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Ïðè âîññîçäàíèè èçäåëèé, ïîëó÷åííûõ ñ ïîìîùüþ àääèòèâíûõ òåõíîëîãèé, îñíîâàííûõ

íà ïîñëîéíîì ïëàâëåíèè ìåòàëëè÷åñêîãî ïîðîøêà êîíöåíòðèðîâàííûìè ïîòîêàìè ýíåð-

ãèè, èñïîëüçóþò ìåòîäû, ìèíèìèçèðóþùèå ïëàâëåíèå èñõîäíîãî ïîðîøêà è ñíèæàþùèå

ñòðóêòóðíóþ íåîäíîðîäíîñòü â ìàòåðèàëå. Îäèí èç òàêèõ ìåòîäîâ — õîëîäíîå ãàçîäèíàìè-

÷åñêîå íàïûëåíèå ñ èíòåíñèôèêàöèåé ïðîöåññà ëàçåðíûì èçëó÷åíèåì (ÕÃÍË). Ìíîãî-

ñëîéíûå ÕÃÍË-ïîêðûòèÿ èìåþò ãîìîãåííóþ ñòðóêòóðó ìåòàëëà. Âìåñòå ñ òåì çíà÷èòåëü-

íàÿ øåðîõîâàòîñòü ïîâåðõíîñòè îáóñëîâëåíà ðàçìåðîì ÷àñòèö èñõîäíîãî ïîðîøêà. Â ðàáî-

òå ïðåäñòàâëåí ñïîñîá ïîñòîáðàáîòêè ìíîãîñëîéíûõ ÕÃÍË-ïîêðûòèé, ïîçâîëÿþùèé ïîëó-

÷àòü óïðî÷íåííûé ñëîé íà èõ ïîâåðõíîñòè. Óïðî÷íåííûé ñëîé ôîðìèðóåòñÿ ïóòåì âíåäðå-

íèÿ ïîðîøêîâûõ ÷àñòèö êàðáèäà áîðà ÂÑ â ðàñïëàâëåííóþ ëàçåðîì îáëàñòü íà ïîâåðõíî-

ñòè ïîêðûòèÿ (èñïîëüçîâàëè íåðæàâåþùóþ ñòàëü 316L). Àêóñòè÷åñêàÿ âîëíà, âûçâàííàÿ

«ìèêðîâçðûâîì», èíèöèèðîâàííûì ëàçåðíûì èìïóëüñîì íàä ïîâåðõíîñòüþ, òîëêàåò ÷àñ-

òèöû êàðáèäà â ðàçëè÷íûõ íàïðàâëåíèÿõ. ×àñòü èç íèõ âíåäðÿåòñÿ â «âàííó» ðàñïëàâà íà

ïîâåðõíîñòè ïîêðûòèÿ. Òàêèì îáðàçîì îñóùåñòâëÿåòñÿ ëàçåðíîå ìèêðîäåòîíàöèîííîå

øàðæèðîâàíèå ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ. Â ðåçóëüòàòå èññëåäîâàíèÿ óïðî÷íåííîãî

ñëîÿ óñòàíîâëåíî âûñîêîå ñîäåðæàíèå â íåì òàêèõ ýëåìåíòîâ, êàê B, C, Cr, Fe, Ni. Êðîìå

òîãî, â ñòðóêòóðå ñëîÿ ôîðìèðóþòñÿ òâåðäûå êàðáèäû ðîìáè÷åñêîé ôîðìû. Õèìè÷åñêèé è

ýëåìåíòíûé àíàëèçû ïîêàçàëè, ÷òî ðîìáîîáðàçíûå êàðáèäû — êàðáèäû òèïà (Fe, Cr)xBy —

ñîäåðæàò âûñîêóþ êîíöåíòðàöèþ Cr, Fe è îòíîñèòåëüíî íåáîëüøîé ïðîöåíò Ñ. Âåðîÿòíî,

îíè ôîðìèðóþòñÿ çà ñ÷åò âçàèìîäåéñòâèÿ õðîìà, âõîäÿùåãî â ñîñòàâ èñõîäíîãî óïðî÷íÿå-

ìîãî ïîêðûòèÿ, ñ áîðîì, êîòîðûé âûñâîáîæäàåòñÿ ñ ïîâåðõíîñòè ÷àñòèö BC ïðè âçàèìîäåé-

ñòâèè ñ ëàçåðîì. Ïðè óïðî÷íåíèè ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ ïðåäëîæåííûì ñïîñîáîì

îñóùåñòâëÿåòñÿ ïëàâëåíèå ïîâåðõíîñòè ïîêðûòèÿ ëàçåðîì ñ îäíîâðåìåííîé ïîäà÷åé ÷àñ-

òèö BC, ÷òî îáåñïå÷èâàåò âûñîêóþ òâåðäîñòü ïîëó÷àåìîãî óïðî÷íåííîãî ñëîÿ. Ïðåäñòàâ-

