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Àííîòàöèÿ. Âïåðâûå ýêñïåðèìåíòàëüíî âîññòàíîâëåíû ñâàðêîé íà ïîñòîÿí-
íîì òîêå îáðàòíîé ïîëÿðíîñòè øòó÷íûìè ýëåêòðîäàìè ÓÎÍÈ 13/55 äèàìåòðîì
3 ìì ïîëÿ òðàåêòîðèé ãëàâíûõ íàïðÿæåíèé (îíè æå èçîñòàòû, ëèíèè òÿæåíèÿ)
íà ó÷àñòêàõ ïëàñòèíû èç ñòàëè Ñò3 ãàáàðèòàìè 150´150´3 ìì, ñîåäèíåííîé âñòûê
ñ ïëàñòèíîé ðàçìåðîì 200´200´3 ìì òàêæå èç ñòàëè Ñò3. Ìåòîäèêà èññëåäîâà-
íèé âêëþ÷àëà íàíåñåíèå íà ïîâåðõíîñòè ïëàñòèíû êîîðäèíàòíûõ ñåòîê, îïðåäå-
ëåíèå â èõ óçëàõ óãëîâ íàêëîíà ãëàâíûõ ïëîùàäîê ôèçè÷åñêèì íåðàçðóøàþùèì
ìàãíèòîóïðóãèì ìåòîäîì ñ ïîìîùüþ ìîíîôàçíîãî èçìåðèòåëÿ ÈÌÍ-4Ì, îáîðó-
äîâàííîãî óãëîìåðíûì óñòðîéñòâîì. Íà îñíîâå ïîëó÷åííîãî ìàññèâà äàííûõ
ñòðîèëèñü ïîëÿ èçîñòàò, ñðàâíèâàëîñü èõ ñîñòîÿíèå äî è ïîñëå ïðîöåññà ñâàðêè.
Àíàëèç êàðòèí ïîëåé íà îáåèõ ñòîðîíàõ êîíòðîëüíîé ïëàñòèíû ïîñëå îáðàáîò-
êè âûñòðåëàìè ìåëêîé ñâèíöîâîé äðîáüþ è ïîñëå ñâàðêè ïîêàçàë, ÷òî ïðîöåññ
ñâàðêè ôîðìèðóåò â ïðèìûêàþùåé ê øâó ÷àñòè ñòûêîâîãî ñîåäèíåíèÿ êëàññè-
÷åñêóþ çîíó óïðóãèõ èçîñòàò çà ñ÷åò ÷àñòè÷íîãî ïîãëîùåíèÿ ïëîùàäåé, çàíè-
ìàåìûõ äî ñâàðêè èçîòðîïíûìè çîíàìè è çîíàìè èçâèëèñòûõ òðàåêòîðèé. Ïîñëå
ñâàðêè âûøåíàçâàííûå çîíû ìîãóò ñîõðàíÿòüñÿ ïðè ñóùåñòâåííîì ñîêðàùåíèè
èõ ïëîùàäåé. Ñâàðêà èñêëþ÷àåò äàæå ÷àñòè÷íûé âîçâðàò ê ïîëÿì, èìåâøèìñÿ
â òîíêîé ïëàñòèíå äî è ïîñëå åå îáðàáîòêè âûñòðåëàìè. Ïîëó÷åííûå ðåçóëüòàòû
ìîãóò áûòü îñíîâîé äëÿ óïðàâëåíèÿ íàïðÿæåííûì ñîñòîÿíèåì ïóòåì ñîçäàíèÿ,
ãäå íåîáõîäèìî, íàïðÿæåííûõ è ðàçãðóæåííûõ çîí, à òàêæå èõ êîìáèíàöèé â
îäíîì èçäåëèè.
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Original article

THE RECOVERY OF THE MAIN RESIDUAL
STRESS TRAJECTORIES

V.N. Semykin, D.A. Sviridov, M.N. Podoprikhin, V.N. Protsenko, A.V. Besko,
N.V. Podzorov

