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Â ðàìêàõ âûïîëíåíèÿ íàó÷íî-èññëåäîâàòåëüñêîé ðàáîòû ïðîâåäåíî êëàññè÷åñêîå èññëåäîâàíèå ïî îïðåäåëå-
íèþ çàêîíîâ èçìåíåíèÿ êîýôôèöèåíòà òðåíèÿ è ôàêòîðîâ, âëèÿþùèõ íà íåãî. Ñèëó òðåíèÿ FT ôðèêöèîííîé ïàðû
îïðåäåëÿþò: äàâëåíèå, ñêîðîñòü ñêîëüæåíèÿ, òåïëîôèçè÷åñêèå è ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëîâ, ïðè ýòîì
ôðèêöèîííî-èçíîñíûå õàðàêòåðèñòèêè è ìåõàíè÷åñêèå ñâîéñòâà ïàðû òðåíèÿ íàõîäÿòñÿ â ðàçëè÷íûõ íåëèíåé-
íûõ ôóíêöèîíàëüíûõ çàâèñèìîñòÿõ îò ðåæèìà òðåíèÿ è, â ïåðâóþ î÷åðåäü, îò òåïëîâîãî ðåæèìà ðàáîòû ïàð òðå-
íèÿ.

Êëþ÷åâûå ñëîâà: òðåíèå, êîýôôèöèåíò òðåíèÿ, ñèëà òðåíèÿ.

Àýðîêîñìè÷åñêàÿ îòðàñëü òðàäèöèîííî ñ÷èòà-
åòñÿ îäíîé èç íàèáîëåå íàóêîåìêèõ è âûñîêîòåõ-
íîëîãè÷íûõ îòðàñëåé, âëèÿþùåé íà áîëüøèíñòâî
ñåêòîðîâ îòå÷åñòâåííîé ïðîìûøëåííîñòè. Âûñî-
êèå ýêñïëóàòàöèîííûå òðåáîâàíèÿ, ïðåäúÿâëÿå-
ìûå ê àýðîêîñìè÷åñêîìó ñåêòîðó, îáóñëîâëèâàþò
ðàçâèòèå ñìåæíûõ îáëàñòåé ïðîìûøëåííîñòè,
òàêèõ, êàê ìàøèíîñòðîåíèå è òåõíîëîãèÿ ìàòåðè-
àëîâ.

Â ðàìêàõ âûïîëíåíèÿ íàó÷íî-èññëåäîâàòåëü-
ñêîé ðàáîòû, öåëüþ êîòîðîé ÿâëÿåòñÿ óëó÷øåíèå
ýêñïëóàòàöèîííûõ ïàðàìåòðîâ ïðåöèçèîííûõ

ìàøèí, ïîñòàâëåíà çàäà÷à îïðåäåëåíèÿ çàêîíîâ
èçìåíåíèÿ êîýôôèöèåíòà òðåíèÿ è ôàêòîðîâ,
âëèÿþùèõ íà íåãî. Ïàðà òðåíèÿ ïðåäñòàâëÿåò
ñîáîé ìåòàëëè÷åñêîå òåëî è ïîëèìåðíîå êîíòðòå-
ëî íà îñíîâå ýïîêñèäíîé ñìîëû ñ àíòèôðèêöèîí-
íûìè äîáàâêàìè.

Ïðåäñòàâëåíèÿ î ïðèðîäå òðåíèÿ ôîðìèðóþò-
ñÿ â ìèðîâîì íàó÷íîì ñîîáùåñòâå ñ êîíöà
XV âåêà è óñëîâíî ìîãóò áûòü ðàçäåëåíû íà ÷åòû-
ðå ãðóïïû, ñîîòâåòñòâóþùèå äåéñòâóþùåé ïàðà-
äèãìå: ãåîìåòðè÷åñêóþ, ìîëåêóëÿðíóþ (àäãåçèîí-
íóþ), äåôîðìàöèîííóþ, êîìáèíèðîâàííóþ [1].



175Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Ìàøèíîâåäåíèå, ñèñòåìû ïðèâîäîâ è äåòàëè ìàøèí Machine science, drive systems and machinery

Ïåðâûå íàó÷íûå ðàáîòû ïî òðèáîëîãèè îáíà-
ðóæåíû â çàïèñÿõ Ëåîíàðäî äà Âèí÷è, ñîäåðæà-
ùèõ ìíîãî ïðàâèëüíûõ óòâåðæäåíèé, òàêèõ, êàê
óêàçàíèå íà ïðîïîðöèîíàëüíîñòü ñîïðîòèâëåíèÿ
òðåíèÿ íàãðóçêå íà òðóùèåñÿ ïîâåðõíîñòè òåë è
íà íàëè÷èå áîëüøåãî ñîïðîòèâëåíèÿ òðåíèÿ øå-
ðîõîâàòûõ ïîâåðõíîñòåé. Òàêèì îáðàçîì, çàêîí,
ñîãëàñíî êîòîðîìó ñèëà òðåíèÿ ïðÿìî ïðîïîðöè-
îíàëüíà íàãðóçêå, ò. å. F = fN, áûë îòêðûò Ëåîíàð-
äî äà Âèí÷è, ñ÷èòàâøèì, ÷òî êîýôôèöèåíò òðå-
íèÿ f îáû÷íî ðàâåí 0,25.

