
ÑÎÄÅÐÆÀÍÈÅ

ÀÍÀËÈÇ ÂÅÙÅÑÒÂÀ

Êîðìîø Æ. À., Àíòàë È. Ï. Èîí-ñåëåêòèâíûé ìåìáðàííûé ýëåêò-

ðîä äëÿ îïðåäåëåíèÿ äèêëîôåíàêà . . . . . . . . . . . . . . . . . . . 5

Saud A. M., Smagin M. A., Vasil’eva V. I. Features of sodium deter-

mination in dilute mixed solutions with phenylalanine by flame photo-

metry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Äâîðåöêîâ Ð. Ì., Êàðà÷åâöåâ Ô. Í., Çàãâîçäêèíà Ò. Í., Ñâåò-

ëîâ È. Ë. Îïðåäåëåíèå ìîäèôèöèðóþùèõ äîáàâîê è ïðèìåñåé â

êîìïîçèòàõ íà îñíîâå ñèñòåìû Nb – Si ìåòîäîì àòîìíî-ýìèññèîííîé

ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé . . . . . . . . . . . 19

ÈÑÑËÅÄÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÛ È ÑÂÎÉÑÒÂ

ÔÈÇÈ×ÅÑÊÈÅ ÌÅÒÎÄÛ

ÈÑÑËÅÄÎÂÀÍÈß È ÊÎÍÒÐÎËß

Êðèâîíîñîâ Þ. Ñ., ×óêàëèíà Ì. Â., Áóçìàêîâ À. Â., Àñàä÷è-

êîâ Â. Å., Ðóñàêîâ À. À., Ìàðèÿíàö À. Î., Ïîïîâ Â. Ê., Çà-

íèí È. Î., Êóëèê Â. Ë. Èññëåäîâàíèå ïîëèëàêòèäíûõ ìàòðèêñîâ

ìåòîäîì ðåíòãåíîâñêîé ìèêðîòîìîãðàôèè . . . . . . . . . . . . . . . 26

Áðîäñêàÿ Â. À., Ìîëüêîâà Î. À., Æîãîâà Ê. Á., Àñòàõîâà È. Â.

Èññëåäîâàíèå ìèêðîñòðóêòóðû è ÷àñòèö ïîðîøêîâ îêñèäîâ âàíà-

äèÿ (III), (V) è àëþìèíàòà ëèòèÿ. . . . . . . . . . . . . . . . . . . . . 32

Êèì Â. À., Ëûñåíêî Â. Â., Àôàíàñüåâà À. À., Òóðêìåíîâ Õ. È.

Èññëåäîâàíèå ñòðóêòóðíîé äåãðàäàöèè ñòàëè 15Õ5Ì ïðè äëèòåëüíîé

ýêñïëóàòàöèè . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

ÌÅÕÀÍÈÊÀ ÌÀÒÅÐÈÀËÎÂ:

ÏÐÎ×ÍÎÑÒÜ, ÐÅÑÓÐÑ, ÁÅÇÎÏÀÑÍÎÑÒÜ

Ìàõóòîâ Í. À., Ìàêàðåíêî È. Â., Ìàêàðåíêî Ë. Â. Êèíåòèêà

ðàçíîíàïðàâëåííîñòè óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ ïðè ó÷åòå

àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà . . . . . . . . . . . . . . . . . . . . . 44

Ìîñêâè÷åâ Å. Â., Ëàðè÷êèí À. Þ. Èññëåäîâàíèÿ ôóíêöèîíàëü-

íûõ è ìåõàíè÷åñêèõ ñâîéñòâ ïîëèìåðíîãî êîìïîçèòíîãî ìàòåðèàëà ñ

ïàìÿòüþ ôîðìû äëÿ ðåôëåêòîðà êîñìè÷åñêîé àíòåííû. . . . . . . . 51

Èëüèíñêèé À. Â., Ôåäîðîâ À. Â., Ñòåïàíîâà Ê. À., Êèíæàãó-

ëîâ È. Þ., Êðàñíîâ È. Î. Èññëåäîâàíèå äèíàìè÷åñêîé òâåðäîñòè

êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ . . . . . . . . . . . . . 57

ÌÀÒÅÌÀÒÈ×ÅÑÊÈÅ ÌÅÒÎÄÛ ÈÑÑËÅÄÎÂÀÍÈß

Øàðûé Ñ. Ï. Çàäà÷à âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî äàííûì ñ èí-

òåðâàëüíîé íåîïðåäåëåííîñòüþ . . . . . . . . . . . . . . . . . . . . . 62

ÅÆÅÌÅÑß×ÍÛÉ ÍÀÓ×ÍÛÉ ÆÓÐÍÀË ÏÎ ÀÍÀËÈÒÈ×ÅÑÊÎÉ ÕÈÌÈÈ, ÔÈÇÈ×ÅÑÊÈÌ, ÌÅÕÀÍÈ×ÅÑÊÈÌ

È ÌÀÒÅÌÀÒÈ×ÅÑÊÈÌ ÌÅÒÎÄÀÌ ÈÑÑËÅÄÎÂÀÍÈß, À ÒÀÊÆÅ ÑÅÐÒÈÔÈÊÀÖÈÈ ÌÀÒÅÐÈÀËÎÂ

Îcíîâàí â ÿíâàpå 1932 ã.

Àäðåñ èçäàòåëüñòâà

ÎÎÎ «Èçäàòåëüñòâî «ÒÅÑÒ-ÇË»

119334 Ìîñêâà, Ëåíèíñêèé ïð-ò, 49,

ÈÌÅÒ èì. À. À. Áàéêîâà,

ðåäàêöèÿ æóðíàëà

“Çàâîäñêàÿ ëàáîðàòîðèÿ.

Äèàãíîñòèêà ìàòåðèàëîâ”.

Òåë./ôàêñ: (499) 135-62-75,

òåë.: (499) 135-96-56

e-mail: zavlabor@imet.ac.ru

http://www.zldm.ru

Æóðíàë «Çàâîäñêàÿ ëàáîðàòîðèÿ.

Äèàãíîñòèêà ìàòåðèàëîâ» âêëþ÷åí

â ñïèñîê èçäàíèé, ðåêîìåíäîâàííûõ

ÂÀÊ ïðè çàùèòå êàíäèäàòñêèõ

è äîêòîðñêèõ äèññåðòàöèé.

Ó÷ðåäèòåëü

© ÎÎÎ «Èçäàòåëüñòâî «ÒÅÑÒ-ÇË» , 2020

Ïåðåïå÷àòêà ìàòåðèàëîâ æóðíàëà «Çàâîäñêàÿ ëà-

áîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ» äîïóñêàåò-

ñÿ òîëüêî ñ ïèñüìåííîãî ðàçðåøåíèÿ ðåäàêöèè.

Ïðè öèòèðîâàíèè ññûëêà îáÿçàòåëüíà.

Ëîãîòèï “Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà

ìàòåðèàëîâ®” ÿâëÿåòñÿ çàðåãèñòðèðîâàííîé òîð-

ãîâîé ìàðêîé ÎÎÎ «Èçäàòåëüñòâî «ÒÅÑÒ-ÇË». Âñå

ïðàâà îõðàíÿþòñÿ çàêîíîì.

2020
Òîì 86¹1

Æóðíàë çàðåãèñòðèðîâàí

â Êîìèòåòå ïî ïå÷àòè ÐÔ:

¹ 016226 îò 18.06.97 ã.

Ëèöåíçèÿ íà èçäàòåëüñêóþ

äåÿòåëüíîñòü ¹ 065155

îò 06.05.97 ã.

Îòïå÷àòàíî â òèïîãðàôèè

èçäàòåëüñòâà “Ôîëèóì”

127411, Ìîñêâà,

Äìèòðîâñêîå ø., 157, ñòð. 6.

Òåë.: (499) 258-08-28

Ïîäïèñàíî â ïå÷àòü 20.01.2020

Ôîðìàò 60 � 88
1�8.

Áóìàãà ìåëîâàííàÿ.

Îôñåòíàÿ ïå÷àòü.

Óñë. ïå÷. ë. 9,5

Öåíà äîãîâîðíàÿ

Êîððåêòîð Ë. È. Ñàæèíà



���������	
�������
���������

��������	
	����

Ïðåäñåäàòåëü ÷ë.-êîðð. ÐÀÍ Î. À. ØÏÈÃÓÍ

Äîêò. õèì. íàóê Â. Á. ÁÀÐÀÍÎÂÑÊÀß, äîêò. òåõí. íàóê Ã. È. ÁÅ-

ÁÅØÊÎ, àêàä. ÐÀÍ Ê. Â. ÃÐÈÃÎÐÎÂÈ×, êàíä. õèì. íàóê Â. Ê. ÊÀÐÀÍ-

ÄÀØÅÂ, àêàä. ÐÀÍ Þ. À. ÊÀÐÏÎÂ, äîêò. õèì. íàóê È. À. ÐÎÄÈÍ,

äîêò. òåõí. íàóê Â. À. ÑÈÌÀÊÎÂ, äîêò. õèì. íàóê Ï. Ñ. ÔÅÄÎÒÎÂ, äîö.

êàíä. õèì. íàóê Ä. Ã. ÔÈËÀÒÎÂÀ, ïðîô. äîêò. ôèç.-ìàò. íàóê

Ì. Í. ÔÈËÈÏÏÎÂ

Ðåäàêòîð îòäåëà êàíä. õèì. íàóê Å. È. ÐÅÂÈÍÀ

����	
�����	��������������������

Ïðåäñåäàòåëü ÷ë.-êîðð. ÐÀÍ Í. À. ÌÀÕÓÒÎÂ

Ôèçè÷åñêèå ìåòîäû èññëåäîâàíèÿ è êîíòðîëÿ — ïðîô. äîêò.

ôèç.-ìàò. íàóê Â. Ò. ÁÓÁËÈÊ (ïðåäñåäàòåëü ïîäñåêöèè), ÷ë.-êîðð. ÐÀÍ

Ì. È. ÀËÛÌÎÂ, äîêò. ôèç.-ìàò. íàóê À. Ñ. ÀÐÎÍÈÍ, äîêò. ôèç.-ìàò.

íàóê C. Ã. ÁÓÃÀ, ïðîô. äîêò. òåõí. íàóê Ñ. Â. ÄÎÁÀÒÊÈÍ, êàíä. ôèç.-

ìàò. íàóê À. Î. ÐÎÄÈÍ, êàíä. ôèç.-ìàò. íàóê Â. Í. ÑÅÐÅÁÐßÍÛÉ,

äîêò. òåõí. íàóê Â. Ã. ØÅÂÀËÄÛÊÈÍ

Ðåäàêòîð îòäåëà Ã. Ð. ØÓÌÊÈÍ

Ìåõàíèêà ìàòåðèàëîâ: ïðî÷íîñòü, ðåñóðñ, áåçîïàñíîñòü —

÷ë.-êîðð. ÐÀÍ Í. À. ÌÀÕÓÒÎÂ, ÷ë.-êîðð. ÐÀÍ Ñ. Ì. ÁÀÐÈÍÎÂ, ïðîô.

äîêò. òåõí. íàóê Æ. Ì. ÁËÅÄÍÎÂÀ, ÷ë.-êîðð. ÐÀÍ À. Ì. ÁÎËÜØÀ-

ÊÎÂ, ïðîô. äîêò. òåõí. íàóê Ë. Ð. ÁÎÒÂÈÍÀ, äîêò. òåõí. íàóê À. Ã. ÊÀ-

ÇÀÍÖÅÂ, ïðîô. äîêò. òåõí. íàóê Â. Â. ÌÎÑÊÂÈ×ÅÂ, ïðîô. äîêò. òåõí.

íàóê Þ. Ã. ÌÀÒÂÈÅÍÊÎ, ïðîô. äîêò. òåõí. íàóê Â. Ì. ÌÀÒÞÍÈÍ,

ïðîô. äîêò. òåõí. íàóê Å. Ì. ÌÎÐÎÇÎÂ, äîêò. òåõí. íàóê Â. Í. ÏÅÐÌß-

ÊÎÂ, ïðîô. äîêò. òåõí. íàóê È. À. ÐÀÇÓÌÎÂÑÊÈÉ

Çàì. ãëàâíîãî ðåäàêòîðà Ì. Å. ÍÎÑÎÂÀ

���	�����	���	��	��
������	
������

Ïðåäñåäàòåëü ÷ë.-êîðð. ÐÀÍ Ä. À. ÍÎÂÈÊÎÂ

Ïðîô. äîêò. òåõí. íàóê Í. Í. ÁÀÕÒÀÄÇÅ, äîêò. ôèç.-ìàò. íàóê

Ì. Â. ÃÓÁÊÎ, ïðîô. äîêò. òåõí. íàóê, äîêò. ýêîí. íàóê À. È. ÎÐËÎÂ,

ïðîô. äîêò. òåõí. íàóê Þ. Â. ÑÈÄÅËÜÍÈÊÎÂ, ïðîô. äîêò. òåõí. íàóê

Í. Â. ÑÊÈÁÈÖÊÈÉ, ïðîô. äîêò. ôèç.-ìàò. íàóê Â. Â. ÑÒÐÈÆÎÂ, ïðîô.

äîêò. òåõí. íàóê Â. Î. ÒÎË×ÅÅÂ

Çàì. ãëàâíîãî ðåäàêòîðà Ì. Å. ÍÎÑÎÂÀ

��	���������	�������

����	
������������������

Ïðåäñåäàòåëü äîêò. òåõí. íàóê Ë. Ê. ÈÑÀÅÂ

È. Â. ÁÎËÄÛÐÅÂ, ïðîô. äîêò. õèì. íàóê Â. È. ÄÂÎÐÊÈÍ, àêàä.

ÐÀÍ À. Ã. ÄÅÄÎÂ, êàíä. òåõí. íàóê Ã. Ð. ÍÅÆÈÕÎÂÑÊÈÉ

Ðåäàêòîð îòäåëà êàíä. õèì. íàóê Å. È. ÐÅÂÈÍÀ

������������
���������

Ãëàâíûé ðåäàêòîð

ÊÀÐÏÎÂ Þðèé Àëåêñàíäðîâè÷,

àêàäåìèê ÐÀÍ, ÈÎÍÕ ÐÀÍ

èì. Í. Ñ. Êóðíàêîâà, Ìîñêâà

ÀËÛÌÎÂ Ìèõàèë Èâàíîâè÷,

÷ë.-êîðð. ÐÀÍ, ÈÑÌÀÍ,

×åðíîãîëîâêà Ìîñêîâñêîé îáë.

ÁÀÐÈÍÎÂ Ñåðãåé Ìèðîíîâè÷,

÷ë.-êîðð. ÐÀÍ, ÈÌÅÒ ÐÀÍ, Ìîñêâà

ÁÅÐÒÎ Ôèëèïïî,

ïðîôåññîð Íîðâåæñêîãî óíèâåðñèòåòà íàóêè è

òåõíîëîãèè, Íîðâåãèÿ, Òðîíõåéì

ÁÓÁËÈÊ Âëàäèìèð Òèìîôååâè÷,

ïðîôåññîð äîêò. ôèç.-ìàò. íàóê, ÌÈÑèÑ,

Ìîñêâà

ÃÐÈÃÎÐÎÂÈ× Êîíñòàíòèí Âñåâîëîäîâè÷,

àêàäåìèê ÐÀÍ, ÈÌÅÒ ÐÀÍ, Ìîñêâà

ÄÅÄÎÂ Àëåêñåé Ãåîðãèåâè÷,

àêàä. ÐÀÍ, ÐÃÓÍèÃ èì. È. Ì. Ãóáêèíà, Ìîñêâà

ÆÓÊÎÂÀ Âàëåíòèíà Àíàòîëüåâíà,

ïðîôåññîð Óíèâåðñèòåòà ñòðàíû áàñêîâ,

Èñïàíèÿ, Ñàí-Ñåáàñòüÿí

ÇÎËÎÒÎÂ Þðèé Àëåêñàíäðîâè÷,

àêàäåìèê ÐÀÍ, ÌÃÓ èì. Ì. Â. Ëîìîíîñîâà,

Ìîñêâà

ÈÑÀÅÂ Ëåâ Êîíñòàíòèíîâè÷,

äîêò. òåõí. íàóê, ÂÍÈÈÌÑ, Ìîñêâà

ÊÀÇÀÐßÍ Ñåðãåé Ãóðãåíîâè÷,

ïðîôåññîð Ëîíäîíñêîãî èìïåðñêîãî

êîëëåäæà, Âåëèêîáðèòàíèÿ, Ëîíäîí

ÊÀÖÊÎÂ Äìèòðèé Àëåêñååâè÷,

ïðîôåññîð Òåõíè÷åñêîãî óíèâåðñèòåòà, ÞÀÐ,

Ïðåòîðèÿ

ÊËÞÅÂ Âëàäèìèð Âëàäèìèðîâè÷,

àêàäåìèê ÐÀÍ,

ÇÀÎ ÍÈÈÌ ÌÍÏÎ «Ñïåêòð»

ÊÎÆÀÊ Äðàæàí,

ïðîôåññîð Óíèâåðñèòåòà èìåíè Éîñèïà Þðàÿ

Øòðîñìàéåðà, Õîðâàòèÿ, Îñèåê

ÊÓÑÅËÜÌÀÍ Èëüÿ,

äîêò. òåõí. íàóê, Èçðàèëü, Ìîäèèí

ÌÀÒÂÈÅÍÊÎ Þðèé Ãðèãîðüåâè÷,

ïðîôåññîð äîêò. òåõí. íàóê,

Èíñòèòóò ìàøèíîâåäåíèÿ

èì. À. À. Áëàãîíðàâîâà ÐÀÍ, Ìîñêâà

ÌÀÒÞÍÈÍ Âÿ÷åñëàâ Ìèõàéëîâè÷,

ïðîôåññîð äîêò. òåõí. íàóê,

Íàöèîíàëüíûé èññëåäîâàòåëüñêèé

óíèâåðñèòåò «ÌÝÈ», Ìîñêâà

ÌÀÕÓÒÎÂ Íèêîëàé Àíäðååâè÷,

÷ë.-êîðð. ÐÀÍ, Èíñòèòóò ìàøèíîâåäåíèÿ

èì. À. À. Áëàãîíðàâîâà ÐÀÍ, Ìîñêâà

ÌÎÐÎÇÎÂ Åâãåíèé Ìèõàéëîâè÷,

ïðîôåññîð äîêò. òåõí. íàóê,

Ìîñêîâñêèé èíæåíåðíî-ôèçè÷åñêèé

èíñòèòóò (ÌÈÔÈ), Ìîñêâà

ÌÓÐÀÂÜÅÂ Äìèòðèé Íèêîëàåâè÷,

ïðîôåññîð Àâòîíîìíîãî óíèâåðñèòåòà

Áàðñåëîíû, Èñïàíèÿ

ÍÎÂÈÊÎÂ Äìèòðèé Àëåêñàíäðîâè÷,

÷ë.-êîðð. ÐÀÍ, Èíñòèòóò ïðîáëåì

óïðàâëåíèÿ èì. Â. À. Òðàïåçíèêîâà ÐÀÍ,

Ìîñêâà

ÍÎÑÎÂÀ Ìàðèíà Åâãåíüåâíà,

çàìåñòèòåëü ãëàâíîãî ðåäàêòîðà

ÎÐËÎÂ Àëåêñàíäð Èâàíîâè÷,

ïðîôåññîð äîêò. òåõí. íàóê, äîêò. ýêîí. íàóê,

ÌÃÒÓ èì. Í. Ý. Áàóìàíà, Ìîñêâà

ØÏÈÃÓÍ Îëåã Àëåêñååâè÷,

÷ë.-êîðð. ÐÀÍ,

ÌÃÓ èì. Ì. Â. Ëîìîíîñîâà, Ìîñêâà



Contents

SUBSTANCES ANALYSIS

Kormosh Z. A., Antal I. P. Ion-selective membrane electrode for diclo-

fenac determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Saud A. M., Smagin M. A., Vasil’eva V. I. Features of sodium deter-

mination in dilute mixed solutions with phenylalanine by flame photo-

metry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Dvoretskov R. M., Karachevtsev F. N., Zagvozdkina T. N., Svet-

lov I. L. Determination of modifying additives and impurities in Nb –

Si-based composites using inductively coupled plasma atomic emission

spectrometry (ICP AES) . . . . . . . . . . . . . . . . . . . . . . . . . . 19

STRUCTURE AND PROPERTIES INVESTIGATION

PHYSICAL METHODS

OF INVESTIGATION AND MONITORING

Krivonosov Yu. S., Chukalina M. V., Buzmakov A. V., Asad-

chikov V. E., Rusakov A. A., Mariyanats A. O., Popov V. K., Za-

nin I. O., Kulik V. L. Study of polylactide matrices using x-ray micro-

tomography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Brodskaya V. A., Molkova O. A., Zhogova K. B., Astakhova I. V.

Study of the microstructure and particles of vanadium (III) oxide, vana-

dium (V) oxide and lithium aluminate powders . . . . . . . . . . . . . 32

Kim V. A., Lysenko V. V., Afanaseva A. A., Turkmenov Kh. I. Study

of the structural degradation of steel 15Kh5M upon continuous duty 38

MATERIALS MECHANICS:

STRENGTH, DURABILITY, SAFETY

Makhutov N. A., Makarenko I. V., Makarenko L. V. Kinetics of the

multidirectionality of elastic-plastic fracture with allowance for aniso-

tropy of the material properties . . . . . . . . . . . . . . . . . . . . . . 44

Moskvichev E. V., Larichkin A. Yu. Experimental study of the func-

tional and mechanical properties of shape memory polymer composites

for a reflector of the space antenna . . . . . . . . . . . . . . . . . . . . 51

Ilinskiy A. V., Fedorov A. V., Stepanova K. A., Kinzhagulov I. Yu.,

Krasnov I. O. Study of the dynamic hardness of structural metal

materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

MATHEMATICAL METHODS OF INVESTIGATION

Shary S. P. Data fitting problem under interval uncertainty in data 62

A MONTHLY SCIENTIFIC AND TECHNICAL JOURNAL ON ANALYTICAL CHEMISTRY, PHYSICAL, MATHEMATICAL,

AND MECHANICAL METHODS OF RESEARCH, AS WELL AS THE CERTIFICATION OF MATERIALS

Published since 1932

Publisher Address:

JSC “Izdatel’stvo “TEST-ZL”

Baykov Institute

of Materials Science

49, Leninsky prosp.

Moscow 119334, Russia,

“Zavodskaya laboratoriya.

Diagnostika materialov”

Phone/fax: +7 (499) 135-62-75,

phone: +7 (499) 135-96-56

e-mail: zavlabor@imet.ac.ru

http://www.zldm.ru

The journal is included in the list

of publications recommended

by the Higher Attestation Commission

for the PhD thesis presentations.

Founder

© TEST-ZL Publishing, LLC, 2020

The reprint of the journal materials is allowed only

with the written permission of the editorial office.

When quoting a reference is required.

Logo “Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà

ìàòåðèàëîâ®” is a registered trademark of

TEST-ZL Publishing, LLC. All rights are protec-

ted by law.

2020
VOL. 86¹1

The journal is registered

with the Committee on Press

of the Russian Federation:

No. 016226 of June 18, 1997.

Publishing license

No. 065155 of May 6, 1997.

Printed in the printing house

of the Folium Publishing Co.

157�6, Dmitrovskoe sh.

Moscow 127411, Russia.

Phone: +7 (499) 258-08-28

Signed in print 20.01.2020

Format 60 � 88
1�8.

Paper coated.

Offset printing.

Conditional printed sheets 9.5

The price is negotiable

Proofreading by L. I. Sazhina



���� !"��!#��$���% �!& '(�)!'&%

������� !�����"#�$�

Chairman, Corresponding Member of RAS O. A. SHPIGUN

Doctor of Chemical Sciences V. B. Baranovskaya; Doctor of Technical

Sciences G. I. Bebeshko; Academician of RAS K. V. Grigorovich; Candidate

of Chemical Sciences V. K. Karandashev; Academician of RAS Yu. A. Kar-

pov; Doctor of Chemical Sciences I. A. Rodin; Doctor of Technical Sciences

V. A. Simakov; Doctor of Chemical Sciences P. S. Fedotov; Assistant

professor, Candidate of Chemical Sciences D. G. Filatova; Professor, Doctor of

Physical and Mathemtical Sciences M. N. Filippov

Subeditor, Candidate of Chemical Sciences E. I. REVINA

��%� ��%!���&�'%('!%�$!��%!�!�% )

Chairman, Corresponding Member of RAS N. A. MAKHUTOV

Physical methods of research and monitoring — Professor, Doctor of Physical

and Mathemtical Sciences V. T. Bublik (Chairman of the subsection);

Corresponding Member of RAS M. I. Alymov; Doctor of Physical and

Mathemtical Sciences A. S. Aronin; Doctor of Physical and Mathemtical

Sciences S. G. Buga; Professor, Doctor of Technical Sciences S. V. Dobatkin;

Candidate of Physical and Mathemtical Sciences A. O. Rodin; Candidate of

Physical and Mathemtical Sciences V. N. Serebryanyi; Doctor of Technical

Sciences V. G. Shevaldykin

Subeditor G. R. SHUMKIN

Materials mechanics: strength, durability, safety — Corresponding Member of

RAS N. A. Makhutov; Corresponding Member of RAS S. M. Barinov;

Professor, Doctor of Technical Sciences Zh. M. Blednova; Corresponding

Member of RAS A. M. Bolshakov; Professor, Doctor of Technical Sciences

L. R. Botvina; Doctor of Technical Sciences A. G. Kazantsev; Professor,

Doctor of Technical Sciences V. V. Moskvichev; Professor, Doctor of Technical

Sciences Yu. G. Matvienko; Professor, Doctor of Technical Sciences

V. M. Matyunin; Professor, Doctor of Technical Sciences E. M. Morozov;

Doctor of Technical Sciences V. N. Permyakov; Professor, Doctor of Technical

Sciences I. A. Razumovskii

Deputy Editor-in-Chief M. E. NOSOVA

*��)!*��$ �"�*!�)(&��(+�%!�!�% )

Chairman, Corresponding Member of RAS D. A. NOVIKOV

Professor, Doctor of Technical Sciences N. N. Bakhtadze; Doctor of Physical

and Mathemtical Sciences M. V. Gubko; Professor, Doctor of Technical

Sciences; Doctor of Economic Sciences A. I. Orlov; Professor, Doctor

of Technical Sciences Yu. V. Sidel’nikov; Professor, Doctor of Technical

Sciences N. V. Skibitskii; Professor, Doctor of Physical and Mathemtical

Sciences V. V. Strizhov ; Professor, Doctor of Technical Sciences

V. O. Tolcheev

Deputy Editor-in-Chief M. E. NOSOVA

���!�*!���(+� (�+(%*$�#�

"��(%��(%#��  %!&$���$(�

Chairman, Doctor of Technical Sciences L. K. ISAEV

I. V. Boldyrev; Professor, Doctor of Chemical Sciences V. I. Dvorkin;

Academician of RAS A. G. Dedov; Candidate of Technical Sciences

G. R. Nezhikhovskii

Subeditor, Candidate of Chemical Sciences E. I. REVINA

�*+,-.+/0 )-/.*�

Editor-in-chief

KARPOV Yury A.,

Academician of RAS, Kurnakov Institute of general

and inorganic chemistry of the Russian Academy of

Sciences, Moscow, Russia; e-mail:

karpov-yury@yandex.ru

ALYMOV Mikhail I.,

Corresponding member of RAS, Merzanov Institute

of Structural Micro kinetics and Material Science,

Chernogolovka, Russia

BARINOV Sergey M.,

Corresponding member of RAS,

A. A. Baikov Institute of Metallurgy and Materials

Research, Moscow, Russia

BERTO Filippo,

Prof., Norwegian University of Science and

Technology, Trondheim, Norge

BUBLIK Vladimir T.,

Prof., National University of Science and Technology

MISiS, Moscow, Russia

GRIGOROVICH Konstantin V.,

Academician of RAS, A. A. Baikov Institute

of Metallurgy and Materials Research,

Moscow, Russia

DEDOV Alexey G.,

Academician of RAS, Gubkin Russian State Oil and

Gas University, Moscow, Russia

ZHUKOVA Valentina A.,

Prof., University of the Basque Country,

San Sebastian, Spain

ZOLOTOV Yury A.,

Academician of RAS, M. V. Lomonosov Moscow

State University, Russia

ISAEV Lev K.,

Doctor of Technical Sciencec, All-Russian Research

Institute of Metrological Service, Moscow, Russia;

e-mail: isaev-vm@vniims.ru

KAZARIAN Sergei G.,

Prof., Imperial College London, London, UK

KATSKOV Dmitry A.,

Prof., Technical University of Pretoria,

Pretoria, SAR

KLYUEV Vladimir V.,

Academician of RAS, Scientific Research Introscopy

Institute “SPEKTR,” Moscow, Russia

KO�AKH Dra�an ,

Prof., J. J. Strossmayer University of Osijek, Croatia

KUSELMAN Ilya,

Independent Consultant on Metrology,

Modiin, Israel

MATVIENKO Yury G.,

Prof., Mechanical Engineering Research

Institute of the Russian Academy of Sciences,

Moscow, Russia

MATYUNIN Vyacheslav M.,

Prof., National Research “Moscow Power

Engineering Institute,” Moscow, Russia

MAKHUTOV Nikolay A.,

Corresponding member of RAS, Mechanical

Engineering Research Institute of the Russian

Academy of Sciences Russian Federation, Moscow,

Russia; e-mail: imash-ru@mail.ru

MOROZOV Evgeny M.,

Prof., National Research Nuclear University MEPhI

(Moscow Engineering Physics Institute), Russia

MURAVIEV Dmitry N.,

Prof., Autonomous University of Barcelona, Spain

NOVIKOV Dmitry A.,

Corresponding member of RAS,

V. A. Trapeznikov Institute of Control Sciences,

Moscow, Russia; e-mail: novikov@ipu.ru

NOSOVA Marina E.,

Deputy Editor-in Chief

ORLOV Alexander I.,

prof., Bauman Moscow State Technical University,

Russia

SHPIGUN Oleg A.,

corresponding member of RAS,

M. V. Lomonosov Moscow State University, Russia;

e-mail: shpigun@igic.ras.ru



Àíàëèç âåùåñòâà Substances analysis

DOI: https://doi.org/10.26896/1028-6861-2020-86-1-5-12

ÈÎÍ-ÑÅËÅÊÒÈÂÍÛÉ ÌÅÌÁÐÀÍÍÛÉ ÝËÅÊÒÐÎÄ

ÄËß ÎÏÐÅÄÅËÅÍÈß ÄÈÊËÎÔÅÍÀÊÀ
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Íà îñíîâå èñïîëüçîâàíèÿ â êà÷åñòâå ýëåêòðîäíîàêòèâíîãî âåùåñòâà (ÝÀÂ) èîííîãî àññîöè-

àòà (ÈÀ) äèêëîôåíàê — òîëóèäèíîâûé ãîëóáîé ðàçðàáîòàí íîâûé ìåìáðàííûé èîíîñåëåê-

òèâíûé ýëåêòðîä (ÈÑÝ). Ïîêàçàíî, ÷òî îïòèìàëüíàÿ êîíöåíòðàöèÿ ÈÀ â ïîëèâèíèëõëî-

ðèäíîé ìåìáðàíå ñîñòàâëÿåò 5 – 11 %. Èçó÷åíî âëèÿíèå ñîäåðæàíèÿ ïëàñòèôèêàòîðà íà

êðóòèçíó ýëåêòðîäíîé ôóíêöèè, åå ëèíåéíîñòü è íèæíþþ ãðàíèöó îïðåäåëÿåìûõ ñîäåð-

æàíèé äèêëîôåíàêà. Íàèëó÷øåå ñîîòíîøåíèå ïëàñòèôèêàòîðà ê ÏÂÕ ñîñòàâëÿåò

(1,0 – 1,5):1. Ñ ñîäåðæàíèåì ïëàñòèôèêàòîðà, î÷åâèäíî, ñâÿçàíî âðåìÿ æèçíè ýëåêòðîäà,

êîòîðîå îïðåäåëÿåòñÿ â îñíîâíîì ÷àñòîòîé åãî èñïîëüçîâàíèÿ è â ñðåäíåì ñîñòàâëÿåò

7,0 – 7,5 ìåñÿöà. Íàèëó÷øèå õàðàêòåðèñòèêè ñåíñîðà áûëè ïîëó÷åíû ñ èñïîëüçîâàíèåì

êîìïîçèöèè: èîííûé àññîöèàò — 7 %, äèáóòèëôòàëàò — 56 %, ÏÂÕ — 37 %. Ýëåêòðîõèìè-

÷åñêèé ñåíñîð èìååò ëèíåéíûé äèíàìè÷åñêèé äèàïàçîí 5,0 · 10–4 – 5,0 · 10–2 ìîëü/ë è êðó-

òèçíó ýëåêòðîäíîé ôóíêöèè 46,0 ìÂ/pC ñ íèæíèì ïðåäåëîì îïðåäåëåíèÿ 3,2 · 10–5 ìîëü/ë,

âðåìÿ îòêëèêà <15 ñ è ìîæåò èñïîëüçîâàòüñÿ â òå÷åíèå êàê ìèíèìóì 7 íåäåëü. Ñåíñîð òàê-

æå õàðàêòåðèçóåòñÿ âûñîêèì êîýôôèöèåíòîì ñåëåêòèâíîñòè ïî îòíîøåíèþ ê äèêëîôåíà-

êó, ïðîñòîòîé â ïðèìåíåíèè è íèçêîé ñåáåñòîèìîñòüþ. Íà îñíîâå ýêñïåðèìåíòàëüíûõ äàí-

íûõ ðàçðàáîòàí íîâûé ìåòîä îïðåäåëåíèÿ äèêëîôåíàêà, êîòîðûé îïðîáîâàí ïðè àíàëèçå

ìîäåëüíûõ ðàñòâîðîâ è ëåêàðñòâåííûõ ïðåïàðàòîâ.

Êëþ÷åâûå ñëîâà: äèêëîôåíàê; èîííûå àññîöèàòû; èîí-ñåëåêòèâíûé ýëåêòðîä; ïîòåí-

öèîìåòðèÿ.

ION-SELECTIVE MEMBRANE ELECTRODE FOR DICLOFENAC DETERMINATION

� Zholt A. Kormosh*, Irina P. Antal

Lesya Ukrainka Eastern European National University, 13 Volya Avenue, Lutsk, 43025, Ukraine;

*e-mail: kormosh@eenu.edu.ua

Received November 29, 2018. Revised September 9, 2019. Accepted October 23, 2019.

A new membrane ion-selective electrode (ISE) based on the use of the diclofenac-toluidine blue ion associ-

ate (IA) as an electrode substance (EAS) is developed. It is shown that the optimal concentration of IA in

the PVC membrane is 5 – 11%. The effect of the plasticizer content on the linearity and steepness of the

electrode function, as well as on the lower limit of diclofenac ion determination is studied. The best ratio of

a plasticizer to PVC is (1.0 – 1.5):1. The content of the plasticizer is obviously related to the electrode life-

time which is mainly determined by the frequency of usage being 7.0 – 7.5 months on the average. The

best sensor characteristics were obtained using the following composition: ion associate — 7%, dibutyl

phthalate — 56%, PVC — 37%. The electrochemical sensor has a linear dynamic range of 5.0 × 10–4 –

5.0 × 10–2 M, electrode slope of 46.0 mV/pc with a lower detection limit of 3.2 × 10–5 M, and response time

<15 sec. The low-cost sensor is easy to use, exhibits fast response, wide range of the electrode function lin-

earity, high selectivity to diclofenac and can be used for at least seven weeks. The new method of diclofenac

determination is developed and tested on model solutions and pharmaceuticals.

Keywords: diclofenac; ion-associates; ion-selective electrode; potentiometry.
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Ââåäåíèå

Â ñîâðåìåííûõ ó÷ðåæäåíèÿõ îõðàíû çäîðî-

âüÿ íåîáõîäèìî èñïîëüçîâàòü ýêñïðåññíûå è íà-

äåæíûå ìåòîäèêè îïðåäåëåíèÿ õèìè÷åñêèõ è

áèîõèìè÷åñêèõ ïîêàçàòåëåé â öåëÿõ ïîñòàíîâêè

òî÷íîãî äèàãíîçà è ïðèíÿòèÿ òåðàïåâòè÷åñêîãî

ðåøåíèÿ. Ñóùåñòâóåò òåíäåíöèÿ óâåëè÷åíèÿ

ñïðîñà íà ïðîñòûå è íåäîðîãèå àíàëèòè÷åñêèå

òåñò-ñèñòåìû äëÿ îïðåäåëåíèÿ ñëåäîâûõ êîëè-

÷åñòâ âåùåñòâ. Ïîòåíöèîìåòðè÷åñêèå îïðåäåëå-

íèÿ, îñíîâàííûå íà èñïîëüçîâàíèè èîí-ñåëåê-

òèâíûõ ýëåêòîäîâ (ÈÑÝ), ïðîñòû â âûïîëíåíèè,

õàðàêòåðèçóþòñÿ óäîâëåòâîðèòåëüíîé èçáèðà-

òåëüíîñòüþ è íàäåæíîñòüþ, ÷òî, â ñâîþ î÷åðåäü,

òðåáóåò ðàçðàáîòêè íîâûõ ïîòåíöèîìåòðè÷åñêèõ

ñåíñîðîâ.

Äèêëîôåíàê íàòðèÿ (íàòðèåâàÿ ñîëü 2-(2,6-

äèõëîðôåíèëàìèíî)ôåíèëóêñóñíîé êèñëîòû)

(ÄÊ) îòíîñèòñÿ ê íåñòåðîèäíûì ïðîòèâîâîñïàëè-

òåëüíûì ïðåïàðàòàì (ÍÏÂÏ) ãðóïïû ïðîèçâîä-

íûõ ôåíèëóêñóñíîé êèñëîòû è ïðèìåíÿåòñÿ ïðè

ðåâìàòèçìå, ðåâìàòîèäíîì àðòðèòå è äðóãèõ çà-

áîëåâàíèÿõ ñóñòàâîâ [1, 2].

Äëÿ îïðåäåëåíèÿ äèêëîôåíàêà ïðåäëîæåíû

õðîìàòîãðàôè÷åñêèå [3, 4], ãðàâèìåòðè÷åñêèå [5],

ñïåêòðîôîòîìåòðè÷åñêèå [6 – 12], ëþìèíåñöåíò-

íûå [12 – 15], ïîòåíöèîìåòðè÷åñêèå [16 – 20] è

äðóãèå ìåòîäû.

Â íàñòîÿùåé ðàáîòå èññëåäîâàíû ýëåêòðîàíà-

ëèòè÷åñêèå è ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè

ìåìáðàííûõ ýëåêòðîäîâ, â êîòîðûõ â êà÷åñòâå

ýëåêòðîäîàêòèâíîãî âåùåñòâà (ÝÀÂ) èñïîëüçîâà-

ëè èîííûé àññîöèàò (ÈÀ) îñíîâíîãî êðàñèòåëÿ

òîëóèäèíîâîãî ãîëóáîãî (ÒÃ) ñ äèêëîôåíàêîì:

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èîííûé àññîöèàò áûë ñèíòåçèðîâàí îñàæäå-

íèåì èç ïåðåñûùåííîãî ðàñòâîðà (ñëèâàíèåì

10–2 Ì ðàñòâîðîâ òîëóèäèíîâîãî ãîëóáîãî è äèê-

ëîôåíàêà íàòðèÿ). Âûïàâøèé îñàäîê îòôèëüòðî-

âûâàëè, íåñêîëüêî ðàç ïðîìûâàëè õîëîäíîé äèñ-

òèëëèðîâàííîé âîäîé äëÿ óäàëåíèÿ îñòàòêîâ êðà-

ñèòåëÿ è ñóøèëè ïðè êîìíàòíîé òåìïåðàòóðå â

òå÷åíèå äâóõ ñóòîê.

Äëÿ ìîäåëèðîâàíèÿ ñîñòàâà ìåìáðàí ÄÊ-ñåí-

ñîðà èñïîëüçîâàëè: èíåðòíóþ ìàòðèöó — ïîëè-

âèíèëõëîðèä ðàçíîé ñòåïåíè ïîëèìåðèçàöèè;

ðàñòâîðèòåëè-ïëàñòèôèêàòîðû — äèáóòèëôòà-

ëàò (ÄÁÔ), äèáóòèëñåáàöåíàò (ÄÁÑ), äèîêòèë-

ôòàëàò (ÄÎÔ), òðèêðåçèëôîñôàò (ÒÊÔ), äèíî-

íèëôòàëàò (ÄÍÔ). Â êà÷åñòâå ðàñòâîðèòåëÿ ÏÂÕ

èñïîëüçîâàëè öèêëîãåêñàíîí (ÖÃÍ) è òåòðà-

ãèäðîôóðàí (ÒÃÔ).

Ïëàñòèôèöèðîâàííûå ïîëèâèíèëõëîðèäíûå

ìåìáðàíû ãîòîâèëè ñëåäóþùèì îáðàçîì. Ñîäåð-

æàíèå ýëåêòðîäíîàêòèâíîãî âåùåñòâà cÝÀÂ ñî-

ñòàâëÿëî 2 – 11 % ìàññ., ñîîòíîøåíèå ÏÂÕ: ïëà-

ñòèôèêàòîð — 1:(1,5 – 2). Ñìåñü ýòèõ ðåàãåíòîâ

ââîäèëè â 0,5 ìë ÖÃÍ èëè ÒÃÔ è ïåðåìåøèâàëè

äî îäíîðîäíîé ìàññû. Äàëåå ñìåñü òîíêèì ñëîåì

(0,7 ìë) ïåðåíîñèëè íà ìåòàëëè÷åñêóþ ïëàñòèíó

(ñïëàâ Âóäà), ïðèêðåïëåííóþ ê ìåäíîé ïðîâî-

ëîêå, è ñóøèëè ìåìáðàíó íà âîçäóõå â òå÷åíèå

ñóòîê.

Ñòåïåíü ãîìîãåíèçàöèè ìåìáðàí îöåíèâàëè

ïî ìèêðîôîòîãðàôèÿì, ñäåëàííûì ñ ïîìîùüþ

ìåòàëëîãðàôè÷åñêîãî ìèêðîñêîïà Leica.

Ïðè èçìåðåíèÿõ ïîëüçîâàëèñü êëàññè÷åñêîé

ñõåìîé ïîñòðîåíèÿ ýëåêòðîõèìè÷åñêîé ÿ÷åéêè:

Ag, AgCl | KCl(íàñ.) | èññëåäóåìûé

ðàñòâîð || ìåìáðàíà | âíóòðåííèé ðàñòâîð | Cu.

Àíàëîãè÷íóþ ñõåìó ìû èñïîëüçîâàëè â ïðå-

äûäóùèõ ðàáîòàõ [15, 20 – 26].

Èîííóþ ñèëó ãðàäóèðîâî÷íûõ è èññëåäóåìûõ

ðàñòâîðîâ ïîääåðæèâàëè 0,1 Ì KCl.

Äëÿ ïîòåíöèîìåòðè÷åñêèõ èçìåðåíèé èñ-

ïîëüçîâàëè èîíîìåð È-160.Ì (ïîãðåøíîñòü èçìå-

ðåíèÿ — ±1 ìÂ); ýëåêòðîä ñðàâíåíèÿ — ñòàí-

äàðòíûé õëîðèäñåðåáðÿíûé ýëåêòðîä ïðè òåìïå-

ðàòóðå 20,0 °C.

Çíà÷åíèå pH ðàñòâîðîâ ïîääåðæèâàëè ïîñòî-

ÿííûì ñ ïîìîùüþ áóôåðíîé ñìåñè (0,04 Ì óêñóñ-

íîé, áîðíîé è ôîñôîðíîé êèñëîò ñ 0,2 Ì NaOH) è

êîíòðîëèðîâàëè ïîòåíöèîìåòðè÷åñêè ñ ïîìîùüþ

èîíîìåðà/pH-ìåòðà «pH-301».

Îáñóæäåíèå ðåçóëüòàòîâ

Ñîñòàâ ìåìáðàíû. Èç ëèòåðàòóðû [27] èç-

âåñòíû ïîïûòêè èñïîëüçîâàíèÿ ÈÑÝ íà îñíî-

âå ÏÂÕ ñ ðàçíûìè ïëàñòèôèêàòîðàìè, ÷àùå âñå-

ãî — íèòðîáåíçîëîì è åãî ãîìîëîãàìè, áðîìíàô-

òàëèíîì è äð. Â êà÷åñòâå ïëàñòèôèêàòîðîâ òàêæå

ïðèìåíÿþò ýôèðû ôòàëåâîé êèñëîòû. Óñòàíîâ-

ëåíî, ÷òî íàèáîëåå áëèçêè ê òåîðåòè÷åñêîìó

(59 ìÂ/pC ïðè 20 °C äëÿ îäíîçàðÿäíûõ èîíîâ)

çíà÷åíèÿ êðóòèçíû ýëåêòðîäíîé ôóíêöèè ìåì-

áðàí, ïëàñòèôèöèðîâàííûõ ÄÁÔ, ÒÊÔ è

ÄÎÔ — 46,0 ìÂ/pC (ðèñ. 1, òàáë. 1). Ïðèáëèçè-

òåëüíî îäèíàêîâûìè, îäíàêî õóäøèìè ïî ñðàâ-

íåíèþ ñ ÄÁÔ è ÒÊÔ õàðàêòåðèñòèêàìè îáëàäà-

þò ìåìáðàíû, ïëàñòèôèöèðîâàííûå ÄÍÔ è

ÄÁÑ. ×òî æå êàñàåòñÿ äðóãèõ ýëåêòðîäíûõ õà-

ðàêòåðèñòèê, òî íèæíèé ïðåäåë îïðåäåëåíèÿ

äèêëîôåíàê-èîíîâ íåçàâèñèìî îò ïëàñòèôèêàòî-

ðà ñîñòàâëÿåò n · (10–5 – 10–4) ìîëü/ë, ò.å. ïðèðîäà
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ïëàñòèôèêàòîðà (å, äèýëåêòðè÷åñêàÿ ïðîíèöà-

åìîñòü) íå âëèÿåò íà åãî çíà÷åíèå, îäíàêî â çíà-

÷èòåëüíîé ñòåïåíè îïðåäåëÿåò êðóòèçíó ýëåê-

òðîäíîé ôóíêöèè, ÷òî âàæíî äëÿ íàõîæäåíèÿ

îïòèìàëüíûõ óñëîâèé èñïîëüçîâàíèÿ ÈÑÝ.

Îöåíêà âëèÿíèÿ ñîäåðæàíèÿ ÈÀ â ìåìáðàíå

è ïðèðîäû ïëàñòèôèêàòîðà íà ýëåêòðîõèìè÷å-

ñêèå õàðàêòåðèñòèêè ÈÑÝ ïðåäñòàâëåíà â

òàáë. 1.

Ïî äàííûì òàáë. 1 î÷åâèäíî, ÷òî îïòèìàëü-

íàÿ êîíöåíòðàöèÿ ÈÀ â ïîëèâèíèëõëîðèäíîé

ìåìáðàíå ñîñòàâëÿåò 5 – 11 %. Óâåëè÷åíèå êîí-

öåíòðàöèè ÈÀ â ìåìáðàíå ïðèâîäèò ê åå êðè-

ñòàëëèçàöèè, ÷òî äåëàåò ìåìáðàíó áîëåå æåñò-

êîé.

Ïðè èññëåäîâàíèè âëèÿíèÿ ñîäåðæàíèÿ

ïëàñòèôèêàòîðà íà êðóòèçíó ýëåêòðîäíîé ôóíê-

öèè, åå ëèíåéíîñòü è íèæíþþ ãðàíèöó îïðåäå-

ëÿåìûõ ñîäåðæàíèé èîíîâ äèêëîôåíàêà êîëè÷å-

ñòâî ïëàñòèôèêàòîðà ïðè ïðèãîòîâëåíèè ìåì-

áðàíû èçìåíÿëè îò 0,04- äî 20-êðàòíîãî èçáûòêà

ïî îòíîøåíèþ ê êîëè÷åñòâó ÏÂÕ.

Íàèëó÷øåå ñîîòíîøåíèå ïëàñòèôèêàòîðà è

ÏÂÕ ñîñòàâëÿåò (1,0 – 1,5):1,0 ïðè ñîäåðæàíèè

ÝÀÂ 5 – 7 %. Ïðè äðóãèõ ñîîòíîøåíèÿõ ïîëó÷èòü

ìåìáðàíû äîñòàòî÷íîé ýëàñòè÷íîñòè è ãîìîãåí-

íîñòè íå óäàåòñÿ. Ñ ñîäåðæàíèåì ïëàñòèôèêàòî-

ðà, î÷åâèäíî, ñâÿçàíî âðåìÿ æèçíè ýëåêòðîäà, êî-

òîðîå îïðåäåëÿåòñÿ â îñíîâíîì ÷àñòîòîé åãî èñ-

ïîëüçîâàíèÿ è â ñðåäíåì ñîñòàâëÿåò 7,0 – 7,5 ìå-

ñÿöà. Ñî âðåìåíåì ñîäåðæàíèå ðàñòâîðèòåëÿ â

ìåìáðàíå óìåíüøàåòñÿ, ýòî ïðèâîäèò ê íàðóøå-

íèþ åå ñòðóêòóðû è, âåðîÿòíî, ê îãðàíè÷åíèþ

âðåìåíè æèçíè ýëåêòðîäîâ.

Èçó÷èëè òàêæå âëèÿíèå êîíöåíòðàöèè âíóò-

ðåííåãî ðàñòâîðà ñðàâíåíèÿ íà õàðàêòåðèñòèêè

ÈÑÝ. Èñïîëüçîâàëè 1 · 10–2 è 5 · 10–2 Ì ðàñòâîðû

äèêëîôåíàêà. Óñòàíîâëåíî, ÷òî êîíöåíòðàöèÿ

âíóòðåííåãî ðàñòâîðà ñóùåñòâåííî íå âëèÿåò íà

äèàïàçîí ëèíåéíîñòè è êðóòèçíó ýëåêòðîäíîé

ôóíêöèè, à òàêæå íà âðåìÿ îòêëèêà ñèñòåìû.

Óñëîâèÿ èçìåðåíèÿ ïîòåíöèàëà. Ôàêòîðîì,

êîòîðûé íàèáîëåå ñèëüíî âëèÿåò íà ôóíêöèî-

íèðîâàíèå ïðàêòè÷åñêè âñåõ èîíîñåëåêòèâíûõ

ýëåêòðîäîâ (à èíîãäà îêàçûâàåòñÿ îïðåäåëÿ-

þùèì), ÿâëÿåòñÿ êèñëîòíîñòü ñðåäû. Â çíà÷è-

òåëüíîé ñòåïåíè ýòî êàñàåòñÿ ÈÑÝ, ÷óâñòâèòåëü-
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Ðèñ. 1. Çàâèñèìîñòü ïîòåíöèàëà äèêëîôåíàê-ñåëåêòèâ-

íîãî ýëåêòðîäà îò îòðèöàòåëüíîãî ëîãàðèôìà êîíöåíòðà-

öèè äèêëîôåíàêà ïðè èñïîëüçîâàíèè ðàçëè÷íûõ ïëàñòè-

ôèêàòîðîâ: 1 — ÒÊÔ; 2 — ÄÎÔ; 3 — ÄÍÔ; 4 — ÄÁÔ; 5 —

ÄÁÑ

Fig. 1. The dependence of the potential of a diclofenac-se-

lective electrode on the negative logarithm of the diclofenac

concentration for different plasticizers: 1 — TCP; 2 — DOP;

3 — DNF; 4 — DBP; 5 — DBS

Òàáëèöà 1. Ýëåêòðîõèìè÷åñêèå õàðàêòåðèñòèêè ÈÑÝ (pH 8; 0,1 Ì KCl; 56 % ïëàñòèôèêàòîðà) ïðè èñïîëüçîâàíèè ðàç-

ëè÷íûõ ïëàñòèôèêàòîðîâ è ðàçíîì ñîäåðæàíèè ÈÀ

Table 1. The electrochemical characteristics of ISE (pH 8; 0.1 M KCl; 56% plasticizer) for different plasticizers and content of

ion-associates (IA)

Ïëàñòèôèêàòîð
Ñîäåðæàíèå

ÝÀÂ, %

Êðóòèçíà ýëåêòðîäíîé

ôóíêöèè S, ìÂ/pC

Èíòåðâàë ëèíåéíîñòè

a, ìîëü/ë

Íèæíèé ïðåäåë îïðå-

äåëåíèÿ c
min

, ìîëü/ë

ÄÁÔ 2 43 ± 2 1 · 10–4 – 5 · 10–2 7,9 · 10–5

ÄÁÔ 5 46 ± 1 5 · 10–4 – 5 · 10–2 1,6 · 10–4

ÄÁÔ 7 46 ± 1 5 · 10–4 – 5 · 10–2 3,2 · 10–5

ÄÁÔ 11 43 ± 1 5 · 10–4 – 5 · 10–2 4,0 · 10–5

ÄÁÔ 13 37 ± 1 1 · 10–4 – 5 · 10–2 6,3 · 10–5

ÄÁÔ 15 25 ± 1 1 · 10–4 – 5 · 10–2 7,9 · 10–5

ÄÁÔ 17 23 ± 1 1 · 10–4 – 5 · 10–2 7,9 · 10–5

ÄÁÔ 20 18 ± 1 5 · 10–3 – 5 · 10–2 1,3 · 10–4

ÒÊÔ 5 35 ± 1 5 · 10–4 – 5 · 10–2 3,2 · 10–4

ÄÍÔ 5 29 ± 2 5 · 10–4 – 5 · 10–2 7,9 · 10–5

ÄÎÔ 5 37 ± 1 5 · 10–4 – 5 · 10–2 1,6 · 10–4

ÄÁÑ 5 17 ± 1 5 · 10–4 – 5 · 10–2 2,4 · 10–4



íûõ ê îðãàíè÷åñêèì ýëåêòðîëèòàì, êîòîðûå, êàê

èçâåñòíî, ñóùåñòâóþò â ðàçíûõ ôîðìàõ â çàâè-

ñèìîñòè îò êèñëîòíîñòè ñðåäû. Êðîìå ýòîãî, çíà-

÷åíèå pH âëèÿåò íà ñîñòîÿíèå èîííîãî àññîöèàòà

è äðóãèõ êîìïîíåíòîâ ìåìáðàíû, ò.å. íà ãðàíèöå

ðàçäåëà ôàç ìåìáðàíà — ðàñòâîð ìîãóò ïðî-

òåêàòü ïàðàëëåëüíûå ïðîòîëèòè÷åñêèå ïðîöåñ-

ñû, îïèñàíèå êîòîðûõ ìîæåò áûòü äîñòàòî÷íî

ñëîæíûì.

