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Äëÿ ýêñïðåññíîãî è íåäîðîãîãî ñêðèíèíãîâîãî èññëåäîâàíèÿ ëåêàðñòâåííûõ ïðåïàðàòîâ

ïðè îöåíêå ñîäåðæàíèÿ â íèõ îñíîâíîãî âåùåñòâà â öåëÿõ èñêëþ÷åíèÿ èõ ôàëüñèôèêàöèè

øèðîêî èñïîëüçóþò èíäèêàòîðíûå áóìàãè íà îñíîâå èììîáèëèçîâàííûõ ðåàãåíòîâ ñ ïî-

ñëåäóþùåé öèôðîâîé îáðàáîòêîé èçîáðàæåíèé òåñò-ñðåäñòâ. Ïðåäëîæåíû èíäèêàòîðíûå

áóìàãè íà îñíîâå èììîáèëèçîâàííûõ íà öåëëþëîçíóþ ìàòðèöó ðåàãåíòîâ — 4-äèìåòèëà-

ìèíîêîðè÷íîãî àëüäåãèäà (ÄÌÀÊÀ), 4-äèìåòèëàìèíîáåíçàëüäåãèäà (ÄÌÀÁ) è 3-ìåò-

îêñè-4-ãèäðîêñèáåíçàëüäåãèäà (âàíèëèíà) äëÿ îïðåäåëåíèÿ â-ëàêòàìíîãî àíòèáèîòèêà

öåôîòàêñèìà. Äëÿ óñòàíîâëåíèÿ îïòèìàëüíûõ óñëîâèé èììîáèëèçàöèè ðåàãåíòîâ íà òâåð-

äóþ ìàòðèöó ðåãèñòðèðîâàëè çíà÷åíèÿ èçìåíåíèÿ èíòåíñèâíîñòè öâåòîâûõ ïàðàìåòðîâ

ïðè âàðüèðîâàíèè êîíöåíòðàöèè ðåàãåíòîâ, ïðèñóòñòâèÿ è òèïà ÏÀÂ, ïîðèñòîñòè áóìàãè.

Ïðè âèçóàëüíî-êîëîðèìåòðè÷åñêîì îïðåäåëåíèè öåôîòàêñèìà ïðåäåë îáíàðóæåíèÿ ñîñòà-

âèë 1,0 ìã/ìë (ÄÌÀÊÀ), 0,12 ìã/ìë (ÄÌÀÁ) è 0,30 ìã/ìë (âàíèëèí). Öâåòîìåòðè÷åñêóþ îá-

ðàáîòêó èçîáðàæåíèé òåñò-ñðåäñòâ ïðîâîäèëè â ïðîãðàììå GIMP (GNU Image Manipula-

tion Program) 2.10 ïóòåì óñðåäíåíèÿ èçîáðàæåíèÿ èíäèêàòîðíûõ áóìàã ñ ïîìîùüþ ôóíê-

öèè «ðàçìûâàíèå – ðåçêîñòü», îïðåäåëÿÿ èíòåíñèâíîñòè öâåòîâûõ ïàðàìåòðîâ. Ôîòîãðà-

ôèè òåñò-ñðåäñòâ ðåãèñòðèðîâàëè ñ ïîìîùüþ 48-ìåãàïèêñåëüíîé êàìåðû ñìàðòôîíà POCO

X3 pro â ñïåöèàëèçèðîâàííîì áîêñå ðàçìåðîì 22 × 23 × 24 ñì ñ äâóìÿ ïîëîñêàìè ñâåòîäè-

îäíîãî îñâåùåíèÿ (5 Â, 1 À). Ïîëó÷åíû ëèíåéíûå çàâèñèìîñòè èíòåíñèâíîñòåé öâåòîâûõ

ïàðàìåòðîâ ìîäåëåé RGB, HSV, CMYK îò êîíöåíòðàöèè (lg c) öåôîòàêñèìà: y = –15x + 45

(r2 = 0,99, öâåòîâîé ïàðàìåòð H äëÿ ÄÌÀÊÀ), y = –51x + 130 (r2 = 0,99, ïàðàìåòð B äëÿ

ÄÌÀÁ), y = 36x + 30 (r2 = 0,99, ïàðàìåòð S äëÿ âàíèëèíà). Ïîñòðîåíû ëèíåéíûå çàâè-

ñèìîñòè ïëîùàäåé è ïåðèìåòðîâ ëåïåñòêîâûõ äèàãðàìì èíäèêàòîðíûõ áóìàã äëÿ èññëå-

äîâàííûõ ñèñòåì öåôîòàêñèì — èììîáèëèçîâàííûé ðåàãåíò îò êîíöåíòðàöèè öåôîòàêñè-

ìà. Ïðàâèëüíîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ îöåíèâàëè ìåòîäîì «ââåäåíî – íàéäåíî», çíà-

÷åíèå îòíîñèòåëüíîé ïîãðåøíîñòè íå ïðåâûøàëî 25 %. Ðàçðàáîòàííûå òåñò-ñðåäñòâà íà

îñíîâå èììîáèëèçîâàííûõ àðîìàòè÷åñêèõ àëüäåãèäîâ ðåêîìåíäîâàíû äëÿ ïîëóêîëè÷å-

ñòâåííîãî îïðåäåëåíèÿ öåôîòàêñèìà.

Êëþ÷åâûå ñëîâà: öåôîòàêñèì; òåñò-îïðåäåëåíèå; èíäèêàòîðíûå áóìàãè; ïàðà-äèìåòèë-

àìèíîêîðè÷íûé àëüäåãèä; âàíèëèí; ïàðà-äèìåòèëàìèíîáåíçàëüäåãèä.

THE USE OF AROMATIC ALDEHYDES FOR THE TEST DETERMINATION

OF CEFOTAXIME
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Saratov State University, 83, Astrakhanskaya ul., Saratov, 410012, Russia; *e-mail: i_kosyreva@mail.ru
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Indicator papers based on immobilized reagents with their subsequent digital image processing are widely

used for the quick and cheap screening study of drugs when assessing the content of the main substance in

drugs for the presence of counterfeits. Indicator papers based on reagents immobilized on a cellulose ma-

trix 4-dimethylaminocinnamic aldehyde (DMACA), 4-dimethylaminobenzaldehyde (DMAB), and 3-meth-

oxy-4-hydroxybenzaldehyde (vanillin) were proposed for the determination of â-lactam antibiotic cefo-

taxime. To specify optimal conditions for the immobilization of reagents on a solid matrix, the intensities

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8 5



(changes in intensities) of color parameters were recorded at a different concentration of reagents, type of

surfactants, and paper porosity. The detection limits of visual-colorimetric determination of cefotaxime

were 1.0 mg/ml (DMACA), 0.12 mg/ml (DMAB), and 0.30 mg/ml (vanillin). Colorimetric processing of im-

ages of the test agents was carried out in the GIMP (GNU Image Manipulation Program) 2.10 program by

averaging the images of indicator papers using the blur-sharp function, determining the intensity of color

parameters. The photos were taken using a 48-megapixel camera of a POCO X3 pro smartphone in a spe-

cialized box measuring 22 × 23 × 24 cm with two LED lighting strips (5 V, 1 A). Linear dependences of

the intensities of color parameters of the RGB, HSV, and CMYK models on the cefotaxime concentration

(log c) were obtained: y = –15x + 45 (r2 = 0. 99, color parameter H for DMACA), y = –51x + 130 (r2 =

= 0.99, parameter B for DMAB), y = 36x + 30 (r2 = 0. 99, S parameter for vanillin). Linear dependences

of the areas and perimeters of the petal diagrams of indicator papers on the cefotaxime concentration have

been plotted for the studied systems of cefotaxime — immobilized reagent. The correctness of the determi-

nation results was assessed using the analysis of spiked samples, the relative error did not exceed 25%.

The developed test tools based on immobilized aromatic aldehydes are recommended for the semi-quanti-

tative determination of cefotaxime.

Keywords: cefotaxime; test determination; indicator papers; para-dimethylaminocinnamic aldehyde;

vanillin; para-dimethylaminobenzaldehyde.

Ââåäåíèå

Àíòèáèîòèêè — ýòî áèîëîãè÷åñêè àêòèâíûå

âåùåñòâà, èñïîëüçóåìûå â êà÷åñòâå ëåêàðñòâåí-

íûõ ñðåäñòâ äëÿ ïðîôèëàêòèêè è ëå÷åíèÿ áàê-

òåðèàëüíûõ èíôåêöèé [1, 2]. Ïî õèìè÷åñêîé

ñòðóêòóðå âûäåëÿþò îñíîâíûå êëàññû àíòèáèî-

òèêîâ: â-ëàêòàìû (ïåíèöèëëèíû, öåôàëîñïîðè-

íû, ìîíîëàêòàìû), ìàêðîëèäû è ãðóïïà ëèíêî-

ìèöèíà, ñòåðîèäû, òåòðàöèêëèíû, õëîðàìôåíè-

êîë (ëåâîìèöåòèí), àìèíîãëèêîçèäû, ïåïòèäíûå

àíòèáèîòèêè (ïîëèìèêñèíû, âàíêîìèöèí) è äð.

Äëÿ îïðåäåëåíèÿ àíòèáèîòèêîâ â ðàçëè÷íûõ îáú-

åêòàõ (ëåêàðñòâåííûõ ñðåäñòâàõ, áèîëîãè÷åñêèõ

ñðåäàõ, ïèùåâûõ ïðîäóêòàõ) â îñíîâíîì èñïîëü-

çóþò ñïåêòðîôîòîìåòðè÷åñêèå, õðîìàòîãðàôè÷å-

ñêèå è ýëåêòðîõèìè÷åñêèå ìåòîäû àíàëèçà, êîòî-

ðûå íåïðèãîäíû äëÿ áûñòðîãî è äåøåâîãî ñêðè-

íèíãîâîãî èññëåäîâàíèÿ ëåêàðñòâåííûõ ïðåïàðà-

òîâ ïðè îöåíêå ñîäåðæàíèÿ â íèõ îñíîâíîãî âå-

ùåñòâà íà ïðåäìåò íàëè÷èÿ ôàëüñèôèêàòîâ è

ò.ï. [3].

Àêòóàëüíîé çàäà÷åé ÿâëÿåòñÿ ðàçðàáîòêà

ïðîñòûõ è ýôôåêòèâíûõ ñïîñîáîâ îïðåäåëåíèÿ

àíòèáèîòèêîâ â ðàçëè÷íûõ îáúåêòàõ, â òîì ÷èñëå,

â ëåêàðñòâåííûõ ïðåïàðàòàõ [4 – 6]. Äëÿ ýòîé

öåëè øèðîêî èñïîëüçóþò èíäèêàòîðíûå áóìàãè

íà îñíîâå èììîáèëèçîâàííûõ ðåàãåíòîâ [7 – 10].

Öâåòîìåòðè÷åñêèå ìåòîäèêè ñ öèôðîâîé îáðà-

áîòêîé èçîáðàæåíèé ïîçâîëÿþò ðàñøèðèòü îá-

ëàñòü ïðèìåíåíèÿ òåñò-ñðåäñòâ è óëó÷øèòü ÷óâ-

ñòâèòåëüíîñòü îïðåäåëåíèÿ [11 – 13]. Ê

ïðåèìóùåñòâàì ìåòîäà öèôðîâîé öâåòîìåòðèè

ìîæíî îòíåñòè ïðîñòîòó åãî ðåàëèçàöèè è âîç-

ìîæíîñòü ñîõðàíåíèÿ èíôîðìàöèè â ýëåêòðîí-

íîì âèäå [14].

Ïî õèìè÷åñêîé ïðèðîäå öåôîòàêñèì (ðèñ. 1)

áëèçîê ê öåôàëîñïîðèíàì ïåðâîãî è âòîðîãî ïî-

êîëåíèé, îäíàêî îñîáåííîñòè ñòðóêòóðû îáåñïå-

÷èâàþò åãî âûñîêóþ àêòèâíîñòü â îòíîøåíèè

ãðàìîòðèöàòåëüíûõ áàêòåðèé è óñòîé÷èâîñòü ê

äåéñòâèþ ïðîäóöèðóåìûõ èìè â-ëàêòàìàç. Öåôî-

òàêñèì îáëàäàåò øèðîêèì ñïåêòðîì äåéñòâèÿ

[15, 16].

Öåëü íàñòîÿùåé ðàáîòû — ðàçðàáîòêà òåñò-

ñðåäñòâ â âèäå èíäèêàòîðíûõ áóìàã íà îñíîâå

èììîáèëèçîâàííûõ àðîìàòè÷åñêèõ àëüäåãè-

äîâ — ïàðà-äèìåòèëàìèíîêîðè÷íîãî àëüäåãèäà

(ÄÌÀÊÀ), ïàðà-äèìåòèëàìèíîáåíçàëüäåãèäà (ÄÌÀÁ)

è 3-ìåòîêñè-4-ãèäðîêñèáåíçàëüäåãèäà (âàíèëèí)

äëÿ îïðåäåëåíèÿ â-ëàêòàìíîãî àíòèáèîòèêà öå-

ôîòàêñèìà.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Îáúåêòû èññëåäîâàíèÿ. Àíàëèçèðîâàëè ïî-

ðîøîê öåôîòàêñèìà (â âèäå öåôîòàêñèìà íà-

òðèÿ) äëÿ âíóòðèâåííîãî ââåäåíèÿ («ÁÈÎÕÈ-

ÌÈÊ», Ðîññèÿ). Èñõîäíûé ðàñòâîð àíòèáèîòèêà

ñ êîíöåíòðàöèåé 64 ìã/ìë ãîòîâèëè ðàñòâîðåíè-

åì òî÷íîé íàâåñêè ïðåïàðàòà. Ðàáî÷èå ðàñòâîðû

ñ êîíöåíòðàöèåé 0,5 – 64 ìã/ìë ãîòîâèëè â äåíü

ïðîâåäåíèÿ ýêñïåðèìåíòà ïóòåì ïîñëåäîâàòåëü-

íîãî ðàçáàâëåíèÿ èñõîäíîãî.

Ðåàêòèâû è ìàòåðèàëû. Â êà÷åñòâå îñíîâû

äëÿ ñîçäàíèÿ òåñò-ñðåäñòâ ïðèìåíÿëè öåëëþëîç-

íóþ áóìàãó (ôèëüòðû îáåççîëåííûå «Ñèíÿÿ ëåí-

òà» ÒÓ 2642-001-13927158–2003). Äëÿ ïîëó÷åíèÿ

èíäèêàòîðíûõ áóìàã ôèëüòð ðàçìåðîì 5 × 5 ñì
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Ðèñ. 1. Ñòðóêòóðíàÿ ôîðìóëà öåôîòàêñèìà

Fig. 1. Structural formula of cefotaxime



ïîìåùàëè â ñâåæåïðèãîòîâëåííûé ñïèðòîâîé

ðàñòâîð ïàðà-äèìåòèëàìèíîêîðè÷íîãî àëüäåãè-

äà, ïàðà-äèìåòèëàìèíîáåíçàëüäåãèäà èëè âàíè-

ëèíà, âûñóøèâàëè ïðè 20 – 25 °C â òå÷åíèå

10 ìèí.

Äëÿ îöåíêè âëèÿíèÿ ÏÀÂ ïðè èììîáèëè-

çàöèè ïðèìåíÿëè ðàñòâîðû òðåõ òèïîâ: öåòèë-

ïèðèäèíèÿ õëîðèäà (ÖÏÕ) — êàòèîííîãî ÏÀÂ,

äîäåöèëñóëüôàòà íàòðèÿ (ÄÄÑ) — àíèîííîãî

ÏÀÂ è îêñèýòèëèðîâàííîãî àëêèëôåíîëà (ÎÏ-

10) — íåèîíîãåííîãî ÏÀÂ.

Îáîðóäîâàíèå è ìåòîäû èññëåäîâàíèÿ. ÈÊ-

ñïåêòðû îáðàçöîâ ÄÌÀÊÀ áûëè ïîëó÷åíû ñ èñ-

ïîëüçîâàíèåì ïÿòèëó÷åâîãî ÈÊ-Ôóðüå ñïåêòðî-

ìåòðà Nicolet 6700 Thermo Scientific (Intertech

Corporation, ÑØÀ). Ñòàíäàðòíûé ñïåêòðàëüíûé

äèàïàçîí ïðèáîðà ñîñòàâëÿåò 7800 – 350 ñì–1 ïðè

ðàçðåøåíèè 0,09 ñì–1.

Ñïåêòðû ïîãëîùåíèÿ ðåãèñòðèðîâàëè ñ èñ-

ïîëüçîâàíèåì ñïåêòðîôîòîìåòðà UV-2550 (Shi-

madzu, ßïîíèÿ) ñ èíòåðâàëîì èçìåðåíèÿ 1 íì.

Çíà÷åíèÿ pH ñðåäû êîíòðîëèðîâàëè ñ ïîìî-

ùüþ pH-ìåòðà pH-150ÌÀ (Ðîññèÿ).

Äëÿ óñòàíîâëåíèÿ ñòåïåíè ÷èñòîòû ñèíòåçè-

ðîâàííîãî îáðàçöà ïðèìåíÿëè ìåòîä òîíêîñëîé-

íîé õðîìàòîãðàôèè ñ ïðîÿâëåíèåì õðîìàòîãðàì-

ìû ïàðàìè éîäà.

Ôîòîãðàôèè òåñò-ñðåäñòâ ðåãèñòðèðîâàëè

ñ ïîìîùüþ 48-ìåãàïèêñåëüíîé êàìåðû ñìàðòôî-

íà POCO X3 pro â ñïåöèàëèçèðîâàííîì áîêñå

ðàçìåðîì 22 × 23 × 24 ñì c äâóìÿ ïîëîñêàìè ñâå-

òîäèîäíîãî îñâåùåíèÿ (5 Â, 1 À).

Öâåòîìåòðè÷åñêóþ îáðàáîòêó èçîáðàæåíèé

òåñò-ñðåäñòâ ïðîâîäèëè â ïðîãðàììå GIMP (GNU

Image Manipulation Program) 2.10 ïóòåì óñðåä-

íåíèÿ èçîáðàæåíèÿ èíäèêàòîðíûõ áóìàã ñ ïî-

ìîùüþ ôóíêöèè «ðàçìûâàíèå – ðåçêîñòü», îïðå-

äåëÿÿ èíòåíñèâíîñòè öâåòîâûõ ïàðàìåòðîâ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïîëó÷åíèå òåñò-ñðåäñòâ. Ïðåäëîæåíû òåñò-

ñðåäñòâà â âèäå èíäèêàòîðíûõ áóìàã (ÈÁ) íà îñ-

íîâå èììîáèëèçîâàííûõ ðåàãåíòîâ (ÄÌÀÊÀ,

ÄÌÀÁ, âàíèëèíà) äëÿ îïðåäåëåíèÿ öåôîòàêñè-

ìà. Ïðåäïîëàãàåìàÿ ðåàêöèÿ öåôîòàêñèìà ñ àðî-

ìàòè÷åñêèìè àëüäåãèäàìè ïðåäñòàâëåíà íà

ðèñ. 2.

Óñëîâèÿ èììîáèëèçàöèè ðåàãåíòîâ íà öåë-

ëþëîçíóþ ìàòðèöó. Äëÿ óñòàíîâëåíèÿ îïòè-

ìàëüíûõ óñëîâèé èììîáèëèçàöèè ðåàãåíòîâ

ðåãèñòðèðîâàëè çíà÷åíèÿ èçìåíåíèÿ èíòåíñèâ-

íîñòè öâåòîâûõ ïàðàìåòðîâ (ÄIÏ) ïðè âàðüèðîâà-

íèè êîíöåíòðàöèè ðåàãåíòà (1 · 10–4 – 1 · 10–2

ìîëü/ë), pH (àöåòàòíî-àììèà÷íûé áóôåðíûé ðàñ-

òâîð, pH = 3, 4, 6), ïðèðîäû ÏÀÂ (ÖÏÕ, ÎÏ-10,

ÄÄÑ), ïîðèñòîñòè áóìàãè («Ñèíÿÿ ëåíòà», «Êðàñ-

íàÿ ëåíòà», «Áåëàÿ ëåíòà»). Äëÿ ýòîãî íà èíäèêà-

òîðíóþ áóìàãó ñ èììîáèëèçîâàííûì ðåàãåíòîì

íàíîñèëè àíàëèçèðóåìûé ðàñòâîð àíòèáèîòèêà

â ñðåäå áóôåðíîãî ðàñòâîðà â ïðèñóòñòâèè è â îò-

ñóòñòâèå ÏÀÂ, ÷åðåç 15 ìèí ôîòîãðàôèðîâàëè

ÈÁ â áîêñå. Äàëåå â ïðîãðàììå GIMP îïðåäåëÿëè

çíà÷åíèÿ èíòåíñèâíîñòåé öâåòîâûõ ïàðàìåòðîâ.

Óñòàíîâëåíî, ÷òî ââåäåíèå ÏÀÂ â ñèñòåìó öåôî-

òàêñèì — èììîáèëèçîâàííûé ðåàãåíò óõóäøàåò

öâåòîìåòðè÷åñêèå õàðàêòåðèñòèêè: óìåíüøàþò-

ñÿ çíà÷åíèÿ öâåòîâûõ ïàðàìåòðîâ è êîíòðàñò-

íîñòü ÈÁ. Òàê, íàïðèìåð, äëÿ ÄÌÀÊÀ ïðè âàðü-

èðîâàíèè êîíöåíòðàöèè ðåàãåíòà ïîëó÷åíû ñëå-

äóþùèå çíà÷åíèÿ ÄIÏ: ÄIG = 6, ÄIH = 13 è

ÄIM = 7 (c(ÄÌÀÊÀ) = 1 · 10–4 ìîëü/ë); ÄIG = 22,

ÄIH = 26 è ÄIM = 24 (5 · 10–3 ìîëü/ë); ÄIG = 2,

ÄIH = 6 è ÄIM = 5 (1 · 10–2 ìîëü/ë). Ìàêñèìàëü-

íûå çíà÷åíèÿ ÄIÏ ÈÁ íàáëþäàëèñü äëÿ c(ÄÌÀ-

ÊÀ) = 5 · 10–3 ìîëü/ë ïðè pH 3 â îòñóòñâèå ÏÀÂ

(òàáë. 1). Óñòàíîâëåíî òàêæå, ÷òî ôèëüòð «Ñèíÿÿ

ëåíòà» ñ äèàìåòðîì ïîð 2 – 5 ìêì îáåñïå÷èâàåò
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Ðèñ. 2. Ïðåäïîëàãàåìàÿ ðåàêöèÿ öåôîòàêñèìà ñ èììîáèëèçîâàííûìè ðåàãåíòàìè

Fig. 2. Presumable reaction of cefotaxime with immobilized reagents



íàèáîëåå îäíîðîäíóþ è ðàâíîìåðíóþ îêðàñêó

òåñò-ñðåäñòâ. Îïòèìàëüíûå óñëîâèÿ èììîáèëèçà-

öèè ðåàãåíòîâ: c = 0,05 ìîëü/ë, T = 23 – 25 °C,

«Ñèíÿÿ ëåíòà».

Óñëîâèÿ âçàèìîäåéñòâèÿ öåôîòàêñèìà ñ

èììîáèëèçîâàííûìè íà öåëëþëîçíîé ìàòðèöå

ðåàãåíòàìè. Îïòèìàëüíûå âðåìÿ è òåìïåðàòóðó

ïðîâåäåíèÿ ðåàêöèè öåôîòàêñèìà ñ èììîáèëèçî-

âàííûìè ðåàãåíòàìè óñòàíàâëèâàëè ïî çàâèñè-

ìîñòÿì èíòåíñèâíîñòåé öâåòîâûõ ïàðàìåòðîâ îò

ñîîòâåòñòâóþùåãî ïàðàìåòðà (ðèñ. 3; ô = 15 –

25 ìèí; T = 90 – 100 °C; ïåðåõîä îêðàñêè èç áå-

ëîé â æåëòî-îðàíæåâóþ).

Âèçóàëüíî-êîëîðèìåòðè÷åñêîå îïðåäåëåíèå

öåôîòàêñèìà. Ïðè âèçóàëüíî-êîëîðèìåòðè÷å-

ñêîì îïðåäåëåíèè öåôîòàêñèìà ðàñòâîð àíòèáèî-

òèêà íàíîñèëè íà ïîâåðõíîñòü ÈÁ, âûñóøèâàëè

ïðè òåìïåðàòóðå 20 – 25 °C è íàáëþäàëè èçìåíå-

íèå îêðàñêè, êîòîðóþ ñðàâíèâàëè ñî ñòàíäàðòíîé

öâåòîâîé øêàëîé. Äëÿ ïîëó÷åíèÿ öâåòîâîé øêà-

ëû êîíöåíòðàöèþ öåôîòàêñèìà ïîäáèðàëè òàêèì

îáðàçîì, ÷òîáû øèðèíà øàãà øêàëû ïîçâîëÿëà

áû âèçóàëüíî ðàñïîçíàâàòü èçìåíåíèå îêðàñêè

äâóõ áëèæàéøèõ êîíöåíòðàöèé.

Çàâèñèìîñòè âåðîÿòíîñòè îáíàðóæåíèÿ öåôî-

òàêñèìà îò åãî êîíöåíòðàöèè P(c) ïðèìåíÿëè äëÿ

îöåíêè äîñòîâåðíîñòè ìåòîäèê ñ âèçóàëüíîé èí-

äèêàöèåé ñîãëàñíî ðàáîòàì [17 – 19].

Âåðîÿòíîñòü îáíàðóæåíèÿ âû÷èñëÿëè ïî ôîð-

ìóëå: P(ci) = ni/Ni, ãäå ni — ÷èñëî ïîëîæèòåëü-

íûõ íàáëþäåíèé; Ni — îáùåå ÷èñëî èñïûòàíèé

äëÿ êîíöåíòðàöèè ci. Ïðåäåë îáíàðóæåíèÿ (ÏÎ)

îïðåäåëÿëè êàê ïðàâóþ ãðàíèöó èíòåðâàëà íåíà-

äåæíîñòè ïðè P(c) = 0,99 (ðèñ. 4). Íåêîòîðûå

ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè âèçóàëüíîãî

îïðåäåëåíèÿ öåôîòàêñèìà ïðåäñòàâëåíû â

òàáë. 2.

Öâåòîìåòðè÷åñêîå îïðåäåëåíèå öåôîòàêñè-

ìà. Öâåòîìåòðè÷åñêóþ îáðàáîòêó èçîáðàæåíèé

òåñò-ñðåäñòâ ïðîâîäèëè â ïðîãðàììå GIMP 2.10,

îïðåäåëÿÿ çíà÷åíèÿ èíòåíñèâíîñòåé ïàðàìåòðîâ

öâåòà (R, G, B, H, S, V, C, M, Y, K). Ïîëó÷åíû ëè-

íåéíûå çàâèñèìîñòè èíòåíñèâíîñòåé öâåòîâûõ

ïàðàìåòðîâ îò ëîãàðèôìà êîíöåíòðàöèè àíòè-

áèîòèêà (ðèñ. 5).

Â ïðîãðàììå Microsoft Office Excel® ñòðîèëè

ïðîôèëè ëåïåñòêîâûõ äèàãðàìì (ËÄ) â êîîðäè-
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Òàáëèöà 1. Çàâèñèìîñòè ÄI
Ï

– pH (ÏÀÂ) (c(ÄÌÀÊÀ) = 5 · 10–3 ìîëü/ë; ôèëüòðîâàëüíàÿ áóìàãà «Ñèíÿÿ ëåíòà»;

21 – 25 °C, c(öåôîòàêñèì) = 32 ìã/ìë; 15 ìèí)

Table 1. Dependences ÄI
P

– pH (surfactant) (c(DMACA) = 5 × 10–3 M; “Blue Ribbon” filter paper; 21 – 25 °C, c(cefotaxi-

me) = 32 mg/ml; 15 min)

ÄI
Ï

pH* (áåç ÏÀÂ) ÏÀÂ (pH 3*)

3 4 6 ÖÏÕ ÎÏ-10 ÄÄÑ

G 22 ± 4 8 ± 4 3 ± 5 12 ± 5 14 ± 3 6 ± 3

H 26 ± 5 9 ± 5 0 ± 4 15 ± 4 13 ± 5 7 ± 4

M 24 ± 5 11 ± 4 1 ± 4 15 ± 3 18 ± 4 3 ± 4

* Àöåòàòíî-àììèà÷íûé áóôåðíûé ðàñòâîð.

I

t, ìèí

Ðèñ. 3. Çàâèñèìîñòè èíòåíñèâíîñòåé öâåòîâûõ ïàðàìåò-

ðîâ îò âðåìåíè ðåàêöèè

Fig. 3. Dependences of the intensities of color parameters

on the reaction time

P
c(
)

c, ìã/ìë

Ðèñ. 4. Çàâèñèìîñòü âåðîÿòíîñòè îáíàðóæåíèÿ öåôîòàê-

ñèìà îò åãî êîíöåíòðàöèè â èíòåðâàëå íåíàäåæíîñòè ðå-

àêöèè ñ èììîáèëèçîâàííûì ÄÌÀÊÀ

Fig. 4. Concentration dependence of the probabilities of

cefotaxime detection in the interval of unreliability with

DMACA

Òàáëèöà 2. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè âèçóàëü-

íîãî îïðåäåëåíèÿ öåôîòàêñèìà

Table 2. The metrological characteristics of the visual de-

termination of cefotaxime

Ðåàãåíò

Äèàïàçîí îïðå-

äåëÿåìûõ ñîäåð-

æàíèé, ìã/ìë

Èíòåðâàë

íåíàäåæíîñòè,

ìã/ìë

ÏÎ,

ìã/ìë

ÄÌÀÊÀ 1,0 – 32 0,60 – 1,0 1,0

ÄÌÀÁ 0,13 – 16 0,05 – 0,12 0,12

Âàíèëèí 0,50 – 32 0,05 – 0,30 0,30



íàòàõ öâåòîâûõ ïàðàìåòðîâ R, G, B, C, M, Y, K, H,

S, V (ðèñ. 6). Âèäíî, ÷òî ïðè óìåíüøåíèè êîíöåí-

òðàöèè àíòèáèîòèêà ïëîùàäü ïðîôèëÿ äèàãðàì-

ìû òàêæå óìåíüøàåòñÿ â ñëó÷àå ÄÌÀÊÀ è óâåëè-

÷èâàåòñÿ â ñëó÷àå ÄÌÀÁ è âàíèëèíà.

Ðàññ÷èòûâàëè ïëîùàäè (S) è ïåðèìåòðû (P)

ïîëó÷åííûõ ëåïåñòêîâûõ äèàãðàìì â MS Excel

ïî ñëåäóþùèì ôîðìóëàì:

P a b ab ab� � �
2 2 2 cos( ),

S ab ab�

1

2
sin( ),

ãäå a, b — ñòîðîíû òðåóãîëüíèêà; cos(ab) — êîñè-

íóñ óãëà ìåæäó ñòîðîíàìè a, b; sin(ab) — ñèíóñ

óãëà ìåæäó ñòîðîíàìè a, b.

Ïîëó÷åíû ëèíåéíûå çàâèñèìîñòè ïëîùàäåé

è ïåðèìåòðîâ ËÄ ÈÁ îò êîíöåíòðàöèè

öåôîòàêñèìa, ÷òî ïîçâîëÿåò ïðèìåíÿòü èõ äëÿ

ïîëóêîëè÷åñòâåííîé îöåíêè ñîäåðæàíèÿ öåôî-

òàêñèìà. Íà ðèñ. 7 ïðåäñòàâëåíû ïîëó÷åííûå çà-

âèñèìîñòè íà ïðèìåðå èììîáèëèçîâàííîãî ÄÌÀ-

ÊÀ.

Â òàáë. 3 ïðåäñòàâëåíû íåêîòîðûå ìåòðîëî-

ãè÷åñêèå õàðàêòåðèñòèêè ðàçðàáîòàííûõ ìåòî-

äèê öâåòîìåòðè÷åñêîãî îïðåäåëåíèÿ öåôîòàêñè-

ìà. Âèäíî, ÷òî ïðåäëîæåííûå ìåòîäèêè ìîæíî

ïðèìåíÿòü äëÿ öâåòîìåòðè÷åñêîãî îïðåäåëåíèÿ

àíòèáèîòèêà, îäíàêî íàèáîëüøèå çíà÷åíèÿ tg á
íàáëþäàþòñÿ äëÿ èììîáèëèçîâàííîãî ÄÌÀÁ.

Äëÿ ïðîâåðêè ïðàâèëüíîñòè ìåòîäèêè îïðå-

äåëåíèÿ öåôîòàêñèìà ïðèìåíÿëè ñïîñîá «ââåäå-

íî – íàéäåíî». Çíà÷åíèÿ Sr íå ïðåâûøàëè 2,0

(òàáë. 4).
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à á â

I I I

lg c lg c lg c

Ðèñ. 5. Çàâèñèìîñòè èíòåíñèâíîñòåé öâåòîâûõ êàíàëîâ îò lg c öåôîòàêñèìà äëÿ ÄÌÀÊÀ (à), ÄÌÀÁ (á) è âàíèëèíà (â)

Fig. 5. Dependences of color channel intensities on log c of cefotaxime for DMACA (a), DMAB (b), and vanillin (c)

à á â

Ðèñ. 6. Ïðîôèëè ëåïåñòêîâûõ äèàãðàìì ñèñòåìû öåôîòàêñèì — èììîáèëèçîâàííûé ðåàãåíò â êîîðäèíàòàõ RGBHSV:

à — ÄÌÀÊÀ; á — ÄÌÀÁ; â — âàíèëèí

Fig. 6. Radar diagram profiles of the cefotaxime — immobilized reagent system in RGBHSV coordinates: a — DMACA; b —

DMAB; c — vanillin

à á

P P

lg c lg c

Ðèñ. 7. Çàâèñèìîñòü ïåðèìåòðà (à) è ïëîùàäè (á) ëåïåñòêîâûõ äèàãðàìì ÈÁ ñèñòåìû öåôîòàêñèì — èììîáèëèçîâàííûé

ÄÌÀÊÀ îò lg c

Fig. 7. Dependence of the perimeter (a) and area (b) of the petal diagrams of the IP of the cefotaxime — immobilized DMACA

system on log c



Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàííûå òåñò-ñðåäñòâà

íà îñíîâå èììîáèëèçîâàííûõ àðîìàòè÷åñêèõ

àëüäåãèäîâ (4-äèìåòèëàìèíîêîðè÷íîãî àëüäåãè-

äà, 4-äèìåòèëàìèíîáåíçàëüäåãèäà è 3-ìåòîê-

ñè-4-ãèäðîêñèáåíçàëüäåãèäà) ðåêîìåíäîâàíû äëÿ

ïîëóêîëè÷åñòâåííîãî îïðåäåëåíèÿ öåôîòàêñèìà

â äèàïàçîíå îò 0,01 äî 64 ìã/ìë ñ ïðåäåëîì îáíà-

ðóæåíèÿ 0,01 ìã/ìë (â ñëó÷àå ïðèìåíåíèÿ ÈÁ ñ

èììîáèëèçîâàííûì ÄÌÀÁ).

Ôèíàíñèðîâàíèå

Ôèíàíñîâàÿ ïîääåðæêà ðàáîòû îñóùåñòâëÿ-

ëàñü â ðàìêàõ ãðàíòà ÐÍÔ ¹ 22-23-00420.
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Òàáëèöà 3. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè öâåòîìåò-

ðè÷åñêîãî îïðåäåëåíèÿ öåôîòàêñèìà

Table 3. Metrological characteristics of the colorimetric de-

termination of cefotaxime

Çàâèñèìîñòü

I
Ï

/S(P) îò lg c
Óðàâíåíèå ðåãðåññèè

ÏÎ,

ìã/ìë
r2

ÄÌÀÊÀ

I
G

y = –13x + 63 0,7 0,97

I
H

y = –15x + 45 0,6 0,99

I
M

y = 14x + 9,4 0,7 0,97

S y = –1620x + 7920 0,9 0,98

P y = –36x + 336 0,9 0,98

ÄÌÀÁ

I
B

y = –51x + 130 0,1 0,99

S y = –10493x + 58036 0,02 0,95

P y = –78x + 830 0,01 0,95

Âàíèëèí

I
B

y = –27x + 52 0,2 0,98

I
S

y = 36x + 30 0,2 0,99

S y = 1915x + 3321 0,1 0,99

P y = 53x + 304 0,1 0,94

Òàáëèöà 4. Ðåçóëüòàòû ïðîâåðêè ïðàâèëüíîñòè îïðåäå-

ëåíèÿ öåôîòàêñèìà ìåòîäîì «ââåäåíî – íàéäåíî» (n = 3;

P = 0,95)

Table 4. Correctness of the assessment by the analysis of

spiked samples (n = 3; P = 0.95)

Öâåòîâîé

êàíàë

Ââåäåíî,

ìã/ìë

Íàéäåíî,

ìã/ìë
S

r

G 20 20 ± 4 1,6

H 20 ± 3 1,0

M 20 ± 5 2,0
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Ïðèíÿòà ê ïóáëèêàöèè 25 ìàÿ 2023 ã.

Ïðåäëîæåí ýêñïðåññíûé ñïîñîá ñêðèíèíãà ïðîá è îïðåäåëåíèÿ îñòàòî÷íûõ ñîäåðæàíèé

80 âåòåðèíàðíûõ ïðåïàðàòîâ â ïèùåâûõ ïðîäóêòàõ ïðè îöåíêå èõ áåçîïàñíîñòè. Â ïðîáî-

ïîäãîòîâêå èñêëþ÷åíà ñòàäèÿ òâåðäîôàçíîé ýêñòðàêöèè äëÿ î÷èñòêè ýêñòðàêòà, ïðè ýòîì

ìàòðè÷íûé ýôôåêò íèâåëèðîâàí ïðèìåíåíèåì èçîòîïíî-ìå÷åíûõ ñòàíäàðòîâ. Ïðèìåíå-

íèå ñïîñîáà èçîòîïíîãî ðàçáàâëåíèÿ ïîçâîëèëî èñêëþ÷èòü ñòàäèþ ïîñòðîåíèÿ ìàòðè÷íûõ

ãðàäóèðîâî÷íûõ çàâèñèìîñòåé è ðàññ÷èòûâàòü êîíöåíòðàöèè ñ èñïîëüçîâàíèåì ïîïðàâî÷-

íûõ êîýôôèöèåíòîâ, íàéäåííûõ ïî ñòàíäàðòíûì âîäíûì ðàñòâîðàì àíàëèòîâ ñ îãðàíè-

÷åííûì ÷èñëîì èçîòîïíî-ìå÷åíûõ ñòàíäàðòîâ (ïî îäíîìó äëÿ êàæäîãî êëàññà îïðåäåëÿå-

ìûõ ñîåäèíåíèé). Ïðåäåëû îáíàðóæåíèÿ ëåêàðñòâåííûõ ïðåïàðàòîâ (cìèí = 0,1 – 10 íã/ã)

ïîçâîëèëè îïðåäåëÿòü èõ îñòàòî÷íûå êîëè÷åñòâà íà óðîâíå ìàêñèìàëüíî-äîïóñòèìûõ ñî-

äåðæàíèé äëÿ ïèùåâûõ ïðîäóêòîâ.

Êëþ÷åâûå ñëîâà: âûñîêîýôôåêòèâíàÿ æèäêîñòíàÿ õðîìàòîãðàôèÿ; òàíäåìíàÿ ìàññ-

ñïåêòðîìåòðèÿ; ìåòîä èçîòîïíîãî ðàçáàâëåíèÿ; ñêðèíèíã ïðîá; îñòàòî÷íûå ñîäåðæàíèÿ âå-

òåðèíàðíûõ ïðåïàðàòîâ.
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A fast method of samples screening and determination of 80 veterinary drugs residues in food safety as-

sessment is proposed. The solid-phase extraction for the extract purification in the sample preparation is

excluded, at the same time the matrix effect is mitigated by the isotope-labeled standards using. The iso-

tope dilution method allowed to exclude matrix calibration curves construction and calculate the concen-

tration using correction coefficients found from analytes standard aqueous solutions and a limited num-

ber of isotope-labeled standards. The drugs residues limits of detection (c
min

= 0,1 – 10 ng/g) allowed their

determination at the maximum permissible levels for food.

Keywords: high performance liquid chromatography; tandem mass spectrometry; isotopic dilution; sam-

ples screening; veterinary drugs residues.

Ââåäåíèå

Â ëàáîðàòîðíûõ èññëåäîâàíèÿõ ïèùåâîé ïðî-

äóêöèè è ïðîäîâîëüñòâåííîãî ñûðüÿ ïî ïîêàçàòå-

ëÿì áåçîïàñíîñòè çíà÷èòåëüíóþ ðîëü èãðàåò ïðî-

èçâîäèòåëüíîñòü àíàëèçà. Â ïðîäóêöèè æèâîòíî-

âîäñòâà íåîáõîäèì êîíòðîëü îñòàòî÷íûõ ñîäåð-

æàíèé øèðîêîãî ñïåêòðà ïðåïàðàòîâ (ñóëüôà-

íèëàìèäîâ, íèòðîèìèäàçîëîâ, ïåíèöèëëèíîâ,

àíòèáèîòèêîâ òåòðàöèêëèíîâîé ãðóïïû, ìàêðî-

ëèäîâ, õèíîëîíîâ, â-àãîíèñòîâ è äð.). Ñêðèíèíã

ïîäðàçóìåâàåò èññëåäîâàíèå áîëüøîãî ÷èñëà

ïðîá â ðàìêàõ îäíîãî àíàëèçà íà ìàêñèìàëüíî

øèðîêèé ïåðå÷åíü ïîêàçàòåëåé, ïîçâîëÿþùåå

âûÿâèòü íåñîîòâåòñòâèÿ ïðîäóêöèè ðåãëàìåíòè-

ðóåìûì òðåáîâàíèÿì. Â ýòîì ñëó÷àå ýôôåêòèâ-

íûì èíñòðóìåíòîì ÿâëÿþòñÿ ìåòîäèêè îäíîâðå-
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ìåííîãî îïðåäåëåíèÿ îñòàòî÷íûõ ñîäåðæàíèé

ëåêàðñòâåííûõ ïðåïàðàòîâ ðàçëè÷íûõ êëàññîâ

äëÿ âåòåðèíàðíîãî ïðèìåíåíèÿ è èõ ìåòàáîëèòîâ

íà îñíîâå õðîìàòîãðàôè÷åñêèõ ìåòîäîâ ñ òàíäåì-

íûì ìàññ-ñïåêòðîìåòðè÷åñêèì äåòåêòèðîâàíèåì

[1]. Âûñîêîýôôåêòèâíóþ æèäêîñòíóþ õðîìàòî-

ãðàôèþ ñ ìàññ-ñïåêòðîìåòðè÷åñêèì äåòåêòèðî-

âàíèåì (ÂÝÆÕ-ÌÑ/ÌÑ) è ïðåäâàðèòåëüíîé ïîä-

ãîòîâêîé îáðàçöîâ ìåòîäîì òâåðäîôàçíî-, æèä-

êîñòü-æèäêîñòíîé ýêñòðàêöèè (ÒÆÝ, ÆÆÝ) â ñî-

÷åòàíèè ñ ïîñëåäóþùåé î÷èñòêîé òâåðäîôàçíîé

ýêñòðàêöèåé (ÒÔÝ), äèñïåðñèîííîé òâåðäîôàç-

íîé ýêñòðàêöèåé (ÄÒÔÝ), à òàêæå QuEChERS,

øèðîêî ïðèìåíÿþò â ìíîãîêîìïîíåíòíîì àíàëè-

çå [2].

Â ðåæèìå ÌÑ/ÌÑ èäåíòèôèêàöèþ è îïðåäå-

ëåíèå ïðîâîäÿò ïóòåì èçìåðåíèÿ ñîîòíîøåíèé

m/z èîíà-ïðåäøåñòâåííèêà è äî÷åðíèõ èîíîâ [3].

Ñî÷åòàíèå â ìåòîäå ÂÝÆÕ-ÌÑ/ÌÑ ðàçäåëåíèÿ

àíàëèçèðóåìûõ âåùåñòâ è âîçìîæíîñòè ïîëó-

÷åíèÿ èíôîðìàöèè îá èõ ñòðóêòóðå îáåñïå÷èâàåò

îäíîçíà÷íóþ èäåíòèôèêàöèþ è íàäåæíîå îïðå-

äåëåíèå àíàëèòîâ. Ðàçðàáîòàíû ÷óâñòâèòåëü-

íûå ìåòîäèêè, êîòîðûå ïîçâîëÿþò îäíîâðåìåííî

èäåíòèôèöèðîâàòü è îïðåäåëÿòü ìíîæåñòâî ñî-

åäèíåíèé ðàçíûõ êëàññîâ (òàáë. 1).

Íåñìîòðÿ íà âûñîêóþ ñåëåêòèâíîñòü ÂÝÆÕ-

ÌÑ/ÌÑ, îïðåäåëåíèå âåòåðèíàðíûõ ïðåïàðàòîâ

â ïðîäîâîëüñòâåííîì ñûðüå è ïðîäóêòàõ ïèòàíèÿ

òðåáóåò ñëîæíîé ïðîáîïîäãîòîâêè. Ïîýòîìó äëÿ

ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè àíàëèçà íåîáõî-

äèìà ìèíèìèçàöèÿ ÷èñëà îïåðàöèé è ïðîäîëæè-

òåëüíîñòè ïîäãîòîâêè îáðàçöîâ, íî ïðè ýòîì ýô-

ôåêòèâíîå óñòðàíåíèå (íèâåëèðîâàíèå) ìàòðè÷-

íîãî ýôôåêòà. Â ñëó÷àå òàíäåìíîãî ìàññ-ñïåêòðî-

ìåòðè÷åñêîãî äåòåêòèðîâàíèÿ äîñòàòî÷íî ïðèìå-

íåíèÿ ÒÆÝ, ÆÆÝ è ïîñëåäóþùåãî ðàçáàâëåíèÿ

ýêñòðàêòà, à íèâåëèðîâàòü âëèÿíèå ìàòðèöû

ìîæíî äîáàâëåíèåì èçîòîïíî-ìå÷åíûõ âíóòðåí-

íèõ ñòàíäàðòîâ. Íåîáõîäèìî îòìåòèòü, ÷òî çàäà-

÷à ñêðèíèíãà ðåøàåòñÿ ýôôåêòèâíî è õðîìàòî-

ãðàôè÷åñêèìè ìåòîäàìè â ñî÷åòàíèè ñ ìàññ-ñïåê-

òðîìåòðèåé âûñîêîãî ðàçðåøåíèÿ, íî ñîîòâåòñò-

âóþùåå îáîðóäîâàíèå äîñòóïíî íå âñåì ëàáîðà-

òîðèÿì â ñâÿçè ñ âûñîêîé ñòîèìîñòüþ.

Öåëü äàííîé ðàáîòû çàêëþ÷àëàñü â ðàçðàáîò-

êå ÂÝÆÕ-ÌÑ/ÌÑ ìåòîäèêè ñ ìèíèìàëüíîé ïðåä-

âàðèòåëüíîé ïðîáîäãîòîâêîé äëÿ ñêðèíèíãà ïðîá

è îïðåäåëåíèÿ îñòàòî÷íûõ êîëè÷åñòâ øèðîêîãî

ñïåêòðà ëåêàðñòâåííûõ ïðåïàðàòîâ âåòåðèíàðíî-

ãî íàçíà÷åíèÿ ñ èñïîëüçîâàíèåì ìåòîäà èçîòîï-

íîãî ðàçáàâëåíèÿ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àïïàðàòóðà. Õðîìàòîãðàôè÷åñêîå ðàçäåëå-

íèå ïðîâîäèëè ñ èñïîëüçîâàíèåì óëüòðàâûñîêî-

ýôôåêòèâíîãî æèäêîñòíîãî õðîìàòîãðàôà

(ÓÂÝÆÕ) 1290 Infinity II LC System (Agilent,

Ñàíòà-Êëàðà, ÑØÀ) ñ êîëîíêîé Zorbax SB-C18

(150 × 2,0 ìì, 5 ìêì).

Àíàëèòû èäåíòèôèöèðîâàëè ñ ïîìîùüþ

ìàññ-ñïåêòðîìåòðè÷åñêîé òðåõêâàäðóïîëüíîé

ñèñòåìû QTrap 5500 (Sciex, Òîðîíòî, Êàíàäà).

Èñïîëüçîâàëè âåðñèþ ïðîãðàììíîãî îáåñïå÷åíèÿ

Analyst Software 1.6.2. Ñèñòåìà ðàáîòàëà â ðåæè-

ìå ìîíèòîðèíãà çàäàííûõ ðåàêöèé ïîëîæèòåëü-

íûõ è îòðèöàòåëüíûõ èîíîâ ñ èîíèçàöèåé ìîëå-

êóë ýëåêòðîðàñïûëåíèåì.

Ðåàêòèâû. Èñïîëüçîâàëè ñòàíäàðòíûå îá-

ðàçöû òåòðàöèêëèíîâ, ìàêðîëèäîâ, ëèíêîçàìè-

äîâ, ïëåâðîìóòèëèíîâ, ñóëüôàíèëàìèäîâ, ïåíè-

öèëëèíîâ, íèòðîèìèäàçîëîâ, àìôåíèêîëîâ, õè-

íîëîíîâ è â-àãîíèñòîâ è ñîîòâåòñòâóþùèå äåéòå-

ðèðîâàííûå ñòàíäàðòû (ñîäåðæàíèå îñíîâíîãî

âåùåñòâà íå ìåíåå 90 %, Dr. Ehrenstorfer, Fluka,

Sigma-Aldrich). Èñõîäíûå ðàñòâîðû ñ êîíöåíòðà-

öèåé 1 ìã/ìë ãîòîâèëè ðàñòâîðåíèåì ñîîòâåòñò-

âóþùåé íàâåñêè (ñ ó÷åòîì ñîäåðæàíèÿ îñíîâíîãî

âåùåñòâà) â ìåòàíîëå (êðîìå ðàñòâîðîâ ïåíèöèë-

ëèíîâ — èõ ðàñòâîðÿëè â ñìåñè âîäà — ìåòàíîë â

îáúåìíîì îòíîøåíèè 2:1). Õðàíèëè ðàñòâîðû

ïðè – 20 °C íå áîëåå 1 ãîäà. Ðàáî÷èå ðàñòâîðû ãî-

òîâèëè ðàçáàâëåíèåì èñõîäíûõ ðàñòâîðîâ âîäîé

â äåíü èñïîëüçîâàíèÿ.

Äëÿ ïðîáîïîäãîòîâêè è õðîìàòîãðàôè÷åñêîãî

ðàçäåëåíèÿ èñïîëüçîâàëè àöåòîíèòðèë LC-MS

grade (Scharlau, Áàðñåëîíà, Èñïàíèÿ), ìåòàíîë

LC-MS grade (Merck, Äàðìøòàäò, Ãåðìàíèÿ), ìó-

ðàâüèíóþ êèñëîòó (÷èñòîòà >98 %) (Carl Roth,

Êàðëñðóý, Ãåðìàíèÿ), íàòðèåâóþ ñîëü ýòèëåíäèà-

ìèíòåòðàóêñóñíîé êèñëîòû (ÝÄÒÀ) (Sigma-Ald-

rich, Äàðìøòàäò, Ãåðìàíèÿ). Äåèîíèçèðîâàííóþ

âîäó ïîëó÷àëè c ïîìîùüþ óñòàíîâêè äëÿ âûñîêî-

ýôôåêòèâíîé î÷èñòêè âîäû Direct-Q S (Millipore,

Ìîëüñàéì, Ôðàíöèÿ).

Ðàñõîäíûå ìàòåðèàëû. Â ðàáîòå èñïîëüçîâà-

ëè ïîëèïðîïèëåíîâûå ïðîáèðêè åìê. 15 ìë

(Corning, Ãëåíäåéë, ÑØÀ), íåéëîíîâûå ìåìáðàí-

íûå ôèëüòðû 0,20 ìêì (Agilent, Ñàíòà-Êëàðà,

ÑØÀ), ìèêðîôëàêîíû äëÿ õðîìàòîãðàôèðîâàíèÿ

åìê. 2 ìë (ALWSCI Technologies Co., Øàîñèí,

Êèòàé).

Ïðîáû. Àíàëèçèðóåìûå ïðîáû áûëè ïîëó-

÷åíû ÔÃÁÓ «Âñåðîññèéñêèé ãîñóäàðñòâåííûé

öåíòð êà÷åñòâà è ñòàíäàðòèçàöèè ëåêàðñòâåííûõ

ñðåäñòâ äëÿ æèâîòíûõ è êîðìîâ» (ÔÃÁÓ

«ÂÃÍÊÈ») â ðàìêàõ ãîñóäàðñòâåííîãî âåòåðè-

íàðíîãî ëàáîðàòîðíîãî ìîíèòîðèíãà, îñóùåñòâ-

ëÿåìîãî Ôåäåðàëüíîé ñëóæáîé ïî âåòåðèíàðíîìó

è ôèòîñàíèòàðíîìó íàäçîðó (Ðîññåëüõîçíàäçîð).

Ìÿñî, ïå÷åíü, ïî÷êè, øïèê õðàíèëè ïðè –20 °C â

õîëîäèëüíèêå â òå÷åíèå ìåñÿöà. Ïåðåä àíàëèçîì

çàìîðîæåííûå ïðîäóêòû èçìåëü÷àëè ñ èñïîëüçî-

âàíèåì áûòîâîãî ìèêñåðà; ìîëîêî, ìåä, ÿéöà õðà-

íèëè ïðè 4 °C â òå÷åíèå ìåñÿöà. Ïåðåä àíàëèçîì
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ÿéöà îñâîáîæäàëè îò ñêîðëó-

ïû, îáúåäèíÿëè 6 øòóê â îäíó

ïðîáó è òùàòåëüíî ïåðåìåøè-

âàëè ñ èñïîëüçîâàíèåì áûòî-

âîãî ìèêñåðà.

