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Ñïëàâû íà îñíîâå ìåòàëëîâ ïëàòèíîâîé ãðóïïû îáëàäàþò âûñîêîé õèìè÷åñêîé ñòîé-

êîñòüþ, ÷òî âûçûâàåò ðÿä òðóäíîñòåé ïðè èõ ðàñòâîðåíèè. Íà ñåãîäíÿøíèé äåíü ñðåäè

ãèäðîìåòàëëóðãè÷åñêèõ ìåòîäîâ ðàñòâîðåíèå â öàðñêîé âîäêå ÿâëÿåòñÿ îäíèì èç íàèáîëåå

ýôôåêòèâíûõ ñïîñîáîâ âñêðûòèÿ êîððîçèîííî-ñòîéêèõ ñïëàâîâ. Îñíîâíîé íåäîñòàòîê ýòî-

ãî ìåòîäà — âûäåëåíèå òîêñè÷íûõ ãàçîîáðàçíûõ âåùåñòâ, òàêèõ êàê íèòðîçèëõëîðèä è îê-

ñèäû àçîòà. ×òîáû óìåíüøèòü îáúåì âûäåëÿþùèõñÿ ãàçîâ áåç ñíèæåíèÿ îêèñëèòåëüíî-âîñ-

ñòàíîâèòåëüíîãî ïîòåíöèàëà (ÎÂÏ) ñèñòåìû â äàííîé ðàáîòå ïðåäëîæåí ñïîñîá ðàñòâîðå-

íèÿ Pt – Rh ñïëàâà â HCl – HNO3 c äîçèðîâàííûì äîáàâëåíèåì HNO3 ïðè çàäàííîì çíà÷å-

íèè îêèñëèòåëü-âîññòàíîâèòåëüíîãî ïîòåíöèàëà ñèñòåìû. Ïîòåíöèàë ñèñòåìû, âûáðàí-

íûé íà îñíîâàíèè ïîòåíöèàëîâ ñèñòåì HNO3 – HCl – Pt è HNO3 – HCl – Rh, ñîñòàâèë 0,85

è 0,9 Â. Â ðàáîòå òàêæå èññëåäîâàíî âëèÿíèå äèñïåðñíîñòè è äåôåêòíîñòè Pt – Rh ñïëàâà

íà ïîêàçàòåëè åãî ðàñòâîðåíèÿ. Â ðåçóëüòàòå ïîêàçàíî, ÷òî ðàñòâîðåíèå Pt – Rh ñïëàâà ñ

ñîäåðæàíèåì ðîäèÿ 15 % â HCl – HNO3 ïðè ïîñòîÿííîì çíà÷åíèè ÎÂÏ = 0,9 Â ïî ñðàâíå-

íèþ ñ êëàññè÷åñêèì èñïîëüçîâàíèåì ñìåñè HCl è HNO3 â îáúåìíîì îòíîøåíèè 1:3 ïîçâî-

ëÿåò ñíèçèòü ðàñõîä àçîòíîé êèñëîòû íà 40 %, ñîêðàòèòü âðåìÿ ïðîöåññà, óâåëè÷èòü êîýô-

ôèöèåíò èçâëå÷åíèÿ êàê äëÿ ïëàòèíû, òàê è äëÿ ðîäèÿ, à òàêæå óìåíüøèòü îáúåì âûäåëÿ-

þùèõñÿ îêñèäîâ àçîòà â äâà ðàçà (òåîðåòè÷åñêèé ðàñ÷åò). Óñòàíîâëåíî, ÷òî ïðîöåññ ìåõàíî-

àêòèâàöèè ñïëàâà ñîêðàùàåò âðåìÿ ðàñòâîðåíèÿ è ïðèâîäèò ê ïðàêòè÷åñêè êîëè÷åñòâåí-

íîìó ðàñòâîðåíèþ îáðàçöà.

Êëþ÷åâûå ñëîâà: ïëàòèíîðîäèåâûé ñïëàâ; ðàñòâîðåíèå; öàðñêàÿ âîäêà.

INTENSIFICATION OF OPENING A THRUST ALLOY

BASED ON PLATINUM AND RHODIUM
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A high chemical resistance inherent in the alloys based on platinum group metals is one of the reasons for

a number of difficulties that arise when dissolving such materials. Nowadays, the dissolution in aqua regia

is one of the most effective methods for dissolving corrosion-resistant alloys. The main disadvantage of

this method is a release of toxic gaseous substances such as nitrosyl chloride and nitrogen oxides. To de-

crease the volume of gases thus released without reducing the redox potential of the system, we proposed a

method of dissolving a Pt – Rh alloy in HCl-HNO3 with a controlled dosed supply of HNO3 at a given

value of the oxidation-reduction potential (ORP) of the system. The potential of the system has been cho-

sen proceeding from the potential for HNO3 – HCl – Pt and HNO3 – HCl-Rh systems and amounted to

0.85 and 0.9 V. The impact of the dispersion and the inherent flaw of PtRh alloys on the dissolution indices

of the alloy was also considered. It is shown that the dissolution of a Pt – Rh alloy with a rhodium content

of 15 % in HCl – HNO3 at a constant value of ORP = 0.9 V compared to the use of the classic mixture

(HCl:HNO3 = 1:3 vol.) provides a decrease in nitric acid consumption by 40%, reduction of the process

time, increase in the recovery factor for both platinum and rhodium, and a two-fold reduction of the vol-

ume of released nitrogen oxides (theoretical calculation). It is also revealed that the process of mechanical

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10 5



activation of the alloy reduces the dissolution time and leads to almost quantitative dissolution of the

sample.

Keywords: platinum rhodium alloy; dissolution; aqua regia.

Ââåäåíèå

Ñïëàâû íà îñíîâå ðîäèÿ øèðîêî ïðèìåíÿþò

â ðàçëè÷íûõ ñôåðàõ: ïðè èçãîòîâëåíèè òåðìîïàð

â îáëàñòè âûñîêèõ òåìïåðàòóð äî 2000 °C [1], äå-

òåêòîðîâ â ðåàêòîðàõ äëÿ èçìåíåíèÿ ïîòîêà íåé-

òðîíîâ [2], êàòàëèòè÷åñêèõ ôèëüòðîâ-íåéòðàëè-

çàòîðîâ âûõëîïíûõ ãàçîâ àâòîìîáèëåé [3], à òàê-

æå â êà÷åñòâå ýëåêòðîêîíòàêòíûõ ìàòåðèàëîâ

[4]. Ïëàòèíîðîäèåâûå ñïëàâû õàðàêòåðèçóþòñÿ

âûñîêèì ñîïðîòèâëåíèåì ïîëçó÷åñòè ïðè òåìïå-

ðàòóðàõ âûøå 1000 °C, ÷òî â çíà÷èòåëüíîé ñòåïå-

íè îïðåäåëèëî èõ øèðîêîå ïðèìåíåíèå â ñòå-

êîëüíîé ïðîìûøëåííîñòè [5].

Áëàãîäàðÿ äîáàâêå ðîäèÿ, êîòîðûé ÿâëÿåòñÿ

êèíåòè÷åñêè çàòîðìîæåííûì ìåòàëëîì, óâåëè÷è-

âàåòñÿ êîððîçèîííàÿ ñòîéêîñòü òàêèõ ñïëàâîâ.

Òàê, ñïëàâ ñ ñîäåðæàíèåì ðîäèÿ 10 % óñòîé÷èâ â

àòìîñôåðå õëîðà, à ñ ñîäåðæàíèåì 40 % — â öàð-

ñêîé âîäêå. Ýòî, â ñâîþ î÷åðåäü, ñîçäàåò ðÿä ïðî-

áëåì, ñâÿçàííûõ ñ ïåðåðàáîòêîé ïîäîáíûõ ìàòå-

ðèàëîâ.

Íà ñåãîäíÿøíèé äåíü èçâåñòíî íåñêîëüêî

ìåòîäîâ âñêðûòèÿ ïîäîáíûõ ñïëàâîâ â çàâèñèìî-

ñòè îò ñîñòàâà ìàòåðèàëà. Â öåëîì ýòè ìåòîäû

ìîæíî ðàçäåëèòü íà ïèðî- è ãèäðîìåòàëëóðãè-

÷åñêèå. Ê ïèðîìåòàëëóðãè÷åñêèì ìåòîäàì, ïðè-

ìåíÿåìûì ïðè âûñîêèõ òåìïåðàòóðàõ, îòíîñÿò

ñïåêàíèå ñ ïåðîêñèäîì íàòðèÿ, ïåðîêñèäîì áàðèÿ

èëè áîëåå àêòèâíûì ìåòàëëîì (îëîâî, öèíê, ñâè-

íåö). Â áîëüøèíñòâå ñëó÷àåâ ïèðîìåòàëëóðãè÷å-

ñêèå ìåòîäû âåñüìà ýíåðãîåìêè è íå ãàðàíòèðó-

þò âûñîêîé ñòåïåíè èçâëå÷åíèÿ ìåòàëëîâ ïðîáû

â ðàñòâîð [6].

Èç ãèäðîìåòàëëóðãè÷åñêèõ ìåòîäîâ ìîæíî

âûäåëèòü æèäêîôàçíîå õëîðèðîâàíèå è ðàñòâî-

ðåíèå â öàðñêîé âîäêå, òàê êàê äëÿ ýôôåêòèâíîãî

âñêðûòèÿ êîððîçèîííî-ñòîéêèõ ñïëàâîâ íåîá-

õîäèìû ñèñòåìû ñ âûñîêèì îêèñëèòåëüíî-âîñ-

ñòàíîâèòåëüíûì ïîòåíöèàëîì (ÎÂÏ). Ìíîãèå

èññëåäîâàíèÿ áûëè íàïðàâëåíû íà ïîâûøåíèå

ýôôåêòèâíîñòè âñêðûòèÿ áëàãîðîäíûõ ìåòàëëîâ

ïðè èñïîëüçîâàíèè ãèäðîìåòàëëóðãè÷åñêèõ îïå-

ðàöèé. Àëüòåðíàòèâîé ðàñòâîðåíèþ â öàðñêîé

âîäêå âûñòóïàåò ñîëÿíîêèñëîå âûùåëà÷èâàíèå ñ

ïðèìåíåíèåì â êà÷åñòâå îêèñëèòåëåé ïåðîêñèäà

âîäîðîäà [7] èëè ãàçîîáðàçíîãî õëîðà [8].

Ñîãëàñíî ëèòåðàòóðíûì äàííûì âðåìÿ âû-

ùåëà÷èâàíèÿ ìîæåò áûòü çíà÷èòåëüíî óìåíüøå-

íî çà ñ÷åò èñïîëüçîâàíèÿ ìèêðîâîëíîâîãî íàãðå-

âà, õîòÿ ìåõàíèçì âçàèìîäåéñòâèÿ ìèêðîâîëí ñ

ãèäðîìåòàëëóðãè÷åñêèìè ñèñòåìàìè ìàëîèçó÷åí

[9, 10].

Â óñëîâèÿõ îòñóòñòâèÿ ãàçîîáðàçíîãî õëîðà

àëüòåðíàòèâíûì ìåòîäîì âñêðûòèÿ ÿâëÿåòñÿ

ðàñòâîðåíèå â öàðñêîé âîäêå, ïîýòîìó âñêðûòèå

ïëàòèíîðîäèåâîãî ñïëàâà ìû ïðîâîäèëè, èñïîëü-

çóÿ èìåííî ýòîò ñïîñîá.

Èçâåñòíî, ÷òî ñìåñü àçîòíîé è ñîëÿíîé êèñ-

ëîò, èçâåñòíàÿ êàê öàðñêàÿ âîäêà, ÿâëÿåòñÿ ñèëü-

íûì îêèñëèòåëåì. Åå ñèëüíûå îêèñëèòåëüíûå

ñïîñîáíîñòè îáóñëîâëåíû îáðàçóþùèìèñÿ àòî-

ìàðíûì õëîðîì è õëîðèäîì íèòðîçèëà [11, 12]:

3HCl + HNO3 � Cl2� + NOCl� + 2H2O, (1)

3 2
3 2 2

HCl HNO Cl NOCl H O
, C

� � ��� � � � �
�t

, (2)

2 2
2

NOCl NO Cl
, Ct �

� ��� � � � . (3)

Èòîãî:

6 2 3 2 4
3 2 2

HCl HNO Cl NO H O
, C

� � ��� � � � �
�t

. (4)

Îäíàêî îñíîâíûì íåäîñòàòêîì èñïîëüçîâà-

íèÿ ýòîãî ñïîñîáà ÿâëÿåòñÿ âûäåëåíèå òîêñè÷íûõ

ãàçîîáðàçíûõ âåùåñòâ, òàêèõ êàê íèòðîçèëõëî-

ðèä è îêñèäû àçîòà. Â äàííîé ðàáîòå ïðåäëàãàåò-

ñÿ ñíèçèòü îáúåì âûäåëÿþùèõñÿ ãàçîâ áåç óìåíü-

øåíèÿ ÎÂÏ ñèñòåìû çà ñ÷åò äîçèðîâàííîãî äî-

áàâëåíèÿ HNO3.

Âòîðûì àñïåêòîì, èçó÷åííûì â ïðåäñòàâëåí-

íîé ðàáîòå, ÿâëÿåòñÿ âëèÿíèå èçìåíåíèÿ äèñ-

ïåðñíîñòè è äåôåêòíîñòè Pt – Rh ñïëàâà íà åãî

ðàñòâîðèìîñòü, ïîñêîëüêó èçâåñòíî, ÷òî ñêîðîñòü

ðàñòâîðåíèÿ çàâèñèò îò çíà÷åíèÿ ïëîùàäè ïî-

âåðõíîñòè òâåðäîé ôàçû. Îäíèì èç ñïîñîáîâ óâå-

ëè÷åíèÿ äèñïåðñíîñòè ÷àñòèö ÿâëÿåòñÿ ìåõàíî-

àêòèâàöèÿ: ïîìèìî èçìåëü÷åíèÿ, â ïðîöåññå ìå-

õàíîàêòèâàöèè ïðîèñõîäèò íàêîïëåíèå ñòðóê-

òóðíûõ äåôåêòîâ, ÷òî óâåëè÷èâàåò õèìè÷åñêóþ

àêòèâíîñòü ìàòåðèàëà [13].

Òàê, â ðàáîòå [14] óñòàíîâëåíî, ÷òî ìåõàíî-

àêòèâàöèÿ îêàçûâàåò íàèáîëüøåå âëèÿíèå íà ðî-

äèé ïî ñðàâíåíèþ ñ äðóãèìè ìåòàëëàìè ïëàòèíî-

âîé ãðóïïû (ÌÏÃ). Àâòîðàìè òàêæå áûëî èññëå-

äîâàíî âëèÿíèå ìåõàíîàêòèâàöèè íà ñïëàâ ìåäè

ñ äîáàâëåíèåì ïàëëàäèÿ, ðîäèÿ è ïëàòèíû. Ïîêà-

çàíî, ÷òî ïðè åãî ðàñòâîðåíèè â ñìåñè àçîòíîé è

ñîëÿíîé êèñëîò ïîñëå ìåõàíîàêòèâàöèè ñòåïåíü

èçâëå÷åíèÿ ïëàòèíû è ïàëëàäèÿ âûðîñëà íà

35 %, à ðîäèÿ — óâåëè÷èëàñü â äâà ðàçà ïî ñðàâ-

íåíèþ ñ âûùåëà÷èâàíèåì ñïëàâà áåç ìåõàíî-

àêòèâàöèè.

Öåëü ðàáîòû — èíòåíñèôèêàöèÿ ïðîöåññà

âñêðûòèÿ óïîðíîãî ñïëàâà íà îñíîâå ïëàòèíû è
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ðîäèÿ è èñïîëüçîâàíèå êîìïëåêñíîãî ïîäõîäà,

çàêëþ÷àþùåãîñÿ â ðàñòâîðåíèè ñïëàâà â ñìåñè

HNO3 – HCl îïòèìèçèðîâàííûì ñïîñîáîì ïîñëå

ïðåäâàðèòåëüíîé ìåõàíîàêòèâàöèè.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ìåòîäû èññëåäîâàíèÿ è õàðàêòåðèñòèêà Pt

– Rh ñïëàâà. Ãðàíóëîìåòðè÷åñêèé àíàëèç ñïëà-

âîâ ïðîâîäèëè ñ èñïîëüçîâàíèåì àíàëèçàòîðà

ðàçìåðà ÷àñòèö Microtrac S-3500.

Ýëåìåíòíûé ñîñòàâ ðàñòâîðà èññëåäîâàëè ñ

èñïîëüçîâàíèåì àòîìíî-ýìèññèîííîãî ñïåêòðî-

ìåòðà c èíäóêòèâíî-ñâÿçàííîé ïëàçìîé iCAP-

6500 (Thermo Scientific Corp., ÑØÀ).

Ìîðôîëîãèþ ÷àñòèö ñïëàâà èññëåäîâàëè ñ ïî-

ìîùüþ ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêîïà

JEOL 6610 LV (ÐÝÌ).

Ìåõàíîàêòèâàöèþ ïðîâîäèëè ñ ïðèìåíåíèåì

ëàáîðàòîðíîé ïëàíåòàðíîé ìåëüíèöû ÀÃÎ-2Ñ.

Â ñïåöèàëüíûé ñòàêàí çàãðóæàëè ïîðîøîê ñïëà-

âà è ìåëþùèå òåëà — ñòàëüíûå øàðû (m =

= 200 ã) â îáúåìíîì ñîîòíîøåíèè 1:10. Âðåìÿ

ìåõàíîàêòèâàöèè ñîñòàâëÿëî 10 ìèí. Äàëåå

ñìåñü ñïëàâà è øàðîâ ïðîñåèâàëè ÷åðåç ñèòî äëÿ

óäàëåíèÿ øàðîâ.

Ýëåìåíòíûé ñîñòàâ ïîðîøêîîáðàçíûõ îáðàç-

öîâ èññëåäîâàëè ñ èñïîëüçîâàíèåì ðåíòãåíî-

ôëóîðåñöåíòíîãî àíàëèçàòîðà Clever C-31 (ðåíò-

ãåíîâñêàÿ òðóáêà ñ Rh-àíîäîì, SSD äåòåêòîð ñ

ýëåêòðîîõëàæäåíèåì íà ýëåìåíòå Ïåëüòüå).

Îêèñëèòåëüíî-âîññòàíîâèòåëüíûé ïîòåíöèàë

ðàñòâîðîâ èçìåðÿëè ñ ïîìîùüþ îäíîêàíàëüíîãî

ïîðòàòèâíîãî pH-ìåòðà/èîíîìåðà S8 Mettler To-

ledo Seven2Go ñ ýëåêòðîäîì Mettler Toledo ñåðèè

InLab Redox Ag/AgCl (òåìïåðàòóðíûé äèàïà-

çîí — 0 – 100 °C, òî÷íîñòü Redox — ±0,1 ìÂ).

Äëÿ âçÿòèÿ íàâåñîê èñïîëüçîâàëè àíàëèòè÷å-

ñêèå âåñû Mettler Toledo XS204.

Â ðàáîòå ïðèìåíÿëè ñëåäóþùèå ðåàêòèâû:

àçîòíàÿ êèñëîòà (ÃÎÑÒ 4461–77), ñîëÿíàÿ êèñ-

ëîòà (ÃÎÑÒ 3118–77), äèñòèëëèðîâàííàÿ âîäà,

ñïëàâ íà îñíîâå ïëàòèíû Pt – Rhx, ãäå x = 5, 10,

15 (ÃÎÑÒ 30649–99).

Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ ñòðóæêà

ïëàòèíîðîäèåâîãî ñïëàâà ñ ñîäåðæàíèåì ðîäèÿ

15 %. Â òàáë. 1 ïðåäñòàâëåíû ðåçóëüòàòû ãðàíó-

ëîìåòðè÷åñêîãî àíàëèçà ñïëàâà, à íà ðèñ. 1 —

äèôôåðåíöèàëüíàÿ ãèñòîãðàììà ðàñïðåäåëåíèÿ

÷àñòèö ïî ðàçìåðàì.
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Òàáëèöà 1. Ðåçóëüòàòû ãðàíóëîìåòðè÷åñêîãî àíàëèçà Pt – Rh ñïëàâà

Table 1. Results of granulometric analysis of a Pt – Rh alloy

Ñðåäíèé ðàçìåð ÷àñòèö MV, îïðåäåëåííûé èç îáúåìíîãî ðàñïðåäåëåíèÿ, ìêì 334,3

Ìèíèìàëüíûé ðàçìåð ÷àñòèö, ìêì 13,01

Äîëÿ ÷àñòèö ñ ìèíèìàëüíûì ðàçìåðîì, % 0,2

Äîëÿ ÷àñòèö ñ ìàêñèìàëüíûì ðàçìåðîì, % 0,2

Ïðåèìóùåñòâåííûé äèàïàçîí ðàçìåðîâ ÷àñòèö, ìêì 209,3 – 837,2

%
P

a
s
s
in

g

%
C

h
a
n

n
e
l

Ðàçìåð, ìêì

Ðèñ. 1. Äèôôåðåíöèàëüíàÿ ãèñòîãðàììà ðàñïðåäåëåíèÿ

÷àñòèö ïî ðàçìåðàì îáðàçöà ñïëàâà Pt – Rh15

Fig. 1. Differential histogram of the particle size distribu-

tion of a Pt – Rh15 alloy sample

Ðèñ. 2. Èçîáðàæåíèå ÷àñòèö ñïëàâà (óâåëè÷åíèå 50 è

250)

Fig. 2. Image of alloy particles (magnification 50 and 250)



Ñîãëàñíî èññëåäîâàíèÿì ãðàíóëîìåòðè÷åñêî-

ãî ñîñòàâà ñðåäíèé ðàçìåð ÷àñòèö ëåæèò â äèàïà-

çîíå 210 – 840 ìêì. Ãèñòîãðàììà èìååò áèìî-

äàëüíîå ðàñïðåäåëåíèå, òàê êàê ÷àñòèöû ñïëàâà

ïðåäñòàâëÿþò ñîáîé ñòðóæêó, ïîëó÷åííóþ ðàñ-

òî÷êîé ñïëàâà.

Íà ðèñ. 2 ïðåäñòàâëåíî èçîáðàæåíèå ÷àñòèö,

ïîëó÷åííîå ìåòîäîì ðàñòðîâîé ýëåêòðîííîé ìèê-

ðîñêîïèè. Ïî ðåçóëüòàòàì ÐÝÌ âèäíî, ÷òî ñïëàâ

èìååò äåôîðìèðîâàííóþ ïîâåðõíîñòü. Äàííûé

ôàêò îáúÿñíÿåòñÿ òåì, ÷òî ïðè ñíÿòèè ñòðóæêè

÷àñòèöû äîïîëíèòåëüíî ëîìàþòñÿ âñëåäñòâèå

âûñîêîé òâåðäîñòè ñïëàâà.

Ìåòîäèêè âñêðûòèÿ Pt – Rh ñïëàâà. Ýêñïå-

ðèìåíòû ïî ðàñòâîðåíèþ ñïëàâà ïðîâîäèëè ñëå-

äóþùèì îáðàçîì.

Ìåòîä 1. Êëàññè÷åñêîå ðàñòâîðåíèå ñïëàâà â

ñìåñè àçîòíîé è ñîëÿíîé êèñëîò. Íàâåñêó ñïëà-

âà ìàññîé 10 ã ïîìåùàëè â êîëáó, äîáàâëÿëè

ñìåñü àçîòíîé è ñîëÿíîé êèñëîò â îáúåìíîì ñîîò-

íîøåíèè 1:3. Ðàñòâîðåíèå ïðîâîäèëè ïðè òåìïå-

ðàòóðå 80 °C â òå÷åíèå 3 ÷. Âî âðåìÿ ïðîöåññà

ðàñòâîðåíèÿ ôèêñèðîâàëè çíà÷åíèå ÎÂÏ êàæ-

äûå 30 ìèí. Ïî îêîí÷àíèè ýêñïåðèìåíòà ðàñòâîð

ôèëüòðîâàëè è àíàëèçèðîâàëè. Íåðàñòâîðèâ-

øèéñÿ ñïëàâ ïðîìûâàëè âîäîé, ñóøèëè, âçâåøè-

âàëè è àíàëèçèðîâàëè.

Ìåòîä 2. Ðàñòâîðåíèå ñïëàâà â ñìåñè àçîò-

íîé è ñîëÿíîé êèñëîò ñ ñîîòíîøåíèåì

HNO3:HCl = 1:4,8. Ñîîòíîøåíèå àçîòíîé è ñîëÿ-

íîé êèñëîò îïèñûâàåòñÿ õèìè÷åñêèìè óðàâíå-

íèÿìè (1), (2) è ñîñòàâëÿåò 1:3. Îäíàêî ïðè ðàñ-

ñìîòðåíèè óðàâíåíèé, îïèñûâàþùèõ âçàèìîäåé-

ñòâèå ìåòàëëîâ ñ êèñëîòàìè, ñîîòíîøåíèå ìåíÿ-

åòñÿ è ñîñòàâëÿåò HNO3:HCl = 1:4,8 îá.

3Pt + 18HCl + 4HNO3 =

= 3H2[PtCl6] + 4NO + 8H2O, (5)

Rh + 6HCl + HNO3 =

= H3[RhCl6] + NO + 2H2O. (6)

Àíàëîãè÷íî ïåðâîìó ýêñïåðèìåíòó ðàñòâîðÿ-

ëè êàê èñõîäíûé, òàê è ïîäâåðãøèéñÿ ìåõàíî-

àêòèâàöèè ñïëàâ.

Ìåòîä 3. Ðàñòâîðåíèå ñïëàâà â ñìåñè àçîò-

íîé è ñîëÿíîé êèñëîò ñ äîçèðîâàíèåì àçîòíîé

êèñëîòû îñóùåñòâëÿëè ñëåäóþùèì îáðàçîì. Íà-

âåñêó ñïëàâà ìàññîé 10 ã ïîìåùàëè â êîëáó, äî-

áàâëÿëè 47 ìë ñîëÿíîé êèñëîòû è íàãðåâàëè äî

òåìïåðàòóðû 80 °C, äàëåå ôèêñèðîâàëè çíà÷åíèå

ÎÂÏ è ïðèêàïûâàëè àçîòíóþ êèñëîòó (êîíö.) ïî

0,1 ìë äî îáúåìà, ïðè êîòîðîì äîñòèãàåòñÿ íåîá-

õîäèìîå çíà÷åíèå ÎÂÏ. Âðåìÿ ýêñïåðèìåíòà ñî-

ñòàâèëî 3 ÷.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðàñòâîðåíèå êàê ïëàòèíû, òàê è ðîäèÿ â öàð-

ñêîé âîäêå îáúÿñíÿåòñÿ îáðàçîâàíèåì óñòîé÷è-

âûõ êîìïëåêñîâ [PtCl4]
2–, [PtCl6]

2– è [RhCl6]
3–, ÷òî

âåäåò ê óìåíüøåíèþ ïîòåíöèàëà âîññòàíîâè-

òåëüíîé ñèñòåìû.

Èç-çà ïðåâàëèðóþùåé äîëè ïëàòèíà âíîñèò

áîëüøèé âêëàä â ïîòåíöèàë ñèñòåìû ïðè ðàñòâî-

ðåíèè ñïëàâà. Ïðè ýòîì ñòàíäàðòíûå çíà÷åíèÿ

ÎÂÏ äëÿ ïëàòèíû, ñëåäóþùèå: E
PtCl Pt

4

2	 /
=

= 0,73 Â è E
PtCl PtCl

6

2

4

2	 	/
= 0,68 Â [15]. Çíà÷åíèå

ñòàíäàðòíîãî ýëåêòðîäíîãî ïîòåíöèàëà â ñèñòåìå

àçîòíàÿ êèñëîòà — ñîëÿíàÿ êèñëîòà ñîñòàâëÿåò

0,96 Â [15].

Êëàññè÷åñêîå ðàñòâîðåíèå ñïëàâà â ñìåñè

àçîòíîé è ñîëÿíîé êèñëîò. Â êà÷åñòâå ðåïåðíîé

òî÷êè äëÿ äàëüíåéøèõ èññëåäîâàíèé èñïîëüçî-

âàëè èçâåñòíûé ñïîñîá ïåðåâîäà äðàãîöåííûõ

ìåòàëëîâ â ðàñòâîð — ñìåñü àçîòíîé è ñîëÿíîé

êèñëîò â ñîîòíîøåíèè 1:3 îá. Ïî ðåçóëüòàòàì

ðàñòâîðåíèÿ çà 3 ÷ â ðàñòâîð ïåðåøëî 71,4 % ïëà-

òèíû è 81,2 % ðîäèÿ. Ïðè ýòîì çíà÷åíèå ÎÂÏ â

íà÷àëå ýêñïåðèìåíòà ñîñòàâèëî 0,90 Â, à ñïóñòÿ

òðè ÷àñà ñíèçèëîñü äî 0,85 ìÂ.

Ïàäåíèå ÎÂÏ ñèñòåìû ñâèäåòåëüñòâóåò î

òîì, ÷òî ñî âðåìåíåì åå îêèñëèòåëüíàÿ ñïîñîá-

íîñòü óìåíüøàåòñÿ ââèäó ñíèæåíèÿ êîíöåíòðà-

öèè âûñîêîàêòèâíûõ ïðîäóêòîâ, â òîì ÷èñëå, àñ-

ñîöèàòîâ, äèîêñèäà àçîòà, õëîðà è íèòðîçèëõëî-

ðèäà. Ïðåäïîëàãàåòñÿ òàêæå, ÷òî ðåàêöèþ ðàçëî-

æåíèÿ íèòðîçèëõëîðèäà óñêîðÿåò íàëè÷èå ñàìî-

ãî ñïëàâà â ñèñòåìå. Èçâåñòíî, ÷òî ïëàòèíîâûå

ìåòàëëû, â òîì ÷èñëå ïëàòèíà è ðîäèé, îáëàäàþò

âûñîêîé êàòàëèòè÷åñêîé àêòèâíîñòüþ [16].

Ðàñòâîðåíèå ñïëàâà â ñìåñè àçîòíîé è ñîëÿ-

íîé êèñëîò ñ ñîîòíîøåíèåì HNO3:HCl = 1:4,8.

Ïî ðåçóëüòàòàì ðàñòâîðåíèÿ ñïëàâà ïðè äàííîì

ñîîòíîøåíèè êèñëîò çà 3 ÷ ñòåïåíü èçâëå÷åíèÿ

ïëàòèíû è ðîäèÿ â ðàñòâîð ñîñòàâèëà 73,7 è

63,5 % ñîîòâåòñòâåííî. Èçìåíåíèå îáúåìà ñîëÿ-

íîé êèñëîòû â ïðîöåññå ðàñòâîðåíèÿ ñïëàâà íå

ïðèâîäèò ê îùóòèìîìó ðåçóëüòàòó — íåçíà÷è-

òåëüíîå óâåëè÷åíèå ïåðåõîäà ïëàòèíû â ðàñòâîð

è, êàê ñëåäñòâèå, óáûëü ìàññû ñïëàâà. Îäíàêî

ñòîèò çàìåòèòü, ÷òî â ñëó÷àå ðîäèÿ ñèòóàöèÿ

íåîäíîçíà÷íàÿ. Â ðåçóëüòàòå îïûòà äîëÿ ðîäèÿ,

ïåðåøåäøàÿ â ðàñòâîð, ñîñòàâèëà 63,5 %, òîãäà

êàê ïðè êëàññè÷åñêîì âñêðûòèè îíà ñîñòàâëÿëà

81,2 %.

Äëÿ èññëåäîâàíèÿ êèíåòèêè ðàñòâîðåíèÿ

ñïëàâà âî âðåìåíè ñïëàâ ðàñòâîðÿëè â òå÷åíèå

9 ÷. Íà ðèñ. 3 ïðåäñòàâëåíà çàâèñèìîñòü ïåðå-

õîäà ïëàòèíû è ðîäèÿ â ðàñòâîð îò âðåìåíè.

Çà 9 ÷ ýêñïåðèìåíòà â ðàñòâîð ïåðåøëî 86 % ïëà-

òèíû è 81 % ðîäèÿ. Ïðè ýòîì ñòîèò îòìåòèòü, ÷òî

ñî âðåìåíåì ñêîðîñòü ðàñòâîðåíèÿ ñïëàâà ìåíÿ-

åòñÿ. Ïîñëå òðåõ ÷àñîâ ýêñïåðèìåíòà ñêîðîñòü

8 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10



ðàñòâîðåíèÿ ìåòàëëîâ óìåíüøèëàñü áîëüøå ÷åì

â 4 ðàçà. Ïîñëå 7 ÷ ðàñòâîðåíèÿ çàâèñèìîñòü ïå-

ðåõîäà ìåòàëëà â ðàñòâîð îò âðåìåíè âûõîäèò íà

ïëàòî, êàê â ñëó÷àå ïëàòèíû, òàê è ðîäèÿ.

Ïî ðåçóëüòàòàì îïûòà ìîæíî ñêàçàòü, ÷òî

ðàñòâîðåíèå ñïëàâà â ñìåñè êèñëîò ýôôåêòèâíî â

òå÷åíèå ïåðâûõ òðåõ ÷àñîâ, çàòåì ñêîðîñòü ðàñ-

òâîðåíèÿ çàìåòíî óìåíüøàåòñÿ. Ýòî ïîäòâåðæ-

äàåò ãðàôèê çàâèñèìîñòè çíà÷åíèÿ ÎÂÏ îò âðå-

ìåíè, íà êîòîðîì ìîæíî óâèäåòü òðè ÿâíûõ

ó÷àñòêà óáûâàþùåé ôóíêöèè.

Ïîìèìî èçìåíåíèÿ ñîîòíîøåíèÿ êèñëîò â

ïðîöåññå ðàñòâîðåíèÿ, â ðàáîòå òàêæå áûëî èñ-

ñëåäîâàíî âëèÿíèå ìåõàíîàêòèâàöèè íà ïðîöåññ

ðàñòâîðåíèÿ ïëàòèíîðîäèåâîãî ñïëàâà. Â òàáë. 2

ïðåäñòàâëåíû îñíîâíûå õàðàêòåðèñòèêè ãðà-

íóëîìåòðè÷åñêîãî ñîñòàâà ñïëàâà äî è ïîñëå

ìåõàíîàêòèâàöèè. Ïî äàííûì àíàëèçà âèäíî,

÷òî ïîñëå ìåõàíîàêòèâàöèè ðàçìåð ÷àñòèö ñóùå-

ñòâåííî óìåíüøèëñÿ.

Â ðåçóëüòàòå ýêñïåðèìåíòîâ óñòàíîâëåíî, ÷òî

ïîñëå 10 ìèí ìåõàíîàêòèâàöèè ñïëàâà ïîëíûé

ïåðåâîä ïëàòèíû è ðîäèÿ â ðàñòâîð äîñòèãàåòñÿ

çà 1 ÷àñ. Ïðè ýòîì ðàñòâîðåíèå ñïëàâà áûëî ïðî-

âåäåíî êàê ïðè êëàññè÷åñêîì ñîîòíîøåíèè êè-

ñëîò, òàê è ñ áóëüøèì îáúåìîì ñîëÿíîé êèñëîòû.

Äàííûé ôàêò îáúÿñíÿåòñÿ óìåíüøåíèåì ðàçìåðà

÷àñòèö, à òàêæå, êàê ïðåäïîëàãàþò àâòîðû, íàêî-

ïëåíèåì ñòðóêòóðíûõ äåôåêòîâ.

Ðàñòâîðåíèå ñïëàâà â ñìåñè àçîòíîé è ñîëÿ-

íîé êèñëîò ñ äîçèðîâàíèåì àçîòíîé êèñëîòû.

Îïèñàííûå âûøå ýêñïåðèìåíòû ïðèâîäÿò ê âû-

âîäó, ÷òî äëÿ ïîääåðæàíèÿ âûñîêîãî çíà÷åíèÿ

ÎÂÏ ñèñòåìû íåîáõîäèìî àçîòíóþ êèñëîòó ââî-

äèòü äîçèðîâàííî.

Â êà÷åñòâå ïîñòîÿííîãî çíà÷åíèÿ ÎÂÏ ñèñ-

òåìû â òå÷åíèå âñåãî âðåìåíè ðàñòâîðåíèÿ âû-

áðàëè äâà çíà÷åíèÿ — 0,85 Â è 0,90 Â îòíîñè-

òåëüíî Ag/AgCl. Ïðè âûáîðå çíà÷åíèÿ àâòîðû ðó-

êîâîäñòâîâàëèñü òåì, ÷òî ìàêñèìàëüíî âîçìîæ-

íîå çíà÷åíèå ÎÂÏ ñèñòåìû HCl – HNO3 – PtRh

ñîñòàâëÿëî 0,90 Â îòíîñèòåëüíî Ag/AgCl. Â

òàáë. 3 ïðåäñòàâëåíû ðåçóëüòàòû âñåõ ýêñïå-

ðèìåíòîâ ïî ðàñòâîðåíèþ ïëàòèíîðîäèåâîãî

ñïëàâà.

Ðàñòâîðåíèå ìåõàíîàêòèâèðîâàííîãî ñïëàâà

ïðîèñõîäèò çà ìåíüøåå âðåìÿ ïî ñðàâíåíèþ ñ

ðàñòâîðåíèåì èñõîäíûõ ñïëàâîâ. Ïðè ðàñòâîðå-
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Òàáëèöà 2. Îñíîâíûå õàðàêòåðèñòèêè ãðàíóëîìåòðè÷åñêîãî ñîñòàâà Pt – Rh ñïëàâà

Table 2. The main characteristics of the granulometric composition of a Pt – Rh alloy

Ñïëàâ Èñõîäíûé
Ìåõàíîàêòè-

âèðîâàííûé

Ñðåäíèé ðàçìåð ÷àñòèö MV, îïðåäåëåííûé èç îáúåìíîãî ðàñïðåäåëåíèÿ, ìêì 334,3 157,4

Ìèíèìàëüíûé ðàçìåð ÷àñòèö, ìêì 13,1 6,5

Ìàêñèìàëüíûé ðàçìåð ÷àñòèö, ìêì 1408,0 352,0

Ïðåèìóùåñòâåííûé äèàïàçîí ðàçìåðîâ ÷àñòèö, ìêì 209,3 – 837,2 148,0 – 296,0

Òàáëèöà 3. Ðåçóëüòàòû ýêñïåðèìåíòîâ ïî âñêðûòèþ Pt – Rh ñïëàâà (n = 3; P = 0,95)

Table 3. Results of experiments in opening Pt – Rh alloy (n = 3; P = 0.95)

Ñïîñîá âñêðûòèÿ
Âðåìÿ,

÷

Ñòåïåíü èç-

âëå÷åíèÿ Pt

â ðàñòâîð, %

Ñòåïåíü èç-

âëå÷åíèÿ Rh

â ðàñòâîð, %

Ñîîòíîøåíèå

HNO
3
:HCl,

îá.

1 Êëàññè÷åñêîå ðàñòâîðåíèå ñïëàâà 9 71,4 ± 1,4 81,2 ± 2,4 1,0:3,0

2 Ðàñòâîðåíèå ñïëàâà ïðè ñîîò-

íîøåíèè HNO
3
:HCl = 1:4,8 îá.

Èñõîäíûé ñïëàâ 9 73,7 ± 1,5 63,5 ± 1,9 0,6:3,0

Ïîñëå ìåõàíîàêòèâàöèè 1 98,3 ± 1,7 98,6 ± 1,4

3 Ðàñòâîðåíèå ñïëàâà ìåòîäîì

äîçèðîâàíèÿ HNO
3

Ïðè ÎÂÏ 0,85 Â 3 60,9 ± 1,2 60,9 ± 1,2 0,3:3,0

Ïðè ÎÂÏ 0,90 Â 3 84,2 ± 1,7 87,1 ± 2,6 0,6:3,0

Ðèñ. 3. Çàâèñèìîñòü ñòåïåíè ïåðåõîäà ïëàòèíû è ðîäèÿ

â ðàñòâîð îò âðåìåíè

Fig. 3. Time dependence of platinum and rhodium transi-

tion into solution



íèè èñõîäíîãî ñïëàâà ïî ðåçóëüòàòàì ýêñïåðè-

ìåíòîâ âèäíî, ÷òî íàèáîëåå ýôôåêòèâíûì ñïîñî-

áîì âñêðûòèÿ ÿâëÿåòñÿ ìåòîä ñ äîçèðîâàííûì

ââåäåíèåì àçîòíîé êèñëîòû. Âàæíûì óñëîâèåì â

òàêîì ðàñòâîðåíèè ÿâëÿåòñÿ ïîñòîÿííîå ïîääåð-

æàíèå çíà÷åíèÿ ÎÂÏ ðàâíûì èëè âûøå 0,9 Â.

Ïðè ýòîì ðàñõîä àçîòíîé êèñëîòû, çàòðà÷åííîé â

îïûòå ñ åå äîçèðîâàíèåì â äâà ðàçà ìåíüøå, ÷åì

â îïûòå ñ êëàññè÷åñêèì ñîîòíîøåíèåì êèñëîò.

Ïî ïðèáëèçèòåëüíûì ðàñ÷åòàì ïðè òàêîì

ñïîñîáå âñêðûòèÿ ïðîèñõîäèò óìåíüøåíèå îáúå-

ìà âûäåëÿþùèõñÿ îêñèäîâ àçîòà â äâà ðàçà, ÷òî

òàêæå ÿâëÿåòñÿ íåìàëîâàæíûì ïðåèìóùåñòâîì.

Îäíàêî çà âûáðàííûé ïðîìåæóòîê âðåìåíè

íå óäàëîñü ïîëíîñòüþ ïåðåâåñòè ìåòàëëû â ðàñ-

òâîð. Àâòîðàìè áûëî óñòàíîâëåíî, ÷òî äëÿ ïîëíî-

ãî âñêðûòèÿ îáðàçöà ñïëàâà íåîáõîäèìî óâåëè-

÷èòü âðåìÿ â 1,5 ðàçà.

Òàêèì îáðàçîì, íà îñíîâå ïîëó÷åííûõ ðå-

çóëüòàòîâ ðåêîìåíäóåòñÿ ïðîâîäèòü ðàñòâîðåíèå

ñïëàâîâ ñ ñîäåðæàíèåì ðîäèÿ 15 % ñ äîçèðîâàí-

íûì ââåäåíèåì àçîòíîé êèñëîòû ïðè ïîñòîÿííîì

ïîääåðæàíèè ÎÂÏ ðàâíûì 0,9 Â. Äëÿ óñêîðåíèÿ

ïðîöåññà ðàñòâîðåíèÿ ïðåäâàðèòåëüíî ìîæíî

ïðîâåñòè ìåõàíîàêòèâàöèþ ñïëàâà.

Çàêëþ÷åíèå

Èçó÷åíî ðàñòâîðåíèå ñïëàâà íà îñíîâå ïëàòè-

íû ñ äîëåé ðîäèÿ 15 % â ñìåñè àçîòíîé è ñîëÿíîé

êèñëîò. Óñòàíîâëåíî, ÷òî íàèáîëåå ýôôåêòèâíî

ïðîöåññ ðàñòâîðåíèÿ Pt – Rh ñïëàâà ïðîòåêàåò â

ñìåñè ñîëÿíîé è àçîòíîé êèñëîò ïðè ïîñòîÿííîì

çíà÷åíèè ÎÂÏ 0,9 Â. Ïîääåðæàíèå íåîáõîäèìîãî

çíà÷åíèÿ ÎÂÏ äîñòèãàåòñÿ ïóòåì äîçèðîâàííîãî

ââåäåíèÿ àçîòíîé êèñëîòû. Ðàçðàáîòàííàÿ ìåòî-

äèêà ïîçâîëÿåò ñîêðàòèòü îáúåì íåîáõîäèìîé

äëÿ ïðîöåññà àçîòíîé êèñëîòû íà 40 %, îáúåì âû-

äåëÿþùèõñÿ â ïðîöåññå ðàñòâîðåíèÿ ãàçîîáðàç-

íûõ âåùåñòâ — â äâà ðàçà, à òàêæå óìåíüøèòü

âðåìÿ ðàñòâîðåíèÿ ñïëàâà (â òðè ðàçà). Ïîìèìî

ýòîãî, áûëè ïîëó÷åíû äàííûå î ïîëîæèòåëüíîì

âëèÿíèè ìåõàíîàêòèâàöèè íà ïðîöåññ ðàñòâî-

ðåíèÿ ñïëàâà (óâåëè÷åíèå ñêîðîñòè ðàñòâîðåíèÿ

â 9 ðàç).
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Îïðåäåëåíèå ñåðåáðà â ìåäè, íèêåëå è ñïëàâàõ íà èõ îñíîâå ðåãëàìåíòèðîâàíî íîðìàòèâ-

íûìè äîêóìåíòàìè íà ðÿä ïðîäóêöèè öâåòíîé ìåòàëëóðãèè. Ðàçðàáîòàíû óñëîâèÿ îïðåäå-

ëåíèÿ Ag â ìåäè è íèêåëå ìåòîäîì ýëåêòðîòåðìè÷åñêîé àòîìíî-àáñîðáöèîííîé ñïåêòðî-

ìåòðèè âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷íèêîì íåïðåðûâíîãî ñïåêòðà íà óðîâíå 10–6 – 10–5 %.

Ïî ðåçóëüòàòàì àòîìíî-àáñîðáöèîííîãî îïðåäåëåíèÿ ñåðåáðà â ðàñòâîðàõ Cu è Ni ñ êîí-

öåíòðàöèåé 10 ã/ë êàæäîãî íàéäåíû îïòèìàëüíûå òåìïåðàòóðíûå ðåæèìû ïðîãðàììû

àòîìèçàòîðà è êîëè÷åñòâî ââîäèìîé íèêåëåâîé îñíîâû â ñòàíäàðòíûå ðàñòâîðû ñåðåáðà.

Äëÿ ïîñòðîåíèÿ ãðàäóèðîâî÷íûõ çàâèñèìîñòåé èñïîëüçîâàíû âîäíûå ñòàíäàðòíûå ðàñòâî-

ðû àíàëèòà (îïðåäåëåíèå â ìåäè) è âîäíûå ñòàíäàðòíûå ðàñòâîðû àíàëèòà ñ äîáàâêîé

10 ìã/ë íèòðàòà íèêåëÿ (îïðåäåëåíèå â íèêåëå). Âûáðàííàÿ òåìïåðàòóðà àòîìèçàöèè ñî-

ñòàâèëà 1600 °C, îáúåì äîçèðîâàíèÿ ðàñòâîðîâ â ãðàôèòîâóþ ïå÷ü — âñåãäà 20 ìêë. Ïðè

îïðåäåëåíèè ñåðåáðà â âûñîêî÷èñòîé ìåäè èñïîëüçîâàëè ðàçëè÷íûå òåìïåðàòóðû ñòàäèè

ïèðîëèçà äëÿ èçìåðåíèé ñ äîçèðîâàíèåì ñòàíäàðòíûõ ðàñòâîðîâ àíàëèòà — 600 °C, ñ äîçè-

ðîâàíèåì àíàëèçèðóåìîãî ðàñòâîðà ìåäè — 800 °C. Ïðè îïðåäåëåíèè ñåðåáðà â ðàñòâîðàõ

íèêåëÿ òåìïåðàòóðà ñòàäèè ïèðîëèçà ñîñòàâëÿëà 800 °C. Ðàçðàáîòàííûå óñëîâèÿ îïðåäåëå-

íèÿ ñåðåáðà àïðîáèðîâàíû ïðè àíàëèçå âûñîêî÷èñòûõ îáðàçöîâ ìåäè è íèêåëÿ (ñòàíäàðò-

íûå ðàñòâîðû Inorganic Ventures (ÑØÀ) ñ êîíöåíòðàöèåé 10 ã/ë) ìåòîäîì «ââåäåíî – íàé-

äåíî». Ìàêñèìàëüíîå çíà÷åíèå îòíîñèòåëüíîé ïîãðåøíîñòè îïðåäåëåíèé íå ïðåâûøàåò

13 %. Ïðåäåëû îáíàðóæåíèÿ ñåðåáðà ñîñòàâèëè: 1,8 · 10–6 % â ìåäè è 3,2 · 10–6 % â íèêåëå.

Êëþ÷åâûå ñëîâà: ñåðåáðî; ìåäü; íèêåëü; âûñîêî÷èñòûå ìàòåðèàëû; ýëåêòðîòåðìè÷åñêàÿ

àòîìíî-àáñîðáöèîííàÿ ñïåêòðîìåòðèÿ âûñîêîãî ðàçðåøåíèÿ; èñòî÷íèê ñïëîøíîãî ñïåêòðà.

DETERMINATION OF Ag IN HIGH-PURITY SOLUTIONS OF COPPER AND NICKEL

BY HIGH-RESOLUTION CONTINUUM-SOURCE ELECTROTHERMAL

ATOMIC ABSORPTION SPECTROMETRY (HR-CS-ETAAS)

� Mikhail Yu. Burylin, Elena S. Kopeiko,* Elena S. Kostyuchenko

Kuban State University, 149, Stavropol’skaya ul., Krasnodar, 350040, Russia; *e-mail: kopeikoelena@yandex.ru
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A need to control the silver content in high-purity copper and nickel samples is attributed to the deteriora-

tion of the technical characteristics of materials when the presence of such impurities exceeds the permis-

sible levels. In this study, modes for the determination of Ag in copper and nickel by high-resolution

electrothermal atomic absorption spectrometry with a continuum source at a content of 10–6 – 10–5 % have

been developed. The optimal temperature regimes of the atomizer program and the amount of chemical

modifier introduced were developed proceeding from the results of studying the regularities of atomic ab-

sorption measurements of silver in matrix solutions of Cu and Ni (with a concentration of 10 g/liter each).

To construct calibration dependences, aqueous standard solutions of the analyte (determination in cop-

per) and aqueous standard solutions of the analyte with the addition of nickel nitrate 10 mg/liter (determi-

nation in nickel) were used. The atomization temperature was chosen to be 1600°C. The dosing volume of

the solutions in the graphite furnace was always 20 ìl. When determining Ag in high-purity copper, differ-

ent temperatures of the pyrolysis stage were used for measurements with dosing of standard analyte solu-

tions (600°C) and for measurements with dosing of the analyzed copper solution (800°C). In the determi-

nation of silver in nickel solutions, the temperature of the pyrolysis stage was 800°C. The developed condi-

tions for the determination of silver were tested in the analysis of high-purity samples of copper and nickel

(standard solutions of Inorganic Ventures, USA with a concentration of 10 g/liter) using spiked tests. The
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maximum value of the relative error of determinations does not exceed 13%. The detection limits for silver

were: 1.8 × 10–6 % in copper and 3.2 × 10–6 % in nickel.

Keywords: silver; copper; nickel; high-purity materials; high-resolution electrothermal atomic absorp-

tion spectrometry; continuous source.

Ââåäåíèå

Íåîáõîäèìîñòü êîíòðîëÿ ñåðåáðà â ìåäè, íè-

êåëå è ñïëàâàõ íà èõ îñíîâå ðåãëàìåíòèðîâàíà

ðÿäîì äîêóìåíòîâ1,2. Ïðåâûøåíèå íîðì ñîäåðæà-

íèÿ ñåðåáðà óõóäøàåò òåõíè÷åñêèå õàðàêòåðè-

ñòèêè ïîëó÷àåìûõ ìàòåðèàëîâ, òàêèå êàê ýëåê-

òðîïðîâîäíîñòü, êîððîçèîííàÿ ñòîéêîñòü è ïðî÷-

íîñòü [1, 2]. Øèðîêî ïðèìåíÿåìûìè íà ñåãî-

äíÿøíèé äåíü ìåòîäàìè êîíòðîëÿ ïðèìåñåé â

ìåòàëëàõ è ñïëàâàõ ÿâëÿþòñÿ àòîìíî-ýìèññèîí-

íàÿ (ÀÝÑ) è ìàññ-ñïåêòðîìåòðèÿ (ÌÑ) ñ èíäóê-

òèâíî-ñâÿçàííîé ïëàçìîé (ÈÑÏ), à òàêæå ýëåê-

òðîòåðìè÷åñêàÿ àòîìíî-àáñîðáöèîííàÿ ñïåêòðî-

ìåòðèÿ (ÝÒÀÀÑ) ñ ãðàôèòîâîé ïå÷üþ [3]. Äëÿ

ó÷åòà âëèÿíèÿ ìàòðèöû â ìåòîäèêàõ ñ èñïîëüçî-

âàíèåì ÀÝÑ [4] è ÌÑ [5] èñïîëüçóþò ñòàíäàðò-

íûå îáðàçöû ñîñòàâà ñïëàâîâ, à äëÿ ÝÒÀÀÑ

îïðåäåëåíèÿ3 ïðåäóñìîòðåíî ââîäèòü â ãðàäóèðî-

âî÷íûå ðàñòâîðû ýëåìåíòû îñíîâû â êîëè÷åñò-

âàõ, ñîîòâåòñòâóþùèõ ñîäåðæàíèþ â àíàëèçèðóå-

ìûõ ïðîáàõ èëè èñïîëüçîâàòü ñòàíäàðòíûå îá-

ðàçöû ñîñòàâà ñïëàâîâ. Òàêîé ïîäõîä èìååò ðÿä

íåäîñòàòêîâ: äîïîëíèòåëüíûé ðàñõîä âûñîêî÷èñ-

òûõ ðåàêòèâîâ; âûñîêèå òðåáîâàíèÿ ê èõ ÷èñòîòå,

óìåíüøåíèå ðàáî÷åãî ðåñóðñà ãðàôèòîâîé òðóáêè

çà ñ÷åò ðàçðóøåíèÿ ãðàôèòà áîëüøèìè ìàññàìè

ìåòàëëè÷åñêîé ìàòðèöû, âíîñèìîé ïðè êàæäîì

èçìåðåíèè (ïîðÿäêà 100 ìêã). Êðîìå ýòîãî, èçâåñ-

òåí ïðèåì ïðåäâàðèòåëüíîãî îòäåëåíèÿ ëåãêîëå-

òó÷åé ìàòðèöû îò òóãîïëàâêèõ àíàëèòîâ, êàê, íà-

ïðèìåð, ýòî áûëî ñäåëàíî ïðè îïðåäåëåíèè â

òðèîêñèäå ìîëèáäåíà ñâûøå 30 ïðèìåñíûõ ýëå-

ìåíòîâ [6]. Äðóãîé ïîäõîä ïðåäïîëàãàåò èñïîëü-

çîâàíèå äâóõñòàäèéíîé çîíäîâîé àòîìèçàöèè,

÷òî ïîçâîëÿåò îòîãíàòü íåêîíäåíñèðóþùèåñÿ ãà-

çîîáðàçíûå ïðîäóêòû ðàçëîæåíèÿ îðãàíè÷åñêèõ

(ìîëî÷íûå ïðîäóêòû) [7] è íåîðãàíè÷åñêèõ (ãîð-

íûå ïîðîäû è ðóäû) ïðîá [8]. Ê ñîæàëåíèþ, ïðè-

ìåíèòü äàííûå ñïîñîáû íå ïðåäñòàâëÿåòñÿ âîç-

ìîæíûì, òàê êàê ðàññìàòðèâàåìûé â íàñòîÿùåé

ðàáîòå àíàëèò (Ag) íå ÿâëÿåòñÿ ëåãêîëåòó÷èì ïî

îòíîøåíèþ ê ìàòðè÷íûì ýëåìåíòàì Cu è Ni.

Êðîìå òîãî, ñ áîëüøîé âåðîÿòíîñòüþ ñëåäóåò

îæèäàòü êîíäåíñàöèþ ìåòàëëè÷åñêîé ìàòðèöû

íà âîëüôðàìîâîì çîíäå.

Ïðè èñïîëüçîâàíèè ìåòîäà ÀÝÑ ñ äóãîé ïî-

ñòîÿííîãî òîêà äèàïàçîí îïðåäåëÿåìûõ ñîäåðæà-

íèé ñåðåáðà â íèêåëåâûõ ñïëàâàõ ñîñòàâëÿåò îò

0,00001 äî 0,001 %, ïðè ýòîì äîïóñòèìàÿ ïîãðåø-

íîñòü àíàëèçà ìîæåò ñîñòàâëÿòü ïîðÿäêà 30 %4.

Äëÿ ìåòîäà ÈÑÏ-ÌÑ óñòàíîâëåííûé äèàïàçîí

îïðåäåëÿåìûõ ñîäåðæàíèé àíàëèòà â òåõ æå

ñïëàâàõ — 0,00001 – 0,00035 % ñ äîïóñòèìîé ïî-

ãðåøíîñòüþ íà óðîâíå 20 %5.

Ìåòîä àòîìíî-àáñîðáöèîííîé ñïåêòðîìåòðèè

øèðîêî èñïîëüçóþò â ëàáîðàòîðèÿõ, çàíèìàþ-

ùèõñÿ èñïûòàíèÿìè ïðîäóêöèè öâåòíîé è ÷åð-

íîé ìåòàëëóðãèè. Îí ïîçâîëÿåò îïðåäåëÿòü Ag,

As, Bi, Cd, Pb, Sb, Se, Sn, Te è Tl íà óðîâíå ñîäåð-

æàíèé îò 1 · 10–5 % è âûøå3, îäíàêî òàêæå âêëþ-

÷àåò â ñåáÿ íåîáõîäèìîñòü ïðèìåíåíèÿ ãðàäóèðî-

âî÷íûõ ðàñòâîðîâ ñ äîáàâëåíèåì âûñîêîêîí-

öåíòðèðîâàííîé ìàòðèöû (íèêåëü). Èçâåñòíî

ïðèìåíåíèå ìåòîäà ÝÒÀÀÑ äëÿ ïðÿìîãî àíàëèçà

òâåðäûõ ïðîá (solid-sampling) ñóëüôèäíîé ðóäû,

ïî÷âû, ïîëèìåðíîãî è áèîëîãè÷åñêîãî ìàòåðèà-

ëîâ [9]. Âìåñòî òåðìîñòàáèëèçàöèè ñåðåáðà ïàë-

ëàäèåâûì õèìè÷åñêèì ìîäèôèêàòîðîì ïðåäëî-

æåíî ïîíèçèòü òåìïåðàòóðó àòîìèçàöèè. Ýòî ïî-

çâîëèëî ïðîâåñòè àòîìèçàöèþ Ag îòäåëüíî îò

òðóäíîëåòó÷åé ìåòàëëè÷åñêîé ìàòðèöû íà îñíî-

âå ìåäè è íèêåëÿ (ñóëüôèäíàÿ ðóäà). Â êà÷åñòâå

õèìè÷åñêîãî ìîäèôèêàòîðà èñïîëüçîâàíà 1,4 Ì

àçîòíàÿ êèñëîòà (10 ìêë íà äîçèðóåìóþ ïðîáó).

Ãðàäóèðîâêà ïîñòðîåíà ïî ñòàíäàðòíûì ðàñòâî-

ðàì àíàëèòîâ ñ äîçèðîâàíèåì íà ïëàòôîðìó äëÿ

òâåðäûõ ïðîá. Ìèíèìàëüíî îïðåäåëÿåìîå ñîäåð-

æàíèå ñåðåáðà â ñóëüôèäíîé ðóäå ñîñòàâèëî ïðè-

ìåðíî 10–6 %.