Èçó÷åíèå çàâèñèìîñòè ïîòåíöèàëà ÈÑÝ íà

îñíîâå ÈÀ äèêëîôåíàêà è òîëóèäèíîâîãî ãîëóáî-

ãî îò pH (ðèñ. 2) ïîêàçàëî, ÷òî ïðè ðàçëè÷íûõ

êîíöåíòðàöèÿõ äèêëîôåíàêà ïîòåíöèàë ñîõðàíÿ-

åò ïîñòîÿííîå çíà÷åíèå â èíòåðâàëå pH 7 – 11,

îäíàêî ïðè ïåðåõîäå â áîëåå êèñëóþ îáëàñòü íà-

áëþäàåòñÿ ñêà÷îê ïîòåíöèàëà (îñîáåííî äëÿ ðàñ-

òâîðîâ ñ íèçêèì çíà÷åíèåì pC). Âîçìîæíî, ýòî

îáúÿñíÿåòñÿ ðàçíûì êîíöåíòðàöèîííûì ñîîòíî-

øåíèåì ìîëåêóëÿðíîé è èîííîé ôîðì äèêëîôå-

íàêà ïðè ðàçíîì çíà÷åíèè pH âîäíîãî ðàñòâîðà

(pKa = 4,15).

Âðåìÿ îòêëèêà. Îöåíèâàëè âðåìÿ îòêëèêà,

íåîáõîäèìîå äëÿ òîãî, ÷òîáû ïîòåíöèàë ìåìáðàí-

íîãî ýëåêòðîäà äîñòèã ðàâíîâåñíîãî çíà÷åíèÿ

(±1 ìÂ) ïîñëå ïîãðóæåíèÿ â ðàñòâîðû äèêëî-

ôåíàêà, ðàçëè÷àþùèåñÿ ïî êîíöåíòðàöèè â ïÿòü

ðàç. Ñðåäíåñòàòèñòè÷åñêîå âðåìÿ îòêëèêà äëÿ

êîíöåíòðàöèé >10–5 ìîëü/ë ñîñòàâëÿëî 3 ñ

(ðèñ. 3); ïîòåíöèàë îñòàâàëñÿ ïîñòîÿííûì â òå÷å-

íèå 10 ìèí. Ìåìáðàííûé ñåíñîð ðàáîòàë ñòà-

áèëüíî ïî êðàéíåé ìåðå òðè ìåñÿöà.

Áûëî èññëåäîâàíî òàêæå âëèÿíèå êîíöåíòðà-

öèè ôîíîâîãî ýëåêòðîëèòà (KCl), ðåãóëèðóþùåãî

îáùóþ èîííóþ ñèëó. Åå óâåëè÷åíèå ïðàêòè÷åñêè

íå âëèÿåò íà ýëåêòðîäíûå õàðàêòåðèñòèêè, çà-

ìåòíû èçìåíåíèÿ ëèøü â çíà÷åíèÿõ Cmin. Âîîá-

ùå, ïðè âûáîðå ïðèðîäû è êîíöåíòðàöèè ôîíî-

âîãî ýëåêòðîëèòà äëÿ èçìåðåíèÿ ýëåêòðîäíîãî

ïîòåíöèàëà âàæíî, ÷òîáû àíèîí ýëåêòðîëèòà íå

êîíêóðèðîâàë ñ ïîòåíöèàëîïðåäåëÿþùèì àíèî-

íîì çà ìåñòî â ìåìáðàíå [28].

Ñåëåêòèâíîñòü. Äëÿ îöåíêè ïîòåíöèîìåòðè-

÷åñêîé ñåëåêòèâíîñòè ýëåêòðîäîâ èñïîëüçîâàëè

ðåêîìåíäîâàííûé êîìèññèåé ÈÞÏÀÊ ìåòîä ñìå-

øàííûõ ðàñòâîðîâ ñ ïîñòîÿííîé êîíöåíòðàöèåé

ìåøàþùåãî èîíà. Êîýôôèöèåíò ñåëåêòèâíîñòè

âû÷èñëÿëè ïî ôîðìóëå [29] êàê ñîîòíîøåíèå àê-

òèâíîñòåé îïðåäåëÿåìîãî è ìåøàþùåãî èîíîâ:

K
M S�

nom = aM/aS.

Äëÿ æèäêîñòíûõ ìåìáðàí ïîòåíöèîìåòðè÷å-

ñêóþ ñåëåêòèâíîñòü äîñòàòî÷íî ñëîæíî îöåíèòü,

òàê êàê îíà çàâèñèò îò ýêñòðàêöèîííîé ñåëåêòèâ-

íîñòè ðàñòâîðèòåëÿ è îò ñïåöèôè÷íîñòè ñâÿçè,

êîòîðóþ àêòèâíûå öåíòðû îáðàçóþò ñ ïðîòèâî-

èîíàìè [29].

Ïîëó÷åííûå çíà÷åíèÿ êîýôôèöèåíòîâ ñåëåê-

òèâíîñòè, âû÷èñëåííûå èç ýêñïåðèìåíòàëüíûõ

äàííûõ, ïðèâåäåíû â òàáë. 2. Êàê âèäíî èç ïðè-

âåäåííûõ äàííûõ, áîëüøèíñòâî èññëåäîâàííûõ

èîíîâ íå ñîçäàâàëè ïîìåõ ïðè ðàáîòå ìåìáðàííî-

ãî ñåíñîðà, õàðàêòåðèçóþùåãîñÿ âûñîêèìè çíà-

÷åíèÿìè êîýôôèöèåíòà ñåëåêòèâíîñòè ïî îòíî-

øåíèþ ê äèêëîôåíàê-èîíàì. Êðîìå òîãî, â

òàáë. 2 äëÿ ñðàâíåíèÿ ïðèâåäåíû êîýôôèöèåíòû

ñåëåêòèâíîñòè äðóãèõ ÈÑÝ äëÿ îïðåäåëåíèÿ äèê-

ëîôåíàêà.

Â ëèòåðàòóðå îïèñàíû ìåòîäû îñàäî÷íîãî

òèòðîâàíèÿ, êîãäà îïðåäåëÿþò ñîñòàâ îñàäêà è

ïðîèçâåäåíèå ðàñòâîðèìîñòè àíàëèçèðóåìûõ âå-

ùåñòâ [30, 31]. Îñíîâíîå òðåáîâàíèå, ïðåäúÿâ-

ëÿåìîå ê ýëåêòðîäó, — ýòî åãî îáðàòèìîñòü êàê ïî

îòíîøåíèþ ê êàòèîíó, òàê è àíèîíó. Íàìè ïîêà-

çàíî, ÷òî ýëåêòðîä íà îñíîâå ÈÀ äèêëîôåíàêà è
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Ðèñ. 2. Çàâèñèìîñòü ýëåêòðîäíîãî ïîòåíöèàëà îò pH ñðå-

äû ïðè ðàçíûõ çíà÷åíèÿõ pC äèêëîôåíàêà: 1 — 3; 2 —

3,3; 3 — 2,0 (ìåìáðàíà: 7 % ÈÀ; 56 % ÄÁÔ; 0,1 Ì KCl)

Fig. 2. The dependence of the electrode potential on the pH

value of the test solution at different pC values of diclofenac

(membrane: 7% IA; 56% DBPh, 0.1 M KCl); 1 — pC(Dicl) =

= 3; 2 — pC(Dicl) = 3.3; 3 — pC(Dicl) = 2.0)
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Ðèñ. 3. Âðåìÿ îòêëèêà ýëåêòðîäà ïðè ðàçëè÷íûõ ñîäåð-

æàíèÿõ äèêëîôåíàêà (pH 8; 0,1 Ì KCl; 7 % ÈÀ; ÄÁÔ)

Fig. 3. Electrode response time to diclofenac ions (pH 8;

0.1 M KCl; 7% IA; DBP)



òîëóèäèíîâîãî ãîëóáîãî ÿâëÿåòñÿ ÷óâñòâèòåëü-

íûì ê êàòèîíó êðàñèòåëÿ. Êðóòèçíà ýëåêòðîäíîé

ôóíêöèè ñîñòàâëÿåò 30 ± 2 ìÂ/pC, åå ëèíåéíîñòü

íàáëþäàåòñÿ â ïðåäåëàõ 1 · 10–5 – 1 · 10–3 ìîëü/ë

òîëóèäèíîâîãî ãîëóáîãî, íèæíèé ïðåäåë îïðåäå-

ëåíèÿ îñíîâíîãî êðàñèòåëÿ ðàâåí 4 · 10–6 ìîëü/ë.

Ñîñòàâ àññîöèàòà, âåðîÿòíî, áóäåò îïðåäå-

ëÿòüñÿ ñîîòíîøåíèåì êîìïîíåíòîâ â òî÷êå ýêâè-

âàëåíòíîñòè ïðè òèòðîâàíèè äèêëîôåíàêà ñîîò-

âåòñòâóþùèì îñíîâíûì êðàñèòåëåì:

mR+ + nDicl–� RmDicln�.
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Òàáëèöà 2. Êîýôôèöèåíòû ñåëåêòèâíîñòè ðàçðàáîòàííîãî è äðóãèõ äèêëîôåíàê-ñåëåêòèâíûõ ýëåêòðîäîâ

Table 2. The selectivity coefficients of the developed and other diclofenac-selective electrodes

Ñîïóòñòâóþùèé

èîí

Êîýôôèöèåíò ñåëåê-

òèâíîñòè –lg KDCF I

pot

,

Äðóãèå ïîòåíöèîìåòðè÷åñêèå ñåíñîðû

Fe(II)-ôòàëîöèàíèí, [19] Êîìïëåêñ ÄÊ ñ ÃÄÏÁ, [17] Pt|Hg
2
(DFC)

2
|ãðàôèò, [18]

Cl� 5,0 2,3 2,6 0,36

Br� 4,6 3,3 3,3 —

I� 3,3 2,9 — —

SCN� 3,7 3,5 — —

ClO4
� 3,1 — — —

IO3
� — 3,3 — —

NO2
� — 3,2 — —

NO3
� 5,0 2,0 2,3 —

SO4
2� 4,8 3,0 — 3,9

PO4
3� — 3,8 — —

Îêñàëàò- — 3,8 — 2,1

Áåíçîàò- 4,9 3,3 — 2,1

Ñàëèöèëàò- 2,3 2,7 — 2,0

Ôòàëàò- — 3,3 — 2,1

Ãëþêîçà 5,0 3,2 2,8 —

Mg2+ 5,1 — 3,2 —

Ca2+ 5,0 — 3,1 —

Na+ 5,1 — 1,3 —

K+ 5,0 — 3,0 —

Ãëèöèí 5,1 — 2,6 —

Ãèñòèäèí 5,0 — — —

Ïðèìå÷àíèå. «—» — íåò äàííûõ.
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Ðèñ. 4. Èíòåãðàëüíàÿ (à) è äèôôåðåíöèàëüíàÿ (á) êðèâûå òèòðîâàíèÿ 10 ìë 0,01 Ì ðàñòâîðà äèêëîôåíàêà 0,01 Ì ðàñ-

òâîðîì òîëóèäèíîâîãî ãîëóáîãî

Fig. 4. Integral (a) and differential (b) titration curves for 10 ml of 0.01 M diclofenac solution with 0.01 M toluidine blue



Èç ðèñ. 4, íà êîòîðîì ïðèâåäåíû èíòåãðàëü-

íàÿ è äèôôåðåíöèàëüíàÿ êðèâûå îñàäî÷íîãî

òèòðîâàíèÿ äèêëîôåíàêà ðàñòâîðîì îñíîâíîãî

êðàñèòåëÿ, âèäíî, ÷òî ïðè âçàèìîäåéñòâèè äèê-

ëîôåíàêà ñ òîëóèäèíîâûì ãîëóáûì îáðàçóåòñÿ

èîííûé àññîöèàò ñîñòàâà 1:1. Ýòî ìîæíî èñïîëü-

çîâàòü è äëÿ îïðåäåëåíèÿ ìàêðîêîëè÷åñòâ äèêëî-

ôåíàêà.

Àíàëèòè÷åñêîå èñïîëüçîâàíèå. ×òîáû îöå-

íèòü ýôôåêòèâíîñòü ïîòåíöèîìåòðè÷åñêîãî ñåí-

ñîðà äëÿ îïðåäåëåíèÿ äèêëîôåíàêà â ðåàëüíûõ

îáðàçöàõ, îïðåäåëÿëè åãî ñîäåðæàíèå â ôàðìà-

öåâòè÷åñêèõ ïðåïàðàòàõ (êàïñóëàõ, èíúåêöèÿõ,

ìàçÿõ). Ðåçóëüòàòû ïðåäñòàâëåíû â òàáë. 3 íàðÿ-

äó ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ìåòîäîì ïîòåí-

öèîìåòðè÷åñêîãî òèòðîâàíèÿ [1], è ñåðòèôèöèðî-

âàííûìè çíà÷åíèÿìè ñîäåðæàíèÿ.

Îáðàçöû ðàñòâîðîâ äëÿ èíúåêöèé è ãåëåé, êî-

òîðûå ñîäåðæàëè äèêëîôåíàê, ïåðåä àíàëèçîì

ðàñòâîðÿëè â äèñòèëëèðîâàííîé âîäå, à êàïñóëû

è òàáëåòêè ïðåäâàðèòåëüíî ðàñòèðàëè â ïîðîøîê

â àãàòîâîé ñòóïêå è ðàñòâîðÿëè â ôîíîâîì ýëåê-

òðîëèòå. Ðàñòâîð ôèëüòðîâàëè ÷åðåç áóìàãó äëÿ

óäàëåíèÿ òâåðäûõ ÷àñòèö. Èîííóþ ñèëó ðàñòâî-

ðîâ ïîääåðæèâàëè 0,1 Ì KCl ïðè pH 8. Â ïîëó-

÷åííûé ðàñòâîð ïîãðóæàëè äèêëîôåíàê-ñåëåê-

òèâíûé ýëåêòðîä è ýëåêòðîä ñðàâíåíèÿ. Êîíöåí-

òðàöèþ äèêëîôåíàêà íàõîäèëè ïî ãðàäóèðîâî÷-

íîìó ãðàôèêó.

Ïðèâåäåííûå â òàáë. 3 ðåçóëüòàòû ïîêàçû-

âàþò óäîâëåòâîðèòåëüíîå ñîâïàäåíèå [1], ÷òî

ñâèäåòåëüñòâóåò î íåçíà÷èòåëüíîì âëèÿíèè íà

ðàáîòó ñåíñîðà äðóãèõ àíèîíîâ, à òàêæå êà-

òèîíîâ, ïðèñóòñòâóþùèõ â ôàðìàöåâòè÷åñêèõ

ïðåïàðàòàõ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàí íîâûé ïîòåíöèî-

ìåòðè÷åñêèé ñåíñîð (ÈÑÝ) äëÿ îïðåäåëåíèÿ äèê-

ëîôåíàêà â ôàðìàöåâòè÷åñêèõ ïðåïàðàòàõ,

õàðàêòåðèçóþùèéñÿ áûñòðûì îòêëèêîì (2 – 3 ñ),

øèðîêîé îáëàñòüþ ëèíåéíîñòè ýëåêòðîäíîé

ôóíêöèè, âûñîêèì êîýôôèöèåíòîì ñåëåêòèâ-

íîñòè, à òàêæå ïðîñòîòîé ïðèìåíåíèÿ è íèçêîé

ñåáåñòîèìîñòüþ. Ïðåäëîæåííûé ñåíñîð áûë àï-

ðîáèðîâàí ïðè àíàëèçå ðÿäà ôàðìàöåâòè÷åñêèõ

ïðåïàðàòîâ íà ñîäåðæàíèå äèêëîôåíàêà.
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Flame spectrophotometry is one of the main methods for determining alkali and alkaline earth

metals in solutions. Chemical analysis by the flame photometric method have become of great

importance for estimation of trace elements content and for work on small quantities of sam-

ple. The most important disadvantages of flame spectrophotometry are different types of inter-

ference (spectral, chemical, and physical). The paper considers mainly the physical interference

which directly relates to the state of the sample itself and includes solution temperature, vis-

cosity, surface tension, and vapor pressure. These effects are interdependent and not easily iso-

lated for study. The addition of a substance increases the viscosity of the solution, which affects

aerosol formation, transport, droplet size distribution, evaporation rate and flame tempera-

ture. All that leads to a decrease in the intensity of light emission. In the present article, the ef-

fect of phenylalanine on the sodium determination by the flame photometric method in the

field of dilute solutions was studied. A decrease in the photocurrent emission of sodium in its

joint determination with phenylalanine was found. The main reason is the increase in viscosity.

It leads to a reduction in the spraying rate in the analyzer and a diminution in the analytical

response of the device. The systematic type of errors in determining the concentration of so-

dium in the presence of phenylalanine is proved.

Keywords: flame emission spectroscopy; sodium; organic substances; solution viscosity;

phenylalanine; spray rate; atomization.

Introduction

In the microbiological synthesis of amino acids,

the resulting mixtures contain, in addition to the

target component, mineral components and sugars.

To solve the problem of amino acids separation

from a mixture with sugars and mineral electro-

lytes, ion-exchange and membrane technologies

are used. During dialysis of water-salt solutions of

phenylalanine, amino acids are transferred to-

gether with sodium ions through a cation exchange

membrane, which reduces the efficiency of the sep-

aration process [1, 2]. To develop rational deminer-

alization regimes for mixed solutions, the problem

of quantifying the amino acid and salt in dilute so-

lutions arises.

The traditional method for determining alkali

and alkaline earth metals is flame emission pho-

tometry. This method is based on measuring the in-

tensity of light emitted by excited particles (atoms

or molecules) when a substance is introduced into a

flame. The advantages of the method are expressiv-

ity; high selectivity and accuracy (2 – 4%); high

sensitivity (Ñmin — up to 10–7 mol/dm3) [3]. Cur-

rently, this method finds its application not only in

conducting local laboratory analyzes [4], but is also

used in various important modern branches of

technical research [5, 6], determination of alkali

and alkaline-earth metals in food products [7, 8]

and in studies of geochemical samples [9]. The pos-

sibilities of using a digital flame image to deter-

mine the sodium content in samples of sports

drinks are discussed [10]. The disadvantage of the

flame photometric method is the possibility of a

significant overlapping of adjacent spectral lines

belonging to different chemical elements. This ef-

fect leads to influence of other elements, which are

in the analyzed solution, on the results of the tar-

get element determinination.

Many authors have studied the role of the in-

fluence of various kinds of interference in metals

determination in a solution [6]. However, the influ-

ence of interference caused by the so-called inert

materials has been given little or no consideration.

Errors that occur in the presence of not only nitro-

gen-containing organic (urea), but also inorganic

(nitric acid and ammonium chloride) substances

were evaluated [11, 12]. It was established that the

presence of nitrogen-containing organic substances

in the solution lowers the photocurrent of sodium

or potassium emission. The introduction of 0.04

mole of urea per 1 dm3 (4% approximately) into

NaCl solution (100 ppm) results in an absolute

reading for sodium which is some 11% lower than

the true value. The author explains this by chang-

ing viscosity of the solution and the spray rate of

the sample in the flame. Many organic substances,

such as glycerin, sugars, proteins, etc., increase vis-

cosity; this reduces the spraying efficiency, which
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leads to a decrease in the brightness of the radia-

tion of the element in the flame [11]. For example

[11], sucrose was added to a sodium salt solution to

increase the viscosity. In an extreme case where

40% sucrose was added to the sample, the results

for sodium were 40% below the true value. In [12],

the degree of quenching of the radiation intensity

of sodium atoms (sodium content in acid-contain-

ing solutions of 0.1 g/L) in a flame in the presence

of inorganic acids was studied. In case of nitric acid

at a concentration 4.0 M, the decrease in optical

density is 18% (decrease in consumption for the

same solution — 19 – 20%), hydrochloric acid —

34% (decrease in consumption — 18 – 25%), sulfu-

ric acid — 34% (reduction in consumption — 35%).

The author assumes that the main factor in influ-

ence of inorganic acids in the flame photometry is

the change in the flow rate of the analyzed solution

in view of the increase in kinematic viscosity with

increasing acidity of the studied solutions. Thus,

the authors of [11, 12] agree that the change in the

solutions viscosity has a practical importance in

the analysis.

The effect of sucrose, glucose, urea, and gelatin

on determination of sodium, potassium, and cal-

cium by flame photometry was studied in detail

[11]. It was found that each organic contaminant

produces a progressively greater decrease in flame

intensity for each of the alkali and alkaline earth

metals as the concentration of contaminant in in-

creased. In the case of the introduction of 0.05 mole

of urea per 1 dm3 into sodium chloride solution

(100 ppm), the absolute reading of the device de-

creases by 3% relative to the true value, while the

introduction of 1 mole — by 21%. The aerosol par-

ticles size of sucrose, glucose, urea and gelatin solu-

tions was measured. It was found that with an in-

crease in concentration of organic solutes, the vis-

cosity increases and the aerosol particles size in-

creases, and, accordingly, the intensity of analytical

lines decreases. It was revealed that the depressing

effect on the lines intensity of each studied element

is almost the same per gram of sucrose as per gram

of glucose. This indicates that for similar com-

pounds, the effect is a function of mass rather than

molarity of contaminant. An increase in viscosity

causes a decrease in the atomization rate of the

sample; therefore, in the same time fewer atoms

fall into the flame. This, in turn, leads to a decrease

in emission lines intensity. The author of [13] de-

rived a theoretical formula for calculating the de-

crease in the photocurrent of magnesium emission

in the presence of various acids, which is confirmed

by experimental data. Therefore, the authors of

[14, 15], when determining alkali and alkaline

earth metals in honey, to exclude the interfering ef-

fect of sugars (glucose and fructose mostly) and

other organic components, had to separate them

using ion-exchange membranes.

On the other hand, this interference cannot be

considered only from the point of view of increas-

ing the viscosity of solutions containing an organic

“contaminant” although the time intervals re-

quired for the atomization of such samples will

not differ greatly for a number of organic impuri-

ties that can cause a decrease in emission lines

intensity.

The aim of this work is to study the effect of

amino acid (phenylalanine) on flame photometric

determination of sodium in dilute solutions.

Experimental

The object of study was diluted individual and

mixed model solutions of sodium chloride and phe-

nylalanine. Model solutions of an amino acid (Sig-

ma-Aldrich, USA) and a mineral salt (VECTON,

Russia) were prepared from reagents of the classifi-

cation “chemically pure.” Concentrations of so-

dium chloride and phenylalanine in individual and

mixed solutions were in the range of 10–5 –

10–4 mol/dm3. Sodium chloride solutions were pre-

pared from a standard 1.0 mmol/dm3 solution by

dilution. Amino acid solutions were prepared by

weight.

The concentration of sodium in solutions was

determined using a flame photometric analyzer of

fluids PAZh-1 (USSR). The device is equipped with

interference filters for the determination of Na, K,

Ca, Li. The radiation detector is an F-9 photocell

with an antimony-potassium-sodium-cesium pho-

tocathode. A double-gap burner (natural gas — air

flame), turned perpendicular to the radiation flux,

acts as an atomizer. The measuring instrument is a

microammeter 100 ìA (100 divisions). The emis-

sion photocurrent was measured at a sensitivity —

8, signal attenuation factor — 0, a time constant —

1. The flow rate of the test liquid was 0.1 cm3/sec

for both individual standard solutions of sodium

chloride and phenylalanine and for standard mixed

equimolar solutions. According to the obtained

data, calibration graphs were plotted in the region

of dilute concentrations of the studied solutions.

A statistical evaluation of significance of the

differences in characteristics of the calibration

curves for an individual sodium chloride solution

and its mixture with an amino acid was carried out

using the Student’s t-distribution [16]. To check

significance of the difference in the sensitivity coef-

ficients values of calibration graphs (b1 – b2), coeffi-

cient t was calculated by the expression

t
b b

S
d

�

�| |
,

1 2
(1)

where Sd is difference variance of quantities
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where xi is the concentration of components for

calibration curves 1 and 2.

The total dispersion S g
2 was estimated by the

expression

S
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g
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, (3)

where n is the number of options for calibration

curves. SQ1 and SQ2 — calculated by the expression

S y Y
Q i i
� �� ( ) ,2 (4)

where yi are the experimental values of the

microammeter readings, Yi are the values obtained

from the linear regression equations Yi = a + bxi

for calibration curves 1 and 2, respectively.

To simultaneously determine the constant and

variable systematic errors, the experimental values

of the analytical signal (yi) are investigated and

compared with those calculated at the same con-

centrations (xi) from the regression equation y =

= a + bx. The nonzero value of constant a that de-

scribes the background indicates a constant (sys-

tematic) error. Coefficient b is greater than 1000 —

about variable error [16]. Under assumption that

the given values of emission photocurrent xi (NaCl)

are error-free, and the results of yi (NaCl + Phe)

obey the Gaussian distribution, the smoothing line

can be calculated using unweighted regression

[17]:

ta = |a|/Sa; tb = |1 – b|/Sb. (5)

The percent error of determination of sodium

in solutions with phenylalanine was calculated by

the expression

A, % = 100(INaCl + Phe – INaCl)/INaCl, (6)

where INaCl + Phe is the intensity of light emitted by

a sodium in the flame in the presence of phenyl-

alanine, INaCl is the intensity of light emitted by a

sodium solution.

Results and discussion

Calibration curves in coordinates of the micro-

ammeter reading (I) and the molar concentration

(C) of sodium (phenylalanine) in individual and

mixed equimolar solutions are presented in Fig. 1.

The characteristics of the flame photometry

method when determining sodium and phenylala-

nine concentration in their individual solutions are

presented in Table 1. It was established that in the

spectral region in which the analytical line of the

sodium element being determined is located, phe-

nylalanine in individual solutions gives a linear re-

sponse that is an order of magnitude lower than

the sensitivity of the sodium response.

An analysis of the results for mixed solutions

showed that when determining the sodium concen-

tration in a mixture with an amino acid, the re-

sponse of the mineral component is less than in its

individual solutions. The metrological characteris-

tics of the obtained calibration dependences are

presented in Table 2.

Significance assessment of value of constant

that describes the background a using the Fisher’s

criterion F (F < Ftab) [17] showed that all the ob-

tained calibration curves pass through the origin

and correspond to a dependence y = bx. Thus, in-

strumental and experimental background noises,
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Fig. 1. The concentration dependence of the analytical res-

ponse of the flame photometric analyzer in sodium chloride

solutions (1), phenylalanine (3) and their experimental equi-

molar mixtures (2); curve (4) was calculated by additivity

principle of signals

Table 1. Characteristics of the flame photometry method when determining sodium and phenylalanine concentration

Characteristics

Component

Na Phe

Sensitivity coefficient dI/dC, 103
ìA · dm3/mol 900 ± 20 80 ± 10

Correlation coefficient of the calibration curve R2 0.998 0.920

Minimum detectable component concentration C
min

, 10–5 mol/dm3 1.2 4.1



as well as other possible random phenomena, did

not make a significant contribution to the analyti-

cal signal.

The results of a statistical evaluation of the dif-

ference significance in sensitivity coefficients

(slopes) of the calibration curves for individual and

mixed with amino acid of sodium chloride solutions

(Fig. 1) are presented in Table 3.

The excess of Student’s coefficient texp calcu-

lated by experimental data over the tabular value

ttab by three times indicates that the difference be-

tween the characteristics of the calibration curves

in individual and mixed sodium chloride solutions

is statistically significant.

A constant deviation of the results in one direc-

tion from the true value indicates a systematic er-

ror. It is important to know type of systematic er-

ror that appears, since this will make it possible to

draw a conclusion about the cause of its occurrence

and to optimize the method as far as possible.

The results of checking for systematic errors

are presented in Table 4.

The obtained value of tb is greater than ttab,

therefore, the presence of a linearly varying sys-

tematic error when determining sodium concentra-

tion in dilute solutions in the presence of phenyl-

alanine can be established.

Thus, phenylalanine causes a decrease in emis-

sion of sodium when determinating in dilute solu-

tions, similar to the known influence of urea

[11, 19, 20].

It is known that the main factors affecting ana-

lytical response of a flame photometer are the

spray rate and the average diameter of the aerosol

particles generated during operation of the pneu-

matic sprayer [11]. According to Poiseuille’s law,

the main characteristic that affects the suction

rate of a solution V (cm3/sec) is sprayed solution

viscosity:

V
r P

L
�

10

8

6 4
�

�

�

, (7)

where ÄP is the pressure drop along the length of

the capillary; r is the radius of the capillary; ç is

the viscosity of the sprayed solution; L is the length

of the capillary. The viscosity of amino acid solu-

tions exceeds the viscosity of sodium chloride solu-

tions (Fig. 2). In this case, with increasing concen-

tration, the difference in solutions viscosity of the

amino acid and the mineral component increases.

In [18], it was found that phenylalanine solutions

have an increased viscosity in the concentration

range of more than 0.005 mol/dm3 due to the for-

mation of spatial associates. According to Poiseui-

lle’s law, an increase in solution viscosity decreases

the spray rate [11, 12], which is one of the reasons

for decrease in response of flame photometer in so-

dium chloride solutions in the presence of the phe-

nylalanine amino acid.

In flame photometry, the bulk of the interfer-

ence caused by dissolved organic substances is due

to the increased viscosity. However, in some of the

cases investigated, an increase in viscosity causes

only a small part of the interference. An important

characteristic of the resulting aerosol quality is the

average droplet diameter [11]. The size of aerosol

particles depends on viscosity, surface tension and

density of the sprayed solution. The particle diame-
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Table 2. Correlation of flame photometer signal and component concentration

Component

Dependence type of the analytical signal

y = a + bx

F < F
tab

y = bx

a ± Äa, ìA
b ± Äb,

103
ìA · dm3/mol

R2
b ± Äb,

103
ìA · dm3/mol

R2

NaCl 0.9 ± 0.2 890 ± 30 0.999 1.17 < 4.95 900 ± 20 0.998

Phe 0.8 ± 0.1 70 ± 15 0.966 1.94 < 4.95 80 ± 10 0.921

NaCl + Phe 1.1 ± 0.3 700 ± 50 0.996 1.03 < 4.95 720 ± 30 0.995

Table 3. Statistical evaluation results of difference signifi-

cance in the sensitivity coefficients of the calibration curves

in individual (NaCl) and mixed with amino acid (NaCl +

Phe) solutions

Parameter NaCl NaCl + Phe

b, 103
ìA · dm3/mol 900 ± 20 720 ± 30

Sg
2 2.43

S
d
, 103 45.68

t
exp

> t
tab

(f = 12, P = 0.95) 6.66 > 2.18

Table 4. Statistical assessment results of presence of syste-

matic errors when sodium determination in the presence of

phenylalanine

Parameter Value

S
a

0.15

S
b

0.019

t
a

2.88

t
b

11.05

t
tab

(P = 0.95, f = 5) 2.57



ter can be estimated using the empirical relation

[12]
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where u is the spray gas flow rate, m/sec; ó is the

surface tension, N/m; ç is the viscosity coefficient

of the solution, Pa · sec; ñ is the solution density,

g/cm3; V and V1 are the flow rates of the solution

and gas per unit time, cm3/sec.

Thus, addition of an amino acid changes the at-

omizer operation mode, as a result of which quan-

tity and particles size of aerosol formed change. As

a result, the amount of substance introduced into

the flame changes, and, consequently, the radiation

intensity.

Interferences can also be caused by individual

action of dissolved organic substances and are asso-

ciated with their influence on the spray nature fol-

lowed by an obstacle to metal activation in the

flame.

The response dependence of determined so-

dium component on the interfering organic compo-

nent concentration of phenylalanine was experi-

mentally established. Checking the difference sig-

nificance in the sensitivity coefficients of sodium

chloride and phenylalanine equimolar solution

(curve 1, Fig. 1) and the difference in the sensitiv-

ity coefficients for the individual components

(curve 4, Fig. 1) allowed us to conclude that in

the selected concentration range (1.0 – 10.0) ×

× 10–5 mol/dm3 the additivity principle is not ob-

served. The light emitted intensity by sodium in a

flame decreases to a greater extent than could be

expected according to the observance of the addi-

tivity rule of signals.

The intensity of the light emitted by sodium in

the flame decreases as the concentration of equi-

molar solutions increases. The concentration de-

pendence of sodium determination errors in solu-

tions with phenylalanine calculated by expression

(5) is presented in Fig. 3. It was found that phe-

nylalanine at its concentration of 0.01 mmol/dm3

reduces the radiation intensity of sodium by 10%,

and in an equimolar mixed 0.1 mmol/dm3 solu-

tion — by 21%.

This is apparently caused by an increase in size

of the aerosol particles formed by the sprayer and a

corresponding decrease in the substance flow into

the flame. A significant increase in the aerosol par-

ticles size in mixed equimolar solutions of

phenylalanine and sodium chloride can occur due

to the possibility of formation of the organomineral

salt particles [20]:

Formation of a similar structure about a 1:1 ra-

tio of components is confirmed by a minimum on

the concentration dependence of the electrical con-

ductivity of aqueous mixed solutions. This fact con-

firms the decrease in the number of conductive

particles as a result of formation of a neutral or-

ganic mineral salt. It should be noted that the orga-

nomineral structure is also formed with other ra-

tios of components. In this case, equivalent

amounts of amino acids and salts are bound, while

the remaining “free” amount of components partic-

ipates in other processes [21].
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In addition, the organomineral salt formation

can affect the processes occurring in the flame and

affect the metal atoms concentration in the flame,

that is, affect the evaporation of salt from aerosol

particles, the dissociation of its vapor and atoms

ionization. Partial absorption of radiation gener-

ated by a metal or partial dissipation of flame en-

ergy by a contaminant are other possible causes of

the observed effects.

Conclusion

Influence of phenylalanine on the determina-

tion of sodium concentration by flame photometric

method in the field of dilute solutions has been

studied. A decrease in the photocurrent of sodium

emission in the presence of phenylalanine was

found. It is proved that influence of amino acids on

determining the sodium concentration in dilute so-

lutions by flame photometry is statistically signifi-

cant. The main reason is that the amino acid in-

creases the solution viscosity, which leads to a de-

crease in spray rate in the analyzer and reduces the

analytical response. Another possible reason is due

to influence of the presence of amino acids on the

atomization process and the increase in particle

size.

The systematic type of errors in determining

sodium concentration in the presence of phenylala-

nine is proved. Their positive correlation with an

increase in the concentration of the interfering

component is established.
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Ýâîëþöèîííîå ðàçâèòèå êîíñòðóêöèîííûõ æàðîïðî÷íûõ ñïëàâîâ ïðèâåëî ê ñîçäàíèþ âû-

ñîêîòåìïåðàòóðíûõ åñòåñòâåííî-êîìïîçèöèîííûõ ìàòåðèàëîâ (ÊÌ) íà îñíîâå ñèñòåìû

Nb – Si, êîòîðûå ÿâëÿþòñÿ ïåðñïåêòèâíûìè äëÿ èçãîòîâëåíèÿ ëîïàòîê àâèàöèîííûõ ãàçî-

òóðáèííûõ äâèãàòåëåé ñ ðàáî÷åé òåìïåðàòóðîé äî 1350 °C. Äëÿ ïðèäàíèÿ íåîáõîäèìûõ

ñâîéñòâ (æàðîïðî÷íîñòü, æàðîñòîéêîñòü, ñîïðîòèâëåíèå ïîëçó÷åñòè, âÿçêîñòü ðàçðóøåíèÿ,

òåõíîëîãè÷íîñòü è äð.) â ÊÌ íà îñíîâå ñèñòåìû Nb – Si ââîäÿò ìîäèôèöèðóþùèå äîáàâêè

B, Ge, Sn, Zr. Ïðè èñïîëüçîâàíèè òåõíîëîãèè ìåõàíè÷åñêîãî ëåãèðîâàíèÿ äëÿ ïðîèçâîäñò-

âà êîìïîçèòîâ ñèñòåìû Nb – Si â ìàòåðèàë ìîãóò ïîïàäàòü Fe è Ni êàê òåõíè÷åñêèå ïðèìå-

ñè. Â àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè ê êà÷åñòâó ìàòåðèàëîâ ïðåäúÿâëÿþòñÿ âûñîêèå

òðåáîâàíèÿ. Äëÿ êîíòðîëÿ êà÷åñòâà ïîëóôàáðèêàòîâ â õîäå ïðîèçâîäñòâà è ãîòîâûõ êîìïî-

çèòîâ ñèñòåìû Nb – Si íåîáõîäèìî òî÷íîå îïðåäåëåíèå ìàòðè÷íûõ, ëåãèðóþùèõ è ïðèìåñ-

íûõ ýëåìåíòîâ â ñîñòàâå ñïëàâîâ. Ðàçðàáîòàíà ìåòîäèêà àíàëèçà êîìïîçèòíûõ ìàòåðèàëîâ

íà îñíîâå ñèñòåìû Nb – Si ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿ-

çàííîé ïëàçìîé ñ èñïîëüçîâàíèåì ìèêðîâîëíîâîé ïîäãîòîâêè ïðîá. Âûáðàíû àíàëèòè÷å-

ñêèå ëèíèè B, Ge, Sn, Zr, Fe, Ni, ñâîáîäíûå îò çíà÷èìûõ ñïåêòðàëüíûõ íàëîæåíèé. Äèàïà-

çîí îïðåäåëÿåìûõ ñîäåðæàíèé ñîñòàâëÿåò ( %): Nb — 40 – 80; B, Ge, Zr — 1 – 5; Sn —

1 – 2,5; Fe — 0,01 – 10; Ni — 0,01 – 5. Äëÿ îöåíêè ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ìåòîäèêè

â êà÷åñòâå îáðàçöîâ ñðàâíåíèÿ èñïîëüçîâàëè ìîäåëüíûå ðàñòâîðû, àíàëîãè÷íûå ïî ñîñòà-

âó àíàëèçèðóåìûì êîìïîçèòàì, ïðèãîòîâëåííûå èç ÃÑÎ ðàñòâîðîâ èîíîâ ýëåìåíòîâ. Äëÿ

ïðîâåðêè ïðàâèëüíîñòè ðåçóëüòàòîâ àíàëèçà ìåòîäîì «ââåäåíî – íàéäåíî» èñïîëüçîâàëè

áëèçêèå ïî ñîñòàâó ê êîìïîçèòàì íà îñíîâå ñèñòåìû Nb – Si ÃÑÎ ôåððîíèîáèÿ è òèòàíî-

âûõ ñïëàâîâ. Äëÿ âñåõ îïðåäåëÿåìûõ ýëåìåíòîâ ïîêàçàòåëü ïîâòîðÿåìîñòè íå ïðåâûøàåò

2 % îòí., à ïîêàçàòåëü ïðîìåæóòî÷íîé ïðåöèçèîííîñòè — 4 % îòí.

Êëþ÷åâûå ñëîâà: ìåòîäèêà àíàëèçà; àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ; èíäóêòèâíî-

ñâÿçàííàÿ ïëàçìà; ìèêðîâîëíîâîå ðàçëîæåíèå; íèîáèé; êðåìíèé; âûñîêîòåìïåðàòóðíûå

êîìïîçèòû.

DETERMINATION OF MODIFYING ADDITIVES AND IMPURITIES IN Nb – Si-BASED
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The evolutionary development of structural heat-resistant superalloys has led to creation of high-temper-

ature niobium-silicon based natural composite materials (CM) which are promising for manufacturing of

aircraft gas turbine engine blades with an operating temperature of up to 1350°C. To impart the necessary

properties (heat resistance, heat resistance, creep resistance, fracture toughness, manufacturability, etc.)

CM are doped with modifiers, e.g., B, Ge, Sn, Zr. When using the technology of mechanical alloying for pro-

duction of niobium-silicon based composites Fe and Ni can enter the material as technical impurities. The

quality of materials is the first concern in the aerospace industry. Accurate determination the matrix, al-

loying and impurity elements in the CM composition is necessary for quality control of the semi-products

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1 19



and off-the-shelf CM. We improved the method of ICP AES with microwave sample preparation for deter-

mination of the chemical composition of niobium-silicon based composite materials. The analytical lines of

B, Ge, Sn, Zr, Fe, and Ni free of significant spectral overlap are used. The range of the determinable con-

tents (wt.%) is: Nb — 40 – 80; B, Ge, Zr — 1 – 5; Sn — 1 – 2.5; Fe — 0.01 – 10; Ni — 0.01 – 5. To evaluate

the metrological characteristics of the method, model solutions similar in composition to the composites

analyzed, prepared from certified solutions of the ions, were used as reference samples. State standard ref-

erence samples of ferroniobium and titanium alloys similar in composition to Nb – Si based CM were used

to verify the accuracy of the technique in spiked tests. The repeatability and intermediate precision indices

did not exceed 2 and 4 %rel., respectively, for all the elements studied.

Keywords: technique of analysis; atomic emission spectrometry; inductively coupled plasma; microwave

decomposition; niobium; silicon; heat-resistant structural materials; high-temperature composites.

Ââåäåíèå

Âûñîêîæàðîïðî÷íûå íèîáèåâûå ñïëàâû ñ ñè-

ëèöèäíûì óïðî÷íåíèåì èëè åñòåñòâåííî-êîìïî-

çèöèîííûå ìàòåðèàëû (in situ composite, ÊÌ) íà

îñíîâå ñèñòåìû Nb – Si ïëàíèðóåòñÿ ïðèìåíÿòü

ïðè ïðîèçâîäñòâå ëîïàòîê äëÿ àâèàöèîííûõ äâè-

ãàòåëåé âìåñòî æàðîïðî÷íûõ ñïëàâîâ íà îñíîâå

Ni. Ïðåäïîëàãàåòñÿ, ÷òî ÊÌ äîëæíû îáåñïå÷èòü

ðàáî÷óþ òåìïåðàòóðó ëîïàòîê äî 1350 °C è ïîâû-

ñèòü ýôôåêòèâíîñòü ðàáîòû äâèãàòåëåé [1]. Äëÿ

ïîëó÷åíèÿ çàäàííûõ ñâîéñòâ (æàðîïðî÷íîñòü,

æàðîñòîéêîñòü, ñîïðîòèâëåíèå ïîëçó÷åñòè, âÿç-

êîñòü ðàçðóøåíèÿ, òåõíîëîãè÷íîñòü è äð.) ÊÌ íà

îñíîâå ñèñòåìû Nb – Si ëåãèðóþò ñîîòâåòñòâóþ-

ùèìè ýëåìåíòàìè: Ti, Hf, W, Mo, Al, Cr [2]. Îïðå-

äåëåíû âàðèàíòû ñîñòàâà êîìïîçèòîâ Nb – Si ñ

óäîâëåòâîðèòåëüíûì áàëàíñîì ìåõàíè÷åñêèõ

ñâîéñòâ è ñîïðîòèâëåíèåì îêèñëåíèþ. Ðàçðàáî-

òàíû òåõíîëîãèè ïîëó÷åíèÿ ýòèõ êîìïîçèòîâ ìå-

òîäàìè òðàäèöèîííîé ìåòàëëóðãèè ïðîèçâîäñòâà

ñëèòêîâ, â òîì ÷èñëå è ìåòîäîì íàïðàâëåííîé

êðèñòàëëèçàöèè, à òàêæå ïîðîøêîâîé ìåòàëëóð-

ãèè [3, 4].

Èçâåñòíî, ÷òî íèîáèåâûå ñïëàâû îáëàäàþò

íèçêèì ñîïðîòèâëåíèåì îêèñëåíèþ ïðè ïîâû-

øåííîé òåìïåðàòóðå [5]. Äëÿ óëó÷øåíèÿ ñîïðî-

òèâëÿåìîñòè îêèñëåíèþ ñâûøå 500 °C â ÊÌ íà

îñíîâå ñèñòåìû Nb – Si ââîäÿò Ge è B [6, 7]. Äëÿ

óìåíüøåíèÿ ñêëîííîñòè äàííûõ ÊÌ ê ïåñ-

òèíã-êîððîçèè ïðèìåíÿþò ëåãèðîâàíèå Sn [8].

Äîáàâêà Zr â ñèñòåìó Nb – Si óâåëè÷èâàåò ïðî÷-

íîñòü òâåðäîãî ðàñòâîðà íèîáèÿ, ïîñêîëüêó Zr õî-

ðîøî ðàñòâîðÿåòñÿ â Nb, ìîäèôèöèðóÿ íàïðàâ-

ëåííóþ ñòðóêòóðó ÊÌ ïðè âûïëàâêå ìåòîäîì íà-

ïðàâëåííîé êðèñòàëëèçàöèè [9].

Â îïðåäåëåííûõ ìàðêàõ ÊÌ íà îñíîâå ñèñòå-

ìû Nb – Si íåäîïóñòèìî íàëè÷èå Fe èëè Ni, êîòî-

ðûå ìîãóò îòðèöàòåëüíî ñêàçûâàòüñÿ íà ñâîéñò-

âàõ ÊÌ, îäíàêî ýòè ýëåìåíòû ïîïàäàþò â êîìïî-

çèòû êàê òåõíè÷åñêèå ïðèìåñè, íàïðèìåð, ïðè

èñïîëüçîâàíèè òåõíîëîãèè ìåõàíè÷åñêîãî ëåãè-

ðîâàíèÿ [10].

Òàêèì îáðàçîì, ÊÌ íà îñíîâå ñèñòåìû

Nb – Si ìîãóò áûòü ëåãèðîâàíû îäíîâðåìåííî

5 – 7 ýëåìåíòàìè è ñîäåðæàòü ðÿä ïðèìåñåé. Äèà-

ïàçîíû äîïóñòèìûõ ñîäåðæàíèé ýëåìåíòîâ â ÊÌ

ðàçíûõ ìàðîê ìîãóò ñóùåñòâåííî ðàçëè÷àòüñÿ.

Ñóììàðíîå ñîäåðæàíèå äîëåé ëåãèðóþùèõ ýëå-

ìåíòîâ â ÊÌ ìîæåò áûòü áîëåå 50 %. Ê êîíñòðóê-

öèîííûì ìàòåðèàëàì â àâèàöèîíîé ïðîìûøëåí-

íîñòè ïðåäúÿâëÿþòñÿ âûñîêèå òðåáîâàíèÿ ïî õè-

ìè÷åñêîìó ñîñòàâó: àíàëèòè÷åñêèé êîíòðîëü ïðî-

âîäÿò ïðè ïîëó÷åíèè ïîëóôàáðèêàòîâ è ñàìèõ

êîìïîçèòîâ íà îñíîâå ñèñòåìû Nb – Si [11]. Ïðè

ñîäåðæàíèè ëåãèðóþùèõ ýëåìåíòîâ íèæå, ÷åì â

óñòàíîâëåííîì â òåõíè÷åñêèõ óñëîâèÿõ äèàïàçî-

íå, ÊÌ íå áóäóò îáëàäàòü çàäàííûìè ïðî÷íîñò-

íûìè õàðàêòåðèñòèêàìè, à â ñëó÷àå ïðåâûøåíèÿ

âåðõíåé ãðàíèöû äèàïàçîíà äîïóñòèìûõ ñîäåð-

æàíèé âîçìîæíû ñòðóêòóðíûå äåôåêòû.

Ðàíåå äëÿ îïðåäåëåíèÿ óëüòðàíèçêèõ ñîäåð-

æàíèé ïðèìåñåé â ÊÌ íà îñíîâå ñèñòåìû Nb – Si

áûëà ðàçðàáîòàíà ìåòîäèêà ñ ïðèìåíåíèåì ìàññ-

ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé

(ÌÑ ÈÑÏ) [12, 13]. Â ðàáîòå [14] îïèñàíà ìåòîäè-

êà àíàëèçà äàííûõ ÊÌ ìåòîäîì àòîìíî-ýìèññè-

îííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé (ÀÝÑ ÈÑÏ) äëÿ îïðåäåëåíèÿ ðÿäà ëåãè-

ðóþùèõ ýëåìåíòîâ (Si, Ti, W, Mo, Hf, Cr è Al). Îä-

íàêî ïðèâåäåííûå ìåòîäèêè íå ïðåäóñìàòðèâà-

þò îïðåäåëåíèÿ Nb è òàêèõ ýëåìåíòîâ, êàê B, Ge,

Sn, Zr, Fe è Ni, êîòîðûå â çíà÷èòåëüíîé ñòåïåíè

âëèÿþò íà ñâîéñòâà êîìïîçèòîâ íà îñíîâå ñèñòå-

ìû Nb – Si.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäèêè

îïðåäåëåíèÿ íèîáèÿ, ìîäèôèöèðóþùèõ äîáàâîê

B, Ge, Sn, Zr è ïðèìåñåé Fe è Ni â êîìïîçèòàõ íà

îñíîâå Nb – Si ìåòîäîì ÀÝÑ ÈÑÏ â äèàïàçîíàõ

ñîäåðæàíèé, ïðèâåäåííûõ íèæå, è ïðîâåðêà ïðà-

âèëüíîñòè ðàçðàáîòàííîé ìåòîäèêè ñ èñïîëüçî-

âàíèåì ñòàíäàðòíûõ îáðàçöîâ (ÑÎ) ìàòåðèàëîâ,

áëèçêèõ ïî ñîñòàâó ê èññëåäóåìûì êîìïîçèòàì.

Ýëåìåíò Äèàïàçîí îïðåäåëÿåìûõ

ñîäåðæàíèé, %

Nb. . . . . . . . . . . . . . . . . . . . . . . . . 40 – 80

B . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 – 5

Ge . . . . . . . . . . . . . . . . . . . . . . . . . . 1 – 5

Sn . . . . . . . . . . . . . . . . . . . . . . . . . 1 – 2,5

Zr . . . . . . . . . . . . . . . . . . . . . . . . . . 1 – 5

Fe . . . . . . . . . . . . . . . . . . . . . . . . 0,01 – 10

Ni. . . . . . . . . . . . . . . . . . . . . . . . . 0,01 – 5
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Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Íàâåñêè ïðîèçâîäñòâåííûõ ïðîá ÊÌ íà îñíî-

âå ñèñòåìû Nb – Si â âèäå ïîðîøêà è ìåòàëëè÷å-

ñêîé ñòðóæêè ìàññîé 200 ìã ïåðåâîäèëè â ðàñ-

òâîð ñ ïîìîùüþ ñèñòåìû ìèêðîâîëíîâîãî ðàçëî-

æåíèÿ â òåôëîíîâûõ àâòîêëàâàõ â ñìåñè ðàçáàâ-

ëåííûõ êèñëîò (H2O:HF:HNO3 = 10:2:1 ïî îáúå-

ìó). Ïàðàìåòðû ïðîöåññà ðàçëîæåíèÿ: íàãðåâ

ñîäåðæèìîãî àâòîêëàâà äî 120 °C — 10 ìèí; óäåð-

æàíèå ïðè äàííîé òåìïåðàòóðå — 20 ìèí; îõëàæ-

äåíèå äî 25 °C. Äàëåå ïîëó÷åííûå êèñëîòíûå

ðàñòâîðû ïîìåùàëè â ìåðíûå êîëáû èç ïîëèïðî-

ïèëåíà îáúåìîì 100 ìë, çàòåì ðàçáàâëÿëè â 20

ðàç òàê, ÷òîáû êîíå÷íûå àíàëèçèðóåìûå ðàñòâî-

ðû èìåëè êîíöåíòðàöèþ 100 ìã/ë. Ðàñòâîð êîí-

òðîëüíîãî îïûòà ñîäåðæàë òîëüêî ðàçáàâëåííûå

êèñëîòû (0,1 ìë HF è 0,05 ìë HNO3 íà 100 ìë

H2O).

