
DOI: https://doi.org/10.26896/1028-6861-2019-85-7-36-40

ÈÑÑËÅÄÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÛ ÏÎÊÐÛÒÈß ÑÒÀËÅÌÅÄÍÎÉ

ÏÐÎÂÎËÎÊÈ, ÏÎËÓ×ÅÍÍÎÃÎ ÌÅÒÎÄÎÌ «ÍÀÌÎÐÀÆÈÂÀÍÈß»

� Âëàäèìèð Èâàíîâè÷ Êàäîøíèêîâ1, Åêàòåðèíà Âëàäèìèðîâíà

Êóëèêîâà1, Ìàðèíà Âèêòîðîâíà Àíäðîñåíêî1, Ðîìàí Ðàôàýëåâè÷

Äåìà1, Ñåðãåé Ïàâëîâè÷ Íåôåäüåâ1, Îëåã Ðàôèêîâè÷ Ëàòûïîâ1*,

Åêàòåðèíà Ôåäîðîâíà Ðîìàíåíêî2

1 Ìàãíèòîãîðñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ã. È. Íîñîâà; Ðîññèÿ, 455000, ã. Ìàãíèòîãîðñê,

ïð. Ëåíèíà 38; *e-mail: latolegraf@list.ru
2 Íàöèîíàëüíûé èññëåäîâàòåëüñêèé òåõíîëîãè÷åñêèé óíèâåðñèòåò «ÌÈÑÈÑ»; Ðîññèÿ, 119049, Ìîñêâà, Ëåíèí-

ñêèé ïð. 4.

Ñòàòüÿ ïîñòóïèëà 9 íîÿáðÿ 2018 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 18 àïðåëÿ 2019 ã.

Ïðèíÿòà ê ïóáëèêàöèè 23 àïðåëÿ 2019 ã.

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñòðóêòóðû ïîêðûòèé, ïîëó÷åííûõ ìåòîäîì

«íàìîðàæèâàíèÿ» ñ ïðåäâàðèòåëüíîé ïîäãîòîâêîé ïîâåðõíîñòè, âêëþ÷àþùåé íàíåñåíèå

ïîäñëîÿ ñïîñîáîì ïëàêèðîâàíèÿ ãèáêèì èíñòðóìåíòîì (ÏÃÈ) (âðàùàþùåéñÿ öèëèíäðè÷å-

ñêîé ìåòàëëè÷åñêîé ùåòêîé). Âëèÿíèå òåõíîëîãè÷åñêèõ ïàðàìåòðîâ íà êà÷åñòâî ôîðìèðó-

åìîãî ïîêðûòèÿ èññëåäîâàëè, àíàëèçèðóÿ ñòðóêòóðó ãðàíèöû ðàçäåëà ñèñòåìû ñòàëü —

ìåäü è ìèêðîòâåðäîñòè ìåäíîãî ñëîÿ è ñòàëüíîãî ñåðäå÷íèêà. Óïðóãîíàïðÿæåííûå ñîñòîÿ-

íèÿ â ïðèïîâåðõíîñòíîì ñëîå ñåðäå÷íèêà è â ìåäíîì ïîêðûòèè îöåíèâàëè ìåòîäîì ðåíòãå-
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ïðîâåëè ôðàêòîãðàôè÷åñêèé àíàëèç ðàçðóøåííûõ ïîâåðõíîñòåé ïîêðûòèé. Ïðèâåäåíû

äàííûå ïî ðàñïðåäåëåíèþ ìåòàëëîâ â ïðèãðàíè÷íûõ çîíàõ ñîåäèíåíèÿ ñòàëü — ìåäü.

Ñòðóêòóðó çîí íà íàëè÷èå èíòåðìåòàëëèäîâ èññëåäîâàëè ñ ïîìîùüþ ðàñòðîâîãî ýëåêòðîí-

íîãî ìèêðîñêîïà Camscan è ðåíòãåíîñïåêòðàëüíîãî ìèêðîàíàëèçàòîðà Link exL. Ðàçðàáî-

òàííàÿ ìåòîäèêà íàíåñåíèÿ ïîêðûòèÿ ìåòîäîì «íàìîðàæèâàíèÿ» ñ ïðåäâàðèòåëüíûì íà-

íåñåíèåì ïîäñëîÿ ñïîñîáîì ÏÃÈ îòíîñèòåëüíî ïðîñòà è ìàëîýíåðãîåìêà. Îíà ïîçâîëÿåò

