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Àííîòàöèÿ. Ïðè ïîëåòå ëåòàòåëüíûõ àïïàðàòîâ (ËÀ) ÷åðåç çîíó äîæäÿ íà âûñîêîé ñêîðîñòè ëî-
áîâîå ñòåêëî è äðóãèå ïîâåðõíîñòè ëåãêî ðàçðóøàþòñÿ èç-çà äîæäåâîé êàïëåóäàðíîé ýðîçèè. Â ñòàòüå
ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âîçäåéñòâèÿ ñòðóéíîãî óäàðà íà îðèåíòèðîâàííîå è íåîðè-
åíòèðîâàííîå îðãñòåêëî. Ïðè èñïûòàíèÿõ èñïîëüçîâàëàñü îäíîñòðóéíàÿ óäàðíàÿ ïëàòôîðìà íà îñíîâå
ãàçîâîé ïóøêè. Ðåçóëüòàòû ïîêàçûâàþò, ÷òî ïðè âîçäåéñòâèè âûñîêîñêîðîñòíîãî ñòðóéíîãî óäàðà
ó îðèåíòèðîâàííîãî îðãñòåêëà â îñíîâíîì ïîÿâëÿþòñÿ ïîâðåæäåíèÿ â âèäå ïîäïîâåðõíîñòíûõ ðàñ-
ñëîåíèé, à ó íåîðèåíòèðîâàííîãî îðãñòåêëà — ïîâåðõíîñòíûå ïîâðåæäåíèÿ. Ïðè ïîñòîÿííîì óâå-
ëè÷åíèè ñêîðîñòè óäàðà íà äâóõ îáðàçöàõ îðãñòåêëà ïîÿâèëîñü ïîâåðõíîñòíîå îòñëàèâàíèå, ïðè÷åì
îòñëàèâàíèå îðèåíòèðîâàííîãî îðãñòåêëà áûëî áîëåå ñåðüåçíûì. Íàáëþäåíèå çà ðàñïðîñòðàíåíè-
åì âîëíû íàïðÿæåíèÿ è ðàñøèðåíèåì ïîâðåæäåíèÿ âíóòðè îáðàçöà ïîêàçàëî, ÷òî â ïîäïîâåðõíî-
ñòíîì ðàññëîåíèè îðèåíòèðîâàííîãî îðãñòåêëà ïðåîáëàäàþò âîëíû ñäâèãà.
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Abstract

When an aircraft fly through a rain zone at high speed, the windshield and the advancing parts of other
components, as well as the coating of the aircraft skin are being easily destroyed due to raindrop-shock erosion.
In the studies of the aircraft damages from the raindrop-shock erosion, which is the most common at the
subsonic speed, due to the low speed, the value of pressure generated by one impact is assumed negligible.
Thus, hundreds or thousands of successive impacts are often required over a time period to cause damage
to the surface of materials or structures. In this case, all researchers are paying attention to the mechanism
of damage from the fatigue loading. Although the probability of raindrop shock of a supersonic speed occurring
is low, its peak water hammer pressure impulse (up to the GPa level) far exceeds the strength of many
materials, and one or more impacts are enough to damage the material or structure. At this time, much
greater attention is being paid to the mechanism of the damage from shock loading.

Due to the advantages of the small size, ease of operation, and controlled test conditions, the single-jet
generator is most widely used in the studies on the mechanism of damage to materials and the interaction
of raindrop-shock erosion. The presented work considers a single-jet impact platform, based on a gas gun,
which is capable of stable water jets generating with the speeds of 90-700 m/s and arc-like front section
diameters of 4—7 mm. Then the test on the jet shock upon the oriented and non-oriented aviation organic
glasses (Polymethyl methacrylate — PMMA) for are being conducted at various speeds. According to the
experience, the optimal position of the organic glass sample setting while the raindrop-shock erosion testing
is 10 mm from the nozzle.

The results indicate that at the high-speed jet shock impact damages in the form of surface stratification
manifest themselves with the oriented organic glass, while with the non-oriented organic glass these damages
are the surface ones. With constant impact velocity increasing, the surface stratification appeared on both
organic glass samples, and stratification of the oriented organic glass at that was more serious. Observing
the stress wave propagation and damage expanding inside the sample revealed that the shear waves prevailed
in the subsurface stratification of the oriented organic glass.
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Ââåäåíèå

Êîãäà ËÀ ëåòÿò íà âûñîêîé ñêîðîñòè ÷åðåç
äîæäåâîå ïîëå, íà ïîâåðõíîñòü ëîáîâûõ ñòåêîë,
îáòåêàòåëåé àíòåíí, èíôðàêðàñíûõ èëëþìèíàòî-
ðîâ èëè ãîíäîë äâèãàòåëåé ìíîãîêðàòíî âîçäåé-
ñòâóþò äîæäåâûå êàïëåóäàðû, âûçûâàþùèå ýðî-
çèþ [1—5]. Îñîáåííî îñòðîé ýòà ïðîáëåìà ÿâëÿ-
åòñÿ ïðèìåíèòåëüíî ê âîåííûì ñàìîëåòàì [6].
Ïîýòîìó î÷åíü âàæíî îöåíèòü êîððîçèîííóþ
ñòîéêîñòü ÷àñòåé ËÀ, íà êîòîðûå âîçäåéñòâóþò
äîæäåâûå êàïëåóäàðû [7].

Ïîëèìåòèëìåòàêðèëàò (ÏÌÌÀ) ïðåäñòàâëÿåò
ñîáîé âûñîêîìîëåêóëÿðíûé ïîëèìåðíûé ìàòå-
ðèàë. Áëàãîäàðÿ ñâîèì ïðåâîñõîäíûì îïòè÷åñ-
êèì ñâîéñòâàì, âûñîêîé ìåõàíè÷åñêîé ïðî÷íî-
ñòè, íåáîëüøîìó óäåëüíîìó âåñó, íèçêîé òåïëî-
ïðîâîäíîñòè è ïðîñòîòå îáðàáîòêè è ôîðìîâà-
íèÿ îí øèðîêî èñïîëüçóåòñÿ äëÿ èçãîòîâëåíèÿ
ëîáîâûõ ñòåêîë, ôîíàðåé êàáèíû è èëëþìèíà-
òîðîâ ñàìîëåòîâ [8, 9]. Îäíàêî ó íåîðèåíòèðîâàí-
íîãî îðãñòåêëà åñòü íåäîñòàòêè: îíî ïëîõî çàùè-
ùåíî îò îáðàçîâàíèÿ òðåùèí, ÷óâñòâèòåëüíî ê
êîíöåíòðàöèè íàïðÿæåíèé, ó íåãî íèçêèå ïðî-
òèâîóäàðíûå õàðàêòåðèñòèêè. ×òîáû óëó÷øèòü
õàðàêòåðèñòèêè íåîðèåíòèðîâàííîãî îðãñòåêëà,
ïðîâåëè äâóõîñíî âûòÿæêó, îõëàæäåíèå è çàòâåð-
äåíèå ïðè òåìïåðàòóðå ñòåêëîâàíèÿ Tg (105°C).
Êîãäà ìîëåêóëÿðíàÿ öåïü ðàñòÿíóòà è îðèåíòè-
ðîâàíà, îðèåíòèðîâàííîå îðãñòåêëî îáëàäàåò ëó÷-
øåé ñòîéêîñòüþ ê ðàñòðåñêèâàíèþ è ðîñòó òðå-
ùèí, à òàêæå èìååò áîëåå âûñîêóþ óäàðíóþ âÿç-
êîñòü [10, 11]. Ïîýòîìó â íàñòîÿùåå âðåìÿ áîëü-
øèíñòâî ïðîçðà÷íûõ äåòàëåé ñàìîëåòîâ èçãîòàâ-
ëèâàþòñÿ èç îðèåíòèðîâàííîãî îðãñòåêëà. Îäíà-
êî ôîíàðü ñàìîëåòà â îñíîâíîì èçãîòàâëèâàåò-
ñÿ èç ïðîçðà÷íûõ äåòàëåé ñ îäíîñëîéíîé êîíñò-
ðóêöèåé, ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü îáçîð
ïèëîòà è òðåáîâàíèå ìàëîçàìåòíîñòè ñàìîëåòà,
à ôîðìà ôîíàðÿ îòíîñèòåëüíî ñëîæíàÿ. Ïîñêîëü-
êó îðèåíòèðîâàííî-ðàñòÿíóòîå îðãñòåêëî íåîá-
õîäèìî âûäóâàòü è ôîðìèðîâàòü, åãî ñëîæíî èç-
ãîòîâèòü, è íà íåêîòîðûõ ñàìîëåòàõ â êà÷åñòâå
ìàòåðèàëà ôîíàðÿ äî ñèõ ïîð èñïîëüçóåòñÿ íåî-
ðèåíòèðîâàííîå îðãñòåêëî [12]. Òàêèì îáðàçîì,
îöåíêà ñòîéêîñòè äâóõ âèäîâ îðãñòåêëà ê äîæäå-
âîé êàïëåóäàðíîé ýðîçèè èìååò áîëüøîå èíæå-
íåðíîå çíà÷åíèå.