Â 1699 ãîäó Ã. Àìîíòîíîì áûë ïåðåîòêðûò çà-
êîí òðåíèÿ è âûâåäåíî óòâåðæäåíèå î íåèçìåííî-
ñòè êîýôôèöèåíòà òðåíèÿ, ðàâíîãî 0,3[3].

Â 1778 ãîäó Ä. Äåçàãþëüå ïåðâûì ïðåäëîæèë
äâóõ÷ëåííóþ ôîðìóëó:

,F A BN                     (1)

ãäå A – õàðàêòåðèñòèêà ñöåïëåííîñòè, íå çàâèñÿ-
ùàÿ îò íàãðóçêè [3].

Ñ ñåðåäèíû XVIII âåêà ïðîñëåæèâàåòñÿ èäåÿ î
ðàçëè÷èè êîýôôèöèåíòà òðåíèÿ äëÿ ðàçëè÷íûõ
ñî÷åòàíèé ìåòàëëîâ.

Íà äàííûé ìîìåíò ðàñïðîñòðàíåííûì ÿâëÿåò-
ñÿ ïðåäñòàâëåíèå îá àäãåçèîííî-äåôîðìàöèîííîé
ïðèðîäå òðåíèÿ [1, 2, 4] è ôèçèêà ïðîòåêàíèÿ ïðî-
öåññà âíåøíåãî òðåíèÿ èìååò ñëåäóþùèé âèä.
Ïðè ñäâèãå êîíòàêòèðóþùèõ òâåðäûõ òåë âñëåä-
ñòâèå äåôîðìàöèè ýòèõ òåë óâåëè÷èâàåòñÿ ñèëà
âíåøíåãî òðåíèÿ, äàííîå ÿâëåíèå íàçâàíî ïðåä-
âàðèòåëüíûì ñìåùåíèåì. Ñèëà òðåíèÿ, ñîîòâåò-
ñòâóþùàÿ íàèáîëüøåìó ïðåäâàðèòåëüíîìó ñìåùå-
íèþ, ÿâëÿåòñÿ ñèëîé òðåíèÿ ïîêîÿ FÒï.

Ïðè äîñòèæåíèè ðàâåíñòâà ñèëû òðåíèÿ ïîêîÿ
è ñèëû òðåíèÿ ñêîëüæåíèÿ ïðîèñõîäèò íåîáðàòè-
ìîå ïåðåìåùåíèå îäíîãî èç êîíòàêòèðóþùèõ
òâåðäûõ òåë ïî ïîâåðõíîñòè äðóãîãî, ïðè ýòîì
âíåøíÿÿ ñèëà ïî âåëè÷èíå ðàâíà ñèëå òðåíèÿ
ñêîëüæåíèÿ Fòñê (ðèñ. 1)[2].

À.Â. ×è÷èíàäçå îïðåäåëèë ïðîöåññ òðåíèÿ â
îáùåì âèäå êàê «âûñîêèå ðåàëèçóåìûå äàâëåíèÿ
íà äèñêðåòíûõ ôàêòè÷åñêèõ êîíòàêòàõ â ñî÷åòà-

íèè ñî çíà÷èòåëüíîé ñêîðîñòüþ îòíîñèòåëüíîãî
ïåðåìåùåíèÿ òðóùèõñÿ òåë.

Ýòèì îáóñëîâëåíî çíà÷èòåëüíîå ïîâûøåíèå
òåìïåðàòóðû â çîíå êîíòàêòà, ÷òî ïðèâîäèò ê ñó-
ùåñòâåííûì èçìåíåíèÿì (ñ ó÷åòîì âëèÿíèÿ ñðå-
äû) ñâîéñòâ ïîâåðõíîñòíûõ ñëîåâ, çíà÷èòåëüíûì
ìåõàíè÷åñêèì è òåìïåðàòóðíûì íàïðÿæåíèÿì â
ìèêðî- è ìàêðîîáúåìàõ, êîòîðûå ñïîñîáñòâóþò
ïðîòåêàíèþ õèìè÷åñêèõ ïðîöåññîâ ñ îáðàçîâàíè-
åì âòîðè÷íûõ ñîåäèíåíèé è ñòðóêòóð, àêòèâèçè-
ðóþò âçàèìíóþ äèôôóçèþ è ñóùåñòâåííî ìåíÿ-
þò ìîëåêóëÿðíóþ ñîñòàâëÿþùóþ ñèëû òðåíèÿ»
[2].

Ñèëà òðåíèÿ, ñ ó÷åòîì ìîëåêóëÿðíîé ñîñòàâ-
ëÿþùåé, îïðåäåëÿåòñÿ âûðàæåíèåì

FT = FT ìîë + FT ìåõ,             (2)

ãäå FT ìîë — ìîëåêóëÿðíàÿ ñîñòàâëÿþùàÿ ñèëû
òðåíèÿ; FT ìåõ — ìåõàíè÷åñêàÿ (äåôîðìàöèîííàÿ)
ñîñòàâëÿþùàÿ ñèëû òðåíèÿ [2].

Ïðè ýòîì «ñèëà òðåíèÿ åñòü ñèëà ñîïðîòèâëå-
íèÿ ïðè îòíîñèòåëüíîì ïåðåìåùåíèè îäíîãî òåëà
ïî ïîâåðõíîñòè äðóãîãî ïîä äåéñòâèåì âíåøíåé
ñèëû, òàíãåíöèàëüíî íàïðàâëåííàÿ ê îáùåé ãðà-
íèöå ìåæäó ýòèìè òåëàìè» [5].

