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îñâîºí³é òåõíîëîã³÷í³é áàç³ òðàäèö³éíèõ ë³í³éíèõ ³íäóêö³éíèõ 
ïðèñêîðþâà÷³â (Ë²Ï). 

SUMMARY 

The multi-channel linear induction accelerators (MLIA’s) has been discussed in the paper. 
As it is shown, they make big and multifarious subclass of the ‘Multi-channel induction 
accelerators (MIA)’. It is cleared up that the MLIA’s, as a rule, are powerful (and ‘hyper-
powerful’ - till to 1013 W and more) high current systems (from ones to thousands kA), which 
are characterized by relatively low beam energy (from 0,5 MeV to 10 MeV). The optimal niche of 
their practical using has been determined. It is found that experimental realization, for 
examples, the ‘hyper-powerful’ MLIA, can be accomplished on the bases of known and good 
developed today technological bases of traditional linear induction accelerators (LIA). 
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Èññëåäóåòñÿ êèíåòèêà ïëàâëåíèÿ àìîðôíîé óëüòðàòîíêîé ïëåíêè 

ñìàçêè, çàêëþ÷åííîé ìåæäó àòîìàðíî ïëîñêèìè êðèñòàëëè÷åñêèìè 
ïîâåðõíîñòÿìè. Ïðîöåññ ïðåäñòàâëåí êàê ôàçîâûé ïåðåõîä âòîðîãî ðîäà. 
Äëÿ åãî îïèñàíèÿ èñïîëüçîâàíà ðåîëîãè÷åñêàÿ ìîäåëü Ëîðåíöà 
âÿçêîóïðóãîé ñðåäû, â êîòîðîé ðîëü ïàðàìåòðà ïîðÿäêà èãðàþò 
ñäâèãîâûå íàïðÿæåíèÿ, ñîïðÿæåííîå ïîëå ñâîäèòñÿ ê ñäâèãîâîé 
äåôîðìàöèè, à òåìïåðàòóðà ÿâëÿåòñÿ óïðàâëÿþùèì ïàðàìåòðîì. Äëÿ 
âîçìîæíûõ ïðåäåëüíûõ ñëó÷àåâ ñîîòíîøåíèé ìåæäó âðåìåíàìè 
ðåëàêñàöèè, îòâå÷àþùèìè óêàçàííûì âåëè÷èíàì, ïðîâåäåíî 
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àíàëèòè÷åñêîå è ÷èñëåííîå èññëåäîâàíèå ôàçîâûõ ïîðòðåòîâ â 
ðàçëè÷íûõ êèíåòè÷åñêèõ ðåæèìàõ. Ïîêàçàíî, ÷òî ïðåðûâèñòûé ðåæèì 
òðåíèÿ (stick-slip) ðåàëèçóåòñÿ, åñëè âðåìÿ ðåëàêñàöèè òåìïåðàòóðû 
ñìàçêè íàìíîãî ïðåâûøàåò åãî çíà÷åíèå äëÿ ñäâèãîâûõ íàïðÿæåíèé è 
äåôîðìàöèè. Â ïðîòèâîïîëîæíîì ñëó÷àå îñóùåñòâëÿåòñÿ áûñòðàÿ 
ðåëàêñàöèÿ ñèñòåìû ê óíèâåðñàëüíîìó ó÷àñòêó, îïðåäåëÿþùåìó åå 
êèíåòèêó. 

  
ÂÂÅÄÅÍÈÅ 

Èññëåäîâàíèå ïðèðîäû òðåíèÿ ñêîëüæåíèÿ ÿâëÿåòñÿ îäíîé èç 
îñíîâíûõ ïðîáëåì ôèçèêè ïîñëåäíèõ ëåò. Îíà èìååò êàê ñóùåñòâåííîå 
ïðèêëàäíîå, òàê è ôóíäàìåíòàëüíîå çíà÷åíèå. Ïåðâîå îáóñëîâëåíî 
èíòåíñèâíîé ìèíèàòþðèçàöèåé ýëåêòðîííûõ íàêîïèòåëåé èíôîðìàöèè, 
ýëåêòðîìåõàíè÷åñêèõ è àýðîêîñìè÷åñêèõ ñèñòåì, ïðè ïðîåêòèðîâàíèè 
êîòîðûõ òðåáîâàíèå ìèíèìàëüíîãî òðåíèÿ ìåæäó èõ ïîäâèæíûìè 
÷àñòÿìè ÿâëÿåòñÿ îäíèì èç îñíîâíûõ [1,2]. Ôóíäàìåíòàëüíîñòü ïðîáëåìû 
ñâÿçàíà ñ îòñóòñòâèåì ãëóáîêîãî ïîíèìàíèÿ ìåõàíèçìîâ òðåíèÿ, ÷òî 
çàìåäëÿåò ïðîãðåññ â èçó÷åíèè íå òîëüêî òðèáîëîãè÷åñêèõ, íî è äðóãèõ 
ñëîæíûõ ÿâëåíèé, íàïðèìåð, çåìëåòðÿñåíèé [2,3]. 

