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Â ñîâðåìåííîé ïðîìûøëåííîñòè âûñîêèìè òåìïàìè âíåäðÿþòñÿ àääèòèâíûå òåõíîëîãèè

(ÀÒ), èñïîëüçóåìûå äëÿ èçãîòîâëåíèÿ ìàòåðèàëîâ è èçäåëèé. Çíà÷èòåëüíûé èíòåðåñ ïðåä-

ñòàâëÿåò òåõíîëîãèÿ ýëåêòðîäóãîâîãî âûðàùèâàíèÿ (Wire Arc Additive Manufacturing —

WAAM), ÷òî îáóñëîâëåíî îòíîñèòåëüíî ìàëîé ñòîèìîñòüþ îáîðóäîâàíèÿ è íàïëàâëÿåìîãî

ìàòåðèàëà, à òàêæå äîñòàòî÷íûì óðîâíåì çíàíèÿ ñâàðî÷íûõ ïðîöåññîâ. Âûðàùèâàíèå ìå-

òàëëè÷åñêèõ ñëîåâ è èçãîòîâëåíèå îáúåìíûõ äåòàëåé ðàçëè÷íîé ãåîìåòðè÷åñêîé ôîðìû â

äàííîì ñëó÷àå îñóùåñòâëÿåòñÿ çà ñ÷åò íàïëàâëåíèÿ ïðîâîëîêè. Ñðåäè íàïëàâëÿåìûõ ìàòå-

ðèàëîâ äëÿ òðåõìåðíîé ïå÷àòè øèðîêîå ðàñïðîñòðàíåíèå ïîëó÷èëè õðîìîíèêåëåâûå ñòà-

ëè. Ñ ó÷åòîì ñïåöèôèêè ñëîæíûõ ñòðóêòóðíûõ è ôîðìîîáðàçóþùèõ ïðîöåññîâ ïðè ðåàëè-

çàöèè WAAM âîçíèêàåò íåîáõîäèìîñòü â äîïîëíèòåëüíûõ èññëåäîâàíèÿõ ñòðóêòóðû è

ñâîéñòâ ïîëó÷àåìûõ ìàòåðèàëîâ. Ïîýòîìó öåëü äàííîé ðàáîòû — ïðèìåíåíèå ñîâðåìåí-

íûõ íåðàçðóøàþùèõ ìåòîäîâ êîíòðîëÿ ñòðóêòóðíîé äåãðàäàöèè â ïðîöåññå îäíîîñíîãî

ðàñòÿæåíèÿ ñòàëè ER308LSI, ïîëó÷åííîé ìåòîäîì ýëåêòðîäóãîâîãî àääèòèâíîãî âûðàùè-

âàíèÿ. Ïðîâåäåíû ìåòàëëîãðàôè÷åñêèå è ìàãíèòíûå èññëåäîâàíèÿ, à òàêæå âûïîëíåí

àíàëèç èçìåíåíèÿ ìèêðîòâåðäîñòè â ïðîöåññå äåôîðìèðîâàíèÿ îáðàçöîâ, âûðåçàííûõ

âäîëü è ïîïåðåê íàïå÷àòàííûõ ñëîåâ. Ïðîàíàëèçèðîâàíû îñîáåííîñòè ýòàïîâ äåãðàäàöèè

ñòðóêòóðû â ïðîöåññå îäíîîñíîãî ðàñòÿæåíèÿ è ñîîòâåòñòâóþùåå ïîâåäåíèå ìàãíèòíûõ

ïàðàìåòðîâ ìàòåðèàëà. Óñòàíîâëåíî, ÷òî îäíîîñíîå ðàñòÿæåíèå îáðàçöîâ, èçãîòîâëåííûõ

ìåòîäîì WAAM, ïðèâîäèò ê îáðàçîâàíèþ áîëüøîãî êîëè÷åñòâà ñòðóêòóðíûõ äåôåêòîâ â

âèäå äåôîðìàöèîííûõ ïîëîñ, íåñïëîøíîñòåé è ìèêðîòðåùèí, ïîÿâëåíèå êîòîðûõ ñîïðî-

âîæäàåòñÿ çíà÷èòåëüíûìè èçìåíåíèÿìè ïðåäåëà òåêó÷åñòè, ìèêðîòâåðäîñòè è êîýðöèòèâ-

íîé ñèëû Hc. Ïî ïîëó÷åííûì çíà÷åíèÿì Hc ââåäåí ïàðàìåòð ìàãíèòíîé àíèçîòðîïèè

(Aìàãí), êîòîðûé îòðàæàåò õàðàêòåð èçìåíåíèÿ êîýðöèòèâíîé ñèëû â îáðàçöàõ, âûðåçàí-

íûõ êàê âäîëü, òàê è ïîïåðåê íàïðàâëåíèÿ íàïëàâêè. Îäíàêî õàðàêòåð òàêèõ èçìåíåíèé

äëÿ ïðîäîëüíî è ïîïåðå÷íî (îòíîñèòåëüíî íàïëàâëåííûõ ñëîåâ) âûðåçàííûõ îáðàçöîâ ðàç-

ëè÷åí. Ðåçóëüòàòû ðàáîòû ìîãóò áûòü ïðèìåíåíû â çàäà÷àõ äèàãíîñòèêè äåôîðìèðîâàí-

íîãî ñîñòîÿíèÿ èçäåëèé, ïîëó÷åííûõ ïî òåõíîëîãèè WAAM.
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Additive technologies (AT) used for the manufacture of materials and products are being introduced pre-

cipitately in modern industry. The technology of electric arc cultivation (Wire Arc Additive Manufacturing

(WAAM)) is of considerable interest due to a relatively low cost of the equipment and surfaced materials,

as well as due to an essential level of understanding welding processes. The cultivation of metal layers and
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the manufacture of volumetric parts of various geometric shapes in this case is carried out by welding

wire. Chromium-nickel steels are widely used as surfaced materials for three-dimensional printing with

metals. However, given the specifics of complex structural and formative processes in the implementation

of WAAM, there is a need for additional studies of the structure and properties of the materials obtained.

