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Êðàòêî îïèñàíû îñíîâíûå ôàêòîðû, âëèÿþùèå íà âåëè÷èíó ïîâåðõíîñòíîãî íàòÿæåíèÿ òâåðäûõ òåë. Ïðåä-

ëîæåí áåçðàçìåðíûé êðèòåðèé χ , õàðàêòåðèçóþùèé âêëàä ïîâåðõíîñòíîãî íàòÿæåíèÿ â ïðî÷íîñòü òâåðäîãî òåëà.

Çíà÷åíèå χ = 1 îïðåäåëÿåò êðèòè÷åñêóþ òîëùèíó hcr îáðàçöà ìàòåðèàëà, ïðè êîòîðîé âêëàä ïîâåðõíîñòíîãî

íàòÿæåíèÿ â ïðî÷íîñòü îáðàçöà ïðè ðàñòÿæåíèè ñòàíîâèòñÿ ðàâíûì âêëàäó îáúåìíîãî ïðåäåëà òåêó÷åñòè. Â ïðî-
ãðàììíîé ñðåäå MSC.Marc ïðîâåäåíî êîìïüþòåðíîå ìîäåëèðîâàíèå èñïûòàíèé íà îäíîîñíîå ðàñòÿæåíèå îáðàçöîâ
àëþìèíèåâîãî ñïëàâà ÀÄ1. Óñòàíîâëåíî, ÷òî ïðè óìåíüøåíèè òîëùèíû âèðòóàëüíûõ îáðàçöîâ, íà êîòîðûõ ó÷è-
òûâàëîñü ïîâåðõíîñòíîå íàòÿæåíèå, ïðîèñõîäèò ïðèðàùåíèå ïðåäåëà òåêó÷åñòè, â îòëè÷èå îò âèðòóàëüíûõ îá-
ðàçöîâ áåç ó÷åòà ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ. Ðåçóëüòàòû äàííîãî èññëåäîâàíèÿ ïîçâîëÿþò îöåíèòü âëèÿíèå

âíåøíèõ ôàêòîðîâ (òåìïåðàòóðà, äàâëåíèå, ÏÀÂ è ò.ä.) íà âåëè÷èíó ïîâåðõíîñòíîãî íàòÿæåíèÿ sσ .

Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíîå íàòÿæåíèå, êîíå÷íî-ýëåìåíòíîå ìîäåëèðîâàíèå, âèðòóàëüíûå èñïûòàíèÿ,
óâåëè÷åíèå ïðåäåëà òåêó÷åñòè.
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Ââåäåíèå

Â ïðîñòåéøåì ñëó÷àå ëþáîå òâåðäîå èëè æèä-
êîå âåùåñòâî ñîñòîèò èç àòîìîâ îäíîãî âèäà. Îä-
íàêî ñèëû âçàèìîäåéñòâèÿ ìåæäó àòîìàìè íà
ïîâåðõíîñòè è â îáúåìå ôàçû ðàçëè÷íû. Ïîâåðõ-
íîñòíûé àòîì ìîæåò èìåòü îò òðåõ äî äåâÿòè áëè-
æàéøèõ ñîñåäåé, è ñîîòâåòñòâåííî ýòîìó åãî ýíåð-
ãèÿ óâåëè÷èâàåòñÿ íà âåëè÷èíó, ïðîïîðöèîíàëü-
íóþ ÷èñëó îòñóòñòâóþùèõ ñâÿçåé, â îòëè÷èå îò
àòîìà âíóòðè ðåøåòêè, èìåþùåãî 12 ñîñåäåé â
ÃÖÊ- è ÃÏÓ-ðåøåòêàõ è 6 â ÎÖÊ-ðåøåòêå. Â ñèëó
ýòîãî ýíåðãèÿ àòîìîâ íà ïîâåðõíîñòè áîëüøå, ÷åì
ýíåðãèÿ àòîìîâ âíóòðè ðåøåòêè, è ñ ïîâåðõíîñ-
òüþ êðèñòàëëà äîëæåí áûòü ñâÿçàí îïðåäåëåííûé
èçáûòîê ýíåðãèè, çàâèñÿùèé îò ñòðîåíèÿ ýòîé ïî-
âåðõíîñòè è íîñÿùèé íàçâàíèå ïîâåðõíîñòíîãî
íàòÿæåíèÿ, èëè ïîâåðõíîñòíîé ýíåðãèè [1].