Íà ïðàêòèêå òðóùèåñÿ ïîâåðõíîñòè ïî÷òè âñåãäà ñìàçàíû ñïåöèàëüíî 
íàíåñåííûìè æèäêîñòÿìè èëè êîíäåíñèðîâàííûìè ïàðàìè [3]. Â ñâÿçè ñ 
ýòèì â ïîñëåäíèå ãîäû èíòåíñèâíî âåäóòñÿ èññëåäîâàíèÿ ñêîëüæåíèÿ 
äâóõ àòîìàðíî ïëîñêèõ òâåðäûõ êðèñòàëëè÷åñêèõ ïîâåðõíîñòåé, 
ðàçäåëåííûõ ïëåíêîé ñìàçêè. Ñîãëàñíî ðåçóëüòàòàì ýêñïåðèìåíòîâ 
ñâîéñòâà ïîñëåäíåé â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿþòñÿ åå òîëùèíîé 
[2,4]. Òàê, ïðè íàëè÷èè ìåæäó òðóùèìèñÿ ïîâåðõíîñòÿìè áîëåå ÷åì 
äåñÿòè ñëîåâ ìîëåêóë æèäêîñòü ïðîÿâëÿåò îáû÷íîå íüþòîíîâñêîå 
ïîâåäåíèå. Åñëè æå ïëåíêà ÿâëÿåòñÿ ìîëåêóëÿðíî òîíêîé, ò. å. åå 
òîëùèíà ñîñòàâëÿåò îêîëî òðåõ ìîëåêóëÿðíûõ ðàçìåðîâ, òî íàáëþäàåòñÿ 
ðåæèì ãðàíè÷íîãî òðåíèÿ. Ïðè ýòîì ó íåå ïðîÿâëÿþòñÿ ñâîéñòâà, 
õàðàêòåðíûå äëÿ òâåðäûõ òåë, íàïðèìåð, êðèòè÷åñêîå ñäâèãîâîå 
íàïðÿæåíèå (ïðåäåë òåêó÷åñòè) è äèíàìè÷åñêîå «ïëàâëåíèå ñäâèãîì». 
Ïîñëåäíåå ìîæåò ïðèâîäèòü ê ïðåðûâèñòîìó äâèæåíèþ (stick-slip) [2,4,5], 
ïðèñóùåìó ñóõîìó òðåíèþ è, êàê ïðåäïîëàãàåòñÿ, ÿâëÿþùåìóñÿ 
îñíîâíîé ïðè÷èíîé ðàçðóøåíèÿ è èçíàøèâàíèÿ òðóùèõñÿ äåòàëåé. Ïðè 
ïðåâûøåíèè êðèòè÷åñêèõ çíà÷åíèé òåìïåðàòóðû è ñêîðîñòè ñäâèãà 
ïðåðûâèñòîå òðåíèå ðåçêî èñ÷åçàåò. Êðîìå òîãî, ýêñïåðèìåíòû, 
ïðîâîäèâøèåñÿ ïðè îòíîñèòåëüíî íåâûñîêèõ íàãðóçêàõ (10 – 1000 Ïà), 
ïðèëîæåííûõ ê ïîâåðõíîñòÿì, ïîêàçàëè, ÷òî íàëè÷èå ïðåðûâèñòîãî 
äâèæåíèÿ çàâèñèò îò ñâîéñòâ ìîëåêóë ñìàçêè, â ÷àñòíîñòè îò èõ ôîðìû 
[2]. Ïðè òðèáîëîãè÷åñêèõ æå äàâëåíèÿõ (áîëüøèõ 10 – 100 ÌÏà) ó âñåõ 
æèäêîñòåé, íåçàâèñèìî îò ôîðìû èõ ìîëåêóë, íàáëþäàåòñÿ ïðåðûâèñòîå 
òðåíèå [5]. 

Äëÿ îáúÿñíåíèÿ ðåçóëüòàòîâ ýêñïåðèìåíòîâ â îñíîâíîì èñïîëüçóåòñÿ 
ôåíîìåíîëîãè÷åñêàÿ êîíöåïöèÿ ôàçîâîãî ïåðåõîäà ïëåíêè ñìàçêè èç 
æèäêîïîäîáíîãî â òâåðäîïîäîáíîå ñîñòîÿíèå è íàîáîðîò. Ñëåäóåò 
îòìåòèòü, ÷òî ýòîò ôàçîâûé ïåðåõîä, â îòëè÷èå îò îáû÷íîãî ïåðåõîäà 
æèäêîñòü – òâåðäîå òåëî, ìîæåò áûòü êàê ïåðâîãî, òàê è âòîðîãî ðîäà. 
Ïîñëåäíèé âàðèàíò ñâÿçàí ñ òåì, ÷òî îí ïðîèñõîäèò â óñëîâèÿõ, êîãäà 
ñèììåòðèÿ îáîèõ ñîñòîÿíèé ïëåíêè ñóùåñòâåííî èçìåíåíà, âî-ïåðâûõ, 
íàëè÷èåì îãðàíè÷èâàþùèõ òâåðäûõ òåë è, âî-âòîðûõ, íàëè÷èåì óïðóãîé 
äåôîðìàöèè [4,6].  