The goal of this study is to apply modern non-destructive methods of structural degradation control in the

process of uniaxial stretching of ER308LSI steel obtained by the WAAM electric arc additive cultivation

method. At the same time, metallographic and magnetic studies were carried out, along with the analysis

of changes in microhardness during deformation of samples cut along and across the printed layers. The

features of the stages of structure degradation upon uniaxial stretching and the behavior of magnetic pa-

rameters of the material were analyzed. It is shown that uniaxial stretching of WAAM-made samples leads

to the formation of a large number of structural defects in the form of deformation bands, discontinuities

and microcracks, the appearance of which is accompanied by a significant change in the yield strength,

microhardness and in the values of coercive force Hc. Based on the obtained Hc values, a parameter of the

magnetic anisotropy (A
magn

), which reflects the nature of the change in the coercive force in samples cut

both along and across the direction of surfacing was introduced. However, the character of these changes

for longitudinally and transversely (relative to the deposited layers) cut samples is different. The results

obtained can be used in diagnosing the deformed state of WAAM products.

Keywords: deformation; additive technologies; WAAM; strength; ER308LSI steel; coercive force; mag-

netic control.

Ââåäåíèå

Â ñîâðåìåííîé ïðîìûøëåííîñòè âûñîêèìè

òåìïàìè âíåäðÿþòñÿ àääèòèâíûå òåõíîëîãèè

(ÀÒ), èñïîëüçóåìûå äëÿ èçãîòîâëåíèÿ ìàòåðèà-

ëîâ è èçäåëèé [1 – 3]. Ñðåäè ñóùåñòâóþùèõ âàðè-

àíòîâ ÀÒ çíà÷èòåëüíûé èíòåðåñ ïðåäñòàâëÿåò

ýëåêòðîäóãîâîå âûðàùèâàíèå (WAAM-ìåòîä).

Ýòî îáúÿñíÿåòñÿ òåì, ÷òî WAAM ÿâëÿåòñÿ îòíîñè-

òåëüíî ïðîñòîé òåõíîëîãèåé è ïîçâîëÿåò îïåðà-

òèâíî èçãîòàâëèâàòü íîâûå äåòàëè è âîññòàíàâ-

ëèâàòü èçíîøåííûå êîìïîíåíòû êîíñòðóêöèé

[2, 3]. Âûðàùèâàíèå ìåòàëëè÷åñêèõ ñëîåâ è èçãî-

òîâëåíèå îáúåìíûõ äåòàëåé ðàçëè÷íîé ãåîìåòðè-

÷åñêîé ôîðìû îñóùåñòâëÿåòñÿ çà ñ÷åò íàïëàâëå-

íèÿ ïðîâîëîêè [2 – 4]. Ïîìèìî îïåðàòèâíîñòè

3D-ïå÷àòè ýëåêòðîäóãîâîé íàïëàâêîé è ìîáèëü-

íîñòè èñïîëüçóåìîãî îáîðóäîâàíèÿ, íåñîìíåí-

íûì äîñòîèíñòâîì äàííîãî ìåòîäà ÿâëÿåòñÿ ïî-

âûøåííûé êîýôôèöèåíò èñïîëüçîâàíèÿ ìàòå-

ðèàëà (ÊÈÌ) ïî ñðàâíåíèþ ñ êëàññè÷åñêèìè ìå-

òîäàìè ïîëó÷åíèÿ èçäåëèé (ëèòåéíîå ïðîèçâîä-

ñòâî, îáðàáîòêà ðåçàíèåì, ñâàðêà, îáðàáîòêà

äàâëåíèåì, ìåõàíè÷åñêàÿ îáðàáîòêà) [5, 6].

