
ISSN 1028-6861

ISSN 2588-0187 (online)

2023. ¹ 6

Òîì 89



ÄÎÐÎÃÈÅ ×ÈÒÀÒÅËÈ!

Íà÷èíàåòñÿ ïîäïèñêà

íà âòîðîå ïîëóãîäèå 2023 ãîäà!

Íà æóðíàë «Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ» ìîæíî ïîä-

ïèñàòüñÿ êàê ÷åðåç ðåäàêöèþ, òàê è ÷åðåç àãåíòñòâà Ðîññèè: ÎÀÎ «ÀÐÇÈ» (èíäåêñ

70322), ÎÎÎ «Óðàë-Ïðåññ».

Öåíû æóðíàëà íà âòîðîå ïîëóãîäèå 2023 ãîäà

ïðè ïîäïèñêå ÷åðåç ðåäàêöèþ

Íàèìåíîâàíèå âåðñèè
Öåíà çà

1 ýêçåìïëÿð, ðóá.

Öåíà ïîäïèñêè

íà âòîðîå ïîëóãîäèå

Áóìàæíàÿ âåðñèÿ æóðíàëà 13 800 82 800

Ýëåêòðîííàÿ âåðñèÿ æóðíàëà (pdf) 13 000 78 000

Ýëåêòðîííàÿ âåðñèÿ ñòàòüè 1 000 —

Äëÿ îôîðìëåíèÿ ïîäïèñêè è çàêàçà ÷åðåç Èçäàòåëüñòâî íàïðàâüòå çàÿâêó ïî ýëåê-

òðîííîé ïî÷òå zavlabor@imet.ac.ru, óêàçàâ ðåêâèçèòû Âàøåé îðãàíèçàöèè, êîíòàêò-

íûå íîìåðà òåëåôîíà, ïî÷òîâûé àäðåñ äëÿ äîñòàâêè æóðíàëà.

Â ýëåêòðîííîé áàçå ñàéòà õðàíÿòñÿ âñå ñòàòüè, îïóáëèêîâàííûå â æóðíàëå «Çàâîä-

ñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ» ñ 2006 ãîäà, ñòàòüè ñòàðøå äâóõ ëåò — â

îòêðûòîì äîñòóïå.

Ñàéò àðõèâà: http://www.old-zldm.ru (ñ 2006 ïî 2017 ã.)

Ñàéò æóðíàëà: http://www.zldm.ru

E-mail: zavlabor@imet.ac.ru

Òåë./ôàêñ (499) 135-62-75

Òåë. (499) 135-96-56

Òåë. (903) 731-31-07



ÑÎÄÅÐÆÀÍÈÅ

ÀÍÀËÈÇ ÂÅÙÅÑÒÂÀ

Ìåæåâàÿ Ë. Þ., Ôèëèïïîâ Ì. Í., Ëÿìèíà Î. È., Ìàðüè-

íà Ã. Å., Àðõèïåíêî À. À., Áàðàíîâñêàÿ Â. Á. Ðåíòãåíîô-

ëóîðåñöåíòíûé ýêñïðåññ-àíàëèç òåõíè÷åñêîãî òàíòàëà è íèî-

áèÿ: îò ñûðüÿ äî ïðîäóêòà . . . . . . . . . . . . . . . . . . . 5

Ãóáèí À. Ñ., Êóøíèð À. À., Ñóõàíîâ Ï. Ò. Ïðèìåíåíèå ìå-

òîäà ÃÕ-ÌÑ â ñî÷åòàíèè ñ ïðåäâàðèòåëüíûì êîíöåíòðèðîâà-

íèåì íà ìàãíèòíîì ìîëåêóëÿðíî-èìïðèíòèðîâàííîì ïîëèìå-

ðå äëÿ îïðåäåëåíèÿ áèñôåíîëà À â ïî÷âàõ ðàçëè÷íûõ òèïîâ . 13

Õàëìàíîâ À. Ò., Òîøêóâàòîâà Í. Ñîâðåìåííûå ìåòîäû

èäåíòèôèêàöèè àòîìîâ, ìîëåêóë è àýðîçîëåé â ðàçëè÷íûõ

îáúåêòàõ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

ÈÑÑËÅÄÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÛ È ÑÂÎÉÑÒÂ

ÔÈÇÈ×ÅÑÊÈÅ ÌÅÒÎÄÛ

ÈÑÑËÅÄÎÂÀÍÈß È ÊÎÍÒÐÎËß

Êîïûòñêèé Â. Î., Ïåòðîâ Å. Â. Èññëåäîâàíèå âëèÿíèÿ

óäàðíî-âîëíîâîãî íàãðóæåíèÿ íà ñòðóêòóðó è ñâîéñòâà áðîí-

çîâûõ ñïëàâîâ ÁðÀÆ9-4 è ÁðÀÌö9-2 . . . . . . . . . . . . . 35

Ñòàðîâåðîâà À. Â., Òîêìà÷åâ Ì. Ã., Ãàãàðèí À. Í., Ôåðà-

ïîíòîâ Í. Á. Îïðåäåëåíèå ïîãðåøíîñòåé ðåçóëüòàòîâ èçìå-

ðåíèé, ïîëó÷àåìûõ ìåòîäîì îïòè÷åñêîé ìèêðîìåòðèè . . . 42

ÌÅÕÀÍÈÊÀ ÌÀÒÅÐÈÀËÎÂ:

ÏÐÎ×ÍÎÑÒÜ, ÐÅÑÓÐÑ, ÁÅÇÎÏÀÑÍÎÑÒÜ

Êàçàíöåâ À. Ã., Ïåòðîâ Î. Ì., Ñîêîâ Ë. Ì. Âëèÿíèå îñòà-

òî÷íûõ òåõíîëîãè÷åñêèõ íàïðÿæåíèé íà ðàñêðûòèå è ñòàáè-

ëüíîñòü ñêâîçíûõ òðåùèí â ýëåìåíòàõ òðóáîïðîâîäîâ . . . 51

Àíèñêîâè÷ Å. Â., Ìîñêâè÷åâ Â. Â., ×åðíÿåâ À. Ï. Îöåíêà

îñòàòî÷íîãî ðåñóðñà ðàáî÷èõ êîëåñ ãèäðîòóðáèí ñ ýêñïëóàòà-

öèîííîé äåôåêòíîñòüþ . . . . . . . . . . . . . . . . . . . . . 62

Ãðèíåâè÷ Ä. Â., Ãóëèíà È. Â., ßêîâëåâ Í. Î., Äçàíäà-

ðîâ Ä. Â., Ãëàãîâñêèé À. À., Åðìàêîâà Þ. Â Èññëåäîâàíèå

âëèÿíèÿ ïàðàìåòðîâ óñòàëîñòíîãî íàãðóæåíèÿ íà äîëãîâå÷-

íîñòü ïðîóøèí äèàôðàãì ïðåäêðûëêà ñàìîëåòà . . . . . . 76

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» âõîäèò

â ñïèñîê èçäàíèé, ðåêîìåíäîâàííûõ ÂÀÊ

ïðè çàùèòå êàíäèäàòñêèõ è äîêòîðñêèõ

äèññåðòàöèé, âêëþ÷¸í â ìåæäóíàðîäíóþ

áàçó äàííûõ Scopus.

Ó÷ðåäèòåëü

ÎÎÎ «Èçäàòåëüñòâî «ÒÅÑÒ-ÇË» , 2023

Ïåðåïå÷àòêà ìàòåðèàëîâ æóðíàëà «Çàâîäñêàÿ ëà-

áîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ» äîïóñêàåò-

ñÿ òîëüêî ñ ïèñüìåííîãî ðàçðåøåíèÿ ðåäàêöèè.

Ïðè öèòèðîâàíèè ññûëêà îáÿçàòåëüíà.

2023
Òîì 89¹6

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 22.06.2023

Ôîðìàò 60 � 88
1�8.

Áóìàãà ìåëîâàííàÿ.

Îôñåòíàÿ ïå÷àòü.

Óñë. ïå÷. ë. 9,5

Öåíà äîãîâîðíàÿ

Êîððåêòîð Ë. È. Ñàæèíà

Ëîãîòèï “Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà

ìàòåðèàëîâ®” ÿâëÿåòñÿ çàðåãèñòðèðîâàííîé òîð-

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

ïðàâà îõðàíÿþòñÿ çàêîíîì.



���������	
�������
���������

��������	
	����

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

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

ÁÅØÊÎ, ïðîô. äîêò. õèì. íàóê Å. Ã. ÂÈÍÎÊÓÐÎÂ, àêàä. ÐÀÍ

Ê. Â. ÃÐÈÃÎÐÎÂÈ×, ïðîô. äîêò. õèì. íàóê Â. È. ÄÂÎÐÊÈÍ, àêàä. ÐÀÍ

À. Ã. ÄÅÄÎÂ, êàíä. õèì. íàóê Â. Ê. ÊÀÐÀÍÄÀØÅÂ, äîêò. õèì. íàóê

Ò. À. ÌÀÐÞÒÈÍÀ, äîêò. õèì. íàóê È. À. ÐÎÄÈÍ, äîêò. õèì. íàóê

Ï. Ñ. ÔÅÄÎÒÎÂ, äîö. êàíä. õèì. íàóê Ä. Ã. ÔÈËÀÒÎÂÀ, ïðîô. äîêò.

ôèç.-ìàò. íàóê Ì. Í. ÔÈËÈÏÏÎÂ, äîêò. õèì. íàóê Ñ. Í. ßØÊÈÍ

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

����	
�����	��������������������

Ïðåäñåäàòåëü ïðîô. äîêò. òåõí. íàóê Þ. Ã. ÌÀÒÂÈÅÍÊÎ

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

ôèç.-ìàò. íàóê Â. Ã. ÊÎÑÒÈØÈÍ (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. ÑÅÐÅÁ-

ÐßÍÛÉ, äîêò. òåõí. íàóê Â. Ã. ØÅÂÀËÄÛÊÈÍ

Ðåäàêòîð îòäåëà Ã. Ð. ØÓÌÊÈÍ

Ìåõàíèêà ìàòåðèàëîâ: ïðî÷íîñòü, ðåñóðñ, áåçîïàñíîñòü —

÷ë.-êîðð. ÐÀÍ Ñ. Ì. ÁÀÐÈÍÎÂ, ïðîô. äîêò. òåõí. íàóê Æ. Ì. ÁËÅÄÍÎ-

ÂÀ, ÷ë.-êîðð. ÐÀÍ À. Ì. ÁÎËÜØÀÊÎÂ, ïðîô. äîêò. òåõí. íàóê

Ë. Ð. ÁÎÒÂÈÍÀ, äîêò. òåõí. íàóê À. Ã. ÊÀÇÀÍÖÅÂ, äîêò. òåõí. íàóê

È. Å. ÊÀËÀØÍÈÊÎÂ, ïðîô. äîêò. òåõí. íàóê Â. Â. ÌÎÑÊÂÈ×ÅÂ,

ïðîô. äîêò. òåõí. íàóê Þ. Ã. ÌÀÒÂÈÅÍÊÎ, ïðîô. äîêò. òåõí. íàóê

Â. Ì. ÌÀÒÞÍÈÍ, ÷ë.-êîðð. ÐÀÍ Í. À. ÌÀÕÓÒÎÂ, ïðîô. äîêò. òåõí.

íàóê Å. Ì. ÌÎÐÎÇÎÂ, ïðîô. äîêò. òåõí. íàóê Â. Í. ÏÅÐÌßÊÎÂ,

÷ë.-êîðð. ÐÀÍ Î. À. ÏËÅÕÎÂ, ïðîô. äîêò. òåõí. íàóê È. À. ÐÀÇÓÌÎÂ-

ÑÊÈÉ

Çàì. ãëàâíîãî ðåäàêòîðà Ì. Å. ÍÎÑÎÂÀ

���	�����	���	��	��
������	
������

Ïðåäñåäàòåëü àêàä. 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

������������

���������

Ãëàâíûé ðåäàêòîð

ÌÀÕÓÒÎÂ Íèêîëàé Àíäðååâè÷,

÷ë.-êîðð. ÐÀÍ, Èíñòèòóò ìàøèíîâåäåíèÿ

èì. À. À. Áëàãîíðàâîâà ÐÀÍ, Ìîñêâà

ÀËÛÌÎÂ Ìèõàèë Èâàíîâè÷,

÷ë.-êîðð. ÐÀÍ, ÈÑÌÀÍ,

×åðíîãîëîâêà Ìîñêîâñêîé îáë.

ÁÀÐÈÍÎÂ Ñåðãåé Ìèðîíîâè÷,

÷ë.-êîðð. ÐÀÍ, ÈÌÅÒ ÐÀÍ, Ìîñêâà

ÁÅÐÒÎ Ôèëèïïî,

ïðîôåññîð Íîðâåæñêîãî óíèâåðñèòåòàíàóêè è

òåõíîëîãèè, Íîðâåãèÿ, Òðîíõåéì

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

ÊÎÒÎÓÑÎÂ Àíäðåé Ãåîðãèåâè÷,

ïðîôåññîð Óíèâåðñèòåòà Àäåëàèäû,

Àâñòðàëèÿ, Àäåëàèäà

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

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÷,

àêàäåìèê 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

ÏËÞÂÈÍÀÆ Ãàé,

ïðîôåññîð, Óíèâåðñèòåò Ëîðåéí, Ôðàíöèÿ

ØÏÈÃÓÍ Îëåã Àëåêñååâè÷,

÷ë.-êîðð. ÐÀÍ,

ÌÃÓ èì. Ì. Â. Ëîìîíîñîâà, Ìîñêâà



Contents

SUBSTANCES ANALYSIS

Mezhevaya L. Yu., Filippov M. N., Lyamina O. I., Mar’i-

na G. E., Arkhipenko A. A., Baranovskaya V. B. Express

X-ray fluorescent analysis of technical-grade tantalum and niobi-

um: from raw materials to products . . . . . . . . . . . . . . 5

Gubin A. S., Kushnir A. A., Sukhanov P. T. Application of

the GC-MS method in combination with preliminary solid phase

extraction on a magnetic molecular imprinted polymer for the

determination of bisphenol A in soils of various types . . . . 13

Khalmanov A. T., Toshkuvatova N. N. Modern methods for

identification of atoms, molecules, and aerosols in various

objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

STRUCTURE AND PROPERTIES RESEARCH

PHYSICAL METHODS

OF RESEARCH AND MONITORING

Kopytskiy V. O., Petrov E. V. Study of the effect of shock wave

loading on the structure and properties of bronze alloys

BrAZh9-4 and BrAMts9-2 . . . . . . . . . . . . . . . . . . . . 35

Staroverova A. V., Tokmachev M. G., Gagarin A. N., Fera-

pontov N. B. Determination of the error of measurements obta-

ined by the optical micrometry . . . . . . . . . . . . . . . . . 42

MATERIALS MECHANICS:

STRENGTH, DURABILITY, SAFETY

Kazantsev A. G., Petrov O. M., Sokov L. M. The impact of

residual technological stresses on the opening and stability of

through cracks in pipeline elements . . . . . . . . . . . . . . 51

Aniskovich E. V., Moskvichev V. V., Chernaev A. P. Asses-

sment of the residual life of turbine runners with operational

defectiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Grinevich D. V., Gulina I. V., Yakovlev N. O., Dzanda-

rov D. V., Glagovskii A. A., Ermakova Yu. V Study of the

impact of fatigue loading on the durability of aircraft slat mem-

brane eyelets . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

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 and is indexed by Scopus.

Founder

© TEST-ZL Publishing, LLC, 2023

The reprint of the journal materials is allowed only

with the written permission of the editorial office.

When quoting a reference is required.

2023
VOL. 89¹6

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 22.06.2023

Format 60 � 88
1�8.

Paper coated.

Offset printing.

Conditional printed sheets 9.5

The price is negotiable

Proofreading by L. I. Sazhina

Logo “Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìà-

òåðèàëîâ®” is a registered trademark of TEST-ZL

Publishing, LLC. All rights are protected by law.



���� !"��!#��$���% �!& '(�)!'&%

��������������� �!�

Chairman, Corresponding Member of RAS O. A. SHPIGUN

Doctor of Chemical Sciences V. B. Baranovskaya; Doctor of Techni-

cal Sciences G. I. Bebeshko; Professor, Doctor of Chemical Sciences

E. G. Vinokurov; Academician of RAS K. V. Grigorovich; Professor, Doctor

of Chemical Sciences V. I. Dvorkin; Academician of RAS A. G. Dedov,

Candidate of Chemical Sciences V. K. Karandashev; Doctor of Chemical

Sciences T. A. Maryutina; Doctor of Chemical Sciences I. A. Rodin; Doctor of

Chemical Sciences P. S. Fedotov; Assistant professor, Candidate of Chemical

Sciences D. G. Filatova; Professor, Doctor of Physical and Mathematical

Sciences M. N. Filippov; Doctor of Chemical Sciences S. N. Yashkin

Subeditor, Candidate of Chemical Sciences E. I. REVINA

��"����"����#�$"%$�"�!���"����"�&

Chairman, Professor, Doctor

of Technical Sciences Yu. G. MATVIENKO

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

and Mathematical Sciences V. G. Kostishin (Chairman of the subsection);

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

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

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

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

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

Sciences V. G. Shevaldykin

Subeditor G. R. SHUMKIN

Materials mechanics: strength, durability, safety — 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; Doctor of Technical Sciences I. E. Kalashnikov;

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

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

V. M. Matyunin; Corresponding Member of RAS N. A. Makhutov; Professor,

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

Sciences V. N. Permyakov; Corresponding Member of RAS O. A. Plekhov;

Professor, Doctor of Technical Sciences I. A. Razumovskii

Deputy Editor-in-Chief M. E. NOSOVA

'��&�'��!����'��&%#��%(�"����"�&

Chairman, Academician of RAS D. A. NOVIKOV

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

and Mathematical 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 Mathematical

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

V. O. Tolcheev

Deputy Editor-in-Chief M. E. NOSOVA

�*+,-.+/0 )-/.*�

Editor-in-chief

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

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

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

KOTOUSOV Andrei G.,

Prof., University of Adelaide, Australia

KO�AKH Dra�an ,

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

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

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.,

Academician 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

PLUVINAGE Guy,

prof., University of Lorraine, France

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/10.26896/1028-6861-2023-89-6-5-12

ÐÅÍÒÃÅÍÎÔËÓÎÐÅÑÖÅÍÒÍÛÉ ÝÊÑÏÐÅÑÑ-ÀÍÀËÈÇ

ÒÅÕÍÈ×ÅÑÊÎÃÎ ÒÀÍÒÀËÀ È ÍÈÎÁÈß: ÎÒ ÑÛÐÜß ÄÎ ÏÐÎÄÓÊÒÀ

� Ëèëèÿ Þðüåâíà Ìåæåâàÿ1, Ìèõàèë Íèêîëàåâè÷ Ôèëèïïîâ1,2*,

Îëüãà Èãîðåâíà Ëÿìèíà2, Ãàëèíà Åâãåíüåâíà Ìàðüèíà2,

Àëåêñàíäðà Àëåêñàíäðîâíà Àðõèïåíêî2,

Âàñèëèñà Áîðèñîâíà Áàðàíîâñêàÿ1,2

1 Íàöèîíàëüíûé èññëåäîâàòåëüñêèé òåõíîëîãè÷åñêèé óíèâåðñèòåò «ÌÈÑÈÑ», Ðîññèÿ, 119049, Ìîñêâà, Ëåíèíñêèé

ïðîñïåêò, ä. 4; *e-mail: mn@filippov.org.ru
2 Èíñòèòóò îáùåé è íåîðãàíè÷åñêîé õèìèè èì. Í. Ñ. Êóðíàêîâà ÐÀÍ, Ðîññèÿ, Ìîñêâà, 119991, Ëåíèíñêèé ïðîñïåêò,

ä. 31.

Ñòàòüÿ ïîñòóïèëà 5 àïðåëÿ 2023 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 5 àïðåëÿ 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 27 àïðåëÿ 2023 ã.

Ñóùåñòâóþùèå ïîäõîäû ê îïðåäåëåíèþ ïðèìåñåé â ìàòåðèàëàõ íà îñíîâå Ta è Nb ïðåäïî-

ëàãàþò ïåðåâîä ïðîáû â ðàñòâîð ñ ïîñëåäóþùèì âûäåëåíèåì ïðèìåñåé. Ýòà ïðîöåäóðà ÿâ-

ëÿåòñÿ äîñòàòî÷íî ñëîæíîé è çàíèìàåò ìíîãî âðåìåíè. Â ñâÿçè ñ ýòèì ïðåäñòàâëÿåò èíòå-

ðåñ èññëåäîâàíèå âîçìîæíîñòåé ïðÿìîãî, â ÷àñòíîñòè, ðåíòãåíîôëóîðåñöåíòíîãî àíàëèçà

(ÐÔÀ) òâåðäûõ ïðîá ýòèõ ìàòåðèàëîâ. Îáû÷íàÿ ñõåìà ÐÔÀ, ïðåäïîëàãàþùàÿ ýêñïåðèìåí-

òàëüíîå ïîñòðîåíèå ãðàäóèðîâî÷íûõ õàðàêòåðèñòèê äëÿ êàæäîãî îïðåäåëÿåìîãî ýëåìåíòà,

òðåáóåò áîëüøîãî êîëè÷åñòâà îáðàçöîâ ñðàâíåíèÿ, ñîäåðæàùèõ âåñüìà øèðîêèé íàáîð

ïðèìåñåé. Â íàñòîÿùåé ðàáîòå ïðîâåäåíà ïðåäâàðèòåëüíàÿ õàðàêòåðèçàöèÿ îáðàçöîâ òåõ-

íè÷åñêîãî òàíòàëà è íèîáèÿ è èçäåëèé íà èõ îñíîâå. Ïîêàçàíî, ÷òî äëÿ èñõîäíûõ ìàòåðèà-

ëîâ ìåòîäîì ÐÔÀ ìîæíî óñòàíîâèòü òîëüêî çíà÷èìîå îòñóòñòâèå ïðèìåñåé, îäíàêî óæå äëÿ

ñïå÷åííîãî ãèäðèäà íèîáèÿ è ïîðîøêà òàíòàëà ÐÔÀ ìîæíî èñïîëüçîâàòü äëÿ ýêñï-

ðåññ-îöåíêè ñîñòàâà. Äëÿ àíàëèçà ïðåäëîæåíî ïðèìåíÿòü êðèñòàëë-äèôðàêöèîííûé ñïåê-

òðîìåòð «Ñïåêòðîñêàí Ìàêñ-GVM», à äëÿ ïîñòðîåíèÿ ãðàäóèðîâêè èñïîëüçîâàòü øòàòíîå

ïðîãðàììíîå îáåñïå÷åíèå, ðåàëèçóþùåå ìåòîä ôóíäàìåíòàëüíûõ ïàðàìåòðîâ (ÌÔÏ).

Â ýòîì ñëó÷àå ïîëó÷àåìûå ñîäåðæàíèÿ ïðèìåñåé ìîãóò îòëè÷àòüñÿ íà 1 – 2 ïîðÿäêà âåëè-

÷èíû îò îïîðíûõ çíà÷åíèé. Òàêîé òî÷íîñòè ÷àñòî äîñòàòî÷íî äëÿ êîððåêòèðîâêè òåõíîëî-

ãè÷åñêèõ ïðîöåññîâ. Óñòàíîâëåíû ïðåäåëû îáíàðóæåíèÿ ïðèìåñåé ìåòîäîì ÐÔÀ â ìàòåðè-

àëàõ íà îñíîâå Ta è Nb: äëÿ ýëåìåíòîâ, îïðåäåëÿåìûõ ïî ëèíèÿì K-ñåðèè (îò Ti äî Cî), ïðå-

äåë îáíàðóæåíèÿ ëåæèò â äèàïàçîíå îò 30 äî 60 ìëí–1. Äëÿ ýëåìåíòîâ, îïðåäåëÿåìûõ ïî

ëèíèÿì M-ñåðèè (Ta), ïðåäåë îáíàðóæåíèÿ ñîñòàâëÿåò ïðèìåðíî 200 ìëí–1, ïî ëèíèÿì

L-ñåðèè (Nb) — îò 100 äî 150 ìëí–1.

Êëþ÷åâûå ñëîâà: òàíòàë; íèîáèé; ìàòåðèàëû íà îñíîâå Nb è Ta; àíàëèç òâåðäûõ ïðîá;

ðåíòãåíîôëóîðåñöåíòíûé ýêñïðåññ-àíàëèç.

EXPRESS X-RAY FLUORESCENT ANALYSIS OF TECHNICAL-GRADE TANTALUM

AND NIOBIUM: FROM RAW MATERIALS TO PRODUCTS
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Determination of impurities in Ta- and Nb-based materials is a necessary operation in supporting techno-

logical processes. The existing approaches involve the transfer of a sample into a solution with subsequent

isolation of impurities. This procedure is rather complicated and takes a lot of time. For this reason, it is of

interest to study the possibilities of direct analysis of solid-phase samples of materials, e.g., X-ray fluores-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6 5



cence analysis (XRF). The usual scheme of X-ray fluorescence analysis, which involves the experimental

construction of calibration characteristics for each element to be determined, requires using a large num-

ber of reference samples containing a rather wide range of impurities. We present the results of prelimi-

nary characterization of samples of technical-grade tantalum and niobium and products on their base. It is

shown that for starting materials, only a significant absence of impurities can be determined using XPA,

but even for sintered niobium hydride and Ta powder, XPA can be used as a method for rapid assessment

of the composition. A SPECTROSCAN MAX GVM crystal-diffraction spectrometer can be used for analy-

sis and a standard software that implements the fundamental parameter method (FPA) can be used for

calibration. In this case, the obtained values of the content of impurities may differ by 1 – 2 orders of mag-

nitude from the reference values. However, such an accuracy is often enough to correct technological pro-

cesses. The limits of detecting impurities by XRF in Ta- and Nb-based materials are revealed: for elements

determined by K-series (from Ti to Co), the detection limits lie in the range from 30 to 60 ppm, whereas for

the elements determined by M-series (Ta) the detection limit is approximately 200 ppm and for L-series

(Nb) the detection limit is in the range from 100 to 150 ppm.

Keywords: tantalum; niobium; Ta- and Nb-based materials; analysis of solid samples; express X-ray fluo-

rescence analysis.

Ââåäåíèå

Îáåñïå÷åíèå áåçîïàñíîñòè îáúåêòîâ àòîìíîé

ýíåðãåòèêè, à òàêæå ñîîòâåòñòâèÿ ïðîäóêöèè

àâèàöèîííîé, ýëåêòðîííîé è ðàäèîòåõíè÷åñêîé

ïðîìûøëåííîñòè ýêñïëóàòàöèîííûì õàðàêòåðè-

ñòèêàì òðåáóåò ïîñòîÿííîãî êîíòðîëÿ êà÷åñòâà è

÷èñòîòû èñïîëüçóåìûõ ìàòåðèàëîâ. Ñîâðåìåííàÿ

îïòî- è ðàäèîýëåêòðîíèêà, ïðèáîðî- è àâòîìîáè-

ëåñòðîåíèå, õèìè÷åñêàÿ ïðîìûøëåííîñòü, ìå-

òàëëóðãèÿ, àòîìíàÿ è àëüòåðíàòèâíàÿ ýíåðãåòè-

êà íàïðÿìóþ çàâèñÿò îò êà÷åñòâà èñïîëüçóåìûõ

ðåäêèõ ìåòàëëîâ (ÐÌ), êîíòðîëü õèìè÷åñêîãî ñî-

ñòàâà è ñòðóêòóðû êîòîðûõ — íåîòúåìëåìàÿ

÷àñòü ïðîèçâîäñòâà ìàòåðèàëîâ, ñîäåðæàùèõ ÐÌ.

Â 70 – 80-õ ãîäàõ ïðîøëîãî âåêà äëÿ àíàëèçà ìà-

òåðèàëîâ íà îñíîâå ÐÌ â îñíîâíîì èñïîëüçîâàëè

ìåòîäû îïòèêî-ñïåêòðàëüíîãî àíàëèçà, äóãîâîé

àòîìíî-ýìèññèîííûé ìåòîä áûë ñòàíäàðòèçîâàí

[1]. Ñåé÷àñ áîëüøèíñòâî ïðèìåíÿåìûõ ìåòîäèê

àíàëèçà âêëþ÷àåò ïåðåâåäåíèå ðåäêèõ ìåòàëëîâ

â ðàñòâîð è ïðåäâàðèòåëüíîå îòäåëåíèå ïðèìå-

ñåé îò îñíîâû ïðîáû ââèäó ìàòðè÷íîãî âëèÿíèÿ

Ta è Nb [2, 3]. Îäíàêî ìàñøòàáû ïðèìåíåíèÿ

ðåäêèõ òóãîïëàâêèõ ìàòåðèàëîâ, òàêèõ êàê Nb è

Ta, òðåáóþò ðàçâèòèÿ ìåòîäè÷åñêèõ ïîäõîäîâ ê

ýêñïðåññíîé õèìè÷åñêîé èäåíòèôèêàöèè è ïàíî-

ðàìíîìó õèìè÷åñêîìó àíàëèçó. Â çíà÷èòåëüíîé

ñòåïåíè ýòî ñâÿçàíî ñ äëèòåëüíîñòüþ ïåðåâåäå-

íèÿ ïðîáû â ðàñòâîð, ìíîãîñòàäèéíîñòüþ îïåðà-

öèé, ðàçäåëåíèåì è ìàñêèðîâàíèåì ìåøàþùèõ

ïðèìåñåé. Òàêèì îáðàçîì, âîçíèêàåò ïîòðåáíîñòü

â ðàçðàáîòêå ìåòîäèê ïðÿìîãî àíàëèçà òâåðäûõ

ïðîá ìàòåðèàëîâ, ñîäåðæàùèõ ÐÌ, ñ ó÷åòîì âîç-

ìîæíîñòåé ñîâðåìåííîé àïïàðàòóðû, ìåòðîëîãè-

÷åñêîãî è èíôîðìàöèîííîãî îáåñïå÷åíèÿ, ÷òî â

ïåðâóþ î÷åðåäü îòíîñèòñÿ ê ìåòîäó ÐÔÀ [4, 5].

Ãðóïïà ÐÌ îáøèðíà ïî ñîñòàâó è ðàçíîîáðàçíà

ïî ñâîéñòâàì ýëåìåíòîâ, ïîýòîìó èñïîëüçîâàíèå

ìåòîäà ÐÔÀ ïåðñïåêòèâíî äëÿ îïðåäåëåíèÿ ÐÌ

êàê ñ òî÷êè çðåíèÿ ñåëåêòèâíîñòè, óíèâåðñàëüíî-

ñòè â ÷àñòè ôîðì íàõîæäåíèÿ ýëåìåíòîâ, òàê è

ýêñïðåññíîñòè [6, 7].

Öåëü äàííîé ðàáîòû — èññëåäîâàíèå àíàëè-

òè÷åñêèõ âîçìîæíîñòåé ÐÔÀ ïðèìåíèòåëüíî ê

íèîáèþ, òàíòàëó, èñõîäíûì è ïðîìåæóòî÷íûì

ïðîäóêòàì èõ ïîëó÷åíèÿ.

Ïåðâè÷íàÿ õàðàêòåðèçàöèÿ

îáúåêòîâ èññëåäîâàíèÿ

Ïåðâè÷íàÿ õàðàêòåðèçàöèÿ îáúåêòîâ òåõíî-

ëîãè÷åñêîãî ïåðåäåëà îñóùåñòâëåíà ñ èñïîëüçî-

âàíèåì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èí-

äóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ) è äóãî-

âûì èñòî÷íèêîì âîçáóæäåíèÿ ñïåêòðà (ÄÀÝÑ), à

òàêæå ìàññ-ñïåêòðîìåòðèè ñ èñêðîâûì èñòî÷íè-

êîì èîíèçàöèè (ÈÌÑ) (òàáë. 1 – 4).

Ìåòîäîì ÈÌÑ óñòàíîâëåíî, ÷òî ñîäåðæàíèå

Ti, Mo, Zr, Ni, Al, Mg, Mn, Co, Sn, W â ïðåäñòàâ-

ëåííûõ ïðîáàõ èñõîäíîãî è ïðîìåæóòî÷íîãî ìà-

òåðèàëîâ íà îñíîâå Nb íå ïðåâûøàåò 3 · 10–6 %,

Si è Cu — 2 · 10–5 %.

Ñîäåðæàíèå Mg, Mn, Co, Sn â ïðåäñòàâëåí-

íûõ ïðîáàõ êîíå÷íîãî ïðîäóêòà íà îñíîâå Nb íå

ïðåâûøàåò 3 · 10–6 %.

Ïî äàííûì ÈÌÑ ñîäåðæàíèå Zr, Al, Mg, Mn,

Co â ïðåäñòàâëåííûõ ïðîáàõ Ta — íå áîëåå

3 · 10–6 %.
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Òàáëèöà 1. Ðåçóëüòàòû ïðåäâàðèòåëüíîãî èçó÷åíèÿ èñ-

õîäíîãî è ïðîìåæóòî÷íîãî ìàòåðèàëîâ íà îñíîâå Nb

Table 1. Results of a preliminary study of the initial and

intermediate materials based on Nb

Ýëåìåíò

Ñîäåðæàíèå, %

Ñëèòîê íèîáèÿ

(âõîäíîé êîíòðîëü

ñûðüÿ)

Ñïå÷åííûé

ãèäðèä íèîáèÿ

(ïðîìåæóòî÷íûé)

ÀÝÑ-ÈÑÏ ÈÌÑ ÀÝÑ-ÈÑÏ ÈÌÑ

Ta <0,01 0,002 0,033 0,018

W <0,01 <0,00001 <0,01 0,0005

Fe <0,01 0,0001 Íå îïð. 0,0001



Ïðåäâàðèòåëüíîå èçó÷åíèå èññëåäóåìûõ ìà-

òåðèàëîâ íà îñíîâå íèîáèÿ è òàíòàëà ïîêàçàëî,

÷òî öåëåâûìè êîíòðîëèðóåìûìè òåõíîëîãè÷åñêè

çíà÷èìûìè ïðèìåñÿìè ÿâëÿþòñÿ Nb, Ta, Ti, Cr,

Mo, Si, Al, Fe, Cu, Ni.

Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ âûáðàíû

èñõîäíûé ñëèòîê Nb, ïëàñòèíà è ïîðîøîê Ta, à

òàêæå ñïå÷åííûé ãèäðèä íèîáèÿ è êîíå÷íûé

ïðîäóêò Nb.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Äëÿ ðåíòãåíîôëóîðåñöåíòíîãî àíàëèçà èñ-

ïîëüçîâàëè ñïåêòðîìåòð «Ñïåêòðîñêàí Ìàêñ-

GVM» (ÎÎÎ «ÍÏÎ Ñïåêòðîí», ã. Ñàíêò-Ïåòåð-

áóðã) ñ ÌÔÏ [8].

Ðàáî÷èå ïàðàìåòðû ñïåêòðîìåòðà: íàïðÿæå-

íèå íà àíîäå ðåíòãåíîâñêîé òðóáêè — îò 20 äî

40 êÂ; òîê ðåíòãåíîâñêîé òðóáêè — îò 0,5 äî

3,5 ìÀ; ìàòåðèàë àíîäà ðåíòãåíîâñêîé òðóáêè —
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Òàáëèöà 3. Ðåçóëüòàòû ïðåäâàðèòåëüíîãî èçó÷åíèÿ èñõîäíîãî è ïðîìåæóòî÷íîãî ìàòåðèàëîâ íà îñíîâå Ta

Table 3. Results of a preliminary study of initial and intermediate materials based on Ta

Ýëåìåíò

Ñîäåðæàíèå, %

Ïëàñòèíà Ta (âõîäíîé êîíòðîëü ñûðüÿ) Äåãèäðèðîâàííûé ïîðîøîê Ta (ïðîìåæóòî÷íûé)

ÀÝÑ-ÈÑÏ ÈÌÑ ÀÝÑ-ÈÑÏ ÈÌÑ ÄÀÝÑ

Nb 0,0480 0,030 0,046 0,0300 0,042

W <0,01 0,006 <0,01 0,0050 Íå îïð.

Ti <0,01 <0,000001 <0,01 <0,000001 <0,0005

Cr <0,01 0,000007 <0,01 0,004 0,0085

Mo <0,01 0,0005 <0,01 0,004 0,0024

Si <0,01 0,00005 <0,01 0,0003 <0,0005

Fe <0,01 0,00003 0,0280 0,0300 0,025

Cu <0,01 0,00002 <0,01 0,0009 0,001

Ni <0,01 <0,000002 <0,01 0,004 0,008

Sn <0,01 <0,000003 <0,01 0,0007 0,0002

Òàáëèöà 4. Ðåçóëüòàòû ïðåäâàðèòåëüíîãî èçó÷åíèÿ êîíå÷íîãî ïðîäóêòà íà îñíîâå Ta

Table 4. Results of a preliminary study of the final product based on Ta

Ýëåìåíò

Ñîäåðæàíèå, %

Òàíòàëîâûé ïîðîøîê 1 (ïðîäóêò, ïðîáà 21423) Òàíòàëîâûé ïîðîøîê 2 (ïðîäóêò, ïðîáà 21424)

ÀÝÑ-ÈÑÏ ÈÌÑ ÀÝÑ-ÈÑÏ ÈÌÑ ÄÀÝÑ

Nb 0,042 0,05 0,048 0,04 0,045

W <0,01 0,004 <0,01 0,001 Íå îïð.

Ti <0,01 0,0003 <0,01 0,0004 <0,0005

Cr <0,01 0,009 0,0385 0,04 0,027

Mo <0,01 0,007 <0,01 0,0050 0,0015

Fe 0,028 0,05 0,12 0,15 0,075

Cu Íå îïð. 0,0003 Íå îïð. 0,0010 <0,0005

Ni Íå îïð. 0,007 <0,01 0,009 0,012

Mn Íå îïð. <0,000001 Íå îïð. 0,002 0,0014

Òàáëèöà 2. Ðåçóëüòàòû ïðåäâàðèòåëüíîãî èçó÷åíèÿ êî-

íå÷íîãî ïðîäóêòà íà îñíîâå Nb

Table 2. Results of a preliminary study of the final product

based on Nb

Ýëåìåíò

Ñîäåðæàíèå, %

Ïîðîøîê íèîáèÿ

(ïàðòèÿ 1)

Ïîðîøîê íèîáèÿ

(ïàðòèÿ 2)

ÀÝÑ-ÈÑÏ ÈÌÑ ÀÝÑ-ÈÑÏ ÈÌÑ

Ta 0,394 0,3 0,033 0,018

W 0,011 0,0005 <0,01 0,0005

Ti <0,01 0,0002 <0,01 0,001

Si <0,01 0,005 <0,01 0,02

Fe <0,01 0,03 <0,01 0,04

Mo <0,01 0,004 <0,01 0,0001

Cu <0,01 0,002 <0,01 0,002

Zr <0,01 0,005 <0,01 0,0006

Ni <0,01 0,0007 <0,01 0,005

Al <0,01 0,02 <0,01 0,02



Pd; êðèñòàëëû-àíàëèçàòîðû — LiF(200), PET,

KAP (RbAP).

Ñïåêòðàëüíûå íàëîæåíèÿ. Ïðè îïðåäåëå-

íèè âîçìîæíûõ ñïåêòðàëüíûõ ïîìåõ (òàáë. 5)

íåîáõîäèìî ó÷èòûâàòü, ÷òî ñîäåðæàíèå Ta è Nb

êàê îñíîâíûõ ýëåìåíòîâ íà íåñêîëüêî ïîðÿäêîâ

ïðåâîñõîäèò ñîäåðæàíèå ïðèìåñåé, ïîýòîìó

âëèÿíèå Ta è Nb ìîæåò áûòü ñóùåñòâåííûì çà

ïðåäåëàìè èíòåðâàëà, ðàâíîãî ïîëíîé øèðèíå

íà ïîëîâèíå âûñîòû èõ ÿðêèõ ëèíèé.

Äëÿ ïðèìåñíûõ ýëåìåíòîâ ïðèâåäåíû òîëüêî

ïåðâûå ïîðÿäêè íàëîæåíèé, äëÿ Ta è Nb — òàê-

æå è âòîðûå ïîðÿäêè. Äëÿ Fe, Al è Si â ìàòåðèà-

ëàõ, ñîñòàâ êîòîðûõ âûÿâëåí â õîäå ïðåäâàðè-

òåëüíîé õàðàêòåðèçàöèè, çíà÷èìûå íàëîæåíèÿ

îòñóòñòâóþò. Ïðè ýòîì íåîáõîäèìî îòìåòèòü, ÷òî

ðåãèñòðàöèÿ ëèíèé Si è Al â ñâÿçè ñ èíñòðóìåí-

òàëüíûìè îñîáåííîñòÿìè èñïîëüçóåìîãî ñïåêòðî-

ìåòðà îñëîæíåíà, ïîýòîìó ýòè ýëåìåíòû èç äàëü-

íåéøåãî ðàññìîòðåíèÿ áûëè èñêëþ÷åíû.

Êðîìå ó÷åòà íàëîæåíèé, íåîáõîäèìî èìåòü â

âèäó, ÷òî â ïðèáîðå «Ñïåêòðîñêàí Ìàêñ-GVM»

ïðèñóòñòâóåò àïïàðàòóðíûé ïèê Fe.

Îáñóæäåíèå ðåçóëüòàòîâ

Îöåíêà ïðåäåëîâ îáíàðóæåíèÿ èñêîìûõ àíà-

ëèòîâ â èññëåäóåìûõ ìàòåðèàëàõ. Îöåíêó ïðå-

äåëîâ îáíàðóæåíèÿ âûïîëíÿëè â ñîîòâåòñòâèè

ñ àëãîðèòìîì, ïðåäëîæåííûì â ðàáîòàõ [9, 10]:

c s
c

I
bmin

,� 3 2
�

�

(1)

ãäå cmin — ïðåäåë îáíàðóæåíèÿ; sb — ñðåäíåêâàä-

ðàòè÷åñêîå îòêëîíåíèå (ÑÊÎ) îòäåëüíûõ ðåçóëü-

òàòîâ èçìåðåíèé ôîíà; Äc/ÄI — çíà÷åíèå îáðàò-

íîé ÷óâñòâèòåëüíîñòè.

ÑÊÎ ôîíà, ñîîòâåòñòâóþùåå ïîëîæåíèþ àíà-
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; n — ÷èñëî èçìåðåíèé.

Îïðåäåëåíèå cmin äëÿ ýëåìåíòîâ, îïðåäåëÿå-

ìûõ ïî ëèíèÿì K-ñåðèè. Ýêñïåðèìåíòàëüíîå îï-

ðåäåëåíèå ïðåäåëà îáíàðóæåíèÿ ïðîâîäèëè äëÿ

àíàëèòè÷åñêîé ëèíèè TiKá1,2 â Nb, ïîñêîëüêó

äëÿ èìåþùèõñÿ îáðàçöîâ îíà ñâîáîäíà îò íàëî-

æåíèé ëèíèé ïðèìåñåé. Èçìåðåíèÿ âûïîëíåíû

ïðè íàïðÿæåíèè íà òðóáêå 40 êÂ, òîêå òðóáêè

0,5 ìÀ ñ èñïîëüçîâàíèåì êðèñòàëëà-àíàëèçàòîðà

LIF(200) (÷èñëî èçìåðåíèé ôîíà è èíòåíñèâ-

íîñòè ëèíèè àíàëèòà n = 10), âðåìÿ íàáîðà äàí-

íûõ — 20 ñ). Îöåíêà ÑÊÎ îòäåëüíûõ ðåçóëüòàòîâ

èçìåðåíèé ôîíà ïî ôîðìóëå (2) ñîñòàâèëà

~11,5 èìï, ÄI � 11695,4 èìï (ñðåäíÿÿ èíòåíñèâ-

íîñòü íà ïèêå çà âû÷åòîì ñðåäíåé èíòåíñèâíîñòè

ôîíà â ïîëîæåíèè ìàêñèìóìà ëèíèè). Çíà÷åíèå

îáðàòíîé ÷óâñòâèòåëüíîñòè Äc/ÄI � 6,651 · 10–5

%/èìï. Òàêèì îáðàçîì, ïî ôîðìóëå (1) èìååì:

cmin � 0,0032 % = 32 ìëí–1.

Óìåíüøåíèå íàïðÿæåíèÿ íà òðóáêå äî 20 êÂ

ïðèâîäèò ê ïîâûøåíèþ ïðåäåëà îáíàðóæåíèÿ äî

40 ìëí–1.

Îöåíêà ïðåäåëà îáíàðóæåíèÿ ïî Fe, âûïîë-

íåííàÿ àíàëîãè÷íûì îáðàçîì äëÿ ëèíèè Ká1,2,

ïîêàçàëà íåñêîëüêî áîëüøèå çíà÷åíèÿ: cmin � 60 –

80 ìëí–1 äëÿ íàïðÿæåíèÿ íà òðóáêå 40 êÂ. Ýòî

ìîæåò áûòü ñâÿçàíî ñ íàëè÷èåì àïïàðàòóðíîãî

ïèêà æåëåçà â äàííîì ïðèáîðå.

Îñíîâûâàÿñü íà ïîëó÷åííûõ çíà÷åíèÿõ äëÿ

Ti è ïðèíèìàÿ âî âíèìàíèå áëèçêèå âûõîäû

ôëóîðåñöåíöèè äëÿ ëèíèé K-ñåðèè ýëåìåíòîâ îò

Òi äî Ni, ìîæíî ñ÷èòàòü èõ ïðåäåë îáíàðóæåíèÿ â

ìàòåðèàëàõ íà îñíîâå íèîáèÿ ðàâíûì 30 –

60 ìëí–1.

Ïðåäåë îáíàðóæåíèÿ Ta â ìàòåðèàëå íà îñíî-

âå Nb îöåíèëè àíàëîãè÷íî äëÿ ñëåäóþùèõ óñëî-

âèé: íàïðÿæåíèå íà òðóáêå — 40 êÂ, òîê òðóá-

êè — 0,5 ìÀ, âðåìÿ íàáîðà äàííûõ — 200 ñ. Â êà-

÷åñòâå àíàëèòè÷åñêîé âûáðàíà ëèíèÿ TaKâ, òàê
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Òàáëèöà 5. Îñíîâíûå ñïåêòðàëüíûå íàëîæåíèÿ

Table 5. Main spectral overlaps

Àíàëèòè÷åñêàÿ

ëèíèÿ

Ïîëîæåíèå

ëèíèè, ìÅ
Âîçìîæíûå

íàëîæåíèÿ, ìÅ

TaLá
1

1522 CuKá
1

1540,6

CuKá
2

1542,4
TaLá

2
1533

TaLâ 1327 WLâ
1,3

1338

NiKâ
1,3

1500

NbKâ
1,3

(II) 1331,2

NbKâ
3
(II) 1332,2

TaMá 7252 Íå ïîïàäàåò â äèàïàçîí

êðèñòàëëà PET

TaMâ 7023 WMá
1

6983

WMá
2

6992

NbLá
1

NbLá
2

5724

5732

ZrLâ
1

5710

NbLâ
1

5492 MoLá
1

5407

MoLá
2

5414

TiKá
2

TiKá
1

5504

5497

NbLâ
1

5492

CuKá 1541,7 NbKá(II) 1486

CrKá 2290,9 TaLã(II) 2272

NiKá 1659,1 WLl 1678

MoKá 1411,0 ZrKâ
2

1394

CuKâ
2

1422,2



êàê á-ëèíèÿ íå ïîïàäàåò â óãëîâîé äèàïàçîí

êðèñòàëëà PET íà äàííîì ïðèáîðå, à èíòåíñèâ-

íîñòü íà êðèñòàëëå RbAP ñóùåñòâåííî õóæå.

Îöåíêà ïðåäåëà îáíàðóæåíèÿ äàåò çíà÷åíèå îêî-

ëî 200 ìëí–1. Çíà÷åíèÿ ïðåäåëîâ îáíàðóæåíèÿ

äðóãèõ ýëåìåíòîâ, îïðåäåëÿåìûõ ïî ëèíèÿì

M-ñåðèè, äîëæíû áûòü àíàëîãè÷íûìè. Ëèíèè

M-ñåðèè íå ìîãóò èñïîëüçîâàòüñÿ â ïðîãðàììå

ÌÔÏ äëÿ îïèñûâàåìîãî ýêñïåðèìåíòà, îäíàêî

âîçìîæíà ðàçðàáîòêà ìåòîäèêè äëÿ îïðåäåëåíèÿ

êîíêðåòíûõ ýëåìåíòîâ.

Òàêèì îáðàçîì, ïîñêîëüêó ôîí îò ëèíèè K-ñå-

ðèè îò Ti äî Co íîñèò ìîíîòîííûé õàðàêòåð è

âûõîä ôëóîðåñöåíöèè òàêæå ìåíÿåòñÿ ìîíîòîí-

íî, ìîæíî ñ÷èòàòü, ÷òî cmin äëÿ K-ñåðèè ëåæèò â

äèàïàçîíå îò 30 äî 60 ìëí–1. Äëÿ ýëåìåíòîâ, îï-

ðåäåëÿåìûõ ïî ëèíèÿì M-ñåðèè (Ta), cmin ñîñòàâ-

ëÿåò ïðèìåðíî 200 ìëí–1, ïî L-ñåðèè (Nb) — îò

100 äî 150 ìëí–1.

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò èñïîëü-

çîâàòü ñïåêòðîìåòð «Ñïåêòðîñêàí Ìàêñ-GVM»

äëÿ ýêñïðåññ-îïðåäåëåíèÿ ïðèìåñåé, ñîäåðæàíèÿ

êîòîðûõ ïðåâûøàþò óêàçàííûå çíà÷åíèÿ.

Ðåíòãåíîôëóîðåñöåíòíûé ýêñïðåññ-àíàëèç

ìàòåðèàëîâ íà îñíîâå Ta è Nb. Îñíîâíûå ïàðà-

ìåòðû ïðîâåäåíèÿ ÐÔÀ ìàòåðèàëîâ íà îñíîâå

òàíòàëà è íèîáèÿ ïðèâåäåíû â òàáë. 6 (íàïðÿæå-

íèå íà òðóáêå — 40 êÂ; òîê òðóáêè — 3,5 ìÀ, åñëè

íå îãîâîðåíî èíîå).

Ïðåäâàðèòåëüíàÿ ïîäãîòîâêà ïîðîøêîâûõ

ïðîá ñîñòîÿëà â ñëåäóþùåì: â êà÷åñòâå àíàëèçè-

ðóåìîãî ìàòåðèàëà èñïîëüçîâàëè èçìåëü÷åííûé

ïîðîøîê, ãîìîãåííûé ïî ãðàíóëîìåòðè÷åñêîìó è

õèìè÷åñêîìó ñîñòàâó, êðóïíîñòüþ äî 60 ìêì, ìàñ-

ñîé 1,0 – 2,0 ã. Òàáëåòêè-èçëó÷àòåëè äëÿ ÐÔÀ ãî-

òîâèëè íà ïîëóàâòîìàòè÷åñêîì ãèäðàâëè÷åñêîì

ïðåññå Herzog HTP-40, â êà÷åñòâå ïîäëîæêè èñ-

ïîëüçîâàëè áîðíóþ êèñëîòó.

Ñîäåðæàíèÿ îïðåäåëÿåìûõ êîìïîíåíòîâ óñ-

òàíàâëèâàëè ñ èñïîëüçîâàíèåì âñòðîåííîãî ïðî-

ãðàììíîãî îáåñïå÷åíèÿ ñïåêòðîìåòðà «Ñïåêòð-

Êâàíò» ñ ïðèìåíåíèåì ÌÔÏ [11 – 15]. Ýòîò ìå-

òîä îñíîâàí íà óñòàíîâëåíèè ìàòåìàòè÷åñêîé

çàâèñèìîñòè ìåæäó èçìåðåííîé è ðàñ÷åòíîé èí-

òåíñèâíîñòÿìè àíàëèòè÷åñêîãî ñèãíàëà ñ ó÷åòîì

òàêèõ ôàêòîðîâ, êàê ìàññîâûå êîýôôèöèåíòû

ïîãëîùåíèÿ, âûõîäû ôëóîðåñöåíöèè, èíòåíñèâ-

íîñòè ïåðâè÷íîãî ñïåêòðà, óãëû ïàäåíèÿ ïåðâè÷-

íîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ íà îáðàçåö è îò-

ðàæåíèÿ ôëóîðåñöåíòíîãî èçëó÷åíèÿ, è ðÿäà

äðóãèõ ïàðàìåòðîâ.

×àùå âñåãî ÌÔÏ èñïîëüçóþò ïðè óñòàíîâëå-

íèè ñîäåðæàíèé êîìïîíåíòîâ ïðîá íåèçâåñòíîãî

ñîñòàâà. Îí îòëè÷àåòñÿ ýêñïðåññíîñòüþ, îäíàêî

ÿâëÿåòñÿ ìåíåå òî÷íûì ïî ñðàâíåíèþ ñ ïîñòðîå-

íèåì ãðàäóèðîâî÷íûõ çàâèñèìîñòåé ñ èñïîëüçî-

âàíèåì ñòàíäàðòíûõ îáðàçöîâ ñîñòàâà. Ñ ñåðåäè-

íû ïðîøëîãî âåêà âåäóòñÿ ðàáîòû ïî óñîâåðøåí-

ñòâîâàíèþ ÌÔÏ ïðèìåíèòåëüíî ê ðàçëè÷íûì

ïðèáîðàì.

Íåîáõîäèìî îòìåòèòü, ÷òî âî ìíîãèõ ñëó÷àÿõ

èìåþò ìåñòî çíà÷èòåëüíûå íàëîæåíèÿ àíàëèòè-

÷åñêèõ ëèíèé, ÷òî ìîæåò ïðèâîäèòü ê çíà÷èìûì

èñêàæåíèÿì ðåçóëüòàòîâ, ïîëó÷àåìûõ ñ ïðèìåíå-

íèåì ÌÔÏ. Ðåãèñòðàöèÿ ñèãíàëà îçíà÷àåò, ÷òî

ñîäåðæàíèå ïðèìåñè âûøå ïðåäåëà îáíàðóæå-

íèÿ. Áåç ñïåöèàëüíîé íàñòðîéêè ïðîãðàììíîãî

îáåñïå÷åíèÿ è ïðèìåíåíèÿ ïîïðàâîê ìîæíî óò-

âåðæäàòü, ÷òî ÷èñëåííûå çíà÷åíèÿ ñîäåðæàíèé

ìîãóò îòëè÷àòüñÿ îò îïîðíûõ çíà÷åíèé íà 1 – 2

ïîðÿäêà âåëè÷èíû. Âàæíîé äëÿ êîððåêòèðîâêè

òåõíîëîãè÷åñêèõ ïðîöåññîâ ÿâëÿåòñÿ âîçìîæ-

íîñòü áûñòðîãî óñòàíîâëåíèÿ íàëè÷èÿ òîé èëè

èíîé ïðèìåñè íà îïðåäåëåííîì óðîâíå.

Ñîïîñòàâëåíèå ðåçóëüòàòîâ ÐÔÀ ñ ðåçóëüòà-

òàìè ïðåäâàðèòåëüíîé õàðàêòåðèçàöèè.

Â òàáë. 7, 8 ñîïîñòàâëåíû ðåçóëüòàòû, ïîëó-

÷åííûå ìåòîäàìè ÐÔÀ è ÀÝÑ-ÈÑÏ. Èñïîëüçîâà-

íà àòòåñòîâàííàÿ ìåòîäèêà ÀÝÑ-ÈÑÏ ñî ñëåäóþ-

ùèìè ìåòðîëîãè÷åñêèìè õàðàêòåðèñòèêàìè: äëÿ

ñîäåðæàíèÿ ïðèìåñåé â ðåäêèõ òóãîïëàâêèõ ìå-

òàëëàõ îò 0,001 äî 0,5 % ìàññ. äèàïàçîí ñòàíäàðò-

íûõ îòêëîíåíèé (Sr) — 0,00003 – 0,013 % ìàññ.

Êàê âèäíî èç ïðåäñòàâëåííûõ äàííûõ, íà-

áëþäàåòñÿ êîððåëÿöèÿ ðåçóëüòàòîâ ÀÝÑ-ÈÑÏ è

ÐÔÀ, ïðè ýòîì ðåçóëüòàòû ÐÔÀ, êàê ïðàâèëî, ÿâ-

ëÿþòñÿ íåñêîëüêî çàâûøåííûìè. Ýòî íàãëÿäíî

èëëþñòðèðóþò ðèñ. 1, 2.

Ïîëó÷åííûå ðàñõîæäåíèÿ ìåæäó ðåçóëüòàòà-

ìè ÀÝÑ-ÈÑÏ è ÐÔÀ ïî ìåòîäó ôóíäàìåíòàëü-
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Òàáëèöà 6. Óñëîâèÿ ïðîâåäåíèÿ ýêñïðåññ-ÐÔÀ ìàòåðèàëîâ íà îñíîâå Ta è Nb

Table 6. Conditions for express XRF analysis of materials based on Ta and Nb

Ýëåìåíò Àíàëèòè÷åñêàÿ ëèíèÿ Êðèñòàëë-àíàëèçàòîð Ýëåìåíò Àíàëèòè÷åñêàÿ ëèíèÿ Êðèñòàëë-àíàëèçàòîð

Ta TaLá
1,2

LiF(200) Cr CrKá
1,2

LiF(200)

Nb NbLá
1,2

PET Ni NiKá
1,2

LiF(200)

Ti TiKá
1,2

LiF(200) Si SiKá
1,2

PET

Fe FeKá
1,2

LiF(200) Mo MoKá LiF(200)

Zr ZrLá PET Al AlKá
1,2

RbAP

Cu CuKá LiF(200)



íûõ ïàðàìåòðîâ ÿâëÿþòñÿ çíà÷èìûìè. Âîçìîæ-

íûå ïðè÷èíû ýòîãî îòìå÷åíû âûøå. Ïðè ýòîì

äàííûå ðåçóëüòàòû äåìîíñòðèðóþò ïðàêòè÷å-

ñêóþ âîçìîæíîñòü îïðåäåëåíèÿ ðÿäà òåõíè÷åñêè

âàæíûõ ïðèìåñåé â íèîáèè è òàíòàëå áåç ñïåöè-

àëüíîé ïîäãîòîâêè ïðîáû è íàñòðîéêè ïðîãðàìì-

íîãî îáåñïå÷åíèÿ. Â ïåðñïåêòèâå ìîãóò áûòü ââå-

äåíû ïîïðàâêè â ðåçóëüòàòû è êîððåêòèðîâêà â

ìåòîäèêó.