Ïîâåðõíîñòíàÿ ýíåðãèÿ îêàçûâàåò çíà÷èòåëü-
íîå âëèÿíèå íà ðåçóëüòàòû ðàñ÷åòîâ ïðî÷íîñòíûõ
õàðàêòåðèñòèê ëîïàòîê äâèãàòåëåé [2, 3]. Â òîì
÷èñëå è ëîïàòîê, èçãîòîâëåííûõ ìåòîäàìè àääè-
òèâíûõ òåõíîëîãèé [4], ãäå ïîìèìî ýíåðãèè ïî-
âåðõíîñòíîãî íàòÿæåíèÿ, âîçíèêàþùåé íà ïîâåð-
õíîñòè èçäåëèÿ, îãðîìíóþ ðîëü èãðàåò ïîâåðõíî-
ñòíàÿ ýíåðãèÿ ñàìèõ ÷àñòèö [5, 6]. Ó÷åò ïîâåðõ-
íîñòíîãî íàòÿæåíèÿ íåîáõîäèì ïðè ðàñ÷åòå ðå-
ñóðñà ïîäøèïíèêîâ ñêîëüæåíèÿ àâèàöèîííîé òåõ-
íèêè [7]. Íåðåäêî ïîâåðõíîñòíàÿ ýíåðãèÿ îïðå-
äåëÿåòñÿ â äâóõêîìïîíåíòíûõ ñèñòåìàõ äëÿ ó÷å-
òà âçàèìîäåéñòâèÿ ôàç â ðàñïëàâàõ [8, 9].

Ïî ìíåíèþ Ë.Ä. Ëàíäàó è À.ß. Ãîõøòåéíà,
ïîâåðõíîñòíîå íàòÿæåíèå – ýòî òàíãåíöèàëüíàÿ
ñèëà, ïðèëîæåííàÿ ê åäèíèöå äëèíû êîíòóðà,
îãðàíè÷èâàþùåãî íåêîòîðóþ îáëàñòü ïîâåðõíî-
ñòè ðàçäåëà [10] è ñòðåìÿùàÿñÿ äåôîðìèðîâàòü
òâåðäîå òåëî [11]. Ïîýòîìó ïîâåðõíîñòíîå íàòÿ-
æåíèå äîëæíî îêàçûâàòü âëèÿíèå íà ìåõàíè÷åñ-
êèå ñâîéñòâà ìàòåðèàëà.

Âåëè÷èíà ñâîáîäíîé ïîâåðõíîñòíîé ýíåðãèè
ÿâëÿåòñÿ ôóíêöèåé ñîñòîÿíèÿ ïîâåðõíîñòè è çà-
âèñèò îò ñîñòàâà, òåìïåðàòóðû è äàâëåíèÿ îêðó-
æàþùåé àòìîñôåðû [1].

Ãàçîâàÿ ñðåäà, â çàâèñèìîñòè îò å¸ ñîñòàâà è
äàâëåíèÿ, ìîæåò âûçûâàòü êàê óïðî÷íåíèå, òàê è
ðàçóïðî÷íåíèå ïîâåðõíîñòè [12, 13]. Ïîâåðõíîñ-
òíàÿ ýíåðãèÿ èìååò çíà÷èòåëüíîå âëèÿíèå íà ìå-
õàíè÷åñêèå ñâîéñòâà ìàòåðèàëà: ïðî÷íîñòè íà
ðàçðûâ, óñòàëîñòü, ïîëçó÷åñòü, èçëîì [14]. Ïðè
óâåëè÷åíèè äàâëåíèÿ íàáëþäàåòñÿ óìåíüøåíèå
âåëè÷èíû ïîâåðõíîñòíîé ýíåðãèè [15].

Ïðè óâåëè÷åíèè òåìïåðàòóðû óñèëèâàåòñÿ òåï-
ëîâîå äâèæåíèå ìîëåêóë, ÷òî ïðèâîäèò ê îñëàáå-

âàíèþ ñèë ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ è
ñíèæåíèþ âíóòðåííåãî äàâëåíèÿ. Îäíîâðåìåííî
ñ ýòèì ïðîèñõîäèò óâåëè÷åíèå äàâëåíèÿ íàñûùåí-
íîãî ïàðà, ÷òî ïðèâîäèò ê ðîñòó êîíöåíòðàöèè
ìîëåêóë â ãàçîâîé ôàçå è, êàê ñëåäñòâèå, óìåíü-
øåíèþ íåñêîìïåíñèðîâàííîñòè ñèë íà ïîâåðõíî-
ñòè ðàçäåëà ôàç. Òàêèì îáðàçîì, ñ ïîâûøåíèåì
òåìïåðàòóðû ïîâåðõíîñòíîå íàòÿæåíèå âñåãäà
óìåíüøàåòñÿ. Ïîäîáíîå ÿâëåíèå íàáëþäàåòñÿ êàê
íà òîíêèõ ìàòåðèàëàõ, òàê è íà ìîíîêðèñòàëëàõ
[16].