Àóñòåíèòíûå è àóñòåíèòíî-ôåððèòíûå õðî-

ìîíèêåëåâûå ñòàëè øèðîêî ïðèìåíÿþòñÿ â ìà-

øèíîñòðîåíèè, ýíåðãåòèêå, àâèàöèîííî-êîñìè÷å-

ñêîé, õèìè÷åñêîé ïðîìûøëåííîñòè è äðóãèõ

ñôåðàõ ÷åëîâå÷åñêîé äåÿòåëüíîñòè. Äàííûå ñòà-

ëè îáëàäàþò óíèêàëüíûì êîìïëåêñîì ôèçè-

êî-ìåõàíè÷åñêèõ ñâîéñòâ: ñïîñîáíîñòüþ ñîõðà-

íÿòü âûñîêóþ ïðî÷íîñòü ïðè íèçêèõ è âûñîêèõ

òåìïåðàòóðàõ, ñòîéêîñòüþ âî ìíîãèõ àãðåññèâ-

íûõ ñðåäàõ, ïîâûøåííûì ñîïðîòèâëåíèåì óäàð-

íûì íàãðóçêàì [7 – 10]. Îäíàêî ïðè óïðóãîïëà-

ñòè÷åñêîì äåôîðìèðîâàíèè ìèêðîñòðóêòóðà õðî-

ìîíèêåëåâûõ ñòàëåé íåïðåðûâíî ìåíÿåòñÿ, ÷òî

ïðèâîäèò ê óõóäøåíèþ ìåõàíè÷åñêèõ ñâîéñòâ

ìàòåðèàëà (ïîâûøåíèþ ïðåäåëîâ òåêó÷åñòè è

ïðî÷íîñòè, ñíèæåíèþ ïëàñòè÷íîñòè). Áîëåå èí-

òåíñèâíî ýòè ïðîöåññû íàáëþäàþòñÿ â çîíàõ êîí-

öåíòðàöèè íàïðÿæåíèé [7 – 11]. Èìåþùèåñÿ â

ëèòåðàòóðå äàííûå â îñíîâíîì îñíîâàíû íà ðå-

çóëüòàòàõ èññëåäîâàíèé îáðàçöîâ, ïîëó÷åííûõ

ïî òðàäèöèîííûì òåõíîëîãèÿì [7 – 9]. Èñõîäÿ èç

âûøåñêàçàííîãî, èçó÷åíèå ïîëó÷åííûõ ïî òåõíî-

ëîãèè WAAM îáðàçöîâ, à òàêæå êîíòðîëü èõ ôè-

çèêî-ìåõàíè÷åñêèõ ñâîéñòâ è ñòðóêòóðíîé äåãðà-

äàöèè ïðè äåôîðìèðîâàíèè ïðåäñòàâëÿþò îñî-

áûé èíòåðåñ.

Èçâåñòíî, ÷òî îäíèì èç íàèáîëåå ÷óâñòâè-

òåëüíûõ íåðàçðóøàþùèõ ìåòîäîâ îöåíêè äåôîð-

ìèðîâàííîãî ñîñòîÿíèÿ ìåòàëëè÷åñêèõ ìàòåðèà-

ëîâ, â òîì ÷èñëå àóñòåíèòíûõ ñòàëåé, ÿâëÿåòñÿ

ìàãíèòíûé ìåòîä [12]. Çàâèñèìîñòü ìàãíèòíûõ

ñâîéñòâ ìåòàëëîâ (â ÷àñòíîñòè, êîýðöèòèâíîé

ñèëû Hc) îò ñòåïåíè äåôîðìàöèè ìàòåðèàëà ïî-

êàçàíà â ðÿäå ðàáîò [13 – 16] è ïðèçíàíà íàäåæ-

íûì è èíôîðìàòèâíûì ìåòîäîì êîíòðîëÿ ñî-

ñòîÿíèÿ ìàòåðèàëà.

Òàêèì îáðàçîì, öåëü äàííîé ðàáîòû — èññëå-

äîâàíèå äåãðàäàöèè ñòðóêòóðû è èçìåíåíèÿ ôè-

çèêî-ìåõàíè÷åñêèõ ñâîéñòâ îáðàçöîâ èç ñòàëè

ER308LSI, ïîëó÷åííûõ ìåòîäîì WAAM, â ïðî-

öåññå îäíîîñíîãî äåôîðìèðîâàíèÿ ñ ïðèìåíåíè-

åì ìàãíèòíûõ ìåòîäîâ êîíòðîëÿ.

Ìàòåðèàëû è ìåòîäèêà èññëåäîâàíèé

Â êà÷åñòâå ìàòåðèàëà äëÿ èññëåäîâàíèÿ âû-

áðàíà õðîìîíèêåëåâàÿ àóñòåíèòíî-ôåððèòíàÿ

ñòàëü ER308LSI. Çàãîòîâêè äëÿ îáðàçöîâ ïîëó÷à-

ëè íà ñïåöèàëüíîì ñòåíäå äëÿ 3D-ïå÷àòè ýëåê-

òðîäóãîâîé íàïëàâêîé íà ñòàíêå ñ ×ÏÓ (ðèñ. 1) â

ñðåäå çàùèòíîãî ãàçà (Ar + CO2) [4]. Ðàçìåðû

çàãîòîâêè (íàïå÷àòàííîé ñòåíêè) — 100 × 100 ×

10 ìì. Õèìè÷åñêèé ñîñòàâ èññëåäóåìîãî ñïëàâà

ïðèâåäåí â òàáë. 1.
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Äëÿ îöåíêè âëèÿíèÿ íàïðàâëåíèÿ íàïëàâêè

íà ñâîéñòâà ñòàëè ER308LSI èç ïîëó÷åííîé çàãî-

òîâêè (âûðàùåííîé ñòåíêè) âûðåçàëè ïðîïîð-

öèîíàëüíûå ïëîñêèå îáðàçöû ñ ñå÷åíèåì 8 × 5 ìì

äëÿ èñïûòàíèé íà ðàñòÿæåíèå (ÃÎÑÒ 1497–84)

âäîëü è ïîïåðåê íàïðàâëåíèÿ íàïëàâêè. Ðàñ-

òÿæåíèå îáðàçöîâ ïðîâîäèëè íà ðàçðûâíîé ìà-

øèíå ÓÌÝ-10ÒÌ, îáîðóäîâàííîé öèôðîâûìè

èíòåëëåêòóàëüíûìè äàò÷èêàìè ñèëû è ïåðåìå-

ùåíèÿ îò ZETLAB, ïðè ñêîðîñòè íàãðóæåíèÿ

5 ìì/ìèí è òåìïåðàòóðå T = 20 °C. Ñõåìà âûðåç-

êè è âíåøíèé âèä îáðàçöîâ ñ óêàçàíèåì èññëå-

äóåìûõ çîí ïðåäñòàâëåíû íà ðèñ. 2.