Ôðèêöèîííîå âçàèìîäåéñòâèå ïðîèñõîäèò
ëèøü íà îòäåëüíûõ ó÷àñòêàõ íîìèíàëüíîãî êîí-
òàêòà. Ýòè ó÷àñòêè ïðè ñêîëüæåíèè ðàçðóøàþòñÿ
è âíîâü îáðàçóþòñÿ. Òàêèì îáðàçîì, âî ôðèêöè-
îííîì êîíòàêòå ïðèñóòñòâóåò îòäåëüíîå ôèçè÷åñ-
êîå òåëî, îáëàäàþùåå îñîáûìè ñâîéñòâàìè è íà-
çâàííîå «òðåòüèì òåëîì» [1]. Äàííîå òåëî ïðåä-
ñòàâëÿåò ñîáîé ñîâîêóïíîñòü îäíîâðåìåííî ñóùå-
ñòâóþùèõ ôðèêöèîííûõ ñâÿçåé è áîëüøåé ÷àñòüþ
ÿâëÿåòñÿ äèñêðåòíûì.

«Îñîáåííîñòüþ ýòîãî òðåòüåãî òåëà ÿâëÿåòñÿ
òî, ÷òî ïðè ñêîëüæåíèè íåïðåðûâíî ïðîèñõîäèò
ðàçðóøåíèå è ôîðìèðîâàíèå ýëåìåíòîâ, åãî îá-
ðàçóþùèõ. Ñèëà, çàòðà÷èâàåìàÿ íà ðàçðóøåíèå
ïðè ñêîëüæåíèè, ðàâíà ñèëå òðåíèÿ. Åå îòíîøå-
íèå ê íîðìàëüíîé íàãðóçêå ÿâëÿåòñÿ êîýôôèöè-
åíòîì òðåíèÿ ñêîëüæåíèÿ.

Èçìåíåííûé òîíêèé ïîâåðõíîñòíûé ñëîé èñ-
ïûòûâàåò áîëüøèå äåôîðìàöèè, åãî ñâîéñòâà â
ñî÷åòàíèè ñ îáúåìíûìè ñâîéñòâàìè îïðåäåëÿþò
èçíîñîñòîéêîñòü è ñäâèãîâûå ñîïðîòèâëåíèÿ» [1].

Çíà÷èòåëüíûå êîíòàêòíûå íàïðÿæåíèÿ, âîçíè-
êàþùèå íà ôàêòè÷åñêèõ ïëîùàäêàõ êîíòàêòà,
ïðèâîäÿò ê ïîÿâëåíèþ ðåîëîãè÷åñêèõ ïðîöåññîâ
âî ôðèêöèîííîì êîíòàêòå. Ïðè ýòîì ïðîèñõîäèò
òå÷åíèå ìàòåðèàëà, ïðèâîäÿùåå ê çàãëóáëåíèþ
åäèíè÷íûõ èíäåíòîðîâ â äåôîðìèðóåìîå êîíòð-
òåëî, ÷òî, ñîîòâåòñòâåííî, ïðèâîäèò ê âîçðàñòà-
íèþ ñèëû òðåíèÿ.

Ðèñ. 1. Çàâèñèìîñòü ñèëû âíåøíåãî òðåíèÿ FÒ îò ïåðå-
ìåùåíèÿ x
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È.Â. Êðàãåëüñêèé ñîâìåñòíî ñ Í.Ì. Ìèõèíûì
ïðåäëîæèë àíàëèòè÷åñêóþ ìîäåëü çàâèñèìîñòè
ìåæäó ïðåäâàðèòåëüíûì ñìåùåíèåì è ôàêòîðàìè,
íà íåãî âëèÿþùèìè, ïðèìåíèòåëüíî ê ïëàñòè÷åñ-
êîìó êîíòàêòó [1].

Ïðè ïëàñòè÷åñêîì êîíòàêòèðîâàíèè ïðåäïî-
ëàãàåòñÿ, ÷òî æåñòêàÿ øåðîõîâàòàÿ ïîâåðõíîñòü,
ìîäåëèðîâàííàÿ â âèäå ñôåðè÷åñêèõ âûñòóïîâ
îäèíàêîâîãî ðàäèóñà, âíåäðÿåòñÿ â àáñîëþòíî
ãëàäêóþ ïëàñòè÷åñêè äåôîðìèðóåìóþ ïîâåðõ-
íîñòü. Ïðåäïîëàãàþòñÿ äâà ýòàïà êîíòàêòèðîâà-
íèÿ: ïåðâûé — ïîä äåéñòâèåì òîëüêî íîðìàëüíîé
íàãðóçêè (íåïîäâèæíûé êîíòàêò), âòîðîé — ïîä
äåéñòâèåì íîðìàëüíîé è òàíãåíöèàëüíîé íàãðó-
çîê (ïðåäâàðèòåëüíîå ñìåùåíèå).

Ïðè ïðèëîæåíèè i-é íîðìàëüíîé íàãðóçêè
íåðîâíîñòü ïîä âëèÿíèåì ñèëû Ni áóäåò óãëóáëÿòü-
ñÿ, ïîêà íàïðÿæåíèå íà êîíòàêòå íå ñäåëàåòñÿ

ðàâíûì òâåðäîñòè sc . Ãëóáèíà âíåäðåíèÿ

,
2

i
i

i s

N
h

R c


                        (3)

ãäå Ri — ðàäèóñ âíåäðèâøåéñÿ íåðîâíîñòè;

sc = qr — ñðåäíåå íàïðÿæåíèå íà êîíòàêòå;

s  — ïðåäåë òåêó÷åñòè ìàòåðèàëà;

c — êîýôôèöèåíò ôîðìû ïî À.Þ. Èøëèíñêî-
ìó.