Ëþáàÿ ñâîáîäíàÿ ïîâåðõíîñòü òâåðäîãî òåëà
âñåãäà ïîêðûòà òîí÷àéøåé ïëåíêîé êàêîãî-ëèáî
âåùåñòâà, ñîäåðæàùåãîñÿ â îêðóæàþùåé ñðåäå è
îáëàäàþùåãî íàèáîëüøèì ñðîäñòâîì ê äàííîìó
òâåðäîìó òåëó. Òàêèìè âåùåñòâàìè ìîãóò áûòü
ðàçëè÷íûå ãàçû èëè ïàðû âîäû, îáû÷íî íàõîäÿ-
ùèåñÿ â âîçäóõå, à òàêæå ñïåöèàëüíî ââîäèìûå â
îêðóæàþùóþ ñðåäó âåùåñòâà. Ìîëåêóëû âåùåñòâ,
ïîêðûâàþùèõ ïîâåðõíîñòü òâåðäîãî òåëà, ò.å.
àäñîðáèðîâàííûõ òâåðäûì òåëîì, îáëàäàþò ñïî-
ñîáíîñòüþ äâèãàòüñÿ ïî ýòîé ïîâåðõíîñòè è ïå-
ðåìåùàòüñÿ èç ìåñò, ãäå èõ èçáûòîê, â ìåñòà, ãäå
èõ íåäîñòàòî÷íî äëÿ ïîëíîãî ïîêðûòèÿ ïîâåðõíî-
ñòè. Ñòðåìëåíèå àäñîðáèðîâàííîãî ñëîÿ çàíÿòü
âñþ äîñòóïíóþ åìó ïîâåðõíîñòü òâåðäîãî òåëà
îáúÿñíÿåòñÿ òåì, ÷òî â ðåçóëüòàòå àäñîðáöèè ïðî-
èñõîäèò ïîíèæåíèå ïîâåðõíîñòíîé ýíåðãèè òåëà
(ýôôåêò Ðåáèíäåðà). Âåùåñòâà, êîòîðûå ìîãóò
àäñîðáèðîâàòüñÿ íà ïîâåðõíîñòè òâåðäîãî òåëà,
íàçûâàþòñÿ ïîâåðõíîñòíî-àêòèâíûìè. Äëÿ ìåòàë-
ëîâ ñèëüíûìè ïîâåðõíîñòíî-àêòèâíûìè âåùå-
ñòâàìè (ÏÀÂ) ÿâëÿþòñÿ ðàçëè÷íûå îðãàíè÷åñêèå
ñïèðòû è êèñëîòû, à òàêæå ñîëè ýòèõ êèñëîò, ò.å.
ìûëà [11].

Ðàññìîòðåííûå âûøå ôàêòîðû âëèÿþò íà âå-
ëè÷èíó ïîâåðõíîñòíîãî íàòÿæåíèÿ. Â ñâîþ î÷å-
ðåäü, äàííûé ïàðàìåòð îêàçûâàåò âëèÿíèå íà
ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà.

Äëÿ ðàñïëàâîâ ñóùåñòâóåò ìíîæåñòâî ñïîñî-
áîâ îïðåäåëåíèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ (ìå-
òîäû ìàêñèìàëüíîãî äàâëåíèÿ â ãàçîâîì ïóçûðå,
íåïîäâèæíîé êàïëè, êàïèëëÿðíîãî ïîäíÿòèÿ,
âèñÿùåé êàïëè, îòðûâà êîëüöà èëè ïëàñòèíêè è
ò.ä.) [17]. Îäíàêî íà ñåãîäíÿøíèé äåíü íåäîñòà-
òî÷íî èíôîðìàöèè î âëèÿíèè ïîâåðõíîñòíîãî
íàòÿæåíèÿ íà ìåõàíè÷åñêèå ñâîéñòâà ìåòàëëîâ â
òâåðäîì ñîñòîÿíèè.

Îïðåäåëåíèå çàâèñèìîñòè ìåõàíè÷åñêèõ
ñâîéñòâ îò âåëè÷èíû ïîâåðõíîñòíîãî íàòÿæåíèÿ
â óñëîâèÿõ íàòóðíîãî ýêñïåðèìåíòà ÿâëÿåòñÿ äî-
ñòàòî÷íî òðóäîåìêèì.
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Ïîýòîìó öåëü äàííîãî èññëåäîâàíèÿ – îïðå-
äåëèòü ñòåïåíü âëèÿíèÿ ïîâåðõíîñòíîãî íàòÿæå-
íèÿ â àëþìèíèåâîì ñïëàâå íà ìåõàíè÷åñêèå ñâîé-
ñòâà ìåòîäîì êîíå÷íî-ýëåìåíòíîãî ìîäåëèðîâà-
íèÿ.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè áûëè
ñôîðìóëèðîâàíû ñëåäóþùèå çàäà÷è:

1. Âûâåñòè óïðîùåííûå ôîðìóëû äëÿ îïðåäå-
ëåíèÿ íåîáõîäèìûõ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ
âèðòóàëüíûõ îáðàçöîâ, ó÷èòûâàþùèå äåéñòâèå ñèë
ïîâåðõíîñòíîãî íàòÿæåíèÿ â íàïðàâëåíèè, ïðî-
òèâîïîëîæíîì ðàñòÿæåíèþ.

2. Ïîñòðîèòü êîíå÷íî-ýëåìåíòíûå ìîäåëè
(ÊÝÌ) îáðàçöîâ ñ ó÷åòîì ñèë ïîâåðõíîñòíîãî
íàòÿæåíèÿ â íàïðàâëåíèè, ïðîòèâîïîëîæíîì ðà-
ñòÿæåíèþ, è áåç ó÷åòà äåéñòâèÿ ñèë ïîâåðõíîñò-
íîãî íàòÿæåíèÿ è ïðîâåñòè âèðòóàëüíûå èñïûòà-
íèÿ íà îäíîîñíîå ðàñòÿæåíèå äëÿ îïðåäåëåíèÿ
ïðåäåëà òåêó÷åñòè.

