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1. Ââåäåíèå

Ïðè ðàçðàáîòêå è èñïîëüçîâàíèè ñîâðåìåííûõ
ìîùíûõ òâåðäîòåëüíûõ ëàçåðíûõ ñèñòåì îäíèìè
èç íàèáîëåå øèðîêî èñïîëüçóåìûõ ÿâëÿþòñÿ êðè-
ñòàëëû LiYF4:Nd3+ [1–3]. Îíè îáëàäàþò ýôôåêòèâ-
íûìè ñïåêòðàëüíî-ëþìèíåñöåíòíûìè ñâîéñòâàìè,
â ÷àñòíîñòè, äîñòàòî÷íî áîëüøèì ïîïåðå÷íûì ñå-
÷åíèåì ñòèìóëèðîâàííîãî èçëó÷åíèÿ, âðåìåíåì
æèçíè ìåòàñòàáèëüíîãî óðîâíÿ è óçêîé ïîëóøèðè-
íîé ëèíèè ëþìèíåñöåíöèè, ÷òî â ñî÷åòàíèè ñ èõ
âûñîêîé òåïëîïðîâîäíîñòüþ îáåñïå÷èâàåò ïîëó÷å-
íèå ìîùíîãî ëàçåðíîãî èçëó÷åíèÿ. Îäíàêî ýòè êðè-
ñòàëëû (òàêæå êàê è êðèñòàëëû äðóãèõ ôòîðèäîâ)
îáëàäàþò ñðàâíèòåëüíî íèçêîé ìåõàíè÷åñêîé ïðî÷-
íîñòü è òåðìîñòîéêîñòüþ, ïîýòîìó çàäà÷à óëó÷øå-
íèÿ ýòèõ õàðàêòåðèñòèê ÿâëÿåòñÿ àêòóàëüíîé è çíà-
÷èìîé äëÿ ñîâðåìåííîé òåõíèêè ìîùíûõ òâåðäî-
òåëüíûõ ëàçåðîâ.

Èçâåñòíî, ÷òî îäíèì èç ýôôåêòèâíûõ ñïîñîáîâ
óâåëè÷åíèÿ ìåõàíè÷åñêîé è òåðìè÷åñêîé ïðî÷íî-
ñòè êðèñòàëëîâ è ñòåêîë ÿâëÿåòñÿ ìåòîä õèìè÷å-
ñêîãî òðàâëåíèÿ ïîâåðõíîñòè [4–8]. Ñóùíîñòü
ìåòîäà ñâîäèòñÿ ê óìåíüøåíèþ ïóòåì ñòðàâëèâà-
íèÿ êîëè÷åñòâà è ãëóáèíû ìèêðîòðåùèí â ïðèïî-
âåðõíîñòíîì ñëîå êîíå÷íîé òîëùèíû, âîçíèêàþùèõ
â ïðîöåññå îïòè÷åñêîé îáðàáîòêè ìàòåðèàëà. Òàêàÿ
òåõíîëîãèÿ íå òîëüêî óáèðàåò ìèêðîòðåùèíû, ÿâ-
ëÿþùèåñÿ çàðîäûøàìè äëÿ äàëüíåéøåãî ðàñòðåñ-
êèâàíèÿ ìàòåðèàëà â ïðîöåññå åãî ýêñïëóàòàöèè, íî
è óìåíüøàåò ëîêàëüíûå íàïðÿæåíèÿ â ïîâåðõíîñò-
íîì ñëîå îïòè÷åñêîãî ýëåìåíòà, ÷òî ïðèâîäèò ê îá-
ùåìó ïîâûøåíèþ åãî îïòè÷åñêîé îäíîðîäíîñòè.
Òîëùèíà ñòðàâëèâàåìîãî ñëîÿ ðåãóëèðóåòñÿ âûáî-
ðîì ñîñòàâà õèìè÷åñêîãî òðàâèëüíîãî àãåíòà, âðå-
ìåíåì è òåìïåðàòóðîé ïðîâåäåíèÿ ïðîöåññà òðàâ-

ëåíèÿ. Öåëü íàñòîÿùåé ðàáîòû çàêëþ÷àëàñü â èñ-
ñëåäîâàíèè êèíåòèêè òðàâëåíèÿ è èçìåíåíèÿ ñîñòî-
ÿíèÿ ïîâåðõíîñòè ëàçåðíîãî ôòîðèäíîãî êðèñòàë-
ëà LiYF4:Nd3+ â çàâèñèìîñòè îò òåìïåðàòóðû è êîí-
öåíòðàöèè òðàâèòåëÿ.