Voronezh State Technical University, Voronezh, Russia

Abstract. For the first time, the fields of main stress trajectories (i.e. isostats or
tension lines) were experimentally recovered on St3 steel plate sections with dimensions
of 150x150x3 mm, butt-joined with a St3 steel plate of 200õ200õ3 mm in size, using
welding by DC current of reverse polarity, with the help of UONI 13/55 piece electrodes
of 3 mm in diameter. The methodology of research involved applying coordinate grids
onto the plate surface, and detecting the inclination angles of main sites in their nodes
by the physical, non-destructive magnetoelastic method, using IMN-4M single-phase
meter, equipped with a goniometer. Based on the data array obtained, isostatic fields
were plotted and their pre-welding state was compared with the one, following the
welding process. The comparative analysis of field patterns on both sides of the control
plate after being treated with small lead shots and those after welding showed that
the welding process forms a classical zone of elastic isostats in the section, adjacent to
the butt joint, due to partial absorption of areas, occupied by isotropic and winding
trajectory zones prior to welding. After welding, the zones, mentioned above, can be
preserved with significant reduction in their area. Welding eliminates even the possibility
of partial reversion to the fields, existing in the thin plate before and after its processing
by shots. The obtained results are intended to serve as the basis for handling the stress
state by creating stressed and unstressed zones, as well as their combinations in one
product, when necessary.

Keywords: welding, residual stresses, lead shots, magnetoelastic method, isostats,
isotropic zones
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Ââåäåíèå. Â 2016 ã. âîçäåéñòâèåì âûñòðåëîâ ñâèíöîâîé äðîáüþ (ÂÑÄ)
íà ñâàðíûå ñòûêîâûå ñîåäèíåíèÿ ñòàëüíûõ ïëàñòèí òîëùèíîé 6–8 ìì âïåð-
âûå óäàëîñü ïîëó÷èòü èçîòðîïíûå çîíû (ÈÇ) â ïîëÿõ òðàåêòîðèé ãëàâíûõ îñ-
òàòî÷íûõ ñâàðî÷íûõ íàïðÿæåíèé (ÎÑÍ) [1–6]. Â áëàãîïðèÿòíûõ ÈÇ óðîâåíü
íàïðÿæåíèé ìèíèìàëåí, íàïðàâëåíèÿ ãëàâíûõ ïëîùàäîê õàîòè÷íû, à ïî-
ñòðîèòü òðàåêòîðèè (îíè æå ëèíèè òÿæåíèÿ, èçîñòàòû) íåò âîçìîæíîñòè.
Ýôôåêò ñíèæåíèÿ ÎÑÍ ñïîñîáîì ÂÑÄ íà 80–90 % ïðîÿâëÿåòñÿ íà ëèöåâîé
ñòîðîíå ïëàñòèí, êîòîðàÿ íåïîñðåäñòâåííî âîñïðèíèìàåò êèíåòè÷åñêóþ
ýíåðãèþ çàðÿäîâ. Çà ñ÷åò çàòóõàíèÿ ýíåðãèè ïî òîëùèíå ñíèæåíèå óðîâíÿ
ÎÑÍ íà òûëüíîé (îáîðîòíîé) ñòîðîíå ñîñòàâèëî âñåãî 10–30 %. Íèçêèå ÎÑÍ
íà âñþ òîëùèíó îáåñïå÷èâàëè îáðàáîòêîé ñòûêîâûõ îáðàçöîâ âûñòðåëàìè
ñ  îáåèõ ñòîðîí. Ðàñõîä ðåñóðñîâ ïðè ýòîì óäâàèâàëñÿ. Äëÿ èõ ýêîíîìèè
ïðîâåðèëè âîçìîæíîñòü ïîëó÷åíèÿ ÈÇ íà îáåèõ ñòîðîíàõ (à, ñëåäîâàòåëüíî,
è  ïî âñåé òîëùèíå) òîíêîé ïëàñòèíû îáðàáîòêîé ÂÑÄ òîëüêî ñ ëèöåâîé
ñòîðîíû. Ýêñïåðèìåíò äàë ïîëîæèòåëüíûé ðåçóëüòàò [7].
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Ïîñòàíîâêà çàäà÷è. Â íàñòîÿùèé ìîìåíò ïî äîñòóïíûì èñòî÷íèêàì
íåò ñâåäåíèé íè î âëèÿíèè òåõíîëîãè÷åñêèõ ïðîöåññîâ íà óæå ñôîðìèðî-
âàâøèåñÿ ïîëÿ ñ ÈÇ è çîíàìè èçâèëèñòûõ òðàåêòîðèé, íè î âîçìîæíîñòè
âîññòàíîâëåíèÿ óïðóãèõ èçîñòàò â òàêèõ çîíàõ. Öåëüþ íàñòîÿùåé ðàáîòû
ñòàëî èññëåäîâàíèå âîçäåéñòâèÿ ñâàðêè íà èçîòðîïíûå çîíû è çîíû èçâèëè-
ñòûõ èçîñòàò.