3. Ïîñòðîèòü ÊÝÌ îáðàçöîâ, ïðèáëèæåííûå
ê ðåàëüíûì óñëîâèÿì âîçäåéñòâèÿ ïîâåðõíîñòíîãî
íàòÿæåíèÿ, è ïîâòîðíî îöåíèòü óðîâåíü ìåõàíè-
÷åñêèõ ñâîéñòâ îáðàçöà.

Îïðåäåëåíèå êðèòè÷åñêîé òîëùèíû îáðàçöà
àëþìèíèåâîãî ñïëàâà ÀÄ1 äëÿ ìîäåëèðîâàíèÿ
èñïûòàíèé íà îäíîîñíîå ðàñòÿæåíèå

Çà õàðàêòåðèñòèêó ïðî÷íîñòè ìàòåðèàëà òâåð-

äîãî òåëà áûë ïðèíÿò ïðåäåë òåêó÷åñòè yσ . Ðàñ-

ñìîòðèì ðàñòÿæåíèå ïîëîñû ñ ðàçìåðàìè: äëèíà
a, øèðèíà b, òîëùèíà h (ðèñ. 1). Ïðè ïîñòðîåíèè
ÊÝÌ ïëîñêîãî ïðÿìîóãîëüíîãî îáðàçöà áûëà
ïðèíÿòà ñõåìà ïðèëîæåíèÿ íàãðóçîê, èìèòèðóþ-
ùèõ ïîâåðõíîñòíîå íàòÿæåíèå, ê ðåáðàì îáðàçöà,
òàê êàê ñèëû ïîâåðõíîñòíîãî íàòÿæåíèÿ ïðîòè-
âîäåéñòâóþò óâåëè÷åíèþ ïëîùàäè ïîâåðõíîñòè
[11]. Ïðè âûâîäå ïîñëåäóþùèõ ôîðìóë áûëî ïðè-
íÿòî äîïóùåíèå, ÷òî ñèëû ïîâåðõíîñòíîãî íàòÿ-
æåíèÿ Fs ïðèêëàäûâàþòñÿ ê ïëîñêîìó îáðàçöó

òîëüêî â íàïðàâëåíèè, ïðîòèâîïîëîæíîì ðàñòÿ-
æåíèþ.

Òàêèì îáðàçîì, ñèëà ðàñòÿæåíèÿ, ïðè êîòîðîé
ìàòåðèàë ïîëîñû äîñòèãàåò ïðåäåëà òåêó÷åñòè ñ
ó÷åòîì ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ, èìååò âèä:

( )2 ,y s y sF F F bh b hσ σ= + = + +

ãäå sσ  — ïîâåðõíîñòíîå íàòÿæåíèå, Í/ì;

Fy = yσ bh – ñèëà îáúåìíîãî ñîïðîòèâëåíèÿ, îáóñ-

ëîâëåííàÿ îáû÷íûì îáúåìíûì ïðåäåëîì òåêó÷å-
ñòè áåç ó÷åòà ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ, Í.

Îòíîøåíèå Fs / Fy ìîæíî ïðèíÿòü çà áåçðàç-
ìåðíûé êðèòåðèé χ , õàðàêòåðèçóþùèé âêëàä ïî-

âåðõíîñòíîãî íàòÿæåíèÿ â ïðî÷íîñòü òâåðäîãî
òåëà:

2 1 1
2 .

( )s s

y y

b h

bh h b

σ σ
χ

σ σ
+ Ê ˆ= = +Á ˜Ë ¯             (1)

Âêëàä ïîâåðõíîñòíîãî íàòÿæåíèÿ ñòàíîâèòñÿ
ñðàâíèì ñ îáúåìíûì ïðåäåëîì òåêó÷åñòè ïðè
χ ~ 1. Èç ôîðìóëû (1) âèäíî, ÷òî êðèòåðèé χ  óâå-

ëè÷èâàåòñÿ ïðè óìåíüøåíèè òîëùèíû ïîëîñû è
ïðåâðàùåíèè åå â ôîëüãó.

Â ñëó÷àå ôîëüãè h << b, 1/h >> 1/b è

2
.

1
2 s s

y yh h

σ σ
χ

σ σ
= =

Îòñþäà ïîëó÷àåì êðèòè÷åñêîå çíà÷åíèå òîë-
ùèíû ôîëüãè, ïðè êîòîðîé âêëàä ïîâåðõíîñòíî-
ãî íàòÿæåíèÿ ñòàíîâèòñÿ ñðàâíèì ñ îáúåìíûì
ïðåäåëîì òåêó÷åñòè

2
.s

cr
y

h
σ

σ
=                          (2)

Ïðè ìàëûõ òîëùèíàõ h << hcr âêëàä ïîâåðõíî-
ñòíîãî íàòÿæåíèÿ â ïðî÷íîñòü òâåðäîãî òåëà ïðå-
âûøàåò âêëàä îáúåìíîãî ïðåäåëà òåêó÷åñòè, à ïðè
áîëüøèõ òîëùèíàõ h >> hcr, íàîáîðîò, âêëàäîì
ïîâåðõíîñòíîãî íàòÿæåíèÿ ìîæíî ïðåíåáðå÷ü.

