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Ðàññìîòðåí ïðîöåññ èçãîòîâëåíèÿ äåòàëåé è òð¸õñëîéíûõ êîíñòðóêöèé èç òèòàíîâîãî ñïëàâà ÂÒ20 ïíåâìî-
òåðìè÷åñêîé ôîðìîâêîé â ðåæèìå ñâåðõïëàñòè÷íîñòè. Îïèñàí ñïîñîá îïðåäåëåíèÿ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ
ôîðìîîáðàçîâàíèÿ ñ ïîìîùüþ ìîäåëèðîâàíèÿ â ïðîãðàììíîì êîìïëåêñå MSC Marc. Ïðèâåäåíû ïðèìåðû ýêñ-
ïåðèìåíòàëüíûõ îáðàçöîâ äåòàëåé è ìíîãîñëîéíûõ êîíñòðóêöèé.

Êëþ÷åâûå ñëîâà: ïíåâìîòåðìè÷åñêàÿ ôîðìîâêà, ñâåðõïëàñòè÷íîñòü, äèôôóçèîííàÿ ñâàðêà, ìíîãîñëîéíûå
êîíñòðóêöèè, òèòàíîâûå ñïëàâû.

Â ñîâðåìåííûõ êîíñòðóêöèÿõ ëåòàòåëüíûõ
àïïàðàòîâ âñ¸ áîëüøåå ïðèìåíåíèå íàõîäÿò êîí-
ñòðóêöèè èç òðóäíîäåôîðìèðóåìûõ òèòàíîâûõ
ñïëàâîâ. Îäíàêî âûñîêàÿ òðóäîåìêîñòü, ñâÿçàííàÿ
ñ èçãîòîâëåíèåì äåòàëåé èç òèòàíîâûõ ñïëàâîâ,
ñäåðæèâàåò èõ øèðîêîå ïðèìåíåíèå. Çíà÷èòåëü-
íî ñíèçèòü òðóäî¸ìêîñòü ïðè èçãîòîâëåíèè òèòà-
íîâûõ äåòàëåé ìîæíî ñ ïîìîùüþ ïðîöåññà ïíåâ-
ìîòåðìè÷åñêîé ôîðìîâêè (ÏÒÔ) (ðèñ. 1), à òàê-
æå ñîâìåùåííîãî ïðîöåññà ïíåâìîòåðìè÷åñêîé
ôîðìîâêè è äèôôóçèîííîé ñâàðêè (ÏÒÔ/ÄÑ)
(ðèñ. 2) â ðåæèìå ñâåðõïëàñòè÷íîñòè. Ñâåðõïëà-
òè÷íîñòü ïðîÿâëÿåòñÿ ó ñïëàâîâ ñ ìåëêîçåðíèñòîé
ñòðóêòóðîé, õàðàêòåðíîé äëÿ òèòàíîâûõ ñïëàâîâ
[1—3].

Ðèñ. 1. Ñõåìà ïðîöåññà ÏÒÔ: à — ñõåìà ïðîöåññà ÏÒÔ;
á — ïîëó÷àåìàÿ äåòàëü
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Â óñëîâèÿõ ÏÒÔ è ÏÒÔ/ÄÑ è çà ðóáåæîì [4—
10], è ó íàñ [11—17] óæå èçãîòàâëèâàþò òàêèå ýëå-
ìåíòû êîíñòðóêöèé ëåòàòåëüíûõ àïïàðàòîâ, êàê
êîðïóñà, çàêîíöîâêè, ëîïàòêè êîìïðåññîðà,
êðûøêè ëþêîâ, ñèëîâûõ ïàíåëåé è äð.

Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàåòñÿ ìîäåëè-
ðîâàíèå èçãîòîâëåíèÿ äåòàëåé è òðåõñëîéíûõ êëè-

íîâèäíûõ ïàíåëåé èç òèòàíîâûõ ñïëàâîâ ïðè
ïíåâìîòåðìè÷åñêîé ôîðìîâêå â ðåæèìå ñâåðõïëà-
ñòè÷íîñòè â ïðîãðàììå MSC Marc, ïî ðåçóëüòà-
òàì êîòîðîãî ñòàíîâèòñÿ âîçìîæíûì èçãîòîâëåíèå
ýêñïåðèìåíòàëüíûõ îáðàçöîâ.