Â ïîñëåäíèå íåñêîëüêî äåñÿòèëåòèé ìíîãèå
ó÷åíûå èññëåäîâàëè ïîâðåæäåíèÿ îðãñòåêëà ëå-
òàòåëüíûõ àïïàðàòîâ â óñëîâèÿõ âûñîêîñêîðîñ-
òíîãî âîäîñòðóéíîãî óäàða [16,17]. Bowden,
Brunton [18] îáîáùèëè òèïè÷íûå ôîðìû ðàçðó-
øåíèÿ ïîâåðõíîñòè ïîëèìåðîâ, òàêèõ êàê ïîëè-

ìåòèëìåòàêðèëàò, âêëþ÷àÿ öåíòðàëüíóþ íåïîâ-
ðåæäåííóþ îáëàñòü, îêðóæåííóþ êîëüöåâûìè
âïàäèíàìè èëè òðåùèíàìè è êîðîòêèìè êîëüöå-
âûìè òðåùèíàìè. Êðîìå òîãî, âûñîêîñêîðîñòíîé
óäàð æèäêîñòè òàêæå âûçûâàåò ðàñïðîñòðàíåíèå
âîëí íàïðÿæåíèé âíóòðè ìàòåðèàëà. Âíóòðåííèå
ïîâðåæäåíèÿ, âûçâàííûå âçàèìîäåéñòâèåì âîëí
íàïðÿæåíèé, èíîãäà áûâàþò áîëåå ñåðüåçíûìè,
÷åì ïîâåðõíîñòíûå ïîâðåæäåíèÿ. Â ñëó÷àå îãðà-
íè÷åííîé òîëùèíû ìàòåðèàëà êàïëåóäàð âûçû-
âàåò ïîâðåæäåíèå çàäíåé ïîâåðõíîñòè è öåíò-
ðàëüíîé çîíû èç-çà âîëíû íàïðÿæåíèé [19].
×òîáû ïðîàíàëèçèðîâàòü ìåõàíèçì âíóòðåííåãî
ïîâðåæäåíèÿ, ìíîãèå ó÷åíûå èñïîëüçóþò ôîòî-
óïðóãîñòü îðãñòåêëà äëÿ íàáëþäåíèÿ çà ðàñïðî-
ñòðàíåíèåì âîëíû âíóòðåííåãî íàïðÿæåíèÿ è
ïðîöåññîì ïîâðåæäåíèÿ ïîñëå êàïëåóäàðà [20].
Bowden è äð. [21] òàêæå îáúÿñíèëè âçàèìîäåé-
ñòâèå âîëí íàïðÿæåíèÿ ïîñðåäñòâîì òåîðåòè÷åñ-
êîãî âûâîäà. Êðîìå òîãî, äàâëåíèå ãèäðàâëè÷åñ-
êîãî óäàðà, âûçâàííîå óäàðîì æèäêîñòü—òâåðäîå
òåëî, ÿâëÿåòñÿ òðóäíûì äëÿ èçó÷åíèÿ. Èç-çà
ñëîæíîñòè ïðîöåññà óäàðà èññëåäîâàíèå äàâëå-
íèÿ ãèäðàâëè÷åñêîãî óäàðà íàõîäèëîñü íà òåîðå-
òè÷åñêîé ñòàäèè.

Â ýòîé ñòàòüå îáñóæäàþòñÿ ðåçóëüòàòû óäàð-
íûõ èñïûòàíèé îðèåíòèðîâàííîãî è íåîðèåíòè-
ðîâàííîãî îðãñòåêëà äëÿ àâèàöèè ñ èñïîëüçîâà-
íèåì âûñîêîñêîðîñòíûõ ñòðóé, ñîçäàâàåìûõ îä-
íîñòðóéíûì óñòðîéñòâîì, è ñðàâíèâàþòñÿ õàðàê-
òåðèñòèêè ïîâðåæäåíèé. Â òî æå âðåìÿ ìåõàíèçì
ïîâðåæäåíèÿ îáðàçöà áûë ïðîàíàëèçèðîâàí ïó-
òåì íàáëþäåíèÿ çà âîëíîé âíóòðåííåãî íàïðÿæå-
íèÿ.

1. Òåîðèÿ âûñîêîñêîðîñòíîãî óäàðà
æèäêîñòü—òâåðäîå òåëî

Ïðîöåññ óäàðà æèäêîñòü—òâåðäîå òåëî ñîñòî-
èò èç äâóõ ñòàäèé: ñòàäèè íà÷àëüíîãî ñæàòèÿ è
ñòàäèè áîêîâîãî âïðûñêà, êàê ïîêàçàíî íà ðèñ. 1.
Ïðè íà÷àëüíîì êîíòàêòå âûñîêîñêîðîñòíàÿ æèä-
êîñòü óäàðÿåòñÿ î òâåðäóþ ïîâåðõíîñòü, è ïåðè-
ôåðèÿ êîíòàêòà ïîâåðõíîñòè æèäêîñòè è òâåðäî-
ãî òåëà ñ áîëüøîé ñêîðîñòüþ ðàñïðîñòðàíÿåòñÿ
íà îêðóæàþùóþ ñðåäó, à âíóòðè æèäêîñòè è òâåð-
äîãî òåëà ãåíåðèðóåòñÿ âîëíà íàïðÿæåíèÿ
[17, 18]. Â ýòî âðåìÿ ñêîðîñòü ðàñøèðåíèÿ ãðà-
íèöû êîíòàêòà æèäêîñòè—òâåðäîãî òåëà áîëüøå,
÷åì ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæå-
íèÿ âíóòðè æèäêîñòè, à â öåíòðå æèäêîñòü ñæè-
ìàåòñÿ, îáðàçóÿ ïåðåõîäíîå âûñîêîå äàâëåíèå,
êîòîðîå íàçûâàåòñÿ «äàâëåíèåì ãèäðàâëè÷åñêî-
ãî óäàðà» [23, 24].
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Äàâëåíèå ñòðóè íà òâåðäîå òåëî ïåðåäàåòñÿ â
íåçàòðîíóòóþ îáëàñòü âíóòðè òâåðäîãî òåëà ïî-
ñðåäñòâîì âîëí íàïðÿæåíèé, âêëþ÷àÿ ïðîäîëü-
íûå, ïîïåðå÷íûå âîëíû è âîëíû Release. Ïðî-
äîëüíûå è ïîïåðå÷íûå âîëíû ðàñïðîñòðàíÿþò-
ñÿ âíóòðè òâåðäîãî òåëà, à âîëíû Release ðàñïðî-
ñòðàíÿþòñÿ íà ïîâåðõíîñòè òâåðäîãî òåëà, êàê
ïîêàçàíî íà ðèñ. 1,à. Ïðîäîëüíûå âîëíû ðàñïðî-
ñòðàíÿþòñÿ â âèäå ñæàòèÿ-ðàñòÿæåíèÿ è ðàñøè-
ðÿþòñÿ â ïåðåäíåé ÷àñòè âîëíû, âûçûâàÿ ðàäè-
àëüíîå ðàñòÿãèâàþùåå íàïðÿæåíèå. Â ïîïåðå÷-
íûõ âîëíàõ äâèæåíèå ÷àñòèö ïåðïåíäèêóëÿðíî
íàïðàâëåíèþ ðàñïðîñòðàíåíèÿ, ÷òî âûçûâàåò
íàïðÿæåíèå ñäâèãà è êîëüöåâîå ðàñòÿãèâàþùåå
íàïðÿæåíèå âíóòðè òâåðäîãî òåëà. Âîëíû Release
ñ âåðòèêàëüíîé è ãîðèçîíòàëüíîé ñîñòàâëÿþùè-
ìè âûçûâàþò íàïðÿæåíèÿ ðàñòÿæåíèÿ è ñäâèãà
íà ïîâåðõíîñòè ìàòåðèàëà [25]. Ýòè íàïðÿæåíèÿ
ïðèâîäÿò ê íà÷àëó è ðàñïðîñòðàíåíèþ ïîâðåæ-
äåíèÿ ìàòåðèàëà. Êðîìå òîãî, îòðàæåíèå âîëíû
íàïðÿæåíèé íà ñâîáîäíîé ïîâåðõíîñòè è âçàè-
ìîäåéñòâèå âíóòðè òâåðäîãî òåëà ìîãóò ïðèâåñ-
òè ê óñèëåíèþ âîëíû, âûçûâàþùåé ïîâðåæäåíèå
âíóòðè ìàòåðèàëà.

