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Îá îäíîì ñïîñîáå çàäàíèÿ îïðåäåëÿþùèõ

çàâèñèìîñòåé ¾íàïðÿæåíèÿ � ñêîðîñòè äåôîðìàöèé¿

â óñëîâèÿõ àêòèâíîãî ïëàñòè÷åñêîãî òå÷åíèÿ

ïî îïûòíûì äàííûì

Ïðåäëîæåíà ìîäèôèêàöèÿ ìîäåëè, íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ îïèñûâàþùåé
âûñîêîòåìïåðàòóðíóþ äåôîðìàöèþ ìåòàëëîâ ñ îãðàíè÷åííûì óïðî÷íåíèåì ìàòåðèàëà
ïðè âîçðàñòàíèè èíòåíñèâíîñòè ñêîðîñòåé äåôîðìàöèé ñäâèãà. Ïðåäëîæåííûé âàðè-
àíò ñóùåñòâåííî óëó÷øàåò òî÷íîñòü ìîäåëè. Àíàëèòè÷åñêîå ìîäåëèðîâàíèå ïðîâåäåíî
ñ ïîìîùüþ ïðîãðàììíîé ðåàëèçàöèè îäíîé ðàçíîâèäíîñòè ãåíåòè÷åñêîãî àëãîðèòìà.

Êëþ÷åâûå ñëîâà: âÿçêîïëàñòè÷åñêîå òå÷åíèå, âûñîêîòåìïåðàòóðíîå äåôîðìèðîâàíèå
ìåòàëëîâ, àíàëèòè÷åñêàÿ ìîäåëü, ãåíåòè÷åñêèå àëãîðèòìû.

Â ðàáîòå [1] äëÿ îïèñàíèÿ ïðîöåññîâ âûñîêîòåìïåðàòóðíîé äåôîðìàöèè ìåòàëëîâ ñòðî-
èòñÿ ìîäåëü âÿçêîïëàñòè÷åñêîãî òå÷åíèÿ (â ïðåäïîëîæåíèè ïëàñòè÷åñêîé íåñæèìàåìîñòè
ìàòåðèàëà ñ îãðàíè÷åííûì óïðî÷íåíèåì). Óðàâíåíèå ñîñòîÿíèÿ â ýòîé ìîäåëè òàêîâî:

σij − σ· δij = 2· T
H

· ζij , i, j = 1, 2, 3, T ≥ τs, (1)

ãäå σij � êîìïîíåíòû òåíçîðà íàïðÿæåíèé, σ = σii/3 � ãèäðîñòàòè÷åñêîå íàïðÿæåíèå, ζij �
êîìïîíåíòû òåíçîðà ñêîðîñòåé äåôîðìàöèé, T � èíòåíñèâíîñòü êàñàòåëüíûõ íàïðÿæåíèé,
H =

√
2· ζij · ζij � èíòåíñèâíîñòü ñêîðîñòåé äåôîðìàöèé ñäâèãà, τs � ïðåäåë òåêó÷åñòè íà

ñäâèã. Â ðàáîòå ïðåäñòàâëåíà àíàëèòè÷åñêàÿ çàâèñèìîñòü T = T (H, θ, ε) â âèäå

T =
[
τ0·

(1000
θ

)2
− τ1

]
·
√
ε· (ε− ε0)

2· Hk0· θ
1000

−k1

1 +Hk0· θ
1000

−k1
(2)

ãäå θ � òåìïåðàòóðà ñðåäû, ε = (
√

2· εij · εij)/
√
3 � ñòåïåíü äåôîðìàöèè, εij � êîìïîíåíòû

òåíçîðà äåôîðìàöèé; τ0, τ1, ε0, k0, k1 � êîýôôèöèåíòû, çàâèñÿùèå îò ìàðêè ñòàëè.
Êîýôôèöèåíòû ôîðìóëû (2) íàéäåíû ïî ýêñïåðèìåíòàëüíûì äàííûì Ï. Ì. Êóêà [2] äëÿ

