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Âïåðâûå èçó÷åíî êàòàëèòè÷åñêîå äåéñòâèå èðèäèÿ íà ðåàêöèþ îêèñëåíèÿ âîäîðàñòâîðè-

ìîãî ïîðôèðèíà — 5,10,15,20-òåòðàêèñ(4-ñóëüôîíàòîôåíèë)ïîðôèíà (ÒÑÔÏ) — ïåðéîäà-

òîì íàòðèÿ. Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ìèêðîñîäåðæàíèé èðèäèÿ ïî åãî êàòàëè-

òè÷åñêîìó äåéñòâèþ íà äàííóþ ðåàêöèþ â ïðîòî÷íî-èíæåêöèîííîé ñèñòåìå. Íèæíÿÿ ãðà-

íèöà îïðåäåëÿåìûõ êîíöåíòðàöèé èðèäèÿ ñîñòàâëÿåò 0,2 · 10–5 ìêã/ìë (P = 0,95), ÷òî

íèæå, ÷åì äëÿ îïèñàííûõ â ëèòåðàòóðå ìåòîäèê. Íàéäåíû îïòèìàëüíûå óñëîâèÿ àíàëèçà:

pH 3, êîíöåíòðàöèè ðåàãåíòîâ â ïîòîêàõ çàäàííîé ãèäðàâëè÷åñêîé ñõåìû ñìåøåíèÿ —

0,5 · 10–5 ìîëü/ë ÒÑÔÏ è 0,15 ìîëü/ë NaIO4, êîìíàòíàÿ òåìïåðàòóðà ïðîâåäåíèÿ èíäèêà-

òîðíîé ðåàêöèè. Ïðè îïòèìàëüíûõ óñëîâèÿõ ïîëó÷èëè ëèíåéíóþ ãðàäóèðîâî÷íóþ õàðàê-

òåðèñòèêó â èíòåðâàëå êîíöåíòðàöèé èðèäèÿ (0,2 – 2,0) · 10–5 ìêã/ìë. Èññëåäîâàëè âëèÿ-

íèå ñîïóòñòâóþùèõ èðèäèþ â ïðîìûøëåííûõ è ïðèðîäíûõ ìàòåðèàëàõ ýëåìåíòîâ: åãî

îïðåäåëåíèþ íå ìåøàþò ìîëüíûå èçáûòêè ïëàòèíîâûõ è öâåòíûõ ìåòàëëîâ: 20-êðàò-

íûé — Rh (III); 15-êðàòíûé — Pt (IV) è Fe (II); 20-êðàòíûé — Ni (II). Ïðàâèëüíîñòü ðå-

çóëüòàòîâ ïîäòâåðæäåíà ìåòîäîì «ââåäåíî – íàéäåíî» ïðè àíàëèçå ìîäåëüíûõ ðàñòâîðîâ,

ñîäåðæàùèõ èðèäèé. Sr ðåçóëüòàòîâ îïðåäåëåíèÿ èðèäèÿ â óñëîâèÿõ ïîâòîðÿåìîñòè (n = 3;

P = 0,95) íå ïðåâûøàåò 0,04. Ñðàâíåíèå ïîëó÷åííûõ ðåçóëüòàòîâ ñ ëèòåðàòóðíûìè äàí-

íûìè ïîêàçàëî, ÷òî îñíîâíûìè ïðåèìóùåñòâàìè ïðåäëàãàåìîé ìåòîäèêè îïðåäåëåíèÿ

èðèäèÿ ÿâëÿþòñÿ ïðîâåäåíèå ðåàêöèè ïðè êîìíàòíîé òåìïåðàòóðå ñ áîëåå ïðîñòûì àïïà-

ðàòóðíûì îôîðìëåíèåì è ìåíüøåå çíà÷åíèå íèæíåé ãðàíèöû îïðåäåëÿåìûõ ñîäåðæàíèé

èðèäèÿ.

Êëþ÷åâûå ñëîâà: êèíåòè÷åñêèå ìåòîäû àíàëèçà; ïðîòî÷íî-èíæåêöèîííûé àíàëèç; ïëà-

òèíîâûå ìåòàëëû; èðèäèé; âîäîðàñòâîðèìûé ïîðôèðèí.

DETERMINATION OF THE IRIDIUM MICRO-CONCENTRATIONS

USING A KINETIC CATALYTIC METHOD
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MIREA — Russian Technological University, 78, Vernadskogo prosp., Moscow, 119454, Russia; e-mail: khomutova@mail.ru
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The catalytic effect of iridium on the oxidation of water-soluble porphyrin — 5,10,15,20-tetrakis (4-sulfo-

natophenyl) porphin (TSPP) with sodium periodate is studied for the first time. A method for determina-

tion of the iridium micro-content by the catalytic effect of iridium on the oxidation of water-soluble

porphyrin 5,10,15,20-tetrakis (4-sulfonatophenyl) porphin with sodium periodate in a flow-injection sys-

tem is developed. The lower limit of the determined iridium concentrations is 0.2 × 10–5 ìg/ml (P = 0.95),

which is lower than that for the methods described in the literature. Optimal conditions for determination

have been specified: pH 3; concentration of the reagents in the flows of a given hydraulic mixing scheme

0.5 × 10–5 M TSPP and 0.15 M NaIO
4
; room temperature for the indicator reaction. A linear calibration

characteristic was obtained under chosen optimal conditions in the range of iridium concentrations

(0.2 – 2.0) × 10 – 5 ìg/ml. The effect of the elements accompanying iridium in industrial and natural ma-

terials was studied. Molar excesses of platinum and non-ferrous metals do not interfere with iridium de-

termination: 20-fold Rh (III); 15-fold Pt (IV) and Fe (II); and 20-fold molar excess of Ni (II). Correctness of

the results is confirmed by spike recovery tests on model iridium-containing solutions. S
r

of the results of

iridium determination under selected conditions at n = 3, P = 0.95 on model solutions is no more than

0.04. A comparison of the obtained results with literature data showed that the main advantages of the

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



proposed method for iridium determination are room temperature of the reaction, more simple hardware

design and lower limit of the iridium determination.

Keywords: kinetic methods of analysis; flow-injection analysis; platinum metals; iridium; water-soluble

porphyrine.

Ââåäåíèå

Íàèáîëüøåé çíà÷èìîñòüþ ñðåäè ìíîãîîáðàç-

íûõ ñôåð ïðèìåíåíèÿ èðèäèÿ îáëàäàåò êàòàëè-

òè÷åñêîå äåéñòâèå ìåòàëëà è êîìïëåêñîâ íà åãî

îñíîâå. Ñîåäèíåíèÿ èðèäèÿ óñêîðÿþò êàê íåîðãà-

íè÷åñêèå, òàê è îðãàíè÷åñêèå ðåàêöèè: ãèäðèðî-

âàíèå, ãàëîãåíèðîâàíèå, àðîìàòèçàöèÿ è ò.ä. [1].

Ïîòðåáíîñòü â èðèäèè îùóòèìî óâåëè÷èëàñü ñ

ðàçâèòèåì íàíîòåõíîëîãèé: íàïðèìåð, íàíîèðè-

äèåâûå êàòàëèçàòîðû è ìåìáðàíû èñïîëüçóþò

ïðè èçãîòîâëåíèè õåìîñåíñîðîâ äëÿ îáíàðóæå-

íèÿ ðÿäà âåùåñòâ [2], â î÷èñòêå õâîñòîâûõ ãàçîâ,

îíè ñïîñîáñòâóþò ðàçâèòèþ èñòî÷íèêîâ ýêîëî-

ãè÷íîé ýíåðãèè [3].

Èíòåðåñ ïðåäñòàâëÿåò ïðèìåíåíèå êèíåòè÷å-

ñêèõ êàòàëèòè÷åñêèõ ìåòîäîâ äëÿ îïðåäåëåíèÿ

ìèêðîêîíöåíòðàöèé ìåòàëëîâ ïëàòèíîâîé ãðóï-

ïû â ïðèðîäíûõ è òåõíîëîãè÷åñêèõ îáúåêòàõ.

Íàèáîëåå âàæíûìè õàðàêòåðèñòèêàìè òàêèõ ìå-

òîäîâ ÿâëÿþòñÿ íèçêèé ïðåäåë îáíàðóæåíèÿ,

ïðîñòîòà àïïàðàòóðû, ÷òî äåëàåò èõ äîñòóïíûìè

äàæå äëÿ íèçêîáþäæåòíûõ ëàáîðàòîðèé.

Èçâåñòíî òðè ðåæèìà îñóùåñòâëåíèÿ êèíå-

òè÷åñêèõ ðåàêöèé: ñòàöèîíàðíûé, íåïðåðûâíûé

ïðîòî÷íûé (ÍÏÀ) è ïðîòî÷íî-èíæåêöèîííûé

(ÏÈÀ). Àâòîìàòèçàöèÿ ñ èñïîëüçîâàíèåì ðàç-

ëè÷íûõ òèïîâ ïîòî÷íûõ ìåòîäîâ èìååò áîëüøîé

ïîòåíöèàë äëÿ ðàçâèòèÿ íîâûõ ìåòîäîâ àíàëèçà

íà îñíîâå êèíåòè÷åñêèõ êàòàëèòè÷åñêèõ ìåòîäîâ

èëè óëó÷øåíèÿ óæå èçâåñòíûõ [4, 5]. Îñíîâíûì

äîñòîèíñòâîì ÏÈÀ, ïðèâëåêàþùèì âíèìàíèå

õèìèêîâ-àíàëèòèêîâ, ÿâëÿåòñÿ âûñîêàÿ ïðîèçâî-

äèòåëüíîñòü [6].

Ðàíåå ïðåäëîæåíî îïðåäåëÿòü ìèêðîêîíöåí-

òðàöèè èðèäèÿ â íåïðåðûâíî-ïðîòî÷íûõ ñèñòå-

ìàõ ïî ðåàêöèÿì îêèñëåíèÿ ðòóòè (I) öåðèåì (IV)

[4] ñ íèæíåé ãðàíèöåé îïðåäåëÿåìûõ êîíöåíòðà-

öèé 5,00 · 10–4 ìêã/ìë è ïðåäåëîì îáíàðóæåíèÿ

1 · 10–4 ìêã/ìë. Íåäîñòàòêîì ýòîãî ñïîñîáà ÿâëÿ-

åòñÿ òî, ÷òî ðåàêöèþ êàòàëèçèðóþò òîëüêî ñóëü-

ôàòíûå ðàñòâîðû èðèäèÿ, äëÿ ïîëó÷åíèÿ êîòî-

ðûõ òðåáóåòñÿ äëèòåëüíàÿ îáðàáîòêà ïðîá, à òàê-

æå íåäîñòàòî÷íî íèçêèé ïðåäåë îáíàðóæåíèÿ.

Îïðåäåëåíèå èðèäèÿ êàòàëèòè÷åñêèì ìåòî-

äîì ïî ðåàêöèè âçàèìîäåéñòâèÿ ñóëüôàðñàçåíà

ñ ïåðéîäàò-èîíàìè ñ ïðåäåëîì îáíàðóæåíèÿ

2 · 10–5 ìêã/ìë â ñëîæíûõ îáúåêòàõ â ïðîòî÷íî-

èíæåêöèîííîé ñèñòåìå îïèñàíî â ðàáîòàõ [7, 8].

Ìåòîäèêà ñ 5,10,15,20-òåòðàôåíèë-21H,23H-

ïîðôèíòåòðàñóëüôîêèñëîòîé [9] èìååò íèçêèé

ïðåäåë îáíàðóæåíèÿ — 0,02 ìêã/ìë, íî ïîëî-

æåííàÿ â îñíîâó îïðåäåëåíèÿ ðåàêöèÿ ïðîòåêàåò

ïðè íàãðåâàíèè è îñíîâàíà íà èñïîëüçîâàíèè

ñëîæíîé ýêñïåðèìåíòàëüíîé ñõåìû, ñîñòîÿùåé

èç ïðîòî÷íî-èíæåêöèîííîãî àíàëèçàòîðà, ÓÔ-

âèäèìîãî ñïåêòðîôîòîìåòðà è ìèêðîâîëíîâîé

ìóôåëüíîé ïå÷è.

Â ðàáîòå [10] ïðåäñòàâëåíà ìåòîäèêà îïðåäå-

ëåíèÿ èðèäèÿ (IV) êèíåòè÷åñêèì ñïåêòðîôëóîðè-

ìåòðè÷åñêèì ìåòîäîì ïî ðåàêöèè âçàèìîäåé-

ñòâèÿ ïåðéîäàòà êàëèÿ ñ n-íèòðîáåíçîèëãèäðàçî-

íîì ñàëèöèëîâîãî àíãèäðèäà â ñðåäå âîäà-ýòàíîë

ïðè òåìïåðàòóðå 55 °C. Ýòî òðåáóåò ñëîæíîé ñèñ-

òåìû ïîääåðæàíèÿ ïîâûøåííîé òåìïåðàòóðû.

Âîçìîæíî îïðåäåëåíèå ìèêðîêîëè÷åñòâ èðè-

äèÿ (III) ìåòîäîì êàòàëèòè÷åñêè-àäñîðáöèîííîé

èíâåðñèîííîé âîëüòàìïåðîìåòðèè [11]. Ìåòîä

îñíîâàí íà ïîâåðõíîñòíîì íàêîïëåíèè êîìïëåê-

ñà èðèäèé (III)-áðîìèä öåòèëòðèìåòèëàììîíèÿ

íà ñòåêëîãðàôèòîâîì ýëåêòðîäå ñ ïîñëåäóþùèì

êàòàëèòè÷åñêèì âîññòàíîâëåíèåì àäñîðáèðîâàí-

íîãî êîìïëåêñà â ïðèñóòñòâèè áðîìàòà. Ïðåäåë

îïðåäåëåíèÿ ñîñòàâëÿåò ïîðÿäêà 2 – 3 ìêã/ìë.

Íåäîñòàòêàìè äàííîé ìåòîäèêè ÿâëÿþòñÿ îòñóò-

ñòâèå àâòîìàòèçàöèè è äëèòåëüíîå ïðîâåäåíèå

îïðåäåëåíèÿ.

Àâòîðû ðàáîòû [12] èçó÷èëè êàòàëèòè÷åñêîå

äåéñòâèå èðèäèÿ (IV) íà ïîõîæóþ ðåàêöèþ îêèñ-

ëåíèÿ ìåäíîãî êîìïëåêñà ïîðôèðèíà (Cu-ÒÑÔÏ)

ïåðéîäàòîì íàòðèÿ â ïðîòî÷íî-èíæåêöèîííîé

ñèñòåìå, ñîâìåùåííîé ñ âûñîêîòåìïåðàòóðíûì

(äî 150 °C) ãèäðîòåðìàëüíûì ðåàêòîðîì. Áûëà

ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ñëåäîâûõ êî-

ëè÷åñòâ èðèäèÿ (IV) ñ ïðåäåëîì îáíàðóæåíèÿ

5,8 · 10–9 ìîëü/ë (~1,1 · 10–3 ìêã/ìë) è èçó÷åíî ìå-

øàþùåå âëèÿíèå äðóãèõ ïëàòèíîâûõ ìåòàëëîâ

(îïðåäåëåíèþ èðèäèÿ ñ ïîìîùüþ ðàçðàáîòàííîé

ìåòîäèêè íå ìåøàåò îñìèé). Íåäîñòàòêîì ìåòî-

äèêè ÿâëÿåòñÿ íåîáõîäèìîñòü òî÷íîãî ïîääåðæà-

íèÿ òåìïåðàòóðû ðàñòâîðîâ è ðåàêöèîííîé ñìåñè

íà çàäàííîì óðîâíå (100 ± 1 °C èëè 150 ± 1 °C),

òàê êàê ñêîðîñòü ðåàêöèè çàâèñèò îò òåìïåðàòó-

ðû, à çíà÷èò, íóæíà ñïåöèàëüíàÿ àïïàðàòóðà.

Ðåàêöèè ñ èðèäèåì ïðè êîìíàòíîé òåìïå-

ðàòóðå èññëåäîâàëè â ðàáîòàõ [14 – 16]. Àâòîðû

ðàáîòû [14] èçó÷àëè íåêàòàëèòè÷åñêîå îïðåäåëå-

íèå èðèäèÿ (IV) ïî ðåàêöèÿì åãî âçàèìîäåéñòâèÿ

ñ 3-ãèäðîêñî-2-ìåòèë-1-ôåíèë-4-ïèðèäîíîì è 3-

ãèäðîêñî-2-ìåòèë-1-(4-òîëèë)-4-ïèðèäîíîì ôëóî-

ðèìåòðè÷åñêèì ìåòîäîì. Äàííàÿ ìåòîäèêà ïîç-
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âîëÿåò îïðåäåëÿòü èðèäèé â äèàïàçîíå êîíöåí-

òðàöèé 0,1 – 7,6 ìêã/ìë, ïðè ýòîì îïðåäåëåíèþ

íå ìåøàþò 300-êðàòíûé èçáûòîê ðîäèÿ (III) è

10-êðàòíûé èçáûòîê ïëàòèíû (IV).

Â ðàáîòàõ [15, 16] èðèäèé (III) îïðåäåëÿþò

ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì áåç íàãðåâà-

íèÿ. Â ìåòîäèêå [15] èðèäèé îïðåäåëÿþò ïðè pH

6,5 â äèàïàçîíå êîíöåíòðàöèé 1,0 – 7,0 ìêã/ë,

à â ðàáîòå [16] ïðåäñòàâëåíà ðåàêöèÿ èðèäèÿ ñ

o-ìåòèëôåíèëòèîìî÷åâèíîé â êèñëîé ñðåäå (Sr =

= 0,54).

Ïðåäëîæåíî êàòàëèòè÷åñêîå îïðåäåëåíèå

èðèäèÿ (IV) ïî ðåàêöèè îêèñëåíèÿ N-ìåòèëäèôå-

íèëàìèí-4-ñóëüôîêèñëîòû ïåðéîäàòîì êàëèÿ:

Ñmin = 1,6 · 10–2 ìêã/ìë [17].

Â íàñòîÿùåé ðàáîòå èññëåäîâàëè êàòàëè-

òè÷åñêîå äåéñòâèå èðèäèÿ íà ðåàêöèþ îêèñëå-

íèÿ 5,10,15,20-òåòðàêèñ(4-ñóëüôîíàòîôåíèë)ïîð-

ôèíà (ÒÑÔÏ) ïåðéîäàòîì íàòðèÿ â ñèñòåìå ïðî-

òî÷íî-èíæåêöèîííîãî àíàëèçà (ÏÈÀ), êîòîðîå íå

áûëî èçó÷åíî ðàíåå. Öåëü ðàáîòû — ðàçðàáîòêà

ìåòîäèêè îïðåäåëåíèÿ ìèêðîêîíöåíòðàöèé èðè-

äèÿ ïî åãî êàòàëèòè÷åñêîìó äåéñòâèþ íà èíäèêà-

òîðíóþ ðåàêöèþ îêèñëåíèÿ âîäîðàñòâîðèìîãî

ïîðôèðèíà ïåðéîäàòîì íàòðèÿ ïðè êîìíàòíîé

òåìïåðàòóðå ñ íèçêèì ïðåäåëîì îáíàðóæåíèÿ.

Ïðåäëàãàåìàÿ â íàñòîÿùåé ñòàòüå ìåòîäèêà

îïðåäåëåíèÿ èðèäèÿ îáëàäàåò ðÿäîì ïðåèìó-

ùåñòâ ïî ñðàâíåíèþ ñ ìåòîäèêàìè, ïðåäñòàâëåí-

íûìè âûøå: ïðîâåäåíèå ðåàêöèè ïðè êîìíàòíîé

òåìïåðàòóðå, áîëåå ïðîñòîå àïïàðàòóðíîå îôîðì-

ëåíèå è äîñòèæåíèå ìåíüøåãî çíà÷åíèÿ íèæíåé

ãðàíèöû îïðåäåëÿåìûõ ñîäåðæàíèé èðèäèÿ [13].

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èñïîëüçîâàëè ïåðéîäàò íàòðèÿ NaIO4 (õ÷),

5,10,15,20-òåòðàêèñ(4-ñóëüôîíàòîôåíèë)ïîðôèí,

ãåêñàõëîðîèðèäàò (III) êàëèÿ K3[IrCl6], áîðíóþ

(õ÷), îðòîôîñôîðíóþ (îñ÷), ñîëÿíóþ (õ÷) è óêñóñ-

íóþ (õ÷) êèñëîòû, ãèäðîêñèä íàòðèÿ (õ÷) è äèñ-

òèëëèðîâàííóþ âîäó.

Èñõîäíûå 10–3 Ì ðàñòâîðû èðèäèÿ ãîòîâèëè

ðàñòâîðåíèåì òî÷íîé íàâåñêè ãåêñàõëîðîèðèäàòà

(III) êàëèÿ â 2 Ì HCl. Ïîëó÷åííûé ðàñòâîð èñ-

ïîëüçîâàëè äëÿ ïðèãîòîâëåíèÿ ðàáî÷èõ ðàñòâî-

ðîâ K3[IrCl6] ïóòåì ðàçáàâëåíèÿ áóôåðíûì ðàñ-

òâîðîì äî ðàáî÷åé êèñëîòíîñòè pH 3.

0,15 Ì ðàñòâîð ïåðéîäàòà íàòðèÿ ãîòîâèëè

ïóòåì ïîëíîãî ðàñòâîðåíèÿ òî÷íîé íàâåñêè

NaIO4 â äèñòèëëèðîâàííîé âîäå. Èñõîäíûé

10–4 Ì ðàñòâîð 5,10,15,20-òåòðàêèñ(4-ñóëüôîíàòî-

ôåíèë)ïîðôèíà ãîòîâèëè ðàñòâîðåíèåì â äèñ-

òèëëèðîâàííîé âîäå òî÷íîé íàâåñêè ÒÑÔÏ, ðà-

áî÷èå ðàñòâîðû — ðàçáàâëåíèåì èñõîäíîãî áó-

ôåðíûì ðàñòâîðîì. Óíèâåðñàëüíóþ áóôåðíóþ

ñìåñü ãîòîâèëè èç ôîñôîðíîé, óêñóñíîé è áîðíîé

êèñëîò ñ äîâåäåíèåì äî ìåòêè äèñòèëëèðîâàííîé

âîäîé è äîáàâëåíèåì ãèäðîêñèäà íàòðèÿ äëÿ ïî-

ëó÷åíèÿ íåîáõîäèìîãî çíà÷åíèÿ pH.

Ïðè èññëåäîâàíèè ìåøàþùåãî âëèÿíèÿ

ñîïóòñòâóþùèõ êîìïîíåíòîâ èñïîëüçîâàëè ñî-

åäèíåíèÿ: PtCl4, NiCl2 · 6H2O, CuSO4 · 5H2O,

FeSO4 · 7H2O, K3[RhCl6].

Ðåàêöèþ ïðîâîäèëè â ïðîòî÷íî-èíæåêöèîí-

íîì àíàëèçàòîðå «ÏÈÀÊÎÍ-30» ñ ôîòîìåòðè÷å-

ñêèì äåòåêòîðîì ñî ñâåòîäèîäîì ñ äëèíîé âîëíû

ë = 505 íì.

Ñïåêòð ïîãëîùåíèÿ ðàñòâîðà ÒÑÔÏ ðåãè-

ñòðèðîâàëè ñ èñïîëüçîâàíèåì ñïåêòðîôîòîìåòðà

Helios Alpha ñ ïðåäåëîì äîïóñêàåìîé àáñîëþòíîé

ïîãðåøíîñòè ±0,5 %. Òî÷íûå íàâåñêè âçâåøè-

âàëè íà àíàëèòè÷åñêèõ âåñàõ AND GR-200 ñ òî÷-

íîñòüþ ±0,1 ìã. Çíà÷åíèå pH áóôåðíîé ñìåñè
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Ðèñ. 1. Êèíåòè÷åñêàÿ êðèâàÿ äëÿ îïðåäåëåíèÿ èðèäèÿ ïî

ðåàêöèè îêèñëåíèÿ 0,5 · 10–5 Ì ðàñòâîðà ÒÑÔÏ 0,15 Ì

ðàñòâîðîì NaIO4 (c(K3[IrCl6]) = 10–4 ìîëü/ë, pH = 3)

Fig. 1. Kinetic curve for catalytic determination of iridium

in the reaction of 0.5 × 10–5 M TSPP with 0.15 M NaIO
4

(10–4 M K
3
[IrCl

6
], pH 3 buffer solution)

A

B

C

D E

Ðèñ. 2. Ãèäðàâëè÷åñêàÿ ñõåìà ñìåøåíèÿ ïîòîêîâ èíäè-

êàòîðíîé ðåàêöèè äëÿ îïðåäåëåíèÿ èðèäèÿ â ïðîòî÷íî-

èíæåêöèîííîì àíàëèçàòîðå (1 — êðàí-ïåðåêëþ÷àòåëü;

2 — ïåðèñòàëüòè÷åñêèé íàñîñ; 3 — ñìåñèòåëü ïîòîêîâ;

4 — êàìåðà, â êîòîðîé ïðîèñõîäèò îêîí÷àòåëüíîå ñìåøå-

íèå ðàñòâîðîâ; 5 — ôîòîìåòðè÷åñêàÿ ÿ÷åéêà; ïîòîêè: A —

pH 3; B — 10–4 Ì K3[IrCl6]; C — 0,5 · 10–5 Ì ÒÑÔÏ, D —

0,15 Ì NaIO4; E — ñëèâ)

Fig. 2. The hydraulic schematic for mixing flows of the in-

dicator reaction for iridium determination in a flow-injec-

tion analyzer (1 — switch tap; 2 — peristaltic pump; 3 —

flow mixer; 4 — mixing chamber; 5 — photometric cell;

flows: A — pH 3; B — 10–4 M K
3
[IrCl

6
], C — 0.5 × 10–5 M

TSPP, D — 0.15 M NaIO
4
; E — dump)



êîíòðîëèðîâàëè pH-ìåòðîì Hanna ñåðèè pH-213

ñ òî÷íîñòüþ ±0,002.

Îáñóæäåíèå ðåçóëüòàòîâ

Èññëåäóåìóþ èíäèêàòîðíóþ ðåàêöèþ ïðîâî-

äèëè áåç ñåãìåíòàöèè, â äâèæóùåìñÿ ïîòîêå ðåà-

ãåíòîâ. Â ñôîðìèðîâàííóþ ðåàêöèîííóþ ñìåñü

ïîïåðåìåííî èíæåêòèðîâàëè ôîíîâûé ðàñòâîð

(áóôåðíûé) è ðàñòâîð ïðîáû. Êàòàëèòè÷åñêàÿ

ðåàêöèÿ íà÷èíàåòñÿ ïîñëå òîãî, êàê ïîòîêè îáú-

åäèíÿþòñÿ è ðàñòâîðû ïðîáû è ðåàãåíòîâ ñìåøè-

âàþòñÿ. Êàòàëèçàòîð èçìåíÿåò çíà÷åíèå îïòè÷å-

ñêîé ïëîòíîñòè ïîòîêà: íà åå çàâèñèìîñòè îò âðå-

ìåíè ïîÿâëÿþòñÿ ïèêè, âûñîòà ïèêà ÿâëÿåòñÿ

àíàëèòè÷åñêèì ñèãíàëîì (ðèñ. 1), ïðîïîðöèî-

íàëüíûì ñîäåðæàíèþ êàòàëèçàòîðà — èðèäèÿ.

Ñõåìà äâèæåíèÿ ïîòîêîâ â àíàëèçàòîðå ïðåä-

ñòàâëåíà íà ðèñ. 2. «Ãëóáèíà» ïðîòåêàíèÿ íåêà-

òàëèòè÷åñêîé è êàòàëèòè÷åñêîé ðåàêöèé çàâèñèò

îò âðåìåíè äîñòàâêè ðàñòâîðîâ îò óçëà ñìåøåíèÿ

ðåàãåíòîâ äî ðåãèñòðèðóþùåãî óñòðîéñòâà è çà-

äàåòñÿ äëèíîé ïóòè ïîòîêîâ. Ýêñïåðèìåíòàëü-

íûì ïóòåì óñòàíîâèëè, ÷òî äëèíà òðóáîê è ñïè-

ðàëåé äîëæíà áûòü òàêîé, ÷òîáû âðåìÿ ïðåáûâà-

íèÿ ðåàêöèîííîé ñìåñè â ñèñòåìå îò íà÷àëà ñìå-

øåíèÿ ïîòîêîâ ðåàãåíòîâ èíäèêàòîðíîé ðåàêöèè

äî ñìåñèòåëüíîé ñïèðàëè ñîñòàâëÿëî 1 ìèí, à îò

ââîäà êàòàëèçàòîðà äî ðåãèñòðàöèè ñèãíàëà —

5 ìèí. Ýòî îáåñïå÷èâàåò äîñòàòî÷íóþ «ãëóáèíó»

ïðîòåêàíèÿ èíäèêàòîðíîé ðåàêöèè äî ìîìåíòà

ðåãèñòðàöèè ñèãíàëà.

Äëÿ íàõîæäåíèÿ îïòèìàëüíûõ óñëîâèé ïðî-

âåäåíèÿ ðåàêöèè, ò.å. îáåñïå÷èâàþùèõ ïîëó÷å-

íèå ñòàáèëüíîãî àíàëèòè÷åñêîãî ñèãíàëà, âûñî-

êóþ ÷óâñòâèòåëüíîñòü è ýêîíîìíîå èñïîëüçîâà-

íèå ðåàêòèâîâ, âûáèðàëè ðàáî÷óþ äëèíó âîëíû è

èññëåäîâàëè âëèÿíèå ðÍ ôîíîâîãî ðàñòâîðà è

êîíöåíòðàöèè ðåàãåíòîâ.

Ìàêñèìóì ïîãëîùåíèÿ 4 · 10–5 Ì ðàñòâîðà

ÒÑÔÏ ïðè pH 3 ïî ñðàâíåíèþ ñ äèñòèëëèðîâàí-

íîé âîäîé íàáëþäàëè íà äëèíå âîëíû 505 íì.

Èñõîäÿ èç ýòîãî âûáðàëè ôîòîìåòðè÷åñêèé äàò-

÷èê ñ äèàïàçîíîì äëèí âîëí 460 – 520 íì.

Èññëåäîâàëè ôîðìó è âûñîòó ïèêà â çàâèñè-

ìîñòè îò ñîñòàâà ôîíîâîãî ðàñòâîðà. Ïðè ïðèìå-

íåíèè áóôåðíîãî ðàñòâîðà â êà÷åñòâå ôîíà ïèêè

âûñîêèå è ðîâíûå, à ïðè èñïîëüçîâàíèè äèñòèë-

ëèðîâàííîé âîäû ñòàíîâÿòñÿ íåðîâíûìè, èõ àì-

ïëèòóäà óìåíüøàåòñÿ. Èçó÷èëè âëèÿíèå çíà÷å-

íèÿ pH áóôåðíîãî ðàñòâîðà, âûáðàííîãî â êà÷å-

ñòâå ôîíà, íà àíàëèòè÷åñêèé ñèãíàë: èç ïîëó÷åí-
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Ðèñ. 3. Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà èðèäèÿ îò

pH ïðè îêèñëåíèè 0,5 · 10–5 Ì ðàñòâîðà ÒÑÔÏ 0,15 Ì ðàñ-

òâîðîì NaIO4 (c(K3[IrCl6]) = 10–4 ìîëü/ë)

Fig. 3. The dependence of iridium analytical signal on pH

value upon oxidation of 0.5 × 10–5 M TSPP by 0.15 M NaIO
4

(c(K
3
[IrCl

6
]) = 10–4 M)
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Êîíöåíòðàöèÿ ÒÑÔÏ · 10 , ìÂ–5 Êîíöåíòðàöèÿ ïåðèîäàòà íàòðèÿ, ìîëü/ë

Ðèñ. 4. Çàâèñèìîñòè àíàëèòè÷åñêîãî ñèãíàëà èðèäèÿ îò êîíöåíòðàöèè ðåàãåíòîâ: à — ÒÑÔÏ ïðè c(NaIO4) =

= 0,2 ìîëü/ë); á — NaIO4 ïðè c(ÒÑÔÏ) = 0,5 · 10–5 ìîëü/ë (pH = 3; c(K3[IrCl6]) = 10–4 ìîëü/ë)

Fig. 4. The dependence of iridium analytical signal on the reagent concentration: a — TSPP at 0.2 M NaIO
4
; b — NaIO

4
at

0.5 × 10–5 M TSPP (pH = 3, 10–4 M K
3
[IrCl

6
])



íîé çàâèñèìîñòè îïðåäåëèëè îïòèìàëüíîå çíà÷å-

íèå pH = 3 (ðèñ. 3).

Äëÿ íàõîæäåíèÿ îïòèìàëüíûõ êîíöåíòðàöèé

ðåàãåíòîâ èññëåäîâàëè èõ âëèÿíèå íà âûñîòó

ïèêà (ðèñ. 4, 5): ïîëó÷èëè çíà÷åíèÿ 0,5 · 10–5 è

0,15 ìîëü/ë äëÿ 5,10,15,20-òåòðàêèñ(4-ñóëüôîíà-

òîôåíèë)ïîðôèíà è ïåðéîäàòà íàòðèÿ ñîîòâåòñò-

âåííî.

Ïðè íàéäåííûõ îïòèìàëüíûõ óñëîâèÿõ ïîëó-

÷èëè ëèíåéíóþ ãðàäóèðîâî÷íóþ õàðàêòåðèñòèêó

â èíòåðâàëå êîíöåíòðàöèé èðèäèÿ (0,2 – 2,0) ×

× 10–5 ìêã/ìë.

Èññëåäîâàëè âëèÿíèå íà îïðåäåëåíèå èðèäèÿ

ñîïóòñòâóþùèõ â ïðîìûøëåííûõ è ïðèðîäíûõ

ìàòåðèàëàõ ýëåìåíòîâ: äîïóñòèìûå ìîëüíûå èç-

áûòêè ïëàòèíîâûõ è öâåòíûõ ìåòàëëîâ, íå ìå-

øàþùèå îïðåäåëåíèþ, ïðèâåäåíû â òàáë. 1.

Ïðàâèëüíîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ èðè-

äèÿ â ìîäåëüíûõ ðàñòâîðàõ ïîäòâåðäèëè ìåòîäîì

«ââåäåíî – íàéäåíî» (òàáë. 2).

Çíà÷åíèå íèæíåé ãðàíèöû îïðåäåëÿåìûõ

êîíöåíòðàöèé èðèäèÿ ïî ïðåäëàãàåìîé ìåòîäèêå

ñîñòàâèëî 0,2 · 10–5 ìêã/ìë.

Îòíîñèòåëüíîå ñòàíäàðòíîå îòêëîíåíèå Sr

ðåçóëüòàòîâ îïðåäåëåíèÿ èðèäèÿ â óñëîâèÿõ ïî-

âòîðÿåìîñòè ïðè àíàëèçå ìîäåëüíûõ ðàñòâîðîâ

íå ïðåâûøàåò 0,04.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ìåòîäèêà îïðå-

äåëåíèÿ ìèêðîêîíöåíòðàöèé èðèäèÿ êèíåòè÷å-

ñêèì êàòàëèòè÷åñêèì ìåòîäîì â ïðîòî÷íî-èí-

æåêöèîííîé ñèñòåìå ïî ðåàêöèè îêèñëåíèÿ âîäî-

ðàñòâîðèìîãî ïîðôèðèíà ïåðéîäàòîì íàòðèÿ.

Çíà÷åíèå íèæíåé ãðàíèöû îïðåäåëÿåìûõ êîí-

öåíòðàöèé èðèäèÿ ñîñòàâèëî 0,2 · 10–5 ìêã/ìë

(P = 0,95). Ãðàäóèðîâî÷íàÿ çàâèñèìîñòü ëèíåéíà

â äèàïàçîíå êîíöåíòðàöèé èðèäèÿ îò 0,2 · 10–5 äî

2,0 · 10–5 ìêã/ìë. Çíà÷åíèå îòíîñèòåëüíîãî ñòàí-

äàðòíîãî îòêëîíåíèÿ ðåçóëüòàòîâ îïðåäåëåíèÿ

èðèäèÿ â ìîäåëüíûõ ðàñòâîðàõ ñîñòàâèëî 0,04.
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Òàáëèöà 2. Ðåçóëüòàòû îïðåäåëåíèÿ èðèäèÿ (ìêã/ìë)

ìåòîäîì «ââåäåíî – íàéäåíî» (n = 3; P = 0,95)

Table 2. The results of iridium determination (ìg/mL) by

the method of spiked samples (n = 3; P = 0.95)

Ââåäåíî èðèäèÿ Íàéäåíî èðèäèÿ
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1,8 · 10–5 (1,90 ± 0,15) · 10–5

Òàáëèöà 1. Äîïóñòèìûå èçáûòêè ñîïóòñòâóþùèõ ýëå-

ìåíòîâ ïðè îïðåäåëåíèè èðèäèÿ

Table 1. Permissible excesses of accompanying elements

upon iridium determination

Ýëåìåíò Äîïóñòèìûé ìîëüíûé èçáûòîê

Rh (III) 20

Pt (IV) 15

Fe (II) 15

Ni (II) 20

Cu (II) 25
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Èññëåäîâàíà âîçìîæíîñòü ïðèìåíåíèÿ ñóëüôàòà öåðèÿ (IV) â êà÷åñòâå îêèñëèòåëüíîãî

ðåàãåíòà äëÿ îïðåäåëåíèÿ ôåíîëüíîé ãèäðîêñèëüíîé ãðóïïû è ïðèâåäåíû ïðèìåðû åãî

èñïîëüçîâàíèÿ äëÿ àíàëèçà ðàçëè÷íûõ îðãàíè÷åñêèõ ñîåäèíåíèé. Ñóëüôàò öåðèÿ êîëè-

÷åñòâåííî ðåàãèðóåò ñ ôåíîëüíîé ãèäðîêñèëüíîé ãðóïïîé ñ îáðàçîâàíèåì õèíîèäíûõ

ñîåäèíåíèé. Ïðåäëîæåíû ìåòîäèêè îïðåäåëåíèÿ ôåíîëîâ ðàçëè÷íîãî ñòðîåíèÿ, âêëþ÷àÿ

ïåðõëîðèðîâàííûå è ïåðôòîðèðîâàííûå ôåíîëû, ìåòîäîì ïîòåíöèîìåòðè÷åñêîãî òèòðî-

âàíèÿ ðàñòâîðîì ñóëüôàòà öåðèÿ â ñåðíîêèñëîé ñðåäå ñ ðåäîêñîìåòðè÷åñêèì èíäèêàòîð-

íûì ýëåêòðîäîì. Íàëè÷èå â àðîìàòè÷åñêîì êîëüöå çàìåñòèòåëåé ñ âîññòàíîâèòåëüíûìè

ñâîéñòâàìè ìåøàåò îïðåäåëåíèþ. Öåðèìåòðè÷åñêîå ïîòåíöèîìåòðè÷åñêîå òèòðîâàíèå èñ-

ïîëüçîâàíî òàêæå äëÿ èññëåäîâàíèÿ ñòðîåíèÿ ïîëèìåðîâ íà îñíîâå ìåòèëîëüíûõ ïðîèç-

âîäíûõ ôåíîëôòàëåèíà. Ïîäîáíûå ñîåäèíåíèÿ ÿâëÿþòñÿ ñøèâàþùèìè àãåíòàìè è ñëóæàò

äëÿ ïîëó÷åíèÿ òåðìîñòàòíûõ êîíñòðóêöèîííûõ ìàòåðèàëîâ ñ âûñîêèìè ïðî÷íîñòíûìè

ñâîéñòâàìè. Ïîêàçàíî, ÷òî ìåòèëîëüíóþ ãèäðîêñèëüíóþ ãðóïïó, êîòîðàÿ òàêæå êîëè÷åñò-

âåííî îêèñëÿåòñÿ ñóëüôàòîì öåðèÿ, ìîæíî îïðåäåëÿòü îäíîâðåìåííî ñ ôåíîëüíîé ãèäðî-

êñèëüíîé ãðóïïîé. Ïðè ïðîâåäåíèè ñðàâíåíèÿ ïðåäëîæåííîãî ìåòîäà öåðèìåòðè÷åñêîãî

òèòðîâàíèÿ ñ øèðîêî èçâåñòíûì ìåòîäîì àöåòèëèðîâàíèÿ ïîëó÷åíû èäåíòè÷íûå ðåçóëü-

òàòû. Íàéäåííîå êîëè÷åñòâî ãèäðîêñèëüíûõ ãðóïï â àíàëèçèðóåìûõ îáðàçöàõ ïîçâîëÿëî

ñóäèòü î ñòðóêòóðå ïîëèìåðîâ. Íà îñíîâå öåðèìåòðè÷åñêîãî òèòðîâàíèÿ ïðåäëîæåíà òàêæå

ìåòîäèêà îïðåäåëåíèÿ ñâîáîäíûõ êñèëåíîëîâ â îãíåñòîéêîì òóðáèííîì ìàñëå. Ìåòîäèêà

ÿâëÿåòñÿ áîëåå ýêñïðåññíîé è ìåíåå òðóäîåìêîé, ÷åì îáùåïðèíÿòàÿ ìåòîäèêà ïî ÒÓ

3470.11335-07, îñíîâàííàÿ íà áðîìèðîâàíèè êñèëåíîëîâ áðîìèä-áðîìàòíîé ñìåñüþ.
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The possibility of using cerium (IV) sulfate as an oxidizing reagent in analysis of various organic com-

pounds is considered and exemplified specifically in determination of phenolic hydroxyl group. Cerium

sulfate quantitatively reacts with a phenolic hydroxyl group to form quinoid compounds. Techniques for

determination of phenols of different structures (including perchlorinated and perfluorinated phenols) us-

ing potentiometric titration with a solution of cerium sulfate in a sulfuric acid medium with a redoxo-

metric indicator electrode are proposed. The presence of the substituents with reducing properties in the

aromatic ring interferes with the determination. Cerimetric potentiometric titration was also used to

study the structure of polymers based on methylol derivatives of phenolphthalein which are crosslinking

agents and serve to obtain thermostatic structural materials with high strength properties. It is shown

that the methylol hydroxyl group, which is also quantitatively oxidized by cerium sulfate, can be deter-

mined simultaneously with a phenolic hydroxyl group. The results obtained by the proposed method of

cerimetric titration and well-known method of acetylation appeared identical. The determined number of

hydroxyl groups in the analyzed samples is indicative of the polymer structure. Proceeding from the tech-

nique of cerimetric titration we propose a method for determination of free xylenols in fire-resistant tur-

bine oil. The developed technique is more rapid and less labor-consuming compared to generally accepted

technique TU 3470.11335–07 based on the bromination of xylenols with a bromide-bromate mixture.

Keywords: potentiometry; cerimetric titration; phenolic hydroxyl; xylenols; fire-resistant turbine oil.
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Ââåäåíèå

Ñóëüôàò öåðèÿ (IV) øèðîêî èñïîëüçóþò â êà-

÷åñòâå îêèñëèòåëüíîãî ðåàãåíòà â àíàëèòè÷åñêîé

õèìèè. Ôåíîëû îêèñëÿþòñÿ èîíàìè öåðèÿ äî õè-

íîíîâ ñ îáðàçîâàíèåì ñëîæíûõ ñìåñåé:

Â îðãàíè÷åñêîì àíàëèçå ðåàãåíò ïðèìåíÿþò

äëÿ îïðåäåëåíèÿ ùàâåëåâîé êèñëîòû è îêñàëà-

òîâ, îðãàíè÷åñêèõ îêñèêèñëîò, ìíîãîîñíîâíûõ

ñïèðòîâ, ãèäðîõèíîíà, áåíçîõèíîíà, ðàçëè÷íûõ

ñàõàðîâ è äðóãèõ ñîåäèíåíèé [1].

Ìû èññëåäîâàëè âîçìîæíîñòü ïðèìåíåíèÿ

Ce (IV) â êà÷åñòâå ðåàãåíòà äëÿ îïðåäåëåíèÿ ôå-

íîëüíîãî ãèäðîêñèëà. Íàèáîëåå ðàñïðîñòðàíåí-

íûé ìåòîä îïðåäåëåíèÿ ôåíîëîâ îñíîâàí íà àöå-

òèëèðîâàíèè ãèäðîêñèëüíîé ãðóïïû óêñóñíûì

àíãèäðèäîì [1].

Âîçìîæíî òèòðîâàíèå ôåíîëîâ â íåâîäíîé

ñðåäå îñíîâíûìè òèòðàíòàìè. Êèñëîòíûé õàðàê-

òåð ñîåäèíåíèé, ñîäåðæàùèõ ôåíîëüíûé ãèäðî-

êñèë, çàâèñèò îò ñòðîåíèÿ âåùåñòâà. Â êà÷åñòâå

ðàñòâîðèòåëåé ïðèìåíÿþò ÄÌÔÀ, ïèðèäèí, ýòè-

ëåíäèàìèí, àöåòîí è äð. [2]. Îïèñàíû ðàçíîîá-

ðàçíûå èíñòðóìåíòàëüíûå ìåòîäû îïðåäåëåíèÿ

ìàëûõ êîëè÷åñòâ ôåíîëîâ â ðàçëè÷íûõ îáúåêòàõ

[3 – 9].

Ñóùåñòâóþò ìåòîäû êîñâåííîãî îïðåäåëåíèÿ

ôåíîëîâ ïî èõ ðåàêöèè ñ ñóëüôàòîì öåðèÿ ñ ïî-

ñëåäóþùèì ïîòåíöèîìåòðè÷åñêèì òèòðîâàíèåì

èçáûòêà ðåàãåíòà ðàñòâîðîì Fe (II) [1].
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Òàáëèöà 1. Ðåçóëüòàòû îïðåäåëåíèÿ OH-ãðóïï â îðãàíè÷åñêèõ ñîåäèíåíèÿõ ìåòîäîì ïîòåíöèîìåòðè÷åñêîãî òèòðîâà-

íèÿ 0,1 Ì ðàñòâîðîì Ce(SO4)2 (n = 3; P = 0,95)

Table 1. Results of OH-group determination in organic compounds using potentiometric titration with 0.1 M Ce(SO
4
)
2

(n = 3; P = 0.95)

Îáðàçåö ×èñëî OH-ãðóïï
Ñîäåðæàíèå OH-ãðóïï, %

S
r

Âû÷èñëåíî Íàéäåíî

1 9,24 9,01 ± 0,34 0,28

1 6,38 6,33 ± 0,58 0,36

1 10,24 10,20 ± 0,44 0,22

2 19,32 19,10 ± 0,52 0,26

3 30,36 30,29 ± 0,58 0,23

2 11,26 11,31 ± 0,43 0,21
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Öåëü íàøåé ðàáîòû — èçó÷èòü âîçìîæíîñòü

îïðåäåëåíèÿ ôåíîëîâ ïðÿìûì öåðèìåòðè÷åñêèì

òèòðîâàíèåì â êèñëîé ñðåäå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Äëÿ îïðåäåëåíèÿ ôåíîëüíîãî ãèäðîêñèëà

â ñòàêàí åìêîñòüþ 50 ìë ïîìåùàëè íàâåñêó

àíàëèçèðóåìîãî âåùåñòâà (20 – 30 ìã), äîáàâëÿ-

ëè 15 ìë ýòàíîëà, 5 ìë 5 Ì ðàñòâîðà H2SO4 è

òèòðîâàëè ïîòåíöèîìåòðè÷åñêè 0,1 Ì ðàñòâîðîì

Ce(SO4)2 ñ ðåäîêñîìåòðè÷åñêèì èíäèêàòîðíûì

ýëåêòðîäîì è êàëîìåëüíûì ýëåêòðîäîì ñðàâíå-

íèÿ ñ ïîìîùüþ ðÍ-ìåòðà CG-805 SHOTT

GERATE (÷èñòîòó àíàëèçèðóåìûõ îáðàçöîâ êîí-

òðîëèðîâàëè ìåòîäîì ýëåìåíòíîãî àíàëèçà).

