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Ìåõàíè÷åñêèå ñâîéñòâà è ïîâåäåíèå ìàòåðèàëà â íàíîîáúåìå ñóùåñòâåííî îòëè÷àþòñÿ îò

îïðåäåëåííûõ òðàäèöèîííûìè ìàêðîñêîïè÷åñêèìè èñïûòàíèÿìè. Öåëü ðàáîòû — èññëå-

äîâàíèå ïëàçìåííî-çàêàëåííîé êîëåñíîé ñòàëè ñ èñïîëüçîâàíèåì ìåòîäà íàíîèíäåíòè-

ðîâàíèÿ. Ìåòîä ðåàëèçîâûâàëè ñ èñïîëüçîâàíèåì íàíîòâåðäîìåðà NanoHardnessTecter.

Ñîçäàâàåìîå â íàíîòâåðäîìåðå ýëåêòðè÷åñêîå ïîëå äàâèëî íà èíäåíòîð, àëìàçíûé íà-

êîíå÷íèê êîòîðîãî ïîãðóæàëñÿ â ïðèïîâåðõíîñòíûé ñëîé èññëåäóåìîãî ìàòåðèàëà. Ñ ïî-

ìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ îïðåäåëÿëè õàðàêòåðèñòèêè ýòîãî ñëîÿ. Çíàíèå ôèçè-

êî-ìåõàíè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëà (òâåðäîñòè, ìîäóëÿ Þíãà, óïðóãîãî âîññòàíîâ-

ëåíèÿ è äð.), âëèÿþùèõ íà èçíîñîñòîéêîñòü ïîâåðõíîñòíûõ ñëîåâ, ïîçâîëÿåò îöåíèòü è âû-

áðàòü îïòèìàëüíóþ òåõíîëîãèþ ìîäèôèêàöèè ïîâåðõíîñòè ïóòåì ïëàçìåííîé çàêàëêè.

Îòìå÷åíî, ÷òî îáúåêòèâíîñòü îïðåäåëåíèÿ õàðàêòåðèñòèê çàâèñèò îò ïàðàìåòðîâ ïðèìåíÿ-

åìîãî èçìåðèòåëüíîãî îáîðóäîâàíèÿ è ñîáëþäåíèÿ òðåáîâàíèé ïî ãëóáèíå îòïå÷àòêà â çà-

âèñèìîñòè îò òîëùèíû çàêàëåííîãî ñëîÿ. Èññëåäîâàíèÿ ïðîâîäèëè íà îáðàçöàõ, âûðåçàí-

íûõ èç îáîäà è ãðåáíÿ æåëåçíîäîðîæíîãî êîëåñà, ïîäâåðãíóòîãî ïîâåðõíîñòíîé ïëàçìåí-

íîé çàêàëêå, íà óñòàíîâêå ÓÏÍÍ-170 (Ðîññèÿ). Óñòàíîâëåíî, ÷òî òâåðäîñòü (ïî Âèêêåðñó

HV è H) îáîäà áîëüøå, à ìîäóëü Þíãà, íàïðîòèâ, ìåíüøå, ÷åì ñîîòâåòñòâóþùèå õàðàêòå-

ðèñòèêè ãðåáíÿ. Êðîìå òîãî, èçíîñîñòîéêîñòü çàêàëåííîé êîíñòðóêöèîííîé ñòàëè ïîâûøà-

åòñÿ ïîñëå íàíîñòðóêòóðèðóþùåé ôðèêöèîííîé îáðàáîòêè.

Êëþ÷åâûå ñëîâà: íàíîèíäåíòèðîâàíèå; òâåðäîñòü; ìîäóëü Þíãà; óïðóãîå âîññòà-

íîâëåíèå.
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The necessity and possibility of using nanoindentation in studying the physical and mechanical properties

of plasma-hardened wheel steel are considered. The goal of the study is demonstration and substantiation

of significant differences in the mechanical properties and behavior of the materials in nanoscale tests

from those determined in traditional macroscopic tests. The method was implemented using a

NanoHardnessTecter nanohardness tester. The electric field formed in the nanoscale hardness tester

pressed on the indenter and the diamond tip of the indenter is immersed in the surface layer of the mate-

rial under study. The characteristics of the surface layer are determined using the developed software.

