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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ äåôîðìèðîâàííîãî ñîñòîÿíèÿ è ãëóáèíû âìÿòèí

â ñòàëüíûõ ïëàñòèíàõ èç íèçêîóãëåðîäèñòîé êóçîâíîé ñòàëè Ê08Þ ìàëîé òîëùèíû

(3 – 5 ìì) ñ ïðèìåíåíèåì êîýðöèòèìåòðè÷åñêîãî ìåòîäà. Èçâåñòíî, ÷òî ìåõàíè÷åñêèå íà-

ïðÿæåíèÿ è äåôîðìàöèè, âîçíèêàþùèå â ñòàëüíûõ ñòåðæíÿõ è îñíîâíîì ìåòàëëå òðóá

íåôòåãàçîâîãî ñîðòàìåíòà, îêàçûâàþò ñóùåñòâåííîå âëèÿíèå íà âåëè÷èíó êîýðöèòèâíîé

ñèëû (ÊÑ) ìåòàëëà âáëèçè ïîâåðõíîñòè îáðàçöà. Àíàëèçèðîâàëè âëèÿíèå äåôîðìèðîâàíèÿ

ïëàñòèí è ãåîìåòðè÷åñêèõ ðàçìåðîâ âìÿòèí íà èçìåíåíèå âåëè÷èíû ÊÑ ñ ïîìîùüþ êîýð-

öèòèìåòðà ÊÌ-445.1 è èíñòðóìåíòîâ äëÿ ïîøàãîâîãî îïðåäåëåíèÿ ãëóáèíû âìÿòèíû

(øòàíãåíöèðêóëÿ ñ ãëóáèíîìåðîì, ðóëåòêè, ìåòàëëè÷åñêîé ïîëîñêè, ìàðêåðà). Ïîëó÷åíû

ðàñ÷åòíûå äèôôåðåíöèàëüíûå çàâèñèìîñòè, ñâÿçûâàþùèå êðèâèçíó ïëàñòèíû ñ ãëóáèíîé

âìÿòèíû. Îïðåäåëåíû ëèíåéíûå äåôîðìàöèè, âîçíèêàþùèå â ïëàñòèíå, è èõ èíòåíñèâ-

íîñòü. Óñòàíîâëåíû ñîîòíîøåíèÿ ìåæäó ÊÑ è äåôîðìàöèîííûìè õàðàêòåðèñòèêàìè ïëàñ-

òèí ñ ðàçíûì õàðàêòåðîì ñìÿòèÿ. Ïîêàçàíî, ÷òî â ïëàñòèíå, èìåþùåé îäèíàðíóþ âìÿòèíó,

âåëè÷èíà ÊÑ ìîíîòîííî âîçðàñòàåò ñ ðîñòîì ãëóáèíû âìÿòèíû è èíòåíñèâíîñòè äåôîðìà-

öèé. Â ïëàñòèíå ñ äâîéíîé âìÿòèíîé íàáëþäàëè âîëíîîáðàçíóþ çàâèñèìîñòü ÊÑ îò ãëóáè-

íû è èíòåíñèâíîñòè äåôîðìàöèé ñ õàðàêòåðíîé òî÷êîé ïåðåãèáà. Ïðè ýòîì ïî õàðàêòåðó

çàâèñèìîñòè ìîæíî ñóäèòü î âåëè÷èíå è òèïå âìÿòèíû. Ïðåäëîæåííûé àíàëèç íàïðÿæåí-

íîãî ñîñòîÿíèÿ ñ ïðèìåíåíèåì êîýðöèòèìåòðè÷åñêîãî ìåòîäà ïîçâîëÿåò íàõîäèòü ãåîìåò-