Â ðàáîòå èñïîëüçîâàëè ñïåêòðîìåòð Agilent

5100 â ðåæèìå àêñèàëüíîãî îáçîðà ïëàçìû ñ

èíåðòíîé ê HF ñèñòåìîé ðàñïûëåíèÿ ðàñòâîðà

ïðîáû. Âðåìÿ ñòàáèëèçàöèè ñèãíàëà ïåðåä èç-

ìåðåíèåì èíòåíñèâíîñòè àíàëèòè÷åñêèõ ëèíèé

ñîñòàâëÿëî 30 ñ, äàëåå äëÿ êàæäîãî ðàñòâîðà ïðî-

âîäèëè ïÿòü èçìåðåíèé ïî 5 ñ. Ãðàäóèðîâî÷íûå

çàâèñèìîñòè ñòðîèëè ìåòîäîì äîáàâîê. Ïðåäâà-

ðèòåëüíî àíàëèòè÷åñêèå ëèíèè ýëåìåíòîâ âûáè-

ðàëè íà îñíîâàíèè áàçû äàííûõ ñïåêòðàëüíûõ

ëèíèé ïðîãðàììíîãî îáåñïå÷åíèÿ ïðèáîðà.

Îáñóæäåíèå ðåçóëüòàòîâ

Äëÿ âûáîðà àíàëèòè÷åñêèõ ëèíèé, ñâîáîäíûõ

îò çíà÷èìûõ ñïåêòðàëüíûõ íàëîæåíèé ëèíèé

ìåøàþùèõ ýëåìåíòîâ, àíàëèçèðîâàëè ìîäåëü-

íûå ðàñòâîðû: ðàñòâîðû «À», èñïîëüçóåìûå äëÿ

ãðàäóèðîâêè, ñîäåðæàëè òîëüêî îäèí îïðåäåëÿ-

åìûé ýëåìåíò (1 ìã/ë), à ðàñòâîðû «È» — îñòàëü-

íûå ìåøàþùèå ýëåìåíòû (80 ìã/ë — Nb;

20 ìã/ë — Ti; Si, Hf, Mo, W, Fe — ïî 10 ìã/ë; Cr,

Al, Zr, Ge, Sn, B, Ni — ïî 5 ìã/ë), çà èñêëþ÷åíèåì

îïðåäåëÿåìîãî â êîíêðåòíîì îïûòå ýëåìåíòà.
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Òàáëèöà 1. Ñïåêòðàëüíûå íàëîæåíèÿ ëèíèé ìåøàþùèõ ýëåìåíòîâ íà àíàëèòè÷åñêèå ëèíèè Nb, B, Ge, Sn, Zr, Fe, Ni ïðè

îïðåäåëåíèè ìåòîäîì ÀÝÑ ÈÑÏ â ìàòåðèàëàõ íà îñíîâå ñèñòåìû Nb – Si

Table 1. Spectral overlaps of the lines of interfering elements and analytical lines of Nb, B, Ge, Sn, Zr, Fe, and Ni determined

by ICP AES in the niobium-silicon based materials

Îïðåäåëÿåìûé

ýëåìåíò,

òèï ëèíèè

Äëèíà âîëíû

àíàëèòè-

÷åñêîé

ëèíèè

ë
À
, íì

Ìåøàþùèé

ýëåìåíò,

òèï ëèíèè

Äëèíà

âîëíû

ìåøàþùåé

ëèíèè

ë
È

, íì

Èíòåíñèâíîñòü ñèãíàëà íà äëèíàõ âîëí

àíàëèòè÷åñêèõ ëèíèé, èìï/ñ

C
min

, ìã/ë

«Ìíèìàÿ»

êîíöåíòðàöèÿ

àíàëèòà

â ðàñòâîðå

«È», ìã/ë*
Ðàñòâîð ÐÊÎ Ðàñòâîð «À» Ðàñòâîð «È»

Nb II 309,417 OH 309,462 36 175 891 35 0,01 0,01

294,154 Fe I 294,134 57 179 050 38 0,01 0,01

321,559 W I 321,556 61 131 721 2034 0,02 0,60

B I 249,772 Fe II 249,782 102 15 883 230 0,003 0,004

249,678 Hf II 249,699 73 7636 486 0,01 0,09

182,577 Mo II 182.586 23 595 20 0,02 0,02

Ge I 259,253 Ti II 259,258 11 542 80 0,04 0,17

265,157 Nb II 265,112 17 821 19 0,04 0,04

269,134 Nb II 269,177 8 1246 12 0,10 0,11

Sn I 326,233 Hf I 326,247 23 3832 186 0,07 0,23

II 189,925 Ti II 189,939 5 2820 9 0,02 0,03

I 242,170 Si II 242,172 14 1437 22 0,03 0,03

Zr II 343,823 NbII 343,842 141 46 530 6381 0,002 1,73

349,619 Nb I 349,603 35 28 953 43 0,002 0,008

327,307 W II 327,328 16 15 911 29 0,001 0,007

Fe II 238,204 Nb II 238,229 694 2399 751 0,01 0,01

259,940 Nb II 259,952 242 799 393 0,003 0,027

258,588 Mo II 258,595 151 468 164 0,004 0,004

Ni I 352,453 Mo I 352,465 27 682 6757 0,01 2,06

I 341,476 Zr II 341,468 123 1370 2272 0,01 0,34

II 231,604 Mo I 231,610 32 1038 35 0,01 0,01

* Ðåçóëüòàòû, ñóùåñòâåííî (áîëåå ÷åì â 3 ðàçà) ïðåâûøàþùèå ïðåäåë îáíàðóæåíèÿ C
min

, âûäåëåíû æèðíûì øðèôòîì.
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Nb II 309,417 íì

B I 249,772 íì

Ge I 259,253 íì

Sn I 326,233 íì

Zr II 343,823 íì

Zr II 341,468 íì

Zr II 349,619 íì Zr II 327,307 íì

Sn II 189,925 íì

Sn I 242,170 íì

Ti II 259,258 íì

Ti II 189,939 íì Ti I 242,130 íì Si II 242,172 íì

Ge I 269,134 íì
Ge I 265,157 íì

B I 249,678 íì B I 182,577 íì

Nb II 294,154 íì
Nb II 321,559 íì

Fe I 294,134 íì

Fe II 249,782 íì
Fe II è Hf II 249,699 íì

Mo I 326,263 íì è Hf I 326,247 íì

W II 258,593 íì è Mo II 258,595 íì

Fe I 343,831 íì è Nb II 343,842 íì

Fe II 238,204 íì

Mo I 352,465 íì

Mo I 231,610 íìNi I 352,453 íì

Ni I 341,476 íì

Ni II 231,604 íì

Fe II 259,940 íì Fe II 258,588 íì

Nb I 349,603 íì

Nb II 238,229 íì Nb II 259,952 íì

W II 327,328 íì

W II 269,109 íì è Nb II 269,177 íì

Nb II 265,112 íì

Mo II 182,586 íì

W I 321,556 íìOH 309,462 íì

à

á

â

ã

ä

å

æ

Âèä ýìèññèîííûõ ñïåêòðîâ âáëèçè èññëåäóåìûõ àíàëèòè÷åñêèõ ëèíèé Nb (à), B (á), Ge (â), Sn (ã), Zr (ä), Fe (å) è Ni (æ)

(ñïëîøíàÿ ëèíèÿ — ñïåêòðû ðàñòâîðîâ àíàëèòîâ, ïóíêòèð — èíòåðôåðåíòîâ)

Emission spectra near the analytical lines of Nb (a), B (b), Ge (c), Sn (d), Zr (e); Fe (f), and Ni (g) (spectra of analyte solutions —

solid line, interferent solution — dotted line)



Íà ïðåäâàðèòåëüíî âûáðàííûõ èç áèáëèîòå-

êè ïðîãðàììíîãî îáåñïå÷åíèÿ ICP Expert (âåðñèÿ

7.2.1.8252) ñïåêòðîìåòðà Agilent 5100 äëèíàõ

âîëí äëÿ ðàñòâîðà êîíòðîëüíîãî îïûòà (ÐÊÎ) èç-

ìåðÿëè èíòåíñèâíîñòü ôîíà, çàòåì èçìåðÿëè èí-

òåíñèâíîñòè ñèãíàëîâ íà òåõ æå äëèíàõ âîëí â

ìîäåëüíûõ ðàñòâîðàõ. Ïîëîæèòåëüíîå çàêëþ÷å-

íèå î íàëè÷èè çíà÷èìûõ èíòåðôåðåíöèé äåëàëè

ïðè ñóùåñòâåííîì ïðåâûøåíèè ðàññ÷èòàííîé

êîíöåíòðàöèè îïðåäåëÿåìûõ ýëåìåíòîâ â ðàñòâî-

ðàõ ñ ýëåìåíòàìè-èíòåðôåðåíòàìè ïî ñðàâíåíèþ

ñ ïðåäåëîì îáíàðóæåíèÿ Cmin, ðàññ÷èòàííûì ïî

3s-êðèòåðèþ äëÿ 10 ïàðàëëåëüíûõ îïðåäåëåíèé

(òàáë. 1).

Äëÿ èëëþñòðàöèè ïîëó÷åííûõ äàííûõ íà ðè-

ñóíêå ïðåäñòàâëåí âèä ñïåêòðîâ âáëèçè èññëåäó-

åìûõ ëèíèé Nb, B, Ge, Sn, Zr, Fe è Ni.

Ñ ó÷åòîì äàííûõ, ïðåäñòàâëåííûõ â òàáë. 1 è

íà ðèñóíêå, áûëè âûáðàíû àíàëèòè÷åñêèå ëèíèè

äëÿ îïðåäåëåíèÿ ýëåìåíòîâ â ÊÌ íà îñíîâå ñèñ-

òåìû Nb – Si, ñâîáîäíûå îò íàèáîëåå çíà÷èìûõ

ñïåêòðàëüíûõ èíòåðôåðåíöèé:

Ýëåìåíò Àíàëèòè÷åñêèå ëèíèè, íì

Nb . . . . . . . . . . . . . . . . . . . 294,154; 309,417

B . . . . . . . . . . . . . . . . . . . . 249,772; 182,577

Ge . . . . . . . . . . . . . . . . . . . 269,134; 265,157

Sn . . . . . . . . . . . . . . . . . . . 189,925; 242,170

Zr. . . . . . . . . . . . . . . . . . . . 349,619; 327,307

Fe . . . . . . . . . . . . . . . . . . . 258,588; 238,204

Ni . . . . . . . . . . . . . . . . . . . . . . . . 231,604

Â êà÷åñòâå îáðàçöîâ ñðàâíåíèÿ (ÎÑ) èñïîëü-

çîâàëè ìîäåëüíûå ðàñòâîðû, ïðèãîòîâëåííûå èç

îäíîýëåìåíòíûõ ÃÑÎ ðàñòâîðîâ èîíîâ ýëåìåí-

òîâ. Ïðè âûáîðå îïîðíûõ çíà÷åíèé ÎÑ — Cm ðó-

êîâîäñòâîâàëèñü òåì, ÷òîáû äèàïàçîíû êîíöåí-

òðàöèé îïðåäåëÿåìûõ ýëåìåíòîâ îõâàòûâàëè

äèàïàçîíû, óñòàíîâëåííûå â ìåòîäèêå (òàáë. 2).

Ïîãðåøíîñòè âûáðàííûõ îïîðíûõ çíà÷åíèé Äom

êîíöåíòðàöèè ýëåìåíòîâ â ÎÑ îöåíèâàëè ïóòåì

ñóììèðîâàíèÿ äîïóñòèìûõ ñèñòåìàòè÷åñêèõ è

ñëó÷àéíûõ ïîãðåøíîñòåé èñïîëüçóåìûõ äîçàòî-

ðîâ, êîëá è àòòåñòîâàííûõ çíà÷åíèé ÃÑÎ èîíîâ

ýëåìåíòîâ â ðàñòâîðå: ìàêñèìàëüíîå çíà÷åíèå

Äom äëÿ îïðåäåëÿåìûõ ýëåìåíòîâ íå ïðåâûøàåò

2 % îòí.

Äëÿ êàæäîãî èç ÷åòûðåõ âàðèàíòîâ ñîñòàâà

ÎÑ (ñì. òàáë. 2) îòáèðàëè ïî ÷åòûðå ñåðèè (p) ïî

øåñòü àëèêâîòíûõ ÷àñòåé (n) è îïðåäåëÿëè êîí-

öåíòðàöèè ýëåìåíòîâ. Ðàñ÷åò ìåòðîëîãè÷åñêèõ

õàðàêòåðèñòèê ðàçðàáàòûâàåìîé ìåòîäèêè ïðî-

âîäèëè â ñîîòâåòñòâèè ñ ÃÎÑÒ 5725–2002 è ÐÌÃ

61–2010. Äàííûå, ïîëó÷åííûå ïðè îïðåäåëåíèè

Fe è Ni â ÎÑ, ïðèâåäåíû â òàáë. 3.

Ïî ïîëó÷åííûì äàííûì, èñïîëüçóÿ êðèòåðèé

Ñòüþäåíòà (P = 0,95; f = 3), îöåíèâàëè ñèñòåìà-

òè÷åñêóþ ïîãðåøíîñòü: óñòàíîâëåíî, ÷òî ìåæäó

ðåçóëüòàòàìè îïðåäåëåíèÿ ýëåìåíòîâ â ðàñòâî-

ðàõ ìåòîäîì ÀÝÑ ÈÑÏ è îïîðíûìè çíà÷åíèÿìè

ÎÑ îòñóòñòâóþò çíà÷èìûå ðàñõîæäåíèÿ. Ðåçóëü-

òàòû îöåíêè ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ìå-

òîäèêè ïðåäñòàâëåíû â òàáë. 4.

Ââèäó îòñóòñòâèÿ ÃÑÎ êîìïîçèòíûõ ìàòå-

ðèàëîâ íà îñíîâå ñèñòåìû Nb – Si äëÿ êîíòðîëÿ

ïðàâèëüíîñòè îïðåäåëåíèÿ Nb, Zr, Sn, Fe ñ ïðè-

ìåíåíèåì ðàçðàáîòàííîé ìåòîäèêè èñïîëüçîâàëè
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Òàáëèöà 2. Ñîñòàâ îáðàçöîâ ñðàâíåíèÿ (ìàññîâàÿ

äîëÿ, %)

Table 2. Composition of the reference materials (wt.%)

Ýëåìåíò Îïîðíûå çíà÷åíèÿ, C
m

Nb 80 70 60 40

Si 5 10 10 15

Ti 5 10 10 20

Hf 5 10 10 15

B 1 2 3 5

Ge 5 3 2 1

Sn 1 2 3 3

Zr 5 3 2 1

Fe 0,01 0,1 0,5 10

Ni 0,01 0,1 0,5 5

Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ Fe è Ni â ÎÑ (n = 6; P = 0,95)

Table 3. The results of Fe and Ni determination in model solutions (n = 6; P = 0.95)

Ýëåìåíò C
m

, %
x ± Ä, %, äëÿ íîìåðà ñåðèè

1 2 3 4

Fe 0,01 0,0098 ± 0,0001 0,0104 ± 0,0002 0,0106 ± 0,0001 0,0105 ± 0,0002

0,1 0,104 ± 0,001 0,103 ± 0,001 0,103 ± 0,001 0,103 ± 0,001

0,5 0,49 ± 0,01 0,51 ± 0,01 0,50 ± 0,01 0,49 ± 0,01

10 10,26 ± 0,04 10,17 ± 0,08 9,95 ± 0,17 9,96 ± 0,15

Ni 0,01 0,0097 ± 0,0003 0,0101 ± 0,0002 0,0095 ± 0,0003 0,0094 ± 0,0003

0,1 0,105 ± 0,001 0,099 ± 0,001 0,101 ± 0,001 0,104 ± 0,002

0,5 0,49 ± 0,01 0,49 ± 0,01 0,51 ± 0,01 0,50 ± 0,01

5 4,92 ± 0,01 5,04 ± 0,01 4,99 ± 0,01 5,01 ± 0,01



àðõèâíûå ñòàíäàðòíûå îáðàçöû ôåððîíèîáèÿ

ÑÎ ¹ 162 (àòòåñòîâàíû Óðàëüñêèì íàó÷íî-èññëå-

äîâàòåëüñêèì èíñòèòóòîì ÷åðíûõ ìåòàëëîâ), à

òàêæå òèòàíîâûõ ñïëàâîâ ÂÒ5-1 ÃÑÎ 2730–83 è

ÂÒ20 ÃÑÎ 2194–81 (àòòåñòîâàíû Âñåðîññèéñêèì

èíñòèòóòîì ëåãêèõ ñïëàâîâ (ÂÈËÑ)). Êðîìå òîãî,

äëÿ ïðîâåðêè ïðàâèëüíîñòè ðàçðàáîòàííîé ìåòî-

äèêè ïðè îïðåäåëåíèè Nb, B, Ge, Ni èñïîëüçîâà-

ëè òå æå ñàìûå ÑÎ è ìåòîä «ââåäåíî – íàéäåíî».

Ïîëó÷åííûå äàííûå ïðè îïðåäåëåíèè ýëåìåíòîâ

ñ ïîìîùüþ ìåòîäà ÀÝÑ ÈÑÏ â ðàñòâîðàõ ïðîá è

çíà÷åíèÿ ñîäåðæàíèé ýëåìåíòîâ â ÃÑÎ ïðåäñòàâ-

ëåíû â òàáë. 5 (êîíöåíòðàöèè ââåäåííûõ ýëåìåí-

òîâ îòìå÷åíû çâåçäî÷êîé). Ìåæäó ðåçóëüòàòàìè

ÀÝÑ ÈÑÏ, àòòåñòîâàííûìè çíà÷åíèÿìè ñîäåðæà-

íèé ýëåìåíòîâ â ÑÎ è çíà÷åíèÿìè ìàññîâûõ äî-

ëåé ââåäåííûõ ýëåìåíòîâ îòñóòñòâóþò çíà÷èìûå

ðàñõîæäåíèÿ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ìåòîäèêà êîëè-

÷åñòâåííîãî ýëåìåíòíîãî àíàëèçà ÊÌ íà îñíîâå

ñèñòåìû Nb – Si ìåòîäîì ÀÝÑ ÈÑÏ ñ ïðåäâàðè-

òåëüíûì ìèêðîâîëíîâûì ðàçëîæåíèåì äëÿ îïðå-

äåëåíèÿ ìîäèôèöèðóþùèõ äîáàâîê, ïðèìåñåé è

íèîáèÿ. Ýêñïåðèìåíòàëüíî âûáðàíû àíàëèòè÷å-

ñêèå ëèíèè äëÿ îïðåäåëåíèÿ Nb, B, Ge, Sn, Zr, Fe,

Ni. Ïðîâåäåíà îöåíêà ìåòðîëîãè÷åñêèõ õàðàêòå-

ðèñòèê ìåòîäèêè: ïîêàçàòåëü ïîâòîðÿåìîñòè íå

ïðåâûøàåò 2 % îòí., à ïîêàçàòåëü ïðîìåæóòî÷-

íîé ïðåöèçèîííîñòè — 4 % îòí., ïîêàçàòåëü òî÷-

íîñòè íå ïðåâûøàåò 4 % îòí. äëÿ ñîäåðæàíèÿ

ýëåìåíòîâ áîëüøå 0,5 % è 10 % îòí. — äëÿ ñîäåð-

æàíèÿ Fe è Ni ìåíåå 0,5 %. Ïðèâåäåííûå äàííûå

èñïîëüçîâàíû ïðè ðàçðàáîòêå ÌÈ 1.2.049–2013

«Ìåòîäèêà èçìåðåíèé ìàññîâîé äîëè ëåãèðó-

þùèõ ýëåìåíòîâ â âûñîêîòåìïåðàòóðíîì åñòå-

ñòâåííî-êîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå

Nb – Si».

Ôèíàíñèðîâàíèå

Ðàáîòà ïðîâåäåíà ïðè ðåàëèçàöèè íàïðàâëå-

íèÿ 2.1 «Ôóíäàìåíòàëüíî-îðèåíòèðîâàííûå èñ-

ñëåäîâàíèÿ» («Ñòðàòåãè÷åñêèå íàïðàâëåíèÿ ðàç-

âèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîòêè

íà ïåðèîä äî 2030 ãîäà») [15].
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Òàáëèöà 4. Ðåçóëüòàòû îöåíêè ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ìåòîäèêè, ïîëó÷åííûå ñ èñïîëüçîâàíèåì ìîäåëüíûõ

ðàñòâîðîâ

Table 4. The results of evaluating the metrological characteristics of the technique obtained using model solutions

Ýëåìåíò
Äèàïàçîí îïðåäåëÿåìûõ

ñîäåðæàíèé, %

Ïîêàçàòåëü ïîâòîðÿåìîñòè

S
r,m

, % îòí., íå áîëåå

Ïîêàçàòåëü ïðîìåæóòî÷íîé

ïðåöèçèîííîñòè S
I(TO)

,

% îòí., íå áîëåå

Ïîêàçàòåëü òî÷íîñòè

±ä, % îòí.,

ïðè P = 0,95, íå áîëåå

Nb 40,0 – 80,0 1 2 3

B 1,0 – 5,0 1 2 4

Ge 1,0 – 5,0 1 2 4

Sn 1,0 – 2,5 1 2 3

Zr 1,0 – 5,0 1 2 4

Fe 0,01 – 0,5 2 4 10

0,5 – 10,0 1 2 4

Ni 0,01 – 0,5 2 3 9

0,5 – 5,0 1 2 4

Òàáëèöà 5. Àòòåñòîâàííûå ñîäåðæàíèÿ ýëåìåíòîâ â ÑÎ è ââåäåííûå ñîäåðæàíèÿ ýëåìåíòîâ (à), ðåçóëüòàòû àíàëèçà

ðàñòâîðîâ ìåòîäîì ÀÝÑ ÈÑÏ (á) (n = 3; P = 0,95; t = 4,3)

Table 5. Certified values of CRM (a) and results of element determination in the solutions using ICP AES method (b) (n = 3;

P = 0.95; t = 4.3)

ÑÎ Nb Zr Sn Fe B Ge Ni

Ôåððîíèîáèé

ÑÎ ¹ 162

à 48,47 1,41 — í/à 1,00* 5,00* 0,010*

á 49,51 ± 1,04 1,37 ± 0,09 — — 1,04 ± 0,06 5,10 ± 0,23 0,013 ± 0,004

ÂÒ5-1 ÃÑÎ

2730–83

à 40,0* — 2,50 0,109 — — —

á 40,65 ± 0,88 2,47 ± 0,09 0,112 ± 0,004 — — —

ÂÒ20 ÃÑÎ

2194–81

à 80,0* 3,28 — 0,40 5,00* 1,00* 0,100*

á 81,22 ± 1,34 3,19 ± 0,11 0,42 ± 0,02 5,21 ± 0,25 0,99 ± 0,05 0,105 ± 0,007

* Ñîäåðæàíèÿ ââåäåííûõ ýëåìåíòîâ.
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Òðåõìåðíûå ìàòðèêñû èç áèîäåãðàäèðóåìûõ ïîëèìåðîâ — ïåðñïåêòèâíûé ìàòåðèàë äëÿ

ðåøåíèÿ çàäà÷ ðåãåíåðàòèâíîé ìåäèöèíû. Èõ øèðîêî ïðèìåíÿþò ïðè âîññòàíîâëåíèè öå-

ëîñòíîñòè è ôóíêöèé òêàíåé è îðãàíîâ ñ ïîìîùüþ áèîèñêóññòâåííûõ òêàíåèíæåíåðíûõ

êîíñòðóêöèé. Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðû ïîðèñòûõ áèîðåçîðáèðóåìûõ ïîëè-

ìåðíûõ ìàòðèêñîâ äëÿ òêàíåâîé èíæåíåðèè ìåòîäîì ðåíòãåíîâñêîé ìèêðîòîìîãðàôèè.

Îáðàçöû ïîëó÷àëè ìåòîäîì ñâåðõêðèòè÷åñêîé ôëþèäíîé ïëàñòèôèêàöèè D,L-ïîëèëàêòè-

äà è åãî ïîñëåäóþùåãî âñïåíèâàíèÿ â öèëèíäðè÷åñêèõ ïðåññ-ôîðìàõ. Òîìîãðàôèÿ äàåò

âîçìîæíîñòü ñîçäàòü òðåõìåðíóþ ìîäåëü îáúåêòà, îöåíèòü íå òîëüêî èíòåãðàëüíóþ ïîðèñ-

òîñòü ìàòðèêñà (êàê ýòî äåëàþò òðàäèöèîííûå ñîðáöèîííûå ìåòîäû), íî è ðàñïðåäåëåíèå

ïîð ïî ðàçìåðàì è ïðîñòðàíñòâó. Ýòî ïîçâîëÿåò îïòèìèçèðîâàòü ïàðàìåòðû òåõíîëîãè÷å-

ñêèõ ïðîöåññîâ èçãîòîâëåíèÿ ïîëèëàêòèäíûõ ìàòðèêñîâ òðåáóåìîé äëÿ òåõ èëè èíûõ áèî-

ìåäèöèíñêèõ ïðèìåíåíèé àðõèòåêòîíèêè è ïðîãíîçèðîâàòü õîä ïðîòåêàíèÿ ïðîöåññîâ èõ

áèîðåçîðáöèè â ôåðìåíòàòèâíûõ ñðåäàõ. Èññëåäîâàíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì ëàáî-

ðàòîðíîãî ìèêðîòîìîãðàôà (ìàòåðèàë àíîäà — ìîëèáäåí, âðåìÿ ñêàíèðîâàíèÿ îáðàçöà —

120 ìèí, ðàçìåð ïèêñåëÿ äåòåêòîðà — 9 ìêì). Òîìîãðàôè÷åñêóþ ðåêîíñòðóêöèþ âûïîëíÿ-

ëè àëãåáðàè÷åñêèì ìåòîäîì. Íåîáõîäèìóþ äëÿ ðàñ÷åòà ñòðóêòóðíûõ õàðàêòåðèñòèê èññëå-

äóåìûõ ìàòðèêñîâ ïðîöåäóðó áèíàðèçàöèè ðåàëèçîâûâàëè ìåòîäîì, âêëþ÷àþùèì âûáîð

ãëîáàëüíîãî ïîðîãà. Ïðîâåäåííûå ðàñ÷åòû ïîðèñòîñòè è îäíîðîäíîñòè åå ðàñïðåäåëåíèÿ â

îáúåìå ïîëèìåðà è îöåíêà óäåëüíîé ïëîùàäè ïîâåðõíîñòè ïîð ïîêàçàëè èçîòðîïíîñòü

ïðîñòðàíñòâåííîé ñòðóêòóðû ïîëèëàêòèäíûõ ìàòðèêñîâ.

Êëþ÷åâûå ñëîâà: ïîëèìåðíûå ïîðèñòûå ìàòðèêñû; ðåíòãåíîâñêàÿ ìèêðîòîìîãðàôèÿ;

áèíàðèçàöèÿ ðåçóëüòàòîâ òîìîãðàôèè; ïîðèñòîñòü.
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Three-dimensional matrices of biodegradable polymers are promising materials for regenerative medi-

cine. They are widely used in restoring the integrity and functions of tissues and organs using bio-artificial

tissue engineering structures. We present the results of studying the structure of porous bioresorbable

polymer matrices for tissue engineering using X-ray microtomography. Samples were obtained by super-

critical fluid plasticization of D,L-polylactide with subsequent foaming in cylindrical molds. The tomo-

graphic method makes it possible to construct a three-dimensional voxel model of the object under study

and gain apart from the estimate on the integral matrix porosity (characteristic data obtained by tradi-

tional sorption procedures) additional information about the size and spatial distribution of pores thus

providing a possibility of optimization of the process parameters for production of polylactide matrices re-

quired for specific biomedical applications of architectonics, as well as forecasting the processes of their

bioresorption in enzymatic media. The experiments were carried out on a laboratory microtomograph (Mo

anode, the scan time of the sample is 120 min, the detector pixel size is 9 ìm). Tomographic reconstruc-

tion was performed by algebraic method. The binarization procedure required for calculation of the struc-

tural characteristics of studied matrices was implemented by the method with the choice of a global

threshold. Calculations of the porosity and homogeneity of the porosity distribution in the bulk, as well as

estimation of the specific surface area of pores revealed the isotropy of the spatial structure of polylactide

matrices.

Keywords: polymer porous matrices; X-ray microtomography; binarization of the tomography results;

porosity.

Ââåäåíèå

Ñåãîäíÿ áèîðåçîðáèðóåìûå (ïîñòåïåííî ðàñ-

òâîðÿþùèåñÿ â îðãàíèçìå) ïîëèìåðû àêòèâíî

èñïîëüçóþò â òåõíîëîãèÿõ ñîâðåìåííîé ðåãåíå-

ðàòèâíîé ìåäèöèíû. Ñ èõ ïîìîùüþ ðåøàþò çà-

äà÷è âîññòàíîâëåíèÿ óòðà÷åííûõ òêàíåé èëè îð-

ãàíîâ ïóòåì ñîçäàíèÿ èñêóññòâåííûõ èëè ãèáðèä-

íûõ òêàíåèíæåíåðíûõ êîíñòðóêöèé (ÒÈÊ).

Ïîðèñòûå ïîëèìåðíûå ñòðóêòóðû — áèîäå-

ãðàäèðóåìûå òðåõìåðíûå ìàòðèêñû — êëþ÷åâîé

ýëåìåíò äëÿ òðàíñïëàíòàöèè êëåòîê. Îíè îáåñïå-

÷èâàþò èõ æèçíåäåÿòåëüíîñòü â ïåðèîä ôîðìèðî-

âàíèÿ íîâîé òêàíè òðåáóåìîãî òèïà [1 – 3]. Ïðè

ñîçäàíèè òàêèõ ïîëèìåðíûõ ìàòðèêñîâ íåîáõî-

äèìî äîáèòüñÿ íàëè÷èÿ ó íèõ îïðåäåëåííûõ áèî-

ëîãè÷åñêèõ è ôèçèêî-õèìè÷åñêèõ õàðàêòåðèñòèê:

íèçêîé öèòîòîêñè÷íîñòè, âûñîêèõ áèîñîâìåñòè-

ìîñòè è ìåõàíè÷åñêîé ïðî÷íîñòè, à òàêæå îïòè-

ìàëüíîé ñêîðîñòè áèîäåãðàäàöèè (èëè áèîðå-

çîðáöèè) ñ îáðàçîâàíèåì íåòîêñè÷íûõ êîìïîíåí-

òîâ. Êðîìå òîãî, ïðèíöèïèàëüíî âàæíî, ÷òîáû

ìàòðèêñû äëÿ ÒÈÊ èìåëè ñèñòåìó âçàèìîñâÿçàí-

íûõ ïîð, îáåñïå÷èâàþùóþ áåñïðåïÿòñòâåííîå

ïðîðàñòàíèå æèâûõ êëåòîê âãëóáü ìàòðèêñà, äîñ-

òàâêó ê íèì íåîáõîäèìûõ ïèòàòåëüíûõ âåùåñòâ

è ñâîáîäíîå óäàëåíèå ïðîäóêòîâ èõ æèçíåäåÿ-

òåëüíîñòè [4, 5].

Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðû ïî-

ðèñòîãî ïîëèëàêòèäíîãî ìàòðèêñà ìåòîäîì ðåíò-

ãåíîâñêîé ìèêðîòîìîãðàôèè (ÐÌÒ) äëÿ îïòèìè-

çàöèè òåõíîëîãè÷åñêèõ ïðîöåññîâ èçãîòîâëåíèÿ

áèîðåçîðáèðóåìûõ ìàòðèêñîâ òðåáóåìîé äëÿ êîí-

êðåòíûõ áèîìåäèöèíñêèõ ïðèìåíåíèé àðõèòåê-

òîíèêè è ïðîãíîçà ïðîöåññîâ èõ áèîðåçîðáöèè â

æèâîì îðãàíèçìå.

Ìàòåðèàëû, îáîðóäîâàíèå, ìåòîäû

Äëÿ èçãîòîâëåíèÿ áèîðåçîðáèðóåìûõ ïîðèñ-

òûõ ïîëèìåðíûõ ìàòðèêñîâ èñïîëüçîâàëè D,L-

ïîëèëàêòèä ìàðêè Purasorb PDL05 (PURAC Bio-

chem bv, Íèäåðëàíäû). Ôîðìèðîâàíèå ïîð îñó-

ùåñòâëÿëè ñ ïðèìåíåíèåì ñâåðõêðèòè÷åñêîãî äè-

îêñèäà óãëåðîäà ñê-ÑÎ2, ñïîñîáíîãî ïëàñòèôèöè-

ðîâàòü àìîðôíûå è ÷àñòè÷íî êðèñòàëëè÷åñêèå

ïîëèìåðû çà ñ÷åò ýôôåêòà ñíèæåíèÿ èõ òåìïåðà-

òóðû ñòåêëîâàíèÿ Tg [6]. Ïîëèìåð ñíà÷àëà çàãðó-

æàëè â ñïåöèàëüíóþ ïðåññ-ôîðìó ñ íåîáõîäèìû-

ìè ãåîìåòðè÷åñêèìè ïàðàìåòðàìè è ïëàñòèôè-

öèðîâàëè ïîä äåéñòâèåì ñê-CO2 ïðè òåìïåðàòóðå

T = 35 °C è äàâëåíèè P = 10,0 ÌÏà. Çàòåì ïëà-

ñòèôèöèðîâàííàÿ ïîëèìåðíàÿ ìàññà âñïåíèâà-

ëàñü â ïðîöåññå êîíòðîëèðóåìîãî ñáðîñà äàâëå-

íèÿ äèîêñèäà óãëåðîäà äî àòìîñôåðíîãî çíà÷å-

íèÿ. Ýòî ïðèâîäèëî ê ôîðìèðîâàíèþ â íåé ðàç-

âåòâëåííîé ïîðèñòîé ñòðóêòóðû [7, 8].

Ïàðàìåòðû îáðàçóþùåéñÿ ïîðèñòîñòè ìîæíî

ìåíÿòü, âàðüèðóÿ ðåæèìû ñâåðõêðèòè÷åñêîé

ôëþèäíîé (ÑÊÔ) ïëàñòèôèêàöèè ïîëèìåðà è

äàâëåíèå CO2 [9]. Íà ðèñ. 1 ïðåäñòàâëåíû îáðà-

çåö èññëåäóåìîãî ïîðèñòîãî ïîëèëàêòèäíîãî ìàò-

ðèêñà è åãî âíóòðåííÿÿ ñòðóêòóðà, ïîëó÷åííàÿ ñ

ïîìîùüþ ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêî-

ïèè (ÑÝÌ).
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Èññëåäîâàíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì

ëàáîðàòîðíîãî ìèêðîòîìîãðàôà [9] (èñòî÷íèê èç-

ëó÷åíèÿ ñ òðóáêîé ñ ìîëèáäåíîâûì àíîäîì GE

ISOVOLT 3003, óñêîðÿþùåå íàïðÿæåíèå —

40 êÂ, òîê — 20 ìÀ, ýíåðãèÿ çîíäèðóþùåãî èçëó-

÷åíèÿ — 17,5 êýÂ, ìîíîõðîìàòîð — êðèñòàëë ïè-

ðîãðàôèòà, ðàññòîÿíèÿ ìîíîõðîìàòîð — îáðàçåö

è îáðàçåö — äåòåêòîð — 1,2 è 0,03 ì) (ðèñ. 2). Â

êàæäîì ýêñïåðèìåíòå èçìåðÿëè 400 ïðîåêöèé â

óãëîâîì äèàïàçîíå 200° ñ øàãîì 0,5°. Ðàçìåð ïèê-
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Ðèñ. 2. Ðåíòãåíîâñêèé ìèêðîòîìîãðàô (à) è åãî ïðèíöèïèàëüíàÿ áëîê-ñõåìà (á): 1 — ðåíòãåíîâñêàÿ òðóáêà; 2 — êðèñ-

òàëë-ìîíîõðîìàòîð; 3 — âàêóóìíûé îáúåì; 4 — ôîðâàêóóìíûé íàñîñ; 5 — êîîðäèíàòíûé ñòîë ñ ãîíèîìåòðè÷åñêèì

óñòðîéñòâîì äëÿ âðàùåíèÿ îáðàçöà; 6 — ðåíòãåíîâñêèé äåòåêòîð XIMEA xiRAY11; 7 — áèîçàùèòà

Fig. 2. X-ray microtomograph (a) and block diagram (b): 1 — X-ray tube; 2 — crystal-monochromator; 3 — vacuum volume;

4 — forepump; 5 — coordinate table with a goniometer device for sample rotation; 6 — X-ray detector XIMEA xiRAY11; 7 —

biological protection

à á

Ðèñ. 1. Ïîðèñòûé ìàòðèêñ èç PDL05 (à) è åãî ñòðóêòóðà, ïîëó÷åííàÿ ñ ïîìîùüþ ÑÝÌ (á)

Fig. 1. Porous PDL05 matrix (a) and matrix structure obtained on a scanning electron microscope (b)
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Ðèñ. 3. Ñå÷åíèÿ ïîëèìåðà ïîñëå òîìîãðàôè÷åñêîé ðåêîíñòðóêöèè (à), ãëîáàëüíîé ïîðîãîâîé áèíàðèçàöèè (á), âûïîëíå-

íèÿ ìîðôîëîãè÷åñêîé îïåðàöèè «çàêðûòèå» (closing) (â) è ãèñòîãðàììà ëèíåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ, ïîñòðîåí-

íàÿ ïî âîññòàíîâëåííîìó èçîáðàæåíèþ (ã)

Fig. 3. Polymer cross sections after tomographic reconstruction (a), global threshold binarization (b), morphological opera-

tion «closing» (c) and histogram of the linear absorption coefficient based on the reconstructed image (d)



ñåëà äåòåêòîðà ñîñòàâëÿë 9 × 9 ìêì, îáùåå âðåìÿ

ñêàíèðîâàíèÿ — 120 ìèí. Òîìîãðàôè÷åñêóþ ðå-

êîíñòðóêöèþ è ðàñ÷åò ìàêðîìîëåêóëÿðíûõ õà-

ðàêòåðèñòèê îñóùåñòâëÿëè ñ ïîìîùüþ ñïåöèàëü-

íîãî ïðîãðàììíîãî îáåñïå÷åíèÿ [10, 11].

Îáñóæäåíèå ðåçóëüòàòîâ

Ìàêðîìîëåêóëÿðíûå ïàðàìåòðû ïîëèìåðà

ðàññ÷èòûâàëè ñ èñïîëüçîâàíèåì ïðîöåäóðû ãëî-

áàëüíîé ïîðîãîâîé áèíàðèçàöèè âîññòàíîâëåííî-

ãî èçîáðàæåíèÿ. Âåëè÷èíó ïîðîãà îïðåäåëÿëè ïî

ðåçóëüòàòàì àíàëèçà ãèñòîãðàììû, ïîñòðîåííîé

ïî ëèíåéíûì êîýôôèöèåíòàì ïîãëîùåíèÿ âîñ-

ñòàíîâëåííîãî èçîáðàæåíèÿ (â íàøåì ñëó÷àå ãèñ-

òîãðàììà áûëà áèìîäàëüíîé ñ ÷åòêèì ðàçäåëåíè-

åì ìàêñèìóìîâ, îòíîñÿùèõñÿ ê ôîíó íà èçîáðà-

æåíèè è îáúåêòó). Îòìåòèì, ÷òî óøèðåíèå ìàê-

ñèìóìîâ ôîíà è îáúåêòà íà ãèñòîãðàììå ñâÿçàíî

ñî ñòàòèñòè÷åñêèì ðàçáðîñîì ïàðàìåòðîâ ýêñïå-

ðèìåíòàëüíûõ èçìåðåíèé è ôëóêòóàöèÿìè ëè-

íåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ.

Íà ðèñ. 3 ïðåäñòàâëåíû ñå÷åíèÿ ïîëèìåðà

ïîñëå ðåêîíñòðóêöèè, ïðîöåññà áèíàðèçàöèè,

ìîðôîëîãè÷åñêîé îïåðàöèè «çàêðûòèå» è ãèñòî-

ãðàììà ëèíåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ.

Ïîðèñòîñòü ðàññ÷èòûâàëè ñëåäóþùèì îá-

ðàçîì:

P = (1 – Vp/Vs) · 100 %, (1)

ãäå Vs, Vp — îáúåìû îáðàçöà è ïîëèìåðà (âû÷èñ-

ëÿëè ñóììèðîâàíèåì âîêñåëåé áèíàðèçîâàííîãî

ìàññèâà, äëÿ ðàñ÷åòà Vs ïðåäâàðèòåëüíî âûïîë-

íÿëè îïåðàöèþ «çàêðûòèå»).

Äëÿ õàðàêòåðèñòèêè ðàñïðåäåëåíèÿ ïîð âî

âíóòðåííåì ïðîñòðàíñòâå îáðàçöà ðàññ÷èòûâàëè

âåëè÷èíû ïîðèñòîñòè äëÿ íåñêîëüêèõ ïîäîáúå-

ìîâ ðàçíîãî ðàçìåðà (ðèñ. 4). Óñòàíîâèëè, ÷òî ïî-

ðèñòîñòü ïîëèìåðà êîëåáëåòñÿ â ïðåäåëàõ îò 61,5

äî 64,1 % â îáúåìå îáðàçöà.

Äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ïîëèìåðà

â ðåãåíåðàòèâíîé ìåäèöèíå íåîáõîäèìî çíàòü

ðàçìåðû ïîð è ïëîùàäü èõ ïîâåðõíîñòè. Êîëè÷å-

ñòâåííóþ õàðàêòåðèñòèêó ýëåìåíòîâ ïîðèñòîé

ñòðóêòóðû îáðàçöà ïîëó÷àëè ñ ïîìîùüþ ðàñ÷åòà

ãèñòîãðàììû ðàñïðåäåëåíèé ëèíåéíûõ ðàçìåðîâ

ïîð è òîëùèí ñòåíîê ïîëèìåðíîãî ìàòðèêñà. Äëÿ

ýòîãî èñïîëüçîâàëè ìåòîä ïîñòðî÷íîãî ñêàíèðî-

âàíèÿ áèíàðèçîâàííîãî ìàññèâà äàííûõ âîññòà-

íîâëåííîãî èçîáðàæåíèÿ ïîëèìåðà. Â êàæäîé

ñòðîêå çà òîëùèíû ñòåíîê ïðèíèìàëè äëèíû íå-

ïðåðûâíûõ îòðåçêîâ Äx (ñîñòîÿùèå èç ýëåìåíòîâ

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1 29

à á

Ðèñ. 4. Ñõåìà ðàçáèåíèÿ îáðàçöà ïîëèìåðà íà ïîä-

îáúåìû (à) è çàâèñèìîñòü ïîðèñòîñòè ïîëèìåðà îò äîëè

îáúåìà îáðàçöà (á)

Fig. 4. Scheme of splitting (into sub-volumes) of the poly-

mer sample (a) and values of the polymer porosity calculated

in each of sub-volumes (b)
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Ðèñ. 5. Ãèñòîãðàììû ðàñïðåäåëåíèé ëèíåéíûõ ðàçìåðîâ ñòåíîê ïîëèìåðà (à) è ïîð (á), ðàññ÷èòàííûå âäîëü âçàèìíî

ïåðïåíäèêóëÿðíûõ îñåé XYZ (ñîîòâåòñòâåííî êðèâûå 1 – 3)

Fig. 5. Histograms of the distributions of linear dimensions of polymer walls (a) and pore sizes (b) calculated along mutually

perpendicular axes XYZ (curves 1 – 3)
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Ðàñïðåäåëåíèÿ ðàññ÷èòûâàëè íåçàâèñèìî

âäîëü ïðîèçâîëüíî âûáðàííûõ âçàèìíî ïåðïåí-

äèêóëÿðíûõ îñåé XYZ. Ðåçóëüòàò ðàñ÷åòà ïðèâå-

äåí íà ðèñ. 5. Âèäíî, ÷òî ðàñïðåäåëåíèÿ ðàçìå-

ðîâ ïîð è ñòåíîê ïîëèìåðà, ïîëó÷åííûå âäîëü

ðàçíûõ íàïðàâëåíèé (êðèâûå 1 – 3), ñîâïàäàþò

äðóã ñ äðóãîì â äèàïàçîíàõ 0,01 – 0,9 (äëÿ òîë-

ùèí ñòåíîê) è 0,01 – 2,5 ìì (äëÿ ðàçìåðîâ ïóñ-

òîò). Íåñîâïàäåíèå êðèâûõ â äèàïàçîíàõ 0,9 – 3,5

è 2,5 – 5,0 ìì ñîîòâåòñòâåííî ïðåæäå âñåãî ìîæ-

íî îáúÿñíèòü òåì, ÷òî äàííûå äèàïàçîíû ñîïî-

ñòàâèìû ñ ðàçìåðàìè èññëåäóåìîãî îáðàçöà.

Òàêèì îáðàçîì, ïðîâåäåííûå ðàñ÷åòû ïîêàçàëè,

÷òî ðàñïðåäåëåíèå ëèíåéíûõ ðàçìåðîâ èññëåäî-

âàííîé ïîðèñòîé ñòðóêòóðû èçîòðîïíî ïî íà-

ïðàâëåíèÿì.

Ïîñêîëüêó âîäíûå ðàñòâîðû âçàèìîäåéñòâó-

þò ñ ïîðèñòîé ñòðóêòóðîé ïîëèìåðà ÷åðåç åå ïî-

âåðõíîñòü, îïðåäåëÿëè çíà÷åíèå óäåëüíîé ïî-

âåðõíîñòè, îò êîòîðîé çàâèñèò ýôôåêòèâíîñòü

ïðîöåññîâ ðåçîðáöèè. Âåëè÷èíó óäåëüíîé ïî-

âåðõíîñòè íàõîäèëè èç ñîîòíîøåíèÿ

Sóä = Sp/Vs, (2)

ãäå Sp — ïëîùàäü ïîâåðõíîñòè ïîð.

Sóä ðàññ÷èòûâàëè íà îñíîâå äàííûõ âîññòà-

íîâëåííîãî èçîáðàæåíèÿ ñ ïîìîùüþ ñòåðåîëîãè-

÷åñêîãî ïîäõîäà [12].

Ïàðàìåòðû èññëåäóåìîãî îáðàçöà â èòîãå ñî-

ñòàâèëè: ðàçìåðû öèëèíäðè÷åñêîãî îáðàçöà (ìì)

D = 5,7, h = 4,9; ïîðèñòîñòü — 63,7 %; óäåëüíàÿ

ïîâåðõíîñòü — 10,8 ìì–1.

Çàêëþ÷åíèå

Ìåòîäîì ðåíòãåíîâñêîé ìèêðîòîìîãðàôèè

èññëåäîâàí îáðàçåö ïîðèñòîãî ìàòðèêñà èç D,L-

ïîëèëàêòèäà ìàðêè Purasorb PDL05. Íà îñíîâå

âîññòàíîâëåííîãî òðåõìåðíîãî èçîáðàæåíèÿ îáú-

åêòà ðàññ÷èòàíû ïîðèñòîñòü (êîëåáëåòñÿ â ïðåäå-

ëàõ îò 61,5 äî 64,1 % â îáúåìå îáðàçöà) è óäåëü-

íàÿ ïîâåðõíîñòü (10,8 ìì–1). Ïðåäëîæåí ìåòîä

îöåíêè ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ïîð â

îáúåìå ïîëèìåðà. Íà îñíîâå ðàñ÷åòîâ õàðàêòåðè-

ñòèê ïîðèñòîé ñòðóêòóðû, ïðîâåäåííûõ âäîëü

òðåõ âçàèìíî ïåðïåíäèêóëÿðíûõ îñåé, óñòàíîâ-

ëåíî, ÷òî ðàñïðåäåëåíèå ïîð ïî ðàçìåðàì èçî-

òðîïíî ïî íàïðàâëåíèÿì. Ïîëó÷åííûå ðåçóëüòà-

òû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà ãèñòî-

ãðàìì ÿðêîñòåé è ðàçðàáîòêè ñïîñîáà äëÿ àíàëè-

çà íåñáàëàíñèðîâàííûõ êëàññîâ ïîëèìåðîâ [13].

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ìèíè-

ñòåðñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ â ðàìêàõ

âûïîëíåíèÿ ðàáîò ïî ãîñóäàðñòâåííîìó çàäà-

íèþ ÔÍÈÖ «Êðèñòàëëîãðàôèÿ è ôîòîíèêà»

ÐÀÍ (â ÷àñòè «ïðîâåäåíèÿ ýêñïåðèìåíòîâ») è

Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâà-

íèé (â ÷àñòè ðåêîíñòðóêöèè ðåíòãåíîâñêèõ ìèê-

ðîòîìîãðàôè÷åñêèõ èçîáðàæåíèé è èõ àíàëèçà,

ïðîåêò ¹ 18-29-26019, è â ÷àñòè ÑÊÔ ôîðìèðî-

âàíèÿ áèîðåçîðáèðóåìûõ ïîðèñòûõ ìàòðèêñîâ,

ïðîåêò ¹ 16-29-07356).
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Ïðèíÿòà ê ïóáëèêàöèè 25 íîÿáðÿ 2019 ã.

Ïîðîøêîâûå ìàòåðèàëû øèðîêî ïðèìåíÿþòñÿ ïðè èçãîòîâëåíèè ýëåêòðîõèìè÷åñêèõ ýëå-

ìåíòîâ òåïëîâûõ õèìè÷åñêèõ èñòî÷íèêîâ òîêà. Ýëåêòðîõèìè÷åñêèå ñâîéñòâà ïîðîøêîâ çà-

âèñÿò îò ôîðìû è ðàçìåðîâ èõ ÷àñòèö. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ìèêðî-

ñòðóêòóðû è ÷àñòèö ïîðîøêîâ îêñèäîâ âàíàäèÿ (III), (V) è àëþìèíàòà ëèòèÿ ìåòîäàìè ïðî-

ñâå÷èâàþùåé ýëåêòðîííîé è àòîìíî-ñèëîâîé ìèêðîñêîïèè, ðåíòãåíîäèôðàêöèîííîãî è

ãàçîàäñîðáöèîííîãî àíàëèçîâ. Óñòàíîâëåíî, ÷òî äèàïàçîíû ðàñïðåäåëåíèÿ ÷àñòèö ïî ðàç-

ìåðàì ñîñòàâëÿþò, íì: 70 – 600 — äëÿ îêñèäà âàíàäèÿ (III) è 40 – 350 — äëÿ îêñèäà âàíàäèÿ

(V). Ðàçìåð îáëàñòåé êîãåðåíòíîãî ðàññåÿíèÿ íàõîäèòñÿ íà íèæíåé ãðàíèöå äèàïàçîíîâ.

Ýòî ìîæíî îáúÿñíèòü òåì, ÷òî ÷àñòèöû ïîðîøêîâ ñîñòîÿò èç áîëåå ìåëêèõ ñòðóêòóðíûõ

ýëåìåíòîâ (êðèñòàëëèòîâ). Ñðåäíèé îáúåìíî-ïîâåðõíîñòíûé äèàìåòð, ðàññ÷èòàííûé ïî

âåëè÷èíå óäåëüíîé ïëîùàäè ïîâåðõíîñòè, íàïðîòèâ, áëèçîê ê âåðõíåé ãðàíèöå, ÷òî, âåðî-

ÿòíî, ñâÿçàíî ñ ÷àñòè÷íîé àãëîìåðàöèåé ÷àñòèö, à òàêæå èõ ñïåêàíèåì â ïðîöåññå ñèíòåçà.

