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Äëÿ ïîâûøåíèÿ èçíîñîñòîéêîñòè äåòàëåé ìàøèí èñïîëüçóþò ìíîæåñòâî ñïîñîáîâ, íàïðàâëåí-

íûõ íà óïðî÷íåíèå ìàòåðèàëà: òåðìè÷åñêîå óïðî÷íåíèå, ïîâåðõíîñòíîå ïëàñòè÷åñêîå äåôîðìè-

ðîâàíèå, ëåãèðîâàíèå ìàòåðèàëà çàãîòîâêè, äîïîëíèòåëüíóþ ìåõàíè÷åñêóþ îáðàáîòêó, íàíåñå-

íèå ñïåöèàëüíûõ èçíîñîñòîéêèõ ïîêðûòèé íà ïîâåðõíîñòü äåòàëè ïðè åå èçãîòîâëåíèè èëè âîñ-

ñòàíîâëåíèè. Îñíîâíûå ìåòîäû îïðåäåëåíèÿ èçíîñîñòîéêîñòè ïîëó÷åííûõ èëè âîññòàíîâëåí-

íûõ äåòàëåé ìàøèí â íàñòîÿùèé ìîìåíò ñòàíäàðòèçîâàíû: «Ìåòîä èñïûòàíèé ìàøèíîñòðîèòå-

ëüíûõ ìàòåðèàëîâ íà óäàðíî-àáðàçèâíîå èçíàøèâàíèå» (ÃÎÑÒ 23.207–79), «Ìåòîä èñïûòàíèé

ìàòåðèàëîâ íà èçíîñîñòîéêîñòü ïðè òðåíèè î íåæåñòêî çàêðåïëåííûå àáðàçèâíûå ÷àñòèöû»

(ÃÎÑÒ 23.208–79), «Ìàòåðèàëû ñìàçî÷íûå æèäêèå è ïëàñòè÷íûå. Ìåòîä îïðåäåëåíèÿ òðèáîëîãè-

÷åñêèõ õàðàêòåðèñòèê íà ÷åòûðåõøàðèêîâîé ìàøèíå» (ÃÎÑÒ 9490–75). Êðîìå òîãî, èçâåñòíû ìå-

òîäû [1 – 3], êîòîðûå äàþò ëèøü ïðèáëèæåííûé ðåçóëüòàò è óäîáíû â òåõ ñëó÷àÿõ, êîãäà ïðîèñõî-

äèò âçàèìîäåéñòâèå ìàòåðèàëà äåòàëè íåïîñðåäñòâåííî ñ àáðàçèâîì (çóá êîâøà ýêñêàâàòîðà, ëå-

ìåõ ïëóãà è ò.ä.) èëè ñî ñìàçî÷íûì ìàòåðèàëîì. Èõ íåäîñòàòêîì ÿâëÿåòñÿ îòñóòñòâèå âîçìîæíî-

ñòè âîñïðîèçâîäñòâà ðåàëüíûõ óñëîâèé ýêñïëóàòàöèè ôðèêöèîííîé ïàðû òÿæåëîíàãðóæåííîãî

óçëà òðåíèÿ.

Êëþ÷åâûå ñëîâà: èçíîñîñòîéêîñòü ïîêðûòèé; ïîðîøêîâûå ìàòåðèàëû; ïëàçìåííîå ïðèïåêàíèå;

ìàøèíà òðåíèÿ.

Â äàííîé ðàáîòå ïðåäñòàâëåíà ìåòîäèêà ýêñïåðèìåí-

òàëüíîãî îïðåäåëåíèÿ èçíîñîñòîéêîñòè êàê âîññòà-

íîâëåííûõ äåòàëåé ìåòîäàìè ïëàçìåííîãî ñåëåêòèâ-

íîãî ïðèïåêàíèÿ ìåòàëëè÷åñêèìè ïîðîøêàìè, òàê è

äåòàëåé ñ íàíåñåííûìè èçíîñîñòîéêèìè ïîêðûòèÿìè

ñ ïîìîùüþ óíèâåðñàëüíîãî òðèáîìåòðà ÑÌÖ-2. Òåõ-

íè÷åñêèå õàðàêòåðèñòèêè ìàøèíû ÑÌÖ-2 ïðèâåäåíû

íèæå.

