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Ñóììàðíîå ñîäåðæàíèå (cÓ) òîêñè÷íûõ ôåíîëîâ â âîäàõ îáû÷íî íàõîäÿò ïî ìåòîäèêàì,

âêëþ÷àþùèì ââåäåíèå ãðóïïîâîãî ðåàãåíòà, èçìåðåíèå îáîáùåííîãî ñèãíàëà (AÓ) ïðè âû-

áðàííîé äëèíå âîëíû è îöåíêó cÓ â ïåðåñ÷åòå íà C6H5OH. Ïðèìåíåíèå äèàçîòèðîâàííîé

ñóëüôàíèëîâîé êèñëîòû â êà÷åñòâå ãðóïïîâîãî ðåàãåíòà ïîçâîëÿåò íàõîäèòü cÓ ñ ïîãðåø-

íîñòÿìè, íå ïðåâûøàþùèìè 30 % îòí. Äàëüíåéøåå ñíèæåíèå ïîãðåøíîñòåé âîçìîæíî

ïðè ïåðåõîäå ê ìíîãîâîëíîâûì èçìåðåíèÿì è ìíîãîìåðíûì ãðàäóèðîâêàì, íî äëÿ îïðåäå-

ëåíèÿ ôåíîëüíûõ òîêñèêàíòîâ ýòè ïðèåìû ðàíåå íå èñïîëüçîâàëè. Äëÿ ïðîâåðêè ýòîé âîç-

ìîæíîñòè ãîòîâèëè ìîäåëüíûå ñìåñè (îêðàøåííûå âîäíûå ðàñòâîðû), îäíîâðåìåííî ñî-

äåðæàùèå äî 5 ðàçíûõ ôåíîëîâ ïðè èõ ñóììàðíîé êîíöåíòðàöèè îò 15 äî 70 ìêìîëü/ë.

Îáîáùåííûå ñèãíàëû èçìåðÿëè ïðè m äëèíàõ âîëí â ÓÔ-îáëàñòè ñïåêòðà ÷åðåç 10 ìèíóò

ïîñëå ñìåøèâàíèÿ ðàñòâîðîâ. Îáðàùåííûå ìíîãîìåðíûå ãðàäóèðîâêè ñòðîèëè ïî çíà÷å-

íèÿì AÓ n îäíîòèïíûõ ñìåñåé, îáðàçóþùèõ îáó÷àþùóþ âûáîðêó. Â îïòèìèçèðîâàííûõ

óñëîâèÿõ (m = 7, n = 10) ñèñòåìàòè÷åñêèå ïîãðåøíîñòè (äc) îïðåäåëåíèÿ ñóììû ôåíîëîâ â

ñìåñÿõ èç òåñò-âûáîðêè íå ïðåâûøàëè 13 % îòí., ÷òî âäâîå ìåíüøå, ÷åì ïðè ïåðåñ÷åòå ñèã-

íàëà íà ñòàíäàðòíîå âåùåñòâî. Î÷åâèäíî, ìíîãîìåðíûå ãðàäóèðîâêè öåëåñîîáðàçíî ïðè-

ìåíÿòü äëÿ îáîáùåííîé îöåíêè ôåíîëüíîãî çàãðÿçíåíèÿ âîäîåìîâ âìåñòî âû÷èñëåíèÿ èí-

òåãðàëüíûõ ïîêàçàòåëåé. Îäíàêî â òåõ ñëó÷àÿõ, êîãäà ïðîáû ñîäåðæàëè ôåíîëû, íå ó÷òåí-

íûå ïðè ïîñòðîåíèè ãðàäóèðîâêè, íàáëþäàëñÿ ðîñò ñèñòåìàòè÷åñêèõ ïîãðåøíîñòåé, äîõî-

äèâøèõ äî 80 % îòí. (ïî ìîäóëþ). Ïîýòîìó äëÿ èñïîëüçîâàíèÿ ìíîãîìåðíûõ ãðàäóèðîâîê â

ãèäðîõèìè÷åñêîì àíàëèçå íåîáõîäèìû ïðåäâàðèòåëüíîå èçó÷åíèå êà÷åñòâåííîãî ñîñòàâà

ôåíîëüíûõ ñìåñåé â âîäàõ ðàçíîãî òèïà è ó÷åò îæèäàåìîãî ñîñòàâà ïðîá ïðè ôîðìèðîâà-

íèè îáó÷àþùåé âûáîðêè.

Êëþ÷åâûå ñëîâà: ãðóïïîâîé àíàëèç; îïðåäåëåíèå ôåíîëîâ; ìíîãîâîëíîâàÿ ÓÔ-ñïåêòðî-

ìåòðèÿ; ìíîãîìåðíûå ãðàäóèðîâêè; ñèñòåìàòè÷åñêèå ïîãðåøíîñòè.

APPLICATION OF INVERTED MULTIVARIATE CALIBRATIONS
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� Viacheslav I. Vershinin*, Ljubava S. Bazhenova
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The total content (c
Ó
) of toxic phenols in water is usually determined using the procedures which include

the introduction of a group reagent, measurement of the generalized signal (A
Ó
) at a selected wavelength,

and assessment of c
Ó

in terms of C
6
H

5
OH. The use of diazotized sulfanilic acid (DSA) as a group reagent

leads to the errors of c
Ó

determination which do not exceed 30% thus ensuring more adequate estimates of

c
Ó

than measuring phenolic index. We suppose that further reduction of errors in group analysis would be

possible with multiwavelength measurements and multivariate calibrations but these promising tech-

niques have not been used yet for the determination of total phenol. To check up this assumption, model

multicomponent colored solutions of the known composition were prepared and analyzed. These model

mixtures contained simultaneously up to 5 different phenols with a total concentration ranged from 15 to

70 ìmol/L. After converting all phenols to corresponding azo-dyes their generalized signals were mea-

sured at m wavelengths in the UV region of the spectrum 10 minutes after mixing the solutions. The re-

sults of group analysis were calculated with the multivariate calibrations; the recalculation of A
Ó

values to

standard substance concentration we used only for comparison. The inverted multivariate calibrations

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 9 5



were calculated with A
Ó

values of n model mixtures which formed a training set. For optimized conditions

(m = 7, n = 10) the systematic error of c
Ó

prediction is less than 13 % rel., that is half of errors for total in-

dex calculation. Therefore, inverted multivariate calibrations can be rather useful to control the total con-

tent of phenolics in natural and waste waters (instead of the total indices). However, systematic errors

raised sharply when the analyzed sample contained some individual phenols which were absent in sam-

ples of the training set; in such cases the errors can increase up to 80 % rel. To maximize the correctness of

corresponding techniques, it is desirable to elucidate beforehand the qualitative composition of phenol

mixtures in water samples under study and take it into account when the multivariate calibration is used.

Keywords: group analysis; determination of phenols; multiwavelength UV-spectrometry; multivariate

calibrations; systematic errors.

Ââåäåíèå

Ïðèðîäíûå è ñòî÷íûå âîäû ñîäåðæàò ìíî-

æåñòâî ôåíîëüíûõ ñîåäèíåíèé, ìíîãèå èç êîòî-

ðûõ — îïàñíûå òîêñèêàíòû. Ïî îòäåëüíîñòè ôå-

íîëû â âîäàõ îïðåäåëÿþò ðåäêî; âìåñòî ýòîãî

êîíòðîëèðóþò èõ ñóììàðíîå ñîäåðæàíèå (cÓ), âû-

ðàæàÿ åãî â âèäå ôåíîëüíîãî èíäåêñà (ÔÈ)

[1 – 3]. Ê ñîæàëåíèþ, îïðåäåëåíèå ÔÈ ÷àñòî ïðè-

âîäèò ê ñèëüíî (èíîãäà íà ïîðÿäîê) çàíèæåííûì

îöåíêàì cÓ [4 – 7]. Ýòî îáúÿñíÿåòñÿ ïàññèâíîñòüþ

ðÿäà ôåíîëîâ â ðåàêöèè ñ 4-àìèíîàíòèïèðèíîì,

âíóòðèãðóïïîâîé ñåëåêòèâíîñòüþ ñèãíàëîâ è íå-

ïðàâèëüíûì âûáîðîì ñòàíäàðòíîãî âåùåñòâà.

Õîðîøåé àëüòåðíàòèâîé èçìåðåíèþ ÔÈ ÿâëÿåò-

ñÿ íåäàâíî ðàçðàáîòàííàÿ ìåòîäèêà [8], âêëþ-

÷àþùàÿ ïåðåâîä ôåíîëîâ â àçîêðàñèòåëè ïîä

äåéñòâèåì äðóãîãî ðåàãåíòà — äèàçîòèðîâàííîé

ñóëüôàíèëîâîé êèñëîòû (ÄÑÊ). Ïîñëå 10-ìèíóò-

íîé èëè 60-ìèíóòíîé ýêñïîçèöèè èçìåðÿþò îáîá-

ùåííûé ñèãíàë ôåíîëîâ (AÓ) ïðè 360 íì è âûðà-

æàþò AÓ â ïåðåñ÷åòå íà ñòàíäàðòíîå âåùåñòâî

(Xñò), ïðèìåíÿÿ îäíîìåðíóþ ãðàäóèðîâêó. Ýòà ìå-

òîäèêà ïîçâîëÿåò îöåíèòü cÓ íà óðîâíå 10–6 –

10–4 ìîëü/ë; ïîãðåøíîñòè àíàëèçà èìåþò ñèñòå-

ìàòè÷åñêèé õàðàêòåð è ïðè ïðàâèëüíîì âûáîðå

Xñò íå ïðåâûøàþò ïî ìîäóëþ 30 % îòí.

Èçâåñòíî, ÷òî ëþáûå îöåíêè cÓ, ïîëó÷åííûå

ïóòåì ïåðåñ÷åòà AÓ íà ñòàíäàðòíîå âåùåñòâî Xñò,

ìåòðîëîãè÷åñêè íåêîððåêòíû [9, 10]. Èçìåðåíèå

ñóììàðíîãî ñîäåðæàíèÿ îäíîòèïíûõ àíàëèòîâ â

åäèíèöàõ äðóãîé ôèçè÷åñêîé âåëè÷èíû (êîíöåí-

òðàöèè Xñò) íå òîëüêî íàðóøàåò ïðèíöèï åäèíñò-

âà èçìåðåíèé, íî è ïîâûøàåò íåîïðåäåëåííîñòü

ðåçóëüòàòîâ àíàëèçà. Ýòî îòíîñèòñÿ è ê ìåòîäèêå

[8]. Íóæíû áîëåå êîððåêòíûå ñïîñîáû îöåíêè cÓ,

íå òðåáóþùèå ïåðåñ÷åòà íà Xñò. Â ÷àñòíîñòè,

ìîæíî èçìåðÿòü îáîáùåííûå ñèãíàëû ïðè íå-

ñêîëüêèõ äëèíàõ âîëí, à çàòåì íàõîäèòü cÓ ïî

îáðàùåííîé ìíîãîìåðíîé ãðàäóèðîâêå [11, 12].

Â ïîñëåäíèå ãîäû ýòîò ïîäõîä óñïåøíî ïðèìå-

íÿëñÿ ïðè îïðåäåëåíèè ñóììàðíûõ ñîäåðæàíèé

óãëåâîäîâ [13], óãëåâîäîðîäîâ [14], àíòîöèàíè-

íîâ [15] è äðóãèõ ãðóïï îäíîòèïíûõ îðãàíè÷å-

ñêèõ ñîåäèíåíèé. Äëÿ îïðåäåëåíèÿ ñóììàðíîãî

ñîäåðæàíèÿ òîêñè÷íûõ ôåíîëîâ â ïðèðîäíûõ

èëè ñòî÷íûõ âîäàõ ìíîãîìåðíûå ãðàäóèðîâêè

(ÌÃ) ðàíåå íå èñïîëüçîâàëè. Âîçìîæíîñòü òî÷-

íîé îöåíêè cÓ ýòèì ñïîñîáîì òðåáóåò ýêñïåðèìåí-

òàëüíîé ïðîâåðêè, ÷òî è áûëî öåëüþ íàøèõ èñ-

ñëåäîâàíèé. Îáîáùåííûå ñèãíàëû èçìåðÿëè ïî

ìåòîäèêå [8], ðàññ÷èòûâàëè ìíîãîìåðíûå ãðà-

äóèðîâêè è îïòèìèçèðîâàëè èõ, à çàòåì àíàëèçè-

ðîâàëè ìíîãîêîìïîíåíòíûå âîäíûå ðàñòâîðû

ôåíîëîâ ðàçíîãî, íî àïðèîðíî èçâåñòíîãî ñîñòà-

âà. Ïðèìåíåíèå îïòèìèçèðîâàííîé ìåòîäèêè â

àíàëèçå ïðèðîäíûõ è ñòî÷íûõ âîä ðàçíîãî òèïà

áóäåò ðàññìîòðåíî â ñëåäóþùåé ñòàòüå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Îáúåêòû èññëåäîâàíèÿ. Èñïîëüçîâàëè 8 èí-

äèâèäóàëüíûõ ôåíîëüíûõ ñîåäèíåíèé, ñîäåðæà-

ùèõ îò 1 äî 3 ãèäðîêñèëüíûõ ãðóïï (òàáë. 1).
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Òàáëèöà 1. Èíäèâèäóàëüíûå ôåíîëüíûå ñîåäèíåíèÿ, èñïîëüçîâàííûå â õîäå ýêñïåðèìåíòà

Table 1. Individual phenol compounds used in the experiment

Íàçâàíèå
Îáîçíà-

÷åíèå
Ôîðìóëà ÏÄÊ, ìã/ë [16]

Ôåíîë (Phenol) Ô (Ph) C
6
H

5
OH 0,001

ì-Êðåçîë (m-Cresol) ÌÊ (MC) C
6
H

4
(CH

3
)OH 0,004

Ãâàÿêîë (Guaiacol) ÃÂ (G) C
6
H

4
(OCH

3
)OH 0,05

1-Íàôòîë (1-Naphtol) Í1 (N1) C
10

H
7
OH 0,1

Ïèðîêàòåõèí (Pyrocatechin) ÏÊ (P) C
6
H

4
(OH)

2
0,1

Ðåçîðöèí (Resorcinol) ÐÇ (R) C
6
H

4
(OH)

2
0,1

Ïèðîãàëëîë (Pyrogallol) ÏÃ (PG) C
6
H

3
(OH)

3
0,1

2-Íàôòîë (2-Naphtol) Í2 (N2) C
10

H
7
OH 0,4



Èñõîäíûå âîäíûå èëè âîäíî-ñïèðòîâûå ðàñòâî-

ðû ôåíîëîâ ãîòîâèëè ïî òî÷íûì íàâåñêàì ðåàê-

òèâîâ (õ÷) áåç äîïîëíèòåëüíîé î÷èñòêè. Ðàáî÷èå

ðàñòâîðû ãîòîâèëè â äåíü ýêñïåðèìåíòà, ðàçáàâ-

ëÿÿ èñõîäíûå äèñòèëëèðîâàííîé âîäîé.

Ìîäåëüíûå ñìåñè (îêðàøåííûå ìíîãîêîìïî-

íåíòíûå âîäíûå ðàñòâîðû) ãîòîâèëè, ñìåøèâàÿ

ðàññ÷èòàííûå îáúåìû èñõîäíûõ ðàñòâîðîâ ðàç-

íûõ ôåíîëîâ è äèàçîòèðóþùèå ðåàãåíòû. Åäè-

íè÷íûå ñìåñè ñîäåðæàëè îò 2 äî 5 èíäèâèäóàëü-

íûõ ôåíîëîâ, ïðè÷åì ìîëÿðíûå ñîîòíîøåíèÿ

ðàçíûõ ôåíîëîâ â èõ ñìåñè íå ïðåâûøàëè 10:1, à

ñóììàðíûå ñîäåðæàíèÿ ôåíîëîâ (cÓ) íàõîäèëèñü

â èíòåðâàëå îò 15 äî 70 ìêìîëü/ë. Çäåñü è äàëåå

çíà÷åíèÿ cÓ óêàçàíû â êîíå÷íîì ðàçáàâëåíèè,

ò.å. ïîñëå ïåðåâîäà ôåíîëîâ â àçîêðàñèòåëè. Âñå-

ãî áûëî ïðèãîòîâëåíî áîëåå 60 îêðàøåííûõ ðàñ-

òâîðîâ ñ èçâåñòíûìè çíà÷åíèÿìè cÓ. ×àñòü ñìå-

ñåé (îáó÷àþùàÿ âûáîðêà) èñïîëüçîâàëè äëÿ ïî-

ñòðîåíèÿ ìíîãîìåðíûõ ãðàäóèðîâîê. Ýòè ñìåñè

ñîäåðæàëè Ô, Í1, ÃÂ è ÐÇ (òàáë. 2). Òîò æå êà÷å-

ñòâåííûé ñîñòàâ, íî äðóãèå ñîîòíîøåíèÿ êîìïî-

íåíòîâ èìåëè ñìåñè ïåðâîé òåñò-âûáîðêè, êîòî-

ðûå èñïîëüçîâàëè äëÿ ïðîâåðêè è ñðàâíåíèÿ ýô-

ôåêòèâíîñòè ðàçíûõ ãðàäóèðîâîê.

Â ñîñòàâ ñìåñåé äëÿ ôîðìèðîâàíèÿ âòîðîé

òåñò-âûáîðêè âêëþ÷àëè êàê âûøåïåðå÷èñëåí-

íûå, òàê è äðóãèå ôåíîëû, à èìåííî ÌÊ, Í2, ÏÊ

è ÏÃ. Ñìåñè èç òðåòüåé òåñò-âûáîðêè ñîäåðæàëè

òîëüêî ïîñëåäíèå ÷åòûðå ôåíîëà (òàáë. 3). Êàæ-

äàÿ òåñò-âûáîðêà ñîäåðæàëà 7 ñìåñåé èçâåñòíîãî

ñîñòàâà. Òàêèì îáðàçîì, â îòëè÷èå îò ðÿäà àíàëî-

ãè÷íûõ èññëåäîâàíèé, ïðè ïðîâåðêå íîâîé ìåòî-

äèêè ãðóïïîâîãî àíàëèçà ñîçíàòåëüíî èñïîëüçî-

âàëè ñìåñè íå òîëüêî òîãî æå, íî è èíîãî êà÷åñò-

âåííîãî ñîñòàâà, ÷åì ïðè ôîðìèðîâàíèè ìàòåìà-

òè÷åñêîé ìîäåëè.

Ìåòîäèêà ýêñïåðèìåíòà. Äëÿ ïåðåâîäà èí-

äèâèäóàëüíûõ ôåíîëîâ â àçîêðàñèòåëè â ìåðíóþ

êîëáó îáúåìîì 50,00 ñì3 ââîäèëè 5,0 ñì3 0,1 Ì

ðàñòâîðà NaHCO3 (äëÿ ñîçäàíèÿ pH = 7,4), äèñ-

òèëëèðîâàííóþ âîäó äî 2/3 îáúåìà êîëáû è V, ñì3,

ðàáî÷åãî ðàñòâîðà èññëåäóåìîãî ôåíîëà. Äîáàâ-

ëÿëè 1,0 ñì3 ðàñòâîðà ÄÑÊ ñ êîíöåíòðàöèåé

5,0 · 10–3 ìîëü/ë, ïðèãîòîâëåííîãî èç ðåàêòèâà

÷äà ïî ìåòîäèêå [17], äîâîäèëè îáúåì ðàñòâîðà äî

ìåòêè äèñòèëëèðîâàííîé âîäîé è ïåðåìåøèâàëè.

Çíà÷åíèÿ V âûáèðàëè ñ òàêèì ðàñ÷åòîì, ÷òîáû

îïòè÷åñêèå ïëîòíîñòè ôîòîìåòðèðóåìûõ ðàñòâî-

ðîâ (AÓ) â îáëàñòè 350 – 410 íì âõîäèëè â èíòåð-

âàë îò 0,1 äî 1,0 åäèíèö. ×åðåç ô = 10 ìèí ïîñëå

äîáàâëåíèÿ ÄÑÊ ñïåêòð ïîãëîùåíèÿ ïðèãîòîâ-

ëåííûõ ðàñòâîðîâ ðåãèñòðèðîâàëè ñ èñïîëüçîâà-

íèåì ñïåêòðîôîòîìåòðà ÑÔ-2000 â êâàðöåâûõ

êþâåòàõ (l = 1,00 ñì), ðàñòâîðîì ñðàâíåíèÿ ñëó-

æèë õîëîñòîé ðàñòâîð. Çíà÷åíèÿ AÓ èçìåðÿëè

ïðè íåñêîëüêèõ (m) çàðàíåå âûáðàííûõ àíàëè-

òè÷åñêèõ äëèíàõ âîëí (ÀÄÂ). Àíàëîãè÷íûì îá-
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Òàáëèöà 2. Ñîñòàâ íåêîòîðûõ ìîäåëüíûõ ñìåñåé, èñ-

ïîëüçîâàííûõ äëÿ ôîðìèðîâàíèÿ îáó÷àþùèõ âûáîðîê

Table 2. The composition of some model mixtures used to

form training sets

Íîìåð

ñìåñè

c
i
, ìêìîëü/ë c

Ó
,

ìêìîëü/ëÔ Í1 ÃÂ ÐÇ

1 15,1 — 5,0 10,0 30,1

2 — 5,0 10,0 — 15,0

3 15,1 — — 10,0 25,1

4 — 20,0 10,0 10,0 40,0

5 15,1 15,1 25,0 — 55,2

6 15,1 10,0 5,0 15,0 45,1

7 30,2 15,0 10,0 10,0 65,2

Òàáëèöà 3. Ðåçóëüòàòû àíàëèçà ìîäåëüíûõ ñìåñåé èç ðàçíûõ òåñò-âûáîðîê

Table 3. Results of analysis of phenol mixtures from various test-sets

Íîìåð

òåñò-

âûáîðêè

Íîìåð

ñìåñè

Êîìïîíåíòû ñìåñè Ââåäåíî

c
Ó
,

ìêìîëü/ë

Íàéäåíî

c
�

* ,

ìêìîëü/ë

äc, %

Ô Í1 ÃÂ ÐÇ ÌÊ Í2 ÏÊ ÏÃ

1 11 – – + + – – – – 15,0 14,6 –2,7

12 + + – – – – – – 25,1 25,4 1,2

13 + + – + – – – – 35,2 31,5 –10,5

2 21 + + + – + – + – 50,7 57,5 13,4

22 – – – + + + – – 45,0 32,5 –27,8

23 + – + – – – – + 45,8 23,5 –48,7

3 28 – – – – + – + + 55,6 13,1 –76,4

29 – – – – + + – + 45,5 18,0 –60,4

30 – – – – – + + + 67,3 16,4 –75,6

Ï ð è ì å ÷ à í è å. Âñå ñìåñè ïðîàíàëèçèðîâàíû ñ ïîìîùüþ îäíîé è òîé æå ìíîãîìåðíîé ãðàäóèðîâêè. Äëÿ êàæäîé ñìåñè

ïðèâåäåíû óñðåäíåííûå ðåçóëüòàòû òðåõ ïàðàëëåëüíûõ îïðåäåëåíèé.



ðàçîì ãîòîâèëè è ôîòîìåòðèðîâàëè ìíîãîêîì-

ïîíåíòíûå îêðàøåííûå ðàñòâîðû. Ñïåêòðû êàæ-

äîãî îêðàøåííîãî ðàñòâîðà ðåãèñòðèðîâàëè òðè-

æäû, ïîëó÷åííûå ïðè îäíîé è òîé æå ÀÄÂ çíà÷å-

íèÿ AÓ óñðåäíÿëè. Îáîáùåííûå ñèãíàëû èìåëè

õîðîøóþ ñõîäèìîñòü: ïðè ïîâòîðíîì èçìåðåíèè

îïòè÷åñêîé ïëîòíîñòè îäíîãî ðàñòâîðà íà ëþáîé

ÀÄÂ Sr < 1 %, ïðè ïîâòîðíîì ïðèãîòîâëåíèè

ðàñòâîðîâ Sr < 3 %. Áîëåå äåòàëüíî ôîðìèðîâà-

íèå è èçìåðåíèå îáîáùåííûõ ñèãíàëîâ îïèñàíû

â ñòàòüå [8]. Ïðîâåðêó àääèòèâíîñòè îáîáùåííûõ

ñèãíàëîâ ïðîâîäèëè ïî 3S-êðèòåðèþ [18].

Ïîñòðîåíèå ìíîãîìåðíûõ ãðàäóèðîâîê. Îá-

ðàùåííûå ìíîãîìåðíûå ãðàäóèðîâêè ñòðîèëè ñ

ïîìîùüþ ïðîãðàììíîãî ïàêåòà Microsoft Excel,

èñïîëüçóÿ ôîðìóëó

c b A
i j ij

j

m

�
�

�

�

1

, (1)

ãäå c
i

�
— ñóììàðíàÿ êîíöåíòðàöèÿ ôåíîëîâ â i-é

ñìåñè; Aij — îïòè÷åñêàÿ ïëîòíîñòü i-é ñìåñè ïðè

j-é ÀÄÂ; bj — ðåãðåññèîííûé êîýôôèöèåíò ïðè

j-é ÀÄÂ. Ñóììèðîâàíèå âåëè ïî âñåì ÀÄÂ, ÷èñëî

êîòîðûõ â õîäå ýêñïåðèìåíòà öåëåíàïðàâëåííî

èçìåíÿëè îò 3 äî 10. Èñïîëüçîâàíèå ýêñïåðèìåí-

òàëüíûõ äàííûõ ïî n ñìåñÿì îáó÷àþùåé âûáîð-

êè ïîçâîëÿëî ñôîðìèðîâàòü ïåðåîïðåäåëåííóþ

ñèñòåìó ëèíåéíûõ óðàâíåíèé, êîòîðóþ ðåøàëè

îòíîñèòåëüíî êîýôôèöèåíòîâ ìåòîäîì ÌÍÊ (àë-

ãîðèòì ÎLS [11]), ïðèìåíÿÿ ïðîãðàììíûé ïàêåò

Microsoft Excel. Íàéäåííûå çíà÷åíèÿ bj ïîäñòàâ-

ëÿëè â ôîðìóëó (1), ïîëó÷àÿ èñêîìóþ ãðàäóèðîâ-

êó. Òàê, ïðè m = 7 è n = 10 ïîëó÷èëè ñëåäó-

þùóþ ðåãðåññèþ:

cÓ = 115,37A350 + 49,13A360 – 12,270A370 –

– 214,2A380 + 114,10A390 –

– 16,476A400 + 39,85A410. (2)

Ïîäñòàíîâêà â ïîëó÷åííûå óðàâíåíèÿ çíà÷å-

íèé Aj, õàðàêòåðèçóþùèõ î÷åðåäíóþ ïðîáó, ïðè-

âîäèëà ê ðåçóëüòàòàì ( ),*c
�

áëèçêèì ê ñóììàðíîìó

ñîäåðæàíèþ ôåíîëîâ â ýòîé ïðîáå ñ ó÷åòîì åå

ðàçáàâëåíèÿ â õîäå àíàëèçà. Åñòåñòâåííî, ïðè èç-

ìåíåíèè m è/èëè n ìû ïîëó÷àëè íåñêîëüêî èíûå

ãðàäóèðîâêè è íåñêîëüêî äðóãèå çíà÷åíèÿ c
�

* äëÿ

òåõ æå ñìåñåé.

Îöåíêà ïîãðåøíîñòåé. Ñòàòèñòè÷åñêóþ îá-

ðàáîòêó ðåçóëüòàòîâ àíàëèçà êàæäîé ñìåñè ïðî-

âîäèëè ïî àëãîðèòìó Ñòüþäåíòà (n = 3; P =

= 0,95). Ïîãðåøíîñòè àíàëèçà åäèíè÷íûõ ñìåñåé

íàõîäèëè ïî ôîðìóëå:

�c
c c

c
(%) .

*

�

�

100
� �

�

(3)

Ïðè ïîâòîðíîì ôîòîìåòðèðîâàíèè îäíîé è

òîé æå ñìåñè ïîëó÷àëè õîðîøî âîñïðîèçâîäèìûå

çíà÷åíèÿ c
�

* (Sr < 2 %). Îáîáùåííóþ ïîãðåø-

íîñòü àíàëèçà ðàçíûõ ñìåñåé, âõîäÿùèõ â íåêî-

òîðóþ òåñò-âûáîðêó è ïðîàíàëèçèðîâàííûõ ñ ïî-

ìîùüþ íåêîòîðîé ãðàäóèðîâêè, õàðàêòåðèçîâàëè

ïàðàìåòðàìè RMSEÑ è RMSEP [11], âûðàæåí-

íûìè â ìêìîëü/ë, à òàêæå â % îò ñðåäíåãî ñîäåð-

æàíèÿ ôåíîëîâ â äàííîé âûáîðêå. Îáà ïàðàìåò-

ðà ðàññ÷èòûâàëè ïî ôîðìóëå:

RMSEP � �

�

�

1
2

1n
c c

i

n

( ) .*
� �

(4)

RMSEC õàðàêòåðèçóåò àäåêâàòíîñòü ìîäåëè

ïðèìåíèòåëüíî ê ñìåñÿì èç îáó÷àþùåé âûáîðêè,

à RMSEP — ê ñìåñÿì èç òåñò-âûáîðêè.

Äëÿ îïòèìèçàöèè ïàðàìåòðîâ m è n ñîïî-

ñòàâëÿëè çíà÷åíèÿ RMSEÑ èëè RMSEP, ïîëó-

÷åííûå ñ ïîìîùüþ ðàçíûõ ìîäåëåé äëÿ ïåðâîé

òåñò-âûáîðêè. Ó÷èòûâàëè òàêæå ìàêñèìàëüíûå

çíà÷åíèÿ ïîãðåøíîñòåé àíàëèçà åäèíè÷íûõ

ñìåñåé.

Îáñóæäåíèå ðåçóëüòàòîâ

Êàê áûëî óñòàíîâëåíî íàøèìè ïðåäøåñòâåí-

íèêàìè è ïîäòâåðæäåíî â õîäå äàííîãî èññëåäî-

âàíèÿ, ôåíîëüíûå òîêñèêàíòû â íåéòðàëüíûõ

âîäíûõ ðàñòâîðàõ ïîä äåéñòâèåì ÄÑÊ îáðàçóþò

óñòîé÷èâûå àçîêðàñèòåëè, õîðîøî ïîãëîùàþùèå

ñâåò â áëèæíåé ÓÔ-îáëàñòè ñïåêòðà. Îïòè÷åñêèå

ïëîòíîñòè ðàñòâîðîâ ýòèõ àçîêðàñèòåëåé â äèà-
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c, ìêìîëü/ë

Ðèñ. 1. Îäíîìåðíûå ãðàäóèðîâî÷íûå çàâèñèìîñòè äëÿ

îïðåäåëåíèÿ èíäèâèäóàëüíûõ ôåíîëîâ â âèäå àçîêðàñè-

òåëåé (pH = 7,4, ô = 10 ìèí, ë = 380 íì)

Fig. 1. Univariate calibrations for the determination of

individual phenols as azodyes (pH = 7.4, ô = 10 min, ë =

= 380 nm)



ïàçîíå êîíöåíòðàöèé 10–5 – 10–4 ìîëü/ë ïðÿìî

ïðîïîðöèîíàëüíû êîíöåíòðàöèè èñõîäíûõ ôå-

íîëîâ (ðèñ. 1). Ìîëÿðíûå êîýôôèöèåíòû ïîãëî-

ùåíèÿ ðàçíûõ àçîêðàñèòåëåé (å) ïðè îäîé è òîé

æå äëèíå âîëíû ðàçëè÷àþòñÿ, íî â îáëàñòè

350 – 410 íì ÿâëÿþòñÿ âåëè÷èíàìè îäíîãî ïîðÿä-

êà. Äëÿ èñïîëüçîâàííîãî íàáîðà ôåíîëîâ ñîîòíî-

øåíèå T = åmax/åmin íå ïðåâûøàåò 7 åäèíèö.

Îòêëîíåíèÿ îò àääèòèâíîñòè àíàëèòè÷åñêèõ

ñèãíàëîâ ïðè âûáðàííûõ ÀÄÂ â ïîäàâëÿþùåì

áîëüøèíñòâå ñëó÷àåâ îêàçàëèñü ñòàòèñòè÷åñêè

íåçíà÷èìûìè, à â îñòàëüíûõ — íå ïðåâûøàëè

5 % îòí. Ñðàâíèòåëüíî íåâûñîêèé óðîâåíü âíó-

òðèãðóïïîâîé ñåëåêòèâíîñòè è ïðèáëèçèòåëüíàÿ

àääèòèâíîñòü ñèãíàëîâ îáåñïå÷èâàþò âîçìîæ-

íîñòü ïðàâèëüíîé îöåíêè cÓ â ïåðåñ÷åòå íà ñòàí-

äàðòíîå âåùåñòâî [8]. Ñ äðóãîé ñòîðîíû, óêàçàí-

íûå îñîáåííîñòè ôåíîëîâ è ñîîòâåòñòâóþùèõ èì

àçîêðàñèòåëåé ïîçâîëÿþò áûñòðî ñòðîèòü ìíîãî-

ìåðíûå ëèíåéíûå ìîäåëè è ïðèìåíÿòü èõ äëÿ

îïðåäåëåíèÿ ñóììàðíîãî ñîäåðæàíèÿ ôåíîëîâ ïî

ñïåêòðó ñîîòâåòñòâóþùåé ñìåñè. Ïðèìåðû ñïåê-

òðîâ ïîãëîùåíèÿ ñìåñåé ôåíîëîâ ïîñëå ïåðåâîäà

êîìïîíåíòîâ â àçîêðàñèòåëè ïîêàçàíû íà ðèñ. 2.

Âûáîð îïòèìàëüíîé ìàòåìàòè÷åñêîé ìî-

äåëè. ×òîáû âûáðàòü ìàòåìàòè÷åñêóþ ìîäåëü,

ñâÿçûâàþùóþ ñóììàðíûå êîíöåíòðàöèè ôåíî-

ëîâ è èõ îáîáùåííûå ñèãíàëû, ïðîâåëè äâå ñåðèè

îïûòîâ. Â ïåðâîé ñåðèè ðåãèñòðèðîâàëè ñïåêòðû

ïîãëîùåíèÿ ñåìè ìîäåëüíûõ ñìåñåé èç îáó÷à-

þùåé âûáîðêè â èíòåðâàëå îò 350 äî 410 íì.

Îáîáùåííûå ñèãíàëû èçìåðÿëè ïðè ðàçíûõ

ÀÄÂ, ïîñëåäîâàòåëüíî óâåëè÷èâàÿ èõ ÷èñëî îò

m = 3 äî m = 10. Â ïîëó÷åííûå óðàâíåíèÿ ðåã-

ðåññèè ïîäñòàâëÿëè çíà÷åíèÿ Aij ñìåñåé èç ïåð-

âîé òåñò-âûáîðêè. Äëÿ êàæäîé ñìåñè ðàññ÷èòûâà-

ëè çíà÷åíèÿ c
�

* , íàõîäèëè îòíîñèòåëüíûå ïî-

ãðåøíîñòè ãðóïïîâîãî àíàëèçà (äci), à çàòåì ðàñ-

ñ÷èòûâàëè îáîáùåííóþ ïîãðåøíîñòü àíàëèçà

ýòèõ ñìåñåé (RMSEP). Êàê è ñëåäîâàëî îæèäàòü,

ïðè ôèêñèðîâàííîì îáúåìå îáó÷àþùåé âûáîðêè

åäèíè÷íûå ïîãðåøíîñòè è çíà÷åíèÿ RMSEP

óìåíüøàëèñü ïî ìåðå óâåëè÷åíèÿ ÷èñëà ÀÄÂ.

Äîñòàòî÷íî ïðàâèëüíûå ðåçóëüòàòû (RMSEP �

� 10 % îò ñðåäíåãî ñîäåðæàíèÿ ôåíîëîâ) ïîëó÷à-

ëè íà÷èíàÿ ñ m = 7. Äàëüíåéøåå óâåëè÷åíèå

÷èñëà ÀÄÂ íå äàåò çàìåòíîãî âûèãðûøà â òî÷íî-

ñòè ðåçóëüòàòîâ, íî óñëîæíÿåò ìåòîäèêó, à ïîýòî-

ìó íåöåëåñîîáðàçíî.

Âî âòîðîé ñåðèè îïûòîâ ÷èñëî è íàáîð èñ-

ïîëüçóåìûõ ÀÄÂ íå ìåíÿëè (m = 7), íî âàðüèðî-

âàëè ïàðàìåòð n îò 5 äî 16. Óâåëè÷åíèå ÷èñëà ìî-

äåëüíûõ ñìåñåé â îáó÷àþùåé âûáîðêå âíà÷àëå

ïðèâîäèëî ê ñíèæåíèþ ïîãðåøíîñòåé ãðóïïîâî-

ãî àíàëèçà, à çàòåì — ê èõ ðîñòó (âåðîÿòíî,

âñëåäñòâèå íàêîïëåíèÿ ñëó÷àéíûõ ïîãðåøíî-

ñòåé). Ìèíèìàëüíîå çíà÷åíèå RMSEP, ðàâíîå

7,8 % îò ñðåäíåãî ñîäåðæàíèÿ ôåíîëîâ â ïåðâîé

òåñò-âûáîðêå, íàáëþäàëîñü ïðè n = 10. Äëÿ äàëü-

íåéøåãî ïðèìåíåíèÿ áûëà âûáðàíà ìíîãîìåðíàÿ

ãðàäóèðîâêà, ïîëó÷åííàÿ ïðè m = 7 è n = 10 (ñì.

ôîðìóëó (2)). Ñóììàðíûå ñîäåðæàíèÿ ôåíîëîâ â

ñìåñÿõ èç òåñò-âûáîðêè ¹ 1 ñ ïîìîùüþ ýòîé ãðà-

äóèðîâêè îïðåäåëÿëè ñ åäèíè÷íûìè ïîãðåøíî-

ñòÿìè, íå ïðåâûøàâøèìè 13 % îòí. (ïî ìîäóëþ).

Äëÿ ñðàâíåíèÿ òå æå ñìåñè àíàëèçèðîâàëè ïî

ìåòîäèêå [8], âûðàæàÿ ðåçóëüòàò â ïåðåñ÷åòå íà

ëó÷øåå ñòàíäàðòíîå âåùåñòâî (1-íàôòîë), ò.å. â

âèäå èíòåãðàëüíîãî ïîêàçàòåëÿ (ÈÏ). Â ýòîì ñëó-

÷àå åäèíè÷íûå ïîãðåøíîñòè äîõîäèëè äî

23 % îòí., à ïàðàìåòð RMSEP ñîñòàâëÿë 12,8 %

îò ñðåäíåãî ñîäåðæàíèÿ ôåíîëîâ (òàáë. 4, âåðõ-

íÿÿ ñòðîêà). Âèäíî, ÷òî, ïðè îäèíàêîâîì êà÷åñò-

âåííîì ñîñòàâå èññëåäóåìûõ ïðîá è ñìåñåé èç

îáó÷àþùåé âûáîðêè ïåðåõîä îò ðàñ÷åòà ÈÏ ê èñ-

ïîëüçîâàíèþ îáðàùåííîé ìíîãîìåðíîé ãðàäóè-

ðîâêè ñíèæàåò ïîãðåøíîñòè îïðåäåëåíèÿ ñóììû

ôåíîëîâ ïðèìåðíî âäâîå. Îòìåòèì, ÷òî ïðè îïðå-

äåëåíèè ñóììû óãëåâîäîðîäîâ èëè ñóììû àðåíîâ

ïåðåõîä îò ÈÏ ê ÌÃ äàåò åùå áîëüøèé âûèãðûø

â òî÷íîñòè [14, 19].

Î÷åâèäíî, çàìåíà ìåòðîëîãè÷åñêè íåêîððåêò-

íîé îïåðàöèè (ðàñ÷åòà ÈÏ) ðàñ÷åòîì ñóììàðíîãî

ñîäåðæàíèÿ ôåíîëîâ ñ ïîìîùüþ îáðàùåííîé ÌÃ

äîëæíà áóäåò ïîâûñèòü è òî÷íîñòü ðåçóëüòàòîâ

àíàëèçà ïðèðîäíûõ è ñòî÷íûõ âîä. Ðàçðàáîòêà

ñîîòâåòñòâóþùèõ ìåòîäèê óæå íà÷àòà. Îñíîâíîé

ïðîáëåìîé ïðè ýòîì ÿâëÿåòñÿ âûáîð îïòèìàëüíî-

ãî ñîñòàâà îáó÷àþùåé âûáîðêè.

Âëèÿíèå êà÷åñòâåííîãî ñîñòàâà ôåíîëüíûõ

ñìåñåé íà òî÷íîñòü àíàëèçà. Èçâåñòíî, ÷òî êà-

÷åñòâåííûé ñîñòàâ ãðàäóèðîâî÷íûõ îáðàçöîâ

äîëæåí îòâå÷àòü ñîñòàâó àíàëèçèðóåìûõ ïðîá.

Îäíàêî ñôîðìèðîâàòü îáó÷àþùóþ âûáîðêó,
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43

42

ë, íì

Ðèñ. 2. Ñïåêòðû ïîãëîùåíèÿ ïðîäóêòîâ âçàèìîäåéñòâèÿ

ñìåñåé ôåíîëîâ ñ ÄÑÊ (C
ÄÑÊ

= 100 ìêìîëü/ë, pH = 7,4,

ô = 10 ìèí): 41 — Í1 + Í2 + ÐÇ + ÃÂ, 59,8 ìêìîëü/ë;

42 — ÐÇ + ÃÂ, 15,3 ìêìîëü/ë; 43 — Ô + Í1 + ÐÇ,

34,9 ìêìîëü/ë; 44 — Ô + ÐÇ + ÃÂ, 45,4 ìêìîëü/ë)

Fig. 2. Absorption spectra of phenol mixtures after their

interaction with DSA (C
DSA

= 100 ìM/L, pH = 7.4, ô =

= 10 min): 41 — N1 + N2 + R + G, 59.8 ìM/L; 42 — R +

G, 15.3 ìmol/L; 43 — Ph + N1 + R, 34.9 ìM/L; 44 — Ph +

+ R + G, 45.4 ìM/L)



âêëþ÷àþùóþ âñå êîìïîíåíòû áóäóùèõ ïðîá,

óäàåòñÿ äàëåêî íå âñåãäà. Ýòî âîçìîæíî, íàïðè-

ìåð, â êîëè÷åñòâåííîì àíàëèçå ñèíòåòè÷åñêèõ

ëåêàðñòâåííûõ ïðåïàðàòîâ, ñîäåðæàùèõ èçâåñò-

íûå íàáîðû êîìïîíåíòîâ, íî íåâîçìîæíî â àíà-

ëèçå òÿæåëûõ íåôòåïðîäóêòîâ [11]. Ïðè ðàçäåëü-

íîì îïðåäåëåíèè êîìïîíåíòîâ ñ ïîìîùüþ ìíîãî-

ìåðíîé ãðàäóèðîâêè íàëè÷èå â ïðîáå ïîñòîðîí-

íèõ âåùåñòâ, îòíîñÿùèõñÿ ê òîé æå ãðóïïå àíà-

ëèòîâ, íî íå ó÷òåííûõ ïðè ïîñòðîåíèè ýòîé

ãðàäóèðîâêè, ïðèâîäèò ê ïîÿâëåíèþ ñèñòåìàòè-

÷åñêèõ ïîãðåøíîñòåé [20]. Âëèÿíèå òîãî æå ôàê-

òîðà íà ðåçóëüòàòû ãðóïïîâîãî àíàëèçà òðóäíî

ïðåäñêàçóåìî è ìàëî èçó÷åíî [19, 21]. Ïîäîáðàòü

ñîñòàâ îáó÷àþùåé âûáîðêè äëÿ îïðåäåëåíèÿ ñóì-

ìû ôåíîëîâ â ïðèðîäíûõ è ñòî÷íûõ âîäàõ òðóä-

íî, òàê êàê êà÷åñòâåííûé ñîñòàâ ôåíîëüíûõ ñìå-

ñåé â òàêèõ âîäàõ ñèëüíî çàâèñèò îò òèïà âîäû è

èñòî÷íèêà åå çàãðÿçíåíèÿ ôåíîëàìè [22, 23].

Â õîäå íàñòîÿùåãî èññëåäîâàíèÿ ñëåäîâàëî

óñòàíîâèòü, â êàêîé ñòåïåíè áóäóò èñêàæàòüñÿ

ðåçóëüòàòû ãðóïïîâîãî àíàëèçà ïðè íåñîâïàäå-

íèè ñîñòàâà èññëåäóåìûõ ïðîá è ñìåñåé, èñïîëü-

çóåìûõ äëÿ ïîñòðîåíèÿ óïðîùåííîé ìíîãîìåð-

íîé ãðàäóèðîâêè. Ñðàâíåíèå ðåçóëüòàòîâ àíàëè-

çà ðàçíûõ òåñò-âûáîðîê ïîêàçûâàåò (ñì. òàáë. 4),

÷òî ïðèñóòñòâèå «ïîñòîðîííèõ» ôåíîëîâ ñóùåñò-

âåííî ïîâûøàåò àáñîëþòíûå çíà÷åíèÿ ñèñòåìà-

òè÷åñêèõ ïîãðåøíîñòåé ãðóïïîâîãî àíàëèçà. Ýòî

ïðîèñõîäèò êàê ïðè ðàñ÷åòå ÈÏ, òàê è ïðè èñ-

ïîëüçîâàíèè óïðîùåííûõ ÌÃ, ïðè÷åì â òàêèõ

ñëó÷àÿõ èñïîëüçîâàíèå ÌÃ ìîæåò ïðèâåñòè ê

äàæå áîëüøèì (ïî ìîäóëþ) ïîãðåøíîñòÿì, ÷åì

ðàñ÷åò ÈÏ. Àíàëîãè÷íûé âûâîä ðàíåå áûë ñäå-

ëàí ïðè èçó÷åíèè âëèÿíèÿ ïîñòîðîííèõ ñîåäèíå-

íèé íà ðåçóëüòàòû îïðåäåëåíèÿ ñóììû àðåíîâ

[19].

Âëèÿíèå «ïîñòîðîííèõ» ôåíîëîâ íà ðåçóëü-

òàòû ãðóïïîâîãî àíàëèçà îáúÿñíÿåòñÿ ðàçëè÷èÿ-

ìè â êîýôôèöèåíòàõ ÷óâñòâèòåëüíîñòè ïðè îïðå-

äåëåíèè ðàçíûõ ôåíîëîâ â ôîðìå àçîêðàñèòåëåé

(cì. ðèñ. 1). Òàê, ÌÊ â îáëàñòè 360 – 410 íì îïðå-

äåëÿåòñÿ ñ òàêîé æå èëè ÷óòü áîëüøåé ÷óâñòâè-

òåëüíîñòüþ, ÷åì ôåíîëû, âõîäèâøèå â ñîñòàâ

îáó÷àþùåé âûáîðêè. Ïîýòîìó íàëè÷èå ÌÊ â ñìå-

ñÿõ èç òåñò-âûáîðîê 2 è 3 ïðèâîäèëî ê íåáîëü-

øèì ïî ìîäóëþ ïîëîæèòåëüíûì ïîãðåøíîñòÿì.

Íàïðîòèâ, ôåíîëû, ìåäëåííî ðåàãèðóþùèå ñ

ÄÑÊ (Í2, ÏÃ è ÏÊ), ïðè 10-ìèíóòíîé ýêñïîçè-

öèè îïðåäåëÿëè ñ ìåíüøåé ÷óâñòâèòåëüíîñòüþ,

÷åì êîìïîíåíòû îáó÷àþùåé âûáîðêè, ïîýòîìó

íàëè÷èå ýòèõ ôåíîëîâ â ïðîáàõ äîëæíî ïðèâî-

äèòü ê ïîëó÷åíèþ ñèëüíî çàíèæåííûõ ðåçóëüòà-

òîâ, ÷òî è íàáëþäàëîñü â õîäå ïðîâåäåííîãî ýêñ-

ïåðèìåíòà.

Çàêëþ÷åíèå

Ïî èòîãàì ïðîâåäåííîãî ýêñïåðèìåíòà ìîæíî

ñôîðìóëèðîâàòü ñëåäóþùèå âûâîäû è ïðàêòè÷å-

ñêèå ðåêîìåíäàöèè.

1. Ïîäòâåðæäåíà âîçìîæíîñòü îïðåäåëåíèÿ

ñóììàðíîãî ñîäåðæàíèÿ ôåíîëîâ â âèäå àçîêðà-

ñèòåëåé. Óñòàíîâëåíî, ÷òî àíàëèç ìíîãîêîìïî-

íåíòíûõ âîäíûõ ðàñòâîðîâ, ñîäåðæàùèõ ôåíîëû

íà óðîâíå 10–5 ìîëü/ë, ìîæåò áûòü ïðîâåäåí ìåò-

ðîëîãè÷åñêè êîððåêòíûì ñïîñîáîì, îñíîâàííûì

íà ïîñòðîåíèè îáðàùåííûõ ìíîãîìåðíûõ ãðà-

äóèðîâîê.

2. Ñ ïîìîùüþ îáðàùåííûõ ìíîãîìåðíûõ

ãðàäóèðîâîê ìîæíî ïîëó÷èòü çíà÷èòåëüíî áîëåå

ïðàâèëüíûå îöåíêè ñóììàðíîãî ñîäåðæàíèÿ ôå-

íîëîâ, ÷åì ïóòåì ðàñ÷åòà ñîîòâåòñòâóþùåãî

èíòåãðàëüíîãî ïîêàçàòåëÿ. Ïîñëå îïòèìèçàöèè

÷èñëà àíàëèòè÷åñêèõ äëèí âîëí è îáúåìà îáó-

÷àþùåé âûáîðêè åäèíè÷íûå ïîãðåøíîñòè ãðóï-

ïîâîãî àíàëèçà ñìåñåé èç òåñò-âûáîðêè ïî ñîîò-

âåòñòâóþùåé ìíîãîìåðíîé ãðàäóèðîâêå íå ïðå-

âûøàëè 13 % îòí., à îáîáùåííàÿ ïîãðåøíîñòü

àíàëèçà (RMSEP) ñîñòàâëÿëà 7,8 % îò ñðåäíåãî

ñîäåðæàíèÿ ôåíîëîâ. Ïðè ýòîì ÷óâñòâèòåëü-

íîñòü, ïðåöèçèîííîñòü è ïðîäîëæèòåëüíîñòü

àíàëèçà ïî íîâîé ìåòîäèêå áëèçêè ê õàðàêòåðè-

ñòèêàì òðàäèöèîííûõ ìåòîäèê îöåíêè ñóììàðíî-

ãî ñîäåðæàíèÿ ôåíîëîâ.

3. Îñíîâíîé íåäîñòàòîê íîâîé ìåòîäèêè —

÷óâñòâèòåëüíîñòü ðåçóëüòàòà àíàëèçà ê èíäèâè-

äóàëüíîìó ñîñòàâó èññëåäóåìûõ ïðîá. Ïðè íàëè-

÷èè â ïðîáå ôåíîëîâ, íå ó÷òåííûõ ïðè ïîñòðîå-

íèè óïðîùåííîé ìíîãîìåðíîé ãðàäóèðîâêè, ñèñ-

òåìàòè÷åñêèå ïîãðåøíîñòè ãðóïïîâîãî àíàëèçà

ðåçêî âîçðàñòàþò. Â òàêèõ ñëó÷àÿõ ïðèìåíåíèå

ÈÏ ìîæåò îêàçàòüñÿ ïðåäïî÷òèòåëüíûì. Îñîáåí-

íî îïàñíî ïðèñóòñòâèå â ïðîáå ôåíîëîâ, îïðå-

äåëÿåìûõ ñ íàìíîãî áîëüøåé èëè íàìíîãî

ìåíüøåé ÷óâñòâèòåëüíîñòüþ, ÷åì ôåíîëû, èñ-

ïîëüçîâàííûå äëÿ ïîñòðîåíèÿ ÌÃ. Ïîýòîìó â ñî-

ñòàâ îáó÷àþùåé âûáîðêè ñëåäóåò âêëþ÷àòü êàê

ìîæíî áîëåå øèðîêèå íàáîðû ôåíîëîâ, â òîì

÷èñëå ñîåäèíåíèÿ, îïðåäåëÿåìûå ñ îñîáî âûñîêîé

è îñîáî íèçêîé ÷óâñòâèòåëüíîñòüþ. Ýòà ðåêîìåí-
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Òàáëèöà 4. Ìàêñèìàëüíûå (ïî ìîäóëþ) è îáîáùåííûå

ïîãðåøíîñòè ãðóïïîâîãî àíàëèçà ôåíîëüíûõ ñìåñåé ðàç-

íîãî ñîñòàâà

Table 4. Maximum (in modulo) and generalized errors of

group analysis for phenol mixtures of different compositions

Íîìåð

òåñò-

âûáîðêè

Ìàêñèìàëüíûå

çíà÷åíèÿ åäèíè÷íûõ

ïîãðåøíîñòåé

RMSEP, â % îò c
ñð

ÌÃ ÈÏ ÌÃ ÈÏ

1 13,0 22,7 7,8 12,8

2 69,7 44,2 37,1 22,5

3 80,7 60,4 78,7 55,4



äàöèÿ ïîäòâåðæäåíà ýêñïåðèìåíòàëüíî ñ ïî-

ìîùüþ ìíîãîìåðíîé ãðàäóèðîâêè, ïîñòðîåííîé

ïî 10 ìîäåëüíûì ñìåñÿì, âêëþ÷àþùèì âñå 8

èñïîëüçîâàííûõ íàìè ôåíîëîâ: ñóììàðíûå ñî-

äåðæàíèÿ ôåíîëîâ â ìîäåëüíûõ ñìåñÿõ èç âñåõ

òðåõ òåñò-âûáîðîê áûëè îïðåäåëåíû äîâîëüíî

òî÷íî (åäèíè÷íûå ïîãðåøíîñòè ñîñòàâëÿëè ìå-

íåå 15 % îòí., RMSEP = 8,5 %).

4. Ïðèìåíåíèå ìíîãîìåðíûõ ãðàäóèðîâîê

äëÿ îïðåäåëåíèÿ ñóììàðíîãî ñîäåðæàíèÿ ôåíî-

ëîâ â ñòî÷íûõ, à òàêæå ñèëüíî çàãðÿçíåííûõ ïðè-

ðîäíûõ âîäàõ âîçìîæíî è öåëåñîîáðàçíî. Ñëåäó-

åò ëèøü ôîðìèðîâàòü ìíîãîìåðíûå ãðàäóèðîâêè

â ñîîòâåòñòâèè ñ îæèäàåìûì ñîñòàâîì ôåíîëü-

íûõ ñìåñåé â ñîîòâåòñòâóþùèõ âîäàõ, âûÿâëÿÿ

ìåòîäîì ÂÝÆÕ èõ îñíîâíûå êîìïîíåíòû, à çà-

òåì âêëþ÷àòü ýòè ôåíîëû â ñîñòàâ îáó÷àþùåé

âûáîðêè. Òàêèì îáðàçîì, äëÿ àíàëèçà âîä ðàçíî-

ãî òèïà ïîòðåáóþòñÿ ðàçíûå ìíîãîìåðíûå ãðà-

äóèðîâêè. Àëüòåðíàòèâíûì íàïðàâëåíèåì ìåòî-

äè÷åñêèõ èññëåäîâàíèé ÿâëÿåòñÿ óñòðàíåíèå

âíóòðèãðóïïîâîé ñåëåêòèâíîñòè àíàëèòè÷åñêèõ

ñèãíàëîâ, ÷òî ìîæåò ïðèâåñòè ê ñîçäàíèþ åäèíîé

ãðàäóèðîâêè.
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Ãëèôîñàò ÿâëÿåòñÿ ïîïóëÿðíûì ãåðáèöèäîì è ÷àñòî ïðèìåíÿåòñÿ äëÿ äåñèêàöèè êóëüòóð-

íûõ ðàñòåíèé â öåëÿõ óñêîðåíèÿ èõ ñîçðåâàíèÿ. Ïðèìåíåíèå ïðåïàðàòîâ íà åãî îñíîâå

ïðèâîäèò ê çàãðÿçíåíèþ ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè, ïî÷âû, ïîâåðõíîñòíûõ è ïîä-

çåìíûõ âîä. Äëÿ êîíòðîëÿ åãî îñòàòî÷íîãî ñîäåðæàíèÿ ðàçðàáîòàíà ìåòîäèêà, ïîçâîëÿ-

þùàÿ îïðåäåëÿòü ãëèôîñàò è àìèíîìåòèëôîñôîíîâóþ êèñëîòó (ÀÌÔÊ) áåç ïðåäâàðèòåëü-

íîé äåðèâàòèçàöèè. Ìåòîäèêà õàðàêòåðèçóåòñÿ îòíîñèòåëüíî ïðîñòîé è ýêîíîìè÷íîé ïðî-

öåäóðîé ïðîáîïîäãîòîâêè. Èç îáðàçöîâ ñûðüÿ ðàñòèòåëüíîãî ïðîèñõîæäåíèÿ àíàëèòû èçâ-

ëåêàþò óêñóñíîêèñëûì ðàñòâîðîì ìåòàíîëà â âîäå â ïðèñóòñòâèè äèíàòðèåâîé ñîëè ÝÄÒÀ

(ÝÄÒÀ-Na2) è äèõëîðìåòàíà; èç îáðàçöîâ âîäû — â ïðèñóòñòâèè ÝÄÒÀ-Na2 è óêñóñíîé êèñ-

ëîòû; èç îáðàçöîâ ïî÷âû — ñëàáûì ðàñòâîðîì àììèàêà. Ýêñòðàêòû î÷èùàþò ìåòîäîì

òâåðäîôàçíîé ýêñòðàêöèè (ÒÔÝ) è îñàæäàþò áåëêè àöåòîíèòðèëîì. Äèàïàçîí îïðåäåëÿå-

ìûõ ñîäåðæàíèé ãëèôîñàòà è ÀÌÔÊ â ñûðüå ðàñòèòåëüíîãî ïðîèñõîæäåíèÿ ñîñòàâèë

0,1 – 5,0 ìã/êã, â ïîâåðõíîñòíûõ è ïîäçåìíûõ âîäàõ — 0,001 – 0,05 ìã/ë (ãëèôîñàò) è 0,002 –

0,05 ìã/ë (ÀÌÔÊ), â ïî÷âå è ïî÷âîãðóíòàõ — 0,02 – 0,8 ìã/êã (ãëèôîñàò) è 0,04 – 0,8 ìã/êã

(ÀÌÔÊ). Çíà÷åíèÿ îòíîñèòåëüíîãî ñòàíäàðòíîãî îòêëîíåíèÿ íàõîäÿòñÿ â äèàïàçîíå

1,8 – 19,5 % ïðè ñòåïåíè èçâëå÷åíèÿ îïðåäåëÿåìûõ ñîåäèíåíèé îò 80,5 äî 108,1 %. Äîñòèã-

íóòûå çíà÷åíèÿ ïðåäåëîâ îïðåäåëåíèÿ (ÏÎ) ñîãëàñóþòñÿ ñ óñòàíîâëåííûìè ìàêñèìàëüíî

äîïóñòèìûìè óðîâíÿìè â ÒÐ ÒÑ 015/2011 è ÑàíÏèÍ 1.2.3685–21.

Êëþ÷åâûå ñëîâà: ãëèôîñàò; àìèíîìåòèëôîñôîíîâàÿ êèñëîòà; ñûðüå ðàñòèòåëüíîãî ïðî-

èñõîæäåíèÿ; ïî÷âà; âîäà; ÂÝÆÕ-ÌÑ/ÌÑ; àíàëèç.
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Glyphosate is a popular herbicide often used for desiccation of crops. The use of glyphosate-based chemi-

cals leads to the contamination of agricultural products, soils, surface and groundwater. For safety control

of raw materials of the plant origin and environmental objects, a technique based on the tandem chroma-

to-mass-spectrometry was developed to provide for the quantitative determination of glyphosate and

aminomethylphosphonic acid (AMPA) without prior derivatization. The technique is characterized by a

relatively simple and cost-effective sample preparation procedure. The compounds are extracted from

plant raw materials with an acetic acid solution of methanol in water, in the presence of 2-aqueous disod-

ium salt of ethylenediamine-N,N,N	,N	-tetraacetic acid (EDTA-Na
2
) and dichloromethane. Extraction of

analytes from water samples is carried out in the presence of EDTA-Na
2

and acetic acid; whereas their ex-

traction from soil samples is carried out with a weak solution of ammonia. The extracts are purified by

solid phase extraction (SPE), and proteins are precipitated with acetonitrile. Linear-dynamic ranges of

glyphosate and AMPA determination are characterized by calibration curves with correlation coefficients

(R) 
0.99. The working range of glyphosate and AMPA determination in raw materials of plant origin was

from 0.1 to 5.0 mg/kg; in surface and ground water from 0.001 to 0.05 mg/liter (glyphosate) and from

0.002 to 0.05 mg/liter (AMPA); in soils from 0.02 to 0.8 mg/kg (glyphosate) and from 0.04 to 0.8 mg/kg

(AMPA). The values of the relative standard deviation range from 1.8 to 19.5%, with recovery levels

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 9 13



ranging from 80.5 to 108.1%. The achieved values of the determination limits are consistent with the max-

imum permissible levels indicated in TR CU 015/2011 and SanPiN 1.2.3685–21.

Keywords: glyphosate; aminomethylphosphonic acid; glufosinate; metabolism; animal products;

HPLC-MS/MS; analysis.

Ââåäåíèå

Ãëèôîñàò ïðåäñòàâëÿåò ñîáîé ñîåäèíåíèå

ãëèöèíà è ôîñôîðíîé êèñëîòû è îòíîñèòñÿ ê

ãðóïïå ôîñôîðîðãàíè÷åñêèõ ñîåäèíåíèé. Â ðå-

çóëüòàòå ðÿäà áèîëîãè÷åñêèõ ïðîöåññîâ â îáðàáà-

òûâàåìîì ñ/õ ñûðüå, ïî÷âå, ïîâåðõíîñòíûõ è ïîä-

çåìíûõ âîäàõ ìîæåò íàêàïëèâàòüñÿ íå òîëüêî

ãëèôîñàò, íî è åãî ìåòàáîëèò — ÀÌÔÊ. Îêîí÷à-

òåëüíàÿ òî÷êà â âîïðîñå òîêñè÷íîñòè è êàíöåðî-

ãåííîñòè äàííûõ ñîåäèíåíèé íå ïîñòàâëåíà, à

ãëèôîñàò îòíåñåí ê ãðóïïå ñîåäèíåíèé, «ïîòåí-

öèàëüíî êàíöåðîãåííûõ äëÿ ÷åëîâåêà» [1]. Íàè-

áîëåå ïîëíàÿ èíôîðìàöèÿ î ïðîáëåìàõ, ñâÿçàí-

íûõ ñ åãî âîçäåéñòâèåì íà æèâûå îðãàíèçìû,

áûëà îïóáëèêîâàíà â 2023 ã. ãðóïïîé ðîññèéñêèõ

ñïåöèàëèñòîâ [2]. Îñíîâíûì çâåíîì, çàãðÿçíÿ-

þùèì ïèùåâóþ öåïî÷êó ãëèôîñàòîì, ÿâëÿåòñÿ

ñûðüå ðàñòèòåëüíîãî ïðîèñõîæäåíèÿ, à îñíîâ-

íûì ñïîñîáîì ïîñòóïëåíèÿ åãî â òêàíè — îáðà-

áîòêà íàäçåìíûõ ÷àñòåé ðàñòåíèé. Êðîìå òîãî,

ãëèôîñàò ñïîñîáåí íàêàïëèâàòüñÿ â ïî÷âå è ìî-

æåò ïîãëîùàòüñÿ êîðíåâîé ñèñòåìîé ðàñòåíèé

[3, 4]. Ýòî ìîæåò îêàçàòüñÿ êðèòè÷íûì ïðè ïðî-

èçâîäñòâå «îðãàíè÷åñêîé ïðîäóêöèè» íà òåððè-

òîðèÿõ, ðàíåå èñïîëüçóåìûõ äëÿ êóëüòèâàöèè

ãåíåòè÷åñêè ìîäèôèöèðîâàííûõ êóëüòóð èëè

êóëüòóð, ïîäâåðãàâøèõñÿ äåñèêàöèè. Ïîýòîìó

íåîáõîäèìî êîíòðîëèðîâàòü îñòàòî÷íîå ñîäåðæà-

íèå ãëèôîñàòà â ïî÷âàõ, ïîâåðõíîñòíûõ è ïîä-

çåìíûõ âîäàõ: â ÐÔ óñòàíîâëåíû ìàêñèìàëüíî

äîïóñòèìûå óðîâíè (ÌÄÓ/ÂÌÄÓ) â ðàñòèòåëü-

íîì è æèâîòíîì ñûðüå, ÏÄÊ/ÎÄÊ â ïî÷âå,

ÏÄÊ/ÎÄÓ â âîäå âîäîåìîâ, ÏÄÊ/ÎÁÓÂ â âîçäóõå

(ÒÐ ÒÑ 015/2011, ÑàíÏèÍ 1.2.3685–21).

Ãëèôîñàò è ÀÌÔÊ îïðåäåëÿþò ìåòîäîì òàí-

äåìíîé õðîìàòî-ìàññ-ñïåêòðîìåòðèè (ÂÝÆÕ-

ÌÑ/ÌÑ) êàê â «ïðÿìîì» âàðèàíòå (áåç äåðèâàòè-

çàöèè), òàê è ñ ïðèìåíåíèåì òàêîâîé. Äëÿ ïðÿìî-

ãî îïðåäåëåíèÿ ãëèôîñàòà è ÀÌÔÊ îáû÷íî èñ-

ïîëüçóþò ñïåöèàëèçèðîâàííûå õðîìàòîãðàôè÷å-

ñêèå êîëîíêè (öâèòòåð-èîííûå, èîíîîáìåííûå è

äð.), à ñòàäèÿ ïðîáîïîäãîòîâêè îòíîñèòåëüíî ïðî-

ñòà. Äåðèâàòèçàöèÿ ïîçâîëÿåò ïðèìåíÿòü õðîìà-

òîãðàôè÷åñêèå êîëîíêè íà îñíîâå îáðàùåííî-ôà-

çîâîãî ñîðáåíòà (Ñ18), îäíàêî ïðîöåäóðà ïðîáî-

ïîäãîòîâêè çíà÷èòåëüíî ñëîæíåå, õîòÿ è óäàåòñÿ

äîñòè÷ü íèçêèõ ïðåäåëîâ îïðåäåëåíèÿ è ïðèåì-

ëåìûõ ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê òàêèõ ìå-

òîäèê. Â òî âðåìÿ êàê ïîäõîä ê îïðåäåëåíèþ äàí-

íûõ ñîåäèíåíèé ïîñëå èõ äåðèâàòèçàöèè ïîäðîá-

íî èçëîæåí â îòå÷åñòâåííîé íàó÷íîé ëèòåðàòóðå

[5, 6], ñïîñîáû ïðÿìîãî îïðåäåëåíèÿ ãëèôîñàòà è

ÀÌÔÊ â íåé ïðàêòè÷åñêè íå îïèñàíû. Íàèáîëåå

îáñòîÿòåëüíî ïðÿìîå îïðåäåëåíèå ãëèôîñàòà è

ÀÌÔÊ îïèñûâàåò QuPPe-PO-Method (UERL-

SRM) — ïîñòîÿííî îáíîâëÿåìîå îôèöèàëüíîå ðó-

êîâîäñòâî ÅÑ ïî îïðåäåëåíèþ ïîëÿðíûõ ïåñòè-

öèäîâ [7]. Îäíèì èç íåäîñòàòêîâ äàííîãî ðóêîâî-

äñòâà ÿâëÿåòñÿ èçáûòî÷íîå ïðèìåíåíèå ìåòàíîëà

íà ñòàäèè ýêñòðàêöèè. Íåñìîòðÿ íà òî, ÷òî ìåòà-

íîë ñïîñîáñòâóåò îñàæäåíèþ áåëêîâ, ïåïòèäîâ è

âçâåøåííûõ ÷àñòèö îáðàçöà, âìåñòå ñ ýòèì ñíè-

æàåòñÿ ïîëíîòà èçâëå÷åíèÿ ãëèôîñàòà è ÀÌÔÊ

[8], à ýêñòðàêò íàñûùàåòñÿ ëèïèäàìè (îñîáåííî

ïðè àíàëèçå ìàñëè÷íûõ êóëüòóð). Òàêèå ýêñòðàê-

òû ñóùåñòâåííî ñíèæàþò ðåñóðñ èîíîîáìåííûõ

õðîìàòîãðàôè÷åñêèõ êîëîíîê. Ïðîâîäèìàÿ äàëåå

äèñïåðñèîííàÿ î÷èñòêà â ñî÷åòàíèè ñ óñòðàíåíè-

åì ëèïèäîâ ÿâëÿåòñÿ íåäîñòàòî÷íîé. Íà äàííîì

ýòàïå ýêñòðàêò áóäåò íà 75 % ñîñòîÿòü èç ñìåñè

ìåòàíîëà ñ àöåòîíèòðèëîì, êîòîðûå íå ïîçâîëÿò

çàäåðæàòüñÿ íà ñîðáåíòå áîëüøèíñòâó íåïîëÿð-

íûõ êîìïîíåíòîâ îáðàçöà, ýêñòðàãèðîâàííûõ èç

íåãî ðàíåå 50 %-íûì ìåòàíîëîì. Îñàæäåíèå íå-

êîòîðîãî êîëè÷åñòâà ëèïèäîâ èç ýêñòðàêòà âìå-

ñòå ñ ÷àñòüþ áåëêîâ è ïåïòèäîâ áóäåò îáóñëîâëå-

íî èñêëþ÷èòåëüíî äîáàâëåíèåì àöåòîíèòðèëà.