Êîãäà ñêîðîñòü óäàðíîé âîëíû âíóòðè æèä-
êîñòè ðàâíà ñêîðîñòè ðàñøèðåíèÿ ãðàíèöû êîí-
òàêòà æèäêîñòè—òâåðäîãî òåëà, óäàðíàÿ âîëíà
ïîêèäàåò ãðàíèöó, è âíóòðåííåå âûñîêîå äàâëå-
íèå âûñâîáîæäàåòñÿ â âèäå âûñîêîñêîðîñòíîé
áîêîâîé ñòðóè, êàê ïîêàçàíî íà ðèñ. 1,á. Ñêî-
ðîñòü áîêîâîé ñòðóè îáû÷íî â íåñêîëüêî ðàç
ïðåâûøàåò ñêîðîñòü óäàðà æèäêîñòè. Â òî æå
âðåìÿ âîçäåéñòâèå ðàçìûâàíèÿ è ñäâèãà áîêîâîé
ñòðóè íà ïîâåðõíîñòü ìàòåðèàëà ïðèâîäèò ê îá-
ðàçîâàíèþ òðåùèí ïî îêðóæíîñòè è äàæå ê îò-
ñëàèâàíèþ ïîâåðõíîñòè ìàòåðèàëà. Ïîñëå ýòîãî

æèäêîñòü îáðàçóåò óñòîé÷èâûé íåñæèìàåìûé
ïîòîê íà ïîâåðõíîñòè òâåðäîãî òåëà, à äàâëåíèå
â òî÷êå öåíòðà êîíòàêòà ñíèæàåòñÿ äî ñòàòè÷åñ-
êîãî äàâëåíèÿ Áåðíóëëè.

2. Ïðîöåññ èñïûòàíèÿ

2.1. Ïëàòôîðìà äëÿ îäíîñòðóéíî-óäàðíîãî
èñïûòàíèÿ

Èñïûòàíèå ïðîâîäèëîñü íà ïëàòôîðìå, êîòî-
ðàÿ áàçèðóåòñÿ íà ëåãêîãàçîâîé ïóøêå ñ êàëèá-
ðîì 10 ìì, ñõåìà ïîêàçàíà íà ðèñ. 2. Ïðèíöèï
ðàáîòû ïëàòôîðìû: èñïîëüçóåò ãàç ïîä âûñîêèì
äàâëåíèåì äëÿ ïîäà÷è ïóëè â ñîïëî èç íåðæàâå-
þùåé ñòàëè, â êîòîðîì õðàíèòñÿ âîäà, è ñîçäàåò
âûñîêîñêîðîñòíûå ñòðóè, ñæèìàÿ âîäó â ñîïëå.
Ïåðåä èñïûòàíèåì â ñîïëî ïðåäâàðèòåëüíî
âïðûñêèâàëîñü íåáîëüøîå êîëè÷åñòâî ÷èñòîé
âîäû, è îíî çàêðûâàëîñü ãåðìåòè÷åñêè íåîïðå-
íîì. Ñêîðîñòü ïóëè ðåãóëèðóåòñÿ ïóòåì óïðàâëå-
íèÿ äàâëåíèåì â ãàçîâîé êàìåðå, êîòîðàÿ ìîæåò
ñîçäàâàòü ñòðóþ ñî ñêîðîñòüþ îò 90 äî 700 ì/ñ.

Äëÿ íàáëþäåíèÿ çà ôîðìîé ñòðóè â ðåæèìå
ðåàëüíîãî âðåìåíè è ðàñ÷åòà ñêîðîñòè ñòðóè,
ïðîöåññ óäàðà íàáëþäàëè ñ ïîìîùüþ âûñîêîñêî-
ðîñòíîé êàìåðû Phantom V711. Ñ ó÷åòîì ÷åòêî-
ñòè èçîáðàæåíèÿ è èíòåðâàëà ñúåìêè èñïîëüçó-
åìîå çíà÷åíèå ÷àñòîòû êàäðîâ ñîñòàâëÿåò
21000 êàäðîâ â ñåêóíäó.

Íà ðèñ. 3 ïîêàçàí çàêîí èçìåíåíèÿ ñêîðîñ-
òè è ôîðìû ñòðóè. Âèäíî, ÷òî ñêîðîñòü ñòðóè ïî-
ñòåïåííî óâåëè÷èâàåòñÿ ïîñëå âïðûñêèâàíèÿ,
äèàìåòð ñòðóè ïîñòåïåííî óâåëè÷èâàåòñÿ, è íà
ãîëîâêó ñòðóè âîçäåéñòâóåò ñîïðîòèâëåíèå âîç-
äóõà, ïðèäàâàÿ åé ñòàáèëüíóþ ñôåðè÷åñêóþ ôîð-
ìó. Ïîñêîëüêó ôîðìà ãîëîâêè ñòðóè ïîõîæà íà

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ïðîöåññà óäàðà æèäêîñòü—òâåðäîå òåëî: à — íà÷àëüíàÿ ñòàíäèÿ ñæàòèÿ;
á — îñâîáîæäåííàÿ ñòàäèÿ

à) á)
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ôîðìó êàïëè äîæäÿ, ñòðóÿ ìîæåò èñïîëüçîâàòü-
ñÿ äëÿ èìèòàöèè ðåàëüíîãî âûñîêîñêîðîñòíîãî
êàïëåóäàðà. Ñêîðîñòü ñòðóè è ôîðìà ãîëîâêè äî-
ñòèãàëè ñòàáèëüíîãî ñîñòîÿíèÿ ïðèìåðíî â 10 ìì
îò îòâåðñòèÿ ñîïëà, è ñòðóÿ ïîñòåïåííî ðàññåè-
âàëàñü ïî ìåðå óâåëè÷åíèÿ ðàññòîÿíèÿ.

Â äàííîé ðàáîòå ñ ïîìîùüþ ýòîé ïëàòôîðìû
èññëåäîâàëîñü ïîâðåæäåíèå îðèåíòèðîâàííîãî è
íåîðèåíòèðîâàííîãî îðãñòåêëà äëÿ àâèàöèè ïðè
âîçäåéñòâèè âûñîêîñêîðîñòíîé ñòðóè. Ïàðàìåò-
ðû èñïûòàíèé ïîêàçàíû â òàáëèöå. Â èñïûòàíèÿõ

èñïîëüçîâàëîñü ñîïëî ñ äèàìåòðîì 0,8 ìì, à
ïîëó÷åííàÿ ñòðóÿ èìåëà äèàìåòð îêîëî 4,5 ìì.