Â öåëÿõ óñîâåðøåíñòâîâàíèÿ ìåòîäà àòîìíî-

àáñîðáöèîííîé ñïåêòðîìåòðèè áûëè ðàçðàáîòà-

íû ñïåêòðîìåòðû âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷-

íèêîì íåïðåðûâíîãî ñïåêòðà, êîòîðûå îñíàùåíû

íàèáîëåå ýôôåêòèâíîé ñèñòåìîé êîððåêöèè íå-

ñåëåêòèâíîãî ïîãëîùåíèÿ. Ïðè ýòîì èñêëþ÷åíà

íåîáõîäèìîñòü ïðèìåíåíèÿ äîïîëíèòåëüíîãî èñ-

òî÷íèêà ñâåòà, à òàêæå âîçìîæíà îäíîâðåìåííàÿ
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ðåãèñòðàöèÿ àíàëèòè÷åñêîãî ñèãíàëà àòîìíîãî

ïîãëîùåíèÿ è ôîíà. Ðåãèñòðàöèÿ ñèãíàëîâ îñó-

ùåñòâëÿåòñÿ òâåðäîòåëüíûìè ïîëóïðîâîäíèêî-

âûìè äåòåêòîðàìè ñ ðàçðåøåíèåì ïîðÿäêà 2 ïì,

÷òî äîáàâëÿåò òðåòüþ êîîðäèíàòó ê àíàëèòè÷å-

ñêîìó ñèãíàëó ïðè ýëåêòðîòåðìè÷åñêîé àòîìèçà-

öèè (äëèíà âîëíû) è ïîçâîëÿåò ïîëó÷èòü áîëåå

äåòàëüíóþ èíôîðìàöèþ î ïðèðîäå ôîíà. Îòìå-

÷åíî òàêæå ñíèæåíèå ïðåäåëîâ îáíàðóæåíèÿ çà

ñ÷åò óëó÷øåíèÿ ñîîòíîøåíèÿ ñèãíàë/øóì [10,

11]. Íåìàëîâàæíîé ÿâëÿåòñÿ êîíñòðóêöèÿ èñ-

ïîëüçóåìîãî ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà

[12] — áîêîâîå îòíîñèòåëüíî ãðàôèòîâîé òðóáêè

ðàñïîëîæåíèå íàãðåâàòåëüíûõ ýëåêòðîäîâ.

Îïóáëèêîâàíà ðàáîòà î ïðèìåíåíèè ñïåêòðî-

ìåòðîâ âûñîêîãî ðàçðåøåíèÿ äëÿ îïðåäåëåíèÿ Al

â îáðàçöàõ æåëåçà [13], â êîòîðîé âëèÿíèå ìàòðè-

öû óäàëîñü óñòðàíèòü çà ñ÷åò ðåãèñòðàöèè òîëüêî

öåíòðàëüíîãî ïèêñåëÿ íà ìåíåå ÷óâñòâèòåëüíîé

ëèíèè àëþìèíèÿ. Â ðàáîòå [14] çîëîòî â ãåîëîãè-

÷åñêèõ îáðàçöàõ îïðåäåëÿëè ñ ïðåäâàðèòåëüíûì

êîíöåíòðèðîâàíèåì íà óãëåðîäíûõ íàíîòðóáêàõ.

Ïðè îïðåäåëåíèè Cd â óãëå èñïîëüçîâàëè èðè-

äèåâûé ïåðìàíåíòíûé õèìè÷åñêèé ìîäèôèêàòîð

[15]. Àâòîðû ðàáîòû [16] ïðèìåíèëè òåõíèêó äî-

çèðîâàíèÿ òâåðäûõ ïðîá äëÿ àíàëèçà ãåîëîãè-

÷åñêèõ îáúåêòîâ ìåòîäîì ÝÒÀÀÑ âûñîêîãî ðàçðå-

øåíèÿ. Èç-çà ôîíîâîãî ïîãëîùåíèÿ ñ ÿðêî âûðà-

æåííîé òîíêîé ñòðóêòóðîé ñïåêòðà, îáóñëîâëåí-

íîé ñîäåðæàíèåì ìîëåêóë ñåðû, ãðàäóèðîâî÷íûå

ãðàôèêè ïîñòðîåíû ñ èñïîëüçîâàíèåì ñòàíäàðò-

íûõ îáðàçöîâ ðóä. Ïðåäåë îáíàðóæåíèÿ ñåðåáðà â

äàííîé ðàáîòå ñîñòàâèë 2 · 10–7 %.

Ïðîâåäåííûå íàìè èññëåäîâàíèÿ [17] ïîä-

òâåðäèëè ïîäàâëÿþùåå âëèÿíèå ìåòàëëè÷åñêèõ

ìàòðèö Cu è Ni ïðè èçìåðåíèè àòîìíîé àáñîðá-

öèè As, Bi, Pb, Sb è Sn ñ ýëåêòðîòåðìè÷åñêîé àòî-

ìèçàöèåé. Ýòî îñîáåííî çàìåòíî ïðè èçáûòêå

ìàññû ìàòðè÷íûõ ýëåìåíòîâ ïî ñðàâíåíèþ ñ ìàñ-

ñàìè àíàëèòîâ, íà÷èíàÿ îò 104 è áîëåå. Ïðè îïòè-

ìèçèðîâàííûõ óñëîâèÿõ èçìåðåíèé îêàçàëîñü

âîçìîæíûì îïðåäåëèòü àíàëèòû â ìåäíîé è íè-

êåëåâîé ìàòðèöàõ íà óðîâíå n · 10–5 % ìåòîäîì

ÝÒÀÀÑ âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷íèêîì íå-

ïðåðûâíîãî ñïåêòðà. Ãðàäóèðîâî÷íûå çàâèñèìî-

ñòè ïîñòðîåíû ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ

ðàñòâîðîâ îïðåäåëÿåìûõ ýëåìåíòîâ. Äëÿ ÝÒÀÀÑ

íèçêîãî ðàçðåøåíèÿ ñ ëèíåé÷àòûìè èñòî÷íèêà-

ìè èçëó÷åíèÿ ýòîò ïîêàçàòåëü îêàçàëñÿ íà ïîðÿ-

äîê õóæå.

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ — ðàçðàáî-

òàòü óñëîâèÿ îïðåäåëåíèÿ ñåðåáðà â ðàñòâîðàõ

âûñîêî÷èñòûõ îáðàçöîâ ìåäè è íèêåëÿ ñ êîíöåí-

òðàöèåé êàæäîãî ìàòðè÷íîãî ýëåìåíòà 10 ã/ë ìå-

òîäîì ÝÒÀÀÑ âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷íè-

êîì íåïðåðûâíîãî ñïåêòðà.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â ðàáîòå èñïîëüçîâàí àòîìíî-àáñîðáöèîííûé

ñïåêòðîìåòð âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷íèêîì

ñïëîøíîãî ñïåêòðà ContraAA800 ñ ýëåêòðîòåðìè-

÷åñêèì àòîìèçàòîðîì ïîïåðå÷íîãî íàãðåâà, àâòî-

äîçàòîðîì AS-GF è ãðàôèòîâûìè òðóáêàìè ñ ïè-

ðîëèòè÷åñêèì ïîêðûòèåì. Èñòî÷íèêîì èçëó÷å-

íèÿ ñëóæèëà êñåíîíîâàÿ ëàìïà âûñîêîãî äàâëå-

íèÿ (âñå Analytic Jena, Ãåðìàíèÿ). Èñïîëüçîâàíà

íàèáîëåå ÷óâñòâèòåëüíàÿ ëèíèÿ Ag 328,068 íì.

Ïðè ýòîì ëèíèè àòîìíîãî ïîãëîùåíèÿ ìàòðè÷-

íûõ ýëåìåíòîâ Cu è Ni íå ñîâïàäàþò ñ àíàëèòè-

÷åñêèìè ëèíèÿìè îïðåäåëÿåìîãî ýëåìåíòà: òàê,

ëèíèè ïîãëîùåíèÿ ìåäè (íì/îòí. ÷óâñòâ., %) —

324,754/100; 327,396/45; 217,894/18; 216,509/13;

222,570/5; 249,215/1; 224,426/0,4; 244,161/0,3;

ëèíèè ïîãëîùåíèÿ íèêåëÿ — 232,003/100;

231,096/59; 341,477/21; 352,454/19; 305,082/13;

351,505/8; 346,165/5; 303,793/5; 336,356/4;

323,293/2; 294,361/1,5. Ðåãèñòðàöèþ àíàëèòè-

÷åñêèõ ñèãíàëîâ ïðîâîäèëè ñ ïîìîùüþ íàáîðà

ïèêñåëåé CP ± 2 (CP — öåíòðàëüíûé ïèêñåëü).

Äàííûé ïàðàìåòð áûë âûáðàí â ñîîòâåòñòâèè ñ

ðåêîìåíäàöèÿìè [10, 18] è ïî ðåçóëüòàòàì ñîáñò-

âåííûõ èññëåäîâàíèé [19] êàê ïîêàçàâøèé íàè-

ëó÷øóþ ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ è íàè-

áîëüøèå ëèíåéíûå äèàïàçîíû ãðàäóèðîâî÷íûõ

ãðàôèêîâ ïðè äàííîé êîìáèíàöèè ðåãèñòðèðó-

þùèõ ïîëóïðîâîäíèêîâûõ äåòåêòîðîâ. Âî âñåõ

ñëó÷àÿõ èçìåðÿëè èíòåãðàëüíóþ àáñîðáöèþ.

Ðåæèìû íàãðåâà ãðàôèòîâîé ïå÷è ïðåäñòàâ-

ëåíû â òàáë. 1. Äîçèðóåìûé îáúåì ðàñòâîðîâ â

ãðàôèòîâóþ ïå÷ü ñîñòàâèë 20 ìêë. Â êà÷åñòâå çà-

ùèòíîãî ãàçà èñïîëüçîâàëè àðãîí ïîâûøåííîé

÷èñòîòû (îáúåìíàÿ äîëÿ àðãîíà — íå ìåíåå

99,99 %).

Ðàáî÷èé ðàñòâîð Ag ãîòîâèëè ðàçáàâëåíèåì

ñòàíäàðòíûõ ðàñòâîðîâ Ag (1 ã/ë) (Inorganic

Ventures, ÑØÀ) áèäèñòèëëèðîâàííîé âîäîé â

äåíü èõ èñïîëüçîâàíèÿ. Ïîñêîëüêó ïðèãîòîâëå-

íèå ðàñòâîðîâ èç âûñîêî÷èñòûõ ìåòàëëîâ òðåáóåò

ñïåöèàëüíûõ óñëîâèé (÷èñòàÿ êîìíàòà, âûñîêî-

÷èñòûå êèñëîòû äëÿ ðàñòâîðåíèÿ è ò.ä.), â ðàáîòå

èñïîëüçîâàíû ãîòîâûå «ìàòðè÷íûå ðàñòâîðû»

Cu è Ni — ñòàíäàðòíûå ðàñòâîðû ìåäè è íèêåëÿ

ñ êîíöåíòðàöèÿìè 10 ã/ë êàæäîãî (Inorganic

Ventures, ÑØÀ). ×èñòîòà èñïîëüçóåìûõ ìåòàë-

ëîâ Cu è Ni äëÿ ïðèãîòîâëåíèÿ ðàñòâîðîâ, óêà-

çàííàÿ ïðîèçâîäèòåëåì, ñîñòàâëÿåò íå ìåíåå

99,9996 %, à ñîäåðæàíèå Ag â ðàñòâîðàõ — íå áî-

ëåå 2 ìêã/ë.

Ìåòîäèêà èññëåäîâàíèé. Äëÿ îïòèìèçàöèè

ðåæèìà íàãðåâà ãðàôèòîâîé ïå÷è ïðè îïðåäåëå-

íèè ñåðåáðà èñïîëüçîâàëè ìåòîä ïîñòðîåíèÿ êðè-

âûõ ïèðîëèçà è àòîìèçàöèè ñ äîçèðîâàíèåì

ñòàíäàðòíîãî ðàñòâîðà ñåðåáðà ñ êîíöåíòðàöèåé

2 ìêã/ë è ìàòðè÷íûõ ðàñòâîðîâ Cu è Ni ñ êîíöåí-

òðàöèåé 10 ã/ë è äîáàâêîé ñåðåáðà 2 ìêã/ë.
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Äàëåå ïî ðåçóëüòàòàì èçìåðåíèé àáñîðáöèè

ïðè äîçèðîâàíèè òîëüêî ìàòðè÷íûõ ðàñòâî-

ðîâ Cu è Ni îáîñíîâàíû òåìïåðàòóðû ïèðîëèçà

è àòîìèçàöèè, îáåñïå÷èâàþùèå ìèíèìàëüíîå

âëèÿíèå ôîíîâîãî ñèãíàëà è ðåãèñòðàöèþ íóëå-

âûõ çíà÷åíèé àáñîðáöèè ñåðåáðà.

Çàòåì ïðîâåäåíî èçìåðåíèå àáñîðáöèè Ag

ñ äîçèðîâàíèåì åãî ñòàíäàðòíûõ ðàñòâîðîâ

(0,25 ìêã/ë) è ìàòðè÷íûõ ðàñòâîðîâ Cu è Ni ñ

àíàëîãè÷íûìè äîáàâêàìè Ag. Ïðèìåíåí êðèòå-

ðèé îïòèìèçàöèè ðåæèìîâ ïðîãðàììû àòîìèçà-

òîðà — ñîâïàäåíèå çíà÷åíèé àáñîðáöèè ïðè äî-

çèðîâàíèè ñòàíäàðòíûõ ðàñòâîðîâ è ðàñòâîðîâ

íà îñíîâå ìåòàëëè÷åñêîé ìàòðèöû. Äëÿ âûïîë-

íåíèÿ òàêîãî êðèòåðèÿ äîïóñòèëè ïðèìåíåíèå

ðàçíûõ òåìïåðàòóðíûõ ðåæèìîâ íà ñòàäèÿõ ïðî-

ãðàììû àòîìèçàòîðà ïðè èçìåðåíèè àáñîðáöèè

Ag â ãðàäóèðîâî÷íûõ ðàñòâîðàõ è â ðàñòâîðàõ

ïðîá ìåòàëëîâ, êàê ýòî áûëî ñäåëàíî ðàíåå [19].

Äëÿ îáîñíîâàíèÿ ñïîñîáà ïîñòðîåíèÿ ãðàäóè-

ðîâî÷íûõ çàâèñèìîñòåé ñîïîñòàâèëè çíà÷åíèÿ

êîýôôèöèåíòîâ ðåãðåññèè, ïîëó÷åííûå ïî ðå-

çóëüòàòàì àíàëèçà ñåðèé ñòàíäàðòíûõ ðàñòâîðîâ

è ïî äîáàâêàì ñåðåáðà ê ìàòðè÷íûì ðàñòâîðàì

Cu è Ni.

Àïðîáàöèÿ îïòèìèçèðîâàííûõ óñëîâèé

ÝÒÀÀÑ-îïðåäåëåíèÿ Ag ïðîâåäåíà ñ èñïîëüçîâà-

íèåì ñòàíäàðòíûõ ðàñòâîðîâ íà îñíîâå ìåäè è

íèêåëÿ (10 ã/ë êàæäîãî) ìåòîäîì «ââåäåíî – íàé-

äåíî». Òàêàÿ êîíöåíòðàöèÿ ðàñòâîðîâ ìåòàëëè-

÷åñêîé îñíîâû ñîîòâåòñòâóåò ñîñòàâó àíàëèçèðó-

åìîãî ðàñòâîðà ïîñëå ïîäãîòîâêè ïðîáû ïî

ìåòîäèêå3.

Îáñóæäåíèå ðåçóëüòàòîâ

Êðèâûå ïèðîëèçà è àòîìèçàöèè (ðèñ. 1, à),

ïîñòðîåííûå ïî ðåçóëüòàòàì èçìåðåíèÿ àáñîðá-

öèè ñåðåáðà ñ äîçèðîâàíèåì ñòàíäàðòíîãî ðàñ-

òâîðà ýëåìåíòà (2 ìêã/ë), ïîêàçàëè: ìàêñèìàëüíî

äîïóñòèìàÿ òåìïåðàòóðà ñòàäèè ïèðîëèçà ñîñòà-

âèëà 600 °C, à îïòèìàëüíàÿ òåìïåðàòóðà àòîìè-

çàöèè — 1600 °C. Â ïðèñóòñòâèè 10 ã/ë ìåäè ìàê-

ñèìàëüíî äîïóñòèìàÿ òåìïåðàòóðà ñòàäèè ïèðî-

ëèçà ïîâûñèëàñü äî 800 °C, à äèàïàçîí îïòèìàëü-

íûõ òåìïåðàòóð àòîìèçàöèè íå èçìåíèëñÿ (ñì.

ðèñ. 1, á). ×óâñòâèòåëüíîñòü àòîìíî-àáñîðáöèîí-

íîãî îïðåäåëåíèÿ òàêæå íå èçìåíèëàñü. Çíà÷å-

íèÿ õàðàêòåðèñòè÷åñêèõ ìàññ ñåðåáðà ñîñòàâèëè

2,1 è 1,9 ïã äëÿ ñòàíäàðòíîãî ðàñòâîðà àíàëèòà è

äëÿ ìàòðè÷íîãî ðàñòâîðà ìåäè ñ äîáàâêîé ñåðåá-

ðà ñîîòâåòñòâåííî. Ðåçóëüòàòû èçìåðåíèÿ àíàëè-

òè÷åñêîãî ñèãíàëà ñåðåáðà ñ äîçèðîâàíèåì ìàò-

ðè÷íîãî ðàñòâîðà Cu ïîêàçàëè íóëåâûå çíà÷å-

íèÿ. Íàëîæåíèÿ ïîñòîðîííèõ ëèíèé è ïîëîñ ïî-

ãëîùåíèÿ âî âñåì èññëåäóåìîì äèàïàçîíå íå íà-

áëþäàåòñÿ (ðèñ. 2, à). Òàêèì îáðàçîì, äëÿ

óñòðàíåíèÿ âëèÿíèÿ ìàòðèöû ìåäè ïðè îïðåäå-

ëåíèè Ag ìåòîäîì ÝÒÀÀÑ äîñòàòî÷íî çàäàâàòü

ðàçëè÷íûå òåìïåðàòóðû ñòàäèé ïèðîëèçà ïðè

äîçèðîâàíèè ñòàíäàðòíîãî ðàñòâîðà (600 °C) è
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Òàáëèöà 1. Ïðîãðàììà ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà

Table 1. Electrothermal atomizer program

Ñòàäèÿ Âðåìÿ, ñ Òåìïåðàòóðà, °C Ñêîðîñòü íàãðåâà, °C/ñ Ñêîðîñòü çàùèòíîãî ãàçà, ë/ìèí

Ñóøêà 30 105 5 max

Ïèðîëèç 22 Îïòèìèçèðîâàíû 100 max

Àòîìèçàöèÿ* 5 Îïòèìèçèðîâàíû 1500 stop

Î÷èñòêà 4 2700 500 max

* Èçìåðåíèå àíàëèòè÷åñêîãî ñèãíàëà: èíòåãðàëüíàÿ àáñîðáöèÿ.

à á â

Ðèñ. 1. Çàâèñèìîñòü èíòåãðàëüíîé àáñîðáöèè ñåðåáðà îò òåìïåðàòóð ñòàäèé ïèðîëèçà è àòîìèçàöèè: à — ñòàíäàðòíûé

ðàñòâîð Ag 2 ìêã/ë; á — ìàòðèöà Cu 10 ã/ë ñ äîáàâêîé Ag 2 ìêã/ë; â — ìàòðèöà Ni 10 ã/ë ñ äîáàâêîé Ag 2 ìêã/ë

Fig. 1. Dependence of the atomic absorption of silver on the temperatures of the pyrolysis and atomization stages: a — stan-

dard solution, b — matrix Cu 10 g/liter with addition of Ag 2 ìg/liter; c — Ni matrix 10 g/liter with addition of Ag 2 ìg/liter



àíàëèçèðóåìîãî ðàñòâîðà âûñîêî÷èñòîé ìåäè

(800 °C), ïðèãîòîâëåííîãî ïî ìåòîäèêå6, ñ êîí-

öåíòðàöèåé ìåäè 10 ã/ë.

Â ïðèñóòñòâèè 10 ã/ë íèêåëÿ ìàêñèìàëüíî äî-

ïóñòèìàÿ òåìïåðàòóðà ñòàäèè ïèðîëèçà ñåðåáðà

òàêæå ïîâûñèëàñü äî 800 °C. Äèàïàçîí îïòèìàëü-

íûõ òåìïåðàòóð àòîìèçàöèè íå èçìåíèëñÿ (ñì.

ðèñ. 1, â). À âîò ÷óâñòâèòåëüíîñòü àòîìíî-àáñîðá-

öèîííîãî îïðåäåëåíèÿ óõóäøèëàñü ïî÷òè â òðè

ðàçà. Çíà÷åíèå õàðàêòåðèñòè÷åñêîé ìàññû ñåðåá-

ðà ïðè äîçèðîâàíèè ìàòðè÷íîãî ðàñòâîðà íèêåëÿ

ñ äîáàâêîé ñåðåáðà ñîñòàâèëî 5,7 ïã. Ïî-âèäèìî-

ìó, ýòî ñâÿçàíî ñ âëèÿíèåì áîëüøîãî êîëè÷åñòâà

íèêåëÿ â ãðàôèòîâîé ïå÷è íà ñòàäèè àòîìèçà-

öèè, êîòîðûé ñïîñîáñòâóåò çàòðóäíåíèþ âûõîäà

àíàëèòà è, êàê ñëåäñòâèå, ïàäåíèþ ÷óâñòâèòåëü-

íîñòè. Òàêîé ýôôåêò íàáëþäàåòñÿ òîëüêî â ïðè-

ñóòñòâèè íèêåëÿ. Âåðîÿòíåå âñåãî, ýòî îáóñëîâëå-

íî òåì, ÷òî íèêåëü áîëåå òåðìè÷åñêè óñòîé÷èâ

(tïëàâ = 1455 °C) ïî ñðàâíåíèþ ñ ìåäüþ (tïëàâ =

= 1083 °C) [20]. Ðåçóëüòàòû îïðåäåëåíèÿ çàâèñè-

ìîñòè àáñîðáöèè Ag îò êîíöåíòðàöèè íèêåëÿ â

ðàñòâîðå (ðèñ. 3) ïîêàçàëè âûðàâíèâàíèå ïàðà-

ìåòðîâ ïèêîâ àáñîðáöèè â ïðèñóòñòâèè íèêåëÿ â

àíàëèçèðóåìîì ðàñòâîðå â ñîäåðæàíèè îò 10 äî

104 ìã/ë (10 ã/ë). Ðåçóëüòàòû èçìåðåíèÿ àíàëèòè-

÷åñêîãî ñèãíàëà ñåðåáðà ñ äîçèðîâàíèåì ìàòðè÷-

íîãî ðàñòâîðà Ni (10 ã/ë) ïîêàçàëè íóëåâûå çíà-

÷åíèÿ. Ïîñòîðîííèõ ëèíèé è ïîëîñ ïîãëîùåíèÿ

âî âñåì èññëåäóåìîì äèàïàçîíå íå íàáëþäàåòñÿ

(ñì. ðèñ. 2, á). Òåìïåðàòóðû ñòàäèè ïèðîëèçà äëÿ

âñåõ àíàëèçèðóåìûõ íèêåëüñîäåðæàùèõ ðàñòâî-

ðîâ ñëåäóåò óâåëè÷èòü äî 800 °C. Òàêèì îáðàçîì,

äîñòè÷ü ðàâíîé ÷óâñòâèòåëüíîñòè àòîìíî-àáñîðá-

öèîííîãî îïðåäåëåíèÿ Ag â åãî ñòàíäàðòíûõ ðàñ-

òâîðàõ è àíàëèçèðóåìûõ ðàñòâîðàõ âûñîêî÷èñòî-

ãî íèêåëÿ (ñ êîíöåíòðàöèåé 10 ã/ë) ìîæíî äîáàâ-

êîé â ñòàíäàðòíûå ðàñòâîðû Ag íå ìåíåå 10 ìã/ë

íèêåëåâîé îñíîâû.

Ïî ðåçóëüòàòàì èçó÷åíèÿ çàêîíîìåðíîñòåé

àòîìíî-àáñîðáöèîííîãî îïðåäåëåíèÿ ñåðåáðà â

ìàòðè÷íûõ ðàñòâîðàõ Cu è Ni (ñ êîíöåíòðàöèåé

10 ã/ë êàæäîãî) ìåòîäîì ÝÒÀÀÑ âûñîêîãî ðàçðå-

øåíèÿ ðàçðàáîòàíû îïòèìàëüíûå òåìïåðàòóð-

íûå ðåæèìû ïðîãðàììû àòîìèçàòîðà è êîëè÷åñò-

âî ââîäèìîé íèêåëåâîé îñíîâû (òàáë. 2).

Äëÿ îáîñíîâàíèÿ ñïîñîáà ãðàäóèðîâêè ïî-

ñòðîåíû çàâèñèìîñòè àáñîðáöèè îò êîíöåí-

òðàöèè àíàëèòà ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ

ðàñòâîðîâ Ag è ìàòðè÷íûõ ðàñòâîðîâ Cu è Ni ñ

äîáàâëåíèåì ñåðåáðà. Èñïîëüçîâàííûå ðåæèìû

óêàçàíû â òàáë. 2.

Ñðàâíåíèå êîýôôèöèåíòîâ ðåãðåññèé ïîëó-

÷åííûõ ãðàäóèðîâî÷íûõ çàâèñèìîñòåé (òàáë. 3)

ïîêàçàëî èõ ðàçëè÷èå íå áîëåå ÷åì íà 15 % îòí.

Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä î âîçìîæ-

íîñòè èñïîëüçîâàíèÿ ñåðèè ñòàíäàðòíûõ ðàñòâî-

ðîâ ýëåìåíòîâ äëÿ ãðàäóèðîâêè.
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à á

Ðèñ. 2. Àíàëèòè÷åñêèå ñèãíàëû Ag ïðè äîçèðîâàíèè

ìåäíîé (à) è íèêåëåâîé (á) ìàòðèö (10 ã/ë êàæäîé); t
ïèð

=

= 800 °C; t
àòì

= 1600 °C

Fig. 2. Analytical signals of Ag during dosing of copper (a)

and nickel (b) matrices (10 g/liter each); tpyr = 800°C; tatm =

= 1600°C Ðèñ. 3. Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà ñåðåáðà

(2 ìêã/ë) îò êîíöåíòðàöèè íèêåëÿ

Fig. 3. Dependence of the analytical signal of silver (2 ìg/li-

ter) on the concentration of nickel

Òàáëèöà 2. Ðåæèìû ÝÒÀÀÑ îïðåäåëåíèÿ Ag â ðàñòâîðå âûñîêî÷èñòûõ îáðàçöîâ Cu è Ni ñ êîíöåíòðàöèåé 10 ã/ë êàæäîãî

Table 2. ETAAS modes for the determination of Ag in a solution of high-purity Cu and Ni samples with a concentration of

10 g/liter each

Ïàðàìåòð

Çíà÷åíèå ïàðàìåòðà

Ðàñòâîð Cu Ðàñòâîð Ni

Òåìïåðàòóðà ïèðîëèçà, °C 600 — äëÿ ñòàíäàðòíîãî ðàñòâîðà Ag 800 — äëÿ âñåõ ðàñòâîðîâ

800 — äëÿ îáðàçöà ðàñòâîðà ìåòàëëà

Òåìïåðàòóðà àòîìèçàöèè, °C 1600

Äîçèðóåìûé îáúåì, ìêë 20

Íèêåëåâàÿ îñíîâà Íåò Ni(NO
3
)
2
, C = 10 ìã/ë



Ðàçðàáîòàííûå óñëîâèÿ îïðåäåëåíèÿ Ag àï-

ðîáèðîâàíû ïðè àíàëèçå ðàñòâîðîâ âûñîêî÷èñ-

òûõ îáðàçöîâ ìåäè è íèêåëÿ (ñòàíäàðòíûå ðàñ-

òâîðû Inorganic Ventures, ÑØÀ, ñ êîíöåíòðàöèåé

10 ã/ë êàæäîãî) ìåòîäîì «ââåäåíî – íàéäåíî»

(òàáë. 4). Ìàêñèìàëüíîå çíà÷åíèå îòíîñèòåëüíîé

ïîãðåøíîñòè îïðåäåëåíèÿ íå ïðåâûøàåò 13 %.

Ïðè îïðåäåëåíèè ïðèìåñè ñåðåáðà â ðàñòâî-

ðàõ âûñîêî÷èñòîé ìåäè è íèêåëÿ (â ïåðåñ÷åòå íà

ïðîáó ìåòàëëà ìàññîé 1 ã â 100 ìë ðàñòâîðà) ïðå-

äåëû îáíàðóæåíèÿ ñåðåáðà ñîñòàâèëè: 1,8 · 10–6 %

â ìåäè è 3,2 · 10–6 % â íèêåëå. ×óâñòâèòåëüíîñòü

îïðåäåëåíèÿ ñåðåáðà â íèêåëå îêàçàëàñü ïî÷òè â

äâà ðàçà õóæå ïî ñðàâíåíèþ ñ îáðàçöîì ìåäè

èç-çà ïîäàâëÿþùåãî äåéñòâèÿ ìåòàëëè÷åñêîé

îñíîâû àíàëèçèðóåìîé ïðîáû. Ìåäíàÿ ìàòðè-

öà ïðè êîíöåíòðàöèè 10 ã/ë ìåòàëëà ïðàêòè÷åñêè

íå îêàçûâàåò âëèÿíèÿ íà èíòåãðàëüíûé ñèãíàë

ñåðåáðà. Ïîýòîìó ëèíåéíûå äèàïàçîíû ãðàäóè-

ðîâî÷íûõ çàâèñèìîñòåé òàêæå ðàçëè÷àþòñÿ è

îñòàâèëè 0,5 – 4 ìêã/ë ïðè îïðåäåëåíèè ñåðåáðà â

ìåäíûõ ðàñòâîðàõ è 1 – 4 ìêã/ë — â íèêåëåâûõ.

Çàêëþ÷åíèå

Ðàçðàáîòàíû óñëîâèÿ îïðåäåëåíèÿ ñåðåáðà â

ðàñòâîðàõ âûñîêî÷èñòûõ ìåòàëëîâ Cu è Ni ìåòî-

äîì ÝÒÀÀÑ âûñîêîãî ðàçðåøåíèÿ ñ èñòî÷íèêîì

íåïðåðûâíîãî ñïåêòðà. Ñ èñïîëüçîâàíèåì ïðî-

öåäóðû ïðîáîïîäãîòîâêè3 êîíöåíòðàöèÿ ìàòðè÷-

íûõ ìåòàëëîâ â àíàëèçèðóåìûõ ðàñòâîðàõ ñî-

ñòàâëÿåò 10 ã/ë. Ýòî ñîîòâåòñòâóåò ñîîòíîøåíèþ

ìàññ ìåòàëëè÷åñêîé ìàòðèöû è àíàëèòà â ãðàôè-

òîâîé ïå÷è àòîìèçàòîðà íà óðîâíå 106. Èñïîëüçî-

âàëè ðàçëè÷íûå òåìïåðàòóðíûå óñëîâèÿ ïðî-

ãðàììû àòîìèçàòîðà ïðè èçìåðåíèÿõ ñ äîçèðîâà-

íèåì ñòàíäàðòíûõ ðàñòâîðîâ Ag äëÿ ãðàäóèðîâêè

è àíàëèçèðóåìûõ ïðîá. Äëÿ àíàëèçà ðàñòâîðîâ

íèêåëÿ íåîáõîäèìî ââåäåíèå íèêåëåâîé îñíîâû ñ

êîíöåíòðàöèåé 10 ìã/ë â ãðàäóèðîâî÷íûå ðàñòâî-

ðû ñåðåáðà. Òàêèå ìåòîäè÷åñêèå ïðèåìû ïîçâî-

ëèëè óðàâíÿòü ÷óâñòâèòåëüíîñòü àòîìíî-àáñîðá-

öèîííîãî îïðåäåëåíèÿ ñåðåáðà ïðè àòîìèçàöèè

åãî ñòàíäàðòíîãî ðàñòâîðà è ðàñòâîðîâ àíàëèçè-

ðóåìûõ ïðîá ìåäè è íèêåëÿ ñ êîíöåíòðàöèåé

10 ã/ë, ÷òî ïîçâîëèëî äîñòè÷ü ïðåäåëîâ îáíàðó-

æåíèÿ ñåðåáðà íà óðîâíå n · 10–6 %. Ïðè ýòîì óäà-

ëîñü èñêëþ÷èòü èñïîëüçîâàíèå âûñîêî÷èñòûõ

ìàòðè÷íûõ ðàñòâîðîâ ìåäè è íèêåëÿ äëÿ äîñòè-

æåíèÿ ïîëíîãî ñîâïàäåíèÿ ñîñòàâà ãðàäóèðîâî÷-

íûõ ðàñòâîðîâ è ðàñòâîðîâ ïðîá, à êîëè÷åñòâî

ââîäèìîé íèêåëåâîé îñíîâû ñîñòàâèëî íà òðè ïî-

ðÿäêà âåëè÷èíû ìåíüøå.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèÿ ïðîâîäèëèñü â ðàìêàõ âûïîë-

íåíèÿ ãðàíòà ÐÍÔ (¹ 23-23-00019) ñ èñïîëüçîâà-

íèåì íàó÷íîãî îáîðóäîâàíèÿ ÖÊÏ «Ýêîëîãî-àíà-

ëèòè÷åñêèé öåíòð» Êóáàíñêîãî ãîñóíèâåðñèòåòà.
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ãðàäóèðîâî÷íûõ çàâèñèìîñòåé

Äëÿ ïîñòðîåíèÿ
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èñïîëüçîâàëè ìàòðè÷íûå
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Mixed-mode stationary phases based on epoxidized copolymer of styrene and divinylbenzene

have been obtained by amination with methylamine, further alkylation with 1,4-butanediol

diglycidyl ether and opening the terminal oxirane rings with dimethylethanolamine. To evalu-

ate the effect of the number of anchor amino and diol groups on the degree of hydrophilization

of resins, the quantity of reagents was varied. Polymerization of glycidol in the functional layer

at an increased pH of the reaction medium was carried out for additional shielding of the sub-

strate. It was found that increasing the number of anchor amino groups is promising for incre-

asing hydrophilicity in suppressed ion chromatography and hydrophilic interaction liquid chro-

matography modes, while polymerization of glycidol increases the degree of substrate shiel-

ding. The applicability of the most hydrophilic adsorbent in three HPLC modes was demon-

strated. Novel mixed-mode stationary phase allows the separation of six nucleosides and nitro-

genous bases by hydrophilic interaction liquid chromatography, 7 alkylbenzenes by reversed

phase liquid chromatography, and 20 organic and inorganic anions by suppressed ion

chromatography.

Keywords: mixed-mode stationary phases; poly(styrene-divinylbenzene); suppressed ion

chromatography; hydrophilic interaction liquid chromatography; reversed phase high perfor-

mance liquid chromatography.

Introduction

The creation of mixed-mode stationary phases

is an intensively developing direction in the field of

high performance liquid chromatography (HPLC)

[1 – 7]. Various functional groups of such phases

ensure the retention of analytes via a combination

of two or three mechanisms, which allows their use

in different chromatography modes, such as ion-ex-

change, reversed phase (RP), and hydrophilic inter-

action liquid chromatography (HILIC). Most often

mixed-mode resins are based on silica that is stable

in a limited pH range; as a result, such adsorbents

can’t be used in highly sensitive suppressed ion

chromatography (IC) mode [8, 9]. The transition

from silica to a poly(styrene-divinylbenzene) (PS-

DVB) with a high degree of cross-linking that is

stable over the entire pH range and is suitable for

working with 100% organic solvents can solve this

problem. PS-DVB is widely used for synthesis of

anion and cation exchangers for suppressed IC, and

some of these phases were successfully used in

other HPLC modes. Due to the presence of hydro-

phobic substrate they were applied in RP HPLC

[10 – 13], while the attachment of hydrophilic ion-

exchange layers made it possible to use them in

HILIC mode [10 – 12, 14 – 16].

Fixing the hydrophilic anion-exchange layer on

the PS-DVB surface requires preliminary substrate

modification for the introduction of anchor groups.

In classic approaches to chemical modification of

polymer substrates, such as chloromethylation or

Friedel – Crafts acylation, anchor groups are

formed not only on the substrate surface, but also

inside the particle in a hydrophobic environment

[8, 17]. As a result, simple functional layers at-

tached to these substrates can’t provide proper

shielding degree, which leads to low peak symme-

try and efficiency of hydrophobic and weakly hy-

drated anions. Besides, such phases lack of separa-

tion ability and provide the separation of almost

only standard inorganic anions [8, 18]. For improv-

ing the characteristics of chemically modified anion

exchangers, multi-stage synthesis and grafting

complex functional layers is necessary. However, in

HILIC mode even resins with complex grafted lay-

ers exhibit abnormally high retention of hydropho-

bic analytes, namely p-toluenesulfonate and phe-

nylalanine [12, 15].

On the other hand, modification of residual

double bonds that are predominantly located on

the surface of polymer particles [19, 20] leads to

obtaining hydrophilic resins [21 – 24]. Using
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m-chloroperbenzoic acid for the double bonds oxi-

dation to epoxide groups is preferable due to re-

agent availability, short duration and high yield of

the reaction [14, 25, 26]. Polymerization of glycidol

in the functional layer can be applied for additional

shielding of the substrate [27]. Additional hydro-

philization of the substrate surface can be achieved

by the hydrolysis of remaining after modification

epoxy groups [23, 28]. This approach provided sig-

nificant reduction of nonionic interactions in IC

mode and allowed one to decrease the retention of

hydrophobic analytes and to increase the retention

of hydrophilic ones in HILIC mode. However, graft-

ing bulk polyamine on the substrate surface re-

sulted in low efficiency of the phases due to slow

mass transfer. Presumably, the attachment of sim-

pler and thinner layer to epoxidized PS-DVB can

help to obtain mixed-mode resins with increased ef-

ficiency and separation ability.

Thus, the aim of the work was to create mixed-

mode stationary phases via covalent attachment of

hydrophilic branched layers on the surface of

epoxidized PS-DVB. Polymerization of glycidol in

the structure of the resin was applied for additional

substrate shielding.

Experimental

Instrumentation. “Memmert” Thermostate

(Memmert GmbH & Co. KG, Schwabach, Ger-

many), “Laboport” vacuum pump (KNF Neuber-

ger, Tranton, New Jersey, USA), “Sapphire 6580”

ultrasonic bath (Sapphire, Moscow, Russia), “Euro-

star” mechanical stirrer (IKA-Werke, Staufen, Ger-

many) were used for the syntheses.

A Dionex ICS 2100 Ion Chromatography sys-

tem equipped with an isocratic pump and a conduc-

tivity detector with a suppressor was used for IC

with potassium hydroxide as an eluent. A Dionex

UltiMate 3000 Liquid Chromatography system

equipped with a gradient pump, an autosampler,

and a diode array detector and a Vanquish Flex liq-

uid chromatograph equipped with a gradient

pump, an autosampler, a column thermostat, with

fluorescence and diode array detectors were used

with mixture of water, acetate, or formate and ace-

tonitrile as an eluent. Absorbance of Tanaka test’s

analytes, nucleosides, nitrogenous bases and alkyl-

benzenes was measured at 254 nm. Data acquisi-

tion and processing were controlled by Chromeleon

7.0 and 7.3 (Dionex part of Thermo Scientific) soft-

ware. Injection volume for all model mixtures was

20 ìl. The columns were tested at 30°C. The

100 × 4.0 mm i.d. stainless steel columns were

used as housing for the studied stationary phases

and slurry packed at 400 bar using a K-1900 pump

(Knauer, Berlin, Germany) in accordance with

ref. [15].

Reagents. All chemicals had reagent and ana-

lytical-reagent grade and were purchased from

Sigma-Aldrich (Russia) and TCI Chemicals

(Japan). PS-DVB microspherical particles (cross-

linking degree 50%, particle size 5.5 ± 0.5 ìm,

average pore diameter 4 nm, average pore volume

0.6 cm2/g, surface area 660 m2/g) were identical to

those used in ref. [5, 12, 14 – 16, 25].

Synthesis of the stationary phases. Epoxidized

PS-DVB was obtained according to ref. [25] and

was used for creation of all obtained resins. For

synthesis of resin EB-DMEA x5 amination with

methylamine, hydrolysis of residual epoxy groups

and further alkylation with 1,4-butanediol digly-

cidyl ether was conducted in the same conditions as

in ref. [25]; final amination with dimethylethanol-

amine was carried out for 1 h at 60°C. The amount

of amine corresponded to the amount of 1,4-buta-

nediol diglycidyl ether. Resin EB-DMEA x1 was

synthesized with decreased in 5 times reagents

amount at all steps starting from epoxidized

PS-DVB. Resins EB-DMEA x1 Gl and EB-DMEA

x5 Gl were obtained via glycidol treatment of

EB-DMEA phases. Polymerization of glycidol was

conducted according to work [25]. The scheme of

PS-DVB modification is shown in Fig. 1.

Results and discussion

In this work two ways of epoxy groups’ modifi-

cation were applied to create stationary phases on

the base of hydrophilized PS-DVB. The first one

was the amination of these groups with

methylamine to obtain anchor amino groups for

subsequent attachment of the functional layer

(Fig. 1, way 1). For additional increasing the shield-

ing degree and hydrophilicity of the PS-DVB sur-

face, the remaining epoxy groups were hydrolysed

forming diol groups (Fig. 1, way 2). It’s known that

glycidol polymerization can be used for additional

substrate shielding [14, 15, 25, 27]. In this study

glycidol can polymerize both in the functional layer

and on the surface of the substrate with diol

groups. Thus, it was interesting to evaluate the in-

fluence of anchor amino and diol groups’ amount

on the hydrophilization degree of the resulting

adsorbents. For that purpose phase EB-DMEA x1

with branched functional layer and its analogue

EB-DMEA x5 with increased reagents amount

were synthesized. Obviously, resin EB-DMEA x1

contained higher number of diol groups. After

treatment of both phases with glycidol resins EB-

DMEA x1 Gl and EB-DMEA x5 Gl were obtained.

Predictably, an increase in the reagents amount

led to the growth of ion-exchange capacity for both

types of phases EB-DMEA and EB-DMEA Gl

(Table 1). However, this growth was not propor-

tional to the reagents amount increase, which can

be explained by the smaller number of available ep-
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oxy groups as compared to methylamine amount.

At the same time, glycidol addition and activation

of its polymerization led to a decrease in ion-ex-

change capacity. This effect is caused by the poly-

merization of glycidol around the ion-exchange

sites and, consequently, by steric hindrances.

For evaluating the effect of anchor groups na-

ture, the parameters reflecting the degree of hydro-

philization and substrate shielding [15, 21, 27]

were estimated for the obtained phases (Table 1).

Resin EB-DMEA x5 with higher capacity and a

predominant number of anchor amino groups pos-

sessed lower values of these parameters as com-

pared to EB-DMEA x1. A significant decrease in


( )BrO Cl3
	 	 and 
( )ClO Cl3

	 	 reflects better sub-

strate shielding and indicates the need to increase

the number of sites for the attachment of the func-

tional layer. Resin EB-DMEA x5 had higher effi-

ciency up to 41,000 tonf/m among all obtained in

this work phases. However, much lower efficiency

values for polarizable anions in comparison with

chloride (Table 2) indicate substantial remaining

influence of nonionic interactions. Conducting the

additional step of glycidol treatment allowed the

increase of hydrophilization and shielding degree

(see Table 1), still the impact of nonion-exchange

interactions was significant.

Generally, obtained resins can be characterized

as phases with medium hydrophilicity and shield-

ing degree. They have similar hydrophilicity to

phases based on acylated PS-DVB with grafted

modified polyethylenimine [15], however simpler

functional layer of synthesized resins doesn’t pro-

vide such effective substrate shielding. Phases

based on the same epoxidized substrate with

grafted polyethylenimine modified with polyglyci-

dol [14] or with polyelectrolytes [25] are superior

not only in shielding, but also in hydrophilization

degree. As a result, obtained in this work phases

did not allow one use them for the determination of

highly polarizable anions in contrast to resins with

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10 21

Fig. 1. Scheme of the preparation and expected structures of resins EB-DMEA and EB-DMEA-Gl (R
1
, R

2
are possible substi-

tuents that can be formed during glycidol polymerization in the functional layer)

Table 1. Capacities and selectivity coefficients reflecting the degree of hydrophilization and substrate shielding in IC mode

(eluent: 1 mM KOH for EB-DMEA x1 and EB-DMEA x1 Gl, 8 mM KOH for EB-DMEA x5, and 5 mM KOH for EB-DMEA x5

Gl)

Phase EB-DMEA x1 EB-DMEA x1 Gl EB-DMEA x5 EB-DMEA x5 Gl

Capacity, ìmol/g 26 14 61 48


( )NO Cl3
	 	 4.86 4.06 3.53 3.13


( )NO Br3
	 	 1.52 1.38 1.49 1.37


( )BrO Cl3
	 	 2.41 1.77 1.72 1.52


( )ClO Cl3
	 	 8.17 6.09 5.67 4.61


( )ClO NO3 3
	 	 1.68 1.50 1.60 1.47



grafted polyethyleneimine [14, 15, 29] or polyelec-

trolytes [22].

Glycidol polymerization expectedly led to a de-

crease in selectivity, especially for organic acids.

Due to the highest capacity, efficiency and selectiv-

ity resin EB-DMEA x5 was used for the separation

of multicomponent mixtures by suppressed IC. In

gradient elution mode it allowed the separation of

7 common anions simultaneously with 13 organic

acids in 37 min (Fig. 2, a) or with 11 anions includ-

ing oxyanions, namely selenate, molybdate, chro-

mate, tungstate and arsenate, in 35 min (Fig. 2, b).

Proposed approach made it possible to obtain ad-

sorbent with higher separation ability and effi-

ciency as a result of less time-consuming synthesis

as compared to phases based on the same epoxid-

ized PS-DVB with grafted modified polyethylen-

imine [14, 25].

In HILIC mode Tanaka test for the obtained

adsorbents was performed in same way as in works

[12, 14, 15, 25] with water as a marker of void vol-

ume. All phases had low hydrophilicity k(U) and se-

lectivity toward hydroxyl groups á(OH) (Table 3),

which is consistent with their low hydrophilicity in

IC mode. Hydrophilicity of synthesized resins was

much lower as compared to PS-DVB-based hyper-

branched mixed-mode phase (k(U) = 7.2) [12],

polyethyleneimine-grafted phases (k(U) from 1.1 to

1.57) [15] and a resin based on the same epoxidized

PS-DVB with grafted polyethyleneimine and

polyelectrolytes (k(U) = 3.18) [25]. The parameters

k(U) and á(OH) grew with the increase in the num-

ber of anchor amino groups for both types of

phases EB-DMEA and EB-DMEA Gl. Polymeriza-

tion of glycidol did not affect the parameters of

Tanaka test except for á(AX) and á(CX). Their de-

crease on phases EB-DMEA x1 Gl and EB-DMEA

x5 Gl confirms higher degree of shielding with

polyglycidol and corresponds to 
( )BrO Cl3
	 	 de-

crease in IC mode. Generally, the change in á(AX)

correlates with capacity change in IC mode, al-

though hydrophobic interactions still influence

p-toluenesulfonate retention. For all phases except

EB-DMEA x5 Gl á(CX) > 0, namely the positively

charged trimethylphenylammonium chloride was

not repulsed in contrast to previously obtained

phases based on the same PS-DVB substrate

[15, 25]. Presumably, epoxy groups on the surface

of PS-DVB can be partly oxidized to carboxyl

groups, which provide the retention of positively

charged trimethylphenylammonium chloride.

Shielding the substrate surface by polyglycidol
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Table 2. Efficiency and asymmetry factors for analytes in

different modes of HPLC on a column EB-DMEA x5 (eluent:

8 mM KOH for IC, CH
3
CN — 20 mM ammonium formate

buffer solution pH 3.0 (90:10, v/v) for HILIC, CH
3
CN — wa-

ter (70:30, v/v) for RP HPLC; flow rate: 1 ml/min)

Analyte N, tp/m As

IC

Cl– 41000 1.1

Br– 26000 1.5

NO3
	 19500 1.8

HILIC

Uracil 23000 0.9

Cytidine 19000 0.9

Guanosine 15000 1.0

RP HPLC

Benzene 17000 1.2

Propylbenzene 14000 1.1

Hexylbenzene 12000 1.3

a

b

Fig. 2. Chromatogram of anions mixtures on the stationary phase EB-DMEA x5: a — eluent 1 mM KOH — 0 – 11 min,

1 – 7 mM KOH — 11 – 18 min, 7 – 20 mM KOH — 26 – 34 min; b — 1 mM KOH — 0 – 11 min, 1 – 7 mM KOH — 11 – 18 min,

7 – 12 mM KOH — 26 – 34 min (flow rate: 1 ml/min; 1 — fluoride; 2 — gluconate; 3 — iodate; 4 — glycolate; 5 — galacturona-

te; 6 — formate; 7 — lactate; 8 — chloride; 9 — methylsulfonate; 10 — chlorite; 11 — nitrite; 12 — propionate; 13 — bromide;

14 — nitrate; 15 — monochloroacetate; 16 — sulfate; 17 — oxalate; 18 — maleate; 19 — adipate; 20 — selenate; 21 — tungsta-

te; 22 — molybdate; 23 — chromate; 24 — phosphate; 25 — citrate; 26 — isocitrate; 27 — trans-aconitate; 28 — arsenate)



(resin EB-DMEA x5 Gl) or polyethyleneimine [25]

helps to eliminate the influence of negatively

charged carboxyl groups.

The most hydrophilic resin according to Tana-

ka test was chosen to demonstrate the possibility of

using obtained stationary phases in HILIC mode.

Despite lower k(U) and retention factors of nitroge-

nous bases and nucleosides the column EB-DMEA

x5 had higher efficiency (see Table 2) as compared

to phases with grafted modified polyethylenimine

[15, 25]. Consequently, resin EB-DMEA x5 pro-

vided fast separation of 6 nucleosides and nitroge-

nous bases in less than 5 min with efficiency up to

23000 tp/m (Fig. 3, a).

Phase EB-DMEA x5 demonstrated signifi-

cantly lower retention of alkylbenzenes in RP

HPLC mode as compared to the most hydrophilic

resin on the base of acylated PS-DVB with cova-

lently attached hyperbranched layer described in

work [12]. It is another evidence of the increased

hydrophilization degree of the epoxidized sub-

strate. Even a relatively simple functional layer on

the surface of epoxidized PS-DVB can substantially

reduce the retention of hydrophobic analytes as

compared to adsorbents based on acylated sub-

strate with complex layers. Resin EB-DMEA x5

made it possible to separate a mixture of 7

alkylbenzenes in 13 min using 30:70 v/v water:

acetonitrile as a mobile phase with efficiency up to

17000 tp/m (see Fig. 3, b, Table 2). Hyperbranched

phase provided the separation of the same analytes

only in 35 min [12].

Thus, PS-DVB epoxidation and further graft-

ing of branched layers on its surfaces is a promis-

ing tool to obtain mixed-mode resins for three

HPLC modes. High separation ability and effi-

ciency of phase with increased amount of anchor

amino groups allowed its use for separation of

multicomponent mixtures in suppressed IC mode.

The same stationary phase also provided the sepa-

ration of nitrogenous bases and nucleosides in

HILIC mode and alkylbenzenes in RP HPLC. The

obtained phase showed higher separation ability in

IC mode and higher efficiency in HILIC mode as

compared to previously described resins based on

acylated or epoxidized PS-DVB with grafted poly-

ethyleneimine modified with glycidol or polyelec-

trolytes [14, 15, 25]. On the other hand, synthesis

procedure of novel resin was simpler and much

faster than polyethyleneimine-grafted phases.

Conclusion

The approach to PS-DVB epoxidation and fur-

ther grafting of branched layers allowed obtaining

an efficient and selective mixed-mode stationary

phase. The advantage of increasing the number of

anchor amino groups for the hydrophilization

growth of the resins was demonstrated in HILIC

and IC modes. An additional increase in the shield-

ing degree of the phases was achieved by the poly-

merization of glycidol in branched functional layer.

The resin with the highest ion-exchange capacity

provided the separation of up to 20 anions in gradi-

ent elution mode of IC, 6 nucleosides and nitroge-

nous bases by HILIC, and 7 alkylbenzenes by RP

HPLC. Obtained phase was superior in terms of

synthesis duration, separation ability of anions in
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a

b

Fig. 3. Chromatogram of nucleosides and nitrogenous ba-

ses mixture in HILIC mode (a) and alkylbenzenes mixture

in RP HPLC mode (b) on the stationary phase EB-DMEA x5

(conditions are the same as in Table 2)

Table 3. Tanaka tests parameters (eluent: CH
3
CN — 20 mM ammonium acetate buffer solution pH 4.7 (90:10, v/v), flow rate

0.5 ml/min)

Phase EB-DMEA x1 EB-DMEA x1 Gl EB-DMEA x5 EB-DMEA x5 Gl

k(U) 0.54 0.52 0.73 0.72

á(OH) 1.49 1.48 1.74 1.77

á(CH
2
) 1.02 1.03 1.09 1.09

á(V/A) 1.16 1.17 1.24 1.26

á(CX) 1.03 0.36 0.68 0

á(AX) 39.0 25.8 119.8 87.6

á(Tb/Tp) 0.60 0.64 0.34 0.38



supressed IC mode and efficiency in HILIC mode as

compared to previously reported PS-DVB-based

mixed-mode stationary phases with grafted modi-

fied polyethyleneimine [14, 15, 25].
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Ïðåäëîæåí ìåòîä ýêñïðåññíîé õàðàêòåðèçàöèè êîíüÿêîâ è âèíîãðàäíûõ áðåíäè íà ïðèìå-

ðå èõ êëàññèôèêàöèè ïî ãåîãðàôè÷åñêîìó ïðîèñõîæäåíèþ, êîòîðûé îñíîâàí íà èñïîëüçî-

âàíèè èíôîðìàòèâíûõ ôðàãìåíòîâ ñïåêòðîâ ôëóîðåñöåíöèè îáðàçöîâ ðàçëè÷íîãî ãåîãðà-

ôè÷åñêîãî ïðîèñõîæäåíèÿ è èõ îáðàáîòêå ñ ïîìîùüþ àëãîðèòìîâ ìàøèííîãî îáó÷åíèÿ.

Â êà÷åñòâå èíôîðìàòèâíûõ áûëè îòîáðàíû òðè âèäà ôëóîðåñöåíòíûõ ñïåêòðîâ: ñèíõðî-

ííîãî ñêàíèðîâàíèÿ ïðè ðàçíîñòè äëèí âîëí 50 íì, ýìèññèè ïðè äëèíàõ âîëí âîçáóæäåíèÿ

250 è 280 íì. Ýòè ñïåêòðû áûëè çàðåãèñòðèðîâàíû äëÿ 43 îáðàçöîâ êîíüÿêîâ è âèíîãðàä-

íûõ áðåíäè, êîòîðûå ïî ãåîãðàôè÷åñêîìó ïðîèñõîæäåíèþ áûëè ðàçäåëåíû íà òðè êëàñ-

ñà — ðåãèîíû Ðîññèéñêîé Ôåäåðàöèè, êðîìå Äàãåñòàíà, Ðåñïóáëèêà Äàãåñòàí è Ðåñïóáëè-

êà Àðìåíèÿ. Èç èññëåäîâàííûõ îáðàçöîâ áûëè ñôîðìèðîâàíû îáó÷àþùèé íàáîð èç 33 îá-

ðàçöîâ è òåñòîâûé íàáîð èç 10 îáðàçöîâ. Äëÿ îáó÷åíèÿ ìîäåëåé áûë âûáðàí ýêñòðåìàëü-

íûé ãðàäèåíòíûé áóñòèíã — îäèí èç ñîâðåìåííûõ àëãîðèòìîâ ìàøèííîãî îáó÷åíèÿ, ïðè-

ãîäíûé ïðè îãðàíè÷åííîì ÷èñëå îáðàçöîâ â îáó÷àþùåì íàáîðå. Ïðàâèëüíîñòü ðàñïîçíàâà-

íèÿ îáðàçöîâ òåñòîâîãî íàáîðà (ñîñòîÿùåãî èç 10 îáðàçöîâ, íå èñïîëüçîâàííûõ ïðè îáó÷å-

íèè) ñîñòàâèëà 100 % äëÿ ìîäåëåé íà îñíîâå ñïåêòðîâ ýìèññèè ïðè äëèíàõ âîëí âîçáóæäå-

íèÿ 250 è 280 íì è ñèíõðîííîãî ñêàíèðîâàíèÿ. Ïîëó÷åííûå ðåçóëüòàòû äåìîíñòðèðóþò

ïðèíöèïèàëüíóþ âîçìîæíîñòü èñïîëüçîâàíèÿ èíôîðìàòèâíûõ ôðàãìåíòîâ ñïåêòðîâ ôëó-

îðåñöåíöèè â ñî÷åòàíèè ñ ìàøèííûì îáó÷åíèåì äëÿ õàðàêòåðèçàöèè êîíüÿêîâ è âèíîãðàä-

íûõ áðåíäè, â òîì ÷èñëå, äëÿ èõ êëàññèôèêàöèè ïî ãåîãðàôè÷åñêîìó ïðîèñõîæäåíèþ. Îä-

íàêî ïðèìåíåíèå ýòîãî ìåòîäà â ðåãëàìåíòèðîâàííûõ ïðîöåäóðàõ êîíòðîëÿ ïðîäóêöèè

âîçìîæíî òîëüêî äëÿ êîíüÿêîâ è âèíîãðàäíûõ áðåíäè ñ çàùèùåííûì ãåîãðàôè÷åñêèì íà-

èìåíîâàíèåì (óêàçàíèåì ìåñòà ïðîèñõîæäåíèÿ). Èçëîæåííûé ïîäõîä ìîæåò áûòü òàêæå

èñïîëüçîâàí äëÿ êëàññèôèêàöèè äðóãèõ æèäêèõ ïèùåâûõ ïðîäóêòîâ (ñîêîâ, ìåäà è ò.ï.).

Êëþ÷åâûå ñëîâà: ôëóîðåñöåíöèÿ; õåìîìåòðèêà; ìàøèííîå îáó÷åíèå; ýìèññèîííûå

ñïåêòðû; êîíüÿê; êëàññèôèêàöèÿ.
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A method for express characterization of cognacs and grape brandies is proposed in the case study of their

classification by geographical origin. The method is based on the use of informative fragments of fluores-

cence spectra of samples of different geographic origin and their subsequent processing using machine

learning algorithms. Three types of fluorescence spectra were selected, i.e., spectra of synchronous scan-

ning at a wavelength difference of 50 nm, and emission spectra at an excitation wavelength of 250 and

280 nm. These spectra were measured for 43 samples of cognacs and grape brandies, which were divided

into 3 classes according to their geographical origin, the regions of the Russian Federation (except for

Dagestan), the Republic of Dagestan (Russian Federation), and the Republic of Armenia. A training set

consisting of 33 samples and a test set consisting of 10 samples were formed from the samples under study.
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To train the models, an extreme gradient boosting, one of the modern machine learning algorithms, was

chosen as suitable for a limited number of samples in the training set. The correctness of the sample rec-

ognition of the test set (consisting of 10 samples not used in training) was 100% for models based on emis-

sion spectra and spectra of synchronous scanning. The results obtained demonstrate the fundamental

possibility of using informative fragments of fluorescence spectra in combination with machine learning

to characterize cognacs and grape brandies, including their classification by the geographical origin. How-

ever, the use of this method in regulated procedures of the product control is possible only for cognacs and

grape brandies with a protected geographical indication (designation of the origin). The above approach

can also be used to classify other liquid food products (juices, honey, etc.).