2. Òåõíîëîãè÷åñêàÿ ÷àñòü

2.1. Îáðàçöû

Äëÿ ýêñïåðèìåíòîâ èñïîëüçîâàëèñü ïðÿìîóãîëü-
íûå îáðàçöû êðèñòàëëà LiYF4:Nd3+, îðèåíòèðîâàí-
íûå ïî ãëàâíûì êðèñòàëëîãðàôè÷åñêèì îñÿì a, b
è c. Äëÿ òåòðàãîíàëüíîãî êðèñòàëëà LiYF4:Nd3+ (ïðî-
ñòðàíñòâåííàÿ ãðóïïà C6

4h) ýòè îñè ñîâïàäàþò ñ ãëàâ-
íûìè îñÿìè îïòè÷åñêîé èíäèêàòðèñû. Ëèíåéíûå
ðàçìåðû îáðàçöîâ ïî íàïðàâëåíèÿì a, c è b ñîîò-
âåòñòâåííî ñîñòàâëÿëè 9, 5 è 6 ìì, ò. å. ñàìàÿ äëèí-
íàÿ ñòîðîíà ïàðàëëåëåïèïåäà â îáðàçöàõ áûëà îðè-
åíòèðîâàíà ïåðïåíäèêóëÿðíî îïòè÷åñêîé îñè êðè-
ñòàëëà. Ãåîìåòðè÷åñêèå ðàçìåðû êàæäîãî îáðàçöà
èçìåðÿëè äî è ïîñëå õèìè÷åñêîãî òðàâëåíèÿ ìèê-
ðîìåòðîì (èíñòðóìåíòàëüíàÿ ïîãðåøíîñòü èçìå-
ðåíèÿ ± 0,01 ìì). Èçìåðåíèå âåñà ïðîâîäèëîñü íà
àíàëèòè÷åñêèõ âåñàõ Ohaus (òî÷íîñòü âçâåøèâàíèÿ
± 0,0001 ã).

Êðèñòàëëû, èç êîòîðûõ èçãîòàâëèâàëèñü îáðàç-
öû, áûëè âûðàùåíû ìåòîäîì Áðèäæìàíà–Ñòîêáàð-
ãåðà. Îáðàçöû êðèñòàëëîâ ïðîøëè îáû÷íóþ øëè-
ôîâêó è ïîëèðîâêó.

2.2. Õèìè÷åñêîå òðàâëåíèå

Ïðîöåññ õèìè÷åñêîãî òðàâëåíèÿ îáðàçöîâ ëàçåð-
íîãî êðèñòàëëà LiYF4:Nd3+ ïðîâîäèëñÿ â ðàñòâîðàõ
HNO3 ñ êîíöåíòðàöèÿìè 0,1N, 2N, 4N è 6N. Êèíå-

ÓÄÊ 54.544.032; 535.012.2; 535.016
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òèêà òðàâëåíèÿ èññëåäîâàëàñü äëÿ ñëåäóþùèõ òåì-
ïåðàòóð: T1 = 70, T2 = 50 è T3 = (20–25) °C (êîìíàò-
íàÿ òåìïåðàòóðà).

Àíàëèç ðåçóëüòàòîâ õèìè÷åñêîãî òðàâëåíèÿ ïî-
âåðõíîñòè îáðàçöîâ êðèñòàëëîâ LiYF4:Nd3+ îñóùå-
ñòâëÿëñÿ âèçóàëüíî ñ ïîìîùüþ ïîëÿðèçàöèîííîãî
ìèêðîñêîïà Leica-DM, îñíàùåííîãî öèôðîâîé CCD
êàìåðîé, ïîäêëþ÷åííîé ê êîìïüþòåðó, ñ èñïîëüçî-
âàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ ìèêðîñêîïà
Leica-QWin. Ïîâåðõíîñòè êðèñòàëëà â ñîîòâåòñòâèè
ñ òðåìÿ îñÿìè a, b è c äëÿ êàæäîãî îáðàçöà ôîòî-
ãðàôèðîâàëèñü ïðè óâåëè÷åíèè 10× è 40× êàê ïåðåä
õèìè÷åñêèì òðàâëåíèåì, òàê è â ïðîöåññå ýêñïåðè-
ìåíòà äëÿ ïîñëåäóþùåãî àíàëèçà èçìåíåíèÿ ñîñòî-
ÿíèÿ ïîâåðõíîñòè.