èñêëþ÷èòü ýêîëîãè÷åñêè âðåäíûå è çàòðàòíûå ãàëüâàíè÷åñêèå îïåðàöèè.
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The results of studying the structure of the coating obtained by “freezing-out” method with a preliminary

surface preparation including application of the underlayer or precoat by cladding with a flexible tool

(CFT) are presented. The CFT procedure consists in coating with a rotating cylindrical metal brush. The

developed technology of coating using “freezing-out” with the preliminary application of the precoat

makes it possible to exclude harmful and labor-consuming galvanic operations. The effect of technological

parameters on the quality of CFT-formed coating, i.e., the structure of the interface between the steel-cop-

per system and data of durometric measurements of the microhardness of the copper layer and the steel

core were analyzed. Elastic-stress states in the surface layer of the core and in the copper coating were de-

termined using X-ray tensometry by the method of oblique survey. The effect of the underlayer of various

materials (copper, brass, tin, tin-lead alloy) on the adhesion of the main copper coating to the core after

“freezing-out” copper was studied using an adhesimeter. A fractographic analysis of the destroyed coating

surfaces was also carried out. The distribution of metals in the border zones of the steel-copper compound

is determined. Camscan scanning electron microscope and X-ray microanalyzer Link exL are used to ex-

amine the zone structure for the presence of intermetallic compounds. The developed “freezing-out” pro-
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cedure with a preliminary application of the undercoat by CFT method is environmentally friendly, easy to

use and low-power-consuming technology.

Keywords: bimetal; steel-copper wire; coating; cladding; surface.

Ââåäåíèå

Áèìåòàëëè÷åñêàÿ ñòàëåìåäíàÿ ïðîâîëîêà

øèðîêî ïðèìåíÿåòñÿ âî ìíîãèõ îòðàñëÿõ ïðî-

ìûøëåííîñòè [1]. Åå ïðîèçâîäÿò ìåòàëëóðãè÷å-

ñêèì ñïîñîáîì, ìåòîäàìè îáîðà÷èâàíèÿ ñòàëüíî-

ãî ñåðäå÷íèêà ìåäíîé ëåíòîé ñ ïîñëåäóþùåé

ïðîêàòêîé â ðîëèêîâûõ êàëèáðàõ, ãàëüâàíè÷å-

ñêîãî îñàæäåíèÿ è äð. Îäèí èç ñóùåñòâåííûõ íå-

äîñòàòêîâ ôîðìèðóåìîãî ïðè ýòîì ïîêðûòèÿ íà

ïðîâîëîêå — ñðàâíèòåëüíî íåâûñîêàÿ ïðî÷íîñòü

ñöåïëåíèÿ ìåäíîãî ñëîÿ ñ ïîâåðõíîñòüþ.

Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðû ïî-

êðûòèÿ ñòàëåìåäíîé ïðîâîëîêè, ïîëó÷åííîãî ìå-

òîäîì «íàìîðàæèâàíèÿ», ñ ó÷åòîì íàíåñåíèÿ

òîíêîãî ïîäñëîÿ ñïîñîáîì ïëàêèðîâàíèÿ ãèáêèì

èíñòðóìåíòîì (ÏÃÈ).

Ìåòîäèêà è îáîðóäîâàíèå

Èññëåäîâàëè ïîêðûòèÿ áèìåòàëëè÷åñêîé

ïðîâîëîêè, ïðîèçâåäåííîé ïóòåì ïðîïóñêàíèÿ

ñåðäå÷íèêà ÷åðåç ðàñïëàâ ìåäè. Ñóòü ìåòîäà

çàêëþ÷àåòñÿ â ñëåäóþùåì. Ïðè êðàòêîâðåìåí-

íîì êîíòàêòå ñåðäå÷íèêà ñ ðàñïëàâîì ìåäè íà

ïîâåðõíîñòè ïåðâîãî îáðàçóåòñÿ ìåäíûé ñëîé,

êîòîðûé ïðè îñòûâàíèè êðèñòàëëèçóåòñÿ. Ïîýòî-

ìó òàêîé ñïîñîá óñëîâíî íàçâàëè ìåòîäîì «íàìî-

ðàæèâàíèÿ» [2, 3].