Ïðîáîïîäãîòîâêà. Ïðè àíà-

ëèçå îáðàçöîâ ìÿñà, ìÿñíûõ

ïðîäóêòîâ, ñóáïðîäóêòîâ è ÿèö

â ïîëèïðîïèëåíîâóþ ïðîáèð-

êó åìê. 15 ìë âíîñèëè 2,00 ã

òùàòåëüíî èçìåëü÷åííîé ïðî-

áû, äîáàâëÿëè 10,0 ìë ñìåñè

0,05 Ì ðàñòâîðà ÝÄÒÀ è àöå-

òîíèòðèëà (20:80 % îá.), ïåðå-

ìåøèâàëè â òå÷åíèå 10 ìèí,

çàòåì öåíòðèôóãèðîâàëè â òå-

÷åíèå 10 ìèí (4000 îá/ìèí)

ïðè 4 °C. Îòáèðàëè æèäêèé

ñëîé â íîâûé ôëàêîí è óïàðè-

âàëè ïðè 40 °C â òîêå àçîòà äî

0,8 – 0,9 ìë. Äàëåå îáúåì ýêñ-

òðàêòà äîâîäèëè äåèîíèçè-

ðîâàííîé âîäîé äî 1 ìë, ïåðå-

ìåøèâàëè 5 ñ è ôèëüòðîâàëè

÷åðåç ìåìáðàííûé ôèëüòð

0,20 ìêì â ìèêðîôëàêîí äëÿ

õðîìàòîãðàôèðîâàíèÿ.

Ïðè àíàëèçå îáðàçöîâ ìî-

ëîêà è ìîëî÷íûõ ïðîäóêòîâ â

ïîëèïðîïèëåíîâóþ ïðîáèðêó

åìê. 15 ìë âíîñèëè 2,00 ã òùà-

òåëüíî ïåðåìåøàííîé ïðîáû,

äîáàâëÿëè 8 ìë àöåòîíèòðèëà

è 40 ìã ÝÄÒÀ, ïåðåìåøèâàëè

â òå÷åíèå 10 ìèí, çàòåì öåí-

òðèôóãèðîâàëè â òå÷åíèå

10 ìèí (4000 îá/ìèí) ïðè 4 °C.

Îòáèðàëè âåðõíèé ñëîé â íî-

âûé ôëàêîí è óïàðèâàëè ïðè

40 °C â òîêå àçîòà äî 0,8 –

0,9 ìë. Äàëåå îáúåì ýêñòðàêòà

äîâîäèëè äåèîíèçèðîâàííîé

âîäîé äî 1 ìë, ïåðåìåøèâàëè

5 ñ è ôèëüòðîâàëè ÷åðåç ìåì-

áðàííûé ôèëüòð 0,20 ìêì â

ìèêðîôëàêîí äëÿ

õðîìàòîãðàôèðîâàíèÿ.

Èäåíòèôèêàöèÿ è îïðåäå-

ëåíèå. Àíàëèòû èäåíòèôè-

öèðîâàëè ïî ïîëó÷åííûì õðî-

ìàòîãðàììàì ñ èñïîëüçîâàíè-

åì ïðîãðàììíîãî îáåñïå÷åíèÿ

Analyst 1.6.2 (ABSciex, Ôðåé-

ìèíãåì, ÑØÀ). Íåèçâåñòíóþ

êîíöåíòðàöèþ àíàëèòà â ïðî-

áå îïðåäåëÿëè ìåòîäîì èçî-

òîïíîãî ðàçáàâëåíèÿ. Â àíàëè-

çèðóåìóþ ïðîáó ââîäèëè ñìåñü
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äåéòåðèðîâàííûõ âíóòðåííèõ ñòàíäàðòîâ

(5 – 50 íã/ã), ïðîâîäèëè àíàëèç è êîíöåíòðàöèþ

ðàññ÷èòûâàëè ñ èñïîëüçîâàíèåì ïîïðàâî÷íûõ

êîýôôèöèåíòîâ äëÿ êàæäîãî àíàëèòà (òàáë. 2):

cx = cäîáSxk/Sâ.ñò.õ,

ãäå cäîá — êîíöåíòðàöèÿ äîáàâêè âíóòðåííåãî

ñòàíäàðòà, íã/ã; Sx, Sâ.ñò.õ — ïëîùàäè õðîìàòîãðà-

ôè÷åñêèõ ïèêîâ îáíàðóæåííîãî àíàëèòà â ïðîáå

è ñîîòâåòñòâóþùåãî äàííîìó êëàññó àíàëèòîâ

âíóòðåííåãî ñòàíäàðòà ñîîòâåòñòâåííî; k — ïî-

ïðàâî÷íûé êîýôôèöèåíò.

Ïîïðàâî÷íûå êîýôôèöèåíòû (ñðåäíåå çíà÷å-

íèå) áûëè ïðåäâàðèòåëüíî ðàññ÷èòàíû äëÿ óðîâ-

íåé êîíöåíòðàöèé 1, 10, 20, 50 è 100 íã/ìë ïî ñî-

îòíîøåíèÿì ïëîùàäåé ïèêîâ äåéòåðèðîâàííûõ

ñòàíäàðòîâ è ñòàíäàðòíûõ ðàñòâîðîâ àíàëèòîâ:

k = Sd/S0,

ãäå Sd, S0 — ïëîùàäè õðîìàòîãðàôè÷åñêèõ ïèêîâ

âíóòðåííåãî äåéòåðèðîâàííîãî ñòàíäàðòà è àíà-

ëèòà ñîîòâåòñòâåííî. Îïðåäåëåíèå ïîïðàâî÷íîãî

êîýôôèöèåíòà äëÿ ðàçëè÷íûõ ìàòðèö (ìÿñî, ïå-

÷åíü, ìîëîêî, ìåä, ÿéöà, ðûáà) ïðîâîäèëè àíàëî-

ãè÷íî ââåäåíèåì â «÷èñòûå» ïðîáû 1, 10, 20, 50 è

100 íã/ã äåéòåðèðîâàííûõ è íåäåéòåðèðîâàííûõ

ñòàíäàðòîâ. Ïðîâîäèëè ïðîáîïîäãîòîâêó êàê

îïèñàíî âûøå, õðîìàòîãðàôèðîâàëè è ïî õðîìà-

òîãðàììàì îïðåäåëÿëè Sd, S0.

Ìàòðè÷íûé ýôôåêò (%) îöåíèâàëè ïî ôîð-

ìóëå:

ÌÝ = 100(C/D – 1),

ãäå C, D — çíà÷åíèÿ íàêëîíîâ ãðàäóèðîâî÷íûõ

ãðàôèêîâ, ïîëó÷åííûõ äëÿ ýêñòðàêòîâ èç ìàòðè-

öû è äåèîíèçèðîâàííîé âîäû ñîîòâåòñòâåííî â

äèàïàçîíå 0,1 – 100 ìêã/êã.

Óñëîâèÿ õðîìàòîãðàôè÷åñêîãî ðàçäåëåíèÿ è

äåòåêòèðîâàíèÿ. Â êà÷åñòâå ïîäâèæíûõ ôàç À è

Á èñïîëüçîâàëè 0,5 %-íûå âîäíûé è ìåòàíîëü-

íûé ðàñòâîðû ìóðàâüèíîé êèñëîòû ñîîòâåòñò-

âåííî. Ñêîðîñòü ïîòîêà ñîñòàâëÿëà 0,3 ìë/ìèí.

Îñóùåñòâëÿëè ãðàäèåíòíîå ýëþèðîâàíèå:

0 – 1 ìèí — 100 % À, 1 – 17 ìèí — ãðàäèåíòíîå

óìåíüøåíèå äî 0 % À, 17 – 20 ìèí — 0 % À,

20 – 20,1 ìèí — 100 % À, 20,1 – 25 ìèí — óðàâíî-

âåøèâàíèå êîëîíêè (100 % À). Òåìïåðàòóðà õðî-

ìàòîãðàôè÷åñêîé êîëîíêè ñîñòàâëÿëà 40 °C, îáú-

åì ââîäèìîé ïðîáû — 10 ìêë.

Ïàðàìåòðû ðàáîòû ìàññ-ñïåêòðîìåòðè÷åñêî-

ãî äåòåêòîðà: òåìïåðàòóðà èñïàðèòåëÿ — 500 °C;

íàïðÿæåíèå íà ðàñïûëÿþùåì êàïèëëÿðå —

5500 – 4500 Â; äàâëåíèå ãàçà ñîóäàðåíèé (àçî-
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Ðèñ. 1. Õðîìàòîãðàììà ïî îáùåìó èîííîìó òîêó äëÿ ýêñòðàêòà èç ïå÷åíè (ìåäà) è ìàêñèìàëüíûé ìàòðè÷íûé ýôôåêò,

ðàñïðåäåëåííûé ïî âðåìåíè óäåðæèâàíèÿ àíàëèòîâ

Fig. 1. Chromatogram of the total ion current for the liver (honey) extract and the maximum matrix effect distributed by the

analytes retention times



òà) — 41,37 êÏà, îñóøàþùåãî è ðàñïûëÿþùåãî

ãàçîâ — 275,79 êÏà, çàâåñà — 137,90 êÏà.

Îáñóæäåíèå ðåçóëüòàòîâ

Âûáîð óñëîâèé ïðîáîïîäãîòîâêè áåç î÷èñòêè

ýêñòðàêòà ìåòîäîì ÒÔÝ îñóùåñòâëÿëè äëÿ ïîëó-

÷åíèÿ ìèíèìàëüíîãî ìàòðè÷íîãî ýôôåêòà. Óñòà-

íîâëåíî, ÷òî ïðè äàííûõ óñëîâèÿõ ìàòðè÷íûé

ýôôåêò ìàêñèìàëåí äëÿ ïå÷åíè è ìåäà (>–80 %),

ìèíèìàëåí äëÿ ìîëîêà, ìÿñà ðàçëè÷íûõ æèâîò-

íûõ (>–40 %). Íà ðèñ. 1, 2 ïðåäñòàâëåíû õðîìà-

òîãðàììû ýêñòðàêòîâ ðàçëè÷íûõ îáðàçöîâ è ðàñ-

ñ÷èòàííûå çíà÷åíèÿ ìàòðè÷íîãî ýôôåêòà. Êàê

âèäíî èç ðèñ. 1 è 2, çíà÷èòåëüíîå âëèÿíèå ìàòðè-

öà îêàçûâàåò êàê ðàç â îáëàñòè âðåìåíè óäåðæè-

âàíèÿ èññëåäóåìûõ àíàëèòîâ (7 – 17 ìèí). Äëÿ

íèâåëèðîâàíèÿ òàêîãî ìàòðè÷íîãî ýôôåêòà ïðè

îïðåäåëåíèè êîíöåíòðàöèé àíàëèòîâ ïðèìåíÿëè

èçîòîïíî-ìå÷åíûå ñòàíäàðòû è ïðèåì èçîòîïíî-

ãî ðàçáàâëåíèÿ.

Â òàáë. 2 ïðåäñòàâëåíû àíàëèòè÷åñêèå õàðàê-

òåðèñòèêè îïðåäåëåíèÿ âîñüìèäåñÿòè âåòåðèíàð-

íûõ ïðåïàðàòîâ. Êàê âèäíî èç òàáëèöû, ïîïðà-

âî÷íûé êîýôôèöèåíò k èìååò ïðàêòè÷åñêè îäè-

íàêîâûå çíà÷åíèÿ äëÿ âîäíûõ ðàñòâîðîâ àíàëè-

òîâ è ðàñòâîðîâ ðàçëè÷íûõ ìàòðèö (ìîëîêî,

ìÿñî, ñóáïðîäóêòû è ïð.). Ýòîò ôàêò ïîçâîëèë

íàì íå èñïîëüçîâàòü ìàòðè÷íûå ãðàäóèðîâî÷íûå

çàâèñèìîñòè, êàê óêàçàíî â ÃÎÑÒ [15 – 19], à ðàñ-

ñ÷èòàòü êîíöåíòðàöèè àíàëèòîâ ñ ïðèìåíåíèåì

ìåòîäà èçîòîïíîãî ðàçáàâëåíèÿ. Êðîìå òîãî, â

ÃÎÑÒ [15, 17 – 19] äëÿ ðàçëè÷íûõ êëàññîâ àíàëè-

òîâ ïðåäïèñàíî ïðèìåíåíèå íåñêîëüêèõ èçîòîï-

íî-ìå÷åíûõ ñòàíäàðòîâ, ÷òî, íà íàø âçãëÿä, íå-

ðàöèîíàëüíî: ìû ïðåäëàãàåì äëÿ êàæäîãî êëàññà

ðàññìàòðèâàåìûõ ñîåäèíåíèé èñïîëüçîâàòü îäèí

èçîòîïíî-ìå÷åíûé ñòàíäàðò. Ïîïðàâî÷íûé êîýô-

ôèöèåíò k1 â òàáë. 2 ñîîòâåòñòâóåò îïðåäåëÿå-

ìûì àíàëèòàì îäíîãî êëàññà ñ îäíèì èçîòîï-

íî-ìå÷åíûì ñòàíäàðòîì, êîòîðûé óêàçàí â ñêîá-

êàõ ïîñëå íàçâàíèÿ êëàññà îïðåäåëÿåìûõ ñîåäè-

íåíèé â òàáë. 2.

Â ñîîòâåòñòâèè ñ ðàçðàáîòàííîé ìåòîäèêîé

ïðîâîäèëè ñêðèíèã ïðîá ïèùåâûõ ïðîäóêòîâ íà

ðàññìàòðèâàåìûå àíàëèòû. Â ñëó÷àå âûÿâëåíèÿ

êàêîãî-ëèáî ñîåäèíåíèÿ îïðåäåëÿëè åãî ñîäåðæà-

íèå ðàñ÷åòíûì ñïîñîáîì, èñïîëüçóÿ ìåòîä èçî-

òîïíîãî ðàçáàâëåíèÿ. Â òàáë. 3 ïðåäñòàâëåíû íå-

êîòîðûå ðåçóëüòàòû îïðåäåëåíèÿ ïðè âûÿâëåíèè

îñòàòî÷íûõ êîëè÷åñòâ àíòèáèîòèêîâ â ïèùåâûõ

ïðîäóêòàõ. Êàê âèäíî èç òàáëèöû, ïîëó÷åííûå

ðåçóëüòàòû õîðîøî ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè

àíàëèçà ïî ÃÎÑÒ. Ñëåäóåò îòìåòèòü, ÷òî ïðè èñ-

ïîëüçîâàíèè äàííîãî ñïîñîáà ñêðèíèíãà ïðîá è

îïðåäåëåíèÿ âåòåðèíàðíûõ ïðåïàðàòîâ ñóùåñò-
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Ðèñ. 2. Õðîìàòîãðàììà ïî îáùåìó èîííîìó òîêó äëÿ ýêñòðàêòà èç ìîëîêà (ìÿñà) è ìèíèìàëüíûé ìàòðè÷íûé ýôôåêò,

ðàñïðåäåëåííûé ïî âðåìåíè óäåðæèâàíèÿ àíàëèòîâ

Fig. 2. Chromatogram of the total ion current for the milk (meat) extract and the minimum matrix effect distributed by the

analytes retention times
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âåííî ñîêðàùàþòñÿ ïðîäîëæèòåëüíîñòü è ñòîè-

ìîñòü àíàëèçà.

Çàêëþ÷åíèå

Ìåòîä âûñîêîýôôåêòèâíîé æèäêîñòíîé õðî-

ìàòîãðàôèè â ñî÷åòàíèè ñ òàíäåìíîé ìàññ-ñïåê-

òðîìåòðèåé ïîçâîëÿåò ìàêñèìàëüíî ýôôåêòèâíî

ðåøàòü ïîâñåäíåâíûå ëàáîðàòîðíûå çàäà÷è, òà-

êèå êàê ñêðèíèíã ïðîá è îïðåäåëåíèå îñòàòî÷íûõ

ñîäåðæàíèé âåòåðèíàðíûõ ïðåïàðàòîâ è èõ ìåòà-

áîëèòîâ â ñëó÷àå óñòàíîâëåíèÿ ñîîòâåòñòâèÿ ïðî-

äóêöèè ðåãëàìåíòèðóåìûì òðåáîâàíèÿì. Â ðàáî-

òå ðàññìîòðåíû óïðîùåííàÿ ïðîáîïîäãîòîâêà è

ñïîñîá èçîòîïíîãî ðàçáàâëåíèÿ äëÿ îïðåäåëåíèÿ

êîíöåíòðàöèè 80 àíàëèòîâ. Èñêëþ÷åíû ñòàäèè

òâåðäîôàçíîé ýêñòðàêöèè, ìàòðè÷íîé ãðàäóèðîâ-

êè. Ïðåäëîæåíî äëÿ êàæäîãî êëàññà ñîåäèíåíèé

èñïîëüçîâàòü îäèí èçîòîïíî-ìå÷åíûé ñòàíäàðò.

Óñòàíîâëåíî, ÷òî ïîïðàâî÷íûé êîýôôèöèåíò íå

ìåíÿåòñÿ ïðè èñïîëüçîâàíèè âîäíûõ ðàñòâîðîâ

àíàëèòîâ è àíàëèòîâ, èçâëå÷åííûõ èç ðàçëè÷íûõ

ìàòðèö. Äëÿ îïðåäåëåíèÿ êîíöåíòðàöèè â ïðîáó

ââîäèëè èçîòîïíî-ìå÷åíûå ñòàíäàðòû (ïî îäíî-

ìó èç êàæäîãî êëàññà), ïðîâîäèëè ïðîáîïîäãîòîâ-

êó è õðîìàòîãðàôèðîâàíèå, â ñëó÷àå îáíàðóæå-

íèÿ êàêîãî-ëèáî ëåêàðñòâåííîãî ñðåäñòâà êîí-

öåíòðèþ ðàññ÷èòûâàëè ñ ó÷åòîì ïîïðàâî÷íîãî

êîýôôèöèåíòà.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà íà áàçå îòäåëà áåçîïàñíî-

ñòè ïèùåâîé è êîðìîâîé ïðîäóêöèè ÔÃÁÓ

«ÂÃÍÊÈ».
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Ïðåäñòàâëåíà ìåòîäèêà îïðåäåëåíèÿ àðèñòîëîõèåâîé êèñëîòû (ÀÀ) â ïèùåâîé ïðîäóêöèè

ñ èñïîëüçîâàíèåì ïüåçîýëåêòðè÷åñêîãî èììóíîñåíñîðà, â êà÷åñòâå ðàñïîçíàþùåãî ñëîÿ êî-

òîðîãî ñëóæèëè ìàãíèòíûå óãëåðîäíûå íàíîêîìïîçèòû (ÌÓÍÊ) ñ èììîáèëèçîâàíûìè íà

èõ ïîâåðõíîñòè áåëêîâûìè êîíúþãàòàìè AA. Èçó÷åíû ñïîñîáû ñèíòåçà ìàãíèòíûõ ÿäåð

Fe3O4 è èõ çàêðåïëåíèå íà ïîâåðõíîñòè ìíîãîñòåííûõ óãëåðîäíûõ íàíîòðóáîê (ÓÍÒ). Ìå-

òîäîì ÈÊ-ñïåêòðîñêîïèè óñòàíîâëåíî, ÷òî ôîðìèðîâàíèå ðàñïîçíàþùåãî ñëîÿ ñåíñîðà

ïðîèñõîäèò âñëåäñòâèå îáðàçîâàíèÿ êîâàëåíòíûõ ñâÿçåé ìåæäó àìèíîãðóïïàìè êîíúþãà-

òîâ AA è êàðáîêñèëüíûìè ãðóïïàìè ÓÍÒ. Îïðåäåëåíû êîíöåíòðàöèè áåëêîâûõ êîíúþãà-

òîâ íà îñíîâå îâàëüáóìèíà (OVA) è áû÷üåãî ñûâîðîòî÷íîãî àëüáóìèíà (BSA) (0,3 è

0,2 ìã/ìë) è ñòåïåíü ðàçáàâëåíèÿ àíòèòåë (0,25), îáåñïå÷èâàþùèå îïòèìàëüíûå õàðàêòå-

ðèñòèêè ïüåçîýëåêòðè÷åñêîãî èììóíîñåíñîðà. Óñòàíîâëåíû ìåòðîëîãè÷åñêèå õàðàêòåðè-

ñòèêè îïðåäåëåíèÿ AA ïðåäëîæåííûì ñïîñîáîì: äèàïàçîí îïðåäåëÿåìûõ ñîäåðæàíèé è

ïðåäåë îáíàðóæåíèÿ AA ïðè ïðèìåíåíèè ïüåçîýëåêòðè÷åñêîãî èììóíîñåíñîðà ñ ðàñïîçíà-

þùèì ñëîåì íà îñíîâå ÌÓÍÊ/AA-OVA è ÌÓÍÊ/AA-BSA ñîñòàâëÿþò (íã/ìë): 50 – 400 è 10;

100 – 300 è 50 ñîîòâåòñòâåííî. Ñåíñîð àïðîáèðîâàí ïðè îïðåäåëåíèè AA â îáðàçöàõ êèòàé-

ñêîãî ôèòî÷àÿ è ÁÀÄ äëÿ ïîõóäåíèÿ. Â ÷àå êèñëîòà íå îáíàðóæåíà, à â ÁÀÄ åå ñîäåðæàíèå

ñîñòàâëÿåò 3,2 ìêã/ã.

Êëþ÷åâûå ñëîâà: àðèñòîëîõèåâàÿ êèñëîòà; ïüåçîýëåêòðè÷åñêèé èììóíîñåíñîð; ìàãíèò-

íûå íàíîêîìïîçèòû; ìíîãîñòåííûå óãëåðîäíûå íàíîòðóáêè; ìàãíèòíûå íàíî÷àñòèöû.
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A technique for the determination of aristolochic acid (AA) in food products using a piezoelectric

immunosensor is presented. Magnetic carbon nanocomposites (MCNC) were used as the recognition layer

of the sensor, on the surface of which protein conjugates of AA were immobilized. Abstract-Methods for

the synthesis of Fe
3
O

4
magnetic nuclei and their attachment to the surface of multi-walled carbon

nanotubes (CNTs) have been studied. Using IR spectrometry, it was found that the formation of the recog-

nition layer of the sensor occurs due to the formation of covalent bonds between the amino groups of AA

conjugates and carboxyl groups of CNTs. The concentrations of protein conjugates based on ovalbumin

(OVA) and bovine serum albumin (BSA) (0.3 and 0.2 mg/ml) and the degree of antibody dilution (0.25)

were determined, which provide optimal characteristics of the piezoelectric immunosensor. The

metrological characteristics of the method for determining AA have been established. The range of deter-

mined concentrations of AA and the limit of detection when using a piezoelectric immunosensor with a

recognition layer based on MUNA/AA-OVA and MUNA/AA-BSA are (ng/ml): 50 – 400 and 10; 100 – 300

and 50, respectively. The sensor has been tested in the determination of AA in samples of Chinese herbal
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tea and dietary supplements for weight loss. No acid was found in tea, and in dietary supplements, the acid

content is 3.2 ìg/g.

Keywords: aristolochic acid; piezoelectric immunosensor; magnetic nanocomposites; multi-walled car-

bon nanotubes; magnetic nanoparticles.

Ââåäåíèå

Àðèñòîëîõèåâàÿ êèñëîòà (AA) — äåéñòâó-

þùèé êîìïîíåíò ìíîãîëåòíèõ òðàâ è äåðåâÿ-

íèñòûõ ëèàí ñåìåéñòâà êèðêàçîíîâûõ, êîòîðûé

îáëàäàåò ìî÷åãîííûìè è òîíèçèðóþùèìè ñâîé-

ñòâàìè, à òàêæå àíòèèíôåêöèîííûì âîçäåéñòâè-

åì íà ìî÷åâûäåëèòåëüíóþ ñèñòåìó. Îäíàêî â

90-õ ãîäàõ ïðîøëîãî âåêà áûëî óñòàíîâëåíî, ÷òî

íàðÿäó ñ áëàãîòâîðíûì âîçäåéñòâèåì íà îðãà-

íèçì AA ïðè ðåãóëÿðíîì óïîòðåáëåíèè âûçûâà-

åò çëîêà÷åñòâåííûå íîâîîáðàçîâàíèÿ è çàáîëåâà-

íèÿ òîêñè÷åñêîé èíòåðñòèöèàëüíîé íåôðîïàòèåé

(àðèñòîëîõèåâîé íåôðîïàòèåé) [1 – 3]. Ïî ýòîé

ïðè÷èíå AA â ïðîäóêòàõ ïèòàíèÿ è ëåêàðñòâåí-

íûõ ñðåäñòâàõ çàïðåùåíà áîëåå ÷åì â 20 ñòðàíàõ

ìèðà, â òîì ÷èñëå è â Ðîññèè (ñ 2008 ã.). Íåñìîò-

ðÿ íà ýòî â Àçèè AA â ìèêðîêîíöåíòðàöèÿõ äî

ñèõ ïîð èñïîëüçóþò â êà÷åñòâå êîìïîíåíòà áèî-

ëîãè÷åñêè àêòèâíûõ äîáàâîê (ÁÀÄ) äëÿ ïîõóäå-

íèÿ, ïðîòèâîïàðàçèòàðíûõ ïðåïàðàòîâ è ñðåäñòâ

ïðîòèâ áåññîííèöû [4, 5]. Åå ïîÿâëåíèå âîçìîæ-

íî è â äðóãèõ ñòðàíàõ, ïîñêîëüêó ÁÀÄ íå âñåãäà

ïðîõîäÿò òîêñèêîëîãè÷åñêóþ ýêñïåðòèçó ïðè ïå-

ðåñå÷åíèè ãðàíèöû. Ïîýòîìó âåñüìà àêòóàëüíîé

çàäà÷åé ÿâëÿåòñÿ ðàçðàáîòêà ìåòîäèêè îïðåäåëå-

íèÿ AA â ÁÀÄ è ðàñòèòåëüíîì ñûðüå.

Â íàñòîÿùåå âðåìÿ äëÿ îïðåäåëåíèÿ AA èñ-

ïîëüçóþò õðîìàòîãðàôè÷åñêèå ìåòîäû àíàëèçà,

â ÷àñòíîñòè, âûñîêîýôôåêòèâíóþ æèäêîñòíóþ

õðîìàòîãðàôèþ (ÂÝÆÕ), îáåñïå÷èâàþùóþ íèç-

êèé ïðåäåë îáíàðóæåíèÿ è øèðîêèé äèàïàçîí

îïðåäåëÿåìûõ ñîäåðæàíèé AA [6 – 9]. Îäíàêî ïî-

äîáíûé àíàëèç òðåáóåò ïðîäîëæèòåëüíîé ïðîáî-

ïîäãîòîâêè, ÷òî ñòèìóëèðóåò ïîÿâëåíèå íîâûõ

áîëåå ýêñïðåññíûõ ìåòîäèê îïðåäåëåíèÿ AA.

Âñå ÷àùå äëÿ îïðåäåëåíèÿ ñëåäîâûõ êîíöåí-

òðàöèé àíàëèòîâ â ïèùå, ðàñòèòåëüíîì ñûðüå è

áèîëîãè÷åñêèõ æèäêîñòÿõ ïðèìåíÿþò ïüåçîýëåê-

òðè÷åñêèå èììóíîñåíñîðû, õàðàêòåðèçóþùèåñÿ

âûñîêîé ÷óâñòâèòåëüíîñòüþ è ñåëåêòèâíîñòüþ,

ñâÿçàííîé ñ ïðèðîäîé ðàñïîçíàþùèõ ìîëåêóë.

Ïüåçîýëåêòðè÷åñêèå ãðàâèìåòðè÷åñêèå èììóíî-

ñåíñîðû ïîçâîëÿþò ïðîâîäèòü ïðÿìîå îïðåäåëå-

íèå öåëåâûõ àíàëèòîâ â ïðîáå áåç ïðèìåíåíèÿ

ñïåöèàëüíûõ ìåòîê â ïðèñóòñòâèè áîëüøèõ êî-

ëè÷åñòâ ìåøàþùèõ êîìïîíåíòîâ [10 – 14]. Äëÿ

ïîâûøåíèÿ ÷óâñòâèòåëüíîñòè îïðåäåëåíèÿ ðàç-

ðàáîòàíû ðàçëè÷íûå ïðèåìû, îáåñïå÷èâàþùèå

óâåëè÷åíèå ïëîùàäè ïîâåðõíîñòè ñåíñîðà, íà-

ïðèìåð, ïóòåì ïðèìåíåíèÿ ìàãíèòíûõ óãëåðîä-

íûõ íàíîêîìïîçèòîâ (ÌÓÍÊ) — ìíîãîñòåííûõ

óãëåðîäíûõ íàíîòðóáîê (ÓÍÒ), ìîäèôèöèðîâàí-

íûõ ìàãíèòíûìè íàíî÷àñòèöàìè (ÌÍ×) Fe3O4.

Ïðèìåíåíèå ìàãíèòíûõ óãëåðîäíûõ íàíîêîìïî-

çèòîâ ñïîñîáñòâóåò íå òîëüêî óâåëè÷åíèþ ïëîùà-

äè àêòèâíîé ïîâåðõíîñòè ðàñïîçíàþùåãî ñëîÿ

ñåíñîðà, íî è ïîçâîëÿåò îñóùåñòâëÿòü ôîðìèðî-

âàíèå ðåöåïòîðíîãî ñëîÿ ïîä äåéñòâèåì âíåøíèõ

ìàãíèòíûõ ñèë [15, 16].

Öåëü ðàáîòû — ðàçðàáîòêà ïüåçîýëåêòðè÷å-

ñêîãî èììóíîñåíñîðà ñ ðàñïîçíàþùèì ñëîåì íà

îñíîâå ìàãíèòíûõ óãëåðîäíûõ íàíîêîìïîçèòîâ

äëÿ îïðåäåëåíèÿ àðèñòîëîõèåâîé êèñëîòû â ðàñ-

òèòåëüíîì ñûðüå è áèîëîãè÷åñêè àêòèâíûõ äî-

áàâêàõ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â ðàáîòå èñïîëüçîâàëè ñëåäóþùèå ðåàãåíòû:

ÿíòàðíóþ êèñëîòó (C4H6O4) («Ðåàõèì», Ðîññèÿ),

ðàñòâîð àðèñòîëîõèåâîé êèñëîòû â ìåòàíîëå,

êîíúþãàòû àðèñòîëîõèåâîé êèñëîòû íà îñíîâå

àëüáóìèíà ÿè÷íîãî áåëêà (OVA) — AA-OVA è

áû÷üåãî ñûâîðîòî÷íîãî àëüáóìèíà (BSA) —

AA-BSA, ïîëèêëîíàëüíûå àíòèòåëà ê àðèñòîëî-

õèåâîé êèñëîòå (anti-AA) (ÌÃÓ èì. Ì. Â. Ëîìî-

íîñîâà). Ñåëåêòèâíîñòü îïðåäåëåíèÿ AA îöå-

íèâàëè ñ ïðèìåíåíèåì ìóêîôåíîëüíîé êèñëîòû,

òàíèíà («ËåíÐåàêòèâ», Ðîññèÿ), ñîðáèíîâîé êèñ-

ëîòû è ðåçîðöèíà («Ðåàõèì», Ðîññèÿ). Èñïîëüçî-

âàëè ñëåäóþùèå íåîðãàíè÷åñêèå ñîåäèíåíèÿ:

êðèñòàëëîãèäðàòû õëîðèäîâ äâóõ- è òðåõâàëåíò-

íîãî æåëåçà (FeCl2 · 4H2O, FeCl3 · 6H2O), êðèñòàë-

ëîãèäðàò ñóëüôàòà äâóõâàëåíòíîãî æåëåçà

(FeSO4 · 7H2O), ãèäðîêñèä íàòðèÿ (NaOH) («Ðåà-

õèì», Ðîññèÿ); àììèàê âîäíûé (NH3 · H2O, 25 %-

íûé ðàñòâîð) («Áàçà ¹ 1 Õèìðåàêòèâîâ», Ðîñ-

ñèÿ), àçîòíóþ (ñ = 1,513 ã/ñì3) è ñåðíóþ (ñ =

= 1,836 ã/ñì3) êèñëîòû («Ðåàõèì», Ðîññèÿ). Ïåðå-

âîä ìàãíèòíûõ óãëåðîäíûõ íàíîêîìïîçèòîâ â

äèñïåðñíîå ñîñòîÿíèå îñóùåñòâëÿëè ñ ïîìîùüþ

Triton X-100 (Sigma-Aldrich, ÑØÀ). Äëÿ àêòè-

âàöèè êàðáîêñèëüíûõ ãðóïï ÌÓÍÊ èñïîëüçîâà-

ëè ñìåñü, âêëþ÷àþùóþ N-ãèäðîêñèñóêöèíèìèä

(NHS) è N-ýòèë-N�-(3-äèìåòèëàìèíîïðîïèë)êàð-

áîäèèìèäà ãèäðîõëîðèä (EDAC) (Sigma-Aldrich,

ÑØÀ). Î÷èñòêó ïîâåðõíîñòè çîëîòîãî ýëåêòðîäà

ïüåçîýëåêòðè÷åñêîãî ñåíñîðà ïðîâîäèëè ñ èñ-

ïîëüçîâàíèåì ñîëÿíîé êèñëîòû (ñ = 1,198 ã/ñì3)

(«Ðåàõèì», Ðîññèÿ), àöåòîíà è ýòèëîâîãî ñïèðòà

(Quimica, Èñïàíèÿ).

Äëÿ ïðåäîòâðàùåíèÿ àãëîìåðàöèè ìàãíèò-

íûõ óãëåðîäíûõ íàíîêîìïîçèòîâ ïðèìåíÿëè

ÓÇ-âàííó («ÏÑÁ-Ãàëàñ», Ðîññèÿ). Äëÿ îïðåäå-

ëåíèÿ ðàçìåðîâ è ôîðìû ñèíòåçèðîâàííûõ ìàã-

íèòíûõ íàíî÷àñòèö èñïîëüçîâàëè ñêàíèðóþùèé
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çîíäîâûé ìèêðîñêîï Solver P47-PRO («Íàíîòåõ-

íîëîãèÿ-ÌÄÒ», Ðîññèÿ).

Îáðàçîâàíèå õèìè÷åñêèõ ñâÿçåé ìåæäó êîíú-

þãàòàìè AA è ìàãíèòíûìè óãëåðîäíûìè íàíî-

êîìïîçèòàìè êîíòðîëèðîâàëè ñ èñïîëüçîâàíèåì

ÈÊ-Ôóðüå ñïåêòðîìåòðà Iraffinity (Shimadzu,

ßïîíèÿ). Äëÿ ðåãèñòðàöèè ÈÊ-ñïåêòðîâ êîìïî-

çèòû íàíîñèëè íà ïëàñòèíó èç êðèñòàëëè÷åñêîãî

êðåìíèÿ «ÊÝÑ-0,01» («ÏÐÎÌÒÅÕ», Ðîññèÿ).

Â êà÷åñòâå ñåíñîðîâ ïðèìåíÿëè ïüåçîýëåê-

òðè÷åñêèå ðåçîíàòîðû ÀÒ-ñðåçà äèàìåòðîì 8 ìì

è ñîáñòâåííîé ÷àñòîòîé êîëåáàíèé 10 ÌÃö ñ çîëî-

òûìè ýëåêòðîäàìè, ðàñïîëîæåííûìè ïî îáå ñòî-

ðîíû êâàðöåâîé ïëàñòèíû (ÇÀÎ «ÝÒÍÀ», Ðîñ-

ñèÿ). Ðåãèñòðàöèþ àíàëèòè÷åñêîãî ñèãíàëà ïðî-

âîäèëè ñ èñïîëüçîâàíèåì ïðèáîðà CPNA-330

(ÇÀÎ «ÝÒÍÀ», Ðîññèÿ) ïîñëå íàíåñåíèÿ íà ðàñ-

ïîçíàþùèé ñëîé àíàëèçèðóåìîãî ðàñòâîðà, ïðî-

ìûâàíèÿ îò íåñâÿçàâøèõñÿ êîìïîíåíòîâ è âûñó-

øèâàíèÿ äî ïîñòîÿííîé ìàññû.

Ìàññó ïîêðûòèÿ ðàññ÷èòûâàëè ïî óðàâíåíèþ

Çàóýðáðåÿ [17]:
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ãäå Äf — èçìåíåíèå ÷àñòîòû êîëåáàíèé êðèñòàë-

ëà êâàðöà, Ãö; f0 — ñîáñòâåííàÿ ÷àñòîòà êîëåáà-

íèé êðèñòàëëà, 10 ÌÃö; Äm — ìàññà íàíåñåííîãî

íà ýëåêòðîä ïîêðûòèÿ, ã; A — ïëîùàäü ïîâåðõíî-

ñòè ýëåêòðîäà, 0,10066 ñì2.

Óñòîé÷èâîñòü áèîñëîÿ îöåíèâàëè ïî ÷èñëó

ïîâòîðíûõ öèêëîâ èçìåðåíèé (N), ïðè êîòîðîì

àíàëèòè÷åñêèé ñèãíàë ñåíñîðà íå îòëè÷àëñÿ áî-

ëåå ÷åì íà 5 %.

Ñèíòåç ìàãíèòíûõ óãëåðîäíûõ íàíîêîìïî-

çèòîâ. Ïðåäâàðèòåëüíî ïîëó÷àëè ìàãíèòíûå íà-

íî÷àñòèöû Fe3O4, ñèíòåçèðîâàííûå ðàçëè÷íûìè

ñïîñîáàìè ïî ìåòîäó ñîîñàæäåíèÿ ñ ïðèìåíåíèåì

ñîëåé æåëåçà (II, III) è ðàñòâîðîâ ùåëî÷åé (NaOH

èëè NH3 · H2O) [18 – 21] (òàáë. 1).

Äëÿ ñèíòåçà ÌÓÍÊ èñïîëüçîâàëè ìíîãîñòåí-

íûå óãëåðîäíûå íàíîòðóáêè, ïðåäîñòàâëåííûå

Èíñòèòóòîì êàòàëèçà èì. Ã. Ê. Áîðåñêîâà (ÑÎ

ÐÀÍ, Íîâîñèáèðñê, Ðîññèÿ). Àêòèâàöèþ ÓÍÒ

ïðîâîäèëè ïóòåì èõ îáðàáîòêè ñìåñüþ HNO3 è

H2SO4 (3:1) â ñîîòâåòñòâèè ñ ìåòîäîì, îïèñàííûì

â ðàáîòå [22].

Ìàãíèòíûå óãëåðîäíûå íàíîêîìïîçèòû ïî-

ëó÷àëè ñîãëàñíî ìåòîäèêå [16]: ñìåøèâàëè

300 ìã ÌÍ× è 100 ìã ÓÍÒ è äèñïåðãèðîâàëè â

30 ìë äèñòèëëèðîâàííîé âîäû â òå÷åíèå 30 ìèí.

Ïîëó÷åííûé ìàãíèòíûé óãëåðîäíûé íàíîêîìïî-

çèò âûäåëÿëè ïðè ïîìîùè íåîäèìîâîãî ìàãíèòà

è âûñóøèâàëè äî ïîñòîÿííîé ìàññû.

Äëÿ ïåðåâîäà ìàãíèòíûõ óãëåðîäíûõ íàíî-

êîìïîçèòîâ â äèñïåðñíîå ñîñòîÿíèå íàâåñêó

ÌÓÍÊ ìàññîé 1 ìêã âíîñèëè â 1 %-ûé âîäíûé

ðàñòâîð Triton X-100 (1 ìë) è ïîäâåðãàëè óëüòðà-

çâóêîâîé îáðàáîòêå â òå÷åíèå 1 ÷, íàãðåâàÿ äî

90 °C â òå÷åíèå ïåðâûõ 15 ìèí [15].

Ôîðìèðîâàíèå èììóíîàôôèííîãî ñëîÿ. Òàê

êàê ìîëåêóëà AA îáëàäàåò íåáîëüøîé ìîëåêó-

ëÿðíîé ìàññîé, îïðåäåëåíèå ïðîâîäèëè â êîí-

êóðåíòíîì ôîðìàòå èììóíîàíàëèçà. Äëÿ àêòèâà-

öèè êàðáîêñèëüíûõ ãðóïï íà ïîâåðõíîñòè ÓÍÒ

èñïîëüçîâàëè 1 %-íûé âîäíûé ðàñòâîð Triton

X-100 îáúåìîì 200 ìêë, ñîäåðæàùèé EDAC è

NHS ìàññîé 2,5 è 5 ìã ñîîòâåòñòâåííî. Ê 10 ìêë

äèñïåðñèè íàíîêîìïîçèòà äîáàâëÿëè 10 ìêë àê-

òèâàöèîííîé ñìåñè, îñòàâëÿëè íà 20 ìèí, ïîñëå

÷åãî âíîñèëè 10 ìêë áåëêîâîãî êîíúþãàòà AA.

Ïîëó÷åííóþ äèñïåðñèþ âûäåðæèâàëè 12 ÷ ïðè

òåìïåðàòóðå 4 °C.

Äëÿ ôîðìèðîâàíèÿ ðàñïîçíàþùåãî ñëîÿ çî-

ëîòîé ýëåêòðîä ñåíñîðà î÷èùàëè 1 ìÌ ðàñòâîðîì

ñîëÿíîé êèñëîòû, àöåòîíîì è ñïèðòîì, ïîìåùàëè

â ÿ÷åéêó äåòåêòèðîâàíèÿ íàä íåîäèìîâûì ìàãíè-

òîì [15] è íàíîñèëè 2 ìêë äèñïåðñèè íàíîêîìïî-

çèòà íà îñíîâå ÌÓÍÊ è áåëêîâîãî êîíúþãàòà AA.

Ñåíñîð âûäåðæèâàëè ïðè òåìïåðàòóðå 20 – 25 °C

â òå÷åíèå 90 ìèí, çàòåì ïðîìûâàëè 200 ìêë äèñ-

òèëëèðîâàííîé âîäû è ñóøèëè â ïîòîêå òåïëîãî

âîçäóõà äî ïîñòîÿííîé ìàññû.

Ñåëåêòèâíîñòü ðàñïîçíàþùåãî ïîêðûòèÿ

îöåíèâàëè ïî êîýôôèöèåíòàì ïåðåêðåñòíîãî

ðåàãèðîâàíèÿ (ÏÐ, %):

ÏÐ = (Äfìåø/Äföåë) · 100,

ãäå Äfìåø, Äföåë — àíàëèòè÷åñêèé ñèãíàë ñåíñîðà

ïðè îïðåäåëåíèè ìåøàþùåãî è öåëåâîãî ñîåäè-

íåíèÿ ñîîòâåòñòâåííî, Ãö.

Ïðîáîïîäãîòîâêà. Ïðîáîïîäãîòîâêó îáðàç-

öîâ êèòàéñêîãî ÷àÿ äëÿ ïîõóäåíèÿ «Ëåòÿùàÿ ëàñ-
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Òàáëèöà 1. Óñëîâèÿ ïîëó÷åíèÿ ÌÍ×

Table 1. Conditions for obtaining MNP

Íîìåð ñïîñîáà 1 2 3 4

Ñîëè Fe2+ è Fe3+ FeCl
2

· 4H
2
O,

FeCl
3

· 6H
2
O

FeSO
4

· 7H
2
O,

FeCl
3

· 6H
2
O

FeCl
2

· 4H
2
O,

FeCl
3

· 6H
2
O

FeCl
2

· 4H
2
O,

FeCl
3

· 6H
2
O

Îñàäèòåëü NH
3

· H
2
O NaOH NaOH NH

3
· H

2
O

Ñïîñîá âíåñåíèÿ îñàäèòåëÿ Åäèíîâðåìåííî Åäèíîâðåìåííî Ïî êàïëÿì Åäèíîâðåìåííî

t, °C 80 25 80 90

pH 7 7 9 7



òî÷êà» ïðîâîäèëè ñëåäóþùèì îáðàçîì: 1 ïàêåòèê

÷àÿ (2 ã) çàëèâàëè 200 ìë êèïÿùåé äèñòèëëèðî-

âàííîé âîäû è âûäåðæèâàëè 3 – 5 ìèí.

Äëÿ îñóùåñòâëåíèÿ ïðîáîïîäãîòîâêè ÁÀÄ

«Ïëîñêèé æèâîò» òàáëåòêó ïðåïàðàòà ðàñòâîðÿ-

ëè â 200 ìë äèñòèëëèðîâàííîé âîäû è îòôèëüò-

ðîâûâàëè îñàäîê, êîòîðûé äâàæäû ïðîìûâàëè

ýòèëîâûì ñïèðòîì äëÿ ïåðåâîäà AA â ðàñòâîð.

Îáñóæäåíèå ðåçóëüòàòîâ

Ôîðìèðîâàíèå ðàñïîçíàþùåãî ñëîÿ ïüåçî-

ýëåêòðè÷åñêîãî èììóíîñåíñîðà íà îñíîâå ìàãíèò-

íûõ óãëåðîäíûõ íàíîêîìïîçèòîâ. ×óâñòâèòåëü-

íîñòü îïðåäåëåíèÿ ñ ïîìîùüþ ïüåçîýëåêòðè-

÷åñêîãî ãðàâèìåòðè÷åñêîãî èììóíîñåíñîðà ñóùå-

ñòâåííî çàâèñèò îò ìàññû ðàñïîçíàþùåãî ñëîÿ.

Èñïîëüçîâàíèå òÿæåëîãî ðàñïîçíàþùåãî ñëîÿ

ìîæåò ïðèâåñòè ê ñóæåíèþ äèàïàçîíà îïðåäåëÿ-

åìûõ êîíöåíòðàöèé àíàëèòà è äàæå ê ñðûâó àíà-

ëèòè÷åñêîãî ñèãíàëà ñåíñîðà, ïîýòîìó â ïüåçî-

ýëåêòðè÷åñêèõ èììóíîñåíñîðàõ ðåêîìåíäîâàíî

èñïîëüçîâàòü ÌÓÍÊ, ïîëó÷åííûå ñ ïðèìåíåíèåì

ÌÍ× ìèíèìàëüíîãî äèàìåòðà. Òàêèå ÌÍ× ïðî-

ÿâëÿþò âûñîêèå ìàãíèòíûå ñâîéñòâà [23], ÷òî

îáåñïå÷èâàåò óñòîé÷èâîñòü ðàñïîçíàþùåãî ñëîÿ,

ïîëó÷åííîãî ïîä äåéñòâèåì âíåøíåãî ìàãíèòíî-

ãî ïîëÿ. Ìèíèìàëüíûé äèàìåòð ñèíòåçèðîâàí-

íûõ íàìè ÌÍ× (ñïîñîá 3) ñîñòàâëÿåò 22 ± 4 íì

(ðèñ. 1). Äèàìåòð ÌÍ×, ïîëó÷åííûõ ñïîñîáàìè 1

è 2, â äâà è áîëåå ðàç ïðåâûøàåò äèàìåòð ÷àñòèö,

ñèíòåçèðîâàííûõ ñïîñîáîì 3, ÷òî ïðèâîäèò ê ñó-

æåíèþ äèàïàçîíà îïðåäåëÿåìûõ ñîäåðæàíèé AA,

à ÌÍ×, ïîëó÷åííûå ñïîñîáîì 4, ñóùåñòâåííî

ðàçëè÷àþòñÿ ïî ðàçìåðó è ïîýòîìó íåïðèãîäíû

äëÿ ïðèìåíåíèÿ â ïüåçîýëåêòðè÷åñêèõ ñåíñîðàõ.

Ìàññà ðàñïîçíàþùåãî ñëîÿ òàêæå çàâèñèò îò

õàðàêòåðèñòèê ïðèìåíÿåìûõ ÓÍÒ — äëèíû, äèà-

ìåòðà è ñòðóêòóðû. Ìåòîäîì ïüåçîêâàðöåâîãî

ìèêðîâçâåøèâàíèÿ îöåíèâàëè ìàññó ñëîÿ íà îñ-

íîâå ÌÓÍÊ è ÌÓÍÊ/AA-OVA, çàêðåïëåííîãî íà

ïîâåðõíîñòè ïüåçîýëåêòðè÷åñêîãî ñåíñîðà ïîä

äåéñòâèåì âíåøíåãî ìàãíèòíîãî ïîëÿ (òàáë. 2).

Ïîêðûòèå íà áàçå ÓÍÒ äëèíîé 1 ìêì èìååò

ìèíèìàëüíóþ ìàññó è õàðàêòåðèçóåòñÿ âûñîêîé

óñòîé÷èâîñòüþ (N = 31). Èñïîëüçîâàíèå â ÌÓÍÊ

ÓÍÒ áîëüøåé äëèíû ñîïðîâîæäàëîñü óâåëè÷åíè-

åì ìàññû ðàñïîçíàþùåãî ñëîÿ ÌÓÍÊ/AA-OVA è

ïðèâîäèëî ê ñíèæåíèþ åãî ñòàáèëüíîñòè, òàê êàê

ÌÍ×, ðàñïîëîæåííûå íà ïîâåðõíîñòè íàíîòðó-

áîê, íå îáåñïå÷èâàëè íàäåæíîãî çàêðåïëåíèÿ

ìàãíèòíûõ íàíîêîìïîçèòîâ.

Â êà÷åñòâå ðàñïîçíàþùèõ ìîëåêóë ïðèìå-

íÿëè áåëêîâûå êîíúþãàòû AA — AA-BSA è

AA-OVA, èììîáèëèçàöèþ êîòîðûõ íà ïîâåðõ-

íîñòè ÌÓÍÊ îñóùåñòâëÿëè çà ñ÷åò îáðàçîâàíèÿ

êîâàëåíòíûõ ñâÿçåé ìåæäó àêòèâèðîâàííûìè

êàðáîêñèëüíûìè ãðóïïàìè óãëåðîäíûõ íàíî-

òðóáîê è àìèíîãðóïïàìè ìîëåêóë áåëêîâ (ðèñ. 2).

Ìåòîäîì ÈÊ-ñïåêòðîñêîïèè êîíòðîëèðîâàëè îá-

ðàçîâàíèå ñâÿçåé ïóòåì ñðàâíåíèÿ ÈÊ-ñïåêòðîâ

ÌÓÍÊ, êîíúþãàòà AA — AA-OVA è íàíîêîìïîçè-

òà ÌÓÍÊ/AA-OVA (ðèñ. 3).

Ñìåùåíèå è óøèðåíèå ïèêà, õàðàêòåðíîãî

äëÿ êàðáîêñèëüíîé ãðóïïû, â ÈÊ-ñïåêòðå

ÌÓÍÊ/AA-OVA îòíîñèòåëüíî ÈÊ-ñïåêòðà ÌÓÍÊ

ñ 1710 äî 1750 ñì–1 ñâèäåòåëüñòâóþò îá ó÷àñòèè

COOH-ãðóïï óãëåðîäíûõ íàíîòðóáîê â îáðàçîâà-

íèè ñâÿçè ñ ìîëåêóëàìè êîíúþãàòà. Áîëåå ÷åòêîå

ïðîÿâëåíèå ñåðèè ïèêîâ â îáëàñòè 3600 –

3400 ñì–1 íà ñïåêòðå ÌÓÍÊ/AA-OVA ïî ñðàâíå-

íèþ ñî ñïåêòðîì AA-OVA ïîäòâåðæäàåò ñâÿçûâà-

íèå êîíúþãàòà ñ ìàãíèòíûì íàíîêîìïîçèòîì çà

ñ÷åò àìèíîãðóïï áåëêà. Îá óñïåøíîì ñâÿçûâà-

íèè êîìïîçèòà ñ AA òàêæå ñâèäåòåëüñòâóåò ïðî-

ÿâëåíèå ïèêà –NO2 â ñïåêòðå ÌÓÍÊ/AA-OVA,

õàðàêòåðíîãî äëÿ ìîëåêóëû AA. Ñóùåñòâåííîå

óìåíüøåíèå èíòåíñèâíîñòè ïèêà ïðè 2860 ñì–1 â

ñïåêòðå ÌÓÍÊ/AA-OVA ïî ñðàâíåíèþ ñî ñïåê-

òðîì ÌÓÍÊ ñâÿçàíî ñ îáðàçîâàíèåì êîìïëåêñ-

íûõ ñîåäèíåíèé áåëêîâûõ ìîëåêóë ñ Triton

X-100.

Ðàçðàáîòêà ìåòîäèêè îïðåäåëåíèÿ àðèñòî-

ëîõèåâîé êèñëîòû ñ ïîìîùüþ ïüåçîýëåêòðè÷å-

ñêîãî ñåíñîðà. Êîíöåíòðàöèÿ êîíúþãàòà, èììî-

áèëèçóåìîãî íà ïîâåðõíîñòè ýëåêòðîäà, âëèÿåò

íà ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ AA ñ èñïîëüçî-

âàíèåì ïüåçîýëåêòðè÷åñêîãî ñåíñîðà. Ðàáî÷èå
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Ðèñ. 1. Çàâèñèìîñòü äèàìåòðà ÌÍ× îò ñïîñîáà ñèíòåçà

Fig. 1. Dependence of MNP diameter on the synthesis

method

Òàáëèöà 2. Õàðàêòåðèñòèêè ÓÍÒ è çíà÷åíèÿ ìàññû ïîä-

ëîæêè (ÌÓÍÊ) è ðàñïîçíàþùåãî ñëîÿ (ÌÓÍÊ/AA-OVA)

(n = 5; P = 0,95)

Table 2. CNT characteristics and masses of the substrate

(MUNC) and the recognizing layer (MUNC/AA-OVA) (n =

= 5; P = 0.95)

ÓÍÒ Ìàññà

ÌÓÍÊ,

ìêã

Ìàññà

ÌÓÍÊ/AA-OVA,

ìêã

N

d, íì l, ìêì

10 1 1,9 ± 0,1 2,0 ± 0,0 31

7,8 40 2,4 ± 0,2 2,6 ± 0,2 23

10 35 2,5 ± 0,1 2,7 ± 0,3 17



êîíöåíòðàöèè AA-BSA è AA-OVA îïðåäåëÿëè ïî

ìàêñèìóìó íà ãðàôèêå çàâèñèìîñòè èçìåíåíèÿ

÷àñòîòû êîëåáàíèé êâàðöåâîé ïëàñòèíû ñåíñîðà

îò êîíöåíòðàöèè ñîîòâåòñòâóþùåãî êîíúþãàòà,

íàíåñåííîãî â ñîñòàâå ñìåñè ÌÓÍÊ/êîíúþãàò íà

ïîâåðõíîñòü ýëåêòðîäà ñåíñîðà (ðèñ. 4, à).

