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ÂÅÐÎßÒÍÎÑÒÍÎ-ÑÒÀÒÈÑÒÈ×ÅÑÊÈÅ ÌÎÄÅËÈ ÄÀÍÍÛÕ —

ÎÑÍÎÂÀ ÌÅÒÎÄÎÂ ÏÐÈÊËÀÄÍÎÉ ÑÒÀÒÈÑÒÈÊÈ

� Àëåêñàíäð Èâàíîâè÷ Îðëîâ

PROBABILISTIC AND STATISTICAL DATA MODELS:

A BASIS OF APPLIED STATISTICS METHODS

� Aleksandr I. Orlov

Ïðè îáñóæäåíèè ïðîöåäóð àíàëèçà ñòàòèñòè÷åñêèõ

äàííûõ îáû÷íî ñîñðåäîòà÷èâàþò âíèìàíèå íà ðàñ-

÷åòíûõ ôîðìóëàõ — íå çíàÿ èõ, íåëüçÿ ïðîâåñòè ðàñ-

÷åòû. Îäíàêî íà÷èíàòü íàäî ñ âåðîÿòíîñòíî-ñòàòè-

ñòè÷åñêèõ ìîäåëåé ïîðîæäåíèÿ èçó÷àåìûõ äàííûõ.

Íàïðèìåð, â ïðèêëàäíîé ñòàòèñòèêå íàèáîëåå

ðàñïðîñòðàíåííàÿ ìîäåëü âûáîðêè — ýòî êîíå÷íàÿ

ïîñëåäîâàòåëüíîñòü íåçàâèñèìûõ îäèíàêîâî ðàñïðå-

äåëåííûõ ñëó÷àéíûõ âåëè÷èí1, ìîäåëèðóþùèõ ðå-

çóëüòàòû èçìåðåíèé (íàáëþäåíèé, èñïûòàíèé, îïû-

òîâ, àíàëèçîâ, îáñëåäîâàíèé). Åñëè îáùàÿ ôóíêöèÿ

ðàñïðåäåëåíèÿ ýòèõ ñëó÷àéíûõ âåëè÷èí ïðîèçâîëü-

íà, òî îáðàùàåìñÿ ê ìåòîäàì íåïàðàìåòðè÷åñêîé ñòà-

òèñòèêè. Äëÿ êîððåêòíîñòè ìàòåìàòè÷åñêèõ ðàññóæ-

äåíèé îáû÷íî ïðèíèìàþò, ÷òî ôóíêöèÿ ðàñïðåäåëå-

íèÿ ðåçóëüòàòîâ èçìåðåíèé íåïðåðûâíà, ñëåäîâà-

òåëüíî, âåðîÿòíîñòü ñîâïàäåíèÿ êàêèõ-ëèáî äâóõ ðå-

çóëüòàòîâ íàáëþäåíèé (ýëåìåíòîâ âûáîðêè) ðàâíà

íóëþ. Êàê èçâåñòíî, äëÿ ðåàëüíûõ äàííûõ ñîâïàäå-

íèÿ ðåçóëüòàòîâ âñòðå÷àþòñÿ äîñòàòî÷íî ÷àñòî. Ñëå-

äîâàòåëüíî, â òàêèõ ñëó÷àÿõ íàáëþäàþòñÿ îòêëîíå-

íèÿ îò íåïàðàìåòðè÷åñêîé ìîäåëè. Ìîäåëü àíàëèçà

ñîâïàäåíèé ïðè ðàñ÷åòå íåïàðàìåòðè÷åñêèõ ðàíãî-

âûõ ñòàòèñòèê ïðåäñòàâëåíà2 â íàøåì æóðíàëå. Ñòà-

òèñòèêà èíòåðâàëüíûõ äàííûõ ñîçäàíà äëÿ îáðàáîò-

êè îêðóãëåííûõ äàííûõ è äàííûõ ñ ñîâïàäåíèÿìè.

Äî ñèõ ïîð ðàñïðîñòðàíåíû ðåëèêòîâûå ïðåä-

ñòàâëåíèÿ î òîì, ÷òî ôóíêöèÿ ðàñïðåäåëåíèÿ ðåçóëü-

òàòîâ èçìåðåíèé îòíîñèòñÿ ê îäíîìó èç ïîïóëÿðíûõ

ñåìåéñòâ ðàñïðåäåëåíèé — íîðìàëüíûõ, ýêñïîíåíöè-

àëüíûõ, Âåéáóëëà – Ãíåäåíêî, ãàììà-ðàñïðåäåëåíèé

è äð. Äëÿ âûáîðîê èç òàêèõ ñåìåéñòâ â ïðîøëîì òû-

ñÿ÷åëåòèè ðàçðàáîòàíû è èçó÷åíû ìåòîäû îöåíèâà-

íèÿ ïàðàìåòðîâ è ïðîâåðêè ñòàòèñòè÷åñêèõ ãèïîòåç.

Ýòà ñîâîêóïíîñòü ìåòîäîâ ïðî÷íî çàíÿëà ìåñòî â

ó÷åáíèêàõ ïî òåîðèè âåðîÿòíîñòåé è ìàòåìàòè÷å-

ñêîé ñòàòèñòèêå.

Îòìåòèì óñòîé÷èâîñòü ïðåäðàññóäêîâ. Íàïðè-

ìåð, äî ñèõ ïîð ïðîïàãàíäèðóåòñÿ èñïîëüçîâàíèå

ìåòîäà ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ, õîòÿ îäíî-

øàãîâûå îöåíêè èìåþò ñòîëü æå õîðîøèå ñâîéñò-

âà, ÷òî è îöåíêè ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ.

Îäíàêî âî ìíîãèõ ñëó÷àÿõ ñèñòåìà óðàâíåíèé

ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ íå èìååò ÿâíîãî

ðåøåíèÿ è ñîîòâåòñòâóþùèå îöåíêè ðåêîìåíäóåò-

ñÿ íàõîäèòü èòåðàöèîííûìè ìåòîäàìè, ñõîäè-

ìîñòü êîòîðûõ íå èçó÷àþò, õîòÿ åñòü ïðèìåðû, â

êîòîðûõ îòñóòñòâèå ñõîäèìîñòè ïðîäåìîíñòðèðî-

âàíî. Ìåæäó òåì îäíîøàãîâûå îöåíêè âû÷èñëÿþò

ïî êîíå÷íûì ôîðìóëàì, áåç âñÿêèõ èòåðàöèé.

Îñîáåííî çàìåòíà ëþáîâü òåîðåòèêîâ ê ìíîãî-

ìåðíûì íîðìàëüíûì ðàñïðåäåëåíèÿì. Èìåííî

äëÿ òàêèõ ðàñïðåäåëåíèé íàéäåíû ÿâíûå ôîðìó-

ëû äëÿ ðàçëè÷íûõ õàðàêòåðèñòèê â ìíîãîìåðíîì

ñòàòèñòè÷åñêîì àíàëèçå, ïðåæäå âñåãî â ðåãðåññè-

îííîì. Ïðè÷èíà â òîì, ÷òî óäàåòñÿ èñïîëüçîâàòü

õîðîøî ðàçâèòóþ â ëèíåéíîé àëãåáðå òåîðèþ

êâàäðàòè÷íûõ ôîðì.

Ðàñïðåäåëåíèÿ ïî÷òè âñåõ ðåàëüíûõ äàííûõ

íåíîðìàëüíû. Ýòî óòâåðæäåíèå õîðîøî îáîñíîâà-

íî ýêñïåðèìåíòàëüíî, ïóòåì àíàëèçà ðåçóëüòàòîâ

èçìåðåíèé3. Òåîðåòè÷åñêèå àðãóìåíòû â ïîëüçó

íîðìàëüíîãî ðàñïðåäåëåíèÿ òàêæå íå âûäåðæèâà-

þò êðèòèêè. Íàïðèìåð, ãîâîðÿò, ÷òî çàâèñèìîñòü

çíà÷åíèÿ ñëó÷àéíîé âåëè÷èíû îò ìíîãèõ ôàêòî-

ðîâ âëå÷åò íîðìàëüíîñòü. Èíîãäà äîáàâëÿþò, ÷òî

ôàêòîðû ÿâëÿþòñÿ íåçàâèñèìûìè è ñðàâíèìûìè

ïî âåëè÷èíå. Îäíàêî íîðìàëüíîñòü ðàñïðåäåëå-

íèÿ ìîæíî îæèäàòü ëèøü â ñëó÷àå àääèòèâíîé ìî-

äåëè, êîãäà ôàêòîðû ñêëàäûâàþòñÿ (â ñèëó Öåí-

òðàëüíîé ïðåäåëüíîé òåîðåìû). Åñëè æå ñëó÷àé-

íàÿ âåëè÷èíà ôîðìèðóåòñÿ ïóòåì ïåðåìíîæåíèÿ

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7 5

Êîëîíêà ðåäêîëëåãèè Editorial column
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(ìóëüòèïëèêàòèâíàÿ ìîäåëü), òî åå ðàñïðåäåëåíèå

ÿâëÿåòñÿ (â àñèìïòîòèêå) ëîãàðèôìè÷åñêè íîð-

ìàëüíûì. Åñëè ñïðàâåäëèâà ìîäåëü «ñàìîãî ñëàáî-

ãî» çâåíà (èëè «ñàìîãî ñèëüíîãî»), ò.å. çíà÷åíèå

ñëó÷àéíîé âåëè÷èíû ðàâíî êðàéíåìó ÷ëåíó âàðèà-

öèîííîãî ðÿäà çíà÷åíèé ôàêòîðîâ (ñîîòâåòñòâåííî

ìèíèìóìó èëè ìàêñèìóìó), òî èìååì â ïðåäåëå ðàñ-

ïðåäåëåíèå Âåéáóëëà – Ãíåäåíêî.

Ìîäåëü íà îñíîâå ñåìåéñòâà íîðìàëüíûõ ðàñ-

ïðåäåëåíèé èëè ðàñïðåäåëåíèé èç èíîãî ïàðàìåò-

ðè÷åñêîãî ñåìåéñòâà ìîæíî ñðàâíèòü ñ ìîäåëüþ ïî-

èñêà ïîä ôîíàðåì ïîòåðÿííûõ â òåìíûõ êóñòàõ

êëþ÷åé. Î÷åâèäíî, ïîä ôîíàðåì èñêàòü ëåã÷å. Ìîæ-

íî ïðîäåìîíñòðèðîâàòü àêòèâíîñòü. Îäíàêî íàäå-

ÿòüñÿ íà áëàãîïðèÿòíûé èñõîä ïîèñêîâ íåëüçÿ.

Èç ïðîâåäåííîãî àíàëèçà ñëåäóåò íåîáõîäè-

ìîñòü èñïîëüçîâàíèÿ íåïàðàìåòðè÷åñêèõ ìîäåëåé

ðàñïðåäåëåíèé ðåçóëüòàòîâ èçìåðåíèé. Îòìåòèì,

÷òî èíòåðâàëû èõ âîçìîæíûõ çíà÷åíèé, êàê ïðàâè-

ëî, îãðàíè÷åíû, ò.å. ðàñïðåäåëåíèÿ ÿâëÿþòñÿ ôèíèò-

íûìè. Ñëåäîâàòåëüíî, âñå ìîìåíòû ðàññìàòðèâàå-

ìûõ ñëó÷àéíûõ âåëè÷èí ñóùåñòâóþò è èõ âûáîðî÷-

íûå àíàëîãè ìîãóò èñïîëüçîâàòüñÿ â âû÷èñëåíèÿõ.

Ðàññìîòðèì ðîëü âåðîÿòíîñòíî-ñòàòèñòè÷åñêèõ

ìîäåëåé â ìíîãîìåðíîì ñòàòèñòè÷åñêîì àíàëèçå.

Èñïîëüçóþò ÷åòûðå îñíîâíûå êëàññà ðåãðåññèîí-

íûõ ìîäåëåé.

Íà÷íåì ñ ìîäåëåé ïåðâîãî òèïà — ìåòîäà íàè-

ìåíüøèõ êâàäðàòîâ ñ äåòåðìèíèðîâàííîé íåçàâè-

ñèìîé ïåðåìåííîé è ïàðàìåòðè÷åñêîé çàâèñèìî-

ñòüþ (ëèíåéíîé, êâàäðàòè÷åñêîé è ò.ï.). Ðàñïðåäå-

ëåíèå îòêëîíåíèé ïðîèçâîëüíî (ò.å. ìîäåëü ÿâëÿåò-

ñÿ íåïàðàìåòðè÷åñêîé), äëÿ ïîëó÷åíèÿ ïðåäåëüíûõ

ðàñïðåäåëåíèé îöåíîê ïàðàìåòðîâ è ðåãðåññèîííîé

çàâèñèìîñòè ïðåäïîëàãàåì âûïîëíåíèå óñëîâèé

Öåíòðàëüíîé ïðåäåëüíîé òåîðåìû.

Âòîðîé òèï ìîäåëåé îñíîâàí íà âûáîðêå ñëó-

÷àéíûõ âåêòîðîâ. Çàâèñèìîñòü ÿâëÿåòñÿ ïàðàìåò-

ðè÷åñêîé, ðàñïðåäåëåíèå äâóìåðíîãî âåêòîðà —

ïðîèçâîëüíûì. Îá îöåíêå äèñïåðñèè íåçàâèñèìîé

ïåðåìåííîé ìîæíî ãîâîðèòü òîëüêî â ìîäåëè íà îñ-

íîâå âûáîðêè ñëó÷àéíûõ âåêòîðîâ, ðàâíî êàê è î

êîýôôèöèåíòå äåòåðìèíàöèè êàê êðèòåðèè êà÷åñò-

âà ìîäåëè4.

Òðåòèé òèï ìîäåëåé ðåãðåññèîííîãî àíàëèçà,

îñíîâàííûé íà âûáîðêå ñëó÷àéíûõ âåêòîðîâ, — íå-

ïàðàìåòðè÷åñêàÿ ðåãðåññèÿ, â êîòîðîé êàê çàâèñè-

ìîñòü, òàê è îòêëîíåíèÿ îò íåå ÿâëÿþòñÿ íåïàðà-

ìåòðè÷åñêèìè. Çàâèñèìîñòü (êàê óñëîâíîå ñðåäíåå)

îöåíèâàåòñÿ ñ ïîìîùüþ íåïàðàìåòðè÷åñêèõ îöåíîê

ïëîòíîñòè.

×åòâåðòûé òèï — ïðîìåæóòî÷íûé âàðèàíò —

ìîäåëü, â êîòîðîé òðåíä ëèíååí, à ïåðèîäè÷åñêàÿ è

ñëó÷àéíàÿ ñîñòàâëÿþùèå ÿâëÿþòñÿ íåïàðàìåòðè÷å-

ñêèìè.

Â ìîäåëÿõ ÷åòâåðòîãî òèïà ìàëûå ïîãðåøíîñòè

èìåþòñÿ â çíà÷åíèÿõ êàê çàâèñèìîé, òàê è íåçàâè-

ñèìîé ïåðåìåííûõ. Â ïðîøëîì ýòîò ðàçäåë ïðè-

êëàäíîé ñòàòèñòèêè íàçûâàëñÿ êîíôëþýíòíûì àíà-

ëèçîì, ñåé÷àñ îí âõîäèò â ñòàòèñòèêó èíòåðâàëüíûõ

äàííûõ.

Ê ðåãðåññèîííîìó àíàëèçó ïðèìûêàþò çàäà÷è

ñãëàæèâàíèÿ âðåìåííûõ ðÿäîâ è ñòàòèñòèêè ñëó-

÷àéíûõ ïðîöåññîâ, â êîòîðûõ îòêëîíåíèÿ îò ôóíê-

öèè âðåìåíè çàâèñèìû.

Àíàëèç ìíîãîîáðàçèÿ ìîäåëåé ðåãðåññèîííîãî

àíàëèçà ïðèâîäèò ê âûâîäó, ÷òî íå ñóùåñòâóåò åäè-

íîé «ñòàíäàðòíîé ìîäåëè»5. Äðóãèìè ñëîâàìè, ïðè

ðåøåíèè çàäà÷è âîññòàíîâëåíèÿ çàâèñèìîñòè íåîá-

õîäèìî íà÷èíàòü ñ âûáîðà è îáîñíîâàíèÿ âåðîÿò-

íîñòíî-ñòàòèñòè÷åñêîé ìîäåëè.

Íåîáõîäèìî èñõîäèòü èç òåîðèè èçìåðåíèé, ñî-

ãëàñíî êîòîðîé ïåðâûé øàã ïðè àíàëèçå äàííûõ —

âûÿâëåíèå øêàë, â êîòîðûõ îíè èçìåðåíû. Èçâåñò-

íî, ÷òî äëÿ äàííûõ, èçìåðåííûõ â ïîðÿäêîâîé øêà-

ëå, â êà÷åñòâå ñðåäíèõ âåëè÷èí ìîæíî èñïîëüçîâàòü

òîëüêî ÷ëåíû âàðèàöèîííîãî ðÿäà, ïðåæäå âñåãî

ìåäèàíó, à ïðèìåíåíèå ñðåäíåãî àðèôìåòè÷åñêîãî

èëè ñðåäíåãî ãåîìåòðè÷åñêîãî íåäîïóñòèìî. Êàê

ñëåäñòâèå, ïîñêîëüêó ðàíãè èëè áàëëû, êàê ïðàâè-

ëî, èçìåðåíû â ïîðÿäêîâîé øêàëå, ñêëàäûâàòü èõ

íåëüçÿ. Â ÷àñòíîñòè, íåëüçÿ îöåíèâàòü óñïåâàå-

ìîñòü ó÷àùèõñÿ ïî ñðåäíåìó áàëëó ýêçàìåíàöèîí-

íûõ îöåíîê.

Ñòàòèñòè÷åñêèå âûâîäû äîëæíû áûòü èíâàðè-

àíòíû îòíîñèòåëüíî äîïóñòèìûõ ïðåîáðàçîâàíèé

øêàë èçìåðåíèÿ äàííûõ. Çíà÷èò, ñëåäóåò âûÿñ-

íèòü, êàêèìè àëãîðèòìàìè àíàëèçà äàííûõ èç ðàñ-

ñìàòðèâàåìîãî ñåìåéñòâà ìîæíî ïîëüçîâàòüñÿ â

äàííîé øêàëå. Îáðàòíàÿ çàäà÷à — äëÿ îïðåäåëåí-

íîãî àëãîðèòìà àíàëèçà äàííûõ âûÿñíèòü, â êàêîé

øêàëå ìîæíî èì ïîëüçîâàòüñÿ. Êîýôôèöèåíò ëè-

íåéíîé ïàðíîé êîððåëÿöèè Ïèðñîíà ñîîòâåòñòâóåò

øêàëå èíòåðâàëîâ, à íåïàðàìåòðè÷åñêèå ðàíãîâûå

êîýôôèöèåíòû êîððåëÿöèè Ñïèðìåíà è Êåíäàëëà

ïîçâîëÿþò èçó÷àòü âçàèìîñâÿçè ïîðÿäêîâûõ ïåðå-

ìåííûõ.

Ñ ïîçèöèé òåîðèè èçìåðåíèé îáñóäèì ìåòîä

àíàëèçà èåðàðõèé. Èñõîäíûå äàííûå — ðåçóëüòàòû

ïàðíûõ ñðàâíåíèé, èçìåðåííûå â ïîðÿäêîâûõ øêà-

ëàõ. Ðåçóëüòàòû æå ðàñ÷åòîâ âûðàæåíû â øêàëå

èíòåðâàëîâ. Ñ òî÷êè çðåíèÿ òåîðèè èçìåðåíèé òà-

êîå íåäîïóñòèìî. Ñëåäîâàòåëüíî, ìåòîäîì àíàëèçà

èåðàðõèé ïîëüçîâàòüñÿ íå ñëåäóåò. Ðåêîìåíäóåì

ïðèìåíÿòü àäåêâàòíûå ìåòîäû àíàëèçà ýêñïåðòíûõ

îöåíîê, â ÷àñòíîñòè, ìåòîäû ñðåäíèõ àðèôìåòè÷å-

ñêèõ ðàíãîâ, ìåäèàí ðàíãîâ, ñîãëàñîâàíèÿ êëàñòå-

ðèçîâàííûõ ðàíæèðîâîê6.

5 Îðëîâ À. È. Ìíîãîîáðàçèå ìîäåëåé ðåãðåññèîííîãî

àíàëèçà (îáîáùàþùàÿ ñòàòüÿ) / Çàâîäñêàÿ ëàáîðàòîðèÿ.

Äèàãíîñòèêà ìàòåðèàëîâ. 2018. Ò. 84. ¹ 5. Ñ. 63 – 73.

6 Îðëîâ À. È. Îðãàíèçàöèîííî-ýêîíîìè÷åñêîå ìîäåëè-

ðîâàíèå: ó÷åáíèê. Â 3-õ ÷. ×. 2. Ýêñïåðòíûå îöåíêè. —

Ì.: Èçä-âî ÌÃÒÓ èì. Í. Ý. Áàóìàíà, 2011. — 486 ñ.
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Ïðîâåäåíî ñðàâíåíèå ìåòîäà ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ (ýëåêòðîðàñïûëèòåëüíàÿ èîíè-

çàöèÿ ïðè àòìîñôåðíîì äàâëåíèè ñ àòîìèçàöèåé â èñòî÷íèêå èîíîâ) ñ ðÿäîì äðóãèõ ðàñ-

ïðîñòðàíåííûõ ìåòîäîâ ìàññ-ñïåêòðîìåòðè÷åñêîãî àíàëèçà äëÿ îïðåäåëåíèÿ áåðèëëèÿ â

ðàñòâîðàõ, ïîêàçàíû ïðåèìóùåñòâà ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ. Ýêñïåðèìåíòàëüíî èçó-

÷åíà âîçìîæíîñòü ðåãèñòðàöèè àíàëèòè÷åñêîãî ñèãíàëà áåðèëëèÿ â ðàçëè÷íûõ õèìè÷åñêèõ

ôîðìàõ ìåòîäîì ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ: äëÿ àíàëèçà èñïîëüçîâàëè ðàñòâîðû ñóëü-

ôàòà, íèòðàòà è õëîðèäà áåðèëëèÿ. Ïðèâåäåíà ñõåìà è îïèñàí ïðèíöèï ðàáîòû ìàëîãàáà-

ðèòíîãî ìàññ-ñïåêòðîìåòðà ÌÈ-20 «LowMass» («ÌÑ-Áèî», Ðîññèÿ), ïðåäíàçíà÷åííîãî äëÿ

îïðåäåëåíèÿ áåðèëëèÿ â ðàñòâîðàõ. Ïðåäëîæåíà ìåòîäèêà ïðîáîïîäãîòîâêè ðàñòâîðà ñîëè

áåðèëëèÿ ñ èñïîëüçîâàíèåì âíóòðåííåãî ñòàíäàðòà — ñîëè ëèòèÿ. Â ðåçóëüòàòå èçìåðåíèé

ïîëó÷åíû ìàññ-ñïåêòðû, ñîäåðæàùèå ïèêè áåðèëëèÿ è ëèòèÿ, ïðè÷åì ðàçðåøåíèå ïðèáîðà

ïîçâîëèëî ðàçäåëèòü èçîòîïû ëèòèÿ (6Li è 7Li). Ïîêàçàíî, ÷òî ïðè àíàëèçå õëîðèäà è íè-

òðàòà áåðèëëèÿ åãî çàðåãèñòðèðîâàííûå ïèêè èìåþò áëèçêèå çíà÷åíèÿ èíòåíñèâíîñòè.

Ïîëó÷åííûé ïðåäåë îáíàðóæåíèÿ äëÿ ðàñòâîðà õëîðèäà áåðèëëèÿ â äàííûõ èçìåðåíèÿõ

ñîñòàâèë ~1 – 2 · 10–8 ìîëü/ë. Â òî æå âðåìÿ àíàëèòè÷åñêèé ñèãíàë áåðèëëèÿ íå óäàåòñÿ

çàðåãèñòðèðîâàòü ïðè ýëåêòðîðàñïûëåíèè ðàñòâîðà åãî ñóëüôàòà íè ïðè êàêèõ ýêñïåðè-

ìåíòàëüíûõ óñëîâèÿõ. Îáîñíîâàíî ïðåäïîëîæåíèå, ÷òî äàííûé ýôôåêò ìîæåò áûòü ñâÿçàí

ñ îñîáåííîñòÿìè ðàñòâîðåíèÿ ñóëüôàòà áåðèëëèÿ, â ÷àñòíîñòè, ñ ãèäðîëèçîì è îáðàçîâàíè-

åì êîìïëåêñíûõ ñîåäèíåíèé ñ ñóëüôàòîì, â òîì ÷èñëå, ñëîæíûõ ïîëèìåðíûõ è êîëëîèä-

íûõ ôîðì.

Êëþ÷åâûå ñëîâà: ìàññ-ñïåêòðîìåòðèÿ; ýëåêòðîðàñïûëåíèå; ÝÐÈÀÄ; ýëåìåíòíûé àíà-

ëèç; áåðèëëèé.
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The significance of the problem of determining the concentration of beryllium in solutions is substanti-

ated. A method of APESI mass-spectrometry (atmospheric pressure electrospray ionization with in-source

atomization) is compared with a number of other common procedures used for solving the aforementioned

problem and a number of advantages of APESI mass spectrometry are highlighted. The possibility of mea-

suring the beryllium concentration in various chemical forms using APESI mass-spectrometry is studied.

We used sulfate, nitric acid and chloride salts of beryllium. The measurements were carried out on a spe-

cialized small-sized mass spectrometer MI-20 “LowMass” developed at MS-Bio Company, Russia. A sche-

matic diagram of the device designed to determine the concentration of beryllium in solutions is presented

and described. A technique of solution preparation and measurement procedure are proposed. Presented

ass spectra obtained on the samples containing beryllium and lithium isotopes were used as an internal

standard. It is shown that beryllium can be detected from the salts of chloride and nitric acids with close

relative sensitivity coefficients. The obtained detection limit for beryllium chloride in those measurements

was ~1 – 2 × 10–8 M. At the same time, the analytical signal of beryllium cannot be detected during

electrospray of the solution of beryllium sulfate under any experimental conditions. It has been suggested

that this effect may be attributed to the features of dissolution of beryllium sulfate, in particular, to hydro-

lysis and formation of complex compounds with sulfate, including complex polymer and colloidal forms.

Keywords: mass-spectrometry; electrospray APESI; elemental analysis; beryllium.

Ââåäåíèå

Áåðèëëèé íàõîäèò øèðîêîå ïðèìåíåíèå â ñà-

ìûõ ðàçíûõ îáëàñòÿõ ïðîìûøëåííîñòè: ìåòàë-

ëóðãèè, àâèàöèîííî-êîñìè÷åñêîé òåõíèêå è ïðè-

áîðîñòðîåíèè, àòîìíîé ïðîìûøëåííîñòè [1, 2].

Â íàñòîÿùåå âðåìÿ â Ðîññèè ïðîèñõîäèò âîçðîæ-

äåíèå áåðèëëèåâûõ òåõíîëîãèé, â ñâÿçè ñ ÷åì

îñîáîå çíà÷åíèå ïðèîáðåòàåò àíàëèòè÷åñêîå

îáåñïå÷åíèå ïðîöåññà ïîëó÷åíèÿ è î÷èñòêè áå-

ðèëëèÿ [3]. Êðîìå òîãî, èç-çà åãî âûñîêîé òîêñè÷-

íîñòè ìèðîâîé è ðîññèéñêîé ñëóæáàìè ýêîëîãè-

÷åñêîãî íàäçîðà óñòàíîâëåíû äîñòàòî÷íî æåñòêèå

íîðìû åãî íàõîæäåíèÿ â îêðóæàþùåé ñðåäå è, â

÷àñòíîñòè, â âîçäóõå ðàáî÷èõ ïîìåùåíèé áåðèë-

ëèåâûõ êîìáèíàòîâ [4 – 6].

Àòîìíî-ýìèññèîííûé àíàëèç îêàçàëñÿ ìàëî-

ïðèãîäíûì äëÿ îïðåäåëåíèÿ áåðèëëèÿ èç-çà íå-

äîñòàòî÷íîãî ÷èñëà çíà÷èìûõ ëèíèé è èõ ñèëüíî-

ãî ïåðåêðûâàíèÿ ñ ìîëåêóëÿðíûìè ïîëîñàìè

âîäû. Â òî æå âðåìÿ ìàññ-ñïåêòðîìåòðè÷åñêîå îï-

ðåäåëåíèå áåðèëëèÿ ëèøåíî ýòèõ íåäîñòàòêîâ

èç-çà îòñóòñòâèÿ êàêèõ-ëèáî äðóãèõ ëèíèé â äèà-

ïàçîíå ìàññîâûõ ÷èñåë, ãäå íàõîäèòñÿ èîí Be+

(9 à.å.ì.). Â ðàáîòàõ [3, 7, 8] áûëî ïîêàçàíî, ÷òî

èñïîëüçîâàíèå íèçêîýíåðãåòè÷íîé ìàññ-ñïåêòðî-

ìåòðèè ÝÐÈÀÄ îáåñïå÷èâàåò âûñîêóþ ÷óâñòâè-

òåëüíîñòü îïðåäåëåíèÿ Be, â òîì ÷èñëå, ïðè àíà-

ëèçå ñëîæíûõ ñìåñåé, à ïðèìåíÿåìûé ìàññ-

ñïåêòðîìåòð èìååò íåáîëüøèå ãàáàðèòû è ïðîñò

â îáñëóæèâàíèè.

Îäíàêî èñïîëüçîâàâøèéñÿ â ðàáîòå [7] íèò-

ðàò áåðèëëèÿ ñ òåõíîëîãè÷åñêîé òî÷êè çðåíèÿ íå

ÿâëÿåòñÿ óäîáíûì, òàê êàê ìåòàëëè÷åñêèé áåðèë-

ëèé è åãî îêñèä ïëîõî ðàñòâîðÿþòñÿ â àçîòíîé

êèñëîòå. Òðàäèöèîííàÿ ïðîáîïîäãîòîâêà ïðè

îïðåäåëåíèè Be, ïðèìåíÿåìàÿ êàê äëÿ òåõíî-

ëîãè÷åñêèõ, òàê è ýêîëîãè÷åñêèõ ïðîá, îñíîâàíà

íà èõ âñêðûòèè ñ ïîìîùüþ ñåðíîé, ðåæå — ôòî-

ðîâîäîðîäíîé êèñëîòû. Öåëü íàñòîÿùåé ðàáî-

òû — ýêñïåðèìåíòàëüíîå èçó÷åíèå èñïîëüçîâà-

íèÿ ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ â êîìïëåêñå ñ

òðàäèöèîííûìè ìåòîäàìè ïðîáîïîäãîòîâêè äëÿ

îïðåäåëåíèÿ áåðèëëèÿ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ èñïîëüçîâàëè

íîâûé îòå÷åñòâåííûé ìàññ-ñïåêòðîìåòð ÌÈ-20

LowMass ïðîèçâîäñòâà ÎÎÎ «ÌÑ-Áèî», êîòîðûé

áûë ðàçðàáîòàí ñîâìåñòíî ÔÒÈ èì. À. Ô. Èîôôå

ÐÀÍ è Èíñòèòóòîì àíàëèòè÷åñêîãî ïðèáîðî-

ñòðîåíèÿ ÐÀÍ [8], c èñòî÷íèêîì èîíîâ, îñíîâàí-

íûì íà ýëåêòðîðàñïûëåíèè ïðîáû ñ åå ïîñëåäó-
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Ðèñ. 1. Èíòåðôåéñ ÝÐÈÀÄ: 1 — êàïèëëÿð ïîäà÷è ðàñ-

òâîðà; 2 — ñîïëî ãàçîäèíàìè÷åñêîé ñèñòåìû; 3 — «áî÷êà

Ìàõà»; 4 — ìîëåêóëÿðíûå è êëàñòåðíûå èîíû; 5 — àòî-

ìèçèðîâàííûå èîíû; 6 — ñêèììåð; 7 – 8 — èîííî-îïòè-

÷åñêàÿ ñèñòåìà [P
0

— àòìîñôåðíîå äàâëåíèå; P
1

— ïðî-

ìåæóòî÷íûé âàêóóì (~200 Ïà); P
2

— îáëàñòü âûñîêîãî

âàêóóìà; U
spr

— íàïðÿæåíèå ðàñïûëåíèÿ; ÄU — ôðàãìåí-

òèðóþùåå íàïðÿæåíèå; U
ext

— íàïðÿæåíèå âûòÿãèâà-

íèÿ èîíîâ; U
acc

— óñêîðÿþùåå íàïðÿæåíèå ìàññ-ñïåêòðî-

ìåòðà]

Fig. 1. APESI interface: 1 — solution feed capillary; 2 —

nozzle of the gas-dynamic system; 3 — “Mach barrel”; 4 —

molecular and cluster ions; 5 — atomized ions; 6 — skim-

mer; 7 – 8 — ion-optical system [P
0

— atmospheric pres-

sure; P
1

— intermediate vacuum (~200 Pa); P
2

— high vac-

uum region; Uspr — the spray voltage, ÄU — the fragmenta-

tion voltage; Uext — the ion pulling voltage, Uacc — accelerat-

ing voltage of the mass spectrometer]



þùåé àòîìèçàöèåé â ãàçîäèíàìè÷åñêîì èíòåð-

ôåéñå çà ñ÷åò ïîäà÷è ôðàãìåíòèðóþùåãî íàïðÿ-

æåíèÿ ìåæäó ñîïëîì è ñêèììåðîì (ÝÐÈÀÄ)

[7, 9]. Èíòåðôåéñ ìàññ-ñïåêòðîìåòðà ÌÈ-20

ïðåäñòàâëåí íà ðèñ. 1.

Âîçìîæíîñòü ýëåìåíòíîãî àíàëèçà â òàêîé

ñèñòåìå ðåàëèçóåòñÿ çà ñ÷åò äâóõ ïîñëåäîâàòåëü-

íûõ ïðîöåññîâ. Âî-ïåðâûõ, ïðè ýëåêòðîðàñïûëå-

íèè íà òîðöå ðàñïûëèòåëüíîãî êàïèëëÿðà ïðîèñ-

õîäèò ðàçäåëåíèå êàòèîíîâ è àíèîíîâ, êàê ïðè-

ñóòñòâóþùèõ â ðàñòâîðå ïðîáû, òàê è îáðàçîâàâ-

øèõñÿ â ðåçóëüòàòå çàõâàòà ïðîòîíîâ; ïðè ýòîì

òîðåö ðàñïûëèòåëüíîãî êàïèëëÿðà ðàáîòàåò êàê

ýëåêòðîõèìè÷åñêàÿ ÿ÷åéêà [9]. Ïîëîæèòåëüíûå

èîíû â ñîñòàâå çàðàæåííûõ êàïåëü óíîñÿòñÿ â

ìàññ-ñïåêòðîìåòð, à îòðèöàòåëüíûå íåéòðàëèçó-

þòñÿ íà ñòåíêàõ êàïèëëÿðà. Âî-âòîðûõ, ïîñëå èñ-

ïàðåíèÿ êàïåëü ïîëîæèòåëüíûå èîíû, êîòîðûå

ìîãóò èìåòü ìîëåêóëÿðíóþ èëè êëàñòåðíóþ ôîð-

ìó, ïîïàäàþò â ãàçîäèíàìè÷åñêèé èíòåðôåéñ,

ãäå îíè äâèæóòñÿ ïîä ñîâìåñòíûì äåéñòâèåì ãà-

çîâûõ ïîòîêîâ è ïðèëîæåííîãî ýëåêòðè÷åñêîãî

ïîëÿ, âîçíèêàþùåãî çà ñ÷åò ïîäà÷è çíà÷èòåëüíî-

ãî (äî 1200 Â) íàïðÿæåíèÿ ìåæäó ñîïëîì è ñêèì-

ìåðîì. Ïðè òàêîì äâèæåíèè ïðîèñõîäèò ñòîëê-

íîâèòåëüíàÿ àòîìèçàöèÿ èîíîâ, è â ìàññ-àíàëè-

çàòîð ïîïàäàþò àòîìàðíûå èîíû ýëåìåíòîâ, ïðè-

ñóòñòâîâàâøèõ â ïðîáå.

Èîíû ðàçäåëÿþòñÿ ñòàòè÷åñêèì ìàññ-àíàëè-

çàòîðîì ñ ïîñòîÿííûì ìàãíèòîì, ïîñòðîåííûì

ïî ñõåìå òèïà Ìàòòàóõà – Ãåðöîãà è îðèåíòèðî-

âàííûì íà î÷åíü íèçêèå ìàññîâûå ÷èñëà, 6 –

30 à.å.ì. Ïðîñòðàíñòâåííî-ïðîòÿæåííûé âòîðè÷-

íûé ýëåêòðîííûé óìíîæèòåëü ÂÝÓ-7 ðåãèñòðè-

ðóåò îäíîâðåìåííî äâà ïèêà — áåðèëëèÿ

(9 à.å.ì.) è ëèòèÿ (7 à.å.ì.), ïðè÷åì ëèòèé âûñòó-

ïàåò êàê âíóòðåííèé ñòàíäàðò. Èñïîëüçîâàíèå

åäèíîãî ÂÝÓ îáåñïå÷èâàåò âûñîêóþ òî÷íîñòü îò-

íîñèòåëüíûõ èçìåðåíèé. Äëÿ çàïèñè äåìîíñòðà-

öèîííîãî ìàññ-ñïåêòðà èñïîëüçîâàëè ðàçâåðòêó

èçìåíåíèåì óñêîðÿþùåãî íàïðÿæåíèÿ.

Ïðîáû ãîòîâèëè ê àíàëèçó ïóòåì ðàñòâî-

ðåíèÿ èçîìîëÿðíûõ êîëè÷åñòâ ñîëåé áåðèëëèÿ

è ëèòèÿ â áèäèñòèëëèðîâàííîé âîäå, ïîñëåäó-

þùåãî ðàçáàâëåíèÿ âîäîé äî êîíöåíòðàöèè

10–3 ìîëü/ë, à çàòåì — âîäíî-ìåòàíîëüíîé ñìå-

ñüþ â îáúåìíîì ñîîòíîøåíèè 1:4 äî êîíöåíòðà-

öèè 10–4 ìîëü/ë. Ïîñëå ýòîãî ïðîáó íàáèðàëè â

îäíîðàçîâûå øïðèöû îáúåìîì 1 ìë, êîòîðûå

óñòàíàâëèâàëè â øïðèöåâîé íàñîñ äëÿ ïîäà÷è â

ðàñïûëèòåëüíûé êàïèëëÿð. Ñêîðîñòü ïîäà÷è ñî-

ñòàâëÿëà 2 ìêë/ìèí, òîê ýëåêòðîðàñïûëåíèÿ —

80 – 100 íÀ, íàïðÿæåíèå — 2400 – 2600 Â. Èñ-

ïîëüçîâàëè íèòðàò ëèòèÿ è ñîëè áåðèëëèÿ ñ ðàç-

ëè÷íûìè àíèîíàìè.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìàññ-ñïåêòð ñìåñè õëîðèäîâ Li è Be ïðåä-

ñòàâëåí íà ðèñ. 2. Âèäíî, ÷òî ïèêè áëèçêè ïî àì-

ïëèòóäå: â ñîîòâåòñòâèè ñ áîëåå ðàííèìè äàííû-

ìè [7, 9] ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî àáñîëþò-

íûå âåðîÿòíîñòè èîíèçàöèè è ñáîðà äëÿ ðàçíûõ

ýëåìåíòîâ â ìåòîäå ÝÐÈÀÄ áëèçêè.

Ýêñïåðèìåíòû ïîêàçàëè, ÷òî çàâèñèìîñòè èí-

òåíñèâíîñòè îò ôðàãìåíòèðóþùåãî íàïðÿæåíèÿ

ÄU äëÿ Li è Be áëèçêè: ïðè ÄU = 0 íå íàáëþäà-

åòñÿ èîííûé òîê íè äëÿ îäíîãî èç ýëåìåíòîâ, çà-

òåì îí âîçíèêàåò è ïðè ïðèáëèæåíèè ê ÄU =

= 150 Â äîñòèãàåò ïîñòîÿííîãî çíà÷åíèÿ, ïðè÷åì

åãî èíòåíñèâíîñòü äëÿ Be íà 15 – 20 % ïðåâûøà-

åò èíòåíñèâíîñòü òîêà Li äëÿ èçîìîëÿðíûõ êîí-

öåíòðàöèé. Ïðè äàëüíåéøåì óâåëè÷åíèè ÄU èí-

òåíñèâíîñòè îáîèõ ïèêîâ ïðàêòè÷åñêè íå ìåíÿ-

þòñÿ âî âñåì äèàïàçîíå èçìåíåíèÿ ôðàãìåíòè-

ðóþùåãî íàïðÿæåíèÿ âïëîòü äî 1000 Â.

Íà íàø âçãëÿä, îáúÿñíåíèå íàáëþäàåìîé êàð-

òèíû ñëåäóåò èñêàòü â ýëåêòðîãàçîäèíàìè÷åñêèõ

ïðîöåññàõ, èìåþùèõ ìåñòî â ïðîñòðàíñòâå ìåæäó

ñîïëîì è ñêèììåðîì. Îòñóòñòâèå ýëåìåíòíûõ ïè-

êîâ ïðè ÄU = 0 îçíà÷àåò, ÷òî èîíû îáîèõ ýëåìåí-

òîâ ïîïàäàþò â èíòåðôåéñ â ìîëåêóëÿðíîé èëè

êëàñòåðíîé ôîðìå. Ôðàãìåíòàöèÿ ìîëåêóëÿðíûõ

èîíîâ îáîèõ ýëåìåíòîâ íà÷èíàåòñÿ ïðè ñðàâíè-

òåëüíî íåáîëüøèõ íàïðÿæåíèÿõ: ýòî ñîîòâåò-

ñòâóåò îòíîñèòåëüíî ñëàáûì ñâÿçÿì â íà÷àëüíûõ

ôîðìàõ ýòèõ èîíîâ, êîòîðûå, âåñüìà âåðîÿòíî,

îãðàíè÷åíû òîëüêî èõ ãèäðàòàöèåé.
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Ìàññîâîå ÷èñëî, à.å.ì.

Ðèñ. 2. Ìàññ-ñïåêòð ðàñòâîðà õëîðèäîâ áåðèëëèÿ è ëè-

òèÿ: ïèêó ñ ìàññîâûì ÷èñëîì 7 à.å.ì. ñîîòâåòñòâóåò èçîòîï

ëèòèÿ 7Li, ïèêó ñ ìàññîâûì ÷èñëîì 9 — áåðèëëèé 9Be (ñêî-

ðîñòü ðàñïûëåíèÿ — 5 ìêë/ìèí, ôðàãìåíòèðóþùåå íà-

ïðÿæåíèå — 1100 Â)

Fig. 2. Mass spectrum of the solution of beryllium and lith-

ium chlorides: peak at a mass of 7 a.m. u corresponds to the

lithium isotope 7Li, the peak at mass 9 is beryllium 9Be

(atomization rate — 5 ìL/min, fragmentation voltage —

1100 V)



Ñèòóàöèÿ êà÷åñòâåííî ìåíÿåòñÿ ïðè ïåðåõî-

äå ê ñóëüôàòó áåðèëëèÿ. Ïðè èçìåðåíèÿõ èñïîëü-

çîâàëè ñòàíäàðòíûé ðàñòâîð ñóëüôàòà áåðèëëèÿ

ïðîèçâîäñòâà êîìïàíèè «Ýêîàíàëèòèêà», ïðèìå-

íÿåìûé â êà÷åñòâå ñòàíäàðòíîãî äëÿ ìåòîäîâ

àòîìíî-ýìèññèîííîé è ìàññ-ñïåêòðîìåòðèè ñ èí-

äóêòèâíî-ñâÿçàííîé ïëàçìîé. Åãî ïîñëåäîâàòåëü-

íî ðàçáàâëÿëè áèäèñòèëëèðîâàííîé âîäîé è âîä-

íî-ìåòàíîëüíîé ñìåñüþ, êàê îïèñàíî âûøå, äî

êîíöåíòðàöèè 10–4 ìîëü/ë. Îäíàêî ïðè èçìåðåíè-

ÿõ óâåëè÷åíèå ÄU äî 800 Â íå ïðèâåëî ê ïîÿâëå-

íèþ â ñïåêòðå äàæå ñëåäîâ áåðèëëèÿ: íàáëþäàëè

òîëüêî ïèê ëèòèÿ è ñëåäû íàòðèÿ, âèäèìî, ïðè-

ñóòñòâóþùåãî â ëèòèè êàê òåõíîëîãè÷åñêàÿ ïðè-

ìåñü. Åñòåñòâåííî áûëî ïðåäïîëîæèòü, ÷òî ïîäà-

âàåìîãî â èíòåðôåéñ ôðàãìåíòèðóþùåãî íàïðÿ-

æåíèÿ íåäîñòàòî÷íî äëÿ àòîìèçàöèè áåðèëëèÿ èç

ðàñòâîðà åãî ñóëüôàòà (â ýêñïåðèìåíòàõ ñ íèòðà-

òîì áåðèëëèÿ äëÿ àòîìèçàöèè áûëî äîñòàòî÷íî

200 Â). Ïîñëå ïðèíÿòèÿ ìåð, ïðåäîòâðàùàþùèõ

ïðîáîé è çàæèãàíèå ñëàáîòî÷íîãî òëåþùåãî ðàç-

ðÿäà â èíòåðôåéñå, ôðàãìåíòèðóþùåå íàïðÿæå-

íèå â íåì áûëî óâåëè÷åíî äî ~2500 Â. Ïðè ýòîì

âáëèçè ìàêñèìàëüíîãî íàïðÿæåíèÿ âîçíèêàëè

êîðîòêèå õàîòè÷íûå âñïëåñêè ñàìîçàòóõàþùåãî

íåñàìîñòîÿòåëüíîãî ðàçðÿäà äëèòåëüíîñòüþ

100 – 800 ìñ. Îäíàêî íè â óñëîâèÿõ ðàçðÿäà, íè

ïðè ìàêñèìàëüíîì ôðàãìåíòèðóþùåì íàïðÿæå-

íèè ïèêîâ áåðèëëèÿ â ñïåêòðå íå íàáëþäàëè.

Áûëà ïðîâåäåíà äîïîëíèòåëüíàÿ ïðîâåðêà

èñïîëüçóåìîãî ñòàíäàðòíîãî ðàñòâîðà íà ïðèñóò-

ñòâèå â íåì áåðèëëèÿ. Äëÿ ýòîãî áûë ïðèãîòîâ-

ëåí ñïåöèàëüíûé òåñòîâûé ðàñòâîð: 1,56 ã ìåòàë-

ëè÷åñêîãî áåðèëëèÿ ðàñòâîðèëè â 5 ìë ñåðíîé êè-

ñëîòû. Ïîñëå ýòîãî ðàñòâîð ðàçäåëèëè ïîïîëàì:

ïîëîâèíó ðàñòâîðà íåéòðàëèçîâàëè êàðáîíàòîì

íàòðèÿ, à ïîëîâèíó îñòàâèëè ïîäêèñëåííîé; îáå

ïðîáû ðàçáàâèëè, êàê îïèñàíî âûøå, è ïðîâåëè

èçìåðåíèÿ. Íè äëÿ îäíîé èç ïðîá íå íàáëþäàëè

ïèêîâ áåðèëëèÿ, íàáëþäàëè òîëüêî ïèêè ëèòèÿ è

íàòðèÿ. Ýòî ïîçâîëÿåò ñäåëàòü âûâîä: ñóëüôàò

áåðèëëèÿ íå ìîæåò áûòü èñïîëüçîâàí êàê ðåàê-

òèâ äëÿ èñòî÷íèêà èîíîâ ÝÐÈÀÄ, õîòÿ ñóëüôàòû

ìíîãèõ äðóãèõ ýëåìåíòîâ (Na, K, Fe, Cu è äð.)

äàþò õîðîøèé ñèãíàë.

Ïîëó÷åííûé ýôôåêò ìû ñâÿçûâàåì ñ îñîáåí-

íîñòÿìè ðàñòâîðåíèÿ ñóëüôàòà áåðèëëèÿ. Êàê

èçâåñòíî, áåðèëëèé â ñóëüôàòíûõ ðàñòâîðàõ

ñêëîíåí ê îáðàçîâàíèþ óñòîé÷èâîãî îñíîâíîãî

ñóëüôàòà [10 – 12], ïðè ýòîì îí ñèëüíî ãèäðîëè-

çóåòñÿ. Ãèäðîëèç áåðèëëèÿ ïî êàòèîíó ïðîèñõî-

äèò â ñîîòâåòñòâèè ñ óðàâíåíèåì [11]:

2BeSO4 + 2H2O � [Be(OH)]2SO4 + H2SO4.

Ñâÿçü áåðèëëèÿ è ñóëüôàò-èîíà íàñòîëüêî

óñòîé÷èâà, ÷òî ñîõðàíÿåòñÿ äàæå â ñèëüíîùåëî÷-

íîé ñðåäå. Òàê, äëÿ ïåðåâîäà îñíîâíîãî ñóëüôàòà

áåðèëëèÿ â ãèäðîêñèä òðåáóåòñÿ ïî÷òè òðåõêðàò-

íûé èçáûòîê ùåëî÷è [13]. Êðîìå ýòîãî, èçâåñòíî,

÷òî â ïðèñóòñòâèè ñóëüôàò-èîíà áåðèëëèé ñêëî-

íåí ê îáðàçîâàíèþ ìíîãîÿäåðíûõ ïîëèìåðíûõ

ôîðì è êîëëîèäíûõ ÷àñòèö äàæå â ñèëüíî ðàç-

áàâëåííûõ ðàñòâîðàõ [13]. Ïî-âèäèìîìó, ýòî è

ÿâëÿåòñÿ îáúÿñíåíèåì òîãî, ïî÷åìó ïðè ýëåêòðî-

ðàñïûëåíèè òàêèõ ðàñòâîðîâ â ïîëîæèòåëüíî çà-

ðÿæåííûõ êàïëÿõ íå óäàåòñÿ îáíàðóæèòü áåðèë-

ëèé íè â êàêèõ õèìè÷åñêèõ ôîðìàõ íè ïðè êàêèõ

çíà÷åíèÿõ ôðàãìåíòèðóþùåãî íàïðÿæåíèÿ.

Áûëà ñäåëàíà ïîïûòêà ïåðåâåñòè ñóëüôàò

áåðèëëèÿ â ôîðìó, ñïîñîáíóþ äàâàòü ñèãíàë â

ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ. Äëÿ ýòîãî â ðàñ-

òâîð, ñîäåðæàùèé BeSO4, ìû äîáàâèëè èçîìî-

ëÿðíîå êîëè÷åñòâî õëîðèäà áàðèÿ, ðàññ÷èòûâàÿ

íà òî, ÷òî íåðàñòâîðèìûé ñóëüôàò áàðèÿ âû-

ïàäåò â îñàäîê, êîòîðûé ìîæíî îòôèëüòðîâàòü,

à õëîðèä áåðèëëèÿ îñòàíåòñÿ â ðàñòâîðå.

Â ýêñïåðèìåíòå äîáàâëåíèå õëîðèäà áàðèÿ

äåéñòâèòåëüíî ïðèâåëî ê ïîÿâëåíèþ îñàäêà,

îäíàêî ïîñëå ôèëüòðîâàíèÿ â ðàñòâîðå íèêàêèõ

ñëåäîâ áåðèëëèÿ îáíàðóæåíî íå áûëî. Ìû ïðåä-

ïîëàãàåì, ÷òî ïîëèìåðíûå è êîëëîèäíûå ïðîäóê-

òû ãèäðîëèçà áåðèëëèåâûõ ñîëåé çàõâàòûâàþòñÿ

îáðàçóþùèìñÿ ñóëüôàòîì áàðèÿ è âûâîäÿòñÿ èç

ðàñòâîðà.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ñòàíäàðòíûé ðàñòâîð ñóëüôà-

òà áåðèëëèÿ, øèðîêî èñïîëüçóåìûé â ñïåêòðàëü-

íûõ ìåòîäàõ àíàëèçà ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé, îêàçûâàåòñÿ íåïðèìåíèì â ìàññ-ñïåê-

òðîìåòðèè ÝÐÈÀÄ. Ìîæíî îæèäàòü, ÷òî ïîäîá-

íàÿ ñèòóàöèÿ áóäåò èìåòü ìåñòî è â îòíîøåíèè

àëþìèíèÿ, áëèçêîãî ê áåðèëëèþ ïî ñâîèì õèìè-

÷åñêèì ñâîéñòâàì. Âèäèìî, â êà÷åñòâå ñòàíäàðò-

íûõ ðàñòâîðîâ äëÿ ìàññ-ñïåêòðîìåòðèè ÝÐÈÀÄ

ñëåäóåò èñïîëüçîâàòü òîëüêî íèòðàòû èëè õëîðè-

äû, êîòîðûå, êàê áûëî óñòàíîâëåíî íàìè ðàíåå,

îáåñïå÷èâàþò ïîëó÷åíèå ïèêîâ âñåõ ýëåìåíòîâ,

èññëåäîâàííûõ äî íàñòîÿùåãî âðåìåíè ìåòîäîì

ÝÐÈÀÄ.
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Ëàâèíîîáðàçíîå ðàçâèòèå ìåòîäîâ ñòàòèñòè÷åñêîé îáðàáîòêè äàííûõ, âû÷èñëèòåëüíûõ

ìîùíîñòåé, òåõíèêè õðîìàòî-ìàññ-ñïåêòðîìåòðè÷åñêîãî àíàëèçà è îìèêñíûõ òåõíîëîãèé â

ïîñëåäíèå äåñÿòèëåòèÿ òàê è íå ïðèâåëî ê ñîçäàíèþ óíèôèöèðîâàííîãî ïðîòîêîëà äëÿ íå-

íàïðàâëåííîãî ïðîôèëèðîâàíèÿ. Âëèÿíèå ñèñòåìàòè÷åñêèõ îøèáîê ñíèæàåò âîñïðîèçâî-

äèìîñòü è äîñòîâåðíîñòü ðåçóëüòàòîâ èññëåäîâàíèÿ, îäíîâðåìåííî çàòðóäíÿÿ îáúåäèíåíèå

è àíàëèç äàííûõ ìàñøòàáíûõ ìíîãîäíåâíûõ õðîìàòî-ìàññ-ñïåêòðîìåòðè÷åñêèõ ýêñïåðè-

ìåíòîâ. Â ðàáîòå ïðåäëîæåí àëãîðèòì ïðîâåäåíèÿ îìèêñíîãî ïðîôèëèðîâàíèÿ äëÿ âûÿâ-

ëåíèÿ ïîòåíöèàëüíûõ âåùåñòâ-ìàðêåðîâ â îáðàçöàõ ñëîæíîãî ñîñòàâà íà ïðèìåðå àíàëèçà

îáðàçöîâ ìî÷è ðàçíûõ êëèíè÷åñêèõ ãðóïï ïàöèåíòîâ. Ïðîôèëèðîâàíèå ïðîâåäåíî ìåòî-

äîì æèäêîñòíîé õðîìàòî-ìàññ-ñïåêòðîìåòðèè. Âûáîð ìàðêåðîâ ïðîâîäèëè ìåòîäàìè ìíî-

ãîìåðíîãî àíàëèçà, â òîì ÷èñëå ìàøèííîãî îáó÷åíèÿ è îòáîðà ïåðåìåííûõ. Òåñòèðîâàíèå

ïîäõîäà âûïîëíÿëè ñ èñïîëüçîâàíèåì íåçàâèñèìîãî íàáîðà äàííûõ àëãîðèòìàìè êëàñòå-

ðèçàöèè è ïðîåöèðîâàíèÿ íà ãëàâíûå êîìïîíåíòû.
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A viral development of statistical data processing, computing capabilities, chromatography-mass spec-

trometry, and omics technologies (technologies based on the achievements of genomics, transcriptomics,

proteomics, metabolomics) in recent decades has not led to formation of a unified protocol for untargeted

profiling. Systematic errors reduce the reproducibility and reliability of the obtained results, and at the

same time hinder consolidation and analysis of data gained in large-scale multi-day experiments. We pro-

pose an algorithm for conducting omics profiling to identify potential markers in the samples of complex

composition and present the case study of urine samples obtained from different clinical groups of pa-

tients. Profiling was carried out by the method of liquid chromatography mass spectrometry. The markers

were selected using methods of multivariate analysis including machine learning and feature selection.

Testing of the approach was performed using an independent dataset by clustering and projection on prin-

cipal components.

Keywords: liquid chromatography; mass spectrometry; metabolomics; multivariate analysis; chemo-

metrics; machine learning.
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Ââåäåíèå

Â òå÷åíèå òðåõ ïîñëåäíèõ äåñÿòèëåòèé ðàçâè-

âàþòñÿ òàê íàçûâàåìûå «îìèêñíûå» òåõíîëîãèè.

Íàèáîëåå âïå÷àòëÿþùèå ðåçóëüòàòû äîñòèãíóòû

â îáëàñòè ñèñòåìíîé áèîëîãèè [1]. Îïèñàíèå

æèâûõ îðãàíèçìîâ íà òðåõ ïîñëåäîâàòåëüíûõ

óðîâíÿõ (ãåíîìíîì, ïðîòåîìíîì, ìåòàáîëîìíîì)

ïîçâîëÿåò íàèáîëåå ïîëíî èçó÷èòü âîçäåéñòâèå

ýêñïåðèìåíòàëüíûõ ôàêòîðîâ èçìåí÷èâîñòè íà

áèîëîãè÷åñêóþ ñèñòåìó. Îìèêñíûå ïîäõîäû,

îñíîâàííûå íà õðîìàòî-ìàññ-ñïåêòðîìåòðè-

÷åñêîì íåíàïðàâëåííîì ïðîôèëèðîâàíèè [2],

çàâîåâûâàþò âñå áîëüøóþ ïîïóëÿðíîñòü â ïî-

ñëåäíåå äåñÿòèëåòèå, è ÷èñëî íîâûõ ïðèëîæåíèé

ïîñòîÿííî ðàñòåò. Â êà÷åñòâå íàèáîëåå ðàñïðî-

ñòðàíåííûõ ñòîèò óïîìÿíóòü: ãåðáàëîìèêó [3],

ïåòðàëîìèêó [4], ôóäîìèêó [5], òèïèçàöèþ íåô-

òåïðîäóêòîâ è òîïëèâ [6], êîíòðîëü êà÷åñòâà ëå-

êàðñòâåííûõ ñðåäñòâ [7].

Õðîìàòî-ìàññ-ñïåêòðîìåòðè÷åñêîå íåíàïðàâ-

ëåííîå ïðîôèëèðîâàíèå ñëóæèò äëÿ ïîèñêà âå-

ùåñòâ-ìàðêåðîâ, ïîçâîëÿþùèõ ïðîâîäèòü êëàñ-

ñèôèêàöèþ îáðàçöîâ ïî ýêñïåðèìåíòàëüíûì

ãðóïïàì ìåòîäàìè ñòàòèñòè÷åñêîãî àíàëèçà.

Ê ãëàâíûì ýòàïàì èññëåäîâàíèÿ îòíîñÿòñÿ: ïî-

ñòàíîâêà çàäà÷è è îòáîð îáðàçöîâ íåñêîëüêèõ

êëàññîâ, ïîäãîòîâêà ïðîá, õðîìàòî-ìàññ-ñïåêòðî-

ìåòðè÷åñêîå ïðîôèëèðîâàíèå, èíòåãðèðîâàíèå

õðîìàòîãðàìì è îòáîð âåùåñòâ-ìàðêåðîâ ìåòîäà-

ìè ñòàòèñòè÷åñêîãî àíàëèçà (÷àùå âñåãî — äèñ-

êðèìèíàíòíîãî). Åäèíîãî ïðîòîêîëà îáðàáîòêè è

ïðîâåäåíèÿ íåíàïðàâëåííîãî îìèêñíîãî ïðîôè-

ëèðîâàíèÿ äî ñèõ ïîð íå ðàçðàáîòàíî. Ìîæíî âû-

äåëèòü äâå êëþ÷åâûå ïðîáëåìû. Îäíà èç íèõ —

ïîðÿäîê âûïîëíåíèÿ îáúåäèíåííîãî ðàñ÷åòà ðå-

çóëüòàòîâ ýêñïåðèìåíòîâ èç íåñêîëüêèõ èññëåäî-

âàíèé è àíàëèòè÷åñêèõ ïîñëåäîâàòåëüíîñòåé [8].