Ïî ôîðìóëå (2) äëÿ ðàçëè÷íûõ ìåòàëëîâ ñ ó÷å-
òîì ñïðàâî÷íûõ äàííûõ ïðè íîðìàëüíûõ óñëîâèÿõ

(äàâëåíèå 760 ìì ðò.ñò., òåìïåðàòóðà — 20 °Ñ,
åñòåñòâåííàÿ ãàçîâàÿ ñðåäà, îòñóòñòâèå æèäêèõ
ÏÀÂ) [18, 19] áûëà îïðåäåëåíà êðèòè÷åñêàÿ òîë-
ùèíà, ïðè êîòîðîé âêëàä ñèë ïîâåðõíîñòíîãî
íàòÿæåíèÿ ñòàíîâèòñÿ ñîèçìåðèì ñ îáúåìíûì
ïðåäåëîì òåêó÷åñòè ( χ = 1). Ðåçóëüòàòû ïðèâåäå-

íû â òàáë. 1, ãäå óêàçàíû çíà÷åíèÿ óäåëüíîé ñâî-
Ðèñ. 1. Âîçäåéñòâèå ìîäåëèðóåìûõ ñèë íà ïðÿìîóãîëü-
íóþ ïëàñòèíó äëèíîé a, øèðèíîé b, òîëùèíîé h
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áîäíîé ïîâåðõíîñòíîé ýíåðãèè ( ),sE σ  ÷èñëåííî

ðàâíûå ïîâåðõíîñòíîìó íàòÿæåíèþ sσ .

Òàêèì îáðàçîì, äëÿ òåõíè÷åñêè ÷èñòîãî àëþ-
ìèíèÿ êðèòè÷åñêàÿ òîëùèíà îáðàçöà, ïðè êîòî-
ðîé âêëàä ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ ñòàíî-
âèòñÿ ñîïîñòàâèì ñ îáúåìíûì ïðåäåëîì òåêó÷å-
ñòè, ðàâíà 73,5 íì.

Ïðîâåäåíèå âèðòóàëüíûõ èñïûòàíèé
íà îäíîîñíîå ðàñòÿæåíèå
äëÿ îïðåäåëåíèÿ ïðåäåëà òåêó÷åñòè

Èññëåäîâàíèå ìåõàíè÷åñêèõ ñâîéñòâ àëþìè-
íèåâîãî ñïëàâà ïðîâîäèëîñü â ïðîãðàììíîé ñðå-
äå MSC.Marc [21], îñíîâàííîé íà ìåòîäå êîíå÷-
íûõ ýëåìåíòîâ. Ñðàâíèâàëèñü ÊÝÌ îáðàçöîâ ñ
ó÷åòîì è áåç ó÷åòà ïîâåðõíîñòíîãî íàòÿæåíèÿ.
Äëèíà ìîäåëè 730 ìêì, øèðèíà  150 ìêì, òîëùè-
íà âàðüèðîâàëàñü îò 73,5 äî 735 íì. Âñå ÊÝÌ
ñîñòîÿëè èç ïîñòîÿííîãî êîëè÷åñòâà ýëåìåíòîâ:
ïî òîëùèíå 10, ïî øèðèíå 20, ïî äëèíå 100 øò.
Ñóììàðíîå êîëè÷åñòâî ýëåìåíòîâ ñîñòàâèëî
20 òûñ. øò. Êîíå÷íûå ýëåìåíòû ïðåäñòàâëÿëè ñî-
áîé îäèíàêîâûå ïàðàëëåëåïèïåäû ñ âîñåìüþ óç-

ëàìè è âîñåìüþ òî÷êàìè èíòåãðèðîâàíèÿ, ÷òî
ïîçâîëèëî ðåøàòü îáúåìíóþ çàäà÷ó ñ ìàëûìè ïëà-
ñòè÷åñêèìè äåôîðìàöèÿìè.

Ìîäåëÿì çàäàâàëèñü ñâîéñòâà àëþìèíèåâîãî
ñïëàâà ÀÄ1 â îòîææåííîì ñîñòîÿíèè: ìîäóëü
óïðóãîñòè 7100 ÌÏà, êîýôôèöèåíò Ïóàññîíà 0,3.
Áûëà âûáðàíà óïðóãî-ïëàñòè÷åñêàÿ èçîòðîïíàÿ
ìîäåëü ìàòåðèàëà. Äëÿ îïèñàíèÿ òåêó÷åñòè ìàòå-
ðèàëà èñïîëüçîâàëñÿ êðèòåðèé òåêó÷åñòè ïî Ìè-
çåñó. Äëÿ ó÷åòà âëèÿíèÿ óïðî÷íåíèÿ ïðè õîëîä-
íîé ïëàñòè÷åñêîé äåôîðìàöèè èñïîëüçîâàëàñü
äèàãðàììà óïðî÷íåíèÿ â âèäå êóñî÷íî-ëèíåéíîé
ôóíêöèè.