Íà ñëåäóþùåì ýòàïå ïðèìåíÿþò óñòðîéñòâî äëÿ

óëüòðàôèëüòðàöèè, êîòîðîå, êàê è ðÿä ñïåöèôè-

÷åñêèõ õðîìàòîãðàôè÷åñêèõ êîëîíîê, óêàçàííûõ

â QuPPe-PO-Method, íå ÿâëÿåòñÿ îáùåäîñòóï-

íûì. Ìíîæåñòâî ïåïòèäîâ è áîëüøèíñòâî ëèïè-

äîâ èìåþò îòíîñèòåëüíóþ ìîëåêóëÿðíóþ ìàññó

íèæå 5 êÄà, ïîýòîìó öåëåñîîáðàçíîñòü ïðèìåíå-

íèÿ óñòðîéñòâà óëüòðàôèëüòðàöèè íàõîäèòñÿ

ïîä âîïðîñîì. ÏÎ ãëèôîñàòà è ÀÌÔÊ ëåæèò â

äèàïàçîíå îò 0,02 äî 0,2 ìã/êã â çàâèñèìîñòè îò

îáúåêòà èññëåäîâàíèÿ. Èíòåðåñíûé ïîäõîä ê

ïðÿìîìó îïðåäåëåíèþ ãëèôîñàòà â ñûðüå ðàñòè-

òåëüíîãî ïðîèñõîæäåíèÿ îïèñàí â ðàáîòå [9], â

êîòîðîé àíàëèò èçâëåêàþò èç îáðàçöà äåèîíèçî-

âàííîé âîäîé ñ äèõëîðìåòàíîì, èçáàâëÿÿñü îò ëè-

ïèäîâ. Íåäîñòàòêîì îïèñàííîé ìåòîäèêè ÿâëÿ-

þòñÿ îòñóòñòâèå ïîäêèñëåíèÿ íà ýòàïå ýêñòðàê-

öèè è ïîëíûé îòêàç îò ïðèìåíåíèÿ ìåòàíîëà è

ñîëåé ýòèëåíäèàìèíòåòðàóêñóñíîé êèñëîòû (äëÿ

ñíèæåíèÿ íåãàòèâíîãî âëèÿíèÿ äâóõâàëåíòíûõ

ìåòàëëîâ íà ïîëíîòó èçâëå÷åíèÿ). Ýòî îáóñëîâè-

ëî âûñîêèé ÏÎ ïðè àíàëèçå ìàñëè÷íûõ êóëüòóð:
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2 ìã/êã â ñîåâûõ áîáàõ. Ïðèìåíåííîå àâòîðàìè

ðàçâåäåíèå ýêñòðàêòà àöåòîíèòðèëîì (âäâîå) íå-

äîñòàòî÷íî äëÿ ïîëíîãî îñàæäåíèÿ áåëêîâ è ïåï-

òèäîâ. Îïðåäåëåíèå ÀÌÔÊ â äàííîé ðàáîòå íå

ðàññìîòðåíî. Ïîõîæàÿ ìåòîäèêà äëÿ àíàëèçà ñî-

åâûõ áîáîâ áûëà ïðåäëîæåíà â ðàáîòå [10]. Ïîìè-

ìî âûøåîïèñàííûõ íåäîñòàòêîâ, ìîæíî îòìå-

òèòü îòêàç îò î÷èñòêè ýêñòðàêòà íà ñîðáåíòàõ Ñ18

ëèáî íà ñìåñè äèâèíèëáåíçîëà è N-âèíèëïèððî-

ëèäîíà (HLB), ÷òî ìîæåò ïðèâîäèòü ê óõóäøå-

íèþ ôîðìû õðîìàòîãðàôè÷åñêèõ ïèêîâ, íèçêèì

çíà÷åíèÿì îòíîøåíèÿ ñèãíàëà ê øóìó è âûñîêèì

çíà÷åíèÿì ÏÎ, à òàêæå îáóñëîâëèâàòü äðóãèå

ñëîæíîñòè ïðè ðàáîòå ñ ðàñòèòåëüíûì ñûðüåì,

îòëè÷íûì îò ñîåâûõ áîáîâ. Äëÿ îñàæäåíèÿ áåë-

êîâ àâòîðû ðàáîòû [10] ïðèìåíÿëè ìåòàíîë, êî-

òîðûé îáëàäàåò ìåíåå âûðàæåííûì äåíàòóðè-

ðóþùèì äåéñòâèåì, ÷åì àöåòîíèòðèë. Äîñòèãíó-

òûé ÏÎ ñîñòàâèë 0,3 è 0,34 ìã/êã äëÿ ãëèôîñàòà è

ÀÌÔÊ ñîîòâåòñòâåííî. Â öåëîì áîëüøèíñòâî

îïóáëèêîâàííûõ ìåòîäèê íå ïîçâîëÿåò äîñòè÷ü

ÏÎ ãëèôîñàòà è ÀÌÔÊ ìåíåå 0,15 ìã/êã (ïî

ÒÐ ÒÑ 015/2011) è îïèñûâàåò àíàëèç îãðàíè÷åí-

íîãî ïåðå÷íÿ îáúåêòîâ èññëåäîâàíèÿ.

Ñóùåñòâóþùèå ìåòîäèêè ïðÿìîãî îïðåäåëå-

íèÿ ãëèôîñàòà è ÀÌÔÊ â âîäå è ïî÷âå äîñòàòî÷-

íî ïðîñòû â ðåàëèçàöèè. Òàê, â ðàáîòå [11] ÏÎ

ãëèôîñàòà â âîäå îêàçàëñÿ äîñòàòî÷íî âûñî-

êèì — íà óðîâíå 0,05 ìã/ë. Â äàííîé ìåòîäèêå íå

óñòðàíÿëè íåãàòèâíîå âëèÿíèå äâóõâàëåíòíûõ

ìåòàëëîâ íà ïîëíîòó èçâëå÷åíèÿ ãëèôîñàòà äî-

áàâêîé íàòðèåâîé ñîëè ÝÄÒÀ. Êðîìå òîãî, ïðè-

ìåíÿåìûé äèõëîðìåòàí, îáðàçóåò ñ âîäîé àçåî-

òðîï (äî 2 % äèõëîðìåòàíà â âîäå) ñ òåìïåðà-

òóðîé êèïåíèÿ 38,1 °C. Ïîýòîìó öåíòðèôóãèðîâà-

íèÿ è ôèëüòðàöèè äëÿ åãî óñòðàíåíèÿ ìîæåò

áûòü íåäîñòàòî÷íî, à äàëüíåéøèé àíàëèç òàêîãî

ýêñòðàêòà ìîæåò íåãàòèâíî ñêàçàòüñÿ íà ðàáîòå

õðîìàòîãðàôè÷åñêîé êîëîíêè. Íåäîñòàòêîì äðó-

ãîé ðàáîòû [12] òàêæå ÿâëÿåòñÿ îòêàç îò ïðèìå-

íåíèÿ ñîëåé ÝÄÒÀ è ïîäêèñëåíèÿ ýêñòðàêòà.

Îïóáëèêîâàíû ðàáîòû ïî àíàëèçó ïî÷âû ìåòî-

äîì ÂÝÆÕ-ÌÑ/ÌÑ ñ ÏÎ ãëèôîñàòà è ÀÌÔÊ

0,05 ìã/êã [13]; 4 è 13,3 ìêã/êã ñîîòâåòñòâåííî

[14]. Â ïðåäëîæåííûõ ìåòîäèêàõ àíàëèçà ïî÷â íå

ó÷òåíû èõ âèäîâîå ðàçíîîáðàçèå è âîçìîæíîå ìå-

øàþùåå âëèÿíèå îðãàíè÷åñêèõ êîìïîíåíòîâ,

âõîäÿùèõ â èõ ñîñòàâ, à äëèòåëüíîñòü ïðîáîïîä-

ãîòîâêè ñëèøêîì âåëèêà [13].

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäèêè

ïðÿìîãî îïðåäåëåíèÿ ãëèôîñàòà è ÀÌÔÊ, ðàñ-

ïðîñòðàíÿåìîé íà ñûðüå ðàñòèòåëüíîãî ïðîèñ-

õîæäåíèÿ, ïî÷âû è ïî÷âîãðóíòû, ïîâåðõíîñòíûå

è ïîäçåìíûå âîäû, ëèøåííîé ïåðå÷èñëåííûõ

âûøå íåäîñòàòêîâ è ðåàëèçóåìîé ñ èñïîëüçîâà-

íèåì îòíîñèòåëüíî äîñòóïíîé õðîìàòîãðàôè÷å-

ñêîé êîëîíêè.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ðåàêòèâû, ìàòåðèàëû, îáîðóäîâàíèå. Â ðà-

áîòå ïðèìåíÿëè ñëåäóþùèå ðåàêòèâû è ðàñõîä-

íûå ìàòåðèàëû: ìåòàíîë 99 % (CAS 67-56-1), àöå-

òîíèòðèë 99 % (CAS 75-05-8), ìóðàâüèíóþ êèñ-

ëîòó 99 % (CAS 64-18-6), äèõëîðìåòàí õ÷ (CAS

75-09-2), ãåêñàí õ÷ (CAS 110-54-3), àöåòàò àì-

ìîíèÿ 99 % (CAS 631-61-8), ôîðìèàò àììîíèÿ

99 % (CAS 540-69-2), äèãèäðàò äèíàòðèåâîé ñîëè

ÝÄÒÀ (ÝÄÒÀ-Na2) 99 % (CAS 6381-92-6), ãëèôî-

ñàò (CAS 1071-83-6), ÀÌÔÊ (CAS 1066-51-9), ãëè-

ôîñàò-2-13C,15N, äàëåå ÃÔ-ISt (CAS 285978-24-7),

ñîëÿíóþ êèñëîòó 37 % (CAS 7647-01-0), ãèäðî-

îêñèä àììîíèÿ 25 % (CAS 1336-21-6), óêñóñíóþ

êèñëîòó 99 % (CAS 64-19-7), ñîðáåíò Bondesil C18

40 ìêì (Agilent, ÑØÀ), óñòðîéñòâî äëÿ óëüòðà-

ôèëüòðàöèè Spin-X UF 10000 MWCO (Corning,

ÑØÀ), êàðòðèäæè äëÿ ÒÔÝ ìàðêè Oasis HLB ñ

60 ìã ñîðáåíòà íà îñíîâå äèâèíèëáåíçîëà è N-âè-

íèëïèððîëèäîíà îáúåìîì 3 ìë (Waters, ÑØÀ).

Äåèîíèçîâàííóþ âîäó ïîëó÷àëè ñ ïîìîùüþ ñèñ-

òåìû î÷èñòêè âîäû Millipore (Merck, Ãåðìàíèÿ).

Ýêñòðàêöèþ è ïåðåìåøèâàíèå ïðîâîäèëè íà

øåéêåðàõ Reax 2 è Reax Control (Heidolph,

Ãåðìàíèÿ), êîíöåíòðèðîâàíèå ýêñòðàêòîâ — íà

ìîäóëå Pierce Reacti-Therm III (Thermo, ÑØÀ).

Äëÿ àíàëèçà èñïîëüçîâàëè ìàññ-ñïåêòðîìåòð Shi-

madzu 8060 ñ õðîìàòîãðàôîì Nexera X2 (Shimad-

zu, ßïîíèÿ). Õðîìàòîãðàôè÷åñêîå ðàçäåëåíèå

ïðîâîäèëè íà êîëîíêàõ: ACQUITY UPLC HSS T3

(çåðíî 1,8 ìêì, âíóòðåííèé äèàìåòð 2,1 ìì, äëè-

íà 100 ìì) (Waters, ÑØÀ), Hypersil Gold aQ (çåð-

íî 3 ìêì, âíóòðåííèé äèàìåòð 2,1 ìì, äëèíà

100 ìì) (Thermo, ÑØÀ), Luna Phenyl-Hexyl

(çåðíî 5 ìêì, âíóòðåííèé äèàìåòð 2 ìì, äëèíà

150 ìì) (Phenomenex, ÑØÀ).

Èñõîäíûå ðàñòâîðû ñòàíäàðòîâ ñ êîíöåíòðà-

öèåé 0,5 ìã/ìë ãîòîâèëè ðàñòâîðåíèåì íàâåñîê â

äåèîíèçîâàííîé âîäå. Êîíöåíòðàöèè ñîîòâåòñò-

âóþùèõ ðàáî÷èõ ñìåñåé ñîñòàâëÿëè 0,1 (C1), 0,01

(C2) è 0,001 ìã/ìë (C3). Ðàáî÷èé ðàñòâîð ÃÔ-ISt

(0,1 ìã/ìë) ãîòîâèëè ðàñòâîðåíèåì åãî íàâåñêè â

äåèîíèçîâàííîé âîäå. Äëÿ ýêñòðàêöèè ãëèôîñàòà

è ÀÌÔÊ èç ðàñòèòåëüíîãî ñûðüÿ èñïîëüçîâàëè

ñìåñü äåèîíèçîâàííîé âîäû, ìåòàíîëà è óêñóñ-

íîé êèñëîòû â îáúåìíîì ñîîòíîøåíèè 79/20/1.

Ðàñòâîð ÝÄÒÀ-Na2 ãîòîâèëè ðàñòâîðåíèåì 5 ã

äèãèäðàòà â 45 ìë äåèîíèçîâàííîé âîäû ñ èñ-

ïîëüçîâàíèåì óëüòðàçâóêîâîé áàíè.

Îáùàÿ ñõåìà ýêñòðàêöèè ãëèôîñàòà è

ÀÌÔÊ äëÿ îáðàçöîâ ñûðüÿ ðàñòèòåëüíîãî ïðî-

èñõîæäåíèÿ. Â ïîëèïðîïèëåíîâóþ ïðîáèðêó c 2 ã

ãîìîãåííîãî îáðàçöà âíîñèëè 20 ìêë ÃÔ-ISt, äî-

áàâëÿëè 19 ìë ðàñòâîðà äëÿ ýêñòðàêöèè è 1 ìë

ðàñòâîðà ÝÄÒÀ-Na2. Ïðîáèðêó âñòðÿõèâàëè äî

îòñëîåíèÿ íàâåñêè îò ñòåíîê è ïîìåùàëè íà âåð-

òèêàëüíûé øåéêåð Reax 2 äëÿ ýêñòðàêöèè ïðè
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ñðåäíåé ñêîðîñòè âðàùåíèÿ ðîòîðà. ×åðåç 20 ìèí

â ïðîáèðêó âíîñèëè 5 ìë äèõëîðìåòàíà è ïðîäîë-

æàëè ýêñòðàêöèþ åùå â òå÷åíèå 15 ìèí. Ïðîáèð-

êó öåíòðèôóãèðîâàëè ïðè 4750 ìèí–1 è 20 °C â

òå÷åíèå 20 ìèí. Ïðè íåîáõîäèìîñòè ïðîâîäèëè

î÷èñòêó ìåòîäîì òâåðäîôàçíîé ýêñòðàêöèè —

1 ìë ýêñòðàêòà ïðîïóñêàëè ÷åðåç ñîðáåíò êàð-

òðèäæà Oasis HLB, ïðåäâàðèòåëüíî àêòèâèðî-

âàííûé è óðàâíîâåøåííûé ïî ñëåäóþùåé ñõåìå:

2 ìë ìåòàíîëà, 2 ìë äåèîíèçîâàííîé âîäû, 0,7 ìë

ýêñòðàêòà (â ñëèâ). Ê 1 ìë î÷èùåííîãî òàêèì îá-

ðàçîì ýêñòðàêòà äîáàâëÿëè 2 ìë àöåòîíèòðèëà è

ïåðåìåøèâàëè, ïîñëå ÷åãî öåíòðèôóãèðîâàëè

ïðè 4750 ìèí–1 è 4 °C â òå÷åíèå 20 ìèí. Â íîâóþ

ïðîáèðêó ïåðåíîñèëè 2 ìë âåðõíåãî ñëîÿ è êîí-

öåíòðèðîâàëè äî 1 ìë ïðè 50 °C. Îñòàòîê ïåðåìå-

øèâàëè íà øåéêåðå Reax Control è öåíòðèôóãè-

ðîâàëè ïðè 15 000 ìèí–1 è 4 °C â òå÷åíèå 20 ìèí.

Ïîëó÷åííûé ýêñòðàêò èñïîëüçîâàëè äëÿ àíàëèçà.

Ýêñòðàêöèÿ èç îáðàçöîâ âîäû. Â ïîëèïðîïè-

ëåíîâóþ ïðîáèðêó âíîñèëè 5 ìë îáðàçöà, 10 ìêë

ÃÔ-ISt, 50 ìêë óêñóñíîé êèñëîòû, 0,2 ìë ðàñ-

òâîðà ÝÄÒÀ-Na2 è ïåðåìåøèâàëè íà øåéêåðå

Reax Control, à çàòåì öåíòðèôóãèðîâàëè ïðè

4750 ìèí–1 è 4 °C â òå÷åíèå 20 ìèí. Äàëåå ïðî-

âîäèëè î÷èñòêó íà ñîðáåíòå êàðòðèäæà Oasis

HLB è ïîñëåäóþùèå ìàíèïóëÿöèè, êàê îïèñàíî

âûøå.

Ýêñòðàêöèÿ èç îáðàçöîâ ïî÷âîãðóíòîâ. Â ïî-

ëèïðîïèëåíîâóþ ïðîáèðêó ïîìåùàëè 2 ã ïåðå-

ìîëîòîãî îáðàçöà è âíîñèëè 20 ìêë ÃÔ-ISt, äî-

áàâëÿëè 20 ìë 0,1 %-íîãî ðàñòâîðà ãèäðîîêñèäà

àììîíèÿ è ïðîâîäèëè ýêñòðàêöèþ íà âåðòè-

êàëüíîì øåéêåðå Reax 2 â òå÷åíèå 20 ìèí ïðè

ñðåäíåé ñêîðîñòè âðàùåíèÿ ðîòîðà. Ïðîáèðêó

ñ ñîäåðæèìûì öåíòðèôóãèðîâàëè ïðè 4750 ìèí–1

è 20 °C â òå÷åíèå 20 ìèí. Äàëåå ïðîâîäèëè î÷èñò-

êó íà ñîðáåíòå êàðòðèäæà Oasis HLB è ïîñëåäóþ-

ùèå ìàíèïóëÿöèè, êàê îïèñàíî âûøå.

Óñëîâèÿ õðîìàòîãðàôè÷åñêîãî ðàçäåëåíèÿ è

äåòåêòèðîâàíèÿ. Îïðåäåëåíèå ãëèôîñàòà è

ÀÌÔÊ îñóùåñòâëÿëè ïðè îòðèöàòåëüíîé èîíè-

çàöèè. Ñêîðîñòü ñêàíèðîâàíèÿ/çàäåðæêè ñîñòàâ-

ëÿëà 20 ìêñ; ñêîðîñòü ïîòîêà ãàçà â êàìåðå ðàñ-

ïûëåíèÿ — 3 ë/ìèí; ñêîðîñòü ãàçà íàãðåâà —

10 ë/ìèí; òåìïåðàòóðà èíòåðôåéñà — 300 °C;

òåìïåðàòóðà ëèíèè îñóøåíèÿ — 250 °C; òåìïå-

ðàòóðà áëîêà íàãðåâàòåëÿ èñòî÷íèêà — 400 °C;

ñêîðîñòü ãàçà îñóøåíèÿ — 10 ë/ìèí. Äðóãèå ïà-

ðàìåòðû ðàáîòû ìàññ-ñïåêòðîìåòðà ñîîòâåòñòâî-

âàëè óêàçàííûì â òàáë. 1.

Õðîìàòîãðàôè÷åñêîå ðàçäåëåíèå ïðîâîäèëè â

ãðàäèåíòíîì ðåæèìå, â êà÷åñòâå ïîäâèæíûõ ôàç

èñïîëüçîâàëè 5 %-íûé ðàñòâîð ìåòàíîëà â äåèî-

íèçîâàííîé âîäå (Á) è ñìåñü ìåòàíîëà ñ àöåòî-

íèòðèëîì â îáúåìíîì ñîîòíîøåíèè 7/3 (À). Ïàðà-

ìåòðû ðàáîòû æèäêîñòíîãî õðîìàòîãðàôà ñ êî-

ëîíêîé ACQUITY UPLC HSS T3 óêàçàíû â

òàáë. 2. Ïðè ïðîâåäåíèè õðîìàòîãðàôè÷åñêîãî

ðàçäåëåíèÿ â òåðìîñòàòå ïîääåðæèâàëè òåìïåðà-

òóðó 35 °C. Îáúåì ââîäèìîé ïðîáû ñîñòàâëÿë

10 ìêë; òåìïåðàòóðà â îòñåêå óñòðîéñòâà ââîäà

ïðîá — 15 °C. Îðèåíòèðîâî÷íîå âðåìÿ âûõîäà

îïðåäåëÿåìûõ ñîåäèíåíèé: ãëèôîñàò (ÃÔ-ISt) —

4,3 ìèí, ÀÌÔÊ — 4,4 ìèí.

Îáñóæäåíèå ðåçóëüòàòîâ

Âûáîð ñïîñîáà äåòåêòèðîâàíèÿ. Ïðîâåëè

àêòóàëèçàöèþ ïåðå÷íÿ äî÷åðíèõ èîíîâ ãëèôîñà-

òà è ÀÌÔÊ äëÿ êîíêðåòíîãî äåòåêòîðà. Äëÿ ãëè-

ôîñàòà (m/z = 168,2) áûëè íàéäåíû èîíû (â ïî-

ðÿäêå ñíèæåíèÿ èíòåíñèâíîñòè èõ ñèãíàëîâ): m/z
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Òàáëèöà 1. Óñëîâèÿ ìàññ-ñïåêòðîìåòðè÷åñêîãî äåòåêòèðîâàíèÿ

Table 1. Parameters of mass-spectrometric detection

Îïðåäåëÿåìîå

ñîåäèíåíèå

Èîí-ïðåäøå-

ñòâåííèê, m/z

Äî÷åðíèå

èîíû, m/z

Íàïðÿæåíèå, Â

íà ïåðâîì

êâàäðóïîëå Q1

íà ñòîëêíîâèòåëü-

íîé ÿ÷åéêå CE

íà òðåòüåì

êâàäðóïîëå Q3

Ãëèôîñàò 168,2 63,05 21 24 14

80,9 18 14 17

Ãëèôîñàò ISt 171,05 62,95 15 24 15

AMÔÊ 110,2 79,15 25 27 29

63,15 25 22 13

Òàáëèöà 2. Óñëîâèÿ õðîìàòîãðàôè÷åñêîãî ðàçäåëåíèÿ

Table 2. Parameters of chromatographic separation

Âðåìÿ,

ìèí

Ïîäâèæíàÿ

ôàçà Á, %

Ïîäâèæíàÿ

ôàçà À, %

Ñêîðîñòü

ïîòîêà, ìë/ìèí

3 2 98 0,45

3,5 100 0 0,45

3,8 — ïîäà÷à ïîòîêà ñ êîëîíêè

â èñòî÷íèê ìàññ-ñïåêòðîìåòðà

8 95 5 0,45

8,1 2 98 0,45

9,0 — ïîäà÷à ïîòîêà ñ êîëîíêè â ñëèâ

13 2 98 0,45



78,9 > 63,05 > 80,9 > 150,1 > 124,02. Èîí ñ m/z =

= 63,05 áûë èñïîëüçîâàí äëÿ êîëè÷åñòâåííîãî

àíàëèçà, òàê êàê äëÿ íåãî ñîîòíîøåíèå ñèã-

íàë/øóì áûëî ìèíèìàëüíûì. Èîí ñ m/z = 80,9

áûë âûáðàí â êà÷åñòâå ïîäòâåðæäàþùåãî.

Îñòàëüíûå èîíû ìîãëè èñïîëüçîâàòüñÿ äëÿ ïîä-

òâåðæäåíèÿ ïðè ñîäåðæàíèè ãëèôîñàòà áîëüøå

âòîðîãî èëè òðåòüåãî ãðàäóèðîâî÷íîãî óðîâíÿ.

Äëÿ ÀÌÔÊ áûëî íàéäåíî äâà äî÷åðíèõ èîíà ñ

m/z = 79,15 è 63,15, ñèãíàëû êîòîðûõ áûëè ñâî-

áîäíû îò ìåøàþùèõ âëèÿíèé è èìåëè áëèçêèå

èíòåíñèâíîñòè.

Â ðÿäå ðàáîò äëÿ ðàçäåëåíèÿ ãëèôîñàòà è

ÀÌÔÊ ïðèìåíÿëè õðîìàòîãðàôè÷åñêóþ êîëîíêó

ACQUITY UPLC HSS T3 [15 – 18]. Ïåðâûå äâå

ðàáîòû îïèñûâàþò îïðåäåëåíèå ãëèôîñàòà ïîñëå

äåðèâàòèçàöèè, à â òðåòüåé [17] äàííóþ õðîìà-

òîãðàôè÷åñêóþ êîëîíêó îòáðàêîâûâàþò, òàê êàê

àâòîðû ñîîáùàþò î âûõîäå ÀÌÔÊ â îáëàñòè

ìåðòâîãî îáúåìà êîëîíêè. Â ðàáîòå [18] îïèñàíî

îïðåäåëåíèå ãëèôîñàòà è ÀÌÔÊ â âîäå, îäíàêî

âðåìåíà óäåðæèâàíèÿ äàííûõ ñîåäèíåíèé ñî-

ñòàâëÿëè ìåíåå 0,5 ìèí. Ñëåäóåò ïîíèìàòü, ÷òî

ïîäõîä ê õðîìàòîãðàôè÷åñêîìó ðàçäåëåíèþ ãëè-

ôîñàòà è ÀÌÔÊ íà ïîäîáíîé êîëîíêå ñóùåñòâåí-

íî îòëè÷àåòñÿ îò ïîäõîäà ê ðàçäåëåíèþ íà êîëîí-

êàõ C18. Âìåñòî ãðàäèåíòíîãî ýëþèðîâàíèÿ, íà-

÷èíàþùåãîñÿ ñðàçó ïîñëå ââîäà îáðàçöà, öåëåñî-

îáðàçíî ââåñòè â ïðîãðàììó èçîêðàòè÷åñêèé ó÷à-

ñòîê, ôîðìèðóåìûé îðãàíè÷åñêèì ðàñòâîðèòåëåì

ñ íèçêîé ýëþèðóþùåé ñïîñîáíîñòüþ. Âðåìÿ âû-

õîäà îïðåäåëÿåìûõ ñîåäèíåíèé áóäåò îòîäâè-

ãàòüñÿ äî ìîìåíòà ïîäà÷è ïîäâèæíîé ôàçû íà

îñíîâå äåèîíèçîâàííîé âîäû. Äî ýòîãî ìîìåíòà

ðåêîìåíäóåòñÿ íàïðàâëÿòü ïîòîê ñ êîëîíêè â îá-

õîä èñòî÷íèêà ìàññ-ñïåêòðîìåòðà — â ñëèâ. Ýòî

ñóùåñòâåííî ñíèçèò âåðîÿòíîñòü çàãðÿçíåíèÿ

èñòî÷íèêà íåóäåðæèâàþùèìèñÿ êîìïîíåíòàìè

îáðàçöà.

Ïîäáîð îïòèìàëüíîé õðîìàòîãðàôè÷åñêîé

êîëîíêè è ïàðàìåòðîâ ýëþèðîâàíèÿ îñóùåñòâëÿ-

ëè ïðè ââîäå ýêñòðàêòà ãîìîãåíàòà îáðàçöà áîáîâ

ñîè ñ äîáàâêîé ãëèôîñàòà è ÀÌÔÊ íà óðîâíå

1 ìã/êã, ïðèãîòîâëåííîãî ïî ïðèâåäåííîé íèæå

ñõåìå. Ê 4 ã ìîëîòîé ñîè äîáàâëÿëè 40 ìêë ðàñ-

òâîðà C1, ýêñòðàãèðîâàëè 20 ìë äåèîíèçîâàííîé

âîäû ñ 130 ìêë ñîëÿíîé êèñëîòû è öåíòðèôóãè-

ðîâàëè. Àëèêâîòó âåðõíåãî ñëîÿ î÷èùàëè íà ñîð-

áåíòå êàðòðèäæà Oasis HLB. Ê 1 ìë î÷èùåííîé

àëèêâîòû ïðèáàâëÿëè 2 ìë ìåòàíîëà, îñàæäàëè

áåëêè è ïåïòèäû öåíòðèôóãèðîâàíèåì ïðè 4 °C,

çàòåì àëèêâîòó èñïîëüçîâàëè äëÿ àíàëèçà. Îöå-

íèâàëè àáñîëþòíóþ èíòåíñèâíîñòü ñèãíàëà è

ôîðìó õðîìàòîãðàôè÷åñêèõ ïèêîâ (ðèñ. 1).

Ïåðâîíà÷àëüíî ôîðìà õðîìàòîãðàôè÷åñêèõ

ïèêîâ áûëà íàèëó÷øåé ïðè èñïîëüçîâàíèè êî-

ëîíêè Hypersil Gold aQ, îäíàêî ïîñëå äîðàáîòêè

ñõåìû ïðîáîïîäãîòîâêè è ãðàäèåíòà îêîí÷àòåëü-

íûé âûáîð áûë îñòàíîâëåí íà êîëîíêå ACQUITY

UPLC HSS T3 (ñì. ðèñ. 1, ã). Óñëîâèÿ õðîìàòîãðà-

ôè÷åñêîãî ðàçäåëåíèÿ íà ïåðå÷èñëåííûõ âûøå

êîëîíêàõ ïðåäñòàâëåíû â òàáë. 3. Áûëî óñòàíîâ-

ëåíî, ÷òî ïðè ïðèìåíåíèè ïîïóëÿðíûõ äëÿ îòðè-

öàòåëüíîãî ðåæèìà èîíèçàöèè äîáàâîê â ïîäâèæ-

íóþ ôàçó (Á) ïðîèñõîäèò îáùåå ñíèæåíèå èíòåí-

ñèâíîñòè àíàëèòè÷åñêîãî ñèãíàëà. Äëÿ ýòîãî ãî-

òîâèëè íåñêîëüêî ïîäâèæíûõ ôàç (Á) íà îñíîâå

5 %-íîãî ìåòàíîëà â äåèîíèçîâàííîé âîäå ñ äî-

áàâêàìè âîäíîãî ðàñòâîðà àììèàêà (äî 0,025 %),

ìóðàâüèíîé êèñëîòû (äî 0,2 %), àöåòàòà àììîíèÿ

(äî 5 ììîëü/ë) (ðèñ. 2).

Àíàëèç ñûðüÿ ðàñòèòåëüíîãî ïðîèñõîæäå-

íèÿ. Îñíîâíîé çàäà÷åé ïðè àíàëèçå ðàñòèòåëüíî-

ãî ñûðüÿ áûëî ïîëó÷åíèå ýêñòðàêòîâ, â êîòîðûõ

ìîæíî áûëî áû îïðåäåëÿòü ãëèôîñàò è ÀÌÔÊ íà

ìàêñèìàëüíî íèçêîì óðîâíå ñîäåðæàíèé â øèðî-

êîì ñïåêòðå îáúåêòîâ èññëåäîâàíèÿ, ñ ìèíèìàëü-

íûì ñîäåðæàíèåì êîìïîíåíòîâ, çàãðÿçíÿþùèõ

õðîìàòî-ìàññ-ñïåêòðîìåòð.
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à á â ã

Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 1. Ìàññ-õðîìàòîãðàììû ãëèôîñàòà è ÀÌÔÊ, ïîëó÷åííûå íà ðàçëè÷íûõ õðîìàòîãðàôè÷åñêèõ êîëîíêàõ: à —

Hypersil Gold aQ; á — Luna Phenyl-Hexyl; â — ACQUITY UPLC HSS T3; ã — ACQUITY UPLC HSS T3 (ïîñëå äîðàáîòêè

ãðàäèåíòà)

Fig. 1. Mass-chromatograms of glyphosate and AMPA obtained on various chromatographic columns: a — Hypersil Gold aQ;

b — Luna Phenyl-Hexyl; c — ACQUITY UPLC HSS T3; d — ACQUITY UPLC HSS T3 (after gradient modification)



Ïåðâîíà÷àëüíàÿ ñõåìà ïðîáîïîäãîòîâêè îêà-

çàëàñü íåðàáîòîñïîñîáíîé ïðè ïåðåõîäå îò ìîëî-

òîé ñîè ê äðóãèì îáúåêòàì èññëåäîâàíèÿ (ãîðîõ,

ïøåíèöà, ãðå÷êà, ðèñ, ÷àé è äð.). Íà óðîâíå ÏÎ

àíàëèòè÷åñêèé ñèãíàëà áûë íèçêèì, õðîìàòîãðà-

ôè÷åñêèå ïèêè — øèðîêèìè ñ àñèììåòðèåé çàä-

íåãî ôðîíòà, ïåðåõîäÿùèìè â ôîí íà óðîâíå

1/2 – 1/3 âûñîòû. Äëÿ óìåíüøåíèÿ âëèÿíèÿ êîì-

ïîíåíòîâ îáðàçöà íà àíàëèòè÷åñêèé ñèãíàë ìàñ-

ñó íàâåñêè óìåíüøèëè âäâîå, îáúåì ýêñòðàãåíòà

ñîñòàâëÿë 20 ìë. Íà ñòàäèè îïòèìèçàöèè ñïîñîáà

ýêñòðàêöèè ðàññìàòðèâàëè ñëåäóþùèå âàðèàíòû

ýêñòðàãåíòîâ è äîáàâîê â íèõ: ¹ 1 — 0,08 Ì ñîëÿ-

íàÿ êèñëîòà ñ 4 ìë äèõëîðìåòàíà; ¹ 2 — 1 %-íàÿ

óêñóñíàÿ êèñëîòà ñ 1 ìë 10 %-íîãî ðàñòâîðà

ÝÄÒÀ-Na2 è 4 ìë äèõëîðìåòàíà; ¹ 3 — ñìåñü

10 %-íîãî ìåòàíîëà ñ äîáàâêîé äî 1 % óêñóñíîé

êèñëîòû ñ 1 ìë 10 %-íîãî ðàñòâîðà ÝÄÒÀ-Na2 è

4 ìë äèõëîðìåòàíà; ¹ 4 — ñìåñü 20 %-íîãî ìåòà-

íîëà ñ äîáàâêîé äî 1 % óêñóñíîé êèñëîòû ñ 1 ìë

10 %-íîãî ðàñòâîðà ÝÄÒÀ-Na2 è 4 ìë äèõëîðìå-

òàíà; ¹ 5 — ñìåñü 20 %-íîãî ìåòàíîëà ñ äîáàâêîé

äî 1 % óêñóñíîé êèñëîòû ñ 4 ìë äèõëîðìåòàíà;

¹ 6 — ñìåñü 20 %-íîãî ìåòàíîëà ñ äîáàâêîé äî

1 % óêñóñíîé êèñëîòû ñ 1 ìë 10 %-íîãî ðàñòâîðà

ÝÄÒÀ-Na2.

Ïîñëå ýêñòðàêöèè è öåíòðèôóãèðîâàíèÿ ïðî-

âîäèëè î÷èñòêó íà ñîðáåíòå êàðòðèäæà Oasis

HLB, îñàæäåíèå áåëêîâ è ïåïòèäîâ àöåòîíèòðè-

ëîì, öåíòðèôóãèðîâàíèå è êîíöåíòðèðîâàíèå

ýêñòðàêòà ïðè 50 °C. Ñîïîñòàâèìûå ðåçóëüòàòû

áûëè ïîëó÷åíû ïðè ïðèìåíåíèè ýêñòðàãåíòîâ

¹ 3,4 è 6, îäíàêî íàèáîëåå ÷èñòûì ýêñòðàêòîì

áûë ¹ 4 (ðèñ. 3). Íåñìîòðÿ íà òî, ÷òî ïðèñóòñò-

âèå äèõëîðìåòàíà ïðè ýêñòðàêöèè, âèäèìî, ñíè-

æàåò ðàñòâîðèìîñòü ãëèôîñàòà (àçåîòðîï äèõëîð-

ìåòàíà ñ âîäîé), åãî ïðèìåíåíèå îïðàâäàíî äëÿ

óñòðàíåíèÿ ëèïèäîâ è ëó÷øåãî ðàçäåëåíèÿ ôàç

ïðè ðàáîòå ñî ñëîæíûìè îáúåêòàìè èññëåäîâà-

íèÿ è ìàñëè÷íûìè êóëüòóðàìè. Áûë òàêæå ïî-

äîáðàí îáúåì àöåòîíèòðèëà äëÿ îñàæäåíèÿ áåë-

êîâ è ïåïòèäîâ èç ýêñòðàêòà ñ ìèíèìàëüíûìè ïî-

òåðÿìè ãëèôîñàòà è ÀÌÔÊ: 2 ìë íà 1 ìë ýêñòðàê-

òà. Âìåñòî äèõëîðìåòàíà äëÿ îáåçæèðèâàíèÿ äî-

ïóñòèìî ïðèìåíÿòü ãåêñàí â òîì æå îáúåìå,

îäíàêî ïðè ýòîì ïîñëå öåíòðèôóãèðîâàíèÿ îðãà-

íè÷åñêèé ñëîé îêàæåòñÿ íàä ýêñòðàêòîì.

Ïîñëå âûáîðà ñïîñîáà ýêñòðàêöèè îöåíèâàëè

öåëåñîîáðàçíîñòü ïðèìåíåíèÿ î÷èñòêè íà ñîð-

áåíòå êàðòðèäæà Oasis HLB è ñîðáåíòå Bondesil

C18 (íàâåñêà 0,5 ã íà êàðòðèäæ). Äëÿ ýòîãî ýêñ-

òðàêò îáðàçöà äåëèëè íà òðè ÷àñòè. Äëÿ ïåðâîé

÷àñòè îñóùåñòâëÿëè ïðîáîïîäãîòîâêó â ñîîòâåò-

ñòâèè ñ ïîëíûì ïðîòîêîëîì (ñ Oasis HLB); âòî-

ðóþ ÷àñòü î÷èùàëè ñ ïîìîùüþ Bondesil C18; òðå-

òüÿ ÷àñòü íå ïîäëåæàëà î÷èñòêå íà ñîðáåíòàõ
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Òàáëèöà 3. Óñëîâèÿ õðîìàòîãðàôè÷åñêîãî ðàçäåëåíèÿ ñìåñè ãëèôîñàòà è ÀÌÔÊ íà ðàçëè÷íûõ êîëîíêàõ

Table 3. Parameters of chromatographic separation of glyphosate and AMPA mixture on different columns

Íàèìåíîâàíèå êîëîíêè Ïîäâèæíûå ôàçû Ïðîãðàììà ðàçäåëåíèÿ

Hypersil Gold aQ À — àöåòîíèòðèë

Á — 15 %-íûé ìåòàíîë

Äî 2 ìèí — 85 % À, ê 2,5 ìèí — ê 100 % Á, äî 7 ìèí —

100 % Á, â 7,1 ìèí — 100 % À äî 14 (16 äëÿ Luna

Phenyl-Hexyl) ìèí — 100 % À (ñêîðîñòü ïîòîêà —

0,5 (0,6 äëÿ Luna Phenyl-Hexyl) ìë/ìèí, 30 °C)
Luna Phenyl-Hexyl À — àöåòîíèòðèë

Á — 20 %-íûé ìåòàíîë

ACQUITY

UPLC HSS T3

(ðèñ. 1, â)

À — 50 %-íûé ìåòàíîë â àöåòîíèòðèëå

Á — 20 %-íûé ìåòàíîë

Äî 3 ìèí — 100 % À, ê 4 ìèí — ê 100 % Á,

äî 10 ìèí — 100 % Á, â 10,1 ìèí — 100 % À,

äî 17 ìèí — 100 % À (ñêîðîñòü ïîòîêà — 0,45 ìë/ìèí,

30 °C)

à á â ã

Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 2. Ìàññ-õðîìàòîãðàììû ãëèôîñàòà è ÀÌÔÊ ñ ðàçëè÷íûìè äîáàâêàìè â ïîäâèæíóþ ôàçó: à — áåç äîáàâîê; á —

0,025 %-íûé âîäíûé ðàñòâîð àììèàêà; â — 0,2 %-íàÿ ìóðàâüèíàÿ êèñëîòà; ã — 5 ìÌ ðàñòâîð àöåòàò àììîíèÿ

Fig. 2. Mass-chromatograms of glyphosate and AMPA with various additives in mobile phase: a — without additives; b —

0.025% aqueous ammonia solution; c — 0.2% formic acid; d — 5 mM ammonium acetate solution



(ïðîâîäèëè îñàæäåíèå êîìïîíåíòîâ îáðàçöà àöå-

òîíèòðèëîì è äàëüíåéøèå ìàíèïóëÿöèè, êàê

îïèñàíî âûøå). Ïðîòîêîë àêòèâàöèè è óðàâíîâå-

øèâàíèÿ êàðòðèäæà Oasis HLB èçëîæåí âûøå.

Àêòèâàöèþ è óðàâíîâåøèâàíèå êàðòðèäæà ñ ñîð-

áåíòîì Bondesil C18 ïðîâîäèëè 4 ìë ìåòàíîëà,

4 ìë äåèîíèçîâàííîé âîäû è 2 ìë ýêñòðàêòà —

â ñëèâ. Â ðåçóëüòàòå ýêñïåðèìåíòà áûëî óñòà-

íîâëåíî, ÷òî ïðèìåíåíèå êàðòðèäæà Oasis HLB

ñ 60 ìã ñîðáåíòà ïîçâîëÿåò ïîëó÷àòü íàèáîëåå

÷èñòûå ýêñòðàêòû ñ ìàêñèìàëüíûìè ñèãíàëàìè

ãëèôîñàòà è ÀÌÔÊ. Ïðè îòñóòñòâèè êàðòðèäæåé

Oasis HLB î÷èñòêó ìîæíî ïðîâîäèòü è íà ñîð-

áåíòå Bondesil C18, ðàçíèöà ìåæäó ïîëó÷åííûìè

ðåçóëüòàòàìè íåçíà÷èòåëüíà. Ïîòåðè ïðè îòêàçå

îò äîïîëíèòåëüíîé î÷èñòêè çàâèñÿò îò îáúåêòà

èññëåäîâàíèÿ, íàïðèìåð, äëÿ ñîè, ãðå÷êè, ëüíà è

êóêóðóçû îíè ñîñòàâëÿþò 2 – 3, 4 – 7 è 11 – 12 %

ñîîòâåòñòâåííî, â òî âðåìÿ êàê äëÿ ãîðîõà, êèíîà,

÷å÷åâèöû, îâñà è äð. — ìåíüøå 2 %. Ñëåäóåò îò-

ìåòèòü, ÷òî äëÿ ýêñòðàêòîâ, ïðîøåäøèõ î÷èñòêó,

ôîðìà õðîìàòîãðàôè÷åñêèõ ïèêîâ îïðåäåëÿ-

åìûõ ñîåäèíåíèé áûëà ëó÷øå, à çíà÷åíèÿ îò-

íîøåíèÿ ñèãíàëà ê øóìó (S/N) äëÿ âòîðûõ äî÷åð-

íèõ èîíîâ — âûøå. Â öåëîì ïðèìåíåíèå äîïîë-

íèòåëüíîé î÷èñòêè ïðîäëåâàåò ñðîê ñëóæáû õðî-

ìàòîãðàôè÷åñêîé êîëîíêè è öåëåñîîáðàçíî ïðè

èñïîëüçîâàíèè ìàññ-ñïåêòðîìåòðîâ ñ íèçêîïðî-

èçâîäèòåëüíûìè èîííûìè èñòî÷íèêàìè, à òàêæå

ïðè àíàëèçå òàêèõ îáúåêòîâ, êàê ÷àé (âñå âèäû),

ïî÷âà è ïî÷âîãðóíòû, çàãðÿçíåííûå ïîâåðõíîñò-

íûå âîäû è êîìáèêîðìà íà îñíîâå ñûðüÿ ðàñòè-

òåëüíîãî ïðîèñõîæäåíèÿ. Ðåçóëüòàòû àíàëèçà

ðàçëè÷íûõ îáúåêòîâ ñ äîáàâêîé ãëèôîñàòà

0,1 ìã/êã ïðåäñòàâëåíû â òàáë. 4 (ðåçóëüòàòû

áûëè ðàññ÷èòàíû ïî ãðàäóèðîâî÷íîé çàâèñè-

ìîñòè, ïîñòðîåííîé äëÿ ìîëîòîé ñîè áåç äîïîëíè-

òåëüíîé î÷èñòêè ýêñòðàêòà).

Àíàëèç ÷àÿ è êîìáèêîðìîâ. Ïðåäëàãàåìàÿ

ìåòîäèêà ïîçâîëÿåò ïðîâîäèòü êîëè÷åñòâåííûé

àíàëèç ÷àÿ è ðÿäà êîìáèêîðìîâ. Ïðè ýòîì â õîäå

ïðîáîïîäãîòîâêè ÷àÿ äèõëîðìåòàí íå ïðèìåíÿ-

þò, à î÷èñòêà ýêñòðàêòà íà êàðòðèäæå Oasis HLB
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Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 3. Ìàññ-õðîìàòîãðàììû äî÷åðíèõ èîíîâ ãëèôîñàòà

ïðè ðàçëè÷íûõ ñïîñîáàõ ýêñòðàêöèè íà óðîâíå 0,1 ìã/êã:

à — ñîëÿíàÿ êèñëîòà è äèõëîðìåòàí; á — óêñóñíàÿ êèñëî-

òà, ÝÄÒÀ-Na
2

è äèõëîðìåòàí; â — 10 %-íûé ìåòàíîë, óê-

ñóñíàÿ êèñëîòà, ÝÄÒÀ-Na
2

è äèõëîðìåòàí; ã — 20 %-íûé

ìåòàíîë, óêñóñíàÿ êèñëîòà, ÝÄÒÀ-Na
2

è äèõëîðìåòàí;

ä — 20 %-íûé ìåòàíîë, óêñóñíàÿ êèñëîòà è äèõëîðìåòàí;

å — 20 %-íûé ìåòàíîë, óêñóñíàÿ êèñëîòà è ÝÄÒÀ-Na
2

Fig. 3. Mass-chromatograms of glyphosate product ions

obtained for different ways of the extraction at a level of

0.1 mg/kg: a — HCl with dichloromethane; b — acetic acid,

EDTA-Na
2

and dichloromethane; c — 10% methanol, acetic

acid, EDTA-Na
2

and dichloromethane; d — 20% methanol,

acetic acid, EDTA-Na
2

and dichloromethane; e — 20% meth-

anol, acetic acid and dichloromethane; f — 20% methanol,

acetic acid and EDTA-Na
2

Òàáëèöà 4. Ñðàâíåíèå ïëîùàäåé ïèêîâ ãëèôîñàòà ñ î÷èñòêîé íà Oasis HLB è áåç íåå

Table 4. Comparison of peak areas of glyphosate cleaned on an Oasis HLB and “zero-SPE” cleanup

Íàçâàíèå îáðàçöà (ëàò.) Ïëîùàäü, îòí. åä. (Oasis HLB) Ïëîùàäü, îòí. åä. (áåç î÷èñòêè) Ðåçóëüòàò àíàëèçà, ìã/êã

Ñîÿ (Glycine max) 22 480 21 943 0,100

Ãîðîõ (Pisum sativum) 31 376 31 387 0,104

×èà (Salvia hispanica) 39 586 43 176 0,109

Êèíîà (Chenopodium quinoa) 16 857 16 724 0,091

Ëåí (Linum usitatissimum) 25 097 23 387 0,090

Îâåñ (Avena sativa) 39 349 39 829 0,082

Ðèñ (Oryza sativa) 74 251 72 891 0,086

Ïøåíèöà (Triticum aestivum) 56 061 57 898 0,109

ß÷ìåíü (Hordeum vulgare) 40 967 40 457 0,078

Êóêóðóçà (Zea mays) 59 220 52 395 0,079

Ãðå÷êà (Fagopyrum esculentum) 32 678 31 419 0,092

×å÷åâèöà (Lens culinaris) 33 217 33 022 0,106



ÿâëÿåòñÿ îáÿçàòåëüíîé äëÿ óñòðàíåíèÿ ñîäåð-

æàùèõñÿ â ýêñòðàêòå åñòåñòâåííûõ êðàñèòåëåé,

äóáèëüíûõ âåùåñòâ, ïîëèôåíîëîâ è ñîõðàíåíèÿ

ÏÎ íà óðîâíå 0,1 ìã/êã. Ïîëó÷àåìûå ãðàäóè-

ðîâî÷íûå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ ãëèôî-

ñàòà è ÀÌÔÊ, ïîñòðîåííûå íà îñíîâå äîáàâîê

ðàáî÷èõ ðàñòâîðîâ â îáðàçöû ÷àéíîãî ëèñòà,

èìåþò âèä: y = 0,8311420x – 0,003157974 è y =

= 0,7458113x – 0,006998737 (R 
 0,99) ñîîòâåò-

ñòâåííî. Ìàññ-õðîìàòîãðàììû ãëèôîñàòà è

ÀÌÔÊ ïîêàçàíû íà ðèñ. 4.

Âîçìîæíîñòü àíàëèçà êîìáèêîðìîâ áûëà îöå-

íåíà ñ èñïîëüçîâàíèåì øåñòè ðàçëè÷íûõ îáðàç-

öîâ. Â áîëüøèíñòâå ñëó÷àåâ áûë äîñòèãíóò ÏÎ,

ðàâíûé 0,1 ìã/êã äëÿ îáîèõ ñîåäèíåíèé ïðè çíà-

÷åíèè S/N 
 10. Îäíàêî â îáðàçöàõ, ñîäåðæàùèõ

ìèíåðàëüíûå êîìïîíåíòû, îòìå÷àëîñü ñèëüíîå

ïîäàâëåíèå ñèãíàëà ÀÌÔÊ (ðèñ. 5), ïîýòîìó äëÿ

òàêèõ îáúåêòîâ äàííàÿ ìåòîäèêà íåïðèåìëåìà.

Ïðè àíàëèçå îáðàçöîâ êîðìîâ ïðèìåíÿëè ïîë-

íûé ïðîòîêîë ïðîáîïîäãîòîâêè ñ äèõëîðìåòàíîì

è î÷èñòêîé íà êàðòðèäæå Oasis HLB.

Ñðàâíåíèå ðàçðàáîòàííîãî ïîäõîäà ñ ëè-

òåðàòóðíûìè äàííûìè. Ñðàâíèâàëè âîñïðî-

èçâîäèìîñòü ðåçóëüòàòîâ àíàëèçà ïî äàííîé

ìåòîäèêå ñ ïîëó÷åííûìè ïî îôèöèàëüíîé ìå-

òîäèêå, èñïîëüçóåìîé â ðóòèííîé ëàáîðàòîð-

íîé ïðàêòèêå — ÌÓ À-1/043 «Ìåòîäè÷åñêèå

óêàçàíèÿ ïî îïðåäåëåíèþ ãëèôîñàòà è ïðîäóêòîâ

åãî ìåòàáîëèçìà â êîðìàõ è êîðìîâîì ñûðüå»

(ÔÐ.1.31.2023.45591), îñíîâàííîé íà ïðåäâàðè-

òåëüíîé äåðèâàòèçàöèè ãëèôîñàòà è ÀÌÔÊ [5].

Â êà÷åñòâå îáðàçöîâ äëÿ ïðîâåäåíèÿ èññëåäîâà-

íèÿ èñïîëüçîâàëè ìîëîòóþ ñîþ ñ åñòåñòâåííûì

óðîâíåì çàãðÿçíåíèÿ, ïîñòóïèâøóþ â ëàáîðàòî-

ðèþ â ðàìêàõ êîíòðîëÿ áåçîïàñíîñòè èìïîðòè-

ðóåìîãî â 2023 ã. ñûðüÿ. Ðåçóëüòàòû ñðàâíåíèÿ

ïðåäñòàâëåíû â òàáë. 5.
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à

á

Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 4. Ìàññ-õðîìàòîãðàììû ýêñòðàêòà îáðàçöà ÷àÿ ñ äî-

áàâêîé 0,1 ìã/êã ãëèôîñàòà (à) è ÀÌÔÊ (á)

Fig. 4. Mass-chromatograms of tea sample extract with ad-

ditives of 0.1 mg/kg of glyphosate (a) and AMPA (b)

à á â

ã ä å

1â 1å

Âðåìÿ óäåðæèâàíèÿ, ìèí Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 5. Âèäû êîìáèêîðìîâ, ïðîàíàëèçèðîâàííûõ â äàííîé ðàáîòå (à – å) ñ äîáàâêîé 0,1 ìã/êã ÀÌÔÊ è ìàññ-õðîìàòîãðàì-

ìû îáðàçöîâ â è å (1â, 1å) ñ ïèêîì ÀÌÔÊ

Fig. 5. Various types of the feed-stuff analyzed in this study (a – f) at 0.1 mg/kg AMPA spike level and mass-chromatograms of

samples c and e (1c, 1e) with AMPA peak

Òàáëèöà 5. Ðåçóëüòàòû àíàëèçà îáðàçöîâ ñîè ñ åñòåñò-

âåííûì óðîâíåì çàãðÿçíåíèÿ ãëèôîñàòîì è ÀÌÔÊ, ïîëó-

÷åííûå ñ èñïîëüçîâàíèåì ðàçíûõ ìåòîäèê

Table 5. Comparison of the results of analysis of soybean

samples with natural levels of contamination with glyphosa-

te and AMPA obtained by different methods

Íîìåð

îáðàçöà

Áåç î÷èñòêè

íà Oasis HLB

Ñ î÷èñòêîé

íà Oasis HLB
ÌÓ À-1/043

Ãëèôîñàò, ìã/êã

175 2,67 2,54 2,25

176 1,02 0,97 0,90

179 1,23 1,28 1,14

181 1,67 1,68 1,44

ÀÌÔÊ, ìã/êã

175 1,76 1,82 1,62

176 1,07 0,99 0,77

179 1,28 1,32 1,43

181 1,47 1,44 1,59



Ïðèìåíèòåëüíî ê ïðèâåäåííîìó â äàííîé ðà-

áîòå ñïîñîáó äåòåêòèðîâàíèÿ ñ ïðèìåíåíèåì õðî-

ìàòîãðàôè÷åñêîé êîëîíêè ACQUITY UPLC HSS

T3 áûëà ïðîâåðåíà ðàáîòîñïîñîáíîñòü ìåòîäèêè

ÅÑ [7]. Äëÿ ýòîãî â 5 ã ìîëîòîé ñîè, íå ñîäåðæà-

ùåé ãëèôîñàòà è ÀÌÔÊ, âíîñèëè 50 ìêë ðàñòâî-

ðà C2, ïðîâîäèëè ýêñòðàêöèþ è îñòàëüíóþ ïðî-

áîïîäãîòîâêó ïî ïðîïèñè QuPPe-PO-Method ñ

íåáîëüøèìè ìîäèôèêàöèÿìè. Âìåñòî ñîëè

ÝÄÒÀ-Na4 èñïîëüçîâàëè ÝÄÒÀ-Na2 èç-çà åå äî-

ñòóïíîñòè è äîêàçàííîé ýôôåêòèâíîñòè â îòíî-

øåíèè ñâÿçûâàíèÿ äâóõçàðÿäíûõ èîíîâ ìåòàë-

ëîâ. Âìåñòî óñòðîéñòâà óëüòðàôèëüòðàöèè íà

5 êÄà èñïîëüçîâàëè óñòðîéñòâî íà 10 êÄà. Ïîëó-

÷åííûé ïîñëå ïðîáîïîäãîòîâêè ýêñòðàêò íå àíà-

ëèçèðîâàëè ñðàçó, êàê óêàçàíî â ïðîïèñè, à ñìå-

øèâàëè ñ àöåòîíèòðèëîì â ñîîòíîøåíèè 1/1; ïðè

ýòîì ïðîèñõîäèëî îáèëüíîå îáðàçîâàíèå âçâå-

øåííûõ ÷àñòèö. Ïîëó÷åííóþ ñìåñü öåíòðèôóãè-

ðîâàëè äëÿ ðàçäåëåíèÿ ôàç è òîëüêî ïîñëå ýòîãî

àíàëèçèðîâàëè. Óñòàíîâëåíî, ÷òî ìåòîäèêà ÅÑ

íå ÿâëÿåòñÿ îïòèìàëüíîé äëÿ îïðåäåëåíèÿ ãëè-

ôîñàòà è ÀÌÔÊ íà óðîâíå 0,1 ìã/êã â èìåþùèõñÿ

óñëîâèÿõ, à ïîëó÷àåìûå òàêèì îáðàçîì ýêñòðàê-

òû òðåáóþò äîïîëíèòåëüíîé î÷èñòêè èëè èçìåíå-

íèÿ óñëîâèé ýêñòðàêöèè (ðèñ. 6).

Àíàëèç âîäû è ïî÷âû (ïî÷âîãðóíòîâ). Ãëèôî-

ñàò è ÀÌÔÊ èçâëåêàëè èç îáðàçöîâ âîäû, îòî-

áðàííûõ èç ïðóäîâ â ïåðèîä àêòèâíîãî ñíåãîòàÿ-

íèÿ. Äëÿ ýòîãî ê 5 ìë îáðàçöà äîáàâëÿëè 10 ìêë

ÃÔ-ISt, 5 ìêë ðàñòâîðà Ñ3 è ïåðåìåøèâàëè. Ðàñ-

ñìàòðèâàëè òðè ñïîñîáà, îáåñïå÷èâàþùèõ ìàêñè-

ìàëüíîå èçâëå÷åíèå è î÷èñòêó ýêñòðàêòà îò ïðè-

ìåñåé (ðèñ. 7):

¹ 1 — öåíòðèôóãèðîâàíèå ïðè 4750 ìèí–1 è

20 °C, î÷èñòêà íà Oasis HLB, ñìåøèâàíèå îáðàç-

öà ñ àöåòîíèòðèëîì â ñîîòíîøåíèè 1/2, öåíòðè-

ôóãèðîâàíèå ïðè 4750 ìèí–1 è 4 °C, êîíöåíòðèðî-

âàíèå 2 ìë ýêñòðàêòà âäâîå, ôèíàëüíîå öåíòðè-

ôóãèðîâàíèå ïðè 15 000 ìèí–1 è 4 °C;

¹ 2 — äîáàâëåíèå ïåðåä ïåðâûì öåíòðèôó-

ãèðîâàíèåì 5 ìêë 25 %-íîãî ðàñòâîðà àììèàêà,

äàëüíåéøàÿ ïðîáîïîäãîòîâêà — êàê â ñïîñîáå

¹ 1;

¹ 3 — äîáàâëåíèå ïåðåä ïåðâûì öåíòðèôó-

ãèðîâàíèåì 50 ìêë óêñóñíîé êèñëîòû è 0,2 ìë

10 %-íîãî ðàñòâîðà ÝÄÒÀ-Na2, äàëüíåéøàÿ ïðî-

áîïîäãîòîâêà — êàê â ñïîñîáå ¹ 1.
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Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 6. Ìàññ-õðîìàòîãðàììû ýêñòðàêòà îáðàçöà ìîëîòîé

ñîè ïîñëå ïðîáîïîäãîòîâêè â ñîîòâåòñòâèè ñ QuPPe-PO-

Method (à) è ïîñëå î÷èñòêè íà Oasis HLB (á)

Fig. 6. Mass-chromatograms of ground soybean sample ex-

tract after sample preparation according to QuPPe-PO-

Method (a) and after purification on Oasis HLB (b)

à á â

Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 7. Ìàññ-õðîìàòîãðàììû îáðàçöîâ âîäû, ïîëó÷åííûõ ïðè ðàçëè÷íûõ ñïîñîáàõ ýêñòðàêöèè ãëèôîñàòà (ÃÔ) è ÀÌÔÊ:

à — ýêñòðàêöèÿ áåç äîáàâîê; á — äîáàâêà ðàñòâîðà àììèàêà; â — äîáàâêà óêñóñíîé êèñëîòû è ÝÄÒÀ-Na
2

Fig. 7. Mass-chromatograms of water samples after different modes of glyphosate and AMPA extraction: a — without any ad-

ditives; b — with ammonia solution; c — with acetic acid and EDTA-Na
2



Ñïîñîá ¹ 3 ëåã â îñíîâó ìåòîäèêè àíàëèçà

âîäû. Óâåëè÷åíèå âíîñèìîãî îáúåìà ðàñòâîðà

ÝÄÒÀ-Na2 äî 0,25 – 0,3 ìë ïðèâîäèëî ê óâåëè÷å-

íèþ èíòåíñèâíîñòè ñèãíàëà ãëèôîñàòà è, íàïðî-

òèâ, ê ïîäàâëåíèþ ñèãíàëà ÀÌÔÊ.

Èçâëå÷åíèå ãëèôîñàòà è ÀÌÔÊ èç ïî÷âû è

ïî÷âîãðóíòîâ èññëåäîâàëè ïðè àíàëèçå îáðàçöà

ãóìóñîâîãî ãîðèçîíòà äåðíîâî-ïîäçîëèñòîé ïî÷-

âû, êîòîðûé áûë ïðåäâàðèòåëüíî âûñóøåí ïðè

80 °C è óñðåäíåí ñ ïðèìåíåíèåì àíàëèòè÷åñêèõ

ñèò. Ê 2 ã îáðàçöà äîáàâëÿëè 20 ìêë ÃÔ-ISt,

10 ìêë ðàñòâîðà C2 è ïåðåìåøèâàëè. Ðàññìà-

òðèâàëè òðè ñïîñîáà ïðîáîïîäãîòîâêè äàííîãî

îáðàçöà:

¹ 1 — ýêñòðàêöèÿ 20 ìë 1 %-íîé óêñóñíîé

êèñëîòû, öåíòðèôóãèðîâàíèå ïðè 4750 ìèí–1 è

20 °C, î÷èñòêà íà Oasis HLB, ñìåøèâàíèå ñ àöå-

òîíèòðèëîì â ñîîòíîøåíèè 1/2, öåíòðèôóãèðîâà-

íèå ïðè 4750 ìèí–1 è 4 °C, êîíöåíòðèðîâàíèå

2 ìë ýêñòðàêòà âäâîå, ôèíàëüíîå öåíòðèôóãèðî-

âàíèå ïðè 15 000 ìèí–1 è 4 °C;

¹ 2 — ýêñòðàêöèÿ 19 ìë 1 %-íîé óêñóñíîé

êèñëîòû ñ 1 ìë ÝÄÒÀ-Na2, äàëüíåéøàÿ ïðîáî-

ïîäãîòîâêà — êàê â ñïîñîáå ¹ 1;

¹ 3 — ýêñòðàêöèÿ 20 ìë 0,1 %-íîãî ðàñòâîðà

àììèàêà, äàëüíåéøàÿ ïðîáîïîäãîòîâêà — êàê â

ñïîñîáå ¹ 1.

Ñïîñîá ¹ 3 ëåã â îñíîâó ìåòîäèêè àíàëèçà

ïî÷â êàê íàèáîëåå ýôôåêòèâíûé è ïîçâîëÿþùèé

îïðåäåëÿòü ãëèôîñàò è ÀÌÔÊ îò 0,02 è 0,04 ìã/êã

ñîîòâåòñòâåííî. Óâåëè÷åíèå ñîäåðæàíèÿ àììè-

àêà â äâà ðàçà ïðèâîäèëî ê óõóäøåíèþ ôîðìû

õðîìàòîãðàôè÷åñêèõ ïèêîâ îïðåäåëÿåìûõ ñîåäè-

íåíèé. Ïðèìåíåíèå ýêñòðàãèðóþùåãî ðàñòâîðà

íà îñíîâå ìåòàíîëà, à òàêæå óìåíüøåíèå îáúåìà

ýêñòðàãèðóþùåãî ðàñòâîðà èëè óâåëè÷åíèå íà-

âåñêè îáðàçöà íå äàâàëè ïðåèìóùåñòâ ïî ñðàâíå-

íèþ ñ âûáðàííûì ïðîòîêîëîì (ðèñ. 8).

Ìåòîäèêà áûëà àïðîáèðîâàíà ïðè àíàëèçå

òàêèõ âèäîâ ïî÷â (ïî÷âîãðóíòîâ), êàê ñóãëèíîê,

÷åðíîçåì, ïî÷âîãðóíò ïàðêîâîé çîíû (ñ ïåñêîì

ìåëêîé ôðàêöèè), ïî÷âîãðóíò íà îñíîâå äåðíîâî-

ïîäçîëèñòîé ïî÷âû (ñðåäíèé è ñëàáûé ïîäçîë),

ïî÷âîãðóíò íà îñíîâå äåðíîâî-ïîäçîëèñòîé ïî÷-

âû (ãðóíòîâî-ñëàáîãëååâàòîé). Áûëè äîñòèãíóòû

ÏÎ 0,02 è 0,04 ìã/êã äëÿ ãëèôîñàòà è ÀÌÔÊ ñî-

îòâåòñòâåííî. Ïðîâåðÿëè âîçìîæíîñòü àíàëèçà

äîííûõ îòëîæåíèé íà îñíîâå ëèñòîâîãî îïàäà

(ïåðåãíîÿ) è ïî÷âîãðóíòà ïàðêîâîé çîíû (íàðó-

øåííàÿ äåðíîâî-ïîäçîëèñòàÿ), à òàêæå ñàïðîïå-

ëÿ. Â ïåðâîì ñëó÷àå âîçìîæíî îïðåäåëåíèå ãëè-

ôîñàòà íà óðîâíå ÏÎ, îäíàêî ñèãíàë ÀÌÔÊ áûë

ñëàáî âûðàæåí, õðîìàòîãðàôè÷åñêèé ïèê èìåë

àñèììåòðèþ çàäíåãî ôðîíòà. Âî âòîðîì ñëó÷àå

àíàëèç â èìåþùèõñÿ óñëîâèÿõ íåâîçìîæåí èç-çà

ñèëüíîãî ïîäàâëåíèÿ ñèãíàëà êîìïîíåíòàìè

îáðàçöà.