Äëÿ îïðåäåëåíèÿ êñèëåíîëîâ â òóðáèííîì

ìàñëå (â íåâîäíîé ñðåäå) â ñòàêàíå åìêîñòüþ

100 ìë íàâåñêó îáðàçöà (10 – 12 ã) ðàñòâîðÿëè â

30 ìë ýòàíîëà, äîáàâëÿëè 1,5 ìë êîíö. H2SO4 è

òèòðîâàëè ïîòåíöèîìåòðè÷åñêè, êàê îïèñàíî

âûøå.

Ñîäåðæàíèå êñèëåíîëîâ ðàññ÷èòûâàëè ïî

ôîðìóëå:

c
VN

m
êñèëåíîëîâ �

� �122 100
,

ãäå V — îáúåì ðàñòâîðà Ce(SO4)2, èçðàñõîäîâàí-

íûé íà òèòðîâàíèå, ìë; N — íîðìàëüíîñòü ðàñ-

òâîðà Ce(SO4)2; 122 — ìîëåêóëÿðíàÿ ìàññà êñèëå-

íîëà; m — íàâåñêà îáðàçöà, ìã.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðåäëîæåííàÿ ìåòîäèêà ïîçâîëÿåò îïðåäå-

ëÿòü ôåíîëû ðàçëè÷íîãî ñòðîåíèÿ, âêëþ÷àÿ ïåð-

ôòîðèðîâàííûå è ïåðõëîðèðîâàííûå ôåíîëû,

ïîòåíöèîìåòðè÷åñêèì òèòðîâàíèåì ðàñòâîðîì

ñóëüôàòà öåðèÿ â ñåðíîêèñëîé ñðåäå ñ ðåäîêñî-

ìåòðè÷åñêèì èíäèêàòîðíûì ýëåêòðîäîì. Ðåçóëü-

òàòû àíàëèçà ðÿäà ñîåäèíåíèé íà ñîäåðæàíèå

OH-ãðóïï ïðèâåäåíû â òàáë. 1.

Îïðåäåëåíèþ ìåøàþò ñîåäèíåíèÿ, îáëàäàþ-

ùèå âîññòàíîâèòåëüíûìè ñâîéñòâàìè, òàêèå êàê

îêñèêèñëîòû, ìíîãîàòîìíûå ñïèðòû, àðîìàòè÷å-

ñêèå àìèíû è äð.

Öåðèìåòðè÷åñêîå òèòðîâàíèå áûëî ïðèìåíå-

íî íàìè äëÿ îïðåäåëåíèÿ ÎÍ-ãðóïï â ìåòèëîëü-

íûõ ïðîèçâîäíûõ èìèäà ôåíîëôòàëåèíà. Ïîäîá-

íûå ñîåäèíåíèÿ, ñèíòåçèðóåìûå â ÈÍÝÎÑ, ÿâëÿ-

þòñÿ ñøèâàþùèìè àãåíòàìè è ñëóæàò äëÿ ïîëó-

÷åíèÿ òåðìîñòàòíûõ êîíñòðóêöèîííûõ ìàòåðèà-

ëîâ ñ âûñîêèìè ïðî÷íîñòíûìè ñâîéñòâàìè [10 –

16]. Ìû èçó÷èëè âîçìîæíîñòü àíàëèçà ìåòèëîëü-

íûõ ïðîèçâîäíûõ ôåíîëôòàëåèíà, ïîëó÷åííûõ

ïðè ðàçëè÷íîì ìîëüíîì ñîîòíîøåíèè èìèäà, ôå-

íîëôòàëåèíà è ôîðìàëüäåãèäà. Ïðè ýòîì ïîêàçà-

íî, ÷òî ìåòèëîëüíûå ãèäðîêñèëüíûå ãðóïïû òàê-
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Òàáëèöà 2. Èññëåäóåìûå îáðàçöû ìåòèëîëüíûõ ïðîèç-

âîäíûõ ôåíîëôòàëåèíà

Table 2. Studied samples of methylol derivatives of phenol-

phthalein

Ïðåäïîëàãàåìàÿ ôîðìóëà

Íàé-

äåííîå

÷èñëî

OH-

ãðóïï

3

3*

3

3

4

3

* 1 ýêâèâàëåíò Ce(SO4)2 ðàñõîäóåòñÿ íà îêèñëåíèå

NH-ãðóïïû.
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æå êîëè÷åñòâåííî ðåàãèðóþò ñ ñóëüôàòîì öåðèÿ

è ìîãóò áûòü îïðåäåëåíû îäíîâðåìåííî ñ ôå-

íîëüíûìè ãèäðîêñèëàìè. Ïî ñîäåðæàíèþ íàé-

äåííûõ ãèäðîêñèëîâ ñóäèëè î ñòðîåíèè ñèíòåçè-

ðóåìûõ ñîåäèíåíèé. Äëÿ ïîäòâåðæäåíèÿ ïðà-

âèëüíîñòè ðåçóëüòàòîâ îáðàçåö ìåòèëîëüíîãî

ïðîèçâîäíîãî èìèäà ôåíîëôòàëåèíà

ïðîàíàëèçèðîâàëè êàê ìåòîäîì öåðèìåòðè÷åñêî-

ãî òèòðîâàíèÿ, òàê è ìåòîäîì àöåòèëèðîâàíèÿ.

Ïîëó÷åííûå äâóìÿ ìåòîäàìè ðåçóëüòàòû

(14,34 è 14,08 % OH-ãðóïï ñîîòâåòñòâåííî) ñîãëà-

ñóþòñÿ äðóã ñ äðóãîì è ñ âû÷èñëåííûì çíà÷åíè-

åì ñîäåðæàíèÿ OH-ãðóïï (14,13 %).

Â òàáë. 2 ïðèâåäåíû ðåçóëüòàòû îïðåäåëåíèÿ

ÎÍ-ãðóïï â íåêîòîðûõ ñîåäèíåíèÿõ ïðåäëîæåí-

íûì ìåòîäîì.

Íà îñíîâå öåðèìåòðè÷åñêîãî òèòðîâàíèÿ ñ ðå-

äîêñîìåòðè÷åñêèì èíäèêàòîðíûì ýëåêòðîäîì ìû

ðàçðàáîòàëè òàêæå ìåòîäèêó îïðåäåëåíèÿ ñâî-

áîäíûõ êñèëåíîëîâ â îãíåñòîéêîì òóðáèííîì

ìàñëå. Êñèëåíîëû (äèìåòèëôåíîëû), êîòîðûå â

çàâèñèìîñòè îò ðàñïîëîæåíèÿ ìåòèëüíûõ ãðóïï

ìîãóò íàõîäèòüñÿ â âèäå ìåòà- (1,3,4), îðòî-

(1,2,4) è ïàðà-ïðîèçâîäíûõ (1,4,2), ÿâëÿþòñÿ íå-

æåëàòåëüíîé ïðèìåñüþ ïðè åãî ñèíòåçå (ìàññî-

âàÿ äîëÿ êñèëåíîëîâ íå äîëæíà ïðåâûøàòü

0,15 %).

Îãíåñòîéêîå òóðáèííîå ìàñëî íà îñíîâå

òðèîêñèëåíèëôîñôàòà èñïîëüçóþò âìåñòî îïàñ-

íûõ â ïîæàðíîì îòíîøåíèè ãîðþ÷èõ íåôòÿíûõ

òóðáèííûõ ìàñåë. Ñîãëàñíî ÒÓ 3470.11335-07

ñâîáîäíûå êñèëåíîëû â òóðáèííûõ ìàñëàõ îïðå-

äåëÿþò áðîìèðîâàíèåì áðîìèä-áðîìàòíîé ñìå-

ñüþ ñ îáðàçîâàíèåì òðèáðîìêñèëåíîëîâ. Èçáû-

òîê áðîìà îïðåäåëÿþò éîäîìåòðè÷åñêè ïóòåì äî-

áàâëåíèÿ KI è òèòðîâàíèÿ âûäåëèâøåãîñÿ éîäà

ðàñòâîðîì òèîñóëüôàòà. Ìåòîäèêà äîñòàòî÷íî

òðóäîåìêà, ïðåäïîëàãàåò ýêñòðàêöèþ ñâîáîäíûõ

êñèëåíîëîâ èç ãîðÿ÷åãî ùåëî÷íîãî ðàñòâîðà ìàñ-

ëà è äëèòåëüíîå âûäåðæèâàíèå ðåàêöèîííîé

ñìåñè â ïðîöåññå áðîìèðîâàíèÿ.

Ìû ïðåäëîæèëè ïðîñòóþ è ýêñïðåññíóþ ìå-

òîäèêó îïðåäåëåíèÿ êñèëåíîëîâ â òóðáèííîì

ìàñëå, îñíîâàííóþ íà ïîòåíöèîìåòðè÷åñêîì òèò-

ðîâàíèè ñïèðòîâîãî ðàñòâîðà îáðàçöà ñóëüôàòîì

öåðèÿ. Âî èçáåæàíèå îñàæäåíèÿ ìàñëà òèòðîâà-

íèå ïðîâîäèëè â áåçâîäíîé ñðåäå ïîñëå äîáàâëå-

íèÿ â ðàñòâîð êîíöåíòðèðîâàííîé ñåðíîé êèñëî-

òû. Ðåçóëüòàòû ïðåäëîæåííîé ìåòîäèêè ñîâïà-

äàëè ñ ðåçóëüòàòàìè îïðåäåëåíèÿ êñèëåíîëîâ ïî

ÒÓ ìåòîäîì áðîìèðîâàíèÿ â øèðîêîì äèàïàçîíå

êîíöåíòðàöèé (òàáë. 3).

Ïðè ñðàâíåíèè êðèòåðèÿ Ôèøåðà Fýêñï = 3,2

è Fêðèò = 9,3 âèäíî, ÷òî ðåçóëüòàòû àíàëèçà ñâî-

áîäíû îò ñèñòåìàòè÷åñêîé îøèáêè, äèñïåðñèè îä-

íîðîäíû è ìåòîäû àíàëèçà ðàâíîòî÷íû.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëîæåíà ïðîñòàÿ è ýêñ-

ïðåññíàÿ ìåòîäèêà ïîòåíöèîìåòðè÷åñêîãî òèòðî-

âàíèÿ ôåíîëüíûõ ãèäðîêñèëüíûõ ãðóïï â îðãà-

íè÷åñêèõ ñîåäèíåíèÿõ è ïîëèìåðàõ íà îñíîâå ìå-

òèëîëüíûõ ïðîèçâîäíûõ ôåíîëôòàëåèíà ðàñòâî-

ðîì ñóëüôàòà öåðèÿ. Ìåòîäèêà òàêæå èñïîëüçî-

âàíà äëÿ îïðåäåëåíèÿ ñâîáîäíûõ êñèëåíîëîâ â

òóðáèííîì ìàñëå.
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Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ ñâîáîäíûõ êñèëåíîëîâ ìåòîäàìè áðîìèðîâàíèÿ è öåðèìåòðè÷åñêîãî òèòðîâàíèÿ

Table 3. The results of free xylenol determination using methods of bromination and cerimetric titration

Øèôð îáðàçöà
Ñîäåðæàíèå êñèëåíîëîâ, %

S S1
2

2
2

Áðîìèðîâàíèå S1
2 (f1 = 3, f2 = 3) Òèòðîâàíèå Ce(SO4)2 S2

2 (f1 = 3, f2 = 3)

ÌÎ 0,04 1,8 · 10–3 0,09 1,8 · 10–3 1,0

ÎÒ-1 0,08 7,2 · 10–3 0,08 5,0 · 10–3 1,4

2Ì-3 0,11 0,2 · 10–3 0,11 0,8 · 10–3 4,0

ÎÒ-3 0,30 12,8 · 10–3 0,25 5,0 · 10–3 2,6

ÎÒ-2 0,40 20,0 · 10–3 0,38 45,0 · 10–3 2,3

2-2 0,46 7,2 · 10–3 0,43 1,8 · 10–3 4,0

ÎÒ-0 0,60 80 · 10–3 0,58 12,8 · 10–3 6,3

OH
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Ñïîñîá ãðàäóèðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé îáåñïå÷èâàåò ëó÷øèå ìåòðîëîãè÷åñêèå

õàðàêòåðèñòèêè ïî ñðàâíåíèþ ñ äðóãèìè âàðèàíòàìè ãðàäóèðîâêè ïðè èñïîëüçîâàíèè ìå-

òîäà àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ)

äëÿ àíàëèçà ãåîëîãè÷åñêèõ ïðîá è òåõíè÷åñêèõ ìàòåðèàëîâ íà èõ îñíîâå. Îñíîâíûìè ïðè-

÷èíàìè òàêîãî óëó÷øåíèÿ ÿâëÿþòñÿ èñêëþ÷åíèå ïîãðåøíîñòåé êàëèáðîâêè ìåðíîé ïî-

ñóäû è âçÿòèÿ íàâåñîê àíàëèçèðóåìûõ ìàòåðèàëîâ èç ñóììàðíîé ïîãðåøíîñòè àíàëèçà;

âûñîêàÿ èíòåíñèâíîñòü ëèíèé ýëåìåíòà îñíîâû; áîëåå âûñîêàÿ òî÷íîñòü èçìåðåíèÿ îò-

íîøåíèÿ èíòåíñèâíîñòåé ïî ñðàâíåíèþ ñ èçìåðåíèåì àáñîëþòíûõ èíòåíñèâíîñòåé. Ïðè

àíàëèçå êàðáîíàòíûõ ãîðíûõ ïîðîä, òåõíè÷åñêèõ ìàòåðèàëîâ, øëàêîâ, ñîäåðæàùèõ ìåíåå

20 % SiO2 è áîëåå 20 % CaO, ïðè ãðàäóèðîâêå ïî îòíîøåíèÿì êîíöåíòðàöèé â êà÷åñòâå

îñíîâû ëó÷øå ïîäõîäèò îêñèä êàëüöèÿ. Ïðåäëîæåíà ôîðìóëà äëÿ ðàñ÷åòà ñîäåðæàíèé

îïðåäåëÿåìûõ êîìïîíåíòîâ â êàðáîíàòíûõ ìàòåðèàëàõ ïðè èñïîëüçîâàíèè ãðàäóèðîâêè

ïî îòíîøåíèÿì êîíöåíòðàöèé. Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ CaO (â äèàïàçîíå

ñîäåðæàíèé 20 – 100 %), SiO2 (2,0 – 35 %), Al2O3 (0,1 – 30 %), MgO (0,1 – 20 %), Fe2O3

(0,5 – 40 %), Na2O (0,1 – 15 %), K2O (0,1 – 5 %), P2O5 (0,001 – 2 %), MnO (0,01 – 2 %), TiO2

(0,01 – 2,0 %) â ðàçëè÷íûõ êàðáîíàòíûõ ìàòåðèàëàõ ìåòîäîì ÀÝÑ-ÈÑÏ ñ èñïîëüçîâàíèåì

îïèñàííîãî ñïîñîáà ãðàäóèðîâêè è êèñëîòíîãî ðàçëîæåíèÿ ïðîá â àâòîêëàâàõ, íàãðåâàå-

ìûõ â ñèñòåìå HotBlock 200. Ïðàâèëüíîñòü ðàçðàáîòàííîé ìåòîäèêè ïîäòâåðæäåíà àíàëè-

çîì ñòàíäàðòíûõ îáðàçöîâ ãîðíûõ ïîðîä. Ðàçðàáîòàííàÿ ìåòîäèêà áûëà èñïîëüçîâàíà âî

âðåìÿ ìåæëàáîðàòîðíîãî àíàëèçà ñòàíäàðòíîãî îáðàçöà øëàêà Ø17 ïðîèçâîäñòâà ÇÀÎ

«ÈÑÎ» (Åêàòåðèíáóðã).

Êëþ÷åâûå ñëîâà: êàðáîíàòíûå ïîðîäû; øëàêè; ãðàäóèðîâêà ïî îòíîøåíèÿì êîíöåíòðà-

öèé; ñèëèêàòíûé àíàëèç; ÀÝÑ-ÈÑÏ.
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Calibration by the concentration ratio provides better metrological characteristics compared to other cali-

bration modes when using the inductively coupled plasma atomic emission spectrometry (ICP-AES) for

analysis of geological samples and technical materials on their base. The main reasons for the observed

improvement are: i) elimination of the calibration error of measuring vessels and the error of weighing

samples of the analyzed materials from the total error of the analysis; ii) high intensity of the lines of base

element; and iii) higher accuracy of measuring the ratio of intensities compared to that of measuring the

absolute intensities. Calcium oxide is better suited as a base when using calibration by the concentration

ratio in analysis of carbonate rocks, technical materials, slags containing less than 20% SiO
2

and more

than 20% CaO. An equation is derived to calculate the content of components determined in carbonate

materials when using calibration by the concentration ratio. A method of ICP-AES with calibration by the

concentration ratio is developed for determination of CaO (in the range of contents 20 – 100%), SiO
2
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(2.0 – 35%), Al
2
O

3
(0.1 – 30%), MgO (0.1 – 20%), Fe

2
O

3
(0.5 – 40%), Na

2
O (0.1 – 15%), K

2
O (0.1 – 5%),

P
2
O

5
(0.001 – 2%), MnO (0.01 – 2%), TiO

2
(0.01 – 2.0%) in various carbonate materials. Acid decomposi-

tion of the samples in closed vessels heated in a HotBlock 200 system is proposed. Correctness of the pro-

cedure is confirmed in analysis of standard samples of rocks. The developed procedure was used during

the interlaboratory analysis of the standard sample of slag SH17 produced by ZAO ISO (Yekaterinburg,

Russia).

Keywords: carbonate rock; slags; calibration by the concentration ratio; silicate analysis; ICP-AES.

Ââåäåíèå

Àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ ñ èíäóê-

òèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ) çàíèìàåò

âåäóùóþ ïîçèöèþ ñðåäè ñîâðåìåííûõ ìåòîäîâ

àíàëèçà ãåîëîãè÷åñêèõ ìàòåðèàëîâ [1 – 4]. Âàæ-

íûìè äîñòîèíñòâàìè ýòîãî ìåòîäà ÿâëÿþòñÿ âîç-

ìîæíîñòü îäíîâðåìåííîãî ýêñïðåññíîãî îïðåäå-

ëåíèÿ ïî÷òè 70 ýëåìåíòîâ â øèðîêîì èíòåðâàëå

êîíöåíòðàöèé ïðè èñïîëüçîâàíèè ìàëîé ìàññû

ïðîáû ñ ïðèåìëåìîé òî÷íîñòüþ, êîòîðàÿ âñå æå

óñòóïàåò êëàññè÷åñêèì ìåòîäàì àíàëèçà [5 – 7].

Ñàìûì ýôôåêòèâíûì ñðåäñòâîì ó÷åòà ìàò-

ðè÷íûõ âëèÿíèé è óëó÷øåíèÿ òî÷íîñòè àíàëè-

çà ÿâëÿåòñÿ âíóòðåííèé ñòàíäàðò. Êàê îòìå÷àëè

Ì. Òîìïñîí è Ä. Í. Óîëø â îäíîé èç ðàííèõ

ìîíîãðàôèé, ïîñâÿùåííûõ ÀÝÑ-ÈÑÏ [1]: «Íåò

ñîìíåíèé â òîì, ÷òî äàëüíåéøèå èññëåäîâàíèÿ

áóäóò ñîñðåäîòî÷åíû íà óëó÷øåíèè òî÷íîñòè ðó-

òèííîãî ÈÑÏ àíàëèçà, ïðè÷åì âàæíàÿ ðîëü áó-

äåò îòâåäåíà âíóòðåííåìó ñòàíäàðòó». Èñïîëüçî-

âàíèå âíóòðåííåãî ñòàíäàðòà íà ñòàäèè ïðîáî-

ïîäãîòîâêè ïîçâîëÿåò èñêëþ÷èòü èç îáùåé ïî-

ãðåøíîñòè àíàëèçà ïîãðåøíîñòü äîâåäåíèÿ ðàñ-

òâîðà äî êîíå÷íîãî îáúåìà, ïîãðåøíîñòü âçÿòèÿ

àëèêâîò è ïîãðåøíîñòü èçìåðåíèé ñïåêòðîìåòðà.

Îäíîâðåìåííûé ñïåêòðîìåòð èçìåðÿåò îòíîøå-

íèå èíòåíñèâíîñòåé àíàëèòîâ òî÷íåå, ÷åì àáñî-

ëþòíûå çíà÷åíèÿ èíòåíñèâíîñòåé [8].

Ïåðñïåêòèâíûì íàïðàâëåíèåì ïîâûøåíèÿ

òî÷íîñòè ðåçóëüòàòîâ àíàëèçà ãåîëîãè÷åñêèõ

ìàòåðèàëîâ ìåòîäîì ÀÝÑ-ÈÑÏ ÿâëÿåòñÿ ãðàäóè-

ðîâêà ïî îòíîøåíèÿì êîíöåíòðàöèé. Ýòî îñîáûé

âàðèàíò èñïîëüçîâàíèÿ âíóòðåííåãî ñòàíäàðòà,

êîãäà â åãî êà÷åñòâå âûñòóïàåò îñíîâà ïðîáû.

Â îòëè÷èå îò îáû÷íîãî èñïîëüçîâàíèÿ âíóòðåí-

íåãî ñòàíäàðòà, ñîäåðæàíèå êîòîðîãî â àíàëè-

çèðóåìûõ ïðîáàõ è ãðàäóèðîâî÷íûõ ðàñòâîðàõ

ÿâëÿåòñÿ ïîñòîÿííûì, ñîäåðæàíèå âíóòðåííåãî

ñòàíäàðòà â ñïîñîáå ãðàäóèðîâêè ïî îòíîøåíèÿì

êîíöåíòðàöèé ìîæåò ìåíÿòüñÿ. Ïðè èñïîëüçîâà-

íèè äàííîãî ñïîñîáà ãðàäóèðîâêè ìåòðîëîãè÷å-

ñêèå õàðàêòåðèñòèêè ðåçóëüòàòîâ àíàëèçà óëó÷-

øàþòñÿ â ñèëó ñëåäóþùèõ ôàêòîðîâ:

1) èç îáùåé ïîãðåøíîñòè àíàëèçà èñêëþ÷à-

þòñÿ ïîãðåøíîñòè âçÿòèÿ íàâåñîê è äîâåäåíèÿ

àíàëèçèðóåìûõ ðàñòâîðîâ äî êîíå÷íîãî îáúåìà,

îòñóòñòâóþò äîçèðîâàíèå àëèêâîòíîé ÷àñòè ðàñ-

òâîðà âíóòðåííåãî ñòàíäàðòà è ñâÿçàííàÿ ñ ýòèì

ïîãðåøíîñòü;

2) èíòåíñèâíîñòü ëèíèé âíóòðåííåãî ñòàí-

äàðòà — ýëåìåíòà îñíîâû — èìååò âûñîêèå çíà-

÷åíèÿ, ëèíèè íå ïîäâåðæåíû ñïåêòðàëüíûì

íàëîæåíèÿì îò äðóãèõ ýëåìåíòîâ; êîíöåíòðàöèÿ

ýëåìåíòà îñíîâû (500 – 2000 ìêã/ñì3) çíà÷è-

òåëüíî ïðåâîñõîäèò êîíöåíòðàöèè ýëåìåíòîâ

âíóòðåííåãî ñòàíäàðòà (1 – 25 ìêã/ñì3), êîòîðûå

îáû÷íî ââîäÿò â àíàëèçèðóåìûå ðàñòâîðû;

3) òî÷íîñòü èçìåðåíèÿ îòíîøåíèÿ èíòåíñèâ-

íîñòåé ëèíèé âûøå, ÷åì àáñîëþòíûõ çíà÷åíèé

èíòåíñèâíîñòè, àíàëîãè÷íî òîìó, ÷òî äâóõëó-

÷åâûå ñïåêòðîìåòðû äåìîíñòðèðóþò áîëåå âû-

ñîêóþ òî÷íîñòü èçìåðåíèé ïî ñðàâíåíèþ ñ îäíî-

ëó÷åâûìè.

Äëÿ äîñòèæåíèÿ ìàêñèìàëüíîé òî÷íîñòè

ïðè âûïîëíåíèè àíàëèçà ãåîëîãè÷åñêèõ îáðàç-

öîâ ñ ãðàäóèðîâêîé ïî îòíîøåíèÿì êîíöåíòðà-

öèé âàæíî ïðàâèëüíî âûáðàòü ýëåìåíò îñíîâû,

êîòîðûé áóäåò âûïîëíÿòü ðîëü âíóòðåííåãî

ñòàíäàðòà. Â òàáë. 1 ïðåäñòàâëåíû ðåçóëüòàòû

àíàëèçà ãîðíûõ ïîðîä è ðóä, ñîäåðæàùèõ îò 3,23

äî 91,24 % îêñèäà êðåìíèÿ, ñ èñïîëüçîâàíèåì

SiO2 â êà÷åñòâå âíóòðåííåãî ñòàíäàðòà. Ïîëó÷åí-

íûå íàìè ðåçóëüòàòû îïðåäåëåíèÿ îñíîâíûõ

êîìïîíåíòîâ â ñòàíäàðòíûõ îáðàçöàõ (ÑÎ) óäîâ-

ëåòâîðèòåëüíî ñîãëàñóþòñÿ ñ ïàñïîðòíûìè çíà-

÷åíèÿìè ïðè ñîäåðæàíèÿõ SiO2 áîëåå 20 %. Äëÿ

ÑÎ ÑÈ-2 è êàðáîíàòèòà ïîëó÷åíû íåóäîâëåòâî-

ðèòåëüíûå çíà÷åíèÿ ñîäåðæàíèÿ SiO2 è CaO.

Äëÿ àíàëèçà îáðàçöîâ, ñîäåðæàùèõ ìåíåå

20 % SiO2, â êà÷åñòâå îñíîâíîãî êîìïîíåíòà ñëå-

äóåò ðàññìîòðåòü âîçìîæíîñòü èñïîëüçîâàíèÿ

îêñèäà êàëüöèÿ. Â ýòîì ñëó÷àå óðàâíåíèå äëÿ

ðàñ÷åòà ñîäåðæàíèé îïðåäåëÿåìûõ êîìïîíåíòîâ

ìîæíî ïðåäñòàâèòü ñëåäóþùèì îáðàçîì:

C

C

C

C

C

C C

Al O

CaO

MgO

CaO

ZrO

CaO CaO

ï. ï. ï.
2 3 2

100
1� � � �

�

��

%
. (1)

Öåëü íàñòîÿùåé ðàáîòû — ðåàëèçàöèÿ ñïî-

ñîáà ãðàäóèðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé

ïðèìåíèòåëüíî ê ñèëèêàòíîìó àíàëèçó êàðáî-

íàòíûõ ïîðîä ñ èñïîëüçîâàíèåì CaO â êà÷åñòâå

îñíîâû.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â ðàáîòå èñïîëüçîâàëè ñïåêòðîìåòð iCAP

7400 Duo ïðîèçâîäñòâà Thermo Fisher Scientific

(ÑØÀ) ñ îäíîâðåìåííûì èçìåðåíèåì èíòåíñèâ-
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íîñòåé àíàëèòè÷åñêèõ ëèíèé ýëåìåíòîâ, äâîé-

íûì íàáëþäåíèåì ïëàçìû è ïðîãðàììíûì îáåñ-

ïå÷åíèåì iTEVA, êîòîðîå âêëþ÷àåò îïöèþ ãðà-

äóèðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé.

Óñëîâèÿ èçìåðåíèé è ïàðàìåòðû èñòî÷íèêà

ÈÑÏ ñïåêòðîìåòðà â ðåæèìå äâîéíîãî íàáëþäå-

íèÿ ïëàçìû ïðèâåäåíû íèæå:

×èñëî ïàðàëëåëüíûõ èçìåðåíèé . . . . . . . . . . . 2

Âðåìÿ ïðîìûâêè äî àíàëèçà, ñ . . . . . . . . . . . 30

Âðåìÿ èíòåãðèðîâàíèÿ äåòåêòîðà, ñ:

â êîðîòêîâîëíîâîì äèàïàçîíå,

1-ÿ ùåëü, àêñèàëüíûé îáçîð . . . . . . . . . . 20

â äëèííîâîëíîâîì äèàïàçîíå,

2-ÿ ùåëü, ðàäèàëüíûé îáçîð . . . . . . . . . . 10

Ðàñïûëèòåëü OpalMist

Ðàñïûëèòåëüíûé ïîòîê, ë/ìèí . . . . . . . . . . 0,55

Âñïîìîãàòåëüíûé ïîòîê ãàçà, ë/ìèí . . . . . . . . 0,5

Ìîùíîñòü, ïîäâîäèìàÿ ê ïëàçìå, Âò. . . . . . . 1150

Ñêîðîñòü âðàùåíèÿ ïåðèñòàëüòè÷åñêîãî

íàñîñà, ìèí–1 . . . . . . . . . . . . . . . . . . . 60

Ïðè âûáîðå äëèí âîëí àíàëèòè÷åñêèõ ëèíèé

ïðèíèìàëè âî âíèìàíèå õàðàêòåð âîçáóæäåíèÿ

ëèíèé («æåñòêèå» — àòîìíûå ñ äëèíîé âîëíû ìå-

íåå 270 íì è èîííûå/«ìÿãêèå» — àòîìíûå ëèíèè

ñ äëèíîé âîëíû áîëåå 270 íì), èõ èíòåíñèâíîñòü

è îòñóòñòâèå èëè íàëè÷èå ñïåêòðàëüíûõ íàëîæå-

íèé. Âûáðàííûå ëèíèè, ðàñïðåäåëåíèå èõ ïî

ãðóïïàì è îòíåñåíèå ê ëèíèÿì âíóòðåííåãî ñòàí-

äàðòà ïðèâåäåíû â òàáë. 2.

Äëÿ áîëüøèíñòâà ìàòðè÷íûõ ýëåìåíòîâ èñ-

ïîëüçîâàëè ïî äâå ëèíèè è èõ ïåðåêëþ÷åíèå â

öåëÿõ ðàñøèðåíèÿ äèíàìè÷åñêîãî äèàïàçîíà ìå-

òîäèêè (òàáë. 3).

Ðàçëîæåíèå îáðàçöîâ îñóùåñòâëÿëè â ñèñòå-

ìå ïîäãîòîâêè ïðîá HotBlock 200 (Environmental

Express, ÑØÀ), îñíàùåííîé òåôëîíîâûìè ïðî-

áèðêàìè-àâòîêëàâàìè âìåñòèìîñòüþ íå ìåíåå

55 ñì3, îáåñïå÷èâàþùèìè ãåðìåòè÷íîñòü ïðè

òåìïåðàòóðàõ äî 200 °C.

Äëÿ ãðàäóèðîâêè èñïîëüçîâàëè êàðáîíàò êàëü-

öèÿ (îñ÷) è ÃÑÎ ãîðíûõ ïîðîä è ðóä: ÑÃÄ-2À,

ÑÈ-1, ÑÈ-2 è ÑÈ-3 ïðîèçâîäñòâà ÃÅÎÕÈ ÑÎ

ÐÀÍ (ã. Èðêóòñê); ÑÎ-20 ïðîèçâîäñòâà ÎÀÎ

«ÇÑÈÖ» (ã. Íîâîêóçíåöê); ÎÑÎ 48–85 ïðîèçâîä-

ñòâà ÇÀÎ «Öåíòðãåîàíàëèò» (ã. Êàðàãàíäà). Ýòè

ñòàíäàðòíûå îáðàçöû â äîñòàòî÷íî ïîëíîé ìåðå

îòðàæàþò äèàïàçîíû ñîäåðæàíèé îïðåäåëÿåìûõ

êîìïîíåíòîâ â ðàçíîîáðàçíûõ êàðáîíàòíûõ ìà-

òåðèàëàõ è ïîçâîëÿþò ïîñòðîèòü ãðàäóèðîâî÷-

íûå õàðàêòåðèñòèêè â äèàïàçîíàõ ñîäåðæàíèé,

óêàçàííûõ â òàáë. 3.

Äëÿ ïðèãîòîâëåíèÿ êîíòðîëüíîãî ðàñòâîðà

äëÿ ãðàäóèðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé

íàâåñêó êàðáîíàòà êàëüöèÿ ìàññîé 0,056 ã ïî-

ìåùàëè â ïîëèïðîïèëåíîâóþ ïðîáèðêó âìåñòè-

ìîñòüþ 50 ñì3, äîáàâëÿëè 3 ñì3 âîäû, 8 ñì3 HCl

è ðàñòâîðÿëè ïðè êîìíàòíîé òåìïåðàòóðå. Çàòåì

äîáàâëÿëè 0,3 ñì3 HNO3, 0,3 ñì3 HF è 4 ñì3
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Òàáëèöà 2. Âûáðàííûå àíàëèòè÷åñêèå ëèíèè ýëåìåíòîâ

Table 2. Analytical wavelengths of the elements

Ëèíèÿ âíóòðåííåãî ñòàíäàðòà,

íì, îáçîð ïëàçìû
Àíàëèòè÷åñêèå ëèíèè ýëåìåíòîâ, íì

Ca II 184,006,

àêñèàëüíûé îáçîð

Co II 228,616, Cr II 205,560, Mo II 202,030, Ni II 231,604, P I 213,618, S I 182,034, Pb II

220,353, Zn II 206,200

Ca II 315,887,

ðàäèàëüíûé îáçîð

Al I 237,312, Ba II 455,403, Be II 313,107, Ca II 317,933, Si I 212,412, Fe II 271,441, Fe II

275,574, La II 333,749, Mg II 279,079, Mn II 257,610, Sr II 421,552, Ti II 337,280, V II

292,402, Y II 371,030, Zr II 339,198

Ca I 430,253,

ðàäèàëüíûé îáçîð

Al I 394,401, Cu I 324,754, K I 766,490, Li I 670,784, Na I 589,592, Na I 818,326, Mg I 285,213

Òàáëèöà 3. Äèàïàçîíû îïðåäåëÿåìûõ ñîäåðæàíåé ìàê-

ðîêîìïîíåíòîâ â êàðáîíàòíûõ ãåîëîãè÷åñêèõ îáðàçöàõ

Table 3. Concentration ranges of determined macrocompo-

nents in carbonate geological samples

Êîìïîíåíò
Àíàëèòè÷åñêàÿ

ëèíèÿ, íì

Äèàïàçîí îïðåäåëÿåìûõ

ñîäåðæàíèé êîìïîíåíòà, %

Al2O3 394,401 0,1 – 16

237,312 15 – 30

Fe2O3 275,574 0,5 – 12

271,441 10 – 40

MgO 285,213 0,1 – 3

279,079 1 – 20

CaO 184,006 20 – 100

315,887

430,253

Na2O 589,592 0,1 – 5

818,326 4 – 15

P2O5 213,618* 0,001 – 0,075

213,618** 0,07 – 2

K2O 766,490 0,1 – 5

MnO 257,610 0,01 – 2

TiO2 337,280 0,01 – 2

SiO2 212,412 2 – 35

S 182,034 0,05 – 2

* Àêñèàëüíûé îáçîð ïëàçìû. ** Ðàäèàëüíûé îáçîð

ïëàçìû.



4 %-íîãî ðàñòâîðà H3BO3, äîâîäèëè îáúåì ðàñ-

òâîðà äî ìåòêè âîäîé è ïåðåìåøèâàëè.

Íàâåñêè ÃÑÎ äëÿ ãðàäóèðîâêè, à òàêæå ðàáî-

÷èå ïðîáû ìàññîé 0,1 ã ïåðåâîäèëè â ðàñòâîð â

äâå ñòàäèè â àâòîêëàâàõ. Íà ïåðâîé ñòàäèè èñ-

ïîëüçîâàëè ñìåñü HCl (8 ñì3), HNO3 (0,3 ñì3) è

HF (0,3 ñì3). Íà âòîðîé ñòàäèè èñïîëüçîâàëè

4 ñì3 4 %-íîãî ðàñòâîðà H3BO3. Àâòîêëàâû íàãðå-

âàëè â ñèñòåìå HotBlock 200 ïðè òåìïåðàòóðå

180 °C â òå÷åíèå 60 ìèí íà ïåðâîé ñòàäèè è

15 ìèí — íà âòîðîé. Ïîëó÷åííûå ðàñòâîðû ïåðå-

íîñèëè â ïîëèïðîïèëåíîâûå ïðîáèðêè, äîâîäèëè

îáúåì ðàñòâîðîâ äî 50 ñì3 âîäîé è ïåðåìåøèâà-

ëè. Ðàñòâîðû áûëè ïðîçðà÷íûìè áåç îñàäêà, ÷òî

ñâèäåòåëüñòâóåò î ïîëíîì ðàñòâîðåíèè ïðîá.

Ïîëíîòà âñêðûòèÿ îáðàçöîâ, âûñîêîå êà÷åñò-

âî àòòåñòàöèè ÃÑÎ, ëèíåéíûé õàðàêòåð çàâèñè-

ìîñòè îòíîñèòåëüíûõ èíòåíñèâíîñòåé àíàëèòè-

÷åñêèõ ëèíèé îò îòíîøåíèÿ êîíöåíòðàöèé îïðå-

äåëÿåìîãî è ìàòðè÷íîãî (CaO) êîìïîíåíòîâ ïîä-

òâåðæäàþòñÿ çíà÷åíèÿìè êîýôôèöèåíòîâ êîððå-

ëÿöèè ãðàäóèðîâî÷íûõ ãðàôèêîâ áîëåå 0,9997.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìû ðàçðàáîòàëè ñõåìó ïðèìåíåíèÿ ãðàäóè-

ðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé äëÿ àíàëèçà

ãåîëîãè÷åñêèõ ïîðîä ñ êàðáîíàòíîé ìàòðèöåé.

Ïðàâèëüíîñòü îïðåäåëåíèÿ CaO, Al2O3, K2O,

Na2O, Fe2O3, MgO, P2O5, SiO2, MnO, TiO2 áûëà

ïîäòâåðæäåíà àíàëèçîì ñòàíäàðòíûõ îáðàçöîâ

ãîðíûõ ïîðîä ÃÑÎ 8042–94 è ÃÑÎ 4390–88.

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

Òàáëèöà 4. Ðåçóëüòàòû àíàëèçà ÃÑÎ ãîðíûõ ïîðîä, % ìàññ.

Table 4. Results of analysis of the certified reference materials of rocks, %wt.

Êîìïîíåíò
ÃÑÎ 8042–94 (êèìáåðëèò) ÃÑÎ 4390–88 (êàðáîíàòèò)

Àòòåñòîâàíî, Càòò ± ä Íàéäåíî, C ± Ä Àòòåñòîâàíî, Càòò ± ä Íàéäåíî, C ± Ä

Al2O3 2,61 ± 0,06 2,90 ± 0,15 0,27 ± 0,02 0,26 ± 0,03

CaO 22,76 ± 0,30 22,86 ± 0,30 48,23 ± 0,35 48,50 ± 0,53

Fe2O3 5,46 ± 0,13 5,46 ± 0,18 4,95 ± 0,18 4,97 ± 0,18

K2O 0,51 ± 0,02 0,53 ± 0,04 0,25 ± 0,02 0,27 ± 0,03

MgO 19,37 ± 0,29 19,76 ± 0,42 3,00 ± 0,13 2,85 ± 0,12

MnO 0,076 ± 0,004 0,077 ± 0,008 0,29 ± 0,01 0,29 ± 0,02

Na2O 0,050 ± 0,008 <0,10 0,25 ± 0,02 0,21 ± 0,02

P2O5 0,57 ± 0,02 0,55 ± 0,02 3,89 ± 0,10 3,80 ± 0,08

SiO2 22,41 ± 0,24 22,06 ± 0,22 3,23 ± 0,07 3,18 ± 0,04

TiO2 0,59 ± 0,02 0,58 ± 0,04 0,19 ± 0,02 0,19 ± 0,02

Òàáëèöà 5. Ðåçóëüòàòû àíàëèçà îáðàçöà ìåòàëëóðãè÷åñêîãî øëàêà Ø17 âî âðåìÿ ÌËÀ, % ìàññ.

Table 5. Results of the analysis of metallurgical slag Sh17 during interlaboratory round robin test, %wt.

Êîìïîíåíò Îïîðíîå çíà÷åíèå*
Ðàñøèðåííàÿ íåîïðåäåëåííîñòü*

îïîðíîãî çíà÷åíèÿ U0,95

Ðåçóëüòàò îïðåäåëåíèÿ**

Îêñèä êðåìíèÿ 18,9 0,1 18,16 ± 0,82

Îêñèä õðîìà (III) — — 1,42 ± 0,07

Îêñèä êàëüöèÿ 35,9 0,1 35,84 ± 0,54

Îêñèä ìàãíèÿ 17,9 0,1 17,99 ± 0,45

Îêñèä àëþìèíèÿ 7,15 0,04 7,17 ± 0,20

Îêñèä ìàðãàíöà (II) 5,06 0,04 4,82 ± 0,18

Æåëåçî îáùåå 9,43 0,05 9,43 ± 0,29

Îêñèä òèòàíà (IV) 1,14 0,02 1,20 ± 0,07

Îêñèä âàíàäèÿ (V) 0,35 0,01 0,35 ± 0,04

Ñåðà 0,080 0,002 0,080 ± 0,008

Ôîñôîð 0,283 0,006 0,258 ± 0,035

* Îïîðíîå çíà÷åíèå ìàññîâîé äîëè êîìïîíåíòà è ðàñøèðåííàÿ íåîïðåäåëåííîñòü îïîðíîãî çíà÷åíèÿ (äàííûå ÇÀÎ

«ÈÑÎ») ïî ñîñòîÿíèþ íà 23.09.2019 ã.; ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè, êîòîðûå áóäóò óêàçàíû â ïàñïîðòå ÑÎ, ìîãóò

íåçíà÷èòåëüíî îòëè÷àòüñÿ îò ïðåäñòàâëåííûõ â òàáëèöå.

** Ðåçóëüòàòû îïðåäåëåíèÿ êîìïîíåíòîâ â îáðàçöå Ø17 ïî ðàçðàáîòàííîé ìåòîäèêå, 12.04.2019 ã.



Â òàáë. 4 ïðèâåäåíû çíà÷åíèÿ àòòåñòîâàííûõ õà-

ðàêòåðèñòèê ñòàíäàðòíûõ îáðàçöîâ è ïîëó÷åí-

íûå ðåçóëüòàòû.

Ðàçðàáîòàííàÿ ñõåìà àíàëèçà áûëà èñïîëüçî-

âàíà âî âðåìÿ ìåæëàáîðàòîðíîé àòòåñòàöèè

ñòàíäàðòíîãî îáðàçöà øëàêà Ø17 ïðîèçâîäñòâà

ÇÀÎ «ÈÑÎ» (ã. Åêàòåðèíáóðã), ðåçóëüòàòû àíà-

ëèçà ïðèâåäåíû â òàáë. 5.

Ïðè àíàëèçå øëàêîâ ôîðìóëà (1) îêàçàëàñü

íåïðèìåíèìà â ÷àñòè çàïèñè æåëåçà â âèäå îêñè-

äà (III), òàê êàê â îáðàçöàõ òàêîãî òèïà ñîäåðæèò-

ñÿ çíà÷èòåëüíàÿ äîëÿ æåëåçà, âîññòàíîâëåííîãî

äî FeO è Fe. Ïîýòîìó äëÿ øëàêîâ èñïîëüçîâàëè

ôîðìóëó, ãäå âñå æåëåçî, íåçàâèñèìî îò ôîðìû

íàõîæäåíèÿ, áûëî çàïèñàíî êàê FeO:

C

C

C

C

C

C C

Al O

CaO

FeO

CaO

ZrO

CaO CaO

ï. ï. ï.
2 3 2

100
1� � � �

�

��

%
. (2)

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàííàÿ ñõåìà ãðàäóè-

ðîâêè ïî îòíîøåíèÿì êîíöåíòðàöèé â ñî÷åòàíèè

ñ ðàçëîæåíèåì ïðîá â ñèñòåìå HotBlock 200 îáåñ-

ïå÷èâàåò âûñîêóþ òî÷íîñòü îïðåäåëåíèÿ êîìïî-

íåíòîâ, ñîïîñòàâèìóþ ñ àòòåñòîâàííûìè ìåòîäè-

êàìè [5 – 7], îòëè÷àåòñÿ ýêñïðåññíîñòüþ, ìåíü-

øèì ðàñõîäîì êèñëîò, îòñóòñòâèåì íåîáõîäè-

ìîñòè èñïîëüçîâàíèÿ ïëàòèíîâîé ïîñóäû.

