷åì ó

íåçàìåùåííîãî ôåððèòà (~49 %). Ñ îäíîé ñòîðî-

íû, ñåêñòåò ÍÝÏ ìîæíî îòíåñòè ê ïîçèöèè 12k,

íî â ýòîì ñëó÷àå ñóììàðíàÿ ïëîùàäü äàííûõ ñåê-

ñòåòîâ ñîñòàâèò 51 – 54 %, ÷òî òàêæå íå ñîãëàñó-

åòñÿ ñ îæèäàåìûì çíà÷åíèåì. Êðîìå òîãî, íåâîç-

ìîæíî îáúÿñíèòü íàëè÷èå ÷åòûðåõ íåýêâèâà-

ëåíòíûõ ïîëîæåíèé 12k ïîñðåäñòâîì çàìåùåíèé

òîëüêî â 4f1. Ñ äðóãîé ñòîðîíû, ìîæíî äîïóñòèòü,

÷òî çàìåùåíèÿ èìåþò ìåñòî êàê â ïîçèöèè 12k,

òàê è â 4f1. Â òàêîì ñëó÷àå ìîæíî äàòü ñëåäóþ-

ùóþ èíòåðïðåòàöèþ äîïîëíèòåëüíûõ ñåêñòåòîâ:

1) 12k
– ñîîòâåòñòâóåò èîíàì æåëåçà â ïîëîæåíèÿõ

Fe12k
–O–Cu4f1; 2) 12k

+ ñîîòâåòñòâóåò èîíàì æåëå-

çà â ïîëîæåíèÿõ Fe12k
–O–Cu12k

; 3) ÍÝÏ ñîîòâåò-

ñòâóåò ñóïåðïîçèöèè ïîëîæåíèé Fe4f1–O–Cu12k
è

Fe12k
–O–Cu12k

.

Çàìåòèì, ÷òî çíà÷åíèå ìàãíèòíîãî ïîëÿ íà

ÿäðàõ æåëåçà Heff â ïîëîæåíèè Fe12k
–O–Cu12k

(ñåêñòåò 12k
+) áîëüøå, ÷åì â ïîëîæåíèè

Fe12k
–O–Fe. Ýòî ÿâëåíèå ìîæíî îáúÿñíèòü ñëå-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9 43

x = 0

x

x

x

x

= 0,1

= 0,2

= 0,3

= 0,4

Í
à
ì

à
ã
í

è
÷
å
í

í
î
ñ
ò
ü

,
A

·
ì

/ê
ã

M
2

Íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ , êÝH

Ðèñ. 3. Ïåòëè ìàãíèòíîãî ãèñòåðåçèñà îáðàçöîâ

BaFe12 – x
Cu

x
O19

Fig. 3. Magnetic hysteresis loops of BaFe12 – xCuxO19

samples

Òàáëèöà 2. Ìàãíèòíûå ïàðàìåòðû îáðàçöîâ

BaFe12 – x
Cu

x
O19

Table 2. Magnetic parameters of BaFe12 – xCuxO19 samples

Ñîäåðæàíèå

Cu x,

ôîðì. åä.

Íàìàãíè-

÷åííîñòü

íàñûùåíèÿ

M
s
, À · ì2/êã

Îñòàòî÷íàÿ

íàìàãíè-

÷åííîñòü M
r
,

À · ì2/êã

Êîýðöèòèâ-

íàÿ ñèëà

Hc, Ý

0 65,88 34,25 5629

0,1 65,51 34,75 4913

0,2 62,45 33,22 4698

0,3 61,81 32,87 4799

0,4 60,75 32,36 4874



äóþùèì. Óâåëè÷åíèå ìàãíèòíîãî ïîëÿ íà ÿäðàõ

æåëåçà ôèêñèðîâàëè â ôåððèòå MnFe2 – x
Ga

x
O4

ïðè çàìåùåíèè æåëåçà íà äèàìàãíèòíûé ãàëëèé

[42]. Ðîñò Heff áûë îáóñëîâëåí ñîêðàùåíèåì

ìåæúÿäåðíûõ ðàññòîÿíèé âñëåäñòâèå çàìåùåíèé

Fe3+ íà Ga3+ ñ ìåíüøèì èîííûì ðàäèóñîì.

Ïîâûøåíèå Heff íà ÿäðàõ æåëåçà òàêæå âûÿâëÿ-

ëè â ã�-Fe4 – x
Ni

x
N ïðè çàìåùåíèè æåëåçà íà íè-

êåëü, êîòîðûé õàðàêòåðèçóåòñÿ ìåíüøèì ìàãíèò-

íûì ìîìåíòîì [43]. Ýòî îáúÿñíÿëîñü èçìåíåíèåì

ýëåêòðîííîé ñòðóêòóðû Fe è ëîêàëüíûìè íåîäíî-

ðîäíîñòÿìè, âûçâàííûìè ïðèñóòñòâèåì Ni.

Óâåëè÷åíèå Heff íà ÿäðàõ Fe â íåýêâèâà-

ëåíòíîì ïîëîæåíèè 12k
+ ìîæíî èíòåðïðåòè-

ðîâàòü àíàëîãè÷íûì îáðàçîì: ïðè âíåäðåíèè

ìåäè â ïîçèöèè 12k (à òàêæå ñîïóòñòâóþùåì
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Fig. 4. Mössbauer spectra of BaFe12 – xCuxO19 samples



îáðàçîâàíèè êèñëîðîäíûõ âàêàíñèé), âåðîÿòíî,

ìåíÿåòñÿ ýëåêòðîííàÿ ñòðóêòóðà èîíîâ æåëåçà â

ñìåæíûõ ïîçèöèÿõ 12k, à òàêæå â öåëîì ìåíÿþò-

ñÿ ìåæúÿäåðíûå ðàññòîÿíèÿ ìåæäó Fe, â ïîëüçó

÷åãî ñâèäåòåëüñòâóåò óìåíüøåíèå îáúåìà ðåøåò-

êè. Êðîìå òîãî, ñóïåðîáìåííûå âçàèìîäåéñòâèÿ

Fe12k
–O–Fe12k

îòíîñèòåëüíî ñëàáûå [44, 45], ïî-

ýòîìó îáðûâ ýòèõ ñâÿçåé íå äîëæåí ñóùåñòâåííî

ñíèæàòü çíà÷åíèå Heff ïîçèöèè 12k. Âìåñòå ñ òåì

ïðè âõîæäåíèè ìåäè â ïîçèöèè 12k è 4f1 îáðûâà-

þòñÿ ñèëüíûå ñâÿçè Fe12k
–O–Fe4f2 è Fe2a

–O–Fe4f1,

÷òî äîëæíî íà ñïåêòðàõ ïðèâîäèòü ê óìåíüøå-

íèþ ïëîùàäåé ñåêñòåòîâ 2a è 4f2 è ïîÿâëåíèþ äî-

ïîëíèòåëüíûõ êîìïîíåíò, ñîîòâåòñòâóþùèõ íå-

ýêâèâàëåíòíûì ïîëîæåíèÿì 2a è 4f2. Ýòè ýôôåê-

òû íå íàáëþäàþòñÿ, âåðîÿòíî, âñëåäñòâèå ìàëîãî
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Òàáëèöà 3. Ìåññáàóýðîâñêèå ïàðàìåòðû ñïåêòðîâ BaFe12 – x
Cu

x
O19

Table 3. Mössbauer parameters of BaFe12 – xCuxO19 spectra

Ñîäåðæàíèå

Cu x, ôîðì. åä.

Êîìïîíåíòà

ñïåêòðà

Èçîìåðíûé

ñäâèã ä, ìì/ñ

Êâàäðóïîëüíîå

ðàñùåïëåíèå

Ä, ìì/ñ

Ìàãíèòíîå ïîëå

íà ÿäðå Heff, êÝ

Ïëîùàäü

êîìïîíåíò

S, %

Øèðèíà

ëèíèè

Ã, ìì/ñ

0 4f2 0,39 0,19 511 15,4 0,25

2a 0,34 0,02 506 5,8 0,21

4f1 0,27 0,21 486 24,3 0,37

12k 0,36 0,42 410 49,3 0,33

2b 0,27 2,2 398 5,2 0,25

0,1 4f2 0,39 0,2 514 15,5 0,26

2a 0,33 0,01 509 6,4 0,23

4f1 0,28 0,2 489 21,3 0,33

12k 0,35 0,42 412 28,6 0,29

2b 0,29 2,19 401 5,3 0,27

ÍÝÏ 0,4 0,38 435 7,1 0,54

12k
– 0,38 0,42 394 6,7 0,44

12k
+ 0,36 0,40 420 9,1 0,23

0,2 4f2 0,39 0,21 517 15,2 0,27

2a 0,34 0 511 6 0,22

4f1 0,27 0,2 491 21 0,34

12k 0,36 0,42 414 32,8 0,32

2b 0,28 2,19 403 5,3 0,33

ÍÝÏ 0,35 0,11 451 5,3 0,58

12k
– 0,35 0,33 384 4,6 0,45

12k
+ 0,35 0,4 423 9,8 0,27

0,3 4f2 0,39 0,21 514 15,6 0,27

2a 0,35 –0,02 508 6,3 0,22

4f1 0,27 0,21 487 19,8 0,33

12k 0,36 0,41 412 34,2 0,30

2b 0,29 2,18 401 4,6 0,26

ÍÝÏ 0,40 0,32 442 7 0,7

12k
– 0,37 0,44 391 7,8 0,6

12k
+ 0,37 0,39 422 4,7 0,24

0,4 4f2 0,39 0,2 514 15,1 0,26

2a 0,34 0 508 5,3 0,21

4f1 0,28 0,2 489 22,2 0,36

12k 0,35 0,41 412 28,9 0,29

2b 0,27 2,17 401 5,1 0,31

ÍÝÏ 0,39 0,37 437 7,8 0,71

12k
– 0,37 0,4 394 8,8 0,5

12k
+ 0,36 0,39 422 6,8 0,24



êîëè÷åñòâà æåëåçà â äàííûõ íåýêâèâàëåíòíûõ

ïîëîæåíèÿõ èç-çà íèçêîé êîíöåíòðàöèè ìåäè â

ðåøåòêå. Îòìåòèì, ÷òî òåîðåòè÷åñêè íà ìåäü çà-

ìåùàåòñÿ íå áîëåå 3 % èîíîâ æåëåçà (ïðè x =

= 0,4), ïðàêòè÷åñêè ýòà âåëè÷èíà åùå ìåíüøå,

òàê êàê ÷àñòü ìåäè íå âõîäèò â ñòðóêòóðó ãåêñà-

ôåððèòà. Ïðè ýòîì óìåíüøåíèå ïëîùàäåé ñåê-

ñòåòîâ 12k è 4f1 ïðîÿâëÿåòñÿ íà ñïåêòðå, ïîñêîëü-

êó îíî îáóñëîâëåíî îäíîâðåìåííî è îáðàçîâàíè-

åì íåýêâèâàëåíòíûõ ïîëîæåíèé, è çàìåùåíèÿìè

æåëåçà íà ìåäü. Êðîìå òîãî, ïëîùàäè ñåêñòåòîâ

12k è 4f1 â ïðèíöèïå áîëüøå, ÷åì ó îñòàëüíûõ

êîìïîíåíò, ïîýòîìó îòñëåäèòü èõ èçìåíåíèÿ ñó-

ùåñòâåííî ïðîùå. Ìîæíî çàêëþ÷èòü, ÷òî â ïîëó-

÷åííûõ ôåððèòàõ BaFe12 – x
Cu

x
O19 èîíû ìåäè

ïðåäïî÷òèòåëüíî çàíèìàþò ïîçèöèè 12k è 4f1.

Çàêëþ÷åíèå

Ìåòîäîì ãèäðîòåðìàëüíîãî ñèíòåçà áûëè ïî-

ëó÷åíû ïîðîøêè Cu-çàìåùåííûõ ãåêñàôåððèòîâ

áàðèÿ BaFe12 – x
Cu

x
O19 (x = 0, 0,1, 0,2, 0,3, 0,4).

Îòæèã ïîðîøêîâ ïîñëå ãèäðîòåðìàëüíîé îáðà-

áîòêè, íåîáõîäèìûé äëÿ ôîðìèðîâàíèÿ êðèñòàë-

ëè÷åñêîé ñòðóêòóðû ìàãíåòîïëþìáèòà, ïðèâîäèë

ê àãëîìåðàöèè ÷àñòèö âñëåäñòâèå ïëàâëåíèÿ

ìåäüñîäåðæàùèõ ôàç. Ïî äàííûì ðåíòãåíîôàçî-

âîãî àíàëèçà, â ïîðîøêàõ, ïîìèìî ãåêñàôåððèòà,

ïðèñóòñòâîâàëî íåáîëüøîå êîëè÷åñòâî áàðèòà,

îáðàçîâàííîãî â ðåçóëüòàòå âçàèìîäåéñòâèÿ êà-

òèîíîâ áàðèÿ ñ ñóëüôàò-àíèîíàìè â ïðåêóðñîðå.

Èç õàðàêòåðà çàâèñèìîñòè èçìåíåíèÿ îáúåìà

ðåøåòêè îò êîíöåíòðàöèè ìåäè ñäåëàí âûâîä î

òîì, ÷òî ñîõðàíåíèå çàðÿäîâîãî áàëàíñà ïðè çà-

ìåùåíèÿõ Fe3+ íà Cu2+ äîñòèãàåòñÿ çà ñ÷åò îáðà-

çîâàíèÿ êèñëîðîäíûõ âàêàíñèé. Ñ ïîìîùüþ ìåñ-

ñáàóýðîâñêîé ñïåêòðîñêîïèè óñòàíîâëåí õàðàê-

òåð ðàñïðåäåëåíèÿ ìåäè ïî ïîäðåøåòêàì ãåêñà-

ôåððèòà — èõ ïðåäïî÷òåíèå ê ïîçèöèÿì 12k è

4f1. Óñòàíîâëåí õàðàêòåð èçìåíåíèÿ ìàãíèòíûõ

ïàðàìåòðîâ BaFe12 – x
Cu

x
O19 â çàâèñèìîñòè îò x.

Íàìàãíè÷åííîñòü íàñûùåíèÿ ñíèæàåòñÿ ñ ðîñ-

òîì x, ÷òî â áîëüøåé ñòåïåíè îáóñëàâëèâàåòñÿ

óâåëè÷åíèåì êîíöåíòðàöèè íåìàãíèòíîãî áàðè-

òà. Íàëè÷èå ìåäè â îáðàçöàõ ïðèâîäèò ê ðåçêîìó

ñíèæåíèþ êîýðöèòèâíîé ñèëû (ñ 5629 äî 4913 Ý)

ïðè ïåðåõîäå îò x = 0 ê x = 0,1. Ïðè äàëüíåéøåì

óâåëè÷åíèè x êîýðöèòèâíàÿ ñèëà íåìîíîòîííî

ìåíÿåòñÿ â ïðåäåëàõ 4698 – 4874 Ý.

Ôèíàíñèðîâàíèå, áëàãîäàðíîñòè

Ðàáîòà âûïîëíåíà çà ñ÷åò ñðåäñòâ ïðîåêòà

K6-2022-043 (òåìà ¹ Â523004) ïðîãðàììû ðàçâè-

òèÿ ÍÈÒÓ «ÌÈÑÈÑ» íà 2021 – 2030 ãã. ïðè ó÷à-

ñòèè â ïðîãðàììå ñòðàòåãè÷åñêîãî àêàäåìè÷åñêî-

ãî ëèäåðñòâà «Ïðèîðèòåò-2030».
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Ïðî÷íîñòü ðàáî÷èõ ïîâåðõíîñòåé çóá÷àòûõ êîëåñ çàâèñèò îò ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðè-

àëà è êà÷åñòâà èçãîòîâëåíèÿ äåòàëåé. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ

ïðî÷íîñòè ìàòåðèàëîâ è ðàáî÷èõ ïîâåðõíîñòåé çóá÷àòîãî ìåõàíèçìà, îáóñëîâëåííîé ñòðóê-

òóðíûìè èçìåíåíèÿìè ïðè ïðèìåíåíèè õèìèêî-òåðìè÷åñêîé îáðàáîòêè. Èññëåäîâàëè ïî-

âåðõíîñòíóþ ïðî÷íîñòü çóá÷àòûõ êîëåñ ãàçîòóðáèííûõ äâèãàòåëåé. Èñïîëüçîâàëè îáðàçöû

èç ñòàëåé 20Õ3ÌÂÔ-Ø, 16Õ3ÍÂÔÌÁ-Ø, 18Õ2Í4ÌÀ è 12Õ2Í4À, â êà÷åñòâå õèìèêî-òåð-

ìè÷åñêîé îáðàáîòêè êîíòàêòèðóþùèõ ïîâåðõíîñòåé ïðèìåíÿëè íèòðîöåìåíòàöèþ è èîí-

íîå àçîòèðîâàíèå. Àíàëèçèðîâàëè èçìåíåíèå ìèêðîòâåðäîñòè ñîñòàâëÿþùèõ ñëîåâ çóá÷à-

òîãî âåíöà — äèôôóçèîííîé, ïåðåõîäíîé è îñíîâíîé. Ìåòàëëîãðàôè÷åñêèé àíàëèç ñòðóê-

òóðû ìàòåðèàëîâ ïðîâîäèëè äëÿ îïèñàíèÿ ôàêòîðîâ, îïðåäåëÿþùèõ ïîâåðõíîñòíóþ ïðî÷-

íîñòü ðàáî÷èõ ïîâåðõíîñòåé. Ïðèâåäåíû ñèñòåìàòèçèðîâàííûå äàííûå ïî ïðîöåññó èçìå-

íåíèÿ ìèêðîòâåðäîñòè ìàòåðèàëîâ, ïîëó÷åííûå ýêñïåðèìåíòàëüíûì ïóòåì â óñëîâèÿõ ñå-

ðèéíîãî ïðîèçâîäñòâà. Íà îñíîâå äàííûõ ïî ìèêðîòâåðäîñòè è ñòðóêòóðíîìó ñîñòîÿíèþ

ïîâåðõíîñòíûõ ñëîåâ ðàáî÷èõ ïðîôèëåé çóá÷àòûõ êîëåñ ïðåäñòàâëåíû ýêñïåðèìåíòàëü-

íûå ðåçóëüòàòû èçìåíåíèé ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ. Âûïîëíåíà ñðàâíèòåëüíàÿ

îöåíêà ïîâåðõíîñòíîé ïðî÷íîñòè èññëåäóåìûõ îáðàçöîâ ïðè êîíòàêòíîì âçàèìîäåéñòâèè.

Óñòàíîâëåíà çàâèñèìîñòü ïîâåðõíîñòíîé ïðî÷íîñòè îò ìíîãîôàêòîðíîãî îáúåìíîãî ñòðîå-

íèÿ è ñòðóêòóðíîãî ñòàíîâëåíèÿ ìàòåðèàëà â ïðîöåññå íàðàáîòêè. Ïîêàçàíî, ÷òî ñïîñîá íà-

ñûùåíèÿ ïîâåðõíîñòè ôîðìèðóåò ñòðóêòóðó ìàòåðèàëà ñ ðàçëè÷íûìè ìåõàíè÷åñêèìè

ñâîéñòâàìè ñ îáðàçîâàíèåì ïåðåõîäíîé çîíû, èìåþùåé õàðàêòåðíûå îòëè÷èòåëüíûå çíà-

÷åíèÿ ïî òâåðäîñòè. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïðîåêòèðîâà-

íèè çóá÷àòûõ ïåðåäà÷ ñ ó÷åòîì èçìåíåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ è ñòðóêòóðû ìàòåðèàëîâ

äëÿ îáåñïå÷åíèÿ íåîáõîäèìûõ ýêñïëóàòàöèîííûõ òðåáîâàíèé.

Êëþ÷åâûå ñëîâà: çóá÷àòîå êîëåñî; õèìèêî-òåðìè÷åñêàÿ îáðàáîòêà; ñòðóêòóðíîå ñîñòîÿ-

íèå; òâåðäîñòü; ïîâåðõíîñòíàÿ ïðî÷íîñòü; êîíòàêòíîå âçàèìîäåéñòâèå.
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The strength of the working surfaces of gears depends on the mechanical properties of the material and

the quality of parts. We present the results of studying the strength of materials and working surfaces of a

gear mechanism due to structural changes attributed to chemical and thermal treatment. The surface

strength of the gears of gas turbine engines was studied. Nitrocementation and ion nitriding were used for

chemical and thermal treatment of the contacting surfaces of steel samples under study (20Kh3MVF-Sh,

16Kh3NVFMB-Sh, 18Kh2H4MA, and 12Kh2H4A). Changes in the microhardness of the component lay-

ers (diffusion, transition and basic) of the toothed crown were analyzed. Metallographic analysis of the

structure of materials was carried out to describe the factors determining the surface strength of working

surfaces. Systematized data on the change in the microhardness of materials obtained experimentally in

conditions of mass production are presented. Presented experimental results on changes in the mechani-

cal properties of materials are based on data on the microhardness and structural state of the surface lay-

ers of the working profiles of gears. A comparative assessment of the surface strength of the studied sam-

ples during contact interaction was performed. The dependence of the surface strength on the

multifactorial volumetric structure and structure formation of the material in the process of operation is
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determined. It is shown that the method of surface saturation forms the structure of a material with dif-

ferent mechanical properties accompanied with the formation of a transition zone having characteristic

distinctive values of the hardness. The results obtained can be used in the design of gears, taking into ac-

count changes in the mechanical properties and structure of materials to ensure the necessary operational

requirements.

Keywords: gear; thermochemical treatment; structural condition; hardness; surface strength; contact

interaction.

Ââåäåíèå

Èíòåíñèâíîå ðàçâèòèå òåõíèêè òðåáóåò òåõ-

íîëîãè÷åñêîãî îáåñïå÷åíèÿ êà÷åñòâà âûïóñêà-

åìûõ äåòàëåé ñ ó÷åòîì âîçìîæíîñòåé ñîâðåìåí-

íûõ òåõíîëîãèé â ñîâîêóïíîñòè ñî ñâîéñòâàìè

ìàòåðèàëîâ [1 – 7]. Â äâèãàòåëåñòðîèòåëüíîé

îòðàñëè ñòàëü — íàèáîëåå ÷àñòî ïðèìåíÿåìûé

êîíñòðóêöèîííûé ìàòåðèàë. Ïðè ðàáîòå ðåäóê-

òîðîâ ãàçîòóðáèííûõ äâèãàòåëåé äëÿ ïåðåäà÷è

ñèëîâîé íàãðóçêè íåîáõîäèìî, ÷òîáû ýëåìåíòû

çóá÷àòûõ ìåõàíèçìîâ îáëàäàëè âûñîêîé òâåðäî-

ñòüþ è ïðî÷íîñòüþ äëÿ îáåñïå÷åíèÿ ñîïðîòèâëå-

íèÿ ìàòåðèàëà óñòàëîñòíîìó âûêðàøèâàíèþ â

òå÷åíèå çíà÷èòåëüíîãî ýêñïëóàòàöèîííîãî ðåñóð-

ñà [8 – 15].

Êîíòàêòíîå ðàçðóøåíèå äåòàëåé íà÷èíàåòñÿ

ñ ïîâåðõíîñòè, ïîýòîìó â ïðîöåññå êîíòàêòíîãî

âûêðàøèâàíèÿ ñëåäóåò èçó÷èòü âëèÿíèå ìåõàíè-

÷åñêèõ è ñòðóêòóðíûõ ñâîéñòâ ïîâåðõíîñòíûõ

ñëîåâ ìàòåðèàëà íà ýêñïëóàòàöèîííûå õàðàêòå-

ðèñòèêè çóá÷àòîé ïàðû.

Öåëü ðàáîòû — èññëåäîâàíèå êîíòàêòíîé âû-

íîñëèâîñòè ðàáî÷èõ ïîâåðõíîñòåé çóáüåâ çóá÷à-

òîãî ìåõàíèçìà ñ ó÷åòîì ïðèìåíÿåìîé õèìèêî-

òåðìè÷åñêîé îáðàáîòêè ìàòåðèàëîâ [16].

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Äëÿ èçó÷åíèÿ óïðî÷íåííîãî ïîâåðõíîñòíîãî

ñëîÿ êîíñòðóêöèîííûõ øåñòåðåí÷àòûõ ñòàëåé

ïðîâîäèëè ìåòàëëîãðàôè÷åñêèå èñïûòàíèÿ. Èç-

ìåíåíèå òâåðäîñòè àíàëèçèðîâàëè îò ïîâåðõíî-

ñòíîãî ñëîÿ âãëóáü ìàòåðèàëà äåòàëè (îáðàçöà).

Èññëåäîâàëè îáðàçöû èç ñòàëåé 20Õ3ÌÂÔ-

Ø, 16Õ3ÍÂÔÌÁ-Ø, 18Õ2Í4ÌÀ è 12Õ2Í4À ñ óï-

ðî÷íåíèåì íèòðîöåìåíòàöèåé èëè èîííûì àçî-

òèðîâàíèåì (øåðîõîâàòîñòü ïîâåðõíîñòè R
a

=

= 0,4). Äëÿ èçó÷åíèÿ ìèêðîñòðóêòóðû èñïîëüçî-

âàëè ïîïåðå÷íî âûðåçàííûå ìèêðîøëèôû, òðàâ-

ëåíèå êîòîðûõ îñóùåñòâëÿëè â 2 – 4 %-ì ñïèðòî-

âîì ðàñòâîðå HNO3. Èññëåäîâàíèÿ ïðîâîäèëè ñ

èñïîëüçîâàíèåì îïòè÷åñêîãî ìèêðîñêîïà Nikon

EPIPHOT 200 (×200). Íà ìèêðîøëèôàõ àíàëèçè-

ðîâàëè òâåðäîñòü (ìèêðîòâåðäîñòü) ñ ó÷åòîì ãëó-

áèíû äèôôóçèîííîãî ñëîÿ (ÃÎÑÒ 9013–75, ÃÎÑÒ

9450–76), ñòðóêòóðó (ÃÎÑÒ 5639–82) è êîíòàêò-

íóþ âûíîñëèâîñòü (Ð50-54-30–87).

Îáñóæäåíèå ðåçóëüòàòîâ

Ñ ó÷åòîì ñïîñîáîâ õèìèêî-òåðìè÷åñêîé îá-

ðàáîòêè â òàáë. 1 äëÿ îáðàçöîâ èç ñòàëè

20Õ3ÌÂÔ-Ø ïðèâåäåíû çíà÷åíèÿ òâåðäîñòè îò
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Òàáëèöà 1. Ðåçóëüòàòû èññëåäîâàíèÿ òâåðäîñòè îáðàçöîâ èç ñòàëè 20Õ3ÌÂÔ-Ø ïðè íèòðîöåìåíòàöèè è èîííîì àçîòè-

ðîâàíèè

Table 1. Results of the studying the hardness of 20Kh3MVF-Sh steel samples upon nitrocementation and ion nitriding

¹ îáðàçöà
Òâåðäîñòü óïðî÷íåííîãî

ñëîÿ, HRC (HV)

Òâåðäîñòü

ñåðäöåâèíû, HB

Ãëóáèíà óïðî÷íåííîãî

ñëîÿ, ìì

Ïîñëå íèòðîöåìåíòàöèè

1 63,5 (776) 383 0,8 – 0,9

2 63,4 (773) 380 0,8 – 1,0

3 63 (763) 350 0,7 – 0,9

5 63 (763) 355 0,9 – 1,1

8 63,5 (776) 380 0,8 – 1,1

Òðåáîâàíèå äîêóìåíòàöèè �59 (�675) 305 – 426 0,6 – 1,2

Ïîñëå èîííîãî àçîòèðîâàíèÿ

1 680 (59) 380 0,24 – 0,25

2 675 (59) 375 0,3

4 659 (58) 370 0,2

8 685 (60) 375 0,28 – 0,3

9 685 (60) 375 0,25

Òðåáîâàíèå äîêóìåíòàöèè �650 (�58) 321 – 388 0,2 – 0,4



ïîâåðõíîñòè ê ñåðäöåâèíå îáðàçöà, ðåçóëüòàòû

èññëåäîâàíèé ìèêðîòâåðäîñòè âãëóáü óïðî÷íåí-

íîãî ñëîÿ — íà ðèñ. 1. Íà ðèñ. 2 äëÿ îáðàçöà ¹ 1

ïðåäñòàâëåíû ìèêðîñòðóêòóðû àçîòèðîâàííîãî

ñëîÿ, îñíîâû ìàòåðèàëà è ïîãðàíè÷íîé çîíû ïî-

ñëå èîííîãî àçîòèðîâàíèÿ.

Àíàëèç ìèêðîøëèôîâ çóá÷àòîãî êîëåñà ïîêà-

çàë, ÷òî ãëóáèíà àçîòèðîâàííîãî ñëîÿ ñîñòàâëÿåò

0,239 – 0,246 ìì (òðåáîâàíèå äîêóìåíòàöèè —

0,2 – 0,4 ìì). Ïîâåðõíîñòü óïðî÷íåííîãî ñëîÿ

õàðàêòåðèçóåòñÿ îòñóòñòâèåì íèòðèäíîé ñåòêè

è å-ôàçû. Óïðî÷íåííûé ñëîé ïðåäñòàâëÿåò ñîáîé

á-òâåðäûé ðàñòâîð ñ ðàâíîìåðíî ðàñïðåäåëåí-

íûìè âíóòðè î÷åíü ìàëûìè ïî ðàçìåðó îò-

äåëüíûìè íèòðèäíûìè ÷àñòèöàìè ã-ôàçû.

Ñòðîåíèå çåðåí ìåëêîå, ÷åòêèå èõ ãðàíèöû â çîíå

ñìåíû óïðî÷íåííîãî ñëîÿ íà ñåðäöåâèíó ìà-

òåðèàëà îòñóòñòâóþò. Ñòðóêòóðà ñåðäöåâèíû äî-

ïóñòèìàÿ, ñîñòîèò èç ñîðáèòà îòïóñêà (ÃÎÑÒ

5639).