ðÿäà ìàðîê ñòàëè, ôîðìóëà äà¼ò õîðîøóþ (îêîëî 10%) ñðåäíþþ âåëè÷èíó îòíîñèòåëüíîé
ïîãðåøíîñòè |1 − Tf/Te| äëÿ θ ∈ [900; 1200], ε ∈ [0.1; 0.6], H ∈ [3

√
3/2; 100

√
3]. Îäíàêî äëÿ

íåêîòîðûõ ñî÷åòàíèé óêàçàííûõ ïàðàìåòðîâ îòêëîíåíèå |1 − Tf/Te| çíà÷åíèé Tf , ðàññ÷è-
òàííûõ ïî ôîðìóëå, îò ýêñïåðèìåíòàëüíûõ çíà÷åíèé Te, äîñòèãàåò 30%, ÷òî ñóùåñòâåííî
îãðàíè÷èâàåò ïðèìåíèìîñòü ýòîé ôîðìóëû. Â äàííîé ðàáîòå äëÿ óðàâíåíèÿ ñîñòîÿíèÿ (1)
ïðåäëàãàåòñÿ àíàëèòè÷åñêàÿ çàâèñèìîñòü T = T (H, θ, ε):

T =
[
τ0·

(1000
θ

)2
− τ1

]
·

6∑
i=1

xi· ε
i−1
2 /

[
1 +

(H0

H

)k0· θ
1000

−k1]
, (3)

1Èíñòèòóò ìàøèíîâåäåíèÿ è ìåòàëëóðãèè ÄÂÎ ÐÀÍ, 681005, ã. Êîìñîìîëüñê-íà-Àìóðå, óë. Ìå-
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ãäå τ0, τ1, xi (i = 1, 6), k0, k1, H0 � êîýôôèöèåíòû, çàâèñÿùèå îò ìàðêè ñòàëè.
Î÷åâèäíî, ÷òî ôîðìóëà (3) ïðèíöèïèàëüíî íå ìîæåò äàòü õóäøåå àíàëèòè÷åñêîå îïèñà-

íèå ýêñïåðèìåíòàëüíûõ äàííûõ, ÷åì (2), òàê êàê êëàññ ôóíêöèé T = T (H, θ, ε), îïèñûâàå-
ìûé (3), ïîëíîñòüþ âêëþ÷àåò â ñåáÿ êëàññ ôóíêöèé, îïèñûâàåìûé (2), ïðè ïðåäïîëîæåíèè
èñêîìûõ êîýôôèöèåíòîâ â îáåèõ ôîðìóëàõ ñâîáîäíûìè. Áóäåò ëè ôîðìóëà (3) áîëåå òî÷-
íîé, çàâèñèò îò ïðàâèëüíîãî ïîäáîðà êîýôôèöèåíòîâ.

Çàäà÷ó íàõîæäåíèÿ êîýôôèöèåíòîâ ôîðìóëû (3) áóäåì ðåøàòü ñ ïîìîùüþ àëãîðèòìà
ýâîëþöèîííîé îïòèìèçàöèè � ãåíåòè÷åñêîãî àëãîðèòìà ðàçíîâèäíîñòè, ïðèâåä¼ííîé â [3].

Ñóòü àëãîðèòìà ñîñòîèò â ñëåäóþùåì. Èç îïðåäåë¼ííîãî çàðàíåå ãèïåðïàðàëëåëåïèïåäà
ñëó÷àéíûì îáðàçîì âûáèðàåòñÿ n òî÷åê, îáðàçóþùèõ ñòàðòîâîå ïîêîëåíèå, n � âåëè÷èíà
ïîïóëÿöèè (äëÿ ðàññìàòðèâàåìîé çàäà÷è n = 150). Êàæäàÿ òî÷êà ýòîãî ïðîñòðàíñòâà çàäà¼ò

