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Êîìïîçèö³éí³ ìàòåð³àëè, îäåðæàí³ çà òåõíîëîã³ÿìè ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð,
º ïåðñïåêòèâíèìè äëÿ ï³äâîäíî¿ òåõí³êè. Âèñîê³ ïîêàçíèêè ã³äðîñòàòè÷íî¿ ì³öíîñò³
ó ïîºäíàíí³ ç òåïëî- ³ çâóêî³çîëÿö³éíèìè âëàñòèâîñòÿìè çóìîâëåí³ çáåð³ãàííÿì
ì³êðîñôåðàìè ôîðìè, ìàêñèìàëüíî íàáëèæåíî¿ äî ñôåðè÷íî¿. Çàïðîïîíîâàíî
êîìï’þòåðíó ìîäåëü ðîçïîä³ëó òåìïåðàòóð, â îñíîâó ðîçðîáêè ÿêî¿ ïîêëàäåíî ô³çè-
êî-õ³ì³÷í³ óÿâëåííÿ ïðî ïðîöåñè ñòðóêòóðîóòâîðåííÿ ñêëîêîìïîçèò³â ñï³êàííÿ
ñêëÿíèõ ì³êðîñôåð íàòð³éáîðñèë³êàòíîãî ñêëàäó òà îáðîáëåííÿ åêñïåðèìåíòàëü-
íèõ ðåçóëüòàò³â âèì³ðþâàíü òåìïåðàòóð. Ìåòîäîëîã³ÿ ìîäåëþâàííÿ ´ðóíòóºòüñÿ
íà ïðèíöèïàõ äåêîìïîçèö³¿ çàäà÷³ äîñë³äíèêîì ³ ðàíæóâàííÿ òåìïåðàòóðíî-÷àñî-
âèõ ïàðàìåòð³â; çà ôóíêö³îíàëüíèé êðèòåð³é ïðèéíÿòî ñï³ââ³äíîøåííÿ ã³äðîñòà-
òè÷íî¿ ì³öíîñò³ äî ù³ëüíîñò³ çðàçê³â; ïðîãðàìíèé çàñòîñóíîê íàïèñàíî ìîâîþ
Python. Äëÿ ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð çàñòîñîâàíî åêñïåðèìåíòàëüíó óñòàíîâ-
êó ç ìîæëèâ³ñòþ âèêîíàííÿ äîñë³äæåíü òåìïåðàòóðíèõ ïîë³â ³ òåðìîäåôîðìàö³é-
íèõ ïðîöåñ³â â óìîâàõ ðåàëüíîãî ÷àñó; êîåô³ö³ºíòè òåìïåðàòóðîïðîâ³äíîñò³ ñï³êàííÿ
âèçíà÷åíî ìåòîäîì ðåãóëÿðíîãî ðåæèìó. Îòðèìàí³ ðåçóëüòàòè ñïðÿìîâàí³ íà âè-
ð³øåííÿ âàæëèâî¿ íàóêîâî-ïðàêòè÷íî¿ ïðîáëåìè ðîçâèòêó òåõíîëîã³é âèãîòîâëåí-
íÿ ñêëîêîìïîçèò³â ñòðàòåã³÷íîãî ïðèçíà÷åííÿ.
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Âñòóï
Ãîëîâíîþ ìåòîþ òåõíîëîã³é ñòâîðåííÿ

ñó÷àñíèõ êîìïîçèö³éíèõ ìàòåð³àë³â äëÿ ñóäíîáó-
äóâàííÿ, ï³äâîäíî¿ òåõí³êè, àâ³à- òà ðàêåòîáóäó-
âàííÿ º ôîðìóâàííÿ âóçüêîñïåö³àëüíèõ âëàñòè-
âîñòåé, òàêèõ, ÿê ã³äðîñòàòè÷íà ì³öí³ñòü, ðà-
ä³àö³éíà ñò³éê³ñòü, äåìïôåðóâàëüíà çäàòí³ñòü,
òåðìîñò³éê³ñòü, ùå ðåàë³çóºòüñÿ øëÿõîì ââåäåííÿ
äî ¿õ ñêëàäó ñêëÿíèõ ì³êðîñôåð – çàìêíåíèõ òîí-
êîñò³ííèõ (0,5–2,0 ìêì) ñôåðè÷íèõ îáîëîíîê
äèñïåðñí³ñòþ 10–150 ìêì [1]. Ôàõ³âö³ ô³ðì
«Dupont» ³ «Ceno Technologies» (ÑØÀ); «Fuyi»,
«Toshiba», «Carasu K.K.» ³ «Hata Hisao K.K.» (ßïî-
í³ÿ); «Mineralien–Werke» ³ «Ilmenau» (Í³ìå÷÷èíà)
ïîñò³éíî ïðàöþþòü íàä óäîñêîíàëåííÿì ¿õ
âëàñòèâîñòåé òà ðîçðîáêîþ íîâèõ ñêëàä³â.