2.2. Îðãñòåêëî äëÿ àâèàöèè

Â èññëåäîâàíèè ðàçìåð îáðàçöîâ íåîðèåíòè-
ðîâàííîãî è îðèåíòèðîâàííîãî îðãñòåêëà ñîñòàâ-
ëÿë 50 × 50 ìì, à òîëùèíà 9 ìì. ×òîáû ìîæíî
áûëî íàáëþäàòü çà ðàñïðîñòðàíåíèåì âîëíû íà-
ïðÿæåíèÿ âíóòðè ìàòåðèàëà, áîêîâàÿ ïîâåðõ-
íîñòü îáðàçöîâ áûëà îòïîëèðîâàíà.

 Ðèñ. 3. Èçìåíåíèå ôîðìû è ñêîðîñòè ñòðóè â çàâèñèìîñòè îò ïåðåìåùåíèÿ

Ïàðàìåòðû èñïûòàíèé

Ðèñ. 2. Ïëàòôîðìà äëÿ îäíîñòðóéíî-óäàðíîãî èñïûòàíèÿ

Ìàòåðèàëû äëÿ èñïûòàíèé Îðèåíòèðîâàííîå è íåîðèåíòèðîâàííîå îðãñòåêëî äëÿ àâèàöèè 

Ñêîðîñòü îäèíî÷íîãî óäàðà, ì/ñ 160 220 290 320 390 450 520 
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3. Ðåçóëüòàòû

3.1. Òèïè÷íàÿ ôîðìà ïîâðåæäåíèÿ
è õàðàêòåðèñòèêà îáðàçöîâ ïîñëå óäàðà

Íà ðèñ. 4 ïðåäñòàâëåíû ìèêðîñêîïè÷åñêèå
èçîáðàæåíèÿ ïîâåðõíîñòè äâóõ îáðàçöîâ îðãñòåê-
ëà ïîñëå ñòðóéíîãî óäàðà ñî ñêîðîñòüþ 320 ì/ñ.
Õîðîøî âèäíà ðàçíèöà ìåæäó ôîðìàìè ïîâðåæ-
äåíèÿ äâóõ òèïîâ îáðàçöîâ. Íà ðèñ. 4,à âèäíî, ÷òî
ïîâðåæäåíèå íåîðèåíòèðîâàííîãî îðãñòåêëà â
îñíîâíîì ñîñðåäîòî÷åíî íà ïîâåðõíîñòè, âêëþ-
÷àÿ ïî÷òè êðóãëóþ öåíòðàëüíóþ íåïîâðåæäåííóþ
îáëàñòü 1, êîëüöåâóþ óãëóáëåííóþ îáëàñòü 2 è
ïåðèôåðèéíóþ êîðîòêóþ êîëüöåâóþ òðåùèíó 3.
Îäíàêî äëÿ îðèåíòèðîâàííîãî îðãñòåêëà, êàê
ïîêàçàíî íà ðèñ. 4,á, çà ïðåäåëàìè öåíòðàëüíîé
íåïîâðåæäåííîé îáëàñòè 1 â êîëüöåâîì óãëóáëå-
íèè 2 ïîÿâèëàñü áîëüøàÿ îáëàñòü ìèêðîòðåùè-

íû 4. Ñëåäóåò îòìåòèòü îòñóòñòâèå êîëüöåâûõ êî-
ðîòêèõ òðåùèí, âûçâàííûõ âûñîêîñêîðîñòíîé
áîêîâîé ñòðóéíîé ýðîçèåé, çà ïðåäåëîì ïåðèôå-
ðèè íåïîâðåæäåííîãî ó÷àñòêà. Â òî æå âðåìÿ â
çîíå ðàçðóøåíèÿ êîëüöåâîé ìèêðîòðåùèíû âîç-
íèê òèïè÷íûé äëÿ õðóïêèõ ìàòåðèàëîâ ðå÷íîé
óçîð, ðÿä ñòóïåíåé ðàñïîëàãàëèñü âäîëü íàïðàâ-
ëåíèÿ ðàñïðîñòðàíåíèÿ òðåùèíû íà ïîâåðõíîñ-
òè ðå÷íîãî óçîðà è ïîñòåïåííî ñëèâàëèñü â ïðî-
öåññå ðàñøèðåíèÿ, îáðàçóÿ áîëåå ÿâíûå ñòóïåíè
â äàëüíåì êîíöå ïîâðåæäåííîãî ó÷àñòêà.

3.2. Ïîâðåæäåíèÿ èç-çà óäàðà ïðè ðàçëè÷íûõ
ñêîðîñòÿõ ñòðóè

Íà ðèñ. 5 ïîêàçàíà ìîðôîëîãèÿ ïîâðåæäåíèÿ
äâóõ âèäîâ îðãñòåêëà ïîä âîçäåéñòâèåì ñòðóé ñ

ðàçëè÷íûìè ñêîðîñòÿìè: ðèñ. 5,à,â,ä — íåîðèåí-
òèðîâàííîå îðãñòåêëî, ðèñ. 5,á,ã,å — îðèåíòèðî-
âàííîå îðãñòåêëî. Ðèñóíêè ïîêàçûâàþò, ÷òî ïðè
ñêîðîñòè óäàðà 220 ì/ñ ïîâåðõíîñòíîå ïîâðåæ-
äåíèå äâóõ âèäîâ îðãñòåêëà íåçíà÷èòåëüíîå, à
ïëîùàäè ïîâðåæäåíèÿ áëèçêè. Íà íåîðèåíòèðî-
âàííîì îðãñòåêëå âèäíû ïîâåðõíîñòíûå öàðàïè-
íû, à â îñíîâíîé îáëàñòè äèàìåòð ïîâðåæäåíèÿ
ñîñòàâëÿåò îêîëî 2,05 ìì; íà îðèåíòèðîâàííîì
îðãñòåêëå â îñíîâíîì âèäíû âíóòðåííèå òðåùè-
íû, à äèàìåòð ïåðèôåðèè òðåùèí ñîñòàâëÿåò
îêîëî 1,93 ìì.

Â òî æå âðåìÿ âèäíî, ÷òî ïîâåðõíîñòè äâóõ
âèäîâ îðãñòåêëà èìåþò íåáîëüøèå ïîâðåæäåíèÿ
îò âîçäåéñòâèÿ ñòðóé ñî ñêîðîñòüþ 160 ì/ñ, ýòî
çíà÷èò, ÷òî ïîðîã ñêîðîñòè ïîâðåæäåíèÿ äëÿ íèõ
áûë íèæå 160 ì/ñ. Êðîìå òîãî, ïîðîã ñêîðîñòè
îòñëàèâàíèÿ íà ïîâåðõíîñòè ñîñòàâëÿåò îò 320 äî

380 ì/ñ, à îòñëàèâàíèå îðèåíòèðîâàííîãî îðã-
ñòåêëà áîëåå ñåðüåçíîå, ÷åì ó íåîðèåíòèðîâàí-
íîãî îðãñòåêëà ïðè òîé æå ñêîðîñòè óäàðà. Ïî-
ýòîìó ïðåäïîëàãàåòñÿ, ÷òî íåîðèåíòèðîâàííîå
îðãñòåêëî áîëåå ñòîéêî ê äîæäåâîé êàïëåóäàðíîé
ýðîçèè.