Ìåòîä îïðîáîâàí ïðè àíàëèçå êàðáîíàòíûõ

ãîðíûõ ïîðîä, òåõíè÷åñêèõ ìàòåðèàëîâ íà îñíîâå

èçâåñòíÿêà è îáðàçöà øëàêà.
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Ëþáîé ìàòåðèàë ìîæíî ðàññìàòðèâàòü êàê êîìïîçèò, ñîñòîÿùèé èç çåðåí ðàçíûõ îðèåíòà-

öèé, õàðàêòåðèçóþùèõñÿ ðàçëè÷íûìè ñâîéñòâàìè â çàâèñèìîñòè îò ïðåäûñòîðèè èõ ïåðå-

îðèåíòàöèè â ïðîöåññå òåðìîìåõàíè÷åñêîé îáðàáîòêè. Êàê èçâåñòíî, ðåíòãåíîâñêèå ìåòî-

äû èññëåäîâàíèÿ èçáèðàòåëüíû, ïîñêîëüêó â ôîðìèðîâàíèè îòðàæåííîãî èçëó÷åíèÿ ó÷àñò-

âóþò òîëüêî çåðíà îïðåäåëåííûõ îðèåíòàöèé. Â òî æå âðåìÿ äëÿ îïèñàíèÿ ìàòåðèàëà íå-

îáõîäèìû äàííûå î ñóáñòðóêòóðå çåðåí âñåõ îðèåíòàöèé. Äëÿ ýòîãî ìîæíî èñïîëüçîâàòü

ìåòîä îïèñàíèÿ ñóáñòðóêòóðíîãî ñîñòîÿíèÿ çåðåí â èññëåäóåìîì îáúåìå èçäåëèÿ ïî àíàëè-

çó ïðîôèëÿ ðåíòãåíîâñêèõ ëèíèé. Ïðåäëàãàåìûé ðåíòãåíîâñêèé äèôðàêòîìåòðè÷åñêèé

ìåòîä îáîáùåííûõ ïðÿìûõ ïîëþñíûõ ôèãóð (ÎÏÏÔ) ïîêàçàë ñâîþ ýôôåêòèâíîñòü ïðè

ñèñòåìàòè÷åñêîì ðåíòãåíîâñêîì èññëåäîâàíèè ñóáñòðóêòóðíîé íåîäíîðîäíîñòè òåêñòóðî-

âàííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ. Ìåòîä âêëþ÷àåò ñîâìåùåíèå òåêñòóðíîé ñúåìêè ñ ðå-

ãèñòðàöèåé ïðîôèëÿ ðåíòãåíîâñêèõ ëèíèé. Èçìåðÿåìûå ïàðàìåòðû ïðîôèëÿ ðåíòãåíîâ-

ñêîé ëèíèè — åå èñòèííàÿ óãëîâàÿ ïîëóøèðèíà â è óãëîâîå ïîëîæåíèå ïèêà 2è — îïðåäå-

ëÿþòñÿ èñêàæåííîñòüþ (ôðàãìåíòàöèåé) îòðàæàþùèõ çåðåí è ìåæïëîñêîñòíûìè ðàññòîÿ-

íèÿìè â èõ êðèñòàëëè÷åñêîé ðåøåòêå. ÎÏÏÔ-ìåòîä ïîçâîëÿåò ñîïîñòàâèòü ñóáñòðóêòóð-

íûå îñîáåííîñòè çåðåí îáðàçöà ñ ðàçëè÷íûìè êðèñòàëëîãðàôè÷åñêèìè îðèåíòàöèÿìè.

Ïðèâåäåí àëãîðèòì ðàñ÷åòà èñòèííîé ôèçè÷åñêîé ïîëóøèðèíû ðåíòãåíîâñêîé ëèíèè ñ èñ-

ïîëüçîâàíèåì íåîáõîäèìûõ êîìïüþòåðíûõ ïðîãðàìì. Äëÿ ìåòàëëè÷åñêèõ ìàòåðèàëîâ

ñ êðèñòàëëè÷åñêèìè ÃÏÓ-, ÃÖÊ- è ÎÖÊ-ðåøåòêàìè ïðåäñòàâëåíû ÎÏÏÔ â è ÎÏÏÔ 2è,

à òàêæå õàðàêòåðíûå äèàãðàììû èõ âçàèìíîé êîððåëÿöèè ñ òåêñòóðíûìè ïðÿìûìè ïî-

ëþñíûìè ôèãóðàìè. Èñïîëüçîâàíèå ìåòîäà ÎÏÏÔ äàåò âîçìîæíîñòü âûÿâèòü çàêîíî-

ìåðíîñòè ôîðìèðîâàíèÿ ñóáñòðóêòóðíîé íåîäíîðîäíîñòè ïðè ïëàñòè÷åñêîé äåôîðìàöèè

ìåòàëëîâ.
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Any material can be considered a composite consisting of grains of different orientations which possess

different properties depending on the history of their reorientation upon thermomechanical processing. A

well-known selective character of X-ray methods is attributed to the fact that only grains of certain orien-

tations participate in the formation of reflected radiation. A comprehensive description of the material in-

cluding information about the substructure of grains of all orientations necessitates developing of the

method providing description of the substructural state of grains located in the volume under study by an-

alyzing the profile of x-ray lines. The proposed x-ray diffractometric method of Generalized Direct Pole

Figures (GPF) which suggests combination of texture imaging and recording the profile of x-ray lines ap-

peared to be rather efficient in a systematic x-ray study of the substructural heterogeneity of textured me-

tallic materials. The measured parameters of the X-ray line profile — the true angular half-width â and

angular peak position 2è — are determined by the distortion (fragmentation) of the reflecting grains and

interplanar spacings in their crystal lattice, respectively. The method provides a possibility to compare the

substructure features of grains with different crystallographic orientations. An algorithm for calculation

of the true physical half-width of the x-ray line using the necessary computer programs is presented. GPF

â and GPF 2è are presented for metal materials with hcp, fcc, and bcc crystalline lattices, as well as char-

acteristic diagrams of their mutual correlation with texture PF. The use of the developed GPF method

makes it possible to identify patterns of the formation of substructural heterogeneity during plastic defor-

mation of metals.

Keywords: crystallographic texture; grain orientation; generalized pole figure; half-width of X-ray line;

angular position of line.

Ââåäåíèå

Ìåòàëëè÷åñêèå ïîëèêðèñòàëëû, ïðåòåðïåâ-

øèå çíà÷èòåëüíóþ ïëàñòè÷åñêóþ äåôîðìàöèþ,

ïðèîáðåòàþò êðèñòàëëîãðàôè÷åñêóþ òåêñòóðó è

õàðàêòåðèçóþòñÿ ñóáñòðóêòóðíîé íåîäíîðîä-

íîñòüþ, ñîñòîÿùåé â òîì, ÷òî â çåðíàõ ñ ðàçíûìè

êðèñòàëëîãðàôè÷åñêèìè îðèåíòàöèÿìè ðàçâèâà-

þòñÿ ðàçëè÷íûå ñóáñòðóêòóðû (ðàçíûå âíóòðåí-

íèå ñèñòåìû äåôåêòîâ). Òàêèå íåîäíîðîäíîñòè

îêàçûâàþòñÿ åñòåñòâåííûì ñëåäñòâèåì äåéñòâèÿ

ìåõàíèçìîâ ïëàñòè÷åñêîé äåôîðìàöèè, ïðè êîòî-

ðîé ñäâèãîâîå íàïðÿæåíèå â ïëîñêîñòÿõ ñêîëüæå-

íèÿ çàâèñèò îò óãëà ìåæäó íîðìàëÿìè ê ýòèì

ïëîñêîñòÿì è íàïðàâëåíèåì ïðèëîæåííîé íà-

ãðóçêè. Ðàçëè÷èå ñäâèãîâûõ íàïðÿæåíèé â ðàç-

íûõ çåðíàõ îáóñëàâëèâàåò âàðüèðîâàíèå â íèõ

âçàèìîñâÿçàííûõ ïðîöåññîâ ïåðåìåùåíèÿ äèñ-

ëîêàöèé, ïîâîðîòà êðèñòàëëè÷åñêîé ðåøåòêè è

îáðàçîâàíèÿ êîíå÷íûõ êîìïëåêñîâ äåôåêòîâ

[1 – 3].

Ýêñïåðèìåíòû ïî ïðîêàòêå ìîíîêðèñòàëëîâ â

ðàçíûõ èñõîäíûõ îðèåíòàöèÿõ ñâèäåòåëüñòâóþò

î ðàçëè÷èè ôîðìèðóþùèõñÿ â íèõ ñóáñòðóêòóð

[4]. Íàêîíåö, ñóùåñòâîâàíèå òåêñòóð ðåêðèñòàë-

ëèçàöèè, îòëè÷àþùèõñÿ îò òåêñòóðû ïðîêàòêè

òîãî æå ìàòåðèàëà, ãîâîðèò î òîì, ÷òî çåðíà ïðî-

êàòàííîãî ëèñòà â ðåçóëüòàòå äåôîðìàöèè ïðèîá-

ðåòàþò ðàçíûå ýíåðãèè îñòàòî÷íûõ èñêàæåíèé

êðèñòàëëè÷åñêîé ðåøåòêè. Ïîýòîìó âåðîÿòíîñòè

çàðîæäåíèÿ è ðîñòà íîâûõ ðåêðèñòàëëèçîâàííûõ

çåðåí â îáëàñòÿõ ëîêàëèçàöèè îñòàòî÷íûõ èñêà-

æåíèé ðåøåòêè òàêæå ðàçëè÷íû [5, 6].

Ïîñòðîåííûå ïîëþñíûå ôèãóðû (ÏÔ) äåôîð-

ìàöèè ðåøåòêè íàãëÿäíî õàðàêòåðèçóþò íåîä-

íîðîäíîñòü ïîëÿ óïðóãèõ ìèêðîíàïðÿæåíèé â èñ-

ñëåäóåìîì îáðàçöå, íî ïî÷òè íè÷åãî íå ãîâîðÿò

î åãî ñóáñòðóêòóðíîé íåîäíîðîäíîñòè è î ðàñïðå-

äåëåíèè ìèêðîíàïðÿæåíèé â çåðíàõ ñ ðàçíûìè

îðèåíòàöèÿìè [7 – 10]. Ïîýòîìó íå ñëó÷àéíî, ÷òî

äî íåäàâíåãî âðåìåíè êàêîé-ëèáî îïðåäåëåííîé

ñèñòåìàòè÷åñêîé êîððåëÿöèè ìåæäó îáû÷íûìè

òåêñòóðíûìè ÏÔ è ÏÔ äåôîðìàöèè ðåøåòêè íå

îòìå÷àëè [11].

Ñ ðàçâèòèåì äèôðàêòîìåòðè÷åñêîé òåõíèêè

áëàãîäàðÿ ïðèìåíåíèþ ïîçèöèîííî-÷óâñòâèòåëü-

íûõ äåòåêòîðîâ ñòàëî âîçìîæíûì íåïîñðåäñòâåí-

íîå èçìåðåíèå ïðîôèëÿ ðåíòãåíîâñêîé ëèíèè â

ïðîöåññå ñúåìêè ïðÿìîé òåêñòóðíîé ÏÏÔ [12,

13]. Îäíàêî ãàðàíòèðîâàòü óñïåøíîñòü ïîñòðîå-

íèÿ îáîáùåííîé ïðÿìîé ïîëþñíîé ôèãóðû

(ÎÏÏÔ) áûëî íåâîçìîæíî, ïîñêîëüêó íå ó÷èòû-

âàëîñü èñêàæåíèå ïðîôèëÿ ðåíòãåíîâñêîé ëèíèè

âñëåäñòâèå äåôîêóñèðîâêè ïðè òåêñòóðíîé ñúåì-

êå [14 – 19].

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà ïîñòðîå-

íèÿ ÎÏÏÔ äëÿ èññëåäîâàíèÿ ñóáñòðóêòóðíîé íå-

îäíîðîäíîñòè òåêñòóðèðîâàííûõ ìåòàëëè÷åñêèõ

ìàòåðèàëîâ.

Ìåòîä ÎÏÏÔ

Ñòàíäàðòíàÿ ðåíòãåíîâñêàÿ äèôðàêòîìåòðè-

÷åñêàÿ ìåòîäèêà, ïîâñåìåñòíî èñïîëüçóåìàÿ äëÿ

îöåíêè ñòðóêòóðíîãî ñîñòîÿíèÿ äåôîðìèðîâàí-

íûõ è/èëè îòîææåííûõ ìåòàëëè÷åñêèõ ïîëèêðè-

ñòàëëîâ ïî ïðîôèëþ ðåíòãåíîâñêîé ëèíèè [23],

íå ó÷èòûâàåò ñóùåñòâîâàíèÿ â íèõ òåêñòóðû è

ñâÿçàííîé ñ íåé ñóáñòðóêòóðíîé íåîäíîðîäíîñòè.

Âìåñòå ñ òåì ðåãèñòðèðóåìûé ïðîôèëü ðåíòãå-

íîâñêîé ëèíèè õàðàêòåðèçóåò ñîñòîÿíèå êðèñòàë-

ëè÷åñêîé ðåøåòêè òîëüêî â òåõ çåðíàõ èññëåäóå-

ìîãî îáðàçöà, â êîòîðûõ íîðìàëè ê îòðàæàþùèì

êðèñòàëëîãðàôè÷åñêèì ïëîñêîñòÿì ñîâïàäàþò ñ

áèññåêòðèñîé óãëà ìåæäó ïàäàþùèì è ðåãèñòðè-
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ðóåìûì ëó÷àìè [24, 25]. Ìåòîäèêà çàïèñè ïðî-

ôèëÿ ðåíòãåíîâñêîé ëèíèè [26] ïðåäóñìàòðèâàåò

òàêóþ ãåîìåòðèþ ñúåìêè, ïðè êîòîðîé ñ áèññåê-

òðèñîé óêàçàííîãî óãëà ñîâïàäàåò íîðìàëü ê ïî-

âåðõíîñòè îáðàçöà. Íî òîãäà â ñëó÷àå ñúåìêè ïðî-

êàòàííîãî ëèñòà ðåãèñòðèðóåìûé ïðîôèëü ðåíò-

ãåíîâñêîé ëèíèè (hkl) õàðàêòåðèçóåò ñîñòîÿíèå

ðåøåòêè âäîëü íîðìàëåé 	hkl
 â òåõ çåðíàõ, ó êî-

òîðûõ ïëîñêîñòè {hkl} ïàðàëëåëüíû ïîâåðõíîñòè

îáðàçöà. Òàêèì îáðàçîì, ïîëó÷àåìûå â ðåçóëüòà-

òå äàííûå îòíîñÿòñÿ òîëüêî ê çåðíàì ñ îïðå-

äåëåííîé êðèñòàëëîãðàôè÷åñêîé îðèåíòàöèåé.

Ïîýòîìó ñóáñòðóêòóðà ìåòàëëè÷åñêèõ ìàòåðèà-

ëîâ ñ ðàçâèòîé òåêñòóðîé äåôîðìàöèè íå ìîæåò

áûòü àäåêâàòíî îïèñàíà íà îñíîâå ñòàíäàðòíîé

ðåíòãåíîâñêîé ìåòîäèêè, êîòîðàÿ òðåáóåò ìîäè-

ôèêàöèè, ó÷èòûâàþùåé ñóáñòðóêòóðíóþ íåîäíî-

ðîäíîñòü ìàòåðèàëà.

Â ÷àñòíîñòè, åñëè â ëèñòå Zr, èìåþùåì ÃÏÓ-

ðåøåòêó (ðèñ. 1), çåðíà îäíîé èç òåêñòóðíûõ êîì-

ïîíåíò èìåþò ïëîñêîñòü ïðîêàòêè (0001), òî ïðî-

ôèëü ðåíòãåíîâñêîé ëèíèè (0004) õàðàêòåðèçóåò

ñîñòîÿíèå ðåøåòêè â çåðíàõ ýòîé òåêñòóðíîé êîì-

ïîíåíòû âäîëü íîðìàëè ê ïîâåðõíîñòè ëèñòà, ñ

êîòîðîé â äàííîì ñëó÷àå ñîâïàäàþò îñè 	0001
.

Íî åñëè èññëåäóþò ñîñòîÿíèå êðèñòàëëè÷åñêîé

ðåøåòêè âäîëü îñè 	0001
 â çåðíàõ, ó êîòîðûõ

ïëîñêîñòü (0001) îòêëîíåíà íà óãîë ø îò òîé æå

ïëîñêîñòè â çåðíàõ ïåðâîé òåêñòóðíîé êîìïîíåí-

òû, òî ñëåäóåò òàê ïîâåðíóòü (èëè íàêëîíèòü) îá-

ðàçåö, ÷òîáû îñü 	0001
 ñîâìåñòèëàñü ñ áèññåêòðè-

ñîé óãëà ìåæäó ïàäàþùèì S0 è ðåãèñòðèðóåìûì

S ëó÷àìè.

Ìîäèôèêàöèÿ ñòàíäàðòíîé ìåòîäèêè ðåíòãå-

íîâñêîé ñúåìêè ñîïðÿæåíà ñ íàðóøåíèåì óñëî-

âèÿ ôîêóñèðîâêè è òðåáóåò ââåäåíèÿ ïîïðàâêè

íà äåôîêóñèðîâêó, åñëè óãîë íàêëîíà îáðàçöà ø

äîñòàòî÷íî âåëèê. Ïðîôèëè ðåíòãåíîâñêèõ ëè-

íèé (0004), çàïèñàííûå ïðè ñòàíäàðòíîì è ìîäè-

ôèöèðîâàííîì âàðèàíòàõ ñúåìêè, õàðàêòåðèçó-

þò ñóáñòðóêòóðíîå ñîñòîÿíèå çåðåí, îòìå÷åííûõ

áóêâàìè À è Á íà ÏÔ (0001) (ñì. ðèñ. 1). Óãëîâîå

ðàññòîÿíèå ìåæäó òî÷êàìè À è Á ðàâíî ø — óãëó

îòêëîíåíèÿ îáðàçöà îò ôîêóñèðóþùåãî ïîëîæå-

íèÿ ïðè ïåðåõîäå îò ñòàíäàðòíîé ê ìîäèôèöèðî-

âàííîé ãåîìåòðèè çàïèñè ðåíòãåíîâñêîé ëèíèè.

Öåëü ìåòîäà ÎÏÏÔ — ïîñòðîåíèå ðàñïðå-

äåëåíèÿ õàðàêòåðèñòèê ñóáñòðóêòóðû (íàçûâà-

åìûõ â çàâèñèìîñòè îò êîíòåêñòà îñòàòî÷íûìè

äåôîðìàöèîííûìè ýôôåêòàìè, äåôîðìàöèîí-

íûì óïðî÷íåíèåì, íàêëåïîì è äð.) â çåðíàõ

ìåòàëëè÷åñêèõ ìàòåðèàëîâ ñ ðàçâèòîé êðèñòàë-

ëîãðàôè÷åñêîé òåêñòóðîé â çàâèñèìîñòè îò îðè-

åíòàöèè ýòèõ çåðåí. Ïðè ýòîì ïîä ñóáñòðóêòóðîé

çåðíà ïîíèìàþò åãî âíóòðåííþþ ñòðóêòóðó,

îïðåäåëÿþùóþ îñîáåííîñòè ðåíòãåíîâñêîé äè-

ôðàêöèè.

Ìåòîä òåêñòóðíûõ ïîëþñíûõ ôèãóð (ÏÏÔ)

âêëþ÷àåò ðåãèñòðàöèþ ðåíòãåíîâñêèõ äèôðàêöè-

îííûõ îòðàæåíèé îò çåðåí èññëåäóåìîãî îáðàçöà

ñî âñåìè êðèñòàëëîãðàôè÷åñêèìè îðèåíòàöèÿìè,

âõîäÿùèìè â åãî òåêñòóðó. Îäíàêî ïðè ñúåìêå è

ïîñòðîåíèè ÏÏÔ èñïîëüçóþò òîëüêî èíòåíñèâ-

íîñòè Ihkl ðåãèñòðèðóåìîãî ðåíòãåíîâñêîãî îòðà-

æåíèÿ, ïðîïîðöèîíàëüíûå (ïðè ó÷åòå ýôôåêòà

äåôîêóñèðîâêè) äîëå çåðåí ñ ñîîòâåòñòâóþùåé

îðèåíòàöèåé â òåêñòóðå îáðàçöà. Ïîýòîìó îöå-

íèòü ñóáñòðóêòóðíîå ñîñòîÿíèå ýòèõ çåðåí íà

îñíîâå ÏÏÔ íåâîçìîæíî. Èññëåäîâàòü ñóáñòðóê-

òóðó çåðåí ñ òîé èëè èíîé îðèåíòàöèåé ìîæíî,

åñëè ïðè ðåíòãåíîâñêîé ñúåìêå òåêñòóðû ïðè êà-

æäîì ïîëîæåíèè îáðàçöà íà ãîíèîìåòðå äèôðàê-

òîìåòðà (ø, ö) ðåãèñòðèðîâàòü ïðîôèëü ðåíòãå-

íîâñêîé ëèíèè è îïðåäåëÿòü åãî óãëîâóþ ïîëó-

øèðèíó âhkl è óãëîâîå ïîëîæåíèå 2èhkl.

Ïðèíöèï ïðåäëàãàåìîãî ìåòîäà èçó÷åíèÿ

ðàñïðåäåëåíèÿ äåôîðìàöèîííûõ ýôôåêòîâ â òåê-

ñòóðîâàííûõ ìåòàëëè÷åñêèõ ïîëèêðèñòàëëàõ ñî-

ñòîèò â ïîñòðîåíèè ÏÔ, íà êîòîðîé (â îòëè÷èå îò

îáû÷íîé ÏÏÔ) êàæäîé ïàðå óãëîâûõ êîîðäèíàò

(ø, ö) ñîîòâåòñòâóåò íå ðåãèñòðèðóåìàÿ èíòåí-

ñèâíîñòü I ðåíòãåíîâñêîé ëèíèè (hkl), à âåëè÷è-

íà èñòèííîé ïîëóøèðèíû â ýòîé ðåíòãåíîâñêîé

ëèíèè è åå óãëîâîå ïîëîæåíèå 2è. Ïîëó÷åííûå

òàêèì îáðàçîì îáîáùåííûå ïîëþñíûå ôèãóðû

îáîçíà÷èì ÎÏÏÔ âhkl è ÎÏÏÔ 2èhkl. Ïî ñóòè,

îáû÷íóþ ÏÏÔ ìîæíî ðàññìàòðèâàòü êàê ÎÏÏÔ

Ihkl, êîãäà â ðåçóëüòàòå íîðìèðîâêè èíòåíñèâ-

íîñòè ðåíòãåíîâñêîãî ðàññåÿíèÿ çàìåíÿþò âå-

ëè÷èíàìè ïîëþñíîé ïëîòíîñòè P. (Íà ïðåäñòàâ-

ëåííûõ äàëåå äèàãðàììàõ âçàèìíîé êîððåëÿöèè

ÎÏÏÔ âhkl è ÎÏÏÔ 2èhkl ñ ÏÏÔ {hkl} ïî îñè

àáñöèññ îòëîæåíû èìåííî âåëè÷èíû ïîëþñíîé

ïëîòíîñòè Phkl.)

ÎÏÏÔ ìîãóò áûòü ïîñòðîåíû íå òîëüêî äëÿ

íåïîñðåäñòâåííî èçìåðÿåìûõ äèôðàêöèîííûõ

ïàðàìåòðîâ, íî è äëÿ ðàñ÷åòíûõ ïàðàìåòðîâ ñóá-

ñòðóêòóðû èññëåäóåìîãî îáðàçöà. Ê èõ ÷èñëó îò-
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Ðèñ. 1. Ãåîìåòðèÿ äèôðàêòîìåòðè÷åñêîé çàïèñè ïðîôè-

ëÿ ðåíòãåíîâñêîé ëèíèè ïðè ñòàíäàðòíîì (à) è ìîäèôè-

öèðîâàííîì (äåôîêóñèðîâàííîå ïîëîæåíèå îáðàçöà) (á)

âàðèàíòàõ ñúåìêè; ÏÏÔ(0001), á-Zr (â)

Fig. 1. Geometry of diffractometric registration of X-ray

line profile: a — standard; b — modified mode (defocused

sample position); c — PF(0001), á-Zr



íîñÿòñÿ: èñêàæåííîñòü êðèñòàëëè÷åñêîé ðåøåòêè

îòðàæàþùèõ çåðåí Äd/d (d — ìåæïëîñêîñòíîå

ðàññòîÿíèå â ðåøåòêå); ðàçìåð áëîêîâ êîãåðåíò-

íîãî ðàññåÿíèÿ D; ïëîòíîñòü äèñëîêàöèé ñ è äð.

Óãëîâàÿ ïîëóøèðèíà ëèíèè âhkl ñëóæèò

ìåðîé èñêàæåííîñòè êðèñòàëëè÷åñêîé ðåøåòêè

Äd/dhkl âäîëü íîðìàëè ê îòðàæàþùèì ïëîñêî-

ñòÿì {hkl} è çàâèñèò îò ñîäåðæàíèÿ â íåé äèñëî-

êàöèé è ðàçìåðà áëîêîâ êîãåðåíòíîãî ðàññåÿíèÿ

Dhkl — ýëåìåíòàðíûõ ôðàãìåíòîâ ñîâåðøåííîé

ðåøåòêè [24, 25]. Êðîìå òîãî, âhkl çàâèñèò òàêæå

îò ñîäåðæàíèÿ â îòðàæàþùèõ çåðíàõ äåôåêòîâ

óïàêîâêè. ×òî êàñàåòñÿ óãëîâîãî ïîëîæåíèÿ

ðåíòãåíîâñêîé ëèíèè 2èhkl, òî îíî ÷åðåç ñîîòíî-

øåíèå Âóëüôà – Áðýããà [23] ñâÿçàíî ñ ìåæïëî-

ñêîñòíûì ðàññòîÿíèåì dhkl äëÿ îòðàæàþùèõ êðè-

ñòàëëîãðàôè÷åñêèõ ïëîñêîñòåé {hkl}. Ïîëàãàÿ,

÷òî õèìè÷åñêèé ñîñòàâ èññëåäóåìîãî ïîëèêðè-

ñòàëëà â ïåðâîì ïðèáëèæåíèè îäíîðîäåí, êîëå-

áàíèÿ ìåæïëîñêîñòíîãî ðàññòîÿíèÿ ïðè ïåðåõîäå

îò çåðåí îäíîé îðèåíòàöèè ê çåðíàì äðóãîé îðè-

åíòàöèè ñëåäóåò ðàññìàòðèâàòü êàê ðåçóëüòàò

óïðóãîé äåôîðìàöèè êðèñòàëëè÷åñêîé ðåøåòêè,

â òîì ÷èñëå âñëåäñòâèå åå íàñûùåíèÿ äåôåêòàìè

ïðè ïëàñòè÷åñêîé äåôîðìàöèè ïîëèêðèñòàëëà.

Îïðåäåëåíèå óãëîâîãî ïîëîæåíèÿ ëèíèè 2èhkl â

çåðíàõ âñåõ îðèåíòàöèé, ïðåäñòàâëåííûõ íà òåê-

ñòóðíîé ÏÔ, ïîçâîëÿåò âûÿâèòü ðàñïðåäåëåíèå

ìèêðîäåôîðìàöèè â àíàëèçèðóåìîì îáðàçöå.

Îòìåòèì, ÷òî ïðè êàæäîì ïîëîæåíèè èññëå-

äóåìîãî îáðàçöà èçìåðÿåìûå Ihkl, âhkl è 2èhkl õà-

ðàêòåðèçóþò ñóììàðíûé ïðîôèëü äèôðàêöèîí-

íîé ëèíèè âñåé ñîâîêóïíîñòè çåðåí ñ îäíîé è òîé

æå êðèñòàëëîãðàôè÷åñêîé îðèåíòàöèåé, ëîêàëè-

çîâàííûõ â ïðåäåëàõ îáëó÷àåìîãî ó÷àñòêà. Õîòÿ

ñóùåñòâóþò è øèðîêî èñïîëüçóþòñÿ ìåòîäû ðàç-

äåëåíèÿ âêëàäîâ ðàçëè÷íûõ ôàêòîðîâ â óøèðå-

íèå ðåíòãåíîâñêîé ëèíèè, äëÿ îïèñàíèÿ ðàñïðå-

äåëåíèÿ îñòàòî÷íûõ äåôîðìàöèîííûõ ýôôåêòîâ

öåëåñîîáðàçíåå ïðèìåíÿòü íåïîñðåäñòâåííî èç-

ìåðÿåìóþ âåëè÷èíó âhkl, íå ïåðåñ÷èòûâàÿ åå â òå

èëè èíûå ôèçè÷åñêèå õàðàêòåðèñòèêè èçó÷àåìî-

ãî îáúåêòà.

Äëÿ ïîñòðîåíèÿ ÎÏÏÔ èñïîëüçîâàëè òåê-

ñòóðíûé ðåíòãåíîâñêèé äèôðàêòîìåòð ñ ïîçèöè-

îííî-÷óâñòâèòåëüíûì äåòåêòîðîì (äëÿ ðåãèñòðà-

öèè ïðîôèëÿ ðåíòãåíîâñêîé ëèíèè â êàæäîì èç

ïîñëåäîâàòåëüíûõ ïîëîæåíèé îáðàçöà â ïðîöåññå

ñúåìêè åãî òåêñòóðû) è/èëè âîçìîæíîñòüþ è-ñêà-

íèðîâàíèÿ (äëÿ äîïîëíèòåëüíîãî óñèëåíèÿ ðåãè-

ñòðèðóåìîé èíòåíñèâíîñòè ðåíòãåíîâñêîãî ðàñ-

ñåÿíèÿ çà ñ÷åò ñóììèðîâàíèÿ ïîêàçàíèé ðàçëè÷-

íûõ êàíàëîâ äåòåêòîðà).

Ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ ïðî-

âîäèëè: 1) îáðàáîòêó ïðîôèëÿ ðåãèñòðèðóåìîé

ðåíòãåíîâñêîé ëèíèè ñ îïðåäåëåíèåì åå óãëîâîé

ïîëóøèðèíû è óãëîâîãî ïîëîæåíèÿ; 2) ïîèñê

îïòèìàëüíîé àïïðîêñèìèðóþùåé ôóíêöèè ïó-

òåì âàðüèðîâàíèÿ ïàðàìåòðîâ ïðîôèëÿ ëèíèè äî

äîñòèæåíèÿ ìèíèìàëüíîé ðàçíèöû ìåæäó ýêñïå-

ðèìåíòàëüíî èçìåðåííûì ïðîôèëåì è ìîäåëè-

ðóåìûì [18]; 3) âû÷èñëåíèå èñòèííûõ ïîëó-

øèðèí ðåíòãåíîâñêèõ ëèíèé ñ ó÷åòîì äåôîêóñè-

ðîâêè íà îñíîâå ðåçóëüòàòîâ ñúåìêè ýòàëîííûõ

îáðàçöîâ ñ ñîâåðøåííîé ñòðóêòóðîé [19 – 20];

4) ïîñòðîåíèå ÎÏÏÔ íà ñòåðåîãðàôè÷åñêîé

ïðîåêöèè.

Ïðè äèôðàêòîìåòðè÷åñêîé ñúåìêå òåêñòóðû

íàðóøàåòñÿ ãåîìåòðèÿ ôîêóñèðîâêè îáðàçöà ïî

Áðýããó – Áðåíòàíî [26 – 28]. Ïîâåðõíîñòü îáðàç-

öà ñ óâåëè÷åíèåì óãëà åãî íàêëîíà ø âñå áîëüøå

îòêëîíÿåòñÿ îò ôîêóñèðóþùåé îêðóæíîñòè, ÷òî

ïðèâîäèò ê ïàäåíèþ èíòåíñèâíîñòè ðåãèñòðèðó-

åìîãî îòðàæåíèÿ Ihkl. ×òîáû ýòî ó÷åñòü, îáû÷íî

ïðîâîäÿò ñúåìêó áåñòåêñòóðíîãî ýòàëîíà. Åñëè

ïðè êàæäîì ïîëîæåíèè îáðàçöà â ïðîöåññå

ñúåìêè åãî ÏÏÔ {hkl} ðåãèñòðèðîâàòü òàêæå

ïðîôèëü ðåíòãåíîâñêîé ëèíèè (hkl), òî ýòîò ïðî-

ôèëü áóäåò ïðåòåðïåâàòü óøèðåíèå ïðè óâåëè÷å-

íèè óãëà íàêëîíà ø.

Àâòîìàòèçèðîâàííûé àëãîðèòì ñúåìêè è

ïîñòðîåíèÿ ÎÏÏÔ ïðåäóñìàòðèâàë [2, 15]: ñãëà-

æèâàíèå ïðîôèëÿ ëèíèè; îïðåäåëåíèå óðîâíÿ

ôîíà; ðàçäåëåíèå äóáëåòà ëèíèé Ká1 è Ká2; ïî-

ñòðîåíèå ñèñòåìû ïîïðàâîê, âêëþ÷àþùåé âåëè-

÷èíû èíñòðóìåíòàëüíîãî óøèðåíèÿ ëèíèè â çà-

âèñèìîñòè îò åå óãëà Áðýããà – Âóëüôà è óãëà íà-

êëîíà îáðàçöà (ïðè÷åì, ïîïðàâêè íàõîäèëè â ðå-

çóëüòàòå ñúåìêè îòîææåííîãî ýòàëîíà ñ ïîãëî-

ùàþùåé ñïîñîáíîñòüþ, áëèçêîé ê ïîãëîùàþùåé

ñïîñîáíîñòè èññëåäóåìîãî îáðàçöà); âûáîð àï-

ïðîêñèìèðóþùåé ôóíêöèè è ïîñëåäóþùóþ èòå-

ðàöèîííóþ ïðîöåäóðó äî äîñòèæåíèÿ ìèíè-

ìàëüíîãî ðàçëè÷èÿ ìåæäó èçìåðåííîé è âû÷èñ-

ëÿåìîé èíòåãðàëüíûìè èíòåíñèâíîñòÿìè ëèíèè;

íàõîæäåíèå óãëîâîé ïîëóøèðèíû èçìåðåííîé

ëèíèè; âû÷èñëåíèå èñòèííîãî ôèçè÷åñêîãî óøè-

ðåíèÿ ëèíèè; ïîñòðîåíèå ÎÏÏÔ âhkl è ÎÏÏÔ

Ädhkl/dhkl.

Ïðîãðàììíîå îáåñïå÷åíèå äëÿ àíàëèçà ñóá-

ñòðóêòóðíîé íåîäíîðîäíîñòè ìàòåðèàëà ïî

ÎÏÏÔ ðàçðàáàòûâàëè â ñðåäå Visual Fortran.

Ïðîãðàììó GPF (Generalized Pole Figure) èñ-

ïîëüçîâàëè äëÿ îáðàáîòêè ðåíòãåíîâñêèõ äàííûõ

â öåëÿõ ïîñòðîåíèÿ ÎÏÏÔ, ïðåäñòàâëÿþùèõ ñî-

áîé ðàñïðåäåëåíèÿ ïîëþñíîé ïëîòíîñòè, ïîëó-

øèðèíû ðåíòãåíîâñêèõ îòðàæåíèé è ìèêðî-

äåôîðìàöèé íà ñòåðåîãðàôè÷åñêîé ïðîåêöèè.

Â êà÷åñòâå èñõîäíûõ äàííûõ âûñòóïàëè ôðàã-

ìåíòû äèôðàêöèîííûõ ñïåêòðîâ c èíòåíñèâíî-

ñòÿìè ðåíòãåíîâñêèõ îòðàæåíèé îïðåäåëåííîãî

òèïà (hkl), ïîñëåäîâàòåëüíî çàïèñàííûå äëÿ ðàç-

ëè÷íûõ ïîëîæåíèé îáðàçöà ïî óãëó åãî íàêëîíà

è ïîâîðîòà.

Ñíà÷àëà ñ ïîìîùüþ ïðîãðàììû ðàññ÷èòû-

âàëè ïàðàìåòðû àïïðîêñèìàöèè ðåíòãåíîâñêîé
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ëèíèè ïî ìîäåëè ïñåâäî-Ôîéãòà äëÿ âñåõ ïîëîæå-

íèé îáðàçöà. Ïîëó÷àåìûå ðåçóëüòàòû ñîäåðæàëè

óãëû íàêëîíà è ïîâîðîòà îáðàçöà, ïîëîæåíèå

ìàêñèìóìà ðåíòãåíîâñêîé ëèíèè, åå ìàêñèìàëü-

íóþ èíòåíñèâíîñòü è ïîëóøèðèíó. Çàòåì îñó-

ùåñòâëÿëè êîððåêòèðîâêó äàííûõ ïî äåôîêó-

ñèðîâî÷íûì êîýôôèöèåíòàì, ïîëó÷åííûì äëÿ

ýòàëîíà, ðàñ÷åò ïîëþñíîé ïëîòíîñòè, èñòèííîãî

ôèçè÷åñêîãî óøèðåíèÿ è ìèêðîäåôîðìàöèé [15,

19, 20 – 25].

Ðàñ÷åò èñòèííîé ïîëóøèðèíû

ðåíòãåíîâñêîé ëèíèè

Ñãëàæåííûé ïðîôèëü äèôðàêöèîííîé ëèíèè

àïïðîêñèìèðîâàëè ôóíêöèåé ïñåâäî-Ôîéãòà:

fïÔ(x) = çfÃ(x) + (1 – ç)fÊ(x), x = 2è – 2èmax, (1)

ãäå

fÃ(x) = exp[–4 ln 2(x/B)2],

fÊ(x) = 1/(1 + 4(x/B)2) — (2)

ôóíêöèè Ãàóññà è Êîøè; x — óãëîâîå ðàññòîÿíèå

îò âåðøèíû ïðîôèëÿ ëèíèè 2èmax (2èmax, B — ïî-

ëîæåíèå è øèðèíà äèôðàêöèîííîé ëèíèè íà ïî-

ëîâèíå åå âûñîòû).

Äóáëåòíóþ ñòðóêòóðó Ká-ëèíèè ó÷èòûâàëè

ïðè ñóïåðïîçèöèè äâóõ èäåíòè÷íûõ ïðîôèëåé

ïñåâäî-Ôîéãòà fá1(x) è fá2(x – Äx), ïåðâûé èç êî-

òîðûõ âûøå âòîðîãî â äâà ðàçà. Òîãäà êîíå÷-

íûé âèä ìîäåëüíîé àïïðîêñèìèðóþùåé ôóíê-

öèè ñëåäóþùèé:

fìîä(x) = Afá1(x) + 0,5Afá1(x – Äx), (3)

ãäå êîýôôèöèåíò A ñîîòâåòñòâóåò ìàêñèìàëüíîé

èíòåíñèâíîñòè á1-ëèíèè; Äx — óãëîâîå ðàññòîÿ-

íèå ìåæäó ëèíèÿìè á1 è á2.

Ìîäåëüíàÿ ôóíêöèÿ fìîä ñîäåðæèò ñâîáîäíûå

ïàðàìåòðû A, 2èmax, B è ç, êîòîðûå îïðåäåëÿþòñÿ

óñëîâèåì ìèíèìèçàöèè

[ ( ) ( )] min,f x f x xìîä ýêñï d� �
�

2 (4)

ãäå fýêñï(x) — ýêñïåðèìåíòàëüíûé ïðîôèëü ëè-

íèè, óäîâëåòâîðÿþùèé óñëîâèþ ìèíèìèçàöèè â

ðåçóëüòàòå ïðèìåíåíèÿ ïðîöåäóðû ïîäãîíêè.

Ïîèñê îïòèìàëüíîé àïïðîêñèìèðóþùåé ôóíê-

öèè fìîä ðåàëèçîâûâàëè ñ ïîìîùüþ ïðîöåäóðû

ïîäãîíêè [2, 3, 15], âêëþ÷àþùåé êîìïüþòåðíîå

âàðüèðîâàíèå ìàêñèìàëüíîé èíòåíñèâíîñòè, ïî-

ëóøèðèíû, óãëîâîãî ïîëîæåíèÿ ëèíèè è ç-ïà-

ðàìåòðà äî äîñòèæåíèÿ ìèíèìàëüíîé îøèáêè.

Îøèáêà ïîäãîíêè çàâèñèò îò êîîðäèíàò ø è ö íà

ÏÔ è îïèñûâàåòñÿ ÏÔ ýòîé îøèáêè. Â íàøåì

ñëó÷àå îíà ìåíÿëàñü îò 2 – 3 % â òåêñòóðíûõ ìàê-

ñèìóìàõ äî 30 % â òåêñòóðíûõ ìèíèìóìàõ.

Ôèçè÷åñêàÿ øèðèíà ïðîôèëÿ ðåíòãåíîâñêîé

ëèíèè çàâèñèò îò òèïà àïïðîêñèìèðóþùèõ

ôóíêöèé. Ýêñïåðèìåíòàëüíî îïðåäåëÿåìûé ïðî-

ôèëü ëèíèè fýêñï(x) — ñâåðòêà ôóíêöèé ôèçè÷å-

ñêîãî fôèç(x) è èíñòðóìåíòàëüíîãî fèíñòð(x) ïðîôè-

ëåé ëèíèè:

f x f x f x y yýêñï ôèç èíñòð d( ) ( ) ( ) .� �
�

(5)

Ñîîòâåòñòâåííî, øèðèíà B èçìåðåííîãî ïðî-

ôèëÿ fýêñï(x) çàâèñèò îò øèðèí â è b ôèçè÷åñêîãî

fôèç(x) è èíñòðóìåíòàëüíîãî fèíñòð(x) ïðîôèëåé.

Âåëè÷èíà â îïðåäåëÿåòñÿ èñêàæåííîñòüþ

êðèñòàëëè÷åñêîé ðåøåòêè îòðàæàþùèõ çåðåí è

ðàçìåðîì áëîêîâ êîãåðåíòíîãî ðàññåÿíèÿ, b —

òàêèìè ôàêòîðàìè, êàê ðàñõîäèìîñòü ðåíòãå-

íîâñêîãî ïó÷êà, óãîë íàêëîíà îáðàçöà, ïîãëî-

ùåíèå â íåì ðåíòãåíîâñêîãî èçëó÷åíèÿ è íåîä-

íîðîäíîñòü äëèíû âîëíû èñïîëüçóåìîãî èçëó-

÷åíèÿ. Â ñëó÷àÿõ àïïðîêñèìèðóþùèõ ôóíêöèé

Ãàóññà è Êîøè óãëîâûå ïîëóøèðèíû ïðîôèëåé

B, b è â ñâÿçàíû äðóã ñ äðóãîì ïðîñòûìè ñîîòíî-

øåíèÿìè:

â2 = B2 – b2 (Ãàóññ) è â = B – b (Êîøè). (6)

Åñëè äëÿ àïïðîêñèìàöèè èñïîëüçóþò ôóíê-

öèþ ïñåâäî-Ôîéãòà, òî ôèçè÷åñêîå óøèðåíèå

� � � �B b B b2 2 ( ). (7)

Äëÿ ðàñ÷åòà ïàðàìåòðà ç, çàäàþùåãî ñîîò-

íîøåíèå ìåæäó ôóíêöèÿìè Ãàóññà è Êîøè, ïðè

íàõîæäåíèè èñòèííîãî ôèçè÷åñêîãî óøèðåíèÿ

ëèíèè â ìîæíî èñïîëüçîâàòü ëèíåéíóþ èíòåð-

ïîëÿöèþ â ñëåäóþùåé ôîðìå:

â = ç B b2 2
� + (1 – ç)(B – b). (8)

Èíñòðóìåíòàëüíîå óøèðåíèå b(ø), ãäå ø —

óãîë íàêëîíà îáðàçöà, ìîæíî íàéòè ñ ïîìîùüþ

ñòàíäàðòíîãî îòîææåííîãî ýòàëîíà, ðåíòãåíîâ-

ñêèå ëèíèè êîòîðîãî ïî÷òè ñâîáîäíû îò ôèçè÷å-

ñêîãî óøèðåíèÿ. Ïðàâèëüíûé âûáîð ýòàëîííîãî

îáðàçöà — êëþ÷åâîé ìîìåíò ïðè ïîñòðîåíèè èñ-

òèííîé ÎÏÏÔ â. Îòìåòèì, ÷òî ïðè ñúåìêå ñòàí-

äàðòíîãî îáðàçöà íåîáõîäèìî ñîõðàíÿòü äîñòà-

òî÷íî âûñîêóþ èíòåãðàëüíóþ èíòåíñèâíîñòü

ðåíòãåíîâñêîé ëèíèè âïëîòü äî ïðåäåëüíûõ óã-

ëîâ íàêëîíà (â ýòîì ñëó÷àå îáåñïå÷èâàåòñÿ íóæ-

íàÿ òî÷íîñòü îïðåäåëåíèÿ èíñòðóìåíòàëüíîãî

óøèðåíèÿ).

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 – 4 ïðåäñòàâëåíû ÎÏÏÔ äëÿ ïðîêà-

òàííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ è äèàãðàììû

èõ âçàèìíîé êîððåëÿöèè (ÄÊ) (ÎÏÏÔ èìåþò óã-

ëîâîé ðàäèóñ 70°).
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Âèäíî, ÷òî ïîëó÷åííûå ðàñïðåäåëåíèÿ íîñÿò

çàêîíîìåðíûé õàðàêòåð. Â ñëó÷àå ÎÏÏÔ â çàêî-

íîìåðíîñòü ñîñòîèò â òîì, ÷òî åå ìàêñèìóìû ñîâ-

ïàäàþò ñ òåêñòóðíûìè ìèíèìóìàìè, à ìèíèìó-

ìû — ñ òåêñòóðíûìè ìàêñèìóìàìè. Ýòî ïîäòâåð-

æäàþò äèàãðàììû âçàèìíîé êîððåëÿöèè ìåæäó

ÏÏÔ {hkl} è ÎÏÏÔ âhkl, íà êîòîðûõ íàíåñåíû

òî÷êè ÏÏÔ òàêèì îáðàçîì, ÷òî èõ àáñöèññû ðàâ-

íû âåëè÷èíàì ïîëþñíîé ïëîòíîñòè P(øi, öj) íà

ÏÏÔ {hkl}, à îðäèíàòû — èñòèííîé óãëîâîé ïî-

ëóøèðèíå ðåíòãåíîâñêèõ ëèíèé âhkl(øi, öj) â òåõ

æå òî÷êàõ ñòåðåîãðàôè÷åñêîé ïðîåêöèè.

Äëÿ ôîëüãè Nb ñ êðèñòàëëè÷åñêîé ðåøåòêîé

ÎÖÊ è ïðîêàòàííîãî ñïëàâà Zr – 1 % Nb ñ êðè-

ñòàëëè÷åñêîé ðåøåòêîé ÃÏÓ ðàñïðåäåëåíèÿ

òî÷åê íà äèàãðàììàõ êîððåëÿöèè ôîðìèðóþò

êðèâûå, âîñõîäÿùèå âåòâè êîòîðûõ ðàñïîëàãà-

þòñÿ â ïðåäåëàõ òåêñòóðíûõ ìèíèìóìîâ, à íèñõî-

äÿùèå — â ïðåäåëàõ òåêñòóðíûõ ìàêñèìóìîâ.