Ïðèìåíåíèå ïëàñòèêîâûõ èëè ñòåêëÿííûõ

ðàñõîäíûõ ìàòåðèàëîâ. Â õîäå ðàçðàáîòêè ìåòî-

äèêè áûëà ïðîâåðåíà ãèïîòåçà, ñîãëàñíî êîòîðîé

ãëèôîñàò ñïîñîáåí ñâÿçûâàòüñÿ ñ àêòèâíûìè

öåíòðàìè ñòåêëà ïîñóäû, èñïîëüçóåìîé íà ðàç-

ëè÷íûõ ýòàïàõ ïðîáîïîäãîòîâêè [19]. Äëÿ ýòîãî

ãîòîâèëè îáðàçöû ìîëîòîé ñîè è ïî÷âû ñ äîáàâ-

êîé îïðåäåëÿåìûõ ñîåäèíåíèé íà óðîâíå ÏÎ.

Ïðîáîïîäãîòîâêó ïðîâîäèëè â ñîîòâåòñòâèè ñ

ïðîòîêîëàìè ìàêñèìàëüíîé î÷èñòêè, êàê óêàçà-

íî âûøå. Î÷èùåííûå ýêñòðàêòû äåëèëè íà äâå

ðàâíûå ÷àñòè, îäíó èç êîòîðûõ ïåðåíîñèëè â âèà-

ëó ñ ïîëèïðîïèëåíîâîé âñòàâêîé, âòîðóþ — â
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à á â

Âðåìÿ óäåðæèâàíèÿ, ìèí

Ðèñ. 8. Ìàññ-õðîìàòîãðàììû îáðàçöîâ ïî÷âû, ïîëó÷åííûå ïðè ðàçëè÷íûõ ñïîñîáàõ ýêñòðàêöèè ãëèôîñàòà (ÃÔ) è

ÀÌÔÊ íà óðîâíå 0,05 ìã/êã: à — ñ óêñóñíîé êèñëîòîé; á — ñ óêñóñíîé êèñëîòîé è ÝÄÒÀ-Na
2
; â — ñ ðàñòâîðîì àììèàêà

Fig. 8. Mass-chromatograms of soil samples after different modes of glyphosate and AMPA extraction at a level of 0.05 mg/kg:

a — with acetic acid; b — with acetic acid EDTA-Na
2
; c — with ammonia solution



ñòåêëÿííóþ âèàëó áåç âñòàâêè. Îáå ÷àñòè ýêñ-

òðàêòà ïàðàëëåëüíî ïðîàíàëèçèðîâàëè â ñîîò-

âåòñòâèè ñ ìåòîäèêîé íà 1-é, 3-é, 4-é è 5-é äíè ñ

ìîìåíòà ïðèãîòîâëåíèÿ. Õðàíåíèå îñóùåñòâëÿëè

â óñòðîéñòâå ââîäà ïðîá ïðè 15 °C. Îöåíèâàëè èç-

ìåíåíèå ïëîùàäåé ïèêîâ îòíîñèòåëüíî ðåçóëüòà-

òîâ, ïîëó÷åííûõ â ïåðâûé äåíü (â %), èíòåíñèâ-

íîñòü ñèãíàëà è ôîðìó ïèêîâ. Â ýêñòðàêòàõ èç

ñòåêëÿííûõ âèàë èíòåíñèâíîñòü àíàëèòè÷åñêîãî

ñèãíàëà áûëà âûøå, â ñðåäíåì — íà 10 (ñîÿ) – 20

(ïî÷âà) %, ÷òî áûëî îáóñëîâëåíî îáùèì ïîâû-

øåííûì óðîâíåì ôîíà. Ôîðìà õðîìàòîãðàôè÷å-

ñêèõ ïèêîâ ãëèôîñàòà íà ïðîòÿæåíèè âñåãî ýêñ-

ïåðèìåíòà áûëà óäîâëåòâîðèòåëüíîé âíå çàâèñè-

ìîñòè îò âèäà ýêñòðàêòà è ñïîñîáà õðàíåíèÿ. Â

ýêñòðàêòàõ, íàõîäÿùèõñÿ â ñòåêëÿííûõ âèàëàõ,

íàáëþäàëàñü àñèììåòðèÿ çàäíåãî ôðîíòà ïèêà

ÀÌÔÊ: íà óðîâíå 15 – 20 % âûñîòû â ñëó÷àå ñîè

è íà óðîâíå 60 % âûñîòû â ñëó÷àå ïî÷âû. Ïîýòî-

ìó ïðèìåíåíèå âñòàâîê èç ïîëèïðîïèëåíà ÿâëÿ-

åòñÿ îáÿçàòåëüíûì ïðè àíàëèçå ïî÷â è ïî÷âî-

ãðóíòîâ è ðåêîìåíäóåìûì ïðè àíàëèçå ðàñòè-

òåëüíîãî ñûðüÿ (â ñëó÷àå íåîáõîäèìîñòè õðà-

íåíèÿ ýêñòðàêòîâ áîëåå ñóòîê ïåðåä àíàëèçîì).

Îáùèé õàðàêòåð èçìåíåíèÿ ïëîùàäåé ïèêîâ (ñî-

äåðæàíèÿ) ãëèôîñàòà âî âðåìåíè èëëþñòðèðóåò

ðèñ. 9.

Àïðîáàöèÿ ìåòîäèêè. Ïðîâîäèëè àïðîáà-

öèþ ïîëíîãî ïðîòîêîëà ïðîáîïîäãîòîâêè äëÿ ñû-

ðüÿ ðàñòèòåëüíîãî ïðîèñõîæäåíèÿ (ìîëîòàÿ ñîÿ),

âîäû, ïî÷âû (äåðíîâî-ïîäçîëèñòàÿ, ñðåäíèé è

ñëàáûé ïîäçîë). Äëÿ ìîëîòîé ñîè ïðîâîäèëè

îäèí ýêñïåðèìåíò ñ èñïîëüçîâàíèåì ÷èñòîãî îá-

ðàçöà (áëàíê), øåñòè îáðàçöîâ äëÿ ïîñòðîåíèÿ

ãðàäóèðîâî÷íîé çàâèñèìîñòè, äâóõ îáðàçöîâ êîí-

òðîëÿ êà÷åñòâà (QC) è 24 «íåèçâåñòíûõ» îáðàç-

öîâ ñ äîáàâêàìè, ñîîòâåòñòâóþùèìè òðåì óðîâ-

íÿì ãðàäóèðîâî÷íîé çàâèñèìîñòè (ïî 8 îáðàçöîâ

íà óðîâåíü). Äëÿ âîäû è ïî÷âû êîëè÷åñòâî «íåèç-

âåñòíûõ» îáðàçöîâ áûëî óâåëè÷åíî äî 32 èç-çà

íåîáõîäèìîñòè ïîëó÷åíèÿ äàííûõ íà óðîâíå ÏÎ

ÀÌÔÊ (2ÏÎãëèôîñàòà). Ðàáî÷èå äèàïàçîíû ãðàäóè-

ðîâî÷íûõ çàâèñèìîñòåé äëÿ ñûðüÿ ðàñòèòåëüíîãî

ïðîèñõîæäåíèÿ — 0,1 – 5,0 ìã/êã; äëÿ ïî÷âû —

0,02/0,04 (ÀÌÔÊ) — 0,8 ìã/êã; äëÿ âîäû —

0,001/0,002 (ÀÌÔÊ) — 0,05 ìã/ë. Â îáðàçöû ñîè

ââîäèëè ñëåäóþùèå äîáàâêè ðàáî÷èõ ðàñòâîðîâ:

C2 — 20 ìêë; C1 — 20, 100 ìêë (÷òî ñîîòâåòñòâîâà-

ëî 0,1/1,0/5,0 ìã/êã); ÃÔ-ISt — 20 ìêë. Â îáðàçöû

ïî÷âû ââîäèëè äîáàâêè ðàáî÷èõ ðàñòâîðîâ C3 —

40, 80 ìêë; C2 — 40, 160 ìêë (÷òî ñîîòâåòñòâîâà-

ëî 0,02/0,04/0,2/0,8 ìã/êã); ÃÔ-ISt — 20 ìêë, â îá-

ðàçöû âîäû — C3 — 5, 10, 50 ìêë; C2 — 25 ìêë

(÷òî ñîîòâåòñòâîâàëî 0,001/0,002/0,01/0,05 ìã/ë);

ÃÔ-ISt — 10 ìêë. Äëÿ âñåõ îáúåêòîâ èññëåäîâà-

íèÿ ïîäòâåðæäåíà âîçìîæíîñòü ïîëó÷åíèÿ ëè-

íåéíûõ ãðàäóèðîâî÷íûõ çàâèñèìîñòåé â óêàçàí-

íûõ äèàïàçîíàõ ñî çíà÷åíèÿìè êîýôôèöèåíòîâ

êîððåëÿöèè R 
 0,99. Ïîëó÷åííûå çíà÷åíèÿ ïðà-
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Ðèñ. 9. Èçìåíåíèå ñîäåðæàíèÿ ãëèôîñàòà â ýêñòðàêòàõ

ïðè õðàíåíèè â ñòåêëÿííîé è ïëàñòèêîâîé ïîñóäå

Fig. 9. Change in the glyphosate content in soybean and

soil extracts, when stored in glass and plastic ware

Òàáëèöà 6. Ðåçóëüòàòû àïðîáàöèè ðàçðàáîòàííîé ìåòîäèêè (n = 8; P = 0,95)

Table 6. Approbation of the developed method (n = 8; P = 0.95)

Ãëèôîñàò ÀÌÔÊ

Äîáàâêà,

ìã/êã

x ± Ä,

ìã/êã
S

r
, %

Recov-

ery, %

Äîáàâêà,

ìã/êã

x ± Ä,

ìã/êã
S

r
, %

Recov-

ery, %

Ñûðüå ðàñòè-

òåëüíîãî ïðî-

èñõîæäåíèÿ

(ìîëîòàÿ ñîÿ)

0,1 0,11 ± 0,01 10,9 106,0 0,1 0,08 ± 0,01 7,5 80,5

1,0 1,01 ± 0,02 2,6 101,1 1,0 1,01 ± 0,03 4,0 100,6

5,0 5,09 ± 0,09 2,4 101,8 5,0 5,17 ± 0,06 1,8 103,3

Ïî÷âà 0,02 0,020 ± 0,002 1,5 98,0 0,04 0,04 ± 0,01 19,5 96,8

0,2 0,20 ± 0,01 10,3 99,5 0,2 0,20 ± 0,02 16,3 101,5

0,8 0,78 ± 0,04 8,2 97,8 0,8 0,87 ± 0,04 7,2 108,1

Âîäà* 0,001 0,00094 ± 0,00008 12,1 93,5 0,002 0,0021 ± 0,0002 16,1 105,0

0,01 0,0102 ± 0,0002 11,0 101,7 0,01 0,0096 ± 0,0009 13,8 96,7

0,05 0,051 ± 0,003 7,3 102,2 0,05 0,051 ± 0,004 10,5 102,2

* Ðåçóëüòàòû ïðèâåäåíû â ìã/ë.



âèëüíîñòè íå ïðåâûøàëè ±20 % îò óñòàíîâëåí-

íîãî çíà÷åíèÿ. Ðàçáðîñ ðåçóëüòàòîâ àíàëèçà îá-

ðàçöîâ QC áûë íå áîëåå 15 % îò èñõîäíîãî çíà÷å-

íèÿ. Ïîëó÷åííûå çíà÷åíèÿ îòíîñèòåëüíîãî ñòàí-

äàðòíîãî îòêëîíåíèÿ (Sr), ñðåäíåãî (x), ñòàíäàðò-

íîãî îòêëîíåíèÿ (S) è ñòåïåíè èçâëå÷åíèÿ

(Recovery) ïðèâåäåíû â òàáë. 6. Èñõîäÿ èç ïîëó-

÷åííûõ äàííûõ, ìîæíî ñäåëàòü âûâîä îá ýôôåê-

òèâíîñòè ðàçðàáîòàííîãî ïðîòîêîëà ïðîáîïîäãî-

òîâêè, à ìåòîäèêó íà åãî îñíîâå ìîæíî ðåêîìåí-

äîâàòü ê âàëèäàöèè è àòòåñòàöèè äëÿ ïîñëåäóþ-

ùåãî ïðèìåíåíèÿ â ðóòèííîé ëàáîðàòîðíîé

ïðàêòèêå.

Çàêëþ÷åíèå

Ðàçðàáîòàííàÿ ìåòîäèêà ïîçâîëÿåò îïðå-

äåëÿòü ãëèôîñàò è ÀÌÔÊ â øèðîêîì ñïåêòðå

îáúåêòîâ èññëåäîâàíèÿ, ñóùåñòâåííî ýêîíîìÿ

âðåìÿ àíàëèçà è ðàñõîäíûå ìàòåðèàëû ïî ñðàâ-

íåíèþ ñ ìåòîäèêàìè ñ ïðåäâàðèòåëüíîé äåðèâà-

òèçàöèåé. Ìåòîäèêà ïðåäíàçíà÷åíà äëÿ îðãàíè-

çàöèé, ïðîôåññèîíàëüíî çàíèìàþùèõñÿ êîíòðî-

ëåì áåçîïàñíîñòè ñåëüñêîõîçÿéñòâåííîé ïðîäóê-

öèè è îáúåêòîâ îêðóæàþùåé ñðåäû. Ïðîâå-

äåííàÿ àïðîáàöèÿ è ïðîâåðêà ðàáîòîñïîñîáíîñòè

íà ðàçëè÷íûõ îáúåêòàõ èññëåäîâàíèÿ ïîçâîëÿþò

ñ÷èòàòü äàííóþ ìåòîäèêó óíèâåðñàëüíîé, ïîçâî-

ëÿþùåé ïîëó÷àòü äîñòàòî÷íî âîñïðîèçâîäèìûå

ðåçóëüòàòû àíàëèçà.
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Ðàññìîòðåí ïðîñòîé è äîñòóïíûé ñïîñîá óñòàíîâëåíèÿ ïîð÷è ìîðåïðîäóêòîâ (íà ïðèìåðå

êðåâåòîê, êàëüìàðîâ, çóáàòêè è ñàëàêè) öâåòîìåòðè÷åñêèì ìåòîäîì ñ èñïîëüçîâàíèåì

ñìàðòôîíà è õåìîìåòðè÷åñêîãî àíàëèçà. Ïðåäëîæåííûé êîëîðèìåòðè÷åñêèé äàò÷èê ñîñòî-

èò èç 12 çîí, ïðåäñòàâëÿþùèõ ñîáîé äèñêè èç öåëëþëîçíîé áóìàãè äèàìåòðîì 4 ìì, ïðîïè-

òàííûå êèñëîòíî-îñíîâíûìè èíäèêàòîðàìè ñ èçìåíåíèåì öâåòà â èíòåðâàëå pH 3 – 8,8.

Ïðè ïîð÷å ìîðåïðîäóêòîâ âûäåëÿþòñÿ ëåòó÷èå áèîãåííûå àìèíû, èçìåíÿþùèå öâåò èíäè-

êàòîðíûõ çîí. Îïèñàíû óñòðîéñòâî è ñïîñîá èçìåðåíèÿ öâåòîìåòðè÷åñêèõ ïàðàìåòðîâ

òåñò-ñèñòåìû ñ ïîìîùüþ ñìàðòôîíà â êà÷åñòâå ðåãèñòðèðóþùåãî óñòðîéñòâà, îñíàùåííîãî

ñïåöèàëèçèðîâàííûì ïðîäóêòîì RGBer. Îáðàáîòêó ìàññèâà äàííûõ (ñóììà çíà÷åíèé êà-

íàëîâ R, G è B äëÿ êàæäîãî èíäèêàòîðà èëè çíà÷åíèÿ R, G è B äëÿ îòäåëüíûõ èíäèêàòî-

ðîâ) ïðîâîäèëè ñ èñïîëüçîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ XLSTAT. Âûÿâëåííûå â ðà-

áîòå çàêîíîìåðíîñòè äåãðàäàöèè ïèùåâîé ïðîäóêöèè ïîçâîëèëè ïðåäëîæèòü ñïîñîá îöåí-

êè êà÷åñòâà ìîðåïðîäóêòîâ â ðåæèìå ðåàëüíîãî âðåìåíè. Óñòàíîâëåí îïòèìàëüíûé âðå-

ìåííîé ðåæèì òåïëîâîé îáðàáîòêè ïðîáû, íåîáõîäèìûé äëÿ âûäåëåíèÿ áèîãåííûõ àìèíîâ

è ôîðìèðîâàíèÿ àíàëèòè÷åñêîãî ñèãíàëà. Ïàðàìåòðàìè äëÿ èäåíòèôèêàöèè ïîð÷è ìîðå-

ïðîäóêòîâ âûñòóïàëè çíà÷åíèÿ ãëàâíîé êîìïîíåíòû F1 (èëè ïîëîæåíèÿ îáðàçîâ íà ãðàôè-

êå ïðîåêöèè êàíîíè÷åñêèõ ôóíêöèé) ïîñëå îöåíêè öâåòîìåòðè÷åñêèõ äàííûõ ìåòîäîì

ãëàâíûõ êîìïîíåíò. Ïîëó÷åííûå ðåçóëüòàòû ïðè èñïîëüçîâàíèè êîëîðèìåòðè÷åñêîãî äàò-

÷èêà êîððåëèðîâàëè ñ äàííûìè îïðåäåëåíèÿ îáùåãî ìèêðîáíîãî ÷èñëà àíàëèçèðóåìîé

ïðîäóêöèè. Ðàññìîòðåííûé ñïîñîá îöåíêè ïîð÷è ìîðåïðîäóêòîâ îòëè÷àþò ýêïðåññíîñòü,

ïðîñòîòà àïïàðàòóðíîãî îôîðìëåíèÿ, äîñòóïíîñòü èñïîëüçóåìûõ ìàòåðèàëîâ è ïðîãðàì-

ìíûõ ðåñóðñîâ, à òàêæå ìîáèëüíîñòü ñðåäñòâ ðåãèñòðàöèè àíàëèòè÷åñêîãî ñèãíàëà.

Êëþ÷åâûå ñëîâà: ïîð÷à ìîðåïðîäóêòîâ; êîëîðèìåòðè÷åñêèé äàò÷èê; öèôðîâàÿ öâåòî-

ìåòðèÿ; ñìàðòôîí; õåìîìåòðè÷åñêèé àíàëèç.
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A simple and affordable colorimetric procedure for determination of the seafood spoilage (e.g., shrimp,

squid, catfish and herring) using a smartphone and chemometric analysis is considered. The proposed

colorimetric sensor consists of 12 zones, i.e., disks of cellulose paper 4 mm in diameter impregnated with

acid-base indicators with a color change in the pH range of 3 – 8.8. Spoiling of the seafood is accompanied

with a release of volatile biogenic amines that change the color of the indicator zones. A device and a

method for measuring the colorimetric parameters of a test system using a smartphone as a recording
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device equipped with a specialized RGBer product are described. Processing of the data array (the sum of

the R, G, and B channel values for each indicator, or the R, G, and B values for individual indicators) was

performed using the XLSTAT software. Patterns of the degradation of food products identified in the

study made it possible to propose a method for assessing the quality of seafood in real time. The optimal

time regime of heat treatment of the sample was determined, which is necessary for the isolation of

biogenic amines and the formation of an analytical signal. The parameters for identification of the seafood

spoilage are the values of the main component F1 (or the position of the images on the canonical function

projection graph) after evaluating the colorimetric data using the principal component method. The re-

sults obtained with a colorimetric sensor match the data for determination of the total microbial number

of the analyzed products. The considered method for assessing spoilage of the seafood is distinguished by

the simplicity of hardware design, the availability of the materials and software resources used, the rapid-

ity of the procedure, and the mobility of the means for recording the analytical signal.

Keywords: spoilage of seafood; colorimetric sensor; digital colorimetry; smartphone; chemometric

analysis.

Ââåäåíèå

Ìîðåïðîäóêòû — îñíîâíîé èñòî÷íèê ïîëèíå-

íàñûùåííûõ æèðíûõ êèñëîò, âèòàìèíîâ è ìèíå-

ðàëîâ äëÿ îðãàíèçìà ÷åëîâåêà. Îäíàêî ýòè ïðî-

äóêòû ÷ðåçâû÷àéíî ïîäâåðæåíû ïîð÷å äàæå ïðè

êðàòêîâðåìåííîì õðàíåíèè â óñëîâèÿõ çàìîðà-

æèâàíèÿ. Áîëüøèíñòâî êîìïîíåíòîâ, îáðàçóþ-

ùèõñÿ â ðåçóëüòàòå ìèêðîáíîé àêòèâíîñòè ïðè

ïîð÷å ìîðåïðîäóêòîâ, ÿâëÿþòñÿ ëåòó÷èìè ñîåäè-

íåíèÿìè. Ê íèì îòíîñÿòñÿ àììèàê, ìåòèëàìèí,

äèìåòèëàìèí, òðèìåòèëàìèí, îðãàíè÷åñêèå êè-

ñëîòû, ñåðîâîäîðîä, ñïèðòû, àëüäåãèäû, êåòîíû

è äðóãèå ñîåäèíåíèÿ [1]. Â ñâÿçè ñ ýòèì äëÿ èñ-

ñëåäîâàíèÿ ïîð÷è ìîðåïðîäóêòîâ èñïîëüçóþò

ãàçî÷óâñòâèòåëüíûå äàò÷èêè. Òàê, â ðàáîòå [2]

ïðåäëîæåí êîëîðèìåòðè÷åñêèé äàò÷èê äëÿ ðåãè-

ñòðàöèè ëåòó÷èõ áèîãåííûõ àìèíîâ, âûäåëÿ-

þùèõñÿ ïðè ïîð÷å ôîðåëè (òðèìåòèëàìèí, äèìå-

òèëàìèí, êàäàâåðèí, ïóòðåñöèí). Äàò÷èê ïðåä-

ñòàâëÿë ñîáîé ñèëèêàãåëåâóþ ïëàñòèíó äëÿ òîí-

êîñëîéíîé õðîìàòîãðàôèè (ÒÑÕ), íà êîòîðóþ

áûëî íàíåñåíî ïî 2 ìêë ðàñòâîðîâ êèñëîòíî-

îñíîâíûõ èíäèêàòîðîâ (àëèçàðèí, áðîìêðåçîëî-

âûé çåëåíûé, áðîìêðåçîëîâûé ïóðïóðíûé, áðîì-

òèìîëîâûé ñèíèé, áðîìôåíîëîâûé ñèíèé, êñèëå-

íîëîâûé ñèíèé, õëîðôåíîëîâûé êðàñíûé, êðåçî-

ëîâûé êðàñíûé, ëåéêîêðèñòàëëè÷åñêèé ôèîëåòî-

âûé, Reichardt’s êðàñèòåëü, 2,6-äèõëîð-4-(2,4,6-

òðèôåíèë-1-ïèðèäèí)ôåíîëÿò, ôåíîëîâûé êðàñ-

íûé, ðîçîëîâàÿ êèñëîòà, ìåòèëîâûé êðàñíûé,

êóðêóìèí è êàðìèíîâàÿ êèñëîòà). Äàò÷èê ïðè-

êëåèâàëè íà âíóòðåííþþ ÷àñòü êðûøêè ñòåêëÿí-

íîé áàíêè äâóõñòîðîííèì ñêîò÷åì. Â áàíêó ïîìå-

ùàëè 50 ã ôîðåëè, çàêðûâàëè êðûøêîé è èñïîëü-

çîâàëè äëÿ îòñëåæèâàíèÿ ïîð÷è ðûáû â òå÷åíèå

24 ÷ ïðè êîìíàòíîé òåìïåðàòóðå è â òå÷åíèå 9

äíåé ïðè 4 °C. Öâåòîìåòðè÷åñêèå ïàðàìåòðû äàò-

÷èêà îöåíèâàëè ïóòåì åãî ñêàíèðîâàíèÿ è îïðå-

äåëåíèÿ ïàðàìåòðîâ RGB c èñïîëüçîâàíèåì ïðî-

ãðàììíîãî îáåñïå÷åíèÿ. Îáíàðóæåíà ëèíåéíàÿ

êîððåëÿöèÿ ìåæäó èçìåíåíèåì pH, ñîäåðæàíèåì

òèîáàðáèòóðîâîé êèñëîòû, çíà÷åíèåì ìèêðîá-

íîãî ÷èñëà è èíòåíñèâíîñòüþ ñèãíàëà, çàïèñàí-

íîãî ñ ïîìîùüþ êîëîðèìåòðè÷åñêîãî äàò÷èêà â

çàâèñèìîñòè îò âðåìåíè õðàíåíèÿ.

Ñðîê ãîäíîñòè êàëüìàðîâ óñòàíàâëèâàëè ñ

èñïîëüçîâàíèåì êîëîðèìåòðè÷åñêîãî äàò÷èêà,

ñîñòîÿùåãî èç 6 íàíåñåííûõ íà ïëàñòèíó ÒÑÕ

èíäèêàòîðîâ (áðîìêðåçîëîâûé ïóðïóðíûé, áðîì-

ôåíîëîâûé ñèíèé, áðîìòèìîëîâûé ñèíèé, òèìî-

ëîâûé ñèíèé è äâóõúÿäåðíûå êîìïëåêñû ðîäèÿ

(öèñ-[Rh2(C6H4PPh2)2(O2CCH3)2](HO2CCH3)2) [3].

Îáðàçöû, óïàêîâàííûå ñ äàò÷èêîì, õðàíèëè â õî-

ëîäèëüíèêå 12 äíåé. Ïîð÷ó êàëüìàðîâ êîíòðîëè-

ðîâàëè òàêæå ôèçèêî-õèìè÷åñêèìè è ìèêðîáèî-

ëîãè÷åñêèìè ìåòîäàìè ïðè õðàíåíèè. Äîïóñ-

òèìûå ïðåäåëû ìèêðîáíîãî ÷èñëà â îáðàçöàõ

áûëè ïðåâûøåíû íà òðåòèé äåíü. Àíàëèç ìåòî-

äîì ãëàâíûõ êîìïîíåíò, ïðîâåäåííûé ñ ïîìî-

ùüþ öâåòîìåòðè÷åñêîé ñèñòåìû CIELab, ïîêà-

çàë, ÷òî êîëîðèìåòðè÷åñêèé äàò÷èê ñïîñîáåí îò-

ëè÷èòü ñâåæåãî êàëüìàðà îò èñïîð÷åííîãî.

Äëÿ îöåíêè ïîð÷è ðûáû ïî ñîäåðæàíèþ ëåòó-

÷èõ áèîãåííûõ àìèíîâ èñïîëüçîâàëè êèñëîòíî-

îñíîâíûå êðàñèòåëè áðîìêðåçîëîâûé çåëåíûé,

áðîìêðåçîëîâûé ïóðïóðíûé, êðåçîëîâûé êðàñ-

íûé è 6 ìåòàëëîïîðôèðèíîâ [4]. Îáíàðóæåíèå

àíàëèòîâ â ãîëàâëå ïðîâîäèëè êàæäûå 24 ÷ â òå-

÷åíèå ñåìè äíåé. Ïðîôèëü èçìåíåíèÿ öâåòà äëÿ

êàæäîãî îáðàçöà áûë ïîëó÷åí ïóòåì äèôôåðåí-

öèàöèè èçîáðàæåíèé ìàññèâà äàò÷èêîâ äî è ïî-

ñëå âîçäåéñòâèÿ ëåòó÷èõ àìèíîâ. Öèôðîâûå äàí-

íûå, ïðåäñòàâëÿþùèå ïðîôèëè èçìåíåíèÿ öâåòà

ðûáû, áûëè ïðîàíàëèçèðîâàíû ñ èñïîëüçîâàíè-

åì ìåòîäà ãëàâíûõ êîìïîíåíò. Îáðàçöû ãîëàâëÿ

áûëè ðàçäåëåíû íà òðè ãðóïïû ñâåæåñòè ñ èñ-

ïîëüçîâàíèåì íåéðîííîé ñåòè ðàäèàëüíîé áàçèñ-

íîé ôóíêöèè ñ îáùåé òî÷íîñòüþ êëàññèôèêàöèè

87,5 %.

Ñâåæåñòü ðàäóæíîé ôîðåëè è ôèëå ñàçàíà

ïðè õðàíåíèè (4 °C) êîíòðîëèðîâàëè ñ èñïîëüçî-

âàíèåì pH-àíòîöèàíîâîãî êðàñèòåëÿ, âûäåëåí-

íîãî èç ÷åðíîé ìîðêîâè [5]. Èçãîòîâëåííûé íà

íàíîöåëëþëîçå pH-÷óâñòâèòåëüíûé èíäèêàòîð

ïîêàçàë çàìåòíûå èçìåíåíèÿ öâåòà ðûáû: òåì-

íî-êàðìèíîâûé (ñâåæàÿ), ðîçîâûé (ïðèãîäíàÿ
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äëÿ óïîòðåáëåíèÿ â ïèùó) è ñèíèé (èñïîð÷åí-

íàÿ). Íàáëþäàëè êîððåëÿöèþ ìåæäó ñóììàðíû-

ìè çíà÷åíèÿìè öâåòîâûõ ðàçëè÷èé èíäèêàòîðà,

áàêòåðèàëüíîé îáñåìåíåííîñòüþ (R2 = 0,952 è

0,991) è ñîäåðæàíèåì îáùåãî ëåòó÷åãî àçîòà

(R2 = 0,815 è 0,92) äëÿ ðàäóæíîé ôîðåëè è ñàçà-

íà ñîîòâåòñòâåííî.

Øèêîíèí, èçâëå÷åííûé èç êîðíåé êàìûøà

Lithospermum erythrorhizon, èñïîëüçîâàëè êàê

pH-èíäèêàòîð ïðè èññëåäîâàíèè ïîð÷è ðûáû [6].

Ñ ïîìîùüþ èíäèêàòîðíîé áóìàãè íà îñíîâå øè-

êîíèíà, êîòîðàÿ ìåíÿëà öâåò ñ êðàñíîãî íà òåì-

íî-ñèíèé â çàâèñèìîñòè îò pH, êîíòðîëèðîâàëè

êà÷åñòâî óïàêîâàííûõ ïèùåâûõ ïðîäóêòîâ â ðå-

æèìå ðåàëüíîãî âðåìåíè.

Â ðàáîòå [7] èíäèêàòîðû, ïîëó÷åííûå ðåãóëè-

ðîâàíèåì pH-ïåðåõîäà áðîìôåíîëîâîãî ñèíåãî

ïóòåì äîáàâëåíèÿ ê íåìó êèñëîòû èëè ùåëî÷è,

èñïîëüçîâàíû äëÿ îöåíêè ñâåæåñòè ðûáû. Îöåí-

êó ïðîâîäèëè ïî öâåòîìåòðè÷åñêèì ïàðàìåòðàì

HSV. Ïîêàçàíà áîëåå âûñîêàÿ ÷óâñòâèòåëüíîñòü

ïðè îïðåäåëåíèè ñâåæåñòè ðûáû ïî ñðàâíåíèþ ñ

èíäèêàòîðàìè áåç ðåãóëèðîâàíèÿ pH-ïåðåõîäîâ.

Èíäèêàòîð (óñòðîéñòâî), èçãîòîâëåííûé ïó-

òåì âêëþ÷åíèÿ ýêñòðàêòà öâåòêîâ Echium amoe-

num â ïëåíêó èç áàêòåðèàëüíîé öåëëþëîçû, ïðè-

ìåíÿëè äëÿ êîíòðîëÿ ñâåæåñòè óïàêîâàííûõ êðå-

âåòîê [8]. Èíäèêàòîð ÷åòêî ðåàãèðîâàë íà çíà÷å-

íèå pH â äèàïàçîíå 2 – 12 èçìåíåíèåì öâåòà îò

êðàñíîãî äî æåëòîãî. Âèçóàëüíî ðàçëè÷èìûå èç-

ìåíåíèÿ öâåòà íàáëþäàëè ïðè ïîð÷å êðåâåòîê:

ôèîëåòîâûé (ñâåæèå), ñåðûé (êðåâåòêè, êîòîðûå

íåîáõîäèìî óïîòðåáèòü â áëèæàéøåå âðåìÿ) è

æåëòûé (èñïîð÷åííûå).

Èçìåíåíèå îêðàñêè êðàñèòåëÿ íà îñíîâå êà-

ëèêñ[4]àðåíà, èììîáèëèçîâàííîãî íà äèñêàõ èç

öåëëþëîçíîé áóìàãè, ïðè êîíòàêòå ñ ëåòó÷èìè

áèîãåííûìè àìèíàìè îáðàçöîâ òðåñêè è ïóòàññó

îïðåäåëÿëè ïî óâåëè÷åíèþ îïòè÷åñêîé ïëîò-

íîñòè ïðè 500 íì [9]. Óñòàíîâëåíî, ÷òî ñêîðîñòü

âûñâîáîæäåíèÿ ëåòó÷èõ îñíîâàíèé èç ïóòàññó

âûøå, ÷åì èç òðåñêè. ×óâñòâèòåëüíîñòü îòêëèêà

êðàñèòåëÿ ðåãóëèðîâàëè çà ñ÷åò îáðàçîâàíèÿ

áîëåå êèñëîãî êîìïëåêñà ñ Li+, èçìåíÿÿ ñîîòíî-

øåíèå LiClO4 è êðàñèòåëÿ.

Êîëîðèìåòðè÷åñêàÿ ïëåíêà èç ïîëèâèíèëîâî-

ãî ñïèðòà/ïîëèñàõàðèäà ñ âêëþ÷åíèåì àíòîöèà-

íîâ ðîçû ïðåäëîæåíà äëÿ êîíòðîëÿ ñâåæåñòè êðå-

âåòîê â ðåæèìå ðåàëüíîãî âðåìåíè ïî èçìåíåíèþ

öâåòà ïëåíêè [10].

Ðàçðàáîòàíà áèîëîãè÷åñêè àêòèâíàÿ è ÷óâ-

ñòâèòåëüíàÿ ê èçìåíåíèþ pH ïëåíêà íà îñíîâå

õèòîçàíà/ìåòèëöåëëþëîçû ñ èììîáèëèçîâàííûì

àíòîöèàíèíîì ñîçðåâàþùèõ ïëîäîâ Phyllanthus

reticulatus [11]. Â ðàáîòå ïîêàçàíà âîçìîæíîñòü

èñïîëüçîâàíèÿ äàííîé ïëåíêè äëÿ êîíòðîëÿ ñâå-

æåñòè ðûáíîãî ôèëå ïðè êîìíàòíîé òåìïåðàòó-

ðå. Èçìåíåíèå öâåòà ïëåíêè (ðîçîâàÿ — ñâåæàÿ

ðûáà, æåëòàÿ — èñïîð÷åííàÿ) ïîçâîëÿåò ñóäèòü î

êà÷åñòâå àíàëèçèðóåìîé ïðîäóêöèè.

Èññëåäîâàíèå ïîð÷è ðûáû ìàõè-ìàõè è òóí-

öà ïðîâåäåíî ïðè èñïîëüçîâàíèè èíäèêàòîðíûõ

ïîëîñîê ñ èììîáèëèçîâàííûìè áðîìôåíîëîâûì

ñèíèì è áåíãàëüñêèì ðîçîâûì [12, 13]. Óñòà-

íîâëåíà êîððåëÿöèÿ ìåæäó êîíöåíòðàöèåé ëåòó-

÷èõ áèîãåííûõ àìèíîâ, îáðàçóþùèõñÿ ïðè ïîð÷å

ðûáû, è èçìåíåíèåì îêðàñêè èíäèêàòîðíûõ

ïîëîñîê.

Óñòàíîâëåíî, ÷òî ïîâûñèòü äîñòîâåðíîñòü

èäåíòèôèêàöèè ïîð÷è ìîðåïðîäóêòîâ ìîæíî ñîç-

äàíèåì êîëîðèìåòðè÷åñêîãî äàò÷èêà íà îñíîâå

öåëëþëîçíîé áóìàãè ñ äîñòóïíûìè êèñëîòíî-

îñíîâíûìè èíäèêàòîðàìè è îáðàáîòêîé ìàññèâà

ïîëó÷åííûõ îòêëèêîâ õåìîìåòðè÷åñêèìè àëãî-

ðèòìàìè [14]. Öåëü äàííîé ðàáîòû ñîñòîÿëà â

ðàçðàáîòêå ñïîñîáà îöåíêè ïîð÷è ìîðåïðîäóêòîâ

ñ ïîìîùüþ ñîçäàííîãî êîëîðèìåòðè÷åñêîãî äàò-

÷èêà ïóòåì öâåòîìåòðè÷åñêîãî àíàëèçà îêðàøåí-

íûõ çîí â ñèñòåìå RGB ñ èñïîëüçîâàíèåì ñìàðò-

ôîíà è ïîñëåäóþùåé õåìîìåòðè÷åñêîé îáðàáîò-

êè ìàññèâà ýêñïåðèìåíòàëüíûõ äàííûõ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àïïàðàòóðà è ìàòåðèàëû. Â êà÷åñòâå öâåòî-

ðåãèñòðèðóþùåãî óñòðîéñòâà ïðè îöåíêå öâåòî-

ìåòðè÷åñêèõ õàðàêòåðèñòèê îòäåëüíûõ çîí êîëî-

ðèìåòðè÷åñêîãî äàò÷èêà ïðèìåíÿëè ñìàðòôîí

iPhone XIII (Apple, ÑØÀ), îñíàùåííûé ñïåöèà-

ëèçèðîâàííûì ïðîãðàììíûì ïðîäóêòîì RGBer.

Èñïîëüçîâàëè áûòîâóþ ìèêðîâîëíîâóþ ïå÷ü

ME81KRW-3/BW ìîùíîñòüþ 800 Âò (Samsung,

Ðåñïóáëèêà Êîðåÿ).

Ðåàêòèâû. Ïðèìåíÿåìûå ïðè èçãîòîâëåíèè

òåñò-óñòðîéñòâ ðåàêòèâû óêàçàíû â òàáë. 1 (Sig-

ma-Aldrich, ÑØÀ, è ÎÎÎ «Õèìðåàêòèâ», Ðîññèÿ).

Ðàñòâîðû ãîòîâèëè ñ èñïîëüçîâàíèåì äèñòèëëè-

ðîâàííîé âîäû, ñîîòâåòñòâóþùåé òðåáîâàíèÿì

ÃÎÑÒ Ð 58144–2018 «Âîäà äèñòèëëèðîâàííàÿ.

Òåõíè÷åñêèå óñëîâèÿ», è ýòèëîâîãî ñïèðòà (95 %,

ÀÎ «ÐÔÊ», Ðîññèÿ).

Èçãîòîâëåíèå òåñò-óñòðîéñòâà è ïðîâåäå-

íèå àíàëèçà. Ïðèìåíÿëè öåëëþëîçíóþ áóìàãó

äëÿ õðîìàòîãðàôèè Whatman 17 Chr (Cytiva,

ÑØÀ). Äëÿ èçãîòîâëåíèÿ òåñò-óñòðîéñòâà áóìàãó

çàìà÷èâàëè â 0,1 %-íûõ âîäíî-ýòàíîëüíûõ ðàñ-

òâîðàõ ðåàãåíòîâ (ñì. òàáëèöó) ñ ïîñëåäóþùèì

âûñóøèâàíèåì. Èç ïîëó÷åííûõ èíäèêàòîðíûõ

áóìàã èçãîòàâëèâàëè òåñò-óñòðîéñòâî (ðèñ. 1) è

ïðèêëåèâàëè íà âíóòðåííþþ ÷àñòü ïðîçðà÷íîé

êðûøêè ïëàñòèêîâîé èëè ñòåêëÿííîé åìêîñòè

îáúåìîì 100 – 200 ìë, îñòàâëÿÿ çàçîð ìåæäó

êðûøêîé è èíäèêàòîðíîé çîíîé òåñò-ñèñòåìû.

Â ãåðìåòè÷íóþ åìêîñòü èç ìàòîâîãî ïëàñòèêà äëÿ

ïèùåâîé ïðîäóêöèè (10 × 15 × 5 ñì) ïîìåùàëè

50 ã ìîðåïðîäóêòîâ, çàêðûâàëè êðûøêàìè è èñ-
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ïîëüçîâàëè äëÿ îòñëåæèâàíèÿ ïîð÷è ñ òå÷åíèåì

âðåìåíè ïðè êîìíàòíîé òåìïåðàòóðå. Òåñò-

óñòðîéñòâî ôîòîãðàôèðîâàëè, íå ñíèìàÿ êðûø-

êó, ÷åðåç êàæäûå 10 ÷ è îïðåäåëÿëè ñ ïîìîùüþ

ñìàðòôîíà öâåòîìåòðè÷åñêèå ïàðàìåòðû èíäè-

êàòîðíûõ çîí. Â ñëó÷àå èäåíòèôèêàöèè ïîð÷è

ìîðåïðîäóêòîâ â ðåæèìå ðåàëüíîãî âðåìåíè åì-

êîñòü ñ îáðàçöîì è ïðèêðåïëåííîé ê êðûøêå

òåñò-ñèñòåìîé íàãðåâàëè â ìèêðîâîëíîâîé ïå÷è â

òå÷åíèå 20 – 30 ñ è ôîòîãðàôèðîâàëè êîëîðèìåò-

ðè÷åñêèé äàò÷èê. Ðåãèñòðàöèþ öâåòîìåòðè÷å-

ñêèõ ïàðàìåòðîâ òåñò-óñòðîéñòâà ïðîâîäèëè ïðè

êîíòðîëèðóåìîì è âîñïðîèçâîäèìîì ïîëîæåíèè

êàìåðû ñìàðòôîíà è èñòî÷íèêà ìîíîõðîìàòè÷å-

ñêîãî ÓÔ-èçëó÷åíèÿ, êîòîðîå îáåñïå÷èâàëè íàëè-

÷èå øòàòèâà è ñèñòåìà êðåïåæåé. Âñå èçìåðåíèÿ

(ïî òðè ïàðàëëåëüíûõ) ïðîâîäèëè â óñëîâèÿõ èñ-

êóññòâåííîãî îñâåùåíèÿ. Îñâåùåííîñòü êîíòðî-

ëèðîâàëè ñ èñïîëüçîâàíèåì ëþêñìåòðà Testo 540,

îíà ñîñòàâëÿëà 950 ± 10 Ëê. Àíàëèòè÷åñêèé ñèã-

íàë ðàññ÷èòûâàëè êàê ñóììó çíà÷åíèé êàíàëîâ

R, G è B äëÿ êàæäîé èíäèêàòîðíîé çîíû è ïðî-

âîäèëè îáðàáîòêó ìàññèâà äàííûõ õåìîìåòðè-

÷åñêèìè àëãîðèòìàìè. Ìèêðîáèîëîãè÷åñêèå èñ-

ñëåäîâàíèÿ ïðîâîäèëè â ñîîòâåòñòâèè ñ ìåòîäè-

êîé [15].

Õåìîìåòðè÷åñêèå àëãîðèòìû. Äëÿ èññëåäî-

âàíèÿ ïîð÷è ìîðåïðîäóêòîâ ïðèìåíÿëè ìåòîä

ãëàâíûõ êîìïîíåíò (ÌÃÊ) (principal component

analysis) è èåðàðõè÷åñêèé êëàñòåðíûé àíàëèç

(ÈÊÀ) (hierarchical clustering analysis) c èñïîëü-

çîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ XLSTAT

(v. 2021.3.1).

Îáñóæäåíèå ðåçóëüòàòîâ

Ìèêðîáíàÿ ïîð÷à ìîðåïðîäóêòîâ ïðèâîäèò

ê îáðàçîâàíèþ ëåòó÷åãî îñíîâíîãî àçîòà è áèî-

ãåííûõ àìèíîâ, ÷òî â ñâîþ î÷åðåäü ïîñòåïåííî

óâåëè÷èâàåò pH â îáëàñòè êîíòåéíåðà. Ýòî ïîçâî-

ëÿåò ëåãêî ôèêñèðîâàòü è àíàëèçèðîâàòü èçìåíå-

íèå öâåòà ÷óâñòâèòåëüíûõ ê óðîâíþ pH èíäèêà-

òîðîâ. Äëÿ èäåíòèôèêàöèè ïîð÷è ìîðåïðîäóêòîâ

íàìè èçãîòîâëåíî òåñò-óñòðîéñòâî, ñîñòîÿùåå èç

12 èíäèêàòîðíûõ çîí ñ ðàçëè÷íûìè èíòåðâàëà-

ìè ïåðåõîäà îêðàñêè èíäèêàòîðîâ (ñì. ðèñ. 1).

Ìåòîäîì öèôðîâîé öâåòîìåòðèè ïðîàíàëèçè-

ðîâàíà ïîð÷à ìîðåïðîäóêòîâ. Ïîëó÷åííûå öâåòî-

ìåòðè÷åñêèå äàííûå êîëîðèìåòðè÷åñêîãî äàò÷è-

êà (ñóììà çíà÷åíèé R, G, B êàæäîé èíäèêàòîðíîé

çîíû) îáðàáàòûâàëè ÌÃÊ. Óñòàíîâëåíî, ÷òî èç

ñåìè ãëàâíûõ êîìïîíåíò ÷åòêîå ðàçëè÷èå ïî âðå-
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Ðåàãåíòû, èñïîëüçóåìûå äëÿ èçãîòîâëåíèÿ òåñò-óñòðîéñòâà

Reagents used to manufacture the test device

Íîìåð Èíäèêàòîð Èíòåðâàë ïåðåõîäà pH è îêðàñêà èíäèêàòîðà pK
a

1 Êîíãî êðàñíûé 3,0 – 5,2, êðàñíàÿ — ôèîëåòîâàÿ 4,0

2 Áðîìôåíîëîâûé ñèíèé 3,0 – 4,6, æåëòàÿ — ñèíÿÿ 4,1

3 Àëèçàðèíîâûé êðàñíûé Ñ 3,7 – 5,2, æåëòàÿ — ôèîëåòîâàÿ 5,5

4 Áðîìêðåçîëîâûé çåëåíûé 3,8 – 5,4, æåëòàÿ — ñèíÿÿ 4,9

5 Ìåòèëîâûé êðàñíûé 4,2 – 6,2, êðàñíàÿ — æåëòàÿ 5,0

6 Áðîìôåíîëîâûé êðàñíûé 5,0 – 6,8, æåëòàÿ — êðàñíàÿ 6,3

7 Áðîìêðåçîëîâûé ïóðïóðíûé 5,2 – 6,8, æåëòàÿ — ïóðïóðíàÿ 6,4

8 Àëèçàðèí 5,8 – 7,2, æåëòàÿ — ðîçîâàÿ 6,9

9 Áðîìòèìîëîâûé ñèíèé 6,0 – 7,6, æåëòàÿ — ñèíÿÿ 7,3

10 Ôåíîëîâûé êðàñíûé 6,8 – 8,4, æåëòàÿ — êðàñíàÿ 8,0

11 Íåéòðàëüíûé êðàñíûé 6,8 – 8,4, êðàñíàÿ — æåëòàÿ 7,4

12 Êðåçîëîâûé êðàñíûé 7,0 – 8,8, æåëòàÿ — ïóðïóðíàÿ 8,5

Ðèñ. 1. Ñõåìà èçãîòîâëåíèÿ òåñò-óñòðîéñòâà è èçìåðåíèÿ

öâåòîìåòðè÷åñêèõ õàðàêòåðèñòèê èíäèêàòîðíûõ çîí

ñìàðòôîíîì: 1 — èçãîòîâëåíèå èíäèêàòîðíûõ çîí ñ ïî-

ìîùüþ äûðîêîëà; 2 — ïðèêëåèâàíèå èíäèêàòîðíûõ äèñ-

êîâ íà äâóõñòîðîííèé ñêîò÷; 3 — ðàñïîëîæåíèå èíäèêàòî-

ðîâ (íîìåð èíäèêàòîðíîé çîíû ñîîòâåòñòâóåò íîìåðó èí-

äèêàòîðà èç òàáëèöû); 4 — ôîòîãðàôèè, ïîëó÷åííûå ñ ïî-

ìîùüþ ñìàðòôîíà ïðè èññëåäîâàíèè ïîð÷è çóáàòêè

(âåðõíÿÿ — ñâåæàÿ, íèæíÿÿ — èñïîð÷åííàÿ).

Fig. 1. Scheme of manufacturing a test device and measur-

ing the colorimetric characteristics of indicator zones with a

smartphone: 1 — manufacturing of indicator zones using a

hole punch; 2 — gluing of indicator disks on double-sided

adhesive tape; 3 — indicator layout (the indicator zone num-

ber corresponds to the indicator number from the table);

4 — photographs taken using a smartphone when examin-

ing damage to catfish (upper — fresh, lower — spoiled)



ìåíè ïîð÷è ïîëó÷åíî äëÿ ïåðâûõ äâóõ (F1, F2)

(â ñêîáêàõ óêàçàíà îáúåäèíåííàÿ äèñïåðñèÿ):

êðåâåòêè (71,92 %), êàëüìàðû (76,86 %), çóáàòêà

(77,51 %), ñàëàêà (87,90 %). Âûÿâëåíî, ÷òî îñíîâ-

íîé âêëàä â óñòàíîâëåíèå ïîð÷è ìîðåïðîäóêòîâ

âíîñèò êîìïîíåíòà F1. Òàê, ïðè âðåìåíè õðàíå-

íèÿ îáðàçöîâ äî 30 (êðåâåòêè, çóáàòêà) è 40

(êàëüìàðû, ñàëàêà) ÷àñîâ F1 ïðèíèìàåò ïîëîæè-

òåëüíûå çíà÷åíèÿ (II è IV êâàäðàíòû), ïðè âðå-

ìåíè õðàíåíèÿ áîëåå 50 ÷àñîâ — îòðèöàòåëüíûå

çíà÷åíèÿ (I è III êâàäðàíòû) äëÿ âñåõ èññëåäóå-

ìûõ îáðàçöîâ. Â ýòîì ñëó÷àå ñëåäóåò ïîëàãàòü,

÷òî öâåòîìåòðè÷åñêèå ïàðàìåòðû èñïîð÷åííûõ

ìîðåïðîäóêòîâ íàõîäÿòñÿ â I è III êâàäðàíòàõ.

Ïðè ýòîì íå âñå ïðîäóêòû ïîäâåðæåíû ïîð÷å â

îäèíàêîâîé ñòåïåíè (ïðèáëèæåíèå ê îòðèöàòåëü-

íûì êâàäðàíòàì): çíà÷èòåëüíûå èçìåíåíèÿ â ñî-

ñòàâå êðåâåòîê è çóáàòêè íàñòóïàþò ïîñëå 30 ÷,

êàëüìàðà è ñàëàêè — ïîñëå 40 ÷ (ðèñ. 2). Ðàçëè-

÷èå íà ãðàôèêàõ ÌÃÊ ìåæäó çíà÷åíèÿìè êîìïî-

íåíòû F1 ïðè 0 è 5 ÷ õðàíåíèÿ îáóñëîâëåíû, âå-

ðîÿòíî, òåì, ÷òî çíà÷åíèÿ RGB îïðåäåëåíû âíà-

÷àëå äëÿ ñóõèõ èíäèêàòîðíûõ ìàòðèö, à çàòåì
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Ðèñ. 2. Ïðîåêöèè êàíîíè÷åñêèõ ôóíêöèé, îòðàæàþùèå ðàñïðåäåëåíèå öâåòîìåòðè÷åñêèõ ïàðàìåòðîâ äëÿ êðåâåòîê (à),

êàëüìàðà (á), çóáàòêè (â), ñàëàêè (ã) â çàâèñèìîñòè îò âðåìåíè õðàíåíèÿ ìîðåïðîäóêòà (öèôðû íà ãðàôèêå ñîîòâåòñòâóþò

âðåìåíè õðàíåíèÿ â ÷àñàõ)

Fig. 2. Projections of canonical functions corresponding to the distribution of colorimetric parameters for shrimp (a), squid

(b), catfish (c), herring (d) depending on the storage time of the seafood (the numbers on the graph correspond to the storage

time in hours)
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Ðèñ. 3. Äåíäðîãðàììà õðàíåíèÿ/ïîð÷è êðåâåòîê (à) è çóáàòêè (á) (ìåòîä ÈÊÀ)

Fig. 3. Dendrogram of storage/spoilage of shrimp (a) and catfish (b) (ICA method)



ïðè íàñûùåíèè òåñò-ñèñòåìû âëàãîé â òå÷åíèå

5 ÷.

Èåðàðõè÷åñêèé êëàñòåðíûé àíàëèç ïîçâîëèë

áîëåå íàãëÿäíî ïðåäñòàâèòü êëàñòåðû ñâåæåãî è

èñïîð÷åííîãî ïðîäóêòîâ. Â êà÷åñòâå ïðèìåðà íà

ðèñ. 3 ïðåäñòàâëåíû äåíäðîãðàììû äëÿ îáðàçöîâ

êðåâåòîê è çóáàòêè. Íà äåíäðîãðàììàõ âèäíû

äâå áîëüøèå âåòâè (êëàñòåðû): íèæíÿÿ, îõâàòû-

âàþùàÿ ñðîêè õðàíåíèÿ ïðîäóêöèè îò 0 äî 30 ÷,

è âåðõíÿÿ, õàðàêòåðèçóþùàÿ áîëåå ñóùåñòâåí-

íûå èçìåíåíèÿ â ñîñòàâå ïðîäóêöèè ïðè ñðîêàõ

õðàíåíèÿ îò 40 äî 90 ÷. Óñòàíîâëåííàÿ çàêîíî-

ìåðíîñòü êîððåëèðóåò ñ äàííûìè ìåòîäà ãëàâ-

íûõ êîìïîíåíò â ÷àñòè ðàçäåëåíèÿ ñðîêîâ õðàíå-

íèÿ ïðîäóêöèè íà äâà èíòåðâàëà ñ ïîãðàíè÷íîé

îáëàñòüþ 30 – 40 ÷.

Ïðè èññëåäîâàíèè õðàíåíèÿ/ïîð÷è ìîðåïðî-

äóêòîâ ñðåäè âñåõ èíäèêàòîðíûõ çîí çíà÷èòåëü-

íûå èçìåíåíèÿ îêðàñêè íàáëþäàëè äëÿ áðîìêðå-

çîëîâîãî çåëåíîãî, à íàèìåíüøèå — äëÿ êîíãî

êðàñíîãî. ÌÃÊ îáðàáîòàëè öâåòîìåòðè÷åñêèå

äàííûå îòäåëüíûõ èíäèêàòîðîâ, èñïîëüçóÿ òðè

ïåðåìåííûå (çíà÷åíèÿ R, G è B) (ðèñ. 4). Ïðè

ðàññìîòðåíèè ãðàôèêîâ ñ÷åòîâ èíäèâèäóàëüíûõ

èíäèêàòîðíûõ çîí ìîíîòîííîé çàâèñèìîñòè ìåæ-

äó ãëàâíîé êîìïîíåíòîé F1 è âðåìåíåì õðàíåíèÿ

îáðàçöà âûÿâèòü íå óäàëîñü. Òîëüêî äëÿ àëèçàðè-

íîâîãî êðàñíîãî Ñ ìîæíî íàáëþäàòü áëèçêóþ ê

ëèíåéíîé çàâèñèìîñòü èçìåíåíèÿ ïàðàìåòðîâ

ïîð÷è ìîðåïðîäóêòà (êîìïîíåíòà F1) îò âðåìåíè

âûäåðæêè îáðàçöà (ñì. ðèñ. 4, â). Òåì íå ìåíåå

ñîõðàíÿåòñÿ îáùàÿ ðàíåå óñòàíîâëåííàÿ òåíäåí-
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Ðèñ. 4. Ñîâìåñòíûå ãðàôèêè ñ÷åòîâ è íàãðóçîê îòäåëüíûõ èíäèêàòîðîâ äëÿ ñàëàêè: à — êîíãî êðàñíûé; á — áðîìôåíî-

ëîâûé ñèíèé; â — àëèçàðèíîâûé êðàñíûé C; ã — áðîìêðåçîëîâûé çåëåíûé; ä — ìåòèëîâûé êðàñíûé; å — áðîìôåíîëî-

âûé êðàñíûé; æ — áðîìêðåçîëîâûé ïóðïóðíûé; ç — áðîìòèìîëîâûé ñèíèé; è — àëèçàðèí; ê — ôåíîëîâûé êðàñíûé;

ë — íåéòðàëüíûé êðàñíûé; ì — êðåçîëîâûé êðàñíûé

Fig. 4. Joint graphs of scores and loads of individual indicators for herring: a — congo red; b — bromophenol blue; c — aliza-

rin red C; d — bromocresol green; e — methyl red; f — bromophenol red; g — bromocresol purple; h — bromthymol blue; i —

alizarin; j — phenol red; k — neutral red; l — cresol red



öèÿ êëàñòåðèçàöèè ïîëîæåíèÿ îáðàçöà ïî I, III

èëè II, IV êâàäðàíòàì â çàâèñèìîñòè îò èíòåðâà-

ëîâ õðàíåíèÿ ïðîäóêöèè. Àíàëèçèðóÿ ãðàôèêè

íàãðóçîê îòäåëüíûõ èíäèêàòîðîâ íà ïðèìåðå ñà-

ëàêè, ìîæíî ñäåëàòü çàêëþ÷åíèå î òåñíîé ïîëî-

æèòåëüíîé êîððåëÿöèè ïåðåìåííûõ (çíà÷åíèé

êàíàëîâ öâåòà) R è G ìåæäó ñîáîé, ïðè ýòîì îíè

îêàçûâàþò çíà÷èòåëüíóþ íàãðóçêó íà êîìïîíåí-

òó F1.

Äëÿ ïîäòâåðæäåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ

êëàññè÷åñêèì (àðáèòðàæíûì) ìåòîäîì ïðîâåäåí

ìèêðîáèîëîãè÷åñêèé àíàëèç îáðàçöîâ êðåâåòîê è

çóáàòêè, êîòîðûå ïîäâåðãàëè õðàíåíèþ â òå÷å-

íèå 0, 7, 20, 30, 40 è 50 ÷ ïðè êîìíàòíîé òåìïåðà-

òóðå. Ïî èñòå÷åíèè çàäàííûõ èíòåðâàëîâ âðåìå-

íè îáðàçöû èññëåäîâàëè íà îáùåå ìèêðîáíîå

÷èñëî ìåòîäîì ïîñåâà â àãàðèçîâàííûå ïèòàòåëü-

íûå ñðåäû [15]. Ðåçóëüòàòû îïðåäåëåíèÿ êîëè÷å-

ñòâà ìåçîôèëüíûõ àýðîáíûõ è ôàêóëüòàòèâíî-

àíàýðîáíûõ ìèêðîîðãàíèçìîâ (ÊÌÀÔÀíÌ)/êî-

ëîíèåîáðàçóþùèå åäèíèöû (ÊÎÅ) (lg ÊÎÅ/ã)

ïðåäñòàâëåíû íà ðèñ. 5.

Óñòàíîâëåíà ïîëîæèòåëüíàÿ êîððåëÿöèÿ ïî-

êàçàòåëåé ìèêðîáèîëîãè÷åñêîé ïîð÷è è çíà÷åíèé

ãëàâíîé êîìïîíåíòû F1, ðàññ÷èòàííîé ïðè öâå-

òîìåòðè÷åñêîì èññëåäîâàíèè ïðåäëîæåííîãî â

ðàáîòå êîëîðèìåòðè÷åñêîãî äàò÷èêà. Çíà÷èòåëü-

íûå èçìåíåíèÿ ÊÌÀÔÀíÌ (lg ÊÎÅ/ã) ïðîèñõî-

äÿò â èíòåðâàëå 30 – 40 ÷, â òî æå âðåìÿ çíà÷åíèÿ

F1 ïåðåõîäÿò èç îáëàñòè ïîëîæèòåëüíûõ çíà÷å-

íèé â îáëàñòü îòðèöàòåëüíûõ, ÷òî áûëî îòìå÷åíî

âûøå. Ïîðîãîâûìè ïîêàçàòåëÿìè äëÿ îöåíêè

ïîð÷è ìîðåïðîäóêòîâ ñ èñïîëüçîâàíèåì êëàññè-

÷åñêîãî (àðáèòðàæíîãî) ìåòîäà ÿâëÿåòñÿ èíòåð-

âàë lg ÊÎÅ/ã 4,69 – 5,0, ñëåäîâàòåëüíî, áîëåå âû-

ñîêèå çíà÷åíèÿ lg ÊÎÅ/ã õàðàêòåðèçóþò ïðîäóêò

êàê íåïðèãîäíûé â ïèùó. Ïðîâåäåííûå ìèêðî-

áèîëîãè÷åñêèå èññëåäîâàíèÿ ïîñåâîâ ìîðåïðî-

äóêòîâ (íà ïðèìåðå êðåâåòîê è çóáàòêè) ïîä-
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Ðèñ. 5. Çàâèñèìîñòü êîëè÷åñòâà ìåçîôèëüíûõ àýðîáíûõ è ôàêóëüòàòèâíî-àíàýðîáíûõ ìèêðîîðãàíèçìîâ (â lg ÊÎÅ/ã) îò

F1 ïðè ðàçëè÷íîì âðåìåíè õðàíåíèÿ îáðàçîâ êðåâåòîê (à) è çóáàòêè (á)

Fig. 5. Dependence of the number of mesophilic aerobic and facultative anaerobic microorganisms (in log CFU/g) on F1 at dif-

ferent storage times of shrimp (a) and catfish (b) samples
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Ðèñ. 6. Çàâèñèìîñòü ãëàâíîé êîìïîíåíòû F1 êîëîðèìåòðè÷åñêîãî äàò÷èêà îò âðåìåíè òåðìè÷åñêîé îáðàáîòêè ïðîá êðå-

âåòîê (à) è çóáàòêè (á) ïðè èäåíòèôèêàöèè ïîð÷è: X — çàâåäîìî èñïîð÷åííûé îáðàçåö (ïîëîæèòåëüíûé êîíòðîëü); Y —

íåèñïîð÷åííûé îáðàçåö (îòðèöàòåëüíûé êîíòðîëü)

Fig. 6. Dependence of the main component F1 of the colorimetric sensor on the time of thermal treatment of samples of

shrimp (a) and catfish (b) when spoilage is identified: X — obviously spoiled sample (positive control); Y — unspoiled sample

(negative control)



òâåðæäàþò ïîëó÷åííûå ðåçóëüòàòû öâåòîìåòðè-

÷åñêîãî èññëåäîâàíèÿ.

Äëÿ èäåíòèôèêàöèè ïîð÷è ìîðåïðîäóêòîâ â

ðåæèìå ðåàëüíîãî âðåìåíè îáðàçåö (çàâåäîìî èñ-

ïîð÷åííûé X èëè íåèñïîð÷åííûé Y) ìàññîé 50 ã

ïîìåùàëè â ïëàñòèêîâóþ åìêîñòü, çàêðûâàëè

êðûøêîé ñ ïðèêðåïëåííûì êîëîðèìåòðè÷åñêèì

äàò÷èêîì è íàãðåâàëè â òå÷åíèå 0, 5, 10, 20, 30

è 60 ñ â ìèêðîâîëíîâîé ïå÷è. Äàò÷èê ôîòîãðà-

ôèðîâàëè ÷åðåç óêàçàííûå èíòåðâàëû âðåìåíè,

çíà÷åíèÿ RGB îáðàáàòûâàëè õåìîìåòðè÷åñêèì

ìåòîäîì. Óñòàíîâëåíî, ÷òî äëÿ èäåíòèôèêàöèè

ïîð÷è ïðîäóêòà äîñòàòî÷íî íàãðåâàíèÿ â òå÷åíèå

20 – 30 ñ (ðèñ. 6). Ïðè ýòîì îáðàçåö X ïåðåõîäèò â

îáëàñòü îòðèöàòåëüíûõ çíà÷åíèé ãëàâíîé êîìïî-

íåíòû F1, ñâèäåòåëüñòâóþùèõ îá èñïîð÷åííîñòè

ïðîäóêòà (ðèñ. 7), à ñâåæèå ïðîäóêòû Y íàõîäÿòñÿ

â îáëàñòè ïîëîæèòåëüíûõ çíà÷åíèé F1.

Ýêñïåðèìåíòàëüíî ïîëó÷åííûå ïðîåêöèè êà-

íîíè÷åñêèõ ôóíêöèé äëÿ âûÿâëåíèÿ ïîð÷è ìîðå-

ïðîäóêòîâ (ñì. ðèñ. 2) èñïîëüçîâàëè ïðè îöåíêå

êà÷åñòâà êîíòðîëüíûõ îáðàçöîâ êðåâåòîê è çó-

áàòêè (X è Y) â ðåæèìå ðåàëüíîãî âðåìåíè. Ïîñëå

òåïëîâîé îáðàáîòêè ïðîá â òå÷åíèå 30 ñ ïðèëî-

æåííûé ê íèì äàò÷èê ôîòîãðàôèðîâàëè è ïðîâî-

äèëè öâåòîìåòðè÷åñêîå èññëåäîâàíèå. Ðåçóëüòàò

êîíòðîëüíîé ïðîöåäóðû ïîäâåðãàëè õåìîìåòðè-

÷åñêîìó àíàëèçó ìåòîäîì ãëàâíûõ êîìïîíåíò ñ

ïîñëåäóþùèì íàíåñåíèåì íà ãðàôèê. Ïîëîæè-

òåëüíûå êîíòðîëüíûå îáðàçöû (X) õàðàêòåðèçî-

âàëèñü îòðèöàòåëüíûìè çíà÷åíèÿìè ãëàâíîé

êîìïîíåíòû F1 è íàõîäèëèñü â êâàäðàíòàõ I è

III, îòðèöàòåëüíûå êîíòðîëüíûå îáðàçöû (Y) —

ïîëîæèòåëüíûìè çíà÷åíèÿìè F1 (íàõîäèëèñü â

êâàäðàíòàõ II è IV) (ñì. ðèñ. 7). Àïðîáàöèÿ ïðåä-

ñòàâëåííîãî â ðàáîòå ïîäõîäà ïîêàçûâàåò âîç-

ìîæíîñòü ïðèìåíåíèÿ êîëîðèìåòðè÷åñêîãî äàò-

÷èêà íà îñíîâå pH-÷óâñòâèòåëüíûõ èíäèêàòîðîâ

äëÿ èäåíòèôèêàöèè ïîð÷è ìîðåïðîäóêòîâ ïîñëå

öâåòîìåòðè÷åñêîé è õåìîìåòðè÷åñêîé îáðàáîòêè

äàííûõ.

Çàêëþ÷åíèå

Â ðàáîòå ïðåäñòàâëåí ñïîñîá óñòàíîâëåíèÿ

ïîð÷è ìîðåïðîäóêòîâ (íà ïðèìåðå êðåâåòîê,

êàëüìàðîâ, çóáàòêè è ñàëàêè) öâåòîìåòðè÷åñêèì

ìåòîäîì ñ èñïîëüçîâàíèåì ñìàðòôîíà è õåìîìåò-

ðè÷åñêîãî àíàëèçà. Óñòàíîâëåíî, ÷òî çíà÷èòåëü-

íûå äåãðàäàöèîííûå ïðîöåññû â îáðàçöàõ ìîðå-

ïðîäóêòîâ, êîòîðûå íå ïîçâîëÿþò èñïîëüçîâàòü

èõ â ïèùó, ïðîèñõîäÿò ïðè âðåìåíè õðàíåíèÿ

30 – 40 ÷. Öâåòîìåòðè÷åñêàÿ îöåíêà õðàíÿùåãîñÿ

ñ ïðîáîé êîëîðèìåòðè÷åñêîãî äàò÷èêà â àääèòèâ-

íîé ñèñòåìå RGB ñ èñïîëüçîâàíèåì õåìîìåòðè÷å-

ñêîé îáðàáîòêè äàííûõ â ñëó÷àå ïîð÷è ïðîäóê-

öèè ïîêàçàëà, ÷òî ãëàâíàÿ êîìïîíåíòà F1 ïðè-

íèìàåò îòðèöàòåëüíûå çíà÷åíèÿ. Äàííàÿ çàâè-

ñèìîñòü ýêñïåðèìåíòàëüíî ïîäòâåðæäåíà ïðè

îïðåäåëåíèè îáùåãî ìèêðîáíîãî ÷èñëà ìîðåïðî-

äóêòîâ (íà ïðèìåðå êðåâåòîê è çóáàòêè) â ïðîöåñ-

ñå õðàíåíèÿ. Ïðåäëîæåí ïîäõîä äëÿ îöåíêè ïîð-

÷è ìîðåïðîäóêòîâ â ðåæèìå ðåàëüíîãî âðåìåíè

ïîñëå òåïëîâîé îáðàáîòêè ïðîáû â òå÷åíèå 20 –

30 ñ â çàêðûòîì êîíòåéíåðå â ïðèñóòñòâèè êîëî-

ðèìåòðè÷åñêîãî äàò÷èêà. Ñ èñïîëüçîâàíèåì ìå-

òîäà ãëàâíûõ êîìïîíåíò îáðàçåö íàíîñÿò íà ãðà-

ôèê ïðîåêöèé êàíîíè÷åñêèõ ôóíêöèé, ïîëó÷åí-

íûé äëÿ êîíêðåòíîãî îáúåêòà èññëåäîâàíèÿ.