Ìåòîäû èññëåäîâàíèÿ. Îáðàçåö èç ñòàëè Ñò3 (ÃÎÑÒ 380–2005) ãàáàðè-
òàìè 150´150´3 ìì âûðåçàëè ãèëüîòèííûìè íîæíèöàìè ÍÀ3121 ïðîèçâîä-
ñòâà Þæíî-Óðàëüñêîãî ìåõàíè÷åñêîãî çàâîäà óñèëèåì 29 êÍ. Íà îáå ñòî-
ðîíû îáðàçöà íàíîñèëè êîîðäèíàòíûå ñåòêè ñ øàãîì 10´10 ìì. Â óçëàõ êîîð-
äèíàòíîé ñåòêè (ïî 196 ñ êàæäîé ñòîðîíû) ìàãíèòîóïðóãèì ìåòîäîì
ìîíîôàçíûì èçìåðèòåëåì ÈÌÍ-4Ì ñèñòåìû ðàäèîèíæåíåðà À.Í. Þðøèíà
îïðåäåëÿëè óãëû íàêëîíà êàñàòåëüíûõ ê èçîñòàòàì íàèáîëüøèõ ãëàâíûõ íà-
ïðÿæåíèé. Ìàãíèòîóïðóãèé äàò÷èê ïðèáîðà îáîðóäîâàí óãëîìåðíûì óñò-
ðîéñòâîì ñ ïîãðåøíîñòüþ èçìåðåíèé ±2°. Âðåìÿ íà îäíî èçìåðåíèå 0,5 ìèí.
Ïîëó÷åííûé ìàññèâ çíà÷åíèé óãëîâ ïîçâîëèë ïîñòðîèòü ïîëÿ òðàåêòîðèé
[8–12]. Äëÿ ëèöåâîé è òûëüíîé ñòîðîí âûÿâèëè êàðòèíû ïîëåé èçîñòàò áåç
ÈÇ  (ðèñ. 1). Ïîëå ëèöåâîé ñòîðîíû ñîñòîèò èç óïðóãèõ òðàåêòîðèé, äâóõ
èçîòðîïíûõ òî÷åê çàìêíóòîãî òèïà è îäíîé òî÷êè – àñèìïòîòè÷åñêîãî òèïà.
Â èçîòðîïíûõ (ñèíãóëÿðíûõ, îðòîòðîïíûõ, íåéòðàëüíûõ, îñîáûõ) òî÷êàõ
çíà÷åíèÿ ãëàâíûõ íàïðÿæåíèé ðàâíû, à èõ íàïðàâëåíèÿ íå îïðåäåëÿþòñÿ. Íà
òûëüíîé ñòîðîíå â ïîëå óïðóãèõ èçîñòàò ÷åòûðå òî÷êè çàìêíóòîãî è òðè –
àñèìïòîòè÷åñêîãî òèïîâ.