Ïðè çàãëóáëåíèè äàííàÿ íåðîâíîñòü îõâàòû-
âàåòñÿ äåôîðìèðóåìûì ìàòåðèàëîì ðàâíîìåðíî
ñî âñåõ ñòîðîí (ðèñ. 2). Ïðèëîæåíèå òàíãåíöèàëü-
íîé íàãðóçêè âûçûâàåò óâåëè÷åíèå íàïðÿæåíèé ñî
ñòîðîíû äåéñòâèÿ òàíãåíöèàëüíîé ñèëû. Ïðè
ýòîì äâèæåíèå ñôåðè÷åñêîé íåðîâíîñòè îòòåñíÿåò

ìàòåðèàë, à ñèëû N è T áóäóò äåéñòâîâàòü òîëüêî
íà ïåðåäíþþ ïîëóïîâåðõíîñòü AB.

Ðàññìîòðåíèå àíàëèòè÷åñêîé ìîäåëè Êðàãåëü-
ñêîãî ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî ñðåäíåå íà-
ïðÿæåíèå íà êîíòàêòå qêèí ïðèáëèçèòåëüíî ðàâ-
íî ñðåäíåìó íàïðÿæåíèþ qñò â íåïîäâèæíîì ñî-
ñòîÿíèè. Ðîñò ñîïðîòèâëåíèÿ òàíãåíöèàëüíîé
ñèëå îáóñëîâëåí îòòåñíåíèåì ìàòåðèàëà ñôåðè-
÷åñêèì èíäåíòîðîì è, êàê ñëåäñòâèå, ïåðåðàñïðå-
äåëåíèåì ñèë â êîíòàêòå. Äàííîå ÿâëåíèå îáóñëîâ-
ëèâàåò çíà÷åíèå ñèëû òðåíèÿ ïîêîÿ è õàðàêòåð åå
ðîñòà è íàçâàíî «ïðåäâàðèòåëüíûì ñìåùåíèåì»
[1].

Ïîëíàÿ ñèëà òðåíèÿ ïîêîÿ åñòü ãðàíè÷íàÿ
òî÷êà ïåðåõîäà òðåíèÿ ïðåäâàðèòåëüíîãî ñìåùå-
íèÿ â òðåíèå ñêîëüæåíèÿ (äâèæåíèÿ). À òðåíèå
äâèæåíèÿ åñòü òðåíèå äâóõ òåë, íàõîäÿùèõñÿ â
äâèæåíèè äðóã îòíîñèòåëüíî äðóãà [5].

Ïî È.Â. Êðàãåëüñêîìó, «òðåíèå äâèæåíèÿ
èìååò äâîéñòâåííóþ ìîëåêóëÿðíî-ìåõàíè÷åñêóþ
ïðèðîäó. Îíî îáóñëîâëåíî îáúåìíûì äåôîðìèðî-
âàíèåì ìàòåðèàëà è ïðåîäîëåíèåì ìåæìîëåêóëÿð-
íûõ ñâÿçåé (ìîñòèêîâ õîëîäíîé ñâàðêè), âîçíèêà-
þùèõ ìåæäó ñáëèæåííûìè ó÷àñòêàìè òðóùèõñÿ
ïîâåðõíîñòåé.

Ïðè ýòîì îáúåìíîå äåôîðìèðîâàíèå íåìèíó-
åìî. Âñëåäñòâèå òîãî ÷òî ïîâåðõíîñòè âñåãäà âîë-
íèñòû, øåðîõîâàòû è íåîäíîðîäíû ïî ñâîèì ìå-
õàíè÷åñêèì ñâîéñòâàì, ïðîèñõîäèò âíåäðåíèå
áîëåå æåñòêèõ ýëåìåíòîâ ïîâåðõíîñòåé â áîëåå
ìÿãêîå êîíòðòåëî. Âíåäðèâøèéñÿ ýëåìåíò, ïåðå-
ìåùàÿñü â òàíãåíöèàëüíîì íàïðàâëåíèè, äåôîð-
ìèðóåò íèæåëåæàùèé ìàòåðèàë, îáðàçóÿ âïåðåäè
èíäåíòîðà ïîëóñôåðè÷åñêèé âàëèê, êîòîðûé ïîä-
ìèíàåòñÿ è ðàçäâèãàåòñÿ â ñòîðîíû.

Âåëè÷èíà âàëèêà çàâèñèò îò îòíîñèòåëüíîãî
âíåäðåíèÿ è ïðî÷íîñòè ìåæìîëåêóëÿðíûõ ñâÿçåé,
êîòîðûå íåìèíóåìî îáðàçóþòñÿ ìåæäó ïëåíêàìè,
ïîêðûâàþùèìè ïîâåðõíîñòè» [1].