Knowledge of the physicomechanical characteristics of the material (hardness, Young’s modulus, elastic

recovery, etc.) which affect the wear resistance of the surface layers, allows one to evaluate and select the

optimal surface modification technology using plasma hardening. The credibility of determination de-

pends on the parameters of measuring equipment and compliance with the requirements to the depth of

the imprint depending on the thickness of the hardened layer. The studies were carried out on the samples

cut from the rim and crest of a railway wheel subjected to surface plasma hardening on a UPNN-170 in-

stallation (Russia). It is shown that the hardness (according to Vickers HV and H) of the rim is greater,

and Young’s modulus, on the contrary, is less than the corresponding characteristics of the crest. More-

over, the wear resistance of hardened structural steel increases after nanostructural friction treatment.

Keywords: nanoindentation; hardness; Young’s modulus; elastic recovery.
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Ââåäåíèå

Íàäåæíîñòü è äîëãîâå÷íîñòü äåòàëåé ìàøèí

è ìåõàíèçìîâ âî ìíîãèõ ñëó÷àÿõ îáåñïå÷èâàþò çà

ñ÷åò ïîâûøåíèÿ òâåðäîñòè ïîâåðõíîñòíîãî ñëîÿ.

Â ðåàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè èçíîñ çàâè-

ñèò íå òîëüêî îò òâåðäîñòè, íî è îò óïðóãîñòè è

ñòîéêîñòè ê äåôîðìàöèÿì ïîâåðõíîñòíîãî ñëîÿ

[4, 5].

Åãî îñíîâíûå ôèçèêî-ìåõàíè÷åñêèå õàðàêòå-

ðèñòèêè (òâåðäîñòü, ìîäóëü óïðóãîñòè è äð.) îï-

ðåäåëÿþò ñ èñïîëüçîâàíèåì èíñòðóìåíòàëüíîãî

èíäåíòèðîâàíèÿ (íàíîèíäåíòèðîâàíèÿ) (ÃÎÑÒ Ð

8.748–2011, ISO 14577-1:2015). Èçìåíåíèå õàðàê-

òåðèñòèê âîçìîæíî ïóòåì ìîäèôèêàöèè ïîâåðõ-

íîñòè (íàïðèìåð, ïëàçìåííîé çàêàëêîé).

Ñ ðàçâèòèåì ìåòîäà íåïðåðûâíîãî èçìåðè-

òåëüíîãî íàíîèíäåíòèðîâàíèÿ ñòàëà âîçìîæíîé

êîëè÷åñòâåííàÿ îöåíêà õàðàêòåðèñòèê (â ÷àñòíî-

ñòè, òâåðäîñòè ïî Âèêêåðñó, ìîäóëÿ Þíãà, íàïðÿ-

æåíèÿ òå÷åíèÿ) [6].

Îòìåòèì, ÷òî íåñìîòðÿ íà âîçðîñøèé îáúåì

ôàêòè÷åñêîé èíôîðìàöèè, ïîëó÷åííîé ìåòîäîì

íàíîèíäåíòèðîâàíèÿ, ôèçè÷åñêè îáîñíîâàòü

ìèêðîìåõàíèçìû òâåðäîñòè äî êîíöà íå óäàåòñÿ.

Íàïðèìåð, íå ÿñíû ïðè÷èíû ìàñøòàáíîãî ðàç-

ìåðíîãî ôàêòîðà, ïðîÿâëÿþùåãîñÿ â óâåëè÷åíèè

òâåðäîñòè ñ óìåíüøåíèåì íàãðóçêè è ðàçìåðîâ

îòïå÷àòêà, îñîáåííî ïðè ãëóáèíàõ h < 1 ìêì.