Çàòåì ïëàñòèíó ñ ëèöåâîé ñòîðîíû îáðàáàòûâàëè òðåìÿ âûñòðåëàìè
èç  ðóæüÿ äâåíàäöàòîãî êàëèáðà íà ñòðåëêîâîì ïîëèãîíå ïðè ñîáëþäåíèè
ìåð áåçîïàñíîñòè. Èñïîëüçîâàëè ïàòðîíû ñ íèòðîïîðîõîì ÀS è çàðÿäîì
ìàññîé 28 ã ìåëêîé äðîáè ¹ 7,5. Ýíåðãèÿ òðåõ âûñòðåëîâ 1345´3 = 4035 Äæ.
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Ðèñ. 1. Èçîñòàòû íàèáîëüøèõ S s1
(ñïëîøíûå ëèíèè) è íàèìåíüøèõ S s2

(øòðèõîâûå
ëèíèè) íàïðÿæåíèé íà ëèöåâîé (à) è òûëüíîé (á) ñòîðîíå òîíêîé ñòàëüíîé ïëàñòèíû

äî îáðàáîòêè ÂÑÄ

Fig. 1. Isostats of the largest S s1
(solid lines) and the smallest S s2

(dashed lines) stresses
on the front (à) and back (b) sides of a thin steel plate before processing the VSD



Ñ ó÷åòîì ïëîùàäè ïëàñòèíû, ðàâíîé 225 ñì2, óäåëüíàÿ êèíåòè÷åñêàÿ ýíåðãèÿ
ñîñòàâèëà 18 Äæ/ñì2. Ïëàñòèíà íå ïîëó÷èëà ïîâðåæäåíèé è ïëàñòè÷åñêèõ
äåôîðìàöèé.

Ïîñëå ïîâòîðíûõ èçìåðåíèé âî âñåõ óçëàõ êîîðäèíàòíûõ ñåòîê âíîâü ïî-
ñòðîèëè êàðòèíû ïîëåé (ðèñ. 2).

Âîçäåéñòâèå ÂÑÄ ñ óäåëüíîé ýíåðãèåé 18 Äæ/ñì2 ëèøü íà ëèöåâóþ ñòî-
ðîíó ñôîðìèðîâàëî ÈÇ íà îáåèõ ñòîðîíàõ ïëàñòèíû. Îòìå÷åííûå íà ðèñóí-
êàõ ñåðûì öâåòîì ÈÇ ðàñïîëîæåíû ñðåäè èçâèëèñòûõ (âîëíîîáðàçíûõ) òðà-
åêòîðèé. Íàëè÷èå ïîñëåäíèõ – ñâèäåòåëüñòâî íèçêîãî óðîâíÿ îñòàòî÷íûõ íà-
ïðÿæåíèé â ïëàñòèíå [4].

Íà çàêëþ÷èòåëüíîì ýòàïå ìåòîäèêà ýêñïåðèìåíòà âêëþ÷àëà âûÿâëåíèå
èçîñòàò ñ ïîìîùüþ èçìåðèòåëÿ ÈÌÍ-4Ì â ñòàëüíîé ïëàñòèíå òîëùèíîé
3 ìì ïîñëå ñîåäèíåíèÿ îäíîé åå êðîìêè ñâàðíûì øâîì âñòûê ñ äðóãîé
ïëàñòèíîé èç ñòàëè Ñò3 ðàçìåðîì 200´200´3 ìì. Ñâàðêó ïðîèçâîäèëè íà êå-
ðàìè÷åñêîé ïîäëîæêå øòó÷íûìè ýëåêòðîäàìè äèàìåòðîì 3 ìì íà ïîñòîÿí-
íîì òîêå 70–90 A îáðàòíîé ïîëÿðíîñòè.

Ðåçóëüòàòû. Íà ðèñ. 3, à ïðåäñòàâëåíî ïîëå ëèöåâîé ñòîðîíû, à íà
ðèñ. 3, á – ïîëå òûëüíîé ñòîðîíû ïëàñòèíû ïîñëå ñâàðêè. Ðàññìîòðèì
ðèñ. 3, à â ñðàâíåíèè ñ ðèñ. 2, à, êîòîðûé îòðàæàåò êàðòèíó, èìåâøóþñÿ äî
ñâàðêè.