ðè÷åñêèå íåñîâåðøåíñòâà ïîâåðõíîñòè ïëàñòèí è îñóùåñòâëÿòü èõ äèàãíîñòèêó.
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The results of studying the strain state and depth of dents in K08Yu low-carbon steel plates of small thick-

ness (3 – 5 mm) using the method of coercimetry are presented. It is known that mechanical stresses and

strains that occur in steel rods and base metal of oil and gas pipes have a significant impact on the magni-

tude of the coercive force (CF) near the sample surface. The effect of plate deformation and geometric di-

mensions of the dents on the CF magnitude is analyzed using a KM-445.1 coercimeter and tools for step-

wise determination of the depth of dents (calipers with a depth gauge, tape measures, metal strip,

marker). The calculated differential dependences linking the curvature of the plate with the dent depth

are obtained. The intensity of linear strains occurring in the plate is determined. The relations between

the coercive force and strain characteristics of plates with different types of collapsing are determined,

namely, it is shown that in a plate with a single dent, the value of the coercive force increases

monotonically with the depth and intensity of deformations, whereas in a plate with a double dent, there

is a complex wave-like dependence of the coercive force magnitude on the depth and intensity of deforma-

tions with a characteristic inflection point and the character of the dependence provides a possibility for

determination of the size and type of the dent. The proposed analysis of the stress state using the method
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of coercimetry makes it possible to detect geometric imperfections on the surface of the plates and carry

out their non-destructive diagnostics.

Keywords: plate; axial deformation; shear strain intensity; coercive force; dent; coercimetry.

Ðàçâèòèå ìåòîäîâ íåðàçðóøàþùåãî êîíòðîëÿ —

âàæíåéøàÿ çàäà÷à ïîâûøåíèÿ ýêñïëóàòàöèîí-

íîé íàäåæíîñòè ýëåìåíòîâ ìåòàëëè÷åñêèõ êîíñò-

ðóêöèé â ìàøèíîñòðîåíèè è äðóãèõ îòðàñëÿõ ñî-

âðåìåííîé ïðîìûøëåííîñòè. Äëÿ êîíòðîëÿ äå-

ôåêòîâ è èõ óñòðàíåíèÿ ïðèìåíÿþò ðàçíîîáðàç-

íûå ìåòîäû äåôåêòîäèàãíîñòèêè è ðåñòàâðàöèè

ýëåìåíòîâ êîíñòðóêöèé è äåòàëåé ìàøèí äî èõ

íîìèíàëüíûõ ãåîìåòðè÷åñêèõ ðàçìåðîâ.

Òðàäèöèîííûå òåõíîëîãèè îáíàðóæåíèÿ äå-

ôåêòîâ ñ ïîìîùüþ òîëùèíîìåðà òðåáóþò äîïîë-

íèòåëüíîãî èññëåäîâàíèÿ ïðè÷èí èçìåíåíèÿ òîë-

ùèíû èçäåëèÿ. Òàê, â ïðîöåññå ýêñïëóàòàöèè,

íàïðèìåð, òðàíñïîðòíûõ ñðåäñòâ ìîãóò âîçíè-

êàòü ñêîëû ëàêîêðàñî÷íûõ ïîêðûòèé, íå ñîïðî-

âîæäàþùèåñÿ äåôîðìàöèåé êóçîâíîé ïëàñòèíû.

Â ýòîì ñëó÷àå òîëùèíîìåð çàôèêñèðóåò äåôåêò

òîëùèíû áåç ôàêòè÷åñêîãî äåôîðìèðîâàíèÿ èç-

äåëèÿ.

Èç àëüòåðíàòèâíûõ òîëùèíîìåòðèè ìåòîäîâ

ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ íàèáîëüøèé èíòå-

ðåñ ïðåäñòàâëÿþò ìàãíèòíûå ìåòîäû äèàãíîñòè-

êè ìåòàëëîêîíñòðóêöèé [1] è ïðåæäå âñåãî êîýð-

öèòèìåòðè÷åñêèé ìåòîä, êîòîðûé íàøåë ïðè-

êëàäíîå ïðèìåíåíèå â ãàçîòðàíñïîðòíîé îòðàñëè

ïðè àíàëèçå íàïðÿæåííîãî ñîñòîÿíèÿ ãàçîïðîâî-

äîâ [2 – 8].