Â îòëè÷èå îò îêñèäîâ âàíàäèÿ äëÿ àëþìèíàòà ëèòèÿ äèàïàçîí ðàñïðåäåëåíèÿ ÷àñòèö ïî

ðàçìåðàì áîëåå óçêèé — 50 – 110 íì. Ïðè ýòîì ðàçìåð êðèñòàëëèòîâ è ñðåäíèé îáúåì-

íî-ïîâåðõíîñòíûé äèàìåòð áëèçêè ê ìàêñèìóìó ðàñïðåäåëåíèÿ ÷àñòèö ïî ðàçìåðàì. Ìèê-

ðîñòðóêòóðíûé àíàëèç ïîêàçàë, ÷òî ÷àñòèöû â îáðàçöàõ îêñèäîâ âàíàäèÿ èìåþò îêðóãëóþ

(V2O3) èëè óäëèíåííóþ (V2O5) ôîðìó, â ïîðîøêå àëþìèíàòà ëèòèÿ — ïëàñòèí÷àòóþ. ×àñ-

òèöû îáðàçóþò ïîëèêðèñòàëëè÷åñêèå àãëîìåðàòû. Âìåñòå ñ òåì äëÿ ðàçíûõ ïàðòèé îäíîãî

è òîãî æå ìàòåðèàëà ãðàíóëîìåòðè÷åñêèé ñîñòàâ ñõîäåí, ÷òî ãîâîðèò î âîñïðîèçâîäèìîñòè

òåõíîëîãèé èõ èçãîòîâëåíèÿ. Ïîëó÷åííûå äàííûå ìîæíî èñïîëüçîâàòü äëÿ êîíòðîëÿ ïî-

ñòîÿíñòâà ãðàíóëîìåòðè÷åñêîãî ñîñòàâà ïîðîøêîâûõ ìàòåðèàëîâ.
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Powder materials are widely used in the manufacture of electrochemical elements of thermal chemical

sources of current. Electrochemical behavior of the powders depends on the shape and size of their parti-

cles. The results of the study of the microstructure and particles of the powders of vanadium (III), (V) ox-

ides and lithium aluminate obtained by transmission electron and atomic force microscopy, X-ray diffrac-

tion and gas adsorption analyses are presented. It is found that the sizes of vanadium (III) and vanadium

(V) oxide particles range within 70 – 600 and 40 – 350 nm, respectively. The size of the coherent-scattering

regions of the vanadium oxide particles lies in the lower range limit which can be attributed to small size

of the structural elements (crystallites). An average volumetric-surface diameter calculated on the basis of

the surface specific area is close to the upper range limit which can be explained by the partial agglomera-

tion of the powder particles. Unlike the vanadium oxide particles, the range of the particle size distribu-

tion of the lithium aluminate powder is narrower — 50 – 110 nm. The values of crystallite sizes are close

to the maximum of the particle size distribution. Microstructural analysis showed that the particles in the

samples of vanadium oxides have a rounded (V
2O3) or elongated (V2O5) shape; whereas the particles of

lithium aluminate powder exhibit lamellar structure. At the same time, for different batches of the same
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material, the particle size distribution is similar, which indicates the reproducibility of the technologies for

their manufacture. The data obtained can be used to control the constancy of the particle size distribution

of powder materials.

Keywords: powder materials; particle size; transmission electron microscopy; atomic-force microscopy;

X-ray diffraction analysis; gas-adsorption method; vanadium (III) oxide; vanadium (V) oxide; lithium alu-

minate.

Ââåäåíèå

Ïîðîøêîâûå ìàòåðèàëû øèðîêî ïðèìåíÿþò

â õèìè÷åñêèõ èñòî÷íèêàõ òîêà (ÕÈÒ), íàïðèìåð,

äëÿ èçãîòîâëåíèÿ ýëåêòðîäîâ èëè â êà÷åñòâå çà-

ãóñòèòåëÿ ýëåêòðîëèòà. Ïðè ýòîì ýëåêòðîõèìè÷å-

ñêèå ñâîéñòâà ïîðîøêîâ çàâèñÿò îò ôîðìû è ðàç-

ìåðà èõ ÷àñòèö [1 – 7].

Äëÿ îïðåäåëåíèÿ ðàçìåðîâ ÷àñòèö èñïîëüçó-

þò ñèòîâîé è ñåäèìåíòàöèîííûé àíàëèçû, ìèê-

ðîñêîïèþ, ìåòîäû, îñíîâàííûå íà âçàèìîäåéñò-

âèè ÷àñòèö ñ ðàçëè÷íûìè âèäàìè èçëó÷åíèé, è

äð. [8 – 16]. Â ïîñëåäíåå âðåìÿ áîëüøóþ ïîïóëÿð-

íîñòü ïðèîáðåëè ìåòîäû ëàçåðíîé äèôðàêöèè è

ðàññåÿíèÿ ëàçåðíîãî ëó÷à. Îíè ïðèìåíÿþòñÿ äëÿ

àíàëèçà ðàçìåðà ÷àñòèö ìèêðîííîãî óðîâíÿ, íî

ìàëî ïðèãîäíû äëÿ îïðåäåëåíèÿ ðàçìåðîâ îò-

äåëüíûõ ÷àñòèö, ïîñêîëüêó äàþò èíôîðìàöèþ

ñêîðåå î ðàçìåðå àãëîìåðàòîâ [17].

Ïðîñâå÷èâàþùàÿ ýëåêòðîííàÿ ìèêðîñêîïèÿ

(ÏÝÌ) ïîçâîëÿåò îïðåäåëÿòü íå òîëüêî ãåîìåòðè-

÷åñêèå ðàçìåðû ÷àñòèö, íî è îñîáåííîñòè èõ ôîð-

ìû, ñòðóêòóðû è ñòðîåíèÿ ïîâåðõíîñòè. Íåäîñòà-

òîê ìåòîäà — åãî ÷ðåçâû÷àéíàÿ òðóäîåìêîñòü

(ñëîæíàÿ ïðîáîïîäãîòîâêà, íåîáõîäèìîñòü áîëü-

øîãî êîëè÷åñòâà ÏÝÌ-èçîáðàæåíèé äëÿ ïîëó÷å-

íèÿ íàäåæíûõ ðåçóëüòàòîâ ïî ãðàíóëîìåòðè÷å-

ñêîìó ñîñòàâó). Ñëó÷àéíûå è ñèñòåìàòè÷åñêèå

ïîãðåøíîñòè, ñâÿçàííûå ñ íåïðåäñòàâèòåëüíî-

ñòüþ âûáîðêè, íåäîñòàòî÷íîñòüþ ñòàòèñòè÷åñêèõ

äàííûõ ïî ðàçìåðó ÷àñòèö, íåïðàâèëüíîé èäåí-

òèôèêàöèåé ðàçìåðà ÷àñòèö, ïðèâîäÿò ê ðàçëè÷-

íûì ðåçóëüòàòàì ïðè àíàëèçå îäíîãî è òîãî æå

ìàòåðèàëà. Êðîìå òîãî, åñëè ðàññ÷èòûâàòü ìàññî-

âîå ðàñïðåäåëåíèå, òî îòêëîíåíèÿ â ðåçóëüòàòàõ

åùå áîëåå âîçðàñòàþò [9, 10].

Èññëåäîâàíèå âûñîêîäèñïåðñíûõ ÷àñòèö ìå-

òîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè (ÀÑÌ) äàåò

âîçìîæíîñòü îïðåäåëÿòü ðàçìåðû è ôîðìó ïåð-

âè÷íûõ ÷àñòèö è àãëîìåðàòîâ, à òàêæå òîïî-

ãðàôè÷åñêèå îñîáåííîñòè èõ ïîâåðõíîñòè. ÀÑÌ

èñïîëüçóþò äëÿ àíàëèçà íåïðîâîäÿùèõ îáðàçöîâ,

ñ åå ïîìîùüþ ìîæíî ïðîâîäèòü èññëåäîâàíèÿ â

âàêóóìå, â âîçäóøíîé àòìîñôåðå è äàæå â æèä-

êîé ñðåäå [12]. Îñíîâíàÿ ñëîæíîñòü — â ïðîöåññå

ïîëó÷åíèÿ èçîáðàæåíèÿ â ðåçóëüòàòå âçàèìîäåé-

ñòâèÿ ñ çîíäîì ïðèáîðà ÷àñòèöû ïåðåäâèãàþòñÿ.

Ïîýòîìó äëÿ êàæäîãî êîíêðåòíîãî îáðàçöà òðåáó-

åòñÿ ðàçðàáîòêà ìåòîäèêè åãî ïîäãîòîâêè äëÿ

ÀÑÌ-èññëåäîâàíèÿ. Íåîáõîäèìî òàêæå ó÷èòû-

âàòü, ÷òî ïðè èçìåðåíèè ðàçìåðîâ ÷àñòèö íàíî-

äèàïàçîíà âîçíèêàåò ïîãðåøíîñòü, âûçâàííàÿ

âëèÿíèåì øèðèíû çîíäà.

Ñðåäè êîñâåííûõ ìåòîäîâ îïðåäåëåíèÿ ðàç-

ìåðà ÷àñòèö íàèáîëåå ÷àñòî ïðèìåíÿþò ðåíò-

ãåíîäèôðàêöèîííûé àíàëèç (ÐÄÀ) [14]. Ïîðîø-

êîâóþ äèôðàêòîãðàììó ðåãèñòðèðóþò ñ äîñòàòî÷-

íî áîëüøîãî êîëè÷åñòâà êðèñòàëëèòîâ, ïîýòîìó

èíôîðìàöèÿ îá îáðàçöå íîñèò èíòåãðàëüíûé õà-

ðàêòåð. Ðàçìåð êðèñòàëëèòîâ îöåíèâàþò íà îñíî-

âàíèè àíàëèçà øèðèíû è ôîðìû ïðîôèëåé äè-

ôðàêöèîííûõ ëèíèé [13].

Â êà÷åñòâå äîñòàòî÷íî ïðîñòîãî ìåòîäà îïðå-

äåëåíèÿ ðàçìåðà ÷àñòèö ïðèìåíÿþò èçìåðåíèå

óäåëüíîé ïëîùàäè ïîâåðõíîñòè ÷àñòèö ìåòîäîì

íèçêîòåìïåðàòóðíîé àäñîðáöèè ãàçà [18, 19].

Ìåòîäû îïðåäåëåíèÿ ðàçìåðîâ ÷àñòèö îñíî-

âàíû íà èçìåðåíèè òåõ èëè èíûõ õàðàêòåðèñòèê

÷àñòèöû (äèàìåòðà, ïëîùàäè ïîâåðõíîñòè è äð.),

ïîýòîìó êîíå÷íûå ðåçóëüòàòû ìîãóò ðàçëè÷àòü-

ñÿ. Òàê, ïðè èñïîëüçîâàíèè ýëåêòðîííîé ìèêðî-

ñêîïèè äëÿ ïîëó÷åíèÿ ñðåäíåãî äèàìåòðà ñóììó

ðàçìåðîâ ÷àñòèö äåëÿò íà èõ êîëè÷åñòâî. Îäíàêî

ñèñòåìà îáðàáîòêè èçîáðàæåíèé ïîçâîëÿåò îïðå-

äåëÿòü ïëîùàäü êàæäîé ÷àñòèöû. Â ýòîì ñëó÷àå

ñðåäíèé äèàìåòð âû÷èñëÿþò êàê äèàìåòð êðóãà,

ïëîùàäü êîòîðîãî ñîîòâåòñòâóåò ïëîùàäè èçî-

áðàæåíèÿ ïðîåêöèè ÷àñòèöû. Ìåòîäàìè ðåíòãå-

íîâñêîé äèôðàêöèè îïðåäåëÿþò óñðåäíåííûå ïî

îáúåìó èëè ïîâåðõíîñòè ðàçìåðû îáëàñòè êîãå-

ðåíòíîãî ðàññåÿíèÿ (ÎÊÐ), êîòîðûå ìîãóò íå ñîâ-

ïàäàòü ñ ðàçìåðîì ÷àñòèö â ïîðîøêå. Ñ ïîìîùüþ

ãàçîàäñîðáöèîííîãî ìåòîäà ñðåäíèé îáúåìíî-ïî-

âåðõíîñòíûé äèàìåòð íàõîäÿò ïî ïëîùàäè ïî-

âåðõíîñòè ÷àñòèö, ïîëàãàÿ, ÷òî ÷àñòèöû èìåþò

ïðàâèëüíóþ ãåîìåòðè÷åñêóþ ôîðìó.

Ïðè ïðîèçâîäñòâå ýëåìåíòîâ òåïëîâûõ ÕÈÒ

íåîáõîäèìî, ÷òîáû èõ ýëåêòðîõèìè÷åñêèå õàðàê-

òåðèñòèêè ñòðîãî âîñïðîèçâîäèëèñü. Îäíàêî ïðè

èçãîòîâëåíèè ýëåìåíòîâ èç îäíîãî è òîãî æå ïî-

ðîøêîâîãî ìàòåðèàëà ðàçíûõ ïðîèçâîäèòåëåé çà-

÷àñòóþ õàðàêòåðèñòèêè ðàçëè÷àþòñÿ, ÷òî ñâÿçàíî

ñ èñïîëüçîâàíèåì ïîðîøêîâ ñ ñóùåñòâåííî îò-

ëè÷íûìè ðàçìåðàìè ÷àñòèö [20].

Öåëü ðàáîòû — èññëåäîâàíèå ìèêðîñòðóêòó-

ðû è îïðåäåëåíèå ðàçìåðîâ ÷àñòèö â ïîðîøêàõ

îêñèäîâ âàíàäèÿ (III), (V) è àëþìèíàòà ëèòèÿ ìå-

òîäàìè ÏÝÌ, ÐÄÀ, ÀÑÌ è ãàçîàäñîðáöèîííûì

ìåòîäîì.
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Ìàòåðèàëû, ìåòîäû, îáîðóäîâàíèå

Èññëåäîâàëè ïîðîøêè V2O5 (ÒÓ 6-09-02-

295–88), V2O3 (ïîëó÷àëè âîññòàíîâëåíèåì îêñèäà

âàíàäèÿ (V) â ñðåäå âîäîðîäà) è LiAlO2 (ïîëó÷àëè

èç ãèäðîêñèäîâ ëèòèÿ è àëþìèíèÿ ìåòîäîì âûñî-

êîòåìïåðàòóðíîãî òâåðäîôàçíîãî ñèíòåçà). Èñ-

ïîëüçîâàëè äèôðàêòîìåòð «ÄÐÎÍ-7» (CuKá-èç-

ëó÷åíèå, ñèëà òîêà — 30 ìÀ, íàïðÿæåíèå —

30 êÂ, äèàïàçîí óãëîâ 2è — 10 – 164°, øàã ñêà-

íèðîâàíèÿ — 0,02°, ýêñïîçèöèÿ â òî÷êå — 10 ñ).

Ïîëó÷åííûå äèôðàêòîãðàììû îáðàáàòûâàëè ñ

ïîìîùüþ ïðîãðàììû ïîëíîïðîôèëüíîãî àíà-

ëèçà Jana 2006 [13]. Èíñòðóìåíòàëüíîå óøèðå-

íèå ðàññ÷èòûâàëè ìåòîäîì ôóíäàìåíòàëüíûõ

ïàðàìåòðîâ, îñíîâàííûì íà îïðåäåëåíèè âêëàäà

â óøèðåíèå êàæäîãî îïòè÷åñêîãî ýëåìåíòà äè-

ôðàêòîìåòðà. Ñðåäíèé ðàçìåð êðèñòàëëèòîâ è

ñðåäíåêâàäðàòè÷íóþ äåôîðìàöèþ îöåíèâàëè ïî

ïàðàìåòðàì ïðîôèëÿ äèôðàêöèîííûõ ïèêîâ

[21 – 23].

ÏÝÌ-ôîòîãðàôèè ïîðîøêîâ ïîëó÷àëè ñ èñ-

ïîëüçîâàíèåì ïðîñâå÷èâàþùåãî ýëåêòðîííîãî

ìèêðîñêîïà «ÝÌÌÀ-2» (óñêîðÿþùåå íàïðÿæå-

íèå — 75 êÂ, ïðîñòðàíñòâåííîå ðàçðåøåíèå —

7 Å). Îáðàçöû äëÿ ÏÝÌ ãîòîâèëè â âèäå ðåïëèê

(òîíêîé ïëåíêè, âîñïðîèçâîäÿùåé ðåëüåô ïî-

âåðõíîñòè è ïðîçðà÷íîé äëÿ ýëåêòðîíîâ), äëÿ

÷åãî ñóñïåíçèþ ïîðîøêà â èçîàìèëîâîì ýôèðå

ñ äîáàâëåíèåì êîëëîäèÿ ïîäâåðãàëè óëüòðàçâóêî-

âîìó äèñïåðãèðîâàíèþ, çàòåì êàïëþ ñóñïåíçèè

ïîìåùàëè íà ñòåêëî è âûñóøèâàëè. Â íàïûëè-

òåëüíîé óñòàíîâêå «ÂÓÏ-2Ê» ñïîñîáîì òåðìè÷å-

ñêîãî èñïàðåíèÿ â âàêóóìå íà ñòåêëî ñ ÷àñòèöàìè

íàíîñèëè ïëåíêó èç óãëåðîäà ñ ïàëëàäèåì òîë-

ùèíîé ~30 íì. Äëÿ îòäåëåíèÿ ïëåíêè ïîâåðõ-

íîñòü ñòåêëà òðàâèëè â ïëàâèêîâîé êèñëîòå,

çàòåì ÷àñòèöû ïîðîøêà ðàñòâîðÿëè â ðàñòâîðè-

òåëå, ãîòîâóþ ðåïëèêó ïðîìûâàëè âîäîé. ×àñòü

ïëåíêè ïîñëå îñàæäåíèÿ åå íà ñïåöèàëüíóþ ìåä-

íóþ ñåòêó âûñóøèâàëè è ïîìåùàëè â ýëåêòðîí-

íûé ìèêðîñêîï äëÿ èññëåäîâàíèÿ.

Îáðàçöû äëÿ ÀÑÌ ãîòîâèëè ñïîñîáîì õîëîä-

íîãî ïðåññîâàíèÿ, êîòîðîå îñóùåñòâëÿëè íà ðó÷-

íîì ïðåññå Perkin-Elmer. Ñïðåññîâàííûå ïîðîø-

êè àíàëèçèðîâàëè íà ñêàíèðóþùåì çîíäîâîì

ìèêðîñêîïå Solver P47H-PRO (NT-MDT) íà âîç-

äóõå â ïîëóêîíòàêòíîì ðåæèìå. Äëÿ ñêàíèðî-

âàíèÿ èñïîëüçîâàëè çîíäîâûå äàò÷èêè ìàðêè

NGS10 (NT-MDT) (õàðàêòåðíûé ðàäèóñ êðèâèç-

íû çîíäà — ìåíåå 10 íì, ñðåäíåå çíà÷åíèå ñèëî-

âîé êîíñòàíòû — 11,5 Í/ì).

Óäåëüíóþ ïëîùàäü ïîâåðõíîñòè ïîðîø-

êîâ îïðåäåëÿëè ìåòîäîì òåðìîäåñîðáöèè àðãîíà

ñ èñïîëüçîâàíèåì ãàçîâîãî õðîìàòîãðàôà

«ÖÂÅÒ-800», âêëþ÷àþùåãî äåòåêòîð ïî òåïëî-

ïðîâîäíîñòè è ïðîãðàììó ñáîðà è îáðàáîòêè äàí-

íûõ «ÖÂÅÒ-ÀÍÀËÈÒÈÊ». Çíà÷åíèå óäåëüíîé

ïëîùàäè ïîëó÷àëè ïóòåì ñðàâíåíèÿ êîëè÷åñòâà

ãàçà-àäñîðáàòà, ñîðáèðóåìîãî èññëåäóåìûì è

ñòàíäàðòíûì îáðàçöàìè, ñ èçâåñòíûì çíà÷åíèåì

óäåëüíîé ïëîùàäè. Äëÿ ýòîãî ïðåäâàðèòåëüíî

óñòàíàâëèâàëè ãðàäóèðîâî÷íóþ ôóíêöèþ ìåæäó

êîëè÷åñòâîì äåñîðáèðîâàííîãî àðãîíà (ïëîùàäü

äåñîðáöèîííîãî ïèêà àðãîíà íà õðîìàòîãðàììå)

è ïëîùàäüþ ïîâåðõíîñòè ñòàíäàðòíîãî îáðàçöà

(àòòåñòîâàííîå çíà÷åíèå — 1,29 ì2/ã, îòíîñèòåëü-

íàÿ ïîãðåøíîñòü ïðè äîâåðèòåëüíîé âåðîÿòíîñòè

0,95 — ±2 %).

Ïî âåëè÷èíå óäåëüíîé ïëîùàäè ïîâåðõíîñòè

ðàññ÷èòûâàëè ñðåäíèé îáúåìíî-ïîâåðõíîñòíûé

äèàìåòð ÷àñòèö ïî ôîðìóëå

d = K/(Sóäñ),

ãäå K — êîýôôèöèåíò ôîðìû; Sóä — óäåëüíàÿ

ïëîùàäü ïîâåðõíîñòè; ñ — ïëîòíîñòü âåùåñòâà.

Äëÿ ÷àñòèö ñòåðæíåâèäíûõ è öèëèíäðè÷å-

ñêèõ K = 4, äëÿ ïëàñòèí÷àòûõ — K = 2, â ñëó÷àå

ñôåðè÷åñêèõ è êóáè÷åñêèõ ÷àñòèö K = 6 [18, 19].

Êîýôôèöèåíò ôîðìû äëÿ ðàñ÷åòà ïîäáèðàëè ñ

èñïîëüçîâàíèåì ðåçóëüòàòîâ ÏÝÌ, çíà÷åíèÿ

ïëîòíîñòè — ïî ñïðàâî÷íûì äàííûì.

Îáñóæäåíèå ðåçóëüòàòîâ

Àíàëèçèðîâàëè ïî òðè îáðàçöà ïîðîøêîâ

îêñèäîâ âàíàäèÿ è äâà îáðàçöà àëþìèíàòà ëèòèÿ

èç ðàçíûõ ïàðòèé. Äëÿ âñåõ îáðàçöîâ ïîëó÷àëè

èçîáðàæåíèÿ ìèêðîñòðóêòóðû, ÀÑÌ-èçîáðàæå-

íèÿ è äèôðàêòîãðàììû. Íà îñíîâå ÀÑÌ-èçîáðà-

æåíèé ñòðîèëè ãèñòîãðàììû ðàñïðåäåëåíèÿ ÷àñ-

òèö ïî ðàçìåðàì. Ñðåäíåîáúåìíûé ðàçìåð ÎÊÐ è

îáúåìíî-ïîâåðõíîñòíûé äèàìåòð ðàññ÷èòûâàëè

ïî äàííûì àäñîðáöèîííîãî àíàëèçà.

Íà ðèñ. 1 ïðåäñòàâëåíû òèïè÷íûå ìèêðî-

ñòðóêòóðà, ÀÑÌ-èçîáðàæåíèå è ôðàãìåíò äè-

ôðàêòîãðàììû, íà ðèñ. 2 — ãèñòîãðàììû ðàñïðå-

äåëåíèé ÷àñòèö ïî ðàçìåðàì (�D�V — ñðåäíåîáú-

åìíûé ðàçìåð ÎÊÐ, l — îáúåìíî-ïîâåðõíîñòíûé

äèàìåòð ÷àñòèö), â òàáëèöå — ðåçóëüòàòû îïðå-

äåëåíèÿ ôîðìû è ðàçìåðà ÷àñòèö. Îöåíî÷íàÿ

ìàêñèìàëüíàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü èçìå-

ðåíèé íå ïðåâûøàëà 15 %.

Ìèêðîñòðóêòóðíûå èññëåäîâàíèÿ ïîêàçàëè,

÷òî ÷àñòèöû îáðàçóþò ïîëèêðèñòàëëè÷åñêèå àã-

ëîìåðàòû. Â îáðàçöàõ V2O3 ÷àñòèöû èìåþò îê-

ðóãëóþ ôîðìó, V2O5 — óäëèíåííóþ, LiAlO2 —

ïëàñòèí÷àòóþ. Âìåñòå ñ òåì ïîðîøêè îêñèäîâ âà-

íàäèÿ õàðàêòåðèçóþòñÿ øèðîêèì äèàïàçîíîì

ðàñïðåäåëåíèÿ ÷àñòèö ïî ðàçìåðàì. Òàê, ðàçìå-

ðû ÷àñòèö â V2O3 íàõîäÿòñÿ â ïðåäåëàõ 70 – 600,

V2O5 — 40 – 350 íì. Ïðè ýòîì áîëåå 30 % èç íèõ

èìåþò ðàçìåðû 100 – 150 íì. Ïîëó÷åííûå ìåòî-

äîì ÐÄÀ ñðåäíåîáúåìíûå ðàçìåðû ÎÊÐ ëåæàò

áëèæå ê íèæíåé ãðàíèöå äèàïàçîíîâ. Ýòî ìîæíî
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îáúÿñíèòü òåì, ÷òî ÷àñòèöû ôðàãìåíòèðîâàíû

íà áîëåå ìåëêèå ñòðóêòóðíûå ýëåìåíòû, ðàçäå-

ëåííûå ïðîòÿæåííûìè äåôåêòàìè. Ýòî êîñâåííî

ïîäòâåðæäàåò è íàëè÷èå ìèêðîäåôîðìàöèé (âå-

ëè÷èíà ñðåäíåêâàäðàòè÷íîé äåôîðìàöèè, ðàñ-

ñ÷èòàííàÿ ïî óøèðåíèþ äèôðàêöèîííûõ ïèêîâ,

ñîñòàâëÿåò, %: 0,08 – 0,09 — äëÿ V2O3 è 0,11 –

0,14 — äëÿ V2O5). Îáúåìíî-ïîâåðõíîñòíûé äèà-

ìåòð, îïðåäåëåííûé ïî óäåëüíîé ïëîùàäè ïî-

âåðõíîñòè â ïðèáëèæåíèè ñôåðè÷åñêîé (V2O3)

èëè öèëèíäðè÷åñêîé (V2O5) ôîðìû ÷àñòèö, íàõî-

äèòñÿ íà âåðõíåé ãðàíèöå äèàïàçîíîâ, ÷òî, âåðî-

ÿòíî, ñâÿçàíî, ñ ÷àñòè÷íîé àãëîìåðàöèåé ÷àñòèö,

à òàêæå èõ ñïåêàíèåì â ïðîöåññå ñèíòåçà.

Â ñëó÷àå àëþìèíàòà ëèòèÿ äèàïàçîí ðàñïðå-

äåëåíèÿ ÷àñòèö ïî ðàçìåðàì áîëåå óçêèé, ïîýòî-

ìó ñîãëàñîâàíèå ìåæäó ðàçíûìè ìåòîäàìè ëó÷-

øå. Òàê, ðàçìåðû ÷àñòèö ëåæàò â äèàïàçîíå 50 –

110 íì, ïðè÷åì îñíîâíàÿ äîëÿ — â èíòåðâàëå

60 – 80 íì. Ðàçìåð êðèñòàëëèòîâ ñîñòàâèë 68 –

79, à îáúåìíî-ïîâåðõíîñòíûé äèàìåòð, ðàññ÷è-
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Ðèñ. 1. Ìèêðîñòðóêòóðà (à), ÀÑÌ-èçîáðàæåíèå (á) è äèôðàêòîãðàììà (â) îáðàçöà LiAlO
2

Fig. 1. Microstructure (a), AFM-image (b) and diffraction pattern fragment (c) of LiAlO2 sample

Ðåçóëüòàòû îïðåäåëåíèÿ ôîðìû è ðàçìåðîâ ÷àñòèö, íì

The results of particle shape and size determination, nm

Îáðàçåö Ôîðìà ÷àñòèö

Ìåòîä

ÏÝÌ ÀÑÌ ÐÄÀ Ãàçîàäñîðáöèîííûé

V
2
O

3
1 Îêðóãëàÿ 70 – 600 80 – 600 119 480

2 95 420

3 112 390

V
2
O

5
1 Óäëèíåííàÿ 40 – 350 50 – 350 57 285

2 48 265

3 57 275

LiAlO
2

1 Ïëàñòèí÷àòàÿ 50 – 110 50 – 110 68 77

2 79 92



òàííûé â ïðèáëèæåíèè ïëàñòèí÷àòîé ôîðìû

÷àñòèö, — 77 – 92 íì. Ïëàñòèí÷àòîñòü ôîðìû

ïîäòâåðæäàåò çíà÷èòåëüíîå ïî ñðàâíåíèþ ñî

ñòàíäàðòíûì îáðàçöîì (JCPDS N 38–1464 [24])

óâåëè÷åíèå èíòåíñèâíîñòè ðåôëåêñà (200) (ñì.

ðèñ. 1). Ìîæíî ïðåäïîëîæèòü, ÷òî îñíîâíàÿ ÷àñòü

çåðåí — îòäåëüíûå êðèñòàëëèòû, êîòîðûå ñëàáî

ñâÿçàíû â àãðåãàòàõ. Â ïðîöåññå òâåðäîôàçíîãî

ñèíòåçà, êîòîðûé ïîäðàçóìåâàåò ðàçìîë è íàãðå-

âàíèå èñõîäíûõ ïîðîøêîâûõ ìàòåðèàëîâ, ÷àñòè-

öû àëþìèíàòà ëèòèÿ èñïûòûâàþò íàïðÿæåíèÿ,

î ÷åì ñâèäåòåëüñòâóåò íàëè÷èå ìèêðîäåôîðìà-

öèé â èññëåäóåìûõ îáðàçöàõ (âåëè÷èíà ñðåäíå-

êâàäðàòè÷íîé äåôîðìàöèè — 0,18 %).

Èç òàáëèöû âèäíî, ÷òî äëÿ ðàçíûõ ïàðòèé îä-

íîãî è òîãî æå ìàòåðèàëà ãðàíóëîìåòðè÷åñêèé

ñîñòàâ ñõîäåí. Ýòî ãîâîðèò î âîñïðîèçâîäèìîñòè

òåõíîëîãèé èõ èçãîòîâëåíèÿ. Ïîñêîëüêó êîñâåí-

íûå ìåòîäû èññëåäîâàíèÿ ðàçìåðîâ ÷àñòèö —

ÐÄÀ è ãàçîàäñîðáöèîííûé — äàþò èíôîðìàöèþ

èíòåãðàëüíîãî õàðàêòåðà (óñðåäíåííóþ ïî îáðàç-

öó), òî èõ öåëåñîîáðàçíî èñïîëüçîâàòü äëÿ êîí-

òðîëÿ äèñïåðñíîñòè ïîðîøêîâûõ ìàòåðèàëîâ, èç-

ãîòîâëåííûõ ðàçíûìè ïðîèçâîäèòåëÿìè, à òàêæå

ïðîèçâîäñòâåííîãî êîíòðîëÿ òåõíîëîãè÷åñêèõ

ïàðòèé.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ïîðîøêè îêñèäîâ âàíàäèÿ (III) è

(V) õàðàêòåðèçóþòñÿ øèðîêèì äèàïàçîíîì ðàñ-

ïðåäåëåíèÿ ÷àñòèö ïî ðàçìåðàì, àëþìèíàòà ëè-

òèÿ — áîëåå óçêèì. Ðàçìåðû ÷àñòèö, îïðåäåëåí-

íûå ñ ïîìîùüþ ðàçíûõ ìåòîäîâ, ðàçëè÷àþòñÿ ìå-

æäó ñîáîé. Òàê, çíà÷åíèÿ, ïîëó÷åííûå ìåòîäîì

ÐÄÀ, ëåæàò áëèæå ê íèæíåé ãðàíèöå äèàïàçîíà

ðàçìåðîâ ÷àñòèö, óñòàíîâëåííîãî äëÿ êàæäîãî èç

ïîðîøêîâ, ïîñêîëüêó ÷àñòèöû ñîñòîÿò èç áîëåå

ìåëêèõ ñòðóêòóðíûõ ýëåìåíòîâ. Îáúåìíî-ïî-

âåðõíîñòíûé äèàìåòð, ðàññ÷èòàííûé ïî âåëè÷è-

íå óäåëüíîé ïëîùàäè ïîâåðõíîñòè, íàõîäèòñÿ

áëèæå ê âåðõíåé ãðàíèöå, ÷òî, âåðîÿòíî, ñâÿçàíî

ñ ÷àñòè÷íîé àãëîìåðàöèåé ÷àñòèö. Ïîëó÷åííûå

äàííûå ìîãóò áûòü èñïîëüçîâàíû äëÿ êîíòðîëÿ

ïîñòîÿíñòâà ãðàíóëîìåòðè÷åñêîãî ñîñòàâà ïî-

ðîøêîâûõ ìàòåðèàëîâ, èñïîëüçóåìûõ â òåõíîëî-

ãèè èçãîòîâëåíèÿ ýëåìåíòîâ òåïëîâûõ ÕÈÒ.
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Fig. 2. Histograms of the particle size distribution in V2O3

(a), V2O5 (b), LiAlO2 (c) powders
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Ñòðóêòóðíàÿ äåãðàäàöèÿ ìàòåðèàëà ïðè äëèòåëüíîì òåðìè÷åñêîì è ñèëîâîì âîçäåé-

ñòâèè — êîìïëåêñíûé ïðîöåññ, êîòîðûé âêëþ÷àåò ìèãðàöèþ çåðåííûõ ãðàíèö, çåðíî-

ãðàíè÷íóþ äèôôóçèþ àêòèâíûõ ýëåìåíòîâ âíåøíåé è òåõíîëîãè÷åñêîé ñðåä, âîäîðîäíîå

îõðóï÷èâàíèå, ñòàðåíèå, çåðíîãðàíè÷íóþ êîððîçèþ è äð. Èñïîëüçîâàíèå ôðàêòàëüíîãî è

ìóëüòèôðàêòàëüíîãî ïîäõîäà ïðè îïèñàíèè ìèêðîñòðóêòóð îòêðûâàåò øèðîêèå âîçìîæíî-

ñòè äëÿ êîëè÷åñòâåííîé îöåíêè ñòðóêòóðíîé îðãàíèçàöèè ìàòåðèàëà, óòî÷íÿåò è ðàñêðû-

âàåò ìåõàíèçìû ñòðóêòóðíûõ ïðåâðàùåíèé. Ìóëüòèôðàêòàëüíàÿ ïàðàìåòðèçàöèÿ ïîçâî-

ëÿåò èññëåäîâàòü ïðîöåññû ñòðóêòóðíîé äåãðàäàöèè ïî èçîáðàæåíèÿì ìèêðîñòðóêòóð è

âûÿâëÿòü ñòðóêòóðíûå èçìåíåíèÿ ñëàáî ðàçëè÷èìûå âèçóàëüíî. Äëÿ âû÷èñëåíèÿ ìóëüòè-

ôðàêòàëüíûõ ñïåêòðîâ ìèêðîñòðóêòóðû ìîæíî èñïîëüçîâàòü ëþáîé êîëè÷åñòâåííûé

ñòðóêòóðíûé ïîêàçàòåëü, íî ïðåäïî÷òèòåëüíåå òîò, êîòîðûé îáåñïå÷èâàåò ìàêñèìàëüíûé

äèàïàçîí èçìåíåíèÿ ÷èñëåííûõ çíà÷åíèé ìóëüòèôðàêòàëüíûõ êîìïîíåíòîâ. Ïðåäñòàâëå-

íû ðåçóëüòàòû èññëåäîâàíèÿ ñòðóêòóðíîé äåãðàäàöèè ñòàëè 15Õ5Ì ïðè äëèòåëüíîé ýêñï-

ëóàòàöèè. Óñòàíîâèëè, ÷òî ñòðóêòóðíàÿ äåãðàäàöèÿ ñòàëè ïðè ýêñïëóàòàöèè â óñëîâèÿõ

âûñîêèõ òåìïåðàòóð è íàïðÿæåíèé ñîïðîâîæäàåòñÿ óêðóïíåíèåì ìèêðîñòðóêòóðíûõ îáú-

åêòîâ, óøèðåíèåì ìåæçåðåííûõ ãðàíèö è âûäåëåíèåì äèñïåðñíûõ ÷àñòèö, êîòîðûå íà

èçîáðàæåíèè ïðåäñòàâëÿþòñÿ â âèäå òî÷å÷íûõ îáúåêòîâ. Äåãðàäàöèîííûå ïðîöåññû ïðè-

âîäÿò ê óâåëè÷åíèþ äèàïàçîíà èçìåíåíèÿ êîìïîíåíòîâ ìóëüòèôðàêòàëüíûõ ñïåêòðîâ.

Âûñîêèå çíà÷åíèÿ êîìïëåêñíûõ ïîêàçàòåëåé ñòðóêòóðíîé îðãàíèçàöèè óêàçûâàþò íà ðîñò

íåîäíîðîäíîñòè è õàîòè÷íîñòè íà ìèêðîìàñøòàáíîì óðîâíå, íî âìåñòå ñ òåì — íà ïðî-

ÿâëåíèå óïîðÿäî÷åííûõ êîìáèíàöèé îòäåëüíûõ ñóáìèêðîñòðóêòóð. Òàêèå ñòðóêòóðíûå

ïðåâðàùåíèÿ îáåñïå÷èâàþò íàèáîëüøóþ íàäåæíîñòü è ñîïðîòèâëÿåìîñòü ìàòåðèàëà ê

ðàçðóøåíèþ.

Êëþ÷åâûå ñëîâà: ìèêðîñòðóêòóðà, çåðíî, ãðàíèöû çåðåí, ïîëçó÷åñòü, æàðîïðî÷íîñòü,

ôðàêòàë, ìóëüòèôðàêòàëüíûé ñïåêòð, íåðàâíîâåñíîñòü, óïîðÿäî÷åííîñòü.
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Structural degradation of the material upon long-term thermal and force impacts is a complex process

which includes migration of the grain boundaries, diffusion of the active elements of the external and

technological environment, hydrogen embrittlement, aging, grain boundary corrosion and other mecha-

nisms. Application of the fractal and multifractal formalism to the description of microstructures opens up

wide opportunities for quantitative assessment of the structural arrangement of the material, clarifies and

reveals new aspects of the known mechanisms of structural transformations. Multifractal parameteriza-

tion allows us to study the processes of structural degradation from the images of microstructures and

identify structural changes that are hardly distinguishable visually. Any quantitative structural indicator

can be used to calculate the multifractal spectra of the microstructure, but the most preferable is that pro-

vides the maximum range of variation in the numerical values of the multifractal components. The results

of studying structural degradation of steel 15Kh5M upon continuous duty are presented. It is shown that
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structural degradation of steel during operation under high temperatures and stresses is accompanied by

enlargement of the microstructural objects, broadening of the grain boundaries and allocation of the dis-

persed particles which are represented as point objects in the images. The processes of structural degrada-

tion lead to an increase in the range of changes in the components of the multifractal spectra. High values

of complex indicators of structural arrangement indicate to an increase in heterogeneity and randomness

at the micro-scale level, but at the same time, to manifestation of the ordered combinations of individual

submicrostructures. Those structural transformations adapt the material to external impacts and provide

the highest reliability and fracture resistance of the material.

Keywords: microstructure; grain; grain boundaries; creep; heat resistance; fractal; multifractal spec-

trum; nonequilibrium, structural order.

Ââåäåíèå

Äëèòåëüíàÿ ýêñïëóàòàöèÿ èçäåëèÿ â óñëîâè-

ÿõ âûñîêèõ òåïëîâûõ è ñèëîâûõ íàãðóçîê ïðèâî-

äèò ê ïîòåðå åãî ðàáîòîñïîñîáíîñòè âñëåäñòâèå

èçìåíåíèÿ õèìè÷åñêîãî ñîñòàâà è ñòðóêòóðíîé

äåãðàäàöèè ìàòåðèàëà.

Ñòðóêòóðíàÿ äåãðàäàöèÿ — êîìïëåêñíûé

ïðîöåññ, âêëþ÷àþùèé ìèãðàöèþ çåðåííûõ ãðà-

íèö, âîäîðîäíîå îõðóï÷èâàíèå, ñòàðåíèå, çåðíî-

ãðàíè÷íóþ êîððîçèþ è äèôôóçèþ, âûãîðàíèå ëå-

ãèðóþùèõ ýëåìåíòîâ è äð. [1 – 3]. Ðàçâèâàþùèå-

ñÿ ïðè ýòîì ìèêðîêîíöåíòðàòîðû íàïðÿæåíèé è

ñòðóêòóðíàÿ íåîäíîðîäíîñòü ïðèâîäÿò ê ðàçâè-

òèþ ëîêàëüíûõ ïîëåé óïðóãèõ íàïðÿæåíèé è,

êàê ðåçóëüòàò, îáðàçîâàíèþ î÷àãîâ íåñïëîø-

íîñòè, ðåçêîìó ïîíèæåíèþ òðåùèíîñòîéêîñòè è

æàðîïðî÷íîñòè [4]. Âíåøíåå ïðîÿâëåíèå ñòðóê-

òóðíîé äåãðàäàöèè — èçìåíåíèå ãåîìåòðèè

âíóòðåííèõ ãðàíèö ðàçäåëà, ñòåïåíè èõ ðàçâèòî-

ñòè, ôîðìû è ðàçìåðîâ çåðåí, ïîâûøåíèå ïëîò-

íîñòè äèñïåðñíûõ ÷àñòèö, âûäåëÿþùèõñÿ ïðè

ñòàðåíèè, è äð. — ðåàêöèÿ ìàòåðèàëà íà òåìïå-

ðàòóðíî-äåôîðìàöèîííîå è õèìè÷åñêîå âîçäåé-

ñòâèÿ (ïðîòèâîäåéñòâèå îêðóæàþùåé ñðåäå è

âíåøíåìó íàãðóæåíèþ) [5, 6].

Èçîáðàæåíèÿ ìèêðîñòðóêòóð, âûÿâëåííûå

òðàâëåíèåì ìåòàëëîãðàôè÷åñêèõ øëèôîâ è çà-

ôèêñèðîâàííûå îïòè÷åñêîé èëè ýëåêòðîííîé

ìèêðîñêîïèåé, ïðåäñòàâëÿþò ñîáîé ãåîìåòðè-

÷åñêèå ôèãóðû ñ ðàçíîé ñòåïåíüþ öâåòîâûõ îò-

òåíêîâ. Ìàòåðèàë èìååò îáúåìíîå ñòðóêòóðíîå

ñòðîåíèå, íî íà ôîòîãðàôèè âèäåí òîëüêî åãî

ñðåç, ïîýòîìó âñå ñòðóêòóðíûå ãåîìåòðè÷åñêèå

îáúåêòû íà èçîáðàæåíèè òåðÿþò åäèíèöó ìåð-

íîñòè — òðåõìåðíûå îáúåêòû ïðåäñòàþò â âèäå

äâóìåðíûõ ôèãóð, äâóìåðíûå — îäíîìåðíûõ, à

îäíîìåðíûå — òî÷å÷íûõ [7].

Ñ ôîðìàëüíîé òî÷êè çðåíèÿ èçîáðàæåíèå

ìèêðîñòðóêòóð — êîìáèíàöèÿ ãåîìåòðè÷åñêèõ

ìíîæåñòâ ñ îïðåäåëåííîé ñòåïåíüþ óïîðÿäî÷åí-

íîñòè è ðàçíîìàñøòàáíûì ïîäîáèåì, êîòîðûå

ìîæíî îòíåñòè ê êàòåãîðèè ôðàêòàëüíûõ ñèñòåì.

Èç âñåãî ìíîæåñòâà ãåîìåòðè÷åñêèõ ñòðóêòóðíûõ

îáúåêòîâ, êîíå÷íî, âûäåëÿþòñÿ òå, êîòîðûå íåñóò

íàèáîëüøóþ èíôîðìàöèîííóþ íàãðóçêó. Èõ

ìîæíî îáúåäèíèòü åäèíûì ïîíÿòèåì «èíòåðôåéñ

ñòðóêòóðíîãî ñîñòîÿíèÿ» (ÈÑÑ). Êîëè÷åñòâåííîå

îïèñàíèå ñòðóêòóðíûõ ïðåâðàùåíèé çàêëþ÷à-

åòñÿ â âûáîðå ÈÑÑ, îïðåäåëåíèè åãî ÷èñëîâûõ

ïîêàçàòåëåé è àíàëèçå èõ èçìåíåíèé ïðè ðàçëè÷-

íûõ ýíåðãåòè÷åñêèõ âîçäåéñòâèÿõ íà ìàòåðèàë

[8 – 10].

Òðàäèöèîííî ê ÈÑÑ ïîëèêðèñòàëëè÷åñêîãî

ìàòåðèàëà îòíîñÿò ìåæçåðåííûå è ìåæôàçîâûå

ãðàíèöû ðàçäåëà. Ïî èõ ôîðìå, ëîêàëüíîé êðè-

âèçíå è óïîðÿäî÷åííîñòè ìîæíî àíàëèçèðîâàòü

òåõíîëîãèþ ïðîèçâîäñòâà ìàòåðèàëà è îáðàáîòêè

èçäåëèÿ, óñëîâèÿ ýêñïëóàòàöèè, ïðè÷èíû ïîòåðè

ðàáîòîñïîñîáíîñòè è ìåõàíèçìû ðàçðóøåíèÿ

[6, 11].

Íåîäíîðîäíîñòü, óïîðÿäî÷åííîñòü è ïåðèî-

äè÷íîñòü ìèêðîñòðóêòóðû ìàòåðèàëîâ, íàõîäÿ-

ùèõñÿ â íåðàâíîâåñíîì ñîñòîÿíèè, äîëãîå âðåìÿ

èññëåäîâàëèñü òîëüêî íà êà÷åñòâåííîì óðîâíå.

Ïðèìåíåíèå ôðàêòàëüíîãî è ìóëüòèôðàêòàëüíî-

ãî ôîðìàëèçìà ïðè îïèñàíèè ìèêðîñòðóêòóð îò-

êðûâàåò øèðîêèå âîçìîæíîñòè äëÿ êîëè÷åñòâåí-

íîé îöåíêè ñòðóêòóðíîé îðãàíèçàöèè ìàòåðèàëà,

óòî÷íÿåò è ðàñêðûâàåò íîâûå ñòîðîíû èçâåñòíûõ

ìåõàíèçìîâ ñòðóêòóðíûõ ïðåâðàùåíèé.

Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðíîé

äåãðàäàöèè ñòàëè 15Õ5Ì ïðè äëèòåëüíîé ýêñ-

ïëóàòàöèè ñ èñïîëüçîâàíèåì ìóëüòèôðàêòàëü-

íîãî ïîäõîäà.

Ìóëüòèôðàêòàëüíûé ôîðìàëèçì

â ìàòåðèàëîâåäåíèè

Ìóëüòèôðàêòàëüíûé ôîðìàëèçì áàçèðóåòñÿ

íà ïîíÿòèè ñòàòèñòè÷åñêîé ñóììû, äëÿ âû÷èñëå-

íèÿ êîòîðîé â êà÷åñòâå ìåðû èñïîëüçóþò ëþáîé

êîëè÷åñòâåííûé ïîêàçàòåëü ñòðóêòóðíîé îðãàíè-

çàöèè ìàòåðèàëà [5, 11, 12].

Èçîáðàæåíèå ìèêðîñòðóêòóðû ðàññìàòðèâà-

åòñÿ êàê ãåîìåòðè÷åñêèé ïëîñêèé äâóìåðíûé

îáúåêò, ïîìåùåííûé â åâêëèäîâî ïðîñòðàíñòâî.

Åñëè èçîáðàæåíèå ïîêðûòü ñåòêîé èç k ÿ÷ååê

ïðÿìîóãîëüíîé ôîðìû îäèíàêîâîãî ðàçìåðà è â

êà÷åñòâå ìåðû âûáðàòü êàêîé-ëèáî êîëè÷åñòâåí-

íûé ñòðóêòóðíûé ïîêàçàòåëü, òî ìîæíî îïðåäå-

ëèòü åãî çíà÷åíèå â êàæäîé ÿ÷åéêå. Ñîâîêóï-

íîñòü ïîëó÷åííûõ çíà÷åíèé — ìíîæåñòâî L(k) =

= {M1, M2, M3, ..., Mk} — îäèí èç âàðèàíòîâ ÷è-

ñëîâîãî ïðåäñòàâëåíèÿ ìèêðîñòðóêòóðû ìàòå-

ðèàëà.
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Îòíîñèòåëüíóþ âåëè÷èíó ìåðû ìîæíî îïðå-

äåëèòü ïî ôîðìóëå
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Ïðè q +! îñíîâíîé âêëàä â îáîáùåííóþ

ñòàòèñòè÷åñêóþ ñóììó âíîñÿò ÿ÷åéêè ñ íàè-

áîëüøåé ìåðîé, à ïðè q –! — ñ íàèìåíüøåé.

Ñëåäîâàòåëüíî, ôóíêöèÿ Dq = f(q) ïîêàçûâàåò

ñòåïåíü íåîäíîðîäíîñòè ìíîæåñòâà L(k). Ïðè

q ±! îíà ñòðåìèòñÿ ê êîíå÷íûì âåëè÷èíàì.

Îòäåëüíûå êîìïîíåíòû ìóëüòèôðàêòàëüíîãî

ñïåêòðà èìåþò ðàçëè÷íûé ôèçè÷åñêèé ñìûñë.

Òàê, D0 (q = 0) — õàóñäîðôîâà ðàçìåðíîñòü

ìíîæåñòâà L(k) — íàèáîëåå ãðóáàÿ õàðàêòåðè-

ñòèêà ìóëüòèôðàêòàëà. Ïî íåé íåâîçìîæíî ñó-

äèòü î ñòàòèñòè÷åñêèõ ñâîéñòâàõ ìèêðîñòðóêòó-

ðû, íî îíà óêàçûâàåò íà õàðàêòåð ðàçáèâêè èçî-

áðàæåíèÿ íà ÿ÷åéêè. D1 — õàðàêòåðèñòèêà ìåðû

áåñïîðÿäêà â ÷èñëîâîì ìíîæåñòâå L(k) — òåñíî

ñâÿçàíà ñ ýíòðîïèåé ôðàêòàëüíîãî ìíîæåñòâà.

Ïðè q = 2 ñòàòèñòè÷åñêàÿ ñóììà — êîððåëÿöèîí-

íûé èíòåãðàë, ïîýòîìó D2 íàçûâàþò êîððåëÿöè-

îííîé ðàçìåðíîñòüþ. Åñëè áû ìíîæåñòâî L(k)

áûëî íàáîðîì òî÷åê, òî D2 áûëà áû ìåðîé òîãî,

÷òî âûáðàííûå íàóãàä äâå òî÷êè ïîïàëè â îäíó

ÿ÷åéêó. Ïðèìåíèòåëüíî ê ñòðóêòóðíîé îðãàíèçà-

öèè ìàòåðèàëà D2 ìîæíî òðàêòîâàòü êàê ìåðó

ðàñïîëîæåíèÿ âáëèçè êàêîãî-ëèáî ìèêðîñòðóê-

òóðíîãî ýëåìåíòà õîòÿ áû îäíîãî àíàëîãè÷íîãî

îáúåêòà (ò.å. ìåðó îáðàçîâàíèÿ óïîðÿäî÷åííûõ

ãðóïï îäíîòèïíûõ ìèêðîñòðóêòóð). Äëÿ îñòàëü-

íûõ êîìïîíåíòîâ ìíîæåñòâà Dq ìåíüøèì çíà-

÷åíèÿì Dq (q � 1) ñîîòâåòñòâóþò íèçêèå ïîêàçà-

òåëè ýíòðîïèè (õàðàêòåðèçóþò óïîðÿäî÷åííîñòü

ìíîæåñòâà L(k)), áóëüøèì (q � –1) — âûñîêèå

(õàðàêòåðèçóþò ðàçóïîðÿäî÷åííîñòü ìíîæåñòâà

L(k)). Ïîýòîìó Dq ìîæíî ïðèìåíÿòü äëÿ ðàñïî-

çíàâàíèÿ íåðàçëè÷èìûõ (èëè ñëàáî âèçóàëüíî

îòëè÷èìûõ äðóã îò äðóãà) ìèêðîñòðóêòóð.

Êîìïîíåíòû ìóëüòèôðàêòàëüíîãî ñïåêòðà

íåîáõîäèìû äëÿ ðàñ÷åòà êîìïëåêñíûõ ïîêàçàòå-

ëåé ñòðóêòóðíîé îðãàíèçàöèè ìàòåðèàëà

Äq = D1 – Dq, K
!