ëåííûé ñïîñîá óïðî÷íåíèÿ ìîæåò áûòü èñïîëüçîâàí ñ ïðèìåíåíèåì ðàçëè÷íûõ ïîðîøêî-

âûõ ìàòåðèàëîâ.
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When reconstructing products obtained using additive technologies based on layer-by-layer melting of

metal powder by concentrated energy flows, it is advisable to use methods that minimize melting of the

initial powder and reduce structural heterogeneity of the material. Cold gas-dynamic spraying with laser-

induced intensification of the process (CGDSL) is one of them. The multilayer coatings obtained by

the CGDSL method have a homogeneous metal structure though a significant surface roughness attrib-

uted to the particle size of the original powder is observed. The goal of the study is to develop a new

method of post-processing of multilayer coatings obtained by CGDSL which can provide a hardened layer

on their surface. A hardened layer is formed through introduction of boron carbide powder particles into

the laser-molten region formed on the surface of the coating based on 316L stainless steel. An acoustic

wave triggered by a “microexplosion” induced by a laser pulse above the surface pushes carbide particles
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in different directions. Some of them are embedded into the melt pool on the surface of the coating. Thus,

the laser microdetonation cartooning of the surface of the CGDSL coating is implemeted. Study of the

hardened layer revealed a high content of B, C, Cr, Fe, and Ni. Moreover, it is shown that solid carbides of

rhombic form are formed in the hardened layer. Chemical and elemental analyzes showed that dia-

mond-shaped carbides — carbides of the type (Fe, Cr)xBy — contain a high concentration of Cr, Fe and a

relatively small percentage of C. Most likely formation of diamond-shaped carbides occurs due to interac-

tion of chromium which is a part of the initial hardened coating with boron that released from the surface

of BC particles under laser impact. The developed method provides hardening of the surface layer of the

coating previously obtained by CGDSL by embedding the BC powder particles into the surface. The tech-

nology of hardening CGDSL coatings can be implemented using other powder materials.

Keywords: additive manufacturing; laser cladding; microstructure; hardness.

Ââåäåíèå

Ïðÿìîå ëàçåðíîå íàíåñåíèå ìåòàëëà

(ÏËÍÌ) — ìåòîä, ðàçðàáîòàííûé íà îñíîâå ëà-

çåðíîé íàïëàâêè (ËÍ), èñïîëüçóþò ïðè ñîçäàíèè

ïîêðûòèé ñ çàäàííûìè ôèçèêî-ìåõàíè÷åñêèìè

ñâîéñòâàìè. Ïðè ÏËÍÌ-ìåòîäå (êàê è â ñëó÷àå

ËÍ) ìåòàëëè÷åñêèé ïîðîøîê ðàñïëàâëÿåòñÿ ðàñ-

ôîêóñèðîâàííûì ëàçåðîì. Ïðè ýòîì ïðîèñõîäèò

÷àñòè÷íîå ïëàâëåíèå ïîäëîæêè, çà ñ÷åò ÷åãî äî-

ñòèãàåòñÿ íåîáõîäèìûé êîíòàêò ìåæäó ïîêðûòè-

åì è ïîäëîæêîé.

Â ïîñëåäíèå ãîäû â àääèòèâíîì ïðîèçâîäñòâå

ïðèìåíÿþò õîëîäíîå ãàçîäèíàìè÷åñêîå íàïûëå-

íèå (ÕÃÍ) [1], ïðè êîòîðîì ïîðîøîê óñêîðÿåòñÿ

ñâåðõçâóêîâûì ïîòîêîì ãàçà â ñîïëå Ëàâàëÿ. Ñî-

óäàðåíèå ìåòàëëè÷åñêèõ ÷àñòèö ñ ïîäëîæêîé

ïðèâîäèò ê èõ ïëàñòè÷åñêîé äåôîðìàöèè. Âñëåä-

ñòâèå ïîâûøåíèÿ êèíåòè÷åñêîé ýíåðãèè îñóùå-

ñòâëÿåòñÿ ïðîöåññ ñâàðèâàíèÿ ÷àñòèö ìåæäó ñî-

áîé è ïîäëîæêîé. Òàêèì îáðàçîì äîñòèãàåòñÿ àä-

ãåçèÿ ÷àñòèö ê ïîäëîæêå ïðè òåìïåðàòóðå íèæå

òåìïåðàòóðû ïëàâëåíèÿ èñõîäíûõ ìàòåðèàëîâ

[2, 3].

Èñïîëüçîâàíèå ïðè ÕÃÍ ëàçåðà (ÕÃÍË) ðàñ-

øèðÿåò âîçìîæíîñòè íàïûëåíèÿ çà ñ÷åò ïëàâëå-

íèÿ ïîðîøêîâûõ ÷àñòèö. Ýòî ïîçâîëÿåò ïðîâî-

äèòü øàðæèðîâàíèå ïîâåðõíîñòè îáðàçöà ÷àñòè-

öàìè ïîðîøêîâîãî ìàòåðèàëà [4]. Ëàçåðíîå èçëó-

÷åíèå, ïîâûøàÿ êèíåòè÷åñêóþ ýíåðãèþ ÷àñòèö,

ñïîñîáñòâóåò óâåëè÷åíèþ ïëàñòè÷åñêîé äåôîðìà-

öèè â ìîìåíò èõ ñòîëêíîâåíèÿ ñ ïîäëîæêîé è, ñî-

îòâåòñòâåííî, õîðîøåé àäãåçèè [5, 6]. Ñìÿã÷àÿ

ïîäëîæêó è ÷àñòèöû ïîðîøêà, ëàçåð îáåñïå÷è-

âàåò óñëîâèÿ ôîðìèðîâàíèÿ ïëîòíîãî ïîêðûòèÿ

ïðè ñêîðîñòÿõ óäàðà ïðèìåðíî â äâà ðàçà ìåíü-

øå, ÷åì ïðè êëàññè÷åñêîì ÕÃÍ [7]. Êðîìå òîãî,

äîïîëíèòåëüíûé ëàçåðíûé íàãðåâ ïîçâîëÿåò

ñíèæàòü òåìïåðàòóðó òðàíñïîðòíîãî ãàçà [8], ýô-

ôåêòèâíîñòü íàïûëåíèÿ âîçðàñòàåò, èñõîäíàÿ

ìèêðîñòðóêòóðà ÕÃÍË-ïîêðûòèé ñîõðàíÿåòñÿ

[9 – 12].