Öåëü ðàáîòû — èññëåäîâàíèå äåôîðìèðîâàí-

íîãî ñîñòîÿíèÿ è ãëóáèíû âìÿòèí â ñòàëüíûõ

ïëàñòèíàõ èç íèçêîóãëåðîäèñòîé ñòàëè Ê08Þ ìà-

ëîé òîëùèíû (3 – 5 ìì) ñ ïðèìåíåíèåì êîýðöè-

òèìåòðè÷åñêîãî ìåòîäà.

Èññëåäîâàëè äåôîðìèðîâàííîå ñîñòîÿíèå â

ïëàñòèíàõ, îáóñëîâëåííîå ëîêàëüíûì ñìÿòèåì.

Ìåõàíè÷åñêèå ñâîéñòâà ñòàëè Ê08Þ: óò = 190;

óâ = 270 – 350 ÌÏà. Äëÿ óïðîùåíèÿ ïðåäïîëàãà-

ëè, ÷òî ðàññìàòðèâàåìûå âìÿòèíû èìåþò ñôåðè-

÷åñêóþ ôîðìó.

Íà ðèñ. 1 ïðèâåäåíà ñõåìà ïðîôèëÿ ñôåðè-

÷åñêîé âìÿòèíû (ãe — ãåîìåòðè÷åñêèé êîíòóð

âìÿòèíû; P — ïðîèçâîëüíàÿ òî÷êà íà ãëóáèíå

âìÿòèíû; l1, l2, l3 — åäèíè÷íûå âåêòîðû òî÷êè P

(l1, l3 ðàñïîëîæåíû ïàðàëëåëüíî îñÿì x, z); n —

âåêòîð íîðìàëè äëÿ òî÷êè P; Ïe, Tp — ïëîñêîñòè

íàïðàâëåíèÿ ëèíèè äåôîðìàöèè è íåäåôîðìèðî-

âàííîãî ñîñòîÿíèÿ ïëàñòèíû).

Êðèâèçíó âìÿòèíû (âåëè÷èíó, îáðàòíóþ ðà-

äèóñó êðèâèçíû ñ) â ïëîñêîñòè (x, y) îïðåäåëÿëè

èç óðàâíåíèÿ [9]
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ãäå y = y(x, z) — ãëóáèíà âìÿòèíû â ïðîèçâîëü-

íîé òî÷êå P ñ êîîðäèíàòàìè (x, y).

Ïðè ýòîì ëèíåéíàÿ äåôîðìàöèÿ ïëàñòèíû â

íàïðàâëåíèè l1 ñîñòàâèò




�

	
l1

2
� , (2)

ãäå ä — òîëùèíà ïëàñòèíû.

Àíàëîãè÷íî ñ ó÷åòîì ñôåðè÷åñêîé ñèììåò-

ðèè âìÿòèíû ëèíåéíàÿ äåôîðìàöèÿ â íàïðàâëå-

íèè l3 —




�

	
l3

2
� . (3)

Èñõîäÿ èç ãèïîòåçû íåèçìåííîñòè îáúåìà ìà-

òåðèàëà â ïðîöåññå äåôîðìèðîâàíèÿ, èìååì

dl1dl3(1 + ål1)(1 + ål3)dl2(1 + ål2) = dl1dl2dl3 =

= dl1dl2dl3(1 + ål1 + ål3 + ål1ål2)(1 + ål2), (4)

ãäå ål2 — ëèíåéíàÿ äåôîðìàöèÿ â íàïðàâëåíèè l2.