Èññëåäîâàíèÿ êîíòàêòíîé âûíîñëèâîñòè ïðî-

âîäèëè íà ðîëèêîâîé ìàøèíå è ñïðîåêòèðîâàí-

íîé óñòàíîâêå (ðèñ. 3). Ñ ïîìîùüþ ðîëèêîâîé ìà-

øèíû îïðåäåëÿëè âëèÿíèå íà óñòàëîñòíîå âû-

êðàøèâàíèå ïîâåðõíîñòåé ìåõàíè÷åñêîãî òðåíèÿ

ïðè èìèòàöèè íàïðÿæåíèé êîíòàêòà çóá÷àòîãî

çàöåïëåíèÿ [16, 17]. Óñëîâèÿ èñïûòàíèé ñîîòâåò-

ñòâîâàëè ÃÎÑÒ 25.501 [18].

Âçàèìîñâÿçü îêðóæíûõ ñêîðîñòåé îáúåêòîâ

(V1, V2) è îáðàçöîâ (V3, V4) îáåñïå÷èâàëàñü â çîíå

ñîïðÿæåíèÿ ñ ó÷åòîì ñêîëüæåíèÿ (F — ñèëà ïðè-

æàòèÿ îáúåêòà ê èññëåäóåìîìó îáðàçöó; n1, n2 è

n3, n4 — ÷àñòîòû âðàùåíèÿ îáúåêòîâ è îáðàçöîâ

ñîîòâåòñòâåííî) (ñì. ðèñ. 3, â). Êîýôôèöèåíò

ñêîëüæåíèÿ f îïðåäåëÿëè ïî ôîðìóëå

f

V V

V

V V

V

�

�

�

�
1 3

1

2 4

2

= const. (1)
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Ìèêðîòâåðäîñòü HV

Ðèñ. 1. Çàâèñèìîñòè ìèêðîòâåðäîñòè îò ãëóáèíû h ïîñëå íèòðîöåìåíòàöèè (îáðàçöû ¹ 2 (1), 8 (2), 5 (3), 1 (4), 3 (5)) (à) è

èîííîãî àçîòèðîâàíèÿ (îáðàçöû ¹ 8 (1), 2 (2), 4 (3), 9 (4), 1 (5)) (á)

Fig. 1. Dependences of the microhardness on the depth h after nitrocementation (samples N 2 (1), 8 (2), 5 (3), 1 (4), 3 (5)) (a)

and ion nitriding (samples N 8 (1), 2 (2), 4 (3), 9 (4), 1 (5)) (b)

à á

(2) 239,32 m (1) 246,60 m

Ðèñ. 2. Ìèêðîñòðóêòóðà ïîâåðõíîñòíîãî ñëîÿ (ïîêàçàíà ãëóáèíà àçîòèðîâàííîãî ñëîÿ) (à) è ñåðäöåâèíû (á) îáðàçöà ¹ 1

Fig. 2. Microstructure of the surface layer (shown is the depth of the nitrided layer) (a) and the core (b) of sample N 1



Èññëåäóåìûå îáðàçöû «ðàáîòàþò» çà ñ÷åò ïå-

ðåäà÷è êðóòÿùåãî ìîìåíòà ïðè ñîïðÿæåíèè:

V V

V V

3 1

4 2

�

�

�

�

�

,

.
(2)

Ïðåèìóùåñòâà óñòàíîâêè: 1) ïîâûøåííàÿ

ïðîèçâîäèòåëüíîñòü â èçó÷åíèè ñâîéñòâ ñîïðî-

òèâëÿåìîñòè ìàòåðèàëîâ; 2) èñêëþ÷åíèå ïåðåêî-

ñà îñåé ïðè ïåðåäà÷å êðóòÿùåãî ìîìåíòà (âñëåä-

ñòâèå íåðàâíîìåðíîé íàãðóçêè â çîíå êîíòàêòà)

áëàãîäàðÿ ïðèìåíåíèþ ðåññîðû â êà÷åñòâå çàãðó-

çî÷íîãî ýëåìåíòà; 3) äâóñòîðîííÿÿ «ðàáîòà» èñ-

ñëåäóåìûõ îáúåêòîâ çà ñ÷åò èçìåíåíèÿ íàïðàâëå-

íèÿ çàêðóòêè íàãðóæàþùåãî ýëåìåíòà (ðåññîðû).

Íà ðèñ. 4 äëÿ îáðàçöîâ èç èññëåäóåìûõ ñòà-

ëåé ïðåäñòàâëåíû çàâèñèìîñòè íàïðÿæåíèé

êîíòàêòà îò öèêëîâ íàðàáîòêè (êîíòàêòíàÿ âû-

íîñëèâîñòü) ïîñëå íèòðîöåìåíòàöèè è èîííîãî

àçîòèðîâàíèÿ.

Èññëåäîâàíèÿ òâåðäîñòè âûÿâèëè, ÷òî ïîãðà-

íè÷íàÿ ïîëîñà ìàòåðèàëà ìåæäó óïðî÷íåííûì

ñëîåì è îñíîâîé õàðàêòåðèçóåòñÿ ïðè íèòðîöå-

ìåíòàöèè îòñóòñòâèåì ðåçêèõ èçìåíåíèé è ïî-

ñòåïåííîé òåíäåíöèåé ê ïëàâíîìó ïåðåõîäó.

Ìåòàëëîãðàôè÷åñêèå èñïûòàíèÿ ïîêàçàëè

ñîîòâåòñòâèå àçîòèðîâàííîãî ñëîÿ ýòàëîííîé

ñòðóêòóðå ïðè îòñóòñòâèè äåôåêòîâ óïðî÷íåííî-

ãî ñëîÿ è õðóïêîñòè. Ôàêòè÷åñêàÿ ãëóáèíà óïðî÷-

íåíèÿ ñîñòàâëÿåò 0,24 – 0,25 ìì (òðåáîâàíèå äî-
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Ðèñ. 3. Ðîëèêîâàÿ ìàøèíà (à), óñòàíîâêà çàìêíóòîãî

êîíòóðà (á) è åå êèíåìàòè÷åñêàÿ ñõåìà (â)

Fig. 3. Roller machine (a), closed loop installation (b), and

corresponding kinematic scheme (c)
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Ðèñ. 4. Çàâèñèìîñòè íàïðÿæåíèé êîíòàêòà ó
Hlim

îò öèê-

ëîâ íàðàáîòêè N äëÿ îáðàçöîâ èç ñòàëåé 20Õ3ÌÂÔÀ-Ø

(1, 5), 16Õ3ÍÂÔÌÁ-Ø (2, 3), 18Õ2Í4ÌÀ (4, 6),

12Õ2Í4À(-Ø) (7, 8) ïîñëå íèòðîöåìåíòàöèè (1, 3, 4, 7) è

èîííîãî àçîòèðîâàíèÿ (2, 5, 6, 8)

Fig. 4. Dependences of óHlim on the number of operating cy-

cles N for steel samples 20Kh3MVFA-Sh (1, 5), 16Kh3NVFMB-

Sh (2, 3), 18Kh2N4MA (4, 6), 12Kh2N4A(-Sh) (7, 8) after

nitrocementation (1, 3, 4, 7) and ion nitriding (2, 5, 6, 8)

Òàáëèöà 2. Òâåðäîñòü ïîãðàíè÷íîé çîíû è îñíîâíîãî ìàòåðèàëà îáðàçöîâ èç ñòàëè 20Õ3ÌÂÔ-Ø ïîñëå íèòðîöåìåíòà-

öèè (÷èñëèòåëü) è èîííîãî àçîòèðîâàíèÿ (çíàìåíàòåëü)

Table 2. Hardness of the boundary zone and the base material of 20Kh3MVF-Sh steel samples after nitrocementation (nume-

rator) and ion nitriding (denominator)

¹ îáðàçöà
Òâåðäîñòü óïðî÷íåííîãî ñëîÿ

âáëèçè ñåðäöåâèíû, HB (HV)

Òâåðäîñòü

ñåðäöåâèíû, HB

Ïîãðåøíîñòü ïî

ïàðàìåòðó HB, %

1 395 (415)/474 (496) 383/380 3,13/24,74

2 399 (419)/477 (498) 380/375 5/27,2

3 372 (393)/452 (476) 350/370 6,29/22,16

4 370 (391)/459 (484) 355/375 4,23/22,4

5 384 (404)/459 (484) 380/375 1,05/22,4

Ñðåäíåå 384 (404,4)/464,2 (487,6) 369,6/375 3,94/23,78



êóìåíòàöèè — 0,2 – 0,4 ìì). Òåêñòóðà îñíîâíîãî

ìàòåðèàëà ïðèåìëåìàÿ.

Îöåíêà òâåðäîñòè ïîãðàíè÷íîé ïîëîñû äèô-

ôóçèîííîãî ñëîÿ è îñíîâíîãî ìàòåðèàëà îáðàçöîâ

1 – 5 èç ñòàëè 20Õ3ÌÂÔ-Ø (òàáë. 2) ïîêàçûâàåò

îòñóòñòâèå ðåçêèõ ïåðåõîäîâ îò íèòðîöåìåíòèðî-

âàííîãî ñëîÿ ê ñåðäöåâèíå. Ðàçíèöà ñîñòàâëÿåò

íå áîëåå 6,5 %, ÷òî â ÷åòûðå ðàçà ìåíüøå, ÷åì

ïðè óïðî÷íåíèè èîííûì àçîòèðîâàíèåì (27,2 %).

Âåëè÷èíà êîíòàêòíûõ íàïðÿæåíèé (ñì. ðèñ. 4)

äëÿ ñî÷åòàíèé îáðàçöîâ èç ñòàëåé 20Õ3ÌÂÔÀ-Ø

(íèòðîöåìåíòàöèÿ) è 16Õ3ÍÂÔÌÁ-Ø (èîííîå

àçîòèðîâàíèå) âûøå íà 13 %, ÷åì ïðè äðóãèõ ñî-

÷åòàíèÿõ ìàòåðèàëîâ è ñïîñîáîâ îáðàáîòêè. Ôèê-

ñèðîâàëè òàêæå ìèíèìàëüíóþ ðàçíèöó (2 %) ïî

íàïðÿæåíèÿì êîíòàêòà ïðè íèòðîöåìåíòàöèè

äëÿ 20Õ3ÌÂÔÀ-Ø è 16Õ3ÍÂÔÌÁ-Ø.

Íà ðèñ. 5 ïðåäñòàâëåí ïðîöåññ ïåðåõîäà îò

öåëüíîé ïîâåðõíîñòè ê åå ïîëíîìó óñòàëîñòíîìó

ðàçðóøåíèþ â ðåçóëüòàòå ïèòòèíãà. Âèäíî, ÷òî

íåçíà÷èòåëüíîå ïðîÿâëåíèå ïèòòèíãà (öèêë

7 · 106) ñíà÷àëà õàðàêòåðèçóåòñÿ ìåëêèìè ÿìêà-

ìè. Çàòåì (ïðè öèêëàõ (3,5 – 4,8) · 107) ôîðìèðó-

þòñÿ âûðàæåííûå ïîâðåæäåíèÿ ñ ïåðåõîäîì â

äàëüíåéøåì ê ïîëíîìó íàðóøåíèþ öåëîñòíîñòè

ñîïðÿãàåìîé ïîâåðõíîñòè (öèêë 8,1 · 107).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èñïûòàíèÿ ïî-

êàçàëè, ÷òî õèìèêî-òåðìè÷åñêàÿ îáðàáîòêà äåòà-

ëåé èç ñòàëåé 20Õ3ÌÂÔ-Ø, 16Õ3ÍÂÔÌÁ-Ø,

18Õ2Í4ÌÀ è 12Õ2Í4À â çàâèñèìîñòè îò ñïîñîáà

íàñûùåíèÿ ôîðìèðóåò íà èõ ïîâåðõíîñòè óïðî÷-

íåííûé ñëîé ñ ðàçëè÷íûìè ìåõàíè÷åñêèìè ñâîé-

ñòâàìè, ïîãðàíè÷íîé ïîëîñîé è ñòðóêòóðîé. Îò

ìåòîäîâ îáðàáîòêè ðàáî÷èõ ïîâåðõíîñòåé çóá÷à-

òûõ êîëåñ çàâèñÿò ñâîéñòâà ñîïðÿãàåìûõ ïîâåðõ-

íîñòåé. Ïðè ýòîì äèôôóçèîííîå íàñûùåíèå ñòà-

ëåé âëèÿåò íà ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèà-

ëîâ, ôîðìèðóåòñÿ ïåðåõîäíàÿ ïîëîñà ñ îòëè÷íû-

ìè ñâîéñòâàìè, êîòîðûå íóæíî ó÷èòûâàòü ïðè

ïðîåêòèðîâàíèè çóá÷àòûõ ïåðåäà÷. Ïî ñðàâíå-

íèþ ñ àçîòèðîâàííûì ñëîåì äèôôóçèîííûé íèò-

ðîöåìåíòèðîâàííûé ñëîé õàðàêòåðèçóåòñÿ ðàâ-

íîìåðíîñòüþ âåëè÷èíû òâåðäîñòè â ïåðåõîäíîé

çîíå. Èññëåäîâàíèÿ êîíòàêòíîé óñòàëîñòè ïîçâî-

ëÿþò ñäåëàòü âûâîä, ÷òî äëÿ íàèáîëåå íàãðóæåí-

íûõ çóá÷àòûõ êîëåñ ñ ó÷åòîì èçìåíåíèé ìåõàíè-

÷åñêèõ ñâîéñòâ è ñòðóêòóðû äëÿ îáåñïå÷åíèÿ ýêñ-

ïëóàòàöèîííûõ òðåáîâàíèé îïòèìàëüíî ïðèìå-

íåíèå ñòàëåé 16Õ3ÍÂÔÌÁ-Ø è 20Õ3ÌÂÔ-Ø â

ñî÷åòàíèè ñ èîííûì àçîòèðîâàíèåì è íèòðîöå-

ìåíòàöèåé ñîîòâåòñòâåííî.

Ôèíàíñèðîâàíèå

Ðàáîòà ôèíàíñèðîâàëàñü çà ñ÷åò ñðåäñòâ áþä-

æåòà èíñòèòóòà (ó÷ðåæäåíèÿ, îðãàíèçàöèè). Äî-

ïîëíèòåëüíûå ãðàíòû íà ïðîâåäåíèå èëè ðóêîâî-

äñòâî äàííûì èññëåäîâàíèåì íå ïðèâëåêàëèñü.

Êîíôëèêò èíòåðåñîâ

Àâòîð çàÿâëÿåò îá îòñóòñòâèè êîíôëèêòà èí-

òåðåñîâ.
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Îòìå÷åíî, ÷òî ïðè ðàáîòå òåõíè÷åñêèõ ñèñòåì, êàê ïðàâèëî, ðåàëèçóåòñÿ òàê íàçûâàåìîå

íåñòàöèîíàðíîå íàãðóæåíèå, ïðè êîòîðîì âíåøíèå íàãðóçêè âîçðàñòàþò èëè óáûâàþò

ïðîèçâîëüíûì îáðàçîì. Ïðè ýòîì äëÿ èíæåíåðíûõ ðàñ÷åòîâ ïðàêòè÷åñêèé èíòåðåñ ïðåä-

ñòàâëÿþò êîíå÷íûå ñîîòíîøåíèÿ ìåæäó äåôîðìàöèÿìè è íàïðÿæåíèÿìè. Ïîêàçàíî, ÷òî

äëÿ ðåøåíèÿ çàäà÷ ïðîñòûõ öèêëè÷åñêèõ íàãðóæåíèé ìîãóò áûòü èñïîëüçîâàíû óðàâíåíèÿ

ñîñòîÿíèÿ â êîíå÷íûõ ñîîòíîøåíèÿõ, áàçèðóþùèåñÿ íà òåîðèè ìàëûõ óïðóãîïëàñòè÷åñêèõ

äåôîðìàöèé. Â ýòîì ñëó÷àå äëÿ àíàëèçà ðàññìàòðèâàåìûõ óñëîâèé íåñòàöèîíàðíîãî öèê-

ëè÷åñêîãî íàãðóæåíèÿ ñóùåñòâåííûì îêàçûâàåòñÿ íàëè÷èå åäèíîé îáîáùåííîé äèàãðàì-

ìû äåôîðìèðîâàíèÿ, ïðåäïîëàãàþùåé êîíå÷íóþ ñâÿçü ìåæäó ñîîòâåòñòâóþùèìè êîìïî-

íåíòàìè íàïðÿæåíèé è äåôîðìàöèé êàê äëÿ èñõîäíîé, òàê è öèêëè÷åñêîé ñòàäèé äåôîðìè-

ðîâàíèÿ. Íà îñíîâå ýòîãî óñòàíîâëåíî, ÷òî äëÿ àíàëèçà óñëîâèé äîñòèæåíèÿ ïðåäåëüíûõ

ñîñòîÿíèé íà âñåõ ñòàäèÿõ æèçíåííîãî öèêëà êðèòåðèàëüíàÿ áàçà è ñèñòåìà ðàñ÷åòíûõ

óðàâíåíèé îêàçûâàþòñÿ î÷åíü ñëîæíûìè ââèäó ìíîæåñòâà ó÷èòûâàåìûõ â íèõ ôàêòîðîâ.

Ê èõ ÷èñëó â ïåðâóþ î÷åðåäü îòíîñÿòñÿ âíåøíèå è âíóòðåííèå âîçäåéñòâèÿ ïðèðîäíîãî,

òåõíîãåííîãî, àíòðîïîãåííîãî õàðàêòåðîâ, óñèëèÿ îò ýòèõ âîçäåéñòâèé, à òàêæå ðåàêöèè

îáúåêòîâ íà òàêèå âîçäåéñòâèÿ è íàãðóçêè. Ïðè ýòîì êîìïëåêñ êðèòåðèåâ, îïðåäåëÿþùèõ

ïðåäåëüíîå ñîñòîÿíèå, ïðåäñòàâëÿåòñÿ â âèäå ôóíêöèîíàëüíîé çàâèñèìîñòè, õàðàêòåðèçó-

þùåé, ñ îäíîé ñòîðîíû, ñîâîêóïíîñòü ñèëîâûõ è äåôîðìàöèîííûõ ïàðàìåòðîâ ñîñòîÿíèÿ

òåõíè÷åñêîé ñèñòåìû, à ñ äðóãîé — êîìïëåêñ êðèòåðèàëüíûõ õàðàêòåðèñòèê êîíñòðóêöè-

îííûõ ìàòåðèàëîâ ñ ó÷åòîì èõ èçìåíåíèÿ â ïðîöåññå ýêñïëóàòàöèè. Âàæíåéøèì ýòàïîì

îïðåäåëåíèÿ óñëîâèé äîñòèæåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ, îáóñëîâëèâàþùåãî ðàçðóøåíèå,

ÿâëÿåòñÿ óñòàíîâëåíèå êðèòè÷åñêèõ ýëåìåíòîâ, îïðåäåëÿþùèõ ðèñêè âîçíèêíîâåíèÿ àâà-

ðèéíûõ è êàòàñòðîôè÷åñêèõ ñèòóàöèé, â êîòîðûõ èíèöèèðóþòñÿ ïðîöåññû ëîêàëüíûõ è

ìàãèñòðàëüíûõ ðàçðóøåíèé. Â ýòîì ñëó÷àå ïåðåõîä ýêñïëóàòèðóåìîãî îáúåêòà èç ïðîåêò-

íîé îáëàñòè â çîíû âîçíèêíîâåíèÿ îòêàçîâ, àâàðèé è êàòàñòðîô ïðîèñõîäèò ïðè äîñòèæå-

íèè ïàðàìåòðàìè ïîâðåæäåííîñòè, äåôåêòíîñòè è ðèñêà èõ êðèòè÷åñêèõ çíà÷åíèé.
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It is noted that under real operating conditions of technical systems the so-called non-stationary loading in

which external loadings increase or decrease arbitrarily is realized most often. At the same time final ra-

tios between strains and stresses are of practical interest to engineering calculations. It is shown that for

simple cyclic loadings the state equations in final ratios which are based on the theory of small elastic-plas-
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tic strains can be used. In this case the existence of the uniform generalized deformation diagram assum-

ing a final relation between the corresponding components of stresses and strains both for initial and cy-

clic stages of deformation is essential for the analysis of considered conditions of a non-stationary cyclic

loading. The analysis of conditions of achieving limit states at all stages of the life cycle the criteria base

and the system of the computation equations become more complicated and more saturated by the factors

taken into account and among them first external and internal impacts of natural, technogenic,

anthropogenous origin, load from these impacts, and the reactions of installations to such impacts and

loads as well. At the same time a set of criteria defining a limit state is presented in the form of a func-

tional dependence characterizing a set of force and deformation parameters of the state of technical sys-

tem on the one hand, and, on the other hand, a complex of criterion characteristics of constructional mate-

rials taking into account their change during operation. The most important step of determining condi-

tions for achievement of the limit state causing fracture is establishing the critical parts that determine

risks of emergency and catastrophic situations in which processes of local and main fractures are initiated.

In this case transition of the operated installation from design area to the area of initiation of refusals, ac-

cidents and disasters occurs when the parameters of damage, defectiveness and risk reach their critical

values.

Keywords: cyclic elastoplastic deformation; non-stationary modes; external impacts; loads; structure re-

sponses; strength; limit states; damage accumulation; failure criteria.

Ââåäåíèå

Â óñëîâèÿõ ýêñïëóàòàöèè ýëåìåíòîâ êîíñò-

ðóêöèé, êàê ïðàâèëî, ðåàëèçóåòñÿ òàê íàçûâàå-

ìîå íåñòàöèîíàðíîå íàãðóæåíèå, ïðè êîòîðîì

âíåøíèå íàãðóçêè âîçðàñòàþò èëè óáûâàþò ïðî-

èçâîëüíûì îáðàçîì [1 – 4]. Äëÿ íåêîòîðûõ ÷àñò-

íûõ ñëó÷àåâ òàêèõ ðåæèìîâ íàãðóæåíèÿ ïðîöåññ

óïðóãîïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ìîæíî

óäîâëåòâîðèòåëüíî îïèñàòü íà îñíîâå óðàâíåíèé

ñîñòîÿíèÿ äèôôåðåíöèàëüíîãî òèïà, íàïðèìåð,

òåîðèè òå÷åíèÿ ñ êîìáèíèðîâàííûì óïðî÷íåíè-

åì [5]. Âìåñòå ñ òåì äëÿ èíæåíåðíûõ ðàñ÷åòîâ

ïðàêòè÷åñêèé èíòåðåñ ïðåäñòàâëÿþò êîíå÷íûå

ñîîòíîøåíèÿ ìåæäó äåôîðìàöèÿìè è íàïðÿæå-

íèÿìè, êîòîðûå èìåþò ïðåèìóùåñòâî ïî ñðàâíå-

íèþ ñ ñîîòâåòñòâóþùèìè äèôôåðåíöèàëüíûìè

ñîîòíîøåíèÿìè, ïîçâîëÿÿ ñ ìåíüøèìè ýêñïåðè-

ìåíòàëüíûìè è âû÷èñëèòåëüíûìè çàòðàòàìè ðå-

øàòü ïðàêòè÷åñêèå çàäà÷è. Èçâåñòíî, ÷òî â ñëó-

÷àÿõ òðàåêòîðèé äåôîðìàöèè ìàëîé êðèâèçíû,

òðàåêòîðèé â âèäå ëîìàíûõ è íåêîòîðûõ äðóãèõ

òèïîâ ëèíèé óðàâíåíèÿ òåîðèè òå÷åíèÿ, êàê è

ïðè ïðîñòîì íàãðóæåíèè, çíà÷èòåëüíî óïðîùà-

þòñÿ, òðàíñôîðìèðóÿñü â ñîîòíîøåíèÿ êîíå÷íî-

ãî òèïà [5].

Öèêëè÷åñêîå óïðóãîïëàñòè÷åñêîå íàãðóæå-

íèå îòíîñèòñÿ ê òèïó ñëîæíûõ íàãðóæåíèé, êî-

ãäà â åãî ïðîöåññå ïðîèñõîäèò èçìåíåíèå íàïðàâ-

ëÿþùèõ òåíçîðîâ íàïðÿæåíèé è äåôîðìàöèé.

Â èçâåñòíîì ðåøåíèè òàêîé çàäà÷è ââîäèòñÿ

êëàññ òàê íàçûâàåìûõ ïðîñòûõ öèêëè÷åñêèõ íà-

ãðóæåíèé, ïðè êîòîðûõ íàïðàâëÿþùèé òåíçîð

íàïðÿæåíèé íå èçìåíÿåòñÿ, à íàïðàâëÿþùèé

òåíçîð äåôîðìàöèé òîëüêî îäèí ðàç ìåíÿåò çíàê.

Ïðîñòîå öèêëè÷åñêîå íàãðóæåíèå, êàê îêàçàëîñü,

äîâîëüíî ÷àñòî èìååò ìåñòî â ðåàëüíûõ óñëîâèÿõ

ðàáîòû êîíñòðóêöèé. Äëÿ ýòîãî êëàññà çàäà÷ ðàç-

ðàáîòàíû óðàâíåíèÿ ñîñòîÿíèÿ â êîíå÷íûõ ñîîò-

íîøåíèÿõ, áàçèðóþùèåñÿ íà òåîðèè ìàëûõ óïðó-

ãîïëàñòè÷åñêèõ äåôîðìàöèé [1, 5].

Äîñòàòî÷íàÿ òî÷íîñòü ïðåäëîæåííûõ â ýòîì

ñëó÷àå óðàâíåíèé äîêàçàíà ìíîãî÷èñëåííûìè

ýêñïåðèìåíòàëüíûìè äàííûìè. Ïîäòâåðæäåíè-

åì ïðàâèëüíîñòè òàêîãî ïîäõîäà äëÿ ïðîñòûõ

öèêëè÷åñêèõ íàãðóæåíèé ÿâèëîñü è ýêñïåðè-

ìåíòàëüíîå îáîñíîâàíèå íàëè÷èÿ îáîáùåííîé

äèàãðàììû ìàëîöèêëîâîãî íàãðóæåíèÿ. Ïðè

íîðìàëüíûõ è ïîâûøåííûõ òåìïåðàòóðàõ îáîá-

ùåííàÿ äèàãðàììà ïîçâîëÿåò ó÷åñòü ýôôåêò

Áàóøèíãåðà, ïîöèêëîâóþ òðàíñôîðìàöèþ

ñâîéñòâ ìàòåðèàëîâ, âûðàæàþùóþñÿ â öèêëè÷å-

ñêîì óïðî÷íåíèè, ðàçóïðî÷íåíèè è ñòàáèëèçà-

öèè ïðè íàëè÷èè èëè îòñóòñòâèè öèêëè÷åñêîé

àíèçîòðîïèè, à òàêæå èõ èçìåíåíèå ïî âðåìåíè

íàãðóæåíèÿ â ñâÿçè ñ ïðîÿâëåíèåì ðåîëîãè÷å-

ñêèõ ýôôåêòîâ [1 – 5].

Â îáëàñòè âûñîêèõ òåìïåðàòóð, êîãäà ðåîëî-

ãè÷åñêèå ôàêòîðû ñòàíîâÿòñÿ ñóùåñòâåííûìè,

îáîáùåííàÿ äèàãðàììà ïðåäñòàâëÿåòñÿ â âèäå

èçîöèêëè÷åñêèõ êðèâûõ, îáðàçóþùèõñÿ íà îñíî-

âå íå çàâèñÿùèõ îò âðåìåíè íàãðóæåíèÿ «ìãíî-

âåííûõ» äèàãðàìì öèêëè÷åñêîãî óïðóãîïëàñòè-

÷åñêîãî äåôîðìèðîâàíèÿ, è èçîõðîííûõ êðèâûõ,

ïîëó÷àåìûõ ïóòåì ââåäåíèÿ â öåëÿõ îòðàæåíèÿ

ýôôåêòà ÷àñòîòû è äëèòåëüíîñòè íàãðóæåíèÿ

ôóíêöèè îáùåãî âðåìåíè äåôîðìèðîâàíèÿ. Äëÿ

ó÷åòà âûñîêîòåìïåðàòóðíîé âûäåðæêè ïîä íà-

ïðÿæåíèåì ââîäÿò ôóíêöèè, õàðàêòåðíûå äëÿ

îïèñàíèÿ îáû÷íîé ïîëçó÷åñòè, íî ñ ïîöèêëîâîé

òðàíñôîðìàöèåé äåôîðìàöèé, íàêîïëåííûõ íà

ïðåäûäóùèõ ýòàïàõ íàãðóæåíèÿ [4 – 8].

Òàêèì îáðàçîì, äëÿ àíàëèçà ðàññìàòðèâàå-

ìûõ ðåæèìîâ íàãðóæåíèÿ ñóùåñòâåííûì îêàçû-

âàåòñÿ íàëè÷èå åäèíîé äèàãðàììû äåôîðìèðîâà-

íèÿ, ïðåäïîëàãàþùåé êîíå÷íóþ ñâÿçü ìåæäó ñî-

îòâåòñòâóþùèìè êîìïîíåíòàìè íàïðÿæåíèé è

äåôîðìàöèé êàê äëÿ èñõîäíîãî ñòàòè÷åñêîãî, òàê

è öèêëè÷åñêîãî äåôîðìèðîâàíèÿ. Ïðè ýòîì ýêñ-

ïåðèìåíòàëüíî ïîêàçàíî, ÷òî ïðè ðàçëè÷íûõ

âèäàõ îäíîïàðàìåòðè÷åñêèõ ïðîïîðöèîíàëüíûõ
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íàãðóæåíèé, îõâàòûâàþùèõ äîñòàòî÷íî êîíòðà-

ñòíûå ñëó÷àè íàïðÿæåííûõ ñîñòîÿíèé (ðàñòÿ-

æåíèå – ñæàòèå, ñäâèã – ñäâèã), ïîäòâåðæäàåòñÿ

íàëè÷èå åäèíîé êðèâîé ñòàòè÷åñêîãî è öèêëè÷å-

ñêîãî äåôîðìèðîâàíèÿ ïðè åå âûðàæåíèè â ïàðà-

ìåòðàõ èíòåíñèâíîñòåé íàïðÿæåíèé è äåôîðìà-

öèé. Íåçàâèñèìîñòü â óêàçàííûõ èñïûòàíèÿõ

äèàãðàìì äåôîðìèðîâàíèÿ îò âèäà íàïðÿæåííî-

ãî ñîñòîÿíèÿ äàåò îñíîâàíèå ïðåäïîëîæèòü âîç-

ìîæíîñòü èñïîëüçîâàíèÿ òàêîé åäèíîé êðèâîé è

â îáùåì ñëó÷àå íåîäíîðîäíîãî íàïðÿæåííîãî ñî-

ñòîÿíèÿ. Îòìå÷åííûå îáñòîÿòåëüñòâà ïîçâîëÿþò

ïîëàãàòü âîçìîæíûì èñïîëüçîâàíèå äåôîðìàöè-

îííîé òåîðèè äëÿ ðåøåíèÿ ñîîòâåòñòâóþùèõ çà-

äà÷ ïëàñòè÷íîñòè è ïîëçó÷åñòè ïðè ìàëîöèêëî-

âîì íàãðóæåíèè.