Ñõåìà ëèíèè ïðîèçâîäñòâà áèìåòàëëè÷åñêîé

ïðîâîëîêè (ðèñ. 1) âêëþ÷àåò ó÷àñòêè (ñòàäèè ïðî-

èçâîäñòâà): 1) ðàçìîòêà; 2) ïîäãîòîâêà ïîâåðõíî-

ñòè ñåðäå÷íèêà ïîä ïîêðûòèå; 3) íàíåñåíèå ïî-

êðûòèÿ; 4) ñìîòêà ñåðäå÷íèêà ñ ïîêðûòèåì.

Îäèí èç îñíîâíûõ ôàêòîðîâ, âëèÿþùèõ íà

ñèëó ñöåïëåíèÿ ïîêðûòèÿ ñ ñåðäå÷íèêîì, —

êà÷åñòâî ïîäãîòîâêè ïîâåðõíîñòè ñåðäå÷íèêà

[4 – 6]. Â íàøåì ñëó÷àå ïîâåðõíîñòü ãîòîâèëè

ïóòåì îáðàáîòêè âðàùàþùèìèñÿ ìåòàëëè÷å-

ñêèìè ùåòêàìè (ìåòîä ÏÃÈ) ñ îäíîâðåìåííûì

ôîðìèðîâàíèåì íà íåé òîíêîãî ñëîÿ ïðåäâà-

ðèòåëüíîãî ïîêðûòèÿ (ïîäñëîÿ). Íàíåñåíèå ïîä-

ñëîÿ íåîáõîäèìî äëÿ óëó÷øåíèÿ ïðîöåññà ñîåäè-

íåíèÿ ìåäíîé îáîëî÷êè ñ ñåðäå÷íèêîì ïðè èçãî-

òîâëåíèè áèìåòàëëè÷åñêîé ïðîâîëîêè ìåòîäîì

«íàìîðàæèâàíèÿ». Ïðèíöèïèàëüíàÿ ñõåìà ïîä-

ãîòîâêè ïîâåðõíîñòè ñåðäå÷íèêà ïðèâåäåíà íà

ðèñ. 2 [7 – 12]. Ìåòîä ÏÃÈ îòíîñèòñÿ ê òåðìîìå-

õàíè÷åñêèì ñïîñîáàì ìîäèôèêàöèè ïîâåðõíîñòè

íà ôèíèøíîé ñòàäèè îáðàáîòêè èçäåëèÿ.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Èññëåäîâàíèå ìåäíîãî ïîäñëîÿ, íàíåñåííîãî

ñïîñîáîì ÏÃÈ. Íà ïîâåðõíîñòü ñåðäå÷íèêà (ïðî-

âîëîêè) èç ñòàëè ìàðêè 70 íàíîñèëè ïîêðûòèå

(ïîäñëîé) ìåòàëëè÷åñêîé ùåòêîé. Â êà÷åñòâå ìà-

òåðèàëà ïîêðûòèÿ ïðèìåíÿëè ìåäü ìàðêè Ì1.

Ñòðóêòóðà ñôîðìèðîâàííîãî ïîêðûòèÿ ïðè-

âåäåíà íà ðèñ. 3. Âèäíî, ÷òî ïî âñåé äëèíå ñåð-

äå÷íèêà ôîðìèðóåòñÿ ðàâíîå ïî òîëùèíå ïðåä-

âàðèòåëüíîå ïîêðûòèå òîëùèíîé 10 – 15 ìêì.

Ìåòàëëîãðàôè÷åñêèì àíàëèçîì âíóòðåííèå ãðà-

íèöû â ñòðóêòóðå ïðåäâàðèòåëüíîãî ïîêðûòèÿ íå

âûÿâèëè.

Ìèêðîòâåðäîñòè ñåðäå÷íèêà è ïîäñëîÿ îïðå-

äåëÿëè äþðîìåòðè÷åñêèì ìåòîäîì.