Êîíöåíòðàöèè AA-BSA è AA-OVA ñîñòàâèëè

0,2 è 0,3 ììîëü/ë ñîîòâåòñòâåííî. Ðàçëè÷èå êîí-

öåíòðàöèé êîíúþãàòîâ AA-BSA è AA-OVA ñâÿçà-

íî ñî çíà÷åíèÿìè ìîëåêóëÿðíûõ ìàññ ìîëåêóë

áåëêà, ñîñòàâëÿþùèõ 66,5 è 45 êÄà äëÿ BSA è

OVA ñîîòâåòñòâåííî. Êîíöåíòðàöèþ àíòèòåë

(ðàçáàâëåíèå àíòèñûâîðîòêè), ñîîòâåòñòâóþùóþ

50 %-íîìó ñâÿçûâàíèþ, îïðåäåëÿëè íà ëèíåéíîì

ó÷àñòêå ãðàôè÷åñêîé çàâèñèìîñòè àíàëèòè÷åñêî-

ãî ñèãíàëà ñåíñîðà îò ðàçáàâëåíèÿ àíòèòåë. Çíà-

÷åíèå ðàçáàâëåíèÿ ñîñòàâèëî 0,25 êàê äëÿ êîíúþ-

ãàòà íà îñíîâå BSA, òàê è OVA (ñì. ðèñ. 4, á).
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Ðèñ. 2. Ñõåìà ôîðìèðîâàíèÿ ðåöåïòîðíîãî ñëîÿ

Fig. 2. Scheme of the formation of the receptor layer

Ðèñ. 3. ÈÊ-ñïåêòðû: 1 — ÌÓÍÊ; 2 — AA-OVA; 3 — ÌÓÍÊ/AA-OVA

Fig. 3. IR-spectra: 1 — MUNC; 2 — AA-OVA; 3 — MUNK/AA-OVA

Òàáëèöà 3. Àíàëèòè÷åñêèå õàðàêòåðèñòèêè îïðåäåëåíèÿ AA (n = 3; P = 0,95)

Table 3. Analytical characteristics of the determination of AA (n = 3; P = 0.95)

Êîíúþãàò AA C
min

, íã/ìë
Äèàïàçîí îïðåäåëÿåìûõ êîíöåí-

òðàöèé, íã/ìë

Óðàâíåíèå ãðàäóè-

ðîâî÷íîé çàâèñèìîñòè
R2

AA-OVA 10 50 – 400 Äf = –1,54c + 1550 0,99

AA-BSA 50 100 – 300 Äf = –7,87c + 3283 0,97



Óñòàíîâëåíû àíàëèòè÷åñêèå õàðàêòåðèñòèêè

ïüåçîýëåêòðè÷åñêîãî ñåíñîðà ñ ðàñïîçíàþùèì

ïîêðûòèåì íà áàçå ÌÓÍÊ (òàáë. 3). Â ñëó÷àå èñ-

ïîëüçîâàíèÿ áåëêîâîãî êîíúþãàòà íà îñíîâå

AA-OVA ñèãíàë ñåíñîðà ëèíååí â äèàïàçîíå 50 –

400 íã/ìë, AA-BSA — 100 – 300 íã/ìë.

Îïðåäåëåíèå AA ñ ðàñïîçíàþùèì ñëîåì

ÌÓÍÊ/AA-OVA õàðàêòåðèçóåòñÿ áîëåå øèðîêèì

äèàïàçîíîì îïðåäåëÿåìûõ êîíöåíòðàöèé è íèç-

êèì ïðåäåëîì îáíàðóæåíèÿ ïî ñðàâíåíèþ ñ èñ-

ïîëüçîâàíèåì êîíúþãàòà ÌÓÍÊ/AA-BSA.

Ñåëåêòèâíîñòü èììóíîñåíñîðà íà îñíîâå ìàã-

íèòíûõ óãëåðîäíûõ íàíîêîìïîçèòîâ îöåíèâàëè

ñ ïîìîùüþ êîýôôèöèåíòà êðîññ-ðåàêòèâíîñòè

(ÏÐ, %) ïðè äåòåêòèðîâàíèè öåëåâîãî àíàëèòà è

ñîåäèíåíèé, âõîäÿùèõ â ñîñòàâ òðàâÿíîé ìàòðè-

öû ôèòî÷àÿ è ÁÀÄ — ìóêîôåíîëüíîé è ñîðáèíî-

âîé êèñëîò, òàíèíîâ è êàòåõèíîâ (òàáë. 4). Çíà÷å-

íèÿ ÏÐ äëÿ âñåõ ìåøàþùèõ ñîåäèíåíèé íå ïðå-

âûøàþò 8 %, ÷òî ñâèäåòåëüñòâóåò î âûñîêîé ñïå-

öèôè÷íîñòè îïðåäåëåíèÿ AA ñ ïîìîùüþ ïüåçî-

ýëåêòðè÷åñêîãî ñåíñîðà íà îñíîâå ìàãíèòíûõ

óãëåðîäíûõ íàíîêîìïîçèòîâ.

Ñåíñîð àïðîáèðîâàí ïðè îïðåäåëåíèè AA â

ðåàëüíûõ îáúåêòàõ — äâóõ îáðàçöàõ ôèòî÷àÿ è

áèîëîãè÷åñêè àêòèâíîé äîáàâêå äëÿ ïîõóäåíèÿ

(òàáë. 5, 6).
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à á

Êîíöåíòðàöèÿ êîíúþãàòà, ììîëü/ë

Ðèñ. 4. Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà ñåíñîðà îò

êîíöåíòðàöèè êîíúþãàòà (à) è ðàçáàâëåíèÿ àíòèòåë (á):

1 — AA-BSA; 2 — AA-OVA

Fig. 4. Dependence of the sensors signal on the concentra-

tion of conjugate (a) and dilution of primary antibody serum

(b): 1 — AA-BSA; 2 — AA-OVA

Òàáëèöà 4. Êîýôôèöèåíòû ïåðåêðåñòíîãî ðåàãèðîâàíèÿ ïîëèêëîíàëüíûõ àíòèòåë (êîíöåíòðàöèÿ àíàëèòîâ —

200 íã/ìë)

Table 4. Cross-reactivity coefficients of polyclonal antibodies (analyte concentration — 200 ng/ml)

Ñîåäèíåíèå äëÿ ïåðåêðåñòíîãî

ðåàãèðîâàíèÿ
Ñòðóêòóðíàÿ ôîðìóëà ñîåäèíåíèÿ ÏÐ, %

Àðèñòîëîõèåâàÿ êèñëîòà 100

Ìóêîôåíîëüíàÿ êèñëîòà 3

Òàíèíû 8

Êàòåõèíû 1

Ñîðáèíîâàÿ êèñëîòà 0,4



Â îáðàçöàõ ôèòî÷àÿ AA íå îáíàðóæåíà, ÷òî

ïîçâîëÿåò ñäåëàòü âûâîä î áåçîïàñíîñòè äàííîãî

ïðîäóêòà. Îäíàêî â ÁÀÄ ñîäåðæàíèå AA ñîñòàâè-

ëî 3 ± 1 ìêã/ã. Êîíöåíòðàöèÿ AA, ïðèâîäÿùàÿ ê

òÿæåëûì ôîðìàì ðàêîâûõ íîâîîáðàçîâàíèé, ñî-

ñòàâëÿåò 184 ìêã/ã. Ñîäåðæàíèå AA â ÁÀÄ íå

ïðåâûøàåò äàííîãî çíà÷åíèÿ, îäíàêî èç-çà òîãî,

÷òî äåéñòâèå AA íîñèò íàêîïèòåëüíûé õàðàêòåð,

ïðèìåíåíèå äàííîãî ïðåïàðàòà äîëæíî áûòü îã-

ðàíè÷åíî.

Çàêëþ÷åíèå

Ðàçðàáîòàí ñïîñîá îïðåäåëåíèÿ AA ñ ïîìî-

ùüþ ïüåçîýëåêòðè÷åñêîãî ñåíñîðà ñ ðàñïîçíàþ-

ùèì ïîêðûòèåì íà áàçå ÌÓÍÊ. Äèàïàçîí îïðå-

äåëÿåìûõ ñîäåðæàíèé è ïðåäåë îáíàðóæåíèÿ ñî-

ñòàâèëè 50 – 400 è 10 íã/ìë ñîîòâåòñòâåííî äëÿ

AA-OVA è 100 – 300 è 50 íã/ìë äëÿ AA-BSA. Ñåí-

ñîð àïðîáèðîâàí ïðè îïðåäåëåíèè AA â îáðàçöàõ

êèòàéñêîãî ôèòî÷àÿ è ÁÀÄ äëÿ ïîõóäåíèÿ. Â îá-

ðàçöàõ ÷àÿ AA íå îáíàðóæåíà, â ÁÀÄ åå ñîäåðæà-

íèå ñîñòàâèëî 3 ± 1 ìêã/ã.
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Ïðîöåññ íàñòðîéêè ïüåçîýëåêòðè÷åñêîãî ôèëüòðà çàêëþ÷àåòñÿ â ïîíèæåíèè ÷àñòîòû ÷àñò-

íûõ ðåçîíàòîðîâ â ðåçóëüòàòå ñíÿòèÿ ñëîÿ ýëåêòðîäà ïðè ïîìîùè èîííî-ëó÷åâîãî òðàâëå-

íèÿ â ñðåäå èíåðòíîãî ãàçà. Ïðè ýòîì íåîáõîäèìî êîíòðîëèðîâàòü ÷àñòîòû ïåðâîãî è âòî-

ðîãî ðåçîíàòîðîâ, à òàêæå ðàçíîñ ÷àñòîò (ðàññòîÿíèå ìåæäó ÷àñòîòàìè âåðõíåãî è íèæíåãî

ðåçîíàíñîâ ïüåçîñèñòåìû), äèíàìè÷åñêîå ñîïðîòèâëåíèå ÷àñòíûõ ðåçîíàòîðîâ è âíîñèìîå

çàòóõàíèå. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èñïîëüçîâàíèÿ èîííî-ëó÷åâîãî òðàâëåíèÿ

ïðè íàñòðîéêå ìîíîëèòíûõ ïüåçîýëåêòðè÷åñêèõ ôèëüòðîâ íà îáúåìíûõ àêóñòè÷åñêèõ âîë-

íàõ. Âûÿâëåíî, ÷òî ïðîâîäèòü íàñòðîéêó ñëåäóåò ïî ÷àñòîòàì âåðõíåãî è íèæíåãî ðåçîíàí-

ñîâ ïüåçîñèñòåìû ñ êîíòðîëåì ïî âíîñèìîìó çàòóõàíèþ. Íåîáõîäèìî òàêæå èñêëþ÷èòü

îïåðàöèè ïî êîíòðîëþ ÷àñòîò ïåðâîãî è âòîðîãî ÷àñòíûõ ðåçîíàòîðîâ. Îïðåäåëåíû îïòè-

ìàëüíûå ïàðàìåòðû èîííî-ëó÷åâîãî òðàâëåíèÿ ýëåêòðîäîâ ÷àñòíûõ ðåçîíàòîðîâ: ðàáî÷åå

äàâëåíèå — 1,33 · 10–5 Ïà, ðàñõîä ðàáî÷åãî ãàçà — 1,75 ì3 · Ïà/ñ, ýíåðãèÿ èîííîãî ïó÷êà —

1 êýÂ, ïëîòíîñòü èîííîãî òîêà — 6 ìÀ/ñì2. Êðîìå òîãî, âûÿâëåíû çàâèñèìîñòè âíîñèìîãî

çàòóõàíèÿ è äèíàìè÷åñêîãî ñîïðîòèâëåíèÿ îò ÷àñòîòû ÷àñòíûõ ðåçîíàòîðîâ. Õàðàêòåðè-

ñòèêè ïîëó÷åííîãî ìîíîëèòíîãî êâàðöåâîãî ôèëüòðà: íîìèíàëüíàÿ ÷àñòîòà —

21400,681 ÌÃö, øèðèíà ïîëîñû ïðîïóñêàíèÿ ïî óðîâíþ –3 äÁ — 32,66 êÃö, âíîñèìîå çàòó-

õàíèå — 0,5 äÁ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè íàñòðîéêå ñåêöèé ñ

ìåíüøèìè ïî ïëîùàäè ýëåêòðîäàìè äëÿ ôèëüòðîâ íà áîëåå âûñîêèõ ÷àñòîòàõ.
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The process of tuning of the piezoelectric filter consists in lowering the frequencies of the resonators as a

result of removing the electrode layer by means of ion-beam etching (IBE) in an inert gas atmosphere. It is
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necessary to control frequencies of the first and second resonators, as well as the frequency spacing (dis-

tance between frequencies of the upper and lower resonances of the piezo system), dynamic impedance of

partial resonators and insertion attenuation. We present the results of using ion-beam etching in tuning

monolithic piezoelectric filters on volumetric acoustic waves. It is shown that tuning should be performed

using frequencies of the upper and lower resonances of the piezo system under control of the insertion at-

tenuation. It is also necessary to exclude the control operations for the frequencies of the first and second

resonators. The optimum parameters of ion-beam etching electrodes of the resonators are determined:

working pressure — 1.33 × 10–5 Pa, working gas flow — 1.75 m3 · Pa/sec, ion beam energy — 1 keV, ion

current density — 6 mA/cm2. Moreover, the dependence of the insertion damping and dynamic resistance

on the frequency of the resonator was revealed. Characteristics of the obtained monolithic quartz filter are

presented: nominal frequency — 21400.681 MHz, bandwidth by –3 dB — 32.66 kHz, insertion loss 0.5 dB.

The obtained results can be used when tuning sections with smaller electrodes for filters at higher

frequencies.

Keywords: ion-beam etching; monolithic piezoelectric filter; quartz crystal element; electrode etching;

optimization of tuning process; dynamic impedance; amplitude-frequency response.

Ââåäåíèå

Ìîíîëèòíûå ïüåçîýëåêòðè÷åñêèå ôèëüòðû

(ÌÏÔ) â îòëè÷èå îò òðàäèöèîííûõ ïüåçîýëåê-

òðè÷åñêèõ ôèëüòðîâ, ñîñòîÿùèõ èç äèñêðåòíûõ

ðåçîíàòîðîâ, ñîåäèíåííûõ ýëåêòðè÷åñêîé ñõå-

ìîé, ãäå ïåðåäà÷à ñèãíàëà îò îäíîãî ðåçîíàòîðà ê

äðóãîìó îñóùåñòâëÿåòñÿ íàïðàâëåííûì ïîòîêîì

ýëåêòðè÷åñêèõ çàðÿäîâ, ïðåäñòàâëÿþò ñîáîé ìíî-

ãîðåçîíàíñíóþ àêóñòè÷åñêóþ ñèñòåìó âîëíîâîä-

íîãî òèïà, â êîòîðîé îáðàáîòêà ñèãíàëà ìîæåò

áûòü îñóùåñòâëåíà ñ ïîìîùüþ àêóñòè÷åñêèõ

âîëí. Â ÌÏÔ ñèãíàë ïåðåäàåòñÿ óïðóãèìè âîëíà-

ìè, ðàñïðîñòðàíÿþùèìèñÿ â òâåðäîì òåëå, ÷òî

ïîçâîëÿåò óïðîñòèòü êîíñòðóêöèþ è òåõíîëîãèþ

èçãîòîâëåíèÿ ôèëüòðà, óìåíüøèòü åãî ãàáàðèòû

è ñíèçèòü ñåáåñòîèìîñòü [1 – 3].

Ïðèíöèï äåéñòâèÿ ÌÏÔ ñëåäóþùèé. Ýëåê-

òðè÷åñêèé ñèãíàë âîçáóæäàåò àêóñòè÷åñêèå êîëå-

áàíèÿ âî âõîäíîì ðåçîíàòîðå âñëåäñòâèå îáðàò-

íîãî ïüåçîýôôåêòà. Ïðè ñîâïàäåíèè ÷àñòîòû ñèã-

íàëà ñ ðåçîíàíñíîé ÷àñòîòîé ðåçîíàòîðà ïðîèñõî-

äèò êîíöåíòðàöèÿ ýíåðãèè â ðåçîíàòîðå, à çà åãî

ïðåäåëàìè ýíåðãèÿ óáûâàåò ïî ýêñïîíåíòå. Åñëè

ðåçîíàòîðû íàõîäÿòñÿ â íåïîñðåäñòâåííîé áëèçî-

ñòè äðóã îò äðóãà, òî ÷àñòü àêóñòè÷åñêîé ýíåðãèè

ïðîíèêàåò â ñîñåäíèé ðåçîíàòîð è íàêàïëèâàåòñÿ

â íåì. Ñ ýëåêòðîäîâ âûõîäíîãî ðåçîíàòîðà ñíè-

ìàåòñÿ ýëåêòðè÷åñêèé ñèãíàë âñëåäñòâèå ïðÿìîãî

ïåçîýôôåêòà. Òàêèì îáðàçîì, ïðèíöèï äåéñòâèÿ

ÌÏÔ îñíîâàí íà îáðàòíîì è ïðÿìîì ïüåçîýô-

ôåêòàõ è íà ýôôåêòå âîëíîâîäíîãî ðàñïðîñòðà-

íåíèÿ íîðìàëüíûõ âîëí â îãðàíè÷åííûõ ñðåäàõ

[4, 5].

Îñíîâà ÌÏÔ — ïüåçîýëåêòðè÷åñêàÿ ïëàñòè-

íà (ïîäëîæêà). Â áîëüøèíñòâå ñëó÷àåâ â êà÷åñòâå

ïîäëîæêè èñïîëüçóþò êâàðö (SiO2). Â íàñòîÿùåå

âðåìÿ äëÿ ñîçäàíèÿ øèðîêîïîëîñíûõ ôèëüòðîâ

ïðèìåíÿþò ïîäëîæêè èç ìîíîêðèñòàëëîâ òàíòà-

ëàòà ëèòèÿ (LiTaO3), íèîáàòà ëèòèÿ (LiNbO3) è

ëàíãàñèòà (LGS) [6, 7].

Ïî êîíñòðóêòèâíûì ïðèçíàêàì ÌÏÔ ïîä-

ðàçäåëÿþò íà ïðîñòûå, ñåêöèîíèðîâàííûå è ãèá-

ðèäíûå. Íåäîñòàòîê ïðîñòûõ ÌÏÔ — íàëè÷èå

ïîáî÷íûõ ïîëîñ ïðîïóñêàíèÿ, îáðàçóþùèõñÿ â

ðàéîíå àíãîðìîíè÷åñêèõ ðåçîíàíñíûõ ÷àñòîò

àêóñòè÷åñêîé ñèñòåìû, è áîëüøèå ðàçìåðû êðè-

ñòàëëè÷åñêèõ ýëåìåíòîâ (ÊÝ) â ñëó÷àå ìíîãîðåçî-

íàíñíûõ ÌÏÔ, ÷òî çàòðóäíÿåò òåõíîëîãèþ èõ èç-

ãîòîâëåíèÿ. Åñëè ÷èñëî ðåçîíàòîðîâ â ÌÏÔ

áîëüøå òðåõ, òî äëÿ áîðüáû ñ ïîáî÷íûìè ïîëîñà-

ìè ïðîïóñêàíèÿ è óìåíüøåíèÿ ðàçìåðîâ ÊÝ

ÌÏÔ ðàçäåëÿþò íà íåñêîëüêî ñåêöèé, êàæäàÿ èç

êîòîðûõ — îòäåëüíàÿ ñèñòåìà àêóñòè÷åñêè ñâÿ-

çàííûõ ðåçîíàòîðîâ. Ñåêöèè ñîåäèíÿþò ìåæäó

ñîáîé ýëåêòðè÷åñêèì ñïîñîáîì ñ åìêîñòíîé ñâÿ-

çüþ (ðèñ. 1). ÌÏÔ òàêîé êîíñòðóêöèè íàçûâàþò

ñåêöèîíèðîâàííûìè [8, 9].

Òåõíîëîãèÿ èçãîòîâëåíèÿ ñåêöèè ÌÏÔ ñîâ-

ïàäàåò ñ òåõíîëîãèåé èçãîòîâëåíèÿ îáû÷íûõ

ïüåçîýëåêòðè÷åñêèõ ðåçîíàòîðîâ, îäíàêî ÷àñòî

òðåáóåòñÿ âûäåðæèâàòü áîëåå æåñòêèå äîïóñêè

íà ðàçìåð ïî òîëùèíå è ïëîñêîïàðàëëåëüíîñòè

[10, 11]. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî â ÌÏÔ ëèíåé-

íûå ðàçìåðû ðåçîíàòîðà è òîëùèíà ýëåêòðîäà

îïðåäåëÿþò íå òîëüêî ðåçîíàíñíóþ ÷àñòîòó ÷àñò-

íîãî ðåçîíàòîðà, íî è êîýôôèöèåíò ñâÿçè ìåæäó

äâóìÿ ñîñåäíèìè ðåçîíàòîðàìè. Äëÿ êâàðöåâûõ

ïëàñòèí âåëè÷èíà ýòîãî äîïóñêà ñîñòàâëÿåò

2 – 6 % [12, 13].

Ýëåêòðîäû ðåçîíàòîðîâ ÌÏÔ íàíîñÿò íà ñåê-

öèþ âàêóóì-òåðìè÷åñêèì ñïîñîáîì ëèáî ìàãíå-

òðîííûì ðàñïûëåíèåì ìèøåíè ÷åðåç ìàñêè. Â

îòå÷åñòâåííûõ ôèëüòðàõ ïðèìåíÿþò ñåðåáðî ñ

òîíêèì ïîäñëîåì õðîìà äëÿ óëó÷øåíèÿ àäãåçèè.
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Ðèñ. 1. Ýëåêòðè÷åñêàÿ ñõåìà ÌÏÔ

Fig. 1. Electrical circuit of the MPF



Çàòåì ïðîâîäÿò íàñòðîéêó ïîñðåäñòâîì óäàëåíèÿ

÷àñòè ìåòàëëà ýëåêòðîäà ïðè ïîìîùè èîííî-ëó-

÷åâîãî òðàâëåíèÿ (ÈËÒ) [14 – 17].

Ïðèìåíåíèå ÈËÒ ïðè ïðîèçâîäñòâå ÌÏÔ

äàåò âîçìîæíîñòü ñóùåñòâåííî ðàñøèðèòü äèà-

ïàçîí ðåàëèçóåìûõ ÷àñòîò ïðè èñïîëüçîâàíèè

ÊÝ ñ îáðàòíûìè ìåçàñòðóêòóðàìè, óâåëè÷èòü êî-

ëè÷åñòâî è êà÷åñòâî âûïóñêàåìîé ïðîäóêöèè, íà-

ñòðàèâàòü ÊÝ ìàëûõ ðàçìåðîâ ïðè ñðàâíèòåëüíî

òîíêîì ýëåêòðîäíîì ïîêðûòèè [18, 19].

Öåëü ðàáîòû — îïðåäåëåíèå îïòèìàëüíîãî

ðåæèìà ÈËÒ ïðè íàñòðîéêå ÌÏÔ äëÿ îáåñïå÷å-

íèÿ òðåáóåìûõ õàðàêòåðèñòèê.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè ìîíîëèòíûå êâàðöåâûå ôèëüò-

ðû ÷åòâåðòîãî ïîðÿäêà (ïîðÿäîê ôèëüòðà îïðåäå-

ëÿåòñÿ êîëè÷åñòâîì ðåçîíàòîðîâ) (ñðåäíÿÿ ÷àñòî-

òà — 21,4 ÌÃö, ïîëîñà ïðîïóñêàíèÿ — 30 êÃö).

Íà ðèñ. 2 ñõåìàòè÷íî ïðåäñòàâëåíà êâàðöåâàÿ

ñåêöèÿ ðàçìåðîì 3 × 6 × 0,078 ìì (ôèëüòð ñîñòî-

èò èç äâóõ ïîäîáíûõ ñåêöèé).

Îñíîâûâàÿñü íà ìåòîäèêàõ ðàñ÷åòà äëÿ êâàð-

öåâûõ ÌÏÔ ñ ÷àñòîòîé 21,4 ÌÃö, îïòèìàëüíàÿ

øèðèíà W è äëèíà L ÊÝ, ðàçìåð ýëåêòðîäà â íà-

ïðàâëåíèè ïåðåäà÷è êîëåáàíèé (øèðèíà ýëåê-

òðîäà) le è çàçîð ìåæäó ýëåêòðîäàìè d îïðåäåëÿ-

ëè ïî ôîðìóëàì:

W = 28,3hê.ý,

ãäå 28,3 — êîýôôèöèåíò äëÿ äèàïàçîíà ÷àñòîò

12 – 21 ÌÃö; hê.ý = N/fs — òîëùèíà ÊÝ (N — ÷àñ-

òîòíàÿ ïîñòîÿííàÿ (â íàøåì ñëó÷àå — 1666

ÌÃö · ìì), fs — ÷àñòîòà òî÷å÷íîãî ðåçîíàíñà);

L = 2le + d + 10hê.ý + 1; le = 18hê.ý; d = 9hê.ý.

Ìåòîä íàñòðîéêè îñíîâàí íà ïîíèæåíèè ÷àñ-

òîòû âñëåäñòâèå ñíÿòèÿ ñëîÿ ìåòàëëè÷åñêîãî ïî-

êðûòèÿ ýëåêòðîäîâ îòäåëüíîé ñåêöèè ïðè ïîìî-

ùè äâóõ èîííûõ èñòî÷íèêîâ, ðàñïîëîæåííûõ íà-

ïðîòèâ ïåðåäíåé è çàäíåé ïîâåðõíîñòåé íàñòðàè-

âàåìîãî îáðàçöà è øòîðîê äëÿ òðàâëåíèÿ

íåîáõîäèìûõ çîí.

Íà ðèñ. 3 ïðèâåäåíà ñòðóêòóðíàÿ ñõåìà âàêó-

óìíîé óñòàíîâêè «Àëüôà Í1», ñ ïîìîùüþ êîòî-

ðîé îñóùåñòâëÿëàñü íàñòðîéêà ñåêöèé äëÿ ÌÏÔ.

Êàññåòà 2 ñ ÌÏÔ óñòàíàâëèâàåòñÿ âåðòèêàëü-

íî è ïàðàëëåëüíî øòîðêàì 3. Ñèììåòðè÷íî ïî

îòíîøåíèþ ê íåé ðàçìåùàþòñÿ äâà èñòî÷íèêà

èîíîâ 1, êîòîðûå ðàñïîëàãàþòñÿ ïîä óãëîì 90° ê

ïîâåðõíîñòè îáðàçöîâ â ôîêóñå ïó÷êà äëÿ ìàêñè-

ìàëüíî ýôôåêòèâíîé ñêîðîñòè òðàâëåíèÿ.

Â ïðîöåññå íàñòðîéêè ñåêöèé ÌÏÔ íåîáõîäè-

ìî êîíòðîëèðîâàòü ÷àñòîòû ÷àñòíûõ ðåçîíàòîðîâ

f1, f2, ÷àñòîòó âåðõíåãî fâ.í è íèæíåãî fí.í ðåçîíàí-

ñîâ ïüåçîñèñòåìû, à òàêæå âåëè÷èíó ðàçíîñà ÷àñ-

òîò fâ.í – fí.í. ×àñòîòíûå ïàðàìåòðû ìîãóò áûòü
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lx

le

d

Ðèñ. 2. Ñõåìà ñåêöèè ÌÏÔ (l
x
, l

e
— äëèíà è øèðèíà

ýëåêòðîäà (1 è 1,4 ìì); d — çàçîð (0,702 ìì))

Fig. 2. Scheme of the MPF section (lx, le — electrode length

and width (1 and 1.4 mm); d — spacing (0.702 mm))

1

2

3

4

5

Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà óñòàíîâêè «Àëüôà Í1» äëÿ

íàñòðîéêè ïüåçîýëåêòðè÷åñêèõ ôèëüòðîâ ìåòîäîì ÈËÒ:

1 — èîííûå èñòî÷íèêè; 2 — êàññåòà ñ îáðàçöàìè; 3 —

øòîðêè; 4 — ñèñòåìà íàïóñêà ðàáî÷åãî ãàçà «ÑÍÀ-2»; 5 —

ñèñòåìà ðàñïðåäåëåíèÿ ðàáî÷åãî ãàçà

Fig. 3. Block diagram of an installation “Alfa N1” for set-

ting up piezoelectric filters by the IBE method: 1 — ion

sources; 2 — sample cassette; 3 — shutters; 4 — SNA-2

working gas intake system; 5 — working gas distribution

system

à

á

â

Ðèñ. 4. Ñõåìû èçìåðåíèé À×Õ ïåðâîãî (à) è âòîðîãî (á)

ðåçîíàòîðîâ, ðàçíîñà ÷àñòîò f
â.í

– f
í.í

(â)

Fig. 4. Frequency response measurement schemes of the

first (a) and second (b) resonators, frequency spacing

f
u.n

– f
l.n

(c)



èçìåðåíû â ðåæèìå âûíóæäåííûõ êîëåáàíèé ïî

ñõåìàì, ïðèâåäåííûì íà ðèñ. 4. À×Õ èçìåðÿëè

ïóòåì ïîäêëþ÷åíèÿ êàññåòû ñ ñåêöèÿìè ê âåêòîð-

íîìó àíàëèçàòîðó öåïåé OBZOR TR 1300/1 ÷åðåç

áëîê ñ L/C íàãðóçêàìè (àäàïòåðàìè).

Èñïîëüçîâàíèå óñòàíîâêè «Àëüôà Í1» ñ äâó-

ìÿ èñòî÷íèêàìè äàåò âîçìîæíîñòü ïðîâîäèòü

òðàâëåíèå ðàçëè÷íûõ îáëàñòåé ýëåêòðîäîâ ñ îáå-

èõ ñòîðîí ïîäëîæêè.

Íà ðèñ. 5 ïðåäñòàâëåíû çîíû íàñòðîéêè òî-

÷å÷íûõ ðåçîíàòîðîâ. Îòìåòèì, ÷òî ïðè ïîìîùè

øòîðîê çîíû ïåðåêðûâàþòñÿ, ÷òîáû íå äîïóñ-

òèòü ïîïàäàíèÿ èîííîãî ïó÷êà íà ýëåêòðîä ÷àñò-

íîãî ðåçîíàòîðà, èìåþùèé áîëüøóþ ÷àñòîòó.

Äëÿ óìåíüøåíèÿ èëè óâåëè÷åíèÿ ðàçíîñà

÷àñòîò íåîáõîäèìî òðàâëåíèå ñðåäíèõ ëèáî êðàé-

íèõ îáëàñòåé ýëåêòðîäîâ ñåêöèè (ñì. ðèñ. 5, â, ã).

Åñëè ïðè äîñòèæåíèè íåîáõîäèìûõ ïàðàìåòðîâ

ïî ðàçíîñó çíà÷åíèå íîðìàëüíûõ ÷àñòîò è ÷àñ-

òîòû ÷àñòíûõ ðåçîíàòîðîâ íå ñîîòâåòñòâóåò òðå-

áóåìûì ïàðàìåòðàì, òî îñóùåñòâëÿåòñÿ äîíà-

ñòðîéêà — îäíîâðåìåííîå òðàâëåíèå çîí (ñì.

ðèñ. 5, à, á).

Òåõíîëîãè÷åñêèé ïðîöåññ íàñòðîéêè ìåòîäîì

ÈËÒ âêëþ÷àåò òðàâëåíèå çàäàííûõ ó÷àñòêîâ ïî-

âåðõíîñòè ýëåêòðîäîâ ïðè ïîìîùè øòîðîê íà âà-

êóóìíîé óñòàíîâêå «Àëüôà Í1» â ñëåäóþùåé ïî-

ñëåäîâàòåëüíîñòè: âûðàâíèâàíèå ÷àñòîò ÷àñòíûõ

ðåçîíàòîðîâ; êîððåêòèðîâêà ðàçíîñà ÷àñòîò; ïî-

âûøåíèå ÷àñòîò âåðõíåãî è íèæíåãî ðåçîíàíñîâ

ïüåçîñèñòåìû; òåðìîòðåíèðîâêà äëÿ óñòðàíåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé â ÊÝ; ïðîâåðêà è ïîä-

ñòðîéêà íîðìàëüíûõ ÷àñòîò.

Çàìåòèì, ÷òî ñêîðîñòü è êà÷åñòâî íàñòðîéêè

÷àñòîòû ôèëüòðà çàâèñÿò îò ñòåïåíè âàêóóìà,

êîëè÷åñòâà ïîäàâàåìîãî ðàáî÷åãî ãàçà, ýíåðãèè

èîíîâ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðè èññëåäîâàíèè âëèÿíèÿ ïàðàìåòðîâ (ðå-

æèìîâ) ïðîöåññà òðàâëåíèÿ íà õàðàêòåðèñòèêè

ÌÏÔ ìåíÿëè êîëè÷åñòâî ïîäàâàåìîãî ðàáî÷åãî

ãàçà ïðè ïîìîùè ñèñòåìû íàïóñêà «ÑÍÀ-2» è íà-

ïðÿæåíèå íà èîííûõ èñòî÷íèêàõ (òàáë. 1).

Íà ýòàïå íàñòðîéêè ñåêöèé ÌÏÔ óñòàíî-

âèëè, ÷òî äëÿ êâàðöåâûõ ÊÝ îïåðàöèè ïî íà-

ñòðîéêå ÷àñòîò òî÷å÷íûõ ðåçîíàòîðîâ f1 è f2 íå

îáÿçàòåëüíû. Ñ ïðèìåíåíèåì âåêòîðíîãî àíàëè-
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à á

â ã

Ðèñ. 5. Çîíû òðàâëåíèÿ äëÿ âûðàâíèâàíèÿ ÷àñòîò ÷àñò-

íûõ ðåçîíàòîðîâ f
1

è f
2

(à, á), óìåíüøåíèÿ è óâåëè÷åíèÿ

ðàçíîñà ÷àñòîò f
â.í

– f
í.í

(â, ã)

Fig. 5. Etching zones to equalize the frequencies of the

resonators f
1
, f

2
(a, b), to reduce and to increase the fre-

quency spacing f
u.n

– f
l.n

(c, d)

Òàáëèöà 1. Ðåæèìû ïðîöåññà ÈËÒ

Table 1. Modes of the IBE process

Ðåæèì
Ïîòîê ãàçà,

ì3 · Ïà/ñ

Íàïðÿæåíèå íà èîííûõ

èñòî÷íèêàõ, êÂ

1 1,75 2

2 2,8 3

3 1,05 1,5

4 1,75 3

1

2

Ðèñ. 6. À×Õ êâàðöåâîãî ÊÝ: 1, 2 — ÷àñòîòû íèæíåãî f
í.í

è

âåðõíåãî f
â.í

ðåçîíàíñîâ ïüåçîñèñòåìû

Fig. 6. Frequency response of quartz CE: 1, 2 — frequen-

cies of the lower and the upper resonance of the piezo sys-

tem f
l.n

and f
u.n

à á

Ðèñ. 7. À×Õ ÷àñòíûõ ðåçîíàòîðîâ ñ äîïóñòèìûì (a) è âû-

ñîêèì (á) äèíàìè÷åñêèì ñîïðîòèâëåíèåì

Fig. 7. AFR of the resonators with permissible (a) and high

(b) dynamic resistance



çàòîðà öåïåé ïîÿâèëàñü âîçìîæíîñòü íàñòðà-

èâàòü ÷àñòîòû âåðõíåãî è íèæíåãî ðåçîíàíñîâ

ïüåçîñèñòåìû çà îäíó îïåðàöèþ (ðèñ. 6). Òåïåðü

äîñòàòî÷íî ó÷åñòü âíîñèìîå çàòóõàíèå âåðõíåãî

Qâ.í è íèæíåãî Qí.í ðåçîíàíñîâ ïüåçîñèñòåìû,

ðàçíèöà ìåæäó êîòîðûìè äîëæíà ñîñòàâëÿòü íå

áîëåå 2 äÁ.

Âî âðåìÿ íàñòðîéêè áûëà âûÿâëåíà çàâèñè-

ìîñòü À×Õ îò äèíàìè÷åñêèõ ïàðàìåòðîâ, òàêèõ

êàê, íàïðèìåð, ñîïðîòèâëåíèå, åìêîñòü è èíäóê-

òèâíîñòü. Ïðè âîçðàñòàíèè äèíàìè÷åñêîãî ñî-

ïðîòèâëåíèÿ R íàñòðàèâàåìûõ îáðàçöîâ óâåëè-

÷èâàåòñÿ âíîñèìîå çàòóõàíèå Q è ìåíÿåòñÿ âèä

À×Õ (ðèñ. 7). À×Õ ìîæåò èìåòü ÿðêî âûðàæåí-

íûé ïèê è íèçêîå âíîñèìîå çàòóõàíèå, ÷òî ñîîò-

âåòñòâóåò ìàëîìó ñîïðîòèâëåíèþ (cì. ðèñ. 7, à).

Ìåíåå âûðàæåííûé ïèê (ñì. ðèñ. 7, á) ñîîòâåò-

ñòâóåò âûñîêîìó äèíàìè÷åñêîìó ñîïðîòèâëåíèþ

è áîëüøîìó âíîñèìîìó çàòóõàíèþ. Äàííàÿ çàâè-

ñèìîñòü áóäåò ñïðàâåäëèâà äëÿ äèíàìè÷åñêîãî

ñîïðîòèâëåíèÿ âåðõíåãî Râ.í è íèæíåãî Rí.í ðåçî-

íàíñîâ ïüåçîñèñòåìû.

Â òàáë. 2 ïðèâåäåíû ÷àñòîòíûå õàðàêòåðè-

ñòèêè ñåêöèé äëÿ ÌÏÔ, íàñòðîåííûõ ïðè ðàç-

ëè÷íûõ ðåæèìàõ ÈËÒ.

Âèäíî, ÷òî îáðàçåö, íàñòðàèâàåìûé â ðåæèìå

1, èìååò ñàìûå íèçêèå çíà÷åíèÿ ñîïðîòèâëåíèÿ è

ìàëîå âíîñèìîå çàòóõàíèå. ÌÏÔ, ïîëó÷åííûé â

ðåæèìå 3, òàêæå ñîîòâåòñòâóåò çàäàííûì òðåáî-

âàíèÿì è èìååò ìàëûå çíà÷åíèÿ îñíîâíûõ õàðàê-

òåðèñòèê.

Õóäøèìè õàðàêòåðèñòèêàìè îáëàäàåò îáðà-

çåö, ïîëó÷åííûé â ðåæèìå 2. Â äàííîì ðåæèìå

òðàâëåíèå ïðîèñõîäèò ïðè áîëüøèõ çíà÷åíèÿõ

ïëîòíîñòè èîííîãî òîêà è ýíåðãèè èîíîâ. Çà ñ÷åò

áîëüøåé ýíåðãèè, ïåðåäàâàåìîé óñêîðåííûìè

èîíàìè ïðè ðàñïûëåíèè, âîçíèêàåò ýôôåêò ïå-

ðåíàïûëåíèÿ ýëåêòðîäíîãî ïîêðûòèÿ ÊÝ ìàòå-

ðèàëà ýëåêòðîäà è ÷àñòè ìàòåðèàëà ñàìîãî ÊÝ (çà

ñ÷åò èçìåíåíèÿ ãåîìåòðèè èîííîãî ïó÷êà) íà ñî-

ñåäíèå ÊÝ.

Óìåíüøåíèå âåëè÷èíû ïëîòíîñòè èîííîãî

òîêà äàåò âîçìîæíîñòü ñíèçèòü âëèÿíèå ýôôåêòà

ïåðåíàïûëåíèÿ, íî äîñòàòî÷íî âûñîêèå ýíåðãèè

èîíîâ â ðåæèìå 4 (îêîëî 1,5 êýÂ) íå ïîçâîëÿþò

äîñòè÷ü òðåáóåìûõ õàðàêòåðèñòèê ÌÏÔ.

Èñïûòàíèÿ ïî ïîäòâåðæäåíèþ âîñïðîèçâîäè-

ìîñòè è ïîâòîðÿåìîñòè îñíîâíûõ õàðàêòåðèñòèê

ÌÏÔ ïðè îñóùåñòâëåíèè èõ íàñòðîéêè â ðåæèìå

1 ÈËÒ ïðîâîäèëè íà ïàðòèè èç äåñÿòè îáðàçöîâ.

Ðåçóëüòàòû ýêñïåðèìåíòà ïðåäñòàâëåíû â

òàáë. 3.

Ïîãðåøíîñòü íàñòðîåííûõ ôèëüòðîâ ïî ÷àñ-

òîòå ïðè äîñòèãíóòûõ âîñïðîèçâîäèìîñòè è ïî-

âòîðÿåìîñòè íå ïðåâûøàëà 1, âíîñèìîå çàòóõà-

íèå — 5, à ðàçíîñ ÷àñòîò — 0,5 %.

Ïîñëå ìîíòàæà ñåêöèé, íàñòðîåííûõ ñ ïîìî-

ùüþ ÈËÒ â ðåæèìå 1, ïîëó÷èëè ÌÏÔ ñî ñëåäóþ-
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Òàáëèöà 2. Õàðàêòåðèñòèêè ñåêöèé äëÿ ÌÏÔ

Table 2. Characteristics of the sections for MPF

Ðåæèì f
í.í

, êÃö R
í.í

, Îì Q
í.í

, äÁ f
â.í

, êÃö R
â.í

, Îì Q
â.í

, äÁ f
â.í

– f
í.í

, êÃö

1 21380,688 56,1 –39,498 21403,375 58,6 –39,989 22,6875

2 21380,313 198 –58,9 21403,188 230 –59,4 22,875

3 21380,8755 88,2 –46,8 21403,563 83,5 –45,8 22,6875

4 21380,875 116 –52,7 21403,375 99 –52,2 22,5

Òàáëèöà 3. Ðåçóëüòàòû ýêñïåðèìåíòà ïî ïîäòâåðæäåíèþ âîñïðîèçâîäèìîñòè è ïîâòîðÿåìîñòè õàðàêòåðèñòèê ÌÏÔ

Table 3. The results of the experiment confirming the reproducibility and repeatability of the MPF characteristics

Îáðàçåö

×àñòîòíûå õàðàêòåðèñòèêè

f
â.í

, êÃö Q
â.í

, äÁ f
í.í

, êÃö Q
í.í

., äÁ f
â.í

– f
í.í

, êÃö

1 21403,563 –40,257 21380,688 –43,734 22,875

2 21403,375 –39,989 21380,688 –39,498 22,6875

3 21403,375 –42,432 21380,5 –41,01 22,875

4 21403,188 –38,423 21380,556 –42,356 22,6319

5 21403,188 –40,556 21380,313 –38,333 22,875

6 21403,188 –39,618 21380,5 –40,601 22,6875

7 21403,188 –38,205 21380,5 –40,017 22,6875

8 21403,188 –38,854 21380,5 –42,163 22,6875

9 21403,188 –40,064 21380,688 –42,127 22,5

10 21403,375 –40,286 21380,688 –40,908 22,6875



ùèìè ïàðàìåòðàìè: íîìèíàëüíàÿ ÷àñòîòà —

21400,681 êÃö; íèæíÿÿ è âåðõíÿÿ ÷àñòîòû ñðåçà

ïî óðîâíþ –3 äÁ — 21384,350 è 21417,012 êÃö;

øèðèíà ïîëîñû ïðîïóñêàíèÿ ïî óðîâíþ

–3 äÁ/–40 — 32,66/84,32 êÃö; âíîñèìîå çàòóõàíèå

â ïîëîñå ïðîïóñêàíèÿ — 0,5 äÁ; êîýôôèöèåíò

ïðÿìîóãîëüíîñòè — 2,58.

Çàêëþ÷åíèå

Òåõíîëîãèÿ íàñòðîéêè ÌÏÔ íà îáúåìíûõ

àêóñòè÷åñêèõ âîëíàõ âêëþ÷àåò ÈËÒ åãî ýëåêòðî-

äîâ, â ðåçóëüòàòå ÷åãî ïîíèæàåòñÿ ÷àñòîòà ÷àñò-

íûõ ðåçîíàòîðîâ. Ïðîâåäåííûå èññëåäîâàíèÿ

ïðîöåññà ÈÒË ïîêàçàëè, ÷òî âíîñèìîå çàòóõàíèå

è äèíàìè÷åñêîå ñîïðîòèâëåíèå çàâèñÿò îò ÷àñòî-

òû ÷àñòíûõ ðåçîíàòîðîâ. Êðîìå òîãî, ìîæíî îñó-

ùåñòâëÿòü íàñòðîéêó òîëüêî âåðõíåé è íèæíåé

íîðìàëüíûõ ÷àñòîò ôèëüòðà ñ êîíòðîëåì ïî âíî-

ñèìîìó çàòóõàíèþ è èñêëþ÷èòü îïåðàöèè ïî êîí-

òðîëþ ÷àñòîò ïåðâîãî è âòîðîãî ÷àñòíûõ ðåçîíà-

òîðîâ. Òàêîé ñïîñîá ïîçâîëÿåò ïðîâîäèòü íà-

ñòðîéêó ñåêöèé ñ ìåíüøèìè ïî ïëîùàäè ýëåêòðî-

äàìè äëÿ ôèëüòðîâ íà áîëåå âûñîêèõ ÷àñòîòàõ,

ñîêðàòèòü êîëè÷åñòâî îïåðàöèé è âðåìÿ íàñòðîé-

êè, à òàêæå ïîëó÷èòü ñåêöèè ñ îäèíàêîâûìè ÷àñ-

òîòíûìè õàðàêòåðèñòèêàìè.

Ðåçóëüòàòû ÈËÒ â çíà÷èòåëüíîé ñòåïåíè çà-

âèñÿò îò ïîòîêà ðàáî÷åãî ãàçà è íàïðÿæåíèÿ íà

èîííûõ èñòî÷íèêàõ. Áûëè îïðåäåëåíû îïòè-

ìàëüíûå ïàðàìåòðû ÈËÒ ýëåêòðîäîâ ÷àñòíûõ

ðåçîíàòîðîâ: ðàáî÷åå äàâëåíèå — 1,33 · 10–5 Ïà;

ðàñõîä ðàáî÷åãî ãàçà — 1,75 ì3 · Ïà/ñ; ýíåðãèÿ

èîíîâ â èîííîì ïó÷êå — 1 êýÂ; ïëîòíîñòü èîííî-

ãî òîêà — 6 ìÀ/ñì2. Â ïðîöåññå íàñòðîéêè ïîëó-

÷èëè âûñîêèå âîñïðîèçâîäèìîñòü è ïîâòîðÿå-

ìîñòü ïàðàìåòðîâ. Ïîãðåøíîñòü íàñòðîåííûõ

ñåêöèé ïî ÷àñòîòå íå ïðåâûøàëà 1, âíîñèìîå çà-

òóõàíèå — 5, ðàçíîñ ÷àñòîò — 0,5 %. Ïàðàìåò-

ðû ïîëó÷åííîãî â äàííîì ðåæèìå ìîíîëèòíîãî

êâàðöåâîãî ôèëüòðà ñîñòàâèëè: íîìèíàëüíàÿ

÷àñòîòà — 21400,681 ÌÃö; øèðèíà ïîëîñû ïðî-

ïóñêàíèÿ ïî óðîâíþ –3 äÁ — 32,66 êÃö; âíîñèìîå

çàòóõàíèå — 0,5 äÁ.

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëü-

çîâàíû ïðè íàñòðîéêå ïüåçîýëåêòðè÷åñêèõ

ôèëüòðîâ, ðàáîòàþùèõ íà áîëåå âûñîêèõ (äî

350 ÌÃö) ÷àñòîòàõ. Ïðèìåíåíèå âûáðàííîãî ðå-

æèìà òðàâëåíèÿ äàåò âîçìîæíîñòü íàñòðàèâàòü

ñåêöèè ñ ìåíüøèì ýëåêòðîäíûì ïîêðûòèåì è ìà-

ëûìè ãåîìåòðè÷åñêèìè ðàçìåðàìè, ÷òî ÿâëÿåòñÿ

ïåðñïåêòèâíûì íàïðàâëåíèåì â ðàçðàáîòêå

ÌÏÔ íà îáúåìíûõ àêóñòè÷åñêèõ âîëíàõ.
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Ìîíîêðèñòàëëè÷åñêèé àíòèìîíèä èíäèÿ — íåçàìåíèìûé ìàòåðèàë â òàêèõ îáëàñòÿõ òâåð-

äîòåëüíîé ýëåêòðîíèêè, êàê îïòî- è íàíîýëåêòðîíèêà. Â ñâîþ î÷åðåäü ïëîòíîñòü äèñëîêà-

öèé è õàðàêòåð èõ ðàñïðåäåëåíèÿ, íàïðÿìóþ çàâèñÿùèå îò òåõíîëîãè÷åñêèõ ïàðàìåòðîâ

ïðîöåññà ðîñòà, âî ìíîãîì îïðåäåëÿþò ôèçè÷åñêèå è ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ìîíîêðèñòàëëîâ InSb, ïîëó÷åííûõ ìî-

äåðíèçèðîâàííûì ìåòîäîì ×îõðàëüñêîãî â êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèÿõ [100],

[111] è [112]. Àíàëèçèðîâàëè âëèÿíèå óñëîâèé âûðàùèâàíèÿ (îñåâûõ è ðàäèàëüíûõ òåìïå-

ðàòóðíûõ ãðàäèåíòîâ íà ôðîíòå êðèñòàëëèçàöèè) íà äèñëîêàöèîííóþ ñòðóêòóðó ïëàñòèí

InSb. Êðîìå òîãî, èññëåäîâàëè ñòðóêòóðíûå ñâîéñòâà ïëàñòèí. Ìåòîäîì èçáèðàòåëüíîãî

òðàâëåíèÿ óñòàíîâëåíî, ÷òî êîëè÷åñòâî äèñëîêàöèîííûõ ÿìîê òðàâëåíèÿ íà ïëàñòèíàõ ñ

ðàçëè÷íîé îðèåíòàöèåé îòëè÷àåòñÿ ïðèìåðíî íà ïîðÿäîê âåëè÷èíû (103 ñì–2 — äëÿ ïëîñ-

êîñòè (111) è 102 ñì–2 — äëÿ (100)). Êîëè÷åñòâî ôèãóð òðàâëåíèÿ äëÿ ïëîñêîñòè (100) ñîèç-

ìåðèìî ñ èõ ÷èñëîì â êðèñòàëëàõ, âûðàùåííûõ â íàïðàâëåíèÿõ [112] è [100]. Âåðîÿòíî,

ìàêñèìàëüíóþ ïëîòíîñòü äèñëîêàöèé â ìîíîêðèñòàëëàõ InSb ìîæíî ñ÷èòàòü êîíñòàíòîé

ìàòåðèàëà, à ïîâûøåííàÿ ïðî÷íîñòü ìîíîêðèñòàëëîâ, âûðàùåííûõ ïðè ìåíüøèõ îñåâûõ

ãðàäèåíòàõ íà ôðîíòå êðèñòàëëèçàöèè, ñâÿçàíà ñ ôîðìèðîâàíèåì äèôôóçèîííûì ïóòåì

õàðàêòåðíîãî àíñàìáëÿ òî÷å÷íûõ äåôåêòîâ âäîëü ëèíèè äèñëîêàöèè. Ïîêàçàíî, ÷òî íàè-

ëó÷øèìè ôèçè÷åñêèìè è ìåõàíè÷åñêèìè ñâîéñòâàìè îáëàäàþò ïëàñòèíû InSb [112] (100).

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè èçãîòîâëåíèè êîìïëåêòóþùèõ äëÿ

ôîòîïðèåìíèêîâ, â ÷àñòíîñòè, ïðè îáðàáîòêå ïëàñòèí (ðåçêå, øëèôîâàíèè è ïîëèðîâàíèè)

äëÿ îïòèìèçàöèè òåõíîëîãè÷åñêîãî ïðîöåññà.

Êëþ÷åâûå ñëîâà: ìåòîä ×îõðàëüñêîãî; àíòèìîíèä èíäèÿ; ïëîòíîñòü äèñëîêàöèé; ìåòîä

èçáèðàòåëüíîãî òðàâëåíèÿ; êðèñòàëëîãðàôè÷åñêàÿ îðèåíòàöèÿ.
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Single-crystal indium antimonide InSb is an indispensable material in such branches of solid-state elec-

tronics as opto- and nanoelectronics. In turn, the dislocation density and the character of their distribu-

tion, which directly depend on the technological parameters of the growth process, considerably determine

the physical and mechanical properties of the material. We present the results of studying InSb single
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crystals obtained by the modernized Czochralski method in the crystallographic directions [100], [111],

and [112]. The effect of growth conditions (axial and radial temperature gradients at the crystallization

front) on the dislocation structure of InSb plates and the structural properties of the plates were analyzed.

Using the method of selective etching it was shown that the number of etching pits on the wafers with dif-

ferent orientations differs by approximately an order of magnitude (103 cm–2 for plane (111) and 102 cm–2

for (100)). Number of etch pits for the (100) plane is commensurate with their number in crystals grown in

the [112] and [100] directions. Probably, the maximum dislocation density in InSb single crystals can be

considered as a material constant, and the increased strength of single crystals grown at lower axial gradi-

ents at the crystallization front is related to the formation of a characteristic ensemble of point defects

along the dislocation line through diffusion. It is shown that InSb wafers [112] (100) exhibit the best phys-

ical and mechanical properties. The results obtained can be used in the manufacture of structures for

photodetectors, in particular, in plate processing (cutting, grinding and polishing) to optimize technologi-

cal processes.

Keywords: Czochralsky method; indium antimonide; dislocation density; selective etching; crystallo-

graphic orientation.

Ââåäåíèå

Ìîíîêðèñòàëëè÷åñêèé àíòèìîíèä èíäèÿ —

íåçàìåíèìûé ìàòåðèàë â òàêèõ îáëàñòÿõ òâåðäî-

òåëüíîé ýëåêòðîíèêè, êàê îïòî- è íàíîýëåêòðî-

íèêà [1 – 3]. Íà åãî îñíîâå ïðîèçâîäÿò ëèíåéíûå

è ìàòðè÷íûå ôîòîïðèåìíèêè (ñïåêòðàëüíûé

äèàïàçîí äëèí âîëí — 3 – 5 ìêì), ïðèìåíÿåìûå

â ñèñòåìàõ òåïëîâèäåíèÿ [4 – 6].