Âìåñòå ñ òåì â ýêñïëóàòàöèîííûõ óñëîâèÿõ

ðàáîòû ýëåìåíòîâ êîíñòðóêöèé âîçìîæíû ñèòóà-

öèè, êîãäà âûïîëíÿþòñÿ äîñòàòî÷íî ïðîèçâîëü-

íûå, íåïðîïîðöèîíàëüíûå òèïû íåñòàöèîíàð-

íûõ íàãðóæåíèé, íàïðèìåð, ïðè íàëîæåíèè íà

öèêëè÷åñêèé ïðîöåññ ñòàòè÷åñêîé ñîñòàâëÿþ-

ùåé, îáóñëîâëèâàþùåé íàïðÿæåííîå ñîñòîÿíèå,

îòëè÷íîå îò ïðîñòîãî öèêëè÷åñêîãî íàãðóæåíèÿ.

Äëÿ òàêèõ óñëîâèé ñëîæíîãî ìàëîöèêëîâîãî íà-

ãðóæåíèÿ íàëè÷èå åäèíîé êðèâîé äåôîðìèðîâà-

íèÿ è âîçìîæíîñòü èñïîëüçîâàíèÿ äåôîðìàöèîí-

íîé òåîðèè íå î÷åâèäíû è òðåáóåòñÿ ñïåöèàëüíîå

èññëåäîâàíèå ýòîãî âîïðîñà.

Âàæíûì ñ íàó÷íîé è ïðèêëàäíîé òî÷åê çðå-

íèÿ ÿâëÿåòñÿ ðàñïðîñòðàíåíèå óðàâíåíèé ñîñòîÿ-

íèÿ â êîíå÷íûõ ñîîòíîøåíèÿõ íà íåêîòîðûå õà-

ðàêòåðíûå ðåæèìû öèêëè÷åñêîãî óïðóãîïëàñòè-

÷åñêîãî íàãðóæåíèÿ. Ñóùåñòâåííûé èíòåðåñ â

ýòîì íàïðàâëåíèè ïðåäñòàâëÿåò ýêñïåðèìåíòàëü-

íîå èññëåäîâàíèå çàêîíîìåðíîñòåé äåôîðìè-

ðîâàíèÿ ïðè òèïàõ ìàëîöèêëîâîãî íàãðóæåíèÿ,

îòëè÷àþùèõñÿ îò áëèçêèõ ê ïðîñòûì ðåæèìàì.

Ïðàêòè÷åñêèé èíòåðåñ ïðåäñòàâëÿþò, íàïðèìåð,

ìàëîöèêëîâûå ðåæèìû íàãðóæåíèÿ ïðè íàëè÷èè

êîìïîíåíòû íàïðÿæåíèé, íåèçìåííîé âî âðåìÿ

öèêëè÷åñêèõ èñïûòàíèé, ëèáî ðåæèìû ïðèëîæå-

íèÿ öèêëè÷åñêèõ íàãðóçîê ïðè îäíîâðåìåííîì

èõ äåéñòâèè ñ îòëè÷àþùèìèñÿ ÷àñòîòàìè [4, 9 –

12]. Ïðè ýòîì âàæíî ýêñïåðèìåíòàëüíîå îáîñíî-

âàíèå ïðèìåíèìîñòè äåôîðìàöèîííîé òåîðèè

ïëàñòè÷íîñòè ñ îöåíêîé òî÷íîñòè ðàñ÷åòîâ ïðè åå

èñïîëüçîâàíèè äëÿ óêàçàííûõ òèïîâ ñëîæíûõ

ìàëîöèêëîâûõ ðåæèìîâ íàãðóæåíèÿ.

Àíàëèç òåêóùèõ ñîñòîÿíèé íåñóùèõ

êîíñòðóêöèé è âîçäåéñòâèé íà íèõ

â ïðîöåññå ýêñïëóàòàöèè

Â îáùåì ñëó÷àå íà âñåõ ñòàäèÿõ æèçíåííîãî

öèêëà (ïðè ïðîåêòèðîâàíèè, èçãîòîâëåíèè è ýêñ-

ïëóàòàöèè) ñëîæíûõ òåõíè÷åñêèõ ñèñòåì [1 – 4],

âêëþ÷àþùèõ îáúåêòû ðàçíîãî óðîâíÿ îïàñíîñòåé

(òåõíè÷åñêîãî ðåãóëèðîâàíèÿ, îïàñíûå ïðîèçâîä-

ñòâåííûå, êðèòè÷åñêè âàæíûå, ñòðàòåãè÷åñêè

âàæíûå) ïîäëåæàò ó÷åòó ñëåäóþùèå îñíîâíûå

ôàêòîðû [5]:

âíåøíèå è âíóòðåííèå âîçäåéñòâèÿ Q(ô)

(ïðèðîäíûå, òåõíîãåííûå, àíòðîïîãåííûå);

óñèëèÿ F(ô) îò ýòèõ âîçäåéñòâèé è äðóãèõ

ôàêòîðîâ (â òîì ÷èñëå ìåõàíè÷åñêèå — îò äàâëå-

íèÿ, ìàññû, ñèë èíåðöèè è ò.ä.; òåïëîâûå — îò

íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ òåìïåðàòóð è

(èëè) íåîäíîðîäíîñòè òåïëîôèçè÷åñêèõ ñâîéñòâ

ìàòåðèàëîâ; ýëåêòðîìàãíèòíûå — îò âîçäåé-

ñòâèÿ ýëåêòðîìàãíèòíûõ ïîëåé è äð.);

ðåàêöèè îáúåêòîâ R
Q
(ô) íà âîçäåéñòâèÿ Q(ô) è

óñèëèÿ F(ô).

Òîãäà ñóììàðíûå ýêñïëóàòàöèîííûå íàãðóç-

êè îò ðàçíîãî ðîäà âîçäåéñòâèé è ðåàêöèé íà íèõ

F(ô) = {Q(ô), R(ô)} (1)

ñîçäàþò â àíàëèçèðóåìîì îáúåêòå D (ðèñ. 1) ñîîò-

âåòñòâóþùèå íàïðÿæåíèÿ ó(ô) è äåôîðìàöèè

e(ô):

{ó(ô), e(ô)} = f{R(ô)}. (2)

Ñ ó÷åòîì ïàðàìåòðîâ ýêñïëóàòàöèîííîãî íà-

ãðóæåíèÿ — âðåìåíè ô, ÷èñëà öèêëîâ íàãðóæå-

íèÿ N(ô), òåìïåðàòóðû t(ô) (ñì. ðèñ. 1), à òàêæå

ýêñïëóàòàöèîííûõ óñèëèé F(ô), îïðåäåëÿåìûõ

ïî (1), íàïðÿæåíèé ó(ô) è äåôîðìàöèé e(ô) ñî-

ãëàñíî (2) ñòðîÿò âðåìåííû́å çàâèñèìîñòè íà-

çâàííûõ ïàðàìåòðîâ — F(ô), t(ô), ó(ô), e(ô). Ýòè

çàâèñèìîñòè ÿâëÿþòñÿ èñõîäíûìè äëÿ àíàëèçà

ïàðàìåòðîâ ïðî÷íîñòè, ðåñóðñà, íàäåæíîñòè è

áåçîïàñíîñòè òåõíè÷åñêèõ ñèñòåì. Âåëè÷èíû

F(ô), t(ô) è ô, êàê ïðàâèëî, çàäàþòñÿ ðåæèìàìè

ýêñïëóàòàöèè.
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Ðèñ. 1. Îñíîâíûå ïàðàìåòðû ýêñïëóàòàöèîííûõ âîçäåé-

ñòâèé Q(ô), ðåàêöèé R
Q
(ô) è óñèëèé F(ô) (à), à òàêæå õà-

ðàêòåðèñòèê íàãðóæåíèÿ âî âðåìåíè ô ïî ÷èñëó öèêëîâ

N(ô) è òåìïåðàòóðàì t(ô) (á)

Fig. 1. Key parameters of service impacts Q(ô), reactions

RQ(ô) and loads F(ô) (a) and characteristics of loading in

time ô, on number of the cycles N(ô) and temperatures t(ô)

(b)



Àíàëèç ñïåêòðîâ ýêñïëóàòàöèîííûõ

âîçäåéñòâèé è ðåàêöèé íà íèõ

â øòàòíûõ ñèòóàöèÿõ

Ïî ìåðå ïîâûøåíèÿ ðàáî÷èõ ïàðàìåòðîâ è

óñëîæíåíèÿ ðàáî÷èõ ïðîöåññîâ â ñëîæíûõ òåõíè-

÷åñêèõ ñèñòåìàõ (àòîìíûå ðåàêòîðû, ðàêåòíî-

êîñìè÷åñêèå êîìïëåêñû, ëåòàòåëüíûå àïïàðàòû)

èìååò ìåñòî âûðàæåííàÿ òåíäåíöèÿ ê ðàñøèðå-

íèþ âî âðåìåíè ô ñïåêòðîâ âîçäåéñòâèé íà íèõ

[1 – 5, 8, 13 – 15]:

ýêñïëóàòàöèîííûõ Q
ý(ô);

ðåàêöèé R
Q

ý
( )� íà ýòè âîçäåéñòâèÿ íà âñåõ ñòà-

äèÿõ æèçíåííîãî öèêëà.

Ïðè ýòîì ðåàêöèè R
Q

ý
( )� îêàçûâàþòñÿ ñëîæ-

íûì ôóíêöèîíàëîì âîçäåéñòâèé Q
ý(ô):

R
Q

ý
( )� = F

R
{Q

ý(ô)}. (3)

Íàïðèìåð, íà ðèñ. 2 ïðèâåäåíû âðåìåííûå

õàðàêòåðèñòèêè ýêñïëóàòàöèîííûõ âîçäåéñòâèé

è ðåàêöèé íà íèõ íà ðàçëè÷íûõ ñòàäèÿõ æèç-

íåííîãî öèêëà: 1 — ìîíòàæ è ïîäãîòîâèòåëüíûå

èñïûòàíèÿ; 2 — ïðåäïóñêîâûå èñïûòàíèÿ íà ïî-

âûøåííûõ ðåæèìàõ; 3 — ñòàöèîíàðíûé ðåæèì;

3� — âîçíèêíîâåíèå àâàðèéíûõ ðåæèìîâ è ñðàáà-

òûâàíèå ñèñòåì çàùèòû; 4 — âûõîä íà ñòàöèî-

íàðíûé ðåæèì; 5 — ïëàíîâûé îñòàíîâ.

Â ñîñòàâ ýêñïëóàòàöèîííûõ âîçäåéñòâèé

Q
ý(ô) âõîäÿò:

ìåõàíè÷åñêèå âîçäåéñòâèÿ Qì
ý
( ),� íàïðèìåð,

çà ñ÷åò èçìåíåíèÿ äàâëåíèé p, ÷èñëà îáîðîòîâ n

ìîíòàæíûõ óñèëèé;

òåïëîâûå âîçäåéñòâèÿ Q
t

ý
( )� — çà ñ÷åò èçìå-

íåíèÿ òåìïåðàòóð t ðàáî÷èõ òåë è îêðóæàþùåé

ñðåäû;

ýëåêòðîìàãíèòíûå âîçäåéñòâèÿ Qýì
ý

( )� — çà

ñ÷åò èçìåíåíèÿ ýëåêòðîìàãíèòíûõ ïîëåé â òåõ-

íè÷åñêîé ñèñòåìå è îêðóæàþùåé ñðåäå.

Â ðåçóëüòàòå ïîëó÷èì

Q
ý(ô) = F Q Q Q

R t
{ ( ), ( ), ( )}.ì

ý ý
ýì
ý

� � � (4)

Ðåàêöèè R
Q

ý
( )� íåñóùèõ ýëåìåíòîâ íà âîçäåé-

ñòâèÿ Q
ý(ô) â ñîîòâåòñòâèè ñ (3) ñâÿçàíû ñî ñëîæ-

íûì ïåðåðàñïðåäåëåíèåì óñèëèé â ýòèõ ýëåìåí-

òàõ, âîçíèêíîâåíèåì ñëîæíûõ òðàåêòîðèé ïåðå-

õîäíûõ ðåæèìîâ íà êàæäîé èç ñòàäèé Äôñ æèç-

íåííîãî öèêëà (ðèñ. 3). Â ýòè ñïåêòðû äëÿ êàæ-

äîé èç ñòàäèé æèçíåííîãî öèêëà Äôñ âõîäÿò:

ìåõàíè÷åñêèå êîëåáàíèÿ è âèáðàöèè ÄV
ý(ô) â íå-

ñóùèõ ýëåìåíòàõ; ýêñïëóàòàöèîííûå ïóëüñàöèè

äàâëåíèé Äp
ý(ô); ïóëüñàöèè îò òåïëîâûõ âîçäåé-

ñòâèé Ät(ô).

Ïðè òåõíè÷åñêîì äèàãíîñòèðîâàíèè ñîñòîÿ-

íèÿ íåñóùèõ ýëåìåíòîâ â øòàòíûõ è íåïîâðåæ-

äåííûõ ñîñòîÿíèÿõ ïî ïàðàìåòðàì Q
ý(ô), R

Q

ý
( ),�

ÄV(ô), Äp
ý(ô), Ät

ý(ô) â ñîîòâåòñòâèè ñ âûðàæåíèÿ-

ìè (3), (4) è ðèñ. 2 è 3 óñòàíàâëèâàþòñÿ ìàêñè-

ìàëüíûå (max), àìïëèòóäíûå (à) âåëè÷èíû è

ðàçìàõè (ô) âíåøíèõ âîçäåéñòâèé Qmax ( ),
ý

� Qà
ý
( ),�

ÄQ
ý(ô), à òàêæå ðåàêöèé íà ýòè âîçäåéñòâèÿ

R
Q max

( ),
ý

� R
Qa

ý
( ),� �R

Q

ý
( )� ñ îöåíêîé ñîîòâåòñòâó-

þùèõ êîððåëÿöèîííûõ ôóíêöèé F
R
:

{ ( ), ( ), ( )}
max

R R R
Q Q Q

ý

à

ý ý
� � �� �

� F Q Q Q
R

{ ( ), ( ), ( )}.max
ý

à
ý ý

� � �� (5)

Êàê ïðàâèëî, ðåãèñòðèðóåìûå ïàðàìåòðû ïî

âûðàæåíèþ (5) õàðàêòåðèçóþò ðàáî÷èå ðåæèìû â

øòàòíûõ ñîñòîÿíèÿõ. Ïðè ýòîì îñíîâîé äëÿ ïðî-

äîëæåíèÿ áåçîïàñíîé øòàòíîé ýêñïëóàòàöèè

îáúåêòà ñëóæàò íàçíà÷àåìûå äîïóñòèìûå ãðàíè-

öû èçìåíåíèÿ áàçîâûõ ïàðàìåòðîâ [Q], [R
Q
]:

{ ( ), ( )}max max
Q R

Q

ý ý
� � � {[Qmax], [R

Qmax]}, (6)

{ ( ), ( )}Q R
Qà

ý

à

ý
� � � {[Qà], [R

Qà]}, (7)

{ ( ), ( )}� �Q R
Q

ý

à

ý
� � � {[ÄQ], [ÄR

Q
]}. (8)
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Ðèñ. 2. Âðåìåííû́å õàðàêòåðèñòèêè ýêñïëóàòàöèîííûõ

âîçäåéñòâèé Q
ý(ô) è ðåàêöèé íà íèõ R

Q

ý
( )� ïðè øòàòíûõ

ðåæèìàõ ðàçëè÷íûõ ñòàäèé æèçíåííîãî öèêëà

Fig. 2. Time characteristics of service impacts Qe(ô) and re-

sponses to them RQ

e
( )� under regular operation modes at dif-

ferent stages of the lifetime

Ðèñ. 3. Èçìåíåíèå ïàðàìåòðà ÄQ
ý(ô) âîçäåéñòâèé îò âèá-

ðàöèé ÄV(ô), ïóëüñàöèé äàâëåíèÿ Äp(ô) è òåìïåðàòóð

Ät(ô) íà ñòàäèè ôñ æèçíåííîãî öèêëà

Fig. 3. Change of parameter ÄQe(ô) of impacts from vibra-

tions ÄV(ô), pulsations of pressure Äp(ô) and temperatures

Ät(ô) at the stage ôc of the lifetime



Äîïóñêàåìûå çíà÷åíèÿ ïàðàìåòðîâ [Q], [R
Q
]

äëÿ øòàòíûõ ðåæèìîâ è ñîñòîÿíèé íàçíà÷àþòñÿ,

êàê ïðàâèëî, íåçàâèñÿùèìè îò âðåìåíè ô íà çà-

äàííîé ñòàäèè ýêñïëóàòàöèè.

Èçìåíåíèå ñïåêòðîâ âîçäåéñòâèé

è ðåàêöèé â ïîâðåæäåííûõ ñîñòîÿíèÿõ

ñ ó÷åòîì íàêîïëåííûõ ïîâðåæäåíèé

Êàê óæå îòìå÷àëîñü (ñì. ðèñ. 1), âíåøíèå âîç-

äåéñòâèÿ Q
ý(ô) è ñîîòâåòñòâóþùèå èì ðåàêöèè

R
Q
(ô) ïî âûðàæåíèÿì (3) – (5) ÿâëÿþòñÿ èñòî÷íè-

êîì âîçíèêíîâåíèÿ íàïðÿæåíèé óý(ô) è äåôîðìà-

öèé e
ý(ô) â îïàñíûõ íåñóùèõ ýëåìåíòàõ, èõ êðè-

òè÷åñêèõ çîíàõ, ñå÷åíèÿõ è òî÷êàõ [5]:

{óý(ô), e
ý(ô)} = F Q R

e Q�
� �, { ( ), ( )}.

ý ý
(9)

Íàïðÿæåííî-äåôîðìèðîâàííûå ñîñòîÿíèÿ

(ÍÄÑ) â ýòèõ ýëåìåíòàõ, çîíàõ, ñå÷åíèÿõ è òî÷-

êàõ óñòàíàâëèâàþòñÿ íà îñíîâå óðàâíåíèé ñî-

ñòîÿíèÿ, ïàðàìåòðû êîòîðûõ çàâèñÿò îò ìåõàíè-

÷åñêèõ ñâîéñòâ êîíñòðóêöèîííûõ ìàòåðèàëîâ

(ïðåäåëîâ òåêó÷åñòè óò, ïðî÷íîñòè óâ, ïëàñòè÷íî-

ñòè øê, ìîäóëÿ óïðóãîñòè E, ïîêàçàòåëÿ óïðî÷íå-

íèÿ m:

{ó – e} = Fó – e
{óò, óâ, E, m, øê}. (10)

Â ñîîòâåòñòâèè ñ ñèëîâûìè (ó) è äåôîðìàöè-

îííûìè (e) êðèòåðèÿìè óñëîâèÿ äîñòèæåíèÿ ïðå-

äåëüíûõ (êðèòè÷åñêèõ) ñîñòîÿíèé ïî íàïðÿæåíè-

ÿì óê è äåôîðìàöèÿì eê ñ ó÷åòîì âûðàæåíèé

(4) – (6) çàïèñûâàþòñÿ â ôîðìå

{ ( ), ( ), ( )}max� � � � � �
ý

à
ý ý

� � {[ómax], [óà], [Äó]}, (11)

{ ( ), ( ), ( )}maxe e e
ý

à
ý ý

� � �� � {[emax], [eà], [Äe]}. (12)

Äîïóñêàåìûå íàïðÿæåíèÿ [ó] è äåôîðìàöèè

[e] óñòàíàâëèâàþòñÿ ïî êðèòè÷åñêèì âåëè÷èíàì

óê, eê ñ ââåäåíèåì â ðàññìîòðåíèå ñîîòâåòñòâóþ-

ùèõ çàïàñîâ nó, n
e
:

{óý(ô), e
ý(ô)} � {[ó], [e]} =

�

�

ê ê

n

e

n
e

, .
�

�

�

�

�

�

(13)

Â âûðàæåíèÿõ (11) – (13) äîïóñêàåìûå íàïðÿæå-

íèÿ [ó] è äåôîðìàöèè [e] ïðèíèìàþòñÿ çàâèñÿ-

ùèìè îò âðåìåíè (ô). Íàïðÿæåíèÿ ó(ô) è äåôîð-

ìàöèè e(ô) â ñèëó íàëè÷èÿ ýêñïëóàòàöèîííûõ

âîçäåéñòâèé è ðåàêöèé íà íèõ, à òàêæå ïðîòåêà-

íèÿ âðåìåííû́õ ïðîöåññîâ äåãðàäàöèè ìàòåðèà-

ëîâ è, ñîîòâåòñòâåííî, íåñóùèõ ýëåìåíòîâ îáó-

ñëîâëèâàþò íàêîïëåíèå â íèõ ïîâðåæäåíèé d
ý(ô)

[4, 5, 9]:

d
ý(ô) = F

d
{ó(ô), e(ô), óê(ô), eê(ô)}. (14)

Íà íàíî-, ìèêðî-, ìåçîóðîâíÿõ ýòè ïîâðåæäå-

íèÿ îöåíèâàþòñÿ ÷åðåç äèñëîêàöèè, âàêàíñèè,

ïîðû, ìèêðîòðåùèíû â ïðåäåëàõ ñòðóêòóðíûõ

ñîñòàâëÿþùèõ è ÷åðåç ìåçîòðåùèíû â ïðåäåëàõ

êîíãëîìåðàòîâ çåðåí. Èõ îòíîñÿò ê ðàññðåäîòî-

÷åííûì ïîâðåæäåíèÿì [4, 5], èçìåíÿþùèì ìåõà-

íè÷åñêèå ñâîéñòâà (óò, óâ, E, m, øê):

{óò(ô), óâ(ô), E(ô), m(ô), øê(ô)} = F
d
{d

ý(ô)}. (15)

Ñëèÿíèå ìèêðîòðåùèí (ðèñ. 4) ïðèâîäèò ê

âîçíèêíîâåíèþ è ðàçâèòèþ ìàêðîòðåùèí

l(ô) = F
l
{óý(ô), e

ý(ô)} = F
l
{d

ý(ô)}. (16)

Â ïðÿìîé ïîñòàíîâêå ïðè òðàäèöèîííûõ ïîä-

õîäàõ äëÿ àíàëèçà ñîñòîÿíèé òåõíè÷åñêèõ îáúåê-

òîâ â êà÷åñòâå èñõîäíûõ íà îñíîâå (3) – (8) ïðè-

íèìàþòñÿ:

âíåøíèå ïåðåìåííûå âî âðåìåíè âîçäåé-

ñòâèÿ Q
ý(ô) ñ íåèçìåííûìè íà÷àëüíûìè ïàðà-

ìåòðàìè Qmax ( ),
ý

� Qà
ý
( ),� ÄQ

ý(ô), íå çàâèñÿùèìè îò

ïîâðåæäåíèé d
ý(ô) è l

ý(ô);

ïåðåìåííûå âî âðåìåíè ðåàêöèè R
Q

ý
( )�

íà âîçäåéñòâèÿ Q
ý(ô) ñ ïàðàìåòðàìè R

Q max
( )

ý
� ,

R
Qà

ý
( ),� d

ý(ô) è l
ý(ô), òàêæå íå çàâèñÿùèìè îò ïî-

âðåæäåíèé d
ý(ô) è l

ý(ô).

Òåîðåòè÷åñêèå èññëåäîâàíèÿ è ïðàêòè÷åñêèå

ðàçðàáîòêè [1, 5] ïîêàçûâàþò, ÷òî ýòè äîïóùåíèÿ

òðåáóþò óòî÷íåíèÿ è ïåðåõîäà îò ðåøåíèÿ ïðÿ-

ìûõ çàäà÷ ïî (3) – (8) ê ðåøåíèþ ñâÿçíûõ çàäà÷ ñ

ó÷åòîì âûðàæåíèé (9) – (16).

Íàêàïëèâàåìûå ïîâðåæäåíèÿ d
ý(ô) è ðàçâè-

òèå òðåùèí l
ý(ô) âûçûâàþò èçìåíåíèå â ïåðâóþ

î÷åðåäü ðåàêöèé R
Q

ý
( )� íà âíåøíèå âîçäåéñòâèÿ

Q
ý(ô) äàæå â ïðåäïîëîæåíèè èõ íåèçìåííîñòè:

R
Q

ý
( )� = F

dl
{d

ý(ô), l
ý(ô)}. (17)
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Ðèñ. 4. Ðàññðåäîòî÷åííûå ìèêðîòðåùèíû íà ïîâåðõíî-

ñòè îáðàçöà ïðè ìàëîöèêëîâîì íàãðóæåíèè è èõ ñëèÿíèå

â ìàãèñòðàëüíóþ ìàêðîòðåùèíó

Fig. 4. Initiation of the dispersed microcracks on a surface

of the specimen at a low cycle loading and their confluence

in the main macrocrack



Â óòî÷íåííîì àíàëèçå çíà÷èòåëüíûå èçìåíå-

íèÿ R
Q

ý
( )� ïî (17) ìîãóò âûçâàòü èçìåíåíèå ïàðà-

ìåòðîâ âíåøíèõ âîçäåéñòâèé â îáðàòíîì ïî ñðàâ-

íåíèþ ñ (5) ïîðÿäêå:

Q
ý(ô) = F R

Q Q
{ ( )}

ý
� = F

Q
{d

ý(ô), l
ý(ô)}. (18)

Èçìåíåííûå âîçäåéñòâèÿ Q
ý(ô) ïî (18) è ðåàê-

öèè R
Q

ý
( )� ïî (17) íà îñíîâå (9) âûçîâóò äîïîëíè-

òåëüíîå èçìåíåíèå ïàðàìåòðîâ óðàâíåíèé ñî-

ñòîÿíèÿ (10) è ïàðàìåòðîâ íàïðÿæåííî-äåôîðìè-

ðîâàííûõ ñîñòîÿíèé ïî (11) – (15):

{ó – e} = Fó – e
{óô(ô), óâ(ô), E(ô),

m(ô), øê(ô), d
ý(ô), l

ý(ô)}, (19)

{óý – e
ý} = Fó, e

{d
ý(ô), l

ý(ô)}. (20)

Èçìåíåííûå íàïðÿæåííî-äåôîðìèðîâàííûå

ñîñòîÿíèÿ, â ñâîþ î÷åðåäü, ïî (14) è (16) ñîçäàäóò

íîâûå, âîçðîñøèå ïî âåëè÷èíå ïîâðåæäåíèÿ

d
n

ý
( )� è òðåùèíû l

n

ý
( ):�

d
n

ý
( )� � d

ý(ô), l
n

ý
( )� � l

ý(ô). (21)

Èçìåíåííûå Q
ý(ô), R

Q

ý
( ),� d

n

ý
( )� è l

n

ý
( )� ñòàíî-

âÿòñÿ ïðè÷èíîé èçìåíåíèÿ ñïåêòðîâ âîçäåéñòâèé

Q
ý(ô) ïî (18) è ðåàêöèé R

Q

ý
( )� ïî (17). Òîãäà

âðåìåííû́å ïðîöåññû ïî ðèñ. 2 è 3 èçìåíÿòñÿ â

ñòîðîíó ïîâûøåíèÿ âñåõ îïðåäåëÿþùèõ ñïåê-

òðàëüíûõ ïàðàìåòðîâ — Q
n

ý
( ),� Q

n max ( ),
ý

� Q
nà
ý

( ),�

�Q
n

ý
( ),� ÄV

n
(ô), Äp

n
(ô), Ät

n
(ô), R

Qn

ý
( ),� R

Q max
( ),

ý
�

R
Qà

ý
( ),� �R

Qn

ý
( ).�

Èçìåíåííûå ïðîöåññû è ïàðàìåòðû ñîñòîÿ-

íèé (â ðàçâèòèå ðèñ. 3) ïîêàçàíû íà ðèñ. 5, ãäå

1 — ïðîòåêàíèå èñõîäíûõ, çàäàííûõ âîçäåé-

ñòâèé Q
ý(ô) áåç ó÷åòà êèíåòèêè ïîâðåæäåíèé è

òðåùèí ïî ðèñ. 3; 2 — êèíåòèêà óòî÷íåííûõ âîç-

äåéñòâèé Q
n

ý
( )� ñ ó÷åòîì ïîâðåæäåíèé è òðåùèí;

3 — ñïåêòðàëüíûå èçìåíåíèÿ êîíòðîëèðóåìûõ

ïàðàìåòðîâ âèáðàöèé ÄV
n
(ô), ïóëüñàöèé äàâëå-

íèÿ ÄP
n
(ô) è òåìïåðàòóð Ät

n
(ô) ñ ó÷åòîì ïîâðåæ-

äåíèé è òðåùèí.

Â ñîîòâåòñòâèè ñ âûðàæåíèÿìè (14) – (21) è

ðèñ. 5 óòî÷íåííûé àíàëèç Q
n

ý
( ),� R

Qn

ý
( ),� ÄV

n
(ô),

ÄP
n
(ô), Ät

n
(ô) ñ ó÷åòîì ðàçâèâàþùåéñÿ ïîâðåæ-

äàåìîñòè d
n

ý
( )� è äåôåêòíîñòè l

n

ý
( )� äîëæåí îñóùå-

ñòâëÿòüñÿ íà îñíîâå ðåøåíèÿ ñâÿçíûõ çàäà÷ ìå-

òîäîì ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé.