Èñïûòàíèå èññëåäóåìûõ îáðàçöîâ èç ñòàëè

ER308LSI ïðîâîäèëè â íåñêîëüêî ýòàïîâ, âêëþ-

÷àþùèõ â ñåáÿ ðàñòÿæåíèå îáðàçöà äî çàäàííîãî

çíà÷åíèÿ äåôîðìàöèè. Íà êàæäîì ýòàïå äåôîð-

ìèðîâàíèÿ èññëåäîâàëè ìèêðîñòðóêòóðó (â çîíå

êîíòðîëÿ) îáðàçöîâ, èçìåðÿëè èõ ìèêðîòâåð-

äîñòü, èñòèííîå íàïðÿæåíèå òå÷åíèÿ, à òàêæå
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Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîãî ñòåíäà WAAM íà áàçå ñòàíêà ñ ×ÏÓ: 1 — òðåõêîîðäèíàòíûé ñòàíîê ñ ×ÏÓ ïîðòàëü-

íîãî òèïà; 2 — ÏÊ; 3 — ÀÖÏ/ÖÀÏ; 4 — äàò÷èêè ñèëû òîêà è íàïðÿæåíèÿ; 5 — ñèñòåìà ×ÏÓ; 6 — ñâàðî÷íûé ïîëóàâòî-

ìàò; 7 — áàëëîíû ñ çàùèòíûì ãàçîì

Fig. 1. WAAM experimental bench based on a CNC machine: 1 — 3-coordinate CNC gantry type machine; 2 — PC; 3 —

ADC/DAC; 4 — current and voltage sensors; 5 — CNC system; 6 — semi-automatic welding machine; 7 — cylinders with pro-

tective gas

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ èññëåäóåìîé ñòàëè, % ìàññ.

Table 1. Chemical composition of the steel under study, wt.%

Ìàòåðèàë C Si Mn Ni S P Cr Mo Cu Fe

ER308LSI 0,03 0,7 – 1,0 1,0 – 2,5 9,5 – 11,0 0,0 – 3,0 0,03 19,0 – 20,0 <0,8 <0,8 Îñò.

Ðèñ. 2. Ñõåìà âûðåçêè îáðàçöîâ èç íàïëàâëåííîé ñòåíêè (à) è èõ âíåøíèé âèä ñ èññëåäóåìûìè çîíàìè (á)

Fig. 2. The scheme of cutting samples from the deposited wall (a) and their appearance including the studied zones (b)



ïðîâîäèëè ìàãíèòíûé êîíòðîëü. Ïîñëåäíèé ýòàï

äåôîðìèðîâàíèÿ çàêàí÷èâàëñÿ â òî÷êå îòíîñè-

òåëüíîãî ðàâíîìåðíîãî óäëèíåíèÿ (äð).

Íà êàæäîì ýòàïå äåôîðìèðîâàíèÿ îïðåäåëÿ-

ëè èñòèííîå íàïðÿæåíèå òå÷åíèÿ

Sò = Pò/Fi, (1)

ãäå Pò — íàãðóçêà, ïðè êîòîðîé çàêàí÷èâàåòñÿ

óïðóãàÿ îáëàñòü íà äèàãðàììå ðàñòÿæåíèÿ; Fi —

ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ðàáî÷åé çîíû íà

òåêóùåì ýòàïå äåôîðìèðîâàíèÿ. Ãåîìåòðèþ ðà-

áî÷åé ÷àñòè êîíòðîëèðîâàëè ïîñëå êàæäîãî ýòàïà

íàãðóæåíèÿ.

Äëÿ îïðåäåëåíèÿ âåëè÷èíû êîýðöèòèâíîé

ñèëû Hc èñïîëüçîâàëè ìàãíèòíûé àíàëèçàòîð

ÌÀ-412ÌÌ. Áàçà äëÿ èçìåðåíèé, ñîîòâåòñòâóþ-

ùàÿ ðàññòîÿíèþ ìåæäó êîíòàêòíûìè ïëîùàäêà-

ìè, — 30 ìì. Èçìåðåíèÿ ïðîâîäèëè íå ìåíåå

ïÿòè ðàç ñ òî÷íîé ãåîìåòðè÷åñêîé ïðèâÿçêîé ê

èññëåäóåìîé çîíå.

Ïî ïîëó÷åííûì çíà÷åíèÿì êîýðöèòèâíîé

ñèëû â òî÷êàõ ñ ðàâíîçíà÷íûì çíà÷åíèåì ïîòåðè

ïëàñòè÷íîñòè â âèäå äi/äð äëÿ îáðàçöîâ èç äâóõ

âçàèìíî ïåðïåíäèêóëÿðíûõ èçó÷àåìûõ íàïðàâ-

ëåíèé îïðåäåëÿëè ñòåïåíü ìàãíèòíîé àíèçîòðî-

ïèè [17]

Aìàãí = (Hc�
– Hc||)/(Hc�

+ Hc||),

ãäå Hc�
è Hc|| — çíà÷åíèÿ êîýðöèòèâíîé ñèëû â

îáðàçöàõ, âûðåçàííûõ ïåðïåíäèêóëÿðíî è âäîëü

íàïðàâëåíèÿ íàïëàâêè ñëîåâ.