Ñîâìåñòíîå äåéñòâèå ñèñòåìàòè÷åñêèõ îøèáîê

îòáîðà ïðîáû è àíàëèçà íàðÿäó ñ âëèÿíèåì ñëó-

÷àéíûõ ôàêòîðîâ âûçûâàåò ñìåùåíèå â äàííûõ,

à òàêæå ñíèæàåò âîñïðîèçâîäèìîñòü è äîñòîâåð-

íîñòü ðåçóëüòàòîâ. Äëÿ ïîâûøåíèÿ èíòåðïðåòè-

ðóåìîñòè äàííûõ íåîáõîäèìî ìàêñèìàëüíî íèâå-

ëèðîâàòü âëèÿíèå íåæåëàòåëüíûõ ôàêòîðîâ.

Ñëåäóþùåå çàòðóäíåíèå — êîððåêöèÿ ñèãíàëà

ìàññ-ñïåêòðîìåòðè÷åñêîãî äåòåêòîðà [9]. Íåîáõî-

äèìîñòü ýòîé ïðîöåäóðû ñâÿçàíà ñ íåóñòðàíè-

ìûì çàãðÿçíåíèåì èñòî÷íèêà èîíèçàöèè è ïî-

ñòîÿííî äåéñòâóþùèì èñêàæåíèåì ñèãíàëà ïðè

àíàëèçå.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ñòàëà ðàç-

ðàáîòêà ïîäõîäà äëÿ âûÿâëåíèÿ ïîòåíöèàëüíûõ

âåùåñòâ-ìàðêåðîâ. Ïðåäëîæåííûé àëãîðèòì äîë-

æåí, ïî âîçìîæíîñòè, ìàêñèìàëüíî ýôôåêòèâíî

óäàëÿòü óñòðàíèìûå ñèñòåìàòè÷åñêèå ñìåùåíèÿ

â äàííûõ è îáåñïå÷èâàòü ìèíèìèçàöèþ èñêàæå-

íèÿ ñèãíàëà äåòåêòîðà. Â êà÷åñòâå îáúåêòà èññëå-

äîâàíèÿ áûëè ïðîàíàëèçèðîâàíû îáðàçöû ìî÷è,

îòîáðàííûå ó ðàçíûõ êëèíè÷åñêèõ ãðóïï ïà-

öèåíòîâ. Ïðîôèëèðîâàíèå îáðàçöîâ âûïîëíÿëè

ñ èñïîëüçîâàíèåì õðîìàòî-ìàññ-ñïåêòðîìåòðè-

÷åñêîé ñèñòåìû. Îòáîð ïîòåíöèàëüíûõ âå-

ùåñòâ-ìàðêåðîâ ïðîâîäèëè ñ ïðèìåíåíèåì ìåòî-

äîâ ìíîãîìåðíîãî àíàëèçà è ìàøèííîãî îáó÷å-

íèÿ. Ïðèìåíèìîñòü ïîäõîäà êîíòðîëèðîâàëè ñ

èñïîëüçîâàíèåì íåçàâèñèìîãî íàáîðà äàííûõ àë-

ãîðèòìàìè õåìîìåòðè÷åñêîãî ìîäåëèðîâàíèÿ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ðåàêòèâû è îáîðóäîâàíèå. Â ðàáîòå èñïîëü-

çîâàëè ìóðàâüèíóþ êèñëîòó (98 %, õ÷) è àöåòî-

íèòðèë (äëÿ ÂÝÆÕ) ïðîèçâîäñòâà Panreac (Èñïà-

íèÿ), à òàêæå äåèîíèçèðîâàííóþ âîäó (Milli-Q,

Millipore, ÑØÀ). Â êà÷åñòâå îñíîâû äëÿ ïðèãî-

òîâëåíèÿ ðàñòâîðà âíóòðåííåãî ñòàíäàðòà ïðè-

ìåíÿëè ðàñòâîð äëÿ èíúåêöèé «Ïàïàâåðèí Áó-

ôóñ» (Ïðîèçâîäñòâåííàÿ ôàðìàöåâòè÷åñêàÿ êîì-

ïàíèÿ «Îáíîâëåíèå», Ðîññèÿ).

Àíàëèç ïðîâîäèëè ñ èñïîëüçîâàíèåì õðîìà-

òîãðàôà 1290 Infinity ²² (Agilent Technologies,

ÑØÀ) ñ àâòîìàòè÷åñêèì äîçàòîðîì ïðîá è òåð-

ìîñòàòèðóåìûì îòäåëåíèåì äëÿ ïðîá. Òåìïå-

ðàòóðà àâòîñýìïëåðà ñîñòàâëÿëà 4 °C. Äåòåêòî-

ðîì ñëóæèë ìàññ-ñïåêòðîìåòð (ÌÑÄ) òèïà «òðîé-

íîé êâàäðóïîëü» 6470 (Agilent Technologies,

ÑØÀ), îñíàùåííûé èñòî÷íèêîì ýëåêòðîðàñïû-

ëèòåëüíîé èîíèçàöèè (ÈÝÐ) JetSpray (Agilent

Technologies, ÑØÀ). Ñáîð äàííûõ è ïåðâè÷-

íóþ îáðàáîòêó õðîìàòîãðàìì ïðîâîäèëè ñ ïî-

ìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ MassHunter

B.08.02. (Agilent Technologies, ÑØÀ). Õðîìàòî-

ãðàôè÷åñêîå ðàçäåëåíèå îñóùåñòâëÿëè íà êîëîí-

êå Aquity UPLC BEH Ñ18 (Waters, ÑØÀ) íà îñíî-

âå ãèäðîôîáèçèðîâàííîãî ñèëèêàãåëÿ ñ ïàðàìåò-

ðàìè 2,1 ìì × 100 ìì è äèàìåòðîì ÷àñòèö ñîð-

áåíòà 1,7 ìêì. Äëÿ óâåëè÷åíèÿ ñðîêà ñëóæáû

õðîìàòîãðàôè÷åñêèõ êîëîíîê èñïîëüçîâàëè óíè-

âåðñàëüíûå ïðåäêîëîíêè äëÿ ÂÝÆÕ Security-

Guard Ñ18 (Phenomenex, ÑØÀ).

Äëÿ öåíòðèôóãèðîâàíèÿ îáðàçöîâ èñïîëüçî-

âàëè öåíòðèôóãó CM-50 (Elmi, Ëàòâèÿ). Äëÿ êîí-

âåðòèðîâàíèÿ õðîìàòîãðàìì â ôîðìàò .mzXML

ïðèìåíÿëè ïðîãðàììíîå îáåñïå÷åíèå Proteo-

Wizard [10].

Èíòåãðèðîâàíèå ïèêîâ, èõ âûðàâíèâàíèå ïî

âðåìåíàì è ìàññàì â ðàçíûõ õðîìàòîãðàììàõ è

ñîñòàâëåíèå îáùåé òàáëèöû ïèêîâ îñóùåñòâëÿëè

ñ ïîìîùüþ ïðîãðàììû iMet-Q [11].

Ñòàòèñòè÷åñêèé àíàëèç, îáðàáîòêó äàííûõ è

ìàøèííîå îáó÷åíèå ïðîâîäèëè â ïðîãðàììíîé

ñðåäå R (âåðñèÿ 3.6.1) [12]. Äëÿ ÷òåíèÿ è ñîõðà-

íåíèÿ òàáëèö èñïîëüçîâàëè ôóíêöèè ïàêåòà

data.table. Â öåëÿõ óñêîðåíèÿ ïðîâîäèëè ìóëü-

òèÿäåðíûå âû÷èñëåíèÿ (5 âèðòóàëüíûõ ÿäåð) ñ
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ïîìîùüþ ïàêåòîâ parallel, doParallel. Äëÿ îäíî-

ìåðíîãî ñòàòèñòè÷åñêîãî àíàëèçà è çàïîëíåíèÿ

ïðîïóùåííûõ çíà÷åíèé èñïîëüçîâàëè áàçîâûå

ïàêåòû base, stats; äëÿ ìàøèííîãî îáó÷åíèÿ —

ïàêåò caret [13]; äëÿ îòáîðà ïåðåìåííûõ — ïàêåò

vscc [14], îòáîðà ïîâòîðÿþùèõñÿ ïðåäèêòîðîâ —

tuple. Îáó÷åíèå áåç ó÷èòåëÿ ïðîâîäèëè ñ èñïîëü-

çîâàíèåì ïàêåòîâ factoextra, FactoMineR, âàëè-

äàöèþ êëàñòåðèçàöèè — NbClust, cluster, rafalib.

Äëÿ ñîçäàíèÿ ãðàôèêè ïðèìåíÿëè ïàêåòû ggsci,

cowplot, reshape2, ggplot2. Ïðîãðàììíûé êîä, èí-

ôîðìàöèÿ î ñåññèè è ïàêåòàõ äîñòóïíû ïî àäðå-

ñó: https://github.com/plyush1993/Multistudy-ex-

periments-with-Multiple-batches.

Êîððåêöèþ ñèãíàëà ÌÑÄ ïðîâîäèëè íà ñåð-

âåðå NOREVA [15] è ñ ïîìîùüþ ïàêåòîâ vsn [16],

ProteoMM [17], affy [18].

Ïîäãîòîâêà è õðàíåíèå îáðàçöîâ. Îáðàçöû

õðàíèëè â ìîðîçèëüíîé êàìåðå Liebherr G 1213

(Liebherr, Ãåðìàíèÿ) ïðè ðàáî÷åé òåìïåðàòóðå

–25 °C.

Âñå àíàëèçèðóåìûå îáðàçöû ìî÷è áûëè ïðå-

äîñòàâëåíû ÔÃÁÓ «Ãîñóäàðñòâåííûé íàó÷íûé

öåíòð êîëîïðîêòîëîãèè èìåíè À. Í. Ðûæèõ» Ìè-

íèñòåðñòâà çäðàâîîõðàíåíèÿ Ðîññèéñêîé Ôåäåðà-

öèè. Îáðàçöû ïîñòóïàëè äâóìÿ ïàðòèÿìè: ïåð-

âóþ ïàðòèþ îòáèðàëè îñåíüþ – çèìîé 2016 ã.,

âòîðóþ — ëåòîì – îñåíüþ 2017 ã. Òàêèì îáðàçîì,

âåñü ýêñïåðèìåíò áûë ðàçäåëåí íà äâå ÷àñòè:

ïåðâóþ ïàðòèþ ïðîàíàëèçèðîâàëè âåñíîé 2017 ã.

(ýêñïåðèìåíò 1), âòîðóþ — îñåíüþ 2017 ã. (ýêñïå-

ðèìåíò 2). Êðàòêîå îïèñàíèå ïàðòèé ïðèâåäåíî â

òàáë. 1.

Ïåðâàÿ ïàðòèÿ ñîäåðæàëà âñåãî 40 îáðàçöîâ:

20 îáðàçöîâ áûëè îòîáðàíû äî ïðîâåäåíèÿ îïåðà-

öèè (ó ïàöèåíòîâ ñ ïîäòâåðæäåííûì äèàãíîçîì

êîëîðåêòàëüíîãî ðàêà), 8 — ó êîíòðîëüíîé ãðóï-

ïû (ÊÃ) (ïàöèåíòû ñ íåîíêîëîãè÷åñêèìè çàáîëå-

âàíèÿìè æåëóäî÷íî-êèøå÷íîãî òðàêòà) è 12 —

ïîñëå ïðîâåäåíèÿ îïåðàöèè. Âòîðàÿ ïàðòèÿ ñî-

äåðæàëà 48 îáðàçöîâ: 22 áûëè îòîáðàíû äî îïå-

ðàöèè, 26 — ó êîíòðîëüíîé ãðóïïû. Äëÿ ïðèãî-

òîâëåíèÿ îáðàçöà êîíòðîëÿ êà÷åñòâà (ÊÊ) ñìåøè-

âàëè â ðàâíûõ äîëÿõ âñå îáðàçöû èç ïàðòèè, ïå-

ðåìåøèâàëè è ïåðåíîñèëè â èíäèâèäóàëüíûå åì-

êîñòè, çàìîðàæèâàÿ âìåñòå ñ îáðàçöàìè. Â äåíü

àíàëèçà èñïîëüçîâàëè íîâûé îáðàçåö ÊÊ.

Ïåðåä àíàëèçîì îáðàçöû ðàçìîðàæèâàëè ïðè

êîìíàòíîé òåìïåðàòóðå, çàòåì îòáèðàëè àëèêâî-

òó è öåíòðèôóãèðîâàëè ïðè 16 000 ìèí–1 â òå÷å-

íèå 15 ìèí. Íàäîñàäî÷íóþ æèäêîñòü îòáèðàëè,

ïîìåùàëè â äðóãóþ åìêîñòü, ðàçáàâëÿëè äåèîíè-

çîâàííîé âîäîé â ïÿòü ðàç (ñ äîáàâêîé ðàñòâîðà

âíóòðåííåãî ñòàíäàðòà — ïàïàâåðèí Áóôóñ — äî

êîíå÷íîé êîíöåíòðàöèè 0,2 ìêã/ìë) è ïîâòîðíî

öåíòðèôóãèðîâàëè ïðè 16 000 ìèí–1 â òå÷åíèå

15 ìèí.

Ïðîâåäåíèå àíàëèçà. Îïðåäåëåíèå ïðîâîäèëè

ñ èñïîëüçîâàíèåì èñòî÷íèêà ÈÝÐ â ðåæèìå ðåãè-

ñòðàöèè ïîëîæèòåëüíî çàðÿæåííûõ èîíîâ ïî

ïîëíîìó èîííîìó òîêó ïðè ñëåäóþùèõ óñëîâèÿõ:

äèàïàçîí ìàññ — 100 – 850 m/z, âðåìÿ ñêàíèðîâà-

íèÿ — 500 ìñ, íàïðÿæåíèå ôðàãìåíòîðà —

130 Â, óñêîðÿþùåå íàïðÿæåíèå â ÿ÷åéêå ñîóäàðå-

íèé — 7 Â, òåìïåðàòóðà îñóøàþùåãî ãàçà —

325 °C, ïîòîê îñóøàþùåãî ãàçà — 10 ë/ìèí, äàâ-

ëåíèå ðàñïûëÿþùåãî ãàçà — 45 psi, òåìïåðàòóðà

ãàçà îáîëî÷êè — 350 °C, ïîòîê ãàçà îáîëî÷êè —

12 ë/ìèí, òåìïåðàòóðà èñòî÷íèêà — 350 °C,

íàïðÿæåíèå êàïèëëÿðà — 3500 Â, íàïðÿæåíèå

ñîïëà — 500 Â. Òåìïåðàòóðà òåðìîñòàòà êîëîíêè

ñîñòàâëÿëà 30 °C, îáúåì ââîäèìîé ïðîáû —

5 ìêë. Ðàçäåëåíèå ïðîáû ïðîâîäèëè â ãðàäè-

åíòíîì ðåæèìå ïîäà÷è ýëþåíòà, ñêîðîñòü ïîòîêà

ñîñòàâëÿëà 0,3 ìë/ìèí. Ïðîãðàììà áèíàðíîãî

ãðàäèåíòíîãî ýëþèðîâàíèÿ: 0 ìèí 5 % B, 5 ìèí

5 % B, 35 ìèí 59 % B, 42 ìèí 95 % B, 52 ìèí 95 %

B, 55 ìèí 5 % B, 60 ìèí 5 % Â (ôàçà A — äåèîíè-

çîâàííàÿ âîäà ñ 0,1 % ìóðàâüèíîé êèñëîòû, ôàçà

B — àöåòîíèòðèë). Ïðè ýòîì äëÿ óìåíüøåíèÿ çà-

ãðÿçíåíèÿ êàìåðû èîíèçàöèè â ïåðâûå 2,5 ìèí è

ïîñëåäíèå 15 ìèí ïîòîê èç êîëîíêè íàïðàâëÿëè

íà ñëèâ.

Ïåðâûé ââîä ïðîáû ñëóæèò äëÿ óðàâíîâå-

øèâàíèÿ ñèñòåìû è ïðîâåðêè åå ÷èñòîòû — ýòî

âñåãäà áûë õîëîñòîé îáðàçåö (âîäà). Ñëåäóþùèì

àíàëèçèðóåìûì îáðàçöîì áûë ÊÊ. Çàòåì ââîäè-

ëè 5 àíàëèçèðóåìûõ îáðàçöîâ, çàòåì âîäó, ñíîâà

5 îáðàçöîâ è ïîñëå îáðàçåö ÊÊ. Òàêîé öèêë ïî-

âòîðÿëè íåîáõîäèìîå ÷èñëî ðàç. Ââîä õîëîñòîãî

îáðàçöà ìåæäó àíàëèçàìè íåîáõîäèì äëÿ ïðîâåð-

êè ÷èñòîòû ñèñòåìû, ÊÊ — äëÿ ïðîâåðêè åå ñòà-

áèëüíîñòè. Â êîíöå ïîñëåäîâàòåëüíîñòè åùå ðàç

àíàëèçèðîâàëè îáðàçåö êîíòðîëÿ êà÷åñòâà, çàòåì

õðîìàòîãðàôè÷åñêóþ ñèñòåìó ïðîìûâàëè ñìåñüþ

àöåòîíèòðèë:âîäà (95:5) â òå÷åíèå 3 ÷. Ïîñëå

êàæäîé ïîñëåäîâàòåëüíîñòè èãëó ýëåêòðîñïðåÿ è

êàìåðó èîíèçàöèè î÷èùàëè ñìåñüþ èçîïðîïà-

íîë:âîäà (50:50) â ñîîòâåòñòâèè ñ ðåêîìåíäàöèÿ-

ìè ïðîèçâîäèòåëÿ. Êàëèáðîâêó ìàññ-àíàëèçàòîðà

ïðîâîäèëè ïåðåä êàæäîé àíàëèòè÷åñêîé ïîñëåäî-

âàòåëüíîñòüþ. Ýêñïåðèìåíò 1 áûë âûïîëíåí çà 5
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Òàáëèöà 1. Õàðàêòåðèñòèêè ïàðòèé îáðàçöîâ

Table 1. Characteristics of the sample sets

Íîìåð ýêñïåðèìåíòà Ãðóïïà Êîëè÷åñòâî îáðàçöîâ

1 Äî 20

Ïîñëå 12

ÊÃ 8

2 Äî 22

ÊÃ 26



àíàëèòè÷åñêèõ ïîñëåäîâàòåëüíîñòåé, ýêñïåðè-

ìåíò 2 — çà 8.

Äëÿ ïðîâåðêè ñòàáèëüíîñòè ñèñòåìû ñðàâíè-

âàëè îáðàçöû ÊÊ ìåæäó ñîáîé êàê âíóòðè îäíîé

ïîñëåäîâàòåëüíîñòè, òàê è ìåæäó ðàçíûìè. Â êà-

÷åñòâå ïåðâè÷íîé îöåíêè ñëóæèëî íàëîæåíèå

õðîìàòîãðàôè÷åñêèõ ïðîôèëåé â ðåæèìå ïîëíî-

ãî èîííîãî òîêà. Çàòåì ñðàâíèâàëè ïëîùàäè è

âðåìåíà óäåðæèâàíèÿ ïèêîâ íà õðîìàòîãðàììàõ

ïî áàçîâûì èîíàì. Îòêëîíåíèå âðåìåí óäåðæè-

âàíèÿ äîëæíî áûòü íå áîëåå 30 ñ, à ïëîùàäåé —

íå áîëåå 10 %.

Äëÿ êàæäîãî îáðàçöà ïðîâîäèëè äâà ïîñëå-

äîâàòåëüíûõ îïðåäåëåíèÿ. Ïèêè íà õðîìàòî-

ãðàììàõ ïî áàçîâûì èîíàì äîëæíû ìàêñèìàëüíî

ñîâïàäàòü (àáñîëþòíîå îòêëîíåíèå âðåìåí ýëþè-

ðîâàíèÿ — ìåíåå 10 ñ, ïëîùàäåé ïèêîâ — ìåíåå

10 %).

Îáñóæäåíèå ðåçóëüòàòîâ

Ðàñ÷åò òàáëèöû ïèêîâ. Äëÿ èíòåðïðåòàöèè

ïîëó÷åííûõ õðîìàòî-ìàññ-ñïåêòðîìåòðè÷åñêèõ

ïðîôèëåé áûëà ñãåíåðèðîâàíà òàáëèöà ïèêîâ.

Ïîëó÷åííûå õðîìàòîãðàììû êîíâåðòèðîâàëè â

ôîðìàò .mzXML ñ ïîìîùüþ ïðîãðàììíîãî îáåñ-

ïå÷åíèÿ ProteoWizard. Â ïðîãðàììå MSConvert

áûëè óñòàíîâëåíû ôèëüòðû ïî ïîäáîðó ïèêîâ

(PeakPicking) äëÿ 1-ãî óðîâíÿ ìàññ-ñïåêòðîâ è

ìàðêåð çàãîëîâêà (TitleMarker).

Äëÿ èíòåãðèðîâàíèÿ è ðàçìåòêè ïèêîâ èñ-

ïîëüçîâàëè ïðîãðàììíîå îáåñïå÷åíèå «iMet-Q».

Äèàïàçîí âðåìåí âûðàâíèâàíèÿ ïèêîâ (rtTol)

îïðåäåëÿëè ïî ðàçíèöå âðåìåí ýëþèðîâàíèÿ ïà-

ïàâåðèíà â ïåðâîì è ïîñëåäíåì îáðàçöå: îí ñî-

ñòàâèë 0,4 ìèí. Ðàçíèöà âî âðåìåíàõ óäåðæèâà-

íèÿ îáúÿñíÿåòñÿ çàãðÿçíåíèåì êîëîíêè èëè ìî-

äèôèêàöèåé ïîâåðõíîñòè ñîðáåíòà. Ïðè ýòîì

ðàçíèöà âî âðåìåíàõ ýëþèðîâàíèÿ ìîæåò íå

áûòü îäèíàêîâîé äëÿ âñåõ ñîåäèíåíèé. Äëÿ áîëåå

íàäåæíîãî óñòàíîâëåíèÿ äèàïàçîíà äðåéôà âðå-

ìåí óäåðæèâàíèÿ ñðàâíèâàëè âðåìåíà óäåðæèâà-

íèÿ ñîåäèíåíèé íà õðîìàòîãðàììàõ ïî áàçîâûì

ïèêàì â îáðàçöàõ ÊÊ, ïðîàíàëèçèðîâàííûõ â

ðàçíûõ àíàëèòè÷åñêèõ ïîñëåäîâàòåëüíîñòÿõ.

Ìàêñèìàëüíàÿ ðàçíèöà âî âðåìåíàõ ýëþèðîâà-

íèÿ äëÿ âñåõ ïèêîâ áûëà íå áîëåå 0,4 ìèí. Ïîýòî-

ìó áûë âûáðàí äèàïàçîí â 0,4 ìèí, ñîîòâåòñòâó-

þùèé ìàêñèìàëüíîìó ðàçáðîñó âðåìåí óäåðæè-

âàíèÿ. Äèàïàçîí âûðàâíèâàíèÿ ïî îòíîøåíèþ

ìàññà/çàðÿä (mzTol) îïðåäåëÿåòñÿ èñõîäÿ èç õà-

ðàêòåðèñòèê ìàññ-ñïåêòðîìåòðà, â ïåðâóþ î÷å-

ðåäü — ðàçðåøåíèÿ. Äëÿ ñîâðåìåííûõ ÌÑÄ òèïà

«òðîéíîé êâàäðóïîëü» ýòà âåëè÷èíà ñîñòàâëÿåò

îêîëî 0,1 Äà. Ïàðàìåòð mzWidth îïðåäåëÿåòñÿ

êàê øèðèíà ïèêà (â Äà): ýòîò ïàðàìåòð ïîäáèðà-

ëè ýìïèðè÷åñêè, êðèòåðèåì ñëóæèëî ñðàâíåíèå

èíòåíñèâíîñòåé ïèêîâ âíóòðåííåãî ñòàíäàðòà

(ïàïàâåðèíà) âî âñåõ îáðàçöàõ â iMet-Q è Mass-

Hunter. Íàèëó÷øåå ñîâïàäåíèå íàáëþäàëîñü ïðè

çíà÷åíèè mzWidth, ðàâíîì 0,1 Äà. Ñîîòíîøåíèå

ñèãíàë/øóì áûëî óñòàíîâëåíî ïî óìîë÷àíèþ è

ñîñòàâëÿëî 3 åä. Äèàïàçîíû ìàññ è âðåìåí ýëþè-

ðîâàíèÿ ñîîòâåòñòâîâàëè óñëîâèÿì àíàëèçà

(100 – 850 Äà, 2,5 – 45 ìèí). Ðåçóëüòàòû èíòåãðè-

ðîâàíèÿ äëÿ ïîâòîðíûõ èçìåðåíèé óñðåäíÿëè àâ-

òîìàòè÷åñêè, ïàðàìåòðû èíòåãðèðîâàíèÿ è âû-

ðàâíèâàíèÿ ïèêîâ áûëè îäèíàêîâûìè äëÿ îáîèõ

ýêñïåðèìåíòîâ.

Âûáîð ìåòîäà êîððåêöèè ÌÑÄ. Ýêñïå-

ðèìåíò 2 èñïîëüçîâàëè äëÿ òðåíèðîâêè è íà-

ñòðîéêè ìîäåëåé, à òàêæå îòáîðà ïîòåíöèàëüíûõ

âåùåñòâ-ìàðêåðîâ, òàê êàê îáúåì âûáîðêè è ñáà-

ëàíñèðîâàííîñòü êëàññîâ â íåì âûøå, ÷åì â ýêñ-

ïåðèìåíòå 1. Ýêñïåðèìåíò 1 ñëóæèë ïðîâåðî÷-

íûì äëÿ îöåíêè ïðèìåíèìîñòè ïîäõîäà.

Íà ïåðâîì ýòàïå ïðîâîäèëè çàïîëíåíèå ïðî-

ïóùåííûõ çíà÷åíèé ïî àëãîðèòìó ïîëîâèíû ìè-

íèìàëüíîãî çíà÷åíèÿ ïî ïðèçíàêó äëÿ êàæäîé

òàáëèöû ïèêîâ. Çàòåì îòáèðàëè íàèëó÷øèå ìå-

òîäû êîððåêöèè ñèãíàëà â òåðìèíàõ ìèíèìàëü-

íîãî îòíîñèòåëüíîãî ñòàíäàðòíîãî îòêëîíåíèÿ

(ÎÑÎ) âíóòðè êàæäîé àíàëèòè÷åñêîé ïîñëåäîâà-

òåëüíîñòè è ìåæäó âñåìè íà ñåðâåðå NOREVA.
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Òàáëèöà 2. Ðåçóëüòàòû ñðàâíåíèÿ ìåòîäîâ êîððåêöèè ÌÑÄ â òåðìèíàõ ÎÑÎ

Table 2. Comparison of MSD correction procedures in terms of RSD

Òèï êîððåêöèè ÌÑÄ

Ïðîöåíò îò îáùåãî ÷èñëà ïèêîâ ñ ÎÑÎ, ìåíüøèì èëè ðàâíûì óêàçàííîãî çíà÷åíèÿ

10 % 15 % 20 % 30 % 50 %

«Ñûðûå» äàííûå 1 7 30 51 65

Auto Scaling 30 30 30 30 30

Cubic Spline 69 69 69 69 69

Cyclic Loess 20 32 42 54 66

EigenMS 69 69 69 69 69

MSTUS 5 21 35 51 65

Quantile 69 69 69 69 69

VSN 69 69 69 69 69



Äëÿ ýòîãî â òàáëèöå ïèêîâ ýêñïåðèìåíòà 2 áûëè

îòîáðàíû òîëüêî îáðàçöû ÊÊ. Òàê êàê îáðàçöû

ÊÊ âî âñåõ ïîñëåäîâàòåëüíîñòÿõ áûëè îäèíàêî-

âûìè, ÷èñëî ïðèçíàêîâ (ïèêîâ) ñ ìèíèìàëüíûì

ÎÑÎ äîëæíî áûòü ìàêñèìàëüíûì. Â òàáë. 2 ïðè-

âåäåíû ðåçóëüòàòû ñðàâíåíèÿ âñåõ ïîñëåäîâà-

òåëüíîñòåé äàííûõ ïî ïðîöåíòó ïèêîâ îò îáùåãî

÷èñëà ñ ÎÑÎ, ìåíüøèì èëè ðàâíûì 10, 15, 20, 30

è 50 %.

Àíàëèçèðóÿ äàííûå òàáë. 2, ìîæíî çàêëþ-

÷èòü, ÷òî ïîòåíöèàëüíî îïòèìàëüíûìè ìåòîäàìè

êîððåêöèè ñèãíàëà ñòîèò ñ÷èòàòü VSN, Quantile,

Cubic Spline è EigenMS. Îíè îáåñïå÷èâàþò ÎÑÎ,

ìåíüøåå èëè ðàâíîå 10 %, ïî÷òè äëÿ 70 % âñåõ

ïèêîâ â îáðàçöàõ ÊÊ.

Ñëåäóþùèé ýòàï îòáîðà ìåòîäà êîððåêöèè

ÌÑÄ — îïòèìèçàöèÿ ïî òî÷íîñòè êëàññèôèêà-

öèè. Äëÿ ïðàâèëüíîé êîððåêöèè íåäîñòàòî÷íî

ñíèçèòü çíà÷åíèÿ ñðåäíåãî ÎÑÎ, íåîáõîäèìî òàê-

æå óáåäèòüñÿ, ÷òî ïîëåçíàÿ èíôîðìàöèÿ áóäåò

ñîõðàíåíà. Äëÿ ýòîãî ïðîâîäèëè ðàñ÷åò äëÿ ÷åòû-

ðåõ âûáðàííûõ ìåòîäîâ êîððåêöèè â ýêñïåðè-

ìåíòå 2 â ñðåäå R.

Çàòåì äëÿ êàæäîé èç ÷åòûðåõ òàáëèö ñ ìåòî-

äîì êîððåêöèè ÌÑÄ ïðîâîäèëè ôèëüòðàöèþ

ïðåäèêòîðîâ (ïèêîâ) ïî p-çíà÷åíèþ (ÎÑÔ —

îäíîìåðíûé ñòàòèñòè÷åñêèé ôèëüòð). Ïåðâûé

ýòàï ÎÑÔ — òåñò íîðìàëüíîñòè Øàïèðî – Óèëêà

è òåñò ãîìîãåííîñòè äèñïåðñèè Áàðòëåòòà. Åñëè

p-çíà÷åíèå äëÿ ïðåäèêòîðà â òåñòå Øàïèðî –

Óèëêà ìåíüøå 0,05, âû÷èñëÿëè íåïàðàìåòðè÷å-

ñêèé òåñò Óèëêîêñîíà ñ ïîïðàâêîé Áåíäæàìèíè –

Õîõáåðãà íà ìíîæåñòâåííûå ñðàâíåíèÿ è îñòàâ-

ëÿëè ïðèçíàêè ñ p-çíà÷åíèåì, ìåíüøèì 0,05.

Àíàëîãè÷íûì îáðàçîì ïðîâîäèëè òåñò Óýë÷à

(â ñëó÷àå íåãîìîãåííîé äèñïåðñèè è íîðìàëüíîãî

ðàñïðåäåëåíèÿ) è òåñò Ñòüþäåíòà (íîðìàëüíîå

ðàñïðåäåëåíèå, ãîìîãåííàÿ äèñïåðñèÿ). Âî âñåõ

ñëó÷àÿõ óðîâåíü ôèëüòðàöèè ïðèçíàêîâ áûë

óñòàíîâëåí ïî p-çíà÷åíèþ ðàâíûì 0,05 ñ ïîïðàâ-

êîé Áåíäæàìèíè – Õîõáåðãà.

Ñëåäóþùèé øàã — ðàñ÷åò òî÷íîñòè êëàññè-

ôèêàöèè äëÿ ìîäåëåé ñòàòèñòè÷åñêîãî îáó÷åíèÿ.

Ïðèìåíÿëè 5-áëî÷íóþ êðîññ-âàëèäàöèþ ñ òðåìÿ

ïîâòîðàìè, îïòèìèçàöèþ ïðîâîäèëè ïî ïîêàçà-

òåëþ òî÷íîñòè êëàññèôèêàöèè. Áûëè âûáðàíû

÷åòûðå ìîäåëè ìàøèííîãî îáó÷åíèÿ è â êàæ-

äîé — îäèí ïàðàìåòð äëÿ îïòèìèçàöèè â äèàïà-

çîíå ïÿòè çíà÷åíèé: ê-áëèæàéøèõ ñîñåäåé (KNN,

ïàðàìåòð îïòèìèçàöèè — ÷èñëî ñîñåäåé), ïðîåê-

öèÿ íà ëàòåíòíûå ñòðóêòóðû (PLS, ÷èñëî êîìïî-

íåíò), ìàøèíà îïîðíûõ âåêòîðîâ ñ ðàäèàëüíîé

ÿäåðíîé ôóíêöèåé (SVM, ïàðàìåòð Ñ), ñëó-

÷àéíûé ëåñ (RF, ÷èñëî ïðåäèêòîðîâ äëÿ äåðåâà).

Òàêèì îáðàçîì, íàñòðîéêó êàæäîé ìîäåëè ïðîâî-

äèëè 75 ðàç (ïÿòü áëîêîâ êðîññ-âàëèäàöèè ñ òðå-

ìÿ ïîâòîðàìè è åùå ïÿòü ðàç äëÿ ïàðàìåòðà

îïòèìèçàöèè ìîäåëè). Â òàáë. 3 ïðèâåäåíû ïîêà-

çàòåëè òî÷íîñòè êëàññèôèêàöèè ìîäåëåé ìàøèí-

íîãî îáó÷åíèÿ äëÿ ÷åòûðåõ íàáîðîâ äàííûõ ïî-

ñëå ïðèìåíåíèÿ ðàçíûõ ìåòîäîâ êîððåêöèè ÌÑÄ

è äëÿ «ñûðûõ» äàííûõ. Èç äàííûõ òàáë. 3 ñëåäó-

åò, ÷òî îïòèìàëüíûì ìåòîäîì êîððåêöèè ÌÑÄ

ÿâëÿåòñÿ EigenMS (âñå ìåòîäû äåìîíñòðèðóþò

òî÷íîñòü âûøå 85 %).

Îòáîð âåùåñòâ-ìàðêåðîâ. Äëÿ îòáîðà âå-

ùåñòâ-ìàðêåðîâ ñíà÷àëà îòñîðòèðîâàëè 50 ñàìûõ

âàæíûõ ïðåäèêòîðîâ â êàæäîé ìîäåëè (äëÿ êàæ-

äîãî àëãîðèòìà èñïîëüçóåòñÿ ñâîÿ ìåòðèêà îïðå-

äåëåíèÿ âàæíîñòè ïåðåìåííûõ). Çàòåì îáúåäè-

íèëè âñå 200 ïðèçíàêîâ â îäèí ñïèñîê è âûäåëè-

ëè íàèáîëåå ñòàáèëüíûå ïðåäèêòîðû, ò.å. òå, êî-

òîðûå âñòðå÷àþòñÿ ìèíèìóì äâàæäû (ÑÏÔ), è

ïðîâåëè àâòîìàòè÷åñêèé îòáîð ïåðåìåííûõ

(ÀÎÏ) ïî àëãîðèòìó vscc. Àëãîðèòì vscc ïðîâî-

äèò îäíîâðåìåííóþ ìèíèìèçàöèþ âíóòðèãðóï-

ïîâîé äèñïåðñèè ïðè ìàêñèìàëüíîé ìåæãðóïïî-

âîé äèñïåðñèè. Ñî÷åòàíèå ýòèõ äâóõ êðèòåðèåâ

àâòîìàòè÷åñêè âûäåëÿåò ïåðåìåííûå, êîòîðûå

ëó÷øå âñåãî ðàçäåëÿþò îáðàçöû ìåæäó ãðóïïàìè.

Ïàðàëëåëüíî ñ ïðèìåíåíèåì îïèñàííûõ àëãî-

ðèòìîâ íà êàæäîé ñòàäèè ïðîâîäèëè íåçàâèñè-

ìûé êîíòðîëü ïðîöåäóðû ñîêðàùåíèÿ ïðèçíàêî-

âîãî ïðîñòðàíñòâà. Äëÿ ýòîãî âû÷èñëÿëè ñðåäíåå

äëÿ âñåõ ïåðåìåííûõ çíà÷åíèå ïëîùàäè ïîä

ROC-êðèâîé (AUROC): åñëè íà êàæäîé ñòàäèè

óäàëÿëè òîëüêî íåèíôîðìàòèâíûå ïðåäèêòîðû,
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Òàáëèöà 3. Òî÷íîñòü êëàññèôèêàöèè (%) äëÿ íàáîðîâ äàííûõ ïîñëå ïðîâåäåíèÿ ìåòîäîâ êîððåêöèè ÌÑÄ ñ ïðèìåíåíè-

åì ðàçëè÷íûõ ìåòîäîâ

Table 3. Accuracy of classification (%) for datasets after implementation of different MSD correction procedures

Ìåòîä êîððåêöèè

Ìîäåëü ìàøèííîãî îáó÷åíèÿ

KNN SVM RF PLS

Quantile 51 67 80 70

Cubic Spline 50 69 80 69

VSN 80 87 82 87

EigenMS 86 99 96 91

«Ñûðûå» äàííûå 67 71 81 98



ñðåäíåå çíà÷åíèå AUROC óâåëè÷èâàëîñü ïîñëå

êàæäîé ñòàäèè.

Âàëèäàöèÿ ðåçóëüòàòîâ. Ïîñëå îòáîðà ïåðå-

ìåííûõ â ýêñïåðèìåíòå 2 ïðîâåëè ðàñ÷åò êîððåê-

öèè EigenMS äëÿ òàáëèöû ïèêîâ ýêñïåðèìåíòà 1.

Çàòåì âðó÷íóþ îòîáðàëè âåùåñòâà-ìàðêåðû â

ýêñïåðèìåíòå 1 èç âûáðàííûõ ïî àëãîðèòìó vscc

â ýêñïåðèìåíòå 2. Âûáîð îñóùåñòâëÿëè ïî çíà÷å-

íèþ m/z (ñ òî÷íîñòüþ 0,1 Äà) è âðåìåíàì óäåðæè-

âàíèÿ (ñ òî÷íîñòüþ 0,3 ìèí). Èç 11 âåùåñòâ-

ìàðêåðîâ, âûáðàííûõ ïîñëå ïðîâåäåíèÿ ñòàòè-

ñòè÷åñêîãî àíàëèçà â ýêñïåðèìåíòå 2, óäàëîñü îá-

íàðóæèòü 6 êîìïîíåíòîâ â òàáëèöå ïèêîâ ýêñïå-

ðèìåíòà 1. Âåðîÿòíî, îáíàðóæèòü âñå âåùåñòâà-

ìàðêåðû íå óäàëîñü èç-çà çàòðóäíåíèé â èíòå-

ãðèðîâàíèè ïèêîâ äëÿ îáðàçöîâ ñëîæíîãî

ñîñòàâà, à òàêæå èç-çà âîçìîæíûõ ðàçëè÷èé â

ïðîöåäóðå ñáîðà îáðàçöîâ. Ïîëó÷åííûé óñå÷åí-

íûé íàáîð äàííûõ èñïîëüçîâàëè äëÿ äàëüíåé-

øåé âàëèäàöèè. Äèàãðàììû ðàçìàõà äëÿ êàæäî-

ãî ñîåäèíåíèÿ â óñå÷åííîì íàáîðå ýêñïåðèìåíòà

1 ïðèâåäåíû íà ðèñ. 1.

Îáúåì âûáîðêè ñëèøêîì ìàë äëÿ íàäåæíîé

îöåíêè ðàñïðåäåëåíèÿ ïðèçíàêîâ ìåæäó ãðóï-

ïàìè, îäíàêî âèäíî, ÷òî âî âñåõ ñëó÷àÿõ 25 è

75 ïðîöåíòèëè îòëè÷àþòñÿ ïî êðàéíåé ìåðå

ìåæäó äâóìÿ ãðóïïàìè, à äëÿ äâóõ ìàðêåðîâ

(509.7/25.10708 è 615.5/24.461) — ìåæäó âñåìè

ãðóïïàìè. Õàðàêòåðèñòèêè îñíîâíûõ ïðîöåäóð

ìíîãîìåðíîãî ñòàòèñòè÷åñêîãî àíàëèçà, ïðèìå-

íåííûõ ïîñëåäîâàòåëüíî äëÿ êàæäîãî ýêñïåðè-

ìåíòà, ïðèâåäåíû â òàáë. 4.

Èç òàáë. 4 ñëåäóåò, ÷òî êàæäûé ýòàï ñòàòè-

ñòè÷åñêîé îáðàáîòêè ïîñëåäîâàòåëüíî óìåíüøàåò

÷èñëî ïðåäèêòîðîâ ïðè ïîñòîÿííîì ðîñòå ñðåäíå-

ãî çíà÷åíèÿ AUROC è òî÷íîñòè êëàññèôèêàöèè.

Ýòè îáñòîÿòåëüñòâà ïîäòâåðæäàþò ïðèìåíèìîñòü

èñïîëüçóåìûõ ïðîöåäóð äëÿ óìåíüøåíèÿ ïðèçíà-

êîâîãî ïðîñòðàíñòâà è âûäåëåíèÿ íàèáîëåå èí-

ôîðìàòèâíûõ ïåðåìåííûõ.
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Ðèñ. 1. Äèàãðàììû ðàçìàõà ïðèçíàêîâ èç óñå÷åííîãî íàáîðà ýêñïåðèìåíòà 1: CG — êîíòðîëüíàÿ ãðóïïà; pre — äî îïåðà-

öèè, post — ïîñëå îïåðàöèè (îáîçíà÷åíèÿ ïðåäèêòîðîâ: mz/âðåìÿ óäåðæèâàíèÿ, ìèí)

Fig. 1. Box plots for features from a reduced dataset of experiment 1: CG — control group, pre — before operation, post — af-

ter operation. Predictor notation: mz/retention time, min

Òàáëèöà 4. Õàðàêòåðèñòèêè îñíîâíûõ ýòàïîâ ñòàòèñòè÷åñêîãî àíàëèçà

Table 4. Characteristics of the main stages of statistical analysis

Íàáîð äàííûõ
×èñëî

ïðåäèêòîðîâ

Ñðåäíåå

AUROC

Òî÷íîñòü êëàññèôèêàöèè

KNN SVM RF PLS

Ýêñïåðèìåíò 2 «Ñûðûå» äàííûå 4174 0,55 67* 71* 81* 98*

EigenMS 4174 0,558 86 99 96 91

ÎÑÔ 341 0,71

ÑÏÔ 51 0,851 85 97 98 96

ÀÎÏ 11 0,908 91 96 94 90

Ýêñïåðèìåíò 1 «Ñûðûå» äàííûå 3440 0,683 60* 67* 95* 76*

EigenMS 3440 0,802 100* 100* 100* 100*

EigenMS + ÀÎÏ 6 0,933 96 92 93 98

Ïðèìå÷àíèå. Ïðèâåäåíà òî÷íîñòü êëàññèôèêàöèè ïîñëå ïðèìåíåíèÿ ÎÑÔ.



Íà ôèíàëüíîì ýòàïå ïðîâåðêè ïðèìåíèìîñòè

ðàçðàáîòàííîãî ïîäõîäà ïðîâîäèëè ìíîãîìåðíîå

ïðîåöèðîâàíèå ìåòîäàìè îáó÷åíèÿ áåç ó÷èòåëÿ

(ðèñ. 2) è âàëèäàöèþ êëàñòåðèçàöèè (ðèñ. 3).

Ãðàôèê ñ÷åòîâ ïåðâûõ äâóõ ãëàâíûõ êîìïî-

íåíò äëÿ óñå÷åííîãî íàáîðà äàííûõ ýêñïåðèìåí-

òà 1 (ñì. ðèñ. 2, à) ïîçâîëÿåò âèçóàëüíî îöåíèòü

ðàñïîëîæåíèå îáðàçöîâ. Íàáëþäåíèÿ êàæäîé

ãðóïïû ðàñïîëîæåíû áëèçêî äðóã ê äðóãó è ïðî-

ñòðàíñòâåííî îòäåëåíû îò äðóãèõ ãðóïï, è, õîòÿ

åñòü íåñêîëüêî âûáðîñîâ, áîëüøóþ ÷àñòü îáðàç-

öîâ ìîæíî âåðíî êëàññèôèöèðîâàòü ïî ãðàôèêó.

Äåíäðîãðàììà íàáëþäåíèé (ñì. ðèñ. 2, á) ïîçâî-

ëÿåò îäíîçíà÷íî è ïðàâèëüíî êëàññèôèöèðîâàòü

âñå îáðàçöû ïî òðåì ãðóïïàì. Ðàçíèöà âûñîòû

ðàññå÷åíèÿ äåíäðîãðàììû äëÿ äâóõ è òðåõ êëàñ-
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à

á

Ðèñ. 2. Ìíîãîìåðíîå ïðîåöèðîâàíèå ìåòîäàìè îáó÷åíèÿ áåç ó÷èòåëÿ äëÿ ýêñïåðèìåíòà 1: à — ïðîåêöèÿ íàáëþäåíèé íà

ãëàâíûå êîìïîíåíòû (öâåòà ñîîòâåòñòâóþò ãðóïïàì: CG — êîíòðîëüíàÿ ãðóïïà, pre — äî îïåðàöèè, post — ïîñëå îïåðà-

öèè; ýëëèïñû ñîîòâåòñòâóþò äîâåðèòåëüíîé âåðîÿòíîñòè 95 %); á — äåíäðîãðàììà íàáëþäåíèé: ðàññòîÿíèå ìàíõýòòåíà,

îáúåäèíåíèå ïî àëãîðèòìó Óîðäà (öâåòà ëèñòüåâ ñîîòâåòñòâóþò èõ êëàññó â èñõîäíîì íàáîðå äàííûõ; íàçâàíèÿ ëèñòüåâ

àíàëîãè÷íû íàáëþäåíèÿì èñõîäíîãî íàáîðà äàííûõ; âåòâè äåíäðîãðàììû è îáëàñòè âîêðóã íèõ îêðàøåíû ïî óñëîâèþ

íàëè÷èÿ òðåõ ãðóïï â äàííûõ: êëàñòåðèçàöèÿ ïðîâåäåíà äëÿ òðåõ êëàññîâ)

Fig. 2. Multidimensional projection via methods of unsupervised learning for experiment 1: a — projection of observations on

the principal components (colors correspond to the groups: CG — control group, pre — before the operation, post — after the

operation, ellipses — correspond to 95% confidence interval); b — dendrogram of observations (Manhattan distance, aggrega-

tion by Ward algorithm (ward.D2)). Colors of the leaves correspond to their class in the initial dataset; leaf names correspond

to the observations of the original dataset; branches of the dendrogram and the areas around them are colored according to the

condition of three groups present in the dataset (clustering was carried out for three classes)

à á

Ðèñ. 3. Ðåçóëüòàòû âàëèäàöèè êëàñòåðèçàöèè ïî àëãîðèòìó ñðåäíåãî ñèëóýòà (à) è ãèñòîãðàììà ðàñïðåäåëåíèÿ ñòàòè-

ñòèêè ðåçóëüòàòîâ îïðåäåëåíèÿ ÷èñëà êëàñòåðîâ ïî 26 èíäåêñàì (á) (ðàññòîÿíèå ìàíõýòòåíà, îáúåäèíåíèå ïî àëãîðèòìó

Óîðäà (ward.D2))

Fig. 3. The results of clustering validation according to the algorithm of an average silhouette (a) and histogram of the distri-

bution of statistics on the results of determination of the number of clusters by 26 indices (b) (Manhattan distance, aggrega-

tion by Ward algorithm (ward.D2))



ñîâ ìåíåå ïÿòè åäèíèö. Ðàçíèöà âûñîòû ðàññå÷å-

íèÿ äåíäðîãðàììû äëÿ òðåõ è ÷åòûðåõ êëàññîâ

áîëåå 20 åäèíèö. Äàëüíåéøåå ðàçáèåíèå íà êëàñ-

ñû äàåò ðàçíèöó ìåíåå 5 – 10 åäèíèö. Äàæå áåç

èçíà÷àëüíîé ãèïîòåçû î ÷èñëå ãðóïï â íàáîðå

äàííûõ ñòðóêòóðà äåíäðîãðàììû óêàçûâàåò, ÷òî

íàèáîëåå ïðåäïî÷òèòåëüíîå ÷èñëî êëàññîâ ðàâíî

òðåì, êàê è â èñõîäíîì íàáîðå ýêñïåðèìåíòà 1.

Äîïîëíèòåëüíî áûëà ïðîâåäåíà ïðîâåðêà êëàñòå-

ðèçàöèè íåçàâèñèìûìè ìåòîäàìè (ñì. ðèñ. 3).

Èç ðåçóëüòàòîâ ðàñ÷åòà ñòàòèñòèêè ñðåäíåãî

ñèëóýòà (ñì. ðèñ. 3, à) ñëåäóåò, ÷òî îïòèìàëüíîå

÷èñëî êëàñòåðîâ ðàâíî òðåì, êàê è â íàáîðå äàí-

íûõ. Àíàëîãè÷íûå ðåçóëüòàòû äàåò îöåíêà ÷èñëà

êëàñòåðîâ ïî 26 ðàçëè÷íûì ìåòðèêàì (ñì.

ðèñ. 3, á, îïèñàíèå ìåòðèê ñì. â äîêóìåíòàöèè

ïàêåòà NbClust, ôóíêöèÿ NbClust àðãóìåíò

index = «all»).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàí è àïðîáèðîâàí íà

íåçàâèñèìîì íàáîðå äàííûõ ïîäõîä äëÿ îïðåäå-

ëåíèÿ ïîòåíöèàëüíûõ âåùåñòâ-ìàðêåðîâ, ïîçâî-

ëÿþùèé ïðîâîäèòü ìíîãîìåðíóþ êëàññèôèêà-

öèþ îáðàçöîâ ñëîæíîãî ñîñòàâà. Ïðåäëîæåííûé

ïîäõîä ìîæåò áûòü âîñïðîèçâîäèìî ðåàëèçîâàí è

èñïîëüçîâàí äëÿ ëþáûõ èññëåäîâàíèé ñ õðîìà-

òî-ìàññ-ñïåêòðîìåòðè÷åñêèì îïðåäåëåíèåì äëÿ

âûáîðîê ðàçíîãî îáúåìà. Â êà÷åñòâå ïîòåíöèàëü-

íûõ ïðèëîæåíèé íàèáîëåå âîñòðåáîâàííûìè

ïðåäñòàâëÿåòñÿ àíàëèç îáðàçöîâ è ìàòåðèàëîâ

ìíîãîêîìïîíåíòíîãî ñîñòàâà â öåëÿõ îïðåäåëå-

íèÿ õàðàêòåðèñòè÷íûõ êîìïîíåíòîâ äëÿ ñèñòåìà-

òèçàöèè è êîíòðîëÿ êà÷åñòâà.

Ôèíàíñèðîâàíèå

Ðàáîòà ïîääåðæàíà Ðîññèéñêèì ôîíäîì ôóí-

äàìåíòàëüíûõ èññëåäîâàíèé (ÐÔÔÈ) (¹ ãðàíòà:

Àñïèðàíòû 19-33-90071).
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Ñ ó÷åòîì íåäîñòàòêîâ ñóùåñòâóþùèõ ìåòîäîâ îïðåäåëåíèÿ àðîìàòè÷åñêèõ óãëåâîäîðîäîâ

(ÀÓÂ) â êîìïîíåíòàõ äèçåëüíîãî òîïëèâà ïðåäëîæåíà ìåòîäèêà êîíòðîëÿ ñîäåðæàíèÿ ÀÓÂ

â ñðåäíèõ äèñòèëëÿòàõ ñ èñïîëüçîâàíèåì ÈÊ-Ôóðüå-ñïåêòðîìåòðèè. Â êà÷åñòâå îáúåêòà èñ-

ñëåäîâàíèÿ áûë âûáðàí îäèí èç êîìïîíåíòîâ äëÿ êîìïàóíäèðîâàíèÿ äèçåëüíûõ òîïëèâ,

ïîëó÷àåìûé â ÀÎ «ÀÍÕÊ» ïðè ãèäðîî÷èñòêå ñûðüÿ â æåñòêèõ óñëîâèÿõ (30 ÌÏà,

380 – 400 °C). Çàðåãèñòðèðîâàâ ñïåêòð ïîãëîùåíèÿ î÷èùåííîãî êîìïîíåíòà, âûáðàëè

óñëîâèÿ ÈÊ-ñïåêòðîìåòðè÷åñêîãî àíàëèçà (çíà÷åíèå âîëíîâîãî ÷èñëà — 1606,5 ñì–1, ìàòå-

ðèàë êþâåòû — NaCl, òîëùèíà ïîãëîùàþùåãî ñëîÿ — 0,1 ñì). Äëÿ ïîñòðîåíèÿ ãðàäóèðî-

âî÷íîé çàâèñèìîñòè â îáðàçöàõ èññëåäóåìîãî ãèäðîãåíèçàòà, îòîáðàííûõ â ðàçíûå ìîìåí-

òû âðåìåíè è ñîäåðæàùèõ â ñðåäíåì 1 – 8 % ÀÓÂ (â çàâèñèìîñòè îò ïàðàìåòðîâ íåïðåðûâ-

íî ðàáîòàþùåé óñòàíîâêè), îïðåäåëÿëè ñóììàðíîå ñîäåðæàíèå ÀÓÂ ìåòîäîì ÂÝÆÕ, à çà-

òåì ìåòîäîì ÈÊ-ñïåêòðîìåòðèè — ñîîòâåòñòâóþùåå çíà÷åíèå îïòè÷åñêîé ïëîòíîñòè îá-

ðàçöà. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ïðåäëîæåííîé ìåòîäèêè îöåíèëè â ñîîòâåòñòâèè

ñ òðåáîâàíèÿìè ÐÌÃ 76–2014. Ïðàâèëüíîñòü ïîëó÷åííûõ ðåçóëüòàòîâ îïðåäåëåíèÿ ÀÓÂ

ïîäòâåðäèëè ïóòåì ñðàâíåíèÿ ñ äàííûìè íåçàâèñèìîãî ìåòîäà àíàëèçà (òèòðèìåòðè÷åñêî-

ãî). Äëÿ èñïîëüçîâàíèÿ ðàçðàáîòàííîé ìåòîäèêè ïðè àíàëèçå äðóãèõ êîìïîíåíòîâ äèçåëü-

íîãî òîïëèâà íåîáõîäèìû äîïîëíèòåëüíûå èññëåäîâàíèÿ ïî îïðåäåëåíèþ ìåøàþùèõ âå-

ùåñòâ è îöåíêå èõ âëèÿíèÿ íà òî÷íîñòü îïðåäåëåíèÿ ÀÓÂ.
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A comparative analysis of current methods for determination of aromatic hydrocarbons in the compo-

nents of diesel fuel revealed that IR spectrometry appeared to be the most optimal method for operational

control of the content of aromatic hydrocarbons in medium distillate products of the hydrogenation pro-

cess. We developed a procedure for quantitative determination of aromatic hydrocarbons in the compo-

nents of diesel fuel using IR Fourier spectroscopy. The analysis of absorption spectra of the components of

diesel fuel revealed that the optical density of the stretching vibration band of the aromatic ring is propor-

tional to the quantitative content of aromatic hydrocarbons (AHC) in the components of diesel fuel. One of

the components for compounding diesel fuels obtained at JSC “ANKhK” during hydrotreating of raw ma-

terials under severe conditions (30 MPa, 380 – 400°C) was selected as an object of the study. Conditions of

IR spectrometric analysis (wave number — 1606.5 cm–1, cell material — NaCl, absorbing layer thickness

— 0.1 cm) were specified after recording of the absorption spectrum of the purified component. To con-

struct a calibration dependence the total AHC content and corresponding optical density of the sample

were determined by the methods of HPLC and IR spectrometry, respectively. The samples of hydrogenate

under study (taken at different timepoints) contained 1 – 8% AHC on average depending on the para-

meters of a continuously operating unit. The characteristics of the proposed procedure were evaluated

in accordance with the requirements of RMG 76–2014. The correctness of the obtained results of AHC
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determination was confirmed in comparison with the data of independent (tetrimetric) analysis. The use

of the developed method in analysis of other components of diesel fuel, requires additional studies to de-

termine the interfering substances and assess their impact on the accuracy of AHC determination.

Keywords: aromatic hydrocarbons; FT-IR spectroscopy; HPLC; diesel fuel; hydrofining.

Ââåäåíèå

Ñîäåðæàíèå àðîìàòè÷åñêèõ óãëåâîäîðîäîâ

(ÀÓÂ) — âàæíàÿ õàðàêòåðèñòèêà äèçåëüíîãî òîï-

ëèâà è äðóãèõ íåôòåïðîäóêòîâ, îïðåäåëÿþùàÿ íå

òîëüêî êîëè÷åñòâî íåñãîðàþùèõ óãëåâîäîðîäîâ è

òâåðäûõ ÷àñòèö â îòðàáîòàííûõ ãàçàõ äèçåëüíûõ

äâèãàòåëåé, íî òàêæå ýêîëîãè÷åñêèå è òåõíîëîãè-

÷åñêèå ñâîéñòâà òîïëèâà â öåëîì. Ïîâûøåííîå

ñîäåðæàíèå ÀÓÂ óâåëè÷èâàåò íàãàðîîáðàçîâàíèå

è âûáðîñ â àòìîñôåðó òâåðäûõ ÷àñòèö; ñíèæàåò

öåòàíîâîå ÷èñëî äèçåëüíîãî òîïëèâà; óõóäøàåò

ýêîëîãè÷åñêèå ïîêàçàòåëè òîïëèâà çà ñ÷åò âûñî-

êîé òîêñè÷íîñòè ñàìèõ ÀÓÂ è óâåëè÷åíèÿ âûáðî-

ñà îêñèäîâ àçîòà â àòìîñôåðó, îáúåì êîòîðîãî çà-

âèñèò îò ñîäåðæàíèÿ ÀÓÂ [1 – 3]. Èìåííî ïîýòî-

ìó íà ñåãîäíÿøíèé äåíü ìåòîäàì êîíòðîëÿ ñî-

äåðæàíèÿ àðîìàòè÷åñêèõ óãëåâîäîðîäîâ óäåëÿåò-

ñÿ îñîáîå âíèìàíèå.

Íàèáîëåå ðàñïðîñòðàíåííûì ÿâëÿåòñÿ òèòðè-

ìåòðè÷åñêèé ìåòîä ïî ÃÎÑÒ 6994–741, îñíîâàí-

íûé íà ðåàêöèè íåïðåäåëüíûõ è àðîìàòè÷åñêèõ

óãëåâîäîðîäîâ èñïûòóåìîãî íåôòåïðîäóêòà ñ

êîíöåíòðèðîâàííîé ñåðíîé êèñëîòîé (98,5 –

99,0 % ìàññ.): â äåëèòåëüíóþ âîðîíêó âíîñÿò

îïðåäåëåííóþ ìàññó íåôòåïðîäóêòà, äîáàâëÿþò

30 ñì3 ñåðíîé êèñëîòû è âñòðÿõèâàþò ïðîáó

30 ìèí, ïîñëå ÷åãî îòñòàèâàþò åå â òå÷åíèå îäíî-

ãî ÷àñà; çàòåì äåêàíòèðóþò íèæíèé ñåðíîêèñëîò-

íûé ñëîé, à âåðõíèé ïåðåíîñÿò â êîíè÷åñêóþ

êîëáó è òèòðóþò ðàñòâîðîì ãèäðîêñèäà íàòðèÿ

(0,5 ìîëü/äì3) äî ïîÿâëåíèÿ ñëàáî-ðîçîâîãî îêðà-

øèâàíèÿ.