Íà ïðèìåðå ôîðìîâêè ÿ÷åèñòîé ïàíåëè èç
òèòàíîâîãî ñïëàâà ÂÒ20 ÎÑÒ1 90218-76 (ðèñ. 3)
ïîêàçàíà âîçìîæíîñòü èçãîòîâëåíèÿ äåòàëåé ìå-
òîäîì ÏÒÔ.

Ïðè èçãîòîâëåíèè äåòàëåé ìåòîäîì ÏÒÔ íå-
îáõîäèìî ïîääåðæèâàòü ðåæèìû, ïðè êîòîðûõ
ñîáëþäàþòñÿ óñëîâèÿ ñâåðõïëàñòè÷íîñòè. Îäíèì
èç óñëîâèé ñâåðõïëàñòè÷íîñòè ÿâëÿåòñÿ ñîõðàíå-
íèå ïîñòîÿííîé ñêîðîñòè äåôîðìàöèè â ïðîöåñ-
ñå ôîðìîîáðàçîâàíèÿ. Ñêîðîñòü äåôîðìàöèè,
îáåñïå÷èâàþùàÿ ðåæèì ñâåðõïëàñòè÷íîñòè, îïðå-
äåëÿåòñÿ äëÿ êàæäîãî ñïëàâà ñ ïîìîùüþ èñïûòà-
íèé íà îäíîîñíîå ëèáî äâóõîñíîå ðàñòÿæåíèå.
Ñîõðàíåíèå ïîñòîÿííîé ñêîðîñòè äåôîðìàöèè â
ïðîöåññå ôîðìîîáðàçîâàíèÿ îáåñïå÷èâàåòñÿ íå-
ïðåðûâíûì èçìåíåíèåì äàâëåíèÿ ôîðìîâêè ïî
âðåìåíè. Äëÿ ðåøåíèÿ ýòîé çàäà÷è è âèçóàëèçà-
öèè ïðîöåññà ôîðìîîáðàçîâàíèÿ áûë ïðèìåí¸í
ïðîãðàììíûé êîìïëåêñ «MSC Marc». Â ðåçóëüòàòå
ìîäåëèðîâàíèÿ ïîëó÷åíî ðàñïðåäåëåíèå îòíîñè-
òåëüíûõ äåôîðìàöèé (ðèñ. 4), èç àíàëèçà êîòîðûõ

Ðèñ. 2. Ñõåìà ïðîöåññà ÏÒÔ/ÄÑ: à — ñõåìà ïðîöåññà;
á — ïîëó÷àåìàÿ ïàíåëü

Ðèñ. 3. ß÷åèñòàÿ ïàíåëü

Ðèñ. 4. Îòíîñèòåëüíûå äåôîðìàöèè ïðè ôîðìîâêå ÿ÷åèñòîé ïàíåëè
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ñëåäóåò, ÷òî ìàêñèìàëüíûå îòíîñèòåëüíûå äåôîð-
ìàöèè çàãîòîâêè ñîñòàâëÿþò 90,7%. Òàê êàê äëÿ
ñïëàâà ÂÒ20 äîïóñòèìàÿ îòíîñèòåëüíàÿ äåôîðìà-
öèÿ â ðåæèìå ñâåðõïëàñòè÷íîñòè ñîñòàâëÿåò áî-
ëåå 400% [3], òî ðàññ÷èòàííûå çíà÷åíèÿ ÿâëÿþò-
ñÿ äîïóñòèìûìè, ïîýòîìó ðàçðóøåíèÿ äåòàëåé â
ïðîöåññå ôîðìîâêè íå ïðîèçîéäåò.

Òàêæå â ðåçóëüòàòå ìîäåëèðîâàíèÿ áûëà ïîëó-
÷åíà óïðàâëÿþùàÿ ïðîãðàììà ïî èçìåíåíèþ äàâ-
ëåíèÿ ïî âðåìåíè äëÿ èçãîòîâëåíèÿ äåòàëè. Ïî
ðàññ÷èòàííîé â ðåçóëüòàòå ìîäåëèðîâàíèÿ óïðàâ-
ëÿþùåé ïðîãðàììå íà ïðåññå ñâåðõïëàñòè÷åñêî-
ãî ôîðìîâàíèÿ â îñíàñòêå ïðè òåìïåðàòóðå 900°C
áûëà èçãîòîâëåíà ÿ÷åèñòàÿ ïàíåëü (ðèñ. 5).