Óñëîâèÿ äîñòèæåíèÿ

ïðåäåëüíûõ ñîñòîÿíèé

Êîìïëåêñ êðèòåðèåâ, îïðåäåëÿþùèõ ïðå-

äåëüíîå ñîñòîÿíèå ýëåìåíòîâ òåõíè÷åñêîé ñèñòå-

ìû, ìîæíî ïðåäñòàâèòü â âèäå ôóíêöèîíàëüíîé

çàâèñèìîñòè

Ô
N, t, �{{ó, e), N, t, ô} = Ôê, (22)

ëåâàÿ ÷àñòü êîòîðîé õàðàêòåðèçóåòñÿ ñîâîêóï-

íîñòüþ ïàðàìåòðîâ (ñèëîâûõ, äåôîðìàöèîííûõ

è äð.) ñîñòîÿíèÿ òåõíè÷åñêîé ñèñòåìû, îòðàæà-

þùèõ åå ðåàêöèþ íà âíåøíèå (â òîì ÷èñëå àâà-

ðèéíûå) âîçäåéñòâèÿ, à ïðàâàÿ — êîìïëåêñîì

àíàëîãè÷íûõ, íî êðèòåðèàëüíûõ õàðàêòåðèñòèê

ìàòåðèàëà (ýëåìåíòà êîíñòðóêöèè). Çíà÷åíèå

Ô
N, t, � â êðèòåðèàëüíûõ ñîîòíîøåíèÿõ óñòàíàâ-

ëèâàþò ðàñ÷åòîì, à êðèòåðèàëüíûå õàðàêòåðè-

ñòèêè ìàòåðèàëà Ôê îïðåäåëÿþò èç ýêñïåðèìåíòà

íà îáðàçöàõ, ìîäåëÿõ èëè íàòóðíûõ ýëåìåíòàõ

êîíñòðóêöèé.

Îäíèì èç ýòàïîâ æèçíåííîãî öèêëà òåõíè÷å-

ñêîé ñèñòåìû ÿâëÿåòñÿ ðàçâèòèå òðåùèí â åå ýëå-

ìåíòàõ. Ïðè äåéñòâèè ðàçëè÷íîãî òèïà íàãðóçîê

â çàâèñèìîñòè îò óðîâíÿ äèíàìè÷åñêèõ íàïðÿæå-

íèé (äåôîðìàöèé) è ÷èñëà öèêëîâ íàãðóæåíèÿ,

êàê ïîêàçàíî âûøå, ïðîèñõîäèò íàêîïëåíèå ïî-

âðåæäåíèé â ìàòåðèàëå íà óðîâíå ìèêðîñòðóê-

òóðû, ÷òî ïðèâîäèò ê èçìåíåíèþ ôèçè÷åñêèõ

ñâîéñòâ ìàòåðèàëà, à â äàëüíåéøåì — ê äåôåê-

òàì â âèäå âîçíèêíîâåíèÿ è ðàçâèòèÿ ìèêðî-, è

ìàêðîòðåùèí.

Â ñîîòâåòñòâèè ñ äåéñòâóþùèìè íîðìàòèâ-

íûìè ìàòåðèàëàìè [5] ðàñ÷åòû öèêëè÷åñêîé

ïðî÷íîñòè ïðîâîäÿò ïî òðåì ïàðàìåòðàì:

ïî ðàçìàõàì ìåñòíûõ öèêëè÷åñêèõ íàïðÿæå-

íèé ñ îöåíêîé ïðî÷íîñòè â çîíàõ ïîâûøåííîé

íàïðÿæåííîñòè ñ ó÷åòîì êîíöåíòðàöèè íàïðÿæå-

íèé, òåðìè÷åñêèõ è îñòàòî÷íûõ íàïðÿæåíèé;

ïî àìïëèòóäàì ïðèâåäåííûõ íàïðÿæåíèé ñ

îöåíêîé âîçìîæíîñòè îáðàçîâàíèÿ òðåùèí è ââå-

äåíèåì çàïàñîâ ïî àìïëèòóäàì;

ïî ÷èñëó öèêëîâ äî îáðàçîâàíèÿ òðåùèí ñ

îöåíêîé ðåñóðñà (äîëãîâå÷íîñòè) ïðè çàäàííûõ

àìïëèòóäàõ íàïðÿæåíèé è ñ ââåäåíèåì çàïàñà ïî

äîëãîâå÷íîñòè.
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Ðèñ. 5. Èçìåíåíèå ïàðàìåòðîâ ñîñòîÿíèé íà ñòàäèè ýêñ-

ïëóàòàöèè ô

Fig. 5. Change of parameters of states at the stage of ser-

vice ô



Ïðè ýòîì ïî äàííûì îá ýêñïëóàòàöèîííûõ

íàãðóçêàõ F è òåìïåðàòóðàõ t ðàñ÷åòîì èëè ýêñ-

ïåðèìåíòîì íà âñåé ñòàäèè æèçíåííîãî öèêëà ô,

âêëþ÷àÿ è ïåðèîäû âîçíèêíîâåíèÿ îïàñíûõ

ñèòóàöèé ôîï (ðèñ. 6), óñòàíàâëèâàþò íîìèíàëü-

íûå ýêñïëóàòàöèîííûå íàïðÿæåíèÿ � �
n

ý
( ) è äå-

ôîðìàöèè e
n

ý
( ),� ïî êîòîðûì ñ ó÷åòîì ðàññìîòðåí-

íîé âûøå êèíåòèêè êðèòè÷åñêèõ çíà÷åíèé íà-

ïðÿæåíèé óê(ô) è äåôîðìàöèé eê(ô) è óðîâíåé èõ

äîïóñêàåìûõ çíà÷åíèé [ó] è [e] îïðåäåëÿþò ïàðà-

ìåòðû òåêóùåãî ñîñòîÿíèÿ îáúåêòà.

Ïî ïîëó÷åííûì çíà÷åíèÿì � �
n

ý
( ) è e

n

ý
( )� ñ ó÷å-

òîì êîýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé

è äåôîðìàöèé íàõîäÿò ðàçìàõè ëîêàëüíûõ ïðè-

âåäåííûõ íàïðÿæåíèé è ñòðîÿò ñõåìû öèêëîâ èç-

ìåíåíèÿ ýòèõ ïðèâåäåííûõ íàïðÿæåíèé (óïð)max k

èëè äåôîðìàöèé (eïð)max k
ñ ó÷åòîì âëèÿíèÿ âñåãî

êîìïëåêñà òåõíîëîãè÷åñêèõ è ýêñïëóàòàöèîííûõ

ôàêòîðîâ.

Äëÿ èíæåíåðíûõ ðàñ÷åòîâ èñõîäíûå ïàðà-

ìåòðû ïðî÷íîñòè è ïëàñòè÷íîñòè ìàòåðèàëà îï-

ðåäåëÿþò, êàê ïðàâèëî, â ïðîöåññå ëàáîðàòîðíûõ

èñïûòàíèé ïðè öèêëè÷åñêîì íàãðóæåíèè ñ ñèíó-

ñîèäàëüíîé èëè òðåóãîëüíîé ôîðìîé öèêëîâ

(ðèñ. 7, à).

Ôîðìû öèêëîâ íåñòàöèîíàðíûõ ýêñïëóàòà-

öèîííûõ ðåæèìîâ íàãðóæåíèÿ èìåþò, êàê ïðàâè-

ëî, áîëåå ñëîæíûé õàðàêòåð (ñì. ðèñ. 2, á), êîòî-

ðûé ïðè îïðåäåëåííûõ óïðîùåíèÿõ ìîæåò áûòü

ñìîäåëèðîâàí äâóõ÷àñòîòíûìè ðåæèìàìè ñ ïðî-

èçâîëüíî èçìåíÿþùåéñÿ (ðèñ. 7, â) èëè ïîñòîÿí-

íîé (ðèñ. 7, ã) àìïëèòóäîé íàëîæåííûõ âûñîêî-

÷àñòîòíûõ íàïðÿæåíèé óàâ [4, 9 – 12]. Êàê ïîêà-

çàíî âûøå, áîëüøåå ïðèáëèæåíèå ìîäåëèðóåìûõ

óñëîâèé íàãðóæåííîñòè ê ðåàëüíûì óñëîâèÿì è

ââåäåíèå â ðàññìîòðåíèå âëèÿíèÿ êèíåòèêè ïî-

âðåæäàåìîñòè ìàòåðèàëà íà ïàðàìåòðû óðàâíå-

íèé ñîñòîÿíèÿ ÿâëÿþòñÿ äåéñòâåííûì øàãîì ê

óòî÷íåíèþ ïðèìåíÿåìûõ ìåòîäîâ ðàñ÷åòîâ ýëå-

ìåíòîâ îáîðóäîâàíèÿ íà ïðî÷íîñòü, äîëãîâå÷-

íîñòü è áåçîïàñíîñòü åãî ýêñïëóàòàöèè.

Âàæíåéøèì ýòàïîì îïðåäåëåíèÿ óñëîâèé

äîñòèæåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ àíàëèçèðóå-

ìîãî îáîðóäîâàíèÿ, îáóñëîâëèâàþùåãî åãî ðàçðó-

øåíèå, ÿâëÿåòñÿ âûáîð êðèòè÷åñêèõ ýëåìåíòîâ

ïîòåíöèàëüíî îïàñíûõ êîìïîíåíòîâ, îïðåäåëÿþ-

ùèõ ðèñêè âîçíèêíîâåíèÿ àâàðèéíûõ è êàòàñò-

ðîôè÷åñêèõ ñèòóàöèé. Äëÿ òàêèõ êðèòè÷åñêèõ

ýëåìåíòîâ íà áàçå ðàñ÷åòíî-ýêñïåðèìåíòàëüíîãî

îïðåäåëåíèÿ èõ íàïðÿæåííî-äåôîðìèðîâàííûõ

è ïðåäåëüíûõ ñîñòîÿíèé óñòàíàâëèâàþòñÿ êðèòè-
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Ðèñ. 6. Êèíåòèêà ðàñ÷åòíûõ çíà÷åíèé íîìèíàëüíûõ ýêñ-

ïëóàòàöèîííûõ íàïðÿæåíèé è äåôîðìàöèé íà ïðîòÿæå-

íèè æèçíåííîãî öèêëà

Fig. 6. Kinetics of calculated values of nominal service

stresses and strains throughout the lifetime

Ðèñ. 7. Ðåãóëÿðíûå (à) è íåðåãóëÿðíûå (á, â) ýêñïëóàòàöèîííûå è ìîäåëüíûé äâóõ÷àñòîòíûé (ã) ðåæèìû öèêëè÷åñêîãî

íàãðóæåíèÿ

Fig. 7. Regular (a) and irregular service (b, c) and model two-frequency (d) modes of cyclic loading



÷åñêèå çîíû ýòèõ ýëåìåíòîâ è êðèòè÷åñêèå òî÷êè

â íèõ, êîòîðûå â êîíå÷íîì ñ÷åòå è èíèöèèðóþò

ïðîöåññû ìàãèñòðàëüíûõ ðàçðóøåíèé.

Ñõåìà îáðàçîâàíèÿ è ðàçâèòèÿ çîí è îïàñíûõ

ïðîöåññîâ íàêîïëåíèÿ ïîâðåæäåíèé d(ô), ðàçâè-

òèÿ òðåùèí l(ô), íàðàñòàíèÿ ðèñêîâ R(ô) â ñîîò-

âåòñòâèè ñ èçëîæåííûì ïîäõîäîì ïîêàçàíà íà

ðèñ. 8.

Ïî âåëè÷èíàì äîïóñêàåìîãî âðåìåíè ýêñ-

ïëóàòàöèè [ó] ïðè ñîîòâåòñòâóþùèõ äîïóñêàå-

ìûõ íàïðÿæåíèÿõ [ó] è äåôîðìàöèÿõ [e] íàçíà÷à-

þò ïðîåêòíûå ðàñ÷åòíûå ñðîêè ñëóæáû ôñ ðàñ-

ñìàòðèâàåìîãî îáúåêòà. Ïåðåõîä îáúåêòà èç îá-

ëàñòè ïðîåêòíîãî ðåøåíèÿ â çîíû îòêàçîâ, àâà-

ðèé è êàòàñòðîô ïðîèñõîäèò ïðè äîñòèæåíèè

ïàðàìåòðàìè ïîâðåæäåííîñòè dê(ô), äåôåêòíîñòè

lê(ô) è ðèñêà Rê(ô) èõ êðèòè÷åñêèõ çíà÷åíèé â

òî÷êå «K».

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðè àíàëèçå óñëîâèé äîñòè-

æåíèÿ ïðåäåëüíûõ ñîñòîÿíèÿõ íà âñåõ ñòàäèÿõ

æèçíåííîãî öèêëà, êîòîðûå èìåþò ìåñòî ïðè

îáîñíîâàíèè ïðî÷íîñòè è ðåñóðñà íåñòàöèîíàðíî

íàãðóæåííûõ ýëåìåíòîâ òåõíè÷åñêèõ ñèñòåì,

êðèòåðèàëüíàÿ áàçà è ñèñòåìà ðàñ÷åòíûõ óðàâíå-

íèé ñòàíîâÿòñÿ áîëåå ñëîæíûìè è íàñûùåííûìè

ó÷èòûâàåìûìè â íèõ ôàêòîðàìè, ê ÷èñëó êîòî-

ðûõ â ïåðâóþ î÷åðåäü îòíîñÿòñÿ âíåøíèå è âíóò-

ðåííèå âîçäåéñòâèÿ ïðèðîäíîãî, òåõíîãåííîãî,

àíòðîïîãåííîãî õàðàêòåðà, óñèëèÿ îò ýòèõ âîç-

äåéñòâèé è äðóãèõ ôàêòîðîâ, à òàêæå ðåàêöèè

îáúåêòîâ íà íàçâàííûå âîçäåéñòâèÿ è óñèëèÿ.

Ïðè ýòîì ðåàêöèè íåñóùèõ ýëåìåíòîâ íà ýòè âîç-

äåéñòâèÿ ñâÿçàíû ñî ñëîæíûì ïåðåðàñïðåäåëå-

íèåì óñèëèé â ðàññìàòðèâàåìûõ ýëåìåíòàõ, ñ

âîçíèêíîâåíèåì ñëîæíûõ òðàåêòîðèé ïåðåõîä-

íûõ ðåæèìîâ íà êàæäîé èç ñòàäèé æèçíåííîãî

öèêëà, ÷òî îáóñëîâëèâàåò çàâåäîìî íåñòàöèîíàð-

íûé õàðàêòåð ýêñïëóàòàöèîííîé íàãðóæåííîñòè.

Äåéñòâóþùèå íà àíàëèçèðóåìûé ýëåìåíò

òåõíè÷åñêîé ñèñòåìû âíåøíèå âîçäåéñòâèÿ è ñî-

îòâåòñòâóþùèå èì ðåàêöèè ÿâëÿþòñÿ èñòî÷íè-

êîì âîçíèêíîâåíèÿ â íèõ íàïðÿæåíèé è äåôîð-

ìàöèé â îïàñíûõ êðèòè÷åñêèõ çîíàõ, ñå÷åíèÿõ è

òî÷êàõ. Íàïðÿæåííî-äåôîðìèðîâàííûå ñîñòîÿ-

íèÿ â ýòèõ ýëåìåíòàõ, çîíàõ, ñå÷åíèÿõ è òî÷êàõ

óñòàíàâëèâàþòñÿ íà îñíîâå óðàâíåíèé ñîñòîÿ-

íèÿ, ïàðàìåòðû êîòîðûõ çàâèñÿò îò ñïåêòðà ýêñ-

ïëóàòàöèîííîé íàãðóæåííîñòè è ìåõàíè÷åñêèõ

ñâîéñòâ êîíñòðóêöèîííûõ ìàòåðèàëîâ, èçìåíÿ-

þùèõñÿ â ïðîöåññå íàãðóæåíèÿ ïîä äåéñòâèåì

êàê âíóòðåííåé ïîâðåæäàåìîñòè ìàòåðèàëà, òàê

è íàëè÷èÿ âíåøíèõ ôàêòîðîâ â ñèëó ïðîòåêàíèÿ

òåìïåðàòóðíî-âðåìåííû́õ è äðóãèõ äåãðàäàöèîí-

íûõ ïðîöåññîâ. Êèíåòèêà ýòèõ ïðîöåññîâ ÿâëÿåò-

ñÿ ïðè÷èíîé èçìåíåíèÿ ñïåêòðîâ âîçäåéñòâèé è

ðåàêöèé, ÷òî, â ñâîþ î÷åðåäü, òðåáóåò îñóùå-

ñòâëÿòü è óòî÷íåííûé àíàëèç ðàçâèâàþùåéñÿ

ïîâðåæäàåìîñòè íà îñíîâå ðåøåíèÿ ñîîòâåòñò-

âóþùèõ ñâÿçíûõ çàäà÷.

Êîìïëåêñ êðèòåðèåâ, îïðåäåëÿþùèõ ïðå-

äåëüíîå ñîñòîÿíèå ýëåìåíòîâ òåõíè÷åñêîé ñèñòå-

ìû, ïðåäñòàâëÿåòñÿ â âèäå ôóíêöèîíàëüíîé çà-

âèñèìîñòè, õàðàêòåðèçóþùåé, ñ îäíîé ñòîðîíû,

ñîâîêóïíîñòü ñèëîâûõ è äåôîðìàöèîííûõ ïàðà-

ìåòðîâ ñîñòîÿíèÿ òåõíè÷åñêîé ñèñòåìû, â òîì

÷èñëå îòðàæàþùèõ ðåàêöèþ òåõíè÷åñêîé ñèñòå-

ìû íà âíåøíèå øòàòíûå èëè àâàðèéíûå âîç-

äåéñòâèÿ, à ñ äðóãîé — êîìïëåêñ êðèòåðèàëüíûõ

õàðàêòåðèñòèê êîíñòðóêöèîííûõ ìàòåðèàëîâ,

ó÷èòûâàþùèõ èõ èçìåíåíèå â ïðîöåññå ýêñïëóà-

òàöèè. Ïðè ýòîì âàæíåéøèì ýòàïîì îïðåäåëå-

íèÿ óñëîâèé äîñòèæåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ,

îáóñëîâëèâàþùåãî ðàçðóøåíèå, ÿâëÿåòñÿ âûáîð

êðèòè÷åñêèõ ýëåìåíòîâ ïîòåíöèàëüíî îïàñíûõ

êîìïîíåíòîâ, îïðåäåëÿþùèõ ðèñêè âîçíèêíîâå-

íèÿ àâàðèéíûõ è êàòàñòðîôè÷åñêèõ ñèòóàöèé,

â êîòîðûõ ïðè äîñòèæåíèè óñëîâèé íàñòóïëåíèÿ

ïðåäåëüíîãî ñîñòîÿíèÿ è èíèöèèðóþòñÿ ïðîöåñ-

ñû ëîêàëüíûõ è ìàãèñòðàëüíûõ ðàçðóøåíèé.

Â ýòîì ñëó÷àå ïåðåõîä îáúåêòà èç ýêñïëóàòàöèè â

îáëàñòè ïðîåêòíîãî ðåøåíèÿ â çîíû îòêàçîâ, àâà-

ðèé è êàòàñòðîô ïðîèñõîäèò ïðè äîñòèæåíèè ïà-

ðàìåòðàìè ïîâðåæäåííîñòè, äåôåêòíîñòè è ðèñ-

êà èõ êðèòè÷åñêèõ çíà÷åíèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ðîññèéñêî-

ãî íàó÷íîãî ôîíäà. Ïðîåêò 20-19-00769-Ï.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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Ðèñ. 8. Ðàçâèòèå âî âðåìåíè ïðîöåññîâ ðîñòà ïîâðåæ-

äåííîñòè, äåôåêòíîñòè è ðèñêîâ ðàçðóøåíèÿ â ïðîöåññå

ýêñïëóàòàöèè

Fig. 8. Development in time of processes of growth of dam-

age, defects and risks of destruction during operation
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Â ýïîõó öèôðîâîé òðàíñôîðìàöèè áîëüøèíñòâî àãðåãàòîâ îñíàùàåòñÿ ðàçíîîáðàçíûìè

äàò÷èêàìè, êîòîðûå äàþò èíôîðìàöèþ, ïîçâîëÿþùóþ ðàçðàáàòûâàòü èíòåëëåêòóàëüíûå

ìîäåëè ïðîãíîçà äîëãîâå÷íîñòè. Ïðè ðàçðàáîòêå öèôðîâûõ ìîäåëåé íàòóðíûõ îáúåêòîâ

äëÿ îöåíêè îñòàòî÷íîãî ðåñóðñà âñå ÷àùå âîçíèêàþò ïðîáëåìû àëãîðèòìè÷åñêîãî îáåñïå÷å-

íèÿ. Ïðîáëåìû ïîÿâëÿþòñÿ â àäàïòèâíîì è àâòîìàòè÷åñêîì àíàëèçå ñèãíàëîâ ñ ðåàëüíûõ

äàò÷èêîâ, óñòàíîâëåííûõ íà îáúåêòå, è ïîñëåäóþùåé èõ îáðàáîòêîé äëÿ îöåíêè äîëãîâå÷-

íîñòè îáúåêòà. Â ðàáîòå ïðåäëîæåí íîâûé ìåòîä îöåíêè äîëãîâå÷íîñòè êîíñòðóêöèé, êîòî-

ðûé îñíîâàí íà ïðèìåíåíèè àäàïòèâíîãî ìåòîäà âàðèàöèîííîé ìîäîâîé äåêîìïîçèöèè ê

ñèãíàëàì ñ äàò÷èêîâ, â òîì ÷èñëå íåñòàöèîíàðíûì. Âàðèàöèîííàÿ ìîäîâàÿ äåêîìïîçèöèÿ

ïðåäïîëàãàåò ðàçëîæåíèå èñõîäíîãî ñëîæíîãî ñëó÷àéíîãî ïðîöåññà íà áîëåå ïðîñòûå ñëó-

÷àéíûå ïðîöåññû (ìîäû), ÿâëÿþùèåñÿ ñòàöèîíàðíûìè è óçêîïîëîñíûìè. Èñïîëüçîâàí

îðèãèíàëüíûé ñïîñîá ñóììèðîâàíèÿ ïîâðåæäåíèé îò äåéñòâèÿ ïîëó÷åííûõ â ðåçóëüòàòå

äåêîìïîçèöèè ìîä. Ðàçðàáîòàííûé ìåòîä ìîæåò áûòü ïðèìåíåí â êà÷åñòâå àëãîðèòìè÷å-

ñêîãî îáåñïå÷åíèÿ ïðè ñîçäàíèè öèôðîâûõ äâîéíèêîâ îñòàòî÷íîãî ðåñóðñà íàòóðíûõ èçäå-

ëèé. Ïðîâåäåíî ñðàâíåíèå ïðåäëîæåííîãî ìåòîäà ñ ìåòîäîì «ïàäàþùåãî äîæäÿ» âî âðå-

ìåííîé îáëàñòè. Äëÿ ýòîãî ñãåíåðèðîâàíû ðàçíûå âàðèàíòû ðåàëèçàöèé ñëó÷àéíûõ ïðî-

öåññîâ, â òîì ÷èñëå ñòàöèîíàðíûå è íåñòàöèîíàðíûå ñ ðàçíîé øèðîêîïîëîcíîñòüþ. Ñðàâ-

íåíèå âûïîëíåíî ðàñ÷åòíûì ïóòåì äëÿ ñèíòåçèðîâàííûõ ñëó÷àéíûõ ïðîöåññîâ. Ïîìèìî

ýòîãî, ñ ìåòîäîì «ïàäàþùåãî äîæäÿ» ñðàâíèâàëè òðàäèöèîííûå ÷àñòîòíûå ìåòîäû Äèðëè-

êà è Áåíàøóýòòè. Ïðåäëîæåííûé ìåòîä ïîêàçàë õîðîøèå ðåçóëüòàòû — îøèáêà îêàçàëàñü

ìåíüøå, ÷åì ïðè èñïîëüçîâàíèè òðàäèöèîííûõ ÷àñòîòíûõ ìåòîäîâ, îñîáåííî äëÿ íåñòàöè-

îíàðíûõ ïðîöåññîâ.
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In the era of digital transformation, most devices are equipped with a variety of sensors, which provide in-

formation to be used in developing intelligent models for predicting the fatigue life. The development of

digital models of real objects for fatigue life estimation faces the lack of algorithms for performing such an

estimation. The problem arises in the adaptive and automatic analysis of signals from real sensors in-
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stalled on the object and their subsequent processing to estimate the fatigue life of the object. We propose a

new method for assessing the fatigue life of structures based on application of the adaptive method of

variational mode decomposition to signals gained from sensors, including non-stationary ones. Variational

mode decomposition involves decomposition of an initial complex random process into simpler random

processes (modes) that are stationary and narrowband. An original method of summarizing damage re-

sulted from the action of the modes obtained as a result of the decomposition is used. The developed

method can be used as an algorithmic support for the generation of digital doubles of the residual lifetimes

of natural products. The proposed method is compared with the “rainflow” method in the time domain.

Different realizations of random stationary and non-stationary signals with different bandwidths are com-

pared numerically. In addition, the traditional frequency methods of Dirlik and Benasciutti have been

compared with the “rainflow” method. The analysis showed good results for the proposed method, i.e., the

error was smaller compared to traditional frequency methods, especially for non-stationary processes.

Keywords: fatigue life; random loading; non-stationary loading; variational mode decomposition.

Ââåäåíèå

Ìàøèíîñòðîèòåëüíûå êîíñòðóêöèè â ïðîöåñ-

ñå ðàáîòû ÷àùå âñåãî èñïûòûâàþò ñëîæíîå

âíåøíåå âîçäåéñòâèå â âèäå ìåõàíè÷åñêèõ óñè-

ëèé è âèáðàöèîííûõ íàãðóçîê. Äëèòåëüíîå èõ

âîçäåéñòâèå ïðèâîäèò ê âîçíèêíîâåíèþ ìèêðî-

ïîâðåæäåíèé, îíè íàêàïëèâàþòñÿ, îáðàçóÿ òðå-

ùèíû, êîòîðûå â èòîãå ðàçðóøàþò êîíñòðóêöèþ.

Â ýïîõó öèôðîâîé òðàíñôîðìàöèè áîëüøèíñòâî

àãðåãàòîâ îñíàùàåòñÿ ðàçíîîáðàçíûìè äàò÷èêà-

ìè, êîòîðûå äàþò èíôîðìàöèþ, ïîçâîëÿþùóþ

ðàçðàáàòûâàòü èíòåëëåêòóàëüíûå ìîäåëè ïðî-

ãíîçà äîëãîâå÷íîñòè. Îäíàêî áîëüøèíñòâî ñóùå-

ñòâóþùèõ àëãîðèòìîâ îöåíêè ðåñóðñà òðåáóåò

àíàëèçà èñòîðèè íàãðóæåíèÿ ñ ïðèâëå÷åíèåì

âûñîêîêâàëèôèöèðîâàííûõ ñïåöèàëèñòîâ, ÷òî

ïðèâîäèò ê ïðîáëåìå àâòîìàòèçàöèè òàêèõ ìåòî-

äîâ. Â ïåðâóþ î÷åðåäü ýòî âûçâàíî òåì, ÷òî ñóùå-

ñòâóþùèå ìåòîäû èìåþò îãðàíè÷åíèÿ ïî òèïàì

ñëó÷àéíûõ ïðîöåññîâ — ðàññìàòðèâàþòñÿ òîëüêî

ñòàöèîíàðíûå ïðîöåññû, äëÿ êîòîðûõ ìàòåìàòè-

÷åñêèé àïïàðàò äîñòàòî÷íî õîðîøî ðàçâèò è èñ-

ïîëüçóåòñÿ äëÿ îöåíêè äîëãîâå÷íîñòè. Îäíàêî â

ðåàëüíîé ýêñïëóàòàöèè ïðåîáëàäàþò íåñòàöèî-

íàðíûå âîçäåéñòâèÿ (ñòàòèñòè÷åñêèå õàðàêòåðè-

ñòèêè ïðîöåññà èçìåíÿþòñÿ âî âðåìåíè). Â ñâÿçè

ñ ýòèì èññëåäîâàòåëè ïîñòîÿííî ðàçðàáàòûâàþò

íîâûå ïîäõîäû, ó÷èòûâàþùèå íåñòàöèîíàðíîñòü

ïðîöåññîâ. Íàïðèìåð, â ðàáîòå [1] àâòîðû ïðåä-

ëàãàþò ìåòîä äëÿ àíàëèçà íåñòàöèîíàðíîãî ïðî-

öåññà, ñêîìáèíèðîâàííîãî èç íåñêîëüêèõ ñòàöèî-

íàðíûõ (switching random process). Â ðàáîòå [2]

ðàññìîòðåí íåñòàöèîíàðíûé ïðîöåññ êàê êâàçè-

ñòàöèîíàðíûé è ïðåäëîæåíà ìåòîäèêà ïî äåêîì-

ïîçèöèè ïðîöåññà íà ñåðèþ ñòàöèîíàðíûõ ñåã-

ìåíòîâ. Àâòîðû ðàáîòû [3] ïðåäëàãàþò ïðåäñòàâ-

ëÿòü ñëó÷àéíîå íàãðóæåíèå, â òîì ÷èñëå íåñòà-

öèîíàðíîå, â âèäå áëîê-ïðîãðàììíîãî ïåðåìåí-

íîãî íàãðóæåíèÿ. Èíòåðåñíûé ìåòîä ïðåäëîæåí

â ðàáîòå [4], ãäå àâòîðû ðåêîìåíäóþò íåñòàöèî-

íàðíûé ïðîöåññ äåëèòü íà êîðîòêèå âðåìåííûå

îòðåçêè, êàæäûé èç êîòîðûõ ñ÷èòàþò óçêîïîëîñ-

íûì ñëó÷àéíûì ïðîöåññîì, è ïî èçâåñòíûì çàâè-

ñèìîñòÿì ðàññ÷èòûâàþò äîëãîâå÷íîñòü ñ ó÷åòîì

äèíàìè÷åñêèõ õàðàêòåðèñòèê (ñîáñòâåííûõ ÷àñ-

òîò êîëåáàíèé, äåìïôèðîâàíèÿ). Íåêîòîðûå èñ-

ñëåäîâàòåëè ïðèìåíÿþò âðåìåííûå ïîäõîäû äëÿ

îöåíêè äîëãîâå÷íîñòè ðåàëüíûõ îáúåêòîâ. Òàê, â

ðàáîòå [5] àâòîðû îöåíèâàþò äîëãîâå÷íîñòü âåò-

ðîãåíåðàòîðà ìåòîäîì «ïàäàþùåãî äîæäÿ», èìè-

òèðóÿ êàê ñòàöèîíàðíûå, òàê è íåñòàöèîíàðíûå

âîçäåéñòâèÿ, ïîêàçûâàþò õîðîøóþ êîððåëÿöèþ

ðàñ÷åòà ñ ýêñïåðèìåíòîì. Îäíàêî âî âñåõ èçâåñò-

íûõ ðàáîòàõ ðàññìàòðèâàþòñÿ òîëüêî îïðåäåëåí-

íûå òèïû íåñòàöèîíàðíûõ ïðîöåññîâ è îòñóòñò-

âóåò àäàïòèâíûé àëãîðèòì äëÿ àíàëèçà øèðîêî-

ãî äèàïàçîíà íåñòàöèîíàðíûõ ïðîöåññîâ.