Ìîíîêðèñòàëëû àíòèìîíèäà èíäèÿ ïîëó÷àþò

â îñíîâíîì ìåòîäîì ×îõðàëüñêîãî ñ æèäêîñòíîé

ãåðìåòèçàöèåé ðàñïëàâà ôëþñîì (B2O3) â àòìî-

ñôåðå èíåðòíîãî ãàçà (LEÑ-ìåòîä) [7 – 10]. Îòìå-

òèì, ÷òî èñêëþ÷èòåëüíî äëÿ ëàáîðàòîðíûõ èññëå-

äîâàíèé ìîæåò áûòü òàêæå ïðèìåíåí ìåòîä

Áðèäæìåíà [11]. Âûðàùèâàíèå ìîíîêðèñòàëëîâ

ïðîâîäÿò â êðèñòàëëîãðàôè÷åñêîì íàïðàâëåíèè

[112]. Â êà÷åñòâå ïîäëîæåê ïðè èçãîòîâëåíèè

ïðèáîðîâ èñïîëüçóþò, êàê ïðàâèëî, ïëàñòèíû ñ

îðèåíòàöèåé (100), íå îòëè÷àþùèåñÿ In- è Sb-

ñòîðîíàìè. Â íåêîòîðûõ ýêñïåðèìåíòàëüíûõ çà-

äà÷àõ ìîæåò èñïîëüçîâàòüñÿ è îðèåíòàöèÿ (111)

[12].

Âûáîð íàïðàâëåíèÿ âûðàùèâàíèÿ [112] îï-

ðåäåëÿåòñÿ âîçìîæíîñòüþ èñêëþ÷åíèÿ êàíàëü-

íîé íåîäíîðîäíîñòè â êðèñòàëëå, îäíàêî ðåçêà

ïëàñòèí ñ îðèåíòàöèåé (100) îñóùåñòâëÿåòñÿ ïîä

óãëîì 35,3°, ÷òî â ñâîþ î÷åðåäü ïðèâîäèò ê

óìåíüøåíèþ âûõîäà ãîäíîé ïðîäóêöèè. Âûáîð

òîãî èëè èíîãî íàïðàâëåíèÿ âûðàùèâàíèÿ ìîíî-

êðèñòàëëîâ ïîçâîëÿåò íå òîëüêî óâåëè÷èòü âûõîä

ãîäíûõ ïëàñòèí, íî è îáåñïå÷èòü îïòèìàëüíûå

ñâîéñòâà ïîäëîæåê äëÿ ïðèáîðíûõ ðàçðàáîòîê.

Ñîçäàíèå îïðåäåëåííûõ è îòëè÷íûõ äðóã îò

äðóãà òåìïåðàòóðíûõ ãðàäèåíòîâ íà ôðîíòå êðè-

ñòàëëèçàöèè — îáÿçàòåëüíîå óñëîâèå ðîñòà ìîíî-

êðèñòàëëîâ ñ ðàçëè÷íîé êðèñòàëëîãðàôè÷åñêîé

îðèåíòàöèåé. Ïðè ýòîì ôîðìèðóåìàÿ äèñëîêàöè-

îííàÿ ñòðóêòóðà êðèñòàëëîâ îïðåäåëÿåòñÿ òåï-

ëîâûìè è äèíàìè÷åñêèìè óñëîâèÿìè ïðîöåññà

âûðàùèâàíèÿ [13]. Â ñâîþ î÷åðåäü äèñëîêàöèè è

õàðàêòåð èõ ðàñïðåäåëåíèÿ îêàçûâàþò áîëüøîå

âëèÿíèå íà ñâîéñòâà ïëàñòèí, èñïîëüçóåìûõ äëÿ

èçãîòîâëåíèÿ ïðèáîðîâ [14]. Ëèíåéíûå äåôåêòû

ñîçäàþò äîíîðíûå è àêöåïòîðíûå óðîâíè â çîíå

ïðîâîäèìîñòè ïîëóïðîâîäíèêà, ÷òî ìîæåò âû-

çâàòü ïðåæäåâðåìåííûé ïðîáîé â îáëàñòè ïðèáî-

ðà, â êîòîðîé äèñëîêàöèè ïåðåñåêàþò p – n-ïåðå-

õîä [15]. Âìåñòå ñ òåì äâóìåðíûå íåñîâåðøåí-

ñòâà — ìåñòî ñòîêà òî÷å÷íûõ äåôåêòîâ, ÷òî ïîç-

âîëÿåò çíà÷èòåëüíî ñíèçèòü âåðîÿòíîñòü ôîðìè-

ðîâàíèÿ èõ êîìïëåêñîâ (ìèêðîäåôåêòîâ), à òàêæå

ïîâûñèòü ïðî÷íîñòü ïîäëîæêè [16, 17].

Öåëü ðàáîòû — èññëåäîâàíèå ìîíîêðèñòàë-

ëîâ InSb, ïîëó÷åííûõ ìîäåðíèçèðîâàííûì ìåòî-

äîì ×îõðàëüñêîãî â êðèñòàëëîãðàôè÷åñêèõ íà-

ïðàâëåíèÿõ [100], [111] è [112].

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Ìîíîêðèñòàëëû àíòèìîíèäà èíäèÿ âûðàùè-

âàëè ìîäåðíèçèðîâàííûì ìåòîäîì ×îõðàëüñêîãî

(ïàò. 2482228 ÐÔ), ïðåäïîëàãàþùèì èñêëþ÷åíèå

òðóäî- è ýíåðãîåìêèõ òåõíîëîãè÷åñêèõ ïåðåäåëîâ

ïî ñèíòåçó è ïîñëåäóþùóþ ìíîãîêðàòíóþ çîí-

íóþ ïëàâêó (äî 40 ïðîõîäîâ çîíû) äëÿ ïîëó÷åíèÿ

ïîëèêðèñòàëëè÷åñêîãî ìàòåðèàëà [12]. Â êà÷åñò-

âå èñõîäíûõ êîìïîíåíòîâ èñïîëüçîâàëè ñóðüìó è

èíäèé ÷èñòîòîé 7N. Ïðîöåññ îñóùåñòâëÿëè â àò-

ìîñôåðå ñòàòè÷åñêîãî âàêóóìà áåç èñïîëüçîâàíèÿ

ôëþñà è äàâëåíèÿ èíåðòíîãî ãàçà.

Òåïëîâûå è äèíàìè÷åñêèå óñëîâèÿ äëÿ ïîëó-

÷åíèÿ óñòîé÷èâîãî ðîñòà ìîíîêðèñòàëëîâ â íà-

ïðàâëåíèÿõ [111] è [112] çíà÷èòåëüíî îòëè-

÷àëèñü îò óñëîâèé ïîëó÷åíèÿ ìîíîêðèñòàëëîâ â

êðèñòàëëîãðàôè÷åñêîì íàïðàâëåíèè [100]. Ðîñò

ìîíîêðèñòàëëîâ â íàïðàâëåíèè [111] îñóùå-

ñòâëÿëñÿ ïðè îñåâîì ãðàäèåíòå òåìïåðàòóðû íà

ôðîíòå êðèñòàëëèçàöèè 20 – 25 ãðàä/ñì, â íà-

ïðàâëåíèè [112] — 25 – 32, â íàïðàâëåíèè

[100] — 35 – 40 ãðàä/ñì [18]. Ðàçëè÷èå â îñåâûõ

ãðàäèåíòàõ òåìïåðàòóð ïðè âûðàùèâàíèè â ðàç-

ëè÷íûõ íàïðàâëåíèÿõ äîñòèãàëîñü ïóòåì ïîä-

áîðà ãðàôèòîâîãî òåïëîâîãî óçëà, ñîñòîÿùåãî èç

íàãðåâàòåëÿ è âåðòèêàëüíûõ è ãîðèçîíòàëüíûõ

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8 39



ýêðàíîâ, à òàêæå ïîëîæåíèÿ ïîâåðõíîñòè ðàñïëà-

âà îòíîñèòåëüíî êðàÿ íàãðåâàòåëÿ.

Ïðè âûðàùèâàíèè ìîíîêðèñòàëëîâ â íàïðàâ-

ëåíèè [111] ñêîðîñòü âûòÿãèâàíèÿ áûëà ñóùå-

ñòâåííî âûøå, ÷åì ïðè âûðàùèâàíèè â íàïðàâ-

ëåíèÿõ [100] è [112]. Ñíèæåíèå ñêîðîñòè âûòÿãè-

âàíèÿ â íàïðàâëåíèè [111] ðåçêî óâåëè÷èâàëî

äèàìåòð ìîíîêðèñòàëëà è íàðóøàëî ìîíîêðè-

ñòàëëè÷åñêèé ðîñò âïëîòü äî îáðàçîâàíèÿ äåíä-

ðèòîâ. Îòìåòèì, ÷òî ïðè âûðàùèâàíèè ìîíîêðè-

ñòàëëîâ InSb â êðèñòàëëîãðàôè÷åñêèõ íàïðàâëå-

íèÿõ [111] è [100] ìîíîêðèñòàëëû îãðàíÿþòñÿ

ðàçëè÷íûìè ïëîñêîñòÿìè è èìåþò ðàçëè÷íóþ

ôîðìó ïîïåðå÷íîãî ñå÷åíèÿ. Ïðè ýòîì óãîë êîíó-

ñà ìîíîêðèñòàëëîâ, âûðàùåííûõ â íàïðàâëåíèè

[111], ñîñòàâëÿåò ìåíåå 90°, à äëÿ ìîíîêðèñòàë-

ëîâ, âûðàùåííûõ â íàïðàâëåíèè [100], ïðåâû-

øàåò 90°.

Âûáðàííûå îïòèìàëüíûå òåïëîâûå óñëîâèÿ

è ñêîðîñòè âûðàùèâàíèÿ ìîíîêðèñòàëëîâ ïîçâî-

ëÿëè ïîääåðæèâàòü åñòåñòâåííóþ ôîðìó ðîñòà

êðèñòàëëà, îñîáåííî äëÿ íàïðàâëåíèÿ [111], è ñî-

õðàíÿòü äèàìåòð âïèñàííîé îêðóæíîñòè >52 ìì.

Áûëî âûðàùåíî 12 ìîíîêðèñòàëëîâ ñ îðèåíòàöè-

åé [100], [111] è [112] (ïî 4 ñëèòêà êàæäîé îðèåí-

òàöèè).

Íà ðèñ. 1 ïðåäñòàâëåíû ìîíîêðèñòàëëû, ïî-

ëó÷åííûå â êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíè-

ÿõ [100], [111] è [112], è êîíòðîëüíûå ïëàñòèíû,

âûðåçàííûå ïåðïåíäèêóëÿðíî íàïðàâëåíèÿì

ðîñòà îò âåðõíåé è íèæíåé îáëàñòåé öèëèíäðè÷å-

ñêîé ÷àñòè ìîíîêðèñòàëëîâ.

Êîíòðîëüíûå ïëàñòèíû, îðèåíòàöèÿ êîòîðûõ

ñîîòâåòñòâîâàëà ïëîñêîñòÿì (100), (111) è (112),

èñïîëüçîâàëè äëÿ èçó÷åíèÿ ýëåêòðîôèçè÷åñêèõ

ñâîéñòâ è ñòðóêòóðíûõ îñîáåííîñòåé ïîëó÷åííûõ

ìîíîêðèñòàëëîâ (ïëîòíîñòè äèñëîêàöèé). Îòêëî-

íåíèå îò îðèåíòàöèè èçìåðÿëè ïóòåì ñúåìêè

êðèâûõ êà÷àíèÿ íà ðåíòãåíîâñêîì äèôðàêòî-

ìåòðå «ÄÐÎÍ-7» ñ èñïîëüçîâàíèåì ìåäíîãî èçëó-

÷åíèÿ ïðè ðàçíîñòè ïîòåíöèàëîâ 30 êÂ è âåëè-

÷èíå òîêà 10 ìÀ â ðàáî÷åì ðåæèìå ñî ñêîðîñòüþ

2 ãðàä/ìèí ñ øàãîì 5 ñ è ýêñïîçèöèåé 0,15 ñ

[19, 20].

Ýëåêòðîôèçè÷åñêèå ïàðàìåòðû ìîíîêðèñòàë-

ëîâ îïðåäåëÿëè íà êîíòðîëüíûõ ïëàñòèíàõ ìåòî-

äîì Âàí-äåð-Ïàó ïðè òåìïåðàòóðå æèäêîãî àçîòà

[21].

Äëÿ èçó÷åíèÿ ñòðóêòóðû èç ìîíîêðèñòàëëîâ ñ

îðèåíòàöèåé [112] âûðåçàëè ïëàñòèíû, îðèåíòè-

ðîâàííûå ïî ïëîñêîñòÿì (112), (111) è (100) [22].

Ðåçêó ïëàñòèí ïðîâîäèëè íà ñòàíêå «Àëìàç-4»,

èñïîëüçóÿ ïîâîðîòíûå óñòðîéñòâà è ñõåìó óãëîâ

íàêëîíà òðåáóåìûõ ïëîñêîñòåé ê îñè ðîñòà ìîíî-

êðèñòàëëà. Íà ðèñ. 2 ïðèâåäåíà ñõåìà ðåçêè ïëà-

ñòèí (111) è (100).
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Ðèñ. 1. Ìîíîêðèñòàëëû àíòèìîíèäà èíäèÿ, âûðàùåííûå â ðàçëè÷íûõ êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèÿõ, è ôîðìà

ïëàñòèí, âûðåçàííûõ ïåðïåíäèêóëÿðíî íàïðàâëåíèÿì âûðàùèâàíèÿ

Fig. 1. Indium antimonide single crystals grown in various crystallographic directions and the shape of plates cut perpendicu-

lar to the growth directions



Ñ ïîìîùüþ ïîëèðóþùåãî è ñåëåêòèâíîãî

òðàâëåíèÿ íà ïëàñòèíàõ ñ ðàçëè÷íîé îðèåíòàöè-

åé âûÿâëÿëè ÿìêè òðàâëåíèÿ è ïðîâîäèëè èõ

ïîäñ÷åò ìåòîäîì äåâÿòè ïîëåé ñ èñïîëüçîâàíèåì

îïòè÷åñêîãî ìèêðîñêîïà [23, 24]. Íà ïëîñêîñòÿõ

(111) è (112) ÿìêè òðàâëåíèÿ îò÷åòëèâî ïðîÿâëÿ-

ëèñü íà In-ñòîðîíå ïðè òðàâëåíèè â ïîëèðóþùåì

òðàâèòåëå ÑÐ-4 (7 – 10 ñ), ÷òî ñâÿçàíî ñ ðàçëè÷è-

åì â ãèáðèäèçàöèè àòîìîâ íà ýòèõ ïëîñêîñòÿõ

[25]. Íà ïëîñêîñòè (100) ÿìêè òðàâëåíèÿ íàáëþ-

äàëèñü íà îáåèõ ñòîðîíàõ ïëàñòèíû òîëüêî ïîñëå

òðàâëåíèÿ â ñåëåêòèâíîì òðàâèòåëå (5 ìèí) [26].

Ïàíîðàìíûå èçîáðàæåíèÿ ïîëó÷àëè ïóòåì

«ñêëåéêè» îòäåëüíûõ êàäðîâ â ïðîãðàììå

ThixometPro. Ïðèìåíÿëè ñâåòîâîé ìèêðîñêîï

AxioLab A1 CarlZeiss [27, 28].

Îáñóæäåíèå ðåçóëüòàòîâ

Èçìåðåíèÿ ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ

ìîíîêðèñòàëëîâ InSb ïîêàçàëè, ÷òî çíà÷åíèÿ

êîíöåíòðàöèè ñâîáîäíûõ ýëåêòðîíîâ è èõ ïîä-

âèæíîñòè ñîîòâåòñòâóþò ñòàíäàðòíûì çíà÷å-

íèÿì äëÿ íåëåãèðîâàííîãî àíòèìîíèäà èíäèÿ

è ñîñòàâëÿþò, ñîîòâåòñòâåííî, n = 2,2 · 1014 –

2,5 · 1015 ñì–3, ì = 5,5 · 105 – 2,1 · 105 ñì2/(Â · ñ)

(77 Ê). Ïðè ýòîì ðàñïðåäåëåíèå òåõíîëîãè÷åñêèõ

îñòàòî÷íûõ ïðèìåñåé (â îñíîâíîì Te, Se, S) â ìî-

íîêðèñòàëëàõ íå çàâèñèò îò íàïðàâëåíèÿ âûðà-

ùèâàíèÿ è íå ïðîòèâîðå÷èò èõ êîýôôèöèåíòó

ðàñïðåäåëåíèÿ â InSb (Kýôô 	 0,7) [21].

Íà êîíòðîëüíûõ ïëàñòèíàõ, âûðåçàííûõ èç

êðèñòàëëîâ, ïóòåì ïîäñ÷åòà ÿìîê òðàâëåíèÿ îöå-

íèâàëè ïëîòíîñòè äèñëîêàöèé. Îòìåòèì, ÷òî

ÿìêè òðàâëåíèÿ íà êàæäîé èç ïëîñêîñòåé èìåëè

ðàçëè÷íóþ ôîðìó, êîòîðàÿ îïðåäåëÿëàñü ðàñ-

ïîëîæåíèåì êðèñòàëëîãðàôè÷åñêèõ ïëîñêîñòåé

ñ íàèáîëüøåé ðåòèêóëÿðíîé ïëîòíîñòüþ îòíî-

ñèòåëüíî ïîâåðõíîñòè. Ïëîòíîñòü óïàêîâêè

êðèñòàëëîãðàôè÷åñêîé ïëîñêîñòè, îòíîñèòåëüíî

êîòîðîé áûëà ïðîâåäåíà îðèåíòàöèÿ, â çíà-

÷èòåëüíîé ñòåïåíè îïðåäåëÿåò âåðîÿòíîñòü âîç-

íèêíîâåíèÿ ôèãóðû òðàâëåíèÿ â ìåñòàõ âûõîäà

äèñëîêàöèé.

Åñëè ðàññìàòðèâàòü ïðîöåññ èçáèðàòåëüíîãî

òðàâëåíèÿ ñ òî÷êè çðåíèÿ êèíåìàòè÷åñêîé òåî-

ðèè ðàñòâîðåíèÿ, òî îáðàçîâàíèå ÿìêè ëèìèòèðó-

åòñÿ êèíåòèêîé äâèæåíèÿ ìîíîàòîìíûõ ñòóïåíåé

(ðèñ. 3). Î÷åâèäíî, ÷òî íà äâèæåíèå ñòóïåíåé

òàêæå áóäåò îêàçûâàòü âëèÿíèå àíñàìáëü òî÷å÷-

íûõ äåôåêòîâ, ôîðìèðóåìûõ íåïîñðåäñòâåííî

âäîëü ëèíèè äèñëîêàöèè. Â ñâÿçè ñ áîëåå íèçêèì

îñåâûì ãðàäèåíòîì è ïîâûøåííîé äèôôóçèîí-

íîé àêòèâíîñòüþ íóëüìåðíûõ íåñîâåðøåíñòâ â

ñëó÷àå ðîñòà ìîíîêðèñòàëëà â íàïðàâëåíèè [111]

ôîðìèðóþòñÿ áîëåå ïëîòíûå ñåãðåãàöèè. Â ðå-

çóëüòàòå ñêîëüæåíèå äèñëîêàöèé çàòðóäíåíî, è

ñëèòêè îáëàäàþò ïîâûøåííîé ïðî÷íîñòüþ [14].
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Ðèñ. 2. Ñõåìà ðåçêè ïëàñòèí (111) è (100) èç ìîíîêðèñòàëëà, âûðàùåííîãî â íàïðàâëåíèè [112]

Fig. 2. Schematic diagram of cutting plates (111) and (100) from a single crystal grown in [112] direction



Ãåîìåòðèÿ ôèãóðû òðàâëåíèÿ ñ òî÷êè çðåíèÿ

òåðìîäèíàìè÷åñêîé òåîðèè îïðåäåëÿåòñÿ âûðà-

æåíèÿìè:
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ãäå Äì — ðàçíîñòü ïîòåíöèàëîâ; R, h — ðàäèóñ

êðèâèçíû è ãëóáèíà ÿìêè òðàâëåíèÿ; ã — ïî-

âåðõíîñòíàÿ ýíåðãèÿ ìîíîêðèñòàëëà; k* — êîýô-

ôèöèåíò ïîäâèæíîñòè ýëåìåíòàðíîé ñòóïåíè

ðàñòâîðåíèÿ; ës — ñðåäíåå ñìåùåíèå àòîìà; â —

êîýôôèöèåíò ñîïðîòèâëåíèÿ äâèæåíèþ ñòóïåíè.

Ñåãðåãàöèÿ òî÷å÷íûõ äåôåêòîâ âäîëü äèñëî-

êàöèè îêàçûâàåò äâîÿêîå âëèÿíèå íà âèäèìîñòü

ÿìêè òðàâëåíèÿ. Ñ îäíîé ñòîðîíû, îíà óâåëè÷è-

âàåò ðàçíîñòü ïîòåíöèàëîâ õèìè÷åñêîé ðåàêöèè

Äì, à ñ äðóãîé — ñíèæàåò ñêîðîñòü äâèæåíèÿ ìî-

íîàòîìíûõ ñòóïåíåé, âëèÿÿ íà êèíåòè÷åñêèé êî-

ýôôèöèåíò k*. Ñîâîêóïíîå âëèÿíèå ðåòèêóëÿð-

íîé ïëîòíîñòè ïîâåðõíîñòè ïëàñòèíû è õàðàêòå-

ðà îáðàçóþùèõñÿ â ðàçëè÷íûõ òåìïåðàòóðíûõ

óñëîâèÿõ òî÷å÷íûõ äåôåêòîâ âäîëü ëèíèè äèñëî-

êàöèè ìîæåò ñêàçàòüñÿ íà îáúåêòèâíîñòè îöåíêè

ïëîòíîñòè äèñëîêàöèé ïî ÿìêàì òðàâëåíèÿ. Ñóì-

ìèðóÿ ïðåäñòàâëåíèÿ î ïðîöåññå ðàñòâîðåíèÿ ïî-

âåðõíîñòè ìîíîêðèñòàëëà, ìîæíî ñäåëàòü âûâîä,

÷òî âåðîÿòíîñòü ôîðìèðîâàíèÿ ôèãóðû òðàâëå-

íèÿ â ìåñòàõ âûõîäà äèñëîêàöèé íà ïîâåðõíîñòè

(111) è (100) ðàçëè÷íà.

Íà ðèñ. 4 ïðèâåäåíû ÿìêè òðàâëåíèÿ è ïàíî-

ðàìû èõ ðàñïðåäåëåíèÿ äëÿ ïëîñêîñòåé (100) è

(111). Âèäíî, ÷òî íà ïîâåðõíîñòè ïëàñòèí ñ êðè-

ñòàëëîãðàôè÷åñêîé îðèåíòàöèåé (100) ôîðìèðó-

þòñÿ ôèãóðû òðàâëåíèÿ îâàëüíîé ôîðìû, à íà

ïîâåðõíîñòè (111) äèñëîêàöèîííûå ÿìêè èìåþò

ñêðóãëåííóþ ôîðìó ñ âèäèìûì äíîì â öåíòðå

ôèãóðû.

Â òàáëèöå ïðèâåäåíî êîëè÷åñòâî äèñëîêà-

öèîííûõ ÿìîê òðàâëåíèÿ â âûðàùåííûõ êðè-

ñòàëëàõ. Âèäíî, ÷òî êîëè÷åñòâî äèñëîêàöèîííûõ

ÿìîê íà êîíòðîëüíûõ ïëàñòèíàõ äîñòèãàåò

~1 · 103 è 5 · 102 ñì–2 äëÿ êðèñòàëëîâ, âûðàùåí-

íûõ â êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèÿõ

[111] è [112], ïî ñðàâíåíèþ ñ êðèñòàëëàìè, âûðà-

ùåííûìè â íàïðàâëåíèè [100] (<102 ñì–2).

Çàìåòèì, ÷òî â òàáëèöå ïðèâåäåíû êîëè÷å-

ñòâà äèñëîêàöèîííûõ ÿìîê òðàâëåíèÿ äëÿ ïëà-

ñòèí (112), õàðàêòåðèçóþùèå ñðåäíþþ èõ ïëîò-

íîñòü â êðèñòàëëå, è ïëîòíîñòè ÿìîê äëÿ ïëàñòèí

(111) è (100), âûðåçàííûõ ïîä óãëàìè 19°28� è

35°16� ê îñè ðîñòà ìîíîêðèñòàëëà [112].

Êàê ïîêàçûâàþò äàííûå (ñì. òàáëèöó), êîëè-

÷åñòâî äèñëîêàöèîííûõ ÿìîê íà ïëàñòèíàõ (100)

è (111) â êðèñòàëëå ñ îðèåíòàöèåé [112] èìåþò

çíà÷åíèÿ, áëèçêèå ê àíàëîãè÷íûì çíà÷åíèÿì íà

êîíòðîëüíûõ ïëàñòèíàõ ìîíîêðèñòàëëîâ ñ îðèåí-

òàöèÿìè [100] è [111]. Ïðåäïîëîæèëè, ÷òî ìàêñè-

ìàëüíàÿ ïëîòíîñòü ðîñòîâûõ äèñëîêàöèé ìîíî-

êðèñòàëëà InSb — êîíñòàíòà ìàòåðèàëà. Äàííîå

ïðåäïîëîæåíèå ìîæíî îïèñàòü ñëåäóþùèì âûðà-

æåíèåì [29]:
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ãäå G — ìîäóëü ñäâèãà; ì — êîýôôèöèåíò Ïóàñ-

ñîíà; b — âåêòîð Áþðãåðñà; ó — íàïðÿæåíèå.

Âëèÿíèå òåíçîðà íàïðÿæåíèé â òåëå ðàñòó-

ùåãî ìîíîêðèñòàëëà â âûðàæåíèè (3) îïðåäå-

ëÿåòñÿ âåëè÷èíîé íàïðÿæåíèé ó è ÿâëÿåòñÿ ñëåä-

ñòâèåì àñèììåòðè÷íîñòè è íåîäíîðîäíîñòè òåì-

ïåðàòóðíîãî ïîëÿ ïå÷è:

� � �ìàêñ ìàêñ� kE T( ), (4)

ãäå k — ïåðåâåðíóòîå ÷èñëî Áèî (�1); E — ìî-

äóëü Þíãà; á — êîýôôèöèåíò òåðìè÷åñêîãî
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Ðèñ. 3. Ñõåìà ôîðìèðîâàíèÿ ÿìêè òðàâëåíèÿ â ìåñòàõ âûõîäà äèñëîêàöèé íà ïîâåðõíîñòü ìîíîêðèñòàëëà

Fig. 3. The scheme of the etching pit formation in the sites of dislocation exit to the surface of a single crystal



ðàñøèðåíèÿ; äTìàêñ — ìàêñèìàëüíûé ïåðåïàä

òåìïåðàòóð.

Ìîæíî çàêëþ÷èòü, ÷òî ñîáëþäåíèå çàäàííûõ

çíà÷åíèé òåìïåðàòóðíûõ ãðàäèåíòîâ — îáÿçà-

òåëüíîå óñëîâèå ðîñòà ìîíîêðèñòàëëà. Êðîìå

òîãî, íàïðÿæåíèå ó > 0, ïîñêîëüêó íàëè÷èå îñå-

âîãî òåìïåðàòóðíîãî ãðàäèåíòà — íåîáõîäèìîå

óñëîâèå ðîñòà ìîíîêðèñòàëëà è âîçíèêíîâåíèÿ

íàïðÿæåíèé (â ÷àñòíîñòè, ó < óìàêñ, òàê êàê â

ïðîòèâíîì ñëó÷àå, èñõîäÿ èç (4), ìîíîêðèñòàëëè-

÷åñêèé ðîñò áåç îáðàçîâàíèÿ ëàìåëåé è äâîéíè-

êîâ ñòàíîâèòñÿ íåâîçìîæíûì).

Ó÷èòûâàÿ äàííûå ïî çàðîæäåíèþ äèñëîêà-

öèé â íàèáîëåå ïëîòíîóïàêîâàííûõ ïëîñêîñòÿõ

(111) è èõ ñêîëüæåíèþ â ñèñòåìå (111) [110]

[29 – 33], ìîæíî ïðåäïîëîæèòü, ÷òî íà ïëîñêî-

ñòÿõ (100) è (112), ðàñïîëîæåííûõ ïîä ñîîòâåòñò-

âóþùèìè óãëàìè ê ïëîñêîñòè (111) â êðèñòàëëå, ñ

ïîìîùüþ ñåëåêòèâíîãî òðàâëåíèÿ ìîãóò âûÿâ-

ëÿòüñÿ íå âñå äèñëîêàöèè, ïî êîòîðûì îöåíèâà-

åòñÿ èõ ïëîòíîñòü â êðèñòàëëàõ.

Çàìåòèì, ÷òî ìîíîêðèñòàëëû InSb, âûðàùåí-

íûå â íàïðàâëåíèè [100], îòëè÷àþòñÿ íèçêîé

ïðî÷íîñòüþ. Ýòî ñóùåñòâåííûì îáðàçîì ñêàçû-

âàåòñÿ íà êà÷åñòâå èõ ìåõàíè÷åñêîé îáðàáîòêè

(ðåçêè, êàëèáðîâêè è äð.) è âûõîäå ãîäíûõ ïëà-

ñòèí. Ïðè÷èíà — òåðìîóïðóãèå íàïðÿæåíèÿ,

âîçíèêàþùèå â ïðîöåññå ðîñòà è ïîñëåäóþùåãî

îõëàæäåíèÿ êðèñòàëëà [18, 23, 33]. Âìåñòå ñ òåì

îñåâîé ãðàäèåíò òåìïåðàòóðû âáëèçè ôðîíòà

êðèñòàëëèçàöèè çíà÷èòåëåí è ñîñòàâëÿåò 35 –

40 ãðàä/ñì (ïàò. 2482228 ÐÔ). Ïîñòêðèñòàëëèçà-

öèîííûé îòæèã, ïðîâîäèìûé íåïîñðåäñòâåííî â

ðîñòîâîé óñòàíîâêå ïî ýêñïåðèìåíòàëüíî ïîäîá-

ðàííîìó ðåæèìó, ïðèâîäèò ê ïîâûøåíèþ ïðî÷-
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Ðèñ. 4. ßìêè òðàâëåíèÿ è èõ ðàñïðåäåëåíèå íà ïëîñêîñòÿõ (100) è (111)

Fig. 4. Etching pits and their distribution on the planes (100) and (111)

Êîëè÷åñòâî äèñëîêàöèîííûõ ÿìîê òðàâëåíèÿ N
d

íà êîíò-

ðîëüíûõ ïëàñòèíàõ (100), (111) è (112)

The number of etch dislocation pits on control plates N
d

(100), (111) and (112)

Íàïðàâëåíèå

âûðàùèâàíèÿ

Îðèåíòàöèÿ

êîíòðîëüíîé ïëàñòèíû
N

d
, ñì–2

[100] (100) — íà÷àëî ñëèòêà 38 ± 12

(100) — êîíåö ñëèòêà 72 ± 15

[111] (111) — íà÷àëî ñëèòêà (9 ± 1) · 102

(111) — êîíåö ñëèòêà (8 ± 1) · 102

[112] (112) — íà÷àëî ñëèòêà (4 ± 0,9) · 102

(112) — êîíåö ñëèòêà (5 ± 1) · 102

[112] (111) — ñåðåäèíà ñëèòêà (1 ± 0,8) · 103

(111) — ñåðåäèíà ñëèòêà (9 ± 1) · 102

[112] (100) — ñåðåäèíà ñëèòêà (1 ± 0,2) · 102

(100) — ñåðåäèíà ñëèòêà (1 ± 0,3) · 102



íîñòè êðèñòàëëà, óâåëè÷åíèþ âûõîäà ãîäíûõ

ïëàñòèí, îäíàêî îí íå âëèÿåò íà êîëè÷åñòâî äèñ-

ëîêàöèîííûõ ÿìîê òðàâëåíèÿ [32].

Ìîíîêðèñòàëëû InSb, âûðàùåííûå â íàïðàâ-

ëåíèÿõ [111] è [112] (îñåâûå ãðàäèåíòû — 20 – 25

è 25 – 32 ãðàä/ñì ñîîòâåòñòâåííî), îáëàäàþò áî-

ëåå âûñîêîé ïðî÷íîñòüþ è íå òðåáóþò ïîñò-

êðèñòàëëèçàöèîííûõ îòæèãîâ. Âîçìîæíî, ïîâû-

øåííàÿ ñòîéêîñòü ê õðóïêîìó ðàçðóøåíèþ ñâÿçà-

íà ñ òî÷å÷íûìè äåôåêòàìè, ôîðìèðóþùèìèñÿ çà

ñ÷åò âûñîêîé äèôôóçèîííîé ñïîñîáíîñòè âñëåä-

ñòâèå íèçêèõ îñåâûõ òåìïåðàòóðíûõ ãðàäèåíòîâ

(ðèñ. 5) [34, 35].

Îòìåòèì, ÷òî äàííàÿ ìîäåëü õîðîøî ñîãëà-

ñóåòñÿ ñ ðåçóëüòàòàìè ïî ñíÿòèþ òåðìè÷åñêèõ

íàïðÿæåíèé â InSb [100] áåç çàìåòíûõ èçìåíå-

íèé â ñòðóêòóðå äèñëîêàöèîííûõ ÿìîê òðàâëå-

íèÿ çà ñ÷åò ïîñòêðèñòàëëèçàöèîííîãî îòæèãà.

Âñëåäñòâèå äëèòåëüíîé òåìïåðàòóðíîé âûäåðæ-

êè ìîãóò èìåòü ìåñòî àíàëîãè÷íûå äèôôóçèîí-

íûå ïðîöåññû, êàê è â ñëó÷àå ðîñòà êðèñòàëëîâ c

íèçêèì îñåâûì ãðàäèåíòîì íà ôðîíòå êðèñòàë-

ëèçàöèè.

Ïðè ðîñòå ìîíîêðèñòàëëîâ â íàïðàâëåíèÿõ

[100], [111] è [112] ôîðìèðóåòñÿ ðàçëè÷íàÿ ïî

ìîðôîëîãèè äèñëîêàöèîííàÿ ñòðóêòóðà, ÷òî âî

ìíîãîì îáúÿñíÿåò ýìïèðè÷åñêè âûÿâëåííûå çà-

êîíîìåðíîñòè ïî ñêëîííîñòè ïëàñòèí ê õðóïêîìó

ðàçðóøåíèþ. Ðàçëè÷èå ìåæäó ìåõàíè÷åñêèìè

ñâîéñòâàìè ïëàñòèí [100](100) è [112](100), òðå-

áóþùåå äîïîëíèòåëüíîãî èññëåäîâàíèÿ, ìîæåò

áûòü îáúÿñíåíî íà îñíîâå ïðåäëîæåííîé ìîäåëè

(ñì. ðèñ. 5).

Óïðî÷íåíèå ìîíîêðèñòàëëîâ, ðàñòóùèõ ïðè

íèçêîì îñåâîì òåìïåðàòóðíîì ãðàäèåíòå, ïî âñåé

âåðîÿòíîñòè, ñâÿçàíî ñ îñîáåííîñòÿìè ôîðìèðî-

âàíèÿ òî÷å÷íûõ äåôåêòîâ âäîëü ëèíèè äèñëîêà-

öèè âñëåäñòâèå èõ ïîâûøåííîé äèôôóçèîííîé

ñïîñîáíîñòè. Âûâîä î ðàçëè÷èè ñåãðåãàöèé òî-

÷å÷íûõ äåôåêòîâ ìîæíî ñäåëàòü ëèøü íà îñíîâå

êîððåëÿöèîííîãî àíàëèçà ñ äðóãèìè ìàòåðèàëî-

âåä÷åñêèìè ìåòîäàìè èññëåäîâàíèÿ äèñëîêàöè-

îííîé ñòðóêòóðû (ïðîñâå÷èâàþùåé ýëåêòðîííîé

ìèêðîñêîïèåé, ðåíòãåíîâñêîé òîïîãðàôèåé, ìå-

òîäîì íàâåäåííûõ òîêîâ).

Âûÿâëåííûå çàâèñèìîñòè ïðî÷íîñòè ïëàñòèí

îò òåïëîâûõ óñëîâèé ïðîöåññà ðîñòà ìîíîêðè-

ñòàëëîâ ïîêàçàëè, ÷òî îïòèìàëüíûìè ôèçèêî-ìå-

õàíè÷åñêèìè ñâîéñòâàìè îáëàäàþò ìîíîêðèñòàë-

ëû InSb [112](100). Çà ñ÷åò ïåðïåíäèêóëÿðíîãî

ðàñïîëîæåíèÿ ïëîñêîñòåé ñêîëà {110} (âîçìîæ-

íîñòè ñêðàéáèðîâàíèÿ) è ïîâûøåííîé ïðî÷íîñòè

òàêèå ïëàñòèíû ìîæíî îòíåñòè ê âûñîêîòåõíîëî-

ãè÷íûì. Îäíàêî çàìåòèì, ÷òî â ñâÿçè ñ íåîáõîäè-

ìîñòüþ ðåçà ïîä óãëîì ~35,3° îòíîñèòåëüíî íà-

ïðàâëåíèÿ ðîñòà (ñì. ðèñ. 2) ñíèæàåòñÿ ìàêñè-

ìàëüíûé âûõîä ïëàñòèí ñ îäíîãî ñëèòêà. Ýòî

âëå÷åò çà ñîáîé çàêîíîìåðíîå óâåëè÷åíèå ñòîè-

ìîñòè ïðèáîðà.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ìîäåðíèçèðîâàííûì ìåòîäîì

×îõðàëüñêîãî ïîëó÷åíû ìîíîêðèñòàëëû àíòèìî-

íèäà èíäèÿ ñ êðèñòàëëîãðàôè÷åñêîé îðèåíòàöè-

åé [100], [111], [112] è äèàìåòðîì âïèñàííîé îê-

ðóæíîñòè >52 ìì. Óñòàíîâëåíî, ÷òî ÷èñëî äèñëî-

êàöèîííûõ ÿìîê òðàâëåíèÿ íà ïëàñòèíàõ ñ ðàç-

ëè÷íîé îðèåíòàöèåé îòëè÷àåòñÿ ïðèìåðíî íà ïî-

ðÿäîê âåëè÷èíû (103 ñì–2 — äëÿ (111) è 102 ñì–2

— äëÿ (100)). ×èñëî ôèãóð òðàâëåíèÿ äëÿ ïëîñêî-

ñòè (100) ñîèçìåðèìî ñ èõ êîëè÷åñòâîì â êðèñòàë-

ëàõ, âûðàùåííûõ â íàïðàâëåíèè [100]. Ïîâû-

øåííàÿ ïðî÷íîñòü ìîíîêðèñòàëëîâ, âûðàùåí-

íûõ ïðè ìåíüøèõ îñåâûõ ãðàäèåíòàõ íà ôðîíòå

êðèñòàëëèçàöèè, âåðîÿòíî, ñâÿçàíà ñ ôîðìèðîâà-

íèåì òî÷å÷íûõ äåôåêòîâ âäîëü ëèíèè äèñëîêà-

öèè. Êðîìå òîãî, âûÿâëåíî, ÷òî îïòèìàëüíûìè

ôèçèêî-ìåõàíè÷åñêèìè ñâîéñòâàìè îáëàäàþò
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Ðèñ. 5. Ñõåìà ôîðìèðîâàíèÿ àíñàìáëÿ òî÷å÷íûõ äåôåêòîâ (ô — âðåìÿ äèôôóçèè; ç — âÿçêîñòü ñðåäû; r — ëèíåéíûé

ðàçìåð òî÷å÷íîãî äåôåêòà; T — òåìïåðàòóðà)

Fig. 5. Scheme of forming an ensemble of point defects (ô — diffusion time; ç — viscosity of the medium; r — linear size of the

point defect; T — temperature)



ïëàñòèíû [112](100). Âìåñòå ñ òåì â ñâÿçè ñ ôèçè-

êî-õèìè÷åñêèìè îñîáåííîñòÿìè òðàâëåíèÿ ìîíî-

êðèñòàëëè÷åñêèõ ïëàñòèí êîëè÷åñòâî äèñëîêàöè-

îííûõ ÿìîê òðàâëåíèÿ íå âñåãäà ìîæåò îòðàæàòü

âåëè÷èíó ïëîòíîñòè äèñëîêàöèé â êðèñòàëëå.
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ÀÂÒÎÌÀÒÈÇÈÐÎÂÀÍÍÀß ÑÈÑÒÅÌÀ ÓÏÐÀÂËÅÍÈß ÏÐÎÖÅÑÑÀ

ÒÅÐÌÎÂÀÊÓÓÌÍÎÉ ÏÐÎÏÈÒÊÈ È ÍÀÁÓÕÀÍÈß

ÃÅÐÌÅÒÈÇÈÐÓÞÙÈÕ ÝËÀÑÒÎÌÅÐÎÂ

� Íèêîëàé Ãðèãîðüåâè÷ Ôèëèïïåíêî

Èðêóòñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò ïóòåé ñîîáùåíèÿ «ÈðÃÓÏÑ», Ðîññèÿ, 664075, ã. Èðêóòñê, óë. ×åðíûøåâñêîãî,

ä. 15; e-mail: ifpi@mail.ru

Ñòàòüÿ ïîñòóïèëà 8 ôåâðàëÿ 2023 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 17 ìàðòà 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 23 ìàÿ 2023 ã.

Ïðè îïðåäåëåíèè íàáóõàíèÿ ïîëèìåðíûõ ìàòåðèàëîâ â àãðåññèâíûõ ñðåäàõ ñòàíäàðòíûìè

ìåòîäàìè âîçíèêàþò çíà÷èòåëüíûå ïîãðåøíîñòè èçìåðåíèé. Ïîýòîìó íåîáõîäèìî ñîâåð-

øåíñòâîâàíèå ëàáîðàòîðíûõ ìåòîäîâ è ñðåäñòâ äèàãíîñòèêè äëÿ ðåøåíèÿ èññëåäîâàòåëü-

ñêèõ çàäà÷ çà ñ÷åò àâòîìàòèçàöèè ñóùåñòâóþùèõ ïðîöåññîâ ïðîâåäåíèÿ èñïûòàíèé ñ ìè-

íèìèçàöèåé èëè ïîëíûì èñêëþ÷åíèåì ñóáúåêòèâíûõ ñîñòàâëÿþùèõ ïîãðåøíîñòåé èçìå-

ðåíèÿ. Â ðàáîòå ïðåäñòàâëåíà àâòîìàòèçèðîâàííàÿ ñèñòåìà óïðàâëåíèÿ (ÀÑÓ) ïðîöåññîì

íàáóõàíèÿ ãåðìåòèçèðóþùèõ ýëàñòîìåðîâ, èñïîëüçóþùèõñÿ â êîíñòðóêöèÿõ åìêîñòåé,

òàíêîâ è àãðåãàòîâ äëÿ õðàíåíèÿ, ïåðåâîçêè, ýêñïëóàòàöèè è ïåðåêà÷êè æèäêîñòåé ðàçëè÷-

íîãî ïðîèñõîæäåíèÿ è ñâîéñòâ. Ïîêàçàíû ñïîñîáû àïïàðàòíîé è àëãîðèòìè÷åñêîé ðåàëè-

çàöèè ðàçðàáîòàííîé àâòîìàòèçèðîâàííîé ñèñòåìû èññëåäîâàíèé è èñïûòàíèé ïðîïèòêè

è íàáóõàíèÿ ãåðìåòèçèðóþùèõ ïîëèìåðîâ íà ïðèìåðå íàïîëíåíèÿ ñòàíäàðòíîé ðàáî÷åé

æèäêîñòüþ îáðàçöîâ ýëàñòîìåðîâ ìàðêè ÌÁÑ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëü-

çîâàíû äëÿ ñîêðàùåíèÿ âðåìåíè ïðîïèòêè è íàáóõàíèÿ ãåðìåòèçèðóþùèõ ýëàñòîìåðîâ çà

ñ÷åò ïðåäëîæåííîãî ìåòîäà çàïîëíåíèÿ è ðàçðàáîòàííîé èíòåãðèðîâàííîé ÀÑÓ ïðîöåññîì

çàïîëíåíèÿ.

Êëþ÷åâûå ñëîâà: àâòîìàòèçàöèÿ; àëãîðèòì óïðàâëåíèÿ; ïðîïèòêà; íàáóõàíèå; ïîëèìå-

ðû; ýëàñòîìåðû.

A SYSTEM OF AUTOMATED CONTROL OF THERMAL VACUUM IMPREGNATION

AND SWELLING OF SEALING ELASTOMERS

� Nikolay G. Filippenko
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When determining the swelling of polymeric materials in aggressive environments by standard test meth-

ods, significant measurement errors occur which entails the necessity of improving laboratory methods

and diagnostic tools to solve research problems by automation of existing testing processes and

minimization or complete elimination of the subjective components of measurement errors. We present an

automated control system (ACS) for the process of swelling of sealing elastomers used in the construction

of containers, tanks and units for storage, transportation, operation and pumping of liquids of various ori-

gins and properties. Methods of hardware and algorithmic implementation of the developed automated

system for studying and testing impregnation and swelling of sealing polymers are shown on the example

of filling MBS elastomer samples with a standard working fluid. The results obtained can be used to re-

duce the time of impregnation and swelling of sealing elastomers due to the proposed filling method and

the developed integrated automatic control system for the filling process.

Keywords: automation; control algorithm; impregnation; swelling; polymers; elastomers.

Ââåäåíèå

Êîíñòðóêöèÿ è èñïîëüçîâàíèå èçäåëèé èç ïî-

ëèìåðîâ ïðåäóñìàòðèâàþò èõ ýêñïëóàòàöèþ â

êîíòàêòå ñ àãðåññèâíûìè ñðåäàìè ðàçëè÷íîé

ýòèîëîãèè. ×àùå âñåãî ïîäîáíûå èçäåëèÿ ïðèìå-

íÿþò äëÿ îáåñïå÷åíèÿ ãåðìåòèçàöèè òåõ èëè

èíûõ ñîåäèíåíèé.

Ïðè êîíòàêòå ïîëèìåðîâ ñî ñðåäàìè (ðàñòâî-

ðèòåëÿìè) ïðîèñõîäèò âçàèìîäåéñòâèå, ïðèâîäÿ-

ùåå ê èõ íàáóõàíèþ [1 – 3]. Íàáóõàíèå ïîëèìåðà
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ñâÿçàíî ñ èçìåíåíèåì åãî ñòðóêòóðû è óâåëè÷å-

íèåì îáúåìà. Ïðè ýòîì äàâëåíèå â ïîëèìåðå ìî-

æåò çíà÷èòåëüíî ìåíÿòüñÿ (îò íåñêîëüêèõ äåñÿò-

êîâ äî ñîòåí ìåãàïàñêàëåé), ÷òî ïðèâîäèò ê âûõî-

äó èç ñòðîÿ â ïðîöåññå ýêñïëóàòàöèè èçäåëèé èç

ýòèõ ìàòåðèàëîâ [4 – 7].

Ñóùåñòâóþùèå ìåòîäû èñïûòàíèé ïîëèìå-

ðîâ íà ñòîéêîñòü ê âîçäåéñòâèþ æèäêèõ àãðåññèâ-

íûõ ñðåä (ÃÎÑÒ 269–96, ÃÎÑÒ 9.030–92, ÎÑÒ

7338–90) è ïðîâåäåííûå íà èõ îñíîâå íàòóðíûå

èñïûòàíèÿ ïîêàçàëè, ÷òî çàòðà÷èâàåìîå âðåìÿ

íà ïðîïèòêó ìàòåðèàëà ñîñòàâëÿåò (äëÿ ýëàñòî-

ìåðà ìàðêè ÌÁÑ) 144 ÷. Áûëî òàêæå îòìå÷åíî,

÷òî òî÷íîñòíûå ïîêàçàòåëè èçìåðåíèÿ ìàññû

ïðîïèòàííûõ îáðàçöîâ âî ìíîãîì çàâèñÿò îò ÷èñ-

òîòû ïðîâåäåíèÿ èñïûòàíèé (êà÷åñòâà óäàëåíèÿ

ñâîáîäíîé æèäêîñòè ñ ïîâåðõíîñòè îáðàçöîâ).

Îòìåòèì, ÷òî â óñëîâèÿõ ïðîèçâîäñòâåííûõ ïîä-

ðàçäåëåíèé ýòî òðóäíî âûïîëíèìî è çàòðàòíî.

Â ýòîì ñëó÷àå òî÷íîñòü ïîëó÷åííûõ äàííûõ îáåñ-

ïå÷èâàåòñÿ áîëüøèì êîëè÷åñòâîì ýêñïåðèìåí-

òîâ, ÷òî íåèçáåæíî ïðèâîäèò ê óâåëè÷åíèþ òðó-

äîåìêîñòè.

Öåëü ðàáîòû — ðàçðàáîòêà àâòîìàòèçèðîâàí-

íîé ñèñòåìû óïðàâëåíèÿ (ÀÑÓ) ïðîöåññîì ïðî-

ïèòêè è íàáóõàíèÿ ãåðìåòèçèðóþùèõ ýëàñòî-

ìåðîâ.

Ìåòîäèêà

Èññëåäîâàíèÿ êèíåòèêè ïðîïèòêè ïîëèìåðîâ

ïîêàçûâàþò, ÷òî èçìåíåíèå îáúåìà è ìàññû ïî-

ëèìåðíîãî îáðàçöà â ðåçóëüòàòå ïîãëîùåíèÿ

æèäêîñòåé õàðàêòåðèçóåòñÿ ñòåïåíüþ íàáóõàíèÿ,

îïðåäåëÿåìîé îòíîøåíèåì ìàññû è îáúåìà èñ-

õîäíîãî è íàáóõøåãî ìàòåðèàëîâ [7]. Â çàâèñè-

ìîñòè îò ìàòåðèàëà ïîëèìåðà è ðàñòâîðèòåëÿ íà-

áóõàíèå ìîæåò áûòü îãðàíè÷åííûì èëè íîñèòü

íåîãðàíè÷åííûé õàðàêòåð [8]. Â êà÷åñòâå óñëî-

âèé ïðîâåäåíèÿ èñïûòàíèé, êàê ïðàâèëî, ïðèíè-

ìàþò íîðìàëüíûå óñëîâèÿ.

Ôèçèêà ïðîöåññà íàáóõàíèÿ ìíîãîñòàäèéíà.

Óïðîùåííî îíà ìîæåò áûòü ïðåäñòàâëåíà çàâåð-

øàþùèì ýòàïîì ïðîïèòêè, íà êîòîðîì ìîëåêóëû

ðàñòâîðèòåëÿ âñòðàèâàþòñÿ ìåæäó ìàêðîìîëåêó-

ëàìè è óâåëè÷èâàþò ïðîñòðàíñòâî ìåæäó îòäåëü-

íûìè ñåãìåíòàìè è öåïÿìè ïîëèìåðíîãî ìàòå-

ðèàëà [9].

Äëÿ îïðåäåëåíèÿ äèíàìèêè ïðîïèòêè è íàáó-

õàíèÿ ïîëèìåðíûõ ìàòåðèàëîâ èñïîëüçóþò ðàç-

ëè÷íûå ìåòîäû, íàïðàâëåííûå íà ïîâûøåíèå

òî÷íîñòè è óìåíüøåíèå òðóäîåìêîñòè.

Îäèí èç îñíîâíûõ è íàèáîëåå òî÷íûõ — ãðà-

âèìåòðè÷åñêèé ìåòîä, çàêëþ÷àþùèéñÿ â ïå-

ðèîäè÷åñêîì âçâåøèâàíèè ïîëèìåðíûõ îáðàç-

öîâ, ïîìåùåííûõ â ñðåäó ðàñòâîðèòåëÿ. Ñòåïåíü

íàáóõàíèÿ ïîëèìåðà â ýòîì ñëó÷àå îïðåäåëÿþò,

èñïîëüçóÿ ñëåäóþùóþ ôîðìóëó:

Q
m m

m
�

�

�

ïðîï èñõ

èñõ

100, (1)

ãäå mèñõ, mïðîï — ìàññû îáðàçöà äî è ïîñëå ïðî-

ïèòêè è íàáóõàíèÿ.

Ìåòîä óäëèíåíèÿ íèòåé ïðèìåíÿþò äëÿ èñ-

ïûòàíèÿ ïîëèìåðîâ, âûïîëíåííûõ â âèäå ðàç-

ëè÷íûõ ïîëîñ è íèòåé. Ïðåäâàðèòåëüíî èçìåðåí-

íûé îáðàçåö ïîìåùàþò â åìêîñòü ñ ðàñòâîðèòå-

ëåì è èçìåðÿþò åãî äëèíó ïîñëå îêîí÷àòåëüíîãî

çàïîëíåíèÿ è íàáóõàíèÿ. Ñòåïåíü íàáóõàíèÿ ðàñ-

ñ÷èòûâàþò ïî ôîðìóëå

Q
l l

m
�

�

�

ïðîï èñõ

èñõ

100, (2)

ãäå lèñõ, lïðîï — äëèíû îáðàçöà äî è ïîñëå ïðîïèò-

êè è íàáóõàíèÿ.

Îòìåòèì, ÷òî äàííûì ìåòîäîì ìîæíî èçìå-

ðÿòü ñòåïåíü íàáóõàíèÿ è äðóãèõ, ãåîìåòðè÷åñêè

áîëåå ñëîæíûõ èçäåëèé. Ïðè ýòîì â ñëó÷àå

èçîòðîïíîñòè ìàòåðèàëà ïîëèìåðà èçìåðåíèÿ

ìîæíî îãðàíè÷èòü îäíèì èç ïàðàìåòðîâ åãî ãåî-

ìåòðèè.