×àñòîòà âðàùåíèÿ íèæíåãî îáðàçöà, ñ–1 . . . 5,0; 8,33; 16,7

Äèàïàçîí èçìåðåíèÿ ìîìåíòà òðåíèÿ, Íì . . . . 1,5 – 15,0

Íàãðóçêà íà îáðàçöû, êÍ . . . . . . . . . . . . . . 0,2 – 2,0

Ìîùíîñòü, ïîòðåáëÿåìàÿ, êÂò . . . . . . . . . . . . . . 2,2

Ìàññà ìàøèíû, êã . . . . . . . . . . . . . . . . . . . . 500

Ìàøèíà òðåíèÿ ÑÌÖ-2 ñîñòîèò èç ìåõàíè÷åñêîé

÷àñòè, à òàêæå ýëåêòðîííîãî áëîêà óïðàâëåíèÿ è êîí-

òðîëÿ (ñì. ðèñóíîê). Îñíîâíûìè óçëàìè ìåõàíè÷å-

ñêîé ÷àñòè ÿâëÿþòñÿ ýëåêòðîäâèãàòåëü 1, ðåìåííàÿ ïå-

ðåäà÷à 2, ðåäóêòîð 3, ìóôòà 4, îòêèäíàÿ êàðåòêà 5,

çóá÷àòàÿ ïåðåäà÷à 6, ìåõàíèçì íàãðóæåíèÿ 7, èíäóê-

òèâíûé äàò÷èê ìîìåíòà òðåíèÿ 10. Íà âàëàõ ðåäóêòîðà

è çóá÷àòîé ïåðåäà÷è óñòàíîâëåíû îáðàçåö 8 è êîíòðòå-

ëî 9. Â áëîê óïðàâëåíèÿ è êîíòðîëÿ âõîäÿò êíîïêè

«ÏÓÑÊ» è «ÑÒÎÏ», ýëåêòðè÷åñêèé ñ÷åò÷èê ÷èñëà

öèêëîâ è öèôðîâîé áëîê, ðåãèñòðèðóþùèé èçìåíåíèÿ

ìîìåíòà òðåíèÿ è òåìïåðàòóðû â çîíå êîíòàêòà â ïðî-

öåññå èñïûòàíèé.

Âíåøíÿÿ íàãðóçêà ñîçäàåòñÿ ñ ïîìîùüþ âèíòîâî-

ãî ìåõàíèçìà íàãðóæåíèÿ. Ïóòü òðåíèÿ îïðåäåëÿëè íà

îñíîâå ñíèìàåìûõ ñ÷åò÷èêîì îáîðîòîâ. Ìîìåíò òðå-

íèÿ â õîäå ýêñïåðèìåíòà èçìåðÿëè ñ ïîìîùüþ áåñêîí-

òàêòíîãî èíäóêòèâíîãî äàò÷èêà ïî ñêðó÷èâàíèþ âàëà.
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Êèíåìàòè÷åñêàÿ ñõåìà ìàøèíû òðåíèÿ ÑÌÖ-2



Òåìïåðàòóðíûå óñëîâèÿ âçàèìîäåéñòâèÿ ïàðû òðåíèÿ

îïðåäåëÿëè êîíòàêòíûì (ñ ïîìîùüþ òåðìîïàðû) è

áåñêîíòàêòíûì (ïèðîìåòðîì) ñïîñîáàìè, à çíà÷åíèÿ

ìîìåíòà òðåíèÿ è òåìïåðàòóðû ðåãèñòðèðîâàëè ñ ïî-

ìîùüþ ýëåêòðîííî-âû÷èñëèòåëüíîãî áëîêà. Â äàííûé

áëîê âõîäÿò óñòðîéñòâî îöèôðîâêè âõîäÿùèõ ñèãíà-

ëîâ è óñòðîéñòâî âûâîäà è îáðàáîòêè èíôîðìàöèè

(ÝÂÌ). Öèôðîâîé áëîê ðåãèñòðèðóåò ÷åòûðå èçìå-

ðåíèÿ â ñåêóíäó. Ïîãðåøíîñòü èçìåðåíèÿ ìîìåíòî-

èçìåðèòåëÿ ñîñòàâëÿåò 0,5 % (0,015 Í · ì), òåðìîïàðû

è ïèðîìåòðà — ±1 °C.

Ïðè ðåàëèçàöèè ìåòîäèêè íåîáõîäèìî ñîáëþäàòü

òðåáîâàíèÿ, ïðåäúÿâëÿåìûå ê îáðàçöàì, îáîðóäîâà-

íèþ, ïðîâåäåíèþ èññëåäîâàíèé.