Èäåíòèôèêàöèîííûìè ïàðàìåòðàìè â ýòîì ñëó-

÷àå âûñòóïàåò çíà÷åíèå ãëàâíîé êîìïîíåíòû F1

èëè ïîëîæåíèå îáðàçöà íà ãðàôèêå (êâàäðàíò).
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Ìíîãèå ñâîéñòâà ïîëèêðèñòàëëè÷åñêèõ ìàòåðèàëîâ çàâèñÿò îò êðèñòàëëîãðàôè÷åñêîé òåê-

ñòóðû, íàèáîëåå ïîëíóþ èíôîðìàöèþ î êîòîðîé äàåò ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðî-

âîê (ÔÐÎ). Îñíîâíàÿ çàäà÷à êîëè÷åñòâåííîãî òåêñòóðíîãî àíàëèçà — âîññòàíîâëåíèå ÔÐÎ

ïî åå äâóìåðíûì ïðîåêöèÿì — ïîëþñíûì ôèãóðàì, ïîëó÷àåìûì ìåòîäàìè ðåíòãåíîâñêîé

ëèáî íåéòðîííîé äèôðàêöèè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû âîññòàíîâëåíèÿ ÔÐÎ äëÿ

ìàòåðèàëîâ ñ íèçêîé ñèììåòðèåé ðåøåòêè è îáðàçöà ñ èñïîëüçîâàíèåì ãàðìîíè÷åñêîãî ìå-

òîäà. Ìåòîä îñíîâàí íà ðàçëîæåíèè ÔÐÎ â ðÿä Ôóðüå ïî òðåõìåðíûì ñèììåòðè÷íûì ñôå-

ðè÷åñêèì ôóíêöèÿì. Èñïîëüçîâàëè äåéñòâèòåëüíûå ôóíêöèè — ëèíåéíûå êîìáèíàöèè

ñîîòâåòñòâóþùèõ êîìïëåêñíûõ ñôåðè÷åñêèõ ôóíêöèé. Èññëåäîâàëè ìîäåëüíóþ îäíîêîì-

ïîíåíòíóþ òåêñòóðó è òåêñòóðó îáðàçöà ñïëàâà ìàãíèÿ, ïîäâåðãíóòîãî ðàâíîêàíàëüíîìó

óãëîâîìó ïðåññîâàíèþ. Òåêñòóðû õàðàêòåðèçóþòñÿ ãåêñàãîíàëüíîé ñèììåòðèåé ðåøåòêè è

òðèêëèííîé ñèììåòðèåé îáðàçöà. Â îáîèõ ñëó÷àÿõ RP-ôàêòîðû è ïîãðåøíîñòü ðàñ÷åòà

ÔÐÎ, ïðèìåíÿåìûå äëÿ ïðîâåðêè àäåêâàòíîñòè ðåøåíèÿ, ïîêàçàëè õîðîøåå ñîâïàäåíèå

ðàñ÷åòíûõ è èñõîäíûõ äàííûõ. Ïîëó÷åíî òàêæå, ÷òî íà ÔÐÎ îáðàçöà ñïëàâà ìàãíèÿ ïðè-

ñóòñòâóþò äâå òåêñòóðíûå êîìïîíåíòû (1216)[1211] è (1216)[1211] ñ ìàêñèìàëüíûìè èí-

òåíñèâíîñòÿìè 13,81 è 2,23 ñîîòâåòñòâåííî. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçî-

âàíû ïðè òåêñòóðíûõ èññëåäîâàíèÿõ êåðàìèêè, ãîðíûõ ïîðîä è äðóãèõ íåìåòàëëè÷åñêèõ

ìàòåðèàëîâ ñ íèçêîé ñèììåòðèåé.

Êëþ÷åâûå ñëîâà: ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðîâîê; ãàðìîíè÷åñêèé ìåòîä; êîýô-

ôèöèåíòû Ôóðüå; ñôåðè÷åñêèå ãàðìîíèêè; íèçêàÿ ñèììåòðèÿ.

RESTORATION OF THE ORIENTATION DISTRIBUTION FUNCTION FOR MATERIALS

WITH LOW LATTICE AND SAMPLE SYMMETRY USING THE HARMONIC METHOD

� Aleksandra S. Kolyanova

Baikov Institute of Metallurgy and Materials Science, RAS (IMET RAS), 49, Leninsky prosp., Moscow, 119334, Russia;

e-mail: sasha-kolianova@yandex.ru

Received January 19, 2023. Revised January 27, 2023. Accepted May 22, 2023.

A lot of the properties polycrystalline materials depend on their crystallographic texture. The most

complete information about the texture can be obtained from the orientation distribution function (ODF).

We present the results of recovering ODF using series expansion technique for materials with low crystal

and sample symmetry. The technique of ODF restoration is based on its Fourier series expansion with

symmetrical spherical harmonic functions. Real spherical harmonics which are linear combinations of

general spherical harmonics were used. The model single-component texture as well as the real texture of

magnesium alloy sample subjected to equal-channel angular pressing have been studied. Textures are

characterized by hexagonal crystal symmetry and triclinic sample symmetry. In both cases RP-factors and
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ODF calculation errors that were used as reliability criteria of ODF reconstruction showed good agree-

ment between the calculated and experimental data. It was also revealed that the ODF of a magnesium

alloy sample subjected to equal-channel angular pressing contains two texture components (1216)[1211]

and (1216)[1211] with maximum intensity values of 13.81 and 2.23, respectively. The results obtained can

be used for texture studies of ceramics, rocks and other non-metallic materials characterized by a lower

symmetry.

Keywords: orientation distribution function; series expansion; Fourier coefficients; spherical harmonics;

low symmetry.

Ââåäåíèå

Áîëüøèíñòâî èñïîëüçóåìûõ â ïðîìûøëåííî-

ñòè ìàòåðèàëîâ (ìåòàëëû è ñïëàâû, êåðàìèêè è

ìèíåðàëû) èìåþò ïîëèêðèñòàëëè÷åñêóþ ñòðóê-

òóðó. Ìíîãèå ñâîéñòâà ïîëèêðèñòàëëîâ çàâèñÿò â

òîì ÷èñëå îò òîãî, êàê ñîñòàâëÿþùèå èõ îòäåëü-

íûå çåðíà îðèåíòèðîâàíû îòíîñèòåëüíî ôèê-

ñèðîâàííîé âíåøíåé ñèñòåìû êîîðäèíàò. Åñëè

çåðíà â ìàòåðèàëå èìåþò ñëó÷àéíûå îðèåíòèðîâ-

êè, òî òàêîå ñîñòîÿíèå íàçûâàþò áåñòåêñòóðíûì.

Â ñëó÷àå ïðåèìóùåñòâåííûõ îðèåíòèðîâîê ãîâî-

ðÿò î êðèñòàëëîãðàôè÷åñêîé òåêñòóðå [1, 2].

Íàèáîëåå ïîëíóþ èíôîðìàöèþ î òåêñòóðå

ìàòåðèàëà äàåò ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåí-

òèðîâîê (ÔÐÎ) — ôóíêöèÿ ðàñïðåäåëåíèÿ ïëîò-

íîñòè âåðîÿòíîñòè, íîðìèðîâàííàÿ íà îáúåì

îðèåíòàöèîííîãî ïðîñòðàíñòâà. Îñíîâíàÿ çàäà÷à

êîëè÷åñòâåííîãî òåêñòóðíîãî àíàëèçà — âîññòà-

íîâëåíèå ÔÐÎ ïî åå äâóìåðíûì ïðîåêöèÿì —

ïîëþñíûì ôèãóðàì (ÏÔ), ïîëó÷àåìûì ñ ïî-

ìîùüþ ðåíòãåíîâñêîãî ëèáî íåéòðîííîãî äè-

ôðàêòîìåòðà.

Âîññòàíîâèòü ÔÐÎ ìîæíî ñ ïîìîùüþ òàê íà-

çûâàåìûõ ïðÿìûõ ìåòîäîâ (WIMV-ìåòîä, ìåòîä

ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê — ADC (arbit-

rarily defined cells), âåêòîðíûé ìåòîä), îñíîâàí-

íûõ íà òîì, ÷òî äèñêðåòíàÿ ïîëóñôåðà ÏÔ ñîîò-

âåòñòâóåò ñåìåéñòâàì ïðîåêöèîííûõ òðóáîê â

ïðîñòðàíñòâå ÔÐÎ [3 – 7]. Äîñòîèíñòâî ïðÿìûõ

ìåòîäîâ — ñòðîãîå âûïîëíåíèå óñëîâèÿ íåîòðè-

öàòåëüíîñòè ÔÐÎ, íåäîñòàòîê — âîçíèêíîâåíèå

ëîæíûõ ìàêñèìóìîâ.

Ïðèìåíÿþò òàêæå ìåòîä êîìïîíåíò, ïðè êî-

òîðîì ÔÐÎ îïèñûâàåòñÿ íàáîðîì ñòàíäàðòíûõ

êîìïîíåíò ñ ðàçëè÷íûìè âåñàìè è ïàðàìåòðàìè

ðàññåÿíèÿ [8, 9]. Åãî ïðåèìóùåñòâà: ìàëîå êîëè-

÷åñòâî òåêñòóðíûõ êîìïîíåíò, ïðÿìîå ïîëó÷åíèå

èíôîðìàöèè îá îáúåìíûõ äîëÿõ ïîëó÷åííûõ

êîìïîíåíò, âûïîëíåíèå óñëîâèÿ íåîòðèöàòåëü-

íîñòè ÔÐÎ, îòñóòñòâèå ëîæíûõ ìàêñèìóìîâ.

Ãëàâíûé ìèíóñ — ñëîæíîñòü îïðåäåëåíèÿ íà-

÷àëüíûõ çíà÷åíèé ïàðàìåòðîâ (òåêñòóðíûõ êîì-

ïîíåíò, èõ âåñîâ è ðàññåÿíèé) èç àíàëèçà ÏÔ.

Àíàëîãè ìåòîäà êîìïîíåíò — àâòîìàòèçèðî-

âàííûé ìåòîä êîìïîíåíò, ìåòîä âîññòàíîâëåíèÿ

ÔÐÎ ñ ïîìîùüþ ñóïåðïîçèöèè íîðìàëüíûõ ðàñ-

ïðåäåëåíèé è MTEX-ìåòîä [4, 10 – 12]. Â íèõ

ÔÐÎ îïðåäåëÿåòñÿ â âèäå ñóïåðïîçèöèè áîëüøî-

ãî ÷èñëà ñòàíäàðòíûõ ðàñïðåäåëåíèé ñ ôèêñèðî-

âàííûì ðàññåÿíèåì.

Ìåòîä âîññòàíîâëåíèÿ ÔÐÎ ïóòåì ðàçëîæå-

íèÿ â ðÿä Ôóðüå ïî ñôåðè÷åñêèì ãàðìîíèêàì

(ãàðìîíè÷åñêèé ìåòîä) îòëè÷àåò ïðîñòîòà, óíè-

âåðñàëüíîñòü, óñòîé÷èâîñòü íàéäåííîãî ðåøåíèÿ

[1, 3, 13, 14]. Ê åãî ìèíóñàì îòíîñÿòñÿ îïðåäåëå-

íèå òîëüêî ÷åòíîé ÷àñòè ÔÐÎ èç-çà îñîáåííîñòåé

äèôðàêöèîííîãî ýêñïåðèìåíòà, ÷òî ïðèâîäèò ê

ïîÿâëåíèþ îòðèöàòåëüíûõ çíà÷åíèé è ëîæíûõ

ìàêñèìóìîâ [14 – 16], à òàêæå íåïðèìåíèìîñòü

äëÿ îñòðûõ òåêñòóð.

Ãàðìîíè÷åñêèé ìåòîä ïîçâîëÿåò ïîëó÷èòü

ÔÐÎ äëÿ ëþáûõ êëàññîâ ìàòåðèàëîâ è ëþáûõ

ñèììåòðèé îáðàçöà, ïðåæäå âñåãî äëÿ êóáè÷åñêîé

èëè ãåêñàãîíàëüíîé ñèììåòðèè îáðàçöà è îðòî-

ðîìáè÷åñêîé ñèììåòðèè ðåøåòêè, õàðàêòåðíûõ

äëÿ òåêñòóð ïðîêàòêè ìåòàëëîâ. Äëÿ âûïîëíåíèÿ

óñëîâèÿ íåîòðèöàòåëüíîñòè ÔÐÎ è óñòðàíåíèÿ

ëîæíûõ ìàêñèìóìîâ â ãàðìîíè÷åñêîì ìåòîäå èñ-

ïîëüçóþò òàêèå ïîäõîäû, êàê ðåãóëÿðèçàöèÿ ðå-

øåíèÿ, ìåòîä ïîëîæèòåëüíîñòè [17, 18].

Öåëü ðàáîòû — âîññòàíîâëåíèå ÔÐÎ äëÿ ìà-

òåðèàëîâ ñ íèçêîé ñèììåòðèåé ðåøåòêè è îáðàç-

öà ãàðìîíè÷åñêèì ìåòîäîì.

Ìåòîäèêà

Ïåðâè÷íàÿ îáðàáîòêà ýêñïåðèìåíòàëüíûõ

ÏÔ âêëþ÷àëà ïîïðàâêó íà ýôôåêò äåôîêóñèðîâ-

êè, âîçíèêàþùèé ïðè íàêëîíå îáðàçöà â ïðîöåñ-

ñå ñúåìêè ÏÔ, ñèììåòðèçàöèþ è ïñåâäîíîðìè-

ðîâêó.

Ïîïðàâî÷íûå êîýôôèöèåíòû äëÿ ýôôåêòà

äåôîêóñèðîâêè îïðåäåëÿëè ñîãëàñíî ïðèíÿòîé

ìåòîäèêå [19, 20]. Äëÿ ïñåâäîíîðìèðîâî÷íûõ

ìíîæèòåëåé 	Ni
èñïîëüçîâàëè ôîðìóëó [21]

	 �

��

��

N

I

i

sin( )

( , )sin( )

max

max

Ô dÔd

Ô Ô dÔd

Ô

Ô

0

2

0

0

2

0

�

�





 


, (1)

ãäå Ô, â — ðàäèàëüíûé è àçèìóòàëüíûé óãëû íà

ÏÔ; Ômax — ìàêñèìàëüíûé óãîë íàêëîíà ïðè

ñúåìêå ÏÔ; I(Ô, â) — èçìåðåííûå çíà÷åíèÿ èí-

òåíñèâíîñòè.
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Ñèììåòðèçàöèÿ çàêëþ÷àåòñÿ â óðàâíèâàíèè

çíà÷åíèé èíòåíñèâíîñòåé â ñèììåòðè÷íûõ òî÷-

êàõ íà ÏÔ:

Isym(Ô1, â1) = Isym(Ô2, â2) =

= [I(Ô1, â1) + I(Ô2, â2)]/2, (2)

ãäå (Ô1, â1), (Ô2, â2) — ñèììåòðè÷íûå òî÷êè íà

ÏÔ; I(Ôi, âi), Isym(Ôi, âi) — ôàêòè÷åñêè èçìå-

ðåííûå è ñèììåòðèçîâàííûå çíà÷åíèÿ èíòåí-

ñèâíîñòè.

Ñèììåòðèçàöèÿ íåîáõîäèìà äëÿ óìåíüøåíèÿ

ñòàòèñòè÷åñêèõ îøèáîê ýêñïåðèìåíòàëüíûõ ÏÔ,

óðîâåíü êîòîðûõ ìîæíî îöåíèòü ïî ðàçíîñòÿì

èíòåíñèâíîñòè â ñèììåòðè÷íûõ òî÷êàõ [17].

Îòìåòèì, ÷òî â ñëó÷àå òðèêëèííîé ñèììåòðèè

îáðàçöà âûáèðàþò ïëîñêîñòü, îòíîñèòåëüíî êîòî-

ðîé ðåôëåêñû íà ÏÔ ðàñïîëàãàþòñÿ ñèììåòðè÷-

íî, è ïðîâîäÿò ñèììåòðèçàöèþ îòíîñèòåëüíî

ýòîé ïëîñêîñòè.

Ïîëþñíàÿ ïëîòíîñòü Ph(y) = NhIh(y) ñâÿçàíà

ñ ÔÐÎ f(g) ñëåäóþùèìè ñîîòíîøåíèÿìè [1, 16]:

Ph(y) = [Rf(h, y) + Rf(–h, y)]/2,

Rf f g g( , ) ( ) ,h y �
�

1

2
d (3)

ãäå h — êðèñòàëëîãðàôè÷åñêîå íàïðàâëåíèå;

y — íàïðàâëåíèå â îáðàçöå; g — îðèåíòèðîâêà â

ïðîñòðàíñòâå óãëîâ Ýéëåðà (èíòåãðèðîâàíèå ïðî-

âîäèòñÿ ïî âñåì îðèåíòèðîâêàì, ïåðåâîäÿùèì

íàïðàâëåíèå h â íàïðàâëåíèå y: gh = r).

Ãàðìîíè÷åñêèé ìåòîä âîññòàíîâëåíèÿ ÔÐÎ

îñíîâàí íà ðàçëîæåíèè åå â ðÿä Ôóðüå ïî òðåõ-

ìåðíûì ñèììåòðè÷íûì ñôåðè÷åñêèì ôóíêöèÿì
···
T

l

��

[1]:

f g C T
l l

N lM l

l

l

( )
···

,

( )( )max

� ���

�

�� ��

��0

(4)

ãäå g — îðèåíòèðîâêà â Ýéëåðîâîì ïðîñòðàíñòâå;

C
l

��

— êîýôôèöèåíòû ðàçëîæåíèÿ (l = 0, 2, ...,

lmax — ïîðÿäîê ñôåðè÷åñêèõ ôóíêöèé; ì = 1, 2,

..., M(l), � = 1, 2, ..., N(l) — èíäåêñû ñóììèðîâà-

íèÿ; M(l), N(l) — ÷èñëî ëèíåéíî íåçàâèñèìûõ

ãàðìîíèê, çàâèñÿùåå îò ñèììåòðèè ðåøåòêè è

îáðàçöà ñîîòâåòñòâåííî).

Ñèììåòðè÷íûå ñôåðè÷åñêèå ôóíêöèè
···
T

l

��

—

ëèíåéíàÿ êîìáèíàöèÿ îáîáùåííûõ ãàðìîíè÷å-

ñêèõ ôóíêöèé T
l

mn [1]:

··· ·· ·
,T A A T

l l

m

l

n

l

mn

n l

l

m l

l

�� � �
�

����

��

T e P e
l

mn im

l

mn in
�

� �1 2(cos ) ,Ô (5)

ãäå
··

,A
l

m� ·
A

l

n� — êîýôôèöèåíòû, îáåñïå÷èâàþ-

ùèå âûïîëíåíèå óñëîâèé ñèììåòðèè ðåøåòêè è

îáðàçöà; P
l

mn (cos )Ô — îáîáùåííûå ïðèñîåäè-

íåííûå ôóíêöèè Ëåæàíäðà.

ÔÐÎ, îïèñûâàåìîé óðàâíåíèåì (2), ñîîòâåò-

ñòâóåò ïîëþñíàÿ ïëîòíîñòü íà ïðÿìîé ïîëþñíîé

ôèãóðå (ÏÏÔ) [1]:

P
l

C k k
h l l l

N lM l

l

l

( )
··

( )
·

( )
*

( )( )ma

y h y�

�

��

�

4

2 10

�
�� � �

��

x

,� (6)

ãäå
··

( ),
*

k
l

�

h
·

( )k
l

� y — ïîâåðõíîñòíûå ñôåðè÷åñêèå

ãàðìîíèêè (surface spherical harmonics), îáëà-

äàþùèå ñèììåòðèåé ðåøåòêè è îáðàçöà (çâåçäî÷-

êîé îáîçíà÷åíî êîìïëåêñíîå ñîïðÿæåíèå).

Îáðàòíàÿ ïîëþñíàÿ ôèãóðà îïèñûâàåòñÿ àíà-

ëîãè÷íûì îáðàçîì.

Ñèììåòðè÷íûå ïîâåðõíîñòíûå ãàðìîíèêè
·
k

l

�

àíàëîãè÷íî ñôåðè÷åñêèì ôóíêöèÿì
···
T

l

��

— ëè-

íåéíàÿ êîìáèíàöèÿ íîðìèðîâàííûõ ñôåðè÷å-

ñêèõ ïîâåðõíîñòíûõ ãàðìîíèê k
l

n [1]:

·
( , )

·
( , ),k A k

l l

n

l

n

n l

l

� �

 
Ô Ô�

��

�

k e P
l

n in

l

n( , ) (cos ),Ô Ô


�



�

1

2
(7)

ãäå
·

A
l

n� — êîýôôèöèåíòû ñèììåòðèè; P
l

n (cosÔ) —

íîðìèðîâàííûå ïðèñîåäèíåííûå ôóíêöèè Ëå-

æàíäðà.

Ñôåðè÷åñêèå ãàðìîíèêè k
l

n ( , )Ô 
 è T
l

mn â îá-

ùåì ñëó÷àå êîìïëåêñíûå è, êàê ñëåäñòâèå, êîýô-

ôèöèåíòû C
l

��

òàêæå êîìïëåêñíûå. Îäíàêî ìîæ-

íî ââåñòè äåéñòâèòåëüíûå ôóíêöèè k
l

n ( , )Ô 
 è

T
l

mn , ïðåäñòàâëÿþùèå ñîáîé ëèíåéíûå êîìáèíà-

öèè ñîîòâåòñòâóþùèõ êîìïëåêñíûõ ôóíêöèé.

Ñèììåòðè÷íûå äåéñòâèòåëüíûå ãàðìîíèêè îïðå-

äåëÿþòñÿ àíàëîãè÷íî ñèììåòðè÷íûì êîìïëåêñ-

íûì ãàðìîíèêàì ñîãëàñíî (5) è (7). Äåéñòâèòåëü-

íûå ãàðìîíèêè òàêæå îáðàçóþò îðòîãîíàëüíûé

áàçèñ è ìîãóò èñïîëüçîâàòüñÿ äëÿ ðàçëîæåíèÿ

ÔÐÎ â ðÿä Ôóðüå [22].

Íåèçâåñòíûå êîýôôèöèåíòû ðàçëîæåíèÿ C
l

��

îïðåäåëÿëè ïóòåì ìèíèìèçàöèè êâàäðàòà íåâÿç-

êè r2:

� �r w N I P
i j i j j

j

J

i

I

i i

2
2

11

� � �

��

�� ,
( ) ( ) min,

h h
y y

exp model (8)

ãäå I, J — êîëè÷åñòâî ÏÔ è ÷èñëî èçìåðåííûõ òî-

÷åê â îáðàçöå; I
i

jh
y

exp
( ) — çíà÷åíèÿ èçìåðåííîé

èíòåíñèâíîñòè äëÿ i-é ÏÔ â j-é òî÷êå; Ni — íåèç-

âåñòíûå íîðìèðîâî÷íûå ìíîæèòåëè äëÿ i-é ÏÔ;
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P y
i

jh
model ( ) — ìîäåëüíîå çíà÷åíèå ïîëþñíîé ïëîò-

íîñòè, îïðåäåëÿåìîå ïî óðàâíåíèþ (6); wi,j — âåñ,

îïðåäåëÿþùèé çíà÷èìîñòü èçìåðåíèÿ.

Äëÿ ðåøåíèÿ (3) ÷àñòî èñïîëüçóþò ìåòîä íàè-

ìåíüøèõ êâàäðàòîâ. Çàïèñàâ íåèçâåñòíûå çíà÷å-

íèÿ C
l

��

â âèäå âåêòîðà c, èçìåðåííûå ïîëþñíûå

ïëîòíîñòè P
i

jh
y

exp
( ) â âèäå âåêòîðà p è ââåäÿ ìàò-

ðèöó

A
l

k h k y
ij l i l j

�

�

4

2 1

�

�
�

··
( )

·
( ),

ïîëó÷àåì ñëåäóþùåå âûðàæåíèå [23]:

C = (ATA)–1ATp. (9)

Ââèäó ïëîõîé îáóñëîâëåííîñòè ìàòðèöû A,

âûçâàííîé ñòàòèñòè÷åñêèìè îøèáêàìè â èñõîä-

íûõ äàííûõ è íåîïòèìàëüíîñòüþ äèôðàêöèîí-

íîãî ýêñïåðèìåíòà, ðåøåíèå ìîæåò ñîäåðæàòü

áîëüøèå îøèáêè, äëÿ óìåíüøåíèÿ êîòîðûõ ïðè-

ìåíÿëè ðåãóëÿðèçàöèþ ðåøåíèÿ [17]. Ïîñëå èñ-

ïîëüçîâàíèÿ ðèäæ-ðåãðåññèè (ridge regression)

ðåøåíèå ïðèíèìàåò ñëåäóþùèé âèä [17, 24]:

C = (ATA + ëQ)–1ATp, (10)

ãäå ë — ïàðàìåòð ðåãóëÿðèçàöèè; Q — ôóíêöèî-

íàë ãëàäêîñòè (â äàííîì ñëó÷àå âûáðàí êàê Q =

= l(l + 1)/(2l + 1), l = 0, 2, ..., L).

Êîððåêòíî ïîäîáðàííûé ïàðàìåòð ðåãóëÿðè-

çàöèè ë ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü ïîÿâëå-

íèÿ ëîæíûõ ìàêñèìóìîâ è áîëüøèõ îòðèöàòåëü-

íûõ çíà÷åíèé ÔÐÎ áåç çíà÷èòåëüíîãî çàíèæå-

íèÿ èíòåíñèâíîñòè. Îáðàòíàÿ ìàòðèöà â óðàâíå-

íèÿõ (9) è (10) îïðåäåëÿåòñÿ ñ ïîìîùüþ ñèíãó-

ëÿðíîãî ðàçëîæåíèÿ.

Ïîãðåøíîñòü îïðåäåëåíèÿ i-ãî êîýôôèöèåí-

òà ñîñòàâëÿåò [17]

�c D c
i i

T

ii
� � �

�[ ] [( ) ] ,� �
2 1A A Q (11)

ãäå D[ci] — äèñïåðñèÿ; ó2 = r2/(m – n); r2 — ñóììà

êâàäðàòîâ íåâÿçîê, ïîëó÷åííûõ â ðåçóëüòàòå

ðåøåíèÿ; m, n — ÷èñëî ñòðîê è ñòîëáöîâ ìàòðè-

öû A.

Äëÿ íàõîæäåíèÿ íåèçâåñòíûõ íîðìèðîâî÷-

íûõ ìíîæèòåëåé Ni íåîáõîäèìî èñïîëüçîâàòü

èòåðàöèîííûé àëãîðèòì, ïîñêîëüêó íà Ni íàêëà-

äûâàåòñÿ äîïîëíèòåëüíîå óñëîâèå: Ni > 0. Â íà-

øåì ñëó÷àå íîðìèðîâî÷íûå ìíîæèòåëè íàõîäè-

ëè ñ ïðèìåíåíèåì TRF-ìåòîäà [25].

Ïîãðåøíîñòü ðàñ÷åòà ÔÐÎ ñîñòàâëÿåò [17]
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Ðèñ. 1. Èñõîäíûå (à) è ðàñ÷åòíûå (á) ÏÏÔ äëÿ ìîäåëüíîé îäíîêîìïîíåíòíîé òåêñòóðû

Fig. 1. Initial (a) and calculated (b) direct pole figures for model single-component basal texture



Çàìåòèì, ÷òî ðàññ÷èòàííûå îïèñàííûì ìåòî-

äîì êîýôôèöèåíòû ÔÐÎ ñîîòâåòñòâóþò òîëüêî

÷åòíîé ÷àñòè ÔÐÎ. Äëÿ ïðèáëèæåííîãî îïðåäå-

ëåíèÿ íå÷åòíîé ÷àñòè ìîæíî èñïîëüçîâàòü èòå-

ðàöèîííûé ïîäõîä ïîëîæèòåëüíîñòè [18].

Îáñóæäåíèå ðåçóëüòàòîâ

Ãàðìîíè÷åñêèé ìåòîä âîññòàíîâëåíèÿ ÔÐÎ

ïðèìåíÿëè ê ìîäåëüíîé îäíîêîìïîíåíòíîé áà-

çèñíîé òåêñòóðå è òåêñòóðå îáðàçöà ñïëàâà Mg –

4,5 % Nd, ïîäâåðãíóòîãî ðàâíîêàíàëüíîìó óãëî-

âîìó ïðåññîâàíèþ. Ñèììåòðèÿ ðåøåòêè â îáîèõ

ñëó÷àÿõ ñîîòâåòñòâóåò ñèììåòðèè ðåøåòêè ìàã-

íèÿ è ÿâëÿåòñÿ ãåêñàãîíàëüíîé ñ òî÷å÷íîé ãðóï-

ïîé 6/mmm, ñèììåòðèÿ îáðàçöà — òðèêëèííàÿ,

ìàêñèìàëüíàÿ ñòåïåíü ðàçëîæåíèÿ â ðÿä lmax =

= 24 (ýêñïåðèìåíòàëüíûå ÏÔ [27]).

Ñèíòåòè÷åñêàÿ áàçèñíàÿ òåêñòóðà çàäàíà

åäèíñòâåííûì êîìïîíåíòîì ñ óãëàìè Ýéëåðà

ö1 = 20°, Ô = ö2 = 0° è âåñîì 0,1. Â êà÷åñòâå

âõîäíûõ äàííûõ èñïîëüçîâàëè øåñòü ÏÏÔ:

{001}, {100}, {101}, {102}, {103}, {110}.

Íà ðèñ. 1 ïðåäñòàâëåíû èñõîäíûå è ðàñ÷åò-

íûå ÏÏÔ, íà ðèñ. 2 — ñå÷åíèÿ ïðè ö2 = 0 èñòèí-
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à

á

Ðèñ. 2. Ñå÷åíèÿ èñõîäíîé (à) è ðàñ÷åòíîé (á) ÔÐÎ äëÿ

ìîäåëüíîé îäíîêîìïîíåíòíîé òåêñòóðû (ö
2

= 0)

Fig. 2. Sections of the initial (a) and calculated (b) ODF for

model single-component basal texture (ö
2

= 0)

RP-ôàêòîðû è ðàñ÷åòíûå îøèáêè ÔÐÎ äëÿ ìîäåëüíîé

òåêñòóðû è òåêñòóðû ñïëàâà Mg – 4,5 % Nd

RP-factors and ODF calculation errors for the model texture

and texture of Mg – 4.5% Nd alloy

Ïàðàìåòð

Òåêñòóðà

Ìîäåëüíàÿ Ñïëàâ Mg – 4,5 % Nd

RP(0,5), % 0,16 15,46

RP(1,0), % 0,32 11,07

Äf 0,0003 0,033

à

á

â

Ðèñ. 3. Èñõîäíûå íåïîëíûå (a), ñèììåòðèçîâàííûå íåïîëíûå (á) è ðàñ÷åòíûå ïîëíûå (â) ÏÏÔ äëÿ îáðàçöà ñïëàâà

Mg – 4,5 % Nd

Fig. 3. Initial incomplete (a), symmetrized incomplete (b) and calculated complete (c) direct pole figures for Mg – 4.5% Nd al-

loy sample



íîé (ìîäåëüíîé) è ðàñ÷åòíîé ÔÐÎ. RP-ôàêòîðû

è ðàñ÷åòíûå îøèáêè ÔÐÎ äëÿ ìîäåëüíîé è ðå-

àëüíîé òåêñòóð ïðèâåäåíû â òàáëèöå.

RP-ôàêòîðû è Äf ïîêàçûâàþò õîðîøåå ñîâïà-

äåíèå ðàñ÷åòíûõ è èñõîäíûõ äàííûõ, îäíàêî â

ðàñ÷åòíîé ÔÐÎ ïðèñóòñòâóþò ëîæíûå ìàêñèìó-

ìû, à åå ìàêñèìàëüíàÿ ïëîòíîñòü íèæå, ÷åì ó èñ-

õîäíîé. Ñòåïåíü íåîïðåäåëåííîñòè ÔÐÎ ëåæèò â

èíòåðâàëå 0 � f(g) � 2 [1], ñëåäîâàòåëüíî, ëîæíûå

ìàêñèìóìû íà äàííîé âîññòàíîâëåííîé ÔÐÎ

ìîæíî îòíåñòè ê áåñòåêñòóðíîìó ñîñòîÿíèþ. Òà-

êèì îáðàçîì, ãëàâíûì ðàçëè÷èåì ðàñ÷åòíîé è

ìîäåëüíîé ÔÐÎ îñòàåòñÿ ðàçíèöà â ìàêñèìàëü-

íîé ïëîòíîñòè.

Äëÿ âîññòàíîâëåíèÿ ÔÐÎ îáðàçöà ñïëàâà èñ-

ïîëüçîâàëè òàêîé æå íàáîð ÏÏÔ, ÷òî è äëÿ ìî-

äåëüíîé òåêñòóðû. Íà ðèñ. 3 ïðåäñòàâëåíû èñ-

õîäíûå è ðàñ÷åòíûå ÏÏÔ, íà ðèñ. 4 — ñå÷åíèå

âîññòàíîâëåííîé ÔÐÎ ïðè ö2 = 0.

RP-ôàêòîðû è Äf â ñëó÷àå òåêñòóðû ñïëàâà

âûøå, ÷åì äëÿ ìîäåëüíîé òåêñòóðû, îäíàêî îíè

òàêæå ïîêàçûâàþò õîðîøåå ñîâïàäåíèå ðàñ÷åò-

íûõ è èñõîäíûõ äàííûõ. Âìåñòå ñ òåì íà ÔÐÎ

ïðèñóòñòâóþò îòðèöàòåëüíûå çíà÷åíèÿ, ïîÿâëå-

íèå êîòîðûõ ñâÿçàíî ñ îãðàíè÷åíèÿìè ãàðìîíè-

÷åñêîãî ìåòîäà. Îòðèöàòåëüíûå çíà÷åíèÿ ÔÐÎ

ïî àáñîëþòíîé âåëè÷èíå çíà÷èòåëüíî ìåíüøå

ìàêñèìàëüíîé èíòåíñèâíîñòè. Íà ÔÐÎ ïðèñóòñò-

âóþò äâå òåêñòóðíûå êîìïîíåíòû g1 = {95, 25, 0}

è g2 = {270, 30, 0} ñ ìàêñèìàëüíûìè èíòåíñèâíî-

ñòÿìè 13,81 è 2,23 ñîîòâåòñòâåííî. Èíäåêñû

Ìèëëåðà-Áðàâå äëÿ äàííûõ êîìïîíåíò —

(1216)[1211] è (1216)[1211].

Çàêëþ÷åíèå

Ìîäåëüíàÿ îäíîêîìïîíåíòíàÿ òåêñòóðà è

òåêñòóðà îáðàçöà ñïëàâà Mg – 4,5 % Nd, ïîäâåðã-

íóòîãî ðàâíîêàíàëüíîìó óãëîâîìó ïðåññîâàíèþ,

õàðàêòåðèçóþòñÿ ãåêñàãîíàëüíîé ñèììåòðèåé ðå-

øåòêè è òðèêëèííîé ñèììåòðèåé îáðàçöà.

Ïðîâåäåííûå èññëåäîâàíèÿ ñ èñïîëüçîâàíèåì

ãàðìîíè÷åñêîãî ìåòîäà ïîêàçàëè, ÷òî â îáîèõ

ñëó÷àÿõ RP-ôàêòîðû è ïîãðåøíîñòü ðàñ÷åòà

ÔÐÎ èìåþò õîðîøåå ñîâïàäåíèå ðàñ÷åòíûõ è èñ-

õîäíûõ äàííûõ. Êðîìå òîãî, íà ÔÐÎ îáðàçöà

ñïëàâà ìàãíèÿ ïðèñóòñòâóþò äâå òåêñòóðíûå

êîìïîíåíòû (1216)[1211] è (1216)[1211] ñ ìàêñè-

ìàëüíûìè èíòåíñèâíîñòÿìè 13,81 è 2,23.

Òàêèì îáðàçîì, ïðèìåíåííûé ãàðìîíè÷åñêèé

ìåòîä âîññòàíîâëåíèÿ ÔÐÎ — ýôôåêòèâíûé èí-

ñòðóìåíò äëÿ òåêñòóðíûõ èññëåäîâàíèé ðàçëè÷-

íûõ ìàòåðèàëîâ. Ñ åãî ïîìîùüþ ìîæíî âîññòà-

íàâëèâàòü ÔÐÎ è ïîëíûå ÏÔ. Ìåòîä ïîçâîëÿåò

ðàñøèðèòü êðóã ìàòåðèàëîâ äëÿ òåêñòóðíûõ èñ-

ñëåäîâàíèé è âêëþ÷èòü â íåãî êåðàìèêè, ãîðíûå

ïîðîäû è äðóãèå íåìåòàëëè÷åñêèå ìàòåðèàëû,

õàðàêòåðèçóþùèåñÿ íèçêîé ñèììåòðèåé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïî ãîñóäàðñòâåííîìó çàäà-

íèþ ¹ 075-01176-23-00.
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Äëÿ ïîâûøåíèÿ òî÷íîñòè îïðåäåëåíèÿ ìåõàíè÷åñêèõ íàïðÿæåíèé â ñòàëè ìåòîäîì ìàãíè-

òîóïðóãîãî ðàçìàãíè÷èâàíèÿ (ìàãíèòîóïðóãîé ïàìÿòè) äîïîëíèòåëüíî èçìåðÿþò ìàãíèòî-

óïðóãóþ ÷óâñòâèòåëüíîñòü ìàòåðèàëà ê óïðóãèì íàïðÿæåíèÿì ïóòåì ïðèëîæåíèÿ èëè ñíÿ-

òèÿ äîïîëíèòåëüíîé íàãðóçêè èçâåñòíîé âåëè÷èíû. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èñ-

ñëåäîâàíèÿ ìàãíèòîóïðóãîãî ðàçìàãíè÷èâàíèÿ ëîêàëüíî íàìàãíè÷åííîé ñòàëè ïóòåì âà-

ðèàöèé íàïðÿæåíèé îäíîîñíîãî ðàñòÿæåíèÿ èëè ñæàòèÿ íà ôîíå áàçîâîé íàãðóçêè. Ïðîâå-

äåíà îöåíêà ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè èññëåäóåìîé ñòàëè â íàãðóæåííîì ñîñòîÿ-

íèè ê âàðèàòèâíûì íàïðÿæåíèÿì. Ïîêàçàíî, ÷òî îïðåäåëåíèå ìàãíèòîóïðóãîé ÷óâñòâèòå-

ëüíîñòè ñòàëè ê âàðèàòèâíûì íàãðóçêàì ïîçâîëÿåò ïîâûñèòü òî÷íîñòü îöåíêè áàçîâûõ íà-

ïðÿæåíèé â ñòàëüíîé êîíñòðóêöèè ìàãíèòîóïðóãèìè ìåòîäàìè. Óñòàíîâëåíî, ÷òî óìåíü-

øåíèå íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ ëîêàëüíîé îñòàòî÷íîé íàìàãíè÷åííî-

ñòè ñòàëè ïîñëå âàðèàòèâíîãî íàãðóæåíèÿ (èëè ðàçãðóçêè) ýêñïîíåíöèàëüíî çàâèñèò îò âå-

ëè÷èíû èñïûòûâàåìûõ åþ áàçîâûõ íàïðÿæåíèé. Ïîêàçàíà âîçìîæíîñòü êîíòðîëÿ îäíîîñ-

íûõ ìåõàíè÷åñêèõ íàïðÿæåíèé â ñòàëüíûõ êîíñòðóêöèÿõ â ðåæèìå ìàãíèòîóïðóãîé ïàìÿ-

òè, îñíîâàííîì íà çàâèñèìîñòè íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ ëîêàëüíîé

îñòàòî÷íîé íàìàãíè÷åííîñòè ñòàëè îò èñïûòûâàåìûõ åþ îäíîîñíûõ íàïðÿæåíèé. Ïðåäëî-

æåí ñïîñîá êîíòðîëÿ îäíîîñíûõ íàïðÿæåíèé â ýëåìåíòàõ ñòàëüíûõ êîíñòðóêöèé ìåòîäîì

ìàãíèòîóïðóãîé ïàìÿòè ñ ó÷åòîì èçìåðåííîé ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè ìàòåðèà-

ëà. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ðàçðàáîòêå ìåòîäèêè êîíòðîëÿ

íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ñòàëüíûõ êîíñòðóêöèé, èñïûòûâàþùèõ â ïðî-

öåññå ýêñïëóàòàöèè îäíîâðåìåííî ñòàòè÷åñêèå è äèíàìè÷åñêèå íàãðóçêè.

Êëþ÷åâûå ñëîâà: ìàãíèòîóïðóãîå ðàçìàãíè÷èâàíèå; íàïðÿæåííîå ñîñòîÿíèå; âàðüèðóå-

ìûå íàïðÿæåíèÿ; ëîêàëüíîå íàìàãíè÷èâàíèå.
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To improve the accuracy of determining mechanical stresses in steel by the method of magnetoelastic de-

magnetization (magnetoelastic memory), the magnetoelastic sensitivity of the material to elastic stresses

is additionally measured by applying or removing an additional load of a known value. We present the re-

sults of studying the magnetoelastic demagnetization of locally magnetized steel by varying stresses of the

uniaxial tension or compression against a background of the base load. The magnetoelastic sensitivity of

the steel in a loaded state to variable stresses has been assessed. It is shown that the determination of the

magnetoelastic sensitivity of the steel to variable loads makes it possible to improve the accuracy of esti-

mating base stresses in the steel structure using magnetoelastic methods. It is revealed that a decrease in

the strength of the magnetic scattering field of the local residual magnetization (LRM) of the steel after

variable loading (or unloading) exponentially depends on the magnitude of the base stresses. The possibil-

ity of controlling the uniaxial mechanical stresses in steel structures in the magnetoelastic memory mode

which is based on the dependence of the strength of magnetic scattering field of the local residual magneti-

zation of the steel on the uniaxial stresses is shown. A method for monitoring uniaxial stresses in the ele-

ments of steel structures by the method of magnetoelastic memory is proposed using the measured

magnetoelastic sensitivity of the material. The results obtained can be used in the development of a
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method for monitoring the stress-strain state of steel structures during operation under the simultaneous

effect of static and dynamic loads.

Keywords: magnetoelastic demagnetization; stress state; variable stresses; local magnetization.

Ââåäåíèå

Ïàðàìåòðû ïåòëè ãèñòåðåçèñà ôåððîìàãíåòè-

êà ïîä äåéñòâèåì óïðóãîé äåôîðìàöèè çàìåòíî

ìåíÿþòñÿ. Íà ýòîé îñíîâå ðàçðàáîòàíû ìåòîäû è

ïðèáîðû äëÿ êîíòðîëÿ íàïðÿæåííî-äåôîðìèðî-

âàííîãî ñîñòîÿíèÿ (ÍÄÑ) ñòàëåé, ðàáîòà êîòîðûõ

áàçèðóåòñÿ íà àíèçîòðîïèè ìàãíèòíîé ïðîíèöàå-

ìîñòè, êîýðöèòèâíîé ñèëû, îñòàòî÷íîé íàìàãíè-

÷åííîñòè, ïðîäîëüíîé è ïîïåðå÷íîé ìàãíèòî-

ñòðèêöèè, íàâîäèìîé óïðóãîé îäíîîñíîé äåôîð-

ìàöèåé [1 – 9]. Äëÿ êîíòðîëÿ ÍÄÑ èñïîëüçóþò

òàêæå ìåòîäû ìàãíèòîóïðóãîãî íàìàãíè÷èâàíèÿ

(ìàãíèòíîé ïàìÿòè) (ÃÎÑÒ Ð 52005–2003) [10] è

ìàãíèòîóïðóãîãî ðàçìàãíè÷èâàíèÿ (ìàãíèòîóï-

ðóãîé ïàìÿòè — ÌÓÏ). Ìåòîä ÌÓÏ çàêëþ÷àåòñÿ

â íåîáðàòèìîì óìåíüøåíèè íàïðÿæåííîñòè ìàã-

íèòíîãî ïîëÿ ðàññåÿíèÿ åå ëîêàëüíîé îñòàòî÷íîé

íàìàãíè÷åííîñòè Mr ïðè ñèëîâîì âîçäåéñòâèè

[11 – 15]. Îòìåòèì, ÷òî â ñëó÷àå ñëîæíîãî íàãðó-

æåíèÿ àíèçîòðîïèÿ ìàãíèòíûõ ñâîéñòâ ñòàëè ìî-

æåò ñãëàæèâàòüñÿ, à âûõîäíîé ñèãíàë óìåíü-

øàòüñÿ [1].

Íà òî÷íîñòü êîíòðîëÿ íàïðÿæåíèé â ñòàëè

âëèÿåò ðàçáðîñ ìàãíèòíûõ è ìàãíèòîóïðóãèõ

ñâîéñòâ, ñâÿçàííûé ñ õèìè÷åñêèì ñîñòàâîì, òåõ-

íîëîãèåé èçãîòîâëåíèÿ è ðåæèìîì òåðìè÷åñêîé

îáðàáîòêè ìàòåðèàëà. Äëÿ óìåíüøåíèÿ ïîãðåø-

íîñòåé ïðèìåíÿþò äâóõïàðàìåòðîâûé ïîäõîä,

âêëþ÷àþùèé äîïîëíèòåëüíîå íàãðóæåíèå (âà-

ðèàöèè íàïðÿæåíèé) [9]. Çàìåòèì, ÷òî íàïðÿæå-

íèÿ â íàãðóæåííîì îáúåêòå ìîãóò äîçèðîâàííî

óâåëè÷èâàòüñÿ èëè óìåíüøàòüñÿ (ìåòîä òåíçîäî-

áàâîê). Òàê, äëÿ êîíòðîëÿ îñåâûõ íàïðÿæåíèé,

íàïðèìåð, òðóáîïðîâîäà ìåòîäîì ÌÓÏ äîçè-

ðîâàííàÿ íàãðóçêà, òðåáóåìàÿ äëÿ îïðåäåëåíèÿ

îñíîâíîãî íàïðÿæåíèÿ, äîñòèãàåòñÿ óìåíüøåíè-

åì/âîññòàíîâëåíèåì âíóòðåííåãî äàâëåíèÿ â òðó-

áå [11]. Äîïîëíèòåëüíîå äèíàìè÷åñêîå íàãðóæå-

íèå (â ñëó÷àå, íàïðèìåð, íåñóùåé áàëêè ìîñòà)

ìîæåò îáåñïå÷èâàòüñÿ ñ ïîìîùüþ ïðóæèííîãî

óäàðíèêà [14, 15].

Âìåñòå ñ òåì ïðèìåíåíèå èçâåñòíûõ ìàãíèò-

íûõ ìåòîäîâ êîíòðîëÿ ÍÄÑ ñòàëè îãðàíè÷åíî

ñóùåñòâåííîé ñèñòåìàòè÷åñêîé îøèáêîé, ñâÿ-

çàííîé ñ ðàçáðîñîì ìàãíèòíûõ ñâîéñòâ ìàòåðèà-

ëà. Îòëè÷àþùèåñÿ èñõîäíàÿ ìàãíèòíàÿ è êðè-

ñòàëëîãðàôè÷åñêàÿ àíèçîòðîïèè ïðèâîäÿò ê ðàç-

áðîñó ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè äàæå â

ðàìêàõ îäíîé ìàðêè ñòàëè [15]. Ïîýòîìó ðàçðà-

áîòêà íîâûõ ìåòîäîâ êîíòðîëÿ ÍÄÑ äëÿ îáåñ-

ïå÷åíèÿ áîëüøåé äîñòîâåðíîñòè ïîëó÷àåìûõ ðå-

çóëüòàòîâ àêòóàëüíà.

Öåëü ðàáîòû — èññëåäîâàíèå ìàãíèòîóïðóãî-

ãî ðàçìàãíè÷èâàíèÿ ëîêàëüíî íàìàãíè÷åííîé

ñòàëè ïóòåì âàðèàöèé íàïðÿæåíèé íà ôîíå áàçî-

âîé íàãðóçêè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû ñòàëè 09Ã2Ñ â ñîñòîÿ-

íèè ïîñòàâêè [15]. Èç äâóõ ñòàëüíûõ ïëàñòèí

(òîëùèíà — 6 ìì), ðàçäåëåííûõ äþðàëåâîé ïëà-

ñòèíîé, ñ ïîìîùüþ çàêëåïîê èçãîòàâëèâàëè òðåõ-

ñëîéíóþ ñáîðêó ðàçìåðîì 16,5 × 29 × 255 ìì.

Ëîêàëüíàÿ îñòàòî÷íàÿ íàìàãíè÷åííîñòü (ËÎÍ)

ôîðìèðîâàëàñü êîíòàêòîì îäíîãî èç ïîëþñîâ ïî-

ñòîÿííîãî ìàãíèòà ñ ïîâåðõíîñòüþ ñòàëè èëè êî-

ðîòêèì èìïóëüñîì ðàçðÿäíîãî òîêà êîíäåíñà-

òîðîâ ÷åðåç íàìàãíè÷èâàþùóþ êàòóøêó (äèà-

ìåòð — 50 ìì). Ìàêñèìàëüíàÿ íàïðÿæåííîñòü

èìïóëüñà ìàãíèòíîãî ïîëÿ â íàìàãíè÷èâàþùåé

êàòóøêå ñîñòàâëÿëà ïîðÿäêà 105 À/ì. Íîðìàëü-

íóþ ñîñòàâëÿþùóþ íàïðÿæåííîñòè ìàãíèòíîãî

ïîëÿ ðàññåÿíèÿ H íà ïîâåðõíîñòè ïëàñòèí èçìå-

ðÿëè ñ ïîìîùüþ ôåððîçîíäîâîãî äàò÷èêà, ïîìå-

ùåííîãî â öåíòð ËÎÍ. Íàïðÿæåíèÿ ðàñòÿæåíèÿ

è ñæàòèÿ ó îáðàçöîâ, ôîðìèðóåìûå òðåõòî÷å÷-

íûì èçãèáîì, îïðåäåëÿëè ñ èñïîëüçîâàíèåì òåí-

çîìîñòà è òåíçîäàò÷èêà, íàêëåèâàåìîãî âáëèçè

çîíû íàìàãíè÷èâàíèÿ. Ïàðàìåòðû H è ó ðåãèñò-

ðèðîâàëè íà êîìïüþòåðå ñ ïîìîùüþ ÀÖÏ è ïà-

êåòà ïðîãðàìì LabVIEW [15].

Ïðè èñïûòàíèÿõ â îáðàçöå ñîçäàâàëè áàçî-

âóþ íàãðóçêó ó (400 ÌÏà), ïðîâîäèëè ëîêàëüíîå

íàìàãíè÷èâàíèå âûáðàííîãî ó÷àñòêà (äî 5 ðàç),

èçìåðÿëè âåëè÷èíó íàïðÿæåííîñòè ìàãíèòíîãî

ïîëÿ ðàññåÿíèÿ ËÎÍ H0. Çàòåì íàãðóçêó ìåíÿëè

(â ÷àñòíîñòè, óìåíüøàëè ïî àáñîëþòíîìó çíà÷å-

íèþ íà Äóâ = 50, 100 è 150 ÌÏà) è âîçâðàùàëè ê

èñõîäíîìó óðîâíþ, ïîâòîðíî ðåãèñòðèðóÿ H.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 äëÿ ñòàëè 09Ã2Ñ ïðèâåäåíî èçìåíå-

íèå íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ

ËÎÍ (Äóâ = 50 ÌÏà) ïðè ðàçëè÷íûõ çíà÷åíèÿõ

îñíîâíîãî (áàçîâîãî) íàïðÿæåíèÿ ðàñòÿæåíèÿ ó â

äèàïàçîíå 400 – 0 ÌÏà.

Âèäíî, ÷òî íîðìàëüíàÿ ñîñòàâëÿþùàÿ íàïðÿ-

æåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ H ëîêàëüíî

íàìàãíè÷åííîãî ó÷àñòêà ñòàëè (âûñîòà ïèêîâ) ñ

ðîñòîì íàãðóçêè ó âíà÷àëå ïðàêòè÷åñêè íå ìåíÿ-

åòñÿ, à çàòåì óìåíüøàåòñÿ. Ñíèæåíèå ó ñ 400 äî

350 ÌÏà ïðèâîäèò ê óìåíüøåíèþ âåëè÷èíû H
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äî 261 À/ì. Ïðè âîçâðàòå ê ïðåæíåé íàãðóçêå

(400 ÌÏà) H ïðàêòè÷åñêè íå ìåíÿåòñÿ (260 À/ì).

Ïîñëåäóþùèå àíàëîãè÷íûå öèêëû (ðàçãðóç-

êà — âîçâðàò ê èñõîäíîìó óðîâíþ) ïî õàðàêòåðó

èçìåíåíèÿ H(Äóâ) êà÷åñòâåííî ïîõîæè, íî êîëè-

÷åñòâåííî çàìåòíî îòëè÷àþòñÿ òåì, ÷òî ïðè

óìåíüøåíèè áàçîâûõ íàïðÿæåíèé ó óâåëè÷èâà-

åòñÿ àáñîëþòíàÿ âåëè÷èíà èçìåíåíèÿ íàïðÿæåí-

íîñòè ïîëÿ ÄH = H0 – H ïðè îäèíàêîâîé àìïëè-

òóäå âàðèàöèè íàïðÿæåíèé (Äóâ = 50 ÌÏà).

Íà ðèñ. 2 ïðåäñòàâëåíû çàâèñèìîñòè èçìåíå-

íèÿ àìïëèòóäû íàïðÿæåííîñòè ïîëÿ ÄH îò âåëè-

÷èíû áàçîâîé (èñõîäíîé) íàãðóçêè ðàñòÿæåíèÿ

(ñæàòèÿ) ó ïîñëå åå ñíÿòèÿ è âîçâðàòà ê èñõîäíî-

ìó çíà÷åíèþ (Äóâ = 50 è 100 ÌÏà). Âèäíî, ÷òî

÷åì áîëüøå çíà÷åíèå Äóâ, òåì âûøå ðàñïîëîæå-

íèå êðèâîé. Â öåëîì ÷óâñòâèòåëüíîñòü ñòàëè ê

ðàçìàãíè÷èâàíèþ ïðè ðàñòÿæåíèè íåñêîëüêî

âûøå, ÷åì ïðè ñæàòèè.

Çàìåòèì, ÷òî ïðè ïîëîæèòåëüíûõ âàðèàöèÿõ

íàïðÿæåíèÿ (óâåëè÷åíèå áàçîâîé íàãðóçêè è âîç-

âðàò ê íåé) â ñëó÷àå ðàñòÿæåíèÿ è ñæàòèÿ íàïðÿ-

æåííîñòü ïîëÿ ËÎÍ ìåíÿåòñÿ íåìîíîòîííî è ïî-

ýòîìó íå ðàññìàòðèâàëàñü ñ òî÷êè çðåíèÿ âîç-

ìîæíîñòè ïðèìåíåíèÿ äëÿ êîíòðîëÿ ÍÄÑ.

Ýêñïîíåíöèàëüíàÿ çàâèñèìîñòü äëÿ H(ó), íà-

áëþäàþùàÿñÿ ïðè íàãðóæåíèè ðàñòÿæåíèåì è

ñæàòèåì îò íóëåâîãî çíà÷åíèÿ, èìååò ñëåäóþùèé

âèä [16]:

H = Ae–áó + B, H0 = A + B,

ãäå H — íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ ðàññåÿ-

íèÿ ËÎÍ ïîñëå ïðèëîæåíèÿ è ñíÿòèÿ íàãðóçêè

îò íóëåâîãî çíà÷åíèÿ; H0 — íàïðÿæåííîñòü ìàã-

íèòíîãî ïîëÿ ðàññåÿíèÿ ËÎÍ ïîñëå íàìàãíè÷è-

âàíèÿ ñòàëè; A, B — ïîñòîÿííûå äëÿ êàæäîé ìàð-

êè ñòàëè (îïðåäåëÿþòñÿ ýìïèðè÷åñêè); á — äèô-

ôåðåíöèàëüíàÿ ìàãíèòîóïðóãàÿ ÷óâñòâèòåëü-

íîñòü ñòàëè; ó — áàçîâîå íàïðÿæåíèå.

Ïàðàìåòðû óðàâíåíèÿ, ïîëó÷åííûå äëÿ îïè-

ñàíèÿ óáûëè ÄH ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ

ËÎÍ ñòàëè 09Ã2Ñ ïðè ðàñòÿæåíèè, ñîñòàâèëè:

A = 93,06 À/ì, B = 1,52 À/ì, ó = 0,0068 ÌÏà–1 —

äëÿ Äóâ = 50 ÌÏà; A = 128,26 À/ì, B = 3,35 À/ì,

ó = 0,005681 ÌÏà–1 — äëÿ Äóâ = 100 ÌÏà.

Òåîðåòè÷åñêèå ýêñïîíåíöèàëüíûå çàâèñèìî-

ñòè èçìåíåíèÿ íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ

ðàññåÿíèÿ ËÎÍ, âûçâàííîãî îòðèöàòåëüíîé âà-

ðèàöèåé áàçîâûõ íàïðÿæåíèé ðàñòÿæåíèÿ è ñæà-

òèÿ íà âåëè÷èíó Äóâ = 50 è 100 ÌÏà ñîîòâåòñò-

âåííî (ñì. ðèñ. 2, ñïëîøíàÿ è ïóíêòèðíàÿ ëè-

íèè), ïîêàçûâàþò, ÷òî àïïðîêñèìàöèÿ äàííûõ

ýêñïåðèìåíòà ýêñïîíåíöèàëüíîé çàâèñèìîñòüþ

óäîâëåòâîðèòåëüíà. Îòíîñèòåëüíîå îòêëîíåíèå

ïîëó÷åííûõ ðåçóëüòàòîâ — 5,8 %.

ËÎÍ — çàìêíóòàÿ ìàãíèòíàÿ ñòðóêòóðà,

èìåþùàÿ ìàãíèòíûé ìîìåíò è ïðîñòðàíñòâåí-

íîå ðàñïðåäåëåíèå ñèëîâûõ ëèíèé ìàãíèòíîé

èíäóêöèè âíóòðè è âíå ôåððîìàãíåòèêà (íàïðÿ-

æåííîñòü ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ) [16]. Ñî-

ñòîÿíèå ËÎÍ ôåððîìàãíåòèêà ìîæíî ñ÷èòàòü ìå-

òàñòàáèëüíûì, îíî ðàçðóøàåòñÿ ïîä äåéñòâèåì

ìåõàíè÷åñêèõ íàïðÿæåíèé.

Ïðè ïðèëîæåíèè íàïðÿæåíèé â ñòàëè ñî-

çäàåòñÿ íàâåäåííàÿ àíèçîòðîïèÿ ìàãíèòíûõ

ñâîéñòâ, îáóñëîâëåííàÿ ìàãíèòîóïðóãîé ýíåðãè-

åé. Ïðè ýòîì ïðîèñõîäèò ïåðåñòðîéêà äîìåííîé

ñòðóêòóðû. Íàïðèìåð, ïðè ðàñòÿæåíèè (ë100 > 0)

ôîðìèðóåòñÿ ñòðóêòóðà äîìåíîâ òèïà «ëåãêîãî

êîíóñà» (ëåãêîé îñè), ïðè ñæàòèè îáðàçóåòñÿ òåê-

ñòóðà òèïà «ëåãêàÿ ïëîñêîñòü». Ïðè ëîêàëüíîì
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êàëüíûé ñåãìåíò èçìåíåíèÿ H ïðè óìåíüøåíèè áàçîâîé íàãðóçêè ó îò 150 äî 100 ÌÏà è åå ïîñëåäóþùåì âîññòàíîâëåíèè

íà ïðåæíèé óðîâåíü)

Fig. 1. Dependence of the strength H of the magnetic scattering field of LRM on the tensile stress ó (on the inset — a local

segment of changes in H with a decrease in the base load ó from 150 to 100 MPa and its subsequent restoration to the previous

level)



íàìàãíè÷èâàíèè ìàãíèòíàÿ òåêñòóðà ñòàëè ìåíÿ-

åòñÿ ñ ó÷åòîì èçìåíåíèé ìàãíèòîñòàòè÷åñêîé è

ìàãíèòîóïðóãîé ýíåðãèé. Äîñòèãàåòñÿ íîâûé ìè-

íèìóì ýíåðãèè ñèñòåìû.

Áëàãîäàðÿ ãèñòåðåçèñó ñîçäàåòñÿ îñòàòî÷íî

íàìàãíè÷åííîå ìåòàñòàáèëüíîå ñîñòîÿíèå ñòàëè

(ôåððîìàãíåòèêà). Ïðè èçìåíåíèè ìåõàíè÷åñêèõ

íàïðÿæåíèé â ôåððîìàãíåòèêå ðàâíîâåñèå ñèë,

ñâÿçàííûõ ñ åãî ìàãíèòîóïðóãîé è ìàãíèòîñòàòè-

÷åñêîé ýíåðãèÿìè, íàðóøàåòñÿ. ×àñòü äîìåííûõ

ãðàíèö âûõîäèò èç ëîêàëüíûõ ìèíèìóìîâ ýíåð-

ãèè, ïðåîäîëåâàåò ýíåðãåòè÷åñêèé áàðüåð è ïîä

äåéñòâèåì äàâëåíèÿ âíóòðåííåãî ðàçìàãíè÷è-

âàþùåãî ïîëÿ ñâîáîäíî ïåðåìåùàåòñÿ, ïîêà íå

âñòðåòèò íîâûé áîëåå âûñîêèé ýíåðãåòè÷åñêèé

áàðüåð. Â ðåçóëüòàòå ïðîèñõîäèò ðàçìàãíè÷èâà-

íèå ôåððîìàãíåòèêà è óáûëü åãî ìàãíèòîñòàòè-

÷åñêîé ýíåðãèè. Ýôôåêò ðàçìàãíè÷èâàíèÿ áóäåò

îïðåäåëÿòüñÿ èñõîäíîé ìàãíèòíîé òåêñòóðîé è

ñîîòíîøåíèåì áàçîâûõ (ó) è âàðèàòèâíûõ (Äóâ)

íàïðÿæåíèé. Ìàãíèòíàÿ òåêñòóðà ïðè íåáîëü-

øèõ áàçîâûõ íàãðóçêàõ ëåãêî ïåðåñòðàèâàåòñÿ

ïðè âàðèàòèâíûõ íàïðÿæåíèÿõ è ìåäëåííåå (òÿ-

æåëåå) ïðè èõ óâåëè÷åíèè. Ïîýòîìó ÷åì áîëüøå

áàçîâàÿ íàãðóçêà ó è ìåíüøå îòíîøåíèå âàðèà-

òèâíîé ê áàçîâîé íàãðóçêå Äóâ/ó, òåì ìåíüøå èç-

ìåíåíèå íàïðÿæåííîñòè ÄH ïîëÿ ðàññåÿíèÿ

ËÎÍ ôåððîìàãíåòèêà.

Ýêñïåðèìåíòàëüíî óñòàíîâëåííîå èçìåíåíèå

íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ ËÎÍ

îò áàçîâûõ íàïðÿæåíèé ðàñòÿæåíèÿ è ñæàòèÿ

ÄH(ó) õîðîøî îïèñûâàåòñÿ ýêñïîíåíöèàëüíîé

çàâèñèìîñòüþ (ñì. ðèñ. 2). ßðêî âûðàæåííàÿ çà-

êîíîìåðíîñòü èçìåíåíèÿ íàïðÿæåííîñòè ìàãíèò-

íîãî ïîëÿ ðàññåÿíèÿ ËÎÍ, âûçâàííîãî ìåõàíè÷å-

ñêèìè íàïðÿæåíèÿìè, õîðîøàÿ ïîâòîðÿåìîñòü

ðåçóëüòàòîâ ïîçâîëÿþò èñïîëüçîâàòü äàííîå ÿâ-

ëåíèå äëÿ êîíòðîëÿ íàïðÿæåíèé ñ ïîìîùüþ ãðà-

äóèðîâî÷íîé êðèâîé îïðåäåëåííîé ìàðêè ñòàëè,

ñíÿòîé â ëàáîðàòîðèè.

Äëÿ ïðàêòè÷åñêîãî ïðèìåíåíèÿ íàáëþäàåìî-

ãî ÿâëåíèÿ (îïðåäåëåíèÿ áàçîâîé íàãðóçêè ó íà

âûáðàííóþ îïîðó, ñâàþ, áàëêó è äð.) íåîáõîäèìî

èñïîëüçîâàòü òåíçîäàò÷èêè èëè ÷óâñòâèòåëüíûå

äàò÷èêè äåôîðìàöèè, ñíÿòü íà÷àëüíûå ïîêàçà-

íèÿ òåíçîìåòðà. Ïðè ïðèìåíåíèè îòðèöàòåëüíîé

âàðèàòèâíîé íàãðóçêè ëîêàëüíîå íàìàãíè÷èâà-

íèå ïðîâîäèòñÿ â ìîìåíò ìàêñèìàëüíîãî íàãðó-

æåíèÿ èññëåäóåìîé êîíñòðóêöèè. Íàïðèìåð, òåí-

çîìåòð çàôèêñèðîâàë èçìåíåíèå íàãðóçêè Äóâ íà

íåñóùóþ îïîðó èëè áàëêó êîíñòðóêöèè. Â ýòî

âðåìÿ íà âûáðàííîì ýëåìåíòå êîíñòðóêöèè ïðî-

âîäèòñÿ ëîêàëüíîå íàìàãíè÷èâàíèå, è çàòåì èç-

ìåðÿåòñÿ íà÷àëüíîå çíà÷åíèå íàïðÿæåííîñòè H0

ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ ËÎÍ. Ïðè ðàçãðóçêå

íà êîíòðîëèðóåìóþ âåëè÷èíó Äóâ, ÿâëÿþùóþñÿ

÷àñòüþ ìàêñèìàëüíîé ómax, ñíèìàþòñÿ ïîêàçàíèÿ

ìàãíèòî- è òåíçîìåòðà. Òàê êàê ïðè âîçâðàòå íà-

ãðóçêè ê ïåðâîíà÷àëüíîìó çíà÷åíèþ ïîëå ðàññåÿ-

íèÿ ËÎÍ ïðàêòè÷åñêè íå ìåíÿåòñÿ (ñì. ðèñ. 1),

èçìåðåííîå èçìåíåíèå íàïðÿæåííîñòè ïîëÿ ÄH

ïîñëå ñíÿòèÿ íàãðóçêè è áóäåò âàðèàòèâíûì ïî-

ëåì äëÿ íàãðóçêè (ómax = ó + Äóâ). Äàëåå ïî èç-

ìåðåííûì ÄH è Äóâ âû÷èñëÿåòñÿ àáñîëþòíàÿ

(ÄH/Äóâ) èëè îòíîñèòåëüíàÿ (ÄH/(H0Äóâ)) ìàãíè-

òîóïðóãàÿ ÷óâñòâèòåëüíîñòü ñòàëè. Ïîñëå ïîñòðî-

åíèÿ ÷àñòè ýêñïîíåíöèàëüíîé êðèâîé ðàçìàãíè-

÷èâàíèÿ ïî ïðèâåäåííîé ôîðìóëå âû÷èñëÿþòñÿ

êîýôôèöèåíòû A è B. Îöåíèâàåòñÿ ñîîòâåòñòâèå

ìàãíèòîóïðóãèõ ñâîéñòâ ãðàäóèðîâî÷íîìó ãðà-

ôèêó ñòàëè, îïðåäåëÿåòñÿ áàçîâàÿ íàãðóçêà ó íà

îïîðó èëè áàëêó.