Â äàííîé ðàáîòå ïðåäëàãàåì ðàññìàòðèâàòü

íåñòàöèîíàðíûé ïðîöåññ êàê íàáîð ïðîñòûõ ýì-

ïèðè÷åñêè ïîëó÷åííûõ ñëó÷àéíûõ ïðîöåññîâ, îá-

ëàäàþùèõ ñâîéñòâàìè ñòàöèîíàðíîñòè. Èñïîëü-

çóåì ìåòîä âàðèàöèîííîé ìîäîâîé äåêîìïîçèöèè

(VMD — Variation Mode Decomposition) [6].

Â íàñòîÿùåå âðåìÿ óæå ñóùåñòâóåò ðÿä ðàáîò

ïî îöåíêå äîëãîâå÷íîñòè ñ ïðèìåíåíèåì ìåòîäîâ

ýìïèðè÷åñêîé äåêîìïîçèöèè ïðîöåññà. Íàïðè-

ìåð, â ðàáîòå [7] ïðåäëîæåí íîâûé ìåòîä îöåíêè

äîëãîâå÷íîñòè ïðè íåñòàöèîíàðíîì íàãðóæåíèè

ñ èñïîëüçîâàíèåì ìåòîäà ýìïèðè÷åñêîé ìîäîâîé

äåêîìïîçèöèè (EMD). Îäíàêî, êàê îòìå÷àþò àâ-

òîðû, ñóùåñòâóþò ïðîáëåìû òî÷íîñòè îöåíêè

äîëãîâå÷íîñòè ââèäó íåñîâåðøåíñòâà àëãîðèòìà

äåêîìïîçèöèè — ïðîÿâëÿåòñÿ ýôôåêò ñìåøåíèÿ

ìîä. Èçâåñòíû òàêæå ðàáîòû, â êîòîðûõ ìåòîä

EMD èñïîëüçóþò äëÿ ôèëüòðàöèè ñèãíàëîâ ñ

äàò÷èêîâ äëÿ ïîñëåäóþùåãî ïðèìåíåíèÿ ìåòîäà

«ïàäàþùåãî äîæäÿ» èëè ÷àñòîòíûõ ìåòîäîâ

[8 – 10].

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäà

îöåíêè äîëãîâå÷íîñòè êîíñòðóêöèé ïðè íåñòà-

öèîíàðíîì ñëó÷àéíîì íàãðóæåíèè ñ ïðèìåíåíè-

åì âàðèàöèîííîé ìîäîâîé äåêîìïîçèöèè.

Òåîðåòè÷åñêèå îñíîâû

Ìåòîäû äåêîìïîçèöèè ñèãíàëîâ. Ìåòîäû ýì-

ïèðè÷åñêèõ äåêîìïîçèöèé ñëîæíûõ ñëó÷àéíûõ

ñèãíàëîâ ïîÿâèëèñü îòíîñèòåëüíî íåäàâíî. Ïåð-

âûì ñòàë ìåòîä ýìïèðè÷åñêîé ìîäîâîé äåêîìïî-

çèöèè (EMD), êîòîðûé áûë ðàçðàáîòàí â 1998 ã.

64 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 9



Å. Õóàíãîì [11] êàê ïðåäîáðàáîòêà (ïîäãîòîâêà)

ïðîöåññà äëÿ ïîñëåäóþùåãî ïðèìåíåíèÿ ê íåìó

ïðåîáðàçîâàíèÿ Ãèëüáåðòà äëÿ íàõîæäåíèÿ ìãíî-

âåííîãî ñïåêòðà ïðîöåññà. Ìåòîä EMD çàêëþ÷à-

åòñÿ â ðàçëîæåíèè ñèãíàëà x äëèíîé L â íàáîð M

ýìïèðè÷åñêèõ ìîä (âíóòðåííèõ êîëåáàíèé), íà-

çûâàåìûõ intrinsic mode function (IMF). Òàêîé

ìåòîä ÿâëÿåòñÿ àäàïòèâíûì — íå èñïîëüçóåò çà-

ðàíåå çàäàííûõ áàçèñîâ (øàáëîíîâ, íà êîòîðûå

ðàñêëàäûâàåòñÿ èñõîäíûé ñèãíàë) è ïîëíîñòüþ

çàâèñèò îò èñõîäíîãî ïðîöåññà, ò.å. ÿâëÿåòñÿ ýì-

ïèðè÷åñêèì ìåòîäîì. Öåëü EMD — ðàçëîæåíèå

ñèãíàëà íà ìîäû IMF è âûäåëåíèå îñòàòêà r

(residual) — îáùåãî òðåíäà ïðîöåññà. Äàëüíåé-

øåå ðàçâèòèå ìåòîäà è åãî àëãîðèòì ïîäðîáíî

ïðèâåäåíû â ðàáîòàõ [12 – 17].

Áîëåå ñëîæíûì â ðåàëèçàöèè ñòàë ìåòîä âà-

ðèàöèîííîé ìîäîâîé äåêîìïîçèöèè (VMD), âïåð-

âûå ïðåäëîæåííûé àâòîðàìè ðàáîòû [6] â 2014 ã.

Â îòëè÷èå îò EMD, ìåòîä VMD ÿâëÿåòñÿ ïîëíî-

ñòüþ àäàïòèâíûì è íåðåêóðñèâíûì àëãîðèòìîì

÷àñòîòíî-âðåìåííîãî àíàëèçà ñèãíàëîâ. Îñíîâ-

íîé ãèïîòåçîé ìåòîäà ÿâëÿåòñÿ ïðåäïîëîæåíèå,

÷òî ëþáîé èñõîäíûé ñèãíàë f ìîæåò áûòü ðàçëî-

æåí íà îãðàíè÷åííîå êîëè÷åñòâî K ìîä u
k

(intrin-

sic mode function — IMF), êîòîðûå èìåþò ðàçíûå

öåíòðàëüíûå ÷àñòîòû ù
k

è îãðàíè÷åííûå ïîëîñû

ïðîïóñêàíèÿ. Ðàçëîæåíèå ñèãíàëà ìåòîäîì VMD

ñâîäèòñÿ ê ðåøåíèþ âàðèàöèîííîé çàäà÷è, êîòî-

ðóþ ñ ó÷åòîì îãðàíè÷åíèé (êîëè÷åñòâà ìîä) ìîæ-

íî ïðåäñòàâèòü â âèäå
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Ïðèíèìàÿ âî âíèìàíèå ðàñøèðåííûé ìåòîä

Ëàãðàíæà, çàâèñèìîñòü (1) áåç îãðàíè÷åíèé ìîæ-
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ìíîæèòåëü Ëàãðàíæà, )..., ...* — ñêàëÿðíîå ïðîèç-
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òåðíàòèâíîãî íàïðàâëåíèÿ (ADMM) [18]. Îêîí-
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ãäå ^ — ïðåîáðàçîâàíèå Ôóðüå; n — ÷èñëî èòå-

ðàöèé; á — êâàäðàòè÷íûé øòðàôíîé êîýôôèöè-

åíò; ô — øàã ïî âðåìåíè.

Â îáùåì âèäå áëîê-ñõåìà àëãîðèòìà ìåòîäà

VMD ïðåäñòàâëåíà íà ðèñ. 1.

Ìåòîäû îöåíêè äîëãîâå÷íîñòè. Â ðàñ÷åòíîé

îöåíêå äîëãîâå÷íîñòè êîíñòðóêöèé ñóùåñòâóåò

äâà ïîäõîäà — âðåìåííîé è ÷àñòîòíûé. Ïåðâûé

èç íèõ ðàññìàòðèâàåò âðåìåííóþ ðåàëèçàöèþ

ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ è âûäåëÿåò

öèêëû ñ ðàçíûìè óðîâíÿìè. Íàó÷íûì ñîîáùåñò-

âîì ïðèçíàí ìåòîä «ïàäàþùåãî äîæäÿ», âïåðâûå

îïèñàííûé â ðàáîòå [19]. Áîëüøèíñòâî èññëåäî-

âàòåëåé äî ñèõ ïîð ñðàâíèâàþò âñå ðàçðàáîòàí-

íûå ïîäõîäû èìåííî ñ ìåòîäîì «ïàäàþùåãî äîæ-

äÿ» [20, 21]. Ó âðåìåííîãî ïîäõîäà åñòü ðÿä ïðå-

èìóùåñòâ, à èìåííî: äîëãîâå÷íîñòü îöåíèâàåòñÿ

ïî íàïðÿæåíèÿì, äåôîðìàöèÿì è ýíåðãåòè÷å-

ñêèì êðèòåðèÿì, â òîì ÷èñëå â âåðîÿòíîñòíîé ïî-

ñòàíîâêå [22]. Îäíàêî âðåìåííûå ìåòîäû çàòðóä-

íèòåëüíî èñïîëüçîâàòü íà ñòàäèè ïðîåêòèðî-

âàíèÿ êîíñòðóêöèè, êîãäà ðåàëüíàÿ íàãðóçêà íå

èçâåñòíà. Ïîìèìî ýòîãî, îáðàáîòêà ñèãíàëîâ âðå-

ìåííûìè ìåòîäàìè òðóäîçàòðàòíà ñ òî÷êè çðå-

íèÿ âû÷èñëèòåëüíûõ ðåñóðñîâ è òðåáóåò îïòè-

ìàëüíûõ ñïîñîáîâ öèôðîâîé îáðàáîòêè [23]. Àëü-

òåðíàòèâíûì ÿâëÿåòñÿ ÷àñòîòíûé ïîäõîä. Îñíîâ-

íàÿ èäåÿ âñåõ ÷àñòîòíûõ ìåòîäîâ çàêëþ÷àåòñÿ â

àíàëèòè÷åñêîì îïèñàíèè ïëîòíîñòè ðàñïðåäåëå-

íèÿ ìàêñèìóìîâ ñëó÷àéíîãî ïðîöåññà ÷åðåç ñïåê-

òðàëüíóþ õàðàêòåðèñòèêó ïðîöåññà íàãðóæåíèÿ.

Ïðè ýòîì ñëó÷àéíûé ïðîöåññ ïðåäñòàâëÿåòñÿ â

âèäå ñïåêòðàëüíîé ïëîòíîñòè ìîùíîñòè. Îòñþäà

ñëåäóåò ãëàâíîå îãðàíè÷åíèå òàêèõ ìåòîäîâ —

ñëó÷àéíûé ïðîöåññ äîëæåí áûòü ñòàöèîíàðíûì ñ

ãàóññîâñêèì çàêîíîì ðàñïðåäåëåíèÿ ñëó÷àéíûõ
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âåëè÷èí. Ïîìèìî ýòîãî, â ðàáîòå [22] îòìå÷åíî,

÷òî äîëãîâå÷íîñòü ÷àñòîòíûìè ìåòîäàìè îöåíè-

âàåòñÿ òîëüêî ïî íàïðÿæåíèÿì è íå ó÷èòûâàåòñÿ

âåðîÿòíîñòü ðàçðóøåíèÿ. Îäíàêî íåêîòîðûå àâ-

òîðû [24 – 27] îöåíèâàþò äîâåðèòåëüíûå èíòåð-

âàëû ðàññ÷èòàííîãî çíà÷åíèÿ äîëãîâå÷íîñòè.

Êðîìå òîãî, â îñíîâå ÷àñòîòíûõ ìåòîäîâ ëåæèò

ïðèìåíåíèå ëèíåéíîé ãèïîòåçû ñóììèðîâàíèÿ

ïîâðåæäåíèé Ïàëìãðåíà – Ìàéíåðà [28] ñîâìåñò-

íî ñ óðàâíåíèåì êðèâîé óñòàëîñòè âèäà

s
m

N = C, (6)

ãäå s — àìïëèòóäà íàïðÿæåíèé; m è C — êîí-

ñòàíòû êðèâîé óñòàëîñòè; N — äîëãîâå÷íîñòü.

Ïðè ýòîì íå ïðèìåíÿþòñÿ íåëèíåéíûå ãèïîòåçû

ñóììèðîâàíèÿ, òàêèå êàê ìîäèôèöèðîâàííàÿ ãè-

ïîòåçà Êîãàåâà [29], Marko – Starkey [30], Leis

[31], Niu [32] èëè Chaboche – Lesne [33] è ðàçíûå

èíòåðïðåòàöèè êðèâûõ óñòàëîñòè. Ïðåèìóùåñò-

âî ÷àñòîòíûõ ìåòîäîâ çàêëþ÷àåòñÿ â âîçìîæíî-

ñòè îöåíèâàòü ðåñóðñ êîíñòðóêöèé, íå èìåÿ âñåé

ðåàëèçàöèè ñëó÷àéíîãî íàãðóæåíèÿ, ÷åðåç ñïåê-

òðàëüíóþ ïëîòíîñòü íàïðÿæåíèé. Äî ñèõ ïîð

èäóò ñïîðû î êîððåêòíîñòè ïðèìåíåíèÿ âðåìåí-

íûõ è ÷àñòîòíûõ ïîäõîäîâ [34]. Ïîäðîáíûå ñðàâ-

íèòåëüíûå îáçîðû ñóùåñòâóþùèõ ìåòîäîâ è ïîä-

õîäîâ õîðîøî îïèñàíû â ðàáîòàõ [22, 35].

Â äàííîé ðàáîòå äëÿ îöåíêè äîëãîâå÷íîñòè

êîíñòðóêöèé ïðèìåíÿëè ìåòîäû ÷àñòîòíîãî ïîä-

õîäà. Âñå ÷àñòîòíûå ìåòîäû â êà÷åñòâå âõîäíûõ

äàííûõ ïîäðàçóìåâàþò èñïîëüçîâàíèå ñïåê-

òðàëüíûõ ìîìåíòîâ ë
n
, ïîëó÷àåìûõ èç çàâèñèìî-

ñòè ñïåêòðàëüíîé ïëîòíîñòè ìîùíîñòè:

' � � �
n

n
G�

.

/
( ) ,d

0

(7)

ãäå ë
n

— ñïåêòðàëüíûé ìîìåíò n-ãî ïîðÿäêà

(n = 0, 1, 2, 3, ...); G(ù) — ñïåêòðàëüíàÿ ïëîò-

íîñòü ìîùíîñòè ïðîöåññà; ù — óãëîâàÿ ÷àñòîòà,

ðàä/ñ.

Îñíîâíûå õàðàêòåðèñòèêè ñëó÷àéíîãî ïðî-

öåññà ìîæíî ðàññ÷èòàòü ÷åðåç ñïåêòðàëüíûå ìî-

ìåíòû. Ïðè ýòîì ÷àñòîòó ïåðåñå÷åíèé ñðåäíåãî

óðîâíÿ (í0) è ÷àñòîòó ïîÿâëåíèÿ ïèêîâ (í
p
) âû-

÷èñëÿþò ïî çàâèñèìîñòÿì

0

�

'

'
0

2

0

1

2
� , 0

�

'

'

p
�

1

2

4

2

, (8)

à êîýôôèöèåíò íåðåãóëÿðíîñòè (ã), õàðàêòå-

ðèçóþùèé øèðîêîïîëîñíîñòü ïðîöåññà, — ïî

ôîðìóëå

1

0

0

'

' '

� �
0 2

0 4p

. (9)

Êîýôôèöèåíò íåðåãóëÿðíîñòè (ã) ðàâåí åäèíèöå

äëÿ óçêîïîëîñíûõ ïðîöåññîâ è ñòðåìèòñÿ ê íóëþ

äëÿ øèðîêîïîëîñíûõ.

Ñ ó÷åòîì óðàâíåíèÿ êðèâîé óñòàëîñòè (6) è

ëèíåéíîé ãèïîòåçû ñóììèðîâàíèÿ ïîâðåæäåíèé

Ïàëìãðåíà – Ìàéíåðà äîëãîâå÷íîñòü D ïî åäè-

íè÷íîìó îòðåçêó âðåìåíè ñîñòàâèò

D

C

s p s s
p

m

a
( ) ( ) ,1

0

�

.

/

0

d (10)

ãäå p
a
(s) — ïëîòíîñòü ðàñïðåäåëåíèÿ ìàêñèìóìîâ

ñëó÷àéíîãî ïðîöåññà.

Çàâèñèìîñòü (10) äëÿ áîëüøèíñòâà ÷àñòîòíûõ

ìåòîäîâ ÿâëÿåòñÿ îñíîâîïîëàãàþùåé. Äëÿ óçêî-

ïîëîñíûõ ïðîöåññîâ (ã = 1) èçâåñòíî, ÷òî ìàêñè-

ìóìû ðàñïðåäåëåíû ïî çàêîíó Ðåëåÿ, ïîýòîìó
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Ðèñ. 1. Áëîê-ñõåìà àëãîðèòìà ðàáîòû VMD

Fig. 1. Block diagram of the VMD algorithm



äîëãîâå÷íîñòü ìîæíî íàéòè ÷åðåç ãàììà-ôóíê-

öèþ ïî çàâèñèìîñòè
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4 , (11)

ãäå Ã(·) — ãàììà-ôóíêöèÿ Ýéëåðà.

Ò. Äèðëèê â ðàáîòå [36] âûâåë ñâîé çàêîí ðàñ-

ïðåäåëåíèÿ ìàêñèìóìîâ äëÿ øèðîêîïîëîñíûõ

ïðîöåññîâ. Îí îáúåäèíèë ýêñïîíåíöèàëüíîå è

äâà Ðåëååâñêèõ ðàñïðåäåëåíèÿ:
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a
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ãäå Z = s/ó
X

— íîðìèðîâàííàÿ àìïëèòóäà; ó
X

—

ñðåäíåå êâàäðàòè÷åñêîå çíà÷åíèå ïðîöåññà;

x
m
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'
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x
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� ,

ãäå ë0, ë1, ë2, ë4 — ñïåêòðàëüíûå ìîìåíòû ïîðÿä-

êîâ n, ðàâíûõ 0, 1, 2 è 4 ñîîòâåòñòâåííî.

Â íàñòîÿùåå âðåìÿ ìåòîä Äèðëèêà — îäèí èç

íàèáîëåå ðàñïðîñòðàíåííûõ ìåòîäîâ îöåíêè äîë-

ãîâå÷íîñòè â ÷àñòîòíîé îáëàñòè íåñìîòðÿ íà òî,

÷òî îí ÿâëÿåòñÿ ïîëíîñòüþ ýìïèðè÷åñêèì. Ïî-

âðåæäåíèå çà âðåìÿ T äåéñòâèÿ ñëó÷àéíîé íà-

ãðóçêè ðàññ÷èòûâàåòñÿ ïî çàâèñèìîñòè

D
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C

D Q m
DK
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m m
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Â îñíîâå ìåòîäà Áåíàøóýòòè [37] ñòîèò ïðåä-

ïîëîæåíèå, ÷òî äîëãîâå÷íîñòü D
RFC

, ðàññ÷èòàí-

íàÿ ìåòîäîì «ïàäàþùåãî äîæäÿ», áóäåò ëåæàòü â

äèàïàçîíå, íèæíèé ïðåäåë êîòîðîãî — äîëãîâå÷-

íîñòü D
RC

, âû÷èñëåííàÿ ìåòîäîì ðàçìàõîâ, à

âåðõíèé ïðåäåë — äîëãîâå÷íîñòü D
NB

, âû÷èñëåí-

íàÿ äëÿ óçêîïîëîñíîãî ñëó÷àéíîãî ïðîöåññà:

D
RC

� D
RFC

� D
NB

. (14)

Òîãäà äîëãîâå÷íîñòü ìîæåò áûòü îöåíåíà ñëå-

äóþùåé çàâèñèìîñòüþ:

D
BT

= b
BT

D
NB

+ (1 – b
BT

)D
RC

. (15)

Ñîãëàñíî [38] äîëãîâå÷íîñòü D
RC

ìîæåò áûòü âû-

ðàæåíà ïðèáëèæåííîé çàâèñèìîñòüþ —

D
RC

� D
NB

m
(

2

1�
. (16)

Â èòîãå âûðàæåíèå (15) ïåðåïèøåì â âèäå

D b b D
BT BT BT

m

NB
� � �

�

[ ( ) ] ,1
2

1
( (17)

ãäå êîýôôèöèåíò b
BT

íàõîäèòñÿ ïî çàâèñèìîñòè,

ïðåäñòàâëåííîé â ðàáîòå [37]:

b
BT

� � �( )( (
1 2

�

� � � � �

�

[ , ( ( )) ( )]

( )
,

,
1112 1

1

1 2 1 2

2 11

1 2

2

2

2
( ( ( ( ( (

(

(

e

(18)

(

'

' '

1

0 2

� . (19)

Êàê îòìå÷àëîñü ðàíåå, îïèñàííûå âûøå ìåòî-

äû îöåíêè äîëãîâå÷íîñòè â ÷àñòîòíîé îáëàñòè

èìåþò îãðàíè÷åíèÿ ïî ïðèìåíèìîñòè, à èìåííî

ñïðàâåäëèâû òîëüêî äëÿ ñòàöèîíàðíûõ ñëó÷àé-

íûõ ïðîöåññîâ ñ ãàóññîâñêèì çàêîíîì ðàñïðåäå-

ëåíèÿ ñëó÷àéíûõ âåëè÷èí.

Ïðåäëîæåííûé ìåòîä îöåíêè

äîëãîâå÷íîñòè äëÿ ñëó÷àéíîãî

íàãðóæåíèÿ

Ïðåäëîæåííûé ìåòîä ìîæíî ïðåäñòàâèòü â

âèäå ñòðóêòóðíîé ñõåìû, ïîêàçàííîé íà ðèñ. 2.

Â îñíîâå ïðåäëàãàåìîãî ìåòîäà ëåæèò ïðèìåíå-

íèå ê íåñòàöèîíàðíîìó ïðîöåññó íàãðóæåíèÿ âà-

ðèàöèîííîé ìîäîâîé äåêîìïîçèöèè (I). Òàêèì

îáðàçîì, íåñòàöèîíàðíûé ñèãíàë ïðåäñòàâëÿåòñÿ

â âèäå íàáîðà áîëåå ïðîñòûõ ïî ñòðóêòóðå ñëó-

÷àéíûõ ïðîöåññîâ (ìîä). Ïðåäïîëàãàåòñÿ, ÷òî

ïðè êîððåêòíîì çàäàíèè ïàðàìåòðîâ äåêîìïîçè-

öèè ïîëó÷åííûå ìîäû (IMF) áóäóò ñòàöèîíàðíû-

ìè è óçêîïîëîñíûìè. Äëÿ êàæäîé ìîäû âû÷èñëÿ-

þòñÿ ñïåêòðàëüíàÿ ïëîòíîñòü è åå õàðàêòåðèñòè-

êè â âèäå ñïåêòðàëüíûõ ìîìåíòîâ (II). Ñëåäóþ-

ùèì øàãîì ÿâëÿåòñÿ âûäåëåíèå íàèáîëåå çíà÷è-

ìûõ ìîä ñ òî÷êè çðåíèÿ óñòàëîñòè è íàõîæäåíèå

äëÿ íèõ ïëîòíîñòåé ðàñïðåäåëåíèÿ ìàêñèìóìîâ

(III). Â ñâÿçè ñ òåì, ÷òî ïîëó÷àåìûå ïîñëå ðàçëî-

æåíèÿ ïðîöåññû (IMF) ÿâëÿþòñÿ óçêîïîëîñíûìè,
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ïëîòíîñòè ðàñïðåäåëåíèÿ ìàêñèìóìîâ ìîæíî âû-
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exp . (20)

Äàëåå âûïîëíÿåòñÿ ñóììèðîâàíèå ïëîòíî-

ñòåé ðàñïðåäåëåíèÿ ìàêñèìóìîâ ïî îðèãèíàëü-

íîé ìåòîäèêå (îïèñàíà äàëåå) è îöåíèâàåòñÿ äîë-

ãîâå÷íîñòü ïî çàâèñèìîñòè (10).

Âûáîð ìîä è âû÷èñëåíèå èõ ýêâèâàëåíòíîé

ïëîòíîñòè ðàñïðåäåëåíèÿ ìàêñèìóìîâ. Ïîñëå

âûäåëåíèÿ âñåõ ìîä èç èñõîäíîãî ïðîöåññà ñ ïî-

ìîùüþ VMD ñëåäóåò îòáðîñèòü òå ìîäû, àìïëè-

òóäû êîòîðûõ èìåþò íåçíà÷èòåëüíûå âåëè÷èíû

ñ òî÷êè çðåíèÿ óñòàëîñòè. Îáû÷íî ýòî øóìû, âû-

çâàííûå ðàáîòîé äðóãèõ àãðåãàòîâ, èëè øóì ñà-

ìîãî èçìåðèòåëüíîãî óñòðîéñòâà. Ïðåäëàãàåòñÿ

îòáðàñûâàòü âñå ìîäû, àìïëèòóäû êîòîðûõ íèæå

5 % îò ìàêñèìàëüíîé àìïëèòóäû èñõîäíîãî ïðî-

öåññà. Âûáîð òàêîãî óðîâíÿ îáîñíîâàí òåì, ÷òî íà

ïðàêòèêå ñòàðàþòñÿ äîáèòüñÿ ñèòóàöèè, êîãäà

ìàêñèìàëüíûå íàïðÿæåíèÿ â êîíñòðóêöèè íà

10 % íèæå ïðåäåëà âûíîñëèâîñòè ìàòåðèàëà. Â

òàêîì ñëó÷àå âûáðàííûé ïðåäåë â 5 % îçíà÷àåò,

÷òî ïîâðåæäàåìîñòü îò òàêèõ àìïëèòóä áóäåò íå-

çíà÷èòåëüíîé íà ôîíå îñòàëüíûõ àìïëèòóä.

Êàæäàÿ ìîäà îêàçûâàåò ðàçíîå âëèÿíèå íà

èòîãîâóþ äîëãîâå÷íîñòü, ïðè ýòîì ìîäà ñ áîëü-

øèì ÷èñëîì öèêëîâ îêàçûâàåò íà íåå áîëüøåå

âëèÿíèå. Â äàííîé ðàáîòå èñïîëüçîâàíà çàâèñè-

ìîñòü, ïîçâîëÿþùàÿ ó÷èòûâàòü ðàçíîå âëèÿíèå

ìîä íà èòîãîâóþ ïîâðåæäàåìîñòü ïóòåì äîáàâëå-

íèÿ âåñîâîãî êîýôôèöèåíòà, â îñíîâå êîòîðîãî

ëåæèò ñêîðîñòü ïîÿâëåíèÿ ìàêñèìàëüíûõ àìïëè-

òóä (í
p
). Òàêèì îáðàçîì, ýêâèâàëåíòíàÿ ïî ïîâðå-

æäåíèþ èñõîäíîãî íåñòàöèîíàðíîãî ïðîöåññà

ïëîòíîñòü ðàñïðåäåëåíèÿ ìàêñèìóìîâ ïðåäñòàâ-

ëÿåòñÿ ñëåäóþùåé çàâèñèìîñòüþ:
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1
0

0 (21)

ãäå p
i
(s) — ïëîòíîñòü ðàñïðåäåëåíèÿ ìàêñèìóìîâ

äëÿ i-é ìîäû, ðàññ÷èòàííàÿ ïî (20).

Îöåíêà äîëãîâå÷íîñòè. Ïîâðåæäåíèå çà åäè-

íèöó âðåìåíè ïðè âîçäåéñòâèè íåñòàöèîíàðíîãî

ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ ìîæíî íàéòè,

ïîäñòàâèâ âûðàæåíèå (21) â (10):
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n
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0 d (22)

Îäíàêî ñòîèò îòìåòèòü, ÷òî äàííûé ìåòîä íå

ó÷èòûâàåò âëèÿíèÿ àñèììåòðèè íàãðóæåíèÿ è

òðåáóåò äîðàáîòêè äëÿ åå ó÷åòà. Íà òåêóùåé ñòà-

äèè îòðàáîòêè ìåòîäèêè ïðåäëàãàåòñÿ èñïîëüçî-

âàòü ãîòîâûå ðåøåíèÿ ó÷åòà àñèììåòðèè äëÿ âðå-

ìåííûõ è ÷àñòîòíûõ ìåòîäîâ îöåíêè äîëãîâå÷íî-

ñòè [39, 40], à èìåííî ïðèìåíÿòü äëÿ ýòîãî êîð-

ðåêòèðóþùóþ ìîäåëü Ãóäìàíà èëè Ãåðáåðà.