Ô³çèêî-õ³ì³÷í³ îñíîâè á³ëüøîñò³ òåõíîëîã³é

îäåðæàííÿ êîìïîçèö³éíèõ ìàòåð³àë³â ³ ïîêðèòò³â
´ðóíòóþòüñÿ íà íèçüêîòåìïåðàòóðíîìó ïðèãîòó-
âàíí³ êîëî¿äíèõ ðîç÷èí³â ç ð³âíîì³ðíèì ïåðåì³øó-
âàííÿì íåîðãàí³÷íèõ ì³êðîñôåð ç³ ñïîëó÷íèêàìè
àì³ííîãî òèïó, ñèíòåòè÷íèì ëàòåêñîì, àêðèëîâè-
ìè ñóñïåíç³ÿìè òîùî, ÿê³ çàáåçïå÷óþòü îä-
íîð³äí³ñòü ñêëàäó, ïåâíó ù³ëüí³ñòü ³ ï³äâèùåííÿ
ì³öíîñò³ ç÷åïëåííÿ ç ïîâåðõíåþ [2]. ×åðåç
äåñòðóêö³éí³ ïðîöåñè òà ïëèíí³ñòü ó ì³æôàçí³é
ä³ëÿíö³ ïîë³ìåð–íàïîâíþâà÷ ¿õ âèêîðèñòàííÿ íå-
ìîæëèâå â óìîâàõ ï³äâèùåíèõ òåìïåðàòóð ³  òåï-
ëîâèõ åôåêò³â. Çàñòîñóâàííÿ âèñîêîòåìïåðàòóð-
íèõ òåõíîëîã³é, çîêðåìà ñï³êàííÿ, íàäàþòü çìîãè
ç’ºäíóâàòè ì³æ ñîáîþ ñêëÿí³ ì³êðîñôåðè áåç
çàñòîñóâàííÿ ïîë³ìåðíèõ ñïîëó÷íèê³â [3]. Ö³ ìà-
òåð³àëè îòðèìàëè íàçâó «ñèíòàêòè÷íå ï³íîñêëî» ³
ïîºäíóþòü ó ñîá³ âèñîê³ àêóñòè÷í³ âëàñòèâîñò³ ³
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ã³äðîñòàòè÷íó ì³öí³ñòü, ùî âèð³øóº áàãàòî
êîíñòðóêö³éíèõ ïèòàíü ç ïðîºêòóâàííÿ ï³äâîä-
íèõ òåõí³÷íèõ çàñîá³â. Ôîðìóâàííÿ êîìïëåêñó
ö³ííèõ âëàñòèâîñòåé îáóìîâëåíî îñîáëèâîñòÿìè
ñòðóêòóðè, ãîëîâíèìè óìîâàìè ôîðìóâàííÿ ÿêî¿
º çáåð³ãàííÿ ôîðìè ñêëÿíèõ ÷àñòèíîê, ìàêñèìàëü-
íî íàáëèæåíî¿ äî ñôåðè÷íî¿. Òàêèì ÷èíîì, àê-
òóàëüíèì ïèòàííÿì äëÿ ïîäàëüøîãî ðîçâèòêó
òåõíîëîã³¿ º äîñë³äæåííÿ âïëèâó òåìïåðàòóðíèõ
÷èííèê³â íà ïðîöåñè ñòðóêòóðîóòâîðåííÿ ïðîòÿ-
ãîì ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð, ùî ñàìå é çó-
ìîâëþº ôîðìóâàííÿ åêñïëóàòàö³éíèõ âëàñòèâî-
ñòåé ñêëîêîìïîçèòó.