Äðóãîé ìåòîä îïðåäåëåíèÿ ÀÓÂ — ìåòîä àíè-

ëèíîâûõ òî÷åê ïî ÃÎÑÒ 12329–772 — ïðèìåíèì

â èíòåðâàëå ñîäåðæàíèé ÀÓÂ îò 1 äî 5 % ìàññ. â

ïðÿìîãîííûõ áåíçèíàõ. Ðåôðàêòîìåòðè÷åñêèé

ìåòîä òàêæå èìååò íèçêèé ïðåäåë îáíàðóæåíèÿ

ÀÓÂ, à íåáîëüøîå ðàçëè÷èå â ïîêàçàòåëÿõ ïðå-

ëîìëåíèÿ àðîìàòè÷åñêîé è ïàðàôèíî-íàôòåíî-

âîé ôðàêöèé óñëîæíÿåò îïðåäåëåíèå. Â êà÷åñòâå

àíàëîãà ðåôðàêòîìåòðè÷åñêîãî ñïîñîáà èñïîëüçó-

þò ìåòîä ìàãíèòíîãî äâóëó÷åïðåëîìëåíèÿ [4].

Îäíèì èç íîâåéøèõ ìåòîäîâ îïðåäåëåíèÿ ÀÓÂ â

òîâàðíîì äèçåëüíîì òîïëèâå ïî ÃÎÑÒ Ð ÅÍ

12916–20083 ÿâëÿåòñÿ ìåòîä âûñîêîýôôåêòèâíîé

æèäêîñòíîé õðîìàòîãðàôèè (ÂÝÆÕ) ñ ðåôðàê-

òîìåòðè÷åñêèì äåòåêòèðîâàíèåì, êîòîðûé ïîç-

âîëÿåò îïðåäåëèòü ìîíî-, äè- è ïîëèàðîìàòè-

÷åñêèå óãëåâîäîðîäû, íî îòëè÷àåòñÿ âûñîêîé

ñòîèìîñòüþ è äëèòåëüíûì ïðîâåäåíèåì àíàëèçà.

Òàêèì îáðàçîì, ïðèìåíÿåìûå ìåòîäû îïðåäå-

ëåíèÿ ÀÓÂ èìåþò ðÿä íåäîñòàòêîâ: ñëîæíîñòü

ïîäãîòîâêè è äëèòåëüíîñòü âûïîëíåíèÿ àíàëèçà,

âûñîêàÿ ñòîèìîñòü, íåâîçìîæíîñòü àâòîìàòèçà-

öèè, ïîâûøåííàÿ îïàñíîñòü ðàáîòû ñ êîíöåíòðè-

ðîâàííîé ñåðíîé êèñëîòîé è äð.

Â íàñòîÿùåå âðåìÿ äëÿ ýòîé öåëè øèðîêîå

ðàñïðîñòðàíåíèå ïîëó÷èë ìåòîä ÈÊ-ñïåêòðîìåò-

ðèè ñ ïðåîáðàçîâàíèåì Ôóðüå, êîòîðûé îáëàäàåò

ðÿäîì ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ ïåðå÷èñëåí-

íûìè âûøå: ñïåêòðîìåòðû ñ ïðåîáðàçîâàíèåì

Ôóðüå ïîçâîëÿþò ðåãèñòðèðîâàòü ñïåêòðû æèä-

êèõ è òâåðäûõ îáðàçöîâ ñ âûñîêîé òî÷íîñòüþ (äî

10–4 ñì–1) ïðèìåðíî çà 1 ñ; íàëîæåíèå íåñêîëüêèõ

ñïåêòðîâ ïîçâîëÿåò èçáàâèòüñÿ îò øóìîâ, ÷òî

îáåñïå÷èâàåò îïðåäåëåíèå ñëåäîâûõ êîëè÷åñòâ

âåùåñòâ; Ôóðüå-ñïåêòðîìåòðû íå íóæäàþòñÿ âî

âíåøíèõ ñòàíäàðòàõ äëÿ ãðàäóèðîâêè âîëíîâûõ

÷èñåë, à ðàçðåøàþùóþ ñïîñîáíîñòü ìîæíî êîð-

ðåêòèðîâàòü, èçìåíÿÿ âåëè÷èíó õîäà çåðêàë.

Êðîìå òîãî, ìåòîä ÈÊ-ñïåêòðîìåòðèè ïîçâîëÿåò

îïðåäåëÿòü àðîìàòè÷åñêèå ñîåäèíåíèÿ â ïðîäóê-

òå íàïðÿìóþ, áåç ïðåäâàðèòåëüíîé ïîäãîòîâêè

[5 – 9].

Èñïîëüçîâàíèå ìåòîäà ÈÊ-ñïåêòðîìåòðèè

ðåãëàìåíòèðîâàíî äëÿ îïðåäåëåíèÿ àðîìàòè÷å-

ñêèõ óãëåâîäîðîäîâ â ýëåêòðîèçîëÿöèîííûõ ìàñ-

ëàõ — ÃÎÑÒ 28640–90 (ÌÝÊ 590–77, DIN IEC

60590), à òàêæå äëÿ îïðåäåëåíèÿ áåíçîëà â àâòî-

ìîáèëüíûõ è àâèàöèîííûõ áåíçèíàõ — ÃÎÑÒ

31871–2012.

Â ðàáîòå [10] áûëà èññëåäîâàíà âîçìîæíîñòü

èñïîëüçîâàíèÿ ìåòîäà ÈÊ-ñïåêòðîìåòðèè äëÿ

îïðåäåëåíèÿ ÀÓÂ â ðàçëè÷íûõ ïî ïðîèñõîæäå-

íèþ è ôðàêöèîííîìó ñîñòàâó ïðîäóêòàõ íåô-

òåïåðåðàáîòêè, â òîì ÷èñëå è ñðåäíèõ äèñòèëëÿ-

òàõ. Ðàññìîòðåííûå â äàííîé ðàáîòå íåôòåïðî-

äóêòû îáëàäàëè «óçêèì» ôðàêöèîííûì ñîñòàâîì

è ñîäåðæàëè ìåøàþùèå êîìïîíåíòû — ãåòåðî-

àòîìíûå ñîåäèíåíèÿ. Ïîëó÷åííûå ðåçóëüòàòû
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õîðîøî êîððåëèðîâàëè ñ ðåçóëüòàòàìè äðóãèõ

ìåòîäîâ.

Â ñâÿçè ñ ýòèì öåëü íàñòîÿùåé ðàáîòû çàêëþ-

÷àëàñü â ðàçðàáîòêå ñïîñîáà îïðåäåëåíèÿ ñóì-

ìàðíîãî ñîäåðæàíèÿ ÀÓÂ (ÓÀÓÂ) â êîìïîíåíòå

äèçåëüíîãî òîïëèâà ìåòîäîì ÈÊ-Ôóðüå ñïåêòðî-

ìåòðèè.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àíàëèçèðóåìûé îáðàçåö. Â ÀÎ «ÀÍÕÊ»

îäíèì èç êîìïîíåíòîâ äëÿ êîìïàóíäèðîâàíèÿ

äèçåëüíûõ òîïëèâ ÿâëÿåòñÿ ïðîäóêò, ïîëó÷àå-

ìûé â ïðîöåññå ãèäðîîáëàãîðàæèâàíèÿ ñûðüÿ â

æåñòêèõ óñëîâèÿõ (ïðè äàâëåíèè äî 30,0 ÌÏà è

òåìïåðàòóðå 380 – 400 °C), ÷òî îáåñïå÷èâàåò ïîë-

íîå óäàëåíèå àçîò-, ñåðî- è êèñëîðîäñîäåðæàùèõ

îðãàíè÷åñêèõ ñîåäèíåíèé è íåïðåäåëüíûõ óãëå-

âîäîðîäîâ, à òàêæå ÷àñòè÷íîå óäàëåíèå ÀÓÂ.

Îñíîâíûå ïîêàçàòåëè êà÷åñòâà î÷èùåííîãî êîì-

ïîíåíòà äèçåëüíûõ òîïëèâ ïðåäñòàâëåíû â

òàáë. 1.

Êàê âèäíî èç ïðåäñòàâëåííîé òàáëèöû, îáú-

åêò èññëåäîâàíèÿ íå ñîäåðæèò ñåðó, àçîò è ìåòàë-

ëû, â íåì ïðàêòè÷åñêè ïîëíîñòüþ îòñóòñòâóþò

íåïðåäåëüíûå óãëåâîäîðîäû. Àðîìàòè÷åñêèå óã-

ëåâîäîðîäû ïðåäñòàâëåíû èñêëþ÷èòåëüíî ïðîèç-

âîäíûìè áåíçîëà.

Îïåðàöèîííûé êîíòðîëü ïðîöåññà ãèäðîîá-

ëàãîðàæèâàíèÿ ïðîâîäÿò ïî îñòàòî÷íîìó ñîäåð-

æàíèþ ÀÓÂ êàê íàèáîëåå òðóäíî ãèäðèðóåìûõ

ñîåäèíåíèé ñ èñïîëüçîâàíèåì òèòðèìåòðè÷åñêî-

ãî ìåòîäà ïî ÃÎÑÒ 6994–74 (âðåìÿ âûïîëíåíèÿ

àíàëèçà — 210 ìèí). Ïîýòîìó äàííûé ïðîäóêò

áûë âûáðàí â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ.

Ïðîáû îáðàçöà îòáèðàëè â ñîîòâåòñòâèè ñ ÃÎÑÒ

2517–20124. Îáúåäèíåííóþ ïðîáó îòáèðàëè èç

âåðòèêàëüíûõ ðåçåðâóàðîâ ñ ïîìîùüþ ñòåêëÿí-

íîé áóòûëêè â ìåòàëëè÷åñêîì êàðêàñå.

Îáîðóäîâàíèå. ÈÊ-ñïåêòðû îáðàçöà ðåãè-

ñòðèðîâàëè ñ ïîìîùüþ ÈÊ-Ôóðüå-ñïåêòðîìåòðà

IRAffinity-1S (Shimadzu, ßïîíèÿ). Êþâåòà áûëà

èçãîòîâëåíà èç NaCl, ÷òî ïîçâîëÿëî ðåãèñòðèðî-

âàòü ñïåêòð ïîãëîùåíèÿ â îáëàñòè âàëåíòíûõ êî-

ëåáàíèé àðîìàòè÷åñêèõ ñîåäèíåíèé (5000 –

625 ñì–1) [11, 12].

Íà âûáîð òîëùèíû êþâåòû ìîãóò âëèÿòü êî-

ëè÷åñòâî èìåþùåãîñÿ â ðàñïîðÿæåíèè îáðàçöà

èëè åãî ðàñòâîðèìîñòü. Òîëùèíó ïîãëîùàþùåãî

ñëîÿ âûáèðàþò òàêèì îáðàçîì, ÷òîáû èíòåíñèâ-

íîñòü ïîëîñû âàëåíòíûõ êîëåáàíèé èíòåðåñó-

þùåé ôóíêöèîíàëüíîé ãðóïïû áûëà íå íèæå

0,01 è íå âûøå 1 [9, 12, 13]. Îïòèìàëüíàÿ òîëùè-

íà êþâåòû äëÿ àíàëèçà ãèäðîãåíèçàòà ñîñòàâëÿ-

ëà 0,1 ñì.

Äëÿ êîíòðîëüíûõ õðîìàòîãðàôè÷åñêèõ èçìå-

ðåíèé èñïîëüçîâàëè æèäêîñòíîé õðîìàòîãðàô

ProStar (Varian Inc., ÑØÀ), âðåìÿ àíàëèçà ïðè

ïðîâåäåíèè äâóõ ïàðàëëåëüíûõ îïðåäåëåíèé ñî-

ñòàâëÿëî 360 ìèí.

Îáñóæäåíèå ðåçóëüòàòîâ

Â èññëåäóåìîì îáðàçöå îïðåäåëèëè ÀÓÂ ìå-

òîäîì ÂÝÆÕ ïî ÃÎÑÒ 12916–2008: óñòàíîâèëè,
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Òàáëèöà 1. Îñíîâíûå ïîêàçàòåëè êà÷åñòâà ãèäðîãåíèçàòà — î÷èùåííîãî êîìïîíåíòà äèçåëüíîãî òîïëèâà

Table 1. Main quality indicators of hydrogenate (a purified component of diesel fuel)

Õàðàêòåðèñòèêà ÍÄ íà ìåòîä èñïûòàíèé Çíà÷åíèå

Ïëîòíîñòü ïðè 15 °C, êã/ì3 ÃÎÑÒ Ð 51069–97 836

Ìàññîâàÿ äîëÿ ñåðû, ìã/êã ÃÎÑÒ ISO 20884–16 Ìåíåå 5

Ìàññîâàÿ äîëÿ àçîòà, ìã/êã ASTM D 4629–17 Ìåíåå 0,3

Ñîäåðæàíèå ìåòàëëîâ, ìã/êã: IP501:15

íàòðèé Ìåíåå 1

íèêåëü Ìåíåå 1

âàíàäèé Ìåíåå 1

àëþìèíèé Ìåíåå 5

êðåìíèé Ìåíåå 10

Éîäíîå ÷èñëî, ã I
2
/100 ã ÃÎÑÒ 2070–82 0,4

Íàëè÷èå âîäîðàñòâîðèìûõ ùåëî÷åé ÃÎÑÒ 6307–75 Íåò

Èñïûòàíèå íà ìåäíîé ïëàñòèíêå ïðè 100 ± 1 °C â òå÷åíèå 3 ÷ ÃÎÑÒ 6321–92 Âûäåðæèâàåò

Ñîäåðæàíèå àðîìàòè÷åñêèõ óãëåâîäîðîäîâ, %: ÃÎÑÒ 12916–2018

ìîíî- 1,0 – 8,0

áè- Ìåíåå 0,1

òðè- è áîëåå Ìåíåå 0,1

4 ÃÎÑÒ 2517–2012. Íåôòü è íåôòåïðîäóêòû. Ìåòîäû îò-

áîðà ïðîá. — Ì.: Ñòàíäàðòèíôîðì, 2018. — 31 ñ.



÷òî â ïðîäóêòå ãèäðèðîâàíèÿ ñîäåðæàòñÿ òîëüêî

ìîíî-ÀÓÂ (ðèñ. 1) [14].

Âûáîð ñïåêòðàëüíîãî äèàïàçîíà îïðåäåëåíèÿ

ÀÓÂ îáóñëîâëåí íàëè÷èåì ñêåëåòíûõ êîëåáàíèé

C=C-ñâÿçè ïðè 1600 – 1500 ñì–1. Â çàâèñèìîñòè

îò âçàèìíîãî âëèÿíèÿ äðóãèõ ôóíêöèîíàëüíûõ

ãðóïï ïîëîæåíèå ïîëîñû âàëåíòíûõ êîëåáàíèé

óãëåðîäíûõ ñâÿçåé àðîìàòè÷åñêîãî êîëüöà ìîæåò

èçìåíÿòüñÿ â äèàïàçîíå 1595 – 1625 ñì–1 5 [10,

15]. Êðîìå òîãî, ïîëîñû âàëåíòíûõ êîëåáàíèé

C–H ñâÿçåé â ÀÓÂ íàáëþäàþòñÿ â èíòåðâàëå

3100 – 3000 ñì–1 è áëèæíåé ÈÊ-îáëàñòè ñïåêòðà

(900 è 675 ñì–1).

Íà ðèñ. 2 ïðèâåäåí ÈÊ-ñïåêòð èññëåäóåìîãî

êîìïîíåíòà äèçåëüíîãî òîïëèâà. Âèäíî, ÷òî â îá-

ëàñòÿõ «îòïå÷àòêîâ ïàëüöåâ» è 3000 ñì–1 íå íà-

áëþäàþòñÿ õàðàêòåðèñòè÷åñêèå ïîëîñû ÀÓÂ, à â

äèàïàçîíå 1595 – 1622 ñì–1 ïðèñóòñòâóþò ïîëî-

ñû, îòíîñÿùèåñÿ ê âàëåíòíûì êîëåáàíèÿì óãëå-

ðîäíûõ ñâÿçåé àðîìàòè÷åñêîãî êîëüöà. Ïîýòîìó

îïòè÷åñêóþ ïëîòíîñòü îáðàçöîâ, ëèíåéíî çàâèñÿ-

ùóþ îò ñîäåðæàíèÿ ÀÓÂ, èçìåðÿëè ïðè çíà÷åíèè

âîëíîâîãî ÷èñëà 1606,5 ñì–1, ñîîòâåòñòâóþùåì

êàíòó ïîëîñû.

Â êà÷åñòâå îáðàçöîâ ñðàâíåíèÿ ìû èñïîëüçî-

âàëè ïðîáû ãèäðîãåíèçàòà, îòîáðàííûå â ðàçíûå

ìîìåíòû âðåìåíè: èçìåíåíèå ïàðàìåòðîâ íå-

ïðåðûâíî ðàáîòàþùåé óñòàíîâêè äëÿ î÷èñòêè

äèçåëüíîãî òîïëèâà (â ÷àñòíîñòè, òåìïåðàòóðû)

îáóñëîâëèâàåò ðàçëè÷íîå ñîäåðæàíèå ÀÓÂ â ïî-

ëó÷àåìîì ãèäðîãåíèçàòå. Â ýòèõ îáðàçöàõ îïðåäå-

ëÿëè ÀÓÂ ìåòîäîì ÂÝÆÕ è äëÿ ïîñòðîåíèÿ ãðà-

äóèðîâî÷íîé çàâèñèìîñòè èñïîëüçîâàëè ïðîáû,

â êîòîðûõ ñîäåðæàíèå ÀÓÂ áûëî ïðèìåðíî öåëî-

÷èñëåííûì: òàêèå ïðîáû àíàëèçèðîâàëè ìåòîäîì

ÈÊ-Ôóðüå-ñïåêòðîìåòðèè è ñòðîèëè ãðàäóèðî-

âî÷íûé ãðàôèê â êîîðäèíàòàõ «ñóììàðíîå ñîäåð-

æàíèå ÀÓÂ — îïòè÷åñêàÿ ïëîòíîñòü îáðàçöîâ

ñðàâíåíèÿ» (òàáë. 2).

Ãðàäóèðîâî÷íàÿ çàâèñèìîñòü îïèñûâàåòñÿ

óðàâíåíèåì y = 0,0503x – 0,0251 (R2 = 0,9945).

Ïðàâèëüíîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ ÀÓÂ

ïî ïðåäëîæåííîé ìåòîäèêå ïðîâåðÿëè ñ èñïîëü-

çîâàíèåì ðåôåðåíòíîãî òèòðèìåòðè÷åñêîãî ìåòî-

äà (ÃÎÑÒ 6994), êîòîðûé ïðåäïîëàãàåòñÿ çàìå-

íèòü ðàçðàáîòàííîé ìåòîäèêîé. Äëÿ ïðîâåäåíèÿ

ñðàâíèòåëüíûõ èñïûòàíèé åæåäíåâíî ñ «ïîòîêà»

â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ÃÎÑÒ 2517–2012

îòáèðàëè ïðîáû î÷èùåííîãî êîìïîíåíòà äèçåëü-

íîãî òîïëèâà è àíàëèçèðîâàëè óêàçàííûìè ìåòî-

äàìè (òàáë. 3).

Êàê âèäíî èç ïðåäñòàâëåííûõ äàííûõ, ðàñ-

õîæäåíèÿ ìåæäó äâóìÿ ìåòîäàìè íå ïðåâûøàëè

0,9 % ìàññ., ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü, ÷òî

ðåçóëüòàò ïî ÃÎÑÒ 6994 ïðèâîäèòñÿ ñ òî÷íîñòüþ

äî öåëûõ çíà÷åíèé, à ñõîäèìîñòü ñîñòàâëÿåò

1 % àáñ., ÷òî äîïîëíèòåëüíî íàêëàäûâàåò ïî-
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Ðèñ. 1. Õðîìàòîãðàììà èññëåäóåìîãî êîìïîíåíòà äè-

çåëüíîãî òîïëèâà: 1 — íåàðîìàòè÷åñêèå; 2 — ìîíîàðîìà-

òè÷åñêèå; 3 — äèàðîìàòè÷åñêèå óãëåâîäîðîäû

Fig. 1. Chromatogram of the studied component of diesel

fuel: 1 — non-aromatic hydrocarbons; 2 — monoaromatic

hydrocarbons; 3 — diaromatic hydrocarbons

Ðèñ. 2. ÈÊ-ñïåêòð èññëåäóåìîãî êîìïîíåíòà äèçåëüíîãî

òîïëèâà

Fig. 2. IR spectrum of the diesel fuel component under

study

Òàáëèöà 2. Ðåçóëüòàòû àíàëèçà îáðàçöîâ ñðàâíåíèÿ ìå-

òîäîì ÈÊ-Ôóðüå-ñïåêòðîìåòðèè (n = 5; P = 0,95)

Table 2. Results of FT IR analysis of the referenced sam-

ples (n = 5; P = 0.9)

Ñðåäíÿÿ ìàññîâàÿ äîëÿ ÀÓÂ,

îïðåäåëåííàÿ ìåòîäîì ÂÝÆÕ, %

Îïòè÷åñêàÿ

ïëîòíîñòü îáðàçöà

1,0 0,0125 ± 0,0011

3,1 0,1299 ± 0,0014

4,0 0,1862 ± 0,0008

5,0 0,2381 ± 0,0007

6,0 0,2766 ± 0,0009

7,0 0,3224 ± 0,0005

8,0 0,3700 ± 0,0011

5 Àíèñèìîâà Í. À. Èäåíòèôèêàöèÿ îðãàíè÷åñêèõ ñîå-

äèíåíèé: ó÷. ïîñîáèå. — Ãîðíî-Àëòàéñê: ÐÈÎ Ãîðíî-

Àëòàéñêîãî ãîñóí-òà, 2009. — 95 ñ.



ãðåøíîñòü ïðè ñðàâíåíèè. Ïðîâåäåííûé ðàñ÷åò

ñòàíäàðòíîãî îòêëîíåíèÿ ìåæäó ðåçóëüòàòàìè

äâóõ ìåòîäîâ ñîñòàâèë 0,473 % ìàññ., ÷òî âõîäèò â

ïîâòîðÿåìîñòü ïî ÃÎÑÒ 6994.

Äëÿ âíóòðåííåãî êîíòðîëÿ êà÷åñòâà ðåçóëü-

òàòîâ îïðåäåëåíèÿ ñóììàðíîãî ñîäåðæàíèÿ ÀÓÂ

ìåòîäîì ÈÊ-Ôóðüå-ñïåêòðîìåòðèè ðàññ÷èòàëè

ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè àíàëèçà ñîãëàñ-

íî òðåáîâàíèÿì ÐÌÃ 76–20146 (òàáë. 4).

Ïîâòîðÿåìîñòü ðåçóëüòàòîâ àíàëèçà îöåíèëè

ïî êðèòåðèþ Êîõðåíà, ïðåäâàðèòåëüíî ðàññ÷èòàâ

ñðåäíåå àðèôìåòè÷åñêîå è âûáîðî÷íóþ äèñ-

ïåðñèþ: îöåíêà ïîêàçàëà, ÷òî ïðîöåäóðà âûïîë-

íåíèÿ àíàëèçà ñîáëþäåíà. Äëÿ îöåíêè âíóòðè-

ëàáîðàòîðíîé ïðåöèçèîííîñòè ïðîâåðèëè ñðåä-

íèå çíà÷åíèÿ íà íàëè÷èå âûáðîñîâ ïî êðèòåðèþ

Ãðàááñà (âûáðîñû îòñóòñòâóþò). Ïîêàçàòåëü

ïðàâèëüíîñòè îöåíèëè ñ ïîìîùüþ êðèòåðèÿ

Ñòüþäåíòà: óñòàíîâëåíî, ÷òî ñìåùåíèå ðåçóëüòà-

òîâ àíàëèçà íåçíà÷èìî íà ôîíå ñëó÷àéíîãî ðàç-

áðîñà [6].
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Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ àðîìàòè÷åñêèõ óãëåâîäîðîäîâ â î÷èùåííîì êîìïîíåíòå äèçåëüíîãî òîïëèâà ðåôå-

ðåíòíûì è ðàçðàáîòàííûì ìåòîäàìè

Table 3. Results of AHC determination in the purified component of diesel fuel by the developed method and reference

procedures

Íîìåð

îáðàçöà

Ñîäåðæàíèå ÀÓÂ, % ìàññ.

|Ä|, %
Íîìåð

îáðàçöà

Ñîäåðæàíèå ÀÓÂ, % ìàññ.

|Ä|, %

ÈÊ-ñïåêòðîìåòðèÿ ÃÎÑÒ 6994 ÈÊ-ñïåêòðîìåòðèÿ ÃÎÑÒ 6994

1 5,7 5 0,7 31 3,0 3 0,0

2 5,5 5 0,5 32 3,0 3 0,0

3 5,7 5 0,7 33 1,7 1 0,7

4 5,8 5 0,8 34 1,7 2 0,3

5 5,9 5 0,9 35 2,3 2 0,3

6 5,8 5 0,8 36 2,5 2 0,5

7 2,3 2 0,3 37 2,5 3 0,5

8 10,5 10 0,5 38 1,8 2 0,2

9 7,8 7 0,8 39 1,7 2 0,3

10 2,3 2 0,3 40 1,7 1 0,7

11 2,3 3 0,7 41 3,1 3 0,1

12 2,5 3 0,5 42 2,5 3 0,5

13 2,3 2 0,3 43 3,3 3 0,3

14 2,8 2 0,8 44 3,6 3 0,6

15 2,3 2 0,3 45 3,6 3 0,6

16 0,5 1 0,5 46 3,7 3 0,7

17 2,6 3 0,4 47 3,7 3 0,7

18 2,4 2 0,4 48 3,7 3 0,7

19 2,4 2 0,4 49 3,2 4 0,8

20 2,8 2 0,8 50 3,9 3 0,9

21 2,8 2 0,8 51 3,7 3 0,7

22 2,7 2 0,7 52 2,9 2 0,9

23 3,7 3 0,7 53 2,9 2 0,9

24 3,4 3 0,4 54 2,6 2 0,6

25 3,4 3 0,4 55 2,6 2 0,6

26 2,8 2 0,8 56 2,3 2 0,3

27 2,8 3 0,3 57 2,3 2 0,3

28 2,6 3 0,4 58 2,1 2 0,1

29 2,7 3 0,3 59 2,5 2 0,5

30 3,7 3 0,7 60 2,9 2 0,9

6 ÐÌÃ 76–2014. Ãîñóäàðñòâåííàÿ ñèñòåìà îáåñïå÷åíèÿ

åäèíñòâà èçìåðåíèé. Âíóòðåííèé êîíòðîëü êà÷åñòâà ðå-

çóëüòàòîâ êîëè÷åñòâåííîãî õèìè÷åñêîãî àíàëèçà. — Ì.:

Ñòàíäàðòèíôîðì, 2016. — 111 ñ.



Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ìåòîäèêà ÈÊ-

Ôóðüå-ñïåêòðîìåòðè÷åñêîãî îïðåäåëåíèÿ ñóì-

ìàðíîãî ñîäåðæàíèÿ ÀÓÂ â î÷èùåííîì êîìïî-

íåíòå äèçåëüíîãî òîïëèâà. Â îòëè÷èå îò ðåãëà-

ìåíòèðóåìûõ ÃÎÑÒ ìåòîäèê (õðîìàòîãðàôè÷å-

ñêîé è òèòðèìåòðè÷åñêîé), ïðåäëîæåííûé ñïîñîá

ÿâëÿåòñÿ ýêñïðåññíûì: âðåìÿ âûïîëíåíèÿ àíàëè-

çà ñîñòàâëÿåò 31 ìèí. Äëÿ îöåíêè ïðàâèëüíîñòè

ìåòîäèêè ðåçóëüòàòû ÈÊ-ñïåêòðîìåòðè÷åñêîãî

îïðåäåëåíèÿ ÀÓÂ ñðàâíèëè ñ ðåçóëüòàòàìè íåçà-

âèñèìîãî ìåòîäà (òèòðèìåòðè÷åñêîãî): ðàñõîæäå-

íèå ðåçóëüòàòîâ, ïîëó÷åííûõ äâóìÿ ìåòîäàìè,

ñòàòèñòè÷åñêè íåçíà÷èìî.

Ñëåäóåò îòìåòèòü, ÷òî ðàçðàáîòàííàÿ ìåòîäè-

êà îïðåäåëåíèÿ àðîìàòè÷åñêèõ óãëåâîäîðîäîâ â

ãèäðîãåíèçàòå äèçåëüíîãî òîïëèâà ïðåäïîëàãàåò

îòñóòñòâèå ìåøàþùèõ âåùåñòâ (ôåíîëîâ, ïîëèî-

ëåôèíîâ, ñåðîñîäåðæàùèõ è êàðáîíèëüíûõ ñî-

åäèíåíèé) â ïðîáå. Èñïîëüçîâàíèå äàííîé ìåòî-

äèêè äëÿ îïðåäåëåíèÿ ÀÓÂ â äðóãèõ êîìïîíåí-

òàõ äèçåëüíîãî òîïëèâà íåöåëåñîîáðàçíî áåç ïðî-

âåäåíèÿ äîïîëíèòåëüíûõ èññëåäîâàíèé ïî îïðå-

äåëåíèþ ìåøàþùèõ âåùåñòâ, îöåíêè èõ âëèÿíèÿ

íà òî÷íîñòü ìåòîäèêè è ðàçðàáîòêè ñïîñîáà ïðî-

áîïîäãîòîâêè òàêèõ îáðàçöîâ.
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Êâàðöåâûå îïòè÷åñêèå âîëîêíà (ÎÂ) ñ äèàìåòðîì ñâåòîâåäóùåé ñåðäöåâèíû 400 –

800 ìêì, èçãîòîâëåííûå èç áèîñîâìåñòèìûõ ìàòåðèàëîâ, øèðîêî ïðèìåíÿþò â ëàçåðíîé

ìåäèöèíå. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ îïòè÷åñêèõ ïàðàìåòðîâ

êâàðö-ïîëèìåðíîãî ÎÂ ñî ñâåòîîòðàæàþùåé îáîëî÷êîé èç òåðìîïëàñòè÷íîãî ñîïîëèìåðà

òåòðàôòîðýòèëåíà ñ ýòèëåíîì è âëèÿíèÿ íà ýòè ïàðàìåòðû óñëîâèé íàíåñåíèÿ îáîëî÷êè.

Ïîêðûòèå èç ðàñïëàâà ïîëèìåðà íàíîñèëè íà ïîâåðõíîñòü êâàðöåâîãî âîëîêíà ôèëüåð-

íûì ñïîñîáîì íà âûòÿæíîé óñòàíîâêå íåïîñðåäñòâåííî âî âðåìÿ âûòÿæêè. ×èñëîâóþ àïåð-

òóðó îïðåäåëÿëè ïî ðàñïðåäåëåíèþ âûõîäÿùåãî èç ÎÂ ëàçåðíîãî èçëó÷åíèÿ â äàëüíåì

ïîëå, îïòè÷åñêèå ïîòåðè — ïî ðàñïðåäåëåíèþ ðàññåÿííîãî ñâåòîîòðàæàþùåé îáîëî÷êîé

èçëó÷åíèÿ ïî äëèíå ÎÂ. Ïàðàìåòðû ðàññåÿíèÿ ïðîõîäÿùåãî ïî ÎÂ ëàçåðíîãî èçëó÷åíèÿ

îöåíèâàëè ïî èíòåíñèâíîñòè è èíäèêàòðèñå ðàññåÿíèÿ. Èññëåäîâàëè îáðàçöû ÎÂ ñ êâàðöå-

âîé ñåðäöåâèíîé (äèàìåòð — 400 ìêì) è ñâåòîîòðàæàþùåé îáîëî÷êîé (òîëùèíà —

70 – 90 ìêì) äëèíîé äî 50 ì, ó êîòîðûõ ñâåòîîòðàæàþùàÿ îáîëî÷êà âûïîëíÿëà îäíîâðå-

ìåííî è çàùèòíóþ ôóíêöèþ. Âûÿâèëè, ÷òî êà÷åñòâî íàíåñåííîãî ïîêðûòèÿ è îïòè÷åñêèå

ïàðàìåòðû âîëîêíà çàâèñÿò îò ñêîðîñòè âûòÿæêè ÎÂ (ñêîðîñòè íàíåñåíèÿ ïîêðûòèÿ) Vd.

Ïðè Vd � 2 ì/ìèí ôîðìèðîâàëîñü ãëàäêîå ïîêðûòèå, ïðè Vd > 2 ì/ìèí — øåðøàâîå, êîòî-

ðîå (ïðè Vd = 6 ì/ìèí) ïåðåõîäèëî â òàê íàçûâàåìóþ «àêóëüþ êîæó». Óñòàíîâèëè òàêæå,

÷òî ðàññåÿíèå ïðîõîäÿùåãî ïî ÎÂ èçëó÷åíèÿ âûçâàíî ñòðóêòóðîé ïîëèìåðà, êîòîðàÿ â

ñâîåì ñîñòàâå èìååò êðèñòàëëè÷åñêóþ è àìîðôíóþ ôàçû ñ ðàçëè÷íûìè ïîêàçàòåëÿìè ïðå-

ëîìëåíèÿ. Íàèìåíüøåå ðàññåÿíèå ôèêñèðîâàëè ó îáðàçöîâ ÎÂ ñ ãëàäêèì ïîêðûòèåì. Ñóì-

ìàðíûå îïòè÷åñêèå ïîòåðè íà äëèíå âîëíû ë = 532 íì ó íèõ ñîñòàâèëè 300 – 720 äÁ/êì,

íîìèíàëüíàÿ ÷èñëîâàÿ àïåðòóðà — 0,44. Êðîìå òîãî, ïîëó÷åííûå äàííûå ïîêàçàëè, ÷òî êî-

ðîòêèå (1,5 – 3 ì) îáðàçöû îáåñïå÷èâàþò ïðîïóñêàíèå 80 – 93 % ââåäåííîé ìîùíîñòè.
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Silica optical fibers (OF) having a core diameter of 400 – 800 ìm made of biocompatible materials are

widely used in laser medicine. The results of studying the optical parameters of novel silica-polymeric opti-

cal fiber with a reflective thermoplastic copolymer coating (tetrafluoroethylene – ethylene) and the influ-

ence of coating conditions on these optical parameters are presented. Coatings from polymer melt were

applied to the silica fiber surface by orifice drawing. The numerical aperture of the drawn OF was mea-

sured by distribution of the laser radiation emerging from OF in the far field. The optical losses were de-

termined by the distribution of the radiation scattered by the reflective coating along the OF length. The

scattering parameters of the laser radiation transmitted through OF were estimated by the intensity and

indicatrix of scattering. We studied OF samples up to 50 m in length with a silica core of about 400 ìm in

diameter and reflective coating with a thickness of 70 – 90 ìm, the reflective coating also performed a pro-

tective function. The quality of applied coating and optical parameters of the OF samples depended on the

speed of fiber drawing (coating speed) Vd. A smooth coating was obtained at Vd � 2 m/min. When

Vd > 2 m/min the coating became rough, turning into the so-called “shark skin” at Vd = 6 m/min. Ob-

served scattering of radiation passing through the studied OF samples was attributed to the polymer

structure which contained both crystalline and amorphous phases with different values of the refractive

index. The smallest scattering was observed in a smooth-coated OF. The total optical loss at a wavelength

ë = 532 nm amounted to 300 – 720 dB/km (a nominal numerical aperture was 0.44). Short (1.5 – 3 m) OF

samples were shown to provide a transmission of 80 – 93% of the input power.

Keywords: silica-polymeric optical fiber; thermoplastic fluoropolymer reflective coating; light scattering;

numerical aperture; optical losses.

Ââåäåíèå

Êâàðöåâûå îïòè÷åñêèå âîëîêíà (ÎÂ) ñ äèà-

ìåòðîì ñâåòîâåäóùåé ñåðäöåâèíû 400 – 800 ìêì

øèðîêî ïðèìåíÿþò â ëàçåðíîé ìåäèöèíå äëÿ

òðàíñïîðòèðîâêè ëàçåðíîãî èçëó÷åíèÿ â îïòè÷å-

ñêîì è áëèæíåì ÈÊ-äèàïàçîíàõ èçëó÷åíèÿ

[1 – 4]. Ñóùåñòâóåò äâà îñíîâíûõ òèïà òàêèõ ÎÂ:

êâàðö-êâàðöåâûå è êâàðö-ïîëèìåðíûå. Ó ïåðâûõ

â êà÷åñòâå ñâåòîîòðàæàþùåé îáîëî÷êè èñïîëü-

çóþò êâàðöåâîå ñòåêëî, ëåãèðîâàííîå ôòîðîì,

ó âòîðûõ — êðåìíèéîðãàíè÷åñêèå ýëàñòîìåðû

[5, 6]. Ïîâåðõ îáîëî÷åê íàíîñÿò çàùèòíîå ïîêðû-

òèå èç áèîñîâìåñòèìîãî òåðìîïëàñòè÷íîãî ïîëè-

ìåðà. Íåäîñòàòîê êâàðö-êâàðöåâûõ ÎÂ — íèçêàÿ

÷èñëîâàÿ àïåðòóðà (0,22). Ó êâàðö-ïîëèìåðíûõ

ÎÂ ÷èñëîâàÿ àïåðòóðà âûøå (0,4), íî äëÿ èõ

ôîðìèðîâàíèÿ òðåáóåòñÿ äâîéíîå ïîëèìåðíîå

ïîêðûòèå.

Èñïîëüçîâàíèå â êà÷åñòâå ìàòåðèàëà äëÿ ïî-

êðûòèÿ òåðìîïëàñòè÷íûõ ïîëèìåðîâ ñ âûñîêèì

ñîäåðæàíèåì ôòîðà (ïîêàçàòåëü ïðåëîìëåíèÿ

ìåíüøå, ÷åì ó êâàðöåâîãî ñòåêëà) [7] ïîçâîëÿåò

èçãîòîâèòü ìíîãîìîäîâûå êâàðö-ïîëèìåðíûå ÎÂ

ñ âûñîêîé (>0,4) ÷èñëîâîé àïåðòóðîé. Â ýòîì ñëó-

÷àå ñâåòîîòðàæàþùàÿ îáîëî÷êà îäíîâðåìåííî

âûïîëíÿåò è çàùèòíóþ ôóíêöèþ.

Öåëü ðàáîòû — èññëåäîâàíèå îïòè÷åñêèõ ïà-

ðàìåòðîâ êâàðö-ïîëèìåðíîãî ÎÂ ñî ñâåòîîòðà-

æàþùåé îáîëî÷êîé èç òåðìîïëàñòè÷íîãî ñîïîëè-

ìåðà òåòðàôòîðýòèëåíà ñ ýòèëåíîì è âëèÿíèÿ íà

ýòè ïàðàìåòðû óñëîâèé íàíåñåíèÿ îáîëî÷êè.

Îáîðóäîâàíèå, ìàòåðèàëû, ìåòîäû

Ïîêðûòèå èç ðàñïëàâà ïîëèìåðà íàíîñèëè íà

ïîâåðõíîñòü êâàðöåâîãî âîëîêíà ôèëüåðíûì ñïî-

ñîáîì íà âûòÿæíîé óñòàíîâêå (âûñîòà óñòàíîâ-

êè — 3,5 ì) íåïîñðåäñòâåííî âî âðåìÿ âûòÿæêè.

Óñòàíîâêà âêëþ÷àëà: ìåõàíèçì ïîäà÷è çàãîòîâêè

(ñêîðîñòü Vf = 0,5 – 10 ì/ìèí), âûñîêîòåìïå-

ðàòóðíóþ ïå÷ü ñ ãðàôèòîâûì íàãðåâàòåëüíûì

ýëåìåíòîì (òåìïåðàòóðà Tm = 500 – 2200 °C),

èçìåðèòåëü äèàìåòðà âûòÿãèâàåìîãî âîëîêíà,

ìåõàíèçì âûòÿãèâàíèÿ (ñêîðîñòü Vd =

= 0,5 – 10 ì/ìèí).

Äëÿ ïëàâëåíèÿ òåðìîïëàñòà èñïîëüçîâàëè

òðóá÷àòóþ ïå÷ü ñîïðîòèâëåíèÿ, âíóòðü êîòîðîé

ïåðåä âûòÿæêîé ïîìåùàëè ñòåêëÿííóþ ôèëüåðó

ñ ãðàíóëàìè òåðìîïëàñòà (äèàïàçîí òåìïåðàòó-

ðû — 100 – 350 °C, òî÷íîñòü ïîääåðæàíèÿ òåìïå-

ðàòóðû — 0,5 °C). Ïëàâëåíèå ãðàíóë ïðîèñõî-

äèëî íåïîñðåäñòâåííî â ôèëüåðå. Ïîêðûòèå íà

âûòÿãèâàåìîå êâàðöåâîå âîëîêíî íàíîñèëîñü çà

ñ÷åò àäãåçèè ðàñïëàâà ê ïîâåðõíîñòè ÎÂ ïðè åãî

ïðîõîæäåíèè ÷åðåç ôèëüåðó ñ ðàñïëàâîì [8].

Ôèëüåðû èçãîòàâëèâàëè èç òîíêîñòåííûõ

ñòåêëÿííûõ òðóá ìàðêè ÑË-96-1 (âíåøíèé äèà-

ìåòð — 26 èëè 32 ìì) ñ êîíè÷åñêèìè ó÷àñòêàìè

íà êîíöàõ. Äëèíà öèëèíäðè÷åñêîé ÷àñòè ôèëüå-

ðû ñîñòàâëÿëà 150 – 160, êîíè÷åñêîé — 35 –

40 ìì. Âíóòðåííèé âûõîäíîé äèàìåòð ôèëüå-

ðû — 0,7 – 1 ìì.

Èçìåðåíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì ëà-

çåðà LG 303 (äëèíà âîëíû ë = 532 íì). ×èñëîâóþ

àïåðòóðó îöåíèâàëè ïî ðàñïðåäåëåíèþ âûõîäÿ-

ùåãî èç ÎÂ ëàçåðíîãî èçëó÷åíèÿ â äàëüíåì ïîëå.

Çà âåëè÷èíó àïåðòóðíîãî óãëà ïðèíèìàëè óãîë,

ïðè êîòîðîì èíòåíñèâíîñòü ïîëÿ èçëó÷åíèÿ

óìåíüøàëàñü äî óðîâíÿ 0,05 îò ìàêñèìàëüíîé èí-

òåíñèâíîñòè.

Ñõåìû îïðåäåëåíèé îïòè÷åñêèõ ïàðàìåòðîâ

ÎÂ ïðèâåäåíû íà ðèñ. 1. Âõîäíóþ àïåðòóðó âîç-

áóæäàþùåãî ëó÷à èçìåðÿëè ñ ïîìîùüþ ðåãóëè-

ðóåìîãî ñäâèãà îñè ëàçåðà îòíîñèòåëüíî îñè îáú-
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åêòèâà íà âåëè÷èíó ä < 5 ìì. Ìàêñèìàëüíûé

ñäâèã (ä = 5 ìì) ñîîòâåòñòâîâàë âõîäíîé àïåð-

òóðå 0,4. Äèàìåòð âõîäíîé äèàôðàãìû ôîòî-

ïðèåìíèêà ÔÝÓ-51 ñîñòàâëÿë 10, ðàññòîÿíèå îò

äèàôðàãìû äî îòêðûòîãî ó÷àñòêà îáîëî÷êè —

120 ìì.

Äëÿ ïîâûøåíèÿ ÷óâñòâèòåëüíîñòè ðåãèñòðà-

öèè ðàññåÿííîãî èçëó÷åíèÿ è âîçìîæíîñòè èçìå-

ðåíèÿ ðàñïðåäåëåíèÿ åãî èíòåíñèâíîñòè ïî äëè-

íå ÎÂ ðàññòîÿíèå îò ñâåòî÷óâñòâèòåëüíîãî ñëîÿ

ôîòîïðèåìíèêà äî ðàññåèâàþùåé îáîëî÷êè ÎÂ

ñîñòàâëÿëî ~20 ìì (àíàëîãè÷íîå ðàññòîÿíèå ïðè

èçìåðåíèè èíäèêàòðèñû ðàññåÿíèÿ — 120 ìì).

Îïòè÷åñêèå ïîòåðè â ÎÂ îöåíèâàëè ìåòîäîì

áîêîâîãî ðàññåÿíèÿ èçëó÷åíèÿ [9]. Ïîñêîëüêó èí-

òåíñèâíîñòü ðàññåÿíèÿ Is(l) ïðîïîðöèîíàëüíà èí-

òåíñèâíîñòè ïðîõîäÿùåãî ïî ÎÂ èçëó÷åíèÿ I(l),

äëÿ îïòè÷åñêèõ ïîòåðü ñïðàâåäëèâà ôîðìóëà

�
�
�

10 0

l

I

I l

s

s

lg
( )

( )
, (1)

ãäå l — ðàññòîÿíèå âäîëü îñè ÎÂ îò âõîäíîãî òîð-

öà äî ìåñòà ðåãèñòðàöèè èçëó÷åíèÿ.

Äëÿ ñâåòîâåäóùèõ ñåðäöåâèí èñïîëüçîâàëè

øòàáèêè èç îïòè÷åñêîãî êâàðöåâîãî ñòåêëà ìàðîê

ÊÓ-1 (äëÿ ÓÔ-äèàïàçîíà), ÊÂ (äëÿ âèäèìîãî äèà-

ïàçîíà) è ÊÓÂÈ-1 (äëÿ áëèæíåãî ÈÊ-äèàïàçîíà).

Â êà÷åñòâå ìàòåðèàëà äëÿ ïîêðûòèÿ ïðèìåíÿëè

ñîïîëèìåð òåòðàôòîðýòèëåíà ñ ýòèëåíîì ìàðêè

Tefzel.

Îáñóæäåíèå ðåçóëüòàòîâ

Èññëåäîâàëè îáðàçöû ÎÂ ñ êâàðöåâîé ñåðäöå-

âèíîé (äèàìåòð — 400 ìêì) è ñâåòîîòðàæàþùåé

îáîëî÷êîé (òîëùèíà — 70 – 90 ìêì) äëèíîé äî

50 ì, ó êîòîðûõ ñâåòîîòðàæàþùàÿ îáîëî÷êà îäíî-

âðåìåííî âûïîëíÿëà è çàùèòíóþ ôóíêöèþ.

Óñòàíîâèëè, ÷òî êà÷åñòâî íàíîñèìîãî ïîêðûòèÿ

è îïòè÷åñêèå ïàðàìåòðû ÎÂ çàâèñÿò îò ñêîðîñòè

âûòÿæêè âîëîêíà (ñêîðîñòè íàíåñåíèÿ ïîêðû-

òèÿ) Vd. Ïðè Vd < 2 ì/ìèí ôîðìèðîâàëîñü ãëàä-

êîå ïîêðûòèå, ïðè Vd � 2 ì/ìèí — øåðøàâîå, êî-

òîðîå ñ âîçðàñòàíèåì Vd (ïðè Vd = 6 ì/ìèí) ïåðå-

õîäèëî â òàê íàçûâàåìóþ «àêóëüþ êîæó» [10].

Ïðè äàëüíåéøåì óâåëè÷åíèè ñêîðîñòè (Vd �

� 7 ì/ìèí) ôèêñèðîâàëè ñðûâ íàíîñèìîãî ïîêðû-

òèÿ, ÷òî ïðåäïîëîæèòåëüíî ìîæíî îáúÿñíèòü

ïåðåõîäîì ðàñïëàâà ïîëèìåðà èç âÿçêîòåêó÷åãî â

âûñîêîýëàñòè÷íîå ñîñòîÿíèå.

Íà ðèñ. 2 ïðèâåäåíû ÎÂ ñ ïîêðûòèÿìè, ñôîð-

ìèðîâàííûìè ïðè ðàçëè÷íûõ ñêîðîñòÿõ âûòÿæ-

êè. Âèäíî, ÷òî ñ ðîñòîì ñêîðîñòè êà÷åñòâî ïîêðû-

òèÿ óõóäøàåòñÿ. Ýòî ñâÿçàíî ñ íåóñòîé÷èâîñòüþ

òå÷åíèÿ ðàñïëàâà â ôèëüåðå, îáóñëîâëåííîé âîç-
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Ðèñ. 1. Ñõåìû èçìåðåíèé ïðîôèëÿ ïîëÿ èçëó÷åíèÿ ÎÂ â äàëüíåé çîíå (à), èíäèêàòðèñû ðàññåÿíèÿ (á) è ðåãèñòðàöèè ðàñ-

ñåÿííîãî ñâåòîîòðàæàþùåé îáîëî÷êîé ëàçåðíîãî èçëó÷åíèÿ (â): 1 — ëàçåð LG 303; 2 — ðàñøèðèòåëü ëàçåðíîãî ëó÷à; 3 —

ôîêóñèðóþùèé îáúåêòèâ; 4 — èññëåäóåìûé îáðàçåö ÎÂ; 5 — ãîíèîìåòð; 6 — ôîòîïðèåìíèê ÔÝÓ-51; 7 — îòêðûòûé ó÷àñ-

òîê îáîëî÷êè ÎÂ äëèíîé 10 ìì; 8 — ýêðàíèðóþùèå òðóáî÷êè íà ÎÂ; 9 — þñòèðîâî÷íûé ñòîëèê, îáåñïå÷èâàþùèé ñäâèã

îñè ëàçåðà îòíîñèòåëüíî îñè îáúåêòèâà; 10 — êîæóõ ÔÝÓ; ö — óãîë íàáëþäåíèÿ

Fig. 1. The measurement schemes of the far-field radiation profiles of the OF (a), scattering indicatrix (b), and scheme for

registration of laser radiation scattered by reflective coating (c): 1 — laser LG 303; 2 — laser beam expander; 3 — focusing

lens; 4 — OF sample; 5 — goniometer; 6 — photodetector FEU-51; 7 — open section of the OF coating (length — 10 mm); 8 —

screening tubes on the OF; 9 — the laser feed mechanism providing a shift of the laser axis relative to the lens axis; 10 —

photodetector cage; ö — viewing angle



íèêàþùèìè â ðàñïëàâå óïðóãèìè (âûñîêîýëà-

ñòè÷íûìè) íàïðÿæåíèÿìè, êîòîðûå íàêëàäûâà-

þòñÿ íà ñäâèãîâûå íàïðÿæåíèÿ âÿçêîãî òå÷åíèÿ.

Çàìåòèì, ÷òî íåóñòîé÷èâîñòü òèïà «àêóëüåé

êîæè» (ýëàñòè÷íàÿ òóðáóëåíòíîñòü) âîçíèêàåò

ïðè íàïðÿæåíèÿõ ñäâèãà ôñ = 0,1 – 0,3 ÌÏà [11].

Ïðè ïðîõîæäåíèè ëàçåðíîãî èçëó÷åíèÿ ïî

ñôîðìèðîâàííûì ÎÂ ôèêñèðîâàëè åãî ðàññåÿíèå

îáîëî÷êîé, ÷òî âûçâàíî ñòðóêòóðîé ïîëèìåðà,

èìåþùåãî â ñâîåì ñîñòàâå êðèñòàëëè÷åñêóþ è

àìîðôíóþ ôàçû ñ ðàçëè÷íûìè çíà÷åíèÿìè ïîêà-

çàòåëÿ ïðåëîìëåíèÿ. Èíòåíñèâíîñòü ðàññåÿííîãî

èçëó÷åíèÿ, êîòîðîå ìîæíî áûëî íàáëþäàòü ïîä

ëþáûì óãëîì íàáëþäåíèÿ ê îñè ÎÂ, çàâèñåëà îò

êà÷åñòâà íàíåñåííîãî ïîêðûòèÿ è àïåðòóðû ââå-

äåííîãî èçëó÷åíèÿ.

Êàê èçâåñòíî, èíäèêàòðèñà ðàññåÿíèÿ ñâåòà

õàðàêòåðèçóåò îïòè÷åñêóþ íåîäíîðîäíîñòü ìàòå-

ðèàëà, ïî êîòîðîìó îí ðàñïðîñòðàíÿåòñÿ [12 –

15]. Íà ðèñ. 3 ïðèâåäåíû èíäèêàòðèñû ðàññåÿíèÿ

äëÿ îáðàçöîâ ÎÂ, ñôîðìèðîâàííûõ ïðè ðàçíûõ

ñêîðîñòÿõ âûòÿæêè. Âèäíî, ÷òî ôîðìà êðèâîé

ïðàêòè÷åñêè íå çàâèñèò îò ñêîðîñòè íàíåñåíèÿ

ïîêðûòèÿ. Îòìåòèì, ÷òî ôîðìà èíäèêàòðèñû

ðàññåÿíèÿ íå çàâèñèò è îò àïåðòóðû ââåäåííîãî â

ÎÂ èçëó÷åíèÿ.

Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿíèÿ Js îò

âõîäíîé àïåðòóðû ââåäåííîãî èçëó÷åíèÿ NAin

äëÿ ðàçëè÷íûõ ñêîðîñòåé íàíåñåíèÿ ïîêðûòèÿ

ïðåäñòàâëåíû íà ðèñ. 4. Ðàññåÿííîå èçëó÷åíèå

ðåãèñòðèðîâàëè íà ó÷àñòêàõ ÎÂ, îòñòîÿùèõ íà

ðàññòîÿíèè 30 ñì îò âõîäíîãî òîðöà ÎÂ. Èçìåðå-

íèÿ ïðîâîäèëè íà êîðîòêèõ (0,4 – 0,6 ì) îòðåçêàõ

ÎÂ, äëÿ êîòîðûõ àïåðòóðà âîçáóæäàþùåãî èçëó-

÷åíèÿ NAin ñîâïàäàëà ñ âûõîäíîé àïåðòóðîé

NAout. Ïîñëåäíþþ îöåíèâàëè ïî ôîðìóëå

NAout � sin[arctg(H/2D)], (2)

ãäå D — äèàìåòð ïÿòíà èçëó÷åíèÿ; H = 60 ìì —

ðàññòîÿíèå îò âûõîäíîãî òîðöà ÎÂ.

Âèäíî, ÷òî ÷åì áîëüøå àïåðòóðà ââåäåííîãî

èçëó÷åíèÿ, òåì âûøå èíòåíñèâíîñòü ðàññåÿíèÿ.

Ýòî ñâÿçàíî ñ òåì, ÷òî ãëóáèíà ïðîíèêíîâåíèÿ

ìîäû èçëó÷åíèÿ â îáîëî÷êó òåì áîëüøå, ÷åì

áîëüøå åå àïåðòóðà. Óâåëè÷åíèå èíòåíñèâíîñòè

ðàññåÿíèÿ ïðè ïîâûøåíèè ñêîðîñòè íàíåñåíèÿ

ïîêðûòèÿ ñâÿçàíî ñ ðîñòîì øåðîõîâàòîñòè íàíå-

ñåííîãî ïîêðûòèÿ.

Íà ðèñ. 5 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ èí-

òåíñèâíîñòè ðàññåÿííîãî èçëó÷åíèÿ ïî äëèíå âî-

ëîêíà Js(x) äëÿ ÎÂ äëèíîé 18,5 ì, èçìåðåííûå

ïðè ðàçëè÷íûõ çíà÷åíèÿõ àïåðòóðû âîçáóæäàþ-

ùåãî ëó÷à NAin. Âèäíî, ÷òî ÷åì áîëüøå àïåðòóðà,

òåì âûøå èíòåíñèâíîñòü ðàññåÿíèÿ íà íà÷àëü-

íîì ó÷àñòêå ÎÂ è òåì ñèëüíåå îíà îñëàáåâàåò ïðè

óâåëè÷åíèè ðàññòîÿíèÿ x äî âõîäíîãî òîðöà ÎÂ.

Ýòî ñâèäåòåëüñòâóåò î çíà÷èòåëüíîì âêëàäå ðàñ-

ñåÿíèÿ â ñóììàðíûå îïòè÷åñêèå ïîòåðè, îñîáåí-

íî ïðè áîëüøîé (>0,3) àïåðòóðå. Ðàñ÷åòû ïîêà-
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êðûòèÿ 2 (1) è 7 ì/ìèí (2)

Fig. 3. Dependences of the intensity of radiation scattered

by the reflective coating on the viewing angle for OF formed

at different speed of coating 2 (1) and 7 m/min (2)



çûâàþò, ÷òî ïðè NAin = 0,4 ñóììàðíîå ðàññåÿí-

íîå îáîëî÷êîé èçëó÷åíèå ìîæåò â íåñêîëüêî

(3 – 5) ðàç ïðåâûøàòü èçëó÷åíèå, ïðîøåäøåå

÷åðåç ÎÂ.

Ñóììàðíûå îïòè÷åñêèå ïîòåðè á (äëèíà âîë-

íû ë = 532 íì) îöåíèâàëè, èñïîëüçóÿ ôîðìóëó

(1). Ïîëó÷èëè: á = 720 äÁ/êì — ïðè NAin = 0,4,

á = 500 — ïðè NAin = 0,3 è á = 320 äÁ/êì — ïðè

NAin = 0,2. Ïîëó÷åííûå çíà÷åíèÿ ñóùåñòâåííî

âûøå äàííûõ ïî îïòè÷åñêèì ïîòåðÿì â êâàðö-ïî-

ëèìåðíûõ ÎÂ ñî ñâåòîîòðàæàþùåé îáîëî÷êîé èç

êðåìíèéîðãàíè÷åñêîãî ýëàñòîìåðà ìàðêè ÑÈÝË

159/167 è çàùèòíûì ïîêðûòèåì èç ïîëèàìèäà

Ï610 [6]. Îäíàêî êîðîòêèå (1,5 – 3 ì) êóñêè èñ-

ñëåäóåìûõ ÎÂ îáåñïå÷èâàþò ïðîïóñêàíèå 80 –

90 % ââåäåííîãî èçëó÷åíèÿ è èìåþò íîìèíàëü-

íóþ ÷èñëîâóþ àïåðòóðó 0,4, ÷òî ïîçâîëÿåò èñ-

ïîëüçîâàòü èõ â ëàçåðíîé ìåäèöèíå.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ìíîãîìîäîâûå ÎÂ ñ êâàðöåâîé

ñåðäöåâèíîé è ñâåòîîòðàæàþùåé îáîëî÷êîé èç

òåðìîïëàñòè÷íîãî ñîïîëèìåðà òåòðàôòîðýòèëåíà

ñ ýòèëåíîì õàðàêòåðèçóþòñÿ çíà÷èòåëüíûì áîêî-

âûì ðàññåÿíèåì ñâåòà ñâåòîîòðàæàþùåé îáîëî÷-

êîé. Èíòåíñèâíîñòü ðàññåÿíèÿ çàâèñèò îò óñëî-

âèé ââîäà èçëó÷åíèÿ (÷åì âûøå àïåðòóðà ââåäåí-

íîãî èçëó÷åíèÿ, òåì èíòåíñèâíåå ðàññåÿíèå).

Ïðè ýòîì äîëÿ ðàññåÿííîãî èçëó÷åíèÿ ìîæåò

ñîñòàâëÿòü ñóùåñòâåííóþ ÷àñòü ââåäåííîãî â ÎÂ

èçëó÷åíèÿ. Íåñìîòðÿ íà äîïîëíèòåëüíûå îïòè-

÷åñêèå ïîòåðè âñëåäñòâèå ðàññåÿíèÿ ñâåòîîòðà-

æàþùåé îáîëî÷êîé êîðîòêèå (1,5 – 3 ì) îòðåçêè

ìíîãîìîäîâûõ ÎÂ èìåþò âûñîêóþ ÷èñëîâóþ

àïåðòóðó (0,4) è îáåñïå÷èâàþò ïðîïóñêàíèå äî

90 % ââåäåííîãî èçëó÷åíèÿ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî

çàäàíèÿ.