Â êà÷åñòâå èíôîðìàòèâíîãî ïàðàìåòðà ñòðóê-

òóðíîé äåãðàäàöèè èñïîëüçîâàëè òàêæå ìèêðî-

òâåðäîñòü, êîòîðóþ èçìåðÿëè íà ìèêðîòâåðäîìå-

ðå ÈÒÂ-1-ÀÌ ïðè íàãðóçêå 1 êãñ. Çàòåì ïðîâîäè-

ëè ñòàòèñòè÷åñêóþ îáðàáîòêó ïîëó÷åííûõ çíà÷å-

íèé ïî 10 òî÷êàì â çîíå êîíòðîëÿ.

Ìåòàëëîãðàôè÷åñêèé àíàëèç îáðàçöîâ âû-

ïîëíÿëè ïî ñòàíäàðòíîé ñõåìå: øëèôîâêà, ïîëè-

ðîâêà è ïîñëåäóþùåå ýëåêòðîëèòè÷åñêîå òðàâëå-

íèå â 10 %-íîì ðàñòâîðå ùàâåëåâîé êèñëîòû ïî

ðåæèìó: 5 Â, 2 À â òå÷åíèå 75 ñ. Èçîáðàæåíèÿ

ìèêðîñòðóêòóð ïîñëå êàæäîãî ýòàïà äåôîðìèðî-

âàíèÿ ïîëó÷àëè ñ ïðèìåíåíèåì îïòè÷åñêîãî ìå-

òàëëîãðàôè÷åñêîãî ìèêðîñêîïà KEYENCE

VHX-1000.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 3 ïðèâåäåíà äèàãðàììà ðàñòÿæåíèÿ

îáðàçöîâ, âûðåçàííûõ â äâóõ âçàèìíî ïåðïåíäè-

êóëÿðíûõ íàïðàâëåíèÿõ èç ïîëó÷åííîé ìåòîäîì

WAAM çàãîòîâêè. Ïî ðåçóëüòàòàì àíàëèçà êðè-

âûõ ðàñòÿæåíèÿ îïðåäåëÿëè çíà÷åíèÿ ïðî÷íîñò-

íûõ è ïëàñòè÷åñêèõ õàðàêòåðèñòèê èññëåäóåìîãî

ìàòåðèàëà (òàáë. 2). Èç íèõ ñëåäóåò, ÷òî îáðàçöû,

âûðåçàííûå âäîëü íàïðàâëåíèÿ íàïëàâêè, îáëà-

äàþò áîëüøåé ïðî÷íîñòüþ è ïëàñòè÷íîñòüþ, ÷åì

ïîïåðå÷íûå. Ýòî ìîæíî îáúÿñíèòü íàëè÷èåì â

ïîïåðå÷íîì îáðàçöå áîëüøîãî êîëè÷åñòâà ïåðå-

õîäíûõ ñòðóêòóðíûõ çîí, íàïðàâëåííûõ ïåðïåí-

äèêóëÿðíî äåéñòâèþ íàãðóçêè (ðèñ. 4). Òàêèå

çîíû îáëàäàþò ìåíüøåé ïëàñòè÷íîñòüþ, ÷òî ñâÿ-

çàíî ñ âûñîêèìè âíóòðåííèìè íàïðÿæåíèÿìè,

ñòðóêòóðíîé íåîäíîðîäíîñòüþ, íàëè÷èåì øëàêî-

âûõ âêëþ÷åíèé.

Äàëåå èññëåäîâàëè îáðàçöû â ïðîöåññå èõ íà-

ãðóæåíèÿ äî ðàçðóøåíèÿ. Äëÿ ýòîãî îáðàçöû äå-

ôîðìèðîâàëè â íåñêîëüêî ýòàïîâ äî òî÷êè íà÷à-

ëà ñïàäà íàãðóçêè íà äèàãðàììå ðàñòÿæåíèÿ (äð).

Êàæäûé ýòàï ðàñòÿæåíèÿ ñîîòâåòñòâîâàë óâåëè-

÷åíèþ ñòåïåíè äåôîðìàöèè íà ~2,5 %. Ïðè äî-

ñòèæåíèè çàäàííîé äåôîðìàöèè íàãðóçêó ñáðà-

ñûâàëè äî íóëÿ, îáðàçåö âûíèìàëè èç ìàøèíû

äëÿ ïðîâåäåíèÿ èçìåðåíèé.
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Ðèñ. 3. Äèàãðàììû ðàñòÿæåíèÿ îáðàçöîâ, èçãîòîâëåí-

íûõ ïî òåõíîëîãèè WAAM è âûðåçàííûõ â äâóõ âçàèìíî

ïåðïåíäèêóëÿðíûõ íàïðàâëåíèÿõ

Fig. 3. Stretching diagrams of samples manufactured by

WAAM technology and cut in two mutually perpendicular

directions

Òàáëèöà 2. Ìåõàíè÷åñêèå ñâîéñòâà ñòàëè ER308LSI, ïîëó÷åííîé ìåòîäîì WAAM

Table 2. Mechanical properties of ER308LSI steel obtained by WAAM method

Íàïðàâëåíèå âûðåçêè ä, % ó
0,2

, ÌÏà ó
â
, ÌÏà ä

ð
, %

Âäîëü 50,6 310 555 40,7

Ïîïåðåê 42 301 498 26,19



Äëÿ êîíòðîëÿ äåãðàäàöèè ñòðóêòóðû ïðè äå-

ôîðìèðîâàíèè îáðàçöîâ èç ñòàëè ER308LSI ïî-

ëó÷àëè ìèêðîñòðóêòóðû ìàòåðèàëà èç ðàáî÷èõ

÷àñòåé ïðîäîëüíûõ è ïîïåðå÷íûõ îáðàçöîâ

(ðèñ. 5, 6).