Ñëåäîâàòåëüíî, çåðíà, íàõîäÿùèåñÿ â ïðåäåëàõ

òåêñòóðíûõ ìàêñèìóìîâ, õàðàêòåðèçóþòñÿ ìèíè-

ìàëüíîé óãëîâîé ïîëóøèðèíîé ðåíòãåíîâñêèõ

ëèíèé, ò.å. ìèíèìàëüíîé èñêàæåííîñòüþ êðè-

ñòàëëè÷åñêîé ðåøåòêè è ðàçäðîáëåííîñòüþ åå

ôðàãìåíòîâ. Ïî ìåðå ïðèáëèæåíèÿ ê òåêñòóðíûì

ìèíèìóìàì îáà ýòè ïàðàìåòðà ñóáñòðóêòóðû çåð-

íà óñèëèâàþòñÿ.

Íàèìåíåå ðåãóëÿðíûé õàðàêòåð ðàñïðåäåëå-

íèÿ â002 äëÿ ëèñòà ìåäè îáóñëîâëåí îòíîñèòåëü-

íîé ëåãêîñòüþ ïðîòåêàíèÿ ïðîöåññîâ âîçâðàòà,

ñîïðÿæåííûõ ñ ñîâåðøåíñòâîâàíèåì åå êðèñòàë-

ëè÷åñêîé ðåøåòêè (ÃÖÊ) è ñíèæåíèåì óãëîâîé

ïîëóøèðèíû ðåíòãåíîâñêèõ îòðàæåíèé.

Óãëîâàÿ ïîëóøèðèíà ðåíòãåíîâñêîé ëèíèè â,

êàê è åå óãëîâîå ïîëîæåíèå 2è, — íåïîñðåäñòâåí-

íî èçìåðÿåìûå äèôðàêöèîííûå ïàðàìåòðû. Ê èõ

÷èñëó îòíîñÿòñÿ è íåêîòîðûå äðóãèå, êîòîðûå

ìîãóò áûòü îïðåäåëåíû áåç èñïîëüçîâàíèÿ òåîðå-

òè÷åñêèõ ìîäåëåé, ñâÿçûâàþùèõ èçìåðÿåìûå äè-

ôðàêöèîííûå ïàðàìåòðû ñ ïàðàìåòðàìè ñòðóê-

òóðû èëè ñóáñòðóêòóðû èññëåäóåìîãî îáðàçöà.

Íàïðèìåð, ôëóêòóàöèè ðåãèñòðèðóåìîé èíòåí-

ñèâíîñòè ïðè ïîñòóïàòåëüíîì äâèæåíèè îáðàçöà

âäîëü òåõ èëè èíûõ íàïðàâëåíèé ïîçâîëÿþò îöå-

íèòü ðàçìåð çåðåí îïðåäåëåííûõ îðèåíòàöèé,

à îñîáåííîñòè èçìåíåíèÿ òåêñòóðû â ðåçóëüòàòå

ìàëîé äåôîðìàöèè — îòëè÷èòü äâîéíèêîâàíèå

îò ñêîëüæåíèÿ.

Â òî æå âðåìÿ èñïîëüçîâàíèå òåîðåòè÷åñêèõ

ìîäåëåé íà îñíîâå èçìåðåííûõ äèôðàêöèîííûõ

ïàðàìåòðîâ äàåò âîçìîæíîñòü ðàññ÷èòàòü ìíîãèå

âàæíûå ñóáñòðóêòóðíûå ïàðàìåòðû ìàòåðèàëà.

Òàê, â ñîîòâåòñòâèè ñ ìîäåëüþ Ãðèôôèòñà [26]

ïðèìåíèòåëüíî ê èçäåëèÿì èç ñïëàâîâ íà îñíîâå
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Ðèñ. 3. ÎÏÏÔ ëèñòà Cu (õîëîäíàÿ ïðîêàòêà, å = 30 %) è

äèàãðàììû èõ êîððåëÿöèè: à — ÏÏÔ{001}; á — ÎÏÏÔ

â002; â — ÎÏÏÔ 2è002; ã — ÄÊ ÏÏÔ{001} – ÎÏÏÔ â002;

ä — ÄÊ ÏÏÔ{001} – ÎÏÏÔ 2è002

Fig. 3. GPF for Cu sheet (cold rolling, å = 30%) and dia-

grams of their mutual correlation (CD): a — PF{001}; b —

GPF â
002

; c — GPF 2è
002

; d — CD PF{001} – GPF â
002

; e —

CD PF{001} – GPF 2è
002
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Ðèñ. 2. ÎÏÏÔ ôîëüãè Nb (õîëîäíàÿ ïðîêàòêà, å = 50 %)

è äèàãðàììû èõ âçàèìíîé êîððåëÿöèè: à — ÏÏÔ{001};

á — ÎÏÏÔ â002; â — ÎÏÏÔ 2è002; ã — ÄÊ ÏÏÔ{001} –

ÎÏÏÔ â002; ä — ÄÊ ÏÏÔ{001} – ÎÏÏÔ 2è002

Fig. 2. GPF for Nb foil (cold rolling, å = 50%) and diagrams

of their mutual correlation (CD): a — PF{001}; b — GPF

â
002

; c — GPF 2è
002

; d — CD PF{001} – GPF â
002

; e — CD

PF{001} – GPF 2è
002



Zr ïî óãëîâûì ïîëóøèðèíàì ðåíòãåíîâñêèõ ëè-

íèé ìîæíî îöåíèòü ïëîòíîñòü äèñëîêàöèé ñ ðàç-

ëè÷íûìè âåêòîðàìè Áþðãåðñà â îòðàæàþùèõ

çåðíàõ.

Íà ðèñ. 5 ïðåäñòàâëåíà ÎÏÏÔ ññ â òðóáíîé

çàãîòîâêå èç ñïëàâà Zr — 1 % Nb (á — ôàçà, ññ —

ïëîòíîñòü äèñëîêàöèé c-òèïà ñ âåêòîðîì Áþð-

ãåðñà âäîëü [0001]). Îáëàñòè ñòåðåîãðàôè÷åñêîé

ïðîåêöèè, êîòîðûì îòâå÷àåò ïîíèæåííàÿ ïëîò-

íîñòü c-äèñëîêàöèé, ñîâïàäàþò ñ òåêñòóðíûìè

ìàêñèìóìàìè. Ýòî îáúÿñíÿåò õàðàêòåð èçìåíå-

íèÿ èçìåðÿåìîé ïîëóøèðèíû ðåíòãåíîâñêèõ ëè-

íèé âhkl è ðàññ÷èòûâàåìîé ïëîòíîñòè äèñëî-

êàöèé ññ â çàâèñèìîñòè îò ïîëþñíîé ïëîòíîñòè.

Â ïðîöåññå ïëàñòè÷åñêîé äåôîðìàöèè çåðíà ìå-

òàëëà ïåðåîðèåíòèðóþòñÿ, ñòðåìÿñü ê óñòîé÷è-

âûì ïîëîæåíèÿì, ïðè êîòîðûõ â çåðíå äåéñòâó-

þò ñèììåòðè÷íûå ñèñòåìû ñêîëüæåíèÿ. Êàæäàÿ

èç íèõ âûçûâàåò âçàèìíî êîìïåíñèðóþùèåñÿ ïî-

âîðîòû êðèñòàëëè÷åñêîé ðåøåòêè äåôîðìèðó-

åìîãî çåðíà. Îäíàêî òàê äåôîðìàöèÿ ìîæåò ðàç-

âèâàòüñÿ òîëüêî â çåðíàõ ñ îòíîñèòåëüíî ñîâåð-

øåííîé ðåøåòêîé (ñ íåâûñîêèì óðîâíåì èñêà-

æåííîñòè). Â ïðîòèâíîì ñëó÷àå ñèììåòðè÷íîå

ñêîëüæåíèå ïî íåñêîëüêèì ïëîñêîñòÿì îêàçûâà-

åòñÿ íåâîçìîæíûì, è çåðíî ïðè äåôîðìàöèè íå

äîñòèãíåò óñòîé÷èâîé îðèåíòàöèè (èëè îòêëîíèò-

ñÿ îò íåå ïðè óâåëè÷åíèè ñòåïåíè äåôîðìàöèè).

×òî êàñàåòñÿ ÎÏÏÔ 2è äëÿ èññëåäóåìûõ ïðî-

êàòàííûõ ìàòåðèàëîâ, òî çàêîíîìåðíûé õàðàê-

òåð ðàñïðåäåëåíèé âûðàæàåòñÿ â èõ ñèììåòðèè

îòíîñèòåëüíî íåêîòîðîãî ñðåäíåãî óðîâíÿ, ñîîò-

âåòñòâóþùåãî âåëè÷èíå 2è0 äëÿ íåäåôîðìè-

ðîâàííîãî ìàòåðèàëà, â êîòîðîì îòñóòñòâóåò êðè-

ñòàëëîãðàôè÷åñêàÿ òåêñòóðà. Ïîäîáíàÿ ñèììåò-

ðèÿ îçíà÷àåò, ÷òî â äåôîðìèðîâàííîì îáðàçöå

âñåãäà ïðèñóòñòâóþò çåðíà, êðèñòàëëè÷åñêàÿ

ðåøåòêà êîòîðûõ èëè ðàñòÿíóòà (Äd > 0), èëè

ñæàòà (Äd < 0) îòíîñèòåëüíî èñõîäíîãî óðîâíÿ

d0, êîãäà 2è > 2è0 èëè 2è < 2è0 ñîîòâåòñòâåííî.

Ïðè÷åì â ïåðâîì ïðèáëèæåíèè êàæäîìó çåðíó,

ðåøåòêà êîòîðîãî ðàñòÿíóòà íà +Äd, îòâå÷àåò

çåðíî, ðåøåòêà êîòîðîãî ñæàòà íà –Äd. Â ýòîì

ñëó÷àå â äåôîðìèðîâàííîì ìåòàëëå ðåàëèçóåòñÿ

ðàâíîâåñèå ðàñòÿãèâàþùèõ è ñæèìàþùèõ óïðó-

ãèõ íàïðÿæåíèé. Çîíàì óïðóãîãî ðàñòÿæåíèÿ

ðåøåòêè îòâå÷àþò çåðíà, êîòîðûì îòâå÷àþò òî÷-

êè, ðàñïîëîæåííûå â íèæíåé ÷àñòè ÎÏÏÔ 2è,

òîãäà êàê çîíàì óïðóãîãî ñæàòèÿ ðåøåòêè — çåð-

íà, êîòîðûì îòâå÷àþò òî÷êè â âåðõíåé ÷àñòè

ÎÏÏÔ 2è.

Ïðåäïîëîæåíèå î òîì, ÷òî ïîâûøåííàÿ ïî-

ëóøèðèíà ðåíòãåíîâñêîé ëèíèè â ïðåäåëàõ

òåêñòóðíîãî ìèíèìóìà ìîæåò áûòü îáóñëîâëåíà

áîëüøîé îøèáêîé åå èçìåðåíèÿ ïðè ìàëîé èí-

òåíñèâíîñòè ýòîé ëèíèè, îêàçûâàåòñÿ íåñîñòî-

ÿòåëüíûì ïðè ó÷åòå ðàñïðåäåëåíèÿ îøèáêè àï-

ïðîêñèìàöèè, êîòîðàÿ ñîñòàâëÿåò 2 – 3 % â òåê-

ñòóðíûõ ìàêñèìóìàõ è 15 – 20 % â òåêñòóðíûõ

ìèíèìóìàõ. Ïîñêîëüêó ïîëóøèðèíû ðåíòãåíîâ-

ñêèõ ëèíèé â òåêñòóðíûõ ìàêñèìóìàõ è ìèíèìó-

ìàõ îòëè÷àþòñÿ â 3 – 5 ðàç, îøèáêè èõ àïïðîêñè-

ìàöèè íå ìîãóò ïåðåêðûòü èõ ðàçëè÷èÿ, îòðà-

æàþùèå èñòèííóþ òåíäåíöèþ.

Îòìåòèì, ÷òî ïðèâåäåííûå ÎÏÏÔ ïîñòðîå-

íû ïðè èñïîëüçîâàíèè ýòàëîííîãî îáðàçöà, ïîëó-

÷åííîãî ñïåêàíèåì «òàáëåòêè» èç ïðåññîâàííîãî
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Ðèñ. 4. ÎÏÏÔ ñïëàâà Zr – 1 % Nb (õîëîäíàÿ ïîïåðå÷íàÿ

ïðîêàòêà, å = 57 %) è äèàãðàììû èõ âçàèìíîé êîððåëÿ-

öèè: à — ÏÏÔ(0001); á — ÎÏÏÔ â0004; â — ÎÏÏÔ 2è0004;

ã — ÄÊ ÏÏÔ{0001} – ÎÏÏÔ â0004; ä — ÄÊ ÏÏÔ{001} –

ÎÏÏÔ 2è0004

Fig. 4. GPF for Zr — 1% Nb alloy (cold transversal rolling,

å = 57%) and diagrams of their mutual correlation (CD):

a — PF(0001); b — GPF â
0004

; c — GPF 2è
0004

; d — CD

PF{0001} – GPF â
0004

; e — CD PF{001} – GPF 2è
0004

à á

L L

T T

Ðèñ. 5. ÎÏÏÔ ñïëàâà Zr – 1 % Nb (òðóáíàÿ çàãîòîâêà

20 ìì, å = 65 %): à — ÏÏÔ(0001); á — ÎÏÏÔ ññ (åäèíè-

öû ïëîòíîñòè äèñëîêàöèé — 1014 ì–2)

Fig. 5. GPF for Zr – 1% Nb alloy (tubular billet 20 mm,

å = 65%): a — PF(0001); b — GPF ñ
c

(dislocation density

units — 1014 m–2)



ìîëèáäåíîâîãî ïîðîøêà. Ðåæèì ïðåññîâàíèÿ èñ-

êëþ÷àë ïëàñòè÷åñêóþ äåôîðìàöèþ îòäåëüíûõ

÷àñòèö, à ðåæèì ñïåêàíèÿ îãðàíè÷èâàë ðàçâèòèå

ðîñòà çåðåí. «Òàáëåòêà» âêëþ÷àëà ýòàëîíû äâóõ

òèïîâ: 1) áåñòåêñòóðíûé (òðåáóþùèéñÿ îáû÷íî

äëÿ êîððåêòèðîâêè ÏÏÔ); 2) îòîææåííûé (õà-

ðàêòåðèçóþùèéñÿ ïðåíåáðåæèìî ìàëîé âåëè÷è-

íîé ôèçè÷åñêîãî óøèðåíèÿ ðåíòãåíîâñêèõ ëè-

íèé, òðåáóþùèéñÿ äëÿ êîððåêòèðîâêè ÎÏÏÔ â)

[5, 6, 27 – 30].

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëîæåííûé ðåíòãåíîâ-

ñêèé äèôðàêòîìåòðè÷åñêèé ìåòîä ÎÏÏÔ, âêëþ-

÷àþùèé ðåíòãåíîâñêóþ ñúåìêó òåêñòóðû è ðåãè-

ñòðàöèþ ïðîôèëÿ ðåíòãåíîâñêîé ëèíèè ïðè êàæ-

äîì ïîñëåäîâàòåëüíîì ïîëîæåíèè èññëåäóåìîãî

îáðàçöà â òåêñòóðíîé ïðèñòàâêå, ïîçâîëÿåò èñ-

ñëåäîâàòü ñóáñòðóêòóðíûå íåîäíîðîäíîñòè òåê-

ñòóðîâàííûõ ìåòàëëè÷åñêèõ èçäåëèé. Ïîëó÷à-

åìîå ðàñïðåäåëåíèå íà ñòåðåîãðàôè÷åñêîé ïðî-

åêöèè èçìåðÿåìûõ ïàðàìåòðîâ ïðîôèëÿ îäíîãî

è òîãî æå ðåíòãåíîâñêîãî îòðàæåíèÿ îò çåðåí

ñ ðàçíûìè êðèñòàëëîãðàôè÷åñêèìè îðèåíòàöèÿ-

ìè èëè âû÷èñëÿåìûõ ïî íèì ïàðàìåòðîâ ñóá-

ñòðóêòóðû ýòèõ çåðåí ìîæíî ñ óñïåõîì èñïîëüçî-

âàòü ïðè ðàñ÷åòàõ èñòèííîé ïîëóøèðèíû ðåíòãå-

íîâñêîé ëèíèè. Ìåòîä ïîêàçàë ñâîþ ýôôåêòèâ-

íîñòü äëÿ âûÿâëåíèÿ çàêîíîìåðíîñòåé ðàñïðåäå-

ëåíèÿ çåðåí, íàõîäÿùèõñÿ â ðàçíûõ ñòðóêòóðíûõ

ñîñòîÿíèÿõ, ïî èõ îðèåíòàöèÿì.
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Âëèÿíèå òåðìîîáðàáîòêè íà ñêîðîñòü êîððîçèè îáðàçöîâ âûñîêîóãëåðîäèñòûõ ñòàëåé (ìàê-

ñèìàëüíàÿ êîððîçèîííàÿ óáûëü íàáëþäàåòñÿ ïðè òåìïåðàòóðå îòïóñêà 400 °C) îñíîâàíî íà

âîçíèêíîâåíèè ìèêðîãàëüâàíè÷åñêèõ ïàð ìåæäó ôàçîâûìè ñîñòàâëÿþùèìè ìàòåðèàëà.

Ìèêðîãàëüâàíè÷åñêèå ïàðû â ïðîöåññå òåðìîîáðàáîòêè ïåðåðàñïðåäåëÿþòñÿ, ÷òî ìåíÿåò

óñëîâèÿ ïðîòåêàíèÿ ãàëüâàíè÷åñêèõ òîêîâ. Â ñâîþ î÷åðåäü ñòðóêòóðíî-ôàçîâûé ñîñòàâ

îáóñëàâëèâàåò ìàãíèòíûå ñâîéñòâà ñòàëåé è îïðåäåëÿåò ñâÿçü èõ ìàãíèòíûõ õàðàêòåðè-

ñòèê ñ êîððîçèîííîé àêòèâíîñòüþ. Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà êîíòðîëÿ ñêîðîñòè

êîððîçèè ïî èçìåíåíèþ ìàãíèòíûõ õàðàêòåðèñòèê. Óñòàíîâëåíî, ÷òî ñóùåñòâóåò òåñíàÿ

âçàèìîñâÿçü ìåæäó êîýðöèòèâíîé ñèëîé è ýëåêòðîõèìè÷åñêèì ïîòåíöèàëîì (îòíîñèòåëüíî

õëîðñåðåáðÿíîãî ýëåêòðîäà) — ïîêàçàòåëåì êîððîçèîííîé àêòèâíîñòè. Íà ïðèìåðå òðóáî-

ïðîâîäà èç ñòàëè 09Ã2Ñ, âäîëü êîòîðîãî èçìåíåíèå êîýðöèòèâíîé ñèëû äîñòèãàëî 25 %,

ïîêàçàíî, ÷òî ðèñê ðàçâèòèÿ ìàêðîãàëüâàíè÷åñêèõ ïàð äîñòàòî÷íî âûñîê. Ïðåäëîæåí ýêñ-

ïðåññ-ìåòîä âûÿâëåíèÿ êîððîçèîííî îïàñíûõ çîí èçäåëèé ïóòåì ñêàíèðîâàíèÿ ìàãíèòíûõ

ïàðàìåòðîâ ìàòåðèàëà. Â êà÷åñòâå ðåøåíèÿ ïðîáëåìû íåîäíîçíà÷íîñòè ñâÿçè êîððîçè-

îííîé àêòèâíîñòè è ìàãíèòíûõ ïàðàìåòðîâ èñïîëüçîâàëè ìíîãîïàðàìåòðîâûé ïîäõîä.

Ãàðìîíè÷åñêèì ðàçëîæåíèåì ïåòåëü ìàãíèòíîãî ãèñòåðåçèñà îáðàçöîâ ñòàëè 45Õ ïîëó÷è-

ëè ðÿä íå÷åòíûõ ãàðìîíèê, íåêîòîðûå èç êîòîðûõ ñëàáî êîððåëèðîâàëè ñ êîððîçèîííîé

óáûëüþ. Âìåñòå ñ òåì êîìïëåêñû èç íåñêîëüêèõ ãàðìîíèê êîððåëèðîâàëè ñ íåé óæå â çíà-

÷èòåëüíî áîëüøåé ñòåïåíè. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè òåõíè-

÷åñêîé äèàãíîñòèêå è ïðîãíîçèðîâàíèè êîððîçèîííîé àêòèâíîñòè ñòàëüíûõ êîíñòðóêöèé

äî íà÷àëà èõ ýêñïëóàòàöèè.

Êëþ÷åâûå ñëîâà: êîýðöèòèâíàÿ ñèëà; ðåëàêñàöèîííàÿ ìàãíèòíàÿ âîñïðèèì÷èâîñòü; ñêî-

ðîñòü êîððîçèè; ïðîãíîçèðîâàíèå; çàêàëêà; îòïóñê ïîñëå çàêàëêè; ãàëüâàíè÷åñêàÿ êîððîçè-

îííàÿ ïàðà; Ôóðüå-ïðåîáðàçîâàíèå; ìåòîäû òåõíè÷åñêîé äèàãíîñòèêè.
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An innovative method of measuring and control of the steel corrosion rate by changing magnetic charac-

teristics is developed. The impact of heat treatment on the corrosion rate of the samples of high-carbon

steels (maximum corrosion loss is observed at a tempering temperature of 400°C) is attributed to the ap-

pearance of micro-galvanic pairs (MGP) between the phase components of the material. MGP undergo re-

distribution under heat treatment thus changing conditions of the galvanic current flow. The structural

phase composition, in turn, determines the magnetic properties of steel and correlation between the mag-

netic properties and corrosiveness. The goal of the study is demonstration of the possibility and expedi-

ency of using the magnetic parameters of steel for determination of the steel corrosion rate. A close corre-

lation dependence is observed between the coercive force and the electrochemical potential (relative to the

silver chloride electrode) which are direct indicators of the corrosiveness. Case study of a pipeline made of

09G2S steel along which change in the coercive force attained 25% revealed rather high risk of developing

micro-galvanic pairs. A rapid method of scanning magnetic parameters is proposed to detect potentially

corrosive zones. A multi-parameter approach can be used to solve the problem of the ambiguity of the rela-

tionship between the corrosiveness and magnetic parameters. Harmonic decomposition of magnetic hys-
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teresis loops of 45Kh steel samples is used to obtain a number of odd harmonics. Some of them weakly cor-

relate with the corrosion loss, whereas complexes of several harmonics correlate to a greater extent. The

results can be used in technical diagnostics and prediction of the corrosion activity of steel structures be-

fore their operation. The results can be used in technical diagnostics and forecasting of the corrosiveness

of steel structures prior to their operation.

Keywords: coercivity; relaxation magnetic susceptibility; corrosion rate; forecasting, hardening; temper-

ing after hardening; galvanic corrosion pair; Fourier transform; methods of technical diagnostics.

Ââåäåíèå

Ïðîöåññû êîððîçèîííîãî ðàçðóøåíèÿ ïðîòå-

êàþò íà ïîâåðõíîñòè ìåòàëëà êðàéíå íåðàâíî-

ìåðíî. Â ïðàêòèêå ýêñïëóàòàöèè ñòàëüíûõ âåð-

òèêàëüíûõ ðåçåðâóàðîâ íåðåäêè ñëó÷àè, êîãäà

÷åðåç íåêîòîðîå âðåìÿ (ìåíåå ðàñ÷åòíîãî ïåðèî-

äà ýêñïëóàòàöèè) ðåçåðâóàð îêàçûâàåòñÿ ïîëó-

ïóñòûì, à âîêðóã ìåñòà åãî óñòàíîâêè íàáëþäàåò-

ñÿ ðàçëèâ íåôòåïðîäóêòà [1, 2]. Ïðè÷èíîé ïîäîá-

íîé ñèòóàöèè ìîæåò áûòü ñêâîçíàÿ êîððîçèÿ,

âîçíèêàþùàÿ â ñòàëüíûõ ëèñòàõ. Âìåñòå ñ òåì

êîíòðîëü ìåòàëëà ïîçâîëÿåò óìåíüøèòü ÷èñëî

ïîäîáíûõ îïàñíûõ ñëó÷àåâ.

Îñíîâíûå ìåòîäû êîíòðîëÿ êîððîçèîííûõ

ñâîéñòâ ñòàëè — ãðàâèìåòðè÷åñêèé, ìåòàëëî-

ãðàôè÷åñêèé, ìåòîäû îïðåäåëåíèÿ ýëåêòðîõèìè-

÷åñêîãî ïîòåíöèàëà è äð. [3, 4], êàê ïðàâèëî, òðå-

áóþò çíà÷èòåëüíûõ âðåìåííûõ çàòðàò è õàðàê-

òåðèçóþòñÿ ñóùåñòâåííûìè ïîãðåøíîñòÿìè (íà-

ïðèìåð, ìåòîä îïðåäåëåíèÿ ýëåêòðîõèìè÷åñêîãî

ïîòåíöèàëà). Èñïîëüçîâàíèå êîñâåííûõ ïàðà-

ìåòðîâ, äàþùèõ âîçìîæíîñòü îïåðàòèâíîãî íå-

ðàçðóøàþùåãî êîíòðîëÿ ñêëîííîñòè ìåòàëëà ê

êîððîçèè â êîíêðåòíîé êîððîçèîííîé ñðåäå,

ïðåäñòàâëÿåòñÿ áîëåå ïåðñïåêòèâíûì [5, 6].

Öåëü ðàáîòû — êîíòðîëü ñêîðîñòè êîððîçèè

ñòàëè ñ èñïîëüçîâàíèåì ìàãíèòíûõ õàðàêòåðè-

ñòèê ìàòåðèàëà (êîýðöèòèâíîé ñèëû, ðåëàêñàöè-

îííîé ìàãíèòíîé âîñïðèèì÷èâîñòè è ìàãíèòíîé

ïåòëè ãèñòåðåçèñà).

Âëèÿíèå ñòðóêòóðíîãî ñîñòîÿíèÿ ñòàëè

íà êîððîçèîííóþ àêòèâíîñòü

è ìàãíèòíûå õàðàêòåðèñòèêè

Èçâåñòíî, ÷òî ñêîðîñòü êîððîçèè çàêàëåííîé

âûñîêîóãëåðîäèñòîé ñòàëè çàâèñèò îò òåìïåðà-

òóðû îòïóñêà, êîòîðàÿ âëèÿåò íà ñòðóêòóðó ìà-

òåðèàëà [3]. Òàê, êîððîçèîííàÿ ïîòåðÿ ìàññû

ñòàëüíîãî îáðàçöà, îòïóùåííîãî ïðè 400 °C,

â øåñòü ðàç áîëüøå, ÷åì îáðàçöîâ, îòïóùåííûõ

ïðè òåìïåðàòóðàõ íèæå 200 è âûøå 600 °C.

Ïðè÷èíà — ìèêðîãàëüâàíè÷åñêàÿ êîððîçèÿ,

îáóñëîâëåííàÿ ðàçëè÷èåì ýëåêòðîõèìè÷åñêèõ

ñâîéñòâ ôàçîâûõ ñîñòàâëÿþùèõ ñòàëè, êîòîðûå

â ñâîþ î÷åðåäü â ïðîöåññå îòïóñêà òðàíñôîðìè-

ðóþòñÿ [7, 8].

Ñòðóêòóðà çàêàëåííîé óãëåðîäèñòîé ñòàëè

ñîñòîèò èç ìàðòåíñèòà è îñòàòî÷íîãî àóñòåíèòà.

Îòïóñê ïðè íèçêèõ òåìïåðàòóðàõ âåäåò ê ïðåâðà-

ùåíèþ àóñòåíèòà â ìàðòåíñèò îòïóñêà è çàòåì —

ê ðàçðóøåíèþ ìàðòåíñèòà ñ ôîðìèðîâàíèåì êàð-

áèäíîé ôàçû. Ïðè ñðåäíåì îòïóñêå (300 – 450 °C)

ïîëíîñòüþ çàâåðøàåòñÿ ïðîöåññ âûäåëåíèÿ óãëå-

ðîäà èç ïåðåñûùåííîãî òâåðäîãî ðàñòâîðà è ìàð-

òåíñèò ïðåâðàùàåòñÿ â ôåððèò. Êàðáèä Fe2C ïðå-

îáðàçóåòñÿ â öåìåíòèò Fe3C. Ïðè ýòîì îáðàçóåòñÿ

äâóõôàçíàÿ ñòðóêòóðà (òðîîñòèò îòïóñêà), ñî-

ñòîÿùàÿ èç ôåððèòà, â êîòîðîì ðàâíîìåðíî ðàñ-

ïðåäåëåíû ìåëü÷àéøèå ÷àñòèöû öåìåíòèòà. Ýòà

ñòðóêòóðà ïðè íàëè÷èè ýëåêòðîëèòà âåäåò ê ïî-

ÿâëåíèþ àêòèâíûõ ãàëüâàíè÷åñêèõ öåíòðîâ,

óñêîðÿþùèõ ïðîöåññ êîððîçèîííîãî ðàçðóøåíèÿ.

Ïðè 2-÷àñîâîé òåðìîîáðàáîòêå çàêàëåííîé îò

850 °C ñòàëè, ñîäåðæàùåé 0,95 % óãëåðîäà, ìàê-

ñèìóì òîíêîäèñïåðñíîãî öåìåíòèòà äîñòèãàåòñÿ

ïðèìåðíî ïðè 400 °C (äëÿ ñòàëè ñ 0,7 % C — ïðè

300 °C). Ïîñëå îòïóñêà ïðè ýòèõ òåìïåðàòóðàõ

êàòîäíûå âêëþ÷åíèÿ öåìåíòèòà (îòíîñèòåëüíî

ôåððèòà) çàíèìàþò áîëüøóþ ÷àñòü ïîâåðõíîñòè

ôåððèòà, ïîýòîìó èõ ãàëüâàíè÷åñêîå äåéñòâèå

ìàêñèìàëüíî [3]. Ïðè âûñîêîì îòïóñêå (500 –

650 °C) ïðîèñõîäÿò ðàñòâîðåíèå ìåëêèõ ÷àñòèö â

ìàòðèöå è äèôôóçèîííûé ïåðåíîñ âåùåñòâà

÷åðåç ìàòðèöó ê ïîâåðõíîñòè êðóïíûõ ÷àñòèö,

âñëåäñòâèå ÷åãî îíè ñòàíîâÿòñÿ åùå êðóïíåå.

Ôîðìèðóåòñÿ ôåððèòî-öåìåíòèòíàÿ ñìåñü áîëåå

ãðóáîãî, ÷åì òðîîñòèò, ñòðîåíèÿ, íàçûâàåìàÿ ñîð-

áèòîì îòïóñêà. Â ðåçóëüòàòå óìåíüøàåòñÿ êîëè-

÷åñòâî ãàëüâàíè÷åñêèõ ïàð è ñêîðîñòü êîððîçèè

ñíèæàåòñÿ.

Òàêèì îáðàçîì, ôàêòîðû, ñâÿçàííûå ñî ñòðóê-

òóðíî-ôàçîâûì ñîñòàâîì ìàòåðèàëà, â ñîâîêóï-

íîñòè ñ íàïðÿæåííî-äåôîðìèðîâàííûì ñîñòîÿ-

íèåì îïðåäåëÿþò êîððîçèîííûå ñâîéñòâà ñòàëè

[3, 4, 7, 9 – 11]. Îäíîâðåìåííî ýòè ôàêòîðû îá-

óñëàâëèâàþò ìàãíèòíûå ñâîéñòâà ìàòåðèàëà

[13 – 15]. Èíûìè ñëîâàìè, ìåæäó ìàãíèòíûìè è

êîððîçèîííûìè õàðàêòåðèñòèêàìè ñòàëåé ñóùå-

ñòâóåò êîñâåííàÿ âçàèìîñâÿçü.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðåäñòàâëåíà çàâèñèìîñòü ïîòåðè

ìàññû Äm îáðàçöîâ ñòàëè Ó10, çàêàëåííûõ îò

850 °C â ìàñëî è îòïóùåííûõ ïðè ðàçëè÷íûõ

òåìïåðàòóðàõ îò êîýðöèòèâíîé ñèëû Hc [3, 16].
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Âðåìÿ ïðåáûâàíèÿ îáðàçöîâ â 1 %-ì âîäíîì ðàñ-

òâîðå ñåðíîé êèñëîòû ñîñòàâëÿëî 72 ÷.

Òîíêîäèñïåðñíàÿ ñòðóêòóðà ñòàëè âëèÿåò íà

åå ðåëàêñàöèîííûå ñâîéñòâà, â ÷àñòíîñòè, íà ðå-

ëàêñàöèîííóþ ìàãíèòíóþ âîñïðèèì÷èâîñòü ÷r

[17]. Íà ðèñ. 2 äëÿ ñòàëè Ó10 ïðèâåäåíà çàâèñè-

ìîñòü êîððîçèîííîé óáûëè ìàññû Äm [3] îò ðå-

ëàêñàöèîííîé ìàãíèòíîé âîñïðèèì÷èâîñòè ÷r

[3, 16].

Âèäíî, ÷òî âçàèìîñâÿçü (òî÷êè) ìåæäó ñêî-

ðîñòüþ êîððîçèè è ðåëàêñàöèîííîé ìàãíèòíîé

âîñïðèèì÷èâîñòüþ äîñòàòî÷íî òåñíàÿ. Âûïàäà-

þùèå èç ìîíîòîííîé çàâèñèìîñòè òî÷êè (êðåñ-

òèêè) îòíîñÿòñÿ ê îáðàçöàì, îòïóùåííûì ïðè

òåìïåðàòóðàõ 600 è 660 °C (èõ ëåãêî ðàñïîçíàòü,

íàïðèìåð, ïî òâåðäîñòè HRC) [16].

Ãàëüâàíè÷åñêèå ïàðû, âîçíèêàþùèå ìåæäó

ðàçëè÷íûìè ôàçîâûìè è ñòðóêòóðíûìè ñîñòàâ-

ëÿþùèìè ñòàëè, ìîãóò èìåòü è ìàêðîìàñøòàá

[18, 19]. Ìàêðîãàëüâàíîïàðû îáóñëîâëåíû íåîä-

íîðîäíîñòüþ ñòðóêòóðíî-ôàçîâîãî ñîñòàâà ìåòàë-

ëà, âíóòðåííèìè íàïðÿæåíèÿìè è íåîäíîðîä-

íîñòüþ êîíòàêòèðóþùåé àãðåññèâíîé ñðåäû.

Êðîìå òîãî, îòìåòèì òàêîé ôàêòîð, êàê ðàçíîçåð-

íèñòîñòü ìèêðîñòðóêòóðû [9], êîòîðàÿ îòðàæàåò

äèñïåðñèþ ðàçìåðà ñòðóêòóðíûõ êîìïîíåíòîâ

ìàòåðèàëà.

Îòíîñèòåëüíî õëîðñåðåáðÿíîãî ýëåêòðîäà

îïðåäåëÿëè ýëåêòðîõèìè÷åñêèé ïîòåíöèàë îá-

ðàçöîâ ñòàëè 09Ã2C ñ ðàçëè÷íûìè ðåæèìàìè

òåðìîîáðàáîòêè (ðèñ. 3). Îáðàçöû ñíà÷àëà øëè-

ôîâàëè, çàòåì ñòðàâëèâàëè íàêëåïàííûé ïî-

âåðõíîñòíûé ñëîé. Âèäíî, ÷òî ñ ðîñòîì Hc ýëåê-

òðîõèìè÷åñêèé ïîòåíöèàë E óìåíüøàåòñÿ ïðàê-

òè÷åñêè ëèíåéíî.

Íà ðèñ. 4 ïðèâåäåíû çàâèñèìîñòè ïðîäîëü-

íîé è ïîïåðå÷íîé êîýðöèòèâíîé ñèëû îò äëèíû

òðóáû èç ñòàëè 09Ã2C. Ïî ðåçêèì ïåðåïàäàì Hc

(â äàííîì ñëó÷àå äî 1,60 À/ñì) ìîæíî ïðîãíîçè-

ðîâàòü àíîìàëüíóþ êîððîçèþ â ðåçóëüòàòå âîç-

íèêíîâåíèÿ ìàêðîïàð.

Îïðåäåëåíèå êîýðöèòèâíîé ñèëû è ðåëàêñà-

öèîííîé ìàãíèòíîé âîñïðèèì÷èâîñòè íà ïðîòÿ-

æåííûõ èçäåëèÿõ ñòàíäàðòíûìè ïðèáîðàìè òðå-
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Äm, ã

Hc, À/ñì

Ðèñ. 1. Çàâèñèìîñòü ïîòåðè ìàññû Äm ñòàëè Ó10 îò êîýð-

öèòèâíîé ñèëû H
c

Fig. 1. Dependence of the mass loss Äm (steel U10) on the

coercive force H
c

Äm, ã

R2 = 0,8708

Ðèñ. 2. Çàâèñèìîñòü ìåæäó ðåëàêñàöèîííîé ìàãíèòíîé

âîñïðèèì÷èâîñòüþ ÷
r

è êîððîçèîííîé óáûëüþ ìàññû Äm

(72 ÷) äëÿ ñòàëè Ó10

Fig. 2. Dependence between the relaxation magnetic sus-

ceptibility ÷r and corrosive loss of mass Äm (72 h) in steel

U10

E, Â

R2 = 0,9609

Hc, À/ñì

Ðèñ. 3. Çàâèñèìîñòü ýëåêòðîõèìè÷åñêîãî ïîòåíöèàëà E

îò êîýðöèòèâíîé ñèëû H
c

äëÿ îáðàçöîâ ñòàëè 09Ã2C

Fig. 3. Dependence of the electrochemical potential E on

the coercive force H
c

in 09G2S steel samples

L, ì

2

1

Hc, À/ñì

Ðèñ. 4. Çàâèñèìîñòè ïðîäîëüíîé (2) è ïîïåðå÷íîé (1) êî-

ýðöèòèâíîé ñèëû H
c

îò äëèíû òðóáû L èç ñòàëè 09Ã2C

Fig. 4. Dependence of transverse (1) and longitudinal (2)

coercive forces H
c

on the pipe length L (steel 09G2S)



áóåò íåïîäâèæíîãî ðàñïîëîæåíèÿ ïðåîáðàçîâàòå-

ëÿ íà ïîâåðõíîñòè, ÷òî çàòðóäíÿåò íåïðåðûâíîå

ñêàíèðîâàíèå. Òàêàÿ ïðîáëåìà îòñóòñòâóåò ïðè

ñêàíèðîâàíèè îñòàòî÷íîé íàìàãíè÷åííîñòè ïîëÿ

ðàññåÿíèÿ ïðîòÿæåííîé íàìàãíè÷åííîé ïîëîñû

ïî ïîâåðõíîñòè èçäåëèÿ [20 – 22].

Äëÿ ïîâûøåíèÿ äîñòîâåðíîñòè ìàãíèòíîãî

êîððîçèîííîãî êîíòðîëÿ íåîáõîäèìî èñïîëüçî-

âàòü ìíîãîïàðàìåòðîâûé ïîäõîä [23], êàê, íà-

ïðèìåð, ïðè ãàðìîíè÷åñêîì àíàëèçå êâàçèñòàòè-

÷åñêèõ ïåòåëü ãèñòåðåçèñà [6].

Íà îáðàçöàõ ñòàëè 45Õ, çàêàëåííûõ îò 840 °C

â ìàñëî è îòïóùåííûõ ïðè ðàçëè÷íûõ òåìïå-

ðàòóðàõ, ïðîâåëè 96-÷àñîâûå êîððîçèîííûå èñ-

ïûòàíèÿ â 5 %-íûõ ðàñòâîðàõ ñîëÿíîé è (ïîñëå

øëèôîâàíèÿ) ñåðíîé êèñëîò [6]. Ðåçóëüòàòû ïðè-

âåäåíû íà ðèñ. 5.

Õîä êðèâûõ îòðàæàåò êîððîçèîííûå ñâîéñòâà

ìàòåðèàëà ïðè èçìåíåíèè åãî ñòðóêòóðíîãî

ñîñòîÿíèÿ (ïàäåíèå â äèàïàçîíå 200 – 400 °C,

âñïëåñê ïðè 500 °C, äàëåå ïàäåíèå è ïîäúåì).

Îäíàêî ïîñêîëüêó êîððåëÿöèÿ ñëàáàÿ, ìåõàíèç-

ìû ðàñòâîðåíèÿ â êèñëîòíûõ ñðåäàõ ïðè ðàçíûõ

âàðèàöèÿõ ñòðóêòóðíî-ôàçîâîãî ñîñòàâà ìàòåðèà-

ëà ðàçëè÷íû.

Äî êîððîçèîííûõ èñïûòàíèé ñ ïîìîùüþ

ñòðóêòóðîñêîïà DIUS-1.15M íà èññëåäóåìûõ

îáðàçöàõ ïîëó÷àëè ïåòëè ìàãíèòíîãî ãèñòåðåçè-

ñà, êîòîðûå ñ ïîìîùüþ Ôóðüå-ïðåîáðàçîâàíèÿ

ïðåäñòàâëÿëè â âèäå ãàðìîíèê A1, A3, A5, A7 (â îò-

íîñèòåëüíûõ åäèíèöàõ). Àìïëèòóäû íåêîòîðûõ

ãàðìîíèê óäîâëåòâîðèòåëüíî êîððåëèðîâàëè ñ

óäåëüíîé êîððîçèîííîé óáûëüþ Äm/S (S — ïëî-

ùàäü ïîâåðõíîñòè). Èñïîëüçóÿ ïîäõîä, âêëþ÷à-

þùèé ïåðåáîð ðàçëè÷íûõ êîìáèíàöèé ãàðìîíèê,

ïîëó÷èëè óëó÷øåííóþ (ïî ñðàâíåíèþ ñ ãàðìî-

íèêàìè A3 è A5) êîððåëÿöèîííóþ ñâÿçü êîì-

ïëåêñíûõ ïàðàìåòðîâ P1 = (A1A3A5A7)
1/4 è P2 =

� � �( ) /A A A
3

2

5

2

7

2 1 2 ñ Äm/S (ðèñ. 6) [6].

Âèäíî, ÷òî îáðàçöû ñ òåìïåðàòóðîé òåðìî-

îáðàáîòêè 800 °C âûïàäàþò èç îáùåé çàêîíîìåð-

íîñòè. Ýòî îáóñëîâëåíî ôàçîâûì ïåðåõîäîì ïðè

òåìïåðàòóðå Añ3 = 770 °C è äîñòèæåíèåì ðàâíî-

âåñíîãî ôåððèòî-ïåðëèòíîãî ñîñòîÿíèÿ ìàòåðèà-

ëà. Îòìåòèì, ÷òî ïîäîáíîå ñîñòîÿíèå ëåãêî âû-

ÿâèòü ñ ïîìîùüþ òàêèõ ïàðàìåòðîâ, êàê òâåð-

äîñòü, íàìàãíè÷åííîñòü íàñûùåíèÿ, êîýðöèòèâ-

íàÿ ñèëà è äð. [16].

Êîíòðîëü êîððîçèîííîé àêòèâíîñòè ñ èñïîëü-

çîâàíèåì ìàãíèòíûõ õàðàêòåðèñòèê ìîæíî ñâå-

ñòè ê çàäà÷àì òåõíè÷åñêîé äèàãíîñòèêè. Òàê,

åñëè àìïëèòóäû ãàðìîíèê A1, A3, A5, A7 — îñè êî-

îðäèíàò â íåêîòîðîì ïðîñòðàíñòâå ïðèçíàêîâ

[24], òî ïàðàìåòðû P1 è P2 — ôóíêöèè ïðåîáðà-

çîâàíèÿ ïðîñòðàíñòâà ïðèçíàêîâ â äèàãíîñòè-

÷åñêîå ïðîñòðàíñòâî [24]. Ïîëîæåíèå â ïîñëåä-

íåì îòðàæàåò ñîîòâåòñòâóþùóþ êîððîçèîííóþ

àêòèâíîñòü (Äm/S) îáðàçöà.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî âîçìîæíî îïðåäåëåíèå ñêîðîñòè

êîððîçèè ìàãíèòíûìè ìåòîäàìè ïî êîýðöèòèâ-

íîé ñèëå, ðåëàêñàöèîííîé ìàãíèòíîé âîñïðèèì-

÷èâîñòè è ãàðìîíèêàì ðàçëîæåíèÿ êâàçèñòàòè÷å-

ñêîé ìàãíèòíîé ïåòëè ãèñòåðåçèñà. Ïðèìåíåíèå
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Äm/S, ã/ì (HCl)2 Äm/S, ã/ì (H SO )2
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Ïåðåìåííûå ýëåêòðîäèíàìè÷åñêèå ïàðàìåòðû èñêóññòâåííûõ êîìïîçèöèîííûõ ìàòåðèà-
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áîäíîì ïðîñòðàíñòâå äèýëåêòðè÷åñêóþ è ìàãíèòíóþ ïðîíèöàåìîñòè â øèðîêîé ïîëîñå.

Ïðè ýòîì àêòóàëüíû òàêèå çàäà÷è, êàê îòðàæåíèå ýëåêòðîìàãíèòíîé âîëíû îò ãðàíèöû

äèýëåêòðè÷åñêîãî ñëîÿ è ìîäåëèðîâàíèå ñäâèãà ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äè-

ýëåêòðèêà. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ýëåêòðîäèíàìè÷å-

ñêèõ ïàðàìåòðîâ ìàòåðèàëà íà õàðàêòåðèñòèêè îòðàæåííîé îò äèýëåêòðè÷åñêîé ïëàñòèíû

âîëíû. Ïðèâåäåíû àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ôàçû îòðàæåííîé âîëíû ïðè ïàäåíèè

ïëîñêîé âîëíû ïîä óãëîì ê ïëàñòèíå ìàòåðèàëà ñ ïåðåìåííûìè ýëåêòðîäèíàìè÷åñêèìè

ïàðàìåòðàìè. Ñ èñïîëüçîâàíèåì ìàòðè÷íîãî ìåòîäà ïîëó÷åíû óðàâíåíèÿ äëÿ ðàñ÷åòà

ñäâèãà ôàçû îòðàæåííîé âîëíû. Óñòàíîâëåíî, ÷òî äëÿ ïàäàþùèõ âîëí ñ âåêòîðàìè ýëåê-

òðè÷åñêîãî ïîëÿ, ëåæàùèìè â ïëîñêîñòè ïàäåíèÿ (TM-âîëíû) è ïåðïåíäèêóëÿðíûìè åé

(TE-âîëíû), íàáëþäàåòñÿ ñêà÷îê ñäâèãà ôàçû íà ð äëÿ ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû,

êðàòíîé ïîëîâèíå äëèíû âîëíû. Àíàëîãè÷íûé ñêà÷îê ôàçû ôèêñèðîâàëè â ñëó÷àå ïàäà-

þùåé TM-âîëíû âáëèçè óãëà Áðþñòåðà. Ïðåäñòàâëåí àíàëèç ÷àñòîòíûõ çàâèñèìîñòåé

ñäâèãà ôàçû, âêëþ÷àâøèõ ñêà÷îê ñäâèãà ôàçû è ïàäåíèå àìïëèòóäû íà ÷àñòîòå, à òàêæå

âëèÿíèÿ ïîòåðü â ìàòåðèàëå ïëàñòèíû íà ñäâèã ôàçû îòðàæåííîé âîëíû. Ðåçóëüòàòû èñ-

ñëåäîâàíèÿ óãëîâîé çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äèýëåêòðè-

êà â îáëàñòè óãëà Áðþñòåðà ìîãóò áûòü èñïîëüçîâàíû ïðè ðåøåíèè ïðèêëàäíûõ çàäà÷

ýëåêòðîäèíàìèêè (íàïðèìåð, ïðè ðàçðàáîòêå øèðîêîïîëîñíîãî ïåëåíãàòîðà).