Íàèáîëåå óäîáíûé è ïðèåìëåìûé ïî ñîîòíî-

øåíèþ òðóäîçàòðàòû — òî÷íîñòü — îáúåìíûé

ìåòîä êîíòðîëÿ ïðîöåññà íàáóõàíèÿ. Ïðè åãî

èñïîëüçîâàíèè îáðàçåö ïîëèìåðà ïîìåùàþò â

óñòðîéñòâî è èçìåðÿþò îáúåì æèäêîñòè äî è ïî-

ñëå åå ïîãëîùåíèÿ. Çàòåì ïðîâîäÿò ðàñ÷åò îáú-

åìà ïîãëîùåííîãî ðàñòâîðèòåëÿ:

Vð = Vèñõ – Vîñò, (3)

ãäå Vèñõ, Vîñò — èñõîäíûé è îñòàòî÷íûé îáúåìû

ðàñòâîðèòåëÿ.

Äàëåå îïðåäåëÿþò ñòåïåíü íàáóõàíèÿ ïîëè-

ìåðà:

Q
V

m
�

ð

èñõ

�

, (4)

ãäå ñ — ïëîòíîñòü ðàñòâîðèòåëÿ.

Îáñóæäåíèå ðåçóëüòàòîâ

Èçó÷åíèå è àíàëèç îñíîâíûõ ñïîñîáîâ êîí-

òðîëÿ íàáóõàíèÿ ïîëèìåðíûõ ìàòåðèàëîâ ïîêà-

çàëè, ÷òî êîíòðîëèðóåìûå ïàðàìåòðû ïðîöåññà

çàïîëíåíèÿ — èçìåíåíèÿ ìàññû Äm, ëèíåéíîãî

ðàçìåðà Äl îáðàçöîâ äî è ïîñëå ïðîïèòêè è îáúå-

ìà ÄV çàïîëíåííîé æèäêîñòè (ðàñòâîðèòåëÿ).

Ïðè÷åì â êà÷åñòâå ïàðàìåòðîâ êîíòðîëÿ, ñîîò-

âåòñòâóþùèõ êðèòåðèÿì âûñîêîé òî÷íîñòè â ñî-

âîêóïíîñòè ñ íèçêèìè òðóäîçàòðàòàìè ïðîâåäå-

íèÿ êîíòðîëüíûõ èñïûòàíèé, öåëåñîîáðàçíåå èñ-
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ïîëüçîâàòü èçìåíÿåìûé ðàçìåð Äl îáðàçöà ïðè

ïðîïèòêå è îáúåì ÄV âïèòûâàåìîé æèäêîñòè

[10 – 12].

Íà ðèñ. 1 ïðåäñòàâëåíû ñîâðåìåííûé ïëàñòî-

ìåð MELT-Index è åãî ñòðóêòóðíàÿ ñõåìà óïðàâ-

ëåíèÿ. Ìåòîäèêà ðàáîòû ïëàñòîìåðà ïðåäïîëàãà-

åò, ÷òî ìàòåðèàë èññëåäóåìîãî ïîëèìåðà ÷åðåç

îïðåäåëåííûå ïðîìåæóòêè âðåìåíè âçâåøèâàåò-

ñÿ íà àíàëèòè÷åñêèõ âåñàõ. Ïîñëå âçâåøèâàíèÿ

âðó÷íóþ îñóùåñòâëÿþòñÿ âû÷èñëåíèÿ.

Çàìåòèì, ÷òî ðîëü øòàòíî óñòàíîâëåííîé

ÀÑÓ çàêëþ÷àåòñÿ â ïîääåðæàíèè ïîñòîÿííîé

òåìïåðàòóðû T è çàäàííîé âëàæíîñòè ñ â îïðåäå-

ëåííîì äèàïàçîíå.

Èç ñõåìû óïðàâëåíèÿ âèäíî, ÷òî óñòàíîâêà

ïîääåðæèâàåò çàäàííûå óñëîâèÿ (ÇÓ) èñïûòàíèé

â îïðåäåëåííûõ âëàæíîñòíî-òåìïåðàòóðíûõ ïðå-

äåëàõ, îáåñïå÷èâàþùèõñÿ óïðàâëÿþùèì óñòðîé-

ñòâîì (ÓÓ). Çà îáúåêò óïðàâëåíèÿ (ÎÓ) ïðèíÿò

òîëüêî äèíàìè÷åñêèé ïðîöåññ ïðîâåäåíèÿ èñïû-

òàíèé.

Àíàëèç àëãîðèòìà ðàáîòû è óïðàâëåíèÿ îáî-

ðóäîâàíèÿ óñêîðåííîãî ñòàðåíèÿ è äåãðàäàöèè

ïîëèìåðíûõ ìàòåðèàëîâ NoseLab ATS (ðèñ. 2)

ïîêàçûâàåò, ÷òî îáîðóäîâàíèå îáåñïå÷èâàåò ïîä-

äåðæàíèå òåìïåðàòóðû T â äèàïàçîíå îò –70 äî

180 °C è âëàæíîñòè ñ îò 20 äî 98 %. Íàñòðîéêó

ïîêàçàòåëåé îñóùåñòâëÿþò ïðè ïîìîùè ýëåê-

òðîííûõ ðåãóëÿòîðîâ (ÝÓ) ñ ïåðåäà÷åé äàííûõ

íà ïåðñîíàëüíûé êîìïüþòåð (ÏÊ) ñ èñïîëüçî-

âàíèåì èíòåðôåéñà LAB. Óñòàíîâëåííûé ãðàôè-

÷åñêèé ïðèíòåð (ÃÏ) ôèêñèðóåò êîíöåíòðàöèþ

àãðåññèâíîé ñðåäû â ðàáî÷åé êàìåðå.

Îòìåòèì, ÷òî â îáîðóäîâàíèè NoseLab ATS

ïðèìåíÿþòñÿ ýëåêòðîííî-ìåõàíè÷åñêèå ñèñòåìû

êîíòðîëÿ è óïðàâëåíèÿ. Ñèñòåìà óïðàâëåíèÿ ðå-

øàåò çàäà÷ó àâòîìàòèçàöèè ïðîöåññà ïîääåðæà-

íèÿ ïàðàìåòðîâ ïðîâåäåíèÿ èñïûòàíèé.

Ïðèíöèïèàëüíîå îòëè÷èå ÀÑÓ NoseLab ATS

îò ñèñòåìû óïðàâëåíèÿ óñòàíîâêè MELT-Index

çàêëþ÷àåòñÿ â òîì, ÷òî â íåé ïðåäóñìîòðåíà

÷àñòè÷íàÿ àâòîìàòèçàöèÿ êîíòðîëÿ ñîäåðæàíèÿ

àãðåññèâíîé ñðåäû â ðàáî÷åé êàìåðå. Òàêèì îá-

ðàçîì, ÷àñòè÷íî àâòîìàòèçèðîâàí ïðîöåññ ñíÿòèÿ

ýêñïåðèìåíòàëüíûõ äàííûõ ñ ïîìîùüþ óñòàíîâ-

êè ÃÏ, ïîÿâèëàñü òàêæå âîçìîæíîñòü âûâîäà íà

ÏÊ ñ ïîìîùüþ èíòåðôåéñíîãî êîìïëåêñà LAB

èíôîðìàöèè î ïîääåðæèâàåìûõ ïîêàçàòåëÿõ.

Ïðåèìóùåñòâî îáîðóäîâàíèÿ ïðîïèòêè ïî-

ëèìåðíûõ ìàòåðèàëîâ ìîäåëè AZ preink N2

(ðèñ. 3) — ôóíêöèÿ òåðìîâàêóóìíîé ïðîïèòêè,

ïîçâîëÿþùàÿ ìíîãîêðàòíî óñêîðèòü ïðîöåññ çà-
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Ðèñ. 1. Ïëàñòîìåð MELT-Index è åãî ñòðóêòóðíàÿ ñõåìà óïðàâëåíèÿ

Fig. 1. A Plastomer MELT-Index and a block diagram of the control

à á â ã

Ðèñ. 2. Îáîðóäîâàíèå óñêîðåííîãî ñòàðåíèÿ è äåãðàäàöèè ïîëèìåðíûõ ìàòåðèàëîâ NoseLab ATS: à, á — ìîäåëè îáîðó-

äîâàíèÿ ñ ãðàôè÷åñêèì ïðèíòåðîì è èíòåãðèðîâàííûì ýëåêòðîííûì óñòðîéñòâîì LAB; â — èíòåðôåéñíîå óñòðîéñòâî

LAB; ã — ñòðóêòóðíàÿ ñõåìà óïðàâëåíèÿ

Fig. 2. Equipment for accelerated aging and degradation of polymeric materials NoseLab ATS: a, b — equipment models with

a recorder and an integrated electronic device LAB; c — LAB interface; d — control block diagram



ïîëíåíèÿ è íàáóõàíèÿ ïîëèìåðîâ [13 – 15]. Ïðè

ýòîì ïðèíöèï óïðàâëåíèÿ îáîðóäîâàíèÿ ÷àñòè÷-

íî ñõîæ ñ NoseLab ATS, íî èìååò áîëåå óïðîùåí-

íóþ ñòðóêòóðó.

Îáîðóäîâàíèå AZ preink N2 îáåñïå÷èâàåò íà-

äåæíîå ïîääåðæàíèå çàäàííûõ òåìïåðàòóðíûõ è

áàðîìåòðè÷åñêèõ ïîêàçàòåëåé â ðàáî÷åé êàìåðå.

Îäíàêî áûëî âûÿâëåíî, ÷òî îñíàùåíèå íå äàåò

âîçìîæíîñòè êîíòðîëèðîâàòü ñòåïåíü çàïîëíå-

íèÿ îáðàçöîâ íè ïî ìàññå, íè ïî îáúåìó âïèòû-

âàåìîé æèäêîñòè (ðàñòâîðèòåëÿ), à èçìåðåíèÿ,

ïðîâîäèìûå ïî ñòàíäàðòíûì ìåòîäèêàì ñ ïðè-

âëå÷åíèåì äîïîëíèòåëüíîãî îáîðóäîâàíèÿ, ìàëî-

ïðîèçâîäèòåëüíû. Êðîìå òîãî, íåîáõîäèìî ó÷è-

òûâàòü ñóáúåêòèâíûå ïîãðåøíîñòè ïðîöåññà èç-

ìåðåíèÿ, âñåãäà ïðèñóòñòâóþùèå ïðè äàííûõ ìå-

òîäàõ êîíòðîëÿ.

Äîïîëíèòåëüíûé áëîê êîíòðîëÿ è óïðàâëå-

íèÿ íà áàçå ÌÊ Atmega 328, èíòåãðèðîâàííûé â

îáîðóäîâàíèå AZ preink N2, äàåò âîçìîæíîñòü â

ðåæèìå ðåàëüíîãî âðåìåíè ðàññ÷èòûâàòü âåëè-

÷èíó íàáóõàíèÿ çà ñ÷åò äîáàâëåíèÿ â ñèñòåìó

óïðàâëåíèÿ äàò÷èêîâ îïðåäåëåíèÿ êîíòðîëèðóå-

ìûõ ïàðàìåòðîâ (îáúåìà çàïîëíÿåìîé æèäêîñòè

(ðàñòâîðèòåëÿ) (Vð, Vèñõ) è ìåíÿþùèõñÿ ãåîìåòðè-

÷åñêèõ ðàçìåðîâ (hèñõ, hïðîï) èññëåäóåìîãî ìàòå-

ðèàëà) [16 – 18].

Àïïàðàòíîå ðåøåíèå êîíòðîëÿ ïàðàìåòðîâ

áûëî íàéäåíî çà ñ÷åò óñòàíîâêè òðåõîñåâîãî äàò-

÷èêà ïîëîæåíèÿ (ãèðîñêîïà) ìîäåëè GY-521MPU-

6050. Ïîâûñèòü òî÷íîñòü èçìåðåíèÿ óðîâíÿ æèä-

êîñòè è âûñîòû íàáóõàíèÿ îáðàçöà ïîçâîëèë ðàç-

ðàáîòàííûé è àïðîáèðîâàííûé äàò÷èê, îñíîâàí-

íûé íà ýôôåêòå ìàãíèòîìåðà Õîëëà [19]. Îòìå-

òèì, ÷òî ñîâìåùåííûå âîçìîæíîñòè äàò÷èêà ïî-

ëîæåíèÿ è ìàãíèòîìåðà ïðèñóòñòâóþò â äàò-

÷èêàõ ìîäåëè MPU9250, íî èõ ïîêàçàòåëè ïî

ïîìåõîóñòîé÷èâîñòè è ñòîèìîñòè çíà÷èòåëüíî

óñòóïàþò áþäæåòíîé ìîäåëè GY-521MPU-6050.

Íà ðèñ. 4 ïðèâåäåíà ñõåìà àâòîìàòèçèðîâàí-

íîé ýêñïåðèìåíòàëüíîé óñòàíîâêè. Êîíòðîëü è

ïåðåäà÷à äàííûõ îò ÝÓ2 íà ÏÊ áûëè îðãàíèçîâà-

íû ïî COM-ïîðòó ïðîòîêîëîì ïåðåäà÷è ASCII

(ñêîðîñòü — 9600 áèò/c). Îáðàáîòêà, õðàíåíèå è

âèçóàëèçàöèÿ äàííûõ îñóùåñòâëÿëèñü â ðåæèìå

ðåàëüíîãî âðåìåíè ñ ïîìîùüþ ÏÎ PowerGraph.

Ðàçðàáîòàííûé àëãîðèòì ñèñòåìû óïðàâëå-

íèÿ ïðîöåññîì ïðîïèòêè è íàáóõàíèÿ ïîëèìåð-

íûõ ìàòåðèàëîâ â àãðåññèâíîé ñðåäå ïîñòðîåí ïî

áëî÷íîé ñõåìå è ñîñòîèò èç äâóõ óïðàâëÿþùèõ

ýëåêòðîííî-âû÷èñëèòåëüíûõ óñòðîéñòâ [20]: ïåð-

âûé áëîê — øòàòíî óñòàíîâëåííûå ïðèñïîñîáëå-

íèÿ, óñëîâíî ðàçäåëåííûå íà óñòðîéñòâà ïîääåð-

æàíèÿ òåìïåðàòóðû, óñòàíîâëåííîãî äàâëåíèÿ è

êîíòðîëÿ âðåìåíè ðàáîòû îáîðóäîâàíèÿ; âî âòî-

ðîé áëîê áûëè èíòåãðèðîâàíû óñòðîéñòâà êîí-

òðîëÿ ðàçìåðîâ (âûñîòû) îáðàçöà è óðîâíÿ æèä-

êîñòè.

Âû÷èñëèòåëüíûå ìîùíîñòè óñòàíîâëåííîãî

ïðîãðàììèðóåìîãî êîíòðîëëåðà (ÝÓ2) ïîçâîëÿþò

ïðîâîäèòü íåîáõîäèìûå ðàñ÷åòû è âûâîäèòü íà

ÏÊ äàííûå ïî äèíàìèêå çàïîëíåíèÿ ïîëèìåðíî-

ãî îáðàçöà. Ó÷èòûâàÿ, ÷òî èçãîòàâëèâàåìûå îá-

ðàçöû â îïðåäåëåííûõ ïðåäåëàõ èìåþò íåêîòî-

ðûå îòëè÷èÿ êàê ïî âûñîòå, òàê è ïî îáúåìó [21 –

23], â ÀÑÓ áûëà ïðåäóñìîòðåíà âîçìîæíîñòü íà-

÷àëüíîé íàñòðîéêè (êàëèáðîâêè) ñèñòåìû êîí-

òðîëÿ ïî âûñîòå óñòàíîâëåííîãî îáðàçöà è óðîâ-

íþ çàëèòîé æèäêîñòè.

Òàêèì îáðàçîì, ðàçðàáîòàííàÿ ÀÑÓ è àëãî-

ðèòì åå ôóíêöèîíèðîâàíèÿ çíà÷èòåëüíî ðàñøè-

ðèëè âîçìîæíîñòè îáîðóäîâàíèÿ AZ preink N2.

Âïåðâûå ïîÿâèëàñü âîçìîæíîñòü â ðåæèìå ðå-

àëüíîãî âðåìåíè îñóùåñòâëÿòü ïðÿìîé êîíòðîëü

çàïîëíåíèÿ è íàáóõàíèÿ îáðàçöîâ æèäêîñòüþ

(ðàñòâîðèòåëåì), à àäàïòèâíàÿ ñèñòåìà êàëèáðîâ-

êè óïðîñòèëà íàëàäêó è ïîäñòðîéêó ñèñòåìû êîí-

òðîëÿ ïîä îáðàçöû ðàçëè÷íûõ ðàçìåðîâ. Âñå ýòî

óïðîùàåò ïðîöåññ òåõíîëîãè÷åñêîé ïîäãîòîâêè,

ñíèæàåò òðóäîçàòðàòû è âðåìÿ íà ïðîèçâîäñòâî

îáðàçöîâ è ïðîâåäåíèå êîíòðîëüíûõ èñïûòàíèé.

Ïðÿìûå èçìåðåíèÿ çàïîëíÿåìîñòè è íàáóõàíèÿ

ïîëèìåðíûõ ìàòåðèàëîâ, èõ àâòîìàòèçàöèÿ â

÷àñòè ïðîöåññîâ ñáîðà, îáðàáîòêè, ïåðåäà÷è, âè-
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Ðèñ. 3. Îáîðóäîâàíèå òåðìîâàêóóìíîå AZ preink N2 è åãî ñòðóêòóðíàÿ ñõåìà

Fig. 3. Thermal vacuum equipment AZ preink N2 and its block diagram



çóàëèçàöèè è õðàíåíèÿ òàêæå óìåíüøàþò òðó-

äîåìêîñòü è èñêëþ÷àþò ïîãðåøíîñòè, ñâÿçàí-

íûå ñ ÷åëîâå÷åñêèì ôàêòîðîì ïðè âûïîëíåíèè

îïåðàöèé.

Ýêñïåðèìåíòàëüíóþ àïðîáàöèþ ÀÑÓ ïðî-

âîäèëè íà îáðàçöàõ èç ýëàñòîìåðà ìàðêè ÌÁÑ.

Èçäåëèÿ èç íåãî íàèáîëåå ÷àñòî ïðèìåíÿþò â

ìàøèíîñòðîåíèè â êà÷åñòâå ãåðìåòèçèðóþùèõ

óïëîòíåíèé ïðè ïåðåâîçêå, ïåðåêà÷êå è õðàíå-

íèè àãðåññèâíûõ ìàòåðèàëîâ.

Ïðèìåíÿåìûå â òåõíèêå òðàíñïîðòíîãî ìà-

øèíîñòðîåíèÿ ðàáî÷èå ñðåäû íå èìåþò ïîñòîÿí-

íîãî õèìè÷åñêîãî ñîñòàâà, ïîýòîìó â êà÷åñòâå ðà-

áî÷åé ñðåäû âûáðàëè ñòàíäàðòíóþ ðàáî÷óþ æèä-

êîñòü (ÑÐÆ) [4, 11, 24].

Çàïîëíåíèå îñóùåñòâëÿëè ïðè òåìïåðàòóðàõ

20 – 50 °C, ñîîòâåòñòâóþùèõ ÷àñòî âñòðå÷àþùèì-

ñÿ óñëîâèÿì ýêñïëóàòàöèè. Óñòàíîâèëè, ÷òî

ñêîëüêî-íèáóäü çíà÷èòåëüíîãî âëèÿíèÿ íà ïðî-

ïèòêó ïîëèìåðîâ òåìïåðàòóðíûå âîçäåéñòâèÿ

(â äàííîì äèàïàçîíå) íå îêàçûâàþò. Ïîýòîìó

â äàëüíåéøèõ ýêñïåðèìåíòàõ çà òåìïåðàòóðó íà-

ïîëíåíèÿ ïðèíèìàëè íîðìàëüíóþ òåìïåðàòóðó

t = 20 °C.

Èçìåíåíèå àòìîñôåðíîãî äàâëåíèÿ â ðåàëü-

íûõ óñëîâèÿõ ýêñïëóàòàöèè òàêæå íå âëèÿåò íà

ïðîïèòêó ýëàñòîìåðíûõ ìàòåðèàëîâ, ïîýòîìó

óñëîâèåì ïðîâåäåíèÿ ýêñïåðèìåíòîâ áûëî íîð-

ìàëüíîå äàâëåíèå.

Îáðàçöû ïåðåä èñïûòàíèÿìè îñìàòðèâàëè íà

ïðåäìåò ñïëîøíîñòè è íàëè÷èÿ íàðóæíûõ ïî-

âðåæäåíèé. Òî÷íîñòü èçìåðåíèÿ ðàçìåðîâ îáðàç-

öîâ ñîñòàâëÿëà 0,01 ìì.

Àêêëèìàòèçàöèþ îáðàçöîâ ïðîâîäèëè çà ñ÷åò

ïðåäâàðèòåëüíîãî èõ ðàçìåùåíèÿ â êàìåðå ñóø-

êè ïðè îäíîñòîðîííåì íà÷àëüíîì íàãðåâå ïðåñ-

ñîâîé ïëèòîé 14 (ñì. ðèñ. 4). Äàëüíåéøèé íàãðåâ

îñóùåñòâëÿëñÿ ñâåäåííûìè, êîíòàêòèðóþùèìè ñ

îáðàçöîì 6 óñòàíîâî÷íûìè ïëèòàìè 12. Íàãðåâ

ïëèò ïðîâîäèëñÿ íàãðåâàòåëåì 11, êîíòðîëü îñó-

ùåñòâëÿëñÿ òåðìîäàò÷èêàìè (òåðìîïàðàìè) 4,

ïðèñîåäèíåííûìè ê óñòàíîâî÷íûì ïëèòàì. Íà-

ãðåâàòåëü 4 èñïîëüçîâàëñÿ òàêæå äëÿ ïîääåðæà-

íèÿ ðàáî÷åé òåìïåðàòóðû êàìåðû 1.

Ïîñëå îêîí÷àíèÿ àêêëèìàòèçàöèè îáðàçöû

ïîìåùàëè â ÿ÷åéêè ñ ðàáî÷åé æèäêîñòüþ 5.

Äàëåå âêëþ÷àëñÿ âàêóóìíûé êîìïðåññîð 9, äàâ-

ëåíèå êîíòðîëèðîâàëîñü äàò÷èêîì äàâëåíèÿ 2.

Äàííûå ïåðåäàâàëèñü â ìèêðîêîíòðîëëåð 7, êî-

òîðûé ôîðìèðîâàë óïðàâëÿþùèå êîìàíäû äëÿ

àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ ïðîöåññîì è

îòïðàâëÿë äàííûå íà ÏÊ 8. Óñòàíîâëåííîå ÏÎ

PowerGraph ïîçâîëÿëî îáðàáàòûâàòü, âèçóàëèçè-

ðîâàòü, êîíâåðòèðîâàòü è õðàíèòü èíôîðìàöèþ î

ïàðàìåòðàõ ðàáîòû îáîðóäîâàíèÿ è ïðîöåññå

ïðîïèòêè è íàáóõàíèÿ ïîëèìåðíûõ ìàòåðèàëîâ.

Ïîêàçàòåëåì íàïîëíåíèÿ ñëóæèëà äèíàìèêà

èçìåíåíèÿ ìàññû îáðàçöîâ. Ñðåäíåàðèôìåòè÷å-

ñêîå ñóììàðíîé ìàññû îáðàçöîâ M ðàññ÷èòûâàëè

ñëåäóþùèì îáðàçîì.

Ðàñ÷åò íà÷àëüíîé ìàññû îáðàçöà M0, íà÷àëü-

íîãî îáúåìà æèäêîñòè V0 â ðàáî÷åé êàìåðå è åå

ìàññû Mæ ïðîâîäèëè ïî ôîðìóëàì:

M0 = abhñ, (5)

V0 = a1b1h1, (6)

Mæ = V0ñ1, (7)

ãäå a, b, h, ñ — äëèíà, øèðèíà, âûñîòà, ïëîòíîñòü

ìàòåðèàëà îáðàçöà; a1, b1, h1 — äëèíà, øèðèíà,
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Ðèñ. 4. Ñõåìà àâòîìàòèçèðîâàííîé ýêñïåðèìåíòàëüíîé óñòàíîâêè: 1 — âàêóóìíàÿ êàìåðà; 2 — ìàíîìåòð; 3 — íàãðåâà-

òåëüíûé ýëåìåíò; 4 — äàò÷èê òåìïåðàòóðû; 5 — ðàáî÷èå æèäêîñòè; 6 — îáðàçåö; 7 — ìèêðîêîíòðîëëåð; 8 — ÏÊ; 9 — âà-

êóóìíûé êîìïðåññîð; 10 — äàò÷èêè óðîâíÿ æèäêîñòè è âûñîòû îáðàçöà (ãèðîñêîïû); 11 — íàãðåâàòåëüíûé ýëåìåíò êàìå-

ðû ñóøêè; 12 — óñòàíîâî÷íûå ïëèòû; 13 — äàò÷èêè òåìïåðàòóðû; 14 — ïðåññîâàÿ ïëèòà

Fig. 4. Scheme of the experimental setup: 1 — vacuum chamber; 2 — pressure gauge; 3 — heating element; 4 — temperature

sensor; 5 — working fluids; 6 — sample; 7 — microcontroller; 8 — personal computer; 9 — vacuum compressor; 10 — tilt angle

sensors (gyros); 11 — heating element of the drying chamber; 12 — mounting plates; 13 — temperature sensors; 14 — press

plate



âûñîòà çàïîëíåíèÿ æèäêîñòüþ ðàáî÷åé êàìåðû;

ñ1 — ïëîòíîñòü ÑÐÆ, îïðåäåëÿåìàÿ çàâèñèìî-

ñòüþ ïðîöåíòíûõ ñîîòíîøåíèé ïëîòíîñòåé ñî-

ñòàâëÿþùèõ åå êîìïîíåíòîâ.

Ïðèíèìàÿ âî âíèìàíèå èçîòðîïèþ ýëàñòîìå-

ðà (åãî àíèçîòðîïèÿ ïðîÿâëÿåòñÿ òîëüêî ïðè ìî-

ëåêóëÿðíîé ïîäâèæíîñòè ýëàñòîìåðîâ â ïðîöåññå

êðèñòàëëèçàöèè, êîòîðàÿ ïðîèñõîäèò ïðè ðàñòÿ-

æåíèè áîëåå ÷åì íà 200 %), ìîæíî óòâåðæäàòü,

÷òî Äh = Äa = Äb. Ïîýòîìó äàëüíåéøèå èçìåðå-

íèÿ êîíòðîëèðóþùèõ ïàðàìåòðîâ ìîæíî ïðîâî-

äèòü ïî âûñîòå îáðàçöà è óðîâíþ (îáúåìó) ÑÐÆ.

Ïðèíèìàëè, ÷òî èçìåðåííûå íà ýòàïå êàëèá-

ðîâêè âûñîòû îáðàçöà (h) è îáúåìà æèäêîñòè (V)

Äh = Äa = Äb = 0. Èñïîëüçîâàëè ñëåäóþùèå ïå-

ðåìåííûå: h0 = h, V0 = V.

Ïîëó÷åííûå äàííûå èçìåíåíèÿ âûñîòû îá-

ðàçöà è óðîâíÿ æèäêîñòè, à ñîîòâåòñòâåííî, è åå

îáúåìà â ïðîöåññå çàïîëíåíèÿ ïîçâîëÿþò ðàññ÷è-

òàòü ìàññó çàïîëíåííîãî îáðàçöà. Ó÷èòûâàÿ, ÷òî

ÄV = V0 – V1, à V1 = (a + Äh)(b + Äh)(h + Äh),

ìàññà çàïîëíåííîãî îáðàçöà ìîæåò áûòü âû÷èñ-

ëåíà êàê

ÄM = ÄVñ1 èëè M M
i

i

N

�

�

� �

1

, (8)

ãäå ÄMi — çíà÷åíèå ìàññû; N — êîëè÷åñòâî èç-

ìåðåíèé.

Ýêñïåðèìåíòàëüíûå äàííûå ñâèäåòåëüñòâó-

þò îá óäîâëåòâîðèòåëüíîé äèíàìèêå èçìåíåíèÿ

ìàññû ïîëèìåðíîãî ìàòåðèàëà ìàðêè ÌÁÑ ïðè

âûäåðæêå åãî â ÑÐÆ òåðìîâàêóóìíîé óñòàíîâêè.

Ïðèìåíåíèå ðàçðàáîòàííîé ÀÑÓ ïðîöåññîì çà-

ïîëíåíèÿ äëÿ îïðåäåëåíèÿ íàáóõàíèÿ ýëàñòîìå-

ðà ïîçâîëèëî ñîêðàòèòü âðåìÿ êîíòðîëüíûõ èñ-

ïûòàíèé ñî 144 ÷ äî 26 ìèí.

Íà ðèñ. 5 ïðåäñòàâëåíû äàííûå çàïîëíåíèÿ

ðàçëè÷íûõ ïîëèìåðíûõ ìàòåðèàëîâ, èñïîëüçó-

åìûõ â ìàøèíîñòðîåíèè â êà÷åñòâå êîíñòðóê-

öèîííûõ.

Âèäíî, ÷òî ïî ñðàâíåíèþ ñ ïðîïèòêîé ýëàñ-

òîìåðà ìàðêè ÌÁÑ (26 ìèí) íàáëþäàåòñÿ óâå-

ëè÷åíèå âðåìåíè çàïîëíåíèÿ îáðàçöîâ (êàïðî-

ëîí — áîëåå 120 ìèí, àðìàìèä — îêîëî 100, ôòî-

ðîïëàñò — îêîëî 120 ìèí). Ïîñêîëüêó äëèòåëü-

íîñòü çàïîëíåíèÿ ïîëèìåðîâ ñòàíäàðòíûìè ìå-

òîäàìè ìîæåò èñ÷èñëÿòüñÿ ñîòíÿìè ÷àñîâ,

ïåðñïåêòèâíîñòü èñïîëüçîâàíèÿ ðàçðàáîòàííîé

ÀÑÓ ïðîöåññà òåðìîâàêóóìíîãî çàïîëíåíèÿ äëÿ

êîíòðîëÿ íàáóõàíèÿ ìàòåðèàëîâ î÷åâèäíà.

Îòìåòèì, ÷òî êàïðîëîí (ñì. ðèñ. 5) ïîñëå

30 ìèí èíòåíñèâíîãî çàïîëíåíèÿ ÑÐÆ íå ïðå-

êðàòèë âïèòûâàíèå è ïîñëå 120 ìèí. Èññëåäîâà-

íèå ïðîöåññà íåîãðàíè÷åííîãî íàïîëíåíèÿ ïîëè-

ìåðîâ îòêðûâàåò âîçìîæíîñòü ñîçäàíèÿ íàïîë-

íåííûõ, ñàìîñìàçûâàþùèõñÿ êîíñòðóêöèé èç ïî-

ëèìåðîâ èëè îïðåäåëåíèÿ äåñòðóêòèâíûõ èçìå-

íåíèé â íèõ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, íà îñíîâå ïðîâåäåííûõ èñïû-

òàíèé, ïîìèìî îïðåäåëåíèÿ êîíòðîëèðóåìûõ ïà-

ðàìåòðîâ, ðàçðàáîòàí àëãîðèòì ðàáîòû ÀÑÓ ïðî-

öåññîì òåðìîâàêóóìíîé ïðîïèòêè è íàáóõàíèÿ

ïîëèìåðíûõ ìàòåðèàëîâ. Âïåðâûå â ñèñòåìå

óïðàâëåíèÿ ðåàëèçîâàíà àâòîìàòèçèðîâàííàÿ

ôóíêöèÿ íà÷àëüíîé êàëèáðîâêè îáîðóäîâàíèÿ,

äàþùàÿ âîçìîæíîñòü èññëåäîâàíèé ðàçëè÷àþ-

ùèõñÿ ïî ðàçìåðàì îáðàçöîâ ïîëèìåðíûõ ìàòå-

ðèàëîâ. Êðîìå òîãî, àïðîáàöèÿ ÀÑÓ è ìåòîäèêè

åå èíòåãðèðîâàíèÿ â ñóùåñòâóþùåå îáîðóäîâà-

íèå (AZ preink N2) ýêñïåðèìåíòàëüíî ïîäòâåðäè-

ëà ñîêðàùåíèå âðåìåíè ïðîïèòêè ñî 144 ÷ äî

27 ìèí ïðè ëàáîðàòîðíûõ èññëåäîâàíèÿõ çàïîë-

íåíèÿ íàèáîëåå èñïîëüçóåìîãî ìàòåðèàëà óïëîò-

íåíèé ìàðêè ÌÁÑ. Èñïîëüçóÿ ðàçðàáîòàííóþ

ÀÑÓ, ìîæíî îñóùåñòâëÿòü êîíòðîëü ðåñóðñà ýêñ-

ïëóàòàöèè èçäåëèé èç ïîëèìåðíûõ ìàòåðèàëîâ â

çàâèñèìîñòè îò ñòåïåíè èõ íàïîëíåíèÿ.

ËÈÒÅÐÀÒÓÐÀ

1. 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.

2. Äèê Äæ. Ñ. Òåõíîëîãèÿ ðåçèíû: ðåöåïòóðîñòðîåíèå è èñïû-

òàíèÿ / Ïåð. ñ àíãë. — ÑÏá.: Íàó÷íûå îñíîâû è òåõíîëîãèè,

2020. — 620 ñ.

3. Ìàðòèí Äæ. Ì., Ñìèò Ó. Ê. Ïðîèçâîäñòâî è ïðèìåíåíèå ðå-

çèíîòåõíè÷åñêèõ èçäåëèé / Ïåð ñ àíãë. — ÑÏá.: Ïðîôåññèÿ,

2019. — 480 ñ.

52 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8

Ðèñ. 5. Çàâèñèìîñòè èçìåíåíèÿ ìàññû îáðàçöîâ êàïðî-

ëîíà ÏÀ-6 (1), ôòîðîïëàñòà ÔÒ-4 (2) è àðìàìèäà ÏÀ-66

(3) îò âðåìåíè âûäåðæêè â ÑÐÆ â òåðìîâàêóóìíîé

êàìåðå

Fig. 5. Dependences of changes in the mass of caprolon

PA-6 (1), fluoroplast FT-4 (2) and armamide PA-66 (3) sam-

ples on the exposure time in SRF in the thermal vacuum

chamber



4. Áóòîðèí Ä. Â., ×óêëàé È. Â. Òåõíîëîãèÿ ìàñëîíàïîëíåíèÿ

ïîëèìåðíûõ è êîìïîçèòíûõ àíòèôðèêöèîííûõ ìàòåðèàëîâ /

VII Ìåæäóíàðîä. íàó÷.-ïðàêò. êîíô. «Òðàíñïîðòíàÿ èíôðà-

ñòðóêòóðà Ñèáèðñêîãî ðåãèîíà»: ñá. ìàò. — Èðêóòñê: Èð-

ÃÓÏÑ, 2016. Ñ. 490 – 495. DOI: 10.1016/0375-6742(74)90001-6

5. Ôèëèïïåíêî Í. Ã., Áóòîðèí Ä. Â., Ëèâøèö À. Â. Îïðå-

äåëåíèå ôàçîâûõ è ðåëàêñàöèîííûõ ïåðåõîäîâ â ïîëèìåð-

íûõ ìàòåðèàëàõ / Àâòîìàòèçàöèÿ. Ñîâðåìåííûå òåõíîëîãèè.

2017. Ò. 71. ¹ 4. Ñ. 171 – 175.

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

÷àñòîòíàÿ ýëåêòðîòåðìè÷åñêàÿ îáðàáîòêà íåìåòàëëè÷åñêîãî

âòîðè÷íîãî ñûðüÿ / Íàóêà è îáðàçîâàíèå. 2014. ¹ 6.

Ñ. 55 – 65.

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

ðîâ. — Ì.: Õèìèÿ, 1989. — 430 ñ.

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

2007. — 573 ñ.

9. Äóáèíñêèé Â. Ã., Êóäðÿâöåâ Ä. À. Ñîâåðøåíñòâîâàíèå

òåõíîëîãèé è îáîðóäîâàíèÿ äëÿ îñóøêè ÌÃ ïîñëå èñïûòàíèé

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

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

Àâòîìàòèçàöèÿ èçìåðåíèÿ òåìïåðàòóðû ïîëèìåðíîãî ìàòå-

ðèàëà ïðè âûñîêî÷àñòîòíîì ýëåêòðîòåðìè÷åñêîì íàãðåâå /

Ñîâðåìåííûå òåõíîëîãèè. Ñèñòåìíûé àíàëèç. Ìîäåëèðîâà-

íèå. 2017. ¹ 1(53). Ñ. 96 – 103.

11. Ôèëèïïåíêî Í. Ã., Ëèâøèö À. Â. Àâòîìàòèçèðîâàííûå

èññëåäîâàíèÿ ïðîöåññà ïðîïèòêè ýëàñòîìåðîâ / Ýëåêòðîòåõ-

íîëîãèè è ýëåêòðîîáîðóäîâàíèå â ÀÏÊ. 2022. Ò. 69. ¹ 1(46).

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

12. 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

13. 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., 2004.

Ñ. 523 – 526.

14. Ñàôèí Ð. Ð. Èññëåäîâàíèå ïðîöåññîâ âàêóóìíîé ñóøêè

ïèëîìàòåðèàëîâ ïðè êîíâåêòèâíûõ ìåòîäàõ ïîäâîäà òåïëà /

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

15. Êîâàëåâà Ë. À., Ëèâàíîâà Í. Ì., Îâñÿííèêîâ Í. ß.

Èññëåäîâàíèå íàáóõàíèÿ ðåçèí èç áóòàäèåííèòðèëüíûõ êàó-

÷óêîâ â íåïîëÿðíîì ðàñòâîðèòåëå í-ãåïòàíå / XVIII Ìåæ-

äóíàðîä. íàó÷.-ïðàêò. êîíô. «Ðåçèíîâàÿ ïðîìûøëåííîñòü.

Ñûðüå. Ìàòåðèàëû. Òåõíîëîãèè»: ñá. òð. — Ì.: ÍÈÖ øèííîé

ïðîìûøëåííîñòè, 2012. Ñ. 63 – 66.

16. Ìàñêóëþèíàòå Î. Å., Ìîðîçîâ Þ. Ë. Âëèÿíèå ñïîñîáà

ââåäåíèÿ ïëàñòèôèêàòîðà íà ñâîéñòâà ïàðàôèíàòíûõ êàó÷ó-

êîâ ÁÍÊÑ è ñòàíäàðòíûå ðåçèíû íà èõ îñíîâå / Êàó÷óê è ðå-

çèíà. 2016. ¹ 3. Ñ. 14 – 17.

17. Àíèñèìîâ Á. Þ., Äûáìàí À. Ñ., Èìÿíèòîâ Ë. Ñ, Ïîëÿ-

êîâ Ñ. À. Ãèäðèðîâàíèå áóòàäèåí-íèòðèëüíûõ êàó÷óêîâ /

Êàó÷óê è ðåçèíà. 2017. ¹ 2. Ñ. 32 – 38.

18. ×àéêóí À. Ì., Åëèñååâ È. Ñ., Íàóìîâ Ì. À., Âåíåäèêòî-

âà Î. À. Îñîáåííîñòè ïîñòðîåíèÿ ðåöåïòóð äëÿ ìîðîçîñòîé-

êèõ ðåçèí / Àâèàöèîííûå ìàòåðèàëû è òåõíîëîãèè. 2021.

¹ 3. Ñ. 53 – 55.

19. Ôèëèïïåíêî Í. Ã. Èññëåäîâàíèå ìåõàíè÷åñêèõ õàðàêòå-

ðèñòèê ïîëèàìèäíûõ ìàòåðèàëîâ ñåïàðàòîðîâ áóêñîâûõ

óçëîâ ïîäâèæíîãî ñîñòàâà / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàã-

íîñòèêà ìàòåðèàëîâ. 2017. Ò. 83. ¹ 12. Ñ. 43 – 47.

20. 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

21. 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

22. 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.

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

nol. Res. 2020. N 7(1). P. 1 – 21.

DOI: 10.1007/s11998-009-9201-5

24. Êàáëîâ Å. Í. Õèìèÿ â àâèàöèîííîì ìàòåðèàëîâåäåíèè /

Ðîññèéñêèé õèìè÷åñêèé æóðíàë. 2018. Ò. 1. Ñ. 31 – 41.

REFERENCES

1. 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].

2. Dick J. S. Rubber Technology: Formulation and Testing. —

St. Petersburg: Nauchnye osnovy i tekhnologii, 2020. — 620 p.

[Russian translation].

3. Martin J. M., Smith W. K. Production and application of rub-

ber products. — St. Petersburg: Professiya, 2019. — 480 p. [in

Russian].

4. Butorin D. V., Chuklay I. V. Technology of oil filling of poly-

meric and composite antifriction materials / VII International

Scientific and Practical Conference “Transport infrastructure

of the Siberian region”: coll. of works. — Irkutsk: IrGUPS,

2010. P. 490 – 495 [in Russian].

DOI: 10.1016/0375-6742(74)90001-6

5. Filippenko N. G., Butorin D. V., Livshits A. V. Determina-

tion of phase and relaxation transitions in polymeric materials /

Avtom. Sovr. Tekhnol. 2017. Vol. 71. N 4. P. 171 – 175 [in Rus-

sian].

6. 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].

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

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

8. Tager A. A. Physicochemistry of polymers. — Moscow: Nauch-

nyi mir, 2007. — 573 p. [in Russian].

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

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

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

10. Filippenko N. G., Butorin D. V., Livshits A. V. Automation

of measuring the temperature of polymeric material during

high-frequency electrothermal heating / Sovr. Tekhnol. Sist.

Anal. Model. 2017. N 1(53). P. 96 – 103 [in Russian].

11. Filippenko N. G., Livshits A. V. Automated studies of the

process of impregnation of elastomers / Élektrotekhnol. Élek-

trooborud. APK. 2022. Vol. 69. N 1(46). P. 72 – 78 [in Russian].

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

12. 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

13. 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:, 2004. P. 523 –

526 [in Russian].

14. 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].

15. Kovaleva L. A., Livanova N. M., Ovsyannikov N. Ya.

Investigation of the swelling of rubbers from butadiene nitrile

rubbers in the non-polar solvent n-heptane / Proceedings of the

XVIII International Scientific and Practical. conf. “Rubber in-

dustry. Raw material. Materials. Technology”. — Moscow:

NITS shinnoi promyshlennosti, 2012. P. 63 – 66 [in Russian].

16. Maskulyuinate O. E., Morozov Yu. L. Influence of the

method of introducing a plasticizer on the properties of BNKS

paraffin rubbers and standard rubbers based on them / Kau-

chuk Rezina. 2016. N 3. P. 14 – 17 [in Russian].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8 53



17. Anisimov B. Yu., Dybman A. S., Imyanitov L. S., Polya-

kov S. A. Hydrogenation of butadiene-nitrile rubbers / Kau-

chuk Rezina. 2017. N 2. P. 32 – 38 [in Russian].

18. Chaikun A. M., Eliseev I. S., Naumov M. A., Venedikto-

va O. A. Features of building recipes for frost-resistant rubber /

Aviats. Mater. Tekhnol. 2015. N 3. P. 53 – 55 [in Russian].

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

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

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

P. 43 – 47 [in Russian].

20. 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.019.2.009

21. 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 /

Tr. VIAM. 2021. N 1. Art. 05 [in Russian].

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

22. 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.

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

nol. Res. 2020. N 7(1). P. 1 – 21.

DOI: 10.1007/s11998-009-9201-5

24. Kablov E. N. Chemistry in aviation materials science / Russian

Chemical Journal. 2018. Vol. 1. P. 31 – 41 [in Russian].

54 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8



Ìåõàíèêà ìàòåðèàëîâ:

ïðî÷íîñòü, ðåñóðñ, áåçîïàñíîñòü

Materials mechanics:

strength, durability, safety

DOI: https://doi.org/10.26896/1028-6861-2023-89-8-55-61

ÂËÈßÍÈÅ ÌÀÑØÒÀÁÍÎÃÎ ÔÀÊÒÎÐÀ ÍÀ ÌÎÄÓËÜ ÍÎÐÌÀËÜÍÎÉ

ÓÏÐÓÃÎÑÒÈ ÑÒÀËÈ, ÎÏÐÅÄÅËßÅÌÛÉ ÐÀÑÒßÆÅÍÈÅÌ ÎÁÐÀÇÖÎÂ

� Âÿ÷åñëàâ Ìèõàéëîâè÷ Ìàòþíèí*, Àðòåì Þðüåâè÷ Ìàð÷åíêîâ,

Ìàðèÿ Âèêòîðîâíà Ãîðÿ÷êèíà, Àíòîí Þðüåâè÷ Ïîðîéêîâ, Äàðüÿ

Àëåêñàíäðîâíà Æãóò, Ìûðçàìàìàò Àðçèåâè÷ Êàðèìáåêîâ, Àíàñòàñèÿ

Àëåêñååâíà Ïàíüêèíà

Íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò «ÌÝÈ», Ðîññèÿ, 111250, Ìîñêâà, óë. Êðàñíîêàçàðìåííàÿ, ä. 14;

*e-mail: MatiuninVM@mpei.ru

Ñòàòüÿ ïîñòóïèëà 20 ÿíâàðÿ 2023 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 24 ôåâðàëÿ 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 30 ìàðòà 2023 ã.

Ìîäóëü íîðìàëüíîé óïðóãîñòè ñ÷èòàåòñÿ äîñòàòî÷íî óñòîé÷èâîé ôèçèêî-ìåõàíè÷åñêîé õà-

ðàêòåðèñòèêîé ìàòåðèàëîâ, ìàëî çàâèñÿùåé îò èõ ñîñòàâà è ñòðóêòóðû. Ñðåäè ôàêòîðîâ,

âëèÿþùèõ íà ìîäóëü íîðìàëüíîé óïðóãîñòè, âûäåëÿþò òåìïåðàòóðó è àíèçîòðîïèþ. Ñâå-

äåíèÿ î âëèÿíèè ìàñøòàáíîãî ôàêòîðà íà ìîäóëü íîðìàëüíîé óïðóãîñòè âåñüìà îãðàíè÷å-

íû, à èíîãäà è ïðîòèâîðå÷èâû. Öåëü äàííîé ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ìàñøòàáíî-

ãî ôàêòîðà íà ìîäóëü óïðóãîñòè ñòàëè 45, îïðåäåëÿåìûé ðàñòÿæåíèåì ãåîìåòðè÷åñêè ïî-

äîáíûõ îáðàçöîâ ñ ðàçíûì èñõîäíûì äèàìåòðîì. Èñïûòàíèÿ îáðàçöîâ ïðîâîäèëè íà óíè-

âåðñàëüíîé ìàøèíå Instron 8801 ñî ñêîðîñòüþ äåôîðìèðîâàíèÿ 0,1 ìì/ìèí ïðè êîìíàòíîé

òåìïåðàòóðå. Óïðóãèå äåôîðìàöèè ïðè ðàñòÿæåíèè èçìåðÿëè äâóìÿ ñïîñîáàìè — ñ ïî-

ìîùüþ íàâåñíîãî ýêñòåíçîìåòðà è ìåòîäîì êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé. Îáà ìåòî-

äà ïîêàçàëè äîñòàòî÷íî áëèçêèå ðåçóëüòàòû ïðè èñïûòàíèè îáðàçöîâ îäèíàêîâîãî äèàìåò-

ðà. Îäíàêî ìåòîä êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé ïîçâîëèë âûïîëíèòü èçìåðåíèÿ

óïðóãèõ äåôîðìàöèé íà îáðàçöàõ ìàëîãî äèàìåòðà, íà êîòîðûõ íåëüçÿ áûëî çàêðåïèòü ýê-

ñòåíçîìåòð. Óñòàíîâëåíî ñíèæåíèå ìîäóëÿ óïðóãîñòè ñ óâåëè÷åíèåì èñõîäíîãî äèàìåòðà

îáðàçöà. Ïîëó÷åíû ãðàôè÷åñêèå çàâèñèìîñòè ìîäóëÿ óïðóãîñòè îò äèàìåòðà îáðàçöà è

ïëîùàäè åãî ïîïåðå÷íîãî ñå÷åíèÿ. Èçëîæåíû âîçìîæíûå ïðè÷èíû ñíèæåíèÿ ìîäóëÿ

óïðóãîñòè ïîä âëèÿíèåì ìàñøòàáíîãî ôàêòîðà. Ñðåäè ýòèõ ïðè÷èí îñíîâíûìè ìîæíî ñ÷è-

òàòü óìåíüøåíèå óäåëüíîé ïîâåðõíîñòè è óäåëüíîé ïîâåðõíîñòíîé ýíåðãèè, óâåëè÷åíèå

äåôîðìèðóåìîãî îáúåìà, ñíèæåíèå ñêîðîñòè äåôîðìàöèè ïðè ïîñòîÿííîé ñêîðîñòè äåôîð-

ìèðîâàíèÿ. Óìåíüøåíèå ìîäóëÿ óïðóãîñòè ïîä âîçäåéñòâèåì ìàñøòàáíîãî ôàêòîðà íåîá-

õîäèìî ó÷èòûâàòü â ðàñ÷åòàõ íà ïðî÷íîñòü è ïðè îöåíêå îñòàòî÷íîãî ðåñóðñà äåòàëåé è

êîíñòðóêöèé ñ îòíîñèòåëüíî áîëüøèìè ñå÷åíèÿìè è òîëùèíàìè ñòåíîê.

Êëþ÷åâûå ñëîâà: ìîäóëü íîðìàëüíîé óïðóãîñòè; ðàñòÿæåíèå îáðàçöîâ; ýêñòåíçîìåòð;

ìåòîä êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé; ìàñøòàáíûé ýôôåêò.
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The modulus elasticity (or Young’s modulus) is considered to be a rather stable physical and mechanical

characteristic of metallic materials being a weak function of the chemical composition and structure.

However, the temperature and anisotropy can be referred as the main factors affecting the Young modu-

lus. Scanty data on the scale factor effect on Young’s modulus are sometime even contradictory. We pres-

ent the results of studying the impact of the scale factor on Young’s modulus of steel 45 determined by the
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tension of cylindrical tensile specimens with different initial diameters on an Instron 8801 machine with a

movable traverse speed of 0.1 mm/min at room temperature. An extensometer and a digital image correla-

tion (DIC) method were used to measure elastic deformations. Both methods showed fairly close results

during tensile testing of specimens with equal diameters. DIC method made it possible to measure elastic

deformations on small-size specimens on which it was impossible to fix the extensometer. A decrease in

the Young modulus with an increase in the specimen diameter has been revealed. Graphical dependences

of the Young modulus on the specimen diameter and cross-sectional area have been obtained. Possible

reasons for the decrease in the Young modulus under the influence of the scale factor have been indicated.

A decrease in the specific surface area and specific surface energy, an increase in the deformable volume,

and a decrease in the strain rate at a constant movable traverse speed are among the main reasons. The

decrease in Young’s modulus under the influence of the scale factor must be taken into account in

strength calculations and in assessing the residual life of large-scale parts and structures with relatively

large cross sections and wall thicknesses.

Keywords: Young’s modulus; tensile tests; extensometer; digital image correlation; scale factor.

Ââåäåíèå

Ìîäóëü íîðìàëüíîé óïðóãîñòè (ìîäóëü

Þíãà) Eì — ôóíäàìåíòàëüíîå ôèçèêî-ìåõàíè÷å-

ñêîå ñâîéñòâî ìåòàëëà, õàðàêòåðèçóþùåå æåñò-

êîñòü åãî êðèñòàëëè÷åñêîé ðåøåòêè, êîòîðàÿ çà-

âèñèò îò ìåæàòîìíîãî ïðèòÿæåíèÿ. ×åì âûøå

ìîäóëü íîðìàëüíîé óïðóãîñòè, òåì ìåíüøóþ

óïðóãóþ äåôîðìàöèþ å âûçûâàåò îäíî è òî æå

äåéñòâóþùåå íàïðÿæåíèå ó, ÷òî ñëåäóåò èç çàêî-

íà Ãóêà

ó = Eìå. (1)

Ìîäóëü íîðìàëüíîé óïðóãîñòè — ïàðàìåòð,

øèðîêî ïðèìåíÿåìûé â ìåõàíèêå ìàòåðèàëîâ è

êîíñòðóêöèé, ôèçèêå, ìàòåðèàëîâåäåíèè, êðè-

ñòàëëîãðàôèè è äðóãèõ äèñöèïëèíàõ. Íàïðèìåð,

Eì èñïîëüçóþò äëÿ ðàñ÷åòîâ íà ïðî÷íîñòü äåòà-

ëåé è êîíñòðóêöèé, îöåíêè ðåñóðñà ìåòàëëà è èç-

äåëèé ïîä âîçäåéñòâèåì ýêñïëóàòàöèîííûõ ôàê-

òîðîâ, óñòàíîâëåíèÿ ñâÿçåé ìåæäó ðàçëè÷íûìè

ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè è äðóãèõ öå-

ëåé.

Ïðèíÿòî ñ÷èòàòü, ÷òî ìîäóëü íîðìàëüíîé óï-

ðóãîñòè ÿâëÿåòñÿ óñòîé÷èâîé ôèçèêî-ìåõàíè÷å-

ñêîé õàðàêòåðèñòèêîé ìåòàëëîâ è ñïëàâîâ, ìàëî

çàâèñÿùåé, íàïðèìåð, îò õèìè÷åñêîãî ñîñòàâà,

ðåæèìîâ òåðìè÷åñêîé îáðàáîòêè, ñêîðîñòè íàãðó-

æåíèÿ. Ñðåäè ôàêòîðîâ, ñïîñîáíûõ ïîâëèÿòü íà

ìîäóëü íîðìàëüíîé óïðóãîñòè, âûäåëÿþò â îñ-

íîâíîì òåìïåðàòóðó [1, 2], àíèçîòðîïèþ [3, 4],

ñòðóêòóðíóþ ïîâðåæäàåìîñòü. Îäíàêî âëèÿíèå

ìàñøòàáíîãî ôàêòîðà, îáóñëîâëåííîå ðàçìåðàìè

îáðàçöîâ, èçó÷åíî ìàëî. Â òåõíè÷åñêîé ëèòåðàòó-

ðå âñòðå÷àþòñÿ ïîäîáíûå ñâåäåíèÿ, íî îíè îãðà-

íè÷åííû è íåîäíîçíà÷íû. Â êà÷åñòâå ìàñøòàá-

íûõ ïàðàìåòðîâ èíîãäà èñïîëüçóþò äèàìåòð îá-

ðàçöà èëè åãî óäåëüíóþ ïîâåðõíîñòü. Òàê, íàïðè-

ìåð, â [5] âûÿâëåíî çíà÷èòåëüíîå óâåëè÷åíèå Eì

ïðè óìåíüøåíèè äèàìåòðîâ îáðàçöîâ îò 70 äî

30 ìì äëÿ êîìïîçèòíûõ ìàòåðèàëîâ. Çàìåòèì,

÷òî ó ïîäîáíûõ îáðàçöîâ ñ óìåíüøåíèåì äèà-

ìåòðîâ óâåëè÷èâàåòñÿ åãî óäåëüíàÿ ïîâåðõíîñòü.