= D–! – D+! ,

ñ ïîìîùüþ êîòîðûõ îöåíèâàþò ñòåïåíü áåñïî-

ðÿäêà, óïîðÿäî÷åííîñòè è ïåðèîäè÷íîñòè ìèêðî-

ñòðóêòóðû. ×åì áîëüøå Äq (q � 1), òåì áîëåå óïî-

ðÿäî÷åíà ñòðóêòóðà ñòàòèñòè÷åñêîãî ìíîæåñòâà è

â íåé áîëüøå ïðîÿâëÿåòñÿ ïåðèîäè÷åñêàÿ ñîñòàâ-

ëÿþùàÿ. ×åì áîëüøå K
!

(ìåðà áåñïîðÿäêà ñòðóê-

òóðíîé îðãàíèçàöèè ìàòåðèàëà ñ ó÷åòîì ïîãðåø-

íîñòè èçìåðåíèÿ ìåð è âû÷èñëåíèÿ ìóëüòèôðàê-

òàëüíîãî ñïåêòðà), òåì áîëüøå áåñïîðÿäêà, íî

ìåíüøå äîëÿ ïîãðåøíîñòè èçìåðåíèÿ â ñàìîì

áåñïîðÿäêå. Ýòó ïîãðåøíîñòü ìîæíî ðàññìàòðè-

âàòü êàê îäèí èç ïîêàçàòåëåé ñòðóêòóðíîé îðãà-

íèçàöèè ñòàòèñòè÷åñêîãî ìíîæåñòâà. Íà ïðàêòè-

êå äëÿ âû÷èñëåíèÿ êîìïëåêñíûõ ìóëüòèôðàê-

òàëüíûõ ïîêàçàòåëåé äîñòàòî÷íî q = 40 [10].

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè ôðàãìåíòû ïå÷íîãî çìååâèêà èç

ñòàëè 15Õ5Ì ïîñëå äëèòåëüíîé ýêñïëóàòàöèè

(áîëåå äâóõ ëåò) ïðè äàâëåíèè äî 1,37 ÌÏà è òåì-

ïåðàòóðå äî 800 °C. Òðàâëåíèå øëèôîâ îñóùå-

ñòâëÿëè 4 %-íûì ðàñòâîðîì àçîòíîé êèñëîòû â

ýòèëîâîì ñïèðòå. Öèôðîâûå èçîáðàæåíèÿ ìèêðî-

ñòðóêòóð ïîëó÷àëè ñ ïîìîùüþ ìåòàëëîãðàôè÷å-

ñêîãî ìèêðîñêîïà Nikon 200A (×400).

Îáðàáîòêà èçîáðàæåíèé, êîòîðóþ ïðîâîäèëè

ñ ïîìîùüþ ïðîãðàììû Image.Pro.Plus.5.1, âêëþ-

÷àëà êîððåêòèðîâêó ðåçêîñòè, âûäåëåíèå ãðàíèö,

ñíÿòèå êîíòðàñòíîé ìàñêè è êàëèáðîâêó (äëÿ

ïðèâÿçêè ê ñîîòâåòñòâóþùåé ìàñøòàáíîé øêà-

ëå). Çàòåì âû÷èñëÿëè êîëè÷åñòâåííûå ïîêàçàòå-

ëè, âêëþ÷àÿ ïëîùàäü Fj è ïåðèìåòð Pj êàæäîãî

ìèêðîñòðóêòóðíîãî îáúåêòà [8, 13].

Ïðè ðàñ÷åòå ìóëüòèôðàêòàëüíûõ ñïåêòðîâ

èçîáðàæåíèå ìèêðîñòðóêòóðû ðàçáèâàëè íà âî-

ñåìü ïðÿìîóãîëüíûõ ÿ÷ååê (k = 8). Â êà÷åñòâå

ìåð èñïîëüçîâàëè ñóììàðíûå ïëîùàäü è äëèíó

ïåðèìåòðîâ ìèêðîñòðóêòóðíûõ îáúåêòîâ â ÿ÷åé-

êå, îòíåñåííûå ê åäèíè÷íîé ïëîùàäè ïîâåðõ-

íîñòè:
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ãäå Fÿ — ïëîùàäü ÿ÷åéêè; N — êîëè÷åñòâî ìèê-

ðîñòðóêòóðíûõ îáúåêòîâ â ÿ÷åéêå (ïðè ×400
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N = 80 – 120). Â êà÷åñòâå ìåðû èñïîëüçîâàëè

òàêæå óäåëüíóþ ïëîòíîñòü ïåðèìåòðîâ ãðàíèö

ìèêðîñòðóêòóðíûõ îáúåêòîâ, âû÷èñëÿåìóþ ïî

ôîðìóëå

q
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�

1

1
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Ñ ãåîìåòðè÷åñêîé òî÷êè çðåíèÿ îòíîøåíèå

ïåðèìåòðà ê ïëîùàäè ôèãóðû — êðèâèçíà ãðà-

íèöû, êîòîðàÿ îïðåäåëÿåò êîýôôèöèåíò êîíöåí-

òðàöèè íàïðÿæåíèé ïðè âíåøíåì ñèëîâîì íà-

ãðóæåíèè. Ñëåäîâàòåëüíî, ïëîòíîñòü ïåðèìåòðà

ãðàíèö ìîæåò áûòü õàðàêòåðèñòèêîé íàïðÿæåí-

íîñòè ãðàíèöû. Ïðè ýòîì ÷åì âûøå êðèâèçíà,

òåì âåðîÿòíåå îáðàçîâàíèå î÷àãà ðàçðóøåíèÿ [4].

Äëÿ îáåñïå÷åíèÿ òî÷íîñòè îöåíêè ìèêðî-

ñòðóêòóðíîé îðãàíèçàöèè ìàòåðèàëà â ïðåäåëàõ

3 – 5 % èçìåðåíèÿ è ðàñ÷åò êîëè÷åñòâåííûõ ïî-

êàçàòåëåé ìåð ïðîâîäèëè ïðè òðåõêðàòíîì ïî-

âòîðåíèè [14].

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 1 ïðèâåäåíû ìèêðîñòðóêòóðû ó÷àñò-

êîâ ïå÷íîãî çìååâèêà. Ïåðâûé íàõîäèëñÿ ïðè

êîìíàòíîé òåìïåðàòóðå (íå ïîäâåðãàëñÿ òåõíî-

ëîãè÷åñêèì òåìïåðàòóðíûì âîçäåéñòâèÿì), íî

èñïûòûâàë íàïðÿæåííîå ñîñòîÿíèå çà ñ÷åò èç-

áûòî÷íîãî âíóòðåííåãî äàâëåíèÿ (1,37 ÌÏà).

Âòîðîé, êðîìå âíóòðåííåãî äàâëåíèÿ, ïîäâåðãàë-

ñÿ òåìïåðàòóðíîìó âîçäåéñòâèþ (äî 430 è

800 °C). Òðåòèé — âûñîêîòåìïåðàòóðíûé ó÷àñ-

òîê, íà êîòîðîì íàáëþäàëè ëîêàëüíóþ âûïóê-

ëîñòü, îáðàçîâàííóþ â ðåçóëüòàòå ïîëçó÷åñòè çà

ñ÷åò ïîíèæåíèÿ æàðîïðî÷íîñòè ìàòåðèàëà.

Õàðàêòåð ñòðóêòóðíûõ èçìåíåíèé îïðåäåëÿ-

åòñÿ âåëè÷èíîé è äëèòåëüíîñòüþ òåìïåðàòóðíîãî

âîçäåéñòâèÿ. Èñõîäíàÿ ñòðóêòóðà ñòàëè 15Õ5Ì

âêëþ÷àåò ôåððèòíûå çåðíà íåïðàâèëüíîé ôîð-

ìû, èìåþùèå ðàçâèòûå ãðàíèöû è íåóïîðÿäî-

÷åííóþ îðèåíòàöèþ. Ýòî ïðåïÿòñòâóåò çåðíîãðà-

íè÷íûì ñäâèãàì è îáåñïå÷èâàåò íåîáõîäèìûé

óðîâåíü æàðîïðî÷íîñòè. Äëèòåëüíàÿ ýêñïëóàòà-

öèÿ ñíà÷àëà ïðè òåìïåðàòóðå äî 430 °C ïðèâîäèò

ê íåçíà÷èòåëüíîìó, íî âèçóàëüíî îùóòèìîìó

óêðóïíåíèþ çåðåí. Ïðè ýòîì èõ íåïðàâèëüíàÿ

ôîðìà è õàîòè÷åñêàÿ îðèåíòàöèÿ ñîõðàíÿþòñÿ.

Ïðè äàëüíåéøåé ýêñïëóàòàöèè ïðè 800 °C ïðî-

äîëæàåòñÿ óêðóïíåíèå çåðåí, à èõ ôîðìà ñòàíî-

âèòñÿ áîëåå ðàâíîîñíîé.
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Ðèñ. 1. Ìèêðîñòðóêòóðà còàëè 15Õ5Ì â èñõîäíîì ñîñòîÿíèè (à), ïðè äëèòåëüíîé ýêñïëóàòàöèè ïðè íèçêîé (äî 430) (á) è

âûñîêîé (äî 800 °C) òåìïåðàòóðàõ (â), â çîíå âçäóòèÿ (ã)

Fig. 1. Steel 15Kh5M microstructure in the initial state (a), during long-term operation at a low <450°C (b) and high 800°C

(c) temperature and in the swelling zone (d)



Äëèòåëüíàÿ òåðìè÷åñêàÿ âûäåðæêà ñîïðî-

âîæäàåòñÿ ðàçëîæåíèåì ëåãèðîâàííîãî ôåððèòà

è âûäåëåíèåì êàðáèäîâ. Ìåëêèå êàðáèäíûå êðè-

ñòàëëèòû îáðàçóþò òî÷å÷íûå êîëîíèè âíóòðè

ôåððèòíûõ çåðåí, êîòîðûå ôîðìèðóþòñÿ ïðè âû-

äåðæêå ñòàëè óæå ïðè 430 °C. Ñ ïîâûøåíèåì òåì-

ïåðàòóðû ïëîòíîñòü êàðáèäíûõ îáðàçîâàíèé âîç-

ðàñòàåò, à áîëåå êðóïíûå êàðáèäíûå êðèñòàëëè-

òû ãëîáóëÿðíîé ôîðìû âûäåëÿþòñÿ ïî ãðàíèöàì

çåðåí. Ïðè äëèòåëüíîé ýêñïëóàòàöèè ìàòåðèàëà

âûøå òåìïåðàòóðû ïîëèìîðôíûõ ïðåâðàùåíèé

ïðîèñõîäèò ðàñòâîðåíèå êàðáèäîâ â àóñòåíèòå,

êîòîðûé ïðè ïîñëåäóþùåì ìåäëåííîì îõëàæ-

äåíèè ïðåâðàùàåòñÿ â êðóïíîçåðíèñòûé ôåððèò.

Â çåðíàõ ôåððèòà ïðèñóòñòâóþò äèñïåðñíûå êàð-

áèäíûå ôàçû [14].

Íà ðèñ. 2 ïðåäñòàâëåíû ìóëüòèôðàêòàëüíûå

ñïåêòðû, â òàáëèöå — ðàññ÷èòàííûå ïî íèì êîì-

ïëåêñíûå ïîêàçàòåëè ìèêðîñòðóêòóðû.

Âèäíî, ÷òî ìóëüòèôðàêòàëüíûå ñïåêòðû

îòëè÷àþòñÿ íåîäíîðîäíîñòüþ. Åñëè â êà÷åñòâå

ïîêàçàòåëÿ èíôîðìàòèâíîñòè ïðèíÿòü ìàêñè-

ìàëüíîå çíà÷åíèå äèàïàçîíà èçìåíåíèÿ ÷èñëåí-

íûõ çíà÷åíèé êîìïîíåíòîâ ìóëüòèôðàêòàëüíîãî

ñïåêòðà (ïîêàçàòåëü K
!
), òî ïðåäïî÷òèòåëüíàÿ

ìåðà — ïëîòíîñòü ãðàíèö ìèêðîñòðóêòóðíûõ

îáúåêòîâ, äàëåå ñëåäóåò ïëîùàäü, çàòåì — ïåðè-

ìåòð ãðàíèö.

Ñòðóêòóðíàÿ äåãðàäàöèÿ ñòàëè ïðè äëèòåëü-

íîé ýêñïëóàòàöèè â óñëîâèÿõ ïîâûøåííûõ òåì-

ïåðàòóð è íàïðÿæåíèé ñîïðîâîæäàåòñÿ óêðóïíå-

íèåì çåðåí è âûäåëåíèåì ìåëêèõ äèñïåðñíûõ

÷àñòèö. Â ðåçóëüòàòå K40 ïðèíèìàåò âûñîêèå çíà-

÷åíèÿ, ÷òî ñîîòâåòñòâóåò óïîðÿäî÷åíèþ êðóïíûõ

è ðàçóïîðÿäî÷åíèþ ìåëêèõ ìèêðîñòðóêòóðíûõ

îáúåêòîâ. Ïðè ýòîì æàðîïðî÷íîñòü ñ âûäåëåíèåì

ìåëêèõ ìèêðîñòðóêòóðíûõ îáúåêòîâ, ïðåäñòàâ-

ëÿþùèõ ìèêðîìàñøòàáíûå î÷àãè íàðóøåíèé

ñïëîøíîñòè, ñíèæàåòñÿ, à èõ ïëîòíîñòü â çîíå,

ïîäâåðæåííîé âçäóòèþ, ðåçêî âîçðàñòàåò. Òàêèì

îáðàçîì, ñòðóêòóðíàÿ äåãðàäàöèÿ ñîïðîâîæäàåò-

ñÿ ïîíèæåíèåì ñòåïåíè óïîðÿäî÷åííîñòè òî÷å÷-

íûõ ìèêðîñòðóêòóð, êîòîðóþ ìîæíî ðàññìàòðè-

âàòü êàê ìåõàíèçì ïðèñïîñîáëåíèÿ è ïîâûøåíèÿ

ñîïðîòèâëÿåìîñòè ìàòåðèàëà ê óñëîâèÿì âíåø-

íåãî âîçäåéñòâèÿ çà ñ÷åò ñîçäàíèÿ äîïîëíèòåëü-

íûõ áàðüåðîâ äëÿ ñêîëüçÿùèõ äèñëîêàöèé.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî

äëÿ îïðåäåëåíèÿ ìóëüòèôðàêòàëüíûõ ñïåêòðîâ

ìèêðîñòðóêòóðû ìîæíî èñïîëüçîâàòü ëþáîé êî-

ëè÷åñòâåííûé ñòðóêòóðíûé ïîêàçàòåëü, íî ïðåä-

ïî÷òèòåëüíåå òîò, êîòîðûé îáåñïå÷èâàåò ìàêñè-

ìàëüíûé äèàïàçîí èçìåíåíèÿ ÷èñëåííûõ çíà÷å-

íèé ìóëüòèôðàêòàëüíûõ êîìïîíåíòîâ. Â ñëó÷àå

ñòàëè 15Õ5Ì — ýòî ïëîòíîñòü ãðàíèö ìèêðî-

ñòðóêòóðíûõ îáúåêòîâ. Ñòðóêòóðíàÿ äåãðàäàöèÿ

ñòàëè ïðè äëèòåëüíîé ýêñïëóàòàöèè â óñëîâèÿõ

âûñîêèõ òåìïåðàòóð è íàïðÿæåíèé ñîïðîâîæäà-

åòñÿ óêðóïíåíèåì ìèêðîñòðóêòóðíûõ îáúåêòîâ,

âûäåëåíèåì äèñïåðñíûõ ÷àñòèö è èõ îáúåäèíå-

íèåì â óïîðÿäî÷åííûå êîìáèíàöèè. Ýòè ïðîöåñ-

ñû ìîæíî ðàññìàòðèâàòü êàê ìåõàíèçì ñâîåãî

ðîäà ïðèñïîñîáëåíèÿ è ñîïðîòèâëåíèÿ âíåøíèì

âîçäåéñòâèÿì.
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Ðèñ. 2. Ìóëüòèôðàêòàëüíûå ñïåêòðû ïî óäåëüíûì ïëî-
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(à), ïåðèìåòðó p
óä

(á) è ïëîòíîñòè ãðàíèö q
óä

(â)

ìèêðîñòðóêòóðíûõ îáúåêòîâ ñòàëè 15Õ5Ì â èñõîäíîì ñî-

ñòîÿíèè (1), ïîñëå äëèòåëüíîé ýêñïëóàòàöèè ïðè íèçêîé

(2) è âûñîêîé òåìïåðàòóðàõ (3), â çîíå âçäóòèÿ (4)

Fig. 2. Multifractal spectra for specific area (a), specific

perimeter (b) and specific density of the boundaries (c) of the

microstructural objects of steel 15Kh5M microstructure in

the initial state (1), during long-term operation at low (2)

and high (3) temperatures, in the swelling zone (4)
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Æèâó÷åñòü, ðåñóðñ è áåçîïàñíîñòü ýêñïëóàòàöèè êîíñòðóêöèé îïðåäåëÿþòñÿ ñòåïåíüþ èõ

ïîâðåæäàåìîñòè, êîòîðàÿ ïðåîáëàäàþùèì îáðàçîì ðåãëàìåíòèðóåòñÿ íàëè÷èåì è ðàçâèòè-

åì â ìàòåðèàëå äåôåêòîâ òèïà òðåùèí. Íà îñíîâå ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ äàííûõ è

÷èñëåííûõ ðåøåíèé ïðåäëîæåíû êèíåòè÷åñêèå çàâèñèìîñòè ðàçâèòèÿ ïîâåðõíîñòíûõ ðàç-

íîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà.

Ïîëó÷åíû ðåçóëüòàòû, íåîáõîäèìûå äëÿ èññëåäîâàíèé çàäà÷ êèíåìàòèêè íåëèíåéíîé ìå-

õàíèêè ñïëîøíîé àíèçîòðîïíîé ñðåäû. Ïðåäëîæåíû óòî÷íÿþùèå ïàðàìåòðè÷åñêèå óðàâ-

íåíèÿ ñîñòîÿíèÿ óïðóãîïëàñòè÷åñêîé äåôîðìàöèîííîé àíèçîòðîïèè. Ïðèâåäåíû ôóíêöè-

îíàëüíûå çàâèñèìîñòè ïàðàìåòðîâ êèíåòè÷åñêèõ äèàãðàìì ìàëîöèêëîâîãî ðàçðóøåíèÿ îò

ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà äëÿ øèðîêîãî êëàññà ñâàðíûõ ñîåäèíåíèé àóñòåíèòíûõ

íåðæàâåþùèõ öèêëè÷åñêè ñòàáèëüíûõ ñòàëåé òèïà 12Õ18Í10Ò. Èññëåäîâàíû ïðîöåññû

ðàçâèòèÿ íàêëîííûõ ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí â êîíòèíóóìàõ ñâàðíûõ

ñîåäèíåíèé ïðè íåëèíåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðóæåíèÿ. Ïðîâåäåíû ðàñ÷åòíî-ýêñ-

ïåðèìåíòàëüíûå è ÷èñëåííûå èññëåäîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â

îêðåñòíîñòè êîíòóðà êàê ñòàöèîíàðíûõ, òàê è ðàñòóùèõ ïîâåðõíîñòíûõ ïîëóýëëèïòè÷å-

ñêèõ ïðîèçâîëüíî îðèåíòèðîâàííûõ â ïðîñòðàíñòâå òðåùèí ïðè óïðóãîïëàñòè÷åñêîì íî-

ìèíàëüíîì öèêëè÷åñêîì íàãðóæåíèè ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà. Ïîëó÷åíî

ôóíêöèîíàëüíîå ðàñïðåäåëåíèå ïàðàìåòðà íåîäíîðîäíîñòè ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðè-

àëà, âëèÿþùåãî íà íàêîïëåíèå ëîêàëüíûõ ïëàñòè÷åñêèõ äåôîðìàöèé è íà íàïðàâëåíèå

ðàçâèòèÿ óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ, ïðåäñòàâëåííîå â âèäå êèíåòè÷åñêîãî óðàâíå-

íèÿ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ. Íà îñíîâå ñðàâíåíèÿ ýêñïåðèìåíòàëüíûõ ðåçóëü-

òàòîâ è ÷èñëåííûõ ðàñ÷åòîâ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïî êîíòóðó èññëå-

äóåìûõ òðåùèí ïðè íåëèíåéíûõ êðàåâûõ óñëîâèÿõ íàãðóæåíèÿ ïîêàçàíî õîðîøåå ñîãëà-

ñîâàíèå èíòåíñèâíîñòåé îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â èõ ïîâåðõíî-

ñòíûõ òî÷êàõ ñ ó÷åòîì äåôîðìàöèîííîé àíèçîòðîïèè. Ðàñ÷åòû íà ñîïðîòèâëåíèå óïðóãî-

ïëàñòè÷åñêîìó ðàçðóøåíèþ ýëåìåíòîâ îòâåòñòâåííîãî îáîðóäîâàíèÿ ñ ó÷åòîì ðàññìàòðè-

âàåìûõ ôàêòîðîâ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ è íåîäíîðîäíîñòè ñâîéñòâ ïîçâîëÿò

ïîâûñèòü òî÷íîñòü îöåíêè èõ ïðî÷íîñòè, ýêñïëóàòàöèîííûõ ðåñóðñîâ è æèâó÷åñòè.

Êëþ÷åâûå ñëîâà: ëîêàëüíûå óïðóãîïëàñòè÷åñêèå äåôîðìàöèè; àíèçîòðîïèÿ ñâîéñòâ ìà-

òåðèàëà; ñêîðîñòü ðàçâèòèÿ ìàëîöèêëîâûõ òðåùèí; ïîâåðõíîñòíûå íàêëîííûå ïîëóýëëèï-

òè÷åñêèå òðåùèíû; êîýôôèöèåíò èíòåíñèâíîñòè äåôîðìàöèé.
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Survivability, service life and operational safety of the engineering structures are determined by their

damage rate which is mainly regulated by the presence and development of the crack-like defects in the

material. Kinetic dependences describing the development of multidirectional semi-elliptic surface cracks
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with allowance for the anisotropy of the material properties are proposed proceeding from experimental

data and numerical solutions. The obtained results are required in studying kinematic problems in non-

linear mechanics of a continuous anisotropic medium. Refining parametric equations for elastoplastic

deformation anisotropy are proposed. Functional dependences of the parameters of the kinetic diagrams

of low-cycle fracture on the mechanical properties of the material are presented for a wide class of welded

joints of austenite stainless cyclically stable steels (12Kh18N10T). The processes of developing inclined

semi-elliptic surface cracks in the continuums of welded joints under non-linear boundary loading condi-

tions are studied. We have carried out combined computational, experimental and numerical studies of the

stress-strain state in the vicinity of the contour of stationary and growing surface semi-elliptic cracks ran-

domly oriented in space under elastoplastic nominal cyclic loading taking into account the anisotropy of

the material properties. The functional distribution of the inhomogeneity parameter of the mechanical

properties of the material, which affects accumulation of the local plastic strains and direction of develop-

ing the elastoplastic fracture is obtained and presented in the form of the kinetic equation of nonlinear

fracture mechanics. Comparison of the experimental results and numerical calculations of the stress-

strain state along the contour of the cracks under study in nonlinear boundary loading conditions revealed

a good agreement between the intensities of relative elastoplastic deformations at their surface points

with allowance for the deformation anisotropy. Calculations of the elastoplastic fracture resistance of the

critical elements of the equipment with allowance for considered factors of nonlinear fracture mechanics

and heterogeneity of the properties can improve the accuracy of evaluation of their strength, service life

and survivability.

Keywords: local elastic-plastic deformations; anisotropy of the material properties; low-cycle crack prop-

agation rate; inclined semi elliptical surface cracks; strain intensity factor.

Ââåäåíèå

Ýêñïëóàòàöèîííûé ðåñóðñ, æèâó÷åñòü, ïðî÷-

íîñòü è áåçîïàñíîñòü êîíñòðóêöèé ïðè íàëè÷èè â

íèõ ñâàðíûõ ýëåìåíòîâ îïðåäåëÿþòñÿ ñòåïåíüþ

ïîâðåæäàåìîñòè, êîòîðàÿ ïðåîáëàäàþùèì îáðà-

çîì ðåãëàìåíòèðóåòñÿ íàëè÷èåì è ðàçâèòèåì äå-

ôåêòîâ òèïà ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ

òðåùèí.

Öåëü ðàáîòû — èññëåäîâàíèå êèíåòèêè ðàç-

íîíàïðàâëåííîñòè óïðóãîïëàñòè÷åñêîãî ðàçðó-

øåíèÿ ïðè ó÷åòå àíèçîòðîïèè ñâîéñòâ ìàòåðèàëà

íà îñíîâå êðèòåðèåâ íåëèíåéíîé ìåõàíèêè ðàç-

ðóøåíèÿ.

Íà äàííûé ìîìåíò ìàòåìàòè÷åñêè çàâåð-

øåííîé òåîðèè ðîñòà òðåùèí â ñïëîøíîé ñðåäå

ñ ó÷åòîì íåîäíîðîäíîñòè ôèçèêî-ìåõàíè÷åñêèõ

ñâîéñòâ íå ñóùåñòâóåò.

Ïîëó÷åíû óòî÷íÿþùèå ïàðàìåòðû óðàâíå-

íèÿ ñîñòîÿíèÿ óïðóãîïëàñòè÷åñêîé äåôîðìàöè-

îííîé àíèçîòðîïèè è ôóíêöèîíàëüíûå çàâèñè-

ìîñòè ïàðàìåòðîâ êèíåòè÷åñêèõ äèàãðàìì ìàëî-

öèêëîâîãî ðàçðóøåíèÿ îò ìåõàíè÷åñêèõ ñâîéñòâ

ìàòåðèàëà äëÿ øèðîêîãî êëàññà ñâàðíûõ ñîåäè-

íåíèé àóñòåíèòíûõ íåðæàâåþùèõ öèêëè÷åñêè

ñòàáèëüíûõ ñòàëåé òèïà 12Õ18Í10Ò.

Â ðåçóëüòàòå èññëåäîâàíèÿ ðàçíîíàïðàâëåí-

íîñòè ïðîöåññîâ óïðóãîïëàñòè÷åñêîãî ðàçðóøå-

íèÿ â êîíòèíóóìå ñâàðíûõ ñîåäèíåíèé ïðè íåëè-

íåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðóæåíèÿ ïðîâå-

äåíû ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå è ÷èñëåííûå

èññëåäîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-

ñòîÿíèÿ â îêðåñòíîñòè êîíòóðà êàê ñòàöèîíàð-

íûõ, òàê è ðàñòóùèõ ïîâåðõíîñòíûõ ïîëóýëëèï-

òè÷åñêèõ ïðîèçâîëüíî îðèåíòèðîâàííûõ â ïðî-

ñòðàíñòâå òðåùèí. Ïðèâåäåíî ôóíêöèîíàëüíîå

ðàñïðåäåëåíèå ïàðàìåòðà íåîäíîðîäíîñòè ìå-

õàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà, âëèÿþùåãî íà

íàêîïëåíèå ëîêàëüíûõ ïëàñòè÷åñêèõ äåôîð-

ìàöèé è íà íàïðàâëåíèå ðàçâèòèÿ óïðóãîïëàñ-

òè÷åñêîãî ðàçðóøåíèÿ, ïðåäñòàâëåííîå â âèäå

êèíåòè÷åñêîãî óðàâíåíèÿ íåëèíåéíîé ìåõàíèêè

ðàçðóøåíèÿ.

Ñðàâíåíèå ýêñïåðèìåíòàëüíûõ äàííûõ è

÷èñëåííûõ ðàñ÷åòîâ íàïðÿæåííî-äåôîðìèðîâàí-

íîãî ñîñòîÿíèÿ ïî êîíòóðó èññëåäóåìûõ òðåùèí

ïîêàçàëî õîðîøåå ñîãëàñîâàíèå èíòåíñèâíîñòåé

îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé

â èõ ïîâåðõíîñòíûõ òî÷êàõ ñ ó÷åòîì äåôîðìàöè-

îííîé àíèçîòðîïèè.

Ìåòîäû èññëåäîâàíèÿ

Ïðè ðåøåíèè ïîñòàâëåííîé çàäà÷è èñïîëü-

çîâàëè ðåçóëüòàòû, ïîëó÷åííûå ðàñ÷åòíî-ýêñïå-

ðèìåíòàëüíûìè è ÷èñëåííûìè ìåòîäàìè íà îñ-

íîâå ïðîãðàììíîãî êîìïëåêñà ANSYS, â öåëÿõ

îïðåäåëåíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-

ñòîÿíèÿ ïî êîíòóðó íàêëîííûõ ïîëóýëëèïòè÷å-

ñêèõ òðåùèí ïðè íåëèíåéíûõ êðàåâûõ óñëîâèÿõ

íàãðóæåíèÿ.

Â äàííîì èññëåäîâàíèè ïðîâîäèëè èñïûòà-

íèÿ íà ðàñòÿæåíèå — ñæàòèå ïðè ñèììåòðè÷íîì

öèêëå íàãðóæåíèÿ òðóá÷àòûõ ñâàðíûõ îáðàçöîâ

(âíåøíèé äèàìåòð D = 50 ìì, âíóòðåííèé —

d = 30 ìì) ñòàëè òèïà 12Õ18Í10Ò ñ íàíåñåí-

íûìè íà âíåøíþþ ïîâåðõíîñòü ðàçíîîðèåíòè-

ðîâàííûìè ïîëóýëëèïòè÷åñêèìè òðåùèíàìè

(ðèñ. 1). Èñõîäíûå òðåùèíû íàíîñèëè ýëåêòðî-

ýðîçèîííûì ìåòîäîì è èññëåäîâàíèÿ ïðîâîäèëè

ñîãëàñíî ìåòîäèêå [1].
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Ðåçóëüòàòû ðàáîòû è èõ îáñóæäåíèå

Â ðàáîòàõ [2 – 10] ïîêàçàíî ìîäåëèðîâàíèå

ïîâåðõíîñòåé óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ

ïðè ìàëîöèêëîâîì íàãðóæåíèè. Íà ðèñ. 2, ñî-

ãëàñíî [8], ãðàôè÷åñêè ïðåäñòàâëåíà ðàñ÷åòíàÿ

ïîâåðõíîñòü ðàçðóøåíèÿ ðàçíîîðèåíòèðîâàííûõ

ìàëîöèêëîâûõ ïîëóýëëèïòè÷åñêèõ òðåùèí, à

òàêæå êîíå÷íî-ýëåìåíòíàÿ ìîäåëü ïîëóýëëèïòè-

÷åñêîé òðåùèíû è ïîëå óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé â åå ïîâåðõíîñòíîé òî÷êå ïðè îòíîñè-

òåëüíîì íîìèíàëüíîì íàïðÿæåíèè ðàñòÿæåíèÿ

�
ni

= 1,33, ïîëó÷åííûå ÷èñëåííûìè ðàñ÷åòàìè ñ

ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà ANSYS [7].

Çäåñü t — òîëùèíà ñòåíêè öèëèíäðè÷åñêîãî îá-

ðàçöà; b è a — ìàëàÿ è áîëüøàÿ ïîëóîñè ïîëóýë-

ëèïòè÷åñêîé òðåùèíû.

Ïîâðåæäåííîñòü çà ðåäêèì èñêëþ÷åíèåì íå

íàáëþäàëè è íå èçìåðÿëè, à èçìåíåíèå ìåõàíè-

÷åñêèõ ñâîéñòâ îáíàðóæèâàëè ïðè îòêëèêå òåëà

íà ðàçëè÷íûå âíåøíèå âîçäåéñòâèÿ.

Èçâåñòíî, ÷òî â ìåõàíèêå äåôîðìèðóåìîãî

òâåðäîãî òåëà ïðîöåññ ïîâðåæäåííîñòè ó÷èòûâà-

åò èçìåíåíèå ñâîéñòâ ìàòåðèàëà â ðåçóëüòàòå íà-

êîïëåíèÿ ðàçíûõ âèäîâ ïîâðåæäåíèé äëÿ ëèíåé-

íî-óïðóãîãî ìàòåðèàëà ñ ðàññåÿííûì ïîëåì ìèê-

ðîäåôåêòîâ èëè àíèçîòðîïèè ñâîéñòâ ñîãëàñíî

àñèìïòîòè÷åñêîìó çàêîíó óñòàëîñòíîãî ðîñòà

òðåùèíû [2]:

óij = Cijkløåij, (1)

ãäå óij, åij è Cijkl — êîìïîíåíòû òåíçîðà íàïðÿæå-

íèé, äåôîðìàöèé è íà÷àëüíîé æåñòêîñòè; ø —

ïîâðåæäåííîñòü.

Ïðè èçìåíåíèè ïàðàìåòðà ø ìîæíî ïîëó÷èòü

ôóíêöèîíàëüíóþ çàâèñèìîñòü ðîñòà óñòàëîñòíîé

òðåùèíû ïî çàêîíó

d

d

" �

" "N
c

c

m

n m
� �

�

�

�
�

�

�

�
� �

1
ïðè (óc # óthø

ã), (2)

ãäå N — ÷èñëî öèêëîâ; c, m, n (n > m), ã, óth —

ïîëîæèòåëüíûå êîíñòàíòû ìàòåðèàëà;

�c ij ij
s s�

3

2
,

sij = óij – ókkäij/3 — êîìïîíåíòû äåâèàòîðà íàïðÿ-

æåíèé.

Â ðåçóëüòàòå ñêîðîñòü ðîñòà òðåùèíû ìîæíî

îöåíèòü ôóíêöèåé

d

d

l

N
c K

ijk p
� �

$
, (3)

ãäå dlijk/dN — ñêîðîñòü òðåùèíû â ñîîòâåòñòâóþ-

ùåì íàïðàâëåíèè ïðîñòðàíñòâà; N — ÷èñëî öèê-

ëîâ íàãðóæåíèÿ; c = f(n, m, p, �
ij

, åij) — íåêîòî-

ðàÿ ôóíêöèÿ êîíñòàíò ìàòåðèàëà è óñëîâèé íà-

ãðóæåíèÿ; lijk — äëèíà òðåùèíû â ñîîòâåòñòâóþ-
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Ðèñ. 1. Ñõåìà íàíåñåíèÿ èñõîäíûõ íàêëîííûõ ïîâåðõíî-

ñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí íà ðàçâåðòêå âíåøíåé

áîêîâîé ïîâåðõíîñòè öèëèíäðè÷åñêîãî ñâàðíîãî îáðàçöà

ñòàëè 12Õ18Í10Ò

Fig. 1. Scheme of applying initial inclined semi-elliptic sur-

face cracks on the involute of the outer lateral surface of a

cylindrical welded steel specimen 12Kh18N10T

à á

Ðèñ. 2. Ãðàôè÷åñêîå ïðåäñòàâëåíèå ðàñ÷åòíîé ìîäåëè

ïîâåðõíîñòåé ðàçíîîðèåíòèðîâàííûõ ìàëîöèêëîâûõ

ïîâåðõíîñòíûõ òðåùèí (à), ãäå A — ðàñ÷åòíàÿ ïîâåðõ-

íîñòü òðåùèíû; B — êîíòóð ðåàëüíîé ïîâåðõíîñòè òðå-

ùèíû; C — òî÷êè ðåàëüíîé ïîâåðõíîñòè òðåùèíû; % %b b1 2
=

= l
ijy

= 2a
y

= lijy
* ; a

1
a

2
= 2a

0
; ok = b*; ok

1
= bz

* = lijz
* ; ok

1
=

= b
o
; ob

1
= a*; b

1
d = r*; b

1
c = r (à), à òàêæå êîíå÷íî-ýëå-

ìåíòíàÿ ìîäåëü ïîëóýëëèïòè÷åñêîé òðåùèíû è ïîëå

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â åå ïîâåðõíîñòíîé òî÷-

êå ïðè b/t = 0,15, b/a = 0,714, e
Ti

= 1,843 · 10–3, �ni
= 1,33,

ìàêñèìàëüíîé îòíîñèòåëüíîé èíòåíñèâíîñòè äåôîðìà-

öèè ei max
= 320 (á)

Fig. 2. Graphic representation of the calculation model of

the surfaces of multidirectional low-cycle surface cracks,

where A — calculated crack surface; B — contour of the real

crack surface; C — points of the real crack surface. % %b b1 2 =

= lijy = 2ay = lijy
* ; a1a2 = 2a0; ok = b*; ok1 = bz

* = lijz
* ; ok1 =

= bo; ob1 = a*; b1d = r*; b1c = r (a), as well as the finite ele-

ment model of a semi-elliptical crack and the field of

elastoplastic strains at the surface point at b/t = 0.15,

b/a = 0.714, eTi = 1.843 × 10–3, �ni = 1.33, the maximum

relative strain intensity ei max = 320 (b)



ùåì íàïðàâëåíèè êîîðäèíàòíûõ îñåé; �K
$

—

ðàçìàõ îòíîñèòåëüíîãî êîýôôèöèåíòà èíòåíñèâ-

íîñòè íàïðÿæåíèé; á — I, II, III ìîäåëè ðàçðóøå-

íèÿ. Ôîðìóëà (3) ïðè p = 2 ïî ñâîåé ñòðóêòóðå

àíàëîãè÷íà çàêîíó óñòàëîñòíîãî ðîñòà òðåùèíû

Ïýðèñà – Ýðäîãàíà.

Äëÿ ðîñòà óñòàëîñòíîé òðåùèíû ïðåäñòàâëå-

íî äîñòàòî÷íî ìíîãî âàðèàíòîâ ôóíêöèé, õîðîøî

îïèñûâàþùèõ äèàãðàììó óñòàëîñòíîãî ðàçðóøå-

íèÿ, íà îñíîâå àíàëèòè÷åñêîé çàâèñèìîñòè

d

d

r

N
= F(óij, r, C1, ..., Cj), (4)

ãäå r — ðàäèóñ-âåêòîð, ïðîâåäåííûé â òî÷êó êîí-

òóðà òðåùèíû; Cj — êîíñòàíòû.

Ïðè íåëèíåéíûõ ãðàíè÷íûõ óñëîâèÿõ íàãðó-

æåíèÿ ñêîðîñòü ðîñòà ìàëîöèêëîâûõ òðåùèí ñî-

ãëàñíî äåôîðìàöèîííûì êðèòåðèÿì ðàçðóøåíèÿ

[3 – 4] ìîæåò áûòü îïðåäåëåíà ÷åðåç ðàçìàõ îòíî-

ñèòåëüíîãî êîýôôèöèåíòà èíòåíñèâíîñòè äåôîð-

ìàöèé �K e
k
$

â ñîîòâåòñòâóþùåì ïîëóöèêëå íà-

ãðóæåíèÿ:

d

d

l

N
C K

ijk

i e

k
i

�
� $

&
�

� , (5)

ãäå C
ói = 1 2 2/ ;�e

fi
ã

ói = 2 — õàðàêòåðèñòèêè ìàòå-

ðèàëà â äàííîé åãî òî÷êå è ïðè îïðåäåëåííûõ óñ-

ëîâèÿõ íàãðóæåíèÿ, e
fi

= efi/eòi — èñòèííàÿ îòíî-

ñèòåëüíàÿ ðàçðóøàþùàÿ äåôîðìàöèÿ â ëîêàëü-

íîé çîíå âåðøèíû òðåùèíû (eòi — ëîêàëüíàÿ äå-

ôîðìàöèÿ íà ïðåäåëå òåêó÷åñòè â äàííîé òî÷êå,

efi — èñòèííàÿ ëîêàëüíàÿ ðàçðóøàþùàÿ äåôîð-

ìàöèÿ â òî÷êå îáúåìà).

Äëÿ óïðóãîïëàñòè÷åñêèõ òåë ñ òðåùèíîé â óñ-

ëîâèÿõ ðàçâèòîé ïëàñòè÷íîñòè ýíåðãåòè÷åñêèé

êðèòåðèé ðàçðóøåíèÿ (ò.å. óñëîâèå íà÷àëà ðàñ-

ïðîñòðàíåíèÿ òðåùèíû) — äîñòèæåíèè J-èíòå-

ãðàëà ñâîåãî ïðåäåëüíîãî çíà÷åíèÿ Jc, ÿâëÿþùå-

ãîñÿ õàðàêòåðèñòèêîé ìàòåðèàëà, ôîðìóëèðóåòñÿ

óðàâíåíèåì

1

2
2

1

� �
ij ij

C

i

i

cx T
u

x
s Jd d

'
�

(

(

� ,

ãäå Ti — ïðèëîæåííûå ê áåðåãàì òðåùèíû íà-

ãðóçêè; ui — ïåðåìåùåíèÿ.

Ñîãëàñíî äåôîðìàöèîííûì êðèòåðèÿì ðàçðó-

øåíèÿ [3 – 4], ðàçâèòèå òðåùèíû â òî÷êå åå êîí-

òóðà ïðîèñõîäèò â ìîìåíò äîñòèæåíèÿ èíòåíñèâ-

íîñòè óïðóãîïëàñòè÷åñêîé äåôîðìàöèè ei âåëè-

÷èíû èñòèííîé ðàçðóøàþùåé äåôîðìàöèè ef â

ýòîé æå òî÷êå, çàâèñÿùåé îò îáúåìíîñòè íàïðÿ-

æåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â äàííîì

ìèêðîîáúåìå âåðøèíû êîíòóðà òðåùèíû:

ei = ef .

Ðàñïðåäåëåíèå ýòèõ ëîêàëüíûõ ðàçðóøàþ-

ùèõ äåôîðìàöèé íà êîíòóðå ïîâåðõíîñòè òðåùè-

íû è ôîðìèðóåò òðàåêòîðèþ åå ðàçâèòèÿ â ïðî-

ñòðàíñòâå [1, 4 – 6, 8 – 9].
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Ðèñ. 3. Çàâèñèìîñòè ñêîðîñòè ðîñòà ìàëîöèêëîâûõ íà-

êëîííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí â ñâàðíîì ñîåäèíå-

íèè îáðàçöà ñòàëè 12Õ18Í10Ò îò ðàçìàõà èíòåíñèâíîñòè

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ îòíîñèòåëüíûõ äåôîðìà-

öèé â èõ ïîâåðõíîñòíîé òî÷êå ïðè ö = 0 è ã = 0.

Fig. 3. Dependences of the growth rate of low-cycle in-

clined semi-elliptic cracks in the welded joint of a

12Kh18N10T steel sample on the magnitude of the intensity

of local elastoplastic relative deformations in the tip at

ö = 0 and ã = 0.

óni = 1,33

= 1,41 · 10

= 1,843 · 10

e

å

ò0

–3

ò

–3

Ðèñ. 4. Ýêñïåðèìåíòàëüíûå âåëè÷èíû óïðóãîïëàñòè÷å-

ñêèõ äåôîðìàöèé â çàâèñèìîñòè îò ðàññòîÿíèÿ îò òî÷åê

âåðøèíû êîíòóðà ïîëóýëëèïòè÷åñêîé òðåùèíû, íàõîäÿ-

ùåéñÿ â çîíå òåðìè÷åñêîãî âëèÿíèÿ (òî÷êè), è àíàëîãè÷-

íûå ÷èñëåííûå çàâèñèìîñòè (ëèíèè)

Fig. 4. Experimental values of elastoplastic deformations

depending on the distance from the tip of the semi-elliptic

crack located in the heat-affected zone (points), and corre-

sponding numerical dependences (solid lines)



Îñíîâíîå óðàâíåíèå êèíåòèêè ðàçâèòèÿ ìà-

ëîöèêëîâîãî ðàçðóøåíèÿ [3 – 4] íà îñíîâå (5)

èìååò ñëåäóþùèé âèä:

d

d

l

N
C e

ijk

ej i

n
ej

� � , (6)

ãäå �e
i

= Äei/eòj — ðàçìàõ èíòåíñèâíîñòè îòíîñè-

òåëüíûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé íà

êîíòóðå òðåùèíû; eòj — äåôîðìàöèÿ íà ïðåäåëå

òåêó÷åñòè â äàííîé òî÷êå ñâàðíîãî ñîåäèíåíèÿ;

Cej è nej — õàðàêòåðèñòèêà ìàòåðèàëà è óñëîâèé

íàãðóæåíèÿ. Ïðè ðàçâèòûõ óïðóãîïëàñòè÷åñêèõ

äåôîðìàöèÿõ óðàâíåíèå (6) õîðîøî îïèñûâàåò

ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

(ðèñ. 3) ïðè ïàðàìåòðå nej = 2.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå óïðóãîïëà-

ñòè÷åñêèå äåôîðìàöèè â ïîâåðõíîñòíûõ òî÷êàõ

íàêëîííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí õîðîøî

ñîãëàñóþòñÿ ñ äàííûìè ÷èñëåííûõ ðàñ÷åòîâ

(ðèñ. 4), ïðîâîäèìûõ ñ ïîìîùüþ ïðîãðàììíîãî

êîìïëåêñà ANSYS [7].

Íà ðèñ. 3 ïðèâåäåíû êèíåòè÷åñêèå äèàãðàì-

ìû ìàëîöèêëîâîãî ðàçðóøåíèÿ — çàâèñèìîñòè

ñêîðîñòè ðîñòà ìàëîöèêëîâûõ ïîëóýëëèïòè÷å-

ñêèõ òðåùèí â ñâàðíîì ñîåäèíåíèè îáðàçöà îò

ëîêàëüíûõ óïðóãîïëàñòè÷åñêèõ îòíîñèòåëüíûõ

äåôîðìàöèé â èõ ïîâåðõíîñòíûõ òî÷êàõ ïðè

ö = 0.

Íà îñíîâå ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ è

÷èñëåííûõ ðåøåíèé ïðåäëîæåíà ýìïèðè÷åñêàÿ

çàâèñèìîñòü ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ

ïàðàìåòðà Cej â îáúåìå ñâàðíîãî ñîåäèíåíèÿ îò

îòíîøåíèÿ ïðåäåëà ïðî÷íîñòè óâi ê ïðåäåëó òåêó-

÷åñòè ìàòåðèàëà óòi â ñîîòâåòñòâóþùèõ òî÷êàõ

ñîåäèíåíèÿ:

Cej = a1(óâi/óòi) – a2, (7)

ãäå a1 = 5 · 10–9 ì/öèêë; a2 = – 5,75 · 10–9 ì/öèêë.

Äëÿ îñíîâíîãî ìåòàëëà 12Õ18Í10Ò èññëåäóå-

ìîãî ñâàðíîãî ñîåäèíåíèÿ ïðåäåë òåêó÷åñòè óò0 =

= 280 ÌÏà, ìîäóëü óïðóãîñòè E0 = 1,98 ×

× 105 ÌÏà, ïðåäåë ïðî÷íîñòè óâ0 = 578 ÌÏà,

ïðåäåë òåêó÷åñòè eò0 = 1,41 · 10–3.

Òàêèì îáðàçîì, íà îñíîâàíèè ðåçóëüòàòîâ

ïðîâåäåííûõ èññëåäîâàíèé è ðàáîò [3 – 21] îñ-

íîâíîå óðàâíåíèå ðàçâèòèÿ ìàëîöèêëîâîãî ðàç-

ðóøåíèÿ ñ ó÷åòîì ôèçèêî-ìåõàíè÷åñêîé íåîäíî-

ðîäíîñòè ìàòåðèàëà øèðîêîãî êëàññà àóñòåíèò-

íûõ íåðæàâåþùèõ öèêëè÷åñêè ñòàáèëüíûõ ñòà-

ëåé ìîæåò áûòü çàïèñàíî â âèäå

d
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ijk i
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)( sin ) ,* *
� (8)

ãäå â*, �e
i
* — ðàñ÷åòíûé óãîë íàêëîíà ìîäåëèðî-

âàííîé ïîâåðõíîñòè ðàçðóøåíèÿ è ðàçìàõ èíòåí-

ñèâíîñòè îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé â êîíêðåòíîé òî÷êå ñâàðíîãî ñîåäèíå-

íèÿ íà êîíòóðå òðåùèíû.

Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ðàçìàõîâ èí-

òåíñèâíîñòåé ëîêàëüíûõ îòíîñèòåëüíûõ óïðóãî-

ïëàñòè÷åñêèõ äåôîðìàöèé �e
i
* = �e e

i i
*

ò
ïîëó÷å-

íû ñ ó÷åòîì ìàòåìàòè÷åñêîé ìîäåëè ïðîñòðàíñò-

âåííîãî ðàñïðåäåëåíèÿ ïðåäåëà òåêó÷åñòè â ñâàð-

íîì ñîåäèíåíèè óòi = f(x, y, z) [6].

Ïðåäñòàâëåííàÿ â ðàáîòå [9] ìàòåìàòè÷åñêàÿ

ìîäåëü ðàñïðåäåëåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ìà-

òåðèàëà èññëåäóåìûõ ñâàðíûõ ñîåäèíåíèé äëÿ

øèðîêîãî àóñòåíèòíî-íåðæàâåþùåãî êëàññà ñòà-

ëåé òèïà 08Õ18Í10Ò è 12Õ18Í10Ò ïîçâîëÿåò èñ-

ïîëüçîâàòü îáúåìíûå ïîëÿ èõ ðàñïðåäåëåíèÿ.

Ôóíêöèè èçìåíåíèÿ îòíîñèòåëüíûõ íàïðÿæåíèé

òåêó÷åñòè �
ò i

= óòi/óò0 è ïðî÷íîñòè �
âi

= óâi/óâ0 â

ðàçëè÷íûõ òî÷êàõ îáúåìà ïðåäñòàâëåíû íèæå.

Òàê, �
ò i

ïî îáúåìó ñâàðíîãî øâà (ñø), âêëþ÷àÿ

åãî ëèíèþ (çîíó) ñïëàâëåíèÿ (ëñ), — óðàâíåíèåì
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, (9)

â çîíå òåðìè÷åñêîãî âëèÿíèÿ (ÇÒÂ) ñâàðíîãî

øâà — óðàâíåíèåì
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2

1, (10)

ãäå çíà÷åíèÿ êîýôôèöèåíòîâ Ai è Bi, ãäå

i = 1, 2, 3, 4, çàâèñÿùèõ îò ìíîãî÷èñëåííûõ ïà-

ðàìåòðîâ ñâàðêè, ïðèâåäåíû â [6]; X, Y, Z, t — ñî-

îòâåòñòâåííî êîîðäèíàòû òî÷êè ñâàðíîãî ñîåäè-

íåíèÿ è åãî òîëùèíà.

Èçìåíåíèÿ îòíîñèòåëüíûõ íàïðÿæåíèé ïðå-

äåëà ïðî÷íîñòè â ñîîòâåòñòâóþùèõ òî÷êàõ îáú-

åìà ìàòåðèàëà [6] îïèñûâàþòñÿ ñëåäóþùèì îá-

ðàçîì:

äëÿ ìåòàëëà øâà è ëèíèè ñïëàâëåíèÿ —

óðàâíåíèåì
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äëÿ çîíû òåðìè÷åñêîãî âëèÿíèÿ, âêëþ÷àÿ ëèíèþ

ñïëàâëåíèÿ, — óðàâíåíèåì
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2

, (12)

ãäå ïàðàìåòðû Di (ïðè i = 1 – 6), B0 è óâ ïðèâåäå-

íû â [6].
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Óðàâíåíèå (8) îïèñûâàåò êèíåòè÷åñêóþ äèà-

ãðàììó ìàëîöèêëîâîãî ðàçðóøåíèÿ ñâàðíûõ ñî-

åäèíåíèé ïðè íàëè÷èè íàêëîííûõ ñ ïðåîáëàäà-

þùèì ïåðâûì ãëàâíûì íîìèíàëüíûì íàïðÿæå-

íèåì ïîâåðõíîñòíûõ ïîëóýëëèïòè÷åñêèõ òðåùèí

ñ ó÷åòîì àíèçîòðîïèè ñâîéñòâ. Ýêñïåðèìåí-

òàëüíûå ðåçóëüòàòû ïîñòðîåíèÿ êèíåòè÷åñêîé

äèàãðàììû óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ

òàêæå ïîêàçûâàþò, ÷òî èñõîäíûå îñòàòî÷íûå

íàïðÿæåíèÿ ñâàðêè íå îêàçûâàþò ïðèíöèïè-

àëüíîãî âëèÿíèÿ íà ðàçâèòèå òðåùèí ïîñëå íå-

ñêîëüêèõ äåñÿòêîâ öèêëîâ óïðóãîïëàñòè÷åñêèõ

íàãðóæåíèé.