1. Îáðàçöû ñëåäóåò èçãîòàâëèâàòü èç îäíîé çàãî-

òîâêè, îáåñïå÷èâàÿ åäèíñòâî ãåîìåòðè÷åñêèõ ïàðà-

ìåòðîâ äëÿ êîíêðåòíîãî èññëåäóåìîãî ïðîöåññà. Òåõ-

íîëîãèÿ íàíåñåíèÿ ïîêðûòèÿ íà îáðàçöû ñ îäèíàêîâû-

ìè òåõíîëîãè÷åñêèìè óñëîâèÿìè ýêñïëóàòàöèè äîëæ-

íà îáåñïå÷èâàòü åãî îäíîðîäíîñòü ïî õèìè÷åñêîìó

ñîñòàâó, à òàêæå ðàâíîìåðíîñòü òîëùèíû íàíîñèìîãî

ñëîÿ.

2. Îáîðóäîâàíèå äëÿ ïðîâåäåíèÿ èñïûòàíèé íà

èçíîñîñòîéêîñòü ïîêðûòèé, ïîëó÷åííûõ ïëàçìåííûì

ñåëåêòèâíûì ïðèïåêàíèåì ïîðîøêîâ, äîëæíî ñîçäà-

âàòü ðàçëè÷íûå óñëîâèÿ êîíòàêòíîãî âçàèìîäåé-

ñòâèÿ — ðåæèìû íàãðóæåíèÿ, âçàèìíîãî ïðîñêàëüçû-

âàíèÿ (êà÷åíèå, ñêîëüæåíèå, êà÷åíèå ñ ïðîñêàëüçûâà-

íèåì), ñêîðîñòíûå ïàðàìåòðû, ïîçâîëÿòü îïðåäåëÿòü

ìèêðîòâåðäîñòü è ìèêðîñòðóêòóðó îáðàçöîâ äî è ïî-

ñëå èñïûòàíèé.

3. Íåîáõîäèìî, ÷òîáû èññëåäîâàíèÿ îáåñïå÷è-

âàëè ïîëó÷åíèå äîñòîâåðíûõ çíà÷åíèé èññëåäóåìûõ

ïàðàìåòðîâ.

Óñëîâèÿ ðåàëèçàöèè ýêñïåðèìåíòîâ ñëåäóþùèå:

äèàìåòð âåðõíèõ ðîëèêîâ — 45 ìì;

äèàìåòð íèæíèõ (íåíàïëàâëåííûõ) ðîëèêîâ — íå

ìåíåå 35 ìì;

øèðèíà âåðõíåãî è íèæíåãî ðîëèêîâ çàâèñèò îò

óñëîâèé êîíòàêòíîãî âçàèìîäåéñòâèÿ ôðèêöèîííîé

ïàðû òÿæåëîíàãðóæåííîãî óçëà â ðåàëüíûõ óñëîâèÿõ;

÷èñëî îáîðîòîâ íèæíåãî ðîëèêà — 300, 500,

1000 îá�ìèí;

âåðõíèé ðîëèê — õîëîñòîé;

âíåøíÿÿ íàãðóçêà — 300 – 900 Í;

ìàòåðèàë ýòàëîííûõ ðîëèêîâ — ñòàëü 45 (ÃÎÑÒ

1050–88);

ìàòåðèàë ðîëèêîâ ñ ïîêðûòèåì: ñåðäöåâèíà —

ñòàëü 45 (ÃÎÑÒ 1050–88), ïîâåðõíîñòíûé ñëîé —

àçîòñîäåðæàùèé ñîðìàéò 240Õ17Ã19ÀÑ [4, 5], íàíå-

ñåííûé ñ ïîìîùüþ ïëàçìåííîãî ïðèïåêàíèÿ.

Ïåðåä êàæäûì èñïûòàíèåì îáðàçöû âçâåøèâàëè

íà àíàëèòè÷åñêèõ âåñàõ ñ òî÷íîñòüþ äî 1 · 10–4 ã, çàìå-

ðÿëè èõ ìèêðîòâåðäîñòü ñ ïîìîùüþ ìèêðîòâåðäîìåðà

ÏÌÒ-3Ì è èññëåäîâàëè ìèêðîñòðóêòóðó ñ ïîìîùüþ

ñêàíèðóþùåãî ýëåêòðîííîãî ìèêðîñêîïà.