Ìèêðîòâåðäîñòü ïîäñëîÿ â çàâèñèìîñòè îò ðå-

æèìà îáðàáîòêè ñîñòàâèëà 140 – 270 HV200. Ïðè

åãî íàíåñåíèè íà «ìÿãêèõ» ðåæèìàõ îáðàáîòêè
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Ðèñ. 1. Ñõåìà ëèíèè ïðîèçâîäñòâà áèìåòàëëè÷åñêîé

ïðîâîëîêè: 1 — ðàçìàòûâàòåëü; 2, 3 — áàðàáàí; 4 — ìå-

òàëëè÷åñêàÿ ùåòêà; 5 — ïîäà÷à ñëèòêà äëÿ íàíåñåíèÿ

ïîäñëîÿ ìåòîäîì ÏÃÈ; 6 — óñòðîéñòâî äëÿ íàíåñåíèÿ ïî-

êðûòèÿ ìåòîäîì «íàìîðàæèâàíèÿ»; 7 — ìîòàëêà; 8 —

ñìàòûâàòåëü ïðîâîëîêè; 9, 10 — ðåìåííàÿ ïåðåäà÷à; 11 —

óêëàä÷èê ïðîâîëîêè; 12 — áèìåòàëëè÷åñêàÿ ïðîâîëîêà;

13 — ñåðäå÷íèê áèìåòàëëè÷åñêîé ïðîâîëîêè; 14 — ñòû-

êîñâàðî÷íàÿ ìàøèíà; 15 — íàæäàê; 16 — êðèñòàëëèçà-

òîð; 17 — èíäóêòîð

Fig. 1. Scheme of the bimetallic wire production line: 1 —

decoiler; 2, 3 — spool; 4 — metal brush; 5 — ingot delivery

for CFT-precoating; 6 — device for coating by the “free-

zing-out” method; 7 — winder; 8 — wire reel; 9, 10 — belt

drive; 11 — wire stacker; 12 — bimetallic wire; 13 — bi-

metallic wire core; 14 — butt welding machine; 15 — emery;

16 — mold; 17 — inductor
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Ðèñ. 2. Ñõåìà îáðàáîòêè èçäåëèÿ

ìåòîäîì ÏÃÈ: 1 — âðàùàþùàÿñÿ

ìåòàëëè÷åñêàÿ ùåòêà; 2 — îáðà-

áàòûâàåìîå èçäåëèå; 3 — áðóñîê

èç ìàòåðèàëà ïîêðûòèÿ; N — íà-

òÿã (ñòåïåíü ñáëèæåíèÿ îñåé ùåò-

êè è îáðàáàòûâàåìîãî èçäåëèÿ)

Fig. 2. The process of coating the

workpiece using CFT: 1 — rotating

metal brush; 2 — workpiece; 3 — a

bar of coating material; N — tensi-

on (closeness of the brush and wor-

kpiece axes)



(íàòÿã N = 0,5 – 0,8 ìì) ïîêðûòèå ôîðìèðîâà-

ëîñü íà äåôîðìèðîâàííîé ïîâåðõíîñòè ñåðäå÷íè-

êà áåç îáðàçîâàíèÿ ïðîìåæóòî÷íîé çîíû. Íàïðî-

òèâ, îáðàáîòêà íà áîëåå «æåñòêèõ» ðåæèìàõ (N =

= 1,8 – 2,0 ìì) ïðèâîäèëà ê åå ïîÿâëåíèþ. Ïðè

ýòîì ïîâåðõíîñòíûé ñëîé ìåòàëëà-îñíîâû (ñåð-

äå÷íèêà), íàõîäÿùèéñÿ íåïîñðåäñòâåííî ïîä ïî-

êðûòèåì, îêàçûâàëñÿ çàìåòíî íàêëåïàí (ñðåäíåå

çíà÷åíèå ìèêðîòâåðäîñòè — 310 HV200). Ýòî îáú-

ÿñíÿåòñÿ òåì, ÷òî ïîâåðõíîñòíûé ñëîé ñåðäå÷íè-

êà ïîäâåðãàëñÿ èíòåíñèâíîìó óäàðíî-ôðèêöèîí-

íîìó âîçäåéñòâèþ ìåòàëëè÷åñêîãî âîðñà ùåòêè.