Çàêëþ÷åíèå

Óñòàíîâëåíî, ÷òî ÐÔÀ ìîæåò áûòü èñïîëüçî-

âàí äëÿ ýêñïðåññíîé èäåíòèôèêàöèè ïðèìåñåé â

òåõíè÷åñêîì òàíòàëå è íèîáèè íà ðàçëè÷íûõ ñòà-

äèÿõ ïðîèçâîäñòâåííîãî öèêëà. Ïðåäåëû îáíàðó-

æåíèÿ ýëåìåíòîâ, îïðåäåëÿåìûõ ïî ëèíèÿì K-ñå-

ðèè, â ïðîáàõ èññëåäóåìîãî ñîñòàâà ëåæàò â äèà-

ïàçîíå îò 30 äî 60 ìëí–1, äëÿ ýëåìåíòîâ, îïðåäå-

ëÿåìûõ ïî ëèíèÿì M-ñåðèè, çíà÷åíèÿ ÏÎ ïîðÿä-

êà 200 ìëí–1, ïî ëèíèÿì L-ñåðèè — îò 100 äî

150 ìëí–1. Ïðè èñïîëüçîâàíèè ÌÔÏ áåç ñïåöè-

àëüíîé ïîäãîòîâêè ïîëó÷åííûå çíà÷åíèÿ ìîãóò

îòëè÷àòüñÿ îò îïîðíûõ íà 1 – 2 ïîðÿäêà âåëè÷è-

íû. Ýòîãî â áîëüøèíñòâå ñëó÷àåâ äîñòàòî÷íî äëÿ

êîððåêòèðîâêè òåõíîëîãè÷åñêèõ ïðîöåññîâ. Ðàç-

ðàáîòêà ñïåöèàëüíûõ ìåòîäèê ìîæåò ñóùåñòâåí-

íî ïîâûñèòü ïðàâèëüíîñòü ýêñïðåññ-àíàëèçà.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå Ìèíîáðíàóêè Ðîññèè â ðàìêàõ ãîñóäàðñòâåí-

íîãî çàäàíèÿ ÈÎÍÕ ÐÀÍ c èñïîëüçîâàíèåì îáî-

ðóäîâàíèÿ ÖÊÏ ÔÌÈ ÈÎÍÕ ÐÀÍ.
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Òàáëèöà 8. Ðåçóëüòàòû ñîïîñòàâèòåëüíîãî ýêñïåðèìåí-

òà äëÿ ïðîá íà îñíîâå Ta

Table 8. Results of the comparative experiment for Ta-ba-

sed samples

Ïðîáà Ýëåìåíò

Ñîäåðæàíèå, %

ÀÝÑ-ÈÑÏ ÐÔÀ

Ta ïëàñòèíà Nb 0,048 0,11

Cr <0,01 <0,006

Fe <0,005 <0,006

Ni <0,01 <0,006

Ta Îñíîâà 99,85

Äåãèäðè-

ðîâàííûé

ïîðîøîê Ta

Nb 0,046 0,11

Cr 0,004 0,04

Fe 0,03 0,09

Ni <0,01 0,05

Ta Îñíîâà 99,71

Ta ïîðîøîê 1 Nb 0,042 0,075

Cr <0,01 0,04

Fe 0,028 0,07

Ni <0,01 0,08

Ta Îñíîâà 99,73

Ta ïîðîøîê 2 Nb 0,048 0,09

Cr 0,039 0,05

Fe 0,12 0,17

Ni <0,01 0,08

Ta Îñíîâà 99,61

Òàáëèöà 7. Ðåçóëüòàòû ñîïîñòàâèòåëüíîãî ýêñïåðèìåí-

òà äëÿ ïðîá íà îñíîâå Nb

Table 7. Results of the comparative experiment for Nb-ba-

sed samples

Ïðîáà Ýëåìåíò

Ñîäåðæàíèå, %

ÀÝÑ-ÈÑÏ ÐÔÀ

Nb ñëèòîê Ta <0,01 0,015

Fe <0,005 0,009

Nb Îñíîâà 99,86

NbH Ta 0,033 0,13

Fe <0,005 0,006

Nb Îñíîâà 99,87

Nb ïîðîøîê,

ïàðòèÿ 1

Ta 0,4 0,5

Fe <0,005 0,09

Cu <0,005 0,02

Nb Îñíîâà 99,89

Nb ïîðîøîê,

ïàðòèÿ 2

Ta <0,01 0,2

Fe <0,005 0,04

Cu <0,005 0,03

Nb Îñíîâà 99,73
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Ðèñ. 2. Ðåçóëüòàòû îïðåäåëåíèÿ íèîáèÿ â ìàòåðèàëàõ íà îñíîâå òàíòàëà ìåòîäàìè ÀÝÑ-ÈÑÏ è ÐÔÀ (1 — ïëàñòèíà Ta;

2 — äåãèäðèðîâàííûé ïîðîøîê Ta; 3, 4 — ïîðîøîê Ta)

Fig. 2. Results of the determination of Nb content in Ta-based materials by ICP-AES and XRF (1 — Ta plate; 2 — Ta dehy-

drated powder; 3, 4 — Ta powder)
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Ðèñ. 1. Ðåçóëüòàòû îïðåäåëåíèÿ òàíòàëà â ìàòåðèàëàõ íà îñíîâå íèîáèÿ ìåòîäàìè ÀÝÑ-ÈÑÏ è ÐÔÀ (1 — ñëèòîê Nb;

2 — NbH; 3, 4 — ïîðîøîê Nb)

Fig. 1. Results of the determination of Ta content in Nb-based materials by ICP-AES and XRF (1 — Nb bar; 2 — NbH; 3, 4 —

Nb powder)
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Ñòàòüÿ ïîñòóïèëà 13 ôåâðàëÿ 2023 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 15 ìàðòà 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 23 ìàðòà 2023 ã.

Äëÿ îïðåäåëåíèÿ áèñôåíîëà À (ÁÔÀ) ïðåäëîæåíî èñïîëüçîâàòü ìåòîä ãàçîâîé õðîìàòî-

ãðàôèè â ñî÷åòàíèè ñ ìàññ-ñïåêòðîìåòðèåé (ÃÕ-ÌÑ) è ïðåäâàðèòåëüíûì êîíöåíòðèðîâà-

íèåì íà ñîðáåíòå ñ ìîëåêóëÿðíûìè îòïå÷àòêàìè ÁÔÀ (ìàññà ñîðáåíòà — 50 ìã, âðåìÿ

ñîðáöèè — 10 ìèí, pH = 3, äåñîðáåíò — ìåòàíîë). Ñîðáåíò èçâëåêàåò èç âîäíûõ ðàñòâîðîâ

ïðè îäíîêðàòíîé ñîðáöèè îêîëî 96 % ÁÔÀ è õàðàêòåðèçóåòñÿ âûñîêèì ïîêàçàòåëåì èì-

ïðèíòèíã-ôàêòîðà, äîñòèãàþùèì 7,1. Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ âûáðàíû ïî÷âû

óðáàíèçèðîâàííûõ òåððèòîðèé, à òàêæå òèïè÷íûå ÷åðíîçåìû è îñòàòî÷íî-êàðáîíàòíûå

÷åðíîçåìû çà ïðåäåëàìè êðóïíûõ ãîðîäîâ Âîðîíåæñêîé îáëàñòè. Ïðåäåë îáíàðóæåíèÿ

ÁÔÀ ñîñòàâèë 0,07 ìêã/êã (â ïåðåñ÷åòå íà ñóõóþ ïî÷âó), äèàïàçîí ëèíåéíîñòè ãðàäóèðîâî÷-

íîãî ãðàôèêà — 0,3 – 35 ìêã/êã. Îïðåäåëåíèþ ìåøàåò çàãðÿçíåíèå ïî÷âû íåôòåïðîäóêòà-

ìè, êîòîðîå óñòðàíÿåòñÿ ïðîìûâêîé í-ãåïòàíîì. Âûÿâëåíî, ÷òî ñóùåñòâåííîå âëèÿíèå íà

ìèãðàöèþ ÁÔÀ ïî ïî÷âåííîìó ïðîôèëþ îêàçûâàåò pH ïî÷â. Ïîñòðîåíû êðèâûå ðàñïðåäå-

ëåíèÿ êîíöåíòðàöèé ÁÔÀ ïî ïî÷âåííîìó ïðîôèëþ äî ãëóáèíû 1 ì. Óñòàíîâëåíî, ÷òî êîí-

öåíòðàöèè ÁÔÀ â ïî÷âàõ óðáàíèçèðîâàííûõ òåððèòîðèé çàâèñÿò îò èõ çàãðÿçíåííîñòè îò-

õîäàìè: êîíöåíòðàöèè ÁÔÀ ìàêñèìàëüíû (29,84 ìêã/êã) â ïðîáàõ, îòîáðàííûõ âáëèçè ïî-

ëèãîíà ÒÊÎ íà ãëóáèíå 20 ñì. Â îñòàëüíûõ òî÷êàõ â ïðåäåëàõ ãîðîäñêîé ÷åðòû ìàêñèìàëü-

íûå êîíöåíòðàöèè íàõîäÿòñÿ â äèàïàçîíå 5,38 – 8,77 ìêã/êã. Çà ïðåäåëàìè ã. Âîðîíåæà â

áîëåå ùåëî÷íûõ òèïè÷íûõ è îñòàòî÷íî-êàðáîíàòíûõ ÷åðíîçåìàõ óâåëè÷èâàåòñÿ ïîäâèæ-

íîñòü ÁÔÀ, çíà÷èòåëüíûå êîíöåíòðàöèè îïðåäåëåíû íà ãëóáèíå 50 – 80 ñì. Ðàçðàáîòàí-

íàÿ ñõåìà ìîæåò áûòü ïðèìåíåíà äëÿ öåëåâîãî ñêðèíèíãà è ìîíèòîðèíãà ñîäåðæàíèÿ ÁÔÀ

â ïî÷âåííûõ ãîðèçîíòàõ â çàâèñèìîñòè îò òèïîâ ïî÷â, ìåòåîðîëîãè÷åñêèõ óñëîâèé (êîëè÷å-

ñòâà îñàäêîâ, ãîäîâîãî ðåæèìà òåìïåðàòóð), à òàêæå çàãðÿçíåíèÿ òåððèòîðèè (íàëè÷èÿ íå-

ñàíêöèîíèðîâàííûõ ñâàëîê, ïîëèãîíîâ ÒÊÎ, î÷èñòíûõ ñîîðóæåíèé âáëèçè òî÷êè îòáîðà).

Êëþ÷åâûå ñëîâà: áèñôåíîë À; îïðåäåëåíèå; ïî÷âû; ÃÕ-ÌÑ; êîíöåíòðèðîâàíèå; ìàãíèò-

íûé ìîëåêóëÿðíî-èìïðèíòèðîâàííûé ïîëèìåð.

APPLICATION OF THE GC-MS METHOD IN COMBINATION WITH PRELIMINARY

SOLID PHASE EXTRACTION ON A MAGNETIC MOLECULAR IMPRINTED POLYMER

FOR THE DETERMINATION OF BISPHENOL A IN SOILS OF VARIOUS TYPES
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A method of gas chromatography-mass spectrometry (GC-MS) in combination with pre-concentration on

a sorbent with BPA molecular imprints (dosage of sorbent — 50 mg, sorption time — 10 min, pH — 3,

desorption with methanol) is used to determine bisphenol A (BPA). The sorbent extracts about 96% of

BPA from aqueous solutions with a single sorption and is characterized by a high imprinting factor reach-

ing 7.1. The samples of soils of urbanized territories, as well as typical chernozems and residual carbonate

chernozems outside the large cities of the Voronezh region were studied. The limit of BPA detection was

0.07 ìg/kg (in terms of dry soil), the range of the linearity of the calibration graph was 0.3 – 35 ìg/kg.
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Determination of bisphenol is hindered by soil contamination with petroleum products, which can be

eliminated by washing with heptane. It has been revealed that pH of soils has a significant effect on the

BPA migration of along the soil profile. The concentration curves of the BPA distribution over the soil pro-

file up to a depth of 1 m were plotted. The maximum BPA concentrations in the soils of urbanized territo-

ries depend on the contamination of the territory with polymer waste. The maximum BPA concentrations

(29.84 ìg/kg) were determined at a depth of 20 cm in samples taken near the landfill of municipal solid

waste. At other points within the city limits, the maximum concentrations range within 5.38 – 8.77 ìg/kg.

Outside the city of Voronezh, the mobility of BPA increases in more alkaline typical and residual-calcare-

ous chernozems and significant concentrations of the pollutant were found at a depth of 50 – 80 cm. The

developed scheme can be applied to targeted screening and monitoring of the BPA content. The method

can be used for BPA determination in soil horizons for various soil types, meteorological conditions (pre-

cipitation, annual temperature regime), and contamination of the territory (the presence of unauthorized

landfills, MSW landfills, sewage treatment facilities near the sampling point).

Keywords: bisphenol A; determination; soils; GC-MS; concentration; magnetic molecularly imprinted

polymer.

Ââåäåíèå

Áèñôåíîë À (ÁÔÀ) íàõîäèò ïðèìåíåíèå â èç-

ãîòîâëåíèè ïëàñòèêîâ, ýïîêñèäíûõ ðåçèí, ïîñó-

äû, óïàêîâî÷íûõ ìàòåðèàëîâ, à òàêæå â êà÷åñòâå

âíóòðåííåãî ïîêðûòèÿ òàðû äëÿ ïèùåâûõ ïðî-

äóêòîâ [1]. ×àùå âñåãî ÁÔÀ èñïîëüçóþò â ïðîèç-

âîäñòâå ïîëèêàðáîíàòîâ, øèðîêîå ïðèìåíåíèå

êîòîðûõ îïðåäåëÿåò ïðàêòè÷åñêè ïîâñåìåñòíîå

ðàñïðîñòðàíåíèå ÁÔÀ. Îñîáåííîñòüþ åãî íàêîï-

ëåíèÿ â ðàçëè÷íûõ ñðåäàõ ÿâëÿåòñÿ î÷åíü íåçíà-

÷èòåëüíàÿ ýìèññèÿ ñâîáîäíîãî ÁÔÀ. Îáû÷íî çà-

ãðÿçíåíèå ñðåä íà÷èíàåòñÿ ñ íàêîïëåíèÿ â íèõ

ìèêðîïëàñòèêîâ — ÷àñòèö ïîëèìåðîâ ðàçìåðîì

ìåíåå 5 ìêì [2]. Ïîñêîëüêó ïîëèêàðáîíàòû — äå-

øåâûå, íî äîñòàòî÷íî íåñòîéêèå ìàòåðèàëû ïî

îòíîøåíèþ ê ôàêòîðàì îêðóæàþùåé ñðåäû, ÷å-

ðåç íåñêîëüêî ëåò îíè íà÷èíàþò ðàçðóøàòüñÿ è

ðàññûïàòüñÿ. Áîëåå êðóïíûå ÷àñòèöû ïîëèìåðà

ôðàãìåíòèðóþòñÿ íà áîëåå ìåëêèå. Ïàðàëëåëüíî

ìîãóò ïðîòåêàòü è äðóãèå ïðîöåññû, ïðèâîäÿùèå

ê äåãðàäàöèè ïëàñòèêà. Îñîáåííî àêòèâíî îíè

ïðîèñõîäÿò íà ïîëèãîíàõ òâåðäûõ êîììóíàëü-

íûõ îòõîäîâ (ÒÊÎ), ãäå îòõîäû ïîëèìåðîâ ìîãóò

ïîïàäàòü â ùåëî÷íûå èëè êèñëûå ñðåäû, â ÷àñò-

íîñòè, â ïî÷âû, ãäå ïîëèêàðáîíàò ðàçðóøàåòñÿ ñ

âûäåëåíèåì ñâîáîäíîãî ÁÔÀ.

Áèñôåíîëû èçâåñòíû êàê âåùåñòâà, íåãàòèâ-

íî âëèÿþùèå íà ýíäîêðèííóþ ñèñòåìó (endo-

crine-disrupting chemicals). Îäíàêî â ïî÷âàõ èõ

òîêñè÷åñêîå äåéñòâèå ïðîÿâëÿåòñÿ â óãíåòåíèè

àêòèâíîñòè ìèêðîáèîìà ïî÷âû [3]. Ïîìèìî ÁÔÀ,

èññëåäîâàíî âëèÿíèå áèñôåíîëîâ S è F íà ïî÷-

âåííûé ìèêðîáèîì. Óñòàíîâëåíî, ÷òî òîêñè÷å-

ñêîå äåéñòâèå íà ðàçíûå ãðóïïû ìèêðîîðãàíèç-

ìîâ ñóùåñòâåííî îòëè÷àåòñÿ, âûäåëåíû ãðóïïû

ìèêðîîðãàíèçìîâ, íàèáîëåå ÷óâñòâèòåëüíûå ê

îïðåäåëåííîìó áèñôåíîëó. Ïîä äåéñòâèåì îñàä-

êîâ ìèêðîïëàñòèêè è ñâîáîäíûé ÁÔÀ âûìûâà-

þòñÿ èç ïî÷â â ïðèðîäíûå âîäû è îñåäàþò â äîí-

íûõ îòëîæåíèÿõ, ãäå ïðîäîëæàþòñÿ ïðîöåññû äå-

ãðàäàöèè, à òàêæå âîçíèêàåò ïðÿìîå íåãàòèâíîå

äåéñòâèå íà âîäíóþ áèîòó, ïðîÿâëÿþùååñÿ â ýí-

äîêðèííûõ íàðóøåíèÿõ è ôåìèíèçàöèè [4, 5].

Êîíöåíòðàöèè áèñôåíîëîâ â ïî÷âàõ ñóùå-

ñòâåííî ðàçëè÷àþòñÿ. Â ðàáîòå [6] óñòàíîâëåíî,

÷òî êîíöåíòðàöèÿ ÁÔÀ íà ñåëüñêîõîçÿéñòâåííûõ

óãîäüÿõ ñîñòàâëÿåò 32 – 147 ìêã/êã. Â Ìåêñèêå

êîíöåíòðàöèÿ ÁÔÀ íà îðîøàåìûõ ñòî÷íûìè âî-

äàìè ïîëÿõ êîëåáàëàñü â ïðåäåëàõ 1,6 – 30,2

ìêã/êã [7], â Êèòàå (ïî äàííûì ìîíèòîðèíãà 20

ïðîâèíöèé) íàáëþäàåòñÿ çíà÷èòåëüíûé ðàçáðîñ

êîíöåíòðàöèé — îò 0,42 äî 325 ìêã/ã [8]. Â ïî-

âåðõíîñòíîì ñëîå ïî÷â íà þãî-âîñòîêå Êèòàÿ ñî-

äåðæàíèå ÁÔÀ ñîñòàâèëî îò 38 äî 2960 íã/êã [9].

Â áîëüøèíñòâå ðàáîò îáû÷íî èçó÷àþò çàãðÿç-

íåíèå ïî÷â áèñôåíîëàìè íà ãëóáèíå äî 20 èëè äî

40 ñì. Îäíàêî íå ìåíåå âàæíî çíàòü ðàñïðåäåëå-

íèå òîêñèêàíòà ïî âñåìó ïî÷âåííîìó ïðîôèëþ.

Ýòî ïîìîãàåò îöåíèòü ñîðáöèîííûå âîçìîæíîñòè

âåùåñòâà, à òàêæå åãî ïîäâèæíîñòü â ãðóíòàõ è

âîçìîæíîñòü ìèãðèðîâàòü ñ îñàäêàìè â ãðóíòî-

âûå âîäû. Â èññëåäîâàíèè [8] ïðîâåäåí àíàëèç

ðàñïðåäåëåíèÿ ÁÔÀ è åãî òåòðàáðîìïðîèçâîäíî-

ãî äî ãëóáèíû 90 ñì â ïî÷âàõ ñ pH îêîëî 6. Îáðàç-

öû îòáèðàëè íà ãîðèçîíòàõ 0 – 20, 20 – 40, 40 – 60

è 60 – 80 ñì. Óñòàíîâëåíî, ÷òî êîíöåíòðàöèè áèñ-

ôåíîëîâ ìàêñèìàëüíû â ñëîå 0 – 20 ñì, íà ãëóáè-

íå 80 ñì óäàåòñÿ èäåíòèôèöèðîâàòü òîëüêî ñëå-

äîâûå êîëè÷åñòâà òîêñèêàíòà.

Äëÿ îïðåäåëåíèÿ ÁÔÀ â ïî÷âàõ ïðèìåíÿþò

ñïåêòðàëüíûå, ýëåêòðîõèìè÷åñêèå è õðîìàòî-

ãðàôè÷åñêèå ìåòîäû àíàëèçà (òàáë. 1): ïðåäå-

ëû îïðåäåëåíèÿ ñîñòàâëÿþò îò 0,01 ìêã/ìë äî

3,82 íã/êã [10 – 15]. Íåñìîòðÿ íà âûñîêèå ñòåïåíè

èçâëå÷åíèÿ (áîëåå 81 %), ïðè ïðîáîïîäãîòîâêå

÷àñòî ïðèìåíÿþò áîëüøèå îáúåìû ðàñòâîðèòå-

ëåé. Íåäîñòàòêîì ïðèâåäåííûõ ìåòîäîâ òàêæå

ÿâëÿåòñÿ áîëüøîå âðåìÿ ïðîáîïîäãîòâêè (ýêñ-

òðàêöèè è ñîðáöèè).

Â ÐÔ íå ïðîâîäÿò ñèñòåìàòè÷åñêèõ ìîíèòî-

ðèíãîâûõ èññëåäîâàíèé ñîäåðæàíèÿ ÁÔÀ â âîäå,

äîííûõ îòëîæåíèÿõ, ïî÷âå è áèîëîãè÷åñêèõ îáú-

åêòàõ. Ñîäåðæàíèÿ ÁÔÀ è ìèêðîïëàñòèêîâ â ïî÷-

âàõ íå íîðìèðóþòñÿ, è äàæå îðèåíòèðîâî÷íûå

óðîâíè çàãðÿçíåíèÿ ïî÷â ÁÔÀ è ñîåäèíåíèÿìè, â

ñîñòàâ êîòîðûõ îí âõîäèò, íåèçâåñòíû.
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Öåëü íàñòîÿùåé ðàáîòû çàêëþ÷àëàñü â îöåí-

êå ñîäåðæàíèÿ ÁÔÀ â ïî÷âå, â òîì ÷èñëå åãî ðàñ-

ïðåäåëåíèÿ ïî ïðîôèëþ ïî÷âû. Äëÿ ðåøåíèÿ

äàííîé çàäà÷è ìû èñïîëüçîâàëè ùåëî÷íóþ ýêñ-

òðàêöèþ èç ïî÷â ñ äàëüíåéøåé î÷èñòêîé ïðîáû è

êîíöåíòðèðîâàíèåì ñ ïðèìåíåíèåì ìîëåêóëÿð-

íî-èìïðèíòèðîâàííîãî ïîëèìåðà ñ îòïå÷àòêàìè

ÁÔÀ è ïîñëåäóþùèì îïðåäåëåíèåì àíàëèòà ìå-

òîäîì ÃÕ-ÌÑ ñ äåðèâàòèçàöèåé óêñóñíûì àíãèä-

ðèäîì.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ïðèáîðû è ðåàêòèâû. ÁÔÀ ñîäåðæàë íå ìå-

íåå 98 % ÷èñòîãî âåùåñòâà (Merck). Äëÿ ïîäùå-

ëà÷èâàíèÿ ïðîá èñïîëüçîâàëè KOH è K2CO3 êâà-

ëèôèêöèè ÷äà (Ëåíðåàêòèâ), äëÿ ïîäêèñëåíèÿ —

HCl (÷äà, Êàìñêàÿ õèìè÷åñêàÿ êîìïàíèÿ). Äå-

ñîðáöèþ ïðîâîäèëè ñ ïðèìåíåíèåì ìåòàíîëà

(êâàëèôèêàöèÿ äëÿ õðîìàòîãðàôèè, îñ÷, Õèììåä,

ÐÔ). Äëÿ ïðîìûâêè ñîðáåíòà ïðèìåíÿëè í-ãåï-

òàí (êâàëèôèêàöèÿ äëÿ õðîìàòîãðàôèè, õ÷,

Ýêîñ-1, ÐÔ). Óïàðèâàíèå êîíöåíòðàòîâ îñóùå-

ñòâëÿëè ñ èñïîëüçîâàíèåì èñïàðèòåëüíîãî êîí-

öåíòðàòîðà â òîêå àçîòà EvaPor (Ïóùèíñêèå Ëà-

áîðàòîðèè, ÐÔ).

Îòáîð ïðîá ïî÷â. Îòáîð ïðîâîäèëè â íîÿáðå

2021 ã. Áûëè âûáðàíû ñåìü òî÷åê îòáîðà: òðè

òî÷êè â ãîðîäñêîé ÷åðòå ã. Âîðîíåæà, òðè —

âáëèçè ïîëèãîíà ÒÊÎ, îäíà — âáëèçè íåñàíêöèî-

íèðîâàííîé ñâàëêè â Âîðîíåæñêîé îáëàñòè

(ðèñ. 1). Õàðàêòåðèñòèêè òî÷åê ïðîáîîòáîðà ïðåä-

ñòàâëåíû â òàáë. 2. Ïðîâîäèëè îòáîð ïîâåðõíîñò-

íîãî ñëîÿ (0 – 5 ñì), à òàêæå ãîðèçîíòîâ íà ãëóáè-

íå 15 – 25, 45 – 55, 75 – 85 è 95 – 105 ñì. Äëÿ êàæ-

äîãî îáðàçöà äîïîëíèòåëüíî îïðåäåëÿëè pH âîä-

íîé âûòÿæêè (ðèñ. 2).

Ïðîáîïîäãîòîâêà. Îáðàçåö ïî÷âû âûñóøèâà-

ëè ïðè êîìíàòíîé òåìïåðàòóðå, î÷èùàëè îò êàì-

íåé è îñòàòêîâ êîðíåé è èçìåëü÷àëè íà øàðîâîé
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Òàáëèöà 1. Ìåòîäû îïðåäåëåíèÿ Áèñôåíîëà À â ïî÷âå

Table 1. Determination of bisphenol A in soils and analytical performance of methods

Ìåòîä àíàëèçà Ïðîáîïîäãîòîâêà îáðàçöîâ
Ïðåäåë

îïðåäåëåíèÿ

Äèàïàçîí

îïðåäåëÿåìûõ

ñîäåðæàíèé

Ñòåïåðü

èçâëå÷åíèÿ,

R, % (S
r
, %)

Ëèòåðà-

òóðà

Ôëóîðåñöåíòíàÿ

ñïåêòðîìåòðèÿ

Ýêñòðàêöèÿ ýòèëàöåòàòîì (15 ìë)

ïðè âîçäåéñòâèè óëüòðàçâóêà (40 ìèí)

è öåíòðèôóãèðîâàíèå (15 ìèí)

0,35

ìêã/ã

1,25 – 3,45

ìêã/ã

88,5 – 101,1 [10]

Ýëåêòðîõèìè÷åñêîå

îïðåäåëåíèå*

Ýêñòðàêöèÿ ìåòàíîëîì (10 ìë) ïðè âîç-

äåéñòâèè óëüòðàçâóêà (30 ìèí)

0,192

ìêìîëü/ë

0,8 – 8,0

ìêìîëü/ë

93,6 – 104,6

(4,19 – 16,41)

[11]

Ñâåðõýôôåêòèâíàÿ æèä-

êîñòíàÿ õðîìàòîãðàôèÿ —

òàíäåìíàÿ ÌÑ

Óñêîðåííàÿ ýêñòðàêöèÿ ðàñòâîðèòåëåì â

ñî÷åòàíèè ñ ïîòî÷íîé î÷èñòêîé

ýêñòðàêòà ñîðáåíòîì**

0,03 íã/ã — 81 – 96

(<9,4)

[12]

Ýëåêòðîííî-

èîíèçàöèîííàÿ ÃÕ-ÌÑ

Îáðàáîòêà 0,1 Ì KOH, àöåòîíèòðèëîì

è äèýòèë(áðîìäèôòîðìåòèë)ôîñôîíàòîì

(âðåìÿ ïåðåìåøèâàíèÿ — 30 ñ)

0,001

ìêã/ìë***

0,1 – 6,0

ìêã/ìë

— [13]

ÃÕ-ÌÑ/ÌÑ Ýêñòðàêöèÿ ñìåñüþ ìåòàíîëà è óêñóñíîé

êèñëîòû (90:10 ïî îáúåìó) è î÷èñòêà

ýêñòðàêòà ñ ïîìîùüþ äèñïåðñèîííîé

òâåðäîôàçíîé ýêñòðàêöèè (ñîðáåíò C18)

3,82 íã/êã — 89 – 98

(2 – 21)

[14]

ÃÕ-ÌÑ Ýêñòðàêöèÿ ýòèëàöåòàòîì (5 ìë, 15 ìèí)

ïðè âîçäåéñòâèè óëüòðàçâóêà

0,003 íã/ã — 20,5 – 102,5

(9,6)

[15]

* Â ðàáîòå ïðèìåíÿëñÿ ñòåêëîóãëåðîäíûé ýëåêòðîä ñ ìàãíèòíûì ïðèâîäîì, ìîäèôèöèðîâàííûé ìàãíèòíûì ìîëåêó-

ëÿðíî-èìïðèíòèðîâàííûì ïîëèìåðîì.

** Ðàñòâîðèòåëü — ñìåñü ìåòàíîëà è àöåòîíà (50:50 ïî îáúåìó) è 1 %-é ìóðàâüèíîé êèñëîòû, ñîðáåíò — íåéòðàëüíûé

îêñèä àëþìèíèÿ.

*** Ïðåäñòàâëåí ïðåäåë îáíàðóæåíèÿ.

à á

1

2

3

4

5

6

7

Ðèñ. 1. Òî÷êè îòáîðà ïðîá íà òåððèòîðèè ã. Âîðîíåæà (à)

è â Âîðîíåæñêîé îáëàñòè (á): 1 — óë. Ëåíèíãðàäñêàÿ; 2 —

óë. Çåìëÿ÷êè; 3 — óë. Ñòàíêåâè÷à; 4 — ñ. Íîâàÿ Óñìàíü;

5 — ñ. Ëèñêè; 6, 7 — ïîëèãîí ÒÊÎ «Êàñêàä»

Fig. 1. Sampling points on the territory of the city of Voro-

nezh (a) and in the Voronezh Region (b): Leningradskaya ul.

(1); ul. Zemlyachki (2); ul. Stankevicha (3); Novaya Usman

(4); Liski (5); landfills (6, 7)



ìåëüíèöå. Îòáèðàëè 20 ã âûñóøåííîãî è î÷è-

ùåííîãî îáðàçöà ïî÷âû è äîáàâëÿëè ê íåìó

50 ìë ñìåñè 0,1 M KOH è 0,25 Ì K2CO3. Ïåðåìå-

øèâàëè ðàñòâîð â òå÷åíèå 1 ÷, îòñòàèâàëè 30 ìèí

è îòáèðàëè 10 ìë âåðõíåãî îñâåòëåííîãî ðàñòâî-

ðà, ïðîïóñêàÿ åãî ÷åðåç òåôëîíîâûé ôèëüòð ñ

ðàçìåðîì ïîð 45 ìêì. Ïîñëå ôèëüòðîâàíèÿ ðàñ-

òâîð ïîìåùàëè â ïðîáèðêó äëÿ ñîðáöèîííîãî

êîíöåíòðèðîâàíèÿ. Åñëè îí îñòàâàëñÿ ñëåãêà

ìóòíûì, åãî îòñòàèâàëè 12 ÷ â õîëîäèëüíèêå ïðè

òåìïåðàòóðå 2 – 5 °C, à çàòåì îòáèðàëè âåðõíèé

ñëîé æèäêîñòè.

Ñîðáöèîííîå êîíöåíòðèðîâàíèå. Äëÿ ñîðá-

öèîííîãî êîíöåíòðèðîâàíèÿ ïðèìåíÿëè ìàãíèò-

íûé ñîðáåíò, ìîäèôèöèðîâàííûé ìîëåêóëÿð-

íî-èìïðèíòèðîâàííûì ïîëèìåðîì ñ îòïå÷àòêà-

ìè ÁÔÀ. Ñèíòåç ñîðáåíòà è åãî ñâîéñòâà îïèñàíû

â ðàáîòàõ [16, 17]. Ñîðáåíò èçâëåêàåò èç âîäíûõ

ðàñòâîðîâ ïðè îäíîêðàòíîé ñîðáöèè îêîëî 96 %

ÁÔÀ è õàðàêòåðèçóåòñÿ âûñîêèì ïîêàçàòåëåì

èìïðèíòèíã-ôàêòîðà, äîñòèãàþùèì 7,1. Ðàñòâîð

ïîñëå ôèëüòðîâàíèÿ ïîäêèñëÿëè êîíöåíòðèðî-

âàííîé HCl äî pH 3, çàòåì äîáàâëÿëè 0,05 ã ìàã-

íèòíîãî ñîðáåíòà è 10 ìèí ïåðåìåøèâàëè. Ñîð-

áåíò èçâëåêàëè ìàãíèòîì, ïåðåíîñèëè â ïîëèïðî-

ïèëåíîâóþ ïðîáèðêó Ýïïåíäîðôà è äîáàâëÿëè

1 ìë ìåòàíîëà (äëÿ äåñîðáöèè). Ïîñëå âñòðÿõèâà-

íèÿ â òå÷åíèå 5 ìèí íà øåéêåðå ñëèâàëè ýêñ-

òðàêò â äðóãóþ ïðîáèðêó Ýïïåíäîðôà, óäåðæè-

âàÿ ñîðáåíò ìàãíèòîì, è óïàðèâàëè â ñëàáîì òîêå

àçîòà äî îáúåìà 0,1 ìë.

Îïðåäåëåíèå ìåòîäîì ÃÕ-ÌÑ. Àíàëèç ïðîâî-

äèëè ïîñëå äåðèâàòèçàöèè óêñóñíûì àíãèäðè-

äîì, êàê èçëîæåíî â ðàáîòå [18], ñ èñïîëüçîâàíè-

åì õðîìàòîãðàôà Agilent 7890B GC System ñ äå-

òåêòîðîì ìàññ Agilent 5977A MSD: îáúåì ïðî-

áû — 1,0 ìêë, äåëåíèå ïîòîêà — 30:1, êîëîíêà

HP-5MS UI (30 ì × 0,25 ìì × 0,25 ìêì), ôàçà —

(5 % ôåíèë)-ìåòèëïîëèñèëîêñàí, ãàç-íîñèòåëü —

Íå (1,0 ìë/ìèí), òåìïåðàòóðà óçëà ââîäà ïðî-

áû — 280 °C, òåìïåðàòóðà èñòî÷íèêà èîíîâ —

250 °C. Ïðè ýëåêòðîííîé èîíèçàöèè ïðîáû ýíåð-

ãèÿ ýëåêòðîíîâ ñîñòàâëÿëà 70 ýÂ. Îáðàáîòêó õðî-

ìàòîãðàìì ïðîâîäèëè â ðåæèìå ñêàíèðîâàíèÿ è
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Òàáëèöà 2. Õàðàêòåðèñòèêà òî÷åê îòáîðà ïðîá ïî÷â ðàçíîãî òèïà

Table 2. Characteristics of soil sampling points

Òî÷êà

îòáîðà
Ìåñòà îòáîðà ïðîá è èõ êîîðäèíàòû Òèï ïî÷â

1 ã. Âîðîíåæ, óë. Ëåíèíãðàäñêàÿ,

51°40�46�� ñ.ø. 39°15�87�� â.ä.

Óðáî-äåðíîâî-ëåñíûå ïåñ÷àíûå è ñóïåñ÷àíûå íà äðåâíåàëëþ-

âèàëüíûõ îòëîæåíèÿõ [20]

2 ã. Âîðîíåæ, óë. Çåìëÿ÷êè,

51°43�75�� ñ.ø. 39°17�00�� â.ä.

Óðáàíîçåìû íàäïîéìåííûõ òåððàñ [20] (òî÷êà ðàñïîëîæåíà â

300 ì îò êðóïíîé íåñàíêöèîíèðîâàííîé ñâàëêè)

3 ã. Âîðîíåæ, óë. Ñòàíêåâè÷à,

51°39�81�� ñ.ø. 39°11�52�� â.ä.

Óðáàíîçåìû ïëàêîðîâ è ïîëîãèõ ñêëîíîâ ñóãëèíèñòûå íà ëåññî-

âèäíîì ñóãëèíêå [20]

4 ñ. Íîâàÿ Óñìàíü, óë. Âîñêðåñåíñêàÿ,

51°40�69�� ñ.ø. 39°27�92�� â.ä.

×åðíîçåì òèïè÷íûé (òî÷êà ðàñïîëîæåíà â 1,4 êì îò ïîëèãîíà

ÒÊÎ è 1,2 êì îò î÷èñòíûõ ñîîðóæåíèé)

5 ñ. Ëèñêè, 50°56�82�� ñ.ø. 39°28�95�� â.ä. ×åðíîçåì îñòàòî÷íî-êàðáîíàòíûé (ðÿäîì íàõîäèòñÿ íåáîëüøàÿ

íåñàíêöèîíèðîâàííàÿ ñâàëêà)

6 Ñåìèëóêñêèé ðàéîí, áûâøèé ïîëèãîí

ÒÊÎ «Êàñêàä», 51°38�47�� ñ.ø. 39°00�90�� â.ä.

×åðíîçåì âûùåëî÷åííûé (òî÷êà ðàñïîëîæåíà íà 500 ì ê ñåâåðó

îò çàêðûòîãî ïîëèãîíà ÒÊÎ)

7 Ñåìèëóêñêèé ðàéîí, áûâøèé ïîëèãîí

ÒÊÎ «Êàñêàä»ÒÊÎ, 51°38�11�� ñ.ø. 39°00�45�� â.ä.

×åðíîçåì òèïè÷íûé (òî÷êà ðàñïîëîæåíà íà 900 ì ê þãó îò çà-

êðûòîãî ïîëèãîíà ÒÊÎ)

Ðèñ. 2. Çàâèñèìîñòü pH âîäíûõ âûòÿæåê îò ãëóáèíû: 1

— ÷åðíîçåìû, âûùåëî÷åííûå ê ñåâåðó îò ïîëèãîíà ÒÊÎ

«Êàñêàä»; 2 — óðáî-äåðíîâî-ëåñíûå ïåñ÷àíûå è ñóïåñ÷à-

íûå íà äðåâíåàëëþâèàëüíûõ îòëîæåíèÿõ, óë. Ëåíèíãðàä-

ñêàÿ; 3 — óðáàíîçåìû íàäïîéìåííûõ òåððàñ, óë. Çåìëÿ÷-

êè; 4 — óðáàíîçåìû ïëàêîðîâ è ïîëîãèõ ñêëîíîâ ñóãëèíè-

ñòûå íà ëåññîâèäíîì ñóãëèíêå, óë. Ñòàíêåâè÷à; 5 — ÷åð-

íîçåì òèïè÷íûé, ñ. Íîâàÿ Óñìàíü; 6 — ÷åðíîçåì òèïè÷-

íûé ê þãó îò ïîëèãîíà ÒÊÎ «Êàñêàä»; 7 — ÷åðíîçåì îñòà-

òî÷íî-êàðáîíàòíûé, ñ. Ëèñêè

Fig. 2. Dependence of pH of water extracts vs depth: 1 —

chernozems leached to the north of the landfill; 2 — ur-

ban-sod-forest sandy and sandy loam on ancient alluvial de-

posits, Leningradskaya ul.; 3 — urbanozems of above-flood-

plain terraces, Zemlyachki ul.; 4 — urbanozems of plateaus

and gentle slopes loamy on loess-like loam, Stankevicha ul.;

5 — typical chernozem, Novaya Usman; 6 — typical cher-

nozem south of the landfill; 7 — residual-calcareous cher-

nozem, Liski



ìîíèòîðèíãà. Äëÿ ðåæèìà ìîíèòîðèíãà èñïîëü-

çîâàëè ñâîéñòâà äåðèâàòîâ îáðàçîâûâàòü ôðàã-

ìåíòàðíûå èîíû ñ m/z = 213, 228 è 270.

Îöåíêà àíàëèòè÷åñêèõ õàðàêòåðèñòèê ìå-

òîäà. Äëÿ îöåíêè àíàëèòè÷åñêèõ âîçìîæíîñòåé

ìåòîäà îïðåäåëåíèÿ ÁÔÀ â êà÷åñòâå ìîäåëüíîé

ñðåäû èñïîëüçîâàëè îáðàçåö äåðíîâîé ëåñíîé

ïî÷âû èç Âîðîíåæñêîãî áèîñôåðíîãî çàïîâåä-

íèêà (ôîíîâàÿ òåððèòîðèÿ). Åãî èñêóññòâåííî

çàãðÿçíÿëè ìåòàíîëüíûì ðàñòâîðîì ÁÔÀ ðàç-

ëè÷íûõ êîíöåíòðàöèé. Àíàëîãè÷íûå ïðîöåäóðû

ïðîâîäèëè ñ ìåëîâûìè ïîðîäàìè, ïîñêîëüêó

íèæíèå ñëîè ÷åðíîçåìà ÷àñòî ïðåäñòàâëÿþò ñî-

áîé èçâåñòíÿêîâûå ïî÷âû ñ ïðåîáëàäàíèåì êàð-

áîíàòà êàëüöèÿ èëè êàðáîíàòà êàëüöèÿ ñ ïðè-

ìåñüþ äîëîìèòà. Ïðàâèëüíîñòü îïðåäåëåíèÿ ïðî-

âåðÿëè ìåòîäîì «ââåäåíî – íàéäåíî» (òàáë. 3).

Îñíîâíîå ìåøàþùåå âëèÿíèå íà îïðåäåëå-

íèå ÁÔÀ îêàçûâàåò âûñîêîå ñîäåðæàíèå íåôòå-

ïðîäóêòîâ â ïî÷âàõ óðáàíèçèðîâàííûõ òåððèòî-

ðèé. Â öåëÿõ èçó÷åíèÿ âëèÿíèÿ íåôòåïðîäóêòîâ

îáðàçöû äåðíîâîé ëåñíîé ïî÷âû çàãðÿçíÿëè

ñòàíäàðòíîé ñìåñüþ, ïðèãîòîâëåííîé èç ÃÑÎ

10113 «Íåôòåïðîäóêòû â ïî÷âàõ ïî ÏÍÄ Ô

16.1:2.2.22–98 (3 – 5 ìã/êã/ÈÊ)», äî êîíöåíòðàöèè

3,0 ìã/êã. Äëÿ óñòðàíåíèÿ ìàòðè÷íîãî ýôôåêòà

ïåðåä äåñîðáöèåé ìàãíèòíûé ñîðáåíò ïîìåùàëè

â 5 ìë í-ãåïòàíà, ïåðåìåøèâàëè 2 – 3 ìèí è ïî-

ñëå ñëèâàëè ðàñòâîðèòåëü. Õðîìàòîãðàììû çà-

ãðÿçíåííîãî íåôòåïðîäóêòàìè îáðàçöà ïî÷âû äî

è ïîñëå î÷èñòêè í-ãåïòàíîì ïðåäñòàâëåíû íà

ðèñ. 3.

Äëÿ êàæäîé ïðîáû ïðîâîäèëè òðè ïàðàëëåëü-

íûõ îïðåäåëåíèÿ. Ñòðîèëè ãðàôèêè çàâèñè-

ìîñòåé êîíöåíòðàöèé ÁÔÀ (ìêã/êã ñóõîãî âåñà

ïî÷âû) îò ãëóáèíû (ñì). Äëÿ óïðîùåíèÿ âîñïðè-

ÿòèÿ ãðàôè÷åñêîé èíôîðìàöèè ãëóáèíó ïîâåðõ-

íîñòíîãî ñëîÿ ïðèíèìàëè çà 0, îñòàëüíûå ãîðè-

çîíòû — ïî ñðåäíåé ãëóáèíå, ò.å. 20, 50, 80 è

100 ñì äëÿ ãîðèçîíòîâ 15 – 25, 45 – 55, 75 – 85 è

95 – 105 ñì ñîîòâåòñòâåííî.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìåòîä ïîäðàçóìåâàåò ïðèìåíåíèå äëÿ ýêñ-

òðàêöèè ñèëüíîùåëî÷íûõ ðàñòâîðîâ, ïîýòîìó

áîëüøèíñòâî ìèêðîïëàñòèêîâ, â ñîñòàâ êîòîðûõ

âõîäèò ÁÔÀ, â ýòèõ óñëîâèÿõ ïîëíîñòüþ ðàñïàäà-

åòñÿ ñ âûäåëåíèåì ñâîáîäíîãî ÁÔÀ, êîòîðûé ïðè

ïîäêèñëåíèè äî pH 3 ïåðåõîäèò â ìîëåêóëÿðíóþ

ôîðìó. Òàêèì îáðàçîì, ìåòîä ïîçâîëÿåò îïðåäå-

ëèòü ñóììó ÁÔÀ, âõîäÿùåãî â ñîñòàâ ïëàñòèêîâ

(ìèêðî- è íàíîïëàñòèêîâ), è ñâîáîäíîãî ÁÔÀ, êî-

òîðûé îáðàçîâàëñÿ â ãðóíòå ïðè ìèêðîáèîëîãè÷å-

ñêîé äåãðàäàöèè ïîëèìåðíûõ ìàòåðèàëîâ, ðàçðó-

øåíèÿ ïëàñòèêîâ ïîä äåéñòâèåì ôèçè÷åñêèõ

ôàêòîðîâ, à òàêæå ïîïàâøåãî â ïî÷âû ïîñðåäñò-

âîì äðóãèõ èñòî÷íèêîâ ýìèññèè.

Ïðè àíàëèçå íåçàãðÿçíåííûõ èëè ñëàáî çà-

ãðÿçíåííûõ íåôòåïðîäóêòàìè ìîäåëüíûõ îáðàç-

öîâ ãðóíòîâ ïðåäåë îáíàðóæåíèÿ ñîñòàâèë

0,07 ìêã/êã (ñì. òàáë. 3). Èíòåðâàë ëèíåéíîñòè

ãðàäóèðîâî÷íîãî ãðàôèêà îõâàòûâàåò äâà ïîðÿä-

êà êîíöåíòðàöèè è ñîñòàâëÿåò 0,2 – 35 ìêã/êã.

Àíàëèç çàòðóäíÿþò ãóìèíîâûå è ôóëüâîêèñëî-

òû, à òàêæå ïðîäóêòû èõ ìèêðîáèîëîãè÷åñêîãî

ðàñïàäà, ñîäåðæàíèå êîòîðûõ íàèáîëåå âåëèêî â

âåðõíåì ñëîå (0 – 20 ñì). Èõ óäàåòñÿ ïðàêòè÷åñêè

ïîëíîñòüþ óäàëèòü äëèòåëüíûì îòñòàèâàíèåì.
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Òàáëèöà 3. Àíàëèòè÷åñêèå õàðàêòåðèñòèêè ìåòîäà îïðåäåëåíèÿ ÁÔÀ â ïî÷âàõ ðàçëè÷íîé ñòåïåíè çàãðÿçíåííîñòè ñ

ïðèìåíåíèåì ìîäåëüíûõ îáðàçöîâ (n = 3; P = 0,95)

Table 3. Analytical performances for the method of BPA determination in soils with a different degree of contamination for

model samples (n = 3; P = 0.95)

Îáðàçåö
Ââåäåíî,

ìêã/êã

Íàéäåíî,

ìêã/êã
S

r
, % r2

Ïðåäåë

îáíàðó-

æåíèÿ,

ìêã/êã

Èíòåðâàë

ëèíåéíîñòè

ãðàäóèðîâî÷íîãî

ãðàôèêà, ìêã/êã

Äåðíîâàÿ ëåñíàÿ ïî÷âà 0,5 0,52 ± 0,04 7,7 0,995 0,07 0,2 – 35

1,0 0,99 ± 0,05 4,5

10,0 9,92 ± 0,40 3,1

Äåðíîâàÿ ëåñíàÿ

(çàãðÿçíåííàÿ

íåôòåïðîäóêòàìè)

0,5 0,77 ± 0,11 15,2 0,982 0,4 1,2 – 25

1,0 1,21 ± 0,25 11,0

10,0 10,87 ± 1,53 7,8

Äåðíîâàÿ ëåñíàÿ (çàãðÿçíåííàÿ

íåôòåïðîäóêòàìè, ïðîìûâêà

ñîðáåíòà í-ãåïòàíîì)

0,5 0,57 ± 0,06 8,1 0,994 0,1 0,3 – 35

1,0 1,05 ± 0,09 5,7

10,0 10,09 ± 0,45 3,4

Ìåëîâîé ãðóíò

(èçâåñòêîâàÿ ïî÷âà)

0,5 0,49 ± 0,03 6,8 0,996 0,06 0,2 – 40

1,0 1,00 ± 0,04 3,9

10,0 9,98 ± 0,36 2,9



Îäíàêî â îòäåëüíûõ îáðàçöàõ îïðåäåëåíèþ ÁÔÀ

ìîãóò ìåøàòü ôåíîëêàðáîíîâûå êèñëîòû, îáðà-

çóþùèåñÿ â ðåçóëüòàòå ðàñïàäà ãóìóñîâûõ êè-

ñëîò. Â öåëîì ÷åì áîëüøå ãëóáèíà îòáîðà ïðîá,

òåì ìåíüøå ïðèìåñåé, îêàçûâàþùèõ çàìåòíîå

âëèÿíèå íà ðåçóëüòàòû îïðåäåëåíèÿ ÁÔÀ.

Ìåëîâûå (èçâåñòêîâûå) ãðóíòû èëè ìåëîâûå

ãîðèçîíòû ïî÷â ñîäåðæàò çíà÷èòåëüíî ìåíüøåå

êîëè÷åñòâî îðãàíè÷åñêèõ ïðèìåñåé èëè ïðàêòè-

÷åñêè èõ íå ñîäåðæàò. Òàêèå ìàòðèöû ÿâëÿþòñÿ

áîëåå ÷èñòûìè ïî ñðàâíåíèþ ñ âåðõíèìè ñëîÿìè

ïî÷âåííîãî ïðîôèëÿ. Íà õðîìàòîãðàììàõ îáû÷-

íî íàáëþäàåòñÿ íåáîëüøîå êîëè÷åñòâî ïîáî÷íûõ

ïèêîâ. Ïðåäåë îïðåäåëåíèÿ ÁÔÀ óìåíüøàåòñÿ

è ñîñòàâëÿåò 0,06 ìêã/ã, äèàïàçîí ëèíåéíîñòè

ãðàäóèðîâî÷íîãî ãðàôèêà ðàñøèðÿåòñÿ äî 0,2 –

40 ìêã/ã.

Â ïî÷âàõ, çàãðÿçíåííûõ íåôòåïðîäóêòàìè

(ïðè ïðîâåäåíèè àíàëèçà áåç ïðîìûâêè ñîðáåíòà

í-ãåïòàíîì), ïðåäåë îïðåäåëåíèÿ ÁÔÀ âûøå

ïðèáëèçèòåëüíî â 6 ðàç (0,4 ìêã/ã). Ðåçóëüòàòû

îïðåäåëåíèÿ ÁÔÀ îêàçûâàþòñÿ ñèëüíî çàâûøåí-

íûìè, îñîáåííî â îáëàñòè ìàëûõ êîíöåíòðàöèé

(0,5 – 1,0 ìêã/êã). Äèàïàçîí ëèíåéíîñòè ãðàäóè-

ðîâî÷íîãî ãðàôèêà çíà÷èòåëüíî ñóæàåòñÿ. Ïðè

ïðîìûâêå ñîðáåíòà í-ãåïòàíîì ïîñëå ñîðáöèè èç

íåãî äåñîðáöèðóþòñÿ íåôòåïðîäóêòû, æèðîïî-

äîáíûå è äðóãèå ãèäðîôîáíûå âåùåñòâà, ÷àñòè÷-

íî — íåêîòîðûå õëîðôåíîëû, àëêèëôåíîëû è ãó-

ìèíîâûå êèñëîòû. ÁÔÀ îòíîñèòåëüíî ñëàáî ðàñ-

òâîðèì â í-ãåïòàíå ïî ñðàâíåíèþ ñ äðóãèìè ñî-

åäèíåíèÿìè, ïðèñóòñòâóþùèìè â ìàòðèöå [19],

ïîýòîìó ïîñëå ïðîìûâêè ñîðáåíòà äàííûì ðàñ-

òâîðèòåëåì ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ ïîâû-

øàåòñÿ â 4 ðàçà, à äèàïàçîí ëèíåéíîñòè ãðàäóè-

ðîâî÷íîãî ãðàôèêà ïðàêòè÷åñêè òàêîé æå, êàê

äëÿ íå çàãðÿçíåííûõ íåôòåïðîäóêòàìè ãðóíòîâ.

Ïðàêòè÷åñêè âñå ãðóíòû âíóòðè òåððèòîðèè

ã. Âîðîíåæà ïðåäñòàâëÿþò ñîáîé òåõíîãåííî èç-

ìåíåííûå ëàíäøàôòû. Èäåíòèôèêàöèÿ ïðîôè-

ëÿ ïî÷â è îòíîøåíèå èõ ê îïðåäåëåííîìó òèïó

çàòðóäíåíû. Ïîýòîìó èõ îòíîñÿò ê óðáàíîçåìàì,

óêàçûâàÿ ðîäîíà÷àëüíûé òèï ïî÷â [20] (ñì.

òàáë. 2). Â òî÷êàõ îòáîðà ïðîá â ÷åðòå ã. Âîðîíå-

æà âîäíûå âûòÿæêè èìåþò íåéòðàëüíóþ ðåàê-

öèþ ñðåäû. Íåáîëüøîå èçìåíåíèå pH â ñòîðîíó

ùåëî÷íîé ðåàêöèè ïðîèñõîäèò ïî ìåðå óâåëè÷å-

íèÿ ãëóáèíû.

Â òî÷êàõ îòáîðà â ãðàíèöàõ ãîðîäà (¹ 1 – 3),

íåñìîòðÿ íà ðàçëè÷íîå ñîäåðæàíèå ÁÔÀ è èñõîä-

íûé òèï ïî÷â, ðàñïðåäåëåíèå çàãðÿçíèòåëÿ ïî

ãëóáèíå ïî÷â èìååò îäèíàêîâûé âèä (òàáë. 4,

ðèñ. 4). Ñîäåðæàíèå ÁÔÀ ìàêñèìàëüíî íà ãëóáè-

íå 20 ñì, äàëåå îíî ðåçêî ñíèæàåòñÿ è íà ãëóáèíå

îêîëî 80 ñì îáû÷íî ñîñòàâëÿåò ìåíåå 1 ìêã/êã. Íà

ãëóáèíå 100 ñì ÁÔÀ íå äåòåêòèðóåòñÿ. Òàêîå ðàñ-

ïðåäåëåíèå êîíöåíòðàöèé ÁÔÀ ïî ïðîôèëþ ïî÷-

âû ìîæíî îáúÿñíèòü ïðîíèêíîâåíèåì ÷àñòèö

ìèêðîïëàñòèêà íà ãëóáèíó îêîëî 20 ñì. Äàëåå

ìèãðàöèÿ ìèêðîïëàñòèêà îñëîæíÿåòñÿ óïëîòíå-

íèåì ñëîåâ ïî÷âû. Íà ãëóáèíàõ 50 – 80 ñì äåòåê-

òèðóþòñÿ íåçíà÷èòåëüíûå êîíöåíòðàöèè ÁÔÀ.
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Ðèñ. 3. Õðîìàòîãðàììû îáðàçöîâ ïî÷âû, çàãðÿçíåííûõ íåôòåïðîäóêòàìè, äî ïðîìûâêè í-ãåïòàíîì (à) è ïîñëå íåå (á)

(âðåìÿ óäåðæèâàíèÿ ÁÔÀ — 16,08 ± 0,11 ìèí)

Fig. 3. Chromatograms of the soil samples contaminated with petroleum products before (a) and after washing with heptane

(b) (BPA retention time — 16.08 ± 0.11 min)



Âåðîÿòíî, ýòî ñâîáîäíûé ÁÔÀ, îáðàçîâàâøèéñÿ

ïðè äåãðàäàöèè ïëàñòèêîâ çà ñ÷åò äåÿòåëüíîñòè

ïî÷âåííûõ ìèêðîîðãàíèçìîâ [21]. Ðàñïðåäåëå-

íèå ÁÔÀ ïî ïðîôèëþ ïî÷âû ñîâïàäàåò ñ ðàíåå

ïðèâåäåííûìè â ðàáîòå [8].

Â òî÷êàõ îòáîðà ïðîá çà ïðåäåëàìè ã. Âîðîíå-

æà ðàñïðåäåëåíèå ÁÔÀ ïî ïðîôèëþ ïî÷âû ïðåä-

ñòàâëÿåò ñîáîé S-îáðàçíóþ êðèâóþ (ñì. òàáë. 4,

ðèñ. 5). Â îòëè÷èå îò ãîðîäñêîé òåððèòîðèè, ìàê-

ñèìóì êîíöåíòðàöèé äîñòèãàåòñÿ íà áóëüøèõ

ãëóáèíàõ. Â òî÷êå ¹ 4 ïî÷âû ïðåäñòàâëåíû òè-

ïè÷íûìè ÷åðíîçåìàìè ñ âûðàæåííîé ùåëî÷-

íîñòüþ ïî âñåìó ïðîôèëþ (ñì. ðèñ. 2): pH äîñòè-
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Òàáëèöà 4. Ðåçóëüòàòû îïðåäåëåíèÿ ÁÔÀ â ïî÷âàõ Âîðîíåæñêîé îáëàñòè (n = 3; P = 0,95)

Table 4. Results of the BPA determination in the soils of the Voronezh region (n = 3; P = 0.95)

Òî÷êà

îòáîðà

Êîíöåíòðàöèè ÁÔÀ (ìêã/êã) íà ãëóáèíå, ñì (S
r
, %)

0 – 5 15 – 25 45 – 55 75 – 85 95 – 105

1 2,52 ± 0,21 (6,8) 5,38 ± 0,25 (4,7) 1,63 ± 0,15 (8,9) 0,54 ± 0,07 (12,0) —

2 3,99 ± 0,25 (6,1) 8,77 ± 0,37 (2,5) 1,89 ± 0,17 (8,2) Íèæå ÏÎ —

3 7,05 ± 0,50 (5,7) 15,18 ± 1,17 (3,8) 1,94 ± 0,18 (7,8) 0,38 ± 0,05 (11,8) —

4 8,04 ± 0,31 (3,2) 1,87 ± 0,18 (8,2) 2,78 ± 0,21 (6,8) 6,84 ± 0,35 (3,7) —

5 4,94 ± 0,29 (5,0) 0,82 ± 0,11 (10,9) 6,49 ± 0,25 (5,1) Íèæå ÏÎ —

6 25,02 ± 1,21 (2,1) 29,84 ± 1,89 (1,9) 4,78 ± 0,31 (6,2) 1,82 ± 0,25 (10,2) Íèæå ÏÎ

7 12,17 ± 1,61 (3,5) 11,17 ± 0,67 (2,5) 12,18 ± 0,54 (3,6) 7,22 ± 0,43 (5,2) 2,57 ± 0,25 (9,0)

Ñîäåðæàíèå, ìêã/êã

à

á

â

Ñîäåðæàíèå, ìêã/êã

Ñîäåðæàíèå, ìêã/êã

Ðèñ. 4. Ðàñïðåäåëåíèå ÁÔÀ ïî ïðîôèëþ ïî÷â â ã. Âîðî-

íåæå â ðàçëè÷íûõ òî÷êàõ îòáîðà: à — óðáî-äåðíîâî-ëåñ-

íûå ïåñ÷àíûå è ñóïåñ÷àíûå íà äðåâíåàëëþâèàëüíûõ îò-

ëîæåíèÿõ (òî÷êà ¹ 1); á — óðáàíîçåìû íàäïîéìåííûõ

òåððàñ (òî÷êà ¹ 2); â — óðáàíîçåìû ïëàêîðîâ è ïîëîãèõ

ñêëîíîâ ñóãëèíèñòûå íà ëåññîâèäíîì ñóãëèíêå (òî÷êà

¹ 3)

Fig. 4. Distribution of BFA in the profile of soils in the city

of Voronezh at different sampling points: a — urban-sod-for-

est sandy and sandy loam on ancient alluvial deposits

(No. 1); b — urbanozems of above-floodplain terraces

(No. 2); c — urbanozems of plateaus and gentle slopes loamy

on loess-like loam (No. 3)

Ñîäåðæàíèå, ìêã/êã

Ñîäåðæàíèå, ìêã/êã

à

á

Ðèñ. 5. Ðàñïðåäåëåíèå ÁÔÀ ïî ïðîôèëþ ïî÷â: à — â òî÷-

êå ¹ 4 (÷åðíîçåì òèïè÷íûé); á — â òî÷êå ¹ 5 (÷åðíîçåì

îñòàòî÷íî-êàðáîíàòíûé)

Fig. 5. Distribution of BFA in the soil profile: a — point

No. 4 (typical chernozem); b — point No. 5 (residual-carbon-

ate chernozem)



ãàåò çíà÷åíèé >8 íà ãëóáèíå îêîëî 50 ñì. Ùåëî÷-

íàÿ ñðåäà ñïîñîáñòâóåò äåãðàäàöèè ïîëèìåðîâ,

ñîäåðæàùèõ ÁÔÀ, îñîáåííî ïîëèêàðáîíàòîâ íà

îñíîâå ÁÔÀ [21]. Âûðàæåííàÿ ùåëî÷íàÿ ñðåäà

òàêæå ñïîñîáñòâóåò èîíèçàöèè ÎÍ-ãðóïï ÁÔÀ

(ðèñ. 6). Èîíèçèðîâàííûå ôîðìû (ñîëè ÁÔÀ) õà-

ðàêòåðèçóþòñÿ çíà÷èòåëüíî áîëüøåé ðàñòâîðè-

ìîñòüþ â âîäå, îáëàäàþò áîëüøåé ïîäâèæíîñòüþ

è ìîãóò ìèãðèðîâàòü â áîëåå ãëóáîêèå ñëîè ïî÷â.