3. Ðåçóëüòàòû è îáñóæäåíèå

Â íàñòîÿùåé ðàáîòå áûëî ïðîâåäåíî îïðåäåëå-
íèå çàâèñèìîñòè òîëùèíû ñòðàâëåííîãî ñëîÿ êðèñ-
òàëëà ïî òðåì íàïðàâëåíèÿì a, b è c îò âðåìåíè òðàâ-
ëåíèÿ â ðàñòâîðàõ àçîòíîé êèñëîòû äëÿ êîíöåíòðà-
öèé ðàñòâîðîâ 0,1N, 2N, 4N, 6N. Äëÿ êîíöåíòðàöèè
4N ýêñïåðèìåíòû ïðîâîäèëèñü ïðè òðåõ òåìïåðà-
òóðàõ ðàñòâîðîâ 25, 50 è 70 °Ñ. Ïî ïîëó÷åííûì ãðà-
ôèêàì çàâèñèìîñòåé â ëèíåéíîì ïðèáëèæåíèè áûëè
âû÷èñëåíû ñêîðîñòè ïðîöåññà òðàâëåíèÿ (Vb è Vc –
ñêîðîñòè òðàâëåíèÿ ïî íàïðàâëåíèÿì b è c ñîîò-
âåòñòâåííî).

Íà ðèñ. 1 ïîêàçàíî ïðîÿâëåíèå àíèçîòðîïèè
ïðîöåññà òðàâëåíèÿ. Â ðåçóëüòàòå òðàâëåíèÿ ïî-
ïåðå÷íîå ñå÷åíèå îáðàçöà èç èçíà÷àëüíî êâàäðàò-
íîãî ïðåîáðàçîâûâàëîñü â ïðÿìîóãîëüíîå. Àíèçîò-
ðîïèþ òðàâëåíèÿ êðèñòàëëîâ LiYF4:Nd3+ îñîáåííî
íåîáõîäèìî ó÷èòûâàòü ïðè òðàâëåíèè àêòèâíûõ
ëàçåðíûõ ýëåìåíòîâ, èìåþùèõ öèëèíäðè÷åñêóþ
ôîðìó. Â ýòîì ñëó÷àå êðóãëîå ñå÷åíèå öèëèíä-
ðè÷åñêîãî ñòåðæíÿ ïðåîáðàçîâûâàåòñÿ â ýëëèï-
òè÷åñêîå.

Ðåçóëüòàòû òðàâëåíèÿ â 4N-ðàñòâîðå àçîòíîé
êèñëîòû ïðè Ò = 70 °Ñ ïðèâåäåíû íà ðèñ. 2. Ñëåäó-
åò çàìåòèòü, ÷òî õîòÿ êèíåòè÷åñêèå êðèâûå òðàâëå-
íèÿ âäîëü êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé
a è b ðàçëè÷àþòñÿ ìåæäó ñîáîé, íî ðàçíèöà íå ïðå-
âîñõîäèò èíñòðóìåíòàëüíîé ïîãðåøíîñòè èçìåðå-
íèé, ÷òî áûëî âïîëíå ïðåäñêàçóåìî â ñèëó òåòðà-
ãîíàëüíîé ñèììåòðèè ýòîãî êðèñòàëëà. Ïîýòîìó
äàëåå ìû áóäåì ïðèâîäèòü äàííûå òîëüêî äëÿ êðè-
ñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé b è c.

Áûëî óñòàíîâëåíî, ÷òî çàâèñèìîñòü ñêîðîñòè
òðàâëåíèÿ êðèñòàëëîâ LiYF4:Nd3+ îò êîíöåíòðàöèè
ðàñòâîðîâ àçîòíîé êèñëîòû íîñèò íåìîíîòîííûé
õàðàêòåð (ðèñ. 3). Ïðè èçìåíåíèè êîíöåíòðàöèè îò
0,1N äî 4N ñêîðîñòü òðàâëåíèÿ ïî âñåì íàïðàâëå-
íèÿì âîçðàñòàåò. Íàèáîëüøàÿ ñêîðîñòü òðàâëåíèÿ
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Ðèñ. 1. Èçìåíåíèå ãåîìåòðèè îáðàçöà ïîñëå òðàâ-
ëåíèÿ. Ñõåìà äåìîíñòðèðóåò ðàçëè÷èå â ñêîðîñ-
òÿõ òðàâëåíèÿ ïî íàïðàâëåíèÿì b è c (Vb > Vc).