Íàïðÿæåíèÿ óö â ñôîðìèðîâàííîì ïëàêèðî-

âàííîì ñëîå îïðåäåëÿëè ìåòîäîì ðåíòãåíîâñêîé

òåíçîìåòðèè ñ èñïîëüçîâàíèåì ñïîñîáà íàêëîí-

íîé ñúåìêè [13]. Îêîí÷àòåëüíî óö ðàññ÷èòûâàëè

ïî ôîðìóëå:

�

	




�

�

�

�E d d

d1

0

0

,

ãäå E — ìîäóëü óïðóãîñòè (äëÿ ìåäè è æåëåçà —

122 è 220 ÃÏà ñîîòâåòñòâåííî); ì — êîýôôèöè-

åíò Ïóàññîíà (ïðèíèìàëè ðàâíûì 0,3); ö — óãîë

íàêëîíà; dø — ìåæïëîñêîñòíîå ðàññòîÿíèå äëÿ

äèôðàêöèîííûõ ëèíèé (222) (ïëàêèðîâàííàÿ

ìåäü) è (220) (ñòàëüíàÿ ïîäëîæêà), ñíÿòûõ ïîä

óãëàìè ø = 20, 40 è 50° (ïðè ø = 0° – d0).

Íà ðèñ. 4 ïðèâåäåíû ýêñïåðèìåíòàëüíûå çà-

âèñèìîñòè ìåæïëîñêîñòíûõ ðàññòîÿíèé, îïðåäå-

ëåííûõ ïî ëèíèÿì (222) äëÿ ïëàêèðîâàííîé

ìåäè è (220) äëÿ ñòàëüíîé ïîäëîæêè, îò óãëà ø

ïðè íàêëîííîé ñúåìêå.

Âèäíî, ÷òî ïðè óâåëè÷åíèè ø ìåæïëîñêîñò-

íûå ðàññòîÿíèÿ ìåíÿþòñÿ ðàçëè÷íûì îáðàçîì.

Ýòî ñâèäåòåëüñòâóåò î ðàçëè÷èè óïðóãîíàïðÿ-

æåííûõ ñîñòîÿíèé ïîäëîæêè è ïëàêèðîâàííîãî

ìåäíîãî ïîêðûòèÿ. Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçû-

âàþò, ÷òî â ïëàêèðîâàííîì ñëîå ìåäè ñôîðìèðî-

âàíû ðàñòÿãèâàþùèå, à â ïîâåðõíîñòíîì ñëîå

ñòàëüíîé ïîäëîæêè — ñæèìàþùèå îñòàòî÷íûå

íàïðÿæåíèÿ. Èõ çíà÷åíèÿ ñîñòàâëÿþò 225 è

–280 ÌÏà ñîîòâåòñòâåííî. Ýòî ïîäòâåðæäàåò âîç-

íèêíîâåíèå ýôôåêòà «íàêëåïà» ïîâåðõíîñòíîãî

ñëîÿ ñåðäå÷íèêà ïðè îáðàáîòêå åãî âîðñîì ùåòêè

íà «æåñòêèõ» ðåæèìàõ.

Ìåòàëëîãðàôè÷åñêèé àíàëèç ñòðóêòóðû ñî-

åäèíåíèÿ ïðîâîäèëè íà îïòè÷åñêîì ìåòàëëî-

ãðàôè÷åñêîì ìèêðîñêîïå Epityp-2 è ñòðóêòóðíîì

àíàëèçàòîðå «ÝÏÈÊÂÀÍÒ». Íà ïîïåðå÷íûõ

øëèôàõ (ðèñ. 5) âèäíî, ÷òî â îáîèõ ñëó÷àÿõ ôîð-

ìèðóþòñÿ ïðî÷íûå è áåçäåôåêòíûå ïîêðûòèÿ.

Ïðè ýòîì «ìÿãêèå» ðåæèìû îáðàáîòêè ïî ñðàâíå-

íèþ ñ «æåñòêèìè» ïðèâîäÿò ê ôîðìèðîâàíèþ áî-

ëåå òîëñòîãî ïîêðûòèÿ.