Ïðè ïðîòåêàíèè ïðîöåññà òðåíèÿ âàæíî ðàç-
ëè÷èå ìåæäó ïðî÷íîñòüþ àäãåçèîííîé ñâÿçè è
ïðî÷íîñòüþ íèæåëåæàùèõ ñëîåâ. Ïðè ïðåîáëàäà-
íèè ïðî÷íîñòè íèæåëåæàùèõ ñëîåâ íàä ïðî÷íî-
ñòüþ ñâÿçè ôðèêöèîííîé ïàðû èìååò ìåñòî ïîëî-
æèòåëüíûé ãðàäèåíò ìåõàíè÷åñêèõ ñâîéñòâ:

0,xd

dz


                            (4)

ãäå x  — ðàçðóøàþùåå íàïðÿæåíèå â íàïðàâëå-

íèè ïëîñêîñòè êàñàíèÿ;
z — êîîðäèíàòà, ïåðïåíäèêóëÿðíàÿ ê ïëîñêî-

ñòè êàñàíèÿ.

Ðèñ. 2. Ñõåìà, èëëþñòðèðóþùàÿ êîíòàêòíîå ïðåäâàðè-
òåëüíîå ñìåùåíèå åäèíè÷íîãî ñôåðè÷åñêîãî èíäåíòî-
ðà
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Äàííîå ÿâëåíèå îáóñëîâëèâàåò ïðîöåññ âíåø-
íåãî òðåíèÿ, ïðè ýòîì âñå íàïðÿæåíèÿ è äåôîð-
ìàöèîííûå ñèëû ñîñðåäîòî÷åíû â ïîâåðõíîñòíîì
ñëîå.

Ïðåîáëàäàíèå ïðî÷íîñòè ñâÿçè ôðèêöèîííîé
ïàðû íàä ïðî÷íîñòüþ íèæåëåæàùèõ ñëîåâ, ò.å.

0,xd

dz


  îáóñëîâëèâàåò ïðîöåññ âíóòðåííåãî òðå-

íèÿ, ïðè êîòîðîì ïðîèñõîäÿò çíà÷èòåëüíûå äå-
ôîðìàöèè è ðàçðóøåíèÿ âíóòðåííåé îáëàñòè òåë
ôðèêöèîííîé ïàðû.

Ïðàâèëî ïîëîæèòåëüíîãî ãðàäèåíòà âñåãäà
îñóùåñòâëÿåòñÿ ïðè íîðìàëüíîì ïðîöåññå òðåíèÿ.

Òåëà ôðèêöèîííîé ïàðû ïðè âíåøíåì òðåíèè
ñîïðèêàñàþòñÿ ïî ôàêòè÷åñêîé ïëîùàäè êîíòàê-
òà, ò.å. îòíîñèòåëüíîå ïåðåìåùåíèå òåë ïðîèñõî-
äèò ïî îòäåëüíûì ó÷àñòêàì íîìèíàëüíîé ïëîùàäè
êîíòàêòà. Óâåëè÷åíèå ïðèëîæåííîé íîðìàëüíîé
íàãðóçêè âûçûâàåò çàãëóáëåíèå äàííûõ ó÷àñòêîâ
è óâåëè÷åíèå ôàêòè÷åñêîé ïëîùàäè.

Ó÷àñòâóþùèå â ïðîöåññå òðåíèÿ ôàêòîðû
ìîæíî îõàðàêòåðèçîâàòü òðåìÿ îñíîâíûå êàòåãî-
ðèè: ñî÷åòàíèå ìàòåðèàëîâ, êîíñòðóêöèÿ ôðèêöè-
îííîé ïàðû, ðåæèì ðàáîòû [1].

Äëÿ âûïîëíåíèÿ ïðàâèëà ïîëîæèòåëüíîãî ãðà-
äèåíòà âî ôðèêöèîííîì êîíòàêòå íåîáõîäèìà èëè
ïëåíêà ñìàçêè, èëè ïëåíêà îêèñëà, èëè ïëåíêà
ìÿãêîé ñîñòàâëÿþùåé. Ñ óâåëè÷åíèåì ïëåíêè
ðîñò åå çàìåäëÿåòñÿ [1].

Ïðè ýòîì ïîíèæàåòñÿ äî èçâåñòíîãî ïðåäåëà
è êîýôôèöèåíò òðåíèÿ. Î÷åíü òîëñòûå ïëåíêè
ïîâûøàþò êîýôôèöèåíò òðåíèÿ, òàê êàê ïðîöåññ
ïåðåõîäèò â ñàìó ïëåíêó [1].

Âî ôðèêöèîííîì êîíòàêòå ïðè îòíîñèòåëüíîì
äâèæåíèè ïðîèñõîäèò äåôîðìàöèÿ ïîâåðõíîñòíûõ
ñëîåâ òåë. Ïðè ýòîì âûäåëÿåòñÿ îïðåäåëåííîå
êîëè÷åñòâî òåïëîâîé ýíåðãèè, ðàñïðîñòðàíÿþ-
ùåéñÿ òàêæå è âãëóáü ìàòåðèàëà è ñïîñîáíîé
ïðèâåñòè ê ìåñòíîìó ðàçìÿã÷åíèþ èëè ðàñïëàâ-
ëåíèþ ìàòåðèàëà ïîâåðõíîñòíîãî ñëîÿ.