Ïðåäñòàâëåííûå íà ðèñ. 4 ðåçóëüòàòû ïîêà-

çûâàþò õîðîøåå ñîãëàñîâàíèå ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíûõ è ÷èñëåííûõ çàâèñèìîñòåé îòíîñè-

òåëüíûõ èíòåíñèâíîñòåé óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé e
i

âáëèçè êîíòóðà ïîëóýëëèïòè÷åñêîé

òðåùèíû, íàõîäÿùåéñÿ â çîíå òåðìè÷åñêîãî

âëèÿíèÿ, îò îòíîñèòåëüíîãî ðàññòîÿíèÿ îò òî÷åê

âåðøèíû êîíòóðà r/t (r — ðàññòîÿíèå, t — òîëùè-

íà ñòåíêè îáðàçöà) äëÿ øèðîêîãî äèàïàçîíà ãåî-

ìåòðèé òðåùèíû; �
ni

= óni/óòi — íîìèíàëüíîå îò-

íîñèòåëüíîå íàïðÿæåíèå.

Íà îñíîâå àíàëèçà ïðîâåäåííûõ ýêñïåðèìåí-

òàëüíûõ è ÷èñëåííûõ èññëåäîâàíèé ïîëó÷åíû

êîëè÷åñòâåííàÿ îöåíêà êèíåòèêè ïîëåé ëîêàëü-

íûõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â òî÷êàõ

êîíòóðà ôðîíòà èññëåäóåìûõ òðåùèí [1 – 21] è

îáîáùåííàÿ äèàãðàììà ìàëîöèêëîâîãî ðàçðóøå-

íèÿ ñ ó÷åòîì äåôîðìàöèîííîé àíèçîòðîïèè

ñâîéñòâ ìàòåðèàëà.

Âûâîäû

Ïîëó÷åíû íîâûå ðåçóëüòàòû ðàñ÷åòíî-ýêñ-

ïåðèìåíòàëüíûõ è ÷èñëåííûõ èññëåäîâàíèé

ïðîöåññà èçìåíåíèÿ óïðóãîïëàñòè÷åñêîé äå-

ôîðìàöèîííîé àíèçîòðîïèè, êîòîðûå õîðîøî ñî-

ãëàñóþòñÿ.

Ñôîðìóëèðîâàíà ôóíêöèîíàëüíàÿ çàâèñè-

ìîñòü âëèÿíèÿ àíèçîòðîïèè ìåõàíè÷åñêèõ

ñâîéñòâ ìàòåðèàëà íà ïàðàìåòðû êèíåòè÷åñêîé

äèàãðàììû ìàëîöèêëîâîãî ðàçðóøåíèÿ â òðåõ-

ìåðíîé êîíôèãóðàöèè òðåùèí.

Ðåçóëüòàòû, ïðåäñòàâëåííûå â äàííîé ðàáî-

òå, íà îñíîâå íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ

ìîãóò áûòü èñïîëüçîâàíû äëÿ áîëåå òî÷íîãî

ïðåäñêàçàíèÿ ïðî÷íîñòè, áåçîòêàçíîé ðàáîòû è

æèâó÷åñòè îòâåòñòâåííîãî îáîðóäîâàíèÿ è êîí-

ñòðóêöèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå ãðàíòà ÐÔÔÈ ¹ 18-08-00572-à.
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Â ðàìêàõ íàó÷íî-òåõíè÷åñêèõ ðàáîò ïî ñîçäàíèþ ïåðñïåêòèâíûõ êîíñòðóêöèé ðåôëåêòî-

ðîâ êîñìè÷åñêèõ àíòåíí ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîëèìåðíîãî êîì-

ïîçèòíîãî ìàòåðèàëà ñ ýôôåêòîì ïàìÿòè ôîðìû. Èññëåäîâàííûé ìàòåðèàë ñîñòîèò èç

òðåõ ñëîåâ óãëåðîäíîé áèàêñèàëüíîé òêàíè Ñò 12073, ïðîïèòàííûõ ïîëèìåðíîé ìàòðèöåé

Diaplex MP5510 íà îñíîâå ïîëèóðåòàíà. Äàííûé ìàòåðèàë ïðåäíàçíà÷åí äëÿ èçãîòîâëåíèÿ

øïàíãîóòà, ïðèìåíÿåìîãî â êîíñòðóêöèè ïðåöèçèîííîãî êîìïîçèòíîãî ðåôëåêòîðà êîñìè-

÷åñêîé àíòåííû. Øïàíãîóò ïðè ðàñêðûòèè ðåôëåêòîðà â òðàíñïîðòíîå ïîëîæåíèå ïðèíè-

ìàåò ðàíåå çàäàííóþ ôîðìó ïîñðåäñòâîì íàãðåâà, ÷òî ïîçâîëÿåò óâåëè÷èòü æåñòêîñòü îáî-

ëî÷êè ðåôëåêòîðà íà ïåðèôåðèè è ïîâûñèòü òî÷íîñòü îòðàæàþùåé ïîâåðõíîñòè. Äëÿ èçó-

÷åíèÿ ôóíêöèîíàëüíûõ è ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà øïàíãîóòà ïðè åãî èçãîòîâëå-

íèè è ðàçëè÷íûõ ðåæèìàõ ðàáîòû áûëè ïðîâåäåíû èñïûòàíèÿ îáðàçöîâ ñ ðàçëè÷íûìè

ñõåìàìè àðìèðîâàíèÿ: [03], [0/±60] è [0/±45]. Èññëåäîâàëè ñòåïåíü ôèêñàöèè, ñòåïåíü âîñ-

ñòàíîâëåíèÿ è ñêîðîñòü âîññòàíîâëåíèÿ ôîðìû â çàâèñèìîñòè îò ñõåìû àðìèðîâàíèÿ, ñêî-

ðîñòè äåôîðìèðîâàíèÿ è âðåìåíè âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè. Äëÿ ýòîãî

áûëà ðàçðàáîòàíà ïðîãðàììà èñïûòàíèé îáðàçöîâ, êîòîðàÿ âêëþ÷àëà íåñêîëüêî ýòàïîâ.

Íà ïåðâûõ ýòàïàõ ïðîâîäèëè èñïûòàíèÿ íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû ïðè òðåõ-

òî÷å÷íîì èçãèáå ïëîñêèõ îáðàçöîâ ïðè ñêîðîñòÿõ äåôîðìèðîâàíèÿ 1,5 è 10 ìì/ñ è âðåìåíè

âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè â òå÷åíèå 24, 48 è 96 ÷. Ïî ðåçóëüòàòàì èñïûòà-

íèé ìàòåðèàë ñî ñõåìîé àðìèðîâàíèÿ [03] ïðèíÿò êàê îïòèìàëüíûé äëÿ èçãîòîâëåíèÿ

øïàíãîóòà, ïîñêîëüêó èìåë ìàêñèìàëüíûå ñòåïåíü è ñêîðîñòü âîññòàíîâëåíèÿ ôîðìû. Äëÿ

âûáðàííîãî ìàòåðèàëà íà çàêëþ÷èòåëüíîì ýòàïå èññëåäîâàíèé îïðåäåëÿëè ìîäóëü óïðóãî-

ñòè è ïðåäåë ïðî÷íîñòè ïðè ðàçëè÷íûõ òåìïåðàòóðàõ ýêñïëóàòàöèè øïàíãîóòà: –50, +20 è

+60 °C. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî èññëåäîâàííûé êîìïîçèòíûé ìàòåðèàë

îáëàäàåò òðåáóåìûì ýôôåêòîì ïàìÿòè ôîðìû è ÿâëÿåòñÿ ïåðñïåêòèâíûì äëÿ èçãîòîâëå-

íèÿ øïàíãîóòà ïðè óñëîâèè ïðèìåíåíèÿ òåïëîèçîëÿöèè.

Êëþ÷åâûå ñëîâà: êîìïîçèòíûé ìàòåðèàë; ïàìÿòü ôîðìû; ðåôëåêòîð; èñïûòàíèÿ; ìåõà-

íè÷åñêèå ñâîéñòâà.
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Experimental study of the shape memory polymer composite is carried out as a part of scientific and tech-

nological work aimed at development of the new promising reflectors for space antenna. The studied ma-

terial consists of three-layered carbon biaxial fabric St 12073 impregnated with a polyurethane-based

Diaplex MP5510 polymer matrix. This material is intended for manufacturing a frame used in the con-

struction of a precise composite reflector of space antenna. When opening the reflector to the transport po-

sition, the rim activated by heating recovers a previously specified shape thus increasing the rigidity of the
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reflector at the periphery and enhancing the accuracy of the reflecting surface. To study the functional

and mechanical properties of the rim material in manufacturing and operating conditions, experimental

tests were carried out on the samples with different schemes of reinforcement: [03], [0/±60] and [0/±45].

The main goal of the study is to determine the degree and rate of the shape recovery, reinforcement

angles, deformation rate and exposure time in the strained state. The developed test program included

several stages. At the first stages, tests were carried out for fixing and restoring the shape upon three-

point bending of flat samples at a strain rate of 1, 5, and 10 mm/sec and exposure of the specimens in de-

formed state for 24, 48, and 96 h. According to the results the material with the reinforcement angles [03]

was accepted as optimal for the rim design, as it has maximal shape recovery parameters. For the selected

material at the final stage of the study, the elastic modulus and tensile strength were determined at oper-

ating temperatures –50, +20, and +60°C. The tests showed that the studied polymer composite material

has the desired shape memory properties and is promising for the rim manufacturing provided the heat

insulation during operation.

Keywords: composite material; shape memory; reflector; testing; mechanical properties.

Ââåäåíèå

Êîìïîçèòíûå ìàòåðèàëû íà îñíîâå ïîëè-

ìåðîâ ñ ïàìÿòüþ ôîðìû íàõîäÿò âñå áîëüøåå

ïðèìåíåíèå â ñîâðåìåííîé òåõíèêå [1, 2]. Ýòè

ìàòåðèàëû, èñïûòûâàÿ áîëüøèå äåôîðìàöèè,

ñïîñîáíû âîññòàíàâëèâàòü ôîðìó ïðè óïðàâëÿå-

ìîì àêòèâèðóþùåì âîçäåéñòâèè [3]. Àêòèâàöèÿ

ýôôåêòà ïàìÿòè ôîðìû äëÿ ðàçëè÷íûõ òèïîâ ïî-

ëèìåðîâ ñ ïàìÿòüþ ôîðìû ìîæåò ïðîèñõîäèòü

ïðè âîçäåéñòâèè òåìïåðàòóðû, ýëåêòðîìàãíèòíî-

ãî èçëó÷åíèÿ, õèìè÷åñêîãî âîçäåéñòâèÿ [4].

Â îòëè÷èå îò ìåòàëëè÷åñêèõ ñïëàâîâ ñ ïà-

ìÿòüþ ôîðìû, êîòîðûå èìåþò âûñîêîòåìïåðà-

òóðíóþ àóñòåíèòíóþ è íèçêîòåìïåðàòóðíóþ ìàð-

òåíñèòíóþ ôàçû, â ïîëèìåðàõ òåðìîàêòèâèðó-

åìûé ýôôåêò ïàìÿòè ôîðìû ðåàëèçóåòñÿ çà ñ÷åò

«çàìîðîæåííûõ» âûñîêîýëàñòè÷åñêèõ äåôîð-

ìàöèé. Ïðè íà÷àëüíîì äåôîðìèðîâàíèè â ìàòå-

ðèàëå çàïàñàåòñÿ óïðóãàÿ ýíåðãèÿ, êîòîðàÿ âû-

ñâîáîæäàåòñÿ çà ñ÷åò òåïëîâîãî âîçäåéñòâèÿ ïðè

òåìïåðàòóðå ñòåêëîâàíèÿ ïîëèìåðíîé ìàòðèöû,

÷òî ïðèâîäèò ê âîññòàíîâëåíèþ èñõîäíîé ôîðìû

òåëà [5].

Áëàãîäàðÿ ñâîèì ñâîéñòâàì ïîëèìåðíûå êîì-

ïîçèòíûå ìàòåðèàëû ñ ýôôåêòîì ïàìÿòè ôîðìû

ÿâëÿþòñÿ ïåðñïåêòèâíûìè äëÿ ñîçäàíèÿ ýëåìåí-

òîâ êîíñòðóêöèé êîñìè÷åñêèõ àïïàðàòîâ. Èõ

îòíîñèòåëüíî ìàëàÿ ïëîòíîñòü, âûñîêèå ìåõàíè-

÷åñêèå è ïðî÷íîñòíûå ñâîéñòâà ñîâìåñòíî ñî ñïî-

ñîáíîñòüþ âîññòàíàâëèâàòü ðàíåå çàäàííóþ ôîð-

ìó ïîçâîëÿþò ñîçäàâàòü óíèêàëüíûå òåõíè÷åñêèå

èçäåëèÿ, òàêèå êàê ýëåìåíòû ðàçâåðòûâàåìîé

ñòðåëû íà ñïóòíèêå, âêëþ÷àòåëè äëÿ ðàçâåðòû-

âàíèÿ ñîëíå÷íûõ áàòàðåé, ýëåìåíòû æåñòêîñòè

ðåôëåêòîðà êîñìè÷åñêîé àíòåííû, êàðêàñ íàäóâ-

íîãî ëóííîãî ìîäóëÿ [6 – 8]. Îäíî èç íèõ ïðèìå-

íÿåòñÿ â ïåðñïåêòèâíîé êîíñòðóêöèè ïðåöèçèîí-

íîãî êîìïîçèòíîãî ðåôëåêòîðà êîñìè÷åñêîé àí-

òåííû, ðàçðàáàòûâàåìîãî ÀÎ «ÈÑÑ» ñîâìåñòíî ñ

ÑèáÃÓ èì. Ðåøåòíåâà ïðè ó÷àñòèè ñïåöèàëèñòîâ

ÑÊÒÁ «Íàóêà» ÈÂÒ ÑÎ ÐÀÍ [9 – 11].

Êîíñòðóêöèÿ ðåôëåêòîðà ïðåäñòàâëÿåò ñîáîé

òîíêóþ êîìïîçèòíóþ îáîëî÷êó äèàìåòðîì 4 ì,

çàêðåïëåííóþ ïîñðåäñòâîì êðîíøòåéíîâ íà øåñò-

íàäöàòè ñïèöàõ (ðèñ. 1). Ïî ïåðèìåòðó îáîëî÷êè

óñòàíîâëåí øïàíãîóò ñ ïàìÿòüþ ôîðìû, êîòîðûé

ïðè ðàñêðûòèè ðåôëåêòîðà (ðàáî÷åå ïîëîæåíèå)

àêòèâèðóåòñÿ ïóòåì íàãðåâà è ïðèíèìàåò ðàíåå

çàäàííóþ ôîðìó. Ýòî ïîçâîëÿåò óâåëè÷èòü æåñò-

êîñòü îáîëî÷êè íà åå ïåðèôåðèè è, êàê ñëåäñòâèå,
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Ðèñ. 1. Êîíñòðóêöèÿ ðåôëåêòîðà êîñìè÷åñêîé àíòåííû: à — ðàáî÷åå ïîëîæåíèå; á — òðàíñïîðòíîå ïîëîæåíèå

Fig. 1. Design of the space antenna reflector: a — operating position; b — transport position



ïîâûñèòü òî÷íîñòü îòðàæàþùåé ïîâåðõíîñòè

ðåôëåêòîðà, ÷òî îáåñïå÷èâàåò íàèëó÷øèå ïîêà-

çàòåëè êà÷åñòâà ñèãíàëà.

Â êà÷åñòâå ìàòåðèàëà øïàíãîóòà ðàññìàòðè-

âàëè òðåõñëîéíûé êîìïîçèò. Ñëîè ìàòåðèàëà ñî-

ñòîÿëè èç áèàêñèàëüíîé òêàíè Ñò 12073 íà îñíî-

âå óãëåðîäíûõ âîëîêîí Torayca T 300 3K, ïðîïè-

òàííîé ïîëèìåðíîé ìàòðèöåé Diaplex MP5510.

Äàííàÿ ìàòðèöà èçãîòîâëåíà íà îñíîâå ïîëèóðå-

òàíà è îáåñïå÷èâàåò íåîáõîäèìûé ýôôåêò ïàìÿ-

òè ôîðìû. Îñíîâíûå ñâîéñòâà ïðèìåíÿåìûõ

êîìïîíåíòîâ ïðåäñòàâëåíû â òàáë. 1.

Ýôôåêò ïàìÿòè ôîðìû â ðàññìàòðèâàåìîì

ìàòåðèàëå ðåàëèçóþò â ïðîöåññå ïîýòàïíîãî ìå-

õàíè÷åñêîãî è òåðìè÷åñêîãî âîçäåéñòâèÿ. Íà ïåð-

âîì ýòàïå èçäåëèå èç ìàòåðèàëà ôîðìóþò ìåòî-

äîì ïðÿìîãî ïðåññîâàíèÿ ïðè íîðìàëüíîé òåìïå-

ðàòóðå äëÿ ïðèäàíèÿ òðåáóåìîé íà÷àëüíîé ôîð-

ìû. Íà âòîðîì ýòàïå èçäåëèå íàãðåâàþò äî òåì-

ïåðàòóðû âûøå òåìïåðàòóðû ñòåêëîâàíèÿ

ïîëèìåðíîé ìàòðèöû, äåôîðìèðóþò è â äåôîð-

ìèðîâàííîì ñîñòîÿíèè îõëàæäàþò äî íîðìàëü-

íîé òåìïåðàòóðû, òåì ñàìûì ôèêñèðóÿ åãî âðå-

ìåííóþ ôîðìó. Íà òðåòüåì ýòàïå èçäåëèå âíîâü

íàãðåâàþò äî òåìïåðàòóðû âûøå òåìïåðàòóðû

ñòåêëîâàíèÿ è âîññòàíàâëèâàþò íà÷àëüíóþ ôîð-

ìó, êîòîðóþ îíî èìåëî íà ïåðâîì ýòàïå. Íà îñíî-

âå äàííîãî ìåõàíèçìà ðàçðàáîòàí ïðèíöèï ðàáî-

òû øïàíãîóòà äëÿ ðåôëåêòîðà êîñìè÷åñêîé àí-

òåííû, êîòîðûé ñõåìàòè÷åñêè ïðåäñòàâëåí íà

ðèñ. 2.

Öåëü ðàáîòû è ìåòîäèêà èññëåäîâàíèé

Äëÿ èçó÷åíèÿ ôóíêöèîíàëüíûõ ñâîéñòâ

øïàíãîóòà ïðè ðàçëè÷íûõ ðåæèìàõ ðàáîòû è

òåõíîëîãè÷åñêîì ïðîöåññå èçãîòîâëåíèÿ, à òàêæå

îïðåäåëåíèÿ åãî îñíîâíûõ ìåõàíè÷åñêèõ ñâîéñòâ

áûëè ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâà-

íèÿ ðàçëè÷íûõ îáðàçöîâ ìàòåðèàëà øïàíãîóòà.

Çàäà÷à èññëåäîâàíèé — óñòàíîâëåíèå ïîêàçàòå-

ëåé ïàìÿòè ôîðìû ïðè ðàçëè÷íûõ ñòðóêòóðå àð-

ìèðîâàíèÿ êîìïîçèòíîãî ìàòåðèàëà, ñêîðîñòè

äåôîðìèðîâàíèÿ è âðåìåíè âûäåðæêè â äåôîð-

ìèðîâàííîì ñîñòîÿíèè. Ïî ðåçóëüòàòàì èññëåäî-

âàíèé ïðèíèìàëè îïòèìàëüíóþ ñòðóêòóðó àðìè-

ðîâàíèÿ ìàòåðèàëà, äëÿ êîòîðîé îïðåäåëÿëè ìî-

äóëü óïðóãîñòè è ïðåäåë ïðî÷íîñòè ïðè ðàçíûõ

òåìïåðàòóðàõ.

Ó÷èòûâàÿ îïûò, ïðåäñòàâëåííûé â ðàáîòàõ

[12 – 14], à òàêæå ïðèíöèï è óñëîâèÿ ðàáîòû

øïàíãîóòà äëÿ ðåøåíèÿ äàííîé çàäà÷è, ñîâìåñò-

íî ñ ÑèáÃÓ èì. Ðåøåòíåâà ìû ðàçðàáîòàëè ìåòî-

äèêè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, âêëþ-

÷àþùèå ïðîâåäåíèå ñëåäóþùèõ èñïûòàíèé ìà-

òåðèàëà øïàíãîóòà:

1) íà òðåõòî÷å÷íûé èçãèá ïðè êîìíàòíîé

òåìïåðàòóðå äëÿ îïðåäåëåíèÿ ïðåäåëüíîãî ïðî-

ãèáà, ñîîòâåòñòâóþùåãî ðàçðóøåíèþ îáðàçöà;

2) íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû

ïðè òðåõòî÷å÷íîì èçãèáå äëÿ âûáîðà îïòèìàëü-

íîé ñòðóêòóðû àðìèðîâàíèÿ ìàòåðèàëà è ñêî-

ðîñòè äåôîðìèðîâàíèÿ;

3) íà ôèêñàöèþ è âîññòàíîâëåíèå ôîðìû

ïðè òðåõòî÷å÷íîì èçãèáå ïðè ðàçëè÷íîì âðåìåíè
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Ðèñ. 2. Ïðèíöèï ðàáîòû øïàíãîóòà ñ ïàìÿòüþ ôîðìû: à — ôîðìîâàíèå øïàíãîóòà; á — êðåïëåíèå øïàíãîóòà ê ôîð-

ìîîáðàçóþùåé; â — ôèêñàöèÿ âðåìåííîé ôîðìû â òðàíñïîðòíîì ïîëîæåíèè; ã — âîññòàíîâëåíèå ôîðìû â ðàáî÷åì ïîëî-

æåíèè

Fig. 2. The operating principle of the shape memory rim; a — molding of the rim; b — mounting to the reflector shell; c — fix-

ation of the temporary form in a transport position; d — shape recovery in operating position

Òàáëèöà 1. Ñâîéñòâà êîìïîíåíòîâ ìàòåðèàëà øïàíãîóòà ñ ïàìÿòüþ ôîðìû

Table 1. The properties of the components of shape memory material

Êîìïîíåíò
Ïëîòíîñòü,

ãì/ñì3

Ñîäåðæàíèå

ïî îáúåìó, %

Ìîäóëü

óïðóãîñòè, ÃÏà

Ïðåäåë

ïðî÷íîñòè, ÌÏà

Òåìïåðàòóðà

ñòåêëîâàíèÿ, °C

Óãëåðîäíîå âîëîêíî Torayca T 300 3K 1,76 50 230 3530 —

Ïîëèìåðíàÿ ìàòðèöà Diaplex MP5510 1,21 50 1,80 52 55



âûäåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè (ñî-

ñòîÿíèè âðåìåííîé ôîðìû);

4) íà ðàñòÿæåíèå ïðè òåìïåðàòóðàõ –50, +20

è +60 °C äëÿ îïðåäåëåíèÿ ìîäóëÿ óïðóãîñòè è

ïðåäåëà ïðî÷íîñòè â ðàçëè÷íûõ óñëîâèÿõ ðàáîòû

øïàíãîóòà.

Èñïûòàíèÿ ïðîâîäèëè â Èíæåíåðíî-èñïûòà-

òåëüíîì öåíòðå ÈÂÒ ÑÎ ÐÀÍ è â Èíñòèòóòå ãèä-

ðîäèíàìèêè èì. Ì. À. Ëàâðåíòüåâà ÑÎ ÐÀÍ. Äëÿ

èñïûòàíèé ñîãëàñíî ï. 1 ïðèìåíÿëè óíèâåðñàëü-

íóþ èñïûòàòåëüíóþ ìàøèíó Tinius Olsen 100ST,

îáîðóäîâàííóþ âèäåîýêñòåíçîìåòðîì. Äëÿ èñïû-

òàíèé ïî ïï. 2 – 4 èñïîëüçîâàëè óíèâåðñàëüíóþ

èñïûòàòåëüíóþ ìàøèíó Zwick/Roell Z100, îáîðó-

äîâàííóþ òåðìîêðèîêàìåðîé, âèäåîýêñòåíçîìåò-

ðîì, êîíòàêòíûì ýêñòåíçîìåòðîì è òåðìîïàðàìè

äëÿ èçìåðåíèÿ òåìïåðàòóðû îáðàçöîâ.

Ïðèìåíåíèå âèäåîýêñòåíçîìåòðà îáóñëîâëå-

íî íåîáõîäèìîñòüþ èçìåðÿòü ïðîãèá îáðàçöîâ

áåñêîíòàêòíûì ñïîñîáîì ââèäó èõ ìàëûõ ðàçìå-

ðîâ. Äëÿ ýòîãî ïåðåä èñïûòàíèåì íà îáðàçöû

ñíèçó íàêëåèâàëèñü êîíòðàñòíûå ìåòêè äèàìåò-

ðîì 5 ìì (ðèñ. 3). Â ïðîöåññå äåôîðìèðîâàíèÿ

ïðîâîäèëè âèäåîçàïèñü ïåðåìåùåíèé ìåòîê c îá-

ðàáîòêîé â ðåàëüíîì âðåìåíè ìåòîäîì êîððåëÿ-

öèè èçîáðàæåíèé. Ñóòü äàííîãî ìåòîäà çàêëþ÷à-

åòñÿ â ñðàâíåíèè íà÷àëüíîãî è òåêóùåãî ïîëîæå-

íèé ìåòêè íà âèäåîêàäðàõ ïîñðåäñòâîì ñïåöè-

àëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ è îïðåäåëå-

íèè åå ñìåùåíèÿ [15]. Â ðåçóëüòàòå ôèêñèðóþò

âåðòèêàëüíîå ñìåùåíèå ìåòêè â çàâèñèìîñòè îò

âðåìåíè è ñòðîÿò äèàãðàììó ïðîãèá — âðåìÿ, êî-

òîðóþ çàïèñûâàþò íà æåñòêèé äèñê êîìïüþòåðà.

Äëÿ èñïûòàíèé íà òðåõòî÷å÷íûé èçãèá ñî-

ãëàñíî ïï. 1 – 3 ïðèìåíÿëè ïëîñêèå ïðÿìîóãîëü-

íûå îáðàçöû äëèíîé 50, øèðèíîé 10 è òîëùèíîé

0,6 ìì. Ðàññòîÿíèå ìåæäó îïîðàìè ñîñòàâëÿëî

40 ìì, ðàäèóñ çàêðóãëåíèÿ îïîð è íàãðóæàþùåãî

ïóàíñîíà 5 ìì. Îáðàçöû èçãîòîâëÿëè â òðåõ âà-

ðèàíòàõ — ñ ðàçëè÷íûìè ñõåìàìè àðìèðîâàíèÿ:

[03], [0/±60] è [0/±45]. Äëÿ èñïûòàíèé íà ðàñòÿ-

æåíèå ïî ï. 4 ïðèìåíÿëè ïðÿìîóãîëüíûå ïëîñêèå

îáðàçöû ñ íàêëàäêàìè ñ äëèíîé ðàáî÷åé ÷àñòè

50, øèðèíîé 16 è òîëùèíîé 0,6 ìì.

Ïî ðåçóëüòàòàì èñïûòàíèé ï. 1 áûë îïðåäå-

ëåí ïðåäåëüíûé ïðîãèá äëÿ âñåõ âàðèàíòîâ àð-

ìèðîâàíèÿ ìàòåðèàëà øïàíãîóòà. Ñðåäíåå çíà÷å-

íèå ïðîãèáà ñîñòàâèëî 7,6 ìì, îíî è áûëî ïðèíÿ-

òî â êà÷åñòâå íàãðóçêè ïðè èñïûòàíèÿõ ïî ïï. 2

è 3. Íàãðóæåíèå ïðîâîäèëè ïðè ðàçëè÷íûõ ñêî-

ðîñòÿõ — 1, 5 è 10 ìì/ñ. Îáùàÿ ïîñëåäîâàòåëü-

íîñòü èñïûòàíèé ïî ïï. 2 è 3 ñîñòîÿëà èç ñëåäó-

þùèõ ñòàäèé:

íà îáðàçöû ïðèêëåèâàëè ìåòêè äëÿ áåñêîí-

òàêòíîé ôèêñàöèè ïðîãèáà ïîñðåäñòâîì âèäåî-

ýêñòåíçîìåòðà;

îáðàçöû ðàçìåùàëè â òåðìîêðèîêàìåðå íà

îïîðàõ äëÿ èçãèáà;

ê îáðàçöàì ïîäâîäèëè òåðìîïàðû, è íàãðåâà-

ëè îáðàçöû äî òåìïåðàòóðû 70 °C, ïðåâûøàþ-

ùåé òåìïåðàòóðó ñòåêëîâàíèÿ ìàòðèöû;

îáðàçöû íàãðóæàëè â íàãðåòîì ñîñòîÿíèè íà

âåëè÷èíó ïðîãèáà, ðàâíóþ 7,6 ìì, ñ çàäàííîé

ñêîðîñòüþ;

îáðàçöû, íàõîäÿùèåñÿ ïîä íàãðóçêîé, îõëàæ-

äàëè äî êîìíàòíîé òåìïåðàòóðû;

îáðàçöû ðàçãðóæàëè è âûäåðæèâàëè ïðè êîì-

íàòíîé òåìïåðàòóðå äî ìîìåíòà ôèêñàöèè âðå-

ìåííîé ôîðìû;

ïðè èñïûòàíèÿõ ïî ï. 3 îáðàçöû äîïîëíè-

òåëüíî âûäåðæèâàëè â ñîñòîÿíèè âðåìåííîé

ôîðìû â òå÷åíèå 24, 48 è 96 ÷;

îáðàçöû íàãðåâàëè äî òåìïåðàòóðû 70 °C è

âûäåðæèâàëè ïðè äàííîé òåìïåðàòóðå äî ìîìåí-

òà âîññòàíîâëåíèÿ íà÷àëüíîé ôîðìû.

Â ïðîöåññå èñïûòàíèé ôèêñèðîâàëè äèàãðàì-

ìû âðåìÿ — ïðîãèá. Ïðèìåðû ïîëó÷åííûõ äèà-

ãðàìì, ñîîòâåòñòâóþùèõ ýòàïàì íàãðóæåíèÿ,

ôèêñàöèè è âîññòàíîâëåíèÿ ôîðìû, ïðåäñòàâëå-

íû íà ðèñ. 4.

Ïî ðåçóëüòàòàì îáðàáîòêè äèàãðàìì îïðåäå-

ëÿëè ñòåïåíü ôèêñàöèè ôîðìû Rfix, ñòåïåíü âîñ-

ñòàíîâëåíèÿ ôîðìû Rr è ñêîðîñòü âîññòàíîâëå-

íèÿ ôîðìû vr ïî ñëåäóþùèì ôîðìóëàì:

R
y

y
fix

fix

load

� · %,100 (1)

R
y y

y
r

fix r

fix

�

�

· %,100 (2)

v
y y

t
r

fix r
�

�
90

90
�

, (3)

ãäå yload, yfix, yr — âåëè÷èíû ïðîãèáà (ìì) îáðàçöà

ïðè íàãðóæåíèè, ïîñëå ôèêñàöèè âðåìåííîé

ôîðìû, ïîñëå âîññòàíîâëåíèÿ ôîðìû ñîîòâåò-

ñòâåííî; yr90 — âåëè÷èíà ïðîãèáà, ñîîòâåòñòâó-

þùàÿ 90 % âîññòàíîâëåííîé ôîðìû; Ät90 — âðå-

54 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1

Ðèñ. 3. Îáðàçåö ñ ìåòêîé ïîñëå ôèêñàöèè âðåìåííîé

ôîðìû

Fig. 3. The specimen with a mark after fixing the tempo-

rary form



ìÿ (ñ), çàòðà÷åííîå äëÿ âîññòàíîâëåíèÿ 90 %

ôîðìû.

Îáñóæäåíèå ðåçóëüòàòîâ

Îáîáùåííûå ðåçóëüòàòû èñïûòàíèé, ïðîâå-

äåííûõ ñîãëàñíî ï. 2, ïðåäñòàâëåíû íà ðèñ. 5.

Â ïðîöåññå èñïûòàíèé áûëî âûÿâëåíî, ÷òî îäíîé

èç âàæíûõ ÿâëÿåòñÿ ñòàäèÿ ôèêñàöèè âðåìåííîé

ôîðìû. Ðåçóëüòàòû ïîêàçûâàþò, ÷òî ñòåïåíü

ôèêñàöèè ôîðìû íå äîñòèãàåò 100 %, à èçìåíÿ-

åòñÿ â äèàïàçîíå îò 86 äî 92 %. Ýòî ñâÿçàíî ñ òåì,

÷òî óñèëèå, âîçíèêàþùåå â îáðàçöå, çíà÷èòåëüíî

èçìåíÿåòñÿ â ïðîöåññå íàãðóçêè è îõëàæäåíèÿ.

Íà ðèñ. 6 ïðåäñòàâëåí ïðèìåð ñîîòâåòñòâóþùåé

äèàãðàììû óñèëèå – âðåìÿ. Äèàãðàììà ïîêàçû-

âàåò, ÷òî ïîñëå íà÷àëà îõëàæäåíèÿ îáðàçöà óñè-

ëèå ñî âðåìåíåì âîçðàñòàåò, ïîñêîëüêó âíóòðåí-

íèå ìåõàíè÷åñêèå è òåìïåðàòóðíûå íàïðÿæåíèÿ

â îáðàçöå ñòðåìÿòñÿ âåðíóòü åãî ïåðâîíà÷àëüíóþ

ôîðìó, ÷òî óìåíüøàåò îñòàòî÷íûé ïðîãèá îáðàç-

öà yfix.

Ñðàâíåíèå ðàçëè÷íûõ ñõåì àðìèðîâàíèÿ ïî-

êàçûâàåò, ÷òî îïòèìàëüíûìè ñ òî÷êè çðåíèÿ èñ-

ñëåäóåìûõ ïàðàìåòðîâ ïàìÿòè ôîðìû ÿâëÿþòñÿ

îáðàçöû ñî ñõåìîé àðìèðîâàíèÿ [03] ïðè ñêî-

ðîñòè íàãðóæåíèÿ 1 ìì/ñ, òàê êàê îíè èìåþò ìàê-

ñèìàëüíóþ ñòåïåíü è ñêîðîñòü âîññòàíîâëåíèÿ

ôîðìû. Ïðè ýòîì ñòåïåíü ôèêñàöèè ôîðìû íå

èìååò âûðàæåííîé çàâèñèìîñòè îò ñêîðîñòè íà-

ãðóæåíèÿ è ñõåìû àðìèðîâàíèÿ. Òàêèì îáðàçîì,

ìàòåðèàë ñî ñõåìîé àðìèðîâàíèÿ [03] ïðèíÿò êàê

íàèáîëåå ïåðñïåêòèâíûé äëÿ èñïîëüçîâàíèÿ â

êîíñòðóêöèè øïàíãîóòà. Ðåçóëüòàòû èñïûòàíèé

îáðàçöîâ èç äàííîãî ìàòåðèàëà ñîãëàñíî ï. 3.

(ðèñ. 7) â öåëîì íå ïîêàçàëè âûðàæåííîé çàâèñè-

ìîñòè ñâîéñòâ ïàìÿòè ôîðìû îò âðåìåíè âû-

äåðæêè â äåôîðìèðîâàííîì ñîñòîÿíèè. Äàííûå

çàêëþ÷èòåëüíûõ èñïûòàíèé ïî ï. 4 ïðåäñòàâëå-

íû â òàáë. 2.
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Ðèñ. 4. Äèàãðàììû ïðîãèá — âðåìÿ íà ñòàäèÿõ íàãðóæåíèÿ (à), ôèêñàöèè ôîðìû (á) è âîññòàíîâëåíèÿ ôîðìû (â)

Fig. 4. Deflection vs. time diagrams: a — loading stage; b — shape fixation; c — shape recovery

Ðèñ. 5. Îáîáùåííûå ðåçóëüòàòû èñïûòàíèé

Fig. 5. The summarized results of testing

Ðèñ. 6. Äèàãðàììà èçìåíåíèÿ óñèëèÿ ïðè ôèêñàöèè âðå-

ìåííîé ôîðìû

Fig. 6. The load diagram during fixation of the temporary

form



Âûâîäû

Êàê ïîêàçûâàþò ðåçóëüòàòû, ìåõàíè÷åñêèå

ñâîéñòâà ìàòåðèàëà øïàíãîóòà èìåþò âûðàæåí-

íóþ çàâèñèìîñòü îò òåìïåðàòóðû. Ìîäóëü óïðó-

ãîñòè è ïðåäåë ïðî÷íîñòè äîñòèãàþò ìàêñèìàëü-

íûõ çíà÷åíèé ïðè îòðèöàòåëüíîé òåìïåðàòóðå è

ìèíèìàëüíûõ — ïðè ïîâûøåííîé. Ýòî îáóñëîâ-

ëåíî ðàçìÿã÷åíèåì ìàòðèöû ïðè òåìïåðàòóðàõ,

áëèçêèõ ê òåìïåðàòóðå ñòåêëîâàíèÿ èëè âûøå,

âñëåäñòâèå ÷åãî íàðóøàåòñÿ ñâÿçü ìåæäó àðìè-

ðóþùèìè âîëîêíàìè ìàòåðèàëà, ñíèæàþòñÿ åãî

æåñòêîñòü è ïðî÷íîñòü.

Èç ïðîâåäåííûõ èññëåäîâàíèé ñëåäóåò, ÷òî

ðàññìàòðèâàåìûé êîìïîçèòíûé ìàòåðèàë øïàí-

ãîóòà îáëàäàåò òðåáóåìûì ýôôåêòîì ïàìÿòè

ôîðìû. Ïîëó÷åííûå çíà÷åíèÿ ñâîéñòâ ôèêñàöèè

è âîññòàíîâëåíèÿ ôîðìû ïîçâîëÿþò ñ÷èòàòü äàí-

íûé ìàòåðèàë ïåðñïåêòèâíûì ïðè ñõåìå àðìèðî-

âàíèÿ âîëîêîí [03]. Îäíàêî ñëåäóåò ó÷èòûâàòü

ñóùåñòâåííîå âëèÿíèå òåìïåðàòóðû íà ìåõàíè-

÷åñêèå ñâîéñòâà ìàòåðèàëà. Äëÿ îáåñïå÷åíèÿ ñòà-

áèëüíîñòè åãî ñâîéñòâ è óïðàâëÿåìîé òåìïåðà-

òóðíîé àêòèâàöèè â óñëîâèÿõ êîñìè÷åñêîãî ïðî-

ñòðàíñòâà öåëåñîîáðàçíî ïðèìåíÿòü òåïëîèçîëÿ-

öèþ â êîíñòðóêöèè øïàíãîóòà ðåôëåêòîðà êîñ-

ìè÷åñêîé àíòåííû.

Áëàãîäàðíîñòè

Ðàáîòà âûïîëíåíà â õîäå ðåàëèçàöèè êîì-

ïëåêñíîãî ïðîåêòà ïðè ôèíàíñîâîé ïîääåðæêå

Ïðàâèòåëüñòâà Ðîññèéñêîé Ôåäåðàöèè (Ìèíè-

ñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîññèè). Äîãîâîð

¹ 02.G25.31.0147.
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Ðèñ. 7. Ðåçóëüòàòû èñïûòàíèé ñîãëàñíî ï. 3

Fig. 7. The results of testing at stage 3

Òàáëèöà 2. Ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà øïàí-

ãîóòà ñî ñõåìîé àðìèðîâàíèÿ [0
3
] ïðè ðàçëè÷íûõ òåìïå-

ðàòóðàõ

Table 2. The mechanical properties of the rim material

with the reinforcement scheme [03] at various temperatures

Òåìïåðàòóðà, °C
Ìîäóëü óïðóãîñòè,

ÃÏà

Ïðåäåë ïðî÷íîñòè,

ÌÏà

–50 54,37 459

+20 49,50 349

+60 30,06 290
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Ìåõàíè÷åñêèå õàðàêòåðèñòèêè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ — âàæíåé-

øèå ïîêàçàòåëè èõ êà÷åñòâà. Äëÿ èõ îïðåäåëåíèÿ â ïîñëåäíèå ãîäû øèðîêî ïðèìåíÿþò ìå-

òîäû Øîðà, Áðèíåëëÿ, Ðîêâåëëà, Ëèáà, Âèêêåðñà, èíñòðóìåíòàëüíîãî èíäåíòèðîâàíèÿ è

äð. Îäèí èç èíòåíñèâíî ðàçâèâàþùèõñÿ ìåòîäîâ îïðåäåëåíèÿ ìåõàíè÷åñêèõ õàðàêòåðè-

ñòèê — äèíàìè÷åñêîå èíäåíòèðîâàíèå (ìåòîä ðàçðàáîòàí â Èíñòèòóòå ïðèêëàäíîé ôèçèêè

ÍÀÍ Áåëàðóñè). Â ðàçâèòèå ìåòîäà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ â äàííîé ðàáîòå ïðåä-

ëîæåíû ñïîñîáû ïîâûøåíèÿ òî÷íîñòè îöåíêè òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ

ìàòåðèàëîâ. Â ðàáîòå ðåøåíû ñëåäóþùèå çàäà÷è: èçìåðåíû çíà÷åíèÿ ïàðàìåòðîâ êîíòàê-

òíîãî âçàèìîäåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì îáðàçöîâ — òâåðäîñòè ïî Áðèíåëëþ — ñ ïî-

ìîùüþ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ; ðàññ÷èòàíû ïîâåðõíîñòíàÿ è îáúåìíàÿ

äèíàìè÷åñêèå òâåðäîñòè ñ ó÷åòîì õàðàêòåðèñòèê, ïîëó÷åííûõ ñ ïîìîùüþ ïðèáîðà ÄÈ;

ïðîâåäåí ñðàâíèòåëüíûé àíàëèç îöåíîê òâåðäîñòè, ïîëó÷åííûõ ðàçíûìè ïîäõîäàìè. Â ðå-

çóëüòàòå ñðàâíèòåëüíîãî àíàëèçà ñïîñîáîâ, à òàêæå èõ ýêñïåðèìåíòàëüíîé àïðîáàöèè

óñòàíîâëåíî, ÷òî ïîâûøåíèå òî÷íîñòè îöåíêè òâåðäîñòè ìîæåò áûòü äîñòèãíóòî ïóòåì èñ-

ïîëüçîâàíèÿ «ýíåðãåòè÷åñêîãî» ïîäõîäà, îñíîâàííîãî íà îöåíêå îòíîøåíèÿ ñóììàðíîé ðà-

áîòû ê îáúåìó âîññòàíîâëåííîãî îòïå÷àòêà ïðè äèíàìè÷åñêîì èíäåíòèðîâàíèè êîíñòðóê-

öèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ. Èñïîëüçîâàíèå «ýíåðãåòè÷åñêîãî» ïîäõîäà ïîçâîëè-

ëî ïîëó÷èòü âûáîðî÷íîå ñòàíäàðòíîå îòêëîíåíèå çíà÷åíèé îáúåìíîé äèíàìè÷åñêîé òâåð-

äîñòè, êîòîðîå ñóùåñòâåííî íèæå âûáîðî÷íîãî ñòàíäàðòíîãî îòêëîíåíèÿ çíà÷åíèé ïîâåðõ-

íîñòíîé äèíàìè÷åñêîé òâåðäîñòè è äàííûõ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ, ÷òî

íàïðÿìóþ âëèÿåò íà ïîâûøåíèå òî÷íîñòè îöåíêè òâåðäîñòè ïðè äèíàìè÷åñêîì èíòåíòè-

ðîâàíèè ðàññìàòðèâàåìûõ ìàòåðèàëîâ. Íà îñíîâàíèè «ýíåðãåòè÷åñêîãî» ïîäõîäà ïðåäëî-

æåí íîâûé àëãîðèòì îáðàáîòêè èñõîäíîãî ñèãíàëà ïðè îïðåäåëåíèè äèíàìè÷åñêîé òâåðäî-

ñòè ñ ïîìîùüþ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ.
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The mechanical properties of structural metallic materials are the most important indicators of their qual-

ity. Different methods (i.e., the methods of Shore, Brinell, Rockwell, Leeb, Vickers, method of instrumen-

tal indentation, and others) are currently used for determination of the hardness — one of the most im-

portant mechanical characteristics of structural metal materials. Among them is the method of dynamic

indentation first developed at the Institute of Applied Physics of the National Academy of Sciences of

Belarus. With the goal of further developing of the method of dynamic indentation, we propose the proce-

dures aimed at increasing the accuracy of assessing the hardness of structural metallic materials: parame-

ters of the contact interaction of the indenter with the sample material (Brinell hardness values) were

measured using a dynamic indentation (DI) device; the values of surface and volumetric dynamic hard-

ness were calculated taking into account the characteristics obtained using a DI device; a comparative

analysis of hardness estimates obtained by different approaches was carried out. As a result of the compar-

ative analysis of the methods, as well as their experimental testing, it was shown that an increase in the

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1 57



accuracy of hardness assessment can be achieved by using the “energy” approach based on assessing the

ratio of the total work to the volume of the recovered indentation upon dynamic indentation of structural

metal materials. The use of the “energy” approach provided obtaining the sample standard deviation of

the volumetric dynamic hardness values, which, in turn, was significantly lower than the sample standard

deviation of the surface dynamic hardness values and data of the dynamic indentation device, which di-

rectly affects an increase in the accuracy of hardness estimation during dynamic indentation of structural

metal materials. Proceeding from the “energy” approach, a new algorithm for processing the initial signal

is proposed when the dynamic hardness is determined using a dynamic indentation device.

Keywords: non-destructive testing; dynamic indentation; mechanical properties; hardness; algorithm;

signal processing.

Ââåäåíèå

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè êîíñòðóêöè-

îííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ, îïðåäåëÿþ-

ùèå èõ êà÷åñòâî, îöåíèâàþò ñ ïîìîùüþ èñïûòà-

íèé íà ðàñòÿæåíèå, ñæàòèå, èçãèá, êðó÷åíèå è äð.

Â ïîäàâëÿþùåì áîëüøèíñòâå òàêèå èñïûòàíèÿ

ïðîâîäÿò ñ ðàçðóøåíèåì èçäåëèÿ, èñïîëüçîâàíè-

åì ñòàíäàðòíûõ îáðàçöîâ è ñòàöèîíàðíîãî îáîðó-

äîâàíèÿ, ÷òî çàòðóäíÿåò âîçìîæíîñòü îïåðàòèâ-

íîãî êîíòðîëÿ ìåõàíè÷åñêèõ ñâîéñòâ îáúåêòîâ

èññëåäîâàíèÿ.

Îïðåäåëåíèå òâåðäîñòè — îäèí èç íàèáîëåå

ðàñïðîñòðàíåííûõ ìåòîäîâ ìåõàíè÷åñêèõ èñïû-

òàíèé, êîòîðûé øèðîêî ïðèìåíÿþò êàê ïðè èñ-

ñëåäîâàíèè ìåõàíè÷åñêèõ ñâîéñòâ, òàê è ïðè êîí-

òðîëå êà÷åñòâà ìàòåðèàëîâ â ïðîöåññå èõ ïðîèç-

âîäñòâà è ýêñïëóàòàöèè. Èñïûòàíèÿ íà òâåð-

äîñòü ðàçíîîáðàçíû è îòëè÷àþòñÿ äðóã îò äðóãà

ïî ñïîñîáó ïðèëîæåíèÿ íàãðóçêè (ñòàòè÷åñêèå è

äèíàìè÷åñêèå), òèïó íàãðóæåíèÿ, ñïîñîáó èçìå-

ðåíèÿ ïàðàìåòðîâ íàãðóæåíèÿ, ìàêñèìàëüíûì

çíà÷åíèÿì ïðèêëàäûâàåìîé èñïûòàòåëüíîé íà-

ãðóçêè è ãëóáèíû èíäåíòèðîâàíèÿ, ôîðìå èíäåí-

òîðà, âðåìåíè íàãðóæåíèÿ è äð. [1]. Â íàñòîÿùåå

âðåìÿ øèðîêî èñïîëüçóþò ñòàòè÷åñêèå (ïî Áðè-

íåëëþ, Ðîêâåëëó, Âèêêåðñó), êâàçèñòàòè÷åñêèå

(èíñòðóìåíòàëüíîå èíäåíòèðîâàíèå) è äèíàìè-

÷åñêèå (ïî Øîðó, Ëèáó) ìåòîäû èçìåðåíèÿ òâåð-

äîñòè [2 – 4].

Îäèí èç ïåðñïåêòèâíûõ íåðàçðóøàþùèõ

ñïîñîáîâ áåçîáðàçöîâîé îïåðàòèâíîé îöåíêè

òâåðäîñòè ìàòåðèàëà — ìåòîä äèíàìè÷åñêîãî

èíäåíòèðîâàíèÿ (ÄÈ), ðåãëàìåíòèðîâàííûé

ÃÎÑÒ Ð 56474–2015 [5]. Íåñìîòðÿ íà çíà÷èòåëü-

íûå åãî ïðåèìóùåñòâà ïðîáëåìà òî÷íîñòè îöåí-

êè òâåðäîñòè îñòàåòñÿ àêòóàëüíîé. Â ïåðâóþ î÷å-

ðåäü ýòî îáóñëîâëåíî ðàçëè÷èåì ìåæäó äèíàìè-

÷åñêîé è ñòàòè÷åñêîé òâåðäîñòüþ, òàê êàê íàïðÿ-

æåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ïîâåðõíîñò-

íûõ ñëîåâ ìàòåðèàëà ìîæåò ñóùåñòâåííî

ìåíÿòüñÿ ïðè ïåðåõîäå îò ïîñòîÿííîé ê ïåðåìåí-

íîé êîíòàêòíîé íàãðóçêå.

Öåëü ðàáîòû — ïîâûøåíèå òî÷íîñòè îöåíêè

òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ ìà-

òåðèàëîâ.

Ìåòîäèêà, ìàòåðèàëû, îáîðóäîâàíèå

Ìåòîä ÄÈ îñíîâàí íà íåïðåðûâíîé ðåãèñòðà-

öèè ïðîöåññà óäàðíîãî ëîêàëüíîãî êîíòàêòíîãî

âçàèìîäåéñòâèÿ èíäåíòîðà ñ èññëåäóåìûì ìàòå-

ðèàëîì (ðåãèñòðàöèè òåêóùåé ñêîðîñòè äâèæå-

íèÿ èíäåíòîðà).

Ñêîðîñòü äâèæåíèÿ èíäåíòîðà â êàæäûé ìî-

ìåíò âðåìåíè ðåãèñòðèðóþò ñ ïîìîùüþ ìàãíèòî-

èíäóêöèîííîãî ïåðâè÷íîãî ïðåîáðàçîâàòåëÿ, ñî-

ñòîÿùåãî èç ïîñòîÿííîãî ìàãíèòà, æåñòêî ñîåäè-

íåííîãî ñ èíäåíòîðîì (ñèñòåìà èíäåíòèðîâàíèÿ),

è êàòóøêè èíäóêòèâíîñòè [6]. Ïðè ïåðåñå÷åíèè

ìàãíèòíîãî ïîëÿ, ñîçäàâàåìîãî ïîñòîÿííûì ìàã-

íèòîì, â êàòóøêå èíäóêòèâíîñòè íàâîäèòñÿ ýëåê-

òðîäâèæóùàÿ ñèëà (ÝÄÑ) èíäóêöèè å(t), ïðîïîð-

öèîíàëüíàÿ ñêîðîñòè äâèæåíèÿ èíäåíòîðà V(t) âî

âñåì âðåìåííîì äèàïàçîíå êîíòàêòíîãî âçàèìî-

äåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì:

å(t) = kV(t), (1)

ãäå k — êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè.

Èñïîëüçóÿ çíà÷åíèÿ å(t), ïîëó÷àåì ñëåäóþ-

ùèå âðåìåííûå çàâèñèìîñòè ñêîðîñòè äâèæåíèÿ

èíäåíòîðà V(t), êîíòàêòíîãî óñèëèÿ F(t) è ïåðå-

ìåùåíèÿ èíäåíòîðà (ãëóáèíû èíäåíòèðîâàíèÿ)

h(t) [7]:

V(t) = å(t)/k, (2)

F(t) = – mdV(t)/dt, (3)

h t V t t

t

t

( ) ( ) ,�
'

d

ê

0

(4)

ãäå m — ìàññà ñèñòåìû èíäåíòèðîâàíèÿ; t0, tê —

ìîìåíòû âðåìåíè, ñîîòâåòñòâóþùèå íà÷àëó è çà-

âåðøåíèþ êîíòàêòà èíäåíòîðà ñ ìàòåðèàëîì.

Â ðåçóëüòàòå îáðàáîòêè ïåðâè÷íîé èçìåðè-

òåëüíîé èíôîðìàöèè ñ ïîìîùüþ ïðèáîðîâ ÄÈ

ïîëó÷àåì çàâèñèìîñòü F(h) (ðèñ. 1) äëÿ äàëüíåé-

øåé îöåíêè òâåðäîñòè.