Èîíèçàöèÿ ÁÔÀ íà÷èíàåòñÿ ïðèìåðíî ïðè pH

6,8 – 6,9 (ðèñ. 7), çíà÷åíèÿ pH > 7,5 ñïîñîáñòâóþò

áîëåå àêòèâíîìó ïðîòåêàíèþ èîíèçàöèè. Ïðè pH

8,2 îêîëî 12 % ÁÔÀ íàõîäèòñÿ â èîíèçèðîâàííîì

ñîñòîÿíèè. Ïîäâèæíûå ôîðìû ÁÔÀ ïðîäâèãàþò-

ñÿ â áîëåå ãëóáîêèå ñëîè ïî÷âû.

Â òî÷êå ¹ 5 ïî÷âû ïðåäñòàâëåíû îñòàòî÷íî-

êàðáîíàòíûìè ÷åðíîçåìàìè, ó êîòîðûõ òîíêèé

âåðõíèé ïëîäîðîäíûé ñëîé òîëùèíîé 20 – 30 ñì

ñìåíÿåòñÿ ìåëîâûìè ñëîÿìè — ìåëêîêóñêîâûì

êàðáîíàòîì êàëüöèÿ ñ ïðèìåñüþ äîëîìèòà. Íà

ãëóáèíå íèæå 70 ñì ôîðìèðóþòñÿ ìîíîëèòíûå

ñëîè ìåëà. Èçâåñòêîâûå ïî÷âû õàðàêòåðèçóþòñÿ

âûñîêîé ùåëî÷íîñòüþ (ñì. ðèñ. 2). Â ïîâåðõíîñò-

íîì ñëîå òàêîé ïî÷âû pH = 8,2, íà ãëóáèíå

100 ñì pH = 8,7. Ïðè pH 8,2 – 8,7 ïðîèñõîäèò áî-

ëåå èíòåíñèâíàÿ èîíèçàöèÿ ÁÔÀ, äîëÿ èîíèçè-

ðîâàííûõ ôîðì â ðàñòâîðå (pH 8,7) ñîñòàâëÿåò

îêîëî 17 % (ñì. ðèñ. 7).

Ïðè pH > 8,5 ïðîèñõîäèò èîíèçàöèÿ îáåèõ

ãðóïï ÁÔÀ, îáðàçóåòñÿ åùå áîëåå ðàñòâîðèìàÿ â

âîäå è ïîäâèæíàÿ ôîðìà, ñîäåðæàíèå êîòîðîé

ïðè pH 8,7 ñîñòàâëÿåò îêîëî 3 %. Íàëè÷èå áîëåå

ïîäâèæíûõ ôîðì ïîçâîëÿåò ÁÔÀ ìèãðèðîâàòü

âìåñòå ñ äîæäåâûìè âîäàìè â áîëåå ãëóáîêèå

ñëîè ãðóíòîâ ñ îáðàçîâàíèåì çîíû ìàêñèìàëüíûõ

êîíöåíòðàöèé íà ãëóáèíå 50 ñì. Äàëüíåéøåå

ïðîíèêíîâåíèå â ãëóáèíó îñëîæíÿåòñÿ íàëè÷èåì

ìîíîëèòíûõ ñëîåâ ìåëà ñ íèçêîé ïðîíèöàåìî-

ñòüþ. Ðàíåå óñòàíîâëåíî, ÷òî óæå â êèñëûõ ïî÷-

âàõ (pH 4,8 – 5,4) ÁÔÀ, â îòëè÷èå îò äðóãèõ ýí-

äîêðèííûõ êñåíîáèîòèêîâ (îêòèëôåíîë, 17-â-ýñ-

òðàäèîë), õàðàêòåðèçóåòñÿ îáðàòèìîé àäñîðáöè-

åé â ñëîå 0 – 90 ñì [22]. Ïðè ýòîì äåñîðáöèÿ ïðî-

òåêàåò ñ äîñòàòî÷íî âûñîêîé ýôôåêòèâíîñòüþ,

÷òî ñîçäàåò óãðîçó ïðîíèêíîâåíèÿ ÁÔÀ â ãðóíòî-

âûå âîäû.

Äâå òî÷êè îòáîðà ïðîá (¹ 6 è 7) âáëèçè çà-

êðûòîãî ïîëèãîíà ÒÊÎ «Êàñêàä» íàõîäÿòñÿ íà

ðàññòîÿíèè áîëåå 4 êì äðóã îò äðóãà è õàðàêòåðè-

çóþòñÿ ðàçíûì òèïîì ïî÷â (ñì. òàáë. 1). Òî÷êà

¹ 6 ê ñåâåðó îò ïîëèãîíà õàðàêòåðèçóåòñÿ àíî-

ìàëüíî âûñîêîé çàãðÿçíåííîñòüþ ÁÔÀ, êîíöåí-

òðàöèè êîòîðîãî äîñòèãàþò 29,84 ìêã/êã íà ãëóáè-

íå 20 ñì (ðèñ. 8).

Â öåëîì ðàñïðåäåëåíèå ÁÔÀ òàêîå æå, êàê è â

îñòàëüíûõ ãðóíòàõ, õàðàêòåðèçóþùèõñÿ ïðèáëè-

çèòåëüíî íåéòðàëüíîé èëè ñëàáîêèñëîé ðåàêöèåé

ñðåäû. Àíàëèçû ïðîá ïî÷â â òî÷êå ¹ 7 ñ þæíîé

ñòîðîíû ïîëèãîíà ïîêàçàëè çàãðÿçíåííîñòü ïî÷â

ïðèìåðíî â 3 ðàçà áîëåå íèçêóþ. Âîçìîæíî, ïåðå-

íîñó ìèêðîïëàñòèêîâ ìåøàþò ãóñòûå ëåñîïîëîñû

ê þãó îò òî÷êè çàìåðà. Ýòî åäèíñòâåííàÿ òî÷êà, â

êîòîðîé íà ãëóáèíå 100 ñì îáíàðóæåíû êîíöåí-

20 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6

Ðèñ. 6. Äåãðàäàöèÿ ïîëèêàðáîíàòà è ôîðìû áèñôåíîëà

À ïðè ðàçëè÷íûõ çíà÷åíèÿõ pH: I — ìîëåêóëÿðíàÿ ôîð-

ìà; II — èîííàÿ ôîðìà (èîíèçàöèÿ îäíîé ÎÍ-ãðóïïû);

III — èîííàÿ ôîðìà (èîíèçàöèÿ äâóõ ÎÍ-ãðóïï)

Fig. 6. Degradation of polycarbonate and BPA forms at dif-

ferent pH values: I — molecular form; II — ionic form (ion-

ization of one OH-group); III — ionic form (ionization of two

OH-groups)

Ðèñ. 7. Ñîäåðæàíèå ôîðì ÁÔÀ (ðàññ÷èòàíî ñ ïîìîùüþ

ïðîãðàììû MarvinSketch âåð. 22.6) â ðàñòâîðå ïðè ðàç-

ëè÷íûõ çíà÷åíèÿõ pH: I — ìîëåêóëÿðíàÿ ôîðìà; II —

èîííàÿ ôîðìà (èîíèçàöèÿ îäíîé ÎÍ-ãðóïïû); III — èîí-

íàÿ ôîðìà (èîíèçàöèÿ äâóõ ÎÍ-ãðóïï)

Fig. 7. The content of BPA forms (calculated using the

MarvinSketch program ver. 22.6) in solution at different pH

values: I — molecular form; II — ionic form (ionization of

one OH group); III — ionic form (ionization of two OH

groups)



òðàöèè ÁÔÀ, ïîçâîëÿþùèå ïðîâåñòè êîëè÷å-

ñòâåííóþ îöåíêó.

Çàêëþ÷åíèå

Ñî÷åòàíèå ìåòîäîâ ãàçîâîé õðîìàòîãðàôèè è

ìàññ-ñïåêòðîìåòðèè (ÃÕ-ÌÑ), âêëþ÷àþùåå ïðåä-

âàðèòåëüíîå êîíöåíòðèðîâàíèå íà ñîðáåíòå ñ ìî-

ëåêóëÿðíûìè îòïå÷àòêàìè ÁÔÀ, óñïåøíî ïðèìå-

íåíî äëÿ àíàëèçà çàãðÿçíåííîñòè ïî÷â ðàçëè÷-

íûõ òèïîâ. Ïðåäåë îáíàðóæåíèÿ ÁÔÀ ñîñòàâèë

0,07 ìêã/êã (â ïåðåñ÷åòå íà ñóõóþ ïî÷âó), äèàïà-

çîí ëèíåéíîñòè ãðàäóèðîâî÷íîãî ãðàôèêà —

0,3 – 35 ìêã/êã (r2 = 0,995). Ñ ïðèìåíåíèåì ðàç-

ðàáîòàííîãî ñïîñîáà èññëåäîâàíî ðàñïðåäåëåíèå

ÁÔÀ ïî ïðîôèëþ ïî÷âû äî ãëóáèíû 1 ì. Óñòà-

íîâëåíî, ÷òî ñóùåñòâåííîå âëèÿíèå íà ìèãðàöèþ

ÁÔÀ ïî ïî÷âåííîìó ïðîôèëþ îêàçûâàåò çíà-

÷åíèå pH. Ðàçðàáîòàííàÿ ñõåìà ìîæåò áûòü ïðè-

ìåíåíà äëÿ öåëåâîãî ñêðèíèíãà è ìîíèòîðèíãà

ñîäåðæàíèÿ ÁÔÀ â ïî÷âåííûõ ãîðèçîíòàõ â çà-

âèñèìîñòè îò òèïîâ ïî÷â, ìåòåîðîëîãè÷åñêèõ

óñëîâèé (êîëè÷åñòâà îñàäêîâ, ãîäîâîãî ðåæèìà

òåìïåðàòóð), à òàêæå çàãðÿçíåíèÿ òåððèòîðèè

(íàëè÷èÿ íåñàíêöèîíèðîâàííûõ ñâàëîê, ïîëè-

ãîíîâ ÒÊÎ, î÷èñòíûõ ñîîðóæåíèé âáëèçè òî÷êè

îòáîðà).

ËÈÒÅÐÀÒÓÐÀ (REFERENCES)

1. Barboza L. G. A., Cunha S. C., Monteiro C., et al. Bisphenol

A and its analogs in muscle and liver of fish from the North East

Atlantic Ocean in relation to microplastic contamination. Expo-

sure and risk to human consumers / J. Hazard. Mater. 2020.

Vol. 393. 122419. DOI: 10.1016/j.jhazmat.2020.122419

2. Teuten E. L., Saquing J. M., Knappe D. R. U., et al. Trans-

port and release of chemicals from plastics to the environment

and to wildlife / Phil. Trans. R. Soc. B. 2009. Vol. 364. N 1526.

P. 2027 – 2045. DOI: 10.1098/rstb. 2008. 0284

3. Zaborowska M., Wyszkowska J., Borowik A. Soil Micro-

biome Response to Contamination with Bisphenol A, Bisphenol

F and Bisphenol S / Int. J. Mol. Sci. 2020. Vol. 21. N 10. 3529.

DOI: 10.3390/ijms21103529

4. Dueñas-Moreno J., Mora A., Cervantes-Avilés P., Mahl-

knecht J. Groundwater contamination pathways of phthalates

and bisphenol A: origin, characteristics, transport, and fate — A

review / Environ. Int. 2022. Vol. 170. 107550.

DOI: 10.1016/j.envint.2022.107550

5. Micha³owicz J. Bisphenol A — Sources, toxicity and biotrans-

formation / Environ. Toxicol. Pharmacol. 2014. Vol. 37. N 2.

P. 738 – 758. DOI: 10.1016/j.etap.2014.02.003

6. Kinney C. A., Furlong E. T., Kolpin D. W., et al. Bioaccumu-

lation of pharmaceuticalsand other anthropogenic waste indica-

tors in earthworms from agricultural soil amended with biosolid

or swine manure / Environ. Sci. Technol. 2008. Vol. 42. N 6.

P. 1863 – 1870. DOI: 10.1021/es702304c

7. Gibson R., Durán-Álvarez J., León Estrada K., et al. Accu-

mulation and leaching potential of some pharmaceuticals and

potential endocrine disruptors in soils irrigated with wastewater

in the Tula Valley, Mexico / Chemosphere. 2010. Vol. 81. N 11.

P. 1437 – 1445. DOI: 10.1016/j.chemosphere.2010.09.006

8. Huang D. Y., Zhao H. Q., Liu C. P., Sun C. X. Characteristics,

sources, and transport of tetrabromobisphenol A and bisphenol

A in soils from a typical e-waste recycling area in South China /

Environ. Sci. Pollut. Res Int. 2014. Vol. 21. N 9. P. 5818 – 5826.

DOI: 10.1007/s11356-014-2535-2

9. Lin Z., Wang L., Jia Y., et al. A study on environmental bis-

phenol a pollution in plastics industry areas / Water, Air, Soil

Pollut. 2017. Vol. 228. 98. DOI: 10.1007/s11270-017-3277-9

10. Guan T., Sun Y., Zhang T., et al. Simultaneous determina-

tion of bisphenol A and its halogenated analogues in soil by flu-

orescence polarization assay / J. Soils Sediments. 2017. Vol. 18.

N 3. P. 845 – 851. DOI: 10.1007/s11368-017-1787-0

11. Lu Y. C., Xiao W. W., Wang J. Y., Xiong X. H. Rapid isolation

and determination of bisphenol A in complicated matrices by

magnetic molecularly imprinted electrochemical sensing / Anal.

Bioanal. Chem. 2020. Vol. 413. N 2. P. 389 – 401.

DOI: 10.1007/s00216-020-03006-8

12. Xu Y., Hu A., Li Y., et al. Determination and occurrence of

bisphenol A and thirteen structural analogs in soil / Chemo-

sphere. 2021. Vol. 277. 130232.

DOI: 10.1016/j.chemosphere.2021.130232

13. Valdez C. A., Leif R. N. Hok S. Carbene-based difluorome-

thylation of bisphenols: application to the instantaneous tag-

ging of bisphenol a in spiked soil for its detection and identifica-

tion by electron ionization gas chromatography-mass spectrom-

etry / Sci. Rep. 2019. Vol. 9. 17360.

DOI: 10.1038/s41598-019-53735-9

14. Abril C., Santos J. L., Malvar J. L., et al. Determination of

perfluorinated compounds, bisphenol A, anionic surfactants

and personal care products in digested sludge, compost and soil

by liquid-chromatography-tandem mass spectrometry / J. Chro-

matogr. A. 2018. Vol. 1576. P. 34 – 41.

DOI: 10.1016/j.chroma.2018.09.028

15. Sánchez-Brunete C., Miguel E., Tadeo J. L. Determination

of tetrabromobisphenol-A, tetrachlorobisphenol-A and bisphe-

nol-A in soil by ultrasonic assisted extraction and gas chroma-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6 21

Ñîäåðæàíèå ÁÔÀ, ìêã/êã

Ñîäåðæàíèå ÁÔÀ, ìêã/êã

à

á

Ðèñ. 8. Ðàñïðåäåëåíèå ÁÔÀ ïî ïðîôèëþ ïî÷â âáëèçè çà-

êðûòîãî ïîëèãîíà ÒÊÎ «Êàñêàä»: à — â òî÷êå ¹ 6 (ê ñåâå-

ðó îò ïîëèãîíà); á — â òî÷êå ¹ 7 (ê þãó îò ïîëèãîíà)

Fig. 8. Distribution of BFA in soil profile near the closed

landfill at points No. 6 (a — to the north of the landfill) and

No. 7 (b — to the south of the landfill)



tography — mass spectrometry / J. Chromatog. A. 2009.

Vol. 1216. N 29. P. 5497 – 5503.

DOI: 10.1016/j.chroma.2009.05.065

16. Gubin A. S., Kushnir A. A., Sukhanov P. T. Sorption con-

centration of phenols from aqueous media by magnetic molecu-

larly imprinted polymers based on N-vinylpyrrolidone (part 2) /

Sorb. Khromatogr. Prots. 2022. Vol. 22. N 3. P. 274 – 283 [in

Russian]. DOI: 10.17308/sorpchrom.2022.22/9334

17. Gubin A. S., Kushnir A. A., Sukhanov P. T. Sorption con-

centration of phenols from aqueous media by magnetic molecu-

larly imprinted polymers based on N-vinylpyrrolidone / Sorb.

Khromatogr. Prots. 2021. Vol. 21. N 3. P. 326 – 335 [in Russian].

DOI: 10.17308/sorpchrom.2021.21/3466

18. Kotowska U., Kapelewska J., Sturgulewska J. Determina-

tion of phenols and pharmaceuticals in municipal wastewaters

from Polish treatment plants by ultrasound-assisted emulsifi-

cation-microextraction followed by GC-MS / Environ. Sci.

Pollut. Res. 2014. Vol. 21. N 1. P. 660 – 673.

DOI: 10.1007/s11356-013-1904-6

19. Van Rijn J. A., Guijt M. C., Bouwman E., Drent E. Selec-

tive O-allylation of bisphenol A: toward a chloride-free route for

epoxy resins / Appl. Organomet. Chem. 2010. Vol. 25. N 3.

P. 207 – 211. DOI: 10.1002/aoc.1743

20. Sereda L. O., Yablonskikh L. A., Kurolap S. A. Evaluation

of the ecological and geochemical state of the soil cover of the

urban district of the city of Voronezh / Vestn. Voronezh. Gos.

Univ. Ser. Geogr. Geoékol. 2015. N 4. P. 59 – 65 [in Russian].

21. Chouhan S., Yadav S. K., Prakash J., Singh S. P. Effect of

Bisphenol A on human health and its degradation by microor-

ganisms: a review / Ann. Microbiol. 2014. Vol. 64. P. 13 – 21.

DOI: 10.1007/s13213-013-0649-2

22. Loffredo E., Senesi N. Fate of anthropogenic organic pollut-

ants in soils with emphasis on adsorption/desorption processes

of endocrine disruptor compounds / Pure Appl. Chem. 2006.

Vol. 78. N 5. P. 947 – 961. DOI: 10.1351/pac200678050947

22 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6



DOI: https://doi.org/10.26896/1028-6861-2023-89-6-23-34

ÑÎÂÐÅÌÅÍÍÛÅ ÌÅÒÎÄÛ ÈÄÅÍÒÈÔÈÊÀÖÈÈ ÀÒÎÌÎÂ,

ÌÎËÅÊÓË È ÀÝÐÎÇÎËÅÉ Â ÐÀÇËÈ×ÍÛÕ ÎÁÚÅÊÒÀÕ

� Àêòàì Òîøêóâàòîâè÷ Õàëìàíîâ1*, Íîäèðà Òîøêóâàòîâà2

1 Ñàìàðêàíäñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò àðõèòåêòóðû è ñòðîèòåëüñòâà èì. Ì. Óëóãáåêà, Óçáåêèñòàí, 140147, Ñà-

ìàðêàíä, óë. Ëîëàçîð, ä. 70; *e-mail: a-xalmanov@umail.uz
2 Ñàìàðêàíäñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ø. Ðàøèäîâà, Óçáåêèñòàí, 140104, Ñàìàðêàíä, Óíèâåðñèòåòñêèé

áóëüâàð, ä. 15.

Ñòàòüÿ ïîñòóïèëà 22 äåêàáðÿ 2022 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 14 ìàðòà 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 23 ìàðòà 2023 ã.

Ðàáîòà ïîñâÿùåíà ðàçâèòèþ âûñîêî÷óâñòâèòåëüíûõ ìåòîäîâ ëàçåðíîé àíàëèòè÷åñêîé

ñïåêòðîñêîïèè. Ëàçåðíàÿ ðåçîíàíñíî-èîíèçàöèîííàÿ ñïåêòðîñêîïèÿ â âàêóóìå èñïîëü-

çîâàíà äëÿ èçó÷åíèÿ ðàñïðåäåëåíèÿ ïðèìåñåé íàòðèÿ è êàëüöèÿ â àëþìèíèåâûõ ïðîáàõ.

Ñ ïîìîùüþ àòîìíî-èîíèçàöèîííîé ñïåêòðîñêîïèè ñ ðàçëè÷íûìè àòîìèçàòîðàìè àòìî-

ñôåðíîãî äàâëåíèÿ (ïëàìÿ, ãðàôèòîâàÿ ïå÷ü, ñèñòåìà «ñòåðæåíü – ïëàìÿ») ïðîâåëè îïðåäå-

ëåíèå Au, Pt, Fe, Co, Ni, Ag, Mn, Cr, Yb, In, Li, Na, Cs, Al â îáðàçöàõ àöåòîíà, ôîñôîðíîé

êèñëîòû, ôòîðèäîâ íàòðèÿ è àììîíèÿ, àðñåíèäà ãàëëèÿ, êðåìíèÿ, íèòðàòà ñåðåáðà, ãîðíûõ

ïîðîä, ðå÷íîé è ïèòüåâîé âîäû. Èçó÷åíû ìåõàíèçìû èîíèçàöèè îïðåäåëÿåìûõ ýëåìåíòîâ

â çàâèñèìîñòè îò èñïîëüçóåìûõ ñõåì âîçáóæäåíèÿ, ÷òî ïîçâîëèëî ïîâûñèòü ÷óâñòâèòåëü-

íîñòü è ñåëåêòèâíîñòü îïðåäåëåíèÿ. Óñòàíîâëåíî, ÷òî â ãðàôèòîâîé ïå÷è ïðåîáëàäàåò

ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ, îäíàêî ïðè âîçáóæäåíèè àòîìîâ Au, Ag è Yb â àâòîèîíèçà-

öèîííûå ñîñòîÿíèÿ äîìèíèðóþùèì ïðîöåññîì ñòàíîâèòñÿ ôîòîèîíèçàöèÿ. Èçó÷åíî ðàñ-

ïðåäåëåíèå ïî ðàçìåðàì ÷àñòèö àýðîçîëåé, îáðàçóþùèõñÿ ïðè äåéñòâèè ìîùíîãî ëàçåðíî-

ãî èçëó÷åíèÿ íà ïîâåðõíîñòü òâåðäîé ïðîáû. Óñòàíîâëåíà çàâèñèìîñòü àáñîëþòíîé êîí-

öåíòðàöèè ÷àñòèö àýðîçîëÿ îò èõ ðàçìåðà. Ïîêàçàíî, ÷òî ìàêñèìàëüíîå ÷èñëî ÷àñòèö íà-

áëþäàåòñÿ äëÿ êàæäîãî àýðîçîëÿ ïðè îïðåäåëåííîì èõ äèàìåòðå. Ìåòîäîì âíóòðèðåçîíà-

òîðíîé ëàçåðíîé ñïåêòðîñêîïèè èçìåðåíû êîýôôèöèåíòû è ýôôåêòèâíîñòè ýêñòèíêöèè

àýðîçîëåé.
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The study is aimed at developing highly sensitive methods of laser analytical spectroscopy. The physical

mechanisms of forming useful signals (selective ionization signal and cavity ring-down signal) were identi-

fied that provided registration of parameters of atomic and aerosol systems in the intensive pulsed laser

field. High-sensitive laser methods of laser resonance ionization spectroscopy in vacuum, laser-enhanced

ionization spectrometry in flame, and cavity ringdown laser absorption spectroscopy (CRLAS) are used for

the determination of ultra-small concentrations of atoms in different phase states of the substance.

Samples of aqueous standard solutions and solid metals of s (Li, K, Na, Ca, Cs), p (Al, In), d (Cr, Mn, Fe,

Co, Ni, Cu, Ag, Au, Pt, Zn, Hg), f (Yb) elements, aluminum alloys, especially pure solvents, crystals (NH4F,

NaF), semi-conductor materials (GaAs, Si) and various aerosols of salts (NaCl, CsCl, NaI, NaF, KCl

AgNO
3
), chemicals, organic dyes, alloys, soils and rocks were studied. The new mechanisms of getting free

particles are revealed and new methods increasing the efficiency of atomization, selective ionization and

excitation of atoms in systems “flame,” “rod – flame,” in atomizer “graphite – furnace” are proposed. The

particle size distribution of aerosols formed under the impact of high-power laser radiation on the surface

of a solid sample has been studied. The dependence of the absolute concentration of aerosol particles on

their size has been determined. Aerosol extinction coefficients and extinction efficiency have been mea-

sured using intracavity laser spectroscopy. For the first time new parameters of aerosols are revealed by

physical and chemical properties of aerosol plumes from solid surfaces and aerosols of salt of metals and
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organic aerosols. Methods of additives and calibration curve were used to examine the effects of the matrix

on the analytical signal of the studied atoms.

Keywords: atomization; excitation scheme; laser resonance ionization spectroscopy (RIS); laser-en-

hanced ionization spectrometry (LEI); aerosols; cavity-ringdown laser absorption spectrometry (CRLAS);

extinction coefficient; extinction efficiency.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü ðàçðàáîòêà íîâûõ àíà-

ëèòè÷åñêèõ ìåòîäîâ îïðåäåëåíèÿ óëüòðàíèçêèõ

ñîäåðæàíèé ýëåìåíòîâ â ðàçëè÷íûõ îáúåêòàõ

âàæíà äëÿ ðàçâèòèÿ ìíîãèõ íàïðàâëåíèé íàóêè

è òåõíèêè. Äëÿ ðåøåíèÿ ðÿäà àíàëèòè÷åñêèõ çà-

äà÷ íåîáõîäèìî êîíòðîëèðîâàòü ñîäåðæàíèå ýëå-

ìåíòîâ íà óðîâíå 10–8 – 10–11 % [1 – 6].

Òàêèå âûñîêî÷óâñòâèòåëüíûå ìåòîäû, êàê ëà-

çåðíàÿ ðåçîíàíñíî-èîíèçàöèîííàÿ ñïåêòðîñêî-

ïèÿ (ÐÈÑ) â âàêóóìå [1 – 4, 7 – 9], ëàçåðíàÿ àòîì-

íî-èîíèçàöèîííàÿ ñïåêòðîìåòðèÿ (ÀÈÑ) â ïëà-

ìåíè [5 – 7, 9 – 13] è âíóòðèðåçîíàòîðíàÿ ëàçåð-

íî-àáñîðáöèîííàÿ ñïåêòðîñêîïèÿ (ÂÐËÑ) [10,

14 – 18], â íàñòîÿùåå âðåìÿ èñïîëüçóþò êàê äëÿ

îïðåäåëåíèÿ óëüòðàíèçêèõ ñîäåðæàíèé ýëåìåí-

òîâ, òàê è äëÿ èññëåäîâàíèÿ ïðîöåññîâ âîçáóæäå-

íèÿ è èîíèçàöèè àòîìîâ [13, 17, 18], èçó÷åíèÿ

îïòè÷åñêèõ ñâîéñòâ ðàçëè÷íûõ àýðîçîëåé è âûñî-

êîâîçáóæäåííûõ ñîñòîÿíèé ìíîãîýëåêòðîííûõ

àòîìîâ.

Ìåòîäû ÐÈÑ è ÀÈÑ îòëè÷àþòñÿ âûñîêîé

÷óâñòâèòåëüíîñòüþ â ñâÿçè ñ ýôôåêòèâíûì ïî-

äàâëåíèåì ïîòåðü, ñâÿçàííûõ ñ ðàññåÿíèåì ëà-

çåðíîãî èçëó÷åíèÿ è èçëó÷åíèåì àòîìèçàòîðà.

Àòîìíî-èîíèçàöèîííûé ìåòîä (ðèñ. 1) îñíîâàí

íà ñåëåêòèâíîì âîçáóæäåíèè ñâîáîäíûõ àòîìîâ

îïðåäåëÿåìîãî ýëåìåíòà â âûñîêîëåæàùèå ýëåê-

òðîííûå ñîñòîÿíèÿ èçëó÷åíèåì îäíîãî èëè íå-

ñêîëüêèõ (ñòóïåí÷àòîå âîçáóæäåíèå ÷åðåç ïðîìå-

æóòî÷íûå óðîâíè) ëàçåðîâ è èîíèçàöèè âîçáóæ-

äåííûõ àòîìîâ ñ ïîñëåäóþùåé ðåãèñòðàöèåé îá-

ðàçóþùèõñÿ çàðÿæåííûõ ÷àñòèö.

Îñîáûé èíòåðåñ â ïîñëåäíåå âðåìÿ ïðèîáðå-

òàþò èññëåäîâàíèÿ îïòè÷åñêèõ ñâîéñòâ ðàçëè÷-

íûõ àýðîçîëåé ìåòîäîì ÂÐËÑ. Â ðàáîòàõ [3 – 6,

9, 13, 15 – 19] ïðèâåäåíû ñõåìû ýêñïåðèìåíòàëü-

íûõ óñòàíîâîê äëÿ ìåòîäîâ ÐÈÑ, ÀÈÑ è ÂÐËÑ

íàðÿäó ñ îïèñàíèÿìè ìåòîäîâ íàïðàâëåííîãî

òåðìè÷åñêîãî èñïàðåíèÿ èññëåäóåìûõ âåùåñòâ â

âàêóóìå, ïðîöåññîâ èñïàðåíèÿ è àòîìèçàöèè ïðî-

áû â ðàçëè÷íûõ àòîìèçàòîðàõ (ïëàìÿ, ñòåðæåíü –

ïëàìÿ, ãðàôèòîâàÿ ïå÷ü) è ïðè ëàçåðíîì ïðîáî-

îòáîðå, à òàêæå ìåõàíèçìîâ èîíèçàöèè àòîìîâ

(ôîòî- è ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ).

Ïðèìåíåíèå ìåòîäà ëàçåðíîé ñïåêòðîñêîïèè

âíóòðèðåçîíàòîðíîãî çàòóõàíèÿ (ËÑÂÐÇ) [14]

äëÿ èçó÷åíèÿ ñâîéñòâ àýðîçîëåé îïèñàíî â ðàáî-

òàõ [15 – 17]. Â äàííîì ìåòîäå íåîáõîäèìî îïðå-

äåëåíèå äâóõ ïàðàìåòðîâ — âõîäíîé (I0) è âûõîä-

íîé (I) èíòåíñèâíîñòè ñâåòà:

I t I
tc

L
R Le( ) exp [( ) ] ,� � � 	




�

�




�

�0
1 � (1)

ãäå ô0 — âðåìÿ çàäåðæêè ïóñòîãî ðåçîíàòîðà;

ô1 — âðåìÿ çàäåðæêè çàïîëíåííîãî ðåçîíàòîðà ñ

ðàññåèâàþùåé ïðîáîé; R — êîýôôèöèåíò îòðà-

æåíèÿ çåðêàëà; t — âðåìÿ ïîëíîãî ïóòè ëàçåðíî-

ãî èìïóëüñà; L — äëèíà ïîãëîùåíèÿ èëè ðàññåÿ-

íèÿ ñðåäû; óe — êîýôôèöèåíò ýêñòèíêöèè ñðåäû;

c — ñêîðîñòü ñâåòà. Êîýôôèöèåíò ýêñòèíêöèè

ñðåäû äëÿ èçìåðåííîãî âðåìåíè çàòóõàíèÿ (ïóñ-

òîé ðåçîíàòîð è ðåçîíàòîð ñ ðàññåèâàþùåé ïðî-

áîé) âûðàæàåòñÿ ñëåäóþùèì îáðàçîì:
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. (2)

Ðàññåÿíèå â êàæäîì ñëó÷àå çàâèñèò îò îòíî-

øåíèÿ äèàìåòðà ÷àñòèöû d ê äëèíå âîëíû èçëó-

÷åíèÿ ë, êîòîðîå îáîçíà÷àþò, êàê ïàðàìåòð á:

á = ðd/ë. (3)

Ìàòåðèàëû âíóòðè ðåçîíàòîðà âëèÿþò íà çà-

äåðæêó âðåìåíè:

I = I0 exp(–t/tc), (4)

ãäå tc — õàðàêòåðèñòè÷åñêîå âðåìÿ æèçíè ëàçåð-

íîãî èìïóëüñà â îïòè÷åñêîì ðåçîíàòîðå. Äëÿ
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ÏÈÏÈ

Ðèñ. 1. Ñõåìà âîçáóæäåíèÿ àòîìîâ â ìåòîäàõ ÀÈÑ è ÐÈÑ

(ÏÈ — ïîòåíöèàë èîíèçàöèè, ÔÈ — ôîòîèîíèçàöèÿ,

ÑÈ — ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ)

Fig. 1. Excitation schemes for laser ionization spectroscopy

in flame and in vacuum (IP — ionization potential, CI —

collisional ionization, PhI — photoionization)



ñôåðè÷åñêèõ ÷àñòèö âûðàæåíèå äëÿ êîýôôèöè-

åíòà ýêñòèíêöèè ïðèíèìàåò ñëåäóþùèé âèä:

óe = NQextðd2/4, (5)

ãäå Qext — ýôôåêòèâíîñòü ýêñòèíêöèè.

Àêòóàëüíîñòü è âîñòðåáîâàííîñòü äàííîé ðà-

áîòû ñâÿçàíû ñ èñïîëüçîâàíèåì íîâûõ ôîòî-

èîíèçàöèîííûõ è ñòîëêíîâèòåëüíûõ ñõåì âîç-

áóæäåíèÿ èçâåñòíûõ ñîñòîÿíèé èññëåäóåìûõ àòî-

ìîâ, ïðîâåäåíèåì òåîðåòè÷åñêèõ ðàñ÷åòîâ è ðåãè-

ñòðàöèåé ñïåêòðîâ òÿæåëûõ àòîìîâ, âûÿâëåíèåì

ýôôåêòèâíîé äèíàìèêè è òèïîâ ôèçè÷åñêèõ ïðî-

öåññîâ ñ ó÷àñòèåì âîçáóæäåííûõ àòîìîâ è ìîëå-

êóë, èçó÷åíèåì êèíåòèêè ñèãíàëîâ â çàâèñèìîñòè

îò òåõíè÷åñêèõ õàðàêòåðèñòèê ýêñïåðèìåíòàëü-

íîé óñòàíîâêè è ïàðàìåòðîâ àòîìîâ è ìîëåêóë,

óñòàíîâëåíèåì íîâûõ ìîðôîëîãè÷åñêèõ è îïòè-

÷åñêèõ ñâîéñòâ àýðîçîëüíûõ ÷àñòèö, íå èìåþùèõ

êâàíòîâûõ ñîñòîÿíèé, îïðåäåëåíèåì óëüòðà-

ìàëûõ êîíöåíòðàöèé àòîìîâ è àýðîçîëåé.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Áëîê-ñõåìà óñòàíîâêè äëÿ èçìåðåíèÿ êîýô-

ôèöèåíòà ýêñòèíêöèè àòìîñôåðíûõ àýðîçîëü-

íûõ ÷àñòèö ïðèâåäåíà íà ðèñ. 2. Èçëó÷åíèå äâóõ-

îáúåìíîãî àçîòíîãî ëàçåðà (ë = 337,1 íì, ô =

= 8 íñ, E = 10 ìÄæ) èñïîëüçîâàëè äëÿ íàêà÷êè

ëàçåðà íà êðàñèòåëÿõ (ËÊ). Ýíåðãèÿ èìïóëüñîâ

ËÊ íà ãåíåðàòîðå è óñèëèòåëå ñîñòàâëÿëà îêîëî

10 è îêîëî 100 ìêÄæ ñîîòâåòñòâåííî, øèðèíà

ëèíèè ãåíåðàöèè — 1 ñì–1. Äëÿ ðåãèñòðàöèè

ñèãíàëà çàòóõàíèÿ èñïîëüçîâàëè ôîòîóìíîæè-

òåëü ÔÝÓ-79, âûïðÿìèòåëü ñòàáèëèçèðîâàííûé

ÂÑ-22, îñöèëëîãðàô Ñ1-70, öèôðîâîé îñöèëëî-

ãðàô TDS 2022B, ãåíåðàòîð ÷èñòîãî âîçäóõà è

ïåðñîíàëüíûé êîìïüþòåð. Çàïóñê ðàçâåðòêè îñ-

öèëëîãðàôà îñóùåñòâëÿåòñÿ ñèãíàëîì ñ ôîòîäèî-

äà, íà êîòîðûé îòâîäèòñÿ ÷àñòü èçëó÷åíèÿ àçîò-

íîãî ëàçåðà. Âíóòðèðåçîíàòîðíûå çåðêàëà áûëè

ðàñïîëîæåíû â êîíöàõ ðåçîíàòîðà — ìåäíîé

òðóáêè äëèíîé 65 ñì. Ñèãíàë ôîòîóìíîæèòåëÿ

ïîäàâàëè íà öèôðîâîé îñöèëëîãðàô (Tektronix

TDS 2022B) è ïåðñîíàëüíûé êîìïüþòåð.

Âûñîêîâîçáóæäåííûå ñîñòîÿíèÿ s-(Na, Ca),

p-(Al, In), d-(Cr, Mn, Fe, Co, Ni, Ag, Au, Pt, Hg, Cd,

Zn) è f-(Yb) ýëåìåíòîâ èññëåäîâàëè â ðàçëè÷íûõ

àòîìèçàòîðàõ. Óíèâåðñàëüíûé ëàçåðíûé ôîòî-

èîíèçàöèîííûé ñïåêòðîìåòð ñ òåðìè÷åñêîé àòî-

ìèçàöèåé ïðîáû â âàêóóìå è àòîìèçàöèåé â ïëà-

ìåíè èñïîëüçîâàëè äëÿ îïðåäåëåíèÿ ëîêàëüíîãî

ðàñïðåäåëåíèÿ àòîìîâ Na è Ca â àëþìèíèåâûõ

ñïëàâàõ. Èçëó÷åíèå äâóõîáúåìíîãî àçîòíîãî ëà-

çåðà èñïîëüçîâàëè äëÿ íàêà÷êè ïåðåñòðàèâàåìûõ

ËÊ, ýíåðãèÿ èìïóëüñîâ êîòîðûõ íà ïåðâîé è âòî-

ðîé ñòóïåíÿõ ñîñòàâëÿëà îêîëî 10 è îêîëî

100 ìêÄæ ñîîòâåòñòâåííî. Â âàêóóìíîé êàìåðå

ðàñïîëàãàëèñü àòîìèçàòîð è âòîðè÷íûé ýëåê-

òðîííûé óìíîæèòåëü (ÂÝÓ). Ïåðåñå÷åíèå àòîì-

íîãî ïó÷êà ñ ëàçåðíûìè ëó÷àìè ïðîèñõîäèëî â

öåíòðå âàêóóìíîé êàìåðû â îáëàñòè ìåæäó äâóìÿ

ýëåêòðîäàìè, íà êîòîðûå ïîäàâàëè âûñîêîâîëüò-

íûé èîíèçèðóþùèé ýëåêòðè÷åñêèé èìïóëüñ.

Ôîòîèîíèçàöèîííûé ñèãíàë ïîñëå ÂÝÓ è ïðåä-

óñèëèòåëÿ ïîñòóïàë íà âõîä ñòðîáèíòåãðàòîðà è

çàòåì íà ñàìîïèñåö. Îäíîâðåìåííî ëàçåðíûå

ëó÷è íàïðàâëÿëè â ïëàìÿ äëÿ ñåëåêòèâíîãî ñòó-

ïåí÷àòîãî âîçáóæäåíèÿ àòîìîâ ïðîáû. Âîçáóæ-

äåííûå àòîìû èîíèçèðîâàëèñü ïðè ñòîëêíîâåíè-

ÿõ ñ ÷àñòèöàìè ïëàìåíè, îáðàçîâàâøèåñÿ èîíû

ñîáèðàëèñü â êîëëåêòîðå, ïîñëå óñèëåíèÿ ñèãíàë

ïîäàâàëè íà ñòðîáèíòåãðàòîð è ðåãèñòðèðîâàëè

öèôðîâûì âîëüòìåòðîì. Â êà÷åñòâå àòîìèçàòîðà

ñëóæèëà ùåëåâàÿ ãîðåëêà. Ïðîáû ïîìåùàëè â

òèãåëü, êîòîðûé ñëóæèë èñòî÷íèêîì êîëëèìèðî-

âàííîãî àòîìíîãî ïó÷êà. Òèãåëü äëèíîé 35 ìì è

äèàìåòðîì 4 ìì èçãîòàâëèâàëè èç ñïåêòðàëüíî

÷èñòîãî ãðàôèòà. Ïîëíîå îïèñàíèå ñïåêòðîìåòðà

ïðèâåäåíî â ðàáîòå [9].

Îáñóæäåíèå ðåçóëüòàòîâ

Èçó÷åíèå ðàñïðåäåëåíèÿ ïðèìåñåé Na è Ca â

àëþìèíèåâûõ ïðîáàõ. Áûëè ðåàëèçîâàíû äâóõ-

ñòóïåí÷àòûå ñõåìû âîçáóæäåíèÿ àòîìîâ Ca (ë1 =

= 422,67 íì, ë2 = 399,2 íì äëÿ âàêóóìà, ë2 =

= 518,9 íì äëÿ ïëàìåíè) è Na (ë1 = 589,9 íì,

ë2 = 418,7 íì äëÿ âàêóóìà, ë2 = 568,8 íì äëÿ

ïëàìåíè).

Èîíèçàöèîííûé ñèãíàë íàòðèÿ â ïëàìåíè

ïðîïàí – áóòàí – âîçäóõ äîñòèãàåò ìàêñèìàëüíî-

ãî çíà÷åíèÿ ïðè ñîîòíîøåíèè ãîðþ÷èé ãàç –

îêèñëèòåëü (ë/ìèí) 0,44:3,8. Èîíèçàöèîííûé ñèã-

íàë êàëüöèÿ ïðè èçìåíåíèè ñîîòíîøåíèÿ ðàñõî-

äîâ ãàçîâ â ïëàìåíè àöåòèëåí – âîçäóõ ñèëüíî íå

ìåíÿåòñÿ. Ìåòîäîì «ââåäåíî – íàéäåíî» óñòàíîâ-

ëåíî, ÷òî ïðè ìàññîâîì îòíîøåíèè îñíîâà:îïðå-

äåëÿåìûé ýëåìåíò (ìêã/ìë) 10:0,1 èìååò ìåñòî

ïîäàâëåíèå ñèãíàëîâ Ca è Na â ðàñòâîðå àëþìè-

íèÿ, êîòîðîå èñ÷åçàåò ëèøü ïðè ðàçáàâëåíèè ðàñ-
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Ïðîáà

Ðèñ. 2. Áëîê-ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè

Fig. 2. Block diagram of the experimental setup



òâîðîâ áîëåå ÷åì â 100 ðàç. Àëþìèíèé ÿâëÿåò-

ñÿ äîñòàòî÷íî òðóäíîàòîìèçóåìûì ýëåìåíòîì,

ïîýòîìó åãî âëèÿíèå íåâîçìîæíî óñòðàíèòü

ïîâûøåíèåì òåìïåðàòóðû. Óñòàíîâëåíî, ÷òî

ïðè óìåíüøåíèè êîíöåíòðàöèè îñíîâû äî

0,05 ìêã/ìë êîýôôèöèåíò ïîäàâëåíèÿ ñòðåìèòñÿ

ê åäèíèöå.

Ïðè èçó÷åíèè ëîêàëüíîãî ðàñïðåäåëåíèÿ Na

è Ca â îáðàçöàõ àëþìèíèÿ àíàëèçèðîâàëè 11

àëþìèíèåâûõ ïëàñòèí òîëùèíîé d = 5 ìì, äëè-

íîé l = 50 ìì è øèðèíîé a = 20 ìì. Äëÿ ïðîáî-

îòáîðà ïëàñòèíû, ïîìåùàåìûå â áîêñ, áûëè ïðî-

ñâåðëåíû â òðåõ ðàçëè÷íûõ òî÷êàõ äî ãëóáèíû 1,

2 è 3 ìì. Çàòåì ãðàôèòîâûé òèãåëü, çàïðàâëåí-

íûé èçìåëü÷åííîé ïðîáîé ìàññîé 1 ìã, âñòàâëÿ-

ëè â àòîìèçàòîð, ïîñëå ÷åãî âàêóóìíóþ êàìåðó

îòêà÷èâàëè äî îñòàòî÷íîãî äàâëåíèÿ 10–5 Ïà.

Èñïîëüçóÿ ïó÷îê àòîìîâ Ca è Na îò ðåïåðíîé

ïå÷è, èçëó÷åíèå ËÊ íàñòðàèâàëè â ðåçîíàíñ ñ

âûáðàííûìè ïåðåõîäàìè. Ïîñëå ýòîãî âêëþ÷àëè

àòîìèçàòîð, ïîýòàïíî ïîâûøàÿ òåìïåðàòóðó äî

1900 °C, è âûâîäèëè èîííûé ñèãíàë íà ñàìî-

ïèñåö. Çàâèñèìîñòü êîíöåíòðàöèé Ca è Na îò

ãëóáèíû îáðàçöà ïðèâåäåíà íà ðèñ. 3. Âèäíî, ÷òî

ðàñïðåäåëåíèå ïðèìåñåé íàòðèÿ ïî îáúåìó îá-

ðàçöà ïðèìåðíî îäíîðîäíî è ñîñòàâëÿåò îêîëî

10–3 %. Ðàñïðåäåëåíèå êàëüöèÿ îêàçàëîñü íåðàâ-

íîìåðíûì, ïðè÷åì â îòäåëüíûõ ó÷àñòêàõ îáðàçöà

êîíöåíòðàöèÿ äîñòèãàëà 10–2 % è áîëåå.

Îïðåäåëåíèå ýëåìåíòîâ ìåòîäîì ëàçåðíîé

àòîìíî-èîíèçàöèîííîé ñïåêòðîìåòðèè ñ ðàç-

ëè÷íûìè àòîìèçàòîðàìè àòìîñôåðíîãî äàâëå-

íèÿ. Èçâåñòíî, ÷òî ÷óâñòâèòåëüíîñòü è ñåëåêòèâ-

íîñòü ìåòîäà ÀÈÑ çàâèñÿò îò èñïîëüçóåìûõ ñõåì

âîçáóæäåíèÿ [7]. Ïðè âîçáóæäåíèè è èîíèçàöèè

èññëåäóåìûõ àòîìîâ íåîáõîäèìî ó÷åñòü êîëè÷å-

ñòâî è õàðàêòåðèñòèêè èñïîëüçóåìûõ ïåðåñòðàè-

âàåìûõ ëàçåðîâ è çíà÷åíèå ïîòåíöèàëà èîíèçà-

öèè èññëåäóåìûõ àòîìîâ, à òàêæå âñå âëèÿþùèå

ôàêòîðû (ñïåêòðàëüíûå, èîíèçàöèîííûå è õèìè-

÷åñêèå); ñëåäóåò âûáðàòü îïòèìàëüíûå ðàñõîäû

ãîðþ÷åãî ãàçà è îêèñëèòåëÿ äëÿ ïëàìåíè è îïòè-

ìàëüíóþ òåìïåðàòóðó ãðàôèòîâîãî ñòåðæíÿ äëÿ

ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà (ÝÒÀ) è èñ-

ïîëüçîâàòü ðåæèì íàñûùåíèÿ ïåðåõîäîâ.

Ìû èñïîëüçîâàëè íåñêîëüêî òèïîâ ñõåì âîç-

áóæäåíèÿ: äâóõñòóïåí÷àòîå âîçáóæäåíèå èç îñ-

íîâíîãî èëè âîçáóæäåííîãî ñîñòîÿíèÿ è òðåõñòó-

ïåí÷àòîå âîçáóæäåíèå èç îñíîâíîãî ñîñòîÿíèÿ.

Ïðåäâàðèòåëüíûå ýêñïåðèìåíòû äëÿ ýôôåê-

òèâíîé àòîìèçàöèè è èîíèçàöèè àòîìîâ Au, Pt,

Fe, Co, Ni, Ag, Mn, Cr, Yb, In, Li, Na, Cs, Al áûëè

âûïîëíåíû â ïëàìåíè àöåòèëåí – âîçäóõ. Ìû èñ-

ñëåäîâàëè çàâèñèìîñòè èîíèçàöèîííûõ ñèãíàëîâ

ýëåìåíòîâ îò ðàñõîäà ãîðþ÷åãî ãàçà è îêèñëèòåëÿ

äëÿ ðàçíûõ òèïîâ ïëàìåíè. Íà ðèñ. 4 ïðåäñòàâëå-

íû äàííûå çàâèñèìîñòè äëÿ àòîìîâ Al, Na, Pt è

Cs. Äëÿ îñòàëüíûõ èññëåäóåìûõ ýëåìåíòîâ (Au,

Fe, Co, Ni, Ag, Mn, Cr, Yb, In, Li) âûáðàíî ïëàìÿ

àöåòèëåí – âîçäóõ. Äëÿ îöåíêè ïðåäåëà îáíà-

ðóæåíèÿ Au, Pt, Fe, Co, Ag, Mn, Cr, Yb, In, Li,

Na, Cs, Al ïðè èñïîëüçîâàíèè àòîìèçàòîðà ñòåð-

æåíü – ïëàìÿ è ÝÒÀ ïîñòðîåíû ãðàäóèðîâî÷íûå

ãðàôèêè â äèàïàçîíå êîíöåíòðàöèé 10 ïã/ìë —

1 ìã/ìë. Ïðè îïòèìàëüíûõ óñëîâèÿõ äåòåêòèðî-

âàíèÿ äëÿ êàæäîãî ýëåìåíòà áûëè ïîëó÷åíû ãðà-

äóèðîâî÷íûå ãðàôèêè, ëèíåéíûå âî âñåé èññëå-

äîâàííîé îáëàñòè êîíöåíòðàöèé (â ïðåäåëàõ

6 – 8 ïîðÿäêîâ). Îòíîñèòåëüíîå ñòàíäàðòíîå îò-

êëîíåíèå íå ïðåâûøàëî 0,05 äëÿ âñåõ ýêñïåðè-

ìåíòîâ â ñèñòåìàõ ñòåðæåíü – ïëàìÿ, ïëàìÿ è

ãðàôèòîâàÿ ïå÷ü.

Äëÿ óëó÷øåíèÿ èñïàðåíèÿ è àòîìèçàöèè, à

òàêæå óìåíüøåíèÿ ïðåäåëîâ îáíàðóæåíèÿ ìû èñ-

ïîëüçîâàëè ýëåêòðîòåðìè÷åñêèé àòîìèçàòîð —

ãðàôèòîâóþ ïå÷ü. Ðåçóëüòàòû îïðåäåëåíèÿ Au,

Yb, Li, Ag, Pt è In â âîäíûõ ðàñòâîðàõ ïðèâåäå-

íû â òàáë. 1. Èç òàáë. 1 âèäíî, ÷òî ñòîëêíî-

âèòåëüíûé ìåõàíèçì èîíèçàöèè ÿâëÿåòñÿ äî-

ìèíèðóþùèì. Äëÿ ìíîãèõ ýëåìåíòîâ â ãðàôèòî-

âûõ ïå÷àõ ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ â 100 –

1000 ðàç âûøå, ÷åì â ïëàìåíè. Ïðè÷èíà òîìó —

áîëåå äëèòåëüíîå âðåìÿ ïðåáûâàíèÿ àòîìîâ â èñ-

ñëåäóåìîì îáúåìå è âîçìîæíîñòü äîñòèæåíèÿ

áîëüøèõ òåìïåðàòóð àòîìèçàöèè. Ïîêàçàíî, ÷òî

ìàêñèìàëüíûé ñèãíàë íàáëþäàåòñÿ äëÿ àòîìîâ

In ïðè ïåðåõîäå 5p2P3/2 � 6s2S3/2 � 8p2P1/2 è äëÿ

àòîìîâ Li, Na, Ag, Au, Pt ïðè ïåðåõîäå

(n)s � (m)p � (k)d (ðèñ. 5).

Ýêñïåðèìåíòàëüíî äîñòèãíóòûå ïðåäåëû îá-

íàðóæåíèÿ îêàçàëèñü ïðèìåðíî íà ïîðÿäîê, à

äëÿ íåêîòîðûõ ýëåìåíòîâ — íà íåñêîëüêî ïîðÿä-

êîâ âûøå ðàñ÷åòíûõ, ÷òî òðåáóåò äîïîëíèòåëü-

íûõ èññëåäîâàíèé. Òåì íå ìåíåå ïîëó÷åííûå ÏÎ

âñåõ èññëåäîâàííûõ ýëåìåíòîâ íà ïîðÿäîê è áî-

ëåå íèæå, ÷åì äîñòèãíóòûå äðóãèìè àòîìíî-ñïåê-

òðàëüíûìè ìåòîäàìè.
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Ðèñ. 3. Çàâèñèìîñòü êîíöåíòðàöèé Ca è Na îò ãëóáèíû

îáðàçöà

Fig. 3. In depth dependence of Ca and Na concentrations



Ìû èçó÷èëè çàâèñèìîñòè àìïëèòóäû ñèãíàëà

èîíèçàöèè îò ýíåðãèè èçëó÷åíèÿ ëàçåðà íà êðà-

ñèòåëÿõ: äëÿ Au è Pt îíè ïðèâåäåíû íà ðèñ. 6.

Áûëè èñïîëüçîâàíû äâóõñòóïåí÷àòûå ñõåìû âîç-

áóæäåíèÿ: ë1 = 267,6 íì è ë2 = 294,0 íì äëÿ Au,

ë1 = 266 íì è ë2 = 292,9 íì äëÿ Pt â àòîìèçàòîðå

ñòåðæåíü – ïëàìÿ. Äèàìåòð ëàçåðíîãî ïó÷êà ñî-

ñòàâëÿë ïðèìåðíî 2 ìì. Íàñûùåíèå èîíèçàöèîí-

íîãî ñèãíàëà íàáëþäàëîñü äëÿ àòîìîâ Au è Pt

ïðè èñïîëüçîâàíèè îäíîñòóïåí÷àòîãî âîçáóæäå-

íèÿ (700 êÂò/ñì2 äëÿ äëèòåëüíîñòè ëàçåðíîãî èì-

ïóëüñà 10 íñ).
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Ðèñ. 4. Çàâèñèìîñòü èîíèçàöèîííîãî ñèãíàëà Al (à), Na (á), Pt (â), Cs (ã) îò ðàñõîäà ãîðþ÷åãî ãàçà (ðàñõîä âîçäóõà — 1,9;

3,8; 4,4; 6,6 ë/ìèí ñîîòâåòñòâåííî)

Fig. 4. Dependence of the ionization signal of Al (a), Na (b), Pt (c), Cs (d) on the fuel gas flow rate (air flow rate — 1.9; 3.8; 4.4;

6.6 liters/min, respectively)

Òàáëèöà 1. Ðåçóëüòàòû îïðåäåëåíèÿ Li, In, Au, Ag, Pt, Yb â âîäíûõ ðàñòâîðàõ àòîìíî-èîíèçàöèîííûì ìåòîäîì ñ èñïî-

ëüçîâàíèåì ãðàôèòîâîé ïå÷è â êà÷åñòâå àòîìèçàòîðà

Table 1. Results of the determination of Li, In, Au, Ag, Pt, Yb in aqueous solutions by atomic ionization method using graphi-

te furnace atomizer

Ýëåìåíò

Äëèíà âîëíû âîçáóæäåíèÿ,

ë
âîçá

, íì
Òåìïåðàòóðà

àòîìèçàòîðà,

t
àò

, °C

Ìåõà-

íèçì

èîíè-

çàöèè

Ðàçíèöà ýíåðãèé

ÄE = ÏÈ –

– E
âîçá

, ýÂ

Ïðåäåë îáíàðóæåíèÿ

â âîäíûõ ðàñòâîðàõ, íã/ìë

ë
1

ë
2

ë
3

Ïîëó÷åííûé

ýêñïåðèìåíòàëüíî
Òåîðåòè÷åñêèé

Li 670 610 — 2300 ÑÈ 1,49 0,006 0,002

In 451 571 — 2400 ÑÈ 0,59 0,008 0,03

Au 267 294 — 2400 ÑÈ 0,42 5 0,05

267 306,5 — 2400 ÑÈ 0,66 5 0,05

267 406,7 643,1 2400 ÔÈ ÀÑ 10 0,05

Ag 328 282 — 2300 ÔÈ ÀÑ 0,20 0,03

Pt 266 292 — 2400 ÑÈ 0,06 50 0,04

Yb 555 581 581 2700 ÔÈ ÀÑ 10 0,03

Ï ð è ì å ÷ à í è å. ÑÈ — ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ, ÏÈ — ïîòåíöèàë èîíèçàöèè àòîìà, ÔÈ — ôîòîèîíèçàöèÿ, ÀÑ —

àâòîèîíèçàöèîííîå ñîñòîÿíèå.