Óäåëüíàÿ ïîâåðõíîñòíàÿ ýíåðãèÿ àëþìèíèÿ
Ås ðàâíà 1,14 Í/ì [18]. Ñïðàâî÷íîå çíà÷åíèå ïî-
âåðõíîñòíîé ýíåðãèè ïåðåñ÷èòûâàëîñü â åäèíèöû
ñèëû, ðàñïðåäåëåííîé ïî äëèíàì ðåáåð îáðàçöîâ.
Ê êîíòóðàì ÊÝÌ ïëîñêîãî îáðàçöà ïðèêëàäûâà-
ëàñü íàãðóçêà, èìèòèðóþùàÿ ñèëó ïîâåðõíîñòíîãî
íàòÿæåíèÿ íà ãðàíÿõ îáðàçöà, â ñîîòâåòñòâèè ñ
ðèñ. 1. Çàäà÷à ðåøàëàñü â íåëèíåéíîé ïîñòàíîâêå.

Ïîëó÷åííûé ðÿä ÊÝÌ îáðàçöîâ ñ ðàçíîé òîë-
ùèíîé, ïðè íåèçìåííûõ äëèíå è øèðèíå, ïîäâåð-
ãàëñÿ îäíîîñíîìó ðàñòÿæåíèþ ñ óñèëèÿìè, âûçû-
âàþùèìè íàïðÿæåíèå 50 ÌÏà, ÷òî ïðåâûøàåò
îáúåìíûé ïðåäåë òåêó÷åñòè äëÿ äàííîãî ñïëàâà,
íî íå ïðåâûøàåò åãî ïðåäåë ïðî÷íîñòè. Âèðòóàëü-
íûå èñïûòàíèÿ âûïîëíÿëèñü çà 10 øàãîâ. Çàòåì,
ïî ðàçðàáîòàííîé ðàíåå ìåòîäèêå [20], ñòðîèëèñü
âèðòóàëüíûå äèàãðàììû ðàñòÿæåíèÿ; ïî ýòèì
äèàãðàììàì ñðàâíèâàëèñü ïðåäåëû òåêó÷åñòè
ÊÝÌ îáðàçöîâ ñ ó÷åòîì è áåç ó÷åòà ñèë ïîâåðõ-
íîñòíîãî íàòÿæåíèÿ, ïî êîòîðûì îöåíèâàëàñü âå-
ëè÷èíà ïðèðàùåíèÿ ïðåäåëà òåêó÷åñòè. Íà ðèñ. 2
ïîêàçàíà äèàãðàììà ðàñòÿæåíèÿ ÊÝÌ îáðàçöîâ ñ
òîëùèíîé, ðàâíîé 2hcr .

Ïî àíàëîãè÷íûì äèàãðàììàì áûëè âûÿâëåíû
ïðèðàùåíèÿ ïðåäåëîâ òåêó÷åñòè â ÊÝÌ îáðàçöîâ

Òàáëèöà 1

Êðèòè÷åñêàÿ òîëùèíà îáðàçöîâ

äëÿ íåêîòîðûõ ìåòàëëîâ ïðè χ = 1

Ìåòàëë Ås(σ), Í/ì σy, ÌÏà hcr, íì 

Al 1,14 31 73,54 

Cu 1,75 340 10,29 

Fe 1,90 40 95 

Ni 1,82 70 51 

Nb 2,10 270 15,56 

Ðèñ. 2. Äèàãðàììà ðàñòÿæåíèÿ ÊÝÌ îáðàçöîâ ñ ó÷åòîì äåéñòâèÿ ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ, ïðèëîæåííûõ
â íàïðàâëåíèè, ïðîòèâîïîëîæíîì ðàñòÿæåíèþ (1), è áåç ó÷åòà äàííûõ ñèë (2), ïðè òîëùèíå 2hcr
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äëÿ òîëùèí, êðàòíûõ êðèòè÷åñêîé 73,5 íì. Ðå-
çóëüòàòû ñâåäåíû â òàáë. 2.

Ïî äàííûì òàáëèöû áûë ïîñòðîåí ãðàôèê
ïðèðàùåíèé ïðåäåëà òåêó÷åñòè â îáðàçöàõ ñ ðàç-
ëè÷íîé òîëùèíîé, êðàòíîé êðèòè÷åñêîìó çíà÷å-
íèþ hcr = 73,5 íì, ïðè ó÷åòå ñèë ïîâåðõíîñòíîãî
íàòÿæåíèÿ (ðèñ. 3).