Äàëåå ïîëó÷àåì

(1 + ål1 + ål3 + ål1ål2)(1 + ål2) = 1. (5)
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n

l1
l3

Ðèñ. 1. Ñõåìà ïðîôèëÿ âìÿòèíû



Ïðåíåáðåãàÿ âåëè÷èíàìè âòîðîãî ïîðÿäêà,

íàõîäèì





 



 



 

l

l l

l l

l l

2

1 3

1 3

1 3

1

1
1

1
�

� �

� � �

�

� �

. (6)

Ó÷èòûâàÿ ñîîòíîøåíèÿ (2) è (3), îêîí÷àòåëü-

íî ïîëó÷àåì
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Èíòåíñèâíîñòü ñäâèãîâîé äåôîðìàöèè îïðå-

äåëÿëè ïî ôîðìóëå[10]
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Àíàëèçèðîâàëè êóçîâíûå ïëàñòèíû ñ îäíîé è

äâóìÿ âìÿòèíàìè (ðèñ. 2). Ïî âûäåëåííûì ðàâ-

íûì ñåêòîðàì îïðåäåëÿëè ãëóáèíó âìÿòèíû ñ èñ-

ïîëüçîâàíèåì øòàíãåíöèðêóëÿ ñ ãëóáèíîìåðîì,

êîýðöèòèâíóþ ñèëó (ÊÑ) — ñ ïîìîùüþ êîýðöèòè-

ìåòðà ÊÌ-445.1 [2]. Îòíîñèòåëüíàÿ ïîãðåøíîñòü

èçìåðåíèÿ ÊÑ íå ïðåâûøàëà 5 %, àáñîëþòíàÿ ïî-

ãðåøíîñòü èçìåðåíèÿ ãëóáèíû — 0,01 ìì.

Ãëóáèíó äåôîðìàöèè èçìåðÿëè ïî îñè y (â íà-

ïðàâëåíèè, ïåðïåíäèêóëÿðíîì ïëîñêîñòè Tp),

äëèíó — ïî îñè x. Ïðàêòè÷åñêîå ïîëîæåíèå ïëîñ-

êîñòè Tp çàäàâàëè ìåòàëëè÷åñêîé ïîëîñêîé, îðè-

åíòèðîâàííîé âäîëü îñè x è æåñòêî çàôèêñèðî-

âàííîé â ìåñòàõ îòñóòñòâèÿ äåôîðìàöèé èëè âíå

ïëàñòèíû. Êîýðöèòèìåòð îðèåíòèðîâàëè âäîëü

îñè x.

Êðèâèçíó âìÿòèíû è ëèíåéíûå äåôîðìàöèè

îïðåäåëÿëè ïî ôîðìóëàì (1) – (3), èíòåíñèâíîñòü

äåôîðìàöèè — ïî (2), (3), (7), (8) ñ èñïîëüçîâàíè-

åì ìåòîäèêè ÷èñëåííîãî äèôôåðåíöèðîâàíèÿ

(ïðîãðàììà Excel).

Íà ðèñ. 3 ïðåäñòàâëåíû çàâèñèìîñòè ëèíåé-

íîé (ål3), ñäâèãîâîé (åi) äåôîðìàöèè è Hc îò äëè-

íû x äëÿ ïëàñòèí B è E (ñì. ðèñ. 2).

Âèäíî, ÷òî â ñëó÷àå äâîéíîé âìÿòèíû êðèâàÿ

åi(x) èìååò äâîéíîé ìàêñèìóì (áîëüøèé ïðèõî-

äèòñÿ íà íàèáîëåå ãëóáîêèé äåôåêò).

Òàêæå óñòàíîâèëè, ÷òî êðèâûå Hc(x) (ñ òî÷-

íîñòüþ äî çíàêà) ïîâòîðÿþò ëèíèè ïðîãèáà ïëà-

ñòèí B è E â ïëîñêîñòè (x, y). Ýòî ñâèäåòåëüñòâóåò

î òîì, ÷òî ìàêñèìóì ÊÑ äîñòèãàåòñÿ â ãåîìåòðè-
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Ðèñ. 3. Çàâèñèìîñòè å
l3 (1), å

i
(2) è H

c
îò ðàññòîÿíèÿ x äëÿ ïëàñòèí B (à, â) è E (á, ã)



÷åñêîì öåíòðå îäèíàðíîé âìÿòèíû B. Äëÿ äâîé-

íîãî äåôåêòà íàáëþäàåòñÿ õàðàêòåðíûé äâîéíîé

(ðàçìûòûé) ìàêñèìóì (ðèñ. 4).