Ïåðåñòðàèâàÿ äëèíó âîëíû âòîðîãî ëàçåðà â

äèàïàçîíå 250 – 340 íì, íàáëþäàëè íåñêîëüêî

ïèêîâ, ñîîòâåòñòâóþùèõ âûñîêîâîçáóæäåííûì

ðèäáåðãîâñêèì ñîñòîÿíèÿì (ÐÑ) àòîìîâ Au, Pt è

Ag [6, 14]. Ðåçóëüòàòû, ïðèâåäåííûå â òàáë. 2 – 4,

ïîêàçûâàþò, ÷òî ðàçíîñòü ìåæäó ïîòåíöèàëîì

èîíèçàöèè è ýíåðãèåé âîçáóæäåííîãî ñîñòîÿíèÿ

î÷åíü ìàëà, à ñêîðîñòü èîíèçàöèè î÷åíü âûñîêà,

÷òî ïîçâîëèëî ýôôåêòèâíî èîíèçèðîâàòü àòîìû

â òå÷åíèå ëàçåðíîãî èìïóëüñà. Ýòè ñîñòîÿíèÿ ñî-

îòâåòñòâóþò îñíîâíûì êâàíòîâûì ÷èñëàì äî

n = 8 è n = 9, è àìïëèòóäû ñèãíàëîâ èîíèçàöèè

àòîìîâ Au ïðè äâóõñòóïåí÷àòîì âîçáóæäåíèè

îêàçûâàþòñÿ ïðèáëèçèòåëüíî â 1000 ðàç áîëüøå,

÷åì ïðè îäíîñòóïåí÷àòîì (ðèñ. 7).
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Ðèñ. 5. Çàâèñèìîñòü èíòåíñèâíîñòè èîíèçàöèîííûõ ñèã-

íàëîâ îò îðáèòàëüíîãî ìîìåíòà

Fig. 5. Dependence of the intensity of ionization signals on

the orbital angular momentum

Òàáëèöà 2. Ñõåìû âîçáóæäåíèÿ àòîìà Au è ïðåäåëû îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ

Table 2. Excitation transitions for Au and detection limit in aqueous solutions

Äëèíà âîëíû

âîçáóæäåíèÿ, íì
Âåðõíèé óðîâåíü

Íèæíèé

óðîâåíü

Ðàçíèöà ýíåðãèé,

ÄE = ÏÈ –

– E
âîçá

, ýÂ

Ïðåäåë îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ, íã/ìë

Òèï àòîìèçàòîðà

Ñòåðæåíü – ïëàìÿ Ãðàôèòîâàÿ ïå÷ü

ë
1

= 274,8

ë
2

= 448,8

5d96s6p 4F
7/2

5d96s7s 2D
5/2

5d106s 2S
1/2

1,96 >50 ± 4 0,50 ± 0,4

ë
1

= 264,1

ë
2

= 460,7

5d96s6p 4P
3/2

5d96s7s 2D
5/2

5d106s 2S
1/2

1,76 >50 ± 4 0,50 ± 0,4

ë
1

= 267,6

ë
2

= 583,7

ë
3

= 447,0

5d96s6p 2P
3/2

5d107s 2S
1/2

ÀÑ

5d106s 2S
1/2

ÀÑ 0,9 ± 0,01 0,09 ± 0,001

ë
1

= 267,6

ë
2

= 406,7

ë
3

= 587,0

ë
3

= 596,0

ë
3

= 643,1

5d96s6p 2P
3/2

5d10 6d 2D
3/2

ÀÑ

ÀÑ

ÀÑ

5d106s 2S
1/2

ÀÑ 0,09 ± 0,004 0,009 ± 0,0004

ë
1

= 267,6

ë
2

= 332,0

5d96s6p 2P
3/2

5d10 7d 2D
3/2

5d106s 2S
1/2

0,96 10 ± 0,6 0,1 ± 0,06

ë
1

= 267,6

ë
2

= 306,5

5d96s6p 2P
3/2

5d10 8d 2D
3/2

5d106s 2S
1/2

0,66 0,05 ± 0,004 0,005 ± 0,0003

ë
1

= 267,6

ë
2

= 294,0

5d96s6p 2P
3/2

5d10 9d 2D
3/2

5d106s 2S
1/2

0,46 0,05 ± 0,003 0,005 ± 0,0003

ë
1

= 267,6

ë
2

= 278,0

5d96s6p 2P
3/2

5d10 13d 2D
3/2

5d106s 2S
1/2

0,01 27 ± 1,5 0,27 ± 0,15

Òàáëèöà 3. Ñõåìû âîçáóæäåíèÿ àòîìà Pt è ïðåäåëû îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ

Table 3. Excitation transitions for Pt and limit of detection in aqueous solutions

Äëèíà âîëíû

âîçáóæäåíèÿ,

íì

Âåðõíèé

óðîâåíü

Íèæíèé

óðîâåíü

Ðàçíèöà ýíåðãèé

ÄE = ÏÈ –

– E
âîçá

, ýÂ

Ïðåäåë îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ, íã/ìë

Òèï àòîìèçàòîðà

Ñòåðæåíü – ïëàìÿ Ãðàôèòîâàÿ ïå÷ü

ë
1

= 270,2

ë
2

= 452,1

5d96p 3D
3

5d86s7s 9I
4

5d96s 1D
2

1,5 2,0 ± 0,1 0,2 ± 0,01

ë
1

= 292,9

ë
2

= 539,0

5d96p 3F
3

5d97s 1D
2

5dy6s 3D
3

2,5 8,0 ± 0,4 0,8 ± 0,04

ë
1

= 265,9

ë
2

= 292,9

5d96p 3F
4

5d96p 3F
5

5d96s 3D
3

5d96s 3D
3

0,08 0,50 ± 0,02 0,050 ± 0,002



Äëÿ àòîìîâ Ag íàáëþäàþòñÿ ïåðåõîäû èç

5p2P3/2 ñîñòîÿíèÿ â àâòîèîíèçàöèîííûå ñîñòîÿ-

íèÿ ïðè âîçáóæäåíèè èçëó÷åíèåì ñ ë2 = 272,0

èëè 282,0 íì. Èç òàáë. 4 âèäíî, ÷òî óâåëè÷åíèå

ñåëåêòèâíîãî èîíèçàöèîííîãî ñèãíàëà áûëî íà

íåñêîëüêî ïîðÿäêîâ âûøå, ÷åì ïðè îäíîñòóïåí-

÷àòîì âîçáóæäåíèè. Äëÿ óâåëè÷åíèÿ ÷óâñòâè-

òåëüíîñòè è ñåëåêòèâíîñòè àòîìíî-èîíèçàöèîí-

íîãî îïðåäåëåíèÿ çîëîòà ìû òàêæå èññëåäîâàëè

òðåõñòóïåí÷àòûå ñõåìû âîçáóæäåíèÿ, âêëþ÷àþ-

ùèå ïåðåâîä â àâòîèîíèçàöèîííûå ñîñòîÿíèÿ

(ñì. òàáë. 3). Íà ðèñ. 8 ïðåäñòàâëåíû àòîìíî-

èîíèçàöèîííûå ñïåêòðû çîëîòà, ïëàòèíû, ñåðåá-

ðà è æåëåçà â îáëàñòè äëèí âîëí 200 – 700 íì.

Ìû òàêæå èññëåäîâàëè ñõåìû âîçáóæäåíèÿ

àòîìîâ æåëåçà è ìàðãàíöà. Äëÿ ýôôåêòèâíîé

àòîìèçàöèè è èîíèçàöèè àòîìîâ ïðåäâàðèòåëü-

íûå ýêñïåðèìåíòû áûëè âûïîëíåíû â ïëàìåíè

àöåòèëåí – âîçäóõ (ðàñõîäû ãàçîâ ñîñòàâëÿëè 0,3

è 1,8 ë/ìèí ñîîòâåòñòâåííî). Ðàññòîÿíèå ìåæäó

ýëåêòðîäàìè â ïëàìåíè ñîñòàâëÿëî 10 ìì, àíîä

áûë çàçåìëåí, ïîòåíöèàë êàòîäà — –1,3 êÂ. Äëÿ

êàëèáðîâêè èñïîëüçîâàëè ÷èñòûå âîäíûå ðàñòâî-

ðû ýëåìåíòîâ ñ êîíöåíòðàöèåé 10 ïã/ìë –

1 ìã/ìë.

Àòîì æåëåçà èìååò î÷åíü áîëüøîå ÷èñëî

áëèçêî ðàñïîëîæåííûõ ýíåðãåòè÷åñêèõ óðîâíåé.

Äëÿ ïåðâîé ñòóïåíè âîçáóæäåíèÿ èñïîëüçîâàëè

èçëó÷åíèå ë1 = 298,3 íì è ë1 = 296,6 íì. Äëÿ

ïåðâîé ñòóïåíè âîçáóæäåíèÿ àòîìà ìàðãàíöà èñ-
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Ðèñ. 6. Çàâèñèìîñòü èíòåíñèâíîñòè èîíèçàöèîííîãî ñèãíàëà îò ïëîòíîñòè ìîùíîñòè ëàçåðíîãî èçëó÷åíèÿ äëÿ àòîìîâ

Au (à) è Pt (á): 1 — îäíîñòóïåí÷àòîå âîçáóæäåíèå, ë
1
; 2 — äâóõñòóïåí÷àòîå âîçáóæäåíèå, ë

1
; 3 — äâóõñòóïåí÷àòîå âîçáóæ-

äåíèå, ë
2

Fig. 6. Dependence of the intensity of ionization signals on the power density of laser radiation for Au (a) and Pt (b) atoms:

1 — one-step excitation, ë
1
; 2 — two-step excitation, ë

1
; 3 — two-step excitation, ë

2

1 —

2

3

4

—

—

—

1

2 3
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Ðèñ. 7. Àòîìíî-èîíèçàöèîííûé ñïåêòð çîëîòà â äèàïàçî-

íå ë
2

= 250 – 340 íì (n = 7 – 13)

Fig. 7. LEI spectrum of gold in the range

ë
2

= 250 – 340 nm (n = 7 – 13)

Òàáëèöà 4. Ñõåìû âîçáóæäåíèÿ àòîìîâ Ag è ïðåäåëû îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ

Table 4. Excitation transitions for Ag and detection limit in aqueous solutions

Äëèíà âîëíû

âîçáóæäåíèÿ, íì

Âåðõíèé

óðîâåíü

Íèæíèé

óðîâåíü

Ðàçíèöà ýíåðãèé

ÄE = ÏÈ – E
âîçá

,

ýÂ

Ïðåäåë îáíàðóæåíèÿ â âîäíûõ ðàñòâîðàõ, ïã/ìë

Òèï àòîìèçàòîðà

Ñòåðæåíü – ïëàìÿ Ãðàôèòîâàÿ ïå÷ü

ë
1

= 338,3

ë
2

= 405,5

4d105p 2P
1/2

4d106d 2D
5/2

4d105s
2S

1/2

0,8 20,0 ± 0,1 2,0 ± 0,1

ë
1

= 328,1

ë
2

= 398,1

4d105p 2P
3/2

4d108s 2S
1/2

4d105s
2S

1/2

0,7 20,0 ± 0,1 2,0 ± 0,1

ë
1

= 328,1

ë
2

= 546,5

4d105p 2P
3/2

4d105d2D
5/2

4d105s
2S

1/2

1,57 20,0 ± 0,1 2,0 ± 0,1

ë
1

= 328,1

ë
2

= 547,1

4d105p 2P
3/2

4d105d 2D
3/2

4d105s
2S

1/2

1,61 20,0 ± 0,1 2,0 ± 0,1

ë
1

= 328,1

ë
2

= 282,0

ë
2

= 272,0

4d105p 2P
3/2

ÀÑ

ÀÑ

4d105s
2S

1/2

ÀÑ 2,0 ± 0,1 0,20 ± 0,01
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Ðèñ. 8. Àòîìíî-èîíèçàöèîííûå ñïåêòðû çîëîòà (à), ïëàòèíû (á), ñåðåáðà (â) è æåëåçà (ã) â äèàïàçîíå ë
2

= 200 – 700 íì

(n = 7 – 13)

Fig. 8. LEI spectra of gold (a), platinum (b), silver (c), and iron (d) in the range ë
2

= 200 – 700 nm (n = 7 – 13)
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Ðèñ. 9. Àòîìíî-èîíèçàöèîííûå ñïåêòðû õðîìà (à), ìàðãàíöà (á), íèêåëÿ, õðîìà, êîáàëüòà, ìàðãàíöà (â) â äèàïàçîíå

200 – 700 íì

Fig. 9. LEI spectra of chromium (a), manganese (b), nickel, chromium, cobalt, manganese (c) in the range 200 – 700 nm



ïîëüçîâàëè îäèí èç ÿðêèõ ðåçîíàíñíûõ òðèïëå-

òîâ: ë1 = 279,5 íì, 279,83 íì, 280,11 íì. Íà ðèñ. 9

ïðåäñòàâëåíû àòîìíî-èîíèçàöèîííûå ñïåêòðû

õðîìà, ìàðãàíöà, íèêåëÿ è êîáàëüòà â äèàïàçîíå

200 – 700 íì. Ïåðåñòðàèâàÿ äëèíó âîëíû âòîðîãî

ëàçåðà â äèàïàçîíå 425 – 735 íì, íàáëþäàëè íå-

ñêîëüêî ïèêîâ, ñîîòâåòñòâóþùèõ âûñîêîâîçáóæ-

äåííûì ðèäáåðãîâñêèì ñîñòîÿíèÿì àòîìîâ Cr, Fe

è Mn.

Íà ñëåäóþùåì ýòàïå ðàáîòû áûëî èçó÷åíî

ìåøàþùåå âëèÿíèå îñíîâû ïðîáû íà ñåëåêòèâ-

íûé èîíèçàöèîííûé ñèãíàë ðÿäà ýëåìåíòîâ ïðè

èñïîëüçîâàíèè àòîìèçàòîðîâ ðàçíîãî òèïà: ýëåê-

òðîòåðìè÷åñêîå èñïàðåíèå ïðîáû â âàêóóìå, êîì-

áèíèðîâàííûé àòîìèçàòîð ñòåðæåíü – ïëàìÿ,

ïíåâìàòè÷åñêîå ðàñïûëåíèå ïðîáû â ïëàìÿ è

ãðàôèòîâàÿ ïå÷ü (òàáë. 5).

Èññëåäîâàíèå ñâîéñòâ àýðîçîëåé. Äëÿ èññëå-

äîâàíèÿ àýðîçîëüíûõ ôàêåëîâ, ïîëó÷åííûõ ïðè

ëàçåðíîì èñïàðåíèè òâåðäûõ ïðîá, áûëè âûáðà-

íû ÷èñòûå ìåòàëëû (Fe, Al, Zn, Ag, Au), ñïëàâû

è ïî÷âû. Ìîðôîëîãèþ àýðîçîëüíûõ ôàêåëîâ èñ-

ñëåäîâàëè êàê ôóíêöèþ ïëîòíîñòè àýðîçîëÿ îò

ðàññòîÿíèÿ. Ìîùíûé Nd-YAG ëàçåð ôîêóñè-

ðîâàëè íà èññëåäóåìûå ïîâåðõíîñòè ïðè ÷àñòî-

òå ïîâòîðåíèÿ 1,0 Ãö. Îáðàçîâàííûå àýðîçîëè

òðàíñïîðòèðîâàëè â ìåäëåííîì ïîòîêå âîçäóõà

(10 – 12 ñì3/ñ) ê ñ÷åò÷èêó ÷àñòèö [15, 16]. Èçìåðÿ-

ëè âðåìÿ çàòóõàíèÿ, ñîîòâåòñòâóþùèå êîýôôè-

öèåíòû ýêñòèíêöèè ðàññ÷èòûâàëè ïî ôîðìóëå

(2). Ðåçóëüòàòû ïðåäñòàâëåíû â òàáë. 6. Ïðè

ýíåðãèè ëàçåðíîãî èìïóëüñà 250 ìÄæ, âðåìåíè

çàäåðæêè 50 ìñ è ðàññòîÿíèè ìåæäó ëèíçîé è

ïðîáîé 12 ìì íàáëþäàåòñÿ ìàêñèìàëüíîå çíà÷å-
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Òàáëèöà 5. Âëèÿíèå îñíîâû ïðîáû íà àíàëèòè÷åñêèé ñèãíàë â ðàçëè÷íûõ àòîìèçàòîðàõ

Table 5. Effect of the sample matrix on the analytical signal for different atomizers

Ìàòðèöà

Îïðåäå-

ëÿåìûé

ýëåìåíò

Ââåäåíî,

íã/ìë

Íàéäåíî ïî ãðàäóèðîâî÷íîé

çàâèñèìîñòè, ïîñòðîåííîé

ñ èñïîëüçîâàíèåì âîäíûõ

îáðàçöîâ ñðàâíåíèÿ, íã/ìë

Êîýôôèöèåíò

îñëàáëåíèÿ ñèãíàëà

ïî ñðàâíåíèþ ñ âîä-

íûìè ðàñòâîðàìè

Ñîäåðæàíèå,

× 10–8 %

(*íã/ã)

Òèï

àòîìèçàòîðà

Àöåòîí Li 1,0 1,0 ± 0,05 1,0 ± 0,05 0,031 ± 0,002 Ï-ÏÁÂ

Na 1000 1010 ± 50 1,01 ± 0,05 6800 ± 200 ÑÏ-ÀÂ

Ôîñôîðíàÿ

êèñëîòà

Li 1,0 0,49 ± 0,02 0,49 ± 0,02 1,30 ± 0,9 ÑÏ-ÀÂ

Na 1000 960 ± 60 0,96 ± 0,06 2200 ± 200 ÑÏ-ÀÂ

Ag 100 90 ± 5 0,90 ± 0,05 <10 ÑÏ-ÀÂ

NH
4
F Cr 50 53,1 1,06 70 ± 5* ÑÏ-ÀÂ

Mn 8 10,5 1,27 88 ± 6* ÑÏ-ÀÂ

Ni 100 120 1,2 56 ± 4* ÑÏ-ÀÂ

Co 50 60 1,2 <1* ÑÏ-ÀÂ

NaF Cr 100 66 0,7 290 ± 70* ÑÏ-ÀÂ

Mn 100 70 0,75 40 ± 22* ÑÏ-ÀÂ

Ni 100 69 0,69 2200 ± 400* ÑÏ-ÀÂ

Co 100 65 0,65 <70* ÑÏ-ÀÂ

GaAs Cr 60 116 1,93 (43 ± 2) · 104 ÑÏ-ÀÂ

Fe 1000 1010 1,01 (16 ± 1) · 105 ÑÏ-ÀÂ

Si Fe 1000 890 0,9 (1 ± 0,1) · 104 ÑÏ-ÀÂ

Ñs 10 11 1,01 2,2 ± 0,1 ÑÏ-ÀÂ

AgNO
3

Au 500 450 0,9 <100 ÑÏ-ÀÂ

Ãîðíàÿ ïîðîäà

(òðàïï) 30 ã/ë

Au 50 41 0,85 (4,0 ± 0,2) · 105 ÃÏ

Pt 1000 237 0,237 (2,3 ± 0,2) · 104 ÑÏ-ÀÂ

Ïèòüåâàÿ âîäà Cs 1,0 1,0 ± 0,05 1,0 ± 0,05 8 ± 0,6 Ï-ÏÁÂ

Na 1000 1010 ± 50 1,01 ± 0,05 60 000 ± 3000 Ï-ÏÁÂ

In 20 100 ± 5 5,0 ± 0,3 100 ± 10 Ï-ÏÁÂ

Ðå÷íàÿ âîäà Cs 10 10,3 ± 0,5 1,03 ± 0,05 40 ± 3 Ï-ÏÁÂ

Na 100 90 ± 4 0,90 ± 0,04 90 000 ± 600 Ï-ÏÁÂ

In 20 100 ± 5 5,0 ± 0,3 600 ± 50 Ï-ÏÁÂ

Ï ð è ì å ÷ à í è å. Ï-ÏÁÂ — ïëàìÿ ïðîïàí – áóòàí – âîçäóõ; ÑÏ-ÀÂ — ñòåðæåíü – ïëàìÿ àöåòèëåí – âîçäóõ; ÃÏ — ãðàôè-

òîâàÿ ïå÷ü.



íèå ýêñòèíêöèè äëÿ âñåõ èññëåäîâàííûõ îáðàç-

öîâ. Ñàìûé âûñîêèé êîýôôèöèåíò ýêñòèíêöèè

áûë ïîëó÷åí äëÿ àýðîçîëåé ïî÷âû, à ñàìûé íèç-

êèé — äëÿ àýðîçîëåé Al. Èññëåäîâàëè çàâèñè-

ìîñòü àáñîëþòíîé êîíöåíòðàöèè àýðîçîëüíûõ

÷àñòèö îò èõ ðàçìåðà ïðè T = 293 Ê. Óñòàíîâëå-

íî, ÷òî ìàêñèìàëüíîå ÷èñëî àýðîçîëüíûõ ÷àñòèö

íàáëþäàåòñÿ äëÿ êàæäîãî àýðîçîëÿ ïðè îïðåäå-

ëåííîì èõ äèàìåòðå: 70 íì — äëÿ ïî÷â, 60 íì —

Ag, 80 íì — Au, 90 íì — ëàòóíü, 140 íì — Al,

100 íì — Fe, 120 íì — Zn.

Âïåðâûå îïðåäåëåíû êîýôôèöèåíòû ýêñ-

òèíêöèè ðàçëè÷íûõ àýðîçîëåé ñîëåé ìåòàëëîâ

(NaCl, CsCl, NaI, NaF, KCl, AgNO3) è îðãàíè÷å-

ñêèõ êðàñèòåëåé (ðîäàìèí 640 è HITCI). Îáðàç-

öû ðàñòâîðÿëè â äåèîíèçîâàííîé âîäå, â ñëó÷àå

îðãàíè÷åñêèõ êðàñèòåëåé èñïîëüçîâàëè âîäíî-

ýòàíîëüíûå ðàñòâîðû (1:1). Êîíöåíòðàöèè ðàñ-

òâîðîâ ñîëåé ñîñòàâëÿëè 20 – 200 ã/ë, ðàñòâîðîâ

êðàñèòåëåé — 1,0 – 5 ã/ë. Äèàìåòð ðåçîíàòîðà

d = 10 ñì, åãî äëèíà L = 80 ñì, tr — âðåìÿ ïîëíî-

ãî ïóòè (òóäà è îáðàòíî) ëàçåðíîãî èçëó÷åíèÿ â

ðåçîíàòîðå, tr = 2L/c = 5,3 íñ (c — ñêîðîñòü ñâå-

òà). Äëÿ îáðàçîâàíèÿ àýðîçîëüíûõ ÷àñòèö èñ-

ïîëüçîâàëè ïíåâìàòè÷åñêèå ðàñïûëèòåëè. Âñå

èçìåðåíèÿ ïðîâîäèëè íà äëèíàõ âîëí 615 è

635 íì. Ðåçóëüòàòû èññëåäîâàíèé äëÿ îðãàíè÷å-

ñêèõ êðàñèòåëåé ïðåäñòàâëåíû â òàáë. 7.

Ïîêàçàíî, ÷òî äëÿ âñåõ ÷àñòèö íàáëþäàåòñÿ

ìàêñèìàëüíîå çíà÷åíèå ýôôåêòèâíîñòè ýêñòèíê-

öèè íà äëèíå âîëíû ë = 615 íì. Ðåçóëüòàòû,

ïðèâåäåííûå â òàáë. 7, óêàçûâàþò, ÷òî ýôôåê-

òèâíîñòü ýêñòèíêöèè çàâèñèò îò ðàçìåðíîãî ïà-

ðàìåòðà á.

Ðåçóëüòàòû èññëåäîâàíèé äëÿ íåïîãëîùàþ-

ùèõ àýðîçîëåé, òàêèõ êàê NaCl, CsCl, NaI, NaF,

KCl, ïðåäñòàâëåíû â òàáë. 8. Âïåðâûå ïîëó÷åíû

çíà÷åíèÿ êîýôôèöèåíòà è ýôôåêòèâíîñòè ýêñ-

òèíêöèè ïðîçðà÷íûõ àýðîçîëåé ñîëåé ìåòàëëîâ

(NaCl, CsCl, NaI, NaF, KCl, AgNO3) ïðè èõ èì-

ïóëüñíîì ëàçåðíîì âîçáóæäåíèè íà äëèíàõ âîëí

580 – 660 íì è 630 íì. Ïîêàçàíî, ÷òî ýôôåêòèâ-

íîñòü ýêñòèíêöèè ÿâëÿåòñÿ ôóíêöèåé ïîêàçàòåëÿ

ïðåëîìëåíèÿ: Q âîçðàñòàåò ñ óâåëè÷åíèåì n.

Ìàêñèìàëüíûå çíà÷åíèÿ Q äëÿ ïðîçðà÷íûõ àýðî-

çîëåé ñîëåé ìåòàëëîâ ñîîòâåòñòâóþò ìèíèìàëü-

íîìó çíà÷åíèþ ðàçìåðíîãî ïàðàìåòðà á.
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Òàáëèöà 6. Ðåçóëüòàòû èññëåäîâàíèÿ ðàçëè÷íûõ àýðîçîëüíûõ ôàêåëîâ ìåòàëëîâ è ïî÷âû

Table 6. The results of studying various aerosol plumes of metals and soil

Ïàðàìåòð Al Fe Au Ag Zn Ïî÷âà

Âðåìÿ çàòóõàíèÿ ïóñòîãî ðåçîíàòîðà, ô
0
, ñ 1,41 · 10–6 1,49 · 10–6 1,5 · 10–6 1,49 · 10–6 1,5 · 10–6 1,5 · 10–6

Âðåìÿ çàòóõàíèÿ ðåçîíàòîðà ñ ïðîáîé, ô
1
, ñ 9,7 · 10–7 11,7 · 10–7 7,2 · 10–7 5,5 · 10–7 3,4 · 10–7 1,5 · 10–7

Êîýôôèöèåíò ýêñòèíêöèè ñðåäû, ó, ñì–1 1,1 · 10–6 6,12 · 10–6 24 · 10–6 35 · 10–6 77 · 10–6 200 · 10–6

Òàáëèöà 7. Ðåçóëüòàòû èññëåäîâàíèÿ àýðîçîëåé îðãàíè÷åñêèõ êðàñèòåëåé

Table 7. Results of the studying aerosols of organic dyes

Àýðîçîëü
Äëèíà

âîëíû, íì

Äèàìåòð

÷àñòèö, d, ñì

Âðåìÿ çàòóõàíèÿ

ðåçîíàòîðà

ñ ïðîáîé, ô
1
, ñ

Âðåìÿ çàòóõà-

íèÿ ïóñòîãî

ðåçîíàòîðà, ô
0
, ñ

Êîíöåíòðàöèÿ

÷àñòèö,

N, ñì–3

Ýôôåêòèâ-

íîñòü ýêñ-

òèíêöèè, Q

Ðàçìåðíûé

ïàðàìåòð,

á

Ðîäàìèí 640 615 2,75 · 10–5 9,74 · 10–7 1,16 · 10–6 2206 4,1112 1,40

635 5,75 · 10–5 1,45 · 10–6 1,5 · 10–6 64,667 4,001 2,84

HITCI 615 2,75 · 10–5 1,03 · 10–6 1,22 · 10–6 2109 4,1 1,40

635 5,25 · 10–5 1,39 · 10–6 1,42 · 10–6 101,667 1,915 2,60

Òàáëèöà 8. Ðåçóëüòàòû èññëåäîâàíèÿ íåïîãëîùàþùèõ àýðîçîëåé NaCl, CsCl, NaI, NaF, KCl, AgNO
3

Table 8. Results of studying non-absorbent aerosols NaCl, CsCl, NaI, NaF, KCl, and AgNO
3

Ïàðàìåòð NaF KCl NaCl CsCl AgNO
3

NaI

Äèàìåòð ÷àñòèö, d, íì 9,0 · 10–5 9,0 · 10–5 10,0 · 10–5 7,5 · 10–5 4,0 · 10–5 6,3 · 10–5

Âðåìÿ çàòóõàíèÿ ðåçîíàòîðà ñ ïðîáîé, ô
1
, ñ 1,2 · 10–6 1,3 · 10–6 1,4 · 10–6 1,2 · 10–6 1,3 · 10–6 1,04 · 10–6

Âðåìÿ çàòóõàíèÿ ïóñòîãî ðåçîíàòîðà, ô
0
, ñ 1,5 · 10–6 1,5 · 10–6 1,47 · 10–6 1,6 · 10–6 1,49 · 10–6 1,53 · 10–6

Êîíöåíòðàöèÿ ÷àñòèö, N, ñì–3 246,333 96 32 284 223,333 541,333

Ýôôåêòèâíîñòü ýêñòèíêöèè, Q 3,579 5,12 3,6664 5,347 2,756 6,199

Ðàçìåðíûé ïàðàìåòð, á 4,49 4,49 4,984 3,74 1,99 3,12

Ïîêàçàòåëü ïðåëîìëåíèÿ, n 1,34 1,49 1,54 1,64 1,75 1,77



Âòîðóþ ãàðìîíèêó (ë = 532 íì) Nd-YAG ëàçå-

ðà èñïîëüçîâàëè äëÿ íàêà÷êè ëàçåðà íà êðàñèòå-

ëÿõ ïðè ÷àñòîòå ïîâòîðåíèÿ 1 êÃö (E = 4 Âò).

Äëèíó âîëíû ëàçåðà íà êðàñèòåëÿõ ïåðåñòðàèâà-

ëè â äèàïàçîíå 575 – 660 íì, íî áîëüøèíñòâî èç-

ìåðåíèé âûïîëíÿëè ïðè ë = 583,5 íì (Äí �

� 1 ñì–1, E = 0,31 Âò, äëèòåëüíîñòü èìïóëüñà —

32 íñ).

Âïåðâûå áûëî èññëåäîâàíî âëèÿíèå ðàçëè÷-

íûõ àýðîçîëåé íà âðåìÿ çàòóõàíèÿ ðåçîíàòîðà.

Îáúåêòàìè èññëåäîâàíèÿ áûëè àöåòîí, ñèãàðåò-

íûé äûì, ýòèëîâûé ñïèðò, ïàðû âîäû è ãàçîâûé

ðàçðÿä. Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòà áûëà ñîç-

äàíà îïòè÷åñêàÿ ÿ÷åéêà ñ äëèíîé îïòè÷åñêîãî

ïóòè 0,8 ñì. Äèàìåòð ðåçîíàòîðà ñîñòàâëÿë 2 ñì,

åãî äëèíà — 65 ñì, tr = 2L/c = 4,313 íñ.

Áûëè ýêñïåðèìåíòàëüíî ïîëó÷åíû êîýô-

ôèöèåíòû ýêñòèíêöèè äëÿ âñåõ àýðîçîëåé:

2,06 · 10–6 ñì–1 äëÿ àòìîñôåðíîãî âîçäóõà (×Â);

2,04 · 10–6 ñì–1 äëÿ ïàðîâ âîäû (ÏÂ); 2,03 · 10–6

ñì–1 äëÿ ñïèðòà (ÝÑ); 2,37 · 10–6 ñì–1 äëÿ àöåòîíà

(À) è äëÿ äûìà ñèãàðåò (ÄÑ) 4,86 · 10–5 ñì–1

(ðèñ. 10). Ïðè ýòîì ïàðàìåòðû ëàçåðà íà êðàñè-

òåëÿõ ñîñòàâëÿëè: ë = 550,1 íì, í = 1 êÃö, P =

= 0,1 Âò [20].

Ïðè èñïîëüçîâàíèè ëàçåðà íà êóìàðèíå 307

(ë = 524 íì) îïðåäåëÿëè êîýôôèöèåíò ýêñòèíê-

öèè àòìîñôåðíîãî âîçäóõà, ðàâíûé 3,3 · 10–6 ñì–1.

Çàêëþ÷åíèå

Âîñòðåáîâàííîñòü ìåòîäîâ ëàçåðíîé ñïåêòðî-

ñêîïèè ñ àòîìèçàöèåé ïðîáû â âàêóóìå è ïðè àò-

ìîñôåðíîì äàâëåíèè äëÿ ðåøåíèÿ ñîâðåìåííûõ

àíàëèòè÷åñêèõ çàäà÷ îáóñëîâëåíà âîçìîæíîñòüþ

äîñòèæåíèÿ óëüòðàíèçêèõ ïðåäåëîâ îáíàðóæå-

íèÿ ðÿäà ýëåìåíòîâ è èññëåäîâàíèÿ ïðîöåññîâ

âîçáóæäåíèÿ è èîíèçàöèè àòîìîâ. Ñî÷åòàíèå ñòó-

ïåí÷àòîãî ëàçåðíîãî âîçáóæäåíèÿ àòîìà è àòîìè-

çàöèè ïðîáû â ïëàìåíè ïðîäåìîíñòðèðîâàíî äëÿ

îïðåäåëåíèÿ ýëåìåíòîâ â àëþìèíèåâûõ ñïëàâàõ,

ïîëóïðîâîäíèêîâûõ ìàòåðèàëàõ, ôòîðèäíûõ ìà-

òåðèàëàõ äëÿ âîëîêîííîé îïòèêè è äðóãèõ îáúåê-

òàõ. Ìû òàêæå èñïîëüçîâàëè êîìáèíèðîâàííûé

àòîìèçàòîð ñòåðæåíü – ïëàìÿ è ãðàôèòîâóþ

ïå÷ü: äëÿ ìíîãèõ ýëåìåíòîâ â ãðàôèòîâûõ ïå÷àõ

÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ â 100 – 1000 ðàç

âûøå, ÷åì â ïëàìåíè.

Ìåòîäîì ÂÐËÑ èññëåäîâàíû õàðàêòåðèñòèêè

ðàçëè÷íûõ àýðîçîëåé: ðàñïðåäåëåíèå ÷àñòèö ïî

ðàçìåðàì, êîýôôèöèåíòû è ýôôåêòèâíîñòè ýêñ-

òèíêöèè. Ïîêàçàíà çàâèñèìîñòü àáñîëþòíîé êîí-

öåíòðàöèè ÷àñòèö àýðîçîëÿ îò èõ ðàçìåðà.

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò ïðèçíàòåëüíîñòü Î. È. Ìàò-

âååâó çà ïëîäîòâîðíîå ñîòðóäíè÷åñòâî è ïîä-

äåðæêó ðàáîòû.
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Áðîíçîâûå ñïëàâû áëàãîäàðÿ ñâîåé óñòîé÷èâîñòè ê ìåõàíè÷åñêîìó èñòèðàíèþ è âûñîêîé

êîððîçèîííîé ñòîéêîñòè ïðèìåíÿþò äëÿ èçãîòîâëåíèÿ äåòàëåé ìàøèí è ìåõàíèçìîâ, èñ-

ïûòûâàþùèõ òðåíèå â ïðîöåññå ýêñïëóàòàöèè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëå-

äîâàíèÿ óäàðíî-âîëíîâîãî íàãðóæåíèÿ íà ñòðóêòóðó è ñâîéñòâà áðîíçîâûõ ñïëàâîâ ìàðîê

ÁðÀÆ9-4 è ÁðÀÌö9-2. Ýêñïåðèìåíòû ïî óäàðíî-âîëíîâîìó íàãðóæåíèþ ïðîâîäèëè ìåòî-

äàìè ìåòàíèÿ ïëàñòèíû-óäàðíèêà íà öèëèíäðè÷åñêèå îáðàçöû è îáæàòèÿ ñêîëüçÿùåé äå-

òîíàöèîííîé âîëíîé. Ìåòîä ìåòàíèÿ ïëàñòèíû-óäàðíèêà, ðàçîãíàííîé ýíåðãèåé âçðûâà,

÷àñòî èñïîëüçóþò äëÿ îïðåäåëåíèÿ îòêîëüíîé ïðî÷íîñòè ìàòåðèàëîâ, ìåòîä îáæàòèÿ ñêî-

ëüçÿùåé äåòîíàöèîííîé âîëíîé — äëÿ ñîçäàíèÿ áîëüøèõ äèíàìè÷åñêèõ äàâëåíèé âíóòðè

ìàòåðèàëà. Ïîêàçàíî, ÷òî ïðè ñêîðîñòè ìåòàíèÿ ïëàñòèíû-óäàðíèêà 2,4 êì/ñ äàâëåíèå ñî-

óäàðåíèÿ ïëàñòèíû ñ îáðàçöîì ñîñòàâëÿåò 15 – 16 ÃÏà, ÷òî ïðåâûøàåò îòêîëüíóþ ïðî÷-

íîñòü áðîíçû. Ïðè òàêèõ óñëîâèÿõ íàãðóæåíèÿ òâåðäîñòü áðîíçû ïîâûøàåòñÿ íà 53 è 25 %

äëÿ ÁðÀÆ9-4 è ÁðÀÌö9-2 ñîîòâåòñòâåííî. Èññëåäîâàíèÿ ìèêðîñòðóêòóðû ñ ïîìîùüþ ñêà-

íèðóþùåé ýëåêòðîííîé è îïòè÷åñêîé ìèêðîñêîïèè âûÿâèëè ìíîæåñòâåííûå òðåùèíû è

ìèêðîïîðû íà ïîâåðõíîñòè ïîïåðå÷íûõ øëèôîâ, ôîðìèðóþùèå çîíó îòêîëüíîãî ðàçðóøå-

íèÿ è îáëàñòè, ïåðåõîäÿùèå â ïîëîñû ëîêàëèçîâàííîé äåôîðìàöèè. Êðîìå òîãî, óñòàíîâ-

ëåíî, ÷òî ïðè íàãðóæåíèè ïëàñòèíîé-óäàðíèêîì îáðàçöîâ â îáîéìå è áåç íåå íàáëþäàåòñÿ

áîëüøåå êîëè÷åñòâî òðåùèí è îáëàñòåé ñäâèãà. Â ñëó÷àå îáæàòèÿ ñêîëüçÿùåé äåòîíàöèîí-

íîé âîëíîé ñ ðàçíîé âåëè÷èíîé çàðÿäà âçðûâ÷àòîãî âåùåñòâà îòìå÷åíû íåáîëüøèå äåôåê-

òû â ñòðóêòóðå ó ãðàíèö çåðåí. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû äëÿ ñî-

çäàíèÿ òåõíîëîãèé ìîäèôèêàöèè è âîññòàíîâëåíèÿ ñâîéñòâ áðîíçîâûõ äåòàëåé, ïîäâåð-

æåííûõ óäàðíî-âîëíîâîìó ðàçðóøåíèþ.

Êëþ÷åâûå ñëîâà: áðîíçîâûå ñïëàâû; óäàðíàÿ âîëíà; ïëàñòè÷åñêàÿ äåôîðìàöèÿ; ìèêðî-

ñòðóêòóðà; îòêîëüíîå ðàçðóøåíèå.
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Bronze alloys, due to their resistance to mechanical abrasion and high corrosion resistance, are used for

the manufacture of machine parts and mechanisms that are subject to friction during operation. We pres-

ent the results of studying the effect of shock-wave loading on the structure and properties of bronze al-

loys of grades BrAZh9-4 and BrAMts9-2. Shock-wave loading experiments were carried out by throwing

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6 35



the flyer plate onto cylindrical samples and compressing by a sliding detonation wave. The method of

throwing a flyer plate accelerated by the energy of an explosion is often used to determine the spall

strength of materials and the method of compression by a sliding detonation wave is used to create a large

dynamic pressure inside the material. It is shown that at a throwing speed of a flyer plate of 2.4 km/sec,

the impact pressure of the plate with the sample is 15 – 16 GPa, which exceeds the bronze shear strength.

Under indicated loading conditions, the hardness of bronze increases by 53 and 25% for BrAZh9-4 and

BrAMts9-2, respectively. Studies of the microstructure using scanning electron and optical microscopy re-

vealed multiple cracks and micropores present on the surface of transverse sections forming a zone of spall

fracture and areas turning into bands of localized deformation. Moreover, it is shown that when the sam-

ples are loaded with a flyer plate in a clip and without it, a greater number of cracks and shear areas are

observed. Compression by a sliding detonation wave with a different amount of explosive charge revealed

small defects present in the structure at the grain boundaries. The results obtained can be used to devel-

oped technologies for modifying and restoring the properties of bronze parts subject to shock-wave de-

struction.

Keywords: bronze alloys; shock wave; plastic deformation; microstructure; spall fracture.

Ââåäåíèå

Áðîíçîâûå ñïëàâû øèðîêî èñïîëüçóþò â ñó-

äî- è ìàøèíîñòðîåíèè äëÿ èçãîòîâëåíèÿ äåòàëåé,

ðàáîòàþùèõ â óñëîâèÿõ ñèëüíîãî òðåíèÿ è êîððî-

çèè (êîðïóñîâ íàñîñîâ, ãðåáíûõ âèíòîâ, êëàïà-

íîâ, òðóá òåïëîîáìåííèêîâ è äð.). Îòìåòèì, ÷òî

ñïëàâû ÁðÀÆ9-4 è ÁðÀÌö9-2, îáëàäàþùèå âû-

ñîêîé óñòîé÷èâîñòüþ ê ìåõàíè÷åñêîìó èñòèðà-

íèþ è êîððîçèîííîé ñòîéêîñòüþ â ìîðñêîé âîäå,

ñëóæàò îñíîâíûì ìàòåðèàëîì äëÿ ïðîèçâîäñòâà

ãðåáíûõ âèíòîâ, íàèáîëåå ðàñïðîñòðàíåííàÿ

ïðîáëåìà êîòîðûõ — ðàçðóøåíèå îòêîëüíîãî

òèïà â ðåçóëüòàòå âîçäåéñòâèÿ êàâèòàöèîííîé

ýðîçèè [1 – 7]. Ïðè ýòîì ïðîöåññ ðàçâèòèÿ ðàçðó-

øåíèÿ ìàòåðèàëà ïðè âîçäåéñòâèè êàâèòàöèîí-

íîé ýðîçèè ìîæíî ðàññìîòðåòü ñ òî÷êè çðåíèÿ

âîçäåéñòâèÿ óäàðíûõ âîëí, îáðàçóþùèõñÿ ïðè

ðàçðûâå ïàðîâûõ ïóçûðüêîâ â æèäêîñòè [8 – 13].

Óäàðíî-âîëíîâîå íàãðóæåíèå — ðàñïðîñòðà-

íåííûé ñïîñîá âûñîêîýíåðãåòè÷åñêîãî âîçäåé-

ñòâèÿ íà ìåòàëëû è ñïëàâû. Âëèÿíèå óäàðíûõ

âîëí íà ìàòåðèàë ñîçäàåò çíà÷èòåëüíîå ïîâûøå-

íèå åãî ïðî÷íîñòè. Ïðè äåòîíàöèè âçðûâ÷àòîãî

âåùåñòâà (ÂÂ) óäàðíûå âîëíû ðàñïðîñòðàíÿþòñÿ

íàâñòðå÷ó è ïîä óãëàìè äðóã ê äðóãó, ñîçäàâàÿ

âûñîêèå äàâëåíèÿ. Ñòðóêòóðà ìåòàëëîâ è ñïëà-

âîâ ïðè óäàðíî-âîëíîâîì íàãðóæåíèè íåèçáåæíî

ïîäâåðãàåòñÿ èçìåíåíèþ, è íà ýòî âëèÿþò íå-

ñêîëüêî ôàêòîðîâ: âûñîêîå äàâëåíèå, âûñîêîñêî-

ðîñòíàÿ äåôîðìàöèÿ, ðàñòÿãèâàþùèå íàïðÿæå-

íèÿ ïðè ðàçãðóçêå, ïîâûøåíèå òåìïåðàòóðû

[14]. Îäíàêî íàãðóæåíèå óäàðíûìè âîëíàìè çà-

÷àñòóþ ñîïðîâîæäàåòñÿ ðàçðóøåíèåì ìàòåðèàëà.

Ïîñêîëüêó áðîíçà — ñïëàâ íà îñíîâå ìåäè,

ïðè âîçäåéñòâèè óäàðíûõ âîëí îò ýíåðãèè âçðû-

âà îíà íå èñïûòûâàåò ôàçîâûõ ïðåâðàùåíèé.

Ïîâåäåíèå áðîíçîâûõ ìàòåðèàëîâ ïðèíÿòî ñ÷è-

òàòü êëàññè÷åñêè ãèäðîäèíàìè÷åñêèì, òàê êàê îò-

ñóòñòâóåò ïðåäâåñòíèê ðàçðóøåíèÿ [15].

Îñíîâíîé ìåõàíèçì ðàçâèòèÿ ïëàñòè÷åñêîé

äåôîðìàöèè â áðîíçå ñ ïîëèêðèñòàëëè÷åñêîé

ñòðóêòóðîé — ñêîëüæåíèå. Äâîéíèêîâàíèå â

ñòðóêòóðå áðîíçû ïðè âûñîêîñêîðîñòíîé ïëàñòè-

÷åñêîé äåôîðìàöèè èãðàåò âòîðîñòåïåííóþ ðîëü.

Íàãðóæåíèå ìåäíûõ ñïëàâîâ óäàðíûìè âîëíàìè

ñ äàâëåíèåì äî 25 ÃÏà íå ìåíÿåò èõ âíóòðåííþþ

ìèêðîñòðóêòóðó [16]. Âìåñòå ñ òåì ïðè äàííîì

óðîâíå èìïóëüñíîé íàãðóçêè ìîæåò íàáëþäàòüñÿ

îáðàçîâàíèå îòêîëüíîé ïîâðåæäàåìîñòè è ïîëîñ

ëîêàëèçîâàííîé äåôîðìàöèè, à òàêæå çàðîæ-

äåíèå ïîð âíóòðè ïîëîñ ëîêàëèçîâàííîé äåôîð-

ìàöèè. Ýòî ïðîèñõîäèò âî âðåìÿ ðàñïðîñòðàíå-

íèÿ âîëí ðàçãðóçêè, êîãäà óäàðíûå âîëíû âûõî-

äÿò íà ñâîáîäíûå ïîâåðõíîñòè îáðàçöà. Âîëíû

ðàçãðóçêè ñîçäàþò â ìàòåðèàëå îáëàñòè áîëüøèõ

ðàñòÿãèâàþùèõ íàïðÿæåíèé, ïðåâûøàþùèõ åãî

äèíàìè÷åñêóþ ïðî÷íîñòü, òåì ñàìûì îáðàçóÿ

ìèêðîïîðû.

Â íàñòîÿùåå âðåìÿ íàêîïëåíî äîñòàòî÷íî

ýêñïåðèìåíòàëüíûõ äàííûõ (ïîðû âíóòðè ïîëîñ

ñäâèãà, èõ ðàñïðîñòðàíåíèå ïî íåäåôîðìèðîâàí-

íîìó ìàòåðèàëó, îòñóòñòâèå íàäåæíîãî ýêñïåðè-

ìåíòàëüíîãî ïîäòâåðæäåíèÿ ðàçóïðî÷íåíèÿ),

ïðîòèâîðå÷àùèõ òðàäèöèîííîé òåðìîïëàñòè÷å-

ñêîé ìîäåëè îïèñàíèÿ ëîêàëèçàöèè äåôîðìàöèè

ïðè óäàðíî-âîëíîâîì íàãðóæåíèè áðîíçû [15].

Êðîìå òîãî, òåðìîïëàñòè÷åñêàÿ ìîäåëü íå ïîçâî-

ëÿåò îöåíèòü âîçíèêíîâåíèå ëîêàëèçàöèè äåôîð-

ìàöèè â óçêèõ ïîëîñàõ, êîãäà ñîñåäíèé ìàòåðèàë

íå äåôîðìèðóåòñÿ. Ïîýòîìó çà îñíîâó ïðèíÿëè

îòêîëüíóþ ìîäåëü. Çàìåòèì, ÷òî ñâåäåíèÿ î ïðî-

öåññàõ ðàçâèòèÿ îòêîëüíîãî ðàçðóøåíèÿ ïðè

óäàðíî-âîëíîâîì íàãðóæåíèè áðîíçîâûõ ñïëàâîâ

â ëèòåðàòóðå îòñóòñòâóþò.

Öåëü ðàáîòû — èññëåäîâàíèå ìèêðîñòðóêòó-

ðû è ìèêðîòâåðäîñòè áðîíçîâûõ ñïëàâîâ ïîñëå

óäàðíî-âîëíîâîãî íàãðóæåíèÿ, âûçûâàþùåãî îá-

ðàçîâàíèå îòêîëüíûõ òðåùèí è ïîëîñ ëîêàëèçî-

âàííîé äåôîðìàöèè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Óäàðíî-âîëíîâîå íàãðóæåíèå îáðàçöîâ èç

áðîíçû îñóùåñòâëÿëè äâóìÿ ñïîñîáàìè: ñ ïî-

ìîùüþ ìåòàíèÿ ïëàñòèíû-óäàðíèêà è îáæàòèÿ
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ñêîëüçÿùåé äåòîíàöèîííîé âîëíîé (ðèñ. 1). Ìå-

òàíèå ïëàñòèíû-óäàðíèêà øèðîêî èñïîëüçóþò

äëÿ îïðåäåëåíèÿ äèíàìè÷åñêîé ïðî÷íîñòè ìàòå-

ðèàëîâ, îáæàòèå ñêîëüçÿùåé äåòîíàöèîííîé âîë-

íîé — äëÿ ñîçäàíèÿ âûñîêèõ äàâëåíèé ïî âñåé

ïëîùàäè ñîïðèêîñíîâåíèÿ ÂÂ ñ îáðàçöîì.

Èññëåäóåìûå îáðàçöû èç ìàðîê áðîíçû

ÁðÀÆ9-4 è ÁðÀÌö9-2 èìåëè öèëèíäðè÷åñêóþ

ôîðìó (âûñîòà — 40 ìì, äèàìåòð — 25 ìì). Â êà-

÷åñòâå ÂÂ èñïîëüçîâàëè àììîíèò 6ÆÂ (ñêîðîñòü

äåòîíàöèè — 3600 – 4800 ì/ñ). Õèìè÷åñêèé ñî-

ñòàâ áðîíçû ïðåäñòàâëåí â òàáëèöå.

Â êà÷åñòâå ïëàñòèíû-óäàðíèêà ïðèìåíÿëè

àëþìèíèåâóþ ïëàñòèíó èç ñïëàâà ìàðêè Ä16

(âûñîòà — 2 ìì, äèàìåòð — 45 ìì, ìàññà — 10 ã).

Íà ïëàñòèíó óñòàíàâëèâàëè çàðÿä ÂÂ íàñûïíîé

ïëîòíîñòè (âûñîòà çàðÿäà — 55 ìì, ìàññà —

75 ã). Îáðàçåö ïîìåùàëè â îáîéìó èç íåðæàâåþ-

ùåé ñòàëè öèëèíäðè÷åñêîé ôîðìû (äèàìåòð —

45 ìì). Ïðîâîäèëè òàêæå èñïûòàíèÿ áåç îáîéìû.

Îáæàòèå ñêîëüçÿùåé äåòîíàöèîííîé âîëíîé îñó-

ùåñòâëÿëîñü íàñûïíûì çàðÿäîì àììîíèòà 6ÆÂ

(âûñîòà çàðÿäà — 45 ìì, âûñîòà çàðÿäà ïî áîêî-

âûì ãðàíÿì — 30 ìì, ìàññà çàðÿäà — 290 ã). Êðî-

ìå òîãî, ýêñïåðèìåíòû ïî îáæàòèþ ïðîâîäèëè ñ

âûñîòîé çàðÿäà ïî áîêîâûì ãðàíÿì 40 ìì (ìàññà

çàðÿäà — 490 ã).

Ïîñëå ýêñïåðèìåíòîâ îáðàçöû ïîäãîòàâëèâà-

ëè äëÿ ìåòàëëîãðàôè÷åñêèõ èññëåäîâàíèé ïóòåì

èçãîòîâëåíèÿ èç íèõ ïðîäîëüíûõ øëèôîâ (îòíî-

ñèòåëüíî íàïðàâëåíèÿ ðàñïðîñòðàíåíèÿ óäàðíûõ

âîëí îò òî÷êè äåòîíàöèè). Ìèêðîñòðóêòóðó øëè-

ôîâ èññëåäîâàëè íà àâòîýìèññèîííîì ñêàíèðóþ-

ùåì ýëåêòðîííîì ìèêðîñêîïå ñâåðõâûñîêîãî ðàç-

ðåøåíèÿ Zeiss Ultra plus íà áàçå Ultra 55 è îïòè-

÷åñêîì ìèêðîñêîïå ÌÅÒÀÌ ËÂ-34. Ìèêðîòâåð-

äîñòü îïðåäåëÿëè íà ìèêðîòâåðäîìåðå ÏÌÒ-3

ïðè íàãðóçêå 100 ã.

Îáñóæäåíèå ðåçóëüòàòîâ

Ñêîðîñòü ìåòàíèÿ ïëàñòèíû-óäàðíèêà ðàñ-

ñ÷èòûâàëè ñ èñïîëüçîâàíèåì ôîðìóëû Ãàðíè

[17]:
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, (1)

ãäå r — îòíîøåíèå ìàññû ÂÂ ê ìàññå ìåòàåìîé

ïëàñòèíû; EG — ýíåðãèÿ Ãàðíè, åå çíà÷åíèÿ èç-

âåñòíû äëÿ ðàçëè÷íûõ òèïîâ ÂÂ (äëÿ àììîíèòà

6ÆÂ 2EG
= 1,83 êì/ñ).

Ðàññ÷èòàííàÿ ïî (1) ñêîðîñòü V ñîñòàâèëà

2,4 êì/ñ. Ýòî ìàêñèìàëüíàÿ ñêîðîñòü, êîòîðàÿ ìî-

æåò áûòü äîñòèãíóòà äî ñòîëêíîâåíèÿ ïëàñòèíû ñ

îáðàçöîì.

Ïî ñêîðîñòè ìåòàíèÿ ïëàñòèíû-óäàðíèêà

ìîæíî îïðåäåëèòü èñïûòûâàåìîå îáðàçöîì äàâ-

ëåíèå ïðè ñîóäàðåíèè. Äàâëåíèå ïðè ñîóäàðåíèè

îáðàçöà ñ ïëàñòèíîé-óäàðíèêîì îöåíèâàëè ïî

ôîðìóëå [18]
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, (2)

ãäå v0 — ñêîðîñòü ñîóäàðåíèÿ; ñ1, ñ2 è ��1
, ��2

—

íà÷àëüíûå ïëîòíîñòè ïëàñòèí è ïëîòíîñòè ïðè

äàâëåíèè pk.

Ôîðìóëà (2) èñïîëüçóåòñÿ â ñëó÷àå íîðìàëü-

íîãî ñîóäàðåíèÿ ïðè ñâàðêå âçðûâîì äâóõ ïëà-

ñòèí, êîãäà â ìîìåíò óäàðà ïëàñòèíû ñîïðèêàñà-

þòñÿ ïî âñåé ïëîùàäè îäíîâðåìåííî è îò êîí-

òàêòíîé ïîâåðõíîñòè ðàñïðîñòðàíÿþòñÿ ïëîñêèå

óäàðíûå âîëíû, ÷òî ïîäõîäèò è äëÿ äàííîãî ýêñ-

ïåðèìåíòà.

Ðàññ÷èòàòü äàâëåíèå ñîóäàðåíèÿ ïëàñòèíû-

óäàðíèêà ñ áðîíçîâîé ïðåãðàäîé ìîæíî, åñëè çà-
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à á

Ðèñ. 1. Ñõåìû èñïûòàíèé: à — ìåòàíèå ïëàñòèíû-óäàð-

íèêà; á — îáæàòèå ñêîëüçÿùåé äåòîíàöèîííîé âîëíîé

(1 — äåòîíàòîð; 2 — çàðÿä ÂÂ; 3 — ïëàñòèíà-óäàðíèê;

4 — îáîéìà; 5 — îáðàçåö)

Fig. 1. Experimental schemes: a — throwing of the flyer

plate; b — compression by a sliding detonation wave (1 —

detonator; 2 — explosive charge; 3 — flyer plate; 4 — clip;

5 — sample)

Õèìè÷åñêèé ñîñòàâ áðîíç, %

Chemical composition of bronzes, %

Ñïëàâ Al Fe Ni Zn Mn Cu

ÁðÀÆ9-4 8,2 2,5 — 0,05 — Îñò.

ÁðÀÌö9-2 8,7 0,35 0,46 0,26 1,6 Îñò.



äàíû ñêîðîñòü v0 è óðàâíåíèå ñîñòîÿíèÿ ìåòàë-

ëîâ. Óäàðíûå àäèàáàòû èçâåñòíû äëÿ áîëüøèí-

ñòâà ìåòàëëîâ â äèàïàçîíå äàâëåíèé äî 400 ÃÏà.

Îòìåòèì, ÷òî óðàâíåíèÿ ñîñòîÿíèÿ ìåòàëëîâ

èìåþò â íåêîòîðîé òî÷êå p èçëîì, ñîîòâåòñòâó-

þùèé ïåðåõîäó ñðåäû èç óïðóãîãî â ïëàñòè÷å-

ñêîå ñîñòîÿíèå.

Óðàâíåíèÿ ñîñòîÿíèÿ ìåòàëëîâ äëÿ ïëàñòè-

íû-óäàðíèêà è ïðåãðàäû èìåþò ñëåäóþùèé âèä:
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, (3)

ãäå A1, A2 — ïîñòîÿííûå ðàçìåðíîñòè äàâëåíèÿ;

n1, n2 — áåçðàçìåðíûå êîíñòàíòû.

Äàâëåíèå ñîóäàðåíèÿ ïëàñòèíû-óäàðíèêà ñ

áðîíçîâûì îáðàçöîì, ðàññ÷èòàííîå ïî ôîðìóëàì

(2) è (3), ñîñòàâèëî 15 – 16 ÃÏà. Çàìåòèì, ÷òî ýòî

çíà÷åíèå â íåñêîëüêî ðàç ïðåâûøàåò îòêîëüíóþ

ïðî÷íîñòü áðîíçû.

Ìèêðîòâåðäîñòü îïðåäåëÿëè íà ïîïåðå÷íûõ

øëèôàõ îáðàçöîâ. Ðåçóëüòàòû èçìåðåíèé ïî-

êàçàëè îòñóòñòâèå ðàçíèöû â èçìåíåíèè ìè-

êðîòâåðäîñòè â çàâèñèìîñòè îò óäàëåíèÿ îò ïî-

âåðõíîñòè ñîóäàðåíèÿ ñ ïëàñòèíîé-óäàðíèêîì.

Ïî ñðàâíåíèþ ñ ìèêðîòâåðäîñòüþ â èñõîäíîì ñî-

ñòîÿíèè åå çíà÷åíèå ïîñëå óäàðíîãî íàãðóæåíèÿ

â áðîíçàõ ÁðÀÆ9-4 è ÁðÀÌö9-2 óâåëè÷èëîñü íà

53 è 25 % ñîîòâåòñòâåííî (äëÿ ÁðÀÆ9-4 èñõîäíàÿ

ìèêðîòâåðäîñòü — 190 HV, ïîñëå ñîóäàðåíèÿ —

290 HV; äëÿ ÁðÀÌö9-2 èñõîäíàÿ ìèêðîòâåð-

äîñòü — 180, ïîñëå ñîóäàðåíèÿ — 225 HV).

Ïîñëå óäàðíî-âîëíîâîãî íàãðóæåíèÿ îáðàç-

öîâ (ïðè ìåòàëëîãðàôè÷åñêîì èññëåäîâàíèè) âû-

ÿâèëè áîëüøîå êîëè÷åñòâî îáðàçîâàâøèõñÿ òðå-

ùèí. Ïðè óäàðå ïëàñòèíîé íàõîäÿùèåñÿ â îáîé-

ìå îáðàçöû èç ÁðÀÆ9-4 è ÁðÀÌö9-2 íå èçìåíè-

ëè ñâîþ ôîðìó, íî ïðèîáðåëè ìíîæåñòâåííûå âè-

äèìûå äåôåêòû â ñòðóêòóðå. Ìèêðîòðåùèíû

îòëè÷àëèñü âûñîêîé äèñêðåòíîñòüþ è íàëè÷èåì

áîëüøîãî êîëè÷åñòâà ïîð ïî ñðàâíåíèþ ñ îáðàç-

öàìè ïîñëå îáæàòèÿ.