Ïîñëå ïðîöåññà ôîðìîîáðàçîâàíèÿ äåòàëåé â
ðåæèìå ñâåðõïëàñòè÷íîñòè îòñóòñòâóåò ãîôðîîá-
ðàçîâàíèå è íå ïðîÿâëÿåòñÿ ýôôåêò ïðóæèíåíèÿ,
÷òî èñêëþ÷àåò äîâîäî÷íûå ðàáîòû. Ïðè ýòîì
îæèäàåìîå ñíèæåíèå òðóäîåìêîñòè ïî òåõíîëîãèè
ÏÒÔ ìîæåò äîñòèãàòü áîëåå 30%.

Â ñëó÷àå íåîáõîäèìîñòè òåõíîëîãèÿ ÏÒÔ ïî-
çâîëÿåò âûïîëíÿòü ãðóïïîâóþ ôîðìîâêó íåñêîëü-
êèõ äåòàëåé, ÷òîáû ïîëó÷èòü ìíîãîñëîéíûå ÿ÷å-
èñòûå êîíñòðóêöèè (ðèñ. 6).

Òàêæå øèðîêèå âîçìîæíîñòè ïî èçãîòîâëåíèþ
ìíîãîñëîéíûõ ïàíåëåé èç òèòàíîâûõ ñïëàâîâ ïðå-
äîñòàâëÿåò ñîâìåùåííàÿ òåõíîëîãèÿ ïíåâìîòåð-
ìè÷åñêîé ôîðìîâêè è äèôôóçèîííîé ñâàðêè. Â
çàâèñèìîñòè îò òðåáîâàíèé ê ìíîãîñëîéíîé êîí-

ñòðóêöèè ìîæíî èçãîòàâëèâàòü ïàíåëè ñ èçìåíÿ-
þùèìñÿ ñå÷åíèåì. Îïðåäåëåíèå ïàðàìåòðîâ çà-
ïîëíèòåëÿ òàêèõ êîíñòðóêöèé, îáåñïå÷åíèå óñëî-
âèé ìèíèìàëüíîé ðàçíîòîëùèííîñòè è ðàñ÷¸ò
óñëîâèé ôîðìîîáðàçîâàíèÿ ïðåäñòàâëÿåò íàè-
áîëüøèå òðóäíîñòè. Â êà÷åñòâå ïðèìåðà ðàññìîò-
ðèì ìíîãîñëîéíûå êëèíîâèäíûå ïàíåëè ñ ïîïå-
ðå÷íûì è ïðîäîëüíûì ãîôðîâûì íàáîðîì, ïðåä-
ñòàâëåííûå íà ðèñ. 7. Òîëùèíà âíåøíèõ ëèñòîâ
ïàíåëåé ñîñòàâëÿåò 2 ìì. Òîëùèíà çàïîëíèòåëÿ
1 ìì.

Èçãîòîâëåíèå ìíîãîñëîéíûõ òèòàíîâûõ ïàíå-
ëåé ïî òåõíîëîãèè ÏÒÔ/ÄÑ ñîñòîèò èç ðÿäà ýòà-
ïîâ:

1) ðàñêðîé ëèñòîâ îáøèâîê è çàïîëíèòåëÿ;
2) íàíåñåíèå ïî òðàôàðåòó íà ëèñò çàïîëíèòåëÿ

èëè îáøèâîê â çàäàííûõ ìåñòàõ àíòèñâàðî÷íîãî
ïîêðûòèÿ;

3) ñáîðêà ïàêåòà èç ëèñòîâ îáøèâîê è çàïîë-
íèòåëÿ;

4) çàêëàäêà ïàêåòà â îñíàñòêó è çàãðóçêà â óñ-
òàíîâêó ÏÒÔ/ÄÑ;

5) íàãðåâ îñíàñòêè ñ ïàêåòîì çàãîòîâîê äî òåì-
ïåðàòóðû äèôôóçèîííîé ñâàðêè è ïîääåðæèâàíèå
å¸ â òå÷åíèå ýòàïà ñâàðêè;

