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Ýôôåêò Áàóøèíãåðà ÿâëÿåòñÿ îäíèì èç ôóíäàìåíòàëüíûõ ñâîéñòâ áîëüøèíñòâà ìåòàëëè-

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

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

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

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

ìûõ çàãîòîâêàõ ïðè îáðàáîòêå ìåòàëëîâ äàâëåíèåì. Äëÿ îïðåäåëåíèÿ ýòîãî ïàðàìåòðà

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

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

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

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

ñïîñîáó ïðåäâàðèòåëüíî ðàñòÿãèâàþò äëèííîìåðíûå ñòàíäàðòíûå îáðàçöû äî ðàçëè÷íûõ

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

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

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

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

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

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

ñòâå, ïîçâîëÿþùåì äåôîðìèðîâàòü ïðåäâàðèòåëüíî ðàñòÿíóòûé îáðàçåö áåç èñêðèâëåíèÿ

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

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

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

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

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

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

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

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

äîåìêîñòè âûïîëíåíèÿ èñïûòàíèé, ñâÿçàííûõ ñ îïðåäåëåíèåì ïàðàìåòðà, ïðåäëàãàåòñÿ

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

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

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

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

äëÿ ðÿäà èññëåäîâàííûõ ìàðîê ñòàëåé.
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The Bauschinger effect is one of the fundamental properties of most metal alloys exposed to plastic defor-

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

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

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

sure metal treatment. The value of the parameter (determined in standard tensile tests followed by subse-
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quent compression of samples) is defined by the ratio of the conditional yield strength of the sample under

compression to the value of the preliminary tensile stress. A series of cylindrical samples (~10 pcs.) is usu-

ally taken for tensile-compression tests. According to the traditional procedure, long-size standard speci-

mens are pre-stretched to various degrees of plastic deformation. After that short specimens are cut out

from those specimens for compression tests to determine the conditional compressive yield strength with

a tolerance of 0.2% for plastic deformation. Such a procedure is rather time consuming and expensive. We

propose and develop a new single-model method for estimating the Bauschinger effect which consists in

testing of a single long-size specimen for tension followed by compression of the specimen in a special de-

vice providing deformation of a previously stretched specimen without flexure under conditions of a linear

stress state. The device was designed, manufactured and underwent the appropriate tests. The device con-

tains supporting elements in the form of conical-shaped sectors that prevent flexure of a long cylindrical

specimen upon compression, a ratio of the working part length to diameter ranges from 5 to 10. The re-

sults of experimental determination of the parameter â characterizing the indicated effect are presented.

The results of comparing the values of the parameter â determined by the developed and traditional meth-

ods revealed the possibility of determining the parameter â using the proposed method. To reduce the

complexity of performing tests related to determination of the parameter â we approximated it in the form

of an exponent as a function of the magnitude of plastic deformation and determine the only one value of

â
0

under plastic deformations exceeding 0.05. In this regard, â
0

can be considered a new characteristic of

the material. The calculated data are in good agreement with the experimental results. The values of â
0

are determined for a number of studied steel grades.

Keywords: Bauschinger effect; tensile-compression tests; linear stress state; conditional yield strength;

tolerance for plastic deformation; device for compression of long samples.

Ââåäåíèå

Ýôôåêò Áàóøèíãåðà ÿâëÿåòñÿ îäíèì èç ïðî-

ÿâëåíèé äåôîðìàöèîííîé àíèçîòðîïèè ïðàêòè-

÷åñêè âñåõ ìåòàëëîâ, â ñâÿçè ñ ÷åì åãî îöåíêå ïî-

ñâÿùåíî ìíîãî èññëåäîâàíèé [1 – 13]. Â ðàáîòàõ

[2, 3] ïðåäëîæåíî îöåíèâàòü óêàçàííûé ýôôåêò,

íàïðèìåð, ïðè îäíîîñíîì ðàñòÿæåíèè-ñæàòèè,

êàê

â = ód/ó(e), (1)