Âëèÿíèå ïîäñëîÿ èç ðàçëè÷íûõ ìàòåðèàëîâ

íà ñöåïëåíèå ñ ñåðäå÷íèêîì. Ïðè ïîëó÷åíèè

áèìåòàëëè÷åñêèõ ñîåäèíåíèé ñòðåìÿòñÿ ê òîìó,

÷òîáû ïðîÿâèëñÿ ýôôåêò «ñìà÷èâàíèÿ» ïîâåðõ-

íîñòè ñòàëüíîãî ñåðäå÷íèêà. Äëÿ ýòîãî îáåñïå÷è-

âàþò òàêèå óñëîâèÿ, ïðè êîòîðûõ àòîìû ðàñ-

ïëàâëåííîé ìåäè âñòóïàþò â íåïîñðåäñòâåííûé

êîíòàêò ñ ïîâåðõíîñòíûìè àòîìàìè òâåðäîé

ñòàëüíîé îñíîâû. Îäíàêî ïðè ïðîïóñêàíèè ñåð-
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Ðèñ. 3. Ñòðóêòóðà ìåäíîãî ïîêðûòèÿ íà ïîïåðå÷íîì

ìèêðîøëèôå ñåðäå÷íèêà: 1 — ìåäíîå ïîêðûòèå (ïðåäâà-

ðèòåëüíûé ñëîé); 2 — ïðîìåæóòî÷íàÿ çîíà; 3 — óïðî÷-

íåííûé ñëîé (íàêëåï)

Fig. 3. The structure of the copper coating on the trans-

verse microsection of the core: 1 — copper coating (precoat);

2 — intermediate zone; 3 — hardened layer (strain harden-

ing)
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Ðèñ. 4. Çàâèñèìîñòü ìåæïëîñêîñòíûõ ðàññòîÿíèé d
222

ïëàêèðîâàííîãî ìåäíîãî ïîêðûòèÿ (à) è d
220

ñòàëüíîé

ïîäëîæêè (á) îò óãëà íàêëîíà ñúåìêè

Fig. 4. Dependence of the interplanar distances d
222

of the

clad copper coating (a) and d
220

steel substrate (b) on the inc-

lination angle of shooting

à

á

Ðèñ. 5. Ñòðóêòóðà ñëîÿ ìåäíîãî ïîêðûòèÿ, íàíåñåííîãî

íà ñåðäå÷íèê ìåòîäîì ÏÃÈ ïðè «ìÿãêèõ» (à) è «æåñòêèõ»

(á) ðåæèìàõ îáðàáîòêè

Fig. 5. The structure of the copper coating layer deposited

on the core using CFT method: a — “soft” coating mode;

b — “hard” treating mode



äå÷íèêà ÷åðåç ìåäíûé ðàñïëàâ èõ ñöåïëåíèå îêà-

çûâàåòñÿ íåäîñòàòî÷íûì, ÷òî îáúÿñíÿåòñÿ îáðà-

çîâàíèåì â ñîåäèíåíèè õðóïêèõ èíòåðìåòàëëè-

äîâ [14].

Â êà÷åñòâå ìàòåðèàëà ïîäñëîÿ ïðè èññëåäîâà-

íèè åãî âëèÿíèÿ íà ñöåïëåíèå ìåäíîé îáîëî÷êè ñ

ñåðäå÷íèêîì ïðè «íàìîðàæèâàíèè» ìåäè èñïîëü-

çîâàëè ìåäü, ëàòóíü, îëîâî è îëîâÿíîñâèíöîâûé

ñïëàâ. Â êà÷åñòâå ñåðäå÷íèêà — ñòàëüíûå ïðóòêè

äèàìåòðîì 15 è äëèíîé 50 ìì èç ñòàëè ìàðêè 70.

Ìàòåðèàë ðàñïëàâà — ìåäü ìàðêè Ì1. Ìåäü

ïëàâèëè â èíäóêòîðå â ãðàôèòîâûõ ñòàêàíàõ.

Òåìïåðàòóðó æèäêîé ìåäè èçìåðÿëè ñ ïîìîùüþ

òåðìîïàðû (ñîñòàâ: ïëàòèíà – ïëàòèíà/ðîäèé

10 %). Ïðóòîê, íà ïîâåðõíîñòü êîòîðîãî ïðåäâà-

ðèòåëüíî íàíîñèëè ïîäñëîé ñïîñîáîì ÏÃÈ, ïî-

êðûâàëè îñíîâíûì ñëîåì ìåäè â êàíàëå øàìîò-

íîãî êèðïè÷à (ðèñ. 6).

Êà÷åñòâî ñöåïëåíèÿ ñôîðìèðîâàííîãî ñëîÿ

ñ îñíîâîé îöåíèâàëè, îïðåäåëÿÿ àäãåçèîííóþ

ïðî÷íîñòü. Èñïûòàíèÿ ïðîâîäèëè ïðè ïî-

ìîùè àäãåçèìåòðà îòðûâíîãî òèïà PosiTest AT.