Öåëü ðàáîòû — ðàçðàáîòêà ñïîñîáà ïîñòîáðà-

áîòêè ìíîãîñëîéíûõ ÕÃÍË-ïîêðûòèé, ïîçâîëÿ-

þùåãî ïîëó÷àòü óïðî÷íåííûé ñëîé íà èõ ïîâåðõ-

íîñòè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Óïðî÷íåíèå ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ

îñóùåñòâëÿëè â àâòîìàòè÷åñêîì ðåæèìå íà óñòà-

íîâêå äëÿ ÏËÍÌ. Äëÿ ïîäà÷è ãàçîïîðîøêîâîé

ñìåñè êàðáèäà áîðà BC (ðàçìåð ÷àñòèö — 20 –

250 ìêì, ðàñõîä — 0,2 ã/ñ) â çîíó êîíòàêòà ëàçåðà

ñ ïîâåðõíîñòüþ ïîêðûòèÿ èç íåðæàâåþùåé ñòàëè

316L (èñõîäíûé ðàçìåð ÷àñòèö — 45 – 100 ìêì)

èñïîëüçîâàëè êîàêñèàëüíîå ñîïëî. Äëÿ øàðæè-

ðîâàíèÿ ïðèìåíÿëè èòòåðáèåâûé âîëîêîííûé

ëàçåð (äëèíà âîëíû — 1070 íì, èìïóëüñíûé ðå-
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Ðèñ. 1. ×àñòèöû ïîðîøêîâ íåðæàâåþùåé ñòàëè 316L (à) è êàðáèäà áîðà (á)

Fig. 1. Powder particles of stainless steel 316L (a) and boron carbide (b)



æèì, âðåìÿ ìåæäó èìïóëüñàìè — 50 ìñ). Äëÿ

òðàíñïîðòèðîâêè ïîðîøêîâîãî ìàòåðèàëà èñ-

ïîëüçîâàëè àðãîí (ðàñõîä — 3 ë/ìèí), äëÿ ôîðìè-

ðîâàíèÿ ãàçîïîðîøêîâîãî ïîòîêà — äîïîëíè-

òåëüíûé ãàç (ðàñõîä — 5 ë/ìèí). Ðàáî÷åå ðàññòîÿ-

íèå ìåæäó ñîïëîì è ïîäëîæêîé ñîñòàâëÿëî 5 ìì.

Íà ðèñ. 1 ïðåäñòàâëåíû èñõîäíûå ïîðîøêîâûå

ìàòåðèàëû.

Ìèêðîòâåðäîñòü îïðåäåëÿëè ñ ïîìîùüþ

àâòîìàòèçèðîâàííîãî òâåðäîìåðà Tukon 2500,

øåðîõîâàòîñòü è ïðîôèëü ïîâåðõíîñòè ïîêðû-

òèÿ — ïðîôèëîãðàôà-ïðîôèëîìåòðà «Àáðèñ-

ÏÌ7». Îáðàçöû ïåðåä àíàëèçîì ìàêðî- è ìèêðî-

ñòðóêòóðû ïîñëåäîâàòåëüíî øëèôîâàëè àëìàç-

íûìè øëèôîâàëüíûìè äèñêàìè (120, 220 è 500

grit) è ïîëèðîâàëè ñ èñïîëüçîâàíèåì àëìàçíûõ

ñóñïåíçèé (9 è 3 ìêì). Òðàâëåíèå ïðîâîäèëè â

ïîäãîòîâëåííîì ðåàêòèâå àçîòíîé êèñëîòû. Äëÿ

àíàëèçà ìèêðîñòðóêòóðû èñïîëüçîâàëè îïòè÷å-

ñêèé ìèêðîñêîï Axio Observer D1m Carl Zeiss ñ

ïðîãðàììíûì îáåñïå÷åíèåì Tixomet. Ìåòàëëî-

ãðàôè÷åñêèé àíàëèç ïðîâîäèëè ñ ïîìîùüþ óíè-

âåðñàëüíîãî èíâåðòèðîâàííîãî ìèêðîñêîïà Carl

Zeiss Axiovert-200Ì. Ýëåêòðîííî-ìèêðîñêîïè÷å-

ñêîå (ÐÝÌ) èçîáðàæåíèå ïîâåðõíîñòè îáðàçöîâ è

èõ ýëåìåíòíûé ñîñòàâ ïîëó÷àëè c èñïîëüçîâàíè-

åì Auriga CrossBeam.