Íà ïðàêòèêå âàðèàòèâíàÿ íàãðóçêà Äóâ ìî-

æåò áûòü ðàçíîé, à âåëè÷èíà ÄH/(H0Äóâ) íåëè-

íåéíî çàâèñèò îò íàïðÿæåíèÿ ó. Ïîýòîìó íåîáõî-

äèìî âûÿñíèòü, êàê ñêàæåòñÿ èçìåíåíèå Äóâ íà
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Ðèñ. 2. Çàâèñèìîñòè èçìåíåíèÿ íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ ðàññåÿíèÿ ÄH ËÎÍ îò áàçîâîé íàãðóçêè ó ðàñòÿæåíèÿ

(à) è ñæàòèÿ (á) ïðè Äó
â

= 50 (�) è 100 ÌÏà (�)

Fig. 2. Dependence of changes in the strength ÄH of the magnetic scattering field of LRM on the base load ó (tensile (a) and

compression (b)) for Äó
v

= 50 (�) and 100 MPa (�)



îòíîñèòåëüíîé ìàãíèòîóïðóãîé ÷óâñòâèòåëü-

íîñòè ÄH/(H0Äóâ). Äëÿ ýòîãî íà ñòàëüíûõ îáðàç-

öàõ èññëåäîâàëè çàâèñèìîñòü ÄH/Äóâ îò âåëè÷è-

íû îñíîâíîé áàçîâîé íàãðóçêè ó ïðè ðàçëè÷íûõ

çíà÷åíèÿõ âàðèàòèâíîé íàãðóçêè Äóâ (50, 100 è

150 ÌÏà).

Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè àáñîëþò-

íîé ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè Ë =

= ÄH/Äóâ îò áàçîâîé íàãðóçêè ðàñòÿæåíèÿ ó äëÿ

Äóâ = 50 è 100 ÌÏà (äèàïàçîí ó — 50 –

400 ÌÏà) è 50, 100 è 150 ÌÏà (äèàïàçîí ó —

150 – 400 ÌÏà).

Âèäíî, ÷òî ÷åì ìåíüøå âàðèàòèâíàÿ íàãðóçêà

Äóâ, òåì êðó÷å êðèâàÿ çàâèñèìîñòè. Ïðè ó =

= 250 ÌÏà çíà÷åíèÿ ÄH/Äóâ ïðàêòè÷åñêè ñîâïà-

äàþò, à ïðè íà÷àëüíûõ è ìàêñèìàëüíûõ íàãðóç-

êàõ íàáëþäàåòñÿ èõ ñóùåñòâåííûé ðàçáðîñ. Ïî-

ýòîìó ÷åì ìåíüøå äèàïàçîí èçìåíåíèÿ âàðèà-

òèâíîé íàãðóçêè Äóâ, òåì ìåíüøå ïîãðåøíîñòü

îïðåäåëåíèÿ áàçîâîé íàãðóçêè ó.

Äëÿ ïîñòðîåíèÿ çàâèñèìîñòåé óñðåäíåííûõ

ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ (ðàñ÷åò-

íûõ) çíà÷åíèé àáñîëþòíîé ìàãíèòîóïðóãîé ÷óâ-

ñòâèòåëüíîñòè îò íàïðÿæåíèé ðàñòÿæåíèÿ ó ïðî-

âåëè óñðåäíåíèå âåëè÷èí Ë äëÿ âàðèàòèâíûõ íà-

ãðóçîê ðàñòÿæåíèÿ Äóâ = 50, 100 è 150 ÌÏà ïðè

ðàâíûõ çíà÷åíèÿõ ó â äèàïàçîíå 150 – 400 ÌÏà.

Ïàðàìåòðû ðàñ÷åòíûõ ýêñïîíåíöèàëüíûõ çàâè-

ñèìîñòåé ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè Ë =

= ÄH/Äóâ ñòàëè 09Ã2Ñ îò áàçîâîé íàãðóçêè ðàñ-

òÿæåíèÿ ó ñîñòàâèëè: A = 1,61 À/(ì · ÌÏà), B =

= – 0,051 À/(ì · ÌÏà), á = 0,0053 ÌÏà–1 — äëÿ

Äóâ = 50 ÌÏà; A = 1,24 À/(ì · ÌÏà), B = 0,011

À/(ì · ÌÏà), á = 0,0052 ÌÏà–1 — äëÿ Äóâ = 100

ÌÏà; A = 0,97 À/(ì · ÌÏà), B = 0,0063

À/(ì · ÌÏà), á = 0,0039 ÌÏà–1 — äëÿ Äóâ =

= 150 ÌÏà. Äëÿ óñðåäíåííîé ýêñïîíåíòû: A =

= 1,28 À/(ì · ÌÏà), B = 0,017 À/(ì · ÌÏà), á =

= 0,0052 ÌÏà–1.

Çàâèñèìîñòü óñðåäíåííîé ïî òðåì çíà÷åíèÿì

âàðèàòèâíîé íàãðóçêè Äóâ = 50,100,150 ÌÏà îò-

íîñèòåëüíîé ìàãíèòîóïðóãîé ÷óâñòâèòåëüíîñòè

ÄH/(H0Äóv) îò íàïðÿæåíèé îñåâîãî ðàñòÿæåíèÿ ó

ïðåäñòàâëåíà íà ðèñ. 4. Îíà ìîæåò áûòü èñïîëü-

çîâàíà â êà÷åñòâå ãðàäóèðîâî÷íîé çàâèñèìîñòè

ïðè êîíòðîëå íàïðÿæåíèé â ñòàëè ïðè ðàñòÿæå-

íèè. Ñïëîøíîé ëèíèåé ïîêàçàíà àïïðîêñèìàöèÿ

ýêñïåðèìåíòàëüíîãî ðåçóëüòàòà ýêñïîíåíöèàëü-

íîé çàâèñèìîñòüþ ñ ïàðàìåòðàìè: A = 4,76 ×

× 10–3 ÌÏà–1, B = 0,080 · 10–3 ÌÏà–1, á = 0,0053

ÌÏà–1. Îòíîñèòåëüíîå îòêëîíåíèå ýêñïåðè-

ìåíòàëüíûõ äàííûõ îò àïïðîêñèìèðóþùåé êðè-

âîé — 1,8 %.

Îòìåòèì, ÷òî ïî ðåçóëüòàòàì èññëåäîâàíèÿ

ìàãíèòîóïðóãîãî ðàçìàãíè÷èâàíèÿ ñòàëåé 60Ã,

65Ã, 17Ã1Ñ, Ñò3 è 15ÕÑÍÄ ïðè èõ ñòàòè÷åñêîì è

äèíàìè÷åñêîì âàðèàòèâíîì íàãðóæåíèÿõ áûëà

îïðåäåëåíà ìàãíèòîóïðóãàÿ ÷óâñòâèòåëüíîñòü ê

ïðèêëàäûâàåìûì íàãðóçêàì è åå çàâèñèìîñòü îò

ðåæèìà òåðìîîáðàáîòêè, óðîâíÿ èñïûòûâàåìûõ

íàïðÿæåíèé [15, 17, 18]. Óñòàíîâëåíà ñâÿçü ìàã-
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Ðèñ. 3. Çàâèñèìîñòè àáñîëþòíîé ìàãíèòîóïðóãîé ÷óâñò-

âèòåëüíîñòè ÄH/Äó
â

îò áàçîâîé íàãðóçêè ðàñòÿæåíèÿ ó

ïðè Äó
â

= 50 (�), 100 (�) è 150 ÌÏà (�) (óñðåäíåííûå

(�) è ðàñ÷åòíûå (ñïëîøíàÿ ëèíèÿ) çíà÷åíèÿ)

Fig. 3. Dependence of the absolute magnetoelastic sensitiv-

ity ÄH/Äó
v

on the base tensile load ó for Äó
v

= 50 (�), 100

(�), and 150 MPa (�) (averaged (�) and calculated (solid

line) values)
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Ðèñ. 4. Çàâèñèìîñòü îòíîñèòåëüíîé ìàãíèòîóïðóãîé ÷óâ-

ñòâèòåëüíîñòè ÄH/(H
0
Äó

â
), óñðåäíåííîé ïî òðåì çíà÷åíè-

ÿì àìïëèòóäû ðàçãðóæàþùèõ âàðèàöèé Äó
â

= 50, 100 è

150 ÌÏà, îò áàçîâîé ðàñòÿãèâàþùåé íàãðóçêè ó

Fig. 4. Dependence of the relative magnetoelastic sensitiv-

ity ÄH/(H
0
Äó

v
) (averaged over three values of the amplitude

of unloading variations Äó
v

= 50, 100, 150 MPa) on the base

tensile load ó



íèòîóïðóãîé ÷óâñòâèòåëüíîñòè ñòàëåé, óðîâíÿ

óïðóãèõ íàïðÿæåíèé ñ êîýðöèòèâíîé ñèëîé è

ìàãíèòîñòðèêöèåé. Ïðåäëîæåííûé ñïîñîá êîí-

òðîëÿ ìåõàíè÷åñêèõ íàïðÿæåíèé â ðåæèìå ÌÓÏ

ñ ó÷åòîì èçìåðåííîé ìàãíèòîóïðóãîé ÷óâñòâè-

òåëüíîñòè ïðè âàðèàòèâíîì íàãðóæåíèè áûë

ïðèìåíåí íà äåéñòâóþùåé ñòàëüíîé êîíñòðóê-

öèè [14].

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èñïûòàíèÿ ïî-

êàçàëè, ÷òî ìàãíèòîóïðóãàÿ ÷óâñòâèòåëüíîñòü âà-

ðèàòèâíîãî ìàãíèòîóïðóãîãî ðàçìàãíè÷èâàíèÿ

ËÎÍ ñòàëè 09Ã2Ñ ìîíîòîííî óáûâàåò ñ óâåëè÷å-

íèåì áàçîâîãî íàïðÿæåíèÿ. Çàâèñèìîñòü èçìåíå-

íèÿ âàðèàòèâíîé ìàãíèòîóïðóãîé ÷óâñòâèòåëü-

íîñòè îò âåëè÷èíû áàçîâîé íàãðóçêè íîñèò ýêñ-

ïîíåíöèàëüíûé õàðàêòåð. Ïðåäëîæåí ìåòîä îï-

ðåäåëåíèÿ áàçîâîé ýêñïëóàòàöèîííîé íàãðóçêè

ýëåìåíòà ñòàëüíîé êîíñòðóêöèè ñ ïîìîùüþ åå

âàðèàöèè. Òàêîå âàðèàòèâíîå èçìåíåíèå íàãðóç-

êè êîíòðîëèðóåìîé ëîêàëüíî íàìàãíè÷åííîé

ñòàëüíîé êîíñòðóêöèè ïîçâîëÿåò èçìåðèòü ìàã-

íèòîóïðóãóþ ÷óâñòâèòåëüíîñòü ñòàëè ê óïðóãèì

íàïðÿæåíèÿì. Ïðè ó÷åòå ìàãíèòîóïðóãîé ÷óâ-

ñòâèòåëüíîñòè ñòàëè òî÷íîñòü îöåíêè åå ìåõàíè-

÷åñêèõ íàïðÿæåíèé ìàãíèòîóïðóãèì ìåòîäîì ïî-

âûøàåòñÿ íà 20 – 30 %.
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Although used and studied since the beginning of the century, the mechanical properties of alumi-

num-based structural hardening alloys still conceal some secrets that metallurgists are trying to uncover.

In this work we are interested in aluminum alloys and more particularly in an Al-Cu alloy. The main objec-

tive of this work was to study the influence of structural hardening heat treatments on the evolution of

the mechanical and structural properties of B206 alloys. For that, we used several experimental methods

adapted to this kind of scientific work. We quote essentially: the thermal treatments of setting in harden-

ing, as well as measurements of the hardness. The analysis of the experimental results obtained by these

methods allowed us to explain and to affirm that Al-Cu alloys do not give appreciable structural harden-

ing; because of the difficulty of diffusion of iron and silicon which influences the treatment and brought in

a general way to the precipitation of the phase â; plays an important role in the evolution of the mechani-

cal characteristics of Al-Cu alloys.

Keywords: aluminum; Vickers hardness; microstructure.

INTRODUCTION

Aluminum in its pure state has poor mechani-

cal characteristics making it impossible to use in

the construction of mechanical structures. On the

other hand, the addition of additive elements with

adequate heat treatments causes the precipitation

of a number of phases in the aluminum matrix.

It should be noted that there are several families

of wrought aluminum alloys that differ in their

main additive elements; Al-Cu (2000 series), Al-Mn

(3000 series), Al-Si (4000 series), Al-Mg (5000 se-

ries), Al-Mg-Si (6000 series) and Al-Mg-Zn alloys

(7000 series). The low density of aluminum alloys

with good mechanical strength is of interest to the

transportation industry (rail, ship, road, aerospace)

[1 – 4]. Currently, aluminum alloys are widely used

to reduce the weight of the vehicle and therefore

save energy [5 – 7].

Aluminium-copper foundry alloy B206 is a

widely used material in the automotive and aero-

space industries due to its excellent combination of

mechanical properties and casting characteristics.

The B206 alloy had generally dendritic microstruc-

ture with intermetallic compounds distributed

along the grain boundaries [8, 9]. The previous re-

search show clearly the presence of copper-rich

particles, identified as CuAl2 and CuAl phases,

which has a significant effect on the mechanical

properties of the alloy [10, 11].

Precipitation in aluminum alloys and the phe-

nomenon of structural hardening are typical exam-

ples of a scientific problem where industrial inno-

vation, research work and characterization equip-

ment are progressing over time [12 – 16]. The

mechanisms of structural hardening involve the

blocking of dislocations by fine objects. The precipi-

tation of a new phase from a supersaturated solid

solution is the basis for structural hardening of al-

loys. The hardening of aluminum alloys by precipi-

tation is characterized by the qualitative knowl-

edge of the precipitation sequence and its influence

on their mechanical properties [17 – 20].

The objective of this work is to study the influ-

ence of the addition of the element Iron on the

microstructural behavior of the foundry alloy Al-

Cu B206 in the cast state and in the naturally aged

state. The work we have done, had as main objec-

tive, to study the influence of structural hardening

heat treatments on the evolution of mechanical

and structural properties of the alloy B206. For

that, we used several experimental methods

adapted to this kind of scientific work. We quote es-

sentially: the thermal treatments of setting in

hardening as well as measurements of hardness.

In this study, the effect of heat treatment linked to

microstructure and mechanical properties of B206

alloy were investigated using optical microscopy,

X-ray diffraction (XRD), and mechanical testing.

EXPERIMENTAL PROCEDURES

Materials. In this study, a commercial alumi-

num-copper alloy type B206 provided by the Center
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for Aluminum Research University of Quebec at

Chicoutimi (Canada) was used, and its chemical

composition is given in Tables 1 and 2. The alloy of

the material was coded as follows: A(1106) and was

developed from B206 base alloy with a Fe/Si = 1.83

ratio (Fig. 1). The material alloy has a low titanium

content which is about 0.02 %. Their microstruc-

tures present large grains (
70 ìm) which thus fa-

vor an increased tendency to hot cracking which is

a major defect for this family of alloys. Recent stud-

ies have shown that the Fe/Si ratio tends to reduce

this major defect [21, 22].

Samples preparation. The specimens were fab-

ricated from B206 bars in the cast state with a di-

ameter of 12 mm and a thickness of 8 mm (Fig. 2).

The specimens were subjected to different heat

treatments.

Sample A0 was heat treated at temperature of

480°C for 2 h, followed by a rapid increase to 520°C

within 1 hour. Subsequently, the specimens were

maintained at 500°C for 2 h, after which the tem-

perature was increased to 527°C in 1 h, and the

specimens were kept at 527°C for 8 h. Finally, the

specimens were quenched in water.

A21: Immediately after quenching, some sam-

ples undergo natural aging for 21 days.

A42: Immediately after quenching, other sam-

ples undergo natural aging for 42 days.

Method of characterization. The microstructure

observations of the samples were carried out by

metallographic observation using an LEICA DM

LM optical microscope, equipped with a CCD

camera coupled to a microcomputer. The X-ray dif-

fraction analysis were recorded using an X’PERT

PRO MRD type diffractometer from PANalytical,

equipped with a copper anode X-ray tube. An acqui-

sition time of 40 sec per angular step of 0.04° was

used over the interval ranging from 40 to 100° (2è).

The identification of the crystalline phases were

made by comparing the observed lines with those

of the appropriate phases contained in the data-

base.

The microhardness measurements are made on

polished surfaces using a Vickers microhardness

tester frome Zeiss instrument (Fig. 3). Measure-

ments were performed on the polished surface us-

ing 200 g load and three tests were performed for

each sample.

RESULTS AND DISCUSSIONS

Microstructures caracterization. There was no

obviously agglomerated structure on the flat sur-

face, and no obvious cracks, faults and other de-

fects, only a few small pores were found. It can be

see frome Fig. 4 that the microstructure had two

phases (a white phase and a black phase). We also

notice the appearance of black precipitates in the

form of lamellae on the grain boundaries and grey-

ish spots on the matrix, probably inclusions. There-

fore, some difrence in morphologies of theses sam-

ples can be highlighted, is that for the sample A0

obtained in the cast state (Fig. 4, a), the grain

boundaries are wide and coarse but with the aging

time of 21 days for the sample A2 (Fig. 4, b), the
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Table 1. Chemical composition of B206 alloy, wt. %

Elements Al Cu Si Fe Mn Mg Ni

Composition bal 4.60 0.01 0.06 0.40 0.25 <0.01

Table 2. Chemical compositions of B206 alloys with iron

and silicon additions, wt. %

Elements Al Cu Si Fe Mn Mg Ni

Composition bal 4.59 0.06 0.11 0.23 0.25 <0.01

E
á

â

á + â

Cu, %

Fig. 1. Al-Cu equilibrium diagram

Fig. 2. The samples based on B206 alloy

Fig. 3. Representative image of the Vickers hardness

indenter



boundaries start to become finer and narrower. In

contrast, sample A42 (Fig. 4, c) aged at 42 days

shows small black grains at the grain boundaries.

This can be explained by the segregation of iron.

Structural analysis by X-ray diffraction. Fig. 5

shows the XRD patterns of the samples. It can be

clearly observed that the alloy phases clearly show

very weak peaks associated with the very minority

Al-Fe and Al7Cu2Fe phases; these phases are proba-

bly also present in samples A0, A21 and A42 but in

even lower proportions, which makes their peaks

barely perceptible. This is related to the higher

percentage of Iron. While the rest of the elements

(including Si) are assimilated in the Aluminum (Al)

matrix; the values of the crystalline parameter a of

this solution are slightly larger since only Si,

among the elements present, has a larger atomic

volume than Aluminum and the proportions of the

other elements are practically unchanged.

We also calculated the FWHM widths of the dif-

ferent peaks at the midpoint of the Al that reflect

the residual stresses. The results are presented in

Table 3.

The FWHM widths mesearement reported in

Table 3 demonstrate that the width of the peaks is

more reduced in this order 21 days, raw and then

at 42 days for the 2 types of samples. For the same

class of sample A we can deduce that the stresses

are more reduced in the samples at 21 days, consid-

ering that the contributions of the device and the

sizes of crystallites are invariable since the record-

ing was made by the same device and the samples

underwent aging only at room temperature.

Vickers microhardness measurement. The

microhardness of samples after heat treatment are

determined and the same is compared with the val-

ues found from the two phases (Fig. 6). It can be

seen that or the samples of the alloy family A, the

black grains represented by the black phase are

harder than the white grains represented by the

white phase. In contrast, the dark phases of the

samples A0 and A42 shows a higher microhard-

nesses than the samples having undergone an ag-

ing of 21 days A21 whereas the same observation is

noticed for the white phases. This is probably due

to the segregation of elements that can contribute

to the hardening or softening of the material.

It is believed that the hardening mechanisms in

crystalline materials are varied and therefore re-

sult from a decrease in the mobility of dislocations.

In fact, the hardening a metal makes it potentially

more fragile. It is then a question of finding a com-

promise between a greater resistance and an abil-

ity to deform. One of the causes of hardening can

be attributed to interactions between dislocations.

Indeed, when the deformation starts, the numer-

ous dislocations created will interact to form an en-

tanglement. The dislocations eventually become

immobilized and the movement of new dislocations

is considerably slowed down as they pass through

this “forest” of immobile dislocations [23 – 26].

Heat treatments consist of maintaining at a high
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Fig. 4. Microstructure of aluminum alloy samples A0 (a), A21 (b), A42 (c)

2è

Fig. 5. X-ray diffraction spectrum of aluminum-based alloy

samples A0, A21, A42

Table 3. FWHM widths of the different peaks of the trea-

ted Aluminum B206

Samples A0 A21 A42

FWHM(111) 0.2711 0.1434 0.4123

FWHM(200) 0.281 0.1764 0.469



enough temperature to dissolve the excess

intermetallic phases and to level the concentra-

tions in the solid solution [27 – 29]. As it was veri-

fied by L. Kiarodova et al., R. Carvalho et al. [30],

the quenching conditions do not have, within the

current limits, a great influence on the structure

and properties of aluminous alloys.

CONCLUSIONS

The present work focuses on an experimental

study on on the microstructure of B206 Al-Cu al-

loys which present problems such as: hot cracking

and degradation of mechanical properties. In this

attempt, the study focuses mainly on the origin of

these problems caused by impurities such as Iron

etc. The effect of the addition of the Iron and Sili-

con elements and the influence of the Iron/Silicon

ratio on the microstructural behavior of the Al-Cu

B206 casting alloy in the cast state and natural ag-

ing were invistigated. The main results obtained

showed that:

the microstructures of the samples have two

phases (white phase and black phase). They also re-

vealed the appearance of black precipitates in the

form of lamellae on the grain boundaries of all the

samples;

results highlighted, that for the sample A0 ob-

tained in the cast state, the grain boundaries are

wide and coarse for the sample A0, but with the ag-

ing time of 21 days for the same sample, the bound-

aries start to become finer and narrower;

the X-ray diffraction analysis showed the pres-

ence of low intensity peaks associated with the par-

asitic phases AlFe and Al7Cu2Fe, which are in a

very small minority on the type A samples. This is

due to the low iron content;

the FWHM results showed that the residual

stresses are lower for the samples aged at 21 days,

but even more so for the A21 sample;

the hardness tests indicated an increase in the

Vickers hardness of the samples of the A family

with natural aging.

In the light of all these results, it can be con-

cluded that natural aging at 21 days has a benefi-

cial role on the improvement of mechanical proper-

ties for alloys. The addition of iron in large propor-

tions to the raw alloy B206 has a negative effect on

the microstructure of the alloy while silicon has no

effect on the microstructure.
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Èçëîæåíà ìåòîäèêà îöåíêè æèâó÷åñòè ïëàñòèí÷àòûõ ýëåìåíòîâ êîíñòðóêöèé ñ ó÷åòîì

äâóõîñíîãî ñòåñíåíèÿ äåôîðìàöèé ïî ôðîíòó òðåùèíû íîðìàëüíîãî îòðûâà. Îòìå÷åíî îò-

ñóòñòâèå ëèòåðàòóðíûõ èñòî÷íèêîâ, â êîòîðûõ ðîñò òðåùèíû ïðîãíîçèðîâàëè áû ñ èñïîëü-

çîâàíèåì Txx- è Tzz-íàïðÿæåíèé, ÿâëÿþùèõñÿ íåñèíãóëÿðíûìè ÷ëåíàìè â ðàçëîæåíèè Âè-

ëüÿìñà äëÿ íàïðÿæåíèé ó âåðøèíû òðåùèíû. Â îñíîâó ðàñ÷åòà ñêîðîñòè ðîñòà óñòàëîñò-

íîé òðåùèíû ïîëîæåíî óðàâíåíèå Ïýðèñà, â êîòîðîå âìåñòî ðàçìàõà îáû÷íîãî êîýôôèöè-

åíòà èíòåíñèâíîñòè íàïðÿæåíèé (ÊÈÍ), ïîäñòàâëÿëè ðàçìàõ ýôôåêòèâíîãî ÊÈÍ. Ïðè

ýòîì â âûðàæåíèå äëÿ ýôôåêòèâíîãî ÊÈÍ, êðîìå îáû÷íîãî ÊÈÍ, âõîäÿò Txx- è Tzz-íàïðÿ-

æåíèÿ. Äàííûé ïîäõîä ïîçâîëÿåò ó÷åñòü ïðè ïðîãíîçèðîâàíèè æèâó÷åñòè, íàïðèìåð, òîë-

ùèíó ïëàñòèíû, ÷òî íåâîçìîæíî ïðè èñïîëüçîâàíèè òîëüêî ÊÈÍ è Txx-íàïðÿæåíèé. Ôîð-

ìóëà äëÿ ýôôåêòèâíîãî ÊÈÍ âûâåäåíà íà îñíîâå ïðåäïîëîæåíèÿ, ÷òî òàíãåíöèàëüíûå íà-

ïðÿæåíèÿ â çîíå ïðåäðàçðóøåíèÿ ðàâíû ëîêàëüíîé ïðî÷íîñòè ìàòåðèàëà. Ïðè ýòîì ðàç-

ìåð çîíû ïðåäðàçðóøåíèÿ è ëîêàëüíàÿ ïðî÷íîñòü ìàòåðèàëà îïðåäåëåíû ñ ó÷åòîì Txx- è

Tzz-íàïðÿæåíèé. Â îñíîâó ÷èñëåííîãî ìîäåëèðîâàíèÿ ïîëîæåíà àâòîðñêàÿ êîíå÷íî-ýëå-

ìåíòíàÿ ïðîãðàììà, ïîçâîëÿþùàÿ âû÷èñëÿòü Txx- è Tzz-íàïðÿæåíèÿ ïî ôðîíòó ñêâîçíîé

òðåùèíû â ïëàñòèíå, ïîäâåðæåííîé öèêëè÷åñêîìó îäíîîñíîìó è äâóõîñíîìó ðàñòÿæåíèþ.

Ïîêàçàíî, ÷òî íåñèíãóëÿðíûå Txx-íàïðÿæåíèÿ îïèñûâàþò âëèÿíèå äâóõîñíîñòè íàãðóæå-

íèÿ íà äîëãîâå÷íîñòü, à Tzz-íàïðÿæåíèÿ — âëèÿíèå òîëùèíû ïëàñòèíû íà äîëãîâå÷íîñòü.

Óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì òîëùèíû ïëàñòèíû èç-çà ïîâûøåíèÿ ñòåñíåíèÿ äåôîðìà-

öèé ïî ôðîíòó òðåùèíû çíà÷åíèå ýôôåêòèâíîãî ÊÈÍ âîçðàñòàåò, ïîýòîìó òðåùèíà ðàñ-

òåò áûñòðåå, à äîëãîâå÷íîñòü ñíèæàåòñÿ. Îòìå÷åíî, ÷òî ñ ïîâûøåíèåì êîýôôèöèåíòà

àñèììåòðèè öèêëà íàãðóæåíèÿ ïðè óñëîâèè ïîñòîÿííîãî ðàçìàõà íàïðÿæåíèé ìàêñèìàëü-

íûé ýôôåêòèâíûé ÊÈÍ áûñòðåå äîñòèãàåò êðèòè÷åñêîãî çíà÷åíèÿ, ðàâíîãî âÿçêîñòè ðàç-

ðóøåíèÿ, ïîýòîìó äîëãîâå÷íîñòü ïðè ýòîì óìåíüøàåòñÿ. Ïðè îäíîîñíîì öèêëè÷åñêîì ðàñ-

òÿæåíèè äîëãîâå÷íîñòü, ïðîãíîçèðóåìàÿ ïî ïðåäëàãàåìîé ìåòîäèêå, âûøå, ÷åì ïîëó÷åí-

íàÿ ïðè êëàññè÷åñêîì ïîäõîäå, êîãäà â óðàâíåíèå Ïýðèñà ïîäñòàâëÿåòñÿ ðàçìàõ îáû÷íîãî

ÊÈÍ. Äëÿ äâóõîñíîãî öèêëè÷åñêîãî ðàñòÿæåíèÿ ïëàñòèíû óâåëè÷åíèå íàïðÿæåíèé, íà-

ïðàâëåííûõ ïàðàëëåëüíî áåðåãàì òðåùèíû, ïðèâîäèò ê ïîâûøåíèþ ñòåñíåíèÿ äåôîðìà-

öèé ïî ôðîíòó òðåùèíû, à ñëåäîâàòåëüíî, ê ñíèæåíèþ äîëãîâå÷íîñòè ïî ñðàâíåíèþ ñ

îïðåäåëåííîé êëàññè÷åñêèì ïîäõîäîì. Äðóãèìè ñëîâàìè, êëàññè÷åñêàÿ òåîðèÿ íå âñåãäà

äàåò êîíñåðâàòèâíóþ îöåíêó æèâó÷åñòè, ÷òî ñâèäåòåëüñòâóåò î öåëåñîîáðàçíîñòè èñïîëüçî-

âàíèÿ ðàçðàáîòàííîé ìåòîäèêè ðàñ÷åòà íà æèâó÷åñòü ñ ó÷åòîì äâóõîñíîãî ñòåñíåíèÿ äå-

ôîðìàöèé ïî ôðîíòó òðåùèíû.

Êëþ÷åâûå ñëîâà: ìåõàíèêà ðàçðóøåíèÿ; ýôôåêòèâíûé êîýôôèöèåíò èíòåíñèâíîñòè

íàïðÿæåíèé; T-íàïðÿæåíèÿ; æèâó÷åñòü; òðåùèíà íîðìàëüíîãî îòðûâà.
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A methodology for evaluating the durability of plate elements of structures taking into account biaxial

constraints of deformations along the front of a normal rupture crack (Mode I crack) is presented. The ab-

sence of the available literature data in which the prediction of the crack growth is carried out using Txx-

and Tzz-stresses which are non-singular terms in the Williams expansion for stresses at the crack tip is

noted. The calculation of the fatigue crack growth rate is based on the Paris equation in which the range of

the effective SIF is used instead of the range of the usual stress intensity factor (SIF). In this case, the ex-

pression for the effective SIF includes Txx- and Tzz-stresses in addition to the usual SIF. This approach pro-

vides taking into account, for example, the thickness of the plate for predicting the durability, which is im-

possible when only the SIF and Txx-stresses are used. The formula for the effective SIF is derived proceed-

ing from the assumption that tangential stresses in the pre-fracture zone are equal to the local strength of

the material. In this case, the size of the pre-fracture zone and the local strength of the material are deter-

mined taking into account Txx- and Tzz-stresses. The numerical simulation is based on the proprietary fi-

nite-element program which allows calculating Txx- and Tzz-stresses at the front of a through crack in a

plate subjected to cyclic uniaxial and biaxial tension. It is shown that nonsingular Txx-stresses primarily

describe the effect of biaxial loading on the survivability, whereas Tzz-stresses describe the effect of the

plate thickness on the survivability. It is shown that with increasing thic kness of the plate the value of the

effective SIF increases due to the increased constraint along the crack front, thus increasing the crack

growth rate and decreasing the survivability. With an increase in the stress ratio R, under the condition of

a constant stress range, the maximum effective SIF reaches the critical value equal to the fracture tough-

ness much faster thus reducing the durability. It is shown that for uniaxial cyclic tension, the durability

predicted by the proposed methodology is higher than that in the classical approach, when the conven-

tional SIF is used in the Paris equation. For biaxial cyclic tension of a plate, an increase in stresses directed

parallel to the crack banks leads to an increase of crack front constraints and therefore to a decrease in the

durability compared to the classical approach. In other words, the classical theory does not always provide

a conservative estimate of the durability, which indicates the expediency of using the developed method for

calculating the durability taking into account biaxial constraints of deformations along the crack front.

Keywords: fracture mechanics; effective stress intensity factor; T-stress; durability; Mode I crack.

Ââåäåíèå

Çíà÷èòåëüíîå êîëè÷åñòâî äåòàëåé è êîíñò-

ðóêöèé ïðè ýêñïëóàòàöèè ïîäâåðãàåòñÿ íàãðóç-

êàì, ïåðåìåííûì âî âðåìåíè. Ïðè÷åì ìíîãèå èç

íèõ ìîæíî îòíåñòè ê ïëàñòèí÷àòûì ýëåìåíòàì,

ðàáîòàþùèì â óñëîâèÿõ öèêëè÷åñêè èçìåíÿþ-

ùåéñÿ ðàñòÿãèâàþùåé íàãðóçêè. Ñ óâåëè÷åíèåì

êîëè÷åñòâà öèêëîâ íàãðóæåíèÿ â òàêèõ äåòàëÿõ

ïðîèñõîäèò çàðîæäåíèå è ðîñò óñòàëîñòíûõ òðå-

ùèí, êîòîðûå ìîãóò ïðèâåñòè ê ðàçðóøåíèþ. Îñ-

íîâíîé çàäà÷åé ðàñ÷åòà íà æèâó÷åñòü ÿâëÿåòñÿ

îïðåäåëåíèå äîëãîâå÷íîñòè äåòàëåé, ò.å. âû÷èñ-

ëåíèå êîëè÷åñòâà öèêëîâ íàãðóæåíèÿ, ïðè êîòî-

ðîì òðåùèíà âûðàñòåò îò èñõîäíîãî ðàçìåðà äî

êðèòè÷åñêîãî, ïðè êîòîðîì ïðîèñõîäèò ðàçðóøå-

íèå. Ïðè ýòîì âàæíî ðàçðàáîòàòü ÷èñëåííûå ìå-

òîäû, ïîçâîëÿþùèå ìàêñèìàëüíî òî÷íî îöåíèòü

æèâó÷åñòü äåòàëåé. Èçâåñòíî äîñòàòî÷íî ìíîãî

ðàáîò, êàñàþùèõñÿ ïðîãíîçèðîâàíèÿ ðîñòà óñòà-

ëîñòíûõ òðåùèí. Êàê ïðàâèëî, äëÿ ïðîãíîçèðî-

âàíèÿ ðîñòà óñòàëîñòíîé òðåùèíû èñïîëüçóþò

óðàâíåíèÿ Ïýðèñà è Ôîðìàíà [1], íàïðèìåð

[2 – 5], â òîì ÷èñëå è ñ ó÷åòîì îñòàòî÷íûõ íàïðÿ-

æåíèé [6].

Íàèáîëåå ÷àñòî ïðè îöåíêå æèâó÷åñòè äåòà-

ëåé è êîíñòðóêöèé ïðèìåíÿþò óðàâíåíèå Ïýðè-

ñà, îïèñûâàþùåå ëèíåéíûé ó÷àñòîê êèíåòè÷å-

ñêîé äèàãðàììû óñòàëîñòíîãî ðàçðóøåíèÿ. Äëÿ

òðåùèíû òèïà I ýòî óðàâíåíèå èìååò âèä [1]

d

d
I

l

N
C K m

� ( ) ,� (1)

ãäå ÄKI = K
I

max – K
I

min — ðàçìàõ ÊÈÍ äëÿ ïîëî-

æèòåëüíûõ öèêëîâ íàãðóæåíèÿ, îïðåäåëÿåìûé

ïî çíà÷åíèÿì ìàêñèìàëüíîãî (ómax) è ìèíèìàëü-

íîãî (ómin) íàïðÿæåíèé öèêëà; l — äëèíà òðåùè-

íû; N — ÷èñëî öèêëîâ íàãðóæåíèÿ; C, m — ýìïè-

ðè÷åñêèå êîýôôèöèåíòû.

Ïî óðàâíåíèþ (1) âû÷èñëÿþò óâåëè÷åíèå

äëèíû òðåùèíû çà øàã ÄN, à ïî çíà÷åíèþ äëè-

íû íà øàãå — ìàêñèìàëüíûé ÊÈÍ ïî ôðîíòó

òðåùèíû K
I

max . Çà äîëãîâå÷íîñòü ïðèíèìàþò êî-

ëè÷åñòâî öèêëîâ íàãðóæåíèÿ, ïðè êîòîðîì K
I

max

ðàâíÿåòñÿ âÿçêîñòè ðàçðóøåíèÿ KIc, ò.å. áóäåò

âûïîëíÿòüñÿ ñèëîâîé êðèòåðèé ðàçðóøåíèÿ Èð-

âèíà [1]

K
I

max = KIc. (2)
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Êðîìå êðèòåðèÿ Èðâèíà, íà øàãå îáû÷íî

ïðîâåðÿþò óñëîâèå, ÷òî òðåùèíà íå âûøëà çà

ãðàíèöû òåëà. Óêàçàííûé ïîäõîä ïðèìåíÿëè, íà-

ïðèìåð, àâòîðû ðàáîò [7 – 10]. Îñíîâíîé íåäîñòà-

òîê óêàçàííîãî ïîäõîäà — ïðåíåáðåæåíèå ñòå-

ñíåíèåì äåôîðìàöèé ïî ôðîíòó òðåùèíû.

Ó÷åñòü ñòåñíåíèå äåôîðìàöèé ïðè îöåíêå æèâó-

÷åñòè äåòàëåé ìîæíî ïîñðåäñòâîì èñïîëüçîâàíèÿ

ïîäõîäîâ äâóõïàðàìåòðè÷åñêîé ìåõàíèêè ðàçðó-

øåíèÿ [11]. Â ýòîì ñëó÷àå â ðàñ÷åòå, êðîìå ÊÈÍ,

èñïîëüçóþò íåñèíãóëÿðíûå ÷ëåíû â ðàçëîæåíèè

Âèëüÿìñà äëÿ íàïðÿæåíèé [12], òàê íàçûâàåìûå

T-íàïðÿæåíèÿ, ïðè÷åì, êàê ïðàâèëî, — òîëüêî

Txx-íàïðÿæåíèÿ. Òàê, â ñòàòüå [13] îïèñàíî âëèÿ-

íèå Txx-íàïðÿæåíèé íà ñêîðîñòü ðîñòà òðåùèí

ïðè öèêëè÷åñêîì íàãðóæåíèè. Â ðàáîòå [14] èñ-

ïîëüçîâàëè ìîäèôèöèðîâàííûé çàêîí Ïýðèñà,

ó÷èòûâàþùèé Txx-íàïðÿæåíèÿ. Àâòîðû [15] äëÿ

îöåíêè æèâó÷åñòè òðóáîïðîâîäà ñ ó÷åòîì îñòà-

òî÷íûõ ñâàðî÷íûõ íàïðÿæåíèé ïðèìåíèëè óðàâ-

íåíèå Ôîðìàíà, â êîòîðîå ââåëè ïîëó÷åííóþ â

[16] êîððåêòèðóþùóþ ýìïèðè÷åñêóþ ôóíêöèþ,

çàâèñÿùóþ îò îòíîøåíèÿ Txx-íàïðÿæåíèé ê ïðå-

äåëó òåêó÷åñòè ìàòåðèàëà. Â [17] ïðåäëîæåíî â

óðàâíåíèå Ïýðèñà âìåñòî ðàçìàõà ÊÈÍ ïîäñòàâ-

ëÿòü ðàçìàõ ôóíêöèè ïëîòíîñòè ýíåðãèè äåôîð-

ìàöèè S. Àâòîðû [18] â âûðàæåíèè äëÿ S, êðîìå

ñèíãóëÿðíûõ ÷ëåíîâ, èñïîëüçîâàëè íåñèíãóëÿð-

íûå ÷ëåíû, â ÷àñòíîñòè Txx-íàïðÿæåíèÿ. Îäíàêî

âûðàæåíèå äëÿ S çàïèñûâàåòñÿ äëÿ ñëó÷àÿ ïëîñ-

êîãî íàïðÿæåííîãî ñîñòîÿíèÿ, ïîýòîìó â íåãî

âõîäÿò òîëüêî Txx-íàïðÿæåíèÿ. Èçâåñòíî [11],

÷òî ñ ïîìîùüþ Txx-íàïðÿæåíèé ìîæíî îïèñàòü

ñòåñíåíèå äåôîðìàöèé òîëüêî â íàïðàâëåíèè

ðàñïðîñòðàíåíèÿ òðåùèíû. Äëÿ îïèñàíèÿ ñòåñ-

íåíèÿ äåôîðìàöèè âäîëü ôðîíòà òðåùèíû íåîá-

õîäèìî ïðèâëåêàòü Tzz-íàïðÿæåíèÿ, âõîäÿùèå â

ðàçëîæåíèå ôóíêöèè íàïðÿæåíèé äëÿ òðåùèíû

â îáúåìíîì òåëå [19]. Òîëüêî â ýòîì ñëó÷àå ìîæ-

íî ó÷åñòü â ðàñ÷åòå íà æèâó÷åñòü òîëùèíó äåòà-

ëè. Àâòîðû [20 – 22] èññëåäîâàëè âëèÿíèå òîë-

ùèíû îáðàçöà íà ñòåñíåíèå äåôîðìàöèé ïîñðåä-

ñòâîì ââåäåíèÿ â ðàñ÷åò Tzz-íàïðÿæåíèé.

Äëÿ òðåùèíû íîðìàëüíîãî îòðûâà ñ ó÷åòîì

ïåðâûõ íåñèíãóëÿðíûõ ÷ëåíîâ (Txx- è Tzz-íàïðÿ-

æåíèé) â ñëó÷àå èçîòðîïíîãî òåëà ðàçëîæåíèå

äëÿ íàïðÿæåíèé èìååò âèä [19]
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Tzz = Eåz + ÄTxx, (3)

ãäå óx, óy, óz, ôxy — êîìïîíåíòû íàïðÿæåííîãî ñî-

ñòîÿíèÿ; Txx è Tzz — T-íàïðÿæåíèÿ, ëåæàùèå â

ïëîñêîñòè òðåùèíû è íàïðàâëåííûå ïåðïåíäè-

êóëÿðíî è ïàðàëëåëüíî ôðîíòó òðåùèíû ñîîò-

âåòñòâåííî; E — ìîäóëü Þíãà; ì — êîýôôèöèåíò

Ïóàññîíà; r, È — ðàäèóñ è óãîë â ïîëÿðíîé ñèñòå-

ìå êîîðäèíàò, ñâÿçàííîé ñ âåðøèíîé òðåùèíû.

Ïðè èñïîëüçîâàíèè â ðàñ÷åòå íà æèâó÷åñòü,

êðîìå Txx-íàïðÿæåíèé, åùå è Tzz-íàïðÿæåíèé

ìîæíî ó÷åñòü äâóõîñíîå ñòåñíåíèå äåôîðìàöèé

ïî ôðîíòó òðåùèíû. Â ÷àñòíîñòè, äëÿ ïëàñòèí÷à-

òûõ ýëåìåíòîâ êîíñòðóêöèé ïðèíèìàåòñÿ âî âíè-

ìàíèå âëèÿíèå òîëùèíû íà äîëãîâå÷íîñòü, ÷òî

èñêëþ÷åíî ïðè èñïîëüçîâàíèè â ðàñ÷åòå òîëüêî

Txx-íàïðÿæåíèé. Íà ñåãîäíÿøíèé äåíü àâòîðàì

íåèçâåñòíû îïóáëèêîâàííûå èññëåäîâàíèÿ, â êî-

òîðûõ æèâó÷åñòü îáúåìíûõ äåòàëåé ñ òðåùèíàìè

îöåíèâàëàñü áû ñ ó÷åòîì äâóõîñíîãî ñòåñíåíèÿ

äåôîðìàöèé ïî ôðîíòó òðåùèíû.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäèêè

îöåíêè æèâó÷åñòè ñ ó÷åòîì äâóõîñíîãî ñòåñíåíèÿ

äåôîðìàöèé ïî ôðîíòó òðåùèíû íîðìàëüíîãî

îòðûâà, ñïîñîáíîé îïèñàòü âëèÿíèå òîëùèíû

ïëàñòèí÷àòûõ äåòàëåé íà äîëãîâå÷íîñòü.

Ðàñ÷åòíàÿ ñõåìà

Èññëåäîâàëè ïëàñòèíó äëèíîé 400 è øèðè-

íîé 200 ìì èç ìàëîóãëåðîäèñòîé ñòàëè ñ âíóòðåí-

íåé ñêâîçíîé ñîîñíîé ïîïåðå÷íîé òðåùèíîé.

Ïëàñòèíó ïîäâåðãàëè öèêëè÷åñêè èçìåíÿþùåìó-

ñÿ ðàñòÿæåíèþ êàê â îäíîì, òàê è äâóõ íàïðàâëå-

íèÿõ. Ïðè îäíîîñíîì ðàñòÿæåíèè ïðèêëàäûâàëè

òîëüêî íàïðÿæåíèÿ óy, à ïðè äâóõîñíîì — åùå è

óx (ðèñ. 1).

Â ñèëó ñèììåòðè÷íîñòè çàäà÷è îòíîñèòåëüíî

òðåõ ïëîñêîñòåé â êà÷åñòâå ðàñ÷åòíîé ñõåìû èñ-

ïîëüçîâàëè òîëüêî âîñüìóþ ÷àñòü ïëàñòèíû (ñì.

ðèñ. 1). Ãðàíè ïëàñòèíû, ñîâïàäàþùèå ñ êîîðäè-

íàòíûìè ïëîñêîñòÿìè xy è yz, çàêðåïëÿëè â íà-

ïðàâëåíèè z è x ñîîòâåòñòâåííî. Ãðàíü, ñîâïà-

äàþùóþ ñ ïëîñêîñòüþ xz, çàêðåïëÿëè ïî íàïðàâ-

ëåíèþ y, òîëüêî âíå çîíû òðåùèíû. Äëÿ ðåøåíèÿ

èñïîëüçîâàëè àâòîðñêóþ êîíå÷íî-ýëåìåíòíóþ

ïðîãðàììó [23]. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè

ïðèíèìàëè ñîãëàñíî ðàáîòå [7] äëÿ ìàëîóãëåðî-

äèñòîé ñòàëè: ïðåäåë òåêó÷åñòè óò = 500 ÌÏà;

âÿçêîñòü ðàçðóøåíèÿ KIc = 65 ÌÏà · ì1/2; ïàðà-

ìåòðû óðàâíåíèÿ Ïýðèñà — m = 3,32; C =

= 7,45 · 10–9 ìì (ÌÏà · ì1/2)–3,32.

Àëãîðèòì ðàñ÷åòà íà æèâó÷åñòü

Æèâó÷åñòü ðàñòÿíóòîé â îäíîì è äâóõ íà-

ïðàâëåíèÿõ ïëàñòèíû îöåíèâàëè ñ èñïîëüçîâà-

íèåì ôîðìóëû Ïýðèñà, íî âìåñòî ðàçìàõà ÊÈÍ
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ïîäñòàâëÿëè ðàçìàõ ýôôåêòèâíîãî ÊÈÍ [23] çà

öèêë íàãðóæåíèÿ:

�K K K
I

ýô

I

ýô

I

ýô
� �

(max) (min)
, (4)

ãäå K
I

ýô(max)
, K

I

ýô(min)
— ìàêñèìàëüíûé è ìèíè-

ìàëüíûé ýôôåêòèâíûå ÊÈÍ, âû÷èñëÿåìûå ïî

ìàêñèìàëüíîìó (ómax) è ìèíèìàëüíîìó (ómin) íà-

ïðÿæåíèÿì öèêëà ñîîòâåòñòâåííî.

Ôîðìóëà ýôôåêòèâíîãî ÊÈÍ äëÿ òðåùèíû

íîðìàëüíîãî îòðûâà, îïèñûâàþùåãî ñòåñíåíèå

äåôîðìàöèé ïî ôðîíòó òðåùèíû â ïîïåðå÷íîì

íàïðàâëåíèè çà ñ÷åò Txx-íàïðÿæåíèé è â ïðî-

äîëüíîì íàïðàâëåíèè — çà ñ÷åò Tzz-íàïðÿæåíèé,

âûâåäåíà ðàíåå [23].

Â äàííîé ðàáîòå âûðàæåíèå äëÿ ýôôåêòèâíî-

ãî ÊÈÍ ïîëó÷åíî èñõîäÿ èç êðèòåðèàëüíîãî ñîîò-

íîøåíèÿ, ñîãëàñíî êîòîðîìó òàíãåíöèàëüíûå íà-

ïðÿæåíèÿ â çîíå ïðåäðàçðóøåíèÿ ðàâíû ëîêàëü-

íîé ïðî÷íîñòè ìàòåðèàëà [11]. Ïðè ýòîì ëîêàëü-

íàÿ ïðî÷íîñòü çàïèñûâàåòñÿ äëÿ îáúåìíîãî òåëà,

ò.å. ñ ó÷åòîì íå òîëüêî Txx, íî è Tzz-íàïðÿæåíèé

[23]:
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, (5)

ãäå ó0 — ëîêàëüíàÿ ïðî÷íîñòü ìàòåðèàëà; rc —

ðàçìåð çîíû ïðåäðàçðóøåíèÿ.

Ðàçìåð çîíû ïðåäðàçðóøåíèÿ óñòàíîâëåí íà

îñíîâàíèè ãèïîòåçû ïëàñòè÷íîñòè Òðåñêà –

Ñåí-Âåíàíà [24] àíàëîãè÷íî òîìó, êàê ýòî äåëàåò-

ñÿ ïðè âû÷èñëåíèè ïîïðàâêè Èðâèíà íà ïëàñòè-

÷åñêóþ çîíó [25], òàêæå ñ ó÷åòîì T-íàïðÿæåíèé

[23]:

r
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(6)

Ïîäñòàâèâ ôîðìóëó (6) â óðàâíåíèå (5) è ââå-

äÿ äëÿ óïðîùåíèÿ ïàðàìåòðû ÷x è ÷z, ïîëó÷èì

âûðàæåíèå [21]

K
I

ýô
�

�

�

� � � � � � �

2 1

2 4 1 22 2 2

( )

( ) ( )

,
.

. . . . . . . .

z I

x z x z x z x z

K
(7)

ãäå ÷x = Txx/óò, ÷z = Tzz/óò — îòíîøåíèÿ Txx è Tzz ê

ïðåäåëó òåêó÷åñòè. Çíà÷åíèå KI, âõîäÿùåå â ôîð-

ìóëó äëÿ ýôôåêòèâíîãî ÊÈÍ, âû÷èñëÿëè ïî ôîð-

ìóëå Ôåäåðñåíà [26], ñïðàâåäëèâîé äëÿ ïëàñòè-

íû ñ îòíîøåíèåì âûñîòû ê øèðèíå, ðàâíûì äâà

è áîëåå:

K l
l

W
I

sec� � �

2
, (8)

ãäå á = l/W — îòíîøåíèå ïîëóäëèíû òðåùèíû ê

ïîëóøèðèíå ïëàñòèíû. Txx-íàïðÿæåíèÿ â ïëîñ-

êîñòè òðåùèíû îïðåäåëÿëè ñîãëàñíî âûðàæåíèþ

(3) ïðè È = 0 ïî ôîðìóëå

Txx = óx – óy. (9)

Ïðè èñïîëüçîâàíèè ôîðìóëû (9) Txx-íàïðÿ-

æåíèÿ âû÷èñëÿëè â ïÿòè òî÷êàõ íà ëèíèè ïðî-

äîëæåíèÿ òðåùèíû äëÿ äàííîé òî÷êè ôðîíòà.

Ïðè ýòîì çíà÷åíèÿ äëÿ ïîñëåäíèõ òðåõ òî÷åê óê-

ëàäûâàëèñü íà ïðÿìóþ ëèíèþ. Ýêñòðàïîëÿöèÿ

ýòîé ïðÿìîé äî âåðøèíû òðåùèíû äàâàëà

Txx-íàïðÿæåíèå â äàííîé òî÷êå ôðîíòà òðåùè-

íû. Ðàñ÷åò Tzz-íàïðÿæåíèé â çàäàííîé òî÷êå

ôðîíòà òðåùèíû ïðîâîäèëè ñîãëàñíî (3) ïî íàé-

äåííûì çíà÷åíèÿì Txx-íàïðÿæåíèé â ýòîé òî÷êå

è äåôîðìàöèÿì åz.

Íà ðèñ. 2 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ Txx- è

Tzz-íàïðÿæåíèé ïî òîëùèíå ïëàñòèíû îò ñâîáîä-

íîé ïîâåðõíîñòè äî ñåðåäèíû òîëùèíû. Ïîêàçà-

íû çíà÷åíèÿ T-íàïðÿæåíèé â íà÷àëå ðîñòà óñòà-

ëîñòíîé òðåùèíû è â ìîìåíò ðàçðóøåíèÿ. Ðàñ-

ñìîòðåíà ïëàñòèíà ñ íà÷àëüíîé ïîëóäëèíîé òðå-

ùèíû, ðàâíîé 20 ìì, ïðè îäíîîñíîì öèêëè÷å-

ñêîì ðàñòÿæåíèè. Íàïðÿæåíèÿ óy (ñì. ðèñ. 1)

èçìåíÿëèñü îò 100 äî 160 ÌÏà. Íà ðèñ. 2 îñü àáñ-

öèññ — îòíîñèòåëüíàÿ êîîðäèíàòà ç, ðàâíàÿ îò-

íîøåíèþ ðàññòîÿíèÿ îò ïîâåðõíîñòè ïëàñòèíû ê

ïîëîâèíå òîëùèíû. Çíà÷êàìè óêàçàíû T-íàïðÿ-

æåíèÿ, êîòîðûå âû÷èñëÿëè â ïðîöåññå ðàñ÷åòà,

ëèíèè — àïïðîêñèìàöèÿ.

Èç ðèñ. 2, à âèäíî, ÷òî Txx-íàïðÿæåíèÿ ïðàê-

òè÷åñêè íå çàâèñÿò îò òîëùèíû ïëàñòèíû. Îòëè-

÷èÿ çíà÷åíèé äëÿ ïëàñòèí òîëùèíîé 50 è 20 ìì

íå ïðåâûøàþò 3 % â íà÷àëå ðîñòà òðåùèíû è

5 % â ìîìåíò ðàçðóøåíèÿ. Óêàçàííûé âûâîä ñî-

ãëàñóåòñÿ ñ äàííûìè ðàáîòû [11], â êîòîðîé îòìå-

÷åíî, ÷òî Txx-íàïðÿæåíèÿ íå çàâèñÿò îò òîëùèíû
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Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà

Fig. 1. Calculation scheme



ïëàñòèíû. Èçìåíåíèå Txx-íàïðÿæåíèé ïî òîëùè-

íå ïëàñòèíû òàêæå íåçíà÷èòåëüíîå. Ìàêñèìàëü-

íîå èçìåíåíèå íå ïðåâûøàåò 10 %. Èç ðèñ. 2, á

ñëåäóåò, ÷òî ïðè óâåëè÷åíèè òîëùèíû ïëàñòèíû

Tzz-íàïðÿæåíèÿ âîçðàñòàþò è èõ èçìåíåíèå ïî

òîëùèíå ñòàíîâèòñÿ çàìåòíåå ê ìîìåíòó ðàçðó-

øåíèÿ. Òåì íå ìåíåå ýòî èçìåíåíèå äàæå äëÿ

ïëàñòèíû òîëùèíîé 50 ìì íå ïðåâûøàåò 12 %.

Íåîáõîäèìî îòìåòèòü, ÷òî ïðè èçìåíåíèè Txx-íà-

ïðÿæåíèé íà 10 % è Tzz-íàïðÿæåíèÿ íà 12 % ýô-

ôåêòèâíûé ÊÈÍ, ðàññ÷èòàííûé ïî ôîðìóëå (7),

ìåíÿåòñÿ âñåãî íà 3 %. Â ñâÿçè ñ ýòèì T-íàïðÿæå-

íèÿ è ýôôåêòèâíûé ÊÈÍ ïî òîëùèíå ïëàñòèíû

ìîæíî ïðèáëèæåííî ñ÷èòàòü ïîñòîÿííûìè. Îò-

ìåòèì, ÷òî âñå ðàñ÷åòû â äàííîé ðàáîòå, êðîìå

èññëåäîâàíèÿ âëèÿíèÿ òîëùèíû ïëàñòèíû íà

äîëãîâå÷íîñòü, ïðîâåäåíû äëÿ ïëàñòèíû òîëùè-

íîé 20 ìì, äëÿ êîòîðîé èçìåíåíèå T-íàïðÿæåíèé

ïî òîëùèíå íå ïðåâûøàåò 5 %. Ïðè óñëîâèè ïî-

ñòîÿíñòâà ýôôåêòèâíîãî ÊÈÍ ïî òîëùèíå ïëà-

ñòèíû óâåëè÷åíèå äëèíû â ëþáîé òî÷êå ôðîíòà

íà øàãå áóäåò îäèíàêîâîå, ïîýòîìó ôðîíò òðåùè-

íû îñòàíåòñÿ ïðÿìîëèíåéíûì ïðè åå ðîñòå.

Àëãîðèòì ÷èñëåííîãî àíàëèçà íà æèâó÷åñòü

çàêëþ÷àëñÿ â ñëåäóþùåì. Çàäàâàëè øàã èçìåíå-

íèÿ öèêëîâ íàãðóæåíèÿ ÄN. Íà êàæäîì øàãå âû-

÷èñëÿëè ÊÈÍ, T-íàïðÿæåíèÿ è ýôôåêòèâíûé

ÊÈÍ äëÿ ìàêñèìàëüíîãî íàïðÿæåíèÿ öèêëà —

K
I

ýô(max)
. Â ñèëó ëèíåéíîñòè çàäà÷è ÊÈÍ è T-íà-

ïðÿæåíèÿ äëÿ ómin ðàññ÷èòûâàëè ïóòåì óìíîæå-

íèÿ çíà÷åíèé, ïîëó÷åííûõ äëÿ ómax, íà ómin/ómax.

Äàëåå ïî ïîëó÷åííûì äàííûì âû÷èñëÿëè

K
I

ýô(min)
. Ñëåäóåò îòìåòèòü, ÷òî K

I

ýô(min)
íåëüçÿ

ïåðåñ÷èòàòü ïî K
I

ýô(max)
, òàê êàê ñîãëàñíî (7) ýô-

ôåêòèâíûé ÊÈÍ íåëèíåéíî çàâèñèò îò T-íàïðÿ-

æåíèé. Äàëåå ïî ôîðìóëå (4) âû÷èñëÿëè ðàçìàõ

ýôôåêòèâíîãî ÊÈÍ. Óâåëè÷åíèå ïîëóäëèíû Äl

íà øàãå îïðåäåëÿëè ñîãëàñíî óðàâíåíèþ Ïýðèñà

(1) ïî ôîðìóëå

� � �l C K Nm
� ( ) .

I

ýô

Ïðè ýòîì øàã öèêëîâ íàãðóæåíèÿ íàõîäè-

ëè ïîñðåäñòâîì ÷èñëåííîãî ýêñïåðèìåíòà èñõîäÿ

èç óñëîâèÿ íåèçìåííîñòè ðåçóëüòàòîâ ðàñ÷åòà

íà æèâó÷åñòü ïðè óìåíüøåíèè øàãà. Íà êàæäîì

øàãå ïðîâåðÿëè äâà óñëîâèÿ ðàçðóøåíèÿ.

Ñîãëàñíî ïåðâîìó èç íèõ ðàçðóøåíèå ïðîèñõî-

äèò, êîãäà K
I

ýô(max)
äîñòèãàåò çíà÷åíèÿ, ðàâíîãî

âÿçêîñòè ðàçðóøåíèÿ KIc. Ñîãëàñíî âòîðîìó óñëî-

âèþ ðàçðóøåíèå ïðîèñõîäèò òîãäà, êîãäà ïîëó-

äëèíà òðåùèíû ñòàíîâèòñÿ ðàâíîé ïîëóøèðèíå

ïëàñòèíû, ò.å. òðåùèíà ïðîõîäèò ÷åðåç âñþ ïëà-

ñòèíó. Âûâîä î ðàçðóøåíèè äåëàëè èñõîäÿ èç

òîãî, êàêîå ñîáûòèå ïðîèçîéäåò ðàíüøå. Ñëåäóåò

îòìåòèòü, ÷òî íà êàæäîì øàãå ãåíåðèðîâàëàñü

íîâàÿ êîíå÷íî-ýëåìåíòíàÿ ñåòêà ñ ó÷åòîì óâåëè-

÷èâøåéñÿ äëèíû òðåùèíû.

Îáñóæäåíèå ðåçóëüòàòîâ ðàñ÷åòîâ

Â òàáë. 1 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà

íà æèâó÷åñòü ïëàñòèíû ñ íà÷àëüíîé òðåùèíîé

ïîëóäëèíîé 20 ìì ïðè îäíîîñíîì öèêëè÷åñêîì

ðàñòÿæåíèè. Íàïðÿæåíèÿ óy (ñì. ðèñ. 1) èçìåíÿ-

ëèñü îò 100 äî 160 ÌÏà. Ïîëóòîëùèíà ïëàñòèíû

t ïðèíèìàëàñü ðàâíîé 5, 10, 15, 20 è 25 ìì. Îòìå-

òèì, ÷òî âî âñåõ ïîñëåäóþùèõ ðàñ÷åòàõ ðàññìàò-

ðèâàëàñü ïëàñòèíà ïîëóòîëùèíîé 10 ìì. Êðîìå

äîëãîâå÷íîñòè N0, â òàáë. 1 ïðåäñòàâëåíû çíà÷å-

íèÿ ìàêñèìàëüíûõ è ìèíèìàëüíûõ T-íàïðÿæå-

íèé, ìèíèìàëüíîãî ýôôåêòèâíîãî ÊÈÍ çà öèêë

íàãðóæåíèÿ â ìîìåíò ðàçðóøåíèÿ, à òàêæå êðè-

òè÷åñêîé äëèíû òðåùèíû. Ðàñ÷åòû ïîêàçàëè,

÷òî äëÿ âñåõ ïëàñòèí ðàçðóøåíèÿ ïðîèçîøëè çà

ñ÷åò äîñòèæåíèÿ ìàêñèìàëüíîãî ýôôåêòèâíîãî

ÊÈÍ âÿçêîñòè ðàçðóøåíèÿ.

Èç òàáë. 1 âèäíî, ÷òî ñ óâåëè÷åíèåì òîëùèíû

ïëàñòèíû äîëãîâå÷íîñòü ñíèæàåòñÿ. Ýòî îáúÿñíÿ-

åòñÿ ïîâûøåíèåì ñòåñíåíèÿ äåôîðìàöèé âäîëü

ôðîíòà òðåùèíû, êîòîðîå ïðèâîäèò ê âîçðàñòà-
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Ðèñ. 2. Ðàñïðåäåëåíèÿ Txx
max- (à) è Tzz

max-íàïðÿæåíèé (á)

ïî òîëùèíå ïëàñòèíû òîëùèíîé 50 ìì (ñïëîøíûå ëè-

íèè) è 20 ìì (øòðèõîâûå ëèíèè): 1 — íà÷àëî ïðîöåññà;

2 — ìîìåíò ðàçðóøåíèÿ

Fig. 2. Distribution of Txx
max- (a) and Tzz

max-stresses (b)

across the thickness of a 50-mm plate (solid lines) and

20-mm plate (dashed lines): 1 — start of the process; 2 —

fracture point



íèþ Tzz-íàïðÿæåíèé, à ñëåäîâàòåëüíî, ê óâåëè÷å-

íèþ ðàçìàõà ýôôåêòèâíîãî ÊÈÍ. Â ðåçóëüòàòå

òðåùèíà ðàñòåò áûñòðåå. Êðèòè÷åñêàÿ ïîëóäëèíà

òðåùèíû ìàëî çàâèñèò îò òîëùèíû ïëàñòèíû —

ìàêñèìàëüíîå îòëè÷èå åå çíà÷åíèé ñîñòàâëÿåò

ìåíåå 6 %. Ðàçìàõ ýôôåêòèâíîãî ÊÈÍ â ìîìåíò

ðàçðóøåíèÿ òàêæå ïðàêòè÷åñêè íå çàâèñèò îò

òîëùèíû ïëàñòèíû — K
I

ýô(min)
îòëè÷àþòñÿ ìåíåå

÷åì íà 1,5 %; K
I

ýô(max)
äëÿ âñåõ ïëàñòèí ðàâåí KIc.

Íà ðèñ. 3 ïðåäñòàâëåíû çàâèñèìîñòè ìàêñè-

ìàëüíûõ T-íàïðÿæåíèé çà öèêë îò ÷èñëà öèêëîâ

íàãðóæåíèÿ. Âèäíî, ÷òî êàê Txx
max

�íàïðÿæåíèÿ,

òàê è Tzz
max -íàïðÿæåíèÿ ïî ìåðå óâåëè÷åíèÿ ÷èñà

öèêëîâ íàãðóæåíèÿ è ðîñòà òðåùèíû ñíèæàþòñÿ,

÷òî ñâÿçàíî ñ óìåíüøåíèåì ñòåñíåíèÿ äåôîðìà-

öèé ïî ìåðå óâåëè÷åíèÿ äëèíû òðåùèíû. Ïðè-

÷åì íàèáîëåå èíòåíñèâíîå ñíèæåíèå íàáëþäàåò-

ñÿ â ïîñëåäíèå 150 òûñ. öèêëîâ ïåðåä ðàçðóøå-

íèåì, êîòîðîå ïðîèñõîäèò ïðè 550 òûñ. öèêëàõ.

Äëÿ îöåíêè âëèÿíèÿ êîýôôèöèåíòà àñèììåò-

ðèè öèêëà íàãðóæåíèÿ íà ñêîðîñòü ðîñòà óñòàëî-

ñòíîé òðåùèíû è äîëãîâå÷íîñòü ïðîâåäåíû ðàñ-

÷åòû ïëàñòèíû ñ íà÷àëüíîé òðåùèíîé ïîëóäëè-

íîé 10 ìì, íàãðóæåííîé öèêëè÷åñêè èçìåíÿþ-

ùèìèñÿ ðàñòÿãèâàþùèìè íàïðÿæåíèÿìè óy

(ñì. ðèñ. 1), èìåþùèìè îäèíàêîâûé ðàçìàõ, ðàâ-

íûé 60 ÌÏà, íî ðàçíûå êîýôôèöèåíòû àñèììåò-

ðèè R, ðàâíûå 0,625; 0,727 è 0,786. Íà ðèñ. 4

ïðåäñòàâëåíû çàâèñèìîñòè ðîñòà óñòàëîñòíîé

òðåùèíû îò íà÷àëüíîé äî êðèòè÷åñêîé ïîëóäëè-

íû äëÿ öèêëîâ ñ R = 0,625 è R = 0,727. Âèäíî,

÷òî ïðè óâåëè÷åíèè êîýôôèöèåíòà àñèììåòðèè

öèêëà R ñêîðîñòü ðîñòà òðåùèíû íåñêîëüêî çà-

ìåäëÿåòñÿ. Äàííûé ôàêò îáóñëîâëåí òåì, ÷òî

ïðè áîëüøåì R ìàêñèìàëüíûå è ìèíèìàëüíûå

íàïðÿæåíèÿ öèêëà âûøå, ïîýòîìó îíè ïðèâî-

äÿò ê áóëüøèì ïî ìîäóëþ, íî îòðèöàòåëüíûì

Txx
max(min) - è Tzz

max(min) -íàïðÿæåíèÿì. Îòðèöàòåëü-

íûå T-íàïðÿæåíèÿ ñîãëàñíî (7) ñíèæàþò K
ýô

max è

K
ýô

min , ïîýòîìó ñîêðàùàåòñÿ è ðàçìàõ ýôôåêòèâ-

íîãî ÊÈÍ, ÷òî ïðèâîäèò ê óìåíüøåíèþ ñêîðîñòè

ðîñòà òðåùèíû. Îäíàêî äîëãîâå÷íîñòü ïðè óâå-

ëè÷åíèè R ñíèæàåòñÿ, òàê êàê íà÷àëüíîå K
ýô

max

äëÿ öèêëà íàãðóæåíèÿ ñ áîëüøèì R âûøå è ïðè

ðîñòå òðåùèíû ýòà âåëè÷èíà áûñòðåå äîñòèãàåò

çíà÷åíèÿ, ðàâíîãî âÿçêîñòè ðàçðóøåíèÿ KIc, ïðè

êîòîðîì ïðîèñõîäèò ðàçðóøåíèå.