Àíàëèç ïðåäñòàâëåííûõ ìèêðîñòðóêòóð ïî-

ñëå ðàñòÿæåíèÿ ïîêàçàë, ÷òî óæå íà íà÷àëüíûõ

ýòàïàõ äåôîðìèðîâàíèÿ íàáëþäàåòñÿ èíòåí-

ñèâíîå äåôîðìàöèîííîå äâîéíèêîâàíèå (ðèñ. 7).

Äàëüíåéøåå óâåëè÷åíèå ñòåïåíè äåôîðìèðîâà-

íèÿ ïðèâîäèò ê çíà÷èòåëüíîìó ïîâûøåíèþ

ïëîòíîñòè äèñëîêàöèé, î ÷åì ãîâîðèò âîçðàñòà-

íèå ïðåäåëà òåêó÷åñòè è òâåðäîñòè èññëåäóåìîé

ñòàëè (ðèñ. 8, 9), îáøèðíîìó ìåõàíè÷åñêîìó

äâîéíèêîâàíèþ è îáðàçîâàíèþ ñäâèãîâûõ ïîëîñ.

Îáðàçöû, ïîëó÷åííûå ïóòåì 3D-ïå÷àòè è âûðå-

çàííûå â ïðîäîëüíîì íàïðàâëåíèè îòíîñèòåëüíî

íàïëàâêè, èìåþò áîëüøåå çíà÷åíèå èñòèííîãî

íàïðÿæåíèÿ òå÷åíèÿ (Sò) è äåôîðìèðóþòñÿ íà

áóëüøóþ âåëè÷èíó (ä), ÷åì îáðàçöû, âûðåçàííûå

ïîïåðåê íàïðàâëåíèÿ íàïëàâêè.

Àíàëèç ðèñ. 9 ïîêàçûâàåò, ÷òî ìèêðîòâåð-

äîñòü HV îáðàçöîâ èç ñòàëè ER308LSI, âûðåçàí-

íûõ êàê â ïðîäîëüíîì, òàê è â ïîïåðå÷íîì íà-

ïðàâëåíèÿõ, óâåëè÷èâàåòñÿ ëèíåéíî â çàâèñèìî-

ñòè îò ñòåïåíè óïðî÷íåíèÿ ñòàëè.
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Ðèñ. 4. Ìèêðîñòðóêòóðà îáðàçîâ ñòàëè ER308LSI, ïîëó÷åííûõ ìåòîäîì WAAM, êîòîðûå âûðåçàíû âäîëü (à) è ïîïåðåê

(á) íàïðàâëåíèé íàïëàâêè

Fig. 4. Microstructure of ER308LSI steel samples obtained by the WAAM method, which were cut along (a) and across (b) the

direction of surfacing

Ðèñ. 5. Ìèêðîñòðóêòóðà ïðîäîëüíîãî îáðàçöà èç ñòàëè ER308LSI (WAAM) ïðè îäíîîñíîì ðàñòÿæåíèè: à — îòíîñèòåëü-

íîå óäëèíåíèå 0 %; á — 7,1 %; â — 10,9 %; ã — 16,56 %; ä — 24 %; å — 40,7 %

Fig. 5. Structural changes of the longitudinal sample made of steel ER308LSI (WAAM) under uniaxial tension: a — elonga-

tion 0%; b — elongation 7.1%; c — elongation 10.9%; d — elongation 16.56%; e — elongation 24%; f — elongation 40.7%
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Ðèñ. 6. Ìèêðîñòðóêòóðà ïîïåðå÷íî âûðåçàííîãî îáðàçöà èç ñòàëè ER308LSI â ïðîöåññå ïîýòàïíîãî ðàñòÿæåíèÿ: à — îò-

íîñèòåëüíîå óäëèíåíèå 0 %; á — 5,68 %; â — 10,83 %; ã — 17,87 %; ä — 22,33 %; å — 32 %

Fig. 6. Structural changes of the cross-cut sample made of ER308LSI steel in the process of gradual stretching: a — elonga-

tion 0%; b — elongation 5.68%; c — elongation 10.83%; d — elongation 17.87%; e — elongation 22.33%; f — elongation 32%

à á

â ã

ä å

Ðèñ. 7. Äåôåêòû ìèêðîñòðóêòóðû ïîïåðå÷íî âûðåçàííîãî îáðàçöà èç ñòàëè ER308LSI (×200): à — îòíîñèòåëüíîå óäëè-

íåíèå 0 %; á — 2,95 %; â — 5,68 %; ã — 6,81 %; ä — 12,57 %; å — 14,84 %

Fig. 7. Structural changes of the longitudinal sample made of steel ER308LSI (WAAM) under uniaxial tension: a — elonga-

tion 0%; b — elongation 2.95%; c — elongation 5.68%; d — elongation 6.81%; e — elongation 12.57%; f — elongation 14.84%



Ðàññìîòðèì âëèÿíèå ïëàñòè÷åñêîé äåôîðìà-

öèè ïðè îäíîîñíîì ðàñòÿæåíèè íà çíà÷åíèÿ êî-

ýðöèòèâíîé ñèëû (Hc) îáðàçöîâ èç ñòàëè

ER308LSI, âûðåçàííûõ âäîëü è ïîïåðåê íàïðàâ-

ëåíèÿ íàïëàâêè (ðèñ. 10). Êîýðöèòèâíàÿ ñèëà èñ-

ñëåäóåìûõ îáðàçöîâ ïî ìåðå óâåëè÷åíèÿ äåôîð-

ìàöèè ñíà÷àëà âîçðàñòàåò, à çàòåì óìåíüøàåòñÿ.