ËÈÒÅÐÀÒÓÐÀ

1. Òó÷èí Â. Â. Ëàçåðû è âîëîêîííàÿ îïòèêà â áèîìåäèöèíñêèõ

èññëåäîâàíèÿõ. — Ì.: Èçäàòåëüñòâî ôèçèêî-ìàòåìàòè÷åñêîé

ëèòåðàòóðû, 2010. — 501 ñ.

2. Äàíèåëÿí Ã. Ë., Øèëîâ È. Ï., Êî÷ìàðåâ Ë. Þ. è äð.

Âîëîêîííî-îïòè÷åñêèå çîíäû íà îñíîâå êâàðöåâûõ ñâåòîâîäîâ

ïîâûøåííîé ÷èñëîâîé àïåðòóðû äëÿ ëþìèíåñöåíòíîé äèàã-

íîñòèêè îïóõîëåé / Ìåäèöèíñêàÿ ôèçèêà. 2014. ¹ 1.

Ñ. 51 – 58.

3. Qiu Y., Wang Y., Xu Y., et al. Quantitative optical coherence

elastography based on fiber-optic probes for in situ measurement

of tissue mechanical properties / Biomedical Optics Express.

2016. Vol. 7. N 2. P. 688 – 700. DOI: 10.1364/ BOE.7.000688.

4. Çóáîâ Á. Â., Äàíèåëÿí Ã. Ë., ×åâîêèí Â. Ë. è äð. Ñâåòîâî-

äû è ñåíñîðû íà îñíîâå ìíîãîêàíàëüíûõ âîëîêîííûõ æãóòîâ

äëÿ áèîìåäèöèíû è íàó÷íûõ èññëåäîâàíèé / Ôîòîí-ýêñïðåññ.

2019. ¹ 6. Ñ. 326 – 327. DOI: 10.24411/2308-6920-2019- 16170.

5. Danielyan G., Shilov I., Zamyatin A., et al. Multi channels

fiber optic reflex probes for fluorescent and UV-VIS-NIR spec-

troscopy based on novel types of multimode fiber optics bundles /

Proc. SPIE 11075, Novel Biophotonics Techniques and

Applications V. 2019. DOI: 10.1117/12.2526606.

6. Áîãàíîâ À. Ã., Áóáíîâ Ì. Ì., Äèàíîâ Å. Ì. è äð. Âîëîêîí-

íûé ñâåòîâîä èç áåçâîäíîãî êâàðöåâîãî ñòåêëà ñ îòðàæàþùåé

îáîëî÷êîé èç ñèëèêîíîâîé ðåçèíû / Êâàíòîâàÿ ýëåêòðîíèêà.

1981. Ò. 8. ¹ 1. Ñ. 176 – 178.

7. French R. H., Rodríguez-Parada J. M., Yang M. K., et al.

Optical properties of polymeric materials for concentrator photo-

voltaic systems / Solar Energy Materials and Solar Cells. 2011.

Vol. 95. N 8. P. 2077 – 2086. DOI: 10.1016/j.solmat.2011. 02/.025.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7 31

J
s
,
î
ò
í

.
å
ä
.

x, ìì

2

3

1

Ðèñ. 5. Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿííîãî îáîëî÷-

êîé èçëó÷åíèÿ J
s

îò ðàññòîÿíèÿ x ìåæäó âõîäíûì òîðöîì

ÎÂ è ìåñòîì ðåãèñòðàöèè èçëó÷åíèÿ (âäîëü îñè ÎÂ) äëÿ

NA
in

= 0,2 (1), 0,3 (2) è 0,42 (3) (ñêîðîñòü âûòÿæêè

V
d

= 2 ì/ìèí)

Fig. 5. Dependences of the intensity of radiation scattered

by the coating Js on the distance x between the input

endface and the site of radiation registration (along the OF

axis) for NAin = 0.2 (1), 0.3 (2), and 0.42 (3) (drawing speed

Vd = 2 m/min)

J
s
,
î
ò
í

.
å
ä
.

NAin

2

3

1

0,2 0,33 0,45

Ðèñ. 4. Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿííîãî îáîëî÷-

êîé èçëó÷åíèÿ J
s

îò âõîäíîé àïåðòóðû âîçáóæäàþùåãî

ëó÷à NA
in

äëÿ ÎÂ, ñôîðìèðîâàííûõ ïðè ñêîðîñòÿõ âû-

òÿæêè 1 (1), 3 (2) è 7 ì/ìèí (3)

Fig. 4. Dependences of the intensity of radiation scattered

by the coating Js on the input aperture of the excitatory

beam NAin for OF formed at different drawing speed 1 (1),

3 (2), and 7 m/min (3)



8. Ïàò. 2402497 ÐÔ, ÌÏÊ C03B37/02. Ñïîñîá èçãîòîâëåíèÿ

îïòè÷åñêîãî âîëîêíà / Çàìÿòèí À. À., Èâàíîâ Ã. À., Ìàêîâåö-

êèé À. À., Øèëîâ È. Ï.; çàÿâèòåëü è ïàòåíòîîáëàäàòåëü

ÔÈÐÝ èì. Â. À. Êîòåëüíèêîâà ÐÀÍ. — ¹ 2008 147430/03; çà-

ÿâë. 02.12.2008; îïóáë. 27.10.2010. Áþë. ¹ 30.

9. Êèçåâåòòåð Ä. Â. Ìåòîäû èçìåðåíèÿ çàòóõàíèÿ â âîëîêîí-

íûõ ñâåòîâîäàõ. — ÑÏá.: Ïîëèòåõ-Ïðåññ, 2019. — 81 ñ.

10. Miller E., Rothstein J. Control of the sharkskin instability in

the extrusion of polymer melts using induced temperature gra-

dient / Rheologica Acta. 2004. Vol. 44. N 2. P. 160 – 173. DOI:

10.1007/s00297-004-0393-4.

11. Ìàëêèí À. ß. Íåóñòîé÷èâîñòü ïðè òå÷åíèè ðàñòâîðîâ è ðàñ-

ïëàâîâ ïîëèìåðîâ / Âûñîêîìîëåêóëÿðíûå ñîåäèíåíèÿ. 2006.

Ò. 48. ¹ 7. Ñ. 1241 – 1262.

12. Àëåêñååâ Â. Â., Ëèõà÷åâ Ì. Å., Áóáíîâ Ì. Ì. è äð.

Èññëåäîâàíèå èíäèêàòðèñû ðàññåÿíèÿ â âûñîêîëåãèðîâàí-

íûõ âîëîêîííûõ ñâåòîâîäàõ íà îñíîâå êâàðöåâîãî ñòåêëà /

Êâàíòîâàÿ ýëåêòðîíèêà. 2011. Ò. 41. ¹ 10. Ñ. 917 – 923. DOI:

10.1070/QE2011v041n10ABEH014695.

13. Ëîéêî Í. À., Ìèñêåâè÷ À. À., Ëîéêî Â. À. Ðàññåÿíèå ïî-

ëÿðèçîâàííîãî è åñòåñòâåííîãî ñâåòà ìîíîñëîåì ñôåðè÷å-

ñêèõ îäíîðîäíûõ ïðîñòðàíñòâåííî óïîðÿäî÷åííûõ ÷àñòèö

ïðè îñâåùåíèè ïî íîðìàëè / Îïòèêà è ñïåêòðîñêîïèÿ. 2018.

Ò. 125. ¹ 5. Ñ. 800 – 805. DOI: 10.1134/S0030400X18110188.

14. Ôàðàôîíîâ Â. Ã., Óñòèìîâ Â. È., Ïðîêîïüåâà Ì. Ñ. è

äð. Ðàññåÿíèå ñâåòà ìàëûìè ÷àñòèöàìè: ýëëèïñîèäàëüíàÿ

ìîäåëü ñ èñïîëüçîâàíèåì êâàçèñòàòè÷åñêîãî ïîäõîäà / Îïòè-

êà è ñïåêòðîñêîïèÿ. 2018. Ò. 125. ¹ 6. Ñ. 623 – 634. DOI:

10.1134/S0030400X1812007X.

15. Levin A. D., Shmytkova E. A., Khlebtsov B. N. Multipolari-

zation Dynamic Light Scattering of Nonspherical Nanopartic-

les in Solution / J. Phys. Chem. C. 2017. Vol. 121. P. 3070 – 3077.

DOI: 10.1021/acs.jpcc.6b10226.

REFERENCES

1. Tuchin V. V. Lasers and Fiber Optics in Biomedical Re-

searches. — Moscow: Izd. fiziko-mathematicheskoy literatury,

2010. — 501 p. [in Russian].

2. Danielyan G. L., Shilov I. P., Kochmarev L. Yu., et al.

Fiber-optic probes based on silica light guides of increased nu-

merical aperture for luminescent diagnostics of tumors / Med.

Fiz. 2014. N 1. P. 51 – 58 [in Russian].

3. Qiu Y., Wang Y., Xu Y., et al. Quantitative optical coherence

elastography based on fiber-optic probes for in situ measure-

ment of tissue mechanical properties / Biomedical Optics Ex-

press. 2016. Vol. 7. N 2. P. 688 – 700. DOI: 10.1364/BOE.7.

000688.

4. Zubov B. V., Danielyan G. L., Chevokin V. L., et al. Light

guides and sensors based on multichannel fiber bundles

for Biomedicine and scientific research / Foton-Ékspress.

2019. N 6. P. 326 – 327. DOI: 10.24411/2308-6920-2019-16170

[in Russian].

5. Danielyan G., Shilov I., Zamyatin A., et al. Multi channels

fiber optic reflex probes for fluorescent and UV-VIS-NIR

spectroscopy based on novel types of multimode fiber optics

bundles / Proc. SPIE 11075, Novel Biophotonics Techniques

and Applications V. 2019. DOI: 10.1117/12.2526606.

6. Boganov A. C., Bubnov M. M., Dianov E. M., et al. Glass

fiber waveguide made of anhydrous quartz glass with a reflect-

ing silicone-rubber cladding / Quantum Electronics. 1981.

Vol. 11. N 1. P. 101 – 102.

7. French R. H., Rodríguez-Parada J. M., Yang M. K., et al.

Optical properties of polymeric materials for concentrator pho-

tovoltaic systems / Solar Energy Materials and Solar Cells.

2011. Vol. 95. N 8. P. 2077 – 2086. DOI: 10.1016/j.solmat.2011.

02/.025.

8. RF Pat. 2402497, IPC C03B 37/02. A method of manufacturing

an optical fiber / Zamyatin A. A., Ivanov G. A., Makovets-

kii A. A., Shilov I. P.; applicant and patent holder FIRE —

N 2008 147430/03; appl. 02.12.2008; publ. 27.10.2010. Byull.

N 30 [in Russian].

9. Kiesewetter D. V. Methods of measuring attenuation in opti-

cal fibers. — St. Petersburg: Politekh-Press, 2019. — 81 p. [in

Russian].

10. Miller E., Rothstein J. Control of the sharkskin instability

in the extrusion of polymer melts using induced temperature

gradient / Rheologica Acta. 2004. Vol. 44. N 2. P. 160 – 173.

DOI: 10.1007/s00297-004-0393-4.

11. Malkin A. Ya. Flow instability in polymer solutions and melts /

Vysokomol. Soed. 2006. Vol. 48. N 7. P. 1241 – 1262 [in Rus-

sian].

12. Alekseev V. V., Likhachev M. E., Bubnov M. M., et al.

Angular distribution of light scattered from heavily doped silica

fibres / Kvant. Élektronika. 2011. Vol. 41. N 10. P. 917 – 923.

DOI: 10.1070/QE2011v041n10ABEH014695 [in Russian].

13. Loiko N. A., Miskevich A. A., Loiko V. A. Scattering of Po-

larized and Natural Light by a Monolayer of Spherical Homo-

geneous Spatially Ordered Particles under Normal Illumina-

tion / Optika Spektrosk. 2018. Vol. 125. N 5. P. 800 – 805. DOI:

10.1134/S0030400X18110188 [in Russian].

14. Farafonov V. G., Ustimov V. I., Prokopeva M. S., et al.

Light Scattering by small particles: an ellipsoidal model that

uses a quasistatic approach / Optika Spektrosk. 2018. Vol. 125.

N 6. P. 623 – 634. DOI: 10.1134/S0030400X1812007X [in Rus-

sian].

15. Levin A. D., Shmytkova E. A., Khlebtsov B. N. Multipolari-

zation Dynamic Light Scattering of Nonspherical Nanopar-

ticles in Solution / J. Phys. Chem. C. 2017. Vol. 121. P. 3070 –

3077. DOI: 10.1021/acs.jpcc.6b10226.

32 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7



DOI: https://doi.org/10.26896/1028-6861-2020-86-7-33-38

ÈÑÑËÅÄÎÂÀÍÈÅ ÓÏÐÎ×ÍÅÍÍÎÃÎ ÌÍÎÃÎÑËÎÉÍÎÃÎ ÏÎÊÐÛÒÈß,

ÏÎËÓ×ÅÍÍÎÃÎ ÌÅÒÎÄÎÌ ÕÎËÎÄÍÎÃÎ ÃÀÇÎÄÈÍÀÌÈ×ÅÑÊÎÃÎ

ÍÀÏÛËÅÍÈß Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ ËÀÇÅÐÀ

� Àíäðåé Èãîðåâè÷ Ãîðóíîâ

Êàçàíñêèé íàöèîíàëüíûé èññëåäîâàòåëüñêèé òåõíè÷åñêèé óíèâåðñèòåò èìåíè À. Í. Òóïîëåâà (ÊÀÈ), Ðîññèÿ, 420111,

ã. Êàçàíü, óë. Ê. Ìàðêñà 10; e-mail: gorunow.andrej@yandex.ru

Ñòàòüÿ ïîñòóïèëà 31 èþëÿ 2019 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 21 ÿíâàðÿ 2020 ã.

Ïðèíÿòà ê ïóáëèêàöèè 24 ÿíâàðÿ 2020 ã.

Ïðè âîññîçäàíèè èçäåëèé, ïîëó÷åííûõ ñ ïîìîùüþ àääèòèâíûõ òåõíîëîãèé, îñíîâàííûõ

íà ïîñëîéíîì ïëàâëåíèè ìåòàëëè÷åñêîãî ïîðîøêà êîíöåíòðèðîâàííûìè ïîòîêàìè ýíåð-

ãèè, èñïîëüçóþò ìåòîäû, ìèíèìèçèðóþùèå ïëàâëåíèå èñõîäíîãî ïîðîøêà è ñíèæàþùèå

ñòðóêòóðíóþ íåîäíîðîäíîñòü â ìàòåðèàëå. Îäèí èç òàêèõ ìåòîäîâ — õîëîäíîå ãàçîäèíàìè-

÷åñêîå íàïûëåíèå ñ èíòåíñèôèêàöèåé ïðîöåññà ëàçåðíûì èçëó÷åíèåì (ÕÃÍË). Ìíîãî-

ñëîéíûå ÕÃÍË-ïîêðûòèÿ èìåþò ãîìîãåííóþ ñòðóêòóðó ìåòàëëà. Âìåñòå ñ òåì çíà÷èòåëü-

íàÿ øåðîõîâàòîñòü ïîâåðõíîñòè îáóñëîâëåíà ðàçìåðîì ÷àñòèö èñõîäíîãî ïîðîøêà. Â ðàáî-

òå ïðåäñòàâëåí ñïîñîá ïîñòîáðàáîòêè ìíîãîñëîéíûõ ÕÃÍË-ïîêðûòèé, ïîçâîëÿþùèé ïîëó-

÷àòü óïðî÷íåííûé ñëîé íà èõ ïîâåðõíîñòè. Óïðî÷íåííûé ñëîé ôîðìèðóåòñÿ ïóòåì âíåäðå-

íèÿ ïîðîøêîâûõ ÷àñòèö êàðáèäà áîðà ÂÑ â ðàñïëàâëåííóþ ëàçåðîì îáëàñòü íà ïîâåðõíî-

ñòè ïîêðûòèÿ (èñïîëüçîâàëè íåðæàâåþùóþ ñòàëü 316L). Àêóñòè÷åñêàÿ âîëíà, âûçâàííàÿ

«ìèêðîâçðûâîì», èíèöèèðîâàííûì ëàçåðíûì èìïóëüñîì íàä ïîâåðõíîñòüþ, òîëêàåò ÷àñ-

òèöû êàðáèäà â ðàçëè÷íûõ íàïðàâëåíèÿõ. ×àñòü èç íèõ âíåäðÿåòñÿ â «âàííó» ðàñïëàâà íà

ïîâåðõíîñòè ïîêðûòèÿ. Òàêèì îáðàçîì îñóùåñòâëÿåòñÿ ëàçåðíîå ìèêðîäåòîíàöèîííîå

øàðæèðîâàíèå ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ. Â ðåçóëüòàòå èññëåäîâàíèÿ óïðî÷íåííîãî

ñëîÿ óñòàíîâëåíî âûñîêîå ñîäåðæàíèå â íåì òàêèõ ýëåìåíòîâ, êàê B, C, Cr, Fe, Ni. Êðîìå

òîãî, â ñòðóêòóðå ñëîÿ ôîðìèðóþòñÿ òâåðäûå êàðáèäû ðîìáè÷åñêîé ôîðìû. Õèìè÷åñêèé è

ýëåìåíòíûé àíàëèçû ïîêàçàëè, ÷òî ðîìáîîáðàçíûå êàðáèäû — êàðáèäû òèïà (Fe, Cr)xBy —

ñîäåðæàò âûñîêóþ êîíöåíòðàöèþ Cr, Fe è îòíîñèòåëüíî íåáîëüøîé ïðîöåíò Ñ. Âåðîÿòíî,

îíè ôîðìèðóþòñÿ çà ñ÷åò âçàèìîäåéñòâèÿ õðîìà, âõîäÿùåãî â ñîñòàâ èñõîäíîãî óïðî÷íÿå-

ìîãî ïîêðûòèÿ, ñ áîðîì, êîòîðûé âûñâîáîæäàåòñÿ ñ ïîâåðõíîñòè ÷àñòèö BC ïðè âçàèìîäåé-

ñòâèè ñ ëàçåðîì. Ïðè óïðî÷íåíèè ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ ïðåäëîæåííûì ñïîñîáîì

îñóùåñòâëÿåòñÿ ïëàâëåíèå ïîâåðõíîñòè ïîêðûòèÿ ëàçåðîì ñ îäíîâðåìåííîé ïîäà÷åé ÷àñ-

òèö BC, ÷òî îáåñïå÷èâàåò âûñîêóþ òâåðäîñòü ïîëó÷àåìîãî óïðî÷íåííîãî ñëîÿ. Ïðåäñòàâ-

ëåííûé ñïîñîá óïðî÷íåíèÿ ìîæåò áûòü èñïîëüçîâàí ñ ïðèìåíåíèåì ðàçëè÷íûõ ïîðîøêî-

âûõ ìàòåðèàëîâ.

Êëþ÷åâûå ñëîâà: àääèòèâíîå ïðîèçâîäñòâî; ëàçåðíàÿ íàïëàâêà; ìèêðîñòðóêòóðà; òâåð-

äîñòü.
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When reconstructing products obtained using additive technologies based on layer-by-layer melting of

metal powder by concentrated energy flows, it is advisable to use methods that minimize melting of the

initial powder and reduce structural heterogeneity of the material. Cold gas-dynamic spraying with laser-

induced intensification of the process (CGDSL) is one of them. The multilayer coatings obtained by

the CGDSL method have a homogeneous metal structure though a significant surface roughness attrib-

uted to the particle size of the original powder is observed. The goal of the study is to develop a new

method of post-processing of multilayer coatings obtained by CGDSL which can provide a hardened layer

on their surface. A hardened layer is formed through introduction of boron carbide powder particles into

the laser-molten region formed on the surface of the coating based on 316L stainless steel. An acoustic

wave triggered by a “microexplosion” induced by a laser pulse above the surface pushes carbide particles
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in different directions. Some of them are embedded into the melt pool on the surface of the coating. Thus,

the laser microdetonation cartooning of the surface of the CGDSL coating is implemeted. Study of the

hardened layer revealed a high content of B, C, Cr, Fe, and Ni. Moreover, it is shown that solid carbides of

rhombic form are formed in the hardened layer. Chemical and elemental analyzes showed that dia-

mond-shaped carbides — carbides of the type (Fe, Cr)xBy — contain a high concentration of Cr, Fe and a

relatively small percentage of C. Most likely formation of diamond-shaped carbides occurs due to interac-

tion of chromium which is a part of the initial hardened coating with boron that released from the surface

of BC particles under laser impact. The developed method provides hardening of the surface layer of the

coating previously obtained by CGDSL by embedding the BC powder particles into the surface. The tech-

nology of hardening CGDSL coatings can be implemented using other powder materials.

Keywords: additive manufacturing; laser cladding; microstructure; hardness.

Ââåäåíèå

Ïðÿìîå ëàçåðíîå íàíåñåíèå ìåòàëëà

(ÏËÍÌ) — ìåòîä, ðàçðàáîòàííûé íà îñíîâå ëà-

çåðíîé íàïëàâêè (ËÍ), èñïîëüçóþò ïðè ñîçäàíèè

ïîêðûòèé ñ çàäàííûìè ôèçèêî-ìåõàíè÷åñêèìè

ñâîéñòâàìè. Ïðè ÏËÍÌ-ìåòîäå (êàê è â ñëó÷àå

ËÍ) ìåòàëëè÷åñêèé ïîðîøîê ðàñïëàâëÿåòñÿ ðàñ-

ôîêóñèðîâàííûì ëàçåðîì. Ïðè ýòîì ïðîèñõîäèò

÷àñòè÷íîå ïëàâëåíèå ïîäëîæêè, çà ñ÷åò ÷åãî äî-

ñòèãàåòñÿ íåîáõîäèìûé êîíòàêò ìåæäó ïîêðûòè-

åì è ïîäëîæêîé.

Â ïîñëåäíèå ãîäû â àääèòèâíîì ïðîèçâîäñòâå

ïðèìåíÿþò õîëîäíîå ãàçîäèíàìè÷åñêîå íàïûëå-

íèå (ÕÃÍ) [1], ïðè êîòîðîì ïîðîøîê óñêîðÿåòñÿ

ñâåðõçâóêîâûì ïîòîêîì ãàçà â ñîïëå Ëàâàëÿ. Ñî-

óäàðåíèå ìåòàëëè÷åñêèõ ÷àñòèö ñ ïîäëîæêîé

ïðèâîäèò ê èõ ïëàñòè÷åñêîé äåôîðìàöèè. Âñëåä-

ñòâèå ïîâûøåíèÿ êèíåòè÷åñêîé ýíåðãèè îñóùå-

ñòâëÿåòñÿ ïðîöåññ ñâàðèâàíèÿ ÷àñòèö ìåæäó ñî-

áîé è ïîäëîæêîé. Òàêèì îáðàçîì äîñòèãàåòñÿ àä-

ãåçèÿ ÷àñòèö ê ïîäëîæêå ïðè òåìïåðàòóðå íèæå

òåìïåðàòóðû ïëàâëåíèÿ èñõîäíûõ ìàòåðèàëîâ

[2, 3].

Èñïîëüçîâàíèå ïðè ÕÃÍ ëàçåðà (ÕÃÍË) ðàñ-

øèðÿåò âîçìîæíîñòè íàïûëåíèÿ çà ñ÷åò ïëàâëå-

íèÿ ïîðîøêîâûõ ÷àñòèö. Ýòî ïîçâîëÿåò ïðîâî-

äèòü øàðæèðîâàíèå ïîâåðõíîñòè îáðàçöà ÷àñòè-

öàìè ïîðîøêîâîãî ìàòåðèàëà [4]. Ëàçåðíîå èçëó-

÷åíèå, ïîâûøàÿ êèíåòè÷åñêóþ ýíåðãèþ ÷àñòèö,

ñïîñîáñòâóåò óâåëè÷åíèþ ïëàñòè÷åñêîé äåôîðìà-

öèè â ìîìåíò èõ ñòîëêíîâåíèÿ ñ ïîäëîæêîé è, ñî-

îòâåòñòâåííî, õîðîøåé àäãåçèè [5, 6]. Ñìÿã÷àÿ

ïîäëîæêó è ÷àñòèöû ïîðîøêà, ëàçåð îáåñïå÷è-

âàåò óñëîâèÿ ôîðìèðîâàíèÿ ïëîòíîãî ïîêðûòèÿ

ïðè ñêîðîñòÿõ óäàðà ïðèìåðíî â äâà ðàçà ìåíü-

øå, ÷åì ïðè êëàññè÷åñêîì ÕÃÍ [7]. Êðîìå òîãî,

äîïîëíèòåëüíûé ëàçåðíûé íàãðåâ ïîçâîëÿåò

ñíèæàòü òåìïåðàòóðó òðàíñïîðòíîãî ãàçà [8], ýô-

ôåêòèâíîñòü íàïûëåíèÿ âîçðàñòàåò, èñõîäíàÿ

ìèêðîñòðóêòóðà ÕÃÍË-ïîêðûòèé ñîõðàíÿåòñÿ

[9 – 12].

Öåëü ðàáîòû — ðàçðàáîòêà ñïîñîáà ïîñòîáðà-

áîòêè ìíîãîñëîéíûõ ÕÃÍË-ïîêðûòèé, ïîçâîëÿ-

þùåãî ïîëó÷àòü óïðî÷íåííûé ñëîé íà èõ ïîâåðõ-

íîñòè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Óïðî÷íåíèå ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ

îñóùåñòâëÿëè â àâòîìàòè÷åñêîì ðåæèìå íà óñòà-

íîâêå äëÿ ÏËÍÌ. Äëÿ ïîäà÷è ãàçîïîðîøêîâîé

ñìåñè êàðáèäà áîðà BC (ðàçìåð ÷àñòèö — 20 –

250 ìêì, ðàñõîä — 0,2 ã/ñ) â çîíó êîíòàêòà ëàçåðà

ñ ïîâåðõíîñòüþ ïîêðûòèÿ èç íåðæàâåþùåé ñòàëè

316L (èñõîäíûé ðàçìåð ÷àñòèö — 45 – 100 ìêì)

èñïîëüçîâàëè êîàêñèàëüíîå ñîïëî. Äëÿ øàðæè-

ðîâàíèÿ ïðèìåíÿëè èòòåðáèåâûé âîëîêîííûé

ëàçåð (äëèíà âîëíû — 1070 íì, èìïóëüñíûé ðå-
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Ðèñ. 1. ×àñòèöû ïîðîøêîâ íåðæàâåþùåé ñòàëè 316L (à) è êàðáèäà áîðà (á)

Fig. 1. Powder particles of stainless steel 316L (a) and boron carbide (b)



æèì, âðåìÿ ìåæäó èìïóëüñàìè — 50 ìñ). Äëÿ

òðàíñïîðòèðîâêè ïîðîøêîâîãî ìàòåðèàëà èñ-

ïîëüçîâàëè àðãîí (ðàñõîä — 3 ë/ìèí), äëÿ ôîðìè-

ðîâàíèÿ ãàçîïîðîøêîâîãî ïîòîêà — äîïîëíè-

òåëüíûé ãàç (ðàñõîä — 5 ë/ìèí). Ðàáî÷åå ðàññòîÿ-

íèå ìåæäó ñîïëîì è ïîäëîæêîé ñîñòàâëÿëî 5 ìì.

Íà ðèñ. 1 ïðåäñòàâëåíû èñõîäíûå ïîðîøêîâûå

ìàòåðèàëû.

Ìèêðîòâåðäîñòü îïðåäåëÿëè ñ ïîìîùüþ

àâòîìàòèçèðîâàííîãî òâåðäîìåðà Tukon 2500,

øåðîõîâàòîñòü è ïðîôèëü ïîâåðõíîñòè ïîêðû-

òèÿ — ïðîôèëîãðàôà-ïðîôèëîìåòðà «Àáðèñ-

ÏÌ7». Îáðàçöû ïåðåä àíàëèçîì ìàêðî- è ìèêðî-

ñòðóêòóðû ïîñëåäîâàòåëüíî øëèôîâàëè àëìàç-

íûìè øëèôîâàëüíûìè äèñêàìè (120, 220 è 500

grit) è ïîëèðîâàëè ñ èñïîëüçîâàíèåì àëìàçíûõ

ñóñïåíçèé (9 è 3 ìêì). Òðàâëåíèå ïðîâîäèëè â

ïîäãîòîâëåííîì ðåàêòèâå àçîòíîé êèñëîòû. Äëÿ

àíàëèçà ìèêðîñòðóêòóðû èñïîëüçîâàëè îïòè÷å-

ñêèé ìèêðîñêîï Axio Observer D1m Carl Zeiss ñ

ïðîãðàììíûì îáåñïå÷åíèåì Tixomet. Ìåòàëëî-

ãðàôè÷åñêèé àíàëèç ïðîâîäèëè ñ ïîìîùüþ óíè-

âåðñàëüíîãî èíâåðòèðîâàííîãî ìèêðîñêîïà Carl

Zeiss Axiovert-200Ì. Ýëåêòðîííî-ìèêðîñêîïè÷å-

ñêîå (ÐÝÌ) èçîáðàæåíèå ïîâåðõíîñòè îáðàçöîâ è

èõ ýëåìåíòíûé ñîñòàâ ïîëó÷àëè c èñïîëüçîâàíè-

åì Auriga CrossBeam.

Èñõîäíûé ôàçîâûé ñîñòàâ ìåòàëëà ïîêðûòèÿ

áûë ïðåäñòàâëåí ã-Fe [15]. Õèìè÷åñêèé ñîñòàâ

ñòàëè 316L, % ìàññ.: 18 Cr, 3 Mo, 14 Ni, 0,03 C,

2 Mn, 0,75 Si, 0,045 P, 0,03 S.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðåäñòàâëåíà ñõåìà óïðî÷íåíèÿ

ÕÃÍË-ïîêðûòèÿ. Ïîðîøêîâûå ÷àñòèöû BC ïîäà-

âàëèñü íà ïîâåðõíîñòü ïîêðûòèÿ ÷åðåç êîëüöå-

âîé êàíàë êîàêñèàëüíîãî ñîïëà. Ôîêóñ ëàçåðà

ðàñïîëàãàëñÿ íàä ïîâåðõíîñòüþ óïðî÷íÿåìîãî

ïîêðûòèÿ íà ðàññòîÿíèè 1 ìì. Â ìîìåíò âûõîäà

ëàçåðà íà ïèêîâóþ ìîùíîñòü (7 êÂò) ïðîèñõîäèë

«ìèêðîâçðûâ» íàä ïîâåðõíîñòüþ, âûçâàííûé áû-

ñòðûì ëîêàëüíûì ðàçîãðåâîì ãàçîâîé ñðåäû. Äëÿ

ðàñïëàâëåíèÿ ëîêàëüíîãî ó÷àñòêà íà ïîâåðõíî-

ñòè áûëî äîñòàòî÷íî îäíîãî èìïóëüñà. «Ìèêðî-

âçðûâ», èíèöèèðîâàííûé ëàçåðíûì èìïóëüñîì,

ñîçäàâàë àêóñòè÷åñêóþ âîëíó, êîòîðàÿ òîëêàëà

÷àñòèöû BC â ðàçëè÷íûõ íàïðàâëåíèÿõ. ×àñòü èç

íèõ âíåäðÿëàñü â «âàííó» ðàñïëàâà.

Íà ðèñ. 3 ïðèâåäåíû ÐÝÌ-èçîáðàæåíèå è

ýëåìåíòíûé ñîñòàâ ïîïåðå÷íîãî ñå÷åíèÿ øëèôà

ÕÃÍË-ïîêðûòèÿ ñ óïðî÷íåííûì ñëîåì. Âèäíî,

÷òî âåðõíèé ñëîé íà ïîâåðõíîñòè ïîêðûòèÿ

íàñûùåí ÷àñòèöàìè BC, à ðàñïðåäåëåíèÿ îñíîâ-

íûõ ýëåìåíòîâ (Cr, Fe, Ni, Mo, Mn) â ïîêðûòèè

è óïðî÷íåííîì ñëîå õàðàêòåðèçóþòñÿ îäíîðîä-

íîñòüþ.

Íà ðèñ. 4 ïðåäñòàâëåíà çàâèñèìîñòü ìèêðî-

òâåðäîñòè óïðî÷íåííîãî ÕÃÍË-ïîêðûòèÿ îò ãëó-

áèíû H. Òâåðäîñòü ÷àñòèö BC, âíåäðåííûõ â ïî-

êðûòèå, ñîñòàâëÿëà 2300 – 2500 HV0,02, òâåðäîñòü

ìåòàëà ïîêðûòèÿ äî óïðî÷íåíèÿ — 190 HV0,02.

Ìîæíî ïðåäïîëîæèòü, ÷òî ìîùíûé ëàçåðíûé

èìïóëüñ âûçûâàåò ïëàâëåíèå ìåòàëëà ïîâåðõ-
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Ðèñ. 2. Ñõåìà óïðî÷íåíèÿ ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ

â ìîìåíòû âêëþ÷åíèÿ ëàçåðà (à) è ìàêñèìàëüíîé åãî

ìîùíîñòè â èìïóëüñå (á)

Fig. 2. Scheme of hardening the surface of the CGDSL

coating at the moment of the laser switch-on (a) and at the

moment when the laser power reaches the maximum value

in the pulse (b)

ÕÃÍË-ïîêðûòèå

Ðèñ. 3. Ìèêðîñòðóêòóðà ÕÃÍË-ïîêðûòèÿ ñ óïðî÷íåííûì ñëîåì â ïîïåðå÷íîì ñå÷åíèè è ýëåìåíòíûé ñîñòàâ

Fig. 3. The microstructure of the CGDSL coating with a hardened layer in the cross section and elemental composition



íîñòè ïîêðûòèÿ è ìåëêèõ ïîðîøêîâûõ ÷àñòèö

ÂÑ, à â ðåçóëüòàòå ïåðåìåøèâàíèÿ â ðàñïëàâå

ïðîèñõîäèò îáðàçîâàíèå íîâûõ ôàç.

Íà ó÷àñòêå èçìåðåíèÿ ìèêðîòâåðäîñòè èññëå-

äîâàëè ôàçîâûé ñîñòàâ ìåòàëëà óïðî÷íåííîãî

ñëîÿ ñ ïîìîùüþ EDS-àíàëèçà (ðèñ. 5). Óñòàíîâè-

ëè, ÷òî ñðåäíåå çíà÷åíèå èíòåíñèâíîñòåé Cr, Ni è

Fe ïðè ïåðåõîäå îò ìåòàëëà ïîêðûòèÿ ê óïðî÷-

íåííîìó ñëîþ îñòàåòñÿ ïðèìåðíî îäèíàêîâûì.

Îòäåëüíûå ïèêè Cr, Ni è Fe ïðîñëåæèâàþòñÿ íà

ëîêàëüíûõ ó÷àñòêàõ óïðî÷íåííîãî ñëîÿ.

Â ïåðåõîäíîé îáëàñòè (ðèñ. 5) âèäíî, ÷òî ãðà-

íèöà ìåæäó îñíîâíûì ìåòàëëîì ïîêðûòèÿ è óï-

ðî÷íåííûì ñëîåì íå÷åòêàÿ, âîçìîæíî, âñëåäñò-

âèå ôîðìèðîâàíèÿ ñîåäèíåíèé òèïà ã + (Fe,

Ni)xC. EDS-èññëåäîâàíèå óïðî÷íåííîãî ñëîÿ ïî-

êàçàëî âûñîêîå ñîäåðæàíèå B, C, Cr, Fe, Ni. Ïðè

ýòîì â ìåòàëëå ñëîÿ ðàçëè÷èìû òåìíî-ñåðûå

âêëþ÷åíèÿ ðîìáè÷åñêîé è ïðÿìîóãîëüíîé ôîðì.

Ïðåäïîëîæèòåëüíî, òåìíî-ñåðûå âêëþ÷åíèÿ ðîì-

áè÷åñêîé ôîðìû ìîãóò áûòü îïðåäåëåíû êàê ñî-

åäèíåíèÿ òèïà (Fe, Cr)xB [16].

Ñèãíàë áîðà â ïåðåõîäíîé îáëàñòè ìåæäó ïî-

êðûòèåì è óïðî÷íåííûì ñëîåì ïðàêòè÷åñêè íå

ðàçëè÷èì. Îäíàêî îòíîñèòåëüíîå ñîäåðæàíèå óã-

ëåðîäà â ìàòðèöå óïðî÷íåííîãî ìåòàëëà â äâà

ðàçà âûøå, ÷åì â ïåðåõîäíîé îáëàñòè è ìåòàëëå

ÕÃÍË-ïîêðûòèÿ. Ïî âñåé âèäèìîñòè, ÷àñòèöû

êàðáèäà áîðà ïîä äåéñòâèåì ìîùíîãî ëàçåðíîãî

èìïóëüñà ïëàâÿòñÿ. Â ðåçóëüòàòå âçàèìîäåéñòâèÿ

ñ õðîìîì, æåëåçîì è íèêåëåì â ìàòðèöå óïðî÷-

íåííîãî ñëîÿ îáðàçóþòñÿ ñîåäèíåíèÿ òèïà CrxCy,

ã-Fe, ã-NixB, (Fe, Cr)xB [16, 17].

Íà ðèñ. 6 ïðåäñòàâëåíû âêëþ÷åíèÿ ðîìáè÷å-

ñêîé ôîðìû (îòìå÷åíû âåðòèêàëüíîé ëèíèåé),

îáíàðóæåííûå â ñòðóêòóðå ìåòàëëà óïðî÷íåííî-

ãî ñëîÿ. EDS-àíàëèç, îñóùåñòâëåííûé âäîëü ëè-

íèè ñêàíèðîâàíèÿ, ïîêàçàë çíà÷èòåëüíîå óâåëè-

÷åíèå èíòåíñèâíîñòè Cr. Ïðè÷åì íà ïåðèôåðèé-

íûõ ó÷àñòêàõ âêëþ÷åíèÿ èíòåíñèâíîñòü Cr íå-

ñêîëüêî âûøå ïî ñðàâíåíèþ ñ öåíòðàëüíûìè çî-

íàìè. Ðîìáè÷åñêàÿ ôîðìà êðèñòàëëîâ, âåðîÿòíî,

îïðåäåëÿåòñÿ ôîðìîé ýëåìåíòàðíîé êðèñòàëëî-

ãðàôè÷åñêîé àòîìíîé ðåøåòêè ìàòåðèàëà, èñ-

ïîëüçóåìîãî â êà÷åñòâå çàòðàâêè [18]. Ó÷àñòêè

ìåòàëëà, ïðèìûêàþùèå ê âêëþ÷åíèþ, õàðàê-

òåðèçóþòñÿ ïîâûøåííûì ñîäåðæàíèåì Ni è Fe,

à ñîäåðæàíèå Cr, íàïðîòèâ, ïîíèæåíî. Îòìåòèì,

÷òî êîíöåíòðèðîâàííûå èñòî÷íèêè ýíåðãèè ïîç-

âîëÿþò ôîðìèðîâàòü ñîåäèíåíèÿ òèïà (Fe, Ni)Cr

[17].

Ýëåìåíòíûé àíàëèç ïðèãðàíè÷íîé îáëàñòè

îòäåëüíîé ÷àñòèöû êàðáèäà áîðà â óïðî÷íåííîì

ñëîå ïîêàçàë, ÷òî ïî ãðàíèöàì ÷àñòèöû îáðàçóåò-

ñÿ ñëîé òîëùèíîé 20 ìêì (ðèñ. 7). Ïðè ýòîì íà-

áëþäàþòñÿ âñïëåñêè Cr, Ñ, Ni è B îòíîñèòåëüíî

ìåòàëëà ìàòðèöû. Ìîæíî ïðåäïîëîæèòü, ÷òî

äàííûé ñëîé ñîäåðæèò íàíîðàçìåðíûå ÷àñòèöû

(Fe, Cr)xC è CrxBCx [16]. Â ìàòðèöå ìåòàëëà ïðî-

ñëåæèâàþòñÿ âûòÿíóòûå ïðÿìîóãîëüíûå òåìíûå

âêëþ÷åíèÿ ðàçìåðîì 40 – 50 ìêì, ïðåäïîëîæè-

òåëüíî, òàêæå ñîåäèíåíèÿ òèïà (Fe, Cr)xC, òàê êàê

íà ëèíèè ñêàíèðîâàíèÿ, ïåðåñåêàþùåé âêëþ÷å-

íèÿ, ïðèñóòñòâóþò, ñîîòâåòñòâåííî, ïèêè Fe, Cr è

C.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëîæåííûé ìåòîä ïîçâî-

ëÿåò ïðîâîäèòü óïðî÷íåíèå ïîâåðõíîñòè ÕÃÍË-

ïîêðûòèÿ ïóòåì âíåäðåíèÿ ïîðîøêîâûõ ÷àñòèö

BC (èõ òâåðäîñòü â 10 ðàç âûøå òâåðäîñòè ìåòàë-

ëà ïîêðûòèÿ). Îáðàçîâàíèå âòîðè÷íûõ êàðáèäîâ
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HV HV0,02 îñí/

H, ìêì

Ìåòàëë îñíîâû

Ðèñ. 4. Çàâèñèìîñòü ìèêðîòâåðäîñòè óïðî÷íåííîãî

ÕÃÍË-ïîêðûòèÿ îò ãëóáèíû

Fig. 4. Change in the microhardness of the CGDSL coating

in depth

ÕÃÍË-

ïîêðûòèå

Ðèñ. 5. Ìèêðîñòðóêòóðà ïåðåõîäíîãî ñëîÿ ìåæäó óïðî÷-

íåííûì ñëîåì è ìåòàëëîì îñíîâû ÕÃÍË-ïîêðûòèÿ è ýëå-

ìåíòíûé ñîñòàâ

Fig. 5. The microstructure and elemental composition of

the transition layer between the hardened layer and base

metal of the coating

Ðèñ. 6. Âêëþ÷åíèÿ ðîìáè÷åñêîé ôîðìû â ñòðóêòóðå ìå-

òàëëà óïðî÷íåííîãî ñëîÿ ïîêðûòèÿ è èõ ýëåìåíòíûé

ñîñòàâ

Fig. 6. Inclusions of the rhombic form in the metal struc-

ture of the hardened coating layer and their elemental com-

position



â óïðî÷íåííîì ñëîå ïðèâîäèò ê îáùåìó ïîâûøå-

íèþ òâåðäîñòè ïîâåðõíîñòè ïîêðûòèÿ. Èìïóëüñ-

íîå ëàçåðíîå âîçäåéñòâèå è åãî ôîêóñèðîâêà íàä

ïîâåðõíîñòüþ ïîêðûòèÿ îáåñïå÷èâàþò «ìèêðî-

âçðûâ» ãàçîâîé ñðåäû, à ðåçêèé ëîêàëüíûé ðàçî-

ãðåâ è îõëàæäåíèå ïîâåðõíîñòè âûçûâàþò îáðà-

çîâàíèå êàðáèäîâ ðîìáè÷åñêîé ôîðìû. ×àñòèöû

BC èìåþò ïåðåõîäíûé ñëîé íà ñâîåé ïîâåðõíî-

ñòè ñ ïîâûøåííûì ñîäåðæàíèåì Cr, Ni è C, ÷òî

äàåò îñíîâàíèå ïðåäïîëàãàòü íàëè÷èå â íåì ôàç

òèïà NiC, CrxCy.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå Ðîññèéñêîãî íàó÷íîãî ôîíäà â ðàìêàõ íàó÷íî-

ãî ïðîåêòà ¹ 19-79-00039 (ðàçðàáîòêà ìåòîäà óï-

ðî÷íåíèÿ ìíîãîñëîéíîãî ïîêðûòèÿ ÕÃÍË çà ñ÷åò

àêóñòè÷åñêèõ ýôôåêòîâ, ñîçäàâàåìûõ ëàçåðîì,

èññëåäîâàíèÿ ñòðóêòóðû è õèìè÷åñêîãî ñîñòàâà

óïðî÷íåííîãî ñëîÿ) è ãðàíòà Ïðåçèäåíòà ÐÔ

¹ ÌÊ-3745.2019.8 (ïîëó÷åíèå ìíîãîñëîéíûõ ïî-

êðûòèé ìåòîäîì ÕÃÍË).
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íûå ñâîéñòâà ïîêðûòèé. Äëÿ åå èçìåðåíèÿ ÷àùå âñåãî íà ïðàêòèêå èñïîëüçóþò ðàçëè÷íûå

êîñâåííûå ìåòîäû (ýëåêòðîìàãíèòíûå, ðàäèàöèîííûå, îïòè÷åñêèå), îñíîâàííûå íà ôóíê-

öèîíàëüíîé çàâèñèìîñòè òîãî èëè èíîãî ôèçè÷åñêîãî ïàðàìåòðà ñèñòåìû îñíîâàíèå — ïî-

êðûòèå îò òîëùèíû ïîñëåäíåãî. Îñíîâíîå îãðàíè÷åíèå òî÷íîñòè ïðè ýòîì — ÷óâñòâèòåëü-

íîñòü ñïîñîáîâ îïðåäåëåíèÿ ê ñâîéñòâàì ïîêðûòèé. Ïîýòîìó àêòóàëüíî ðàçâèòèå è âíåäðå-

íèå ïîäõîäîâ, âêëþ÷àþùèõ íåïîñðåäñòâåííîå èçìåðåíèå ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ïî-

êðûòèÿ. Îäíàêî îíè çà÷àñòóþ îòíîñÿòñÿ ê ðàçðóøàþùèì ìåòîäàì, òðåáóþùèì ñïåöèàëü-

íîãî îáîðóäîâàíèÿ, è äîëæíû ïðîõîäèòü ìåòðîëîãè÷åñêóþ àòòåñòàöèþ (ÃÎÑÒ Ð

8.563–2009). Â ñòàòüå ïðåäëîæåí ñïîñîá îïðåäåëåíèÿ òîëùèíû ïîêðûòèé ìåòîäîì àáðà-

çèâíîãî øàðîâîãî èñòèðàíèÿ. Ïðèâåäåíû òåõíè÷åñêèå ðåæèìû íåîáõîäèìîãî èñïûòàòåëü-

íîãî îáîðóäîâàíèÿ, àëãîðèòì ïðîâåäåíèÿ èçìåðåíèé è ðàñ÷åòíûå ôîðìóëû. Ïðåäñòàâëåíû

ðåçóëüòàòû îöåíêè ïîêàçàòåëåé òî÷íîñòè ïðåäëàãàåìîé ìåòîäèêè ðàñ÷åòíûì è ýêñïåðè-

ìåíòàëüíûì ñïîñîáàìè (â îáîèõ ñëó÷àÿõ îòíîñèòåëüíàÿ ïîãðåøíîñòü íå ïðåâûøàëà 6 %).

Ïîêàçàíî, ÷òî ìåòîäèêà ïðèìåíèìà äëÿ øèðîêîãî ñïåêòðà ìàòåðèàëîâ ïîêðûòèé (îò ìÿã-

êèõ ìåòàëëîâ äî ñâåðõòâåðäûõ êåðàìèê) òîëùèíîé îò åäèíèö äî ñîòåí ìèêðîìåòðîâ è ìî-

æåò áûòü ðåêîìåíäîâàíà íå òîëüêî äëÿ òåõíîëîãè÷åñêîãî è âûõîäíîãî êîíòðîëÿ, íî è â êà-

÷åñòâå ðåôåðåíòíîãî ïîäõîäà äëÿ ìåòðîëîãè÷åñêîé àòòåñòàöèè ìåð è íàñòðîå÷íûõ îáðàç-

öîâ äëÿ ðàçëè÷íûõ òèïîâ òîëùèíîìåðîâ.

Êëþ÷åâûå ñëîâà: ìåòðîëîãèÿ; òîëùèíà ïîêðûòèÿ; ìåòîä øàðîâîãî èñòèðàíèÿ; ìåòîäèêà

èçìåðåíèé; ðåôåðåíòíàÿ ìåòîäèêà; ïîêàçàòåëè òî÷íîñòè.
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Thickness is one of the key indicators characterizing the quality and functional properties of coatings. Var-

ious indirect methods (electromagnetic, radiation, optical) most often used in practice to measure thick-

ness are based on the functional dependence of a particular physical parameter of the system “base – coat-

ing” on the coating thickness. The sensitivity of these procedures to the certain properties of coatings im-

poses the main restriction to the accuracy of measurements. Therefore, the development and implementa-

tion of the approaches based on direct measurements of geometric parameters of the coating appears ex-

pedient. These methods often belong to the class of “destructive” and, in addition to measuring instru-

ments, require the use of special equipment. To ensure the uniformity of measurements in the laboratory

or technological control, these methods are isolated as a separate procedure (method) and must undergo

metrological certification in accordance with GOST R 8.563–2009. We present implementation, metro-
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logical certification and practical application of the method for measuring thickness of coatings by

crater-grinding method. The principles of technical implementation of test equipment, measurement pro-

cedure and calculation formulas are described. The results of evaluating the accuracy indicators of the

proposed procedure by calculation and experimental methods are presented. In both cases, the relative er-

ror did not exceed 6%. The applicability of the developed technique is shown for a wide range of coating

materials (from soft metals to superhard ceramics) of different thickness (with from units to hundreds of

micrometers). Apart from the goals of process control and outgoing inspection, the method can be recom-

mended as a reference measurement procedure for calibration of measures and adjusting samples for vari-

ous types of thickness gauges.

Keywords: metrology; coating thickness; crater-grinding method; measurement procedure; reference

measurement procedure; measurement accuracy.

Ââåäåíèå

Êîíòðîëü êà÷åñòâà ïîêðûòèÿ âêëþ÷àåò îïðå-

äåëåíèå ðÿäà ïàðàìåòðîâ (äëèíû, òîëùèíû, âû-

ñîòû, øåðîõîâàòîñòè è äð.), õàðàêòåðèçóþùèõ

åãî ôóíêöèîíàëüíûå ñâîéñòâà [1, 2]. Ïî ñðàâíå-

íèþ ñ äðóãèìè ïàðàìåòðàìè òàêîé ïîêàçàòåëü,

êàê òîëùèíà, õàðàêòåðèçóåòñÿ èçâåñòíûìè òðóä-

íîñòÿìè êàê ïðè íîðìèðîâàíèè, òàê è ïðè èçìå-

ðåíèè [3].

Äëÿ îïðåäåëåíèÿ òîëùèíû ïîêðûòèÿ ïðèìå-

íÿþò ðàçëè÷íûå ñðåäñòâà è ìåòîäû [4]. Íåêîòî-

ðûå èç íèõ ñòàíäàðòèçîâàíû íà ìåæäóíàðîäíîì

óðîâíå (ISO 26423:2009, ISO 18452:2005). Â ÷àñò-

íîñòè, òîëùèíó òîíêèõ ïîêðûòèé êîíòðîëèðóþò

ìåòîäàìè íàíîèíäåíòèðîâàíèÿ è ñêàíèðóþùåé

çîíäîâîé ìèêðîñêîïèè, ìåòàëëè÷åñêèõ ïîêðû-

òèé — âèõðåòîêîâûìè òîëùèíîìåðàìè, ðåàëè-

çóþùèìè àìïëèòóäíûé, ôàçîâûé è àìïëèòóä-

íî-ôàçîâûé ìåòîäû èçìåðåíèé, îñíîâàííûå íà

àíàëèçå ýëåêòðîìàãíèòíîãî ïîëÿ âèõðåâûõ òî-

êîâ, íàâîäèìûõ â îáúåêòå êîíòðîëÿ. Ãðàäóèðîâ-

êó, ïîâåðêó è êàëèáðîâêó òàêèõ ïðèáîðîâ ïðî-

âîäÿò, êàê ïðàâèëî, ñ ïîìîùüþ ìåð — îáðàçöîâ

ïîêðûòèé, íîðìèðîâàííûõ íå òîëüêî ïî òîëùè-

íå, íî è ïî äðóãèì ïàðàìåòðàì [5 – 9]. Îäíàêî íå

âñåãäà èìååòñÿ âîçìîæíîñòü èçãîòîâèòü è àòòå-

ñòîâàòü ìåðû èëè íàòóðíûå îáðàçöû òåõ èëè

èíûõ òèïîâ ïîêðûòèé. Êðîìå òîãî, â ñîîòâåòñò-

âèè ñ äåéñòâóþùèìè íîðìàòèâàìè ìåðû òîëùè-

íû äîëæíû èñïûòûâàòüñÿ ñ èñïîëüçîâàíèåì ýòà-

ëîííûõ ñðåäñòâ èçìåðåíèé èëè ñ ïðèìåíåíèåì

ðåôåðåíòíûõ ìåòîäèê.

Äëÿ èçìåðåíèÿ òîëùèíû ãàëüâàíè÷åñêèõ,

âûñîêîòåìïåðàòóðíûõ çàùèòíûõ ïîêðûòèé, ïî-

ëó÷åííûõ ñïîñîáàìè èîííî-ëó÷åâîãî (IBAD) è

ïëàçìåííîãî õèìè÷åñêîãî îñàæäåíèÿ (PACVD), à

òàêæå íèçêîôðèêöèîííûõ è çàùèòíûõ àëìàçî-

ïîäîáíûõ óãëåðîäíûõ ïîêðûòèé øèðîêî èñïîëü-

çóþò êàëîòåñò — ìåòîä øàðîâîãî èñòèðàíèÿ

[10 – 12]. Ìåòîä àêòèâíî ïðèìåíÿþò ïðè èññëåäî-

âàíèè òðèáîëîãè÷åñêèõ ñâîéñòâ è èçíîñîñòîéêî-

ñòè ðàçëè÷íûõ ïîêðûòèé è ïîâåðõíîñòíî-ìîäè-

ôèöèðîâàííûõ ñëîåâ [13, 14].

Öåëü ðàáîòû — îöåíêà ïàðàìåòðîâ òî÷íîñòè

(ïîãðåøíîñòè, ïîâòîðÿåìîñòè è âîñïðîèçâîäè-

ìîñòè) ìåòîäà øàðîâîãî èñòèðàíèÿ ïðè îïðåäå-

ëåíèè òîëùèíû ïîêðûòèÿ.

Ìåòîäèêà è îáîðóäîâàíèå

Òîëùèíó ïîêðûòèé ìåòîäîì øàðîâîãî èñòè-

ðàíèÿ îïðåäåëÿëè â ñîîòâåòñòâèè ñ ISO

26423:2009. Ñõåìà èñïûòàíèé ïðèâåäåíà íà

ðèñóíêå.

Øàð, ñìî÷åííûé àáðàçèâíîé ñóñïåíçèåé, â

ðåçóëüòàòå âðàùåíèÿ ôîðìèðîâàë íà ïîâåðõ-

íîñòè èñïûòóåìîãî îáðàçöà ñôåðîîáðàçíóþ âû-

åìêó èçíîñà — êðàòåð (èëè êàëîòòó). Èñïûòàíèå

çàâåðøàëè, êîãäà ãëóáèíà êðàòåðà ïðåâûøàëà

òîëùèíó ïîêðûòèÿ. Òîëùèíó îïðåäåëÿëè ïî ñëå-

äàì èçíîñà (âíåøíåìó D è âíóòðåííåìó d äèà-

ìåòðàì âûåìêè) è äèàìåòðó øàðà.

Òîëùèíó ïîêðûòèÿ h äëÿ îáðàçöîâ, óäîâëå-

òâîðÿþùèõ óñëîâèþ ïëîñêîñòíîñòè rs > 100rb (rb,

rs — ðàäèóñû øàðà è êðèâèçíû îáðàçöà), ðàññ÷è-

òûâàëè èç ñîîòíîøåíèÿ

h r
d
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D

bm bm
� 	 	 	

2
2

2
2

4 4
, (1)

ãäå rbm — ñðåäíåå çíà÷åíèå ðàäèóñà øàðà; d, D —

çíà÷åíèÿ åäèíè÷íûõ èçìåðåíèé âíóòðåííåãî è

âíåøíåãî äèàìåòðîâ ñôåðîîáðàçíîãî êðàòåðà.

Äëÿ îáðàçöîâ, íå óäîâëåòâîðÿþùèõ óñëîâèþ

ïëîñêîñòíîñòè, óðàâíåíèå (1) ìåíÿåòñÿ ñëåäó-

þùèì îáðàçîì:
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Àòòåñòàöèþ (îöåíêó òî÷íîñòè) ìåòîäèêè

ïðîâîäèëè â ñîîòâåòñòâèè ñ ÃÎÑÒ Ð 8.563–2009.

Èñïîëüçîâàëè ñëåäóþùåå îáîðóäîâàíèå: óñòðîé-

ñòâî àáðàçèâíîãî øàðîâîãî èñòèðàíèÿ «Êîíñòàí-

òà Ø2», öèôðîâîé îïòè÷åñêèé ìèêðîñêîï «Àëü-

òàìè ÌÂ0670Ä» ñ êàìåðîé UCMOS05100KPA,

øàðû êëàññà G 200 (ÃÎÑÒ 3722–2014) äèàìåòðîì

Db 10 è 30 ìì. Äëÿ êàëèáðîâêè öèôðîâîãî ìèêðî-
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ñêîïà èñïîëüçîâàëè îáúåêò-ìèêðîìåòð ÎÌÎ

(¹ 590-63 â ÔÃÈÑ «Àðøèí»). Äèàìåòð øàðîâ

êîíòðîëèðîâàëè ñ ïîìîùüþ ìèêðîìåòðîâ Micro-

mar 40 EWR (¹ 53762-13 â ÔÃÈÑ «Àðøèí»).

Öèôðîâûå èçîáðàæåíèÿ îáðàáàòûâàëè ñ èñïîëü-

çîâàíèåì ïðîãðàììû Altami Studio.

Äî íà÷àëà èñïûòàíèÿ ñ ïîìîùüþ ìèêðîìåòðà

îïðåäåëÿëè ñðåäíåå çíà÷åíèå äèàìåòðà øàðà

(ïî 10 èçìåðåíèÿì). Îòêëîíåíèå ðàçîâûõ èçìå-

ðåíèé îò ñðåäíåãî íå ïðåâûøàëî 5 ìêì. Èñïû-

òàíèå ïðîâîäèëè äî ïîÿâëåíèÿ âèçóàëüíîãî

êîíòðàñòà ìåæäó îñíîâàíèåì è ïîêðûòèåì. Ðàç-

ìåðû âûåìêè íàõîäèëè ïî öèôðîâîìó èçîáðàæå-

íèþ (îñóùåñòâëÿëè íå ìåíåå 10 èçìåðåíèé ñ ïî-

ñëåäóþùèì óñðåäíåíèåì). Â ñëó÷àå åñëè èñ-

ñëåäóåìûé îáðàçåö íå óäîâëåòâîðÿë óñëîâèþ

ïëîñêîñòíîñòè, ðàäèóñ êðèâèçíû ïîâåðõíîñòè rs

èçìåðÿëè èëè áðàëè èç ñîîòâåòñòâóþùåé äîêó-

ìåíòàöèè. Ïî ïîëó÷åííûì äàííûì òîëùèíó ïî-

êðûòèÿ äëÿ ïëîñêèõ è öèëèíäðè÷åñêèõ îáðàçöîâ

ðàññ÷èòûâàëè ïî ôîðìóëå (1), äëÿ ñôåðè÷å-

ñêèõ — ïî (2). Çà îêîí÷àòåëüíûé ðåçóëüòàò ïðè-

íèìàëè ñðåäíåå àðèôìåòè÷åñêîå äåñÿòè ïàðàë-

ëåëüíûõ èñïûòàíèé (åäèíè÷íûõ àíàëèçîâ), ïî-

ëó÷åííûõ â óñëîâèÿõ ïîâòîðÿåìîñòè (ÃÎÑÒ Ð

ÈÑÎ 5725-2–2002).

Îáñóæäåíèå ðåçóëüòàòîâ

Ïîêàçàòåëè òî÷íîñòè îöåíèâàëè ðàñ÷åòíûì è

ýêñïåðèìåíòàëüíûì ñïîñîáàìè.