Ðèñ. 3. Çàâèñèìîñòè ñêîðîñòè òðàâëåíèÿ ïî êðèñ-
òàëëîãðàôè÷åñêèì íàïðàâëåíèÿì b è c îò êîíöåí-
òðàöèè HNO3 ïðè T = 70 °C.

Ðèñ. 2. Çàâèñèìîñòè òîëùèíû ñòðàâëåííîãî ñëîÿ
ïî íàïðàâëåíèÿì a, b è c îò âðåìåíè òðàâëåíèÿ ïðè
T = 70 °C â 4N-ðàñòâîðå HNO3.
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íàáëþäàëàñü ïðè êîíöåíòðàöèè àçîòíîé êèñëîòû 4N
äëÿ íàïðàâëåíèÿ âäîëü êðèñòàëëîãðàôè÷åñêîé
îñè b è ñîñòàâëÿëà 3×10–4 ìì/ìèí. Äàëüíåéøåå
óâåëè÷åíèå êîíöåíòðàöèè ïðàêòè÷åñêè íå èçìåíÿ-
ëî ñêîðîñòè ïðîöåññà, òàê êàê, ïî-âèäèìîìó, íå
ïðèâîäèëî ê äàëüíåéøåìó óâåëè÷åíèþ àêòèâíîñòè
ðàñòâîðà àçîòíîé êèñëîòû. Ïðè ýòîì îòíîøåíèå
ñêîðîñòåé òðàâëåíèÿ âäîëü êðèñòàëëîãðàôè÷å-
ñêèõ íàïðàâëåíèé b è c (Vb/Vñ) òàêæå èçìåíÿëîñü ñ
èçìåíåíèåì êîíöåíòðàöèè êèñëîòû è äîñòèãàëî
ñâîåãî ìàêñèìàëüíîãî çíà÷åíèÿ ïðè êîíöåíòðà-
öèè 4N, ñîñòàâëÿÿ 2,45, è ìèíèìàëüíîãî 1,55 ïðè
0,1N (ðèñ. 4).

Íà ðèñ. 5 ïðåäñòàâëåíà çàâèñèìîñòü îòíîøåíèÿ
ñêîðîñòåé òðàâëåíèÿ âäîëü êðèñòàëëîãðàôè÷åñêèõ
íàïðàâëåíèé b è c (Vb/Vñ) îò òåìïåðàòóðû ïðè îäè-
íàêîâîé êîíöåíòðàöèè ðàñòâîðà àçîòíîé êèñëîòû
(4N). Èç ãðàôèêà âèäíî, ÷òî çíà÷åíèå îòíîøåíèÿ
ñêîðîñòåé òðàâëåíèÿ (Vb/Vñ) âîçðàñòàåò â èíòåðâàëå
îò 20 äî 50 °C è ïðàêòè÷åñêè íå èçìåíÿåòñÿ ïðè
äàëüíåéøåì óâåëè÷åíèè òåìïåðàòóðû.