Êëþ÷åâûå ñëîâà: äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü; ñäâèã ôàç; îòðàæåííàÿ âîëíà; óãîë

Áðþñòåðà; øèðîêîïîëîñíûé ïåëåíãàòîð.
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Variable electrodynamic parameters of composite materials are determined using the methods providing

simultaneous measuring of the free- space permittivity and magnetic permeability within a broad band.

Thus, the problems regarding reflection of an electromagnetic wave from the boundary of a dielectric layer

and modeling of the phase shift of the wave reflected from a dielectric plate become rather relevant. We re-

port the results of studying the effect of the electrodynamic parameters of composite materials on the

characteristics of the wave reflected from a dielectric plate. Analytical expressions are derived for the

phase of the reflected wave when an incident plane wave is oriented at an angle to the composite plate

with variable electrodynamic parameters. The matrix method is used to obtain the equations for calculat-

ing the phase shift of the reflected wave. It is shown that for incident waves with a vector of electric field

lying in the plane of incidence (TM waves) and normal to it (TE waves), a jump in the phase shift by ð is

observed for the electric thickness of the plate multiple of the half-wavelength. A similar phase jump is ob-

served in the case of an incident TM wave near the Brewster angle. An analysis of the frequency

dependences of the phase shift, including the phase shift and amplitude drop at a corresponding frequency,

as well as data on the effect of losses in the plate material on the phase shift of the reflected wave are pre-
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sented. The results of studying the angular dependence of the phase shift of the reflected wave in the re-

gion of the Brewster angle can be used in solving applied problems of electrodynamics (e.g., when develop-

ing a broadband broad-band direction finding device).

Keywords: permittivity; phase shift; reflected wave; Brewster angle; broadband position finding device.

Ââåäåíèå

Â ñîâðåìåííîé ðàäèîòåõíèêå â ïîñëåäíèå

ãîäû øèðîêî ïðèìåíÿþò èñêóññòâåííûå êîìïî-

çèöèîííûå ìàòåðèàëû ñ ïåðåìåííûìè ýëåêòðî-

äèíàìè÷åñêèìè ïàðàìåòðàìè. Îïðåäåëåíèå òà-

êèõ ïàðàìåòðîâ âîçìîæíî ìåòîäàìè, ïîçâîëÿþ-

ùèìè îäíîâðåìåííî èçìåðÿòü â ñâîáîäíîì ïðî-

ñòðàíñòâå äèýëåêòðè÷åñêóþ è ìàãíèòíóþ ïðîíè-

öàåìîñòè ìàòåðèàëîâ â øèðîêîé ïîëîñå [10 – 12].

Äëÿ ñîâåðøåíñòâîâàíèÿ ìåòîäîâ îïðåäåëå-

íèÿ ýëåêòðîäèíàìè÷åñêèõ ïàðàìåòðîâ ñ èñïîëü-

çîâàíèåì ôàçîâûõ èçìåðåíèé è ðàñ÷åòîâ

[8, 12 – 14] íåîáõîäèìî ðåøåíèå òàêîé çàäà÷è,

êàê îòðàæåíèå ýëåêòðîìàãíèòíûõ âîëí îò ãðà-

íèö äèýëåêòðè÷åñêîãî ñëîÿ [1 – 4]. Ïðè ýòîì

ñäâèã ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äè-

ýëåêòðèêà ñ ó÷åòîì äèýëåêòðè÷åñêèõ è ìàãíèò-

íûõ ïðîíèöàåìîñòåé ìàòåðèàëà è ïîòåðü [5 – 7]

àíàëèçèðóþò ñ ïîìîùüþ ðàñ÷åòíîãî ìîäåëèðîâà-

íèÿ.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ýëåê-

òðîäèíàìè÷åñêèõ ïàðàìåòðîâ ìàòåðèàëà íà õà-

ðàêòåðèñòèêè îòðàæåííîé îò äèýëåêòðè÷åñêîãî

ñëîÿ âîëíû.

Ìîäåëèðîâàíèå îòðàæåííîé âîëíû

Ñ èñïîëüçîâàíèåì ìàòðè÷íîãî ìåòîäà [1] îñó-

ùåñòâëÿëè ðàñ÷åòíîå ìîäåëèðîâàíèå (ðèñ. 1)

ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè ïàäåíèè

ïëîñêîé âîëíû íà ïëàñòèíó äèýëåêòðèêà ïîä

óãëîì á1 (E — âåêòîð ýëåêòðè÷åñêîãî ïîëÿ, ëåæà-

ùèé â ïëîñêîñòè ïàäåíèÿ âîëíû èç ñðåäû ñ äè-

ýëåêòðè÷åñêîé è ìàãíèòíîé ïðîíèöàåìîñòÿìè

å1 = 1, ì1 = 1 â ñëîé ñ ïàðàìåòðàìè å2 = � � �� �2 2i è

ì2 = � � �� �2 2i ).

Äëÿ ìíîãîñëîéíîé ïëàñòèíû êîýôôèöèåíò

îòðàæåíèÿ âîëíû ñîñòàâèò

r
m m q q m m q

m m q q m m q

l

l

�

� � �
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( ) ( )

( ) (

11 12 1 21 22 1

11 12 1 21 22 1
)
, (1)

ãäå ql = � �
l l

cos ál — äëÿ óãëà ïàäåíèÿ ál íà

ãðàíèöó l ðàçäåëà ìåæäó ñëîÿìè (ïðè l = 3

q1 = q3).

Äëÿ îäíîñëîéíîé ïëàñòèíû

r
m m q q m m q

m m q q m m q
�

� � �
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( ) ( )

( ) (

11 12 1 1 21 22 1

11 12 1 1 21 22 1
)
, (2)

ãäå m11 = m22 = cos â, m12 = –i(sin â/q2), m21 =

= –iq2 sin â.

Ïðè ýòîì ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû

�

�

�

� � ��

2

0

2 2 2 2
d cos ,

ãäå d2 — òîëùèíà ñëîÿ; ë0 — äëèíà âîëíû íà ÷àñ-

òîòå èçìåðåíèÿ.

Ôàçà îòðàæåííîé âîëíû

�
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� �

rs arctg
tg

� �

�

2
2 1

2
1 2

2

q

q

cos

(cos )
. (3)

Èñïîëüçóÿ çàêîí Ñíåëëèóñà è ïðåäïîëàãàÿ,

÷òî ì2 = 1, äëÿ ïðîäîëüíîé ïîëÿðèçàöèè

(TM-âîëíà, âåêòîð ýëåêòðè÷åñêîãî ïîëÿ ëåæèò â

ïëîñêîñòè ïàäåíèÿ) ïîëó÷àåì:

cos
sin

,�

�

�
2

2
1

2
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�

sin sin
, q1 = cos á1.

Âûðàæåíèå äëÿ ôàçû îòðàæåííîé TM-âîëíû

ïðèîáðåòåò âèä:

�

� � � �
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rs arctg
tg

� �

�

� �

2
2 2

2
1 1

2

2 2
1 2

2
1

sin cos

( cos sin )
. (4)

Äëÿ ïåðïåíäèêóëÿðíîé ïîëÿðèçàöèè (TE-

âîëíà, âåêòîð ýëåêòðè÷åñêîãî ïîëÿ ïåðïåíäèêó-
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2-ÿ ãðàíèöà

Ðèñ. 1. Ýëåêòðîäèíàìè÷åñêàÿ ñõåìà ýêñïåðèìåíòà

Fig. 1. Electrodynamic chart of the experiment



ëÿðåí ïëîñêîñòè ïàäåíèÿ) ôàçà îòðàæåííîé

âîëíû

�

�

� �

rp arctg
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ãäå

cos á2 = 1
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=
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�sin , p1 = cos á1.

Ïîñëå ïîäñòàíîâîê îêîí÷àòåëüíî çàïèøåì

�

� � �

� � � �

rp arctg
tg

� �

�
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2
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2
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sin cos
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. (6)

Âèäíî, ÷òî âî âñåì äèàïàçîíå èçìåíåíèé óãëà

ïàäåíèÿ TE-âîëíû ñêà÷êîîáðàçíîãî èçìåíåíèÿ

ôàçû íå íàáëþäàåòñÿ. Âìåñòå ñ òåì èç (4) ñëåäó-

åò, ÷òî â ôàçå îòðàæåííîé TM-âîëíû ñêà÷îê ïðè-

ñóòñòâóåò â òî÷êå íåîïðåäåëåííîñòè ôóíêöèè

arctg ïðè óñëîâèè

� � � �
2

2 2
1 2

2
1

0cos sin ,� � � (7)

êîòîðîå âûïîëíÿåòñÿ ïðè � 2 = tg á1. Ýòî ñîîò-

âåòñòâóåò óãëó Áðþñòåðà [2] ïðè îòðàæåíèè

TM-âîëíû îò ïëàñòèíû äèýëåêòðèêà.

Âòîðîé ñêà÷îê ñäâèãà ôàçû îòðàæåííîé âîë-

íû ñîîòâåòñòâóåò óñëîâèþ

tg â = 0, (8)

êîòîðîå âûïîëíÿåòñÿ (äëÿ îáåèõ ïîëÿðèçàöèé):

1) â òî÷êàõ ðàçðûâà ôóíêöèè arctg = ±ð/2

(â ýòîì ñëó÷àå àðãóìåíò ðàâåí ±�):

tg â = 0 èëè â = ðn (n = 0, 1, ..., N),

�
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2
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2
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2

d
sin

,

ãäå d2 — òîëùèíà ïëàñòèíû;

2) ïðè òîëùèíå ïëàñòèíû, êðàòíîé ïîëîâèíå

äëèíû âîëíû:

d
n

2

0

2
2

1
2

�

�

�

� �sin

. (9)

Â ñëó÷àå íîðìàëüíîãî ïàäåíèÿ ôàçà îòðàæåí-

íîé âîëíû

� �

�

� �

rs rp arctg
tg
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�

2

1

2

2
( )

. (10)

Ïðè ýòîì õàðàêòåðíûå çíà÷åíèÿ ñäâèãà ôà-

çû îòðàæåííîé âîëíû ïðè ýëåêòðè÷åñêîé òîë-

ùèíå ïëàñòèíû d2 = 0, � �0 24( ), � �0 22( ),

3 40 2� �( ) è � �0 2 ñîñòàâëÿþò –ð/2, 0, ð/2, 0,

ð/2 ñîîòâåòñòâåííî. Âèäíî, ÷òî ñäâèã ôàçû ìåíÿ-

åòñÿ ñêà÷êîîáðàçíî â òî÷êàõ, êðàòíûõ ïîëóâîëíî-

âîé ýëåêòðè÷åñêîé òîëùèíå ïëàñòèíû.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðåäñòàâëåíû ðàñ÷åòíûå çàâèñèìî-

ñòè ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè íîð-

ìàëüíîì ïàäåíèè âîëíû íà ïëàñòèíó èç êâàðöå-

âîãî ñòåêëà ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ

å2 = 3,81 áåç ó÷åòà äèýëåêòðè÷åñêèõ ïîòåðü (òàí-

ãåíñ óãëà äèýëåêòðè÷åñêèõ ïîòåðü tg ä = 0). Âèä-

íî, ÷òî ïðè òîëùèíàõ, êðàòíûõ ïîëîâèíå äëèíû

âîëíû, è íà ñîîòâåòñòâóþùèõ ÷àñòîòàõ, íà êîòî-

ðûõ ôóíêöèÿ arctg òåðïèò ðàçðûâ, ñäâèã ôàçû

ìåíÿåòñÿ ñêà÷êîîáðàçíî íà ð.

Àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ðàñ÷åòà ôàçû

îòðàæåííîé âîëíû ïðèâåäåíû äëÿ ìàòåðèàëîâ

áåç ïîòåðü. Äèýëåêòðè÷åñêèå è ìàãíèòíûå ïîòå-

ðè â ìàòåðèàëå ìîæíî ó÷åñòü ñ ïîìîùüþ ÷èñëåí-

íîãî ðàñ÷åòíîãî ìîäåëèðîâàíèÿ íåïîñðåäñòâåííî

ïî ôîðìóëå (1).

Íà ðèñ. 3 ïðèâåäåíû ðàñ÷åòíûå çàâèñèìîñòè

ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè íîðìàëüíîì

ïàäåíèè ïëîñêîé TM-âîëíû (å2 = 3,81) îò ýëåê-

òðè÷åñêîé òîëùèíû ïëàñòèíû ïðè ðàçëè÷íûõ

âåëè÷èíàõ ïîòåðü â ìàòåðèàëå. Âèäíî, ÷òî â îá-

ëàñòè ïîëóâîëíîâîé òîëùèíû ïðîèñõîäèò ñêà÷îê

ôàçû íà ð, àíàëîãè÷íûé ñêà÷êó, íàáëþäàåìîìó

ïðè îòðàæåíèè âîëíû, ïàäàþùåé íà ïëàñòèíó

ïîä óãëîì Áðþñòåðà.
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Ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû â äëèíàõ âîëíû
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á

Ðèñ. 2. Ñäâèã ôàçû îòðàæåííîé âîëíû â çàâèñèìîñòè îò

ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû (à) è ÷àñòîòû (á)

Fig. 2. Dependence of the phase shift of the reflected wave

on the electric thickness of the plate (à) and frequency (b)



Íà ðèñ. 4 ïðåäñòàâëåíû ìîäåëüíûå ðàñ÷åòû

ìàêñèìàëüíîãî îòêëîíåíèÿ ñäâèãà ôàçû îòðà-

æåííîé âîëíû (íîðìàëüíîå ïàäåíèå) â çàâèñèìî-

ñòè îò ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû â äîëÿõ

äëèíû âîëíû ïðè äèýëåêòðè÷åñêèõ ïîòåðÿõ

tg ä = 0,0001 – 0,1.

Âèäíî, ÷òî ïðè ïðèáëèæåíèè òîëùèíû ïëà-

ñòèíû ê ïîëóâîëíîâîé âåëè÷èíå îòêëîíåíèÿ

ñäâèãà ôàçû âîçðàñòàþò (ïðè ïîëóâîëíîâîé òîë-

ùèíå îíè ìèíèìàëüíû). Ïðè óìåíüøåíèè òîë-

ùèíû ìàêñèìàëüíûå îòêëîíåíèÿ ñíèæàþòñÿ,

äîñòèãàÿ ìèíèìóìà ïðè ýëåêòðè÷åñêèõ òîëùèíàõ

ìåíåå 1/4 äëèíû âîëíû. Òàêèì îáðàçîì, âëèÿíèå

ôàçîâûõ èñêàæåíèé, ñíèæàþùèõ òî÷íîñòü îïðå-

äåëåíèÿ ýëåêòðîäèíàìè÷åñêèõ ïàðàìåòðîâ ìà-

òåðèàëîâ ñ ïîòåðÿìè, ìîæíî óìåíüøèòü, èñïîëü-

çóÿ ïëàñòèíû ñîîòâåòñòâóþùåé ýëåêòðè÷åñêîé

òîëùèíû.

×àñòîòíûå çàâèñèìîñòè ñäâèãà ôàçû è àì-

ïëèòóäû îòðàæåííîé âîëíû (íîðìàëüíîå ïàäå-

íèå), ïîëó÷åííûå ñ ïîìîùüþ âåêòîðíîãî àíàëè-

çàòîðà öåïåé, ïðèâåäåíû íà ðèñ. 5. Âèäíî, ÷òî íà

÷àñòîòå, ñîîòâåòñòâóþùåé ïîëóâîëíîâîé ýëåê-

òðè÷åñêîé òîëùèíå ïëàñòèíû, íàáëþäàåòñÿ ïà-

äåíèå àìïëèòóäû îòðàæåííîé âîëíû è ñêà÷êîîá-

ðàçíîå èçìåíåíèå ñäâèãà ôàçû ìåæäó ïàäàþùåé

è îòðàæåííîé âîëíàìè íà âåëè÷èíó ð.

Íàêëîí êðèâîé óãëîâîé çàâèñèìîñòè ñäâèãà

ôàçû îòðàæåííîé TM-âîëíû â îáëàñòè óãëà Áðþ-

ñòåðà îïðåäåëÿåòñÿ òàíãåíñîì óãëà äèýëåêòðè-

÷åñêèõ ïîòåðü [6, 7]. Íàêëîí êðèâîé ÷àñòîòíîé

çàâèñèìîñòè ñäâèãà ôàçû â îáëàñòè ÷àñòîòû, ñî-

îòâåòñòâóþùåé ýëåêòðè÷åñêîé òîëùèíå ïëàñòè-

íû, êðàòíîé ïîëîâèíå äëèíû âîëíû, òàêæå çàâè-

ñèò îò tg ä. Îäíàêî â îòëè÷èå îò ñëó÷àÿ ïàäàþ-

ùåé TM-âîëíû ïîä óãëîì Áðþñòåðà, êàê ñëåäóåò

èç (8), ýòî ñïðàâåäëèâî äëÿ îáåèõ ïîëÿðèçàöèé.

Èñïîëüçóÿ óãëîâûå çàâèñèìîñòè àìïëèòóäû

è ñäâèãà ôàçû îòðàæåííîé âîëíû, ìîæíî ñôîð-

ìèðîâàòü õàðàêòåðèñòèêè øèðîêîïîëîñíîãî ïå-

ëåíãàòîðà.

Íà ðèñ. 6 ïîêàçàíû ðàñ÷åòíûå óãëîâûå çà-

âèñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè

ïàäåíèè ïëîñêîé TM-âîëíû íà ïëàñòèíó èç ïëàâ-

ëåíîãî êâàðöà (å2 = 3,81) áåç ïîòåðü (tg ä = 0)
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Ðèñ. 4. Çàâèñèìîñòè îòêëîíåíèé ñäâèãà ôàçû îòðàæåí-

íîé âîëíû îò èçìåíåíèÿ ýëåêòðè÷åñêîé òîëùèíû ïëàñòè-

íû â äèàïàçîíàõ 0 – 1 (à), 0,46 – 0,54 (á), 0 – 0,3 (â) ïðè

å2 = 3,81 (1) è 6,25 (2)

Fig. 4. Dependence of the deviation of the phase shift of the

reflected wave on the electric thickness of the plate within

different ranges 0 – 1 (a), 0, 46 – 0, 54 (b), 0 – 0, 3 (c) for

å
2

= 3.81 (1) and 6.25 (2)

Ðèñ. 5. ×àñòîòíûå çàâèñèìîñòè ñäâèãà ôàçû (1) è àìïëè-

òóäû (2) îòðàæåííîé âîëíû

Fig. 5. Frequency dependences of the phase shift (1) and

amplitude (2) of the reflected wave
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Ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû â äëèíàõ âîëíû

Ðèñ. 3. Çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé TM-âîëíû

îò ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû ïðè ïîòåðÿõ â ìàòå-

ðèàëå tg ä = 0 (1), 0,01 (2), 0,1 (3), 1 (4), 10 (5)

Fig. 3. Dependences of the phase shift of reflected TM-

wave with parallel polarization on the electric thickness of

the plate at losses in the material tan ä = 0 (1), 0.01 (2), 0.1

(3), 1 (4), 10 (5)



âáëèçè óãëà Áðþñòåðà ïðè ðàçëè÷íûõ ÷àñòîòàõ

äëÿ òîëùèíû ïëàñòèíû, ñîîòâåòñòâóþùåé 1/30

äëèíû âîëíû íà 10 ÃÃö. Âèäíî, ÷òî çàâèñèìîñòè

ñîîòâåòñòâóþò ïåëåíãàöèîííîé õàðàêòåðèñòèêå,

íà îñíîâå êîòîðîé ìîæåò ñîçäàâàòüñÿ øèðîêîïî-

ëîñíûé ïåëåíãàòîð.

Óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåí-

íîé âîëíû ïðè ïàäåíèè TM-âîëíû íà äèýëåêòðè-

÷åñêóþ ïëàñòèíó ïîä óãëîì Áðþñòåðà ìîæåò ñëó-

æèòü èñòî÷íèêîì èíôîðìàöèè îá óãëîâîì ïîëî-

æåíèè îáúåêòà (öåëè). Ïðè ýòîì äàííûå ïîëó÷à-

þò, èçìåðÿÿ ñäâèã ôàçû ìåæäó âîëíàìè, îòðà-

æåííûìè îò öåëè.

Îòìåòèì, ÷òî ïðè ðàçðàáîòêå ïåëåíãàòîðà

äîëæíû âûïîëíÿòüñÿ ñëåäóþùèå ïîñòóëàòû ìî-

íîèìïóëüñíîé ðàäèîëîêàöèè [15]: 1) óãëîâàÿ èí-

ôîðìàöèÿ ïîñòóïàåò â âèäå îòíîøåíèÿ è íå çàâè-

ñèò îò àáñîëþòíîãî óðîâíÿ àìïëèòóä ïðèíÿòûõ

ñèãíàëîâ; 2) èçìåðÿåìîå çíà÷åíèå ñäâèãà ôàçû

ïðè ïåðåõîäå îò ïîëîæèòåëüíîãî ê îòðèöàòåëüíî-

ìó ïðèõîäó âîëíû ìåíÿåòñÿ íà îáðàòíîå, òàê êàê

óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû ñèììåòðè÷íà

îòíîñèòåëüíî ðàâíîñèãíàëüíîãî íàïðàâëåíèÿ;

3) óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåííîé

âîëíû (êàê ïåëåíãàöèîííàÿ õàðàêòåðèñòèêà

óãëîìåðíîé ñèñòåìû) — íå÷åòíàÿ äåéñòâèòåëü-

íàÿ ôóíêöèÿ óãëà ïðèõîäà âîëíû îòíîñèòåëüíî

ðàâíîñèãíàëüíîãî íàïðàâëåíèÿ, ñîâïàäàþùåãî ñ

óãëîì Áðþñòåðà (èëè àíàëîãè÷íîãî åìó ïî ïðîÿâ-

ëåíèþ äëÿ ïîëóâîëíîâîé ïëàñòèíû â ñîîòâåòñò-

âèè ñ (8)).

Óãëîâóþ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåí-

íîé âîëíû ìîæíî èñïîëüçîâàòü äëÿ óïðàâëåíèÿ

ïîëîæåíèåì àíòåííîé ñèñòåìû â ïðîöåññå ïåëåí-

ãîâàíèÿ èëè àâòîìàòè÷åñêîãî ñîïðîâîæäåíèÿ.

Êðîìå òîãî, äàííûå ïî îòðàæåííîé âîëíå îò ïëà-

ñòèíû ñ ýëåêòðè÷åñêîé òîëùèíîé, êðàòíîé ïîëî-

âèíå äëèíû âîëíû, äàþò âîçìîæíîñòü ñîçäàâàòü

ïåðåñòðàèâàåìûé ïî ÷àñòîòå ïåëåíãàòîð (äëÿ

îáåèõ ïîëÿðèçàöèé) íà îñíîâå ïîëó÷åííîé ôàçî-

âîé ïåëåíãàöèîííîé õàðàêòåðèñòèêè.

Íà ðèñ. 7 äëÿ ýëåêòðè÷åñêîé òîëùèíû ïëà-

ñòèíû (å2 = 3,81, tg ä = 0), êðàòíîé ïîëîâèíå

äëèíû âîëíû, ïðåäñòàâëåíû ðàñ÷åòíûå çàâè-

ñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû (ëþáàÿ

ïîëÿðèçàöèÿ) îò óãëà ïàäåíèÿ âîëíû è óãëà îðè-

åíòàöèè ïàäàþùåé âîëíû îò ÷àñòîòû ïåëåí-

ãàöèè (öåëü ðàñïîëîæåíà ïîä óãëîì 30° îòíîñè-

òåëüíî ïëàñòèíû). Âèäíî, ÷òî ïðè èçìåíåíèè

óãëà ïàäåíèÿ âîëíû ïåëåíãàòîð ïåðåñòðàèâàåòñÿ

ïî ÷àñòîòå.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàñ÷åòíîå ìîäåëèðîâàíèå

ñäâèãà ôàçû îòðàæåííîé îò äèýëåêòðè÷åñêîé

ïëàñòèíû ñ ïåðåìåííûìè ýëåêòðîäèíàìè÷åñêè-

ìè õàðàêòåðèñòèêàìè âîëíû ïîçâîëÿåò èññëåäî-

âàòü ïîâåäåíèå âîëíû ïðè èçìåíåíèè ýëåêòðè÷å-

ñêîé òîëùèíû ïëàñòèíû äëÿ ìàòåðèàëà ñ ïîòåðÿ-

ìè. Óñòàíîâëåíî, ÷òî ñêà÷îê ñäâèãà ôàçû äëÿ

ïëàñòèíû ïîëóâîëíîâîé ýëåêòðè÷åñêîé òîëùèíû

ñîñòàâëÿåò ð, à àìïëèòóäà ïàäàåò äî ìèíèìóìà.

Ïîëó÷åííûå íà îñíîâå àíàëèçà àìïëèòóäíî-ôà-

çîâûõ ÷àñòîòíûõ õàðàêòåðèñòèê îòðàæåííîé âîë-

íû ðåçóëüòàòû ìîæíî èñïîëüçîâàòü ïðè ñîçäà-

íèè øèðîêîïîëîñíîãî ïåëåíãàòîðà, äëÿ êîòîðîãî

âûïîëíÿþòñÿ ïîñòóëàòû ìîíîèìïóëüñíîé ðàäèî-

ëîêàöèè.
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Ðèñ. 6. Óãëîâûå çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé

âîëíû ïðè ïàäåíèè ïëîñêîé TM-âîëíû âáëèçè óãëà Áðþñ-

òåðà äëÿ ÷àñòîò 1 (1), 5 (2), 10 (3), 15 (4), 20 (5), 25 (6) è

30 ÃÃö (7)

Fig. 6. The angular dependences of the phase shift of the

reflected wave for different frequencies 1 (1), 5 (2), 10 (3), 15

(4), 20 (5), 25 (6), 30 GHz (7) when the angle of incidence of

a plane TM- wave is close to the Brewster angle
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Ðèñ. 7. Ðàñ÷åòíûå çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé

âîëíû îò óãëà ïàäåíèÿ âîëíû (à) è óãëà îðèåíòàöèè ïàäà-

þùåé âîëíû îò ÷àñòîòû ïåëåíãàöèè (á)

Fig. 7. Calculated dependences of the phase shift of the re-

flected wave on the angle of incidence (a) and angle of orien-

tation of the incident wave on the frequency of direction

finding (b)
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The history of appearance and the current state of instrumented indentation are briefly described. It is

noted that the materials instrumented indentation methods using a pyramid and ball indenters are ac-

tively developing and are currently regulated by several Russian and international standards. These stan-

dards provide formulas for calculating the Young’s modulus and hardness at maximum indentation load.

Instrumented indentation diagrams “load F – displacement á” of a ball indenter for metallic materials

were investigated. The special points on the instrumented indentation diagrams “F – á” loading curves in

the area of elastic into elastoplastic deformation transition, and in the area of stable elastoplastic deforma-

tion are revealed. A loading curve area with the load above which the dF/dá begins to decrease is analyzed.

A technique is proposed for converting “F – á” diagrams to “unrestored Brinell hardness HBt – relative

unrestored indent depth t/R” diagrams. The elastic and elastoplastic areas of “HBt – t/R” diagrams are de-

scribed by equations obtained analytically and experimentally. The materials strain hardening parameters

during ball indentation in the area of elastoplastic and plastic deformation are proposed. The similarity of

“HBt – t/R” indentation diagram with the “stress ó – strain ä” tensile diagrams containing common zones

and points is shown. Methods have been developed for determining hardness at the elastic limit, hardness

at the yield strength, and hardness at the ultimate strength by instrumented indentation with the equa-

tions for their calculation. Experiments on structural materials with different mechanical properties were

carried out by instrumented indentation. The values of hardness at the elastic limit, hardness at the yield

strength and hardness at the ultimate strength are determined. It is concluded that the correlations be-

tween the elastic limit and hardness at the elastic limit, yield strength and hardness at the yield strength,

ultimate tensile strength and hardness at the ultimate strength is more justified, since the listed mechani-

cal characteristics are determined by the common special points of indentation diagrams and tensile tests

diagrams.

Keywords: instrumented indentation; ball indenter; hardness; mechanical characteristics; indentation

diagrams; strain hardening.

Introduction

A new stage in the indentation hardness test

began with the appearance of the devices and

methods, which allow obtaining the “load – dis-

placement” diagrams. This type of indentation test

was known as “instrumented indentation.” Earlier

in Russia, another expression was proposed — “ki-

netic indentation.” This term is substantiated by

the fact that during such type of indentation it is

possible to obtain information about the kinetics

processes of material deformation under loading

and unloading processes. When an indenter is

loaded, the material experiences elastic and

elastoplastic deformation. For low plasticity mate-

rials, the elastoplastic deformation stage can trans-

form into the fracture stage and cracks around the

indent will be formed. All elastic, elastoplastic de-

formation, relaxation and fracture processes are

shown on the instrumented indentation diagram in

the form of separate sections, inflection points or

fractures.

Based on the literature analysis it can be noted

that the information about instrumented indenta-

tion diagrams and first devices was first introduced

in 1952 – 1953 by P. Grodzinski [1, 2], 1967 – 1968

by G. N. Kaley [3, 4], 1970 – 1972 by M. P. Marko-

vets and his colleagues [5 – 7], 1971 – 1975 by

V. P. Alekhin, S. I. Bulychev, et al. [8 – 10].

In these publications were demonstrated in-

strumented indentation diagrams, which were ob-

tained by using various shapes of the indenter

(ball, pyramid, and cone) in macro- and micro in-

dentation scale. In subsequent years, the instru-

mented indentation test was developed based on

more advanced means of information measuring

and computer technology. It became possible to ob-

tain an indentation diagram in the nano scale,

which is necessary for measuring the mechanical
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properties of materials surface layers, coatings, and

thin membranes. These achievements are de-

scribed in a lot of scientific articles and mono-

graphs, for example, in [11 – 19].

Nowadays the instrumented indentation meth-

ods by using a pyramid and ball indenters are regu-

lated by several standards [20 – 24]. These stan-

dards present methods for determining the hard-

ness and elastic modulus using the instrumented

indentation diagram, but in the Russian standard

[21] additionally are provided recommendations for

converting the ball instrumented indentation dia-

gram in the coordinates “load – displacement in-

denter” to a tensile diagram in the coordinates

“stress – strain.” However, in the practical use of

existing standards, difficulties may occur during

instrumented indentation diagrams analysis and

determination of the hardness and elastic modulus

for materials with an unknown level of physical

and mechanical properties. In addition, the deter-

mination results of these mechanical characteris-

tics, especially the elastic modulus, strongly depend

on the device elastic compliance. Therefore, many

methods have been proposed to evaluate the device

elastic compliance, each of these methods has its

advantages and disadvantages [22, 25].

The primary instrumented indentation dia-

gram with ball indenter in the coordinates “load

F – indenter displacement á” can be converted to a

diagram in the coordinates “contact stress — con-

tact strain” [19]. This diagram allows developing a

more reasonable method for converting it into a

tensile diagram in the “stress – strain” coordi-

nates. However, in this case, it is necessary to have

a reasonable relationship between the indentation

strains and the tensile strains by taking into ac-

count the physical, mechanical and geometric simi-

larity conditions. At the same time, it is important

to study the indentation size effect which impacts

on the mechanical characteristics of materials.

Such characteristics can be evaluated by tensile

and indentation methods [19].

It should be noted that the undiscovered pos-

sibilities of ball-instrumented indentation can ex-

pand the range of mechanical characteristics,

which can be determined by indentation diagrams.

Based on this, the paper presents the research

results of regularities and characteristics of ball in-

strumented indentation diagram for structural ma-

terials with different mechanical properties and

proposes new methods to convert these diagrams

and use them to determine the elastic modulus,

strain hardening parameters and hardness charac-

teristics at different stages of elastoplastic defor-

mation.

Figure 1 shows a ball indentation diagram “F –

á” with loading and unloading curves. Authors con-

sider that complete indentation diagrams include

elastic and elastoplastic deformation areas with an

excess of the indentation load at which an inflec-

tion occurs in point b1, and then a decrease in the

dF/dá also occurs.

This diagram represents an instrumented in-

dentation diagram for metal with medium hard-

ness and plasticity. The initial part of the diagram

oa corresponds to the elastic deformation area of

the tested material, the indenter and other loaded

parts of the device. The elastic area ends in point a,

with a load Fa = Fel and a total elastic displacement

is (áel)a.

After a complete unloading, the unloading

curve of the indentation diagram coincides with

the loading curve and returns to zero. However,

if the indentation diagram “F – á” is registered

with ball diameter D = 1 – 10 mm, the elastic area

is difficult to identify because of its small extent.

For this, larger diameters of indenters are required

D if the typical medium hardness materials are

used. Figure 2 shows the elastic region of the ball

instrumented indentation diagram (D = 15 mm)

“F – á” for 35KhVFYuA steel. This diagram was re-

corded by an Instron 5982 machine. The loading

and unloading curves of this diagram coincide

(shown by arrows), which confirms the presence of

only elastic deformation. In Fig. 2 by a dashed line,

another indentation diagram is also shown in coor-

dinates “load F – elastic displacement á0.” The

elastic displacement á0 consists of the elastic defor-

mation of both the tested material and the ball.
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unloading curves



This diagram “F – á0” reproduces the theoretical

dependence of H. Hertz [24]:
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R — the indenter radius, ím and íi are the Poisson

ratios, Em and Ei are elastic modulus of the tested

material and the indenter.

The large difference in the arrangement of

curves 1 and 2 in Fig. 2 is caused by the strong in-

fluence of the device elastic compliance. If curve 1

includes the elastic deformation of the ball and the

tested material, then curve 2 add elastic deforma-

tions information of the device component.

Therefore, for accurate determination of the

tested material elastic deformation, it is necessary

to take into account the device elastic compliance.

The authors of this paper used various existing

methods for evaluating the device elastic compli-

ance. Based on the obtained experience, a new

method was proposed [25], which is based on

H. Hertz equation (1), the meaning of which is il-

lustrated in Fig. 2. While the load F increases,

Äá = áel – á0 rises too. Between Äá and F there is a

clear dependence, which is special for each device.

Therefore, knowing this dependence at any given

load F, Äá can be determined.

It should be noted that the elastic modulus,

which is determined by the diagram “F – á,” is con-

sidered to be a criterion for the accurate evaluation

of the device elastic compliance. If the elastic mo-

dulus values, which are determined by indentation

and tensile methods are the same or close enough,

so this confirms about the correctness of the se-

lected method for estimation the devise elastic

compliance.

With a small excess of the load Fa (Fig. 1),

a smooth bending of the loading curve occurs in the

transition zone a – a1 from elastic deformation into

elastic-plastic, and after completely unloading, the

unloading curve will not return to the zero due to

the small plastic deformation. In the transition de-

formation zone on the loading curve, there is a

point at which the load Fy corresponds to the yield

strength with a given limit for residual deforma-

tion (see Fig. 1).

With an increase of the indentation load to Fb,

the intensive hardening of the tested material oc-

curs, which is confirmed by an dF/dá increasing.

However, in region b – b1, the loading curve

becomes almost straight, and the dF/dá remains

constant. The extent of the region b – b1 can vary

greatly for different materials. It was found that

with growing the ultimate uniform deformation of

the tested material, this section also increases. For

materials with a small ultimate uniform deforma-

tion (less than 3%), the length of section b – b1

becomes insignificant, and the points b and b1 are

almost coincide.

As the indentation load rises to Fb1, another

smooth bend of the loading curve occurs, and the

dF/dá begins to gradually decrease. At the end of

the diagram “F – á” when F = Fc, the total elasto-

plastic indenter displacement ác is:

ác = hc + (áel)c + (Äáel)c, (3)

where hc — residual indent depth, which is inde-

pendent of the device elastic compliance; (áel)c =

= ác – hc — elastic component of the general elasto-

plastic indenter displacement; (Äáel)c — additional

elastic deformation of the device at load Fc.

A similar separation of the general indenter

displacement can be performed for points b and b1

by complete unloading. Figure 3 shows the dia-

grams “F – á” for several different structural ma-

terials.

These diagrams were obtained by ball instru-

mented indentation with a diameter D = 1 mm, be-

cause of this the elastic regions are very small and

impossible to distinguish and the inflection of the

loading curve in point a is also very difficult to

identify. At the same time, if the presence of inflec-

tion in point a can be explained by the transition of

elastic deformation into elastoplastic, then the in-

flection in point b requires a separate explanation

and experimental basis. It can be assumed that as

the load increases to Fb, more significant elastic

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 5 45

2 1

Fig. 2. Indentation diagrams “F – áel” (1) and “F – á
0
” (2)

in the elastic region of ball indentation (D = 15 mm) for

35KhVFYuA steel



pressure of the ball occurs, which changes ball

geometry and radius in the contact area. However,

experiments show that the load values Fb can vary

greatly for different materials at the same R. For

example, when ball instrumented indentation with

R = 0.5 mm was carried out on an AMTs magne-

sium alloy with a hardness 35.5HB, the load Fb was

49 N (5 kgf) and for 35HVFYuA steel with a hard-

ness 325HB, the load Fb reached 1177 N (120 kgf).

When a load is 49 N (5 kgf), the elastic pressure of

the steel hardened ball is negligible and it cannot

affect its geometry. The presented data indicate

that the geometrical factor, as the cause of inflec-

tion in the point bl in the diagram “F – á” is ex-

cluded. Consequently, when point b1 is reached, the

elastoplastic deformation stability is violated and

then a decrease in the material hardenability is

occurred, which leads to a decrease in the dF/dá.

Furthermore, as will be shown below, at a load F >

> Fb, the Brinell hardness values begin to de-

crease.

Convert of diagrams “F – á”

to diagrams “HBt – t/R”

Indentation diagrams “unrestored Brinell

hardness HB – relative unrestored indent depth

t/R” allow more reasonably to establish their rela-

tionship with tensile diagrams “conditional stress

ó — conditional relative elongation ä” [19]. Con-

sidering that, the ratio t/R characterizes the aver-

age contact deformation and HBt is the average

contact pressure when the ball is pressed in, then

the analogy between the diagrams “HBt – t/R” and

“ó – ä” is clear. The main goal in converting the

“F – á” diagram to the “HBt – t/R” diagram is to

determine the unrestored indent depth in the elas-

tic and elastoplastic indentation areas.

In the elastic indentation area on the part oa,

the elastic indent depth tel is:

tel = ã(á0), (4)

where ã = Ei/(Ei + Em).

When Ei = Em so ã = 0.5, and tel will be equal

to:

tel = á0/2. (5)

In the elastoplastic indentation area t is:

t = h + ã(á – h), (6)

where ã(á – h) — the elastic component t, h — the

residual indentation depth.

When Ei = Em, equation (6) takes the form:

t = (á + h)/2. (7)

Thus, to determine t at a given load F, it is nec-

essary to know Ei, Em, á, and h. Having the elastic

part of the diagram “F – á,” Em can be calculated,

based on equation (1). For this, it is additionally

needed to know íi and ím. If Em is unknown, the

elastic area of the diagram “F – á” cannot be clear-

ly identified, so to determine the Em, the elasto-

plastic area of the diagram “F – á” can be used

with the determination of the elastic component áel

at a final load F. Before it, a complete unloading

must be performed to determine h. However, in

this case, áel will be different from á0, which is cal-

culated by equation (1) due to the influence of plas-

tic deformation. This influence can be taken into

account by the correction ë [26]:
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á0 = Äáel. (9)

From (1), with considering (8) and (9), it is possible

to obtain [27]:
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Experiments, which were performed on steels,

aluminum, magnesium, and titanium alloys

showed that the relative digression of the Em

values, which were determined by the indentation

method by equation (10) and tensile method on the

same sample does not exceed 10% [25].

For determining the h values at each point of

the elastoplastic part of the diagram “F – á,” two

methods can be used. The first method consists of

repeatedly loading the indenter to different loads

and then unloading it. Figure 4 shows a step dia-

gram of ball indentation for steel 45 with repeated

loading and complete unloading. The more loading
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and unloading stages are obtained, the greater the

number of h values will be determined.

There is also another method for determining

h. It is known that at a certain initial part of the in-

dentation plastic region when a ball is used, a lin-

ear dependence between F and h is observed, which

was first established by A. Martens. According to

this, by extrapolating the dependence to small

loads and indent depths, it passes through the ori-

gin. However, according to [26], for some materials

with such extrapolation, the straight line may not

pass through the origin, cutting off a very small

section along the F axis. At the same time, based

on research results, which were performed earlier

by the authors of this article [28] and in the pres-

ent work for metallic materials with various me-

chanical properties and microstructure, the extrap-

olated straight line passed clearly through the ori-

gin, which allows it to be described by A. Martens

equation:

F = kh, (11)

where k — constant-coefficient for the tested mate-

rial, which characterizes its hardenability in the in-

dentation plastic area.

Figure 5 shows diagrams “F – h,” which were

obtained by the step diagrams “F – á” for three dif-

ferent samples from steel using an Instron 5982

machine. The dashed lines indicate the extrapo-

lated linear sections in the lower part of the dia-

grams, which pass through the origin, as well as in

the upper part of the diagrams.

At the same time, as the indentation load in-

creases in the area of development plastic deforma-

tions, the curvature of straight lines occurs, which

is accompanied by a decrease in the coefficient k.

Our experiments showed that the relative residual

indent depth h/R, at which the straightness of the

diagram “F – h” is violated, the greater is, the

higher the ultimate uniform deformation when the

sample is broken. For steel 10Kh18N10T with high

uniform deformation, the straightness of the dia-

gram is maintained up to h/R � 0.35. In addition, it

was found that for the tested materials, the maxi-

mum load to which the straightness of the diagram

“F – h” is saved is close to the load, which corre-

sponds to point b in the “F – á” diagram (Fig. 1).

Therefore, by determining h at the load Fa1 �

� F � Fb, the coefficient k for the tested material

can be found and then use to determine h for any

given load in the interval Fa1 – Fb.

It should be noted that the coefficient k de-

pends on the indenter radius; when the same mate-

rial is tested if the R decreases, the k will decrease

too. However, if k is expressed from equation (11)

and then is divided by R, then the hardening pa-

rameter q will be obtained, which remains constant

at macro indentation levels with different R:

q
F

hR
� . (12)

If q is divided by the elastic moduli of the tested

material Em, the dimensionless strain hardening

coefficient q� will be obtained in the plastic defor-

mation area:

q
F

hREm

� � . (13)

Thus, the residual indentation depths at given

loads F in the interval Fa1 – Fb can be calculated

from q or q�:

h
F

qR

F

q E Rm

� �

�

. (14)

In the elastic indentation area oa, the load de-

pendence F on elastic indentation depth from (1)

and (4) is given by:

F c t
el

�
1

1 5. , (15)

where c1 = á0/ã.
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Fig. 5. Indentation diagrams “F – h” in the plastic region

for materials: 1 — 10Kh18N10T; 2 — 25Kh2MFA; 3 —

EI474: (R = 0.5 mm)



In the elastoplastic indentation area a1b, the

load dependence F on t can be approximated by the

power equation [19]:

F = atn, (16)

where a and n are coefficients for the tested

material.

The coefficient n is a parameter of strain hard-

ening in the elastoplastic deformation area. Its

value can be determined by regression analysis of

the “F – t” array in the area of a1 – b on the loading

curve. Table 1 shows the values of strain hardening

parameters q, q�, n, as well as the elastic modulus

Em and the coefficients a0, a, and ã for several

structural materials.

Having the F and t values, the unrestored Bri-

nell hardness values HBt can be calculated as:

HB
F

Rt
t �

2�
. (17)

In the elastic indentation area oa, the HBt de-

pendence on t/R from (6) and (17) is given by:

HB b t Rt el
� ( ) ,.0 5 (18)

where b = a0/(2ðR0.5ã1.5).

In the elastoplastic indentation area a1b, the

HBt dependence on t/R follows from (16) and (17):

HBt = c(t/R)n – 1, (19)

where c = aRn – 2/(2ð).

Thus, equations (18) and (19) describe the in-

dentation diagram “HBt – t/R” in the elastic (oa)

and elastoplastic deformation (a1b) areas.

Figure 6a shows indentation diagrams “HBt –

t/R” for different materials, which were obtained

on a device MEI-TA using a ball with a diameter

D = 1 mm.

In these diagrams, the peak is clearly visible,

where the hardness HBt reaches its maximum

value (HBt)u, after which it decreases. At the area

of high point (see b – b1 area in Fig. 1), the HBt val-

ues change insignificantly, as a result, a horizontal

line is formed, the length of which is the greater,

the higher the ultimate uniform deformation.

Therefore, for example, for EP17 steel with a high

ultimate uniform deformation, this line is the lon-

gest in comparison with other materials. It should

be noted that a similar prolonged maximum in the

form of a horizontal line is also observed in the

“ó – ä” diagram of this material (Fig. 6b). There-

fore, to determine the coordinates of the point

where the highest HBt value will actually be, high-

precision loads and displacements measurements

are required for both types of deformation, which

were obtained by indentation and tensile methods.

Thus, the “HBt – t/R” indentation diagrams

and the “ó – ä” tension diagrams have similarities

and common characteristic zones and points in dif-

ferent elastic and elastoplastic deformation stages.

By virtue of analogy with tension diagrams, inden-

tation diagrams can be used to find points corre-

sponding to hardness at the elastic limit, hardness
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Table 1. Elastic modulus and instrumented indentation parameters, which were determined in the elastic and elastoplastic

deformation areas for structural materials (R = 0.5 mm, Ei = 211,000 N/mm2, ím = íi = 0.3)

Material
E

m
, N/mm2,

Eq. (10)

a0, N/mm3/2,

Eq. (2)
ã, Eq. (4) n a, N/mmn

q, N/mm2,

Eq. (12)
q�, Eq. (13)

AMTs 75,046 57,389 0.738 1.070 1766 3396 0.0453

15Kh1M1F 211,403 109,554 0.499 1.095 6566 10,703 0.0506

Steel 50 204,097 107,627 0.508 1.068 8633 16,107 0.0789

35KhVFYuA 205,688 108,052 0.506 1.130 14,597 21,420 0.1041
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Fig. 6. Indentation diagrams “HBt – t/R” (a) and tension diagrams “ó – ä” (b) for different materials: 1 — AMTs; 2 — EP17;

3 — 35KhVFYuA; 4 — EI474



at the yield strength and hardness at the ultimate

strength, which will be described below.