Ðàñ÷åòíûé ìåòîä âêëþ÷àë àíàëèç âëèÿíèÿ

ïîãðåøíîñòè ñðåäñòâ èçìåðåíèé è ñëó÷àéíîãî

ðàçáðîñà èçìåðÿåìûõ âåëè÷èí íà ðåçóëüòàòû

îïðåäåëåíèÿ òîëùèíû ïîêðûòèÿ (ÃÎÑÒ Ð

8.736–2011).

Ó÷èòûâàëè ñëåäóþùèå èñòî÷íèêè íåèñêëþ-

÷åííîé ñèñòåìàòè÷åñêîé ïîãðåøíîñòè (ÍÑÏ):

ïîãðåøíîñòü èçìåðåíèé äèàìåòðîâ ÄD è Äd, ñâÿ-

çàííàÿ ñ ïîãðåøíîñòüþ îïòè÷åñêîãî ìèêðîñêîïà

ÄM; ïîãðåøíîñòè èçìåðåíèé ðàäèóñîâ øàðà Ärb

è îáðàçöà Ärs (äëÿ ñôåðè÷åñêèõ îáðàçöîâ). Ñëó-

÷àéíóþ ïîãðåøíîñòü (ÑÏ) îïðåäåëÿë ðàçáðîñ

çíà÷åíèé ÄDm è Ädm, ñâÿçàííûé ñ âëèÿíèåì øå-

ðîõîâàòîñòè ïîâåðõíîñòåé ïîêðûòèÿ è îñíîâà-

íèÿ, à òàêæå äðóãèõ ñëó÷àéíûõ ôàêòîðîâ.

Ñóììàðíàÿ ïîãðåøíîñòü îïòè÷åñêîãî ìèêðî-

ñêîïà ÄM, îïðåäåëÿåìàÿ ðàçðåøàþùåé ñïîñîá-

íîñòüþ îïòè÷åñêîé ñèñòåìû, êîëè÷åñòâîì ïèêñå-

ëåé öèôðîâîé êàìåðû, ïîãðåøíîñòüþ îáúåêò-

ìèêðîìåòðà è ñëó÷àéíûì ðàçáðîñîì ïîêàçàíèé

ïðè ìíîãîêðàòíûõ èçìåðåíèÿõ äëèíû, ñîñòàâèëà

10 ìêì.

Äëÿ îöåíêè ñîñòàâëÿþùèõ ÍÑÏ òîëùèíû

ïîêðûòèÿ Äh äëÿ îáðàçöîâ, óäîâëåòâîðÿþùèõ

óñëîâèþ ïëîñêîñòíîñòè, ðàññ÷èòûâàëè ÷àñòíûå
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Ñõåìà èñïûòàíèÿ: à — îáùàÿ; á — â ðàçðåçå; â, ã — âûåìêè íà ïëîñêîé (èëè ñôåðè÷åñêîé) è öèëèíäðè÷åñêîé ïîâåðõíî-

ñòÿõ ñîîòâåòñòâåííî (âèä ñâåðõó)

Scheme of crater grinding procedure: a — general; b — sectional view of the abrasion process; c, d — craters on a flat (or spher-

ical) and cylindrical surfaces (top view)
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ìåòðó:
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ãäå dm, Dm — ñðåäíèå çíà÷åíèÿ âíóòðåííåãî è

âíåøíåãî äèàìåòðîâ ñôåðîîáðàçíîé âûåìêè.

Â êà÷åñòâå ÍÑÏ ÄDm è Ädm ïðèíèìàëè ïî-

ãðåøíîñòü ìèêðîñêîïà ÄM, ÍÑÏ Ärb — ïðåäåëü-

íîå îòêëîíåíèå ÄDwm = ±60 ìêì äëÿ øàðîâ

êëàññà G 200 (ÃÎÑÒ 3722–2014).

Ñóììàðíàÿ ìåòîäè÷åñêàÿ ïîãðåøíîñòü (äîâå-

ðèòåëüíûå ãðàíèöû) ïðè äîâåðèòåëüíîé âåðîÿò-

íîñòè 0,95 (ÃÎÑÒ Ð 8.736–2011) ñîñòàâëÿåò

Äï(Ädm, ÄDm, Ärb) = ±1,1(Äh2(ÄDm) +

+ Äh2(Ädm) + Äh2(Ärb))
1/2. (6)

Äëÿ îáðàçöîâ, íå óäîâëåòâîðÿþùèõ óñëîâèþ

ïëîñêîñòíîñòè, ñîñòàâëÿþùèå ÍÑÏ Äh îöåíèâà-

ëè íà îñíîâå ÷àñòíûõ ïðîèçâîäíûõ óðàâíåíèÿ

(2):

� � � �h D
h D

D
D

r r
D Dm

m

m

m

b s

m m( )
( )

,�

�

�

� 


�

�

�

�

�

�

1

4

1 1
(7)

� � �h d
r r

d dm

b s

m m( ) ,� 	 


�

�

�

�

�

�

1

4

1 1
(8)

� � �h r D d
r

r
b m m

b

b
( ) ( ) ,� 	 	

1

8

1
2 2

2
(9)

� � �h r D d
r

rs m m

s

s( ) ( ) .� 	 	

1

8

1
2 2

2
(10)

Ñóììàðíàÿ ìåòîäè÷åñêàÿ ïîãðåøíîñòü â ýòîì

ñëó÷àå (äîâåðèòåëüíàÿ âåðîÿòíîñòü 0,95)

Äï(Ädm, ÄDm, Ärb, Ärs) = ±1,1(Äh2(ÄDm) +

+ Äh2(Ädm) + Äh2(Ärb) + Äh2(Ärs))
1/2. (11)

Â òàáëèöå ïðèâåäåíû ðàñ÷åòíûå ïîãðåø-

íîñòè ðåçóëüòàòîâ èçìåðåíèé òîëùèíû ïîêðû-

òèé â ïðåäïîëîæåíèè, ÷òî D/d = 3/2.

Ýêñïåðèìåíòàëüíûé ìåòîä âêëþ÷àë îöåíêó

ïîâòîðÿåìîñòè, âîñïðîèçâîäèìîñòè è ïðàâèëü-

íîñòè (ÃÎÑÒ Ð ÈÑÎ 5725).

Ïî äàííûì èñïûòàíèé îïðåäåëÿëè ñëåäóþ-

ùèå ïîêàçàòåëè: ñðåäíåå êâàäðàòè÷åñêîå îòêëî-

íåíèå è ïðåäåë ïîâòîðÿåìîñòè ðåçóëüòàòîâ ïà-

ðàëëåëüíûõ èçìåðåíèé; ñðåäíåå êâàäðàòè÷åñêîå

îòêëîíåíèå è ïðåäåë âîñïðîèçâîäèìîñòè; ãðàíè-

öû èíòåðâàëà, â êîòîðûõ ÍÑÏ ìåòîäèêè íàõî-

äèòñÿ ñ âåðîÿòíîñòüþ 0,95; ãðàíèöû èíòåðâàëà, â

êîòîðûõ ïîãðåøíîñòü ëþáîãî èç ðåçóëüòàòîâ èç-

ìåðåíèé íàõîäèòñÿ ñ âåðîÿòíîñòüþ 0,95.

Ïîâòîðÿåìîñòü è âîñïðîèçâîäèìîñòü ìåòîäè-

êè îöåíèâàëè â òðåõ ëàáîðàòîðèÿõ íà ñîîòâåòñò-

âóþùèõ îáðàçöàõ. Ýêñïåðèìåíòàëüíûå òî÷êè

ðàñïîëàãàëèñü â íà÷àëå, ñåðåäèíå è êîíöå äèàïà-

çîíà èçìåðåíèé. Äàííûå âêëþ÷àëè ðåçóëüòàòû

30 ñåðèé è 10 åäèíè÷íûõ èçìåðåíèé (â ðàìêàõ

êàæäîé ñåðèè). Îáùåå ÷èñëî ñåðèé ìåæäó ëàáîðà-

òîðèÿìè ðàñïðåäåëÿëè ðàâíûìè äîëÿìè.

Äëÿ îöåíêè ïðàâèëüíîñòè èñïîëüçîâàëè îá-

ðàçöû, àòòåñòîâàííûå ñ ïîìîùüþ ãîñóäàðñòâåí-

íîãî ïåðâè÷íîãî ýòàëîíà åäèíèö ïîâåðõíîñòíîé

ïëîòíîñòè è ìàññîâîé äîëè ýëåìåíòîâ â ïîêðûòè-

ÿõ ÃÝÒ 168-201 (ÑÏ — 0,5 – 1,0, ÍÑÏ — 0,3 –

2,0 %). Îáðàçöû èññëåäîâàëè ñ ïîìîùüþ ýòàëî-

íîâ ñðàâíåíèÿ (ÃÝÒ 168-2015), îòíîñèòåëüíàÿ

ïîãðåøíîñòü àòòåñòîâàííîãî çíà÷åíèÿ ñîñòàâëÿ-

ëà 0,15 – 0,5 %.

Ïîëó÷èëè ñëåäóþùèå çíà÷åíèÿ ïîêàçàòåëåé

òî÷íîñòè èçìåðåíèé òîëùèíû ïîêðûòèÿ (äîâå-

ðèòåëüíàÿ âåðîÿòíîñòü — 0,95, äèàïàçîí èçìåðå-

íèé — 5 – 520 ìêì), %: ïîâòîðÿåìîñòü ór (ñðåäíå-

êâàäðàòè÷åñêîå îòêëîíåíèå) — 2,8; âîñïðîèç-

âîäèìîñòü óR (ñðåäíåêâàäðàòè÷åñêîå îòêëîíå-

íèå) — 2,8; ïðàâèëüíîñòü ±äñ (ãðàíèöû ñèñ-

òåìàòè÷åñêîé ïîãðåøíîñòè) — 5,6; òî÷íîñòü ±ä

(ãðàíèöû ïîãðåøíîñòè, äîâåðèòåëüíàÿ âåðîÿò-

íîñòü — 0,9) — 6,0.

Îòìåòèì, ÷òî â ñëó÷àå èñïîëüçîâàíèÿ ìåëêî-

äèñïåðñíîé ñóñïåíçèè (êàê è øàðîâ ìàëîãî äèà-

ìåòðà) ôîðìèðóþòñÿ áîëåå ðîâíûå ãðàíèöû âû-

åìêè. Õîòÿ ïðè ýòîì çíà÷èòåëüíî óâåëè÷èâàåòñÿ

âðåìÿ èñïûòàíèÿ, â ïðîöåññå èñòèðàíèÿ ñëåäóåò

óìåíüøàòü ðàçìåð ÷àñòèö â ñóñïåíçèè è ôèíàëü-

íóþ ïîëèðîâêó ïðîâîäèòü ñàìûì ìàëûì ðàçìå-

ðîì àëìàçîâ. Ïðè ðàñ÷åòå òîëùèíû ïîêðûòèÿ

íåîáõîäèìî òàêæå ó÷èòûâàòü óìåíüøåíèå äèà-
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Ðàñ÷åòíûå àáñîëþòíûå (Ä
ï
) è îòíîñèòåëüíûå (ä

ï
) ïîãðåø-

íîñòè èçìåðåíèé òîëùèíû ïîêðûòèé

Calculated values of the absolute (Ä
ï
) and relative (ä

ï
) er-

rors of measuring coating thickness

D
b
, ìì h, ìêì D

m
, ìì d

m
, ìì Ä

ï
, ìêì ä

ï
, %

15 5 0,75 0,50 0,3 6

20 1,50 1,00 0,7 3,5

100 3,30 2,20 1,5 1,5

30 5 1,05 0,7 0,2 4

20 2,10 1,4 0,5 2,5

100 4,64 3,1 1,0 1



ìåòðà øàðà (ïîâòîðíîå åãî èñïîëüçîâàíèå èñêëþ-

÷åíî). Âìåñòå ñ òåì ïðåäñòàâëÿåòñÿ, ÷òî øàðû

áîëüøèõ äèàìåòðîâ ìàëîýôôåêòèâíû âñëåäñòâèå

íåðàâíîìåðíîñòè ÷àñòîòû âðàùåíèÿ äâèãàòåëÿ

èç-çà áîëüøîé ìàññû.

Ïðåäñòàâëåííóþ ìåòîäèêó ìîæíî ïðèìåíÿòü

ïðè àòòåñòàöèè îáðàçöîâ ïðîèçâîëüíîé ãåîìåò-

ðè÷åñêîé ôîðìû (íàïðèìåð, îáðàçöîâ èçíîñî-

ñòîéêèõ ïîêðûòèé íà øàðîâûõ ýëåìåíòàõ çàïîð-

íîé òðóáîïðîâîäíîé àðìàòóðû) [15]. Êðîìå òîãî,

ñîãëàñíî òðåáîâàíèÿì íîðìàòèâîâ ïåðèîäè÷å-

ñêàÿ àòòåñòàöèÿ òåõíîëîãè÷åñêîãî ïðîöåññà íàíå-

ñåíèÿ ïîêðûòèÿ äîëæíà îñóùåñòâëÿòüñÿ ñ ïðèìå-

íåíèåì òðåõ íåçàâèñèìûõ ìåòîäîâ èçìåðåíèÿ.

Äàííóþ ìåòîäèêó ìîæíî èñïîëüçîâàòü â êà÷åñò-

âå îäíîãî èõ òàêèõ ìåòîäîâ. Ñ åå ïîìîùüþ ìîæíî

òàêæå ïðîâîäèòü èçìåðåíèÿ ñ âûñîêîé òî÷íîñòüþ

íà èçäåëèÿõ ñ íåñòàáèëüíûìè ýëåêòðîìàãíèòíû-

ìè ñâîéñòâàìè (íà àóñòåíèòíûõ íåðæàâåþùèõ

ñòàëÿõ è äð.).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ïðåäñòàâëåííàÿ ìåòîäèêà îïðåäå-

ëåíèÿ òîëùèíû ïîêðûòèé ìåòîäîì øàðîâîãî èñ-

òèðàíèÿ ìîæåò èñïîëüçîâàòüñÿ äëÿ òåõíîëîãè÷å-

ñêîãî è âûõîäíîãî êîíòðîëÿ øèðîêîãî ñïåêòðà

ïîêðûòèé (îò ëàêîêðàñî÷íûõ äî ñâåðõòâåðäûõ)

òîëùèíîé îò åäèíèö äî ñîòåí ìèêðîìåòðîâ. Åå

ìîæíî ïðèìåíÿòü â êà÷åñòâå ðåôåðåíòíîãî ïîä-

õîäà ïðè àòòåñòàöèè ìåð è íàñòðîå÷íûõ îáðàçöîâ

äëÿ ðàçëè÷íûõ òèïîâ ýëåêòðîìàãíèòíûõ òîëùè-

íîìåðîâ. Ïðåèìóùåñòâî ìåòîäèêè — ïðÿìûå èç-

ìåðåíèÿ ëèíåéíûõ ðàçìåðîâ êðàòåðà, ÷òî ìèíè-

ìèçèðóåò âîçìîæíûå ïîãðåøíîñòè, à òàêæå âîç-

ìîæíîñòü èñïûòàíèé áåç ðàçðóøåíèÿ äåòàëåé è

íà îáðàçöàõ ïðîèçâîëüíîé ôîðìû.
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Ðàññìîòðåíû âåðîÿòíîñòíûå àñïåêòû ìíîãîìàñøòàáíîãî ìîäåëèðîâàíèÿ ðàçðóøåíèé ãå-

òåðîãåííûõ ñòðóêòóð. Ïðåäëîæåí êîìáèíèðîâàííûé ïîäõîä ê ðåøåíèþ çàäà÷ îöåíêè âåðî-

ÿòíîñòåé ðàçðóøåíèÿ ñòðóêòóðíî-íåîäíîðîäíûõ ìàòåðèàëîâ, ñî÷åòàþùèé ìåòîäû ãîìîãå-

íèçàöèè ñ ôåíîìåíîëîãè÷åñêèìè è ÷èñëåííûìè ìîäåëÿìè ìåõàíèêè ðàçðóøåíèÿ. Ñôîð-

ìóëèðîâàíà ìîäåëü îáîáùåííîé ãåòåðîãåííîé ñòðóêòóðû, ñîñòîÿùåé èç ðàçíîðîäíûõ ìàòå-

ðèàëîâ è îáëàñòåé ðàçíûõ ìàñøòàáîâ, ñîäåðæàùèõ òðåùèíû è òðåùèíîïîäîáíûå äåôåê-

òû. Ñâÿçü ìàñøòàáîâ îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì êèíåìàòè÷åñêèõ óñëîâèé è ìíîãî-

ìàñøòàáíîãî ïðèíöèïà âèðòóàëüíûõ ñèë. Âåðîÿòíîñòü ðàçðóøåíèÿ ñôîðìóëèðîâàíà êàê

óñëîâíàÿ âåðîÿòíîñòü ïîñëåäîâàòåëüíûõ âëîæåííûõ ñîáûòèé ðàçðóøåíèÿ ñòðóêòóð ðàç-

íûõ ìàñøòàáîâ. Â êà÷åñòâå îñíîâíûõ èñòî÷íèêîâ ðàçðóøåíèé ðàññìîòðåíû òðåùèíû è

òðåùèíîïîäîáíûå äåôåêòû, ðàñïðåäåëåíèå êîòîðûõ ïðåäñòàâëÿåòñÿ â âèäå ïóàññîíîâñêèõ

àíñàìáëåé. Êðèòè÷åñêèå íàïðÿæåíèÿ â âåðøèíàõ òðåùèí îïèñûâàþòñÿ ìîäåëüþ Âåéáóë-

ëà. Ïîëó÷åíû àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ âåðîÿòíîñòåé ðàçðóøåíèÿ ìíîãîìàñøòàáíûõ

ãåòåðîãåííûõ ñòðóêòóð ñ ìíîãîóðîâíåâûìè ïðåäåëüíûìè ñîñòîÿíèÿìè. Äëÿ îöåíêè âåðî-

ÿòíîñòåé ðàçðóøåíèÿ ñ ó÷åòîì ðåàëüíîé ìîðôîëîãèè ãåòåðîãåííûõ ñòðóêòóð ïðåäëîæåí

ïîäõîä íà îñíîâå ìîäèôèöèðîâàííîãî ìåòîäà ñòàòèñòè÷åñêîãî ìîäåëèðîâàíèÿ Ìîíòå-Êàð-

ëî. Îñîáåííîñòü ïðåäëàãàåìîãî ìåòîäà çàêëþ÷àåòñÿ â èñïîëüçîâàíèè òðåõóðîâíåâîé ñõåìû

ðàçðóøåíèÿ ñ ÷èñëåííûì ðåøåíèåì çàäà÷ íà ìèêðî-, ìåçî- è ìàêðîìàñøòàáàõ. Â êà÷åñòâå

îñíîâíûõ ïåðåìåííûõ èñïîëüçóþòñÿ îáîáùåííûå ñèëû ïðîäâèæåíèÿ òðåùèí è ñîïðîòèâ-

ëåíèÿ ðîñòó òðåùèí. Ðàçìåðû òðåùèí ðàññìàòðèâàþòñÿ êàê îáîáùåííûå êîîðäèíàòû. Äëÿ

ñíèæåíèÿ ðàçìåðíîñòè çàäà÷à ìåõàíèêè ðàçðóøåíèÿ ïåðåôîðìóëèðóåòñÿ â çàäà÷ó óñòîé-

÷èâîñòè ãåòåðîãåííîé ñòðóêòóðû ïîä íàãðóçêîé ïðè âàðèàöèÿõ îáîáùåííûõ êîîðäèíàò ñ

àíàëèçîì âèðòóàëüíîé ðàáîòû îáîáùåííûõ ñèë. Ïîëó÷åíû âûðàæåíèÿ äëÿ îöåíêè âåðîÿò-

íîñòåé ðàçðóøåíèÿ ìíîãîìàñøòàáíûõ ãåòåðîãåííûõ ñòðóêòóð ìîäèôèöèðîâàííûì ìåòî-

äîì Ìîíòå-Êàðëî. Îòìå÷åíû ïåðñïåêòèâû ðåøåíèÿ çàäà÷ ðèñê-àíàëèçà ãåòåðîãåííûõ

ñòðóêòóð ñ ïîìîùüþ óêàçàííûõ ïîäõîäîâ.
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The probabilistic aspects of multiscale modeling of the fracture of heterogeneous structures are consid-

ered. An approach combining homogenization methods with phenomenological and numerical models of

fracture mechanics is proposed to solve the problems of assessing the probabilities of destruction of struc-

turally heterogeneous materials. A model of a generalized heterogeneous structure consisting of heteroge-

neous materials and regions of different scales containing cracks and crack-like defects is formulated.

Linking of scales is carried out using kinematic conditions and multiscale principle of virtual forces. The

probability of destruction is formulated as the conditional probability of successive nested fracture events

of different scales. Cracks and crack-like defects are considered the main sources of fracture. The distribu-

tion of defects is represented in the form of Poisson ensembles. Critical stresses at the tops of cracks are

described by the Weibull model. Analytical expressions for the fracture probabilities of multiscale hetero-

geneous structures with multilevel limit states are obtained. An approach based on a modified Monte

Carlo method of statistical modeling is proposed to assess the fracture probabilities taking into account

the real morphology of heterogeneous structures. A feature of the proposed method is the use of a

three-level fracture scheme with numerical solution of the problems at the micro, meso and macro scales.

The main variables are generalized forces of the crack propagation and crack growth resistance. Crack

sizes are considered generalized coordinates. To reduce the dimensionality, the problem of fracture me-

chanics is reformulated into the problem of stability of a heterogeneous structure under load with varia-

tions of generalized coordinates and analysis of the virtual work of generalized forces. Expressions for esti-

mating the fracture probabilities using a modified Monte Carlo method for multiscale heterogeneous

structures are obtained. The prospects of using the developed approaches to assess the fracture probabili-

ties and address the problems of risk analysis of heterogeneous structures are shown.

Keywords: structural heterogeneity; limit state; crack-like defects; multiscale modeling; generalized

forces; fracture probability; Monte Carlo.

Ââåäåíèå

Ïîñòîÿííî ðàñòóùèå òðåáîâàíèÿ ê êîíñòðóê-

öèÿì òåõíè÷åñêèõ ñèñòåì îáåñïå÷èâàþòñÿ ñîâåð-

øåíñòâîâàíèåì ìåòîäîâ ïðîåêòèðîâàíèÿ, ñîçäà-

íèåì íîâûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ è ïðî-

èçâîäñòâåííûõ òåõíîëîãèé. Õàðàêòåðíàÿ îñîáåí-

íîñòü ñîâðåìåííûõ òåõíîëîãèé çàêëþ÷àåòñÿ â

òîì, ÷òî ñâîéñòâà ìàòåðèàëîâ ôîðìèðóþòñÿ íå-

ïîñðåäñòâåííî â ïðîöåññå èçãîòîâëåíèÿ êîí-

ñòðóêöèé. Ñòðàòåãèÿ äàëüíåéøåé ðàçðàáîòêè íî-

âûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ è êîíñòðóê-

öèé ñ ðàäèêàëüíî óëó÷øåííûìè ñâîéñòâàìè

ñîñòîèò â ñîçäàíèè êîìïîçèòíûõ ãåòåðîãåííûõ

ìàòåðèàëîâ è ñòðóêòóð ñ ìíîãîìàñøòàáíîé âíó-

òðåííåé èåðàðõèåé. Ýòî îáñòîÿòåëüñòâî ñóùå-

ñòâåííî óñëîæíÿåò òðàäèöèîííûé ðàñ÷åòíî-ýêñ-

ïåðèìåíòàëüíûé ïîäõîä ê ïðîåêòèðîâàíèþ ãåòå-

ðîãåííûõ ñòðóêòóð è äèêòóåò íåîáõîäèìîñòü ðàç-

ðàáîòêè íîâûõ ïîäõîäîâ, îñíîâàííûõ íà øèðî-

êîì èñïîëüçîâàíèè ìåòîäîâ âû÷èñëèòåëüíîãî

ìîäåëèðîâàíèÿ.

Ðåàëèçàöèÿ òàêîãî ïîäõîäà òðåáóåò ðåøåíèÿ

ìíîãîóðîâíåâûõ, ìíîãîìàñøòàáíûõ çàäà÷ ñ íå-

òðèâèàëüíûìè ìåõàíè÷åñêèìè è âåðîÿòíîñòíû-

ìè àñïåêòàìè. Ìåõàíè÷åñêèå àñïåêòû çàêëþ÷à-

þòñÿ â íåîáõîäèìîñòè îïèñàíèÿ ïðîöåññîâ äå-

ôîðìèðîâàíèÿ è ðàçðóøåíèÿ îäíîâðåìåííî íà

íåñêîëüêèõ ìàñøòàáàõ âðåìåíè è ðàçìåðîâ. Ïðè

ýòîì òðåáóåòñÿ ó÷èòûâàòü ñëîæíûå ïðîöåññû ïå-

ðåðàñïðåäåëåíèÿ ëîêàëüíûõ ïîëåé íàïðÿæåíèé

è äåôîðìàöèé, ôîðìèðîâàíèÿ ïîâðåæäåíèé ðàç-

ëè÷íûõ ìàñøòàáîâ è èåðàðõè÷åñêèå ïåðåõîäû

ïðîöåññà ðàçðóøåíèÿ â ãåòåðîãåííîé ñòðóêòóðå.

Âåðîÿòíîñòíûå àñïåêòû ñîñòîÿò â òîì, ÷òî ïðî-

öåññû ðàçðóøåíèÿ ìîãóò ðåàëèçîâûâàòüñÿ ïî

ðàçëè÷íûì êîíêóðèðóþùèì ìåõàíèçìàì, â ôîð-

ìèðîâàíèè êîòîðûõ ñóùåñòâåííóþ ðîëü èãðàþò

ñëó÷àéíûå âàðèàöèè ñòðóêòóðíî-ìåõàíè÷åñêèõ

ïàðàìåòðîâ. Ïîýòîìó ìîäåëè ðàçðóøåíèé äîëæ-

íû â ÿâíîì âèäå ñîäåðæàòü âåðîÿòíîñòíûå îïè-

ñàíèÿ òàêèõ ïåðåìåííûõ è ïàðàìåòðîâ â ðàñ-

ñìàòðèâàåìîé èåðàðõèè ìàñøòàáîâ ñòðóêòóðû è

âðåìåíè.

Â äàííîé ðàáîòå ðàññìîòðåíû íåêîòîðûå êîí-

öåïòóàëüíûå ïîëîæåíèÿ âåðîÿòíîñòíîãî ìíîãî-

ìàñøòàáíîãî ìîäåëèðîâàíèÿ ðàçðóøåíèé ãåòåðî-

ãåííûõ ñòðóêòóð, îñíîâàííûå íà ñèíòåçå ìåòîäîâ

âû÷èñëèòåëüíîé ìåõàíèêè, ìåõàíèêè ðàçðóøå-

íèÿ è ìåòîäîâ òåîðèè âåðîÿòíîñòåé. Ïîä ãåòåðî-

ãåííîé ñòðóêòóðîé ïîíèìàåòñÿ äåôîðìèðóåìàÿ

ñðåäà ñ ïåðèîäè÷åñêîé, ãðàäèåíòíîé èëè ñòîõàñ-

òè÷åñêîé ñòðóêòóðîé, ñîñòîÿùåé èç äâóõ è áîëåå

ôèçè÷åñêè ðàçíîðîäíûõ êîìïîíåíò ñ âûñîêîé

ìåõàíè÷åñêîé íåîäíîðîäíîñòüþ [1, 2]. Ê òàêèì

ñòðóêòóðàì ìîæíî îòíåñòè: êîìïîçèöèîííûå ìà-

òåðèàëû íà ìåòàëëè÷åñêîé, êåðàìè÷åñêîé è ïî-

ëèìåðíîé îñíîâå; ãðàäèåíòíûå ìàòåðèàëû; áèìî-

äàëüíûå, ñëîèñòûå, ãàðìîíè÷åñêèå ñòðóêòóðû;

êîíñòðóêöèè èç óêàçàííûõ ìàòåðèàëîâ.

Ïðåäâàðèòåëüíûå çàìå÷àíèÿ

ê ðàçðàáîòêå ìîäåëåé è ìåòîäîâ

âåðîÿòíîñòíîãî ìíîãîìàñøòàáíîãî

ìîäåëèðîâàíèÿ ðàçðóøåíèé

Ìíîãîìàñøòàáíîå ìîäåëèðîâàíèå ñòðóêòóð-

íî-íåîäíîðîäíûõ ìàòåðèàëîâ çàíèìàåò îñîáîå

ìåñòî â âû÷èñëèòåëüíîé ìåõàíèêå. Èíòåíñèâíîå

ðàçâèòèå ìåòîäîâ ìàòåìàòè÷åñêîãî ìîäåëèðîâà-
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íèÿ, âû÷èñëèòåëüíûõ ñðåäñòâ è âû÷èñëèòåëüíûõ

òåõíîëîãèé ïðèâîäèò ê ïîñòîÿííîìó ðàñøèðå-

íèþ êðóãà çàäà÷, ðåøàåìûõ ìåòîäàìè âû÷èñëè-

òåëüíîé ìåõàíèêè. Ê ÷èñëó òàêèõ çàäà÷ îòíîñÿò-

ñÿ âû÷èñëèòåëüíîå ïðîåêòèðîâàíèå íîâûõ êîí-

ñòðóêöèîííûõ ìàòåðèàëîâ è îïòèìàëüíîå ïðîåê-

òèðîâàíèå êîíñòðóêöèé, èññëåäîâàíèå ïðîöåññîâ

äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ ñëîæíûõ èåðàð-

õè÷åñêèõ ñòðóêòóð, ñîçäàíèå öèôðîâûõ äâîéíè-

êîâ èçäåëèé è ñèñòåì âèðòóàëüíûõ èñïûòàíèé

èçäåëèé â øòàòíûõ è àâàðèéíûõ ðåæèìàõ ýêñ-

ïëóàòàöèè è ìíîãîå äðóãîå.

Ñîçäàíèå âñå áîëåå ñëîæíûõ ñòðóêòóðíî-íå-

îäíîðîäíûõ ìàòåðèàëîâ ñòàâèò íîâûå çàäà÷è

ìíîãîìàñøòàáíîãî ìîäåëèðîâàíèÿ. Íàèáîëåå

ñëîæíûì âîïðîñîì òàêîãî ìîäåëèðîâàíèÿ ÿâëÿ-

åòñÿ îöåíêà ðîëè âíóòðåííåé ñòðóêòóðû â èíè-

öèàöèè è ðàçâèòèè ïîâðåæäåíèé ïîä äåéñòâèåì

òåõíîëîãè÷åñêèõ è ýêñïëóàòàöèîííûõ íàãðóçîê.

Íå ìåíåå ñëîæíûì àñïåêòîì ÿâëÿåòñÿ ó÷åò òðå-

ùèíîïîäîáíûõ äåôåêòîâ ñòðóêòóðû, ïðèâîäÿ-

ùèõ ê ýôôåêòàì ëîêàëüíîé êîíöåíòðàöèè íà-

ïðÿæåíèé è èíèöèàöèè ðàçðóøåíèé. Îñîáóþ

ñëîæíîñòü ïðåäñòàâëÿåò àíàëèç ìíîæåñòâà ñîáû-

òèé íà ðàçíûõ ìàñøòàáàõ ñòðóêòóðû ìàòåðèàëà.

Ñ ó÷åòîì óêàçàííûõ îáñòîÿòåëüñòâ â ñîâðå-

ìåííîé ïîñòàíîâêå çàäà÷à ìíîãîìàñøòàáíîãî ìî-

äåëèðîâàíèÿ ðàçðóøåíèé çàêëþ÷àåòñÿ â ïåðå-

õîäå îò êëàññè÷åñêîãî ôåíîìåíîëîãè÷åñêîãî ðàñ-

ñìîòðåíèÿ ðàçðóøåíèé íà ìàêðîóðîâíå ê ìíîãî-

ìàñøòàáíîìó àíàëèçó è ìîäåëèðîâàíèþ ïðîöåñ-

ñîâ çàðîæäåíèÿ è ðàçâèòèÿ ïîâðåæäåíèé â

ñòðóêòóðíî-íåîäíîðîäíîé ñðåäå. Ïîâðåæäåíèÿ

ìàòåðèàëîâ â áîëüøèíñòâå ñëó÷àåâ ñâÿçàíû ñ îá-

ðàçîâàíèåì íåîäíîðîäíîñòåé â âèäå ñëàáûõ è

ñèëüíûõ ðàçðûâîâ. Ê ñëàáûì îòíîñÿòñÿ ðàçðûâû

ïðîèçâîäíûõ ïîëÿ ïåðåìåùåíèé — äåôîðìàöèé.

Îíè âîçíèêàþò ïðè ëîêàëèçàöèè ïëàñòè÷åñêèõ

äåôîðìàöèé â âèäå ïîëîñ ñêîëüæåíèÿ, à òàêæå íà

ãðàíèöàõ ðàçäåëà êîìïîíåíò ñ ñóùåñòâåííî ðàç-

ëè÷íûìè ñâîéñòâàìè. Ñèëüíûå ðàçðûâû ïðåä-

ñòàâëÿþò ñîáîé ñêà÷êè â ïîëå ïåðåìåùåíèé â

çîíå òðåùèí. Ìîäåëèðîâàíèå ìåõàíèêè ðàçðû-

âîâ ÿâëÿåòñÿ ñëîæíîé çàäà÷åé, ïîñêîëüêó óðàâíå-

íèÿ ðàâíîâåñèÿ â ÷àñòíûõ ïðîèçâîäíûõ, èñïîëü-

çóåìûå ïðè ðåøåíèè êðàåâûõ çàäà÷, íå ñîâìåñ-

òèìû ñ ðàçðûâàìè. Íåêîòîðûå ñìÿã÷åíèÿ ñëîæ-

íîñòåé ìîæíî ïîëó÷èòü ïðè ïåðåõîäå ê èíòåãðî-

äèôôåðåíöèàëüíûì óðàâíåíèÿì ðàâíîâåñèÿ.

Îäíàêî è â ýòîì ñëó÷àå ðàçðûâû íå ÿâëÿþòñÿ

åñòåñòâåííîé ÷àñòüþ ðåøåíèÿ.

Íàëè÷èå ðàçðûâîâ íàêëàäûâàåò ñóùåñòâåí-

íûå îãðàíè÷åíèÿ íà ïðèìåíåíèå êëàññè÷åñêèõ

ìåòîäîâ ìíîãîìàñøòàáíîé ãîìîãåíèçàöèè ê ìî-

äåëèðîâàíèþ ðàçðóøåíèé. Â ÷àñòíîñòè, îñíîâ-

íûìè óñëîâèÿìè ïðèìåíèìîñòè ïðîöåäóðû ãîìî-

ãåíèçàöèè ÿâëÿþòñÿ ïåðèîäè÷íîñòü ðàññìàòðè-

âàåìîé ñòðóêòóðû è âîçìîæíîñòü èñïîëüçîâàíèÿ

êîíöåïöèè ðåïðåçåíòàòèâíîãî îáúåìíîãî ýëå-

ìåíòà (Representative volume element, RVE),

îñíîâàííîãî íà êëàññè÷åñêîì ïðèíöèïå Õèëëà –

Ìàíäåëà [3, 4]. Ïðè íàëè÷èè ðàçðûâîâ îáà óñëî-

âèÿ ìîãóò íàðóøàòüñÿ. Êðîìå òîãî, íàêîïëåíèå è

ðàçâèòèå ïîâðåæäåíèé â ìèêðîñòðóêòóðå ìàòå-

ðèàëà ïðèâîäÿò ê íàðóøåíèþ óñëîâèé ñòîõàñòè-

÷åñêîé îäíîðîäíîñòè RVE è íåâîçìîæíîñòè èñ-

ïîëüçîâàíèÿ ïåðèîäè÷åñêèõ ãðàíè÷íûõ óñëîâèé

[5, 6].

Íåëèíåéíîñòü ïîâåäåíèÿ ìàòåðèàëà, êîòîðàÿ

èìååò ìåñòî ïðè ïîâðåæäåíèÿõ ñòðóêòóðû, ïðè-

âîäèò ê òîìó, ÷òî ïðîöåññû íà ìåçîìàñøòàáå ñòà-

íîâÿòñÿ çàâèñèìûìè îò ìàêðîìàñøòàáà. Â òàêèõ

óñëîâèÿõ äëÿ êàæäîé ðàññìàòðèâàåìîé òî÷êè

ìàêðîìàñøòàáà íåîáõîäèìî ñîïîñòàâëÿòü RVE íà

âñåõ íèæåëåæàùèõ ìåçîóðîâíÿõ, ÷òî ïðèâîäèò ê

òðóäîåìêîìó âû÷èñëèòåëüíîìó ìîäåëèðîâàíèþ.

Â âû÷èñëèòåëüíîì àñïåêòå ìîäåëèðîâàíèå

ìåõàíèêè ðàçðûâîâ ÿâëÿåòñÿ ñëîæíîé çàäà÷åé,

ïîñêîëüêó óðàâíåíèÿ ðàâíîâåñèÿ â ÷àñòíûõ ïðî-

èçâîäíûõ, èñïîëüçóåìûå ïðè ðåøåíèè êðàåâûõ

çàäà÷, íå ñîâìåñòèìû ñ ðàçðûâàìè. Íåêîòîðûå

ñëîæíîñòè ìîæíî ñìÿã÷èòü ïðè ïåðåõîäå ê èíòåã-

ðî-äèôôåðåíöèàëüíûì óðàâíåíèÿì ðàâíîâåñèÿ.

Îäíàêî è â ýòîì ñëó÷àå ðàçðûâû íå ÿâëÿþòñÿ åñ-

òåñòâåííîé ÷àñòüþ ðåøåíèÿ. Ïîýòîìó îíè ââî-

äÿòñÿ ñ èñïîëüçîâàíèåì íåêîòîðîãî àïðèîðíîãî

ìåõàíèçìà èëè â ôîðìå òðåùèíû êàê âíóòðåí-

íåé ãðàíèöû îáëàñòè ñ ïðåíåáðåæèìî ìàëûì

îáúåìîì. Â ëþáîì ñëó÷àå ïîëîæåíèå ðàçðûâà

äîëæíî áûòü çàäàíî çàðàíåå â ìîäåëè ìàòåðèàëà.

Íàïðèìåð, ïðè èñïîëüçîâàíèè ìåòîäà êîíå÷íûõ

ýëåìåíòîâ ðàçðûâû äîëæíû çàäàâàòüñÿ âî âðåìÿ

ãåíåðàöèè ñåòêè. Ïîìèìî ýòîãî, ìîäåëü íåîáõî-

äèìî äîïîëíèòü âíåøíèì êðèòåðèåì, îïðåäå-

ëÿþùèì óñëîâèÿ óâåëè÷åíèÿ ðàçðûâà âî âðå-

ìåíè. Óêàçàííûå îáñòîÿòåëüñòâà íàêëàäûâàþò

ñóùåñòâåííûå îãðàíè÷åíèÿ íà àíàëèòè÷åñêèå

ìîäåëè è ìåòîäû ìíîãîìàñøòàáíîãî ìîäåëèðîâà-

íèÿ ðàçðóøåíèé.

Äðóãèìè ïðîáëåìàìè ìíîãîìàñøòàáíîãî ìî-

äåëèðîâàíèÿ ÿâëÿþòñÿ áîëüøàÿ ðàçìåðíîñòü ðàñ-

ñìàòðèâàåìûõ ïàðàìåòðè÷åñêèõ ïðîñòðàíñòâ è

áîëüøàÿ âàðèàòèâíîñòü ðàñ÷åòíûõ ñèòóàöèé.

Ðàçìåðíîñòè ïàðàìåòðè÷åñêèõ ïðîñòðàíñòâ, îï-

ðåäåëÿþùèõ ñòðóêòóðó, ôèçè÷åñêèå è ìåõàíè÷å-

ñêèå ñâîéñòâà ìàòåðèàëîâ, ñèëîâûå íàãðóçêè è

âîçäåéñòâèÿ, ïîëÿ íàïðÿæåíèé è äåôîðìàöèé,

õèìè÷åñêèå âîçäåéñòâèÿ âíåøíåé ñðåäû è ïð.

ìîãóò áûòü ìíîãîïîðÿäêîâûìè. Íàáîðû ðàñ÷åò-

íûõ ñèòóàöèé, òðåáóåìûå äëÿ äîñòîâåðíîé îöåí-

êè ðàáîòîñïîñîáíîñòè ãåòåðîãåííûõ ñòðóêòóð â

çàäàííûõ óñëîâèÿõ, ìîãóò ñîñòàâëÿòü òûñÿ÷è è

äåñÿòêè òûñÿ÷ âàðèàíòîâ. Â èòîãå ïîëó÷àþòñÿ

ñëîæíîðàçðåøèìûå âû÷èñëèòåëüíûå çàäà÷è.

Ïðèíèìàÿ âî âíèìàíèå óêàçàííûå îáñòîÿ-

òåëüñòâà, ìîæíî êîíñòàòèðîâàòü, ÷òî äëÿ ìíîãî-
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ìàñøòàáíîãî ìîäåëèðîâàíèÿ äåôîðìèðîâàíèÿ è

ðàçðóøåíèÿ ãåòåðîãåííûõ ñòðóêòóð íåîáõîäèì

êîìáèíèðîâàííûé ïîäõîä, ñî÷åòàþùèé ìåòîäû

ãîìîãåíèçàöèè ñî ñïåöèàëüíûì ìåëêîìàñøòàá-

íûì ìîäåëèðîâàíèåì îòäåëüíûõ âûñîêîíàãðó-

æåííûõ îáëàñòåé ãåòåðîãåííûõ ñòðóêòóð c èñ-

ïîëüçîâàíèåì ñòîõàñòè÷åñêîãî ïðåäñòàâèòåëü-

ñêîãî îáúåìíîãî ýëåìåíòà. Ñâîéñòâà ìàòåðèàëà è

ïðîöåññû ïîâðåæäåíèÿ íà ìèêðîóðîâíå ñëåäóåò

ðàññìàòðèâàòü ñ ïðèìåíåíèåì ìåòîäîâ ãîìîãåíè-

çàöèè, à ïîâðåæäåíèÿ íà ìåçî- è ìàêðîóðîâíå —

ñ èñïîëüçîâàíèåì ìåòîäîâ ëîêàëüíîãî ìîäåëèðî-

âàíèÿ. Äëÿ ñíèæåíèÿ ðàçìåðíîñòè çàäà÷è â òà-

êîì êîìáèíèðîâàííîì ïîäõîäå ìîæíî èñïîëüçî-

âàòü ôåíîìåíîëîãè÷åñêèå ìîäåëè, ïàðàìåòðû êî-

òîðûõ îïðåäåëÿþòñÿ â ðåçóëüòàòå ìíîãîìàñøòàá-

íîãî âû÷èñëèòåëüíîãî ìîäåëèðîâàíèÿ.

Ìîäåëü ìíîãîìàñøòàáíîé

ãåòåðîãåííîé ñòðóêòóðû

Â ñîîòâåòñòâèè ñ èçëîæåííûì âûøå ïðåäñòà-

âèì ìíîãîìàñøòàáíóþ ãåòåðîãåííóþ ñòðóêòóðó

êàê ïðîñòðàíñòâåííî-âðåìåííóþ îáëàñòü Ù × t,

t � T, ñ íåïåðåñåêàþùèìèñÿ ïîäîáëàñòÿìè Ùi,

i = 1, N, òàêèìè, ÷òî Ù1 � Ù2 � ... � ÙN (ðèñ. 1, à).

Ïàðàìåòð t ÿâëÿåòñÿ êâàçèïåðåìåííîé, îòðàæà-

þùåé ôàêò èçìåíåíèÿ íàïðÿæåíèé, ñòðóêòóðû è

ìåõàíè÷åñêèõ ñâîéñòâ âî âðåìåíè. Êàæäàÿ èç

óêàçàííûõ ïîäîáëàñòåé èìååò õàðàêòåðíûé ìàñ-

øòàá ñòðóêòóðû M òàêîé, ÷òî M1 � ... � Mi �

... � Mn. Äàëåå áóäåì ïîëàãàòü, ÷òî ñâÿçü ìàñøòà-

áîâ îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì [7]: ïðèí-

öèïà êèíåìàòè÷åñêîé äîïóñòèìîñòè, ïîëàãàþùå-

ãî, ÷òî êèíåìàòè÷åñêèå ïåðåìåííûå ðàññìàòðè-

âàåìûõ ìàñøòàáîâ ÿâëÿþòñÿ ñâÿçàííûìè âåëè-

÷èíàìè; ïðèíöèïà ìàòåìàòè÷åñêîé äóàëüíîñòè,

óñòàíàâëèâàþùåãî, ÷òî îáîáùåííûå ñèëû è íà-

ïðÿæåíèÿ íà ðàññìàòðèâàåìûõ ìàñøòàáàõ îïðå-

äåëÿþòñÿ â äóàëüíîñòè ñ êèíåìàòè÷åñêèìè ïåðå-

ìåííûìè íà ýòèõ ìàñøòàáàõ; ìíîãîìàñøòàáíîãî

ïðèíöèïà âèðòóàëüíûõ ñèë, îïðåäåëÿþùåãî óñ-

ëîâèÿ ðàâíîâåñèÿ ëîêàëüíûõ îáúåìîâ ñ ó÷åòîì

íàëè÷èÿ òðåùèí.

Ãðàíèöû ÃÙ êàæäîé ïîäîáëàñòè Ùi âêëþ÷àþò

÷àñòè Ãu è Ãt, íà êîòîðûõ çàäàíû ñîîòâåòñòâó-

þùèå ãðàíè÷íûå óñèëèÿ è ïåðåìåùåíèÿ. Ïîëà-

ãàåì, ÷òî êàæäàÿ ïîäîáëàñòü ìîæåò ñîäåðæàòü

òðåùèíû è òðåùèíîïîäîáíûå äåôåêòû ðàç-

ëè÷íûõ òèïîâ, ðàçìåðîâ è ïðîñòðàíñòâåííîé

îðèåíòàöèè.

Ñîñòîÿíèå ñòðóêòóðû íà êàæäîì ìàñøòàáå

ìîæíî îïðåäåëèòü êîìïîíåíòàìè ïåðåìåùå-

íèé u(r), íàïðÿæåíèé óij(r) è äåôîðìàöèé åij(r),

ãäå r — âåêòîð ïðîñòðàíñòâåííûõ êîîðäèíàò,

r � Ù. Êîìïîíåíòû íàïðÿæåíèé è äåôîðìàöèé

íà êàæäîì ìàñøòàáå ñâÿçàíû óðàâíåíèÿìè ñî-

ñòîÿíèÿ óij = Cijklåkl, ãäå Cijkl — òåíçîð ìîäóëåé

óïðóãîñòè. Ñðåäíèå êîìïîíåíòû íàïðÿæåíèé è

äåôîðìàöèé äëÿ êàæäîé ïîäîáëàñòè Ùi ìîæíî

íàéòè èç ðåøåíèÿ êðàåâîé çàäà÷è

óij, j + bi = 0 â Ù,

åij = �
sui â Ù,

ui = u
i

íà Ãu,

óijnj = ti íà Ãt (1)

ñ èñïîëüçîâàíèåì ñõåì ãîìîãåíèçàöèè
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Ðèñ. 1. Ñõåìû ìíîãîìàñøòàáíîé ãåòåðîãåííîé ñòðóêòóðû (à) è ñîáûòèé ðàçðóøåíèÿ (á)

Fig. 1. Schemes of multiscale heterogeneous structure (a) and destruction events (b)



Ëîêàëüíûå êîìïîíåíòû íàïðÿæåíèé è äå-

ôîðìàöèé íàõîäÿòñÿ èç ðåøåíèÿ êðàåâîé çàäà÷è

äëÿ òåëà ñ òðåùèíàìè:

óij, j + bi = 0 â Ù,

åij = �
sui â Ù,

ui = u
i

íà Ãu,

óijnj = ti íà Ãt,

–nióijnj = pnn íà Ãc,

–sióijnj = psn íà Ãc, (4)

ãäå bi — âíåøíèå ñèëû; �s — ñèììåòðè÷íûé ãðà-

äèåíò; pnn, psn — ëîêàëüíûå óñèëèÿ íà ïîâåðõíî-

ñòè Ãc òðåùèí; ti, ui
— ãðàíè÷íûå ñèëû è ïåðåìå-

ùåíèÿ; ni, si — åäèíè÷íûå âåêòîðû.

Â îáùåì ñëó÷àå ðàçðóøåíèå ìíîãîìàñøòàá-

íîé èåðàðõè÷åñêîé ñòðóêòóðû Ù, õàðàêòåðèçóå-

ìîå óðàâíåíèÿìè (1) – (4), çàêëþ÷àåòñÿ â ïîñëå-

äîâàòåëüíîñòè ñîáûòèé F1 � F2 � ... � Fi � ...

... � Fn, òàê ÷òî Fn = �Fi (ðèñ. 1, á). Êàæäîå èç

ýòèõ ñîáûòèé îïðåäåëÿåòñÿ ñîîòâåòñòâóþùèìè

óñëîâèÿìè ïðåäåëüíîãî ñîñòîÿíèÿ Ôi íà ðàññìà-

òðèâàåìûõ ìàñøòàáàõ Mi è ti ñ çàäàííûìè êðèòå-

ðèÿìè ðàçðóøåíèÿ Cf :

Ôi(t) = {Mi, t|óij, åij, Cf} = 0. (5)

Ìíîãîìàñøòàáíàÿ âåðîÿòíîñòíàÿ

ìîäåëü ðàçðóøåíèé

Äëÿ ðàññìîòðåííîé ìîäåëè ìíîãîìàñøòàáíîé

èåðàðõè÷åñêîé ñòðóêòóðû Ù âåðîÿòíîñòü ðàçðó-

øåíèÿ Pf(Ù) ìîæíî ñôîðìóëèðîâàòü êàê óñëîâ-

íóþ âåðîÿòíîñòü ðåàëèçàöèè ïîñëåäîâàòåëüíûõ

âëîæåííûõ ñîáûòèé ðàçðóøåíèÿ F1 � F2 � ... �

� Fi � ... � Fn:

P P F P F
f n n

i

n

( ) ( )� � �

�

�
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�

�

�

�

�1
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�
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#
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P F F P Fn i

i

n

i

i

n

|

1

1

1

1

� � �



�

'P F P F F
i i

i

n

( ) ( | ).
1 1

2

(6)

Äëÿ ðåøåíèÿ óðàâíåíèÿ (6) òðåáóþòñÿ äîïîë-

íèòåëüíûå äîïóùåíèÿ, îïðåäåëÿþùèå âèä ñîáû-

òèé Fi. Â ðàìêàõ äàííîé ðàáîòû ïîëàãàåòñÿ, ÷òî

îñíîâíûì èñòî÷íèêîì ðàçðóøåíèé ÿâëÿþòñÿ òðå-

ùèíû è òðåùèíîïîäîáíûå äåôåêòû. Ïðèíèìàåò-

ñÿ, ÷òî ýòè äåôåêòû ïðåäñòàâëÿþò ñîáîé ñòàòè-

ñòè÷åñêèå àíñàìáëè — ìàññèâû äåôåêòîâ ñëó÷àé-

íûõ ðàçìåðîâ ìàñøòàáà Mi è ñëó÷àéíîé îðèåíòà-

öèè â ëþáîé çàäàííîé îáëàñòè Ùi. Ñ ó÷åòîì ñòà-

òèñòè÷åñêèõ äàííûõ íåðàçðóøàþùåãî êîíòðîëÿ

[8] âïîëíå îáîñíîâàííî ìîæíî ïðèíÿòü, ÷òî óêà-

çàííûå ñòàòèñòè÷åñêèå àíñàìáëè ÿâëÿþòñÿ ïóàñ-

ñîíîâñêèìè:

P(k, Ù) =
(

k

k !
exp{– Ë}. (7)

Â îáùåì ñëó÷àå Ë = Ù × ì, ãäå Ë — ìàòåìà-

òè÷åñêîå îæèäàíèå ÷èñëà äåôåêòîâ, ì — ïëîò-

íîñòü ÷èñëà äåôåêòîâ â åäèíèöå îáúåìà.

Îñíîâûâàÿñü íà ðåçóëüòàòàõ èññëåäîâàíèé

ìåõàíèêè ðàçðóøåíèÿ, âïîëíå ñïðàâåäëèâî ïîëà-

ãàòü, ÷òî äåôåêòû îáðàçóþòñÿ è àêòèâèðóþòñÿ

ïðè ñëó÷àéíûõ óðîâíÿõ íàïðÿæåíèé ó(r, t), r � Ù,

t � T, à ñàìî ðàçðóøåíèå ñâÿçàíî ñ äîñòèæåíèåì

îäíèì èëè íåñêîëüêèìè äåôåêòàìè íåêîòîðûõ

êðèòè÷åñêèõ ðàçìåðîâ a{ó(r, t)} = ac [9]. Ñ ó÷åòîì

ñëó÷àéíûõ ôàêòîðîâ ïðèìåì äîïóùåíèå, ÷òî

êðèòè÷åñêèå íàïðÿæåíèÿ â âåðøèíå òðåùèíû

îïèñûâàþòñÿ ìîäåëüþ Âåéáóëëà. Ïðè ýòèõ äîïó-

ùåíèÿõ ïëîòíîñòü ÷èñëà êðèòè÷åñêèõ äåôåêòîâ

ìc ìîæíî ñâÿçàòü ñ ïëîòíîñòüþ äåôåêòîâ âñåõ

ðàçìåðîâ ì è óðîâíåì íàïðÿæåíèé ñëåäóþùèì

ñîîòíîøåíèåì:

) �

� �

)

�

�

� �
c

th

u

m

th

r t

r t
r t

( )

, ( , )

( , )
, ( , ) ,

�

�

�

�






�

�

�
�

*

 

!

0

"

#

"

(8)

ãäå m, óu — ñòàòèñòè÷åñêèå ïàðàìåòðû ìîäåëè

Âåéáóëëà; óth — íàïðÿæåíèÿ, ïðè äîñòèæåíèè

êîòîðûõ îáðàçóþòñÿ çàðîäûøè òðåùèí.

Ó÷èòûâàÿ (7) è (8), âåðîÿòíîñòü ðàçðóøåíèÿ

Pi íà ëþáîì èåðàðõè÷åñêîì óðîâíå Ùi çàïèøåì

êàê âåðîÿòíîñòü íàëè÷èÿ â ñòðóêòóðå Mi õîòÿ áû

îäíîé òðåùèíû êðèòè÷åñêèõ ðàçìåðîâ:

Pi(k � 1, Ùi) = 1 – P(k = 0, Ùi) =

= 1 – exp ( ) .	

 

!

"

#
"

$

%

"

&
"

�
) �c i

i

d�

�

(9)

Âåðîÿòíîñòü ðàçðóøåíèÿ äëÿ ìíîãîìàñøòàáíîé

ñòðóêòóðû M × T áóäåò âûãëÿäåòü ñëåäóþùèì

îáðàçîì:

P M T P
f i

M T

( , ) .

( , )

� 	

�

'1

�

(10)

Â îáùåì ñëó÷àå ââåäåííàÿ âûøå ïëîòíîñòü

êðèòè÷åñêèõ äåôåêòîâ ÿâëÿåòñÿ íåïðåðûâíîé

ôóíêöèåé âðåìåíè ìc(r, t). Ñ ó÷åòîì ýòîãî ýëåìåí-

òàðíóþ âåðîÿòíîñòü Pi ìîæíî ïðåäñòàâèòü êàê

P P r t
r t

t
M t

i

c
� � 	

�

�

 

!

#

$

%

&

( , ) exp
( , )

.
)

d d (11)

Ïîñëå ñîîòâåòñòâóþùèõ ïîäñòàíîâêè (11) â ôîð-

ìóëó (10) ñ ó÷åòîì (9) è ïðåîáðàçîâàíèé ïîëó-
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÷èì ñëåäóþùåå âûðàæåíèå äëÿ îïðåäåëåíèÿ

âåðîÿòíîñòåé ðàçðóøåíèÿ ìíîãîìàñøòàáíîé

ñòðóêòóðû:

P M T
x t

t
M t

f

c

M TM

( , ) exp
( , )

( , )

� 	 	

�

�

 

!

"

#
"

$

%

"

&
"�

�

��
1

)

d d

�
�

' . (12)

Ïðèìåì âî âíèìàíèå, ÷òî ïîâåðõíîñòíûå è

âíóòðåííèå äåôåêòû èìåþò ðàçíûå îïàñíîñòè ñ

òî÷êè çðåíèÿ ìåõàíèêè ðàçðóøåíèÿ. Ïîýòîìó

âìåñòî ïëîòíîñòè ìc(x, t) ìîæíî çàïèñàòü äâå êîì-

ïîíåíòû: îáúåìíóþ ) c
V è ïîâåðõíîñòíóþ ) c

S .

Ñ ó÷åòîì ýòîãî âìåñòî (9) ïîëó÷èì

P M T
f
( , ) � 	1

	 	

�

�

	

�

�

 

!

"

#
"

$

�� ��
exp

( , ) ( , )) )c
V

TV

c
S

TS

x t

t
V t

x t

t
S td d d d %

"

&
"�

'

M �

. (13)

Ñëåäóåò îòìåòèòü, ÷òî â ïðåäñòàâëåííûõ

âûøå ñîîòíîøåíèÿõ ñòàòèñòè÷åñêèå ïàðàìåòðû

ì, m, óu, óth îïðåäåëÿþòñÿ äëÿ êàæäîãî ìàñøòàá-

íîãî óðîâíÿ. Ïîýòîìó ïëîòíîñòè ìc, ) c
V è ) c

S

ÿâëÿþòñÿ õàðàêòåðèñòèêàìè êîíêðåòíîãî ìàñ-

øòàáíîãî óðîâíÿ.

Êëþ÷åâûì ýëåìåíòîì âû÷èñëåíèÿ âåðîÿòíî-

ñòåé ðàçðóøåíèÿ ïî ôîðìóëàì (12) è (13) ÿâëÿåò-

ñÿ ïëîòíîñòü äåôåêòîâ êðèòè÷åñêèõ ðàçìåðîâ (8).