Ðèñ. 5. Îñíàñòêà è îòôîðìîâàííàÿ ÿ÷åèñòàÿ ïàíåëü

Ðèñ. 6. Ìíîãîñëîéíàÿ ÿ÷åèñòàÿ ïàíåëü

Ðèñ. 7. Êëèíîâèäíàÿ ïàíåëü ñ ïîïåðå÷íûì (à)  è ïðî-
äîëüíûì (á) ãîôðîâûì çàïîëíèòåëåì



247Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Îáðàáîòêà ìåòàëëîâ äàâëåíèåì  Metal forming

6) âûïîëíåíèå äèôôóçèîííîé ñâàðêè ëèñòîâ
íà ó÷àñòêàõ, íåïîêðûòûõ àíòèñâàðî÷íûì ïîêðû-
òèåì, ïóò¸ì ñîçäàíèÿ âàêóóìà ìåæäó ëèñòàìè îá-
øèâîê è çàïîëíèòåëÿ, à òàêæå äàâëåíèÿ àðãîíà
ñíàðóæè ëèñòîâ è âûäåðæêè ïðè ýòîì äàâëåíèè;

7) íàãðåâ îñíàñòêè äî òåìïåðàòóðû, îáåñïå÷è-
âàþùåé ðåæèì ñâåðõïëàñòè÷íîñòè ìàòåðèàëà çà-
ãîòîâîê, è ïîääåðæàíèå å¸ â òå÷åíèå ýòàïà ôîð-
ìîâêè;

8) ïîäà÷à èíåðòíîãî ãàçà ìåæäó îáøèâêàìè è
çàïîëíèòåëåì ñ ðåãóëèðîâàíèåì äàâëåíèÿ ïî õîäó
ïðîöåññà â ñîîòâåòñòâèè ñ ðàñ÷¸òíûìè çíà÷åíè-
ÿìè äëÿ ôîðìîâêè çàïîëíèòåëÿ ïàíåëè â ðåæèìå
ñâåðõïëàñòè÷íîñòè;

9) îõëàæäåíèå îòôîðìîâàííîé ïàíåëè âìåñòå
ñ îñíàñòêîé è èçâëå÷åíèå ãîòîâîé òð¸õñëîéíîé
ïàíåëè.

Ñ öåëüþ àíàëèçà ïðîöåññà äåôîðìèðîâàíèÿ è
îïðåäåëåíèÿ ïàðàìåòðîâ èçãîòîâëåíèÿ ïðîâåäåíî
ìîäåëèðîâàíèå ôîðìîîáðàçîâàíèÿ êëèíîâèäíîé
ïàíåëè ñ ïðîäîëüíûì ãîôðîâûì íàáîðîì èç òè-
òàíîâîãî ñïëàâà ÂÒ20 ÎÑÒ1 90218-76, ïðåäñòàâ-
ëåííîå íà ðèñ. 8. Èç àíàëèçà ðàñïðåäåëåíèÿ îòíî-
ñèòåëüíûõ äåôîðìàöèé ñëåäóåò, ÷òî ìàêñèìàëü-
íûå îòíîñèòåëüíûå äåôîðìàöèè â êîíñòðóêöèè
ñîñòàâëÿþò 126,6%.

Òàê êàê äëÿ òèòàíîâîãî ñïëàâà ÂÒ20 äîïóñòè-
ìàÿ îòíîñèòåëüíàÿ äåôîðìàöèÿ â ðåæèìå ñâåðõ-
ïëàñòè÷íîñòè ñîñòàâëÿåò 400% [3], òî ðàññ÷èòàí-
íûå çíà÷åíèÿ ÿâëÿþòñÿ äîïóñòèìûìè, ïîýòîìó
ðàçðóøåíèÿ êîíñòðóêöèè â ïðîöåññå ôîðìîâêè íå
ïðîèçîéäåò. Àíàëîãè÷íîå ìîäåëèðîâàíèå ïðîâå-
äåíî äëÿ êëèíîâèäíîé ïàíåëè ñ ïîïåðå÷íûì ãîô-
ðîâûì íàáîðîì.

Ïî ðàññ÷èòàííûì ïàðàìåòðàì ÏÒÔ/ÄÑ áûëà
îñóùåñòâëåíà ôîðìîâêà êëèíîâèäíûõ òðåõñëîéíûõ
ïàíåëåé ñ ãàáàðèòíûìè ðàçìåðàìè 22,5õ212õ188 ìì
èç òèòàíîâîãî ñïëàâà ÂÒ20 íà ïðåññå ñâåðõïëàñ-
òè÷åñêîãî ôîðìîâàíèÿ è äèôôóçèîííîé ñâàðêè
ïðè òåìïåðàòóðå 950°C (ðèñ. 9).