Òàêèì îáðàçîì, áûëî îïðåäåëåíî âëèÿíèå
ïîâåðõíîñòíîãî íàòÿæåíèÿ íà ìåõàíè÷åñêèå ñâîé-
ñòâà ìîäåëåé îáðàçöîâ, êîòîðîå ïîäòâåðäèëî, ÷òî
ñóùåñòâåííûé âêëàä ñèë ïîâåðõíîñòíîãî íàòÿæå-
íèÿ íàáëþäàåòñÿ òîëüêî íà îáðàçöàõ ìàëîé òîë-
ùèíû, ñîïîñòàâèìîé ñ êðèòè÷åñêîé.

Ïîñêîëüêó ÊÝÌ ñ äâóìÿ ãðàíÿìè ïðèëîæåíèÿ
ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ èìååò âûñîêóþ
ñõîäèìîñòü ñ ìàòåìàòè÷åñêîé ìîäåëüþ, áûëî íå-
îáõîäèìî îöåíèòü ñòåïåíü ïðèðîñòà ïðåäåëà òå-

êó÷åñòè ïðè çàäàíèè ñèë ïîâåðõíîñòíîãî íàòÿæå-
íèÿ íà âñåõ ãðàíÿõ ÊÝÌ, íà âñåõ ïëîñêîñòÿõ
(ðèñ. 4), ÷òî ïðèáëèæàåò ê ðåàëüíûì óñëîâèÿì
âîçäåéñòâèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ.

Ïî àíàëîãè÷íîé ìåòîäèêå áûë ïðîâåäåí ðàñ-
÷åò ÊÝÌ îáðàçöîâ ñ òàêèìè æå ãåîìåòðè÷åñêèìè
ïàðàìåòðàìè. Îäíàêî íàãðóçêà, èìèòèðóþùàÿ

ñèëó ïîâåðõíîñòíîãî íàòÿæåíèÿ, ïðèêëàäûâàëàñü
âî âñåõ íàïðàâëåíèÿõ (ðèñ. 4).

Ðåçóëüòàòû èçìåðåíèÿ ïðåäåëîâ òåêó÷åñòè â
ÊÝÌ îáðàçöîâ ñ ðàçëè÷íîé òîëùèíîé ñâåäåíû â
òàáë. 3.

Ïî äàííûì òàáëèöû áûë ïîñòðîåí ãðàôèê
ïðèðàùåíèÿ ïðåäåëîâ òåêó÷åñòè îáðàçöîâ ñ ðàç-
ëè÷íîé òîëùèíîé ïðè ó÷åòå äåéñòâèÿ ñèë ïîâåð-
õíîñòíîãî íàòÿæåíèÿ íà âñåõ ðåáðàõ ÊÝÌ (ðèñ. 5).

Òàáëèöà 2

Ïðèðàùåíèå ïðåäåëîâ òåêó÷åñòè ÊÝÌ îáðàçöîâ ñ ó÷åòîì ïîâåðõíîñòíîãî íàòÿæåíèÿ

Ðèñ. 3. Ãðàôèê çàâèñèìîñòè ïðèðàùåíèÿ ïðåäåëà òåêó÷åñòè îò òîëùèíû îáðàçöà ñ ó÷åòîì äåéñòâèÿ ñèë ïîâåðõ-
íîñòíîãî íàòÿæåíèÿ â äâóõ íàïðàâëåíèÿõ ÊÝÌ îáðàçöîâ ñ ðàçëè÷íîé òîëùèíîé

Òîëùèíà îáðàçöà 10 hcr 8 hcr 6 hcr 4 hcr 2 hcr hcr 

Ïðèðàùåíèå, % +9,95 +12,29 +15,05 +23,89 +46,41 +100 

Ðèñ. 4. Íàïðàâëåíèå âîçäåéñòâèÿ ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ íà ÊÝÌ
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Âûâîäû

Â ðåçóëüòàòå èññëåäîâàíèÿ áûëè âûâåäåíû
óïðîùåííûå ôîðìóëû, ó÷èòûâàþùèå ñèëû ïîâåð-
õíîñòíîãî íàòÿæåíèÿ, äåéñòâóþùèå òîëüêî â íà-
ïðàâëåíèè, ïðîòèâîïîëîæíîì ðàñòÿæåíèþ äëÿ
îïðåäåëåíèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ îáðàç-
öîâ, ïðè êîòîðûõ âëèÿíèå ñèë ïîâåðõíîñòíîãî íà-
òÿæåíèÿ ñîïîñòàâèìî ñ îáúåìíûì ïðåäåëîì òåêó-
÷åñòè ìàòåðèàëà.

Â óïðîùåííîé çàäà÷å êîíå÷íî-ýëåìåíòíîãî
àíàëèçà ïðè ó÷åòå ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ,
äåéñòâóþùèõ òîëüêî â íàïðàâëåíèè, ïðîòèâîïî-
ëîæíîì ðàñòÿæåíèþ, ïðè òîëùèíå 735 íì ïðèðà-
ùåíèå ïðåäåëà òåêó÷åñòè ñîñòàâèëî 9,95% ïî ñðàâ-
íåíèþ ñ ÊÝÌ îáðàçöà áåç ó÷åòà ïîâåðõíîñòíîãî
íàòÿæåíèÿ. Ïðè óìåíüøåíèè òîëùèíû ïðèðàùå-
íèå ïðåäåëà òåêó÷åñòè ïðîäîëæàëî óâåëè÷èâàòü-
ñÿ è íà êðèòè÷åñêîé òîëùèíå 73,5 íì ñîñòàâèëî
100%.