Îñíîâíûå ýòàïû ïðîâåäåíèÿ ýêñïåðèìåíòîâ:

1) çàïóñê ýëåêòðîäâèãàòåëÿ ëàáîðàòîðíîé óñòà-

íîâêè;

2) ðàáîòà ëàáîðàòîðíîé óñòàíîâêè íà õîëîñòîì

õîäó (áåç ïðèëîæåííîé âíåøíåé íàãðóçêè) — ïðîèñ-

õîäèò âðàùåíèå òîëüêî íèæíåãî (ïðèâîäíîãî) ðîëèêà

ñ èçíîñîñòîéêèì ïîêðûòèåì;

3) ïðèæàòèå âåðõíåãî ðîëèêà, ñîçäàþùåå ïðåäâà-

ðèòåëüíóþ íàãðóçêó, ðàâíóþ 100 Í;

4) ïðèëîæåíèå âíåøíåé íàãðóçêè.

Â ïðîöåññå ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ

êîíòðîëèðîâàëè ñëåäóþùèå ïàðàìåòðû:

ìîìåíò òðåíèÿ Mòð;

ïóòü òðåíèÿ — ÷åðåç ñ÷åò÷èê îáîðîòîâ èññëåäóå-

ìîãî îáðàçöà ñ âîçìîæíîñòüþ çàäàíèÿ ïðåäåëüíîãî

çíà÷åíèÿ;

âðåìÿ ïðîâåäåíèÿ èñïûòàíèÿ;

òåìïåðàòóðó;

èçíîñ (âåñîâûì ìåòîäîì);

ïàðàìåòðû øåðîõîâàòîñòè;

ìèêðîòâåðäîñòü (ñ ïîìîùüþ ìèêðîòâåðäîìåðîâ);

ìèêðîñòðóêòóðó (ñ ïîìîùüþ ñêàíèðóþùèõ ìèê-

ðîñêîïîâ).

Êîýôôèöèåíò òðåíèÿ âî ôðèêöèîííîì êîíòàêòå

ëàáîðàòîðíîé óñòàíîâêè ðàññ÷èòûâàëè ïî ôîðìóëå [2]
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ãäå Mòð — ìîìåíò òðåíèÿ, Íì; d2 — äèàìåòð íèæíåãî

ðîëèêà, ìì; P — íàãðóçêà òðèáîñîïðÿæåíèÿ, Í.

Ðàçðàáîòàííàÿ ìåòîäèêà ïîçâîëÿåò èññëåäîâàòü

èçíîñîñòîéêîñòü ïîâåðõíîñòíûõ ñëîåâ, ïîëó÷åííûõ

ðàçëè÷íûìè ñïîñîáàìè óïðî÷íåíèÿ, êàê â óñëîâèÿõ

óñòàíîâèâøåãîñÿ ðåæèìà òðåíèÿ, òàê è â ìîìåíò ðàç-

ãîíà (óñêîðåíèÿ) è òîðìîæåíèÿ ôðèêöèîííîé ïàðû.

Ðàçãîí è òîðìîæåíèå ìàøèíû ïðîèñõîäÿò ñ ïîìîùüþ

ââîäèìîãî îïåðàòîðîì âðåìåíè âûõîäà ìàøèíû íà çà-

äàííóþ õàðàêòåðèñòèêó. Êðîìå òîãî, ìåòîäèêà äàåò

âîçìîæíîñòü îïðåäåëåíèÿ íàèáîëåå ýôôåêòèâíîé òåõ-

íîëîãèè íàíåñåíèÿ ïîêðûòèé ñ òî÷êè çðåíèÿ íàèìåíü-

øèõ ïîòåðü íà òðåíèå ïðè ýêñïëóàòàöèè.

Íà îñíîâå ïðåäñòàâëåííîé ìåòîäèêè áûëè ïðîâå-

äåíû òðè ñåðèè ýêñïåðèìåíòîâ ïî âîñåìü îïûòîâ â êà-

æäîì. Óñðåäíåííûå ðåçóëüòàòû ýòèõ ýêñïåðèìåíòîâ

ïðåäñòàâëåíû â òàáëèöå.