Ìåòîþ ðîáîòè º äîñë³äæåííÿ òà ìîäåëþâàí-
íÿ ðîçïîä³ëó òåìïåðàòóð  â ïðîöåñ³ ñï³êàííÿ ñêëÿ-
íèõ ì³êðîñôåð çà óìîâàìè êîíòðîëÿ ñòðóêòóðè.

Ìåòîäèêà åêñïåðèìåíòó
Ìàòåð³àëè
Åêñïåðèìåíòàëüí³ äîñë³äæåííÿ çä³éñíåí³ íà

ñêëÿíèõ ì³êðîñôåðàõ íàòð³éáîðñèë³êàòíîãî ñêëà-
äó, ðîçì³ð ñêëÿíèõ ì³êðîñôåð êîëèâàºòüñÿ â³ä 20
äî 100 ìêì (òàáë. 1) ô³ðìè «3ÌÑî» (INTA 3M,
îô³ö³éíèé äèñòðèá’þòîð êîìïàí³¿ «3Ì» â Óêðà¿í³).

Òåõíîëîã³÷íèé öèêë îäåðæàííÿ ìàòåð³àëó
Òåõíîëîã³÷íèé öèêë îäåðæàííÿ ìàòåð³àëó

âêëþ÷àº ï³äãîòîâêó ì³êðîñôåð (äîçóâàííÿ, çâà-
æóâàííÿ); ¿õ çàñèïàííÿ ó ôîðìó (ãðàô³òîâó, ñòà-
ëåâó, êîðóíäîâó); â³áðîóòðóøóâàííÿ ç ìåòîþ
ù³ëüíîãî óãðóïóâàííÿ ÷àñòèíîê ð³çíî¿ äèñ-
ïåðñíîñò³; ïîñòóïîâèé ï³äéîì òåìïåðàòóðè ç ïðî-
ãð³âàííÿì çàñèïêè ì³êðîñôåð òà ï³äïðåñóâàííÿì
íåâåëèêèìè òèñêàìè (â³ä 0,2 äî 0,7 ÌÏà); ³çî-
òåðì³÷íå âèòðèìóâàííÿ ïðè òåìïåðàòóðàõ 600–
6500Ñ; çíÿòòÿ íàâàíòàæåííÿ ï³ñëÿ îñòèãàííÿ çðàçê³â
ðàçîì ç ï³÷÷þ.

Êîìï’þòåðíà ìîäåëü
Â îñíîâó ðîçðîáëåííÿ êîìï’þòåðíî¿ ìîäåë³

ïîêëàäåíî ô³çèêî-õ³ì³÷í³ óÿâëåííÿ ïðî ïðîöåñè
ñòðóêòóðîóòâîðåííÿ ñêëîêîìïîçèò³â íà êîæíîìó
ç òåõíîëîã³÷íèõ åòàï³â ñï³êàííÿ ñêëÿíèõ ì³êðî-
ñôåð. Ïðè öüîìó ïðîöåñ ñï³êàííÿ ðîçãëÿäàºòüñÿ
ÿê ñêëàäíà ñèñòåìà ç ôîðìàë³çàö³ºþ êðèòåð³¿â.
Çàïðîïîíîâàíà êîíöåïö³ÿ ´ðóíòóºòüñÿ íà ÷îòè-
ðüîõ îñíîâíèõ ñêëàäîâèõ, à ñàìå: áàíê åêñïåðè-
ìåíòàëüíèõ íàïðàöþâàíü ç òåõíîëîã³÷íèõ ïàðà-
ìåòð³â ³ ðåæèì³â; á³áë³îòåêà ìàòåìàòè÷íèõ ìîäóë³â
(ð³âíÿíü ðåãðåñ³¿ ç ïëàíóâàííÿ åêñïåðèìåíò³â, ðîç-
ðàõóíê³â óñàäî÷íèõ ïðîöåñ³â, ãåîìåòðè÷íèõ

ðîçì³ð³â ïðåñ-ôîðì òîùî); áàíê ì³êðîñòðóêòóð,
ô³çèêî-ìåõàí³÷íèõ ³ åêñïëóàòàö³éíèõ âëàñòèâî-
ñòåé îäåðæàíèõ çðàçê³â ñêëîêîìïîçèò³â.