Íà ðèñ. 2 ïðèâåäåíû òðàâëåííûå ïîâåðõíî-

ñòè øëèôîâ ñïëàâîâ ÁðÀÆ9-4 è ÁðÀÌö9-2 ïîñëå

ìåòàíèÿ ïëàñòèíû-óäàðíèêà íà îáðàçöû â îáîé-

ìå. Â ìèêðîñòðóêòóðå ÁðÀÆ9-4 ïðîñëåæèâàåòñÿ

ôîðìèðîâàíèå íåáîëüøèõ ó÷àñòêîâ ñ ïîëîñàìè

ñäâèãà, à ìèêðîñòðóêòóðà ÁðÀÌö9-2 îòëè÷àåòñÿ

áîëüøèì êîëè÷åñòâîì îáðàçîâàâøèõñÿ ïîëîñ. Õà-

ðàêòåð äåôîðìàöèîííîé ñòðóêòóðû ñâèäåòåëüñò-

âóåò î òîì, ÷òî âûñîêîñêîðîñòíàÿ ïëàñòè÷åñêàÿ

äåôîðìàöèÿ áðîíçû íà ìàêðîóðîâíå îñóùåñòâëÿ-

åòñÿ ñêîëüæåíèåì, ïðè÷åì íàëè÷èå â ñòðóêòóðå

ãðóáûõ ñëåäîâ ñêîëüæåíèÿ óêàçûâàåò íà ïîâû-

øåííóþ ëîêàëèçàöèþ ïëàñòè÷åñêîé äåôîðìà-

38 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6

à á

â ã

Ðèñ. 2. Òðàâëåííûå ïîâåðõíîñòè øëèôîâ ñïëàâîâ ÁðÀÆ9-4 (à, â) è ÁðÀÌö9-2 (á, ã) ïîñëå ìåòàíèÿ ïëàñòèíû-óäàðíèêà

íà îáðàçöû â îáîéìå

Fig. 2. Etched surfaces of grinding alloys BrAZh9-4 (a, c) and BrAMts9-2 (b, d) after throwing the flyer plate onto the samples

in the clip



öèè. Îäíîâðåìåííîå äåéñòâèå íåñêîëüêèõ ñèñòåì

ñêîëüæåíèÿ â îäíîì çåðíå â óñëîâèÿõ óäàðíîãî

íàãðóæåíèÿ óêàçûâàåò íà òî, ÷òî ïðèâåäåííîå

ñäâèãîâîå íàïðÿæåíèå äîñòèãàåò êðèòè÷åñêîãî

çíà÷åíèÿ â íåñêîëüêèõ ñèñòåìàõ íåçàâèñèìî îò

âåëè÷èíû â íèõ ôàêòîðà Øìèäà [19].

Ïðè óäàðå àëþìèíèåâîé ïëàñòèíîé-óäàðíè-

êîì ïî îáðàçöàì áðîíçû áåç îáîéìû öèëèíäðû

ìåíÿëè ôîðìó â âåðõíåé ÷àñòè, íà êîòîðóþ ïðè-

õîäèëñÿ óäàð, íà «ãðèáîâèäíóþ» (ðèñ. 3). Íà

øëèôàõ òàêæå ôèêñèðîâàëè áîëüøîå êîëè÷åñòâî

âèäèìûõ òðåùèí, ðàñïîëîæåííûõ âäîëü íàïðàâ-

ëåíèÿ ðàñïðîñòðàíåíèÿ óäàðíîé âîëíû.

Îòìåòèì, ÷òî òðåùèíû ðàñïðîñòðàíÿþòñÿ íå

òîëüêî ïî «óÿçâèìûì» ìåñòàì çåðåííîé ñòðóêòó-

ðû, ò.å. âäîëü åå ãðàíèö, íî è âäîëü ñàìèõ çåðåí,

÷òî ñâèäåòåëüñòâóåò î áîëåå ñèëüíîì íàãðóæåíèè

ïëàñòèíîé ïðè ñîóäàðåíèè ñ îáðàçöàìè áåç îáîé-

ìû. Ñòðóêòóðà øëèôîâ îòëè÷àåòñÿ áîëüøèì êî-

ëè÷åñòâîì ìèêðîïîð ãîðàçäî áîëüøèõ ðàçìåðîâ

(äî 60 – 70 ìêì) ðÿäîì ñ òðåùèíàìè (ðèñ. 4).

Îäíàêî ïëîñêàÿ óäàðíàÿ âîëíà, ïðîõîäÿùàÿ ÷å-

ðåç ìàòåðèàë áðîíçû, íå ìåíÿåò åå çåðåííóþ

ìèêðîñòðóêòóðó, ðàçìåð è ôîðìà çåðåí â ñðàâíå-

íèè ñ ìèêðîñòðóêòóðîé èñõîäíûõ îáðàçöîâ îñòà-

þòñÿ ïðåæíèìè.
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Ðèñ. 3. Ñîõðàíåííûå îáðàçöû áðîíçû ïîñëå ñîóäàðåíèÿ

ñ ïëàñòèíîé-óäàðíèêîì áåç îáîéìû

Fig. 3. The preserved bronze samples after the impact of

the flyer plate without a clip

à á

Ðèñ. 4. Òðàâëåííûå ïîâåðõíîñòè øëèôîâ ñïëàâîâ ÁðÀÆ9-4 (à) è ÁðÀÌö9-2 (á) ïîñëå ìåòàíèÿ ïëàñòèíû-óäàðíèêà íà îá-

ðàçöû áåç îáîéìû, ïîëó÷åííûå íà îïòè÷åñêîì ìèêðîñêîïå

Fig. 4. Etched surfaces of grinding alloys BrAZh9-4 (a) and BrAMts9-2 (b) after throwing the flyer plate onto the samples

without a clip (optical microscopy)

à á

Ðèñ. 5. Òðàâëåííûå ïîâåðõíîñòè øëèôîâ ñïëàâîâ ÁðÀÆ9-4 (à) è ÁðÀÌö9-2 (á) ïîñëå îáæàòèÿ ñêîëüçÿùåé äåòîíàöèîí-

íîé âîëíîé (çàðÿä ÂÂ — 290 ã)

Fig. 5. Etched surfaces of grinding alloys BrAZh9-4 (a) and BrAMts9-2 (b) after compression by a sliding detonation wave (ex-

plosive charge — 290 g)



Ïîñëå îáæàòèÿ ñêîëüçÿùåé äåòîíàöèîííîé

âîëíîé îáðàçöû ñ çàðÿäàìè ÂÂ 290 è 490 ã îñòà-

ëèñü ñïëîøíûìè. Íàãðóæåíèå îáðàçöîâ óäàðíû-

ìè âîëíàìè ñ ðàçíûõ ñòîðîí è ðàçíîé âåëè÷èíîé

íàïðÿæåíèé íå ïðèâåëî ê îáðàçîâàíèþ ìíîæåñò-

âåííûõ îòêîëüíûõ òðåùèí. Óäàðíûå âîëíû, ïðî-

õîäÿùèå ÷åðåç ñïëîøíîé öèëèíäðè÷åñêèé îáðà-

çåö, ðàñïðîñòðàíÿëèñü íàâñòðå÷ó äðóã ê äðóãó è

ãàñèëèñü âñëåäñòâèå îòñóòñòâèÿ ñâîáîäíûõ ïî-

âåðõíîñòåé. Ïðåèìóùåñòâåííî, ôèêñèðîâàëè íà-

ëè÷èå ìèêðîïîð â îáëàñòÿõ ãðàíèö çåðåí è íå-

áîëüøèõ ìèêðîðàçðûâîâ âäîëü ãðàíèö â ìèêðî-

ñòðóêòóðå ÁðÀÌö9-2 (ðèñ. 5).

Èç ìåòàëëîãðàôè÷åñêèõ èñïûòàíèé ìîæíî

ñäåëàòü âûâîä î ðàçâèòèè ðàçðóøåíèé ïðè ðàç-

íûõ ìåòîäàõ è óðîâíÿõ íàãðóæåíèÿ. Ðàçðóøå-

íèå — ñëåäñòâèå âçàèìîäåéñòâèÿ ïðÿìîé è îá-

ðàòíîé âîëí ðàçãðóçêè, îòðàæåííûõ îò ñâîáîä-

íûõ ïîâåðõíîñòåé, è ïðè èõ îòñóòñòâèè, êàê â

ñëó÷àå îáæàòèÿ îáðàçöîâ ñêîëüçÿùåé äåòîíàöè-

îííîé âîëíîé, âíå çàâèñèìîñòè îò âåëè÷èíû çà-

ðÿäà ÂÂ ýòî ïðèâîäèò òîëüêî ê îáðàçîâàíèþ ìèê-

ðîïîð è íåáîëüøèõ ìèêðîðàçðûâîâ. Ïðè íàëè-

÷èè ñâîáîäíûõ ïîâåðõíîñòåé ó îáðàçöîâ â ñëó÷àå

ìåòàíèÿ ïëàñòèíû-óäàðíèêà íà îáðàçöû â îáîé-

ìå èëè áåç íåå ôîðìèðóþòñÿ ìèêðîòðåùèíû èç

ðàçðîçíåííûõ ìèêðîðàçðûâîâ, êîòîðûå, êàê ïðà-

âèëî, ðàçâèâàþòñÿ èç ìèêðîïîð. Òåì ñàìûì ìèê-

ðîïîðû äàþò íà÷àëî ðàñïðîñòðàíåíèþ ìèêðîòðå-

ùèí ïðè íàïðÿæåíèÿõ, äîñòèãàþùèõ íåêîòîðîé

êðèòè÷åñêîé âåëè÷èíû. Âî âñåõ ñëó÷àÿõ îáíàðó-

æåííûå ìèêðîòðåùèíû îáðàçóþòñÿ ïàðàëëåëüíî

ñâîáîäíûì ïîâåðõíîñòÿì è ðàñïîëàãàþòñÿ íà

ðàçíûõ îò íèõ ðàññòîÿíèÿõ, ôîðìèðóÿ çîíó îò-

êîëüíîãî ðàçðóøåíèÿ.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî

ïîä äåéñòâèåì óäàðíî-âîëíîâîãî íàãðóæåíèÿ ïðè

ìåòàíèè ïëàñòèíû-óäàðíèêà è îáæàòèÿ ñêîëüçÿ-

ùåé äåòîíàöèîííîé âîëíîé ïðîèñõîäèò ñèëüíàÿ

ëîêàëèçàöèÿ ïëàñòè÷åñêîé äåôîðìàöèè, ïðèâî-

äÿùàÿ ê áîëüøîìó êîëè÷åñòâó ìèêðîòðåùèí è

ñëåäîâ ñêîëüæåíèÿ. Íåýêâèâàëåíòíûå ïîëîñû

ñäâèãà â îòäåëüíûõ çåðíàõ óêàçûâàþò íà òî, ÷òî

â ïðîöåññå âçðûâíîãî íàãðóæåíèÿ êðèòè÷åñêîå

íàïðÿæåíèå ñäâèãà îäíîâðåìåííî äîñòèãàåòñÿ â

íåñêîëüêèõ ñèñòåìàõ. Íàðÿäó ñî ñäâèãîì îáðàçî-

âàíèå ìíîæåñòâåííûõ òðåùèí — îñíîâíîé ìåõà-

íèçì âûñîêîñêîðîñòíîé ïëàñòè÷åñêîé äåôîðìà-

öèè, ôîðìèðóþùèé â áðîíçå çîíû îòêîëüíîãî

ðàçðóøåíèÿ. Óñòàíîâëåíî, ÷òî ïðè ìåòàíèè àëþ-

ìèíèåâîé ïëàñòèíû-óäàðíèêà ðàññ÷èòàííîå äàâ-

ëåíèå ñîóäàðåíèÿ (15 – 16 ÃÏà) ïðåâûøàåò îò-

êîëüíóþ ïðî÷íîñòü áðîíçû. Ïðè ýòîì óïðî÷íå-

íèå ìàòåðèàëà õàðàêòåðèçóåòñÿ ïîâûøåíèåì

òâåðäîñòè íà 53 è 25 % äëÿ ÁðÀÆ9-4 è ÁðÀÌö9-2

ñîîòâåòñòâåííî.
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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèé îáúåìà ïîëèìåðíûõ ãðàíóë ïîëèâèíèëî-

âîãî ñïèðòà, ñøèòîãî ýïèõëîðãèäðèíîì, â âîäå è âîäíûõ ðàñòâîðàõ KCl, MgCl2 è èõ ñìåñåé,

ïîëó÷åííûå ìåòîäîì îïòè÷åñêîé ìèêðîìåòðèè. Ñ èñïîëüçîâàíèåì ñïåöèàëèçèðîâàííîãî

ïðîãðàììíîãî îáåñïå÷åíèÿ, ðåàëèçóþùåãî àëãîðèòìû ìàøèííîãî çðåíèÿ, îïðåäåëÿëè äèà-

ìåòðû ãðàíóë ïî ïîëó÷àåìûì ñ ïîìîùüþ îïòè÷åñêîãî ìèêðîñêîïà èçîáðàæåíèÿì è âû÷èñ-

ëÿëè èõ îáúåìû ïî ôîðìóëå îáúåìà ýëëèïñîèäà âðàùåíèÿ. Êàê èçâåñòíî, ìàêñèìàëüíàÿ

òî÷íîñòü îïðåäåëåíèÿ îáúåìà äîñòèãàåòñÿ â ñëó÷àå, êîãäà èçìåðÿåìàÿ ãðàíóëà èìååò ôîð-

ìó ñôåðû. Ïîêàçàíî, ÷òî îòêëîíåíèå îò ýòîé ôîðìû (íàïðèìåð, â ñëó÷àå ýëëèïñîèäà) äàåò

ïîãðåøíîñòè îïðåäåëåíèÿ òðåòüåé, íåâèäèìîé íà èçîáðàæåíèè îñè ýëëèïñîèäà, ÷òî ñîçäà-

åò ïîãðåøíîñòü îïðåäåëåíèÿ îòíîñèòåëüíîãî îáúåìà ãðàíóëû. Ïðèâåäåíà ïðèáîðíàÿ ïî-

ãðåøíîñòü è äàíà ñòàòèñòè÷åñêàÿ îöåíêà ïîãðåøíîñòè, âíîñèìîé èç-çà íåñôåðè÷íîñòè ãðà-

íóë. Óñòàíîâëåíî, ÷òî òèïè÷íàÿ ïðèáîðíàÿ ïîãðåøíîñòü ïðè îïðåäåëåíèè îòíîñèòåëüíûõ

îáúåìîâ ãðàíóë ñîñòàâëÿåò 0,4 %. Íåñôåðè÷íîñòü èçìåðÿåìûõ ãðàíóë óâåëè÷èâàåò ïîãðåø-

íîñòü èçìåðåíèé äî 3,5 %. Êîìáèíàöèåé ìåòîäè÷åñêèõ ïðèåìîâ è ñòàòèñòè÷åñêîé îáðàáîò-

êè ðåçóëüòàòîâ ïîãðåøíîñòü äëÿ îäíîé ãðàíóëû ìîæåò áûòü ñíèæåíà äî 2,3, à äëÿ àíñàìá-

ëÿ íå ìåíåå ÷åì 5 ãðàíóë — 1,5 %. Èññëåäîâàíà âîñïðîèçâîäèìîñòü ñâîéñòâ ïîëèìåðíûõ

ãðàíóë ïðè ìíîãîêðàòíûõ èçìåðåíèÿõ. Ïîêàçàíî, ÷òî ñòåïåíü íàáóõàíèÿ ãðàíóë âîñïðîèç-

âîäèòñÿ ñ ïîãðåøíîñòüþ 1 %, ÷òî ïîçâîëÿåò èñïîëüçîâàòü äàò÷èê ìíîãîêðàòíî. Ïîëó÷åí-

íûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ è îáðàáîòêå

äàííûõ äëÿ àíàëèòè÷åñêèõ ïðèëîæåíèé.

Êëþ÷åâûå ñëîâà: ìåòîä îïòè÷åñêîé ìèêðîìåòðèè; ñøèòûé ÏÂÑ; íàáóõàíèå; îòíîñèòåëü-

íûé îáúåì ãðàíóëû.
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We present the results of measuring the volume of polyvinyl alcohol polymer granules crosslinked with

epichlorohydrin in water and in aqueous solutions of KCl, MgCl
2

and their mixtures, obtained by optical

micrometry, and consider the main sources of errors in the measurement errors. The purpose of this study

is to analyze and evaluate the effect of the main sources of errors on the accuracy of determining the rela-

tive volumes of granules, as well as to search for techniques that can minimize the resulting measurement

errors. The diameters of the granules were determined using specialized software implementing machine

vision algorithms from the images obtained by optical microscopy. Their volumes were calculated using

the formula for the volume of the ellipsoid of revolution. The maximum accuracy of volume determination

is known to be achieved when the measured granule has a sphere shape. It is shown that deviation from

this shape, for example, in case of an ellipsoid, gives errors in determining the third axis of the ellipsoid, in-

visible in the image, which creates an error in determining the relative volume of the granule. The instru-

ment error is determined and a statistical estimate of the error attributed to the non-sphericity of the
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granules is given. It is shown that a typical instrument error in determining the relative volumes of gran-

ules is 0.4%. The non-sphericity of the measured granules increases the measurement error up to 3.5%.

The error for a single granule can be reduced to 2.3% by combination of methodological techniques

and statistical processing of the results, whereas and for an ensemble of at least 5 granules — up to 1.5%.

The reproducibility of the properties of polymer granules in cyclic measurements was studied. It is shown

that the degree of swelling the granules is reproduced with an error of 1%, which allows the sensor to

be used repeatedly. The results obtained can be used in experiments and data processing for analytical

applications.

Keywords: optical micrometry technique; cross-linked PVA; swelling; relative granule volume.

Ââåäåíèå

Ñîñòàâû è êîíöåíòðàöèè ðàñòâîðîâ íà îñíîâå

ïîëÿðíûõ ðàñòâîðèòåëåé ìîæíî îïðåäåëÿòü ìå-

òîäîì îïòè÷åñêîé ìèêðîìåòðèè (ÌÎÌ) (ïàò.

2714832 ÐÔ) [1 – 5]. Ê îñíîâíûì åãî äîñòîèíñò-

âàì îòíîñÿòñÿ áûñòðîòà àíàëèçà, ïî÷òè ïîëíîå

îòñóòñòâèå ïðîáîïîäãîòîâêè, ìèíèìàëüíàÿ ïî-

òðåáíîñòü â äîïîëíèòåëüíûõ ðåàãåíòàõ, ñïîñîá-

íîñòü óâåðåííî ðàáîòàòü ñ êîíöåíòðèðîâàííûìè

ðàñòâîðàìè áåç ðàçâåäåíèÿ è íåáîëüøèå îáúåìû

ïðîá.

Íà ðèñ. 1 ïðåäñòàâëåíà óñòàíîâêà äëÿ àíàëè-

çà íàáóõàíèÿ ïîëèìåðíûõ ãåëåé (ÏÃ) ìåòîäîì

îïòè÷åñêîé ìèêðîìåòðèè. ×óâñòâèòåëüíûé ýëå-

ìåíò (ñåíñîð) â ÌÎÌ — ãðàíóëà ãèäðîôèëüíîãî

ïîëèìåðà, ñïîñîáíàÿ ñóùåñòâåííî ìåíÿòü ñâîè

ðàçìåðû â çàâèñèìîñòè îò êîíöåíòðàöèè ðàñòâî-

ðà. Êîíöåíòðàöèþ ðàñòâîðà îïðåäåëÿþò ïî èçìå-

íåíèþ îáúåìà ãðàíóëû, ñîïîñòàâëÿÿ íàáëþäàå-

ìûé îáúåì ñ êàëèáðîâî÷íûì ãðàôèêîì äëÿ àíà-

ëîãè÷íîãî ðàñòâîðà. Àíàëèòè÷åñêèì ñèãíàëîì

ìîæåò âûñòóïàòü êàê èçìåíåíèå ðàâíîâåñíîãî

îáúåìà ãðàíóëû, òàê è êèíåòèêà åå íàáóõàíèÿ

ïðè ïåðåíîñå èç èñõîäíîãî ðàñòâîðà â èññëåäóå-

ìûé. Èñïîëüçîâàíèå êèíåòè÷åñêèõ äàííûõ çíà-

÷èòåëüíî ðàñøèðÿåò âîçìîæíîñòè ìåòîäà è ïî-

âûøàåò åãî ÷óâñòâèòåëüíîñòü (ïàò. 2653086 ÐÔ)

[6 – 9].

Ðàçìåð ãðàíóë îïðåäåëÿþò ïî ïîëó÷àåìûì

÷åðåç îïòè÷åñêèé ìèêðîñêîï ôîòîãðàôèÿì ëèáî

âðó÷íóþ, ÷òî ïðèåìëåìî ïðè ðàçîâûõ èçìåðåíè-

ÿõ, ëèáî ñ ïîìîùüþ ñïåöèàëèçèðîâàííîãî ïðî-

ãðàììíîãî îáåñïå÷åíèÿ (ÏÎ), ðåàëèçóþùåãî àë-

ãîðèòìû ìàøèííîãî çðåíèÿ. Â ëþáîì ñëó÷àå ïî

ôîòîãðàôèè íàõîäÿò äèàìåòðû ãðàíóëû, à îáúåì

âû÷èñëÿþò ïî ôîðìóëå äëÿ ýëëèïñîèäà. Î÷åâèä-

íî, ÷òî òî÷íîñòü ìåòîäà â çíà÷èòåëüíîé ñòåïåíè

çàâèñèò îò êà÷åñòâà ïîëó÷àåìîãî ñíèìêà (åãî ðåç-

êîñòè, êîíòðàñòíîñòè, ðàçðåøåíèÿ) è âîçìîæ-

íîñòåé ÏÎ (åñëè îíî èñïîëüçóåòñÿ) êîððåêòíî îá-

íàðóæèâàòü ãðàíóëó íà ñíèìêå è îïðåäåëÿòü åå

ðàçìåð.

Òèïè÷íûé âèäåîîêóëÿð äëÿ ìèêðîñêîïà

ïîçâîëÿåò ïîëó÷àòü ôîòîãðàôèè ðàçìåðîì

1600 × 1200 ïèêñåëåé. Â ñî÷åòàíèè ñ ÷åòûðåõ-

êðàòíûì îáúåêòèâîì ìèêðîñêîïà ñèñòåìà îáåñïå-

÷èâàåò ðàçðåøåíèå îêîëî 750 ïèêñåëåé/ìì. Ýòè

èñõîäíûå äàííûå äàþò âîçìîæíîñòü îöåíèòü

ïðèáîðíóþ îøèáêó èçìåðåíèÿ îáúåìà ãðàíóëû.

Òî÷íîñòü îïðåäåëåíèÿ ïîëîæåíèÿ ãðàíèöû

ãðàíóëû íàõîäèòñÿ â ïðåäåëàõ îäíîãî ïèêñåëÿ.

Ñëåäîâàòåëüíî, ïîãðåøíîñòü èçìåðåíèÿ äèàìåò-

ðà ãðàíóëû ìîæåò äîñòèãàòü äâóõ ïèêñåëåé, ÷òî

äëÿ ãðàíóëû ðàçìåðîì 1 ìì äàåò îøèáêè îïðåäå-

ëåíèÿ äèàìåòðà è îáúåìà 0,27 è 0,81 %.

Íà ïðàêòèêå ÷àùå èíòåðåñ ïðåäñòàâëÿåò

íå àáñîëþòíûé ðàçìåð ãðàíóëû, à åãî èçìåíåíèå

îòíîñèòåëüíî íåêîòîðîãî ðåïåðíîãî ñîñòîÿíèÿ.

Â ðåçóëüòàòå îøèáêè îïðåäåëåíèÿ òåêóùåãî è ðå-

ïåðíîãî ðàçìåðîâ ïîãðåøíîñòè ñêëàäûâàþòñÿ (V,

V0 — òåêóùèé è ðåïåðíûé îáúåìû). Î÷åâèäíî,

÷òî äëÿ èçìåðåíèé îäíîé ãðàíóëû ïîãðåøíîñòü

V0 âûñòóïàåò êàê ñèñòåìàòè÷åñêàÿ. Îòìåòèì, ÷òî

ñ óìåíüøåíèåì ðàçìåðà ãðàíóë ïîãðåøíîñòè ðàñ-

òóò, à ñ óâåëè÷åíèåì — óìåíüøàþòñÿ.

Îïðåäåëÿþùåå âëèÿíèå íà òî÷íîñòü, ÷óâñò-

âèòåëüíîñòü è ñåëåêòèâíîñòü ìåòîäà èìååò ñåí-

ñîð — ãðàíóëà ãèäðîôèëüíîãî ïîëèìåðà, ê êîòî-

ðîé ïðåäúÿâëÿþòñÿ ñëåäóþùèå òðåáîâàíèÿ: õè-

ìè÷åñêàÿ ñòîéêîñòü â àíàëèçèðóåìîì ðàñòâîðå,

÷óâñòâèòåëüíîñòü ê èçìåíåíèÿì åãî êîíöåíòðà-

öèè, âîñïðîèçâîäèìîñòü õàðàêòåðèñòèê íàáóõà-
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Ðèñ. 1. Óñòàíîâêà äëÿ èññëåäîâàíèÿ íàáóõàíèÿ ÏÃ ìåòî-

äîì îïòè÷åñêîé ìèêðîìåòðèè: 1 — âèäåîêàìåðà; 2 — îï-

òè÷åñêèé ìèêðîñêîï; 3 — èñòî÷íèê ñâåòà; 4 — ÏÊ ñ íåîá-

õîäèìûì ïðîãðàììíûì îáåñïå÷åíèåì

Fig. 1. A device for studying the swelling of PG by optical

micrometry: 1 — video camera; 2 — optical microscope; 3 —

light source; 4 — PC equipped with an additional software

package



íèÿ îò ãðàíóëû ê ãðàíóëå âî âðåìåíè, ïðàâèëü-

íàÿ ãåîìåòðè÷åñêàÿ ôîðìà è åå ïîñòîÿíñòâî âî

âðåìåíè è ìåíÿþùèõñÿ óñëîâèÿõ. Ïðè ýòîì àíà-

ëèòè÷åñêèé ñèãíàë — îáúåì ãðàíóëû ïîëèìåðà,

êîòîðûé îïðåäåëÿþò ïî åå èçîáðàæåíèþ íà ìàò-

ðèöå âèäåîîêóëÿðà. Íàèëó÷øàÿ ôîðìà ãðàíóëû

äëÿ ýòîãî — ñôåðà. Îòêëîíåíèå îò íåå, íàïðè-

ìåð, ýëëèïñîèä, äàåò ïîãðåøíîñòè íå òîëüêî çà

ñ÷åò îøèáêè îïðåäåëåíèÿ òðåòüåé, íåâèäèìîé íà

èçîáðàæåíèè îñè ýëëèïñîèäà, íî è èç-çà èçìåíå-

íèÿ ñàìîé ïðîåêöèè ãðàíóëû, êîòîðàÿ ïðè ïî÷òè

íåèçáåæíûõ ìàíèïóëÿöèÿõ ìîæåò ïîâåðíóòüñÿ ê

íàáëþäàòåëþ íåïðåäñêàçóåìîé ñòîðîíîé.

Öåëü ðàáîòû — îïðåäåëåíèå ïîãðåøíîñòåé

ðåçóëüòàòîâ èçìåðåíèé, ïîëó÷àåìûõ ÌÎÌ.

Ìàòåðèàëû, ìåòîäèêà

Äëÿ ïðèãîòîâëåíèÿ ìîäåëüíûõ ðàñòâîðîâ

ýëåêòðîëèòîâ èñïîëüçîâàëè ðåàêòèâû ìàðêè

×ÄÀ. Ðàñòâîðû ãîòîâèëè íà äèñòèëëèðîâàííîé

âîäå. Êîíöåíòðàöèè (ìîëÿðíîñòü) ìîäåëüíûõ

ðàñòâîðîâ: KCl — 3,1; MgCl2 — 1,5; KCl –

MgCl2 — 2,33/0,38, 1,55/0,75, 0,78/1,13.

Â êà÷åñòâå ñåíñîðîâ èñïîëüçîâàëè ãðàíóëû

ïîëèâèíèëîâîãî ñïèðòà (ÏÂÑ) ìàðêè 18/11, ñøè-

òîãî ýïèõëîðãèäðèíîì (ÝÕÃ) [10, 11]. Ñîäåðæà-

íèå ÝÕÃ â ðåàêöèîííîé ñìåñè ñîñòàâëÿëî 20 %.

Ïîëó÷åííûå ãðàíóëû êîíäèöèîíèðîâàëè ïîî÷å-

ðåäíîé äâóêðàòíîé ïðîìûâêîé àöåòîíîì è âîäîé

â ñòåêëÿííîé êîëîíêå äëÿ óäàëåíèÿ íèçêîìîëå-

êóëÿðíûõ ïðèìåñåé è îòáèðàëè èç íèõ ãðàíóëû

äèàìåòðîì 0,70 – 0,85 ìì. Êàæäîé ãðàíóëå ïðè-

ñâàèâàëè óíèêàëüíûé öèôðîáóêâåííûé èíäåêñ.

Ãðàíóëû â ÿ÷åéêàõ çàëèâàëè äèñòèëëèðîâàí-

íîé âîäîé è âûäåðæèâàëè íå ìåíåå 12 ÷ äî óñòà-

íîâëåíèÿ ðàâíîâåñèÿ. Çàòåì, íå âûíèìàÿ èç ÿ÷å-

åê ïëàíøåòà, èõ ïîìåùàëè ïîä ìèêðîñêîï è ôî-

òîãðàôèðîâàëè. Äëÿ êàæäîé ãðàíóëû äåëàëè ïî

10 ñíèìêîâ. Ïîëó÷åííûå ôîòîãðàôèè îáðàáàòû-

âàëè è èñïîëüçîâàëè äëÿ îöåíêè ïîãðåøíîñòåé,

âíîñèìûõ íåñîâåðøåíñòâîì îïòè÷åñêîé ñèñòåìû

è îøèáêîé ÏÎ.

Ôîòîãðàôèðîâàíèå è èçìåðåíèå ðàçìåðà êàæ-

äîé ãðàíóëû ïðîâîäèëè ïî 10 ðàç â ïÿòè ðàçëè÷-

íûõ åå ïîëîæåíèÿõ ïî îòíîøåíèþ ê îáúåêòèâó

ìèêðîñêîïà. Â ðåçóëüòàòå äëÿ êàæäîé ãðàíóëû

ïîëó÷àëè íàáîð èç 50 ôîòîãðàôèé, êîòîðûé èñ-

ïîëüçîâàëè äëÿ îöåíêè âêëàäà íåñôåðè÷íîñòè

ãðàíóëû â ïîãðåøíîñòü ýêñïåðèìåíòà è îïðåäå-

ëåíèÿ ðåïåðíîãî îáúåìà ãðàíóëû V0 (ñðåäíåãî èç

âñåõ èçìåðåííûõ äëÿ íåå îáúåìîâ).

Äàëåå çàìåíÿëè âîäó â ÿ÷åéêàõ ïëàíøåòîâ íà

ðàñòâîð ýëåêòðîëèòà, â êîòîðîì ãðàíóëû âû-

äåðæèâàëè íå ìåíåå 10 ÷. Ïîñëå óñòàíîâëåíèÿ

ðàâíîâåñèÿ îñóùåñòâëÿëè ôîòîñúåìêó ãðàíóë ïî

àíàëîãè÷íîé ïðîöåäóðå è ïîëó÷àëè íàáîðû èç 50

ôîòîãðàôèé äëÿ êàæäîé ãðàíóëû. Çàòåì ðàñòâîð

â ÿ÷åéêàõ çàìåíÿëè íà âîäó, â êîòîðîé ãðàíóëû

âûäåðæèâàëè íå ìåíåå 2 ÷. Âîäó â ÿ÷åéêàõ ìåíÿ-

ëè òðè ðàçà (èíòåðâàë ìåæäó çàìåíàìè — 2 ÷).

Ïîñëå ïðîìûâêè â òðåõ âîäàõ è ïîñëåäóþùåé âû-

äåðæêè äî ðàâíîâåñèÿ â ÷åòâåðòîé ãðàíóëû ñ÷è-

òàëè îòìûòûìè îò ýëåêòðîëèòà è ïðèâåäåííûìè

â èñõîäíîå ñîñòîÿíèå. Äëÿ ñðàâíåíèÿ ñ ïåðâîíà-

÷àëüíûì ñîñòîÿíèåì èõ âíîâü ôîòîãðàôèðîâàëè,

à çàòåì ñíîâà çàìåíÿëè âîäó ðàñòâîðîì ýëåêòðî-

ëèòà. Öèêë ôîòîãðàôèðîâàíèå â âîäå — çàìåíà

âîäû ðàñòâîðîì — ôîòîãðàôèðîâàíèå â ðàñòâî-

ðå — îòìûâêà ãðàíóë îò ðàñòâîðà ïðîâîäèëè òðè

ðàçà. Â ðåçóëüòàòå êàæäóþ èç ãðàíóë ïîëèìåðà

ñôîòîãðàôèðîâàëè è èçìåðèëè 300 ðàç. Ïîëó÷åí-

44 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 6

Ôîòî

Ðèñ. 2. Îòíîñèòåëüíûé îáúåì V/V
0

ãðàíóëû F1 â âîäå â çàâèñèìîñòè îò íîìåðà ôîòîãðàôèè (ðàçíûå ñåðèè ôîòî ñîîòâåò-

ñòâóþò ðàçíûì ðàêóðñàì ãðàíóëû)

Fig. 2. Relative volume V/V
0

of F1 granule in water (different photo series correspond to different shooting angle of the

granule)



íûå äàííûå èñïîëüçîâàëè äëÿ îöåíêè âîñïðîèç-

âîäèìîñòè ðåçóëüòàòîâ.

Îáñóæäåíèå ðåçóëüòàòîâ

Äëÿ îïðåäåëåíèÿ ïðèáîðíîé ïîãðåøíîñòè

ïðîàíàëèçèðîâàëè ïÿòü ñåðèé ïî 10 ôîòîãðàôèé

îäíîé è òîé æå ãðàíóëû â âîäå, ñíÿòûõ ïîäðÿä ñ

ïÿòè ðàçíûõ ðàêóðñîâ. Ðåçóëüòàòû îáðàáîòêè òà-

êèõ ñåðèé äëÿ ãðàíóëû F1 ïðèâåäåíû íà ðèñ. 2 è

â òàáë. 1.

Ðàçìàõ îòíîñèòåëüíîãî îáúåìà ãðàíóëû F1,

îïðåäåëåííûé äëÿ êàæäîé ñåðèè, îáóñëîâëåí

òîëüêî ïîãðåøíîñòÿìè îáðàáîòêè ôîòîãðàôèé

ÏÎ è äåôåêòàìè îïòèêè. Âèäíî, ÷òî îí íå ïðåâû-

øàåò 0,4 % (äëÿ îáúåìîâ ãðàíóë «ïðîöåíò» îáî-

çíà÷àåò «ïðîöåíòíûé ïóíêò» îò ðåïåðíîãî îáúå-

ìà V0), ò.å. ïðèáîðíàÿ ïîãðåøíîñòü ñîñòàâëÿåò íå

áîëåå ±0,2 %. Èçìåíåíèå íàáëþäàåìîãî îáúåìà

ãðàíóëû îò ñåðèè ê ñåðèè îáóñëîâëåíî åå íåñôå-

ðè÷íîñòüþ è ñìåíîé ðàêóðñà íàáëþäåíèÿ. Âèäíî

òàêæå, ÷òî ðàçìàõ ñðåäíèõ îáúåìîâ äëÿ óêàçàííî-

ãî íàáîðà ñåðèé ðàâåí 1,4 %. Ìàêñèìàëüíàÿ ðàç-

íîñòü Vi/V0 ìåæäó ëþáûìè äâóìÿ ôîòîãðàôèÿìè

èç ðàçëè÷íûõ ñåðèé ñîñòàâëÿåò 1,7 %.

Íà ðèñ. 3 è â òàáë. 2 ïðèâåäåíû àíàëîãè÷íûå

äàííûå äëÿ ÷åòûðåõ ãðàíóë ÏÂÑ. Âèäíî, ÷òî ðàç-

ìàõ îïðåäåëÿåìûõ îáúåìîâ âíóòðè ñåðèé íå ïðå-

âûøàåò 0,4 %, à ìåæäó ñåðèÿìè ìîæåò ìåíÿòüñÿ

íà âåëè÷èíó äî 1,7 %, ïðè÷åì ÷àñòî ñêà÷êîîáðàç-

íî, ÷òî ñîîòâåòñòâóåò ãèïîòåçå î ñìåíå ðàêóðñà
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Òàáëèöà 1. Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè èçìåðåíèÿ îáúåìîâ äëÿ ãðàíóëû F1 â âîäå

Table 1. Statistical characteristics of the volume measurements for F1 granule in water

Õàðàêòåðèñòèêà

Ñåðèÿ Ñðåäíåå

ïî 50 ôîòîI II III IV V

Ñðåäíåå 0,992 1,000 1,001 0,999 1,006 0,999

Ìåäèàíà 0,992 1,001 1,001 0,999 1,006 1,000

Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå (ÑÊÎ) 0,001 0,001 0,002 0,001 0,001 0,005

Ðàçìàõ 0,003 0,003 0,004 0,003 0,004 0,017

Ìàêñèìóì 0,994 1,001 1,003 1,001 1,008 1,008

Ìèíèìóì 0,991 0,998 0,999 0,998 1,004 0,991

Ñåðèÿ

Ñåðèÿ

Ñåðèÿ

Ñåðèÿ

Ðèñ. 3. Ðàâíîâåñíûå îòíîñèòåëüíûå îáúåìû V/V
0

ãðàíóë ÏÂÑ F2 – F5 â âîäå

Fig. 3. Equilibrium relative volumes V/V
0

of PVA granules F2 – F5 in water



íåñôåðè÷åñêîé ãðàíóëû. Äëÿ ðàçíûõ ãðàíóë íà-

áëþäàþòñÿ ðàçëè÷íûå ðàçìàõè ìåæäó ñåðèÿìè

(îò 0,7 % äëÿ F5 äî 1,7 % äëÿ F1 (ñì. ðèñ. 2)), ÷òî

îáúÿñíÿåòñÿ ðàçíîé ñòåïåíüþ íåñôåðè÷íîñòè.

Àíàëîãè÷íûå ýêñïåðèìåíòû áûëè ïðîâåäå-

íû â ðàñòâîðå 3-íîðìàëüíîãî õëîðèäà êàëèÿ

(KCl). Â âîäíûõ ðàñòâîðàõ ýòîò ýëåêòðîëèò ïðàê-

òè÷åñêè íå âçàèìîäåéñòâóåò ñ ïîëèìåðîì, åãî

âëèÿíèå íà ñòåïåíü íàáóõàíèÿ îáóñëîâëåíî òîëü-

êî àêòèâíîñòüþ âîäû, è îáúåì ãðàíóë â íåì ñóùå-

ñòâåííî óìåíüøàåòñÿ. Âñåãî â ðàñòâîðå KCl ïðî-

âåëè îïûòû íà 17 ãðàíóëàõ. Ðåçóëüòàòû äëÿ ïÿòè

ãðàíóë ïðèâåäåíû íà ðèñ. 4 è â òàáë. 3.

Ïî ðåçóëüòàòàì èçìåðåíèé ïÿòè ãðàíóë ïîëó-

÷èëè: ñðåäíåå çíà÷åíèå V/V0 — 0,44, ìåäèàíà —

0,441, ÑÊÎ — 0,007. Êàê è â ïðåäûäóùèõ îïûòàõ
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Òàáëèöà 2. Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè ãðàíóë ÏÂÑ â âîäå

Table 2. Statistical characteristics of PVA granules in water

Õàðàêòåðèñòèêà

Ãðàíóëà Ñðåäíåå

ïî âñåì ôîòîF2 F3 F4 F5

Ñðåäíåå 1,000 0,999 1,000 0,999 1,000

Ìåäèàíà 0,999 1,000 1,000 1,000 0,999

ÑÊÎ 0,003 0,003 0,002 0,002 0,003

Ðàçìàõ 0,009 0,009 0,008 0,007 0,011

Ìàêñèìóì 1,005 1,004 1,004 1,004 1,005

Ìèíèìóì 0,996 0,994 0,996 0,996 0,994

Òàáëèöà 3. Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè ðàâíîâåñíûõ îòíîñèòåëüíûõ îáúåìîâ ãðàíóë ÏÂÑ â ðàñòâîðå KCl (3,1 Ì)

Table 3. Statistical characteristics of the equilibrium relative volumes of PVA granules in KCl solution (3.1 M)

Õàðàêòåðèñòèêà

Ãðàíóëà

A1 A2 A3 C4 C5

Ñðåäíåå 0,445 0,436 0,445 0,444 0,433

Ìåäèàíà 0,444 0,434 0,445 0,443 0,434

ÑÊÎ 0,004 0,005 0,003 0,003 0,005

Ðàçìàõ 0,016 0,018 0,009 0,010 0,016

Ìàêñèìóì 0,455 0,446 0,448 0,449 0,440

Ìèíèìóì 0,439 0,428 0,439 0,439 0,424

Ñåðèÿ

Ãðàíóëà

Ðèñ. 4. Ðàâíîâåñíûå îòíîñèòåëüíûå îáúåìû V/V
0

ãðàíóë ÏÂÑ â ðàñòâîðå KCl (3,1 Ì)

Fig. 4. Equilibrium relative volumes V/V
0

of PVA granules in KCl solution (3.1 M)



ñ âîäîé, ðàçìàõ îòíîñèòåëüíûõ îáúåìîâ ãðàíóë

âíóòðè ëþáîé ñåðèè èç 10 èçìåðåíèé íå ïðå-

âûøàë 0,4 %. Ðàçìàõ ñðåäíèõ îáúåìîâ ñîñòà-

âèë 1,2 %. Ìàêñèìàëüíàÿ ðàçíîñòü Vi/V0 ìåæäó

ëþáûìè äâóìÿ ôîòîãðàôèÿìè äâóõ ðàçëè÷íûõ

ãðàíóë — 3,1 %.

Äëÿ âñåõ 17 ãðàíóë: ñðåäíåå çíà÷åíèå V/V0 —

0,445, ìåäèàíà — 0,445, ÑÊÎ — 0,009, ðàçìàõ

ñðåäíèõ îáúåìîâ — 2,2 %, ìàêñèìàëüíàÿ ðàç-

íîñòü Vi/V0 ìåæäó äâóìÿ ôîòîãðàôèÿìè äâóõ ðàç-

ëè÷íûõ ãðàíóë — 5,6 %.

Çàìåòèì, ÷òî ñðåäíèå çíà÷åíèÿ îòíîñèòåëü-

íûõ îáúåìîâ è ìåäèàí ïî âñåì èçìåðåíèÿì â âû-

áîðêàõ îòëè÷àþòñÿ íå áîëåå ÷åì íà 0,5 %. Ýòî ïî-

çâîëÿåò ãîâîðèòü î òîì, ÷òî âûáîðêà èç 5 ãðàíóë

äîñòàòî÷íî ðåïðåçåíòàòèâíà.

Äëÿ îöåíêè âîñïðîèçâîäèìîñòè ðåçóëüòàòîâ

íàáîð èç 17 ãðàíóë îòìûëè âîäîé è ïîâòîðíî

ïðèâåëè â ðàâíîâåñèå ñ ðàñòâîðîì KCl òîé æå

êîíöåíòðàöèè (3,1 M). Â õîäå ýêñïåðèìåíòà òðè

ãðàíóëû ðàçðóøèëèñü èç-çà ïîòåðè îñìîòè÷åñêîé

óñòîé÷èâîñòè, ïîýòîìó íàáîð ñîêðàòèëñÿ äî 14

ãðàíóë. Ðåçóëüòàòû äëÿ ïÿòè ãðàíóë ïðèâåäåíû

â òàáë. 4.

Âèäíî, ÷òî óñðåäíåííûå ðàâíîâåñíûå îáúåìû

äëÿ êàæäîé ãðàíóëû â äâóõ ýêñïåðèìåíòàõ îòëè-

÷àþòñÿ íå áîëåå ÷åì íà 0,8 %. Ñòàòèñòè÷åñêèå õà-

ðàêòåðèñòèêè èñïûòàíèé áëèçêè, ñëåäîâàòåëüíî,

ðåçóëüòàòû âîñïðîèçâîäÿòñÿ. Ïî ðåçóëüòàòàì èç-

ìåðåíèé ïÿòè ãðàíóë: ñðåäíåå çíà÷åíèå V/V0 —

0,445, ìåäèàíà — 0,443, ÑÊÎ — 0,008, ðàçìàõ

ñðåäíèõ îáúåìîâ — 1,6 %, ìàêñèìàëüíàÿ ðàç-

íîñòü Vi/V0 ìåæäó ëþáûìè äâóìÿ ôîòîãðàôèÿìè

äâóõ ðàçëè÷íûõ ãðàíóë — 3,4 %.

Äëÿ ïîëíîãî íàáîðà èç 14 ãðàíóë ïîëó÷èëè:

ñðåäíåå çíà÷åíèå îòíîñèòåëüíîãî îáúåìà —

0,448, ìåäèàíà — 0,449, ÑÊÎ — 0,010, ðàçìàõ

ñðåäíèõ îáúåìîâ äëÿ êàæäîé ãðàíóëû — íå áîëåå

2,7 %, ìàêñèìàëüíàÿ ðàçíîñòü Vi/V0 ìåæäó äâóìÿ

ôîòîãðàôèÿìè äâóõ ðàçëè÷íûõ ãðàíóë — 4,4 %.

Ñ ïîìîùüþ ìîäèôèöèðîâàííîãî òåñòà Ñòüþ-

äåíòà [12] óñòàíîâèëè, ÷òî âûáîðêè èç 17 è 14

ãðàíóë ñ âåðîÿòíîñòüþ 0,95 ïðèíàäëåæàò îäíîé

ãåíåðàëüíîé ñîâîêóïíîñòè, ÷òî ãîâîðèò î âîñïðî-

èçâîäèìîñòè ýêñïåðèìåíòà. Ñ ïîìîùüþ êðèòåðè-

åâ ñîãëàñèÿ Ïèðñîíà [13 – 15] è Êîëìîãîðîâà

[16, 17] âûÿâèëè, ÷òî îòêëîíåíèÿ îöåíêè îòíîñè-

òåëüíîãî îáúåìà åäèíè÷íîé ãðàíóëû îò ñðåäíåãî

ïî àíñàìáëþ ãðàíóë ïîä÷èíÿþòñÿ íîðìàëüíîìó

ðàñïðåäåëåíèþ ñ âåðîÿòíîñòüþ 0,95.

Âî âñåõ òðåõ âûáîðêàõ (èç 17, 14 è îáúåäèíåí-

íîé âûáîðêå èç 31 ãðàíóëû) ðàçíèöà ñðåäíåãî è

ìåäèàíû íà ïîðÿäîê ìåíüøå ÑÊÎ, ÷òî ñâèäåòåëü-

ñòâóåò î ñèììåòðè÷íîì ðàñïðåäåëåíèè ïîëó÷àå-

ìûõ çíà÷åíèé îòíîñèòåëüíîãî îáúåìà îòíîñè-

òåëüíî ñðåäíåãî àðèôìåòè÷åñêîãî. Ýòî òàêæå êîñ-

âåííî ïîäòâåðæäàåò íîðìàëüíîå ðàñïðåäåëåíèå

çíà÷åíèé â âûáîðêàõ.

Îòìåòèì, ÷òî îòêëîíåíèå óñðåäíåííîãî îáúå-

ìà ïÿòè ïðîèçâîëüíûõ ãðàíóë îò ñðåäíåãî ïî èç-

ìåðåíèÿì 30 ãðàíóë ñîñòàâèëî íå áîëåå 1 è 1,5 %

ñ âåðîÿòíîñòÿìè 85 è 98 % ñîîòâåòñòâåííî. Ýòî

áûëî ïîäòâåðæäåíî ïðÿìûì ïåðåáîðîì ýêñïåðè-

ìåíòàëüíûõ äàííûõ (ïðîâåðåíî 169 911 ðàçëè÷-

íûõ íàáîðîâ èç ïÿòè ãðàíóë).

Äëÿ îöåíêè âëèÿíèÿ ñîðáöèè ïîëèìåðîì ðàñ-

òâîðåííûõ âåùåñòâ íà ïîãðåøíîñòè îïðåäåëåíèÿ

ðàâíîâåñíîãî îáúåìà àíàëèçèðîâàëè ïîâåäåíèå

ãðàíóë ÏÂÑ â ðàñòâîðå MgCl2 (1,5 M). Èçâåñòíî,

÷òî ïðè ïåðåíîñå ãðàíóë ñøèòîãî ÏÂÑ èç âîäû â

ðàñòâîð MgCl2 ñòåïåíü íàáóõàíèÿ ãåëÿ ïîâûøà-

åòñÿ [18]. Ýòî ïðîèñõîäèò â ðåçóëüòàòå îáðàçîâà-

íèÿ Âàí-äåð-Âààëüñîâûõ ñâÿçåé ìåæäó ìîëåêóëà-

ìè õëîðèäà ìàãíèÿ è ïîëÿðíûìè ãðóïïàìè ïîëè-

ìåðà, ÷òî ïðèâîäèò ê óâåëè÷åíèþ êîëè÷åñòâà

ñîðáèðîâàííîé ïîëèìåðîì âîäû.

Âñåãî â ðàñòâîðå MgCl2 ïðîâåëè îïûòû íà

10 ãðàíóëàõ. Ðåçóëüòàòû äëÿ ïÿòè ãðàíóë ïðèâå-

äåíû íà ðèñ. 5 è â òàáë. 5. Ïîëó÷èëè: ñðåäíåå

çíà÷åíèå V/V0 — 1,134, ìåäèàíà — 1,136, ÑÊÎ —

0,011, ðàçìàõ ñðåäíèõ îáúåìîâ — 2,2 %, ìàêñè-

ìàëüíàÿ ðàçíîñòü Vi/V0 ìåæäó ëþáûìè äâóìÿ ôî-

òîãðàôèÿìè äâóõ ðàçëè÷íûõ ãðàíóë — 4,9 % (äëÿ

ïîëíîãî íàáîðà èç 10 ãðàíóë: ñðåäíåå çíà÷åíèå

îòíîñèòåëüíîãî îáúåìà — 1,132, ìåäèàíà —

1,135, ÑÊÎ — 0,015, ðàçìàõ ñðåäíèõ îáúåìîâ —

2,7 %, ìàêñèìàëüíàÿ ðàçíîñòü Vi/V0 ìåæäó ëþ-

áûìè äâóìÿ ôîòîãðàôèÿìè äâóõ ðàçëè÷íûõ ãðà-

íóë — 6,9 %).

Â òàáë. 6 ïðèâåäåíû ðåçóëüòàòû àíàëîãè÷-

íûõ ýêñïåðèìåíòîâ äëÿ ðàñòâîðîâ ñìåøàííûõ

ýëåêòðîëèòîâ.

Âèäíî, ÷òî ðàçíèöà ìåäèàí è ñîîòâåòñòâóþ-

ùèõ èì ñðåäíèõ íå ïðåâûøàåò 0,6 %. Ýòî êîñâåí-
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Òàáëèöà 4. Âîñïðîèçâîäèìîñòü îòíîñèòåëüíûõ îáúåìîâ V/V
0

ãðàíóë ÏÂÑ â ðàñòâîðå KCl (3,1 M)

Table 4. Reproducibility of relative volumes V/V
0

of PVA granules in KCl solution (3.1 M)

V/V
0

Ãðàíóëà Ñðåäíåå

ïî âñåì ôîòîA1 A2 A3 C4 C5

Ïåðâûé 0,445 0,436 0,445 0,444 0,433 0,440

Ïîâòîðíûé 0,451 0,445 0,446 0,450 0,434 0,445

Ìîäåëü ðàçíîñòè 0,006 0,009 0,001 0,006 0,001 0,005



íî ïîäòâåðæäàåò íîðìàëüíîñòü ðàñïðåäåëåíèÿ

äàííûõ â âûáîðêàõ. Ìàêñèìàëüíàÿ ðàçíîñòü

Vi/V0 ìåæäó äâóìÿ ôîòîãðàôèÿìè äâóõ ðàçëè÷-

íûõ ãðàíóë íå ïðåâûøàåò 6,9 %. Ìàêñèìàëüíîå

îòêëîíåíèå ïðîèçâîëüíîãî èçìåðåíèÿ îòíîñè-

òåëüíîãî îáúåìà ãðàíóëû îò ñðåäíåãî ïî âñåì èç-

ìåðåíèÿì ñîñòàâëÿåò 3,5 %, ðàçìàõ ñðåäíèõ îáú-

åìîâ — íå áîëåå 4,6 %, ìàêñèìàëüíîå îòêëîíå-

íèå ñðåäíåãî îòíîñèòåëüíîãî îáúåìà ãðàíóëû,

ïîëó÷åííîãî óñðåäíåíèåì 50 èçìåðåíèé, îò èñ-

òèííîãî — 2,3 %.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ïðè îäíîêðàòíîì ôîòîãðàôèðîâà-
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Ñåðèÿ

Ãðàíóëà

Ðèñ. 5. Ðàâíîâåñíûå îòíîñèòåëüíûå îáúåìû V/V
0

ãðàíóë ÏÂÑ â ðàñòâîðå MgCl
2

(1,5 M)

Fig. 5. Equilibrium relative volumes V/V
0

of PVA granules in MgCl
2

solution (1.5 M)

Òàáëèöà 5. Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè ðàâíîâåñíûõ îòíîñèòåëüíûõ îáúåìîâ V/V
0

ãðàíóë ÏÂÑ â ðàñòâîðå MgCl
2

(1,5 M)

Table 5. Statistical characteristics of the equilibrium relative volumes V/V
0

of PVA granules in MgCl
2

solution (1.5 M)

Õàðàêòåðèñòèêà

Ãðàíóëà

A4 A5 A6 A7 B1

Ñðåäíåå 1,145 1,143 1,128 1,123 1,130

Ìåäèàíà 1,142 1,142 1,127 1,127 1,133

ÑÊÎ 0,006 0,005 0,008 0,012 0,009

Ðàçìàõ 0,020 0,019 0,031 0,031 0,019

Ìàêñèìóì 1,155 1,153 1,149 1,138 1,138

Ìèíèìóì 1,135 1,133 1,118 1,107 1,126

Òàáëèöà 6. Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè ðàâíîâåñíûõ îòíîñèòåëüíûõ îáúåìîâ V/V
0

ãðàíóë ÏÂÑ ïî âñåì ðàñòâîðàì

Table 6. Statistical characteristics of the equilibrium relative volumes V/V
0

of PVA granules for all solutions

Õàðàêòåðèñòèêà

Ðàñòâîð

KCl (3,1 M)
KCl – MgCl

2

(2,33/0,38 Ì)

KCl – MgCl
2

(1,55/0,75 Ì)

KCl – MgCl
2

(0,78/1,13 Ì)
MgCl

2
(1,5 M)

Ñðåäíåå 0,445 0,669 0,831 0,975 1,132

Ìåäèàíà 0,445 0,668 0,825 0,973 1,135

ÑÊÎ 0,009 0,009 0,017 0,008 0,015

Ðàçìàõ ñðåäíèõ 0,023 0,030 0,046 0,018 0,038

Ðàçìàõ ïî âñåì èçìåðåííûì 0,056 0,050 0,069 0,040 0,069



íèè ïðîèçâîëüíîé ãðàíóëû îöåíêà åå îáúåìà

èç-çà íåñîâåðøåíñòâà óñòàíîâêè è íåñôåðè÷íî-

ñòè ãðàíóëû ìîæåò îòëè÷àòüñÿ îò åå ðåàëüíîãî

îáúåìà íà âåëè÷èíó äî 3,5 %. Ñòàòèñòè÷åñêèìè

ìåòîäàìè ìîæíî ó÷åñòü è â çíà÷èòåëüíîé ìåðå

ñêîìïåíñèðîâàòü ýòè ïîãðåøíîñòè (ìíîãîêðàò-

íûì ôîòîãðàôèðîâàíèåì — ïðèáîðíóþ ïîãðåø-

íîñòü, ñìåíîé ðàêóðñîâ — íåñôåðè÷íîñòü), äîâå-

äÿ ïîãðåøíîñòü íà åäèíè÷íîé ãðàíóëå äî 2,3 %.

Âëèÿíèå íåñôåðè÷íîñòè ãðàíóëû íà ïîãðåø-

íîñòè èçìåðåíèé çíà÷èòåëüíî ïðåâîñõîäèò íåñî-

âåðøåíñòâî èçìåðèòåëüíîé ñèñòåìû. Äëÿ åå

êîìïåíñàöèè öåëåñîîáðàçíî: 1) îòáèðàòü â êà-

÷åñòâå ñåíñîðîâ ìàêñèìàëüíî ñôåðè÷íûå ãðàíó-

ëû; 2) óâåëè÷èâàòü ÷èñëî ñìåí ðàêóðñîâ â íàáîðå,

â òîì ÷èñëå çà ñ÷åò óìåíüøåíèÿ ÷èñëà ôîòîãðà-

ôèé ñ êàæäîãî ðàêóðñà äî 5 – 6; 3) îïðåäåëÿòü ðå-

ïåðíûé îáúåì V0 ñ ìàêñèìàëüíî âîçìîæíîé òî÷-

íîñòüþ.

Î÷åâèäíî, ÷òî äëÿ êèíåòè÷åñêèõ ýêñïåðèìåí-

òîâ ìíîãîðàêóðñíàÿ ñúåìêà íå ïðèìåíèìà âñëåä-

ñòâèå ñâîåé òðóäîåìêîñòè. Èñêëþ÷èòü âëèÿíèå

íåñôåðè÷íîñòè â ýòîì ñëó÷àå ìîæíî, åñëè çàôèê-

ñèðîâàòü ãðàíóëó â êîíêðåòíîì ïîëîæåíèè â

ÿ÷åéêå. Íàïðèìåð, äëÿ ýòîãî ìîæíî èñïîëüçîâàòü

ãðàíóëû, ñîäåðæàùèå ìàãíåòèò, è ïîìåñòèòü èõ â

ÿ÷åéêó â ìàãíèòíîì ïîëå [19].

Äëÿ áîëüøåãî ñíèæåíèÿ ïîãðåøíîñòåé ìîæ-

íî óñðåäíÿòü ïîëó÷åííûå ðåçóëüòàòû äëÿ íå-

ñêîëüêèõ ãðàíóë. Óñòàíîâèëè, ÷òî îòêëîíåíèÿ èç-

ìåðÿåìûõ îáúåìîâ ãðàíóë îò ñðåäíåãî ïî àíñàìá-

ëþ ïîä÷èíÿþòñÿ íîðìàëüíîìó ðàñïðåäåëåíèþ.