Îíà ñîäåðæèò ÷åòûðå íåîïðåäåëåííûå êîì-

ïîíåíòû: ïëîòíîñòü òðåùèíîïîäîáíûõ äåôåêòîâ

è òðåùèí ì, íàïðÿæåíèÿ ó(r, t) è ñòàòèñòè÷åñêèå

ïàðàìåòðû m è óu. Îöåíêó ïàðàìåòðà ì ìîæíî

ïîëó÷èòü ïî ðåçóëüòàòàì íåðàçðóøàþùåãî êîí-

òðîëÿ ãåòåðîãåííûõ ñòðóêòóð. Îñîáûå âîçìîæíî-

ñòè â äàííîì íàïðàâëåíèè äàåò àêóñòèêî-ýìèññè-

îííûé êîíòðîëü [10, 11]. Ïàðàìåòðû m è óu íàõî-

äÿò ýêñïåðèìåíòàëüíî ïî ðåçóëüòàòàì ñòàòèñòè-

÷åñêèõ èñïûòàíèé îáðàçöîâ ãåòåðîãåííûõ ñòðóê-

òóð ðàçíûõ ìàñøòàáîâ. Íàïðÿæåíèÿ ó(r, t) â

îáëàñòè òðåùèíû â áîëüøèíñòâå ñëó÷àåâ ìîæíî

ïîëó÷èòü òîëüêî ÷èñëåííûìè ìåòîäàìè. Ïðèíè-

ìàÿ âî âíèìàíèå ïðîèçâîëüíóþ ïðîñòðàíñòâåí-

íóþ îðèåíòàöèþ òðåùèí, ìíîæåñòâî èõ ôîðì è

ðàçìåðîâ, ñëîæíîñòü âçàèìîäåéñòâèÿ ñòðóêòóð

ðàçíûõ ìàñøòàáîâ, à òàêæå âîçìîæíîñòü âçàèìî-

äåéñòâèÿ òðåùèí, äàííóþ çàäà÷ó ðåøèòü êðàéíå

ñëîæíî [12]. Áåç ñóùåñòâåííîé ïîòåðè òî÷íîñòè

ðåçóëüòàòà âî ìíîãèõ ñëó÷àÿõ ìîæíî èñïîëüçî-

âàòü ïðîñòîé êðèòåðèé ìàêñèìàëüíîãî íàïðÿæå-

íèÿ, êîòîðîå äåéñòâóåò â ðàññìàòðèâàåìîì îáú-

åìå ìàòåðèàëà Ùi, ó(r, t) = max ( ).
�

i

t�

Ïðåäñòàâëåííàÿ âûøå ìíîãîìàñøòàáíàÿ âå-

ðîÿòíîñòíàÿ ìîäåëü òðåáóåò îïðåäåëåííîé êîð-

ðåêòèðîâêè äëÿ ìîäåëèðîâàíèÿ ðàçðóøåíèÿ íà

ìàêðîóðîâíå. Äëÿ ìàêðîìàñøòàáà îñòàåòñÿ ñïðà-

âåäëèâîé ãèïîòåçà ïóàññîíîâñêèõ àíñàìáëåé äå-

ôåêòîâ è òðåùèí [8]. Â òî æå âðåìÿ ðàçðóøàþ-

ùèå íàïðÿæåíèÿ îöåíèâàþòñÿ ñ èñïîëüçîâàíèåì

ñèëîâûõ, äåôîðìàöèîííûõ èëè ýíåðãåòè÷åñêèõ

êðèòåðèåâ ìåõàíèêè ðàçðóøåíèÿ [9]. Ñ ó÷åòîì

ýòîãî ïàðàìåòð ìc(r, t) ìîæíî ïðåäñòàâèòü â ñëå-

äóþùåì âèäå:

) )

+

c

i

u

K t
K t

K
( , )

( )
,�

�

�






�

�

�
�

i = 1, 2, 3 (14)

èëè

) )

+

c

u

J t
J t

J
( , )

( )
,�

�

�






�

�

�
�

(15)

ãäå Ki — êîýôôèöèåíò èíòåíñèâíîñòè íàïðÿ-

æåíèé â âåðøèíå òðåùèíû; J — èíòåãðàë ×å-

ðåïàíîâà – Ðàéñà; Ku, Ju, â — ñòàòèñòè÷åñêèå

ïàðàìåòðû ðàñïðåäåëåíèé òðåùèíîñòîéêîñòè

ãîìîãåíèçèðîâàííîãî ìàòåðèàëà ãåòåðîãåííîé

ñòðóêòóðû.

Â ðåçóëüòàòå ðåøåíèÿ çàäà÷ (12) è (13) ñ ó÷å-

òîì (14) è (15) ìîæíî ïîëó÷àòü îáîáùåííûå

îöåíêè âåðîÿòíîñòåé ðàçðóøåíèÿ ìíîãîìàñøòàá-

íûõ ãåòåðîãåííûõ ñòðóêòóð.

Âåðîÿòíîñòíîå ìíîãîìàñøòàáíîå

ìîäåëèðîâàíèå ìåòîäîì Ìîíòå-Êàðëî

Èçëîæåííûé ïîäõîä íå ïîçâîëÿåò ó÷åñòü

ðåàëüíóþ ìîðôîëîãèþ ìíîãîìàñøòàáíîé ñòðóê-

òóðû ìàòåðèàëà, ðàñïîëîæåíèå è ôîðìó òðåùè-

íîïîäîáíûõ äåôåêòîâ, ñëîæíîå íåëèíåéíîå ïîâå-

äåíèå ìàòåðèàëà, êèíåìàòè÷åñêèå âçàèìîñâÿçè

ðàçíûõ ìàñøòàáîâ è ðÿä äðóãèõ îñîáåííîñòåé ðå-

àëüíûõ êîíñòðóêöèé. Äëÿ îöåíîê âåðîÿòíîñòåé

ðàçðóøåíèÿ ñ ó÷åòîì îòìå÷åííûõ ôàêòîðîâ íåîá-

õîäèìî èñïîëüçîâàòü ìåòîäû âû÷èñëèòåëüíîãî

ñòàòèñòè÷åñêîãî ìîäåëèðîâàíèÿ íà îñíîâå ìíîãî-

ìàñøòàáíûõ ñòîõàñòè÷åñêèõ ìåòîäîâ êîíå÷íûõ

ýëåìåíòîâ [13, 14].

Íå âäàâàÿñü â ïîäðîáíîñòè óêàçàííûõ ìåòî-

äîâ, îòìåòèì, ÷òî îäíîé èç îñíîâíûõ ïðîáëåì èõ

ïðèìåíåíèÿ ê ìíîãîìàñøòàáíûì ãåòåðîãåííûì

ñòðóêòóðàì ÿâëÿåòñÿ âûñîêàÿ ðàçìåðíîñòü êîíå÷-

íî-ýëåìåíòíîé çàäà÷è è íåîáõîäèìîñòü åå N-

êðàòíîãî ðåøåíèÿ ñî ñòàòèñòè÷åñêè èçìåíÿþùè-

ìèñÿ ïåðåìåííûìè. Â ñâÿçè ñ ýòèì â ëèòåðàòóð-

íûõ èñòî÷íèêàõ îáû÷íî ðàññìàòðèâàþò äâóõ-

óðîâíåâûå ìîäåëè ãåòåðîãåííûõ ñòðóêòóð — ñ

ìèêðî- è ìàêðîìàñøòàáàìè. Ïðåäïî÷òèòåëüíû,

íî è áîëåå òðóäîåìêè — òðåõóðîâíåâûå çàäà÷è ñ

àíàëèçîì ìèêðî-, ìåçî- è ìàêðîìàñøòàáîâ ñòðóê-

òóðû (ðèñ. 2).

Óêàæåì íåêîòîðûå íàïðàâëåíèÿ ýôôåêòèâ-

íîãî âû÷èñëèòåëüíîãî ñòàòèñòè÷åñêîãî ðåøåíèÿ

çàäà÷è îöåíêè âåðîÿòíîñòåé ðàçðóøåíèÿ ãåòåðî-

ãåííûõ ñòðóêòóð íà îñíîâå òðåõóðîâíåâîé ìîäå-
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ëè. Èñïîëüçîâàíèå ëîêàëüíûõ êðèòåðèåâ ìåõà-

íèêè ðàçðóøåíèÿ â òàêîé ìîäåëè ñî ñòàòèñòè÷å-

ñêèìè àíñàìáëÿìè òðåùèí íåèçáåæíî ñîïðÿæåíî

ñ ðåøåíèåì âû÷èñëèòåëüíûõ çàäà÷ î÷åíü áîëü-

øîé ðàçìåðíîñòè. Îäíèì èç íàïðàâëåíèé ñíèæå-

íèÿ ðàçìåðíîñòè ìîæíî ñ÷èòàòü ïåðåõîä ê íåëî-

êàëüíûì êðèòåðèÿì ðàçðóøåíèÿ, îñíîâàííûì íà

âàðèàöèîííûõ ýíåðãåòè÷åñêèõ ïðèíöèïàõ ìåõà-

íèêè ðàçðóøåíèÿ [9]. Ðàçâèòèå ýòîãî íàïðàâëå-

íèÿ [15] ñíèìàåò íåêîòîðûå îãðàíè÷åíèÿ íà äî-

ïóñòèìûå ìåõàíèçìû ðîñòà òðåùèí, ñóùåñòâåí-

íî ðàñøèðÿÿ êðóã ïðèêëàäíûõ çàäà÷ ìåõàíèêè

ðàçðóøåíèÿ. Îñîáåííîñòü òàêèõ çàäà÷ çàêëþ÷à-

åòñÿ â òîì, ÷òî â íèõ îïðåäåëÿþòñÿ óñëîâèÿ óñ-

òîé÷èâîñòè òðåùèí ïîä íàãðóçêîé, à íå óñëîâèÿ

ðàçðóøåíèÿ (äîñòèæåíèÿ òðåùèíàìè êðèòè÷å-

ñêèõ ðàçìåðîâ). Îäíàêî â êîíòåêñòå âåðîÿòíîñò-

íîãî àíàëèçà ýòî íå ïðèâîäèò ê ñóùåñòâåííîìó

îòëè÷èþ ðåçóëüòàòîâ.

Ïðèíèìàÿ âî âíèìàíèå èçëîæåííîå, â êà÷å-

ñòâå îñíîâíûõ ïåðåìåííûõ ïðåäïî÷òèòåëüíåå

ïðèìåíÿòü îáîáùåííûå ñèëû ïðîäâèæåíèÿ òðå-

ùèí G è ñîïðîòèâëåíèÿ ðàçâèòèþ òðåùèí Gc, à

òàêæå ðåçóëüòèðóþùèå îáîáùåííûå ñèëû
~
G =

= G – Gc. Â êà÷åñòâå îáîáùåííûõ êîîðäèíàò öå-

ëåñîîáðàçíî èñïîëüçîâàòü ðàçìåðû òðåùèí l =

= {lj, j = 1, m}. Ñ ó÷åòîì ýòîãî çàäà÷ó ðàçðóøå-

íèÿ ìîæíî ïåðåôîðìóëèðîâàòü â çàäà÷ó óñòîé÷è-

âîñòè ñòðóêòóð Mi ïðè âàðèàöèÿõ îáîáùåííûõ

êîîðäèíàò l ñ àíàëèçîì êâàäðàòè÷íîé ôîðìû

âèðòóàëüíîé ðàáîòû

, , ,
2 0A

G

l l
l l

i

i j

i j

ji

�

�

� �

*
-..

~

. (16)

Ñëåäóåò îòìåòèòü, ÷òî ñèëû ñîïðîòèâëåíèÿ

ðîñòó òðåùèí íà êàæäîì ìàñøòàáíîì óðîâíå â

äàííîé ñõåìå îïðåäåëÿþòñÿ ñ èñïîëüçîâàíèåì

ìåòîäà ãîìîãåíèçàöèè:

G Gc

i

ci

i

�
�

1

�

�

�

d . (17)

Äëÿ ñíèæåíèÿ ÷èñëà ðåàëèçàöèé ìîäåëè â

ïðîöåäóðå ñòàòèñòè÷åñêèõ èñïûòàíèé íàèáîëåå

ïåðñïåêòèâíûì ìîæíî ñ÷èòàòü ìîäèôèöèðîâàí-

íûé ìåòîä Ìîíòå-Êàðëî ñ âûáîðêîé ïî âàæíîñòè,

øèðîêî èñïîëüçóåìûé ïðè ðåøåíèè çàäà÷ òåî-

ðèè íàäåæíîñòè [16]. Ýòîò ìåòîä äàåò áîëåå ÷àñ-

òûå âûáîðêè èç îáëàñòè, ãäå íåêîòîðàÿ ïëîòíîñòü

âûáîðêè âàæíîñòè h(á) äëÿ ñëó÷àéíûõ ïåðåìåí-

íûõ á äîñòèãàåò ìàêñèìàëüíûõ çíà÷åíèé. Ñ ó÷å-

òîì ýòîãî ñòàòèñòè÷åñêàÿ îöåíêà âåðîÿòíîñòåé

ðàçðóøåíèÿ îïðåäåëÿåòñÿ ïî ôîðìóëå
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Ðèñ. 2. Òðåõóðîâíåâàÿ ñõåìà ìîäåëèðîâàíèÿ ðàçðóøåíèé

Fig. 2. Three-level scheme of fracture simulation



Óêàæåì åùå îäíî ýôôåêòèâíîå íàïðàâëåíèå

óìåíüøåíèÿ ÷èñëà èñïûòàíèé. Ïîñêîëüêó â ðàñ-

ñìàòðèâàåìîì ñëó÷àå ïàðàìåòðè÷åñêàÿ îáëàñòü

ðàçðóøåíèé F ðàçäåëåíà íà ïîäîáëàñòè Fi, äëÿ

ñíèæåíèÿ ÷èñëà ñëó÷àéíûõ ðåàëèçàöèé N ÷èñ-

ëåííîé êîíå÷íî-ýëåìåíòíîé ìîäåëè ìîæíî èñ-

ïîëüçîâàòü èäåè ìåòîäà ìàðêîâñêèõ öåïåé Ìîí-

òå-Êàðëî [17]. Ñ ó÷åòîì ýòîãî è ôîðìóëû (18) äëÿ

çàäà÷è ðàçðóøåíèÿ ãåòåðîãåííîé ñòðóêòóðû ñ

ìíîæåñòâîì ïðåäåëüíûõ ñîñòîÿíèé ìîæíî ïîëó-

÷èòü ñëåäóþùåå âûðàæåíèå äëÿ ñòàòèñòè÷åñêîé

îöåíêè âåðîÿòíîñòåé ìíîãîìàñøòàáíîãî ðàçðó-

øåíèÿ:
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Îáùàÿ ñõåìà ðåøåíèÿ çàäà÷è íà ýòîé îñíîâå

çàêëþ÷àåòñÿ â âû÷èñëåíèè ñòàòèñòè÷åñêèõ ïàðà-

ìåòðîâ êîìïîíåíò íàïðÿæåíèé è äåôîðìàöèé —

ñðåäíèõ çíà÷åíèé � ij , � ij , ñðåäíèõ êâàäðàòè÷å-

ñêèõ îòêëîíåíèé ~ ,� ij
~ ,�ij

ôóíêöèé ðàñïðåäåëåíèÿ

âåðîÿòíîñòåé f(óij), f(åij) äëÿ ðàññìàòðèâàåìûõ

ìàñøòàáîâ Mi � Ù è ti � T ïðè çàäàííûõ âàðèà-

öèÿõ íàãðóçîê, ðàçìåðîâ è ÷èñëà äåôåêòîâ, à òàê-

æå õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ. Ïîëàãà-

åòñÿ, ÷òî êàæäûé ñòðóêòóðíûé ìàñøòàá ìîæåò

ñîäåðæàòü ïóàññîíîâñêèå àíñàìáëè òðåùèí è

òðåùèíîïîäîáíûõ äåôåêòîâ ñî ñëó÷àéíûìè ðàç-

ìåðàìè l = {li, i = 1, n} èç äîïóñòèìîãî ìíîæå-

ñòâà ðàçìåðîâ L = [Lmin, Lmax]. Äàëåå îïðåäåëÿþò

îáîáùåííûå ñèëû G è Gc è ïðîâîäÿò ïðîâåðêó

óñëîâèÿ (16). Åñëè óñëîâèå óñòîé÷èâîñòè íå âû-

ïîëíÿåòñÿ, òî èíäèêàòîðíóþ ôóíêöèþ â ôîðìóëå

(19) óâåëè÷èâàþò íà åäèíèöó.

Àëãîðèòì ðåøåíèÿ çàäà÷è âêëþ÷àåò ñëåäó-

þùèå ýòàïû:

1) îïðåäåëåíèå íàáîðà ñëó÷àéíûõ è äåòåðìè-

íèðîâàííûõ ïåðåìåííûõ á;

2) çàäàíèå ôóíêöèé ïëîòíîñòåé ðàñïðåäåëå-

íèÿ âåðîÿòíîñòåé ñëó÷àéíûõ ïåðåìåííûõ f(á);

3) ïðåîáðàçîâàíèå ñëó÷àéíûõ ïåðåìåííûõ â

ñòàíäàðòèçèðîâàííûå íîðìàëüíî ðàñïðåäåëåí-

íûå ïåðåìåííûå;

4) ñîçäàíèå íàáîðà ñëó÷àéíûõ ïåðåìåííûõ ñ

èñïîëüçîâàíèåì ãåíåðàòîðîâ ñëó÷àéíûõ ÷èñåë;

5) ïîëó÷åíèå ÷èñëåííîãî ðåøåíèÿ êðàåâûõ

çàäà÷ äëÿ íàáîðà ñëó÷àéíûõ ïåðåìåííûõ;

6) çàäàíèå ïëîòíîñòåé âûáîðêè âàæíîñòè

h(á);

7) îïðåäåëåíèå îáîáùåííûõ ñèë G è Gc, ïðî-

âåðêà óñëîâèÿ (16);

8) N-êðàòíîå ïîâòîðåíèå ïï. 4 – 7;

9) îöåíêà âåðîÿòíîñòåé ðàçðóøåíèÿ ïî ôîð-

ìóëå (19).

Òàêèì îáðàçîì, èñïîëüçóÿ èçëîæåííûå ìå-

òîäû âåðîÿòíîñòíîãî ìíîãîìàñøòàáíîãî ìîäå-

ëèðîâàíèÿ, ìîæíî ïîëó÷èòü ñåìåéñòâî ôóíêöèé

ðàñïðåäåëåíèÿ âåðîÿòíîñòåé ðàçðóøåíèÿ,

ñîîòâåòñòâóþùèõ êàê îòäåëüíûì èåðàðõè÷åñêèì

óðîâíÿì, òàê è ãåòåðîãåííîé ñòðóêòóðå â öåëîì

(ðèñ. 3). Ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî äàæå

ïðè âûñîêèõ âåðîÿòíîñòÿõ ðàçðóøåíèé íà ìèê-

ðîóðîâíå äëÿ ãåòåðîãåííîé ñòðóêòóðû â öåëîì

ìîæåò èìåòü ìåñòî îòíîñèòåëüíî íèçêàÿ âåðîÿò-

íîñòü ðàçðóøåíèÿ çà ñ÷åò «çàïàñîâ æèâó÷åñòè»

ñòðóêòóðû.
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Ðèñ. 3. Óñëîâíûå ôóíêöèè âåðîÿòíîñòåé ðàçðóøåíèÿ

ìíîãîìàñøòàáíîé ñòðóêòóðû

Fig. 3. Conditional functions of the fracture probability of

a multiscale structure
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Ðèñ. 4. Ôóíêöèè ðàñïðåäåëåíèÿ âåðîÿòíîñòåé ðàçðóøå-

íèÿ ìíîãîìàñøòàáíîé ãåòåðîãåííîé ñòðóêòóðû (1 — ìèê-

ðîìàñøòàá; 2 — ìåçîìàñøòàá; 3 — ìàêðîìàñøòàá)

Fig. 4. The probability distribution functions of the frac-

ture of a multiscale heterogeneous structure (1 — micro-

scale; 2 — mesoscale; 3 — macroscale)



Â êà÷åñòâå èëëþñòðàöèè íà ðèñ. 4 ïðåäñòàâ-

ëåíû ðåçóëüòàòû ðàñ÷åòà âåðîÿòíîñòåé ðàçðóøå-

íèÿ ãåòåðîãåííîé ñòðóêòóðû (ñ èñïîëüçîâàíèåì

òðåõóðîâíåâîé ìîäåëè) ïî ôîðìóëå (12) ñ ó÷åòîì

(8). Ðàñ÷åò âûïîëíåí ïðè ñëåäóþùèõ çíà÷åíèÿõ

ïàðàìåòðîâ: ïëîòíîñòè ÷èñëà òðåùèí ì1 = 10,

ì2 = 5, ì3 = 1; ïàðàìåòðû ìîäåëè Âåéáóëëà ó1u =

= 1100 ÌÏà, ó2u = 850 ÌÏà, ó3u = 640 ÌÏà, m =

= 5.

Çàêëþ÷åíèå

Ðàññìîòðåíû îñíîâíûå àñïåêòû ïðîáëåìû

ìíîãîìàñøòàáíîãî ìîäåëèðîâàíèÿ ðàçðóøåíèé

êîìïîçèöèîííûõ ìàòåðèàëîâ è êîíñòðóêöèé êàê

ìíîãîìàñøòàáíûõ ãåòåðîãåííûõ ñòðóêòóð. Ñôîð-

ìóëèðîâàí êîìáèíèðîâàííûé ïîäõîä ê ðåøåíèþ

çàäà÷ îöåíêè âåðîÿòíîñòåé èåðàðõè÷åñêîãî ìíî-

ãîìàñøòàáíîãî ðàçðóøåíèÿ, ñî÷åòàþùèé ìåòîäû

ãîìîãåíèçàöèè ñ ôåíîìåíîëîãè÷åñêèìè è ÷èñ-

ëåííûìè ìîäåëÿìè ìåõàíèêè ðàçðóøåíèÿ. Ïðåä-

ëîæåíà ìîäåëü îáîáùåííîé ãåòåðîãåííîé ñòðóê-

òóðû, ñîñòîÿùåé èç ðàçíîðîäíûõ ìàòåðèàëîâ è

îáëàñòåé ðàçíûõ ìàñøòàáîâ, ñîäåðæàùèõ òðåùè-

íîïîäîáíûå äåôåêòû. Âåðîÿòíîñòü ðàçðóøåíèÿ

ñôîðìóëèðîâàíà êàê óñëîâíàÿ âåðîÿòíîñòü ïî-

ñëåäîâàòåëüíûõ âëîæåííûõ ñîáûòèé ðàçðóøå-

íèÿ ñòðóêòóð ðàçíûõ ìàñøòàáîâ.

Ïîëó÷åíû àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ âå-

ðîÿòíîñòåé ðàçðóøåíèÿ ìíîãîìàñøòàáíûõ ãåòå-

ðîãåííûõ ñòðóêòóð ñ ìíîãîóðîâíåâûìè ïðåäåëü-

íûìè ñîñòîÿíèÿìè. Äëÿ îöåíêè âåðîÿòíîñòåé

ðàçðóøåíèÿ ñ ó÷åòîì ðåàëüíîé ìîðôîëîãèè ãåòå-

ðîãåííûõ ñòðóêòóð ïðåäëîæåí ïîäõîä íà îñíîâå

ìîäèôèöèðîâàííîãî ìåòîäà ñòàòèñòè÷åñêîãî ìî-

äåëèðîâàíèÿ Ìîíòå-Êàðëî. Â êà÷åñòâå îñíîâíûõ

ïåðåìåííûõ âûñòóïàþò îáîáùåííûå ñèëû ïðî-

äâèæåíèÿ òðåùèí è ñîïðîòèâëåíèÿ ðîñòó òðå-

ùèí. Ðàçìåðû òðåùèí ðàññìàòðèâàþòñÿ êàê

îáîáùåííûå êîîðäèíàòû. Äëÿ ñíèæåíèÿ ðàçìåð-

íîñòè çàäà÷à âû÷èñëèòåëüíîé ìåõàíèêè ðàçðó-

øåíèÿ ïåðåôîðìóëèðóåòñÿ â çàäà÷ó óñòîé÷è-

âîñòè ãåòåðîãåííîé ñòðóêòóðû ïîä íàãðóçêîé ïðè

âàðèàöèÿõ îáîáùåííûõ êîîðäèíàò ñ àíàëèçîì

âèðòóàëüíîé ðàáîòû îáîáùåííûõ ñèë. Ïîëó÷åíû

âûðàæåíèÿ äëÿ îöåíêè âåðîÿòíîñòåé ðàçðóøå-

íèÿ ìîäèôèöèðîâàííûì ìåòîäîì Ìîíòå-Êàðëî

äëÿ ìíîãîìàñøòàáíûõ ãåòåðîãåííûõ ñòðóêòóð.

Ðàçâèòèå ïðåäëàãàåìîãî ïîäõîäà ìîæåò ñëó-

æèòü îñíîâîé äëÿ ðåøåíèÿ àêòóàëüíûõ çàäà÷

ðèñê-àíàëèçà ãåòåðîãåííûõ ñòðóêòóð, âêëþ÷àÿ

êàê ïðÿìûå çàäà÷è îöåíêè âåðîÿòíîñòåé ðàçðó-

øåíèÿ ïðè çàäàííûõ íàãðóçêàõ è ñâîéñòâàõ ìà-

òåðèàëîâ, òàê è îáðàòíûå çàäà÷è îïòèìèçàöèè

ñòðóêòóðû ãåòåðîãåííûõ ìàòåðèàëîâ ñ âûáîðîì

òàêèõ ìèêðî-, ìåçî- è ìàêðîñòðóêòóð, êîòîðûå

äàþò íàèìåíüøèå âåðîÿòíîñòè ðàçðóøåíèé.
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Ýôôåêò Áàóøèíãåðà ÿâëÿåòñÿ îäíèì èç ôóíäàìåíòàëüíûõ ñâîéñòâ áîëüøèíñòâà ìåòàëëè-

÷åñêèõ ñïëàâîâ ïðè èõ ïëàñòè÷åñêîì äåôîðìèðîâàíèè â óñëîâèÿõ íåìîíîòîííîãî íàãðóæå-

íèÿ. Ïîýòîìó â òåîðèè ïëàñòè÷íîñòè ïðèäàåòñÿ âàæíîå çíà÷åíèå ðàçðàáîòêàì ìåòîäîâ êî-

ëè÷åñòâåííîé îöåíêè ýòîãî ýôôåêòà. Çíàíèå ïàðàìåòðà, õàðàêòåðèçóþùåãî óêàçàííûé

ýôôåêò, íåîáõîäèìî äëÿ îïðåäåëåíèÿ íàïðÿæåííîãî ñîñòîÿíèÿ â ïëàñòè÷åñêè äåôîðìèðóå-

ìûõ çàãîòîâêàõ ïðè îáðàáîòêå ìåòàëëîâ äàâëåíèåì. Äëÿ îïðåäåëåíèÿ ýòîãî ïàðàìåòðà

÷àùå âñåãî ïðîâîäÿò ñòàíäàðòíûå èñïûòàíèÿ îáðàçöîâ íà ðàñòÿæåíèå ñ ïîñëåäóþùèì èõ

ñæàòèåì. Åãî âåëè÷èíó íàõîäÿò êàê îòíîøåíèå óñëîâíîãî ïðåäåëà òåêó÷åñòè ïðè ñæàòèè ê

çíà÷åíèþ íàïðÿæåíèÿ ïðåäâàðèòåëüíîãî ðàñòÿæåíèÿ. Ïðè ýòîì, êàê ïðàâèëî, èñïûòûâà-

þò íà ðàñòÿæåíèå-ñæàòèå öèëèíäðè÷åñêèå îáðàçöû (~10 øò.). Ñîãëàñíî òðàäèöèîííîìó

ñïîñîáó ïðåäâàðèòåëüíî ðàñòÿãèâàþò äëèííîìåðíûå ñòàíäàðòíûå îáðàçöû äî ðàçëè÷íûõ

ñòåïåíåé ïëàñòè÷åñêèõ äåôîðìàöèé, ïîñëå ÷åãî èç ýòèõ îáðàçöîâ âûðåçàþò êîðîòêèå îá-

ðàçöû äëÿ èñïûòàíèÿ íà ñæàòèå ñîãëàñíî ñòàíäàðòó â öåëÿõ îïðåäåëåíèÿ óñëîâíîãî ïðåäå-

ëà òåêó÷åñòè íà ñæàòèå ñ äîïóñêîì íà ïëàñòè÷åñêóþ äåôîðìàöèþ 0,2 %. Âûïîëíåíèå òàêèõ

èñïûòàíèé ñâÿçàíî ñ áîëüøèìè çàòðàòàìè âðåìåíè è ìàòåðèàëîâ. Â äàííîé ðàáîòå ïðåäëî-

æåí íîâûé ñïîñîá îöåíêè ýôôåêòà Áàóøèíãåðà, çàêëþ÷àþùèéñÿ â èñïûòàíèè îäíîãî

äëèííîìåðíîãî îáðàçöà íà ðàñòÿæåíèå ñ ïîñëåäóþùèì ñæàòèåì åãî â ñïåöèàëüíîì óñòðîé-

ñòâå, ïîçâîëÿþùåì äåôîðìèðîâàòü ïðåäâàðèòåëüíî ðàñòÿíóòûé îáðàçåö áåç èñêðèâëåíèÿ

â óñëîâèÿõ ëèíåéíîãî íàïðÿæåííîãî ñîñòîÿíèÿ. Óêàçàííîå óñòðîéñòâî ñïðîåêòèðîâàíî, èç-

ãîòîâëåíî è ïðîøëî ñîîòâåòñòâóþùèå èñïûòàíèÿ. Óñòðîéñòâî âêëþ÷àåò â ñåáÿ ïîääåðæè-

âàþùèå ýëåìåíòû â âèäå ñåêòîðîâ êîíè÷åñêîé ôîðìû, ïðåïÿòñòâóþùèõ èñêðèâëåíèþ ïðè

ñæàòèè äëèííîìåðíîãî öèëèíäðè÷åñêîãî îáðàçöà ñ ñîîòíîøåíèåì äëèíû ðàáî÷åé ÷àñòè ê

äèàìåòðó â ïðåäåëàõ îò 5 äî 10. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî îïðåäåëå-

íèÿ ïàðàìåòðà â, õàðàêòåðèçóþùåãî óêàçàííûé ýôôåêò. Ðåçóëüòàòû ñîïîñòàâëåíèÿ çíà÷å-

íèé ïàðàìåòðà â, ïîëó÷åííûõ íîâûì è òðàäèöèîííûì ñïîñîáàìè ïîçâîëÿþò ñäåëàòü âû-

âîä î äîïóñòèìîñòè åãî îïðåäåëåíèÿ îäíîîáðàçöîâûì ñïîñîáîì. Â öåëÿõ óìåíüøåíèÿ òðó-

äîåìêîñòè âûïîëíåíèÿ èñïûòàíèé, ñâÿçàííûõ ñ îïðåäåëåíèåì ïàðàìåòðà, ïðåäëàãàåòñÿ

àïïðîêñèìàöèÿ åãî â âèäå ýêñïîíåíòû êàê ôóíêöèè âåëè÷èíû ïëàñòè÷åñêîé äåôîðìàöèè.

Ïðè ýòîì äîñòàòî÷íî îïðåäåëèòü îäíî çíà÷åíèå â0 ïðè ïëàñòè÷åñêèõ äåôîðìàöèÿõ, áîëü-

øèõ 0,05. Â ñâÿçè ñ ýòèì â0 ìîæíî ðàññìàòðèâàòü êàê íîâóþ õàðàêòåðèñòèêó ìàòåðèàëà.

Ðàñ÷åòíûå äàííûå äîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ ñ îïûòíûìè. Îïðåäåëåíû çíà÷åíèÿ â0

äëÿ ðÿäà èññëåäîâàííûõ ìàðîê ñòàëåé.

Êëþ÷åâûå ñëîâà: ýôôåêò Áàóøèíãåðà; èñïûòàíèÿ íà ðàñòÿæåíèå-ñæàòèå; ëèíåéíîå íà-

ïðÿæåííîå ñîñòîÿíèå; óñëîâíûé ïðåäåë òåêó÷åñòè; äîïóñê íà ïëàñòè÷åñêóþ äåôîðìàöèþ;

óñòðîéñòâî äëÿ ñæàòèÿ äëèííîìåðíûõ îáðàçöîâ.
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The Bauschinger effect is one of the fundamental properties of most metal alloys exposed to plastic defor-

mation under non-monotonic loading. Development of the methods for quantifying this effect is one the

important issues of the theory of plasticity. Calculation of the parameter characterizing the aforemen-

tioned effect is required for determination of the stress state in plastically deformable blanks upon pres-

sure metal treatment. The value of the parameter (determined in standard tensile tests followed by subse-
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quent compression of samples) is defined by the ratio of the conditional yield strength of the sample under

compression to the value of the preliminary tensile stress. A series of cylindrical samples (~10 pcs.) is usu-

ally taken for tensile-compression tests. According to the traditional procedure, long-size standard speci-

mens are pre-stretched to various degrees of plastic deformation. After that short specimens are cut out

from those specimens for compression tests to determine the conditional compressive yield strength with

a tolerance of 0.2% for plastic deformation. Such a procedure is rather time consuming and expensive. We

propose and develop a new single-model method for estimating the Bauschinger effect which consists in

testing of a single long-size specimen for tension followed by compression of the specimen in a special de-

vice providing deformation of a previously stretched specimen without flexure under conditions of a linear

stress state. The device was designed, manufactured and underwent the appropriate tests. The device con-

tains supporting elements in the form of conical-shaped sectors that prevent flexure of a long cylindrical

specimen upon compression, a ratio of the working part length to diameter ranges from 5 to 10. The re-

sults of experimental determination of the parameter â characterizing the indicated effect are presented.

The results of comparing the values of the parameter â determined by the developed and traditional meth-

ods revealed the possibility of determining the parameter â using the proposed method. To reduce the

complexity of performing tests related to determination of the parameter â we approximated it in the form

of an exponent as a function of the magnitude of plastic deformation and determine the only one value of

â
0

under plastic deformations exceeding 0.05. In this regard, â
0

can be considered a new characteristic of

the material. The calculated data are in good agreement with the experimental results. The values of â
0

are determined for a number of studied steel grades.

Keywords: Bauschinger effect; tensile-compression tests; linear stress state; conditional yield strength;

tolerance for plastic deformation; device for compression of long samples.

Ââåäåíèå

Ýôôåêò Áàóøèíãåðà ÿâëÿåòñÿ îäíèì èç ïðî-

ÿâëåíèé äåôîðìàöèîííîé àíèçîòðîïèè ïðàêòè-

÷åñêè âñåõ ìåòàëëîâ, â ñâÿçè ñ ÷åì åãî îöåíêå ïî-

ñâÿùåíî ìíîãî èññëåäîâàíèé [1 – 13]. Â ðàáîòàõ

[2, 3] ïðåäëîæåíî îöåíèâàòü óêàçàííûé ýôôåêò,

íàïðèìåð, ïðè îäíîîñíîì ðàñòÿæåíèè-ñæàòèè,

êàê

â = ód/ó(e), (1)

ãäå ód — óñëîâíûé ïðåäåë òåêó÷åñòè ïðè ñæàòèè

îáðàçöà ïîñëå åãî ðàñòÿæåíèÿ äî íàêîïëåííîé

äåôîðìàöèè e íàïðÿæåíèåì ó(e); d (%) — âåëè÷è-

íà äîïóñêà íà ïëàñòè÷åñêóþ äåôîðìàöèþ. Ñëåäó-

åò îòìåòèòü ðàáîòû Þ. È. ßãíà è åãî ó÷åíèêîâ,

ýêñïåðèìåíòàëüíî äîêàçàâøèõ ïðàâèëüíîñòü âû-

áîðà óêàçàííîãî äîïóñêà, ðàâíîãî 0,2 %. Â ñâÿçè ñ

ýòèì âûðàæåíèå (1) ìîæíî çàïèñàòü â âèäå

â = ó0,2/ó(e). (2)

Ðåçóëüòàòû ìíîãî÷èñëåííûõ èññëåäîâàíèé

ïî èçó÷åíèþ ýôôåêòà Áàóøèíãåðà ìîæíî ïðîèë-

ëþñòðèðîâàòü äèàãðàììîé, ïðåäñòàâëåííîé íà

ðèñ. 1. Çäåñü â0 — àñèìïòîòè÷åñêîå çíà÷åíèå ïà-

ðàìåòðà â. Âèäíî, ÷òî âåëè÷èíà â èíòåíñèâíî

óìåíüøàåòñÿ äî çíà÷åíèÿ íàêîïëåííîé äåôîðìà-

öèè e = 0,05. Ïðè e > 0,05 ïàðàìåòð â äëÿ áîëü-

øèíñòâà ìåòàëëîâ îñòàåòñÿ ïîñòîÿííûì è ðàâ-

íûì â0. Ïîýòîìó çíà÷åíèå â0 ìîæíî ðàññìàòðè-

âàòü êàê ìåõàíè÷åñêóþ õàðàêòåðèñòèêó ìåòàëëîâ

äëÿ îöåíêè èõ ñêëîííîñòè ê ïðîÿâëåíèþ äåôîð-

ìàöèîííîé àíèçîòðîïèè.

Äëÿ îöåíêè ïàðàìåòðà â, êàê ïðàâèëî, ïðîâî-

äÿò èñïûòàíèÿ öèëèíäðè÷åñêèõ îáðàçöîâ íà îä-

íîîñíîå ðàñòÿæåíèå ñ ïîñëåäóþùèì ñæàòèåì.

Ïðè ýòîì ïàðòèþ ñòàíäàðòíûõ îáðàçöîâ â êîëè-

÷åñòâå 30 øò. ðàçáèâàþò íà 10 ïîäïàðòèé (ïî

3 øò.). Çàòåì îáðàçöû ðàñòÿãèâàþò äî íàêîëåí-

íûõ äåôîðìàöèé e, ðàâíûõ 0,005, 0,010, 0,015,

0,020, 0,030, 0,050, 0,070, 0,100, 0,150, 0,200. Äà-

ëåå èç ýòèõ ïëàñòè÷åñêè äåôîðìèðîâàííûõ îá-

ðàçöîâ âûðåçàþò êîðîòêèå öèëèíäðè÷åñêèå îá-

ðàçöû ñîãëàñíî òðåáîâàíèþ ñòàíäàðòà [14] è îñà-

æèâàþò èõ â îñåâîì íàïðàâëåíèè äî îñòàòî÷íîé

äåôîðìàöèè d = 0,2 %, ôèêñèðóÿ ïðè ýòîì ïî ñè-

ëîèçìåðèòåëþ èñïûòàòåëüíîé ìàøèíû ñîîòâåò-

ñòâóþùóþ íàãðóçêó P0,2. Àáñîëþòíî òî÷íî ñæàòü

îáðàçåö äî äåôîðìàöèè e = 0,002 ïðàêòè÷åñêè íå

óäàåòñÿ, ïîýòîìó ïðåäâàðèòåëüíî ñòðîÿò äèà-

ãðàììó ñæàòèÿ ïðè äåôîðìàöèÿõ e � 0,005 è ïî

íåé ñîãëàñíî ñòàíäàðòíîé ìåòîäèêå [5] îïðåäåëÿ-

þò óñëîâíûé ïðåäåë òåêó÷åñòè ó0,2. Äëÿ èçìåðå-

íèÿ î÷åíü ìàëûõ ïåðåìåùåíèé ïðèìåíÿþò, íà-

ïðèìåð, ìåõàíè÷åñêèå òåíçîìåòðû êîíñòðóêöèè

Ãóãåíáåðãåðà.

Ïðè ðàñ÷åòàõ òåõíîëîãè÷åñêèõ ïðîöåññîâ

ìîæíî èñïîëüçîâàòü îïûòíóþ çàâèñèìîñòü

â = â(e), àïïðîêñèìèðîâàííóþ â âèäå

â = â0 + (1 – â0)exp(–100e). (3)

Ýòî ñîîòíîøåíèå ñ âûñîêîé ñòåïåíüþ òî÷íî-

ñòè îòðàæàåò ðåàëüíîå èçìåíåíèå â ïî÷òè äëÿ

âñåõ ìåòàëëîâ.

Ìåòîäû èññëåäîâàíèÿ

Ðàññìîòðåííûé òðàäèöèîííûé ñïîñîá ïðîâå-

äåíèÿ èñïûòàíèé äëÿ èçó÷åíèÿ ýôôåêòà Áàó-

øèíãåðà íåðàöèîíàëåí ñ òî÷êè çðåíèÿ ìàòå-

ðèàëüíûõ çàòðàò è òðóäîåìêîñòè åãî ðåàëèçàöèè.

Â ñâÿçè ñ ýòèì ïðåäëàãàåì îäíîîáðàçöîâûé ñïî-

ñîá îïðåäåëåíèÿ ïàðàìåòðà â, ñîãëàñíî êîòîðîìó
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ñòàíäàðòíûé îáðàçåö ðàñòÿãèâàþò äî íåîáõîäè-

ìîé ñòåïåíè äåôîðìàöèè e è íà êàæäîé ñòóïåíè

ïîñëå ðàçãðóçêè ñæèìàþò â îñåâîì íàïðàâëåíèè

äî îñòàòî÷íîé äåôîðìàöèè 0,002 è ïî ñîîòâåò-

ñòâóþùåé åé íàãðóçêå P0,2 îïðåäåëÿþò óñëîâíûé

ïðåäåë òåêó÷åñòè êàê

ó0,2 = P0,2/F, (4)

ãäå F — èñòèííàÿ ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ

îáðàçöà. Âî èçáåæàíèå èñêðèâëåíèÿ îáðàçåö ñæè-

ìàþò â óñòðîéñòâå, ïðåäñòàâëåííîì â [15].

Â öåëÿõ îáîñíîâàíèÿ âîçìîæíîñòè îöåíêè ïà-

ðàìåòðà â ðàññìîòðåííûì ñïîñîáîì áûëè ïðîâå-

äåíû èñïûòàíèÿ ñïëîøíûõ îáðàçöîâ äèàìåòðîì

18 ìì è ðàáî÷åé äëèíîé 110 ìì èç ñòàëè 45.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 2 ïðåäñòàâëåíû îïûòíûå çíà÷åíèÿ

ïàðàìåòðà â äëÿ èññëåäóåìîé ñòàëè. Çäåñü êðè-

âàÿ — ðåçóëüòàòû, ïîëó÷åííûå îáíîîáðàçöîâûì

ñïîñîáîì, êðåñòèêè — òðàäèöèîííûì ìåòîäîì.

Èõ ïðàêòè÷åñêîå ñîâïàäåíèå ãîâîðèò î âîçìîæ-

íîñòè îöåíêè ýôôåêòà Áàóøèíãåðà ïðåäëàãàå-

ìûì îäíîîáðàçöîâûì ñïîñîáîì. Ïðè ýòîì ðåêî-

ìåíäóåòñÿ ñòðîèòü êðèâóþ â = â(e) ïî ðåçóëüòà-

òàì îöåíêè â ïðè e, ðàâíîé 0,04, 0,08, 0,12, 0,16.

Îäíàêî åñëè ó÷åñòü, ÷òî äëÿ ìíîãèõ èññëåäîâàí-

íûõ ìåòàëëîâ ïðè äåôîðìàöèÿõ e > 0,05 ïàðà-

ìåòð â ïðàêòè÷åñêè íå ìåíÿåòñÿ è ðàâåí íåêîòî-

ðîé ïîñòîÿííîé â0 (ñì. ðèñ. 1), òî äëÿ óìåíüøå-

íèÿ òðóäîåìêîñòè ïîëó÷åíèÿ óêàçàííîãî ïàðà-

ìåòðà ìîæíî îãðàíè÷èòüñÿ îïðåäåëåíèåì â0 ïðè

îäíîì çíà÷åíèè äåôîðìàöèè e = 0,05 – 0,10. Â

äàííîì ñëó÷àå äëÿ îöåíêè â ïðè ëþáûõ äåôîðìà-

öèÿõ ñëåäóåò âîñïîëüçîâàòüñÿ àïïðîêñèìèðóþ-

ùåé ôóíêöèåé â âèäå (3).

Ïðèâåäåííûå íà ðèñ. 2 äàííûå ïîçâîëÿþò

ñäåëàòü çàêëþ÷åíèå î âîçìîæíîñòè ïðèìåíåíèÿ

îäíîîáðàçöîâîãî ñïîñîáà îöåíêè ïàðàìåòðà â è

åãî îïðåäåëåíèÿ ïî ôîðìóëå (3) ñ ó÷åòîì òîëüêî

â0 ïðè îäíîì çíà÷åíèè e � 0,05.

Â òàáëèöå äëÿ èëëþñòðàöèè ïðåäñòàâëåíû

çíà÷åíèÿ â0 äëÿ ðÿäà èññëåäîâàííûõ ìåòàëëîâ.

Çàêëþ÷åíèå

Ðåçóëüòàòû ñîïîñòàâëåíèÿ çíà÷åíèé ïàðà-

ìåòðà â, ïîëó÷åííûõ íîâûì è òðàäèöèîííûì

ñïîñîáàìè, ïîäòâåðäèëè âîçìîæíîñòü îïðåäåëå-

íèÿ ïàðàìåòðà â îäíîîáðàçöîâûì ñïîñîáîì. Â öå-

ëÿõ óìåíüøåíèÿ òðóäîåìêîñòè âûïîëíåíèÿ èñ-

ïûòàíèé, ñâÿçàííûõ ñ îïðåäåëåíèåì ïàðàìåòðà,

ïðåäëîæåíî àïïðîêñèìèðîâàòü åãî â âèäå ýêñïî-

íåíòû êàê ôóíêöèè âåëè÷èíû ïëàñòè÷åñêîé äå-

ôîðìàöèè. Ïðè ýòîì äîñòàòî÷íî îïðåäåëèòü îäíî

çíà÷åíèå â0 ïðè ïëàñòè÷åñêèõ äåôîðìàöèÿõ,

áîëüøèõ 0,05. Â ñâÿçè ñ ýòèì â0 ìîæíî ðàññìàò-

ðèâàòü êàê íîâóþ õàðàêòåðèñòèêó ìàòåðèàëà.

Ðàñ÷åòíûå äàííûå äîñòàòî÷íî õîðîøî ñîãëàñó-

þòñÿ ñ îïûòíûìè.
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Öåëü ðàáîòû — èçó÷åíèå ïðîöåññà óñòàëîñòíîãî öèêëè÷åñêîãî ðàçðóøåíèÿ ñòàëè. Èçãîòîâ-

ëåíà óñòàíîâêà, ïðåäíàçíà÷åííàÿ äëÿ íàâåäåíèÿ óñòàëîñòíûõ òðåùèí, à òàêæå äëÿ èçó÷å-

íèÿ êèíåòèêè ðàçâèòèÿ óñòàëîñòíîé òðåùèíû, ðîñò êîòîðîé ôèêñèðîâàëè ìåòîäîì ðàçíî-

ñòè ïîòåíöèàëîâ. Êèíåòèêó ðîñòà òðåùèíû îáðàáàòûâàëè ñ ïîìîùüþ êîìïüþòåðà, ïðî-

ãðàìì LGraph2 è ýëåêòðîííûõ òàáëèö Excel. Äëÿ èçó÷åíèÿ êèíåòèêè ðàçâèòèÿ óñòàëîñò-

íîé òðåùèíû ê êðàÿì èñõîäíîãî íàäðåçà èññëåäóåìîãî îáðàçöà ïðèïàèâàëè ýëåêòðîäû è â

ïðîöåññå ðîñòà òðåùèíû ðåãèñòðèðîâàëè ñ ïîìîùüþ êîìïüþòåðà çàâèñèìîñòü ðàçíîñòü ïî-

òåíöèàëîâ — âðåìÿ. Äëÿ ðàñøèôðîâêè äàííûõ ýêñïåðèìåíòà èñïîëüçîâàëè òàðèðîâî÷íûé

ãðàôèê â êîîðäèíàòàõ ðàçíîñòü ïîòåíöèàëîâ (U) — äëèíà òðåùèíû (Lòð), ïîñòðîåííûé íà

îñíîâå ïîêàçàíèé ìèëëèâîëüòìåòðà, â ñîîòâåòñòâèè ñ ðàçìåðàìè ñå÷åíèÿ îáðàçöà, ïðîòåêà-

þùèì ÷åðåç íåãî òîêîì è äëèíîé óñòàëîñòíîé òðåùèíû. Óñòàíîâëåíî, ÷òî ðîñò òðåùèíû

ïðîèñõîäèò ñòóïåí÷àòî, ò.å. â ïðîöåññå öèêëè÷åñêîãî íàãðóæåíèÿ îáðàçöà ñíà÷àëà âîçíèêà-

åò çîíà ïëàñòè÷åñêîé äåôîðìàöèè ìåòàëëà, à ïîñëå íàêîïëåíèÿ â íåé íàïðÿæåíèé îïðåäå-

ëåííîé âåëè÷èíû ïðîèñõîäèò èõ ðåëàêñàöèÿ â âèäå âîçíèêíîâåíèÿ òðåùèíû è ñêà÷êîîá-

ðàçíîãî åå ðîñòà. Äàëåå ýêñïåðèìåíòàëüíûå äàííûå îáðàáàòûâàëè, â ðåçóëüòàòå ÷åãî ïîëó-

÷àëè ãðàôèê ñêîðîñòè ðîñòà óñòàëîñòíîé òðåùèíû, íà êîòîðîì õîðîøî âèäíû ýòàïû åå

ñêà÷êîîáðàçíîãî ðîñòà. Ñ ïîìîùüþ ãðàôè÷åñêîãî ðåäàêòîðà ÊÎÌÏÀÑ ñòðîèëè ãðàôèê, êî-

òîðûé õàðàêòåðèçóåò ðîñò óñòàëîñòíîé òðåùèíû îò ÷èñëà öèêëîâ óñòàëîñòíûõ èñïûòàíèé

íà èçãèá. Òàêèì îáðàçîì, ñ ïîìîùüþ ñîçäàííîé óñòàíîâêè ìîæíî âûðàùèâàòü óñòàëîñò-

íûå òðåùèíû äëÿ óäàðíûõ èñïûòàíèé è îïðåäåëÿòü ðàáîòó ðàñïðîñòðàíåíèÿ òðåùèíû,

èçó÷àòü êèíåòèêó åå ðàçâèòèÿ, à òàêæå ïðîâîäèòü êîìïüþòåðíóþ îáðàáîòêó äàííûõ ýêñïå-

ðèìåíòà.

Êëþ÷åâûå ñëîâà: óñòàëîñòíûé öèêëè÷åñêèé èçãèá; êèíåòèêà ðàçâèòèÿ òðåùèíû; ìåòîä

ýëåêòðîïîòåíöèàëîâ; ìåòîäèêà ïðîâåäåíèÿ è îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ.
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The goal of the study is analysis of the features of fatigue cyclic fracture of steels. An installation has been

designed to induce fatigue cracks and to study the kinetics of fatigue crack development. Crack growth is

recorded by the method of potential difference. The data on the crack growth kinetics were processed on a

computer using LGraph2 programs and Excel spreadsheets. When studying the kinetics of the fatigue

crack development, the electrodes were soldered to the edges of the initial notch of the sample and time

dependence of the potential difference was recorded on a computer during crack growth. To interpret the

experimental data, a calibration chart in the coordinates “potential difference (U) – the crack length (L
cr

)”

constructed on the basis of the millivoltmeter readings was used, with due regard for the size of the sam-

ple section, current flow and length of the fatigue crack. Cyclic loading of the sample resulted in a stepwise

character of the crack growth: first occurred zone of plastic deformation of the metal is then followed by

accumulation of stresses of a certain size, their relaxation in the form of a crack and sudden crack growth.

An abrupt crack growth is clearly visible on a graph of the fatigue crack growth rate obtained upon com-

puter processing of experimental data. Using a graphical editor KOMPAS, a graph was constructed which

characterized the growth of the fatigue crack against the number of cycles of fatigue tests for bending. The

experimental setup provides the possibility of fatigue crack formation for impact tests, determination of
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the work of crack propagation, as well as studying of the kinetics of crack development and computer pro-

cessing of experimental data.

Keywords: fatigue cyclic bending; fracture kinetics; method of electric potential; experimental data pro-

cessing technique.

Ââåäåíèå

Â ïðîöåññå ïðîâåäåíèÿ ìàòåðèàëîâåä÷åñêèõ

èññëåäîâàíèé âîçíèêàåò íåîáõîäèìîñòü îáðàáîò-

êè ýêñïåðèìåíòàëüíûõ äàííûõ â öåëÿõ ïîëó÷å-

íèÿ õàðàêòåðèñòèê, ïîçâîëÿþùèõ ñóäèòü î ñâîé-

ñòâàõ èññëåäóåìîãî îáúåêòà. Ïîýòîìó ñ ïîÿâëå-

íèåì íîâûõ ïðèáîðîâ è ìåòîäèê âîçíèêàþò äî-

ïîëíèòåëüíûå âîçìîæíîñòè äëÿ èññëåäîâàòåëÿ.

Îäíèì èç òàêèõ ïðèáîðîâ ÿâëÿåòñÿ êîìïüþòåð,

êîòîðûé îòêðûâàåò äàííûå ýêñïåðèìåíòà ñ ïî-

ìîùüþ ñïåöèàëüíûõ ïðîãðàìì [1]. Ê íåìó ìîãóò

áûòü ïîäêëþ÷åíû âíåøíèå äîïîëíèòåëüíûå

ïðèáîðû, ïîçâîëÿþùèå ïåðåäàâàòü ýêñïåðèìåí-

òàëüíûå äàííûå â âèäå ýëåêòðè÷åñêîãî ñèãíàëà,

ïðåîáðàçóåìîãî â öèôðîâîé ôîðìàò ñ ïîìîùüþ

ÀÖÏ.

Öåëü äàííîé ðàáîòû — èññëåäîâàíèå ïðîöåñ-

ñà óñòàëîñòíîãî öèêëè÷åñêîãî ðàçðóøåíèÿ ñòàëè.

Îïèñàíû îáîðóäîâàíèå, ìåòîäèêè èçó÷åíèÿ êè-

íåòèêè ðàçâèòèÿ óñòàëîñòíîé òðåùèíû è îáðà-

áîòêè ýêñïåðèìåíòàëüíûõ äàííûõ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Õîðîøî èçâåñòíî, ÷òî öèêëè÷åñêèå íàãðóç-

êè — îäíè èç îñíîâíûõ ôàêòîðîâ âîçäåéñòâèÿ íà

êîíñòðóêöèè èç ìåòàëëîâ è èõ ñïëàâîâ. Òàêèå

íàãðóçêè ìîãóò âûçûâàòü óñòàëîñòíîå ðàçðóøå-

íèå îòäåëüíûõ óçëîâ èëè öåëûõ êîíñòðóêöèé.

Ñîãëàñíî [2 – 8] óñòàëîñòíîå ðàçðóøåíèå — ýòî

ðàçðóøåíèå ìàòåðèàëà íàãðóæàåìîãî îáúåêòà äî

ïîëíîé ïîòåðè åãî ïðî÷íîñòè èëè ðàáîòîñïîñîá-

íîñòè âñëåäñòâèå ðàñïðîñòðàíåíèÿ óñòàëîñòíîé

òðåùèíû. Ïðè ýòîì îñíîâíûì ïàðàìåòðîì, õà-

ðàêòåðèçóþùèì óñòàëîñòíóþ âûíîñëèâîñòü òîãî

èëè èíîãî ìàòåðèàëà ÿâëÿåòñÿ öèêëè÷åñêàÿ äîë-

ãîâå÷íîñòü — ÷èñëî öèêëîâ íàïðÿæåíèé èëè äå-

ôîðìàöèé, âûäåðæèâàåìîå íàãðóæåííûì îáúåê-

òîì äî îáðàçîâàíèÿ óñòàëîñòíîé òðåùèíû îïðå-

äåëåííîé ïðîòÿæåííîñòè èëè äî óñòàëîñòíîãî

ðàçðóøåíèÿ.

Äëÿ èññëåäîâàíèÿ ïðîöåññà óñòàëîñòíîãî

öèêëè÷åñêîãî ðàçðóøåíèÿ ñòàëè áûëà ñîáðàíà

óñòàíîâêà, ïîçâîëÿþùàÿ ïðîâîäèòü èñïûòàíèÿ

ïðèçìàòè÷åñêèõ îáðàçöîâ íà öèêëè÷åñêèé èçãèá.

Ëàáîðàòîðíàÿ óñòàíîâêà ïðåäíàçíà÷åíà äëÿ íà-

âåäåíèÿ óñòàëîñòíûõ òðåùèí â îáðàçöàõ, à òàêæå

äëÿ èññëåäîâàíèÿ êèíåòèêè ðàçâèòèÿ óñòàëîñò-

íîé òðåùèíû ïðè öèêëè÷åñêîì íàãðóæåíèè.

Âíåøíèé âèä óñòàíîâêè ïðåäñòàâëåí íà ðèñ. 1.

Â ñîñòàâ óñòàíîâêè âõîäèëè ñòåíä äëÿ íàâåäå-

íèÿ óñòàëîñòíîé òðåùèíû, à òàêæå îáîðóäîâàíèå

äëÿ èññëåäîâàíèÿ è çàïèñè êèíåòèêè åå ðàçâè-

òèÿ. Ïðîöåññ âîçíèêíîâåíèÿ è ïîñëåäóþùåãî

ðàçâèòèÿ òðåùèíû ôèêñèðîâàëè ìåòîäîì ýëåê-

òðîïîòåíöèàëîâ [9 – 12, 13, ñ. 63]. Áëîê-ñõåìà äëÿ

ôèêñàöèè êèíåòèêè ðîñòà òðåùèíû â ðåàëüíîì

âðåìåíè ïðèâåäåíà íà ðèñ. 2. Íà îáðàçåö 4,

èìåþùèé V-îáðàçíûé íàäðåç, ÷åðåç áàëëàñòíîå

ñîïðîòèâëåíèå 3 îò ïîíèæàþùåãî òðàíñôîðìàòî-

ðà ÐÍÎ-250-5 2 ïîäàâàëè ïåðåìåííûé ýëåêòðè-

÷åñêèé òîê ïðîìûøëåííîé ÷àñòîòû 50 Ãö, âåëè-

÷èíó êîòîðîãî ðåãóëèðîâàëè. Äëÿ èñêëþ÷åíèÿ

âëèÿíèÿ íà ðåçóëüòàòû âîçìîæíûõ èçìåíåíèé

íàïðÿæåíèÿ ñåòè ïèòàíèå áëîêà óñòàíîâêè îñó-

ùåñòâëÿëè ÷åðåç ñòàáèëèçàòîð íàïðÿæåíèÿ Ñ-09

1. Â ðåçóëüòàòå âîçíèêíîâåíèÿ è ðîñòà òðåùèíû

ó êðàåâ èñõîäíîãî íàäðåçà ïîÿâëÿëàñü ðàçíîñòü

ïîòåíöèàëîâ, êîòîðóþ ôèêñèðîâàëè ïðè ïîìîùè

ìèëëèâîëüòìåòðà ïåðåìåííîãî òîêà 5 ñ êîýôôè-

öèåíòîì óñèëåíèÿ, ðàâíûì ñåìè. Ïîëó÷åííûé

ñèãíàë ïîäàâàëñÿ íà ÀÖÏ Å-154 6, âûïóñêàåìûé

ôèðìîé L-Card, êîòîðûé ïðåîáðàçîâûâàë àíàëî-

ãîâûé ñèãíàë â öèôðîâîé è ïåðåäàâàë åãî äëÿ îá-

ðàáîòêè íà êîìïüþòåð 7 ñ óñòàíîâëåííîé íà íåì

ñïåöèàëüíîé ïðîãðàììîé LGraph2. Ýòî ïîçâîëÿ-

ëî çàïèñûâàòü ïîëó÷àåìûé ñèãíàë èçìåíåíèÿ ïà-

äåíèÿ íàïðÿæåíèÿ íà îáðàçöå â ïðîöåññå ðîñòà

óñòàëîñòíîé òðåùèíû â ðåàëüíîì âðåìåíè.

Äëÿ ïðîâåäåíèÿ èñïûòàíèé íà öèêëè÷åñêèé

èçãèá è íàâåäåíèÿ óñòàëîñòíûõ òðåùèí èññëå-

60 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7

Ðèñ. 1. Óñòàíîâêà äëÿ óñòàëîñòíûõ èñïûòàíèé îáðàçöîâ

íà öèêëè÷åñêèé èçãèá

Fig. 1. Installation for fatigue tests of samples for cyclic

bending



äóåìûé îáðàçåö çàêðåïëÿëè â ñïåöèàëüíûõ çà-

æèìàõ (ðèñ. 3). Ïðè âêëþ÷åíèè ñòåíäà ñ ïîìî-

ùüþ ýêñöåíòðèêà îñóùåñòâëÿëè êîëåáàòåëüíûé

ïðîöåññ íàãðóæåíèÿ îáðàçöà ñ ÷àñòîòîé, ðàâíîé

ñåìè êîëåáàíèé â ñåêóíäó. Êîíñòðóêöèÿ ñòåíäà

èñêëþ÷àëà íàêëåï áåðåãîâ òðåùèíû áëàãîäàðÿ

ïðèìåíåííîé êîíñîëüíîé ñõåìû íàãðóæåíèÿ îá-

ðàçöà ñ öèêëè÷åñêèì èçãèáîì òîëüêî â îäíó ñòî-

ðîíó. Çà ñ÷åò ýòèõ êîëåáàíèé ÷åðåç íåêîòîðîå

âðåìÿ â ìåñòå íàäðåçà âîçíèêàëà óñòàëîñòíàÿ

òðåùèíà, ðîñò êîòîðîé ìîæíî áûëî âèçóàëüíî

êîíòðîëèðîâàòü ñ ïîìîùüþ ëóïû Áðèíåëëÿ

(×24).