Ñ ó÷åòîì ïîïåðå÷íûõ ñèë ïîâåðõíîñòíîãî
íàòÿæåíèÿ ïðè òîëùèíå 735 íì ïðèðàùåíèå ïðå-
äåëà òåêó÷åñòè ñîñòàâèëî 4,06% ïî ñðàâíåíèþ ñ
ìîäåëÿìè îáðàçöà áåç ó÷åòà ïîâåðõíîñòíîãî íà-
òÿæåíèÿ. Ïðè óìåíüøåíèè òîëùèíû ïðèðàùå-
íèå ïðåäåëà òåêó÷åñòè ïðîäîëæàëî óâåëè÷èâàòü-
ñÿ è íà òîëùèíå 73,5 íì ñîñòàâèëî 36,66%.

Òàáëèöà 3

Ðåçóëüòàòû èçìåðåíèé ïðåäåëîâ òåêó÷åñòè â ÊÝÌ

Ðèñ. 5. Ãðàôèê çàâèñèìîñòè ïðèðàùåíèÿ ïðåäåëà òåêó÷åñòè îò òîëùèíû îáðàçöà ñ ó÷åòîì äåéñòâèÿ ñèë ïîâåðõ-
íîñòíîãî íàòÿæåíèÿ âî âñåõ íàïðàâëåíèÿõ ÊÝÌ îáðàçöîâ ñ ðàçëè÷íîé òîëùèíîé

Òîëùèíà îáðàçöà 10 hcr 8 hcr 6 hcr 4 hcr 2 hcr hcr 

Ïðèðàùåíèå, %  
(ïðè äâóõ íàïðàâëåíèÿõ) 

+9,95 +12,29 +15,05 +23,89 +46,41 +100 

Ïðèðàùåíèå, %  
(ïðè âñåõ íàïðàâëåíèÿõ) 

+4,06 +5,74 +7,98 +11,49 +16,49 +36,66 

Òàêèì îáðàçîì, áûëî ïîäòâåðæäåíî, ÷òî ñóùå-
ñòâåííûé âêëàä ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ
íàáëþäàåòñÿ òîëüêî íà îáðàçöàõ ìàëîé òîëùèíû,
ñîïîñòàâèìîé ñ êðèòè÷åñêîé.
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Abstract

In the simplest case, any solid or liquid substance
consists of atoms of the same type. A surface atom can
have from three to nine nearest neighbors, and
accordingly its energy increases by the amount,
proportional to the number of missing bonds,
compared to an atom inside the lattice. By virtue of
this, the energy of the atoms on the surface is greater
than the energy of the atoms inside the lattice. Thus,
a certain excess of energy must be associated with the
crystal surface, depending on the structure of this
surface and called a surface tension, or surface energy.

According to L.D. Landau and A.Ya. Hohstein
opinion, the surface tension is a tangential force
applied to a unit length of the contour, limiting a
certain area of the interface, and tended to deform a
solid. Thus, the surface tension should affect the
mechanical properties of the material.

The presented article proposes a dimensionless
criterion χ , characterizing the surface tension

contribution to the strength of a solid: 
2

,s

yh

σ
χ

σ
=  where

sσ  is the surface tension, N/m, yσ  is the conventional

volumetric yield stress of the solid material, and MPa;
h is the thickness of a sample in the form of a strip
(foil) of a solid. The value χ = 1 determines the critical

thickness hcr of the material sample at which
contribution of the surface tension to the tensile
strength of the sample becomes equal to the
contribution of the bulk yield strength.

The CEM of the samples were also being
compared in this work with and without accounting

for the surface tension. Mechanical properties of
aluminum alloy were studied with the MSC.Marc
software based on the finite element method. The total
number of elements was 20 thousand pieces. The finite
elements represented identical parallelepipeds with
eight nodes and eight integration points, which allowed
solve volumetric problem with small plastic
deformations. The properties of the ADT aluminum
in the annealed state were being set to the models.

The obtained series of CEM samples with various
thicknesses, with constant length and width, were
subjected to the uniaxial tension with forces causing
a stress of 50 MPa, which exceeded the bulk yield
stress for this alloy, but did not exceed its tensile
strength. Thus, the surface tension impact on the
mechanical properties of sample models was
determined, which confirmed the fact that a significant
contribution of surface tension forces was observed
only on samples of small thickness, comparable to the
critical one.

As the result of the study, simplified equations,
accounting for the surface tension forces acting only
in the direction, opposing tension, for determining
geometric parameters of the samples at which the
influence of surface tension forces was comparable
with the bulk yield strength of the material, were
derived. Based on the derived dependencies for the
aluminum alloy, the critical thickness of the sample
was determined equal to 73.5 nm.

The results of this study allow accounting for other
factors impact, such as temperature, pressure,
surfactant, etc., by accounting for their effect on the
surface tension magnitude.
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