Keywords: fluorescence; chemometrics; machine learning; emission spectra; brandy, classification.

Ââåäåíèå

Êîíüÿêè è áðåíäè ÿâëÿþòñÿ îäíèì èç íàèáî-

ëåå äîðîãèõ âèäîâ àëêîãîëüíîé ïðîäóêöèè, ñòîè-

ìîñòü êîòîðûõ îïðåäåëÿåòñÿ êà÷åñòâîì, ñðîêîì è

óñëîâèÿìè âûäåðæêè êîíüÿ÷íûõ äèñòèëëÿòîâ,

âõîäÿùèõ â èõ ñîñòàâ, è èõ ãåîãðàôè÷åñêèì

ïðîèñõîæäåíèåì1 (ÃÏ). Ïîýòîìó íåäîáðîñîâåñò-

íûå ïðîèçâîäèòåëè è ïðîäàâöû ÷àñòî ïðèáåãàþò

ê ïðåäíàìåðåííîé ôàëüñèôèêàöèè è èñêàæåíèþ

ñâåäåíèé î õàðàêòåðèñòèêàõ êîíüÿêîâ è áðåíäè, à

òàêæå äðóãèõ äîðîãîñòîÿùèõ àëêîãîëüíûõ íà-

ïèòêîâ. Â ñâÿçè ñ ýòèì áîëüøîå âíèìàíèå óäåëÿ-

åòñÿ ðàçðàáîòêå íàäåæíûõ ñïîñîáîâ êîíòðîëÿ

ïîäëèííîñòè õàðàêòåðèñòèê, óêàçàííûõ ïðîèçâî-

äèòåëÿìè òàêèõ íàïèòêîâ [1].

Â íàñòîÿùåå âðåìÿ ïðèçíàííûìè ìåòîäàìè

îïðåäåëåíèÿ õèìè÷åñêîãî ñîñòàâà àëêîãîëüíîé

ïðîäóêöèè ÿâëÿþòñÿ õðîìàòîãðàôèÿ (ãàçîâàÿ

è æèäêîñòíàÿ), ðàçëè÷íûå âèäû ýëåìåíòíîãî,

â òîì ÷èñëå èçîòîïíîãî àíàëèçà ñ èñïîëüçîâàíè-

åì ìàññ-ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé (ÈÑÏ-ÌÑ) è ìàññ-ñïåêòðîìåòðèè èçî-

òîïíîãî îòíîøåíèÿ [2 – 4]. Íåñîìíåííûìè äîñòî-

èíñòâàìè äàííûõ ìåòîäîâ ÿâëÿþòñÿ âîçìîæíîñòü

àíàëèçà ñëîæíîé è ìíîãîêîìïîíåíòíîé ïî ñîñòà-

âó ïðîäóêöèè, â òîì ÷èñëå áðåíäè è êîíüÿêîâ, ñå-

ëåêòèâíîñòü, à òàêæå âîñïðîèçâîäèìîñòü è äîñòî-

âåðíîñòü ïîëó÷àåìûõ ðåçóëüòàòîâ. Îäíàêî øè-

ðîêîå ïðèìåíåíèå ýòèõ ìåòîäîâ äëÿ êîíòðîëÿ

ïîäëèííîñòè íàïèòêîâ îãðàíè÷åíî ñëîæíîñòüþ

òðåáóåìîé ïðîáîïîäãîòîâêè, âûñîêîé ñòîèìîñòüþ

àïïàðàòóðû, à òàêæå íåîáõîäèìîñòüþ ïðèâëå-

÷åíèÿ âûñîêîêâàëèôèöèðîâàííîãî ïåðñîíàëà.

Óêàçàííûå ìåòîäû ïîçâîëÿþò ïðîâîäèòü êîëè-

÷åñòâåííûé àíàëèç ñ âûñîêèìè òî÷íîñòüþ è ÷óâ-

ñòâèòåëüíîñòüþ, âêëþ÷àÿ îïðåäåëåíèå âåùåñòâ-

ìàðêåðîâ, êîíöåíòðàöèÿ êîòîðûõ â òîé èëè èíîé

ñòåïåíè çàâèñèò îò ÃÏ, ñðîêîâ è óñëîâèé âû-

äåðæêè è äðóãèõ îñîáåííîñòåé êîíòðîëèðóåìîãî

íàïèòêà. Íàðÿäó ñ ïðèìåíåíèåì ðàññìîòðåííûõ

ìåòîäîâ àíàëèçà â ïîñëåäíåå âðåìÿ âñå áîëüøåå

âíèìàíèå óäåëÿåòñÿ ðàçâèòèþ ýêñïðåññíûõ ïîä-

õîäîâ, ñî÷åòàþùèõ â ñåáå èñïîëüçîâàíèå íåäîðî-

ãîé àïïàðàòóðû è ñîâðåìåííûå àëãîðèòìû îáðà-

áîòêè ïîëó÷àåìûõ äàííûõ. Çà÷àñòóþ òàêèå ìåòî-

äû ïîçâîëÿþò çíà÷èòåëüíî ñíèçèòü òðóäîåìêîñòü

ïðîáîïîäãîòîâêè, à â íåêîòîðûõ ñëó÷àÿõ îáîé-

òèñü áåç íåå, à òàêæå äàþò âîçìîæíîñòü ïðîâî-

äèòü àíàëèç íåïîñðåäñòâåííî íà ìåñòå âçÿòèÿ

ïðîáû. Áîëüøèìè âîçìîæíîñòÿìè â ýòîì ïëàíå

îáëàäàþò ìåòîäû îïòè÷åñêîé ñïåêòðîñêîïèè,

ïðèìåíåíèå êîòîðûõ äëÿ êîíòðîëÿ ðàçëè÷íûõ

âèäîâ ïèùåâîé ïðîäóêöèè â ïîñëåäíåå âðåìÿ

ðàñøèðÿåòñÿ. Â ýòîì ñëó÷àå ïîñòàíîâêà çàäà÷è

ïðåäïîëàãàåò óñòàíîâëåíèå âîñïðîèçâîäèìûõ

ðàçëè÷èé ìåæäó ñïåêòðàìè îáðàçöîâ ìåòîäàìè

àíàëèçà ìíîãîìåðíûõ äàííûõ (íà îñíîâå õåìî-

ìåòðèêè è ìàøèííîãî îáó÷åíèÿ). Ïðè ýòîì íå

òðåáóåòñÿ âûÿâëåíèå êîíêðåòíûõ âåùåñòâ-ìàð-

êåðîâ, êîíöåíòðàöèè êîòîðûõ îòâåòñòâåííû çà

ðàçëè÷èÿ â ñïåêòðàõ. Ïðàâèëüíî ïîäîáðàííûå

ôðàãìåíòû îïòè÷åñêèõ ñïåêòðîâ íàïèòêà ñîäåð-

æàò èíôîðìàöèþ î õèìè÷åñêîì è äèñïåðñíîì ñî-

ñòàâå îáðàçöà, êîòîðàÿ ôîðìèðóåòñÿ ïîä âîçäåé-

ñòâèåì ìíîãèõ ôàêòîðîâ, òàêèõ êàê ñîðò âèíîãðà-

äà, óñëîâèÿ åãî âûðàùèâàíèÿ, ìàòåðèàë áî÷êè, â

êîòîðîé âûäåðæèâàþò êîíüÿ÷íûé äèñòèëëÿò, óñ-

ëîâèÿ è äëèòåëüíîñòü âûäåðæêè, òåõíîëîãèÿ èç-

ãîòîâëåíèÿ êîíüÿêà èëè áðåíäè. Ïðè ýòîì âîç-

ìîæíû ñëó÷àè, êîãäà ÃÏ âèíîãðàäà è ìàòåðèàëà

áî÷êè íå ïîëíîñòüþ ñîâïàäàþò. Íàïðèìåð, ïðè

ïðîèçâîäñòâå èñïàíñêîãî áðåíäè Torres 10

Double Barrel íà îäíîé èç ñòàäèé äèñòèëëÿò âû-

äåðæèâàþò â áî÷êàõ èç àìåðèêàíñêîãî äóáà [5].

Ñîâîêóïíîñòü èíôîðìàòèâíûõ ôðàãìåíòîâ

îïòè÷åñêèõ ñïåêòðîâ, îäíîçíà÷íî õàðàêòåðèçó-

þùèõ îáúåêò â ñîñòàâå äîñòàòî÷íî øèðîêîé âû-

áîðêè, ìîæåò ðàññìàòðèâàòüñÿ êàê ñïåêòðàëü-

íûé ïîðòðåò ýòîãî îáúåêòà. Òàêàÿ êîíöåïöèÿ

ñïåêòðàëüíîãî ïîðòðåòà áûëà ïðåäëîæåíà ïðè

ó÷àñòèè îäíîãî èç àâòîðîâ äàííîé ñòàòüè è óñ-

ïåøíî èñïîëüçîâàíà äëÿ êîíòðîëÿ ïîäëèííîñòè

è èäåíòèôèêàöèè ñóõèõ è ïîëóñëàäêèõ áåëûõ

âèí è âèíîìàòåðèàëîâ îòå÷åñòâåííîãî è çàðóáåæ-

íîãî ïðîèçâîäñòâà [6].

Âåñüìà èíôîðìàòèâíûìè äëÿ êîíòðîëÿ ïîä-

ëèííîñòè è õàðàêòåðèñòèê àëêîãîëüíîé ïðîäóê-

26 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10

1 Â Ôåäåðàëüíîì çàêîíå ¹ 468 ÔÇ «Î âèíîãðàäàðñòâå è

âèíîäåëèè â Ðîññèéñêîé ôåäåðàöèè» (ñò. 29) èñïîëüçó-

þòñÿ òåðìèíû «ãåîãðàôè÷åñêîå óêàçàíèå» è «íàèìåíî-

âàíèå ìåñòà ïðîèñõîæäåíèÿ». Â íàó÷íîé ëèòåðàòóðå ïî

ìåòîäàì èäåíòèôèêàöèè âèí è êîíüÿêîâ èñïîëüçóåòñÿ

òåðìèí geographical origin (ãåîãðàôè÷åñêîå ïðîèñõîæ-

äåíèå).



öèè ÿâëÿþòñÿ ìåòîäû ôëóîðåñöåíòíîé ñïåêòðî-

ñêîïèè: íàïðèìåð, â ðàáîòå [7] ýòè ìåòîäû èñ-

ïîëüçîâàëè äëÿ êëàññèôèêàöèè àâñòðàëèéñêèõ

âèí ïî êîíêðåòíûì ðåãèîíàì ïðîèñõîæäåíèÿ,

à àâòîðû ðàáîòû [8] ñðàâíèâàëè ýôôåêòèâíîñòü

èñïîëüçîâàíèÿ ðàçëè÷íûõ âèäîâ ñïåêòðîâ ôëóî-

ðåñöåíöèè äëÿ êëàññèôèêàöèè áðåíäè ïî ÃÏ.

Ïðè ýòîì èñïîëüçóþò ðàçëè÷íûå âèäû ñïåê-

òðîâ ôëóîðåñöåíöèè — âîçáóæäåíèÿ è/èëè ýìèñ-

ñèè, ñïåêòðû ñèíõðîííîãî ñêàíèðîâàíèÿ è òðåõ-

ìåðíûå (3D) ñïåêòðû ôëóîðåñöåíöèè. Ñóùåñòâó-

åò äâå ñõåìû ðåãèñòðàöèè ñïåêòðîâ ôëóîðåñöåí-

öèè — ïðÿìîóãîëüíàÿ, êîãäà èçëó÷åíèå ôëóîðåñ-

öåíöèè ñîáèðàþò ïîä ïðÿìûì óãëîì ê

âîçáóæäàþùåìó èçëó÷åíèþ (right angle fluores-

cence), è ôðîíòàëüíàÿ, êîãäà èçëó÷åíèå ñîáèðàþò

ñ ïåðåäíåé ïîâåðõíîñòè îáðàçöà (front face

fluorescence). Ïðè àíàëèçå àëêîãîëüíîé ïðîäóê-

öèè ïðèìåíÿþò îáå ñõåìû: íàïðèìåð, â ðàáîòå

[9] â ñõåìå ôðîíòàëüíîé ôëóîðåñöåíöèè áûëè

èçìåðåíû ñïåêòðû âîçáóæäåíèÿ è ýìèññèè 120

êðàñíûõ âèí; íà îñíîâàíèè ýòèõ ñïåêòðîâ ïðîâå-

äåíà êëàññèôèêàöèÿ âèí ïî òèïó, ÃÏ è óðîæàþ

âèíîãðàäà.

Ñïåêòðû ñèíõðîííîãî ñêàíèðîâàíèÿ ðåãèñò-

ðèðóþò ïðè ôèêñèðîâàííîì çíà÷åíèè ðàçíîñòè

äëèí âîëí âîçáóæäåíèÿ è ýìèññèè. Îíè òàêæå

îêàçûâàþòñÿ èíôîðìàòèâíûìè ïðè êëàññèôèêà-

öèè àëêîãîëüíîé ïðîäóêöèè, âêëþ÷àÿ áðåíäè è

êîíüÿ÷íûå èçäåëèÿ [10]. Èíôîðìàòèâíîñòü ýòèõ

ñïåêòðîâ âî ìíîãèõ ñëó÷àÿõ ñðàâíèìà ñ èíôîðìà-

òèâíîñòüþ òðåõìåðíûõ ñïåêòðîâ ôëóîðåñöåíöèè,

íî èõ ðåãèñòðàöèÿ çíà÷èòåëüíî ïðîùå è òðåáóåò

ìåíüøå âðåìåíè.

Ñëåäóåò îòìåòèòü, ÷òî â ìíîãî÷èñëåííûõ

ñòàòüÿõ ïî êëàññèôèêàöèè àëêîãîëüíîé ïðîäóê-

öèè, â òîì ÷èñëå ïî ãåîãðàôè÷åñêîìó ïðîèñõîæ-

äåíèþ, ìåòîäàìè îïòè÷åñêîé ñïåêòðîñêîïèè,

îïóáëèêîâàííûõ â âåäóùèõ îòå÷åñòâåííûõ è çà-

ðóáåæíûõ æóðíàëàõ (íàïðèìåð, [2 – 4], [7 – 12]),

àíàëèçèðóþò îáðàçöû, ïðèîáðåòåííûå â òîðãî-

âûõ ñåòÿõ. Ïðè ýòîì èñõîäÿò èç èíôîðìàöèè î

ÃÏ è äðóãèõ õàðàêòåðèñòèêàõ îáðàçöîâ, óêàçàí-

íîé â ìàðêèðîâêå (íà óïàêîâêå èëè ýòèêåòêå) íà-

ïèòêà. Â ðåçóëüòàòå òàêèõ èññëåäîâàíèé óñòàíàâ-

ëèâàþò èíôîðìàòèâíûå ôðàãìåíòû îïòè÷åñêèõ

ñïåêòðîâ è àëãîðèòìû îáðàáîòêè ñïåêòðàëüíûõ

äàííûõ, íåîáõîäèìûå äëÿ ñåðòèôèêàöèè äàííî-

ãî âèäà ïðîäóêöèè ñ èñïîëüçîâàíèåì ñòàíäàðò-

íûõ îáðàçöîâ.

Äëÿ èçâëå÷åíèÿ èíôîðìàöèè èç ðàçëè÷íûõ

âèäîâ ñïåêòðîâ ôëóîðåñöåíöèè âåñüìà ýôôåê-

òèâíûìè îêàçûâàþòñÿ ìåòîäû õåìîìåòðèêè,

êîòîðûå ïðèìåíÿþò äëÿ îáðàáîòêè ñïåêòðîâ

ïðè ðåøåíèè ìíîãèõ ïðèêëàäíûõ çàäà÷ [7 – 12].

Èñïîëüçîâàíèå ñïåêòðîâ ôëóîðåñöåíöèè â ñî÷å-

òàíèè ñ õåìîìåòðè÷åñêîé îáðàáîòêîé äàííûõ

ïîçâîëÿåò îáîéòèñü áåç ïðèìåíåíèÿ òðóäîåìêèõ

ìåòîäîâ ïðîáîïîäãîòîâêè è ïðîòîêîëîâ àíàëèçà.

Â ïîñëåäíåå âðåìÿ äëÿ îáðàáîòêè îïòè÷åñêèõ

ñïåêòðîâ íàðÿäó ñ õåìîìåòðè÷åñêèìè ñòàëè ïðè-

ìåíÿòü ìåòîäû ìàøèííîãî îáó÷åíèÿ.

Äëÿ êàæäîãî âèäà ñïåêòðîâ ôëóîðåñöåíöèè

íåîáõîäèì ïðàâèëüíûé âûáîð èíôîðìàòèâíûõ

ôðàãìåíòîâ, ò.å. äèàïàçîíîâ äëèí âîëí, êîòîðûå

äîëæíû ñîäåðæàòü ìàêñèìóì èíôîðìàöèè îá èñ-

ñëåäóåìîì îáðàçöå, íî ïðè ýòîì íå äîëæíû áûòü

ñëèøêîì øèðîêèìè, òàê êàê ýòî óñëîæíÿåò ïî-

ñëåäóþùóþ îáðàáîòêó äàííûõ. Êðîìå òîãî, äàí-

íûå, êîòîðûå íå íåñóò îñîáîãî ôèçèêî-õèìè÷å-

ñêîãî ñìûñëà, ôàêòè÷åñêè âûïîëíÿþò ðîëü ïî-

ìåõ è ìîãóò ïðèâîäèòü ê èñêàæåíèþ ïîëó÷àåìîé

èíôîðìàöèè.

Êëàññèôèêàöèÿ îáðàçöîâ êîíüÿêîâ è áðåíäè

ïî îäíîé èëè íåñêîëüêèì õàðàêòåðèñòèêàì ñ èñ-

ïîëüçîâàíèåì ñïåêòðîâ ôëóîðåñöåíöèè ÿâëÿåòñÿ

çàäà÷åé äèñêðèìèíàíòíîãî àíàëèçà, ïîñêîëüêó

ðàçáèåíèå íà êëàññû (ãðóïïû) çàäàåòñÿ àïðèîðè,

à íå îïðåäåëÿåòñÿ â õîäå ïîñòðîåíèÿ ìîäåëè.

Â êà÷åñòâå àëãîðèòìà êëàññèôèêàöèè â äàííîé

ñòàòüå áûë âûáðàí ýêñòðåìàëüíûé ãðàäèåíòíûé

áóñòèíã (ÝÃÁ), êîòîðûé â ïîñëåäíèå ãîäû çàðåêî-

ìåíäîâàë ñåáÿ êàê îäèí èç íàèáîëåå ýôôåêòèâ-

íûõ àëãîðèòìîâ êëàññèôèêàöèè ïðè ìàøèííîì

îáó÷åíèè ïî ñðàâíåíèþ ñ äðóãèìè (íàïðèìåð, ëè-

íåéíûì äèñêðèìèíàíòíûì àíàëèçîì). Ïðåèìó-

ùåñòâà ÝÃÁ ïðîÿâëÿþòñÿ â ñëó÷àÿõ ïîñòðîåíèÿ

ìîäåëåé ïðè îãðàíè÷åííîì ÷èñëå îáðàçöîâ îáó-

÷àþùåãî íàáîðà [7]. Îáó÷åíèå ìîäåëè ÝÃÁ çà-

êëþ÷àåòñÿ â åå ïîøàãîâîì ñîâåðøåíñòâîâàíèè:

íà êàæäîì èç øàãîâ ïðåäñêàçàííîå ðàñïðåäåëå-

íèå îáðàçöîâ ïî êëàññàì ñîïîñòàâëÿåòñÿ ñ èñõîä-

íûìè äàííûìè îáó÷àþùåãî íàáîðà, è ïàðàìåòðû

ìîäåëè êîððåêòèðóþòñÿ ñ ó÷åòîì ðåçóëüòàòîâ

ýòîãî ñîïîñòàâëåíèÿ. Òàêèì îáðàçîì, êàæäàÿ ñëå-

äóþùàÿ ìîäåëü ó÷èòñÿ íà îøèáêàõ ïðåäûäóùåé.

Ïðîöåññ îáó÷åíèÿ ïðåêðàùàåòñÿ ïîñëå òîãî, êàê

ðàçëè÷èå ìåæäó ïðåäñêàçàíèÿìè è èñõîäíûìè

äàííûìè ïåðåñòàþò óìåíüøàòüñÿ ïðè ïåðåõîäå ê

ñëåäóþùåìó øàãó èëè óäîâëåòâîðÿþò çàäàííîìó

êðèòåðèþ. Ïîäðîáíîå îïèñàíèå àëãîðèòìà ÝÃÁ,

âêëþ÷àÿ åãî ìàòåìàòè÷åñêèé àïïàðàò, ïðèâåäå-

íî, íàïðèìåð, â ðàáîòàõ [13, 14].

Öåëü äàííîé ðàáîòû — îïðåäåëåíèå íàáîðà

ñïåêòðîâ ôëóîðåñöåíöèè äëÿ ïîñòðîåíèÿ ñïåê-

òðàëüíûõ ïîðòðåòîâ è âîçìîæíîé êëàññèôèêà-

öèè êîíüÿêîâ è âèíîãðàäíûõ áðåíäè ïî ÃÏ ñ èñ-

ïîëüçîâàíèåì àëãîðèòìîâ ÌÎ.

Êîíüÿêè è âèíîãðàäíûå áðåíäè ÿâëÿþòñÿ

ðîäñòâåííûìè âèäàìè àëêîãîëüíîé ïðîäóêöèè,

ñîäåðæàùèìè â ñâîåì ñîñòàâå â îñíîâíîì îäíè è

òå æå âåùåñòâà [15]. Â áîëüøèíñòâå ñëó÷àåâ

âèíîãðàäíûå áðåíäè èçãîòàâëèâàþò ïî «êîíüÿ÷-

íîé» òåõíîëîãèè, ïðåäóñìàòðèâàþùåé, â ÷àñò-

íîñòè, âûäåðæêó âèííîãî äèñòèëëÿòà â êîíòàêòå

ñ äðåâåñèíîé äóáà, è îòëè÷àþùåéñÿ îò êîíüÿêà
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òîëüêî äëèòåëüíîñòüþ âûäåðæêè (ìåíåå òðåõ

ëåò). Âî ìíîãèõ ðàáîòàõ êîíüÿê ðàññìàòðèâàåòñÿ

êàê ÷àñòíûé ñëó÷àé âèíîãðàäíûõ áðåíäè. Äåé-

ñòâóþùèì ðîññèéñêèì ñòàíäàðòîì äîïóñêàåòñÿ

òàêæå âîçìîæíîñòü äîáàâëåíèÿ ê äèñòèëëÿòó

ïåðåä âûäåðæêîé âèííîãî ñïèðòà-ðåêòèôèêàòà,

òàêèå íàïèòêè ìîãóò áîëåå ñóùåñòâåííî îòëè-

÷àòüñÿ îò êîíüÿêîâ [15], â äàííîé ðàáîòå èõ íå

ðàññìàòðèâàëè è íå èñïîëüçîâàëè.

Èññëåäîâàëè îáðàçöû áðåíäè è êîíüÿêîâ, ðàç-

äåëåííûå ïî ãåîãðàôè÷åñêîìó ïðîèñõîæäåíèþ

íà òðè êëàññà: ðåãèîíû Ðîññèéñêîé Ôåäåðàöèè,

êðîìå Äàãåñòàíà; Äàãåñòàí (Ðîññèéñêàÿ Ôåäåðà-

öèÿ); Ðåñïóáëèêà Àðìåíèÿ.

Ïðè ðàçáèåíèè íà êëàññû ó÷èòûâàëè, ÷òî â

ðåãèîíàõ Ðîññèéñêîé Ôåäåðàöèè, êðîìå Äàãåñòà-

íà, ïðè ïðîèçâîäñòâå êîíüÿêîâ ìîæåò èñïîëüçî-

âàòüñÿ çàðóáåæíîå ñûðüå — êîíüÿ÷íûå äèñòèëëÿ-

òû è âèíîãðàä [16], â òî âðåìÿ êàê äàãåñòàíñêèå

[17, 18] è àðìÿíñêèå [19] ïðîèçâîäèòåëè êîíüÿ-

êîâ èñïîëüçóþò, êàê ïðàâèëî, ñûðüå ñîáñòâåííîãî

ïðîèñõîæäåíèÿ è ïðîèçâîäñòâà. Òàêîå ðàçáèåíèå

íà êëàññû äîëæíî îáåñïå÷èòü âîçìîæíîñòü îòëè-

÷àòü äàãåñòàíñêèå è àðìÿíñêèå êîíüÿêè îò âûïó-

ùåííûõ äðóãèìè ïðîèçâîäèòåëÿìè.

Ñëåäóåò èìåòü â âèäó, ÷òî õèìè÷åñêèé è

äèñïåðñíûé ñîñòàâû îáðàçöà îïðåäåëÿþòñÿ íå

òîëüêî ñûðüåì, íî è îñîáåííîñòÿìè òåõíîëîãèè

(âêëþ÷àÿ âûäåðæêó â äóáîâûõ áî÷êàõ), ïðèìå-

íÿåìîé íà äàííîì ïðåäïðèÿòèè. Ïîýòîìó ïðè îò-

íåñåíèè äàííîãî îáðàçöà ê îïðåäåëåííîìó êëàññó

ìû ñîõðàíèëè ïîäõîä, ïðèìåíÿåìûé â óïîìÿíó-

òûõ âûøå èññëåäîâàíèÿõ ïî êëàññèôèêàöèè àë-

êîãîëüíîé ïðîäóêöèè — ðóêîâîäñòâîâàëèñü äàí-

íûìè, óêàçàííûìè â åãî ìàðêèðîâêå (óïàêîâêå

èëè ýòèêåòêå).

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Äëÿ ðåãèñòðàöèè ñïåêòðîâ ôëóîðåñöåíöèè

èñïîëüçîâàëè ñïåêòðîôîòîìåòð-ôëóîðèìåòð ÑÔÔ-2

«Ôëóîðàí», ðàçðàáîòàííûé ÔÃÓÏ «ÂÍÈÈÎÔÈ»

ñ ïðÿìîóãîëüíîé ñõåìîé ðåãèñòðàöèè ôëóîðåñ-

öåíöèè.

Îòáîð îáðàçöîâ êîíüÿêîâ è áðåíäè. Äëÿ ïðî-

âåäåíèÿ èññëåäîâàíèé áûëè ïîäãîòîâëåíû 43 îá-

ðàçöà âèíîãðàäíûõ áðåíäè è êîíüÿêîâ ñ ðàçíûì

ñðîêîì âûäåðæêè êîíüÿ÷íûõ äèñòèëëÿòîâ, ðàç-

ëè÷íûõ ìàðîê âåäóùèõ ðîññèéñêèõ è çàðóáåæ-

íûõ ïðîèçâîäèòåëåé.

Áîëüøèíñòâî àðìÿíñêèõ áðåíäè è êîíüÿêîâ

áûëî ïîëó÷åíî â Àðìåíèè íà çàâîäå-èçãîòîâèòå-

ëå èëè êóïëåíî â ìàãàçèíàõ «duty free», êóäà íà-

ïèòêè ïîñòàâëÿåò çàâîä-èçãîòîâèòåëü íàïðÿìóþ,

áåç ïîñðåäíèêîâ, à îñòàëüíûå áûëè ïðèîáðåòåíû

â êðóïíûõ ñåòåâûõ ìàãàçèíàõ. Áîëüøèíñòâî äà-

ãåñòàíñêèõ áðåíäè è êîíüÿêîâ áûëî ïîëó÷åíî íà

çàâîäå-èçãîòîâèòåëå, à îñòàëüíûå áûëè êóïëåíû

â êðóïíûõ ñåòåâûõ ìàãàçèíàõ. Â ýòèõ óñëîâèÿõ

ìàëî îñíîâàíèé ñîìíåâàòüñÿ â ïîäëèííîñòè èñ-

ïîëüçîâàííûõ îáðàçöîâ. Ñëåäóåò òàêæå îòìå-

òèòü, ÷òî ñîãëàñíî çàêîíîäàòåëüñòâó Ðåñïóáëèêè

Àðìåíèÿ [19] â àðìÿíñêèõ êîíüÿêàõ äîïócêàåòñÿ

èñïîëüçîâàíèå òîëüêî âûðàùåííîãî â Àðìåíèè

âèíîãðàäà, ïðè÷åì îïðåäåëåííûõ ñîðòîâ, à ñðåäè

îòîáðàííûõ îáðàçöîâ äàãåñòàíñêîãî êîíüÿêà òðè

îáðàçöà — «Ñòàðàÿ êðåïîñòü» (÷åòûðåõëåòíèé),

«êîíüÿê ïÿòèëåòíèé Äåðáåíò» è «ÊÂ Äåðáåíò»

(ïÿòèëåòíèé) îòíîñÿòñÿ ê íàïèòêàì ñ çàùèùåí-

íûì ãåîãðàôè÷åñêèì óêàçàíèåì «Äàãåñòàí» [20 –

22].

Èíôîðìàöèÿ îá îáðàçöàõ ðàçëè÷íîãî ÃÏ ïðè-

âåäåíà â òàáë. 1.

Áûëè âûáðàíû âèäû ñïåêòðîâ ôëóîðåñöåí-

öèè è èõ ôðàãìåíòû, èìåþùèå õàðàêòåðíûå îñî-

áåííîñòè, ïî ñîâîêóïíîñòè êîòîðûõ ïðåäïîëàãà-
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Òàáëèöà 1. Èíôîðìàöèÿ îá îáðàçöàõ áðåíäè è êîíüÿ÷íîé ïðîäóêöèè

Table 1. Data on samples of brandy and cognac products

Ñòðàíà Ïðîèçâîäèòåëü
Âîçðàñò

(êîëè÷åñòâî îáðàçöîâ)

Ðîññèéñêàÿ

Ôåäåðàöèÿ

(êðîìå Äàãåñòàíà)

ÎÎÎ «ÑÑÁ», Êîíüÿê ÎÎÎ «Âèííî-êîíüÿ÷íûé çàâîä «ÊÂÑ», Ñòàâðîïîëüñêèé

âèííî-êîíüÿ÷íûé çàâîä ÇÀÎ, ÀÎ Ìîñêîâñêèé Âèííî-êîíüÿ÷íûé çàâîä

«ÊèÍ», ÎÎÎ ÊÂÊÇ (Êîëîìåíñêèé âèííî-êîíüÿ÷íûé çàâîä), ÀÎ «Òàòñïèðò-

ïðîì», ÀÎ «Ìîñàçåðâèíçàâîä», ÎÎÎ «ÄÇÀÏ «ÎÑÒ-ÀËÊÎ», ÀÎ âèíî-êîíüÿ÷-

íûé êîìáèíàò ÐÓÑÜ, ÎÎÎ «ÀËÂÈÑÀ», ÂÊÇ «Àëüÿíñ-1892», ÎÎÎ «ÑÎÐÄÈÑ»,

ÀÎ «Áàõ÷èñàðàéñêèé êîìáèíàò Ñòðîéèíäóñòðèÿ», ÎÎÎ «Çàâîä Ïåðâîìàé-

ñêèé», ÎÎÎ Çàâîä ìàðî÷íûõ âèí «Êîêòåáåëü», ÎÎÎ «ÄÇÀÏ, «ÎÑÒ-ÀËÊÎ»

Ìåíüøå 3 ëåò (2),

3 ãîäà (8), 4 ãîäà (2),

5 ëåò (9), 7 ëåò (1)

Ðîññèéñêàÿ Ôåäå-

ðàöèÿ (Äàãåñòàí)

ÀÎ «Äåðáåíòñêèé êîíüÿ÷íûé êîìáèíàò»,

ÀÎ «Êèçëÿðñêèé êîíüÿ÷íûé çàâîä»

Ìåíüøå 3 ëåò (1),

3 ãîäà (1), 4 ãîäà (2),

5 ëåò (5)

Ðåñïóáëèêà

Àðìåíèÿ

ÇÀÎ «Åðåâàíñêèé Êîíüÿ÷íûé Çàâîä», ÎÎÎ «Êîíüÿ÷íûé çàâîä «Àãåðàê», Ãå-

òàïñêèé âèííûé çàâîä (ÈÏ), Âåäèíñêèé âèííî-êîíüÿ÷íûé çàâîä Vedi — Alco

(ÈÏ), ÎÎÎ «Àðàðàòñêèé Âèííûé Çàâîä», ÎÎÎ Âèííî-êîíüÿ÷íûé äîì «Øàõ-

íàçàðÿí», ÎÎÎ “Ijevan Wine-Brandy Factory”, “Àðàðàò ÅÊÂÂÊ”, ÎÎÎ “ÀÐ-

ÌÅÍÈß ÂÀÉÍ”

3 ãîäà (6),

5 ëåò (5), 15 ëåò (1),

20 ëåò (1)



ëîñü óñòàíîâëåíèå çíà÷èìûõ ðàçëè÷èé ìåæäó îá-

ðàçöàìè áðåíäè è êîíüÿêîâ ðàçëè÷íîãî ÃÏ:

ñïåêòðû ýìèññèè â äèàïàçîíå äëèí âîëí îò

290 äî 450 íì ïðè äëèíå âîëíû âîçáóæäåíèÿ

280 íì (êîíüÿêè îáëàäàþò ìàêñèìóìîì ïîãëîùå-

íèÿ ïðè 280 íì, êîíüÿ÷íûé ìàêñèìóì) è â äèàïà-

çîíå äëèí âîëí îò 260 äî 420 íì ïðè äëèíå âîëíû

âîçáóæäåíèÿ 250 íì (êîíüÿêè îáëàäàþò ìèíèìó-

ìîì ïîãëîùåíèÿ ïðè 250 íì, êîíüÿ÷íûé ìèíè-

ìóì)2;

ñïåêòðû ñèíõðîííîãî ñêàíèðîâàíèÿ â äèàïà-

çîíå äëèí âîëí îò 235 äî 450 íì ïðè ðàçíèöå

äëèí âîëí èñïóñêàíèÿ è âîçáóæäåíèÿ 50 íì.

Ïåðåä ïðîâåäåíèåì èçìåðåíèé îáðàçöû áðåí-

äè è êîíüÿêîâ ïðåäâàðèòåëüíî ðàçáàâëÿëè äåèî-

íèçîâàííîé âîäîé â ñîîòíîøåíèè 1:29 äëÿ òîãî,

÷òîáû ìèíèìèçèðîâàòü ýôôåêò âíóòðåííåãî

ôèëüòðà, êîòîðûé ìîã áû ïðèâåñòè ê èñêàæåíèþ

ïîëó÷àåìûõ ñïåêòðîâ, î ÷åì óïîìèíàþò àâòîðû

ðàáîòû [7].

Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ ñòðîèëè

ìîäåëü ìàøèííîãî îáó÷åíèÿ ñ èñïîëüçîâàíèåì

àëãîðèòìà ÝÃÁ. Ïðè ýòîì â êà÷åñòâå âõîäíûõ ïå-

ðåìåííûõ (ïðåäèêòîðîâ) èñïîëüçîâàëè íàáîðû

çíà÷åíèé èíòåíñèâíîñòåé ôëóîðåñöåíöèè â âû-

áðàííîì ôðàãìåíòå ñïåêòðà. Â êà÷åñòâå âûõîä-

íûõ (öåëåâûõ) ïåðåìåííûõ èñïîëüçîâàëè íîìåðà

êëàññîâ, ê êîòîðûì îòíîñÿòñÿ ñîîòâåòñòâóþùèå

îáðàçöû.

Àëãîðèòì ÝÃÁ áûë ðåàëèçîâàí ñ ïîìîùüþ

ïðîãðàììû, íàïèñàííîé íà ÿçûêå Python 3.7 c

èñïîëüçîâàíèåì ïàêåòîâ xgboost, pandas è

sklearn. Ïðîãðàììà áûëà íàïèñàíà â ñðåäå ïðî-

ãðàììèðîâàíèÿ Spyder 4.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðèìåðû ïîëó÷åííûõ ñïåêòðîâ ôëóîðåñöåí-

öèè ïðèâåäåíû íà ðèñ. 1 – 3.

Îáó÷åíèå ìîäåëè ïðîâîäèëè íà òðåíèðîâî÷-

íîì (îáó÷àþùåì) íàáîðå â ñîñòàâå 33 îáðàçöîâ

áðåíäè è êîíüÿêîâ ðàçëè÷íûõ ìàðîê.

Äîñòîâåðíîñòü êëàññèôèêàöèè îáðàçöîâ ñ ïî-

ìîùüþ îáó÷åííîé ìîäåëè îöåíèâàëè â äâà ýòàïà.

Íà ïåðâîì ýòàïå ïðîâîäèëè ïðîâåðêó ìîäåëè

äëÿ êàæäîãî âèäà ñïåêòðîâ ìåòîäîì ïåðåêðåñò-

íîé âàëèäàöèè ñ èñïîëüçîâàíèåì òîëüêî îáðàç-

öîâ, âõîäèâøèõ â îáó÷àþùèé íàáîð. Ïðàâèëü-

íîñòü ðàñïîçíàâàíèÿ ïðè ïðîâåðêå îáó÷àþùåãî

íàáîðà, ñîñòîÿùåãî èç 33 îáðàçöîâ áðåíäè è êîíü-

ÿêà, ñîñòàâèëà 100 %.

Íà âòîðîì ýòàïå ìîäåëè, îáó÷åííîé ðàíåå ïî

33 îáðàçöàì áðåíäè è êîíüÿêîâ, ïðåäîñòàâëÿëè

òåñòîâûé íàáîð, ñîñòîÿùèé èç 10 îáðàçöîâ ðàç-
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2 Òåðìèíû «êîíüÿ÷íûé ìàêñèìóì» è «êîíüÿ÷íûé ìèíè-

ìóì» áûëè ïðåäëîæåíû â ðàáîòå [23] ïðèìåíèòåëüíî ê

ñïåêòðàì àáñîðáöèè îáðàçöîâ êîíüÿ÷íîé ïðîäóêöèè.
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Ðèñ. 1. Ñïåêòðû ýìèññèè â äèàïàçîíå äëèí âîëí 290 – 450 íì ïðè äëèíå âîëíû âîçáóæäåíèÿ 280 íì (êîíüÿ÷íûé ìàêñè-

ìóì)

Fig. 1. Emission spectra in the wavelength range from 290 to 450 nm at an excitation wavelength 280 nm (brandy maximum)
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Ðèñ. 2. Ñïåêòðû ýìèññèè â äèàïàçîíå äëèí âîëí 260 – 420 íì ïðè äëèíå âîëíû âîçáóæäåíèÿ 250 íì (êîíüÿ÷íûé ìèíè-

ìóì)

Fig. 2. Emission spectra in the wavelength range from 260 to 420 nm at excitation wavelength of 250 nm (brandy minimum)
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Ðèñ. 3. Ñïåêòðû ñèíõðîííîãî ñêàíèðîâàíèÿ â äèàïàçîíå äëèí âîëí 235 – 450 íì ïðè ðàçíîñòè äëèí âîëí âîçáóæäåíèÿ è

ýìèññèè Äë = 50 íì

Fig. 3. Spectra of synchronous scanning in the wavelength range from 235 to 450 nm at the wavelength difference between

the excitation and emission Äë = 50 nm



ëè÷íûõ íàïèòêîâ ðàçëè÷íûõ ìàðîê, êîòîðûå íå

ó÷àñòâîâàëè â îáó÷åíèè. Ðåçóëüòàòû ïðåäñêàçà-

íèé ÃÏ, ïîëó÷åííûå ñ ïîìîùüþ îáó÷åííûõ ìîäå-

ëåé äëÿ îáðàçöîâ òåñòîâîãî íàáîðà, ïðåäñòàâëå-

íû â òàáë. 2 – 4. Â êàæäîé èç ýòèõ òàáëèö â ëåâîì

ñòîëáöå ïðèâåäåíû èñõîäíûå äàííûå îá îáðàçöå,

âêëþ÷àÿ åãî ÃÏ, à â îñòàëüíûõ ñòîëáöàõ — ïðåä-

ñêàçàíèÿ ÃÏ ñ óêàçàíèåì èõ äîâåðèòåëüíûõ âå-

ðîÿòíîñòåé P. ß÷åéêè ñ ïðàâèëüíûìè ðåçóëüòàòà-

ìè ïðåäñêàçàíèé âûäåëåíû çåëåíûì öâåòîì. Ïî-

äîáíûå òàáëèöû èñïîëüçóþòñÿ â ìàøèííîì îáó-

÷åíèè äëÿ ñîïîñòàâëåíèÿ ðåçóëüòàòîâ ïðåäñêàçà-

íèé ñ èñõîäíûìè äàííûìè è íîñÿò íàçâàíèå

ìàòðèö îøèáîê èëè ìàòðèö íåñîîòâåòñòâèé (â

àíãëîÿçû÷íîé ëèòåðàòóðå — confusion matrix).

Ïðàâèëüíîñòü ðàñïîçíàâàíèÿ îáðàçöîâ òåñòî-

âîãî íàáîðà ñîñòàâèëà 100 % äëÿ ìîäåëåé, ïî-

ñòðîåííûõ êàê ïî ñïåêòðàì ñèíõðîííîãî ñêàíè-

ðîâàíèÿ, òàê è ýìèññèè ïðè âîçáóæäåíèè íà äëè-

íàõ âîëí êîíüÿ÷íîãî ìèíèìóìà è ìàêñèìóìà.

Ñðåäíèå çíà÷åíèÿ äîâåðèòåëüíîé âåðîÿòíî-

ñòè äëÿ ïðåäñêàçàíèé êëàññîâ ïî ñïåêòðàì ýìèñ-

ñèè íà äëèíå âîëíû âîçáóæäåíèÿ êîíüÿ÷íîãî ìè-

íèìóìà (250 íì) è ìàêñèìóìà (280 íì) ñîñòàâèëè

0,975 è 0,966 ñîîòâåòñòâåííî, à äëÿ ïðåäñêàçàíèé

ïî ñïåêòðàì ñèíõðîííîãî ñêàíèðîâàíèÿ — 0,971.

Ïîìèìî êëàññèôèêàöèè ïî ÃÏ, ðåàëèçîâàí-

íûé ìåòîä ïðåäñòàâëÿåò èíòåðåñ äëÿ ýêñïðåññíî-

ãî àíàëèçà (ñêðèíèíãà) îáðàçöîâ àëêîãîëüíîé

ïðîäóêöèè ïðè ïðîâåðêå è ïîäòâåðæäåíèè èõ

ïîäëèííîñòè è ñîîòâåòñòâèÿ õàðàêòåðèñòèê, çà-

ÿâëÿåìûõ ïðîèçâîäèòåëÿìè è ïðîäàâöàìè. Ýòî

ìîæíî ïðîèëëþñòðèðîâàòü äàííûìè ðèñ. 1, ãäå

ïðèâåäåíû ñïåêòðû ýìèññèè â äèàïàçîíå äëèí

âîëí 290 – 450 íì ïðè äëèíå âîëíû âîçáóæäåíèÿ

280 íì. Âèäíî, ÷òî ñïåêòð îäíîãî èç îáðàçöîâ
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Òàáëèöà 2. Ðåçóëüòàòû îáðàáîòêè ñïåêòðîâ ýìèññèè ïðè äëèíå âîëíû âîçáóæäåíèÿ êîíüÿ÷íîãî ìèíèìóìà (250 íì), òåñ-

òîâûé íàáîð

Table 2. Results of processing emission spectra at an excitation wavelength of 250 nm (test set)

Èñõîäíûå äàííûå îá îáðàçöå

Ïðåäñêàçàííîå ÃÏ ñ äîâåðèòåëüíîé âåðîÿòíîñòüþ

Àðìåíèÿ
Ðåãèîíû Ðîññèè,

êðîìå Äàãåñòàíà
Ðîññèÿ (Äàãåñòàí)

Àðìåíèÿ «Àðàðàò» òðåõëåòíèé P = 0,979 P = 0,01 P = 0,011

Àðìåíèÿ «Àðâåñò» ïÿòèëåòíèé P = 0,972 P = 0,012 P = 0,016

Àðìåíèÿ «Ìèòðèäàò» òðåõëåòíèé P = 0,973 P = 0,012 P = 0,014

Àðìåíèÿ «Ìèòðèäàò» ïÿòèëåòíèé P = 0,981 P = 0,01 P = 0,009

Ðîññèÿ «Êèíîâñêèé» òðåõëåòíèé P = 0,017 P = 0,971 P = 0,012

Ðîññèÿ «Êîìàíäèðñêèé» P = 0,009 P = 0,978 P = 0,013

Ðîññèÿ «Îëä áàðåëü» ïÿòèëåòíèé P = 0,003 P = 0,986 P = 0,01

Ðîññèÿ «Òðîôåéíûé» ÷åòûðåõëåòíèé P = 0,005 P = 0,986 P = 0,002

Ðîññèÿ (Äàãåñòàí) «Êàçáåã» òðåõëåòíèé P = 0,025 P = 0,031 P = 0,944

Ðîññèÿ (Äàãåñòàí) «Ëåçãèíêà» ïÿòèëåòíèé P = 0,014 P = 0,01 P = 0,976

Òàáëèöà 3. Ðåçóëüòàòû îáðàáîòêè ñïåêòðîâ ýìèññèè íà äëèíå âîëíû âîçáóæäåíèÿ êîíüÿ÷íîãî ìàêñèìóìà (280 íì), òåñ-

òîâûé íàáîð

Table 3. Results of processing of emission spectra at an excitation wavelength of 280 nm (test set)

Èñõîäíûå äàííûå îá îáðàçöå

Ïðåäñêàçàííîå ÃÏ ñ äîâåðèòåëüíîé âåðîÿòíîñòüþ

Àðìåíèÿ
Ðåãèîíû Ðîññèè,

êðîìå Äàãåñòàíà
Ðîññèÿ (Äàãåñòàí)

Àðìåíèÿ «Àðàðàò» òðåõëåòíèé P = 0,969 P = 0,014 P = 0,017

Àðìåíèÿ «Àðâåñò» ïÿòèëåòíèé P = 0,960 P = 0,017 P = 0,023

Àðìåíèÿ «Ìèòðèäàò» òðåõëåòíèé P = 0,975 P = 0,01 P = 0,015

Àðìåíèÿ «Ìèòðèäàò» ïÿòèëåòíèé P = 0,975 P = 0,016 P = 0,009

Ðîññèÿ «Êèíîâñêèé» òðåõëåòíèé P = 0,011 P = 0,978 P = 0,012

Ðîññèÿ «Êîìàíäèðñêèé» P = 0,008 P = 0,978 P = 0,014

Ðîññèÿ «Îëä áàðåëü» ïÿòèëåòíèé P = 0,01 P = 0,975 P = 0,015

Ðîññèÿ «Òðîôåéíûé» ÷åòûðåõëåòíèé P = 0,02 P = 0,955 P = 0,025

Ðîññèÿ (Äàãåñòàí) «Êàçáåã» òðåõëåòíèé P = 0,02 P = 0,05 P = 0,930

Ðîññèÿ (Äàãåñòàí) «Ëåçãèíêà» ïÿòèëåòíèé P = 0,014 P = 0,02 P = 0,966



(òðåõëåòíèé «Äóáîâûé áî÷îíîê») çàìåòíî îòëè-

÷àåòñÿ îò ñïåêòðîâ îñòàëüíûõ. Òàêîå îòëè÷èå ìî-

æåò áûòü îáóñëîâëåíî ôàëüñèôèêàöèåé, â ñëó÷àå

ðåàëüíîãî ñêðèíèíãà îíî ïîñëóæèëî áû îñíîâà-

íèåì äëÿ áîëåå òùàòåëüíîé ïðîâåðêè äàííîãî îá-

ðàçöà ñ èñïîëüçîâàíèåì õðîìàòîãðàôè÷åñêèõ

èëè ìàññ-ñïåêòðàëüíûõ ìåòîäîâ.

Çàêëþ÷åíèå

Àïðîáèðîâàí ïîäõîä ê õàðàêòåðèçàöèè êîíü-

ÿêîâ è áðåíäè íà ïðèìåðå èõ êëàññèôèêàöèè ïî

ãåîãðàôè÷åñêîìó ïðîèñõîæäåíèþ, îñíîâàííûé

íà âûäåëåíèè õàðàêòåðíûõ ôðàãìåíòîâ ñïåêòðîâ

ôëóîðåñöåíöèè è îáðàáîòêå ñïåêòðàëüíûõ äàí-

íûõ ñ ïîìîùüþ ìàøèííîãî îáó÷åíèÿ. Ðåãèñòðè-

ðîâàëè ñïåêòðû ýìèññèè ïðè âîçáóæäåíèè íà

äëèíàõ âîëí 250 è 280 íì è ñïåêòðû ñèíõðîííîãî

ñêàíèðîâàíèÿ ïðè ðàçíîñòè äëèí âîëí âîçáóæäå-

íèÿ è ýìèññèè 50 íì.

Ïðàâèëüíîñòü ðàñïîçíàâàíèÿ îáðàçöîâ òåñòî-

âîãî íàáîðà, íå èñïîëüçîâàâøèõñÿ äëÿ îáó÷åíèÿ

ìîäåëè, ñîñòàâèëà 100 % äëÿ âñåõ ìîäåëåé.

Ïðåäëàãàåìûé â äàííîé ñòàòüå ìåòîä ìîæåò

áûòü èñïîëüçîâàí äëÿ ñåðòèôèêàöèè è äðóãèõ

êîíòðîëüíûõ ïðîöåäóð òîëüêî êîíüÿêîâ è âèíî-

ãðàäíûõ áðåíäè ñ çàùèùåííûì ãåîãðàôè÷åñêèì

íàèìåíîâàíèåì (óêàçàíèåì ìåñòà ïðîèñõîæäå-

íèÿ), à òàêæå äëÿ ýêñïðåññ-àíàëèçà (ñêðèíèíãà)

îáðàçöîâ àëêîãîëüíîé ïðîäóêöèè ïðè ïðîâåðêå

èõ ïîäëèííîñòè, â ïðîöåäóðàõ êîíòðîëÿ òåõíîëî-

ãè÷åñêèõ ïðîöåññîâ ïðè ïðîèçâîäñòâå êîíüÿêà è

äðóãèõ âèäîâ àëêîãîëüíîé ïðîäóêöèè. Ïîäõîä,

èçëîæåííûé â íàñòîÿùåé ñòàòüå, ìîæåò áûòü

òàêæå èñïîëüçîâàí äëÿ êëàññèôèêàöèè äðóãèõ

æèäêèõ ïèùåâûõ ïðîäóêòîâ (ñîêîâ, ìåäà è ò.ï.).
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Òàáëèöà 4. Ðåçóëüòàòû îáðàáîòêè ñïåêòðîâ ñèíõðîííîãî ñêàíèðîâàíèÿ ñî ñäâèãîì äëèíû âîëíû 50 íì

Table 4. Results of processing of synchronous scanning spectra at a wavelength difference of 50 nm (test set)

Èñõîäíûå äàííûå îá îáðàçöå

Ïðåäñêàçàííîå ÃÏ ñ äîâåðèòåëüíîé âåðîÿòíîñòüþ

Àðìåíèÿ
Ðåãèîíû Ðîññèè,

êðîìå Äàãåñòàíà
Ðîññèÿ (Äàãåñòàí)

Àðìåíèÿ «Àðàðàò» òðåõëåòíèé P = 0,982 P = 0,006 P = 0,012

Àðìåíèÿ «Àðâåñò» ïÿòèëåòíèé P = 0,976 P = 0,01 P = 0,014
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Ïîíäåðîìîòîðíàÿ ñèëà ñöåïëåíèÿ äâóõ ïîñòîÿííûõ ìàãíèòîâ çàâèñèò îò èõ ôîðìû. Â ðà-

áîòå ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ îïòèìàëüíîé ôîðìû ýëëèïñîèäàëüíûõ ìàã-

íèòîâ, ïðè êîòîðîé ñèëà èõ ìàãíèòíîãî ñöåïëåíèÿ ìàêñèìàëüíà. Àíàëèçèðîâàëîñü âçàèìî-

äåéñòâèå äâóõ ïîëîâèíîê ìàãíèòà, ïðåäñòàâëÿþùåãî ñîáîé ýëëèïñîèä âðàùåíèÿ, è ìàãíèò

â âèäå äëèííîãî ñòåðæíÿ ñ ýëëèïòè÷åñêèì ïîïåðå÷íûì ñå÷åíèåì. Ïîëó÷åíû àíàëèòè÷å-

ñêèå ôîðìóëû äëÿ ñèë ñöåïëåíèÿ â ýòèõ ñëó÷àÿõ. Äëÿ ôèêñèðîâàííîé ìàññû èëè îáúåìà

ìàãíèòîâ ðåøåíà çàäà÷à îïòèìèçàöèè ñèëû ñöåïëåíèÿ è íàéäåíà ãåîìåòðè÷åñêàÿ ôîðìà,

ïðè êîòîðîé ñèëà ñöåïëåíèÿ áóäåò ìàêñèìàëüíîé. Ïîêàçàíî, ÷òî â ñëó÷àå ìàãíèòà â âèäå

ýëëèïñîèäà âðàùåíèÿ ìàêñèìàëüíàÿ ñèëà ñöåïëåíèÿ åãî ïîëîâèíîê (â ïðåíåáðåæåíèè ìàã-

íèòíûì íàòÿæåíèåì íà áîêîâûå ïîâåðõíîñòè) äîñòèãàåòñÿ ïðè ýêñöåíòðèñèòåòå 0,625958.

Âåëè÷èíà ìàêñèìàëüíîé ñèëû ñöåïëåíèÿ ïðåâûøàåò ñèëó ñöåïëåíèÿ ïîëîâèíîê îäíîðîä-

íî íàìàãíè÷åííîãî øàðîâîãî ìàãíèòà òàêîãî æå îáúåìà íà 1,7 %. Ïðè ýòîì ïëîùàäü ñöåï-

ëåíèÿ ýëëèïñîèäàëüíîãî ìàãíèòà áóäåò ìåíüøå ïëîùàäè ñöåïëåíèÿ øàðîâîãî ìàãíèòà íà

28 %. Íàéäåíà îïòèìàëüíàÿ ôîðìà ñòåðæíåâîãî ìàãíèòà ýëëèïòè÷åñêîãî ñå÷åíèÿ ñ ìàêñè-

ìàëüíîé ñèëîé ñöåïëåíèÿ åãî ïîëîâèíîê ïðè ôèêñèðîâàííîì îáúåìå ìàãíèòà. Ïîëó÷åíà

ôîðìóëà äëÿ ïîíäåðîìîòîðíîé ìàãíèòîñòàòè÷åñêîé ñèëû âçàèìîäåéñòâèÿ ïîëîâèíîê ñòåð-

æíåâîãî ìàãíèòà ñ ýëëèïòè÷åñêèì ñå÷åíèåì è ìàêñèìàëüíîé ñèëîé âçàèìîäåéñòâèÿ. ×èñ-

ëåííûå îöåíêè äëÿ ñïå÷åííîãî ñòåðæíåâîãî ìàãíèòà NdFeB ïîêàçàëè, ÷òî ïîíäåðîìîòîð-

íàÿ ñèëà âçàèìîäåéñòâèÿ ïðè ðàäèóñå ïîïåðå÷íîãî ñå÷åíèÿ 5 ñì ìîæåò äîñòèãàòü 2 ò íà 1 ì

äëèíû. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïîâûøåíèè ýôôåêòèâíî-

ñòè óñòðîéñòâ íà ïîñòîÿííûõ ìàãíèòàõ.

Êëþ÷åâûå ñëîâà: ïîñòîÿííûå ìàãíèòû; ìàãíèòîñòàòèêà; ïîíäåðîìîòîðíûå ìàãíèòíûå

ñèëû; ìàãíèòíàÿ ëåâèòàöèÿ.
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OF A GIVEN VOLUME PROVIDING MAXIMUM STRENGTH

OF THEIR MAGNETIC COUPLING

� Oleg P. Polyakov,1,2* Petr A. Polyakov1

1 M. V. Lomonosov Moscow State University, Faculty of Physics, 1, str. 2, Leninskie gory, Moscow, 119991, Russia;

*e-mail: o_polyakov@physics.msu.ru
2 V. A. Trapeznikov Institute of Control Sciences, Russian Academy of Sciences, 65, Profsoyuznaya ul., Moscow, 117997,

Russia.

Received January 22, 2023. Revised May 4, 2023. Accepted June 20, 2023.

The ponderomotive force of the adhesion of two permanent magnets depends on their shape. We present

the results of determining the optimal shape of ellipsoidal magnets providing maximum magnetic adhe-
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sion between them. The interaction of two halves of a magnet, which is an ellipsoid of revolution, and a

magnet in the form of a long rod with an elliptical cross section, is analyzed. Analytical formulas for the co-

hesion forces in these cases are obtained. For a fixed mass or volume of magnets, the problem of optimiz-

ing the adhesion force is solved and a geometric shape which provide the maximum adhesion force is de-

termined. It is shown that in the case of a magnet in the form of an ellipsoid of revolution, the maximum

adhesion force of its halves (ignoring the magnetic tension on the side surfaces) is achieved at an eccentric-

ity of 0.625958. The magnitude of the maximum adhesion force exceeds the adhesion force of the halves of

a uniformly magnetized spherical magnet of the same volume by 1.7%. In this case, the adhesion area of

the ellipsoidal magnet will be less than the adhesion area of the spherical magnet by 28%. The optimal

form of a bar magnet with an elliptical section with the maximum force of adhesion of its halves at a fixed

volume of the magnet is determined. A formula is derived for the ponderomotive magnetostatic force of

the interaction between the halves of a bar magnet with an elliptical section and the maximum force of in-

teraction. Numerical estimates for a sintered NdFeB bar magnet showed that the ponderomotive force of

interaction with a cross-sectional radius of 5 cm can reach 2 tons per 1 m of length. The results obtained

can be used to improve the efficiency of devices based on permanent magnets.

Keywords: permanent magnets; magnetostatics; ponderomotive magnetic forces; magnetic levitation.

Ââåäåíèå

Ïîñòîÿííûå ìàãíèòû øèðîêî ïðèìåíÿþò â

ðàçëè÷íûõ òåõíè÷åñêèõ óñòðîéñòâàõ: â ìàãíèò-

íûõ ìóôòàõ, â êîòîðûõ ïðîèñõîäèò ñöåïëåíèå

âðàùàþùèõñÿ âàëîâ ïîñðåäñòâîì ïîíäåðîìîòîð-

íûõ ìàãíèòíûõ ñèë áåç íåïîñðåäñòâåííîãî êîí-

òàêòà ïîâåðõíîñòåé ìàòåðèàëà [1, 2], â ìàãíèò-

íûõ ïîäâåñàõ, äåðæàòåëÿõ è çàùåëêàõ [3 – 6],

â êà÷åñòâå áåñòîêîâûõ ñòàòîðîâ èëè ðîòîðîâ â

ýêîíîìè÷íûõ è ìèíèàòþðíûõ ýëåêòðîäâèãàòå-

ëÿõ è ãåíåðàòîðàõ [7 – 9], â ìàãíèòíîé ëåâèòàöè-

îííîé ñèñòåìå â ïîåçäàõ íà ìàãíèòíîé ïîäóøêå

(maglev) [10 – 14] è äð.