Îêàçàëîñü:
1) íà ëèöåâîé ñòîðîíå ïîñëå ñâàðêè ñôîðìèðîâàëèñü óïðóãèå èçîñòàòû

ÎÑÍ, ðàñïðîñòðàíèâøèåñÿ îò ñâàðíîãî øâà íà ðàññòîÿíèå äî 70 ìì;
2) â ïîëå èìåþòñÿ òàêæå èçîñòàòû èçâèëèñòûå, äâå ÈÇ è ïÿòü èçîòðîïíûõ

òî÷åê;
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Ðèñ. 2. Èçîñòàòû íàèáîëüøèõ S s1 (ñïëîøíûå ëèíèè) è íàèìåíüøèõ S s2
(øòðèõî-

âûå ëèíèè) íàïðÿæåíèé è èçîòðîïíûå çîíû (îêðàøåíû ñåðûì) íà ëèöåâîé (à)
è òûëüíîé (á) ñòîðîíå òîíêîé ñòàëüíîé ïëàñòèíû ïîñëå îáðàáîòêè ÂÑÄ ëèöåâîé

ñòîðîíû

Fig. 2. Isostats of the largest S s1
(solid lines) and smallest S s2

(dashed lines) stresses and
isotropic zones (colored gray) on the front (a) and back (b) sides of a thin steel plate after

processing the front side of the VSD



3) ïëîùàäü ÈÇ âñëåäñòâèå ñâàðêè ñîêðàòèëàñü ñ 81 äî 15 ñì2, ò.å. áîëåå
÷åì â 5 ðàç;

4) ïîñëå ñâàðêè ïîëå èçìåíèëîñü ïî âñåé ïëîùàäè ëèöåâîé ñòîðîíû ïëà-
ñòèíû, â ÈÇ ñòàëè äðóãèìè óãëû íàêëîíîâ ãëàâíûõ ïëîùàäîê;

5) äàæå ÷àñòè÷íîãî âîçâðàòà ê ïîëþ, êîòîðîå áûëî äî îáðàáîòêè ïëàñòè-
íû ÂÑÄ, íå ïðîèçîøëî;

6) áëèæàéøàÿ ê øâó ÈÇ íàõîäèòñÿ íà óäàëåíèè 40 ìì;
7) èçîòðîïíûå òî÷êè ïðèñóòñòâóþò â çîíå óïðóãèõ òðàåêòîðèé è â ÈÇ;
8) ïðîÿâëÿþùèéñÿ ñãóùåíèåì èçîëèíèé ýïèöåíòð êîíöåíòðàòîðà íàïðÿ-

æåíèé íàõîäèòñÿ íà ãîðèçîíòàëè 6.
Äàëåå ñðàâíèâàëè êàðòèíû ïîëåé ïîñëå ñâàðêè (ñì. ðèñ. 3, á) è äî ñâàðêè

(ñì. ðèñ. 2, á) íà òûëüíîé ñòîðîíå ïëàñòèíû.
Âûÿâèëè:
1) ïîëå èçîñòàò è ÈÇ èçìåíèëèñü ïî âñåé ïëîùàäè òûëüíîé ñòîðîíû ïëà-

ñòèíû;
2) ïîñëå ñâàðêè íàëè÷åñòâóþò èçîñòàòû óïðóãèå, èçâèëèñòûå, ÈÇ è äâå

èçîòðîïíûå òî÷êè;
3) øèðèíà çîíû âûçâàííûõ ñâàðêîé óïðóãèõ òðàåêòîðèé ó øâà ³ 50 ìì;
4) ñîõðàíèëàñü ÈÇ ïî÷òè ñ ïðåæíåé ëîêàëèçàöèåé, íî åå ïëîùàäü ñîêðà-

òèëàñü ñ 25 äî 16 ñì2 çà ñ÷åò «ïðîðàñòàíèÿ» óïðóãèõ èçîñòàò îò ñâàðíîãî
øâà;

5) çîíà èçâèëèñòûõ òðàåêòîðèé ðåçêî óìåíüøèëàñü è ñîõðàíèëàñü òîëüêî
íà íåáîëüøîé ïëîùàäè, îãðàíè÷åííîé ëèíèÿìè Ì¢-Ì¢ ñëåâà, Ê¢-Ê¢ ñïðàâà,
ãîðèçîíòàëÿìè 3 – ñâåðõó è 10 – ñíèçó;