Ïàíåëè áûëè èçãîòîâëåíû áåç äåôåêòîâ. Â
ñëó÷àå âîçíèêíîâåíèÿ äåôåêòîâ íåîáõîäèìî ðàñ-
ñ÷èòàòü îïòèìàëüíûå ïàðàìåòðû çàïîëíèòåëÿ [18,
19] ëèáî èñïîëüçîâàòü ñïîñîáû ïîääåðæêè îáøèâ-
êè â ïðîöåññå ôîðìîîáðàçîâàíèÿ [20, 21].

Âûâîäû

Ñ ïîìîùüþ òåõíîëîãèè ÏÒÔ è ÏÒÔ/ÄÑ ìîæ-
íî çíà÷èòåëüíî ðàñøèðèòü âîçìîæíîñòè ïðîèç-
âîäñòâà ïðè èçãîòîâëåíèè ñëîæíûõ äåòàëåé è êîí-
ñòðóêöèé èç òðóäíîäåôîðìèðóåìûõ òèòàíîâûõ
ñïëàâîâ, à ñ ïîìîùüþ ìîäåëèðîâàíèÿ ïðîöåññà

Ðèñ. 8. Îòíîñèòåëüíûå äåôîðìàöèè ïðè ôîðìîâêå êëèíîâèäíîé ïàíåëè
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èçãîòîâëåíèÿ — îïðåäåëÿòü ïàðàìåòðû ôîðìîîá-
ðàçîâàíèÿ è ñòåïåíü äåôîðìàöèè, óïðàâëÿÿ ðàç-
íîòîëùèííîñòüþ â äåòàëè.
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Abstract

The structures from titanium allows are
increasingly employed in aerospace structures. Labor
intensity may be significantly reduced while titanium
parts manufacturing by application of superplastic
forming process (SPF) and combined process of SPF
and diffusion welding (SPF/DW). Superplasticity
manifests itself in alloys with a fine-grained structure
under certain strain-rate conditions and maintaining
a constant temperature during the formation process.
Maintaining a constant strain rate in the process of
shaping is ensured by a continuous change in the
forming pressure over time. The computing of the plot
of the forming pressure change with time is rather
labor consuming. For this problem solving and the
process visualization, modeling with the MSC “Marc”
program was performed.

By the example of forming a cellular panel from
VT20 titanium alloy, the possibility of manufacturing
parts by the SPF method is demonstrated. The
simulation result allowed obtain relative deformations
distribution, which analysis revealed that maximum
relative deformations constituted 97%. This is quite
acceptable, and there will be no destruction while the
forming process. The simulation results allowed also
develop the control program according to which the
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cellular panel was produced by the superplastic
forming press.

The article considers the form shaping modeling
of multilayer wedge-shaped panels with transverse and
longitudinal corrugation set. It follows from the
relative deformation distribution analysis that
maximum relative deformations in the structure
constituted 126.6%, which is acceptable. The forming
of the wedge-shape three-layer panels was performed
by the SPF/DW method according to the computed
plot of forming pressure change with time.

After the superplastic forming process, there are
no both corrugation forming and springing effect,
which eliminates the finishing work.

Thus, the SPF and SPF/DW technologies and
modeling the process of production to obtain the
forming parameters allow significantly enhance the
production possibilities while producing complex parts
from titanium alloys.

Keywords: superplastic forming, superplasticity,
diffusion welding, multilayer structures, titanium
alloys.



250 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Îáðàáîòêà ìåòàëëîâ äàâëåíèåì  Metal forming

References

1. Chumachenko E.N., Smirnov O.M., Tsepin M.A.
Sverkhplastichnost’: materialy, teoriya, tekhnologii
(Superplasticity: materials, theory, technologies),
Moscow, KomKniga, 2005, 320 p.

2. Novikov I.I., Portnoi V.K. Sverkhplastichnost’ splavov
s ul’tramelkim zernom (Superplasticity of alloys with
ultrafine grain), Moscow, Metallurgiya, 1981, 168 p.