Ïðè óäàðíîì èíäåíòèðîâàíèè (ñì. ðèñ. 1,

ýòàï 1) ïî ìåðå óâåëè÷åíèÿ êîíòàêòíîãî óñèëèÿ

âûäåëÿþòñÿ äâå ñòàäèè âíåäðåíèÿ (íàãðóæåíèÿ):

óïðóãîå è óïðóãîïëàñòè÷åñêîå. Óïðóãàÿ ñòàäèÿ
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õàðàêòåðíà äëÿ íà÷àëà èíäåíòèðîâàíèÿ, êîãäà

ïîä èíäåíòîðîì íå îáðàçóåòñÿ ïëàñòè÷åñêîé äå-

ôîðìàöèè. Îäíàêî ïîñëå äîñòèæåíèÿ âíóòðåííè-

ìè íàïðÿæåíèÿìè ïðåäåëüíîãî óïðóãîãî ñîñòîÿ-

íèÿ ïðîèñõîäèò åå ôîðìèðîâàíèå è äàëåå ïðàê-

òè÷åñêè íà âñåì ýòàïå íàãðóæåíèÿ èìååò ìåñòî

óïðóãîïëàñòè÷åñêàÿ äåôîðìàöèÿ. Íà ýòàïå âÿç-

êîóïðóãîãî ðàçðóøåíèÿ (ýòàï 2), ïðè êîòîðîì

ãëóáèíà âíåäðåíèÿ óâåëè÷èâàåòñÿ ïî ìåðå óìåíü-

øåíèÿ êîíòàêòíîãî óñèëèÿ, õàðàêòåðåí ïðîöåññ

ýâîëþöèè âíóòðåííèõ ïîëåé óïðóãèõ íàïðÿæå-

íèé, âûçâàííûõ äåôîðìàöèîííûìè äåôåêòàìè

êðèñòàëëè÷åñêîãî ñòðîåíèÿ ìàòåðèàëà. Â äàëü-

íåéøåì ïîñëå äîñòèæåíèÿ ìàêñèìàëüíîé ãëóáè-

íû âíåäðåíèÿ èíäåíòîðà (ýòàï 3) íàáëþäàåòñÿ

óïðóãîå ðàçðóøåíèå (ñòàäèÿ óïðóãîé äåôîðìà-

öèè). Óïðóãîå âîññòàíîâëåíèå (ðàçãðóçêà) ñîïðî-

âîæäàåòñÿ íå òîëüêî óìåíüøåíèåì ãëóáèíû âíå-

äðåíèÿ èíäåíòîðà, íî è óâåëè÷åíèåì ðàäèóñà

êðèâèçíû ïîâåðõíîñòè âîññòàíîâëåííîãî îòïå-

÷àòêà, êîòîðûé ìîæíî îïðåäåëèòü ïî ôîðìóëå

R % = R(1 + áó/2hf), (5)

ãäå áó — îáðàòèìîå óïðóãîå ñáëèæåíèå êîíòàêòè-

ðóþùèõ òåë; R — ðàäèóñ êðèâèçíû èíäåíòîðà.

Îòìåòèì, ÷òî âûðàæåíèå (5) ïîëó÷åíî ïðè

äîïóùåíèè, ÷òî ïîâåðõíîñòü êîíòàêòèðóþùèõ

òåë âíå çîíû êîíòàêòà íå äåôîðìèðóåòñÿ.

Ïîñêîëüêó îòíîøåíèå ìàêñèìàëüíîé ãëóáè-

íû âíåäðåíèÿ èíäåíòîðà ê îñòàòî÷íîé ãëóáèíå

îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ íàõîäèòñÿ â

äèàïàçîíå 1 – 1,6 è R % ñóùåñòâåííî íå îòëè÷àåò-

ñÿ îò R, äîïóñòèëè, ÷òî ðàäèóñû êðèâèçíû âîñ-

ñòàíîâëåííîãî îòïå÷àòêà è èíäåíòîðà ðàâíû.

Èñïîëüçóåìûé ïðèáîð (ðèñ. 2) ñ ïðåîáðàçîâà-

òåëåì ãðàâèòàöèîííîãî ðàçãîíà (ðàäèóñ èíäåíòî-

ðà R = 0,75 · 10–3 ì, ìàññà ñèñòåìû èíäåíòèðîâà-

íèÿ m = 4,8 · 10–3 êã, íà÷àëüíàÿ ñêîðîñòü ñèñòå-

ìû èíäåíòèðîâàíèÿ V0 = 0,9 ì/ñ) ïîçâîëÿë íå

òîëüêî èçìåðÿòü ïàðàìåòðû êîíòàêòíîãî âçàèìî-

äåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì, íî è îïðåäå-

ëÿòü çíà÷åíèå òâåðäîñòè ïî Áðèíåëëþ.

Èñïûòàíèÿ ïðîâîäèëè íà îáðàçöàõ (ìåðàõ

òâåðäîñòè), èìåþùèõ ñëåäóþùèå õàðàêòåðèñòè-

êè: îáðàçåö 1 — 101 HB 10/1000/10, îáðàçåö 2 —

383 HB 10/3000/10 (ñîãëàñíî ÃÎÑÒ 8.062–85).

Ïðè ÄÈ óäàðíîå êîíòàêòíîå âçàèìîäåéñòâèå

ñîïðîâîæäàåòñÿ ïðåîáðàçîâàíèåì êèíåòè÷åñêîé

ýíåðãèè ñèñòåìû èíäåíòèðîâàíèÿ â ìåõàíè÷å-

ñêóþ ðàáîòó óïðóãîïëàñòè÷åñêîé äåôîðìàöèè èñ-

ïûòóåìîãî ìàòåðèàëà. Ïðè ýòîì äåôîðìàöèîí-

íûé ïðîöåññ íîñèò îáúåìíûé õàðàêòåð, ò.å. äèíà-

ìè÷åñêàÿ òâåðäîñòü ïðè óäàðå õàðàêòåðèçóåò ñî-

ïðîòèâëåíèå âíåäðåíèþ íå òîëüêî íà ïîâåðõ-

íîñòè, íî è â íåêîòîðîì îáúåìå ìàòåðèàëà.

Ïî ðåçóëüòàòàì èíäåíòèðîâàíèÿ ñôåðè÷å-

ñêèì èíäåíòîðîì (ÃÎÑÒ Ð 56474–2015) ïîâåðõ-

íîñòíóþ äèíàìè÷åñêóþ òâåðäîñòü îöåíèâàëè ïî

ôîðìóëàì

HD(S) = Fhmax/(2ðRhf) (6)

èëè

HD
F

R
V VS h

m

( ) max

max min
( ),� �

2

2 2

2�
(7)

ãäå Fhmax — çíà÷åíèå êîíòàêòíîé ñèëû, ñîîòâåò-

ñòâóþùåå ìàêñèìàëüíîé ãëóáèíå âäàâëèâàíèÿ;

R — ðàäèóñ èíäåíòîðà; hf — îñòàòî÷íàÿ ãëóáèíà

îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ; m — ìàññà ñèñ-

òåìû èíäåíòèðîâàíèÿ; Vmax è Vmin — ñêîðîñòü èí-

äåíòîðà â íà÷àëå è êîíöå êîíòàêòíîãî âçàèìî-

äåéñòâèÿ.
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h hmaxfh

F
Fmax

ñh

1

4

3

2

Fhmax

hFmax

Ðèñ. 1. Çàâèñèìîñòü êîíòàêòíîãî óñèëèÿ F îò ãëóáèíû

âíåäðåíèÿ èíäåíòîðà h: 1 – 3 — ýòàïû íàãðóæåíèÿ, âÿçêî-

óïðóãîãî è óïðóãîãî ðàçãðóæåíèé ñîîòâåòñòâåííî; 4 — êà-

ñàòåëüíàÿ ê êðèâîé óïðóãîãî ðàçãðóæåíèÿ ïðè ìàêñè-

ìàëüíîé ãëóáèíå âíåäðåíèÿ èíäåíòîðà h
max

; F
max

, h
Fmax

—

ìàêñèìàëüíîå êîíòàêòíîå óñèëèå è ãëóáèíà âíåäðåíèÿ

èíäåíòîðà ïðè F
max

; h
max

, F
hmax

— ìàêñèìàëüíàÿ ãëóáèíà

âíåäðåíèÿ èíäåíòîðà è êîíòàêòíîå óñèëèå ïðè h
max

; h
f
—

îñòàòî÷íàÿ ãëóáèíà îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ;

h
c

— òî÷êà ïåðåñå÷åíèÿ ñ îñüþ h êàñàòåëüíîé 4

Fig. 1. The dependence of the contact force F on the pene-

tration depth of the indenter: 1, 2, 3 — stages of loading,

viscoelastic and elastic unloading, respectively; 4 — tangent

to the curve of elastic unloading at the maximum penetra-

tion depth of the indenter hmax; Fmax, hFmax — the maximum

contact force and indenter penetration depth at Fmax; hmax,

Fhmax — the maximal penetration depth of the indenter and

contact force at hmax; hf — residual depth of indentation;

hc — the intersection point of the tangent 4 and axis h

Ðèñ. 2. Ïðèáîð äëÿ äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ

Fig. 2. A device for dynamic indentation



Ñ ó÷åòîì «ýíåðãåòè÷åñêîãî» ïîäõîäà [8 – 10]

ôîðìóëà äëÿ îïðåäåëåíèÿ òâåðäîñòè ìàòåðèàëà

èìååò âèä

H(V) = Wtotal/Vf , (8)

ãäå Wtotal = mVmax
2 /2 — íà÷àëüíàÿ êèíåòè÷åñêàÿ

ýíåðãèÿ äâèæåíèÿ èíäåíòîðà; Vf = �h
f

2 (R – 1/3hf)

— îáúåì âîññòàíîâëåííîãî îòïå÷àòêà.

Ó÷èòûâàÿ (8) îáúåìíóþ äèíàìè÷åñêóþ òâåð-

äîñòü îöåíèâàëè ïî ôîðìóëå

HD(V) = Wplast/Vf , (9)

ãäå Wplast = m V V( ) /max min

2 2 2� — ìåõàíè÷åñêàÿ ðà-

áîòà, çàòðà÷èâàåìàÿ íà óïðóãîïëàñòè÷åñêóþ äå-

ôîðìàöèþ ìàòåðèàëà.

Àëãîðèòì ýêñïåðèìåíòà âêëþ÷àë â ñåáÿ:

èçìåðåíèÿ çíà÷åíèé ïàðàìåòðîâ êîíòàêòíîãî

âçàèìîäåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì îáðàç-

öîâ è òâåðäîñòè ïî Áðèíåëëþ ñ ïîìîùüþ ïðèáî-

ðà ÄÈ;

ðàñ÷åò ïîâåðõíîñòíîé è îáúåìíîé äèíàìè÷å-

ñêîé òâåðäîñòè ïî ôîðìóëàì (7) è (9);

ñðàâíèòåëüíûé àíàëèç ïîëó÷åííûõ äàííûõ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðåçóëüòàòû èíäåíòèðîâàíèÿ ïðåäñòàâëåíû â

òàáë. 1 (â òîì ÷èñëå, ðàññ÷èòàííûå ñ ïîìîùüþ çà-

ëîæåííûõ â ïðèáîð çíà÷åíèé òâåðäîñòè HB).

Ñòàíäàðòíóþ íåîïðåäåëåííîñòü (ñðåäíåå çíà÷å-

íèå q è âûáîðî÷íîå ñòàíäàðòíîå îòêëîíåíèå s(q))

îöåíèâàëè ïî ÃÎÑÒ Ð 54500.3–2011.
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Òàáëèöà 1. Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ

Table 1. The results of testing samples

Ñòàòèñòè÷åñêèå

õàðàêòåðèñòèêè

Îáðàçåö 1 Îáðàçåö 2

V
max

, ì/ñ V
min

, ì/ñ h
f
, ìêì F

hmax
, Í HB V

max
, ì/ñ V

min
, ì/ñ h

f
, ìêì F

hmax
, Í HB

0,90 0,27 23,68 136,38 94,16 0,91 0,51 16,14 198,46 372,56

0,93 0,27 23,79 124,48 90,58 0,89 0,53 17,36 251,63 400,31

0,89 0,27 24,32 148,83 87,35 0,91 0,53 17,04 227,73 390,24

0,90 0,27 23,09 129,79 94,97 0,91 0,53 17,10 227,14 386,10

0,88 0,27 25,66 156,93 93,87 0,91 0,54 16,82 232,98 400,47

0,91 0,28 23,03 140,98 102,53 0,92 0,50 16,99 218,43 361,40

0,90 0,27 25,08 148,36 89,85 0,90 0,52 16,96 229,95 379,18

0,90 0,27 24,18 146,49 88,21 0,90 0,51 16,64 221,38 367,32

0,87 0,27 23,37 153,06 100,90 0,90 0,52 16,91 226,77 387,17

0,90 0,27 24,32 129,99 93,67 0,90 0,53 17,33 231,74 390,44

q 0,90 0,27 24,05 141,53 93,61 0,91 0,53 16,93 226,62 383,52

s(q) 0,02 0 0,85 10,97 5,02 0,01 0,01 0,35 13,30 13,22
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Í

Îáðàçåö 1

Îáðàçåö 2

Ðèñ. 3. Çàâèñèìîñòü F(h) äëÿ îáðàçöîâ 1 è 2

Fig. 3. Dependence F(h) for samples 1 and 2

Òàáëèöà 2. Ðåçóëüòàòû ðàñ÷åòà äèíàìè÷åñêîé òâåð-

äîñòè, ÌÏà

Table 2. Test results of calculations of the dynamic hard-

ness, MPa

Ñòàòèñòè÷å-

ñêèå õàðàê-

òåðèñòèêè

Îáðàçåö 1 Îáðàçåö 2

HD(S) HD(V) HD(S) HD(V)

1114,70 1044,28 3003,67 4126,62

872,43 1111,56 3470,99 3642,36

1325,93 1045,49 4212,98 3874,12

1011,10 1042,76 4137,75 3924,12

1513,54 1018,38 4516,37 3782,50

1181,84 1052,48 3657,18 4105,76

1320,93 1042,86 4253,01 3912,81

1267,87 1059,32 3882,85 3972,23

1527,48 957,91 4195,65 3857,08

1009,40 1047,70 4412,39 3830,41

q 1214,52 1042,47 4174,31 3902,80

s(q) 217,42 37,90 631,34 144,19



Çàâèñèìîñòè F(h), ïîëó÷åííûå â ðåçóëüòàòå

èñïûòàíèé, ïðåäñòàâëåíû íà ðèñ. 3.

Ðåçóëüòàòû ðàñ÷åòà ïîâåðõíîñòíîé è îáúåì-

íîé äèíàìè÷åñêîé òâåðäîñòè ïî ôîðìóëàì (7) è

(9) ïðèâåäåíû â òàáë. 2.

Âèäíî, ÷òî âûáîðî÷íîå ñòàíäàðòíîå îòêëîíå-

íèå çíà÷åíèé îáúåìíîé äèíàìè÷åñêîé òâåðäîñòè

ñóùåñòâåííî íèæå àíàëîãè÷íîãî ïîêàçàòåëÿ äëÿ

ïîâåðõíîñòíîé äèíàìè÷åñêîé òâåðäîñòè. Ýòî ñâè-

äåòåëüñòâóåò î òîì, ÷òî äàííûé ïîäõîä ìîæíî èñ-

ïîëüçîâàòü äëÿ ïîâûøåíèÿ òî÷íîñòè îïðåäåëå-

íèÿ òâåðäîñòè ìàòåðèàëîâ.

Çàêëþ÷åíèå

Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé ïîêà-

çàëè, ÷òî òàêóþ õàðàêòåðèñòèêó, êàê îáúåìíàÿ

äèíàìè÷åñêàÿ òâåðäîñòü ìàòåðèàëà, ìîæíî ñ óñ-

ïåõîì èñïîëüçîâàòü êàê äîïîëíèòåëüíûé (ê òðà-

äèöèîííûì) (ÃÎÑÒ Ð 56474–2015) ïîêàçàòåëü.

Ïðè åå îïðåäåëåíèè ñ ïðèìåíåíèåì «ýíåðãåòè÷å-

ñêîãî» ìåòîäà (â îòëè÷èå îò ïðîåêöèîííîé (ïî-

âåðõíîñòíîé) äèíàìè÷åñêîé òâåðäîñòè) îöåíèâà-

åòñÿ îòíîøåíèå ðàáîòû óïðóãîïëàñòè÷åñêîé äå-

ôîðìàöèè ê îáúåìó âîññòàíîâëåííîãî îòïå÷àòêà.

Ïðåäëîæåííûé ïîäõîä ìîæåò áûòü èñïîëüçîâàí

äëÿ ñîâåðøåíñòâîâàíèÿ (ïîâûøåíèÿ òî÷íîñòè)

îöåíêè òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷å-

ñêèõ ìàòåðèàëîâ ñ ïîìîùüþ ïðèáîðîâ äèíàìè÷å-

ñêîãî èíäåíòèðîâàíèÿ.
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Ðàññìîòðåíà çàäà÷à âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî äàííûì ñ íåîïðåäåëåííîñòüþ, êîòî-

ðàÿ íå îïèñûâàåòñÿ òåîðåòèêî-âåðîÿòíîñòíûìè çàêîíàìè, íî îãðàíè÷åíà ïî âåëè÷èíå è

èìååò èíòåðâàëüíûé õàðàêòåð, ò.å. âûðàæàåòñÿ èíòåðâàëàìè âîçìîæíûõ çíà÷åíèé äàí-

íûõ. Èññëåäîâàí íàèáîëåå îáùèé ñëó÷àé, êîãäà èíòåðâàëû ÿâëÿþòñÿ ðåçóëüòàòàìè èçìå-

ðåíèé êàê â íåçàâèñèìûõ (ïðåäèêòîðíûõ) ïåðåìåííûõ, òàê è â çàâèñèìîé (êðèòåðèàëüíîé)

ïåðåìåííîé. Ââåäåíû ïîíÿòèÿ ñëàáîé è ñèëüíîé ñîãëàñîâàííîñòè äàííûõ è ïàðàìåòðîâ

ôóíêöèîíàëüíîé çàâèñèìîñòè. Ôîðìóëèðîâêè çàäà÷ ñâåäåíû ê èññëåäîâàíèþ è îöåíèâà-

íèþ ðàçëè÷íûõ ìíîæåñòâ ðåøåíèé äëÿ èíòåðâàëüíîé ñèñòåìû óðàâíåíèé, ïîñòðîåííîé ïî

îáðàáàòûâàåìûì äàííûì. Ïîäðîáíî ðàññìîòðåíî ñèëüíîå ñîãëàñîâàíèå ïàðàìåòðîâ è äàí-

íûõ êàê áîëåå ïðàêòè÷íîå, áîëåå àäåêâàòíîå ðåàëüíîñòè è îáëàäàþùåå ëó÷øèìè òåîðåòè-

÷åñêèìè ñâîéñòâàìè. Îöåíêè ïàðàìåòðîâ çàâèñèìîñòè, ïîëó÷àåìûå ñ ó÷åòîì ñèëüíîãî ñî-

ãëàñîâàíèÿ, èìåþò ïîëèíîìèàëüíóþ âû÷èñëèòåëüíóþ ñëîæíîñòü, ðîáàñòíû, ïî÷òè âñåãäà

èìåþò êîíå÷íóþ âàðèàáåëüíîñòü, à òàêæå ëèøü ÷àñòè÷íî ïîäâåðæåíû òàê íàçûâàåìîìó

ïàðàäîêñó Å. Ç. Äåìèäåíêî. Ïðåäëîæåíà âû÷èñëèòåëüíàÿ òåõíîëîãèÿ ðåøåíèÿ çàäà÷è âîñ-

ñòàíîâëåíèÿ ëèíåéíîé çàâèñèìîñòè â óñëîâèÿõ èíòåðâàëüíîé íåîïðåäåëåííîñòè äàííûõ è

ñ ó÷åòîì òðåáîâàíèÿ ñèëüíîãî ñîãëàñîâàíèÿ. Åå îñíîâîé ñëóæèò òåõíèêà, îñíîâàííàÿ íà

ïðèìåíåíèè òàê íàçûâàåìîãî ðàñïîçíàþùåãî ôóíêöèîíàëà ìíîæåñòâà ðåøåíèé çàäà÷è —

ñïåöèàëüíîãî îòîáðàæåíèÿ, êîòîðîå çíàêîì ñâîèõ çíà÷åíèé ðàñïîçíàåò ïðèíàäëåæíîñòü

òî÷êè ìíîæåñòâó ðåøåíèé è îäíîâðåìåííî äàåò êîëè÷åñòâåííóþ ìåðó ýòîé ïðèíàäëåæíî-

ñòè. Îáñóæäàþòñÿ ñâîéñòâà ðàñïîçíàþùåãî ôóíêöèîíàëà. Îöåíêîé ïàðàìåòðîâ âîññòàíàâ-

ëèâàåìîé çàâèñèìîñòè ïðèíèìàåòñÿ òî÷êà ìàêñèìóìà ýòîãî ôóíêöèîíàëà, êîòîðàÿ îáåñïå-

÷èâàåò íàèëó÷øåå ñîãëàñîâàíèå ïàðàìåòðîâ è äàííûõ (èëè èõ íàèìåíüøåå ðàññîãëàñîâà-

íèå). Ñîîòâåòñòâåííî, ïðàêòè÷åñêàÿ ðåàëèçàöèÿ ýòîãî ïîäõîäà, íàçâàííîãî «ìåòîäîì ìàê-

ñèìóìà ñîãëàñîâàíèÿ», ñâîäèòñÿ ê ÷èñëåííîìó íàõîæäåíèþ áåçóñëîâíîãî ìàêñèìóìà ðàñïî-

çíàþùåãî ôóíêöèîíàëà — âîãíóòîé íåãëàäêîé ôóíêöèè. Â çàêëþ÷åíèå ðàáîòû ïðèâåäåí

êîíêðåòíûé ïðèìåð ðåøåíèÿ çàäà÷è âîññòàíîâëåíèÿ ëèíåéíîé ôóíêöèè ïî äàííûì èçìå-

ðåíèé ñ èíòåðâàëüíîé íåîïðåäåëåííîñòüþ.

Êëþ÷åâûå ñëîâà: çàäà÷à âîññòàíîâëåíèÿ çàâèñèìîñòåé; èíòåðâàëüíàÿ íåîïðåäåëåííîñòü

äàííûõ; ñîãëàñîâàíèå ïàðàìåòðîâ è äàííûõ; ñèëüíîå ñîãëàñîâàíèå; èíòåðâàëüíàÿ ñèñòåìà

óðàâíåíèé; îáúåäèíåííîå ìíîæåñòâî ðåøåíèé; äîïóñêîâîå ìíîæåñòâî ðåøåíèé; ðàñïîçíà-

þùèé ôóíêöèîíàë.
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We consider the data fitting problem under uncertainty, which is not described by probabilistic laws, but is

limited in magnitude and has an interval character, i.e., is expressed by the intervals of possible data val-

ues. The most general case is considered when the intervals represent the measurement results both in in-

dependent (predictor) variables and in the dependent (criterial) variables. The concepts of weak and
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strong compatibility of data and parameters of functional dependence are introduced. It is shown that the

resulting formulations of problems are reduced to the study and estimation of various solution sets for an

interval system of equations constructed from the processed data. We discuss in detail the strong compati-

bility of the parameters and data, as more practical, more adequate to the reality and possessing better

theoretical properties. The estimates of the function parameters, obtained in view of the strong compati-

bility, have a polynomial computational complexity, are robust, almost always have finite variability, and

are also only partially affected by the so-called Demidenko paradox. We also propose a computational tech-

nology for solving the problem of constructing a linear functional dependence under interval data uncer-

tainty and take into account the requirement of strong compatibility. It is based on the application of the

so-called recognizing functional of the problem solution set — a special mapping, which recognizes, by the

sign of the values, whether a point belongs to the solution set and simultaneously provides a quantitative

measure of this membership. The properties of the recognizing functional are discussed. The maximum

point of this functional is taken as an estimate of the parameters of the functional dependency under con-

struction, which ensures the best compatibility between the parameters and data (or their least discrep-

ancy). Accordingly, the practical implementation of this approach, named “maximum compatibility

method,” is reduced to the computation of the unconditional maximum of the recognizing functional — a

concave non-smooth function. A specific example of solving the data fitting problem for a linear function

from measurement data with interval uncertainty is presented.

Keywords: data fitting problem; interval data uncertainty; compatibility of the parameters and data;

weak compatibility; strong compatibility; interval system of equations; united solution set; tolerable solu-

tion set; recognizing functional.

Ââåäåíèå

Ïðåäìåò ðàáîòû — ðàçâèòèå ìåòîäîâ àíàëèçà

äàííûõ, êîòîðûå íåòî÷íû è èìåþò èíòåðâàëü-

íóþ íåîïðåäåëåííîñòü. Ìû ðàññìàòðèâàåì çàäà-

÷ó âîññòàíîâëåíèÿ ëèíåéíîé çàâèñèìîñòè âèäà

y = â0 + â1x1 + â2x2 + ... + ânxn, (1)

â êîòîðîé x1, x2, ..., xn — íåçàâèñèìûå ïåðåìåí-

íûå (íàçûâàåìûå òàêæå âõîäíûìè èëè ïðåäèê-

òîðíûìè ïåðåìåííûìè); y — çàâèñèìàÿ ïåðåìåí-

íàÿ (íàçûâàåìàÿ òàêæå âûõîäíîé èëè êðèòåðè-

àëüíîé ïåðåìåííîé), à â0, â1, ..., ân — íåêîòîðûå

êîýôôèöèåíòû. Ýòè íåèçâåñòíûå êîýôôèöèåíòû

äîëæíû áûòü îïðåäåëåíû íà îñíîâå ðÿäà èçìåðå-

íèé çíà÷åíèé x1, x2, ..., xn è y. Áóäåì ñ÷èòàòü, ÷òî

âñåãî èìååòñÿ m èçìåðåíèé, ðåçóëüòàòàìè êîòî-

ðûõ ÿâëÿþòñÿ

x x x y

x x x y

n

n

11 12 1 1

21 22 2 2

, , . . . , ,

, , . . . , ,

. . . . . . . . . . . . . . .

, , . . . , ,x x x y
m m mn m1 2

(2)

(ïåðâûé íèæíèé èíäåêñ îáîçíà÷àåò íîìåð èçìå-

ðåíèÿ).

Ðàññìàòðèâàåìàÿ çàäà÷à âîññòàíîâëåíèÿ çà-

âèñèìîñòåé — îäíà èç êëàññè÷åñêèõ çàäà÷ îáðà-

áîòêè äàííûõ, êîòîðóþ íàãëÿäíî èëëþñòðèðóåò

ðèñ. 1: òðåáóåòñÿ íàéòè ïðÿìóþ, êîòîðàÿ «íàè-

ëó÷øèì îáðàçîì ïðèáëèæàåò» ìíîæåñòâî òî÷åê,

ïîëó÷åííûõ â ðåçóëüòàòå èçìåðåíèé èëè íàáëþ-

äåíèé.

Â ïðàêòè÷åñêèõ çàäà÷àõ âîññòàíîâëåíèÿ çà-

âèñèìîñòåé äàííûå ïî÷òè âñåãäà íåòî÷íû, ïî-

ñêîëüêó íà ðåçóëüòàòû èçìåðåíèé âëèÿþò âíåø-

íèå íåêîíòðîëèðóåìûå ôàêòîðû, èçìåðèòåëüíûå

ïðèáîðû íå ÿâëÿþòñÿ àáñîëþòíî òî÷íûìè è ò.ï.

Äàëåå áóäåì ðàáîòàòü ñ íåîïðåäåëåííîñòÿìè è

íåòî÷íîñòÿìè â äàííûõ ñ ïîìîùüþ ìåòîäîâ èí-

òåðâàëüíîãî àíàëèçà (ñì., íàïðèìåð, [1 – 4]). Ïðè

ýòîì äëÿ ðåçóëüòàòîâ èçìåðåíèé çàäàííûìè ñ÷è-

òàþòñÿ èíòåðâàëüíûå îöåíêè, êîòîðûì ïðèíàä-

ëåæàò èñòèííûå çíà÷åíèÿ èçìåðÿåìûõ âåëè÷èí.

Â ÷àñòíîñòè, â ðàññìàòðèâàåìîé íàìè çàäà÷å îöå-

íèâàíèÿ ïàðàìåòðîâ ëèíåéíîé çàâèñèìîñòè ìû

ñ÷èòàåì, ÷òî äàíû èíòåðâàëû äëÿ xij è yi:

xij * xij = [inf xij, sup xij]

è yi * yi = [inf yi, sup yi],

ãäå æèðíûé øðèôò îáîçíà÷àåò (â ñîîòâåòñòâèè ñ

íåôîðìàëüíûì ìåæäóíàðîäíûì ñòàíäàðòîì [5])

èíòåðâàëüíîñòü ñîîòâåòñòâóþùèõ âåëè÷èí; inf è

sup — îïåðàöèè âçÿòèÿ íèæíåé è âåðõíåé ãðà-

íèö èíòåðâàëà.
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Ðèñ. 1. Èëëþñòðàöèÿ çàäà÷è âîññòàíîâëåíèÿ ëèíåéíîé

çàâèñèìîñòè

Fig. 1. Illustration of the data fitting problem



Â ïîäîáíîé ïîñòàíîâêå çàäà÷à âïåðâûå áûëà

ðàññìîòðåíà â 1962 ãîäó Ë. Â. Êàíòîðîâè÷åì â

ñòàòüå [6], ãäå òàêæå áûëè êðàòêî íàìå÷åíû äîñ-

òóïíûå ìåòîäû åå ðåøåíèÿ. Â ïîñëåäóþùèå ãîäû

çíà÷èòåëüíûå ðåçóëüòàòû â òåîðèè è ïðàêòè÷å-

ñêîì ðåøåíèè çàäà÷è âîññòàíîâëåíèÿ çàâèñèìî-

ñòåé ïî èíòåðâàëüíûì äàííûì áûëè ïîëó÷åíû â

ðàáîòàõ À. Ï. Âîùèíèíà è åãî ó÷åíèêîâ [7 – 9],

Â. À. Ñóõàíîâà [10], Í. Ì. Îñêîðáèíà ñ êîëëåãàìè

[11], Ñ. È. Æèëèíà [12], Ñ. È. Ñïèâàêà è ó÷å-

íèêîâ (ñì. â ÷àñòíîñòè, [13]), Á. Ò. Ïîëÿêà è

Ñ. À. Íàçèíà [14], Ñ. È. Êóìêîâà [15], À. Ë. Ïîìå-

ðàíöåâà è Î. Å. Ðîäèîíîâîé [16], À. À. Ïîäðóæêî

è À. Ñ. Ïîäðóæêî [17] è äðóãèõ èññëåäîâàòåëåé.

Ýòîìó æå âîïðîñó ïîñâÿùåíû ñòàòüè [18 – 22],

ðàçâèâàþùèå òàê íàçûâàåìûé ìåòîä ìàêñèìóìà

ñîãëàñîâàíèÿ. Ïðè ýòîì â ïîäàâëÿþùåì áîëü-

øèíñòâå ðàáîò ðàññìàòðèâàëàñü óïðîùåííàÿ

(õîòÿ è î÷åíü âàæíàÿ ñ ïðàêòè÷åñêîé òî÷êè çðå-

íèÿ) âåðñèÿ îáùåé çàäà÷è, êîãäà âõîäíûå (ïðå-

äèêòîðíûå) ïåðåìåííûå çàäàþòñÿ òî÷íî, à îãðà-

íè÷åííûå íåîïðåäåëåííîñòè ïðèñóùè òîëüêî

âûõîäíûì (êðèòåðèàëüíûì) ïåðåìåííûì âîññòà-

íàâëèâàåìîé çàâèñèìîñòè. Â äàííîé ðàáîòå äàåò-

ñÿ ðåøåíèå íàèáîëåå îáùåé ïîñòàíîâêè, â êîòî-

ðîé íåâûðîæäåííûå èíòåðâàëû âîçìîæíûõ çíà-

÷åíèé çàäàíû êàê äëÿ âõîäíûõ, òàê è äëÿ âûõîä-

íûõ ïåðåìåííûõ.

Ïåðâàÿ çàðóáåæíàÿ ïóáëèêàöèÿ íà ðàññìà-

òðèâàåìóþ òåìó ïðèíàäëåæèò Ô. Øâåïïå [23],

äàëüíåéøèå ðåçóëüòàòû è èõ îáçîð ìîæíî íàéòè,

íàïðèìåð, â [1, 24, 25]. Ñëåäóåò îòìåòèòü, ÷òî èñ-

ñëåäîâàíèÿ ïî àíàëèçó äàííûõ ñ èíòåðâàëüíîé

íåîïðåäåëåííîñòüþ ÷àñòî íàõîäÿòñÿ â áîëåå øè-

ðîêîì êîíòåêñòå òàê íàçûâàåìûõ «îãðàíè÷åííûõ

íåîïðåäåëåííîñòåé» (àíãëîÿçû÷íûå òåðìèíû —

bounded uncertainty, set membership estimation,

è äð.), êîãäà ìíîæåñòâàìè, îïèñûâàþùèìè íåîï-

ðåäåëåííîñòè èíòåðåñóþùèõ íàñ âåëè÷èí, âûñòó-

ïàþò íå òîëüêî îáû÷íûå èíòåðâàëû èëè èõ îáîá-

ùåíèÿ, íî è ìíîãîãðàííèêè, ýëëèïñîèäû è äðó-

ãèå áîëåå îáùèå ïàðàìåòðèçîâàííûå êëàññû

îãðàíè÷åííûõ ìíîæåñòâ.

Ñóùåñòâóþò èññëåäîâàíèÿ, â êîòîðûõ ðàñ-

ñìàòðèâàþòñÿ èíòåðâàëüíûå íåîïðåäåëåííîñòè

èçìåðåíèé (íàáëþäåíèé), íî â ðàìêàõ òåîðåòè-

êî-âåðîÿòíîñòíûõ ìîäåëåé ðåàëüíîñòè [26 – 28].

Çäåñü æå ìû ðàññìàòðèâàåì ñèòóàöèþ, êîãäà àï-

ïàðàò òåîðèè âåðîÿòíîñòåé íå ïðèìåíèì ê îïèñà-

íèþ ïîãðåøíîñòåé èçìåðåíèé.

Èòàê, ðåçóëüòàòû èçìåðåíèé íåòî÷íû, è ìû

ïðåäïîëàãàåì, ÷òî îíè ÿâëÿþòñÿ íåêîòîðûìè èí-

òåðâàëàìè, êîòîðûå äàþò äâóñòîðîííèå ãðàíèöû

òî÷íûõ çíà÷åíèé èçìåðåííûõ âåëè÷èí. Áóäåì

ñ÷èòàòü, ÷òî â ðåçóëüòàòå i-ãî èçìåðåíèÿ ïîëó÷à-

þòñÿ òàêèå èíòåðâàëû xi1, xi2, ..., xin, yi, ÷òî èñ-

òèííîå çíà÷åíèå x1 ëåæèò â xi1, èñòèííîå çíà÷å-

íèå x2 — â xi2 è ò.ä. âïëîòü äî y, èñòèííîå çíà÷å-

íèå êîòîðîãî ëåæèò â yi. Èíûìè ñëîâàìè, âìåñòî

(2) ðàññìàòðèâàåì èíòåðâàëüíûå äàííûå

x x x y

x x x y

x x

11 12 1 1

21 22 2 2

1 2

, , . . . , , ,

, , . . . , , ,

,

n

n

m m

� � � � �

, . . . , , .x ymn m

(3)

Íåîáõîäèìî íàéòè èëè îöåíèòü êîýôôèöèåíòû

âj, j = 0, 1, ..., n, äëÿ êîòîðûõ ëèíåéíàÿ ôóíêöèÿ

(1) «íàèëó÷øèì îáðàçîì» ïðèáëèæàåò äàííûå (3)

(ðèñ. 2). Ïðè ýòîì èäåàëüíûì ÿâëÿåòñÿ ñëó÷àé,

êîãäà ãðàôèê âîññòàíàâëèâàåìîé çàâèñèìîñòè

«ïðîõîäèò ÷åðåç âñå òî÷êè èçìåðåíèé», ñîâåð-

øåííî òàê æå, êàê, íàïðèìåð, â çàäà÷å èíòåðïî-

ëèðîâàíèÿ.

Íî â óñëîâèÿõ íåòî÷íîñòè äàííûõ, êîãäà ðå-

çóëüòàò êàæäîãî èçìåðåíèÿ-íàáëþäåíèÿ âìåñòî

òî÷êè ïðåäñòàâëÿåò ñîáîé öåëîå ìíîæåñòâî âîç-

ìîæíûõ çíà÷åíèé ðàññìàòðèâàåìîé âåëè÷èíû,

ñàìî ïîíÿòèå «ïðîõîæäåíèÿ ÷åðåç òî÷êè íàáëþ-

äåíèé» èìååò íåîäíîçíà÷íûé ñìûñë. Òåïåðü

ìíîæåñòâà íåîïðåäåëåííîñòè èçìåðåíèé ïðèîá-

ðåòàþò ñòðóêòóðó, ÷òî âûçûâàåò íåîáõîäèìîñòü

ðàçëè÷àòü òå èëè èíûå ñëó÷àè ïðîõîæäåíèÿ ãðà-

ôèêà ôóíêöèè ÷åðåç ýòè ìíîæåñòâà. Ýòî îáúÿñ-

íÿåòñÿ, â ÷àñòíîñòè, òåì, ÷òî âõîäû è âûõîäû

ñèñòåìû (ñîîòâåòñòâóþùèå íåçàâèñèìûì àðãó-

ìåíòàì ôóíêöèè è çàâèñèìûì ïåðåìåííûì) îò-

ëè÷àþòñÿ äðóã îò äðóãà ïî ôóíêöèîíàëüíîìó íà-

çíà÷åíèþ, à èõ èçìåðåíèÿ ìîãóò âûïîëíÿòüñÿ îò-

ëè÷íûìè äðóã îò äðóãà ñïîñîáàìè èëè äàæå â ðàç-

íîå âðåìÿ.

Íåîáõîäèìîñòü ðàçëè÷àòü ýòè ñëó÷àè ïîðîæ-

äàåò ïîíÿòèÿ ñëàáîãî ñîãëàñîâàíèÿ è ñèëüíîãî ñî-

ãëàñîâàíèÿ äàííûõ è ïàðàìåòðîâ âîññòàíàâëè-

âàåìîé çàâèñèìîñòè. Â äàííîé ðàáîòå â ïðîäîë-

æåíèå ñòàòåé [20, 21] îáñóæäàþòñÿ ïðàêòè÷åñêèå

ìåòîäû íàõîæäåíèÿ îöåíîê ïàðàìåòðîâ çàâèñè-
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Ðèñ. 2. Âîññòàíîâëåíèå ëèíåéíîé çàâèñèìîñòè ïî èíòåð-

âàëüíûì äàííûì èçìåðåíèé

Fig. 2. Construction of a linear function dependence from

the interval measurement data



ìîñòåé, óäîâëåòâîðÿþùèõ óñëîâèþ ñèëüíîé ñî-

ãëàñîâàííîñòè ñ äàííûìè. Ïîêàçàíî, ÷òî îíè

èìåþò ëó÷øèå òåîðåòè÷åñêèå ñâîéñòâà è ïðàêòè-

÷åñêè áîëåå óäîáíû. Ïîñòðîåíèå çàâèñèìîñòåé â

ñìûñëå îáû÷íîãî (ñëàáîãî) ñîãëàñîâàíèÿ áûëî

ïîäðîáíî ðàññìîòðåíî ðàíåå [18, 19, 22].

Ñëàáîå è ñèëüíîå ñîãëàñîâàíèå äàííûõ

è ïàðàìåòðîâ çàâèñèìîñòè

Ïîäñòàâëÿÿ ôîðìàëüíî äàííûå (3) â âûðàæå-

íèå (1) äëÿ âîññòàíàâëèâàåìîé ôóíêöèè, ïîëó÷à-

åì èíòåðâàëüíóþ m × (n + 1)-ñèñòåìó ëèíåéíûõ

àëãåáðàè÷åñêèõ óðàâíåíèé

) ) ) )

) ) )

0 11 1 12 2 1 1

0 21 1 22 2 2

� � � � �

� � � �

x x x y

x x x

... ,

...

n n

n)

) ) ) )

n

m m mn n m

�

� � � � �

y

x x x y

2

0 1 1 2 2

,

... ,

� � � � � �

(4)

èëè (êðàòêî)

Xâ = y, (5)

ãäå X = (xij) — èíòåðâàëüíàÿ m × (n + 1)-ìàòðè-

öà ñ ïåðâûì ñòîëáöîì èç åäèíèö; y = (yi) — èí-

òåðâàëüíûé m-âåêòîð è â = (â0, â1, ..., ân)ò — âåê-

òîð n + 1 íåèçâåñòíûõ. Àíàëîãè÷íî îáû÷íîìó

íåèíòåðâàëüíîìó ñëó÷àþ îöåíèâàíèå ïàðàìåò-

ðîâ âîññòàíàâëèâàåìîé çàâèñèìîñòè ìîæíî ñ÷è-

òàòü «ðåøåíèåì» ýòîé èíòåðâàëüíîé ñèñòåìû

óðàâíåíèé.

Â èäåàëå ãðàôèê âîññòàíàâëèâàåìîé çàâèñè-

ìîñòè äîëæåí ïðîõîäèòü ÷åðåç âñå «òî÷êè äàí-

íûõ», êîòîðûå òåïåðü ÿâëÿþòñÿ áðóñàìè â ïðî-

ñòðàíñòâå Rn + 1. Îáû÷íî èõ íàçûâàþò «áðóñàìè

íåîïðåäåëåííîñòè çàìåðîâ». Â ýòîì êîíòåêñòå åñ-

òåñòâåííûì ïðåäñòàâëÿåòñÿ ñëåäóþùåå.

Îïðåäåëåíèå 1. Íàáîð ïàðàìåòðîâ â0, â1, ..., ân

ðàññìàòðèâàåìîé ëèíåéíîé çàâèñèìîñòè ñëàáî

ñîãëàñóåòñÿ (èëè ïðîñòî ñîãëàñóåòñÿ) ñ èíòåð-

âàëüíûìè ýêñïåðèìåíòàëüíûìè äàííûìè (xi1,

xi2, ..., xin, yi), i = 1, 2, ..., m, åñëè äëÿ êàæäîãî íà-

áëþäåíèÿ i â ïðåäåëàõ èçìåðåííûõ èíòåðâàëîâ

íàéäóòñÿ òàêèå çíà÷åíèÿ xi1 * xi1, xi2 * xi2, ...,

xin * xin è yi * yi, ÷òî

â0 + â1xi1 + â2xi2 + ... + ânxin = yi.

Â ñîîòâåòñòâèè ñ ýòèì îïðåäåëåíèåì ïðîõîæ-

äåíèå ãðàôèêà êîíñòðóèðóåìîé çàâèñèìîñòè ÷å-

ðåç «òî÷êó» äàííûõ, ñòàâøóþ áðóñîì, ïîíèìàåò-

ñÿ ïðîñòî êàê åå íåïóñòîå ïåðåñå÷åíèå ñ ýòèì áðó-

ñîì (ñì. ðèñ. 2).

Ñ èñïîëüçîâàíèåì ôîðìàëüíîãî ÿçûêà ëî-

ãèêè ïðåäèêàòîâ îïðåäåëåíèå ìíîæåñòâà íàáî-

ðîâ ïàðàìåòðîâ â = (â0, â1, ..., ân)ò, êîòîðûå ñî-

ãëàñóþòñÿ ñ äàííûìè (3), âûãëÿäèò ñëåäóþùèì

îáðàçîì:

{â * Rn + 1|(�X * X)(�y * y)(Xâ = y)}.

Â èíòåðâàëüíîì àíàëèçå îíî íàçûâàåòñÿ îáúåäè-

íåííûì ìíîæåñòâîì ðåøåíèé Îuni(X, y) èíòåð-

âàëüíîé ñèñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ

óðàâíåíèé (4), (5) è íåôîðìàëüíî îïèñûâàåòñÿ

êàê

Îuni(X, y) = {â * Rn + 1|Xâ = y

äëÿ íåêîòîðûõ X * X è y * y}.

Íî «ðàçäóâøèåñÿ» òî÷êè-áðóñû äàííûõ ïðè-

îáðåòàþò óæå äîïîëíèòåëüíóþ ñòðóêòóðó, êîòî-

ðîé íå áûëî ó èñõîäíûõ áåñêîíå÷íî ìàëûõ òî÷åê.

Îíè ñòàíîâÿòñÿ ïðÿìûìè äåêàðòîâûìè ïðîèçâå-

äåíèÿìè èíòåðâàëîâ, èìåþùèõ ðàçíûé ñîäåðæà-

òåëüíûé ñìûñë, êîòîðûå îòâå÷àþò âõîäíûì (íå-

çàâèñèìûì) ïåðåìåííûì è âûõîäíîé (çàâèñè-

ìîé) ïåðåìåííîé. Êàê ñëåäñòâèå, ðàçëè÷íûå ãðà-

íè áðóñà íåîïðåäåëåííîñòè çàìåðà èìåþò ðàçíîå

çíà÷åíèå (íà ðèñ. 2 ýòî âåðòèêàëüíûå è ãîðèçîí-

òàëüíûå ñòîðîíû ïðÿìîóãîëüíèêîâ), à çàäà÷à

âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî íåòî÷íûì äàí-

íûì ïðèîáðåòàåò íîâûé ñìûñë. Òåïåðü âàæíî

çíàòü, êàê èìåííî ãðàôèê âîññòàíàâëèâàåìîé çà-

âèñèìîñòè ïðîõîäèò ÷åðåç áðóñ íåîïðåäåëåííî-

ñòè çàìåðà.

Åñëè ïðîöåññ èçìåðåíèÿ çíà÷åíèé âõîäà è

âûõîäà ðàçîðâàí âî âðåìåíè è ðàçäåëåí íà ýòà-

ïû, êîãäà âûõîäû èçìåðÿþòñÿ ïîñëå ôèêñàöèè

çíà÷åíèé âõîäîâ, òî áîëåå àäåêâàòíî ïîíèìàíèå

«ñîãëàñîâàíèÿ», ïðè êîòîðîì îãðàíè÷åíèå íà âû-

õîäå äîëæíî âûïîëíÿòüñÿ ðàâíîìåðíî ïðè ëþ-

áûõ çíà÷åíèÿõ âõîäîâ. Ýòà ñèòóàöèÿ îïèñûâàåò-

ñÿ óæå äðóãèì îïðåäåëåíèåì.

Îïðåäåëåíèå 2. Íàáîð ïàðàìåòðîâ â0, â1, ..., ân

ðàññìàòðèâàåìîé ëèíåéíîé çàâèñèìîñòè ñèëüíî
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Ðèñ. 3. Èëëþñòðàöèÿ ñèëüíîãî ñîãëàñîâàíèÿ ïàðàìåòðîâ

ëèíåéíîé ìîäåëè è èíòåðâàëüíûõ äàííûõ èçìåðåíèé

Fig. 3. Illustration of strong compatibility between the lin-

ear model parameters and interval measurement data



ñîãëàñóåòñÿ ñ èíòåðâàëüíûìè ýêñïåðèìåíòàëü-

íûìè äàííûìè (xi1, xi2, ..., xin, yi), i = 1, 2, ..., m,

åñëè äëÿ êàæäîãî íàáëþäåíèÿ i äëÿ ëþáûõ çíà÷å-

íèé xi1 * xi1, xi2 * xi2, ..., xin * xin â ïðåäåëàõ èçìå-

ðåííûõ èíòåðâàëîâ íàéäåòñÿ òàêîå yi * yi, ÷òî

â0 + â1xi1 + â2xi2 + ... + ânxin = yi.

Ýòî îïðåäåëåíèå íàãëÿäíî èëëþñòðèðóåò

ðèñ. 3. Ìíîæåñòâî ïàðàìåòðîâ çàâèñèìîñòè (1),

ñîãëàñóþùèõñÿ ñ äàííûìè çàäà÷è â ñìûñëå îïðå-

äåëåíèÿ 2, íà ôîðìàëüíîì ÿçûêå îïèñûâàåòñÿ

ñëåäóþùèì îáðàçîì:

{â * Rn + 1|(�X * X)(�y * y)(Xâ = y)}.

Â èíòåðâàëüíîì àíàëèçå ýòî ìíîæåñòâî íà-

çûâàåòñÿ äîïóñêîâûì ìíîæåñòâîì ðåøåíèé

Îtol(X, y) èíòåðâàëüíîé ëèíåéíîé ñèñòåìû óðàâ-

íåíèé (4), (5), òàê êàê èñòîðè÷åñêè îíî âîçíèêëî

èç ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷, â êîòîðûõ ôèãó-

ðèðóþò íåêîòîðûå «äîïóñêè» íà ïàðàìåòðû îáú-

åêòà [4, 29]. Íåôîðìàëüíî

Îtol(X, y) = {â * Rn + 1 | äëÿ ëþáîé X * X

âûïîëíåíî Xâ * y}.

Çàäà÷ó âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî íå-

òî÷íûì äàííûì áóäåì ðåøàòü ïî ñëåäóþùåé îá-

ùåé ñõåìå:

1) ââîäèì êîëè÷åñòâåííóþ «ìåðó ñîãëàñîâà-

íèÿ» (ñëàáîãî èëè ñèëüíîãî) ïàðàìåòðîâ çàâèñè-

ìîñòè è èíòåðâàëüíûõ äàííûõ;

2) íàõîäèì òî÷êó ìàêñèìóìà ýòîé ìåðû è áå-

ðåì åå â êà÷åñòâå îöåíêè ïàðàìåòðîâ.

ßñíî, ÷òî ïðè äîñòàòî÷íî ðàçóìíîì âûáîðå

«ìåðû ñîãëàñîâàíèÿ» îöåíêà ïàðàìåòðîâ ïî äàí-

íîìó ñïîñîáó âñåãäà áóäåò ïîëó÷åíà. Íî ñîâåð-

øåííî íåîáÿçàòåëüíî, ÷òî ðåàëüíîå ñîãëàñîâàíèå

ïîëó÷åííûõ ïàðàìåòðîâ è äàííûõ â ñàìîì äåëå

áóäåò èìåòü ìåñòî. Èíûìè ñëîâàìè, êàê è â òðà-

äèöèîííîì íåèíòåðâàëüíîì ñëó÷àå, èíîãäà ìî-

æåò íå ñóùåñòâîâàòü íàáîðà ïàðàìåòðîâ, ñîãëà-

ñóþùèõñÿ ñ äàííûìè, ò.å. ëèíèè, ïðîõîäÿùåé ÷å-

ðåç âñå áðóñû íåîïðåäåëåííîñòè çàìåðîâ â íóæ-

íîì íàì ñìûñëå, îáû÷íîì èëè ñèëüíîì.

Îñíîâíîé âîïðîñ, âîçíèêàþùèé â ñâÿçè ñ íà-

ìå÷åííûì ïëàíîì, ñîñòîèò â òîì, êàêîé âçÿòü êî-

ëè÷åñòâåííóþ ìåðó ñèëüíîãî ñîãëàñîâàíèÿ/íåñî-

ãëàñîâàíèÿ ïàðàìåòðîâ è äàííûõ?

Ñóùåñòâóþò åñòåñòâåííûå òðåáîâàíèÿ, êîòî-

ðûì ýòà ìåðà äîëæíà óäîâëåòâîðÿòü. Â ïðîöåññå

ðåøåíèÿ ìîãóò âîçíèêíóòü äâå êà÷åñòâåííî îò-

ëè÷íûå äðóã îò äðóãà ñèòóàöèè, êîãäà ìíîæåñòâî

ðåøåíèé ïóñòî è êîãäà îíî íåïóñòî. Âûÿâëåíèå

ýòîãî îòëè÷èÿ ìîæíî âîçëîæèòü íà íàøó ìåðó ñî-

ãëàñîâàíèÿ/íåñîãëàñîâàíèÿ. Ïðè íåïóñòîì ìíî-

æåñòâå ðåøåíèé îíà äîëæíà áûòü ïîëîæèòåëü-

íîé èëè ïî êðàéíåé ìåðå íåîòðèöàòåëüíîé äëÿ

òî÷åê èç ýòîãî ìíîæåñòâà, íà êîòîðûõ ñîãëàñîâà-

íèå â ñàìîì äåëå äîñòèãàåòñÿ. Äëÿ òî÷åê âíå ìíî-

æåñòâà ðåøåíèé, íà êîòîðûõ ñîãëàñîâàíèÿ íåò,

îíà ìîæåò áûòü îòðèöàòåëüíîé. Òàêèì îáðàçîì,

çíàê âåëè÷èíû ýòîé ìåðû áóäåò ñëóæèòü ïðèçíà-

êîì ïóñòîòû èëè íåïóñòîòû ìíîæåñòâà ðåøåíèé.