Ñîâðåìåííûå ïîñòîÿííûå ìàãíèòû íà îñíîâå

NdFeB è SmCo èìåþò âûñîêèå çíà÷åíèÿ íàìàã-

íè÷åííîñòè íàñûùåíèÿ, îñòàòî÷íîé èíäóêöèè,

êîýðöèòèâíîé ñèëû [15, 16]. Òàê, ñîåäèíåíèÿ

Nd2Fe14B õàðàêòåðèçóþòñÿ ðåêîðäíûìè çíà÷å-

íèÿìè ýíåðãåòè÷åñêîãî ïðîèçâåäåíèÿ (BH)max =

= 474 êÄæ/ì3 [15].

Ïîìèìî ðàçðàáîòêè íîâûõ ìàãíèòîòâåðäûõ

ìóëüòèêîìïîíåíòíûõ ìàòåðèàëîâ ñ âûñîêèìè

çíà÷åíèÿìè ìàãíèòíûõ ïàðàìåòðîâ [16 – 19], íå

ìåíå âàæíà çàäà÷à íàõîæäåíèÿ îïòèìàëüíîé

êîíôèãóðàöèè ïîñòîÿííûõ ìàãíèòîâ äëÿ ïîëó÷å-

íèÿ ìàêñèìàëüíîé ñèëû ìàãíèòíîãî ñöåïëåíèÿ.

Ïðèìåðîì ðåàëèçàöèè òàêîé çàäà÷è ìîæåò ñëó-

æèòü òàê íàçûâàåìàÿ ñáîðêà Õàëáàõà [20, 21] è

ìàãíèòíîå âçàèìîäåéñòâèå ðåøåòîê ïîñòîÿííûõ

ìàãíèòîâ [22, 23].

Öåëü ðàáîòû — îïðåäåëåíèå ôîðìû ýëëèï-

ñîèäàëüíûõ ìàãíèòîâ çàäàííîãî îáúåìà, ïðè êî-

òîðîé ñèëà èõ ñöåïëåíèÿ áóäåò ìàêñèìàëüíîé.

Ïîñòàíîâêà çàäà÷è

Íà ðèñ. 1 ïðåäñòàâëåíà êîíôèãóðàöèÿ âçàè-

ìîäåéñòâóþùèõ ïîëîâèíîê ïîñòîÿííîãî ýëëèï-

ñîèäàëüíîãî ìàãíèòà. Äâå åãî îäèíàêîâûå ïîëî-

âèíêè îäíîðîäíî íàìàãíè÷åíû âäîëü îñè Z. Âåê-

òîð íàìàãíè÷åííîñòè — M. Ïîëóîñè ýëëèïñîèäà

âäîëü ãëàâíûõ îñåé êîîðäèíàò X, Y, Z ðàâíû ñî-

îòâåòñòâåííî a, b, c (îñü X íå îáîçíà÷åíà). Âåðõ-

íèé ìàãíèò èçîáðàæåí ñïëîøíîé ëèíèåé, íèæ-

íèé — ïóíêòèðíîé.

Äëÿ âû÷èñëåíèÿ ñèëû ñöåïëåíèÿ ïîëîâèíîê

ðàçäâèíåì èõ íà ìàëóþ âåëè÷èíó 2h âäîëü îñè Z.

Òîãäà èçìåíåíèå ýíåðãèè ìàãíèòîñòàòè÷åñêîãî

ïîëÿ ìàãíèòîâ W (â ïðåíåáðåæåíèè ìàãíèòíûì

íàòÿæåíèåì íà áîêîâûå ïîâåðõíîñòè) áóäåò îïðå-

äåëÿòüñÿ âåëè÷èíîé íàïðÿæåííîñòè ìàãíèòíîãî

ïîëÿ H â çàçîðå ìåæäó ìàãíèòàìè òîëùèíîé 2h:

W
H

S h�

2

8
2

�

, (1)

ãäå S — ïëîùàäü ñîïðèêîñíîâåíèÿ ïîëîâèíîê

ìàãíèòà.

Íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ H â ñîîòâåò-

ñòâèè ñ êîíôèãóðàöèåé ìàãíèòîâ îïðåäåëÿåòñÿ

âûðàæåíèåì

H = 4ðM(1 – n(z)), (2)

ãäå M — ìîäóëü âåêòîðà íàìàãíè÷åííîñòè; n(z) —

ðàçìàãíè÷èâàþùèé êîýôôèöèåíò âäîëü îñè Z,

îïðåäåëÿåìûé âûðàæåíèåì [24]
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Ðèñ. 1. Êîíôèãóðàöèÿ âçàèìîäåéñòâóþùèõ ïîëîâèíîê

ýëëèïñîèäàëüíîãî ìàãíèòà

Fig. 1. Configuration of the interacting halves of an ellip-

soidal magnet
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Èç (1) äëÿ ïîíäåðîìîòîðíîé ñèëû ñöåïëåíèÿ

ïîëîâèíîê ìàãíèòîâ âäîëü îñè Z ïîëó÷èì

F
W

h

H
S

Z
� �

2 8

2
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. (4)

Îòìåòèì, ÷òî â ÷àñòíîì ñëó÷àå ýëëèïñîèäà

âðàùåíèÿ, êîãäà ïîëóîñè a = b, ðàçìàãíè÷èâàþ-

ùèé êîýôôèöèåíò âûðàæàåòñÿ ÷åðåç ýëåìåíòàð-

íûå ôóíêöèè.

Â ñëó÷àå âûòÿíóòîãî ýëëèïñîèäà âäîëü îñè Z

èìååì [24]
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ýêñöåíòðèñèòåò ýëëèïñîèäà.

Òîãäà äëÿ ñèëû ñöåïëåíèÿ ïîëîâèíîê ìàãíè-

òà ïîëó÷èì
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h
M
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Z
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� �

	

2
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2
2 2

( )
( )

.

( )

� (7)

Îáñóæäåíèå ðåçóëüòàòîâ

Îïðåäåëèì ôîðìó ýëëèïñîèäà, ïðè êîòîðîé

ñèëà ñöåïëåíèÿ ïîëîâèíîê ýëëèïñîèäàëüíîãî

ìàãíèòà áóäåò ìàêñèìàëüíîé ïðè çàäàííîì îáúå-

ìå ýëëèïñîèäà, ò.å.

V a c�

4

3

2
� = const. (8)

Èñïîëüçóÿ óñëîâèå (8) äëÿ ýêñöåíòðèñèòåòà

ýëëèïñîèäà, ïîëó÷èì

e
V

c
� 	1

3

4 3
�

. (9)

Ñ ïîìîùüþ âûðàæåíèé (8) è (9) ìîæíî âûðà-

çèòü ïîëóîñü a â (7) ÷åðåç ýêñöåíòðèñèòåò e è ïî-

ñòîÿííûé îáúåì V. Äàëåå, äèôôåðåíöèðóÿ (7) ïî

ïåðåìåííîé e, íàéäåì òðàíñöåíäåíòíîå óðàâíå-

íèå äëÿ ýêñöåíòðèñèòåòà ýëëèïñîèäà, ïðè êîòî-

ðîì ñèëà ñöåïëåíèÿ (7) áóäåò ìàêñèìàëüíà ïðè

çàäàííîì îáúåìå:

3
1

1 0

2
	

� 	 �

e

e

n

e
n

z
z

d

d

( )
( ) . (10)

×èñëåííîå ðåøåíèå óðàâíåíèÿ (10) äàåò ñëå-

äóþùåå çíà÷åíèå ýêñöåíòðèñèòåòà, ïðè êîòîðîì

ñèëà FZ áóäåò ìàêñèìàëüíà: e = 0,626958. Â ýòîì

ñëó÷àå îòíîøåíèå ïîëóîñåé ýëëèïñîèäà a/c =

= 0,78, à ôîðìà ýëëèïñîèäà áóäåò ïðèáëèçèòåëü-

íî èìåòü âèä, ïðåäñòàâëåííûé íà ðèñ. 1. Ïðè ëþ-

áûõ äðóãèõ çíà÷åíèÿõ îòíîøåíèé ïîëóîñåé a/c

ñèëà ñöåïëåíèÿ áóäåò ìåíüøå ïðè çàäàííîì

îáúåìå.

Ïóñòü a0 ðàäèóñ øàðà, îáúåì êîòîðîãî ñîâ-

ïàäàåò ñ îáúåìîì ýëëèïñîèäà V. Òîãäà ýêñöåí-

òðèñèòåò

e
a

c
� 	1

0

3

3
. (11)

Ó÷èòûâàÿ ñîîòíîøåíèÿ (5), (6) è (11), ïîëó-

÷èì çàâèñèìîñòü ñèëû FZ îò ïîëóîñè c è ïàðàìåò-

ðà a0:
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h
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z
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2
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2
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2
( ) ( ) ( ) .( )
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Íà ðèñ. 2 ïðåäñòàâëåí ãðàôèê ýòîé çàâèñè-

ìîñòè â îòíîñèòåëüíûõ âåëè÷èíàõ. Âèäíî, ÷òî

ñèëà èìååò ìàêñèìóì ïðè c/a0 = 1/(1 – e2)1/3 =

= 1,18029. Îòíîñèòåëüíîå çíà÷åíèå ìàêñèìàëü-

íîé ñèëû ñöåïëåíèÿ ñîñòàâëÿåò

F

Ma
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c

a

Z z

8
1 1 0 451808
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Ñðàâíèì ïîëó÷åííîå çíà÷åíèå ìàêñèìàëüíîé

ñèëû ñöåïëåíèÿ ñ ñèëîé ñöåïëåíèÿ øàðîâîãî
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Ðèñ. 2. Çàâèñèìîñòü ñèëû ñöåïëåíèÿ F
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ïðè åãî ôèêñèðîâàííîì îáúåìå

Fig. 2. Dependence of the coupling force FZ of the halves of

an ellipsoidal magnet on the magnitude of the semi-axis of

the ellipsoid c/a0 at a fixed ellipsoid volume



ìàãíèòà òîãî æå îáúåìà. Ñîãëàñíî (7) îòíîñèòåëü-

íàÿ ñèëà ñöåïëåíèÿ øàðîâîãî ìàãíèòà
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òàê êàê äëÿ øàðà ðàçìàãíè÷èâàþùèé êîýôôèöè-

åíò n(z) = 1/3. Ñîîòâåòñòâåííî, îòíîøåíèå ñèë

FZ/FZøàðà = 1,016569.

Òàêèì îáðàçîì, ìàêñèìàëüíàÿ ñèëà ñöåïëå-

íèÿ ýëëèïñîèäàëüíîãî ìàãíèòà îïòèìàëüíîé

ôîðìû òîëüêî íà 1,7 % ïðåâûøàåò ñèëó ñöåïëå-

íèÿ øàðîâîãî ìàãíèòà òîãî æå îáúåìà. Îäíàêî

ïëîùàäü ñîïðèêîñíîâåíèÿ ýëëèïñîèäàëüíîãî

ìàãíèòà ñ ôåððîìàãíåòèêîì áóäåò ñóùåñòâåííî

ìåíüøå ïëîùàäè ñôåðè÷åñêîãî ìàãíèòà:

�

�

a

a

2

0

2
0 71785� , .

Çàìåòèì, ÷òî ðåçóëüòàòû ïîëó÷åíû â ïðåíåá-

ðåæåíèè ìàãíèòíîé ñèëû íàòÿæåíèÿ íà áîêîâóþ

ïîâåðõíîñòü ýëëèïñîèäà. Ó÷åò ýòîé ñèëû äàåò

ïîïðàâêó ê ïîëó÷åííûì äàííûì îêîëî 10 %.

Â ÷àñòíîñòè, çíà÷åíèå ýêñöåíòðèñèòåòà ýëëèï-

ñîèäà, ïðè êîòîðîì ìàãíèòíîå ñöåïëåíèå áóäåò

ìàêñèìàëüíûì, ñîñòàâèò e = 0,771264.

Èññëåäóåì ñèëó ñöåïëåíèÿ FZ â ñëó÷àå ñèëüíî

âûòÿíóòîãî âäîëü îñè X ýëëèïñîèäà (ïîëóîñü a

ìíîãî áîëüøå ïîëóîñåé b è c). Îáîçíà÷èì äëèíó

ýëëèïñîèäà âäîëü áîëüøåé ñòîðîíû L = 2a. Â

ðàññìàòðèâàåìîì ïðèáëèæåíèè ìàãíèò — ñòåð-

æåíü äëèíîé L ñ ýëëèïñîèäàëüíûì ñå÷åíèåì (ñì.

ðèñ. 1).

Â ïðåäåëå a � 
 âûðàæåíèå äëÿ ðàçìàãíè÷è-

âàþùåãî êîýôôèöèåíòà n(z) óïðîùàåòñÿ:

n
b

c b

z( ) .�

�

(13)

Òîãäà âûðàæåíèå äëÿ ìàãíèòíîé ñèëû ñöåï-

ëåíèÿ ïîëîâèíîê ñòåðæíåâîãî ìàãíèòà ýëëèïòè-

÷åñêîãî ñå÷åíèÿ â ïðåíåáðåæåíèè ìàãíèòíûì íà-

òÿæåíèåì íà áîêîâûå ïîâåðõíîñòè ïðèìåò âèä
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Ïóñòü îáúåì (ìàññà) ñòåðæíåâîãî ìàãíèòà

V bcL a L� �� �
0

2 = const. (15)

Èç (14) íåñëîæíî îïðåäåëèòü, ÷òî ñèëà ñöåï-

ëåíèÿ äëÿ ñòåðæíåâîãî ìàãíèòà ýëëèïòè÷åñêîé

ôîðìû áóäåò ìàêñèìàëüíîé ïðè

c b a
V

L
� � �3 3 3

0
�

. (16)

Â ðåçóëüòàòå ìàêñèìàëüíàÿ ñèëà ñöåïëåíèÿ

ïîëîâèíîê ñòåðæíåâîãî ìàãíèòà

F
M

a L
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�

( )
.

4

16

3 3

4

2

0

�

�

(17)

Òàêèì îáðàçîì, ñèëà ñöåïëåíèÿ â ñëó÷àå ìàã-

íèòà â âèäå ýëëèïñîèäà âðàùåíèÿ çàäàííîãî îáú-

åìà â îñíîâíîì îïðåäåëÿåòñÿ íàòÿæåíèåì ìàã-

íèòíîãî ïîëÿ Ìàêñâåëëà [25] â îáëàñòè ñîïðèêîñ-

íîâåíèÿ åãî ïîëîâèíîê. Íàéäåíî ñîîòíîøåíèå

ïîëóîñåé ýëëèïñîèäà, ïðè êîòîðûõ âçàèìîäåé-

ñòâèå áóäåò ìàêñèìàëüíûì ïðè çàäàííîì îáúåìå.

Òàê, äëÿ ìàãíèòà NdFeB ñ 4ðM = 1,3 · 104 Ý è

a0 = 5 ñì ïîëó÷àåì ñëåäóþùóþ ÷èñëåííóþ îöåí-

êó äëÿ ìàãíèòíîé ïîíäåðîìîòîðíîé ñèëû, ïðèõî-

äÿùåéñÿ íà åäèíèöó äëèíû ñòåðæíÿ:

FZmax = 2,2 · 104 Í/ì.

Èíûìè ñëîâàìè, ñèëà ñöåïëåíèÿ ïîëîâèíîê

ñòåðæíåâîãî ìàãíèòà èç NdFeB îïòèìàëüíîé

ôîðìû ñ ðàäèóñîì 5 ñì è äëèíîé 1 ì ñîñòàâëÿåò

îêîëî 2 ò.

Çàêëþ÷åíèå

Îïòèìàëüíóþ ôîðìó ïîñòîÿííûõ ìàãíèòîâ

ñ ôèêñèðîâàííûì îáúåìîì, ïðè êîòîðîé èõ

ìàãíèòíàÿ ñèëà ñöåïëåíèÿ ìàêñèìàëüíà, íàõîäè-

ëè äëÿ äâóõ òèïîâ ýëëèïñîèäàëüíûõ ìàãíèòîâ.

Òåîðåòè÷åñêè ðàññ÷èòàíû ãåîìåòðè÷åñêèå ðàçìå-

ðû ìàãíèòîâ äëÿ ñëó÷àÿ ýëëèïñîèäà âðàùåíèÿ è

ñòåðæíåâîãî ìàãíèòà ñ ýëëèïòè÷åñêèì ñå÷åíèåì.

Îòìåòèì, ÷òî ïîëó÷åííûå ðåçóëüòàòû äëÿ ìàêñè-

ìàëüíûõ ñèë ïðèòÿæåíèÿ ðàññìîòðåííûõ ìàãíè-

òîâ, êîãäà îáå ïîëîâèíêè íàìàãíè÷åíû â îäíîì

íàïðàâëåíèè, áóäóò ñïðàâåäëèâû è äëÿ ñèë îò-

òàëêèâàíèÿ â ñëó÷àå íàìàãíè÷èâàíèÿ ïîëîâèíîê

ìàãíèòîâ â ïðîòèâîïîëîæíûõ íàïðàâëåíèÿõ.

Ýòî îáñòîÿòåëüñòâî íåîáõîäèìî ó÷èòûâàòü ïðè

ðåøåíèè çàäà÷ ìàãíèòíîé ëåâèòàöèè. Â ÷àñò-

íîñòè, â ñëó÷àå óñòðîéñòâ íà ìàãíèòíîé ïîäóøêå

èñïîëüçîâàíèå ìàãíèòíûõ ðåëüñîâ ñ îïòèìàëü-

íûì ýëëèïñîèäàëüíûì ïðîôèëåì ïðèâîäèò ê

óâåëè÷åíèþ ìàãíèòíîé ñèëû â 1,3 ðàçà ïî ñðàâ-

íåíèþ ñ êðóãîâûì ïðîôèëåì òîé æå ïëîùàäè

ñå÷åíèÿ.
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Ïîâûøåííûå êîíöåíòðàöèè êîððîçèîííî-àãðåññèâíîãî äèîêñèäà óãëåðîäà èëè ñåðîâîäî-

ðîäà â äîáûâàåìûõ è òðàíñïîðòèðóåìûõ ïî òðóáîïðîâîäàì ãàçå è ãàçîâîì êîíäåíñàòå ïðè-

âîäÿò ê ñåðüåçíûì êîððîçèîííûì ðàçðóøåíèÿì íà âíóòðåííèõ ïîâåðõíîñòÿõ ñòàëüíûõ èí-

ôðàñòðóêòóðíûõ îáúåêòîâ. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ êîððîçèîííî-

ãî âëèÿíèÿ ïîòîêà ñðåäû ïî íèæíåé ñîñòàâëÿþùåé ãàçîïðîâîäà, êîòîðûé ìîæåò íîñèòü äè-

íàìè÷åñêèé, ïðåðûâèñòûé èëè ñòàòè÷åñêèé õàðàêòåð. Â ïðîöåññå èñïûòàíèé îöåíèâàëè

âëèÿíèå êàê äèíàìè÷åñêèõ óñëîâèé ïîòîêà ñðåäû íà U-îáðàçíîé ÿ÷åéêå, òàê è ñòàòè÷åñêèõ

óñëîâèé ïîñòîÿííîãî âîçäåéñòâèÿ âîäíîé ôàçû íà ñòåíêó òðóáîïðîâîäà ïðè ïóçûðüêîâîì

òåñòå (bubble test). Ìîäåëèðîâàíèå óñëîâèé ïåðåìåííîãî ñìà÷èâàíèÿ âíóòðè ãàçîïðîâîäà

ïîêàçàëî, ÷òî òàêèå óñëîâèÿ òèïè÷íû è èìåþò ìåñòî â óñëîâèÿõ äîáû÷è è òðàíñïîðòèðîâêè

íåïîäãîòîâëåííîãî ãàçà äî ìåñò åãî ïåðåðàáîòêè è î÷èñòêè. Ïðè èñïûòàíèÿõ èìèòèðîâàëè

îïàñíûå ýêñïëóàòàöèîííûå ôàêòîðû, âîçíèêàþùèå âíóòðè ãàçîïðîâîäà: ñîñòàâ âîäíîé

ñðåäû, òåìïåðàòóðó, ñîäåðæàíèå êîððîçèîííî-àãðåññèâíûõ ãàçîâ. Â õîäå îïðåäåëåíèÿ

ñòîéêîñòè ñòàëåé ê ëîêàëüíûì ôîðìàì êîððîçèè (ïèòòèíãàì, êîððîçèîííûì ÿçâàì) óñòà-

íîâëåíî, ÷òî ñêîðîñòü ðàçâèòèÿ ëîêàëüíîé è îáùåé êîððîçèè ñòàëè â àãðåññèâíûõ óãëåêèñ-

ëîòíûõ è ñåðîâîäîðîäíûõ óñëîâèÿõ ìîæåò äîñòèãàòü 2 – 3 ìì/ãîä. Êðîìå òîãî, ïîêàçàíî,

÷òî ïðèìåíåíèå èíãèáèòîðîâ êîððîçèè äëÿ çàùèòû îáîðóäîâàíèÿ è òðóáîïðîâîäîâ ãàçî-

âûõ îáúåêòîâ ìîæåò ýôôåêòèâíî ïðåäîòâðàùàòü ïðîöåññû âíóòðåííåé êîððîçèè. Ïîëó-

÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè îöåíêå êîððîçèîííîé àãðåññèâíîñòè ýêñ-

ïëóàòàöèîííûõ ñðåä è ïîäáîðå äëÿ îïûòíî-ïðîìûøëåííûõ èñïûòàíèé íà ãàçîâûõ ìåñòî-

ðîæäåíèÿõ íàèáîëåå ïðîâåðåííûõ èíãèáèòîðîâ êîððîçèè.

Êëþ÷åâûå ñëîâà: óñëîâèÿ èñïûòàíèé; êîððîçèîííûå ëîêàëüíûå äåôåêòû; ñêîðîñòü êîð-

ðîçèè; óãëåêèñëîòíàÿ êîððîçèÿ; ñåðîâîäîðîäíàÿ êîððîçèÿ; èíãèáèòîð êîððîçèè.
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Elevated concentrations of corrosive carbon dioxide or hydrogen sulfide in gas and gas condensate both

produced and transported through pipelines lead to serious corrosion damage to the internal surfaces of

steel infrastructure facilities. The paper presents the results of studying the corrosive effect of the medium

flow along the lower component of the gas pipeline, which can exhibit a dynamic, intermittent or static

character. During testing, the effect of both dynamic conditions of the medium flow on the U-shaped cell

and static conditions of the permanent impact of the aqueous phase on the pipeline wall during the bubble

test was evaluated. Modeling of variable wetting conditions inside the gas pipeline showed that such con-

ditions are typical and occur upon production and transportation of raw gas to the places of gas processing

and purification. We have simulated dangerous operational factors that occur inside the gas pipeline: the

composition of the aquatic environment, temperature, and the content of corrosive gases. When determin-

ing the resistance of steels to local forms of corrosion (pitting, wide and shallow corrosion pits), we re-

vealed that the rate of developing local and general corrosion of steel in aggressive carbon dioxide and hy-

drogen sulfide conditions can reach 2 – 3 mm/year. In addition, it has been shown that the use of corrosion

inhibitors for protecting the equipment and pipelines of gas facilities can effectively prevent the occur-
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rence of internal corrosion processes. The results obtained can be used in assessing the corrosion activity

of operating media and selecting the most proven corrosion inhibitors for pilot testing at gas fields.

Keywords: test conditions; local corrosion defects; corrosion rate; carbon dioxide corrosion; hydrogen sul-

fide corrosion; corrosion inhibitor.

Ââåäåíèå

Ê îñíîâíûì êîððîçèîííî-îïàñíûì êîìïîíåí-

òàì â äîáûâàåìîì è òðàíñïîðòèðóåìîì óãëåâîäî-

ðîäíîì ñûðüå íà íåôòåãàçîâûõ îáúåêòàõ îòíî-

ñÿòñÿ ñåðîâîäîðîä H2S è äèîêñèä óãëåðîäà CO2,

îïðåäåëÿþùèå, ñîîòâåòñòâåííî, ñåðîâîäîðîäíóþ

(ÑÂÊ) è óãëåêèñëîòíóþ (ÓÊÊ) êîððîçèè.

Òðóáîïðîâîäíàÿ ñèñòåìà, êàê íàèáîëåå ìå-

òàëëîåìêèé îáúåêò, ïîäâåðæåíà èíòåíñèâíîìó

êîððîçèîííîìó âîçäåéñòâèþ. Îòìåòèì, ÷òî ïðè-

ñóòñòâèå âîäíîé ôàçû â òðàíñïîðòèðóåìîé ñðåäå

àêòèâèçèðóåò ýëåêòðîõèìè÷åñêèå ÓÊÊ è ÑÂÊ

[1, 2]. Êðîìå òîãî, íà âíóòðåííþþ êîððîçèþ îêà-

çûâàþò ñóùåñòâåííîå âëèÿíèå òàêèå ïàðàìåòðû

ýêñïëóàòàöèîííîé ñðåäû, êàê òåìïåðàòóðà, ìè-

íåðàëèçàöèÿ, ðÍ-ôàêòîð âîäíîé ôàçû, äèíàìè-

÷åñêèé õàðàêòåð äâèæåíèÿ ïîòîêà ñðåäû â òðóáî-

ïðîâîäå è äð. [3 – 9]. Â óñëîâèÿõ âûäåëåíèÿ âîä-

íîé ñîñòàâëÿþùåé â îòäåëüíóþ ôàçó ìîãóò ïðî-

ÿâëÿòüñÿ îáùàÿ, ïèòòèíãîâàÿ, ðó÷åéêîâàÿ è äðó-

ãèå ôîðìû ëîêàëüíîé êîððîçèè [2, 10 – 13].

Äëÿ îïðåäåëåíèÿ êîððîçèîííîé àãðåññèâíî-

ñòè ýêñïëóàòàöèîííûõ ñðåä íåôòåãàçîâûõ îáúåê-

òîâ è ïîäáîðà ñðåäñòâ çàùèòû, íàïðèìåð, èíãè-

áèòîðîâ êîððîçèè, ïðîâîäÿò èìèòàöèîííûå èñ-

ïûòàíèÿ â ìîäåëüíûõ óñëîâèÿõ ñ ìàêñèìàëüíî

âîçìîæíûì ó÷åòîì îñíîâíûõ ïàðàìåòðîâ ÓÊÊ è

ÑÂÊ. Ïîñêîëüêó â îäíîì ýêñïåðèìåíòå íå ïðåä-

ñòàâëÿåòñÿ âîçìîæíûì èìèòèðîâàòü îñíîâíûå

êîððîçèâíûå ïàðàìåòðû, ôîðìèðóåòñÿ è èñïîëü-

çóåòñÿ öåëûé êîìïëåêñ ìåòîäîâ èñïûòàíèé

[14, 15].

Ïðè ìîäåëèðîâàíèè âàæíî, ÷òîáû ìåòîä èñ-

ñëåäîâàíèÿ êîððîçèîííûõ ïðîöåññîâ ñîîòâåòñò-

âîâàë ýêñïëóàòàöèîííîé ñèñòåìå. Ìåòîäè÷åñêèå

îñíîâû ïðîâåäåíèÿ êîððîçèîííûõ èñïûòàíèé

(äëÿ óñëîâèé âíóòðåííåé êîððîçèè) áûëè, â îñ-

íîâíîì, ðàçðàáîòàíû äëÿ èññëåäîâàíèÿ íåôòå-

ïðîìûñëîâûõ îáúåêòîâ [16 – 18]. Â ñâÿçè ñ ýêñ-

ïëóàòàöèåé ãàçîâûõ ìåñòîðîæäåíèé, îñëîæíåí-

íûõ ïðèñóòñòâèåì H2S (Àñòðàõàíñêîå, Îðåíáóðã-

ñêîå ìåñòîðîæäåíèÿ [19, 20]) èëè CO2 (Áîâàíåí-

êîâñêîå, Óðåíãîéñêîå (à÷èìîâñêèå îòëîæåíèÿ) è

äðóãèå ìåñòîðîæäåíèÿ [21, 22]), çà ïîñëåäíèå

ãîäû ïîëó÷èëè ðàçâèòèå ìåòîäû èñïûòàíèé, ìî-

äåëèðóþùèå ñðåäû ïðè äîáû÷å è òðàíñïîðòèðîâ-

êå êîððîçèîííî-îïàñíîãî ãàçà è ãàçîâîãî êîíäåí-

ñàòà [14].

Îäíî èç îñíîâíûõ êîððîçèîííûõ ïðîÿâëåíèé

â ãàçîïðîâîäå â âåðõíåé ÷àñòè òðóáû ïðè êîíäåí-

ñàöèè âëàãè áûëî ðàíåå ñìîäåëèðîâàíî è äîñòà-

òî÷íî ïîäðîáíî èçó÷åíî [23]. Âìåñòå ñ òåì âëèÿ-

íèå ïîòîêà æèäêîñòè ïî íèæíåé ñîñòàâëÿþùåé

ãàçîïðîâîäà â ðàçíûå ïåðèîäû âðåìåíè è íà ðàç-

íûõ ó÷àñòêàõ ìîæåò íîñèòü äèíàìè÷åñêèé, ïðå-

ðûâèñòûé èëè ñòàòè÷åñêèé õàðàêòåð, äëÿ èìèòà-

öèè êîòîðîãî íåîáõîäèìî èñïîëüçîâàíèå íå-

ñêîëüêèõ ìåòîäîâ èñïûòàíèé.

Öåëü ðàáîòû — èññëåäîâàíèå êîððîçèîííîãî

âëèÿíèÿ æèäêîé ôàçû ïðè òðàíñïîðòèðîâêå ïî-

òîêà äîáûâàåìûõ ôëþèäîâ ïî ãàçîïðîâîäó.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Â äèíàìè÷åñêèõ óñëîâèÿõ öèðêóëÿöèè æèä-

êîé ñðåäû ñ ïîñòîÿííûì áàðáîòèðîâàíèåì êîððî-

çèîííî-àãðåññèâíîãî ãàçà êîððîçèîííûå èñïûòà-

íèÿ ïðîâîäèëè â U-îáðàçíîé ÿ÷åéêå (ÑÒÎ Ãàç-

ïðîì 9.3-007-2007), â ñòàòè÷åñêèõ óñëîâèÿõ — ïî

òàê íàçûâàåìîìó «ïóçûðüêîâîìó» òåñòó (bubble

test). Äëÿ èìèòàöèè ïðåðûâèñòîãî äâèæåíèÿ ïî-

òîêà ñðåäû, õàðàêòåðèçóþùåãîñÿ ïîïåðåìåííûì

ñìà÷èâàíèåì/íåñìà÷èâàíèåì âíóòðåííåé ïî-

âåðõíîñòè òðóáû, áûë ðàçðàáîòàí èñïûòàòåëü-

íûé êîððîçèîííûé ñòåíä (ïàòåíò ÐÔ ¹ 2772614,

23.05.2022) (ðèñ. 1).

Çàìåòèì, ÷òî ïðîöåäóðà èñïûòàíèé ðàññ÷è-

òàíà ïðåèìóùåñòâåííî äëÿ íåôòåïðîìûñëî-

âûõ óñëîâèé [24, 25], îäíàêî íàêîïëåííûé îïûò

èñïûòàíèé ïðè áàðáîòàæå ÷åðåç âîäíóþ ñðåäó

CO2 èëè H2S ïîçâîëèë ðàçðàáîòàòü îðèãè-

íàëüíóþ ìåòîäèêó, ó÷èòûâàþùóþ ýêñïëóàòàöè-

îííûå óñëîâèÿ òðóáîïðîâîäà (ÑÒÎ ÂÍÈÈÃÀÇ

31323949-062-2022).

Â êà÷åñòâå èñïûòàòåëüíîé ñðåäû èñïîëüçî-

âàëè:

â H2S-óñëîâèÿõ — ïëàñòîâûå âîäû (îáùàÿ

ìèíåðàëèçàöèÿ M = 100 (ÌÂ1), 200 ã/äì3 (ÌÂ2)),

à òàêæå 3 % NaCl (âîäíûå ñðåäû ïîäêèñëÿëèñü

äîáàâëåíèåì 0,25 ã/äì3 CH3COOH);

â CO2-óñëîâèÿõ — ìîäåëüíûå êîíäåíñàöè-

îííûå (M = 0,14 (ÌÂ3), 12,55 ã/äì3 (ÌÂ4)) è

ïëàñòîâûå (M = 1,027 (ÌÂ5), 11,36 ã/äì3 (ÌÂ6))

âîäû.

Îöåíêó îáùåé (ðàâíîìåðíîé) ñêîðîñòè êîððî-

çèè Kîáù ïðîâîäèëè ïî ïîòåðå ìàññû îáðàçöà,

ñêîðîñòè ïèòòèíãîâîé (ëîêàëüíîé, íåðàâíîìåð-

íîé) êîððîçèè — ïî ãëóáèíå êîððîçèîííîãî ïîðà-

æåíèÿ èëè ïî âåëè÷èíå ñðåäíåãî Këîê.ñð (ïóòåì óñ-

ðåäíåíèÿ ïîëó÷åííûõ çíà÷åíèé) ëèáî ìàêñè-

ìàëüíîãî Këîê.ìàêñ (ïî íàèáîëåå ãëóáîêîìó äåôåê-

òó) ïîðàæåíèÿ (ÃÎÑÒ 9.908–85).

Äëÿ îïðåäåëåíèÿ ëîêàëüíîé êîððîçèè èñ-

ïîëüçîâàëè ìèêðîñêîïèþ. Ïîñëå óäàëåíèÿ ïðî-

äóêòîâ êîððîçèè ðàññòîÿíèÿ ìåæäó ïëîñêîñòüþ
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óñòüÿ è äíîì ëîêàëüíîãî äåôåêòà (ïèòòèíãà, êîð-

ðîçèîííîé ÿçâû) èçìåðÿëè ìåòîäîì äâîéíîé ôî-

êóñèðîâêè (ÃÎÑÒ 9.908–85). Ñêîðîñòü ëîêàëüíîé

êîððîçèè ðàññ÷èòûâàëè ïî ãëóáèííîìó ïîêàçàòå-

ëþ ïî ôîðìóëå

Këîê = ä/t,

ãäå ä — ãëóáèíà ëîêàëüíîãî äåôåêòà; t — âðåìÿ

ïðîâåäåíèÿ êîððîçèîííûõ èñïûòàíèé.

Îáñóæäåíèå ðåçóëüòàòîâ

Çàêîíîìåðíîñòè äâèæåíèÿ ãàçîæèäêîñòíîãî

ïîòîêà èìåþò âàæíîå çíà÷åíèå äëÿ îáåñïå÷åíèÿ

ñòàáèëüíîãî è áåçîïàñíîãî ïðîìûñëîâîãî òðàíñ-

ïîðòà ïî ãàçîïðîâîäó äîáûâàåìûõ óãëåâîäîðîäîâ

[26]. Èçó÷åíèå ðåæèìîâ òðàíñïîðòèðîâêè ãàçà ïî

ãàçîïðîâîäó âêëþ÷àåò ðàññìîòðåíèå îñîáåííî-

ñòåé ôàçîâîãî ñîñòîÿíèÿ è ïîâåäåíèÿ ïëàñòîâîé

ñìåñè, âëèÿíèÿ ðåëüåôà è ïðîòÿæåííîñòè òðóáî-

ïðîâîäà, ñîäåðæàíèÿ âîäû è óãëåâîäîðîäíîãî

êîíäåíñàòà [27 – 29].

Ïðîäîëæèòåëüíîå ñìà÷èâàíèå (äèíàìè÷å-

ñêèå óñëîâèÿ). Âûäåëåíèå âîäû â îòäåëüíóþ ôàçó

è åå ñîîòíîøåíèå ñ óãëåâîäîðîäíûì êîíäåíñàòîì

â ïîòîêå æèäêîñòè áóäóò (ïðè ðàñòâîðåíèè â íåé

êîððîçèîííî-àãðåññèâíûõ ãàçîâ) èíèöèèðîâàòü

ïðîöåññû ÑÂÊ èëè ÓÊÊ.

Ðåçóëüòàòû êîððîçèîííûõ èñïûòàíèé â U-

îáðàçíîé ÿ÷åéêå â H2S-ñðåäå ïðåäñòàâëåíû

â òàáë. 1. Âèäíî, ÷òî ÑÂÊ â ìîäåëè âîäû ÌÂ1

ïðîòåêàåò èíòåíñèâíî óæå ïðè 20 °C. Â ìîäåëè

ÌÂ2 ÑÂÊ íåñêîëüêî âûøå ïðè 30 (Kîáù = 0,935

ìì/ãîä), ÷åì ïðè 20 °C (Kîáù = 0,75 ìì/ãîä). Óâå-

ëè÷åíèå òåìïåðàòóðû äî 80 °C â 6 ðàç óâåëè÷èâà-

åò Kîáù (äî 4,345 ìì/ãîä) â ñðåäå ÌÂ1.

Ñðàâíèòåëüíûå èñïûòàíèÿ â îäíîêîìïîíåíò-

íîì ýëåêòðîëèòå 3 % NaCl ïîêàçàëè, ÷òî âîçäåé-

ñòâèå ÑÂÊ ïðè 80 °C òàêîå æå àãðåññèâíîå

(Kîáù = 5,21 ìì/ãîä), êàê è â ìíîãîêîìïîíåíòíîì

ðàñòâîðå ÌÂ1.

Ïðè ÓÊÊ â ðàñòâîðå 3 % NaCl îáðàçóåòñÿ õî-

ðîøî ñöåïëåííûé ñ ìåòàëëè÷åñêîé ïîâåðõ-

íîñòüþ ñòåõèîìåòðè÷åñêèé ñèäåðèò, îáëàäàþùèé

âûñîêèìè çàùèòíûìè ñâîéñòâàìè [30]. Â îòëè-

÷èå îò NaCl â ìîäåëüíûõ ðàñòâîðàõ, ñîäåðæàùèõ

ðàçíûå ñîëè, ôîðìèðóþòñÿ ïëîõî îêðèñòàëëè-

çîâàííûå ïðîäóêòû êîððîçèè (íåñòåõèîìåòðè÷å-

ñêèé ñèäåðèò) ñ íèçêèì ïðîòèâîêîððîçèîííûì

ôóíêöèîíàëîì. Îòñóòñòâèå îòëè÷èé â âûñîêîé

êîððîçèîííîé àãðåññèâíîñòè, ïî-âèäèìîìó, îáú-

ÿñíÿåòñÿ ïîâûøåííîé ðåàêöèîííîé ñïîñîá-

íîñòüþ H2S è âûñîêîé ñêîðîñòüþ ñîïðÿæåííûõ

ýëåêòðîõèìè÷åñêèõ ðåàêöèé ïî åãî âçàèìîäåé-

ñòâèþ ñî ñòàëüþ.

Â H2S-óñëîâèÿõ, ïîìèìî ÑÂÊ, íàèáîëåå îïàñ-

íî òàêæå íàâîäîðîæèâàíèå, ñîïðîâîæäàþùååñÿ

ñåðîâîäîðîäíûì ðàñòðåñêèâàíèåì è ïîòåðåé

ïðî÷íîñòíûõ ñâîéñòâ ñòàëè [31]. Îöåíêà îñòàòî÷-

íîé ïëàñòè÷íîñòè ñòàëè (ïî ÷èñëó ãèáîâ ïðîâî-

ëî÷íîãî îáðàçöà èç ñòàëè ÑÂ 08À) äî ðàçðóøåíèÿ
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Ðèñ. 1. Óñòàíîâêè äëÿ êîððîçèîííûõ èñïûòàíèé (èñïûòàòåëüíûå êîððîçèîííûå ÿ÷åéêè): à — U-îáðàçíàÿ ÿ÷åéêà; á —

ÿ÷åéêà äëÿ bubble test; â — èñïûòàòåëüíûé êîððîçèîííûé ñòåíä

Fig. 1. Corrosion testing units (corrosion testing cells): a — U-shaped cell; b — bubble test cell; c — corrosion test bench

Òàáëèöà 1. Ðåçóëüòàòû èçìåðåíèÿ ñêîðîñòè êîððîçèè ñòàëè Ñò20 (÷èñëèòåëü) è êîëè÷åñòâà ãèáîâ ïðîâîëîêè ÑÂ 08À

(çíàìåíàòåëü) íà U-îáðàçíîé ÿ÷åéêå â H
2
S-ñðåäå

Table 1. Results of measuring the corrosion rate of St20 steel (numerator) and the number of bends of SV 08A wire (denomi-

nator) on a U-shaped cell in H2S-environment

Êîíöåíòðàöèÿ

èíãèáèòîðà

êîððîçèè, ìã/äì3

Òåìïåðàòóðà, °C

20 80 30 80

Ìîäåëü âîäû ÌÂ1 Ìîäåëü âîäû ÌÂ2 3 % NaCl

Îòñ. 0,725/5 4,345/7 0,935/5 5,21/7

100 0,036/19 0,375/19 0,11/15 0,203/19

200 — 0,285/19 0,089/17 —



ïîêàçàëà, ÷òî îíà óìåíüøèëàñü äî ïÿòè ãèáîâ

(ñì. òàáë. 1). Ïî ñðàâíåíèþ ñ èñõîäíûìè ïàðà-

ìåòðàìè ïðîâîëîêè (19 ãèáîâ) ïîñëå èñïûòàíèé

ïðè ÑÂÊ ïëàñòè÷íîñòü ñòàëè ñíèçèëàñü íà

59 – 73 %.

Âûñîêàÿ ñêîðîñòü äâèæåíèÿ ïîòîêà ñðåäû è

íàëè÷èå óãëåâîäîðîäíîé ôàçû ìîãóò íåãàòèâíî

ñêàçûâàòüñÿ íà îáðàçîâàíèè èíãèáèòîðíîé ïëåí-

êè è ñîõðàíåíèè åå ïëåíêîîáðàçóþùèõ ñâîéñòâ â

òå÷åíèå èñïûòàíèé [32]. Â ñâÿçè ñ ýòèì ïðîâîäè-

ëè èññëåäîâàíèÿ ýôôåêòèâíîñòè èíãèáèòîðîâ â

ýòèõ ñðåäàõ.

Ïðè íåâûñîêèõ òåìïåðàòóðàõ (20 – 30 °C)

çíà÷åíèå Kîáù îïóñêàåòñÿ íèæå 0,1 ìì/ãîä â ñðå-

äàõ ÌÂ1 è ÌÂ2 ïðè äîáàâëåíèè 100 è 200 ìã/äì3

èíãèáèòîðà ñîîòâåòñòâåííî (ñì. òàáë. 1). Ïðè

ïîâûøåíèè òåìïåðàòóðû èñïûòàòåëüíîé ñðåäû

ÌÂ1 äî 80 °C â ïðèñóòñòâèè 100 – 200 ìã/äì3

èíãèáèòîðà êîððîçèè õîòÿ è íàáëþäàåòñÿ áîëåå

÷åì äåñÿòèêðàòíîå ïîíèæåíèå Kîáù, íî îíî íå

äîñòèãàåò 0,1 ìì/ãîä. Àíàëîãè÷íûå ðåçóëüòàòû

ïî ýôôåêòèâíîñòè èíãèáèòîðíîé çàùèòû ïîëó-

÷èëè è äëÿ 3 % NaCl ïðè 80 °C. Îòìåòèì, ÷òî èí-

ãèáèòîðû çàùèùàþò íå òîëüêî îò ÑÂÊ, íî è îò

ñåðîâîäîðîäíîãî ðàñòðåñêèâàíèÿ (ñíèæåíèÿ ïëà-

ñòè÷íîñòè ñòàëè ëèáî íå ïðîèñõîäèò, ëèáî îíî

íåçíà÷èòåëüíî).

Ïðîäîëæèòåëüíîå ñìà÷èâàíèå (ñòàòè÷å-

ñêèå óñëîâèÿ). Èçìåíåíèÿ ðåëüåôà, íàëè÷èå òó-

ïèêîâûõ çîí, çàçîðîâ è äðóãèå óñëîâèÿ ìîãóò

ïðèâîäèòü ê îáðàçîâàíèþ ñêîïëåíèé âîäíîé

ôàçû íà ïîíèæåííûõ ó÷àñòêàõ èëè â ìåñòàõ

ïîäúåìà ãàçîïðîâîäà. Íåâûñîêèå ñêîðîñòè ïîòî-

êà æèäêîñòè áóäóò ñïîñîáñòâîâàòü ïðîäîëæèòåëü-

íîìó êîíòàêòó è îòñóòñòâèþ òóðáóëåíòíîñòè

âíóòðè òðóáîïðîâîäà íà ýòèõ ó÷àñòêàõ.

Ïðè èñïûòàíèÿõ â ÿ÷åéêå äëÿ bubble test â

CO2-ñðåäå ïîëó÷èëè, ÷òî â êîíäåíñàöèîííûõ âî-

äàõ ÌÂ3 è ÌÂ5 çíà÷åíèÿ Kîáù âûøå, ÷åì â ïëà-

ñòîâûõ ÌÂ4 è ÌÂ6, îñîáåííî ïðè íèçêîé òåì-

ïåðàòóðå (20 °C) (òàáë. 2). Âåðîÿòíî, ýòî ìîæíî

îáúÿñíèòü íåäîñòàòêîì èîíîâ â âîäíîé ôàçå, ÷òî

íå ïîçâîëÿåò â íèçêîìèíåðàëèçîâàííûõ ñðåäàõ

ÌÂ3 è ÌÂ5 õîðîøî îêðèñòàëëèçîâàòüñÿ ïðîäóê-

òàì êîððîçèè è ïîëó÷èòü ðàâíîìåðíóþ, ïëîòíóþ

ïëåíêó [30]. Ïðè ïîâûøåíèè òåìïåðàòóðû äî

60 °C Kîáù âîçðàñòàåò âî âñåõ èñïûòàííûõ ñðåäàõ

ïðèìåðíî â 1,5 – 2 ðàçà, äîñòèãàÿ 1,8 – 2,0 ìì/ãîä.

Çàìåòèì, ÷òî ïðè ïîâûøåííûõ òåìïåðàòóðàõ

ðàçíèöà â çíà÷åíèÿõ Kîáù â êîíäåíñàöèîííûõ

(ÌÂ3, ÌÂ5) è ïëàñòîâûõ (ÌÂ4, ÌÂ6) âîäàõ ñíè-

æàåòñÿ, è îíè ñòàíîâÿòñÿ ïðàêòè÷åñêè îäèíàêî-

âûìè. Âìåñòå ñ òåì ïðèìåíåíèå èíãèáèòîðà êîð-

ðîçèè äàåò âîçìîæíîñòü ñóùåñòâåííî ñíèçèòü

ñêîðîñòü ÓÊÊ, ñîõðàíÿÿ åå íèæå 0,1 ìì/ãîä â íèç-

êîìèíåðàëèçîâàííîé è ïëàñòîâîé âîäàõ âî âñåì

èññëåäîâàííîì äèàïàçîíå òåìïåðàòóð.

Ïåðåìåííîå ñìà÷èâàíèå. Íåâûñîêèé äåáèò

âîäû (ïðåæäå âñåãî êîãäà îíà êîíäåíñàöèîííîé

ïðèðîäû), íåðàâíîìåðíûé âûõîä ïëàñòîâûõ âîä

è äðóãèå ãèäðîãåîëîãè÷åñêèå ïðè÷èíû ìîãóò

ïðèâåñòè ê ïåðåìåííîìó ñìà÷èâàíèþ æèäêîé

ñðåäîé ñòàëüíîé ïîâåðõíîñòè ãàçîïðîâîäà. Êðîìå

òîãî, ïîñòóïëåíèå è äèíàìè÷åñêèé õàðàêòåð äâè-

æåíèÿ âîäû áóäóò ñïîñîáñòâîâàòü êàê ïîäâîäó

êîððîçèîííî-àêòèâíîé âîäû, ñîäåðæàùåé ïðîâî-

öèðóþùèå ëîêàëüíóþ êîððîçèþ àíèîíû, òàê è

îòâîäó ïðîäóêòîâ êîððîçèè, óâåëè÷èâàÿ ãåòåðî-

ãåííîñòü ïîâåðõíîñòè è ñòèìóëèðóÿ, òàêèì îáðà-

çîì, ïðîäîëæåíèå êîððîçèîííîãî ïðîöåññà.

Íà èñïûòàòåëüíîì êîððîçèîííîì ñòåíäå â óñ-

ëîâèÿõ ÓÊÊ çíà÷åíèÿ Kîáù ñîñòàâèëè 0,0276 –

0,214 ìì/ãîä (òàáë. 3). Íåñìîòðÿ íà òî, ÷òî ýòî îò-

íîñèòåëüíî íèçêèå âåëè÷èíû, íà ïîâåðõíîñòè

ñòàëüíûõ îáðàçöîâ ôèêñèðîâàëè àêòèâíîå ðàçâè-

òèå ëîêàëüíûõ äåôåêòîâ ÿçâåííîãî è ïèòòèíãî-

âîãî õàðàêòåðà (ðèñ. 2).

Çíà÷åíèÿ Këîê íàèáîëåå âûñîêè (0,511 – 1,69

ìì/ãîä) ïðè 60 °C (ñì. òàáë. 3). Â íà÷àëüíûé ïå-

ðèîä èç-çà îòñóòñòâèÿ ïðîäóêòîâ êîððîçèè íà ñòà-

ëè ÓÊÊ ðàçâèâàåòñÿ íàèáîëåå èíòåíñèâíî [30].

Ïðè ñíèæåíèè òåìïåðàòóðû èñïûòàíèé äî 40 °C

ïðîèñõîäèò íåêîòîðîå óìåíüøåíèå è ñòàáèëèçà-

öèÿ Këîê (0,173 – 0,741 ìì/ãîä).

Çàìåòèì, ÷òî èçìåíåíèå ïàðöèàëüíîãî äàâëå-

íèÿ P(CO2) â äèàïàçîíå îò 1,1 äî 3,6 àòì íå îêà-

çûâàåò çàìåòíîãî âëèÿíèÿ íà ëîêàëüíóþ ÓÊÊ.
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Òàáëèöà 2. Ðåçóëüòàòû èçìåðåíèÿ ñêîðîñòè êîððîçèè â ÿ÷åéêå äëÿ bubble test â CO
2
-ñðåäå

Table 2. Results of measuring the corrosion rate in a bubble test cell in CO2-environment

Ìîäåëü âîäû
Êîíöåíòðàöèÿ

èíãèáèòîðà, ìã/äì3

Òåìïåðàòóðà, °C

20 40 60

ÌÂ3 — 1,141 1,793 1,990

100 0,059 0,064 0,087

ÌÂ4 — 0,907 1,664 1,929

100 0,083 0,059 0,056

ÌÂ5 — 1,11 1,51 1,89

ÌÂ6 — 0,89 1,42 1,74



Âðàùåíèå èñïûòàòåëüíûõ ÿ÷ååê âîêðóã ñâîåé

îñè ïîçâîëÿåò èìèòèðîâàòü äèíàìè÷åñêèé õàðàê-

òåð äâèæåíèÿ ïîòîêà æèäêîé ôàçû è ïåðåìåííîå

ñìà÷èâàíèå åþ ñòåíêè ãàçîïðîâîäà. Â ýòîì ñëó-

÷àå íà íà÷àëüíîì ýòàïå (â îòñóòñòâèè ñëîÿ ïðî-

äóêòîâ êîððîçèè) áóäóò óñèëèâàòüñÿ ïåðåíîñ è

ïîäâîä êîððîçèîííî-àãðåññèâíîé ñðåäû ê ñòàëü-

íîé ïîâåðõíîñòè, ÷òî áóäåò óâåëè÷èâàòü ñêîðîñòü

êîððîçèîííûõ ïðîöåññîâ. Â äàëüíåéøåì (ïðè îá-

ðàçîâàíèè êîððîçèîííûõ îòëîæåíèé íà ñòàëè)

ïåðèîäè÷åñêèé êîíòàêò ñ æèäêîé ôàçîé ìîæåò

ñïîñîáñòâîâàòü îòâîäó ïðîäóêòîâ êîððîçèè [30]

(îñîáåííî åñëè îíè ðûõëûå è íåïëîòíûå), ÷òî

òàêæå áóäåò ñêàçûâàòüñÿ íà ðîñòå ñêîðîñòè êîð-

ðîçèè.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, èìèòàöèÿ îñíîâíûõ êîððî-

çèîííûõ âîçäåéñòâèé ñðåäû íà âíóòðåííþþ ïî-

âåðõíîñòü ãàçîïðîâîäà ïîçâîëèëà îöåíèòü âëèÿ-

íèå ïîñòîÿííîãî äâèæåíèÿ ïîòîêà ñðåäû (äèíà-

ìè÷åñêèå óñëîâèÿ â U-îáðàçíîé ÿ÷åéêå) è ñòàòè-

÷åñêèå óñëîâèÿ ñêîïëåíèÿ è ïðîäîëæèòåëüíîãî

êîíòàêòà ñòåíêè ãàçîïðîâîäà ñ âîäíîé ñðåäîé

(ÿ÷åéêà äëÿ bubble test) íà ñòîéêîñòü ñòàëåé ê

ÑÂÊ è ÓÊÊ. Ñòåíäîâûå èñïûòàíèÿ äàëè âîçìîæ-

íîñòü îïðåäåëèòü ñòîéêîñòü òðóáíûõ ñòàëåé ê ëî-
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Ðèñ. 2. Ñòàëüíûå îáðàçöû ñ êîððîçèîííûìè äåôåêòàìè

Fig. 2. Steel samples with corrosion defects

Òàáëèöà 3. Ðåçóëüòàòû èçìåðåíèÿ ñêîðîñòè êîððîçèè íà êîððîçèîííîì ñòåíäå â CO
2
-ñðåäå

Table 3. Results of measuring the corrosion rate on a corrosion test bench in CO2-environment

Ìîäåëü âîäû P(CO
2
), àòì. T, °C

Ñêîðîñòü êîððîçèè, ìì/ãîä

K
îáù

K
ëîê.ñð

K
ëîê.ìàêñ

Ïðîäîëæèòåëüíîñòü èñïûòàíèé — 119 ÷

ÌÂ3 3,6 60 0,0462 1,56 1,69

1,1 60 0,0440 1,039 1,262

ÌÂ5 2,6 60 0,0366 0,584 1,039

1,1 60 0,0439 0,511 0,767

ÌÂ4 3,6 60 0,2067 0,594 0,594

1,1 60 0,1316 0,854 1,039

ÌÂ6 2,6 60 0,0681 0,986 1,533

1,1 60 0,0276 0,621 0,986

Ïðîäîëæèòåëüíîñòü èñïûòàíèé — 331 ÷

ÌÂ3 3,6 40 0,1365 0,384 0,609

1,1 40 0,042 0,173 0,265

ÌÂ5 2,6 40 0,214 0,595 0,741

1,1 40 0,1088 0,427 0,561

ÌÂ4 3,6 40 0,1205 0,41 0,582

1,1 40 0,1181 0,465 0,717

ÌÂ6 2,6 40 0,1401 0,387 0,688

1,1 40 0,0715 0,227 0,32



êàëüíîé êîððîçèè, ïðåäñòàâëåííîé ïðåèìóùåñò-

âåííî â âèäå ïèòòèíãîâ è êîððîçèîííûõ ÿçâ. Èñ-

ïûòàíèÿ, ïðîâåäåííûå â óñëîâèÿõ èìèòàöèè îñ-

íîâíûõ êîððîçèîííûõ óñëîâèé îòå÷åñòâåííûõ

ãàçîâûõ ìåñòîðîæäåíèé, ïîêàçàëè, ÷òî ñêîðîñòü

îáùåé è ëîêàëüíîé êîððîçèè ìîæåò äîñòèãàòü íå-

ñêîëüêèõ ìèëëèìåòðîâ â ãîä. Ïîäîáðàííûå èíãè-

áèòîðû êîððîçèè ïîçâîëÿþò ñóùåñòâåííî ñíè-

çèòü ñêîðîñòü ðàçâèòèÿ ÑÂÊ è ÓÊÊ è òåì ñàìûì

çàùèòèòü ñòàëüíûå îáúåêòû èíôðàñòðóêòóðû ãà-

çîâûõ ìåñòîðîæäåíèé.
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ÏÐÎÏÈÒÊÈ È ÍÀÁÓÕÀÍÈß ÌÀÑËÎÁÅÍÇÎÑÒÎÉÊÈÕ ÝËÀÑÒÎÌÅÐÎÂ

� Íèêîëàé Ãðèãîðüåâè÷ Ôèëèïïåíêî

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

ä. 15; e-mail: ifpi@mail.ru

Ñòàòüÿ ïîñòóïèëà 7 äåêàáðÿ 2022 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 6 ÿíâàðÿ 2023 ã.

Ïðèíÿòà ê ïóáëèêàöèè 19 àïðåëÿ 2023 ã.

Ê ïîëèìåðíûì ìàòåðèàëàì, èñïîëüçóþùèìñÿ â ïîäâèæíîì ñîñòàâå, â íàñòîÿùåå âðåìÿ

ïðåäúÿâëÿþòñÿ ïîâûøåííûå òðåáîâàíèÿ ïî ñòîéêîñòè. Â ðàáîòå ïðåäñòàâëåí ìåòîä óñêî-

ðåííîãî ïðîâåäåíèÿ è àâòîìàòèçàöèè ýêñïðåññ-àíàëèçà ïðîïèòêè ïîëèìåðíûõ ìàòåðèà-

ëîâ, ýêñïëóàòèðóþùèõñÿ â ðàçëè÷íûõ àãðåññèâíûõ ñðåäàõ, äëÿ îïðåäåëåíèÿ èõ ðåñóðñà ðà-

áîòîñïîñîáíîñòè êàê óïëîòíèòåëüíûõ èçäåëèé. Ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ èç-

ìåíåíèé ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ îáðàçöîâ íà ïðèìåðå ýëàñòîìåðíûõ ìàòåðèàëîâ,

ïðèìåíÿåìûõ â êà÷åñòâå ðàçäåëèòåëüíûõ è óïëîòíèòåëüíûõ ìàòåðèàëîâ, âûïîëíåííûõ èç

ìàñëîáåíçîñòîéêîé ðåçèíû ÌÁÑ-Ñ. Â êà÷åñòâå ðàáî÷èõ ñðåä èñïîëüçîâàíû óãëåâîäîðîäû

íà îñíîâå ìèíåðàëüíûõ íåôòåïðîäóêòîâ ñ ðàçëè÷íûìè êîýôôèöèåíòàìè âÿçêîñòè. Óñòà-

íîâëåíî, ÷òî âðåìÿ ïðîïèòêè ïîëèìåðà ÌÁÑ-Ñ, çàòðà÷åííîå íà èñïûòàíèÿ ïî ñòàíäàðòíîé

ìåòîäèêå, ïðåâûøàåò áîëåå ÷åì â 10 ðàç íîðìàòèâíûå ñðîêè ïðîâåäåíèÿ ðåìîíòíûõ è ðåã-

ëàìåíòíûõ ðàáîò. Èñïûòàíèÿ ñ èñïîëüçîâàíèåì ðàçðàáîòàííîé óñòàíîâêè ýêñïðåññ-íàïîë-

íåíèÿ ïîêàçàëè ñíèæåíèå âðåìåíè ïðîïèòêè äî ïðèåìëåìîãî íà ïðîèçâîäñòâå óðîâíÿ.