Îáúÿñíåíèå ïðè÷èí ðàçìåðíîãî ôàêòîðà äèñëî-

êàöèîííûì ìåõàíèçìîì ïëàñòè÷íîñòè (ïóòåì

ââåäåíèÿ íåîáõîäèìîãî êîëè÷åñòâà äèñëîêàöèé)

íå ðåøàåò ïðîáëåìó [7 – 9]. Ôîðìàëüíî ìîæíî

ââåñòè íåîáõîäèìîå êîëè÷åñòâî äèñëîêàöèé â èñ-

ñëåäóåìûé ìàòåðèàë, îäíàêî èõ ïëîòíîñòü ïðè

h < 100 íì ñòàíîâèòñÿ íåâåðîÿòíî áîëüøîé

(>1014 ñì–2). Êðîìå òîãî, ýòî ïðîòèâîðå÷èò ðå-

çóëüòàòàì ìèêðîñòðóêòóðíûõ èññëåäîâàíèé, êî-

òîðûå íå îáíàðóæèâàþò òàêîãî êîëè÷åñòâà äèñ-

ëîêàöèé.

Î÷åâèäíî, ìåõàíè÷åñêèå ñâîéñòâà è ïîâåäå-

íèå ìàòåðèàëîâ â íàíîîáúåìàõ ñèëüíî îòëè÷à-

þòñÿ îò ïîëó÷àåìûõ ïðè òðàäèöèîííûõ ìàêðî-

ñêîïè÷åñêèõ èñïûòàíèÿõ. Ëîêàëèçàöèÿ íàãðóçêè

ïðèâîäèò ê ñóùåñòâåííîìó óïðî÷íåíèþ ìàòå-

ðèàëà â çîíå äåôîðìàöèè. Âîçíèêàþùèå ïðè

ýòîì áîëüøèå ãðàäèåíòû íàïðÿæåíèé îêàçûâàþò

çíà÷èòåëüíîå âëèÿíèå íà ìåõàíèçìû ïëàñòè-

÷åñêîãî òå÷åíèÿ. Ñ÷èòàåòñÿ, ÷òî â ïëàñòè÷íîì

ìàòåðèàëå åãî ìàññà èç-ïîä èíäåíòîðà âûäàâëè-

âàåòñÿ â ñòîðîíó ñâîáîäíîé ïîâåðõíîñòè. Íà ñà-

ìîì äåëå åãî ìàññà ïåðåíîñèòñÿ â îáúåì, â ðå-

çóëüòàòå ÷åãî ìàòåðèàë â çîíå ëîêàëüíîé äåôîð-

ìàöèè óïëîòíÿåòñÿ.

Ïðè óìåíüøåíèè ðàçìåðîâ ïÿòíà êîíòàêòà

çíà÷èòåëüíóþ ðîëü èãðàþò íåðàâíîâåñíûå òî-

÷å÷íûå äåôåêòû â ìàññîïåðåíîñå. Ñòðóêòóðà

ìàòåðèàëà ïîä èíäåíòîðîì â ðåçóëüòàòå àìîð-

ôèçàöèè, ôàçîâûõ ïðåâðàùåíèé, îáðàçîâàíèÿ

íàíîêðèñòàëëè÷åñêîé ñòðóêòóðû ñóùåñòâåííî

ìåíÿåòñÿ. Ââèäó ìàëûõ ðàçìåðîâ äåôîðìèðîâàí-

íîé îáëàñòè ðåàëèçóþòñÿ áîëüøèå ñêîðîñòè îòíî-

ñèòåëüíîé äåôîðìàöèè äàæå ïðè íåáîëüøèõ àá-

ñîëþòíûõ ñêîðîñòÿõ âíåäðåíèÿ. Â èòîãå íàíî-

òâåðäîñòü ìàòåðèàëà ìîæåò íà ïîðÿäêè ïðåâû-

øàòü ïðåäåë òåêó÷åñòè.

Öåëü ðàáîòû — èññëåäîâàíèå ôèçèêî-ìåõà-

íè÷åñêèõ ñâîéñòâ ïëàçìåííî-çàêàëåííîé êîëåñ-

íîé ñòàëè ìåòîäîì íàíîèíäåíòèðîâàíèÿ.

Ìàòåðèàëû, ìåòîäû, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû êîëåñíîé ñòàëè, ïîä-

âåðãíóòîé ïîâåðõíîñòíîé ïëàçìåííîé çàêàëêå,

ñ èñïîëüçîâàíèåì óñòàíîâêè ÓÏÍÍ-170 (íîìè-

íàëüíàÿ ñèëà òîêà — 120 À, íîìèíàëüíîå íàïðÿ-

æåíèå — íå áîëåå 42 Â, ðàñõîä àðãîíà — 5 ë/ìèí,

ðàñõîä îõëàæäàþùåé âîäû — 180 – 220 ë/÷).