Îêàçàëîñü, ÷òî ïÿòè ãðàíóë äîñòàòî÷íî, ÷òîáû

îøèáêà èçìåðåíèé íå ïðåâûøàëà 1,5 % îò ñðåä-

íåãî ïî íàáîðó èç 20 – 30 ãðàíóë ñ âåðîÿòíîñòüþ

áîëåå 95 %. Êðîìå òîãî, ñòåïåíü íàáóõàíèÿ ãðà-

íóë âîñïðîèçâîäèòñÿ â öèêëè÷åñêèõ ýêñïåðèìåí-

òàõ â ïðåäåëàõ ïîãðåøíîñòè 1 %, ÷òî ïîçâîëÿåò

ïðèìåíÿòü ñåíñîð ìíîãîêðàòíî.
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Ðàññìîòðåíî âëèÿíèå îñòàòî÷íûõ íàïðÿæåíèé â òðóáå Äó850 èç ñòàëè 10ÃÍ2ÌÔÀ ñ àóñòå-

íèòíîé íàïëàâêîé, ñâàðî÷íûõ íàïðÿæåíèé â ìîíòàæíîì êîëüöåâîì øâå òðóáîïðîâîäà

è îñòàòî÷íûõ íàïðÿæåíèé â êðèâîëèíåéíîì îòâîäå Äó350 (ñòàëü 08Õ18Í10Ò), âîçíèêà-

þùèõ ïðè åãî èçãîòîâëåíèè ïëàñòè÷åñêèì äåôîðìèðîâàíèåì, íà ðàñêðûòèå è ñòàáèëü-

íîñòü ñêâîçíûõ òðåùèí. Ðàñ÷åòû îñòàòî÷íûõ íàïðÿæåíèé âûïîëíåíû ñ èñïîëüçîâàíèåì

ìåòîäà êîíå÷íûõ ýëåìåíòîâ (ÌÊÝ). Ïîêàçàíî, ÷òî îñòàòî÷íûå íàïðÿæåíèÿ âûçûâàþò èç-

ìåíåíèÿ ðàçìåðîâ è ôîðìû êàíàëà èñòå÷åíèÿ, ðàñõîäà òåïëîíîñèòåëÿ, âåëè÷èíû J-èíòåã-

ðàëà â âåðøèíå òðåùèí. Ïðè îòíîñèòåëüíî íåâûñîêèõ ðàáî÷èõ íàïðÿæåíèÿõ áåðåãà êîðîò-

êèõ òðåùèí çà ñ÷åò äåéñòâèÿ îñòàòî÷íûõ íàïðÿæåíèé ìîãóò ñìûêàòüñÿ ñ âíóòðåííåé ñòî-

ðîíû ñòåíêè òðóáû, ïðèâîäÿ ê óìåíüøåíèþ èëè ïðåêðàùåíèþ òå÷è. Ïðè äîñòàòî÷íî âûñî-

êèõ ðàáî÷èõ íàïðÿæåíèÿõ ýôôåêò îò äåéñòâèÿ îñòàòî÷íûõ íàïðÿæåíèé íà ïðîòÿæåííûå

òðåùèíû îáðàòíûé — èçìåíåíèå ôîðìû êàíàëà èñòå÷åíèÿ (óâåëè÷åíèå ðàñêðûòèÿ áåðå-

ãîâ òðåùèíû íà íàðóæíîé ïîâåðõíîñòè òðóáû) ïðèâîäèò ê óìåíüøåíèþ òðåíèÿ ïîòîêà

òåïëîíîñèòåëÿ î áåðåãà òðåùèíû è, ñîîòâåòñòâåííî, ê óâåëè÷åíèþ îáúåìà òå÷è. Ïðåä-

ñòàâëåíû ðåçóëüòàòû èñïûòàíèé âíóòðåííèì äàâëåíèåì è èçãèáàþùèì ìîìåíòîì íàòóð-

íûõ ìîäåëåé ýëåìåíòîâ ïðÿìîãî ó÷àñòêà òðóáîïðîâîäà ñî ñâàðíûì øâîì è êðèâîëèíåéíîãî

îòâîäà Äó350 ñ èñêóññòâåííî ñîçäàííûìè äåôåêòàìè. Ïîêàçàíî, ÷òî ïðè èñïûòàíèè ìî-

äåëåé èç íà÷àëüíûõ äåôåêòîâ ðàçâèâàþòñÿ ëîêàëüíûå ñêâîçíûå òðåùèíû, êîòîðûå îñòà-

þòñÿ ñòàáèëüíûìè ïðè ìàêñèìàëüíûõ ðàñ÷åòíûõ íàãðóçêàõ (íîðìàëüíûå óñëîâèÿ ýêñ-

ïëóàòàöèè ïëþñ ìàêñèìàëüíîå ðàñ÷åòíîå çåìëåòðÿñåíèå), ÷òî ñîîòâåòñòâóåò ðåçóëüòàòàì

âûïîëíåííûõ ðàñ÷åòîâ è îòâå÷àåò òðåáîâàíèÿì ïðèìåíèìîñòè êîíöåïöèè «òå÷ü ïåðåä

ðàçðóøåíèåì».
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The impact of residual stresses in a DN850 pipe (steel 10GN2MFA) with austenitic cladding, welding

stresses in the mounting annular seam of the pipeline, and residual stresses arising in a curvilinear

branch DN350 (steel 08Kh18N10T) during manufacture by plastic deformation on the opening and stabil-

ity of through cracks is considered. Calculations of residual stresses are performed using the finite ele-

ment method (FEM). It is shown that residual stresses cause a change in the size and shape of the outflow

channel, the coolant flow rate, and the value of the J-integral at the crack tip. In case of short cracks and

relatively low operating stresses, the crack edges can close on the inside of the pipe wall due to the action

of residual stresses thus leading to a decrease or cessation of the leak. A reversed effect of residual stresses
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on extended cracks is observed at rather high operating stresses: change in the shape of the outflow chan-

nel (an increase in the opening of the crack edges on the outer surface of the pipe) leads to a decrease in

the friction of the coolant flow against the crack edges and, hence, to an increase in the leak volume. The

results of testing full-scale models of elements of a straight section of the pipeline with a welded seam and

a curvilinear branch DN350 with artificially created defects by internal pressure and bending moment are

presented. It is shown that local through cracks develop from initial defects, which remain stable at maxi-

mum design loads (normal operating conditions plus maximum design earthquake) which matches the

calculation results and meets the requirements of the applicability of the concept of “leak before break”.

Keywords: surfacing; residual stresses; weld; curved tap; through crack; leak before break; coolant flow;

finite element method.

Ââåäåíèå

Ñóùåñòâóþùèå íîðìàòèâíûå ïîäõîäû ê îáîñ-

íîâàíèþ ïðî÷íîñòè òðóáîïðîâîäîâ ÀÝÑ äîïóñêà-

þò âîçìîæíîñòü îáðàçîâàíèÿ ñêâîçíûõ äåôåêòîâ.

Äëÿ ìèíèìèçàöèè ïîñëåäñòâèé íàñòóïëåíèÿ òà-

êèõ ñîáûòèé ðàçðàáàòûâàþò ñèñòåìû áåçîïàñ-

íîñòè. Â îñíîâå îäíîé èç òàêèõ ñèñòåì ëåæèò

êîíöåïöèÿ «òå÷ü ïåðåä ðàçðóøåíèåì» (ÒÏÐ)

[1 – 8]. Äàííàÿ êîíöåïöèÿ ïîñòóëèðóåò âîçíèêíî-

âåíèå òå÷è ÷åðåç îòíîñèòåëüíî óñòîé÷èâóþ òðå-

ùèíó, ïðåäøåñòâóþùóþ ïîëíîìó ðàçðóøåíèþ

òðóáîïðîâîäà. Êîíöåïöèÿ ÒÏÐ íàïðàâëåíà íà

ïðåäóïðåæäåíèå ðàçðûâîâ òðóáîïðîâîäîâ ïîë-

íûì ñå÷åíèåì, ÷òî îáåñïå÷èâàåò ñìÿã÷åíèå òðå-

áîâàíèé ê ñèñòåìàì áåçîïàñíîñòè. Ðåàëèçàöèÿ

ñöåíàðèÿ ÒÏÐ îçíà÷àåò ñëåäóþùåå: åñëè îáðàçó-

åòñÿ ñêâîçíàÿ òðåùèíà, îíà ñîçäàåò òå÷ü, îáíàðó-

æèâàåìóþ â ðåæèìå íîðìàëüíîé ýêñïëóàòàöèè,

îñòàâàÿñü ñòàáèëüíîé ïðè ìàêñèìàëüíîé ðàñ÷åò-

íîé íàãðóçêå.

Äåéñòâóþùèå íîðìàòèâíûå ìåòîäèêè ðàñ÷å-

òà íà ÒÏÐ (ÃÎÑÒ Ð 58328. «Òðóáîïðîâîäû àòîì-

íûõ ñòàíöèé. Êîíöåïöèÿ «òå÷ü ïåðåä ðàçðóøåíè-

åì», US NRC Standard Review Plan, 3.6.3 “Leak

Before Break Evaluation Procedures” è äð.) íå

ó÷èòûâàþò â ïîëíîé ìåðå âëèÿíèå îñòàòî÷íûõ

íàïðÿæåíèé íà ðàñêðûòèå ñêâîçíûõ òðåùèí è,

ñîîòâåòñòâåííî, íà âåëè÷èíó óòå÷êè òåïëî-

íîñèòåëÿ.

Â äàííîé ðàáîòå ðàññìîòðåíî íåñêîëüêî ýëå-

ìåíòîâ òðóáîïðîâîäà ñ îñòàòî÷íûìè íàïðÿæå-

íèÿìè — ïðÿìàÿ òðóáà Äó850 èç ñòàëè

10ÃÍ2ÌÔÀ ñ àóñòåíèòíîé íàïëàâêîé, ìîí-

òàæíûé øîâ â òðóáîïðîâîäå Äó350 èç ñòàëè

08Õ18Í10Ò è êðèâîëèíåéíûé îòâîä Äó350 èç

ñòàëè 08Õ18Í10Ò, èçãîòîâëåííûé ïëàñòè÷åñêèì

äåôîðìèðîâàíèåì.

Âëèÿíèå îñòàòî÷íûõ íàïðÿæåíèé â àóñòå-

íèòíîé íàïëàâêå íà ðàñêðûòèå ñêâîçíûõ òðåùèí

â òðóáîïðîâîäàõ, èçãîòîâëåííûõ èç ïåðëèòíîé

íèçêîëåãèðîâàííîé ñòàëè èññëåäîâàëîñü ðàíåå

[9 – 14]. Áûëî ïîêàçàíî, ÷òî âîçíèêàþùèå â íà-

ïëàâêå ïðè ðàáî÷åé òåìïåðàòóðå ñæèìàþùèå íà-

ïðÿæåíèÿ, îáóñëîâëåííûå ðàçíèöåé êîýôôèöè-

åíòîâ òåìïåðàòóðíîãî ðàñøèðåíèÿ (ÊÒÐ) ìåòàë-

ëà íàïëàâêè è îñíîâíîãî ìåòàëëà, ïðåïÿòñòâóþò

ðàñêðûòèþ ñêâîçíûõ òðåùèí è óìåíüøàþò ðàç-

ìåðû òå÷è. Ðàñ÷åòû â óêàçàííûõ ðàáîòàõ âûïîë-

íåíû â ïðåäïîëîæåíèè, ÷òî îñòàòî÷íûå íàïðÿ-

æåíèÿ ïîëíîñòüþ ñíèìàþòñÿ ïðè ãèäðîèñïûòà-

íèÿõ. Êðîìå òîãî, íå èññëåäîâàíî èçìåíåíèå

ôîðìû êàíàëà èñòå÷åíèÿ òåïëîíîñèòåëÿ âñëåäñò-

âèå îòëè÷èÿ ÊÒÐ è äåéñòâèÿ ÎÍ.

Ìåòîäèêà è ðåçóëüòàòû ðàñ÷åòîâ

Íèæå ïðåäñòàâëåíû ðåçóëüòàòû óòî÷íåííîãî

÷èñëåííîãî ÌÊÝ-àíàëèçà âëèÿíèÿ îñòàòî÷íûõ

íàïðÿæåíèé, âîçíèêàþùèõ ïðè èçãîòîâëåíèè

àóñòåíèòíîé íàïëàâêè, íà ðàñêðûòèå ñêâîçíûõ

òðåùèí ñ ó÷åòîì âñåé òåõíîëîãè÷åñêîé öåïî÷êè,

âêëþ÷àÿ íàïëàâëåíèå ìåòàëëà íà âíóòðåííþþ

ïîâåðõíîñòü òðóáû (çà îäèí ïðîõîä), òåðìîîáðà-

áîòêó (ÒÎ), ãèäðîèñïûòàíèÿ (ÃÈ).

Ðàñ÷åòû âûïîëíåíû ïðèìåíèòåëüíî ê ãëàâ-

íîìó öèðêóëÿöèîííîìó òðóáîïðîâîäó (ÃÖÒ)

Äó850 íà ÀÝÑ òèïà ÂÂÝÐ-1000, èìåþùåìó òîë-

ùèíó 70 ìì, êîòîðàÿ âêëþ÷àåò òîëùèíû îñíîâ-

íîãî ìåòàëëà (ñòàëü 10ÃÍ2ÌÔÀ) — 63 ìì è àí-

òèêîððîçèîííîé íàïëàâêè (ñòàëü 08Õ18Í10Ò) —

7 ìì (ðèñ. 1, à). Ðàáî÷åå äàâëåíèå â ÃÖÒ —

16,2 ÌÏà, òåìïåðàòóðà — 300 °C. Èçãîòîâëåíèå

íàïëàâêè ìîäåëèðîâàëè ïóòåì àêòèâàöèè ýëå-

ìåíòîâ íàïëàâêè ñ íà÷àëüíîé òåìïåðàòóðîé

1500 °C.

Íà ðèñ. 1, á ïîêàçàíî ïîëó÷åííîå ðàñïðåäåëå-

íèå êîìïîíåíò îñåâûõ íàïðÿæåíèé ïî òîëùèíå

òðóáû (ðàññòîÿíèå îòñ÷èòûâàëè îò âíóòðåííåé

ïîâåðõíîñòè òðóáû ê íàðóæíîé) ïîñëå èçãîòîâëå-

íèÿ íàïëàâêè (åå îõëàæäåíèÿ äî 20 °C), ïðîâåäå-

íèÿ ÒÎ, ÃÈ è ïðèëîæåíèÿ ðàáî÷åé òåìïåðàòóðû

è äàâëåíèÿ. Âèäíî, ÷òî ïîñëå ÒÎ (íàãðåâ äî

650 °C ñ âûäåðæêîé 30 ÷), ÃÈ è ðàçãðóçêè îñòà-

òî÷íûå íàïðÿæåíèÿ â íàïëàâêå ñíèìàþòñÿ íå

ïîëíîñòüþ, à óìåíüøàþòñÿ ïðèìåðíî ñ 280 äî

135 ÌÏà. Ïðè íàãðåâå äî ðàáî÷åé òåìïåðàòóðû â

íàïëàâêå äåéñòâóþò ñæèìàþùèå íàïðÿæåíèÿ äî

80 ÌÏà.

Äëÿ îïðåäåëåíèÿ âëèÿíèÿ íàïëàâêè íà ðàñ-

êðûòèå ïîïåðå÷íûõ òðåùèí ðàçëè÷íîé äëèíû

âûïîëíåí ðÿä ðàñ÷åòîâ ñ âàðüèðîâàíèåì àçèìó-

òàëüíîãî óãëà òðåùèíû 2ö â äèàïàçîíå îò 0 äî
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60° (ðèñ. 1, â). Òðåùèíà ìîäåëèðîâàëàñü ðàñêðåï-

ëåíèåì óçëîâ êîíå÷íûõ ýëåìåíòîâ.

Âëèÿíèå ÎÍ íà ïîëóðàñêðûòèå ïîïåðå÷íîé

ñêâîçíîé òðåùèíû ïðîòÿæåííîñòüþ 60° ïîêàçàíî

íà ðèñ. 2. Çäåñü ïðèâåäåíû çíà÷åíèÿ ïîëóðàñ-

êðûòèÿ òðåùèíû ïî òîëùèíå ñòåíêè â òðóáå áåç

íàïëàâêè (1), â òðóáå ñ íàïëàâêîé áåç ó÷åòà ÎÍ

(2) è ñ ó÷åòîì ÎÍ ïîñëå ÒÎ è ÃÈ (3) ïðè íàãðóæå-

íèè ðàáî÷èìè äàâëåíèåì è òåìïåðàòóðîé. Òî÷êà

ñ íóëåâîé êîîðäèíàòîé íà ãîðèçîíòàëüíîé îñè ñî-

îòâåòñòâóåò âíóòðåííåé ïîâåðõíîñòè òðóáû.

Èç ðèñ. 2, à âèäíî, ÷òî ÎÍ ñíèæàþò ýôôåêò

îò ðàçíèöû ÊÒÐ ìåòàëëà íàïëàâêè è îñíîâíîãî

ìåòàëëà òðóáû. Íàëè÷èå íàïëàâêè ïðèâîäèò ê

èçìåíåíèþ óãëà ðàñêðûòèÿ òðåùèíû — ñíèæå-

íèþ ðàñêðûòèÿ íà âíóòðåííåé ïîâåðõíîñòè è

óâåëè÷åíèþ — íà íàðóæíîé. Òðåùèíû íåáîëü-

øîé ïðîòÿæåííîñòè (ïðè àçèìóòàëüíûõ óãëàõ

òðåùèíû 2ö < 6°) ïðè íàëè÷èè ÎÍ íå ðàñêðûâà-

þòñÿ (ðèñ. 2, á).

Àíàëîãè÷íûå ýôôåêòû ïîëó÷åíû ïðè îöåíêå

âëèÿíèÿ ÎÍ â ìîíòàæíîì øâå è êðèâîëèíåéíîì

îòâîäå àóñòåíèòíîãî ñîåäèíèòåëüíîãî òðóáîïðî-

âîäà Äó350 èç ñòàëè 08Õ18Í10Ò äëÿ ÀÝÑ ñ ÂÂÝÐ

íà ðàñêðûòèå ñêâîçíûõ òðåùèí è ôîðìó êàíàëà

èñòå÷åíèÿ.

ÎÍ â ñâàðíîì êîëüöåâîì øâå (ðèñ. 3, à) îïðå-

äåëÿëè íà îñíîâå ìîäåëèðîâàíèÿ ìíîãîïðîõîä-

íîé ñâàðêè [15] ñ èñïîëüçîâàíèåì ñâàðî÷íîé ïðî-

âîëîêè 04Õ19Í11Ì3. Ðåçóëüòàòû ðàñ÷åòà ðàñ-

ïðåäåëåíèÿ êîìïîíåíò íàïðÿæåíèé ïî òîëùèíå

òðóáû â öåíòðàëüíîé ÷àñòè øâà ïðèâåäåíû íà

ðèñ. 3, á.

Íà ðèñ. 4 ïîêàçàíî èçìåíåíèå ïîëóðàñêðû-

òèÿ ñêâîçíîé êîëüöåâîé òðåùèíû äëèíîé 250 ìì

â ñâàðíîì øâå ïî òîëùèíå òðóáû (òî÷êà ñ íóëå-

âîé êîîðäèíàòîé íà ãîðèçîíòàëüíîé îñè ñîîòâåò-

ñòâóåò âíóòðåííåé ïîâåðõíîñòè òðóáû) ïðè äåé-

ñòâèè ðàáî÷åãî äàâëåíèÿ 16,2 ÌÏà, T = 350 °C è

çíà÷åíèÿõ èçãèáàþùåãî ìîìåíòà M, ðàâíûõ

0,240 êÍ · ì (ðåæèì íîðìàëüíîé ýêñïëóàòàöèè
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Ðèñ. 1. Ðåçóëüòàòû èññëåäîâàíèÿ ÃÖÒ ÄÓ 850: à — ñå÷åíèå òðóáîïðîâîäà (1 — îñíîâíîé ìåòàëë, 2 — íàïëàâêà); á — ðàñ-

ïðåäåëåíèå îñåâûõ íàïðÿæåíèé ïî òîëùèíå òðóáû (1 — ÎÍ ïîñëå íàïëàâêè, 20 °C; 2 — íàãðåâ äî 650 °C; 3 — ïîñëå âû-

äåðæêè 30 ÷ ïðè 650 °C; 4 — ïîñëå îõëàæäåíèÿ äî 20 °C; 5 — ïðè ÃÈ; 6 — ïîñëå ÃÈ; 7 — íàãðåâ äî ðàáî÷åé òåìïåðàòóðû

300 °C; 8 — ïðèëîæåíèå äàâëåíèÿ 16 ÌÏà); â — ãåîìåòðè÷åñêàÿ ìîäåëü ñî ñêâîçíîé òðåùèíîé (2ö = 60°)

Fig. 1. Results of testing DN850 pipeline: a — section of the pipeline with surfacing (1 — base metal, 2 — cladding); b — dis-

tribution of axial stresses through-the-thickness of the pipe (1 — residual stress after cladding, 20°C; 2 — heating up to 650°C;

3 — after keeping for 30 h at 650°C; 4 — after cooling to 20°C; 5 — at hydro-testing; 6 — after hydro-testing; 7 — heating to an

operating temperature of 300°C; 8 — under pressure of 16 MPa); c — geometric model with a through crack (2ö = 60°)
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Ðèñ. 2. Çàâèñèìîñòè ïîëóðàñêðûòèÿ òðåùèíû îò ðàññòîÿíèÿ ïî òîëùèíå òðóáû (à) è ïîëóðàñêðûòèÿ òðåùèíû íà âíóò-

ðåííåé ïîâåðõíîñòè îò óãëîâîãî ðàçìåðà òðåùèíû (á): 1 — òðóáà áåç íàïëàâêè; 2 — ñ íàïëàâêîé áåç ó÷åòà ÎÍ; 3 — íà-

ïëàâêà ñ ó÷åòîì ÎÍ

Fig. 2. Dependences of the crack half-opening on the distance through-the-thickness of the pipe wall (a) and the crack

half-opening on the inner surface on the angular size of the crack (b): 1 — pipe without cladding; 2 — with cladding without re-

sidual stress; 3 — cladding with residual stress



ÍÝ) è M = 570 êÍ · ì (ðåæèì ÍÝ ïëþñ ìàêñè-

ìàëüíîå ðàñ÷åòíîå çåìëåòðÿñåíèå ÌÐÇ). Ïðèâå-

äåíû çíà÷åíèÿ ïîëóðàñêðûòèÿ îò âíåøíèõ íà-

ãðóçîê (êðèâàÿ 1) è îò ñóììàðíîãî âîçäåéñòâèÿ

îñòàòî÷íûõ íàïðÿæåíèé è âíåøíèõ íàãðóçîê

(êðèâàÿ 2). Âèäíî, ÷òî ÎÍ âûçûâàþò ïîâîðîò

áåðåãîâ è óâåëè÷åíèå óãëà ðàñêðûòèÿ òðåùèíû,

÷òî íàèáîëåå âûðàæåíî ïðè îòíîñèòåëüíî íå-

áîëüøèõ ðàáî÷èõ íàïðÿæåíèÿõ (ïðè M = 0 è M =

= 240 êÍ · ì).

Íà ðèñ. 5 ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòîâ

ðàñêðûòèÿ ñêâîçíîé òðåùèíû ñ ïðÿìûìè áåðåãà-

ìè â ñâàðíîì øâå â çàâèñèìîñòè îò åå ïðîòÿæåí-

íîñòè (àçèìóòàëüíîãî óãëà) ïðè äåéñòâèè ðàáî÷å-

ãî äàâëåíèÿ (M = 0). Òðåùèíû íåáîëüøîé ïðîòÿ-

æåííîñòè (äî óãëà 70 ãðàäóñîâ) ÿâëÿþòñÿ çàêðû-

òûìè (ïðè P = 16,2 ÌÏà). Ïðè 2ö > 70 ãðàäóñîâ

òðåùèíû ðàñêðûâàþòñÿ, ñ óâåëè÷åíèåì ïðîòÿ-

æåííîñòè òðåùèí ðàñêðûòèå ñòàíîâèòñÿ áîëüøå.

Âëèÿíèå îñòàòî÷íûõ íàïðÿæåíèé íà ðàñêðû-

òèå òðåùèíû íà âíóòðåííåé ïîâåðõíîñòè òðóáû

(ñèíèå ëèíèè) ñ óâåëè÷åíèåì ïðîòÿæåííîñòè

òðåùèíû ñíèæàåòñÿ è ñòàíîâèòñÿ íåñóùåñòâåí-

íûì ïðè 2ö > 140°.
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Ðèñ. 3. Ñõåìà ñâàðíîãî øâà â ïðÿìîé òðóáå (à) è ðàñïðåäåëåíèÿ êîìïîíåíò íàïðÿæåíèé ïî òîëùèíå òðóáû â ñåðåäèíå

ñâàðíîãî øâà (á): 1 – 3 — ðàäèàëüíûå, òàíãåíöèàëüíûå, îñåâûå íàïðÿæåíèÿ ñîîòâåòñòâåííî

Fig. 3. Scheme of the weld in a straight pipe (a) and distribution of stress components through-the-thickness of the pipe in

the middle of the weld: 1 — radial stresses; 2 — tangential; 3 — axial

à á â

1
1

1
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2

Ðèñ. 4. Ðàñïðåäåëåíèå ïîëóðàñêðûòèÿ òðåùèíû â ñâàðíîì øâå ïî òîëùèíå òðóáû: à — ïðè äåéñòâèè ðàáî÷åãî äàâëåíèÿ;

á — ïðè äåéñòâèè ðàáî÷åãî äàâëåíèÿ è èçãèáàþùåãî ìîìåíòà M = 240 êÍ · ì; â — ïðè äåéñòâèè ðàáî÷åãî äàâëåíèÿ è èç-

ãèáàþùåãî ìîìåíòà M = 570 êÍ · ì (1 è 2 áåç ÎÍ è ñ ÎÍ)

Fig. 4. Distribution of the crack half-opening in the weld through-the-thickness of the pipe: a — under the action of working

pressure; b — under the action of working pressure and bending moment M = 240 kN · m; c — under the action of working

pressure and bending moment M = 570 kN · m (1 — without residual stress; 2 — with residual stress)
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2

34

Ðèñ. 5. Çàâèñèìîñòè ïîëóðàñêðûòèÿ òðåùèíû â ñâàðíîì

øâå îò âåëè÷èíû óãëà 2ö áåç ÎÍ (ïóíêòèðíûå êðèâûå) è

ñ ÎÍ (ñïëîøíûå êðèâûå): 1 — áåç ÎÍ, âíóòðåííÿÿ ïî-

âåðõíîñòü; 2 — ñ ÎÍ, âíóòðåííÿÿ ïîâåðõíîñòü; 3 — áåç

ÎÍ, íàðóæíàÿ ïîâåðõíîñòü; 4 — ñ ÎÍ, íàðóæíàÿ ïîâåðõ-

íîñòü.

Fig. 5. Dependence of the crack half-opening in a weld on

the magnitude of the angle 2ö without residual stress (dot-

ted curves) and with residual stress (solid curves): 1 — with-

out residual stress, inner surface; 2 — with residual stress,

inner surface; 3 — without residual stress, outer surface;

4 — with residual stress, outer surface



Äëÿ îïðåäåëåíèÿ ÎÍ â êðèâîëèíåéíîì îòâî-

äå âûïîëíåíî ìîäåëèðîâàíèå ñ èñïîëüçîâàíèåì

ÌÊÝ ïðîöåññà èçãîòîâëåíèÿ êðèâîëèíåéíîãî îò-

âîäà ðàäèóñîì 1200 ìì èç òðóáû �426 × 40 ìì

(ñòàëü 08Õ18Í10Ò) [16].

Òðóáó ñãèáàëè íà òðóáîãèáî÷íîì ñòàíêå ñ ëî-

êàëüíûì íàãðåâîì òîêîì âûñîêîé ÷àñòîòû (ÒÂ×)

è âîäÿíûì îõëàæäåíèåì. Ñõåìà èçãîòîâëåíèÿ

ãíóòîãî îòâîäà ïîêàçàíà íà ðèñ. 6. Ïðè ãèáêå òðó-

áó-çàãîòîâêó çàêðåïëÿëè â çàæèìàõ ïîäàþùåé

êàðåòêè è ïîâîðîòíîãî ðû÷àãà — âîäèëà. Íàãðå-

âàëè óçêèé êîëüöåâîé ó÷àñòîê. Òðóáó ïåðåìåùà-

ëè ÷åðåç íàïðàâëÿþùèå è ïðè ïîâîðîòå ðû÷àãà

(âîäèëà), òîëêàåìîãî òðóáîé, èçãèáàëè íàãðåòûé

ó÷àñòîê. Ãèáêîé ïîñëåäîâàòåëüíî íàãðåòûõ ó÷à-

ñòêîâ äâèæóùåéñÿ òðóáû ôîðìèðîâàëè ñîãíóòûé

ó÷àñòîê îòâîäà. Ââèäó íàëè÷èÿ ñèììåòðèè ìîäå-

ëèðîâàëè 1/2 ÷àñòü òðóáû è çàõâàòà.

Ðàñïðåäåëåíèå îñòàòî÷íûõ äåôîðìàöèé è íà-

ïðÿæåíèé â èçãîòîâëåííîì îòâîäå ïðåäñòàâëåíî

íà ðèñ. 7.

Â ÌÊÝ-ìîäåëü îòâîäà ñ îñòàòî÷íûìè íàïðÿ-

æåíèÿìè â ðàñòÿíóòóþ è ñæàòóþ çîíû áûëè èì-

ïëåìåíòèðîâàíû ïðîäîëüíûå è ïîïåðå÷íûå

ñêâîçíûå òðåùèíû ðàçëè÷íîé äëèíû (îò 10 äî

300 ìì). Êàê è â ðàíåå ðàññìîòðåííûõ ñëó÷àÿõ,

äåéñòâèå ÎÍ â áîëüøåé ñòåïåíè ïðîÿâèëîñü íà

êîðîòêèõ òðåùèíàõ, êîòîðûå ìîãóò îñòàâàòüñÿ

çàìêíóòûìè äàæå ïðè ïðèëîæåíèè ðàáî÷åãî äàâ-

ëåíèÿ.

Èçìåíåíèå ðàñêðûòèÿ áåðåãîâ òðåùèíû è

ôîðìû êàíàëà èñòå÷åíèÿ ïðè äåéñòâèè ÎÍ ïî-

êàçàíî íà ïðèìåðå ñêâîçíîé ïðîäîëüíîé òðåùè-

íû äëèíîé 150 ìì íà ðàñòÿíóòîé ñòîðîíå îòâîäà

(ðèñ. 8). Ïðèâåäåíû çíà÷åíèÿ ïîëóðàñêðûòèÿ

òðåùèíû (ðèñ. 9) òîëüêî îò äàâëåíèÿ (êðèâàÿ 1) è

îò ñóììàðíîãî âîçäåéñòâèÿ îñòàòî÷íûõ íàïðÿ-

æåíèé è äàâëåíèÿ (êðèâàÿ 2). Êàê è äëÿ ïîïåðå÷-

íîé òðåùèíû â ñâàðíîì øâå (ñì. ðèñ. 4), ÎÍ ïðè-

âîäÿò ê óìåíüøåíèþ ðàñêðûòèÿ òðåùèíû íà

âíóòðåííåé ñòîðîíå ñòåíêè îòâîäà è óâåëè÷åíèþ

íà íàðóæíîé (ñì. ðèñ. 9). Äàííûé ðåçóëüòàò îáú-

ÿñíÿåòñÿ õàðàêòåðîì ðàñïðåäåëåíèÿ ÎÍ ïî òîë-
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Ðèñ. 6. Ñõåìà ïðîöåññà èçãîòîâëåíèÿ îòâîäà ñ ïîëåì òåì-

ïåðàòóð

Fig. 6. Scheme of the process of manufacturing a pipe el-

bow with a temperature field

áà

Ðèñ. 7. Ðàñïðåäåëåíèå èíòåíñèâíîñòè îñòàòî÷íûõ äå-

ôîðìàöèé (îòí. åä.) â ïðîäîëüíîì (à) è îñòàòî÷íûõ îêðóæ-

íûõ íàïðÿæåíèé (ÌÏà) â ïîïåðå÷íîì (á) ñå÷åíèÿõ îòâîäà

Fig. 7. Distribution of the intensity of residual deforma-

tions (rel. units) in the longitudinal (a) and residual cir-

cumferential stresses (MPa) in the transverse (b) section of

the pipe elbow

Ðèñ. 8. Îòâîä ñ ïðîäîëüíîé ñêâîçíîé òðåùèíîé (âûäåëå-

íà êðàñíûì öâåòîì) íà ðàñòÿíóòûõ âîëîêíàõ

Fig. 8. Pipe elbow with a longitudinal through crack (high-

lighted in red) on stretched fibers

1

2

Ðèñ. 9. Èçìåíåíèå ïî òîëùèíå ïîëóðàñêðûòèÿ òðåùèíû

â îòâîäå Äó350 â çîíå ðàñòÿíóòûõ âîëîêîí: 1 è 2 — áåç ÎÍ

è ñ ÎÍ

Fig. 9. Change in the crack half-opening in DN350 branch

in the zone of stretched fibers (1 — without residual stress,

2 — with residual stress)



ùèíå ñòåíêè â øâå è îòâîäå — íà âíóòðåííåé

ïîâåðõíîñòè äåéñòâóþò ñæèìàþùèå ÎÍ, à íà

íàðóæíîé — ðàñòÿãèâàþùèå (ñì. ðèñ. 3, á,

ðèñ. 7, á).

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëèëè îöåíèòü

îáúåì óòå÷êè òåïëîíîñèòåëÿ ÷åðåç ñêâîçíûå òðå-

ùèíû ñ ó÷åòîì âëèÿíèÿ ÎÍ. Âåëè÷èíó òå÷è (íà

ïðèìåðå îäíîôàçíîãî èñòå÷åíèÿ) ÷åðåç ñêâîçíûå

òðåùèíû îöåíèâàëè â ñîîòâåòñòâèè ñ ÃÎÑÒ Ð

58328.

Âåëè÷èíó ðàñõîäà òåïëîíîñèòåëÿ ÷åðåç ñêâîç-

íóþ òðåùèíó îïðåäåëÿëè ñîîòíîøåíèåì

Q C p WL
D

�
0 0
� , (1)

ãäå L — äëèíà òðåùèíû íà ñðåäèííîé ïîâåðõíî-

ñòè; p0 è ñ0 — äàâëåíèå è ïëîòíîñòü âîäû íà âõî-

äå â òðåùèíó, W = (Wex + Win)/2 — ñðåäíåå çíà-

÷åíèå ðàñêðûòèÿ òðåùèíû íà íàðóæíîé (Wex) è

âíóòðåííåé (Win) ïîâåðõíîñòÿõ; CD — êîýôôèöè-

åíò ðàñõîäà, ó÷èòûâàþùèé âëèÿíèå íà îáúåì

óòå÷êè ðàçëè÷èÿ â ðàñêðûòèÿõ íà íàðóæíîé è

âíóòðåííåé ïîâåðõíîñòÿõ, äëèíó êàíàëà èñòå÷å-

íèÿ, à òàêæå òðåíèå òåïëîíîñèòåëÿ î áåðåãà òðå-

ùèíû. Êîýôôèöèåíò ðàñõîäà

C
d

af W
D
�

�

	

1

1 2

2

/
, (2)

ãäå f = (3,64 log(2W/ì) – 2,636)–2 — êîýôôèöèåíò

òðåíèÿ; ì — ïàðàìåòð øåðîõîâàòîñòè, çàâèñÿ-

ùèé îò ìîðôîëîãèè òðåùèíû; d = (Wex – Win)/2W

— ïàðàìåòð ðàñõîæäåíèÿ òðåùèíû.

Ñ èñïîëüçîâàíèåì çàâèñèìîñòè (1) óñòàíîâ-

ëåí îáúåì òå÷è â ðàññìîòðåííûõ ýëåìåíòàõ òðó-

áîïðîâîäîâ áåç ó÷åòà è ñ ó÷åòîì ÎÍ (òàáë. 1).

Ðàñ÷åòû âåëè÷èíû òå÷è äëÿ òðåùèíû â ñâàð-

íîì øâå ïðè äåéñòâèè ïîñòîÿííîãî äàâëåíèÿ è

âàðüèðîâàíèè âåëè÷èíû èçãèáàþùåãî ìîìåíòà

ïîêàçàëè, ÷òî ïðè îòñóòñòâèè èçãèáíûõ íàïðÿæå-

íèé (M = 0) è, ñîîòâåòñòâåííî, íåáîëüøîì ðàñ-

êðûòèè òðåùèíû ÎÍ óìåíüøàþò òå÷ü, à ïðè

äåéñòâèè èçãèáàþùåãî ìîìåíòà M, ðàâíîãî 240 è

570 êÍ · ì, ðàñêðûâàþùåãî òðåùèíó, — óâåëè÷è-

âàþò (ñì. òàáë. 1).

Òàêîé ðåçóëüòàò îáúÿñíÿåòñÿ òåì, ÷òî ÎÍ

îêàçûâàþò äâîÿêîå âëèÿíèå. Ïîâîðîò áåðåãîâ

òðåùèíû çà ñ÷åò äåéñòâèÿ ÎÍ, ñ îäíîé ñòîðîíû,

óìåíüøàåò ðàñêðûòèå òðåùèíû íà âíóòðåííåé

ïîâåðõíîñòè, ÷òî ñíèæàåò îáúåì òå÷è. Ñ äðóãîé

ñòîðîíû, ðàñêðûòèå òðåùèíû íà íàðóæíîé ïî-

âåðõíîñòè ïðèâîäèò ê óìåíüøåíèþ òðåíèÿ â âû-

õîäíîé ÷àñòè êàíàëà èñòå÷åíèÿ, ÷òî ñïîñîáñòâóåò

óâåëè÷åíèþ òå÷è. Òàêèì îáðàçîì, îáúåì òå÷è áó-

äåò çàâèñåòü îò òîãî, âêëàä êàêîãî èç ýòèõ ôàêòî-

ðîâ ÿâëÿåòñÿ ïðåîáëàäàþùèì.

Ïðè íàãðóçêàõ, ñîîòâåòñòâóþùèõ íîðìàëü-

íîé ýêñïëóàòàöèè, âî âñåõ ðàññìîòðåííûõ ýëå-

ìåíòàõ ÎÍ óâåëè÷èâàþò òå÷ü, âåëè÷èíà êîòîðîé

ïðåâûøàåò áîëåå ÷åì ñ 10-êðàòíûì çàïàñîì ÷óâ-

ñòâèòåëüíîñòü ñèñòåì êîíòðîëÿ òå÷åé ÀÝÑ

(1,9 ë/ìèí). Òàêèì îáðàçîì, íåó÷åò ÎÍ ïðè ÍÝ

äàåò êîíñåðâàòèâíóþ îöåíêó.

Ïðèìåíèòåëüíî ê óñëîâèÿì íàãðóæåíèÿ ñî-

åäèíèòåëüíîãî òðóáîïðîâîäà Äó350 îöåíèâàëè

âëèÿíèå ÎÍ íà ñòàáèëüíîñòü òðåùèí. Íàèáîëåå

íàãðóæåííûì ýëåìåíòîì äàííîãî òðóáîïðîâîäà

ÿâëÿåòñÿ ïðÿìîé ó÷àñòîê ñî ñâàðíûì øâîì ïðè

äåéñòâèè ìàêñèìàëüíûõ ðàñ÷åòíûõ íàãðóçîê

(ÍÝ + ÌÐÇ) — âíóòðåííåãî äàâëåíèÿ 16,2 ÌÏà

è èçãèáàþùåãî ìîìåíòà 570 êÍ · ì.

Àíàëèç ñòàáèëüíîñòè êîëüöåâîé òðåùèíû â

ñâàðíîì øâå âûïîëíÿëè ñ èñïîëüçîâàíèåì J-èí-

òåãðàëîâ. Ðàñ÷åò J-èíòåãðàëîâ â âåðøèíå òðå-

ùèíû ïðîâîäèëè ìåòîäîì îáúåìíîãî èíòåãðè-

ðîâàíèÿ ïî äåâÿòè êîíòóðàì. Ôðîíò äåôåêòîâ

ìîäåëèðîâàëè âûðîæäåííûìè ñèíãóëÿðíûìè

ýëåìåíòàìè.

Ðàñ÷åòû, âûïîëíåííûå äëÿ ãëóáîêîé (85 % îò

òîëùèíû ñòåíêè) íåñêâîçíîé ïðîòÿæåííîé òðå-

ùèíû äëèíîé 250 ìì â ñâàðíîì øâå, ïîêàçàëè,

÷òî ñöåíàðèé, ïðè êîòîðîì òàêàÿ òðåùèíà ìîæåò

ðàçâèòüñÿ â íåóñòîé÷èâóþ òðåùèíó è ïðèâåñòè ê

ðàçðóøåíèþ ïîëíûì ñå÷åíèåì, íåðåàëèçóåì.

Ìàêñèìàëüíûå çíà÷åíèÿ J-èíòåãðàëà ñîîò-

âåòñòâóþò ñðåäíåé ïî äëèíå ÷àñòè òðåùèíû, à

ìèíèìàëüíûå — åå êðàÿì. Èç ýòîãî ñëåäóåò, ÷òî
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Òàáëèöà 1. Âëèÿíèå îñòàòî÷íûõ íàïðÿæåíèé íà âåëè÷èíó òå÷è

Table 1. The effect of residual stresses on the amount of leakage

Òðóáîïðîâîä
Äëèíà

òðåùèíû, ìì

Ïàðàìåòð øåðî-

õîâàòîñòè, ìêì

Äàâëåíèå,

ÌÏà

Èçãèáàþùèé

ìîìåíò, êÍ · ì

Òå÷ü, ë/ìèí

áåç ÎÍ ñ ÎÍ

Äó850 ñ íàïëàâêîé 460 75 16,2 0 (ÍÝ) 83 89

Äó350 ñâàðíîé øîâ 250 10 16,2 0 23 2,3

240 (ÍÝ) 148 180

570 560 672

Îòâîä Äó350 150 10 16,2 0 (ÍÝ) 34,5 45,9

Ï ð è ì å ÷ à í è å. ÍÝ — íîðìàëüíàÿ ýêñïëóàòàöèÿ.



ðîñò òðåùèíû áóäåò ïðîèñõîäèòü â åå öåíòðàëü-

íîé ÷àñòè è ïðåèìóùåñòâåííî — â íàïðàâëåíèè

òîëùèíû ñòåíêè. Áåç ó÷åòà ÎÍ ìàêñèìàëüíàÿ âå-

ëè÷èíà J-èíòåãðàëà â âåðøèíå óêàçàííîé ïî-

âåðõíîñòíîé òðåùèíû ïðè ìàêñèìàëüíîé ðàñ÷åò-

íîé íàãðóçêå ñîñòàâëÿåò îêîëî 80 êÍ/ì, ïðè íà-

ëè÷èè ÎÍ — íå ïðåâûøàåò 60 êÍ/ì, ÷òî íèæå

çíà÷åíèÿ, ñîîòâåòñòâóþùåãî ïîäðàñòàíèþ òðå-

ùèíû íà 0,2 ìì, ïîëó÷åííîãî äëÿ ìåòàëëà øâà

(J0,2 = 115 êÍ/ì ïðè T = 350 °C).

Äëÿ ñêâîçíîé òðåùèíû äëèíîé 250 ìì â ñâàð-

íîì øâå ïðè äåéñòâèè âíóòðåííåãî ðàáî÷åãî äàâ-

ëåíèÿ è èçãèáàþùåãî ìîìåíòà M = 570 êÍ · ì âå-

ëè÷èíà J-èíòåãðàëà ïðè îòñóòñòâèè ÎÍ ñîñòàâ-

ëÿåò 82 êÍ/ì, à ïðè íàëè÷èè ÎÍ îíà âîçðàñòàåò

äî 100 Í/ìì, ÷òî íèæå ñîîòâåòñòâóþùåãî çíà÷å-

íèÿ J0,2. Òàêèì îáðàçîì, ñêâîçíàÿ òðåùèíà äëè-

íîé 250 ìì ÿâëÿåòñÿ ñòàáèëüíîé.

Ñòàáèëüíîñòü òðåùèíû áóäåò ñîõðàíÿòüñÿ

ïðè óâåëè÷åíèè èçãèáàþùåãî ìîìåíòà ïî êðàé-

íåé ìåðå äî 1000 êÍ · ì. Â ýòîì ñëó÷àå âåëè÷èíà

J-èíòåãðàë âîçðàñòåò äî 275 Í/ìì. Óêàçàííîìó

çíà÷åíèþ ñîîòâåòñòâóåò âÿçêèé ïîäðîñò òðåùè-

íû íà 2 ìì (ðèñ. 10, á). Ïðè òàêîì ïîäðîñòå óñëî-

âèå ñòàáèëüíîñòè òðåùèíû â ðåæèìå ÍÝ + ÌÐÇ

ñîõðàíÿåòñÿ â ñëó÷àå âûïîëíåíèÿ íåðàâåíñòâà

(�J/�c)a < (�J/�c)mat, (3)

ãäå (�J/�c)a = 4,1 Í/ìì2 — ïðîèçâîäíàÿ ïî J-R

êðèâîé îò ïðèëîæåííîé íàãðóçêè äëÿ òðåùèíû

äëèíîé 250 ìì (ñì. ðèñ. 10, à, êðèâàÿ äëÿ T =

= 350 °C); (�J/�c)mat = 60 Í/ìì2 — ïðîèçâîäíàÿ

ïî J – R êðèâîé äëÿ ìåòàëëà øâà â òî÷êå ñ J =

= 275 Í/ìì (ñì. ðèñ. 10, á, êðèâàÿ äëÿ T =

= 350 °C).

Ðàñ÷åòíàÿ äëèíà òðåùèíû â ìåòàëëå øâà,

âûçûâàþùàÿ ðåãèñòðèðóåìóþ òå÷ü 19,1 ë/ìèí,

ñîñòàâëÿåò 120 ìì áåç ó÷åòà ÎÍ è 114 ìì ïðè

ó÷åòå ÎÍ. Ïðèíÿòàÿ ïðè ðàñ÷åòå ñòàáèëüíîñòè

(1) äëèíà ñêâîçíîé òðåùèíû 250 ìì áîëåå ÷åì

â äâà ðàçà ïðåâûøàåò äëèíó òðåùèí, ñîçäà-

þùèõ óêàçàííóþ òå÷ü, ÷òî ñîîòâåòñòâóåò òðåáî-

âàíèÿì âûïîëíåíèÿ êîíöåïöèè ÒÏÐ ïî âåëè÷è-

íå çàïàñà.

Äëÿ ñêâîçíûõ ïðîäîëüíûõ òðåùèí â ðàñòÿíó-

òîé íàèáîëåå íàãðóæåííîé çîíå îòâîäà óñëîâèå

ñòàáèëüíîñòè (1) äëÿ òðåùèí äëèíîé äî 250 ìì

âûïîëíÿåòñÿ ñ áóëüøèì çàïàñîì â ñèëó áîëåå âû-

ñîêîãî óðîâíÿ ñâîéñòâ è ìåíüøåé íàãðóæåííîñòè

îòâîäà.

Ìåòîäèêà è ðåçóëüòàòû èñïûòàíèé

Äëÿ ïîäòâåðæäåíèÿ ñòàáèëüíîñòè ïîâåðõíî-

ñòíûõ òðåùèí ïðè ìàêñèìàëüíûõ ðàñ÷åòíûõ íà-

ãðóçêàõ è äåìîíñòðàöèè ðåàëèçàöèè ñöåíàðèÿ ïî

òèïó «òå÷ü ïåðåä ðàçðóøåíèåì» ñ îáðàçîâàíèåì

ñòàáèëüíûõ ñêâîçíûõ òðåùèí ïðîâåäåíû íàòóð-

íûå èñïûòàíèÿ ìîäåëåé ïðÿìîãî ó÷àñòêà òðóáû

Äó350 ñî ñâàðíûì øâîì è îòâîäà èç ñòàëè

08Õ18Í10Ò.

Â ñâÿçè ñî ñëîæíîñòüþ ïîëíîé èìèòàöèè óñ-

ëîâèé íàãðóæåíèÿ òðóáîïðîâîäà íà ñòàäèè ðàç-

âèòèÿ ðàçðóøåíèÿ ïðè T = 350 °C èñïûòàíèÿ

âûïîëíÿëè ïðè T = 20 °C.

Íåîáõîäèìî îòìåòèòü, ÷òî â ñëó÷àå ìàëîïëà-

ñòè÷íûõ ìàòåðèàëîâ ïîíèæåíèå òåìïåðàòóðû

ìîæåò ïðèâåñòè ê õðóïêîìó ðàçðóøåíèþ ïîñëå

îòíîñèòåëüíî íåáîëüøîãî ñòàáèëüíîãî ïîäðîñòà

òðåùèíû. Â ýòîì îòíîøåíèè èñïûòàíèÿ ìîäåëåé

ïðè T = 20 °C ÿâëÿþòñÿ áîëåå êîíñåðâàòèâíûìè.

Áûëè èñïûòàíû äâå ìîäåëè ñ òðåùèíîé â

ñâàðíîì øâå. Â îäíîé èç ìîäåëåé òðåùèíà èìåëà

äîêðèòè÷åñêèå ðàçìåðû: äëèíó âäîëü øâà — îêî-

ëî 250 ìì; ãëóáèíó — ïðèìåðíî 85 % îò òîëùè-

íû ñòåíêè (ðèñ. 11, à).

Â èñïûòàíèÿõ ïî ðåæèìó ÍÝ + ÌÐÇ äëÿ êîí-

ñåðâàòèâíîñòè èçãèáàþùèé ìîìåíò áûë óâåëè-
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Ðèñ. 10. Çàâèñèìîñòè ìàêñèìàëüíîãî çíà÷åíèÿ J-èíòåãðàëà äëÿ ñêâîçíîé òðåùèíû îò åå äëèíû ïðè ÍÝ + ÌÐÇ (à) è

J – R êðèâûå äëÿ ìåòàëëà øâà (á)

Fig. 10. Dependence of the maximum value of J-integral for a through crack on the crack length under normal condition plus

maximum calculated design earthquake (a) and J – R curves for the weld metal (b)



÷åí äî 630 êÍ/ì, ìàêñèìàëüíîå äàâëåíèå —

17,6 ÌÏà.

Ïðè óêàçàííûõ íàãðóçêàõ ìàêñèìàëüíàÿ âå-

ëè÷èíà J-èíòåãðàëà äëÿ ïîâåðõíîñòíîé òðåùèíû

äëèíîé 250 ìì ñ ó÷åòîì ÎÍ ñîñòàâèëà îêîëî

90 Í/ìì, ÷òî ìåíüøå J0,2 = 290 Í/ìì (T = 20 °C).

Ñòðàãèâàíèå òðåùèíû âîçìîæíî ïðè óâåëè-

÷åíèè èçãèáàþùåãî ìîìåíòà ïðèìåðíî äî

1100 êÍ · ì, ÷òî íà 30 % áîëüøå, ÷åì ìàêñèìàëü-

íûé ðàñ÷åòíûé ìîìåíò.

Äëÿ îöåíêè ðåàëüíûõ êðèòè÷åñêèõ ðàçìåðîâ

òðåùèíû âî âòîðîé ìîäåëè áûë ñîçäàí áîëåå ïðî-

òÿæåííûé òðåùèíîïîäîáíûé äåôåêò ñ äëèíîé ïî

âíóòðåííåé ïîâåðõíîñòè 450 ìì, êîòîðàÿ ïðå-

âûøàåò äëèíó êðèòè÷åñêîãî ñêâîçíîãî äåôåêòà.

Â ýòîì ñëó÷àå ñòðàãèâàíèå òðåùèíû, ñîîòâåò-

ñòâóþùåå óñëîâèþ J = J0,2, ïðîèñõîäèò ïðè èçãè-

áàþùåì ìîìåíòå M = 500 êÍ · ì.

Â ìîäåëè îòâîäà áûë ïîäãîòîâëåí ãëóáîêèé

ïðîäîëüíûé òðåùèíîïîäîáíûé äåôåêò äëèíîé

250 ìì íà ðàñòÿíóòîé ñòîðîíå (ðèñ. 11, á), ãäå

ìåòàëë èìååò áîëåå íèçêèå, ÷åì â çîíå ñæàòèÿ è

ó íåéòðàëüíîé îñè, ìåõàíè÷åñêèå ñâîéñòâà è

õàðàêòåðèñòèêè âÿçêîñòè ðàçðóøåíèÿ. Äëÿ òðå-

ùèíû òàêîé äëèíû ïðè äàâëåíèè 17,6 ÌÏà ìàê-

ñèìàëüíàÿ âåëè÷èíà J-èíòåãðàëà ñîñòàâèëà

20 êÍ/ì, ÷òî íèæå ñîîòâåòñòâóþùåãî çíà÷åíèÿ

J0,2 äëÿ ìåòàëëà ðàñòÿíóòîé çîíû îòâîäà.

Â öåëÿõ óìåíüøåíèÿ ðàáî÷åãî îáúåìà âíóò-

ðåííèå ïîëîñòè ìîäåëåé ïðÿìîãî ó÷àñòêà ñî ñâàð-

íûì øâîì è êðèâîëèíåéíîãî îòâîäà çàïîëíÿëè

íà 70 % ìåëêîé ãðàíèòíîé ãàëüêîé (ôðàêöèÿ

10 – 30 ìì). Ñ äâóõ ñòîðîí íà òîðöàõ ìîäåëåé

óñòàíàâëèâàëè çàãëóøêè ñî øòóöåðàìè äëÿ ïî-

äà÷è ìàñëà è óäàëåíèÿ âîçäóõà. Äëÿ èñêëþ÷å-

íèÿ ïîïàäàíèÿ ìåëêèõ ôðàêöèé ãàëüêè â ãèä-

ðîñèñòåìó ïðåäóñìîòðåíû îãðàíè÷èòåëè â âèäå

ìåòàëëè÷åñêèõ ñåòîê. Íà ðèñ. 12 â êà÷åñòâå ïðè-

ìåðà ïîêàçàíî êîíñòðóêòèâíîå èñïîëíåíèå ìîäå-

ëè îòâîäà.

Ðåæèìû íàãðóæåíèÿ ìîäåëè îòâîäà è ïðÿìî-

ãî ó÷àñòêà òðóáû ñî ñâàðíûì øâîì áûëè âûáðà-

íû ñ ó÷åòîì äàííûõ î íàãðóæåííîñòè ñîåäèíè-

òåëüíîãî òðóáîïðîâîäà â ðåæèìàõ ÍÝ è ÍÝ +

ÌÐÇ.

Äëÿ ðåàëèçàöèè ïðîãðàììû èñïûòàíèé îòâî-

äà è ñâàðíîé òðóáû âíóòðåííèì äàâëåíèåì ðàç-

ðàáîòàíà îðèãèíàëüíàÿ êîíñòðóêöèÿ ãèäðàâëè÷å-

ñêîãî ñòåíäà, îñíîâàííàÿ íà ïðèìåíåíèè â êà÷å-

ñòâå íàñîñà âûñîêîãî äàâëåíèÿ ãèäðàâëè÷åñêîãî

öèëèíäðà, íàãðóæàåìîãî èñïûòàòåëüíîé ìàøè-

íîé. Â êà÷åñòâå ïîñëåäíåé èñïîëüçîâàëè ýëåêòðî-

ãèäðàâëè÷åñêóþ ìàøèíó ôèðìû Schenck (ÔÐÃ)

óñèëèåì äî 100 òñ. Èçãèáàþùèé ìîìåíò â èñïû-

òûâàåìîé ìîäåëè ñîçäàâàëñÿ ïî ñõåìå òðåõòî÷å÷-

íîãî èçãèáà íà óñòàíîâêå ñ ìàêñèìàëüíûì óñèëè-

åì äî 1000 òñ.

Èñïûòàíèÿ îòâîäà ïðîâîäèëè ïóòåì öèêëè-

÷åñêîãî èçìåíåíèÿ âíóòðåííåãî äàâëåíèÿ îò íóëÿ

äî çàäàííîãî ðàñ÷åòíîãî çíà÷åíèÿ. Íà îòâîäå â

çîíå èñõîäíîãî äåôåêòà â âèäå îñòðîãî íàäðåçà
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Ðèñ. 11. Ðàçìåðû èñõîäíûõ äåôåêòîâ â ñâàðíîì øâå (à — ïîïåðå÷íîå ñå÷åíèå) è â ðàñòÿíóòîé çîíå îòâîäà (á — ïðîäîëü-

íîå ñå÷åíèå)

Fig. 11. Dimensions of initial defects in the weld (a — cross section) and in the stretched elbow zone (b — longitudinal

section)
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Ðèñ. 12. Ìîäåëü îòâîäà â ñáîðå: 1 — êðèâîëèíåéíûé îò-

âîä; 2 — ãàëüêà; 3 — ñåòêà îãðàíè÷èòåëüíàÿ; 4 — çàãëóø-

êà; 5 — øòóöåð

Fig. 12. The model of the pipe elbow assembly: 1 — pipe el-

bow; 2 — pebble; 3 — restrictive mesh; 4 — plug; 5 — fitting



áûë óñòàíîâëåí äàò÷èê ðàñêðûòèÿ òðåùèíû (ýêñ-

òåíçîìåòð ñ áàçîé 50 ìì), ïîêàçàíèÿ êîòîðîãî èñ-

ïîëüçîâàëè äëÿ ðåãèñòðàöèè ìîìåíòà ñòðàãèâà-

íèÿ òðåùèíû.

Ïîñëå 2000 öèêëîâ íàãðóæåíèÿ íà âíóòðåí-

íåé ïîâåðõíîñòè îòâîäà, â çîíå äåôåêòà, îáðàçî-

âàëàñü ñêâîçíàÿ ñòàáèëüíàÿ òðåùèíà äëèíîé îêî-

ëî 100 ìì è âîçíèêëà ëîêàëüíàÿ òå÷ü. Ïîñëå èíè-

öèàöèè òå÷è äàò÷èê ðàñêðûòèÿ òðåùèíû äåìîí-

òèðîâàëè âî èçáåæàíèå ïîâðåæäåíèÿ ïîòîêîì

ìàñëà. Äåôåêò ïîäðàñòàë åùå â òå÷åíèå íåñêîëü-

êèõ öèêëîâ ïðè íàëè÷èè òå÷è. Óðîâåíü äàâëåíèÿ

ïðè ýòîì ïîääåðæèâàëñÿ ïîñòîÿííûì çà ñ÷åò

áîëüøîé ïðîèçâîäèòåëüíîñòè ãèäðîöèëèíäðà,

óñòàíîâëåííîãî íà 100-òîííîé ìàøèíå Schenck.

Çàôèêñèðîâàííàÿ äàò÷èêàìè âåëè÷èíà ðàñ-

êðûòèÿ áåðåãîâ íàäðåçà (ðèñ. 13) ïðè äàâëåíèè

17,6 ÌÏà íà íà÷àëüíîé ñòàäèè ñîñòàâëÿëà îêîëî

290 ìêì, â ìîìåíò îáðàçîâàíèÿ òå÷è — ïðèìåðíî

350 ìêì (ïåðåä ñíÿòèåì äàò÷èêà). Ïëàâíîå èçìå-

íåíèå ðàñêðûòèÿ òðåùèíû ñâèäåòåëüñòâóåò î åå

ñòàáèëüíîì ðàçâèòèè.

Ïðèáëèçèòåëüíî òàêèå æå çíà÷åíèÿ ðàñêðû-

òèé ïîëó÷åíû è â ðåçóëüòàòå ðàñ÷åòà (òàáë. 2) —

íà íàðóæíîé ïîâåðõíîñòè îòâîäà îíî ñîñòàâèëî

261 ìêì, ÷òî äîñòàòî÷íî áëèçêî ê ýêñïåðèìåí-

òàëüíûì çíà÷åíèÿì.

Â ðåçóëüòàòå èñïûòàíèÿ ïîäòâåðæäåíî, ÷òî

ïîâåðõíîñòíûé äåôåêò â îòâîäå ïðè öèêëè÷å-

ñêîì íàãðóæåíèè ìàêñèìàëüíûì ðàñ÷åòíûì äàâ-

ëåíèåì ïðåâðàùàåòñÿ â ñêâîçíóþ òðåùèíó ñ îá-

ðàçîâàíèåì òå÷è, êîòîðàÿ îñòàåòñÿ ñòàáèëüíîé

ïðè äàëüíåéøåì íàãðóæåíèè òàêèì æå äàâëåíè-

åì. Ïîñëå îáðàçîâàíèÿ òå÷è è çàâåðøåíèÿ öèêëè-

÷åñêîãî íàãðóæåíèÿ äàâëåíèå óñòàíîâèëè âûøå

ìàêñèìàëüíîãî ðàñ÷åòíîãî óðîâíÿ — äî 22 ÌÏà.

Ïðè ýòîì íàáëþäàëîñü âÿçêîå ñòàòè÷åñêîå ïîä-

ðàñòàíèå òðåùèíû, íî îíà îñòàëàñü ñòàáèëüíîé.

Èñïûòàíèÿ ïåðâîé ìîäåëè ïðÿìîé òðóáû ñ

äåôåêòîì äëèíîé 250 ìì â ñâàðíîì øâå íà íà-

÷àëüíîì ýòàïå íàãðóæåíèÿ îñóùåñòâëÿëè âíóò-

ðåííèì öèêëè÷åñêèì äàâëåíèåì 15 ÌÏà â òå÷å-

íèå 2 · 104 öèêëîâ ñ ÷àñòîòîé 0,3 Ãö äëÿ ïðåâðà-

ùåíèÿ äåôåêòà â óñòàëîñòíóþ òðåùèíó.