ãäå ód — óñëîâíûé ïðåäåë òåêó÷åñòè ïðè ñæàòèè

îáðàçöà ïîñëå åãî ðàñòÿæåíèÿ äî íàêîïëåííîé

äåôîðìàöèè e íàïðÿæåíèåì ó(e); d (%) — âåëè÷è-

íà äîïóñêà íà ïëàñòè÷åñêóþ äåôîðìàöèþ. Ñëåäó-

åò îòìåòèòü ðàáîòû Þ. È. ßãíà è åãî ó÷åíèêîâ,

ýêñïåðèìåíòàëüíî äîêàçàâøèõ ïðàâèëüíîñòü âû-

áîðà óêàçàííîãî äîïóñêà, ðàâíîãî 0,2 %. Â ñâÿçè ñ

ýòèì âûðàæåíèå (1) ìîæíî çàïèñàòü â âèäå

â = ó0,2/ó(e). (2)

Ðåçóëüòàòû ìíîãî÷èñëåííûõ èññëåäîâàíèé

ïî èçó÷åíèþ ýôôåêòà Áàóøèíãåðà ìîæíî ïðîèë-

ëþñòðèðîâàòü äèàãðàììîé, ïðåäñòàâëåííîé íà

ðèñ. 1. Çäåñü â0 — àñèìïòîòè÷åñêîå çíà÷åíèå ïà-

ðàìåòðà â. Âèäíî, ÷òî âåëè÷èíà â èíòåíñèâíî

óìåíüøàåòñÿ äî çíà÷åíèÿ íàêîïëåííîé äåôîðìà-

öèè e = 0,05. Ïðè e > 0,05 ïàðàìåòð â äëÿ áîëü-

øèíñòâà ìåòàëëîâ îñòàåòñÿ ïîñòîÿííûì è ðàâ-

íûì â0. Ïîýòîìó çíà÷åíèå â0 ìîæíî ðàññìàòðè-

âàòü êàê ìåõàíè÷åñêóþ õàðàêòåðèñòèêó ìåòàëëîâ

äëÿ îöåíêè èõ ñêëîííîñòè ê ïðîÿâëåíèþ äåôîð-

ìàöèîííîé àíèçîòðîïèè.

Äëÿ îöåíêè ïàðàìåòðà â, êàê ïðàâèëî, ïðîâî-

äÿò èñïûòàíèÿ öèëèíäðè÷åñêèõ îáðàçöîâ íà îä-

íîîñíîå ðàñòÿæåíèå ñ ïîñëåäóþùèì ñæàòèåì.