Óñòàíîâèëè, ÷òî íàèáîëüøåé ñèëîé ñöåïëåíèÿ

ìåäíîãî ïîäñëîÿ ñî ñòàëüíîé îñíîâîé ñåðäå÷íèêà

îáëàäàþò îáðàçöû ñ îëîâÿííûì è ëàòóííûì

ïîêðûòèÿìè.

Ôðàêòîãðàôè÷åñêèå èññëåäîâàíèÿ ðàçðóøåí-

íûõ ïîñëå ðàçðûâà ïîâåðõíîñòåé ïîêðûòèÿ ïîêà-

çàëè, ÷òî ó îáðàçöîâ, îáðàáîòàííûõ ùåòêîé, ñöå-

ïëåíèå íàõîäèòñÿ íà óðîâíå øåðîõîâàòîñòè ïî-

âåðõíîñòè. Â ñëó÷àå ìåäíîãî, ëàòóííîãî è îëîâÿ-

íîñâèíöîâîãî ïîêðûòèé ôèêñèðîâàëè íàëè÷èå

î÷àãîâ ñöåïëåíèÿ ìåäè ñ îñíîâîé íà àòîìàðíîì

óðîâíå. Ó îáðàçöîâ ñ îëîâÿííûì ïîêðûòèåì ñöå-

ïëåíèå ìåäè ñ îñíîâîé íà àòîìàðíîì óðîâíå íà-

áëþäàëè ïî âñåé ïîâåðõíîñòè ñåðäå÷íèêà.

Íà ðèñ. 7 ïðåäñòàâëåíû ñòðóêòóðû ïîâåðõíî-

ñòè ðàçðûâà è ãðàíèöû ðàçäåëà ñòàëü – ìåäü îá-

ðàçöà, ïîëó÷åííîãî ìåòîäîì «íàìîðàæèâàíèÿ».

Ðàñïðåäåëåíèå ìåòàëëîâ â çîíå âçàèìîäåé-

ñòâèÿ ðàñïëàâëåííîé ìåäè ñî ñòàëüíîé îñíîâîé

èññëåäîâàëè íà ðàñòðîâîì ñêàíèðóþùåì ýëåê-

òðîííîì ìèêðîñêîïå Camscan è ðåíòãåíîñïåê-

òðàëüíîì ìèêðîàíàëèçàòîðå Link exL. Àíàëèç

ìèêðîñòðóêòóðû íà ãðàíèöå ìåäü — ñòàëüíàÿ

ïîäëîæêà ïîêàçàë îòñóòñòâèå çîíû èíòåðìå-

òàëëè÷åñêèõ ñîåäèíåíèé, ÷òî ñâèäåòåëüñòâóåò î

ïðàâèëüíî ïîäîáðàííîì ðåæèìå íàíåñåíèÿ ïî-

êðûòèÿ.