âåêòîð-õðîìîñîìó èç ÷èñåë ñ ïëàâàþùåé òî÷êîé V (i) = {τ (i)0 , τ
(i)
1 , x

(i)
p ,H

(i)
0 , k

(i)
0 , k

(i)
1 }, i = 1, n,

p = 1, 6.
Ââîäÿòñÿ äâå ãåíåòè÷åñêèå îïåðàöèè: êðîññèíãîâåð è ìóòàöèÿ. Ïåðâàÿ ïðåäñòàâëÿåò ñî-

áîé ñêðåùèâàíèå äâóõ õðîìîñîì. Êàæäàÿ ïàðà õðîìîñîì, ïîäâåðãøàÿñÿ îïåðàöèè êðîññèí-
ãîâåðà, ïîðîæäàåò ïàðó õðîìîñîì ïî ñëåäóþùåìó ïðèíöèïó. Ïóñòü â îïåðàöèè ó÷àñòâóþò
âåêòîð-õðîìîñîìû ïîä íîìåðàìè n1 è n2: V (n1) è V (n2), êîîðäèíàòû ýòèõ âåêòîðîâ äëÿ ïðî-

ñòîòû îáîçíà÷èì V
(n1)
j è V

(n2)
j , j = 1, 11. Òîãäà ðåçóëüòàòîì îïåðàöèè áóäåò ïàðà õðîìîñîì

ñ êîîðäèíàòàìè c·V (n1)
j + (1− c)·V (n2)

j , j = 1, 11 è (1− c)·V (n1)
j + c·V (n2)

j , j = 1, 11 ñîîòâåò-
ñòâåííî, ãäå c � ñëó÷àéíîå ÷èñëî, ðàâíîìåðíî ðàñïðåäåëåííîå â èíòåðâàëå (0; 1). Îïåðàöèÿ
ìóòàöèè çàäà¼òñÿ òàê, ÷òî âûáðàííàÿ âåêòîð-õðîìîñîìà V (n1) ïîñðåäñòâîì ìóòàöèè ïîðîæ-

äàåò õðîìîñîìó ñ êîîðäèíàòàìè V
(n1)
j + Cj , j = 1, 11, C � âåêòîð ìóòàöèè ñî ñëó÷àéíûìè

êîìïîíåíòàìè. Ïàðàìåòðû ãåíåòè÷åñêîé ñèñòåìû pC è pM � âåðîÿòíîñòü êðîññèíãîâåðà è
ìóòàöèè ñîîòâåòñòâåííî ïðèíèìàëèñü pC = 0.6 è pM = 0.1.

×òîáû âûÿâèòü ðîäèòåëüñêèå õðîìîñîìû äëÿ îïåðàöèè êðîññèíãîâåðà, âûïîëíÿåòñÿ ñëå-
äóþùàÿ ïðîöåäóðà, ïîâòîðÿþùàÿñÿ äëÿ êàæäîé õðîìîñîìû ïîïóëÿöèè: ôîðìèðóåòñÿ ñëó-
÷àéíîå äåéñòâèòåëüíîå ÷èñëî r èç ñåãìåíòà [0; 1], è, åñëè r < pC , òî õðîìîñîìà âûáèðàåòñÿ
êàê ðîäèòåëüñêàÿ. Àíàëîãè÷íàÿ ïðîöåäóðà âûïîëíÿåòñÿ äëÿ òîãî, ÷òîáû âûÿâèòü õðîìîñî-
ìû, ïîäâåðæåííûå ìóòàöèè. Ñòîèò îòìåòèòü, ÷òî â îáùåì ñëó÷àå ïîñëå äåéñòâèÿ ãåíåòè÷å-
ñêèõ îïåðàòîðîâ íà õðîìîñîìû ñëåäóåò ïðîâåðÿòü äîïóñòèìîñòü îáðàçîâàííûõ õðîìîñîì-
ïîòîìêîâ, îäíàêî â íàøåì ñëó÷àå åäèíñòâåííîå îãðàíè÷åíèå, íàêëàäûâàåìîå íà âåêòîð ðå-