Èñõîäíûé ôàçîâûé ñîñòàâ ìåòàëëà ïîêðûòèÿ

áûë ïðåäñòàâëåí ã-Fe [15]. Õèìè÷åñêèé ñîñòàâ

ñòàëè 316L, % ìàññ.: 18 Cr, 3 Mo, 14 Ni, 0,03 C,

2 Mn, 0,75 Si, 0,045 P, 0,03 S.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðåäñòàâëåíà ñõåìà óïðî÷íåíèÿ

ÕÃÍË-ïîêðûòèÿ. Ïîðîøêîâûå ÷àñòèöû BC ïîäà-

âàëèñü íà ïîâåðõíîñòü ïîêðûòèÿ ÷åðåç êîëüöå-

âîé êàíàë êîàêñèàëüíîãî ñîïëà. Ôîêóñ ëàçåðà

ðàñïîëàãàëñÿ íàä ïîâåðõíîñòüþ óïðî÷íÿåìîãî

ïîêðûòèÿ íà ðàññòîÿíèè 1 ìì. Â ìîìåíò âûõîäà

ëàçåðà íà ïèêîâóþ ìîùíîñòü (7 êÂò) ïðîèñõîäèë

«ìèêðîâçðûâ» íàä ïîâåðõíîñòüþ, âûçâàííûé áû-

ñòðûì ëîêàëüíûì ðàçîãðåâîì ãàçîâîé ñðåäû. Äëÿ

ðàñïëàâëåíèÿ ëîêàëüíîãî ó÷àñòêà íà ïîâåðõíî-

ñòè áûëî äîñòàòî÷íî îäíîãî èìïóëüñà. «Ìèêðî-

âçðûâ», èíèöèèðîâàííûé ëàçåðíûì èìïóëüñîì,

ñîçäàâàë àêóñòè÷åñêóþ âîëíó, êîòîðàÿ òîëêàëà

÷àñòèöû BC â ðàçëè÷íûõ íàïðàâëåíèÿõ. ×àñòü èç

íèõ âíåäðÿëàñü â «âàííó» ðàñïëàâà.

Íà ðèñ. 3 ïðèâåäåíû ÐÝÌ-èçîáðàæåíèå è

ýëåìåíòíûé ñîñòàâ ïîïåðå÷íîãî ñå÷åíèÿ øëèôà

ÕÃÍË-ïîêðûòèÿ ñ óïðî÷íåííûì ñëîåì. Âèäíî,

÷òî âåðõíèé ñëîé íà ïîâåðõíîñòè ïîêðûòèÿ

íàñûùåí ÷àñòèöàìè BC, à ðàñïðåäåëåíèÿ îñíîâ-

íûõ ýëåìåíòîâ (Cr, Fe, Ni, Mo, Mn) â ïîêðûòèè

è óïðî÷íåííîì ñëîå õàðàêòåðèçóþòñÿ îäíîðîä-

íîñòüþ.

Íà ðèñ. 4 ïðåäñòàâëåíà çàâèñèìîñòü ìèêðî-

òâåðäîñòè óïðî÷íåííîãî ÕÃÍË-ïîêðûòèÿ îò ãëó-

áèíû H. Òâåðäîñòü ÷àñòèö BC, âíåäðåííûõ â ïî-

êðûòèå, ñîñòàâëÿëà 2300 – 2500 HV0,02, òâåðäîñòü

ìåòàëà ïîêðûòèÿ äî óïðî÷íåíèÿ — 190 HV0,02.

Ìîæíî ïðåäïîëîæèòü, ÷òî ìîùíûé ëàçåðíûé

èìïóëüñ âûçûâàåò ïëàâëåíèå ìåòàëëà ïîâåðõ-
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Äåòîíàöèÿ
Ôîêóñ

ëàçåðà

à á

Ðèñ. 2. Ñõåìà óïðî÷íåíèÿ ïîâåðõíîñòè ÕÃÍË-ïîêðûòèÿ

â ìîìåíòû âêëþ÷åíèÿ ëàçåðà (à) è ìàêñèìàëüíîé åãî

ìîùíîñòè â èìïóëüñå (á)

Fig. 2. Scheme of hardening the surface of the CGDSL

coating at the moment of the laser switch-on (a) and at the

moment when the laser power reaches the maximum value

in the pulse (b)

ÕÃÍË-ïîêðûòèå

Ðèñ. 3. Ìèêðîñòðóêòóðà ÕÃÍË-ïîêðûòèÿ ñ óïðî÷íåííûì ñëîåì â ïîïåðå÷íîì ñå÷åíèè è ýëåìåíòíûé ñîñòàâ

Fig. 3. The microstructure of the CGDSL coating with a hardened layer in the cross section and elemental composition



íîñòè ïîêðûòèÿ è ìåëêèõ ïîðîøêîâûõ ÷àñòèö

ÂÑ, à â ðåçóëüòàòå ïåðåìåøèâàíèÿ â ðàñïëàâå

ïðîèñõîäèò îáðàçîâàíèå íîâûõ ôàç.

Íà ó÷àñòêå èçìåðåíèÿ ìèêðîòâåðäîñòè èññëå-

äîâàëè ôàçîâûé ñîñòàâ ìåòàëëà óïðî÷íåííîãî

ñëîÿ ñ ïîìîùüþ EDS-àíàëèçà (ðèñ. 5). Óñòàíîâè-

ëè, ÷òî ñðåäíåå çíà÷åíèå èíòåíñèâíîñòåé Cr, Ni è

Fe ïðè ïåðåõîäå îò ìåòàëëà ïîêðûòèÿ ê óïðî÷-

íåííîìó ñëîþ îñòàåòñÿ ïðèìåðíî îäèíàêîâûì.