Îäíàêî ñîãëàñíî ðåçóëüòàòàì ýêñïåðèìåíòîâ,

ïðèâåäåííûì â [6], ñ óâåëè÷åíèåì óäåëüíîé ïî-

âåðõíîñòè îáðàçöà ÿâíûõ èçìåíåíèé Eì íå íà-

áëþäàåòñÿ. Àâòîðû [7] ïðè èññëåäîâàíèè Eì ðåçî-

íàíñíûì ìåòîäîì âûÿâèëè åãî ñèëüíîå ïîâûøå-

íèå ïðè ïåðåõîäå îò ìèêðî- ê íàíîäèàïàçîíó.

Â ñâÿçè ñ âûøåèçëîæåííûì öåëü äàííîé ðà-

áîòû — èññëåäîâàíèå âëèÿíèÿ ðàçìåðîâ îáðàç-

öîâ íà ìîäóëü íîðìàëüíîé óïðóãîñòè ïðè åãî îï-

ðåäåëåíèè ìåòîäîì ðàñòÿæåíèÿ.

Ìàòåðèàëû, îáðàçöû, îáîðóäîâàíèå

è ìåòîäèêè ýêñïåðèìåíòîâ

Äëÿ óñòàíîâëåíèÿ âëèÿíèÿ ìàñøòàáíîãî ôàê-

òîðà íà çíà÷åíèå ìîäóëÿ íîðìàëüíîé óïðóãîñòè

ïðîâîäèëè ñåðèþ èñïûòàíèé íà ðàñòÿæåíèå îá-

ðàçöîâ ñ ðàçëè÷íûìè ðàçìåðàìè. Èñïîëüçîâàëè

öèëèíäðè÷åñêèå ïðîïîðöèîíàëüíûå ïÿòèêðàò-

íûå îáðàçöû, ðàçëè÷àþùèåñÿ äèàìåòðàìè è äëè-

íîé ðàáî÷åé ÷àñòè.

Ìàòåðèàë îáðàçöîâ — ïðóòîê äèàìåòðîì

20 ìì èç ñðåäíåóãëåðîäèñòîé êîíñòðóêöèîííîé

ñòàëè 45. Èç ýòîãî ïðóòêà òî÷åíèåì áûëè èçãî-

òîâëåíû ïîäîáíûå ïÿòèêðàòíûå öèëèíäðè÷åñêèå

îáðàçöû ñ äèàìåòðàìè ðàáî÷èõ ÷àñòåé d0, ðàâíû-

ìè 19,00; 13,01; 10,79; 4,99; 3,05; 1,85 è 0,99 ìì.

Íà ïîñëåäíåì ýòàïå èçãîòîâëåíèÿ îáðàçöîâ èõ

ïîâåðõíîñòè îáðàáàòûâàëè ýëåêòðîëèòè÷åñêèì

ñïîñîáîì äëÿ ñíÿòèÿ íàêëåïà, ïîëó÷åííîãî ìåõà-

íè÷åñêîé îáðàáîòêîé.

Èñïûòàíèÿ îáðàçöîâ ðàñòÿæåíèåì âûïîë-

íÿëè íà ìàøèíå Instron 8801 ñî ñêîðîñòüþ äå-

ôîðìèðîâàíèÿ 0,1 ìì/ìèí. Ïðè îïðåäåëåíèè

ìîäóëÿ íîðìàëüíîé óïðóãîñòè Eì â óïðóãîé ÷àñ-

òè äèàãðàììû èñïîëüçîâàëè íàâåñíîé ýêñòåíçî-

ìåòð Instron GL10 ñ èçìåðèòåëüíîé áàçîé 10 ìì

(ðèñ. 1).

Íàâåñíîé ýêñòåíçîìåòð ïîçâîëÿë òî÷íî ôèê-

ñèðîâàòü èçìåíåíèå ïðîäîëüíîé äåôîðìàöèè ðà-

áî÷åé ÷àñòè îáðàçöà (åýêñò) è ñòðîèòü äèàãðàììó

ðàñòÿæåíèÿ â êîîðäèíàòàõ íàïðÿæåíèå ó – äå-

ôîðìàöèÿ åýêñò. Íàãðóæåíèå êàæäîãî îáðàçöà

ïðîâîäèëè â óïðóãîé îáëàñòè äî äîñòèæåíèÿ íà-

ïðÿæåíèÿ íå ìåíåå 200 ÌÏà, ïîñëå ÷åãî îáðàçåö
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ðàçãðóæàëè, ÷òîáû óáåäèòüñÿ, ÷òî åãî äåôîðìà-

öèÿ íîñèëà ïîëíîñòüþ óïðóãèé õàðàêòåð. Òàêèå

íàãðóæåíèÿ ïîâòîðÿëè íå ìåíåå ïÿòè ðàç äëÿ êà-

æäîãî îáðàçöà. Çàòåì â èíòåðâàëå íàïðÿæåíèé îò

0 äî 200 ÌÏà ïîëó÷åííóþ äèàãðàììó ðàñòÿæå-

íèÿ àïïðîêñèìèðîâàëè ïðÿìîé ëèíèåé ñ èñïîëü-

çîâàíèåì ìåòîäà íàèìåíüøèõ êâàäðàòîâ è ïî íà-

êëîíó ïîëó÷åííîãî óïðóãîãî ó÷àñòêà îòíîñèòåëü-

íî ãîðèçîíòàëüíîé îñè îïðåäåëÿëè ìîäóëü íîð-

ìàëüíîé óïðóãîñòè ïî ôîðìóëå

Eì = ó/åýêñò. (2)

Íàâåñíîé ýêñòåíçîìåòð íå óäàâàëîñü íàäåæíî

çàêðåïèòü íà ðàáî÷èõ ÷àñòÿõ ñàìûõ òîíêèõ îá-

ðàçöîâ (d0 = 0,99 ìì). Â ñâÿçè ñ ýòèì äëÿ îïðåäå-

ëåíèÿ ìîäóëÿ íîðìàëüíîé óïðóãîñòè íà ýòèõ îá-

ðàçöàõ, à òàêæå íåêîòîðûõ îáðàçöàõ áîëüøåãî

äèàìåòðà èñïîëüçîâàëè îïòè÷åñêèé ìåòîä èçìå-

ðåíèÿ äåôîðìàöèé — ìåòîä êîððåëÿöèè öèôðî-

âûõ èçîáðàæåíèé (Digital Image Correlation, èëè

DIC). Îí îñíîâàí íà ïîëó÷åíèè èçîáðàæåíèé ïî-

âåðõíîñòè îáðàçöà âî âðåìÿ äåôîðìàöèè. Êðîññ-

êîððåëÿöèîííàÿ îáðàáîòêà èçîáðàæåíèé ïîçâî-

ëÿåò îòñëåäèòü èçìåíåíèÿ, ïðîèñõîäÿùèå ñ ïî-

âåðõíîñòüþ âî âðåìÿ èñïûòàíèé, è ðàññ÷èòàòü

ïîëå äåôîðìàöèè ñ âûñîêèì ïðîñòðàíñòâåííûì

ðàçðåøåíèåì. Â êà÷åñòâå èçìåðèòåëüíîé óñòà-

íîâêè èñïîëüçîâàëè ñèñòåìó LaVision StrainMas-

ter (ðèñ. 2).

Ñèñòåìà LaVision StrainMaster ñîñòîèò èç

äâóõ âèäåîêàìåð Imager SX (C1 è C2), óñòðîéñòâà

ñèíõðîíèçàöèè çàõâàòà èçîáðàæåíèé ñ êàìåð

PTU (SU) è ïåðñîíàëüíîãî êîìïüþòåðà (PC) ñ

ïðîãðàììíûì îáåñïå÷åíèåì DaVis 8.4. Öèôðî-

âûå êàìåðû Imager SX ïîñòðîåíû íà îñíîâå ìî-
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Ðèñ. 1. Èñïûòàòåëüíàÿ ìàøèíà Instron 8801 ñ óñòàíîâëåííûì íàâåñíûì ýêñòåíçîìåòðîì äëÿ îïðåäåëåíèÿ ìîäóëÿ íîð-

ìàëüíîé óïðóãîñòè ìàòåðèàëà

Fig. 1. Instron 8801 testing machine with extensometer for Young’s modulus determination

Ðèñ. 2. Ñõåìà èñïûòàíèÿ ñòàòè÷åñêèì ðàñòÿæåíèåì ñòà-

ëüíîãî îáðàçöà ñ ïðèìåíåíèåì îïòè÷åñêîé èçìåðèòåëü-

íîé ñèñòåìû LaVision StrainMaster: PC — ïåðñîíàëüíûé

êîìïüþòåð; TM — èñïûòàòåëüíàÿ ìàøèíà; Sample — îá-

ðàçåö; LS — ñèñòåìà îñâåùåíèÿ; C1 è C2 — äâå êàìåðû;

SU — áëîê ñèíõðîíèçàöèè

Fig. 2. Static tensile test scheme for a steel sample using a

LaVision StrainMaster optical measuring system: PC —

personal computer; TM — testing machine; LS — lighting

system; C1 and C2 — cameras; SU — synchronization unit



íîõðîìíîé ÏÇÑ ìàòðèöû ðàçìåðîì 2/3�� ñ ðàçðå-

øåíèåì 2456 × 2058 ïèêñåëåé, ðàçìåðîì ïèêñå-

ëåé 3,45 × 3,45 ìêì è ðàçðÿäíîñòüþ ïîëó÷àåìûõ

èçîáðàæåíèé 12 áèò. Ïîëå çðåíèÿ ïðè ðåãèñòðà-

öèè ýêñïåðèìåíòàëüíûõ èçîáðàæåíèé äëÿ ðàç-

íûõ ðàçìåðîâ îáðàçöîâ âàðüèðîâàëîñü â äèàïàçî-

íå îò 3,5 × 3,0 äî 17,5 × 14,0 ìì2. Äëÿ ïîëó÷åíèÿ

êà÷åñòâåííûõ êîíòðàñòíûõ èçîáðàæåíèé èñïîëü-

çîâàëè äîïîëíèòåëüíûé âíåøíèé èñòî÷íèê îñâå-

ùåíèÿ (LS).

Ïåðåä èñïûòàíèåì îáðàçöà ðàñòÿæåíèåì íà

áîêîâóþ ïîâåðõíîñòü åãî ðàáî÷åé ÷àñòè íàíîñèëè

ñëó÷àéíûé ñïåêë-ðèñóíîê áåëîé è ÷åðíîé êðàñêà-

ìè äëÿ ïîâûøåíèÿ êîíòðàñòíîñòè èçîáðàæåíèÿ

ïðè èñïîëüçîâàíèè ìåòîäà êîððåëÿöèè öèôðî-

âûõ èçîáðàæåíèé. Çàòåì îáðàçåö çàêðåïëÿëè â

çàõâàòàõ ìàøèíû, ïîñëå ÷åãî óñòàíàâëèâàëè

îñâåòèòåëü è àïïàðàòóðó äëÿ âèäåîñúåìêè è èç-

ìåðåíèÿ äåôîðìàöèé. Íà ðèñ. 3 ïîêàçàíî ôîòî

ýêñïåðèìåíòà ñ èñïîëüçîâàíèåì îïòè÷åñêîãî

ìåòîäà.

Â ïðîöåññå ðàñòÿæåíèÿ îáðàçöà âåëè ïåðèî-

äè÷åñêóþ âèäåîñúåìêó ïîâåðõíîñòè ñ ÷àñòîòîé

2 êàäðà/ñ ïðè ðàçðåøåíèè 2400 × 2000 ïèêñåëåé.

Ïîñëåäîâàòåëüíûé àâòîìàòèçèðîâàííûé àíàëèç

ïîëó÷åííîé ñåðèè èçîáðàæåíèé ñ ïîìîùüþ ïðî-

ãðàììíîãî îáåñïå÷åíèÿ ïîçâîëÿåò âîññòàíîâèòü

ïîëå ñìåùåíèé òî÷åê ñïåêë-ðèñóíêà íà ðàáî÷åé

÷àñòè îáðàçöà â ïðîöåññå ðàñòÿæåíèÿ, ïî âåëè÷è-

íå êîòîðûõ ìîæíî ðàññ÷èòàòü òåíçîð äåôîðìà-

öèè åîïò â ëþáîé òî÷êå â ëþáîé ìîìåíò âðåìåíè

[8]:
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ãäå i, j = 1, 2, 3 — ïîðÿäêîâûå íîìåðà ýëåìåí-

òîâ òåíçîðà, ñîîòâåòñòâóþùèå îñÿì x, y, z; rj —

êîìïîíåíòû ïðîñòðàíñòâåííîãî âåêòîðà ïî îñÿì;

Vi — êîìïîíåíòû ðàññ÷èòàííîãî ïðè îáðàáîòêå

ñìåùåíèÿ ïî îñÿì.

Îòñëåæèâàÿ êèíåòèêó èçìåíåíèÿ ïîëÿ äå-

ôîðìàöèé âî âðåìåíè, ìîæíî ñ ó÷åòîì ìàøèí-

íûõ äàííûõ ïî ïðèëîæåííîìó óñèëèþ ïîñòðîèòü

óïðóãèé ó÷àñòîê äèàãðàììû ðàñòÿæåíèÿ è îöå-

íèòü çíà÷åíèå ìîäóëÿ íîðìàëüíîé óïðóãîñòè â

ëþáîì âðåìåííîì èíòåðâàëå íà ëþáîé ñòàäèè

èñïûòàíèÿ:

Eì = ó/åîïò. (4)
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Ðèñ. 3. Ôîòî ïðèáîðîâ è óñòàíîâîê äëÿ îïðåäåëåíèÿ ìî-

äóëÿ óïðóãîñòè ñ èñïîëüçîâàíèåì îïòè÷åñêîé èçìåðèòåëü-

íîé ñèñòåìû LaVision StrainMaster íà èñïûòàòåëüíîé ìà-

øèíå Instron 8801

Fig. 3. Photo of the experimental set for Young’s modulus

determination using the Digital Image Correlation method

on an Instron 8801 testing machine
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Ðèñ. 4. Óïðóãèå ó÷àñòêè äèàãðàìì ðàñòÿæåíèÿ ó – å, ïîëó÷åííûå ñ èñïîëüçîâàíèåì íàâåñíîãî ýêñòåíçîìåòðà (à) è ìåòî-

äîì êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé (á), äëÿ îáðàçöîâ ñ ðàçíûìè äèàìåòðàìè d
0

ðàáî÷åé ÷àñòè; ìàòåðèàë — ñòàëü 45

Fig. 4. Elastic sections of tension diagrams ó – å obtained using a mounted extensometer (a) and digital image correlation

method (b), for samples with different diameters of the working part d
0
; material — steel 45



Â êà÷åñòâå çíà÷åíèÿ ìîäóëÿ íîðìàëüíîé

óïðóãîñòè, îïðåäåëåííîãî ìåòîäîì êîððåëÿöèè

öèôðîâûõ èçîáðàæåíèé, ïðèíèìàëè ñðåäíåå

àðèôìåòè÷åñêîå âñåõ çíà÷åíèé Eì, çàðåãèñòðè-

ðîâàííûõ íà íà÷àëüíîì ó÷àñòêå ðàñòÿæåíèÿ äî

íàïðÿæåíèÿ ó 	 200 ÌÏà.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 4, à ïîêàçàíû óïðóãèå ó÷àñòêè äèà-

ãðàììû ðàñòÿæåíèÿ ó – å äëÿ îáðàçöîâ äèàìåòðà-

ìè d0, ðàâíûìè: 10,79, 3,05 è 1,85 ìì, îïðåäåëåí-

íûå ñ èñïîëüçîâàíèåì íàâåñíîãî ýêñòåíçîìåòðà.

Îò÷åòëèâî âèäíî ðàññëîåíèå ïðÿìîëèíåéíûõ

óïðóãèõ ó÷àñòêîâ äèàãðàìì ðàñòÿæåíèÿ äëÿ îá-

ðàçöîâ ñ ðàçíûìè èñõîäíûìè äèàìåòðàìè d0.

Ïðè÷åì ÷åì ìåíüøå äèàìåòð îáðàçöà, òåì áîëü-

øå óãîë íàêëîíà ïðÿìîé, à ñëåäîâàòåëüíî, — è

ìîäóëü íîðìàëüíîé óïðóãîñòè. Àíàëîãè÷íûå ðå-

çóëüòàòû ïîëó÷åíû è ñ ïîìîùüþ èçìåðåíèé,

âûïîëíåííûõ ìåòîäîì êîððåëÿöèè öèôðîâûõ

èçîáðàæåíèé (ðèñ. 4, á). Â òàáëèöå ïðåäñòàâëåíû

ðåçóëüòàòû îïðåäåëåíèÿ ìîäóëÿ íîðìàëüíîé

óïðóãîñòè Eì äëÿ îáðàçöîâ, èñïûòàííûõ ñ èñ-

ïîëüçîâàíèåì îáîèõ ìåòîäîâ èçìåðåíèé.

Âèäíî, ÷òî çíà÷åíèÿ Eì, îïðåäåëåííûå ñ èñ-

ïîëüçîâàíèåì ýêñòåíçîìåòðà è ìåòîäà êîððåëÿ-

öèè öèôðîâûõ èçîáðàæåíèé, äîñòàòî÷íî áëèçêè

äëÿ îäíèõ è òåõ æå äèàìåòðîâ îáðàçöà. Áîëåå íà-

ãëÿäíîå ïðåäñòàâëåíèå îá èçìåíåíèè Eì ïðè ðàç-

íûõ d0 ìîæíî ïîëó÷èòü èç ðèñ. 5. Ïîñêîëüêó d0

îäíîçíà÷íî ñâÿçàí ñ ïëîùàäüþ ïîïåðå÷íîãî ñå÷å-

íèÿ A0 öèëèíäðè÷åñêîãî îáðàçöà ( / ),A d0 0

2 4� 


çàâèñèìîñòè Eì îò A0 è Eì îò d0 ñõîäíû (ñì.

ðèñ. 5). Îäíàêî ôîðìà ïîïåðå÷íîãî ñå÷åíèÿ îá-

ðàçöîâ ìîæåò ðàçëè÷àòüñÿ, ïîýòîìó öåëåñîîáðàç-

íî âûÿâëÿòü âëèÿíèå ìàñøòàáíîãî ôàêòîðà ñî-

ïîñòàâëåíèåì Eì ñ A0. Òîãäà ìîæíî ïîëó÷èòü áî-

ëåå îáùóþ ñâÿçü Eì ñ A0, â òîì ÷èñëå è äëÿ îáðàç-

öîâ ñ äðóãîé ôîðìîé ïîïåðå÷íîãî ñå÷åíèÿ, íà-

ïðèìåð ïðÿìîóãîëüíîé.
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Ðåçóëüòàòû îïðåäåëåíèÿ ìîäóëÿ íîðìàëüíîé óïðóãîñòè E
ì

ñòàëè 45, ïîëó÷åííûå ðàñòÿæåíèåì îáðàçöîâ ñ èñïîëüçîâàíè-

åì íàâåñíîãî ýêñòåíçîìåòðà è ìåòîäà êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé (ñðåäíèå çíà÷åíèÿ)

The results of determining Young’s modulus E
m

of steel 45 by tension tests with extensometer and the digital image correlati-

on method (average values)

d
0
, ìì A

0
, ìì2

E
ì

Èñïîëüçîâàíèå ýêñòåíçîìåòðà Ìåòîä êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé

Í/ìì2 êã/ìì2 Í/ìì2 êã/ìì2

19,00 283,4 187 528 19 116 — —

13,01 132,9 197 229 20 105 191 768 19 555

10,79 91,4 200 217 20 409 — —

8,00 50,2 209 578 21 364 — —

4,99 19,6 212 897 21 702 206 187 21 025

3,05 7,3 219 556 22 381 — —

1,85 2,7 235 463 24 001 235 803 24 045

0,99 0,8 — — 246 320 25 118

à á

Ðèñ. 5. Çàâèñèìîñòè ìîäóëÿ óïðóãîñòè E
ì

îò èñõîäíîãî äèàìåòðà îáðàçöà d
0

(à) è îò ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöà A
0

(á);

ìàòåðèàë — ñòàëü 45

Fig. 5. Dependence of Young’s modulus E
m

on the initial specimen diameter d
0

(a) and the specimen cross-section A
0

(b); ma-

terial — steel 45



Àíàëèç ðåçóëüòàòîâ îïðåäåëåíèÿ ìîäóëÿ íîð-

ìàëüíîé óïðóãîñòè Eì (ñì. òàáëèöó) ïîçâîëÿåò

ñäåëàòü ñëåäóþùèå âûâîäû. Ñ óìåíüøåíèåì èñ-

õîäíîãî äèàìåòðà îáðàçöà d0 çíà÷åíèÿ ìîäóëÿ

íîðìàëüíîé óïðóãîñòè Eì óâåëè÷èâàþòñÿ. Îäíà-

êî åñëè ïðè óìåíüøåíèè d0 îò 19 è äî 5 ìì óâåëè-

÷åíèå Eì ñðàâíèòåëüíî íåáîëüøîå (ïðèìåðíî

10 %), òî ïðè ìåíüøèõ d0 îíî ïðîèñõîäèò áîëåå

èíòåíñèâíî. Äëÿ îáðàçöà ñ d0 = 1,85 ìì ýòî óâå-

ëè÷åíèå ñîñòàâëÿåò óæå îêîëî 20 %, à äëÿ îáðàç-

öà ñ d0 = = 0,99 ìì — îêîëî 25 %. Ìîæíî ïîëà-

ãàòü, ÷òî ïðè d0 � 1 ìì áóäåò ïðîèñõîäèòü åùå

áîëåå èíòåíñèâíîå óâåëè÷åíèå Eì.

Ïî ìíåíèþ àâòîðîâ äàííîé ðàáîòû, îñíîâíàÿ

ïðè÷èíà óâåëè÷åíèÿ Eì ñ óìåíüøåíèåì d0 ñîñòî-

èò âî âëèÿíèè ìàñøòàáíîãî ôàêòîðà. Ñëåäóåò îò-

ìåòèòü, ÷òî ìàñøòàáíûé ôàêòîð îêàçûâàåò ïðè-

ìåðíî òàêîå æå âëèÿíèå è íà äðóãèå ìåõàíè÷å-

ñêèå õàðàêòåðèñòèêè ìàòåðèàëîâ, îïðåäåëåííûå

íà îáðàçöàõ ðàçíûõ äèàìåòðîâ. Òàê, íàïðèìåð,

â èññëåäîâàíèÿõ À. À. Ãðèôôèòñà [9], à òàêæå

À. Ï. Àëåêñàíäðîâà è Ñ. Í. Æóðêîâà [10] áûëî

óñòàíîâëåíî çíà÷èòåëüíîå ïîâûøåíèå ñîïðîòèâ-

ëåíèÿ îòðûâó ñòåêëÿííûõ íèòåé ñ óìåíüøåíèåì

èõ äèàìåòðà. À â ðàáîòàõ [11, 12] îòìå÷åíî ïîâû-

øåíèå èñòèííîãî ñîïðîòèâëåíèÿ îòðûâó è èñòèí-

íîãî ñîïðîòèâëåíèÿ ðàçðûâó ñòàëüíûõ îáðàçöîâ

ñ óìåíüøåíèåì èõ äèàìåòðîâ. Ñîãëàñíî [11], èñ-

òèííîå ñîïðîòèâëåíèå ðàçðûâó îáðàçöà èç ñòàëè

30ÕÍ3 äèàìåòðîì 1,5 ìì âîçðîñëî ïðèìåðíî íà

30 % ïî ñðàâíåíèþ ñî çíà÷åíèåì ýòîé õàðàêòåðè-

ñòèêè äëÿ îáðàçöà äèàìåòðîì 15 ìì. Ïðèìåðíî

òàêîå æå ïîâûøåíèå ïðåäåëà òåêó÷åñòè è âðå-

ìåííîãî ñîïðîòèâëåíèÿ óñòàíîâëåíî ïðè óìåíü-

øåíèè äèàìåòðà îáðàçöà ñ 10 ìì äî 1,5 ìì [8].

Èçâåñòíû ìàñøòàáíûå çàâèñèìîñòè òâåðäîñòè

ìàòåðèàëîâ [13 – 16]. Ïðè îïðåäåëåíèè òâåðäî-

ñòè âäàâëèâàíèåì ïèðàìèäû íà ìèêðîóðîâíå åå

çíà÷åíèÿ ñèëüíî óâåëè÷èâàþòñÿ ïî ñðàâíåíèþ ñ

ìàêðîóðîâíåì. À ïðè ïåðåõîäå íà íàíîóðîâåíü

èíäåíòèðîâàíèÿ òâåðäîñòü ìîæåò âîçðàñòè íà ïî-

ðÿäîê âåëè÷èíû è áîëåå [14]. Ñèëüíîå âëèÿíèå

ìàñøòàáíîãî ôàêòîðà ïðîÿâëÿåòñÿ è ïðè öèêëè-

÷åñêèõ èñïûòàíèÿõ îáðàçöîâ ðàçíîãî äèàìåòðà

ïðè àìïëèòóäå öèêëà ìåíåå ïðåäåëà óïðóãîñòè

[17]. Òàêèì îáðàçîì, ìîæíî ïðåäïîëîæèòü, ÷òî

ìàñøòàáíûé ôàêòîð îêàçûâàåò âëèÿíèå è íà ìî-

äóëü íîðìàëüíîé óïðóãîñòè.

Ñóùåñòâóþò ðàçëè÷íûå ïîäõîäû ê îáúÿñíå-

íèþ ïðè÷èí âëèÿíèÿ ìàñøòàáíîãî ôàêòîðà íà

ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëîâ [10]. Ñðåäè

ýòèõ ïîäõîäîâ ìîæíî íàçâàòü ñòàòèñòè÷åñêèé

(áîëüøåå êîëè÷åñòâî äåôåêòîâ ðàçíîãî ïðîèñõî-

æäåíèÿ â îáúåìå êðóïíîãî îáðàçöà), ñòðóêòóð-

íî-ìåõàíè÷åñêèé (íåîäíîðîäíîñòü ñòðóêòóðû,

ñâîéñòâ ìàòåðèàëîâ, ðàñïðåäåëåíèÿ íàïðÿæåíèé

è äåôîðìàöèé ïî ñå÷åíèþ îáðàçöà), ýíåðãåòè-

÷åñêèé (ðàçëè÷èå â çàïàñå óïðóãîé ýíåðãèè).

Â ìîíîãðàôèè Á. Á. ×å÷óëèíà [12] âïåðâûå áûë

ñèñòåìàòèçèðîâàí áîëüøîé îáúåì ýêñïåðèìåí-

òàëüíûõ äàííûõ ïî âëèÿíèþ ðàçìåðîâ îáðàçöîâ

íà ìåõàíè÷åñêèå ñâîéñòâà è ðàññìîòðåíû òåîðèè

ìàñøòàáíîãî ýôôåêòà ìåõàíè÷åñêîé ïðî÷íîñòè

äëÿ âÿçêîãî è õðóïêîãî ðàçðóøåíèÿ ìàòåðèàëîâ.

Íåêîòîðûå ïîëîæåíèÿ âûøåïåðå÷èñëåííûõ

ïîäõîäîâ ê îáúÿñíåíèþ âëèÿíèÿ ìàñøòàáíîãî

ôàêòîðà ìîæíî ïðèìåíèòü è äëÿ ìîäóëÿ íîð-

ìàëüíîé óïðóãîñòè. Âìåñòå ñ òåì â ìàëûõ îáðàç-

öàõ (ìèêðîîáðàçöàõ) êîëè÷åñòâî èñõîäíûõ äå-

ôåêòîâ è íåñîâåðøåíñòâ êðèñòàëëè÷åñêîãî ñòðîå-

íèÿ ìåòàëëà íà àòîìíîì óðîâíå, âêëþ÷àÿ äèñëî-

êàöèè, çíà÷èòåëüíî ìåíüøå, ÷òî ïðèâîäèò ê óâå-

ëè÷åíèþ æåñòêîñòè êðèñòàëëè÷åñêîé ðåøåòêè, à

ñëåäîâàòåëüíî, ê ïîâûøåíèþ ìîäóëÿ íîðìàëü-

íîé óïðóãîñòè.

Çàêëþ÷åíèå

Âûïîëíåíî îïðåäåëåíèå ìîäóëÿ íîðìàëüíîé

óïðóãîñòè îáðàçöîâ ðàçíîãî äèàìåòðà èç ñòàëè 45

ðàñòÿæåíèåì ñ èñïîëüçîâàíèåì ýêñòåíçîìåòðà è

ìåòîäà êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé äëÿ

èçìåðåíèÿ äåôîðìàöèé. Ïîêàçàíî, ÷òî çíà÷åíèÿ

ìîäóëÿ íîðìàëüíîé óïðóãîñòè, îïðåäåëåííûå ñ

èñïîëüçîâàíèåì ýêñòåíçîìåòðà è ìåòîäà êîððå-

ëÿöèè öèôðîâûõ èçîáðàæåíèé, äîñòàòî÷íî áëèç-

êè. Ýòî ïîçâîëÿåò èñïîëüçîâàòü ìåòîä êîððåëÿ-

öèè öèôðîâûõ èçîáðàæåíèé äëÿ íàõîæäåíèÿ ìî-

äóëÿ íîðìàëüíîé óïðóãîñòè íà ìàëûõ îáðàçöàõ,

íà êîòîðûå íåâîçìîæíî íàäåæíî óñòàíîâèòü íà-

âåñíîé ýêñòåíçîìåòð. Óñòàíîâëåíî ñíèæåíèå ìî-

äóëÿ íîðìàëüíîé óïðóãîñòè ñ óâåëè÷åíèåì äèà-

ìåòðà îáðàçöà. Íàïðèìåð, ïðè óâåëè÷åíèè äèà-

ìåòðà îáðàçöà ñ 0,99 äî 19 ìì ìîäóëü íîðìàëüíîé

óïðóãîñòè ïîíèæàåòñÿ ïðèìåðíî íà 25 %. Ïîëó-

÷åíû ãðàôè÷åñêèå çàâèñèìîñòè ìîäóëÿ íîðìàëü-

íîé óïðóãîñòè îò äèàìåòðà îáðàçöà è ïëîùàäè

åãî ïîïåðå÷íîãî ñå÷åíèÿ. Îñíîâíàÿ ïðè÷èíà ïî-

âûøåíèÿ èëè óìåíüøåíèÿ ìîäóëÿ íîðìàëüíîé

óïðóãîñòè, îïðåäåëåííîãî íà îáðàçöàõ ðàçíîãî

äèàìåòðà, ñîñòîèò âî âëèÿíèè ìàñøòàáíîãî ôàê-

òîðà. Ýòî âëèÿíèå íåîáõîäèìî ó÷èòûâàòü ïðè

ðàñ÷åòàõ íà ïðî÷íîñòü äåòàëåé è êîíñòðóêöèé

ðàçëè÷íûõ ðàçìåðîâ. Îñîáåííî ýòî âàæíî äëÿ

êðóïíîãàáàðèòíûõ èçäåëèé.

Èññëåäîâàíèå âûïîëíåíî â ÔÃÁÎÓ ÂÎ «ÍÈÓ

«ÌÝÈ» çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî

ôîíäà ¹ 22-19-00590, https://rscf.ru/project/22-19-

00590
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One of the well-known features of the external action of the electric current in the process of

plastic deformation is the electroplastic effect manifesting in a decrease in flow stresses and an

increase in plasticity (deformability). Understanding the nature of the electroplastic effect pro-

vides targeted regulation and application of the effect to improve the efficiency of metal wor-

king processes or to change the structure and properties of materials. The deformation behavi-

or of commercially pure titanium under the impact of an electric current of critical density

from 12 to 400 A/mm2 is considered. The electroplastic effect in coarse-grained (d = 50 ìm)

and ultrafine-grained (d = 500 nm) VT1-0 titanium has been studied under a combination of

tensile deformation and applied current of various modes and regimes, including the sing-

le-pulse, multipulse and direct current modes. It is shown that a decrease in the grain size cont-

ributes not only to an increase in the strength characteristics, but also to a decrease in the elec-

troplastic effect, the mechanism of which is closely related to the density of mobile dislocations.

It has been shown that the manifestation of the electroplastic effect in titanium is controlled by

the grain size, and a decrease in the grain size leads to its electroplastic degradation and finally

to the complete disappearance in the amorphous state due to a decrease in the density of free

dislocations.

Keywords: titanium; grain size; tension; stress; strain; electroplastic effect; current; single

pulses; multipulse current; direct current.

Introduction

The electroplastic effect (EPE) that has been

discovered more than fifty years ago manifests it-

self in a significant decrease in the flow stress of

metallic materials during deformation in the pres-

ence of a high-density current [1, 2]. Therefore, the

attention of researchers was initially drawn to a

practical application of EPE, which has happened

to be quite wide and can be found in published

studies [3, 4]. They are mainly focused on metal

forming (stamping, rolling, drawing, pressing),

solid state welding and cutting brittle and hard de-

formed materials to reduce roughness. Moreover,

the possibility of microstructure refinement in

elongated materials has demonstrated a control of

the functional properties of materials [5]. The limi-

tation in the widespread use of EPE is associated

with high critical current density required for a

noticeable effect on deformability: for many indus-

trial materials it should be jcr > 102 A/mm2 [2].

That is why the effective cross-section of various

semi-finished products such as wire, rods and

sheets do not exceed 1 – 10 mm2, which is associ-

ated with the requirement to create high-power

current generators.

Another area of research has been the physical

nature of EPE. In [6], calculations have shown that

the thermal effect, determined by the electrical and

thermal conductivity of the sample, is the only

cause of EPE. However, even in the first studies,

it became clear that the usual thermal effect can-

not fully explain the EPE, since the drop in

stresses was noticeably larger than it could be due

to the temperature dependence of the flow stresses.

In the review [7], it was shown that the main con-

tribution to the EPE is made by the electronic

“wind,” which causes the mobility of dislocations

and the thermal effect of the current. Other accom-

panying EPE electromagnetic (skin, pinch) and

magnetostrictive effects are an order of magnitude

smaller.

Recent articles trying to explain EPE by associ-

ating it with breathers [8] or with nonequilibrium

processes in the electronic and phonon sub-systems

when an electric current of high density flows

through metal [9]. These processes lead to a devia-

tion of the average energy of dislocation oscilla-

tions from that, which corresponds to the lattice

temperature. As a result, the frequency of fluctua-

tion overcomes obstacles by increase in dislocations

[10]. A more general point of view is that all mech-

anisms can act simultaneously, the relative con-

tribution of which varies depending on material,

62 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8



external conditions, size and shape of samples, etc.

[11].

As for the materials under study, originally

they used to be single crystals of pure metals, and

then have changed to polycrystals (Zn, Cd, Sn, Pb,

In, Ni, Fe, Nb, Ti, Al, Cu, W) and industrial struc-

tural alloys based on aluminum, copper and steel.

Recently, nano- and amorphous materials [12],

TRIP steel [13], functional materials with shape

memory, have been also investigated, where the di-

rection of stress reduction was found to be not only

downwards, as found previously, but also upwards

[14]. Titanium [2, 15 – 17, 19] and titanium-based

alloys [5, 12, 14, 18] occupy a prominent place

among the materials under study, as the main ma-

terials for aerospace sector and medical implants,

especially in the nanostructured state. Note that

most of the cited above studies of EPE were carried

out on materials in a coarse-grained state with a

grain size more than 1 – 10 ìm with rare excep-

tions [20].

Taking into account the importance of the

grain size effect on the mechanical properties and

deformability of titanium, the purpose of this work

is to compare the deformation behaviour of coarse-

grained and ultrafine-grained titanium under dif-

ferent current modes.

Experimental materials and methods

A material for the study was technically pure

titanium VT1-0, with impurity content shown in

Table 1. The initial material form was a rod with a

diameter of 10 mm.

The sample has been processed by multi-pass

electroplastic rolling in calibers according to the

scheme “circle – hexagon – rhomb” (Fig. 1a) and

has been shaped into the wire with a cross section

of 1.55 × 1.85 mm2. Some details of electroplastic

rolling can be found in [5]. The total deformation

degree and the rolling speed were 90 % and

50 mm/sec, respectively. Rolling in calibers was car-

ried out with the introduction of a multi-pulse cur-

rent with duty factor of 10, a density of 100 A/mm2,

a pulse duration of 10–4 sec and a frequency of

1000 Hz (Fig. 1b). The wire was investigated in two

structure states formed by annealing at tempera-

tures of 700 and 500°C for 30 min, respectively.

Tensile tests were performed on the horizontal

testing machine IR-5047-50 at room temperature

with the speed 1 mm/min and the following current

modes/regimes (density j, frequency í, and pulse

duration ô): 1 — no current; 2 — single pulses

j = 400 A/mm2, ô = 1 msec; 3 — multi-pulse cur-

rent j = 100 A/mm2, ô = 0.1 msec, í = 1000 Hz;

4 — direct current, j = 12 A/mm2. The sample

gauge length for mechanical tests was 25 mm. Dur-

ing tension, the sample temperature was measured

with a thermocouple fixed in the middle of the sam-

ple gauge length.

Schemes of pulsed current supply to the sample

during electroplastic rolling in calibers and during

the tensile tests are shown in Fig. 2. In both cases,

a 7 kW pulse current generator was used, which

made it possible to reproduce the current of differ-

ent modes (single pulses, multipulse and direct cur-

rent) and regimes (j = 500 – 5000 A, ô = 30 –

1000 ìsec, frequency 1 – 1000 Hz). To prevent cur-

rent leakage during the tensile test, the gripping

parts were insulated with polystyrene.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8 63

Table 1. Chemical composition of titanium (wt.%)

Material C Fe Si O N H Al

VT1-0 0.07 0.18 0.10 0.12 0.04 0.01 0.6

a
b

Fig. 1. Scheme of the rolling in calibers (a) and oscillogram of pulse current (b)



Experimental results and discussion

The microstructures of the samples annealed at

500 and 700°C are shown in Fig. 3. A large differ-

ence in grain size can be noted, which is two orders

of magnitude.

Annealing at 700°C of heavily hard-worked

titanium caused recrystallization, which partial-

ly has the features of collective recrystallization

(Fig. 3a). The grain boundaries are rectilinear, and

there is insignificant number of twins and particles

of impurity elements inside the grains, mainly ox-

ides and aluminides. The average grain size is

50 ìm. The structure of titanium can be classified

as coarse-grained one. Annealing of hard-worked

titanium at 500°C led to the formation of incom-

pletely recrystallized fragmented structure with an

average sub-grain size of 500 nm and a fairly high

density of dislocations inside the grains (Fig. 3b).

The structure of titanium can be described as

ultrafine-grained one.

Figure 4 shows the stress-strain curves under

different tensile test conditions of titanium in the

coarse-grained (Fig. 4a) and ultrafine-grained

(Fig. 4b) states.

First of all, it is seen that the flow stresses for

ultrafine-grained titanium for all current modes

are higher than for the coarse-grained titanium.

Under tension without current, a reduction in

grain size by two orders of magnitude led to more

than double increase in strength and more than

four times decrease in ductility (Table 2), which is

directly related to the well-known effect of grain

size (Hall – Petch effect).

The current introduction of any mode, except

for single pulses, leads to a decrease in the flow

stresses and relative elongation to failure. If the de-

crease in plasticity is associated with strong neck

formation of titanium and, accordingly, with a mul-

64 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8

a b

Current direction

Fig. 2. Scheme of the current supply during electroplastic rolling (a) and tensile test (b): a, 1 — mills; 2 — wire; 3 — feed tab-

le; 4 — pulse current generator; b, 1 — grips; 2 — sample; 3 — bus line for supplying current; 4 — insulation; 5 — pulse cur-

rent generator

a b

Fig. 3. Microstructure of coarse-grained titanium observed with optical microscopy (a) and ultrafine-grained titanium obser-

ved with TEM (b)



tiple increase in the actual current density, then

the decrease in the flow stress is due to the total ac-

tion of thermal and electroplastic effects. In this

case, the contribution of the thermal effect in com-

parison with the electroplastic effect should be no-

ticeably less, since the temperature of the sample

did not rise above 130 – 215°C. Another feature of

the multipulse and direct current effect is a sharp

decrease in the uniform deformation of titanium

and an increase in deformation localization, which

is especially manifested in ultrafine-grained tita-

nium.

In contrast to multi-pulse and direct current,

the mode of single pulses in coarse-grained tita-

nium promotes strengthening and a noticeable in-

crease in plasticity (curve 2, Fig. 4a). It can be as-

sumed that the physical nature of such hardening

is low-cycle deformation. Note that strengthening,

as the effect of exposure to the current, is an anom-

alous phenomenon for pure metals, since in almost

all known articles, the authors record only a de-

crease in flow stresses, i.e., softening. It is likely

that in this work the anomalous strengthening ef-

fect became possible due to such a regime of tita-

nium recrystallization, in which a very large grain

size was formed. This fact is consistent with the

strengthening in a single crystal of aluminum, re-

ported by the authors of the work [21].

In ultrafine-grained titanium this effect is not

observed, probably due to high flow stresses. A sim-

ilar phenomenon has already been noted for the

Ti-7Al alloy [22], where the authors associate hard-

ening with a change in the dislocation mechanism

of deformation: from sliding to climb of disloca-

tions under the action of a current. The effect of

the current depends on the mode: it is stronger

with higher energy of the injected current, which

increases with the transition from single current

pulses to multi-pulse and direct current.

Another feature of the stress-strain curves un-

der the action of single current pulses is the ap-

pearance of stress jumps downwards, the ampli-

tude of which decreases from 50 MPa for coarse-

grained titanium to 25 MPa and less for ultrafine-

grained titanium. Since there is practically no ther-

mal effect for this current mode (Table 1), it can be

argued that the electroplastic effect really exists

and it decreases with decreasing grain size.

Interestingly, stress jumps were observed not

only in the plastic deformation zone, where they

are appearing due to the interaction of moving dis-

locations with conductive electrons. Similar jumps,
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Fig. 4. Stress-strain curves of course-grained (a) and ultrafine-grained (b) titanium under different current modes: 1 — wit-

hout current; 2 — single pulses; 3 — multipulses; 4 — direct current

Table 2. Mechanical properties under tension for coarse-grained and ultrafine-grained Ti

Structure state Current mode
Drop ampli-

tude, MPa

Current

duration, sec

Heat

effect, °C
UTS, MPa El, %

Course-grained Without current — — RT 450 33.0

Single pulses 25 – 50 <0.1 30 480 40.0

Multipulse current — 270 130 370 13.7

Direct current — 234 130 255 12.7

Ultrafine-

grained

Without current — — RT 1010 7.0

Single pulses 5 – 20 <0.1 30 995 6.0

Multipulse current — 102 160 815 5.0

Direct current — 96 160 – 215 435 4.5



but poorly recorded due to much smaller amplitude

(about 5 MPa), are also present in the elastic part

of the stress-strain curves. Since there are no free

dislocations during elastic deformation, it can be

assumed that the cause of the appearance of stress

jumps is the thermal effect and, as a consequence,

the expansion and dilatation of the sample.

Finally, we note the asymmetric shape of

shocks, the form of which indicates different mech-

anisms of softening and hardening in the jump it-

self. An almost instantaneous stress drop is caused

by an ultrafast current pulse, and the subsequent

stress rise is due to the relatively slow cooling of

the sample.

CONCLUSION

1. It is shown that cold rolling in calibers of

commercially pure titanium, accompanied by a

pulsed current, makes it possible to achieve a maxi-

mum degree of 90 % without destruction, and sub-

sequent annealing in the range of 500 – 700°C is

capable of forming structure states in a wide range

of grain sizes from 0.5 to 50 ìm with strength from

450 to 1010 MPa.

2. Changing the current mode introduced dur-

ing tension from single pulses to multipulse and di-

rect current increases the contribution of the ther-

mal effect to the decrease in flow stresses in com-

parison with the non-thermal electroplastic effect.

3. The manifestation of the electroplastic effect

in titanium is controlled by the grain size, a de-

crease in which leads to its degradation and, as was

shown earlier to complete disappearance in the

amorphous state due to a decrease in free disloca-

tions density.

Acknowledgments

This research was funded by the Ministry of

Science and Higher Education of the Russian Fed-

eration, the contract 075-15-2021-709, unique

identifier of the project RF-2296.61321X0037

(equipment maintenance).

The author declares no conflict of interest.

REFERENCES

1. Troitskii O. A. Electromechanical effect in metals / Letter to

JETP. 1969. Vol. 10. N 1. P. 18 – 22.

2. Conrad H. Electroplasticity in Metals and Ceramics / Mater.

Sci. Eng. 2000. Vol. A 287. P. 276 – 287.

DOI: 10.1016/S0921-5093(00)00786-3

3. Adams D., Jeswie J. Single-point incremental forming of

6061-T6 using electrically assisted forming method / Proc. Inst.

Mech. Eng. Part B. J. Eng. Manufact. 2014. P. 1 – 8.

DOI: 10.1177/0954405413501670

4. Egea A. J. S., Rojas H. A. G., Montana C. A. M., Echever-

ri V. K. Effect of electroplastic cutting on the manufacturing

process and surface properties / J. Mater. Proc. Tech. 2015.222.

P. 327 – 334. DOI: 10.1016/j.jmatprotec.2015.03.018

5. Potapova A. A., Stolyarov V. V. Deformability and shape

memory properties in Ti
50

Ni
50

rolled with electric current / Ma-

ter. Sci. Forum. 2013. Vol. 738 – 739. P. 383 – 387.

DOI: 10.1016/j.msea.2013.05.003

6. Bilyka S. R., Ramesh K. T., Wright T. W. Finite deforma-

tions of metal cylinders subjected to electromagnetic fields and

mechanical forces / J. Mech. Phys. Solids. 2005. Vol. 53.

P. 525 – 544. DOI: 10.1016/j.jmps.2004.10.002

7. Sprecher A. F., Mannant S. L., Conrad H. On the mecha-

nisms for the electroplastic effect in metals / Acta Metall. 1986.

Vol. 34. N 7. P. 1145 – 1162.

8. Dubinko V. I., Dovbnya A. N., Kushnir V. F., Khodak I. V.,

et. al. Plastification FCC metals during of electron radiation /

Phys. Solid State. Vol. 54. N 12. P. 2314 – 2320.

9. Dubinko V. I., Klepikov V. F. Kinetic mechanism of metals

electroplasticity / Izv. RAN. Fiz. 2008. Vol. 72. P. 1257 – 1258 [in

Russian].

10. Kim M. J., Yoon S., Park S., Jeong H. J., et al. Elucidating

the origin of electroplasticity in metallic materials / Appl. Ma-

ter. Today. 2020. Vol. 21.100874.

DOI: 10.1016/j.apmt.2020.100874

11. Lahiri A., Shanthraj P., Roters F. Understanding the mech-

anisms of electroplasticity from a crystal plasticity perspective /

Modell. Simul. Mater. Sci. Eng. 2019. Vol. 27. 085006. DOI:

10.1088/1361-651X/ab43fc

12. Stolyarov V. V. Electroplastic effect in nanocrystal and amor-

phous alloys / Inorg. Mater. 2016. Vol. 52. N 15. P. 1541 – 1544.

13. Stolyarov V. V., Klyatskina E. A., Terentyev V. F. Suppres-

sion of TRIP effect in metastable steel by electrical current /

Letts. Mater. 2016. Vol. 6. N 4. P. 355 – 359.

DOI: 10.1134/S0020168516150152

14. Stolyarov V. V. Electroplastic effect in nanostructured tita-

nium alloys / Rev. Adv. Mater. Sci. 2012. Vol. 31. P. 163 – 166.

15. Okazaki K., Kagawa M., Conrad H. A study of the electro-

plastic effect in metals / Scr. Metal. 1978. Vol. 12. P. 1063 – 1068.

16. Okazaki K., Kagawa M., Conrad H. Additional results on

the electroplastic effect in metals / Scr. Metal. 1979. Vol. 13.

P. 277 – 280.

17. Okazaki K., Kagawa M., Conrad H. An Evaluation of the

contributions of skin, pinch and heating effects to the electro-

plastic effect in titanium / Mater. Sci. Eng. 1980. Vol. 45.

P. 109 – 116.

18. Salandro W. A., Bunget C., Mears L. Thermo-mechanical in-

vestigations of the electroplastic effect / Proc. ASME. 2011.

Corvallis, Oregon, USA, P. 1 – 10.

DOI: 10.1115/MSEC2011-50250

19. Magargee J., Morestin F., Cao J. Characterization of flow

stress for commercially pure titanium subjected to electrically

assisted deformation / J. Eng. Mater. Technology. 2013.

Vol. 135. P. 1 – 10. DOI: 10.1115/MSEC2013-1069

20. Stolyarov V. V. Role of external impacts in nanostructured ti-

tanium alloys / Byull. RAN. Fizika. 2012. Vol. 76. P. 96 – 101 [in

Russian]. DOI: 10.3103/S1062873812010273

21. Pakhomov M. A., Stolyarov V. V. Specific features of electro-

plastic effect in mono- and polycrystalline aluminum / Metal

Sci. Heat Treat. 2021. Vol. 63. N 5 – 6. P. 236 – 242.

DOI: 10.1007/sec11041-021-00677-7

22. Zhao S., Zhang R., Chong Y., Li X. Defect reconfiguration in

a Ti – Al alloy via electroplasticity / Nature Mater. 2021. Vol. 20.

P. 468 – 472. DOI: 10.1038/sec41563-020-00817-z

66 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8



DOI: https://doi.org/10.26896/1028-6861-2023-89-8-67-75

ÀÊÒÓÀËÜÍÛÅ ÏÐÎÁËÅÌÛ ÑÎÇÄÀÍÈß ÖÈÔÐÎÂÛÕ ÄÂÎÉÍÈÊÎÂ

ÈÇÄÅËÈÉ ÌÀØÈÍÎÑÒÐÎÅÍÈß Ñ ÒÎ×ÊÈ ÇÐÅÍÈß ÎÖÅÍÊÈ

ÄÎËÃÎÂÅ×ÍÎÑÒÈ

� Àëåêñåé Âèêòîðîâè÷ Åðïàëîâ1*, Êèðèëë Àíòîíîâè÷ Õîðîøåâñêèé1,

Èðèíà Âèêòîðîâíà Ãàäîëèíà2

1 Þæíî-Óðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò (íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò), Ðîññèÿ, 454080, ×å-

ëÿáèíñê, ïðîñï. Ëåíèíà, ä. 76; *e-mail: erpalovav@susu.ru
2 Èíñòèòóò ìàøèíîâåäåíèÿ èì. À. À. Áëàãîíðàâîâà Ðîññèéñêîé àêàäåìèè íàóê, Ðîññèÿ, 101000, Ìîñêâà, Ìàëûé Õàðèòî-

íüåâñêèé ïåðåóëîê, ä. 4.

Ñòàòüÿ ïîñòóïèëà 20 äåêàáðÿ 2022 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 15 ìàðòà 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 30 ìàðòà 2023 ã.

Ãëîáàëüíàÿ öèôðîâèçàöèÿ ïðîèçâîäñòâà îòêðûâàåò íîâûå âîçìîæíîñòè äëÿ ïðåäèêòèâíîé

äèàãíîñòèêè òåõíè÷åñêîãî ñîñòîÿíèÿ èçäåëèé ìàøèíîñòðîåíèÿ. Â ðàáîòå ðàññìîòðåíû âî-

ïðîñû, ñâÿçàííûå ñ îöåíêîé òåõíè÷åñêîãî ñîñòîÿíèÿ êîíñòðóêöèé àãðåãàòîâ ìàøèíîñòðîå-

íèÿ, ïðåæäå âñåãî, ñ îïðåäåëåíèåì èõ îñòàòî÷íîãî ðåñóðñà. Â íàñòîÿùåå âðåìÿ âûäåëåí

êëàññ âèðòóàëüíûõ ìîäåëåé — öèôðîâûå äâîéíèêè îñòàòî÷íîãî ðåñóðñà êîíñòðóêöèè, êî-

òîðûå, ïîìèìî ìîíèòîðèíãà è ïðîãíîçèðîâàíèÿ äîëãîâå÷íîñòè êîíñòðóêöèé, ìîãóò îáëà-

äàòü îáðàòíîé ñâÿçüþ è êîíòðîëèðîâàòü ðåñóðñ, ìîäåëèðóÿ òåõíîëîãè÷åñêèé ïðîöåññ ïðî-

èçâîäñòâà è â êîíå÷íîì ñ÷åòå àäàïòèâíî îïòèìèçèðóÿ ðåàëüíûé òåõíîëîãè÷åñêèé ïðîöåññ

ñ ó÷åòîì çàäàííîé âåðîÿòíîñòè íàñòóïëåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ êîíñòðóêöèè. Ðàññìîò-

ðåíû ïðîáëåìû ñóùåñòâóþùèõ ìåòîäîâ îöåíêè äîëãîâå÷íîñòè âî âðåìåííîé è ÷àñòîòíûõ

îáëàñòÿõ, âûÿâëåíû èõ ñèëüíûå è ñëàáûå ñòîðîíû ñ òî÷êè çðåíèÿ ïðèìåíåíèÿ â êà÷åñòâå

îñíîâû àëãîðèòìè÷åñêîãî îáåñïå÷åíèÿ öèôðîâûõ äâîéíèêîâ îñòàòî÷íîãî ðåñóðñà êîí-

ñòðóêöèé. Îòìå÷åíî âîçìîæíîå ðàçíîîáðàçèå ïîëó÷åíèÿ èñõîäíûõ äàííûõ äëÿ îöåíêè

äîëãîâå÷íîñòè, à èìåííî — êðèâûõ óñòàëîñòè ìàòåðèàëîâ (ïðè ðàçíûõ òèïàõ è ñõåìàõ íà-

ãðóæåíèÿ). Ïîìèìî ñõåìû íàãðóæåíèÿ, íà âèä êðèâîé óñòàëîñòè âëèÿåò ïðîöåññ íàãðóæå-

íèÿ — ðåãóëÿðíûé, ñëó÷àéíûé èëè ñìåøàííûé. Ïðè ðåàëüíîé ýêñïëóàòàöèè èçäåëèé

÷àùå âñåãî ïðåîáëàäàåò íåñòàöèîíàðíîå ñëó÷àéíîå íàãðóæåíèå (ïðîöåññû ñ èçìåíÿþùè-

ìèñÿ õàðàêòåðèñòèêàìè, óäàðíûìè èìïóëüñàìè), ïðè êîòîðîì ìåòîäû îöåíêè äîëãîâå÷-

íîñòè ñëàáî èçó÷åíû è â îñíîâíîì çàêëþ÷àþòñÿ â óïðîùåíèè íåñòàöèîíàðíîãî ïðîöåññà.