Ïðèâåäåííûå ìàòåìàòè÷åñêèå çàâèñèìîñòè ïðîöåññà íàïîëíåíèÿ ìàñëîáåíçîñòîéêîé ðåçè-

íû ñòàíäàðòíîé ðàáî÷åé æèäêîñòüþ è àâòîìàòèçàöèÿ êîíòðîëÿ íàïîëíåíèÿ äàþò âîçìîæ-

íîñòü ïðîãíîçèðîâàòü èçìåíåíèå ñòîéêîñòè ïîëèìåðíûõ ìàòåðèàëîâ. Ïîëó÷åííûå ðåçóëü-

òàòû ìîãóò áûòü èñïîëüçîâàíû ïðè íàðàáîòêå áàçû äàííûõ äèíàìèêè íàáóõàíèÿ ðàçëè÷-

íûõ ìàòåðèàëîâ, ÷òî ïîçâîëèò ïîëó÷àòü ïðîãíîçíûå ðåñóðñû ðàáîòû ïîëèìåðîâ â àãðåñ-

ñèâíîé ñðåäå ðàçëè÷íîé ýòèîëîãèè.

Êëþ÷åâûå ñëîâà: ïîëèìåðû; ýëàñòîìåðû; ðåçèíû; âïèòûâàíèå; íàáóõàíèå; àâòîìàòèçà-

öèÿ; òåðìîâàêóóì.

AUTOMATED CONTROL OF THERMAL VACUUM IMPREGNATION

AND SWELLING OF OIL- AND GASOLINE-RESISTANT ELASTOMERS

� Nikolay G. Filippenko

Irkutsk State Transport University (IrGUPS), 15, ul. Chernyshevskogo, Irkutsk, 664075, Russia; e-mail: ifpi@mail.ru
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Polymeric materials used in the rolling stock are currently subject to increased requirements for durabil-

ity. We present a method for accelerated and automated rapid analysis of the impregnation of polymeric

materials used in various aggressive environments to determine their service life as sealing products. The

results of studying changes in the physical and mechanical properties of samples are given on the example

of elastomeric materials used as separating and sealing materials made of oil- and petrol resistant rubber

MBS-S. Hydrocarbons based on mineral oil products with different viscosity coefficients were used as

working media. It is shown that the time of impregnation of the MBS-S polymer, spent on testing accord-

ing to the standard method, exceeds more than 10 times the standard terms rated for repair and mainte-

nance. Tests using the developed express filling unit showed a reduction of the impregnation time to a

level acceptable in production. The derived mathematical dependences for the process of filling MBS-S oil

and petrol resistant rubber with a standard working fluid and automation of filling control make it possi-

ble to predict changes in the resistance of polymeric materials. The results obtained can be used in devel-

oping database of the swelling dynamics for various materials and predicting the service life of polymers in

an aggressive environment of various etiology.

Keywords: polymer, drain valve; drain device; industrial rubber products; swelling; gasoline; hydraulic

fluid; automation; thermal vacuum.
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Ââåäåíèå

Ïðè òðàäèöèîííîì èñïîëüçîâàíèè èçäåëèé

èç ìåòàëëîâ è ñïëàâîâ ñóùåñòâóåò çíà÷èòåëüíîå

êîëè÷åñòâî ìåòîäîâ è ñðåäñòâ, îáåñïå÷èâàþùèõ

èõ óâåðåííûé è îïåðàòèâíûé êîíòðîëü [1 – 3].

Ïîëèìåðíûå ìàòåðèàëû â êà÷åñòâå êîíñòðóêöè-

îííûõ ýëåìåíòîâ ïðèìåíÿþò âñåãî íåñêîëüêî äå-

ñÿòèëåòèé [4 – 6]. Ìåòîäû êîíòðîëÿ èçäåëèé èç

íèõ â ñâÿçè ñ íåçíà÷èòåëüíîé àêòèâíîñòüþ ìàòå-

ðèàëîâ ê ðàçëè÷íûì àãðåññèâíûì æèäêîñòÿì è

ñðåäàì (íåñîìíåííî, ïîëîæèòåëüíàÿ õàðàêòåðè-

ñòèêà) ïðåäóñìàòðèâàþò ïåðèîäè÷åñêèå èçìåðå-

íèÿ ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ, ïðè÷åì âðåìÿ

èñïûòàíèé çàâèñèò îò ìàòåðèàëîâ è âàðüèðóåòñÿ

â øèðîêèõ ïðåäåëàõ. Ýòî çà÷àñòóþ íå ïîçâîëÿåò

êà÷åñòâåííî îðãàíèçîâàòü êîíòðîëü öåëîãî ðÿäà

ðàáîò, ñâÿçàííûõ ñ ðåãëàìåíòíûìè, ïëàíîâî-ïðå-

äóïðåäèòåëüíûìè è äðóãèìè ðåìîíòàìè ïîäâèæ-

íîãî æåëåçíîäîðîæíîãî ñîñòàâà.

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà ïðîâåäå-

íèÿ è àâòîìàòèçàöèè ýêñïðåññ-àíàëèçà ïðîïèòêè

ïîëèìåðíûõ ìàòåðèàëîâ, ýêñïëóàòèðóþùèõñÿ â

ðàçëè÷íûõ àãðåññèâíûõ ñðåäàõ, äëÿ îïðåäåëåíèÿ

èõ ðåñóðñà ðàáîòîñïîñîáíîñòè êàê óïëîòíèòåëü-

íûõ èçäåëèé.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè ïîëèìåðíûé ýëàñòîìåð ìàðêè

ÌÁÑ-Ñ. Çàìåòèì, ÷òî äàííûé ìàòåðèàë èñïîëü-

çóþò â óïëîòíèòåëüíûõ êîëüöàõ êëàïàíà ñëèâ-

íîãî ïðèáîðà öèñòåðí. Ïðè÷åì ïîòåðÿ ñòîéêîñòè

èçäåëèé îáðàòíî ïðîïîðöèîíàëüíà ïðîöåíòó

ïðîïèòêè [4, 5].

Â êà÷åñòâå ðàáî÷åé ñðåäû èñïîëüçîâàëè ñòàí-

äàðòíóþ ðàáî÷óþ æèäêîñòü (ÑÐÆ): ñìåñü áåíçè-

íà ìàðêè ÀÈ-95 è ãèäðàâëè÷åñêîé æèäêîñòè ìàð-

êè ÌÃ-15-Á â îïðåäåëåííîì è ïîñòîÿííîì ñîîò-

íîøåíèè.

Ýêñïåðèìåíòàëüíûå çàïîëíåíèÿ ïðîâîäèëè

ïðè òåìïåðàòóðàõ 20 – 50 °C, ñîîòâåòñòâóþùèõ

íàèáîëåå ÷àñòî âñòðå÷àþùèìñÿ óñëîâèÿì ýêñ-

ïëóàòàöèè ïîäâèæíîãî ñîñòàâà. Èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ñêîëü-íèáóäü çíà÷èòåëüíîãî âëèÿ-

íèÿ íà ïðîïèòêó ïîëèìåðîâ òåìïåðàòóðíûå óñëî-

âèÿ (â äàííîì äèàïàçîíå) íå îêàçûâàþò. Ïîýòîìó

â äàëüíåéøåì çà òåìïåðàòóðó íàïîëíåíèÿ ïðè-

íèìàëè íîðìàëüíóþ òåìïåðàòóðó t = 20 °C.

Èçìåíåíèå àòìîñôåðíîãî äàâëåíèÿ â ðåàëü-

íûõ óñëîâèÿõ òðàíñïîðòèðîâêè òàêæå ïðàêòè-

÷åñêè íå âëèÿåò íà ïðîïèòêó ýëàñòîìåðíûõ ìà-

òåðèàëîâ, ïîñêîëüêó ïåðåïàäû äàâëåíèÿ äàæå íà

ãîðíî-ïåðåâàëüíûõ ó÷àñòêàõ æåëåçíûõ äîðîã

ïðåíåáðåæèìî ìàëû. Ïîýòîìó ïðè ïðîâåäåíèè

èñïûòàíèé èñïîëüçîâàëè çíà÷åíèå íîðìàëüíîãî

äàâëåíèÿ.

Îáðàçöû ýëàñòîìåðà ïåðåä èñïûòàíèÿìè àê-

êëèìàòèçèðîâàëèñü, îñìàòðèâàëèñü íà ïðåäìåò

ñïëîøíîñòè è íàëè÷èÿ íàðóæíûõ ïîâðåæäåíèé.

Âçâåøèâàíèå îáðàçöîâ ïðîâîäèëè íà àíàëèòè-

÷åñêèõ âåñàõ ñ òî÷íîñòüþ èçìåðåíèÿ 0,0001 ã.

Âûáîðêó èç ïÿòè îáðàçöîâ ïîìåùàëè â åìêîñòü ñ

ÑÐÆ [7, 8].

Ïîêàçàòåëåì íàïîëíåíèÿ ñëóæèëà äèíàìèêà

èçìåíåíèÿ ìàññû îáðàçöîâ. Ñðåäíåàðèôìåòè÷å-

ñêîå ñóììàðíîé ìàññû M îïðåäåëÿëè ïî ôîðìóëå

M
N

M
i

i

N

�

�

�

1

1

, (1)

ãäå Mi — çíà÷åíèå ìàññû (ìåíÿåòñÿ îò 1 äî N);

N — êîëè÷åñòâî îáðàçöîâ.

Ïîêàçàòåëè äèíàìèêè èçìåíåíèÿ ìàññû îá-

ðàçöîâ ðàññ÷èòûâàëè ïî ôîðìóëå

�M
M M

M
�

	

�
2 1

1

100%, (2)

ãäå M1, M2 — ìàññû ïðåäâàðèòåëüíî âçâåøåííî-

ãî è âçâåøåííîãî â îïðåäåëåííûé ìîìåíò âðåìå-

íè âûäåðæêè îáðàçöà.

Äèíàìèêà èçìåíåíèÿ ìàññû ïîëèìåðíîãî ìà-

òåðèàëà ïðè âçàèìîäåéñòâèè ñ ÑÐÆ ïîêàçàíà íà

ðèñ. 1.

Âèäíî, ÷òî ïðè êîíòàêòå ìàòåðèàëà ñî ñìåñüþ

ÑÐÆ íàèáîëüøåå ïîãëîùåíèå ïðîèñõîäèò â òå÷å-

íèå ïåðâûõ 24 ÷. Ïðè ýòîì ìàññà îáðàçöà âîçðàñ-

òàåò ïðèìåðíî íà 27,7 %. Ñëåäóþùèå 24 ÷ íàïîë-

íåíèÿ õàðàêòåðèçóþòñÿ ñòàáèëüíûì äèíàìè-

÷åñêèì ñíèæåíèåì ñêîðîñòè çàïîëíåíèÿ, ïîçâî-

ëÿþùèì ïîâûñèòü íàïîëíÿåìîñòü äî 32 %. Äàëü-

íåéøèé ïåðèîä âïèòûâàíèÿ æèäêîñòè îòìå÷à-

åòñÿ ëèíåéíîé õàðàêòåðèñòèêîé çàïîëíÿåìîñòè

âïëîòü äî åãî ïîëíîãî îêîí÷àíèÿ (ô = 144 ÷).

Ïðèðîñò ìàññû îáðàçöà íà äàííûé ïåðèîä âðåìå-

íè ñîñòàâèë 35 % îò ïåðâîíà÷àëüíîé.

Ïîëíîå çàïîëíåíèå îáðàçöà ÑÐÆ îïðåäåëÿëè

ïîêàçàòåëåì óâåëè÷åíèÿ äèíàìèêè íàïîëíåíèÿ
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Ðèñ. 1. Çàâèñèìîñòü èçìåíåíèÿ ìàññû ïîëèìåðíîãî ìà-

òåðèàëà îò âðåìåíè âûäåðæêè â ÑÐÆ

Fig. 1. Dependence of the change in the mass of a polymer

material on the exposure time in SRF



íà 0,5 % ìàññû îáðàçöà â òå÷åíèå 144 ÷ ýêñïå-

ðèìåíòà.

Àïïðîêñèìàöèÿ ïîëó÷åííîé çàâèñèìîñòè

y = 3,5838 ln x + 16,589 (R
1

2 = 0,9969) (3)

ïîçâîëÿåò ñïðîãíîçèðîâàòü ïðîöåññ íàïîëíåíèÿ

ÑÐÆ ýëàñòîìåðíîãî ìàòåðèàëà ÌÁÑ-Ñ, ïðîâîäè-

ìûé â óñëîâèÿõ, ñîîòâåòñòâóþùèõ òðåáîâàíèÿì

ÃÎÑÒîâ [7 – 9].

Îòìåòèì, ÷òî äàííûé ìåòîä êîíòðîëÿ íàïîë-

íåíèÿ àãðåññèâíûìè æèäêîñòÿìè èçäåëèé, âû-

ïîëíåííûõ èç ïîëèìåðíûõ ýëàñòè÷íûõ ìàòåðèà-

ëîâ, ñ öåëüþ îïðåäåëåíèÿ èõ ýêñïëóàòàöèîííûõ

âîçìîæíîñòåé ìàëîïðèãîäåí â óñëîâèÿõ ïðî-

ìûøëåííûõ ëàáîðàòîðèé [10 – 14].

Íà ðèñ. 2 ïðåäñòàâëåíà ñõåìà ìîäåðíèçè-

ðîâàííîé ýêñïåðèìåíòàëüíî-èññëåäîâàòåëüñêîé

óñòàíîâêè íà áàçå ïðîìûøëåííîãî îáîðóäîâàíèÿ

AZ pre-ink N2 äëÿ òåðìîâàêóóìíîãî íàïîëíåíèÿ

[4, 8].

Íàðÿäó ñ âûáðàííûìè ðàíåå ïàðàìåòðàìè

êîíòðîëÿ (òåìïåðàòóðà TE, äàâëåíèå PE) èñïîëü-

çîâàëè äîïîëíèòåëüíûå êîíòðîëèðóåìûå ïàðà-

ìåòðû: óðîâåíü æèäêîñòè á è èçìåíåíèå âûñîòû

îáðàçöà ì â ïðîöåññå íàáóõàíèÿ. Çàìåòèì, ÷òî

êîíòðîëü íîâûõ ïàðàìåòðîâ ìîæíî îñóùåñòâëÿòü

ñ ïîìîùüþ ýëåêòðîííûõ äàò÷èêîâ (ãèðîñêîïîâ)

ïî óãëó íàêëîíà êîíòàêòíûõ ïëàñòèí.

Ïðè àâòîìàòèçèðîâàííîì ìåòîäå ýêñïðåññ-

íàïîëíåíèÿ îáðàçöû ïîãðóæàþòñÿ â âàííû òåð-

ìîâàêóóìíîé êàìåðû 1 (ñì. ðèñ. 2), çàïîëíåííûå

àãðåññèâíûìè æèäêîñòÿìè 5. Äàâëåíèå â êàìåðå

óñòàíîâêè êîíòðîëèðóåòñÿ ñ ïîìîùüþ äàò÷èêà 2,

óñòàíîâëåííîãî â êðûøêå. Óñòàíîâêà òåìïåðàòó-

ðû è åå êîíòðîëü îñóùåñòâëÿþòñÿ ÷åðåç ìèêðî-

êîíòðîëëåð 4 ñ âûâîäîì èíôîðìàöèè â âèäå ãðà-

ôè÷åñêîãî èíòåðôåéñà íà ýêðàí ÏÊ. Äëÿ óïðàâ-

ëåíèÿ ýëåêòðîííûìè óñòðîéñòâàìè è ïåðåäà÷è

äàííûõ íà ÏÊ èñïîëüçîâàëñÿ ìèêðîêîíòðîëëåð

ATMega, â êîòîðûé ïðåäâàðèòåëüíî áûëà çàãðó-

æåíà äîðàáîòàííàÿ ïðîãðàììà [7, 8, 15, 16].

Îáñóæäåíèå ðåçóëüòàòîâ

Äèíàìèêà èçìåíåíèÿ ìàññû ïîëèìåðíîãî ìà-

òåðèàëà ïðè âçàèìîäåéñòâèè ñ ÑÐÆ è àïïðîêñè-

ìèðóþùàÿ êðèâàÿ ýêñïåðèìåíòàëüíûõ äàííûõ

ïðè àâòîìàòèçèðîâàííîì ïðîöåññå òåðìîâàêóóì-

íîãî íàïîëíåíèÿ îáðàçöîâ ïðåäñòàâëåíû íà

ðèñ. 3.

Âèäíî, ÷òî ïðè êîíòàêòå ìàòåðèàëà â òåð-

ìîâàêóóìíîé êàìåðå ñî ñìåñüþ ÑÐÆ íàèáîëü-

øåå ïîãëîùåíèå íàáëþäàåòñÿ â òå÷åíèå ïåðâûõ

17 ìèí âçàèìîäåéñòâèÿ. Ïðè ýòîì ìàññà îáðàçöà

âîçðàñòàåò ïðèìåðíî íà 28 %. Ïåðèîä 17 –

24 ìèí õàðàêòåðèçóåòñÿ ïëàâíûì ñíèæåíèåì äè-

íàìèêè íàïîëíåíèÿ. Çàâåðøåíèå âïèòûâàíèÿ

ìîæíî îïðåäåëèòü âðåìåííûì èíòåðâàëîì â

27 ìèí ðàáîòû óñòàíîâêè è íàïîëíÿåìîñòüþ äî

35 %. Äàëüíåéøåå èçìåíåíèå ìàññû îáðàçöà

íàõîäèòñÿ â 0,5 %-ì èíòåðâàëå ÄM, ÷òî áûëî

ïðèíÿòî ðàíåå êàê èäåíòèôèêàöèÿ çàâåðøåíèÿ

çàïîëíåíèÿ.

Ïðåäâàðèòåëüíî (äî ïðîâåäåíèÿ ýêñïåðèìåí-

òà) ïîäáèðàëè îïòèìàëüíûå çíà÷åíèÿ ïàðàìåò-

ðîâ òåìïåðàòóðû è äàâëåíèÿ â âàêóóìíîé êàìå-

ðå. Êðèòåðèåì îïòèìèçàöèè ñëóæèëî ìèíèìàëü-

íîå âðåìÿ ïîëíîãî çàïîëíåíèÿ ômin. Çà òåìïåðà-
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Ðèñ. 2. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè: 1 — âàêó-

óìíàÿ êàìåðà; 2 — ìàíîìåòð; 3 — íàãðåâàòåëüíûé ýëå-

ìåíò; 4 — äàò÷èê òåìïåðàòóðû; 5 — ðàáî÷èå æèäêîñòè;

6 — îáðàçåö; 7 — ìèêðîêîíòðîëëåð; 8 — ïåðñîíàëüíûé

êîìïüþòåð (ÏÊ); 9 — âàêóóìíûé êîìïðåññîð; 10 — äàò÷è-

êè óãëà íàêëîíà (ãèðîñêîïû)

Fig. 2. Scheme of the experimental setup: 1 — vacuum

chamber; 2 — pressure gauge; 3 — heating element; 4 —

temperature sensor; 5 — working fluids; 6 — sample; 7 —

microcontroller; 8 — personal computer; 9 — vacuum com-

pressor; 10 — tilt angle sensors (gyros)
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Ðèñ. 3. Çàâèñèìîñòü èçìåíåíèÿ ìàññû ïîëèìåðíîãî ìà-

òåðèàëà îò âðåìåíè âûäåðæêè â ÑÐÆ â òåðìîâàêóóìíîé

êàìåðå: 1 — ýêñïåðèìåíòàëüíûå äàííûå; 2 — àïïðîêñè-

ìèðóþùàÿ êðèâàÿ

Fig. 3. Dependence of the change in the mass of a polymer

material ÄM on the exposure time in the SRF in a thermal

vacuum chamber: 1 — experimental values; 2 — approxi-

mating curve



òóðó íàïîëíåíèÿ, êàê óæå óêàçûâàëîñü, ïðèíèìà-

ëè t = 20 °C. Îïòèìèçàöèÿ âûáîðà äàâëåíèÿ Pîïò

îñíîâûâàëàñü íà óñëîâèÿõ ìàêñèìàëüíîãî çàïîë-

íåíèÿ ÑÐÆ çà ômin. Îäíî èç òàêèõ óñëîâèé — ëà-

ìèíàðíûé ïîòîê ÑÐÆ, êîòîðûé ìîæíî ðàññ÷è-

òàòü ñîãëàñíî çàêîíàì Ïóàçåéëÿ. Îäíàêî â ñèëó

áîëüøèõ äîïóùåíèé è ïîãðåøíîñòåé, âîçíèêàþ-

ùèõ â ðàñ÷åòàõ â ñâÿçè ñ íåîäíîðîäíîñòüþ è âà-

ðèàòèâíîñòüþ ôèçèêî-õèìè÷åñêîãî ñîñòîÿíèÿ èñ-

ñëåäóåìîãî ìàòåðèàëà, çíà÷åíèå äàâëåíèÿ íàõî-

äèëè ýêñïåðèìåíòàëüíî. Îíî áûëî îïðåäåëåíî â

äèàïàçîíå íèçêîãî âàêóóìà è ñîñòàâëÿëî

Pîïò = 104 Ïà.

Òàêèì îáðàçîì, ïåðèîä ïîëíîãî îêîí÷àíèÿ

âïèòûâàíèÿ ÑÐÆ â òåðìîâàêóóìíîé êàìåðå ýêñ-

ïåðèìåíòàëüíî áûë îïðåäåëåí âðåìåíåì ô =

= 27 ìèí. Ìàññà îáðàçöà çà äàííûé ïåðèîä óâå-

ëè÷èëàñü íà 35 % îò ïåðâîíà÷àëüíîé [9, 11 – 14,

17].

Àïïðîêñèìèðîâàíèå ïîëó÷åííîé çàâèñè-

ìîñòè (f1(x))

y = – 0,0034x3 + 0,1214x2 + 0,5156x – 0,1964

(R
2

2 = 0,9943) (4)

äàåò âîçìîæíîñòü ñïðîãíîçèðîâàòü íàïîëíåíèå

ÑÐÆ ýëàñòîìåðíîãî ìàòåðèàëà ìàðêè ÌÁÑ-Ñ,

ïðîâîäèìîå â òåðìîâàêóóìíîé êàìåðå.

Ñîïîñòàâëåíèå äèíàìèê íàïîëíåíèÿ â ñòàí-

äàðòíîì ðåæèìå ñ äàííûìè, ïîëó÷åííûìè ìåòî-

äîì óñêîðåííîãî èñïûòàíèÿ (ýêñïðåññ-àíàëèçà),

ïîçâîëèëî âûÿâèòü èõ ôóíêöèîíàëüíóþ ïîä÷è-

íåííîñòü.

Èñïîëüçóÿ àíàëèòè÷åñêèå çàâèñèìîñòè (3),

(4) â âèäå

f1(x) = –0,0034x3 + 0,1214x2 +

+ 0,5156x – 0,1964; (5)

f2(x) = 3,5838 ln x + 16,589, (6)

íåñëîæíî îïðåäåëèòü, ÷òî ôóíêöèÿ ïåðåâîäà çíà-

÷åíèé, ïîëó÷åííûõ ýêñïðåññ-ìåòîäîì, â çíà÷å-

íèÿ, ñîîòâåòñòâóþùèå íàïîëíåíèþ â íîðìàëü-

íûõ óñëîâèÿõ, áóäåò îïðåäåëÿòüñÿ êàê

f x
f x

f x
3

1

2

( )
( )

( )
� �

�

	 � � 	

�

0 0034 0 1214 0 5156 0 1964

3 5838 16 589

3 2, , , ,

, ln ,

x x x

x
. (7)

Ïîñëå âû÷èñëåíèé ïåðåâîäíàÿ ôóíêöèÿ ïðè-

íèìàåò ñëåäóþùèé âèä:

f x x x
3

3 20 0084 0 376( ) , ,� 	 � �

� 	 �

�

0 03 0 1964
0 305

3 6 16 589
, ,

,

, ,
.x

x
(8)

Ñðåäíåå çíà÷åíèå äîñòîâåðíîñòè àïïðîêñè-

ìàöèè çàâèñèìîñòåé f1(x) è f2(x), ñâèäåòåëüñòâóþ-

ùåå îá àäåêâàòíîñòè ïðåäëàãàåìîé ìåòîäèêè, ñî-

ñòàâèëî

R R
1

2

2

2

2

0 9969 0 9943

2
0 9956

�

�

�

�

, ,
, .

Îòìåòèì, ÷òî ðàçðàáîòàííàÿ ìåòîäèêà íàïîë-

íåíèÿ ïîëèìåðîâ â àâòîìàòèçèðîâàííîé òåðìî-

âàêóóìíîé óñòàíîâêå èìååò äîïîëíèòåëüíûå âîç-

ìîæíîñòè, çàêëþ÷àþùèåñÿ â èçó÷åíèè ðàáîòî-

ñïîñîáíîñòè ïîëèìåðíûõ ìàòåðèàëîâ â ðåæèìå

öèêëè÷åñêîãî òåìïåðàòóðíîãî âîçäåéñòâèÿ (ëåò-

íå-çèìíèé è ñ ïåðåõîäîì ÷åðåç 0 °C â îñåííå-âå-

ñåííèé ïåðèîäû ýêñïëóàòàöèè). Ïîäîáíûå òåì-

ïåðàòóðíûå ðåæèìû ôîðìèðóþòñÿ â åìêîñòÿõ

ïðè ïåðåâîçêå è õðàíåíèè óãëåâîäîðîäîâ, ÷òî àê-

òóàëüíî äëÿ óñëîâèé Ñèáèðè è Äàëüíåãî Âîñòîêà

[18 – 20].

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ íàïîëíåíèÿ è íà-

áóõàíèÿ ìàñëîáåíçîñòîéêîé ðåçèíû ìàðêè

ÌÁÑ-Ñ — íàèáîëåå ÷àñòî ïðèìåíÿåìîãî ýëàñòî-

ìåðíîãî ìàòåðèàëà óïëîòíåíèé — ïîêàçàëè íå-

âîçìîæíîñòü èñïîëüçîâàíèÿ â óñëîâèÿõ ïðîìûø-

ëåííûõ ëàáîðàòîðèé ñòàíäàðòíûõ ìåòîäîâ èñïû-

òàíèé. Ðàçðàáîòàííàÿ ìåòîäèêà è àâòîìàòèçèðî-

âàííàÿ óñòàíîâêà äëÿ åå îñóùåñòâëåíèÿ ïîçâîëÿ-

þò óìåíüøèòü âðåìÿ ïðîöåññà ïðîïèòêè ñî 144 ÷

äî 27 ìèí. Êðîìå òîãî, ñ ó÷åòîì ðàñ÷åòíîãî êîýô-

ôèöèåíòà ïåðåâîäà îïðåäåëåíà âçàèìîñâÿçü âðå-

ìåíè óñêîðåííîãî èñïûòàíèÿ (ýêñïðåññ-àíàëèçà)

è âðåìåííûõ èíòåðâàëîâ ñòàíäàðòíîãî íàïîëíå-

íèÿ ìàñëîáåíçîñòîéêèõ ðåçèí ìàðêè ÌÁÑ ñ óäîâ-

ëåòâîðèòåëüíîé äîñòîâåðíîñòüþ (R2 = 0,9956).

Ïåðñïåêòèâíûå íàïðàâëåíèÿ äàëüíåéøèõ èñ-

ñëåäîâàíèé ìîãóò áûòü ñâÿçàíû ñ òåì, ÷òî ïðè

ðàñøèðåíèè áàçû äàííûõ äèíàìèêè íàáóõàíèÿ

ðàçëè÷íûõ ìàòåðèàëîâ, èñïîëüçóÿ ïðåäëîæåí-

íóþ ìåòîäèêó, ìîæíî ïîëó÷àòü ïðîãíîçíûå ñðî-

êè ðàáîòû ïîëèìåðîâ â àãðåññèâíûõ ñðåäàõ ðàç-

íîé ýòèîëîãèè è ïðåäîïðåäåëÿòü ïåðèîäè÷íîñòü

ïðîâåäåíèÿ ðåãëàìåíòíûõ è ðåìîíòíûõ ðàáîò ïî

ïðèíöèïó îñòàòî÷íîãî ðåñóðñà.
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Ïðèáëèæàåòñÿ 300-ëåòèå Ðîññèéñêîé àêà-

äåìèè íàóê, ñîçäàííîé 8 ôåâðàëÿ 1724 ãîäà ïî

Óêàçó Ïåòðà I. Â ýòîé ñâÿçè ñëåäóåò îòìåòèòü, ÷òî

ïîñòåïåííî íàó÷íûå èññëåäîâàíèÿ è ïðàêòè-

÷åñêèå ðàçðàáîòêè ðàçìåñòèëèñü íà òàêèõ êëþ÷å-

âûõ áàçàõ ðàçâèòèÿ íàóêè è åå èíôîðìàöèîííîãî

îáåñïå÷åíèÿ, êàê àêàäåìè÷åñêèå èíñòèòóòû, îò-

ðàñëåâûå ïðåäïðèÿòèÿ, ó÷åáíûå çàâåäåíèÿ (óíè-

âåðñèòåòû) è íàó÷íûå èçäàòåëüñòâà (ïåðèîäèêà,

ìîíîãðàôèè).

Íà ýòîì òðåõâåêîâîì ïóòè âàæíûìè ýòàïàìè

ñòàëè ðîæäåíèå æóðíàëà «Çàâîäñêàÿ ëàáîðàòî-

ðèÿ» [1] è îáðàçîâàíèå â 1938 ãîäó Èíñòèòóòà ìà-

øèíîâåäåíèÿ â ñîñòàâå Îòäåëåíèÿ òåõíè÷åñêèõ

íàóê Àêàäåìèè ÑÑÑÐ [2]. Ïî÷òè äåâÿòü äåñÿòè-

ëåòèé æóðíàë «Çàâîäñêàÿ ëàáîðàòîðèÿ» è àêà-

äåìè÷åñêèå ëàáîðàòîðèè Èíñòèòóòà ìàøèíî-

âåäåíèÿ òåñíî âçàèìîäåéñòâóþò ïî ðàçðàáîòêå è

îñâåùåíèþ êîìïëåêñíûõ ïðîáëåì ìåõàíè÷åñêèõ

èñïûòàíèé ìàòåðèàëîâ, ìàøèí è êîíñòðóêöèé.

Â ñîâðåìåííûõ óñëîâèÿõ è â ïåðñïåêòèâå ðàç-

âèòèÿ ìàøèíîâåäåíèÿ è ìàøèíîñòðîåíèÿ íà íî-

âûå ïîçèöèè âûõîäèò ñî÷åòàíèå àêàäåìè÷åñêèõ

èññëåäîâàíèé ôóíäàìåíòàëüíûõ çàêîíîìåðíî-

ñòåé äåôîðìèðîâàíèÿ, ïîâðåæäåíèÿ è ðàçðóøå-

íèÿ êîíñòðóêöèîííûõ ìàòåðèàëîâ è ìàøèí íî-

âûõ ïîêîëåíèé [3] ñî âñå âîçðàñòàþùèìè íàó÷-

íî-òåõíîëîãè÷åñêèìè çàïðîñàìè ìàøèíîñòðîå-

íèÿ è ìàòåðèàëîâåäåíèÿ êàê òåõíè÷åñêîé, ìàòå-

ðèàëüíîé è ïðîèçâîäñòâåííîé îñíîâû ðàçâèòèÿ è

áåçîïàñíîñòè ñòðàíû [4].

Íà÷èíàÿ ñ 30-õ ãîäîâ XX âåêà ðåçóëüòàòû

äëèòåëüíûõ íàó÷íûõ èññëåäîâàíèé Èíñòèòóòà

ìàøèíîâåäåíèÿ, ñâÿçàííûå ñ àíàëèçîì è îáîñíî-

âàíèåì ïðî÷íîñòè, ðåñóðñà, õëàäîñòîéêîñòè, òåð-

ìîñòîéêîñòè, èçíîñîñòîéêîñòè, æèâó÷åñòè, íà-

äåæíîñòè, áåçîïàñíîñòè è ðèñêîâ, íàõîäèëè ñâîå

îñâåùåíèå íà ñòðàíèöàõ æóðíàëà «Çàâîäñêàÿ

ëàáîðàòîðèÿ».

Ðàçðàáîò÷èêàìè óêàçàííûõ ïðîáëåì, àâòîðà-

ìè æóðíàëà, ÷ëåíàìè åãî ðåäêîëëåãèè íà ïðîòÿ-

æåíèè ìíîãèõ ëåò áûëè âåäóùèå ó÷åíûå Èíñòè-

òóòà — ÷ëåíû àêàäåìèè Ñ. Â. Ñåðåíñåí, Þ. Í. Ðà-

áîòíîâ, Â. Â. Áîëîòèí, È. À. Îäèíã, Í. Í. Äàâè-

äåíêîâ, À. Ï. Ãóñåíêîâ, Í. À. Ìàõóòîâ, à òàêæå

îðãàíèçàòîðû è ÷ëåíû íàó÷íûõ øêîë — ïðîôåñ-

ñîðà è âåäóùèå íàó÷íûå ñîòðóäíèêè Í. È. Ïðè-

ãîðîâñêèé, Ì. Ì. Õðóùîâ, Â. Ï. Êîãàåâ, Ð. Ì.

Øåíäåðîâè÷, È. À. Ðàçóìîâñêèé, À. Í. Ðîìàíîâ,

Þ. Ã. Ìàòâèåíêî, À. Í. Ïîëèëîâ, Þ. Í. Äðîçäîâ,

Ã. Â. Ìîñêâèòèí, Ì. Ì. Ãàäåíèí, À. È. Òàíàíîâ.

Â íà÷àëå XXI âåêà íà ïîâåñòêó äíÿ âûøëè íî-

âûå àêòóàëüíûå ïîñòàíîâêè çàäà÷ êîìïëåêñíîé

äèàãíîñòèêè ìàòåðèàëîâ è ìîíèòîðèíãà ñîñòîÿ-

íèé ìàøèí ïî äâóì êëþ÷åâûì íàïðàâëåíèÿì —

ýêñïåðèìåíòàëüíîå îïðåäåëåíèå ðàñ÷åòíûõ õà-

ðàêòåðèñòèê ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ êîí-

ñòðóêöèîííûõ ìàòåðèàëîâ íà ìåòàëëè÷åñêîé,

êîìïîçèòíîé, êåðàìè÷åñêîé îñíîâàõ íà íàíî-

ìèêðî-ìåçî-ìàêðîóðîâíÿõ è ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíîå îïðåäåëåíèå íàïðÿæåííî-äåôîðìè-

ðîâàííûõ, ïîâðåæäåííûõ è ïðåäåëüíûõ ñîñòîÿ-
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íèé íåñóùèõ ýëåìåíòîâ ìàøèí è êîíñòðóêöèé

ïðè ñëîæíûõ ïðîåêòíûõ, çàïðîåêòíûõ è ãèïîòå-

òè÷åñêèõ óñëîâèÿõ ýêñïëóàòàöèîííîãî íàãðóæå-

íèÿ [3].

Â ðàìêàõ ïåðâîãî íàïðàâëåíèÿ îñíîâîïîëà-

ãàþùèìè ÿâëÿþòñÿ [3] ñòàíäàðòíûå, óíèôèöèðî-

âàííûå è ñïåöèàëüíûå èñïûòàíèÿ â ëàáîðàòîð-

íûõ óñëîâèÿõ ñîîòâåòñòâóþùèõ îáðàçöîâ êîíñò-

ðóêöèîííûõ ìàòåðèàëîâ äëÿ îïðåäåëåíèÿ áàçî-

âûõ õàðàêòåðèñòèê èõ ñîïðîòèâëåíèÿ óïðóãîìó è

óïðóãîïëàñòè÷åñêîìó äåôîðìèðîâàíèþ è ðàçðó-

øåíèþ â çàäàííûõ óñëîâèÿõ ïî âðåìåíè ô è ÷èñ-

ëó öèêëîâ N íàãðóæåíèÿ. Ýòî îòíîñèòñÿ ê ñòàí-

äàðòíûì õàðàêòåðèñòèêàì: ìîäóëþ óïðóãîñòè E,

ïîêàçàòåëþ óïðî÷íåíèÿ m, ïðåäåëó òåêó÷åñòè óò,

ïðåäåëó ïðî÷íîñòè óâ, ïðåäåëó äëèòåëüíîé ïðî÷-

íîñòè óä, ïðåäåëó âûíîñëèâîñòè ó–1, ïðåäåëüíîé

ïëàñòè÷íîñòè eê. Îíè îïðåäåëÿþòñÿ ïî äèàãðàì-

ìàì äåôîðìèðîâàíèÿ ó – e íà ãëàäêèõ îáðàçöàõ

áåç êîíöåíòðàöèè íàïðÿæåíèé (áó = 1). Ýòè õà-

ðàêòåðèñòèêè çàâèñÿò îò òåìïåðàòóð t, ÷èñëà

öèêëîâ íàãðóæåíèÿ N, ñêîðîñòè äåôîðìèðîâàíèÿ
·e = de/dô è íàãðóæåíèÿ ·

� = dó/dô:

{ó, e} = F{óò, óâ, m, eê} = F{ô, t, N, ( ·,e · )� }. (1)

Äëÿ ðåøåíèÿ çàäà÷ ïî âòîðîìó íàïðàâëåíèþ

ðàñ÷åòàìè è ýêñïåðèìåíòàìè óñòàíàâëèâàþòñÿ

íîìèíàëüíûå óí – eí è ëîêàëüíûå ómaxk – emaxk íà-

ïðÿæåííî-äåôîðìèðîâàííûå, ïîâðåæäåííûå è

ïðåäåëüíûå ñîñòîÿíèÿ âíå çîí è â çîíàõ êîíöåí-

òðàöèè íàïðÿæåíèé Kó è äåôîðìàöèé Ke ñ ó÷å-

òîì ïðåäåëüíîé ïëàñòè÷íîñòè eê, ýôôåêòîâ àáñî-

ëþòíûõ ðàçìåðîâ F îïàñíûõ ñå÷åíèé, îáúåìíî-

ñòè íàïðÿæåííîãî ñîñòîÿíèÿ ñ ãëàâíûìè íàïðÿ-

æåíèÿìè ó1 � ó2 � ó3:

{ómaxk, emaxk} =

= F{(óí, eí), eê, (áó, Ke, Kó}, F(ó1, ó2, ó3)}. (2)

Ïîñêîëüêó ñîïðîòèâëåíèå äåôîðìàöèÿì è

ðàçðóøåíèþ çàâèñèò îò ðåæèìîâ íàãðóæåíèÿ

(ô, N, t, ·,e · )� ïî âûðàæåíèþ (1), òî è íîìèíàëüíûå

è ëîêàëüíûå íàïðÿæåííî-äåôîðìèðîâàííûå è

ïðåäåëüíûå ñîñòîÿíèÿ ïî (2) ñâÿçàíû ñ ðåæèìà-

ìè íàãðóæåíèÿ.

Âûðàæåíèÿ (1), (2) îïèñûâàþò óñëîâèÿ âîç-

íèêíîâåíèÿ òðåùèí l. Èõ ñòàòè÷åñêîå (dl/dô) è

öèêëè÷åñêîå (dl/dN) íàãðóæåíèÿ â ñîîòâåòñòâèè ñ

óðàâíåíèÿìè ëèíåéíîé è íåëèíåéíîé ìåõàíèêè

ðàçðóøåíèÿ îïðåäåëÿþòñÿ êîýôôèöèåíòàìè èí-

òåíñèâíîñòè óïðóãèõ íàïðÿæåíèé KI, à òàêæå êî-

ýôôèöèåíòàìè èíòåíñèâíîñòè óïðóãîïëàñòè÷å-

ñêèõ íàïðÿæåíèé KIó è äåôîðìàöèé KIe. Ýòè êî-

ýôôèöèåíòû íàõîäÿòñÿ ðàñ÷åòîì è ýêñïåðèìåí-

òîì äëÿ çàäàííûõ ñõåì è âèäîâ íàãðóæåíèÿ ñ ó÷å-

òîì íîìèíàëüíûõ íàïðÿæåíèé óí è äåôîðìàöèé

eí. Ïðåäåëüíûå ñîñòîÿíèÿ â çîíàõ òðåùèí óñòà-

íàâëèâàþòñÿ ïî îêîí÷àòåëüíîìó ðàçðóøåíèþ ïî

êðèòè÷åñêèì êîýôôèöèåíòàì èíòåíñèâíîñòè KIc,

KIec, KIóc:

{KI, KIe, KIó} = F{l, (óí, eí), m} =

= F{eê, KIc, KIec, KIóc)}. (3)

Äèàãðàììû ðàçðóøåíèÿ ñâÿçûâàþò òåêóùèå

ðàçìåðû ðàñòóùèõ òðåùèí ïî (3) ñ óðîâíåì íî-

ìèíàëüíûõ íàïðÿæåíèé óí, ïîêàçàòåëåì ñîïðî-

òèâëåíèÿ óïðóãîïëàñòè÷åñêèì äåôîðìàöèÿì m è

ïðåäåëüíîé ïëàñòè÷íîñòüþ eê. Ñ ó÷åòîì (1) è (2)

ðàçâèòèå òðåùèí çàâèñèò îò ïàðàìåòðîâ íàãðó-

æåíèÿ ô, N, t, ·,e · .�

Îáúåäèíåíèå ðåøåíèé óêàçàííûõ âûøå äâóõ

íàó÷íûõ è ïðèêëàäíûõ çàäà÷ íà îñíîâå (1) – (3)

ïîçâîëÿåò â êîëè÷åñòâåííîé ôîðìå îáîñíîâàòü

ðåàëüíóþ ïðèìåíèìîñòü êîíñòðóêöèîííûõ ìàòå-

ðèàëîâ è ýôôåêòèâíîñòü áåçîïàñíîãî ôóíêöèî-

íèðîâàíèÿ ìàøèí è êîíñòðóêöèé ãðàæäàíñêîãî è

îáîðîííîãî íàçíà÷åíèé. Â ïåðâóþ î÷åðåäü ýòî îò-

íîñèòñÿ [3 – 5] ê îáúåêòàì àòîìíîé ýíåðãåòèêè,

àâèàöèîííîé è ðàêåòíî-êîñìè÷åñêîé òåõíèêå.

Âñå ðàñ÷åòíûå ïàðàìåòðû âûðàæåíèé (1) –

(3) óâ, óò, eê, m, óí, eí, ómaxk, emaxk, áó, Kó, Ke, KI, KIe,

KIó, l, KIc, KIec, KIóc ïîäëåæàò îïðåäåëåíèþ ðàñ÷å-

òàìè è ýêñïåðèìåíòàëüíûìè ìåòîäàìè.

Òðàäèöèîííî ìû ïðîäîëæèì îñâåùàòü íàó÷-

íî-ìåòîäè÷åñêèå ðàçðàáîòêè è ðåçóëüòàòû ïåð-

ñïåêòèâíûõ íàó÷íûõ èññëåäîâàíèé â äàííîé îá-

ëàñòè â æóðíàëå «Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàã-

íîñòèêà ìàòåðèàëîâ».

Çà ïåðèîä 2020 – 2023 ãã. ïî èíèöèàòèâå ðå-

äàêöèîííîé êîëëåãèè íà ñòðàíèöàõ æóðíàëà

áûëè îïóáëèêîâàíû ðåçóëüòàòû íîâûõ èññëåäî-

âàíèé è íàó÷íî-ìåòîäè÷åñêèõ ðàçðàáîòîê Èíñòè-

òóòà ìàøèíîâåäåíèÿ, ñî÷åòàþùèõ ëèíåéíóþ è

íåëèíåéíóþ ìåõàíèêó äåôîðìèðîâàíèÿ è ðàç-

ðóøåíèÿ [5], äâóõïàðàìåòðè÷åñêèé àíàëèç

òðåùèíîñòîéêîñòè [6], âûñîêîòåìïåðàòóðíóþ è

äâóõ÷àñòîòíóþ ïîâðåæäàåìîñòü [7], öèôðîâóþ

ñïåêë-èíòåðôåðîìåòðè÷åñêóþ [8] è àêóñòèêî-

ýìèññèîííóþ äèàãíîñòèêó [9], ñïåêòðàëüíóþ äè-

àãíîñòèêó è ìîíèòîðèíã îïàñíûõ ñîñòîÿíèé [10]

ìàòåðèàëîâ è íåñóùèõ ýëåìåíòîâ ìàøèí.

Îáîáùåííûå ïóáëèêàöèè â æóðíàëå «Çàâî-

äñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ»

èíòåãðèðîâàíû â ìíîãîòîìíûõ èçäàíèÿõ [11 –

14], â çíà÷èòåëüíîé ñòåïåíè ÿâëÿþùèõñÿ îñíî-

âîé ôîðìèðóåìûõ è ðàçâèâàþùèõñÿ â íàøåé

ñòðàíå íîâûõ áàç çíàíèé è áàíêîâ äàííûõ äëÿ

ðåøåíèÿ àêòóàëüíûõ è ïåðñïåêòèâíûõ ôóíäà-

ìåíòàëüíûõ è ïðèêëàäíûõ çàäà÷ êîìïëåêñíîãî

àíàëèçà îáîñíîâàíèÿ è ïîâûøåíèÿ ïðî÷íîñòè è

áåçîïàñíîñòè êðèòè÷åñêè è ñòðàòåãè÷åñêè âàæ-

íûõ îáúåêòîâ æèçíåîáåñïå÷åíèÿ [15] â óñëîâèÿõ

îñíîâíîãî ñïåêòðà óãðîç è âûçîâîâ.
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The main cyclic thermomechanical loads, as well as changeable in time vibration and aerohydrodynamic

loadings accompanying them affect modern energy facilities, space, air, water and ground transport. At

the same time the total number of loading cycles taking into account the duration of service turns out to

be within in very wide limits. It is shown that a general spectrum of loads changing in time which affect

the aforementioned objects is very complicated in terms of load levels, frequency ratios and time of their

action. Taking into account a large variation of service impacts in the loading levels, frequency ratio and

total number of loading cycles we performed a generalized analysis of the resistance to deformation, dam-

age and fracture of high-loaded objects of modern technics. The results obtained revealed that in condi-
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tions of combined mechanical, vibration and aero-, gidro-, acoustic loadings the limit state (by criteria of

cyclic strength using the rule of linear summation of damages expressed in deformation parameters) will

be attained earlier, than that obtained only with allowance of the main thermomechanical loading. To sub-

stantiate the strength and service life of the objects under consideration, traditional standard and unified

mechanical isothermal tests for static and cyclic loading are carried out to determine the basic characteris-

tics of the mechanical properties of the material, as well as special mechanical programmed tests with

variable modes that simulate complex processes of operational thermomechanical, vibration and

aerohydrodynamic impacts. The results of testing are taken into account in computation and experimen-

tal estimations of the strength and the fatigue life for the corresponding spectra of operational loads. A re-

fined verification calculation of the cyclic strength and durability is becoming increasingly relevant for

modern machines and units operating under conditions of increasing speeds of movement, operating pres-

sures with increased levels of pulsations, as well as in the occurrence of accompanying mechanical oscilla-

tions, vibrations and aerohydroacoustic impacts.

Keywords: cyclic strength; life-time; loading modes; service stress loading; deformation diagram; accu-

mulation of damages; fatigue curves; strength calculations.
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àýðîãèäðîäèíàìè÷åñêèì. Îáúåêòû ýíåðãåòèêè,

êîñìè÷åñêîãî, âîçäóøíîãî, íàçåìíîãî, âîäíîãî

òðàíñïîðòà èñïûòûâàþò ñî÷åòàíèå èçìåíÿþùèõ-

ñÿ âî âðåìåíè ýêñïëóàòàöèè ô (îò 103 ñ äî 50 – 60

ëåò) âîçäåéñòâèé — öèêëè÷åñêèõ ìåõàíè÷åñêèõ

Qì(ô) (âåñîâûõ, èíåðöèîííûõ, óäàðíûõ), âèáðà-

öèîííûõ è êîëåáàòåëüíûõ Qâ(ô) è àýðîãèäðîäè-

íàìè÷åñêèõ Qà(ô) (îò íåóñòîé÷èâûõ ïîòîêîâ âîç-

äóõà è âîäû) [1 – 7]. Ïðè ýòîì ñóììàðíîå ÷èñëî

öèêëîâ íàãðóæåíèÿ ñ ó÷åòîì óêàçàííîé äëèòåëü-

íîñòè ñëóæáû íàõîäèòñÿ â äîñòàòî÷íî øèðîêèõ

ïðåäåëàõ — îò 100 (îäíîêðàòíîå íàãðóæåíèå) äî

1012 (ñëîæíîå íàãðóæåíèå âñåìè âèäàìè íàãðó-

çîê) [7 – 10].

Äëÿ îáîñíîâàíèÿ ïðî÷íîñòè è ðåñóðñà òàêèõ

îáúåêòîâ ïðîâîäÿò:

òðàäèöèîííûå (ñòàíäàðòíûå è óíèôèöèðî-

âàííûå) ìåõàíè÷åñêèå èçîòåðìè÷åñêèå èñïûòà-

íèÿ íà ñòàòè÷åñêîå è öèêëè÷åñêîå íàãðóæåíèå ñ

çàäàííûìè íàãðóçêàìè ñ îïðåäåëåíèåì áàçîâûõ

õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ;

ñïåöèàëüíûå ìåõàíè÷åñêèå ïðîãðàììíûå èñ-

ïûòàíèÿ ñ ïåðåìåííûìè ðåæèìàìè, èìèòèðóþ-

ùèìè ñëîæíûå ïðîöåññû ýêñïëóàòàöèîííûõ ìå-

õàíè÷åñêèõ, âèáðàöèîííûõ è àýðîãèäðîäèíàìè-

÷åñêèõ âîçäåéñòâèé;

ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå îöåíêè ïðî÷íî-

ñòè è äîëãîâå÷íîñòè äëÿ ñîîòâåòñòâóþùèõ íàó÷-

íî-îáîñíîâàííûõ ñïåêòðîâ ýêñïëóàòàöèîííîãî

íàãðóæåíèÿ.

Íàó÷íûå îñíîâû óêàçàííûõ èññëåäîâàíèé è

ïðèêëàäíûõ ðàçðàáîòîê çàêëàäûâàëèñü âî âòî-

ðîé ïîëîâèíå XX âåêà â ðàáîòàõ îòå÷åñòâåííûõ

ó÷åíûõ — ÷ëåíîâ àêàäåìèè íàóê Ñ. Â. Ñåðåíñåíà,

Ã. Ñ. Ïèñàðåíêî, Í. Ä. Êóçíåöîâà, Â. Â. Íîâîæè-

ëîâà, À. Ï. Ãóñåíêîâà, Â. Â. Áîëîòèíà, Þ. Í. Ðà-

áîòíîâà, Ê. Â. Ôðîëîâà, Ð. Ô. Ãàíèåâà, ïðîôåñ-

ñîðîâ Ñ. Â. Ïèíåãèíà, Â. Ï. Êîãàåâà, Ð. Ì. Øíåé-

äåðîâè÷à, À. Í. Ðîìàíîâà, Ì. Ä. Ãåíêèíà,

Î. Í. Êîñàðåâà, Ã. Â. Ìîñêâèòèíà, à òàêæå â òðó-

äàõ çàðóáåæíûõ êîëëåã — Ê. Ìèëëåðà, Å. Ëàíãå-

ðà, Ñ. Ìýíñîíà [7 – 13]. Â ïîñëåäóþùèå ãîäû, íà

ðóáåæå XX – XXI âåêîâ è â ïåðâûå äâà äåñÿòèëå-

òèÿ òåêóùåãî ñòîëåòèÿ, ýòè èññëåäîâàíèÿ è ðàç-

ðàáîòêè áûëè ïðîäîëæåíû è ðàçâèòû â àêàäåìè-

÷åñêèõ èíñòèòóòàõ (ÈÌÀØ ÐÀÍ, ÈÏÌåõ ÐÀÍ,

ÈÔÒÏÑ ÑÎ ÐÀÍ, ÈÂÌ ÑÎ ÐÀÍ) è âåäóùèõ îò-

ðàñëåâûõ íàó÷íûõ öåíòðàõ (ÖÊÒÈ, ÂÒÈ,

ÍÈÊÈÝÒ, ÈÀÝ, ÖÀÃÈ, ÌÀÒÈ, ÖÍÈÈ èì. Êðû-

ëîâà, ÂÍÈÈÆÒ). Èõ îñíîâíûå ðåçóëüòàòû îñâå-

ùåíû â ìíîãîòîìíîì èçäàíèè «Áåçîïàñíîñòü

Ðîññèè» [14] è íà ñòðàíèöàõ æóðíàëà «Çàâîäñêàÿ

ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòåðèàëîâ» [15 – 24].

Â äàííîé ðàáîòå ïðèâåäåíû îáîáùåííûå çàêîíî-

ìåðíîñòè âëèÿíèÿ íà ýêñïëóàòàöèîííûå ïðî÷-

íîñòü è äîëãîâå÷íîñòü ñî÷åòàíèÿ ìåõàíè÷åñêîé,

âèáðàöèîííîé è àýðîãèäðîäèíàìè÷åñêîé óñòàëî-

ñòè, îñíîâàííûå íà äàííûõ ìåõàíè÷åñêèõ èñïû-

òàíèé îáðàçöîâ èç êîíñòðóêöèîííûõ ñòàëåé â ëà-

áîðàòîðíûõ óñëîâèÿõ, à òàêæå ïðåäñòàâëåíû

êðèòåðèàëüíûå âûðàæåíèÿ äëÿ ðàñ÷åòîâ äîëãî-

âå÷íîñòè â òàêèõ óñëîâèÿõ.

Õàðàêòåðíûå óñëîâèÿ ýêñïëóàòàöèîííîãî

öèêëè÷åñêîãî íàãðóæåíèÿ

Îñíîâíûå ìåõàíè÷åñêèå ýêñïëóàòàöèîííûå

âîçäåéñòâèÿ Qì
ý ( )� äëÿ ýíåðãåòè÷åñêèõ è òðàíñ-

ïîðòíûõ ñèñòåì ñâÿçàíû [1 – 7, 16 – 24] ñ öèêëà-

ìè íà÷àëà è îêîí÷àíèÿ äâèæåíèÿ îáúåêòîâ íà-

çåìíîãî òðàíñïîðòà, âçëåòà è ïîñàäêè ëåòàòåëü-

íûõ àïïàðàòîâ âîçäóøíîãî òðàíñïîðòà, îòïëû-

òèÿ è ïðè÷àëèâàíèÿ ñóäîâ ðå÷íîãî è ìîðñêîãî

òðàíñïîðòà. ×èñëî òàêèõ öèêëîâ Ný(ô) ýêñïëóàòà-

öèîííîãî íàãðóæåíèÿ ñîñòàâëÿåò 104 – 105. Â ïðî-

öåññå äâèæåíèÿ àíàëèçèðóåìûõ îáúåêòîâ ïðîèñ-

õîäèò èçìåíåíèå ðåæèìîâ ñêîðîñòåé, óñêîðåíèé,

òîðìîæåíèé ñ ÷èñëîì öèêëîâ Nð(ô), ïðåâûøà-
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þùèõ Ný(ô) íà îäèí-äâà ïîðÿäêà. Ýêñòðåìàëüíûå

îïàñíûå ðåæèìû ýêñïëóàòàöèîííîãî íàãðóæåíèÿ

ñ ìåíüøèì ÷èñëîì öèêëîâ — Nî(ô) � (10–1 –

10–2)Ný(ô) — âîçíèêàþò ïðè ïðîåêòíûõ ñèòóàöè-

ÿõ. Òàêèì îáðàçîì, öèêëè÷åñêèå ìåõàíè÷åñêèå

ýêñïëóàòàöèîííûå âîçäåéñòâèÿ Qì
ý ( )� íàõîäÿò-

ñÿ â äèàïàçîíå ÷èñåë öèêëîâ N(ô) îò 102 äî 107.

Ïðè çàïðîåêòíûõ àâàðèéíûõ è êàòàñòðîôè÷å-

ñêèõ ñèòóàöèÿõ ïðåäåëüíîå ÷èñëî öèêëîâ ìîæåò

áûòü êàê íèæå, òàê è âûøå — íà óðîâíå îò 100 äî

102 [25].

Êîëåáàòåëüíûå è âèáðàöèîííûå ýêñïëóàòà-

öèîííûå âîçäåéñòâèÿ Qâ
ý ( )� ìîãóò âîçíèêàòü

âñëåäñòâèå íåðîâíîñòåé äîðîæíîãî ïîêðûòèÿ,

ïîðûâîâ âåòðîâûõ, âîëíîâûõ è ñåéñìè÷åñêèõ

íàãðóçîê íà îïðåäåëåííûõ ó÷àñòêàõ äâèæåíèÿ.

Ïðè ýòîì õàðàêòåðíûå ÷àñòîòû òàêèõ âîçäåé-

ñòâèé áóäóò íàõîäèòüñÿ â ïðåäåëàõ îò 10–1 – 100

äî 102 – 103 Ãö. Îáùåå ÷èñëî öèêëîâ Nâ(ô) òàêèõ

âîçäåéñòâèé îêàçûâàåòñÿ â èíòåðâàëå 108 – 109

[7, 20, 22].

Àýðî-, ãèäðîäèíàìè÷åñêèå ýêñïëóàòàöèîííûå

âîçäåéñòâèÿ Qà
ý ( )� õàðàêòåðíû äëÿ âûñîêèõ ñêî-

ðîñòåé äâèæåíèÿ íàçåìíûõ, âîçäóøíûõ è âîä-

íûõ òðàíñïîðòíûõ îáúåêòîâ. Äëÿ íèõ õàðàêòåð-

íû ÷àñòîòû 103 – 2 · 104 Ãö ñ áîëüøåé ïðîäîëæè-

òåëüíîñòüþ äâèæåíèÿ. Îáùåå ÷èñëî öèêëîâ òà-

êèõ âîçäåéñòâèé ìîæåò äîñòèãàòü 1010 – 1012. Êàê

ïîêàçûâàåò îïûò, àêóñòè÷åñêàÿ óñòàëîñòü íàèáî-

ëåå îïàñíà äëÿ âîçäóøíîãî òðàíñïîðòà.