Ïðè ýòîì ïàðòèþ ñòàíäàðòíûõ îáðàçöîâ â êîëè-

÷åñòâå 30 øò. ðàçáèâàþò íà 10 ïîäïàðòèé (ïî

3 øò.). Çàòåì îáðàçöû ðàñòÿãèâàþò äî íàêîëåí-

íûõ äåôîðìàöèé e, ðàâíûõ 0,005, 0,010, 0,015,

0,020, 0,030, 0,050, 0,070, 0,100, 0,150, 0,200. Äà-

ëåå èç ýòèõ ïëàñòè÷åñêè äåôîðìèðîâàííûõ îá-

ðàçöîâ âûðåçàþò êîðîòêèå öèëèíäðè÷åñêèå îá-

ðàçöû ñîãëàñíî òðåáîâàíèþ ñòàíäàðòà [14] è îñà-

æèâàþò èõ â îñåâîì íàïðàâëåíèè äî îñòàòî÷íîé

äåôîðìàöèè d = 0,2 %, ôèêñèðóÿ ïðè ýòîì ïî ñè-

ëîèçìåðèòåëþ èñïûòàòåëüíîé ìàøèíû ñîîòâåò-

ñòâóþùóþ íàãðóçêó P0,2. Àáñîëþòíî òî÷íî ñæàòü

îáðàçåö äî äåôîðìàöèè e = 0,002 ïðàêòè÷åñêè íå

óäàåòñÿ, ïîýòîìó ïðåäâàðèòåëüíî ñòðîÿò äèà-

ãðàììó ñæàòèÿ ïðè äåôîðìàöèÿõ e � 0,005 è ïî

íåé ñîãëàñíî ñòàíäàðòíîé ìåòîäèêå [5] îïðåäåëÿ-

þò óñëîâíûé ïðåäåë òåêó÷åñòè ó0,2. Äëÿ èçìåðå-

íèÿ î÷åíü ìàëûõ ïåðåìåùåíèé ïðèìåíÿþò, íà-

ïðèìåð, ìåõàíè÷åñêèå òåíçîìåòðû êîíñòðóêöèè

Ãóãåíáåðãåðà.

Ïðè ðàñ÷åòàõ òåõíîëîãè÷åñêèõ ïðîöåññîâ

ìîæíî èñïîëüçîâàòü îïûòíóþ çàâèñèìîñòü

â = â(e), àïïðîêñèìèðîâàííóþ â âèäå

â = â0 + (1 – â0)exp(–100e). (3)

Ýòî ñîîòíîøåíèå ñ âûñîêîé ñòåïåíüþ òî÷íî-

ñòè îòðàæàåò ðåàëüíîå èçìåíåíèå â ïî÷òè äëÿ

âñåõ ìåòàëëîâ.

Ìåòîäû èññëåäîâàíèÿ

Ðàññìîòðåííûé òðàäèöèîííûé ñïîñîá ïðîâå-

äåíèÿ èñïûòàíèé äëÿ èçó÷åíèÿ ýôôåêòà Áàó-

øèíãåðà íåðàöèîíàëåí ñ òî÷êè çðåíèÿ ìàòå-

ðèàëüíûõ çàòðàò è òðóäîåìêîñòè åãî ðåàëèçàöèè.

Â ñâÿçè ñ ýòèì ïðåäëàãàåì îäíîîáðàçöîâûé ñïî-

ñîá îïðåäåëåíèÿ ïàðàìåòðà â, ñîãëàñíî êîòîðîìó
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ñòàíäàðòíûé îáðàçåö ðàñòÿãèâàþò äî íåîáõîäè-

ìîé ñòåïåíè äåôîðìàöèè e è íà êàæäîé ñòóïåíè

ïîñëå ðàçãðóçêè ñæèìàþò â îñåâîì íàïðàâëåíèè

äî îñòàòî÷íîé äåôîðìàöèè 0,002 è ïî ñîîòâåò-

ñòâóþùåé åé íàãðóçêå P0,2 îïðåäåëÿþò óñëîâíûé

ïðåäåë òåêó÷åñòè êàê

ó0,2 = P0,2/F, (4)

ãäå F — èñòèííàÿ ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ

îáðàçöà. Âî èçáåæàíèå èñêðèâëåíèÿ îáðàçåö ñæè-

ìàþò â óñòðîéñòâå, ïðåäñòàâëåííîì â [15].

Â öåëÿõ îáîñíîâàíèÿ âîçìîæíîñòè îöåíêè ïà-

ðàìåòðà â ðàññìîòðåííûì ñïîñîáîì áûëè ïðîâå-

äåíû èñïûòàíèÿ ñïëîøíûõ îáðàçöîâ äèàìåòðîì

18 ìì è ðàáî÷åé äëèíîé 110 ìì èç ñòàëè 45.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 2 ïðåäñòàâëåíû îïûòíûå çíà÷åíèÿ

ïàðàìåòðà â äëÿ èññëåäóåìîé ñòàëè. Çäåñü êðè-

âàÿ — ðåçóëüòàòû, ïîëó÷åííûå îáíîîáðàçöîâûì

ñïîñîáîì, êðåñòèêè — òðàäèöèîííûì ìåòîäîì.