Äëÿ îïèñàíèÿ ïðåðûâèñòîãî äâèæåíèÿ ïðåäëîæåíî íåñêîëüêî 
òåîðåòè÷åñêèõ ðàáîò. Â îäíîé èç ïåðâûõ ïðåäñòàâëåíî 
ôåíîìåíîëîãè÷åñêîå ìàòåðèàëüíîå óðàâíåíèå, ñâÿçûâàþùåå ñèëû òðåíèÿ 
ñî ñêîðîñòüþ, êîîðäèíàòàìè è ïåðåìåííîé, èãðàþùåé ðîëü ïàðàìåòðà 
ïîðÿäêà è îòðàæàþùåé ñòåïåíü ïëàâëåíèÿ ïëåíêè [7]. Òàêæå ñóùåñòâóåò 
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ïîäõîä [6], â êîòîðîì ôàçîâûé ïåðåõîä ïëåíêè ñìàçêè ðàññìàòðèâàåòñÿ ñ 
òî÷êè çðåíèÿ òåîðèè Ëàíäàó â ïðåäïîëîæåíèè, ÷òî èìååòñÿ ñîñòîÿíèå 
÷àñòè÷íîãî òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ ïðè ìåäëåííî ìåíÿþùåìñÿ 
ïàðàìåòðå ïîðÿäêà, êâàäðàò êîòîðîãî ðàâåí ìîäóëþ ñäâèãà. 

Â ðàáîòå [8] ïåðåõîä óëüòðàòîíêîé ïëåíêè ñìàçêè èç òâåðäîïîäîáíîãî â 
æèäêîïîäîáíîå ñîñòîÿíèå ðàññìàòðèâàåòñÿ êàê ðåçóëüòàò 
òåðìîäèíàìè÷åñêîãî è ñäâèãîâîãî ïëàâëåíèÿ. Ïðîâåäåíî ñîâîêóïíîå 
àíàëèòè÷åñêîå îïèñàíèå ýòèõ ïðîöåññîâ â ðåçóëüòàòå ñàìîîðãàíèçàöèè 
ïîëåé ñäâèãîâûõ íàïðÿæåíèé è äåôîðìàöèè, à òàêæå òåìïåðàòóðû 
ïëåíêè. Â ðåçóëüòàòå íà îñíîâå ðåîëîãè÷åñêîãî îïèñàíèÿ ñðåäû, 
îáëàäàþùåé òåïëîïðîâîäíîñòüþ, ïîëó÷åíà ñèñòåìà êèíåòè÷åñêèõ 
óðàâíåíèé, êîòîðûå îïðåäåëÿþò âçàèìíî ñîãëàñîâàííîå ïîâåäåíèå 
ñäâèãîâûõ íàïðÿæåíèé σ  è äåôîðìàöèè ε , à òàêæå òåìïåðàòóðû T  
ñìàçêè. Çàïèøåì ýòè óðàâíåíèÿ, èñïîëüçóÿ åäèíèöû èçìåðåíèÿ: 

 

        
1/2

0 0 0
0

0 0

1/2 1/2

, ,c cs
s s c

T T

c T c T
T

G
υ ε υ ερ η τ ρ τσ

σ ε
τ τ η

     
= = ≡     

     
,        (1) 

 
äëÿ ïåðåìåííûõ σ , ε , T  ñîîòâåòñòâåííî, ãäå ρ  - ïëîòíîñòü ìàñëà;  

cυ  – óäåëüíàÿ òåïëîåìêîñòü; 0cT  – êðèòè÷åñêàÿ òåìïåðàòóðà, 

0 0( 2 )cT Tη η≡ =  – õàðàêòåðíîå çíà÷åíèå ñäâèãîâîé âÿçêîñòè 
1

0 0( / 1)cT Tη η −= − ; 2 /T l cυτ ρ κ≡  – âðåìÿ òåïëîïðîâîäíîñòè; l  – äëèíà 

òåïëîïðîâîäíîñòè; κ  – êîýôôèöèåíò òåïëîïðîâîäíîñòè; ετ  – âðåìÿ 

ðåëàêñàöèè äåôîðìàöèè; 0 0 /G εη τ≡ : 

                                    ,gστ σ σ ε= − +&                                       (2)  
 

                              ( 1) ,Tετ ε ε σ= − + −&                                     (3) 

 

                          2( ) .T eT T Tτ σε σ= − − +&                                (4) 
 

Çäåñü ââåäåíû âðåìÿ ðåëàêñàöèè íàïðÿæåíèé στ , òåìïåðàòóðà eT  

àòîìàðíî ïëîñêèõ ñëþäÿíûõ ïîâåðõíîñòåé òðåíèÿ è ïîñòîÿííàÿ 

0/ 1g G G= < , ãäå G  – ìîäóëü ñäâèãà ñìàçêè. Ýòè óðàâíåíèÿ ôîðìàëüíî 
ñîâïàäàþò ñ ñèíåðãåòè÷åñêîé ñèñòåìîé Ëîðåíöà, â êîòîðîé ðîëü 
ïàðàìåòðà ïîðÿäêà èãðàþò ñäâèãîâûå íàïðÿæåíèÿ, ñîïðÿæåííîå ïîëå 
ñâîäèòñÿ ê ñäâèãîâîé äåôîðìàöèè, à òåìïåðàòóðà ÿâëÿåòñÿ óïðàâëÿþùèì 
ïàðàìåòðîì. Èçâåñòíî, ÷òî ýòà ñèñòåìà èñïîëüçóåòñÿ äëÿ îïèñàíèÿ êàê 
ôàçîâûõ òåðìîäèíàìè÷åñêèõ, òàê è êèíåòè÷åñêèõ ïðåâðàùåíèé [9]. 