Hardness determination at the elastic

limit, at the yield strength,

and at the ultimate strength

The idea of hardness determination at the elas-

tic limit during ball indentation belongs to H.

Hertz [29], who proposed to call it “absolute hard-

ness.” H. Hertz take into consideration that abso-

lute hardness has a special physical meaning and it

characterizes the material resistance to the ball

elastic indentation. After the indentation load is

completely removed, the elastically deformed mate-

rial returns to its initial state, and reversible plas-

tic deformation and the strain hardening do not af-

fect the hardness-determined value.

However, the evaluation of absolute hardness

or hardness at the elastic limit by measuring the

elastic indent dimensions is rather difficult.

A simpler method was proposed by G. P. Zaitsev

[30]. This method based on the H. Hertz equation,

which establishes the relation between the inden-

tation load and the elastic indentation diameter,

and on the E. Meyer equation, which establishes

the relation between the indentation load and the

residual indentation diameter. In the joint solution

of these two equations, the equation for evaluation

of the indent diameter at the elastic limit can be

obtained and then used to evaluate the hardness at

the elastic limit. At the same time, in this method,

there is a controversial assumption, which consid-

ers that the elastic and residual indent diameters

are equal at one indentation load in the area of

elastic into elastoplastic deformation transition.

Methods for determining hardness at the elas-

tic limit were analyzed in [31] and a proposal was

made to use ball instrumented indentation for this

purpose. To do this, H. Hertz’s equation (1) was

also applied, which establishes the relation be-

tween the indentation load and the elastic displace-

ment á0 and the power dependence (16) of the in-

dentation load on the elastoplastic displacement á.

As a result, an equation for evaluating the hard-

ness at the elastic limit by the elastic displacement

and independence on the elastic indentation depth

was obtained. In the joint solution of equations

(18) and (19) a more reasonable equation for evalu-

ation the hardness at the elastic limit ( )*HBt el can

be achieved:

( ) .*
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Another approach to evaluating hardness at

the elastic limit ( )*HBt el by instrumented indenta-

tion method is to study a small plastic deformation,

for example, equal to 0.0005 = 0.05%, by analogy

with the method for evaluating the elastic limit

ó0.05 from the tension diagram of the tested mate-

rial. In this regard, important studies were carried

out in [32] using the M. P. Markovets equation [11]

for evaluating the average contact deformation øin

when the ball is pressed:
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1

2
1 1
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Moreover, in this case, it was assumed that the

residual indent depth h0.05 = 0.0005D. However,

when øin = 0.0005 is substituted in the equation

(21), the indent diameter d0.05 = 0.0447D can be

determined. If this diameter is evaluated, then

t0.05 = 0.0005D will be obtained. However, this will

be the unrestored indent depth t0.05, which is al-

ways greater than the residual indent depth h0.05

due to the elastic recovery during unloading. Thus,

this approach can be more reasonably implemented

if the equation for evaluating the residual deforma-

tion by the residual indent depth is known.

In this regard, the authors of this article pro-

pose to estimate the average residual deformation

when the ball is used as indenter by the ratio of the

residual indent depth h to the ball radius R, i.e.

� res
in = h/R. Then, with a residual strain 0.0005,

the equation wil be h0.05 = 0.0005R. The load F0.05,

which corresponds to h0.05 can be found from (12):

F0.05 = 0.0005qR2. (22)

On the other hand, if the equation (16) is used,

so

t
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�
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�
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Then from (17) and (23), it follows:
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It should be noted that the same approach can

be applied to determine the hardness at the yield

strength by instrumented indentation. For this, it

is necessary to consider that the residual deforma-

tion is equal to 0.002 = 0.2%. Then, by using equa-

tions, which are similar to (22) – (24) with h0.2 =
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= 0.002R, an equation for evaluating the hardness

at the yield strength can be obtained:

( )
( . )

.
.
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a q R
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n

n

n

n

n

0 2

1 1 2

0 002

2
�
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�

(25)

Another approach for evaluating the condi-

tional hardness at the yield strength (HBt)y was

proposed by the authors of this paper in [28]. In

this paper it was considered that at the initial stage

of elastoplastic instrumented indentation the resid-

ual indent depth hy is equal to the elastic compo-

nent (áel)y of the total elastoplastic displacement áy.

Under this condition it will be obtained

áy = hy + (áel)y. (26)

The total unrestored indent depth ty is

ty = hy + ã(áel)y = hy(1 + ã). (27)

Then, the conditional hardness at the yield

strength (HBt)y can be evaluated by the following

equation, if (12), (17) and (27) are used:

( )
( )

.HB
q

t y �

�2 1� �

(28)

In the particular case when Em = Ei and ã =

= 0.5, (HBt)y will be

( ) .HB
q

t y �

3�
(29)

The most reliable method to determine the

maximum hardness or hardness at the ultimate

strength (HBt)u is to register the diagram “HBt –

t/R,” which includes the maximum and subsequent

decrease in hardness (see Fig. 6a).

If the diagram “HBt – t/R” cannot be recorded,

then the primary indentation diagram “F – á” can

be used to identify the inflection point b, which cor-

responds to the load Fb with the total displacement

áb, from which (HBt)u can be evaluated. The point b

is revealed more clearly in the indentation diagram

with the logarithmic coordinates “ln F – ln á.”

Other methods to identify b consist in determining

the current values of dF/dá or the hardening pa-

rameter n. If the dF/dá becomes constant and the

hardening parameter n is equal to 1, then this

indicates that the point b is reached. The described

methods of identifying the point b coordinates

can be automated and graphically represented in

the form of transformed diagrams “dF/dá – F” or

“n – F”.

Thus, the approaches to determining hardness

at the elastic limit, hardness at the yield strength

and hardness at the ultimate strength were de-

scribed earlier. Each of these hardness characteris-

tics can be determined at least by two methods.

Table 2 shows the results of determining hardness

characteristics in different ways for materials,

which have different mechanical properties and

strain hardening ability.

As follows from Table 2, for all presented mate-

rials ( )*HBt el < (HBt)0.05 < (HBt)0.2. It is a conse-

quence of greater hardening of the material when

residual deformation is increased. The maximum

hardness values (HBt)u, which is determined from

the maximum diagrams “HBt – t/R” and from the

dF/dá = const, differ by no more than 3%. If the

value of (HBt)0.2 and (HBt)y is compared, their dif-

ference does not exceed 10%. However, in any case,

the determination of these hardness characteristics

by different methods and equations gives results

that are more accurate. The described methods for

determining Em, ( ) ,*HBt el (HBt)0.05, (HBt)0.2, (HBt)y,

(HBt)u can be automated by using instrumented in-

dentation, the indentation diagram “F – á” and the

proposed equations.

CONCLUSION

Instrumented indentation is an effective me-

chanical test of the surface layer of materials. Ball

indentation diagrams “load – indenter displace-

ment” with loading and unloading curves contain

important information about material resistance to

loading at the elastic and elastoplastic deformation

stages. These diagrams, which are converted to dia-

grams “indentation Brinell hardness HBt – relative

unrestored indent depth t/R,” are similar and have

a relation with tensile diagrams “conditional stress

ó – relative elongation ä” and contain common

characteristic zones and points from which stresses
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Table 2. Determination results of the hardness characteristics ( ) ,*HBt el (HBt)0.05
, (HBt)0.2

, (HBt)y, (HBt)u for different structu-

ral materials by ball instrumented indentation (R = 0.5 mm)

Material
( ) ,*HBt el

N/mm2,

Eq. (20)

(HB
t
)0.05, N/mm2,

Eq. (24)

(HB
t
)0.2, N/mm2,

Eq. (25)

(HB
t
)
y
, N/mm2,

Eq. (28)

(HB
t
)
u
, N/mm2

From the diagram

(HB
t
)
u
, N/mm2

From dF/dá

AMTs 296 328 359 349 465 451

15Kh1M1F 845 999 1126 1137 1610 1641

Steel 50 1573 1612 1760 1701 2158 2167

35KhVFYuA 1603 1716 2012 2159 3390 3402



and strains can be determined under both types of

loading material.

The hardness characteristics at the elastic

limit, at the yield strength and at the ultimate

strength, which were determined by the instru-

mented indentation diagrams, make it more rea-

sonable to establish its relationship with the elastic

limit, the yield strength and the ultimate strength

that were determined by the tensile diagrams.
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Â ïðîöåññå ýêñïëóàòàöèè íàáëþäàþòñÿ ñëó÷àè ïîÿâëåíèÿ óñòàëîñòíûõ òðåùèí â ïîðøíå-

âûõ ãîëîâêàõ øàòóíîâ îïïîçèòíûõ êîìïðåññîðîâ. Â öåëÿõ îöåíêè âåðîÿòíîñòè èõ áåçîò-

êàçíîé ðàáîòû ïðîâåäåíî èññëåäîâàíèå íàãðóæåííîñòè øàòóíîâ êîìïðåññîðîâ, ðàáîòàþ-

ùèõ â õèìè÷åñêîì ïðîèçâîäñòâå. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ íàïðÿæåíèé, äåéñòâó-

þùèõ â ýëåìåíòàõ êîíñòðóêöèé áîëüøèõ ðàçìåðîâ, âûçûâàþò áîëüøèå çàòðóäíåíèÿ,

ïîýòîìó èõ íàïðÿæåííîå ñîñòîÿíèå îïðåäåëÿëè ðàñ÷åòíûìè ìåòîäàìè. Ïðè íàãðóæåíèè

øàòóíà èìååòñÿ ó÷àñòîê, ãäå äåéñòâóåò ðàñïðåäåëåííàÿ íàãðóçêà, è ó÷àñòîê ñ çàçîðîì ìåæ-

äó öèëèíäðè÷åñêèìè ïîâåðõíîñòÿìè, ãäå êîíòàêòíîå äàâëåíèå îòñóòñòâóåò. Óñòàíîâëåíû

ñèëû, äåéñòâóþùèå íà ãðàíèöå ó÷àñòêîâ êîíòàêòà è çàçîðà ïàëüöà ñ ðàñòî÷êîé øàòóíà:

ðàäèàëüíàÿ ñèëà N, òàíãåíöèàëüíàÿ ñèëà Q è èçãèáàþùèé ìîìåíò M. Ñèëû N è Q ðàññìîò-

ðåíû êàê ôóíêöèè óãëà êîíòàêòà á. Ïóòåì ÷èñëåííîãî ýêñïåðèìåíòà îïðåäåëåíû íàïðÿ-

æåíèÿ â çîíå îò óãëà á, ñîîòâåòñòâóþùåãî îêîí÷àíèþ çîíû êîíòàêòà, äî óãëà ïåðåõîäà ãî-

ëîâêè â ñòåðæåíü øàòóíà. Ïðè ýòîì âàðüèðîâàëèñü ýêñïëóàòàöèîííûå íàãðóçêè è çàçîðû

â ñîïðÿæåíèè øàòóí – ïàëåö. Ýêñïåðèìåíòàëüíî îïðåäåëåíû âåëè÷èíû è õàðàêòåð èçìå-

íåíèÿ íàãðóçîê, äåéñòâóþùèõ íà êðèâîøèïíî-øàòóííûé ìåõàíèçì êîìïðåññîðà â ïðîöåñ-

ñå åãî ðàáîòû. Óñòàíîâëåí õàðàêòåð ðàñïðåäåëåíèÿ íàïðÿæåíèé â ñå÷åíèÿõ øàòóíà, âûÿâ-

ëåíû íàèáîëåå íàãðóæåííûå ñå÷åíèÿ. Ñîïîñòàâëåíèå äàííûõ íàòóðíîãî ýêñïåðèìåíòà è

ðåçóëüòàòîâ ÷èñëåííûõ èññëåäîâàíèé ðàñïðåäåëåíèÿ íàïðÿæåíèé ïîêàçàëî èõ ïðàêòè÷å-

ñêîå ñîâïàäåíèå. Ïðè ýòîì ÷èñëåííûé ýêñïåðèìåíò ïîçâîëÿåò îöåíèòü îäíîâðåìåííîå

âëèÿíèå íàãðóçîê è çàçîðîâ íà ðîñò íàïðÿæåíèé, ÷òî ïðàêòè÷åñêè íåâîçìîæíî îñóùåñò-

âèòü ïóòåì ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé.
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Fatigue cracks in the piston heads of the connecting rods of opposed compressors can occasionally develop

in service. A study of the loading of the connecting rods of the compressors operating in chemical produc-

tion was carried out to assess the probability of their failure-free operation. Since the experimental study

of stresses acting in large structural elements is rather difficult, the study of the stress state was carried

out using computational methods with subsequent comparison of the results with the experimental data.

When loading the connecting rod, there is an area affected by the distributed load and another area with a

gap between the cylindrical surfaces where the contact pressure is absent. The forces acting on the bound-

ary of the contact areas and the gap of the finger with the connecting rod bore are determined: the radial

force N, tangential force Q and bending moment M. N and Q are considered functions of the contact angle

á. Using numerical experiments, we determined the stresses in the zone from the angle á corresponding to

the end of the contact zone to the angle of transition of the head in the shank of connecting rod in condi-
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tions of varied operational loads and gaps in the connecting rod — finger coupling. The values and charac-

ter of changes in the loads affecting the crank mechanism of the compressor during operation are deter-

mined experimentally. The distribution of stresses in the sections of the connecting rod and the most

loaded cross-sections are specified. the results of the numerical experiment are compared with the experi-

mental data. Comparison of the results of numerical and field experiments has shown that the numerical

experiment provides the similar assessment of the stress distribution, moreover, the numerical experi-

ment allows us to estimate the simultaneous effect of both loads and gaps on the stress growth which is al-

most impossible to be determined by experimental studies.

Keywords: loading; numerical experiment; tensometry; stress distribution; probability of failure.

Ââåäåíèå

Â õèìè÷åñêîé ïðîìûøëåííîñòè ìàøèíû è

àãðåãàòû ðàáîòàþò â àãðåññèâíûõ ñðåäàõ, ïðè

âûñîêèõ äàâëåíèÿõ è òåìïåðàòóðàõ. Ïåðåðàáà-

òûâàåìûå ðåàãåíòû ïðåäñòàâëÿþò ñîáîé âçðûâî-

îïàñíûå è òîêñè÷íûå âåùåñòâà. Â ýòèõ óñëîâèÿõ

îòêàçû îáîðóäîâàíèÿ ìîãóò âûçûâàòü ÷ðåçâû-

÷àéíî îïàñíûå ñèòóàöèè. Ñëåäîâàòåëüíî, ìàøè-

íû è àãðåãàòû äîëæíû îáëàäàòü íàäåæíîñòüþ,

ãàðàíòèðóþùóþ áåçîïàñíóþ ýêñïëóàòàöèþ. Íà

ðÿäå ïðåäïðèÿòèé, ýêñïëóàòèðóþùèõ àçîòîâîäî-

ðîäíûå êîìïðåññîðû, íàáëþäàëèñü ñëó÷àè ðàçðó-

øåíèÿ øàòóíîâ [1]. Îáñëåäîâàíèå ðàçðóøåííûõ

ìàøèí ïîêàçàëî, ÷òî âñå ñëó÷àè ïîëîìîê èäåí-

òè÷íû è ÿâèëèñü ñëåäñòâèåì ïîÿâëåíèÿ óñòàëîñò-

íûõ òðåùèí â ïîðøíåâûõ ãîëîâêàõ. Êàê ïðàâè-

ëî, îáðàçîâàíèå òðåùèí íà÷èíàëîñü ñ âíóòðåí-

íåé ïîâåðõíîñòè ãîëîâêè â åå ñðåäíåì ñå÷åíèè.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ðàáîòîñïî-

ñîáíîñòè ýëåìåíòîâ êîíñòðóêöèé, îòëè÷àþùèõñÿ

áîëüøèìè ðàçìåðàìè è ðàáîòàþùèìè â õèìè÷å-

ñêîì ïðîèçâîäñòâå, ïðåäñòàâëÿþò áîëüøèå çà-

òðóäíåíèÿ. Ðàñ÷åò ïðî÷íîñòè ãîëîâêè øàòóíà

êîìïðåññîðà ñîäåðæèò ðÿä äîïóùåíèé, íà íåãî

âëèÿþò êðèâèçíà ãîëîâêè, óãîë çàäåëêè, çàçîð

ìåæäó ïàëüöåì è âòóëêîé, êîíñòðóêòèâíûå îñî-

áåííîñòè èñïîëíåíèÿ ãîëîâîê. Öåëü ðàáîòû —

èññëåäîâàíèå íàïðÿæåííîãî ñîñòîÿíèÿ ãîëîâêè

ýêñïåðèìåíòàëüíûìè è ðàñ÷åòíûìè ìåòîäàìè

ñ èñïîëüçîâàíèåì ÷èñëåííîãî ýêñïåðèìåíòà â

öåëÿõ ñîïîñòàâëåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ.

Ïîñêîëüêó ïîâåðõíîñòíûõ ïîâðåæäåíèé, âîçíè-

êàþùèõ îò äåéñòâèÿ êîíòàêòíûõ íàïðÿæåíèé,

â îáñëåäîâàííûõ ìàøèíàõ íå íàáëþäàëîñü, ïðè

îöåíêå âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû øàòóíà

èõ âî âíèìàíèå íå ïðèíèìàëè. Ðàíåå óæå ðàñ-

ñìîòðåíà âåðîÿòíîñòü îòêàçà ýëåìåíòîâ ìåõà-

íè÷åñêîé ñèñòåìû â çàâèñèìîñòè îò çàçîðîâ [2] è

èñïîëüçîâàíû ìåòîäû îöåíêè ìåõàíè÷åñêèõ

ñèñòåì ïóòåì ìîäåëèðîâàíèÿ èõ òåõíè÷åñêîãî ñî-

ñòîÿíèÿ [3].

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàíèÿ ïðîâîäèëè íà êðåéöêîïôíîé

ãîëîâêå øàòóíà êîìïðåññîðà 6×ÁÊ-355 (ïîðøíå-

âîå óñèëèå 25 ò). Ïðè íàãðóæåíèè øàòóíà ìîæíî

âûäåëèòü äâà õàðàêòåðíûõ ó÷àñòêà (ðèñ. 1): çîíó

êîíòàêòà öèëèíäðè÷åñêèõ ïîâåðõíîñòåé øàòóí-

íîãî ïàëüöà è ãîëîâêè øàòóíà ñ óãëîì êîíòàêòà

2á0, ãäå äåéñòâóåò ðàñïðåäåëåííàÿ íàãðóçêà, è

ó÷àñòîê ñ çàçîðîì ìåæäó öèëèíäðè÷åñêèìè ïî-

âåðõíîñòÿìè, ãäå êîíòàêòíîå äàâëåíèå îòñóòñòâó-

åò (á0 < ö < –á0). Ïðàêòèêà ïîêàçàëà, ÷òî îáðàçî-

âàíèå è ðàçâèòèå óñòàëîñòíûõ òðåùèí, ðàçðóøå-

íèå ãîëîâîê â ïðîöåññå ýêñïëóàòàöèè ïðîèñõîäè-

ëè â ñå÷åíèè ãîëîâîê ñ êîîðäèíàòàìè 80 – 100° îò

ïðîäîëüíîé îñè ñèììåòðèè øàòóíà, ÷òî ñâèäå-

òåëüñòâóåò î äåéñòâèè ìàêñèìàëüíûõ íàïðÿæå-

íèé â ýòèõ ñå÷åíèÿõ. Ñëåäîâàòåëüíî, íàèáîëü-

øèé èíòåðåñ âûçûâàåò ðàñïðåäåëåíèå íàïðÿæå-

íèé â ýòèõ çîíàõ, à íå â ìåñòå ïåðåõîäà ãîëîâêè â

ñòåðæåíü øàòóíà. Ñëó÷àè ðàçâèòèÿ òðåùèí â

çîíå êîíòàêòà ïàëüöà ñ ïîâåðõíîñòüþ øàòóíà íå

íàáëþäàëèñü. Êàê îòìå÷åíî â [4], íà ãðàíèöå êîí-

òàêòà è çàçîðà ïàëüöà ñ ðàñòî÷êîé øàòóíà ïðè

ïåðåõîäå ê ñòàòè÷åñêè îïðåäåëèìîé ñèñòåìå âîç-

íèêàþò ðàñòÿãèâàþùàÿ (ñæèìàþùàÿ) ñèëà N, ïå-

ðåðåçûâàþùàÿ ñèëà Q, èçãèáàþùèé ìîìåíò M.

Äëÿ îïðåäåëåíèÿ óãëà êîíòàêòà 2á0 ïðèíÿòû ñëå-

äóþùèå äîïóùåíèÿ: ãîëîâêà øàòóíà íåðàñòÿæè-

ìà, ïàëåö àáñîëþòíî æåñòêèé, ñèëû òðåíèÿ â

çîíå êîíòàêòà îòñóòñòâóþò. Â îáëàñòè êîíòàêòà

ãîëîâêà øàòóíà ïëîòíî ïðèëåãàåò ê ïàëüöó. Äëÿ

ðàññìàòðèâàåìîé êîíñòðóêöèè æåñòêîñòü ïàëüöà
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Ðèñ. 1. Ñèëû, äåéñòâóþùèå â ãîëîâêå øàòóíà îïïîçèò-

íîãî êîìïðåññîðà

Fig. 1. The forces acting in the connecting rod head of the

opposed compressor



íà íåñêîëüêî ïîðÿäêîâ áîëüøå æåñòêîñòè ãîëîâ-

êè øàòóíà. Â ýòîì ñëó÷àå êðèâèçíà âíóòðåííåé

ïîâåðõíîñòè ãîëîâêè øàòóíà â ïðåäåëàõ óãëà

êîíòàêòà áóäåò ðàâíà êðèâèçíå ïàëüöà. Òîãäà íà

ó÷àñòêå AB (ñì. ðèñ. 1) êðèâèçíà ïîñòîÿííà è èç-

ãèáàþùèé ìîìåíò [5]
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ãäå E — ìîäóëü óïðóãîñòè; Ix — ìîìåíò èíåð-

öèè; r — ñðåäíèé ðàäèóñ ãîëîâêè; 1/ñ* = 1/(r0 +

+ h/2) — êðèâèçíà ãîëîâêè â îáëàñòè êîíòàêòà,

r0 — ðàäèóñ ïîðøíåâîãî ïàëüöà, h — âûñîòà ñå-

÷åíèÿ ãîëîâêè.

Íà ãðàíèöå ó÷àñòêîâ êîíòàêòà è çàçîðà ïàëü-

öà ñ ðàñòî÷êîé øàòóíà, íàïðèìåð, â ò. B, âîçíè-

êàþò ðàäèàëüíàÿ ñèëà NB, òàíãåíöèàëüíàÿ ñèëà

QB è èçãèáàþùèé ìîìåíò MB (àíàëîãè÷íàÿ êàð-

òèíà áóäåò íàáëþäàòüñÿ è â ò. A). Ïîñêîëüêó æå-

ñòêîñòü ïàëüöà íà íåñêîëüêî ïîðÿäêîâ áîëüøå

æåñòêîñòè ãîëîâêè øàòóíà, òî [6] íà ó÷àñòêå êîí-

òàêòà BO áóäåò äåéñòâîâàòü ïîñòîÿííûé èçãè-

áàþùèé ìîìåíò MB. Èç óñëîâèÿ ñîïðÿæåíèÿ ó÷à-

ñòêîâ AB è BO èçãèáàþùèå ìîìåíòû ðàâíû:

MB = M*. Ìîìåíò â òåêóùåì ñå÷åíèè, ïðè íà÷à-

ëå îòñ÷åòà óãëà á îò ãðàíèöû ó÷àñòêîâ (êîíòàêò-

íûé óãîë 2á0), ñîñòàâèò

M = M* + NB(1 – cos á) – QBr sin á. (2)

Òîãäà óðàâíåíèå óïðóãîé ëèíèè êîëüöà [6] áóäåò

èìåòü âèä
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ãäå W = –dV/dá — ðàäèàëüíîå ñìåùåíèå òî÷êè

êîíòàêòà; V — îêðóæíîå ñìåùåíèå òî÷êè êîëüöà;

r — ðàäèóñ óïðóãîé ëèíèè êîëüöà.

Óãîë ïîâîðîòà íîðìàëè (') îïðåäåëèì èç âû-

ðàæåíèÿ [6]

( � �

V

r r
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Êàê îòìå÷åíî â ðàáîòå [7], èñïîëüçóÿ ãðàíè÷-

íûå óñëîâèÿ ïðè á = 0 è á = ð – á0, ìîæíî îïðå-

äåëèòü çíà÷åíèÿ ñèëîâûõ ôàêòîðîâ N è Q êàê

ôóíêöèé óãëà á. Ìåòîäîì ÷èñëåííîãî ýêñïåðè-

ìåíòà ñ èñïîëüçîâàíèåì ôîðìóëû (4) íàõîäèëè

íàïðÿæåíèÿ â çîíå îò óãëà á0 äî óãëà ïåðåõîäà ãî-

ëîâêè â ñòåðæåíü øàòóíà. Ïðè ýòîì âàðüèðîâàëè

ýêñïëóàòàöèîííûå íàãðóçêè è çàçîðû â ñîïðÿæå-

íèè øàòóí – ïàëåö. Ðàñ÷åò íàïðÿæåííîãî ñîñòîÿ-

íèÿ ãîëîâêè øàòóíà ïðîâîäèëè äëÿ ñå÷åíèé, íà-

õîäÿùèõñÿ â ïðåäåëàõ óãëîâ îò á, ñîîòâåòñòâó-

þùåãî îêîí÷àíèþ çîíû êîíòàêòà, äî ö = 135°

(ñì. ðèñ. 1). Çàäàííûå íàãðóçêè ñîîòâåòñòâîâàëè

ýêñïëóàòàöèîííûì: 180 êÍ ïðè íîìèíàëüíîì

ðåæèìå ðàáîòû; 250 êÍ — ïðè ðàáîòå ñ ïåðåãðóç-

êîé; 100 êÍ — ïðè íåäîãðóçêå ìàøèíû. Çàçîðû

â ñîïðÿæåíèè øàòóííûé ïàëåö — ðàñòî÷êà øà-

òóíà òàêæå çàäàâàëè â ñîîòâåòñòâèè ñ ýêñïëóàòà-

öèîííûìè: êðàéíèå çíà÷åíèÿ — 0,05 è 0,15 ìì.

Ñðåäíåå çíà÷åíèå çàçîðà ïðèíÿëè ðàâíûì

0,1 ìì. Ïî ðåçóëüòàòàì àíàëèòè÷åñêèõ ðàñ÷åòîâ,

â êîòîðûõ âàðüèðîâàëè íàãðóçêè â äåòàëÿõ êðè-

âîøèïíî-øàòóííîãî ìåõàíèçìà è çàçîðû â ñî-

ïðÿæåíèè ðàñòî÷êà øàòóíà – ïàëåö øàòóíà,

îïðåäåëÿëè íàïðÿæåíèÿ, äåéñòâóþùèå â íàèáî-

ëåå íàãðóæåííîì ñå÷åíèè ãîëîâêè øàòóíà. Ðàñ-

ïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïîâåðõ-

íîñòè ãîëîâêè øàòóíà â çàâèñèìîñòè îò íàãðóçêè

è âåëè÷èíû çàçîðà ïîêàçàíî íà ðèñ. 2.

Äëÿ ýêñïåðèìåíòàëüíîé îöåíêè íàïðÿæåííî-

ãî ñîñòîÿíèÿ øàòóíà áûëè ïðîâåäåíû íàòóðíûå

òåíçîìåòðè÷åñêèå èñïûòàíèÿ ïðè ðàçëè÷íûõ ðå-

æèìàõ ðàáîòû êîìïðåññîðà.

Îñíîâíûìè çàäà÷àìè ýêñïåðèìåíòàëüíûõ èñ-

ñëåäîâàíèé íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-
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Ðèñ. 2. Ðàñïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïî-

âåðõíîñòè ãîëîâêè øàòóíà, ïîëó÷åííûå ÷èñëåííûì ýêñ-

ïåðèìåíòîì: ñïëîøíàÿ, øòðèõîâàÿ, øòðèõïóíêòèðíàÿ

ëèíèè ñîîòâåòñòâóþò çàçîðàì Ä, ðàâíûì 0,15, 0,10,

0,05 ìì

Fig. 2. Stress distribution on the inner surface of the head

of the connecting rod obtained in numerical experiment:

solid, dashed, and dash-dotted lines correspond to gaps Ä

0.15, 0.10, and 0.05 mm, respectively



ñòîÿíèÿ øàòóíîâ êîìïðåññîðà ÿâëÿëèñü: îïðåäå-

ëåíèå âåëè÷èíû è õàðàêòåðà èçìåíåíèÿ íàãðó-

çîê, äåéñòâóþùèõ íà êðèâîøèïíî-øàòóííûé

ìåõàíèçì êîìïðåññîðà â ïðîöåññå åãî ðàáîòû;

óñòàíîâëåíèå õàðàêòåðà ðàñïðåäåëåíèÿ íàïðÿæå-

íèé â ýëåìåíòàõ øàòóíà ñ âûÿâëåíèåì íàèáîëåå

íàãðóæåííûõ ñå÷åíèé; ñîïîñòàâëåíèå ðåçóëüòà-

òîâ ÷èñëåííîãî ýêñïåðèìåíòà ñ äàííûìè ýêñïå-

ðèìåíòàëüíûõ èññëåäîâàíèé. Òåíçîäàò÷èêè íà-

êëåèâàëè íà ãîëîâêó øàòóíà ïî ñõåìå, ïðåäñòàâ-

ëåííîé íà ðèñ. 3. Áûëè ïðèíÿòû íåîáõîäèìûå

ìåðû äëÿ çàùèòû òåíçîäàò÷èêîâ îò êîððîçèîí-

íîé ñðåäû, òåìïåðàòóðíûõ âëèÿíèé è ýëåêòðè÷å-

ñêèõ íàâîäîê. Äëÿ èñêëþ÷åíèÿ âëèÿíèÿ âîçíè-

êàþùèõ òåìïåðàòóðíûõ äåôîðìàöèé èñïîëüçî-

âàëè êîìïåíñàöèîííûå òåíçîäàò÷èêè, êîòîðûå

íàêëåèâàëè íà ïëàñòèíû, èçãîòîâëåííûå èç òîãî

æå ìàòåðèàëà, ÷òî è øàòóí. Êà÷åñòâî ñóøêè

òåíçîäàò÷èêîâ ïðîâåðÿëè ìåãîìåòðîì. Ìåñòà íà-

êëåéêè òåíçîäàò÷èêîâ çàêðûâàëè ëàâñàíîâîé

ïëåíêîé, ïîâåðõ êîòîðîé íàíîñèëè ãåðìåòèçè-

ðóþùåå ïîêðûòèå íà îñíîâå áèòóìíûõ ìàññ,

ñîñòàâëåííûõ ïî ðåöåïòóðå è òåõíîëîãèè, ïðèâå-

äåííûõ â [8]. Ïîñëå íàíåñåíèÿ ïîêðûòèÿ äîïîë-

íèòåëüíî êîíòðîëèðîâàëè ñîïðîòèâëåíèå èçî-

ëÿöèè, öåëîñòíîñòü òåíçîäàò÷èêîâ è îòñóòñòâèå

êîðîòêîãî çàìûêàíèÿ íà ìàññó øàòóíà. Òåíçî-

ìåòðè÷åñêèå èñïûòàíèÿ ïðîâîäèëè ïðè ðàçëè÷-

íûõ ðåæèìàõ ðàáîòû êîìïðåññîðà. Ïîëó÷åííûé

â ðåçóëüòàòå ýêñïåðèìåíòà ìàññèâ äàííûõ îáðà-

áàòûâàëè ñòàòèñòè÷åñêèìè ìåòîäàìè äèñïåðñè-

îííîãî àíàëèçà [9, 10]. Ðàñïðåäåëåíèå íàïðÿæå-

íèé íà âíóòðåííåé è íàðóæíîé ñòîðîíå ãîëîâêè

øàòóíà ïðåäñòàâëåíî íà ðèñ. 4.

Îáñóæäåíèå ðåçóëüòàòîâ

Àíàëèç ðàñïðåäåëåíèÿ íàïðÿæåíèé, ïîëó÷åí-

íûõ ðàñ÷åòîì, ïîçâîëÿåò îöåíèòü òåíäåíöèþ èõ

èçìåíåíèÿ â çàâèñèìîñòè îò âåëè÷èí ïðèëîæåí-

íîé íàãðóçêè, çàçîðîâ â ñîïðÿæåíèè, à òàêæå èç-

ìåíåíèå óãëîâûõ êîîðäèíàò ñå÷åíèé ñ ýêñòðå-

ìàëüíûìè çíà÷åíèÿìè íàïðÿæåíèé. Èç ðèñ. 2

âèäíî, êàê ìåíÿåòñÿ õàðàêòåð ðàñïðåäåëåíèÿ íà-

ïðÿæåíèé íà âíóòðåííåé ïîâåðõíîñòè ãîëîâêè

øàòóíà ñ óâåëè÷åíèåì íàãðóçîê. Ïîêàçàíî âëèÿ-

íèå çàçîðà íà ðîñò íàïðÿæåíèé â ñå÷åíèÿõ ãîëîâ-

êè è íà êîîðäèíàòû ñå÷åíèé ñ ìàêñèìàëüíûìè

íàïðÿæåíèÿìè. Óâåëè÷åíèå çàçîðà îò ìèíèìàëü-

íîé äî ìàêñèìàëüíîé âåëè÷èíû âûçûâàåò ðîñò

íàïðÿæåíèé íà 20 – 30 %. Ñ ïîâûøåíèåì íàãðó-

çîê â ïðåäåëàõ îäíîé âåëè÷èíû çàçîðà â ñîïðÿ-

æåíèè êîîðäèíàòû ñå÷åíèÿ ñ ìàêñèìàëüíûìè íà-

ïðÿæåíèÿìè ñìåùàþòñÿ â ñòîðîíó óâåëè÷åíèÿ

óãëà ö (ñì. ðèñ. 2). Óâåëè÷åíèå çàçîðà ïðè îäíîé

è òîé æå íàãðóçêå, íàîáîðîò, ïðèâîäèò ê ñìåùå-

íèþ óãëà ö â ìåíüøóþ ñòîðîíó.

Ïî ðàñïðåäåëåíèþ íàïðÿæåíèé ïî óãëîâûì

ñå÷åíèÿì ãîëîâêè øàòóíà äëÿ âíóòðåííåé è

âíåøíåé ïîâåðõíîñòåé ãîëîâêè øàòóíà ïðè äåé-

ñòâèè ðàñòÿãèâàþùèõ ñèë 250 è 180 êÍ (ñì.

ðèñ. 4) âèäíî, ÷òî ñ ðîñòîì íàãðóçîê áîëåå ðåçêî

óâåëè÷èâàþòñÿ íàïðÿæåíèÿ äëÿ ñå÷åíèé âíóò-

ðåííåé ïîâåðõíîñòè ãîëîâêè øàòóíà ïî ñðàâíå-

íèþ ñ åå âíåøíåé ïîâåðõíîñòüþ. Ìàêñèìàëüíûå

âåëè÷èíû íàïðÿæåíèé, äåéñòâóþùèå íà âíó-

òðåííåé ïîâåðõíîñòè ãîëîâêè øàòóíà, â 2,7 – 2,9

ðàçà ïðåâûøàþò íàïðÿæåíèÿ íà íàðóæíîé ïî-

âåðõíîñòè ãîëîâêè. Ýòî ñîîòâåòñòâóåò òîìó, ÷òî

âñå èìåâøèå ìåñòî ñëó÷àè îáðàçîâàíèÿ òðåùèí è

ðàçðóøåíèÿ íà÷èíàëèñü ñ âíóòðåííèõ ïîâåðõ-

íîñòåé ãîëîâîê. Îòñþäà ñëåäóåò, ÷òî äëÿ îöåíêè
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à á

Ðèñ. 3. Ðàñïîëîæåíèå òåíçîäàò÷èêîâ íà âíóòðåííåé (à) è âíåøíåé (á) ïîâåðõíîñòÿõ ãîëîâêè øàòóíà

Fig. 3. Location of load cells on the inner (a) and outer (b) surfaces of the head of the connecting rod



ïðî÷íîñòè è íàäåæíîñòè øàòóíîâ êîìïðåññîðà

íåîáõîäèìî â ïåðâóþ î÷åðåäü ó÷èòûâàòü íàïðÿ-

æåíèÿ, âîçíèêàþùèå íà âíóòðåííèõ ïîâåðõ-

íîñòÿõ ãîëîâîê øàòóíîâ êîìïðåññîðîâ. Çàâèñè-

ìîñòü íàïðÿæåíèé îò òèïà è âåëè÷èíû íàãðóçêè

ïîêàçûâàåò, ÷òî ðàñòÿãèâàþùèå íàãðóçêè îêàçû-

âàþò áîëüøåå âëèÿíèå íà ðîñò íàïðÿæåíèé, ÷åì

ñæèìàþùèå (ðèñ. 5).

Ñîïîñòàâëÿÿ ðåçóëüòàòû ÷èñëåííîãî è íàòóð-

íîãî ýêñïåðèìåíòîâ (ðèñ. 6), ìîæíî ñäåëàòü âû-

âîä, ÷òî îíè äàþò àíàëîãè÷íóþ îöåíêó ðàñïðå-

äåëåíèÿ íàïðÿæåíèé, íî ÷èñëåííûé ýêñïåðè-

ìåíò — áîëåå êîíñåðâàòèâíóþ ïî èõ âåëè÷èíàì.

Êðîìå òîãî, ÷èñëåííûé ýêñïåðèìåíò ïîçâîëÿåò

îöåíèòü îäíîâðåìåííîå âëèÿíèå óâåëè÷åíèÿ çà-

çîðîâ íà ðîñò íàïðÿæåíèé, ÷òî ïðàêòè÷åñêè íå-

âîçìîæíî ñäåëàòü ïóòåì ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé [11]. Ïðîâåäåííûå ýêñïåðèìåí-

òàëüíûå èñïûòàíèÿ ïîçâîëèëè îïðåäåëèòü íà-

ïðÿæåíèÿ â ãîëîâêå øàòóíà â ïðîöåññå ýêñïëóà-

òàöèè. Òåíçîìåòðè÷åñêèå èñïûòàíèÿ ïîêàçàëè,

÷òî øàòóí ðàáîòàåò ïðè ðåãóëÿðíîé ïåðåìåííîé

íàãðóæåííîñòè ñ àñèììåòðè÷íûì öèêëîì. Óñòà-

íîâëåíî, ÷òî íàèáîëåå íàãðóæåííûì â êðåéö-

êîïôíîé ãîëîâêå øàòóíà ÿâëÿåòñÿ âíóòðåííÿÿ

ïîâåðõíîñòü åå ñðåäíåé ÷àñòè, ðàñïîëîæåííàÿ â

ïðåäåëàõ óãëà ö = 95 – 115°. Äëÿ äàííîãî ñå÷å-

íèÿ øàòóíà, êàê íàèáîëåå íàãðóæåííîãî, ïðîâå-

äåíà îöåíêà âåðîÿòíîñòè ðàçðóøåíèÿ â çàâè-

ñèìîñòè îò íàãðóçêè è âåëè÷èíû çàçîðà c èñïîëü-
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Ðèñ. 4. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî óãëîâûì ñå÷åíèÿì ãîëîâêè øàòóíà ïðè äåéñòâèè ðàñòÿãèâàþùèõ ñèë 250 (à) è

180 êÍ (á): Á1 è Á2 — âíóòðåííÿÿ è âíåøíÿÿ ïîâåðõíîñòè ãîëîâêè øàòóíà

Fig. 4. Stress distribution on the angular cross sections of the head of the connecting rod under the impact of tensile force: a

— 250 kN; b — 180 kN; B1 — the inner and B2 — the outer surfaces of the head of the connecting rod
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Ðèñ. 5. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî óãëîâûì ñå÷åíè-

ÿì ãîëîâêè øàòóíà ïðè äåéñòâèè ðàñòÿãèâàþùåé ñèëû

180 êÍ: 1 — ðàñòÿæåíèå; 2 — ñæàòèå

Fig. 5. Stress distribution on the angular cross section of

the head of the connecting rod under the impact of tensile

force 180 kN: 1 — stretching, 2 — compression
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Ðèñ. 6. Ðàñïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïî-

âåðõíîñòè ãîëîâêè øàòóíà, ïîëó÷åííûõ ðàñ÷åòîì (Á1) è

ýêñïåðèìåíòàëüíî (Á2)

Fig. 6. Stress distribution on the inner surface of the head

of the connecting rod, obtained by calculation (B1) and ex-

perimentally (B2)



çîâàíèåì äàííûõ î íàïðÿæåííî-äåôîðìèðîâàí-

íîì ñîñòîÿíèè ãîëîâêè øàòóíà ïðè ýêñïëóàòàöè-

îííîì íàãðóæåíèè (ñì. òàáëèöó).

Õàðàêòåðèñòèêè ñîïðîòèâëåíèÿ óñòàëîñòè

øàòóíà îïðåäåëÿëè ïî ðåêîìåíäàöèÿì [12, 13] è

ÃÎÑÒ 25.504 «Ðàñ÷åòû è èñïûòàíèÿ íà ïðî÷-

íîñòü â ìàøèíîñòðîåíèè. Ìåòîäû ðàñ÷åòà õàðàê-

òåðèñòèê ñîïðîòèâëåíèÿ óñòàëîñòè». Øàòóí èçãî-

òîâëåí èç ñòàëè 40Õ, äëÿ êîòîðîé íà îñíîâå ñïðà-

âî÷íûõ äàííûõ ïðåäåë âûíîñëèâîñòè ó–1 = 280 –

290 ÌÏà. Ïðåäåë âûíîñëèâîñòè øàòóíà îïðåäå-

ëÿëè ïî ìåòîäèêå, ïðèâåäåííîé â ÃÎÑÒ 25.504

ïî ôîðìóëå

ó–1ä = ó–1/K, (5)

ãäå ó–1ä — ïðåäåë âûíîñëèâîñòè äåòàëè; K — êî-

ýôôèöèåíò ñíèæåíèÿ ïðåäåëà âûíîñëèâîñòè,

ó÷èòûâàþùèé ñîâìåñòíîå âëèÿíèå êîíöåíòðà-

öèè íàïðÿæåíèé, ñíèæåíèå ïðåäåëà âûíîñëè-

âîñòè ïðè óâåëè÷åíèè ðàçìåðà äåòàëè (ìàñøòàá-

íûé ôàêòîð), êà÷åñòâî ïîâåðõíîñòíîé îáðàáîò-

êè, ïîâåðõíîñòíîå óïðî÷íåíèå, àíèçîòðîïèþ

ìàòåðèàëà. Âåðîÿòíîñòü ðàçðóøåíèÿ äåòàëè

îöåíèâàëè, èñïîëüçóÿ ãèïîòåçó Ñ. Â. Ñåðåíñåíà –

Â. Ï. Êîãàåâà [12] î ïîñòåïåííîì ñíèæåíèè ïðå-

äåëà âûíîñëèâîñòè âñëåäñòâèå öèêëè÷åñêèõ

íàãðóçîê:
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. (6)

Çäåñü ó–1i — ïðåäåë âûíîñëèâîñòè èñõîäíîãî ìà-

òåðèàëà, ñîîòâåòñòâóþùèé áàçå 107 öèêëîâ, íå

ïîäâåðãàâøåãîñÿ ïðåäâàðèòåëüíîìó íàãðóæå-

íèþ; k — ïàðàìåòð, õàðàêòåðèçóþùèé èíòåíñèâ-

íîñòü ñíèæåíèÿ ïðåäåëà âûíîñëèâîñòè îò ïðåä-

âàðèòåëüíîãî íàãðóæåíèÿ; Ni — ÷èñëî öèêëîâ ïî

êðèâîé óñòàëîñòè èñõîäíîãî ìàòåðèàëà, ñîîòâåò-

ñòâóþùåå àìïëèòóäå íàãðóæåíèÿ óai. Ïðàêòè÷å-

ñêèé îïûò èñïîëüçîâàíèÿ óðàâíåíèÿ (6) ïîêàçàë,

÷òî âåëè÷èíó k ìîæíî ïðèíÿòü ðàâíîé 1,65. Ïðè

ðàñ÷åòå ïî ôîðìóëå (6) ïðèíÿòû äîïóùåíèÿ, ÷òî

àìïëèòóäû â áëîêå íàãðóæåíèÿ ðàñïîëîæåíû ïî

óáûâàþùåé è öèêëè÷åñêîå íàãðóæåíèå óæå ïî-

âðåæäåííûõ ïðåäâàðèòåëüíûì öèêëè÷åñêèì

íàãðóæåíèåì îáðàçöîâ ïðèâåäåò ê íîâîìó ñíèæå-

íèþ ïðåäåëà âûíîñëèâîñòè.

Àëãîðèòì ðàñ÷åòà äîëãîâå÷íîñòè ñ èñïîëüçî-

âàíèåì ôîðìóëû (6) ïðèâåäåí â [13]. Âåðîÿò-

íîñòü ðàçðóøåíèÿ äåòàëè çà íàçíà÷åííûé ïåðè-

îä ýêñïëóàòàöèè ïðè çàäàííîì çàêîíå ðàñïðåäå-

ëåíèÿ àìïëèòóä íàïðÿæåíèé èëè áëîêå íàãðóæå-

íèÿ, ïîëó÷åííûìè ýêñïåðèìåíòàëüíî, îïðåäåëÿ-

ëè ñ ïîìîùüþ êâàíòèëè

u
n

n
ð � �

�
�

1
2 2 2

1

~

~
,

� �
) �

(7)

ãäå ~n = nð/n îòíîñèòåëüíûé êîýôôèöèåíò çàïà-

ñà, nð = óa max/ó–1 — ïðåäåëüíûé êîýôôèöèåíò

íàãðóæåííîñòè; n = ) )amax �1ä — îòíîøåíèå

ñðåäíåãî çíà÷åíèÿ ìàêñèìàëüíîé àìïëèòóäû â

áëîêå íàãðóæåíèÿ ê ñðåäíåìó ïðåäåëó âûíîñ-

ëèâîñòè; íó–1 — êîýôôèöèåíò âàðèàöèè ïðåäåëà

âûíîñëèâîñòè; íå — êîýôôèöèåíò âàðèàöèè

ìàêñèìàëüíûõ àìïëèòóä â áëîêå íàãðóæåíèÿ.