À.Â. ×è÷èíàäçå ïðåäëîæèë âàæíóþ êîíñòðóê-
òèâíóþ õàðàêòåðèñòèêó óçëà òðåíèÿ, íàçâàííóþ
êîýôôèöèåíòîì âçàèìíîãî ïåðåêðûòèÿ:

Kâç = Aa1 /Aa2
,                (5)

ãäå Aa1
 — íîìèíàëüíàÿ ïëîùàäü òðåíèÿ ïåðâîãî

ýëåìåíòà; Aa2
 — íîìèíàëüíàÿ ïëîùàäü òðåíèÿ

âòîðîãî ýëåìåíòà, ïðè ýòîì Aa2
 Aa1

.
Ôîðìà, ðàçìåðû óçëà òðåíèÿ è âåëè÷èíà Kâç

ñóùåñòâåííî âëèÿþò íà êîýôôèöèåíò òðåíèÿ.
Îñîáåííî ýòî îòíîñèòñÿ ê äåéñòâèþ îêðóæàþùåé
ñðåäû (ãàçîâîé è æèäêîé) íà ôðèêöèîííûé êîí-

òàêò, ÷òî íåèçìåííî ïðèâîäèò ê èçìåíåíèþ ôè-
çèêî-õèìè÷åñêèõ è ìåõàíè÷åñêèõ ñâîéñòâ ïîâåð-
õíîñòè òðåíèÿ è ê èçìåíåíèþ êîýôôèöèåíòà òðå-
íèÿ è èíòåíñèâíîñòè èçíàøèâàíèÿ.

Áîëüøîå âëèÿíèå íà ñèëó è êîýôôèöèåíò òðå-
íèÿ îêàçûâàþò ïðîäóêòû èçíîñà è èõ íàõîæäåíèå
èëè óäàëåíèå ñ ïîâåðõíîñòè òðåíèÿ. Ïðè òðåíèè
ïîëèìåðíûõ ìàòåðèàëîâ â ïàðå ñ ìåòàëëàìè óäà-
ëåíèå ÷àñòèö èçíîñà èç çîíû òðåíèÿ ñíèæàåò êî-
ýôôèöèåíò òðåíèÿ íà 15...20 %, à èçíîñ — â íå-
ñêîëüêî äåñÿòêîâ ðàç [2].

Ýòîò ïàðàìåòð ó÷èòûâàåò íàðÿäó ñ äðóãèìè
îïðåäåëÿþùèìè ôàêòîðàìè (äàâëåíèåì, ñêîðîñ-
òüþ ñêîëüæåíèÿ, òåïëîôèçè÷åñêèìè è ìåõàíè÷åñ-
êèìè ñâîéñòâàìè ìàòåðèàëîâ) óñëîâèÿ òåïëîïåðå-
äà÷è. Âåëè÷èíà Kâç îïðåäåëÿåò ñðåäíþþ òåìïåðà-

òóðó ïîâåðõíîñòåé òðåíèÿ *
1,2 , îáúåìíóþ òåìïå-

ðó 1,2V , òåìïåðàòóðíûé ãðàäèåíò ïî íîðìàëè ê

ïîâåðõíîñòè òðåíèÿ 
1,2z

 
  

. Ñíèæåíèå Kâç ïðèâî-

äèò ê ñíèæåíèþ ñðåäíåé òåìïåðàòóðû *  è âîç-

ðàñòàíèþ ãðàäèåíòà òåìïåðàòóðû 
z



. Ýòîò ýôôåêò

äîñòèãàåòñÿ ïðè íîðìàëüíîì äàâëåíèè pa = const
è ñêîðîñòè ñêîëüæåíèÿ vñê = const. Ñåäñòâèåì ýòèõ
èçìåíåíèé ÿâëÿåòñÿ âîçðàñòàíèå êîýôôèöèåíòà
òðåíèÿ fò è ñíèæåíèå èíòåíñèâíîñòè èçíàøèâà-
íèÿ.

Êàê ñëåäóåò èç ìîëåêóëÿðíî-ìåõàíè÷åñêîé
òåîðèè âíåøíåãî òðåíèÿ è óñòàëîñòíîé òåîðèè
èçíàøèâàíèÿ òâåðäûõ òåë È.Â. Êðàãåëüñêîãî,
«ôðèêöèîííî-èçíîñíûå õàðàêòåðèñòèêè è ìåõà-
íè÷åñêèå ñâîéñòâà ìàòåðèàëîâ ïàð òðåíèÿ íàõî-
äÿòñÿ â ðàçëè÷íûõ íåëèíåéíûõ ôóíêöèîíàëüíûõ
çàâèñèìîñòÿõ. Ïðè ýòîì ýòè çàâèñèìîñòè ìîãóò
ñóùåñòâåííî ìåíÿòüñÿ îò ðåæèìà òðåíèÿ è, â ïåð-
âóþ î÷åðåäü, îò òåïëîâîãî ðåæèìà ðàáîòû ïàð
òðåíèÿ.

Âàæíåéøåé õàðàêòåðèñòèêîé òåìïåðàòóðíîãî
ðåæèìà òðåíèÿ ÿâëÿåòñÿ ãðàäèåíò òåìïåðàòóðû ïî