Â ðàáîòå [8] ïðîâåäåí êà÷åñòâåííûé àíàëèç óêàçàííîé ñèñòåìû 
óðàâíåíèé â àäèàáàòè÷åñêîì ïðèáëèæåíèè, êîãäà õàðàêòåðíûå âðåìåíà 
ðåëàêñàöèè óäîâëåòâîðÿþò óñëîâèÿì , Tε στ τ τ<< . Â ðåçóëüòàòå ïîëó÷åíî 

óðàâíåíèå òèïà Ëàíäàó-Õàëàòíèêîâà: 
 

                                           /Vστ σ σ= −∂ ∂& ,                                     (5) 
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Â ñòàöèîíàðíîì ñîñòîÿíèè âûïîëíÿåòñÿ óñëîâèå 0σ =& , è ïîòåíöèàë 
(6) èìååò ìèíèìóì. Åñëè òåìïåðàòóðà eT  ìåíüøå, ÷åì êðèòè÷åñêîå 

çíà÷åíèå 

                                             11cT g−= + ,                                       (7) 

 
òî ýòîò ìèíèìóì ñîîòâåòñòâóåò çíà÷åíèÿì íàïðÿæåíèé 0σ = , òàê ÷òî 
ïëàâëåíèå íå ïðîèñõîäèò è ðåàëèçóåòñÿ òâåðäîïîäîáíîå ñîñòîÿíèå. Â 
ïðîòèâîïîëîæíîì ñëó÷àå e cT T>  ñòàöèîíàðíûå ñäâèãîâûå íàïðÿæåíèÿ 
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1/2

0
( 1)

1
egT g

g
σ

− + =  − 
                                  (8) 

 
è âîçðàñòàþò ñ eT . Ýòî îáóñëîâëèâàåò ïëàâëåíèå ïëåíêè è åå ïåðåõîä â 
æèäêîïîäîáíîå ñîñòîÿíèå [10,11].  

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå êèíåòèêè ïëàâëåíèÿ 
óëüòðàòîíêîé ïëåíêè ñìàçêè ïî ìåõàíèçìó ôàçîâîãî ïåðåõîäà âòîðîãî 
ðîäà íà îñíîâå ñèñòåìû óðàâíåíèé (2) – (4). Ïðîàíàëèçèðîâàíû ñïîñîáû 
ýâîëþöèè ñèñòåìû â ñòàöèîíàðíûå ñîñòîÿíèÿ â çàâèñèìîñòè îò åå 
õàðàêòåðèñòèê, â ÷àñòíîñòè ñîîòíîøåíèé âðåìåí ðåëàêñàöèè ñäâèãîâûõ 
íàïðÿæåíèé è äåôîðìàöèè, à òàêæå òåìïåðàòóðû. Ïîñêîëüêó 
àíàëèòè÷åñêè ïîëó÷èòü òî÷íîå ðåøåíèå óêàçàííîé ñèñòåìû óðàâíåíèé íå 
ïðåäñòàâëÿåòñÿ âîçìîæíûì, ñ ýòîé öåëüþ èñïîëüçóåòñÿ ìåòîä ôàçîâîé 
ïëîñêîñòè [12]. Îí ïîçâîëÿåò îïðåäåëèòü ôàçîâûå ïîðòðåòû ñèñòåìû. 
Òî÷íûé èõ âèä íàõîäèòñÿ ïóòåì ÷èñëåííîãî èíòåãðèðîâàíèÿ óðàâíåíèé 
ìåòîäîì Ðóíãå-Êóòòà 4-ãî ïîðÿäêà. 

 
1 ÑËÓ×ÀÉ , Tε στ τ τ<<  

Â (3) ìîæíî ïîëîæèòü 0ε =& , ÷òî äàåò ñâÿçü 
 

                                        ( 1)Tε σ= − .                                           (9) 
 
Ó÷èòûâàÿ åå â îñòàâøèõñÿ óðàâíåíèÿõ (2), (4) è èñïîëüçóÿ ìàñøòàá στ  

äëÿ èçìåðåíèÿ âðåìåíè, ïðèõîäèì ê ñèñòåìå: 
 

                                   ( )1 1 ,g Tσ σ= − − −  &                                     (10) 

  

                                ( )1 2 2 ,eT T T Tτ σ−  = − − − 
&                                (11) 

 
ãäå /T στ τ τ≡ . Ôàçîâûé ïîðòðåò õàðàêòåðèçóåòñÿ íàëè÷èåì äâóõ îñîáûõ 

òî÷åê ( ,0)eD T  è ( ) 11 1 11 , ( 1) 1eO g T g g
−− − −  + − + −   

. 