Îòäåëüíûå ïèêè Cr, Ni è Fe ïðîñëåæèâàþòñÿ íà

ëîêàëüíûõ ó÷àñòêàõ óïðî÷íåííîãî ñëîÿ.

Â ïåðåõîäíîé îáëàñòè (ðèñ. 5) âèäíî, ÷òî ãðà-

íèöà ìåæäó îñíîâíûì ìåòàëëîì ïîêðûòèÿ è óï-

ðî÷íåííûì ñëîåì íå÷åòêàÿ, âîçìîæíî, âñëåäñò-

âèå ôîðìèðîâàíèÿ ñîåäèíåíèé òèïà ã + (Fe,

Ni)xC. EDS-èññëåäîâàíèå óïðî÷íåííîãî ñëîÿ ïî-

êàçàëî âûñîêîå ñîäåðæàíèå B, C, Cr, Fe, Ni. Ïðè

ýòîì â ìåòàëëå ñëîÿ ðàçëè÷èìû òåìíî-ñåðûå

âêëþ÷åíèÿ ðîìáè÷åñêîé è ïðÿìîóãîëüíîé ôîðì.

Ïðåäïîëîæèòåëüíî, òåìíî-ñåðûå âêëþ÷åíèÿ ðîì-

áè÷åñêîé ôîðìû ìîãóò áûòü îïðåäåëåíû êàê ñî-

åäèíåíèÿ òèïà (Fe, Cr)xB [16].

Ñèãíàë áîðà â ïåðåõîäíîé îáëàñòè ìåæäó ïî-

êðûòèåì è óïðî÷íåííûì ñëîåì ïðàêòè÷åñêè íå

ðàçëè÷èì. Îäíàêî îòíîñèòåëüíîå ñîäåðæàíèå óã-

ëåðîäà â ìàòðèöå óïðî÷íåííîãî ìåòàëëà â äâà

ðàçà âûøå, ÷åì â ïåðåõîäíîé îáëàñòè è ìåòàëëå

ÕÃÍË-ïîêðûòèÿ. Ïî âñåé âèäèìîñòè, ÷àñòèöû

êàðáèäà áîðà ïîä äåéñòâèåì ìîùíîãî ëàçåðíîãî

èìïóëüñà ïëàâÿòñÿ. Â ðåçóëüòàòå âçàèìîäåéñòâèÿ

ñ õðîìîì, æåëåçîì è íèêåëåì â ìàòðèöå óïðî÷-

íåííîãî ñëîÿ îáðàçóþòñÿ ñîåäèíåíèÿ òèïà CrxCy,

ã-Fe, ã-NixB, (Fe, Cr)xB [16, 17].

Íà ðèñ. 6 ïðåäñòàâëåíû âêëþ÷åíèÿ ðîìáè÷å-

ñêîé ôîðìû (îòìå÷åíû âåðòèêàëüíîé ëèíèåé),

îáíàðóæåííûå â ñòðóêòóðå ìåòàëëà óïðî÷íåííî-

ãî ñëîÿ. EDS-àíàëèç, îñóùåñòâëåííûé âäîëü ëè-

íèè ñêàíèðîâàíèÿ, ïîêàçàë çíà÷èòåëüíîå óâåëè-

÷åíèå èíòåíñèâíîñòè Cr. Ïðè÷åì íà ïåðèôåðèé-

íûõ ó÷àñòêàõ âêëþ÷åíèÿ èíòåíñèâíîñòü Cr íå-

ñêîëüêî âûøå ïî ñðàâíåíèþ ñ öåíòðàëüíûìè çî-

íàìè. Ðîìáè÷åñêàÿ ôîðìà êðèñòàëëîâ, âåðîÿòíî,

îïðåäåëÿåòñÿ ôîðìîé ýëåìåíòàðíîé êðèñòàëëî-

ãðàôè÷åñêîé àòîìíîé ðåøåòêè ìàòåðèàëà, èñ-

ïîëüçóåìîãî â êà÷åñòâå çàòðàâêè [18]. Ó÷àñòêè

ìåòàëëà, ïðèìûêàþùèå ê âêëþ÷åíèþ, õàðàê-

òåðèçóþòñÿ ïîâûøåííûì ñîäåðæàíèåì Ni è Fe,

à ñîäåðæàíèå Cr, íàïðîòèâ, ïîíèæåíî. Îòìåòèì,

÷òî êîíöåíòðèðîâàííûå èñòî÷íèêè ýíåðãèè ïîç-

âîëÿþò ôîðìèðîâàòü ñîåäèíåíèÿ òèïà (Fe, Ni)Cr

[17].