íîðìàëè ê ïîâåðõíîñòè òðåíèÿ 
*

z



 (ãäå *  —

ñðåäíÿÿ òåìïåðàòóðà íîìèíàëüíîé ïîâåðõíîñòè
òðåíèÿ; z — êîîðäèíàòà â íàïðàâëåíèè íîðìàëè
ê ïîâåðõíîñòè òðåíèÿ). Òåìïåðàòóðíûé ãðàäèåíò
âëèÿåò íà ãðàäèåíò ìåõàíè÷åñêèõ ñâîéñòâ êîíòàê-
òèðóþùèõ ìàòåðèàëîâ, à ñëåäîâàòåëüíî, íà êîýô-
ôèöèåíò òðåíèÿ è èçíîñ» [2].
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Ñóùåñòâåííî âëèÿåò íà ñèëó è êîýôôèöèåíò
òðåíèÿ êîíñòðóêöèÿ óçëà òðåíèÿ. Ñ óçëîì ñâÿçà-
íû íîìèíàëüíàÿ Aa, êîíòóðíàÿ Ac è ôàêòè÷åñêàÿ
ïëîùàäè òðåíèÿ Ar, êîýôôèöèåíò âçàèìíîãî ïå-
ðåêðûòèÿ Kâç, ôîðìà è ðàçìåðû êîíòàêòèðóþùèõ
ýëåìåíòîâ, èõ æåñòêîñòü è ýëàñòè÷íîñòü, âõîäÿ-
ùèå â ÷èñëî îñíîâíûõ ïàðàìåòðîâ, îïðåäåëÿþùèõ
òðåíèå. Âìåñòå ñ ýòèì óâåëè÷èâàåòñÿ èçíàøèâà-
íèå, îáóñëîâëåííîå ðåæèìîì òðåíèÿ è ñâîéñòâà-
ìè òðèáîòåõíè÷åñêèõ ìàòåðèàëîâ.

Òðåíèå äâèæåíèÿ èìååò äâîéñòâåííóþ ìîëå-
êóëÿðíî-ìåõàíè÷åñêóþ ïðèðîäó, è âñëåäñòâèå òîãî
÷òî ïîâåðõíîñòè âñåãäà âîëíèñòû, øåðîõîâàòû è
íåîäíîðîäíû ïî ñâîèì ìåõàíè÷åñêèì ñâîéñòâàì,
ïðîèñõîäèò âíåäðåíèå áîëåå æåñòêèõ ýëåìåíòîâ
ïîâåðõíîñòåé â áîëåå ìÿãêîå êîíòðòåëî.

Ñîîòâåòñòâåííî, ñêîðîñòü v äâèæåíèÿ èíäåí-
òîðà îïðåäåëÿåò ñèëó òðåíèÿ. Ïðè ýòîì óâåëè÷å-
íèå íàãðóçêè íà îòäåëüíî âûáðàííûé èíäåíòîð
ïðèâîäèò ê óâåëè÷åíèþ ñèëû òðåíèÿ, îäíàêî â ðå-
àëüíûõ óñëîâèÿõ ýêñïëóàòàöèè ïàðû òðåíèÿ ñèëû
ðåàêöèè îïîðû N âîçäåéñòâóþò ïî ïëîùàäè ôàê-
òè÷åñêîãî êîíòàêòà Ar, çàâèñÿùåé îò íàãðóçêè.
Óâåëè÷åíèå ïëîùàäè ôàêòè÷åñêîãî êîíòàêòà ñíè-
æàåò óäåëüíóþ íàãðóçêó, ò.å. çàâèñèìîñòü ñèëû
òðåíèÿ îò ñêîðîñòè îòíîñèòåëüíîãî äâèæåíèÿ
ïàðû òðåíèÿ è íàãðóçêè íå ëèíåéíà è îáóñëîâëå-
íà ñâîéñòâàìè ìàòåðèàëîâ.

Âûâîäû

Òåîðåòè÷åñêèå è ýìïèðè÷åñêèå èññëåäîâàíèÿ
ïðîöåññîâ òðåíèÿ óêàçûâàþò íà òî, ÷òî âîçäåé-
ñòâèå ôàêòîðîâ, âëèÿþùèõ íà êîýôôèöèåíò òðå-
íèÿ ïîêîÿ è êîýôôèöèåíò òðåíèÿ ñêîëüæåíèÿ, íå
îäèíàêîâî. Ýòî â ðàâíîé ñòåïåíè êàñàåòñÿ ïðîöåñ-
ñîâ òðåíèÿ ïîëèìåðîâ è ìåòàëëîâ, ïðè èññëåäî-
âàíèè êîòîðûõ íåîáõîäèìî ó÷èòûâàòü ñëåäóþùåå:

1. Â îñíîâå èññëåäîâàíèÿ ïðîöåññîâ òðåíèÿ
ïîëèìåðíûõ è ìåòàëëè÷åñêèõ ìàòåðèàëîâ ñëåäó-
åò èñïîëüçîâàòü àäãåçèîííî-äåôîðìàöèîííóþ òå-
îðèþ òðåíèÿ, âêëþ÷àþùóþ îïðåäåëåíèå ìîëåêó-
ëÿðíûõ è ìåõàíè÷åñêèõ ñîñòàâëÿþùèå ñèë òðåíèÿ.

2. Ïî èçâåñòíîé ñèëå òðåíèÿ ôðèêöèîííîé
ïàðû îïðåäåëÿþò äàâëåíèå, ñêîðîñòü ñêîëüæåíèÿ,
òåïëîôèçè÷åñêèå è ìåõàíè÷åñêèå ñâîéñòâà ìàòå-
ðèàëîâ.

3. Ñëåäóåò ñîáëþäàòü ïðàâèëî ïîëîæèòåëüíî-
ãî ãðàäèåíòà è îáåñïå÷èâàòü âî ôðèêöèîííîì
êîíòàêòå ïëåíêè ñìàçêè, ïëåíêè îêèñëà èëè ïëåí-
êè ìÿãêîé ñîñòàâëÿþùåé.