Êðîìå òîãî, â ñëó÷àå íåïóñòîãî ìíîæåñòâà ðåøå-

íèé äëÿ òî÷åê åãî ãðàíèöû ìåðà ñîãëàñîâàíèÿ

äîëæíà áûòü íå áîëüøå, ÷åì äëÿ òî÷åê èç åãî

âíóòðåííîñòè. Äàëåå ïîäðîáíî ðàññìîòðèì ñèëü-

íîå ñîãëàñîâàíèå ïàðàìåòðîâ ëèíåéíîé çàâèñè-

ìîñòè è èíòåðâàëüíûõ äàííûõ.

Èíòåðâàëüíûå ñèñòåìû

ëèíåéíûõ óðàâíåíèé

Ïðè ðåøåíèè çàäà÷è âîññòàíîâëåíèÿ ëèíåé-

íîé çàâèñèìîñòè ïî äàííûì ñ èíòåðâàëüíîé íå-

îïðåäåëåííîñòüþ âîçíèêàåò èíòåðâàëüíàÿ ñèñòå-

ìà (4), (5) ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé

) ) ) )

) ) ) )

0 11 1 12 2 1 1

0 21 1 22 2 2

� � � � �

� � � � �

x x x y

x x x y

�

�

n n

n n

,

2

0 1 1 2 2

,

,

�

�) ) ) )� � � � �x x x y
m m mn n m

èëè (êðàòêî)

Xâ = y,

ãäå X = (xij) — èíòåðâàëüíàÿ m × (n + 1)-ìàòðè-

öà è y = (yi) — èíòåðâàëüíûé m-âåêòîð. Ýòî ôîð-

ìàëüíàÿ çàïèñü, îáîçíà÷àþùàÿ ñåìåéñòâî òî÷å÷-

íûõ ëèíåéíûõ ñèñòåì Xâ = y òîé æå ñòðóêòóðû,

÷òî è èíòåðâàëüíàÿ ñèñòåìà, ñ X * X è y * y. Êàæ-

äàÿ ñèñòåìà ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíå-

íèé Xâ = y, ìàòðèöà êîòîðîé X âçÿòà èç èíòåð-

âàëüíîé ìàòðèöû X, à ïðàâàÿ ÷àñòü y èç y, ìîæåò

èìåòü ðåøåíèÿ, êîòîðûå âî ìíîãèõ ñèòóàöèÿõ

èìååò ñìûñë ðàññìàòðèâàòü ñîâìåñòíî, åäèíîé

ñîâîêóïíîñòüþ, ò.å. îáúåäèíèâ èõ. Íà ýòîì ïóòè

ìû ïîëó÷àåì òàê íàçûâàåìîå îáúåäèíåííîå ìíî-

æåñòâî ðåøåíèé

Îuni(X, y) = {â * Rn + 1 | ñóùåñòâóþò

òàêèå X * X è y * y, ÷òî Xâ = y}

(àíãëîÿçû÷íûé òåðìèí — united solution set).

Îíî ôîðìàëèçóåò, ïî-âèäèìîìó, íàèáîëåå ïðî-

ñòîå è åñòåñòâåííîå ïîíèìàíèå «ðåøåíèÿ» èí-

òåðâàëüíîé ñèñòåìû óðàâíåíèé. Ýòîìó ìíîæåñò-

âó è ðàçëè÷íûì ñïîñîáàì åãî íàõîæäåíèÿ è îöå-

íèâàíèÿ ïîñâÿùåíî îãðîìíîå êîëè÷åñòâî ðàáîò

(ñì., â ÷àñòíîñòè, [1, 3, 4, 14, 18, 19, 22, 25]).

Ñèëüíîå ñîãëàñîâàíèå ïàðàìåòðîâ è äàííûõ

äèêòóåò äðóãîå ïîíèìàíèå ðåøåíèé èíòåðâàëü-

íîé ñèñòåìû óðàâíåíèé. Åìó ñîîòâåòñòâóåò òàê

íàçûâàåìîå äîïóñêîâîå ìíîæåñòâî ðåøåíèé èí-
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òåðâàëüíîé ëèíåéíîé ñèñòåìû óðàâíåíèé —

ìíîæåñòâî

Îtol(X, y) = {â * Rn + 1 | äëÿ ëþáîé

X * X ñïðàâåäëèâî Xâ * y}

(àíãëîÿçû÷íûé òåðìèí — tolerable solution set).

Ýòî ìíîæåñòâî âñåâîçìîæíûõ âåêòîðîâ â, äëÿ êî-

òîðûõ ïðîèçâåäåíèå Xâ ïîïàäàåò â èíòåðâàëû

ïðàâûõ ÷àñòåé y ïðè ëþáûõ X * X. Äîïóñêîâîå

ìíîæåñòâî ðåøåíèé ìîæåò îêàçàòüñÿ ïóñòûì,

åñëè èíòåðâàëû ïðàâîé ÷àñòè «ñëèøêîì óçêè» â

ñðàâíåíèè ñ èíòåðâàëàìè ýëåìåíòîâ ìàòðèöû.

Òîãäà ïðîèçâåäåíèå Xâ ïîëó÷àåò «áîëüøîé ðàç-

ìàõ», êîòîðûé ìîæåò íå óìåñòèòüñÿ â «êîðèäî-

ðàõ» ïðàâûõ ÷àñòåé ñèñòåìû.

Íåòðóäíî ïîíÿòü, ÷òî âñåãäà Îtol(X, y) *

* Îuni(X, y), ò.å. äîïóñêîâîå ìíîæåñòâî ðåøåíèé

ÿâëÿåòñÿ ïîäìíîæåñòâîì îáúåäèíåííîãî ìíî-

æåñòâà ðåøåíèé. Â òåðìèíàõ çàäà÷è âîññòà-

íîâëåíèÿ çàâèñèìîñòåé ýòî îçíà÷àåò, ÷òî åñëè

èìååò ìåñòî ñèëüíîå ñîãëàñîâàíèå ïàðàìåòðîâ è

äàííûõ, òî òåì áîëåå ñïðàâåäëèâî îáû÷íîå ñî-

ãëàñîâàíèå.

Ñóùåñòâóåò íåñêîëüêî ðåçóëüòàòîâ, äàþùèõ

àíàëèòè÷åñêèå îïèñàíèÿ äîïóñêîâîãî ìíîæåñòâà

ðåøåíèé äëÿ èíòåðâàëüíûõ ëèíåéíûõ ñèñòåì.

Â ÷àñòíîñòè, òåîðåìà È. Ðîíà [4, 30] ïðåäñòàâëÿ-

åò äîïóñêîâîå ìíîæåñòâî ðåøåíèé â âèäå ðåøå-

íèÿ ñèñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ íåðà-

âåíñòâ. Ïîñêîëüêó çàäà÷à ðåøåíèÿ òàêèõ ñèñòåì

èìååò ïîëèíîìèàëüíóþ ñëîæíîñòü (ñì., íàïðè-

ìåð [31]), òî èç òåîðåìû È. Ðîíà ñëåäóåò, ÷òî â

îáùåì ñëó÷àå ðàñïîçíàâàíèå ïóñòîòû/íåïóñòîòû

äîïóñêîâîãî ìíîæåñòâà ðåøåíèé è îòûñêàíèå

òî÷êè èç íåãî òàêæå ìîãóò âûïîëíÿòüñÿ çà ïîëè-

íîìèàëüíîå îò ðàçìåðîâ çàäà÷è âðåìÿ. Äëÿ ýòîãî

îñîáåííî óäîáíû ðàçâèòûå ìåòîäû ëèíåéíîãî

ïðîãðàììèðîâàíèÿ è ðåàëèçóþùèå èõ ãîòîâûå

ïàêåòû ïðîãðàìì è ïðîöåäóðû.

×ðåçâû÷àéíî âàæíûì äëÿ ïîíèìàíèÿ

ñâîéñòâ ñèëüíîãî ñîãëàñîâàíèÿ ïàðàìåòðîâ è èí-

òåðâàëüíûõ äàííûõ â çàäà÷å âîññòàíîâëåíèÿ ëè-

íåéíîé çàâèñèìîñòè ÿâëÿåòñÿ ñëåäóþùèé ðåçóëü-

òàò È. À. Øàðîé [32, 33]1.

Êðèòåðèé íåîãðàíè÷åííîñòè äîïóñêîâîãî

ìíîæåñòâà ðåøåíèé. Íåïóñòîå äîïóñêîâîå

ìíîæåñòâî ðåøåíèé èíòåðâàëüíîé ñèñòåìû

ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé íåîãðà-

íè÷åííî òîãäà è òîëüêî òîãäà, êîãäà â ìàòðèöå

ñèñòåìû åñòü ëèíåéíî çàâèñèìûå íåèíòåðâàëü-

íûå ñòîëáöû.

Íàïîìíèì, ÷òî ìíîæåñòâî âåêòîðîâ ëèíåéíî-

ãî ïðîñòðàíñòâà íàçûâàåòñÿ ëèíåéíî çàâèñèìûì,

åñëè ñóùåñòâóþò òàêèå ñêàëÿðû, íå âñå ðàâíûå

íóëþ, ÷òî ëèíåéíàÿ êîìáèíàöèÿ âåêòîðîâ ñ ýòè-

ìè ñêàëÿðàìè ðàâíà íóëåâîìó âåêòîðó. Ïðèâå-

äåííûé êðèòåðèé îãðàíè÷åííîñòè ïîêàçûâàåò,

÷òî äîïóñêîâîå ìíîæåñòâî ðåøåíèé íåîãðàíè÷åí-

íî ëèøü â èñêëþ÷èòåëüíûõ ñëó÷àÿõ, êîòîðûå çà-

âåäîìî íå âûïîëíÿþòñÿ, åñëè âõîäíûå ïåðåìåí-

íûå èìåþò ñóùåñòâåííûå èíòåðâàëüíûå íåîïðå-

äåëåííîñòè. Ýòî ñëåäóåò èç òîãî, ÷òî ïðè ñëîæå-

íèè èíòåðâàëîâ èõ øèðèíà íå óìåíüøàåòñÿ (ñì.

ñëåäóþùèé ðàçäåë), è ïîòîìó íåòðèâèàëüíàÿ ëè-

íåéíàÿ êîìáèíàöèÿ íåâûðîæäåííûõ èíòåðâàëîâ

íèêîãäà íå ñìîæåò çàíóëèòüñÿ.

Ìåòîä ðàñïîçíàþùåãî ôóíêöèîíàëà

Êðàòêî èçëîæèì èçâåñòíûå ðåçóëüòàòû î äî-

ïóñêîâîì ìíîæåñòâå ðåøåíèé, îïóáëèêîâàííûå

ðàíåå, â ÷àñòíîñòè, â [4, 29]. Äàëåå ïîíàäîáèòñÿ

êëàññè÷åñêàÿ èíòåðâàëüíàÿ àðèôìåòèêà IR — àë-

ãåáðàè÷åñêàÿ ñèñòåìà, îáðàçîâàííàÿ èíòåðâàëà-

ìè x = [inf x, sup x] âåùåñòâåííîé îñè R òàê, ÷òî

äëÿ ëþáîé àðèôìåòè÷åñêîé îïåðàöèè «*» èç ìíî-

æåñòâà {+, –, ·, /} ðåçóëüòàò îïåðàöèè ìåæäó èí-

òåðâàëàìè îïðåäåëÿåòñÿ «ïî ïðåäñòàâèòåëÿì»,

ò.å. êàê

x * y = {x * y|x * x, y * y}.

Ðàçâåðíóòûå êîíñòðóêòèâíûå ôîðìóëû äëÿ

àðèôìåòè÷åñêèõ îïåðàöèé âûãëÿäÿò ñëåäóþùèì

îáðàçîì:

x + y = [inf x + inf y, sup x + sup y],

x – y = [inf x – sup y, sup x – inf y],

x * y = [min S, max S],

ãäå S = {inf x * inf y, inf x * sup y, sup x * inf y,

sup x * sup y},

x/y = x * [1/sup y, 1/inf y] ïðè 0 * y.

Îòïðàâíîé òî÷êîé äàëüíåéøèõ ïîñòðîåíèé

ÿâëÿåòñÿ ñëåäóþùèé ðåçóëüòàò: äëÿ èíòåðâàëü-

íîé m × (n + 1)-ñèñòåìû ëèíåéíûõ àëãåáðàè÷å-

ñêèõ óðàâíåíèé Xâ = y òî÷êà â * Rn + 1 ïðèíàäëå-

æèò äîïóñêîâîìó ìíîæåñòâó ðåøåíèé Îtol(X, y)

òîãäà è òîëüêî òîãäà, êîãäà

X · â * y, (6)

ãäå «·» — èíòåðâàëüíîå ìàòðè÷íîå óìíîæåíèå.

Ñïðàâåäëèâîñòü ýòîãî îïèñàíèÿ ñëåäóåò èç

ñâîéñòâ èíòåðâàëüíîãî ìàòðè÷íî-âåêòîðíîãî óì-

íîæåíèÿ è îïðåäåëåíèÿ äîïóñêîâîãî ìíîæåñòâà

ðåøåíèé (ñì. [4, 29]). Ïðåîáðàçóåì âêëþ÷åíèå (6)
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1 Â ðàáîòå [32] äëÿ íàèìåíîâàíèÿ äîïóñêîâîãî ìíîæåñòâà

ðåøåíèé èíòåðâàëüíûõ ñèñòåì óðàâíåíèé èñïîëüçó-

åòñÿ óñòàðåâøèé òåðìèí «äîïóñòèìîå ìíîæåñòâî ðå-

øåíèé».



â äðóãóþ ôîðìó. Ïðåæäå âñåãî ïåðåïèøåì (6) â

âèäå ðàâíîñèëüíîé ñèñòåìû ïîêîìïîíåíòíûõ èí-

òåðâàëüíûõ âêëþ÷åíèé. Ïî îïðåäåëåíèþ

(X · â)i = x
ij j

j

n

)

�

�

0

, i = 1, 2, ..., m,

ãäå óäîáíî ñ÷èòàòü, ÷òî ñàìûé ïåðâûé ñòîëáåö

ìàòðèöû X, ñîñòàâëåííûé èç åäèíèö, èìååò íó-

ëåâîé íîìåð. Òîãäà âìåñòî (6) ìîæíî íàïèñàòü

x
ij j

j

n

)

�

�

0

* yi, i = 1, 2, ..., m. (7)

Îáîçíà÷èì

mid yi =
1

2
(sup yi – inf yi) — ñåðåäèíà èíòåðâàëà yi,

rad yi =
1

2
(inf yi + sup yi) — ðàäèóñ èíòåðâàëà yi.

Ïðåäñòàâèì ïðàâûå ÷àñòè âêëþ÷åíèé (7) â

âèäå ñóìì ñðåäíèõ òî÷åê è óðàâíîâåøåííûõ èí-

òåðâàëîâ [–rad yi, rad yi]:

x
ij j

j

n

)

�

�

0

* mid yi + [–rad yi, rad yi], i = 1, 2, ..., m.

Äîáàâëÿÿ òåïåðü ê îáåèì ÷àñòÿì âêëþ÷åíèé

ïî (– mid yi), ïîëó÷èì

x
ij j

j

n

)

�

�

0

– mid yi * [–rad yi, rad yi], i = 1, 2, ..., m.

Íî âêëþ÷åíèå èíòåðâàëà â óðàâíîâåøåííûé

èíòåðâàë [–rad yi, rad yi] ìîæíî ýêâèâàëåíòíûì

îáðàçîì çàïèñàòü êàê íåðàâåíñòâî

mid y x
i ij j

j

n

�

+

+

+

+

+

+

�

� )

0

, rad yi, i = 1, 2, ..., m,

÷òî ðàâíîñèëüíî

rad yi – mid y x
i ij j

j

n

�

+

+

+

+

+

+

�

� )

0

# 0, i = 1, 2, ..., m.

Ïîýòîìó â öåëîì

X · â * y� rad yi – mid y x
i ij j

j

n

�

+

+

+

+

+

+

�

� )

0

# 0,

i = 1, 2, ..., m.

Íàêîíåö, ñ ïîìîùüþ îïåðàöèè ìèíèìóìà

ìîæíî ñâåðíóòü ïî i êîíúþíêöèþ íåðàâåíñòâ â

ïðàâîé ÷àñòè ïîëó÷åííîé ëîãè÷åñêîé ýêâèâà-

ëåíòíîñòè:

X · â * y� min .
1

0

0
, ,

�

� �

+

+

+

+

+

+

�

�

�

�
�

-

.

�

/
�

#�
i m

i i ij j

j

n

rad midy y x )

Ìû ïðèøëè ê ñëåäóþùåìó ðåçóëüòàòó:

Òåîðåìà. Ïóñòü X — èíòåðâàëüíàÿ m × (n +

+ 1)-ìàòðèöà, y — èíòåðâàëüíûé m-âåêòîð.

Òîãäà âûðàæåíèåì

Tol(â, X, y) = min
1

0
, ,

�

� �

+

+

+

+

+

+

�

�

�

�
�

-

.

�

/
�

�
i m

i i ij j

j

n

rad midy y x )

çàäàåòñÿ îòîáðàæåíèå Tol: Rn + 1 × IRm × (n + 1) ×

× IRm
 R òàêîå, ÷òî ïðèíàäëåæíîñòü òî÷êè

â * Rn + 1 äîïóñêîâîìó ìíîæåñòâó ðåøåíèé

Îtol(X, y) èíòåðâàëüíîé ëèíåéíîé ñèñòåìû óðàâ-

íåíèé Xâ = y ðàâíîñèëüíà íåîòðèöàòåëüíîñòè

Tol â òî÷êå â, ò.å.

â * Îtol(X, y)� Tol(â, X, y) # 0.

Òàêèì îáðàçîì, äîïóñêîâîå ìíîæåñòâî ðåøå-

íèé Îtol(X, y) èíòåðâàëüíîé ëèíåéíîé ñèñòåìû

ÿâëÿåòñÿ ìíîæåñòâîì óðîâíÿ

{â * Rn + 1|Tol(â, X, y) # 0}

îòîáðàæåíèÿ Tol. Áóäåì íàçûâàòü ýòî îòîáðàæå-

íèå «ðàñïîçíàþùèì ôóíêöèîíàëîì» äîïóñêîâîãî

ìíîæåñòâà ðåøåíèé, òàê êàê åãî îáëàñòüþ çíà÷å-

íèé ÿâëÿåòñÿ ÷èñëîâîå ìíîæåñòâî R, ò.å. âåùåñò-

âåííàÿ îñü, à ïîñðåäñòâîì çíàêà ñâîèõ çíà÷åíèé

Tol «ðàñïîçíàåò» ïðèíàäëåæíîñòü òî÷êè ìíîæå-

ñòâó Îtol(X, y).

Êîíñïåêòèâíî èçëîæèì ñâîéñòâà ðàñïîçíà-

þùåãî ôóíêöèîíàëà. Èõ ïîäðîáíûå äîêàçàòåëü-

ñòâà ìîæíî íàéòè â [4, 29].

Ïðåæäå âñåãî, ôóíêöèîíàë Tol íåïðåðûâåí

ïî âñåì ñâîèì ïåðåìåííûì. Ôóíêöèîíàë Tol —

âîãíóòûé ïî â âñþäó â Rn + 1 è, êàê ñëåäñòâèå,

óíèìîäàëüíûé. Ôóíêöèîíàë Tol(â, X, y) — ïîëè-

ýäðàëüíûé, ò.å. åãî ïîäãðàôèê — ïîëèýäðàëüíîå

ìíîæåñòâî, à ãðàôèê ñîñòàâëåí èç êóñêîâ ãèïåð-

ïëîñêîñòåé (ðèñ. 4). Íàêîíåö, Tol(â, X, y) äîñòèãà-

åò êîíå÷íîãî ìàêñèìóìà íà âñåì ïðîñòðàíñòâå

Rn + 1.

Åñëè Tol(â, X, y) > 0, òî â — òî÷êà òîïîëîãè-

÷åñêîé âíóòðåííîñòè int Îtol(X, y) äîïóñêîâîãî

ìíîæåñòâà ðåøåíèé. Ïîÿñíèì, ÷òî òî÷êà òîïîëî-

ãè÷åñêîé âíóòðåííîñòè — ýòî òî÷êà ìíîæåñòâà,

ïðèíàäëåæàùàÿ åìó âìåñòå ñ íåêîòîðûì øàðîì

(îòíîñèòåëüíî êàêîé-òî íîðìû), èìåþùèì öåíòð

â ýòîé òî÷êå. Ñëåäîâàòåëüíî, òî÷êè èç âíóòðåííî-

ñòè ìíîæåñòâà îñòàþòñÿ ïðèíàäëåæàùèìè ýòîìó

ìíîæåñòâó äàæå ïðè èõ ìàëûõ «øåâåëåíèÿõ», ÷òî
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íåðåäêî âàæíî äëÿ ïðàêòèêè. Ïðè îïðåäåëåííûõ

íåîáðåìåíèòåëüíûõ óñëîâèÿõ íà èíòåðâàëüíóþ

ñèñòåìó Xâ = y âåðíî è îáðàòíîå, ò.å. èç ïðèíàä-

ëåæíîñòè â * int Îtol(X, y) ñëåäóåò ñòðîãîå íåðà-

âåíñòâî Tol(â, X, y) > 0 [4, 29].

Êàê ñëåäñòâèå ñôîðìóëèðîâàííûõ ðåçóëüòà-

òîâ, ñ ïîìîùüþ ðàñïîçíàþùåãî ôóíêöèîíàëà

ìîæíî âûïîëíèòü èññëåäîâàíèå íåïóñòîòû/ïóñ-

òîòû äîïóñêîâîãî ìíîæåñòâà ðåøåíèé èíòåð-

âàëüíîé ñèñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ

óðàâíåíèé Xâ = y ïî ñëåäóþùåé ñõåìå. Ðåøàåì

çàäà÷ó áåçóñëîâíîé ìàêñèìèçàöèè ðàñïîçíàþùå-

ãî ôóíêöèîíàëà Tol(â, X, y). Ïóñòü íàéäåííûé

ìàêñèìóì äîñòèãàåòñÿ â òî÷êå â * Rn + 1 è ðàâåí

U
n

�

*
�

max ( , , ).
)

)

R

Tol
1

X y

Òîãäà:

åñëè U # 0, òî ô * Îtol(X, y) * 0, ò.å. äîïóñêî-

âîå ìíîæåñòâî ðåøåíèé ñèñòåìû Xâ = y íåïóñòî

è ô ëåæèò â íåì;

åñëè U > 0, òî ô * int Îtol(X, y) * 0, è ïðèíàä-

ëåæíîñòü òî÷êè ô äîïóñêîâîìó ìíîæåñòâó ðåøå-

íèé óñòîé÷èâà ê ìàëûì âîçìóùåíèÿì X è y;

åñëè U < 0, òî Îtol(X, y) = 0, ò.å. äîïóñêîâîå

ìíîæåñòâî ðåøåíèé èíòåðâàëüíîé ñèñòåìû ëè-

íåéíûõ óðàâíåíèé Xâ = y ïóñòî.

Ñàìà âåëè÷èíà U = max Tol ìîæåò ñëóæèòü êîëè-

÷åñòâåííîé ìåðîé «çàïàñà ðàçðåøèìîñòè» çàäà÷è

(ïðè U # 0) èëè æå åå «äåôèöèòà ðàçðåøèìîñòè»

(ïðè U < 0).

Ìåòîä ìàêñèìóìà ñîãëàñîâàíèÿ:

«ñèëüíàÿ âåðñèÿ»

Ðåçóëüòàòû ïðåäøåñòâóþùåãî ðàçäåëà ìîæ-

íî ïîëîæèòü â îñíîâó ïîäõîäà ê ðåøåíèþ çàäà÷è

âîññòàíîâëåíèÿ ëèíåéíîé çàâèñèìîñòè ïî íåòî÷-

íûì äàííûì, êîòîðîå óäîâëåòâîðÿåò òðåáîâàíèþ

ñèëüíîé ñîãëàñîâàííîñòè äàííûõ è ïàðàìåòðîâ.

Â ñîîòâåòñòâèè ñ ïëàíîì, íàìå÷åííûì â êîí-

öå ïåðâîãî ðàçäåëà, íåîáõîäèìî ââåñòè «ìåðó

ñèëüíîãî ñîãëàñîâàíèÿ / íåñîãëàñîâàíèÿ» ïàðà-

ìåòðîâ è äàííûõ. Íàïîìíèì, ÷òî ïðè íåïóñòîì

äîïóñêîâîì ìíîæåñòâå ðåøåíèé îíà äîëæíà áûòü

ïîëîæèòåëüíîé äëÿ òî÷åê èç ýòîãî ìíîæåñòâà, íà

êîòîðûõ «ñèëüíîå ñîãëàñîâàíèå» â ñàìîì äåëå

äîñòèãàåòñÿ. Äëÿ òî÷åê âíå äîïóñêîâîãî ìíîæåñò-
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Fig. 4. A typical graph of the recognizing functional for a tolerable solution set



âà ðåøåíèé, íà êîòîðûõ «ñèëüíîãî ñîãëàñîâàíèÿ»

íåò, îíà ìîæåò áûòü îòðèöàòåëüíîé. Òàêèì îáðà-

çîì, íà ðîëü ìåðû ñîãëàñîâàíèÿ î÷åíü ïîäõîäèò

ðàñïîçíàþùèé ôóíêöèîíàë Tol. Â ÷àñòíîñòè, Tol

ðàçëè÷àåò òî÷êè ãðàíèöû è âíóòðåííîñòè äîïóñ-

êîâîãî ìíîæåñòâà ðåøåíèé.

Ìû ïðèõîäèì ê ìåòîäó îöåíèâàíèÿ ïàðàìåò-

ðîâ ëèíåéíîé çàâèñèìîñòè ïî íåòî÷íûì äàííûì,

êîòîðûé áóäåì íàçûâàòü ìåòîäîì ìàêñèìóìà ñî-

ãëàñîâàíèÿ.

Îöåíêîé ïàðàìåòðîâ áåðåì òî÷êó, â êîòîðîé

äîñòèãàåòñÿ íàèáîëüøåå çíà÷åíèå ðàñïîçíàþùå-

ãî ôóíêöèîíàëà Tol. Ñëåäñòâèå òåîðèè ïðåäøå-

ñòâóþùåãî ðàçäåëà:

åñëè max Tol # 0, òî íàéäåííàÿ òî÷êà ëåæèò

âî ìíîæåñòâå ïàðàìåòðîâ, ñèëüíî ñîãëàñóþùèõñÿ

ñ äàííûìè;

åñëè max Tol < 0, òî íå ñóùåñòâóåò ïàðàìåò-

ðîâ, ñèëüíî ñîãëàñóþùèõñÿ ñ äàííûìè, íî íàé-

äåííàÿ òî÷êà ìèíèìèçèðóåò «íåñîãëàñîâàííîñòü»

ïàðàìåòðîâ è äàííûõ.

Ñîäåðæàòåëüíàÿ èíòåðïðåòàöèÿ ìåòîäà ìàê-

ñèìóìà ñîãëàñîâàíèÿ â ñëó÷àå íåïóñòîãî ìíîæå-

ñòâà ðåøåíèé Îtol(X, y) ìîæåò áûòü, íàïðèìåð,

òàêîé: îöåíêà ïàðàìåòðîâ, ò.å. àðãóìåíò, íà êîòî-

ðîì äîñòèãàåòñÿ max Tol, — ýòî ïîñëåäíÿÿ òî÷êà,

êîòîðàÿ îñòàåòñÿ â íåïóñòîì äîïóñêîâîì ìíîæå-

ñòâå ðåøåíèé ïðè ðàâíîìåðíîì ñóæåíèè âåêòîðà

ïðàâîé ÷àñòè îòíîñèòåëüíî åãî ñåðåäèíû [4, 29].

Îòìåòèì òàêæå, ÷òî äëÿ ñëó÷àÿ òî÷å÷íûõ äàí-

íûõ ñèëüíàÿ âåðñèÿ ìåòîäà ìàêñèìóìà ñîãëàñî-

âàíèÿ (òàê æå, êàê è îáû÷íàÿ «ñëàáàÿ») ñîâïàäàåò

ñ òàê íàçûâàåìûì ÷åáûøåâñêèì ñãëàæèâàíèåì

äàííûõ, êîòîðîå äàâíî è óñïåøíî ïðèìåíÿåòñÿ

ïðè îáðàáîòêå äàííûõ (ñì., íàïðèìåð, [34]). Â ñà-

ìîì äåëå, åñëè ìàòðèöà âõîäíûõ äàííûõ X è âåê-

òîð âûõîäíûõ äàííûõ y — òî÷å÷íûå (íåèíòåð-

âàëüíûå), ò.å. X = X = (xij) è y = y = (yi), òî äëÿ

âñåõ èíäåêñîâ i, j

rad yi = 0, mid yi = yi, xij = xij.

Ðàñïîçíàþùèé ôóíêöèîíàë äîïóñêîâîãî ìíîæå-

ñòâà ðåøåíèé ïðèíèìàåò ïðè ýòîì âèä
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ïîñêîëüêó max(–f(â)) = –min f(â). Òàêèì îáðàçîì,

ìàêñèìèçàöèÿ ðàñïîçíàþùåãî ôóíêöèîíàëà ðàâ-

íîñèëüíà â ýòîì ñëó÷àå ìèíèìèçàöèè ÷åáûøåâ-

ñêîé íîðìû íåâÿçêè ðåøåíèÿ.

Îáñóæäåíèå

Êàêîâû ïðåèìóùåñòâà ìåòîäà ìàêñèìóìà ñî-

ãëàñîâàíèÿ â ïðåäñòàâëåííîé íàìè ñèëüíîé âåð-

ñèè? Ïðåæäå âñåãî, ýòî ïîëèíîìèàëüíàÿ ñëîæ-

íîñòü âû÷èñëèòåëüíûõ àëãîðèòìîâ, êîòîðûå

îáåñïå÷èâàþò íàõîæäåíèå îöåíêè. Íàïîìíèì,

÷òî â ñëàáîé âåðñèè ìåòîäà ìàêñèìóìà ñîãëàñîâà-

íèÿ ðàñïîçíàâàíèå ïóñòîòû/íåïóñòîòû è îöåíè-

âàíèå îáúåäèíåííîãî ìíîæåñòâà ðåøåíèé ÿâëÿ-

þòñÿ NP-òðóäíûìè çàäà÷àìè, êîòîðûå òðåáóþò

äëÿ ñâîåãî ðåøåíèÿ â îáùåì ñëó÷àå ýêñïîíåíöè-

àëüíî ñëîæíûõ àëãîðèòìîâ [4].

Äðóãèì âàæíûì ïðåèìóùåñòâîì ñèëüíîé

âåðñèè ìåòîäà ìàêñèìóìà ñîãëàñîâàíèÿ ÿâëÿåòñÿ

ðîáàñòíîñòü îöåíîê, ïîíèìàåìàÿ êàê èõ óñòîé÷è-

âîñòü ê âîçìóùåíèÿì â äàííûõ. Îíà âûòåêàåò èç

òîãî ôàêòà, ÷òî äîïóñêîâîå ìíîæåñòâî ðåøåíèé

èíòåðâàëüíûõ ñèñòåì ëèíåéíûõ àëãåáðàè÷åñêèõ

óðàâíåíèé ÿâëÿåòñÿ íàèáîëåå óñòîé÷èâûì èç

âñåõ ìíîæåñòâ ðåøåíèé è ïåðåõîä ê íåìó èìååò

ðåãóëÿðèçóþùèé ýôôåêò [35].

Åùå îäíî ïðåèìóùåñòâî «ñèëüíîãî» ìåòîäà

ìàêñèìóìà ñîãëàñîâàíèÿ, òåñíî ñâÿçàííîå ñ ïðå-

äûäóùèì, — êîíå÷íàÿ âàðèàáåëüíîñòü (èçìåí÷è-

âîñòü) îöåíîê, ïîëó÷àåìûõ ñ åãî ïîìîùüþ. Êðè-

òåðèé È. À. Øàðîé íåîãðàíè÷åííîñòè äîïóñêîâî-

ãî ìíîæåñòâà ðåøåíèé [32, 33] èìååò ñâîèì ñëåä-

ñòâèåì òî îáñòîÿòåëüñòâî, ÷òî ìíîæåñòâî ïàðà-

ìåòðîâ, óäîâëåòâîðÿþùèõ óñëîâèþ ñèëüíîãî

ñîãëàñîâàíèÿ, ïî÷òè âñåãäà îêàçûâàåòñÿ îãðàíè-

÷åííûì. Åñëè äëÿ íåçàâèñèìûõ (ïðåäèêòîðíûõ)

ïåðåìåííûõ äàííûå ñóùåñòâåííî èíòåðâàëüíû,

òî ýòà îãðàíè÷åííîñòü èìååò ìåñòî äàæå òîãäà,

êîãäà ñîñòàâëåííàÿ èç íèõ ìàòðèöà èìååò íåïîë-

íûé ðàíã è êîãäà èçìåðåíèé ìåíüøå, ÷åì íåèç-

âåñòíûõ ïàðàìåòðîâ. Îòìå÷åííîå ñâîéñòâî èëëþ-

ñòðèðóåò ïðèìåð, ïðèâåäåííûé â ñëåäóþùåì

ðàçäåëå.

Íàêîíåö, âîññòàíîâëåíèå çàâèñèìîñòåé ïî

èíòåðâàëüíûì äàííûì ñ ïîìîùüþ ñèëüíîé âåð-

ñèè ìàêñèìóìà ñîãëàñîâàíèÿ ëèøü ÷àñòè÷íî ïîä-

âåðæåíî òàê íàçûâàåìîìó «ïàðàäîêñó Å. Ç. Äå-

ìèäåíêî», ñôîðìóëèðîâàííîìó â [36]. Åãî ñóòü

ìîæåò áûòü êðàòêî è åìêî âûðàæåíà ôðàçîé

«÷åì ëó÷øå, òåì õóæå». Äåëî â òîì, ÷òî ïðèñóòñò-
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âèå íåîïðåäåëåííîñòè â äàííûõ ÿâëÿåòñÿ íåæå-

ëàòåëüíûì ÿâëåíèåì, êîòîðîå èñêàæàåò èñòèí-

íóþ êàðòèíó ðåàëüíîñòè, à ïîòîìó óìåíüøåíèå

ýòîé íåîïðåäåëåííîñòè, ò.å. ñóæåíèå èíòåðâàëîâ

äàííûõ, ÿâëÿåòñÿ ïîçèòèâíûì ôàêòîì, êîòîðûé,

êàçàëîñü áû, äîëæåí ïðèâåòñòâîâàòüñÿ è ïðèâî-

äèòü ê ëó÷øåìó ðåøåíèþ çàäà÷è âîññòàíîâëåíèÿ

çàâèñèìîñòåé. Íî ïðè áîëåå óçêèõ èíòåðâàëàõ èñ-

õîäíûõ äàííûõ îáúåäèíåííîå ìíîæåñòâî ðåøå-

íèé èíòåðâàëüíîé ñèñòåìû óðàâíåíèé òàêæå ñó-

æàåòñÿ è ìîæåò âîîáùå ñäåëàòüñÿ ïóñòûì. Âûáè-

ðàòü èç íåãî ïàðàìåòðû ñòàíîâèòñÿ òðóäíåå, ÷åì

äëÿ øèðîêèõ èñõîäíûõ äàííûõ çàäà÷è. Èíûìè

ñëîâàìè, ÷åì âûøå òî÷íîñòü èñõîäíûõ äàííûõ è

ìåíüøå èõ èíòåðâàëüíàÿ íåîïðåäåëåííîñòü, òåì

õóæå óñëîâèÿ äëÿ îöåíèâàíèÿ ïàðàìåòðîâ. È íà-

îáîðîò, ÷åì øèðå èíòåðâàëüíûå íåîïðåäåëåííî-

ñòè, ÷åì ìåíüøå çíàåì î òî÷íûõ çíà÷åíèÿõ èçìå-

ðÿåìûõ âåëè÷èí, òåì ëó÷øå äëÿ ïðîöåññà îöåíè-

âàíèÿ ïàðàìåòðîâ è òåì áîëåå áîãàòûé íàáîð ðå-

çóëüòàòîâ ìîæíî ïîëó÷èòü. Èìåííî òàê îáñòîèò

äåëî äëÿ ñëàáîé âåðñèè ìåòîäà ìàêñèìóìà ñîãëà-

ñîâàíèÿ è ìíîãèõ äðóãèõ ìåòîäîâ âîññòàíîâëå-

íèÿ çàâèñèìîñòåé ïî èíòåðâàëüíûì äàííûì, êî-

òîðûå ÿâíî èëè íåÿâíî îñíîâûâàþòñÿ íà ñëàáîì

ñîãëàñîâàíèè ïàðàìåòðîâ è äàííûõ è, êàê ñëåäñò-

âèå, íà èñïîëüçîâàíèè îáúåäèíåííîãî ìíîæåñòâà

ðåøåíèé.

Àíàëèç «ïàðàäîêñà Å. Ç. Äåìèäåíêî» è ñïîñî-

áîâ åãî ïðåîäîëåíèÿ ìîæíî íàéòè â ðàáîòàõ

[18, 19]. Íî äëÿ ñèëüíîãî ñîãëàñîâàíèÿ ïàðàìåò-

ðîâ è äàííûõ ñèòóàöèÿ ìåíÿåòñÿ. ×åì øèðå èí-

òåðâàëû äàííûõ ïî âõîäíûì (ïðåäèêòîðíûì) ïå-

ðåìåííûì âîññòàíàâëèâàåìîé çàâèñèìîñòè, òåì

ìåíüøå äîïóñêîâîå ìíîæåñòâî ðåøåíèé è òåì

òðóäíåå âûáèðàòü èç íåãî ïîäõîäÿùèå ïàðàìåò-

ðû! Äëÿ èíòåðâàëîâ âûõîäíûõ (êðèòåðèàëüíûõ)

ïåðåìåííûõ âñå îñòàåòñÿ ïî-ïðåæíåìó. Íî â öå-

ëîì ïîâåäåíèå îöåíîê ñèëüíîãî ñîãëàñîâàíèÿ ÿâ-

ëÿåòñÿ ïàðàäîêñàëüíûì «ïî Äåìèäåíêî» ëèøü

÷àñòè÷íî.

Ðåàëèçàöèÿ

Ðàçâèòàÿ â ïðåäøåñòâóþùèõ ðàçäåëàõ òåîðèÿ

áóäåò ïðàêòè÷íîé è ðåàëüíî ïîëåçíîé ëèøü â

òîì ñëó÷àå, êîãäà â íàøåì ðàñïîðÿæåíèè èìåþò-

ñÿ ýôôåêòèâíûå ìåòîäû äëÿ íàõîæäåíèÿ âåëè÷è-

íû max Tol, ò.å. ìàêñèìóìà ðàñïîçíàþùåãî ôóíê-

öèîíàëà äîïóñêîâîãî ìíîæåñòâà ðåøåíèé. Ñâîé-

ñòâà ðàñïîçíàþùåãî ôóíêöèîíàëà ðàññìîòðåíû

âûøå, è îíè ÿâëÿþòñÿ äîñòàòî÷íî áëàãîïðèÿòíû-

ìè äëÿ ïðèìåíåíèÿ ýôôåêòèâíûõ ÷èñëåííûõ ìå-

òîäîâ îïòèìèçàöèè.

Â îáùåì ñëó÷àå çàäà÷à âû÷èñëåíèÿ

max Tol — ýòî çàäà÷à áåçóñëîâíîé ìàêñèìèçàöèè

âîãíóòîé íåãëàäêîé öåëåâîé ôóíêöèè. Åå ðåøå-

íèå ìîæåò îïèðàòüñÿ íà ìåòîäû íåãëàäêîé âû-

ïóêëîé îïòèìèçàöèè, èíòåíñèâíî ðàçâèâàåìûå

óæå â òå÷åíèå íåñêîëüêèõ äåñÿòêîâ ëåò ðàçëè÷-

íûìè íàó÷íûìè øêîëàìè ó íàñ â ñòðàíå è çà ðó-

áåæîì. Àâòîð, â ÷àñòíîñòè, äàâíî è óñïåøíî èñ-

ïîëüçóåò ðåçóëüòàòû ðàáîò Í. Ç. Øîðà è åãî ñî-

òðóäíèêîâ èç Èíñòèòóòà êèáåðíåòèêè ÍÀÍ Óê-

ðàèíû (ñì., â ÷àñòíîñòè, [37, 38]).

Áîëåå äåñÿòèëåòèÿ àâòîðîì ñâîáîäíî ðàñïðî-

ñòðàíÿåòñÿ ïðîãðàììà tolsolvty, êîòîðóþ ìîæíî

çàãðóçèòü ñ âåá-ñàéòà «Èíòåðâàëüíûé àíàëèç è

åãî ïðèëîæåíèÿ» — http: //www.nsc.ru/interval

(ðàçäåë «Ïðîãðàììíîå îáåñïå÷åíèå» è äàëåå «Íå-

êîòîðûå èíòåðâàëüíûå ïðîãðàììû äëÿ Scilab»

èëè «Íåêîòîðûå èíòåðâàëüíûå ïðîãðàììû äëÿ

MATLAB»). Ïðîãðàììà ïðåäíàçíà÷åíà äëÿ ÷èñ-

ëåííîãî íàõîæäåíèÿ áåçóñëîâíîãî ìàêñèìóìà

ðàñïîçíàþùåãî ôóíêöèîíàëà Tol è èñïîëüçóåò

â êà÷åñòâå îñíîâû àëãîðèòì ralgb5, ñîçäàííûé

Ï. È. Ñòåöþêîì (åìó ïîñâÿùåíà ñòàòüÿ [38]).

Ôàêòè÷åñêè, tolsolvty — î÷åíü õîðîøàÿ è ïðîâå-

ðåííàÿ âðåìåíåì ðåàëèçàöèÿ ìåòîäà ìàêñèìóìà

ñîãëàñîâàíèÿ â ñèëüíîì ñìûñëå, êîòîðóþ ìîæíî

ðåêîìåíäîâàòü äëÿ ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷.

Ñðàâíèòåëüíî íåäàâíî ïîÿâèëàñü âîçìîæ-

íîñòü èñïîëüçîâàòü äëÿ íàõîæäåíèÿ ìàêñèìóìà

ðàñïîçíàþùåãî ôóíêöèîíàëà Tol ìåòîäû îòäå-

ëÿþùèõ ïëîñêîñòåé, ïðåäëîæåííûå Å. À. Íóð-

ìèíñêèì [39] è ðàçâèòûå äàëåå Å. À. Âîðîíöîâîé

[40]. Íà âåá-ñàéòå «Èíòåðâàëüíûé àíàëèç è åãî

ïðèëîæåíèÿ» âûëîæåíà ñâîáîäíàÿ ïðîãðàììà

tolspaclip, ðåàëèçóþùàÿ ìåòîä îòäåëÿþùèõ ïëîñ-

êîñòåé ñ äîïîëíèòåëüíûì îòñå÷åíèåì, ïðåäíà-

çíà÷åííàÿ äëÿ òåõ æå öåëåé, ÷òî è tolsolvty. Ìåòî-

äû îòñåêàþùèõ ïëîñêîñòåé õîðîøî ðàáîòàþò ïðè

ðàçìåðíîñòÿõ ïðîñòðàíñòâà ïàðàìåòðîâ äî íå-

ñêîëüêèõ òûñÿ÷.

Ïðèìåð

Ðàññìîòðèì â êà÷åñòâå ïðèìåðà âîññòàíîâëå-

íèå ëèíåéíîé çàâèñèìîñòè

y = â1x1 + â2x2 + â3x3, (8)

ïî èíòåðâàëüíûì äàííûì äâóõ èçìåðåíèé, ïðè-

âåäåííûì íèæå:

x
1

x
2

x
3

y

[98, 100] [97, 99] [96, 98] [190, 210]

[99, 101] [98, 100] [97, 99] [200, 220]

Îòìåòèì, ÷òî â ýòèõ äàííûõ áðóñû íåîïðåäåëåí-

íîñòè äâóõ çàìåðîâ ñóùåñòâåííî «íàëåãàþò» äðóã

íà äðóãà: èõ ïåðåñå÷åíèåì ÿâëÿåòñÿ áðóñ ñ íåïóñ-

òîé âíóòðåííîñòüþ, ðàçìåðû êîòîðîãî ñðàâíèìû

ñ ðàçìåðàìè èñõîäíûõ áðóñîâ äàííûõ.
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Äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ çàâèñèìîñòè (8)

ïðèõîäèì ê èíòåðâàëüíîé ñèñòåìå ëèíåéíûõ àë-

ãåáðàè÷åñêèõ óðàâíåíèé

[ , ] [ , ] [ , ] [ , ]

[ , ]

98 100 97 99 96 98 190 210

99 101

1 2 3

1

) ) )

)

� � �

� � �[ , ] [ , ] [ , ],98 100 97 99 200 220
2 3
) )

(9)

êîòîðàÿ ÿâëÿåòñÿ íåäîîïðåäåëåíîé. Áîëåå òîãî,

èíòåðâàëüíàÿ ìàòðèöà ñèñòåìû ñîäåðæèò ìàòðè-

öó íåïîëíîãî ðàíãà 1

98 98 98

99 99 99

�

�

�
�

�

�

�
�

Îáúåäèíåííîå ìíîæåñòâî ðåøåíèé ñèñòåìû (9)

ÿâëÿåòñÿ íåîãðàíè÷åííûì, òàê ÷òî âîññòàíîâëå-

íèå çàâèñèìîñòè íà îñíîâå îáû÷íîãî ïîíÿòèÿ ñî-

ãëàñîâàíèÿ (Îïðåäåëåíèå 1) ïðåäñòàâëÿåòñÿ çà-

òðóäíèòåëüíûì. Òåì íå ìåíåå è â ýòèõ íåáëàãî-

ïðèÿòíûõ óñëîâèÿõ äîïóñêîâîå ìíîæåñòâî ðåøå-

íèé èíòåðâàëüíîé ñèñòåìû óðàâíåíèé íåïóñòî è

îãðàíè÷åííî (ñì. êðèòåðèé È. À. Øàðîé).

Íàõîæäåíèå ìàêñèìóìà ðàñïîçíàþùåãî

ôóíêöèîíàëà ýòîé ñèñòåìû ñ ïîìîùüþ ïðîãðàì-

ìû tolsolvty äàåò çíà÷åíèå max Tol = 3,9698, êî-

òîðîå äîñòèãàåòñÿ â òî÷êå

arg max Tol = (2,0603, 3 · 10–6, 2,1 · 10–6).

Åå ìîæíî âçÿòü â êà÷åñòâå îöåíêè êîýôôè-

öèåíòîâ.

Ïîëó÷åííûé îòâåò ïðèâîäèò ê ãèïîòåçå î

òîì, ÷òî çíà÷èìûì â âîññòàíàâëèâàåìîé çàâèñè-

ìîñòè ÿâëÿåòñÿ òîëüêî ïåðâûé êîýôôèöèåíò â1,

òîãäà êàê â2 è â3, áóäó÷è ïî÷òè íóëåâûìè, íà èñ-

ñëåäóåìóþ çàâèñèìîñòü íèêàê íå âëèÿþò. Äëÿ èñ-

ñëåäîâàíèÿ ýòîãî âîïðîñà íóæíî ïðåäïðèíÿòü áî-

ëåå äåòàëüíîå îöåíèâàíèå äîïóñêîâîãî ìíîæåñò-

âà ðåøåíèé ñ ïîìîùüþ ìåòîäîâ, îïèñàííûõ, ê

ïðèìåðó, â [4, 29].

Âíóòðåííèå îöåíêè äîïóñêîâîãî ìíîæåñòâà

ðåøåíèé ñèñòåìû (7) îêàçûâàþòñÿ ìàëûìè ïî

ðàçìåðàì èíòåðâàëàìè, òîãäà êàê åãî âíåøíèå

îöåíêè — èíòåðâàëû ïðèìåðíî [–2, 4] ïî êàæäîé

èç òðåõ êîîðäèíàò. Ýòî ñâèäåòåëüñòâóåò î çíà÷è-

òåëüíîé ïðîòÿæåííîñòè ìíîæåñòâà ðåøåíèé, êî-

òîðîå â öåëîì ÿâëÿåòñÿ òîíêîé «ïëàñòèíêîé» ñî

çíà÷èòåëüíûìè ðàçìåðàìè. Ïîëó÷àåòñÿ, ÷òî ãè-

ïîòåçà î «íåçíà÷èìîñòè» êîýôôèöèåíòîâ â2 è â3

íå ìîæåò áûòü ðåøåíà ÷èñòî ìàòåìàòè÷åñêèìè

ñðåäñòâàìè è äëÿ ñâîåãî ïîäòâåðæäåíèÿ èëè îï-

ðîâåðæåíèÿ òðåáóåò äîïîëíèòåëüíûõ ñîäåðæà-

òåëüíûõ ñîîáðàæåíèé.

Èòîãè è âûâîäû

Â çàäà÷àõ âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî

äàííûì ñ èíòåðâàëüíîé íåîïðåäåëåííîñòüþ ñëå-

äóåò ðàçëè÷àòü âîçìîæíûå ñïîñîáû ñîãëàñîâàíèÿ

èíòåðâàëüíûõ äàííûõ ñ ïàðàìåòðàìè êîíñòðóè-

ðóåìîé çàâèñèìîñòè. Â ÷àñòíîñòè, íåîáõîäèìî

ââåñòè ïîíÿòèÿ ñèëüíîãî è ñëàáîãî ñîãëàñîâàíèÿ

äàííûõ è ïàðàìåòðîâ, êîòîðûå ñîîòâåòñòâóþò

ðàçëè÷íîé ðîëè âõîäíûõ (ïðåäèêòîðíûõ) ïåðå-

ìåííûõ è âûõîäíûõ (êðèòåðèàëüíûõ) ïåðåìåí-

íûõ â ïðîöåññå èçìåðåíèÿ.

Ðàññìîòðåííûé â ðàáîòå ìåòîä ìàêñèìóìà ñî-

ãëàñîâàíèÿ — ïåðñïåêòèâíûé ìåòîä âîññòàíîâ-

ëåíèÿ çàâèñèìîñòåé äëÿ äàííûõ ñ èíòåðâàëüíû-

ìè íåîïðåäåëåííîñòÿìè è íåòî÷íîñòÿìè, îñíî-

âàííûé íà ìàêñèìèçàöèè ðàñïîçíàþùåãî ôóíê-

öèîíàëà ìíîæåñòâà ðåøåíèé çàäà÷è. Îí ÿâëÿåò-

ñÿ îáîáùåíèåì ìåòîäà ÷åáûøåâñêîãî

ñãëàæèâàíèÿ äàííûõ è ìîæåò ñëóæèòü õîðîøåé

àëüòåðíàòèâîé òðàäèöèîííûì ìåòîäàì ðåãðåññè-

îííîãî àíàëèçà, èñïîëüçóþùèì òåîðåòèêî-âåðî-

ÿòíîñòíûå ìîäåëè îøèáîê (â ÷àñòíîñòè, ïîïóëÿð-

íîìó ìåòîäó íàèìåíüøèõ êâàäðàòîâ). Â ðàáîòå

ðàññìîòðåíà ìîäèôèêàöèÿ ìåòîäà ìàêñèìóìà ñî-

ãëàñîâàíèÿ äëÿ ñëó÷àÿ, êîãäà ïàðàìåòðû çàâèñè-

ìîñòè è äàííûå äîëæíû óäîâëåòâîðÿòü óñëîâèþ

ñèëüíîãî ñîãëàñîâàíèÿ. Ïîêàçàíû åå ïðåèìóùå-

ñòâà ïåðåä «ñëàáîé âåðñèåé» è íåêîòîðûìè äðó-

ãèìè ìåòîäàìè âîññòàíîâëåíèÿ çàâèñèìîñòåé ïî

èíòåðâàëüíûì äàííûì. Íàêîíåö, äàíû ðåêîìåí-

äàöèè ïî ïðàêòè÷åñêîé ðåàëèçàöèè ïðåäëîæåí-

íûõ ïîäõîäîâ.
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