Ïðåäëàãàåìûé ìåòîä îöåíêè äîëãîâå÷íîñòè

ýôôåêòèâíî èñïîëüçóåò ìåòîä VMD, ïðè ýòîì íè-

êàêîé ïðåäâàðèòåëüíîé èíôîðìàöèè îá èñõîä-

íîì ïðîöåññå çíàòü íå òðåáóåòñÿ. Íàïðèìåð, â îò-

ëè÷èå îò ìåòîäà, îïèñàííîãî â [1, 41] äëÿ ñëó-

÷àéíûõ èçìåíÿþùèõñÿ íàãðóçîê, ïðåäëîæåííûé

ìåòîä ââèäó ñâîåé àäàïòèâíîñòè íå òðåáóåò íè

àïðèîðíîé èíôîðìàöèè î ïðîäîëæèòåëüíîñòè

âðåìåíè, íè ñðåäíåãî çíà÷åíèÿ êàæäîãî ñåãìåíòà
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Fig. 2. Structural diagram of the method for assessing fatigue life under non-stationary loading



èñõîäíîãî ïðîöåññà íàïðÿæåíèé. Êðîìå òîãî,

ïðåäïîëîæåíèÿ î òîì, ÷òî ëåæàùèé â îñíîâå ñëó-

÷àéíûé ïðîöåññ ÿâëÿåòñÿ ãàóññîâñêèì óçêîïîëîñ-

íûì è ÷òî ñëó÷àéíûé ïðîöåññ ìîæåò áûòü ðàçëî-

æåí íà íåñêîëüêî ãàóññîâñêèõ ÷àñòåé [42], íå ÿâ-

ëÿþòñÿ íåîáõîäèìûìè äëÿ ðåàëèçàöèè âûøåóêà-

çàííîãî ìåòîäà. Îäíàêî â äàëüíåéøèõ èññëåäîâà-

íèÿõ íåîáõîäèìî äîïîëíèòü ïðåäëàãàåìûé ìåòîä

àëãîðèòìàìè ïåðåâîäà íåãàóññîâñêîãî ïðîöåññà â

ýêâèâàëåíòíûé ãàóññîâñêèé, êîòîðûå õîðîøî

îïèñàíû â ðàáîòàõ [24, 43 – 46].

Âåðèôèêàöèÿ ìåòîäà

÷èñëåííûì ýêñïåðèìåíòîì

Ãåíåðàöèÿ ñòàöèîíàðíûõ è íåñòàöèîíàð-

íûõ ïðîöåññîâ. Ðàññìîòðèì ïðèìåíåíèå ïðåäëî-

æåííîãî ìåòîäà îöåíêè äîëãîâå÷íîñòè äëÿ ðàç-

íûõ ïî ñòðóêòóðå ñòàöèîíàðíûõ è íåñòàöèîíàð-

íûõ ñëó÷àéíûõ ïðîöåññîâ. Äëÿ ïîñëåäóþùåãî

ðàñ÷åòà íà äîëãîâå÷íîñòü ïðèìåì, ÷òî âñå ðàñ-

ñìîòðåííûå ïðîöåññû ïðåäñòàâëÿþò ñîáîé ôóíê-

öèè ìåõàíè÷åñêèõ íàïðÿæåíèé ó [ÌÏà] îò âðå-

ìåíè t [ñ]. Ïðè ýòîì ïî óðîâíþ íàïðÿæåíèé îãðà-

íè÷èìñÿ ìàêñèìàëüíûìè âûáðîñàìè â ðåàëèçà-

öèÿõ ïðèìåðíî äî 300 ÌÏà, ÷òî íåîáõîäèìî äëÿ

ïîñëåäóþùåãî êîððåêòíîãî ðåñóðñíîãî ðàñ÷åòà ñ

ó÷åòîì óñòàëîñòíûõ õàðàêòåðèñòèê ïðèìåíÿåìî-

ãî ìàòåðèàëà. ×àñòîòà äèñêðåòèçàöèè äëÿ âñåõ

ñëó÷àéíûõ ïðîöåññîâ ñîñòàâëÿëà 100 Ãö.

Â öåëÿõ íàáîðà ñòàòèñòè÷åñêèõ äàííûõ ïî óñ-

òàëîñòíîé äîëãîâå÷íîñòè äëÿ êàæäîãî âûáðàííî-

ãî òèïà ïðîöåññà ñãåíåðèðîâàíî ïî òðè âàðèàíòà

ðåàëèçàöèè ïðîöåññà. Íèæå ïðèâåäåíî êðàòêîå

îïèñàíèå ñèíòåçèðîâàííûõ ïðîöåññîâ.

Ñòàöèîíàðíûå ñëó÷àéíûå ïðîöåññû. Àíàëè-

çèðóÿ èññëåäîâàíèÿ àâòîðîâ ðàáîò [47 – 49], à

òàêæå ïðèíèìàÿ âî âíèìàíèå òîò ôàêò, ÷òî íàè-

áîëüøèå ïåðåìåùåíèÿ è ñîîòâåòñòâåííî íàïðÿ-

æåíèÿ â êîíñòðóêöèè ìàøèíîñòðîèòåëüíûõ îáú-

åêòîâ âîçíèêàþò ïðè íèçêî÷àñòîòíîì âîçäåéñò-

âèè, âûäåëèì ñëåäóþùèå ñëó÷àéíûå ïðîöåññû ñ

èõ õàðàêòåðèñòèêàìè:

1) ñèíòåçèðîâàííûé ñòàöèîíàðíûé ãàóññîâ-

ñêèé óçêîïîëîñíûé ïðîöåññ ñ ïèêîì ñïåêòðàëü-

íîé ïëîòíîñòè ìîùíîñòè (ÑÏÌ) 2000 ÌÏà2/Ãö

ïðè ÷àñòîòå 8 Ãö (ÑÊÇ = 55 ÌÏà);

2) ñèíòåçèðîâàííûé ñòàöèîíàðíûé ãàóññîâ-

ñêèé ïðîöåññ òèïà «áåëûé» øóì ñ ïîñòîÿííûì

óðîâíåì ñïåêòðàëüíîé ïëîòíîñòè ìîùíîñòè

90 ÌÏà2/Ãö â ÷àñòîòíîì äèàïàçîíå îò 5 äî 50 Ãö

(ÑÊÇ = 66 ÌÏà);

3) ñèíòåçèðîâàííûé øèðîêîïîëîñíûé ñòà-

öèîíàðíûé ãàóññîâñêèé ïðîöåññ ñî ñïåêòðàëüíîé

ïëîòíîñòüþ ìîùíîñòè S(ù), îïèñàííîé àíàëèòè-

÷åñêîé çàâèñèìîñòüþ [50] (ðèñ. 3, à)

S(ù) = ( ) ,
, /

sf e

12

7

2 5
3

�

��

0,75 � ù � 3,0, (23)

ãäå sf — ìàñøòàáíûé êîýôôèöèåíò óðîâíÿ äèñ-

ïåðñèè (â ðàáîòå sf = 5800);

4) cèíòåçèðîâàííûé áèìîäàëüíûé ñòàöèî-

íàðíûé ãàóññîâñêèé ïðîöåññ (ðèñ. 3, á) ñî ñïåê-

òðàëüíîé ïëîòíîñòüþ ìîùíîñòè [50]
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(24)

(ìàñøòàáíûé êîýôôèöèåíò óðîâíÿ äèñïåðñèè

ïðèíÿò sf = 5300).

Íåñòàöèîíàðíûå ñëó÷àéíûå ïðîöåññû.

1. Êîìáèíèðîâàííûé ñëó÷àéíûé ïðîöåññ

(switching process) ñîñòîèò èç ñåãìåíòîâ ñòàöèî-

íàðíûõ ïðîöåññîâ ðàçíîé äèñïåðñèè. Òèï òàêîãî

ñëó÷àéíîãî ïðîöåññà áûë çàèìñòâîâàí èç ðàáîòû

[1]. Çà îñíîâó áåðóòñÿ äâà ñëó÷àéíûõ ïðîöåññà:

øèðîêîïîëîñíûé (WB) — îïèñûâàåòñÿ ñïåê-

òðàëüíîé ïëîòíîñòüþ (23) è áèìîäàëüíûé

(BM) — çàâèñèìîñòüþ (24). Äâà ñåãìåíòà òàêèõ
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à á

Ðèñ. 3. Ôîðìà ñïåêòðàëüíûõ ïëîòíîñòåé ñèíòåçèðîâàííûõ øèðîêîïîëîñíûõ ïðîöåññîâ

Fig. 3. Shape of spectral densities of synthesized broadband processes



ïðîöåññîâ ñîåäèíåíû â îäèí íåñòàöèîíàðíûé

ïðîöåññ ñ ñîîòíîøåíèÿìè äëèí T1/T2 = 3 è äèñ-

ïåðñèé � �
2

2

1

2
= 4. Ïðèìåð òàêîãî ñëó÷àéíîãî

ïðîöåññà ïîêàçàí íà ðèñ. 4. Âàæíî îòìåòèòü, ÷òî

ïîëó÷àåìûå òàêèì ñëîæåíèåì ñëó÷àéíûå ñèãíà-

ëû èìåþò çàêîí ðàñïðåäåëåíèÿ ñëó÷àéíûõ âåëè-

÷èí, îòëè÷íûé îò ãàóññîâñêîãî.

2. Ðàâíîìåðíî ìîäóëèðîâàííûé ñëó÷àéíûé

ïðîöåññ ñãåíåðèðîâàí ïóòåì ñëîæåíèÿ ëèíåéíîé

çàâèñèìîñòè ñî ñòàöèîíàðíûì ñëó÷àéíûì ïðî-

öåññîì. Âûäåëåíî äâà òèïà ìîäóëèðîâàííîãî

ïðîöåññà: ïåðâûé òèï (ðèñ. 5, à) — ðàâíîìåðíîå

íàðàñòàíèå àìïëèòóäû íà÷èíàåòñÿ îò íóëåâîãî

çíà÷åíèÿ; âòîðîé òèï (ðèñ. 5, á) — ðàâíîìåðíîå

íàðàñòàíèå àìïëèòóäû íà÷èíàåòñÿ íå îò íóëåâî-

ãî çíà÷åíèÿ.

Èñïîëüçóåìûå â èññëåäîâàíèè ñãåíåðèðîâàí-

íûå ñëó÷àéíûå ïðîöåññû è èõ õàðàêòåðèñòèêè

ïðåäñòàâëåíû â òàáë. 1. Îòìåòèì, ÷òî ðàññìàòðè-

âàåìûé íàáîð âêëþ÷àåò êàê ñòàöèîíàðíûå ïðî-

öåññû, áëèçêèå ê ãàóññîâñêîìó ðàñïðåäåëåíèþ ñ

ðàçíîé øèðîêîïîëîñíîñòüþ (0,59 < ã < 1), òàê è

íåñòàöèîíàðíûå ñ íåãàóññîâñêèì ðàñïðåäåëåíè-

åì è èçìåíÿþùèìèñÿ ñòàòèñòè÷åñêèìè ïàðàìåò-

ðàìè. Ïðîöåññû ñ èçìåíÿþùèìñÿ ìàòåìàòè÷å-

ñêèì îæèäàíèåì íå ðàññìàòðèâàëèñü â ñèëó òîãî,

÷òî ñïåêòðàëüíûå ìåòîäû õîðîøî ðàáîòàþò òîëü-

êî äëÿ öåíòðèðîâàííûõ ïðîöåññîâ. Â äàëüíåé-

øèõ èññëåäîâàíèÿõ ìàòåìàòè÷åñêîå îæèäàíèå

ìîæíî ó÷åñòü â ïîìîùüþ ñóùåñòâóþùèõ ìåòîäîâ

[40, 51, 52].

Ñðàâíåíèå è àíàëèç ïîëó÷åííûõ äîëãîâå÷íî-

ñòåé. Â ðàñ÷åòàõ èñïîëüçîâàëè óñòàëîñòíûå õà-

ðàêòåðèñòèêè äëÿ àëþìèíèåâîãî ñïëàâà: ïàðà-

ìåòð óãëà íàêëîíà êðèâîé óñòàëîñòè m = 5; òî÷-

êà ïåðåëîìà N0 = 5 · 106 öèêëîâ; ïðåäåë îãðàíè-

÷åííîé âûíîñëèâîñòè äëÿ áàçû èñïûòàíèé

ó–1 = 60 ÌÏà.

Ðàñ÷åòíûì ïóòåì âûÿâëåíî, ÷òî äëÿ ïðåäëà-

ãàåìîãî ìåòîäà îïòèìàëüíûì ÿâëÿåòñÿ ðàçëîæå-

íèå ïî ìåòîäó VMD íà ÷åòûðå ìîäû äëÿ áîëü-

øèíñòâà ñòàöèîíàðíûõ è íåñòàöèîíàðíûõ ñëó-

÷àéíûõ ïðîöåññîâ.

Â ðåçóëüòàòå ðàñ÷åòîâ ïîëó÷åíû äîëãîâå÷íî-

ñòè äëÿ ñèíòåçèðîâàííûõ ñëó÷àéíûõ ïðîöåññîâ,

îïèñàííûõ â òàáë. 1. Äîëãîâå÷íîñòè îöåíèâàëè

ïî îøèáêå (â %) ïðè ñðàâíåíèè ñ ðåôåðåíòíûì

ìåòîäîì. Çà ðåôåðåíòíûé ïðèíÿò âðåìåííîé

ìåòîä «ïàäàþùåãî äîæäÿ», êîòîðûé èñïîëüçóåò-

ñÿ äëÿ ñðàâíåíèÿ áîëüøèíñòâîì èññëåäîâàòåëåé

[40, 53]. Ñ ðåôåðåíòíûì ñðàâíèâàëè ïðåäëîæåí-

íûé ìåòîä, ìåòîäû Äèðëèêà è Áåíàøóýòòè. Ïî-

ëó÷åííûå ñðàâíèòåëüíûå õàðàêòåðèñòèêè (â %)

ïðåäñòàâëåíû â òàáë. 2, à òàêæå íà ðèñ. 6.

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîêàçûâàåò,

÷òî â öåëîì ïðåäëîæåííûé ìåòîä õîðîøî ðàáî-

òàåò äëÿ ðàññìîòðåííûõ êàê ñòàöèîíàðíûõ ñëó-

÷àéíûõ ïðîöåññîâ, òàê è äëÿ íåñòàöèîíàðíûõ

ïðîöåññîâ.

Äëÿ ñòàöèîíàðíûõ ñëó÷àéíûõ ïðîöåññîâ

ïðåäëîæåííûé ìåòîä ïîêàçàë õîðîøóþ ñõîäè-

ìîñòü ñ ìåòîäîì «ïàäàþùåãî äîæäÿ». Ìàêñè-

ìàëüíàÿ ïîãðåøíîñòü äîñòèãàåò 42 – 47 % äëÿ
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Ðèñ. 4. Äâóõñåãìåíòíûé ñãåíåðèðîâàííûé íåñòàöèîíàð-

íûé ïðîöåññ

Fig. 4. Generated two-segment non-stationary process

à á

Ðèñ. 5. Ñãåíåðèðîâàííûå ðàâíîìåðíî ìîäóëèðîâàííûå ñëó÷àéíûå ïðîöåññû

Fig. 5. Generated uniformly modulated random processes
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Òàáëèöà 1. Ñèíòåçèðîâàííûå ñëó÷àéíûå ïðîöåññû è èõ õàðàêòåðèñòèêè

Table 1. Synthesized random processes and their characteristics

Îáîçíà÷åíèå ïðîöåññà Îïèñàíèå ïðîöåññà ÑÊÇ
Êîýôôèöèåíò

íåðåãóëÿðíîñòè (ã)

Êîýôôèöèåíò

ýêñöåññà

narrowband_1 Óçêîïîëîñíûé

ñëó÷àéíûé ïðîöåññ

54,6 1,00 3,0

narrowband_2 54,6 1,00 2,9

narrowband_3 54,6 1,00 2,9

whitenoise_1 Ñëó÷àéíûé ïðîöåññ ñ ÑÏÌ

òèïà «áåëûé øóì»

66,8 0,86 3,0

whitenoise_2 67,2 0,86 3,0

whitenoise_3 67,1 0,86 3,0

WB_onePeak_1 Øèðîêîïîëîñíûé ïðîöåññ,

ÑÏÌ îïèñûâàåòñÿ

çàâèñèìîñòüþ (23)

60,1 0,95 3,0

WB_onePeak_2 60,2 0,95 3,0

WB_onePeak_3 60,3 0,94 3,0

BM_twoPeaks_1 Áèìîäàëüíûé ïðîöåññ,

ÑÏÌ îïèñûâàåòñÿ

çàâèñèìîñòüþ (24)

60,4 0,60 3,0

BM_twoPeaks_2 60,4 0,59 3,0

BM_twoPeaks_3 59,6 0,59 3,0

WB+WB_1 Äâà øèðîêîïîëîñíûõ ïðîöåññà

ñ ñîîòíîøåíèÿìè äèñïåðñèé

� �2
2

1
2

4� è äëèí T1/T2 = 3

57,5 0,95 4,7

WB+WB_2 57,1 0,94 4,7

WB+WB_3 57,4 0,94 4,6

BM+BM_1 Äâà áèìîäàëüíûõ ïðîöåññà

ñ ñîîòíîøåíèÿìè äèñïåðñèé

� �2
2

1
2

4� è äëèí T1/T2 = 3

59,6 0,59 4,6

BM+BM_2 59,9 0,59 4,6

BM+BM_3 60,3 0,59 4,8

WB+BM_1 Øèðîêîïîëîñíûé è áèìîäàëüíûé

ïðîöåññû ñ ñîîòíîøåíèÿìè äèñïåðñèé

� �2
2

1
2

4� è äëèí T1/T2 = 3

58,6 0,86 4,9

WB+BM_2 58,6 0,86 4,8

WB+BM_3 59,1 0,86 5,0

modulated_type1_1 Ðàâíîìåðíî ìîäóëèðîâàííûé

ïðîöåññ îò íóëåâîãî çíà÷åíèÿ

(ñì. ðèñ. 5, à)

59,5 0,86 5,3

modulated_type1_2 59,3 0,85 5,4

modulated_type1_3 59,2 0,86 5,5

modulated_type2_1 Ðàâíîìåðíî ìîäóëèðîâàííûé

ïðîöåññ íå îò íóëåâîãî çíà÷åíèÿ

(ñì. ðèñ. 5, á)

60,5 0,86 3,6

modulated_type2_2 60,2 0,86 3,6

modulated_type2_3 60,2 0,86 3,7
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Fig. 6. Comparison of errors of the reference and rainflow methods



ïðîöåññîâ ïî òèïó «áåëûé øóì» è äëÿ ïðîöåññîâ

ñ äâóõïèêîâîé ñïåêòðàëüíîé ìîùíîñòüþ, ò.å. øè-

ðîêîïîëîñíûõ. Äëÿ ïðîöåññîâ, áëèçêèõ ê óçêîïî-

ëîñíûì, ïîãðåøíîñòü íå ïðåâûøàåò 6 – 12 %.

Òðàäèöèîííûå ìåòîäû Äèðëèêà è Áåíàøóýòòè

ïîêàçûâàþò ñõîæèå âåëè÷èíû ðàñõîæäåíèé ñ ìå-

òîäîì «ïàäàþùåãî äîæäÿ».

Ïðè ðàññìîòðåíèè íåñòàöèîíàðíûõ ïðîöåñ-

ñîâ âèäíî, ÷òî ïðàêòè÷åñêè âî âñåõ ñëó÷àÿõ ìåòî-

äû ïîêàçàëè çàíèæåííûå ðåçóëüòàòû äîëãîâå÷-

íîñòåé â ñðàâíåíèè ñ ìåòîäîì «ïàäàþùåãî äîæ-

äÿ». Äëÿ êîìáèíèðîâàííûõ (switching) ïðîöåññîâ

ïîãðåøíîñòè ïðåäëîæåííîãî ìåòîäà íå ïðåâû-

øàþò 220 %, â òî âðåìÿ êàê äëÿ ìåòîäà Äèðëèêà

è Áåíàøóýòòè ïîãðåøíîñòè ñîñòàâëÿþò 300 –

400 %, â îòäåëüíûõ ñëó÷àÿõ — âûøå 500 %. Äëÿ

ìîäóëèðîâàííûõ ïðîöåññîâ ïðåäëîæåííûé ìå-

òîä òàêæå ïîêàçàë ëó÷øóþ ñõîäèìîñòü — îøèáêà

äî 40 %, ìåòîäû Äèðëèêà è Áåíàøóýòòè ìîãóò

èìåòü ðàçíèöó â 100 – 200 % (ìîäóëèðîâàííûé

ïðîöåññ, òèï 1).

Âûâîäû

Ïðåäëîæåí ìåòîä îöåíêè äîëãîâå÷íîñòè êîí-

ñòðóêöèé êàê äëÿ ñòàöèîíàðíîãî, òàê è íåñòàöèî-

íàðíîãî ýêñïëóàòàöèîííîãî íàãðóæåíèÿ. Ìåòîä

îñíîâàí íà âàðèàöèîííîé ìîäîâîé äåêîìïîçèöèè

èñõîäíîãî ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ íà

îòäåëüíûå ìîäû ñ ïîñëåäóþùåé èõ îáðàáîòêîé

÷àñòîòíûìè ìåòîäàìè è â êîíå÷íîì ñ÷åòå îöåí-

êîé äîëãîâå÷íîñòè êîíñòðóêöèé.

Ìåòîä ïîêàçàë õîðîøóþ òî÷íîñòü îöåíêè

äîëãîâå÷íîñòè äëÿ ñèíòåçèðîâàííûõ ñòàöèîíàð-

íûõ è íåñòàöèîíàðíûõ ïðîöåññîâ. Ñðàâíåíèå

âûïîëíÿëè ñ ìåòîäîì «ïàäàþùåãî äîæäÿ». Ïîìè-

ìî ýòîãî, ïðîâîäèëè ðàñ÷åòû äîëãîâå÷íîñòåé
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Òàáëèöà 2. Îøèáêè (â %) ìåòîäîâ â ñðàâíåíèè ñ ðåôåðåíòíûì äëÿ ðàçíûõ ïðîöåññîâ

Table 2. Errors (in %) of different methods for different processes compared to the rainflow method

Ïðîöåññ Ìåòîä Äèðëèêà Ìåòîä Áåíàøóýòòè Íîâûé ìåòîä

Ñòàöèîíàðíûå ïðîöåññû

narrowband_1 0 0 –12

narrowband_2 14 13 –6

narrowband_3 23 23 –10

whitenoise_1 39 35 47

whitenoise_2 40 36 32

whitenoise_3 41 37 36

WB_onePeak_1 30 25 4

WB_onePeak_2 27 21 –6

WB_onePeak_3 34 28 –3

BM_twoPeaks_1 18 16 –42

BM_twoPeaks_2 18 16 –38

BM_twoPeaks_3 13 11 –42

Íåñòàöèîíàðíûå ïðîöåññû

WB+WB_1 –361 –395 –127

WB+WB_2 –376 –412 –118

WB+WB_3 –363 –398 –89

BM+BM_1 –430 –444 –208

BM+BM_2 –452 –467 –206

BM+BM_3 –499 –515 –222

WB+BM_1 –302 –335 –24

WB+BM_2 –287 –319 –31

WB+BM_3 –319 –354 –30

modulated_type1_1 –149 –164 –34

modulated_type1_2 –157 –172 –41

modulated_type1_3 –178 –195 –109

modulated_type2_1 5 –1 14

modulated_type2_2 9 3 –5

modulated_type2_3 7 1 17



íàèáîëåå ïîïóëÿðíûìè ÷àñòîòíûìè ìåòîäàìè —

Äèðëèêà è Áåíàøóýòòè.

Äëÿ ñòàöèîíàðíûõ ïðîöåññîâ ïðåäëîæåííûé

ìåòîä ïîêàçàë îøèáêó, íå ïðåâûøàþùóþ 47 % â

ñëó÷àå øèðîêîïîëîñíûõ è 12 % â ñëó÷àå óçêîïî-

ëîñíûõ ïðîöåññîâ. Ðåçóëüòàòû îøèáêè ñîèçìåðè-

ìû ñ òðàäèöèîííûìè ÷àñòîòíûìè ìåòîäàìè.

Äëÿ íåñòàöèîíàðíûõ ïðîöåññîâ ïðåäëîæåí-

íûé ìåòîä çàíèæàåò äîëãîâå÷íîñòü íà 200 %, à

òðàäèöèîííûå ÷àñòîòíûå ìåòîäû — íà 400 –

500 %.

Áëàãîäàðíîñòè

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà ¹ 23-29-10097, https://

rscf.ru/project/23-29-10097

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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Êàâèòàöèîííîå èçíàøèâàíèå — ðàñïðîñòðàíåííîå ÿâëåíèå íà âîäíîì òðàíñïîðòå. Åìó

ïîäâåðæåíû ýëåìåíòû ñóäîâûõ äâèæèòåëüíûõ êîìïëåêñîâ, à òàêæå áëîêè è âòóëêè öèëèí-

äðîâ âûñîêîîáîðîòíûõ ñóäîâûõ äèçåëåé ñî ñòîðîíû ïîâåðõíîñòåé, îìûâàåìûõ âîäîé. Äëÿ

çàùèòû âîäîîõëàæäàåìîé ïîâåðõíîñòè âòóëîê ÷àñòî ïðèìåíÿþò áëåñòÿùèå òâåðäûå ïî-

êðûòèÿ èç ýëåêòðîëèòè÷åñêîãî õðîìà. Ïðè ýòîì âîïðîñ âëèÿíèÿ òðåùèí â ïîêðûòèè, ïîÿâ-

ëÿþùèõñÿ ïðè åãî íàíåñåíèè, íà èçíîñîñòîéêîñòü â óñëîâèÿõ âèáðàöèîííîé êàâèòàöèè äî

ñèõ ïîð íå ïîëó÷èë îäíîçíà÷íîãî îòâåòà. Öåëü ðàáîòû — èññëåäîâàíèå êèíåòèêè è ìåõà-

íèçìà ðàçðóøåíèÿ áëåñòÿùèõ õðîìîâûõ ýëåêòðîëèòè÷åñêèõ ïîêðûòèé ïðè êàâèòàöèîí-

íîì âîçäåéñòâèè. Èññëåäîâàíà êàâèòàöèîííàÿ èçíîñîñòîéêîñòü õðîìîâûõ ýëåêòðîëèòè÷å-

ñêèõ ïîêðûòèé ïîñëå øëèôîâàíèÿ è ïîñëå ïîëèðîâàíèÿ. Õðîìîâûå ýëåêòðîëèòè÷åñêèå ïî-

êðûòèÿ ïîëó÷àëè íà ïëàñòèíàõ (ðàçìåðîì 90 × 30 × 7 ìì) èç ÷óãóíà Ñ×21. Õðîìèðîâàíèå

ïëàñòèí îñóùåñòâëÿëè â âåðòèêàëüíîì ïîëîæåíèè ñ îäíîé ñòîðîíû (ðàçìåðîì 90 × 30 ìì)

ñïîñîáîì ïðîòî÷íîãî àíîäíî-ñòðóéíîãî õðîìèðîâàíèÿ â ñòàíäàðòíîì ýëåêòðîëèòå óíèâåð-

ñàëüíîãî òèïà ñëåäóþùåãî ñîñòàâà (êã/ì3): õðîìîâûé àíãèäðèä — 250; ñåðíàÿ êèñëîòà —

2,5; òðåõâàëåíòíûé õðîì — íå áîëåå 5; èîíû òðåõâàëåíòíîãî æåëåçà — íå áîëåå 10. Ýëåêò-

ðîëèò ãîòîâèëñÿ íà äèñòèëëèðîâàííîé âîäå îäíîêðàòíîé ïåðåãîíêè. Ðåæèìû ýëåêòðîîñàæ-

äåíèÿ: òåìïåðàòóðà ýëåêòðîëèòà 50 °C, ïëîòíîñòü òîêà 60 À/äì2. Äëÿ èñïûòàíèé íà êàâèòà-

öèîííûé èçíîñ èç îäíîé è òîé æå ïëàñòèíû âûðåçàëè ÷åòûðå îáðàçöà. Íà ïåðâûõ äâóõ îá-

ðàçöàõ ïîâåðõíîñòü õðîìîâîãî ïîêðûòèÿ øëèôîâàëè íà àáðàçèâíîé øêóðêå íîìåðîì 320.