Â òàáë. 2 ïðèâåäåíû çíà÷åíèÿ äîëãîâå÷íîñòè

N0, êðèòè÷åñêîé ïîëóäëèíû òðåùèíû lc, à òàêæå

�K
I

ýô
â ìîìåíò ðàçðóøåíèÿ. Âèäíî, ÷òî êîýôôè-
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Table 1. Calculated results for the durability under uniaxial cyclic tension

t, ìì Txx
min , ÌÏà Txx

max, ÌÏà Tzz
min , ÌÏà Tzz

max, ÌÏà K
I

ýô(min)
, ÌÏà · ì1/2 l

c
, ìì N

0
· 10–5

5 –194 –310 –146 –233 43,9 56,0 5,57

10 –189 –302 –139 –222 43,8 57,2 5,50

15 –182 –291 –129 –206 43,6 54,9 5,19

20 –177 –283 –119 –191 43,4 56,2 5,10

25 –174 –278 –111 –178 43,3 53,9 4,87

T
T

x
x

z
z

m
a
x

m
a
x

,
,
Ì

Ï
à

· 10N –5

–100

–200

–300

2 4

Ðèñ. 3. Çàâèñèìîñòè Txx
max-íàïðÿæåíèé (ñïëîøíàÿ ëè-

íèÿ) è Tzz
max-íàïðÿæåíèé (øòðèõîâàÿ ëèíèÿ) îò êîëè÷åñò-

âà öèêëîâ íàãðóæåíèÿ ïðè îäíîîñíîì öèêëè÷åñêîì ðàñòÿ-

æåíèè

Fig. 3. Dependences of maximum Txx
max-stresses (solid line)

and Tzz
max-stresses (dashed line) on the number of loading cy-

cles during uniaxial cyclic tension

, ììl

N · 10–5

50

40
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2 4

Ðèñ. 4. Çàâèñèìîñòè ïîëóäëèíû óñòàëîñòíîé òðåùèíû

îò êîëè÷åñòâà öèêëîâ íàãðóæåíèÿ äëÿ R, ðàâíîãî 0,625

(ñïëîøíàÿ ëèíèÿ) è 0,727 (øòðèõîâàÿ ëèíèÿ)

Fig. 4. Dependences of the fatigue crack half-length on the

number of loading cycles for R: 0.625 (solid line); 0.727

(dashed line)



öèåíò àñèììåòðèè öèêëà îêàçûâàåò ñèëüíîå

âëèÿíèå íà äîëãîâå÷íîñòü. Ïîñêîëüêó äîëãîâå÷-

íîñòü ñíèæàåòñÿ ïî ìåðå óâåëè÷åíèÿ R, òî è êðè-

òè÷åñêàÿ äëèíà òðåùèíû óìåíüøàåòñÿ, òàê êàê

âðåìÿ ïðîöåññà ðîñòà òðåùèíû ñîêðàùàåòñÿ.

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ äâóõîñíîñòè öèê-

ëè÷åñêîãî ðàñòÿæåíèÿ íà äîëãîâå÷íîñòü ïðîâåäå-

íû ðàñ÷åòû íà æèâó÷åñòü ïëàñòèíû ñ íà÷àëüíîé

òðåùèíîé ïîëóäëèíîé 10 ìì ïðè íàãðóæåíèè ïî

äâóì îñÿì (ñì. ðèñ. 1). Ïî îñè y íàïðÿæåíèÿ öèê-

ëè÷åñêè èçìåíÿëèñü îò 100 äî 160 ÌÏà, à ïî îñè

x ìàêñèìàëüíîå è ìèíèìàëüíîå íàïðÿæåíèÿ öèê-

ëà çàäàâàëèñü ïðîèçâåäåíèåì ìíîæèòåëåé 1, 1,5

è 2 íà íàïðÿæåíèÿ ïî îñè y. Îòìåòèì, ÷òî ðàñòÿ-

ãèâàþùèå öèêëè÷åñêèå íàïðÿæåíèÿ óx íå âëèÿ-

þò íà çíà÷åíèå ÊÈÍ. Â ñâÿçè ñ ýòèì ÊÈÍ ïðè

äâóõîñíîì öèêëè÷åñêîì ðàñòÿæåíèè, êàê è ïðè

îäíîîñíîì öèêëè÷åñêîì ðàñòÿæåíèè, âû÷èñëÿëè

ïî ôîðìóëå (8). Â êà÷åñòâå èëëþñòðàöèè íà

ðèñ. 5 ïðåäñòàâëåíû çàâèñèìîñòè T-íàïðÿæåíèé

îò ÷èñëà öèêëîâ íàãðóæåíèÿ äëÿ ñëó÷àÿ óx/óy =

= 1,5. Èç íåãî âèäíî, ÷òî, êàê ïðè îäíîîñíîì

öèêëè÷åñêîì ðàñòÿæåíèè, T-íàïðÿæåíèÿ ïî ìåðå

âîçðàñòàíèÿ ÷èñëà öèêëîâ ñíèæàþòñÿ. Ýòî îáúÿñ-

íÿåòñÿ óâåëè÷åíèåì ïîäàòëèâîñòè ïëàñòèíû ïî

ìåðå ðîñòà òðåùèíû è, êàê ñëåäñòâèå, ñíèæåíèåì

ñòåñíåíèÿ äåôîðìàöèé.

Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ äîëãîâå÷íîñòè

N0, ìàêñèìàëüíûõ è ìèíèìàëüíûõ T-íàïðÿæå-

íèé, K
I

ýô(min)
â ìîìåíò ðàçðóøåíèÿ, à òàêæå êðè-

òè÷åñêîé ïîëóäëèíû òðåùèíû lc. Âèäíî, ÷òî ïðè

ïîâûøåíèè öèêëè÷åñêè èçìåíÿþùèõñÿ íàïðÿ-

æåíèé óx (ñì. ðèñ. 1) Txx- è Tzz-íàïðÿæåíèÿ âîç-

ðàñòàþò è, êàê ñëåäñòâèå, óâåëè÷èâàåòñÿ ðàçìàõ

ýôôåêòèâíîãî ÊÈÍ. Ïîýòîìó ñêîðîñòü ðîñòà òðå-

ùèíû ïîâûøàåòñÿ, à äîëãîâå÷íîñòü ñíèæàåòñÿ.

Äâóõîñíîå ðàñòÿæåíèå â ïåðâóþ î÷åðåäü âëèÿåò

íà Txx-íàïðÿæåíèÿ, êîòîðûå ìåíÿþò çíàê ñ îòðè-

öàòåëüíîãî íà ïîëîæèòåëüíûé ïðè ïðåâûøåíèè

â ïîëòîðà ðàçà öèêëè÷åñêèõ íàïðÿæåíèé óx ïî

ñðàâíåíèþ ñ óy. Èçìåíåíèå Tzz ïðè ýòîì ïðîèñõî-

äèò íå ñòîëü ñóùåñòâåííî. Òàê, ïðè îäíîîñíîì

öèêëè÷åñêîì ðàñòÿæåíèè Tzz
max = –222 ÌÏà (ñì.

òàáë. 1), à ïðè äâóõîñíîì öèêëè÷åñêîì ðàñòÿæå-

íèè ïðè óx = 2óy çíà÷åíèå Tzz
max = –145 ÌÏà (ñì.

òàáë. 3), ò.å. èçìåíÿåòñÿ ìåíåå ÷åì íà 35 %. Òà-

êèì îáðàçîì, Txx-íàïðÿæåíèÿ â ïåðâóþ î÷åðåäü

îïèñûâàþò âëèÿíèå äâóõîñíîñòè íàãðóæåíèÿ íà

äîëãîâå÷íîñòü, à Tzz-íàïðÿæåíèå — âëèÿíèå òîë-

ùèíû ïëàñòèíû íà äîëãîâå÷íîñòü.

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ñòåñíåíèÿ äå-

ôîðìàöèé ïî ôðîíòó òðåùèíû íà ðîñò óñòàëîñò-

íîé òðåùèíû ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ,

ïîëó÷åííûõ ïî ðàçðàáîòàííîé ìåòîäèêå, ñ äàí-

íûìè, ïðîãíîçèðóåìûìè ïî êëàññè÷åñêîé òåî-

ðèè. Äëÿ ýòîãî â ïåðâîì âàðèàíòå ðàñ÷åòà, íå

ó÷èòûâàþùåì ñòåñíåíèå äåôîðìàöèé ïî ôðîíòó
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Òàáëèöà 2. Âëèÿíèå êîýôôèöèåíòà àñèììåòðèè öèêëà íà äîëãîâå÷íîñòü

Table 2. The stress ratio effect on the durability

R ó
max

, ÌÏà ó
min

, ÌÏà �K
I

ýô
, ÌÏà · ì1/2 l

c
, ìì N

0
· 10–5

0,625 160 100 15,6 57,2 5,51

0,727 220 160 15,6 38,6 4,89

0,786 280 220 13,2 25,7 1,92

Òàáëèöà 3. Ðåçóëüòàòû ðàñ÷åòà íà æèâó÷åñòü ïðè äâóõîñíîì öèêëè÷åñêîì ðàñòÿæåíèè

Table 3. Calculated results for the durability under biaxial cyclic tension

ó
x
/ó

y
Txx

min , ÌÏà Txx
max, ÌÏà Tzz

min , ÌÏà Tzz
max, ÌÏà K

I

ýô(min)
, ÌÏà · ì1/2 l

c
, ìì N · 10–5

1 –66,0 –106 –125 –200 43,4 51,8 2,89

1,5 3,51 5,62 –109 –174 40,6 41,5 1,32

2 73,3 117 –90,6 –145 43,6 36,2 0,401
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Ðèñ. 5. Çàâèñèìîñòè Txx
max-íàïðÿæåíèé (ñïëîøíàÿ ëè-

íèÿ) è Tzz
max-íàïðÿæåíèé (øòðèõîâàÿ ëèíèÿ) îò êîëè÷åñò-

âà öèêëîâ íàãðóæåíèÿ ïðè äâóõîñíîì öèêëè÷åñêîì ðàñòÿ-

æåíèè

Fig. 5. Dependences of maximum Txx
max-stresses (solid line)

and Tzz
max-stresses (dashed line) on the number of loading cy-

cles during biaxial cyclic tension



òðåùèíû, â ôîðìóëó Ïýðèñà ïîäñòàâëÿëè ðàçìàõ

îáû÷íîãî ÊÈÍ, à ìîìåíò ðàçðóøåíèÿ îïðåäå-

ëÿëè ïî êðèòåðèþ ðàçðóøåíèÿ Èðâèíà (2). Âî

âòîðîì âàðèàíòå ðàñ÷åòà, ó÷èòûâàþùåì äâóõ-

îñíîå ñòåñíåíèå äåôîðìàöèé ïî ôðîíòó òðåùè-

íû, â ôîðìóëó Ïýðèñà ïîäñòàâëÿëè ðàçìàõ ýô-

ôåêòèâíîãî ÊÈÍ. Çà äîëãîâå÷íîñòü ïðèíèìàëè

öèêë íàãðóæåíèÿ, íà êîòîðîì ìàêñèìàëüíûé ýô-

ôåêòèâíûé ÊÈÍ ñòàíîâèëñÿ ðàâíûì âÿçêîñòè

ðàçðóøåíèÿ.

Íà ðèñ. 6 ïðåäñòàâëåíû çàâèñèìîñòè äîëãî-

âå÷íîñòè N0 îò íà÷àëüíîé ïîëóäëèíû ïëàñòèíû

l0 ïðè ðàçíûõ âàðèàíòàõ ðàñ÷åòà ÊÈÍ. Âèäíî,

÷òî â ñëó÷àå ïîäñòàíîâêè â ôîðìóëó Ïýðèñà ðàç-

ìàõà ÊÈÍ äîëãîâå÷íîñòü çíà÷èòåëüíî ìåíüøå,

÷åì ïðîãíîçèðóåìàÿ ïðè ïîäñòàíîâêå â íåå ðàç-

ìàõà ýôôåêòèâíîãî ÊÈÍ. Ýòî ñâÿçàíî ñ òåì, ÷òî

Txx- è Tzz-íàïðÿæåíèÿ ïðè îäíîîñíîì öèêëè÷å-

ñêîì ðàñòÿæåíèè ïëàñòèíû îòðèöàòåëüíûå (ñì.

òàáë. 1). Ïîýòîìó ñîãëàñíî ôîðìóëå (7) çíà÷åíèÿ

ýôôåêòèâíîãî ÊÈÍ ïîëó÷àþòñÿ ìåíüøå, ÷åì

îáû÷íîãî ÊÈÍ. Â ñâÿçè ñ ýòèì ðàçìàõ ýôôåêòèâ-

íîãî ÊÈÍ òàêæå ìåíüøå ðàçìàõà îáû÷íîãî ÊÈÍ

è òðåùèíà ïðè èñïîëüçîâàíèè â ðàñ÷åòå êëàññè-

÷åñêîãî ïîäõîäà ðàñòåò áûñòðåå. Òàêèì îáðàçîì,

êëàññè÷åñêèé ïîäõîä äàåò ñóùåñòâåííî çàíèæåí-

íûå çíà÷åíèÿ äîëãîâå÷íîñòè, ò.å. ÿâëÿåòñÿ êîí-

ñåðâàòèâíîé îöåíêîé ïðè îäíîîñíîì öèêëè÷å-

ñêîì ðàñòÿæåíèè ïëàñòèíû.

Íà ðèñ. 7 ïðåäñòàâëåíû çàâèñèìîñòè äîëãî-

âå÷íîñòè îò íà÷àëüíîé ïîëóäëèíû òðåùèíû ïðè

äâóõîñíîì öèêëè÷åñêîì ðàñòÿæåíèè. Ðàññìîòðåí

ñëó÷àé, êîãäà ìàêñèìàëüíûå è ìèíèìàëüíûå íà-

ïðÿæåíèÿ öèêëà ïî îñè y ðàâíÿëèñü 100 è

160 ÌÏà, à ïî îñè x — 150 è 240 ÌÏà, ò.å. áîëü-

øå â ïîëòîðà ðàçà. Ýòè çàâèñèìîñòè ïîëó÷åíû

òàêæå ïðè ïîäñòàíîâêå â óðàâíåíèå Ïýðèñà ðàç-

ìàõà êàê îáû÷íîãî, òàê è ýôôåêòèâíîãî ÊÈÍ.

Èç ðèñ. 7 ñëåäóåò, ÷òî ïðè íàëè÷èè öèêëè÷åñêèõ

ðàñòÿãèâàþùèõ íàïðÿæåíèé óx (ñì. ðèñ. 1) äîëãî-

âå÷íîñòü íèæå ïðè ïîäñòàíîâêå â ôîðìóëó Ïýðè-

ñà ýôôåêòèâíîãî ÊÈÍ, ÷åì ïðè ïîäñòàíîâêå â

íåå ðàçìàõà îáû÷íîãî ÊÈÍ. Äàííûé ôàêò îáúÿñ-

íÿåòñÿ òåì, ÷òî ïðè äâóõîñíîì öèêëè÷åñêîì ðàñ-

òÿæåíèè T-íàïðÿæåíèÿ ïîëîæèòåëüíûå, ïîýòîìó

ñîãëàñíî (7) ýôôåêòèâíûé ÊÈÍ ìåíüøå îáû÷íî-

ãî, êàê è ðàçìàõ ýôôåêòèâíîãî ÊÈÍ. Â ñâÿçè ñ

ýòèì ñêîðîñòü ðîñòà òðåùèíû ïðè ïðîãíîçèðîâà-

íèè ïî ïðåäëàãàåìîé ìåòîäèêå íèæå, ÷åì ïðè èñ-

ïîëüçîâàíèè â ðàñ÷åòå êëàññè÷åñêîãî ïîäõîäà.

Íà ðèñ. 8 ïðèâåäåíû çàâèñèìîñòè ðàçìàõà

îáû÷íîãî è ýôôåêòèâíîãî ÊÈÍ îò êîëè÷åñòâà

öèêëîâ íàãðóæåíèÿ äëÿ îäíîîñíîãî è äâóõîñíîãî

öèêëè÷åñêîãî ðàñòÿæåíèÿ. Îòìåòèì, ÷òî ïðè èñ-

ïîëüçîâàíèè êëàññè÷åñêîãî ïîäõîäà öèêëè÷åñêèå

ðàñòÿãèâàþùèå íàïðÿæåíèÿ óx íå ó÷èòûâàþòñÿ â

ðàñ÷åòå, òàê êàê ÊÈÍ íå çàâèñèò îò ýòèõ íàïðÿ-

æåíèé. Ïîýòîìó çàâèñèìîñòü ðàçìàõà îáû÷íîãî

ÊÈÍ îò ÷èñëà öèêëîâ íàãðóæåíèÿ îäèíàêîâàÿ

äëÿ îäíîîñíîãî è äâóõîñíîãî öèêëè÷åñêîãî ðàñòÿ-

æåíèÿ. Èç ðèñ. 8 ñëåäóåò, ÷òî íà÷àëüíîå çíà÷åíèå

ðàçìàõà îáû÷íîãî ÊÈÍ ðàâíî 15,4 ÌÏà · ì1/2.

Íà÷àëüíûå çíà÷åíèÿ ýôôåêòèâíîãî ÊÈÍ äëÿ îä-

íîîñíîãî è äâóõîñíîãî öèêëè÷åñêîãî ðàñòÿæåíèÿ

ñîñòàâëÿþò 11,8 è 17,7 ÌÏà · ì1/2. Çíà÷åíèÿ ðàç-

ìàõîâ â ìîìåíò ðàçðóøåíèÿ — 24,7, 21,2,

24,1 ÌÏà · ì1/2 ñîîòâåòñòâåííî. Âèäíî, ÷òî ïðè

îäíîîñíîì íàãðóæåíèè îòëè÷èå â çàâèñèìîñòÿõ
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Ðèñ. 6. Çàâèñèìîñòè äîëãîâå÷íîñòè îò íà÷àëüíîé ïîëó-

äëèíû òðåùèíû: ñïëîøíàÿ è øòðèõîâàÿ ëèíèè — ðàñ÷å-

òû ïî ðàçìàõó ýôôåêòèâíîãî ÊÈÍ è ïî ðàçìàõó ÊÈÍ

Fig. 6. Dependences of the durability on the initial half-

length of the crack calculated by the range of effective SIF
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ðàçìàõà îáû÷íîãî è ýôôåêòèâíîãî ÊÈÍ è, ñîîò-

âåòñòâåííî, äîëãîâå÷íîñòè ñóùåñòâåííåå, ÷åì

ïðè äâóõîñíîì íàãðóæåíèè. Äàííûé ôàêò îáúÿñ-

íÿåòñÿ òåì, ÷òî ïðè îäíîîñíîì ðàñòÿæåíèè

Txx-íàïðÿæåíèÿ îòðèöàòåëüíûå è çíà÷èòåëüíî

áîëüøå ïî ìîäóëþ. Òàê, äëÿ ðàññìàòðèâàåìîé

ïëàñòèíû ïîëóòîëùèíîé 10 ìì â ìîìåíò ðàçðó-

øåíèÿ Txx
max = = –302 ÌÏà · ì1/2 (ñì. òàáë. 1).

Äëÿ äâóõîñíîãî íàãðóæåíèÿ ñ ðàññìàòðèâàåìûì

îòíîøåíèåì íàïðÿæåíèé óx/óy = 1,5 — çíà÷åíèå

Txx
max = = 5,62 ÌÏà · ì1/2 (ñì. òàáë. 3), ò.å. ïî÷òè

ðàâíû íóëþ. Òàêæå áîëüøå ïî ìîäóëþ Tzz-íàïðÿ-

æåíèÿ äëÿ îäíîîñíîãî íàãðóæåíèÿ — Tzz
max =

= –222 ÌÏà · ì1/2 (ñì. òàáë. 1); äëÿ äâóõîñíîãî —

Tzz
max = –174 ÌÏà · ì1/2 (ñì. òàáë. 3). Â ñâÿçè ñ

ýòèì ýôôåêòèâíûé ÊÈÍ áîëåå îòëè÷àåòñÿ îò

îáû÷íîãî ÊÈÍ ïðè îäíîîñíîì íàãðóæåíèè, ÷åì

ïðè äâóõîñíîì, òàê æå, êàê è ðàçìàõ ýôôåêòèâ-

íîãî ÊÈÍ.

Òàêèì îáðàçîì, èñïîëüçîâàíèå â óðàâíåíèè

Ïýðèñà ðàçìàõà ÊÈÍ íå âñåãäà äàåò êîíñåðâà-

òèâíóþ îöåíêó æèâó÷åñòè êîíñòðóêöèé. Öèêëè-

÷åñêèå ðàñòÿãèâàþùèå íàïðÿæåíèÿ óx, íàïðàâ-

ëåííûå ïàðàëëåëüíî áåðåãàì òðåùèíû, ïðèâîäÿò

ê ñòåñíåíèþ äåôîðìàöèé ïî ôðîíòó òðåùèíû è

çàìåòíîìó ñíèæåíèþ äîëãîâå÷íîñòè, ÷òî ãîâîðèò

î öåëåñîîáðàçíîñòè èñïîëüçîâàíèÿ â ðàñ÷åòå íà

æèâó÷åñòü ïðåäëàãàåìîé ìåòîäèêè.

Çàêëþ÷åíèå

Ïðîâåäåíà îöåíêà æèâó÷åñòè ïëàñòèíû ñ ñî-

îñíîé ïîïåðå÷íîé ñêâîçíîé òðåùèíîé ïðè îäíî-

îñíîì è äâóõîñíîì öèêëè÷åñêîì ðàñòÿæåíèè ñ èñ-

ïîëüçîâàíèåì ðàçðàáîòàííîé ÷èñëåííîé ìåòîäè-

êè, ó÷èòûâàþùåé äâóõîñíîå ñòåñíåíèå äåôîðìà-

öèé ïî ôðîíòó òðåùèíû. Â ðåçóëüòàòå ïðîâåäåí-

íîãî èññëåäîâàíèÿ ìîæíî ñôîðìóëèðîâàòü

ñëåäóþùèå âûâîäû.

1. Ïðè óâåëè÷åíèè êîëè÷åñòâà öèêëîâ íàãðó-

æåíèÿ ìàêñèìàëüíûå è ìèíèìàëüíûå Txx- è

Tzz-íàïðÿæåíèÿ çà öèêë íàãðóæåíèÿ ñíèæàþòñÿ,

ïðè÷åì êàê ïðè îäíîîñíîì, òàê è ïðè äâóõîñíîì

öèêëè÷åñêîì ðàñòÿæåíèè.

2. Ñ óâåëè÷åíèåì òîëùèíû ïëàñòèíû çà ñ÷åò

ïîâûøåíèÿ ñòåñíåíèÿ äåôîðìàöèé ïî ôðîíòó

òðåùèíû çíà÷åíèå ýôôåêòèâíîãî ÊÈÍ âîçðàñòà-

åò, ïîýòîìó òðåùèíà ðàñòåò áûñòðåå è äîëãîâå÷-

íîñòü ñíèæàåòñÿ.

3. Ñ ïîâûøåíèåì êîýôôèöèåíòà àñèììåòðèè

öèêëà íàãðóæåíèÿ ïðè óñëîâèè ïîñòîÿííîãî ðàç-

ìàõà íàïðÿæåíèé ìàêñèìàëüíûé ýôôåêòèâíûé

ÊÈÍ áûñòðåå äîñòèãàåò êðèòè÷åñêîãî çíà÷åíèÿ,

ðàâíîãî âÿçêîñòè ðàçðóøåíèÿ, ïîýòîìó äîëãîâå÷-

íîñòü óìåíüøàåòñÿ.

4. Ïðè äâóõîñíîì öèêëè÷åñêîì ðàñòÿæåíèè

ïëàñòèíû óâåëè÷åíèå íàïðÿæåíèé, íàïðàâ-

ëåííûõ ïàðàëëåëüíî áåðåãàì òðåùèíû, ïðè-

âîäèò ê ïîâûøåíèþ ñòåñíåíèÿ äåôîðìàöèé ïî

ôðîíòó òðåùèíû, à ïîýòîìó — ê ñíèæåíèþ

äîëãîâå÷íîñòè.

5. Íåñèíãóëÿðíûå Txx-íàïðÿæåíèÿ â ïåðâóþ

î÷åðåäü îïèñûâàþò âëèÿíèå äâóõîñíîñòè íàãðó-

æåíèÿ íà äîëãîâå÷íîñòü, à Tzz-íàïðÿæåíèå —

âëèÿíèå òîëùèíû ïëàñòèíû íà äîëãîâå÷íîñòü.

6. Ïðè îäíîîñíîì öèêëè÷åñêîì ðàñòÿæåíèè

äîëãîâå÷íîñòü, ïðîãíîçèðóåìàÿ ïî ïðåäëàãàåìîé

ìåòîäèêå, ïîëó÷àåòñÿ âûøå, ÷åì â ñëó÷àå êëàññè-

÷åñêîãî ïîäõîäà, êîãäà â óðàâíåíèå Ïýðèñà ïîä-

ñòàâëÿåòñÿ ðàçìàõ îáû÷íîãî ÊÈÍ. Ïðè äâóõîñ-

íîì öèêëè÷åñêîì ðàñòÿæåíèè ïîëó÷àåòñÿ íàîáî-

ðîò. Äðóãèìè ñëîâàìè, êëàññè÷åñêàÿ òåîðèÿ íå

âñåãäà äàåò êîíñåðâàòèâíóþ îöåíêó æèâó÷åñòè,

÷òî ñâèäåòåëüñòâóåò î öåëåñîîáðàçíîñòè èñïîëü-

çîâàíèÿ ðàçðàáîòàííîé ìåòîäèêè ðàñ÷åòà íà æè-

âó÷åñòü ñ ó÷åòîì äâóõîñíîãî ñòåñíåíèÿ äåôîðìà-

öèé ïî ôðîíòó òðåùèíû.
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Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìåòàëëà îïðåäåëÿþòñÿ åãî õèìè÷åñêèì ñîñòàâîì, îñîáåííî-

ñòÿìè ñòðóêòóðû, åå äåôîðìàöèîííîé ñïîñîáíîñòüþ. Ïîä ïîñëåäíåé ïîíèìàåòñÿ ñïîñîá-

íîñòü ýëåìåíòîâ ñòðóêòóðû ê ðåëàêñàöèè âíóòðåííèõ íàïðÿæåíèé ïðè äåôîðìèðîâàíèè

ïóòåì äèñëîêàöèîííîãî ñêîëüæåíèÿ, íå ïðèâîäÿùåãî ê îáðàçîâàíèþ òðåùèí è ðàçðóøå-

íèþ. Â ðàáîòå ðàññìîòðåíà âîçìîæíîñòü èñïîëüçîâàíèÿ ìåòîäà ìèêðîèíäåíòèðîâàíèÿ äëÿ

îöåíêè äåôîðìàöèîííîé ñïîñîáíîñòè ñòðóêòóðû êîíñòðóêöèîííûõ ñòàëåé, îáëàäàþùèõ

îòíîñèòåëüíî âûñîêîé ïëàñòè÷íîñòüþ. Ñîãëàñíî òåîðåòè÷åñêîìó àíàëèçó ïîâûøåíèå æå-

ñòêîñòè è ñíèæåíèå ïëàñòè÷íîñòè ìåòàëëà ïðèâîäèò ê èçìåíåíèþ ìåõàíèçìà äåôîðìèðî-

âàíèÿ ïðè âíåäðåíèè èíäåíòîðà, â ÷àñòíîñòè, ê âîçíèêíîâåíèþ íà ïîâåðõíîñòè ðÿäîì ñ îò-

ïå÷àòêîì äåôîðìàöèîííûõ ýôôåêòîâ ðàçëè÷íîé ìîðôîëîãèè, êîòîðûå ìîãóò ñëóæèòü ïðè-

çíàêîì ïëàñòè÷íîñòè ìåòàëëà. Âûïîëíåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ íà òðóáíûõ

ñòàëÿõ ðàçëè÷íûõ êëàññîâ ïðî÷íîñòè è òèïîâ ñòðóêòóðû. Îíè ïîäòâåðäèëè, ÷òî ïî ìåðå

ñíèæåíèÿ äåôîðìàöèîííîé ñïîñîáíîñòè ìåòàëëà (ïðåæäå âñåãî â ðåçóëüòàòå äåôîðìàöèîí-

íîãî óïðî÷íåíèÿ) ðÿäîì ñ îòïå÷àòêîì ôîðìèðóåòñÿ ñèñòåìà ëîêàëèçîâàííûõ ñäâèãîâ ïî

ëèíèÿì äåéñòâèÿ ìàêñèìàëüíûõ êàñàòåëüíûõ íàïðÿæåíèé. Ïðåäëîæåíà øêàëà äëÿ ðàí-

æèðîâàíèÿ äàííûõ ëîêàëèçîâàííûõ ñäâèãîâ, îïðåäåëåíû îïòèìàëüíàÿ âåëè÷èíà íàãðóçêè

è ôîðìà èíäåíòîðà, ïîçâîëÿþùèå îáåñïå÷èòü ìàêñèìàëüíóþ èíôîðìàòèâíîñòü ìèêðîèí-

äåíòèðîâàíèé. Ïî ðåçóëüòàòàì ìèêðîèíäåíòèðîâàíèÿ ðàçðàáîòàíà ìåòîäèêà îöåíêè îõ-

ðóï÷èâàíèÿ ïëàñòè÷íûõ êîíñòðóêöèîííûõ ñòàëåé, êîòîðàÿ ìîæåò ñòàòü îñíîâîé äëÿ ñîçäà-

íèÿ ýôôåêòèâíîé òåõíîëîãèè íåðàçðóøàþùåãî ñïîñîáà îöåíêè ñîñòîÿíèÿ ìåòàëëà.
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The mechanical characteristics of a metal are determined by a combination of three groups of factors:

the chemical composition, structural features and the deformation ability of the structure, i.e., the ability

of elements to relax internal stresses during deformation through dislocation sliding which does not lead

to the crack formation and destruction. The possibility of using microindentation to assess the deforma-

tion ability of the structure of structural steels with a relatively high ductility is the goal of the study. The

theoretical analysis revealed that an increase in the stiffness and a decrease in the plasticity of a metal

leads to a change in the deformation model during indentation and, in particular, to the occurrence of de-

formation effects of various morphologies on the surface near the imprint, which can be indicative of the

metal plasticity. Experimental studies performed on pipe steels of various strength and types of the struc-

ture confirmed that as the deformation ability of the metal decreases (primarily as a result of deformation

hardening), a system of localized shears is formed near the imprint along the lines of action of maximum

tangential stresses. A scale for ranking data of localized shears is proposed and the optimal load value and

shape of the indenter are determined which provide gaining maximum information by microindentation.

A methodology for assessing the embrittlement of plastic construction steels based on the results of
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microindentation has been developed, which can form a basis for creating an effective technology of non-

destructive evaluation of the metal state.

Keywords: microindentation; microhardness; brittleness; embrittlement; construction steels; localized

shear; deformation ability.

Ââåäåíèå

Îäíîé èç êëþ÷åâûõ çàäà÷, ñòîÿùèõ ïåðåä îð-

ãàíèçàöèÿìè, ýêñïëóàòèðóþùèìè îïàñíûå ïðî-

èçâîäñòâåííûå îáúåêòû, ÿâëÿåòñÿ îáåñïå÷åíèå

èõ íàäåæíîñòè è áåçîïàñíîñòè. Â ïðîöåññå ñëóæ-

áû êîíñòðóêöèè ïîäâåðãàþòñÿ âîçäåéñòâèþ øè-

ðîêîãî ñïåêòðà ôàêòîðîâ è íàãðóçîê, ÷òî ìîæåò

ïðèâåñòè, â ÷àñòíîñòè, ê èçìåíåíèþ ýêñïëóàòà-

öèîííûõ ñâîéñòâ ñòàëè — îñíîâíîãî êîíñòðóê-

öèîííîãî ìàòåðèàëà. Â ðåçóëüòàòå òî÷íîñòü è

äîñòîâåðíîñòü ïðîãíîçèðîâàíèÿ ðàáîòîñïîñîá-

íîñòè òàêîé êîíñòðóêöèè ðåçêî ñíèæàåòñÿ, à ðèñê

íåïðåäâèäåííîãî åå ðàçðóøåíèÿ âîçðàñòàåò [1].

Äëÿ ýôôåêòèâíîãî ðåøåíèÿ óêàçàííîé çàäà÷è

èñïîëüçóþò íåðàçðóøàþùèå ìåòîäû îöåíêè

ñîñòîÿíèÿ ìåòàëëà êîíñòðóêöèé íà ýòàïå èõ

ýêñïëóàòàöèè.

Îäíèì èç òàêèõ ìåòîäîâ, ðàçâèòèå êîòîðî-

ãî ñïîñîáíî ïðèâåñòè ê ñîçäàíèþ ýôôåêòèâíîé

òåõíîëîãèè íåðàçðóøàþùåé îöåíêè ñîñòîÿíèÿ

ìåòàëëà êîíñòðóêöèé, ÿâëÿåòñÿ ìèêðîèíäåíòè-

ðîâàíèå.

Äàííûé ìåòîä, èçâåñòíûé ñ 50-õ ãîäîâ ïðî-

øëîãî âåêà, â ñâîå âðåìÿ ïîëó÷èë øèðîêîå ðàçâè-

òèå äëÿ ôèçèêî-õèìè÷åñêîãî àíàëèçà ìåòàëëîâ

[2]. Îäíàêî èíòåðåñ ê íåìó â ïîñëåäíåå âðåìÿ

ñèëüíî ñíèçèëñÿ, ïîñêîëüêó îí òðåáîâàë âûðåçêè

îáðàçöîâ èç ìåòàëëà è èñïîëüçîâàíèÿ ñòàöèî-

íàðíîãî îáîðóäîâàíèÿ. Ïðè ýòîì ñîâðåìåííûå

ðàçðóøàþùèå ìåòîäû èññëåäîâàíèé ìåòàëëà íà

ìèêðî- è ìåçîñòðóêòóðíîì óðîâíå, òàêèå êàê

ýëåêòðîííàÿ ìèêðîñêîïèÿ, ðåíòãåíîñòðóêòóðíûé

àíàëèç è äð., ïîçâîëÿþò ïðîâîäèòü áîëåå òî÷íûé

àíàëèç, ÷åì ìåòîä ìèêðîèíäåíòèðîâàíèÿ.

Â òî æå âðåìÿ ñîâðåìåííîå îáîðóäîâàíèå ñïî-

ñîáíî ðåàëèçîâàòü ìåòîä ìèêðîèíäåíòèðîâàíèÿ

íåïîñðåäñòâåííî íà èññëåäóåìîé êîíñòðóêöèè

[3]. Ïîýòîìó ïðèìåíåíèå ìåòîäà ìèêðîèíäåíòè-

ðîâàíèÿ êàê íåðàçðóøàþùåãî äëÿ îöåíêè ðàáî-

òîñïîñîáíîñòè êîíñòðóêöèîííûõ ñòàëåé èìååò

áîëüøîå ïðàêòè÷åñêîå çíà÷åíèå.

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìåòàëëà îïðå-

äåëÿþòñÿ âçàèìîäåéñòâèåì òàêèõ ôàêòîðîâ, êàê:

õèìè÷åñêèé ñîñòàâ (ñîäåðæàíèå ëåãèðóþùèõ

ýëåìåíòîâ, âðåäíûõ ïðèìåñåé è ò.ä.);

îñîáåííîñòè ñòðóêòóðû (òèï, ôîðìà, ðàçìåð

ñòðóêòóðíûõ ýëåìåíòîâ, ïàðàìåòðû íåìåòàëëè-

÷åñêèõ âêëþ÷åíèé è ò.ä.);

äåôîðìàöèîííàÿ ñïîñîáíîñòü ñòðóêòóðû.

Ïîä äåôîðìàöèîííîé ñïîñîáíîñòüþ ñòðóêòó-

ðû ïîíèìàåòñÿ ñïîñîáíîñòü åå ýëåìåíòîâ ê ðåëàê-

ñàöèè âíóòðåííèõ íàïðÿæåíèé ïðè äåôîðìè-

ðîâàíèè ïóòåì äèñëîêàöèîííîãî ñêîëüæåíèÿ, íå

ïðèâîäÿùåãî ê îáðàçîâàíèþ òðåùèí è ðàçðó-

øåíèþ. Ïðè ýòîì ðåàëèçóþòñÿ ðàçëè÷íûå ìåõà-

íèçìû óïðî÷íåíèÿ, ïðåïÿòñòâóþùèå äâèæåíèþ

äèñëîêàöèé.

Äåôîðìàöèîííàÿ ñïîñîáíîñòü ñòðóêòóðû

ïîëíîñòüþ íå îïðåäåëÿåò ïëàñòè÷íîñòü ìåòàëëà,

îäíàêî ÿâëÿåòñÿ åå îñíîâîé, êîòîðóþ ìîãóò ñíè-

çèòü ëèøü äðóãèå ôàêòîðû.

Î÷åâèäíî, ÷òî ìèêðîèíäåíòèðîâàíèå íå ïî-

çâîëÿåò îöåíèòü áîëüøèíñòâî ôàêòîðîâ, îïðå-

äåëÿþùèõ ìåõàíè÷åñêèå ñâîéñòâà ìåòàëëà, îä-

íàêî ýòî ìîæåò áûòü ñäåëàíî äîïîëíèòåëüíûìè,

â òîì ÷èñëå íåðàçðóøàþùèìè, ìåòîäàìè [4, 5].

Â äàííîé ðàáîòå ðàññìîòðåíà âîçìîæíîñòü èñ-

ïîëüçîâàíèÿ ìåòîäà ìèêðîèíäåíòèðîâàíèÿ äëÿ

îöåíêè äåôîðìàöèîííîé ñïîñîáíîñòè ñòðóêòóðû,

â ÷àñòíîñòè, ñíèæåíèÿ ýòîé ñïîñîáíîñòè —

îõðóï÷èâàíèÿ.

Òåîðåòè÷åñêîå îáîñíîâàíèå

èñïîëüçîâàíèÿ ìåòîäà

Òåîðèÿ ìåõàíèêè êîíòàêòíîãî âçàèìîäåéñò-

âèÿ ïîäðîáíî èçëîæåíà â ðàáîòå [6]. Ïðèìåíè-

òåëüíî ê ðåøåíèþ ïîñòàâëåííîé çàäà÷è ðàññìî-

òðåëè äâà îïèñàííûõ â íåé ãðàíè÷íûõ ñëó÷àÿ —

óïðóãîïëàñòè÷åñêîé è æåñòêîïëàñòè÷åñêîé ñðå-

äû âíåäðåíèÿ èíäåíòîðà.

Â óïðóãîïëàñòè÷åñêîé ñðåäå âûòåñíåíèå ìà-

òåðèàëà èíäåíòîðîì íà íà÷àëüíîì ýòàïå ïîëíî-

ñòüþ êîìïåíñèðóåòñÿ óïðóãèìè ñìåùåíèÿìè îê-

ðóæàþùåé ñðåäû, êîíòóðû ïëàñòè÷åñêîé çîíû

ïî÷òè öåëèêîì ðàñïîëàãàþòñÿ ïîä îáëàñòüþ

êîíòàêòà è ïîâåðõíîñòè ðàâíûõ äåôîðìàöèé

èìåþò ïðèáëèçèòåëüíî ïîëóñôåðè÷åñêóþ ôîðìó

(ðèñ. 1, à).

Æåñòêîïëàñòè÷åñêàÿ ñðåäà ïðè íàãðóæåíèè

âêëþ÷àåò îáëàñòè ïëàñòè÷åñêîãî òå÷åíèÿ è îá-

ëàñòè æåñòêîãî ñîñòîÿíèÿ, ãäå äåôîðìàöèè îòñóò-

ñòâóþò. Íàïðÿæåííîå ñîñòîÿíèå â îáëàñòÿõ òå÷å-

íèÿ îïèñûâàåòñÿ ñ ïîìîùüþ ïîëÿ ëèíèé ñêîëü-

æåíèÿ, ïðîõîäÿùèõ ïàðàëëåëüíî íàïðàâëåíèþ

ãëàâíûõ êàñàòåëüíûõ íàïðÿæåíèé â êàæäîé òî÷-

êå ïîëÿ, ò.å. ïîä óãëîì 45° ê íàïðàâëåíèÿì ãëàâ-

íûõ íîðìàëüíûõ íàïðÿæåíèé. Â äàííîì ñëó÷àå

ïëàñòè÷åñêîå òå÷åíèå ëîêàëèçîâàíî â äâóõ ñèì-

ìåòðè÷íî ðàñïîëîæåííûõ îáëàñòÿõ, îáîçíà÷åí-

íûõ íà ðèñ. 1, á áóêâàìè ABCDE. Ìàòåðèàë, îê-

ðóæàþùèé ýòè îáëàñòè, ñ÷èòàåòñÿ æåñòêèì è íå

äåôîðìèðóåòñÿ.
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Íà ïðîöåññ âäàâëèâàíèÿ ñóùåñòâåííîå âëèÿ-

íèå îêàçûâàåò âîçíèêíîâåíèå òðåíèÿ ìåæäó ãðà-

íüþ èíäåíòîðà è ìàòåðèàëîì. Äåôîðìàöèÿ ïðè

ýòîì ðàçâèâàåòñÿ íèæå âåðøèíû êëèíà, à ñìåùå-

íèÿ óãëîâûõ òî÷åê ñåòêè îò èõ íà÷àëüíûõ ïîëî-

æåíèé ïðîèñõîäÿò ïðèìåðíî â ðàäèàëüíîì íà-

ïðàâëåíèè îò òî÷êè O. Äåôîðìàöèè òåëà ïðè

âíåäðåíèè òóïîãî èíäåíòîðà äëÿ ñëó÷àåâ îòñóòñò-

âèÿ òðåíèÿ è ïðîñêàëüçûâàíèÿ ìåæäó ìàòåðèà-

ëîì è èíäåíòîðîì, âû÷èñëåííûå ñ ïîìîùüþ ãî-

äîãðàôà, ïðåäñòàâëåíû íà ðèñ. 2 [6].

Èñõîäÿ èç ïðèâåäåííûõ äàííûõ ìîæíî çà-

êëþ÷èòü:

êîãäà ìàòåðèàë èìååò âûñîêèå óïðóãîïëàñòè-

÷åñêèå õàðàêòåðèñòèêè, îñíîâíàÿ ÷àñòü îáúåìà,

âûòåñíÿåìîãî ïðè èíäåíòèðîâàíèè ìàòåðèàëà,

ñìåùàåòñÿ â ðàäèàëüíîì íàïðàâëåíèè çà ñ÷åò

óïðóãîãî, à çàòåì è ïëàñòè÷åñêîãî ðàñøèðåíèÿ

îêðóæàþùåé ñðåäû;

åñëè ìàòåðèàë èìååò íèçêóþ óïðóãîñòü è âû-

ñîêóþ æåñòêîñòü, âûòåñíÿåìûé èíäåíòîðîì ìàòå-

ðèàë ïåðåìåùàåòñÿ â áîêîâóþ çîíó, ïîäíèìàÿñü

ïî êðàÿì ëóíêè. Ïðè÷åì â ñëó÷àå íèçêîé ïëà-

ñòè÷íîñòè íàáëþäàåòñÿ åå ëîêàëèçîâàííîñòü,

âûðàæåííàÿ â ïîÿâëåíèè íà ïîâåðõíîñòè äåôîð-

ìàöèîííûõ ýôôåêòîâ ðàçëè÷íîé ìîðôîëîãèè,

âêëþ÷àÿ ðàçðóøåíèÿ.

Èçâåñòíî [2], ÷òî ðàçðóøåíèå ïðè èíäåíòèðî-

âàíèè ïðîèñõîäèò òîëüêî ïðè âäàâëèâàíèè èí-

äåíòîðà â î÷åíü õðóïêèå òåëà (ñòåêëà, òóãîïëàâ-

êèå ñîåäèíåíèÿ, ìèíåðàëû è ò.ä.). Â êà÷åñòâå

ïðèìåðà íà ðèñ. 3 ïðèâåäåí îòïå÷àòîê ïðè èí-

äåíòèðîâàíèè ñòåêëà. Âèäíî, ÷òî ôîðìèðîâàíèå

îòïå÷àòêà ñîïðîâîæäàåòñÿ âîçíèêíîâåíèåì êàê

ðàäèàëüíûõ òðåùèí, îáðàçîâàâøèõñÿ ïóòåì îò-

ðûâà â ðåçóëüòàòå äåéñòâèÿ íîðìàëüíûõ íàïðÿ-

æåíèé, òàê è òðåùèí è ñêîëîâ ïî îêðóæíîñòè îò-

ïå÷àòêà, ïîâòîðÿþùèõ êîíòóðû ìàêñèìàëüíûõ

êàñàòåëüíûõ íàïðÿæåíèé, ïî êîòîðûì ïðîèñõî-

äèëî âûäàâëèâàíèå ìàòåðèàëà.

Â òåëàõ, îáëàäàþùèõ áîëåå âûñîêîé ïëàñòè÷-

íîñòüþ, ðàçðóøåíèÿ íå ïðîèñõîäèò. Ýòî ñâÿçàíî

ñ òåì, ÷òî ïî ñðàâíåíèþ ñ äðóãèìè âèäàìè íàãðó-

æåíèÿ (ðàñòÿæåíèå, ñæàòèå, èçãèá è ò.ä.) âäàâëè-

âàíèå îòëè÷àåòñÿ «ìÿãêèìè» óñëîâèÿìè äåôîð-

ìèðîâàíèÿ, ïîñêîëüêó ïëàñòè÷åñêè äåôîðìèðó-

þùèéñÿ îáúåì îêðóæåí ìàññîé íåäåôîðìèðîâàí-

íîãî ìàòåðèàëà, «ïîäïèðàþùåé» çîíó ïëàñòè÷å-

ñêîé äåôîðìàöèè è ñîçäàþùåé óñëîâèÿ, ñõîæèå

ñî âñåñòîðîííèì ñæàòèåì. Âñëåäñòâèå ýòîãî ñî-

ïðîòèâëåíèå ïëàñòè÷åñêîé äåôîðìàöèè ïðè èí-
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Ðèñ. 1. Ìîäåëü âíåäðåíèÿ ïëîñêîãî èíäåíòîðà [6] â

óïðóãîïëàñòè÷åñêóþ ñðåäó (à) è æåñòêîïëàñòè÷åñêóþ ñðå-

äó (á)

Fig. 1. Model of indentation of a blunt indenter into [6]:

a — elastic-plastic medium; b — rigid-plastic volume

à
O

O
á

Ðèñ. 2. Äåôîðìàöèÿ òåëà ïðè âíåäðåíèè òóïîãî èíäåí-

òîðà [6] â îòñóòñòâèå òðåíèÿ (à) è ïðîñêàëüçûâàíèÿ (á)

ìåæäó ìàòåðèàëîì è èíäåíòîðîì

Fig. 2. Deformation upon the indentation of a blunt in-

denter [6] in the absence of friction (a) and slippage (b)

between the material and the indenter

Îêðóæíàÿ

òðåùèíà

Ðàäèàëüíàÿ

òðåùèíà

Ðèñ. 3. Îòïå÷àòîê èíäåíòîðà íà ïîâåðõíîñòè ñòåêëà ïðè

íàãðóçêå 50 ãñ

Fig. 3. Indenter imprint on the glass surface at a load of

50 gf



äåíòèðîâàíèè áîëåå ÷åì â ÷åòûðå ðàçà ïðåâûøà-

åò ñîïðîòèâëåíèå îñåâîãî ñæàòèÿ [2].

Îäíàêî è â ýòîì ñëó÷àå ìîãóò íàáëþäàòüñÿ

ïîâåðõíîñòíûå ýôôåêòû ðÿäîì ñ îòïå÷àòêîì.

Íàïðèìåð, ïðè èíäåíòèðîâàíèè àìîðôíûõ ñïëà-

âîâ (ðèñ. 4) [7], îáëàäàþùèõ ñïåöèôè÷åñêîé ïëà-

ñòè÷íîñòüþ (êðàéíå íèçêîé ïðè ðàñòÿæåíèè è

âûñîêîé ïðè èçãèáå) îáðàçóþòñÿ ïîëîñû ëîêàëè-

çîâàííûõ ñäâèãîâ. Âèäíî, ÷òî ñôîðìèðîâàâøèå-

ñÿ ëèíèè ëîêàëèçîâàííîãî ñäâèãà ïî ñâîåé ìîð-

ôîëîãèè àíàëîãè÷íû îêðóæíûì òðåùèíàì (ñì.

ðèñ. 3), à òàêæå ñîîòâåòñòâóþò êîíòóðàì ìàêñè-

ìàëüíûõ êàñàòåëüíûõ íàïðÿæåíèé.

Ïðåäñòàâëåííûé àíàëèç ïîêàçûâàåò, ÷òî ïî

ìåðå ñíèæåíèÿ ïëàñòè÷íîñòè ñõåìà äåôîðìèðî-

âàíèÿ ìåòàëëà ïðè èíäåíòèðîâàíèè ïåðåõîäèò

îò óïðóãîïëàñòè÷åñêîé (ñì. ðèñ. 1, à) ê æåñòêî-

ïëàñòè÷åñêîé (ñì. ðèñ. 1, á). Äåôîðìàöèÿ, âûòåñ-

íÿþùàÿ îáúåì ìåòàëëà â çîíå îòïå÷àòêà, ñòàíî-

âèòñÿ áîëåå ñòåñíåííîé è ðåàëèçóåòñÿ â ôîðìå

îòäåëüíûõ ëîêàëèçîâàííûõ ïîëîñ ñäâèãà ðÿäîì ñ

îòïå÷àòêîì, ñëóæàùèõ ïðè ïîëíîì èñ÷åðïàíèè

ïëàñòè÷íîñòè î÷àãàìè îáðàçîâàíèÿ òðåùèí è

ñêîëîâ. Ïðè÷åì, ó÷èòûâàÿ âèçóàëüíóþ ñõîæåñòü,

îäíîçíà÷íî îòëè÷èòü ëîêàëèçîâàííûé ñäâèã îò

îêðóæíîé òðåùèíû íå òàê ïðîñòî. Â ýòîì ñëó÷àå

ïðè èçó÷åíèè êîíñòðóêöèîííûõ ñòàëåé, îáëàäàþ-

ùèõ îòíîñèòåëüíî âûñîêîé ïëàñòè÷íîñòüþ, ìîð-

ôîëîãèÿ ëèíèé ëîêàëèçîâàííûõ ñäâèãîâ ðÿäîì

ñ îòïå÷àòêîì ìîæåò ñëóæèòü èíôîðìàòèâíûì

êðèòåðèåì, õàðàêòåðèçóþùèì äåôîðìàöèîííóþ

ñïîñîáíîñòü ñòðóêòóðû. Â öåëÿõ ïîäòâåðæäåíèÿ

äàííîãî ïðåäïîëîæåíèÿ áûëè ïðîâåäåíû ýêñïå-

ðèìåíòàëüíûå èññëåäîâàíèÿ.

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå

Äëÿ ïðîâåäåíèÿ èñïûòàíèé èçãîòàâëèâàëè

îáðàçöû ìåòàëëà, ïðåäñòàâëåííûå â òàáë. 1.

Â ïîïåðå÷íîì ñå÷åíèè îáðàçöîâ âûïîëíÿëè

ìåòàëëîãðàôè÷åñêèå øëèôû â ñîîòâåòñòâèè ñ

òðåáîâàíèÿìè ÃÎÑÒ 5640–2020. Äàëåå ïðîâîäè-

ëè ìèêðîèíäåíòèðîâàíèå ïîâåðõíîñòè øëèôîâ ñ

ïîñëåäóþùèì àíàëèçîì ìîðôîëîãèè äåôîðìàöè-

îííûõ ýôôåêòîâ ðÿäîì ñ îòïå÷àòêîì è îïðåäåëå-

íèåì çíà÷åíèé ìèêðîòâåðäîñòè.

Îòïå÷àòêè íàíîñèëè èíäåíòîðîì äëÿ îïðåäå-

ëåíèÿ ìèêðîòâåðäîñòè ïî Âèêêåðñó (àëìàçíàÿ

ïèðàìèäà ñ óãëîì ïðè âåðøèíå 136°) ïðè íàãðóç-

êå 50 ãñ íà ìèêðîòâåðäîìåðå ÏÌÒ-3Ì â ñîîòâåò-

ñòâèè ñ ÃÎÑÒ 9450–76.

Îáðàçåö ¹ 1 ïîäâåðãàëè òðàâëåíèþ â ñîîò-

âåòñòâèè ñ ÃÎÑÒ 5640–2020, è çîíû äëÿ èíäåíòè-

ðîâàíèÿ âûáèðàëè òàêèì îáðàçîì, ÷òîáû îòïå-

÷àòêè íàõîäèëèñü â öåíòðå ôåððèòíûõ çåðåí,

ïëîùàäü êîòîðûõ ïî äèàìåòðó çíà÷èòåëüíî ïðå-

âûøàëà ðàçìåð îòïå÷àòêà.

Îñòàëüíûå îáðàçöû íå ïîäâåðãàëè òðàâëå-

íèþ, ïîñêîëüêó îíè èìåëè ìåëêîäèñïåðñíóþ

ñòðóêòóðó, çàòðóäíÿþùóþ àíàëèç äåôîðìàöèîí-

íûõ ýôôåêòîâ ðÿäîì ñ îòïå÷àòêîì.

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçàëè, ÷òî ìîð-

ôîëîãèÿ ëîêàëèçîâàííûõ ñäâèãîâ, âîçíèêàþùèõ

ðÿäîì ñ îòïå÷àòêîì, äîñòàòî÷íî ðàçíîîáðàçíà.

Äëÿ åå ðàíæèðîâàíèÿ ââåäåíà áàëëüíàÿ øêàëà,

ïðèâåäåííàÿ â òàáë. 2, ïî àíàëîãèè ñ èçâåñòíîé

øêàëîé õðóïêîñòè àçîòèðîâàííûõ ñòàëåé [8].
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Ðèñ. 4. Ëîêàëèçîâàííûå ñäâèãè ðÿäîì ñ îòïå÷àòêîì ïðè

ìèêðîèíäåíòèðîâàíèè àìîðôíîãî ñïëàâà Cr – Mo – Ni – C

– Mg – Al (íàãðóçêà 150 ãñ) [7]

Fig. 4. Localized shifts near the imprint during microin-

dentation of an amorphous Fe – Cr – Mo – Ni – C – Mg – Al

alloy (load 150 gf) [7]

Òàáëèöà 1. Íàèìåíîâàíèå è õàðàêòåðèñòèêè îáðàçöîâ ìåòàëëà äëÿ èññëåäîâàíèé

Table 1. Characteristics of metal samples under study

Íîìåð

îáðàçöà

Íàèìåíîâàíèå êîíñòðóêöèè,

èç êîòîðîé âûðåçàí îáðàçåö

Ìàðêà

ñòàëè
Ñîñòîÿíèå Ñòðóêòóðà ìåòàëëà

1 Òðîéíèê Äó 89/Äó 89 ìì, òîëùèíà ñòåíêè 12 ìì 09Ã2Ñ Íîâûé Ôåððèòíî-ïåðëèòíàÿ

2 Òðóáà Äó 1220 ìì, òîëùèíà ñòåíêè 12 ìì Ê56 Íîâàÿ Ôåððèòíî-ïåðëèòíàÿ

3 Òðóáà Äó 1220 ìì, òîëùèíà ñòåíêè 12 ìì Ê56 Ïîñëå òåðìè÷åñêîé

îáðàáîòêè:

T
max

= 1100 °C,

V
îõë

= 90 °C/ñ

Áåéíèòíî-

ìàðòåíñèòíàÿ

4 Òðóáà Äó 1020 ìì, òîëùèíà ñòåíêè 15,7 ìì Õ80 Íîâàÿ Áåéíèòíàÿ



Íà ïåðâîì ýòàïå èññëåäîâàëè îáðàçåö ¹ 1.

Óñòàíîâëåíî, ÷òî ìèêðîèíäåíòèðîâàíèå ôåððèò-

íûõ çåðåí âî âíóòðåííåì îáúåìå íå ïðèâîäèò ê

âîçíèêíîâåíèþ êàêèõ-ëèáî äåôîðìàöèîííûõ

ýôôåêòîâ ðÿäîì ñ îòïå÷àòêîì (áàëë 1 èç òàáë. 2),

à ñðåäíåå çíà÷åíèå ìèêðîòâåðäîñòè ñîñòàâëÿåò

131 êãñ/ìì2. Â òî æå âðåìÿ â ïðèïîâåðõíîñòíîì

ñëîå ãëóáèíîé îêîëî 0,5 ìì çàôèêñèðîâàëè ëîêà-

ëèçîâàííûå ñäâèãè è îäíîâðåìåííî — âîçðàñòà-

íèå çíà÷åíèÿ ìèêðîòâåðäîñòè. Ïðè÷åì îáà ÿâëå-

íèÿ óñèëèâàëèñü ïî ìåðå ïðèáëèæåíèÿ ê íàðóæ-

íîé ïîâåðõíîñòè. Â ÷àñòíîñòè, ñðåäíåå çíà÷åíèå

ìèêðîòâåðäîñòè ïîâåðõíîñòíûõ ôåððèòíûõ çå-

ðåí äîñòèãëî 214 êãñ/ìì2, à êàðòèíà ëîêàëèçîâàí-

íûõ ñäâèãîâ â ýòîé çîíå ñîîòâåòñòâîâàëà 4-ìó è

5-ìó áàëëàì èç òàáë. 2.

Ðåçóëüòàòû ñâèäåòåëüñòâóþò, ÷òî ïðèïîâåðõ-

íîñòíûé ñëîé ìåòàëëà òðîéíèêà ïîäâåðãñÿ ïðè

ïðîèçâîäñòâå ñèëüíîìó äåôîðìàöèîííîìó óïðî÷-

íåíèþ, ñëåäñòâèåì ÷åãî ñòàëî çíà÷èòåëüíîå ïî-

âûøåíèå ìèêðîòâåðäîñòè ìåòàëëà è âîçíèêíîâå-

íèå ðàçâèòûõ ëîêàëèçîâàííûõ ñäâèãîâ ðÿäîì ñ

îòïå÷àòêàìè â ýòîé çîíå. Ïîäòâåðæäåíèåì äàí-

íîãî çàêëþ÷åíèÿ ÿâëÿåòñÿ õàðàêòåð ñòðóêòóðû

ïðèïîâåðõíîñòíîãî ñëîÿ îáðàçöà ¹ 1, ïðèâåäåí-

íîé íà ðèñ. 5, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé ñèëüíî

äåôîðìèðîâàííûå âûòÿíóòûå çåðíà ôåððèòà è

ïåðëèòà.

Íà âòîðîì ýòàïå ïðîâîäèëè ñðàâíèòåëüíûå

èññëåäîâàíèÿ îáðàçöà ¹ 2, âûðåçàííîãî èç íîð-

ìàëèçîâàííîé òðóáû â èñõîäíîì ñîñòîÿíèè, è îá-

ðàçöà ¹ 3, âûðåçàííîãî èç òîé æå òðóáû, à çàòåì

ïîäâåðãíóòîãî çàêàëêå. Óñòàíîâëåíî, ÷òî ìåòàëë

îáðàçöà ¹ 2 èìååò çíà÷åíèÿ ìèêðîòâåðäîñòè â

äèàïàçîíå 162 – 180 êãñ/ìì2 âî âñåì îáúåìå è 1-é

áàëë õðóïêîñòè â ñîîòâåòñòâèè ñ òàáë. 2, â òîì

÷èñëå â ïðèïîâåðõíîñòíîì ñëîå. Äëÿ îáðàçöà ¹ 3

çíà÷åíèÿ ìèêðîòâåðäîñòè — 267 – 326 êãñ/ìì2

âî âñåì îáúåìå, à ìîðôîëîãèÿ ëîêàëèçîâàííûõ

ñäâèãîâ ðÿäîì ñ îòïå÷àòêîì ñèëüíî ðàçëè÷àåò-

ñÿ — îò 2 äî 5 áàëëîâ (ñì. òàáë. 2).

Èç ïîëó÷åííûõ ðåçóëüòàòîâ âèäíî, ÷òî ìèê-

ðîòâåðäîñòü îáðàçöà ¹ 3 âûøå, ÷åì îáðàçöà ¹ 2,

÷òî îáóñëîâëåíî åãî õèìè÷åñêèì ñîñòàâîì è äèñ-

ïåðñíîñòüþ ñòðóêòóðû, à òàêæå âûñîêîé äåôîð-

ìàöèîííîé ñïîñîáíîñòüþ ñòðóêòóðû, äîñòèã-

íóòîé íîðìàëèçóþùåé òåðìè÷åñêîé îáðàáîòêîé.

Â ðåçóëüòàòå çàêàëêè â îáðàçöå ¹ 3 ñôîðìèðîâà-

ëàñü íåðàâíîâåñíàÿ ñòðóêòóðà ñ âûñîêîé ïëîòíî-

68 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 9

Òàáëèöà 2. Øêàëà õðóïêîñòè êîíñòðóêöèîííûõ ñòàëåé

ïî ðåçóëüòàòàì ìèêðîèíäåíòèðîâàíèÿ

Table 2. Scale of the brittleness of structural steels accor-

ding to the results of microindentation

Áàëë Îïèñàíèå Ôîòî

1 Îòïå÷àòîê áåç âèäèìûõ ëè-

íèé ëîêàëèçîâàííîãî ñäâè-

ãà è ñëåäîâ íåîäíîðîäíîé

ïëàñòè÷åñêîé äåôîðìàöèè*

2 Ñëåäû íåîäíîðîäíîé ïëàñ-

òè÷åñêîé äåôîðìàöèè, êî-

ðîòêèå**, ÷åòêèå ëèíèè ëî-

êàëèçîâàííîãî ñäâèãà ó 1 –

3 ãðàíåé îòïå÷àòêà

3 ×åòêèå ëèíèè ëîêàëèçîâàí-

íîãî ñäâèãà ñðåäíåé***

äëèíû ó 1 – 2 ãðàíåé îòïå-

÷àòêà èëè êîðîòêèå ëèíèè ó

4 ãðàíåé îòïå÷àòêà

4 ×åòêèå ëèíèè ëîêàëèçîâàí-

íîãî ñäâèãà ñðåäíåé***

äëèíû ó 3 – 4 ãðàíåé îòïå-

÷àòêà èëè îáðàçîâàíèå ïðî-

òÿæåííûõ**** ëèíèé ó 1 – 2

ãðàíåé îòïå÷àòêà

5 ×åòêèå ïðîòÿæåííûå****

ëèíèè ëîêàëèçîâàííîãî

ñäâèãà ó 3 – 4 ãðàíåé îòïå-

÷àòêà èëè ó 2 ãðàíåé ñ ëè-

íèÿìè ñðåäíåé*** äëèíû

åùå ó 1 – 2 ãðàíåé

* Ïðèçíàêè àíàëèçèðîâàëè ïðè ìàêñèìàëüíîé ðåç-

êîñòè èçîáðàæåíèÿ îòïå÷àòêà.

** Êîðîòêàÿ ëèíèÿ ëîêàëèçîâàííîãî ñäâèãà: äëèíà ëè-

íèè ñîñòàâëÿåò íå áîëåå òðåòè îò äëèíû ãðàíè îòïå÷àòêà.

*** Ëèíèÿ ëîêàëèçîâàííîãî ñäâèãà ñðåäíåé äëèíû: äëè-

íà ëèíèè ñîñòàâëÿåò îò òðåòè äî äâóõ òðåòåé îò äëèíû

ãðàíè îòïå÷àòêà.

**** Ïðîòÿæåííàÿ ëèíèÿ ëîêàëèçîâàííîãî ñäâèãà: äëèíà

ëèíèè ñîñòàâëÿåò áîëåå äâóõ òðåòåé îò äëèíû ãðàíè îòïå-

÷àòêà.

Ðèñ. 5. Ñòðóêòóðà ïðèïîâåðõíîñòíîãî ñëîÿ îáðàçöà ¹ 1

Fig. 5. Structure of the subsurface layer of sample N 1



ñòüþ äèñëîêàöèé è íèçêîé äåôîðìàöèîííîé ñïî-

ñîáíîñòüþ. Ýòî ïðèâåëî êàê ê ðåçêîìó ïîâûøå-

íèþ çíà÷åíèé ìèêðîòâåðäîñòè îòíîñèòåëüíî ñòà-

ëè â èñõîäíîì ñîñòîÿíèè, òàê è ê âîçíèêíîâåíèþ

ëîêàëèçîâàííûõ ñäâèãîâ ðàçëè÷íîé ìîðôîëîãèè.

Ïðè÷åì íåîäíîðîäíàÿ êàðòèíà ëîêàëèçîâàííûõ

ñäâèãîâ ïî îáúåìó îáðàçöà ñâèäåòåëüñòâóåò è î

åãî íåîäíîðîäíîé ïëàñòè÷íîñòè.

Íà òðåòüåì ýòàïå èññëåäîâàëè îáðàçåö ¹ 4.

Ïî âñåìó îáúåìó îáðàçöà çíà÷åíèÿ ìèêðîòâåðäî-

ñòè ñîñòàâëÿëè 235 – 286 êãñ/ìì2, à ìîðôîëîãèÿ

ëîêàëèçîâàííûõ ñäâèãîâ îöåíèâàëàñü îò 4 – 5

áàëëîâ â ïðèïîâåðõíîñòíîì ñëîå ìåòàëëà ãëóáè-

íîé îêîëî 0,5 ìì äî 3 – 4 áàëëîâ â öåíòðàëüíîé

÷àñòè.

Âèäíî, ÷òî ïî ñðåäíèì çíà÷åíèÿì ìèêðîòâåð-

äîñòè îáðàçåö ¹ 4 áëèçîê ê çàêàëåííîìó îáðàçöó

¹ 3, à ïî ðàçâèòîñòè ìîðôîëîãèè ëîêàëèçîâàí-

íûõ ñäâèãîâ ðÿäîì ñ îòïå÷àòêîì äàæå ïðåâîñõî-

äèò åãî. Îáúÿñíåíèåì ýòîìó ñëóæèò òåõíîëîãèÿ

ïðîèçâîäñòâà ëèñòîâ ñòàëè Õ80 — êîíòðîëèðóå-

ìàÿ ïðîêàòêà ñ óñêîðåííûì îõëàæäåíèåì. Ðåàëè-

çàöèÿ äàííîé òåõíîëîãèè ïðèâîäèò ê âîçíèêíî-

âåíèþ â ìåòàëëå áåéíèòíîé ñòðóêòóðû, êîòîðàÿ

ñàìà ïî ñåáå íå ÿâëÿåòñÿ ïîëíîñòüþ ðàâíîâåñíîé

è õàðàêòåðèçóåòñÿ ïîâûøåííîé ïëîòíîñòüþ äèñ-

ëîêàöèé. Ïðè ýòîì äàííàÿ ñòðóêòóðà äîïîëíè-

òåëüíî ïîäâåðãàåòñÿ âûñîêèì ïëàñòè÷åñêèì äå-

ôîðìàöèÿì ïðè ìåõàíè÷åñêîé îáðàáîòêå, ÷òî â

ðåçóëüòàòå ïðèâîäèò ê î÷åíü âûñîêîé ïëîòíîñòè

äèñëîêàöèé â ìåòàëëå è ïðàêòè÷åñêè ïîëíîìó

èñ÷åðïàíèþ âîçìîæíîñòè åãî äåôîðìàöèîííîãî

óïðî÷íåíèÿ.

Àíàëèçèðóÿ ïîëó÷åííûå ðåçóëüòàòû, ìîæíî

óâèäåòü, ÷òî ìîðôîëîãèÿ ëîêàëèçîâàííûõ ñäâè-

ãîâ êîððåëèðóåò ñ äåôîðìàöèîííîé ñïîñîá-

íîñòüþ ñòðóêòóðû, â ÷àñòíîñòè, ñ åå ñïîñîá-

íîñòüþ ê ðåëàêñàöèè âíóòðåííèõ íàïðÿæåíèé

ïóòåì äåôîðìàöèîííîãî óïðî÷íåíèÿ.