Íà ðèñ. 6 îáîáùåí çàêîí èçìåíåíèÿ ïëîùà-
äè ïîâðåæäåíèÿ äâóõ îáðàçöîâ îðãñòåêëà (Sa —
ïëîùàäü öåíòðàëüíîãî íåïîâðåæäåííîãî ó÷àñò-
êà; Sb — ïëîùàäü ïîâðåæäåííîãî ó÷àñòêà) â çà-
âèñèìîñòè îò ñêîðîñòè óäàðà ñòðóé, ïðè÷åì ïëî-
ùàäü ïîâðåæäåíèÿ ïðåäñòàâëÿåò ñîáîé ñðåäíåå
çíà÷åíèå ðåçóëüòàòîâ ïîâòîðíûõ èñïûòàíèé. Ïðè
ñðàâíåíèè óñòàíîâëåíî, ÷òî öåíòðàëüíûå íåïîâ-
ðåæäåííûå ïëîùàäè äâóõ îáðàçöîâ îðãñòåêëà íå
ñèëüíî ðàçëè÷àþåòñÿ, à òàêæå íå ñèëüíî ìåíÿ-

Ðèñ. 4. Ìèêðîñêîïè÷åñêèå èçîáðàæåíèÿ ïîâåðõíîñòè äâóõ îáðàçöîâ îðãñòåêëà ïîñëå óäàðà ñòðóè
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þòñÿ ñ óâåëè÷åíèåì ñêîðîñòè óäàðà è ñîõðàíÿ-
þò îòíîñèòåëüíî ñòàáèëüíîå çíà÷åíèå. Ìîæíî
îáíàðóæèòü, ÷òî Sb îáîèõ îðãñòåêîë âîçðàñòàåò ñ
óâåëè÷åíèåì ñêîðîñòè óäàðà. Êîãäà ñêîðîñòü
óäàðà íèçêàÿ (ìåíåå 320 ì/ñ), ïëîùàäè ïîâðåæ-
äåíèÿ äâóõ îáðàçöîâ îðãñòåêëà ìåäëåííî óâåëè-
÷èâàþòñÿ ñî ñêîðîñòüþ óäàðà, è ìåæäó íèìè ìàëî

ðàçëè÷èé ïðè îäèíàêîâîé ñêîðîñòè óäàðà ñòðóè.
Êîãäà ñêîðîñòü ïðåâûøàåò 320 ì/ñ, ïëîùàäü
ïîâðåæäåíèÿ áûñòðî óâåëè÷èâàåòñÿ ñî ñêîðîñòüþ
óäàðà, à ïëîùàäü ïîâðåæäåíèÿ ó îðèåíòèðîâàí-
íîãî îðãñòåêëà íàìíîãî áîëüøå, ÷åì ó íåîðèåí-
òèðîâàííîãî. Ñîâìåùàÿ ìèêðîñêîïè÷åñêèå èçîá-
ðàæåíèÿ ïîâåðõíîñòè, ïîêàçàííûå íà ðèñ. 5,

Ðèñ. 6. Çàêîí èçìåíåíèÿ ïëîùàäè ïîâðåæäåíèÿ â çàâèñèìîñòè îò ñêîðîñòè óäàðà

Ðèñ. 5. Ìèêðîñêîïè÷åñêèå èçîáðàæåíèÿ ïîâåðõíîñòè äâóõ îáðàçöîâ îðãñòåêëà ïîñëå óäàðà ñòðóè



Ì. Øà, È. Ñóíü M. Sha,  Y. Sun

72Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 3 Aerospace MAI Journal, vol. 29, no. 3

ìîæíî âèäåòü, ÷òî ïðè ýòîé ñêîðîñòè óäàðà îò-
ñëàèâàíèå ïðîèñõîäèò ïîñòåïåííî íà ïîâåðõíî-
ñòè, è îðèåíòèðîâàííîå îðãñòåêëî ñêëîííî ê îò-
ñëàèâàíèþ íà áîëüøåé ïëîùàäè ïðè òîé æå ñêî-
ðîñòè óäàðà.

3.3. Íàáëþäåíèå çà âîëíîé íàïðÿæåíèÿ
è èññëåäîâàíèå ìåõàíèçìà ïîâðåæäåíèÿ

Ñóùåñòâóþò î÷åâèäíûå ðàçëè÷èÿ â ðåæèìàõ
ïîâðåæäåíèÿ îðãñòåêëà ïîñëå âîçäåéñòâèÿ óäàðà
âûñîêîñêîðîñòíûõ ñòðóé. Äëÿ äàëüíåéøåãî èçó-
÷åíèÿ ìåõàíèçìà ïîâðåæäåíèÿ áûë ïðîàíàëèçè-
ðîâàí ïðîöåññ ðàñïðîñòðàíåíèÿ âîëíû âíóòðåí-
íåãî íàïðÿæåíèÿ â äâóõ îáðàçöàõ. Íà ðèñ. 7 ïðåä-
ñòàâëåíî èçîáðàæåíèå ðàñïðîñòðàíåíèÿ âîëíû
íàïðÿæåíèé âíóòðè äâóõ îáðàçöîâ îðãñòåêëà ïðè
âîçäåéñòâèè óäàðà ñòðóè ñî ñêîðîñòüþ 520 ì/ñ.

Ïðè óäàðå ñòðóè âîëíû ñæàòèÿ è ñäâèãà ðàñ-
ïðîñòðàíÿþòñÿ âíóòðè îáðàçöà, à âîëíû Rayleigh
ðàñïðîñòðàíÿþòñÿ íà ïîâåðõíîñòè îáðàçöà. Èç-çà
ðàçíèöû â ñêîðîñòè ðàñïðîñòðàíåíèÿ âîëíû
ñæàòèÿ è ñäâèãà ïîñòåïåííî ðàçäåëÿþòñÿ. Êàê
ïîêàçàíî íà ðèñ. 7,a, âîëíû ñæàòèÿ (C) íàáëþ-
äàëèñü ïîñëå óäàðà ñòðóè îá îðèåíòèðîâàííîå
îðãñòåêëî â òå÷åíèå 0,4 ìêñ, ïîäïîâåðõíîñòíîå
ïîâðåæäåíèå (Dr) ïîÿâëÿëîñü ïðè 0,6 ìêñ, à âîë-
íû ñäâèãà íàáëþäàëèñü ïðè 0,8 ìêñ (S); ìåæäó 1,2
è 1,4 ìêñ çàêàí÷èâàåòñÿ ïðîöåññ ñæàòèÿ è ïîÿâ-
ëÿþòñÿ áîêîâûå ñòðóè. Íàáëþäàÿ çà ïðîöåññîì
ïîâðåæäåíèÿ, ìîæíî îáíàðóæèòü, ÷òî ïîäïîâåð-
õíîñòíîå ïîâðåæäåíèå ïîñòåïåííî ðàñøèðÿåòñÿ
âíóòðü ïîâåðõíîñòè âäîëü ôðîíòà âîëíû ñäâèãà
íà íà÷àëüíîì ýòàïå óäàðà è ïðîèñõîäèò ðàíüøå,

÷åì ãåíåðàöèÿ áîêîâîé ñòðóè. Â ýòî âðåìÿ, ïî-
ñêîëüêó âîëíà âûñâîáîæäåíà, ãåíåðèðóåìàÿ âûñ-
âîáîæäåíèåì öåíòðàëüíîé çîíû ñæàòèÿ, åùå íå
ñôîðìèðîâàëàñü, ïîäïîâåðõíîñòíîå îáðàçîâàíèå
òðåùèí â îðèåíòèðîâàííîì îðãñòåêëå âûçâàíî
âîëíîé ñäâèãà, ãåíåðèðóåìîé óäàðîì.

Íà ðèñ. 8,à è á ïîêàçàíû âèä ñáîêó ïîâðåæ-
äåíèÿ, ñíÿòîãî âûñîêîñêîðîñòíîé êàìåðîé, è
ìèêðîôîòîãðàôèÿ ïîâðåæäåíèÿ ïîâåðõíîñòè
ïîñëå óäàðà ñîîòâåòñòâåííî: ïîâðåæäåíèå ñåðåá-
ðÿíîé ïîäïîâåðõíîñòè â âèäå ìåæñëîåâûõ ðàñ-
ñëîåíèé è óãîë ìåæäó ïîâðåæäåíèåì è ïîâåðõ-
íîñòüþ îáðàçöà îêîëî 23°. Ó îðèåíòèðîâàííîãî
îðãñòåêëà ïîñëå íàïðàâëåííîãî ðàñòÿæåíèÿ åãî
ìîëåêóëÿðíûå öåïè èìåþò òåíäåíöèþ ðàñïîëà-
ãàòüñÿ ïàðàëëåëüíûìè ñëîÿìè âäîëü ïëîñêîñòè
ñòåêëà, à ðàñïîëîæåíèå â ïëîñêîñòè íåóïîðÿäî-
÷åííîå, ÷òî ïðèâîäèò ê ïîâûøåíèþ ìåõàíè÷åñ-
êèõ õàðàêòåðèñòèê îðèåíòèðîâàííîãî îðãñòåêëà
ïî íàïðàâëåíèþ ïàðàëëåëüíî ïëîñêîñòè ðàñòÿ-
æåíèÿ, íî ìåæñëîéíàÿ ïðî÷íîñòü â íàïðàâëåíèè,
ïåðïåíäèêóëÿðíîì ïëîñêîñòè ðàñòÿæåíèÿ, ñíè-
æàåòñÿ, ïðîÿâëÿÿ àíèçîòðîïèþ [27, 28]. Ïðè âîç-
äåéñòâèè âîëí ñäâèãà èç-çà ìàëîé ìåæñëîéíîé
ïðî÷íîñòè ïðîèñõîäèò ðàçðûâ ìîëåêóëÿðíûõ öå-
ïåé âäîëü ïðîìåæóòî÷íîãî ñëîÿ, ïðîÿâëÿþùèéñÿ
â âèäå ðàññëîåíèÿ.