Ýëåìåíòíûé àíàëèç ïðèãðàíè÷íîé îáëàñòè

îòäåëüíîé ÷àñòèöû êàðáèäà áîðà â óïðî÷íåííîì

ñëîå ïîêàçàë, ÷òî ïî ãðàíèöàì ÷àñòèöû îáðàçóåò-

ñÿ ñëîé òîëùèíîé 20 ìêì (ðèñ. 7). Ïðè ýòîì íà-

áëþäàþòñÿ âñïëåñêè Cr, Ñ, Ni è B îòíîñèòåëüíî

ìåòàëëà ìàòðèöû. Ìîæíî ïðåäïîëîæèòü, ÷òî

äàííûé ñëîé ñîäåðæèò íàíîðàçìåðíûå ÷àñòèöû

(Fe, Cr)xC è CrxBCx [16]. Â ìàòðèöå ìåòàëëà ïðî-

ñëåæèâàþòñÿ âûòÿíóòûå ïðÿìîóãîëüíûå òåìíûå

âêëþ÷åíèÿ ðàçìåðîì 40 – 50 ìêì, ïðåäïîëîæè-

òåëüíî, òàêæå ñîåäèíåíèÿ òèïà (Fe, Cr)xC, òàê êàê

íà ëèíèè ñêàíèðîâàíèÿ, ïåðåñåêàþùåé âêëþ÷å-

íèÿ, ïðèñóòñòâóþò, ñîîòâåòñòâåííî, ïèêè Fe, Cr è

C.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëîæåííûé ìåòîä ïîçâî-

ëÿåò ïðîâîäèòü óïðî÷íåíèå ïîâåðõíîñòè ÕÃÍË-

ïîêðûòèÿ ïóòåì âíåäðåíèÿ ïîðîøêîâûõ ÷àñòèö

BC (èõ òâåðäîñòü â 10 ðàç âûøå òâåðäîñòè ìåòàë-

ëà ïîêðûòèÿ). Îáðàçîâàíèå âòîðè÷íûõ êàðáèäîâ
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HV HV0,02 îñí/

H, ìêì

Ìåòàëë îñíîâû

Ðèñ. 4. Çàâèñèìîñòü ìèêðîòâåðäîñòè óïðî÷íåííîãî

ÕÃÍË-ïîêðûòèÿ îò ãëóáèíû

Fig. 4. Change in the microhardness of the CGDSL coating

in depth

ÕÃÍË-

ïîêðûòèå

Ðèñ. 5. Ìèêðîñòðóêòóðà ïåðåõîäíîãî ñëîÿ ìåæäó óïðî÷-

íåííûì ñëîåì è ìåòàëëîì îñíîâû ÕÃÍË-ïîêðûòèÿ è ýëå-

ìåíòíûé ñîñòàâ

Fig. 5. The microstructure and elemental composition of

the transition layer between the hardened layer and base

metal of the coating

Ðèñ. 6. Âêëþ÷åíèÿ ðîìáè÷åñêîé ôîðìû â ñòðóêòóðå ìå-

òàëëà óïðî÷íåííîãî ñëîÿ ïîêðûòèÿ è èõ ýëåìåíòíûé

ñîñòàâ

Fig. 6. Inclusions of the rhombic form in the metal struc-

ture of the hardened coating layer and their elemental com-

position



â óïðî÷íåííîì ñëîå ïðèâîäèò ê îáùåìó ïîâûøå-

íèþ òâåðäîñòè ïîâåðõíîñòè ïîêðûòèÿ. Èìïóëüñ-

íîå ëàçåðíîå âîçäåéñòâèå è åãî ôîêóñèðîâêà íàä

ïîâåðõíîñòüþ ïîêðûòèÿ îáåñïå÷èâàþò «ìèêðî-

âçðûâ» ãàçîâîé ñðåäû, à ðåçêèé ëîêàëüíûé ðàçî-

ãðåâ è îõëàæäåíèå ïîâåðõíîñòè âûçûâàþò îáðà-

çîâàíèå êàðáèäîâ ðîìáè÷åñêîé ôîðìû. ×àñòèöû

BC èìåþò ïåðåõîäíûé ñëîé íà ñâîåé ïîâåðõíî-

ñòè ñ ïîâûøåííûì ñîäåðæàíèåì Cr, Ni è C, ÷òî

äàåò îñíîâàíèå ïðåäïîëàãàòü íàëè÷èå â íåì ôàç

òèïà NiC, CrxCy.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå Ðîññèéñêîãî íàó÷íîãî ôîíäà â ðàìêàõ íàó÷íî-

ãî ïðîåêòà ¹ 19-79-00039 (ðàçðàáîòêà ìåòîäà óï-

ðî÷íåíèÿ ìíîãîñëîéíîãî ïîêðûòèÿ ÕÃÍË çà ñ÷åò

àêóñòè÷åñêèõ ýôôåêòîâ, ñîçäàâàåìûõ ëàçåðîì,

èññëåäîâàíèÿ ñòðóêòóðû è õèìè÷åñêîãî ñîñòàâà

óïðî÷íåííîãî ñëîÿ) è ãðàíòà Ïðåçèäåíòà ÐÔ

¹ ÌÊ-3745.2019.8 (ïîëó÷åíèå ìíîãîñëîéíûõ ïî-

êðûòèé ìåòîäîì ÕÃÍË).

ËÈÒÅÐÀÒÓÐÀ

1. Bagherifard S., Monti S., Zuccoli M., et al. Cold spray depo-

sition for additive manufacturing of freeform structural compo-

nents compared to selective laser melting / Materials Science and

Engineering. 2018. Vol. 721. P. 339 – 350.