Ïðåäåëüíûé êîýôôèöèåíò íàãðóæåííîñòè nð =

= óa max/ó–1 îáîçíà÷àåò, ÷òî ïðè óa max/ó–1 > nð

óñòàëîñòíûå ðàçðóøåíèÿ íàñòóïÿò äî èñòå÷åíèÿ

ñðîêà ñëóæáû èëè çàäàííîãî çíà÷åíèÿ äîëãîâå÷-

íîñòè, à ïðè óa max/ó–1 < nð ðàçðóøåíèé íå áóäåò.

Ïî ïîëó÷åííûì çíà÷åíèÿì êâàíòèëåé ñ èñïîëü-

çîâàíèåì òàáëèö ìàòåìàòè÷åñêîé ñòàòèñòèêè

[14] îïðåäåëÿëè âåðîÿòíîñòü ðàçðóøåíèÿ. Ñ èñ-

ïîëüçîâàíèåì ôîðìóë (6) è (7) ïî àëãîðèòìó,

ïðèâåäåííîìó â [13], îöåíåíà âåðîÿòíîñòü ðàç-

ðóøåíèÿ øàòóíà â çàâèñèìîñòè îò âåëè÷èí íà-
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Characteristics of variable stresses acting on the connecting rod in operation

Ñðåäíåå çíà÷åíèå

ìàêñèìàëüíîãî íàïðÿ-
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Ðèñ. 7. Âåðîÿòíîñòü ðàçðóøåíèÿ øàòóíîâ â çàâèñèìîñòè

îò íàãðóçêè è çàçîðà â ñîïðÿæåíèè. Çíà÷åíèÿ ïîðøíåâûõ

ñèë: 1 — 250 êÍ; 2 — 180 êÍ; 3 — 100 êÍ

Fig. 7. Dependence of the probability of failure of the con-

necting rod on the load and gap in the coupling: 1 — 250 kN;

2 — 180 kN; 3 — 100 kN



ãðóçêè è çàçîðà. Ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâëå-

íû íà ðèñ. 7.

Çàêëþ÷åíèå

Íàïðÿæåíèÿ â ãîëîâêå øàòóíà îïïîçèòíîãî

êîìïðåññîðà, íàéäåííûå ÷èñëåííûìè ìåòîäàìè

èññëåäîâàíèÿ, ïðåâûñèëè íàïðÿæåíèÿ, îïðå-

äåëåííûå ýêñïåðèìåíòàëüíî, íà 7 – 22 % è äàëè

áîëåå êîíñåðâàòèâíóþ îöåíêó íàïðÿæåííîãî

ñîñòîÿíèÿ. Èñïîëüçîâàíèå ðàñ÷åòíûõ ìåòîäîâ

îïðåäåëåíèÿ íàïðÿæåíèé ïîçâîëÿåò îöåíèòü

âëèÿíèå íàãðóçîê, çàçîðîâ â ñîïðÿæåíèè ïàëåö –

ãîëîâêà øàòóíà è çàáëàãîâðåìåííî ïðèíÿòü íå-

îáõîäèìûå ìåðû ïî ïîääåðæàíèþ òðåáóåìîãî

óðîâíÿ âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû.
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Ìåòîä ãèñòåðåçèñíîé ïåòëè îòíîñèòñÿ ê ïðÿìûì ñïîñîáàì îïðåäåëåíèÿ õàðàêòåðèñòèê ðàñ-

ñåÿíèÿ ýíåðãèè è èçó÷åíèÿ ïðîöåññîâ íåóïðóãîñòè â ìàòåðèàëàõ. Îí îñíîâàí íà íåïîñðåä-

ñòâåííîì ïîëó÷åíèè ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçèñà ïóòåì ñòàòè÷åñêîãî íàãðóæåíèÿ è

ðàçãðóçêè îáðàçöà ñ çàìåðîì ñîîòâåòñòâóþùèõ äåôîðìàöèé. Îòíîñèòåëüíîå ðàññåÿíèå

ýíåðãèè ïðè ýòîì îïðåäåëÿåòñÿ êàê îòíîøåíèå ïëîùàäè ïåòëè ãèñòåðåçèñà ê óïðóãîé ýíåð-

ãèè, ñîîòâåòñòâóþùåé ìàêñèìàëüíîé àìïëèòóäå äåôîðìàöèè. Ïîñòðîåíèå ïåòëè ãèñòå-

ðåçèñà âûïîëíÿëè íà óñòàíîâêå «Êðóòèëüíûé ìàÿòíèê äëÿ îïðåäåëåíèÿ ìåõàíè÷åñêèõ

ñâîéñòâ ìàòåðèàëîâ», êîòîðàÿ ìîæåò ðàáîòàòü êàê ïðèáîð äëÿ èçìåðåíèÿ âåëè÷èíû âíó-

òðåííåãî ðàññåÿíèÿ ýíåðãèè ìåòîäîì çàòóõàþùèõ êîëåáàíèé è êàê ïðåöèçèîííàÿ èñïû-

òàòåëüíàÿ ìàøèíà íà êðó÷åíèå ñ èñïîëüçîâàíèåì äåôîðìèðóþùåãî óñòðîéñòâà. Öåëü ðà-

áîòû — îïðåäåëåíèå ïëîùàäè ïåòëè ñòàòè÷åñêîãî ãèñòåðåçèñà ïîäáîðîì ìàòåìàòè÷åñêèõ

ìîäåëåé êðèâûõ íàãðóæåíèÿ è ðàçãðóçêè ñ ïîñëåäóþùèì ÷èñëåííûì èíòåãðèðîâàíèåì

ñ èñïîëüçîâàíèåì çíà÷åíèé îðäèíàò â ðàâíîîòñòîÿùèõ òî÷êàõ. Àíàëèç ïðèìåíåíèÿ ïîëè-

íîìîâ âòîðîé èëè òðåòüåé ñòåïåíè ïðîâîäèëè ïî êðèòåðèþ íàèìåíüøåé ñóììû êâàäðàòîâ

íåóâÿçîê ìåæäó ýìïèðè÷åñêèìè è ðàññ÷èòàííûìè çíà÷åíèÿìè ôóíêöèé. Èñõîäíûìè äàí-

íûìè äëÿ îöåíêè êîýôôèöèåíòîâ ðåãðåññèè â ïîëèíîìèàëüíûõ óðàâíåíèÿõ ÿâëÿëèñü ýêñ-

ïåðèìåíòàëüíî ïîëó÷åííûå êîîðäèíàòû òî÷åê äèàãðàìì äåôîðìàöèè îáðàçöà ïðè åãî íà-

ãðóæåíèè è ðàçãðóçêå. Îòëè÷èòåëüíîé îñîáåííîñòüþ ïðåäëîæåííîãî ìåòîäà ÿâëÿåòñÿ òî,

÷òî äëÿ ðàñ÷åòà ïëîùàäè ïåòëè ñòàòè÷åñêîãî ãèñòåðåçèñà íå èñïîëüçóþòñÿ àíàëèòè÷åñêèå

çàâèñèìîñòè ìåæäó íàïðÿæåíèÿìè è äåôîðìàöèÿìè, ïîëó÷åííûå Í. Í. Äàâèäåíêîâûì è

ñîäåðæàùèå òðóäíî îïðåäåëÿåìûå ãåîìåòðè÷åñêèå ïàðàìåòðû ïåòëè, êîòîðûå çàðàíåå

äîëæíû áûòü óñòàíîâëåíû ïî èçâåñòíûì çíà÷åíèÿì ëîãàðèôìè÷åñêîãî äåêðåìåíòà êîëå-

áàíèé, îïðåäåëÿåìûì èç ýêñïåðèìåíòà. Ïðîâåäåííûå èññëåäîâàíèÿ ïîçâîëÿþò ñäåëàòü

âûâîä, ÷òî îöåíêà îòíîñèòåëüíîãî ðàññåÿíèÿ ýíåðãèè â ôåððèòíîì ñåðîì ÷óãóíå, âûïîë-

íåííàÿ ïðÿìûì ìåòîäîì îïðåäåëåíèÿ ïëîùàäè ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçèñà ïðè ðàç-

ëè÷íûõ àìïëèòóäàõ ñäâèãîâîé äåôîðìàöèè, õîðîøî ñîãëàñóåòñÿ ñ äàííûìè, ïîëó÷åííûìè

êîñâåííûì ìåòîäîì çàòóõàþùèõ êîëåáàíèé íà óñòàíîâêå àíàëîãè÷íîãî êëàññà.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü; ïåòëÿ ãèñòåðåçèñà; ìîäóëü óïðóãîñòè; äèà-

ãðàììà äåôîðìàöèè; ïðîöåññû íåóïðóãîñòè; ðàññåÿíèå ýíåðãèè.

DETERMINATION OF THE AREA OF MECHANICAL HYSTERESIS LOOP

USING MATHEMATICAL MODELS

� Gennady D. Petrushin, Alla G. Petrushina*

Tula State University, 92, prosp. Lenina, Tula, 300012 Russia; *e-mail: petrushina.al@yandex.ru

Received May 13, 2019. Revised September 2, 2019. Accepted November 12, 2019.

A method of the hysteresis loop relates to the direct methods for determination of the energy dissipation

and studying the inelasticity in the material. The method is based on the direct formation of the mechani-

cal hysteresis loop by static loading and unloading of the sample and measuring of the corresponding de-

formations. The relative energy dissipation is defined as the ratio of the hysteresis loop area to the elastic

energy corresponding to the maximum amplitude of strain. Construction of the hysteresis loop is per-

formed on the installation “torsional pendulum for determination of the mechanical properties of materi-

als” which can work as a device for measuring internal energy dissipation by damped oscillations, and as a

precision torsion test machine using a deforming device. The aim of this work is to determine the area of

the static hysteresis loop through the choice of the mathematical models of loading and unloading curves

with subsequent numerical integration using the ordinate values at equidistant points. The analysis of us-

ing polynomials of the second or third degree was carried out according to the criterion of the smallest sum

of squared deviations between the empirical and calculated values of the function. The experimentally ob-

tained coordinates of the points of the deformation diagram of the sample during loading and unloading
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were used as initial data for estimation of regression coefficients in polynomial equations. A distinctive

feature of the proposed method is that analytical dependences between stresses and strains obtained by N.

N. Davidenkov and containing hard-to-determine geometric parameters of the loop, which must be pre-set

from the known values of the logarithmic decrement of oscillations obtained from the experiment are not

used in the developed method to calculate the area of the static hysteresis loop. It is shown that a compara-

tive assessment of the relative energy scattering in the ferrite gray iron performed by the direct method of

determining the area of the mechanical hysteresis loop at different amplitudes of shear deformation, is in

good agreement with the data obtained by the indirect method of damped oscillations on an installation of

the similar class.

Keywords: mathematical model; hysteresis loop; elastic modulus; deformation diagram; inelasticity; en-

ergy dissipation.

Ââåäåíèå

Îáðàçîâàíèå ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçè-

ñà — ñëåäñòâèå íåâûïîëíåíèÿ ëèíåéíîãî çàêîíà

Ãóêà, òàê êàê ìîäóëü óïðóãîñòè â òå÷åíèå öèêëà

íàãðóæåíèÿ íå ÿâëÿåòñÿ ïîñòîÿííûì, à çàâèñèò â

êàêîé-ëèáî ñòåïåíè îò äåôîðìàöèè. Ìåòîä ñòàòè-

÷åñêîé ïåòëè ãèñòåðåçèñà îòíîñèòñÿ ê ïðÿìûì

ñïîñîáàì èçó÷åíèÿ ïðîöåññîâ íåóïðóãîñòè â ìà-

òåðèàëàõ [1]. Îí ïðåäóñìàòðèâàåò íåïîñðåäñò-

âåííîå ïîëó÷åíèå ïåòëè ãèñòåðåçèñà â êîîðäèíà-

òàõ âíåøíåå íàïðÿæåíèå — äåôîðìàöèÿ ïóòåì

çàìåðà ñîîòâåòñòâóþùèõ äåôîðìàöèé ïðè ñòó-

ïåí÷àòîì ñòàòè÷åñêîì íàãðóæåíèè è ðàçãðóçêå

îáðàçöà.

Îïðåäåëåíèå ïëîùàäè ïåòëè ãèñòåðåçèñà —

øèðîêî ðàñïðîñòðàíåííàÿ ïðîáëåìà, ñ êîòîðîé

ïðèõîäèòñÿ ñòàëêèâàòüñÿ íå òîëüêî ïðè ìåõàíè-

÷åñêèõ èñïûòàíèÿõ ìàòåðèàëîâ, íî è ïðè èçó÷å-

íèè ñâîéñòâ ôåððîìàãíåòèêîâ è ôåððèìàãíåòè-

êîâ, ýëåêòðè÷åñêèõ è ýëåêòðîííûõ ñèñòåì. Â êàæ-

äîì èç ýòèõ ñëó÷àåâ èññëåäîâàòåëÿì ïðèõîäèòñÿ

àíàëèçèðîâàòü îñîáåííîñòè èõ ïîâåäåíèÿ ïðè

âíåøíåì âîçäåéñòâèè [2, 3].

Ïëîùàäü ïåòëè ãèñòåðåçèñà ÄW ìîæåò ñëó-

æèòü ìåðîé ðàññåÿíèÿ ýíåðãèè, êîòîðàÿ îïðåäå-

ëÿåò â íåêîòîðîì ìàñøòàáå âåëè÷èíó íåîáðàòèìî

ðàññåÿííîé ýíåðãèè âî âñåì îáúåìå ìàòåðèàëà

îáðàçöà çà öèêë äåôîðìèðîâàíèÿ. Äåìïôèðó-

þùèå ñâîéñòâà ìàòåðèàëîâ, êîòîðûå õàðàêòåðè-

çóþòñÿ âåëè÷èíîé îòíîñèòåëüíîãî ðàññåÿíèÿ

ýíåðãèè Ø, ìîæíî îöåíèòü îòíîøåíèåì ïëîùàäè

ïåòëè ãèñòåðåçèñà ÄW ê óïðóãîé ýíåðãèè W, ñîîò-

âåòñòâóþùåé ìàêñèìàëüíîé àìïëèòóäå äåôîðìà-

öèè, ÷òî îòíîñèòñÿ ê ïðÿìûì ìåòîäàì îïðåäåëå-

íèÿ âíóòðåííåãî ðàññåÿíèÿ ýíåðãèè. Ïîëó÷åííîå

â ýòîì ñëó÷àå çíà÷åíèå Ø ìîæåò áûòü èñïîëüçî-

âàíî äëÿ ñðàâíèòåëüíîé îöåíêè äåìïôèðóþùèõ

ñâîéñòâ ìàòåðèàëîâ [4].

Ìåòîäû èññëåäîâàíèÿ

Âïåðâûå Í. Í. Äàâèäåíêîâ [5] âûâåë óðàâíå-

íèÿ âîñõîäÿùåé è íèñõîäÿùåé âåòâåé ïåòëè ãèñ-

òåðåçèñà, êîòîðûå â îáîáùåííîì âèäå ìîæíî

ïðåäñòàâèòü êàê

�

�) �

�

� � �� * �

+

,

-

.

/

0

�E
n

n n n[( ) ] ,
0

1

0
2 (1)

ãäå E — ìîäóëü íîðìàëüíîé óïðóãîñòè ìàòå-

ðèàëà; å0 — ìàêñèìàëüíîå çíà÷åíèå àìïëèòóäû

äåôîðìàöèè ïðè íàãðóæåíèè; í è n — ãåîìåòðè-

÷åñêèå ïàðàìåòðû ïåòëè ãèñòåðåçèñà, êîòîðûå

îïðåäåëÿþòñÿ äëÿ êàæäîãî ìàòåðèàëà ýêñïå-

ðèìåíòàëüíî.

Èíòåãðèðóÿ âûðàæåíèå (1), ìîæíî ðàññ÷è-

òàòü ïëîùàäü ïåòëè ãèñòåðåçèñà ïðè óñëîâèè,

÷òî ïàðàìåòðû í è n çàðàíåå îïðåäåëåíû ïî èç-

âåñòíûì çíà÷åíèÿì ëîãàðèôìè÷åñêîãî äåêðå-

ìåíòà êîëåáàíèé, ïîëó÷åííûì èç ýêñïåðèìåíòà.

Íåîáõîäèìî îòìåòèòü, ÷òî ââåäåíèå â óðàâíåíèå

(1) ïîñòîÿííûõ ïàðàìåòðîâ í è n ïðåäïîëàãàåò

ãåîìåòðè÷åñêîå ïîäîáèå âñåõ ïåòåëü ãèñòåðåçèñà

íåçàâèñèìî îò âåëè÷èíû àìïëèòóäû äåôîðìà-

öèè è îãðàíè÷èâàåò âîçìîæíîñòü ó÷åòà ýíåðãåòè-

÷åñêèõ ïîòåðü äëÿ ìàòåðèàëîâ, ðàññåÿíèå ýíåð-

ãèè â êîòîðûõ áóäåò âûðàæàòüñÿ ñëîæíîé ôóíê-

öèåé îò äåôîðìàöèè.

Ïðè çíà÷èòåëüíîì ìåõàíè÷åñêîì ãèñòåðåçè-

ñå, õàðàêòåðíîì äëÿ íåìåòàëëè÷åñêèõ ìàòåðèà-

ëîâ [6, 7], ïëîùàäü ïåòëè ìîæíî îïðåäåëèòü ïðè

åå êîïèðîâàíèè íà ìèëëèìåòðîâóþ áóìàãó ñ ïî-

ñëåäóþùèìè òðóäîåìêîé îáðàáîòêîé è ïîëó÷åíè-

åì ðåçóëüòàòîâ ñî çíà÷èòåëüíîé ïîãðåøíîñòüþ.

Â äàííîé ðàáîòå äëÿ îïðåäåëåíèÿ ïëîùàäè

ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçèñà èñïîëüçîâàëè

íå àíàëèòè÷åñêèå çàâèñèìîñòè, îïèñûâàþùèå

âåòâè ïåòëè è ñîäåðæàùèå íåèçâåñòíûå è òðóäíî

îïðåäåëÿåìûå ïàðàìåòðû, à ýêñïåðèìåíòàëüíî

ïîëó÷åííûå êîîðäèíàòû êðèâûõ íàãðóæåíèÿ è

ðàçãðóçêè îáðàçöà.

Â êà÷åñòâå óñòàíîâêè äëÿ ïîñòðîåíèÿ ïåòëè

ìåõàíè÷åñêîãî ãèñòåðåçèñà èñïîëüçîâàëè ðåëàê-

ñàòîð ÐÄÓ-ÒóëÏÈ, êîòîðûé çà ñ÷åò âîçìîæíîñòè

ñîâìåùåíèÿ íåñêîëüêèõ ðåæèìîâ íàãðóæåíèÿ

ìîæåò ðàáîòàòü îäíîâðåìåííî êàê ïðèáîð äëÿ

èçìåðåíèÿ âåëè÷èíû âíóòðåííåãî ðàññåÿíèÿ

ýíåðãèè ìåòîäîì çàòóõàþùèõ êîëåáàíèé è êàê

ïðåöèçèîííàÿ èñïûòàòåëüíàÿ ìàøèíà íà êðó÷å-
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íèå òîíêèõ (�1,0 ìì2) ïðîâîëî÷íûõ îáðàçöîâ. Ýòî

ïîçâîëÿåò ïîëó÷èòü íà îäíîì îáðàçöå áåç åãî äå-

ìîíòàæà â õîäå îäíîãî ýêñïåðèìåíòà öåëûé êîì-

ïëåêñ ìèêðîìåõàíè÷åñêèõ è ôèçè÷åñêèõ õàðàêòå-

ðèñòèê è çàâèñèìîñòåé, â ÷èñëî êîòîðûõ âõîäÿò

äèàãðàììû äåôîðìàöèè è ñòàòè÷åñêàÿ ïåòëÿ ãèñ-

òåðåçèñà [8].

Ïîñòðîåíèå ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçèñà

(ÏÌÃ) ïðîâîäèëè ïðè èñïûòàíèè ñòåðæíåâîãî

îáðàçöà ôåððèòíîãî ñåðîãî ÷óãóíà Ñ×10 (ÃÎÑÒ

3443–87) [9] ñ äëèíîé ðàáî÷åé ÷àñòè 85 ìì è ïëî-

ùàäüþ ïîïåðå÷íîãî ñå÷åíèÿ ~1 ìì2. Ñêîðîñòü

äåôîðìàöèè îáðàçöà ïðè èçìåðåíèè ÏÌÃ ñî-

ñòàâëÿëà ~5 · 10–5 ñ–1.

Íàãðóæåíèå îáðàçöà ïðè èñïûòàíèÿõ ïðîâî-

äèëè äèñêðåòíî, ïîñòåïåííî óâåëè÷èâàÿ äåôîð-

ìàöèþ îò íóëåâîãî äî ìàêñèìàëüíîãî çíà÷åíèÿ.

Ïðèìåíåíèå ðåãóëèðóåìîãî ìîùíîãî ýëåêòðî-

ìàãíèòà â ñèñòåìå íàãðóæåíèÿ ïîçâîëÿëî ïîëó-

÷àòü çíà÷èòåëüíûå êðóòÿùèå ìîìåíòû ïðè äå-

ôîðìèðîâàíèè îáðàçöà ïðè ñðàâíèòåëüíî íå-

áîëüøîé âåëè÷èíå ðàáî÷åãî òîêà íà îáìîòêå ðàì-

êè óñòàíîâêè. Â êà÷åñòâå ïåðâè÷íîãî ðåçóëüòàòà

èçìåðåíèé ïîëó÷àëè çàâèñèìîñòü äåôîðìàöèè

îáðàçöà (ãi) îò âåëè÷èíû òîêà (Ii), íåîáõîäèìîãî

äëÿ çàêðó÷èâàíèÿ äåôîðìèðóþùåé ñèñòåìû ñ îá-

ðàçöîì ïðè åãî íàãðóæåíèè è ðàçãðóçêå. Ãðàôè-

÷åñêè ýòà çàâèñèìîñòü â âèäå ïåòëè ìåõàíè÷åñêî-

ãî ãèñòåðåçèñà ïðåäñòàâëåíà íà ðèñ. 1.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðè ïîñòðîåíèè êðèâîé â êîîðäèíàòàõ íà-

ïðÿæåíèå — äåôîðìàöèÿ (ðèñ. 2) äëÿ ðàñ÷åòà âå-

ëè÷èíû äåôîðìèðóþùåãî íàïðÿæåíèÿ èñïîëüçî-

âàëè çàâèñèìîñòü

ôi = KIi, (2)

ãäå ôi — òåêóùåå ñäâèãîâîå íàïðÿæåíèå, ñîîòâåò-

ñòâóþùåå äåôîðìàöèè ãi, ÌÏà; Ii — òåêóùåå çíà-

÷åíèå òîêà (ìÀ), ñîîòâåòñòâóþùåå äåôîðìàöèè

ãi. Êîýôôèöèåíò K ðàññ÷èòûâàëè èç ñîîòíîøå-

íèÿ

K G
I

�

�

�

�

, (3)

ãäå G — ìîäóëü ñäâèãà ìàòåðèàëà îáðàçöà,

Í/ìì2; ã� è I� — äåôîðìàöèÿ è òîê, îòâå÷àþùèå

ïîëîæåíèþ ìàêðîñêîïè÷åñêîãî ïðåäåëà óïðóãî-

ñòè. Çíà÷åíèÿ ã� è I� îïðåäåëÿëè ïî ïåðâîíà÷àëü-

íî ïîñòðîåííûì êðèâûì íàãðóæåíèÿ êàê êîîðäè-

íàòû òî÷êè îòêëîíåíèÿ äèàãðàììû äåôîðìàöèè

îò ëèíåéíîñòè. Âåëè÷èíó ìîäóëÿ ñäâèãà G îöåíè-

âàëè èç ñîîòíîøåíèÿ G/E � 3/8 ïðè èçâåñòíîì

çíà÷åíèè ìîäóëÿ íîðìàëüíîé óïðóãîñòè E èçî-

òðîïíîãî ìàòåðèàëà [10].

Ïëîùàäü S ñòàòè÷åñêîé ïåòëè ãèñòåðåçèñà â

êîîðäèíàòàõ íàïðÿæåíèå – äåôîðìàöèÿ (ñì.

ðèñ. 2) â ýòîì ñëó÷àå ìîæåò áûòü ïðåäñòàâëåíà

êàê ðàçíîñòü ïëîùàäåé S1 è S2 ôèãóð, çàêëþ÷åí-

íûõ ìåæäó äèàãðàììîé äåôîðìàöèè ïðè íàãðó-

æåíèè (S1) è äèàãðàììîé äåôîðìàöèè ïðè ðàç-

ãðóçêå (S2) îáðàçöà è ãîðèçîíòàëüíîé îñüþ ñèñòå-

ìû êîîðäèíàò ïðè ô = 0.

Ïëîùàäü ïåòëè ãèñòåðåçèñà âû÷èñëÿëè ïó-

òåì èíòåãðèðîâàíèÿ ñîîòâåòñòâóþùèõ ôóíêöèé

fí(ã) (êðèâàÿ íàãðóæåíèÿ) è fð(ã) (êðèâàÿ ðàçãðóç-

êè). Â äàííîì ñëó÷àå ôóíêöèè çàäàíû íà îòðåçêå

[0, ãmax]:

ã0 = 0 ô0 = f(ã0)

ã1 ô1 = f(ã1)

ã2 ô2 = f(ã2)

... ...

ã
n

= ãmax ô
n

= f(ã
n
)

Ó÷èòûâàÿ, ÷òî óçëû èíòåðïîëÿöèè ãi çàäàíû

ñ ïåðåìåííûì øàãîì, ïðèìåíåíèå ïðèáëèæåí-

íûõ ìåòîäîâ èíòåãðèðîâàíèÿ (ìåòîäîâ ïðÿìî-

óãîëüíèêîâ, òðàïåöèé, Ñèìïñîíà) íå îáåñïå÷èâà-

åò âûñîêîé òî÷íîñòè îïðåäåëåíèÿ ïëîùàäè ôè-

ãóð [11, 12].

Ïîýòîìó ïëîùàäè S1 è S2 íàõîäèëè â äâà ýòà-

ïà: ïîäáèðàëè ìàòåìàòè÷åñêèå ìîäåëè êðèâûõ

íàãðóæåíèÿ è ðàçãðóçêè, à äàëåå âû÷èñëÿëè ïëî-

ùàäè ïåòëè ìåõàíè÷åñêîãî ãèñòåðåçèñà ïóòåì

÷èñëåííîãî èíòåãðèðîâàíèÿ ñ èñïîëüçîâàíèåì

çíà÷åíèé îðäèíàò â ðàâíîîòñòîÿùèõ òî÷êàõ.
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Ðèñ. 1. Âèä ïåòëè ìåõàíè-

÷åñêîãî ãèñòåðåçèñà, ïîëó-

÷åííîé ñòàòè÷åñêèì íàãðó-

æåíèåì îáðàçöà ÷óãóíà êðó-

÷åíèåì ñ ïîñëåäóþùåé ðàç-

ãðóçêîé, â êîîðäèíàòàõ ñèëà

òîêà – äåôîðìàöèÿ

Fig. 1. Type of the mechani-

cal hysteresis loop obtained by

static loading of the cast iron

specimen by torsion followed

by unloading in the coordi-

nates “current strength – de-

formation”

S1

S2

Ðèñ. 2. Ñõåìà îïðåäåëåíèÿ ïëîùàäè

ÏÌÃ (S) êàê ðàçíîñòè ïëîùàäåé ôè-

ãóð ïðè íàãðóæåíèè (S1) è ðàçãðóçêå

(S2) îáðàçöà

Fig. 2. The scheme for determination

of the PMG (S) area as the difference in

the areas of figures S
1

and S
2

upon load-

ing and unloading of the specimen, re-

spectively



Ôóíêöèè fí ( )� è fð ( )� íàõîäèëè ïóòåì èíòåðïî-

ëÿöèè, èñïîëüçóÿ ïîäîáðàííûå ìàòåìàòè÷åñêèå

ìîäåëè [13].

Ïîäáîð è ïðîâåðêà àäåêâàòíîñòè ìîäåëåé

êðèâûõ íàãðóæåíèÿ è ðàçãðóçêè. Äëÿ îïèñàíèÿ

êðèâûõ íàãðóæåíèÿ è ðàçãðóçêè ïðè ïîñòðîåíèè

ñòàòè÷åñêîé ïåòëè ãèñòåðåçèñà îïðåäåëÿëè ïàðà-

ìåòðû ñîîòâåòñòâóþùèõ ìîäåëåé â âèäå ïîëèíî-

ìà âòîðîé ñòåïåíè

y = b0 + b1x + b2x
2, (4)

ëèáî óðàâíåíèÿ êóáè÷åñêîãî ïîëèíîìà

y = b0 + b1x + b2x
2 + b3x

3, (5)

ãäå b0, b1, b2 è b3 — êîýôôèöèåíòû ðåãðåññèè â

óðàâíåíèÿõ îáîèõ ïîëèíîìîâ; x — çíà÷åíèÿ îò-

íîñèòåëüíîé ñäâèãîâîé äåôîðìàöèè ã, à y — êà-

ñàòåëüíîãî íàïðÿæåíèÿ ô.

Â êà÷åñòâå ìàòåìàòè÷åñêîé ìîäåëè ñòàòè÷å-

ñêîé ïåòëè ãèñòåðåçèñà èñïîëüçîâàëè óðàâíåíèÿ

èíòåðïîëÿöèîííîãî ïîëèãîíà ñ íàèìåíüøåé ñóì-

ìîé êâàäðàòîâ íåóâÿçîê SS2 ìåæäó ýìïèðè÷åñêè-

ìè è ðàññ÷èòàííûìè ïî óðàâíåíèÿì (4) è (5) çíà-

÷åíèÿìè ôóíêöèé. Ïðèìåíåíèå ìîäåëåé â âèäå

ïîëèíîìîâ âòîðîé èëè òðåòüåé ñòåïåíè îöåíè-

âàëè, îðèåíòèðóÿñü íà ìèíèìàëüíóþ ñóììó êâàä-

ðàòîâ íåóâÿçîê. Èñõîäíûìè äàííûìè äëÿ îöåí-

êè êîýôôèöèåíòîâ ðåãðåññèè â óðàâíåíèÿõ (4)

è (5) ÿâëÿëèñü êîîðäèíàòû x è y òî÷åê äèàãðàìì

äåôîðìàöèè îáðàçöà ïðè åãî íàãðóæåíèè è ðàç-

ãðóçêå.

Ïàðàìåòðû óðàâíåíèé ðåãðåññèè (4) è (5) ïî-

ëó÷àëè ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâàäðà-

òîâ ñ èñïîëüçîâàíèåì ïðîãðàììû STATGRA-

PHICS Plus for Windows.

Ïëîùàäè ôèãóð S1 è S2 ðàññ÷èòûâàëè ñ èñ-

ïîëüçîâàíèåì ÏÏÏ Excel ïî ôîðìóëå [14]

f x x

h

( )d

0

6

3

10
�

� h{f(0) + 5f(h) + f(2h) + 6f(3h) +

+ f(4h) + 5f(5h) + f(6h)} = 0 3, ( ),h kf x1 (6)

ãäå

h = (xmax – xmin)/6 — (7)

äëèíà èíòåðâàëà ðàçáèåíèÿ íà âñåì ïðîìåæóòêå

èíòåãðèðîâàíèÿ; k = 1, 5, 1, 6, 1, 5, 1 — ìíîæèòå-

ëè Óýääëà [14]; f(0) ... f(6h) — çíà÷åíèÿ ôóíêöèè

â òî÷êàõ 0, h, ..., 6h. ×èñëî èíòåðâàëîâ ðàçáèåíèÿ

ïðèíèìàëè âñåãäà ðàâíûì øåñòè, ïðè÷åì ïåðâàÿ

òî÷êà ôóíêöèè íàãðóæåíèÿ è ïîñëåäíÿÿ òî÷êà

ôóíêöèè ðàçãðóçêè âñåãäà áûëè ðàâíû íóëþ.

Â êà÷åñòâå ïðèìåðà ïðèâåäåì àëãîðèòì ðàñ-

÷åòà ïëîùàäè ñòàòè÷åñêîé ïåòëè ãèñòåðåçèñà äëÿ

îáðàçöà ôåððèòíîãî ñåðîãî ÷óãóíà ïðè åãî äåôîð-

ìèðîâàíèè äî çíà÷åíèÿ ã = 1,6 · 10–4. Èñõîäíû-

ìè äàííûìè äëÿ îöåíêè êîýôôèöèåíòîâ ðåãðåñ-

ñèè â óðàâíåíèÿõ (4) è (5) ñëóæèëè êîîðäèíàòû

òî÷åê êðèâûõ äåôîðìàöèè ïðè íàãðóæåíèè è

ðàçãðóçêå, ïðèâåäåííûå â òàáë. 1.

Óðàâíåíèÿ ïîëèíîìîâ âòîðîé è òðåòüåé ñòå-

ïåíåé äëÿ îïèñàíèÿ êðèâîé äåôîðìàöèè ïðè íà-

ãðóæåíèè èìåþò ñëåäóþùèé âèä:

y = 0,0476012 + 41977,3x – 3,56956 · 107 x2,

SS2 = 0,01151;

y = 0,0465783 + 42089,4x – 3,75298 · 107 x2 +

+ 7,48681 · 109 x3, SS2 = 0,01150.

Â ñâÿçè ñ ìàëîñòüþ çíà÷åíèÿ b0(b0 � b1) ïðè ïî-

ñëåäóþùèõ ðàñ÷åòàõ èì ïðåíåáðåãàëè (b0 � 0).

Ïîñêîëüêó ðàññ÷èòàííàÿ ñóììà êâàäðàòîâ íå-

óâÿçîê SS2 îäèíàêîâà äëÿ îáîèõ ïîëèíîìîâ, êî-

ýôôèöèåíòû ðåãðåññèè ìîæíî îïðåäåëÿòü ïî ëþ-

áîìó èç íèõ. Ðàñ÷åòû ïðîâîäèëè ïî óðàâíåíèþ

êóáè÷åñêîãî ïîëèíîìà:

y = 42089,4x – 3,75298 · 107 x2 + 7,48681 · 109 x3.

Äëèíó èíòåðâàëà ðàçáèåíèÿ íà âñåì ïðîìå-

æóòêå èíòåãðèðîâàíèÿ ïðè ÷èñëå èíòåðâàëîâ

ðàçáèåíèÿ, ðàâíîì øåñòè, îïðåäåëÿëè, èñïîëüçóÿ

âûðàæåíèå (7):

h = (0,0001626 – 0,0000146)/6 = 0,0000247.
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Òàáëèöà 1. Êîîðäèíàòû òî÷åê äèàãðàìì äåôîðìàöèè

îáðàçöà ïðè íàãðóæåíèè è ðàçãðóçêå

Table 1. The coordinates of the points of the diagrams of

specimen deformation during loading and unloading

Íîìåð

òî÷êè

Äåôîðìàöèÿ ã Íàïðÿæåíèå ô, ÌÏà

x y

Ïðè íàãðóæåíèè

1 0 0

2 0,0000146 0,714

3 0,0000271 1,184

4 0,0000542 2,183

5 0,0000813 3,182

6 0,0001084 4,218

7 0,0001355 5,088

8 0,0001626 5,920

Ïðè ðàçãðóçêå

1 0,0001626 5,920

2 0,0001355 4,810

3 0,0001084 3,885

4 0,0000813 2,868

5 0,0000542 1,887

6 0,0000271 0,869

7 0,0000135 0,370

8 0 0



Çíà÷åíèÿ ôóíêöèè f(x) äëÿ êðèâîé íàãðóæå-

íèÿ ïðèâåäåíû â òàáë. 2.

Ïëîùàäü ôèãóðû, îãðàíè÷åííîé êðèâîé äå-

ôîðìàöèè ïðè íàãðóæåíèè è îñüþ àáñöèññ (S1), â

ñîîòâåòñòâèè ñ ôîðìóëîé (6) ðàâíà

S1 = 0,3 · 0,0000247 · 56,947 = 0,0004215.

Àíàëîãè÷íî ðàññ÷èòûâàëè ïëîùàäü ôèãóðû,

îãðàíè÷åííîé êðèâîé äåôîðìàöèè ïðè ðàçãðóçêå

è îñüþ àáñöèññ (S2).

Óðàâíåíèÿ ïîëèíîìîâ âòîðîé è òðåòüåé ñòå-

ïåíåé äëÿ îïèñàíèÿ êðèâîé äåôîðìàöèè ïðè ðàç-

ãðóçêå èìåþò âèä:

y = 34766,3x + 1,12689 · 107 x2, SS2 = 0,01178;

y = 34045,2x + 2,30957 · 107 x2 –

– 4,83013 · 1010 x3, SS2 = 0,01158.

Ïîñêîëüêó ñóììà êâàäðàòîâ íåóâÿçîê SS2

áîëüøå äëÿ ïîëèíîìà âòîðîé ñòåïåíè, êîýôôè-

öèåíòû ðåãðåññèè îïðåäåëÿëè ïî óðàâíåíèþ êó-

áè÷åñêîãî ïîëèíîìà.

Äëèíà èíòåðâàëà ðàçáèåíèÿ íà âñåì ïðîìå-

æóòêå èíòåãðèðîâàíèÿ

h = (0,0001626 – 0,0000135)/6 = 0,0000248.

Çíà÷åíèÿ ôóíêöèè f(x) äëÿ êðèâîé ðàçãðóçêè

ïðèâåäåíû â òàáë. 3.

Ïëîùàäü ôèãóðû, îãðàíè÷åííîé êðèâîé äå-

ôîðìàöèè ïðè ðàçãðóçêå è îñüþ àáñöèññ (S2), ñî-

ãëàñíî âûðàæåíèþ (7) ñîñòàâëÿåò

S2 = 0,3 · 0,0000248 · 53,365 = 0,0003978.

Ïëîùàäü ñòàòè÷åñêîé ïåòëè ãèñòåðåçèñà S

îïðåäåëÿëè êàê

S = 0,0004215 – 0,0003978 = 0,0000238.

Ïîñêîëüêó êîîðäèíàòû òî÷åê äèàãðàììû x è

y ïðèíèìàëè áåç ó÷åòà èõ ðàçìåðíîñòåé, ïëîùà-

äè ôèãóð S1 è S2 (ñì. ðèñ. 2) îöåíèâàëè â îòíîñè-

òåëüíûõ åäèíèöàõ êàê S · 106.

Îòíîñèòåëüíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ

ïëîùàäè ïåòëè ãèñòåðåçèñà â ðåàëüíûõ óñëîâèÿõ

èçìåðåíèÿ ïàðàìåòðîâ êðèâûõ íàãðóæåíèÿ è

ðàçãðóçêè äëÿ ñëó÷àÿ ñàìûõ ìàëûõ èññëåäîâàí-

íûõ ñòàòè÷åñêèõ ïåòåëü ãèñòåðåçèñà ñîñòàâèëà

ïîðÿäêà 30 %. Ñ óâåëè÷åíèåì àìïëèòóäû äåôîð-

ìàöèè è, ñîîòâåòñòâåííî, ïëîùàäè ïåòëè îòíîñè-

òåëüíàÿ ïîãðåøíîñòü ñóùåñòâåííî ñíèæàåòñÿ.

Ðåçóëüòàòû ðàñ÷åòà ïëîùàäè ñòàòè÷åñêèõ ïå-

òåëü ãèñòåðåçèñà, ïîëó÷åííûå äëÿ ôåððèòíîãî ñå-

ðîãî ÷óãóíà (Ñ×15) ïðè íåñêîëüêèõ ñòóïåíÿõ íà-

ãðóæåíèÿ äî ìàêñèìàëüíûõ çíà÷åíèé ñäâèãîâîé

äåôîðìàöèè íà êàæäîé ñòóïåíè, ïðåäñòàâëåíû

íèæå.

ãmax · 104 S · 106 (ÄW), îòí. åä.

0,81 8,2

1,63 23,8

2,44 126,7

3,63 187,5

4,68 246,3

Ó÷èòûâàÿ, ÷òî ïëîùàäü ñòàòè÷åñêîé ïåòëè

ãèñòåðåçèñà ïðîïîðöèîíàëüíà ïîòåðÿì ýíåðãèè

ïðè äåôîðìèðîâàíèè ÄW, ïðåäñòàâëÿåòñÿ âîç-

ìîæíûì îöåíèòü âíóòðåííåå ðàññåÿíèå ýíåðãèè

ïðÿìûì ìåòîäîì [1]. Çà ìåðó âíóòðåííåãî ðàñ-

ñåÿíèÿ ýíåðãèè ïðèíèìàëè õàðàêòåðèñòèêó îòíî-

ñèòåëüíîãî ðàññåÿíèÿ ýíåðãèè

Ø = ÄW/W, (8)

ãäå ÄW — ïëîùàäü ñòàòè÷åñêîé ïåòëè ãèñòåðåçè-

ñà, ñîîòâåòñòâóþùàÿ ýíåðãèè, ðàññåÿííîé â îá-

ðàçöå â öèêëå íàãðóæåíèå – ðàçãðóçêà; W — âå-

ëè÷èíà ïîòåíöèàëüíîé ýíåðãèè, íàêàïëèâàåìîé

â åäèíèöå îáúåìà ìàòåðèàëà ïðè ìàêñèìàëüíîé

àìïëèòóäå äåôîðìèðîâàíèÿ å0, êîòîðàÿ îïðåäå-

ëÿåòñÿ êàê

W E� �
0

2 2 [1].
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Òàáëèöà 2. Çíà÷åíèÿ ôóíêöèè f(x) äëÿ äèàãðàììû äå-

ôîðìàöèè îáðàçöà ïðè íàãðóæåíèè

Table 2. Values of f(x) function for the strain diagram of

the sample under loading

x f(x)
Ìíîæèòåëü

Óýääëà k

Ïðîèçâåäåíèå

kf(x)

0 0 1 0

0,0000247 1,016 5 5,079

0,0000493 1,986 1 1,986

0,0000740 2,913 6 17,478

0,0000987 3,796 1 3,796

0,0001233 4,635 5 23,176

0,0001480 5,433 1 5,432

Ñóììà 56,947

Òàáëèöà 3. Çíà÷åíèÿ ôóíêöèè f(x) äëÿ äèàãðàììû äå-

ôîðìàöèè îáðàçöà ïðè ðàçãðóçêå

Table 3. Values of function f(x) for the strain diagram of

the sample during unloading

x f(x)
Ìíîæèòåëü

Óýääëà k

Ïðîèçâåäåíèå

kf(x)

0 0 1 0

0,0000248 0,859 5 4,296

0,0000497 1,742 1 1,742

0,0000745 2,645 6 15,873

0,0000994 3,564 1 3,564

0,0001242 4,492 5 22,462

0,0001490 5,428 1 5,428

Ñóììà 53,365



Çàêëþ÷åíèå

Çíà÷åíèÿ îòíîñèòåëüíîãî ðàññåÿíèÿ ýíåðãèè,

ïîëó÷åííûå êîñâåííûì ìåòîäîì çàòóõàþùèõ êî-

ëåáàíèé è ïðÿìûì ìåòîäîì èçìåðåíèÿ ïëîùàäè

ñòàòè÷åñêîé ïåòëè ãèñòåðåçèñà íà óñòàíîâêàõ

îäèíàêîâîãî êëàññà (ðèñ. 3), õîðîøî ñîãëàñóþòñÿ.

Â èíòåðâàëå àìïëèòóä äåôîðìàöèè îò 8 · 10–5 äî

5 · 10–4 ôåððèòíûé ñåðûé ÷óãóí õàðàêòåðèçóåòñÿ

âûñîêèìè äèññèïàòèâíûìè ñâîéñòâàìè.
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Ø, %

1

2

ã · 104

Ðèñ. 3. Îòíîñèòåëüíîå ðàññåÿíèå ýíåðãèè â ôåððèòíîì

ñåðîì ÷óãóíå, ïîëó÷åííîå ìåòîäîì çàòóõàþùèõ êîëåáà-

íèé (1) è ïðÿìûì èçìåðåíèåì ïëîùàäè ÏÌÃ (2)

Fig. 3. Estimates of the relative energy scattering in ferrite

grey cast iron obtained by damped oscillations (1) and direct

measurement of the PMG area (2)
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Ðàññìîòðåíà çàäà÷à ïîñòðîåíèÿ Q-îïòèìàëüíûõ ïëàíîâ ýêñïåðèìåíòà äëÿ ïîëèíîìèàëü-

íîé ðåãðåññèè íà îòðåçêå [–1, 1]. Ïîêàçàíî, ÷òî èçâåñòíûå ïëàíû Ìàëþòîâà – Ôåäîðîâà,

èñïîëüçóþùèå ñïåêòð D-îïòèìàëüíûõ ïëàíîâ (ñïåêòð Ëåæàíäðà), Q-îïòèìàëüíûìè íå ÿâ-

ëÿþòñÿ. Ýòîò âûâîä ÿâëÿåòñÿ íåïîñðåäñòâåííûì ñëåäñòâèåì çàìå÷àíèÿ Øàáàäîñà ê ãèïî-

òåçå Ýðäåøà, îïðîâåðãàþùèì åå. Ñàìà ãèïîòåçà Ýðäåøà çàêëþ÷àëàñü â òîì, ÷òî ñïåêòð íà-

ñûùåííûõ D-îïòèìàëüíûõ ïëàíîâ äëÿ ïîëèíîìèàëüíîé ðåãðåññèè íà îòðåçêå îäíîâðåìåí-

íî ÿâëÿåòñÿ è ñïåêòðîì íàñûùåííûõ Q-îïòèìàëüíûõ ïëàíîâ. Ïðèâåäåí íàñûùåííûé òî÷-

íûé Q-îïòèìàëüíûé ïëàí äëÿ ïîëèíîìèàëüíîé ðåãðåññèè ñòåïåíè s = 3, ïîäòâåðæäàþ-

ùèé çàìå÷àíèå Øàáàäîñà. Äàëåå ýòî óòâåðæäåíèå ïåðåíîñèòñÿ íà íåïðåðûâíûå ïëàíû.