Îáðàçöû ðàçìåðîì 20 × 30 ìì, âûðåçàííûå èç

îáîäà (îáðàçåö 1) è ãðåáíÿ (îáðàçåö 2) æåëåçíîäî-

ðîæíîãî êîëåñà, øëèôîâàëè è ïîëèðîâàëè íà

ñòàíêå LaboPol-5 (Äàíèÿ). Ïîñëå ýëåêòðîõèìè÷å-

ñêîé ïîëèðîâêè âûñîòà íåðîâíîñòåé ïîâåðõíîñòè

íå ïðåâûøàëà 10 íì. Äëÿ êàæäîé âûáðàííîé ïî-

âåðõíîñòè îáðàçöà ìåòîäîì ñêàíèðóþùåé çîíäî-

âîé ìèêðîñêîïèè (ÑÇÌ) ïîëó÷àëè èçîáðàæåíèå.

Îáðàáîòêó è àíàëèç ÑÇÌ-èçîáðàæåíèé ïðîâîäè-

ëè ñ ïîìîùüþ ïðîãðàììû Nova. Ïðè ïðîâåäåíèè

èñïûòàíèÿ ïðèìåíÿëè çîíäîâûé äàò÷èê òèïà

SPMProdeNSC 15/AIBS.

Â êà÷åñòâå èíäåíòîðà ïðè îïðåäåëåíèè òâåð-

äîñòè ïî Âèêêåðñó HV, ðàâíîé ñðåäíåìó äàâ-

ëåíèþ íà êîíòàêòíóþ ïîâåðõíîñòü èíäåíòîð —

îáðàçåö, èñïîëüçîâàëè ðàâíîñòîðîííþþ ÷åòû-

ðåõãðàííóþ àëìàçíóþ ïèðàìèäó. Èçìåðåíèå

ïðîâîäèëè â óñëîâèÿõ íåïðåðûâíîãî ëèíåéíî íà-

ðàñòàþùåãî âî âðåìåíè íàãðóæåíèÿ (äî 150 ìÍ)

ïðè êîìíàòíîé òåìïåðàòóðå. Íàãðóæåíèå è ðàç-

ãðóæåíèå èíäåíòîðà, à òàêæå çàïèñü äèàãðàììû

P(h) (P — ïðèêëàäûâàåìàÿ íàãðóçêà, h — ãëóáè-

íà âíåäðåíèÿ èíäåíòîðà) îñóùåñòâëÿëè àâòîìà-

òè÷åñêè. Òàêîé ñïîñîá èçìåðåíèÿ òâåðäîñòè (íå-

ïðåðûâíûì âäàâëèâàíèåì èíäåíòîðà) ïîçâîëÿåò

â îäíîì öèêëå íàãðóæåíèÿ — ðàçãðóæåíèÿ îïðå-

äåëÿòü ãëóáèíó íåâîññòàíîâëåííîãî è âîññòàíîâ-

ëåííîãî (ïëàñòè÷åñêîãî) îòïå÷àòêîâ, ìîäóëü

Þíãà è ðàáîòó ïëàñòè÷åñêîé è óïðóãîé äåôîðìà-

öèè â ïðîöåññå èíäåíòèðîâàíèÿ.

Íà ðèñ. 1 ïðåäñòàâëåíû èçìåíåíèÿ íàãðóçêè

P è ãëóáèíû âíåäðåíèÿ h èíäåíòîðà â öèêëå íà-

ãðóæåíèå — ðàçãðóæåíèå è äèàãðàììà çàâèñè-

ìîñòè P îò h (Pmax — ìàêñèìàëüíàÿ íàãðóçêà,
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ïðèêëàäûâàåìàÿ ê îáðàçöó; hmax — ãëóáèíà ïðî-

íèêíîâåíèÿ èíäåíòîðà; hf — îñòàòî÷íàÿ ãëóáèíà

ïîñëå ðàçãðóæåíèÿ; Apl è Ae — ðàáîòà ïëàñòè÷å-

ñêîé è óïðóãîé äåôîðìàöèè; tg á — íàêëîí ëè-

íåéíîãî ó÷àñòêà ðàçãðóçî÷íîé êðèâîé).