2. Bandar AL-Mangour, Phuong Vo, Rosaire Mongrain, Eric

Irissou, Stephen Yue. Effect of heat treatment on the microst-

ructure and mechanical properties of stainless steel 316L coa-

tings produced by cold spray for biomedical applications / Ther-

mal spray technology. 2014. N 23(4). P. 641.

3. Coddet P., Verdy C., Coddet C., Debray F., Lecouturier F.

Mechanical properties of thick 304L stainless steel deposits pro-

cessed by He cold spray / Surface & Coatings Technology. 2015.

Vol. 277. P. 74 – 80.

4. Gorunov A. I. Features of Coatings Obtained by Supersonic

Laser Deposition / Thermal spray technology. 2018. Vol. 27.

Issue 7. P. 1194 – 1203.

5. Jianhua Yao, Zhihong Li, Bo Li, Lijing Yang, Jianhua

Yaoet. Characteristics and bonding behavior of Stellite 6 alloy

coating processed with supersonic laser deposition / Journal of

Alloys and Compounds. 2016. Vol. 661. P. 526 – 534.

6. Lupoi R., Sparkes M., Cockburn A., O’Neill W. High speed

titanium coatings by supersonic laser deposition / Materials

Letters. 2011. Vol. 65. P. 3205 – 3207.

7. Singh R., Rauwald K.-H., Wessel E., et al. Effects of subst-

rate roughness and spray-angle on deposition behavior of cold-

sprayed Inconel 718 / Surface & Coatings Technology. 2017.

Vol. 319. P. 249 – 259.

8. Yuan Lin-jiang, Luo Fang, Yao Jian-hua, et al. Deposition

behavior at different substrate temperatures by using superso-

nic laser deposition / Journal of Iron and Steel Research Inter-

national. 2013. Vol. 20. N 10. P. 87 – 93.

9. Jianhua Yao, Lijing Yang, Bo Li, et al. Characteristics and

performance of hard Ni60 alloy coating produced with super-

sonic laser deposition technique / Materials & Design. 2015.

Vol. 83. P. 26 – 35.

10. Bo Li, Yan Jin, Jianhua Yao, et al. Solid-state fabrication of

WCp-reinforced Stellite-6 composite coatings with supersonic

laser deposition / Surface and Coatings Technology. 2017.

Vol. 321. P. 386 – 396.

11. Bo Li, Yan Jin, Jianhua Yao, Zhihong Li, et al. Influence of

laser irradiation on deposition characteristics of cold sprayed

Stellite-6 coatings / Optics and Laser Technology. 2018.

Vol. 100. P. 27 – 39.

12. Ãîðóíîâ À. È. Ôîðìèðîâàíèå èçíîñîñòîéêèõ ïîêðûòèé íà

îñíîâå íèêåëÿ ìåòîäîì ñâåðõçâóêîâîé ëàçåðíîé íàïëàâêè /

Ôèçèêà è õèìèÿ îáðàáîòêè ìàòåðèàëîâ. 2016. ¹ 5. Ñ. 59 – 64.

13. Sova A., Grigoriev S., Okunkova A., Smurov I. Cold spray

deposition of 316L stainless steel coatings on an aluminum sur-

face with the following laser post-treatment / Surface and

Coatings Technology. 2013. Vol. 235. P. 283 – 289.

14. Ivannikov A. Yu., Kalita V. I., Komlev D. I., et al. Investiga-

tion into improving microstructure and properties of plasma

sprayed Ni coating via electromechanical treatment / Journal of

Materials Processing Technology. 2019. Vol. 266. P. 442 – 449.

15. Ãîðóíîâ À. È. Èññëåäîâàíèå ñòðóêòóðû è ìåõàíè÷åñêèõ

ñâîéñòâ ïîêðûòèÿ èç êîððîçèîííîñòîéêîé ñòàëè, ñôîðìèðî-

âàííîãî ìåòîäîì ãàçîäèíàìè÷åñêîãî íàïûëåíèÿ ñ àêòèâà-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7 37

Ðèñ. 7. Ìèêðîñòðóêòóðà è ýëåìåíòíûé àíàëèç ãðàíèöû ìåæäó îòäåëüíîé ÷àñòèöåé BC è ìåòàëëîì óïðî÷íåííîãî ñëîÿ

ÕÃÍË-ïîêðûòèÿ

Fig. 7. The microstructure and elemental analysis of the boundary between a single BC particle and metal of the hardened

layer of the CGDSL coating



öèåé ïðîöåññà ëàçåðíûì èçëó÷åíèåì / Äåôîðìàöèÿ è ðàçðó-

øåíèå ìàòåðèàëîâ. 2016. ¹ 9. Ñ. 2 – 7.

16. Ìàêàðîâ À. Â., Ñîáîëåâà Í. Í., Ìàëûãèíà È. Þ., Îñèí-

öåâà À. Ë. Ôîðìèðîâàíèå èçíîñîñòîéêîãî õðîìîíèêåëåâîãî

ïîêðûòèÿ ñ îñîáî âûñîêèì óðîâíåì òåïëîñòîéêîñòè êîìáèíè-

ðîâàííîé ëàçåðíî-òåðìè÷åñêîé îáðàáîòêîé / Ìåòàëëî-

âåäåíèå è òåðìè÷åñêàÿ îáðàáîòêà ìåòàëëîâ. 2015. ¹ 3(717).