Òàêèì îáðàçîì, îáùèé ñïåêòð èçìåíåíèÿ âî

âðåìåíè ô ýêñïëóàòàöèîííûõ âîçäåéñòâèé Qì
ý ( ),�

Qâ
ý ( )� è Qà

ý ( )� âåñüìà ñëîæåí ïî óðîâíÿì íàãðóçîê,

÷àñòîòàì è âðåìåíè äåéñòâèÿ. Ñõåìà òàêîãî êîì-

áèíèðîâàííîãî áëîêîâîãî íàãðóæåíèÿ ïîêàçàíà

íà ðèñ. 1. Òàêîé áëîê ñî âðåìåíåì ôá ìîæåò áûòü

ïîñòðîåí äëÿ õàðàêòåðíîãî ïåðèîäà ýêñïëóàòà-

öèè (ïóñêà — îñòàíîâà, âçëåòà — ïîñàäêè, íà÷à-

ëà — êîíöà ìàðøðóòà) èëè çàäàííîãî èíòåðâàëà

âðåìåíè (÷àñ, ìåñÿö, ãîä). Äëÿ äëèòåëüíî ýêñ-

ïëóàòèðóåìûõ îáúåêòîâ íàèáîëåå ÷àñòî èñïîëü-

çóåòñÿ ãîäîâîé èíòåðâàë âðåìåíè.

Ó÷èòûâàÿ áîëüøóþ âàðèàöèþ ýêñïëóàòàöè-

îííûõ âîçäåéñòâèé ïî óðîâíþ íàãðóæåííîñòè

Qì
ý ( ),� Qâ

ý ( )� è Qà
ý ( ),� ÷àñòîòå è îáùåìó ÷èñëó öèê-

ëîâ N íàãðóæåíèÿ îò 100 äî 1012, â ïîñëåäíèå

ãîäû áîëüøîå âíèìàíèå óäåëÿþò îáîáùåííîìó

àíàëèçó ñîïðîòèâëåíèÿ äåôîðìèðîâàíèþ, ïîâðå-

æäåíèþ è ðàçðóøåíèþ äëÿ âûñîêîîòâåòñòâåííûõ

îáúåêòîâ ñîâðåìåííîé òåõíèêè [1, 4, 6, 7, 9,

23 – 25].

Ìåõàíèçìû è âèäû óñòàëîñòè

ïðè ìåõàíè÷åñêîì íàãðóæåíèè

Â ìíîãî÷èñëåííûõ îòå÷åñòâåííûõ è çàðóáåæ-

íûõ èññëåäîâàíèÿõ ñîïðîòèâëåíèÿ êîíñòðóê-

öèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ öèêëè÷åñêî-

ìó íàãðóæåíèþ è äåôîðìèðîâàíèþ âûäåëÿþò

(ðèñ. 2) ñëåäóþùèå õàðàêòåðíûå ìåõàíèçìû è

îáëàñòè äîëãîâå÷íîñòè [1 – 9, 15 – 25]:

ìàëîöèêëîâàÿ óñòàëîñòü, êîãäà â àíàëèçè-

ðóåìîì öèêëå íàïðÿæåíèÿ ó ñâÿçàíû ñ äåôîð-

ìàöèÿìè e íåëèíåéíîé çàâèñèìîñòüþ, à ïðåäåëü-

íîå ÷èñëî öèêëîâ N îêàçûâàåòñÿ â äèàïàçîíå îò

100 (îäíîêðàòíîå íàãðóæåíèå) äî 104 – 105 (îá-

ëàñòü I);

êëàññè÷åñêàÿ ìíîãîöèêëîâàÿ óñòàëîñòü, êîãäà

íàïðÿæåíèÿ è äåôîðìàöèè ñ÷èòàþòñÿ óïðóãèìè,

à äîëãîâå÷íîñòü âîçðàñòàåò äî 106 – 107 (îáëàñòü

II);

ãèãàöèêëîâàÿ óñòàëîñòü ñ ìåíüøèì óðîâíåì

öèêëè÷åñêèõ íàïðÿæåíèé è äåôîðìàöèé ñ äîëãî-

âå÷íîñòüþ îò 109 – 1010 äî 1012 öèêëîâ (îáëàñòü

III).

Íàó÷íîé îñíîâîé àíàëèçà ìåõàíè÷åñêîé, âèá-

ðàöèîííîé è àýðîãèäðîàêóñòè÷åñêîé óñòàëîñòè

ÿâëÿåòñÿ îáîáùåííàÿ êðèâàÿ óñòàëîñòè ïðè

100
� N � 1012 (ñì. ðèñ. 2).

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10 57

Ðèñ. 1. Ñõåìà èçìåíåíèÿ âî âðåìåíè ýêñïëóàòàöèîííûõ

ìåõàíè÷åñêèõ, âèáðàöèîííûõ è àêóñòè÷åñêèõ âîçäåé-

ñòâèé

Fig. 1. Service mechanical, vibration and acoustic impacts

changing in time
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óà
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Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà îáîáùåííîé êðèâîé óñòà-

ëîñòè

Fig. 2. The schematic diagram of the generalized fatigue

curve



Äëÿ óêàçàííûõ îáëàñòåé õàðàêòåðíûìè ïàðà-

ìåòðàìè êðèâîé óñòàëîñòè â íîìèíàëüíûõ íà-

ïðÿæåíèÿõ óà è äåôîðìàöèÿõ eà ÿâëÿþòñÿ:

îáëàñòü I — óâ � óà � óò, eê � eà � eò = óò/E,

100
� N � 104 – 105;

îáëàñòü II — óò � óà � ó–1, eò � eà � ó–1/E,

104
� N � 107;

îáëàñòü III — ó–1 � óà � 0, ó–1/E � eà � 0,

107
� N � 
. (1)

Çäåñü óà, eà — àìïëèòóäà öèêëè÷åñêèõ íàïðÿ-

æåíèé è äåôîðìàöèé; óâ, óò, ó–1 — ïðåäåëû ïðî÷-

íîñòè, òåêó÷åñòè è âûíîñëèâîñòü, îïðåäåëÿåìûå

ïðè ñòàíäàðòíûõ èñïûòàíèÿõ; E — ìîäóëü óïðó-

ãîñòè; eò — äåôîðìàöèÿ ïðåäåëà òåêó÷åñòè (eò =

= óò/E); eê — èñòèííàÿ ðàçðóøàþùàÿ äåôîð-

ìàöèÿ.

Ñëîæíàÿ ïî ôîðìå îáîáùåííàÿ êðèâàÿ óñòà-

ëîñòè (ñì. ðèñ. 2, ñïëîøíàÿ ëèíèÿ) äëÿ èíæåíåð-

íûõ ðàñ÷åòîâ íà óñòàëîñòü â îáëàñòÿõ I – III ñ äîñ-

òàòî÷íîé òî÷íîñòüþ àïïðîêñèìèðóåòñÿ ñòåïåí-

íûìè âûðàæåíèÿìè äëÿ êàæäîé èç îáëàñòåé

�
�

�à i

m

i
N Ci � , e N C

i

m

ie
ei

à
� , (2)

ãäå i — èíäåêñ ñîîòâåòñòâóþùåé îáëàñòè; mi, ci —

õàðàêòåðèñòèêè ìàòåðèàëà, çàâèñÿùèå îò ïðî÷-

íîñòè è ïëàñòè÷íîñòè.

Äëÿ êðèâîé óñòàëîñòè, èñïîëüçóåìîé â òðàäè-

öèîííûõ èíæåíåðíûõ ðàñ÷åòàõ ïðè N � 107, â ñî-

îòâåòñòâèè ñ (1) è äîïóùåíèåì î ñòàòè÷åñêîì

ðàçðóøåíèè ïðè N = 1/4 ìîæíî ïðèíÿòü:

îáëàñòü I — Ci

m
i� �

�

â ( ) ,1 4 m
i

�
= 0,04 – 0,06;

îáëàñòü II — Ci = óò, m
i

�
= 0,08 – 0,12;

îáëàñòü III — Ci = ó–1, m
i

�
= 0.

Â îáëàñòè I ñîãëàñíî ðèñ. 2 â êàæäîì èç öèêëîâ

èìååò ìåñòî íåëèíåéíàÿ ñâÿçü ìåæäó íàïðÿæå-

íèÿìè è äåôîðìàöèÿìè (ðèñ. 3).

Äëÿ öèêëè÷åñêè ñòàáèëèçèðóþùèõñÿ ñòàëåé

ïðè ìÿãêîì íàãðóæåíèè ñ çàäàííîé àìïëèòóäîé

íàïðÿæåíèé óà = const èëè ïðè æåñòêîì íàãðó-

æåíèè ñ çàäàííîé àìïëèòóäîé äåôîðìàöèè eà =

= const â èñõîäíîì ïîëóöèêëå (k = 0) â óïðóãîé

îáëàñòè (ó � óò)

ó = eE. (3)

Äëÿ óïðóãîïëàñòè÷åñêîé îáëàñòè â íóëåâîì è k-

ïîëóöèêëàõ

ó = óò(e/eò)
m(0),

S(k) = (å(k)/åò)
m(k), (4)

ãäå m(0), m(k) — ïîêàçàòåëè óïðî÷íåíèÿ.

Â ïîâåðî÷íûõ óòî÷íåííûõ ðàñ÷åòàõ öèêëè÷å-

ñêîé ïðî÷íîñòè ïðè N � 1010 ïî äåôîðìàöèîííûì

êðèòåðèÿì [7, 9, 17, 24 – 26] èñïîëüçóþòñÿ óñëîâ-

íûå óïðóãèå íàïðÿæåíèÿ, ïðîïîðöèîíàëüíûå

ðåàëüíûì óïðóãèì è óïðóãîïëàñòè÷åñêèì äåôîð-

ìàöèÿì (ñì. ðèñ. 2):

ó* = eE, � à
* = eàE. (5)

Ïðèíèìàÿ, êàê è ðàíåå, ÷òî îäíîêðàòíîå ñòà-

òè÷åñêîå ðàçðóøåíèå ïðîèñõîäèò ïðè ðåàëèçà-

öèè 1/4 öèêëà (â íóëåâîì ïîëóöèêëå k = 0), ïîëó-

÷èì èñòèííóþ äåôîðìàöèþ

eê

ê

�

	

ln ,
1

1 �

(6)

ãäå øê — îòíîñèòåëüíîå ñóæåíèå ïðè ñòàòè÷å-

ñêîì ðàçðûâå.

Òîãäà èñõîäÿ èç (2), ìîæíî çàïèñàòü

C e
ei

mei� ê ( ) .1 4 (7)

Ïîêàçàòåëü ñòåïåíè me
i

â (2), (7) áîëüøå m
i

�
è ñ

óâåëè÷åíèåì ñòàòè÷åñêîé ïðî÷íîñòè âîçðàñòàåò

(0,5 � me
i

� 0,6).

Äëÿ îáëàñòåé I – III â ñîîòâåòñòâèè ñ ðèñ. 3

àìïëèòóäà äåôîðìàöèé eà ñêëàäûâàåòñÿ èç ïëà-

ñòè÷åñêèõ epà è óïðóãèõ eeà äåôîðìàöèé:

eà = epà + eeà = epà + óà/E. (8)

Èñïîëüçóÿ (2) è (8), ïîëó÷èì

e
C

N

C

EN

e

m me
à � �

�

�

. (9)

Ïðè óòî÷íåííîé îöåíêå äîëãîâå÷íîñòè N âî

âñåì äèàïàçîíå ÷èñåë öèêëîâ (äî 1012) ìîæíî

ïðèíÿòü, êàê è ðàíåå, ðàçðóøàþùåé àìïëèòóäîé

íàïðÿæåíèé â ïåðâîé ÷åòâåðòè öèêëà ñîïðîòèâ-

ëåíèå ðàçðûâó â øåéêå Sê, îïðåäåëÿåìîå ýêñïå-

ðèìåíòàëüíî. Òîãäà íà îñíîâå (2) íàõîäèì

C S m
�

�� ê ( ) .1 4 (10)
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Ðèñ. 3. Ñõåìà öèêëè÷åñêîãî óïðóãîïëàñòè÷åñêîãî äåôîð-

ìèðîâàíèÿ

Fig. 3. Scheme of a cyclic elastoplastic deformation



Îêîí÷àòåëüíî íà îñíîâå (2), (7), (9) è (10)

óðàâíåíèå îáîáùåííîé êðèâîé óñòàëîñòè â äå-

ôîðìàöèÿõ ïðèìåò âèä

e
e

N

S

E Nm me
à

ê ê
� �

( ) ( )
.

4 4 �

(11)

Äëÿ êîíñòðóêöèîííûõ ñòàëåé ìîæíî èñïîëü-

çîâàòü êîððåëÿöèîííóþ ñâÿçü ìåæäó õàðàêòåðè-

ñòèêàìè ïðî÷íîñòè è ïëàñòè÷íîñòè:

Sê = óâ(1 + 1,4øê). (12)

Â îáëàñòè ìàëîöèêëîâîé óñòàëîñòè I (ñì.

ðèñ. 2) âîçíèêàþò ìàêðîïëàñòè÷åñêèå äåôîðìà-

öèè (epà > eeà), â îáëàñòè êëàññè÷åñêîé ìíîãîöèê-

ëîâîé óñòàëîñòè II — ìèêðîïëàñòè÷åñêèå äåôîð-

ìàöèè (epà < eeà), à â îáëàñòè ãèãàöèêëîâîé óñòà-

ëîñòè III îñíîâíûìè ÿâëÿþòñÿ óïðóãèå äåôîðìà-

öèè (eeà > epà) [7, 9, 19, 24].

Íà ðèñ. 4 ïîêàçàíû ðåçóëüòàòû èñïûòàíèé

ïðè æåñòêîì è ìÿãêîì ìàëîöèêëîâîì íàãðóæå-

íèè è ðàñ÷åòà äëÿ ìàëîóãëåðîäèñòîé ñòàëè 22Ê

(ðèñ. 4, à) [7] è âûñîêîïðî÷íîé ñòàëè Ó10

(ðèñ. 4, á) [9]. Ðàñ÷åò ïðîâîäèëè ïî óðàâíåíèÿì

(8), (11) äëÿ ðàçìàõîâ äåôîðìàöèé Äep = 2epà,

Äee = 2eeà è Äe = 2eà è äîëãîâå÷íîñòè N â äèàïà-

çîíå îò 0,25 äî 1,4 · 109.

Äëÿ ÷èñëà öèêëîâ N � 107 â îáëàñòè ãèãàöèê-

ëîâîé óñòàëîñòè III äëÿ âûñîêîóãëåðîäèñòîé ïîä-

øèïíèêîâîé ñòàëè Ó10 âåëè÷èíà óà = ó–1 (ïðåäåë

âûíîñëèâîñòè) è ïî âûðàæåíèÿì (8) è (9)

epà/eeà < 0,1. Â ñâÿçè ñ ýòèì äëÿ ñòàëåé â îáëàñòè

III ïî ðèñ. 2 ïëàñòè÷åñêèìè äåôîðìàöèÿìè ìîæ-

íî ïðåíåáðå÷ü.

Ïðÿìîå ýêñïåðèìåíòàëüíîå îïðåäåëåíèå äîë-

ãîâå÷íîñòè N = 1012 ãèïîòåòè÷åñêè ìîæíî ïîëó-

÷èòü òîëüêî íà ìàãíèòîñòðèêöèîííûõ óñòàíîâ-

êàõ ñ ÷àñòîòîé íàãðóæåíèÿ 20 êÃö ïðè âðåìåíè

íåïðåðûâíîãî íàãðóæåíèÿ áîëåå 1 ãîäà. Ïîêà

ìàêñèìàëüíî äîñòèãíóòûå â ëàáîðàòîðèÿõ ðàçðó-

øàþùèå ÷èñëà öèêëîâ ìåíåå 1010.

Äëÿ êàæäîãî èç i-ðåæèìîâ ñ ÷èñëîì öèêëîâ ni

ýêñïëóàòàöèîííûõ ìåõàíè÷åñêèõ âîçäåéñòâèé

Qì
ý ( )� (ñì. ðèñ. 1) ìîæíî âû÷èñëèòü (àíàëèòè÷å-

ñêè, ÷èñëåííî) èëè îïðåäåëèòü ýêñïåðèìåíòàëü-

íî [7, 26] ëîêàëüíûå àìïëèòóäû äåôîðìàöèé

e
ià

ý ( )� , à òàêæå àìïëèòóäû ôàêòè÷åñêèõ � �
à

ý

i
( ) èëè

óñëîâíûõ � �
à

ý

i

* ( ) íàïðÿæåíèé:

� � � �e F Q F m
i i i ià à à ì
, , ( ) , ,*
� � � 


�
� (12)

ãäå F — õàðàêòåðèñòèêà îïàñíîãî ñå÷åíèÿ; áó —

òåîðåòè÷åñêèé êîýôôèöèåíò êîíöåíòðàöèè íà-

ïðÿæåíèé.

Ýòèì ðåæèìàì ïî âûðàæåíèÿì (5) è (12) ñî-

îòâåòñòâóþò ñâîè ðàñ÷åòíûå öèêëû äî ðàçðóøå-

íèÿ Ni. Ïî âåëè÷èíàì ni è Ni ìîãóò áûòü âû÷èñ-

ëåíû íàêîïëåííûå ïîâðåæäåíèÿ di äëÿ i-ðåæèìà:

dìi = ni/Ni. (13)

Ïî ãèïîòåçå ëèíåéíîãî ñóììèðîâàíèÿ äëÿ

áëîêà íàïðÿæåíèÿ ïî ðèñ. 1 îáùåå ïîâðåæäåíèå

dìá = ( ).n N
i i

i

� (14)

Ðàññ÷èòàííûå ïî óðàâíåíèÿì (5), (14) êðè-

âûå óñòàëîñòè â àìïëèòóäàõ óñëîâíûõ íàïðÿæå-

íèé � à
* äëÿ ñòàëè 22Ê ïîêàçàíû íà ðèñ. 5.

Ðàçðóøåíèå ïðè ïåðå÷èñëåííûõ âûøå ðåæè-

ìàõ îñíîâíîãî ìåõàíè÷åñêîãî íàãðóæåíèÿ Qì
ý ( )�

äëÿ âñåõ i-ðåæèìîâ îïðåäåëÿåòñÿ ïî óñëîâèþ äî-

ñòèæåíèÿ ñóììàðíîãî ïîâðåæäåíèÿ êðèòè÷åñêîé

âåëè÷èíû, ïðèíèìàåìîé ðàâíîé 1,0:

( )n N
i i

i

� = 1. (15)

Ó÷åò íàëîæåíèÿ íà îñíîâíîé ðåæèì

êîëåáàòåëüíîãî, âèáðàöèîííîãî

è àýðîãèäðîàêóñòè÷åñêîãî íàãðóæåíèé

Êàê îòìå÷åíî âûøå, íà êàæäûé èç i-ðåæèìîâ

îñíîâíîãî íàãðóæåíèÿ Qì
ý ( )� â ïðîöåññå ýêñïëóà-

òàöèè ìîãóò íàêëàäûâàòüñÿ êîëåáàíèÿ è âèáðà-

öèè ñ íàãðóçêàìè Qâ
ý ( )� â ñîîòâåòñòâèè ñ ðèñ. 1.
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Ðèñ. 4. Ñâÿçü ìåæäó ðàçìàõàìè äåôîðìàöèé, àìïëèòóäà-

ìè íàïðÿæåíèé è ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ: à —

ñòàëü 22Ê, æåñòêîå íàãðóæåíèå; á — ñòàëü Ó10, ìÿãêîå íà-

ãðóæåíèå

Fig. 4. Dependence between the range of strains and the

number of cycles to fracture: a — Steel 22K, hard loading;

b — Steel U10, soft loading



Â áîëüøèíñòâå ñëó÷àåâ øòàòíîé (íîðìàëü-

íîé) ýêñïëóàòàöèè ïðè íàäëåæàùåì óðîâíå ðàñ-

÷åòíî-ýêñïåðèìåíòàëüíûõ ïðîåêòíûõ îáîñíîâà-

íèé íàãðóçêè Qâ
ý ( )� ñðàâíèòåëüíî íåâåëèêè —

Qâ
ý ( )� � Qì

ý ( ),� à àìïëèòóäû âèáðîíàïðÿæåíèé óàâ

îêàçûâàþòñÿ íèæå àìïëèòóä íàïðÿæåíèé óà îò

îñíîâíîãî íàãðóæåíèÿ Qì
ý ( )� äàæå äëÿ áîëüøèõ

÷èñåë öèêëîâ Nâ
ý (äî 109 – 1010).

Îäíàêî óêàçàííûå âûøå íàëîæåííûå âîçäåé-

ñòâèÿ Qâ
ý ( )� íà Qì

ý ( )� ìîãóò ñóùåñòâåííî èçìåíèòü

ýòó ñèòóàöèþ.

Ñèñòåìàòè÷åñêèå èññëåäîâàíèÿ, ïðîâåäåííûå

â ÈÌÀØ, ÖÀÃÈ, à òàêæå ÈÝÑ èì. Ïàòîíà, ïîêà-

çàëè, ÷òî ñíèæåíèå ñîïðîòèâëåíèÿ öèêëè÷åñêîìó

íàãðóæåíèþ ïðè äâóõ÷àñòîòíîì íàãðóæåíèè è

ñîâìåñòíîì âîçäåéñòâèè Qì(ô) è Qâ(ô) îïðåäåëÿ-

åòñÿ îòíîøåíèåì óàâ/óà (èëè óàâ/� à
* ) è ñîîòâåò-

ñòâóþùèìè èì ÷àñòîòàìè fâ è f (ðèñ. 6) [1 – 7,

16, 19, 21, 22, 24].

Â ñîîòâåòñòâèè ñ ïîëó÷åííûìè ýêñïåðèìåí-

òàëüíûìè äàííûìè ýòî ñíèæåíèå ìîæåò îïðåäå-

ëÿòüñÿ ïî ñòåïåííîé çàâèñèìîñòè

N N f f
i iâ â

àâ à� ( ) ,( ) � � (16)

ãäå ÷ — êîýôôèöèåíò âëèÿíèÿ äâóõ÷àñòîòíîñòè,

îïðåäåëÿåìûé ýêñïåðèìåíòàëüíî. Äëÿ èññëåäî-

âàííûõ êîíñòðóêöèîííûõ ñòàëåé âëèÿíèå ÷ çà-

âèñèò îò ìåõàíè÷åñêèõ ñâîéñòâ è åãî çíà÷åíèå

íàõîäèòñÿ â ïðåäåëàõ îò 0,5 äî 2,0.

Èç âûðàæåíèÿ (16) ñëåäóåò, ÷òî äîëãîâå÷-

íîñòü Ni ïðè äåéñòâèè âûñîêî÷àñòîòíûõ íàïðÿ-

æåíèé íà çàäàííîì i-ðåæèìå ñíèæàåòñÿ (Ni <

< Nâi):

N N f f
i iâ â

àâ à�
	( ) .( ) � � (17)

Òîãäà äîïîëíèòåëüíûå íàëîæåííûå ïîâðåæäå-

íèÿ îò äåéñòâèÿ Qì(ô), Qâ(ô) è óà, óàâ âîçðàñòàþò

äî âåëè÷èíû

dâi = di(ni/Nâi). (18)

Àíàëîãè÷íî ìîæíî ó÷åñòü âëèÿíèå àýðîãèä-

ðîàêóñòè÷åñêèõ âîçäåéñòâèé Qà(ô), äîïîëíèòåëü-

íî ñíèæàþùèõ äîëãîâå÷íîñòü

N N f f
i iâà â à

àâ à�
	( ) ( ) � � (19)

è óâåëè÷èâàþùèõ ïîâðåæäåíèå

dâài = dâi(ni/Nâài). (20)

Òîãäà ïðè êîìáèíèðîâàííîì ìåõàíè÷åñêîì

Qì(ô), âèáðàöèîííîì Qâ(ô) è àýðîãèäðîàêóñòè÷å-

ñêîì Qà(ô) íàãðóæåíèè ïî ïðàâèëó ëèíåéíîãî

ñóììèðîâàíèÿ ïîâðåæäåíèé ñ èñïîëüçîâàíèåì

(15) ïðåäåëüíîå ñîñòîÿíèå ïî êðèòåðèþ öèêëè÷å-

ñêîé ïðî÷íîñòè áóäåò äîñòèãàòüñÿ ðàíüøå, ÷åì

ïðè ó÷åòå òîëüêî îñíîâíîé ìåõàíè÷åñêîé íàãðó-

æåííîñòè Qì(ô):

( ) .n N
i i

i

âà� �1 (21)

Ýòè ïîäõîäû ðàñïðîñòðàíÿþòñÿ êàê íà àíà-

ëèç ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ èññëåäîâà-

íèé íà îáðàçöàõ, òàê è íà ðàñ÷åò ðåàëüíûõ ýëå-

ìåíòîâ ïðè ýêñïëóàòàöèè.

Çàêëþ÷åíèå

Óòî÷íåííûé ïîâåðî÷íûé ðàñ÷åò öèêëè÷åñêîé

ïðî÷íîñòè è äîëãîâå÷íîñòè ïî (21) ñòàíîâèòñÿ

âñå áîëåå àêòóàëüíûì, êîãäà âîçðàñòàþò âñå ðàáî-

÷èå ïàðàìåòðû ýêñïëóàòèðóåìûõ âûñîêîîòâåòñò-

âåííûõ ìàøèí. Ýòî îòíîñèòñÿ ê ýêñïëóàòàöèîí-

íûì ðåæèìàì ñ âîçðàñòàþùèìè ñêîðîñòÿìè, äàâ-

ëåíèÿìè ñ ïîâûøåííûìè ïóëüñàöèÿìè, ìåõàíè-

÷åñêèìè êîëåáàíèÿìè è âèáðàöèÿìè, àýðîãèäðî-

àêóñòè÷åñêèìè íàãðóçêàìè.

Äàëüíåéøèå ôóíäàìåíòàëüíûå èññëåäîâà-

íèÿ, ïëàíèðóåìûå â ÈÌÀØ ÐÀÍ, â ýòèõ íàïðàâ-

ëåíèÿõ íà äîëãîñðî÷íûé ïåðèîä äî 2030 ã. îòðà-

æåíû â ï. 2.3.2 «Ìàøèíîñòðîåíèå» â ÷àñòè ìíî-
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Ðèñ. 5. Ðàñ÷åòíûå îáîáùåííûå êðèâûå óñòàëîñòè äëÿ

ñòàëè 22Ê

Fig. 5. Theoretical generalized fatigue curves for Steel 22K

eà2

2 , %eà

eà2

Ðèñ. 6. Èçìåíåíèå äîëãîâå÷íîñòè ïðè äâóõ÷àñòîòíîì íà-

ãðóæåíèè ñòàëè 12Õ2ÌÔÀ, æåñòêîå íàãðóæåíèå ñ f
â
/f =

= 1500

Fig. 6. Change of the fatigue life under two-frequency load-

ing of steel 12Kh2MFA, a hard loading fh/f = 1500



ãîêðèòåðèàëüíîãî ñâÿçíîãî àíàëèçà, îáåñïå÷åíèÿ

è ïîâûøåíèÿ ïðî÷íîñòè, íàäåæíîñòè è áåçîïàñ-

íîñòè ìàøèí (ï. 2.3.2.2) Ïðîãðàììû ôóíäàìåí-

òàëüíûõ èññëåäîâàíèé ÐÀÍ [27].
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Â ïîëèìåðíûõ âîëîêíèñòûõ êîìïîçèòàõ ìåæñëîéíàÿ ïðî÷íîñòü îïðåäåëÿåòñÿ ãëàâíûì îá-

ðàçîì ïðî÷íîñòüþ ìàòðèöû, êîòîðàÿ çíà÷èòåëüíî íèæå ïðî÷íîñòè âîëîêîí. Ïî ýòîé ïðè-

÷èíå àíàëèç ðàçðóøåíèÿ ðàññëîåíèåì ÷ðåçâû÷àéíî âàæåí äëÿ îöåíêè ðàáîòîñïîñîáíîñòè

êîìïîçèòíûõ ýëåìåíòîâ êîíñòðóêöèé. Ïðè ïðîåêòèðîâàíèè îòâåòñòâåííûõ êîíñòðóêöèé

íåîáõîäèìî çíàòü çíà÷åíèå ïðåäåëà ïðî÷íîñòè íà ìåæñëîéíûé ñäâèã, ïîýòîìó ñòàíäàðòè-

çîâàí ìåòîä èçãèáà êîðîòêîé áàëêè. Â òåîðèè èçãèáà òðàäèöèîííî ïðåäïîëàãàåòñÿ íåçàâè-

ñèìîñòü êàñàòåëüíûõ íàïðÿæåíèé è ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè îò äëèíû è øèðèíû

áàëêè. Îäíàêî â áîëüøèíñòâå ýêñïåðèìåíòàëüíûõ ðàáîò ïîäòâåðæäàåòñÿ îáðàòíîå — ãåî-

ìåòðèÿ îáðàçöà âëèÿåò íà çíà÷åíèå êðèòè÷åñêèõ íàïðÿæåíèé. Àâòîðàìè ïðåäëîæåí

ëèíåéíûé êðèòåðèé ðàçðóøåíèÿ, ïîçâîëÿþùèé îáúÿñíèòü è êîëè÷åñòâåííî îïèñàòü çà-

âèñèìîñòü ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè îò ãåîìåòðèè îáðàçöà. Èññëåäîâàíî âëèÿíèå

íåîäíîðîäíîñòè ìåæñëîéíûõ êàñàòåëüíûõ íàïðÿæåíèé ïî øèðèíå áàëêè íà êðèòè÷åñêèå

íàïðÿæåíèÿ. Íà îñíîâàíèè ñòðîãîãî ðåøåíèÿ çàäà÷è èçãèáà ïîêàçàíî, ÷òî ó÷åò óòî÷íåí-

íîãî ðàñïðåäåëåíèÿ êàñàòåëüíûõ íàïðÿæåíèé äàåò íåçíà÷èòåëüíóþ ïîïðàâêó ê îïðåäåëÿ-

åìîìó çíà÷åíèþ ìåæñëîéíîé ïðî÷íîñòè, ÷òî ïîçâîëÿåò èñïîëüçîâàòü ïðè ðàñ÷åòàõ ïðî-

ñòåéøåå ïàðàáîëè÷åñêîå ðàñïðåäåëåíèå ïî âûñîòå. Ðåçóëüòàòû àíàëèçà ïîäòâåðæäàþòñÿ

èñïûòàíèÿìè íà òðåõòî÷å÷íûé èçãèá êîðîòêèõ êîìïîçèòíûõ áàëîê ðàçëè÷íîé øèðèíû.

Ïðåäñòàâëåí àíàëèç ðåçóëüòàòîâ óñòàëîñòíûõ èñïûòàíèé êîðîòêèõ áàëîê èç óãëåïëàñòèêà.

Ñ ïîìîùüþ ïðåäëîæåííîãî ëèíåéíîãî êðèòåðèÿ ðàçðóøåíèÿ óñòàíîâëåíà ñâÿçü êðèâûõ

óñòàëîñòè ïîëèìåðíûõ âîëîêíèñòûõ êîìïîçèòîâ ïðè ðàñòÿæåíèè ñ êðèâûìè óñòàëîñòè, ïî-

ëó÷åííûìè ïðè öèêëè÷åñêîì òðåõòî÷å÷íîì èçãèáå êîðîòêèõ áàëîê. Äàíû îöåíêè ìàñøòàá-

íîãî ýôôåêòà ïðî÷íîñòè íà îñíîâå ýíåðãåòè÷åñêîãî êðèòåðèÿ ðàññëîåíèÿ ñ ó÷åòîì è áåç

ó÷åòà óòî÷íåííîãî ðàñïðåäåëåíèÿ ìåæñëîéíûõ êàñàòåëüíûõ íàïðÿæåíèé.

Êëþ÷åâûå ñëîâà: ïîëèìåðíûé ñëîèñòûé êîìïîçèò; ñòåêëîïëàñòèê; óãëåïëàñòèê; èçãèá

êîðîòêîé áàëêè; ðàñïðåäåëåíèå êàñàòåëüíûõ íàïðÿæåíèé; ìåæñëîéíàÿ ñäâèãîâàÿ ïðî÷-

íîñòü; ðàññëîåíèå; óñòàëîñòü; ìàñøòàáíûé ýôôåêò ïðî÷íîñòè.
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The interlayer strength in polymer fiber composites is characterized mostly by the strength of the matrix,

which is much lower than fiber strength. For this reason, the analysis of fracture occurred through

delamination is extremely important for assessing the operability of composite structural elements. When

designing critical structures, it is necessary to know the interlayer shear strength, for which the method of

bending a short beam has been standardized. The shear stresses and the interlayer shear strength in

bending theory are traditionally assumed to be independent of the length and width of the beam. How-

ever, a large number of experimental studies prove the opposite fact that the geometry of the specimen af-

fects the value of critical stresses. The linear fracture criterion proposed by the authors allows explanation

and quantitatively description of the interlayer shear strength dependence on the geometry of the speci-

men. The influence of the heterogeneity of interlayer shear stresses across the beam on the critical

stresses is analyzed. A strict solution of the bending problem showed that taking into account the specified

shear stress distribution gives an insignificant correction to the determined value of the interlayer

strength, which makes it possible to use a simplest parabolic distribution in height. The results of the

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10 63



analysis are confirmed in three-point bending tests of short composite beams of different widths. The re-

sults of fatigue tests of short beams made of carbon fiber reinforced plastic are analyzed. The relationship

between tensile fatigue curves of polymer fiber composites and the fatigue curves obtained in cyclic

three-point bending test of short beams has been revealed using the proposed linear fracture criterion.

The estimation of the strength scale effect on the basis of the energy criterion of delamination with and

without taking into account the refined distribution of interlayer shear stresses is presented.

Keywords: polymer layered composite; carbon fiber reinforced plastic; glass fiber reinforced plastic; short

beam bending; shear stress distribution; interlayer shear strength; delamination; fatigue; scale effect of

the strength.

Ââåäåíèå

Ðàññëîåíèå — íàèáîëåå ðàñïðîñòðàíåííûé

òèï äåôåêòà è âèä ðàçðóøåíèÿ ïîëèìåðíûõ

ñëîèñòûõ êîìïîçèòîâ òèïà ñòåêëî- è óãëåïëàñòè-

êîâ [1, 2]. Ëþáîå ðàçðóøåíèå êîìïîçèòíûõ ïàíå-

ëåé íà÷èíàåòñÿ ñ ðàññëîåíèÿ èëè ñîïðîâîæäàåòñÿ

èì. Êàñàòåëüíûå íàïðÿæåíèÿ ïðè èçãèáå íåîáõî-

äèìî áûëî ó÷èòûâàòü äëÿ äåðåâÿííûõ áàëîê, äëÿ

ìåòàëëîâ ýòè íàïðÿæåíèÿ íå èãðàþò íèêàêîé

ðîëè. Îäíàêî ñ ïîÿâëåíèåì ïîëèìåðíûõ âîëîê-

íèñòûõ êîìïîçèòîâ [3, 4], ó êîòîðûõ ìåæñëîéíàÿ

ñäâèãîâàÿ ïðî÷íîñòü [5 – 8] íàìíîãî íèæå ïðî÷-

íîñòè âäîëü âîëîêîí, âíîâü âîçíèê èíòåðåñ ê àíà-

ëèçó ðàñïðåäåëåíèÿ êàñàòåëüíûõ íàïðÿæåíèé

[9 – 12]. Ñòàíäàðòèçîâàí ïðîñòåéøèé ìåòîä èñ-

ïûòàíèÿ íà èçãèá êîðîòêîé áàëêè [13, 14] â öå-

ëÿõ îïðåäåëåíèÿ ìåæñëîéíîé ñäâèãîâîé ïðî÷íî-

ñòè ÷åðåç ìàêñèìàëüíîå êàñàòåëüíîå íàïðÿæå-

íèå, ðàññ÷èòàííîå ïî ôîðìóëå Æóðàâñêîãî. Âî-

ïðåêè ïðèíÿòîé òåîðèè îêàçàëîñü, ÷òî ìåæñëîé-

íàÿ ïðî÷íîñòü çàâèñèò îò äëèíû è øèðèíû

îáðàçöà. Èñõîäÿ èç ýëåìåíòàðíîé òåîðèè èçãèáà,

èñïîëüçóåìîé â ñòàíäàðòàõ, îáúÿñíèòü ýòî íå

ïðåäñòàâëÿåòñÿ âîçìîæíûì.

Öåëü äàííîé ðàáîòû — îáîñíîâàíèå ïðèìå-

íèìîñòè êðèòåðèÿ ïðî÷íîñòè, ó÷èòûâàþùåãî

âëèÿíèå íå òîëüêî êàñàòåëüíûõ, íî è íîðìàëü-

íûõ íàïðÿæåíèé, à òàêæå ïîçâîëÿþùåãî êîëè-

÷åñòâåííî îïèñàòü âëèÿíèå ãåîìåòðèè îáðàçöà íà

êðèòè÷åñêîå íàïðÿæåíèå, îïðåäåëÿþùåå ìåæ-

ñëîéíóþ ñäâèãîâóþ ïðî÷íîñòü. Êðèòåðèé ðàçâèò

íà ñëó÷àé öèêëè÷åñêîãî íàãðóæåíèÿ, è íà îñíîâå

ýíåðãåòè÷åñêîãî êðèòåðèÿ êîëè÷åñòâåííî îöåíåí

ìàñøòàáíûé ýôôåêò ïðî÷íîñòè ïðè ðàçðóøåíèè

ðàññëîåíèåì.

Êðèòåðèé ðàññëîåíèÿ êîìïîçèòíûõ áàëîê

ïðè èçãèáå

Êîìïîçèòíûå îáðàçöû ïðè èçãèáå ìîãóò ðàç-

ðóøàòüñÿ ëèáî îò íîðìàëüíûõ, ëèáî îò êàñàòåëü-

íûõ íàïðÿæåíèé, ÷òî çàâèñèò îò ðàçìåðîâ îáðàç-

öà. Äëÿ íàèáîëüøèõ íîðìàëüíûõ è êàñàòåëüíûõ

íàïðÿæåíèé ïðè òðåõòî÷å÷íîì èçãèáå èçâåñòíû

ñëåäóþùèå ôîðìóëû [15]:

�max ,�

3

2 2

Pl

wh

�max ,�

3

4

P

wh
(1)

ãäå P — ïðèëîæåííàÿ öåíòðàëüíàÿ ñèëà; l — äëè-

íà ïðîëåòà; w, h — øèðèíà è òîëùèíà îáðàçöà â

âèäå áàëêè ïðÿìîóãîëüíîãî ñå÷åíèÿ.

Îòíîøåíèå ômax/ómax = h/2l � ô*/ó* ïîêà-

çûâàåò, ÷òî ïðè èçãèáå êîðîòêèõ îáðàçöîâ êàñà-

òåëüíûå íàïðÿæåíèÿ ìîãóò ðàíüøå äîñòèãíóòü

ïðåäåëà ïðî÷íîñòè ô*, ÷åì íîðìàëüíûå íàïðÿ-

æåíèÿ — ó*, ïðè ýòîì ïðîèñõîäèò ðàçðóøåíèå îò

ìåæñëîéíîãî ñäâèãà.

Ðàñïðåäåëåíèå êàñàòåëüíûõ íàïðÿæåíèé ïî

òîëùèíå áàëêè îáû÷íî ïðåäïîëàãàåòñÿ ïàðàáî-

ëè÷åñêèì (ðèñ. 1):
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Â ýòîì çàêëþ÷åíî èçâåñòíîå ïðîòèâîðå÷èå.

«Ãèïîòåçà ïëîñêèõ ñå÷åíèé», äîïóñêàþùàÿ òîëü-

êî ïîâîðîò ïåðâîíà÷àëüíî ïëîñêèõ ñå÷åíèé, ïðè-

âîäèò ê ëèíåéíîé ýïþðå íîðìàëüíûõ íàïðÿæå-

íèé ïî âåðòèêàëüíîé êîîðäèíàòå (ïî òîëùèíå

áàëêè). Òîãäà ðàñïðåäåëåíèå êàñàòåëüíûõ íàïðÿ-

æåíèé èç óðàâíåíèÿ ðàâíîâåñèÿ îêàçûâàåòñÿ

êâàäðàòè÷íûì (ïàðàáîëè÷åñêèì). Íî ñàìî íàëè-

÷èå êàñàòåëüíûõ íàïðÿæåíèé íåèçáåæíî ïðèâî-

äèò ê íåêîòîðîìó èñêàæåíèþ ñå÷åíèÿ, êîòîðîå

ïåðåñòàåò áûòü ïëîñêèì. Ýòî ïðîòèâîðå÷èå îáû÷-

íî îáõîäÿò äîïóùåíèåì ìàëîñòè êàñàòåëüíûõ íà-

ïðÿæåíèé — èñêàæåíèå ñå÷åíèÿ ìàëî, òîãäà ðàñ-

ïðåäåëåíèå ïîõîæå íà ïàðàáîëè÷åñêîå.

Èñïûòàíèÿ íà èçãèá êîðîòêèõ êîìïîçèòíûõ

áàëîê ñòàíäàðòèçîâàíû è øèðîêî èñïîëüçóþòñÿ

äëÿ îïðåäåëåíèÿ ìåæñëîéíîé ñäâèãîâîé ïðî÷-

íîñòè ô* â ïðåäïîëîæåíèè íåçàâèñèìîñòè êàñà-

òåëüíûõ íàïðÿæåíèé îò ïðîäîëüíîé êîîðäèíà-

òû. Â òî æå âðåìÿ, êàê âèäíî èç ðèñ. 1, êðèòè-

÷åñêîå êàñàòåëüíîå íàïðÿæåíèå ô* = ômax, ðàñ-

ñ÷èòàííîå ïî ôîðìóëå Æóðàâñêîãî (1), çàâèñèò îò

îòíîøåíèÿ ïðîëåòà l ê òîëùèíå h áàëêè. Äëÿ

îáúÿñíåíèÿ ýòîãî ýôôåêòà â [16] ïðåäëîæåí ëè-

íåéíûé êðèòåðèé ðàññëîåíèÿ, ñîãëàñíî êîòîðîìó

íà ìåæñëîéíîå ðàçðóøåíèå ïî ïëîñêîñòè, íîð-

ìàëüíîé îñè z (ñì. ðèñ. 1), âëèÿþò íå òîëüêî êàñà-

òåëüíûå ôxz, íî è íîðìàëüíûå óx íàïðÿæåíèÿ. Ýòî

ìîæíî îáúÿñíèòü íåîäíîðîäíîñòüþ ñëîèñòîãî
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êîìïîçèòà, â êîòîðîì ïðè ðàñòÿæåíèè-ñæàòèè

âäîëü îñè x âîçíèêàþò ïîïåðå÷íûå óz íàïðÿæå-

íèÿ (èç-çà ðàçíîñòè â êîýôôèöèåíòàõ Ïóàññîíà

êîìïîíåíòîâ). Òî÷íûé ó÷åò ïîïåðå÷íûõ íàïðÿ-

æåíèé, âîçíèêàþùèõ, â ÷àñòíîñòè, âáëèçè íèæ-

íèõ îïîð è âåðõíåãî íàãðóæàþùåãî öèëèíäðà, â

ýëåìåíòàðíîé ïîñòàíîâêå çàòðóäíèòåëåí, ïîýòî-

ìó äëÿ èíæåíåðíûõ ìåòîäè÷åñêèõ ïðèëîæåíèé

ïðèõîäèòñÿ îãðàíè÷èâàòüñÿ áàëî÷íûì ïðèáëè-

æåíèåì.

Ðàçðóøåíèå äîëæíî íà÷àòüñÿ, êîãäà íåêîòî-

ðàÿ ôóíêöèÿ îò íîðìàëüíûõ óx è êàñàòåëüíûõ ôxz

íàïðÿæåíèé äîñòèãàåò êðèòè÷åñêîãî çíà÷åíèÿ.

Ìîæíî ïðåäïîëîæèòü, ÷òî ýòà ôóíêöèÿ — ëèíåé-

íàÿ. Åñëè òàêîãî ïðåäïîëîæåíèÿ äîñòàòî÷íî äëÿ

îïèñàíèÿ íàáëþäàåìûõ ýôôåêòîâ, òî íåò ñìûñëà

óñëîæíÿòü âèä äàííîé ôóíêöèè. Òîãäà êðèòåðèé

ðàññëîåíèÿ ïðèíèìàåòñÿ â âèäå äîñòèæåíèÿ êðè-

òè÷åñêîãî çíà÷åíèÿ ëèíåéíîé êîìáèíàöèåé íîð-

ìàëüíûõ è êàñàòåëüíûõ íàïðÿæåíèé:

óx + môxz = c, (2)

ãäå m, c — ýêñïåðèìåíòàëüíî îïðåäåëÿåìûå ïà-

ðàìåòðû ìàòåðèàëà.

Ñîãëàñíî êðèòåðèþ (2) ðàññëîåíèå äîëæíî

íà÷àòüñÿ íà ðàññòîÿíèè z0 îò íåéòðàëüíîé îñè,

ãäå âïåðâûå äîñòèãàåò êðèòè÷åñêîãî çíà÷åíèÿ

ëèíåéíàÿ êîìáèíàöèÿ êàñàòåëüíûõ ôxz è íîð-

ìàëüíûõ óx íàïðÿæåíèé. Êàñàòåëüíûå íàïðÿæå-

íèÿ â ýëåìåíòàðíîé òåîðèè íå çàâèñÿò îò ïðî-

äîëüíîé êîîðäèíàòû, à íîðìàëüíûå ëèíåéíî ðàñ-

òóò âäîëü îñè x — îò íèæíåé îïîðû ê ñåðåäèíå

áàëêè. Ïîýòîìó íàèáîëåå îïàñíûì ñîãëàñíî (2)

îêàçûâàåòñÿ ñå÷åíèå ïîä öåíòðàëüíîé íàãðóçêîé,

ãäå â áàëî÷íîì ïðèáëèæåíèè ðàñïðåäåëåíèÿ íà-

ïðÿæåíèé ïðè òðåõòî÷å÷íîì èçãèáå èìåþò âèä

[17]:
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Åñëè ïîäñòàâèòü (3) â êðèòåðèé (2), êðèòè÷å-

ñêàÿ íàãðóçêà P* ñòàíîâèòñÿ ñâÿçàííîé ñ z êâàä-

ðàòè÷íîé çàâèñèìîñòüþ è êîîðäèíàòà íà÷àëà

ðàññëîåíèÿ z0 îïðåäåëÿåòñÿ ìèíèìóìîì êðèòè÷å-

ñêîé íàãðóçêè, ò.å. íàõîäèòñÿ èç óñëîâèÿ

!P*/!z = 0:

z
l

m
0

2
� . (4)

Ïîäñòàâèâ îòíîøåíèå (4) â (3) è â (2), ìîæíî

îïðåäåëèòü êðèòè÷åñêóþ ñèëó P*, âûðàæåííóþ

èç ôîðìóëû (1) ÷åðåç ïðåäåëüíîå ìàêñèìàëüíîå

êàñàòåëüíîå íàïðÿæåíèå, êîòîðîå áóäåì íàçû-

âàòü ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòüþ ô0:

�
0 2 2 2
�

�

mc

m l h
. (5)

Èç (5) ñëåäóåò çàâèñèìîñòü ñäâèãîâîé ïðî÷íî-

ñòè îò îòíîøåíèÿ äëèíû ïðîëåòà ê òîëùèíå áàë-

êè. Çà ìåæñëîéíóþ ñäâèãîâóþ ïðî÷íîñòü ìîæíî

ïðèíÿòü ïðåäåë ô* = c/m, ê êîòîðîìó ñòðåìèòñÿ

ïðî÷íîñòü ïðè óìåíüøåíèè ïðîëåòà, êîãäà èñ÷å-

çàåò âëèÿíèå íîðìàëüíûõ íàïðÿæåíèé.

Ôîðìóëà (4) äëÿ êîîðäèíàòû íà÷àëà ðàññëîå-

íèÿ ïîêàçûâàåò, ÷òî z0 óâåëè÷èâàåòñÿ ñ ðîñòîì

äëèíû ïðîëåòà, ïîêà ýòà êîîðäèíàòà íå âûéäåò

íà ïîâåðõíîñòü áàëêè (z = h/2), ãäå êàñàòåëüíûå

íàïðÿæåíèÿ ðàâíû íóëþ è êðèòåðèé âèäà (2) ïðè

|z0| � h/2 � l/h � m òåðÿåò ñìûñë. Äðóãèìè ñëî-

âàìè, êðèòåðèé ðàçðóøåíèÿ ôîðìàëüíî ñîõðàíÿ-

åò âèä (2) ïðè äîïóùåíèè ôxz = 0 " óx = c.

Äëÿ óäîáñòâà îïðåäåëåíèÿ ïàðàìåòðîâ êðèòå-

ðèÿ (2) èç îáðàáîòêè ðåçóëüòàòîâ ýêñïåðèìåíòîâ

ìîæíî âìåñòî (5) èñïîëüçîâàòü îáðàòíóþ çàâèñè-

ìîñòü, ëèíåéíóþ îò (l/h)2:

1 1

0

2

�

� �
�

�

�

�

�

�

m

c mc

l

h
. (6)

Íà ðèñ. 2 ïðèâåäåíû ýêñïåðèìåíòàëüíûå

äàííûå (ñì. ðèñ. 1) ïî èçãèáó ñòåêëîïëàñòèêîâûõ

îáðàçöîâ â ðàçíûõ êîîðäèíàòàõ. Âèäíî, ÷òî â

ïðåäåëàõ (l/h)2 < m2 (ñì. ðèñ. 2, à), â êîòîðûõ

ñïðàâåäëèâû êðèòåðèé (2) è (5), äàííûå õîðîøî

ëîæàòñÿ íà ïðÿìóþ ëèíèþ 1 ñîãëàñíî (6).
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3
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Ðèñ. 1. Ñõåìà èñïûòàíèé íà èçãèá è ýêñïåðèìåíòàëüíàÿ

çàâèñèìîñòü ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè ô
0

îäíî-

íàïðàâëåííîãî ñòåêëîïëàñòèêà îò îòíîøåíèÿ ïðîëåòà

áàëêè l ê åå òîëùèíå h: 1 ñîîòâåòñòâóåò (1), 2 — (5), 3 — (7)

Fig. 1. Bending test diagram and experimental dependence

of the interlayer shear strength ô0 of unidirectional GFRP

on the ratio of the beam span l to the beam thickness h: line

1 corresponds to (1), 2 — (5), 3 — (7)



Ïðè (l/h) < m èç (4) ñëåäóåò z0 < h/2, êîãäà

ïðîèñõîäèò ðàññëîåíèå. Ïðè ãðàíè÷íîì çíà÷å-

íèè äëèíû l = mh êîîðäèíàòà ðàçðóøåíèÿ âûõî-

äèò íà íèæíþþ ïîâåðõíîñòü áàëêè. Ïðè

(l/h) > m óñëîâèå (4) òåðÿåò ñìûñë, òàê êàê ðàçðó-

øåíèå äîëæíî áûëî áû ïðîèñõîäèòü âíå îáðàçöà.

Ïîýòîìó ïðè (l/h) > m ñëåäóåò ïðèíÿòü z0 = h/2,

ôxz = 0 è êðèòè÷åñêóþ íàãðóçêó ìîæíî îïðåäå-

ëèòü ÷åðåç êðèòè÷åñêîå íàïðÿæåíèå c:

P
wh c

l
�

2

3

2

, �
0

2
�

hc

l
. (7)

Êîíñòàíòó c áóäåì ñ÷èòàòü ïðåäåëîì ïðî÷íî-

ñòè ïðè èçãèáå äëèííûõ áàëîê; îòíîøåíèå l/h =

= m ðàçäåëÿåò îáëàñòè ðàçðóøåíèÿ îò ðàññëîå-

íèÿ è îò ðàñòÿæåíèÿ. Êàê âèäíî èç ðèñ. 2, á, ïðè

l/h > m ïðÿìàÿ ëèíèÿ 2 ñîãëàñíî (7), ïîëó÷åííàÿ

èç îáû÷íûõ ôîðìóë (1), (3), íî âûðàæåííàÿ ÷åðåç

ô0, õîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòîì.

Íà ðèñ. 1 êðèâûå 2 (5) è 3 (7) êàñàþòñÿ äðóã

äðóãà, òàê êàê ïðè l/h = m ñîâïàäàþò íå òîëüêî

èõ çíà÷åíèÿ, íî è èõ ïðîèçâîäíûå. Ãèïåðáîëà 3

(7) îñòàåòñÿ âñåãäà âûøå, ÷åì ïîëó÷åííàÿ ïî êðè-

òåðèþ (2) êðèâàÿ 2 (5). Òî÷êà êàñàíèÿ îïðåäåëÿåò

çíà÷åíèÿ ïàðàìåòðîâ m è c. Êðèòåðèé (2), ó÷èòû-

âàþùèé ñîâìåñòíîå âëèÿíèå íîðìàëüíûõ è êàñà-

òåëüíûõ íàïðÿæåíèé, äàåò áîëåå òî÷íîå îïèñà-

íèå çàâèñèìîñòè ìåæñëîéíîé ñäâèãîâîé ïðî÷íî-

ñòè îò ðàçìåðîâ áàëêè, ÷åì òðàäèöèîííûé êðèòå-

ðèé ô0 = ô* (øòðèõîâàÿ ãîðèçîíòàëüíàÿ ëèíèÿ 1

íà ðèñ. 1), è ïîçâîëÿåò ïîëó÷èòü åäèíóþ ãëàäêóþ

çàâèñèìîñòü êðèòè÷åñêîé íàãðóçêè îò äëèíû áàë-

êè äëÿ ðàçíûõ âèäîâ ðàçðóøåíèÿ.

Ðåøåíèå Ñåí-Âåíàíà – Ëåõíèöêîãî

äëÿ èçîòðîïíîé è îðòîòðîïíîé áàëêè

Ñòàíäàðòíàÿ ãèïîòåçà äëÿ ðåøåíèÿ çàäà÷è

èçãèáà ñîñòîèò â òîì, ÷òî âîçíèêàþùèå êàñàòåëü-

íûå íàïðÿæåíèÿ ïðåäïîëàãàþòñÿ çàâèñÿùèìè

òîëüêî îò âåðòèêàëüíîé êîîðäèíàòû z, ÷òî îòðà-

æåíî â ôîðìóëå Æóðàâñêîãî (3). Íà ñàìîì äåëå

êàñàòåëüíûå íàïðÿæåíèÿ, âîçíèêàþùèå ïîä äåé-

ñòâèåì ïåðåðåçûâàþùåé ñèëû, çàâèñÿò è îò ïî-

ïåðå÷íîé êîîðäèíàòû y [18, 19], ÷òî áûëî äîêàçà-

íî äëÿ èçîòðîïíîé áàëêè Ñåí-Âåíàíîì è âïîñëåä-

ñòâèè äëÿ îðòîòðîïíîé áàëêè Ñ. Ã. Ëåõíèöêèì

[20].

Èçîòðîïíàÿ áàëêà. Äëÿ óïðîùåíèÿ ïîñëå-

äóþùèõ âûêëàäîê ðàññìîòðèì êîíñîëüíóþ áàëêó

(ðèñ. 3), íàãðóæåííóþ êîíöåâîé ñèëîé P1 = P/2.

Áóäåì ñ÷èòàòü, ÷òî âñå êîìïîíåíòû òåíçîðà íà-

ïðÿæåíèé ðàâíû íóëþ, êðîìå: óxx # óx, óxy # ôxy,

óxz # ôxz.

Ñ ïîìîùüþ ãèïîòåçû «ïëîñêèõ ñå÷åíèé»

íîðìàëüíûå íàïðÿæåíèÿ âûðàçèì ñëåäóþùèì

îáðàçîì:

óx = – P1(l1 – x)z/I, I = wh3/12. (8)

Ñ ó÷åòîì ïðèíÿòûõ ãèïîòåç óðàâíåíèå ðàâíîâå-

ñèÿ èìååò âèä

!

!

�

!

!

�

!

!

�

!

!

�

!

!

� �

� � � � �xy xz xx xy xz

y z x y z

P z

I

1
0. (9)
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à á

m2

1
2

Ðèñ. 2. Ýêñïåðèìåíòàëüíûå äàííûå â êîîðäèíàòàõ 1/ô
0

– (l/h)2 (à) è â êîîðäèíàòàõ 1/ô
0

– l/h (á)

Fig. 2. Experimental data in coordinates 1/ô0 – (l/h)2 (a) and in coordinates 1/ô0 – l/h (b)

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà êîíñîëüíîé áàëêè, íàãðóæåííîé

ïåðåðåçûâàþùåé ñèëîé P
1

Fig. 3. Calculation diagram of the cantilever beam loaded

by the force P1



Îòñþäà, ââîäÿ ôóíêöèþ íàïðÿæåíèé F, ìîæíî

ïîëó÷èòü âîçíèêàþùèå â áàëêå êàñàòåëüíûå íà-

ïðÿæåíèÿ:

� xy

F

z
� 	

!

!

,

�

�

xz

xzF

y

P

I

h
z

z

F

y z

P z

I
�

!

!

� 	

�

�

�
�

�

�

�
�
$

!

!

�

!

! !

	
1

2
2

2
1

2 4
. (10)

Äëÿ ïðÿìîóãîëüíîãî ñå÷åíèÿ ïðèíèìàþòñÿ

ñëåäóþùèå ãðàíè÷íûå óñëîâèÿ:

ïðè y w� %

1

2
" ôxy = –

!

!

�

F

z
0,

ïðè z h� %

1

2
" ôxz =

=
!

!

� 	

�

�

�
�

�

�

�
�
�

F

y

P

I

h
z

1
2

2

2 4
0 "

!

!

�

F

y
0. (11)

Íà îñíîâå âûðàæåíèé (8) – (11) ñ ïîìîùüþ

óðàâíåíèÿ Áåëüòðàìè – Ìèò÷åëà [21] îïðåäåëÿ-

åòñÿ ôóíêöèÿ íàïðÿæåíèé â ðÿäàõ, ñîîòâåòñò-

âóþùàÿ ãðàíè÷íûì óñëîâèÿì:

F y z
v

v

P w

I

y

w

y

w
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ny

w

ch

ch
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(12)

Ñîãëàñíî âûðàæåíèþ (10) èç (12) íàõîäÿòñÿ

ðàñïðåäåëåíèÿ êàñàòåëüíûõ íàïðÿæåíèé, êîòî-

ðûå èçìåíÿþòñÿ òàêæå ïî øèðèíå áàëêè:

�
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�
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'
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Îðòîòðîïíàÿ áàëêà. Àíàëîãè÷íûå ïðåîáðà-

çîâàíèÿ ïîçâîëÿþò ïîëó÷èòü òî÷íîå ðåøåíèå â

ðÿäàõ ãèïåðáîëè÷åñêèõ ôóíêöèé è äëÿ àíèçî-

òðîïíûõ ñëó÷àåâ. Ðàññìîòðèì îðòîòðîïíóþ êîí-

ñîëüíóþ áàëêó. Ñ ó÷åòîì ðàçëè÷íûõ ìîäóëåé

ñäâèãà â ïëîñêîñòÿõ îðòîòðîïèè óðàâíåíèå äëÿ

ôóíêöèè íàïðÿæåíèé F ïðèîáðåòàåò ñëåäóþùèé

âèä:

1 1 22

2

2

2

1

G

F

y G

F

z

P v

E I
y

xz xy

xy

xx

!

!

�

!

!