Ðàçìåð îòïå÷àòêà èíäåíòîðà îïðåäåëÿëè ïî

ìàêñèìàëüíîé ãëóáèíå ïîãðóæåíèÿ èíäåíòîðà,

äëÿ ÷åãî èñïîëüçîâàëè äàííûå ïîëóêîíòàêòíîé

ÑÇÌ. Ñêîðîñòü íàãðóæåíèÿ è ðàçãðóæåíèÿ èí-

äåíòîðà ñîñòàâëÿëà 300 ìÍ/ìèí. Ðåçóëüòàòû èñ-

ïûòàíèé îáðàáàòûâàëè ñ ïîìîùüþ ìåòîäà Îëè-

âåðà è Ôàððà [10].

Òâåðäîñòü îïðåäåëÿëè ïî ôîðìóëå

H = Pmax/Ac,

ãäå Ac — ïëîùàäü êîíòàêòà ïîñëå ðàçãðóçêè.

Òâåðäîñòü ïî Âèêêåðñó

HV = Pmax/(9,81Ac),

ãäå 9,81 — êîýôôèöèåíò ïåðåâîäà â åäèíèöû

ÑÈ.

Íà ðèñ. 2 ïðèâåäåíû îòïå÷àòêè èíäåíòîðà â

ïðèïîâåðõíîñòíîì ñëîå ìàòåðèàëà. Ïðîâîäèëè

èçìåðåíèÿ íå ìåíåå òðåõ îòïå÷àòêîâ, ïîëó÷åí-

íûõ ïðè îäèíàêîâûõ óñëîâèÿõ.

Ïðè íàíîèíäåíòèðîâàíèè èñïîëüçîâàëè íà-

íîòâåðäîìåð NanoHardnessTester ôèðìû CSEM

(ðèñ. 3). Ïðè ïðîïóñêàíèè èìïóëüñà òîêà ïî êà-

òóøêàì íàíîòâåðäîìåðà, íàõîäÿùèìñÿ â ìàãíèò-

íîì ïîëå ïîñòîÿííîãî ìàãíèòà, ñîçäàâàëîñü ýëåê-

òðè÷åñêîå ïîëå, êîòîðîå äàâèëî íà èíäåíòîð ñ àë-

ìàçíûì íàêîíå÷íèêîì. Èíäåíòîð îïóñêàëñÿ â

òî÷êó ïîâåðõíîñòè îáðàçöà ñ çàäàííîé çàðàíåå

íàãðóçêîé. Ïîñëå òîãî êàê íàãðóçêà äîñòèãàëà

ìàêñèìàëüíîãî çíà÷åíèÿ, à íàïðàâëåíèå òîêà êà-

òóøåê ìåíÿëîñü íà ïðîòèâîïîëîæíîå, èíäåíòîð

íà÷èíàë ðàçãðóæàòüñÿ (íàãðóçêà, äåéñòâóþùàÿ

íà íåãî, ïîñòåïåííî ñâîäèëàñü ê íóëþ) è çàòåì

âîçâðàùàëñÿ â èñõîäíîå ïîëîæåíèå. Ñ ïîìîùüþ

ñàïôèðîâîãî êîëüöà ïðîâåðÿëè ïåðïåíäèêóëÿð-

íîñòü ðàñïîëîæåíèÿ îáðàçöà îòíîñèòåëüíî èí-

äåíòîðà. Åñëè ýòî óñëîâèå íå âûïîëíÿëîñü (îáðà-

çåö íàõîäèëñÿ ïîä íàêëîíîì), òî íà îäíîì èç åì-

êîñòíûõ äàò÷èêîâ âîçíèêàë ñèãíàë, êîòîðûé áëî-

êèðîâàë ïðîöåññ èíäåíòàöèè. Â ýòîì ñëó÷àå èñ-

ñëåäóåìûé îáðàçåö çàíîâî ïåðåóñòàíàâëèâàëè.