Àíàëèç ïîêàçàòåëåé Ëÿïóíîâà 
 

 ( ) ( ) ( ) 21 1 11
1 1 1 1 4 1 1 1 1

2D e e eg T g T g Tλ τ τ τ
−− − −    = − − − ± + − − − − −       

 (12) 

 
ïîêàçûâàåò, ÷òî â ïðåäêðèòè÷åñêîé îáëàñòè e cT T≤  òî÷êà D  ïðåäñòàâëÿåò 

óñòîé÷èâûé óçåë. Ïðèíèìàÿ âî âíèìàíèå, ÷òî ïðè òàêèõ çíà÷åíèÿõ eT  
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îñîáàÿ òî÷êà O  íå ðåàëèçóåòñÿ, ïðèõîäèì ê âûâîäó: ñ òå÷åíèåì âðåìåíè 
ñèñòåìà ýâîëþöèîíèðóåò â îòâå÷àþùåå òî÷êå D  ñòàöèîíàðíîå 
òâåðäîïîäîáíîå ñîñòîÿíèå ñîãëàñíî ôàçîâîìó ïîðòðåòó, ïðèâåäåííîìó íà 
ðèñ.1à. 
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Ðèñóíîê 1 - Ôàçîâûå ïîðòðåòû 

òâåðäîïîäîáíîé ôàçû ( 2.5e cT T= < , 

0.5g = ); à - Tε στ τ τ<< = ;  

á - Tσ ετ τ τ<< = ; â - T ε στ τ τ<< = . 

Çäåñü è íà âñåõ ïîñëåäóþùèõ ðèñóíêàõ 
øòðèõîâàÿ ëèíèÿ óêàçûâàåò òî÷êè, â 
êîòîðûõ ôàçîâûå òðàåêòîðèè èìåþò 
âåðòèêàëüíóþ êàñàòåëüíóþ, ïóíêòèðíàÿ 
– ãîðèçîíòàëüíóþ 

 
 
Ðîñò ïàðàìåòðà /T στ τ τ=  ïðèâîäèò ê çàêðó÷èâàíèþ òðàåêòîðèé âîêðóã 

òî÷êè D , ò. å. ñ óâåëè÷åíèåì èíåðöèîííîñòè èçìåíåíèÿ òåìïåðàòóðû ïî 
ñðàâíåíèþ ñ íàïðÿæåíèÿìè ïðîÿâëÿåòñÿ òåíäåíöèÿ ê âîçíèêíîâåíèþ 
êîëåáàòåëüíîãî ðåæèìà. Â çàêðèòè÷åñêîé îáëàñòè e cT T>  òî÷êà D  

ÿâëÿåòñÿ ñåäëîì (ðèñ.2).  
Ïîêàçàòåëè Ëÿïóíîâà îñîáîé òî÷êè O îïðåäåëÿþòñÿ âûðàæåíèåì  
 

                   
( )

( )( )
( )

21 11

21 1

1 12
1 1 8

2 1 2

ee
O

e

g T g gT g

g T g
λ τ

τ

− −−

− −

 − − −−  = ± − 
−  −

 

.           (13) 
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Ðèñóíîê 2 - Ôàçîâûå ïîðòðåòû 

æèäêîïîäîáíîé ôàçû ( 3.3e cT T= > , 

0.5g = ):  

à - 210 Tε στ τ τ<< = ; 

á - Tε στ τ τ<< = ;  

â - 210Tε στ τ τ<< =  

 
 

 
Îòñþäà âèäíî, ÷òî ïðè çíà÷åíèÿõ ïàðàìåòðà τ , îãðàíè÷åííûõ ñâåðõó 

âåëè÷èíîé 

                                 
( )

( )( )

21

21 1

2

8 1 1

e
c

e

T g

g T g g
τ

−

− −

−
=

− − −
,                           (14) 

 
òî÷êà O  ïðåäñòàâëÿåò óñòîé÷èâûé óçåë, à ñ åãî ðîñòîì äî çíà÷åíèé cτ τ>  

–  ôîêóñ.   
Òàêèì îáðàçîì, â çàêðèòè÷åñêîé îáëàñòè e cT T>  ïðè Tστ τ<<  

âîçíèêàåò êîëåáàòåëüíûé ðåæèì (ñì. ðèñ. 2â), õàðàêòåðèçóåìûé ÷àñòîòîé  
 

                    ( )
( )( )

( )

1/221 11

21 1

1 12
8 1

2 1 2

ee

T e

g T g gT g

g T g
ω τ

τ

− −−

− −

 − − −−  = − − −  

             (15) 

 
è êîýôôèöèåíòîì çàòóõàíèÿ 
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( )

1

1

2

2 1
e

T

T g

g
α

τ

−

−

−
=

−
.                                    (16) 