Äàííàÿ óñòàíîâêà ïîçâîëÿëà íàâîäèòü óñòà-

ëîñòíûå òðåùèíû äëÿ óäàðíûõ èñïûòàíèé è îï-

ðåäåëåíèÿ ðàáîòû ðàçâèòèÿ òðåùèíû. Äëÿ èçó÷å-

íèÿ êèíåòèêè ðàçâèòèÿ óñòàëîñòíîé òðåùèíû ê

êðàÿì èñõîäíîãî íàäðåçà îáðàçöà èç èññëåäóåìîé

ñòàëè ïðèïàèâàëè ýëåêòðîäû. Â ïðîöåññå ðîñòà

òðåùèíû ïî ìåòîäèêå, îïèñàííîé âûøå, ðåãèñò-

ðèðîâàëè ñ ïîìîùüþ êîìïüþòåðà çàâèñèìîñòü

ðàçíîñòü ïîòåíöèàëîâ — âðåìÿ (ðèñ. 4). Ïðè ýòîì

îáðàçåö ýëåêòðè÷åñêè èçîëèðîâàëè îò ìåòàëëè÷å-

ñêîé êîíñòðóêöèè ñòåíäà.

Äëÿ ðàñøèôðîâêè äàííûõ ýêñïåðèìåíòà èñ-

ïîëüçîâàëè òàðèðîâî÷íûé ãðàôèê â êîîðäèíàòàõ

ðàçíîñòü ïîòåíöèàëîâ (U) — äëèíà òðåùèíû

(Lòð), ïðèâåäåííûé íà ðèñ. 5. Îí ïîñòðîåí íà îñ-

íîâå ïîêàçàíèé ìèëëèâîëüòìåòðà, â ñîîòâåòñò-

âèè ñ ðàçìåðàìè ñå÷åíèÿ îáðàçöà, ïðîòåêàþùèì

÷åðåç íåãî òîêîì è äëèíîé óñòàëîñòíîé òðåùèíû.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ áûëî óñòà-

íîâëåíî, ÷òî ðîñò òðåùèíû ïðîèñõîäèò ñòóïåí÷à-

òî, ò.å. â ïðîöåññå öèêëè÷åñêîãî íàãðóæåíèÿ îá-

ðàçöà ñíà÷àëà âîçíèêàåò çîíà ïëàñòè÷åñêîé äå-

ôîðìàöèè ìåòàëëà, à ïîñëå íàêîïëåíèÿ â íåé íà-

ïðÿæåíèé îïðåäåëåííîé âåëè÷èíû ïðîèñõîäèò

èõ ðåëàêñàöèÿ â âèäå âîçíèêíîâåíèÿ òðåùèíû è

ñêà÷êîîáðàçíîãî åå ðîñòà (ðèñ. 6). Ó÷èòûâàÿ

êîýôôèöèåíò óñèëåíèÿ ñèãíàëà ìèëëèâîëüò-

ìåòðîì, ðàâíûé ñåìè, ìîæíî ãîâîðèòü î ÷óâñòâè-

òåëüíîñòè èçìåðåíèé, ò.å. ñêà÷êè íà äèàãðàììå
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Ðèñ. 2. Áëîê-ñõåìà èçìåðåíèÿ ðàçíîñòè ïîòåíöèàëîâ

Fig. 2. The block diagram of measurement of the potential

difference

Ðèñ. 3. Îáðàçåö â çàæèìàõ ñòåíäà ñ ïîäñîåäèíåííûìè

ïðîâîäàìè ó íàäðåçà

Fig. 3. The sample in clips of the testing bench with wires

connected to the notch ends
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Ðèñ. 4. Ãðàôèê ðîñòà óñòàëîñòíîé òðåùèíû â êîîðäèíà-

òàõ ðàçíîñòü ïîòåíöèàëîâ – âðåìÿ

Fig. 4. The time dependence of the fatigue crack growth
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Ðèñ. 5. Òàðèðîâî÷íûé ãðàôèê: ñå÷åíèå îáðàçöà

10 × 10 ìì; I = 15 À

Fig. 5. The calibration graph: section of the sample

10 × 10 mm; I = 15 A



ñîîòâåòñòâóþò ïðèìåðíî 0,1 ìÂ. Âñïëåñêè â ïî-

ëîæèòåëüíóþ èëè îòðèöàòåëüíóþ ñòîðîíó îòíî-

ñèòåëüíî ñðåäíåé ëèíèè ñèãíàëà ìîãëè áûòü

èíèöèèðîâàíû ïîìåõàìè â ýëåêòðè÷åñêîé ñåòè,

õîòÿ è áûëè ïîïûòêè èõ íèâåëèðîâàòü ñ ïîìî-

ùüþ àïïàðàòóðû. Îäíàêî íà ðèñ. 6 âèäåí è ñòà-

áèëüíûé ó÷àñòîê, êîãäà òðåùèíà íå ðàçâèâàåòñÿ,

ò.å. èäåò ïðîöåññ íàêîïëåíèÿ â íåé íàïðÿæåíèé,

êîòîðûå çàòåì ðåëàêñèðóþò â âèäå ïðèðîñòà òðå-

ùèíû ïî äëèíå. Â äàëüíåéøåì ïðîöåññ ïîâòîðÿ-

åòñÿ ñíîâà è ñíîâà.

Òàêèì îáðàçîì, äëÿ ïîëó÷åíèÿ èíôîðìàöèè î

òîì, êîãäà ïðîèñõîäèò ïîäîáíûé ñêà÷îê ðàçíîñòè

ïîòåíöèàëîâ ïðè ðîñòå óñòàëîñòíîé òðåùèíû,

ìîæíî âîñïîëüçîâàòüñÿ ñòàíäàðòíîé ìåòîäèêîé.

Èçâåñòíî, ÷òî äèôôåðåíöèðîâàíèå ëþáîãî ãðà-

ôèêà, êîòîðûé ìîæíî ïðåäñòàâèòü êàê ãðàôèê

ïóòè, äàåò èíôîðìàöèþ î ñêîðîñòè [1, 14]. Ñêà-

÷îê ðîñòà òðåùèíû âñåãäà îçíà÷àåò ðåçêîå óâåëè-

÷åíèå ñêîðîñòè åå ðîñòà. Ýòó èíôîðìàöèþ ìîæíî

ïîëó÷èòü ñ ïîìîùüþ ýëåêòðîííûõ òàáëèö Excel,

ââåäÿ äàííûå, íàéäåííûå ñ ïîìîùüþ äèàãðàììû

êèíåòèêè ðîñòà óñòàëîñòíîé òðåùèíû, è ðåçóëü-

òàòû èõ îáðàáîòêè.

Ïðîâåäåì àëãîðèòì ïîëó÷åíèÿ òàêèõ äàííûõ.

Ïîñëå çàâåðøåíèÿ èñïûòàíèÿ íà öèêëè÷åñêèé

èçãèá ñ ïîìîùüþ ïðîãðàììû LGraph2 íàõîäèëè

ðåçóëüòàòû, êîòîðûå îáðàáàòûâàëè è ïîëó÷àëè

ôàéëû â òåêñòîâîì ôîðìàòå, â ãðàôè÷åñêîì ôîð-

ìàòå ñ ðàñøèðåíèåì bmp, ïðåäíàçíà÷åííûå äëÿ

ýêñïîðòà â ïðîãðàììó MATLAB. Â ýòîì ñëó÷àå

äàííûå ýêñïåðèìåíòà ýêñïîðòèðîâàëè â òåêñòî-

âûé ôàéë. Ïðè ýòîì ó÷èòûâàëè, ÷òî â ïðîöåññå

çàïèñè ýêñïåðèìåíòàëüíûõ äàííûõ ÀÖÏ ïðîèç-

âîäèò îïðîñ ââîäèìîãî çíà÷åíèÿ ñ ÷àñòîòîé

10 Ãö, çà êàæäóþ ñåêóíäó ïîëó÷àëè 10 èçìåðåíèé

âåëè÷èíû ðàçíîñòè ïîòåíöèàëîâ. Ïîýòîìó äëÿ

îïðåäåëåíèÿ ðåàëüíûõ çíà÷åíèé ïðîâîäèëè äå-

öèìàöèþ — âûâîäèëè â òåêñòîâûé ôàéë íå âñå

òî÷êè ïîäðÿä, à òîëüêî âûáðàííûå. Â íàøåì ñëó-

÷àå âûáðàíà äåöèìàöèÿ, ðàâíàÿ äåñÿòè. Â òåêñòî-

âûé ôàéë âûâîäèëè êàæäóþ 10-þ òî÷êó èçìåðå-

íèÿ. Òàêèì îáðàçîì, çà îäíó ñåêóíäó âûâîäèëè

âåëè÷èíó îäíîãî èçìåðåíèÿ.

Ïîëó÷åííûé òåêñòîâûé ôàéë èñïîëüçîâàëè

äëÿ äàëüíåéøåé îáðàáîòêè ñ ïîìîùüþ ýëåêòðîí-

íûõ òàáëèö Excel. Äëÿ ýòîãî ñíà÷àëà òåêñòîâûé

ôàéë ïåðåâîäèëè â òåêñòîâûé ðåäàêòîð Microsoft

Word, ãäå ïðîâîäèëàñü çàìåíà ðàçäåëÿþùåãî çíà-

êà (.) íà (,), êîòîðûé ïðèìåíÿåòñÿ â Excel. Çàòåì

ýòè ïðåîáðàçîâàííûå äàííûå ââîäèëè â ýëåê-

òðîííóþ òàáëèöó Excel. Íà îñíîâàíèè ýòèõ äàí-

íûõ ïîñòðîèëè ãðàôèê êèíåòèêè ðàçðóøåíèÿ îá-

ðàçöà ïðè ðîñòå óñòàëîñòíîé òðåùèíû â ïðîöåññå

èñïûòàíèé íà öèêëè÷åñêèé èçãèá. Ïðèìåð òàêî-

ãî ãðàôèêà ïðèâåäåí íà ðèñ. 7.

Äàëåå îáðàáàòûâàëè ýòè ýêñïåðèìåíòàëüíûå

äàííûå ñ ïîìîùüþ ãðàôè÷åñêîãî äèôôåðåíöèðî-

âàíèÿ ïî èçâåñòíîé ôîðìóëå [14], ââîäèìîé â

ýëåêòðîííóþ òàáëèöó Excel. Â ðåçóëüòàòå ïîëó-

÷àëè ãðàôèê ñêîðîñòè ðîñòà óñòàëîñòíîé òðåùè-

íû, íà êîòîðîì õîðîøî âèäíû ýòàïû åå ñêà÷êîîá-

ðàçíîãî ðîñòà (ðèñ. 8). Â äàííîì ñëó÷àå ãðàôèê

ïîñòðîåí â êîîðäèíàòàõ ñêîðîñòü ðîñòà òðåùèíû

(Â/ìèí) – âðåìÿ (ìèí), ïîñêîëüêó äëÿ åãî ïî-

ñòðîåíèÿ áûëè âçÿòû çíà÷åíèÿ ðàçíîñòè ïîòåí-

öèàëîâ èç ýêñïåðèìåíòàëüíîãî ãðàôèêà êèíåòè-

êè ðîñòà óñòàëîñòíîé òðåùèíû, ïðèâåäåííîãî íà

ðèñ. 7.
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Ðèñ. 6. Óâåëè÷åííûé ôðàãìåíò äèàãðàììû êèíåòèêè ðàçâèòèÿ òðåùèíû â êîîðäèíàòàõ ðàçíîñòü ïîòåíöèàëîâ – âðåìÿ

Fig. 6. The magnified fragment of the kinetic diagram of crack development in coordinates “potential difference – time”
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Ðèñ. 7. Êèíåòèêà ðîñòà óñòàëîñòíîé òðåùèíû

Fig. 7. Kinetics of the fatigue crack growth



Îäíàêî áîëåå çíà÷èìîé ÿâëÿåòñÿ çàâèñèìîñòü

âåëè÷èíû ðîñòà óñòàëîñòíîé òðåùèíû îò ÷èñëà

öèêëîâ çíàêîïåðåìåííîãî èçãèáà [15]. Äëÿ åå ïî-

ñòðîåíèÿ èñïîëüçîâàëè ïîëó÷åííûå â ïðîöåññå

èñïûòàíèé òåêñòîâûå äàííûå è ðåçóëüòàòû èõ

ïðåîáðàçîâàíèÿ â äëèíó óñòàëîñòíîé òðåùèíû

ñ ïîìîùüþ òàðèðîâî÷íîãî ãðàôèêà, ïðèâåäåííî-

ãî íà ðèñ. 5. Äëÿ ïîëó÷åíèÿ òàêèõ äàííûõ èñ-

ïîëüçîâàëè ìåòîäèêó, ïðèìåíÿåìóþ â êîìïüþ-

òåðíîé ãðàôèêå ïðè ðàçðàáîòêå òåõíè÷åñêèõ

÷åðòåæåé ñ ïîìîùüþ ãðàôè÷åñêîãî ðåäàêòîðà

ÊÎÌÏÀÑ, ðàçðàáîòàííîãî ôèðìîé ÀÑÊÎÍ.

Â ýòîì ñëó÷àå òî÷íîñòü äàííûõ î äëèíå óñòàëîñò-

íîé òðåùèíû â ïðîöåññå åå ðîñòà çíà÷èòåëüíî

ïîâûøàëàñü. Íà îñíîâàíèè òàêèõ ïðåîáðàçîâà-

íèé â êîíå÷íîì èòîãå ïîëó÷àëè çàâèñèìîñòü ðîñ-

òà óñòàëîñòíîé òðåùèíû îò ÷èñëà öèêëîâ óñòà-

ëîñòíûõ èñïûòàíèé íà èçãèá (ðèñ. 9).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ñ ïîìîùüþ ñîçäàííîé óñòà-

íîâêè ìîæíî âûðàùèâàòü óñòàëîñòíûå òðåùèíû

äëÿ óäàðíûõ èñïûòàíèé è îïðåäåëåíèÿ ðàáîòû

ðàñïðîñòðàíåíèÿ òðåùèíû, à òàêæå èçó÷àòü êè-

íåòèêó ðàçâèòèÿ òðåùèíû è ïðîâîäèòü êîìïüþ-

òåðíóþ îáðàáîòêó äàííûõ ýêñïåðèìåíòà.

ËÈÒÅÐÀÒÓÐÀ

1. Ãðèøèí Ñ. À., Áóðóíîâà Ò. Í. Ïðèìåíåíèå ÝÂÌ, ýëåìåíòîâ

ìàòåìàòè÷åñêîãî àíàëèçà è ñðåäñòâ ìàøèííîé ãðàôèêè ïðè

èññëåäîâàíèè äèíàìè÷åñêèõ õàðàêòåðèñòèê ìàøèí è ìåõà-

íèçìîâ / Âåñòíèê ÄÃÒÓ. Ñåð. Âîïðîñû ìàøèíîâåäåíèÿ è êîí-

ñòðóèðîâàíèÿ ìàøèí. 1999. Ò. 2. ¹ 4. Ñ. 98 – 100.

2. Âîëåãîâ Ï. Ñ., Ãðèáîâ Ä. Ñ., Òðóñîâ Ï. Â. Ïîâðåæäåííîñòü

è ðàçðóøåíèå: îáçîð ýêñïåðèìåíòàëüíûõ ðàáîò / Ôèçè÷åñêàÿ

ìåçîìåõàíèêà. 2015. Ò. 18. ¹ 3. Ñ. 11 – 24.

3. Leguillon D., Yosibash Z. Failure initiation at V-notch tips in

quasi-brittle materials/ International Journal of Solids and

Structures. 2017. Vol. 29. May. P. 1 – 13. DOI: 10.1016/j.ij-

solstr.2017.05.036.

4. Kamaya M. Lou-cycle fatigue crack growth prediction by strain

intensity factor / Int. J. Fatigue. 2015. Vîl. 72. P. 80 – 89.

5. Âåðåòèìóñ Í. Ê., Âåðåòèìóñ Ä. Ê. Âëèÿíèå íàêîïëåí-

íûõ ïîâðåæäåíèé íà ðàñ÷åòíóþ ñêîðîñòü ìàëîöèêëîâîé òðå-

ùèíû / Èíæåíåðíûé æóðíàë: íàóêà è èííîâàöèè. 2015.

¹ 11(47). Ñ. 11. DOI: 10.18698/2308-6033-2015-11-1425.

6. Ñàïîæíèêîâ Ñ. Á., Èâàíîâ Ì. À., ßðîñëàâöåâ Ñ. È.,

Ùåðáàêîâ È. À. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå

è ðàçðóøåíèå ýëåìåíòîâ êîíñòðóêöèé ñ îñòðûìè êîíöåíòðà-

òîðàìè íàïðÿæåíèé ïðè èçãèáå / Âåñòíèê Ïåðìñêîãî íàöèî-

íàëüíîãî èññëåäîâàòåëüñêîãî ïîëèòåõíè÷åñêîãî óíèâåðñè-

òåòà. Ìåõàíèêà. 2017. ¹ 4. Ñ. 40 – 55. DOI: 10.15593/perm.

mech/2017.4.04

7. Ïîòåìêèí À. Í., Âèêóëîâ À. Ñ., Íèêèòèí Ä. Å. Óñòà-

ëîñòíîå ðàçðóøåíèå ìàòåðèàëîâ ñ ïîçèöèè ðàçëè÷íûõ òåî-

ðèé / Íàó÷íî-ìåòîäè÷åñêèé ýëåêòðîííûé æóðíàë «Êîí-

öåïò». 2015. Ò. 13. Ñ. 3311 – 3315. http://e-koncept.ru/2015/

85663.htm

8. Ìàðêî÷åâ Â. Ì., Ãîëüöåâ Â. Þ., Áîáðèíñêèé À. Ï.

Óïðîùåííàÿ ñõåìà èçìåðåíèÿ äëèíû òðåùèíû â îáðàçöàõ èç

ëèñòîâûõ ìàòåðèàëîâ ìåòîäîì ýëåêòðè÷åñêîãî ïîòåíöèàëà/

Çàâîäñêàÿ ëàáîðàòîðèÿ. 1971. Ò. 37. ¹ 5. Ñ. 598 – 600.

9. Ìàðêî÷åâ Â. Ì., Æèòåíåâ Â. Â., Áîáðèíñêèé À. Ï.

Èçìåðåíèå ñêîðîñòè ðîñòà çàêðèòè÷åñêèõ òðåùèí ìåòîäîì

ðàçíîñòè ýëåêòðè÷åñêèõ ïîòåíöèàëîâ / Çàâîäñêàÿ ëàáîðàòî-

ðèÿ. 1976. Ò. 42. ¹ 2. Ñ. 221 – 224.

10. Ëåáåäåâ Ã. Ä., Âîðîáüåâ Í. À. Ê îïðåäåëåíèþ äëèíû òðå-

ùèíû ìåòîäîì ðàçíîñòè ýëåêòðè÷åñêèõ ïîòåíöèàëîâ ïðè

öèêëè÷åñêîì íàãðóæåíèè îáðàçöà ñ îäíîñòîðîííèì ñêâîç-

íûì áîêîâûì íàäðåçîì / Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòè-

êà ìàòåðèàëîâ. 2004. Ò. 70. ¹ 11. Ñ. 42 – 44.

11. Øêàòîâ Ï. Í., Ìàëèíîâñêèé À. Ê., Ìÿêóøåâ Ê. Â. Èçìå-

ðåíèå ãëóáèíû òðåùèí ýëåêòðîïîòåíöèàëüíûì ìåòîäîì ñ

ó÷åòîì íåñêîëüêèõ ïàðàìåòðîâ, âëèÿþùèõ íà ðåãèñòðèðóå-

ìûå íàïðÿæåíèÿ / Ôóíäàìåíòàëüíûå è ïðèêëàäíûå ïðîáëå-

ìû òåõíèêè è òåõíîëîãèè. 2014. ¹ 4(306). Ñ. 133 – 138.

12. Ãðèøèí Ñ. À. Ïîâûøåíèå êîíñòðóêöèîííîé ïðî÷íîñòè ñòà-

ëåé òåðìè÷åñêîé îáðàáîòêîé â ìàãíèòíîì ïîëå. — Ðîñòîâ-

íà-Äîíó: ÈÂÒ èì. Ã. ß. Ñåäîâà, 2015. — 81 ñ.

13. Ïóñòîâîéò Â. Í., Ãðèøèí Ñ. À., Çàéöåâà Ì. Â. Ìåòîäèêà

ïðèìåíåíèÿ ñðåäñòâ êîìïüþòåðíîé ãðàôèêè äëÿ èññëåäîâà-

íèÿ òå÷åíèÿ íåñòàöèîíàðíûõ ïðîöåññîâ â ñîâðåìåííîì ìàòå-

ðèàëîâåäåíèè / Âåñòíèê ÄÃÒÓ. 2011. Ò. 11. ¹ 5(56). Ñ. 676 –

682.

14. Ïóñòîâîéò Â. Í., Äóêà Â. Â., Äîëãà÷åâ Þ. Â., Àðåôüå-

âà Ë. Ï., Ôåäîñîâ Â. Â., Ñàëûíñêèõ Â. Ì. Îñîáåííîñòè

ðàçðóøåíèÿ ôåððèòî-ìàðòåíñèòíîãî êîìïîçèòà / ÄÃÒÓ.

MATEC Web of Conferences. 2018. Vol. 226. N 03006. P. 1 – 5.

DOI: 10.1051/matecconf/201822603006

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7 63
Ñ

ê
î
ð

î
ñ
ò
ü

ð
î
ñ
ò
à

ò
ð

å
ù

è
í

û
,
Â

/ì
è

í

Âðåìÿ, ìèí

Ðèñ. 8. Ñêîðîñòü ðîñòà òðåùèíû

Fig. 8. Crack growth rate
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Ðèñ. 9. Çàâèñèìîñòü äëèíû óñòàëîñòíîé òðåùèíû îò

÷èñëà öèêëîâ óñòàëîñòíûõ èñïûòàíèé

Fig. 9. The dependence of the fatigue crack length on the

number of fatigue test cycles
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Ðàçðàáîòàí ìåòîä äëÿ ïðåîáðàçîâàíèÿ äèñêðåòíîé ïîñëåäîâàòåëüíîñòè ýêñòðåìóìîâ â íå-

ïðåðûâíûé ïðîöåññ. Äàííàÿ çàäà÷à ÿâëÿåòñÿ àêòóàëüíîé, ïîñêîëüêó ÷àñòî âîçíèêàåò ïðîá-

ëåìà ïðèáëèçèòåëüíîé îöåíêè ñïåêòðàëüíîé ïëîòíîñòè äëÿ ïðîöåññîâ èñïûòàíèé ïðè ñëó-

÷àéíîì (íåðåãóëÿðíîì) íàãðóæåíèè. Íåêîòîðûå èç òàêèõ ïðîöåññîâ ñòàíäàðòèçèðîâàíû è

÷àñòî ïðèìåíÿþòñÿ ïðè èñïûòàíèÿõ ìàòåðèàëîâ è êîíñòðóêöèé. Ñîîòâåòñòâåííî, èìååòñÿ

îáøèðíûé îáúåì ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûìè æåëàòåëüíî âîñïîëüçîâàòüñÿ ïðè

îòðàáîòêå è àïðîáàöèè ðàñ÷åòíûõ ìåòîäîâ îöåíêè äîëãîâå÷íîñòè â ìíîãîöèêëîâîé îáëàñ-

òè. Ïîñòóëèðóÿ ôàêò íåïðåðûâíîñòè ñëó÷àéíîãî ïðîöåññà è åãî ïåðâîé ïðîèçâîäíîé, ÷òî

ÿâëÿåòñÿ ôèçè÷åñêè îáîñíîâàííûì äëÿ ïðîöåññà íàãðóæåíèÿ, èìåþùèåñÿ èñõîäíûå òî÷êè

(à èìåííî, ýêñòðåìóìû ñëó÷àéíîãî ïðîöåññà) ïðåäëàãàåòñÿ êóñî÷íî ñîåäèíèòü ïîëóêîñèíó-

ñèäàìè ñ îáåñïå÷åíèåì óñëîâèÿ ñîâìåñòíîñòè â òî÷êàõ ýêñòðåìóìîâ. Îòëè÷èòåëüíîé îñî-

áåííîñòüþ ìåòîäà ÿâëÿåòñÿ îáåñïå÷åíèå 100 %-ãî ñîâïàäåíèÿ âåëè÷èí è ïîñëåäîâàòåëüíî-

ñòåé ýêñòðåìóìîâ ó èñõîäíîãî äèñêðåòíîãî è ñìîäåëèðîâàííîãî íåïðåðûâíîãî ïðîöåññîâ.

Âîïðîñ âûáîðà âåëè÷èíû ïîëóïåðèîäîâ äëÿ äàííûõ ïîëóêîñèíóñîèä ïðåäëàãàåòñÿ ðåøèòü

íà îñíîâàíèè èíôîðìàöèè, ïîëó÷åííîé èç àíàëèçà ðåàëüíûõ çàïèñåé íàïðÿæåíèé, â âèäå

ðåãðåññèîííîãî óðàâíåíèÿ, ñâÿçûâàþùåãî ïîëóïåðèîäû è ïîëóðàçìàõè äëÿ íåêîòîðûõ ðå-

àëèçàöèé ñëó÷àéíîãî ïðîöåññà äëÿ òðàíñïîðòíûõ ìàøèí. Â êà÷åñòâå ïðèìåðà ïîêàçàíû

ðåãðåññèîííûå çàâèñèìîñòè ïîëóïåðèîäîâ è ïîëóðàçìàõîâ íàïðÿæåíèé èçãèáà (äåòàëü æå-

ëåçíîäîðîæíîãî ñîñòàâà) è êðó÷åíèÿ (òîðñèîííûé âàë ãóñåíè÷íîé ìàøèíû). Àíàëèç êîððå-

ëÿöèè äâóõ ñëó÷àéíûõ ïåðåìåííûõ ïîëóïåðèîäîâ è ïîëóðàçìàõîâ ïî ýìïèðè÷åñêèì äàí-

íûì ïîêàçàë, ÷òî êîððåëÿöèÿ ñóùåñòâóåò è ÿâëÿåòñÿ çíà÷èìîé äëÿ íàáëþäàåìîãî ÷èñëà òî-

÷åê. Ýòî ïîñëóæèëî îñíîâàíèåì äëÿ èñïîëüçîâàíèÿ ðåãðåññèîííîé ôîðìóëû äëÿ îðèåíòè-

ðîâî÷íîãî âûáîðà ÷àñòîòíîãî ñîñòàâà ïðîöåññà. Äîïîëíèòåëüíî íàêëàäûâàþòñÿ îãðàíè÷å-

íèÿ ñíèçó íà ÷èñëî òî÷åê (íå ìåíåå 5) â ïîëóïåðèîäå. Ïîñêîëüêó ýêñòðåìóìû èñõîäíîãî è

ñìîäåëèðîâàííîãî ïðîöåññîâ ñîâïàäàþò â ñîîòâåòñòâèè ñ ïðèíöèïîì ïðåäëîæåííîãî ìîäå-

ëèðîâàíèÿ, ðàñïðåäåëåíèå àìïëèòóä ïîëíûõ öèêëîâ, à òàêæå ðåçóëüòàòû ñõåìàòèçàöèè ïî

äðóãèì èçâåñòíûì ìåòîäàì ó íèõ èäåíòè÷íû, à ñëåäîâàòåëüíî, èäåíòè÷íû è îöåíêè äîëãî-

âå÷íîñòè ïî ãèïîòåçàì íà îñíîâå ëèíåéíîé. Àïðîáàöèåé ìåòîäà ñëóæèò ðàññìîòðåíèå öå-

ïî÷êè: èñõîäíûé íåïðåðûâíûé ïðîöåññ — äèñêðåòíûé ïðîöåññ ýêñòðåìóìîâ — ñìîäåëèðî-

âàííûé íåïðåðûâíûé ïî ïðåäëàãàåìîìó ìåòîäó. Âñïîìîãàòåëüíûå ðàñïðåäåëåíèÿ, òàêèå

êàê ðàñïðåäåëåíèÿ ìàêñèìóìîâ, ìèíèìóìîâ è ñðåäíèõ çíà÷åíèé òàêæå ñîâïàäàþò â ñîîò-

âåòñòâèè ñ ïðèíöèïîì ìîäåëèðîâàíèÿ. Ìåòîä ìîæíî èñïîëüçîâàòü ïðè àíàëèçå äâóõ êîí-

êóðèðóþùèõ ïîäõîäîâ ê îöåíêå íàãðóæåííîñòè â çàäà÷àõ îöåíêè äîëãîâå÷íîñòè, ïðèìåíÿ-

þùèõ ìåòîäû ñõåìàòèçàöèè è ìåòîäû, îñíîâàííûå íà ñïåêòðàëüíîé ïëîòíîñòè ïðîöåññîâ.

Ïîñêîëüêó ñïåêòðàëüíûå ïëîòíîñòè ó ïðîöåññîâ ìîãóò áûòü ðàçëè÷íû èç-çà ïðèáëèæåííî-

ãî âûáîðà ÷àñòîò íà îñíîâå ðåãðåññèîííîé ôîðìóëû, ìåòîäû, èõ èñïîëüçóþùèå, ìîãóò äà-

âàòü îöåíêè äîëãîâå÷íîñòè, îòëè÷íûå îò ïîëó÷åííûõ ïî ìåòîäàì ñõåìàòèçàöèè. Äëÿ èñ-

ñëåäîâàíèÿ äàííîãî ÿâëåíèÿ òðåáóåòñÿ äàëüíåéøèé âû÷èñëèòåëüíûé ýêñïåðèìåíò. Ïðè

ïëàíèðîâàíèè ýêñïåðèìåíòà äàííûé ìåòîä ìîæåò îêàçàòüñÿ âåñüìà ïîëåçíûì.

Êëþ÷åâûå ñëîâà: ñëó÷àéíûé ïðîöåññ íàãðóæåíèÿ; óñòàëîñòü ìàòåðèàëîâ; ñïåêòðàëüíàÿ
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A method has been developed for converting a discrete sequence of extrema into a continuous process. The

relevancy of the problem is attributed to the necessity of an approximate estimation of spectral density in

in testing materials and structures under random (irregular) loading. A great bulk of available experimen-

tal data thus can be used in development and validation of calculation methods for assessing durability in

the multi-cycle region. Postulating the continuity of random stress processes and their first derivative we

propose to connect piecewise the available starting points (namely, the extrema of the random process)

with half-cosine functions under the condition of compatibility at the points of extrema. A distinctive fea-

ture of the method is the provision of 100% coincidence of the values and sequences of extrema in the ini-

tial discrete and simulated continuous processes. The issue of choosing the magnitude of half-periods for

these half-cosine functions is addressed on the basis of information obtained from the analysis of real

stress records in the form of a regression equation linking half-periods and half-ranges for some realiza-

tions of the random process for transport vehicles. The regression dependences of the half-periods and

semi-ranges of bending stresses (part of a railway train) and torsion (torsion shaft of a tracked vehicle) are

shown as an example. An analysis of the correlation of two random variables (half-periods and

half-ranges) according to empirical data has shown that the correlation exists and is significant for the ob-

served number of points thus providing the basis for using the regression formula for an approximate

choice of the frequency composition of the process. Moreover, the lower restrictions are imposed on the

number of points (at least 5) in the half-period. Since the extrema of the initial and simulated processes co-

incide in accordance with the principle of the proposed simulation, the distribution of the amplitudes of

complete cycles, as well as the results of schematization by other known methods are identical, therefore,

the estimate of the durability by hypotheses based on a linear one is also identical. The validation of the

method consists in consideration of the chain: 1) the initial continuous process; 2) the discrete process of

extrema; 3) simulated continuous process according to the proposed method. Auxiliary distributions, such

as distributions of maximum, minimum and average cycle values also coincide in accordance with the

principle of modeling. The method is proposed to be used in analysis of the comparability of two competing

approaches in assessing the loading in the problems of assessing durability, namely: those that use cy-

cle-counting methods and methods based on the spectral density of processes. Since the spectral densities

of the processes can differ due to an approximate choice of the frequencies on the basis of a regression for-

mula, methods on their base can give estimates of the durability that differ from those obtained by sche-

matization methods. To study this phenomenon, further computational experiments are required. The de-

veloped method can be very useful for the experiment design.

Keywords: random process of loading; material fatigue; spectral density; extrapolation; rain-flow cycle

counting.

Ââåäåíèå

Èçâåñòíî áîëüøîå êîëè÷åñòâî ñòàíäàðòíûõ

ïîñëåäîâàòåëüíîñòåé ýêñòðåìóìîâ ñëó÷àéíîãî

ïðîöåññà, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû ïðè

èñïûòàíèÿõ îáðàçöîâ ìàòåðèàëà â îáëàñòè ìíî-

ãîöèêëîâîé óñòàëîñòè. Íåêîòîðûå èç íèõ (SAE

[1], TWIST [2] è äð.) ïðåäíàçíà÷åíû äëÿ èñïûòà-

íèé ïðè ñëó÷àéíîì íàãðóæåíèè äåòàëåé äëÿ íå-

êîòîðûõ êîíêðåòíûõ îòðàñëåé ïðîìûøëåííîñòè.

Ðàçðàáîòàí è èñïîëüçóåòñÿ òàêæå ìåòîä äëÿ ìî-

äåëèðîâàíèÿ òðåõ àëüòåðíàòèâíûõ òèïîâ ñëó÷àé-

íûõ ïîñëåäîâàòåëüíîñòåé ïèêîâ íàãðóçîê äëÿ

ïðîâåäåíèÿ ôóíäàìåíòàëüíûõ èññëåäîâàíèé [3].

Ïåðâîíà÷àëüíûì ýòàïîì îáðàáîòêè ÿâëÿåòñÿ

òàêîå ïðåîáðàçîâàíèå, ïðè êîòîðîì òîëüêî ðÿä

çíà÷åíèé ïèêîâ è âïàäèí îñòàþòñÿ äîñòóïíûìè

â èõ ïåðâîíà÷àëüíîì õðîíîëîãè÷åñêîì ïîðÿäêå

(ñæàòèå äàííûõ). Ïðè ýòîì âñå ïðîìåæóòî÷íûå

íåçíà÷èòåëüíûå èçìåíåíèÿ íàïðÿæåíèé, ìåíü-

øèå, ÷åì ïðåäïèñàííûé ïîðîã ôèëüòðà äèàïàçî-

íà, óäàëÿþòñÿ. Îêîí÷àòåëüíûé ðåçóëüòàò ïðåä-

ñòàâëÿåò ñîáîé ñåðèþ ïèêîâ è âïàäèí (ýêñòðåìó-

ìû — «ïèëà»).

Ñîçäàòåëè ñòàíäàðòîâ [1 – 3] ñîâåðøåííî

ïðàâèëüíî îñòàâèëè â ñâîèõ óêàçàíèÿõ ëèøü

ïèêè íàãðóçîê, íå îáðàòèâ îñîáîãî âíèìàíèÿ íà

÷àñòîòû è ôîðìû öèêëîâ. Äåéñòâèòåëüíî, èìåí-

íî îíè, èõ âåëè÷èíà, à èíîãäà è èõ ïîñëåäîâà-

òåëüíîñòü [4] îòâåòñòâåííû çà ïðîõîæäåíèå ïðî-

öåññà óñòàëîñòíîãî ïîâðåæäåíèÿ ìàòåðèàëîâ.

Åñëè ñâÿçàòü âåëè÷èíó ïîâðåæäåíèÿ îò óñòà-

ëîñòè ñ òàê íàçûâàåìûì áëîêîì íàãðóæåíèÿ

(íàïðèìåð, îäèí êèëîìåòð ïðîáåãà, îäèí ÷àñ ðà-

áîòû) [5], òî ÷àñòîòà íàãðóæåíèÿ íå áóäåò îêàçû-
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âàòü ñóùåñòâåííîãî âëèÿíèÿ. Ïðè ïðåäîñòàâëå-

íèè ðåôåðåíòíûõ äàííûõ î êðèâîé óñòàëîñòè íå

âñåãäà óêàçûâàþò ÷àñòîòû, ïðè êîòîðûõ ïðî-

âîäèëèñü èñïûòàíèÿ. Âëèÿíèå ÷àñòîòû íà óñòà-

ëîñòü íà÷èíàåò ñêàçûâàòüñÿ òîëüêî ïðè ïðèáëè-

æåíèè ê óëüòðàçâóêîâûì ÷àñòîòàì [6], íî äàæå

ïðè ãèãàöèêëîâûõ ÷àñòîòàõ èñïûòàíèé (f >

> 15 000 Ãö) âî ìíîãèõ ñëó÷àÿõ áûëè ïîëó÷åíû

äàííûå, âïîëíå ñîïîñòàâèìûå ñ ðåçóëüòàòàìè èñ-

ïûòàíèé ïðè ÷àñòîòàõ 20 – 100 Ãö.

Ñ äðóãîé ñòîðîíû, îïóáëèêîâàíî íåìàëî ðà-

áîò, â êîòîðûõ îïèñàíû ïîïûòêè îöåíêè óñòà-

ëîñòè ïî ñïåêòðàëüíîé ïëîòíîñòè ïðîöåññà [7 –

9]. Â ðàáîòå [10] ñîïîñòàâëåíû ðåçóëüòàòû îöåí-

êè äîëãîâå÷íîñòè ïî äâóì ïîäõîäàì íà ïðèìåðå

ñïåêòðîâ âåòðîâûõ íàãðóçîê, ïðè ýòîì àêöåíò

ñäåëàí íà àñèììåòðèè íàãðóæåíèÿ. Îñíîâíîé öå-

ëüþ [10] ÿâèëîñü ñðàâíåíèå ðåçóëüòàòîâ, ïîëó-

÷åííûõ äëÿ ðÿäà ñïåêòðîâ âåòðîâîé íàãðóçêè,

âû÷èñëåííûõ ñ èñïîëüçîâàíèåì ìåòîäà äîæäÿ è

ñïåêòðàëüíîãî ìåòîäà.

Äëÿ ñîïîñòàâëåíèÿ ðàñ÷åòíûõ ìåòîäîâ îöåí-

êè ñïåêòðîâ ñëó÷àéíûõ ïðîöåññîâ ïî ñïåêòðàëü-

íûì ïëîòíîñòÿì è ïî ìåòîäàì ñõåìàòèçàöèè (ìå-

òîä äîæäÿ) ïîòðåáóåòñÿ ðåøèòü çàäà÷ó, îáðàòíóþ

çàäà÷å âûäåëåíèÿ ýêñòðåìóìîâ [11], ò.å. ñìîäå-

ëèðîâàòü íåïðåðûâíûé ñëó÷àéíûé ïðîöåññ íà

îñíîâå èíôîðìàöèè î ñëó÷àéíîé ïîñëåäîâàòåëü-

íîñòè ïèêîâ íàïðÿæåíèé. Ðåøåíèå äàííîé çàäà-

÷è ïîçâîëèò ïðîâåñòè ñîïîñòàâëåíèå ðàñ÷åòíûõ è

ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ, òàê êàê ìíîãèå

äàííûå äëÿ èñïûòàíèé ïðåäñòàâëåíû ïîñëåäîâà-

òåëüíîñòüþ ýêñòðåìóìîâ. Ïðåäëàãàåìûé ìåòîä

ìîäåëèðîâàíèÿ òàêæå ïîìîæåò ïðîäåìîíñòðèðî-

âàòü íåêîòîðûå ïðîòèâîðå÷èÿ, ñîäåðæàùèåñÿ â

ñïåêòðàëüíîì ïîäõîäå.

Ìåòîä

Íà ðèñ. 1 ñõåìàòè÷íî ïîêàçàíû äâå ôîðìû

ïðåäñòàâëåíèÿ ïðîöåññà èçìåíåíèÿ íàïðÿæåíèé

êðó÷åíèÿ â òîðñèîííîì âàëó òðàíñïîðòíîé ìà-

øèíû [12]. Ïåðåõîä îò èñõîäíîãî íåïðåðûâíîãî

ïðîöåññà (ðèñ. 1, à) ê ïîñëåäîâàòåëüíîñòè òèïà

«ïèëà» (ðèñ. 1, á) ðåêîìåíäîâàí áîëüøèíñòâîì

èññëåäîâàòåëåé [5] è â áîëüøèíñòâå ñòàíäàðòîâ

ïî óñòàëîñòè. Çàìåíà íåïðåðûâíîãî ïðîöåññà ïî-

ñëåäîâàòåëüíîñòüþ ïèêîâ — íåîáõîäèìûé íà-

÷àëüíûé ýòàï ïðîâåäåíèÿ ñõåìàòèçàöèè [13]. Íî

÷òî ìû ìîæåì ñêàçàòü î ñïåêòðàëüíîé ïëîòíîñòè

«ïèëû»? Ðîâíûì ñ÷åòîì íè÷åãî: ôàêòîð âðåìåíè

îòñóòñòâóåò, ïðîöåññ íå äèôôåðåíöèðóåìûé, òàê

êàê èìåþòñÿ ñèíãóëÿðíîñòè. Äëÿ ïðèìåíåíèÿ

ñïåêòðàëüíûõ ìåòîäîâ ê ïîñëåäîâàòåëüíîñòÿì

òèïà «ïèëû» íàìè ðàçðàáîòàí ìåòîä ìîäåëèðîâà-

íèÿ íåïðåðûâíîãî ïðîöåññà x(t) ïóòåì àïïðîêñè-

ìàöèè ïèêîâ ïðîöåññà ïîëóâîëíàìè. Óðàâíåíèÿ

ïîëóâîëí ïðåäëîæåíî îïèñûâàòü ïîëóêîñèíóñîè-

äàìè:

x(t) = A cos (ùt + ö), (1)

ãäå x(t) — ðåçóëüòèðóþùèé ýêñòðàïîëèðóþùèé

íåïðåðûâíûé ïðîöåññ, îïðåäåëåííûé íà ó÷àñòêå

t = 0 ... ð/ù, òàê êàê ïåðèîä êîñèíóñîèäû T =

= 2ð/ù (ñ).

Äëÿ êàæäîé ïîëóâîëíû, íà÷èíàþùåéñÿ îò

î÷åðåäíîãî ýêñòðåìóìà, ïàðàìåòðû A, ù è ö óíè-

êàëüíû. Àìïëèòóäà íàïðÿæåíèé A (ÌÏà) îïðå-

äåëÿåòñÿ êàê ìîäóëü ïîëóðàçíîñòè ñëåäóþùèõ

äðóã çà äðóãîì ýêñòðåìóìîâ (ïîëóðàçìàõ) è íàõî-

äèòñÿ ïî òåêóùèì çíà÷åíèÿì ïîñëåäîâàòåëü-

íîñòè ëîêàëüíûõ ýêñòðåìóìîâ e[i], i = 1, 2, ..., N,

â êîòîðîé ÷åðåäóþòñÿ ìàêñèìóìû è ìèíèìóìû:

A = |(e[i] – e[i – 1])|/2. (2)
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Ðèñ. 1. Ôîðìû ïðåäñòàâëåíèÿ ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ: à — íåïðåðûâíûé ïðîöåññ; á — ïîñëåäîâàòåëüíîñòü ýê-

ñòðåìóìîâ — «ïèëà» (ïîêàçàí áîëåå äëèííûé îòðåçîê ðåàëèçàöèè)

Fig. 1. Two forms of representing a random loading process: a — a continuous process; b — a sequence of extrema — “saw”

(a longer segment of implementation is shown)



Ïîëóâîëíû äàëåå ñîåäèíÿþòñÿ, ïðè ýòîì â

òî÷êàõ ñîåäèíåíèÿ ïîëóâîëí t0 îáåñïå÷åíî ðàâåí-

ñòâî ôóíêöèè è åå ïðîèçâîäíîé:

x–(t0) = x+(t0), (3)

· ( ) · ( ).x t x t	 

�

0 0
(4)

Â âûðàæåíèÿõ (3) è (4) èíäåêñû «–» è «+» îç-

íà÷àþò, ÷òî ñîâìåùàåìûå òî÷êè îòíîñÿòñÿ ê ðàç-

íûì ïîëóâîëíàì (ñëåâà è ñïðàâà îò òî÷êè ýêñòðå-

ìóìà), îïðåäåëÿåìûì ïî ñîîòíîøåíèþ (1). Óñëî-

âèå (3) îáåñïå÷èâàåòñÿ çà ñ÷åò âûïîëíåíèÿ óñëî-

âèÿ (2). Óñëîâèå (4) î ðàâåíñòâå ïðîèçâîäíûõ âû-

ïîëíÿåòñÿ áëàãîäàðÿ ïðèíöèïó ìîäåëèðîâàíèÿ,

ñîãëàñíî êîòîðîìó â òî÷êàõ ýêñòðåìóìîâ, ñîîò-

âåòñòâóþùèõ t = 0, àðãóìåíò êîñèíóñà ðàâåí ð/2,

ñëåäîâàòåëüíî, ïðîèçâîäíàÿ âî âñåõ òî÷êàõ

ñîâìåùåíèÿ — íîëü.

Äëÿ âûáîðà öèêëè÷åñêîé ÷àñòîòû ù â öåëÿõ

äàëüíåéøåãî ìîäåëèðîâàíèÿ íåïðåðûâíîãî ïðî-

öåññà íà îñíîâàíèè îïûòíûõ äàííûõ áûë ïðîâå-

äåí àíàëèç êîððåëÿöèè ñëó÷àéíûõ âåëè÷èí ïîëó-

ïåðèîäîâ pp è ðàçìàõîâ Raz. Íà ïðèìåðå íåêîòî-

ðûõ ñëó÷àåâ íàãðóæåíèÿ â äåòàëÿõ òðàíñïîðòíûõ

ñðåäñòâ áûëè ïîñòðîåíû ïîëÿ ðàññåèâàíèÿ îïûò-

íûõ äàííûõ ïî ïîëóïåðèîäó pp = T/2 è ðàçìàõó

Raz = 2A. Èíòóèòèâíî ïîíÿòíî, ÷òî áîëüøèé

ðàçìàõ ïîòðåáóåò áîëüøåãî âðåìåíè íà åãî îòðà-

áîòêó. Òåíäåíöèÿ ê óâåëè÷åíèþ ïîëóïåðèîäà ñ

ðîñòîì ðàçìàõà òàêæå ñëåäóåò èç óñëîâèÿ ïîñòî-

ÿíñòâà ñêîðîñòè èçìåíåíèÿ ïðîöåññà ·( )x t � const.

Èíæåíåðû, êîòîðûå ïðîãðàììèðóþò óïðàâëÿþ-

ùèå óñòðîéñòâà äëÿ ñåðâîãèäðàâëè÷åñêèõ ìà-

øèí, âïîëíå îñîçíàþò óïîìÿíóòóþ òåíäåíöèþ.

Îïûòíûå äàííûå åå ïîäòâåðæäàþò (ðèñ. 2).

Õîòÿ çàâèñèìîñòè, ïîêàçàííûå íà ðèñ. 2, õà-

ðàêòåðèçóþòñÿ ñóùåñòâåííûì ðàçáðîñîì (êîýô-

ôèöèåíòû êîððåëÿöèè ñ ðàâíû 0,712 è 0,836 ñî-

îòâåòñòâåííî), äëÿ ïîñëåäóþùåãî ìîäåëèðîâàíèÿ

áûë ïðîâåäåí ëèíåéíûé ðåãðåññèîííûé àíàëèç.

Ôàêòîðîì (íåçàâèñèìàÿ ïåðåìåííàÿ) ñëóæèò ïî-

ëóïåðèîä pp (ñ), à îòêëèêîì (ñëó÷àéíàÿ íîðìàëü-

íî ðàñïðåäåëåííàÿ âåëè÷èíà) — âåëè÷èíà ðàçìà-

õà Raz (ÌÏà). Ïîëó÷åííûå ðåãðåññèîííûå óðàâ-

íåíèÿ èñïîëüçîâàëè äëÿ ðåêîíñòðóèðîâàíèÿ

íåïðåðûâíûõ ïðîöåññîâ ïî «ïèëå». Óðàâíåíèÿ

ðåãðåññèè äëÿ ïðèìåðîâ, ïîêàçàííûõ íà ðèñ. 2,

âûãëÿäÿò ñëåäóþùèì îáðàçîì: Raz = –0,258 +

+ 15,601pp; Raz = –5,70 + 79,591pp.

Ïðè âûáîðå êðóãîâîé ÷àñòîòû ù ïðè ìîäåëè-

ðîâàíèè ïðîöåññà x(t) ïî óðàâíåíèþ (1) â êà÷åñò-

âå îòïðàâíîé òî÷êè èñïîëüçîâàëè âûðàæåíèÿ:

ù = ð/pp, (5)

Raz = b0 + b1pp, (6)

ãäå b0 è b1 — êîýôôèöèåíòû óðàâíåíèÿ ëèíåé-

íîé ðåãðåññèè, îïðåäåëÿåìûå ïî ìåòîäó íàèìåíü-

øèõ êâàäðàòîâ.

Ïîìèìî (5), ïðè îöåíêå ù íåîáõîäèìî ñîáëþ-

äàòü òàêæå ñëåäóþùèå óñëîâèÿ (ëèíåéíîå ïðî-

ãðàììèðîâàíèå):

1) ïîñêîëüêó ïðîöåññ â äàëüíåéøåì ïðåäïî-

ëàãàåòñÿ èñïîëüçîâàòü äëÿ âû÷èñëåíèÿ ñïåê-

òðàëüíîé ïëîòíîñòè, äëÿ îöåíêè êîòîðîé ñóùåñò-

âåííà ÷àñòîòà äèñêðåòèçàöèè, â ïîëóïåðèîäå pp

äîëæíî «ðàçìåñòèòüñÿ» öåëîå ÷èñëî îòñ÷åòîâ n >

> 4, ò.å. pp = nÄt;

2) ÷èñëà îòñ÷åòîâ íà êàæäûé ïîëóïåðèîä ni

(i = 1, 2, ..., NE), ãäå NE = Óni — ÷èñëî ýêñòðåìó-

ìîâ èñõîäíîé «ïèëû», äîëæíû îáåñïå÷èòü âû-

ïîëíåíèå óñëîâèÿ

NE = Tðåàë/Ät, (7)

ãäå Tðåàë — òðåáóåìàÿ äëèíà ðåàëèçàöèè, ñ.

3) ñóììà ni äîëæíà óäîâëåòâîðÿòü óñëîâèþ

NE = 2k, ãäå k � 9 — öåëîå ÷èñëî (ýòî òðåáîâà-

íèå ñâÿçàíî ñ óñëîâèåì, ñîãëàñíî êîòîðîìó ïðî-

ãðàììà Excel âû÷èñëÿåò ñïåêòðàëüíóþ ïëîòíîñòü
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Ðèñ. 2. Ïîëÿ ðàññåèâàíèÿ äëÿ ñëó÷àéíûõ âåëè÷èí ðàçìàõà è ïîëóïåðèîäà pp êîëåáàíèé, îöåíåííûõ ïî ñëó÷àéíûì ðåà-

ëèçàöèÿì: a — â äåòàëè æåëåçíîäîðîæíîãî ñîñòàâà (èçãèá); á — â òîðñèîííîì âàëó ãóñåíè÷íîé ìàøèíû (êðó÷åíèå) [12]

Fig. 2. The scattering fields for two random variables (range and half-period) estimated from random realizations: a — in a

part of the railway train — bending; b — in the torsion shaft of the tracked vehicle — torsion [12]



ñ èñïîëüçîâàíèåì áûñòðîãî ïðåîáðàçîâàíèÿ

Ôóðüå).

Çàäà÷à îïòèìèçàöèè ïî âûáîðó ni ñ ó÷åòîì

óñëîâèé 1 – 3 ðåøàåòñÿ ìåòîäîì ïåðåáîðà ñ ïîä-

ãîíêîé çíà÷åíèé. Â êà÷åñòâå èëëþñòðàöèè ýñêèç

ìîäåëèðóåìîãî ïî òî÷êàì ïðîöåññà ïîêàçàí íà

ðèñ. 3.

Â çàäà÷àõ àíàëèçà ïðî÷íîñòè àïïàðàòóðû,

ãäå ïðèñóòñòâóþò ìèíèàòþðíûå äåòàëè, íå ïî-

çâîëÿþùèå ïðîâåñòè ðåãèñòðàöèþ íàïðÿæåíèé

â ýêñïëóàòàöèè ñ ïîìîùüþ òåíçîäàò÷èêîâ, ïðè-

õîäèòñÿ ïðèáåãàòü ê àíàëèçó ðàñïðåäåëåíèé íà-

ïðÿæåíèé â äåòàëÿõ ïðè âèáðàöèÿõ ïîñðåäñòâîì

àíàëèçà ñïåêòðàëüíûõ ïëîòíîñòåé. Ïðåäñòàâëÿåò

èíòåðåñ ñîïîñòàâëåíèå äàííûõ, ïîëó÷åííûõ ñ

ïðèìåíåíèåì ñõåìàòèçàöèè ïî ìåòîäó äîæäÿ, è

ðåçóëüòàòîâ, ïîëó÷åííûõ íà îñíîâå àíàëèçà

ñïåêòðàëüíûõ ïëîòíîñòåé. Â öåëÿõ òàêîãî ñîïî-

ñòàâëåíèÿ áûëà âûáðàíà äåòàëü òðàíñïîðòíîé

ìàøèíû, òåíçîìåòèðîâàíèå êîòîðîé áûëî ïîä-

ðîáíî îñóùåñòâëåíî â òèïè÷íûõ óñëîâèÿõ ýêñ-

ïëóàòàöèè.

Äëÿ ïðîâåðêè âîçìîæíîñòè (è öåëåñîîáðàç-

íîñòè) ïðèìåíåíèÿ ñïåêòðàëüíûõ ìåòîäîâ äëÿ

îöåíêè íàãðóæåííîñòè äåòàëåé, äëÿ êîòîðûõ óæå

ïðîâåäåíî òåíçîìåòðèðîâàíèå (íà ñòàäèè, êîãäà

îïûòíûé îáðàçåö óæå ðàçðàáîòàí, èçãîòîâëåí è

ìîæíî ïðîâîäèòü òåíçîìåòðèðîâàíèå [14]) íà

îñíîâå ðåàëüíîé çàïèñè íàãðóæåíèé áûë ðåàëè-

çîâàí ñëåäóþùèé àëãîðèòì èññëåäîâàíèé.

1. Ðàññìîòðåí íåïðåðûâíûé äèñêðåòèçè-

ðîâàííûé ñëó÷àéíûé ïðîöåññ íàãðóæåíèÿ (ñì.

ðèñ. 1, à). ×àñòîòà äèñêðåòèçàöèè áûëà ïðèíÿòà

äîñòàòî÷íîé äëÿ íàäåæíîé ðåãèñòðàöèè ïèêîâ

íàãðóæåíèÿ [11].

2. Ïðîöåññ, àíàëîãè÷íûé ïîêàçàííîìó íà

ðèñ. 1, à, ïîäâåðãíóò ïðîöåäóðå âûäåëåíèÿ ýêñ-

òðåìóìîâ, ò.å. ïîëó÷åíà «ïèëà» (ðèñ. 4), ïðåä-

ñòàâëÿþùàÿ ïîñëåäîâàòåëüíîñòü ìàêñèìóìîâ è

ìèíèìóìîâ. Íà äàííîì ýòàïå èíôîðìàöèÿ î ÷àñ-

òîòíîì ñîñòàâå ïîëíîñòüþ ïîòåðÿíà.

3. Ñ ïîìîùüþ ðàçðàáîòàííîãî ìåòîäà «ïèëà»

ïðåîáðàçîâàíà â íåïðåðûâíûé ïðîöåññ. Çàâè-

ñèìîñòü Raz(pp) áûëà âûáðàíà òàêèì îáðàçîì,

÷òîáû íà ïîëóïåðèîä ïðèõîäèëîñü äîñòàòî÷íîå

÷èñëî k = 5 – 40 òî÷åê, â çàâèñèìîñòè îò âåëè÷è-

íû Raz. Íà÷àëüíàÿ ôàçà ö çàâèñèò îò òèïà ïîëó-

âîëíû. Åñëè ìîäåëèðóåòñÿ íèñõîäÿùèé ðàçìàõ,

òî ö = 0. Äëÿ âîñõîäÿùåé ïîëóâîëíû ö = ð/2.

Ýêñòðàïîëèðîâàííûé ïîëóêîñèíóñîèäàìè ïðî-

öåññ ïîêàçàí íà ðèñ. 5. Äëÿ íåãî óæå âîçìîæíî

îöåíèòü ñïåêòðàëüíóþ ïëîòíîñòü, òàê êàê îí

ïðåäñòàâëÿåò äèñêðåòèçàöèþ íåïðåðûâíîé

ôóíêöèè.
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Ðèñ. 3. Èëëþñòðàöèÿ ìîäåëèðîâàíèÿ íåïðåðûâíîãî ïðî-

öåññà ïî òî÷êàì

Fig. 3. Simulation of a continuous process by points
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Fig. 4. Sequence of extrema (“saw”)
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Ðèñ. 5. Íåïðåðûâíûé ïðîöåññ, âîññòàíîâëåííûé ïî ïî-

ñëåäîâàòåëüíîñòè ýêñòðåìóìîâ (ñì. ðèñ. 4)

Fig. 5. A continuous process recovered by a sequence of

extrema (Fig. 4)



Ñïåêòðàëüíûå ïëîòíîñòè S(f) èñõîäíîãî ïðî-

öåññà äî äèñêðåòèçàöèè è íåïðåðûâíîãî ïðîöåñ-

ñà, ñìîäåëèðîâàííîãî ÷åðåç «ïèëó», ïðåäñòàâëå-

íû íà ðèñ. 6.

Âèäíî, ÷òî ñïåêòðàëüíûå ïëîòíîñòè èñõîäíî-

ãî è ñìîäåëèðîâàííîãî ñèãíàëîâ óäîâëåòâîðè-

òåëüíî ñîâïàäàþò.

Âûâîäû

Ðàçðàáîòàí ìåòîä, ïîçâîëÿþùèé «ðåäèñêðå-

òèçèòðîâàòü» ñëó÷àéíóþ ïîñëåäîâàòåëüíîñòü ýêñ-

òðåìóìîâ ñ öåëüþ ïîëó÷èòü íåïðåðûâíóþ äèô-

ôåðåíöèðóåìóþ ôóíêöèþ. Èñïîëüçîâàíû äàí-

íûå, ïîëó÷åííûå èç àíàëèçà ñëó÷àéíûõ ðåàëèçà-

öèé íàãðóçî÷íûõ ïðîöåññîâ òðàíñïîðòíûõ ìà-

øèí. Íà ïðèìåðå âîññòàíîâëåíèÿ ïðîöåññà

èçìåíåíèÿ íàïðÿæåíèé êðó÷åíèÿ ïîêàçàíà ñî-

ïîñòàâèìîñòü ðåçóëüòàòîâ ïî ñïåêòðàëüíûì

ïëîòíîñòÿì ïðîöåññà. Ìåòîä ïðåäïîëàãàåòñÿ èñ-

ïîëüçîâàòü, â ÷àñòíîñòè, äëÿ ðàáîòû ñî ñòàíäàðò-

íûìè ïîñëåäîâàòåëüíîñòÿìè ýêñòðåìóìîâ äëÿ

àíàëèçà ïðèìåíèìîñòè ñïåêòðàëüíûõ ìåòîäîâ.

Îí ìîæåò îêàçàòüñÿ âåñüìà ïîëåçíûì ïðè ïëàíè-

ðîâàíèè ýêñïåðèìåíòà äëÿ ëàáîðàòîðíûõ èñïû-

òàíèé.

Ðàñ÷åòû è ìîäåëèðîâàíèå âûïîëíåíû â ñðåäå

ïðîãðàììèðîâàíèÿ R [15].

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò ïðèçíàòåëüíîñòü êàíä.