Òàêîå åå èçìåíåíèå ìîæíî îáúÿñíèòü ðîñòîì

âíóòðåííèõ äåôåêòîâ è îñòàòî÷íûõ íàïðÿæåíèé

â äåôîðìèðîâàííûõ îáðàçöàõ.

Âîçðàñòàíèå çíà÷åíèé êîýðöèòèâíîé ñèëû Hc

õàðàêòåðèçóåòñÿ çàòðóäíåíèåì ïðîòåêàíèÿ ïðî-

öåññà íàìàãíè÷èâàíèÿ è ïåðåìàãíè÷èâàíèÿ.

Ïðè÷èíû åå âîçðàñòàíèÿ — ïîâûøåíèå ñòåïåíè

èñêàæåííîñòè êðèñòàëëè÷åñêîé ðåøåòêè ïðè ïî-

ýòàïíîì ðàñòÿæåíèè, à òàêæå ÿâëåíèå íàêëåïà,

ñîïðîâîæäàþùåãîñÿ óâåëè÷åíèåì ïëîòíîñòè äå-

ôåêòîâ ñ áîëåå âûñîêèìè çíà÷åíèÿìè êðèòè÷å-

ñêèõ ïîëåé âçàèìîäåéñòâèÿ äîìåííûõ ãðàíèö ñ

äåôåêòàìè ñòðóêòóðû ñïëàâà [19]. Îäíàêî ïðè

ñòåïåíÿõ äåôîðìàöèè ñâûøå 10 % äëÿ îáðàçöà,

âûðåçàííîãî ïîïåðåê íàïðàâëåíèÿ íàïëàâêè, è

ñâûøå 20 % äëÿ îáðàçöà, âûðåçàííîãî âäîëü íà-

ïðàâëåíèÿ íàïëàâêè, ïðîèñõîäèò ñíèæåíèå êîýð-

öèòèâíîé ñèëû Hc. Âîçìîæíî, ýòî ñâÿçàíî ñ îáðà-

çîâàíèåì â îáúåìå ìàòåðèàëà ñèñòåì ìàêðîòðå-

ùèí, êîòîðûå ïðèâîäÿò ê ðàçðóøåíèþ îáðàçöîâ

è, ñëåäîâàòåëüíî, óìåíüøåíèþ Hc.

Íà ðèñ. 11 ïðåäñòàâëåíà çàâèñèìîñòü ìàãíèò-

íîé àíèçîòðîïèè Aìàãí îò îòíîñèòåëüíîé ïîòåðè

ïëàñòè÷íîñòè (äi/äð) â ñòàëè ER308LSI ïðè îäíî-

îñíîì ðàñòÿæåíèè. Ïàðàìåòð ìàãíèòíîé àíèçî-

òðîïèè îòðàæàåò õàðàêòåð èçìåíåíèÿ êîýðöèòèâ-

íîé ñèëû â îáðàçöàõ, âûðåçàííûõ êàê âäîëü, òàê

è ïîïåðåê íàïðàâëåíèÿ íàïëàâêè. Àíàëèç ïîëó-

÷åííûõ äàííûõ ïîêàçûâàåò, ÷òî â óñëîâèÿõ îäíî-

îñíîãî íàïðÿæåííîãî ñîñòîÿíèÿ îáúåêòà ñ ðîñòîì

âåëè÷èíû äåôîðìàöèè (ä) ïàðàìåòð ìàãíèòíîé

àíèçîòðîïèè óìåíüøàåòñÿ. Íà íà÷àëüíûõ ýòàïàõ

äåôîðìèðîâàíèÿ ïðîèñõîäèò ìîíîòîííîå ñíèæå-

íèå ïàðàìåòðà, ÷òî îáóñëîâëåíî íàêîïëåíèåì äå-

ôåêòîâ (óâåëè÷åíèåì ïëîòíîñòè äèñëîêàöèé, ìå-

õàíè÷åñêèì äâîéíèêîâàíèåì è îáðàçîâàíèåì

ñäâèãîâûõ ïîëîñ). Ïðè äîñòèæåíèè ïîòåðè ïëà-

ñòè÷íîñòè (äi/äð � 0,3) íàáëþäàåòñÿ åãî ðåçêîå

ñíèæåíèå. Âåðîÿòíåå âñåãî, òàêîå ïîâåäåíèå ïà-

ðàìåòðà ìàãíèòíîé àíèçîòðîïèè ñâÿçàíî ñ îáðà-

çîâàíèåì ñèñòåì ìèêðîòðåùèí, êîòîðûå ïðè

äàëüíåéøåì íàãðóæåíèè îáðàçóþò ñèñòåìû ìàê-

ðîòðåùèí, ÷òî âëå÷åò çà ñîáîé ñíèæåíèå êîýðöè-

òèâíîé ñèëû, à ñëåäîâàòåëüíî, è ïàðàìåòðà àêó-

ñòè÷åñêîé àíèçîòðîïèè.