Ñ äðóãîé ñòîðîíû, íåîðèåíòèðîâàííîå îðã-
ñòåêëî, êàê ïîêàçàíî íà ðèñ. 7,á, èìååò ïîäïî-
âåðõíîñòíîå ïîâðåæäåíèå ïîä äåéñòâèåì âîëíû
ñäâèãà íà íà÷àëüíîì ýòàïå óäàðà (Dr), íî ïî ñðàâ-
íåíèþ ñ îðèåíòèðîâàííûì îðãñòåêëîì ïîäïîâåð-
õíîñòíîå ïîâðåæäåíèå ÷ðåçâû÷àéíî ìàëî, à ãëó-

Ðèñ. 7. Ïîëó÷åííîå âûñîêîñêîðîñòíîé êàìåðîé èçîáðàæåíèå ðàñïðîñòðàíåíèÿ âîëíû íàïðÿæåíèÿ â îáðàçöàõ
èç îðèåíòèðîâàííîãî (à) è íåîðèåíòèðîâàííîãî (á) îðãñòåêëà

à) á)
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áèíà áîëåå ìåëêàÿ, ïîâðåæäåíèå ïî÷òè ïåðïåí-
äèêóëÿðíî ïîâåðõíîñòè. Ðàçëè÷èå â ïîäïîâåðõ-
íîñòíîì ïîâðåæäåíèè òàêæå ïðèâîäèò ê ðàçíè-
öå â ìîðôîëîãèè ïîâåðõíîñòíîãî îòñëàèâàíèÿ
äâóõ îðãñòåêîë ïîä âîçäåéñòâèåì âûñîêîñêîðî-
ñòíûõ ñòðóé. Äëÿ îðèåíòèðîâàííîãî îðãñòåêëà,
ïîñêîëüêó äëÿ íåãî õàðàêòåðíî ïîäïîâåðõíîñò-
íîå ðàññëîåíèå, ïðè âîçäåéñòâèè âûñîêîñêîðî-
ñòíûõ ñòðóé áîêîâûå âûñîêîñêîðîñòíûå ñòðóè
áóäóò ïðîíèêàòü â òðåùèíû è ïîäíèìàòü âäîëü
ïîäïîâåðõíîñòíîé òðåùèíû ìàòåðèàë, ÷òî ïðè-
âîäèò ê îòñëàèâàíèþ íà áîëüøîé ïëîùàäè, êàê
ïîêàçàíî íà ðèñ. 4,á. Äëÿ íåîðèåíòèðîâàííîãî
îðãñòåêëà ñòåïåíü ïîäïîâåðõíîñòíîãî ïîâðåæäå-
íèÿ îòíîñèòåëüíî íèçêà. Ïðè áîêîâîé ñòðóéíîé
ýðîçèè ñòåïåíü îòñëàèâàíèÿ ìåíüøå, ÷åì ó îðè-
åíòèðîâàííîãî îðãñòåêëà.

Âûâîäû

Íà îñíîâå ãàçîâîé ïóøêè ñîçäàíà îäíîñòðóé-
íàÿ óäàðíàÿ ïëàòôîðìà. Ïðîâåäåíû èñïûòàíèÿ
íà ñòðóéíûé óäàð íà ðàçëè÷íûõ ñêîðîñòÿõ ïî
îðèåíòèðîâàííîìó è íåîðèåíòèðîâàííîìó îðã-
ñòåêëó äëÿ àâèàöèè. Îñíîâíûå âûâîäû:

1. Îðãñòåêëî îðèåíòèðîâàííîå è íåîðèåíòè-
ðîâàííîå ïðè âîçäåéñòâèè ñòðóè äåìîíñòðèðîâà-
ëî ðàçëè÷íûå ôîðìû ïîâðåæäåíèÿ: îðèåíòèðî-
âàííîå îðãñòåêëî — â îñíîâíîì â âèäå ïîäïîâåð-
õíîñòíîãî ðàññëîåíèÿ òðåùèí, à íåîðèåíòèðî-
âàííîå îðãñòåêëî — â âèäå ïîâåðõíîñòíîãî ïî-
âðåæäåíèÿ.

2. Ñ óâåëè÷åíèåì ñêîðîñòè óäàðà ïëîùàäü
ïîâðåæäåíèÿ äâóõ îáðàçöîâ îðãñòåêëà ïîñòåïåííî

óâåëè÷èâàëàñü, è ïîÿâëÿëèñü ïîâðåæäåíèÿ îòñëà-
èâàíèÿ. Îðèåíòèðîâàííîå îðãñòåêëî áîëåå ñêëîí-
íî ê îòñëàèâàíèþ íà áîëüøåé ïëîùàäè ïîâðåæ-
äåíèÿ ïðè áîëåå âûñîêèõ ñêîðîñòÿõ óäàðà.

3. Ïóòåì íàáëþäåíèÿ çà ðàñïðîñòðàíåíèåì
âîëíû íàïðÿæåíèÿ è ïîâåäåíèåì ïîâðåæäåíèÿ
âíóòðè îáðàçöîâ áûëî îáíàðóæåíî, ÷òî ïîâðåæ-
äåíèå îðèåíòèðîâàííîãî îðãñòåêëà ïðåäñòàâëÿ-
åò ñîáîé ïîâðåæäåíèå ïîäïîâåðõíîñòíîãî ðàñ-
ñëîåíèÿ èç-çà ïðåîáëàäàíèÿ âîëíû ñäâèãà, è ýòî
òàêæå ïðèâîäèò ê îòñëàèâàíèþ îðèåíòèðîâàííî-
ãî îðãñòåêëà íà áîëüøåé ïëîùàäè, ïîñêîëüêó îíî
ñèëüíåå ïîäâåðæåíî ýðîçèè ïîä âîçäåéñòâèåì áî-
êîâîé ñòðóè.

Ñïèñîê èñòî÷íèêîâ

1. Coad E.J., Pickles C.S.J., Seward C.R. et al. The
Erosion Resistance of Infrared Transparent Materials
// Proceedings of the Royal Society of London. Series
A: Mathematical, Physical and Engineering Sciences.
1998. Vol. 454. No. 1968, pp. 213-238. DOI: 10.1098/
rspa.1998.0155

2. Coad E.J., Pickles C.S.J., Jilbert G.H., Field J.E.
Aerospace erosion of diamond and diamond coatings
// Diamond and Related Materials. 1996. Vol. 5.
No. 6-8, pp. 640-643. DOI: 10.1016/0925-
9635(95)00403-3

3. Seward C.R., Coad E.J., Pickles C.S.J., Field J.E. The
liquid impact resistance of a range of IR-transparent
materials // Wear. 1995. Vol. 186–187. Part 2,
pp. 375-383. DOI: 10.1016/0043-1648(95)07150-4

4. Seward C.R., Pickles C.S.J., Marrah R., Field J.E. Rain
erosion data on window and dome materials //
Window and Dome Technologies and Materials III.
1992.Vol. 1760, pp. 280-290. DOI: 10.1117/12.130805