Àíàëèç ïîëó÷åííûõ äàííûõ ñâèäåòåëüñòâóåò î

òîì, ÷òî íàíåñåííîå ñ ïîìîùüþ ïëàçìåííîãî ïðèïåêà-

íèÿ ìåòàëëè÷åñêîå ïîêðûòèå íà æåëåçíîé îñíîâå ñïî-

ñîáñòâóåò ñíèæåíèþ ìîìåíòà òðåíèÿ. Ïðè÷åì ìàêñè-

ìàëüíîå ñíèæåíèå ìîìåíòà òðåíèÿ (êàê è êîýôôèöè-

åíòà òðåíèÿ) íàáëþäàåòñÿ ïðè âûñîêèõ çíà÷åíèÿõ

âíåøíåé íàãðóçêè (850 Í) è ìàëûõ ñêîðîñòÿõ âðàùå-

íèÿ (500 îá�ìèí). Ïðè ïîâûøåíèè ñêîðîñòè âðàùåíèÿ

ðîëèêîâ â äâà ðàçà (äî 1000 îá�ìèí) ìîìåíò òðåíèÿ

óâåëè÷èâàåòñÿ ëèøü íà íåáîëüøîå çíà÷åíèå (â äàííîì

$2 
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ñëó÷àå íà 0,51 Í · ì). Ïðåäñòàâëåííûå ðåçóëüòàòû îò-

÷àñòè ìîæíî îïèñàòü äåéñòâèåì íîðìàëüíûõ è êàñà-

òåëüíûõ ñîñòàâëÿþùèõ ñèë òðåíèÿ, íà êîòîðûå âëèÿåò

ïðèëîæåííàÿ èçâíå ñèëà. Îäíàêî èñïîëüçîâàòü äàííîå

ïðåäïîëîæåíèå áåç ó÷åòà ñâîéñòâ ñôîðìèðîâàííîãî

ïîêðûòèÿ, à òàêæå âîçìîæíûõ ôàçîâûõ ïðåâðàùåíèé

â ïðîöåññå êîíòàêòíîãî âçàèìîäåéñòâèÿ îäíîçíà÷íî

íåëüçÿ. Ïîýòîìó â íàñòîÿùåå âðåìÿ èññëåäîâàíèÿ àí-

òèôðèêöèîííûõ ñâîéñòâ ìàòåðèàëîâ ñ íàíåñåííûìè

ìåòîäîì ïëàçìåííîãî ïðèïåêàíèÿ ïîðîøêîâûìè ïî-

êðûòèÿìè ïðîäîëæàþòñÿ.
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Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé

Íîìåð îïûòà Íàãðóçêà, Í
Êîëè÷åñòâî

îáîðîòîâ, îá�ìèí

Íàëè÷èå

ïîêðûòèÿ

Ìîìåíò

òðåíèÿ, Í · ì

Êîýôôèöèåíò

òðåíèÿ
Èçíîñ, ã

1 290 500 Äà 0,98 0,19 0,8767

2 850 500 Äà 1,01 0,06 0,6859

3 290 1000 Äà 1,33 0,26 1,2691

4 850 1000 Äà 1,52 0,10 1,4217

5 290 500 Íåò 1,13 0,22 1,1146

6 850 500 Íåò 1,39 0,09 0,7928

7 290 1000 Íåò 1,50 0,29 1,5362

8 850 1000 Íåò 1,77 0,12 1,8401
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A TECHNIQUE FOR EXPERIMENTAL STUDY OF THE WEAR RESISTANCE

OF COATINGS OBTAINED BY PLASMA SELECTIVE BAKING

OF POWDERS ON A SMTs-2 FRICTION MACHINE

� S. P. Nefedyev, M. V. Kharchenko, R. R. Dema, A. N. Shapovalov, and K. N. Vdovin

Submitted April 24, 2017.

A technique for determination of the wear resistance of the surface layers of rubbing frictional pair is pre-

sented. The layers were obtained by different methods of hardening, including coatings applied by the

plasma bake on procedures both in conditions of the steady-state friction and upon of acceleration or de-

celeration of the frictional pair. The method is based on determination of the wear and antifriction proper-

ties of cylindrical disc-type specimens, one of them is the reference one, and the other is hardened under

conditions of rolling and sliding friction at a normal temperature. The error of measuring the friction co-

efficient is 0.5%. To increase the wear resistance of the machine parts, a large number of methods aimed

at strengthening the material are used: thermal hardening, surface-plastic deformation, alloying of the

workpiece material, additional machining, depositing of special, wear-resistant coatings on the surface of

the part upon manufacturing or reconditioning. Experimental studies of the wear resistance of the coat-

ings recovered by plasma selective baking demonstrated that the developed technique is advantageous

for high accuracy and can be successfully used for evaluation of the quality of coatings.

Keywords: wear resistance of coatings; powder materials; plasma baking; friction machine.
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