øåíèÿ � íåîòðèöàòåëüíîñòü êîìïîíåíòû H
(i)
0 âåêòîðà V (i). Ýòî óñëîâèå ëåãêî ìîæíî èñ-

êëþ÷èòü, çàìåíèâ â ôîðìóëå (3) êîýôôèöèåíò H0 íà |H0|, ÷òî ïîçâîëèò èçáåæàòü ëèøíåé
çäåñü ïðîöåäóðû ïðîâåðêè äîïóñòèìîñòè õðîìîñîì.

Ðåøåíèå çàäà÷è îïðåäåëåíèÿ êîýôôèöèåíòîâ ôîðìóëû (3) ñîñòîèò â ìèíèìèçàöèè íåêî-
òîðîãî êîëè÷åñòâåííîãî êðèòåðèÿ ñòåïåíè îòëè÷èÿ ðàñ÷¼òîâ, ïðîâåä¼ííûõ ïî ôîðìóëå, îò
ýêñïåðèìåíòàëüíûõ äàííûõ, (ôóíêöèîíàëà íåâÿçêè). Ýòîò ôóíêöèîíàë âûñòóïàåò â ãåíå-
òè÷åñêîé ñèñòåìå â êà÷åñòâå öåëåâîé ôóíêöèè. Íàèáîëåå ÷àñòûì ÿâëÿåòñÿ èñïîëüçîâàíèå

ôóíêöèîíàëà âèäà
m∑
i=1

(1−T
(i)
f /T

(i)
e )2/m, ãäå m � ÷èñëî ýêñïåðèìåíòàëüíûõ òî÷åê. Â äàííîé

ðàáîòå, îäíàêî, èñïîëüçîâàëñÿ äðóãîé ôóíêöèîíàë:
m∑
i=1

(107·|1−T
(i)
f /T

(i)
e | − 1)/m. Ýòî îñíîâà-

íî íà ñëåäóþùèõ ñîîáðàæåíèÿõ. Íà ïîçäíèõ ïîêîëåíèÿõ çíà÷åíèÿ öåëåâîé ôóíêöèè, åñëè
èñïîëüçîâàòü â êà÷åñòâå òàêîâîé óïîìÿíóòûé ôóíêöèîíàë ìåòîäà íàèìåíüøèõ êâàäðàòîâ,
äëÿ áîëüøèíñòâà âåêòîð-õðîìîñîì ñòðåìÿòñÿ ê íóëþ è óêëàäûâàþòñÿ â óçêèé èíòåðâàë, ÷òî
çàòðóäíÿåò ñõîäèìîñòü àëãîðèòìà. Êðîìå òîãî, ÷èñëî m â ðàññìàòðèâàåìîé çàäà÷å âåëèêî
(m = 96 äëÿ êàæäîãî èç òð¼õ ðàññìàòðèâàåìûõ òèïîâ ñòàëåé) è êàêîå-ëèáî áîëüøîå îòêëî-

íåíèå max
i=1,m

|1 − T
(i)
f /T

(i)
e | ìîæåò íèâåëèðîâàòüñÿ íåáîëüøèìè çíà÷åíèÿìè îòíîñèòåëüíûõ

îòêëîíåíèé â äðóãèõ ýêñïåðèìåíòàëüíûõ òî÷êàõ. Ðåøåíèåì ïðîáëåìû ìîæåò ñòàòü ââåäå-
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íèå âåñîâûõ êîýôôèöèåíòîâ äëÿ çíà÷åíèé (1−T
(i)
f /T

(i)
e ) èëè, â áîëåå îáùåì âèäå, ââåäåíèå

ýòèõ çíà÷åíèé â ôóíêöèîíàë íåâÿçêè â êà÷åñòâå àðãóìåíòà íåêîòîðîé áûñòðî âîçðàñòàþùåé
â îêðåñòíîñòè íóëÿ ôóíêöèè, ïðè÷åì íå êâàäðàòè÷íîé, êàê â óïîìÿíóòîì ôóíêöèîíàëå, è
âîîáùå íå ñòåïåííîé, à, íàïðèìåð, ïîêàçàòåëüíîé ñ áîëüøèì îñíîâàíèåì.

