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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.
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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
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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)