� . (14)

Äàëåå íåîáõîäèìî íàéòè ôóíêöèþ F èç óñëî-

âèÿ, ÷òî F = 0 ïðè z = ±h/2, y = ±w/2. Äëÿ ýòîãî

ðàçëîæèì ïðàâóþ ÷àñòü âûðàæåíèÿ (14) â ðÿä

Ôóðüå. Â ñèëó íå÷åòíîñòè ïî y ïîñëå çàìåíû ïå-

ðåìåííîé y = y1w/(2ð), y , (–w/2, w/2), è ðàçëîæå-

íèÿ ôóíêöèè f(y) = y óðàâíåíèå (14) ïðèîáðåòåò

âèä:

1 12

2
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2G

F
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zxz xy
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2 1 21
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P wv
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xx
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sin . (15)

Ðåøåíèå óðàâíåíèÿ (15) áóäåì èñêàòü â âèäå

ðÿäà, ðåøàÿ ñèñòåìó îáûêíîâåííûõ äèôôå-

ðåíöèàëüíûõ óðàâíåíèé. Èç ãðàíè÷íûõ óñëî-

âèé íà ñòîðîíàõ z = ±h/2, ãäå ôóíêöèÿ íàïðÿ-

æåíèé F äîëæíà îáðàùàòüñÿ â íîëü, îêîí÷àòåëü-

íî ïîëó÷àåì

F
P w G v

E I
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Ñ ïîìîùüþ ñîîòíîøåíèÿ (10) èç (16) íåñëîæ-

íî âûðàçèòü ðàñïðåäåëåíèÿ êàñàòåëüíûõ íàïðÿ-

æåíèé:
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Ñïðàâåäëèâîñòü âûðàæåíèé äëÿ êàñàòåëüíûõ

íàïðÿæåíèé ïðîâåðÿåòñÿ óäîâëåòâîðåíèåì ãðà-

íè÷íûì óñëîâèÿì íà ñòîðîíàõ ïðÿìîóãîëüíîãî

ñå÷åíèÿ:

1) z = 0, y = 0 " óxy = 0,
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2) z = 0, y = ±w/2 " ôxy = 0,
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ãäå k
w

h g
� .

Àíàëèç âëèÿíèÿ íåîäíîðîäíîñòè

êàñàòåëüíûõ íàïðÿæåíèé

íà ìåæñëîéíóþ ñäâèãîâóþ ïðî÷íîñòü

Ïîëó÷åííîå íà îñíîâå ðåøåíèÿ Ñåí-Âåíàíà –

Ëåõíèöêîãî óòî÷íåííîå ðàñïðåäåëåíèå ìåæñëîé-

íûõ êàñàòåëüíûõ íàïðÿæåíèé (17) â îðòîòðîï-

íîé áàëêå ïîêàçûâàåò, ÷òî íàïðÿæåíèÿ íåîäíî-

ðîäíû ïî øèðèíå. Ìàêñèìàëüíîãî çíà÷åíèÿ

ìåæñëîéíûå íàïðÿæåíèÿ äîñòèãàþò íà êðàÿõ

áàëêè — y = ±w/2. Íåîäíîðîäíîñòü íàïðÿæåíèé

(ðàçíèöà ìåæäó ìàêñèìàëüíûì è ìèíèìàëüíûì

çíà÷åíèÿìè) âîçðàñòàåò ïðè óâåëè÷åíèè øèðè-

íû áàëêè.

Ìîæíî ïðåäïîëîæèòü, ÷òî ðîñò êàñàòåëüíûõ

ìåæñëîéíûõ íàïðÿæåíèé íà êðàÿõ áàëêè ïðè-

âåäåò ê ñíèæåíèþ ìåæñëîéíîé ïðî÷íîñòè ô* =

� � xz
max =

3

4

P

wh

*
. Óâåëè÷åíèå � xz

max íà 10 – 30 %

äîëæíî áû ïðèâîäèòü ê çàìåòíîìó ñíèæåíèþ

ïðî÷íîñòè, íî íà ïðàêòèêå ýòîãî íå ïðîèñõîäèò.

Ñèòóàöèÿ âîçíèêàåò òàêàÿ æå, êàê âî âñåõ ãðàäè-

åíòíûõ ïîëÿõ, íàïðèìåð, â ïëàñòèíàõ ñ îòâåð-

ñòèÿìè èëè òðåùèíàìè. Êîýôôèöèåíò êîíöåí-

òðàöèè íàïðÿæåíèé, ðàâíûé îòíîøåíèþ íàè-

áîëüøåãî íàïðÿæåíèÿ ê ñðåäíåìó, âñåãäà âûøå

(èíîãäà çíà÷èòåëüíî), ÷åì êîýôôèöèåíò ñíèæå-

íèÿ ïðî÷íîñòè. Íî â ðàññìîòðåííîé çàäà÷å íà

ðîñò ýòîãî ýôôåêòà îêàçûâàþò âëèÿíèå òàêæå

íîðìàëüíûå íàïðÿæåíèÿ, êîòîðûå ïðàêòè÷åñêè

íå ìåíÿþòñÿ ïî øèðèíå áàëêè.

Ñ ïîìîùüþ ëèíåéíîãî êðèòåðèÿ ðàññëîå-

íèÿ (2) è ðàñïðåäåëåíèÿ (17) íåñëîæíî îöåíèòü

âëèÿíèå íåîäíîðîäíîñòè ìåæñëîéíûõ íàïðÿæå-

íèé ïðè ðîñòå øèðèíû íà ñäâèãîâóþ ïðî÷íîñòü.

Ââèäó ãðîìîçäêîñòè ñîîòíîøåíèÿ (17) äëÿ äàëü-

íåéøåãî ðàñ÷åòà èñïîëüçîâàëè êâàäðàòè÷íóþ àï-

ïðîêñèìàöèþ, ïðèìåíèìîñòü êîòîðîé îáîñíîâàíà

àâòîðàìè â [19]:

ôxz = a(1 + by2)(1 – 4z2/h2), (19)

ãäå a = � xz
min; b =

4
1

2w

xz

xz

�

�

max

min
.	

�

�

�
�

�

�

�
�

Ïîñêîëüêó öåëü ðàñ÷åòà — îïðåäåëåíèå ñòå-

ïåíè âëèÿíèÿ ðîñòà íàïðÿæåíèé íà ïðî÷íîñòü,

áóäåì ðàññìàòðèâàòü � xz
max è ïîëîæèì y = w/2.

Òîãäà âûðàæåíèå (19) ìîæíî ïðåäñòàâèòü â

âèäå

ôxz = � xz
max (1 – 4z2/h2). (20)

Ïîâòîðÿÿ îïèñàííóþ ðàíåå ïîñëåäîâàòåëü-

íîñòü äåéñòâèé äëÿ âûðàæåíèé (3) – (5), ïîëó÷èì

êîîðäèíàòó ðàññëîåíèÿ

z
l

m

G v w

E h

xz xy

xx

0

2

2 24
1

4
òî÷í

� � �

�

�

�

�
�

�
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�

( )

( )
cos( )

1
1

1

2
1

1
n

n n n k
n

ch �

� . (21)

Èç (21), (19), (2) îïðåäåëÿåì êðèòè÷åñêóþ

ñèëó P* è ìåæñëîéíóþ ñäâèãîâóþ ïðî÷íîñòü

�
0

3

4

òî÷í
�

P

wh

*
.

Äëÿ ïðèìåðà âûáðàíî ñòàíäàðòíîå äëÿ ïî-

äîáíûõ èñïûòàíèé îòíîøåíèå l/h = 5. Ïðèíÿòûå

äëÿ èëëþñòðàöèè çíà÷åíèÿ ìåõàíè÷åñêèõ õàðàê-

òåðèñòèê, ãåîìåòðè÷åñêèõ ðàçìåðîâ è ïàðàìåòðîâ

m, c ïðåäñòàâëåíû â òàáë. 1.

Ðåçóëüòàòû ñðàâíåíèÿ ìåæñëîéíîé ïðî÷íî-

ñòè, ðàññ÷èòàííîé ïî âûðàæåíèÿì (3) è (20),

ïðåäñòàâëåíû â òàáë. 2. Äàæå ïðè w/h = 10, êî-

ãäà áàëêà ïî îïðåäåëåíèþ ïðèáëèæàåòñÿ ê ïëà-

ñòèíå, ñíèæåíèå ìåæñëîéíîé ïðî÷íîñòè ïðåíå-

áðåæèìî ìàëî.

Â äåéñòâèòåëüíîñòè àïïðîêñèìàöèÿ (20) íå-

ñêîëüêî îòëè÷àåòñÿ îò òî÷íîãî ðåøåíèÿ ïðè

w � h (17). Ïðåäïîëîæèì, íàïðèìåð, ÷òî íàïðÿ-

æåíèÿ íà êðàÿõ áàëêè óâåëè÷èâàþòñÿ íà 10 –

30 %. Îöåíèòü ñíèæåíèå ñäâèãîâîé ïðî÷íîñòè â
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Òàáëèöà 1. Äàííûå äëÿ ðàñ÷åòà

Table 1. Data for calculation

P, Í m c, ÌÏà l, ìì h, ìì w, ìì

100 10 1000 25 5 5 – 50

Òàáëèöà 2. Ñðàâíåíèå ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñ-

òè, ïîëó÷åííîé ïî óòî÷íåííîìó ðåøåíèþ è ïî ôîðìóëå

Æóðàâñêîãî (ô
0

= 80 ÌÏà)

Table 2. Comparison of the interlayer shear strength obta-

ined using the specified solution and the Zhuravsky equati-

on (ô0 = 80 MPa)

h × w, ìì2
�

0

òî÷í , ÌÏà

5 × 5 79,92 = 0,999ô
0

5 × 10 79,72 = 0,996ô
0

5 × 25 78,88 = 0,986ô
0

5 × 50 77,44 = 0,968ô
0



äàííîì ñëó÷àå ìîæíî ñ ïîìîùüþ âûðàæåíèÿ (5),

èçìåíÿÿ ïàðàìåòð m, ò.å. óâåëè÷èâàÿ ðîëü � xz
max .

Òîãäà ïðè l/h = 5 è m = 10 ïåðâîíà÷àëüíî

ïîëó÷àåì

�
1 2 2 2

10

100 25
0 08�

�

�

�

�

mc

m l h
c c, . (22)

Åñëè, íàïðèìåð, m = 10 × 1,1 è m = 10 × 1,3, òî

âûðàæåíèå (22) èçìåíÿåòñÿ:

ô2 = c
11

121 25�

= 0,0753c = 0,0942ô1 = ô1(1 – 5,8 %);

ô3 = c
13

169 25�

= 0,067c =

= 0,838ô1 = ô1(1 – 16 %). (23)

Àíàëîãè÷íûå âû÷èñëåíèÿ ìîæíî ïðîâåñòè è

äëÿ ëþáîãî äðóãîãî îòíîøåíèÿ äëèíû ê âûñîòå

áàëêè, íàïðèìåð l/h = 7:

ô4 = c
10

100 49�

= 0,067c;

ô5 = c
11

121 49�

= 0,0647c = 0,966ô4 = ô4(1 – 3,4 %);

ô6 = c
13

169 49�

= 0,0596c =

= 0,89ô4 = ô4(1 – 11 %). (24)

Äëÿ ñòàíäàðòíîãî îòíîøåíèÿ l/h = 5 ðîñò êà-

ñàòåëüíûõ ìåæñëîéíûõ íàïðÿæåíèé íà 10 – 30 %

äàåò âäâîå ìåíüøåå ñíèæåíèå ñäâèãîâîé ïðî÷-

íîñòè — íà 6 – 16 %. Ïðè îòíîøåíèè l/h = 7 óâå-

ëè÷èâàåòñÿ âëèÿíèå íåèçìåííûõ íîðìàëüíûõ

íàïðÿæåíèé, ðîñò � xz
max íà 10 – 30 % äàåò âòðîå

ìåíüøåå ñíèæåíèå ìåæñëîéíîé ïðî÷íîñòè ô0 —

íà 3,4 – 11 %.

Òàêèì îáðàçîì, ñíèæåíèå ìåæñëîéíîé ñäâè-

ãîâîé ïðî÷íîñòè çíà÷èòåëüíî ìåíüøå óâåëè÷å-

íèÿ ìàêñèìàëüíûõ êàñàòåëüíûõ íàïðÿæåíèé —

� � � �0 0

òî÷í
.. xz xz

max , ÷òî ïîçâîëÿåò íå ó÷èòûâàòü

íåîäíîðîäíîñòü êàñàòåëüíûõ íàïðÿæåíèé ïî øè-

ðèíå.

Ìåæñëîéíàÿ ñäâèãîâàÿ ïðî÷íîñòü

ïðè öèêëè÷åñêîì èçãèáå

Äëÿ îïèñàíèÿ óñòàëîñòíîé ìåæñëîéíîé ïðî÷-

íîñòè ïðè öèêëè÷åñêîì èçãèáå ìîæíî çàìå-

íèòü ïàðàìåòðû m è c êðèòåðèÿ (2) íà ôóíê-

öèîíàëû îò èñòîðèè íàãðóæåíèÿ, â ÷àñòíîñòè, íà

ïðîñòûå ôóíêöèè îò ÷èñëà öèêëîâ — m(N), c(N).

Ðåçóëüòàòû èñïûòàíèé íà öèêëè÷åñêèé èçãèá

êîðîòêèõ áàëîê èç óãëåïëàñòèêà [21] ïðåäñòàâëå-

íû íà ðèñ. 4. Âèäíî, ÷òî ïðåäåëüíûå ïðÿìûå äëÿ

êàæäîãî ÷èñëà öèêëîâ ïðàêòè÷åñêè ïàðàëëåëü-

íû. Ýòî îçíà÷àåò íåçàâèñèìîñòü ïðîèçâåäåíèÿ

m(N)c(N) = m(1)c(1) îò ÷èñëà öèêëîâ.

Êðèâóþ Âåëåðà äëÿ èçãèáíîé ïðî÷íîñòè ïî

íîðìàëüíûì íàïðÿæåíèÿì c(N) ìîæíî ïðåäñòà-

âèòü íåçàâèñèìî ïîëó÷åííûì ïðè öèêëè÷åñêîì

ðàñòÿæåíèè óãëåïëàñòèêîâ óðàâíåíèåì êðèâîé

óñòàëîñòè

c(N) = c(1)(1 – 0,035 lg N). (25)

Òàêèì îáðàçîì, çàâèñèìîñòè (5) ìåæñëîéíîé

ïðî÷íîñòè ô0 îò ÷èñëà öèêëîâ N è îò îòíîøåíèÿ

ïðîëåòà ê âûñîòå áàëêè (l/h) îïèñûâàþòñÿ íà îñ-

íîâàíèè ðåçóëüòàòîâ ëèøü ñòàòè÷åñêèõ èñïûòà-

íèé è íåçàâèñèìûõ ýêñïåðèìåíòîâ íà öèêëè÷å-

ñêîå ðàñòÿæåíèå â âèäå (25):

�
0 2 2 2

1 1

1 1 0 035
N

l

h

c m

m N l h
,

( ) ( )

( )( , ) ( )
.

�

�

�

�

�

� �

	 �
	lg

(26)

Ðàñõîæäåíèå êðèâûõ, ïîëó÷åííûõ ïî ôîðìó-

ëå (26), ñ äàííûìè ýêñïåðèìåíòà íå ïðåâûøàëî

7 % (ðèñ. 5).

Ñâÿçü ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè ñ

ïðî÷íîñòüþ íà ðàñòÿæåíèå ñîãëàñíî êðèòåðèþ

(2) äåëàåò âîçìîæíîé è îáðàòíóþ ïðîöåäóðó —

îöåíêó êðèâîé óñòàëîñòè äëÿ ðàñòÿæåíèÿ ïî äàí-

íûì öèêëè÷åñêèõ èñïûòàíèé íà èçãèá êîðîòêèõ

áàëîê. Ýòî îáåñïå÷èâàåò ýêîíîìèþ ìàòåðèàëà è

ñíèæåíèå íåîáõîäèìîé ìîùíîñòè èñïûòàòåëüíî-

ãî îáîðóäîâàíèÿ, à òàêæå óïðîùàåò êðåïëåíèå

îáðàçöîâ, òàê êàê èñïûòàíèÿ íà èçãèá ìåíåå çà-

òðàòíû è ïðîùå â ðåàëèçàöèè, ÷åì èñïûòàíèÿ íà

ðàñòÿæåíèå.
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Ðèñ. 4. Çàâèñèìîñòè îáðàòíîé ìåæñëîéíîé ñäâèãîâîé

ïðî÷íîñòè 1/ô
0

îò (l/h)2 ïðè ðàçëè÷íûõ ÷èñëàõ öèêëîâ N,

ðàâíûõ 100 (1), 104 (2), 105 (3), 106 (4)

Fig. 4. Dependences of the inverse interlayer shear

strength 1/ô0 on (l/h)2 at different number of cycles N: 100

(1), 104 (2), 105 (3), 106 (4)



Ìàñøòàáíûé ýôôåêò

ïðè ðàçðóøåíèè ðàññëîåíèåì

Êðèòè÷åñêîå íàïðÿæåíèå ïðè èçãèáå çàâèñèò

îò ãåîìåòðèè îáðàçöà, ÷òî îáúÿñíÿåò êðèòåðèé

(2), îäíàêî óñëîâèå ïðî÷íîñòè, çàÿâëåííîå â íà-

ïðÿæåíèÿõ, íå ïîçâîëÿåò îöåíèòü ìàñøòàáíûé

ýôôåêò — ñíèæåíèå ïðî÷íîñòè ñ ðîñòîì àáñîëþò-

íûõ ðàçìåðîâ. Ìåæäó òåì äëÿ ðàçðóøåíèÿ ðàñ-

ñëîåíèåì ýòîò ýôôåêò âïîëíå îáúÿñíèì: óïðóãàÿ

ýíåðãèÿ íàêàïëèâàåòñÿ â îáúåìå, ïðîïîðöèî-

íàëüíîì êóáó õàðàêòåðíîãî ðàçìåðà ýëåìåíòà

(îáðàçöà), à ðàñõîäóåòñÿ íà îáðàçîâàíèå ñâîáîä-

íîé ïîâåðõíîñòè, ïëîùàäü êîòîðîé ïðîïîðöèî-

íàëüíà êâàäðàòó õàðàêòåðíîãî ðàçìåðà.

Îáùèé òåðìîäèíàìè÷åñêèé êðèòåðèé ðàç-

ðóøåíèÿ ìîæåò áûòü ñôîðìóëèðîâàí â âèäå ðà-

âåíñòâà ïðèòîêà ýíåðãèè dA îò ìåõàíè÷åñêîé

ðàáîòû, ñîâåðøàåìîé íàä òåëîì, ñóììå èçìåíå-

íèé óïðóãîé ýíåðãèè dU, ðàáîòû ðàçðóøåíèÿ dR

è äèññèïàöèè dT:

dA � dU + dR + dT. (27)

Äèôôåðåíöèðîâàíèå ïðîâîäèòñÿ ïî íåêîòî-

ðîìó ïàðàìåòðó ðàçðóøåíèÿ, íàïðèìåð, ïî ïëî-

ùàäè òðåùèíû S. Îáû÷íî ñ÷èòàåòñÿ, ÷òî dR =

= ãdS èëè â êîíå÷íîì âèäå: ðàáîòà ðàçðóøåíèÿ

R = ãS, ãäå ã — óäåëüíàÿ ðàáîòà ðàçðóøåíèÿ.

Ýíåðãåòè÷åñêèé êðèòåðèé ðàññëîåíèÿ ìîæåò

áûòü ïîñòðîåí â óïðîùåííîì âèäå — íå â äèôôå-

ðåíöèàëüíîé, à â ðàçíîñòíîé ôîðìå — ïóòåì

ñðàâíåíèÿ íà÷àëüíîãî U0 è êîíå÷íîãî U1 çíà-

÷åíèé óïðóãîé ýíåðãèè, íàêîïëåííîé â îáðàçöå.

Ïðè ïðåíåáðåæåíèè äèññèïàöèåé T — òåïëî-

âûìè ýôôåêòàìè, ýíåðãèåé âîëí, êèíåòè÷åñêîé

ýíåðãèåé îñêîëêîâ è ïð. — êðèòåðèé (27) ñâîäèò-

ñÿ ê óòâåðæäåíèþ, ÷òî íåîáõîäèìûì óñëîâèåì

ðàçðóøåíèÿ ñëóæèò ïðåâûøåíèå íà÷àëüíîãî

óðîâíÿ ýíåðãèè íàä êîíå÷íûì íà âåëè÷èíó ðàáî-

òû ðàçðóøåíèÿ R, ïðîïîðöèîíàëüíóþ ïëîùàäè

ïîâåðõíîñòè ðàçðóøåíèÿ S. Çà âðåìÿ ðàçðóøå-

íèÿ, ïðèíèìàåìîå äîñòàòî÷íî ìàëûì, çàõâàòû

æåñòêîé ñèñòåìû íàãðóæåíèÿ íå ñìåùàþòñÿ,

ïîýòîìó îáû÷íî äîïîëíèòåëüíàÿ ìåõàíè÷åñêàÿ

ðàáîòà A ñ÷èòàåòñÿ ðàâíîé íóëþ. Â ýòèõ ïðåäïî-

ëîæåíèÿõ êðèòè÷åñêèå íàïðÿæåíèÿ íàõîäÿòñÿ èç

óñëîâèÿ

U0 = U1 + R. (28)

Ïðè êîíñîëüíîì èçãèáå áàëêè (ðèñ. 6) ñèëîé

P1 âîçíèêàåò ïðîãèá v, ïðè ýòîì íàêîïëåííàÿ óï-

ðóãàÿ ýíåðãèÿ ðàâíà ðàáîòå ñèëû:

U P v
P l

Ewh

v Ewh

l
0 1

1

2 3

3

2 3

3

1

2

2

8
� � � , (29)

ãäå E — ïðîäîëüíûé ìîäóëü Þíãà; h, w, l — òîë-

ùèíà, øèðèíà è äëèíà áàëêè.

Ïðè íåêîòîðîé íàãðóçêå ïðîèçîéäåò ðàññëîå-

íèå è âûäåëåííàÿ ïðè íåèçìåííîì ïðîãèáå óïðó-

ãàÿ ýíåðãèÿ áóäåò çàòðà÷åíà íà ðàáîòó ðàññëîå-

íèÿ. Ìîæíî ïîêàçàòü, ÷òî «ýíåðãåòè÷åñêè âûãîä-

íî» ðàññëîåíèå íà äâå ÷àñòè ïîñðåäèíå, ñ îáðàçî-

âàíèåì îäíîé òðåùèíû ðàññëîåíèÿ ïëîùàäüþ

S = lw. Ïîñëå ðàññëîåíèÿ ïðè ôèêñèðîâàííîì

ïðîãèáå îñòàâøàÿñÿ óïðóãàÿ ýíåðãèÿ ïî (29) ñî-

ñòàâèò

U
v Ew

l

h
U

1

2

3

3

0
8

2
2

1

4
�

�

�

�

�

�

� � . (30)

Ïðè ýòîì ýíåðãåòè÷åñêèé êðèòåðèé (28) ïðè-

íèìàåò âèä

3

4
0

U lw� / , (31)
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1
2

34

5

0

Ðèñ. 5. Êðèâûå óñòàëîñòè äëÿ îäíîíàïðàâëåííîãî óãëå-

ïëàñòèêà ïðè òðåõòî÷å÷íîì èçãèáå: 1 – 5 — l/h = 4, 5, 7,5,

9,5, 12,5; 0 — êðèâàÿ óñòàëîñòè äëÿ îäíîíàïðàâëåííîãî

óãëåïëàñòèêà ïðè ðàñòÿæåíèè

Fig. 5. Fatigue curves for unidirectional carbon fiber rein-

forced plastic under three-point bending: 1 — l/h = 4; 2 — 5;

3 — 7.5; 4 — 9.5; 5 — 12.5; 0 — tensile fatigue curve for uni-

directional carbon fiber reinforced plastic

Ðèñ. 6. Ñõåìà ðàñùåïëåíèÿ êîíñîëüíîé áàëêè ïî íåé-

òðàëüíîé ëèíèè ïðè èçãèáå

Fig. 6. Delamination of a cantilever beam along the neutral

line under bending



à êðèòè÷åñêàÿ íàãðóçêà èç (29) —
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� / . (32)

Åñëè îò ñèëû ïåðåéòè ê íàèáîëüøèì êàñà-

òåëüíûì íàïðÿæåíèÿì ïî ôîðìóëå (1), êðèòè÷å-

ñêîå çíà÷åíèå êîòîðûõ îáû÷íî ïðèíèìàþò çà

ìåæñëîéíóþ ñäâèãîâóþ ïðî÷íîñòü ô*, òî ïîëó÷èì
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Ìåæñëîéíàÿ ïðî÷íîñòü, îêàçûâàåòñÿ, çàâèñèò

íå òîëüêî îò îòíîøåíèÿ äëèíû l ê òîëùèíå h

áàëêè, íî è îò åå àáñîëþòíûõ ðàçìåðîâ. Ñ ðîñòîì

h ïðè ñîõðàíåíèè ïîäîáèÿ ðàçìåðîâ l/h êðèòè÷å-

ñêîå íàïðÿæåíèå (33) ñóùåñòâåííî ñíèæàåòñÿ,

÷òî ìîæåò ïðèâåñòè ê îïàñíûì ïîñëåäñòâèÿì,

åñëè ïðè ðàñ÷åòå èçãèáàåìûõ êîìïîçèòíûõ ýëå-

ìåíòîâ (íàïðèìåð, ñòåêëîïëàñòèêîâûõ ëèñòîâûõ

ðåññîð òîëùèíîé 20 ìì) èñïîëüçîâàòü çíà÷åíèå

ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè, îïðåäåëåííîå

ïî ñòàíäàðòíîé ìåòîäèêå ïðè èçãèáå êîðîòêèõ

áàëîê ñ ñå÷åíèåì 6 × 6 ìì.

Ýíåðãåòè÷åñêèé êðèòåðèé (28) ìîæíî ïðèìå-

íèòü ïðè îöåíêå óïðóãîé ýíåðãèè (29) ñ ó÷åòîì

ïîïðàâêè ê ïðîãèáó çà ñ÷åò ìåæñëîéíûõ ñäâèãîâ

[19]:

v v v
Pl

E wh

Pl

G wh
v

E

G

h

lx xz

x

xz

� � � � � �

�

�

�
�

�

�

�
�1 2

3

3 1

2

24 4
1


 


,

ãäå á = 6/5.

Ýíåðãèÿ ïîñëå ðàññëîåíèÿ áóäåò íåñêîëüêî

áîëüøå, ÷åì ïîëó÷åííàÿ ïî ýëåìåíòàðíîé ôîðìó-

ëå (30):
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. (34)

Íàïðèìåð, äëÿ êîðîòêîé áàëêè ïðè E/Gxz = 5,

l/h = 5 ðàçëè÷èå ýíåðãèé, îïðåäåëåííûõ ïî ôîð-

ìóëàì (34) è (30), ñîñòàâèò 19 %; U1 � U0/5.

Òîãäà óòî÷íåííóþ êðèòè÷åñêóþ íàãðóçêó è

êðèòè÷åñêîå çíà÷åíèå êàñàòåëüíûõ íàïðÿæåíèé

âûðàçèì, ñîîòâåòñòâåííî, êàê
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Ýêñïåðèìåíò

Äëÿ ýêñïåðèìåíòàëüíîãî ïîäòâåðæäåíèÿ íå-

çíà÷èòåëüíîãî âëèÿíèÿ íåîäíîðîäíîñòè êàñà-

òåëüíûõ ìåæñëîéíûõ íàïðÿæåíèé íà ñäâèãîâóþ

ïðî÷íîñòü ïðîâåäåíà ñåðèÿ èñïûòàíèé íà òðåõ-

òî÷å÷íûé èçãèá êîðîòêèõ áàëîê. Äëÿ ýòîãî èç îð-

òîãîíàëüíî àðìèðîâàííîãî ñòåêëîïëàñòèêà èçãî-

òàâëèâàëè îáðàçöû òîëùèíîé h = 5 ìì è øèðè-

íîé w, ðàâíîé 5 è 25 ìì. Èñïûòàíèÿ ïðîâîäèëè ñ

ïîìîùüþ ýëåêòðîìåõàíè÷åñêîé óíèâåðñàëüíîé

óñòàíîâêè INSTRON. Âñå îáðàçöû íàãðóæàëè äî

ïîòåðè íåñóùåé ñïîñîáíîñòè.

Äëÿ èñïûòàíèÿ êîðîòêèõ êîìïîçèòíûõ áàëîê

ïðèìåíÿëè ýêñïåðèìåíòàëüíóþ îñíàñòêó (ðèñ. 7),

ðàçðàáîòàííóþ â ÈÌÀØ ÐÀÍ. Îíà ïðåäñòàâëÿåò

ñîáîé ïðèñïîñîáëåíèå ñ öèëèíäðè÷åñêèìè ñêîëü-

çÿùèìè íàïðàâëÿþùèìè 2 è ñïåöèàëüíîé ñõå-

ìîé öåíòðîâêè. Äëÿ òî÷íîé óñòàíîâêè îáðàçöà —

êîðîòêîé áàëêè 1 â âåðõíåå öåíòðàëüíîå îòâåð-

ñòèå ïåðåä èñïûòàíèÿìè ïîìåùàëè öèëèíäð

ñ äèñêîì çàäàííîãî äèàìåòðà, ðàâíîãî äëèíå ïðî-

ëåòà, ê êîòîðîìó ïðèæèìàþòñÿ íèæíèå îïîðû.

Ýòî ïîçâîëÿåò ãàðàíòèðîâàííî öåíòðèðîâàòü

îïîðû ñ òî÷íîñòüþ äî 0,1 ìì. Äëÿ êîìïåíñàöèè

íåïåðïåíäèêóëÿðíîñòè ïðèëîæåíèÿ íàãðóçêè èñ-

ïîëüçîâàëè øàðîâóþ öåíòðèðóþùóþ îïîðó.

Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ìåæñëîéíîé

ïðî÷íîñòè ñòåêëîïëàñòèêîâûõ îáðàçöîâ, ðàññ÷è-

òàííûå ñ ïîìîùüþ ñîîòíîøåíèÿ (1), ïðåäñòàâëå-

íû â òàáë. 3. Îíè ïîäòâåðæäàþò îòñóòñòâèå ñíè-

æåíèÿ ìåæñëîéíîé ñäâèãîâîé ïðî÷íîñòè ïðè óâå-
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Ðèñ. 7. Ñõåìà ïðèñïîñîáëåíèÿ äëÿ èñïûòàíèé êîðîòêèõ

áàëîê

Fig. 7. Scheme of the device for testing short beams

Òàáëèöà 3. Ìåæñëîéíàÿ ñäâèãîâàÿ ïðî÷íîñòü ñòåêëî-

ïëàñòèêîâûõ îáðàçöîâ

Table 3. Interlayer shear strength of fiberglass specimens

h × w, ìì2 P, Í �
0

òî÷í , ÌÏà

5 × 5 837 25,11

5 × 25 4333 25,99



ëè÷åíèè øèðèíû áàëêè. Ïðîâåäåííûé ýêñïåðè-

ìåíò ïîêàçàë ïðàêòè÷åñêóþ íåçàâèñèìîñòü ìåæ-

ñëîéíîé ïðî÷íîñòè îò øèðèíû îáðàçöà è

íåçíà÷èòåëüíîñòü ïîïðàâêè (17) – (21) ê ýëåìåí-

òàðíîìó ðåøåíèþ (3).

Âûâîäû

1. Âûïîëíåíèå ñèëîâîãî (2) è ýíåðãåòè÷åñêî-

ãî (20) êðèòåðèåâ — íåîáõîäèìîå óñëîâèå ðàñ-

ñëîåíèÿ; â ðàñ÷åòàõ ñëåäóåò èñïîëüçîâàòü íàè-

ìåíüøåå èç êðèòè÷åñêèõ íàïðÿæåíèé, îïðåäå-

ëÿåìûõ ýòèìè êðèòåðèÿìè.

2. Ñèëîâîé êðèòåðèé (2) îïèñûâàåò çàâè-

ñèìîñòü êðèòè÷åñêèõ íàïðÿæåíèé îò ãåîìåòðè-

÷åñêèõ ñîîòíîøåíèé, à ýíåðãåòè÷åñêèé êðèòå-

ðèé îáúÿñíÿåò òàêæå ìàñøòàáíûé ýôôåêò ïðî÷-

íîñòè — ñíèæåíèå êðèòè÷åñêîãî íàïðÿæåíèÿ

ïðè âîçíèêíîâåíèè ðàññëîåíèÿ â áàëêå ñ óâåëè-

÷åííûìè ðàçìåðàìè.

3. Ïðèìåíåíèå ðåøåíèÿ Ñåí-Âåíàíà – Ëåõ-

íèöêîãî ïîçâîëÿåò óòî÷íèòü îöåíêó ìåæñëîéíîé

ñäâèãîâîé ïðî÷íîñòè ïðè èçãèáå êîðîòêîé êîìïî-

çèòíîé áàëêè. Îäíàêî ñîãëàñíî ïðåäëîæåííîìó

êðèòåðèþ (2) ïîïðàâêà ê ýëåìåíòàðíîìó ðåøå-

íèþ ïðè îöåíêå ïðî÷íîñòè çíà÷èòåëüíî (â íå-

ñêîëüêî ðàç) ìåíüøå, ÷åì ïîëó÷åííûé èç òî÷íîãî

ðåøåíèÿ ðîñò íàèáîëüøèõ êàñàòåëüíûõ íàïðÿ-

æåíèé ñ óâåëè÷åíèåì øèðèíû îáðàçöà, ÷òî ïîä-

òâåðæäàåòñÿ â ýêñïåðèìåíòàõ.

4. Íåîäíîðîäíîñòü íàïðÿæåíèé ïî øèðèíå

îáðàçöà ìîæíî íå ó÷èòûâàòü. Ðàñ÷åòíûé êîýô-

ôèöèåíò êîíöåíòðàöèè íàïðÿæåíèé âñåãäà çíà-

÷èòåëüíî âûøå, ÷åì ýêñïåðèìåíòàëüíûé êîýô-

ôèöèåíò ñíèæåíèÿ ïðî÷íîñòè èç-çà êîíöåíòðà-

öèè íàïðÿæåíèé.

Â ðàññìîòðåííîé çàäà÷å îá èçãèáå êîðîòêîé

áàëêè ðàçíèöà ìåæäó êîýôôèöèåíòàìè ñíèæå-

íèÿ ïðî÷íîñòè è êîíöåíòðàöèè êàñàòåëüíûõ íà-

ïðÿæåíèé îáóñëîâëåíà âëèÿíèåì âêëàäà ïîñòî-

ÿííûõ ïî øèðèíå íîðìàëüíûõ íàïðÿæåíèé.
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Èññëåäîâàíî âëèÿíèå ïîâðåæäåíèé, âûçâàííûõ òðåíèåì è èçíîñîì, íà íàêîïëåíèå óñòàëî-

ñòíûõ ïîâðåæäåíèé â ïðèïîâåðõíîñòíûõ ñëîÿõ ìàòåðèàëà òåõíè÷åñêèõ ñèñòåì, ðàáîòàþ-

ùèõ ïðè äèíàìè÷åñêîì íàãðóæåíèè. Ñðàâíåíèå äàííûõ èñïûòàíèé îáðàçöîâ èç íàóãëåðî-

æåííîé ñòàëè Cr – Mn – Si ïðè óëüòðàçâóêîâîì íàãðóæåíèè â äèàïàçîíå äî 109 öèêëîâ ñ ðå-

çóëüòàòàìè èñïûòàíèé îáðàçöîâ ñòàëè 45 ïðè ïîñòîÿííîé ÷àñòîòå 100 Ãö, èìèòèðóþùåé

óñëîâèÿ ïðè òðèáîëîãè÷åñêèõ èñïûòàíèÿõ íà ôðèêöèîííóþ óñòàëîñòü, ïîêàçàëî, ÷òî âî

âñåõ õàðàêòåðíûõ äèàïàçîíàõ ÷àñòîò íàãðóæåíèÿ âîçíèêàþùèå ïîâðåæäåíèÿ îäíîòèïíû.

Ïðè îöåíêå âëèÿíèÿ ôðèêöèîííîé óñòàëîñòè íà íàêîïëåíèå ïîâðåæäåíèé è âåðîÿòíîñòü

ýêñïëóàòàöèîííûõ îòêàçîâ àâòîðû èñõîäèëè èç ïðåäïîëîæåíèÿ î ïîäîáèè ïðîöåññîâ íà-

êîïëåíèÿ ñòðóêòóðíûõ ïîâðåæäåíèé ïðè öèêëè÷åñêîé è ôðèêöèîííîé óñòàëîñòè. Ïðîâå-

äåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîâåäåíèÿ êîýôôèöèåíòîâ òðåíèÿ è âåëè÷èíû

óøèðåíèÿ ðåíòãåíîâñêèõ ëèíèé, õàðàêòåðèçóþùåé èçìåíåíèÿ äèñëîêàöèîííîé ñòðóêòóðû

ìåòàëëè÷åñêèõ ìàòåðèàëîâ (ñòàëåé è òèòàíîâûõ ñïëàâîâ) ïðè òðåíèè, à òàêæå êðèâûõ

ôðèêöèîííîé óñòàëîñòè. Ïîêàçàíî, ÷òî ïðîöåññ ôðèêöèîííî-óñòàëîñòíîãî ðàçðóøåíèÿ

ïðîèñõîäèò ïî ìåõàíèçìàì ìàëî- è ìíîãîöèêëîâîé óñòàëîñòè, ÷òî ìîæåò ñëóæèòü îáîñíî-

âàíèåì ïðåäëîæåííîãî ïîäõîäà. Â êà÷åñòâå ïðèìåðà ïðèâåäåíû äàííûå ðàñ÷åòà âåðîÿòíî-

ñòè îòêàçîâ êîìïðåññîðà, îñíîâàííûå íà êðèâûõ ôðèêöèîííîé óñòàëîñòè â øèðîêîì äèà-

ïàçîíå öèêëîâ íàãðóæåíèÿ, ïîëó÷åííûõ â ðåçóëüòàòå èñïûòàíèé øåéêè êîëåí÷àòîãî âàëà.

Èñïîëüçîâàíèå ýòèõ êðèâûõ äàëî âîçìîæíîñòü îöåíèòü âëèÿíèå ñîâìåñòíîãî äåéñòâèÿ äè-

íàìè÷åñêîé íàãðóçêè è òðåíèÿ, âûðàæàþùåãîñÿ â óâåëè÷åíèè çàçîðîâ, è äèíàìè÷åñêèõ íà-

ãðóçîê â ïðîöåññå èçíàøèâàíèÿ êîíòàêòèðóþùèõ äåòàëåé íà íàêîïëåíèå óñòàëîñòíûõ ïî-

âðåæäåíèé, äîëãîâå÷íîñòü è íàäåæíîñòü â ïðîöåññå ýêñïëóàòàöèè.

Êëþ÷åâûå ñëîâà: äèíàìè÷åñêîå íàãðóæåíèå; ìàëî-, ìíîãî- è ãèãàöèêëîâàÿ óñòàëîñòü;
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The effect of damage caused by friction and wear on the accumulation of fatigue damage in the near-sur-

face layers of the material used in technical systems operating under dynamic loading is studied. A com-

parative study of the samples of carbonized Cr – Mn – Si steel under ultrasonic loading in the range up to

109 cycles and the samples of steel 45 loaded at a permanent frequency of 100 Hz to simulate conditions of

tribological tests for frictional fatigue revealed the same types of damage occurring in the characteristic

frequency ranges of loading. To assess the effect of friction fatigue on damage accumulation and the prob-
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ability of operational failures the authors have supposed that the processes of structural damage accumu-

lation in cyclic and frictional fatigue are similar. The analysis of experimental data on the behavior of the

friction coefficients and the magnitudes of broadening X-ray lines which characterize changes in the dislo-

cation structure of the metallic structural materials (steels and titanium alloys) upon friction and the fric-

tion fatigue curves confirmed that the process of friction fatigue failure occurs via the mechanisms of low

and high cycle fatigue that proves the validity of the proposed approach. The calculation results for the

probability of the compressor failure are presented as an example. The calculations are based on the fric-

tion fatigue curves in a wide range of loading cycles obtained upon testing the crankshaft neck. The use of

friction fatigue curves thus obtained provided assessment of the effects of combined action of the dynamic

loading and friction, resulting in increased gaps and the dynamic loads (due to the wear of contacting

parts) on the fatigue damage accumulation, durability and the reliability of the mechanical systems during

operation.

Keywords: dynamic loading; low; high and gigacycle fatigue; friction and contact interaction; tribo-fa-

tigue damage; wear; friction coefficient; evolution of dislocation and defect structure; crack progress; dam-

age accumulation; probability of failure.

Ââåäåíèå

Äàëüíåéøåå ðàçâèòèå ìàøèí è ìåõàíèçìîâ

õàðàêòåðèçóåòñÿ ðîñòîì òðåáîâàíèé ê èõ òåõ-

íè÷åñêèì õàðàêòåðèñòèêàì ñ îäíîâðåìåííûì

óñëîæíåíèåì óñëîâèé ýêñïëóàòàöèè [1]. Çíà-

÷èòåëüíûé ïàðê èçäåëèé ìàøèíîñòðîåíèÿ ðàáî-

òàåò ïðè äèíàìè÷åñêîì íàãðóæåíèè, êîãäà èçíîñ

è óñòàëîñòíûå ðàçðóøåíèÿ â áîëüøîé ñòåïåíè

îïðåäåëÿþò èõ ðàáîòîñïîñîáíîñòü è íàäåæíîñòü.

Ïðè ýòîì â çàâèñèìîñòè îò îêðóæàþùåé ñðåäû

è óñëîâèé íàãðóæåíèÿ ðåàëèçóþòñÿ ðàçëè÷íûå

ìåõàíèçìû íàêîïëåíèÿ ïîâðåæäåíèé è ðàçðóøå-

íèÿ [2 – 4]. Òðåáóåìûé óðîâåíü íàäåæíîñòè è

äîëãîâå÷íîñòè ìåõàíè÷åñêèõ ñèñòåì, íàõîäÿùèõ-

ñÿ â ýêñïëóàòàöèè, äîëæåí áûòü ðàññìîòðåí ñ

ó÷åòîì ñòåïåíè âëèÿíèÿ ýòèõ ôàêòîðîâ íà íàêîï-

ëåíèå ïîâðåæäåíèé.

Òåíäåíöèÿ óâåëè÷åíèÿ ñðîêîâ ýêñïëóàòàöèè

ìåõàíè÷åñêèõ ñèñòåì ïðèâåëà ê íåîáõîäèìîñòè

èññëåäîâàíèÿ ïîâåäåíèÿ ìàòåðèàëîâ â øèðîêîì

äèàïàçîíå ÷èñåë öèêëîâ íàãðóæåíèÿ — îò ìàëî-

öèêëîâîé äî ãèãàöèêëîâîé îáëàñòè öèêëè÷åñêîé

óñòàëîñòè. Ýòî èìååò îñíîâîïîëàãàþùåå çíà÷å-

íèå äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè êîíñòðóêòèâ-

íûõ ýëåìåíòîâ. Ìîäåëè íàêîïëåíèÿ ïîâðåæäå-

íèé è îöåíêè ñîîòíîøåíèÿ íàïðÿæåíèå — äîëãî-

âå÷íîñòü èëè çàâèñèìîñòåé íàãðóçêà — äîëãîâå÷-

íîñòü — âåðîÿòíîñòü, âêëþ÷àþùèå ìàëîöèêëî-

âóþ, ìíîãîöèêëîâóþ è ãèãàöèêëîâóþ óñòàëîñòü,

êëàññèôèöèðóþòñÿ â ñîîòâåòñòâèè ñ ïîäõîäîì,

ïðèìåíÿåìûì äëÿ îïðåäåëåíèÿ çàâèñèìîñòè ñðî-

êà ñëóæáû îò äåéñòâóþùèõ íàãðóçîê è óñëîâèé

ýêñïëóàòàöèè ñ ó÷åòîì èõ ñëó÷àéíîãî õàðàêòåðà.

Öåëü ðàáîòû — îöåíêà âëèÿíèÿ ôðèêöè-

îííîé óñòàëîñòè íà íàêîïëåíèå ïîâðåæäåíèé

è âåðîÿòíîñòü ýêñïëóàòàöèîííûõ îòêàçîâ. Èñ-

ïîëüçóåìûé àâòîðàìè ïîäõîä îñíîâàí íà îïðå-

äåëåííîì ñõîäñòâå ÿâëåíèé ïðè öèêëè÷åñêîé è

ôðèêöèîííîé óñòàëîñòè, ïîñêîëüêó è èçíîñ, è

óñòàëîñòíîå ðàçðóøåíèå ìàòåðèàëà íà÷èíàþòñÿ

îò ïîâåðõíîñòè èëè â ïðèïîâåðõîñòíîì ñëîå

îáðàçöà.

Òèïû îòêàçîâ è ëîêàëèçàöèÿ

óñòàëîñòíûõ ïîâðåæäåíèé

ïðè äèíàìè÷åñêîì íàãðóæåíèè

Ê íàñòîÿùåìó âðåìåíè íàêîïëåí áîëüøîé

îáúåì èíôîðìàöèè ïî êðèâûì óñòàëîñòè è ðàç-

âèòèþ óñòàëîñòíûõ òðåùèí îò ìàëîöèêëîâîé äî

ãèãàöèêëîâîé îáëàñòè. Íåäîñòàòêîì èññëåäîâà-

íèé â ãèãàöèêëîâîé îáëàñòè ÿâëÿåòñÿ òî, ÷òî äëÿ

ñîêðàùåíèÿ ïðîäîëæèòåëüíîñòè âðåìåíè èñïû-

òàíèé îíè, êàê ïðàâèëî, ïðîâîäÿòñÿ ïðè óëüòðà-

çâóêîâûõ ÷àñòîòàõ íàãðóæåíèÿ. Ýòî ìîæåò ñóùå-

ñòâåííî ìåíÿòü ìåõàíèêó íàêîïëåíèÿ ïîâðåæäå-

íèé ïî ñðàâíåíèþ ñ èñïûòàíèÿìè ïðè ÷àñòîòàõ,

íå ïðåâûøàþùèõ 200 Ãö. Âàæíû òàêæå èññëåäî-

âàíèÿ ìåõàíèçìîâ âîçíèêíîâåíèÿ è ðàçâèòèÿ

(ðîñòà) òðåùèí. Êàê ïðàâèëî, â îáëàñòè ìàëî- è

ìíîãîöèêëîâîé óñòàëîñòè òðåùèíà â îáëàñòè

êîíöåíòðàöèè íàïðÿæåíèé íà÷èíàåò ðàçâèâàòü-

ñÿ îò ïîâåðõíîñòè, òîãäà êàê òðåùèíû â ãèãàöèê-

ëîâîé îáëàñòè â îñíîâíîì âîçíèêàþò íà äåôåê-

òàõ, èçíà÷àëüíî ïðèñóòñòâóþùèõ â îáúåìå ìàòå-

ðèàëà. Ïðè ýòîì îíè ìîãóò âîçíèêàòü è ðàçâè-

âàòüñÿ, åñëè äàæå êîýôôèöèåíò èíòåíñèâíîñòè

íàïðÿæåíèé, ñâÿçàííûé ñ íà÷àëüíûì äåôåêòîì,

íèæå ïîðîãîâîãî çíà÷åíèÿ, íåîáõîäèìîãî äëÿ

ðàñïðîñòðàíåíèÿ òðåùèíû [5].

Ïðèìåð ýêñïåðèìåíòàëüíîé êðèâîé óñòàëî-

ñòè â øèðîêîì äèàïàçîíå ÷èñåë öèêëîâ N, ïîëó-

÷åííîé â õîäå ïðîâîäèâøèõñÿ ïðè óëüòðàçâóêî-

âûõ ÷àñòîòàõ íàãðóæåíèÿ èñïûòàíèÿõ íàóãëåðî-

æåííîé íèçêîóãëåðîäèñòîé ñòàëè Cr – Mn – Si

ñ öåìåíòèðîâàííûì ïîâåðõíîñòíûì ñëîåì [6],

ïðåäñòàâëåí íà ðèñ. 1. Íà íåì õîðîøî âèäíî, ÷òî

äëÿ óñòàëîñòíîãî ðàçðóøåíèÿ ýòîé ñòàëè õàðàê-

òåðíû òðè ðåæèìà (òèïà) îòêàçîâ, âûçâàííûõ:

ïîâåðõíîñòíûìè äåôåêòàìè ïðè âûñîêîé

àìïëèòóäå íàïðÿæåíèÿ (ðåæèì I, ìàëîöèêëîâàÿ

óñòàëîñòü);

ïîâåðõíîñòíûìè äåôåêòàìè, ïðè êîòîðûõ

äåéñòâóþùèå íàïðÿæåíèÿ íå ïðåâûøàþò ïðå-

äåëà óïðóãîñòè (ðåæèì II, ìíîãîöèêëîâàÿ óñòà-

ëîñòü);
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íàëè÷èåì âíóòðåííåãî âêëþ÷åíèÿ èëè îáðà-

çîâàíèåì ìåëêîçåðíèñòîé îáëàñòè ïðè íèçêîé

àìïëèòóäå íàïðÿæåíèÿ (ðåæèì III, ãèãàöèêëîâàÿ

óñòàëîñòü).

Êðèâûå óñòàëîñòè ïðè âåðîÿòíîñòÿõ ðàçðó-

øåíèÿ P, ðàâíûõ 50, 10 è 1 %, õîðîøî ñîãëàñóþò-

ñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, îñîáåííî

äëÿ ðåæèìîâ îòêàçà I è II (ñì. ðèñ. 1).

Â ÈÌÀØ ÐÀÍ ïðîâåäåíû óñòàëîñòíûå èñïû-

òàíèÿ äî áàçû ÷èñåë öèêëîâ N = 109 ïðè ðåãóëÿð-

íîì è íåðåãóëÿðíîì íàãðóæåíèÿõ è ïëîñêîì èç-

ãèáå îáðàçöîâ, èçãîòîâëåííûõ èç ñòàëè 45. ×àñòî-

òà íàãðóæåíèÿ ñîñòàâëÿëà 100 Ãö âî âñåì äèàïà-

çîíå ÷èñåë öèêëîâ, ÷òî èñêëþ÷àëî âëèÿíèå ÷àñ-

òîòû íà êîíå÷íûå ðåçóëüòàòû èññëåäîâàíèÿ,

à òàêæå ïîçâîëÿëî ñîîòíåñòè èõ ñ äàííûìè èñ-

ïûòàíèé íà ôðèêöèîííóþ óñòàëîñòü, â êîòîðûõ

ïåðèîäè÷åñêîå êîíòàêòíîå âîçäåéñòâèå íà ïî-

âåðõíîñòü ïðîèñõîäèò ïðè áëèçêèõ äåéñòâóþùèõ

÷àñòîòàõ.

Ïðåäåë âûíîñëèâîñòè íà áàçå 107 öèêëîâ

îïðåäåëÿëè íà 20 îáðàçöàõ ìåòîäîì ñòóïåí÷àòîãî

èçìåíåíèÿ íàãðóçêè [7]. Äëÿ îïèñàíèÿ ïåðâîé

çîíû íàêîïëåíèÿ ïîâðåæäåíèé êðèâóþ óñòà-

ëîñòè èñïîëüçîâàëè â ôîðìå

� �
ai

m

i

m

G
N N�

	1
, (1)

ãäå m = 5,7 — ïàðàìåòð, õàðàêòåðèçóþùèé íà-

êëîí êðèâîé óñòàëîñòè; NG — äîëãîâå÷íîñòü, ñî-

îòâåòñòâóþùàÿ òî÷êå ïåðåëîìà êðèâîé óñòà-

ëîñòè. Èñïûòàíèÿ ïðîâåäåíû â ñòàòèñòè÷åñêîì

àñïåêòå ïðè ïðîãðàììíîì áëîêå íàãðóæåíèÿ, ñî-

îòâåòñòâóþùåì ýêñïîíåíöèàëüíîìó çàêîíó ðàñ-

ïðåäåëåíèÿ. Íà êàæäîì óðîâíå áûëî èñïûòàíî

îò 5 äî 10 îáðàçöîâ. Ôóíêöèè ðàñïðåäåëåíèÿ äîë-

ãîâå÷íîñòåé, ïîëó÷åííûå â ðåçóëüòàòå èñïûòà-

íèé, ïðåäñòàâëåíû íà ðèñ. 2, ãäå 1 – 4 ñîîòâåòñò-

âóþò óà max/ó–1, ðàâíûì 1,3; 1,2; 1,1; 1,05 (ó–1 —

ïðåäåë óñòàëîñòè, ñîîòâåòñòâóþùèé äîëãîâå÷-

íîñòè 107 öèêëîâ; óà max — ìàêñèìàëüíàÿ àìïëè-

òóäà â áëîêå íàãðóæåíèÿ).

Èç ïðèâåäåííûõ äàííûõ ñëåäóåò, ÷òî çàêîíî-

ìåðíîñòè íàêîïëåíèÿ ïîâðåæäåíèé â ãèãàöèêëî-

âîé îáëàñòè ïðè ïðîãðàììíîì íàãðóæåíèè ñ ÷àñ-

òîòîé 100 Ãö è ïðè èñïûòàíèÿõ ïðè ðåãóëÿðíîì

íàãðóæåíèè ñ óëüòðàçâóêîâîé ÷àñòîòîé íîñÿò

îäèíàêîâûé õàðàêòåð, ÷òî ïîçâîëÿåò èñïîëü-

çîâàòü èõ ðåçóëüòàòû äëÿ îöåíîê íàäåæíîñòè

è ðåñóðñà äåòàëåé, ýêñïëóàòèðóåìûõ ïðè íàëè-

÷èè òðåíèÿ è èçíîñà â óñëîâèÿõ äèíàìè÷åñêîãî

íàãðóæåíèÿ.

Êàê îòìå÷åíî âûøå, ïðè äèíàìè÷åñêîì íà-

ãðóæåíèè ðàçâèòèå òðåùèíû äîñòàòî÷íî ÷àñòî

íà÷èíàåòñÿ îò ïîâåðõíîñòè èëè â ïðèïîâåðõíîñò-

íîé çîíå. Òðàêòîâêà èçíîñà êàê óñòàëîñòíîãî ðàç-

ðóøåíèÿ ïîâåðõíîñòíîãî ñëîÿ [8] ñáëèæàåò çà-

äà÷è òðèáîëîãèè è äèíàìè÷åñêîãî íàãðóæåíèÿ â

îáëàñòè èññëåäîâàíèÿ ïðîöåññîâ íàêîïëåíèÿ ïî-

âðåæäåíèé â êîíñòðóêöèîííûõ ìàòåðèàëàõ, ïðè-

âîäÿùèõ ê ðàçðóøåíèþ äåòàëè è îòêàçó ìåõàíè-

÷åñêîé ñèñòåìû â öåëîì. Â ýòîé ñâÿçè öåëåñîîá-

ðàçíî áîëåå òùàòåëüíî ðàññìîòðåòü ïðîöåññû,

ñâÿçàííûå ñ âëèÿíèåì òðåíèÿ è èçíîñà íà íàêîï-

ëåíèå óñòàëîñòíûõ ïîâðåæäåíèé â ïîâåðõíîñò-

íîì ñëîå ìàòåðèàëà, è îöåíèòü èõ âîçìîæíûé

âêëàä â ñóììàðíóþ âåëè÷èíó âîçíèêøèõ ïðè ýêñ-

ïëóàòàöèè ïîâðåæäåíèé.

Ïðèðîäà èçíîñîóñòàëîñòíûõ ïîâðåæäåíèé

è êðèâûå ôðèêöèîííîé óñòàëîñòè

Ïðè êîíòàêòíîì âçàèìîäåéñòâèè òðóùèõñÿ

òåë çíàêîïåðåìåííàÿ äåôîðìàöèÿ ïîâåðõíîñò-

íîãî ñëîÿ ìàòåðèàëà âîçíèêàåò ïðè ïåðåìåùå-

íèè ïî íåìó âûñòóïîâ øåðîõîâàòîé ïîâåðõíîñòè

êîíòðîáðàçöà. Êàæäûé òàêîé âûñòóï, âíåäðÿÿñü
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Ðèñ. 1. Ïðèìåð êðèâûõ óñòàëîñòè, ïîëó÷åííûõ â øèðî-

êîì äèàïàçîíå ÷èñåë öèêëîâ íàãðóæåíèÿ N: 1 – 3 ñîîòâåò-

ñòâóþò ðåæèìàì ðàçðóøåíèÿ I, II, III

Fig. 1. Fatigue curves obtained in a wide range of loading

cycles N. Failure modes: 1 — type I (surface); 2 — type II

(surface); 3 — type III (internal)

Ðèñ. 2. Ôóíêöèè ðàñïðåäåëåíèÿ äîëãîâå÷íîñòåé ïðè

ïðîãðàììíîì íàãðóæåíèè äëÿ ýêñïîíåíöèàëüíîãî çàêîíà

ðàñïðåäåëåíèÿ: 1 – 4 — ó
à max

/ó
–1

ðàâíî 1,3; 1,2; 1,1; 1,05

ñîîòâåòñòâåííî

Fig. 2. Durability distribution functions for programmed

loading and exponential distribution: 1 — óà max/ó–1 = 1, 3;

2 — óà max/ó–1 = 1, 2; 3 — óà max/ó–1 = 1, 1; 4 — óà max/ó–1 =

= 1.05



â ïîâåðõíîñòü è äåôîðìèðóÿ åå ìàòåðèàë, ñîçäà-

åò â íåì çíàêîïåðåìåííîå ñëîæíîíàïðÿæåííîå

ñîñòîÿíèå. Îí ñæèìàåò ìàòåðèàë íåïîñðåäñòâåí-

íî ïåðåä ñîáîé, ðàñòÿãèâàåò åãî íà íåêîòîðîì

ðàññòîÿíèè âïåðåäè âûñòóïà íà ãðåáíå âîëíû äå-

ôîðìàöèè è çíà÷èòåëüíî ðàñòÿãèâàåò åãî â çîíå

ïîçàäè âûñòóïà çà ñ÷åò ñèëû òðåíèÿ. Òàêèì îáðà-

çîì, êàæäîå ñå÷åíèå èñòèðàåìîãî òåëà ïîñëåäî-

âàòåëüíî ïîäâåðãàåòñÿ ñæèìàþùèì è ðàñòÿ-

ãèâàþùèì íàïðÿæåíèÿì. Ðàçðóøåíèå ïîâåðõ-

íîñòåé ïðè òðåíèè ïðîèñõîäèò â óñëîâèÿõ ìíîãî-

öèêëîâîé (óïðóãèé êîíòàêò) è ìàëîöèêëîâîé

(ïëàñòè÷åñêèé êîíòàêò) óñòàëîñòè. Óñëîâèå îñó-

ùåñòâëåíèÿ ýòèõ âèäîâ ðàçðóøåíèÿ çàâèñèò îò

ñîîòíîøåíèÿ h/R — âûñîòû h è ðàäèóñà çàêðóã-

ëåíèÿ R íåðîâíîñòè íà øåðîõîâàòîé ïîâåðõ-

íîñòè êîíòðòåëà. Âî âñåõ ñëó÷àÿõ ðàçðóøåíèå ïî-

âåðõíîñòè ìåòàëëîâ îáóñëîâëåíî, ïðåæäå âñåãî,

èíòåíñèâíîñòüþ ïðîòåêàíèÿ ïëàñòè÷åñêîé äå-

ôîðìàöèè [8].