Çàòåì ìîäåëü óñòàíîâèëè íà èñïûòàòåëüíóþ

ìàøèíó Schenck ñ ìàêñèìàëüíûì óñèëèåì

1000 òñ è ïîäâåðãàëè ñîâìåñòíîìó âîçäåéñòâèþ

ñòàòè÷åñêîãî âíóòðåííåãî äàâëåíèÿ 17,6 ÌÏà è

èçãèáàþùåãî ìîìåíòà âåëè÷èíîé 630 êÍ · ì. Íà

ýòîì ýòàïå ïðîâåðÿëè ñòàáèëüíîñòü òðåùèíîïî-

äîáíîãî äåôåêòà â ìîäåëè.

Â ïðîöåññå èñïûòàíèÿ ïðè äåéñòâèè çàäàííî-

ãî âíóòðåííåãî äàâëåíèÿ è óâåëè÷åíèè èçãèáàþ-

ùåãî ìîìåíòà äî 700 êÍ · ì íå áûëî âûÿâëåíî çà-

ìåòíîãî ïîäðàñòàíèÿ äåôåêòà, ÷òî óñòàíîâëåíî

ïî ïîêàçàíèÿì ýêñòåíçîìåòðà, ðàñïîëîæåííîãî

íà íàðóæíîé ïîâåðõíîñòè òðóáû â çîíå ðàñïîëî-

æåíèÿ äåôåêòà. Íåñóùàÿ ñïîñîáíîñòü òðóáû

áûëà ïîòåðÿíà ïîñëå äàëüíåéøåãî ïîâûøåíèÿ

èçãèáàþùåãî ìîìåíòà äî 1250 êÍ · ì è âÿçêîãî

ðàçâèòèÿ ðàçðóøåíèÿ ñ îáðàçîâàíèåì òå÷è.

Âî âòîðîé ìîäåëè òðóáû ñ êîëüöåâûì äåôåê-

òîì äëèíîé 450 ìì çàîñòðåíèå äåôåêòà îñóùåñòâ-

ëÿëîñü öèêëè÷åñêèì èçãèáàþùèì ìîìåíòîì (ïðè

ìàêñèìàëüíîì ðàñ÷åòíîì äàâëåíèè), êîòîðûé

âàðüèðîâàëè îò 140 äî 285 êÍ · ì ñ ÷àñòîòîé

0,67 Ãö. Êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ ñîñòàâè-

ëî 1000. Ïîñëå ýòîãî ìàêñèìàëüíîå çíà÷åíèå ìî-

ìåíòà áûëî óâåëè÷åíî äî 348 êÍ · ì (÷òî ïðèìåð-

íî ñîîòâåòñòâóåò ðåæèìó «íîðìàëüíàÿ ýêñïëóà-

òàöèÿ» ïëþñ «ïðîåêòíîå çåìëåòðÿñåíèå»), à ìè-

íèìàëüíîå óìåíüøåíî äî 100 êÍ · ì. Ïîñëå 830

öèêëîâ íàãðóæåíèÿ ñ òàêèì ðàçìàõîì îáðàçîâà-

ëàñü ñêâîçíàÿ òðåùèíà ñî ñòàáèëüíîé òå÷üþ.

Àíàëèç èçëîìîâ ìîäåëåé ïðÿìîé òðóáû è îò-

âîäà ïîêàçàë, ÷òî ðîñò äåôåêòîâ ïðîèñõîäèë ïðå-

èìóùåñòâåííî â íàïðàâëåíèè òîëùèíû ñòåíêè,

÷òî ñîîòâåòñòâóåò äàííûì ðàñ÷åòîâ.

Âûâîäû

1. Îñòàòî÷íûå íàïðÿæåíèÿ â ìîíòàæíîì

ñâàðíîì øâå ñîåäèíèòåëüíîãî òðóáîïðîâîäà

Äó350 è êðèâîëèíåéíîì îòâîäå èç ñòàëè

08Õ18Í10Ò, à òàêæå òåìïåðàòóðíûå íàïðÿæåíèÿ
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Ðèñ. 13. Èçìåíåíèå ðàñêðûòèÿ áåðåãîâ äåôåêòà â îòâîäå

ïðè öèêëè÷åñêîì íàãðóæåíèè

Fig. 13. Change in the crack opening in the pipe elbow

under cyclic loading

Òàáëèöà 2. Ýêñïåðèìåíòàëüíûå è ðàñ÷åòíûå çíà÷åíèÿ

ðàñêðûòèÿ òðåùèíû â îòâîäå

Table 2. Experimental and calculated values of the crack

opening in the pipe branch (elbow)

Äàâëåíèå,

ÌÏà

Ðàñêðûòèå òðåùèíû, ìêì

Ýêñïåðèìåíò Ðàñ÷åò ñ ó÷åòîì ÎÍ

10 128 121

17,6 290 261



â ïåðëèòíîé òðóáå Äó850, îáóñëîâëåííûå ðàçíè-

öåé êîýôôèöèåíòîâ òåìïåðàòóðíîãî ðàñøèðåíèÿ

îñíîâíîãî ìåòàëëà è àóñòåíèòíîé íàïëàâêè, ïðè-

âîäÿò ê èçìåíåíèþ ðàñêðûòèÿ ñêâîçíûõ òðåùèí,

èçìåíåíèþ ôîðìû êàíàëà èñòå÷åíèÿ è îáúåìà

òå÷è. Â ñëó÷àå êîðîòêèõ òðåùèí è ïðè îòíîñè-

òåëüíî íåâûñîêèõ ðàáî÷èõ íàïðÿæåíèÿõ áåðåãà

òðåùèí çà ñ÷åò äåéñòâèÿ îñòàòî÷íûõ íàïðÿæå-

íèé ìîãóò ñìûêàòüñÿ ñ âíóòðåííåé ñòîðîíû ñòåí-

êè òðóáû, ïðèâîäÿ ê óìåíüøåíèþ èëè ïðåêðàùå-

íèþ òå÷è. Ýôôåêò îò äåéñòâèÿ îñòàòî÷íûõ íà-

ïðÿæåíèé íà ïðîòÿæåííûå òðåùèíû è ïðè äîñ-

òàòî÷íî âûñîêèõ ðàáî÷èõ íàïðÿæåíèÿõ îáðàò-

íûé — èçìåíåíèå ôîðìû êàíàëà èñòå÷åíèÿ

(óâåëè÷åíèÿ ðàñêðûòèÿ áåðåãîâ òðåùèíû íà íà-

ðóæíîé ïîâåðõíîñòè òðóáû) ïðèâîäèò ê óìåíü-

øåíèþ òðåíèÿ ïîòîêà òåïëîíîñèòåëÿ î áåðåãà

òðåùèíû è, ñîîòâåòñòâåííî, ê óâåëè÷åíèþ îáúå-

ìà òå÷è.

2. Ïðèìåíèòåëüíî ê ðåæèìó íîðìàëüíîé

ýêñïëóàòàöèè ðàññìîòðåííîãî ñîåäèíèòåëüíîãî

òðóáîïðîâîäà ïðè ïðîòÿæåííîñòè ñêâîçíûõ òðå-

ùèí, îáåñïå÷èâàþùèõ âåëè÷èíó òå÷è, îòâå÷à-

þùóþ óñëîâèÿì êîíöåïöèè ÒÏÐ, íåó÷åò âëèÿ-

íèÿ îñòàòî÷íûõ íàïðÿæåíèé íà ðàñêðûòèå òðå-

ùèí èäåò â çàïàñ.

3. Ïðè ïðîâåäåíèè øòàòíîé òåðìîîáðàáîòêè

ïåðëèòíûõ òðóá Äó850 èç ñòàëè 10ÃÍ2ÌÔÀ ñ

àóñòåíèòíîé íàïëàâêîé îñòàòî÷íûå íàïðÿæåíèÿ

ñíèìàþòñÿ íå ïîëíîñòüþ. Çà ñ÷åò ýòîãî ñíèæàåò-

ñÿ ýôôåêò îò âëèÿíèÿ ðàçíèöû êîýôôèöèåíòîâ

òåìïåðàòóðíîãî ðàñøèðåíèÿ ìåòàëëà íàïëàâêè è

îñíîâíîãî ìåòàëëà òðóáû íà ðàñêðûòèå ñêâîçíûõ

òðåùèí.

4. Âûïîëíåííûå èñïûòàíèÿ âíóòðåííèì

äàâëåíèåì è èçãèáàþùèì ìîìåíòîì íàòóðíûõ

ìîäåëåé ñîåäèíèòåëüíîãî òðóáîïðîâîäà Äó350

(ïðÿìîãî ó÷àñòêà ñî ñâàðíûì øâîì è îòâîäà ñ ðà-

äèóñîì êðèâèçíû 1200 ìì) èç ñòàëè 08Õ18Í10Ò

ïîêàçàëè, ÷òî ãëóáîêèå äîêðèòè÷åñêèå ïîâåðõ-

íîñòíûå òðåùèíû â ñâàðíîì øâå è îòâîäå ïðè

öèêëè÷åñêîì íàãðóæåíèè ðàñ÷åòíûìè íàãðóçêà-

ìè ïðåâðàùàþòñÿ â ëîêàëüíûå ñêâîçíûå òðåùè-

íû ñ îáðàçîâàíèåì òå÷è è îñòàþòñÿ ñòàáèëüíûìè

ïðè äàëüíåéøåì íàãðóæåíèè. Ðåçóëüòàòû èñïû-

òàíèé ñîãëàñóþòñÿ ñ ïîëó÷åííûìè ðàñ÷åòíûìè

îöåíêàìè.
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Îïèñàíû îñíîâíûå ïðîáëåìû ýêñïëóàòàöèè ãèäðîòóðáèí, ñâÿçàííûå ñ òåõíîëîãè÷åñêîé

äåôåêòíîñòüþ è èñ÷åðïàíèåì íîðìàòèâíîãî ðåñóðñà. Ñôîðìóëèðîâàíû òðåáîâàíèÿ ê ïðî-

ãíîçèðîâàíèþ îñòàòî÷íîãî ðåñóðñà (ÎÐ) ðàáî÷èõ êîëåñ (ÐÊ) ïî ðåçóëüòàòàì âûïîëíåííûõ

îáñëåäîâàíèé è àíàëèçà òåõíè÷åñêîãî ñîñòîÿíèÿ, à òàêæå — ê èñõîäíûì äàííûì äëÿ îöåí-

êè îñòàòî÷íîãî ðåñóðñà. Ïðèâåäåíà àâòîðñêàÿ êëàññèôèêàöèÿ ïðèìåíÿåìûõ ïîäõîäîâ è

ìåòîäèê ê îöåíêå îñòàòî÷íîãî ðåñóðñà. Óñòàíîâëåíû îñíîâíûå ïîâðåæäàþùèå ôàêòîðû,

âëèÿþùèå íà îñòàòî÷íûé ðåñóðñ ðàáî÷èõ êîëåñ, — äåôîðìàöèîííîå ñòàðåíèå ìåòàëëà, êà-

âèòàöèîííûå, êîððîçèîííûå è óñòàëîñòíûå ïîâðåæäåíèÿ ýëåìåíòîâ. Ïî ðåçóëüòàòàì ïðî-

âåäåííîãî àíàëèçà ïðåäñòàâëåíû íàèáîëåå õàðàêòåðíûå äåôåêòû ÐÊ, êîòîðûå ðàçäåëåíû

íà òðè ãðóïïû — çîíû êàâèòàöèîííîé ýðîçèè; òðåùèíû êîððîçèîííî-óñòàëîñòíîãî ïðîèñ-

õîæäåíèÿ; äåôåêòû ñâàðíûõ øâîâ. Îñîáîå âíèìàíèå óäåëåíî âûÿâëåííûì â ðåçóëüòàòå äå-

ôåêòîñêîïè÷åñêîãî êîíòðîëÿ êîððîçèîííî-óñòàëîñòíûì òðåùèíàì. Ïîêàçàíû ìåõàíèçì

îáðàçîâàíèÿ òàêèõ òðåùèí, èõ íàèáîëåå âåðîÿòíîå ðàñïîëîæåíèå â çîíàõ ÐÊ, ïðèâåäåíû

ñòàòèñòè÷åñêèå äàííûå î êîëè÷åñòâå òðåùèí ñ íà÷àëà ýêñïëóàòàöèè è íà ìîìåíò îñòàíî-

âî÷íûõ ðåìîíòîâ. Ïî ñòàòèñòè÷åñêèì äàííûì îïðåäåëåíû îñíîâíûå ñòàòèñòè÷åñêèå ïàðà-

ìåòðû âûáîðêè è ïàðàìåòðû ðàñïðåäåëåíèé ðàçìåðîâ òðåùèí, â òîì ÷èñëå — çàêîíû ðàñ-

ïðåäåëåíèÿ. Äëÿ ïàðàìåòðà äëèíû òðåùèí óñòàíîâëåí ýêñïîíåíöèàëüíûé çàêîí ðàñïðå-

äåëåíèÿ, äëÿ øèðèíû ðàñêðûòèÿ òðåùèí — ëîãíîðìàëüíûé. Âûÿâëåííûå òðåùèíû —

ðàçíîíàïðàâëåííûå, ðàñïîëîæåíû â ïîâåðõíîñòíîì, ïîäïîâåðõíîñòíîì èëè âíóòðåííåì

ñëîå ìåòàëëà, âîçíèêàþò èç ýêñïëóàòàöèîííûõ äåôåêòîâ (ÿçâ, êðàòåðîâ, ïîäðåçîâ èëè îò-

ñëîåíèé) è ðàñòóò âî âðåìÿ ýêñïëóàòàöèè àãðåãàòîâ òóðáèíû. Ïðåäñòàâëåíû òàêæå ðàñ÷åò-

íûå ñõåìû ýëåìåíòîâ ñ òðåùèíàìè, èñïîëüçîâàííûå äëÿ êîëè÷åñòâåííûõ îöåíîê ðåñóðñîâ

ïî êðèòåðèÿì ìåõàíèêè ðàçðóøåíèÿ. Âûïîëíåíû ðàñ÷åòû íà ñòàòè÷åñêóþ è äèíàìè÷å-

ñêóþ òðåùèíîñòîéêîñòü, ðåçóëüòàòû ïðèâåäåíû â âèäå çàâèñèìîñòè êîýôôèöèåíòîâ èí-

òåíñèâíîñòè íàïðÿæåíèé îò ðàçìåðîâ òðåùèí. Îïðåäåëåíû óðîâíè ñóììàðíûõ íàêîïëåí-

íûõ ïîâðåæäåíèé ÐÊ, çíà÷åíèé îñòàòî÷íîãî ðåñóðñà íà ñòàäèÿõ âîçíèêíîâåíèÿ è ðàçâèòèÿ

òðåùèí äëÿ 11 ãèäðîàãðåãàòîâ â öèêëàõ «ïóñê-îñòàíîâ» è «ðàáî÷èé». Îñíîâíîé âûâîä çà-

êëþ÷àåòñÿ â òîì, ÷òî îáùèé óðîâåíü íàðàáîòêè ðàáî÷èõ êîëåñ ãèäðîòóðáèíû ñóùåñòâåííî

ïðåâûøàåò íîðìàòèâíî óñòàíîâëåííûå ñðîêè ýêñïëóàòàöèè, ïðè ýòîì îñòàòî÷íûé ðåñóðñ

îêàçûâàåòñÿ íåäîñòàòî÷íûì äëÿ äàëüíåéøåãî ïåðèîäà äëèòåëüíîé ýêñïëóàòàöèè.

Êëþ÷åâûå ñëîâà: ðàáî÷èå êîëåñà ãèäðîàãðåãàòîâ; ìåòîäû îñòàòî÷íîãî ðåñóðñà; ñòàòèñòè-

÷åñêèå äàííûå ýêñïëóàòàöèîííîé äåôåêòíîñòè; êîððîçèîííî-óñòàëîñòíûå òðåùèíû; ñòà-

òè÷åñêàÿ è äèíàìè÷åñêàÿ ìåõàíèêà ðàçðóøåíèÿ; òðåùèíîñòîéêîñòü, ñóììàðíûå íàêîïëåí-

íûå ïîâðåæäåíèÿ; îñòàòî÷íûé ðåñóðñ íà ñòàäèè âîçíèêíîâåíèÿ è ðàçâèòèÿ òðåùèí.
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The residual life of the runners of hydraulic turbines in the presence of operational defects is estimated.

The main problems of the operation of hydraulic turbines associated with technological defects and ex-

haustion of the standard resource are described. The main requirements for initial data to be used in esti-

mation of the residual resource and the requirements for predicting the residual resource of runners

based on the results of surveys and analysis of their technical condition are specified. We have classified

and briefly described the applied approaches and techniques used in estimation of the residual resource.

The main damaging factors affecting the residual life of the runners are revealed: deformation aging of the

metal, cavitation, corrosion and fatigue damage to the elements of runners. The most characteristic de-

fects are divided into three groups: zones of cavitation erosion; corrosion-fatigue cracks; and weld defects.

Particular attention is paid to corrosion-fatigue cracks identified using flaw detection. The mechanism of

crack formation and the most probable location of the cracks in the runner are shown. Statistical data on

the number of cracks at the onset of the runner operation and at the time of shutdown maintenance are

presented. The main statistical parameters of the sample and the parameters of crack size distributions

including the distribution law are determined. The distribution law is exponential for the crack length pa-

rameter; whereas for the crack opening width it is log-normal. The revealed multidirectional cracks are lo-

cated at the surface, subsurface or inner layer of the metal. They arise from operational defects (ulcers,

craters, undercuts or delamination) and grow during operation of the turbine units. We also present the

design schemes of elements with cracks used for quantification of resources according to the criteria of

fracture mechanics. The results of calculations for static and dynamic crack resistance are presented as

the dependence of stress intensity factors on the crack size. The levels of the total accumulated damage to

the runners, the values of the residual life at the stage of crack nucleation and development were deter-

mined for 11 hydraulic units in the “start-stop” and “working” cycles. The main conclusion is that the to-

tal operating time of the hydraulic turbine runners significantly exceeds the standard operating life, while

the residual resource is insufficient for a further period of long-term operation.

Keywords: runners of hydraulic units; methods and algorithms for residual life prediction; statistic data

on operational defects; corrosion and fatigue cracks; static and dynamic fracture mechanics; crack resis-

tance; total accumulated damage; residual life at the stage of crack nucleation and growth.

Ââåäåíèå

Â Ðîññèè äî 20 % ýëåêòðîýíåðãèè âûðàáàòû-

âàåòñÿ ïóòåì ãåíåðàöèè íà ãèäðîýëåêòðîñòàíöè-

ÿõ (ÃÝÑ), ÷òî îïðåäåëÿåò ïîâûøåííîå âíèìàíèå

ê âîïðîñàì ïðî÷íîñòè, íàäåæíîñòè, îñòàòî÷íîãî

ðåñóðñà, è, ñîîòâåòñòâåííî, áåçîïàñíîñòè ýêñ-

ïëóàòàöèè îñíîâíîãî ãèäðîòåõíè÷åñêîãî òåõíî-

ëîãè÷åñêîãî îáîðóäîâàíèÿ [1].

Ñðåäíèé âîçðàñò ãèäðîòóðáèí (ÃÒ) íà îòå÷å-

ñòâåííûõ ÃÝÑ çíà÷èòåëüíî ïðåâûøàåò 30-ëåò-

íèé ïåðèîä, óñòàíîâëåííûé â ÃÎÑÒ 27807–88

«Òóðáèíû ãèäðàâëè÷åñêèå âåðòèêàëüíûå. Òåõíè-

÷åñêèå òðåáîâàíèÿ è ïðèåìêà», à òàêæå â ÑÒÎ

ÐóñÃèäðî 02.03.77–2011 «Ãèäðîýëåêòðîñòàíöèè.

Ïðàâèëà ïðîäëåíèÿ ñðîêà ñëóæáû îñíîâíîãî îáî-

ðóäîâàíèÿ â ïðîöåññå ýêñïëóàòàöèè. Íîðìû è

òðåáîâàíèÿ» è ÑÒÎ 70238424.27.140.001–2011

«Ãèäðîýëåêòðîñòàíöèè. Ìåòîäû îöåíêè òåõíè-

÷åñêîãî ñîñòîÿíèÿ îñíîâíîãî îáîðóäîâàíèÿ».

Íà Êðàñíîÿðñêîé ÃÝÑ 12 òóðáèí ìîùíîñòüþ

500 ÌÂò, èçãîòîâëåííûõ íà ËÌÇ, óñòàíîâëåíû â

ïåðèîä ñ 1967 ïî 1971 ã. Àêòóàëüíîñòü ïðîáëåìû

ïîäòâåðæäàåòñÿ ñòàòèñòèêîé îòêàçîâ è íàëè÷èåì

äåôåêòîâ, âûÿâëÿåìûõ ïðè ïðîâåäåíèè îöåíîê

ôàêòè÷åñêîãî ñîñòîÿíèÿ ýëåìåíòîâ ÃÒ ïî íîðìà-

òèâíûì ìåòîäèêàì, ïðåäñòàâëåííûì â ÃÎÑÒ

27807–88, à òàêæå â ÃÎÑÒ Ð 55260.3.2–2013

«Ãèäðîýëåêòðîñòàíöèè. ×àñòü 3-2. Ãèäðîòóðáè-

íû. Ìåòîäû îöåíêè òåõíè÷åñêîãî ñîñòîÿíèÿ» â

õîäå ïëàíîâûõ è âíåïëàíîâûõ îñòàíîâîâ.

Ðåçóëüòàòû èññëåäîâàíèé òåõíè÷åñêîãî ñîñòîÿ-

íèÿ ãèäðîàãðåãàòîâ Êðàñíîÿðñêîé ÃÝÑ, ïðîâå-

äåííûõ â ïåðèîä 2014 – 2020 ãã., ïîêàçàëè, ÷òî

îñíîâíûìè äåôåêòàìè ýëåìåíòîâ ÃÒ ÿâëÿþòñÿ

òðåùèíû è êàâèòàöèîííûå ïîâðåæäåíèÿ. Ïîäîá-

íûå äåôåêòû ïîäðîáíî îïèñàíû â [5], îñîáåí-

íîñòè íàïðÿæåííîãî ñîñòîÿíèÿ — â [6 – 8], à òàê-

æå â îò÷åòàõ î òåõíè÷åñêîì ñîñòîÿíèè ðàáî÷èõ

êîëåñ ãèäðàâëè÷åñêèõ òóðáèí ñ îïðåäåëåíèåì îñ-

òàòî÷íîãî ðåñóðñà — ïî ðåçóëüòàòàì èññëåäîâà-

íèé ÎÎÎ «ÑèáÝÐÀ» (ã. Êðàñíîÿðñê).

Íàëè÷èå ýêñïëóàòàöèîííûõ äåôåêòîâ â ðàáî-

÷èõ êîëåñàõ (ÐÊ) ãèäðîàãðåãàòîâ ìîæåò ïðèâåñòè

ê ñíèæåíèþ îáùåãî óðîâíÿ íàäåæíîñòè êàê êîí-

ñòðóêöèè â öåëîì, òàê è îòäåëüíûõ åå ýëåìåíòîâ,

ê óâåëè÷åíèþ âåðîÿòíîñòè îòêàçîâ â ìåæðåìîíò-

íûé ïåðèîä, ðîñòó ôèíàíñîâûõ çàòðàò íà òåõíè-

÷åñêîå äèàãíîñòèðîâàíèå è ðåìîíò. Ïðè ýòîì îò-

ñóòñòâóåò åäèíàÿ ìåòîäèêà îöåíêè îñòàòî÷íîãî

ðåñóðñà, óòâåðæäåííàÿ ôåäåðàëüíûìè îðãàíàìè

è îáÿçàòåëüíàÿ ê èñïîëíåíèþ. Íåäîñòàòî÷íî ïîë-

íî ïðîðàáîòàíà íîðìàòèâíàÿ áàçà, îïðåäåëÿþ-

ùàÿ ïðîöåäóðû ïðîäëåíèÿ ñðîêîâ ýêñïëóàòàöèè

ðàáî÷èõ êîëåñ è ïðèíÿòèÿ ðåøåíèé ïî èõ çàìåíå.

Íà äàííûé ìîìåíò ñóùåñòâóþò íîðìàòèâíûå äî-

êóìåíòû, óñòàíàâëèâàþùèå òåõíè÷åñêèå è îðãà-

íèçàöèîííûå òðåáîâàíèÿ ê ïðîöåäóðå îöåíêè îñ-

òàòî÷íîãî ðåñóðñà ãèäðîòóðáèí, ðàçðàáîòàííûå è

ïðåäíàçíà÷åííûå äëÿ îáÿçàòåëüíîãî ïðèìåíåíèÿ

â ÎÀÎ «ÐóñÃèäðî», íî ïðè ýòîì íå ÿâëÿþùèåñÿ

äîêóìåíòàìè îáÿçàòåëüíîãî ïðèìåíåíèÿ èíûìè

õîçÿéñòâóþùèìè ñóáúåêòàìè, íàïðèìåð, ÑÒÎ
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ÐóñÃèäðî 02.03.77–2011 «Ãèäðîýëåêòðîñòàíöèè.

Ïðàâèëà ïðîäëåíèÿ ñðîêà ñëóæáû îñíîâíîãî

îáîðóäîâàíèÿ â ïðîöåññå ýêñïëóàòàöèè. Íîðìû

è òðåáîâàíèÿ», ÑÒÎ 70238424.27.140.001–2011

«Ãèäðîýëåêòðîñòàíöèè. Ìåòîäû îöåíêè òåõíè÷å-

ñêîãî ñîñòîÿíèÿ îñíîâíîãî îáîðóäîâàíèÿ» (ñì.

[2, 8]). Â ñâÿçè ñ ýòèì, à òàêæå 100 %-íûì èñ÷åð-

ïàíèåì íîðìàòèâíîãî ñðîêà ýêñïëóàòàöèè ýëå-

ìåíòîâ ãèäðîòóðáèí çíà÷èòåëüíîãî êîëè÷åñòâà

ÃÝÑ, â òîì ÷èñëå Êðàñíîÿðñêîé ÃÝÑ, âîïðîñ

îöåíêè îñòàòî÷íîãî ðåñóðñà ñòàíîâèòñÿ îäíèì èç

ïðèîðèòåòíûõ â îáëàñòè îáåñïå÷åíèÿ áåçîïàñíî-

ñòè ãèäðîòåõíè÷åñêèõ ñîîðóæåíèé [1].

Ñóùåñòâóþùèå íàó÷íàÿ áàçà è ìåòîäèêè

îöåíêè òåõíè÷åñêîãî ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî

îáîðóäîâàíèÿ ïî êðèòåðèÿì ìåõàíèêè ðàçðóøå-

íèÿ è òåîðèè íàäåæíîñòè ñ ðàñ÷åòîì íàïðÿæåí-

íî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ìåòîäîì êîíå÷-

íûõ ýëåìåíòîâ ïîçâîëÿþò îïðåäåëÿòü îñòàòî÷-

íûé ðåñóðñ ðàçëè÷íûìè ñïîñîáàìè. Îñòàòî÷íûé

ðåñóðñ îáúåêòà ñëåäóåò îöåíèâàòü íà îñíîâå ñîâî-

êóïíîñòè èìåþùåéñÿ èíôîðìàöèè ñ ïðîãíîçèðî-

âàíèåì åãî òåõíè÷åñêîãî ñîñòîÿíèÿ ïî îïðåäå-

ëÿþùèì ïàðàìåòðàì äî äîñòèæåíèÿ ïðåäåëüíîãî

ñîñòîÿíèÿ [8].

Ïðè ïðîãíîçèðîâàíèè âåëè÷èíû îñòàòî÷íîãî

ðåñóðñà ïî ðåçóëüòàòàì âûïîëíåííûõ îáñëåäîâà-

íèé è àíàëèçà òåõíè÷åñêîãî ñîñòîÿíèÿ äîëæíû

áûòü âûïîëíåíû ñëåäóþùèå òðåáîâàíèÿ ÃÎÑÒ Ð

55260.3.2–2013, à òàêæå [3, 9]:

óñòàíîâëåíû îñíîâíûå ïàðàìåòðû òåõíè÷å-

ñêîãî ñîñòîÿíèÿ îáúåêòà;

îáîçíà÷åíû îñíîâíûå ïîêàçàòåëè òåõíè÷å-

ñêîãî ñîñòîÿíèÿ ïî íàãðóæåííîñòè, äåôåêòíîñòè,

õàðàêòåðèñòèêàì ìåõàíè÷åñêèõ ñâîéñòâ [4], âû-

ÿâëåíû ïðè÷èíû è ìåõàíèçìû ïîâðåæäåíèé;

îïðåäåëåíû îñíîâíûå êðèòåðèè ïðåäåëüíûõ

ñîñòîÿíèé îáúåêòà, äîñòèæåíèå êîòîðûõ âîçìîæ-

íî ïðè ðàçâèòèè îáíàðóæåííûõ ïîâðåæäåíèé.

Âûáîð ìåòîäèêè ïðîãíîçèðîâàíèÿ îñòàòî÷íî-

ãî ðåñóðñà îáúåêòà ñëåäóåò îáîñíîâàòü ñ ó÷åòîì

äîñòîâåðíîñòè ïîëó÷åííûõ äàííûõ. Ìåòîäèêà

äîëæíà ñîîòâåòñòâîâàòü òðåáîâàíèÿì òî÷íîñòè

îïðåäåëåíèÿ ðåñóðñà è ðèñêà àâàðèé îáúåêòà ïðè

åãî äàëüíåéøåé ýêñïëóàòàöèè, íàëè÷èÿ è íàäåæ-

íîñòè ñèñòåìû êîíòðîëÿ åãî òåõíè÷åñêîãî ñîñòîÿ-

íèÿ. Ïðè îöåíêàõ îñòàòî÷íîãî ðåñóðñà ãèäðîàãðå-

ãàòîâ îñíîâíûìè ÿâëÿþòñÿ ñëåäóþùèå äàííûå:

ðàáî÷èå ñòàòè÷åñêèå è äèíàìè÷åñêèå íàïðÿ-

æåíèÿ;

õàðàêòåðèñòèêè äåôîðìàöèîííîé ïîâðåæäàå-

ìîñòè è ýêñïëóàòàöèîííîé äåôåêòíîñòè;

õàðàêòåðèñòèêè ñòàòè÷åñêîé è öèêëè÷åñêîé

òðåùèíîñòîéêîñòè;

ñîáñòâåííûå ÷àñòîòû êîíñòðóêöèè;

ãðàôèêè íàãðóæåíèÿ.

Ìåòîäû è àëãîðèòìû îöåíêè

îñòàòî÷íîãî ðåñóðñà

Ñóùåñòâóåò íåñêîëüêî ìåòîäèê îöåíêè îñòà-

òî÷íîãî ðåñóðñà ýëåìåíòîâ ãèäðîàãðåãàòîâ, îäíà

èç ñõåì èõ êëàññèôèêàöèè ïðåäñòàâëåíà íà

ðèñ. 1. Â ðÿäå ñëó÷àåâ íåîáõîäèìî èñïîëüçîâàíèå

íåñêîëüêèõ ðàñ÷åòíûõ ìåòîäèê. Ñóùåñòâóþùèå

ìåòîäû ðàñ÷åòîâ íà óñòàëîñòü, íàäåæíîñòü è òðå-

ùèíîñòîéêîñòü ïîçâîëÿþò ó÷èòûâàòü è îöåíè-

âàòü âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ è ðåæèìîâ íà-

ãðóæåíèÿ íà íåñóùóþ ñïîñîáíîñòü êîíñòðóêöèè.

Ïðèâåäåì êðàòêîå îïèñàíèå íàèáîëåå ïðèìåíÿå-

ìûõ ïîäõîäîâ è ìåòîäèê.

Îöåíêó óðîâíÿ íàêîïëåííûõ óñòàëîñòíûõ ïî-

âðåæäåíèé â íàèáîëåå íàãðóæåííûõ ýëåìåíòàõ
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Ðèñ. 1. Ñõåìà êëàññèôèêàöèè ìåòîäèê îöåíêè îñòàòî÷íîãî ðåñóðñà ýëåìåíòîâ ãèäðîàãðåãàòîâ

Fig. 1. Classification of methods for assessing the residual life of elements of hydraulic units



ðàáî÷èõ êîëåñ ïðîâîäÿò ñ ó÷åòîì ðåàëèçóåìûõ

ðåæèìîâ íàãðóæåíèÿ:

D D
i

i

�� ( ),� (1)

ãäå Di — íàêîïëåííîå ïîâðåæäåíèå íà i-ì ðåæè-

ìå ýêñïëóàòàöèè.

Ïðè ýòîì óðîâåíü íàêîïëåííîé óñòàëîñòíîé

ïîâðåæäåííîñòè îïðåäåëÿþò ïî íîðìàòèâíûì

[nó] è ôàêòè÷åñêèì nó êîýôôèöèåíòàì çàïàñà

ïðî÷íîñòè ïî íàïðÿæåíèÿì [3, 16]. Äàííóþ ìåòî-

äèêó ïðèìåíÿþò òàêæå â îò÷åòàõ î òåõíè÷åñêîì

ñîñòîÿíèè ðàáî÷èõ êîëåñ ãèäðàâëè÷åñêèõ òóðáèí

ñ îïðåäåëåíèåì îñòàòî÷íîãî ðåñóðñà — ïî ðåçóëü-

òàòàì èññëåäîâàíèé ÎÎÎ «ÑèáÝÐÀ» (ã. Êðàñíî-

ÿðñê):

Di(ó) = [nó]/nó. (2)

Ôàêòè÷åñêèé êîýôôèöèåíò çàïàñà ïðî÷íîñòè

îïðåäåëÿþò ïî ôîðìóëå [10]
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ãäå ó–1(N) — óñëîâíûé ïðåäåë âûíîñëèâîñòè íà

çàäàííîì ðåæèìå íàãðóæåíèÿ; óà — àìïëèòóäà

ðàáî÷èõ öèêëè÷åñêèõ íàïðÿæåíèé; óm — ñðåäíåå

íàïðÿæåíèå öèêëà; óâ — âðåìåííîå ñîïðîòèâëå-

íèå ìàòåðèàëà.

Ïðîöåññ ñóììàðíîãî íàêîïëåíèÿ ïîâðåæäå-

íèé ïðè ðåæèìàõ ðàáîòû ãèäðîàãðåãàòîâ «ïóñê-

îñòàíîâ» è «ðàáî÷èé» îïèñûâàåòñÿ ãèïîòåçîé ëè-

íåéíîãî ñóììèðîâàíèÿ ïî ôîðìóëå [3, 16]
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(4)

ãäå m — ÷èñëî ðàññìîòðåííûõ ðåæèìîâ, âêëþ÷àÿ

ïóñêè; Nýi — ôàêòè÷åñêè íàðàáîòàííîå ÷èñëî

öèêëîâ íà i-ì ðåæèìå; [Ni] — äîïóñêàåìîå ÷èñëî

öèêëîâ íà i-ì ðåæèìå (îáîðîòíûé, ëîïàòî÷íûé

èëè ðåæèì Êàðìàíà).

Îöåíêó óñòàëîñòíîé ïðî÷íîñòè ïðè ìàëîöèê-

ëîâîì íàãðóæåíèè ïðîâîäÿò äëÿ ýëåìåíòîâ òåõ-

íîëîãè÷åñêîãî îáîðóäîâàíèÿ, öèêëè÷åñêè íàãðó-

æåííûõ è èìåþùèõ ïîâòîðíûå óïðóãîïëàñòè÷å-

ñêèå äåôîðìàöèè â çîíàõ êîíöåíòðàöèè íàïðÿ-

æåíèé (ñì. [4], ÐÄ 10-249–98 «Íîðìû ðàñ÷åòà íà

ïðî÷íîñòü ñòàöèîíàðíûõ êîòëîâ è òðóáîïðîâîäîâ

ïàðà è ãîðÿ÷åé âîäû», ÃÎÑÒ 25859–83 «Ñîñóäû

è àïïàðàòû ñòàëüíûå. Íîðìû è ìåòîäû ðàñ÷åòà

íà ïðî÷íîñòü ïðè ìàëîöèêëîâûõ íàãðóçêàõ»).

Â ýòîì ñëó÷àå ïðîâåðÿþò óñëîâèÿ ìàëîöèêëîâîé

ïðî÷íîñòè ïî ÷èñëó öèêëîâ íàãðóæåíèÿ:

Np  [Np], (5)

ãäå Np — ôàêòè÷åñêîå ÷èñëî öèêëîâ íà i-ì ðå-

æèìå; [Np] — äîïóñêàåìîå ÷èñëî öèêëîâ íà i-ì

ðåæèìå.

Äîïóñêàåìîå ÷èñëî öèêëîâ íàãðóæåíèÿ îïðå-

äåëÿþò ïî ýêñïåðèìåíòàëüíûì êðèâûì óñòà-

ëîñòè èëè ïî ôîðìóëå ÃÎÑÒ 25859–83:
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(7)

A è B — êîýôôèöèåíòû; nó — êîýôôèöèåíò çà-

ïàñà ïðî÷íîñòè ïî íàïðÿæåíèÿì; nN — êîýôôè-

öèåíò çàïàñà ïðî÷íîñòè ïî ÷èñëó öèêëîâ; óà —

àìïëèòóäà íàïðÿæåíèé.

Îöåíêè âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû

ïðè íàëè÷èè ïîâðåæäåíèé ïðîâîäÿò, êàê ïðà-

âèëî, ñ èñïîëüçîâàíèåì ýêñïîíåíöèàëüíîãî èëè

íîðìàëüíîãî çàêîíà ðàñïðåäåëåíèÿ ïî ôîðìóëå

[10, 11 – 12]:

P = e–ë; ë = ë0t, (8)

ãäå ë — ñóììàðíîå íàêîïëåííîå ïîâðåæäåíèå;

ë0 — èíòåíñèâíîñòü ðîñòà ïîâðåæäåíèé; t — âðå-

ìÿ. Âåëè÷èíó ë ïðèíèìàþò â êà÷åñòâå ìåðû èñ-

÷åðïàíèÿ îñòàòî÷íîãî ðåñóðñà èëè ðåãëàìåíòè-

ðóåìîé âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû.

Ìåòîäèêà îöåíêè óñòàëîñòíîé ïðî÷íîñòè ìà-

òåðèàëà ðàáî÷èõ êîëåñ ãèäðîòóðáèí â [13] ïðåä-

ñòàâëåíà êàê ñïîñîá îöåíêè îñòàòî÷íîãî ðåñóðñà

ðàáî÷èõ êîëåñ ãèäðîòóðáèí ïðè çàïðîåêòíûõ ñðî-

êàõ ýêñïëóàòàöèè. Óñëîâíûé ïðåäåë âûíîñëè-

âîñòè ìàòåðèàëà äëÿ N öèêëîâ íàãðóæåíèÿ â

óñëîâèÿõ êîððîçèîííî-àêòèâíîé ñðåäû îïðåäåëÿ-

þò ïî ôîðìóëå
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� 	

1

N ba N , (9)

ãäå a, b — õàðàêòåðèñòèêè ìàòåðèàëà, êîòîðûå

çàâèñÿò îò ÷èñëà öèêëîâ íàãðóæåíèÿ.

×èñëî öèêëîâ íàãðóæåíèÿ (ýêâèâàëåíòíóþ

íàðàáîòêó) íàõîäÿò ïî ôîðìóëå [13]
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� , (10)

ãäå ai — êîýôôèöèåíò, çàâèñÿùèé îò ÷èñëà ïóñ-

êîâ èëè èçìåíåíèé íàãðóçêè; ni — ÷èñëî ïóñêîâ

èëè èçìåíåíèé íàãðóçêè; I — îáùåå ÷èñëî ïóñêîâ

è èçìåíåíèé íàãðóçêè; bj — êîýôôèöèåíò, ó÷è-
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òûâàþùèé ðàáîòó òóðáîàãðåãàòà íà j-ì ðåæèìå;

ôj — âðåìÿ ðàáîòû òóðáîàãðåãàòà íà j-ì ðåæèìå;

J — îáùåå ÷èñëî ðåæèìîâ ðàáîòû òóðáîàãðåãàòà

çà ðàñ÷åòíûé ïåðèîä.

Ýôôåêòèâíîñòü òàêîãî ïîäõîäà îáóñëîâëåíà

èñïîëüçîâàíèåì êîìïëåêñà èñõîäíûõ äàííûõ ïî

ãèäðîàãðåãàòàì íà îñíîâå èíäèâèäóàëüíîãî ïîä-

õîäà ê êàæäîìó ýëåìåíòó, íàõîäÿùåìóñÿ â óñëî-

âèÿõ ôàêòè÷åñêîé ýêñïëóàòàöèè. Ïîëó÷åííàÿ èí-

ôîðìàöèÿ äîëæíà âêëþ÷àòü: äàííûå êîíñòðóê-

òîðñêîé äîêóìåíòàöèè; ðåçóëüòàòû ïðîâåäåííîãî

òåõíè÷åñêîãî îñâèäåòåëüñòâîâàíèÿ, â òîì ÷èñëå

çàìåðîâ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ, òîëùèí

ýëåìåíòîâ, îñîáåííî ëîïàñòåé ðàáî÷èõ êîëåñ ñ

ó÷åòîì ðàçíîòîëùèííîñòè, ðàäèóñîâ ãàëòåëüíûõ

ïåðåõîäîâ, óãëà óñòàíîâêè ëîïàñòåé, äàííûå ðå-

ìîíòíîé äîêóìåíòàöèè è ò.ä. [13].

Ìåòîäû îöåíêè îñòàòî÷íîãî ðåñóðñà íà îñíî-

âå êðèòåðèåâ ìåõàíèêè ðàçðóøåíèÿ ïîçâîëÿþò

îïðåäåëÿòü åãî ðàñ÷åòíûì ïóòåì ïðè íàëè÷èè äå-

ôåêòîâ è/èëè òðåùèí â ãèäðîàãðåãàòàõ [14 – 16].

Îöåíêà ñòàòè÷åñêîé òðåùèíîñòîéêîñòè, êàê ïðà-

âèëî, çàêëþ÷àåòñÿ â ñðàâíåíèè êîýôôèöèåíòîâ

èíòåíñèâíîñòè íàïðÿæåíèé (ÊÈÍ), îïðåäåëÿ-

åìûõ ïî èçâåñòíûì ôîðìóëàì [14, 15], ñ êðèòè÷å-

ñêèìè çíà÷åíèÿìè KIc, ïîëó÷åííûìè ýêñïåðè-

ìåíòàëüíî:

KI  [KIc]; K lf
I
� � $p , (11)

ãäå óp — ðàñ÷åòíûå íàïðÿæåíèÿ ñ ó÷åòîì êîìïî-

íåíòû îñòàòî÷íûõ íàïðÿæåíèé îò ñâàðêè; f — êî-

ýôôèöèåíò, çàâèñÿùèé îò ãåîìåòðè÷åñêîé ôîð-

ìû, òèïà íàãðóæåíèÿ è ðàçìåðà òðåùèíû; l —

ðåàëüíûé èëè ýêâèâàëåíòíûé (ðàñ÷åòíûé) ðàç-

ìåð òðåùèíû (äåôåêòà).

Îöåíêó öèêëè÷åñêîé òðåùèíîñòîéêîñòè, êàê

ïðàâèëî, ïðîâîäÿò ñ èñïîëüçîâàíèåì ýêñïåðè-

ìåíòàëüíîãî óðàâíåíèÿ Ïýðèñà [13 – 17]:

v = dl/dN = CÄKn, (12)

ãäå N — ÷èñëî öèêëîâ íàãðóæåíèÿ; C, n — õàðàê-

òåðèñòèêè öèêëè÷åñêîé òðåùèíîñòîéêîñòè ìàòå-

ðèàëà; ÄK — ðàçìàõ ÊÈÍ â âåðøèíå òðåùèíû.

Öèêëè÷åñêóþ òðåùèíîñòîéêîñòü íà ñòàäèè

âîçíèêíîâåíèÿ (çàðîæäåíèÿ) òðåùèíû îïðåäåëÿ-

þò ïóòåì ðàñ÷åòà äîïóñêàåìîãî ÷èñëà öèêëîâ íà-

ãðóæåíèÿ:

[ ] ,N
N

n
N

r

m

�




�

�
�




�

�
�

0 0
�

� à

(13)

ãäå N0 — áàçîâîå ÷èñëî öèêëîâ íàãðóæåíèÿ; m —

ïîêàçàòåëü êðèâîé óñòàëîñòè; nN — êîýôôèöè-

åíò çàïàñà ïî ÷èñëó öèêëîâ íàãðóæåíèÿ; ór0 —

ïðåäåë âûíîñëèâîñòè ìàòåðèàëà ïðè îòíóëåâîì

öèêëå; óà — àìïëèòóäà íàïðÿæåíèé.

Äîïóñêàåìîå ÷èñëî öèêëîâ íàãðóæåíèÿ íà

ñòàäèè âîçíèêíîâåíèÿ òðåùèíû äëÿ ðåæèìà

«ïóñê-îñòàíîâ» íàõîäÿò ïî äåôîðìàöèîííîìó

êðèòåðèþ:

[ ]
( ) ( ~ ~)

,N
n

Ee

r
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c

r r

�

� 	

�

�

�

�

�

�

�

1

4 1
0 1

2

� � �à

(14)

ãäå ór0 — ïðåäåë âûíîñëèâîñòè ïðè îòíóëåâîì

öèêëå (~r = 0); E — ìîäóëü óïðóãîñòè ìàòåðèàëà;

ec — ðàçðóøàþùàÿ äåôîðìàöèÿ, îïðåäåëÿåìàÿ

ïî âåëè÷èíå ñóæåíèÿ â çîíå ðàçðóøåíèÿ; ~
� r�1

—

ïðåäåë âûíîñëèâîñòè ïðè ñèììåòðè÷íîì öèêëå

(~r = – 1); ~r — êîýôôèöèåíò àñèììåòðèè öèêëà.

Ïðè ó÷åòå ìíîãî÷àñòîòíîñòè ðåæèìà íàãðó-

æåíèÿ (íà ëîïàòî÷íîé è ëîïàñòíîé ÷àñòîòàõ, à

òàêæå ÷àñòîòàõ âèõðåé Êàðìàíà) àìïëèòóäíûå

íàïðÿæåíèÿ îïðåäåëÿþò ñ ó÷åòîì ÷àñòîò íàãðó-

æåíèÿ ù:

� � % %
&

à à
�

�

� i i

i

n

( ) ,
1

1

(15)

ãäå óai — àìïëèòóäà íàïðÿæåíèé ïðè ÷àñòîòå ùi;

ù1 — ÷àñòîòà ïðèâåäåíèÿ; á — êîýôôèöèåíò

ìíîãî÷àñòîòíîñòè.

Ïîñëå îïðåäåëåíèÿ ðåñóðñà íà ñòàäèè âîçíèê-

íîâåíèÿ òðåùèíû ïðîâîäÿò åãî ðàñ÷åò íà ñòàäèè

ðàçâèòèÿ òðåùèíû. Èìåÿ íà÷àëüíûé è ïðåäåëü-

íûé ðàçìåðû äåôåêòà, ðàññ÷èòûâàþò äîïóñòèìîå

÷èñëî öèêëîâ äî ðàçðóøåíèÿ ïî ôîðìóëå (12).

Íåîáõîäèìîñòü îöåíêè äèíàìè÷åñêîé òðåùè-

íîñòîéêîñòè ýëåìåíòîâ ãèäðîîáîðóäîâàíèÿ îáó-

ñëîâëåíà íàëè÷èåì èíåðöèîííûõ ïðîöåññîâ íà-

ãðóæåíèÿ, êîòîðûå âîçíèêàþò ïðè ýêñïëóàòàöèè

ðàáî÷èõ êîëåñ ãèäðîàãðåãàòîâ. Ïðè äåéñòâèè

èíåðöèîííûõ íàãðóçîê ïðîèñõîäèò óâåëè÷åíèå

ñêîðîñòè äåôîðìèðîâàíèÿ â îêðåñòíîñòè âåðøè-

íû ñòàöèîíàðíîé òðåùèíû, ÷òî âåäåò ê åå äèíà-

ìè÷åñêîìó ðîñòó, ïîâûøåíèþ ïðåäåëà òåêó÷åñòè

è, ñîîòâåòñòâåííî, óìåíüøåíèþ ðàçìåðà ïëàñòè-

÷åñêîé çîíû â âåðøèíå òðåùèíû. Â ýòîì ñëó÷àå

êðèòè÷åñêèå çíà÷åíèÿ ÊÈÍ ïðè ñòàòè÷åñêîì KI è

äèíàìè÷åñêîì KID íàãðóæåíèÿõ ñâÿçàíû ñîîòíî-

øåíèåì [16 – 18]

K
K

v c
D

m

I

I
�

�1
0

2( )

, (16)

ãäå v0 — íà÷àëüíàÿ ñêîðîñòü íåóñòîé÷èâîãî ðîñòà

òðåùèíû;

c
E

k
m �

2$

�

— (17)

ìàêñèìàëüíàÿ ñêîðîñòü òðåùèíû â òâåðäîì òåëå

[17] (ñ — ïëîòíîñòü ìàòåðèàëà; k — êîíñòàíòà).
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Î÷åâèäíî, ÷òî ïðè óâåëè÷åíèè ñêîðîñòè íåóñ-

òîé÷èâîãî ðîñòà òðåùèíû v0 äèíàìè÷åñêàÿ âÿç-

êîñòü ðàçðóøåíèÿ KID âîçðàñòàåò, à ïðè ñòðåìëå-

íèè ñêîðîñòè v0 ê íóëþ âåëè÷èíà KID ïåðåõîäèò â

ñòàòè÷åñêóþ âÿçêîñòü ðàçðóøåíèÿ. Òàêîå ïîâåäå-

íèå ïàðàìåòðà äèíàìè÷åñêîé âÿçêîñòè ðàçðóøå-

íèÿ õîðîøî êîððåëèðóåò ñ ýêñïåðèìåíòàëüíûìè

äàííûìè [16].

Â ðàáîòàõ [2, 20] ðåñóðñ îöåíèâàëè ïî äèà-

ãðàììå óñòàëîñòíîãî ðàçðóøåíèÿ (ðèñ. 2), îñíî-

âàííîé íà ðàçäåëåíèè îáëàñòåé ðàñïðîñòðàíåíèÿ

è íåðàñïðîñòðàíåíèÿ òðåùèí íà ïëîñêîñòè «àì-

ïëèòóäà íàïðÿæåíèé — äëèíà òðåùèíû». Óðî-

âåíü íàäåæíîñòè îïðåäåëÿëè äëÿ ðàçëè÷íûõ

âåëè÷èí ïîðîãîâûõ çíà÷åíèé ÄKth è ïðåäåëîâ

âûíîñëèâîñòè ñ ó÷åòîì ôàêòè÷åñêè äåéñòâóþùèõ

íàãðóçîê ïðè ýêñïëóàòàöèè. Ïðåäåëüíî äîïóñ-

òèìûå ðàçìåðû äåôåêòîâ ðåêîìåíäóåòñÿ íàõî-

äèòü ñ ó÷åòîì âëèÿíèÿ íèçêî÷àñòîòíîãî íàãðóæå-

íèÿ è òðåáîâàíèé íîðìèðîâàíèÿ äîïóñêàåìûõ

äåôåêòîâ.

Äåôåêòíîñòü è áàçîâûå ðàñ÷åòíûå ñõåìû

Â ïðîöåññå ýêñïëóàòàöèè ãèäðîòóðáèí ìå-

òàëë ðàáî÷èõ êîëåñ ïîäâåðãàåòñÿ êîìïëåêñíîìó

âîçäåéñòâèþ êàâèòàöèîííûõ, ýðîçèîííûõ, êîð-

ðîçèîííûõ è óñòàëîñòíûõ ïðîöåññîâ, ÷òî ñ òå÷å-

íèåì âðåìåíè ïðèâîäèò ê ïîÿâëåíèþ ðàçëè÷íûõ

äåôåêòîâ â ìåòàëëå ÐÊ è ïîâðåæäåíèÿì ãèäðî-

òóðáèííîãî îáîðóäîâàíèÿ. Îñíîâíûìè ïîâðåæ-

äàþùèìè ôàêòîðàìè, âëèÿþùèìè íà ðåñóðñ ðà-

áî÷åãî êîëåñà, ÿâëÿþòñÿ: äåôîðìàöèîííîå ñòàðå-

íèå ìåòàëëà; êàâèòàöèîííûå, êîððîçèîííûå è

óñòàëîñòíûå ïîâðåæäåíèÿ ýëåìåíòîâ. Ïîâðåæ-

äåííîñòü ÐÊ Êðàñíîÿðñêîé ÃÝÑ îöåíèâàëè ñïå-

öèàëèñòû ÎÎÎ «ÑèáÝÐÀ» (ã. Êðàñíîÿðñê) â

2014 – 2020 ãã. (òåõíè÷åñêèå îò÷åòû î òåõíè÷å-

ñêîì ñîñòîÿíèè ðàáî÷èõ êîëåñ ãèäðàâëè÷åñêèõ

òóðáèí ñ îïðåäåëåíèåì îñòàòî÷íîãî ðåñóðñà), à

òàêæå â ðàáîòàõ [5, 16, 24].

Àíàëèç äåôåêòíîñòè ÐÊ ñ èñïîëüçîâàíèåì

ìåòîäîâ íåðàçðóøàþùåãî êîíòðîëÿ ïîçâîëèë âû-

ÿâèòü è êëàññèôèöèðîâàòü íàèáîëåå õàðàêòåð-

íûå äåôåêòû, âûäåëèòü èõ â òðè îñíîâíûå ãðóï-

ïû: çîíû êàâèòàöèîííîé ýðîçèè; òðåùèíû êîð-

ðîçèîííî-óñòàëîñòíîãî ïðîèñõîæäåíèÿ; äåôåêòû

ñâàðíûõ øâîâ.

Ïîäîáíûå äåôåêòû â òåõíîëîãè÷åñêîì îáîðó-

äîâàíèè îáíàðóæèâàëè è èññëåäîâàëè è ðàíåå,

íàïðèìåð, â ðàáî÷èõ êîëåñàõ Ñàÿíî-Øóøåíñêîé

ÃÝÑ [7, 20, 21]. Òàêèå äåôåêòû ÐÊ ãèäðîàãðåãà-

òîâ õàðàêòåðíû äëÿ âñåõ ýêñïëóàòèðóþùèõñÿ

îòå÷åñòâåííûõ è çàðóáåæíûõ ãèäðîýëåêòðîñòàí-

öèé, ÷òî îáóñëîâëåíî ðÿäîì òåõíîëîãè÷åñêèõ è

ýêñïëóàòàöèîííûõ ôàêòîðîâ.

Îñîáîå âíèìàíèå ñëåäóåò óäåëÿòü âûÿâëåí-

íûì â ðåçóëüòàòå äåôåêòîñêîïè÷åñêîãî êîíòðîëÿ

êîððîçèîííî-óñòàëîñòíûì òðåùèíàì. Ìèêðî-

òðåùèíà çà÷àñòóþ îáðàçóåòñÿ èç ñóùåñòâóþùèõ

êàâèòàöèîííûõ, êîððîçèîííûõ èëè ýðîçèîííûõ

äåôåêòîâ è ïðè äàëüíåéøåì ðàçâèòèè ôîðìèðó-

åòñÿ â ìàãèñòðàëüíóþ òðåùèíó. Òðåùèíîîáðàçî-

âàíèå âûÿâëÿëè íà âñåõ ëîïàñòÿõ ÐÊ ãèäðîàãðå-

ãàòîâ [5, 24]. Â òå÷åíèå âñåãî ïåðèîäà ýêñïëóàòà-

öèè ïðè îáñëåäîâàíèè îáíàðóæèâàëè ñêâîçíûå è

íåñêâîçíûå òðåùèíû óñòàëîñòíîãî õàðàêòåðà

ðàçíîé äëèíû. Ìåõàíèçìû îáðàçîâàíèÿ òðåùèí

ðàçëè÷àëèñü â çàâèñèìîñòè îò èõ ìåñòîíàõîæäå-

íèÿ. Òðåùèíû âîçíèêàëè â îáëàñòè âûõîäíîé

êðîìêè ëîïàñòè è ðàçâèâàëèñü ïî òåëó ëîïàñòè,

êàê ïðàâèëî, íà ðàññòîÿíèè 20 – 50 ìì îò îáîäà

èëè ñòóïèöû — ñâåðõó è ñíèçó (ðèñ. 3, çîíû À, Á,

Â è Ã). Îñíîâíàÿ ìàññà òðåùèí â îáëàñòè À (îá-

ëàñòü âûõîäíîé êðîìêè è ñòóïèöû êîëåñà) ïðè-

õîäèòñÿ íà íà÷àëî ýêñïëóàòàöèè. Ýòî ñâÿçàíî ñ
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Ðèñ. 2. Äèàãðàììà óñòàëîñòíîãî ðàçðóøåíèÿ [20]

Fig. 2. Fatigue fracture diagram [20]
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Ðèñ. 3. Çîíû îáðàçîâàíèÿ òðåùèí â ëîïàñòÿõ ÐÊ

Fig. 3. Zones of crack formation in the runners



ïåðèîäîì ïðèðàáîòêè ÐÊ, ïðîäîëæèòåëüíîñòü

êîòîðîãî îïðåäåëÿåòñÿ óðîâíåì íàðàáîòêè â ãåíå-

ðàòîðíîì ðåæèìå èíäèâèäóàëüíî äëÿ êàæäîãî

ÐÊ è ìîæåò ñîñòàâëÿòü 104 – 5 · 105 ÷. Ïîñëå ïå-

ðèîäà íàðàáîòêè ÷èñëî âûÿâëÿåìûõ â çîíàõ À è

Â òðåùèí çíà÷èòåëüíî óìåíüøàåòñÿ, à â çîíàõ Á

è Ã èõ ÷èñëî ñ êàæäûì ïîñëåäóþùèì ãîäîì ýêñ-

ïëóàòàöèè ïîñòîÿííî óâåëè÷èâàåòñÿ, ÷òî ãîâîðèò

îá ýêñïëóàòàöèîííîé ïðèðîäå ïîäîáíûõ ïîâðåæ-

äåíèé è íàëè÷èè êîíöåíòðàöèè íàïðÿæåíèé â

ëîêàëüíûõ îáëàñòÿõ ÐÊ. Ñòàòèñòè÷åñêèå äàííûå

î êîëè÷åñòâå òðåùèí â ïåðèîä 1968 – 2011 ãã.

ïðåäñòàâëåíû â òàáë. 1, ñâåäåíèÿ î íàðàáîòêàõ è

÷èñëàõ ïóñêîâ-îñòàíîâîâ ÃÀ â ïåðèîä 2013 –

2022 ãã. (íà ìîìåíò äèàãíîñòèðîâàíèÿ ÎÎÎ

«ÑèáÝÐÀ») — â òàáë. 2, êîëè÷åñòâî òðåùèí ïðè

ýêñïëóàòàöèè íà ìîìåíò îñòàíîâî÷íûõ ðåìîí-

òîâ — íà ðèñ. 4.

Ñëåäóåò îòìåòèòü, ÷òî òðåùèíû, à òàêæå äðó-

ãèå âûÿâëÿåìûå â ïåðèîä îñòàíîâî÷íîãî ðåìîíòà

äåôåêòû â ïðîöåññå ðåìîíòíî-âîññòàíîâèòåëü-

íûõ ðàáîò ðåìîíòèðóþò, ìåòàëë ÐÊ ïðèâîäÿò â

ñîîòâåòñòâèå ñ òðåáîâàíèÿìè íîðìàòèâíîé äîêó-

ìåíòàöèè.