Âòîðóþ ïàðó îáðàçöîâ ñíà÷àëà øëèôîâàëè ïîñëåäîâàòåëüíî íà øêóðêàõ çåðíèñòîñòè 320,

500, 800, 1000 è 1200, à çàòåì ïîëèðîâàëè íà ñóêíå ñ äîáàâêîé ïàñòû ÃÎÈ. Èñïûòàíèÿ íà

êàâèòàöèîííûé èçíîñ ïðîâîäèëè íà ìàãíèòîñòðèêöèîííîì âèáðàòîðå â ïðåñíîé âîäå ïðè

÷àñòîòå è àìïëèòóäå êîëåáàíèé òîðöà êîíöåíòðàòîðà ìàãíèòîñòðèêöèîííîãî âèáðàòîðà,

ðàâíûõ ñîîòâåòñòâåííî 22 êÃö è 28 ìêì. Ðàññòîÿíèå ìåæäó õðîìèðîâàííîé ïîâåðõíîñòüþ

îáðàçöà è òîðöîì êîíöåíòðàòîðà âûñòàâëÿëè ðàâíûì 0,5 ìì. Èçíîñ îïðåäåëÿëè ïåðèîäè-

÷åñêèì âçâåøèâàíèåì îáðàçöîâ â ïðîöåññå èñïûòàíèé. Èçíîñ øëèôîâàííûõ îáðàçöîâ îêà-

çàëñÿ ñóùåñòâåííî âûøå, ÷åì ïîëèðîâàííûõ. Ôîòîñíèìêè ïîâåðõíîñòè ïîêàçàëè, ÷òî î÷à-

ãàìè êàâèòàöèîííîãî ðàçðóøåíèÿ õðîìîâûõ ïîêðûòèé ÿâëÿþòñÿ èñõîäíûå òðåùèíû íà èõ

ïîâåðõíîñòè, îáðàçóþùèåñÿ â ïðîöåññå õðîìèðîâàíèÿ. Äëÿ ñíèæåíèÿ îòðèöàòåëüíîãî âëè-

ÿíèÿ èñõîäíûõ òðåùèí íà êàâèòàöèîííóþ èçíîñîñòîéêîñòü õðîìîâûõ áëåñòÿùèõ ïîêðû-

òèé, íàíåñåííûõ íà îõëàæäàåìûå ïîâåðõíîñòè âòóëîê öèëèíäðîâ äèçåëåé, öåëåñîîáðàçíî â

òåõíîëîãè÷åñêèé ïðîöåññ íàíåñåíèÿ õðîìîâîãî ïîêðûòèÿ ââîäèòü îïåðàöèþ ïîëèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: ñåðûé ÷óãóí; õðîìîâîå ýëåêòðîëèòè÷åñêîå ïîêðûòèå; øëèôîâàíèå; ïî-
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Cavitation wear is a pervasive phenomenon on water transport. The parts of ship propulsion system as

well as the water-cooled surface of cylinder liners of high-speed ship diesels are subjected to cavitation at-

tack. Bright chromium deposits are used to protect the water-cooled surface of liners. Nevertheless, the ef-

fect of cracks appearing in the electrolytic chrome coating upon depositing on the cavitation resistance of

coating is still an open relevant problem. The goal of the study is to analyze the kinetics and mechanism of

the destruction of the bright chrome electrolytic deposit under cavitation attack. The cavitation resistance

of chrome electrolytic coatings after grinding and after polishing was studied. The chrome electrolytic

coatings were obtained on the plates (90 × 30 × 7 mm in size) made of cast iron SCh21. The chrome was

deposited on one side (90 × 30 mm) of the plate placed vertically by flow anodic jet chrome plating in stan-

dard electrolyte (kg/m3): chrome anhydride — 250; sulfuric acid — 2.5; trivalent chrome — no more than

5; trivalent iron ions — no more than 10. The electrolyte was prepared using distilled water of a single dis-

tillation. The parameters of depositing: electrolyte temperature is 50°C; the current density amounts to

60 A/dm2. Four samples cut from the same plate were used. The coatings on the first two samples were

ground using the abrasive paper number 320. The coatings on the second pair of samples were first

ground successively on the abrasive paper of different grit: 320, 500, 800, 1000, and 1200, and then pol-

ished on the cloth with GOI paste. The cavitation wear tests were carried out on a magnetostrictive vibra-

tory rig in fresh water, the frequency and amplitude of the rig horn vibration was equal to 22 kHz and

28 ìm, respectively. The spacing between the chrome-plated sample surface and the horn butt was

0.5 mm. The wear of the samples was evaluated by periodical weighing during testing. The wear of the

ground samples turned to be significantly higher, than that of polished samples. The photographs of the

surface after different duration of the cavitation attack show that the initial cracks formed on the coating

during chrome plating are the centers of cavitation destruction. To reduce the negative impact of initial

cracks on the cavitation resistance of the bright chrome electrolytic coatings deposited on the water-cooled

surface of the cylinder liners of diesels it is shown expedient to include polishing in the technological pro-

cess of depositing chrome coatings.

Keywords: grey cast iron; chrome electrolyte coating; grinding; polishing; ultrasonic magnetostriction vi-

brator; fresh water; cavitation wear; network of cracks; surface roughness; mechanism of destruction.

Ââåäåíèå

Êàâèòàöèîííîå èçíàøèâàíèå — ðàñïðîñòðà-

íåííîå ÿâëåíèå íà âîäíîì òðàíñïîðòå [1 – 4].

Åìó ïîäâåðæåíû ýëåìåíòû ñóäîâûõ äâèæèòåëü-

íûõ êîìïëåêñîâ [1, 3], à òàêæå áëîêè è âòóëêè

öèëèíäðîâ âûñîêîîáîðîòíûõ ñóäîâûõ äèçåëåé

[2, 4] ñî ñòîðîíû ïîâåðõíîñòåé, îìûâàåìûõ

âîäîé.

×àùå âñåãî äëÿ èçãîòîâëåíèÿ âòóëîê öèëèí-

äðîâ ñóäîâûõ äèçåëåé èñïîëüçóþò îòëèâêè èç ñå-

ðîãî èëè íèçêîëåãèðîâàííîãî ÷óãóíà, êîòîðûé

èìååò ìàëîå ñîïðîòèâëåíèå êàâèòàöèîííîìó âîç-

äåéñòâèþ. Ïîñëåäíåå îáóñëîâëåíî íèçêîé íå

òîëüêî ñîáñòâåííî êàâèòàöèîííîé èçíîñîñòîé-

êîñòüþ ÷óãóíà, íî è åãî êîððîçèîííîé ñòîéêîñòüþ

[3]. Î÷àãè êàâèòàöèîííîãî èçíîñà íà âîäîîõëàæ-

äàåìîé ïîâåðõíîñòè âòóëîê èìåþò âèä ñêîïëå-

íèé î÷åíü ãëóáîêèõ ÿçâ, ãëóáèíà êîòîðûõ ïðå-

âûøàåò èõ äèàìåòð â íåñêîëüêî ðàç [5]. Â òåõíè-

êå äëÿ çàùèòû îò èçíàøèâàíèÿ ðàáî÷èõ ïîâåðõ-

íîñòåé ðàçëè÷íûõ äåòàëåé ìàøèí øèðîêî ïðè-

ìåíÿþò õðîìîâûå ýëåêòðîëèòè÷åñêèå ïîêðûòèÿ

[2, 3, 6], êîòîðûå ïîäâåðãàþò ðàçíûì âèäàì îáðà-

áîòêè [7].

Äëÿ çàùèòû âîäîîõëàæäàåìîé ïîâåðõíîñòè

âòóëîê öèëèíäðîâ ÷àñòî èñïîëüçóþò áëåñòÿùèå

òâåðäûå ïîêðûòèÿ èç ýëåêòðîëèòè÷åñêîãî õðîìà

[4, 8]. Èçâåñòíî [6], ÷òî áëåñòÿùèå òâåðäûå õðî-

ìîâûå ýëåêòðîëèòè÷åñêèå ïîêðûòèÿ âñåãäà èñ-

ïåùðåíû ìíîæåñòâîì ìèêðîñêîïè÷åñêèõ òðå-

ùèí, âîçíèêàþùèõ âñëåäñòâèå çíà÷èòåëüíûõ íà-

ïðÿæåíèé â ïðîöåññå îáðàçîâàíèÿ ïîêðûòèÿ.

Ãóñòîòà ñåòêè è øèðèíà ðàñêðûòèÿ òðåùèí

(ðèñ. 1) çàâèñÿò îò ìíîãèõ ôàêòîðîâ, â ÷àñòíîñòè,

ðåæèìà õðîìèðîâàíèÿ è òîëùèíû ïîêðûòèÿ

[6, 9, 10]. Òðåùèíû è ðåëüåô õðîìèðîâàííîé ïî-

âåðõíîñòè îêàçûâàþò áîëüøîå âëèÿíèå íà ìíî-

ãèå ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè õðîìèðî-

âàííûõ äåòàëåé, òàêèå êàê ñîïðîòèâëåíèå óñòà-

ëîñòíûì ðàçðóøåíèÿì [10, 11], àíòèôðèêöèîí-

íîñòü è èçíîñîñòîéêîñòü [6, 12].

Âîïðîñû èçíîñîñòîéêîñòè õðîìîâûõ ïîêðû-

òèé ïðè òðåíèè èññëåäîâàíû äîñòàòî÷íî ïîäðîá-

íî, òàê êàê ýëåêòðîëèòè÷åñêèé õðîì ÷àñòî íàíî-

ñÿò íà ïîâåðõíîñòü òðåíèÿ âòóëîê öèëèíäðîâ

äâèãàòåëåé âíóòðåííåãî ñãîðàíèÿ. Óñòàíîâëåíû

çíà÷åíèÿ îïòèìàëüíîé ïîðèñòîñòè õðîìîâîãî ïî-

êðûòèÿ, îáóñëîâëåííîé íàëè÷èåì òðåùèí, ñ òî÷-

êè çðåíèÿ åãî èçíàøèâàíèÿ ïðè òðåíèè [6, 12].

Èçâåñòíî, íàïðèìåð, ÷òî ãëàäêîå õðîìîâîå ïî-

êðûòèå îáëàäàåò ïëîõîé ñìà÷èâàåìîñòüþ ñìàçî÷-

íûìè ìàñëàìè, à ìèêðîòðåùèíû íà ïîâåðõíîñòè

õðîìîâîãî ïîêðûòèÿ èãðàþò ðîëü ìèêðîïîð. Ïî-

ýòîìó ñåòêà òðåùèí ñïîñîáñòâóåò óäåðæàíèþ

ñìàçî÷íîãî ìàñëà íà ïîâåðõíîñòè õðîìîâîãî ïî-

êðûòèÿ è ñïîñîáñòâóåò êðàòíîìó óâåëè÷åíèþ åãî

èçíîñîñòîéêîñòè ïðè òðåíèè â óñëîâèÿõ ãðàíè÷-

íîé ñìàçêè [13].

Âîïðîñû æå êèíåòèêè ðàçðóøåíèÿ õðîìîâûõ

ýëåêòðîëèòè÷åñêèõ ïîêðûòèé ïðè êàâèòàöèè è

âëèÿíèÿ òðåùèí íà ðàçðóøåíèå â íàó÷íîé ëèòå-

ðàòóðå ïî÷òè íå ðàññìàòðèâàëèñü. Íàïðèìåð, â

ñòàòüå [14] ñîäåðæàòñÿ äîâîëüíî ïðîòèâîðå÷èâûå

äàííûå. Àâòîðû óòâåðæäàþò, ÷òî ÿçâèíû îò îòäå-
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ëèâøèõñÿ ÷àñòèö ïîÿâëÿþòñÿ ïðè èçíàøèâàíèè

â ïðåñíîé âîäå ïî ãðàíèöàì çåðåí õðîìîâîãî ïî-

êðûòèÿ è â òî÷êàõ ïåðåñå÷åíèÿ ìåæçåðåííûõ

ãðàíèö, ÿçâèíû óâåëè÷èâàþòñÿ â ðàçìåðàõ ïóòåì

ñêîëà ïî ñâîèì ãðàíèöàì, ïîâûøàåòñÿ èõ êîëè÷å-

ñòâî âäîëü òðåùèí â ïîêðûòèè, â êîíöå êîíöîâ

ÿçâèíû ñëèâàþòñÿ, ïîêðûâàÿ âñþ ïîâåðõíîñòü.

Íà ïðåäñòàâëåííûõ æå ñíèìêàõ ïðåâàëèðóþùèé

õàðàêòåð êàâèòàöèîííîãî ðàçðóøåíèÿ ìåæçåðåí-

íûõ ãðàíèö õðîìîâîãî ïîêðûòèÿ íåî÷åâèäåí.

Êðîìå òîãî, ïðîäîëæèòåëüíîñòü èñïûòàíèé

âêëþ÷àëà ðàçðóøåíèå ñîáñòâåííî õðîìîâîãî ïî-

êðûòèÿ è ïðîöåññ ðàçðóøåíèÿ ñòàëüíîé ïîäëîæ-

êè, ò.å. êèíåòèêå èçíàøèâàíèÿ ñîáñòâåííî õðîìî-

âîãî ïîêðûòèÿ áûëî óäåëåíî íåäîñòàòî÷íîå âíè-

ìàíèå. Àâòîðû ìîíîãðàôèè [4] ïðåäïîëàãàþò,

÷òî äëÿ çàùèòû îò êàâèòàöèîííîãî âîçäåéñòâèÿ

ýôôåêòèâíî ïðèìåíåíèå ïîêðûòèé ìîëî÷íûì

õðîìîì, òàê êàê îí äàåò îäíîðîäíûé ñëîé, áåç

òðåùèí, êîòîðûå ìîãóò áûòü î÷àãàìè êîððîçèè è

ïîñëåäóþùåãî êàâèòàöèîííîãî ðàçðóøåíèÿ. Îä-

íàêî ýêñïåðèìåíòàëüíûå äàííûå î òàêîì âëèÿ-

íèè òðåùèí íå ïðèâîäÿòñÿ. Ïðè ýòîì àâòîðû [4]

ïðèçíàþò, ÷òî â óñëîâèÿõ âûñîêîèíòåíñèâíîãî

êàâèòàöèîííîãî âîçäåéñòâèÿ ïîêðûòèå ìîëî÷-

íûì õðîìîì íå îáåñïå÷èâàåò äîëæíîé çàùèòû îò

êàâèòàöèîííîãî èçíîñà, ïîýòîìó òðåáóåòñÿ ïðè-

ìåíÿòü ïîêðûòèå òâåðäûì áëåñòÿùèì õðîìîì.

Ïîñëåäíåå ïîäòâåðæäàåòñÿ è äàííûìè ðàáîòû

[2] — ìîëî÷íûé õðîì îêàçàëñÿ â äâà ðàçà ìåíåå

èçíîñîñòîéêèì ïðè êàâèòàöèîííîì âîçäåéñòâèè,

÷åì áëåñòÿùåå õðîìîâîå ïîêðûòèå. Òàêèì îáðà-

çîì, ïðèìåíåíèå èìåííî áëåñòÿùåãî õðîìîâîãî

ïîêðûòèÿ äëÿ çàùèòû îò êàâèòàöèîííîãî èçíîñà

ïðåäïî÷òèòåëüíî, îäíàêî äëÿ áîëåå îáîñíîâàí-

íîãî âûáîðà ðåæèìà õðîìèðîâàíèÿ è îáðàáîòêè

ïîëó÷åííîãî ïîêðûòèÿ íåîáõîäèìî ïîëó÷èòü

îòâåò íà âîïðîñ, ÿâëÿþòñÿ ëè èñõîäíûå òðåùèíû

â áëåñòÿùåì õðîìîâîì ïîêðûòèè îñíîâíûìè

î÷àãàìè êàâèòàöèîííîãî ðàçðóøåíèÿ, è åñëè äà,

òî ìîæíî ëè ñâåñòè ê ìèíèìóìó èõ îòðèöàòåëü-

íîå âëèÿíèå.

Öåëü ðàáîòû — èññëåäîâàíèå êèíåòèêè è ìå-

õàíèçìà ðàçðóøåíèÿ áëåñòÿùèõ õðîìîâûõ ýëåê-

òðîëèòè÷åñêèõ ïîêðûòèé ïðè êàâèòàöèîííîì

âîçäåéñòâèè.

Ìåòîäèêà ýêñïåðèìåíòà

Ýëåêòðîëèòè÷åñêîå õðîìîâîå ïîêðûòèå ïîëó-

÷àëè íà ïëàñòèíå, èçãîòîâëåííîé èç áûâøåé â

ýêñïëóàòàöèè âòóëêè öèëèíäðîâ ñóäîâîãî äèçå-

ëÿ, îòëèòîé èç ÷óãóíà Ñ×21. Ïëàñòèíà èìåëà ðàç-

ìåðû 90 × 30 × 7 ìì.

Î÷åâèäíî, ÷òî ïîêðûòèÿ ñ áîëüøîé ïîðèñòî-

ñòüþ, ò.å. áîëüøèì êîëè÷åñòâîì øèðîêèõ è ãëó-

áîêèõ òðåùèí, ñëàáî çàùèùàþò îò êàâèòàöèîí-

íîãî âîçäåéñòâèÿ è ïîíèìàíèþ êèíåòèêè èõ èç-

íàøèâàíèÿ áóäåò ïðåïÿòñòâîâàòü êàâèòàöèîííîå

ðàçðóøåíèå ñàìîé ÷óãóííîé ïîäëîæêè. Ïîýòîìó

ðåæèì õðîìèðîâàíèÿ âûáèðàëè òàêèì, ÷òîáû ïî-

ëó÷èòü ñðàâíèòåëüíî ïëîòíîå ïîêðûòèå ñ ìèíè-

ìàëüíûì êîëè÷åñòâîì íåáîëüøèõ ïî ðàçìåðó

òðåùèí, à òîëùèíà ïîêðûòèÿ áûëà äîñòàòî÷íîé,

÷òîáû íå íàñòóïèë åãî ïðåæäåâðåìåííûé ïðîáîé.

Õðîìèðîâàíèå ïëàñòèíû îñóùåñòâëÿëè â âåð-

òèêàëüíîì ïîëîæåíèè ñ îäíîé ñòîðîíû (ðàçìå-

ðîì 90 × 30 ìì) ñïîñîáîì ïðîòî÷íîãî àíîäíî-

ñòðóéíîãî õðîìèðîâàíèÿ â ñòàíäàðòíîì ýëåêòðî-

ëèòå óíèâåðñàëüíîãî òèïà ñëåäóþùåãî ñîñòàâà

(êã/ì3): õðîìîâûé àíãèäðèä — 250; ñåðíàÿ êèñëî-

òà — 2,5; òðåõâàëåíòíûé õðîì — íå áîëåå 5;

èîíû òðåõâàëåíòíîãî æåëåçà — íå áîëåå 10.

Ýëåêòðîëèò ãîòîâèëè íà äèñòèëëèðîâàííîé âîäå

îäíîêðàòíîé ïåðåãîíêè. Ðåæèìû ýëåêòðîîñàæäå-

íèÿ: òåìïåðàòóðà ýëåêòðîëèòà 50 °C, ïëîòíîñòü

òîêà 60 À/äì2. Ñðåäíÿÿ òîëùèíà ïîëó÷åííîãî ïî-

êðûòèÿ ñîñòàâèëà ïðèìåðíî 150 ìêì.

Äëÿ ïðîâåäåíèÿ îïûòîâ íà êàâèòàöèîííîå

èçíàøèâàíèå èç õðîìèðîâàííîé ïëàñòèíû âû-

ðåçàëè ÷åòûðå îáðàçöà ðàçìåðàìè ïðèìåðíî

16 × 16 × 7 ìì. Íà ïåðâûõ äâóõ îáðàçöàõ ïî-
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Ðèñ. 1. Ïðèìåðû ñåòêè òðåùèí, îáðàçîâàâøåéñÿ íà ïîâåðõíîñòè õðîìîâûõ ïîêðûòèé â ïðîöåññå ýëåêòðîëèòè÷åñêîãî

õðîìèðîâàíèÿ àíîäíî-ñòðóéíûì ñïîñîáîì ïðè ïëîòíîñòè òîêà è òåìïåðàòóðå ýëåêòðîëèòà: 80 À/äì2 è 65 °C (à); 60 À/äì2 è

57 °C (á); 200 À/äì2 è 60 °C (â)

Fig. 1. Examples of crack networks formed on the surface of chrome coatings during anodic jet electrolytic chrome plating at

different current density and electrolyte temperature: 80 A/dm2 and 65°C (a); 60 A/dm2 and 57°C (b); 200 A/dm2 and 60°C (c)



âåðõíîñòü õðîìîâîãî ïîêðûòèÿ øëèôîâàëè íà

àáðàçèâíîé øêóðêå íîìåðîì 320. Âòîðóþ ïàðó

îáðàçöîâ øëèôîâàëè íà øêóðêàõ ðàçíîé çåðíè-

ñòîñòè: ñíà÷àëà íîìåðîì 320, ïîòîì 500, 800,

1000 è 1200, à çàòåì ïîëèðîâàëè íà âëàæíîì ñóê-

íå ñ äîáàâêîé ïàñòû ÃÎÈ. Øåðîõîâàòîñòü ïî-

âåðõíîñòè ïîêðûòèÿ èçìåðÿëè ñ ïîìîùüþ ïðèáî-

ðà MahrSurf PS1 (ñì. òàáëèöó). Ìèêðîòâåðäîñòü

ïîëèðîâàííîãî ïîêðûòèÿ, èçìåðåííàÿ íà ïðèáî-

ðå ÏÌÒ-3 ïðè íàãðóçêå íà èíäåíòîð 0,98 Í, ñî-

ñòàâèëà îêîëî 7400 ÌÏà.

Îïûòû íà êàâèòàöèîííîå èçíàøèâàíèå õðî-

ìîâîãî ïîêðûòèÿ ïðîâîäèëè íà óëüòðàçâóêîâîì

ìàãíèòîñòðèêöèîííîì âèáðàòîðå (ÌÑÂ) (ðèñ. 2)

â ìÿãêîé ïðåñíîé âîäå. Òåìïåðàòóðó âîäû â ïðî-

öåññå èñïûòàíèé ïîääåðæèâàëè â äèàïàçîíå

20 ± 3 °C. ×àñòîòà è àìïëèòóäà êîëåáàíèé òîðöà

êîíöåíòðàòîðà 4 âèáðàòîðà ñîñòàâëÿëè ñîîòâåò-

ñòâåííî 22 êÃö è 28 ìêì. Ðàññòîÿíèå ìåæäó õðî-

ìèðîâàííîé ïîâåðõíîñòüþ îáðàçöà 5 è òîðöîì

êîíöåíòðàòîðà 4 âûñòàâëÿëè ðàâíûì 0,5 ìì.

Óêàçàííûå àìïëèòóäà êîëåáàíèé òîðöà êîí-

öåíòðàòîðà è ðàññòîÿíèå ìåæäó íèì è îáðàçöîì

ñîîòâåòñòâîâàëè ìàêñèìàëüíîé èíòåíñèâíîñòè

êàâèòàöèîííîãî âîçäåéñòâèÿ, äîñòèæèìîé íà èñ-

ïîëüçóåìîì ÌÑÂ. Òàêèå ïàðàìåòðû áûëè âûáðà-

íû äëÿ ñîêðàùåíèÿ ïðîäîëæèòåëüíîñòè èñïûòà-

íèé, òàê êàê áëåñòÿùèå õðîìîâûå ïîêðûòèÿ îò-

ëè÷àþòñÿ âûñîêîé êàâèòàöèîííîé èçíîñîñòîéêî-

ñòüþ. Âûáîð îñíîâûâàëñÿ íà ðåçóëüòàòàõ èññëå-

äîâàíèÿ õàðàêòåðà êàâèòàöèîííîãî âîçäåéñòâèÿ

íà óëüòðàçâóêîâûõ ÌÑÂ [15], êîòîðûå ïîêàçàëè,

÷òî â øèðîêîì äèàïàçîíå èçìåíåíèÿ àìïëèòóäû

êîëåáàíèé ñêîðîñòü óäàðà ìèêðîñòðóé íå èçìåíÿ-

åòñÿ (çíà÷èò, íå ïðîèñõîäèò è èçìåíåíèÿ ìåõà-

íèçìà ðàçðóøåíèÿ ïîâåðõíîñòè), ìåíÿåòñÿ ëèøü

÷àñòîòà èõ óäàðîâ ïî êîíêðåòíîìó ìèêðîó÷àñòêó

ïîâåðõíîñòè. Ïîñëåäíåå îáñòîÿòåëüñòâî áûëî áû

ñóùåñòâåííûì ïðè êàâèòàöèîííîì èçíàøèâàíèè

â êîððîçèîííî-àêòèâíûõ æèäêîñòÿõ, îäíàêî â íà-

ñòîÿùèõ èññëåäîâàíèÿõ îíî íå ïðèíèìàëîñü âî

âíèìàíèå, òàê êàê âëèÿíèåì êîððîçèè â ðåàëü-

íûõ óñëîâèÿõ êàâèòàöèîííîãî èçíàøèâàíèÿ âòó-

ëîê öèëèíäðîâ äèçåëåé ìîæíî ïðåíåáðå÷ü.

Ïåðèîäè÷åñêè â ïðîöåññå èñïûòàíèé êàæäîãî

îáðàçöà ÌÑÂ âûêëþ÷àëè, îáðàçåö âûñóøèâàëè è

âçâåøèâàëè íà àíàëèòè÷åñêèõ âåñàõ ñ äèñêðåòíî-

ñòüþ ïîêàçàíèé 0,1 ìã. Çà îêîí÷àòåëüíûé ðå-

çóëüòàò áðàëè ñðåäíåå çíà÷åíèå ïîòåðü ìàññû

äâóõ îáðàçöîâ. Îáùèé âèä îáðàçöîâ ïîñëå èñïû-

òàíèé â òå÷åíèå 32 ÷ ïîêàçàí íà ðèñ. 3.

Â ïðîöåññå èñïûòàíèé ïðîâîäèëè òàêæå àíà-

ëèç èçíàøèâàåìîé ïîâåðõíîñòè îáðàçöîâ ñ ïîìî-

ùüþ ìåòàëëîãðàôè÷åñêîãî ìèêðîñêîïà. Ñòðóêòó-

ðó ýëåêòðîëèòè÷åñêèõ ïîêðûòèé èññëåäîâàëè íà

ïîïåðå÷íûõ øëèôàõ äî è ïîñëå èñïûòàíèé. Â ïî-

ñëåäíåì ñëó÷àå èñïûòàííûå îáðàçöû ðàçðåçàëè

ïî ñå÷åíèþ A – A (ñì. ðèñ. 3), çàëèâàëè ôîðìó

ýïîêñèäíûì êîìïàóíäîì, øëèôîâàëè è ïîëèðî-

âàëè, ÷òîáû ïðîâåñòè àíàëèç ñòðóêòóðû ïîêðû-

òèé âíå î÷àãà (ñì. ðèñ. 3, çîíà 1) è â ïðåäåëàõ

î÷àãà êàâèòàöèîííîãî èçíîñà (ñì. ðèñ. 3, çîíà 2).

Ðåçóëüòàòû ýêñïåðèìåíòà è èõ àíàëèç

Íà ðèñ. 4 ïîêàçàíû çàâèñèìîñòè ïîòåðü ìàñ-

ñû ÄM õðîìîâîãî ïîêðûòèÿ ñ ïîâåðõíîñòè îáðàç-
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Ðèñ. 2. Ñõåìà èñïûòàíèé íà ìàãíèòîñòðèêöèîííîì âèá-

ðàòîðå: 1 — óëüòðàçâóêîâîé èçëó÷àòåëü; 2 è 10 — ïîäâîä

îõëàæäàþùåé âîäû; 3 — ãåíåðàòîð óëüòðàçâóêîâûõ êîëå-

áàíèé; 4 — êîíöåíòðàòîð êîëåáàíèé; 5 — îáðàçåö; 6 —

äåðæàâêà îáðàçöà; 7 — åìêîñòü ñ âîäîé; 8 — âîäà; 9 —

îõëàæäàþùèé çìååâèê; 11 — òåðìîìåòð

Fig. 2. Scheme of testing on a ultrasonic magnetostrictive

device: 1 — ultrasonic transducer; 2 and 10 — cooling water

supply; 3 — ultrasonic oscillator; 4 — horn; 5 — sample; 6 —

sample holder; 7 — vessel with water; 8 — water; 9 — cool-

ing coil; 11 — thermometer

Øåðîõîâàòîñòü ïîâåðõíîñòè õðîìîâîãî ýëåêòðîëèòè÷å-

ñêîãî ïîêðûòèÿ ïîñëå øëèôîâàíèÿ, à òàêæå ïîñëå øëè-

ôîâàíèÿ è ïîñëåäóþùåãî ïîëèðîâàíèÿ

Surface roughness of a chrome electrolytic coating after

grinding and after grinding with subsequent polishing

Ñîñòîÿíèå

ïîâåðõíîñòè
Èñõîäíîå

Ïîñëå

øëèôîâàíèÿ

Ïîñëå øëèôîâàíèÿ

è ïîëèðîâàíèÿ

R
a
, ìêì 2,11 0,817 0,012

Rmax, ìêì 20,0 7,313 0,170



öîâ îò ïðîäîëæèòåëüíîñòè t êàâèòàöèîííîãî âîç-

äåéñòâèÿ.

Èçâåñòíî, ÷òî êàâèòàöèîííîå èçíàøèâàíèå

ìåòàëëè÷åñêèõ ìàòåðèàëîâ ïðîèñõîäèò ñ âûðà-

æåííûì èíêóáàöèîííûì ïåðèîäîì, ò.å. íà÷àëü-

íûì ïåðèîäîì, â òå÷åíèå êîòîðîãî ïîòåðü ìàññû

ïðàêòè÷åñêè íå ïðîèñõîäèò [1, 2]. Îäíàêî êèíå-

òèêà èçíàøèâàíèÿ áëåñòÿùèõ õðîìîâûõ ýëåêòðî-

ëèòè÷åñêèõ ïîêðûòèé îòëè÷àåòñÿ îò îáùåèçâåñò-

íîé. Êàê âèäíî èç ðèñ. 4, ïîòåðè ìàññû íà÷èíà-

þòñÿ ñ ïåðâûõ ìèíóò êàâèòàöèîííîãî âîçäåéñò-

âèÿ. Ýòî, âèäèìî, îáóñëîâëåíî òåì, ÷òî ïðè øëè-

ôîâàíèè è ïîëèðîâàíèè îáðàçöîâ ïîêðûòèÿ

ïðîèñõîäèò çàêðûòèå ïðîìåæóòêà ìåæäó áåðåãà-

ìè òðåùèí ñíà÷àëà ìèêðîñòðóæêîé ïðè øëèôî-

âàíèè, à çàòåì, âîçìîæíî, è íàïîëçàíèåì íà ðàñ-

êðûòèå òðåùèí ïëàñòè÷åñêè äåôîðìèðîâàííîãî

ìàòåðèàëà òîí÷àéøåãî ñëîÿ ïîâåðõíîñòè ïðè ïî-

ëèðîâàíèè (õîòÿ ïîñëåäíåå ìàëîâåðîÿòíî èç-çà

õðóïêîñòè õðîìà). Ïîýòîìó íà øëèôîâàííûõ è

ïîëèðîâàííûõ îáðàçöàõ ñåòêà òðåùèí â ìèêðî-

ñêîï íå âèäíà (ðèñ. 5, à).

Ïîä äåéñòâèåì êàâèòàöèè â óëüòðàçâóêîâîì

ïîëå ïðîèñõîäèò óäàëåíèå ìèêðî÷àñòèö, çàïîë-

íèâøèõ òðåùèíû õðîìîâîãî ïîêðûòèÿ ïðè øëè-

ôîâàíèè è ïîëèðîâàíèè, ïîýòîìó ïîòåðè ìàññû

íà÷èíàþòñÿ ñðàçó ïîñëå íà÷àëà êàâèòàöèîííîãî

âîçäåéñòâèÿ. Ïî-âèäèìîìó, íàðÿäó ñ óäàëåíèåì

ýòèõ ñâîáîäíûõ ÷àñòèö — ïðîäóêòîâ ðàçðóøåíèÿ

ïîêðûòèÿ ïðè øëèôîâàíèè è ïîëèðîâàíèè —

ïðîèñõîäèò çàïîëíåíèå ìèêðîòðåùèí âîäîé.