Ïðè òðåíèè ðàçëè÷íûå ñòàäèè óñòàëîñòíîãî

ïðîöåññà ïðîÿâëÿþòñÿ ÷åðåç çàâèñèìîñòü êîýô-

ôèöèåíòà òðåíèÿ îò íàãðóçêè, êîòîðàÿ õàðàêòå-

ðèçóåòñÿ äâóìÿ âåòâÿìè, ìåæäó êîòîðûìè ñóùå-

ñòâóåò ïåðåõîäíàÿ îáëàñòü îò îäíîãî âèäà ôðèê-

öèîííîãî êîíòàêòà ê äðóãîìó. Ñîãëàñíî [8], íèñ-

õîäÿùàÿ âåòâü õàðàêòåðèçóåò îáëàñòü óïðóãîãî

êîíòàêòà (ìíîãîöèêëîâàÿ óñòàëîñòü), à âîñõîäÿ-

ùàÿ — îáëàñòü ïëàñòè÷åñêîãî êîíòàêòà (ìàëî-

öèêëîâàÿ óñòàëîñòü).

Âñå ñòàäèè ðàçâèòèÿ â ìàòåðèàëå óñòàëîñò-

íûõ ïîâðåæäåíèé, âûçâàííûõ ïëàñòè÷åñêîé äå-

ôîðìàöèåé, ñîïðîâîæäàþòñÿ èçìåíåíèÿìè åãî

äèñëîêàöèîííîé ñòðóêòóðû, çà ýâîëþöèåé êîòî-

ðîé ìîæíî íàáëþäàòü, íàïðèìåð, ñ ïîìîùüþ ñî-

âðåìåííûõ äèôðàêöèîííûõ ìåòîäîâ ñòðóêòóðíî-

ãî àíàëèçà. Îäíîé èç ìåòîäèê, ïîçâîëÿþùèõ êîí-

òðîëèðîâàòü ýâîëþöèþ äèñëîêàöèîííîé ñòðóêòó-

ðû, ÿâëÿåòñÿ èçìåðåíèå ôèçè÷åñêîãî óøèðåíèÿ

ðåíòãåíîâñêèõ äèôðàêöèîííûõ ëèíèé. Àâòîðàì

ðàáîòû [9] íà îñíîâå èçìåðåíèé øèðèíû ðåíòãå-

íîâñêèõ ëèíèé â ìåòàëëè÷åñêèõ îáðàçöàõ, ïîä-

âåðãøèõñÿ òðèáîëîãè÷åñêèì èñïûòàíèÿì â óñëî-

âèÿõ öèêëè÷åñêîãî íàãðóæåíèÿ, óäàëîñü èçó÷èòü

îñîáåííîñòè íàêîïëåíèÿ ôðèêöèîííî-óñòàëîñò-

íûõ ïîâðåæäåíèé, ïðèâîäÿùèõ ê ïîâåðõíîñòíî-

ìó ðàçðóøåíèþ ïðè òðåíèè â óñëîâèÿõ ïëàñòè÷å-

ñêîãî êîíòàêòà, è ñîïîñòàâèòü èõ ñ íàáëþäàåìû-

ìè ïðè èñïûòàíèÿõ íà ìåõàíè÷åñêóþ óñòàëîñòü.

Òðèáîëîãè÷åñêèå èñïûòàíèÿ ïðîâîäèëè íà

ìîäåëè ôðèêöèîííîãî êîíòàêòà ïðè ñêîëüæåíèè

áåç ñìàçêè â îäíîì íàïðàâëåíèè áîêîâîé ïîâåðõ-

íîñòè öèëèíäðà èç ñòàëè ØÕ15 äèàìåòðîì 3 ìì

ïî ïëîñêîé ïîâåðõíîñòè îáðàçöà â èíòåðâàëå

êîíòàêòíûõ äàâëåíèé ós < ómax < HB. Íà ðèñ. 3

ïðåäñòàâëåíà çàâèñèìîñòü êîýôôèöèåíòà òðå-

íèÿ f îò ÷èñëà N âîçäåéñòâèé öèëèíäðè÷åñêîãî

èíäåíòîðà íà îáðàçåö èç ñòàëè 45, à íà ðèñ. 4 —

çàâèñèìîñòü øèðèíû äèôðàêöèîííîé ëèíèè

(220)á-Fe äëÿ èñïûòàííûõ îáðàçöîâ òîé æå ñòàëè

îò N.

Âèäíî (ñì. ðèñ. 3), ÷òî êîýôôèöèåíò òðåíèÿ â

óñëîâèÿõ ïåðèîäè÷åñêîãî ôðèêöèîííîãî âîçäåé-

ñòâèÿ íà ïîâåðõíîñòü ñòàëüíîãî îáðàçöà ìåíÿåò-

ñÿ íåìîíîòîííî. ×åðåç îïðåäåëåííîå ÷èñëî ïðî-

õîäîâ èíäåíòîðà âåëè÷èíà f âîçðàñòàåò, ïîñëå

÷åãî ñíèæàåòñÿ, çàòåì ïðîöåññ ñ îïðåäåëåííîé

ïåðèîäè÷íîñòüþ ïîâòîðÿåòñÿ. Ïîäîáíîå ïîâåäå-

íèå ìîæåò ñâèäåòåëüñòâîâàòü îá îïðåäåëåííûõ

òðèáîñòèìóëèðîâàííûõ ñòðóêòóðíûõ èçìåíåíè-

ÿõ â ïîâåðõíîñòíîì ñëîå â ïðîöåññå òðåíèÿ.

Õàðàêòåð ïðîèñõîäÿùèõ èçìåíåíèé ìîæåò

áûòü èñòîëêîâàí íà îñíîâå ïðåäñòàâëåíèé î äå-

ôåêòàõ êðèñòàëëè÷åñêîé ðåøåòêè, ñîçäàâàåìûõ

ïëàñòè÷åñêîé äåôîðìàöèåé. Ïðè âîçäåéñòâèè

êîíòðòåëà, âûïîëíÿþùåãî ðîëü èíäåíòîðà, íà

îáðàçåö â ïîâåðõíîñòíîì ñëîå ïîñëåäíåãî ïðîèñ-

õîäèò ïëàñòè÷åñêàÿ äåôîðìàöèÿ, â ðåçóëüòàòå
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Ðèñ. 3. Çàâèñèìîñòü êîýôôèöèåíòà òðåíèÿ f ñòàëè 45 îò

÷èñëà N âîçäåéñòâèé èíäåíòîðà ïðè íàãðóçêå 150 Í

Fig. 3. Dependence of friction coefficient f (steel 45) on the

number N of indenter passes at a normal load of 150 N
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Ðèñ. 4. Çàâèñèìîñòü øèðèíû B ëèíèè (220)
á-Fe

ñòàëè 45

îò ÷èñëà N âîçäåéñòâèé èíäåíòîðà ïðè íàãðóçêàõ 60 (1) è

300 Í (2)

Fig. 4. Dependence of (220)
á-Fe X-ray line broadening B

(steel 45) on the number of indenter passes N under two

loads: 1 — 60 and 2 — 300 N



êîòîðîé ïëîòíîñòü äåôåêòîâ óâåëè÷èâàåòñÿ, ÷òî

ôèêñèðóåòñÿ âîçðàñòàíèåì øèðèíû äèôðàêöè-

îííûõ ëèíèé. Ðîñò ïëîòíîñòè äèñëîêàöèé ïðèâî-

äèò ê ïîâûøåíèþ îòíîñèòåëüíîé óïðóãîé äåôîð-

ìàöèè ðåøåòêè íà íà÷àëüíîé ñòàäèè ïðîöåññà.

Ïëîòíîñòü äåôåêòîâ ïðè ïîâòîðÿþùåìñÿ íåîäíî-

êðàòíîì ìåõàíè÷åñêîì âîçäåéñòâèè óâåëè÷èâàåò-

ñÿ äî òåõ ïîð, ïîêà íå äîñòèãíåò íåêîòîðîé ïðå-

äåëüíîé âåëè÷èíû. Ïîñëåäóþùåå íàñûùåíèå ðå-

øåòêè äèñëîêàöèÿìè ïðèâîäèò ê íàðóøåíèþ

ñïëîøíîñòè ìåòàëëà, ñîïðîâîæäàåìîìó îáðàçî-

âàíèåì ìèêðîòðåùèí, â ðåçóëüòàòå ÷åãî äèñëîêà-

öèîííàÿ ïëîòíîñòü óìåíüøàåòñÿ. Ïðè ýòîì ñíè-

æàþòñÿ âåëè÷èíà óïðóãîé äåôîðìàöèè ðåøåòêè,

à òàêæå ñòåïåíü óøèðåíèÿ ðåíòãåíîâñêèõ ëèíèé

(ñì. ðèñ. 4). Â äàëüíåéøåì ïðîöåññ íàêîïëåíèÿ

äåôåêòîâ, äîñòèæåíèÿ ïðåäåëüíîãî çíà÷åíèÿ èõ

ïëîòíîñòè è ïîñëåäóþùåé ðåëàêñàöèè ïîâòîðÿ-

åòñÿ ìíîãîêðàòíî è â êîíöå êîíöîâ ðîñò ÷èñëà óñ-

òàëîñòíûõ ìèêðîòðåùèí ïðèâîäèò ê îáðàçîâà-

íèþ è îòäåëåíèþ ÷àñòèö èçíîñà. Â ýòîì ñëó÷àå

÷èñëî öèêëîâ äî ðàçðóøåíèÿ ìîæåò áûòü îïðåäå-

ëåíî êàê ñðåäíåå çíà÷åíèå ÷èñåë öèêëîâ, ÷åðåç

êîòîðûå óøèðåíèå ðåíòãåíîâñêèõ ëèíèé B (ñì.

ðèñ. 4) äîñòèãàåò ìèíèìàëüíûõ çíà÷åíèé. Èñïû-

òàíèÿ â èíòåðâàëå íàãðóçîê 60 – 300 Í ïîêàçàëè,

÷òî ñóùåñòâóåò îáðàòíî ïðîïîðöèîíàëüíàÿ çàâè-

ñèìîñòü ìåæäó ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ è

èíòåíñèâíîñòüþ èçíîñà [9].

Â óñëîâèÿõ ìàëîöèêëîâîé óñòàëîñòè ðàçðó-

øåíèå ïðàêòè÷åñêè âñåõ ïðîìûøëåííûõ ìåòàë-

ëîâ è ñïëàâîâ ìîæåò áûòü îïèñàíî óðàâíåíèåì

Êîôôèíà-Ìýíñîíà — ñòåïåííûì óðàâíåíèåì ñ

åäèíûì ïîêàçàòåëåì ñòåïåíè m = 0,5 [10]:

N0,5Äå = C, (2)

ãäå N — ÷èñëî öèêëîâ äî ðàçðóøåíèÿ; Äå — ðàç-

ìàõ ïëàñòè÷åñêîé äåôîðìàöèè; C — êîíñòàíòà.

Â áîëüøèíñòâå ñëó÷àåâ C = åèñò/2, ãäå åèñò — âåëè-

÷èíà èñòèííîé äåôîðìàöèè â øåéêå ïðè ñòà-

òè÷åñêîì ðàçðóøåíèè îáðàçöà. Íàïðèìåð, äëÿ

ñòàëè 45 êîíñòàíòà C, ïîëó÷åííàÿ ïðè èñïûòàíè-

ÿõ íà ðàñòÿæåíèå, ðàâíà 0,29, à óðàâíåíèå èìååò

âèä: N0,5Äå = 0,29 [9].

Ñâÿçü ìåæäó âåëè÷èíîé äåéñòâóþùåé äåôîð-

ìàöèè è ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ äëÿ òðå-

íèÿ ìîæíî óñòàíîâèòü, ñðàâíèâàÿ øèðèíû ðåíò-

ãåíîâñêèõ ëèíèé ñ ñîîòâåòñòâóþùèìè çíà÷åíèÿ-

ìè, ïîëó÷åííûìè ïðè ðàñòÿæåíèè. Ôàêòè÷åñêè

ýòî òà îñòàòî÷íàÿ äåôîðìàöèÿ ðàñòÿæåíèÿ, ïðè

êîòîðîé ïëîòíîñòü äèñëîêàöèé ðàâíà ïëîòíîñòè

äèñëîêàöèé â äàííûõ óñëîâèÿõ òðåíèÿ. Èñïîëü-

çîâàíèå åå äëÿ ñðàâíèòåëüíîãî àíàëèçà îáóñëîâ-

ëåíî ñóùåñòâîâàíèåì îïðåäåëåííîé ñâÿçè ìåæäó

âåëè÷èíîé ïëîòíîñòè äèñëîêàöèé è ñóììàðíîé

äåôîðìàöèåé.

Íà ðèñ. 5 â ëîãàðèôìè÷åñêèõ êîîðäèíàòàõ ïî

ðåçóëüòàòàì ðåíòãåíîâñêîãî ñòðóêòóðíîãî àíàëè-

çà ïðåäñòàâëåíà çàâèñèìîñòü ìåæäó îñòàòî÷íîé

äåôîðìàöèåé è ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ.

×èñëî öèêëîâ äî ðàçðóøåíèÿ ïðè òðåíèè îïðåäå-

ëÿëè ïî çàâèñèìîñòÿì ðèñ. 4 êàê ñðåäíåå (èç 12 –

20 çíà÷åíèé) ðàññòîÿíèå ìåæäó ìèíèìóìàìè øè-

ðèíû ëèíèè (220)á-Fe. Ðàçðóøåíèå â äàííîì ñëó-

÷àå ïðîèñõîäèëî ïðè íåáîëüøîì (åäèíèöû, äå-

ñÿòêè) ÷èñëå âîçäåéñòâèé èíäåíòîðà â óñëîâèÿõ

ìàëîöèêëîâîé óñòàëîñòè. Ïîëó÷åííîå óðàâíåíèå

äëÿ êðèâîé ôðèêöèîííîé óñòàëîñòè â îáû÷íûõ

êîîðäèíàòàõ èìååò âèä, àíàëîãè÷íûé óðàâíåíèþ

Êîôôèíà – Ìýíñîíà, N0,4åò = 0,06. Áëèçîñòü àíà-

ëèòè÷åñêèõ çàâèñèìîñòåé, îïèñûâàþùèõ ðàçðó-

øåíèå ïðè ìàëîöèêëîâîé è ôðèêöèîííîé óñòà-

ëîñòè, ïîäòâåðæäàåò îáùíîñòü ìåõàíèçìîâ, ïðè-

âîäÿùèõ ê ðàçðóøåíèþ, ó ðàññìàòðèâàåìûõ âè-

äîâ íàãðóæåíèÿ.

Êîýôôèöèåíò òðåíèÿ îòðàæàåò äåôîðìàöèþ

è ðàçðóøåíèå ïëîùàäè ôàêòè÷åñêîãî êîíòàêòà

êàê àíñàìáëÿ ïÿòåí êîíòàêòà è ÿâëÿåòñÿ êîì-

ïëåêñíîé õàðàêòåðèñòèêîé âñåõ ïðîöåññîâ, ñâÿ-

çàííûõ êàê ñ ôîðìèðîâàíèåì è èçìåíåíèåì ïî-

âåðõíîñòíûõ ñòðóêòóð, òàê è ñ èõ ðàçðóøåíèåì

(èçíàøèâàíèåì).

Â êà÷åñòâå ïðèìåðà íà ðèñ. 6 ïîêàçàíû ôðàã-

ìåíòû òèïè÷íûõ òðèáîãðàìì — çàâèñèìîñòåé

ñèëû èëè êîýôôèöèåíòà òðåíèÿ îò ïðîäîë-

æèòåëüíîñòè èñïûòàíèÿ (÷èñëà öèêëîâ) è íàãðóç-

êè, õàðàêòåðèçóþùèõ ôðèêöèîííî-óñòàëîñòíîå

ðàçðóøåíèå. Äàííûå òðèáîãðàììû ïîëó÷åíû àâ-

òîðàìè ðàáîòû [11] ïðè èññëåäîâàíèè êîíñòðóê-

öèîííûõ ìàòåðèàëîâ, èñïîëüçóåìûõ â òåïëî-

îáìåííîì îáîðóäîâàíèè, — òèòàíîâûõ ñïëàâîâ

(ÂÒ1-00, ÏÒ-7Ì) è êîððîçèîííîñòîéêèõ ñòàëåé

(08Õ18Í10Ò, ÕÍ35ÂÒ). Èñïûòàíèÿ ïðîâîäèëè

íà øàðèêîâîì òðèáîìåòðå ïðè òðåíèè áåç ñìàçêè

78 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 10

Ðèñ. 5. Ñâÿçü ìåæäó ÷èñëîì öèêëîâ äî ðàçðóøåíèÿ è

îñòàòî÷íîé äåôîðìàöèåé ñòàëè 45: 1 — â óñëîâèÿõ ìàëî-

öèêëîâîé óñòàëîñòè (ðàñ÷åò ïî (2) ïðè C = 0,29); 2 — ïðè

òðåíèè

Fig. 5. The “residual deformation — number of cycles to

failure” curves for: 1 — low cycle fatigue (calculated accord-

ing to equation (2) at C = 0.29); 2 — friction fatigue (steel

45)



â èíòåðâàëå íàãðóçîê 0,02 – 0,20 Í íà áàçå 6000

öèêëîâ.

Ïðè òðåíèè òèòàíîâûõ ñïëàâîâ ÏÒ-7Ì –

ÏÒ-7Ì è ÂÒ1-00 – ÏÒ-7Ì (â îäíîèìåííûõ ïà-

ðàõ) èçìåíåíèå êîýôôèöèåíòà òðåíèÿ íîñèò ïå-

ðèîäè÷åñêèé õàðàêòåð, àíàëîãè÷íûé ïîêàçàííî-

ìó íà ðèñ. 6, à è ã. Òàêîå ïîâåäåíèå ÿâëÿåòñÿ îò-

ðàæåíèåì óñòàëîñòíûõ ïðîöåññîâ â îáëàñòè ïëà-

ñòè÷åñêîãî êîíòàêòà (ìàëîöèêëîâàÿ óñòàëîñòü) è

ñâÿçàíî ñ ïåðèîäè÷åñêèì óïðî÷íåíèåì è ðàçðó-

øåíèåì ìàòåðèàëà. Ñëåäóåò îòìåòèòü, ÷òî âûÿâ-

ëåíèå ïåðèîäè÷åñêîãî èçìåíåíèÿ êîýôôèöèåíòà

òðåíèÿ âîçìîæíî òîëüêî íà îïðåäåëåííîé ñòàäèè

ïðîöåññà ôîðìèðîâàíèÿ è ðàçðóøåíèÿ ïîâåðõíî-

ñòíûõ ñòðóêòóð, êîãäà îòñóòñòâóåò âëèÿíèå ÷àñ-

òèö èçíàøèâàíèÿ.

Ìîìåíò íà÷àëà ðàçðóøåíèÿ ïàðû ÕÍ35ÂÒ –

ÕÍ35ÂÒ ôèêñèðóåòñÿ ïî âîçíèêíîâåíèþ ôëóê-

òóàöèé íà òðèáîãðàììå (ðèñ. 6, ä), à ïàðû

08Õ18Í10Ò – ÕÍ35ÂÒ — ïî ðåçêîìó óâåëè÷åíèþ

êîýôôèöèåíòà òðåíèÿ (ðèñ. 6, å), ÷òî òèïè÷íî

ïðè ðàçðóøåíèè â îáëàñòè óïðóãîãî êîíòàêòà

(ìíîãîöèêëîâîé óñòàëîñòè). Õàðàêòåð èçìåíåíèÿ

êîýôôèöèåíòà òðåíèÿ ïàðû òðåíèÿ ÕÍ35ÂÒ –

ÕÍ35ÂÒ, ïðåäïîëîæèòåëüíî, ñîîòâåòñòâóåò îá-

ëàñòè, ïåðåõîäíîé ìåæäó óïðóãèì è ïëàñòè÷å-

ñêèì êîíòàêòîì.

Êîëè÷åñòâåííàÿ îáðàáîòêà òðèáîãðàìì ïîçâî-

ëèëà ïîñòðîèòü ýêñïåðèìåíòàëüíûå êðèâûå

ôðèêöèîííîé óñòàëîñòè, õàðàêòåðèçóþùèå çàâè-

ñèìîñòü ìåæäó âåëè÷èíîé ïðèâåäåííûõ íàïðÿ-

æåíèé óå (äëÿ óïðóãîãî êîíòàêòà) èëè äåôîðìà-

öèé eå (äëÿ ïëàñòè÷åñêîãî êîíòàêòà) è ÷èñëîì

öèêëîâ äî ðàçðóøåíèÿ N. Äëÿ òèòàíîâûõ ñïëàâîâ

÷èñëî öèêëîâ äî ðàçðóøåíèÿ îïðåäåëÿëîñü ñðåä-

íèì ðàññòîÿíèåì ìåæäó ìèíèìàëüíûìè çíà÷å-

íèÿìè êîýôôèöèåíòà òðåíèÿ, êîòîðîå âû÷èñëÿ-

ëîñü ïðè ñòàòèñòè÷åñêîé îáðàáîòêå 5 – 20 çíà÷å-

íèé, à äëÿ êîððîçèîííîñòîéêîé ñòàëè — ìîìåí-

òîì íà÷àëà îñöèëëÿöèé êîýôôèöèåíòà òðåíèÿ

èëè ðåçêèì åãî óâåëè÷åíèåì. Ïðè ïîñòðîåíèè

êðèâûõ ýêâèâàëåíòíûå ìàêñèìàëüíûå íàïðÿ-

æåíèÿ, äåéñòâóþùèå â ïîâåðõíîñòíîì ñëîå, ðàñ-

ñ÷èòûâàëèñü ñ ó÷åòîì ñðåäíèõ çíà÷åíèé êîýô-

ôèöèåíòà òðåíèÿ ïî òðåòüåé ãèïîòåçå ïðî÷íîñòè:

� �max
( )

max
3 21 4� � f [4], ãäå ómax ñîîòâåòñòâóåò

ìàêñèìàëüíîìó êîíòàêòíîìó äàâëåíèþ, ðàññ÷è-

òàííîìó ïî Ãåðöó, áåç ó÷åòà ñèë òðåíèÿ. Ïðè ïî-

ñòðîåíèè êðèâûõ ôðèêöèîííîé óñòàëîñòè äëÿ òè-

òàíîâûõ ñïëàâîâ áûëî èñïîëüçîâàíî ïðåäïîëî-

æåíèå î ïðîïîðöèîíàëüíîñòè ìåæäó íàïðÿæåíè-

åì è äåôîðìàöèåé.

Ïåðèîäè÷åñêèé õàðàêòåð èçìåíåíèÿ êîýô-

ôèöèåíòà òðåíèÿ â ñî÷åòàíèè ñî çíà÷åíèÿìè ïî-

êàçàòåëåé ñòåïåíè â óðàâíåíèè ôðèêöèîííîé

óñòàëîñòè äëÿ òèòàíîâûõ ñïëàâîâ ñâèäåòåëü-

ñòâóåò î òîì, ÷òî ïðîöåññ ôðèêöèîííîé óñòàëîñòè

ðàçâèâàåòñÿ â îáëàñòè óïðóãîïëàñòè÷åñêîãî êîí-

òàêòà. Ïðè òðåíèè îáåèõ ïàð èç êîððîçèîííî-

ñòîéêîé ñòàëè ôèêñèðóåòñÿ òîëüêî óñòàëîñòíûé

ìåõàíèçì èçíàøèâàíèÿ ïðè óïðóãîì êîíòàêòå

(ìíîãîöèêëîâàÿ óñòàëîñòü), ïîýòîìó äëÿ ïðåäâà-

ðèòåëüíîé îöåíêè èõ äîëãîâå÷íîñòè ìîæíî èñ-

ïîëüçîâàòü ñóùåñòâóþùèå ðàñ÷åòíûå ìåòîäèêè

îöåíêè èçíîñîñòîéêîñòè, îñíîâàííûå íà ýòîì

ìåõàíèçìå.

Ïðè èñïûòàíèÿõ ïàðû 08Õ18Í10Ò – ÕÍ35ÂÒ

ìîìåíò ðàçðóøåíèÿ çàôèêñèðîâàí òîëüêî ïðè

äâóõ íàãðóçêàõ. Ýòèõ äàííûõ îêàçàëîñü íåäî-

ñòàòî÷íî äëÿ ïîñòðîåíèÿ êðèâîé ôðèêöèîííîé

óñòàëîñòè. Äëÿ îñòàëüíûõ ïàð òðåíèÿ êðèâûå

ôðèêöèîííîé óñòàëîñòè ïðèâåäåíû íà ðèñ. 7.

Âèäíî, ÷òî íàèëó÷øèå óñòàëîñòíûå õàðàêòåðè-

ñòèêè èìååò ñòàëü ÕÍ35ÂÒ. Òèòàíîâûå ñïëàâû

çíà÷èòåëüíî óñòóïàþò åé ïî ýòèì ïîêàçàòåëÿì,

èõ óñòàëîñòíûå õàðàêòåðèñòèêè áëèçêè, íî ó

ñïëàâà ÏÒ-7Ì çà ñ÷åò ëåãèðîâàíèÿ (1,8 – 2,5 % Al

è 2,0 – 3,0 % Zr) îíè íåìíîãî ëó÷øå, ÷åì ó ÂÒ1-00

(òåõíè÷åñêèé òèòàí). Ñîîòâåòñòâåííî, ìàêñè-

ìàëüíûé èçíîñ ôèêñèðóåòñÿ ó ñïëàâà ÂÒ1-00.

Ó ñòàëè ÕÍ35ÂÒ íà âûáðàííîé áàçå èñïûòàíèé

ñëåäîâ ÷àñòèö èçíàøèâàíèÿ íå îáíàðóæåíî [12].
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Ðèñ. 6. Òèïè÷íûå òðèáîãðàììû ôðèêöèîííî-óñòàëîñòíîãî ðàçðóøåíèÿ ìåòàëëè÷åñêèõ ìàòåðèàëîâ, ïîëó÷åííûå ïðè èñ-

ïûòàíèÿõ ïàð òðåíèÿ: 1 — ÏÒ-7Ì – ÏÒ-7Ì ïðè íàãðóçêàõ 0,02 (à) è 0,2 Í (ã); 2 — ÕÍ35ÂÒ – ÕÍ35ÂÒ ïðè 0,1 (á) è 0,5 Í

(ä); 3 — 08Õ18Í10Ò – ÕÍ35ÂÒ ïðè 0,02 (â) è 0,3 Í (å)

Fig. 6. Typical tribograms of the friction-fatigue failure of metallic materials obtained in pin-on-disk tests of friction couples:

1 — PT-7M vs PT-7M titanium alloy (at normal loads equal to 0.02 (a) and 0.2 N (d)); 2 — KhN35VT vs KhN35VT steel (at 0.1

(b) and 0.5 N (e)) and 3 — 08Kh18N10T vs KhN35VT steel (at 0.02 (c) and 0.3 N (f))



Ïîêàçàòåëè ñòåïåíè m â óðàâíåíèÿõ òèïà Êîô-

ôèíà – Ìýíñîíà N m
�max

( )3 = C, îïèñûâàþùèõ

ïðèâåäåííûå êðèâûå ôðèêöèîííîé óñòàëîñòè

ñïëàâîâ ÂÒ1-00, ÏÒ-7Ì è ÕÍ35ÂÒ, çíà÷èòåëüíî

îòëè÷àëèñü äðóã îò äðóãà è áûëè ðàâíû 0,83, 0,63

è 0,31 ñîîòâåòñòâåííî.

Â ýòîé ñâÿçè îòìåòèì, ÷òî â ëèòåðàòóðå íåò

îáùåïðèíÿòîãî ìíåíèÿ î âîçìîæíîì èíòåðâàëå

çíà÷åíèé ïîêàçàòåëÿ m, õàðàêòåðèçóþùåãî íà-

êëîí ýêñïåðèìåíòàëüíîé êðèâîé ìåõàíè÷åñêîé

èëè ôðèêöèîííîé óñòàëîñòè. Â ñëó÷àå êðèâûõ

ôðèêöèîííîé óñòàëîñòè ýòà âåëè÷èíà ìîæåò ñî-

äåðæàòü îïîñðåäîâàííóþ èíôîðìàöèþ íå òîëüêî

î ìèêðîìåõàíè÷åñêîì ïîâåäåíèè è ïëàñòè÷íîñòè

êîíòàêòèðóþùèõ ïîâåðõíîñòåé, íî è îá îñîáåí-

íîñòÿõ ôîðìèðóþùèõñÿ âòîðè÷íûõ ñòðóêòóð è

òðèáîõèìè÷åñêîì âçàèìîäåéñòâèè.

Ê îöåíêå âåðîÿòíîñòè

èçíîñîóñòàëîñòíûõ îòêàçîâ

Óñòàëîñòíûé õàðàêòåð íàêîïëåíèÿ ïîâðåæäå-

íèé è èçìåíåíèÿ êîýôôèöèåíòà òðåíèÿ, çàôèê-

ñèðîâàííûé ïðè èñïûòàíèè íà ìîäåëÿõ ôðèêöè-

îííîãî êîíòàêòà, ïîäòâåðæäàþò ýêñïåðèìåíòàëü-

íî ïîëó÷åííûå â ðàáîòå [12] êðèâûå ôðèêöèîí-

íîé óñòàëîñòè øååê êîëåí÷àòîãî âàëà ÇÌÇ-53 íà

áàçå 108 – 109 öèêëîâ íàãðóæåíèÿ, ïðèâåäåííûå

íà ðèñ. 8 â êîîðäèíàòàõ óäåëüíàÿ êîíòàêòíàÿ íà-

ãðóçêà — ÷èñëî öèêëîâ äî íàñòóïëåíèÿ ïðåäåëü-

íîãî ñîñòîÿíèÿ âêëàäûøà.

Èñïûòàíèÿ ïîêàçàëè, ÷òî èçíàøèâàíèå ïî

ïåðèìåòðó îïàñíîãî ñå÷åíèÿ ïðîèñõîäèò íåðàâ-

íîìåðíî. Ïðè ýòîì íàèáîëüøàÿ íåðàâíîìåðíîñòü

íàáëþäàåòñÿ íà íà÷àëüíîì ýòàïå, óìåíüøàÿñü ñ

ðîñòîì ÷èñëà öèêëîâ.

Òàêèì îáðàçîì, â çîíå ôðèêöèîííîãî êîíòàê-

òà ýëåìåíòîâ òðèáîñîïðÿæåíèé ïðè èõ äèíàìè÷å-

ñêîì íàãðóæåíèè ïðîèñõîäèò íàêîïëåíèå ïîâðå-

æäåíèé, ñîîòâåòñòâóþùåå ìàëîöèêëîâîé è ìíî-

ãîöèêëîâîé óñòàëîñòè. Â íàèáîëåå ðàñïðîñòðà-

íåííîì è ïðàêòè÷åñêè âàæíîì ñëó÷àå, ñ ó÷åòîì

ïðîöåññîâ, ïðîèñõîäÿùèõ ïðè òðåíèè, ñóììàðíîå

ïîâðåæäåíèå

D = DN + De + Dè, (3)

ãäå DN îòðàæàåò íàêîïëåíèå ïîâðåæäåíèé ïðè

äèíàìè÷åñêîì íàãðóæåíèè è óïðóãîì äåôîðìè-

ðîâàíèè, ñîîòâåòñòâóþùåå ìíîãîöèêëîâîé óñòà-

ëîñòè; De — íàêîïëåíèå ïîâðåæäåíèé ïðè óïðó-

ãîïëàñòè÷åñêèõ äåôîðìàöèÿõ (ìàëîöèêëîâàÿ óñ-

òàëîñòü); Dè — íàêîïëåíèå èçíîñîóñòàëîñòíûõ

ïîâðåæäåíèé ïðè òðåíèè. Êðèòåðèé (3) ïðåäëî-

æåí àâòîðàìè ðàáîòû [13], â êîòîðîé ïðèâåäåí

àëãîðèòì èñïîëüçîâàíèÿ äàííîãî êðèòåðèÿ è

äàíà îöåíêà âëèÿíèÿ óâåëè÷åíèÿ çàçîðîâ â óçëàõ

òðåíèÿ íà äîëãîâå÷íîñòü äåòàëåé ìàøèí.

Îöåíêà íàêîïëåíèÿ ïîâðåæäåíèé â îáëàñòè

ìàëîöèêëîâîé è ìíîãîöèêëîâîé óñòàëîñòè (êðè-

òåðèè DN è De ñîîòâåòñòâåííî) ïîäðîáíî ðàññìîò-

ðåíà â ðàáîòå [14]. Óñëîâèåì ïðî÷íîñòè ÿâëÿåòñÿ

íåðàâåíñòâî D � 1, ãäå D — íàêîïëåííîå óñòàëî-

ñòíîå ïîâðåæäåíèå.

Âåëè÷èíû DN, De, Dè ïðè ýêñïëóàòàöèè íà

ðàçëè÷íûõ ðåæèìàõ îïðåäåëÿþò íà îñíîâàíèè

ëèíåéíîãî ñóììèðîâàíèÿ ïîâðåæäåíèé:

D N N
i i

i

k

�

�

� ý
[ ] ,

1

ãäå k — ÷èñëî ðåæèìîâ íàãðóæåíèÿ; Niý — ÷èñëî

öèêëîâ íàãðóæåíèÿ íà i-ì ðåæèìå ýêñïëóàòàöèè

ñ íàïðÿæåíèåì óàiý èëè ñ äåôîðìàöèÿìè åàiý;

[N]i — äîïóñòèìîå ÷èñëî öèêëîâ íàãðóæåíèÿ, îï-
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Ðèñ. 7. Êðèâûå ôðèêöèîííîé óñòàëîñòè äëÿ ïàð òðåíèÿ

ÏÒ-7Ì – ÏÒ-7Ì (1), ÕÍ35ÂÒ – ÕÍ35ÂÒ (2) è ÂÒ1-00 –

ÏÒ-7Ì (3), ïîëó÷åííûå ïðè èñïûòàíèÿõ íà òðåíèå áåç

ñìàçêè [11]

Fig. 7. Friction fatigue curves for two friction couples of

similar materials PT-7M (1) and KhN35VT (2), and a pair of

dissimilar titanium alloys — VT1 – 00 vs PT-7M (3) ob-

tained in dry friction tests (according to [11])

ó
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,
Ì
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à

Ðèñ. 8. Êðèâûå ôðèêöèîííîé óñòàëîñòè äëÿ êîðåííûõ

(1) è øàòóííûõ (2) øååê êîëåí÷àòîãî âàëà ÇÌÇ-53, ïîëó-

÷åííûå â ïðåäïîëîæåíèè ðàâíîìåðíîñòè èçíîñà (à) è ñ

ó÷åòîì íåðàâíîìåðíîñòè èçíîñà (á) [12]

Fig. 8. Friction fatigue curves for: 1 — core; 2 — connect-

ing rod necks of a ZMZ-53 crankshaft obtained under the as-

sumption of: a — uniformity of wear; b — taking into ac-

count an uneven wear (according to [12])



ðåäåëÿåìîå ïî êðèâûì óñòàëîñòè ïî íàïðÿæåíè-

ÿì èëè äåôîðìàöèÿì.

Â ðàáîòå [15] íàêîïëåííîå ïîâðåæäåíèå ïðåä-

ëàãàåòñÿ îöåíèâàòü êàê

D
N

N

e

e

I l

H
ft

N

f

h

L

i

f f

� � �
� � �

d d d

0 0

0

, (4)

ãäå N — ÷èñëî öèêëîâ íàãðóæåíèÿ; N f
i

— ÷èñëî

öèêëîâ, îïðåäåëÿåìîå ïðè çàäàííîì íàãðóæåíèè

â ñîîòâåòñòâèè ñ êðèâîé óñòàëîñòè (1); Nf — ÷èñ-

ëî öèêëîâ äî ðàçðóøåíèÿ (ïîÿâëåíèÿ òðåùèíû);

e — äåôîðìàöèÿ, îäíîñòîðîííå íàêîïëåííàÿ â

ïðîöåññå ñòàòè÷åñêîãî è öèêëè÷åñêîãî íàãðóæå-

íèé; ef — îäíîñòîðîííå íàêîïëåííàÿ äåôîðìà-

öèÿ, ïðèâîäÿùàÿ ê ðàçðóøåíèþ (îáðàçîâàíèþ

òðåùèíû); åf — ðàñïîëàãàåìàÿ ïëàñòè÷íîñòü (äå-

ôîðìàöèîííàÿ ñïîñîáíîñòü) ìàòåðèàëà; Ih — èí-

òåíñèâíîñòü èçíîñà; L — îáùèé ïóòü òðåíèÿ, íà

êîòîðîì èçíîñ äîñòèãàåò ïðåäåëüíî äîïóñòèìîé

íàçíà÷åííîé âåëè÷èíû èçíîñà H è ïðîòÿæåí-

íîñòü êîòîðîãî ïðîïîðöèîíàëüíà îáùåìó êîëè÷å-

ñòâó öèêëîâ íàãðóæåíèÿ.

Äàííûé ïîäõîä èñïîëüçîâàí äëÿ îöåíêè âå-

ðîÿòíîñòè ðàçðóøåíèÿ øàòóíà îïïîçèòíîãî êîì-

ïðåññîðà [16]. Îïïîçèòíûé êîìïðåññîð — ãîðè-

çîíòàëüíàÿ ìàøèíà ñî âñòðå÷íûì äâèæåíèåì

ïîðøíåé è ðàñïîëîæåíèåì öèëèíäðîâ ïî îáå ñòî-

ðîíû âàëà. Îòëè÷àåòñÿ âûñîêîé äèíàìè÷åñêîé

óðàâíîâåøåííîñòüþ, ÷òî ïîçâîëÿåò óâåëè÷èòü

÷àñòîòó âðàùåíèÿ ïðèâîäíîãî âàëà â 2 – 3 ðàçà

ïî ñðàâíåíèþ ñ îáû÷íûì ãîðèçîíòàëüíûì êîì-

ïðåññîðîì. Óâåëè÷åíèå äèíàìè÷åñêèõ íàãðóçîê

çà ñ÷åò èçíîñà â ýòîé ðàáîòå áûëî ó÷òåíî ÷åðåç

âåëè÷èíó ïðåäåëüíîãî êîýôôèöèåíòà íàãðóæåí-

íîñòè np = óà max/ó–1, îïðåäåëÿåìîãî êàê îòíîøå-

íèå ìàêñèìàëüíîé àìïëèòóäû â áëîêå íàãðóæå-

íèÿ ê ïðåäåëó âûíîñëèâîñòè. Çíà÷åíèå np ñ óâå-

ëè÷åíèåì ñðîêà ñëóæáû äåòàëè, à ñëåäîâàòåëüíî,

è åå èçíîñà áóäåò âîçðàñòàòü, ÷òî â ñâîþ î÷åðåäü

äîëæíî ïðèâîäèòü ê ïîâûøåíèþ äèíàìè÷åñêèõ

íàãðóçîê. Ðàñ÷åò ïî èçëîæåííîìó ìåòîäó ïîçâî-

ëèë îöåíèòü çàâèñèìîñòü âåðîÿòíîñòè ðàçðóøå-

íèÿ øàòóíà îïïîçèòíîãî êîìïðåññîðà îò âåëè÷è-

íû çàçîðà, ïðåäåëüíîãî êîýôôèöèåíòà íàãðóæåí-

íîñòè è âåëè÷èíû ïîðøíåâûõ ñèë. Ðåçóëüòàòû

ðàñ÷åòà ïðåäñòàâëåíû â òàáëèöå.

Ïðîâåäåííàÿ îöåíêà ïîêàçàëà, ÷òî äàæå ìà-

ëàÿ íàãðóçêà, âîçíèêàþùàÿ â ïðîöåññå òðåíèÿ,

öèêëè÷åñêè äåéñòâóþùàÿ íà ïîâåðõíîñòü è âû-

çûâàþùàÿ â ïîâåðõíîñòíîì ñëîå ñæèìàþùèå è

ðàñòÿãèâàþùèå íàïðÿæåíèÿ, ïðèâîäèò ê äîïîë-

íèòåëüíîìó íàêîïëåíèþ óñòàëîñòíûõ ïîâðåæäå-

íèé.

Çàêëþ÷åíèå

Óñòàíîâëåíî, ÷òî ôðèêöèîííàÿ óñòàëîñòü,

âîçíèêàþùàÿ ïðè ýêñïëóàòàöèè ìåõàíè÷åñêèõ

ñèñòåì, ñóùåñòâåííî âëèÿåò íà íàêîïëåíèå ïî-

âðåæäåíèé è, ñëåäîâàòåëüíî, íà âåðîÿòíîñòü ýêñ-

ïëóàòàöèîííûõ îòêàçîâ.

Ïðè äèíàìè÷åñêîì íàãðóæåíèè â çîíå ôðèê-

öèîííîãî êîíòàêòà ýëåìåíòîâ òðèáîñîïðÿæåíèé

êîíêðåòíûõ òèïîâ (íàïðèìåð, äåòàëåé êîëåí÷à-

òîãî âàëà) íàêîïëåíèå ïîâðåæäåíèé ðåàëèçóåòñÿ

ïî òèïó ìàëîöèêëîâîé è/èëè ìíîãîöèêëîâîé óñ-

òàëîñòè, ÷òî ïîäòâåðæäàåò äàííûå, ïîëó÷åííûå

ïðè òðèáîëîãè÷åñêèõ ëàáîðàòîðíûõ èñïûòàíèÿõ

íà ìîäåëÿõ ôðèêöèîííîãî êîíòàêòà.

Ïîêàçàíî, ïðè ÷òî îöåíêå âåðîÿòíîñòè ðàç-

ðóøåíèÿ ýëåìåíòîâ ñëîæíûõ ìåõàíè÷åñêèõ ñèñ-

òåì íåîáõîäèìî ó÷èòûâàòü âëèÿíèå èçíîñîóñòà-

ëîñòíûõ ïîâðåæäåíèé, âîçíèêàþùèõ â ïðîöåññå

ýêñïëóàòàöèè. Ïðèâåäåííûé ïðèìåð îïðåäåëå-

íèÿ çàâèñèìîñòè âåðîÿòíîñòè ðàçðóøåíèÿ øàòó-

íà îïïîçèòíîãî êîìïðåññîðà îò âåëè÷èíû çàçî-

ðîâ, óâåëè÷èâàþùèõñÿ â ðåçóëüòàòå èçíîñà, ïîä-

òâåðäèë ïðàâîìåðíîñòü èñïîëüçîâàíèÿ äàííîãî

ïîäõîäà.
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Çàâèñèìîñòü âåðîÿòíîñòè ðàçðóøåíèÿ P øàòóíà îïïîçèòíîãî êîìïðåññîðà îò âåëè÷èíû çàçîðà Ä, ïðåäåëüíîãî êîýôôèöè-

åíòà íàãðóæåííîñòè n
p

è âåëè÷èíû ïîðøíåâûõ ñèë F

Dependences of the failure probability P for connecting rod of the opposing compressor on the gap size Ä, the maximum load

factor np and the magnitude of the piston forces F

Íàãðóçêà F, êÍ Çàçîð â ñîïðÿæåíèè Ä, ìì ó
à
, ÌÏà n

p
Âåðîÿòíîñòü ðàçðóøåíèÿ P, %

180 0,05 40,0 2,10 0,001

0,10 45,5 1,85 0,002

0,15 50,7 1,66 0,020

250 0,05 53,3 1,58 0,074

0,10 60,0 1,40 0,991

0,15 66,5 1,26 3,363

300 0,05 63,0 1,33 2,400

0,10 72,0 1,17 14,000

0,15 78,5 1,07 31,600



Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè ó íèõ êîí-

ôëèêòà èíòåðåñîâ.
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ÂËÀÄÈÌÈÐ ÂÈÊÒÎÐÎÂÈ× ÌÎÑÊÂÈ×ÅÂ

(ê 70-ëåòèþ ñî äíÿ ðîæäåíèÿ)

VLADIMIR VIKTOROVICH MOSKVICHEV

(to the 70th birthday)

18 îêòÿáðÿ 2023 ãîäà èñïîëíèëîñü 70 ëåò ÷ëå-

íó ñåêöèè «Ìåõàíèêà ìàòåðèàëîâ: ïðî÷íîñòü, ðå-

ñóðñ, áåçîïàñíîñòü» ðåäàêöèîííîé êîëëåãèè æóð-

íàëà «Çàâîäñêàÿ ëàáîðàòîðèÿ. Äèàãíîñòèêà ìàòå-

ðèàëîâ», äèðåêòîðó Êðàñíîÿðñêîãî ôèëèàëà Ôå-

äåðàëüíîãî èññëåäîâàòåëüñêîãî öåíòðà èíôîðìà-

öèîííûõ è âû÷èñëèòåëüíûõ òåõíîëîãèé, äîêòîðó

òåõíè÷åñêèõ íàóê, ïðîôåññîðó, çàñëóæåííîìó

äåÿòåëþ íàóêè ÐÔ Âëàäèìèðó Âèêòîðîâè÷ó

Ìîñêâè÷åâó.

Â. Â. Ìîñêâè÷åâ — èçâåñòíûé ñïåöèàëèñò â

îáëàñòè ìàøèíîñòðîåíèÿ è ìàøèíîâåäåíèÿ, ìå-

õàíèêè äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ ìàòåðèà-

ëîâ, êîíñòðóêöèîííîé ïðî÷íîñòè, íàäåæíîñòè è

áåçîïàñíîñòè ñëîæíûõ òåõíè÷åñêèõ ñèñòåì, ïðè-

ðîäíî-òåõíîãåííîé áåçîïàñíîñòè íàñåëåíèÿ, îáú-

åêòîâ ýêîíîìèêè è îêðóæàþùåé ñðåäû. Àâòîð è

ñîàâòîð áîëåå 550 íàó÷íûõ, íàó÷íî-òåõíè÷åñêèõ

è ó÷åáíî-ìåòîäè÷åñêèõ ðàáîò, â òîì ÷èñëå 43 ìî-

íîãðàôèé, áîëåå 260 ñòàòåé, 20 íîðìàòèâíî-òåõ-

íè÷åñêèõ äîêóìåíòîâ, 4 ïàòåíòîâ.

Íàèáîëåå çíà÷èòåëüíûå íàó÷íûå ðåçóëüòàòû

ïîëó÷åíû Â. Â. Ìîñêâè÷åâûì â ñëåäóþùèõ íà-

ïðàâëåíèÿõ: êîìïëåêñíûå èññëåäîâàíèÿ ñòðóêòó-

ðû, õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ è òðå-

ùèíîñòîéêîñòè êîíñòðóêöèîííûõ ìàòåðèàëîâ

ïðè ðàçëè÷íûõ âèäàõ íàãðóæåíèÿ; ðàçðàáîòêà

ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíûõ ìåòîäîâ ìåõà-

íèêè äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ; ðåøåíèå

çàäà÷ ðåñóðñíîãî ïðîåêòèðîâàíèÿ ìàøèí è êîí-

ñòðóêöèé íà áàçå âåðîÿòíîñòíûõ ìîäåëåé è ìåòî-

äîâ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ; ðàçðàáîòêà è

îáîñíîâàíèå ìåòîäîâ îöåíêè îñòàòî÷íîãî ðåñóðñà

êîíñòðóêöèé, ìàøèí è îáîðóäîâàíèÿ ñ òåõíîëî-

ãè÷åñêèìè è ýêñïëóàòàöèîííûìè ïîâðåæäåíèÿ-

ìè; èññëåäîâàíèå ïðîáëåì áåçîïàñíîñòè íàñåëå-

íèÿ, îáúåêòîâ ýêîíîìèêè ñ ó÷åòîì ðèñêà âîçíèê-

íîâåíèÿ ïðèðîäíûõ è òåõíîãåííûõ êàòàñòðîô.

Âûïîëíåí öèêë èññëåäîâàíèé ïî ìîäåëèðîâàíèþ

àíòðîïîãåííûõ âîçäåéñòâèé è îöåíêå òåððèòîðè-

àëüíûõ ðèñêîâ ðåãèîíîâ Ñèáèðè.

Ðåçóëüòàòû íàó÷íûõ ðàçðàáîòîê âíåäðåíû â

ïðàêòèêó ïðè ñîçäàíèè ñëîæíûõ òåõíè÷åñêèõ

ñèñòåì äëÿ ðàáîòû â ñóðîâûõ êëèìàòè÷åñêèõ

óñëîâèÿõ Ñèáèðè è Àðêòèêè, óíèêàëüíûõ êðà-

íîâûõ êîíñòðóêöèé â ÀÎ «Ñèáòÿæìàø», ãîðíî-

äîáûâàþùåé òåõíèêè â ÀÎ «Êðàñýíåðãîìàø»,

íåñóùèõ êîíñòðóêöèé êîñìè÷åñêîé òåõíèêè â

ÀÎ «Èíôîðìàöèîííûå ñïóòíèêîâûå ñèñòåìû»

èì. Ì. Ô. Ðåøåòíåâà», â ÔÃÓÏ «ÊÁÎÌ èì.

Â. Ï. Áàðìèíà», ÀÎ «Êðàñìàø».

Ìîñêâè÷åâ Â. Â. ïðèíèìàë ó÷àñòèå â ðàáîòàõ

ïî îöåíêå îñòàòî÷íîãî ðåñóðñà ðàêåòíî-êîñìè÷å-

ñêîãî ñòàðòîâîãî êîìïëåêñà «Áàéêîíóð» (2003 –

2007 ãã.), ïî ðàñ÷åòíî-ýêñïåðèìåíòàëüíîìó àíà-

ëèçó ïðè÷èí àâàðèè ãèäðîàãðåãàòà íà Ñàÿíî-

Øóøåíñêîé ÃÝÑ (2009 – 2010 ãã.), òåõíè÷åñêîãî

ñîñòîÿíèÿ ãèäðîàãðåãàòîâ Êðàñíîÿðñêîé ÃÝÑ

(2014 – 2020 ãã.). Â 2014 – 2022 ãã. âûïîëíÿë

öèêë ðàáîò ïî îáîñíîâàíèþ ïðî÷íîñòè è ðåñóðñà

êðèòè÷åñêèõ ýëåìåíòîâ äâèãàòåëüíûõ óñòàíîâîê

êîñìè÷åñêèõ àïïàðàòîâ íà ïëàòôîðìå «Ýêñïðåññ

1000», êîìïîçèòíûõ êîíñòðóêöèé ðåôëåêòîðîâ

íàçåìíîãî è êîñìè÷åñêîãî áàçèðîâàíèÿ ïðîèçâîä-
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ñòâà ÀÎ «Èíôîðìàöèîííûå ñïóòíèêîâûå ñèñòå-

ìû» èìåíè àêàäåìèêà Ì. Ô. Ðåøåòíåâà.

Â ïåðèîä 1995 – 1999 ãã. ÿâëÿëñÿ ó÷àñòíèêîì

Ðîññèéñêî-Àìåðèêàíñêîãî ïðîåêòà ñîòðóäíè÷å-

ñòâà ìåæäó Ðîññèéñêîé àêàäåìèåé íàóê è Àìåðè-

êàíñêèì îáùåñòâîì èíæåíåðîâ-ìåõàíèêîâ «Ëè-

äåðû è ïðîôåññèîíàëû Ðîññèè è ÑØÀ â îáëàñòè

çàùèòû îêðóæàþùåé ñðåäû è áåçîïàñíîñòè òåõ-

íè÷åñêèõ ñèñòåì». Ëàóðåàò òðåòüåé (2020 ã.) è

âòîðîé (2021 ã.) ïðåìèé Ìåæäóíàðîäíîãî êîíêóð-

ñà ðàçðàáîòîê, íàïðàâëåííûõ íà ðàçâèòèå Àðêòè-

êè è êîíòèíåíòàëüíîãî øåëüôà, ëàóðåàò ïðåìèè

Åâðîïåéñêîãî îáùåñòâà öåëîñòíîñòè êîíñòðóê-

öèé (2019 ã.).

Ïðîôåññîð Â. Â. Ìîñêâè÷åâ àêòèâíî ó÷àñòâó-

åò â ïîäãîòîâêå íàó÷íûõ è èíæåíåðíûõ êàäðîâ â

ÑÔÓ. Áîëåå 20 ëåò âîçãëàâëÿë áàçîâóþ êàôåäðó

«Äèàãíîñòèêà è áåçîïàñíîñòü òåõíè÷åñêèõ ñèñ-

òåì», ÿâëÿåòñÿ ÷ëåíîì äèññåðòàöèîííîãî ñîâåòà

ïðè ÑÔÓ. Ñðåäè ó÷åíèêîâ Â. Â. Ìîñêâè÷åâà 17

êàíäèäàòîâ è ÷åòûðå äîêòîðà òåõíè÷åñêèõ íàóê.

Â íàñòîÿùåå âðåìÿ â àñïèðàíòóðå îáó÷àåòñÿ äâà

÷åëîâåêà è â äîêòîðàíòóðå — äâà ÷åëîâåêà.

Â 1970 – 1980 ãã. Â. Â. Ìîñêâè÷åâ àêòèâíî

ðàáîòàë â Íàó÷íî-ìåòîäè÷åñêîé êîìèññèè Ãîñ-

ñòàíäàðòà ÑÑÑÐ ïî ìåõàíèêå ðàçðóøåíèÿ, âõî-

äèë â ñîñòàâ ñåêöèè «Ïðî÷íîñòü êðóïíîãàáàðèò-

íûõ êîíñòðóêöèé» Íàó÷íîãî ñîâåòà ÃÊÍÒ ÑÑÑÐ

«Êîíñòðóêöèîííàÿ ïðî÷íîñòü è ðàçðóøåíèå».

Â ïåðèîä 1990 – 2000 ãã. ÿâëÿëñÿ ÷ëåíîì Îáúåäè-

íåííîãî ó÷åíîãî ñîâåòà ïî ýíåðãåòèêå, ìàøèíî-

ñòðîåíèþ, ìåõàíèêå è ïðîöåññîâ óïðàâëåíèÿ ÑÎ

ÐÀÍ, Ýêñïåðòíîé êîìèññèè Ðàáî÷åé ãðóïïû ïðè

Ïðåçèäåíòå ÐÀÍ «Ðèñê è áåçîïàñíîñòü», Íàó÷-

íûõ ñîâåòîâ ÐÀÍ ïî êîìïëåêñíîé ïðîáëåìå «Ìà-

øèíîñòðîåíèå» è ïðîáëåìå «Íàäåæíîñòü, ðåñóðñ

è áåçîïàñíîñòü òåõíè÷åñêèõ ñèñòåì». Â íàñòîÿ-

ùåå âðåìÿ — ÷ëåí Êîìèññèè ÐÀÍ ïî òåõíîãåí-

íîé áåçîïàñíîñòè, Îáúåäèíåííîãî ó÷åíîãî ñîâåòà

ïî íàíîòåõíîëîãèÿì è èíôîðìàöèîííûì òåõíî-

ëîãèÿì ÑÎ ÐÀÍ.

Âõîäèò â ñîñòàâ ðåäêîëëåãèé ñåìè íàó÷íî-

òåõíè÷åñêèõ æóðíàëîâ, ÿâëÿåòñÿ ÷ëåíîì Ðåäàê-

öèîííîãî ñîâåòà ìíîãîòîìíîãî èçäàíèÿ «Áåç-

îïàñíîñòü Ðîññèè. Ïðàâîâûå, ñîöèàëüíî-ýêî-

íîìè÷åñêèå è íàó÷íî-òåõíè÷åñêèå àñïåêòû», ýêñ-

ïåðòîì Ìèíîáðíàóêè ÐÔ â íàó÷íî-òåõíè÷åñêîé

ñôåðå, ýêñïåðòîì ÐÀÍ è Êðàñíîÿðñêîãî ôîíäà

íàóêè.

Â. Â. Ìîñêâè÷åâ — ñïåöèàëèñò âûñîêîãî ïðî-

ôåññèîíàëüíîãî óðîâíÿ, åãî íàó÷íûå ðåçóëüòàòû

è ïðàêòè÷åñêàÿ äåÿòåëüíîñòü âíåñëè ñóùåñòâåí-

íûé âêëàä â ðàçâèòèå íîâûõ íàó÷íûõ íàïðàâëå-

íèé â îáëàñòè ìàøèíîñòðîåíèÿ, ìàøèíîâåäåíèÿ

è áåçîïàñíîñòè ñëîæíûõ òåõíè÷åñêèõ ñèñòåì.

Çà äîñòèãíóòûå óñïåõè â íàó÷íîé, îáðàçîâàòåëü-

íîé è ïðîèçâîäñòâåííîé äåÿòåëüíîñòè Â. Â. Ìîñ-

êâè÷åâ íåîäíîêðàòíî îòìå÷àëñÿ ðåãèîíàëüíûìè

è îòðàñëåâûìè íàãðàäàìè ôåäåðàëüíîãî óðîâíÿ:

Ïî÷åòíûìè ãðàìîòàìè Ðîññèéñêîé àêàäåìèè

íàóê (2005 ã.), Ìèíèñòåðñòâà îáðàçîâàíèÿ è íà-

óêè ÐÔ (2007, 2009 ãã.), Ãóáåðíàòîðà Êðàñíîÿð-

ñêîãî êðàÿ (2001, 2003, 2012 ãã.), ìåäàëüþ Ðåñïóá-

ëèêè Ñàõà (ßêóòèÿ) «Çà çàñëóãè â îáëàñòè íàóêè»

(2009 ã.), ìåäàëÿìè èì. àêàä. Ì. Ô. Ðåøåòíåâà

(2011 ã.) è èì. êîñìîíàâòà Ã. Ñ. Òèòîâà (2018 ã.)

Ôåäåðàöèè êîñìîíàâòèêè Ðîññèè, ìåäàëüþ «Çà

äîáëåñòíûé òðóä» Ñîþçà ìàøèíîñòðîèòåëåé Ðîñ-

ñèè (2013 ã.), Ïî÷åòíûì çíàêîì Êðàñíîÿðñêîãî

êðàÿ «80 ëåò Êðàñíîÿðñêîìó êðàþ» (2015 ã.), çíà-

êîì îòëè÷èÿ «Çà çàñëóãè ïåðåä ã. Êðàñíîÿðñêîì»

(2017 ã.), Ïàìÿòíîé ìåäàëüþ «85 ëåò Ãðàæäàí-

ñêîé îáîðîíå» Ì×Ñ Ðîññèè (2017 ã.), ìåäàëüþ

«300 ëåò Ðîñòåõíàäçîðó» (2020 ã.).

Ñâîå 70-ëåòèå Âëàäèìèð Âèêòîðîâè÷ Ìîñêâè-

÷åâ âñòðå÷àåò â ðàñöâåòå òâîð÷åñêèõ ñèë, ñ íîâû-

ìè íàó÷íûìè èäåÿìè è ïëàíàìè.

Ðåäàêöèÿ è ðåäêîëëåãèÿ æóðíàëà ïîçäðàâëÿ-

þò Âëàäèìèðà Âèêòîðîâè÷à ñ Þáèëååì è æå-

ëàþò åìó äîáðîãî çäîðîâüÿ, áëàãîïîëó÷èÿ, óäà÷è,

íîâûõ òâîð÷åñêèõ óñïåõîâ è äîñòèæåíèé!
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