Ðèñ. 8. Èçîáðàæåíèå â óâåëè÷åííîì ìàñøòàáå ïîâðåæäåíèÿ îðèåíòèðîâàííîãî îðãñòåêëà: à — âèä ñáîêó âíóò-
ðåííåãî ïîâðåæäåíèÿ, ñíÿòîãî âûñîêîñêîðîñòíîé êàìåðîé; á — ìèêðîôîòîãðàôèÿ ïîâåðõíîñòíîãî ïîâðåæäå-
íèÿ

à) á)



Ì. Øà, È. Ñóíü M. Sha,  Y. Sun

74Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 3 Aerospace MAI Journal, vol. 29, no. 3

5. Adler W.F., Hooker S.V. Water drop impact damage
in zinc sulfide // Wear. 1978.Vol. 48. No. 1, pp. 103-
119. DOI: 10.1016/0043-1648(78)90141-2

6. Fyall A.A. Practical Aspects of Rain Erosion of Aircraft
and Missiles // Philosophical Transactions of the
Royal Society of London. Series A, Mathematical and
Physical Sciences. 1966. Vol. 260. No. 1110, pp. 161-
167. URL: https://www.jstor.org/stable/73547

7. Field J.E., Hand R.J., Pickles C.J. Strength and Rain
Erosion Studies of I.R. Materials // Window and
Dome Technologies and Materials. 1989.Vol. 1112,
pp. 306-315. DOI: 10.1117/12.960789

8. Wang Z.Y., Wang Y.Q., Du X.X. et al. Mechanical
behavior and engineering application of PMMA //
The National Symposium on Structural Engineering.
2015 (in Chinese).

9. Deng X.Q., Li Z.Q., Zhao L.M. et al. A review on
mechanical behaviour of PMMA // Mechanics in
Engineering. 2014. Vol. 36. No. 5, pp. 540-550 (in
Chinese).

10. Guo W.G., Shi F.F. Deformation and failure behavior
of MDYB-3 oriented PMMA glass under different
loading conditions // Acta Aeronautica et Astronautica
Sinica. 2008. Vol. 29. No. 06, pp. 112-120
(in Chinese).

11. Qin R.X., OuY.C., Zhang B.J. et al. The contrast of
competitive properties between YB-3 and DYB-3
aviation sheet // China building materials science &
technology. 2011. Vol. 01, pp. 29-31 (in Chinese).

12. Zhang Z.L. Design theory and application for
transparency of aircraft canopy and windshield //
Nanjing University of Aeronautics and Astronautics.
2005 (in Chinese).

13. Field J.E. ELSI conference: invited lecture: Liquid
impact: theory, experiment, applications // Wear.
1999. Vol. 233–235, pp. 1-12. DOI: 10.1016/S0043-
1648(99)00189-1

14. Adler W.F., Boland P.L. Multiparticle supersonic
impact test program // 34th Annual International
Technical Symposium on Optical and Optoelectronic
Applied Science and Engineering (1990, San Diego,
CA, USA). 1990. Vol. 1326, pp. 268-279.

15. Tobin E.F., Young T.M., Raps D., Rohr O. Comparison
of liquid impingement results from whirling arm and
waterjet rain erosion test facilities // Wear. 2011.Vol.
271. No. 9-10, pp. 2625-2631. DOI: 10.1016/
j.wear.2011.02.023

16. Adler W.F. Rain impact retrospective and vision for
the future // Wear. 1999. Vol. 233–235, pp. 25-38.
DOI: 10.1016/S0043-1648(99)00191-X

17. Obara T., Bourne N.K., Field J.E. Liquid-jet impact
on liquid and solid surfaces // Wear. 1995. Vol. 186–
187. Part 2, pp. 388-394. DOI: 10.1016/0043-
1648(95)07187-3

18. Bowden F.P., Brunton J.H. The Deformation of Solids
by Liquid Impact at Supersonic Speeds // Proceedings
of the Royal Society of London. Series A,
Mathematical and Physical Sciences. 1961. Vol. 263.

No. 1315, pp. 433-450. URL: https://www.jstor.org/
stable/2414324

19. Bourne N.K., Obara T., Field J.E. High-speed
photography and stress gauge studies of jet impact
upon surfaces // Philosophical Transactions of the
Royal Society A. Mathematical, Physical and
Engineering Sciences. 1997. Vol. 355. No. 1724,
pp.607-623. DOI: 10.1098/rsta.1997.0028

20. Shi H.H., Field J.E. Stress wave propagation in solid
material under high velocity liquid impingement //
Scientia Sinica Physica Mechanica Astronomica.
2004.Vol. 34. No. 5, pp. 577-590 (in Chinese).

21. Bowden F.P., Field J.E. The brittle fracture of solids
by liquid impact, by solid impact, and by shock //
Proceedings of the Royal Society A. Mathematical,
Physical and Engineering Sciences. 1964. Vol. 282.
No. 1390, pp. 331–352. DOI: 10.1098/rspa.1964.0236

22. Grinspan A.S., Gnanamoorthy R. Impact force of low
velocity liquid droplets measured using piezoelectric
PVDF film // Colloids & Surfaces A: Physicochemical
& Engineering Aspects. 2010. Vol. 356. No. 1-3,
pp. 162-168. DOI: 10.1016/j.colsurfa.2010.01.005

23. Lesser M.B., Field J.E. The Impact of Compressible
Liquids // Annual Review of Fluid Mechanics. 1983.
Vol. 15, pp. 97-122. DOI: 10.1146/annurev.fl.15.
010183.000525

24. Heymann F.J. On the Shock Wave Velocity and Impact
Pressure in High-Speed Liquid-Solid Impact //
Journal of Fluids Engineering. 1968. Vol. 90. No. 3,
pp. 400-402. DOI: 10.1115/1.3605114

25. Lu Y., Huang F., Liu X., Ao X. On the failure pattern
of sandstone impacted by high-velocity water jet //
International Journal of Impact Engineering.
2015.Vol. 76. No. 2, pp. 67-74. DOI: 10.1016/
j.ijimpeng.2014.09.008

26. Meng Y., Yi W.J. Design and calibration of PVDF
stress gauge and its application in the impact test of
concrete // Journal of Hunan University (Natural
sciences). 2009. Vol. 36. No. 12, pp. 1-5 (in Chinese).

27. Chen J. Analysis and improvement of test method for
laminar shearing strength of stretched acrylic //
Journal of Gansu Lianhe University (Natural
Sciences). 2009.Vol. 23. No. 6, pp. 29-33 (in Chinese).

28. Fan J.J., Zhang W.F., Chen X.W. Investigation of
tensile fracture behavior of directional PMMA //
Journal of Aeronautical Materials. 2006.Vol. 26.
No. 5, pp. 106-108 (in Chinese).

29. Gujba A.K., Hackel L., Kevorkov D., Medraj M. Water
droplet erosion behaviour of Ti–6Al–4V and
mechanisms of material damage at the early and
advanced stages // Wear. 2016. Vol. 358-359, pp. 109-
122. DOI: 10.1016/j.wear.2016.04.008

30. Wang Y.C., Chen Y.W. Application of piezoelectric
PVDF film to the measurement of impulsive forces
generated by cavitation bubble collapse near a solid
boundary // Experimental Thermal & Fluid Science.
2008, Vol. 32. No. 2, pp. 403-414. DOI: 10.1016/
j.expthermflusci.2007.05.003



75Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 3 Aerospace MAI Journal, vol. 29, no. 3

Ì. Øà, È. Ñóíü M. Sha,  Y. Sun

31. Zhang R., Zhang B., Lv Q. et al. Effects of droplet
shape on impact force of low-speed droplets colliding
with solid surface // Experiments in Fluids.2019. Vol.
60. No. 64.DOI: 10.1007/s00348-019-2712-7

References

1. Coad E.J., Pickles C.S.J., Seward C.R. et al. The
Erosion Resistance of Infrared Transparent Materials.
Proceedings of the Royal Society of London. Series A:
Mathematical, Physical and Engineering Sciences, 1998,
vol. 454, no. 1968, pp. 213-238. DOI: 10.1098/
rspa.1998.0155