Êàê óæå áûëî îòìå÷åíî, ìîðôîëîãèÿ ëîêàëè-

çîâàííûõ ñäâèãîâ íàïðÿìóþ íå îïðåäåëÿåò ïëà-

ñòè÷íîñòü ìåòàëëà. Ïîýòîìó íåñìîòðÿ íà íèçêóþ

äåôîðìàöèîííóþ ñïîñîáíîñòü ñòðóêòóðû ñòàëü

Õ80 èìååò ïðèåìëåìûå ïëàñòè÷íîñòü è óäàðíóþ

âÿçêîñòü çà ñ÷åò îïòèìàëüíîãî õèìè÷åñêîãî ñî-

ñòàâà, íèçêîãî êîëè÷åñòâà âðåäíûõ ïðèìåñåé,

ôîðìû è ðàçìåðà ñòðóêòóðíûõ ýëåìåíòîâ è äðó-

ãèõ ôàêòîðîâ. Îäíàêî ñëåäóåò îæèäàòü, ÷òî âîç-

íèêíîâåíèå óñëîâèé, ïðèâîäÿùèõ ê ïîÿâëåíèþ â

ìåòàëëå ïðè äåôîðìèðîâàíèè ðàçâèòîé ñèñòåìû

ëîêàëèçîâàííûõ ñäâèãîâ, ïðåæäå âñåãî áóäåò íå-

ãàòèâíî ñêàçûâàòüñÿ íà õàðàêòåðèñòèêàõ òðåùè-

íîñòîéêîñòè, ïîñêîëüêó ïîñëåäíèå ÿâëÿþòñÿ î÷à-

ãàìè äëÿ çàðîæäåíèÿ è ðàçâèòèÿ òðåùèí. Äàííîå

ïðåäïîëîæåíèå ïîäòâåðæäàþò èññëåäîâàíèÿ [9],

â êîòîðûõ óñòàíîâëåíû íèçêèå õàðàêòåðèñòèêè

õëàäíîëîìêîñòè è òðåùèíîñòîéêîñòè ñòàëè Õ80.

Ñëåäóåò îòìåòèòü ñâÿçü ìåæäó ìîðôîëîãèåé

ëîêàëèçîâàííûõ ñäâèãîâ ðÿäîì ñ îòïå÷àòêîì è

çíà÷åíèÿìè ìèêðîòâåðäîñòè. Ñ îäíîé ñòîðîíû,

íàáëþäàåòñÿ îáùàÿ êà÷åñòâåííàÿ çàâèñèìîñòü

ìåæäó äàííûìè õàðàêòåðèñòèêàìè — ðàçâèòèå

ëîêàëèçîâàííûõ ñäâèãîâ âî âñåõ ñëó÷àÿõ ñîïðî-

âîæäàåòñÿ ïîâûøåíèåì ñðåäíèõ çíà÷åíèé ìèê-

ðîòâåðäîñòè. Ñ äðóãîé ñòîðîíû, êîëè÷åñòâåííàÿ

ñâÿçü ìåæäó äàííûìè õàðàêòåðèñòèêàìè îòñóòñò-

âóåò — ïðè îäíîé è òîé æå ìîðôîëîãèè ëîêàëè-

çîâàííûõ ñäâèãîâ çíà÷åíèÿ ìèêðîòâåðäîñòè ìî-

ãóò ñóùåñòâåííî îòëè÷àòüñÿ. Ïðè÷åì ýòî îòëè÷èå

íîñèò êàê ñèñòåìíûé õàðàêòåð (ïðè ñðàâíåíèè

ñðåäíèõ áàëëîâ õðóïêîñòè è ñðåäíèõ çíà÷åíèé

ìèêðîòâåðäîñòè äëÿ ðàçíûõ îáðàçöîâ), òàê è ÷à-

ñòíûé (ïðè ñðàâíåíèè äàííûõ õàðàêòåðèñòèê

äëÿ ðàçíûõ îòïå÷àòêîâ íà îäíîì îáðàçöå).

Îáúÿñíåíèå äàííûõ ðåçóëüòàòîâ ìîæåò áûòü

íàéäåíî èç àíàëèçà ÷åòûðåõ èçâåñòíûõ ôèçè÷å-

ñêèõ ìîäåëåé óïðî÷íåíèÿ ìàòåðèàëîâ ñ êðèñòàë-

ëè÷åñêîé ñòðóêòóðîé [10, 11]:

äèñëîêàöèîííîé — óâåëè÷åíèå ïëîòíîñòè

äèñëîêàöèé ïðåïÿòñòâóåò èõ âçàèìíîìó ïåðåìå-

ùåíèþ è âûõîäó íà ïîâåðõíîñòü;

çåðíîãðàíè÷íîé — ñäåðæèâàíèå äâèæåíèÿ

äèñëîêàöèé ãðàíèöàìè çåðåí;

òâåðäîðàñòâîðíîé — óïðî÷íåíèå çà ñ÷åò èñ-

êàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè ìàòåðèàëà â

ðåçóëüòàòå âíåäðåíèÿ èëè çàìåùåíèÿ åå àòîìîâ

ëåãèðóþùèìè ýëåìåíòàìè;

äèñïåðñèîííîé — óïðî÷íåíèå çà ñ÷åò âûäåëå-

íèÿ ÷àñòèö äðóãèõ ôàç, îêàçûâàþùèõ ñîïðîòèâ-

ëåíèå äâèæåíèþ äèñëîêàöèé.

Ðåàëèçàöèÿ êàæäîé èç ýòèõ ìîäåëåé óïðî÷íå-

íèÿ â ñîîòâåòñòâóþùåé ñòåïåíè íàïðÿìóþ óâåëè-

÷èâàåò ñîïðîòèâëÿåìîñòü ìåòàëëà ïëàñòè÷åñêîé

äåôîðìàöèè, â ÷àñòíîñòè, ïîâûøàåò òâåðäîñòü.

×òî êàñàåòñÿ ïëàñòè÷íîñòè, ò.å. ñïîñîáíîñòè ê

ôîðìîèçìåíåíèþ áåç ðàçðóøåíèÿ, òî òàêàÿ îá-

ðàòíàÿ çàâèñèìîñòü íå ñóùåñòâóåò. Òîëüêî äèñ-

ëîêàöèîííîå óïðî÷íåíèå, ïðÿìî ïðîïîðöèîíàëü-

íîå ïîâûøåíèþ òâåðäîñòè, ñíèæàåò ïëàñòè÷-

íîñòü ñòðóêòóðû, â îñòàëüíûõ ñëó÷àÿõ ýòà ñâÿçü

áîëåå ñëîæíàÿ è îáóñëîâëåíà îñîáåííîñòÿìè ðåà-

ëèçàöèè ðàçëè÷íûõ âèäîâ óïðî÷íåíèÿ [10, 11].

Òàêèì îáðàçîì, çíà÷åíèÿ ìèêðîòâåðäîñòè

îòðàæàþò óðîâåíü óïðî÷íåíèÿ ìåòàëëà îò ðàñ-

ñìîòðåííûõ âûøå ïðîöåññîâ, à ìîðôîëîãèÿ ëîêà-

ëèçîâàííûõ ñäâèãîâ ðÿäîì ñ îòïå÷àòêîì — âêëàä

äàííûõ ïðîöåññîâ â ñíèæåíèå ïëàñòè÷íîñòè è ñî-

ïðîòèâëÿåìîñòè ðàçðóøåíèþ çà ñ÷åò èçìåíåíèÿ

ìåõàíèçìà ïëàñòè÷åñêîé äåôîðìàöèè.

Ñïðàâåäëèâî áóäåò ïðåäïîëîæèòü, ÷òî íà ñî-

ïðîòèâëÿåìîñòü ðàçðóøåíèþ âëèÿåò ñî÷åòàíèå

óðîâíÿ óïðî÷íåíèÿ è äåôîðìàöèîííîé ñïîñîáíî-

ñòè ìåòàëëà, ïîýòîìó ïðèìåíèòåëüíî ê ðåøåíèþ

çàäà÷è ñîçäàíèÿ ýôôåêòèâíîé òåõíîëîãèè íåðàç-

ðóøàþùåé îöåíêè ñîñòîÿíèÿ ìåòàëëà îáå äàí-
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íûå õàðàêòåðèñòèêè ÿâëÿþòñÿ èíôîðìàòèâíûìè

è äîëæíû îöåíèâàòüñÿ â ñîâîêóïíîñòè.

Äëÿ èñïîëüçîâàíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ

â ïðàêòè÷åñêèõ öåëÿõ èíòåðåñ ïðåäñòàâëÿåò

îöåíêà âëèÿíèÿ òèïà èíäåíòîðà è âåëè÷èíû íà-

ãðóçêè íà ôîðìèðóåìóþ ìîðôîëîãèþ ëîêàëèçî-

âàííûõ ñäâèãîâ ðÿäîì ñ îòïå÷àòêîì.

Äëÿ ýòîãî, ïîìèìî èíäåíòîðà â ôîðìå ïðà-

âèëüíîé ÷åòûðåõãðàííîé àëìàçíîé ïèðàìèäû ñ

óãëîì ïðè âåðøèíå â 136°, îïðîáîâàëè:

èíäåíòîð Áèðáàóìà (ïðàâèëüíàÿ ÷åòûðåõ-

ãðàííàÿ àëìàçíàÿ ïèðàìèäà ñ óãëîì ïðè âåðøè-

íå â 90°);

ñïåöèàëüíî èçãîòîâëåííûé èíäåíòîð â ôîð-

ìå ïðàâèëüíîé ÷åòûðåõãðàííîé àëìàçíîé ïèðà-

ìèäû ñ óãëîì ïðè âåðøèíå â 60°.

Íàãðóçêè íà èíäåíòîð âàðüèðîâàëè â äèàïà-

çîíå 20 – 500 ãñ.

Èññëåäîâàíèÿ âûïîëíÿëè íà îáðàçöå ¹ 1 (ñì.

òàáë. 1), ïîñêîëüêó, êàê óñòàíîâëåíî, îí ñîäåðæèò

è çîíó, â êîòîðîé ôîðìèðóþòñÿ ðàçâèòûå ëîêàëè-

çîâàííûå ñäâèãè ðÿäîì ñ îòïå÷àòêîì (ïðèïîâåðõ-

íîñòíûé ñëîé), è çîíó ñ ïîëíûì îòñóòñòâèåì ïî-

äîáíûõ äåôîðìàöèîííûõ ýôôåêòîâ (îñíîâíîé

îáúåì îáðàçöà).

Äîïîëíèòåëüíî âûïîëíÿëè ýëåêòðîííî-ìèê-

ðîñêîïè÷åñêèé àíàëèç îòïå÷àòêîâ ñ èñïîëüçîâà-

íèåì ñêàíèðóþùåãî ýëåêòðîííîãî ìèêðîñêîïà

SU8000 (Hitachi).

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçàëè, ÷òî ïî

ìåðå óâåëè÷åíèÿ îñòðèÿ èíäåíòîðà ðÿäîì ñ îòïå-

÷àòêîì íà÷èíàþò ôîðìèðîâàòüñÿ ÿðêî âûðàæåí-

íûå íàâàëû ìåòàëëà, ò.å. íåçàâèñèìî îò óïðóãî-

ïëàñòè÷åñêèõ ñâîéñòâ óâåëè÷åíèå îáúåìà âûòåñ-

íÿåìîãî ìåòàëëà ïîä îòïå÷àòêîì ïðèâîäèò ê åãî

âûäàâëèâàíèþ íà ñâîáîäíóþ ïîâåðõíîñòü

(ðèñ. 6, à). Ýòî, â ñâîþ î÷åðåäü, ìåøàåò èäåíòè-

ôèêàöèè ëîêàëèçîâàííûõ ñäâèãîâ ïðè âèçóàëü-

íîì àíàëèçå îòïå÷àòêîâ (ðèñ. 6, á).

Ïî ìåðå ïîâûøåíèÿ íàãðóçêè ðàçâèòîñòü ëî-

êàëèçîâàííûõ ñäâèãîâ ïàäàåò è ïðàêòè÷åñêè èñ-

÷åçàåò ïðè íàãðóçêàõ ñâûøå 200 ãñ, äàæå â ïî-

âåðõíîñòíîì ñëîå îáðàçöà ¹ 1, ãäå ôèêñèðîâàëè

îòïå÷àòêè ñ 5-ì áàëëîì õðóïêîñòè â ñîîòâåòñòâèè

ñ òàáë. 2.

Òàêîé íåîæèäàííûé ðåçóëüòàò ìîæåò áûòü

îáúÿñíåí ñìåíîé ìåõàíèçìà ïëàñòè÷åñêîé äåôîð-

ìàöèè â çîíå ôîðìèðîâàíèÿ îòïå÷àòêà ïî ìåðå

óâåëè÷åíèÿ íàãðóçêè. Â ÷àñòíîñòè, êàê ïðåäñòàâ-

ëåíî íà ðèñ. 2, á, âîçíèêíîâåíèå òðåíèÿ ïðè âíå-

äðåíèè èíäåíòîðà ïðèâîäèò ê ëîêàëèçàöèè çîíû

ïëàñòè÷åñêîé äåôîðìàöèè ïîä îòïå÷àòêîì, äàæå

ïðè æåñòêîïëàñòè÷åñêîé ìîäåëè äåôîðìèðîâà-

íèÿ. Â ðåçóëüòàòå îáðàçîâàâøèåñÿ íà íà÷àëüíîé

ñòàäèè âíåäðåíèÿ ëîêàëèçîâàííûå ñäâèãè ðÿäîì

ñ îòïå÷àòêîì â äàëüíåéøåì ïîãëîùàþòñÿ ðàñøè-

ðÿþùåéñÿ ïîâåðõíîñòüþ êîíòàêòà èíäåíòîðà ñ

ìåòàëëîì, à íîâûå äåôîðìàöèîííûå ýôôåêòû íà

ïîâåðõíîñòè óæå íå ïîÿâëÿþòñÿ.

Òàêèì îáðàçîì, íàèáîëåå èíôîðìàòèâíàÿ

êàðòèíà ëîêàëèçîâàííûõ ñäâèãîâ ðÿäîì ñ îòïå-

÷àòêîì íàáëþäàåòñÿ ïðè èñïîëüçîâàíèè ìåíåå

îñòðîãî èíäåíòîðà è ìåíüøåé íàãðóçêå. Ó÷èòû-

âàÿ, ÷òî íà÷èíàÿ ñ îïðåäåëåííîãî ðàçìåðà àíàëèç

îòïå÷àòêîâ çàòðóäíåí ñðåäñòâàìè îïòè÷åñêîé

ìèêðîñêîïèè, îïòèìàëüíî èñïîëüçîâàòü èíäåí-

òîð â ôîðìå ïðàâèëüíîé ÷åòûðåõãðàííîé àëìàç-

íîé ïèðàìèäû ñ óãëîì ïðè âåðøèíå â 136° ïðè

íàãðóçêå 50 ãñ.
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Ðèñ. 6. Äåôîðìàöèîííàÿ êàðòèíà ðÿäîì ñ îòïå÷àòêîì èíäåíòîðà â ôîðìå ïðàâèëüíîé ÷åòûðåõãðàííîé àëìàçíîé ïèðà-

ìèäû ñ óãëîì ïðè âåðøèíå â 60°: ýëåêòðîííàÿ ìèêðîñêîïèÿ îòïå÷àòêà, ×1000 (à); îïòè÷åñêàÿ ìèêðîñêîïèÿ îòïå÷àòêà,

×600 (á)

Fig. 6. The deformation pattern near the indenter imprint in the form of a regular four-sided diamond pyramid with an angle

at the apex of 60°: electron microscopy of the imprint (×1000) (a); optical microscopy of the imprint (×600) (b)



Ðåçóëüòàòû èññëåäîâàíèÿ

Ê íàñòîÿùåìó âðåìåíè èçâåñòíî äîñòàòî÷íî

ìíîãî ñïîñîáîâ îöåíêè õðóïêîñòè ìàòåðèàëîâ ïî

ðåçóëüòàòàì ìèêðîèíäåíòèðîâàíèÿ. Íàèáîëåå

ïîïóëÿðíîå èç íèõ — ðàñ÷åò êðèòè÷åñêîãî êîýô-

ôèöèåíòà èíòåíñèâíîñòè íàïðÿæåíèé ïî ìàêñè-

ìàëüíîé äëèíå ðàäèàëüíîé òðåùèíû [12 – 14] è

ñðåäíåé äëèíå ðàäèàëüíûõ òðåùèí [15, 16]; îï-

ðåäåëåíèå ïàðàìåòðà Ïàëìêâèñòà, ó÷èòûâàþùå-

ãî äëèíó âñåõ ðàäèàëüíûõ òðåùèí [17, 18]; îöåí-

êà ïîêàçàòåëÿ ìèêðîõðóïêîñòè, ó÷èòûâàþùåãî

êîëè÷åñòâî è òèï òðåùèí è ñêîëîâ [2].

Îäíàêî âñå ýòè ñïîñîáû ïðèìåíèìû òîëüêî

äëÿ îöåíêè õðóïêèõ ìàòåðèàëîâ, èíäåíòèðîâà-

íèå êîòîðûõ ïðèâîäèò ê âîçíèêíîâåíèþ òðåùèí

è ñêîëîâ ðÿäîì ñ îòïå÷àòêîì.

Èçâåñòåí òàêæå ìåòîä ìàòåìàòè÷åñêîé îáðà-

áîòêè ðåçóëüòàòîâ çàìåðîâ ìèêðîòâåðäîñòè äëÿ

îöåíêè íàêîïëåííîé ïîâðåæäåííîñòè â ìåòàëëå

êîíñòðóêöèè è ïðîãíîçèðîâàíèÿ åå îñòàòî÷íîãî

ðåñóðñà [19]. Â íåì ïðåäëîæåíî âû÷èñëÿòü êîýô-

ôèöèåíò ïîâðåæäåííîñòè ìåòàëëà íà îñíîâàíèè

ñðàâíèòåëüíîãî àíàëèçà êîëè÷åñòâà «óïðî÷íèâ-

øèõñÿ» è «ðàçóïðî÷íèâøèõñÿ» çåðåí ïîñëå ñåðèè

èçìåðåíèé ìèêðîòâåðäîñòè è â ìåòàëëå â èñ-

õîäíîì ñîñòîÿíèè. Òàêîé ïîäõîä íåëüçÿ íàçâàòü

îïòèìàëüíûì, ïîñêîëüêó íà çíà÷åíèÿ ìèêðî-

òâåðäîñòè ïðè ñëó÷àéíîì èíäåíòèðîâàíèè îêà-

çûâàåò âëèÿíèå áîëüøîå êîëè÷åñòâî ôàêòîðîâ,

êàê ñâÿçàííûõ ñ ïðîòåêàíèåì äåãðàäàöèîííûõ

ïðîöåññîâ (óïðî÷íåíèå, îáðàçîâàíèå ìèêðî-

òðåùèí, ñòàðåíèå), òàê è íå ñâÿçàííûõ ñ íèìè

(ïîïàäàíèå â ðàçëè÷íûå ôàçû ìåòàëëà, â ãðàíè-

öû çåðåí, õèìè÷åñêàÿ íåîäíîðîäíîñòü è ò.ä.).

Ïðè ýòîì êîððåêòíî èäåíòèôèöèðîâàòü äàííûå

ïðîöåññû, ó÷åñòü ñòåïåíü èõ ïðîÿâëåíèÿ è âëèÿ-

íèå íà ñâîéñòâà ìåòàëëà òîëüêî ïî èçìåíåíèþ

çíà÷åíèé ìèêðîòâåðäîñòè, î÷åâèäíî, çàòðóäíè-

òåëüíî.

Èñõîäÿ èç ïðåäñòàâëåííûõ âûøå ðåçóëüòà-

òîâ, ìîæåò áûòü ïðåäëîæåí ñïîñîá îöåíêè ñòåïå-

íè îõðóï÷èâàíèÿ êîíñòðóêöèîííûõ ñòàëåé, îáëà-

äàþùèõ îòíîñèòåëüíî âûñîêîé ïëàñòè÷íîñòüþ,

íà áàçå ïîëó÷åíèÿ çíà÷åíèé ìèêðîòâåðäîñòè è

àíàëèçà ìîðôîëîãèè ëîêàëèçîâàííûõ ñäâèãîâ â

çîíå îòïå÷àòêà. Ñïîñîá çàêëþ÷àåòñÿ â îïðåäåëå-

íèè ïîêàçàòåëÿ õðóïêîñòè ìåòàëëà
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ãäå Kh — çíà÷åíèå ïîêàçàòåëÿ õðóïêîñòè ìåòàë-

ëà íà ãëóáèíå h; HVì_i(h) — i-å çíà÷åíèå ìèêðî-

òâåðäîñòè ìåòàëëà â ñåðèè èçìåðåíèé íà ãëóáèíå

h, êãñ/ìì2; n — êîëè÷åñòâî îòïå÷àòêîâ â ñåðèè èç-

ìåðåíèé íà ãëóáèíå h; Zp(h) — ñóììàðíûé áàëë

õðóïêîñòè ìåòàëëà íà ãëóáèíå h. Ïîñëåäíèé âû-

÷èñëÿåì ïî ôîðìóëå

Zp = 0 · n1 + 1 · n2 + 2n3 + 3n4 + 4n5, (2)

ãäå n1, n2, n3, n4, n5 — îòíîñèòåëüíûå êîëè÷åñòâà

îòïå÷àòêîâ îò îáùåãî èõ ÷èñëà â ñåðèè èçìåðå-

íèé ñ äàííûì áàëëîì õðóïêîñòè â ñîîòâåòñòâèè ñ

òàáë. 2.

Ìèêðîèíäåíòèðîâàíèå ïðîâîäÿò ñ èñïîëüçî-

âàíèåì èíäåíòîðà â ôîðìå ïðàâèëüíîé ÷åòûðåõ-

ãðàííîé àëìàçíîé ïèðàìèäû ñ óãëîì ïðè âåðøè-

íå â 136° ïðè íàãðóçêå â 50 ãñ. Ïðè ýòîì ìîðôî-

ëîãèþ ëîêàëèçîâàííûõ ñäâèãîâ öåëåñîîáðàçíî

îöåíèâàòü ïî îòïå÷àòêàì, íàíåñåííûì íà íå-

òðàâëåííóþ ïîâåðõíîñòü, à çíà÷åíèÿ ìèêðîòâåð-

äîñòè — ïî îòïå÷àòêàì, íàíåñåííûì â îñíîâíûå

ýëåìåíòû ñòðóêòóðû íà ïðîòðàâëåííîé ïîâåðõ-

íîñòè.

Çàêëþ÷åíèå

Óñòàíîâëåíî, ÷òî ìîðôîëîãèÿ ëîêàëèçîâàí-

íûõ ñäâèãîâ, âîçíèêàþùàÿ ðÿäîì ñ îòïå÷àòêîì

ïðè ìèêðîèíäåíòèðîâàíèè ïëàñòè÷íûõ êîíñò-

ðóêöèîííûõ ñòàëåé, îòðàæàåò äåôîðìàöèîííóþ

ñïîñîáíîñòü ñòðóêòóðû è ìîæåò áûòü èñïîëüçîâà-

íà â êà÷åñòâå èíôîðìàòèâíîãî êðèòåðèÿ åå îõ-

ðóï÷èâàíèÿ.

Ðàçðàáîòàíà ìåòîäèêà îöåíêè îõðóï÷èâàíèÿ

êîíñòðóêöèîííûõ ñòàëåé ïî ðåçóëüòàòàì ìèêðî-

èíäåíòèðîâàíèÿ, êîòîðàÿ ìîæåò áûòü ðåêîìåíäî-

âàíà äëÿ íåðàçðóøàþùåãî êîíòðîëÿ îöåíêè ñî-

ñòîÿíèÿ ìåòàëëà êîíñòðóêöèé.

Ïðîâåäåíèå äîïîëíèòåëüíûõ èññëåäîâàíèé

ïî óñòàíîâëåíèþ ýìïèðè÷åñêîé âçàèìîñâÿçè ìå-

æäó ïðåäëîæåííûì ïîêàçàòåëåì õðóïêîñòè è ìå-

õàíè÷åñêèìè õàðàêòåðèñòèêàìè ìåòàëëà (ïðåæäå

âñåãî òðåùèíîñòîéêîñòüþ) ñ ó÷åòîì âëèÿíèÿ

ôàêòîðîâ ñòðóêòóðû è õèìè÷åñêîãî ñîñòàâà ïî-

çâîëèò äîñòîâåðíî ïðîãíîçèðîâàòü ïðî÷íîñòü è

äîëãîâå÷íîñòü îòâåòñòâåííûõ ñòàëüíûõ êîíñò-

ðóêöèé â ðàçëè÷íûõ óñëîâèÿõ ýêñïëóàòàöèè.
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Ïðåäñòàâëåíû ðåçóëüòàòû ñðàâíèòåëüíîãî àíàëèçà ñòàòèñòè÷åñêèõ ïîêàçàòåëåé îöåíêè

êâàëèôèêàöèè, îïðåäåëÿåìûõ ïðè ìåæëàáîðàòîðíûõ ñëè÷èòåëüíûõ èñïûòàíèÿõ (ÌÑÈ).

Âûáðàíû ñëåäóþùèå îñíîâíûå ñòàòèñòè÷åñêèå ïîêàçàòåëè: ïðèïèñàííîå çíà÷åíèå; ñòàí-

äàðòíîå îòêëîíåíèå äëÿ îöåíêè êâàëèôèêàöèè; ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàí-

íîãî çíà÷åíèÿ. Ñòàòèñòè÷åñêèå ïîêàçàòåëè îïðåäåëÿëè â ñîîòâåòñòâèè ñ àëãîðèòìîì À

ÃÎÑÒ Ð 50779.60. Èõ ñðàâíåíèå âûïîëíÿëè íà îñíîâå äàííûõ ÷èñëåííîãî ýêñïåðèìåíòà

(ãåíåðàöèè ñëó÷àéíûõ ÷èñåë) äëÿ âðåìåííîãî ñîïðîòèâëåíèÿ àëþìèíèåâîãî ñïëàâà Ä16ÀÒ

â çàâèñèìîñòè îò êîëè÷åñòâà îáðàçöîâ è ÷èñëà ó÷àñòíèêîâ ïðîãðàììû êâàëèôèêàöèè

ÌÑÈ. Ðàñ÷åò è ïîñëåäóþùèé ñòàòèñòè÷åñêèé àíàëèç ïîêàçàòåëåé ïðîâåðêè êâàëèôèêà-

öèè ïðîâîäèëè íà îñíîâå çíà÷åíèé, ñãåíåðèðîâàííûõ ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷å-

íèÿ. Ãåíåðàöèÿ ñëó÷àéíûõ ÷èñåë âûïîëíÿëàñü äëÿ õàðàêòåðèñòèêè, èìåþùåé íîðìàëü-

íûé çàêîí ðàñïðåäåëåíèÿ ñ ïàðàìåòðàìè ñðåäíåãî, ðàâíîãî 450 ÌÏà, è ñðåäíåêâàäðàòè÷å-

ñêîãî îòêëîíåíèÿ, ðàâíîãî 5 ÌÏà. Âûáðàííûå â êà÷åñòâå ïðèìåðà çíà÷åíèÿ ïàðàìåòðîâ

íîðìàëüíîãî ðàñïðåäåëåíèÿ ñîîòâåòñòâîâàëè ñðåäíåìó óðîâíþ âðåìåííîãî ñîïðîòèâëåíèÿ

ïðè ðàñòÿæåíèè ñòàíäàðòíûõ îáðàçöîâ èç ëèñòîâ àëþìèíèåâîãî ñïëàâà Ä16ÀÒ. ×èñëåí-

íûé ýêñïåðèìåíò (ãåíåðàöèþ ñëó÷àéíûõ çíà÷åíèé) ïðîâîäèëè äëÿ çàäàííûõ ñëó÷àåâ ÷èñ-

ëà ó÷àñòíèêîâ è êîëè÷åñòâà îáðàçöîâ ïðîâåðêè êâàëèôèêàöèè (ÎÏÊ) íåçàâèñèìî äðóã îò

äðóãà îòäåëüíûìè âûáîðêàìè ñîîòâåòñòâóþùåãî îáúåìà. Â îáùåé ñëîæíîñòè ñãåíåðèðîâà-

íî 36 000 çíà÷åíèé âðåìåííîãî ñîïðîòèâëåíèÿ äëÿ ÎÏÊ èç ëèñòîâ àëþìèíèåâîãî ñïëàâà

Ä16ÀÒ. Â ðåçóëüòàòå ðàñ÷åòîâ äëÿ êàæäîãî âûáðàííîãî ñòàòèñòè÷åñêîãî ïîêàçàòåëÿ ïðî-

ãðàììû êâàëèôèêàöèè ÌÑÈ íà îñíîâå ñãåíåðèðîâàííûõ äàííûõ îïðåäåëåíî 48 ñðåäíèõ

çíà÷åíèé (ïî ÷èñëó ðàññìàòðèâàåìûõ ðåàëèçàöèé ïðîãðàìì ÌÑÈ â çàâèñèìîñòè îò êîëè-

÷åñòâà ó÷àñòíèêîâ è ÎÏÊ). Â èòîãå ñðåäíåå çíà÷åíèå êàæäîãî ñòàòèñòè÷åñêîãî ïîêàçàòåëÿ

áûëî îïðåäåëåíî íà âûáîðêàõ îáúåìîì îò 250 äî 2000 ñãåíåðèðîâàííûõ (ýêñïåðèìåíòàëü-

íûõ) çíà÷åíèé â çàâèñèìîñòè îò ÷èñëà ó÷àñòíèêîâ è êîëè÷åñòâà ÎÏÊ. Ïðîâåäåííûé àíà-

ëèç ïîçâîëèë îöåíèòü âëèÿíèå îáúåìà èñïûòàíèé è êîëè÷åñòâà ó÷àñòíèêîâ íà îöåíêó êâà-

ëèôèêàöèè ïðè ìåæëàáîðàòîðíûõ ñëè÷èòåëüíûõ èñïûòàíèÿõ. Ïîêàçàíî, ÷òî äëÿ âûáðàí-

íîãî äèàïàçîíà ÷èñëà ó÷àñòíèêîâ ÌÑÈ (îò 5 äî 20) è êîëè÷åñòâà ÎÏÊ (îò 5 äî 10 øò.) âå-

ëè÷èíà ïðèïèñàííîãî çíà÷åíèÿ xpt íå çàâèñèò íè îò êîëè÷åñòâà èñïûòàííûõ ÎÏÊ, íè îò

÷èñëà ó÷àñòíèêîâ ÌÑÈ. Ìàêñèìàëüíîå îòêëîíåíèå ïðèïèñàííîãî çíà÷åíèÿ îò çàäàííîãî

óðîâíÿ âðåìåííîãî ñîïðîòèâëåíèÿ (450 ÌÏà) ñîñòàâèëî âñåãî 0,13 %, ÷òî íàõîäèòñÿ â ïðå-

äåëàõ ïîãðåøíîñòè (îêðóãëåíèé) äëÿ äàííîãî óðîâíÿ çíà÷åíèé è íå ìîæåò ïðèâåñòè ê ñó-

ùåñòâåííûì îøèáêàì ïðè ïðîâåðêå êâàëèôèêàöèè ïðè ÌÑÈ. Ñòàíäàðòíîå îòêëîíåíèå

äëÿ îöåíêè êâàëèôèêàöèè íåçàâèñèìî îò ÷èñëà ó÷àñòíèêîâ óìåíüøàåòñÿ ïðè óâåëè÷åíèè

êîëè÷åñòâà ÎÏÊ, íî òàêîå óìåíüøåíèå ÿâëÿåòñÿ íåçíà÷èòåëüíûì è íå ïðåâîñõîäèò âåëè-

÷èíó ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ (ÑÊÎ) âðåìåííîãî ñîïðîòèâëåíèÿ ïðè ðàñòÿæå-

íèè (äëÿ âûáðàííîé ìîäåëè ãåíåðàöèè ýêñïåðèìåíòàëüíûõ çíà÷åíèé âåëè÷èíà ÑÊÎ ïðè-

íÿòà ðàâíîé 5 ÌÏà). Â îòëè÷èå îò ïðèïèñàííîãî çíà÷åíèÿ è ñòàíäàðòíîãî îòêëîíåíèÿ äëÿ

îöåíêè êâàëèôèêàöèè, ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàííîãî çíà÷åíèÿ äëÿ ïðåäå-

ëà ïðî÷íîñòè ñòàíäàðòíûõ îáðàçöîâ èç ëèñòîâ àëþìèíèåâîãî ñïëàâà Ä16ÀÒ çàâèñèò îò

÷èñëà ó÷àñòíèêîâ ïðîãðàììû ÌÑÈ è êîëè÷åñòâà ÎÏÊ, èñïûòàííûõ êàæäûì ó÷àñòíèêîì,

è ñíèæàåòñÿ ïðè óâåëè÷åíèè ÷èñëà ó÷àñòíèêîâ ïðîãðàìì ÌÑÈ è êîëè÷åñòâà ÎÏÊ.

Êëþ÷åâûå ñëîâà: ìåæëàáîðàòîðíûå ñëè÷èòåëüíûå èñïûòàíèÿ; ïðîâåðêà êâàëèôèêà-

öèè; ÷èñëî ó÷àñòíèêîâ èñïûòàíèé; îáðàçöû ïðîâåðêè êâàëèôèêàöèè; îáúåì âûáîðêè; ñòà-

òèñòè÷åñêèå ïîêàçàòåëè; àíàëèç äàííûõ.
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The results of a comparative analysis of statistical indicators for assessing the proficiency determined dur-

ing interlaboratory comparison tests (ICT) are presented. The main statistical indicators were selected:

the assigned value, standard deviation for assessment the proficiency and standard uncertainty of the as-

signed value. Statistical indicators were determined in accordance with Algorithm A, GOST R 50779.60.

Comparison of the indicators was carried out on the basis of numerical experiment data (random number

generation) for the ultimate tensile strength of a D16AT aluminum alloy depending on the number of

samples and the number of participants in the ICT qualification program. The calculation and subsequent

statistical analysis of the proficiency test scores was based on the values generated by the software. Ran-

dom number generation is performed for a characteristic that has a normal distribution law with the pa-

rameters of the mean equal to 450 MPa and standard deviation equal to 5 MPa. The values of the normal

distribution parameters chosen as an example corresponded to the average level of tensile strength values

of standard specimens made of D16AT aluminum alloy sheets. The numerical experiment (generation of

random values) was carried out for given cases of the number of participants and the number of profi-

ciency testing samples (PTS) independently of each other using separate samples of the appropriate size.

A total of 36,000 ultimate tensile strength values were generated for the proficiency testing samples made

of D16AT aluminum alloy sheets. As a result of calculations, 48 average values were determined (accord-

ing to the number of considered implementations of ICT programs, depending on the number of partici-

pants and the proficiency testing samples) for each selected statistical indicator of the ICT qualification

program. The average value of each statistical indicator was determined on samples with a bulk of 250 to

2000 generated (experimental) values, depending on the number of participants and the number of profi-

ciency testing samples. The analysis thus performed made it possible to evaluate the influence of the vol-

ume of tests and the number of participants on the assessment of the proficiency in interlaboratory com-

parative tests. It is shown that for the selected range of the number of ICT participants (from 5 to 20) and

the number of PTS (from 5 to 10), the value of the assigned xpt value does not depend either on the num-

ber of tested PTS or the number of ICT participants. The maximum discrepancy between the assigned

value and the given level of tensile strength (450 MPa) is 0.13%, which falls within the error (rounding) for

this level of values and cannot lead to significant errors in proficiency testing during ICT. The standard de-

viation for the qualification assessment, regardless of the number of participants, decreases with an in-

crease in the number of proficiency testing samples, but such a decrease is insignificant and does not ex-

ceed the standard deviation (SD) value of the ultimate tensile strength (for the selected model for generat-

ing experimental values, the SD value is accepted to be 5 MPa). In contrast to the assigned value and the

standard deviation for the qualification assessment, it is shown that the standard uncertainty of the as-

signed value for the ultimate tensile strength of standard samples made of D16AT aluminum alloy sheets

depends on the number of participants and the number of proficiency testing samples tested by each par-

ticipant and decreases with an increase in the number of participants in ICT programs and the number of

proficiency testing samples.

Keywords: interlaboratory comparative tests; proficiency testing; number of participants; proficiency

testing samples; sample size; statistical indicators; data analysis.

Ââåäåíèå

Ìåæëàáîðàòîðíûå ñëè÷èòåëüíûå èñïûòàíèÿ

(ÌÑÈ) êàê ýôôåêòèâíûé èíñòðóìåíò îöåíêè

êâàëèôèêàöèè èñïûòàòåëüíûõ ëàáîðàòîðèé ïðî-

âîäÿò â öåëÿõ ïîâûøåíèÿ êà÷åñòâà âûïîëíåíèÿ

ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé [1, 2].

Â çàâèñèìîñòè îò âèäà èñïûòàíèé êîëè÷åñòâî

ëàáîðàòîðèé, ó÷àñòâóþùèõ â òîé èëè èíîé ïðî-

ãðàììå êâàëèôèêàöèè ïîñðåäñòâîì ÌÑÈ, ìîæåò

îòëè÷àòüñÿ â íåñêîëüêî ðàç èëè äàæå íà ïîðÿäîê.

Ðàçíîå ÷èñëî ó÷àñòíèêîâ â ïðîãðàììå êâàëèôè-

êàöèè îáóñëîâëåíî öåëûì ðÿäîì ïðè÷èí, íàïðè-

ìåð, îãðàíè÷åíèÿìè â îáëàñòè àêêðåäèòàöèè,

ñïåöèàëèçàöèåé èñïûòàòåëüíûõ ëàáîðàòîðèé,

îáúåìîì ôèíàíñèðîâàíèÿ, íàëè÷èåì èëè îòñóò-

ñòâèåì ó ó÷àñòíèêîâ íåîáõîäèìîãî èñïû-

òàòåëüíîãî îáîðóäîâàíèÿ, îïûòà, êâàëèôèöèêà-

öèåé ïåðñîíàëà, àêòóàëüíîñòüþ è âîñòðåáîâàííî-

ñòüþ äëÿ ëàáîðàòîðèé îòðàñëè òîãî èëè èíîãî

âèäà èññëåäîâàíèé è ò.ä. [3 – 6].

Èíîãäà íåîáõîäèìî îöåíèòü êâàëèôèêàöèþ

ðÿäà îòðàñëåâûõ ëàáîðàòîðèé, ñïåöèàëèçèðóþ-

ùèõñÿ íà ïðîâåäåíèè «ñïåöèàëüíûõ», ðåäêèõ ïî

âèäó èñïûòàíèé. ×èñëî ëàáîðàòîðèé, êîòîðûå

ïðîâîäÿò òàêèå èñïûòàíèÿ è ïðè ýòîì ãîòîâû

ó÷àñòâîâàòü â ÌÑÈ, íåâåëèêî — ìîæåò áûòü îã-

ðàíè÷åíî âñåãî äâóìÿ èëè òðåìÿ ó÷àñòíèêàìè.

Åñëè æå ïðîâîäÿò ïðîñòûå ñòàíäàðòíûå èñïûòà-

íèÿ, â ïðîãðàììå êâàëèôèêàöèè ÌÑÈ ìîãóò ó÷à-
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ñòâîâàòü äåñÿòêè ëàáîðàòîðèé. Íî è â ïåðâîì, è

âî âòîðîì ñëó÷àÿõ îöåíêà êâàëèôèêàöèè ëàáîðà-

òîðèé äîëæíà áûòü îáúåêòèâíîé è îáîñíîâàííîé

è íå çàâèñåòü îò êîëè÷åñòâà ó÷àñòíèêîâ â êàæäîé

ïðîãðàììå.

Î÷åâèäíî, ÷òî äëÿ îáåñïå÷åíèÿ îáúåêòèâíîé

îöåíêè êâàëèôèêàöèè ó÷àñòíèêîâ â ïåðâîì è

âòîðîì ñëó÷àÿõ äîëæíû áûòü ïðèìåíåíû ðàçëè÷-

íûå ñòàòèñòè÷åñêèå ïîäõîäû. Â íîðìàòèâíîé äî-

êóìåíòàöèè ïî ñòàòèñòè÷åñêîé îöåíêå ðåçóëüòà-

òîâ ÌÑÈ (ÃÎÑÒ 50779.60) ïðåäóñìîòðåí âûáîð

àëãîðèòìîâ è ìåòîäîâ îöåíêè êâàëèôèêàöèè â

çàâèñèìîñòè îò ÷èñëà ó÷àñòíèêîâ.

Öåëü äàííîé ðàáîòû — îöåíêà âëèÿíèÿ îáúå-

ìà èñïûòàíèé è êîëè÷åñòâà ó÷àñòíèêîâ íà îöåí-

êó êâàëèôèêàöèè ïðè ÌÑÈ. Ðàáîòà âûïîëíåíà â

ðàìêàõ ðåàëèçàöèè êîìïëåêñíîãî íàó÷íîãî íà-

ïðàâëåíèÿ «Ôóíäàìåíòàëüíî-îðèåíòèðîâàííûå

èññëåäîâàíèÿ, êâàëèôèêàöèÿ ìàòåðèàëîâ, íåðàç-

ðóøàþùèé êîíòðîëü» («Ñòðàòåãè÷åñêèå íàïðàâ-

ëåíèÿ ðàçâèòèÿ ìàòåðèàëîâ è òåõíîëîãèé èõ ïå-

ðåðàáîòêè íà ïåðèîä äî 2030 ãîäà») ñ èñïîëüçîâà-

íèåì îáîðóäîâàíèÿ ÖÊÏ «Êëèìàòè÷åñêèå èñïû-

òàíèÿ» ÍÈÖ «Êóð÷àòîâñêèé èíñòèòóò» — ÂÈÀÌ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Ïðè ìàëîì ÷èñëå ó÷àñòíèêîâ ïðîãðàììû

ÌÑÈ îöåíêó êâàëèôèêàöèè ïðîâîäèëè íà îñíî-

âàíèè ýêñïåðòíîé îöåíêè, ò.å. ïóòåì ñðàâíèòåëü-

íîãî àíàëèçà ðåçóëüòàòîâ èñïûòàíèé ó÷àñòíèêîâ

è ýêñïåðòíîé ëàáîðàòîðèè. Â ñëó÷àå áîëüøîãî

÷èñëà ó÷àñòíèêîâ èñïîëüçîâàëè ñòàòèñòè÷åñêèé

ïîäõîä, îñíîâàííûé íà ðîáàñòíîì ìåòîäå ïîëó-

÷åíèÿ ïðèïèñàííûõ çíà÷åíèé îöåíèâàåìûõ õà-

ðàêòåðèñòèê ïî ðåçóëüòàòàì àíàëèçà èñïûòàíèé

âñåõ ëàáîðàòîðèé, ó÷àñòâóþùèõ â äàííîé ïðî-

ãðàììå êâàëèôèêàöèè.

Îáû÷íî êîëè÷åñòâî îáðàçöîâ äëÿ ïðîâåðêè

êâàëèôèêàöèè (ÎÏÊ), ò.å. îáúåì èñïûòàíèé,

ïðîâîäèìûõ êàæäûì ó÷àñòíèêîì â ðàìêàõ îäíîé

ïðîãðàììû êâàëèôèêàöèè, îñòàåòñÿ íåèçìåííûì

è â ïåðâîì, è âî âòîðîì ñëó÷àÿõ. Èíûìè ñëîâàìè,

êîëè÷åñòâî ÎÏÊ íå çàâèñèò îò ÷èñëà ó÷àñòíèêîâ

â äàííîé ïðîãðàììå.

Â íåêîòîðûõ ñëó÷àÿõ ó÷àñòíèê ÌÑÈ â ðàìêàõ

îäíîé ïðîãðàììû êâàëèôèêàöèè âïðàâå èñïû-

òûâàòü äîïîëíèòåëüíûé íàáîð ÎÏÊ. Ïðè ýòîì

äîïîëíèòåëüíûé íàáîð ÎÏÊ èìååò òàêîå æå ôèê-

ñèðîâàííîå êîëè÷åñòâî îáðàçöîâ, êàê è ó äðóãèõ

ó÷àñòíèêîâ, à ðåçóëüòàòû èñïûòàíèé äîïîëíè-

òåëüíûõ íàáîðîâ ó÷èòûâàþòñÿ â îáùåì àíàëèçå

êàê ðåçóëüòàòû îòäåëüíûõ ó÷àñòíèêîâ.

Êðîìå òîãî, ÷àñòî êîëè÷åñòâî ÎÏÊ äëÿ ðàç-

ëè÷íûõ ïðîãðàìì ÌÑÈ îäèíàêîâî, îíî íå çàâè-

ñèò è îò ïðîãðàììû êâàëèôèêàöèè, ò.å. îò âèäà

èñïûòàíèé (êîíå÷íî, åñëè èíîãî íå òðåáóþò óñëî-

âèÿ ïðîâåäåíèÿ èñïûòàíèé) [7 – 11]. Ïðè ýòîì

ðàçíûå âèäû èñïûòàíèé îáúåêòèâíî, ò.å. íåçàâè-

ñèìî îò ïðîâîäÿùèõ èõ ëàáîðàòîðèé, õàðàêòå-

ðèçóþòñÿ ðàçëè÷íûìè óðîâíÿìè íåîïðåäåëåí-

íîñòè ïîëó÷àåìûõ õàðàêòåðèñòèê. Òàêèì îáðà-

çîì, ïðè èñïûòàíèÿõ íå ó÷èòûâàåòñÿ âëèÿíèå

íåîïðåäåëåííîñòè, õàðàêòåðíîå äëÿ òîãî èëè

èíîãî âèäà èñïûòàíèé, à òàêæå îöåíèâàåìûõ õà-

ðàêòåðèñòèê, ÷òî â èòîãå ìîæåò ïðèâåñòè ê íå-

êîððåêòíûì ðåçóëüòàòàì ïðîâåðêè êâàëèôèêà-

öèè ëàáîðàòîðèé [12, 13].

Âîïðîñ îöåíêè íåîïðåäåëåííîñòè ðàçëè÷íûõ

âèäîâ èñïûòàíèé, îöåíèâàåìûõ õàðàêòåðèñòèê,

ñòàáèëüíîñòè ðåçóëüòàòîâ òåõ èëè èíûõ âèäîâ

èñïûòàíèé, ðàçëè÷íûõ îáðàçöîâ è ìàòåðèàëîâ

ÿâëÿåòñÿ âàæíîé ñàìîñòîÿòåëüíîé çàäà÷åé, ðåøå-

íèå êîòîðîé òðåáóåò ñòàòèñòè÷åñêîãî îáîñíîâà-

íèÿ [14, 15]. Íî â ïðåäñòàâëåííîì àíàëèçå óêà-

çàííûå íåîïðåäåëåííîñòè íå îöåíèâàëèñü íàïðÿ-

ìóþ, ïîñêîëüêó ñòàòèñòè÷åñêèå ïîêàçàòåëè êâà-

ëèôèêàöèè îïðåäåëÿëèñü òîëüêî ïðè îäíîì âèäå

èñïûòàíèé (ðàñòÿæåíèè ïðè êîìíàòíîé òåìïåðà-

òóðå) è äëÿ îäíîé õàðàêòåðèñòèêè (âðåìåííîãî

ñîïðîòèâëåíèÿ) â çàâèñèìîñòè îò èçìåíåíèÿ êî-

ëè÷åñòâà ÎÏÊ è ÷èñëà ó÷àñòíèêîâ.

Íî áóäåò ëè êîëè÷åñòâî ÎÏÊ, íåîáõîäèìîå è

äîñòàòî÷íîå äëÿ îáúåêòèâíîé îöåíêè êâàëèôèêà-

öèè, çàâèñåòü îò ÷èñëà ó÷àñòíèêîâ äàííîé ïðî-

ãðàììû êâàëèôèêàöèè?

Íà ïåðâûé âçãëÿä, ïðåäñòàâëÿåòñÿ ëîãè÷íûì,

÷òî äëÿ ñîõðàíåíèÿ îáúåêòèâíîñòè è îáîñíîâàí-

íîñòè ðåçóëüòàòîâ êâàëèôèêàöèè ëàáîðàòîðèé

ïîñðåäñòâîì ÌÑÈ ïðè íåáîëüøîì ÷èñëå ó÷àñòíè-

êîâ êàæäîìó èç ó÷àñòíèêîâ ïîòðåáóåòñÿ èñïûòû-

âàòü áîëüøåå êîëè÷åñòâî ÎÏÊ, ÷åì â ñëó÷àå, êî-

ãäà ÷èñëî ó÷àñòíèêîâ äîñòàòî÷íî âåëèêî. Äðóãè-

ìè ñëîâàìè, ÷åì ìåíüøå ÷èñëî ó÷àñòíèêîâ ïðî-

ãðàììû ÌÑÈ, òåì áîëüøåå êîëè÷åñòâî ÎÏÊ â

ðàìêàõ äàííîé ïðîãðàììû îíè äîëæíû èñïû-

òàòü. Íî íå ñòîèò çàáûâàòü è î òîì, ÷òî íåçàâè-

ñèìî îò êîëè÷åñòâà ó÷àñòíèêîâ äîëæåí ñóùå-

ñòâîâàòü òîò ìèíèìàëüíûé îáúåì îáðàçöîâ (èñ-

ïûòàíèé), êîòîðûé òðåáóåòñÿ èñïûòàòü êàæäîìó

ó÷àñòíèêó äëÿ ïîëó÷åíèÿ îáîñíîâàííûõ îöåíîê

ýêñïåðèìåíòàëüíûõ õàðàêòåðèñòèê è â èòîãå —

êîððåêòíîé êâàëèôèêàöèè.

Ñ îäíîé ñòîðîíû, òî÷íîñòü îöåíîê õàðàêòå-

ðèñòèê, ïîëó÷àåìûõ ñàìèì ó÷àñòíèêîì, çàâèñèò

îò êîëè÷åñòâà ÎÏÊ, èñïûòàííûõ êàæäûì ó÷àñò-

íèêîì â ðàìêàõ ïðîãðàììû ÌÑÈ, ò.å. îò îáúåìà

âûáîðêè ýêñïåðèìåíòàëüíûõ äàííûõ. Ñ äðóãîé

ñòîðîíû, òî÷íîñòü îïðåäåëÿåìûõ ñòàòèñòè÷åñêèõ

ïîêàçàòåëåé êâàëèôèêàöèè ïðè ÌÑÈ (ïðèïèñàí-

íîãî çíà÷åíèÿ, ñòàíäàðòíîé íåîïðåäåëåííîñòè

ïðèïèñàííîãî çíà÷åíèÿ è ò.ä.), à ñëåäîâàòåëüíî,

îáúåêòèâíîñòü êâàëèôèêàöèè äëÿ âñåõ ó÷àñòíè-

êîâ ïî äàííîé ïðîãðàììå â öåëîì çàâèñÿò îò êî-

ëè÷åñòâà ëàáîðàòîðèé, ó÷àñòâóþùèõ â ïðîãðàì-

ìå êâàëèôèêàöèè.
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Íåîáõîäèìî îòìåòèòü, ÷òî ÷èñëî ó÷àñòíèêîâ

ïðîãðàììû êâàëèôèêàöèè è îáúåì âûáîðêè ýêñ-

ïåðèìåíòàëüíûõ äàííûõ, ò.å. êîëè÷åñòâî ÎÏÊ,

èñïûòàííûõ êàæäûì ó÷àñòíèêîì â ðàìêàõ äàí-

íîé ïðîãðàììû, èçíà÷àëüíî ÿâëÿþòñÿ âåëè÷èíà-

ìè, íåçàâèñèìûìè äðóã îò äðóãà.

Äëÿ îòâåòà íà âîïðîñ î ñóùåñòâîâàíèè çàâè-

ñèìîñòè ìåæäó êîëè÷åñòâîì ó÷àñòíèêîâ è íåîá-

õîäèìûì îáúåìîì èñïûòàíèé (êîëè÷åñòâîì

ÎÏÊ) äëÿ êàæäîãî ó÷àñòíèêà áûëè èñïîëüçîâàíû

ñòàíäàðòíàÿ ìåòîäèêà (ÃÎÑÒ Ð 50779.60–2017)

ðàñ÷åòà ñòàòèñòè÷åñêèõ ïîêàçàòåëåé ïðîâåðêè

êâàëèôèêàöèè è ÷èñëåííûé ýêñïåðèìåíò (ãåíå-

ðàöèÿ ñëó÷àéíûõ ÷èñåë ñ çàäàííûìè ïàðàìåòðà-

ìè è âèäîì ðàñïðåäåëåíèÿ).

Äëÿ ñðàâíèòåëüíîãî àíàëèçà âûáðàíû îñíîâ-

íûå ñòàòèñòè÷åñêèå ïîêàçàòåëè ïðîâåðêè êâàëè-

ôèêàöèè ÌÑÈ: ïðèïèñàííîå çíà÷åíèå xpt; ñòàí-

äàðòíîå îòêëîíåíèå äëÿ îöåíêè êâàëèôèêàöèè

ópt; ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàííîãî

çíà÷åíèÿ u(xpt).

Ñîãëàñíî ÃÎÑÒ Ð 50779.60 ñòàòèñòè÷åñêèå

ïîêàçàòåëè ïðîâåðêè êâàëèôèêàöèè îïðåäåëÿëè

ñëåäóþùèì îáðàçîì. Äëÿ íàõîæäåíèÿ ïðèïèñàí-

íîãî xpt ïî âûáîðêàì ÷èñëåííîãî ýêñïåðèìåíòà

ñòðîèëè âàðèàöèîííûé ðÿä ñðåäíèõ çíà÷åíèé

îöåíèâàåìîé õàðàêòåðèñòèêè xi (i = = 1, ..., p) â

ïîðÿäêå íåóáûâàíèÿ. Çàòåì äëÿ ïîñòðîåííîãî âà-

ðèàöèîííîãî ðÿäà âû÷èñëÿëè íà÷àëüíûå çíà÷å-

íèÿ ðîáàñòíîãî ñðåäíåãî x è ðîáàñòíîãî ñðåäíå-

êâàäðàòè÷åñêîãî îòêëîíåíèÿ (ÑÊÎ) s îöåíèâàå-

ìîé õàðàêòåðèñòèêè:

ìåäèàííîå çíà÷åíèå (ðîáàñòíîå ñðåäíåå)

x = med(xi);

ðîáàñòíîå ÑÊÎ

s = 1,483med|xi – x|.

Äàëåå âûïîëíÿëè èòåðàöèîííîå âû÷èñëåíèå íî-

âûõ çíà÷åíèé x è s. Äëÿ ýòîãî âû÷èñëÿëè êîí-

ñòàíòó ä = 1,5s è xi:

x
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ãäå p — êîëè÷åñòâî ëàáîðàòîðèé, ó÷àñòâóþùèõ

â Ïðîãðàììå ÌÑÈ, îïðåäåëèâøèõ ýêñïåðèìåí-

òàëüíûå çíà÷åíèÿ îöåíèâàåìîé õàðàêòåðèñòèêè.

Èòåðàöèîííîå âû÷èñëåíèå x è s ïðåêðàùàëè

ïðè ñîâïàäåíèè â ïðåäûäóùèõ è ïîñëåäóþùèõ

çíà÷åíèÿõ òðåõ çíàêîâ ïîñëå çàïÿòîé. Ïðèïèñàí-

íîå çíà÷åíèå îöåíèâàåìîé õàðàêòåðèñòèêè ïðè-

íèìàëè ðàâíûì ïîñëåäíåìó çíà÷åíèþ x, âû÷èñ-

ëåííîìó èòåðàöèîííûì ìåòîäîì: xpt = x.

Ñòàíäàðòíîå îòêëîíåíèå äëÿ îöåíêè êâàëè-

ôèêàöèè ópt ïðèíèìàëè ðàâíûì ïîñëåäíåìó çíà-

÷åíèþ s, âû÷èñëåííîìó èòåðàöèîííûì ìåòîäîì:

ópt = s.

Ñòàíäàðòíóþ íåîïðåäåëåííîñòü ïðèïèñàí-

íîãî çíà÷åíèÿ îïðåäåëÿëè ñîãëàñíî ÃÎÑÒ Ð

50779.60 ïî ôîðìóëå

u x pt
p

pt
( || ) , .�1 25

�

Ðàñ÷åò è ïîñëåäóþùèé ñòàòèñòè÷åñêèé àíà-

ëèç ïîêàçàòåëåé ïðîâåðêè êâàëèôèêàöèè ïðî-

âîäèëè íà îñíîâå çíà÷åíèé, ñãåíåðèðîâàííûõ ñ

ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ. Ãåíåðàöèÿ

ñëó÷àéíûõ ÷èñåë âûïîëíÿëàñü äëÿ õàðàêòåðèñ-

òèêè, èìåþùåé íîðìàëüíûé çàêîí ðàñïðåäåëå-

íèÿ, ñ ïàðàìåòðàìè ñðåäíåãî, ðàâíîãî 450 ÌÏà,

è ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ, ðàâíîãî

5 ÌÏà.

Âûáðàííûå â êà÷åñòâå ïðèìåðà ïàðàìåòðû

íîðìàëüíîãî ðàñïðåäåëåíèÿ ñîîòâåòñòâîâàëè

ñðåäíåìó óðîâíþ çíà÷åíèé âðåìåííîãî ñîïðîòèâ-

ëåíèÿ ïðè ðàñòÿæåíèè ñòàíäàðòíûõ îáðàçöîâ èç

ëèñòîâ àëþìèíèåâîãî ñïëàâà Ä16ÀÒ.

×èñëåííûé ýêñïåðèìåíò (ãåíåðàöèÿ ñëó÷àé-

íûõ çíà÷åíèé) ïðîâîäèëè äëÿ âûáðàííûõ ñëó-

÷àåâ ÷èñëà ó÷àñòíèêîâ è êîëè÷åñòâà ÎÏÊ íåçà-

âèñèìî äðóã îò äðóãà îòäåëüíûìè âûáîðêàìè ñî-

îòâåòñòâóþùåãî îáúåìà ïî àíàëîãèè ñ òåì, êàê

ýòî ïðîèñõîäèò ïðè ôîðìèðîâàíèè ó÷àñòíèêàìè

ÌÑÈ âûáîðîê ðåàëüíûõ ýêñïåðèìåíòàëüíûõ

äàííûõ.

Â õîäå àíàëèçà áûëî ðàññìîòðåíî íåñêîëüêî

ñëó÷àåâ, ïðè êîòîðûõ â îäíîé ïðîãðàììå êâàëè-

ôèêàöèè ïðèíèìàëè ó÷àñòèå 5, 6, 7, 8, 9, 10, 15 è

20 óñëîâíûõ ëàáîðàòîðèé. Äëÿ êàæäîãî èç óêà-

çàííûõ ñëó÷àåâ áûëî ïðèíÿòî, ÷òî êàæäûé ó÷àñò-

íèê ÌÑÈ (ëàáîðàòîðèÿ) èñïûòûâàåò îò 5 äî 10

ÎÏÊ.

Ïðèíÿòî, ÷òî îäíî ñãåíåðèðîâàííîå çíà÷åíèå

ñîîòâåòñòâóåò îäíîìó çíà÷åíèþ âðåìåííîãî ñî-

ïðîòèâëåíèÿ, ïîëó÷åííîìó ïðè èñïûòàíèè îäíî-

ãî ÎÏÊ. Ñîîòâåòñòâåííî, âñåãî ðàññìîòðåíî 48

âàðèàíòîâ ðåàëèçàöèè ïðîãðàììû ÌÑÈ äëÿ ðàç-

ëè÷íûõ êîìáèíàöèé ÷èñëà ó÷àñòíèêîâ è êîëè÷å-

ñòâà ÎÏÊ. Êîëè÷åñòâî ñãåíåðèðîâàííûõ çíà÷å-

íèé â çàâèñèìîñòè îò âàðèàíòà ðåàëèçàöèè ïðî-

ãðàììû ÌÑÈ ïðåäñòàâëåíî â òàáë. 1.

Åñëè áû òàêèå èñïûòàíèÿ ïðîâîäèëèñü â ðå-

àëüíîñòè, òî ó÷àñòíèêàìè ÌÑÈ áûëî áû âûïó-

ùåíî 480 ïðîòîêîëîâ, âêëþ÷àþùèõ ðåçóëüòàòû
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èñïûòàíèé 3600 ÎÏÊ (ïðè óñëîâèè, ÷òî êàæäûé

ó÷àñòíèê ïðîãðàììû ÌÑÈ ïî ðåçóëüòàòàì èñïû-

òàíèé çàäàííîãî êîëè÷åñòâà ÎÏÊ âûïóñêàåò

îäèí ïðîòîêîë).

Ñîãëàñíî ïðèâåäåííîé âûøå ìåòîäèêå äëÿ

êàæäîãî âûáðàííîãî ñòàòèñòè÷åñêîãî ïîêàçàòåëÿ

êâàëèôèêàöèè (xpt, ópt è u(x| |pt) â ñîîòâåòñòâèè ñ

òàáë. 1 ðàñ÷åòû ïðîâîäèëè äëÿ 48 âàðèàíòîâ ðåà-

ëèçàöèè ïðîãðàììû ÌÑÈ.

Äëÿ ïîëó÷åíèÿ ñòàòèñòè÷åñêè îáîñíîâàííûõ

âûâîäîâ ïðè îöåíêå ïîêàçàòåëåé ïðîâåðêè êâà-

ëèôèêàöèè â ðåçóëüòàòå ìîäåëèðîâàíèÿ äëÿ

êàæäîãî ðàññìàòðèâàåìîãî âàðèàíòà ðåàëèçàöèè

ïðîãðàììû ÌÑÈ áûëè ñãåíåðèðîâàíû äàííûå

äëÿ 480 ñëó÷àåâ, ò.å. ïî 10 çíà÷åíèé (ðàñ÷åòîâ)

äëÿ êàæäîãî ïîêàçàòåëÿ îöåíêè êâàëèôèêàöèè

48 âàðèàíòîâ ðåàëèçàöèè ïðîãðàììû ÌÑÈ (ñì.

òàáë. 1).

Òàêèì îáðàçîì, ñóììàðíî ñãåíåðèðîâàíû

äàííûå äëÿ 4800 óñëîâíûõ ïðîòîêîëîâ ÌÑÈ,

âêëþ÷àþùèõ â îáùåé ñëîæíîñòè 36 000 çíà÷åíèé

äëÿ ÎÏÊ.

Îáñóæäåíèå ðåçóëüòàòîâ

Â ðåçóëüòàòå ðàñ÷åòîâ äëÿ êàæäîãî âûáðàííî-

ãî ñòàòèñòè÷åñêîãî ïîêàçàòåëÿ ïðîãðàììû êâàëè-

ôèêàöèè ÌÑÈ íà îñíîâå ñãåíåðèðîâàííûõ äàí-

íûõ áûëè îïðåäåëåíû 48 ñðåäíèõ çíà÷åíèé (ïî

÷èñëó ðàññìàòðèâàåìûõ ðåàëèçàöèé ïðîãðàìì

ÌÑÈ â çàâèñèìîñòè îò êîëè÷åñòâà ó÷àñòíèêîâ è

ÎÏÊ).

Ñîîòâåòñòâåííî, ñðåäíèå çíà÷åíèÿ êàæäîãî

ïîêàçàòåëÿ êâàëèôèêàöèè îïðåäåëÿëè ïî 10 çíà-

÷åíèÿì äëÿ êàæäîé êîìáèíàöèè ÷èñëà ó÷àñò-

íèêîâ è êîëè÷åñòâà ÎÏÊ. Òàêèì îáðàçîì, ñðåä-

íåå çíà÷åíèå êàæäîãî ñòàòèñòè÷åñêîãî ïîêàçà-

òåëÿ áûëî îïðåäåëåíî íà âûáîðêàõ îáúåìîì îò

250 äî 2000 ñãåíåðèðîâàííûõ (ýêñïåðèìåíòàëü-

íûõ) çíà÷åíèé â çàâèñèìîñòè îò ÷èñëà ó÷àñòíè-

êîâ è êîëè÷åñòâà ÎÏÊ.

Â òàáë. 2, à òàêæå íà ðèñ. 1 è 2 ïðèâåäåíû ïî-

ëó÷åííûå ñðåäíèå çíà÷åíèÿ ñòàòèñòè÷åñêîãî ïî-

êàçàòåëÿ xpt äëÿ ñòàíäàðòíûõ îáðàçöîâ èç ëèñòîâ

àëþìèíèåâîãî ñïëàâà Ä16ÀÒ â çàâèñèìîñòè îò

÷èñëà ó÷àñòíèêîâ ïðîãðàìì ÌÑÈ è êîëè÷åñòâà

ÎÏÊ.
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Òàáëèöà 1. Êîëè÷åñòâî ñãåíåðèðîâàííûõ çíà÷åíèé (èñïûòàíèé)

Table 1. Number of the generated values (tests)

×èñëî ó÷àñòíèêîâ

â îäíîì ðàóíäå ÌÑÈ, øò.

Êîëè÷åñòâî ÎÏÊ, èñïûòàííûõ êàæäûì ó÷àñòíèêîì, øò.

5 6 7 8 9 10

5 25 30 35 40 45 50

6 30 36 42 48 54 60

7 35 42 49 56 63 70

8 40 48 56 64 72 80

9 45 54 63 72 81 90

10 50 60 70 80 90 100

15 75 90 105 120 135 150

20 100 120 140 160 180 200

Òàáëèöà 2. Ïðèïèñàííûå çíà÷åíèÿ x
pt

(ÌÏà) äëÿ ñòàíäàðòíûõ îáðàçöîâ â çàâèñèìîñòè îò ÷èñëà ó÷àñòíèêîâ ïðîãðàìì

ÌÑÈ è êîëè÷åñòâà ÎÏÊ

Table 2. Assigned xpt (MPa) values for standard samples as a function of the number of participants of ICT programs and the

number of PTS

×èñëî ó÷àñòíèêîâ

ïðîãðàììû ÌÑÈ

Êîëè÷åñòâî ÎÏÊ

5 6 7 8 9 10

5 449,9 449,7 450,2 449,9 450,0 449,7

6 449,6 450,1 450,1 450,1 449,8 450,1

7 450,2 449,4 450,4 449,9 449,9 449,9

8 450,1 449,7 450,6 449,9 449,9 449,9

9 449,9 449,8 449,9 450,0 450,1 449,8

10 449,9 450,3 449,8 450,1 450,1 449,8

15 450,1 450,0 450,0 449,9 450,0 449,7

20 449,8 449,8 450,1 450,0 450,0 449,9



Âèäíî (ñì. ðèñ. 1 è 2), ÷òî âåëè÷èíà ïðèïè-

ñàííîãî çíà÷åíèÿ xpt â âûáðàííûõ (íàèáîëåå âîñ-

òðåáîâàííûõ äëÿ ìåõàíè÷åñêèõ èñïûòàíèé îá-

ðàçöîâ êîíñòðóêöèîííûõ ìàòåðèàëîâ) äèàïàçî-

íàõ êîëè÷åñòâà ó÷àñòíèêîâ è ÎÏÊ íå çàâèñèò íè

îò êîëè÷åñòâà èñïûòàííûõ ÎÏÊ, íè îò ÷èñëà

ó÷àñòíèêîâ ÌÑÈ. Íåñìîòðÿ íà òî, ÷òî ïðè ÷èñëå

ó÷àñòíèêîâ ïðîãðàììû êâàëèôèêàöèè �10 (ñì.

ðèñ. 1) íåçàâèñèìî îò êîëè÷åñòâà èñïûòàííûõ

ÎÏÊ íàáëþäàåòñÿ íåáîëüøîé ðàçáðîñ xpt, åãî

ìàêñèìàëüíîå îòêëîíåíèå îò çàäàííîãî óðîâíÿ

(450 ÌÏà) ñîñòàâèëî âñåãî 0,13 %, ÷òî íàõîäèòñÿ

â ïðåäåëàõ ïîãðåøíîñòè (îêðóãëåíèé) äëÿ äàííî-

ãî óðîâíÿ çíà÷åíèé è íå ìîæåò ïðèâåñòè ê ñóùå-

ñòâåííûì îøèáêàì ïðè ïðîâåðêå êâàëèôèêàöèè

ïðè ÌÑÈ.