Ïðóæèíû óäåðæèâàëè èíäåíòîð, à ìàãíèòíûé

ýêðàí îáåñïå÷èâàë çàùèòó ïðèáîðà îò ýëåêòðî-

ìàãíèòíûõ íàâîäîê.
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Ðèñ. 1. Çàâèñèìîñòè íàãðóçêè P è ãëóáèíû âíåäðåíèÿ h

èíäåíòîðà îò âðåìåíè t (à) è äèàãðàììà çàâèñèìîñòè P îò
h (á)

Fig. 1. Dependence P(t) and h(t) (a) and P(h) diagram (b)

Ðèñ. 2. Îòïå÷àòêè èíäåíòîðà â ïðèïîâåðõíîñòíîì ñëîå
ìàòåðèàëà

Fig. 2. Imprint indenter in the near-surface layer

Ðèñ. 3. Ïðèíöèïèàëüíàÿ ñõåìà íàíîòâåðäîìåðà Nano-
HardnessTester

Fig. 3. Schematic diagram of the nanohardness gage

“NanoHardnessTester”



Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 4 äëÿ îáîäà êîëåñà ïðèâåäåíû ýêñ-

ïåðèìåíòàëüíûå êðèâûå íàãðóæåíèÿ è ðàçãðó-

æåíèÿ, îòîáðàæàþùèå ïðîöåññ èíäåíòàöèè (àíà-

ëîãè÷íûå êðèâûå ïîëó÷àëè è äëÿ ãðåáíÿ êîëåñà),

â òàáëèöå — ìåõàíè÷åñêèå õàðàêòåðèñòèêè

îáðàçöîâ.

Íåñîâïàäåíèå êðèâûõ 1 è 2 ãîâîðèò î íàëè-

÷èè îñòàòî÷íîé äåôîðìàöèè ïîñëå çàâåðøåíèÿ

ïðîöåäóðû èíäåíòèðîâàíèÿ (ìàòåðèàë èç-ïîä

èíäåíòîðà íå ïîëíîñòüþ âîçâðàùàëñÿ â ñâîå

ïðåæíåå ïîëîæåíèå). Îá óïðóãèõ ñâîéñòâàõ ñòàëè

ìîæíî ñóäèòü ïî ðåëàêñàöèè ýíåðãèè, íàêîïëåí-

íîé â ïðîöåññå óïðóãîïëàñòè÷åñêîé äåôîðìàöèè

ïðè âíåäðåíèè èíäåíòîðà. Ìåõàíè÷åñêèå õàðàê-

òåðèñòèêè îáðàçöîâ ñâèäåòåëüñòâóþò, ÷òî îáîä

êîëåñà èìååò áóëüøèå ïî ñðàâíåíèþ ñ ãðåáíåì

çíà÷åíèÿ HV è H è ìåíüøèé ìîäóëü Þíãà E.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ëîêàëèçàöèÿ íàãðóçêè ïðèâîäèò

ê óïðî÷íåíèþ ïëàçìåííî-çàêàëåííîé êîëåñíîé

ñòàëè â çîíå äåôîðìàöèè (ïîêàçàòåëè òâåðäîñòè

îáîäà êîëåñà âûøå, ÷åì ãðåáíÿ). Âîçíèêàþùèå

ïðè ýòîì ãðàäèåíòû íàïðÿæåíèé îêàçûâàþò çíà-

÷èòåëüíîå âëèÿíèå íà ìåõàíèçìû ïëàñòè÷åñêîãî

òå÷åíèÿ, a ñòðóêòóðà ìàòåðèàëà ïîä èíäåíòîðîì

ìåíÿåòñÿ â ðåçóëüòàòå àìîðôèçàöèè, ôàçîâûõ

ïðåâðàùåíèé è îáðàçîâàíèÿ íàíîêðèñòàëëè÷å-

ñêîé ñòðóêòóðû.
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Ìåõàíè÷åñêèå õàðàêòåðèñòèêè îáðàçöîâ

Mechanical characteristics of the samples

Ðàññòîÿíèå
îò ïîâåðõ-
íîñòè âãëóáü
ìåòàëëà, ìêì

Ïàðà-
ìåòð

Èñïûòàíèå

Ñð.
1 2 3 4 5 6 7 8 9 10 11
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