Â ðàáîòå îñîáîå âíèìàíèå óäåëåíî íåñòàöèîíàðíûì ïðîöåññàì íàãðóæåíèÿ, ïîñêîëüêó

ñîçäàíèå öèôðîâûõ äâîéíèêîâ ïîäðàçóìåâàåò íåïðåðûâíûé àíàëèç äîëãîâå÷íîñòè êîí-

ñòðóêöèè äëÿ ðåàëüíûõ ýêñïëóàòàöèîííûõ íàãðóçîê. Ðàññìîòðåíû è äðóãèå ïðîáëåìû,

ñ êîòîðûìè ìîãóò ñòîëêíóòüñÿ èññëåäîâàòåëè ïðè ðàçðàáîòêå öèôðîâûõ äâîéíèêîâ

êîíñòðóêöèé.
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The global digitalization of production opens new opportunities for predictive diagnostics of the technical

condition of mechanical engineering products. The issues attributed to assessing their technical condition,

primarily to the determination of the residual life of mechanical engineering products, are considered.

Currently, a class of virtual models, digital twins of the residual life is distinguished. Apart from the func-

tions of monitoring and predicting the stability of structures, they can possess a feedback and control the

durability by simulating and optimizing the real technological process, taking into account the possibility

of achieving the limit state of the structure. The problems of existing methods of assessing the durability
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in time and frequency domains are considered in detail from the viewpoint of using the residual resource

of structures as the basis of an algorithmic support of digital twins. We also marked the possible variety of

obtaining initial data for assessing the durability, namely fatigue diagrams of materials for different types

and schemes of loading. The fatigue diagram is greatly affected by the loading process (regular, random or

mixed), while in the actual work the non-stationary random loading prevails. The methods used for as-

sessing the durability of non-stationary loading are poorly studied and often resolve into simplification of a

non-stationary process. The study is focused on non-stationary loading processes, since the creation of dig-

ital twins implies a continuous analysis of the durability of the structure for real operational loads. Other

problems that can arise when developing digital twins of structures are also considered and discussed.

Keywords: digital twins; predictive diagnostics; durability; residual life; non-stationary loading; high-cy-

cle fatigue.

Ââåäåíèå

Ñ ðàçâèòèåì ñðåäñòâ äèàãíîñòèêè òåõíè-

÷åñêîãî ñîñòîÿíèÿ èçäåëèé è ãëîáàëüíîé öèôðî-

âèçàöèè ïðîèçâîäñòâà â ðàìêàõ ÷åòâåðòîé ïðî-

ìûøëåííîé ðåâîëþöèè (Èíäóñòðèÿ 4.0) îäíîé èç

ñîâðåìåííûõ ìèðîâûõ òåíäåíöèé ÿâëÿåòñÿ ñîç-

äàíèå öèôðîâûõ äâîéíèêîâ èçäåëèé ìàøèíî-

ñòðîåíèÿ. Ïîä öèôðîâûì äâîéíèêîì, â ïåðâóþ

î÷åðåäü, ïîíèìàåòñÿ âèðòóàëüíàÿ ìîäåëü èçäå-

ëèÿ, ñèíõðîíèçèðîâàííàÿ ñ ðåàëüíûì îáúåêòîì

ïîñðåäñòâîì èçìåðèòåëüíûõ óñòðîéñòâ è ïîç-

âîëÿþùàÿ îòðàæàòü òåêóùåå òåõíè÷åñêîå ñîñòîÿ-

íèå èçäåëèÿ, à òàêæå ïðîãíîçèðîâàòü åãî íà íå-

êîòîðîì âðåìåííîì îòðåçêå ñ çàäàííîé âåðîÿò-

íîñòüþ. Ìàøèíîñòðîèòåëüíûå êîíñòðóêöèè â

ïðîöåññå ýêñïëóàòàöèè ïîäâåðæåíû çíàêîïåðå-

ìåííûì ñëó÷àéíûì âîçäåéñòâèÿì ðàçíîé èíòåí-

ñèâíîñòè, êîòîðûå â êîíå÷íîì èòîãå ïðèâîäÿò ê

èõ óñòàëîñòíîìó ðàçðóøåíèþ. Ïðè íàëè÷èè íå-

îáõîäèìûõ äàò÷èêîâ è ðàçðàáîòàííîé äîñòîâåð-

íîé ìàòåìàòè÷åñêîé ìîäåëè íàêîïëåíèÿ ïîâðåæ-

äåíèé â êîíñòðóêöèè ìîæíî îòñëåæèâàòü åå îñòà-

òî÷íûé ðåñóðñ, à òàêæå ïðîãíîçèðîâàòü äîëãî-

âå÷íîñòü ñ çàäàííîé âåðîÿòíîñòüþ, ìîäåëèðóÿ

ïîâåäåíèå âîçäåéñòâóþùåãî íàãðóæåíèÿ (èëè

ìîäåëèðóÿ òåõíîëîãè÷åñêèé ïðîöåññ ïðîèçâîäñò-

âà). Ðåàëèçàöèÿ îáðàòíîé ñâÿçè ñ ôèçè÷åñêèì èç-

äåëèåì ïîçâîëÿåò óïðàâëÿòü åãî óñòàëîñòíîé

ïðî÷íîñòüþ. Òàêèì îáðàçîì, öèôðîâûå äâîéíèêè

ìàøèíîñòðîèòåëüíûõ êîíñòðóêöèé ïðåäíàçíà÷å-

íû äëÿ ìîíèòîðèíãà è ïðîãíîçèðîâàíèÿ îñòàòî÷-

íîé äîëãîâå÷íîñòè.

Âàæíî îòìåòèòü, ÷òî öèôðîâîé äâîéíèê äîë-

ãîâå÷íîñòè ìîæåò ôîðìèðîâàòüñÿ äëÿ îòäåëüíîé

äåòàëè, óçëà èëè èçäåëèÿ â öåëîì, íî ïðè ïåðå-

õîäå îò êîíêðåòíûõ äåòàëåé ê îáùåé êîíñòðóê-

öèè âîçðàñòàåò ÷èñëî ôàêòîðîâ, êîòîðûå íåâîç-

ìîæíî ó÷åñòü, à ñëåäîâàòåëüíî, óâåëè÷èâàåòñÿ

ïîãðåøíîñòü ïðåäèêòèâíîé ìîäåëè. Êðîìå òîãî,

â íàñòîÿùåå âðåìÿ îòñóòñòâóþò îáùèå ðåãëàìåí-

òèðîâàííûå ïîäõîäû ê ñîçäàíèþ öèôðîâûõ

äâîéíèêîâ. Òàê, ÃÎÑÒ Ð 57700.37–2021 «Êîìïü-

þòåðíûå ìîäåëè è ìîäåëèðîâàíèå. Öèôðîâûå

äâîéíèêè èçäåëèé. Îáùèå ïîëîæåíèÿ» âêëþ÷àåò

òîëüêî îáùèå ïîíÿòèÿ è òðåáîâàíèÿ ê ðàçðàáîòêå

âèðòóàëüíûõ ìîäåëåé. Îäíàêî çà ïîñëåäíèå ãîäû

÷èñëî ïóáëèêàöèé, ñâÿçàííûõ ñ ñîçäàíèåì öèô-

ðîâûõ äâîéíèêîâ äëÿ ïðîãíîçèðîâàíèÿ îñòàòî÷-

íîé äîëãîâå÷íîñòè êîíñòðóêöèè, âîçðîñëî.

Â çàðóáåæíîé ëèòåðàòóðå èññëåäîâàòåëè çà-

òðàãèâàþò êîìïëåêñíûå âîïðîñû àëãîðèòìîâ

ïðîãíîçà äîëãîâå÷íîñòè, íàïðèìåð, ïðåäëàãàþò

ïîäõîä [1], îñíîâàííûé íà èñïîëüçîâàíèè öèô-

ðîâîãî äâîéíèêà, äëÿ ïðîãíîçèðîâàíèÿ óñòàëîñò-

íîé äîëãîâå÷íîñòè êîíñòðóêöèè. Ïðè ýòîì èñ-

ïîëüçóþò âèðòóàëüíóþ ìîäåëü, êîòîðàÿ ñîñòîèò

èç ìîäåëè îòñëåæèâàíèÿ òðåùèí è ìîäåëè äèíà-

ìè÷åñêîé áàéåñîâñêîé ñåòè (ìåòîä ìàøèííîãî

îáó÷åíèÿ). Äðóãèå ïóáëèêàöèè çàòðàãèâàþò ÷àñò-

íûå âîïðîñû, íàïðèìåð, â ðàáîòå [2] äëÿ ñîçäà-

íèÿ öèôðîâûõ äâîéíèêîâ ïðåäëîæåíî èñïîëü-

çîâàòü òðåõëèíåéíóþ êðèâóþ óñòàëîñòè ìàòåðèà-

ëà — ñ ó÷åòîì ìàëîöèêëîâîé, ìíîãîöèêëîâîé è

ãèãàöèêëîâîé óñòàëîñòè. Âàæíî îòìåòèòü è ðàáî-

òó [3] ïî ó÷åòó âëèÿíèÿ ðàçíîóðîâíåâîãî íàãðó-

æåíèÿ, õàðàêòåðíîãî êàê äëÿ ìàëîöèêëîâîé, òàê

è ìíîãîöèêëîâîé óñòàëîñòè. Àâòîðû ðàáîòû [4]

ïðè ñîçäàíèè öèôðîâûõ äâîéíèêîâ àêöåíòèðóþò

âíèìàíèå íà íåîáõîäèìîñòè óñòàíîâêè òåíçîäàò-

÷èêîâ íà êîíñòðóêöèþ, ÷òî ïîçâîëèò óëó÷øèòü

êîððåëÿöèþ âèðòóàëüíîé ìîäåëè ñ ðåàëüíûì

îáúåêòîì, ïðåäëàãàþò ìåòîäû ðåêîíñòðóêöèè íà-

ãðóçêè íà îáúåêò èññëåäîâàíèÿ èñõîäÿ èç ïîêàçà-

íèé òåíçîäàò÷èêîâ. Àâòîðû ðÿäà ðàáîò — ñòîðîí-

íèêè èñïîëüçîâàíèÿ ñóùåñòâóþùèõ äàííûõ áåç

äîïîëíèòåëüíîé óñòàíîâêè äàò÷èêîâ. Òàêîé ïîä-

õîä íå âñåãäà ïðèìåíèì â ñèëó íå÷óâñòâèòåëü-

íîñòè ñóùåñòâóþùèõ äàò÷èêîâ ê äîëãîâå÷íîñòè

êîíñòðóêöèè. Òàê, â ðàáîòå [5] çàòðîíóòà òåìà

öèôðîâûõ äâîéíèêîâ äëÿ ìîíèòîðèíãà è ïðîãíî-

çèðîâàíèÿ óñòàëîñòíîãî ïîâðåæäåíèÿ êîíñòðóê-

öèè ìîðñêîãî ñóäíà. Àâòîðû ñòðîÿò ïðîãíîç, êîì-

áèíèðóÿ îáùåäîñòóïíûå ýêñïëóàòàöèîííûå äàí-

íûå êîíêðåòíîãî ñóäíà (åãî ãëîáàëüíîå ìåñòîïî-

ëîæåíèå â ñî÷åòàíèè ñ ðåòðîñïåêòèâíûìè ìåòåî-

ðîëîãè÷åñêèìè äàííûìè) è îáðàáàòûâàÿ äàííûå

ìåòîäàìè ìàøèííîãî îáó÷åíèÿ.

Â îòå÷åñòâåííîé ëèòåðàòóðå ðåçóëüòàòû êîì-

ïëåêñíûõ íàó÷íî-ïðàêòè÷åñêèõ èññëåäîâàíèé ïî

âîïðîñàì ñîçäàíèÿ öèôðîâûõ äâîéíèêîâ ïóáëè-
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êóþòñÿ â îãðàíè÷åííîì îáúåìå. Íàïðèìåð, â ðà-

áîòå [6] îïèñàíû îáùèå ïîäõîäû è êîíöåïöèè

ñîçäàíèÿ öèôðîâûõ äâîéíèêîâ äëÿ îöåíêè ðåñóð-

ñà âàãîíîâ áåç êîíêðåòíûõ àëãîðèòìîâ è ìåòîäîâ.

Áîëüøèíñòâî ðàáîò — òåçèñíûå [7, 8].

Äàííàÿ ðàáîòà ïîñâÿùåíà ðàññìîòðåíèþ àê-

òóàëüíûõ ïðîáëåì ñîçäàíèÿ öèôðîâûõ äâîéíè-

êîâ èçäåëèé ìàøèíîñòðîåíèÿ ñ ïîçèöèè âåðîÿò-

íîñòíîé îöåíêè äîëãîâå÷íîñòè ïðè ðåàëüíîì ýêñ-

ïëóàòàöèîííîì íàãðóæåíèè èçäåëèé.

Áóäåì ñ÷èòàòü íàñòóïëåíèå ïðåäåëüíîãî ñî-

ñòîÿíèÿ êîíñòðóêöèè ïî îáðàçîâàíèþ òðåùèíû.

Âîïðîñû ðàçâèòèÿ è ðîñòà òðåùèíû, ò.å. æèâó÷å-

ñòè êîíñòðóêöèè, íå ðàññìàòðèâàåì. Ó÷èòûâàÿ,

÷òî ìàøèíîñòðîèòåëüíûå êîíñòðóêöèè èñïû-

òûâàþò çíàêîïåðåìåííîå íàãðóæåíèå íà äîñòà-

òî÷íî äëèòåëüíîì ïðîìåæóòêå âðåìåíè, è ïðè-

íèìàÿ äîïóùåíèå, ÷òî ìàêñèìàëüíûå íàïðÿ-

æåíèÿ â êîíñòðóêöèè íå ïðåâûøàþò ïðåäåëà

òåêó÷åñòè ìàòåðèàëà, èññëåäîâàëè ìåõàíèçì íà-

êîïëåíèÿ ïîâðåæäåíèé ïðè ìíîãîöèêëîâîé óñòà-

ëîñòè. Âîïðîñû ìàëîöèêëîâîé óñòàëîñòè, êàê è

âîïðîñû ãèãàöèêëîâîé óñòàëîñòè, â ðàáîòå íå

ðàññìàòðèâàëè.

Êðàòêàÿ èíôîðìàöèÿ

îá îöåíêå äîëãîâå÷íîñòè

Äëÿ ðàçðàáîòêè öèôðîâûõ äâîéíèêîâ îñòà-

òî÷íîãî ðåñóðñà ðàññìîòðèì îñîáåííîñòè êëàññè-

÷åñêîé îöåíêè äîëãîâå÷íîñòè. Â íàñòîÿùåå âðåìÿ

ñóùåñòâóåò áîëüøîå êîëè÷åñòâî ñõåì îöåíêè äîë-

ãîâå÷íîñòè êîíñòðóêöèé. Ïðåäñòàâèì òàêóþ ñõå-

ìó èñõîäÿ èç îñîáåííîñòåé ýêñïåðèìåíòàëüíîãî

îïðåäåëåíèÿ óñòàëîñòíûõ ñâîéñòâ ìàòåðèàëà

(ðèñ. 1).

Â îñíîâå ëþáîãî ðàñ÷åòà íà äîëãîâå÷íîñòü ëå-

æàò óñòàëîñòíûå ñâîéñòâà ìàòåðèàëà êîíñòðóê-

öèè, êîòîðûå ïîëó÷àþò äëÿ ëàáîðàòîðíûõ ãëàä-

êèõ îáðàçöîâ ïðè çàäàííûõ çàêîíå è ìåòîäå íà-

ãðóæåíèÿ. Ñâîéñòâà ìàòåðèàëà ïðåäñòàâëÿþò â

âèäå êðèâîé óñòàëîñòè. Ïðåäåëüíûé ïåðåõîä ê

ðåàëüíîé êîíñòðóêöèè âûïîëíÿþò «íàëîæåíè-

åì» åå êîíñòðóêòîðñêî-òåõíîëîãè÷åñêèõ ôàêòî-

ðîâ íà óñòàëîñòíûå ñâîéñòâà ãëàäêèõ îáðàçöîâ.

Ó÷èòûâàþò êîíöåíòðàòîðû íàïðÿæåíèé, øåðî-

õîâàòîñòü ïîâåðõíîñòè, ìàñøòàáíûé ôàêòîð, ìå-

òîäû òåõíîëîãè÷åñêîãî óïðî÷íåíèÿ äåòàëè, àñèì-

ìåòðèþ íàãðóæåíèÿ (ïðåäíàãðóæåíèå âåñîì êîí-

ñòðóêöèè, ëèíåéíîå óñêîðåíèå) è äð. Ïðè ýòîì

áîëüøèíñòâî ôàêòîðîâ ñíèæàåò ñïîñîáíîñòü êîí-

ñòðóêöèè ê ñîïðîòèâëåíèþ óñòàëîñòè, à ó÷èòûâà-

þò èõ ýìïèðè÷åñêèìè çàâèñèìîñòÿìè è êîýôôè-

öèåíòàìè. Â èòîãå ðàññ÷èòûâàþò ÷èñëî öèêëîâ

íàãðóæåíèÿ êîíñòðóêöèè è, ïðèìåíÿÿ îäíó èç ãè-

ïîòåç íàêîïëåíèÿ ïîâðåæäåíèé (îáû÷íî ëèíåé-

íóþ ãèïîòåçó ñóììèðîâàíèÿ ïîâðåæäåíèé) ñî-

âìåñòíî ñ êðèâîé óñòàëîñòè ìàòåðèàëà, îöåíèâà-

þò äîëãîâå÷íîñòü êîíñòðóêöèè. Ñ òî÷êè çðåíèÿ

ñîçäàíèÿ öèôðîâîãî äâîéíèêà îñòàòî÷íîãî ðåñóð-

ñà èçäåëèé ñóùåñòâóåò ðÿä ñåðüåçíûõ ïðîáëåì

äàæå ïðè ðàññìîòðåíèè òîëüêî ìíîãîöèêëîâîé

óñòàëîñòè ìàòåðèàëîâ.

Îáùèå ïðîáëåìû îöåíêè äîëãîâå÷íîñòè

êîíñòðóêöèé

Èñõîäíûå äàííûå ïî óñòàëîñòíûì ñâîé-

ñòâàì ìàòåðèàëà. Îäíîé èç ïðîáëåì ÿâëÿåòñÿ

ïîëó÷åíèå èñõîäíûõ äàííûõ ìàòåðèàëà — êðè-

âîé óñòàëîñòè, êîòîðóþ ñòðîÿò ïî ðåçóëüòàòàì ñå-

ðèè èñïûòàíèé îáðàçöîâ â òå÷åíèå äëèòåëüíîãî

ïðîìåæóòêà âðåìåíè íà ðàçíûõ óðîâíÿõ öèêëè-

÷åñêîãî çíàêîïåðåìåííîãî íàãðóæåíèÿ äî ðàçðó-

øåíèÿ èëè îáðàçîâàíèÿ îïðåäåëåííîé òðåùèíû.

Ïðè ýòîì êðèâàÿ óñòàëîñòè íîñèò âåðîÿòíîñòíûé

õàðàêòåð, ïðè÷åì ÷åì áëèæå óðîâåíü íàïðÿ-

æåíèé ê ôèçè÷åñêîìó ïðåäåëó âûíîñëèâîñòè

ìàòåðèàëà, òåì áîëüøå ðàçáðîñ ïîëó÷àåìûõ äàí-

íûõ ïî äîëãîâå÷íîñòè îáðàçöîâ. Â öåëÿõ íàáîðà

ñòàòèñòèêè êðèâóþ ñòðîÿò äëÿ áîëüøîãî ÷èñëà

îáðàçöîâ (íà êàæäîì óðîâíå èñïûòûâàþò ìèíè-

ìóì 4 – 12 îáðàçöîâ, âûáèðàþò ÷åòûðå è áîëåå

óðîâíåé íàïðÿæåíèé). Â ñðåäíåì êðèâóþ óñòàëî-

ñòè ìàòåðèàëà ñ äîñòàòî÷íûì íàáîðîì ïðåäñòà-

âèòåëüíûõ äàííûõ ïîëó÷àþò â òå÷åíèå ìåñÿöà.

Ïðè ýòîì ïðåðûâàíèå èñïûòàíèé (íà îòäåëüíîì

óðîâíå) íå äîïóñêàåòñÿ ïî ïðè÷èíå ðåëàêñàöèè

ìàòåðèàëà.

Êàê îòìå÷åíî âûøå (ñì. ðèñ. 1), êðèâóþ óñòà-

ëîñòè ìàòåðèàëà ìîæíî ïîñòðîèòü äëÿ ðàçíûõ

ïðîöåññîâ è ìåòîäîâ íàãðóæåíèÿ. ×àñòî èñïîëü-

çóþò ìåòîä íàãðóæåíèÿ ïðè ðàñòÿæåíèè-ñæàòèè

êàê ñàìûé ïðîñòîé â ðåàëèçàöèè è ÷àñòî âñòðå-

÷àåìûé â ýêñïëóàòàöèè. Îáû÷íî ïðîâîäÿò èñïû-

òàíèÿ íà ñåðâîãèäðàâëè÷åñêèõ ìàøèíàõ äëÿ öèê-

ëè÷åñêîãî íàãðóæåíèÿ íà ðàñòÿæåíèå-ñæàòèå.

Îäíàêî ñëåäóåò ó÷èòûâàòü, ÷òî íåêîòîðûå êîíñò-

ðóêöèè ïîäâåðãàþòñÿ íàãðóæåíèþ â ðåçóëüòàòå

ïîïåðå÷íîãî èçãèáà ëèáî êðó÷åíèÿ, à ÷àùå âñå-

ãî — ñëîæíîìó íàãðóæåíèþ (ìíîãîîñíîå íàïðÿ-

æåííîå ñîñòîÿíèå). Èìåííî èññëåäîâàíèå ñëîæ-

íîãî íàãðóæåíèÿ êîíñòðóêöèé â ïîñëåäíèå ãîäû

ïîëó÷èëî øèðîêîå ðàñïðîñòðàíåíèå [9 – 13].

Ïðè çàäàíèè ðàçíûõ çàêîíîâ íàãðóæåíèÿ

ïðè èñïûòàíèÿõ íà âûíîñëèâîñòü ìîæíî ïîëó-

÷èòü êàðäèíàëüíî îòëè÷àþùèåñÿ êðèâûå óñòàëî-

ñòè ìàòåðèàëà. Âûäåëÿþò ñëåäóþùèå âèäû íà-

ãðóæåíèé: ãàðìîíè÷åñêîå (íàèáîëåå ïðîñòîå â

ðåàëèçàöèè); ïðîãðàììíîå (íàáîð ðàçíûõ ãàðìî-

íè÷åñêèõ íàãðóæåíèé); ñòàöèîíàðíîå ýðãîäè÷å-

ñêîå ãàóññîâîå ñëó÷àéíîå; íåñòàöèîíàðíîå ñëó-

÷àéíîå (ñì. ðèñ. 1).

Íåñìîòðÿ íà ñóùåñòâóþùåå ðàçíîîáðàçèå ìå-

òîäîâ è çàêîíîâ íàãðóæåíèÿ, â ñïðàâî÷íîé ëèòå-

ðàòóðå ïðîáëåìàòè÷íî íàéòè ïîëíîöåííûå êðè-
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âûå óñòàëîñòè ìíîãèõ ìàòåðèàëîâ, èñïîëüçóåìûõ

â ìàøèíîñòðîåíèè, äàæå äëÿ ãàðìîíè÷åñêîãî íà-

ãðóæåíèÿ ïðè ðàñòÿæåíèè-ñæàòèè. Â ëó÷øåì

ñëó÷àå ïðèâåäåí ïðåäåë âûíîñëèâîñòè ìàòåðèà-

ëà. Ïîýòîìó â ðàñ÷åòàõ ïðèõîäèòñÿ èñïîëüçîâàòü

ïðèáëèæåííûå çíà÷åíèÿ êîíñòàíò óðàâíåíèé

êðèâîé óñòàëîñòè ìàòåðèàëà, ÷òî ñíèæàåò òî÷-

íîñòü ïðîãíîçà äîëãîâå÷íîñòè, êîòîðûé è òàê

ñèëüíî ïîäâåðæåí âåðîÿòíîñòíîé ïðèðîäå óñòà-

ëîñòè ìàòåðèàëà.

Äëÿ ñîçäàíèÿ öèôðîâûõ äâîéíèêîâ êîíñòðóê-

öèé â öåëÿõ îöåíêè îñòàòî÷íîé äîëãîâå÷íîñòè

íåîáõîäèìî, â ïåðâóþ î÷åðåäü, êîððåêòíî îïðåäå-

ëèòü óñòàëîñòíûå ñâîéñòâà ìàòåðèàëà äëÿ ðåàëü-

íûõ ñõåìû è õàðàêòåðà íàãðóæåíèÿ ýëåìåíòîâ

èññëåäóåìîãî îáúåêòà.
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Ðèñ. 1. Îñîáåííîñòè ðàñ÷åòà äîëãîâå÷íîñòè êîíñòðóêöèé

Fig. 1. Features of the structure durability estimation



Ó÷åò ðåàëüíîãî ýêñïëóàòàöèîííîãî íàãðó-

æåíèÿ. Â ïðîöåññå ýêñïëóàòàöèè èçäåëèÿ ÷àùå

âñåãî ïîäâåðãàþòñÿ íåñòàöèîíàðíûì ñëó÷àéíûì

ïðîöåññàì íàãðóæåíèÿ, ñìåùåííûì îòíîñèòåëü-

íî íóëÿ, ò.å. íåöåíòðèðîâàííûì. Ïîä íåñòàöèî-

íàðíûìè ïîíèìàþòñÿ ïðîöåññû ñ èçìåíÿþùèìè-

ñÿ âî âðåìåíè ìàòåìàòè÷åñêèì îæèäàíèåì (òðåí-

äîì) è êîððåëÿöèîííîé ôóíêöèåé. Èññëåäîâàíèå

òàêèõ ïðîöåññîâ ñ òî÷êè çðåíèÿ äîëãîâå÷íîñòè

ÿâëÿåòñÿ ïåðñïåêòèâíûì íàïðàâëåíèåì, êîòî-

ðîå àêòèâíî ðàçâèâàåòñÿ âñëåä çà ñîâðåìåííûìè

ìåòîäàìè îáðàáîòêè ñèãíàëîâ. Íà ïðîòÿæåíèè

âñåé èñòîðèè ðàçâèòèÿ ìåòîäîâ îöåíêè óñòà-

ëîñòíîé äîëãîâå÷íîñòè êîíñòðóêöèé èññëåäîâàëè

èìåííî ðåàëüíûå íåñòàöèîíàðíûå ýêñïëóàòàöè-

îííûå ïðîöåññû, îäíàêî îòñóòñòâèå âû÷èñëè-

òåëüíûõ ìîùíîñòåé è ïðîãðåññèâíûõ ïîäõîäîâ ê

îáðàáîòêå ñèãíàëîâ íå ïîçâîëÿëî ðàññìàòðèâàòü

òàêèå ïðîöåññû áåç èõ óïðîùåíèé. Íà ðèñ. 2 ïî-

êàçàíà ñõåìà èññëåäîâàíèÿ ñëó÷àéíûõ ïðîöåññîâ

ñ òî÷êè çðåíèÿ äîëãîâå÷íîñòè.

Íà ïðàêòèêå íåöåíòðèðîâàííûå ïðîöåññû,

ò.å. ïðîöåññû ñ àñèììåòðèåé, ïðèâîäÿò ê öåíòðè-

ðîâàííûì, êîððåêòèðóÿ àñèììåòðèþ îäíèì èç

ìåòîäîâ ïðè îöåíêå äîëãîâå÷íîñòè êîíñòðóêöèé

[13 – 18] (ñì. ðèñ. 2). Íåñòàöèîíàðíûé ñëó÷àé-

íûé ïðîöåññ â ñàìîì ïðîñòîì âàðèàíòå ïðèâîäÿò

ê ýêâèâàëåíòíîìó ïî ïîâðåæäàåìîñòè ãàðìîíè-

÷åñêîìó ïðîöåññó íàãðóæåíèÿ, äëÿ êîòîðîãî â

ñïðàâî÷íèêàõ ìîæíî íàéòè õàðàêòåðèñòèêè âû-

íîñëèâîñòè ìàòåðèàëà. Îäíàêî âîçíèêàåò ðÿä

âàæíûõ ôàêòîðîâ, ó÷åñòü êîòîðûå íå ïðåäñòàâëÿ-

åòñÿ âîçìîæíûì. Âî-ïåðâûõ, ñëîæíî íàéòè êðè-

òåðèé, ïî êîòîðîìó áóäåò îöåíèâàòüñÿ ðàâíàÿ ïî-

âðåæäàåìîñòü ñëó÷àéíîãî è ãàðìîíè÷åñêîãî ïðî-

öåññîâ. Âî-âòîðûõ, íå ó÷èòûâàåòñÿ ÷àñòîòíîñòü

ïðîöåññîâ, ñêîðîñòü èçìåíåíèÿ àìïëèòóä è ïðî-

äîëæèòåëüíîñòü èõ âîçäåéñòâèÿ. Â-òðåòüèõ, èãíî-

ðèðóþòñÿ ñâîéñòâà ìàòåðèàëîâ ê ðåëàêñàöèè,

îñîáåííî ïðè äëèòåëüíîé ñìåíå óðîâíåé íàïðÿ-

æåíèé.

Ñëåäóþùèé ýòàï â ðàçâèòèè îöåíêè äîëãî-

âå÷íîñòè êîíñòðóêöèé ïðè ñëó÷àéíîì íàãðóæå-

íèè — èññëåäîâàíèÿ âî âðåìåííîé è ÷àñòîòíûõ

îáëàñòÿõ (ñì. ðèñ. 2).

Àíàëèç ïðîöåññà íàãðóæåíèÿ âî âðåìåííîé

îáëàñòè ïîäðàçóìåâàåò ñõåìàòèçàöèþ ñëó÷àéíîãî

ïðîöåññà, êîòîðàÿ çàêëþ÷àåòñÿ â âûäåëåíèè èç

íåãî ðàçíûõ ïî óðîâíþ àìïëèòóä è ïîäñ÷åòå èõ

÷àñòîñòè. Äàëåå äëÿ îöåíêè äîëãîâå÷íîñòè èñ-

ïîëüçóþò ïðåäåëüíûå õàðàêòåðèñòèêè ñîïðîòèâ-

ëåíèÿ óñòàëîñòè ìàòåðèàëîâ, ïîëó÷åííûå ïðè
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Ðèñ. 2. Ñõåìà èññëåäîâàíèÿ ñëó÷àéíûõ ïðîöåññîâ ñ òî÷êè çðåíèÿ äîëãîâå÷íîñòè

Fig. 2. Approaches to the study of random processes in terms of the durability



ãàðìîíè÷åñêîì íàãðóæåíèè. Â ñâÿçè ñ ýòèì ïîÿ-

âèëîñü áîëüøîå êîëè÷åñòâî ìåòîäîâ ñõåìàòèçà-

öèè ñëó÷àéíûõ ïðîöåññîâ — ïðåäñòàâëåíèå èõ â

âèäå ýêâèâàëåíòíîãî ïî ïîâðåæäàåìîñòè íàáîðà

ãàðìîíè÷åñêèõ ïðîöåññîâ, ÷àñòü èç ñóùåñòâóþ-

ùèõ ìåòîäîâ îïèñàíû â ÃÎÑÒ 25.101–83. Â íà-

ñòîÿùåå âðåìÿ íàó÷íîå ñîîáùåñòâî îñòàíîâèëîñü

íà èñïîëüçîâàíèè ìåòîäà «ïàäàþùåãî äîæäÿ»

(rainflow-ìåòîä) êàê íàèáîëåå äîñòîâåðíîãî ñ òî÷-

êè çðåíèÿ îöåíêè äîëãîâå÷íîñòè. Ìåòîä ïàäàþ-

ùåãî äîæäÿ îñíîâàí íà ïîñëåäîâàòåëüíîì ïðåîá-

ðàçîâàíèè ýêñòðåìóìîâ èñòîðèè íàãðóæåíèÿ â

íàáîð çàêðûòûõ ïåòëåé ãèñòåðåçèñà íàïðÿæåíèÿ

(èëè äåôîðìàöèè) è ïðèçíàíèè ýòèõ ïåòåëü ïîë-

íîöåííûìè öèêëàìè. Îäíàêî ó ìåòîäîâ ñõåìàòè-

çàöèè åñòü è íåäîñòàòêè: íå ó÷èòûâàåòñÿ ÷àñòîò-

íûé ñîñòàâ ïðîöåññà è òðåáóåòñÿ çíàíèå âñåé ðåà-

ëèçàöèè ñëó÷àéíîãî ïðîöåññà, ÷òî ÷àùå âñåãî íå

ïðåäñòàâëÿåòñÿ âîçìîæíûì. Ñ òî÷êè çðåíèÿ ñîç-

äàíèÿ öèôðîâûõ äâîéíèêîâ èçäåëèé ìàøèíî-

ñòðîåíèÿ òàêîé âàðèàíò ìîæåò áûòü ðåàëèçîâàí

ïðè óñëîâèè íåïðåðûâíîãî ìîíèòîðèíãà íàïðÿ-

æåíèé â îïàñíîì ñå÷åíèè è ñõåìàòèçàöèè ïðî-

öåññà â ðåæèìå ðåàëüíîãî âðåìåíè.

Ñ ðàçâèòèåì ìàòåìàòè÷åñêîãî àïïàðàòà èñ-

ñëåäîâàòåëè ïåðåøëè ê àíàëèçó ñëó÷àéíûõ ïðî-

öåññîâ â ÷àñòîòíîé îáëàñòè. Îñíîâíûìè èíñòðó-

ìåíòàìè çäåñü âûñòóïàþò ñòàòèñòè÷åñêèå õàðàê-

òåðèñòèêè ïðîöåññà (ìîìåíòû) è ìåòîä ðàçëîæå-

íèÿ ñèãíàëà â ðÿä Ôóðüå, èç êîòîðûõ ñëåäóåò

ãëàâíîå îãðàíè÷åíèå âñåõ òàêèõ ïîäõîäîâ —

ìîæíî ðàññìàòðèâàòü òîëüêî ñòàöèîíàðíûé ãà-

óññîâñêèé ïðîöåññ, îáëàäàþùèé ñâîéñòâîì ýð-

ãîäè÷íîñòè. Â ðåàëüíûõ ýêñïëóàòàöèîííûõ

óñëîâèÿõ íàãðóæåíèå íîñèò íåñòàöèîíàðíûé õà-

ðàêòåð è ïåðåõîäíûå ïðîöåññû íàðÿäó ñî ñòàöèî-

íàðíûìè ó÷àñòêàìè ïðîöåññà íàãðóæåíèÿ ìîãóò

âíîñèòü ñóùåñòâåííûé âêëàä â ðàçâèòèå ïîâðåæ-

äåíèé êîíñòðóêöèè. Íåñìîòðÿ íà ýòî ñïåêòðàëü-

íûå ìåòîäû îáëàäàþò ðÿäîì ïðåèìóùåñòâ ïî

ñðàâíåíèþ ñ äðóãèìè ïîäõîäàìè: ó÷èòûâàþò ÷àñ-

òîòíîñòü ïðîöåññà, ÷òî ïîçâîëÿåò îöåíèâàòü âèá-

ðîïðî÷íîñòü êîíñòðóêöèé ñ ó÷åòîì èõ äèíàìè-

÷åñêèõ õàðàêòåðèñòèê (ñîáñòâåííûå ÷àñòîòû è

ôîðìû êîëåáàíèé, êîýôôèöèåíòû äåìïôèðîâà-

íèÿ); íå òðåáóþò çíàíèÿ âñåé ñëó÷àéíîé ðåàëèçà-

öèè íàãðóæåíèÿ, à ïðåäñòàâëÿþò åå â âèäå «ñæà-

òûõ» ñòàòèñòè÷åñêèõ äàííûõ — îñðåäíåííûõ

ñïåêòðàëüíûõ õàðàêòåðèñòèê ïðîöåññà. Òàêèå

ïîäõîäû ÷àñòî ïðèìåíÿþò íà ñòàäèè ïðîåêòèðî-

âàíèÿ êîíñòðóêöèè äëÿ àíàëèçà âëèÿíèÿ òîãî

èëè èíîãî ïðîöåññà íàãðóæåíèÿ â âåðîÿòíîñòíîé

ïîñòàíîâêå. Èõ ìîæíî èñïîëüçîâàòü è äëÿ íåïðå-

ðûâíîãî ìîíèòîðèíãà îñòàòî÷íîé äîëãîâå÷íîñòè

îáúåêòà.

Ñîçäàíèå öèôðîâûõ äâîéíèêîâ äîëãîâå÷-

íîñòè íàïðÿìóþ ñâÿçàíî ñ àíàëèçîì ýêñïëóàòà-

öèîííûõ íàãðóçîê ñ äàò÷èêîâ â ðåæèìå ðåàëü-

íîãî âðåìåíè. Â íàñòîÿùåå âðåìÿ ñóùåñòâåííîé

ïðîáëåìîé ÿâëÿåòñÿ îòñóòñòâèå ýôôåêòèâíûõ àë-

ãîðèòìîâ íåïðåðûâíîãî àíàëèçà íåñòàöèîíàð-

íûõ ñèãíàëîâ ñ äàò÷èêîâ äëÿ ïîñëåäóþùåé îöåí-

êè äîëãîâå÷íîñòè.

Îáðàáîòêà ðåàëüíûõ äàííûõ. Âàæíåéøèå

ñîñòàâëÿþùèå öèôðîâûõ äâîéíèêîâ èçäåëèé

ìàøèíîñòðîåíèÿ — ñáîð áîëüøîãî îáúåìà äàí-

íûõ â ïðîöåññå ýêñïëóàòàöèè îáîðóäîâàíèÿ è èõ

ôèëüòðàöèÿ â öåëÿõ èçâëå÷åíèÿ íàèáîëåå öåí-

íîé èíôîðìàöèè ñ òî÷êè çðåíèÿ ðåñóðñà è îáðà-

áîòêà â ñîîòâåòñòâèè ñ àëãîðèòìàìè ìàòåìàòè÷å-

ñêîé ìîäåëè. Èñõîäÿ èç ýòîãî, ÷åòêî âûäåëÿþò

ïðîáëåìó, ñâÿçàííóþ ñ áîëüøèì îáúåìîì äàí-

íûõ, êîòîðûé íåîáõîäèìî ñîáèðàòü è õðàíèòü

íà ïðîòÿæåíèè äëèòåëüíîãî ïðîìåæóòêà âðå-

ìåíè, ïàðàëëåëüíî íàêàïëèâàÿ ñòàòèñòèêó îòêà-

çîâ îáîðóäîâàíèÿ. Íàïðèìåð, îäèí äàò÷èê, íå-

ïðåðûâíî ñîáèðàÿ äàííûå ñ ÷àñòîòîé äèñêðåòèçà-

öèè 1024 Ãö çà ãîä ìîæåò ñîáðàòü 32 · 109 òî÷åê,

à îáû÷íî èíôîðìàöèþ ïîëó÷àþò íå ñ îäíîãî, à ñ

íàáîðà äàò÷èêîâ. Ñëåäóþùàÿ ïðîáëåìà — îáðà-

áîòêà òàêîãî áîëüøîãî ìàññèâà äàííûõ. Ïðè ýòîì

öåííàÿ èíôîðìàöèÿ ìîæåò ñîäåðæàòüñÿ â âåñüìà

îãðàíè÷åííîì îáúåìå äàííûõ, â òî âðåìÿ êàê ñî-

áèðàþò èõ ïîëíîñòüþ, âêëþ÷àÿ âñå øóìû è íå-

çíà÷èòåëüíûå ñ òî÷êè çðåíèÿ ðåñóðñà èçìåíåíèÿ

â óñëîâèÿõ ðàáîòû îáîðóäîâàíèÿ. Â íàñòîÿùåå

âðåìÿ ýòîé ïðîáëåìå óäåëåíî îòäåëüíîå âíèìà-

íèå. Òàê, àâòîðû ðàáîòû [19] ïðåäëàãàþò ïðèìå-

íÿòü äèñêðåòèçàöèþ ñëó÷àéíîãî ïðîöåññà ïî ìå-

òîäó ïåðåñå÷åíèÿ óðîâíåé, ÷òî ÿâëÿåòñÿ îáîñ-

íîâàííûì ðåøåíèåì ñ òî÷êè çðåíèÿ ôèçèêè

íàêîïëåíèÿ ïîâðåæäåíèé è ïîçâîëÿåò ñóùå-

ñòâåííî îïòèìèçèðîâàòü ïðîöåññ ñáîðà èíôîðìà-

öèè. Ñ äðóãîé ñòîðîíû, ñóùåñòâóþò è íåñòàí-

äàðòíûå ìåòîäû ôèëüòðàöèè äàííûõ íàãðóæå-

íèÿ — ñ ïðèìåíåíèåì ìåòîäîâ äåêîìïîçèöèè

ñëó÷àéíûõ ñèãíàëîâ [20].

Òàêèì îáðàçîì, íåîáõîäèìû ìåòîäû ôèëüò-

ðàöèè è ïðåäñòàâëåíèÿ äàííûõ â ñæàòîì ôîðìà-

òå. Ñàìàÿ ãëàâíàÿ ïðîáëåìà — ñîçäàíèå àëãîðèò-

ìîâ ìàòåìàòè÷åñêîé ìîäåëè, êîòîðûå äîëæíû

ôîðìèðîâàòüñÿ íà îñíîâå êàê ôèçè÷åñêèõ çàêî-

íîâ ÿâëåíèÿ äîëãîâå÷íîñòè, òàê è ñòàòèñòè÷åñêèõ

äàííûõ ñ äàò÷èêîâ, äëÿ ïðîãíîçà îñòàòî÷íîãî ðå-

ñóðñà â ðåàëüíîì âðåìåíè ïðè äåéñòâèè ýêñïëóà-

òàöèîííûõ íàãðóçîê.

Ñòðóêòóðíàÿ ñõåìà öèôðîâîãî äâîéíèêà

äëÿ îöåíêè äîëãîâå÷íîñòè

Â îáùåì âèäå ñòðóêòóðíàÿ ñõåìà öèôðîâîãî

äâîéíèêà äëÿ îöåíêè äîëãîâå÷íîñòè ìîæåò áûòü

ïðåäñòàâëåíà â âèäå íàáîðà öèôðîâûõ ìîäåëåé.

Â êà÷åñòâå ïðèìåðà íà ðèñ. 3 ïðèâåäåíà ñõåìà

öèôðîâîãî äâîéíèêà ðàìû èçãèáî-ðàñòÿæíîé ìà-
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øèíû ëèñòîïðîêàòíîãî öåõà ìåòàëëóðãè÷åñêîãî

ïðîèçâîäñòâà.

Öèôðîâóþ ìîäåëü îáúåêòà ïðåäñòàâëÿþò â

âèäå íàáîðà òåõíîëîãè÷åñêèõ äàò÷èêîâ (äàò÷èêîâ

ÀÑÓ ÒÏ) è äîïîëíèòåëüíî óñòàíîâëåííûõ äàò÷è-

êîâ (àêñåëåðîìåòðîâ, òåíçîäàò÷èêîâ), êîòîðûå

íåïðåðûâíî îáðàáàòûâàþò è îáíîâëÿþò êîíå÷-

íî-ýëåìåíòíóþ ðàñ÷åòíóþ ìîäåëü. Â äàííîì ñëó-

÷àå âîçìîæíû äâà âàðèàíòà îöåíêè äîëãîâå÷íî-

ñòè — âðåìåííûìè èëè ÷àñòîòíûìè ìåòîäàìè.

Íà ðèñ. 3 ïðåäñòàâëåíà ñõåìà ñ ïðèìåíåíèåì ÷àñ-

òîòíûõ ìåòîäîâ è îöåíêîé ñïåêòðàëüíîé ïëîòíî-

ñòè ìîùíîñòè (ÑÏÌ) íàïðÿæåíèé. Ó÷èòûâàÿ

êðèâûå óñòàëîñòè ìàòåðèàëà, ïîëó÷åííûå äëÿ

ðàçíûõ ñõåì íàãðóæåíèÿ, ïðèíèìàÿ âî âíèìàíèå

ìíîãîîñíîå ñëîæíîå íàãðóæåíèå, à òàêæå êîíñò-

ðóêòîðñêî-òåõíîëîãè÷åñêèå ôàêòîðû, îöåíèâàþò

òåêóùóþ äîëãîâå÷íîñòü, êîòîðóþ â èòîãå ñðàâíè-

âàþò ñ ïðîåêòíîé è â âåðîÿòíîñòíîé ïîñòàíîâêå

óêàçûâàþò îñòàòî÷íóþ äîëãîâå÷íîñòü îáúåêòà.

Ïðè ýòîì âîçìîæíà îáðàòíàÿ ñâÿçü — îïòèìèçà-

öèÿ òåõíîëîãè÷åñêîãî ïðîöåññà äëÿ êîíòðîëÿ è

óâåëè÷åíèÿ ðåñóðñà îáúåêòà. Îïòèìèçàöèþ îñó-

ùåñòâëÿþò ïóòåì âèðòóàëüíîé ñèìóëÿöèè ïîêà-

çàíèé äàò÷èêîâ è àíàëèçà ïîâåäåíèÿ öèôðîâîé

ìîäåëè äîëãîâå÷íîñòè.

Âûâîäû

Ñôîðìóëèðîâàíû ïðîáëåìû ñîçäàíèÿ öèôðî-

âûõ äâîéíèêîâ äîëãîâå÷íîñòè èçäåëèé ìàøèíî-

ñòðîåíèÿ. Ïåðå÷èñëèì îñíîâíûå èõ íèõ:
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Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà öèôðîâîãî äâîéíèêà äîëãîâå÷íîñòè íà ïðèìåðå ðàìû èçãèáî-ðàñòÿæíîé ìàøèíû ìåòàëëóð-

ãè÷åñêîãî ïðîèçâîäñòâà (ÑÏÌ — ñïåêòðàëüíàÿ ïëîòíîñòü ìîùíîñòè)

Fig. 3. Structural diagram of the durability digital twin in the case study of the frame of a bending and stretching machine in

metallurgical production (PSD — power spectrum density)



1) îïðåäåëåíèå îáúåêòà öèôðîâîãî äâîéíèêà

(îòäåëüíàÿ äåòàëü, óçåë èëè èçäåëèå â öåëîì) —

ïðè ïåðåõîäå îò êîíêðåòíûõ äåòàëåé ê îáùåé

êîíñòðóêöèè èçäåëèÿ âîçðàñòàåò ïîãðåøíîñòü

ïðåäèêòèâíîé ìîäåëè, îáû÷íî âûçâàííàÿ áîëü-

øèì êîëè÷åñòâîì íåó÷òåííûõ ôàêòîðîâ;

2) âàëèäàöèÿ âèðòóàëüíîé ìîäåëè äåòàëè,

óçëà èëè èçäåëèÿ;

3) ôèëüòðàöèÿ äàííûõ ñ äàò÷èêîâ è âûäåëå-

íèå íàèáîëåå öåííîé èíôîðìàöèè ñ òî÷êè çðå-

íèÿ îöåíêè ðåñóðñà;

4) âûáîð ìîäåëè îöåíêè ðåñóðñà èçäåëèÿ

(ñïåêòðàëüíûå, âðåìåííûå ìåòîäû èëè èõ êîìáè-

íàöèè);

5) ïîëó÷åíèå èñõîäíûõ äàííûõ õàðàêòåðè-

ñòèê âûíîñëèâîñòè ìàòåðèàëîâ, èñïîëüçóåìûõ â

êîíñòðóêöèè (ñ ó÷åòîì ïðîöåññà è ìåòîäà íàãðó-

æåíèÿ);

6) òî÷íîñòü çàäàíèÿ êîýôôèöèåíòîâ ó÷åòà

êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ ôàêòîðîâ ïðè

îöåíêå äîëãîâå÷íîñòè òðàäèöèîííûìè ìåòîäàìè.
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rscf.ru/project/23-29-10097.

ËÈÒÅÐÀÒÓÐÀ

1. Wang M., Feng S., Incecik A., et al. Structural fatigue life

prediction considering model uncertainties through a novel digi-

tal twin-driven approach / Comput. Methods Appl. Mech. Eng.

2022. Vol. 391. P. 114512. DOI: 10.1016/j.cma.2021.114512

2. Wagener R., Maciolek A., Kaufmann H. Description of the

cyclic material behaviour of aluminium wrought alloys as basis

for a digital twin / Procedia Struct. Integr. 2019. Vol. 18. P. 490 –

500. DOI: 10.1016/j.prostr.2019.08.191

3. Ñìèðíîâà Ë. Ë., Çèíèí À. Â. Ñòðóêòóðíûå îñîáåííîñòè íà-

êîïëåíèÿ ïîâðåæäåíèé ïðè êîìáèíèðîâàííîé öèêëè÷åñêîì

íàãðóæåíèè / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèà-

ëîâ. 2019. Ò. 85. ¹ 5. Ñ. 46 – 51.

DOI: 10.26896/1028-6861-2019-85-5-46-51

4. Chabod A. Digital Twin for Fatigue Analysis / Procedia Struct.

Integr. 2022. Vol. 38. P. 382 – 392.

DOI: 10.1016/j.prostr.2022.03.039

5. Vanderhorn E., Wang Z., Mahadevan S. Towards a digital

twin approach for vessel-specific fatigue damage monitoring and

prognosis / Reliab. Eng. Syst. Saf. 2022. Vol. 219. P. 108222.

DOI: 10.1016/j.ress.2021.108222

6. Øåâ÷åíêî Ä. Â. Ïðèìåíåíèå öèôðîâûõ äâîéíèêîâ ãðóçîâûõ

âàãîíîâ äëÿ êîíòðîëÿ âûðàáîòêè èõ ðåñóðñà / Íàó÷íûå îñíîâû

è òåõíîëîãèè ïîâûøåíèÿ ðåñóðñà è æèâó÷åñòè ïîäâèæíîãî ñî-

ñòàâà æåëåçíîäîðîæíîãî òðàíñïîðòà: ñáîðíèê òðóäîâ ìåæäó-

íàðîäíîé íàó÷íîé êîíôåðåíöèè, Êîëîìíà, 22 èþíÿ 2021

ãîäà. — Êîëîìíà: Àêöèîíåðíîå îáùåñòâî «Íàó÷íî-èññëåäîâà-

òåëüñêèé è êîíñòðóêòîðñêî-òåõíîëîãè÷åñêèé èíñòèòóò ïî-

äâèæíîãî ñîñòàâà», 2021. Ñ. 130 – 136.

7. Çàñîâ Â. À., Äàâëåòøèíà À. È. Ñèñòåìà ìîíèòîðèíãà âûðà-

áîòàííîãî è îñòàòî÷íîãî ðåñóðñîâ ëîêîìîòèâíûõ äâèãàòåëåé

íà îñíîâå öèôðîâûõ äâîéíèêîâ / Ìåõàòðîíèêà, àâòîìàòèçà-

öèÿ è óïðàâëåíèå íà òðàíñïîðòå / Ìàòåðèàëû IV Âñåðîññèé-

ñêîé íàó÷íî-ïðàêòè÷åñêîé êîíôåðåíöèè, Ñàìàðà, 26 – 27 ÿí-

âàðÿ 2022 ãîäà. — Ñàìàðà: Ñàìàðñêèé ãîñóäàðñòâåííûé óíè-

âåðñèòåò ïóòåé ñîîáùåíèÿ, 2022. C. 24 – 29.

8. Ðûæîâ Â. Â., Äåðãà÷åâ Ï. À., Êóðáàòîâ Ï. À. Ðàçðàáîòêà

öèôðîâûõ äâîéíèêîâ ìîùíûõ òóðáîãåíåðàòîðîâ äëÿ ïî-

âûøåíèÿ íàäåæíîñòè ïðîãíîçíûõ ìîäåëåé îñòàòî÷íîãî ðå-

ñóðñà / Òåçèñû XXII ìåæäóíàðîäíîé êîíôåðåíöèè ïî ïîñòî-

ÿííûì ìàãíèòàì, Ñóçäàëü, 23 – 27 ñåíòÿáðÿ 2019 ãîäà. —

Ñóçäàëü: Ãðàôèò, 2019. Ñ. 140 – 141.

9. Bohm M., Nieslony A. Strain-based Multiaxial Fatigue Life

Evaluation Using Spectral Method / Procedia Eng. 2015.

Vol. 101. P. 52 – 60. DOI: 10.1016/j.proeng.2015.02.008

10. Karolczuk A. Application of the Gaussian process for fatigue

life prediction under multiaxial loading / Mech. Syst. Signal

Proc. 2022. Vol. 167. P. 108599.