Äëÿ ñëó÷àåâ s = 3, 4 ïîêàçàíî, ÷òî èçâåñòíàÿ òåîðåìà Ìàëþòîâà – Ôåäîðîâà î íåïðåðûâ-

íûõ Q-îïòèìàëüíûõ ïëàíàõ òàêæå íåâåðíà, õîòÿ è îñòàåòñÿ ñïðàâåäëèâîé äëÿ ñòåïåíåé

s = 1, 2. Èññëåäîâàíû ïëàíû Ìàëþòîâà – Ôåäîðîâà ñî ñïåêòðîì Ëåæàíäðà ñ òî÷êè çðåíèÿ

èõ áëèçîñòè ê Q-îïòèìàëüíûì. Íà ïðèìåðàõ ïîêàçàíî, ÷òî îíè äîñòàòî÷íî áëèçêè äëÿ ìà-

ëûõ ñòåïåíåé s ïîëèíîìèàëüíîé ðåãðåññèè. Íàéäåíî óíèâåðñàëüíîå âûðàæåíèå äëÿ Q-îï-

òèìàëüíîãî ðàñïðåäåëåíèÿ âåñîâ pi îïîðíûõ òî÷åê xi â ñëó÷àå ïðîèçâîëüíîãî ñïåêòðà. Â êà-

÷åñòâå ïðèìåðà ñ ïîìîùüþ ïîëó÷åííîãî âûðàæåíèÿ ïðîâåäåíî òàáóëèðîâàíèå ðàñïðåäå-

ëåíèÿ âåñîâ äëÿ ïëàíîâ Ìàëþòîâà – Ôåäîðîâà äëÿ s = 3, ..., 6. Îòìå÷åíà îáùíîñòü ïîëó-

÷åííîãî âûðàæåíèÿ äëÿ Q-îïòèìàëüíûõ âåñîâ ñ A-îïòèìàëüíûì ðàñïðåäåëåíèåì âåñîâ

(ðàñïðåäåëåíèå Ïóêåëüñõàéìà) ïðè òîé æå ïîñòàíîâêå çàäà÷è. Â çàêëþ÷åíèå äàíà êðàòêàÿ

ðåêîìåíäàöèÿ î ÷èñëåííîì ïîñòðîåíèè Q-îïòèìàëüíûõ ïëàíîâ. Îòìå÷åíî, ÷òî ïîìèìî

òðàäèöèîííûõ ÷èñëåííûõ ìåòîäîâ â äàííîì ñëó÷àå ìîãóò áûòü èñïîëüçîâàíû ïðîãðàì-

ìíûå ñèñòåìû ñèìâîëüíûõ âû÷èñëåíèé, èñïîëüçóþùèå ìåòîäû ðåçóëüòàíòîâ è èñêëþ÷å-

íèÿ. Ïðèâîäèìûå â ñòàòüå ïðèìåðû Q-îïòèìàëüíûõ ïëàíîâ ïîñòðîåíû ñ èñïîëüçîâàíèåì

èìåííî ýòèõ ìåòîäîâ.

Êëþ÷åâûå ñëîâà: ïîëèíîìèàëüíàÿ ðåãðåññèÿ; êðèòåðèé Q-îïòèìàëüíîñòè; ïëàí ýêñïå-

ðèìåíòà; ïëàíû ýêñïåðèìåíòà Ìàëþòîâà – Ôåäîðîâà; èíòåðïîëÿöèîííûe ïîëèíîìû Ëàã-

ðàíæà; ñïåêòð ïëàíà; ìåòîä ðåçóëüòàíòîâ.

Q-OPTIMAL EXPERIMENTAL DESIGNS AND CLOSE TO THEM EXPERIMENTAL

DESIGNS FOR POLYNOMIAL REGRESSION ON THE INTERVAL

� Yury D. Grigoriev

St. Petersburg State Electrotechnical University (“LETI”), 5 Professor A. Popov str., St. Petersburg, 197376, Russia;

e-mail: yuri_grigoriev@mail.ru

Received May 14, 2019. Revised June 24, 2019. Accepted August 28, 2019.

The problem of constructing Q-optimal experimental designs for polynomial regression on the interval

[–1, 1] is considered. It is shown that well-known Malyutov – Fedorov designs using D-optimal designs

(so-called Legendre spectrum) are other than Q-optimal designs. This statement is a direct consequence of

Shabados remark which disproved the Erdõs hypothesis that the spectrum (support points) of saturated

D-optimal designs for polynomial regression on a segment appeared to be support points of saturated
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Q-optimal designs. We present a saturated exact Q-optimal design for polynomial regression with s = 3

which proves the Shabados notion and then extend this statement to approximate designs. It is shown

that when s = 3, 4 the Malyutov – Fedorov theorem on approximate Q-optimal design is also incorrect,

though it still stands for s = 1, 2. The Malyutov – Fedorov designs with Legendre spectrum are considered

from the standpoint of their proximity to Q-optimal designs. Case studies revealed that they are close

enough for small degrees s of polynomial regression. A universal expression for Q-optimal distribution of

the weights pi for support points xi for an arbitrary spectrum is derived. The expression is used to tabulate

the distribution of weights for Malyutov – Fedorov designs at s = 3, ..., 6. The general character of the ob-

tained expression is noted for Q-optimal weights with A-optimal weight distribution (Pukelsheim distri-

bution) for the same problem statement. In conclusion a brief recommendation on the numerical con-

struction of Q-optimal designs is given. It is noted that in this case in addition to conventional numerical

methods some software systems of symbolic computations using methods of resultants and elimination

theory can be successfully applied. The examples of Q-optimal designs considered in the paper are con-

structed using precisely these methods.

Keywords: polynomial regression; Q-optimality criterion; experimental design; Malyutov – Fedorov

experimental designs; Lagrangian interpolation polynomials; design spectrum; method of the resultants.

Ââåäåíèå

Ïðè ïîñòðîåíèè îïòèìàëüíûõ ïëàíîâ ýêñïå-

ðèìåíòà èñïîëüçóþò êàê àíàëèòè÷åñêèå [1 – 3],

òàê è ÷èñëåííûå ìåòîäû [4], ïðè ýòîì ïðèîðèòåò,

åñëè ýòî âîçìîæíî, îòäàþò àíàëèòè÷åñêèì ìåòî-

äàì. Òàêîå ÷àñòî èìååò ìåñòî â çàäà÷àõ íåëè-

íåéíîãî ïëàíèðîâàíèÿ (ñì. , íàïðèìåð, [5, 6]),

à òàêæå äëÿ îïðåäåëåííûõ êëàññîâ ëèíåéíî ïà-

ðàìåòðèçîâàííûõ ìîäåëåé. Ê ÷èñëó äàííûõ ìî-

äåëåé îòíîñèòñÿ, â ÷àñòíîñòè, êëàññ ïîëèíîìè-

àëüíûõ ìîäåëåé.

Çàäà÷à ïîñòðîåíèÿ îïòèìàëüíûõ ïëàíîâ äëÿ

ïîëèíîìèàëüíîé ðåãðåññèè íà îòðåçêå [–1, 1] â

íàñòîÿùåå âðåìÿ õîðîøî èçó÷åíà. Â ýòîì íàïðàâ-

ëåíèè ïîëó÷åíî ìíîãî àíàëèòè÷åñêèõ è ÷èñëåí-

íûõ ðåçóëüòàòîâ. Òåì íå ìåíåå íà íåêîòîðûå âî-

ïðîñû îòâåòû äî ñèõ ïîð íå ïîëó÷åíû.

Ðàáîòà ïîñâÿùåíà óòî÷íåíèþ íåêîòîðûõ òåî-

ðåòè÷åñêèõ ðåçóëüòàòîâ, êàñàþùèõñÿ Q-îïòè-

ìàëüíûõ ïëàíîâ, èç êîòîðûõ, â ÷àñòíîñòè, ñëå-

äóåò âîçìîæíîñòü ðàññìîòðåíèÿ ïëàíîâ òèïà

Ìàëþòîâà – Ôåäîðîâà ïðèìåíèòåëüíî ê A-êðè-

òåðèþ.

Ñóòü ðàññìàòðèâàåìîé ïðîáëåìû ñîñòîèò â

ñëåäóþùåì. Â ñåðèè ðàáîò [7 – 9] Ìàëþòîâ è Ôå-

äîðîâ ñôîðìóëèðîâàëè ðåçóëüòàò, ñîãëàñíî êîòî-

ðîìó ïëàíû ñî ñïåêòðîì D-îïòèìàëüíûõ ïëàíîâ

(ñïåêòð Ëåæàíäðà) è ñîîòâåòñòâóþùèì åìó ðàñ-

ïðåäåëåíèåì âåñîâ ÿâëÿþòñÿ Q-îïòèìàëüíûìè.

Îäíàêî îêàçàëîñü, ÷òî äëÿ ñòåïåíåé ïîëèíîìà

s � 3 äàííûé ðåçóëüòàò íåâåðåí. Ýòî ÿâëÿåòñÿ

ñëåäñòâèåì ñäåëàííîãî â 1966 ã. çàìå÷àíèÿ Øà-

áàäîñà [10] ê ãèïîòåçå Ýðäåøà [11], îïðîâåðãà-

þùèì åå.

Â ñâÿçè ñ ýòèì îáñòîÿòåëüñòâîì â ðàáîòå ïî-

ñòðîåíû òî÷íûå è íåïðåðûâíûå Q-îïòèìàëüíûå

ïëàíû äëÿ s = 3, 4 è ïðîâåäåíî èõ ñðàâíåíèå ñ

òî÷íûìè ïëàíàìè, ñîîòâåòñòâóþùèìè ãèïîòåçå

Ýðäåøà, è íåïðåðûâíûì ïëàíàì Ìàëþòîâà – Ôå-

äîðîâà. Ïîñêîëüêó äëÿ äàííûõ çíà÷åíèé s ðàçëè-

÷èå ìåæäó Q-îïòèìàëüíûìè è ïðèáëèæåííûìè

îMF -ïëàíàìè ñî ñïåêòðîì Ëåæàíäðà îêàçàëîñü

êðàéíå íåçíà÷èòåëüíûì, òî â ðàáîòå ïîñòðîåíû

ïëàíû îMF äëÿ ïîñëåäóþùèõ ñòåïåíåé s = 5, 6 â

ïðåäïîëîæåíèè, ÷òî è äëÿ ýòèõ ñòåïåíåé ðàçëè-

÷èå ìåæäó íèìè è Q-îïòèìàëüíûìè ïëàíàìè

õîòÿ è áóäåò âîçðàñòàòü, íî îñòàíåòñÿ â ðàçóìíûõ

ïðåäåëàõ.

Ïëàíû îMF èíòåðåñíû â òîì îòíîøåíèè, ÷òî

ñîãëàñíî íàéäåííîìó â ðàáîòå àíàëèòè÷åñêîìó

ñîîòíîøåíèþ äëÿ âåñîâ, èìåþùåìó áîëåå îáùèé

õàðàêòåð, ÷åì ðåçóëüòàò Ìàëþòîâà – Ôåäîðîâà,

âûðàæåíèÿ äëÿ âåñîâ òî÷åê ïëàíîâ îMF ìîãóò

áûòü ïðîòàáóëèðîâàíû äëÿ ëþáîãî ñïåêòðà. Ñî-

îòâåòñòâóþùåå àíàëèòè÷åñêîå âûðàæåíèå àíàëî-

ãè÷íî ðåçóëüòàòó Ìàëþòîâà – Ôåäîðîâà è ñâÿçà-

íî ñ ôóíäàìåíòàëüíûìè èíòåðïîëÿöèîííûìè

ïîëèíîìàìè Ëàãðàíæà.

Óíèâåðñàëüíîå âûðàæåíèå äëÿ âåñîâ îMF -

ïëàíîâ ñ ïðîèçâîëüíûì ñïåêòðîì îêàçàëîñü ñî-

âåðøåííî àíàëîãè÷íûì ðàñïðåäåëåíèþ âåñîâ

Ïóêåëüñõàéìà äëÿ A-îïòèìàëüíûõ ïëàíîâ ñ ïðî-

èçâîëüíûì ñïåêòðîì. Ðàñïðåäåëåíèå Ïóêåëüñ-

õàéìà îïðåäåëÿåòñÿ ãëàâíîé äèàãîíàëüþ ìàòðè-

öû (FFò)–1, ãäå F — ìàòðèöà ïëàíà, ÿâëÿþùàÿñÿ

â íàøåì ñëó÷àå ìàòðèöåé Âàíäåðìîíäà.

Ñòàòüÿ âêëþ÷àåò ïîñòàíîâêó çàäà÷è, íåîáõî-

äèìûå îáîçíà÷åíèÿ. Â íåé ïðèâåäåíû ðåçóëüòà-

òû èç òåîðèè èíòåðïîëÿöèè, ñôîðìóëèðîâàíà ãè-

ïîòåçà Ýðäåøà è ïðåäñòàâëåí îïðîâåðãàþùèé åå

ïðèìåð Øàáàäîñà. Ðàññìîòðåíû íåïðåðûâíûå

Q-îïòèìàëüíûå è ñâÿçàííûå ñ íèìè ïëàíû Ìà-

ëþòîâà – Ôåäîðîâà îMF. Ïðèâåäåíû òàáóëèðîâàí-

íûå çíà÷åíèÿ âåñîâ ïëàíîâ îMF è îïòèìàëüíûé

ïëàí äëÿ êâàäðàòè÷íîé ðåãðåññèè íà îòðåçêå ñ

îáëàñòüþ óñðåäíåíèÿ Z, îòëè÷íîé îò îáëàñòè ïëà-

íèðîâàíèÿ X = [–1, 1].

Îòìåòèì, ÷òî êðèòåðèé Q-îïòèìàëüíîñòè â

çàïàäíîé ëèòåðàòóðå íàçûâàåòñÿ I-êðèòåðèåì

[12, 13], íî ìû ñîõðàíÿåì çà íèì íàçâàíèå, áîëåå

ïðèâû÷íîå îòå÷åñòâåííîìó ÷èòàòåëþ [9, ñ. 153].

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



Ïîñòàíîâêà çàäà÷è

Êàê êðèòåðèé âûáîðà èíòåðïîëÿöèîííîãî áà-

çèñà â çàäà÷àõ ÷èñëåííîãî àíàëèçà êðèòåðèé Q-

îïòèìàëüíîñòè ïîÿâëÿåòñÿ â ðàáîòå [11]. Ñ ðàçâè-

òèåì òåîðèè îïòèìàëüíîãî ïëàíèðîâàíèÿ ýêñïå-

ðèìåíòà îí ïîÿâëÿåòñÿ â íåé íàðÿäó ñ êðèòåðèåì

A-îïòèìàëüíîñòè êàê îäèí èç ìíîãèõ äðóãèõ ëè-

íåéíûõ êðèòåðèåâ ïëàíèðîâàíèÿ. Ïî åãî ïîâîäó

Â. Â. Ôåäîðîâ ïèøåò [9, ñ. 153]: «Åñëè ýêñïåðè-

ìåíòàòîðà èíòåðåñóåò îáùàÿ çàêîíîìåðíîñòü çà-

âèñèìîñòè èçó÷àåìîé âåëè÷èíû îò êîíòðîëèðó-

åìûõ ïåðåìåííûõ, ò.å. îí ìîæåò ïîæåðòâîâàòü

òî÷íîñòüþ îïèñàíèÿ â ìàëûõ îáëàñòÿõ ðàäè õîðî-

øåãî îïèñàíèÿ âî âñåé îáëàñòè, òî ðàçóìíî ïî-

òðåáîâàòü, ÷òîáû ìèíèìèçèðîâàëàñü âåëè÷èíà
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ãäå îáëàñòü Z íåîáÿçàòåëüíî ñîâïàäàåò ñ îáëà-

ñòüþ ïëàíèðîâàíèÿ X. Ïëàíèðîâàíèå ýêñïåðè-

ìåíòà çàêëþ÷àåòñÿ â îòûñêàíèè ïëàíà î*, ìèíè-

ìèçèðóþùåãî âåëè÷èíó

Q[D(î)] = d z z

Z

( , ) ,4 d
�

(1)

ãäå d(x, î) — äèñïåðñèÿ îöåíêè ôóíêöèè îòêëèêà

ç(x, è)». Äàëåå áóäåì ðàññìàòðèâàòü òîëüêî ñëó-

÷àé Z = X = [–1, 1]. Ââåäåì íåîáõîäèìûå îïðå-

äåëåíèÿ.

Ïóñòü çàäàíà ìîäåëü íàáëþäåíèé

y = ç(x, è) + e = f(x)ò
è + e, (2)

ãäå y 5 Rn — âåêòîð íàáëþäåíèé; ç(x, è) = f(x)òè —

ëèíåéíàÿ ïî ïàðàìåòðàì ôóíêöèÿ îòêëèêà;

è 5 Rm — âåêòîð îöåíèâàåìûõ ïàðàìåòðîâ; n �

� m; e = N(0, ó2In) — âåêòîð îøèáîê, èìåþùèõ

íîðìàëüíîå ðàñïðåäåëåíèå ñ íóëåâûì ñðåäíèì

E[e] = 0 è äèñïåðñèåé D[e] = ó2In. Äàëåå ïîëà-

ãàåì ó2 = 1, à â êà÷åñòâå ôóíêöèè îòêëèêà ðàñ-

ñìîòðèì ïîëèíîìèàëüíóþ ìîäåëü ðåãðåññèè ñòå-

ïåíè s:

ç(x, è) = 3
i

s i

i

s

x �

�

1

0

, x 5 X = [–1, 1]. (3)

Èç (3) ñëåäóåò, ÷òî m = s + 1 — êîëè÷åñòâî

îöåíèâàåìûõ ïàðàìåòðîâ. Ïîëîæèì n = m =

= s + 1 è ïóñòü

î = (supp î, p) = {( , ) },x p
i i i

n

�1
xi 5 supp î,

pi � 0, p
i

i

n

�

1 �

1

1 —

íàñûùåííûé ïëàí ýêñïåðèìåíòà, ãäå supp î =

= (x1, ..., xn) — ñïåêòð ïëàíà, óäîâëåòâîðÿþùèé

óñëîâèþ

–1 � x1 < x2 < ... < xn � 1, (4)

à p = (p1, ..., pn) — âåðîÿòíîñòíàÿ ìåðà, çàäàííàÿ

íà supp î.

Åñëè p1 = ... = pn = n–1, òî ñîîòâåòñòâóþùèé

ïëàí íàçûâàåòñÿ òî÷íûì, â ïðîòèâíîì ñëó÷àå —

íåïðåðûâíûì. Òðåáóåòñÿ íàéòè ïëàí î*, ìèíè-

ìèçèðóþùèé ôóíêöèîíàë (1), êîòîðûé îïðåäåëÿ-

åòñÿ ñëåäóþùèì îáðàçîì.

Îáîçíà÷èì f(x)ò = (1, x, ..., xs), P — äèàãîíàëü-

íóþ ìàòðèöó ñ ýëåìåíòàìè Pii = pi íà ãëàâíîé

äèàãîíàëè. Ïóñòü

F = [f(x1)
ò, ..., f(xn)ò] = x

i

j– 1
, i, j = 1, ..., n,

M(î) = FòPF — (5)

ìàòðèöà ïëàíèðîâàíèÿ, ñîñòàâëåííàÿ èç ñòðîê

f(xi)
ò, è èíôîðìàöèîííàÿ ìàòðèöà ïëàíà î ñîîò-

âåòñòâåííî. Â ñëó÷àå (5) îïðåäåëèòåëü W = |F|

ñâîäèòñÿ ê èçâåñòíîìó îïðåäåëèòåëþ Âàíäåðìîí-

äà [14, ñ. 13], êîòîðûé íå ðàâåí íóëþ â ñèëó (4).

Ïîñêîëüêó â äàííîì ñëó÷àå îöåíêà íàèìåíü-

øèõ êâàäðàòîâ

^
3 = M(î)–1FòPy = F–1y,

òî

D x f x D f x f x M f x[ ( ,
^

)] ( ) [
^

] ( ) ( ) ( ) ( )2 3 3 4� �
�ò ò 1 — (6)

äèñïåðñèÿ îöåíêè 2 3( ,
^

).x Ïîëàãàÿ D(î): = D[
^

]3 =

= M(î)–1, îïðåäåëÿåì ôóíêöèþ äèñïåðñèè

d(x, î) = f(x)òD(î)f(x) = f(x)òM(î)–1f(x),

x 5 X = [–1, 1], (7)

èãðàþùóþ îñíîâíóþ ðîëü â ïîñëåäóþùåì èçëî-

æåíèè. Ïëàí î*, ìèíèìèçèðóþùèé ôóíêöèîíàë

Q D d x x[ ( )] ( , ) ,4 4�

�

�
d

1

1

(8)

íàçûâàåòñÿ Q-îïòèìàëüíûì. Íàøà çàäà÷à — èñ-

ñëåäîâàòü ñòðóêòóðó Q-îïòèìàëüíûõ ïëàíîâ, îñ-

òàíîâèâøèñü, â ÷àñòíîñòè, íà ñâîéñòâàõ ïëàíîâ

Ìàëþòîâà – Ôåäîðîâà [8], êîòîðûå, êàê îêàçà-

ëîñü, íå ÿâëÿþòñÿ Q-îïòèìàëüíûìè â êëàññå íå-

ïðåðûâíûõ ïëàíîâ În äëÿ s � 3.
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Ñâÿçü ñ òåîðèåé èíòåðïîëÿöèè

Ïóñòü íà îòðåçêå [–1, 1] çàäàíû n = s + 1

ïðîèçâîëüíûõ òî÷åê (4). Ïîëîæèì ù(x) = c(x –

– x1)(x – x2)...(x – xn) (c 6 0) è ïóñòü

l
x

x x x
i

i

�

� �

7

7

( )

( )( )
, i = 1, ..., n, —

ôóíäàìåíòàëüíûå èíòåðïîëÿöèîííûå ìíîãî-

÷ëåíû Ëàãðàíæà, óäîâëåòâîðÿþùèå óñëîâèÿì

li(xj) = äij. Ìíîæåñòâî ïîñëåäîâàòåëüíîñòåé (4),

êàê îòìå÷åíî âûøå, îáîçíà÷àåì În.

Ñóùåñòâóåò íåñêîëüêî çàäà÷ íàèëó÷øåé èí-

òåðïîëÿöèè, ñâÿçàííûõ ñ ïîñëåäîâàòåëüíîñòÿìè

(4) è ïîðîæäàåìûìè èìè ìíîãî÷ëåíàìè l =

= (l1, ..., ln)ò. Íàñ áóäóò èíòåðåñîâàòü äâå èç íèõ,

ïåðâàÿ èç êîòîðûõ èìååò îòíîøåíèå ê D-, à âòî-

ðàÿ — ê Q-îïòèìàëüíîìó ïëàíèðîâàíèþ ýêñ-

ïåðèìåíòà.

Çàäà÷à Ôåéåðà. Çàäà÷à ñîñòîèò â îòûñêàíèè

òàêîé ïîñëåäîâàòåëüíîñòè (x1, ..., xn) 5 În, äëÿ

êîòîðîé

max ( )
[ , ]x

i

i

n

l x
5 �

�

1
11

2

1

äîñòèãàåò ìèíèìóìà. Â 1932 ãîäó Ôåéåð äîêàçàë

[15], ÷òî ýòîò ìèíèìóì äîñòèãàåòñÿ íà ïîñëåäîâà-

òåëüíîñòè (x1, ..., xn) 5 În, ýëåìåíòû êîòîðîé ÿâ-

ëÿþòñÿ êîðíÿìè ìíîãî÷ëåíà ( ) ( ),1 2
1� �

�
x P x

n
ãäå

Pn(x) — n-é ìíîãî÷ëåí Ëåæàíäðà, ïðè ýòîì

inf max ( ) .
[ , ]45 5 �

�

1 �

8n x
i

i

n

l x
11

2

1

1

Ýòî ñëåäóåò èç èìåþùåãî ìåñòî ñ òî÷íîñòüþ äî

êîíñòàíòû c > 0 ïðåäñòàâëåíèÿ

7( ) ( ) ( ) ( ),x P t t x P x
n

x

n� � � �
�

�

� 1

1

2 1d

P x
n x

xn n

n

n

n( )
!

( ) ,� �

1

2
12d

d
n � 1. (9)

Âûðàæåíèÿ äëÿ Pn(x) è �P xn ( ) ïðèâîäÿòñÿ â ðàç-

íûõ èñòî÷íèêàõ, â ÷àñòíîñòè [16, ñ. 271].

Â ñîâðåìåííîé ïîñòàíîâêå ðåøåíèå çàäà÷è

Ôåéåðà ýêâèâàëåíòíî çàäà÷å ïîñòðîåíèÿ íàñû-

ùåííûõ D-îïòèìàëüíûõ ïëàíîâ äëÿ ïîëèíîìè-

àëüíîé ðåãðåññèè ñòåïåíè s. Â ñâÿçè ñ ýòèì (äëÿ

êðàòêîñòè) ñïåêòð D-îïòèìàëüíûõ ïëàíîâ íàçî-

âåì ñïåêòðîì Ëåæàíäðà. Äëÿ s = 2, ..., 6 ýòè ñïåê-

òðû ïðåäñòàâëåíû â òàáë. 1.

Ãèïîòåçà Ýðäåøà. Â ðàáîòå [11] ïðè òåõ æå

óñëîâèÿõ, ÷òî è âûøå, áûëà ñôîðìóëèðîâàíà çà-

äà÷à îïðåäåëåíèÿ ïîñëåäîâàòåëüíîñòè (4), äëÿ

êîòîðîé âåëè÷èíà

Q x x l x xn i

i

n

( , . . . , ) ( ) ,
1

2

11

1

�

��

1�
d n = 2,3, ..., (10)

ìèíèìàëüíà.

Î÷åâèäíî, ÷òî â òåðìèíàõ ïëàíèðîâàíèÿ ýêñ-

ïåðèìåíòà ìû èìååì çàäà÷ó Q-îïòèìàëüíîãî

ïëàíèðîâàíèÿ [9, ñ. 153]. Ýðäåø ïðåäïîëîæèë,

÷òî åå ðåøåíèå äîñòèãàåòñÿ íà ñïåêòðå Ëåæàíä-

ðà. Îäíàêî â [10] ýòà ãèïîòåçà áûëà îïðîâåðãíóòà

äëÿ çíà÷åíèé s � 3.

Ïðèìåð 1. Ïóñòü s = 3. Äëÿ òî÷íîãî ïëàíà

î = {x1,4 = ±1, x2,3 = ±u} ñ pi = î(xi) = 1/4 ñîãëàñ-

íî (8) çàïèøåì

Q l x x
u u u

u
i

i

( ) ( )
( )

4 �

� � �

�
��

1�
4

16

105

35 28 23 2

1

2

1

4

1

1
6 4 2

2
d

2 2u
.

Îáîçíà÷èì a = 36 21 3
3

� . Ñòàíäàðòíîé îïòèìè-

çàöèåé ïî í = u2 ïîëó÷àåì, ÷òî îïòèìàëüíûå çíà-

÷åíèÿ u* è Q(î*) èìåþò âèä:

�* ,�

� �2 3 6

21

2a a

a
u* = 0,4307, Q(î*) = 6,8430.
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Òàáëèöà 1. Ñïåêòðû Ëåæàíäðà, èëè íóëè ïîëèíîìîâ ( ) ( ),x P xn
2 1� � s — ñòåïåíü ïîëèíîìà

Table 1. Legendre spectra (support points) or the roots of polynomials ( ) ( ),x P xn
2 1� � s – polynomial degree

s

Óçëû D-îïòèìàëüíûõ ïëàíîâ

x1,s + 1 x2,s x3,s – 1 x4,s – 2

2 ±1 0

3 ±1 *

1

5
= ±0,4472

4 ±1 *

21

7
= ±0,6546 0

5 ±1 *

�147 42 7

21
= 0,7650 *

�147 42 7

21
= ±0,2852

6 ±1 *

�495 66 15

33
= ±0,8302 *

�495 66 15

33
= ±0,4688 0



Â òî æå âðåìÿ äëÿ D-îïòèìàëüíîãî ñïåêòðà

î = {x1,4 = ±1, x2,3 = *1 5/ }, òîãäà

u = 0,4472, Q(î) = 48/7 = 6,8571.

Ïîñêîëüêó Q(î) > Q(î*), òî âûâîä Øàáàäîñà ïîä-

òâåðæäàåòñÿ [10]. Îòìåòèì, ÷òî ðàçëè÷èå ìåæäó

D- è Q-îïòèìàëüíûìè ïëàíàìè — î è î* — ñîîò-

âåòñòâåííî êðàéíå íåçíà÷èòåëüíî.

Íåïðåðûâíûå Q-îïòèìàëüíûå ïëàíû

Ãèïîòåçó Ýðäåøà ìîæíî ðàñïðîñòðàíèòü è íà

íåïðåðûâíûå ïëàíû. Âîçìîæíî, ðóêîâîäñòâóÿñü

åþ, àâòîðû ðàáîò [7 – 9, ñ. 155] ñôîðìóëèðîâàëè

òåîðåìó î íåïðåðûâíûõ Q-îïòèìàëüíûõ ïëàíàõ

äëÿ ïîëèíîìèàëüíîé ðåãðåññèè.

Òåîðåìà 1 [8]. Ïóñòü âûïîëíåíû ñëåäóþùèå

óñëîâèÿ:

1) ç(x, è) = 3
i

s i

i

s

x �

�

1

0

— ïîëèíîìèàëüíàÿ ðåã-

ðåññèÿ ñòåïåíè s � 1;

2) X = [–1, 1] — îáëàñòü ïëàíèðîâàíèÿ è óñ-

ðåäíåíèÿ ôóíêöèè äèñïåðñèè d(x, î).

Òîãäà èìåþò ìåñòî ñëåäóþùèå óòâåðæäåíèÿ:

1) ñïåêòð supp î = (x1, ..., xn) íåïðåðûâíûõ

Q-îïòèìàëüíûõ ïëàíîâ ñîâïàäàåò ñ ìíîæåñòâîì

êîðíåé ïîëèíîìà ( ) ( ),1 2
� �x P xs

ãäå Ps(x) — s-é

ìíîãî÷ëåí Ëåæàíäðà;

2) âåñà òî÷åê xi 5 supp î Q-îïòèìàëüíûõ ïëà-

íîâ î îïðåäåëÿþòñÿ âûðàæåíèåì

p
P x

P x

i

s i

s j

j

s
�

�

�

�

�

1

| ( )|

| ( )|

,

1

1

1

1
i = 1, ..., s + 1. (11)

Íàçîâåì ïëàíû î ñî ñïåêòðîì Ëåæàíäðà è

ðàñïðåäåëåíèåì âåñîâ (11) ïëàíàìè Ìàëþòîâà –

Ôåäîðîâà è îáîçíà÷èì èõ îMF . Îêàçûâàåòñÿ, ÷òî

â îáùåì ñëó÷àå (äëÿ s � 3) òåîðåìà 1 íåâåðíà.

Êîíòðïðèìåð äëÿ s = 3 ïðèâåäåí â [16, ñ. 160].

Â êà÷åñòâå ïðèìåðà â òàáë. 2 ïðåäñòàâëåíû Q-îï-

òèìàëüíûå ïëàíû î* è ïëàíû Ìàëþòîâà – Ôåäî-

ðîâà îMF äëÿ s = 3, 4, ÷òî äàåò âîçìîæíîñòü ñðàâ-

íèòü èõ ìåæäó ñîáîé.

Ñðàâíèâàÿ ïëàíû î* è îMF ïðè s = 3, 4, çà-

êëþ÷àåì, ÷òî ðàçëè÷èå ìåæäó íèìè êðàéíå íå-

çíà÷èòåëüíî, õîòÿ ñ ðîñòîì s ðàçíîñòü Q(îMF) –

– Q(î*) íà÷èíàåò âîçðàñòàòü. Âîçíèêàåò âîïðîñ,

êàêèì íà ñàìîì äåëå ÿâëÿåòñÿ ñïåêòð Q-îïòè-

ìàëüíûõ ïëàíîâ? Ñóùåñòâóåò ëè äëÿ íåãî àíàëè-

òè÷åñêîå âûðàæåíèå? Îòâåò íà ýòîò âîïðîñ äî

ñèõ ïîð íå ïîëó÷åí.

Òåì íå ìåíåå îïðåäåëåííîå ïðîäâèæåíèå â

âîïðîñå ïîñòðîåíèÿ Q-îïòèìàëüíûõ ïëàíîâ äàåò

ñëåäóþùàÿ òåîðåìà.

Òåîðåìà 2. Ïóñòü âûïîëíåíû ñëåäóþùèå óñ-

ëîâèÿ:

1) ç(x, è) = 3
i

s i

i

s

x �

�

1

0

— ïîëèíîìèàëüíàÿ ðåã-

ðåññèÿ ñòåïåíè s � 1;

2) X = [–1, 1] — îáëàñòü ïëàíèðîâàíèÿ è óñ-

ðåäíåíèÿ ôóíêöèè äèñïåðñèè d(x, î);

3) l = (l1, ..., ls + 1)
ò — ôóíäàìåíòàëüíûå èí-

òåðïîëÿöèîííûå ìíîãî÷ëåíû Ëàãðàíæà.

Òîãäà ðàñïðåäåëåíèå âåñîâ p = (p1, ..., ps + 1)
ò

óçëîâ ïëàíà î, Q-îïòèìàëüíîå îòíîñèòåëüíî

ñïåêòðà supp î = (x1, ..., xs + 1), èìååò âèä

p
L

L

i

i

j

j

s
�

�

�

1

1

1
, L l x x

i i
�

�

�
2

1

1

( )d , i = 1, ..., s + 1. (12)

Äîêàçàòåëüñòâî. Ñîãëàñíî óñëîâèÿì 1) – 3)

èìååò ìåñòî ðàâåíñòâî [14, ñ. 334]

l(x) = (Fò)–1f(x),

ãäå f(x) = (1, x, ..., xs)
ò — âåêòîð, îïðåäåëÿåìûé

ñîãëàñíî (2), à ñàìî ðàâåíñòâî ñëåäóåò èç òîãî,

÷òî ñëåâà è ñïðàâà â íåì ñòîÿò ìíîãî÷ëåíû ñòåïå-

íè s, ñîâïàäàþùèå â s + 1 òî÷êàõ, ò.å. îíè òîæäå-
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Òàáëèöà 2. Q-îïòèìàëüíûå ïëàíû î* (ïåðâûå ñòðîêè) è ïëàíû Ìàëþòîâà – Ôåäîðîâà î
MF

(âòîðûå ñòðîêè), s — ñòåïåíü

ïîëèíîìà

Table 2. Q-optimal designs î* (the first row) and Malyutov – Fedorov designs îMF (the second row), s – polynomial degree

s

Óçëû è âåñà ïëàíîâ î* è î
MF

Q(î*), Q(î
MF

)

(x1,s + 1, p1,s + 1) (x2,s, p2,s) (x3,s – 1, p3,s – 1)

3

(±1, 0,1549) (±0,4366, 0,3451) 5,9796

*

�

�

�

�

�
�

�

�

�
�

1
5 1

8
01545, ,

* ��

�

�
�

�

�

�
�

1

5

5 5

8
,

24 8 5

8

�

= 5,9841

4

(±1, 0,1076) (±0,6436, 0,2501) (0, 0,2847) 7,7351

* �
�

�

�

�

�

�
1

3

28
01071, , *

�

�

�
�

�

�

�
�

3

7

1

4
,

0 2

7
0 2857

,
,�

�

�

�

�

�

�

3136

405
77433� ,



ñòâåííî ðàâíû. Ïîñêîëüêó M(î) = FòPF, òî îòñþ-

äà è ñîãëàñíî (7) ïîëó÷èì

d(x, î) = f(x)òM(î)–1f(x) = p l x
i i

i

s

�

�

�

1
1 2

1

1

( ). (13)

Ôóíêöèîíàë (8) ÿâëÿåòñÿ âûïóêëûì íà ìíî-

æåñòâå èíôîðìàöèîííûõ ìàòðèö. Ýòî îçíà÷àåò,

÷òî ïðè ôèêñèðîâàííîì ñïåêòðå îí èìååò åäèí-

ñòâåííûé ìèíèìóì ïî p. Ñòàíäàðòíîé îïòèìèçà-

öèåé ôóíêöèîíàëà (8) ïî p ñ èñïîëüçîâàíèåì (13)

ïðèõîäèì ê ðåçóëüòàòó (12), ÷òî è òðåáîâàëîñü

äîêàçàòü.

Âûðàæåíèÿ äëÿ Li ìîãóò áûòü ïðîòàáó-

ëèðîâàíû äëÿ ðàçëè÷íûõ ñïåêòðîâ. Â ÷àñòíîñòè,

ýòî äàåò âîçìîæíîñòü ïðîäîëæèòü òàáë. 2 ïðèìå-

íèòåëüíî ê ïëàíàì îMF (äëÿ ñïåêòðîâ Ëåæàíäðà)

äëÿ çíà÷åíèé s � 5. Â òàáë. 3 îíè ïðåäñòàâëåíû

äëÿ s = 2, ..., 6. Îòìåòèì, ÷òî â ñèëó ñèììåòðèè

âåñîâ p = (p1, ..., ps + 1) âûðàæåíèÿ äëÿ Li òàêæå

ñèììåòðè÷íû è ñâÿçàíû ñîîòíîøåíèÿìè:

Li = Ln + 1 – i, i = 1, ..., n – 1 – [n/2],

Ln – [n/2] = L[n/2] + 1, n = s + 1,

ãäå [a] — öåëàÿ ÷àñòü ÷èñëà a.

Ïðèìåð 2. Ïóñòü s = 2, X = Z = [–1, 1].

Ñïåêòð Ëåæàíäðà â ýòîì ñëó÷àå èìååò âèä

supp î = (– 1, 0, 1). Ñîãëàñíî (12) è òàáë. 3 äëÿ

n = 3 ïîëó÷àåì p = (1/4, 1/2, 1/4). Ñ èñïîëüçîâà-

íèåì òåîðåìû ýêâèâàëåíòíîñòè Êèôåðà – Âîëü-

ôîâèöà ëåãêî ïðîâåðÿåòñÿ, ÷òî ïëàí Ìàëþòî-

âà – Ôåäîðîâà îMF = {(±1, 1/4), (0, 1/2)} â äàííîì

ñëó÷àå ÿâëÿåòñÿ Q-îïòèìàëüíûì, ÷òî ñîãëàñóåòñÿ

ñ ïîëó÷åííûìè âûøå âûâîäàìè.

Ñ ïîìîùüþ ìåòîäà ðåçóëüòàíòîâ â [16, ñ. 159]

ïîñòðîåí Q-îïòèìàëüíûé ïëàí î* äëÿ îáëàñòè óñ-

ðåäíåíèÿ Z = [0, 2]. Ñïåêòð äëÿ íåãî îêàçàëñÿ

ñîâïàäàþùèì ñî ñïåêòðîì Ëåæàíäðà, à âîò ðàñ-

ïðåäåëåíèå âåñîâ p îêàçàëîñü èíûì:

p
1

10 46

27
01192�

�

� , , p
2

5 46 23

27
0 4041�

�

� , ,

p
3

40 4 46

27
0 4767�

�

� , .

Òàêèì îáðàçîì, çàìå÷àíèå Øàáàäîñà ìîæíî ðàñ-

ïðîñòðàíèòü è íà ñëó÷àé, êîãäà îáëàñòè ïëàíèðî-

âàíèÿ X è óñðåäíåíèÿ Z íå ñîâïàäàþò.

Â çàêëþ÷åíèå îòìåòèì, ÷òî òåîðåìà 2 âïîëíå

àíàëîãè÷íà ñèòóàöèè ñ A-îïòèìàëüíûìè ïëàíà-

ìè î, ìèíèìèçèðóþùèìè ñëåä äèñïåðñèîííîé

ìàòðèöû trD(î). Äëÿ äàííûõ ïëàíîâ òàêæå íåèç-

âåñòåí A-îïòèìàëüíûé ñïåêòð supp î, à ïðè ïðî-

èçâîëüíîì ñïåêòðå A-îïòèìàëüíîå ðàñïðåäåëå-

íèå âåñîâ p èìååò âèä [17]

p
B

B

i

i

j

j

s
�

�

�

1

1

1
, Bi = ( ) ,FF

ii

ò �1 i = 1, ..., s + 1.

Âåëè÷èíû Bi òàêæå ìîãóò áûòü ïðîòàáóëèðîâàíû

äëÿ êîíêðåòíûõ ñïåêòðîâ, âêëþ÷àÿ ñïåêòð Ëå-

æàíäðà.

Âû÷èñëèòåëüíûé àñïåêò

×èñëåííîå ïîñòðîåíèå ïëàíîâ ýêñïåðèìåíòà

äëÿ ïîëèíîìèàëüíîé ðåãðåññèè íà îòðåçêå äëÿ

ðàçëè÷íûõ êðèòåðèåâ îïòèìàëüíîñòè, âêëþ÷àÿ

Q-îïòèìàëüíîñòü, âîçìîæíî ñ ïîìîùüþ ïðî-

ãðàììíûõ ñèñòåì ñèìâîëüíûõ âû÷èñëåíèé òèïà

MAPLE. Ïðè ýòîì èñïîëüçóþòñÿ ðàçëè÷íûå

âàðèàíòû ìåòîäà ðåçóëüòàíòîâ è ìåòîäà èñêëþ-

÷åíèé.

Îáçîð ýòèõ ìåòîäîâ, âêëþ÷àÿ âû÷èñëåíèå áà-

çèñà Ãðåáíåðà [18] è ìåòîä Áåçó, ïðèâåäåí â

[19, 20]. Êðàòêîå îïèñàíèå ìåòîäà ðåçóëüòàíòîâ è
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Òàáëèöà 3. Âåñà p = (p1, ..., p
n
)ò òî÷åê ïëàíîâ î

MF
, âûðàæåííûå â êîîðäèíàòàõ L = (L1, ..., L

n
), n = s + 1

Table 3. The weights p = (p
1
, ..., pn)T of design support points îMF in the coordinates L = (L

1
, ..., Ln), n = s + 1

n

L = (L1, ..., L
n
)

L1 L2 L3 L4 L5 L6 L7

3
4

15

16

15

4

15

4
1

7

5

7

5

7

1

7

5
4

45

196

405

256

405

196

405

4

45

6
2

33

14 7

33

� 14 7

33

� 14 7

33

� 14 7

33

� 2

33

7
4

91

744 42 15

2245

� 744 42 15

2245

� 1024

2245

744 42 15

2245

� 744 42 15

2245

� 4
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ïðèìåðû åãî èñïîëüçîâàíèÿ äëÿ ïîñòðîåíèÿ

îïòèìàëüíûõ ïëàíîâ äàíû â [16]. Â ÷àñòíîñòè,

Q-îïòèìàëüíûå ïëàíû î* äëÿ s = 3, 4 â òàáë. 2

ïîñòðîåíû ñ ïîìîùüþ ìåòîäà ðåçóëüòàíòîâ.

Îñíîâíûì íåäîñòàòêîì ìåòîäîâ ñèìâîëüíûõ

âû÷èñëåíèé ÿâëÿåòñÿ òî, ÷òî èõ ñëîæíîñòü è òðå-

áóåìûé îáúåì âû÷èñëåíèé ðåçêî âîçðàñòàþò ñ

ðîñòîì ðàçìåðíîñòè çàäà÷è. Ïîýòîìó îáû÷íî ïðè

èõ èñïîëüçîâàíèè ïðèõîäèòñÿ îãðàíè÷èâàòüñÿ

òðåìÿ-÷åòûðüìÿ ïåðåìåííûìè, êîòîðûìè ÿâëÿ-

þòñÿ òî÷êè ñïåêòðà ïëàíà è èõ âåñà.

Â ýòîì ñìûñëå ïîñòðîåíèå ïëàíîâ òèïà Ìà-

ëþòîâà – Ôåäîðîâà íå ïðåäñòàâëÿåò çàòðóäíå-

íèé, òàê êàê ñïåêòð ïëàíîâ çàäàí, à ðàñïðåäåëå-

íèå âåñîâ ëåãêî âû÷èñëÿåòñÿ. Ýòî äåëàåò ïëàíû

îMF óäîáíûìè â ïðèìåíåíèè áåç áîëüøîé ïîòåðè

ýôôåêòèâíîñòè ïëàíèðîâàíèÿ.

Çàêëþ÷åíèå

Â ðàáîòå îòìå÷åíà íåòî÷íîñòü â ôîðìóëèðîâ-

êå òåîðåìû Ìàëþòîâà – Ôåäîðîâà î íåïðåðûâ-

íûõ Q-îïòèìàëüíûõ ïëàíàõ, çàêëþ÷àþùàÿñÿ â

òîì, ÷òî îïèñûâàåìûå åþ ïëàíû ïîñòðîåíû íà

áàçå ñïåêòðà Ëåæàíäðà, êîòîðûé íà ñàìîì äåëå

ñïåêòðîì Q-îïòèìàëüíûõ ïëàíîâ â îáùåì ñëó÷àå

íå ÿâëÿåòñÿ. Óòâåðæäåíèå òåîðåìû ïåðåñòàåò

áûòü ñïðàâåäëèâûì äëÿ s � 3, ãäå s — ñòåïåíü ïî-

ëèíîìèàëüíîé ðåãðåññèè.

Ïîêàçàíî, ÷òî ïëàíû Ìàëþòîâà – Ôåäîðîâà

îMF ÿâëÿþòñÿ äîñòàòî÷íî ýôôåêòèâíûìè äëÿ ìà-

ëûõ çíà÷åíèé s, ÷òî äåëàåò èõ óäîáíûìè ïðè èñ-

ïîëüçîâàíèè íà ïðàêòèêå, òàê êàê èõ âû÷èñëåíèå

íå ïðåäñòàâëÿåò çàòðóäíåíèé.

Â ðàáîòå íàéäåíî óíèâåðñàëüíîå âûðàæåíèå

äëÿ Q-îïòèìàëüíîãî ðàñïðåäåëåíèÿ çàòðàò, íå

ñâÿçàííîå ñ âèäîì ñïåêòðà. ×àñòíûå ñëó÷àè ýòîãî

âûðàæåíèÿ ïðîòàáóëèðîâàíû äëÿ çíà÷åíèé s =

= 2, ..., 6. Îòìå÷åíà îáùíîñòü ýòîãî âûðàæåíèÿ

ñ ñîîòâåòñòâóþùèì ðåçóëüòàòîì Ïóêåëüñõàéìà

äëÿ A-îïòèìàëüíûõ ïëàíîâ.

Ìåòîäîì ðåçóëüòàíòîâ ïîñòðîåíî íåñêîëüêî

íåïðåðûâíûõ Q-îïòèìàëüíûõ ïëàíîâ è îòìå÷å-

íà òðóäíîñòü èõ ïîñòðîåíèÿ ìåòîäàìè ñèìâîëü-

íûõ âû÷èñëåíèé äëÿ áîëüøèõ çíà÷åíèé s.
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