òåõí. íàóê Ñêâîðöîâó Îëåãó Áîðèñîâè÷ó (ÈÌÀØ

ÐÀÍ) çà ïîìîùü â îöåíêå ñïåêòðàëüíîé ïëîòíî-

ñòè.
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Fig. 6. The spectral density of the initial and simulated (dashed line) signals
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Òî÷íîñòü ñèñòåì èíòåðâàëüíûõ îöåíîê èçìåðÿåòñÿ îáû÷íî ïðè ïîìîùè äëèí èíòåðâàëîâ

ïðè çàäàííûõ âåðîÿòíîñòÿõ íàêðûòèÿ. Äîâåðèòåëüíûå èíòåðâàëû ÿâëÿþòñÿ èíòåðâàëàìè

ôèêñèðîâàííîé øèðèíû, åñëè äëèíà èíòåðâàëà äåòåðìèíèðîâàíà, ò.å. íå ñëó÷àéíà, è ñòðå-

ìèòñÿ ê íóëþ ïðè çàäàííîé âåðîÿòíîñòè íàêðûòèÿ. Ðàáîòà ïîñâÿùåíà äâóì âàæíûì íà-

ïðàâëåíèÿì ñòàòèñòè÷åñêîãî àíàëèçà — ïîñëåäîâàòåëüíîìó èíòåðâàëüíîìó îöåíèâàíèþ

äîâåðèòåëüíûìè èíòåðâàëàìè ôèêñèðîâàííîé øèðèíû è ïîñëåäîâàòåëüíîìó òî÷å÷íîìó

îöåíèâàíèþ ñ àñèìïòîòè÷åñêè ìèíèìàëüíûì ðèñêîì. Íà ïðèìåðå äâóõ ïðîñòûõ ñòàòèñòè-

÷åñêèõ ìîäåëåé èçëîæåíû îñíîâíûå àñèìïòîòè÷åñêèå çàäà÷è ïîñëåäîâàòåëüíîãî èíòåðâà-

ëüíîãî îöåíèâàíèÿ äîâåðèòåëüíûìè èíòåðâàëàìè ôèêñèðîâàííîé øèðèíû è òî÷å÷íîãî

îöåíèâàíèÿ. Ïðîâåäåí îáçîð äàííûõ ïî íåïàðàìåòðè÷åñêîìó ïîñëåäîâàòåëüíîìó îöåíèâà-

íèþ è èçëîæåíû íîâûå ðåçóëüòàòû, ïîëó÷åííûå àâòîðàìè â ýòîì íàïðàâëåíèè. Ïîñëåäî-

âàòåëüíûé àíàëèç õàðàêòåðèçóåòñÿ òåì, ÷òî ìîìåíò ïðåêðàùåíèÿ íàáëþäåíèé (ìîìåíò

îñòàíîâêè) ÿâëÿåòñÿ ñëó÷àéíûì è îïðåäåëÿåòñÿ â çàâèñèìîñòè îò çíà÷åíèé íàáëþäàåìûõ

äàííûõ è îò ïðèíÿòîé ìåðû îïòèìàëüíîñòè ïîñòðîåííîé ñòàòèñòè÷åñêîé îöåíêè. Ïîýòîìó

äëÿ ðåøåíèÿ àñèìïòîòè÷åñêèõ çàäà÷ ïîñëåäîâàòåëüíîãî îöåíèâàíèÿ èñïîëüçîâàíû ìåòî-

äû ñóììèðîâàíèÿ ñëó÷àéíûõ âåëè÷èí. Äëÿ äîêàçàòåëüñòâà àñèìïòîòè÷åñêîé ñîñòîÿòåëüíî-

ñòè äîâåðèòåëüíûõ èíòåðâàëîâ ôèêñèðîâàííîé øèðèíû èñïîëüçîâàí ìåòîä, îñíîâàííûé

íà ïðèìåíåíèè ïðåäåëüíûõ òåîðåì äëÿ ñëó÷àéíî îñòàíîâëåííûõ ñëó÷àéíûõ ïðîöåññîâ.

Ïîëó÷åíû îáùèå óñëîâèÿ ñîñòîÿòåëüíîñòè è ýôôåêòèâíîñòè ïîñëåäîâàòåëüíîãî èíòåð-

âàëüíîãî îöåíèâàíèÿ øèðîêîãî êëàññà ôóíêöèîíàëîâ îò íåèçâåñòíîé ôóíêöèè ðàñïðå-

äåëåíèÿ è ýòè óñëîâèÿ ïðîâåðåíû ïðè ïîñëåäîâàòåëüíîì èíòåðâàëüíîì îöåíèâàíèè íåèç-

âåñòíîé ïëîòíîñòè âåðîÿòíîñòè àñèìïòîòè÷åñêè íåêîððåëèðîâàííîãî è ëèíåéíîãî ïðîöåñ-

ñîâ. Ïðèâåäåíû óñëîâèÿ ðåãóëÿðíîñòè, îáåñïå÷èâàþùèå ñâîéñòâî áûòü îöåíêîé ñ àñèìïòî-

òè÷åñêè ìèíèìàëüíûì ðèñêîì äëÿ äîñòàòî÷íî øèðîêèõ êëàññîâ îöåíîê è ôóíêöèé ïîòåðü,

è ýòè óñëîâèÿ ïðîâåðåíû ïðè ïîñëåäîâàòåëüíîì òî÷å÷íîì îöåíèâàíèè íåèçâåñòíîé ôóíê-

öèè ðàñïðåäåëåíèÿ.
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The accuracy of interval estimation systems is usually measured using interval lengths for given covering

probabilities. The confidence intervals are the intervals of a fixed width if the length of the interval is de-

termined, i.e., not random, and tends to zero for a given covering probability. We consider two important

directions of statistical analysis -sequential interval estimation with confidence intervals of fixed width

and sequential point estimation with asymptotically minimum risk. Two statistical models are used to de-

scribe the basis problems of sequential interval estimation by confidence intervals of a fixed width and

point estimation. A review of data on nonparametric sequential estimation is carried out and new original

results obtained by the authors are presented. Sequential analysis is characterized by the fact that the mo-

ment of termination of observations (stopping time) is random and is determined depending on the values
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of the observed data and on the adopted measure of optimality of the constructed statistical estimate.

Therefore, to solve the asymptotic problems of sequential estimation, the methods of summation of ran-

dom variables are used. To prove the asymptotic consistency of the confidence intervals of a fixed width,

we used a method based on application of limit theorems for randomly stopped random processes. General

conditions of the consistency and efficiency of sequential interval estimation of a wide class of functionals

of an unknown distribution function are obtained and verified by sequential interval estimation of an un-

known probability density of asymptotically uncorrelated and linear processes. Conditions of the regular-

ity are specified that provide the property of being an estimate with an asymptotically minimum risk for a

wide class of estimates and loss functions. Those conditions are verified by sequential point estimation of

an unknown distribution function.

Keywords: random variable; stopping time; confidence interval; fixed width; asymptotic consistency;

asymptotic efficiency; asymptotic minimality; loss function, risk function.

Ââåäåíèå

Â êëàññè÷åñêèõ ìåòîäàõ ìàòåìàòè÷åñêîé ñòà-

òèñòèêè ÷èñëî íàáëþäåíèé ïðåäïîëàãàåòñÿ äå-

òåðìèíèðîâàííûì. Ïîñëåäîâàòåëüíûé àíàëèç

õàðàêòåðèçóåòñÿ òåì, ÷òî ìîìåíò ïðåêðàùåíèÿ

íàáëþäåíèé (ìîìåíò îñòàíîâêè) ÿâëÿåòñÿ ñëó-

÷àéíûì è îïðåäåëÿåòñÿ â çàâèñèìîñòè îò çíà÷å-

íèé íàáëþäàåìûõ äàííûõ è îò ïðèíÿòîé ìåðû

îïòèìàëüíîñòè ïîñòðîåííîé ñòàòèñòè÷åñêîé

îöåíêè. Â äàííîé ðàáîòå íà ïðèìåðå äâóõ ïðî-

ñòûõ ñòàòèñòè÷åñêèõ ìîäåëåé èçëîæåíû îñíîâ-

íûå àñèìïòîòè÷åñêèå çàäà÷è ïîñëåäîâàòåëüíîãî

èíòåðâàëüíîãî è òî÷å÷íîãî îöåíèâàíèÿ.

Ïîñëåäîâàòåëüíîå èíòåðâàëüíîå îöåíèâà-

íèå. Ðàññìîòðèì íà âåðîÿòíîñòíîì ïðîñòðàíñòâå

(Ù, F, Ð) ïîñëåäîâàòåëüíîñòü íåçàâèñèìûõ îäè-

íàêîâî ðàñïðåäåëåííûõ (í.î.ð.) íîðìàëüíûõ N(è,

ó2) ñëó÷àéíûõ âåëè÷èí (ñë. âåë.). Èñïîëüçóÿ ýì-

ïèðè÷åñêîå ñðåäíåå

0 1n i

i

n

n
�

�

.

1

1

,

ïîñòðîèì äëÿ íåèçâåñòíîãî ñðåäíåãî è èíòåð-

âàëüíóþ îöåíêó I(n) = [èn – å, èn + å], ãäå å > 0

ìàëîå ÷èñëî.

Ïóñòü 0 < ã < 1, a = Ô–1[(1 + ã)/2], Ô(x) —

ôóíêöèÿ ðàñïðåäåëåíèÿ (ô.ð.) ñòàíäàðòíîé íîð-

ìàëüíîé ñë. âåë. Òîãäà äëÿ n(å) = inf(n � 1:

n � a2ó2/å2)
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Ñëåäîâàòåëüíî, I(n(å)) ÿâëÿåòñÿ èíòåðâàëüíîé

îöåíêîé äëÿ è ñ äîâåðèòåëüíûì óðîâíåì ã.

Åñëè äèñïåðñèÿ íîðìàëüíîãî ðàñïðåäåëåíèÿ

ó2 íåèçâåñòíà, òî, êàê ïîêàçàíî â ðàáîòå [1], ïî

âûáîðêå ôèêñèðîâàííîãî íåñëó÷àéíîãî îáúåìà

íåâîçìîæíî ïîñòðîèòü äîâåðèòåëüíûé èíòåðâàë

ôèêñèðîâàííîé øèðèíû äëÿ ñðåäíåãî è. Â ýòîì

ñëó÷àå çàäà÷à èíòåðâàëüíîãî îöåíèâàíèÿ äî-

âåðèòåëüíûìè èíòåðâàëàìè ôèêñèðîâàííîé øè-

ðèíû ñâîäèòñÿ ê çàäà÷å âûáîðà ïðàâèëà èëè

ìîìåíòà îñòàíîâêè N(å) = inf(n � 1: n � a n
2 2
� /å2),

ãäå � n
2 — ñîñòîÿòåëüíàÿ îöåíêà äëÿ ó2.

Íèæå, â ï. I, ïðèâåäåì îáùèå óñëîâèÿ ñîñòîÿ-

òåëüíîñòè è ýôôåêòèâíîñòè ïîñëåäîâàòåëüíîãî

èíòåðâàëüíîãî îöåíèâàíèÿ øèðîêîãî êëàññà

ôóíêöèîíàëîâ îò íåèçâåñòíîé ôóíêöèè ðàñïðå-

äåëåíèÿ. Â ï. II è III ýòè îáùèå óñëîâèÿ ïðîâå-

ðèì ïðè ïîñëåäîâàòåëüíîì èíòåðâàëüíîì îöåíè-

âàíèè íåèçâåñòíîé ïëîòíîñòè âåðîÿòíîñòè àñèì-

ïòîòè÷åñêè íåêîððåëèðîâàííîãî è ëèíåéíîãî

ïðîöåññîâ.

Ïîñëåäîâàòåëüíîå òî÷å÷íîå îöåíèâàíèå.

Ðàññìîòðèì íà âåðîÿòíîñòíîì ïðîñòðàíñòâå

(Ù, F, Ð) ïîñëåäîâàòåëüíîñòü î1, î2, ..., în, .... í.î.ð.

ñë. âåë. ñî ñðåäíèì è è äèñïåðñèåé ó2. Íåèçâåñò-

íîå ñðåäíåå è îöåíèì ýìïèðè÷åñêèì

èn =
1

1n
i

i

n

1

�

. .

Ïðåäïîëîæèì, ÷òî ïðè òî÷å÷íîì îöåíèâàíèè

è ñòàòèñòèêîé èn ôóíêöèÿ ïîòåðü ñîñòîèò èç

êâàäðàòè÷íîé îøèáêè è ñòîèìîñòè âûáîðêè, ò.å.

Ln = A(èn – è)2 + ån, ãäå A èçâåñòíàÿ âåñîâàÿ

ïîñòîÿííàÿ; å — ñòîèìîñòü åäèíèöû âûáîðêè.

Òîãäà ðèñê îöåíèâàíèÿ è ñòàòèñòèêîé èn ñîñòà-

âèò Rn(å) = E(Ln) = Aó2/n + ån.

Åñëè ó2 èçâåñòíà, òî ðèñê ìèíèìàëåí ïðè n =

= n0(å) = inf(n � 1: n � ó A � è

min ( ) ( ) ( ) ,
( )

n
n n

R R n A
�

� � �

1
00

2 2� � � � � �
�

ò.å. èn ÿâëÿåòñÿ îöåíêîé ìèíèìàëüíîãî ðèñêà

(ÎÌÐ) äëÿ è.

Åñëè ó2 íåèçâåñòíà, òî, êàê äîêàçàíî Ëåìà-

íîì [2], äëÿ ëþáîé îöåíêè èn ñðåäíåãî è íå ñóùå-

ñòâóåò âûáîðî÷íîé ïðîöåäóðû ñ ôèêñèðîâàííûì

íåñëó÷àéíûì îáúåìîì âûáîðêè, ìèíèìèçèðó-

þùåé ðèñêè îäíîâðåìåííî äëÿ âñåõ ó2. Â ýòîì

ñëó÷àå çàäà÷à ïëàíèðîâàíèÿ âûáîðî÷íîé ïðî-

öåäóðû ôàêòè÷åñêè ñâîäèòñÿ ê çàäà÷å âûáîðà

ïðàâèëà èëè ìîìåíòà îñòàíîâêè N(å) = inf(n � 1:
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n � ón A / ),� ãäå � n
2 — ñîñòîÿòåëüíàÿ îöåíêà

äëÿ ó2.

Åñëè â ýòîé âûáîðî÷íîé ïðîöåäóðå

lim
( )

( )
,

( )

*

( )
s

N

n

R

R4

�

0
0

1
�

�

�

�

ãäå RN ( )
* ( )

�
� = A(èN(å) – è)2 + åE(N(å)), òî èN(å) íà-

çûâàåòñÿ îöåíêîé ñ àñèìïòîòè÷åñêè ìèíèìàëü-

íûì ðèñêîì (ÎÀÌÐ) äëÿ è. Çàìåòèì, ÷òî àñèì-

ïòîòè÷åñêàÿ îïòèìàëüíîñòü îöåíêè èN(å) ðàññìàò-

ðèâàåòñÿ ïî îòíîøåíèþ ê åå íåïîñëåäîâàòåëüíî-

ìó àíàëîãó 0
�n

0
( ) , ñîîòâåòñòâóþùåìó îïòèìàëüíî-

ìó îáúåìó âûáîðêè n0(å).

Â ï. IV ïðèâåäåì óñëîâèÿ ðåãóëÿðíîñòè, îáåñ-

ïå÷èâàþùèå ñâîéñòâî ÎÀÌÐ äëÿ äîñòàòî÷íî øè-

ðîêèõ êëàññîâ îöåíîê èn è ôóíêöèé ïîòåðü Ln,

a â ï. V ýòè óñëîâèÿ ïðîâåðèì ïðè ïîñëåäîâà-

òåëüíîì òî÷å÷íîì îöåíèâàíèè íåèçâåñòíîé

ôóíêöèè ðàñïðåäåëåíèÿ.

I. Ïîñëåäîâàòåëüíîå èíòåðâàëüíîå

îöåíèâàíèå ôóíêöèîíàëà

îò íåèçâåñòíîé ôóíêöèè ðàñïðåäåëåíèÿ

Íà âåðîÿòíîñòíîì ïðîñòðàíñòâå (Ù, F, Ð) ðàñ-

ñìîòðèì ñë. âåë. î1, î2, ..., în ñ íåèçâåñòíîé ô.ð.

F � F, ãäå F ñåìåéñòâî ô.ð., óäîâëåòâîðÿþùèõ

îïðåäåëåííûì óñëîâèÿì ðåãóëÿðíîñòè. Äëÿ

îöåíêè ôóíêöèîíàëà è(F) îò ô.ð. F ðàññìîòðèì

ñòàòèñòèêó èn = èn(î1, î2, ..., în), äîïóñêàþùóþ

ðàçëîæåíèå

èn = è(F) + [èn – E(èn)] + [E(èn) – è(F)] =

= è(F) + Y Fn k

k

n

( , )1

�

.

1

+ Zn, (1.1)

ãäå ñë. âåë. Yn(F, îk), 1 � k � n è Zn òàêèå, ÷òî

n Y F DN Fn k

k

n

�
1 �( , ) ( , ( ))

�

. 4

1

20 è n Z Pn
�

4 0

ïðè n 4 5, á > 0 — íåêîòîðîå ÷èñëî, ó2(F) > 0

êîíå÷íûé ôóíêöèîíàë îò F, ñèìâîëû 4 D, 4 P

îçíà÷àþò ñõîäèìîñòü ñë. âåë. ïî ðàñïðåäåëåíèþ è

âåðîÿòíîñòè ñîîòâåòñòâåííî.

Ïóñòü 0 < ã < 1, a = Ô–1[(1 + ã)/2]. Äëÿ

ëþáîãî å > 0 îïðåäåëèì èíòåðâàë I(nå) = [0
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� P{ó–1(F)n n�
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| – è(F)| � a} 4 2Ô(a) – 1 = ã

ïðè å 4 0.

Ýòî ïîñëåäîâàòåëüíàÿ ïðîöåäóðà îáëàäàåò

òåì íåäîñòàòêîì, ÷òî nå çàâèñèò îò íåèçâåñòíîãî

ôóíêöèîíàëà ó2(F), ïîýòîìó åãî íåîáõîäèìî îöå-

íèòü. Ïóñòü V Vn n
2 2
� (î1, î2, ..., în) — ñîñòîÿòåëü-

íàÿ îöåíêà äëÿ ó2(F). Èñõîäÿ èç (1.2), îïðåäåëèì

ìîìåíò îñòàíîâêè Nå ñëåäóþùèì îáðàçîì:
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; , å > 0. (1.3)

Òîãäà ïîñëåäîâàòåëüíûé äîâåðèòåëüíûé èíòåð-

âàë äëÿ è(F), îñíîâàííûé íà ìîìåíòå îñòàíîâêè

(1.3), èìååò âèä I(Nå) = [0
�

N
– å, 0

�
N

+ å], å > 0.

Ñëåäóÿ ðàáîòå [3], ââåäåì ñëåäóþùèå àñèì-

ïòîòè÷åñêèå êðèòåðèè.

Îïðåäåëåíèå 1.1. Äîâåðèòåëüíûé èíòåðâàë

ôèêñèðîâàííîé øèðèíû I(Nå) íàçûâàåòñÿ àñèì-

ïòîòè÷åñêè ñîñòîÿòåëüíûì, åñëè

lim { ( ) ( )}
�

�
0 3

4

� �

0

P F I N

äëÿ íåêîòîðîãî 0 < ã < 1 è âñåõ F � F.

Îïðåäåëåíèå 1.2. Ìîìåíò îñòàíîâêè (1.3) íà-

çûâàåòñÿ àñèìïòîòè÷åñêè ýôôåêòèâíûì, åñëè

I(Nå) àñèìïòîòè÷åñêè ñîñòîÿòåëåí è

lim
( )

.
�

�

�
4

�

0

1
E N

n

Äëÿ ìîìåíòà îñòàíîâêè (1.3) è äîâåðèòåëüíî-

ãî èíòåðâàëà ôèêñèðîâàííîé øèðèíû I(Nå) ñïðà-

âåäëèâû ñëåäóþùèå óòâåðæäåíèÿ.

Òåîðåìà 1.1. Ïóñòü Vn
2
4 ó2(F) ñ âåðîÿòíî-

ñòüþ 1 ïðè n 4 5, òîãäà:

1) äëÿ ëþáîãî å > 0, çíà÷åíèå P{Nå < 5} = 1;

2) Nå 4 5 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

3) lim ( ) ;
�

�

4

� 5

0

E N

4) Nå/nå 4 1 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0.

Ïóñòü ñèìâîë 4 J îçíà÷àåò ñëàáóþ ñõîäèìîñòü â

J-òîïîëîãèè Ñêîðîõîäà.

Òåîðåìà 1.2. Ïóñòü âûïîëíåíî óñëîâèå òåî-

ðåìû 1.1, à òàêæå

1) ná(Eèn – è(F)) 4 0 ïðè n 4 5;
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2) æå(t), t � [0, 1] 4 J W(t), t � [0, 1] ïðè

å 4 0, ãäå

æå(t) = ó–1(F)n Y Fn k

k

n t

�

�

�

�

1( , ),

[ ]

�

.

1

t � [0, 1] è W(t), t � [0, 1], — ñòàíäàðòíûé âèíå-

ðîâñêèé ïðîöåññ ñ EW(t) = 0, EW2(t) = t.

Òîãäà:

1) � 0 0
�

�

�

	
	 4

1 0 1( ) ( ( )) ( , )F N F DNN
ïðè

å 4 0;

2) lim ( ( ) ( ))
�

�
0
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�

0

P F I N � ã.

Òåîðåìà 1.3. Åñëè äëÿ íåêîòîðîãî å0 > 0,
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Çàìå÷àíèå 1.1. Åñëè âûïîëíåíû óñëîâèÿ

òåîðåì 1.2 è 1.3, òî ìîìåíò îñòàíîâêè (1.3) ÿâëÿ-

åòñÿ àñèìïòîòè÷åñêè ýôôåêòèâíûì.

Çàìå÷àíèå 1.2. Íà÷èíàÿ ñ ðàáîòû [3], ìíîãèå

àâòîðû â êîíêðåòíûõ ñòàòèñòè÷åñêèõ ìîäåëÿõ

äëÿ äîêàçàòåëüñòâà àñèìïòîòè÷åñêîé ñîñòîÿòåëü-

íîñòè äîâåðèòåëüíûõ èíòåðâàëîâ ôèêñèðîâàí-

íîé øèðèíû ïðèìåíÿëè êëàññè÷åñêóþ òåîðåìó

Àíñêîìáà [4], êîòîðàÿ ïðåäïîëàãàëà âûïîëíåíèå

óñëîâèÿ «ðàâíîìåðíîé íåïðåðûâíîñòè ïî âåðîÿò-

íîñòè». Îáçîð ðàáîò â ýòîì íàïðàâëåíèè ïðèâå-

äåí â [5].

Äëÿ äîêàçàòåëüñòâà àñèìïòîòè÷åñêîé ñîñòîÿ-

òåëüíîñòè äîâåðèòåëüíûõ èíòåðâàëîâ ôèêñèðî-

âàííîé øèðèíû â äàííîé ðàáîòå èñïîëüçîâàí

ïîäõîä, îñíîâàííûé íà ïðèìåíåíèè ïðåäåëüíûõ

òåîðåì äëÿ ñëîæíûõ ñëó÷àéíûõ ôóíêöèé èç [6],

êîòîðûå ðàññìîòðåíû òàêæå è â ðàáîòàõ [7 – 11].

II. Ïîñëåäîâàòåëüíîå èíòåðâàëüíîå

îöåíèâàíèå ïëîòíîñòè âåðîÿòíîñòè

àñèìïòîòè÷åñêè íåêîððåëèðîâàííîãî

ñëó÷àéíîãî ïðîöåññà

Ðàññìîòðèì íà âåðîÿòíîñòíîì ïðîñòðàíñòâå

(Ù, F, Ð) ñòðîãî ñòàöèîíàðíûé ñëó÷àéíûé ïðî-

öåññ în, n � Z = {..., –1, 0, 1, ...}. Äëÿ öåëûõ ÷èñåë

k < m ÷åðåç 6
k

m îáîçíà÷èì ó-àëãåáðó ñîáûòèé,

ïîðîæäåííûõ ñë. âåë. îk, ..., îm. Ïóñòü L
k

m2 ( )6 —

ãèëüáåðòîâî ïðîñòðàíñòâî 6
k

m-èçìåðèìûõ ôóíê-

öèé ñ êîíå÷íûìè âòîðûìè ìîìåíòàìè.

Îïðåäåëåíèå 2.1. Ñòàöèîíàðíûé ñëó÷àéíûé

ïðîöåññ în, n � Z íàçûâàåòñÿ àñèìïòîòè÷åñêè íå-

êîððåëèðîâàííûì, åñëè

c n
E gh

E g E h

( )
( )

( ) ( )

� sup
2 2

ïðè n 4 5,

ãäå ñóïðåìóì áåðåòñÿ ïî âñåì g � L n2 ( )6
	5

è h �

� 6
5L n

2 ( ) (n � 1), äëÿ êîòîðûõ E(g) = E(h) = 0.

×åðåç f(x1, x2, ..., xk) îáîçíà÷èì ñîâìåñòíóþ

ïëîòíîñòü âåðîÿòíîñòè ñëó÷àéíîãî âåêòîðà (î0, î1,

..., îk – 1), êîòîðóþ áóäåì íàçûâàòü ïëîòíîñòüþ âå-

ðîÿòíîñòè k-ïîðÿäêà ñëó÷àéíîãî ïðîöåññà în,

n � Z. Ïðåäïîëîæèì, ÷òî ïëîòíîñòü âåðîÿòíîñòè

1-ãî ïîðÿäêà f(x), x � (–5, 5) íåèçâåñòíà. Äëÿ

îöåíêè f(x) ðàññìîòðèì ðåêóððåíòíóþ ÿäåðíóþ

îöåíêó

f x
n h i

K
x

h i
n

i

i

n

( )
( ) ( )

�

	�

�






�

�

�
�
�

�

.

1 1

1

1

�

	




	�

�




�

�

�
	

n

n
f x

nh n
K

x

h n
n

n1 1

1
( )

( ) ( )
.

1

(2.1)

Çäåñü h(n) = n–â, 0 < â < 1, K(x) — îãðàíè÷åííàÿ

ïëîòíîñòü âåðîÿòíîñòè òàêàÿ, ÷òî |x|K(x) 4 0

ïðè |x| 4 5. Ìîìåíòíûå è àñèìïòîòè÷åñêèå

ñâîéñòâà ýòîé îöåíêè äëÿ àñèìïòîòè÷åñêè íåêîð-

ðåëèðîâàííîãî ïðîöåññà èçó÷åíû â ðàáîòàõ

[12 – 14]. Îöåíêà (2.1) äîïóñêàåò ðàçëîæåíèå

f x f x Y K Zn n i

i

n

n( ) ( ) ( , ) ,� 
 


�

. 1

1

ãäå

Y K
nh i

K
x

h i
E

nh i
K

x

h i
n i

i i
( , )

( ) ( ) ( ) ( )
1

1 1

�

	�

�






�

�

�
�
	

	�1 1

�






�

�

�
�

�

�






�

�

�
�

,

1 � i � n è Zn = Efn(x) – f(x).

Òåîðåìà 2.1 [13]. Ïóñòü âûïîëíåíû ñëåäóþ-

ùèå óñëîâèÿ.

(A):

1) ñëó÷àéíûé ïðîöåññ în, n � Z èìååò îãðàíè-

÷åííûå ïëîòíîñòè âåðîÿòíîñòè äî òðåòüåãî ïî-

ðÿäêà âêëþ÷èòåëüíî;

2) f(x) 7 0, |f(x + h) – f(x)| � L|x|, x � R1, h �

� R1, L — ïîëîæèòåëüíàÿ ïîñòîÿííàÿ;

3) c(n) = O(n–2 – ä) ïðè n 4 5, ä > 0;

(B): | | ( ) ,u K u ud

	5

5

� - 5 k K u u� - 5

	5

5

�
2 ( ) ;d

(C): 1/3 < â < ä/3.

Òîãäà

� 1

+

	

	

�

. 4
1

1

2

1

0 1n Y K DNn

i

n

i
( , ) ( , )

è n(1 – â)/2Zn 4 0 ïðè n 4 5, ãäå �

+

2

1
�




k
f x( ).

Ïóñòü 0 < ã < 1, a = Ô–1[(1 + ã)/2]. Äëÿ ëþáî-

ãî å > 0 îïðåäåëèì èíòåðâàë I(nå) = [ ( )f xn
�

– å,

f xn
�

( ) + å] äëèíû 2å è

n n n
a

�

+�

�

� � �

�

�






�

�

�
�

�

�










�

�

�

�

�

	

inf 1

2 2

2

1

1

: . (2.2)
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Òîãäà èç òåîðåìû 2.1 ñëåäóåò

P{f(x) � I(nå)} = P{| ( )f xn
�

– f(x)| � å} =

� 	 �

 

!

"

#

"

$

%

"

&

"

�
	

	
	

	

P n f x f x
n

a
n�

� �

�

+

�

+

�

1

1

2

1

1

2

| ( ) ( )|

8 9

: ;� 	 � 4
	

	

P n f x f x an�
�

+

�

1 1 2
| ( ) ( )|

4 	 �2 1Ô( )a 3 ïðè å 4 0.

Ýòà ïîñëåäîâàòåëüíàÿ ïðîöåäóðà îáëàäàåò

òåì íåäîñòàòêîì, ÷òî nå çàâèñèò îò íåèçâåñòíîé

ïëîòíîñòè âåðîÿòíîñòè f(x) ÷åðåç ó2, ïîýòîìó âìå-

ñòî nå ðàññìîòðèì ìîìåíò îñòàíîâêè

N n n
a k

f xn�

+

� +

� � �




�

�







�

�

�

�

�

�










�

�

�

�

�

	

inf 1
1

2

2

1

1

:
( )

( ) , å > 0. (2.3)

Òîãäà ïîñëåäîâàòåëüíûé äîâåðèòåëüíûé èíòåð-

âàë äëÿ f(x), îñíîâàííûé íà ìîìåíòå îñòàíîâêè

(2.3), èìååò âèä I(Nå) = [ ( )f xN
�

– å, f xN
�

( ) + å],

å > 0.

Òåîðåìà 2.2 [14]. Åñëè âûïîëíåíî óñëîâèå (A)

è 0 < â < 1/2, òî fn(x) 4 f(x) ñ âåðîÿòíîñòüþ 1 ïðè

n 4 5 è äëÿ íåêîòîðîãî å0 > 0

sup

01 0� ��

5

�

 

!

#

$

%

&

- 5.
� �

�

�

P
N

n
m

m

.

Èç ýòîé òåîðåìû è èç òåîðåì 1.1 è 1.3 ïîëó÷à-

åì ñëåäóþùèå òåîðåìû.

Òåîðåìà 2.3. Åñëè âûïîëíåíî óñëîâèå (A) è

0 < â < 1/2, òî äëÿ nå èç (2.2) è ìîìåíòà îñòàíîâ-

êè (2.3) ñïðàâåäëèâû ñîîòíîøåíèÿ:

1) äëÿ ëþáîãî å > 0 P{Nå < 5} = 1;

2) Nå 4 5 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

3) lim ( ) ;
�

�

4

� 5

0

E N

4) Nå/nå 4 1 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

5) lim
( )

.
�

�

�
4

�

0

1
E N

n

Òåîðåìà 2.4. Åñëè âûïîëíåíû óñëîâèÿ (A),

(B) è (C), òî

æå(t), t � [0, 1] 4 J W(t), t � [0, 1] ïðè å 4 0,

ãäå ñëó÷àéíûé ïðîöåññ

< � 1
� �

+

�

( ) ( ) ( , ),

[ ]

t F n Y Kn i

i

n t

�
	

	

�

.
1

1

2

1

å

t � [0, 1] è W(t), t � [0, 1], — ñòàíäàðòíûé âèíå-

ðîâñêèé ïðîöåññ ñ EW(t) = 0, EW2(t) = t.

Èç òåîðåìû 1.2 ñëåäóåò åùå îäíà òåîðåìà.

Òåîðåìà 2.5. Ïóñòü âûïîëíåíû óñëîâèÿ (A),

(B) è (C). Òîãäà:

1) �
�

+

�

	

	

	 4
1

1

2 0 1N f x f x DNN( ( ) ( ) ( , ) ïðè

å 4 0;

2) lim ( ( ) ( ))
�

�

4

�

0

P f x I N � ã.

Ñëåäñòâèå 2.1. Ïóñòü âûïîëíåíû óñëîâèÿ

(A), (B) è 1/3 < â < min(1/2, ä/3), òîãäà ìîìåíò

îñòàíîâêè (2.3) ÿâëÿåòñÿ àñèìïòîòè÷åñêè ñîñòîÿ-

òåëüíûì.

III. Ïîñëåäîâàòåëüíîå èíòåðâàëüíîå

îöåíèâàíèå ïëîòíîñòè âåðîÿòíîñòè

ëèíåéíîãî ñëó÷àéíîãî ïðîöåññà

Ðàññìîòðèì íà âåðîÿòíîñòíîì ïðîñòðàíñòâå

(Ù, F, Ð) ñòðîãî ñòàöèîíàðíûé ëèíåéíûé ñëó÷àé-

íûé ïðîöåññ

X g Yt n t n

n

n

�
	

�

.

0

, t � 1, (3.1)

ãäå Yt, t � Z = {..., –1, 0, 1, ...} — ïîñëåäîâàòåëü-

íîñòü í.î.ð. ñë. âåë. è {gn, n � 0} — ïîñëåäîâà-

òåëüíîñòü ÷èñåë òàêàÿ, ÷òî gn 4 0, n 4 5. Ñëó-

÷àéíûìè ïðîöåññàìè âèäà (3.1) îïèñûâàþòñÿ, íà-

ïðèìåð, ñõåìû àâòîðåãðåññèè è ñìåøàííîé àâòî-

ðåãðåññèè ñêîëüçÿùåãî ñðåäíåãî. ×åðåç f(x1, x2, ...,

xk) îáîçíà÷èì ñîâìåñòíóþ ïëîòíîñòü âåðîÿòíîñòè

ñëó÷àéíîãî âåêòîðà (X1, ..., Xk). Ïðåäïîëîæèì,

÷òî ìàðãèíàëüíàÿ ïëîòíîñòü âåðîÿòíîñòè f(x),

x � (–5, 5) íåèçâåñòíà. Äëÿ îöåíêè ïëîòíîñòè âå-

ðîÿòíîñòè f(x) ðàññìîòðèì ÿäåðíóþ îöåíêó

f x
n

K x X nn i

i

n

( ) (( ) ),� 	
	

�

.

1

1
1

+

+ (3.2)

ãäå K(x), x � (–5, 5) — íåîòðèöàòåëüíàÿ è îãðà-

íè÷åííàÿ ôóíêöèÿ, 0 < â < 1.

Îöåíêà (3.2) äîïóñêàåò ðàçëîæåíèå

f x f x Y K X Zn n i

i

n

n( ) ( ) ( , ) ,� 
 


�

.

1

ãäå

Y K X
n

K x X nn i i
( , ) (( ) )� 	 	

	

1

1 +

+

	 	

�

�




�

�

�
	

E
n

K x X n
i

1

1 +

+(( ) ) ,

1 � i � n è Zn = Efn(x) – f(x). Îáîçíà÷èì

k u e K y yiuy( ) ( ) ,�

	5

5

�
d k

k u

u
q

u q
�

	

4

lim
( )

| |0

1
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è ïóñòü ö(u) è ø(u) ÿâëÿþòñÿ õàðàêòåðèñòè÷åñêè-

ìè ôóíêöèÿìè ñë. âåë. Y1 è X1. Ââåäåì ñëåäóþ-

ùèå óñëîâèÿ:

(A):

K y y( ) ,d

	5

5

�
- 5 k K u u� - 5

	5

5

� 2
( ) ;d

lim| | ( ) ,
| |y

y K y
45

� 0 | ( ) ( )| ,K y h K y y c h
 	 -

	5

5

�
d

1

ãäå c1 êîíå÷íàÿ ïîëîæèòåëüíàÿ ïîñòîÿííàÿ;

(B):

| ( )| ,u u u= d

	5

5

�
- 5 kq < 5,

e u q u uiux	

	5

5

�

2

2

22

2

2

22
- 5| | ( )> d äëÿ íåêîòîðîãî q > 0;

(C): E(|Y1|
m) < 5 äëÿ íåêîòîðîãî m > 0 è

åñëè m � 1, òî E(Y1) = 0;

(D): i g i

i n

| |�

�

5

. = O(n–ã) äëÿ íåêîòîðîãî ã > 0,

ãäå á = m/2, åñëè m � 1 è á = 1/2, åñëè m > 1.

Òåîðåìà 3.1 [15]. Ïóñòü âûïîëíåíû óñëîâèÿ

(A), (B), (C), (D) è 1/(2q + 1) < â < 1. Òîãäà

�

+

	

	

�

. ? 4?
1

1

2

1

0 1n Y K X Nn i

i

n

D
( , ) ( , ) è n(1 – â)/2Zn 4 0

ïðè n 4 5, ãäå ó2 = kf(x).

Ïóñòü 0 < ã < 1, a = Ô–1((1 + ã)/2). Äëÿ ëþáîãî

å > 0 èíòåðâàë I(nå) = [ ( )f xn
�

– å, f xn
�

( ) + å] äëè-

íû 2å è nå îïðåäåëÿåòñÿ ôîðìóëîé (2.2).

Ðàññìîòðèì ìîìåíò îñòàíîâêè

N n n
a k

f xn�

+

�

� � �

�

�






�

�

�
�

�

�










�

�

�

�

�

	

inf 1

2

2

1

1

: ( ) , å > 0, (3.3)

à òàêæå ñîîòâåòñòâóþùèé ïîñëåäîâàòåëüíûé äî-

âåðèòåëüíûé èíòåðâàë äëÿ f(x), îñíîâàííûé íà

ìîìåíòå îñòàíîâêè (3.3) âèäà I(Nå) = [ ( )f xN
�

– å,

f xN
�

( ) + å], å > 0. Ââåäåì óñëîâèå

(E):

| ( ) ( )| ,K t aK at t
c b

a
	 �

	
	5

5

�
d

2

1
| | | ( )|u u us

	5

5

�
- 5= d

äëÿ 0 < b < a < 1 è s = 0, 1, 2, ãäå c2 — ïîëîæè-

òåëüíàÿ ïîñòîÿííàÿ.

Òåîðåìà 3.2 [16]. Åñëè âûïîëíåíû óñëîâèÿ

(A), (B), (C), (D), (E) è 1/(2q + 1) < â < 1/2, òî

fn(x) 4 f(x) ñ âåðîÿòíîñòüþ 1 ïðè n 4 5 è äëÿ íå-

êîòîðîãî å0 > 0

sup
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Èç ýòîé òåîðåìû è èç òåîðåì 1.1 è 1.3 èñõîäèò

ñëåäóþùàÿ.

Òåîðåìà 3.3. Åñëè âûïîëíåíû óñëîâèÿ (A),

(B), (C), (D), (E) è 1/(2q + 1) < â < 1/2, òî äëÿ ìî-

ìåíòà îñòàíîâêè (3.3) ñïðàâåäëèâû ñîîòíîøåíèÿ:

1) äëÿ ëþáîãî å > 0 P{Nå < 5} = 1;

2) Nå 4 5 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

3) lim ( ) ;
�

�

4

� 5

0

E N

4) Nå/nå 4 1 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0.

5) lim
( )

.
�

�

�
4

�

0

1
E N

n

Òåîðåìà 3.4. Åñëè âûïîëíåíû óñëîâèÿ (A),

(B), (C), (D) è 1/(2q + 1) < â < 1/2, òî

æå(t), t � [0, 1] 4 J W(t), t � [0, 1] ïðè å 4 0,

ãäå ñëó÷àéíûé ïðîöåññ

æå(t) = �
�

+

�

�

	

	

�

.
1

1

2

1

n Y K Xn i

i

n t

( , ),

[ ]

t � [0, 1] è W(t), t � [0, 1] — ñòàíäàðòíûé âèíå-

ðîâñêèé ïðîöåññ ñ EW(t) = 0, EW2(t) = t.

Èç òåîðåìû 1.2 âûòåêàåò ïðèâåäåííàÿ äàëåå.

Òåîðåìà 3.5. Ïóñòü âûïîëíåíû óñëîâèÿ (A),

(B), (C), (D) è 1/(2q + 1) < â < 1. Òîãäà

�
�

+

�

	

	

	 4
1

1

2 0 1N f x f x DN
N

( ( ) ( )) ( , )

ïðè å 4 0 è lim ( ( ) ( ))
�

�

4

�

0

P f x I N � ã.

Ñëåäñòâèå 3.1. Ïóñòü âûïîëíåíû óñëîâèÿ

(A), (B) è 1/(2q + 1) < â < 1/2. Òîãäà ìîìåíò îñ-

òàíîâêè (3.3) ÿâëÿåòñÿ àñèìïòîòè÷åñêè ñîñòîÿ-

òåëüíûì.

IV. Ïîñëåäîâàòåëüíîå òî÷å÷íîå

îöåíèâàíèå ôóíêöèîíàëà

îò íåèçâåñòíîé ôóíêöèè ðàñïðåäåëåíèÿ

Ïóñòü î1, î2, ..., în ñë. âåë. ñ íåèçâåñòíîé ô.ð.

F � F, ãäå F ñåìåéñòâî ô.ð., óäîâëåòâîðÿþùèõ

îïðåäåëåííûì óñëîâèÿì ðåãóëÿðíîñòè. Äëÿ

îöåíêè ôóíêöèîíàëà è(F) îò ô.ð. F(x) ðàññìîò-

ðèì ñòàòèñòèêó èn = èn(î1, î2, ..., în), îáîçíà÷èì

÷åðåç ö(y), y � 0, ïîëîæèòåëüíóþ âîçðàñòàþùóþ

ôóíêöèþ ñ ö(0) = 0, ÷åðåç án = án(F) = |èn –
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– è(F)| — àáñîëþòíóþ ïîãðåøíîñòü îöåíèâàíèÿ

è ÷åðåç å — ñòîèìîñòü åäèíèöû âûáîðêè.

Îïðåäåëåíèå 4.1. Âåëè÷èíà Ln = Ln(å, F) =

= ö(án) + ån íàçûâàåòñÿ ôóíêöèåé ïîòåðü îöå-

íèâàíèÿ è(F) ñòàòèñòèêîé èn = èn(î1, î2, ..., în).

Çàìå÷àíèå 4.1. Åñëè ö(y) = y, òî Ln — ëèíåé-

íàÿ ôóíêöèÿ ïîòåðü, à åñëè ö(y) = y2, òî Ln —

êâàäðàòè÷íàÿ ôóíêöèÿ ïîòåðü.

Ââåäåì óñëîâèå

(A): ân(F) = E(ö(án)) äëÿ âñåõ n � 1 ñóùåñòâó-

åò, óáûâàåò ïî n è lim ( )
n

n F
45

+ = 0.

Îïðåäåëåíèå 4.2. Âåëè÷èíà

Rn(å, F) = E(Ln(å, F)) = ân(F) + ån

íàçûâàåòñÿ ôóíêöèåé ðèñêà îöåíèâàíèÿ è(F)

ñòàòèñòèêîé èn = èn(î1, î2, ..., în).

Ïîñêîëüêó âåëè÷èíà ân(F) óáûâàåò, à ån âîç-

ðàñòàåò ïî n, òî ñóùåñòâóåò òàêîå îïòèìàëüíîå

çíà÷åíèå n0 = n0(å, F), ÷òî

R F R Fn
n n

n0
0

( , ) ( , ).� ��

�

inf (4.1)

Îïðåäåëåíèå 4.3. Åñëè äëÿ îöåíêè èn = èn(î1,

î2, ..., în) âûïîëíÿåòñÿ (4.1), òî ýòî íàçûâàåòñÿ

îöåíêîé ìèíèìàëüíîãî ðèñêà (ÎÌÐ).

Çäåñü ñëåäóåò îòìåòèòü, ÷òî îïòèìàëüíûé

îáúåì âûáîðêè n0 = n0(å, F) çàâèñèò îò íåèçâåñò-

íîé ô.ð. F(x) ÷åðåç ân(F), ñëåäîâàòåëüíî, êàê îò-

ìå÷åíî âî ââåäåíèè, òîëüêî âûáîðêà ñî ñëó÷àé-

íûì îáúåìîì â âèäå ìîìåíòà îñòàíîâêè ìîæåò

îáåñïå÷èòü âûïîëíåíèå (4.1), ò.å. ÎÌÐ èn ìîæåò

áûòü ïîñòðîåíà, êîãäà n — ñëó÷àéíûé ìîìåíò îñ-

òàíîâêè, ïðè÷åì ýòè ðåçóëüòàòû áóäóò àñèìïòî-

òè÷åñêèìè ïðè å 4 0.

Äëÿ íàõîæäåíèÿ ýòîãî ìîìåíòà îñòàíîâêè

ââåäåì óñëîâèå

(B): ñóùåñòâóþò òàêèå ïîñòîÿííûå 0 < m � 1

è 0 < â0(F) < 5, F � F, ÷òî nmân(F) 4 â0(F) ïðè

n 4 5.

Çàìå÷àíèå 4.2. Åñëè ö(y) = y, òî m = 1/2, à

åñëè ö(y) = y2, òî m = 1.

Èç óñëîâèÿ (B) ïîëó÷àåì ñîîòíîøåíèå Rn(å,

F) = ân(F) + ån � n–mâ0(F) + ån ïðè n 4 5, ãäå

ñèìâîë an � bn îçíà÷àåò

lim .
n

n

n

a

b45

�1

×åðåç Rn
* (å, F) = n–mâ0(F) + ån îáîçíà÷èì ôóíê-

öèþ ðèñêà, àñèìïòîòè÷åñêè ðàâíóþ ôóíêöèè

ðèñêà Rn(å, F).

Îïðåäåëåíèå 4.4. Åñëè äëÿ îöåíêè èn = èn(î1,

î2, ..., în) ñóùåñòâóåò òàêîå çíà÷åíèå n0 = n0(å, F),

÷òî âûïîëíÿåòñÿ ñîîòíîøåíèå

R F R Fn
n

n0
1

* *( , ) min ( , ),� ��

�

òî Rn(å, F) íàçûâàåòñÿ àñèìïòîòè÷åñêè ìèíè-

ìàëüíîé ôóíêöèåé ðèñêà, à âåëè÷èíà n0 =

= n0(å, F) — àñèìïòîòè÷åñêè îïòèìàëüíûì îáúå-

ìîì âûáîðêè.

Ëåììà 4.1. Åñëè âûïîëíåíû óñëîâèÿ (A) è

(B), òî àñèìïòîòè÷åñêè îïòèìàëüíûé îáúåì

âûáîðêè

n n F n n
m F m

0 0

0

1

1

1� � � �

�

�






�

�

�
�

�

�










�

�

�

�

�




( , ) :
( )

�

+

�

inf

è ìèíèìàëüíîå çíà÷åíèå ôóíêöèè ðèñêà Rn
* (å,

F) = n–mâ0(F) + ån ñîñòàâèò Rn
0

* (å, F) = (åm(m +

+ m–m)â0(F))1/(1 + m).

Îïòèìàëüíûé îáúåì âûáîðêè n0 = n0(å, F) è

ìèíèìàëüíîå çíà÷åíèå ôóíêöèè ðèñêà Rn
0

* (å, F)

îáëàäàþò òåì íåäîñòàòêîì, ÷òî îíè îïðåäåëÿþòñÿ

ôóíêöèîíàëîì â0(F) îò íåèçâåñòíîé ô.ð. F, ïîýòî-

ìó íåîáõîäèìî îöåíèòü â0(F). Ïðåäïîëîæèì, ÷òî

ñóùåñòâóåò ñîñòîÿòåëüíàÿ ïîëîæèòåëüíàÿ îöåíêà

bn = b(î1, î2, ..., în) äëÿ â0(F), F � F, n � 1, òàêàÿ,

÷òî âûïîëíÿåòñÿ óñëîâèå (C): ñóùåñòâóþò ÷èñëî

á > m + ã è öåëîå n0 òàêèå, ÷òî äëÿ ëþáîãî ä > 0

è n � n0

P b F
c

n
n{| ( )| }

( , )
,	 � �




+ ,

� ,

�
0 1

ãäå 0 < c(á, ä) < 5 — ïîñòîÿííàÿ.

Èñõîäÿ èç âèäà àñèìïòîòè÷åñêè îïòèìàëü-

íîãî îáúåìà âûáîðêè n0 = n0(å, F), îïðåäåëèì

ìîìåíò îñòàíîâêè N(å) ñëåäóþùèì îáðàçîì:

N n n
m b nn

m

( ) :
( )

�

�

3

� � �


�

�






�

�

�
�

�

�










�

�

�

�

�

�

	



inf 1

1

1

� � �


�

�






�

�

�
�




	

inf n n
m b n

m n
1 1:

( )
.

3

�

(4.2)

Òåîðåìà 4.1. Åñëè âûïîëíåíû óñëîâèÿ (A),

(B) è (C), òî ñïðàâåäëèâû ñëåäóþùèå óòâåðæäå-

íèÿ:

1) äëÿ ëþáîãî å > 0 P{Nå < 5} = 1;

2) Nå 4 5 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

3) lim ( )
�

�

40

E N = 5;

4)
N

n F

( )

( , )

�

�0

4 1 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0.

Òåîðåìà 4.2. Åñëè âûïîëíåíû óñëîâèÿ (A),

(B), (C) è äëÿ íåêîòîðîãî å0 > 0 ðÿä

sup

0 01 0� ��

5

�

 

!

#

$

%

&

.
� �

�

�

P
N

n F
m

m

( )

( , )

ñõîäèòñÿ, òîãäà lim
( ( ))

( , )
.

�

�

�4

�

0
0

1
E N

n F
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Ðàññìîòðèì ïîñëåäîâàòåëüíóþ òî÷å÷íóþ

îöåíêó èN(å) = èN(å)(î1, î2, ..., èN(å)), îñíîâàííóþ íà

ïðàâèëå îñòàíîâêè (4.2) ñ ôóíêöèåé ðèñêà

R FN ( )
* ( , )

�
� = E(ö(áN(å))) + åN(å).

Îïðåäåëåíèå 4.5. Åñëè

lim
( , )

( , )

( )

*

�

�
�

�4

�

0
0

1
R F

R F

N

n

äëÿ ëþáîãî F � F, (4.3)

òî èN(å) íàçûâàåòñÿ îöåíêîé ñ àñèìïòîòè÷åñêè ìè-

íèìàëüíûì ðèñêîì (ÎÀÌÐ) äëÿ è(F).

Ââåäåì óñëîâèÿ ðåãóëÿðíîñòè:

(D): äëÿ ëþáûõ t1, t2 � R1 ñóùåñòâóåò ïîñòîÿí-

íàÿ c, íå çàâèñÿùàÿ îò t1 è t2 òàêàÿ, ÷òî ôóíêöèÿ

ö(y), y � 0 óäîâëåòâîðÿåò ö(|t1 – t2|) � c|t1 – t2|
2m;

(E): äëÿ r > 4 ñóùåñòâóþò ïîñòîÿííàÿ cr < 5

è öåëîå ÷èñëî n0 òàêèå, ÷òî

: ;E n Fn
r( | ( )|)0 0	 � cr äëÿ n � n0;

(F): ñóùåñòâóåò òàêîå n0, ÷òî

8 9lim max | |
:| |� ,

0 0

4 	 �

	

 

!

#

$

%

&

�

0

2

0E n
k k n n

k n

m

äëÿ n � n0.

Òåîðåìà 4.3. Ïóñòü âûïîëíåíû óñëîâèÿ (A),

(B), (C), (D), (E), (F). Òîãäà âûïîëíÿåòñÿ (4.3) è

èN(å) ÿâëÿåòñÿ ÎÀÌÐ äëÿ è(F).

Òåîðåìà 4.4. Ïóñòü ïîñëåäîâàòåëüíîñòü îöå-

íîê {bn} óäîâëåòâîðÿåò ñëåäóþùèì óñëîâèÿì:

(G):

n
b

F
DN a

n

+
0

21 0
( )

( , )	

�

�







�

�

�

�
4

ïðè n 4 5 äëÿ íåêîòîðîãî êîíå÷íîãî a, çàâèñÿ-

ùåãî îò F(x);

(H):

lim lim max | |
:| |, ,

�

4 45 	 �

	 �

 

!

#

$

%

&

�

0

0
n k k n n

k nP n b b

äëÿ ëþáîãî ë > 0.

Òîãäà

N n F

n F
DN

a

m

( ) ( , )

( , )
,

� �

�

	

4




�

�






�

�

�
�

0

0

2

0
1

ïðè n 4 5 äëÿ ã � 1/2 èç (4.2).

V. Ïîñëåäîâàòåëüíîå òî÷å÷íîå

îöåíèâàíèå íåèçâåñòíîé ôóíêöèè

ðàñïðåäåëåíèÿ

Â ýòîì ïóíêòå ïðîâåðèì âûïîëíåíèå óñëîâèé

ðåãóëÿðíîñòè, (A), (B) è (C) â ÷àñòíîì ñëó÷àå, êî-

ãäà ôóíêöèîíàë è(F) îò íåèçâåñòíîãî ðàñïðåäå-

ëåíèÿ F ðàâåí ñàìîé ô.ð., ò.å. è(F) = F(x). Ïóñòü

î1, î2, ..., în — íåçàâèñèìûå ñë. âåë. ñ íåèçâåñòíîé

ô.ð. F(x), x � R1. Îöåíèì åå ýìïèðè÷åñêîé ô.ð.

F x
n

I xn i

i

n

( ) ( ),� -

�

.

1

1

1

ãäå I(A) èíäèêàòîð ñîáûòèÿ A. Â êà÷åñòâå ôóíê-

öèè ïîòåðü îöåíèâàíèÿ íåèçâåñòíîé ô.ð. F(x) ýì-

ïèðè÷åñêîé ô.ð. Fn(x) ïðèìåì êâàäðàòè÷íóþ

ôóíêöèþ

Ln = Ln(å, F) = (Fn(x) – F(x))2 + ån.

Ôóíêöèÿ ðèñêà îöåíèâàíèÿ íåèçâåñòíîé

ô.ð. F(x) ñòàòèñòèêîé Fn(x) ðàâíà Rn(å, F) =

= M(Ln(å, F) = M(Fn(x) – F(x))2 + ån. Ïîñêîëüêó

ö(y) = y2,

án = |Fn(x) – F(x)| è + n F
F x F x

n
( )

( )( ( ))
,�

	1

òî lim ( ( )) lim
( )( ( ))

n
n

n

n F n
F x F x

n45 45

�

	�

�
�

�

�
�
�+

1

� 	

45

lim ( ( )( ( )))
n

F x F x1 = F(x)(1 – F(x)) = â0(F)

è óñëîâèÿ (A) è (B) âûïîëíÿþòñÿ ïðè m = 1.

Ìèíèìàëüíîå çíà÷åíèå ôóíêöèè ðèñêà

Rn(å, F) =
F x F x

n

( )( ( ))1 	

+ ån

äîñòèãàåòñÿ ïðè n, ðàâíîì

n0 = n0(å, F) =
F x F x( )( ( ))1 	

�

�

� � �

	�

�







�

�

�

�
inf n n

F x F x
1

1
:

( )( ( ))
,

�

è ñîñòàâëÿåò

R F R F F x F xn
n

n0
1

2 1( , ) min ( , ) ( )( ( )).� � �� � 	

�

Ôóíêöèÿ Rn
0

(å, F) — ìèíèìàëüíàÿ ôóíêöèÿ

ðèñêà, à n0 = n0(å, F) — îïòèìàëüíûé îáúåì âû-

áîðêè. Ïîñêîëüêó îáà îíè çàâèñÿò îò íåèçâåñòíî-

ãî â0(F) = F(x)(1 – F(x)), òî íåîáõîäèìî îöåíèòü

â0(F). Â êà÷åñòâå îöåíêè â0(F) = F(x)(1 – F(x))

ðàññìîòðèì ñòàòèñòèêó bn = Fn(x)(1 – Fn(x)) è ïî-

êàæåì âûïîëíåíèå óñëîâèÿ (C). Ïîñêîëüêó

|bn – â0(F)| = |Fn(x)(1 – Fn(x)) – F(x)(1 – F(x))| =

= |(Fn(x) – F(x)) – (Fn
2 (x) – F2(x))| =

= |(Fn(x) – F(x))(1 – Fn(x) – F(x)) �
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� |Fn(x) – F(x)| � sup

	5- -5

	

x

nF x F x| ( ) ( )|,

òî, èñïîëüçóÿ íåðàâåíñòâî Äâîðåöêîãî – Êèôå-

ðà – Âîëüôîâè÷à

P F x F x
y

n
ce

x

n
ysup

	5- -5

	
	 �

 

!

#

$

%

&

�| ( ) ( )| ,2 2

y > 0, äëÿ ïðîèçâîëüíîãî ÷èñëà á > 0, ïîëó÷èì

P{|bn – â0(F)| � ä} =

= P{|Fn(x)(1 – Fn(x)) – F(x)(1 – F(x)) � ä} �

� 	 �

 

!

#

$

%

&

�

- -5

P F x F x

x

nsup

0

| ( ) ( )| ,

� 	 �

 

!

#

$

%

&

� -

- -5




P F x F x
n

n
ce

c

nx

n
nsup

0

2

1

2

| ( ) ( )| ,
,

,

�

ò.å. óñëîâèå (C) âûïîëíÿåòñÿ.

Èñõîäÿ èç âèäà îïòèìàëüíîãî îáúåìà âûáîð-

êè n0 = n0(å, F), ìîìåíò îñòàíîâêè N(å) ââåäåì

ñëåäóþùèì îáðàçîì:

N
F x F xn n

( )
( )( ( ))

�

�

�

	

�

1

� � �

	�

�







�

�

�

�
inf n n

F x F xn n
1

1
:

( )( ( ))
.

�

Ñâîéñòâà ýòîãî ìîìåíòà îñòàíîâêè ïðèâåäå-

íû â ñëåäóþùåé òåîðåìå.

Òåîðåìà 5.1. Ñïðàâåäëèâû ñëåäóþùèå óòâåð-

æäåíèÿ:

1) äëÿ ëþáîãî å > 0 P{Nå < 5} = 1;

2) Nå 4 5 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

3) lim ( )
�

�

40

E N = 5;

4)
N

n F

( )

( , )

�

�0

4 1 ñ âåðîÿòíîñòüþ 1 ïðè å 4 0;

5) lim
( ( ))

( , )
.

�

�

�4

�

0
0

1
E N

n F

Çàêëþ÷åíèå

Ïðè ïîñëåäîâàòåëüíîì òî÷å÷íîì îöåíèâà-

íèè, êîãäà ôóíêöèÿ ïîòåðü èìååò äîñòàòî÷íî îá-

ùèé âèä, âìåñòî îöåíîê ìèíèìàëüíîãî ðèñêà íå-

îáõîäèìî ðàññìîòðåòü îöåíêè ñ àñèìïòîòè÷åñêè

ìèíèìàëüíûì ðèñêîì, ïîñòðîåííûå ïî âûáîðêàì

ñëó÷àéíîãî îáúåìà. Ïðåäåëüíûå òåîðåìû äëÿ

ñëó÷àéíî îñòàíîâëåííûõ ñëó÷àéíûõ ïðîöåññîâ

ýôôåêòèâíû äëÿ èññëåäîâàíèÿ àñèìïòîòè÷åñêèõ

çàäà÷ ïîñëåäîâàòåëüíîãî îöåíèâàíèÿ.

Â ïîñëåäîâàòåëüíîì îöåíèâàíèè äîâåðèòåëü-

íûìè èíòåðâàëàìè ôèêñèðîâàííîé øèðèíû ïðè

îäèíàêîâîì äîâåðèòåëüíîì óðîâíå øèðèíà äîâå-

ðèòåëüíîãî èíòåðâàëà áóäåò íàìíîãî êîðî÷å, ÷åì

ïðè îáû÷íîì íåïîñëåäîâàòåëüíîì îöåíèâàíèè,

÷òî èìååò ñóùåñòâåííóþ ðîëü â ïðèêëàäíûõ ïðè-

ìåíåíèÿõ.
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