Íà ðèñ. 6 ïðåäñòàâëåíû ìèêðîôîòîãðàôèè ïî-
âåðõíîñòè êðèñòàëëà LiYF4:Nd3+ âäîëü êðèñòàëëî-
ãðàôè÷åñêèõ íàïðàâëåíèé b è c, ñäåëàííûå ïîñëå
òðàâëåíèÿ â çàâèñèìîñòè îò êîíöåíòðàöèè ïðè îäè-
íàêîâîé òåìïåðàòóðå è ãëóáèíå òðàâëåíèÿ. Íàáëþ-
äàëîñü ñóùåñòâåííîå ðàçëè÷èå â êàðòèíàõ òðàâëå-
íèÿ ïî íàïðàâëåíèÿì b è c. Õàðàêòåð êàðòèí òðàâ-
ëåíèÿ ïðè êîíöåíòðàöèÿõ 0,1N, 2N ðåçêî îòëè÷àåòñÿ
îò òàêîâîãî ïðè áîëåå âûñîêèõ êîíöåíòðàöèÿõ, ÷òî
ñâèäåòåëüñòâóåò î ðàçëè÷íûõ ìåõàíèçìàõ òðàâëå-
íèÿ. Êðîìå òîãî, ñëåäóåò îòìåòèòü, ÷òî c óâåëè÷å-
íèåì êîíöåíòðàöèè (4N, 6N) ïðîèñõîäèò óêðóïíå-
íèå ìèêðîðåëüåôà ïîâåðõíîñòè âäîëü êðèñòàëëîãðà-
ôè÷åñêîãî íàïðàâëåíèÿ b, îäíàêî õàðàêòåð êàðòèíû
òðàâëåíèÿ íå èçìåíÿåòñÿ. Âìåñòå ñ òåì àíàëîãè÷-
íîãî óêðóïíåíèÿ ìèêðîðåëüåôà âäîëü êðèñòàëëîãðà-

Ðèñ. 4. Çàâèñèìîñòü îòíîøåíèÿ ñêîðîñòåé òðàâëå-
íèÿ âäîëü êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé b
è c (Vb/Vñ) îò êîíöåíòðàöèè ðàñòâîðà àçîòíîé êèñ-
ëîòû ïðè T = 70 °C.
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Ðèñ. 6. Êàðòèíû ïîñëå òðàâëåíèÿ ïîâåðõíîñòè êðè-
ñòàëëà âäîëü êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé
b è c â ðàñòâîðàõ HNO3 ïðè òîëùèíå ñòðàâëåííîãî
ñëîÿ ≈ 50 ìêì âäîëü êðèñòàëëîãðàôè÷åñêîãî íàïðàâ-
ëåíèÿ b. Êîíöåíòðàöèè êèñëîòû (â ãðàìì-ýêâè-
âàëåíòàõ íà ëèòð) óêàçàíû ïîä èçîáðàæåíèÿìè.
T = 70 °C. Óâåëè÷åíèå 40 êðàò. Õàðàêòåð òðàâëåíèÿ
âäîëü êðèñòàëëîãðàôè÷åñêîãî íàïðàâëåíèÿ à ïîäî-
áåí õàðàêòåðó òðàâëåíèÿ âäîëü íàïðàâëåíèÿ b.

Ðèñ. 5. Çàâèñèìîñòü îòíîøåíèÿ ñêîðîñòåé òðàâëå-
íèÿ âäîëü êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé b
è c (Vb/Vñ) îò òåìïåðàòóðû ïðè îäèíàêîâîé êîíöåí-
òðàöèè ðàñòâîðà àçîòíîé êèñëîòû (4N).
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ôè÷åñêîãî íàïðàâëåíèÿ c ïðè óâåëè÷åíèè êîíöåíò-
ðàöèè íå íàáëþäàåòñÿ.