 
Ñ ðîñòîì òåìïåðàòóðû â èíòåðâàëå e cT T>  âåëè÷èíû ,ω α  âîçðàñòàþò, à 

êðèòè÷åñêîå îòíîøåíèå âðåìåí ðåëàêñàöèè (14) ñïàäàåò. Èíûìè ñëîâàìè, 
âîçáóæäåíèå ñèñòåìû ñïîñîáñòâóåò ïîÿâëåíèþ çàòóõàþùèõ êîëåáàíèé, 
ïðåäñòàâëÿþùèõ ïðåðûâèñòûé ðåæèì òðåíèÿ. Îäíàêî, êàê âèäíî èç  
ðèñ. 2à-â, â íàèáîëüøåé ñòåïåíè ïðîÿâëåíèþ ïðåðûâèñòîãî äâèæåíèÿ 
ñïîñîáñòâóåò ðîñò ïàðàìåòðà / 1T στ τ τ= >> . 

Îáðàòíûé ïðåäåë T στ τ<<  îòâå÷àåò àäèàáàòè÷åñêîìó ïðèáëèæåíèþ, 

ïðåäñòàâëÿþùåìó ñòàíäàðòíóþ êàðòèíó ôàçîâîãî ïåðåõîäà – ïëàâëåíèÿ 
ñìàçêè. Ñîãëàñíî ðèñ.2 óìåíüøåíèå ïàðàìåòðà 0τ →  ïðèâîäèò ê 
âûäåëåíèþ íà ôàçîâîì ïîðòðåòå ñèñòåìû ó÷àñòêà MOD , ê êîòîðîìó 
áûñòðî ñáåãàþòñÿ ñî âðåìåíåì âñå òðàåêòîðèè [9]. Èññëåäîâàíèå 
âðåìåííûõ çàâèñèìîñòåé ïóòè, ïðîéäåííîãî êîíôèãóðàòèâíîé òî÷êîé, 
ïîêàçûâàåò, ÷òî îíà áûñòðî äîñòèãàåò MOD è çàòåì ìåäëåííî äâèæåòñÿ 
ïî ýòîìó ó÷àñòêó. Òàêèì îáðàçîì, äâèæåíèå çäåñü ïðåèìóùåñòâåííî 
îïðåäåëÿåò êèíåòèêó ñèñòåìû.  

 
 

2 ÑËÓ×ÀÉ , Tσ ετ τ τ<<  

Ïîëàãàÿ â (2) 0σ =& , íàõîäèì ñâÿçü  
 

                                               gσ ε= ,                                         (17) 
 

ïîäñòàíîâêà êîòîðîé â (3), (4) äàåò ñèñòåìó                               
 

                                     ( )1 1g Tε ε= − − −  & ,                                   (18)   

 

                              ( )1 2 2
eT T T g gτ ε−  = − − − 

& ,                                (19) 

 
ãäå âðåìÿ èçìåðåíî â åäèíèöàõ ετ  è /T ετ τ τ≡ . Ïîäîáíî ïåðâîìó ñëó÷àþ 

ôàçîâûé ïîðòðåò îïðåäåëÿåòñÿ íàëè÷èåì îñîáûõ òî÷åê ( ,0)eD T , 

( ) 11 1 11 , ( 1) 1eO g T g g g −− − −  + − + −   
. Ïîêàçàòåëè Ëÿïóíîâà èìåþò âèä 

 

          
1

1 1
1 1 2

( 1 )1
( 1) 1 1 1 4

2 [ ( 1 )]
e

D e
e

g T g
g T

g T g
λ τ τ

τ

−
− −

− −

 − −  = − − − ± +   − − −  
,      (20) 

 

                               11
1 1 8 ( 1 )

2O eT gλ τ
τ

− = − ± − − −
 

.                      (21) 

 
Êàê è âûøå, òî÷êà D  ïðè e cT T≤  ïðåäñòàâëÿåò óñòîé÷èâûé óçåë, à 

ïðè e cT T>  – ñåäëî. Òî÷êà O  ðåàëèçóåòñÿ òîëüêî â æèäêîïîäîáíîé 

îáëàñòè e cT T> , ãäå îíà ÿâëÿåòñÿ óñòîé÷èâûì óçëîì ïðè ìàëûõ 
çíà÷åíèÿõ ïàðàìåòðà τ  è óñòîé÷èâûì ôîêóñîì, åñëè âåëè÷èíà τ  
ïðåâûøàåò êðèòè÷åñêîå çíà÷åíèå 
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1

1

8( 1 )c
eT g

τ −=
− −

.                                  (22) 

 
Ñîîòâåòñòâóþùèå çíà÷åíèÿ äëÿ ÷àñòîòû êîëåáàíèé è äåêðåìåíòà 

çàòóõàíèÿ èìåþò âèä: 
 

                              1 1/2 11
[8 ( 1 ) 1]

2 e TT gω τ τ− −= − − − ,                          (23) 

 

                                            1(2 )Tα τ −= .                                       (24) 