Çàâèñèìîñòè Hc îò ãëóáèíû äåôåêòà y (ðèñ. 4)

ïîêàçûâàþò, ÷òî â ñëó÷àå îäèíàðíîé âìÿòèíû

ÊÑ ìåíÿåòñÿ ïî ëèíåéíîìó çàêîíó ñ ðîñòîì y.

Äëÿ äâîéíîé âìÿòèíû ïîâûøåíèå Hc õàðàêòåðè-

çóåòñÿ ñëåäóþùèìè ñîîòíîøåíèÿìè: d2Hc/dy2 < 0

ïðè y < yï è d2Hc/dy2 > 0 ïðè y > yï (yï — êîîðäè-

íàòà òî÷êè ïåðåãèáà âåëè÷èíû ÊÑ ïðè åå èçìåíå-

íèè âäîëü îñè y).

Çàâèñèìîñòè ÊÑ îò èíòåíñèâíîñòè ñäâèãîâîé

äåôîðìàöèè ïðèâåäåíû íà ðèñ. 5. Âèäíî, ÷òî äëÿ

îäèíàðíîé âìÿòèíû íàáëþäàåòñÿ ïðàêòè÷åñêè

ëèíåéíûé ðîñò Hc ñ óâåëè÷åíèåì åi. Â ñëó÷àå

äâîéíîãî äåôåêòà ïîâûøåíèå Hc èìååò âîëíîîá-

ðàçíûé õàðàêòåð.

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïëàñòèí ñ ðàçëè÷íîé ãëóáèíîé ñìÿòèÿ ïîêàçàëè,

÷òî ïðè îäèíàðíîé âìÿòèíå âåëè÷èíà ÊÑ ìîíî-

òîííî âîçðàñòàåò ñ ðîñòîì åå ãëóáèíû è èíòåí-

ñèâíîñòè äåôîðìàöèé. Â ñëó÷àå äâîéíîãî äåôåòà

íàáëþäàåòñÿ âîëíîîáðàçíàÿ çàâèñèìîñòü ÊÑ îò

ãëóáèíû è èíòåíñèâíîñòè äåôîðìàöèé ñ õàðàê-

òåðíîé òî÷êîé ïåðåãèáà. Ïî õàðàêòåðó çàâèñè-

ìîñòè ÊÑ îò ïîëîæåíèÿ òî÷êè èçìåðåíèÿ (êîîð-

äèíàò x, y) ìîæíî ñóäèòü î âåëè÷èíå è õàðàêòåðå

âìÿòèíû.

Ñëåäîâàòåëüíî, êîýðöèòèìåòðè÷åñêèé ìåòîä

ìîæíî ïðèìåíÿòü ïðè äèàãíîñòèêå êà÷åñòâà ïî-

âåðõíîñòè ïëàñòèí, íàïðèìåð, â êóçîâíûõ ÷àñòÿõ

àâòîìîáèëåé. Ñóùåñòâóþùèå ìåòîäû äåôåêòî-

ñêîïèè (ñ ïîìîùüþ òîëùèíîìåðà è äð.) íå ïîçâî-

ëÿþò îáíàðóæèâàòü îòðåñòàâðèðîâàííûå ýëåìåí-

òû êóçîâà. Ïðåäëàãàåìûé ïîäõîä äàåò âîçìîæ-

íîñòü íå òîëüêî äèàãíîñòèðîâàòü äåôåêòû ïëà-

ñòèí ïîñëå ðåñòàâðàöèè, íî è ôèêñèðîâàòü

çàìåíó îäíîé êóçîâíîé ïëàñòèíû íà äðóãóþ.
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