4. Ñëåäóåò êîíòðîëèðîâàòü ïëîùàäü êîíòàêòè-
ðóþùèõ ïîâåðõíîñòåé ïðè çàäàííûõ ìèêðîíåðîâ-
íîñòÿõ è ñèëû òðåíèÿ ïîêîÿ äëÿ îïðåäåëåíèÿ òî÷-
êè ïåðåõîäà ê òðåíèþ ñêîëüæåíèÿ.

5. Ñëåäóåò ó÷èòûâàòü ôîðìû è ðàçìåðû óçëà
òðåíèÿ, à òàêæå êîýôôèöèåíò âçàèìíîãî ïåðåêðû-
òèÿ ïðè îïðåäåëåíèè êîýôôèöèåíòà òðåíèÿ.
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Àbstract

Assigned the task to determine the laws of change
in the coefficient of friction and determine the factors
affecting it as part of the research work. The purpose
of this work is to improve the performance parameters
of precision machines.

Physics of the external friction process has the next
form. When the contacting solids are shifted, the
external friction force increases due to deformation of
these solids, this phenomenon is called preliminary
displacement. Static friction force Fs is the force of
friction, corresponds the highest value of the
preliminary displacement. One of the contacting solids
moves irreversibly (slides) across the surface of another
solid after a static friction force has been achieved, in
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this case the external force is equal to the kinetic
friction force Fk [2].

Friction interaction occurs in certain parts of the
nominal contact only. Friction interaction is the third
solid. The complete complex of frictional links forms
a frictional interaction, which is discrete [1].

The preliminary displacement is caused by the
redistribution of the contact irregularities in the
support surface [1].

The total static friction force is the boundary point,
under which preliminary displacement friction passes
to kinetic friction force.

Kinetic friction is the friction of two solids that are
in motion relative to each other [4].

Kinetic friction has a dual molecular-mechanical
nature. It is caused by volumetric deformation of the
material and overcoming intermolecular bonds

Ff = Ffm + Ffd

where Ffm - is the molecular component of the friction
force; Ffd - is the mechanical (deformation)
component of the friction force [2].

If the adhesion bond is less strong than the
underlying layers, then there is a positive gradient of
mechanical properties at depth:

Relation of external friction force F to the movement x
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0xd

dz


                     (1)

where x  - destructive stress aimed at the contact

surface;
z - coordinate perpendicular to the contact surface.

If  0xd

dz


 , then friction modify into force that

destroys the contact surface.
Under normal friction process, the positive

gradient rule is always come true.
The contact is always discrete and the area external

friction depends on the applied load at external
friction. Contact surface is continuous and
independent on the applied load at internal friction.

The coefficient of friction depends on three factors
almost equally: combination of materials; construction
of friction pair; operating mode [1].

To execute the rule of positive gradient must be
present lubrication film in the friction contact, or
oxide film, soft components film [1].

The growth of the film slows down with increasing
its thickness [1].

The growth of the film reduces the coefficient of
friction to a known limit. Very thick films increase the
coefficient of friction [1].

The relative sliding of two solids produces heat in
a thin surface layer. The temperature rising can lead
to local softening and melting of the material. The
temperature field leads to a change in the mechanical
properties of the material in a thin surface layer. The
intensity of the heat flow depends on the friction work
and the size of the area on which it is generated [1].

Important constructive characteristics of the
friction units is the coefficient of mutual overlap,
proposed by A.V. Chichinadze,

Kov = Aa1 /Aa2
           (2)

where Aa1
 - the nominal friction area of the first

element; Aa2
 - the nominal friction area of the second

element; Aa2
 Aa1

.
Wear products have a great impact on the strength

and coefficient of friction [2].
Friction and wear characteristics and mechanical

properties of friction pairs materials are in various
nonlinear functional dependencies. At the same time,
these dependencies can significantly change from the
friction mode and from the thermal mode of friction
pairs.

The construction of the friction unit significantly
affects the force and coefficient of friction. In this
regard, the nominal Aa, contour Ac and actual areas

of friction Ar, the coefficient of mutual overlap Kov, the
shape and size of the contact elements, their stiffness
and elasticity is among the main parameters
determining friction.

More rigid elements of surfaces intrusion into
softer counterbody due to waviness, roughness,
heterogeneity of mechanical properties and duality of
molecular-mechanical nature of friction.

Accordingly, the speed v of the indenter
determines the friction force. At the same time, an
increase in the load on the separately selected indenter
leads to an increase in the friction force. However, the
support reaction force N affects the area of the actual
contact Ar in the actual operating conditions of the
friction pair. The actual contact area depends on the
load. Increasing the area of actual contact reduces
specific pressure. Thus, the dependence of the friction
force on the relative velocity of the friction pair and
the load is not linear and differs for different materials.

Summary:

1. In the research of the friction of polymeric and
metallic materials should be used adhesion-
deformation theory of friction, which includes the
definition of the molecular and mechanical
components of the friction forces.

2. The thermal and mechanical properties of
materials should be determined by the known friction
force of the friction pair.

3. A positive gradient rule should be observed and
lubrication films, oxide films or films of a soft
component in the friction contact should be provided.

4. It is necessary to determine the area of the
contacting surfaces at the given micronutrients and
friction forces.

5. It is necessary to take into account the shape
and size of the friction unit and the coefficient of
mutual overlap.

Keywords: friction, coefficient of friction, friction
force.
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