 
Ïðîâåäåííûé àíàëèç è âèä ôàçîâûõ ïîðòðåòîâ íà ðèñ.3 ïîêàçûâàþò, 

÷òî, êàê è â ïðåäûäóùåì ñëó÷àå, ïðè áîëüøèõ çíà÷åíèÿõ ïàðàìåòðà τ  
ñèñòåìà õàðàêòåðèçóåòñÿ çàòóõàþùèìè êîëåáàíèÿìè, ò.å. ïðåðûâèñòûì 
äâèæåíèåì (ðèñ.3â), à ñ óìåíüøåíèåì âåëè÷èíû τ  äî çíà÷åíèé 1τ <<  
äîñòèãàåòñÿ äèññèïàòèâíûé ðåæèì ðåëàêñàöèè (ðèñ.3à). Ïîäîáíûì æå 
îáðàçîì â àäèàáàòè÷åñêîì ïðåäåëå 0τ →  ïðîÿâëÿåòñÿ óíèâåðñàëüíîñòü 
êèíåòè÷åñêîãî ïîâåäåíèÿ, ñîñòîÿùàÿ â âûäåëåíèè ó÷àñòêà MOD  íà 
ðèñ.3à, íà êîòîðîì ñèñòåìà ìåäëåííî ýâîëþöèîíèðóåò ê ñòàöèîíàðíîé 
òî÷êå O  [9].  
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Ðèñóíîê 3 - Ôàçîâûå ïîðòðåòû 

æèäêîïîäîáíîé ôàçû ( 3.3e cT T= > , 

0.5g = ):  

à - 210 Tσ ετ τ τ<< = ; 

á - Tσ ετ τ τ<< = ;  

â - 210Tσ ετ τ τ<< =  
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3 ÑËÓ×ÀÉ ,T σ ετ τ τ<<  

Ïîëàãàÿ â (4) 0T =& , íàõîäèì 
 

                                         2
eT T σε σ= − + ,                                   (25) 

 
è óðàâíåíèÿ (2), (3) ïðèíèìàþò âèä: 
 
                                         gσ σ ε= − +& ,                                         (26) 
 

                          1 2 3[ ( 1) ]eTε τ ε σ σ ε σ−= − + − − +& ,                            (27) 
 

ãäå âðåìÿ èçìåðåíî â åäèíèöàõ στ  è /ε στ τ τ≡ . Ôàçîâûé ïîðòðåò èìååò 

îñîáûå òî÷êè 
 

(0,0)D , ( ) ( ) 111 1 1 1( 1) 1 , ( 1) 1e eO T g g g T g g
−−− − − −    − + − − + −     

 

 
(ñì. ðèñ.4), âòîðàÿ èç êîòîðûõ ðåàëèçóåòñÿ òîëüêî â æèäêîïîäîáíîé 
îáëàñòè e cT T> . Ñîîòâåòñòâóþùèå ïîêàçàòåëè Ëÿïóíîâà èìåþò âèä: 

 

                1 1 1 2 11
(1 ) 1 1 4 (1 ) ( 1 )

2D eg T gλ τ τ τ− − − − − = − + ± + + − −
 

,             (28) 

 
1 1

1
1 1 2

2 ( 1)[ (1 ) ( 2)]1
(1 ) 1 1 8

2 1 [ ( 1) 2]
e e e

O
e

T g T g g T

g g T
λ τ τ

τ

− −
−

− −

 − − − + − −
= − + ± − 

− − + −  
.    (29) 

 
 Ïðè e cT T≤  òî÷êà D  ïðåäñòàâëÿåò óñòîé÷èâûé óçåë, à ñ ïåðåõîäîì â 

çàêðèòè÷åñêóþ îáëàñòü e cT T>  òðàíñôîðìèðóåòñÿ â ñåäëî. Òî÷êà O , 
õàðàêòåðèçóþùàÿ æèäêîïîäîáíóþ ôàçó, ïðè çíà÷åíèÿõ ïàðàìåòðà τ , 
ïðèíàäëåæàùèõ èíòåðâàëó ( , )τ τ− + , ãäå 

 

1
1

1
3 2 4 4 ( 2)

1 e eT g g T
g

τ −
± −

 = − − − − ± −
 

 

1 1
1

1
8[1 ( 2)][2 2 ( 2) ]

1 e e e eT g g T g g T T
g

− −
−± − + + − + − −

−
, 

 
ïðåäñòàâëÿåò óñòîé÷èâûé ôîêóñ, à âíå åãî – óñòîé÷èâûé óçåë. 
Õàðàêòåðíûå âåëè÷èíû ÷àñòîòû è êîýôôèöèåíòà çàòóõàíèÿ: 
 

1

1

2 ( 1)gε

ω
τ −= ×

−
 

         
1/21 1 1 28 ( 1)[ (1 ) ( 2)] [ ( 1) 2]e e eg T g g T g Tτ τ− − − × − − + − − − − + −  ,         (30) 

 

                                
1

1

( 1) 2

2 ( 1)
eg T

gε

τ
α

τ

−

−
− + −

=
−

                                   (31) 