Ïîñëå ìîäèôèêàöèè ïîêîëåíèÿ ãåíåòè÷åñêèìè îïåðàòîðàìè õðîìîñîìû óïîðÿäî÷èâà-
þòñÿ ïî çíà÷åíèþ öåëåâîé ôóíêöèè îò ëó÷øåé ê õóäøåé, äàëåå ïðîèñõîäèò âûáîðêà õðî-
ìîñîì â ñëåäóþùåå ïîêîëåíèå â ñîîòâåòñòâèè ñ ïðèíÿòîé ôèòíåññ-ôóíêöèåé Eval(V (i)) =
a· (1 − a)i−1, ãäå a ∈ (0; 1) � ïàðàìåòð ãåíåòè÷åñêîé ñèñòåìû (â ðàññìàòðèâàåìîé çàäà÷å
a = 0.05). Òàêèì îáðàçîì, õðîìîñîìû ñ áîëåå íèçêèì çíà÷åíèåì öåëåâîé ôóíêöèè áóäóò
èìåòü áîëüøå øàíñîâ áûòü îòîáðàííûìè â ñëåäóþùåå ïîêîëåíèå, îäíàêî âåðîÿòíîñòü âîñ-
ïðîèçâåäåíèÿ êîíêðåòíîé õðîìîñîìû çàäàåòñÿ íå èç ôàêòè÷åñêîãî çíà÷åíèÿ öåëåâîé ôóíê-
öèè äëÿ íå¼, à íà îñíîâàíèè íåêîòîðîãî ðàíæèðîâàíèÿ.

Ñàìà ïðîöåäóðà îòáîðà ïðîèñõîäèò ïî ñëåäóþùåé ñèñòåìå: ñëó÷àéíûì îáðàçîì ôîðìè-

ðóåòñÿ äåéñòâèòåëüíîå ÷èñëî r ∈ (0;
n∑

i=1
Eval(V (i))], äàëåå îïðåäåëÿåòñÿ ìèíèìàëüíûé íîìåð

j, j = 1, n, êîòîðûé óäîâëåòâîðÿåò óñëîâèþ:
j∑

i=1
Eval(V (i)) ≥ r; õðîìîñîìà ñ íîìåðîì j îò-

áèðàåòñÿ â ñëåäóþùåå ïîêîëåíèå. Ïðîöåäóðà ïðîâîäèòñÿ n ðàç, òàêèì îáðàçîì, íà êàæäîì
ïîêîëåíèè ðàçìåð ïîïóëÿöèè â ýòîé ãåíåòè÷åñêîé ñèñòåìå ñîõðàíÿåòñÿ ïîñòîÿííûì.

Íà êàæäîì ïîêîëåíèè äî è ïîñëå äåéñòâèÿ ãåíåòè÷åñêèõ îïåðàòîðîâ çàïîìèíàåòñÿ ëó÷-
øàÿ õðîìîñîìà. Ïî ïðîøåñòâèè äîñòàòî÷íîãî ÷èñëà ïîêîëåíèé (â ðàññìàòðèâàåìîé çàäà÷å
÷èñëî ïîêîëåíèé ñîñòàâèëî 500) ãåíåòè÷åñêèé àëãîðèòì îñòàíàâëèâàåòñÿ è ëó÷øàÿ õðîìî-
ñîìà ïðåäúÿâëÿåòñÿ êàê ðåøåíèå çàäà÷è îïòèìèçàöèè.