Ñ. 39 – 46.

17. Êàëèòà Â. È., ßðêèí Â. Â., Áàãìóòîâ Â. Ï. è äð. Ôîðìè-

ðîâàíèå ïîêðûòèé ñ àìîðôíîé è íàíîñòðóêòóðîé / Ìåòàëëû.

2007. ¹ 6. Ñ. 95 – 101.

18. Gorunov A. I. Investigation microstructure of carbon fibers

reinforced composite on Fe and Ni-based obtained by laser

metal deposition / Surface and Coatings Technology. 2019.

Vol. 364. P. 279 – 288.

REFERENCES

1. Bagherifard S., Monti S., Zuccoli M., et al. Cold spray de-

position for additive manufacturing of freeform structural com-

ponents compared to selective laser melting / Materials Science

and Engineering. 2018. Vol. 721. P. 339 – 350.

2. Bandar AL-Mangour, Phuong Vo, Rosaire Mongrain,

Eric Irissou, Stephen Yue. Effect of heat treatment on the

microstructure and mechanical properties of stainless steel

316L coatings produced by cold spray for biomedical applica-

tions / Thermal spray technology. 2014. N 23(4). P. 641.

3. Coddet P., Verdy C., Coddet C., Debray F., Lecouturier F.

Mechanical properties of thick 304L stainless steel deposits

processed by He cold spray / Surface & Coatings Technology.

2015. Vol. 277. P. 74 – 80.

4. Gorunov A. I. Features of Coatings Obtained by Supersonic

Laser Deposition / Thermal spray technology. 2018. Vol. 27.

Issue 7. P. 1194 – 1203.

5. Jianhua Yao, Zhihong Li, Bo Li, Lijing Yang, Jianhua

Yaoet. Characteristics and bonding behavior of Stellite 6 alloy

coating processed with supersonic laser deposition / Journal of

Alloys and Compounds. 2016. Vol. 661. P. 526 – 534.

6. Lupoi R., Sparkes M., Cockburn A., O’Neill W. High speed

titanium coatings by supersonic laser deposition / Materials

Letters. 2011. Vol. 65. P. 3205 – 3207.

7. Singh R., Rauwald K.-H., Wessel E., et al. Effects of sub-

strate roughness and spray-angle on deposition behavior of

cold-sprayed Inconel 718 / Surface & Coatings Technology.

2017. Vol. 319. P. 249 – 259.

8. Yuan Lin-jiang, Luo Fang, Yao Jian-hua, et al. Deposition

behavior at different substrate temperatures by using super-

sonic laser deposition / Journal of Iron and Steel Research In-

ternational. 2013. Vol. 20. N 10. P. 87 – 93.

9. Jianhua Yao, Lijing Yang, Bo Li, et al. Characteristics and

performance of hard Ni60 alloy coating produced with super-

sonic laser deposition technique / Materials & Design. 2015.

Vol. 83. P. 26 – 35.

10. Bo Li, Yan Jin, Jianhua Yao, et al. Solid-state fabrication of

WCp-reinforced Stellite-6 composite coatings with supersonic

laser deposition / Surface and Coatings Technology. 2017.

Vol. 321. P. 386 – 396.

11. Bo Li, Yan Jin, Jianhua Yao, Zhihong Li, et al. Influence of

laser irradiation on deposition characteristics of cold sprayed

Stellite-6 coatings / Optics and Laser Technology. 2018.

Vol. 100. P. 27 – 39.

12. Gorunov A. I. Formation of wear-resistant coatings based on

nickel by supersonic laser surfacing / Fiz. Khim. Obrab. Mater.

2016. N 5. P. 59 – 64 [in Russian].

13. Sova A., Grigoriev S., Okunkova A., Smurov I. Cold spray

deposition of 316L stainless steel coatings on an aluminum sur-

face with the following laser post-treatment / Surface and Coat-

ings Technology. 2013. Vol. 235. P. 283 – 289.

14. Ivannikov A. Yu., Kalita V. I., Komlev D. I., et al. Investiga-

tion into improving microstructure and properties of plasma

sprayed Ni coating via electromechanical treatment / Journal of

Materials Processing Technology. 2019. Vol. 266. P. 442 – 449.

15. Gorunov A. I. Investigation of the structure and mechanical

properties of a corrosion-resistant steel coating formed by

gas-dynamic spraying with process activation by laser radiation

/ Deform. Razrush. Mater. 2016. N 9. P. 2 – 7 [in Russian].

16. Makarov A. V., Sobolev N. N., Malygina I. Yu., Osintse-

va A. L. Formation of wear-resistant chromium-nickel coating

with a particularly high level of heat resistance by combined

laser-thermal treatment / Metalloved. Term. Obrab. Met. 2015.

N 3(717). P. 39 – 46 [in Russian].

17. Kalita V. I., Yarkin V. V., Bagmutov V. P., et al. The forma-

tion of coatings with amorphous and nanostructure / Metally.

2007. N 6. P. 95 – 101 [in Russian].

18. Gorunov A. I. Investigation microstructure of carbon fibers

reinforced composite on Fe and Ni-based obtained by laser

metal deposition / Surface and Coatings Technology. 2019.

Vol. 364. P. 279 – 288.

38 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7