Â òàáë. 3 ïðåäñòàâëåíû îñíîâíûå ñòàòèñòè÷å-

ñêèå ïàðàìåòðû âûáîðêè è ïàðàìåòðû ðàñïðåäå-

ëåíèé ðàçìåðîâ òðåùèí. Ýòè äàííûå ïîëó÷åíû

ïî ðåçóëüòàòàì äèàãíîñòèðîâàíèÿ è ôàêòè÷åñêîé

ðåãèñòðàöèè ðàçìåðîâ âûÿâëåííûõ òðåùèí, äëè-

íà êîòîðûõ íàõîäèòñÿ â äèàïàçîíå îò 19 äî

1200 ìì. Ðàñïðåäåëåíèå äëèí òðåùèí îïèñûâà-

ëîñü ýêñïîíåíöèàëüíûì çàêîíîì ðàñïðåäåëåíèÿ,
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Òàáëèöà 1. Ñâåäåíèÿ î òðåùèíàõ â ëîïàñòÿõ ÐÊ â ïåðèîä 1968 – 2011 ãã. [5, 24]

Table 1. Data on cracks in the turbine runners from the beginning of operation in the period 1968 – 2011 [5, 24]

Äàòà ðåìîíòà/

îñìîòðà

Íàðà-

áîòêà, ÷

Íàëè÷èå è ðàçìåð òðåùèí, ìì

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1968 ã. 540 Òðåùèí íå îáíàðóæåíî

06.10.1968 ã. 5506 40Í

20.01.1971 ã. 19 348 75Ñ 80Ñ 90Ñ

100Ñ

60Ñ 110Ñ 70Ñ 80Ñ 70Ñ

180Ñ

190Ñ 60Ñ

1972 – 1974 ã. Òðåùèí íå îáíàðóæåíî

18.08.1975 ã. 39 988 180Ñ

24.07.1978 ã. 54 968 20Ò 30Í 40Í

14.01.1982 ã. 76 585 Òðåùèí íå îáíàðóæåíî

17.03.1986 ã. 94 366

08.10.1990 ã. 115 530 200Ñ 110Ñ

09.03.1994 ã. 131 982 80Ñ 100Ñ

04.10.1999 ã. 164 912 210Í

28.02.2005 ã. 189 683 200Í

05.09.2011 –

16.11.2011 ã.

218 896,8 60Ò 80Ò 50Ò 150Ò 130Ò

Îáùåå ÷èñëî òðåùèí ëî-

ïàñòè ó îáîäà

1 1 2 1 1 1 1 1 1 1 1

Îáùåå ÷èñëî òðåùèí ëî-

ïàñòè ó ñòóïèöû

1 1 1 2 1 2 1 1 2 3 2

Ï ð è ì å ÷ à í è å. Í — òðåùèíà ñ íàïîðíîé ñòîðîíû; Ò — òðåùèíà ñ òûëüíîé ñòîðîíû; Ñ — ñêâîçíàÿ òðåùèíà.

Òàáëèöà 2. Ñâåäåíèÿ î íàðàáîòêàõ è ÷èñëàõ ïóñê-îñòà-

íîâîâ ÃÀ íà ìîìåíò äèàãíîñòèðîâàíèÿ ÎÎÎ «ÑèáÝÐÀ» â

ïåðèîä 2013 – 2022 ãã.

Table 2. Data on the operating life and the number of

starts-stops of hydraulic units at the date of diagnostics car-

ried out by OOO “SibERA” in the period 2013 – 2022

Íîìåð

ãèäðîàãðå-

ãàòà (ÃÀ ¹)

Äàòà

îáñëåäîâàíèÿ

(ìåñÿö. ãîä)

Íàðàáîòêà ñ íà÷àëà

ýêñïëóàòàöèè íà ìî-

ìåíò îáñëåäîâàíèÿ, ÷

×èñëî öèêëîâ

ïóñê-îñòà-

íîâ, öèêë

1 05.2017 234 485,0 1794

10.2021 242 205,4 1860

2 09.2016 276 142,0 1473

3 04.2022 295 368,0 1602

4 11.2017 244 761,0 1545

10.2020 258 573,0 1594

5 12.2013 228 542,0 1289

6 02.2019 281 607,0 1332

7 09.2021 171 499,0 1785

8 07.2017 174 140,0 1721

9 04.2016 160 793,0 1728

10 10.2019 165 360,0 1904

11 04.2019 171 499,8 1785

12 07.2018 163 629,0 1896



à ðàçìåðû ðàñêðûòèÿ òðåùèí — ëîãíîðìàëüíûì

çàêîíîì. Ïðè îöåíêå âåëè÷èí ðàñêðûòèé òðåùèí

îòìå÷åíû äâà õàðàêòåðíûõ ñòàòèñòè÷åñêèõ äèà-

ïàçîíà: ðàñêðûòèå 0,2 – 0,6 ìì è 1,8 – 2,2 ìì. Âû-

ÿâëåííûå òðåùèíû, êàê ïðàâèëî, ðàçíîíàïðàâ-

ëåííûå, ðàñïîëîæåíû â ïîâåðõíîñòíîì, ïîäïî-

âåðõíîñòíîì èëè âíóòðåííåì ñëîÿõ ìåòàëëà, âîç-

íèêàþò èç ýêñïëóàòàöèîííûõ äåôåêòîâ (ÿçâ, êðà-

òåðîâ, ïîäðåçîâ èëè îòñëîåíèé) è ðàñòóò âî âðåìÿ

ýêñïëóàòàöèè àãðåãàòîâ òóðáèíû. Â òàáë. 4 ïðåä-

ñòàâëåíû íåêîòîðûå ðàñ÷åòíûå ñõåìû äëÿ ýëå-

ìåíòîâ ñ òðåùèíàìè [22], èñïîëüçîâàííûå ïðè

îöåíêàõ ðåñóðñîâ ÐÊ ïî êðèòåðèÿì ìåõàíèêè

ðàçðóøåíèÿ.

Ñòàòè÷åñêàÿ è äèíàìè÷åñêàÿ

òðåùèíîñòîéêîñòü ñòàëè ÐÊ

Äàííûå ïî ìàòåðèàëó è õàðàêòåðèñòèêàì ìå-

õàíè÷åñêèõ ñâîéñòâ ïðèâåäåíû â òàáë. 4. Ïî

èìåþùèìñÿ ñòàòèñòè÷åñêèì äàííûì ðàçìåðîâ

åäèíè÷íûõ òðåùèí, âûÿâëåííûõ â ðåçóëüòàòå

äåôåêòîñêîïè÷åñêîãî êîíòðîëÿ, ïðîâåäåí ðàñ÷åò

ÊÈÍ KI ïî ôîðìóëàì òàáë. 5.

Äîïóñêàåìîå íàïðÿæåíèå îïðåäåëåíî ïî ðàñ-

÷åòíûì çíà÷åíèÿì ó0,2, óâ ïî ôîðìóëå:

[ ] min ;
,

,

� '

�
�

�

�

�

�

�
�

!

"

�

#
�

�

0 2

0 2
n n

â

â

�

�

�

�

!

"

#

1 0
290

1 5

540

2 5
, min

,
;

,
= 193 ÌÏà, (27)

ãäå n0,2, nâ — êîýôôèöèåíòû çàïàñà.

Ðàñ÷åòíûå íàïðÿæåíèÿ óp ñ ó÷åòîì îñòàòî÷-

íûõ íàïðÿæåíèé îò îïåðàöèé íàïëàâêè óñâ (ïðè-

íèìàåòñÿ 100 ÌÏà) ñîñòàâÿò

óp = [ó] + óñâ = 193 + 100 = 293 ÌÏà. (28)

Ðåçóëüòàòû ðàñ÷åòîâ íà òðåùèíîñòîéêîñòü

ïðè ñòàòè÷åñêîì íàãðóæåíèè â âèäå çàâèñèìî-

ñòåé KI – l ïîêàçàíû íà ðèñ. 5. Äëÿ ó÷åòà âëèÿíèÿ

äèíàìè÷åñêîãî õàðàêòåðà íàãðóæåíèÿ ïðè ðàñ÷å-

òàõ íà äèíàìè÷åñêóþ òðåùèíîñòîéêîñòü èñïîëü-

çîâàëè ôîðìóëû (16), (17). Èç çàâèñèìîñòåé 1 è 2

íà ðèñ. 5 ñëåäóåò, ÷òî ÷åì áëèæå òðåùèíû ðàñïî-

ëîæåíû äðóã ê äðóãó, òåì áîëåå KI ê ïðåäåëüíîìó

çíà÷åíèþ. Òàê, ïðè ðàññòîÿíèè ìåæäó òðåùè-

íàìè â 5 ìì (ñì. ðèñ. 5, êðèâàÿ 1) KI äîñòèãàþò

ïðåäåëüíîãî çíà÷åíèÿ ïðè äëèíàõ òðåùèí

430 ìì, à ïðè ðàññòîÿíèè ìåæäó íèìè â 100 ìì

(êðèâàÿ 2) — ïðè äëèíàõ òðåùèí 500 ìì.

Î÷åâèäíî, ÷òî çíà÷åíèÿ KI, ðàññ÷èòàííûå äëÿ

ïîâåðõíîñòíûõ, óãëîâûõ ïîëóýëëèïòè÷åñêèõ è
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Ðèñ. 4. Óðîâåíü òðåùèíîîáðàçîâàíèÿ ëîïàñòåé ÐÊ ãèä-

ðîàãðåãàòîâ íà ïåðèîä îáñëåäîâàíèÿ â 2014 – 2020 ãã.: 1 —

îáùåå ÷èñëî äåôåêòîâ; 2 — ÷èñëî äåôåêòîâ ó îáîäà; 3 —

÷èñëî äåôåêòîâ ó ñòóïèöû

Fig. 4. The level of cracking in turbine runners: 1 — total

number of defects; 2 — number of defects at the rim; 3 —

the number of defects at the hub

Òàáëèöà 3. Ðåçóëüòàòû ñòàòèñòè÷åñêîãî àíàëèçà ðàçìåðîâ òðåùèí

Table 3. Results of statistical analysis of crack sizes

Òèï âûáîðêè

Ðàçìåð

âûáîðêè,

øò.

Ìàòåìàòè-

÷åñêîå îæèäà-

íèå (mean)

Äèñïåðñèÿ

(variance)

Ñ.Ê.Î. (standart

deviation)

Ìèí./ìàêñ.

çíà÷åíèÿ

(min/max)

Çàêîí ðàñïðåäåëåíèÿ

Äëèíà òðåùèí 98 0,25166 ì 0,0755 ì2 0,2748 ì 0,019 ì/1,2 ì Ýêñïîíåíöèàëüíûé

Øèðèíà ðàñêðûòèÿ òðåùèí 22 1,1545 ìì 0,606407 ìì2 0,778721 ìì 0,2 ìì/2,2 ìì Ëîãíîðìàëüíûé

Òàáëèöà 4. Õàðàêòåðèñòèêè ìåõàíè÷åñêèõ ñâîéñòâ ÐÊ

èç ñòàëè 20ÃÑË (ÒÓ 108-06-104–83)

Table 4. Characteristics of the mechanical properties of

turbine runners made of steel 20GSL (TS 108-06-104–83)

Õàðàêòåðèñòèêà Çíà÷åíèå

Ïðåäåë òåêó÷åñòè ó
0,2

, ÌÏà 275

Ïðåäåë ïðî÷íîñòè ó
â
, ÌÏà 540

Îòíîñèòåëüíîå óäëèíåíèå, % Íå ìåíåå 20

Êðèòè÷åñêèé ÊÈÍ K
Ic

[18 – 20], ÌÏà · ì1/2 Íå íèæå 75

Äîïóñêàåìûé ÊÈÍ [K
Ic

]

ïðè n = 1,5, ÌÏà · ì1/2

50

Ìîäóëü óïðóãîñòè E, ÌÏà 2,1 · 105

Êîýôôèöèåíò Ïóàññîíà í 0,3

Ïëîòíîñòü ñ, êã/ì3 7820

Ñêîðîñòü ðàñïðîñòðàíåíèÿ ïðîäîëüíûõ

çâóêîâûõ âîëí c
1
, ì/ñ

5890

Ñêîðîñòü ðàñïðîñòðàíåíèÿ òðåùèíû

ïðè äîïóùåíèè* v
0

= 0,2c
1
, ì/ñ

1178

Äëèíà ïîëóîñåé ýëëèïòè÷åñêèõ òðåùèí** b = 2a/3

* Äîïóùåíèå ïðèíÿòî â [17].

** Íàèáîëåå ÷àñòî èñïîëüçóåìàÿ ïðîïîðöèÿ ïîëóîñåé ïðè

ðàñ÷åòàõ [16, 22, 23].
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Òàáëèöà 5. Ðàñ÷åòíûå ñõåìû òèïîâûõ òðåùèí äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ èíòåíñèâíîñòè íàïðÿæåíèé [15, 22]

Table 5. Design schemes of typical cracks for determining stress intensity factors [15, 22]

¹ Ðàñ÷åòíàÿ ñõåìà Ðàñ÷åòíûå ôîðìóëû

1 Ïëàñòèíà ñ äâóìÿ ñêâîçíûìè òðåùèíàìè ïîä äåéñòâèåì ðàñòÿãèâàþùåé

íàãðóçêè, ïëîñêîå ðåøåíèå; äàííóþ îáîáùåííóþ ñõåìó ðàñ÷åòà ìîæíî èñ-

ïîëüçîâàòü äëÿ òðåùèí âñåõ çîí (ñì. ðèñ. 3),

K lY l1 � � $p ( ), Y l
t

l

l

t
( ) ,�

2

2$

$

tg (18)

ãäå ó
p

— ðàñòÿãèâàþùåå íàïðÿæåíèå.

2 Ïîëóýëëèïòè÷åñêàÿ ïîâåðõíîñòíàÿ, ýëëèïòè÷åñêàÿ âíóòðåííÿÿ è óãëîâàÿ

òðåùèíû â ïëàñòèíå ïîä äåéñòâèåì ðàñòÿãèâàþùåé íàãðóçêè; äàííûå

ñõåìû õàðàêòåðíû äëÿ òðåùèí, âûÿâëÿåìûõ âî âñåõ çîíàõ ÐÊ (ñì. ðèñ. 3),
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ãäå E(k) — êîýôôèöèåíò, çàâèñÿùèé îò b/a; F
i
— ôóíêöèÿ òèïà òðåùèíû;

E k
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a
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ãäå M
i
, g, fö, f

w
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ãäå M
i
, g, fö, f

w
— êîýôôèöèåíòû.
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1 2, (23)

ãäå M
i
, g

1
, g

2
— êîýôôèöèåíòû.

3 Ïîâåðõíîñòíàÿ òðåùèíà ïðîèçâîëüíîé ôîðìû â ïîëóïðîñòðàíñòâå (òèï

I); äàííûå ñõåìû õàðàêòåðíû äëÿ òðåùèí, âûÿâëÿåìûõ âî âñåõ çîíàõ ÐÊ,

K
I
= 0,650ó

p
ð

1/2S1/4, (24)

ãäå S — ïëîùàäü òðåùèíû.

4 Äâå ýëëèïòè÷åñêèå òðåùèíû â ïðîñòðàíñòâå ïîä äåéñòâèåì ðàñòÿãèâà-

þùåé íàãðóçêè; äàííàÿ ñõåìà õàðàêòåðíà äëÿ òðåùèí, âûÿâëÿåìûõ â

çîíå Á (ñì. ðèñ. 3),

ë = b/e
0
, k2 = 1 – b2/a2, K M

b

E k
B BI

p

,,
( )

,�

� $

(25)

ãäå M
B

— êîýôôèöèåíò óñèëåíèÿ èíòåíñèâíîñòè íàïðÿæåíèé â òî÷êå Â;

E(k) — êîýôôèöèåíò, çàâèñÿùèé îò b/a.

5 Äâå ïîëóýëëèïòè÷åñêèå ïîâåðõíîñòíûå òðåùèíû, ïåðïåíäèêóëÿðíûå

ãðàíèöå ïîëóïðîñòðàíñòâà, ïîä äåéñòâèåì ðàñòÿãèâàþùåé è èçãèáàþùåé

íàãðóçîê; äàííàÿ ñõåìà õàðàêòåðíà äëÿ òðåùèí, âûÿâëÿåìûõ â çîíå Á

(ñì. ðèñ. 3).
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3
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âíóòðåííèõ ýëëèïòè÷åñêèõ òðåùèí ïî ôîðìóëàì

(19) – (23), âûøå, ÷åì K
I
, ðàññ÷èòàííûå äëÿ

ñêâîçíûõ òðåùèí ïî îáîáùåííîé ôîðìóëå (18).

Ïðè ýòîì íàèáîëåå îïàñíûìè ÿâëÿþòñÿ ïîâåðõ-

íîñòíûå ïîëóýëëèïòè÷åñêèå è óãëîâûå òðåùèíû.

Òàê, ìàêñèìàëüíî äîïóñòèìàÿ äëèíà ñêâîçíîé

òðåùèíû ïðè ñòàòè÷åñêîì íàãðóæåíèè ñîãëàñíî

ôîðìóëå (18) ñîñòàâëÿåò 451 ìì, à ïîâåðõíîñòíîé

óãëîâîé òðåùèíû, ðàññ÷èòàííîé ïî ôîðìóëàì

(19) – (23), — 131 ìì, ÷òî â 3,44 ðàçà ìåíüøå.

Òàêèì îáðàçîì, ïðè êîíñåðâàòèâíûõ îöåíêàõ

íåîáõîäèìî ïðîâîäèòü ðàñ÷åò òðåùèí ñ ó÷åòîì

íàïðàâëåíèé ïî äâóì îñÿì ïî ôîðìóëàì (19) –

(23). Ïðè ýòîì ìàêñèìàëüíî äîïóñòèìàÿ äëèíà

âíóòðåííåé ýëëèïòè÷åñêîé òðåùèíû â 1,9 ðàçà

áîëüøå, ÷åì äëèíà ïîâåðõíîñòíîé óãëîâîé òðå-

ùèíû. Ïîýòîìó íàèáîëåå îïàñíûìè òðåùèíàìè

(ñ íàèìåíüøåé äîïóñòèìîé äëèíîé) ÿâëÿþòñÿ óã-

ëîâûå è ïîëóýëëèïòè÷åñêèå ïîâåðõíîñòíûå òðå-

ùèíû (ñì. ðèñ. 5, à, êðèâûå 4 è 5). Ïðè ó÷åòå â

ðàñ÷åòàõ ñóùåñòâóþùèõ äèíàìè÷åñêèõ íàãðóçîê

(ñì. ðèñ. 5, á) ðàçíèöà íå òàê âåëèêà, íî îíà

åñòü — çíà÷åíèÿ ÊÈÍ âûøå íà 6 %. Ñîîòâåò-

ñòâåííî, âåëè÷èíû äîïóñòèìûõ äëèí òðåùèí

ìåíüøå ïðèìåðíî â 1,1 – 1,22 ðàçà.
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Ðèñ. 5. Çàâèñèìîñòè çíà÷åíèé K
I
(à) è K

ID
(á) îò ðàçìåðîâ òðåùèí ïðè ñòàòè÷åñêîì (à) è äèíàìè÷åñêîì (á) íàãðóæåíèÿõ

äëÿ ðàçëè÷íûõ ñõåì: 1 — äâå ñêâîçíûå òðåùèíû íà ðàññòîÿíèè 5 ìì, ðàñ÷åò ïî ôîðìóëå (18), äîïóñòèìûå äëèíû òðåùèí

[l]
ñò

= 451 ìì, [l]
ä

= 451 ìì; 2 — äâå ñêâîçíûå òðåùèíû íà ðàññòîÿíèè 100 ìì, ðàñ÷åò ïî ôîðìóëå (18), [l]
ñò

= 550 ìì,

[l]
ä

= 485 ìì; 3 — âíóòðåííÿÿ ýëëèïòè÷åñêàÿ òðåùèíà, ðàñ÷åò ïî ôîðìóëàì (19), (20), (22), [l]
ñò

= 250 ìì, [l]
ä

= 210 ìì;

4 — ïîâåðõíîñòíàÿ ïîëóýëëèïòè÷åñêàÿ òðåùèíà, ðàñ÷åò ïî ôîðìóëàì (19), (20), (21), [l]
ñò

= 128 ìì, [l]
ä

= 115 ìì; 5 —

óãëîâàÿ ïîâåðõíîñòíàÿ òðåùèíà, ðàñ÷åò ïî ôîðìóëàì (19), (20), (23), [l]
ñò

= 131 ìì, [l]
ä

= 118 ìì

Fig. 5. Dependences of K
I

(a) and K
ID

(b) values on the crack size under static (a) and dynamic (b) loading for different

schemes: 1 — two through cracks at a distance of 5 mm (scheme 1, table 5, formula 18), allowable crack lengths: [l]
st

=

= 451 mm; [l]
d

= 451 mm; 2 — two through cracks at a distance of 100 mm (scheme 1, table 5, formula 18), allowable crack

lengths: [l]
st

= 550 mm; [l]
d

= 485 mm; 3 — internal elliptical crack according to (19), (20), (22), allowable crack lengths:

[l]
st

= 250 mm; [l]
d

= 210 mm; 4 — surface semi-elliptical crack, calculation according to (19), (20), (21), allowable crack

lengths: [l]
st

= 128 mm; [l]
d

= 115 mm; 5 — angular surface crack, calculation according to (19), (20), (23), allowable crack

lengths: [l]
st

= 131 mm; [l]
d

= 118 mm



Ðàñ÷åò îñòàòî÷íîãî ðåñóðñà

ðàáî÷èõ êîëåñ

Ñ èñïîëüçîâàíèåì äàííûõ î óðîâíÿõ íàðàáîò-

êè ÐÊ (ñì. òàáë. 2), ôàêòè÷åñêîé äåôåêòíîñòè ñ

ìîìåíòà èõ èçãîòîâëåíèÿ (ñì. òàáë. 1) è íà ìî-

ìåíò äèàãíîñòèðîâàíèÿ (ñì. òàáë. 3), à òàêæå

ôîðìóë (2) – (4), (13) – (15) âûïîëíåí ðàñ÷åò ðå-

ñóðñà äî âîçíèêíîâåíèÿ óñòàëîñòíûõ òðåùèí è ñ

ó÷åòîì èõ ðàçâèòèÿ äëÿ ÃÀ, à òàêæå èõ ñóììàð-

íîé íàêîïëåííîé ïîâðåæäàåìîñòè (ðèñ. 6 – 9).

Îòíîñèòåëüíîå íàêîïëåííîå óñòàëîñòíîå ïî-

âðåæäåíèå â öèêëàõ «ïóñê-îñòàíîâ» è äëÿ «ðàáî-

÷èõ ðåæèìîâ» (ñì. ðèñ. 6) ðàññ÷èòûâàëè ïî ôîð-

ìóëå (4). Çíà÷åíèÿ ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóð-

ñà ðàáî÷èõ êîëåñ íà ñòàäèè âîçíèêíîâåíèÿ òðå-

ùèíû (ñì. ðèñ. 7) îïðåäåëÿëè ïî ôîðìóëå (14), à

íà ñòàäèè ðîñòà òðåùèíû (ñì. ðèñ. 8) — ïî (12),

ïðè ýòîì ó÷åò ìíîãî÷àñòîòíîñòè íàãðóæåíèÿ (ñì.

ðèñ. 7) ïðîâîäèëè ñ ó÷åòîì (15). Íà ðèñ. 9 ïðåä-

ñòàâëåíà äèàãðàììà ñî çíà÷åíèÿìè îáùåãî (ñóì-
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Ñðåäíåå

çíà÷åíèå

Ðèñ. 6. Çíà÷åíèÿ ñóììàðíîãî íàêîïëåííîãî óñòàëîñòíîãî ïîâðåæäåíèÿ ÐÊ â öèêëå «ïóñê – îñòàíîâ» (à) è äëÿ ðàáî÷èõ ðå-

æèìîâ — íà îáîðîòíîé, ëîïàñòíîé è ëîïàòî÷íîé ÷àñòîòàõ ñ ó÷åòîì âèõðåé Êàðìàíà (á)

Fig. 6. The values of the total accumulated fatigue damage of the runners in the start – stop cycle (a) and for operating modes

at the reverse, blade and blade frequencies with allowance for Karman vortices (b)
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Ðèñ. 7. Çíà÷åíèÿ ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóðñà ÐÊ íà ñòàäèè âîçíèêíîâåíèÿ òðåùèíû áåç ó÷åòà (à) è ñ ó÷åòîì (á)

ìíîãî÷àñòîòíîãî íàãðóæåíèÿ

Fig. 7. The values of the calculated residual life of the runners at the stage of crack initiation (without taking into account (a)

and taking into account (b) multi-frequency loading)



ìàðíîãî) ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóðñà ðàáî÷èõ

êîëåñ íà ñòàäèè ðàçâèòèÿ òðåùèíû è íà ñòàäèè

åå ðîñòà.

Èç ðèñ. 6 âèäíî, ÷òî ñóììàðíûå íàêîïëåííûå

ïîâðåæäåíèÿ ÐÊ áîëüøèíñòâà ãèäðîàãðåãàòîâ

áîëüøå íà ðåæèìàõ â öèêëå «ïóñê-îñòàíîâ», ÷åì

íà ðàáî÷èõ ðåæèìàõ, èëè ðàâíû èì. Êàê ïðàâèëî,

ïðè ðàáîòå ÐÊ â öèêëå «ïóñê-îñòàíîâ» ïðîèñõî-

äÿò íàèáîëüøèå ïîâðåæäåíèÿ. Åñëè æå íàêîï-

ëåííûå ïîâðåæäåíèÿ â öèêëå «ïóñê-îñòàíîâ» çíà-

÷èòåëüíî ìåíüøå, ÷åì â ðàáî÷åì öèêëå, òî ýòî îç-

íà÷àåò, ÷òî ðàáî÷åå êîëåñî èìååò ñóùåñòâåííûé

çàïàñ ïî öèêëàì «ïóñê-îñòàíîâ». Ïðè èõ ðàâåíñò-

âå, ìîæíî ãîâîðèòü î ðàâíîìåðíîé ïîâðåæäàåìî-

ñòè ÐÊ íà âñåõ öèêëàõ.

Àíàëèç äèàãðàìì, ïðåäñòàâëåííûõ íà ðèñ. 7,

ïîêàçûâàåò çíà÷èòåëüíîå ñíèæåíèå îñòàòî÷íîãî

ðåñóðñà ÐÊ ïî ðåçóëüòàòàì ðàñ÷åòîâ ñ ó÷åòîì

âëèÿíèÿ ðåæèìà ìíîãî÷àñòîòíîãî íàãðóæåíèÿ —

óìåíüøåíèå ñðåäíåãî îñòàòî÷íîãî ðåñóðñà ñî-

ñòàâëÿåò 1,2 – 1,7 ðàçà.

Èç ðèñ. 8 ñëåäóåò, ÷òî âûñîêèé îñòàòî÷íûé

ðåñóðñ íàáëþäàåòñÿ ó ÃÀ ¹ 6 è ¹ 10, ó êîòîðûõ

íàèáîëåå íèçêèå çíà÷åíèÿ ñóììàðíîãî íàêîïëåí-

íîãî óñòàëîñòíîãî ïîâðåæäåíèÿ ÐÊ â öèêëå

«ïóñê-îñòàíîâ». Ýòî ïîäòâåðæäàåò âûâîä î òîì,

÷òî ýêñïëóàòàöèÿ â öèêëå «ïóñê-îñòàíîâ» ñóùå-

ñòâåííî âëèÿåò íà îñòàòî÷íûé ðåñóðñ ðàáî÷èõ

êîëåñ ãèäðîàãðåãàòîâ íà ñòàäèè ðîñòà óñòàëîñò-

íûõ òðåùèí. Äëÿ ÐÊ ãèäðîàãðåãàòà ¹ 7 îñòàòî÷-

íûé ðåñóðñ èñ÷åðïàí (ñì. ðèñ. 8) â ñâÿçè ñ ðÿäîì
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Ñðåäíåå

çíà÷åíèå

Ðèñ. 8. Çíà÷åíèÿ ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóðñà ÐÊ íà ñòàäèè ðîñòà óñòàëîñòíûõ òðåùèí

Fig. 8. Values of the calculated residual life of the runners at the stage of fatigue crack growth
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Ðèñ. 9. Çíà÷åíèÿ ïîëíîãî ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóðñà ÐÊ äî îáðàçîâàíèÿ è ñ ó÷åòîì ðîñòà óñòàëîñòíûõ òðåùèí: à è

á — áåç ó÷åòà è ñ ó÷åòîì ìíîãî÷àñòîòíîãî íàãðóæåíèÿ

Fig. 9. Values of the calculated total residual life of the runners prior to the formation and taking into account the fatigue

crack growth (without taking into account (a) and taking into account multi-frequency loading (b))



ôàêòîðîâ, â òîì ÷èñëå âûñîêèìè çíà÷åíèÿìè

íàðàáîòêè è íàëè÷èåì ýêñïëóàòàöèîííîé äå-

ôåêòíîñòè.

Ïðîâåäåí ðàñ÷åò îñòàòî÷íîãî ðåñóðñà íà ñòà-

äèè çàðîæäåíèÿ òðåùèíû è íà ñòàäèè åå ñòà-

áèëüíîãî (óñòîé÷èâîãî) ðîñòà äî êðèòè÷åñêîãî

çíà÷åíèÿ ðàçðóøåíèÿ. Ïîëíûé ðàñ÷åòíûé îñòà-

òî÷íûé ðåñóðñ ÐÊ îïðåäåëÿåòñÿ ñóììîé ýòèõ

äâóõ ðåñóðñîâ (ñì. ðèñ. 9).

Ðàñ÷åòû îñòàòî÷íîãî ðåñóðñà ïðîâîäèëè â

ðàçíûå ãîäû ïî ôàêòè÷åñêèì ðåçóëüòàòàì äèàã-

íîñòèðîâàíèÿ ÐÊ (ôàêòè÷åñêîé ïîâðåæäåííî-

ñòè), èìåþùèõ íà ìîìåíò îáñëåäîâàíèÿ ðàçíûå

óðîâíè íàðàáîòêè è ñðîêè ïðîâåäåíèÿ êàïèòàëü-

íûõ ðåìîíòîâ. Î÷åâèäíî, ÷òî ÐÊ êàæäîãî ãèäðî-

àãðåãàòà èìåþò ñâîé èíäèâèäóàëüíûé ðàñ÷åòíûé

óðîâåíü îñòàòî÷íîãî ðåñóðñà íà îïðåäåëåííûé

ìîìåíò âðåìåíè. Ïîñêîëüêó â ïðîöåññå ðåìîíò-

íî-âîññòàíîâèòåëüíûõ ðàáîò (íàïðèìåð, â ïåðè-

îä ïëàíîâûõ ðåìîíòîâ) ìåòàëë ÐÊ ïðèâîäèòñÿ â

ñîîòâåòñòâèå ñ òðåáîâàíèÿìè íîðìàòèâíîé äîêó-

ìåíòàöèè (òðåùèíû è äðóãèå ïîâðåæäåíèÿ ðå-

ìîíòèðóþòñÿ), èíäèâèäóàëüíûé ðàñ÷åòíûé óðî-

âåíü îñòàòî÷íîãî ðåñóðñà ÐÊ ãèäðîàãðåãàòà íà

ñëåäóþùèé ïåðèîä ýêñïëóàòàöèè ìîæåò áûòü

âûøå.

Âûâîäû

Ïðåäñòàâëåííûå ïîäõîäû ê îöåíêå îñòàòî÷-

íîãî ðåñóðñà ïîçâîëÿþò ïðîâîäèòü êîìïëåêñíóþ

îöåíêó íàêîïëåííûõ óñòàëîñòíûõ ïîâðåæäåíèé,

îñòàòî÷íîãî ðåñóðñà ðàáî÷èõ êîëåñ ãèäðîàãðåãà-

òîâ íà ñòàäèÿõ âîçíèêíîâåíèÿ è ðîñòà òðåùèí ñ

ó÷åòîì ìíîãî÷àñòîòíîãî íàãðóæåíèÿ — â ñòàòè-

÷åñêîé è äèíàìè÷åñêîé ïîñòàíîâêàõ. Çíà÷åíèÿ

ðàñ÷åòíîãî îñòàòî÷íîãî ðåñóðñà, ïðåäñòàâëåííûå

íà ðèñ. 7 – 9, ñóùåñòâåííî îòëè÷àþòñÿ. Ýòî ñâÿçà-

íî ñ ðàçíûìè çíà÷åíèåì ôàêòè÷åñêîé íàðàáîòêè,

êîëè÷åñòâîì âûÿâëåííûõ äåôåêòîâ, ïðîâåäåíè-

åì ðåìîíòîâ è ò.ä. Íî î÷åâèäíî, ÷òî îñòàòî÷íûé

ðåñóðñ áîëüøèíñòâà ãèäðîàãðåãàòîâ âåñüìà íè-

çîê. Ñëåäóåò îòìåòèòü, ÷òî ïðè ó÷åòå âëèÿíèÿ äè-

íàìè÷åñêîé ñîñòàâëÿþùåé êðèòè÷åñêèìè ÿâëÿ-

þòñÿ äåôåêòû ìåíüøåãî ðàçìåðà, ïîýòîìó åå ó÷åò

ïðåäñòàâëÿåòñÿ àêòóàëüíûì. Î÷åâèäåí òàêæå è

ðàçáðîñ çíà÷åíèé îñòàòî÷íîãî ðåñóðñà.

Ñðåäè ñïåöèàëèñòîâ îòñóòñòâóåò åäèíîå ìíå-

íèå îòíîñèòåëüíî îïòèìàëüíîé òèïîâîé ìåòîäè-

êè îöåíêè ðåñóðñà ýëåìåíòîâ ãèäðîàãðåãàòîâ íà

ñòàäèè ýêñïëóàòàöèè. Öåëåñîîáðàçíû íîâûå ïîä-

õîäû â ðàñ÷åòíûõ îáîñíîâàíèÿõ è ó÷åò äèíàìè-

÷åñêèõ ýôôåêòîâ [2, 8, 16, 20, 24].

Ïðèíèìàÿ âî âíèìàíèå êîìïëåêñ îöåíîê ðàñ-

÷åòíîãî îñòàòî÷íîãî ðåñóðñà, ìîæíî ñäåëàòü âû-

âîäû î òîì, ÷òî ðàáî÷èå êîëåñà ãèäðîòóðáèí

Êðàñíîÿðñêîé ÃÝÑ, ñïðîåêòèðîâàííûå è èçãîòîâ-

ëåííûå â 1960-õ ãîäàõ, çíà÷èòåëüíî ïðåâûñèëè

ñâîé íîðìàòèâíûé ðåñóðñ è íà äàííûé ìîìåíò

ñîõðàíÿþò îïðåäåëåííûé óðîâåíü îñòàòî÷íîãî

ðåñóðñà, ïðè ýòîì óñïåøíî (áåçàâàðèéíî) ýêñ-

ïëóàòèðóþòñÿ. Äàííàÿ ñèòóàöèÿ îòðàæàåò âûñî-

êèé óðîâåíü èíæåíåðíîé ïðîðàáîòêè êîíñòðóê-

öèè ÐÊ, ÷òî îáåñïå÷èâàåò ïðàêòè÷åñêóþ ðàáîòó â

çàïðîåêòíûõ óñëîâèÿõ ýêñïëóàòàöèè. Ñëåäóåò îò-

ìåòèòü, ÷òî ñ 2018 ã. ïðîõîäèò ïîñòåïåííàÿ èõ çà-

ìåíà íà ðàáî÷èå êîëåñà íîâîé ìîäèôèêàöèè.
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Âûñîêîïðî÷íûé àëþìèíèåâûé ñïëàâ 1933 îòëè÷àåòñÿ õîðîøèìè ôèçèêî-ìåõàíè÷åñêèìè

ñâîéñòâàìè è âûñîêîé òåõíîëîãè÷íîñòüþ, ïîýòîìó íàõîäèò øèðîêîå ïðèìåíåíèå â ñàìûõ

îòâåòñòâåííûõ ñèëîâûõ êîíñòðóêöèÿõ ëåòàòåëüíûõ àïïàðàòîâ. Íàïðèìåð, åãî èñïîëüçóþò

â ñîâðåìåííûõ ñàìîëåòàõ Àí-148, SSJ. Èç ýòîãî ñïëàâà ïðîèçâîäÿò ðàçëè÷íûå äåòàëè øàð-

íèðíûõ ñîåäèíåíèé, äëÿ êîòîðûõ âàæíî èññëåäîâàíèå äîëãîâå÷íîñòè ïðè ñëîæíîíàïðÿ-

æåííîì ñîñòîÿíèè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ñòàòè÷åñêèõ è äèíàìè÷åñêèõ èñïû-

òàíèé êîíñòðóêòèâíî-ïîäîáíûõ îáðàçöîâ (äâóõ òèïîâ), èçãîòîâëåííûõ ïî ñåðèéíîé òåõíî-

ëîãèè è ñîîòâåòñòâóþùèõ ôîðìå ðåàëüíûõ ïðîóøèí äèàôðàãì ïðåäêðûëêîâ ñàìîëåòà.

Äëÿ ïîëó÷åíèÿ óòî÷íåííûõ õàðàêòåðèñòèê ñïëàâà â ñîñòîÿíèè Ò3 âûïîëíåíû ïðåäâàðèòå-

ëüíûå óñòàëîñòíûå èñïûòàíèÿ ñòàíäàðòíûõ îáðàçöîâ — ïîëîñ ñ îòâåðñòèåì. Äëÿ àíàëèçà

ìåõàíè÷åñêîãî ïîâåäåíèÿ ñïëàâà ïðè ðàçëè÷íîì àìïëèòóäíî-÷àñòîòíîì õàðàêòåðå íàãðóç-

êè âàðüèðîâàëè àñèììåòðèþ öèêëà íàãðóæåíèÿ R, êîòîðàÿ ñîñòàâëÿëà 0,1; 0,2; 0,5; 0,6;

0,76; 0,82, è ÷àñòîòó âîçäåéñòâèÿ (10, 60 è 100 Ãö). Âàðüèðîâàíèå ñðåäíåãî íàïðÿæåíèÿ

öèêëà íàãðóæåíèÿ ïîêàçàëî, ÷òî åãî ïîâûøåíèå ñíèæàåò êîëè÷åñòâî öèêëîâ äî ðàçðóøå-

íèÿ ïðîóøèí. Òàê, äëÿ àìïëèòóäû 5 êã/ìì2 óâåëè÷åíèå ñðåäíåãî íàïðÿæåíèÿ â äâà ðàçà

âûçâàëî ïàäåíèå óñòàëîñòíîé äîëãîâå÷íîñòè íà äâà ïîðÿäêà.

Êëþ÷åâûå ñëîâà: óñòàëîñòü; äîëãîâå÷íîñòü; ìîäåëèðîâàíèå; èñïûòàíèÿ; ðàçðóøåíèå;

ïðîóøèíà; ìåòîä êîíå÷íûõ ýëåìåíòîâ.

STUDY OF THE IMPACT OF FATIGUE LOADING ON THE DURABILITY

OF AIRCRAFT SLAT MEMBRANE EYELETS
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A high-strength aluminum alloy 1933 being distinguished by good physicomechanical properties and high

manufacturability is widely used in the most critical power aircraft structures, e.g., in a modern AN-148

SSJ aircraft. The alloy is used in production of various parts of articulated joints, thus making study of the

durability of the alloy in a complex stress state a relevant goal. We present the results of static and dy-

namic tests of structurally similar samples (of two types) manufactured according to serial technology and

corresponding to the shape of real eyelets of the airframe slats. Preliminary fatigue tests of standard sam-

ples (a strip with a hole) were performed to obtain the refined characteristics of the alloy in the T3 state.

To analyze the mechanical behavior of the alloy with a different amplitude-frequency character of loading,

the asymmetry of the loading cycle (R = 0.1; 0.2; 0.5; 0.6; 0.76; 0.82) and exposure frequencies (10, 60, and

100 Hz) were varied. In is shown that an increase in the average stress of the loading cycle reduced the

number of cycles before the destruction of the eyelets: a 2-fold increase in the average stress resulted in a

drop in fatigue life by two orders of magnitude (for an amplitude of 5 kg/mm2).

Keywords: fatigue; durability; simulation; testing; fracture; eyelet; finite element method.
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Ââåäåíèå

Â ñîâðåìåííûõ ëåòàòåëüíûõ àïïàðàòàõ øè-

ðîêî ïðèìåíÿþò øàðíèðíûå ñîåäèíåíèÿ (øàññè,

óçëû ïîâîðîòà êðûëà, ìåõàíèçìû ïåðåêîñà è

óïðàâëåíèÿ ëîïàñòÿìè âèíòà âåðòîëåòîâ è äð.).

Ðåçóëüòàòû èññëåäîâàíèÿ èõ ðàáîòîñïîñîáíîñòè,

êîíöåíòðàöèè â íèõ íàïðÿæåíèé îïðåäåëÿþò

äîëãîâå÷íîñòü òàêèõ ñîåäèíåíèé [1, 2]. Äàííàÿ

ðàáîòà ïîñâÿùåíà ðàñ÷åòíî-ýêñïåðèìåíòàëüíîìó

èññëåäîâàíèþ óñòàëîñòíîãî íàãðóæåíèÿ ñ äîïîë-

íèòåëüíûì ìîíòàæíûì íàïðÿæåíèåì è îöåíêå

âëèÿíèÿ ïàðàìåòðîâ íàãðóæåíèÿ íà äîëãîâå÷-

íîñòü ïðîóøèí äèàôðàãì (èç ñïëàâà 1933) ïðåä-

êðûëêà ñàìîëåòà [3 – 8].

Âûñîêîïðî÷íûé ñïëàâ 1933 èñïîëüçóþò â ñà-

ìûõ îòâåòñòâåííûõ ñèëîâûõ êîíñòðóêöèÿõ áëà-

ãîäàðÿ åãî âûñîêèì ôèçèêî-ìåõàíè÷åñêèì ñâîé-

ñòâàì è òåõíîëîãè÷íîñòè. Ñïëàâ 1933 â ñîñòîÿ-

íèè Ò3 øèðîêî ïðèìåíÿþò â ñîâðåìåííûõ ñàìî-

ëåòàõ Àí-148, SSJ â âèäå êðóïíîãàáàðèòíûõ ïî-

êîâîê, øòàìïîâîê è ïðåññîâàííûõ ïîëîñ äëÿ

ìàññèâíûõ ýëåìåíòîâ âíóòðåííåãî ñèëîâîãî êàð-

êàñà. Åãî èñïîëüçîâàíèå ïîçâîëÿåò ñíèçèòü ìàññó

êîíñòðóêöèè íà 10 – 15 % è ïðîäëèòü åå ýêñïëóà-

òàöèîííûé ðåñóðñ â 1,5 ðàçà [6 – 16].

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàíèå ïðîâîäèëè íà êîíñòðóêòèâíî-

ïîäîáíûõ îáðàçöàõ (ÊÏÎ), ìîäåëèðóþùèõ ïðî-

óøèíû äèàôðàãìû òèïîâîé êîíñòðóêöèè ñ âòóë-

êàìè ïðåäêðûëêà ñàìîëåòà, èçãîòîâëåííûìè ïî

ïðîèçâîäñòâåííîé òåõíîëîãèè [17, 18]. Èñïîëüçî-

âàëè ÊÏÎ â äâóõ âàðèàíòàõ — ÊÏÎ1 è ÊÏÎ2

(ðèñ. 1). ÊÏÎ èìåëè ñëåäóþùèå ðàçìåðû: øèðè-

íà 32 ìì; òîëùèíà 7 ìì; ðàññòîÿíèå ìåæäó îò-

âåðñòèÿìè 100 ìì; äèàìåòð îòâåðñòèé 11 ìì;

âíóòðåííèé äèàìåòð âòóëîê 8 ìì. Ðàäèóñû ñêðóã-

ëåíèÿ ïðîóøèí ÊÏÎ1 — 12 ìì, ÊÏÎ2 — 24 ìì;

îáùàÿ äëèíà ÊÏÎ1 — 124 ìì, ÊÏÎ2 — 128 ìì.

Êîëüöåâèäíûå âêëàäêè âûïîëíÿëè èç ñòàëè. Íà-

ãðóæåíèå ïðîâîäèëè ÷åðåç øïèëüêè.

Èññëåäîâàíèå âêëþ÷àëî â ñåáÿ: ñòàòè÷åñêîå

èñïûòàíèå íà ðàñòÿæåíèå (ñì. ðèñ. 1, â), óñòàëî-

ñòíûå èñïûòàíèÿ ÊÏÎ1, ÊÏÎ2 è ñòàíäàðòíûõ

îáðàçöîâ — ïîëîñ ñ îòâåðñòèåì — ïðè ðàçëè÷íûõ

óðîâíÿõ íàãðóæåíèÿ (óì, óà) è ÷àñòîòàõ (f) [19,

20]. Èñïûòàíèÿ ïðîâîäèëè äî ðàçðóøåíèÿ îáðàç-

öîâ. Ïðè äîñòèæåíèè áàçû Nó = 106 öèêëîâ èñ-

ïûòàíèå îñòàíàâëèâàëè.

Ïðè ñòàòè÷åñêîì ðàñòÿæåíèè ñðåäíÿÿ ðàçðó-

øàþùàÿ íàãðóçêà äëÿ ÊÏÎ1 ñîñòàâèëà 32,17 êÍ,

äëÿ ÊÏÎ2 — 38,3 êÍ.

Ïî èñõîäíûì äàííûì áûëî ïðîâåäåíî ìîäå-

ëèðîâàíèå íàãðóæåíèÿ ÊÏÎ. Ìîäåëü ìàòåðèàëà

ïðîóøèíû — èçîòðîïíàÿ ëèíåéíàÿ, ñ ìîäóëåì

óïðóãîñòè 70,6 ÃÏà; øïèëüêè — æåñòêèå, âêëàä-

êè èç ñòàëè (ìîäóëü óïðóãîñòè 210 ÃÏà). Øïèëü-

êè è âêëàäêè ñîåäèíÿëè ñâÿçàííûì êîíòàêòîì.

Ìåæäó âêëàäêîé è ïðîóøèíîé çàäàâàëè êîíòàêò

ñ òðåíèåì (èñïîëüçîâàëè êîýôôèöèåíò 0,5).

Íèæíþþ øïèëüêó çàêðåïëÿëè ïî êðàÿì, ê âåðõ-

íåé ïðèêëàäûâàëè íàãðóçêó.

Îáñóæäåíèå ðåçóëüòàòîâ

Äëÿ ìîäåëèðîâàíèÿ ìîíòàæíîãî íàãðóæåíèÿ

èñïîëüçîâàëè ìàêñèìàëüíûé íàòÿã, ðàâíûé (ñî-

ãëàñíî äîïóñêó Í8) 14 ìêì. Äëÿ îáåñïå÷åíèÿ òà-

êîãî ïåðåìåùåíèÿ âòóëêó âèðòóàëüíî íàãðåâàëè,

áëàãîäàðÿ ÷åìó ðàäèàëüíîå ïåðåìåùåíèå (áåç

ïðîóøèíû) ñîñòàâèëî ur = 7 ìêì (ðèñ. 2, à). Íà-

ïðÿæåíèÿ â ïðîóøèíå îò ìîíòàæíîãî íàãðóæå-

íèÿ ïðåäñòàâëåíû íà ðèñ. 2, á, â.

Íà ðèñ. 3 ïðåäñòàâëåíû ïîëÿ íàïðÿæåíèé

ïðè ñòàòè÷åñêîì íàãðóæåíèè. Íàïðÿæåíèÿ ìàê-

ñèìàëüíû ïî ñòîðîíàì îò îòâåðñòèÿ è èõ ðàñïðå-

äåëåíèå ñîîòâåòñòâóåò íàïðàâëåíèÿì, ïî êîòî-

ðûì ïðîèñõîäèëî ñìÿòèå ìàòåðèàëà è ðàçðóøå-

íèå îáðàçöîâ (ñì. ðèñ. 1, â) [21, 22].

Äëÿ ïîëó÷åíèÿ óñòàëîñòíûõ ñâîéñòâ ìàòåðèà-

ëà äëÿ ìîäåëèðîâàíèÿ èññëåäîâàëè óñòàëîñòíóþ

äîëãîâå÷íîñòü ñïëàâà 1933 (êîýôôèöèåíò àñèì-

ìåòðèè R = 0,1; ÷àñòîòà f = 3 Ãö) íà îáðàçöàõ â

âèäå ïîëîñ ñ îòâåðñòèåì ñ êîýôôèöèåíòîì êîí-

öåíòðàöèè Kt = 2,6 (ðèñ. 4). Ïî ïîëó÷åííûì ýêñ-

ïåðèìåíòàëüíûì òî÷êàì (ñì. ðèñ. 4, á) ñòðîèëè

àïïðîêñèìèðóþùóþ êðèâóþ 2 óñòàëîñòè òèïà

Nóm = 10C. Äàëåå äàííóþ êðèâóþ ñìåùàëè â ñî-

îòâåòñòâèè ñ êîýôôèöèåíòîì êîíöåíòðàöèè Kt =

= 2,6 è ïîëó÷àëè êðèâóþ 3 äëÿ ìîäåëè ñïëàâà

1933. Ñîãëàñíî ïîëó÷åííîé ìîäåëè ðàññ÷èòûâà-
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à á â

Ðèñ. 1. Âèä ÊÏÎ1 (à), ÊÏÎ2 (á) è ðàçðóøåííûõ îáðàç-

öîâ (â)

Fig. 1. Structurally similar samples: a — KPO1, b —

KPO2, c — fractured samples



ëè äîëãîâå÷íîñòü ïîëîñû ñ îòâåðñòèåì (4). Äàí-

íóþ ìîäåëü äîëãîâå÷íîñòè ñïëàâà 1933 çàêëàäû-

âàëè â ðàñ÷åò óñòàëîñòíîé äîëãîâå÷íîñòè ïðî-

óøèí ÊÏÎ1 è ÊÏÎ2.
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Ðèñ. 2. Ðåçóëüòàòû ìîíòàæíîãî íàãðóæåíèÿ øïèëüêè ñ âòóëêîé (à); ÊÏÎ1 (á); ÊÏÎ2 (â)

Fig. 2. The results of loading: a — stud with bushing; b — KPO1; c — KPO2
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Ðèñ. 3. Ïîëÿ íàïðÿæåíèé ïðè ñòàòè÷åñêîì íàãðóæåíèè: à — ÊÏÎ1; á — ÊÏÎ2

Fig. 3. Stress fields under static loading: a — KPO1; b — KPO2
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Ðèñ. 4. Ìîäåëèðîâàíèå îáðàçöà «ïîëîñà ñ îòâåðñòèåì» (à), ðåçóëüòàòû èñïûòàíèé (á): 1 — ýêñïåðèìåíò; 2 — àïïðîêñè-

ìèðóþùàÿ êðèâàÿ; 3 — êðèâàÿ äëÿ ìîäåëè ñïëàâà 1933; 4 — ðàñ÷åòíûå çíà÷åíèÿ

Fig. 4. Results of simulation (a) and testing (b) for a strip with a hole: 1 — experiment; 2 — approximating curve; 3 — curve

for a model alloy 1933; 4 — calculated values



Íà ðèñ. 5 ïðåäñòàâëåíû ðåçóëüòàòû èñïûòà-

íèé íà óñòàëîñòü ñ ÷àñòîòîé 3 Ãö è êîýôôèöèåí-

òîì àñèììåòðèè R = 0,1, à òàêæå ðàñ÷åòíûå äàí-

íûå, ïîëó÷åííûå ïî ìîäåëè. Çíà÷åíèÿ àïïðîêñè-

ìèðóþùèõ êðèâûõ óñòàëîñòè: m1 = 5,19; C1 =

= 13,85; m2 = 5,72; C2 = = 14,31.

Ïðîâîäèëè èññëåäîâàíèå âëèÿíèÿ óðîâíÿ

ñðåäíåãî íàïðÿæåíèÿ óì íà óñòàëîñòíóþ äîëãî-

âå÷íîñòü ÊÏÎ1 è ÊÏÎ2 ïðè ÷àñòîòå íàãðóæåíèÿ

f = 3 Ãö. Ðåçóëüòàòû ïðåäñòàâëåíû íà ðèñ. 6, ãäå

ðÿäîì ñ ìàðêåðàìè óêàçàíû ñîîòâåòñòâóþùèå

çíà÷åíèÿ óì è â ñêîáêàõ — êîýôôèöèåíòû àñèì-

ìåòðèè R.

Ïðè óðîâíå íàãðóæåíèÿ àìïëèòóäíûì çíà÷å-

íèåì óà = 5 êã/ìì2 õîðîøî âèäíî, ÷òî ïî ìåðå

ñíèæåíèÿ ñðåäíåãî íàïðÿæåíèÿ óì êîëè÷åñòâî

öèêëîâ äî ðàçðóøåíèÿ ïðîóøèí óâåëè÷èâàåòñÿ.

Ñíèæåíèå ñðåäíåãî íàïðÿæåíèÿ â äâà ðàçà âû-
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Ðèñ. 5. Ðåçóëüòàòû èñïûòàíèé íà óñòàëîñòü ïðè R = 0,1, f = 3 Ãö äëÿ ÊÏÎ1 (à) è ÊÏÎ2 (á)

Fig. 5. Fatigue test at R = 0.1; f = 3 Hz: a — KPO1, b — KPO2
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Ðèñ. 6. Ðåçóëüòàòû èññëåäîâàíèÿ óñòàëîñòíîé äîëãîâå÷íîñòè ïðè ðàçíûõ óðîâíÿõ ó
ì

(f = 3 Ãö) äëÿ ÊÏÎ1 (à) è ÊÏÎ2 (á)

Fig. 6. Durability at different values of óm (f = 3 Hz): a — KPO1, b — KPO2



çâàëî ðîñò êîëè÷åñòâà öèêëîâ äî ðàçðóøåíèÿ íà

äâà ïîðÿäêà [23].

Âëèÿíèå ÷àñòîòû íàãðóæåíèÿ íà óñòàëîñòíóþ

äîëãîâå÷íîñòü ïðîóøèí èññëåäîâàëè äëÿ àñèì-

ìåòðèè R = 0,1 (ðèñ. 7), à òàêæå äëÿ ðàçíûõ ñî-

÷åòàíèé óðîâíåé íàãðóçêè è àñèììåòðèè öèê-

ëîâ (ðèñ. 8). Èñïûòàíèÿ ïðîâîäèëè äëÿ ÷àñòîò

10, 60 è 100 Ãö. Ïîëó÷åííûå äàííûå ñ ó÷åòîì

ðàññåÿíèÿ èíäèâèäóàëüíûõ çíà÷åíèé, õàðàêòåð-

íîãî äëÿ óñòàëîñòíûõ èñïûòàíèé, à òàêæå ñòàòè-

ñòè÷åñêèõ äàííûõ, íå ïîêàçàëè íàëè÷èÿ çàâè-

ñèìîñòè óñòàëîñòíîé äîëãîâå÷íîñòè îò ÷àñòîòû

èñïûòàíèé.

Çàêëþ÷åíèå

Ïðîâåäåííîå èññëåäîâàíèå äîëãîâå÷íîñòè ñî-

åäèíåíèé ñ íàòÿãîì (ïðîóøèí èç ñïëàâà 1933)

ïîçâîëèëî ïîëó÷èòü çàâèñèìîñòè êîëè÷åñòâà

öèêëîâ äî ðàçðóøåíèÿ îò âåëè÷èíû óðîâíÿ íà-

ãðóæåíèÿ. Îïðåäåëåíû çíà÷åíèÿ àïïðîêñèìè-

ðóþùèõ êðèâûõ óñòàëîñòè òèïà Nóm = 10C:

m1 = 5,19, C1 = 13,85 — äëÿ ÊÏÎ1 ñ ðàäèóñîì

ñêðóãëåíèÿ ïðîóøèí 12 ìì; m2 = 5,72, C2 =

= 14,31 — äëÿ ÊÏÎ2 ñ ðàäèóñîì ñêðóãëåíèÿ ïðî-

óøèí 24 ìì. Ñîâìåñòíî ñ ýêñïåðèìåíòîì ïðîâå-

äåíî ìîäåëèðîâàíèå ñ ïîìîùüþ ìåòîäà êîíå÷-

íûõ ýëåìåíòîâ ñòàòè÷åñêîãî è óñòàëîñòíîãî íà-

ãðóæåíèÿ ïðîóøèí. Íà îñíîâå ñîïîñòàâëåíèÿ

ðàñ÷åòà è ýêñïåðèìåíòà îïðåäåëåíû ïàðàìåòðû

ìàòåìàòè÷åñêîé ìîäåëè ìàòåðèàëà äëÿ ñïëàâà

1933Ò3 â öåëÿõ äàëüíåéøèõ ìîäåëèðîâàíèÿ êîí-

ñòðóêöèè ëåòàòåëüíûõ àïïàðàòîâ è îöåíêè äîë-

ãîâå÷íîñòè äåòàëåé.

Äëÿ àíàëèçà ïîâåäåíèÿ ñïëàâà ïðè ðàçëè÷-

íîì àìïëèòóäíî-÷àñòîòíîì õàðàêòåðå íàãðóçêè

âàðüèðîâàëè àñèììåòðèþ öèêëà íàãðóæåíèÿ, à

òàêæå ÷àñòîòó âîçäåéñòâèÿ. Ïðîâåäåíû èñïûòà-

íèÿ ïðè R, ðàâíîé 0,1; 0,2; 0,5; 0,6; 0,76; 0,82.

Âàðüèðîâàíèå ñðåäíåãî íàïðÿæåíèÿ öèêëà íà-

ãðóæåíèÿ ïîêàçàëî, ÷òî åãî óâåëè÷åíèå ñíèæàåò

êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ ïðîóøèí. Òàê,

ïðè óà = 5 êã/ìì2 óâåëè÷åíèå óm â äâà ðàçà âû-

çâàëî ïàäåíèå óñòàëîñòíîé äîëãîâå÷íîñòè íà äâà

ïîðÿäêà.

Èññëåäîâàíèå âëèÿíèÿ ÷àñòîòû óñòàëîñòíîãî

íàãðóæåíèÿ íà äîëãîâå÷íîñòü íå ïîêàçàëî íàëè-

÷èÿ çàâèñèìîñòè ìåæäó íèìè (èññëåäîâàíèå ïðî-

âåäåíî íà ÷àñòîòàõ 10, 60 è 100 Ãö). Íàáëþäàå-

ìûå îòäåëüíûå îòêëîíåíèÿ, âåðîÿòíåå âñåãî, ñâÿ-

çàíû ñ âåëè÷èíîé íàòÿãà, ÷òî òðåáóåò äàëüíåé-

øèõ èññëåäîâàíèé.
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Ðèñ. 7. Çàâèñèìîñòü óñòàëîñòíîé äîëãîâå÷íîñòè îò ÷àñ-

òîòû èñïûòàíèé (R = 0,1)

Fig. 7. Frequency dependence of the durability (R = 0.1)
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Ðèñ. 8. Çàâèñèìîñòè óñòàëîñòíîé äîëãîâå÷íîñòè îò ÷àñòîòû ïðè ðàçëè÷íûõ ñî÷åòàíèÿõ ó è R äëÿ ÊÏÎ1 (à) ÊÏÎ2 (á)

Fig. 8. Frequency dependence of the durability at different combinations of ó and R: a — KPO1, b — KPO2
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