72 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 4
S

ò
,
Ì

Ï
à

R2 = 0,9899

Âäîëü

íàïëàâêè

Ïîïåðåê

íàïëàâêè
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Ðèñ. 9. Âçàèìîñâÿçü ìåæäó èñòèííûì íàïðÿæåíèåì òå-

÷åíèÿ è ìèêðîòâåðäîñòüþ äåôîðìèðîâàííûõ îáðàçöîâ

Fig. 9. The relationship between the true flow stress and

the microhardness of deformed samples
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Âäîëü

íàïëàâêè

Ïîïåðåê

íàïëàâêè

Ðèñ. 10. Çàâèñèìîñòü êîýðöèòèâíîé ñèëû îò äåôîðìà-

öèè äëÿ îáðàçöîâ èç ñòàëè ER308LSI, âûðåçàííûõ âäîëü

è ïîïåðåê íàïðàâëåíèÿ íàïëàâêè: 1 — òî÷êà, ñîîòâåòñòâó-

þùàÿ äåôîðìàöèè 14,84 %, ïðè êîòîðîé ïðîèñõîäèò èç-

ìåíåíèå êîýðöèòèâíîé ñèëû ïîïåðå÷íî âûðåçàííîãî îá-

ðàçöà; 2 — òî÷êà, ñîîòâåòñòâóþùàÿ äåôîðìàöèè 20,10 %,

ïðè êîòîðîé ïðîèñõîäèò èçìåíåíèå êîýðöèòèâíîé ñèëû

ïðîäîëüíî âûðåçàííîãî îáðàçöà

Fig. 10. Dependence of coercive force of ER308LSI steel

samples cut along and across the direction of surfacing: 1 —

a line corresponding to a deformation of 14.84%, at which

there is a change in the coercive force of a transversely cut

sample; 2 — a line corresponding to a deformation of

20.10%, at which there is a change in the coercive force of a

longitudinally cut sample



Âûâîäû

1. Ìåõàíè÷åñêèå ñâîéñòâà îáðàçöîâ èç ñòàëè

ER308LSI, ïîëó÷åííûå ìåòîäîì WAAM, ðàçëè÷-

íû è ñóùåñòâåííî çàâèñÿò îò íàïðàâëåíèÿ ïðè-

ëîæåííîé ê îáðàçöó íàãðóçêè. Óñòàíîâëåíî, ÷òî

îáðàçöû, ó êîòîðûõ ïðè èñïûòàíèÿõ íàïðàâëå-

íèå ïðèëîæåííîé íàãðóçêè ñîâïàäàëî ñ íàïðàâ-

ëåíèåì äâèæåíèÿ ñâàðî÷íîé ãîëîâêè ïðè ïî-

ñòðîåíèè çàãîòîâêè, èìåþò ïîâûøåííûå çíà÷å-

íèÿ ïðî÷íîñòè è ïëàñòè÷íîñòè.

2. Ïðè îäíîîñíîì äåôîðìèðîâàíèè íàïå÷à-

òàííûõ îáðàçöîâ èç ñòàëè ER308LSI ïðîèñõîäèò

äåãðàäàöèÿ ñòðóêòóðû ìàòåðèàëà, çàêëþ÷àþùàÿ-

ñÿ â îáðàçîâàíèè äåôîðìàöèîííûõ ïîëîñ, íå-

ñïëîøíîñòåé è òðåùèí.

3. Êîíòðîëü ìàãíèòíûõ õàðàêòåðèñòèê (Hc è

Aìàãí) èññëåäóåìîãî ìàòåðèàëà ïîêàçàë èõ âûñî-

êóþ ÷óâñòâèòåëüíîñòü ê ñòðóêòóðíûì èçìåíåíè-

ÿì, ïðîõîäÿùèì â ñòàëè ER308LSI ïðè äåôîðìè-

ðîâàíèè. Ïîëó÷åííûå â ðàáîòå äèàãíîñòè÷åñêèå

çàâèñèìîñòè ìîãóò áûòü èñïîëüçîâàíû äëÿ ìîíè-

òîðèíãà äåôîðìèðîâàííîãî ñîñòîÿíèÿ êîíñòðóê-

öèé, èçãîòîâëåííûõ èç õðîìîíèêåëåâûõ ñòàëåé.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèå âûïîëíåíî ïî ãðàíòó ÐÍÔ

¹ 19-19-00332-Ï «Ðàçðàáîòêà íàó÷íî-îáîñíîâàí-

íûõ ïîäõîäîâ è àïïàðàòíî-ïðîãðàììíûõ ñðåäñòâ

ìîíèòîðèíãà ïîâðåæäåííîñòè êîíñòðóêöèîííûõ

ìàòåðèàëîâ íà îñíîâå ïîäõîäîâ èñêóññòâåííîãî

èíòåëëåêòà äëÿ îáåñïå÷åíèÿ áåçîïàñíîé ýêñïëóà-

òàöèè òåõíè÷åñêèõ îáúåêòîâ â Àðêòè÷åñêèõ óñëî-

âèÿõ».

Êîíôëèêò èíòåðåñîâ

Àâòîðû ðàáîòû çàÿâëÿþò îá îòñóòñòâèè êîí-

ôëèêòà èíòåðåñîâ.
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Ðèñ. 11. Çàâèñèìîñòü ìàãíèòíîé àíèçîòðîïèè îò îòíîñè-

òåëüíîé ïîòåðè ïëàñòè÷íîñòè â ñòàëè ER308LSI ïðè îä-

íîîñíîì äåôîðìèðîâàíèè

Fig. 11. Dependence of the magnetic anisotropy on the

relative loss of plasticity in ER308LSI steel during uniaxial

deformation
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