4. Çàêëþ÷åíèå

Èññëåäîâàíà êèíåòèêà òðàâëåíèÿ êðèñòàëëà
LiYF4:Nd3+ â ðàñòâîðàõ HNO3 ïðè ðàçëè÷íûõ êîí-
öåíòðàöèÿõ è òåìïåðàòóðàõ. Îáíàðóæåíî, ÷òî ñêî-
ðîñòè òðàâëåíèÿ âäîëü òðåõ ãëàâíûõ êðèñòàëëîãðà-
ôè÷åñêèõ îñåé êðèñòàëëà a, b è c ðàçëè÷íû è ñî-
ñòàâëÿþò ñîîòâåòñòâåííî äëÿ êîíöåíòðàöèè 4N è
T = 70 °C: 2,7×10–5, 2,9×10–5 è 1,21×10–5 ìì/ìèí.
Àíèçîòðîïèÿ ñêîðîñòåé òðàâëåíèÿ âäîëü ðàçíûõ
êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé ïðè òðàâëåíèè
öèëèíäðè÷åñêèõ ëàçåðíûõ ýëåìåíòîâ êðèñòàëëà
LiYF4:Nd3+ â ðàñòâîðàõ àçîòíîé êèñëîòû ïðèâîäèò
ê íàðóøåíèþ èñõîäíîãî êðóãîâîãî ñå÷åíèÿ è îáðà-
çîâàíèþ ýëëèïòè÷íîñòè àêòèâíîãî ýëåìåíòà. Äàí-
íîå èññëåäîâàíèå ïîêàçàëî, ÷òî äëÿ ìèíèìèçà-
öèè ýëëèïòè÷íîñòè êðèñòàëëîâ LiYF4:Nd3+ òðàâëå-
íèå ñëåäóåò ïðîâîäèòü â ðàçáàâëåííûõ ðàñòâîðàõ
ïðè òåìïåðàòóðàõ, áëèçêèõ ê êîìíàòíîé (< 50 °C).
Êðîìå òîãî, ïîìèìî ðàçëè÷èé â êèíåòèêå òðàâëå-
íèÿ îáíàðóæåí òàêæå ðàçíûé õàðàêòåð êàðòèíû
òðàâëåíèÿ âäîëü êðèñòàëëîãðàôè÷åñêèõ íàïðàâëå-
íèé b è c. Â ÷àñòíîñòè, ïðè òðàâëåíèè êðèñòàëëà
âäîëü îñè b ýòî ïðîÿâëÿåòñÿ â óêðóïíåíèè ìèêðî-
ðåëüåôà, â òî âðåìÿ êàê ïðè òðàâëåíèè êðèñòàëëà
âäîëü îñè c õàðàêòåð êàðòèíû òðàâëåíèÿ ïðàêòè÷åñ-
êè íå ìåíÿåòñÿ. Ïîëó÷åííûå äàííûå ïîçâîëÿþò îï-
òèìèçèðîâàòü òåõíîëîãè÷åñêèé ïðîöåññ òðàâëåíèÿ

äëÿ óëó÷øåíèÿ òåðìîñòîéêîñòè è ìåõàíè÷åñêèõ õà-
ðàêòåðèñòèê êðèñòàëëîâ LiYF4:Nd3+.

Ðàáîòà âûïîëíåíà â ðàìêàõ ðåàëèçàöèè èííîâà-
öèîííîãî îáðàçîâàòåëüíîãî ïðîåêòà “Èííîâàöèîí-
íàÿ ñèñòåìà ïîäãîòîâêè ñïåöèàëèñòîâ íîâîãî ïîêî-
ëåíèÿ â îáëàñòè èíôîðìàöèîííûõ è îïòè÷åñêèõ
òåõíîëîãèé” â Ñàíêò-Ïåòåðáóðãñêîì ãîñóäàðñòâåí-
íîì óíèâåðñèòåòå èíôîðìàöèîííûõ òåõíîëîãèé,
ìåõàíèêè è îïòèêè.

ËÈÒÅÐÀÒÓÐÀ

11. Stoneman R.S., Lynn J.G., Esterowitz L. Direct upper-state
pumping of the 2,8 μm Er3+:YLF laser // IEEE J. of Quant.
El. 1992. V. 28. P. 1041–1045.

12. Jensen T., Diening A., Huber G., Chai B.H.T. Investigation
of diode-pumped 2,8 μm Er:LiYF4 lasers with various
doping levels // Opt. Lett. 1996. V. 21. P. 585–587.

13. Dergachev A., Moulton P.F. High-power, high-energy
diode-pumped Tm:YLF-Ho:YLF-ZGP laser system // OSA
Trends in Optic and Photonics. 2003. V. 83. Advanced
Solid-state Photonics. P. 137–141.

14. Ïóõ Â.Ï. Ïðî÷íîñòü è ðàçðóøåíèå ñòåêëà. Ë.: Íàóêà,
1973. 155 ñ.

15. Áàðòåíåâ Ã.Ì. Ñòðîåíèå è ìåõàíè÷åñêèå ñâîéñòâà íå-
îðãàíè÷åñêèõ ñòåêîë. Ì.: Ñòðîéèçäàò, 1966. 216 ñ.

16. Âèòìàí Ô.Ô., Áåðøòåéí Â.À., Ïóõ Â.Ï. // Ïðî÷íîñòü
ñòåêëà. Ì.: Ìèð, 1969. Ñ. 7–30.

17. Proctor B. // Phys. Chem. Glass. 1962. V. 3. ¹ 1. P. 7–27.

18. Dietzel A. // Glastechn. Ber. 1981. Bd. 54. ¹ 3. P. 49–51.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