Íà ðèñ. 8 ïðèâåäåíû ñïåêòðîãðàììû, ñíÿòûå

íà ðàññòîÿíèè 3 ìêì â îáå ñòîðîíû îò ãðàíèöû

ðàçäåëà ìåäü — ñòàëü. Ñ ïîìîùüþ êîëè÷åñòâåí-

íîãî ðåíòãåíîñïåêòðàëüíîãî àíàëèçà âûÿâèëè,

÷òî ñîäåðæàíèå ìåäè â ìàòåðèàëå ñåðäå÷íèêà

ñîñòàâëÿåò íå áîëåå 1, à æåëåçà â ìåäíîì ïîêðû-

òèè — íå áîëåå 2 %, ÷òî ñâèäåòåëüñòâóåò îá îáðà-

çîâàíèè äèôôóçèîííîé çîíû. Ïðè ýòîì íà ðàñ-

ñòîÿíèè áîëåå 50 ìêì îò ãðàíèöû ðàçäåëà ñîäåð-

æàíèå æåëåçà â ìåäíîé îáîëî÷êå ñíèæàåòñÿ äî

íóëÿ.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ìåäíîãî ïîêðû-

òèÿ, ïîëó÷åííîãî ìåòîäîì ÏÃÈ, ïîêàçàëè, ÷òî

ìèêðîòâåðäîñòü ôîðìèðóåìîãî ïîäñëîÿ ñîñòàâëÿ-

åò 140 – 270 HV200. Ïðè ýòîì ïðè «æåñòêèõ» ðå-

æèìàõ îáðàáîòêè (N = 1,8 – 2,0 ìì) îáðàçóåòñÿ

ïðîìåæóòî÷íàÿ çîíà, à ïðèïîâåðõíîñòíûé ñëîé

ñåðäå÷íèêà ïîäâåðãàåòñÿ íàêëåïó. Òâåðäîñòü íà-

êëåïàííîãî ñëîÿ â ñðåäíåì — 310 HV200. Âûÿâëå-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 7 39

1

2

3

Ðèñ. 6. Ñõåìà íàíåñåíèÿ îñíîâíîãî ñëîÿ ìåäè: 1 — øà-

ìîòíûé êèðïè÷; 2 — ðàñïëàâ ìåäè; 3 — ïðóòîê (ñåð-

äå÷íèê)

Fig. 6. Scheme of depositing the main copper layer: 1 — fi-

reclay bricks; 2 — copper melt; 3 — rod (core)

à á

Ðèñ. 7. Ñòðóêòóðû ïîâåðõíîñòè ðàçðûâà (à) è ãðàíèöû ðàçäåëà ñòàëü – ìåäü (á) îáðàçöà, ïîëó÷åííîãî ìåòîäîì «íàìîðà-

æèâàíèÿ»

Fig. 7. Structures of the rupture surface (a) and steel — copper interface (b) (both obtained by the “freezing-out” method)



íî ðàçëè÷èå â óïðóãîíàïðÿæåííûõ ñîñòîÿíèÿõ

ïðèïîâåðõíîñòíîãî ñëîÿ ñåðäå÷íèêà è ìåäíîãî

ïîäñëîÿ (ñæèìàþùèå îñòàòî÷íûå íàïðÿæåíèÿ â

ñåðäå÷íèêå è ðàñòÿãèâàþùèå â ïîäñëîå). Çíà÷å-

íèÿ íàïðÿæåíèé — –280 è 225 ÌÏà ñîîòâåòñò-

âåííî.

Ïðè èññëåäîâàíèè âëèÿíèÿ ïîäñëîÿ íà ñöåï-

ëåíèå îñíîâíîãî ïîêðûòèÿ, ïîëó÷åííîãî ìåòîäîì

«íàìîðàæèâàíèÿ», ñî ñòàëüíûì ñåðäå÷íèêîì óñ-

òàíîâèëè, ÷òî íàèáîëüøåé ñèëîé ñöåïëåíèÿ îá-

ëàäàþò îáðàçöû ñ îëîâÿííûì ïîäñëîåì. Àíàëèç

ðàçðóøåííûõ ïîâåðõíîñòåé êîíòàêòà â òàêèõ îá-

ðàçöàõ ïîêàçàë, ÷òî ðàçðûâ, êîòîðûé ìîæíî õà-

ðàêòåðèçîâàòü êàê ïëàñòè÷íûé èçëîì, ïðîõîäèò

ïî ìåäíîé îáîëî÷êå.

Ïîëó÷åííûå äàííûå ïî ðàñïðåäåëåíèþ ìå-

òàëëîâ â ïðèãðàíè÷íûõ çîíàõ ñîåäèíåíèÿ ìåäü

— ñòàëü ñâèäåòåëüñòâóþò îá îòñóòñòâèè èíòåðìå-

òàëëèäîâ â ñîåäèíåíèè. Ïîýòîìó îáðàáîòêà ïî-

âåðõíîñòè ñåðäå÷íèêà ñïîñîáîì ÏÃÈ äîñòàòî÷íî

ýôôåêòèâíà ïåðåä íàíåñåíèåì îñíîâíîãî ïîêðû-

òèÿ ìåòîäîì «íàìîðàæèâàíèÿ».
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è æåëåçà â ìåäè (á) íà ðàññòîÿíèè 3 ìêì â îáå ñòîðîíû îò

ãðàíèöû ðàçäåëà

Fig. 8. Spectrograms of the distribution of copper in iron (a)

and iron in copper (b) at a distance of 3 ìm to both sides of

the interface