3. Grabskii M.V. Strukturnaya sverkhplastichnost’ metallov
(Structural superplasticity of metals), Moscow,
Metallurgiya, 1975, 272 p.

4. Degarmo E., Black J., Kohser R. Materials and
Processes in Manufacturing. 9th ed. New York,
Chichester, Wiley, 2003, 1154 p.

5. Jarrar F.S., Liewald M., Schmid P., Fortanier A.
Superplastic Forming of Triangular Channels with
Sharp Radii. Journal of Materials Engineering and
Performance, 2014, vol. 23, no. 4, pp. 1313-1320. DOI:
10.1007/s11665-014-0878-y

6. Jarrar F.S., Hector L.G., Khraisheh M.K., Deshpande
K. Gas Pressure Profile Prediction from Variable Strain
Rate Deformation Paths in AA5083 Bulge Forming.
Journal of Materials Engineering and Performance, 2012,
vol. 21, no. 11, pp. 2263–2273. DOI: 10.1007/s11665-
012-0196-1

7. Albakri M.I., Jarrar F.S., Khraisheh M.K. Effects of
Interfacial Friction Distribution on the Superplastic
Forming of AA5083. Journal of Engineering Materials
and Technology, 2011, vol. 133, no. 3, pp. 031008-
031014. DOI:10.1115/1.4004159

8. Xu C., Furukawa M., Horita Z., Langdon T.G.
Achieving a Superplastic Forming Capability through
Severe Plastic Deformation. Advanced Engineering
Materials, 2003, vol. 5, no. 5, pp. 359–364. DOI:
10.1002/adem.200310075

9. Collier A.D., Jackson N. Industrialization of SPF within
Bae Military Aircraft. Superplasticity: 60 Years after
Pearson. Ed. By N. Ridley. The Institute of Materials.
1995, pp. 377-383.

10. Spittle R. Gas turbine technology. Physics Education,
2003, vol. 38, no. 6, p. 504. DOI: 10.1088/0031-9120/
38/6/002

11. Lazarev V.A., Kovalevich M.V., Goncharov A.V.
Aviatsionnaya promyshlennost’, 2014, no. 4, pp. 36-40.

12. Kovalevich M.V., Klimova A.A. Trudy MAI, 2010, no.
38. URL: http://trudymai.ru/eng/published.php?ID
=14150

13. Mironenko V.V., Kolesnikov A.V., Maksimenko N.V.,
Stanislavchik A.S., Kotov V.V. Metallurg, 2013, no. 9,
pp. 50-54.

14. Kaibyshev O.A., Kruglov A.A., Tayupov A.R., Berdin
V.K., Lutfullin R.Ya. Kuznechno-shtampovochnoe
proizvodstvo, 1990, no. 9, pp. 20-21.

15. Pashkevich A.G., Orekhov A.V., Smirnov V.A. Izvestiya
vysshikh uchebnykh zavedenii. Aviatsionnaya tekhnika,
1985, no. 4, pp. 90-93.

16. Biryukov N.M., Smirnov V.A. Izvestiya vysshikh
uchebnykh zavedenii. Aviatsionnaya tekhnika. 1988,
¹ 3, pp. 38-42.

17. Kolesnikov A.V., Kolesnik A.V., Zabolotskii A.P.
Pneumo-thermal molding of sandwich wedge-like
panels from titanium alloy VT20. Aerospace MAI
Journal, 2017, vol. 24, no. 3, pp. 155-161.

18. Kolesnikov A.V., Shmakov A.K., Cheslavskaya A.A.
Izvestiya vysshikh uchebnykh zavedenii. Aviatsionnaya
tekhnika, 2015, no. 1, pp. 98-102.

19. Kolesnikov A.V. Prevention of defects in the process
of superplastic forming and diffusion bonding sandwich
panels of titanium alloys. Aerospace MAI Journal, 2014,
vol. 21, no 2, pp. 66-74.

20. Smirnov V.A., Biryukov N.M., Sadkov V.V.,
Rostkovskii I.G. Aviatsionnaya promyshlennost’, 1986,
no. 9, pp. 46-48.

21. Kolesnikov A.V., Shmakov A.K. Vestnik Irkutskogo
gosudarstvennogo tekhnicheskogo universiteta, 2013,
no. 11(82), pp. 52-57.