Èõ ïðàêòè÷åñêîå ñîâïàäåíèå ãîâîðèò î âîçìîæ-

íîñòè îöåíêè ýôôåêòà Áàóøèíãåðà ïðåäëàãàå-

ìûì îäíîîáðàçöîâûì ñïîñîáîì. Ïðè ýòîì ðåêî-

ìåíäóåòñÿ ñòðîèòü êðèâóþ â = â(e) ïî ðåçóëüòà-

òàì îöåíêè â ïðè e, ðàâíîé 0,04, 0,08, 0,12, 0,16.

Îäíàêî åñëè ó÷åñòü, ÷òî äëÿ ìíîãèõ èññëåäîâàí-

íûõ ìåòàëëîâ ïðè äåôîðìàöèÿõ e > 0,05 ïàðà-

ìåòð â ïðàêòè÷åñêè íå ìåíÿåòñÿ è ðàâåí íåêîòî-

ðîé ïîñòîÿííîé â0 (ñì. ðèñ. 1), òî äëÿ óìåíüøå-

íèÿ òðóäîåìêîñòè ïîëó÷åíèÿ óêàçàííîãî ïàðà-

ìåòðà ìîæíî îãðàíè÷èòüñÿ îïðåäåëåíèåì â0 ïðè

îäíîì çíà÷åíèè äåôîðìàöèè e = 0,05 – 0,10. Â

äàííîì ñëó÷àå äëÿ îöåíêè â ïðè ëþáûõ äåôîðìà-

öèÿõ ñëåäóåò âîñïîëüçîâàòüñÿ àïïðîêñèìèðóþ-

ùåé ôóíêöèåé â âèäå (3).

Ïðèâåäåííûå íà ðèñ. 2 äàííûå ïîçâîëÿþò

ñäåëàòü çàêëþ÷åíèå î âîçìîæíîñòè ïðèìåíåíèÿ

îäíîîáðàçöîâîãî ñïîñîáà îöåíêè ïàðàìåòðà â è

åãî îïðåäåëåíèÿ ïî ôîðìóëå (3) ñ ó÷åòîì òîëüêî

â0 ïðè îäíîì çíà÷åíèè e � 0,05.

Â òàáëèöå äëÿ èëëþñòðàöèè ïðåäñòàâëåíû

çíà÷åíèÿ â0 äëÿ ðÿäà èññëåäîâàííûõ ìåòàëëîâ.

Çàêëþ÷åíèå

Ðåçóëüòàòû ñîïîñòàâëåíèÿ çíà÷åíèé ïàðà-

ìåòðà â, ïîëó÷åííûõ íîâûì è òðàäèöèîííûì

ñïîñîáàìè, ïîäòâåðäèëè âîçìîæíîñòü îïðåäåëå-

íèÿ ïàðàìåòðà â îäíîîáðàçöîâûì ñïîñîáîì. Â öå-

ëÿõ óìåíüøåíèÿ òðóäîåìêîñòè âûïîëíåíèÿ èñ-

ïûòàíèé, ñâÿçàííûõ ñ îïðåäåëåíèåì ïàðàìåòðà,

ïðåäëîæåíî àïïðîêñèìèðîâàòü åãî â âèäå ýêñïî-

íåíòû êàê ôóíêöèè âåëè÷èíû ïëàñòè÷åñêîé äå-

ôîðìàöèè. Ïðè ýòîì äîñòàòî÷íî îïðåäåëèòü îäíî

çíà÷åíèå â0 ïðè ïëàñòè÷åñêèõ äåôîðìàöèÿõ,

áîëüøèõ 0,05. Â ñâÿçè ñ ýòèì â0 ìîæíî ðàññìàò-

ðèâàòü êàê íîâóþ õàðàêòåðèñòèêó ìàòåðèàëà.

Ðàñ÷åòíûå äàííûå äîñòàòî÷íî õîðîøî ñîãëàñó-

þòñÿ ñ îïûòíûìè.
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