6) çíà÷åíèÿ óãëîâ íàêëîíîâ ãëàâíûõ ïëîùàäîê â ñàìèõ ÈÇ èçìåíèëèñü;
7) ýïèöåíòð íàïðÿæåíèé ëîêàëèçîâàëñÿ ìåæäó ãîðèçîíòàëÿìè 6 è 7, ÷òî

ïðèìåðíî ñîîòâåòñòâóåò åãî ïîëîæåíèþ è íà ëèöåâîé ñòîðîíå.
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Ðèñ. 3. Èçîñòàòû íàèáîëüøèõ S s1
(ñïëîøíûå ëèíèè) è íàèìåíüøèõ S s2

(øòðèõî-
âûå ëèíèè) íàïðÿæåíèé è èçîòðîïíûå çîíû (îêðàøåíû ñåðûì) íà ëèöåâîé (à) è òûëü-

íîé (á) ñòîðîíå òîíêîé ñòàëüíîé ïëàñòèíû ïîñëå ñâàðêè

Fig. 3. Isostats of the largest S s1
(solid lines) and smallest S s2

(dashed lines) stresses
and  isotropic zones (colored gray) on the front (a) and back (b) sides of a thin steel plate

after welding



Îòìåòèì, ÷òî íåñìîòðÿ íà ìàëóþ òîëùèíó, íàïðÿæåííîå ñîñòîÿíèå â
ïëàñòèíå âî âñåõ ñëó÷àÿõ òðåõîñíîå, òàê êàê ïîëÿ òðàåêòîðèé ëèöåâîé è òûëü-
íîé ñòîðîí íå ñîâïàäàþò. Âèä íàïðÿæåííîãî ñîñòîÿíèÿ îïðåäåëÿëè ñïîñî-
áîì, çàùèùåííûì ïàòåíòîì ÐÔ ¹ 2687528.

Âûâîäû. Àíàëèç ïîëåé íà äâóõ ñòîðîíàõ ïëàñòèíû äî îáðàáîòêè ÂÑÄ,
ïîñëå îáðàáîòêè è ïîñëå ñâàðêè ïîêàçàë: ïðîöåññ ñâàðêè âîññòàíàâëèâàåò
â  ïðèìûêàþùåé ê øâó ÷àñòè ñòûêîâîãî ñîåäèíåíèÿ êëàññè÷åñêóþ çîíó óï-
ðóãèõ èçîñòàò çà ñ÷åò ÷àñòè÷íîãî ïîãëîùåíèÿ ïëîùàäåé, çàíèìàåìûõ äî
ñâàðêè ÈÇ è çîíàìè èçâèëèñòûõ òðàåêòîðèé. Ïîñëå ñâàðêè ÈÇ è çîíû èçâèëè-
ñòûõ èçîñòàò ìîãóò ñîõðàíèòüñÿ, íî çíà÷èòåëüíî ñîêðàòèâøèñü ïî ïëîùàäè.
Ñâàðêà èñêëþ÷àåò äàæå ÷àñòè÷íûé âîçâðàò ê ïîëÿì, èìåâøèìñÿ â òîíêîé
ïëàñòèíå êàê äî îáðàáîòêè ÂÑÄ, òàê è ïîñëå íåå.

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè îòðàáîòêå ñâà-
ðî÷íûõ òåõíîëîãèé è îïòèìèçàöèè êîíñòðóèðîâàíèÿ ñâàðíûõ èçäåëèé ïóòåì
óïðàâëåíèÿ îñòàòî÷íûì íàïðÿæåííûì ñîñòîÿíèåì. Ýòîãî ìîæíî äîñòèãíóòü
ñîçäàíèåì, ãäå íåîáõîäèìî, íàïðÿæåííûõ è ðàçãðóæåííûõ çîí èëè èõ êîìáè-
íàöèé â ïðåäåëàõ îäíîãî èçäåëèÿ.
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