Â òàáë. 3, 4, à òàêæå íà ðèñ. 3 – 6 ïðèâåäåíû

ðåçóëüòàòû ðàñ÷åòà äëÿ äâóõ äðóãèõ ñòàòèñòè÷å-

ñêèõ ïîêàçàòåëåé ïðîãðàììû êâàëèôèêàöèè —

ñòàíäàðòíîãî îòêëîíåíèÿ ópt äëÿ îöåíêè êâàëè-

ôèêàöèè è ñòàíäàðòíîé íåîïðåäåëåííîñòè ïðè-

ïèñàííîãî çíà÷åíèÿ u(x| |pt).

Èç ðèñ. 3 âèäíî, ÷òî ïðè ÷èñëå ó÷àñòíèêîâ äî

10 íåçàâèñèìî îò êîëè÷åñòâà ÎÏÊ (îò 5 äî 10)

ðàçáðîñ çíà÷åíèé ñòàíäàðòíîãî îòêëîíåíèÿ ópt

äëÿ îöåíêè êâàëèôèêàöèè èìååò ñëó÷àéíûé õà-

ðàêòåð. Ïðè ýòîì òàêæå íåçàâèñèìî îò êîëè÷å-

ñòâà ÎÏÊ óâåëè÷åíèå ÷èñëà ó÷àñòíèêîâ ïðè-

âîäèò ê íåçíà÷èòåëüíîìó ïîâûøåíèþ äàííîãî

ïîêàçàòåëÿ.

Ðèñ. 4 ñâèäåòåëüñòâóåò, ÷òî íåçàâèñèìî îò

÷èñëà ó÷àñòíèêîâ ñòàíäàðòíîå îòêëîíåíèå äëÿ

îöåíêè êâàëèôèêàöèè óìåíüøàåòñÿ ïðè óâåëè-

÷åíèè êîëè÷åñòâà ÎÏÊ. Â ñëó÷àå èçìåíåíèÿ ÷èñ-

ëà ó÷àñòíèêîâ ïðîãðàììû ÌÑÈ è óâåëè÷åíèÿ
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t

Ðèñ. 1. Ïðèïèñàííîå çíà÷åíèå x
pt

ñòàíäàðòíûõ îáðàçöîâ

â çàâèñèìîñòè îò ÷èñëà ó÷àñòíèêîâ ïðîãðàìì ÌÑÈ è êî-

ëè÷åñòâà ÎÏÊ

Fig. 1. Assigned xpt values for standard samples depending

the number of participants of ICT programs and the num-

ber of PTS
x

p
t

Ðèñ. 2. Ïðèïèñàííîå çíà÷åíèå x
pt

äëÿ ñòàíäàðòíûõ îá-

ðàçöîâ â çàâèñèìîñòè îò êîëè÷åñòâà ÎÏÊ, èñïûòàííûõ

êàæäûì ó÷àñòíèêîì ïðîãðàììû ÌÑÈ

Fig. 2. The assigned xpt value for standard samples depend-

ing on the number of PTS tested by each participant of the

ICT program

Òàáëèöà 3. Ñòàíäàðòíîå îòêëîíåíèå ó
pt

äëÿ îöåíêè êâàëèôèêàöèè ñòàíäàðòíûõ îáðàçöîâ â çàâèñèìîñòè îò ÷èñëà ó÷àñò-

íèêîâ ïðîãðàìì ÌÑÈ è êîëè÷åñòâà ÎÏÊ

Table 3. Standard deviation ópt for assessing the proficiency of standard samples depending on the number of participants of

ICT programs and the number of PTS

×èñëî ó÷àñòíèêîâ

ïðîãðàììû ÌÑÈ

Êîëè÷åñòâî ÎÏÊ

5 6 7 8 9 10

5 1,98 1,72 1,90 1,35 1,73 1,44

6 2,22 1,54 1,46 2,01 1,56 1,50

7 2,43 2,26 1,75 1,74 1,57 1,19

8 1,96 1,91 1,81 1,62 1,88 1,65

9 1,77 2,15 1,87 1,59 1,49 1,69

10 1,85 2,05 1,81 1,34 1,67 1,46

15 1,89 1,89 2,06 1,65 1,62 1,42

20 2,26 1,87 1,89 1,79 1,82 1,55



êîëè÷åñòâà ÎÏÊ ðàçáðîñû ñòàíäàðòíîãî îòêëîíå-

íèÿ äëÿ îöåíêè êâàëèôèêàöèè (ópt) íåçíà÷èòåëü-

íû è íå ïðåâîñõîäÿò âåëè÷èíó ÑÊÎ âðåìåííîãî

ñîïðîòèâëåíèÿ ïðè ðàñòÿæåíèè (äëÿ âûáðàííîé

ìîäåëè ãåíåðàöèè ýêñïåðèìåíòàëüíûõ çíà÷åíèé

âåëè÷èíà ÑÊÎ ïðèíÿòà ðàâíîé 5 ÌÏà).

Â îòëè÷èå îò ïðèïèñàííîãî çíà÷åíèÿ è ñòàí-

äàðòíîãî îòêëîíåíèÿ äëÿ îöåíêè êâàëèôèêàöèè,

ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàííîãî

çíà÷åíèÿ u(x| |pt) çàâèñèò îò ÷èñëà ó÷àñòíèêîâ è

êîëè÷åñòâà ÎÏÊ, èñïûòàííûõ êàæäûì ó÷àñòíè-

êîì ïðîãðàììû ÌÑÈ (ñì. òàáë. 4).

Èç ðèñ. 5 è 6 ñëåäóåò, ÷òî ñòàíäàðòíàÿ íåîï-

ðåäåëåííîñòü ïðèïèñàííîãî çíà÷åíèÿ îáðàçöîâ

óìåíüøàåòñÿ ïðè óâåëè÷åíèè ÷èñëà ó÷àñòíèêîâ

ïðîãðàìì ÌÑÈ è êîëè÷åñòâà ÎÏÊ.

Çàêëþ÷åíèå

Ïðîâåäåííûå ðàñ÷åòû è ïîëó÷åííûå çàâèñè-

ìîñòè ïîçâîëÿþò îòâåòèòü íà âîïðîñ î ñóùåñòâî-

âàíèè çàâèñèìîñòè ìåæäó ÷èñëîì ó÷àñòíèêîâ

ïðîãðàììû êâàëèôèêàöèè è êîëè÷åñòâîì ÎÏÊ,

à òàêæå ñòàòèñòè÷åñêèìè ïîêàçàòåëÿìè êâàëè-

ôèêàöèè ïðè ìåæëàáîðàòîðíûõ ñëè÷èòåëüíûõ

èñïûòàíèÿõ.

Âåëè÷èíà ïðèïèñàííîãî çíà÷åíèÿ xpt, îïðåäå-

ëÿåìàÿ â ñîîòâåòñòâèè ñ ðîáàñòíûì ìåòîäîì ïî

ÃÎÑÒ 50779.60 (àëãîðèòì À) â âûáðàííûõ äèà-

ïàçîíàõ ÷èñëà ó÷àñòíèêîâ è êîëè÷åñòâà ÎÏÊ

(íàèáîëåå âîñòðåáîâàííûõ äëÿ ìåõàíè÷åñêèõ èñ-

ïûòàíèé îáðàçöîâ êîíñòðóêöèîííûõ ìàòåðèà-

ëîâ), íå çàâèñèò íè îò êîëè÷åñòâà èñïûòàííûõ

ÎÏÊ, íè îò ÷èñëà ó÷àñòíèêîâ ÌÑÈ. Ðàçëè÷íûå

êîëè÷åñòâî ÎÏÊ (îò 5 äî 10) è ÷èñëî ó÷àñòíèêîâ
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Ðèñ. 3. Ñòàíäàðòíîå îòêëîíåíèå ó
pt

äëÿ îöåíêè êâàëèôè-

êàöèè ñòàíäàðòíûõ îáðàçöîâ â çàâèñèìîñòè îò ÷èñëà ó÷à-

ñòíèêîâ ïðîãðàìì ÌÑÈ è êîëè÷åñòâà ÎÏÊ

Fig. 3. Standard deviation ópt for assessing the proficiency

of standard samples depending on the number of partici-

pants of ICT programs and the number of PTS

Òàáëèöà 4. Ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàííîãî çíà÷åíèÿ u(x| |pt) ñòàíäàðòíûõ îáðàçöîâ â çàâèñèìîñòè îò

÷èñëà ó÷àñòíèêîâ ïðîãðàìì ÌÑÈ è êîëè÷åñòâà ÎÏÊ

Table 4. Standard uncertainty of the assigned value u(x||pt) of standard samples depending on the number of participants of

ICT programs and the number of PTS

×èñëî ó÷àñòíèêîâ

ïðîãðàììû ÌÑÈ

Êîëè÷åñòâî ÎÏÊ

5 6 7 8 9 10

5 1,11 0,96 1,06 0,75 0,97 0,81

6 1,13 0,78 0,75 1,03 0,80 0,77

7 1,15 1,07 0,83 0,82 0,74 0,56

8 0,86 0,85 0,80 0,72 0,83 0,73

9 0,74 0,90 0,78 0,66 0,62 0,70

10 0,73 0,81 0,72 0,53 0,66 0,58

15 0,61 0,61 0,66 0,53 0,52 0,46

20 0,63 0,52 0,53 0,50 0,51 0,43

ó
p

t

Ðèñ. 4. Ñòàíäàðòíîå îòêëîíåíèå ó
pt

äëÿ îöåíêè êâàëèôè-

êàöèè ñòàíäàðòíûõ îáðàçöîâ â çàâèñèìîñòè îò êîëè÷åñòâà

ÎÏÊ è ÷èñëà ó÷àñòíèêîâ ïðîãðàìì ÌÑÈ

Fig. 4. Standard deviation ópt for assessing the proficiency

of standard samples depending on the number of PTS and

the number of participants of ICT programs



ïðîãðàììû ÌÑÈ (îò 5 äî 20) íå ìîãóò ïðèâåñòè ê

ñóùåñòâåííûì îøèáêàì îöåíîê ïðè ïðîâåðêå

êâàëèôèêàöèè.

Ñòàíäàðòíîå îòêëîíåíèå ópt äëÿ îöåíêè êâà-

ëèôèêàöèè èìååò ñëó÷àéíûé õàðàêòåð ïðè íå-

áîëüøîì ÷èñëå ó÷àñòíèêîâ. Ïðè ýòîì íåçàâèñèìî

îò êîëè÷åñòâà ÎÏÊ óâåëè÷åíèå ÷èñëà ó÷àñòíèêîâ

(îò 5 äî 20) ïðèâîäèò ê íåçíà÷èòåëüíîìó ïîâû-

øåíèþ äàííîãî ïîêàçàòåëÿ. Óâåëè÷åíèå æå êîëè-

÷åñòâà ÎÏÊ íåçàâèñèìî îò ÷èñëà ó÷àñòíèêîâ

ïðèâîäèò ê íåñóùåñòâåííîìó ñíèæåíèþ ñòàí-

äàðòíîãî îòêëîíåíèÿ äëÿ îöåíêè êâàëèôèêàöèè.

Êàê è ïðèïèñàííîå çíà÷åíèå, ÷èñëî ó÷àñòíèêîâ

ïðîãðàììû ÌÑÈ (îò 5 äî 20) è êîëè÷åñòâî ÎÏÊ

(îò 5 äî 10) íå îêàçûâàþò ñóùåñòâåííîãî âëèÿ-

íèÿ íà âåëè÷èíó äàííîãî ñòàòèñòè÷åñêîãî ïîêà-

çàòåëÿ è íà èòîãîâóþ îöåíêó êâàëèôèêàöèè.

Ñòàíäàðòíàÿ íåîïðåäåëåííîñòü ïðèïèñàííî-

ãî çíà÷åíèÿ äëÿ âðåìåííîãî ñîïðîòèâëåíèÿ ñòàí-

äàðòíûõ îáðàçöîâ ïðè ìåõàíè÷åñêèõ èñïûòàíèÿõ

çàâèñèò îò ÷èñëà ó÷àñòíèêîâ ïðîãðàììû ÌÑÈ è

êîëè÷åñòâà ÎÏÊ, èñïûòàííûõ êàæäûì ó÷àñòíè-

êîì, ñíèæàÿñü ïðè èõ óâåëè÷åíèè.
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Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ èññëåäîâàíèÿ òåìïåðàòóðíî-âðåìåííûõ óñëîâèé

ïðîöåññà ôðèêöèîííîé íàïëàâêè ïðè èçãîòîâëåíèè ôóíêöèîíàëüíî-îðãàíèçîâàííûõ

ñòàëåàëþìèíèåâûõ êîìïîçèöèé è ïðîâåäåíà åå âàëèäàöèÿ. Â êà÷åñòâå ìàòåðèàëà ðàñõîäó-

åìîãî ñòåðæíÿ ïðè ôðèêöèîííîé íàïëàâêå ïðèìåíÿëè ïðóòêè èç ÷èñòîãî àëþìèíèÿ ìàðêè

ER1100. Ïîäëîæêà â ôîðìå ïðÿìîóãîëüíîé ïëàñòèíû áûëà èçãîòîâëåíà èç êà÷åñòâåííîé

ñòàëè 20. Ãåîìåòðè÷åñêóþ ìîäåëü îáúåêòà ïðè ìîäåëèðîâàíèè ïðîöåññà ôðèêöèîííîé íà-

ïëàâêè â ïðîãðàììíîì êîìïëåêñå ANSYS 2021R2 çàäàâàëè â âèäå ñòåðæíÿ è ïîäëîæêè.

Èñõîäíûìè äàííûìè äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ òåìïåðàòóðíî-âðåìåííûõ óñëîâèé ïðîöåñ-

ñà ôðèêöèîííîé íàïëàâêè â ÏÊ ANSYS ÿâëÿëèñü: ãåîìåòðè÷åñêèå ïàðàìåòðû îáúåêòà ìî-

äåëèðîâàíèÿ; õàðàêòåðèñòèêè òåïëîâûõ íàãðóçîê èñòî÷íèêà íàãðåâà, çàâèñÿùèå îò òåõíî-

ëîãè÷åñêèõ ïàðàìåòðîâ ðåæèìà íàïëàâêè (ñêîðîñòü îñåâîãî âðàùåíèÿ ñòåðæíÿ, îñåâîå äàâ-

ëåíèå, ãðàíè÷íûå óñëîâèÿ îáúåêòà ìîäåëèðîâàíèÿ äëÿ òåìïåðàòóðíîé çàäà÷è); âñïîìîãà-

òåëüíûå ïàðàìåòðû, îïðåäåëÿþùèå ïîðÿäîê âûïîëíåíèÿ ðàñ÷åòîâ. Â êà÷åñòâå ïàðàìåòðà

òåïëîâûõ íàãðóçîê èñòî÷íèêà ðàññìàòðèâàëè òåïëîâóþ ìîùíîñòü, âîçíèêàþùóþ â ìåñòå

ôèçè÷åñêîãî êîíòàêòà âðàùàþùåãîñÿ ðàñõîäóåìîãî ñòåðæíÿ è ïîäëîæêè. Ðàñ÷åò ðàñïðî-

ñòðàíåíèÿ òåïëà äëÿ ïðîöåññà ôðèêöèîííîé íàïëàâêè ïðîâîäèëè ïî ñõåìå ñ íîðìàëü-

íî-êðóãîâûì èñòî÷íèêîì, ðàñïîëîæåííûì íà ïîâåðõíîñòè ïîäëîæêè. Âûáðàííàÿ ðàñ÷åò-

íàÿ ñõåìà îòðàæàåò îñíîâíóþ îñîáåííîñòü ïðîöåññà ôðèêöèîííîé íàïëàâêè — ââåäåíèå

òåïëà âñëåäñòâèå òðåíèÿ ìåæäó âðàùàþùèìñÿ ðàñõîäóåìûì ñòåðæíåì è ïîäëîæêîé. Ïîêà-

çàíî, ÷òî çà ñ÷åò ó÷åòà ãðàíè÷íûõ óñëîâèé è ãåîìåòðè÷åñêèõ îñîáåííîñòåé 3D-ìîäåëè ðàç-

ðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü õàðàêòåðèçóåòñÿ óäîâëåòâîðèòåëüíîé ñõîäèìîñòüþ è

ïîçâîëÿåò ñ íåîïðåäåëåííîñòüþ íå áîëåå 5 % îïðåäåëÿòü òåìïåðàòóðó íàãðåâà ñòàëüíîé

ïîäëîæêè ïðè ôîðìèðîâàíèè ìåòîäîì íàïëàâêè íà åå ïîâåðõíîñòè ôóíêöèîíàëüíûõ àëþ-

ìèíèåâûõ ïîêðûòèé, à òàêæå êîìïîçèöèîííûõ ìàòåðèàëîâ íà èõ îñíîâå.

Êëþ÷åâûå ñëîâà: ñòàëåàëþìèíèåâûå êîìïîçèöèè; ôðèêöèîííàÿ íàïëàâêà; ìàòåìàòè÷å-

ñêàÿ ìîäåëü; òåìïåðàòóðíî-âðåìåííûå óñëîâèÿ; òåïëîâàÿ ìîùíîñòü.
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A mathematical model for studying temperature and time conditions of the process of friction surfacing in

the manufacture of functionally organized steel-aluminum compositions has been developed and vali-

dated. Bars made of pure aluminum grade ER1100 were used as the consumable rod material during fric-

tion surfacing. The substrate in the form of a rectangular plate was made of high-quality steel 20. The geo-

metric model of the object when modeling the process of friction surfacing in the ANSYS 2021R2 software

package was specified in the form of a rod and a substrate. The initial data for calculating tempera-

ture-time conditions of the friction surfacing process are: geometric parameters of the simulation object;

characteristics of thermal loads of the heating source which depend on the technological parameters of the

surfacing mode (the speed of axial rotation of the rod, axial pressure, boundary conditions of the simula-

tion object for the temperature problem), and auxiliary parameters that determine the order of calcula-

tions. The thermal power arising at the point of physical contact between the rotating consumable rod and

the substrate was considered a parameter of the source thermal load. The calculation of heat propagation

for the friction surfacing process was carried out according to a scheme with a normally circular source lo-

cated on the substrate surface. The calculation scheme directly reflects the main feature of the friction

surfacing process: the introduction of heat due to friction between the rotating consumable rod and the

substrate. It is shown that taking into account the boundary conditions and geometric features of the 3D

model provide a satisfactory convergence of developed mathematical model and ensure the uncertainty of

no more than 5 % in determining the heating temperature of the substrate when forming functional alu-

minum coatings, as well as composite materials on their base when surfacing them on the surface of steel

substrates.

Keywords: steel-aluminum compositions; friction surfacing process; mathematical model; tempera-

ture-time conditions; thermal power.

Ââåäåíèå

Ñðåäè ìíîãî÷èñëåííûõ ïðîöåññîâ ñîçäàíèÿ

ôóíêöèîíàëüíî-îðãàíèçîâàííûõ êîìïîçèöèé çà

ñ÷åò íàíåñåíèÿ ôóíêöèîíàëüíûõ ïîêðûòèé îñî-

áûé èíòåðåñ ïðåäñòàâëÿåò ôðèêöèîííàÿ íàïëàâ-

êà (ðèñ. 1). Äàííûé òåõíîëîãè÷åñêèé ïðîöåññ

ðàçðàáîòàí îòíîñèòåëüíî íåäàâíî è íåñìîòðÿ íà

ïðîäîëæàþùèåñÿ äî íàñòîÿùåãî âðåìåíè ýêñïå-

ðèìåíòàëüíûå èññëåäîâàíèÿ, ïðîâîäèìûå ïðå-

èìóùåñòâåííî â ëàáîðàòîðíûõ óñëîâèÿõ, çàðåêî-

ìåíäîâàë ñåáÿ êàê âåñüìà ïåðñïåêòèâíûé ñïîñîá

ôîðìèðîâàíèÿ ïîêðûòèé. Îñîáîå çíà÷åíèå ïðî-

öåññ ôðèêöèîííîé íàïëàâêè èìååò äëÿ èçãîòîâ-

ëåíèÿ ñòàëåàëþìèíåâûõ êîìïîçèöèé [1 – 3]. Ïðè

ýòîì íà ïîäëîæêó èç ñòàëè íàíîñÿò ôóíêöèî-

íàëüíûå ïîêðûòèÿ èç àëþìèíèåâûõ ñïëàâîâ,

à òàêæå äèñïåðñíî-íàïîëíåííûõ êîìïîçèöèîí-

íûõ ìàòåðèàëîâ íà èõ îñíîâå [4 – 6]. Áëàãîäàðÿ

ñî÷åòàíèþ âûñîêèõ çíà÷åíèé óäåëüíîé ïðî÷íî-

ñòè è êîððîçèîííîé ñòîéêîñòè, à òàêæå ñíèæåí-

íîé ìàññå èçäåëèÿ è ïîâûøåííûì òðèáîòåõíè÷å-

ñêèì õàðàêòåðèñòèêàì òàêèå êîìïîçèöèè íàõî-

äÿò øèðîêîå ïðèìåíåíèå â ðàçíûõ îòðàñëÿõ ïðî-

ìûøëåííîñòè [7 – 9].

Ýôôåêòèâíîñòü íàíåñåíèÿ ïîêðûòèé íà ðà-

áî÷óþ ïîâåðõíîñòü èçäåëèé, à òàêæå êà÷åñòâî

ïîäîáíûõ ïîêðûòèé çàâèñÿò îò âûáîðà çíà÷åíèé

òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà ôðèêöè-

îííîé íàïëàâêè. Ñ âàæíåéøèìè èç íèõ, òàêèìè

êàê ÷àñòîòà âðàùåíèÿ ðàñõîäóåìîãî ñòåðæíÿ,

îñåâîå óñèëèå íà íåãî è ñêîðîñòü íàïëàâêè, ñâÿ-

çàíû òåìïåðàòóðíî-âðåìåííûå óñëîâèÿ ïðîöåññà

[10, 11]. Òåìïåðàòóðíî-âðåìåííîå ñîñòîÿíèå ýëå-

ìåíòîâ, âçàèìîäåéñòâóþùèõ äðóã ñ äðóãîì ïðè

ôðèêöèîííîé íàïëàâêå, â çíà÷èòåëüíîé ìåðå

îáóñëàâëèâàåò õàðàêòåð, íàïðàâëåíèå è êèíå-

òèêó ôèçèêî-õèìè÷åñêèõ è ìåòàëëóðãè÷åñêèõ

ïðîöåññîâ, à òàêæå âåëè÷èíó è õàðàêòåð âîçíè-

êàþùèõ â èçäåëèÿõ äåôîðìàöèé è íàïðÿæåíèé

[11 – 14]. Òàêèì îáðàçîì, áåç ó÷åòà òåìïåðàòóð-

íî-âðåìåííûõ óñëîâèé â îáëàñòè îáðàçîâàíèÿ

ñîåäèíåíèÿ íåëüçÿ âûáðàòü çíà÷åíèÿ òåõíîëîãè-

÷åñêèõ ïàðàìåòðîâ ïðîöåññà ôðèêöèîííîé íà-

ïëàâêè, à òàêæå äîñòîâåðíî îáúÿñíèòü áîëüøèí-

ñòâî ÿâëåíèé, íàáëþäàåìûõ ïðè ïîäîáíîì ñïîñî-
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Ðèñ. 1. Ñõåìà ïðîöåññà ôðèêöèîííîé íàïëàâêè àëþìè-

íèÿ íà ñòàëü: 1 — íàïëàâëåííûé ñëîé; 2 — ïîäëîæêà; 3 —

âÿçêîïëàñòè÷íûé ãðàíè÷íûé ñëîé; 4 — ðàñõîäóåìûé

ñòåðæåíü èç íàïëàâëÿåìîãî ìàòåðèàëà; v — ñêîðîñòü íà-

ïëàâêè; F — îñåâîå óñèëèå; n — ÷àñòîòà âðàùåíèÿ ðàñõî-

äóåìîãî ñòåðæíÿ

Fig. 1. Diagram of the frictional surfacing process of alumi-

num on steel: 1 — deposited layer; 2 — substrate; 3 —

viscoplastic boundary layer; 4 — consumable rod of depos-

ited material; v — surfacing rate; F — axial force; n — rota-

tion frequency of the consumable rod



áå ôîðìèðîâàíèÿ ôóíêöèîíàëüíûõ ïîêðûòèé.

Îïðåäåëåíèå òàêèõ ïàðàìåòðîâ ýêñïåðèìåíòàëü-

íûì ïóòåì îáû÷íî çàíèìàåò äëèòåëüíîå âðåìÿ

è òðåáóåò ñóùåñòâåííûõ ôèíàíñîâûõ çàòðàò. Ïî-

ýòîìó äëÿ ðåøåíèÿ ýòîé âàæíîé çàäà÷è â ðàáîòå

ïðåäëîæåíî ïðèìåíåíèå ìàòåìàòè÷åñêèõ ìåòî-

äîâ èññëåäîâàíèÿ òåìïåðàòóðíî-âðåìåííûõ óñëî-

âèé ïðîöåññà ôðèêöèîííîé íàïëàâêè. Ðàáîòà íå

ñ ñàìèì îáúåêòîì (ÿâëåíèåì, ïðîöåññîì), à ñ åãî

ìîäåëüþ äàåò âîçìîæíîñòü îïðåäåëÿòü åãî ñâîé-

ñòâà è õàðàêòåð ïîâåäåíèÿ â ðàçíûõ óñëîâèÿõ.

Â òî æå âðåìÿ ÷èñëåííûå ýêñïåðèìåíòû ñ ìîäå-

ëÿìè îáúåêòîâ ïîçâîëÿþò, îïèðàÿñü íà ñîâðåìåí-

íûå âû÷èñëèòåëüíûå ìåòîäû è òåõíè÷åñêèå èí-

ñòðóìåíòû, ïîäðîáíî èçó÷àòü îáúåêòû (ÿâëåíèÿ,

ïðîöåññû), íåäîñòóïíûå ñóãóáî òåîðåòè÷åñêèì

ïîäõîäàì [15, 16]. Öåëü èññëåäîâàíèÿ — ðàçðà-

áîòêà ìàòåìàòè÷åñêîé ìîäåëè ïðîöåññà ôðèêöè-

îííîé íàïëàâêè, ïîçâîëÿþùåé îïðåäåëÿòü òåì-

ïåðàòóðó íàãðåâà â îáëàñòè ñîåäèíåíèÿ ïðè èçãî-

òîâëåíèè ñòàëåàëþìèíåâûõ ñîåäèíåíèé, à òàêæå

åå âàëèäàöèÿ ýêñïåðèìåíòàëüíûìè ìåòîäàìè.

Äàííûå äëÿ ìàòåìàòè÷åñêîãî

ìîäåëèðîâàíèÿ ïðîöåññà

ôðèêöèîííîé íàïëàâêè

Â êà÷åñòâå ìàòåðèàëà ðàñõîäóåìîãî ñòåðæíÿ

ïðè ôðèêöèîííîé íàïëàâêå ïðèìåíÿëè ïðóòêè

èç ÷èñòîãî àëþìèíèÿ ìàðêè ER1100 (0,05 % Mn,

0,2 % Fe, 0,05 % Cu, 0,1 % Si, 0,1 % Zn, Al —

îñòàëüíîå ïî ÃÎÑÒ 4784), äëèíîé 30 è äèàìåò-

ðîì 4 ìì. Ïîäëîæêó â ôîðìå ïëàñòèíû ðàçìåðîì

70 × 42 × 5 ìì èçãîòàâëèâàëè èç êà÷åñòâåííîé

ñòàëè 20 (0,2 % C, 0,25 % Cu, 0,35 % Mn, 0,17 %

Si, 0,25 % Ni, 0,04 % S, 0,04 % P, 0,25 % Cr, 0,08 %

As, Fe — îñòàëüíîå ïî ÃÎÑÒ 1050). Ìîäåëèðîâà-

íèå òåìïåðàòóðíî-âðåìåííûõ óñëîâèé ïðîâîäè-

ëè â ïðîãðàììíîì êîìïëåêñå ANSYS 2021R2 (äà-

ëåå — ÏÊ ANSYS) ìåòîäîì êîíå÷íûõ ýëåìåíòîâ.

Âûáîð äàííîãî ìåòîäà îáóñëîâëåí åãî äîñòóïíî-

ñòüþ è øèðîêèì ïðàêòè÷åñêèì ïðèìåíåíèåì â

êà÷åñòâå ýôôåêòèâíîãî ñðåäñòâà ðåøåíèÿ çàäà÷

ïðè ñâàðêå è íàïëàâêå [17 – 19].

Èñõîäíûå äàííûå äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ

òåìïåðàòóðíî-âðåìåííûõ óñëîâèé ïðîöåññà ôðèê-

öèîííîé íàïëàâêè â ÏÊ ANSYS ñëåäóþùèå:

ãåîìåòðè÷åñêèå ïàðàìåòðû îáúåêòà ìîäåëè-

ðîâàíèÿ;

õàðàêòåðèñòèêè òåïëîâûõ íàãðóçîê èñòî÷íè-

êà íàãðåâà, çàâèñÿùèå îò òåõíîëîãè÷åñêèõ ïàðà-

ìåòðîâ ðåæèìà íàïëàâêè: ñêîðîñòü îñåâîãî âðà-

ùåíèÿ ñòåðæíÿ (2000 îá/ìèí), îñåâîå äàâëåíèå

(10, 20 è 30 ÌÏà);

ãðàíè÷íûå óñëîâèÿ îáúåêòà ìîäåëèðîâàíèÿ

äëÿ òåìïåðàòóðíîé çàäà÷è, à òàêæå âñïîìîãà-

òåëüíûå ïàðàìåòðû, îïðåäåëÿþùèå ïîðÿäîê âû-

ïîëíåíèÿ ðàñ÷åòîâ.

Ãåîìåòðè÷åñêóþ ìîäåëü îáúåêòà ïðè ìîäåëè-

ðîâàíèè ïðîöåññà ôðèêöèîííîé íàïëàâêè çàäà-

âàëè â âèäå äâóõ òåë, à èìåííî — ðàñõîäóåìîãî

ñòåðæíÿ è ïîäëîæêè (ðèñ. 2). Èõ îáúåäèíÿëè äðóã

ñ äðóãîì â îáúåêò ìîäåëèðîâàíèÿ ñ ïîìîùüþ ñïî-

ñîáà «ñáîðêà» â ÏÊ ANSYS, ïðåäâàðèòåëüíî ñî-

çäàâ ãåîìåòðè÷åñêèå òðåõìåðíûå ìîäåëè. Îòìå-

òèì, ÷òî ïðè ìîäåëèðîâàíèè çàâèñèìîñòü òåìïå-

ðàòóðû îò òåïëîôèçè÷åñêèõ ñâîéñòâ èññëåäó-

åìûõ îáðàçöîâ íå ó÷èòûâàëè.

Ïàðàìåòðû òåïëîâûõ íàãðóçîê èñòî÷íèêà íà-

ãðåâà ñëåäóþùèå: ÷àñòîòà âðàùåíèÿ è îñåâîå

äàâëåíèå íà ðàñõîäóåìûé ñòåðæåíü; òåïëîâàÿ

ìîùíîñòü, âîçíèêàþùàÿ ïðè òðåíèè ðàñõîäóåìî-

ãî ñòåðæíÿ è ïîäëîæêè.

Òåìïåðàòóðû â êîíòðîëüíûõ òî÷êàõ îáðàçöîâ

äëÿ âàëèäàöèè ìàòåìàòè÷åñêîé ìîäåëè ðåãè-

ñòðèðîâàëè êîíòàêòíûì ìåòîäîì ñ ïðèìåíåíèåì

òåðìîïàð õðîìåëü-àëþìåëü (òèï Ê) äèàìåòðîì

0,3 ìì. Òåðìîïàðû íà îáðàçöàõ óñòàíàâëèâàëè è

çàêðåïëÿëè êîíäåíñàòîðíîé ñâàðêîé ñ ýíåðãèåé

ðàçðÿäà 50 Äæ. Ýòî îáåñïå÷èâàëî ôèçè÷åñêèé

êîíòàêò òåðìîïàðû ñ ïîâåðõíîñòüþ îáðàçöà è, ñî-

îòâåòñòâåííî, íåîáõîäèìûå óñëîâèÿ òåïëîïåðå-

äà÷è. Âûõîäíûì ñèãíàëîì òåðìîïàð ÿâëÿëàñü

òåðìîÝÄÑ, äëÿ èçìåðåíèÿ êîòîðîé ïðèìåíÿëè

óñòðîéñòâà àíàëîãîâîãî ââîäà-âûâîäà, ïåðåäàþ-

ùèå äàííûå íà ïåðñîíàëüíûé êîìïüþòåð ÷åðåç

ïðåîáðàçîâàòåëü èíòåðôåéñîâ. Äàííûå ñîõðàíÿ-

ëè â âèäå ìàññèâà ÷èñåë è îáðàáàòûâàëè ïðî-

ãðàììíûì êîìïëåêñîì Microsoft Excel. Â êà÷å-

ñòâå óñòðîéñòâ àíàëîãîâîãî ââîäà-âûâîäà ïðèìå-

íÿëè 32-êàíàëüíûé ðåãèñòðàòîð ïàðàìåòðîâ

ñâàðêè ïðîèçâîäñòâà ÇÀÎ «Ëàáîðàòîðèÿ ýëåê-

òðîíèêè» ñ ïåðèîäîì îïðîñà îäíîãî êàíàëà 0,1 ñ,

÷òî áûëî äîñòàòî÷íûì äëÿ äîñòîâåðíîãî îïðåäå-

ëåíèÿ ìàêñèìàëüíûõ òåìïåðàòóð íàãðåâà îáðàç-

öîâ â êîíòðîëüíûõ òî÷êàõ â óñëîâèÿõ ôðèêöèîí-

íîé íàïëàâêè.

Äëÿ òàðèðîâêè íà ðåãèñòðàòîð ïîäàâàëè ôèê-

ñèðîâàííîå íàïðÿæåíèå, çíà÷åíèå êîòîðîãî èç-

ìåðÿëè ïîòåíöèîìåòðîì. Äàëüíåéøåå ñðàâíåíèå

òåìïåðàòóð, îïðåäåëåííûõ ðåãèñòðàòîðîì è

óêàçàííûõ â ãðàäóèðîâàííûõ òàáëèöàõ ÃÎÑÒ Ð
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1

2

Ðèñ. 2. Ãåîìåòðè÷åñêàÿ ìîäåëü îáúåêòà ïðè ìîäåëèðîâà-

íèè ïðîöåññà ôðèêöèîííîé íàïëàâêè: 1 — ðàñõîäóåìûé

ñòåðæåíü; 2 — ïîäëîæêà

Fig. 2. Geometric model of the object in modeling of the

friction surfacing: 1 — consumable rod; 2 — substrate



8.585, ïîêàçàëî, ÷òî îòêëîíåíèå ïîêàçàíèé ïðè-

áîðà íå ïðåâûøàëî ±2 °C äëÿ èçìåðÿåìûõ òåìïå-

ðàòóð â ïðåäåëàõ äî 473 Ê.

Ìàòåìàòè÷åñêàÿ ìîäåëü ïðîöåññà

ôðèêöèîííîé íàïëàâêè

Îáúåêò ìîäåëèðîâàíèÿ ïðåäñòàâëÿë ñîáîé

ìàññèâíîå òåëî, ñîñòîÿùåå èç èçîòðîïíûõ ìàòå-

ðèàëîâ, íà ïîâåðõíîñòè êîòîðîãî äåéñòâóåò äâè-

æóùèéñÿ èñòî÷íèê íàãðåâà (q2) è ïðîèñõîäèò òå-

ïëîîáìåí (qh) ñ îêðóæàþùåé ñðåäîé (ðèñ. 3).

Ðàñïðîñòðàíåíèå òåïëà ïðîèñõîäèò ñîãëàñíî

óðàâíåíèþ òåïëîïðîâîäíîñòè [20]
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ãäå ëx(x, y, z, T), ëy(x, y, z, T), ëz(x, y, z, T) — ôóíê-

öèè, îïèñûâàþùèå ðàñïðåäåëåíèå òåïëîïðî-

âîäíîñòè ìàòåðèàëà ïî íàïðàâëåíèÿì îñåé äå-

êàðòîâîé ñèñòåìû êîîðäèíàò; cñ = cñ(x, y, z, T) —

ôóíêöèÿ, îïèñûâàþùàÿ ðàñïðåäåëåíèå îáú-

åìíîé òåïëîåìêîñòè ìàòåðèàëà; q3(x, y, z, t) —

ôóíêöèÿ, îïèñûâàþùàÿ ðàñïðåäåëåíèå óäåëü-

íîé ìîùíîñòè îáúåìíûõ èñòî÷íèêîâ (ñòîêîâ)

òåïëîòû.

Ðåøåíèå ïîëó÷åííîãî äèôôåðåíöèàëüíîãî

óðàâíåíèÿ òåïëîïðîâîäíîñòè âîçìîæíî òîëüêî â

ñëó÷àå çàäàíèÿ íà÷àëüíûõ è ãðàíè÷íûõ óñëîâèé,

îïèñûâàþùèõ ñîîòâåòñòâåííî ðàñïðåäåëåíèå

òåìïåðàòóð â íà÷àëüíûé ìîìåíò âðåìåíè è âçàè-

ìîäåéñòâèå ìàññèâíîãî òåëà ñ îêðóæàþùåé ñðå-

äîé íà åãî ãðàíèöàõ (ñì. ðèñ. 3).

Â ñîîòâåòñòâèè ñ ãðàíè÷íûì óñëîâèåì âòîðî-

ãî ðîäà êðèâàÿ òåìïåðàòóðû íà ãðàíèöå ìåæäó

èñòî÷íèêîì íàãðåâà è ìàññèâíûì òåëîì ìîæåò

èìåòü ëþáóþ îðäèíàòó ïðè îáÿçàòåëüíî çàäàí-

íîì ãðàäèåíòå.

Âçàèìîäåéñòâèå ìåæäó ìàññèâíûì òåëîì è

îêðóæàþùåé ñðåäîé õàðàêòåðèçóåòñÿ ãðàíè÷íûì

óñëîâèåì òðåòüåãî ðîäà:

qí = H(T – Tñð), (2)

ãäå qí, Âò/ñì2 — òåïëîâîé ïîòîê, âûçâàííûé òåï-

ëîîòäà÷åé ñ ïîâåðõíîñòè; H, Âò/(ñì2 · Ê) — êîýô-

ôèöèåíò òåïëîîòâîäà ñ ïîâåðõíîñòè; T, Ê — òåì-

ïåðàòóðà ïîâåðõíîñòè òåëà; Tñð, Ê — òåìïåðàòó-

ðà îêðóæàþùåé ñðåäû, çíà÷åíèå êîòîðîé ñîñòàâ-

ëÿëî 293 Ê.

Ðàñ÷åò ðàñïðîñòðàíåíèÿ òåïëà â ïðîöåññå

ôðèêöèîííîé íàïëàâêè öåëåñîîáðàçíî ïðîâî-

äèòü ïî ñõåìå ñ íîðìàëüíî-êðóãîâûì èñòî÷íèêîì

òåïëîòû, ðàñïîëîæåííûì íà ïîâåðõíîñòè ïëîñ-

êîãî ñëîÿ. Âûáðàííàÿ ðàñ÷åòíàÿ ñõåìà îòðàæàåò

âñå îñíîâíûå îñîáåííîñòè ïðîöåññà ôðèêöèîí-

íîé íàïëàâêè, âêëþ÷àþùèå âîçíèêíîâåíèå òåï-

ëà íà ãðàíèöå ðàñõîäóåìîãî ñòåðæíÿ è ïîäëîæêè

âñëåäñòâèå òðåíèÿ ìåæäó íèìè, âëèÿíèå îñåâîãî

äàâëåíèÿ, ïðèëîæåííîãî ê ðàñõîäóåìîìó ñòåðæ-

íþ, íà êîëè÷åñòâî òåïëîòû, âûðàáàòûâàåìîå â

ïðîöåññå òðåíèÿ [16].

Ïðèìåíèòåëüíî ê ïðåäñòàâëåííîé íà ðèñ. 1

ñõåìå ïðîöåññà ôðèêöèîííîé íàïëàâêè àíàëèòè-

÷åñêîå âûðàæåíèå ðàñïðåäåëåíèÿ óäåëüíîé ìîù-

íîñòè èñòî÷íèêà òåïëîòû ìîæåò áûòü ïîëó÷åíî

ïóòåì ðàññìîòðåíèÿ ïðîöåññà òåïëîâûäåëåíèÿ

íà ýëåìåíòàðíîé ïëîùàäêå dS (ðèñ. 4). Íà ïîäîá-

íîé áåñêîíå÷íî ìàëîé ïëîùàäêå äåéñòâóåò ýëå-

ìåíòàðíàÿ ñèëà òðåíèÿ

dF = PfdS = Pfrdrdá, (3)

ãäå P — îñåâîå äàâëåíèå; f — êîýôôèöèåíò òðå-

íèÿ; r — ðàññòîÿíèå îò îñè âðàùåíèÿ èíñòðóìåí-

òà äî ðàññìàòðèâàåìîé òî÷êè.
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Ðèñ. 3. Ñõåìà âçàèìîäåéñòâèÿ îáúåêòà ìîäåëèðîâàíèÿ ñ

îêðóæàþùåé ñðåäîé

Fig. 3. The scheme of interaction between the modeling

object and the environment

Ðèñ. 4. Ðàñïðåäåëåíèå ìîùíîñòè òåïëîâûäåëåíèÿ (N) ïî

ðàäèóñó ïÿòíà íàãðåâà (r) ñ ó÷åòîì ïîñòîÿíñòâà çíà÷åíèé

îñåâîãî äàâëåíèÿ (P) è êîýôôèöèåíòà òðåíèÿ (f)

Fig. 4. Heat power distribution (N) along the radius of the

heating spot (r) at the constant values of the pressure (P)

and friction coefficient (f)



Çíà÷åíèå ìîìåíòà ýòîé ñèëû (dM) îòíîñè-

òåëüíî îñè âðàùåíèÿ, ïðîõîäÿùåé ÷åðåç íóëåâóþ

òî÷êó, ìîæåò áûòü îïðåäåëåíî ïî ôîðìóëå

dM = rdF = Pfr2drdá. (4)

Òåïëîâàÿ ìîùíîñòü â ðàññìàòðèâàåìîì ýëå-

ìåíòàðíîì ýëåìåíòå ñîñòàâèò

dN = dMù = ùPfr2drdá, (5)

ãäå ù — ñêîðîñòü âðàùåíèÿ ðàñõîäóåìîãî

ñòåðæíÿ.

Ïðè ïîñòîÿíñòâå çíà÷åíèé îñåâîãî äàâëåíèÿ

(P) è êîýôôèöèåíòà òðåíèÿ (f) ðàñïðåäåëåíèå

ìîùíîñòè òåïëîâûäåëåíèÿ ïî ðàäèóñó ïÿòíà íà-

ãðåâà èìååò âèä êâàäðàòè÷íîé ïàðàáîëû (ñì.

ðèñ. 4). Ïðè òàêèõ äîïóùåíèÿõ ïóòåì èíòåãðèðî-

âàíèÿ âûðàæåíèÿ (5) îïðåäåëèì ïîëíóþ ìîù-

íîñòü èñòî÷íèêà òåïëîòû:
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ãäå R — ðàäèóñ ðàñõîäóåìîãî ñòåðæíÿ. Èñõîäÿ

èç âûðàæåíèÿ (6), ïîëó÷àåì ñëåäóþùóþ çàâèñè-

ìîñòü:

ùPf =
3

2 3

N

R�
. (7)

Òåïåðü èç âûðàæåíèÿ (5) ñ ïðèìåíåíèåì çà-

âèñèìîñòè (7) íàéäåì óäåëüíóþ ìîùíîñòü òåïëî-

âûäåëåíèÿ â êàæäîé òî÷êå ðàñõîäóåìîãî ñòåðæíÿ

ïðè ôðèêöèîííîé íàïëàâêå:

d

d

N

S
Pfr

N

R
r� �2

�

3

2 3
. (8)

Ïîëíàÿ ìîùíîñòü èñòî÷íèêà òåïëîòû (N) îò-

íîñèòñÿ ê âõîäíûì ïàðàìåòðàì ðàçðàáàòûâàåìîé

ìàòåìàòè÷åñêîé ìîäåëè. Ðàñ÷åò çíà÷åíèé óäåëü-

íîé ìîùíîñòè òåïëîâûäåëåíèÿ ïî ìàòåìàòè÷å-

ñêèì âûðàæåíèÿì (3) – (8) íåîáõîäèì äëÿ îïðåäå-

ëåíèÿ çàêîíîìåðíîñòè åå ðàñïðåäåëåíèÿ ïî ïëî-

ùàäè ôèçè÷åñêîãî êîíòàêòà.

Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ó÷è-

òûâàåò ôèçè÷åñêèé êîíòàêò ïî âñåé ïîâåðõíîñòè

ðàñõîäóåìîãî ñòåðæíÿ, ïîñêîëüêó â ïðîöåññå íà-

ïëàâêè ïëàñòèôèöèðîâàííûé ìåòàëë âûäàâëè-

âàåòñÿ èç çîíû êîíòàêòà, òåì ñàìûì îáåñïå÷èâàÿ

ôèçè÷åñêîå âçàèìîäåéñòâèå. Ñ ïîâûøåíèåì òåì-

ïåðàòóðû íàãðåâà ïëàñòè÷íîñòü ìàòåðèàëà ðàñ-

õîäóåìîãî ñòåðæíÿ çàêîíîìåðíî óâåëè÷èâàåòñÿ è

ïðè ïîñòîÿííîì çíà÷åíèè îñåâîãî äàâëåíèÿ ìåæ-

äó íèì è ïîäëîæêîé îáåñïå÷èâàåòñÿ íàäåæíûé

ôèçè÷åñêèé êîíòàêò. Ïîýòîìó äëÿ õàðàêòåðèñ-

òèêè îáëàñòè ïîä ðàñõîäóåìûì ñòåðæíåì ââåäåíà

çàâèñèìàÿ îò òåìïåðàòóðû íàãðåâà ïåðåìåí-

íàÿ — òåïëîïåðåäà÷à êîíòàêòà. Òàêèì îáðàçîì,

ðåøàåòñÿ íåñòàöèîíàðíàÿ çàäà÷à, ðàçäåëåííàÿ

ïî âðåìåíè íà òðè ýòàïà: âðàùåíèå ðàñõîäóåìîãî

ñòåðæíÿ è ïðèðàáîòêà; íåïîñðåäñòâåííî íàïëàâ-

êà; îòäåëåíèå ÷àñòè ðàñõîäóåìîãî ñòåðæíÿ îò

ïîäëîæêè è îõëàæäåíèå íàïëàâëåííîãî ñëîÿ.

Òåïëîîòâîä â ïîäëîæêó ó÷èòûâàåòñÿ ïðè ðàñ÷åòå

ïîëíîé ìîùíîñòè èñòî÷íèêà òåïëîòû. Äëÿ ó÷åòà

îãðàíè÷åííîñòè ðàçìåðîâ ðàñõîäóåìîãî ñòåðæíÿ

ïðè ìàòåìàòè÷åñêîì îïèñàíèè ñâîáîäíûõ îò ôè-

çè÷åñêîãî êîíòàêòà åãî ïîâåðõíîñòåé, à òàêæå ïî-

âåðõíîñòè ïîäëîæêè áûëè ïðèìåíåíû ãðàíè÷-

íûå óñëîâèÿ òðåòüåãî ðîäà, õàðàêòåðèçóþùèå òå-

ïëîîòäà÷ó â îêðóæàþùóþ ñðåäó. Íà÷àëüíûå óñ-

ëîâèÿ óñòàíàâëèâàëè òåìïåðàòóðó ðàñõîäóåìîãî

ñòåðæíÿ è ïîäëîæêè, ðàâíóþ 293 Ê.

Çíà÷åíèÿ òåïëîâîé ìîùíîñòè (q2) â îáëàñòè

ïîä ðàñõîäóåìûì ñòåðæíåì ïðè ðàçíîì îñåâîì

äàâëåíèè îïðåäåëÿëè â ìîäóëå Coupled Field

Transient ÏÊ ANSYS (ðèñ. 5). Ìàêñèìàëüíûå
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Ðèñ. 5. Õàðàêòåðíûé âèä èçìåíåíèÿ òåïëîâîé ìîùíîñòè â îáëàñòè ïîä âðàùàþùèìñÿ ñòåðæíåì ïðè îñåâîì äàâëåíèè

20 ÌÏà

Fig. 5. A characteristic type of change in the thermal power in the area under the rotating rod at an axial pressure of 20 MPa



çíà÷åíèÿ òåïëîâîé ìîùíîñòè ñîñòàâèëè 3, 6 è

9 Âò/ìì2 ïðè îñåâîì äàâëåíèè íà ðàñõîäóåìûé

ñòåðæåíü 10, 20 è 30 ÌÏà ñîîòâåòñòâåííî.

Â öåëÿõ ïîñòðîåíèÿ ÷èñëåííûì ìåòîäîì ñòà-

öèîíàðíîãî òåìïåðàòóðíîãî ïîëÿ, õàðàêòåðíîãî

äëÿ ïðîöåññà ôðèêöèîííîé íàïëàâêè, ñ ó÷åòîì

îïðåäåëåííûõ ìàêñèìàëüíûõ çíà÷åíèé òåïëîâîé

ìîùíîñòè ïðèìåíÿëè ìîäóëü Transient Thermal

ÏÊ ANSYS (ðèñ. 6). Ýòî ïîçâîëèëî ÷èñëåííî

óñòàíîâèòü çàâèñèìîñòü ìåæäó òåìïåðàòóðîé íà-

ãðåâà ðàçíûõ îáëàñòåé ïîäëîæêè è äëèòåëü-

íîñòüþ ïðîöåññà ôðèêöèîííîé íàïëàâêè ïðè

ðàçíûõ âåëè÷èíàõ îñåâîãî äàâëåíèÿ (ðèñ. 7). Çà-

êîíîìåðíûé ðåçóëüòàò — íàèáîëüøåå çíà÷åíèå

ìàêñèìàëüíîé òåìïåðàòóðû íàãðåâà ïîäëîæêè

(447 Ê) â ñëó÷àå âåäåíèÿ ïðîöåññà ôðèêöèîííîé

íàïëàâêè ïðè ìàêñèìàëüíîì îñåâîì äàâëåíèè íà

ðàñõîäóåìûé ñòåðæåíü.

Âàëèäàöèÿ ðàçðàáîòàííîé

ìàòåìàòè÷åñêîé ìîäåëè

Äëÿ âàëèäàöèè ðàçðàáîòàííîé ìàòåìàòè÷å-

ñêîé ìîäåëè ïðîöåññà ôðèêöèîííîé íàïëàâêè

ïðîâîäèëè ýêñïåðèìåíòàëüíîå îïðåäåëåíèå êîí-

òàêòíûì ìåòîäîì çíà÷åíèé òåìïåðàòóð íàãðåâà

â ñîîòâåòñòâóþùèõ çîíàõ ïîäëîæêè. Ïðîöåññ

ôðèêöèîííîé íàïëàâêè îñóùåñòâëÿëè â ñîîòâåò-

ñòâèè ñ òåõíîëîãè÷åñêèìè ïàðàìåòðàìè ðåæèìà

ôðèêöèîííîé íàïëàâêè. Îòñóòñòâèå ïåðåìåùå-

íèÿ ðàñõîäóåìîãî ñòåðæíÿ â ýêñïåðèìåíòå ïîçâî-
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Ðèñ. 6. Òåìïåðàòóðíîå ïîëå, õàðàêòåðíîå äëÿ ïðîöåññà

ôðèêöèîííîé íàïëàâêè, ïðè îñåâîì äàâëåíèè íà ðàñõîäó-

åìûé ñòåðæåíü, ðàâíîì 10 (à), 20 (á) è 30 ÌÏà (â): öèô-

ðû — îáëàñòè îïðåäåëåíèÿ òåìïåðàòóð íàãðåâà íà

ïîâåðõíîñòè ïîäëîæêè (1, 2, 4 è 5) è ïîä ðàñõîäóåìûì

ñòåðæíåì (3)

Fig. 6. Temperature field of the friction surfacing process

with an axial pressure on the consumable rod of: a) 10 MPa;

b) 20 MPa; c) 30 MPa. The numbers indicate the areas for

determining the heating temperatures on the substrate sur-

face (1, 2, 4, and 5) and under the consumable rod (3)

à

3

2

1

3

2

1
á

Ðèñ. 7. Èçìåíåíèå òåìïåðàòóðû íàãðåâà ïîä ðàñõîäóå-

ìûì ñòåðæíåì (à) è ïîâåðõíîñòè ïîäëîæêè (á) â çàâèñè-

ìîñòè îò äëèòåëüíîñòè ïðîöåññà ôðèêöèîííîé íàïëàâêè

ïðè îñåâîì äàâëåíèè íà ðàñõîäóåìûé ñòåðæåíü, ðàâíîì

10 (1), 20 (2) è 30 ÌÏà (3)

Fig. 7. Changes in the heating temperature under the con-

sumable rod (a) and the substrate surface (b) depending on

the duration of the friction surfacing process at the axial

pressure on the consumable rod: 1) 10 MPa; 2) 20 MPa;

3) 30 MPa



ëÿëî ñôîðìèðîâàòü ñòàöèîíàðíîå òåìïåðàòóðíîå

ïîëå è ñ÷èòàòü ýòî ãðàíè÷íûì óñëîâèåì. Ñõåìà

ðàñïîëîæåíèÿ òåðìîïàð â êîíòðîëüíûõ òî÷êàõ

ïîäëîæêè ïðåäñòàâëåíà íà ðèñ. 8. Ðàññòîÿíèÿ îò

ìåñò óñòàíîâêè òåðìîïàð äî âðàùàþùåãîñÿ ðàñ-

õîäóåìîãî ñòåðæíÿ, à òàêæå ìåæäó òåðìîïàðàìè

ñîñòàâëÿëè 10 è 20 ìì ñîîòâåòñòâåííî. Â ðåçóëü-

òàòå ôèçè÷åñêèé êîíòàêò è ìåõàíè÷åñêîå âîçäåé-

ñòâèå ìåæäó âðàùàþùèìñÿ ðàñõîäóåìûì ñòåðæ-

íåì è òåðìîïàðàìè â ïðîöåññå ôðèêöèîííîé

íàïëàâêè áûëè èñêëþ÷åíû. Äëÿ îïðåäåëåíèÿ

òåìïåðàòóðû íàãðåâà ïîä ðàñõîäóåìûì ñòåðæíåì

ñ ïðîòèâîïîëîæíîé ñòîðîíû ïîäëîæêè áûëî ïðî-

ñâåðëåíî îòâåðñòèå äèàìåòðîì 4 è ãëóáèíîé

4 ìì, â êîòîðîì ðàñïîëàãàëè òåðìîïàðó 3.

Ðåçóëüòàòû ýêñïåðèìåíòàëüíîé îöåíêè çíà-

÷åíèé òåìïåðàòóð íàãðåâà ïîäëîæêè â ïðîöåññå

ôðèêöèîííîé íàïëàâêè ïðåäñòàâëåíû â òàáë. 1.

Âèäíî, ÷òî íàèáîëüøàÿ òåìïåðàòóðà íàãðåâà

ïîäëîæêè â îáëàñòè ïîä ðàñõîäóåìûì ñòåðæíåì

(412 Ê) çàôèêñèðîâàíà ïðè ìàêñèìàëüíîì çíà-

÷åíèè îñåâîãî äàâëåíèÿ, ðàâíîì 30 ÌÏà. Â ýòèõ

óñëîâèÿõ òåìïåðàòóðà íà ïîâåðõíîñòè ïîäëîæêè

ìåíüøå òàêîâîé ïðè îñåâîì äàâëåíèè 20 ÌÏà

(320 Ê ïðîòèâ 332 Ê). Ýòî, âåðîÿòíî, ñâÿçàíî ñ

ìàëîé äëèòåëüíîñòüþ (31 ñ) ïðîöåññà ôðèêöèîí-

íîé íàïëàâêè ïðè íàèáîëüøåì îñåâîì äàâëåíèè

áåç íàðóøåíèÿ óñòîé÷èâîñòè ðàñõîäóåìîãî âðà-

ùàþùåãîñÿ ñòåðæíÿ. Ðàçíèöà ìåæäó ìàêñèìàëü-

íûìè çíà÷åíèÿìè òåìïåðàòóð íàãðåâà â îáëàñòÿõ

ïîä ðàñõîäóåìûì ñòåðæíåì è íà ïîâåðõíîñòè

ñòàëüíîé ïîäëîæêè ñîñòàâëÿåò îò 33 Ê (ïðè îñå-

âîì äàâëåíèè p = 10 ÌÏà) äî 92 Ê (ïðè îñåâîì

äàâëåíèè p = 30 ÌÏà).

Âàëèäàöèÿ ðàçðàáîòàííîé ìàòåìàòè÷åñêîé

ìîäåëè çàêëþ÷àëàñü â ñîïîñòàâëåíèè çíà÷åíèé

òåìïåðàòóð íàãðåâà ïîäëîæêè, ïîëó÷åííûõ ðàñ-

÷åòíûìè ìåòîäàìè ïðè ìîäåëèðîâàíèè, ñ ýêñïå-

ðèìåíòàëüíî îïðåäåëåííûìè â êîíòðîëüíûõ òî÷-

êàõ. Íåîïðåäåëåííîñòü èëè ðàñõîæäåíèå ðåçóëü-

òàòîâ ìîäåëèðîâàíèÿ è ýêñïåðèìåíòà îïðåäåëÿ-

ëè â ïðîöåíòàõ ïî ôîðìóëå

P
T T

T
�

�

4
ì ý

ì

100%, (9)

ãäå Tì è Tý — çíà÷åíèÿ òåìïåðàòóð (Ê) íàãðåâà

ïîäëîæêè, îïðåäåëåííûå ïðè ìîäåëèðîâàíèè è

ýêñïåðèìåíòàëüíî.

Èçìåíåíèå çíà÷åíèé òåìïåðàòóð íàãðåâà

ïîäëîæêè íà ïîâåðõíîñòè è ïîä ðàñõîäóåìûì

ñòåðæíåì, ïîëó÷åííûõ ýêñïåðèìåíòàëüíî è ÷èñ-

ëåííî ñ ïîìîùüþ ðàçðàáîòàííîé ìàòåìàòè÷åñêîé

ìîäåëè, â çàâèñèìîñòè îò äëèòåëüíîñòè ïðîöåññà

ôðèêöèîííîé íàïëàâêè ïðåäñòàâëåíû íà ðèñ. 9

è 10. Âèäíî, ÷òî íàèáîëüøåå ðàñõîæäåíèå â çíà-

÷åíèÿõ òåìïåðàòóð íàãðåâà íàáëþäàåòñÿ íà íà-

÷àëüíîì ýòàïå ïðèðàáîòêè ïðîöåññà ôðèêöè-

îííîé íàïëàâêè äëèòåëüíîñòüþ íå áîëåå 20 ñ.

Íà äàííîì ýòàïå ýêñïåðèìåíòàëüíî èçìåðåííûå

çíà÷åíèÿ òåìïåðàòóð íàãðåâà íèæå íà 10 – 15 %,

÷åì ïîëó÷åííûå ÷èñëåííî, ïðè âñåõ îïðîáîâàí-

íûõ çíà÷åíèÿõ îñåâîãî äàâëåíèÿ íà ðàñõîäóåìûé

ñòåðæåíü. Ýòî ìîæåò áûòü ñâÿçàíî ñ íàðóøåíèåì

ñòàáèëüíîñòè íà íà÷àëüíîì ýòàïå ïðèðàáîòêè

ïðîöåññà ôðèêöèîííîé íàïëàâêè âñëåäñòâèå èç-

ìåíåíèÿ ãåîìåòðèè ïîâåðõíîñòåé òðåíèÿ è ôèçè-

êî-õèìè÷åñêèõ ñâîéñòâ ïîâåðõíîñòíûõ ñëîåâ êîí-

òàêòèðóþùèõ ìàòåðèàëîâ.

Íà ñëåäóþùèõ ýòàïàõ ïðîöåññà ôðèêöèîííîé

íàïëàâêè ðàñõîæäåíèÿ â çíà÷åíèÿõ òåìïåðàòóð

íàãðåâà ïîäëîæêè óìåíüøàþòñÿ. Òàê, íàèáîëü-

øèå çíà÷åíèÿ ðàñõîæäåíèÿ òåìïåðàòóð íàãðåâà

ïîâåðõíîñòè ïîäëîæêè è îáëàñòè ïîä ðàñõîäó-

åìûì ñòåðæíåì (òàáë. 2) íå ïðåâûøàþò 2,3 è

3,4 % ñîîòâåòñòâåííî, ÷òî ñâèäåòåëüñòâóåò îá

óäîâëåòâîðèòåëüíîé ñõîäèìîñòè ðàçðàáîòàííîé

ìàòåìàòè÷åñêîé ìîäåëè [8].
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Òàáëèöà 1. Ðåçóëüòàòû ýêñïåðèìåíòàëüíîé îöåíêè òåì-

ïåðàòóðû íàãðåâà ïîäëîæêè â ïðîöåññå ôðèêöèîííîé íà-

ïëàâêè

Table 1. Results of experimental evaluation of the sub-

strate heating temperature during friction surfacing

Îñåâîå äàâ-

ëåíèå íà ðàñ-

õîäóåìûé

ñòåðæåíü,

ÌÏà

Ìàêñèìàëüíàÿ òåìïåðàòóðà

íàãðåâà, Ê
Äëèòåëüíîñòü

ïðîöåññà

ôðèêöèîí-

íîé íà-

ïëàâêè*, ñ

ïîä ðàñõî-

äóåìûì

ñòåðæíåì

íà ïîâåðõ-

íîñòè

ïîäëîæêè

10 349 316 80

20 406 332 160

30 412 320 31

* Äî íàðóøåíèÿ óñòîé÷èâîñòè ðàñõîäóåìîãî âðàùàþùå-

ãîñÿ ñòåðæíÿ.

Ðèñ. 8. Ñõåìà ðàñïîëîæåíèÿ òåðìîïàð äëÿ èçìåðåíèÿ

òåìïåðàòóð íàãðåâà ïîäëîæêè â ïðîöåññå ôðèêöèîííîé

íàïëàâêè

Fig. 8. Diagram of the thermocouple arrangement for

measuring substrate heating temperatures during friction

surfacing



Òàêèì îáðàçîì, ðàçðàáîòàííàÿ ìàòåìàòè-

÷åñêàÿ ìîäåëü ïðîöåññà ôðèêöèîííîé íàïëàâêè

ïî ðåçóëüòàòàì âàëèäàöèè õàðàêòåðèçóåòñÿ óäîâ-

ëåòâîðèòåëüíîé ñõîäèìîñòüþ (ðàñõîæäåíèå ðå-

çóëüòàòîâ ìîäåëèðîâàíèÿ è ýêñïåðèìåíòà íå

áîëåå 5 %). Ïîýòîìó åå ïðèìåíåíèå ìîæåò ñïî-

ñîáñòâîâàòü âûáîðó çíà÷åíèé îñíîâíûõ òåõíîëî-

ãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà ôðèêöèîííîé íà-

ïëàâêè. Ýòî ïîçâîëÿåò ðåêîìåíäîâàòü äàííóþ

ìîäåëü äëÿ ðåøåíèÿ ïðàêòè÷åñêèõ âîïðîñîâ, âîç-

íèêàþùèõ ïðè ðàçðàáîòêå òåõíîëîãè÷åñêèõ ïðî-

öåññîâ ôðèêöèîííîé íàïëàâêè.

Âûâîäû

Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ èñ-

ñëåäîâàíèÿ òåìïåðàòóðíî-âðåìåííûõ óñëîâèé

ïðîöåññà ôðèêöèîííîé íàïëàâêè ïðè èçãîòîâëå-

íèè ôóíêöèîíàëüíî-îðãàíèçîâàííûõ ñòàëåàëþ-

ìèíèåâûõ êîìïîçèöèé è ïðîâåäåíà åå âàëèäà-

öèÿ. Ïîêàçàíî, ÷òî äàííàÿ ìîäåëü õàðàêòåðèçó-

åòñÿ óäîâëåòâîðèòåëüíîé ñõîäèìîñòüþ, à åå ïðè-

ìåíåíèå ïîçâîëÿåò ñ íåîïðåäåëåííîñòüþ íå áîëåå

5 % îïðåäåëÿòü òåìïåðàòóðó íàãðåâà íå òîëüêî

ïîâåðõíîñòè ïîäëîæêè, íî è îáëàñòè, ðàñïîëî-
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Ðèñ. 9. Çàâèñèìîñòè òåìïåðàòóðû íàãðåâà ïîâåðõíîñòè

ïîäëîæêè îò äëèòåëüíîñòè ïðîöåññà ôðèêöèîííîé íà-

ïëàâêè ïðè îñåâîì äàâëåíèè 10 (à); 20 (á) è 30 ÌÏà (â).

Öèôðû 1, 2, 4 è 5 îáîçíà÷àþò íîìåðà òåðìîïàð ñîãëàñíî

ðèñ. 8

Fig. 9. Dependence of the substrate surface heating tem-

perature on the duration of friction surfacing at an axial

pressure of 10 (a), 20 (b), and 30 MPa (c). The numbers 1, 2,

4, and 5 indicate the thermocouple numbers according to

Fig. 8

à

á

â

Ðèñ. 10. Çàâèñèìîñòè òåìïåðàòóðû íàãðåâà ïîäëîæêè

ïîä ðàñõîäóåìûì ñòåðæíåì îò äëèòåëüíîñòè ïðîöåññà

ôðèêöèîííîé íàïëàâêè ïðè îñåâîì äàâëåíèè 10 (à), 20 (á)

è 30 ÌÏà (â)

Fig. 10. Dependence of the substrate heating temperature

under the consumable rod on the duration of friction sur-

facing process at an axial pressure of 10 (a), 20 (b), and

30 MPa (c)



æåííîé ïîä ðàñõîäóåìûì âðàùàþùèìñÿ ñòåðæ-

íåì ïðè ôîðìèðîâàíèè ìåòîäîì íàïëàâêè íà ïî-

âåðõíîñòè ñòàëüíîé ïîäëîæêè ôóíêöèîíàëüíûõ

àëþìèíèåâûõ ïîêðûòèé, à òàêæå êîìïîçèöèîí-

íûõ ìàòåðèàëîâ íà èõ îñíîâå.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà ¹ 22-29-00366, https://

rscf.ru/ project/22-29-00366.
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Òàáëèöà 2. Íàèáîëüøèå çíà÷åíèÿ ðàñõîæäåíèÿ ýêñïåðèìåíòàëüíûõ è ÷èñëåííî îïðåäåëåííûõ òåìïåðàòóð íàãðåâà ïî-

âåðõíîñòè ïîäëîæêè è îáëàñòè ïîä ðàñõîäóåìûì ñòåðæíåì â çàâèñèìîñòè îò óäåëüíîãî äàâëåíèÿ

Table 2. The greatest values of the discrepancy between the experimental and numerically determined heating temperatures

of the substrate surface and the area under the consumable rod as a function of the axial pressure

Îñåâîå äàâëåíèå

íà ðàñõîäóåìûé

ñòåðæåíü, ÌÏà

Íàèáîëüøåå ðàñõîæäåíèå òåìïåðàòóðû íàãðåâà, % Òåìïåðàòóðà íàãðåâà, Ê*

ïîä ðàñõîäóåìûì

ñòåðæíåì

íà ïîâåðõíîñòè

ïîäëîæêè

ïîä ðàñõîäóåìûì

ñòåðæíåì

íà ïîâåðõíîñòè

ïîäëîæêè

10 2,9 1,6 333/343 314/309

20 3,4 2,3 373/386 303/310

30 3,4 1,3 401/415 314/318

* ×èñëèòåëü è çíàìåíàòåëü — çíà÷åíèÿ òåìïåðàòóðû, ïîëó÷åííûå ýêñïåðèìåíòàëüíî è ÷èñëåííî ñ ïðèìåíåíèåì ðàçðà-

áîòàííîé ìàòåìàòè÷åñêîé ìîäåëè.
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