Äëÿ ïîáóäîâè êîìï’þòåðíî¿ ìîäåë³ âèêîðè-
ñòàíî ìåòîä äåêîìïîçèö³é çàäà÷³ äîñë³äíèêîì [4]
³ ðàíæèðóâàííÿ çàñòîñîâàíî äëÿ âèçíà÷åííÿ ïðî-
áëåìíèõ ïèòàíü òà ï³äòâåðäæåííÿ ïð³îðèòåòíîñò³
òåõíîëîã³÷íèõ ôàêòîð³â, ÿê³ âèçíà÷àþòü ñï³êàííÿ
ñêëÿíèõ ì³êðîñôåð îáðàíîãî ñêëàäó çà óìîâàìè
çáåð³ãàííÿ íèìè ôîðìè, ìàêñèìàëüíî íàáëèæå-
íî¿ äî ñôåðè÷íî¿, ùî ñàìå é âèçíà÷àº ù³ëüí³ñòü ³
ã³äðîñòàòè÷íó ì³öí³ñòü îòðèìàíèõ ñêëîêîìïîçèò³â.
Íà â³äì³íó â³ä â³äîìèõ ìåòîäèê [5] ç ðîçðîáêîþ
³ºðàðõ³÷íèõ çàâ’ÿçê³â ì³æ ôàêòîðàìè â ðîáîò³ ïðî-
ïîíóºòüñÿ çàñòîñîâóâàòè ³íñòðóìåíòàð³¿ êîìï’þ-
òåðíî¿ àëãåáðè [6] ç ÷èñëîâèì îïèñîì ÷åðåç
êîåô³ö³ºíòè íàñòóïíèõ ôàêòîð³â:

– Õ1 – òåìïåðàòóðà ïðîì³æíîãî ïðîãð³âàííÿ
øèõòè ç³ ñêëÿíèõ ì³êðîñôåð, ïðè ÿê³é (350–5000Ñ)
äëÿ ôîðìóâàííÿ ïðèêîíòàêòíî¿ ä³ëÿíêè ïðèêëà-
äàºòüñÿ íåâåëèêèé (0,2–0,7 ÌÏà) òèñê, ÿê³é çáå-
ð³ãàºòüñÿ äî çàê³í÷åííÿ ïðîöåñó ñï³êàííÿ ³
çí³ìàºòüñÿ ëèøå ï³ñëÿ ïîâíîãî îñòèãàííÿ ïå÷³;

– Õ2 – ÷àñ âèõîäó íà ðåæèì ³çîòåðì³÷íîãî
âèòðèìóâàííÿ; â³í çàëåæèòü â³ä òåìïåðàòóðîïðî-
â³äíîñò³ øèõòè ç³ ñêëÿíèõ ì³êðîñôåð ïðè ï³äâè-
ùåíí³ òåìïåðàòóðè;

– Õ3 – òåìïåðàòóðà ³çîòåðì³÷íî¿ âèòðèìêè
(600–6500Ñ), ïðè ÿê³é â³äáóâàºòüñÿ îñòàòî÷íå ôîð-
ìóâàííÿ ïîðèñòîãî êàðêàñà ñêëîêîìïîçèòà.

Çà ôóíêö³îíàëüíèé êðèòåð³é Õ ïðèéíÿòî
ñï³ââ³äíîøåííÿ ã³äðîñòàòè÷íî¿ ì³öíîñò³ (σã) äî
ù³ëüíîñò³ (ρ) çðàçê³â ñêëîêîìïîçèò³â, îäåðæàíèõ
ñï³êàííÿì ñêëÿíèõ ì³êðîñôåð.

Ïðîãðàìíèé çàñòîñóíîê íàïèñàíî ìîâîþ ïðî-
ãðàìóâàííÿ Python [7].

Òåõíîëîã³÷íå îáëàäíàííÿ, óñòàòêóâàííÿ, âè-
ì³ðþâàííÿ òåìïåðàòóð

Äëÿ åêñïåðèìåíòàëüíèõ äîñë³äæåíü çàñòîñî-
âàíî àâòîðñüêèé çðàçîê åêñïåðèìåíòàëüíî¿ óñòà-
íîâêè [8], ùî ñêëàäàºòüñÿ ç øàõòíî¿ ïå÷³ âåðòè-
êàëüíîãî çàâàíòàæåííÿ (ðèñ. 1), ÿêà îáëàäíàíà
ìåõàí³÷íèì ïðåñóâàëüíèì ïðèñòðîºì ç ³íäèêàòî-
ðîì ÷àñîâîãî òèïó äëÿ âèì³ðþâàííÿ óñàäî÷íèõ
ïðîöåñ³â.