Ìèêðîòðåùèíû èãðàþò ðîëü ìèêðîêàïèëëÿðîâ,

ïîýòîìó âûñóøèâàíèå õëîï÷àòîáóìàæíûìè ñàë-

ôåòêàìè è ïîñëåäóþùàÿ âûäåðæêà íà âîçäóõå â

òå÷åíèå íåñêîëüêèõ ÷àñîâ ïåðåä âçâåøèâàíèåì

(â îòëè÷èå îò òðàäèöèîííûõ êîíñòðóêöèîííûõ

ñïëàâîâ â ëèòîì è äåôîðìèðîâàííîì ñîñòîÿíèè)

îêàçûâàþòñÿ, ïî-âèäèìîìó, íåäîñòàòî÷íûìè äëÿ

òîãî, ÷òîáû ïîëíîñòüþ óäàëèòü âîäó èç ìèêðîòðå-

ùèí ýëåêòðîëèòè÷åñêîãî õðîìîâîãî ïîêðûòèÿ.

Ïðîöåññ óäàëåíèÿ ñâîáîäíûõ ÷àñòèö èç ìèêðî-

òðåùèí ïðîäîëæàåòñÿ â òå÷åíèå ñòàäèè À (ñì.

ðèñ. 4). Ïðè ýòîì çàâèñèìîñòü ÄM(t) â ïðåäåëàõ

ñòàäèè À ïðîõîäèò ÷åðåç ìàêñèìóì, ïîñëå êîòî-

ðîãî ñêîðîñòü çàïîëíåíèÿ ìèêðîòðåùèí âîäîé

ïðåâûøàåò ñêîðîñòü óäàëåíèÿ èç íèõ ñâîáîäíûõ
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Ðèñ. 3. Îáùèé âèä îáðàçöîâ ñ ïîëèðîâàííûì (à) è øëèôîâàííûì (á) õðîìîâûì ïîêðûòèåì ñ î÷àãîì êàâèòàöèîííîãî èçíîñà

Fig. 3. General view of the samples with polished (a) and ground (b) chrome coating with the focal site of cavitation wear
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Ðèñ. 4. Çàâèñèìîñòè êàâèòàöèîííîãî èçíîñà ïîëèðîâàí-

íîãî (1) è øëèôîâàííîãî (2) õðîìîâûõ ïîêðûòèé îò âðå-

ìåíè êàâèòàöèîííîãî âîçäåéñòâèÿ

Fig. 4. Dependences of cavitation wear of polished (1) and

ground (2) chrome coatings on the duration of cavitation

attack



÷àñòèö, îñòàâøèõñÿ ïîñëå øëèôîâàíèÿ è ïîëèðî-

âàíèÿ, ïîýòîìó èìååò ìåñòî íåáîëüøîé ïðèðîñò

ìàññû. Èíòåðåñíî, ÷òî íåñìîòðÿ íà ðàçíèöó â ïî-

òåðÿõ ìàññû â ïðåäåëàõ ñòàäèè À äëÿ øëèôîâàí-

íûõ è ïîëèðîâàííûõ îáðàçöîâ, ïðîäîëæèòåëü-

íîñòü ñòàäèè À äëÿ íèõ îäèíàêîâà. Åñëè ðàçíèöó

â ïîòåðÿõ ìàññû â òå÷åíèå ñòàäèè À ìîæíî îáúÿñ-

íèòü òåì, ÷òî ïîñëå ìíîãîñòàäèéíîãî øëèôîâà-

íèÿ íà øêóðêàõ ðàçíîé çåðíèñòîñòè è ïîñëåäóþ-

ùåãî ïîëèðîâàíèÿ â òðåùèíàõ îñòàåòñÿ ìåíüøå

ïðîäóêòîâ îáðàáîòêè, ÷åì ïîñëå øëèôîâàíèÿ

òîëüêî íà ãðóáîé øêóðêå 320, òî âîïðîñ îäèíàêî-

âîé ïðîäîëæèòåëüíîñòè ñòàäèè À äëÿ øëèôîâàí-

íûõ è ïîëèðîâàííûõ îáðàçöîâ òðåáóåò äîïîëíè-

òåëüíîãî èçó÷åíèÿ. Òåì íå ìåíåå ìîæíî ñäåëàòü

âûâîä, ÷òî ïîòåðè ìàññû îáðàçöîâ â òå÷åíèå ñòà-

äèè À íå èìåþò íè÷åãî îáùåãî ñ êàâèòàöèîííîé

èçíîñîñòîéêîñòüþ õðîìîâîãî ïîêðûòèÿ. À çíà-

÷èò, ïðîäîëæèòåëüíîñòü èñïûòàíèé áëåñòÿùèõ

õðîìîâûõ ïîêðûòèé íà óëüòðàçâóêîâûõ ÌÑÂ,

ðàâíàÿ íåñêîëüêèì ÷àñàì (êàê, íàïðèìåð, â ðàáî-

òå [2]), êàê ïðàâèëî, íåäîñòàòî÷íà, òàê êàê ïîòå-

ðè ìàññû îáðàçöîâ, çàðåãèñòðèðîâàííûå çà òàêîé

êîðîòêèé ïåðèîä âðåìåíè, íå áóäóò îòðàæàòü êà-

âèòàöèîííóþ èçíîñîñòîéêîñòü õðîìîâîãî ïîêðû-

òèÿ. Ïî ñóòè, íåîáõîäèìî ïðîâîäèòü êîððåêòè-

ðîâêó êðèâûõ ÄM(t), èñêëþ÷èâ ñòàäèþ À èç ðàñ-

ñìîòðåíèÿ, à îñü àáñöèññ ïåðåíåñòè âûøå è ïðî-

âåñòè åå ÷åðåç ìèíèìóì: äëÿ êðèâîé 2 íîâàÿ îñü

àáñöèññ áóäåò ñîâïàäàòü ñ ëèíèåé 3 (ñì. ðèñ. 4), à

äëÿ êðèâîé 1 ïîëîæåíèå îñè àáñöèññ ïîñëå êîð-

ðåêòèðîâêè ïðàêòè÷åñêè íå èçìåíèëîñü. Ñîãëàñ-

íî ìåòîäèêå, èçëîæåííîé â [16], óñëîâíàÿ ïðî-

äîëæèòåëüíîñòü èíêóáàöèîííîãî ïåðèîäà îïðå-

äåëÿåòñÿ ïî òî÷êå ïåðåñå÷åíèÿ ïðÿìîé 4,

ÿâëÿþùåéñÿ ïðîäîëæåíèåì ó÷àñòêà ìàêñèìàëü-

íîé ñêîðîñòè èçíàøèâàíèÿ, ñ îñüþ àáñöèññ. Ïðè-

ìåíèòåëüíî ê èñïûòàíèþ õðîìîâûõ ïîêðûòèé

ïðîäîëæèòåëüíîñòü èíêóáàöèîííîãî ïåðèîäà (tè1

è tè2) îïðåäåëÿëè ïî òî÷êå ïåðåñå÷åíèÿ êàñàòåëü-

íîé ñ íîâîé îñüþ àáñöèññ. Òîò ôàêò, ÷òî çà ïðî-

äîëæèòåëüíîñòü èíêóáàöèîííîãî ïåðèîäà ìîæíî

ïðèíÿòü çíà÷åíèÿ tè1 è tè2 (ñì. ðèñ. 4), ïîäòâåð-

æäàåòñÿ ðåçóëüòàòàìè îöåíêè èíêóáàöèîííîãî

ïåðèîäà õðîìîâûõ ïîêðûòèé [5] ìåòîäîì èçìåðå-

íèÿ ïðîôèëÿ ïîâåðõíîñòè, ïðåäëîæåííûì â ðà-

áîòå [17].

Ñðàâíåíèå çàâèñèìîñòåé ÄM(t) íà ðèñ. 4 ïî-

êàçûâàåò, ÷òî tè1 = tè2, ò.å. êà÷åñòâî ïîâåðõíîñòè

õðîìîâîãî ïîêðûòèÿ íå âëèÿåò íà ïðîäîëæèòåëü-

íîñòü èíêóáàöèîííîãî ïåðèîäà åãî èçíàøèâàíèÿ,

îäíàêî ñêîðîñòü èçíàøèâàíèÿ ïîñëå îêîí÷àíèÿ

èíêóáàöèîííîãî ïåðèîäà, îïðåäåëÿåìàÿ óãëàìè

á1 è á2, çàìåòíî âûøå ó øëèôîâàííûõ ïîêðûòèé,

÷åì ó ïîëèðîâàííûõ. Âèäèìî, ìåõàíèçì íàêîïëå-

íèÿ ïîâðåæäåíèé ïðè êàâèòàöèîííîì âîçäåéñò-

âèè îäèíàêîâ è äëÿ øëèôîâàííûõ, è äëÿ ïîëèðî-

âàííûõ ïîêðûòèé è ñîñòîèò îí â ðàñïðîñòðàíå-

íèè òðåùèí â ïîêðûòèè. Òàêîå âîçìîæíî, åñëè

î÷àãàìè ðàñïðîñòðàíåíèÿ òðåùèí â ïîêðûòèè

ïðè êàâèòàöèîííîì âîçäåéñòâèè ñëóæàò èñõîä-

íûå ìèêðîòðåùèíû â ïîêðûòèè (ñì. ðèñ. 1, à).

À âîò ðàçìåð îòäåëÿþùèõñÿ ÷àñòèö èçíîñà çàâè-

ñèò îò êà÷åñòâà îáðàáîòêè èñõîäíîé ïîâåðõíîñòè:
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Ðèñ. 5. Ôîòîãðàôèè ïîâåðõíîñòè ïîëèðîâàííîãî ýëåêòðîëèòè÷åñêîãî õðîìîâîãî ïîêðûòèÿ, íàíåñåííîãî àíîäíî-ñòðóé-

íûì ñïîñîáîì íà ñåðûé ÷óãóí: â èñõîäíîì ñîñòîÿíèè (à), ïîñëå 0,5 (á), 8 (â), 16 (ã), 24 (ä) è 32 (å) ÷àñîâ êàâèòàöèîííîãî

âîçäåéñòâèÿ

Fig. 5. Photos of the polished chrome coating, deposited on the grey cast iron, using the anodic jet electrolytic chrome plating:

in the initial state (a), after 0.5 (b), 8 (c), 16 (d), 24 (e), and 32 (f) hours of cavitation attack



äëÿ øëèôîâàííûõ ïîêðûòèé, èìåþùèõ ìíîãî-

÷èñëåííûå ðèñêè îò øëèôîâàíèÿ, îïðåäåëÿþ-

ùèå, âåðîÿòíî, òðàåêòîðèþ äâèæåíèÿ òðåùèí,

ðàçìåð ÷àñòèö èçíîñà ñóùåñòâåííî áîëüøå, ÷åì ó

ïîëèðîâàííûõ. Ïîÿâëåíèå î÷àãîâ êàâèòàöèîí-

íîãî èçíîñà íà õðîìèðîâàííîé ïîâåðõíîñòè âòóë-

êè ñíèæàåò åå øåðîõîâàòîñòü, îäíàêî äëÿ âòóëîê

öèëèíäðîâ ñóäîâûõ äèçåëåé óõóäøåíèå êà÷åñòâà

ïîâåðõíîñòè íå ÿâëÿåòñÿ ôàêòîðîì, îïðåäåëÿ-

þùèì èõ äîëãîâå÷íîñòü, â îòëè÷èå, íàïðèìåð,

îò ëîïàñòåé ãðåáíûõ âèíòîâ, êà÷åñòâî ïîâåðõ-

íîñòè êîòîðûõ îêàçûâàåò âëèÿíèå íà èõ ÊÏÄ.

Ïîýòîìó åñëè êàâèòàöèîííóþ èçíîñîñòîéêîñòü

ëîïàñòåé âèíòîâ öåëåñîîáðàçíî îöåíèâàòü ïî

ïðîäîëæèòåëüíîñòè èíêóáàöèîííîãî ïåðèîäà èç-

íàøèâàíèÿ, òî èçíîñîñòîéêîñòü õðîìèðîâàííîé

ïîâåðõíîñòè âòóëîê îòðàæàåò ñêîðîñòü ïîñëåäó-

þùåãî ïîñëå îêîí÷àíèÿ èíêóáàöèîííîãî ïåðèîäà

îòäåëåíèÿ ïðîäóêòîâ èçíîñà, òàê êàê îïðåäåëÿåò

âðåìÿ äî íàñòóïëåíèÿ ñêâîçíîãî ðàçðóøåíèÿ

ïîêðûòèÿ.

Ïðåäïîëîæåíèå, ÷òî èìåííî èñõîäíûå òðå-

ùèíû â õðîìîâîì ïîêðûòèè, îáðàçóþùèåñÿ â

ïðîöåññå õðîìèðîâàíèÿ, ÿâëÿþòñÿ î÷àãàìè êàâè-

òàöèîííîãî ðàçðóøåíèÿ, ïîäòâåðæäàåòñÿ ñíèì-

êàìè ïîâåðõíîñòè îáðàçöîâ ïîñëå ðàçëè÷íîé ïðî-

äîëæèòåëüíîñòè êàâèòàöèîííîãî âîçäåéñòâèÿ

(ñì. ðèñ. 5, ðèñ. 6). Íà èñõîäíî ïîëèðîâàííîé ïî-

âåðõíîñòè ñåòêà òðåùèí, ïðèñóòñòâóþùàÿ â ïî-

êðûòèè (ñì. ðèñ. 1, à), ïðàêòè÷åñêè íå âèäíà (ñì.

ðèñ. 5, à). Ïîñëå êàâèòàöèîííîãî âîçäåéñòâèÿ â

òå÷åíèå 0,5 ÷ (ñì. ðèñ. 5, á) ïîÿâëÿþòñÿ ñëàáûå

î÷åðòàíèÿ òðåùèí, è ïîñëå 8 ÷ âîçäåéñòâèÿ (ñì.

ðèñ. 5, â) íà ïîâåðõíîñòè ïðîðèñîâûâàåòñÿ ÷åò-

êàÿ ñåòêà. Ïîõîæå, ïåðâûå îòäåëåíèÿ ÷àñòèö èç-

íîñà íà÷èíàþòñÿ ïîñëå 16 ÷ (ñì. ðèñ. 5, ã) — âèä-

íû ìåñòà îòêîëîâøèõñÿ ÷àñòèö (òåìíûå ïÿòíà),

ñîâïàäàþùèå ñ ìåñòîì ðàñïîëîæåíèÿ òðåùèí;

ýòî ïðèìåðíî ñîîòâåòñòâóåò óñëîâíîé ïðîäîëæè-

òåëüíîñòè èíêóáàöèîííîãî ïåðèîäà tè1 (ñì.

ðèñ. 4). Ïîñòåïåííî, ïî ìåðå îòäåëåíèÿ ïîêðûòèÿ

îò ðàéîíîâ, ïðèìûêàþùèõ ê áåðåãàì òðåùèí,

òîíêèå ëèíèè òðåùèí ïðåâðàùàþòñÿ â ðàçìûòûå

ïîëîñû íåïîñòîÿííîé øèðèíû (ñì. ðèñ. 5, ä).

Ïîñëå 32 ÷ êàâèòàöèîííîãî âîçäåéñòâèÿ âìåñòî

ñåòêè òðåùèí íà ïîâåðõíîñòè âèäíî (ñì. ðèñ. 5, å)

ñêîïëåíèå òåìíûõ ïÿòåí íåïðàâèëüíîé ôîðìû,

ñëèâàþùèõñÿ äðóã ñ äðóãîì.

Àíàëîãè÷íàÿ êàðòèíà ðàçâèòèÿ êàâèòàöèîí-

íîãî ðàçðóøåíèÿ ïðîñëåæèâàåòñÿ è íà øëèôî-

âàííîì ïîêðûòèè (ñì. ðèñ. 6), òîëüêî â ýòîì ñëó-

÷àå ïðîèñõîäèò îòäåëåíèå áîëåå êðóïíûõ ÷àñòèö,

ïîýòîìó òåìíûå ïÿòíà íà ñíèìêå, ñîîòâåòñòâóþ-

ùèå ìåñòàì îòäåëåíèÿ ÷àñòèö èçíîñà, áîëüøå ïî

ðàçìåðó, ÷åì ïîÿâëÿþùèåñÿ íà ñíèìêàõ èçíî-

øåííîãî ïîëèðîâàííîãî ïîêðûòèÿ (ñì., íàïðè-

ìåð, ðèñ. 5, â è ðèñ. 6, á). Ïîñëå 32 ÷ (ñì. ðèñ. 6, ã)

êàâèòàöèîííîãî âîçäåéñòâèÿ íà èñõîäíî øëèôî-

âàííîì ïîêðûòèè ïðàêòè÷åñêè íå îñòàëîñü ñâåò-

ëûõ ìåñò, ñîîòâåòñòâóþùèõ íåïîâðåæäåííîìó

ïîêðûòèþ.
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Ðèñ. 6. Ôîòîãðàôèè ïîâåðõíîñòè ùëèôîâàííîãî ýëåêòðîëèòè÷åñêîãî õðîìîâîãî ïîêðûòèÿ, íàíåñåííîãî àíîäíî-ñòðóé-

íûì ñïîñîáîì íà ñåðûé ÷óãóí: ïîñëå 0,25 (à), 8 (á), 16 (â) è 32 (ã) ÷àñîâ êàâèòàöèîííîãî âîçäåéñòâèÿ

Fig. 6. Photos of the ground chrome coating deposited on the grey cast iron using the anodic jet electrolytic chrome plating:

after 0.25 (a), 8 (b), 16 (c), and 32 (d) hours of cavitation attack



Êàê âèäíî èç ñíèìêîâ ïîïåðå÷íûõ ñå÷åíèé

èçíîøåííûõ èñõîäíî ïîëèðîâàííîãî (ðèñ. 7) è

øëèôîâàííîãî (ðèñ. 8) ïîêðûòèé, èõ êàâèòàöè-

îííîå ïîâðåæäåíèå ïðåäñòàâëÿåò ñîáîé ÿçâèíû,

îáðàçîâàâøèåñÿ ïðè îòäåëåíèè ÷àñòèö, ãëóáèíîé

îò 10 äî 45 ìêì è äèàìåòðîì îò 10 äî 30 ìêì. Ïðè

ýòîì íè îäíà èç ÿçâèí ïî ãëóáèíå íå äîñòèãàåò

÷óãóííîé ïîäëîæêè, ò.å. ïîÿâëåíèå òåìíûõ ïÿòåí

íà ñíèìêàõ èçíîøåííîé ïîâåðõíîñòè íà ðèñ. 5 è

6 îáúÿñíÿåòñÿ òåì, ÷òî èç-çà ñðàâíèòåëüíî áîëü-

øîãî îòíîøåíèÿ ãëóáèíû ÿçâèí ê äèàìåòðó îòðà-

æåíèÿ ñâåòà îò èõ ïîâåðõíîñòè íå ïðîèñõîäèò,

÷àñòèöû èçíîñà îòäåëÿþòñÿ â ïðåäåëàõ õðîìîâî-

ãî ïîêðûòèÿ.

Èçâåñòíî, ÷òî õðîìîâûå ïîêðûòèÿ, ïîëó÷åí-

íûå ïðè ñòàíäàðòíûõ óñëîâèÿõ ýëåêòðîëèçà, ñî-

ñòîÿò èç îòåëüíûõ êðèñòàëëè÷åñêèõ àãðåãàòîâ

ðàçëè÷íîé êîíôèãóðàöèè è ðàçìåðîâ, èìåþùèõ

áåñïîðÿäî÷íîå ðàñïîëîæåíèå è ÷åòêî âûðàæåí-

íûå ãðàíèöû. Óêàçàííûå àãðåãàòû ÷àñòî ìîæíî

íàáëþäàòü íà ïîâåðõíîñòè õðîìîâûõ ïîêðûòèé

[18], îíè ñîñòîÿò èç áîëåå ìåëêèõ ýëåìåíòîâ, êî-

òîðûå òàêæå îòëè÷àþòñÿ ïî ñâîèì ðàçìåðàì è

êîíôèãóðàöèè. Âûÿâëåíèþ ãðàíèö ìåæäó àãðå-

ãàòàìè ñïîñîáñòâóåò íåïðîäîëæèòåëüíîå êàâèòà-

öèîííîå âîçäåéñòâèå, òàê êàê óëüòðàçâóêîâàÿ êà-

âèòàöèÿ ñîïðîâîæäàåòñÿ ýôôåêòîì, ñõîæèì ñ ýô-

ôåêòîì òðàâëåíèÿ ìèêðîøëèôîâ ñïëàâîâ. Ïîñëå

óëüòðàçâóêîâîãî êàâèòàöèîííîãî âîçäåéñòâèÿ íà

ñïëàâàõ ÷àñòî ìîæíî íàáëþäàòü ïðîÿâèâøèåñÿ

ãðàíèöû ðàçíûõ çåðåí è ôàç. Íà ïîêðûòèè, ïîä-

âåðãíóòîì ïðîäîëæèòåëüíîìó ïðåäâàðèòåëüíîìó

øëèôîâàíèþ è ïîñëåäóþùåìó ïîëèðîâàíèþ,

ãðàíèöû êðèñòàëëè÷åñêèõ àãðåãàòîâ èñ÷åçëè.

Ïîñëå æå íåïðîäîëæèòåëüíîãî øëèôîâàíèÿ íà

ïîêðûòèè ñîõðàíèëèñü òîëüêî ãðàíèöû 1 (ñì.

ðèñ. 6, à) ýòèõ àãðåãàòîâ, êîòîðûå ïðîÿâèëèñü ïî-

ñëå êîðîòêîãî êàâèòàöèîííîãî âîçäåéñòâèÿ.

Êàê âèäíî íà ðèñ. 6, á, êàâèòàöèîííîå ðàçðó-

øåíèå íà÷àëîñü íå ïî ãðàíèöàì àãðåãàòîâ, à ïî

ñåòêå òðåùèí â ïîêðûòèè. Äðóãèìè ñëîâàìè, òðå-

ùèíû â õðîìîâîì ïîêðûòèè, âñåãäà îáðàçóþùèå-

ñÿ â ïðîöåññå õðîìèðîâàíèÿ, ÿâëÿþòñÿ îñíîâíû-

ìè äåôåêòàìè, ñ êîòîðûõ íà÷èíàåòñÿ êàâèòàöè-

îííîå ïîâðåæäåíèå ïîêðûòèÿ.

Ïðè ñðàâíåíèè ñåòîê òðåùèí íà ðèñ. 5 è 6 çà-

êëþ÷àåì, ÷òî ðàçìåð ïëîùàäîê, ò.å. ó÷àñòêîâ ïî-

êðûòèÿ, îãðàíè÷åííûõ òðåùèíàìè, íà ïîâåðõ-
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Ðèñ. 7. Ñòðóêòóðà ïîëèðîâàííîãî ïîêðûòèÿ âíå (à) è â ïðåäåëàõ (á) î÷àãà èçíîñà ïîñëå 32 ÷ êàâèòàöèîííîãî âîçäåéñòâèÿ

(íåòðàâëåíûå øëèôû): ñëåâà íàïðàâî — äâèæåíèå îò çîíû 1 ê çîíå 2 (ñì. ðèñ. 3, à)

Fig. 7. Structure of a polished coating beyond (a) and within (b) the focal site of cavitation wear after 32 h of cavitation attack

(unetched microsection). From left to right — movement from zone 1 to zone 2 (Fig. 3, a)

à á

Ðèñ. 8. Ñòðóêòóðà øëèôîâàííîãî ïîêðûòèÿ âíå (à) è â ïðåäåëàõ (á) î÷àãà èçíîñà ïîñëå 32 ÷ êàâèòàöèîííîãî âîçäåéñòâèÿ

(íåòðàâëåíûå øëèôû): ñëåâà íàïðàâî — äâèæåíèå îò çîíû 1 ê çîíå 2 (ðèñ. 3, á)

Fig. 8. Structure of the ground coating beyond (a) and within (b) the focal site of cavitation wear after 32 h of cavitation at-

tack (unetched microsection). From left to right — movement from zone 1 to zone 2 (Fig. 3, b)



íîñòè ïîëèðîâàííîãî ïîêðûòèÿ (ñì. ðèñ. 5) çà-

ìåòíî ìåíüøå, ÷åì íà ïîâåðõíîñòè øëèôîâàííî-

ãî ïîêðûòèÿ (ñì. ðèñ. 6). Ýòîò îáúÿñíÿåòñÿ, ïî-âè-

äèìîìó, òåì, ÷òî íà ðàçíîé ãëóáèíå ïîêðûòèÿ

ãóñòîòà ñåòêè òðåùèí ðàçíàÿ. Òîëùèíà øëèôî-

âàííîãî ïîêðûòèÿ ñîñòàâèëà îêîëî 150 ìêì, à

òîëùèíà ïîëèðîâàííîãî — îêîëî 110 ìêì, ò.å. ñ

óâåëè÷åíèåì ðàññòîÿíèÿ îò ïîâåðõíîñòè õðîìî-

âîãî ïîêðûòèÿ ñåòêà òðåùèí â íåì ñòàíîâèëàñü

ãóùå.

Âûâîäû

Ïðîäîëæèòåëüíîñòü èñïûòàíèé ïîëèðîâàí-

íûõ è øëèôîâàííûõ õðîìîâûõ ýëåêòðîëèòè÷å-

ñêèõ ïîêðûòèé íà êàâèòàöèîííûé èçíîñ ñ ïðèìå-

íåíèåì óëüòðàçâóêîâûõ âèáðàòîðîâ äîëæíà áûòü

äîñòàòî÷íîé äëÿ òîãî, ÷òîáû ïîñòðîèòü êèíåòè÷å-

ñêóþ êðèâóþ èçíàøèâàíèÿ ñ åå ïîñëåäóþùåé

êîððåêòèðîâêîé. Ïîòåðè ìàññû â òå÷åíèå ïåðâûõ

÷àñîâ íå ìîãóò õàðàêòåðèçîâàòü êàâèòàöèîííóþ

èçíîñîñòîéêîñòü ïîêðûòèé, òàê êàê ïðîèñõîäÿò â

ïðåäåëàõ èíêóáàöèîííîãî ïåðèîäà èçíàøèâàíèÿ

è âûçâàíû ïðè÷èíàìè, íå èìåþùèìè îòíîøåíèÿ

ê ðàçðóøåíèþ ñàìîãî ïîêðûòèÿ.

Îñíîâíûìè î÷àãàìè êàâèòàöèîííîãî ðàçðó-

øåíèÿ õðîìîâûõ ýëåêòðîëèòè÷åñêèõ ïîêðûòèé

ÿâëÿþòñÿ òðåùèíû, ïðèñóòñòâóþùèå â ïîêðûòèè

â ðåçóëüòàòå ïðîöåññà õðîìèðîâàíèÿ. Øåðîõîâà-

òîñòü ïîâåðõíîñòè õðîìîâîãî áëåñòÿùåãî ïîêðû-

òèÿ íå âëèÿåò íà ïðîäîëæèòåëüíîñòü èíêóáàöè-

îííîãî ïåðèîäà èçíàøèâàíèÿ â óñëîâèÿõ âèáðà-

öèîííîé êàâèòàöèè. Îäíàêî øåðîõîâàòîñòü õðî-

ìîâûõ ýëåêòðîëèòè÷åñêèõ ïîêðûòèé îêàçûâàåò

çàìåòíîå âëèÿíèå íà ïîñëåäóþùèå ïîñëå îêîí÷à-

íèÿ èíêóáàöèîííîãî ïåðèîäà ïîòåðè ìàññû ïðè

êàâèòàöèîííîì âîçäåéñòâèè: ñêîðîñòü èçíàøèâà-

íèÿ øëèôîâàííîãî ïîêðûòèÿ, îöåíèâàåìàÿ ïî

ïîòåðÿì ìàññû îáðàçöîâ, â äâà ðàçà âûøå ñêîðî-

ñòè èçíàøèâàíèÿ ïîëèðîâàííîãî ïîêðûòèÿ. Äëÿ

ñíèæåíèÿ îòðèöàòåëüíîãî âëèÿíèÿ èñõîäíûõ

òðåùèí íà êàâèòàöèîííóþ èçíîñîñòîéêîñòü õðî-

ìîâûõ áëåñòÿùèõ ïîêðûòèé, íàíåñåííûõ íà îõ-

ëàæäàåìûå ïîâåðõíîñòè âòóëîê öèëèíäðîâ äèçå-

ëåé, öåëåñîîáðàçíî ââîäèòü â òåõíîëîãè÷åñêèé

ïðîöåññ íàíåñåíèÿ õðîìîâîãî ïîêðûòèÿ îïåðà-

öèþ ïîëèðîâàíèÿ.

Ôèíàíñèðîâàíèå ðàáîòû

Ïðåäñòàâëåííàÿ ðàáîòà ôèíàíñèðîâàëàñü çà

ñ÷åò ñðåäñòâ áþäæåòà Ôåäåðàëüíîãî ãîñóäàðñò-

âåííîãî áþäæåòíîãî îáðàçîâàòåëüíîãî ó÷ðåæäå-

íèÿ âûñøåãî îáðàçîâàíèÿ «Ãîñóäàðñòâåííûé

óíèâåðñèòåò ìîðñêîãî è ðå÷íîãî ôëîòà èìåíè

Ñ. Î. Ìàêàðîâà». Íèêàêèõ äîïîëíèòåëüíûõ ãðàí-

òîâ íà ïðîâåäåíèå èëè ðóêîâîäñòâî äàííûì êîí-

êðåòíûì èññëåäîâàíèåì ïîëó÷åíî íå áûëî.

Êîíôëèêò èíòåðåñîâ

Àâòîðû äàííîé ðàáîòû çàÿâëÿþò, ÷òî ó íèõ

íåò êîíôëèêòà èíòåðåñîâ.
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