“Â³ñíèê ÑóìÄÓ”, ¹ 6(90)’2006  83

ÿâëÿþòñÿ ñîèçìåðèìûìè ïðè âñåõ çíà÷åíèÿõ ,eT τ . Ïîýòîìó â îòëè÷èå îò 

ðàññìîòðåííûõ âûøå ñëó÷àåâ çäåñü ïðåðûâèñòûé ðåæèì òðåíèÿ 
ïðàêòè÷åñêè íå ïðîÿâëÿåòñÿ. 
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Ðèñóíîê 4 - Ôàçîâûå ïîðòðåòû 
æèäêîïîäîáíîé ôàçû ( 3.3e cT T= > , 

0.5g = ): 

à - 210T σ ετ τ τ<< = ; 

á - T σ ετ τ τ<< = ;  

â - 210T ε στ τ τ<< =  

 
 

 
Ñîãëàñíî ôàçîâûì ïîðòðåòàì, ïîêàçàííûì íà ðèñ.4, óíèâåðñàëüíîñòü 

êèíåòè÷åñêîãî ïîâåäåíèÿ ñèñòåìû ïðîÿâëÿåòñÿ êàê ïðè ε στ τ<< , òàê è 

ïðè ε στ τ>> . Â ïåðâîì ñëó÷àå âûõîä íà óíèâåðñàëüíûé ó÷àñòîê 

ïðîèñõîäèò çà ñ÷åò áûñòðîãî èçìåíåíèÿ äåôîðìàöèè ( )tε  ïðè 

ïðàêòè÷åñêè íåèçìåííûõ íàïðÿæåíèÿõ ( )tσ  (ðèñ. 4à), à âî âòîðîì 

íàáëþäàåòñÿ îáðàòíàÿ êàðòèíà: âåëè÷èíà ( )tσ  èçìåíÿåòñÿ î÷åíü áûñòðî, à 

( )tε  ïî÷òè íå ìåíÿåòñÿ (ðèñ.4â). Â ïðîìåæóòî÷íîé îáëàñòè ~ε στ τ  
óíèâåðñàëüíîñòü ïðîÿâëÿåòñÿ òîëüêî ïðè ìàëûõ íà÷àëüíûõ çíà÷åíèÿõ 
äåôîðìàöèè (0)ε  è íàïðÿæåíèé (0)σ : 0 0(0) , (0)ε ε σ σ<< <<  (ðèñ.4á). 
Îòìåòèì, ÷òî â îòëè÷èå îò ðàíåå ðàññìîòðåííûõ ñëó÷àåâ óíèâåðñàëüíûé 
ó÷àñòîê ôàçîâûõ òðàåêòîðèé èìååò íå ñïàäàþùèé, à íàðàñòàþùèé 
õàðàêòåð, ñîîòâåòñòâóþùèé êðèâîé äåôîðìàöèè [6,8]. 
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ÂÛÂÎÄÛ 
Ïðîâåäåíî èññëåäîâàíèå ñèñòåìû êèíåòè÷åñêèõ óðàâíåíèé, 

îïèñûâàþùèõ ïëàâëåíèå àìîðôíîé óëüòðàòîíêîé ïëåíêè ñìàçêè, 
çàêëþ÷åííîé ìåæäó äâóìÿ êðèñòàëëè÷åñêèìè ïîâåðõíîñòÿìè. Ýòîò 
ïðîöåññ ïðåäñòàâëåí êàê ôàçîâûé ïåðåõîä âòîðîãî ðîäà. Ïîêàçàíî, ÷òî â 
ñîîòâåòñòâèè ñ ýêñïåðèìåíòîì æèäêîïîäîáíîå ñîñòîÿíèå, 
ñîîòâåòñòâóþùåå ñòàöèîíàðíîìó (íî íå ðàâíîâåñíîìó) óïîðÿäî÷åííîìó 
ñîñòîÿíèþ, ðåàëèçóåòñÿ ïðè òåìïåðàòóðàõ ïîâåðõíîñòåé òðåíèÿ, 
ïðåâûøàþùèõ êðèòè÷åñêîå çíà÷åíèå cT  (7). Ïðåðûâèñòîå äâèæåíèå 

ðåàëèçóåòñÿ, åñëè âðåìÿ ðåëàêñàöèè òåìïåðàòóðû ñìàçêè ïðåâûøàåò åãî 
çíà÷åíèå äëÿ ñäâèãîâûõ íàïðÿæåíèé è äåôîðìàöèè. Â ïðîòèâîïîëîæíîì 
ñëó÷àå ñèñòåìà áûñòðî ðåëàêñèðóåò ê óíèâåðñàëüíîìó ó÷àñòêó. 

 
SUMMARY 

 
The melting kinetics of amorphous ultrathin lubricant film, confined between atomically flat 

crystalline surfaces is studied. The process is presented as the second-order phase transition 
using the rheological Lorentz model for viscoelastic matter, where shear stress plays role of the 
order parameter, the conjugate field reduces to the shear strain, and the temperature is the 
control parameter. An analytical and numerical analysis of the phase portraits is carried out in 
different kinetic regimes for possible limiting cases of ratios between relaxation times for 
mentioned variables. It is shown that the interrupted mode of friction (stick-slip) is realized, if 
the relaxation time of lubricant temperature is much longer that its value for shear stress and 
strain. In the opposite case the system rapidly converges to a universal section determining its 
kinetics.  
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