DOI: 10.1016/j.ymssp.2021.108599

11. Mrsnik M., Slavic J., Boltezar M. Multiaxial vibration fati-

gue — A theoretical and experimental comparison / Mech. Syst.

Signal Proc. 2016. Vol. 76. P. 409 – 423.

DOI: 10.1016/j.ymssp.2016.02.012

12. Nieslony A. Comparison of some selected multiaxial fatigue fa-

ilure criteria dedicated for spectral method / J. Theor. Appl.

Mech. 2010. Vol. 48. P. 233 – 254.

13. Zhang Q., Hu X., Zhang Z., et al. The mean stress and phase

angle effect on multiaxial fatigue behavior of a TiAl alloy: Failu-

re analysis and life modeling / Int. J. Mech. Sci. 2021. Vol. 193.

P. 106123. DOI: 10.1016/j.ijmecsci.2020.106123

14. Gan L., Wu H., Zhong Z. Fatigue life prediction considering

mean stress effect based on random forests and kernel extreme

learning machine / Int. J. Fatigue. 2022. Vol. 158. P. 106761.

DOI: 10.1016/j.ijfatigue.2022.106761

15. Kamaya M., Kawakubo M. Influence of mean stress on fati-

gue strength of stainless steel / INSS J. 2013. Vol. 20. P. 191 –

203. DOI: 10.1299/transjsme.2014smm0037

16. Kamaya M., Kawakubo M. Mean stress effect on fatigue

strength of stainless steel / Int. J. Fatigue. 2015. Vol. 74. P. 20 –

29. DOI: 10.1016/j.ijfatigue.2014.12.006

17. Nieslony A., Bohm M. Mean stress effect correction using

constant stress ratio S — N curves / Int. J. Fatigue. 2013.

Vol. 52. P. 49 – 56. DOI: 10.1016/j.ijfatigue.2013.02.019

18. Oh G. Effective stress and fatigue life prediction with mean

stress correction models on a ferritic stainless steel sheet / Int.

J. Fatigue. 2022. Vol. 157. P. 106707.

DOI: 10.1016/j.ijfatigue.2021.106707

19. Ãàäîëèíà È. Â., Ëèñà÷åíêî Í. Ã., Ñâèðñêèé Þ. À., Äó-

áèí Ä. À. Âûáîð ÷àñòîòû äèñêðåòèçàöèè è îïòèìàëüíûé

ñïîñîá öèôðîâîé îáðàáîòêè ñèãíàëîâ â çàäà÷àõ ðàññìîòðåíèÿ

ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ äëÿ îöåíêè äîëãîâå÷íîñòè /

Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ. 2019.

Ò. 85. ¹ 7. C. 64 – 72.

DOI: 10.26896/1028-6861-2019-85-7-64-72

20. Li R., Marzban A., Ping J., et al. A novel approach for stress

cycle analysis based on empirical mode decomposition / MFPT

2018 — Intell. Technol. Equip. Hum. Perform. Monit. Proc.

2018. P. 4 – 12.

REFERENCE

1. Wang M., Feng S., Incecik A., et al. Structural fatigue life

prediction considering model uncertainties through a novel dig-

ital twin-driven approach / Comput. Methods Appl. Mech. Eng.

2022. Vol. 391. P. 114512. DOI: 10.1016/j.cma.2021.114512

2. Wagener R., Maciolek A., Kaufmann H. Description of the

cyclic material behaviour of aluminium wrought alloys as basis

for a digital twin / Procedia Struct. Integr. 2019. Vol. 18.

P. 490 – 500. DOI: 10.1016/j.prostr.2019.08.191

3. Smirnova L. L., Zinin A. V. Structural feathers of damages

accumulation in conditions of combined cyclic loading / Zavod.

Lab. Diagn. Mater. 2019. Vol. 85. N 5. P. 46 – 51 [in Russian].

DOI: 10.26896/1028-6861-2019-85-5-46-51

4. Chabod A. Digital Twin for Fatigue Analysis / Procedia Struct.

Integr. 2022. Vol. 38. P. 382 – 392.

DOI: 10.1016/j.prostr.2022.03.039

5. Vanderhorn E., Wang Z., Mahadevan S. Towards a digital

twin approach for vessel-specific fatigue damage monitoring

74 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8



and prognosis / Reliab. Eng. Syst. Saf. 2022. Vol. 219. P. 108222.

DOI: 10.1016/j.ress.2021.108222

6. Shevchenko D. V. The use of digital twins of freight cars to

control the development of their resource / Scientific founda-

tions and technologies for increasing the resource and surviv-

ability of the rolling stock of railway transport: a collection of

proceedings of the international scientific conference, 2021.

P. 130 – 136 [in Russian].

7. Zasov V. A., Davletshina A. I. System for monitoring residual

life of locomotive engines based on digital twins / Mechatronics,

automation and control in transport / Proceedings of the IV

All-Russian Scientific and Practical Conference, Samara, Janu-

ary 26 – January 27, 2022. — Samara: Samar. gos. univ. putei

soobshch., 2022. P. 24 – 29 [in Russian].

8. Ryzhov V. V., Dergachev P. A., Kurbatov P. A. Development

of Digital Twins of Powerful Turbine Generators to Improve

Reliability of Predictive Residual Life Models / Abstracts of the

XXII International Conference on Permanent Magnets, Suzdal,

23 – 27 September 2019. — Suzdal’: Grafit, 2019. P. 140 – 141

[in Russian].

9. Bohm M., Nieslony A. Strain-based Multiaxial Fatigue Life

Evaluation Using Spectral Method / Procedia Eng. 2015.

Vol. 101. P. 52 – 60. DOI: 10.1016/j.proeng.2015.02.008

10. Karolczuk A. Application of the Gaussian process for fatigue

life prediction under multiaxial loading / Mech. Syst. Signal

Proc. 2022. Vol. 167. P. 108599.

DOI: 10.1016/j.ymssp.2021.108599

11. Mrsnik M., Slavic J., Boltezar M. Multiaxial vibration fa-

tigue — A theoretical and experimental comparison / Mech.

Syst. Signal Proc. 2016. Vol. 76. P. 409 – 423.

DOI: 10.1016/j.ymssp.2016.02.012

12. Nieslony A. Comparison of some selected multiaxial fatigue

failure criteria dedicated for spectral method / J. Theor. Appl.

Mech. 2010. Vol. 48. P. 233 – 254.

13. Zhang Q., Hu X., Zhang Z., et al. The mean stress and phase

angle effect on multiaxial fatigue behavior of a TiAl alloy: Fail-

ure analysis and life modeling / Int. J. Mech. Sci. 2021. Vol. 193.

P. 106123. DOI: 10.1016/j.ijmecsci.2020.106123

14. Gan L., Wu H., Zhong Z. Fatigue life prediction considering

mean stress effect based on random forests and kernel extreme

learning machine / Int. J. Fatigue. 2022. Vol. 158. P. 106761.

DOI: 10.1016/j.ijfatigue.2022.106761

15. Kamaya M., Kawakubo M. Influence of mean stress on fa-

tigue strength of stainless steel / INSS J. 2013. Vol. 20. P. 191 –

203. DOI: 10.1299/transjsme.2014smm0037

16. Kamaya M., Kawakubo M. Mean stress effect on fatigue

strength of stainless steel / Int. J. Fatigue. 2015. Vol. 74. P. 20 –

29. DOI: 10.1016/j.ijfatigue.2014.12.006

17. Nieslony A., Bohm M. Mean stress effect correction using

constant stress ratio S — N curves / Int. J. Fatigue. 2013.

Vol. 52. P. 49 – 56. DOI: 10.1016/j.ijfatigue.2013.02.019

18. Oh G. Effective stress and fatigue life prediction with mean

stress correction models on a ferritic stainless steel sheet / Int.

J. Fatigue. 2022. Vol. 157. P. 106707.

DOI: 10.1016/j.ijfatigue.2021.106707

19. Gadolina I. V., Lisachenko N. G., Svirskiy Yu. A., Du-

bin D. A. The choice of the sampling frequency and optimal

method of signal digital processing in the problems considering

random loading process for assessing durability / Zavod. Lab.

Diagn. Mater. 2019. Vol. 85. N 7. P. 64 – 72 [in Russian].

DOI: 10.26896/1028-6861-2019-85-7-64-72

20. Li R., Marzban A., Ping J., et al. A novel approach for stress

cycle analysis based on empirical mode decomposition / MFPT

2018 — Intell. Technol. Equip. Hum. Perform. Monit. Proc.

2018. P. 4 – 12.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 8 75



DOI: https://doi.org/10.26896/1028-6861-2023-89-8-76-82

ÈÇÍÎÑÎÑÒÎÉÊÎÑÒÜ ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÌÀÒÅÐÈÀËÎÂ

ÍÀ ÎÑÍÎÂÅ ÑÂÅÐÕÂÛÑÎÊÎÌÎËÅÊÓËßÐÍÎÃÎ ÏÎËÈÝÒÈËÅÍÀ

Ñ ÊÎÌÁÈÍÈÐÎÂÀÍÍÛÌ ÍÀÏÎËÍÅÍÈÅÌ

� Àíäðåé Ïåòðîâè÷ Âàñèëüåâ1, Ñàõàÿíà Íèêîëàåâíà Äàíèëîâà1*,

Àéòàëèíà Àëåêñååâíà Îõëîïêîâà1, Àôàíàñèé Àëåêñååâè÷

Äüÿêîíîâ1,2, Àíàñòàñèÿ Âàñèëüåâíà Îêîíåøíèêîâà1,

Èãîðü Ñåðãååâè÷ Ìàêàðîâ1

1 Ñåâåðî-Âîñòî÷íûé ôåäåðàëüíûé óíèâåðñèòåò èì. Ì. Ê. Àììîñîâà, Ðîññèÿ, 677000, ßêóòñê, óë. Áåëèíñêîãî, ä. 58;

*e-mail: dsn.sakhayana@mail.ru
2 Èíñòèòóò ôèçèêî-òåõíè÷åñêèõ ïðîáëåì Ñåâåðà èì. Â. Ï. Ëàðèîíîâà ÑÎ ÐÀÍ, Ðîññèÿ, 677000, ßêóòñê, óë. Îêòÿáðüñêàÿ,

ä. 1.

Ñòàòüÿ ïîñòóïèëà 28 äåêàáðÿ 2022 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 27 ôåâðàëÿ 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 30 ìàðòà 2023 ã.

Ïîëèìåðíûå êîìïîçèöèîííûå ìàòåðèàëû (ÏÊÌ) àíòèôðèêöèîííîãî íàçíà÷åíèÿ ñ ñàìî-

ñìàçûâàþùèìèñÿ ñâîéñòâàìè íàõîäÿò ïðèìåíåíèå äëÿ èçãîòîâëåíèÿ ðàçëè÷íûõ äåòàëåé â

óçëàõ òðåíèÿ ìàøèí è ìåõàíèçìîâ. Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ íàïîëíèòåëåé

(ñóëüôåíàìèäà Ö, ñåðû, îêñèäîâ ìàãíèÿ è öèíêà) íà òðèáîëîãè÷åñêèå ïàðàìåòðû ïîëèìåð-

íûõ êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå ñâåðõâûñîêîìîëåêóëÿðíîãî ïîëèýòèëåíà

(ÑÂÌÏÝ). Îáðàçöû äëÿ èññëåäîâàíèé èçãîòàâëèâàëè ìåòîäîì ãîðÿ÷åãî ïðåññîâàíèÿ —

ïðè òåìïåðàòóðå 175 °C è äàâëåíèè 10 ÌÏà. Ðàññìàòðèâàëè êîìïîçèòû ñ êîíöåíòðàöèÿìè

íàïîëíèòåëåé: 0,5 è 1 % ìàññ. ñóëüôåíàìèäà; 0,5 è 1 % ìàññ. ñóëüôåíàìèäà ñ ñåðîé; 0,5

è 1 % ìàññ. ñóëüôåíàìèäà ñ ñåðîé ñ âàðèàöèåé îêñèäà öèíêà èëè îêñèäà ìàãíèÿ. Óñòàíîâ-

ëåíî, ÷òî ââåäåíèå ñóëüôåíàìèäà ïðèâîäèò ê ïîâûøåíèþ èçíîñîñòîéêîñòè â øåñòü ðàç,

à ââåäåíèå êîìáèíàöèè íàïîëíèòåëåé 0,5 % ìàññ. ñóëüôåíàìèäà, ñåðû è îêñèäà ìàãíèÿ —

â 1,5 ðàçà. Ïîâåðõíîñòè òðåíèÿ êîìïîçèòîâ èññëåäîâàëè íà ñêàíèðóþùåì ýëåêòðîííîì

ìèêðîñêîïå è ÈÊ-ñïåêòðîìåòðå. Íà ïîâåðõíîñòÿõ òðåíèÿ êîìïîçèòîâ, íàïîëíåííûõ ñóëü-

ôåíàìèäîì, âûÿâëåíî ôîðìèðîâàíèå îðèåíòèðîâàííîé óïîðÿäî÷åííîé ñòðóêòóðû â âèäå

êëàñòåðîâ èç ïðîäóêòîâ èçíîñà. Â ñëó÷àå êîìáèíèðîâàííîãî íàïîëíåíèÿ íà ïîâåðõíîñòè

òðåíèÿ îáíàðóæåíû âòîðè÷íûå ñòðóêòóðû, îòëè÷àþùèåñÿ âèçóàëüíî îò ïîâåðõíîñòè òðå-

íèÿ ÑÂÌÏÝ. Ìåòîäîì ÈÊ-ñïåêòðîñêîïèè ïîâåðõíîñòè òðåíèÿ êîìïîçèòîâ ñ êîìáèíèðî-

âàííûì íàïîëíåíèåì óñòàíîâëåíî ïîÿâëåíèå ïèêîâ â ÈÊ-ñïåêòðàõ, ñîîòâåòñòâóþùèõ

êèñëîðîäñîäåðæàùèì ãðóïïàì (–C=O, –COOX). Ïîêàçàíî, ÷òî ÈÊ-ñïåêòðû êîìïîçèòîâ ñ

ìîíî- è áèíàðíûìè íàïîëíèòåëÿìè èìåþò ìåíåå èíòåíñèâíûå ïèêè áëàãîäàðÿ ôîðìèðî-

âàíèþ âòîðè÷íûõ ñòðóêòóð. Ââåäåíèå â ÑÂÌÏÝ ñóëüôåíàìèäà ñîâìåñòíî ñ îêñèäàìè öèí-

êà è ìàãíèÿ ñïîñîáñòâóåò ñøèâêå ìàêðîìîëåêóë ïîëèìåðà â çîíå òðåíèÿ çà ñ÷åò ôðèêöèîí-

íîãî íàãðåâà, ñäâèãîâûõ íàãðóçîê è âîçäåéñòâèÿ êîíòðòåëà. Ðàçðàáîòàííûå ìàòåðèàëû ìî-

ãóò áûòü èñïîëüçîâàíû äëÿ èçãîòîâëåíèÿ äåòàëåé óçëîâ òðåíèÿ ìàøèí è äðóãîé òðàíñïîðò-

íîé òåõíèêè, ïîñêîëüêó âûäåðæèâàþò æåñòêèå óñëîâèÿ ýêñïëóàòàöèè â ðåçêîêîíòèíåíòà-

ëüíîì êëèìàòå.

Êëþ÷åâûå ñëîâà: ñâåðõâûñîêîìîëåêóëÿðíûé ïîëèýòèëåí; ïîëèìåðíûé êîìïîçèöèîí-

íûé ìàòåðèàë; êîìáèíèðîâàííîå íàïîëíåíèå; ñåðà; ñóëüôåíàìèä Ö; îêñèä öèíêà; îêñèä

ìàãíèÿ.
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Polymer composite materials (PCM) of antifriction duty with self-lubricating properties are used for the

manufacture of various parts in friction units of machines and mechanisms. PCM can partially replace

parts made of metals and alloys, increasing the reliability and service life of the equipment when the use of

oils or external lubricants is limited or prohibited. The goal of the study is the effect of fillers (sulfenamide,

sulfur, magnesium and zinc oxides) on the tribological parameters of polymer composite materials based

on ultra-high molecular weight polyethylene (UHMWPE). Samples were prepared by hot pressing at a

temperature of 175°C and a pressure of 10 MPa. Composites with filler concentrations 0.5 and 1 wt.%

were considered (for sulfenamide, sulfenamide with sulfur, and combinations of 0.5 and 1 wt.% sulfen-

amide with sulfur and zinc oxide or magnesium oxide). It is shown that the introduction of sulfenamide

leads to an increase in the wear resistance by six times, and the introduction of a combination of fillers of

0.5 wt.% sulfenamide, sulfur, and magnesium oxide — by 1.5 times. The friction surfaces of composites

were studied using methods of scanning electron microscopy and IR-spectrometry. The formation of an

oriented ordered structure in the form of clusters of wear products was revealed on the friction surfaces of

composites filled with sulfenamide. In the case of combined filling, secondary structures were found on the

friction surface, which visually differ from the UHMWPE friction surface. The appearance of peaks in IR

spectra corresponding to oxygen-containing groups (–C=O, –COOX) was observed on the friction surface

of composites with combined filling. It is shown that IR spectra of composites with mono- and binary fill-

ers have peaks of less intensity due to the formation of secondary structures. The introduction of

sulfenamide into UHMWPE, together with zinc and magnesium oxides, promotes the crosslinking of poly-

mer macromolecules in the friction zone due to frictional heating, shear loads, and the action of a

counterbody. The developed materials can be used as parts of friction units for cars and transport equip-

ment that can withstand harsh operating conditions in a sharply continental climate.

Keywords: ultra-high molecular weight polyethylene; polymer composite material; combined filling; sul-

fur; sulfenamide; zinc oxide; magnesium oxide.

Ââåäåíèå

Ñîçäàíèå íîâûõ êîíñòðóêöèîííûõ ìàòåðèà-

ëîâ èç ïîëèìåðîâ, îáëàäàþùèõ âûñîêîé ïðî÷íî-

ñòüþ è èçíîñîñòîéêîñòüþ, — ïåðñïåêòèâíîå íà-

ïðàâëåíèå â ìàòåðèàëîâåäåíèè [1]. Èçäåëèÿ èç

ïîëèìåðîâ íàõîäÿò øèðîêîå ïðèìåíåíèå â àâèà-

öèîííîé è ðàêåòíîé ïðîìûøëåííîñòè, ñóäî-

ñòðîåíèè è ìàøèíîñòðîåíèè, ñòðîèòåëüíîé èíäó-

ñòðèè, ìåäèöèíå è äðóãèõ îáëàñòÿõ íàðîäíîãî õî-

çÿéñòâà [2]. Ïîëèìåðíûå êîìïîçèöèîííûå ìàòå-

ðèàëû (ÏÊÌ) èìåþò íèçêóþ ïëîòíîñòü, âûñîêèå

ìîäóëü óïðóãîñòè è óäåëüíóþ ïðî÷íîñòü, êîíñò-

ðóêöèè è äåòàëè èç íèõ îòëè÷àþòñÿ äëèòåëüíûì

ñðîêîì ñëóæáû, ïî ñðàâíåíèþ ñ ìåòàëëàìè îíè

ëåãêî ïåðåðàáàòûâàþòñÿ â èçäåëèÿ ñëîæíîé ôîð-

ìû è ñ ìåíüøèì âåñîì, ÷òî äîïîëíèòåëüíî óïðî-

ùàåò òåõíîëîãè÷åñêèé ïðîöåññ [3].

Â ïîñëåäíèå äåñÿòèëåòèÿ ñâåðõâûñîêîìîëå-

êóëÿðíûé ïîëèýòèëåí (ÑÂÌÏÝ) àêòèâíî âíåäðÿ-

åòñÿ âî âñå îòðàñëè ïðîìûøëåííîñòè áëàãîäàðÿ

åãî óíèêàëüíûì ñâîéñòâàì [4]. ÑÂÌÏÝ îáëàäàåò

âûñîêèìè ïðî÷íîñòüþ è õèìè÷åñêîé ñòîéêîñòüþ,

èçíîñîñòîéêîñòüþ è íèçêèì êîýôôèöèåíòîì òðå-

íèÿ, ÷òî òðåáóåòñÿ äëÿ àíòèôðèêöèîííûõ èçäå-

ëèé [5]. Ñóùåñòâóþò ðàçëè÷íûå ñïîñîáû ìîäè-

ôèêàöèè ÑÂÌÏÝ, íàïðèìåð, òàêèå êàê ââåäåíèå

íàïîëíèòåëåé â ìàòðèöó [6], òåõíîëîãè÷åñêèé

ìåòîä èçìåíåíèÿ ñâîéñòâ ïîëèìåðíîé îñíîâû ïó-

òåì îáðàáîòêè ÑÂ× è ÓÇ [7, 8], ðàäèàöèîííîå èç-

ëó÷åíèå [9], ìåõàíîàêòèâàöèÿ [10]. Áëàãîäàðÿ

ìîäèôèêàöèè äîñòèãàþòñÿ òðåáóåìûå ýêñïëóàòà-

öèîííûå ñâîéñòâà ìàòåðèàëîâ. Ââåäåíèå ðàçíîãî

ðîäà íàïîëíèòåëåé â ïîëèìåðíóþ ìàòðèöó —

âåñüìà ýôôåêòèâíûé ñïîñîá èçìåíåíèÿ ñâîéñòâ

äëÿ òðåáóåìûõ çàäà÷. Îäíàêî â ðÿäå ñëó÷àåâ èñ-

ïîëüçîâàíèå óêàçàííûõ ìåòîäîâ íå ïðèâîäèò ê

äîñòàòî÷íîìó óëó÷øåíèþ êîìïëåêñà ôèçèêî-

ìåõàíè÷åñêèõ è òðèáîëîãè÷åñêèõ ñâîéñòâ. Òàê,

ïðè ââåäåíèè íàïîëíèòåëÿ â ìàòðèöó ìîæåò íà-

áëþäàòüñÿ ñëàáîå ìåæôàçíîå âçàèìîäåéñòâèå ìå-

æäó íèìè. Èçâåñòíî [11], ÷òî èìåííî ýòî âçàèìî-

äåéñòâèå îòâå÷àåò çà íàäåæíîñòü ïîëèìåðíûõ

êîìïîçèòîâ ïðè èõ ýêñïëóàòàöèè.

Ïðè ðàçðàáîòêå ôóíêöèîíàëüíûõ è êîíñòðóê-

öèîííûõ ìàòåðèàëîâ îäíèì èç íàïðàâëåíèé ÿâ-

ëÿåòñÿ èçãîòîâëåíèå ÏÊÌ ñ êîìáèíèðîâàííûìè

íàïîëíèòåëÿìè, îòëè÷àþùèìèñÿ ïî õèìè÷åñêèì

ëèáî ôèçè÷åñêèì ñâîéñòâàì. Ïðè ïðàâèëüíîì ñî-

÷åòàíèè íåñêîëüêèõ ìîäèôèêàòîðîâ ìîæíî ïîëó-

÷èòü êîìïîçèò ñ òðåáóåìûìè ñâîéñòâàìè. Ïðè

êîìáèíèðîâàííîì íàïîëíåíèè êàæäûé êîìïî-

íåíò ïî-ðàçíîìó âîçäåéñòâóåò íà ïîëèìåðíóþ

ìàòðèöó [12], íàïðèìåð, ñîâìåñòíîå íàïîëíåíèå

ÏÒÔÝ ñëîèñòûìè ñèëèêàòàìè è óãëåðîäíûì âî-

ëîêíîì ïîçâîëÿåò ïîâûñèòü èçíîñîñòîéêîñòü

êîìïîçèòîâ â 850 ðàç è ïðî÷íîñòü ïðè ñæàòèè —

íà 60 %.

Â äàííîé ðàáîòå ïðåäëîæåíî äëÿ ìîäèôèêà-

öèè ÑÂÌÏÝ èñïîëüçîâàòü êîìáèíàöèþ äîáàâîê

îðãàíè÷åñêîãî ìîäèôèêàòîðà ñóëüôåíàìèäà Ö

(CBS) ñîâìåñòíî ñ ñåðîé è îêñèäàìè. Èñïîëüçîâà-

íèå ïîäîáíîé êîìáèíàöèè íàïîëíèòåëåé ðàñ-

ñìîòðåíî â ðàáîòàõ [13 – 15], â êîòîðûõ èññëåäî-

âàíà ñøèâêà ïîëèýòèëåíà ñ ïîìîùüþ ñåðû â ïðè-

ñóòñòâèè 2-ìåðêàïòîáåíçòèàçîëà (ÌÁÒ), òåòðàìå-

òèëòèóðàìäèñóëüôèäà (ÒÌÒÄ) è äèôåíèëãóàíè-
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äèíà (ÄÔÃ). Àâòîðû ýòèõ ðàáîò îòìå÷àþò, ÷òî

ñøèâêà ïîëèýòèëåíà ïðîèñõîäèò ñ ôîðìèðîâàíè-

åì ñóëüôèäíûõ ìîñòèêîâ ìåæäó ìàêðîìîëåêóëà-

ìè. Ðàíåå [16, 17] áûëè ïðèâåäåíû ðåçóëüòàòû

èññëåäîâàíèÿ ìîäèôèöèðîâàíèÿ ÑÂÌÏÝ ñåðîé,

äèôåíèëãóàíèäèíîì è 2-ìåðêàïòîáåíçòèàçîëîì

è èõ ñìåñÿìè. Óñòàíîâëåíî, ÷òî ìîäèôèöèðî-

âàíèå ìàòðèöû ÑÂÌÏÝ ñåðîé è ÄÔÃ ïðèâîäèò ê

óâåëè÷åíèþ ïðåäåëà ïðî÷íîñòè ïðè ðàñòÿæåíèè.

Ïðè èñïîëüçîâàíèè â êà÷åñòâå íàïîëíèòåëÿ

ÌÁÒ íàáëþäàëîñü ïîâûøåíèå ïðî÷íîñòè è óëó÷-

øåíèå èçíîñîñòîéêîñòè ñ ñîõðàíåíèåì êîýôôè-

öèåíòà òðåíèÿ. Óëó÷øåíèå èçíîñîñòîéêîñòè ñâÿ-

çàíî ñ ôîðìèðîâàíèåì âòîðè÷íûõ ñòðóêòóð íà

ïîâåðõíîñòè òðåíèÿ ÏÊÌ, ñ õèìè÷åñêîé àêòèâ-

íîñòüþ ÌÁÒ.

Â äàííîé ðàáîòå èñïîëüçîâàëè ñóëüôåíàìèä

Ö — íà îñíîâå ÌÁÒ è èìèäà î-ôòàëåâîé êèñëî-

òû, ñîäåðæàùåé â ñâîåì ñîñòàâå óñêîðèòåëü âóë-

êàíèçàöèè è çàìåäëèòåëü ïîäâóëêàíèçàöèè [18].

Â êà÷åñòâå àðìèðóþùèõ ýëåìåíòîâ ìàòðèöû èñ-

ïîëüçîâàëè îêñèäû öèíêà è ìàãíèÿ êàê àêòèâà-

òîðû âóëêàíèçàöèè â ðåçèíîâûõ ñìåñÿõ.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ñåðû,

ñóëüôåíàìèäà, à òàêæå îêñèäîâ öèíêà è ìàãíèÿ

íà òðèáîëîãè÷åñêèå ñâîéñòâà è ñòðóêòóðó ïîâåðõ-

íîñòè òðåíèÿ ÏÊÌ íà îñíîâå ÑÂÌÏÝ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Îáúåêòû èññëåäîâàíèÿ. Â êà÷åñòâå ïîëèìåð-

íîé ìàòðèöû èñïîëüçîâàëè ñâåðõâûñîêîìîëåêó-

ëÿðíûé ïîëèýòèëåí ìàðêè GUR 4022 ïðîèçâîä-

ñòâà ôèðìû Celanese (Êèòàé) ñ ìîëåêóëÿðíîé

ìàññîé 5 ìëí ã/ìîëü è ñî ñðåäíèì ðàçìåðîì ÷àñ-

òèö 155 ìêì. Íàïîëíèòåëÿìè ñëóæèëè êîìïîíåí-

òû, ïðèìåíÿåìûå äëÿ âóëêàíèçàöèè ðåçèíû, òà-

êèå êàê ñóëüôåíàìèä Ö (ÒÓ 113-03-469–80,

Tïë = 98,2 °C) — óñêîðèòåëü çàìåäëåííîãî äåé-

ñòâèÿ; ñåðà ìîëîòàÿ (ÃÎÑÒ 127.4–93) — âóëêàíè-

çèðóþùåå âåùåñòâî; îêñèä ìàãíèÿ (ÃÎÑÒ

4526–75) è îêñèä öèíêà (ÃÎÑÒ 10262–73) — àê-

òèâàòîðû âóëêàíèçàöèè è ìîäèôèöèðóþùèå äî-

áàâêè äëÿ óëó÷øåíèÿ ôóíêöèîíàëüíûõ ñâîéñòâ

ðåçèíîâûõ èçäåëèé. Ìàññîâàÿ êîíöåíòðàöèÿ

êîìïîíåíòîâ è èõ ñîîòíîøåíèå â ÑÂÌÏÝ ïðèâå-

äåíû â òàáë. 1.

Ìåòîäû èññëåäîâàíèÿ. Êîìïîíåíòû ÏÊÌ ïå-

ðåìåøèâàëè â ëîïàñòíîì ñìåñèòåëå ïðè ñêîðîñòè

âðàùåíèÿ ðîòîðà 1200 îá/ìèí. Êîìïîçèöèîííóþ

ñìåñü îáðàáàòûâàëè ìåòîäîì ãîðÿ÷åãî ïðåññîâà-

íèÿ íà ãèäðàâëè÷åñêîì ïðåññå ÏÊÌÂ-100 («Èì-

ïóëüñ», Ðîññèÿ) ïðè òåìïåðàòóðå 175 °C è äàâëå-

íèè 10 ÌÏà â òå÷åíèå 20 ìèí, äàëåå îõëàæäàëè

äî 80 °C ïîä äàâëåíèåì. Èç ïîëó÷åííîãî ìàòåðèà-

ëà èçãîòàâëèâàëè öèëèíäðè÷åñêèå îáðàçöû äèà-

ìåòðîì 9,80 ± 0,05 ìì è âûñîòîé 20,0 ± 1,0 ìì.

Äëÿ îïðåäåëåíèÿ òðèáîëîãè÷åñêèõ ñâîéñòâ

ÏÊÌ èñïîëüçîâàëè òðèáîìåòð UMT-3 (CETR,

ÑØÀ). Èñïûòàíèÿ ïðîâîäèëè ïðè ñëåäóþùèõ

óñëîâèÿõ: óäåëüíàÿ íàãðóçêà 1,9 ÌÏà; ñêîðîñòü

ñêîëüæåíèÿ 0,5 ì/ñ; ñõåìà òðåíèÿ «ïàëåö —

äèñê»; âðåìÿ èñïûòàíèÿ — 3 ÷. Â êà÷åñòâå êîíòð-

òåëà èñïîëüçîâàëè ñòàëüíîé äèñê èç ñòàëè 45

òâåðäîñòüþ 45 – 50 HRC è øåðîõîâàòîñòüþ Ra =

= 0,06 – 0,08 ìêì. Ïëîòíîñòü îïðåäåëÿëè ìåòî-

äîì ãèäðîñòàòè÷åñêîãî âçâåøèâàíèÿ ñîãëàñíî

ÃÎÑÒ 15139. Ìàññû ÏÊÌ äî è ïîñëå èçíàøèâà-

íèÿ èçìåðÿëè íà àíàëèòè÷åñêèõ âåñàõ Discovery

DV215CD (OHAUS, Øâåéöàðèÿ) ñ òî÷íîñòüþ äî

0,00001 ã.

Ïîâåðõíîñòü òðåíèÿ èññëåäîâàëè ìåòîäàìè

ÈÊ-ñïåêòðîñêîïèè è ñêàíèðóþùåé ýëåêòðîííîé

ìèêðîñêîïèè (ÑÝÌ). ÈÊ-ñïåêòðû ïîëó÷àëè íà

ñïåêòðîìåòðå Varian 7000 FT-IR (Varian, ÑØÀ) ñ

ïðèìåíåíèåì ïðèñòàâêè íàðóøåííîãî ïîëíîãî

âíóòðåííåãî îòðàæåíèÿ (ÍÏÂÎ). Ìèêðîôîòîãðà-

ôèè ïîëó÷àëè íà ýëåêòðîííîì ìèêðîñêîïå JSM-

7800F (Jeol, ßïîíèÿ) â ðåæèìå âòîðè÷íûõ ýëåê-

òðîíîâ ïðè íèçêîì óñêîðÿþùåì íàïðÿæåíèè.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Óñòàíîâëåíî, ÷òî íàïîëíåíèå ÑÂÌÏÝ ôóíê-

öèîíàëüíûìè ìîäèôèêàòîðàìè ïðèâîäèò ê ïî-

âûøåíèþ èçíîñîñòîéêîñòè (òàáë. 2).

Àíàëèç òðèáîëîãè÷åñêèõ èññëåäîâàíèé ïîêà-

çàë, ÷òî ââåäåíèå â ÑÂÌÏÝ òîëüêî ñóëüôåíàìè-

äà áîëåå óâåëè÷èâàåò èçíîñîñòîéêîñòü èñõîäíîãî

ïîëèìåðà, ÷åì ââåäåíèå äðóãèõ êîìïîçèòîâ. Êî-

ýôôèöèåíò òðåíèÿ âñåõ ÏÊÌ ïðàêòè÷åñêè íå èç-
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Òàáëèöà 1. Ñîñòàâ è ñîîòíîøåíèå êîìïîíåíòîâ â ÏÊÌ

Table 1. Composition and ratio of the components in PCM

Êîìïîíåíòû, % ìàññ.

Íîìåð êîìïîçèòà

1 2 3 4 5 6 7 8 9

ÑÂÌÏÝ 100 99,5 99 98,5 98,5 99 98 97 97

Ñóëüôåíàìèä Ö — 0,5 0,5 0,5 0,5 1 1 1 1

Ñåðà — — 0,5 0,5 0,5 — 1 1 1

Îêñèä öèíêà — — — 0,5 — — — 1 —

Îêñèä ìàãíèÿ — — — — 0,5 — — — 1



ìåíÿåòñÿ îòíîñèòåëüíî èñõîäíîãî îáðàçöà. Óñòà-

íîâëåíî, ÷òî ââåäåíèå 0,5 % ìàññ. è 1 % ìàññ.

CBS â èñõîäíûé ïîëèìåð ñíèæàåò ñêîðîñòü ìàñ-

ñîâîãî èçíàøèâàíèÿ â øåñòü ðàç. Ïðè ìîäèôèêà-

öèè ïîëèìåðíîé ìàòðèöû êîìáèíèðîâàííûìè

íàïîëíèòåëÿìè (0,5 % ìàññ.) òðèáîëîãè÷åñêèå

ñâîéñòâà èçìåíÿþòñÿ ñëåäóþùèì îáðàçîì: ââåäå-

íèå CBS ñ S ïðèâîäèò ê ïîâûøåíèþ ñêîðîñòè

ìàññîâîãî èçíàøèâàíèÿ ïðèìåðíî íà 16 %; åñëè

ýòè êîìïîíåíòû äîïîëíåíû îêñèäàìè ZnO è

MgO, íàáëþäàåòñÿ ñíèæåíèå ñêîðîñòè ìàññîâîãî

èçíàøèâàíèÿ ïðèìåðíî íà 16 è 33 % ñîîòâåò-

ñòâåííî.

Êàê âèäíî èç òàáë. 2, ñêîðîñòü ìàññîâîãî èç-

íàøèâàíèÿ ÏÊÌ ïðè ââåäåíèè CBS ñ S â êîëè-

÷åñòâå 1 % ìàññ. ïîâûøàåòñÿ íà 50 % îòíîñèòåëü-

íî äàííîé õàðàêòåðèñòèêè èñõîäíîãî ÑÂÌÏÝ.

Äëÿ êîìïîçèòîâ, ñîäåðæàùèõ CBS è S ñ ZnO èëè

MgO â ÑÂÌÏÝ, çíà÷åíèÿ ñêîðîñòè ìàññîâîãî

èçíàøèâàíèÿ óâåëè÷èâàþòñÿ íà 75 % è 8 % ñîîò-

âåòñòâåííî.

Óñòàíîâëåíî, ÷òî ââåäåíèå ìîäèôèêàòîðîâ

ñîâìåñòíî ñ îêñèäàìè ìàãíèÿ è öèíêà ïðèâîäèò

ê íåêîòîðîìó ïîâûøåíèþ ïëîòíîñòè ÏÊÌ, ÷òî

ñîãëàñóåòñÿ ñ óâåëè÷åíèåì óäåëüíîé ìàññû

êîìïîçèòà ïðè ââåäåíèè íåîðãàíè÷åñêèõ ÷àñ-

òèö. Òàê, ïëîòíîñòü ÏÊÌ ñ ñîäåðæàíèåì

1 % ìàññ. êîìïëåêñà ñ îêñèäîì öèíêà ñîñòàâëÿåò

0,964 ã/ñì3, åãî ñêîðîñòü ìàññîâîãî èçíàøèâàíèÿ

íåñêîëüêî âûøå, ÷åì èñõîäíîãî.

Ïîâûøåíèå ñêîðîñòè ìàññîâîãî èçíàøèâà-

íèÿ êîìïîçèòîâ, ñîäåðæàùèõ CBS è ñåðó (0,5 %

ìàññ. è 1 % ìàññ.), âîçìîæíî, ñâÿçàíî ñ òåì, ÷òî

ïðè òðåíèè íåðîâíîñòè ñòàëüíîãî êîíòðòåëà

àáðàçèâíî âîçäåéñòâóþò íà ÏÊÌ. Ïðè ââåäåíèè

â ÑÂÌÏÝ îêñèäîâ ñ CBS è ñåðîé (0,5 % ìàññ. è

1 % ìàññ.) åãî èçíîñîñòîéêîñòü íåñêîëüêî óëó÷-

øàåòñÿ. Âîçìîæíî, îòíîñèòåëüíî «ìÿãêèé» íà-

ïîëíèòåëü ñåðà, êîòîðûé ðàñïðåäåëÿåòñÿ ìåæäó

êðèñòàëëèòàìè [16], ñëàáî çàùèùàåò ïîâåðõíîñò-

íûé ñëîé ïîëèìåðà â îòëè÷èå îò îêñèäîâ, êîòî-

ðûå â äàííîì ñëó÷àå — ñðàâíèòåëüíî «òâåðäûé»

íàïîëíèòåëü.

Äëÿ îáúÿñíåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ

ïðîâåäåíî èññëåäîâàíèå ïîâåðõíîñòè òðåíèÿ

ÏÊÌ ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðî-

ñêîïèè. Íà ðèñ. 1 ïðèâåäåíû ìîðôîëîãèè ïî-

âåðõíîñòåé òðåíèÿ ÑÂÌÏÝ è ÏÊÌ. Âèäíî, ÷òî

ïîâåðõíîñòü òðåíèÿ èñõîäíîãî ÑÂÌÏÝ îòëè÷àåò-

ñÿ íàëè÷èåì áîðîçäîê, îðèåíòèðîâàííûõ âäîëü

ïóòè òðåíèÿ (ðèñ. 1, à). Áîðîçäêè íà ïîâåðõíîñòè

òðåíèÿ ÑÂÌÏÝ îáðàçóþòñÿ â ðåçóëüòàòå ïëàñòè-

÷åñêîé äåôîðìàöèè ìàòðèöû ñ ïîñëåäóþùèì íà-

ðàñòàíèåì ìåõàíè÷åñêèõ ãèñòåðåçèñíûõ ïîòåðü â

ïðèïîâåðõíîñòíîì ñëîå, ïðîèñõîäèò òàê íàçû-

âàåìûé àáðàçèâíûé èçíîñ èç-çà øåðîõîâàòîé ïî-

âåðõíîñòè ñòàëüíîãî êîíòðòåëà (ìèêðîðåçàíèå

âûñòóïàìè). Äàëåå ìîðôîëîãèÿ ïîâåðõíîñòè òðå-

íèÿ ÑÂÌÏÝ ôîðìèðóåòñÿ çà ñ÷åò ìíîãîêðàòíîãî

ïîâòîðåíèÿ òàêèõ ïðîöåññîâ, ïðè ýòîì îáðàçóåò-

ñÿ ðàâíîâåñíàÿ øåðîõîâàòîñòü ïîâåðõíîñòè òðå-

íèÿ, êîòîðàÿ ñèëüíî îòëè÷àåòñÿ îò èñõîäíîé øå-

ðîõîâàòîñòè êîíòàêòèðóþùèõ òåë è íå çàâèñèò îò

íåå [19]. Êîìïîçèò, ñîäåðæàùèé CBS, èìååò ìå-

íåå çàìåòíûå áîðîçäêè, íà ïîâåðõíîñòè òðåíèÿ

íàáëþäàþòñÿ âòîðè÷íûå ñòðóêòóðû ñ ïðàâèëü-

íîé ãåîìåòðè÷åñêîé ôîðìîé, òàê íàçûâàåìûå

êëàñòåðû — èç ïðîäóêòîâ òðèáîîêèñëåíèÿ è ìî-

äèôèêàòîðà (ðèñ. 1, á, â). Íà ïîâåðõíîñòÿõ òðå-

íèÿ êîìïîçèòîâ ñ CBS, ñåðîé è îêñèäîì öèíêà/îê-

ñèäîì ìàãíèÿ íå âûÿâëåíû âòîðè÷íûå ñòðóêòó-

ðû ñ ïðàâèëüíîé ãåîìåòðè÷åñêîé ôîðìîé. Âèäíî,

÷òî âòîðè÷íûå ñòðóêòóðû äèñêðåòíî ðàñïðåäåëå-

íû ïî âñåé ïîâåðõíîñòè òðåíèÿ ÏÊÌ.

Òðèáîëîãè÷åñêèå ñâîéñòâà êîìïîçèòîâ ñîãëà-

ñóþòñÿ ñ ìîðôîëîãèåé ïîâåðõíîñòè òðåíèÿ. Òàê,

ÏÊÌ, íàïîëíåííûé ñåðîé è ñóëüôåíàìèäîì

(ðèñ. 1, ã, ä), îòëè÷àåòñÿ íàëè÷èåì ðàçðûâîâ è

÷àñòèö èçíîñà, ÷òî îáúÿñíÿåò íèçêèå çíà÷åíèÿ

èçíîñîñòîéêîñòè. Èç ðèñ. 1, å – è âèäíî, ÷òî íà

ïîâåðõíîñòè òðåíèÿ ÏÊÌ ñ òðåìÿ ìîäèôèêàòîðà-

ìè íàáëþäàþòñÿ ñêîïëåíèÿ ïðîäóêòîâ èçíîñà, ñî-
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Òàáëèöà 2. Òðèáîëîãè÷åñêèå ñâîéñòâà è ïëîòíîñòü ÏÊÌ

Table 2. Tribological properties and density of PCM

Êîìïîçèò Êîýôôèöèåíò òðåíèÿ f
Ñêîðîñòü ìàññîâîãî

èçíàøèâàíèÿ I
h
, ìã/÷

Ïëîòíîñòü ñ, ã/ñì3

Èñõîäíûé ÑÂÌÏÝ 0,38 ± 0,01 0,12 ± 0,01 0,933

ÑÂÌÏÝ + 0,5 % ìàññ. CBS 0,40 ± 0,01 0,02 ± 0,02 0,945

ÑÂÌÏÝ + 0,5 % ìàññ. (CBS è S) 0,40 ± 0,01 0,14 ± 0,03 0,944

ÑÂÌÏÝ + 0,5 % ìàññ. (CBS, S è ZnO) 0,39 ± 0,01 0,10 ± 0,02 0,947

ÑÂÌÏÝ + 0,5 % ìàññ. (CBS, S è MgO) 0,39 ± 0,02 0,08 ± 0,02 0,944

ÑÂÌÏÝ + 1 % ìàññ. CBS 0,39 ± 0,01 0,02 ± 0,01 0,948

ÑÂÌÏÝ + 1 % ìàññ. (CBS è S) 0,39 ± 0,02 0,18 ± 0,02 0,947

ÑÂÌÏÝ + 1 % ìàññ. (CBS, S è ZnO) 0,42 ± 0,02 0,21 ± 0,03 0,964

ÑÂÌÏÝ + 1 % ìàññ. (CBS, S è MgO) 0,39 ± 0,02 0,13 ± 0,01 0,951



ñòîÿùèõ èç ïîëèìåðà è íàïîëíèòåëåé, êîòîðûå

ðàñïðåäåëåíû äèñêðåòíî è äîñòàòî÷íî õîðîøî

óäåðæèâàþòñÿ ìàêðîìîëåêóëàìè ïîëèìåðà. Îä-

íàêî ìîðôîëîãèÿ ïîâåðõíîñòè òðåíèÿ ýòèõ êîì-

ïîçèòîâ îòëè÷àåòñÿ áîëüøèìè íåðîâíîñòÿìè è

íàëè÷èåì íàïëûâîâ, ÷òî ñâèäåòåëüñòâóåò î ïîâû-

øåíèè òåìïåðàòóðû â çîíå òðåíèÿ çà ñ÷åò íàëè-

÷èÿ îêñèäîâ ìàãíèÿ è öèíêà. Êðîìå òîãî, îäíà èç

ïðè÷èí îáðàçîâàíèÿ íàïëûâîâ íà ïîâåðõíîñòè

òðåíèÿ ÏÊÌ îáóñëîâëåíà äåôîðìàöèîííûìè

ïðîöåññàìè ñäâèãà, â ðåçóëüòàòå êîòîðîãî ïðîèñ-

õîäèò ïëàñòè÷åñêîå âûòåñíåíèå ïîäïîâåðõíîñò-

íîãî ñëîÿ ìàòåðèàëà.

Íà ðèñ. 2 ïðèâåäåíû ÈÊ-ñïåêòðû ïîâåðõíî-

ñòåé òðåíèÿ ÏÊÌ è ÑÂÌÏÝ. Èçâåñòíî [6], ÷òî

ÈÊ-ñïåêòð ÑÂÌÏÝ õàðàêòåðèçóåòñÿ íàëè÷èåì

ñèëüíûõ ïîëîñ ïîãëîùåíèÿ â îáëàñòÿõ 2900,

2845, 1480 è 720 ñì–1, âûçâàííûõ âàëåíòíûìè è

äåôîðìàöèîííûìè êîëåáàíèÿìè –CH2 ñâÿçåé, à

òàêæå ìàÿòíèêîâûìè êîëåáàíèÿìè ïîëèìåðíîé

öåïè. ÑÂÌÏÝ â ïðîöåññå òðåíèÿ ïîäâåðæåí òðè-

áîîêèñëåíèþ, ÷òî ïðèâîäèò ê ïîÿâëåíèþ ïîëîñ

ïîãëîùåíèÿ êèñëîðîäñîäåðæàùèõ ãðóïï, ïîýòî-

ìó öåëåñîîáðàçíî ðàññìîòðåòü ÈÊ-ñïåêòðû â äèà-

ïàçîíå 2500 – 500 ñì–1.

Íà ÈÊ-ñïåêòðàõ ïîâåðõíîñòåé òðåíèÿ íàáëþ-

äàåòñÿ ïîëîñà ïîãëîùåíèÿ â îáëàñòè

1510 – 1770 ñì–1, êîòîðàÿ ñîîòâåòñòâóåò êîëåáà-

íèÿì êàðáîíèëüíûõ è êàðáîêñèëüíûõ ñîåäèíå-

íèé. Íà ÈÊ-ñïåêòðå êîìïîçèòà ñ CBS èíòåíñèâ-
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Ðèñ. 1. Ìèêðîôîòîãðàôèè ïîâåðõíîñòåé òðåíèÿ èñõîäíîãî ÑÂÌÏÝ (à) è êîìïîçèòîâ, ñîäåðæàùèõ 0,5 % ìàññ. ñóëüôåíà-

ìèäà (á), 1 % ìàññ. ñóëüôåíàìèäà (â), 0,5 % ìàññ. (ñóëüôåíàìèäà è ñåðû) (ã); 1 % ìàññ. (ñóëüôåíàìèäà è ñåðû) (ä),

0,5 % ìàññ. % (ñóëüôåíàìèäà, ñåðû è îêñèäà ìàãíèÿ) (å), 1 % ìàññ. (ñóëüôåíàìèäà, ñåðû è îêñèäà ìàãíèÿ) (æ), 0,5 % ìàññ.

(ñóëüôåíàìèäà, ñåðû è îêñèäà öèíêà) (ç), 0,5 % ìàññ. (ñóëüôåíàìèäà, ñåðû è îêñèäà öèíêà) (è)

Fig. 1. Micrographs of the friction surfaces of the initial UHMWPE (a) and composites containing: 0.5 wt.% SBC (b); 1 wt.%

SBC (c); 0.5 wt.% (SBC and S) (d); 1 wt.% (SBC and S) (e); 0. 5 wt.% (SBC, S, and magnesium oxide) (f); 1 wt.% (SBC, S, and

magnesium oxide) (g); 0.5 wt.% (SBC, S, and zinc oxide) (h); 0.5 wt.% (SBC, S, and zinc oxide) (i)



íîñòü ïîëîñû ïîãëîùåíèÿ êèñëîðîäñîäåðæàùèõ

ãðóïï ñíèæàåòñÿ, êðîìå òîãî, ïîÿâëÿþòñÿ ñëàáûå

ïèêè ïðè 754, 1012, 1238 è 1313 ñì–1, ñîîòâåòñò-

âóþùèå êîëåáàíèÿì ñâÿçåé àðîìàòè÷åñêîãî êîëü-

öà è ãåòåðîöèêëà îðãàíè÷åñêîãî ìîäèôèêàòîðà.

ÈÊ-ñïåêòðîñêîïè÷åñêîå èññëåäîâàíèå ñîãëàñóåò-

ñÿ ñ ðåçóëüòàòàìè ÑÝÌ, ãäå âûÿâëåíî ôîðìèðî-

âàíèå âòîðè÷íûõ ñòðóêòóð è òðèáîïëåíêè â çîíå

òðåíèÿ (ñì. ðèñ. 1, á, â). Áëàãîäàðÿ èì ñíèæàåòñÿ

àäãåçèîííîå âçàèìîäåéñòâèå ìåæäó êîíòàêòè-

ðóþùèìè òåëàìè è óìåíüøàåòñÿ ñêîðîñòü ìàññî-

âîãî èçíàøèâàíèÿ.

Ïîâûøåíèå èíòåíñèâíîñòè ïèêîâ è ïîÿâëå-

íèå íîâûõ ïîëîñ ïîãëîùåíèÿ â îáëàñòè

920 – 1270 ñì–1 (êîëåáàíèÿ C–O ñâÿçè â ñïèðòàõ è

â ýôèðå) íàáëþäàþòñÿ â ÈÊ-ñïåêòðå êîìïîçèòà ñ

êîìáèíèðîâàííûì íàïîëíèòåëåì MgO, ÷òî ñâè-

äåòåëüñòâóåò îá èíòåíñèôèêàöèè òðèáîîêèñëè-

òåëüíûõ ïðîöåññîâ [20]. ÈÊ-ñïåêòðû îñòàëüíûõ

êîìïîçèòîâ èäåíòè÷íû èñõîäíîìó — ÑÂÌÏÝ.

Âîçìîæíî, ýòî ñâÿçàíî ñ òåì, ÷òî íåêîòîðàÿ ÷àñòü

ñóëüôåíàìèäà âçàèìîäåéñòâóåò ñ ñåðîé è îêñè-

äîì ìàãíèÿ/öèíêà, ïîýòîìó òðèáîïëåíêà â îñíîâ-

íîì ñîñòîèò èç ïðîäóêòîâ òðèáîîêèñëåíèÿ ÏÊÌ.

Çàêëþ÷åíèå

Èññëåäîâàíî âëèÿíèå ôóíêöèîíàëüíûõ ìî-

äèôèêàòîðîâ íà òðèáîëîãè÷åñêèå ñâîéñòâà êîì-

ïîçèòîâ íà îñíîâå ÑÂÌÏÝ. Ïîëó÷åííûå ðåçóëü-

òàòû òðèáîëîãè÷åñêèõ ñâîéñòâ ñîãëàñóþòñÿ ñî

ñòðóêòóðíûìè èññëåäîâàíèÿìè ïîâåðõíîñòåé

òðåíèÿ. Íà ïîâåðõíîñòè òðåíèÿ ÏÊÌ, íàïîëíåí-

íûõ ñóëüôåíàìèäîì, çàôèêñèðîâàíî ôîðìèðîâà-

íèå ñëîæíûõ óïîðÿäî÷åííûõ ñòðóêòóð, îòëè÷íûõ

îò èñõîäíîé ìàòðèöû, êîòîðûå ñíèæàþò àäãåçè-

îííîå âçàèìîäåéñòâèå è óëó÷øàþò ñêîëüæåíèå

ìàòåðèàëà ïðè òðåíèè. Â ñëó÷àå áèíàðíîãî è

êîìáèíèðîâàííîãî íàïîëíåíèÿ ìàòðèöû ÑÂÌÏÝ

íà ïîâåðõíîñòè òðåíèÿ â ðåçóëüòàòå ïëàñòè÷åñêî-

ãî âûòåñíåíèÿ ïîäïîâåðõíîñòíîãî ñëîÿ ôîðìèðó-

þòñÿ íàïëûâû è ðàçðûâû. ÈÊ-ñïåêòðîñêîïèåé

ïîêàçàíî, ÷òî ââåäåíèå ñóëüôåíàìèäà ñîïðîâîæ-

äàåòñÿ ñíèæåíèåì èíòåíñèâíîñòåé ïèêîâ, îòíî-

ñÿùèõñÿ ê îêèñëåííûì ïðîäóêòàì òðåíèÿ

ÑÂÌÏÝ, à êîìáèíèðîâàííîå íàïîëíåíèå (äîáàâ-

ëåíèå îêñèäà ìàãíèÿ) — óøèðåíèåì ïèêîâîé èí-

òåíñèâíîñòè ýòèõ ñîåäèíåíèé.

Áëàãîäàðíîñòè

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà ¹ 22-73-00076.
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Fig. 2. IR spectra of friction surfaces of UHMWPE and composites as a function of the content of fillers
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