Îïèñàííûé àëãîðèòì ðåàëèçîâàí â ñðåäå Borland C++ Builder 6.0. Â òàáëèöå ïðèâåäåíû
ðåçóëüòàòû ðåøåíèÿ çàäà÷è ìèíèìèçàöèè: ëó÷øèå âåêòîðû êîýôôèöèåíòîâ äëÿ êàæäîãî
èç òðåõ âèäîâ ñòàëåé, à òàêæå ñðåäíèå è ìàêñèìàëüíûå îòíîñèòåëüíûå ïîãðåøíîñòè (îáî-

çíà÷åíû ñîîòâåòñòâåííî ÑÎÏ=
m∑
i=1

|1−T
(i)
f /T

(i)
e |/m, ÌÎÏ= max

i=1,n
|1−T

(i)
f /T

(i)
e |) ôîðìóëû (3)

ñ èñïîëüçîâàíèåì ïîëó÷åííûõ âåêòîð-õðîìîñîì â êà÷åñòâå êîýôôèöèåíòîâ.

Òàáëèöà. Ðåçóëüòàòû ðåøåíèÿ

Êëàññ ñòàëè τ0, τ1 xi, i = 1, 6 H0 k0, k1 ÑÎÏ ÌÎÏ

Íèçêî-

óãëåðîäèñòàÿ

5.8296
1.6168

1.5239
4.1698
0.3851
1.8211
-4.4445
-1.4069

7.1893 0.7811
0.5302

3.57 14.79

Ñðåäíå-

óãëåðîäèñòàÿ

3.4806
1.0229

3.4328
7.2001
0.4478
-3.6280
-1.8049
-0.6830

7.7030 0.3826
0.0708

3.26 10.62

Âûñîêî-

óãëåðîäèñòàÿ

5.2258
1.8759

3.1830
3.2672
-0.4707
1.0699
-0.8759
-3.9264

7.0356 0.5812
0.2361

3.79 13.76
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Íà ðèñóíêå ïðåäñòàâëåíà îáùàÿ äëÿ òðåõ êëàññîâ ñòàëåé ãèñòîãðàììà ðàñïðåäåëåíèÿ
÷àñòîò ïîïàäàíèÿ âåëè÷èíû Tf/Te â ðàçëè÷íûå èíòåðâàëû.

Ðèñóíîê. Ãèñòîãðàììà ðàñïðåäåëåíèÿ çíà÷åíèé Tf/Te

Â ðåçóëüòàòå ïîëó÷åíà àíàëèòè÷åñêàÿ çàâèñèìîñòü T = T (H, θ, ε) äëÿ òðåõ êëàññîâ ñòà-
ëåé, ïðèãîäíàÿ äëÿ θ ∈ [900; 1200], ε ∈ [0.1; 0.6], H ∈ [3

√
3/2; 100

√
3], ìàêñèìàëüíàÿ îòíîñè-

òåëüíàÿ ïîãðåøíîñòü êîòîðîé ñîñòàâëÿåò ìåíåå 15%, ñðåäíÿÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü �
îêîëî 3.5%. Ýòè òðè òèïà ñòàëåé âûáðàíû äëÿ èëëþñòðàöèè, òàê êàê ïî íèì èìåþòñÿ äàí-
íûå îïûòîâ T (H, θ, ε) â øèðîêîì äèàïàçîíå äåôîðìàöèé. Àíàëîãè÷íûå çàâèñèìîñòè ìîæíî
ïîñòðîèòü äëÿ äðóãèõ ñòàëåé ïðè íàëè÷èè äîñòàòî÷íîãî êîëè÷åñòâà ýêñïåðèìåíòàëüíûõ
äàííûõ.
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ABSTRACT

A modi�cation of a model, which describe high-temperature metal deformation with
limited strain hardening, is introduced by experimental data. That variant improved
model accuracy. An analytical modeling was conduct with a genetic algorithm real-
isation.
Key words: viscoelastic �ow, high-temperature metal deformation, analytical model,

genetic algorithm.
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