2. Coad E.J., Pickles C.S.J., Jilbert G.H., Field J.E.
Aerospace erosion of diamond and diamond coatings.
Diamond and Related Materials, 1996, vol. 5, no. 6-8,
pp. 640-643. DOI: 10.1016/0925-9635(95)00403-3

3. Seward C.R., Coad E.J., Pickles C.S.J., Field J.E. The
liquid impact resistance of a range of IR-transparent
materials. Wear, 1995, vol. 186–187, part 2, pp. 375-
383. DOI: 10.1016/0043-1648(95)07150-4

4. Seward C.R., Pickles C.S.J., Marrah R., Field J.E.
Rain erosion data on window and dome materials.
Window and Dome Technologies and Materials III,
1992, vol. 1760, pp. 280-290. DOI: 10.1117/12.130805

5. Adler W.F., Hooker S.V. Water drop impact damage
in zinc sulfide. Wear, 1978, vol. 48, no. 1, pp. 103-
119. DOI: 10.1016/0043-1648(78)90141-2

6. Fyall A.A. Practical Aspects of Rain Erosion of
Aircraft and Missiles. Philosophical Transactions of the
Royal Society of London. Series A, Mathematical and
Physical Sciences, 1966, vol. 260, no. 1110, pp. 161-
167. URL: https://www.jstor.org/stable/73547

7. Field J.E., Hand R.J., Pickles C.J. Strength and Rain
Erosion Studies of I.R. Materials, Window and Dome
Technologies and Materials, 1989, vol. 1112, pp. 306-
315. DOI: 10.1117/12.960789

8. Wang Z.Y., Wang Y.Q., Du X.X., et al. Mechanical
behavior and engineering application of PMMA, The
National Symposium on Structural Engineering, 2015
(in Chinese).

9. Deng X.Q., Li Z.Q., Zhao L.M. et al. A review on
mechanical behaviour of PMMA. Mechanics in
Engineering, 2014, vol. 36, no. 5, pp. 540-550 (in
Chinese).

10. Guo W.G., Shi F.F. Deformation and failure behavior
of MDYB-3 oriented PMMA glass under different
loading conditions. Acta Aeronautica et Astronautica
Sinica, 2008, vol. 29, no. 06, pp. 112-120 (in Chinese).

11. Qin R.X., OuY.C., Zhang B.J.  et al. The contrast of
competitive properties between YB-3 and DYB-3
aviation sheet. China building materials science &
technology, 2011, vol. 01, pp. 29-31 (in Chinese).

12. Zhang Z.L. Design theory and application for
transparency of aircraft canopy and windshield,
Nanjing University of Aeronautics and Astronautics, 2005
(in Chinese).

13. Field J.E. ELSI conference: invited lecture: Liquid
impact: theory, experiment, applications. Wear, 1999,

vol. 233–235, pp. 1-12. DOI: 10.1016/S0043-
1648(99)00189-1

14. Adler W.F., Boland P.L. Multiparticle supersonic
impact test program. 34th Annual International
Technical Symposium on Optical and Optoelectronic
Applied Science and Engineering (1990, San Diego, CA,
USA), 1990, vol. 1326, pp. 268-279.

15. Tobin E.F., Young T.M., Raps D., Rohr O.
Comparison of liquid impingement results from
whirling arm and waterjet rain erosion test facilities.
Wear, 2011, vol. 271, no. 9-10, pp. 2625-2631. DOI:
10.1016/j.wear.2011.02.023

16. Adler W.F. Rain impact retrospective and vision for
the future. Wear, 1999, vol. 233–235, pp. 25-38. DOI:
10.1016/S0043-1648(99)00191-X

17. Obara T., Bourne N.K., Field J.E. Liquid-jet impact
on liquid and solid surfaces. Wear, 1995, vol. 186–187,
part 2, pp. 388-394. DOI: 10.1016/0043-
1648(95)07187-3

18. Bowden F.P., Brunton J.H. The Deformation of Solids
by Liquid Impact at Supersonic Speeds. Proceedings
of the Royal Society of London. Series A, Mathematical
and Physical Sciences, 1961, vol. 263, no. 1315,
pp. 433-450. URL: https://www.jstor.org/stable/
2414324

19. Bourne N.K., Obara T., Field J.E. High-speed
photography and stress gauge studies of jet impact
upon surfaces. Philosophical Transactions of the Royal
Society A. Mathematical, Physical and Engineering
Sciences, 1997, vol. 355, no. 1724, pp. 607-623. DOI:
10.1098/rsta.1997.0028

20. Shi H.H., Field J.E. Stress wave propagation in solid
material under high velocity liquid impingement.
Scientia Sinica Physica Mechanica Astronomica, 2004,
vol. 34, no. 5, pp. 577-590 (in Chinese).

21. Bowden F.P., Field J.E. The brittle fracture of solids
by liquid impact, by solid impact, and by shock.
Proceedings of the Royal Society A. Mathematical,
Physical and Engineering Sciences, 1964, vol. 282,
no. 1390, pp. 331–352. DOI: 10.1098/rspa.1964.0236

22. Grinspan A.S., Gnanamoorthy R. Impact force of low
velocity liquid droplets measured using piezoelectric
PVDF film. Colloids & Surfaces A: Physicochemical &
Engineering Aspects, 2010, vol. 356, no. 1-3, pp. 162-
168. DOI: 10.1016/j.colsurfa.2010.01.005

23. Lesser M.B., Field J.E. The Impact of Compressible
Liquids. Annual Review of Fluid Mechanics, 1983,
vol. 15, pp. 97-122. DOI: 10.1146/annurev.fl.15.
010183.000525

24. Heymann F.J. On the Shock Wave Velocity and
Impact Pressure in High-Speed Liquid-Solid Impact.
Journal of Fluids Engineering, 1968, vol. 90, no. 3,
pp. 400-402. DOI: 10.1115/1.3605114



Ì. Øà, È. Ñóíü M. Sha,  Y. Sun

76Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 3 Aerospace MAI Journal, vol. 29, no. 3

25. Lu Y., Huang F., Liu X., Ao X. On the failure pattern
of sandstone impacted by high-velocity water jet.
International Journal of Impact Engineering, 2015,
vol. 76, no. 2, pp. 67-74. DOI: 10.1016/j.ijimpeng.
2014.09.008

26. Meng Y., Yi W.J. Design and calibration of PVDF
stress gauge and its application in the impact test of
concrete. Journal of Hunan University (Natural
sciences), 2009, vol. 36, no. 12, pp. 1-5 (in Chinese).

27. Chen J. Analysis and improvement of test method for
laminar shearing strength of stretched acrylic. Journal
of Gansu Lianhe University (Natural Sciences), 2009,
vol. 23, no. 6, pp. 29-33 (in Chinese).

28. Fan J.J., Zhang W.F., Chen X.W. Investigation of
tensile fracture behavior of directional PMMA. Journal
of Aeronautical Materials, 2006, vol. 26, no. 5, pp. 106-
108 (in Chinese).

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 29.06.2022; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 13.07.2022; ïðèíÿòà
ê ïóáëèêàöèè 17.07.2022.

The article was submitted on 29.06.2022; approved after reviewing on 13.07.2022; accepted for publication
on 17.07.2022.

29. Gujba A.K., Hackel L., Kevorkov D., Medraj M.
Water droplet erosion behaviour of Ti–6Al–4V and
mechanisms of material damage at the early and
advanced stages. Wear, 2016, vol. 358-359, pp. 109-
122. DOI: 10.1016/j.wear.2016.04.008

30. Wang Y.C., Chen Y.W. Application of piezoelectric
PVDF film to the measurement of impulsive forces
generated by cavitation bubble collapse near a solid
boundary. Experimental Thermal & Fluid Science,
2008, vol. 32, no. 2, pp. 403-414. DOI: 10.1016/
j.expthermflusci.2007.05.003

31. Zhang R., Zhang B., Lv Q. et al. Effects of droplet
shape on impact force of low-speed droplets colliding
with solid surface. Experiments in Fluids, 2019, vol. 60,
no. 64.DOI: 10.1007/s00348-019-2712-7