Çà äîïîìîãîþ áëîêà óïðàâë³ííÿ ðåãóëþþòü-
ñÿ ïðîöåñè ï³äéîìó òà ï³äòðèìêè òåìïåðàòóðè,
çàäëÿ ¿¿ áåçïîñåðåäíüîãî âèì³ðþâàííÿ âèêîðè-

Òàáëèöÿ 1
Õ³ì³÷íèé ñêëàä ïîðîæí³õ ñêëÿíèõ ì³êðîñôåð, ìàñ.%
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ñòîâóºòüñÿ ïåðåòâîðþâà÷ òåðìîåëåêòðè÷íîãî (òåð-
ìîïàðà) ãðàäóþâàííÿ ÕÀ (ÄÑÒÓ 2837-94), ÿêèé
ðîçì³ùåíî áåçïîñåðåäíüî ó çàñèïö³ ñêëÿíèõ
ì³êðîñôåð ³ ç’ºäíàíî ç ì³ë³âîëüòìåòðîì.
Êîíòðîëü ð³âíîì³ðíîñò³ òåìïåðàòóðíîãî ïîëÿ
çä³éñíþºòüñÿ çà äîïîìîãîþ äîäàòêîâî¿
êîíòðîëüíî¿ òåðìîïàðè, ÿêà çà íåîáõ³äí³ñòþ
âñòàâëÿºòüñÿ ó òåõíîëîã³÷íó êðèøêó ç îòâîðîì.
Êîðåëÿö³ÿ äàíèõ ïðè íàãð³âàíí³ äî òåìïåðàòóðè
6500Ñ äîñÿãàºòüñÿ øëÿõîì ç³ñòàâëåííÿ ïîêàçíèê³â
êîíòðîëüíî¿ òåðìîïàðè ç ïîêàçíèêàìè ñêëÿíîãî
òåðìîìåòðà ç ðòóòíèì çàïîâíþâà÷åì, ÿêèé
âñòàâëÿºòüñÿ áåçïîñåðåäíüî ïðè çàñèïàí³ ó ãðà-
ô³òîâèé êîíòåéíåð ì³êðîñôåðè. Ðåçóëüòàòè ðîç-
ðàõóíê³â âèÿâèëè õàðàêòåðí³ äëÿ ðåïåðíèõ òî÷îê
ñåðåäíüîêâàäðàòè÷íå â³äõèëåííÿ (δ) (òàáë. 2), çíà-
÷åííÿ ÿêîãî äàë³ âèêîðèñòàí³ ïðè îá÷èñëåííÿõ òà
ìîäåëþâàíí³. Ñïîñòåðåæåííÿ çà óñàäî÷íèìè ïðî-
öåñàìè äàº ìîæëèâ³ñòü çóïèíèòè ñï³êàííÿ ó
ïåâíèé ÷àñ ç ìåòîþ îäåðæàííÿ íåîáõ³äíî¿
ñòðóêòóðè òà çàïîá³ãàííÿ áðàêóâàííÿ.

Ç ìåòîþ âñòàíîâëåííÿ îñîáëèâîñòåé ôîðìó-
âàííÿ ãåîìåòð³¿ êîíòàêòíî¿ ä³ëÿíêè ï³ä ÷àñ ñï³êàííÿ
ñêëÿíèõ ì³êðîñôåð íà êîæíîìó ç òåìïåðàòóðíî-
÷àñîâèõ åòàï³â âèêîíóâàëèñü ì³êðîñòðóêòóðí³
äîñë³äæåííÿ (îïòè÷íèé ì³êðîñêîï ÌÌÐ-2Ð,
ì³êðîçéîìêà ó òåìíîìó ïîë³) ç âèçíà÷åííÿì
â³äêðèòî¿ ïîðèñòîñò³ çðàçê³â øëÿõîì ¿õ ïðîñî÷åí-
íÿ ãàñîì. Âèñíîâêè ïðî îñîáëèâîñò³ ïðîöåñ³â ñòðóê-
òóðîóòâîðåííÿ ñêëîêîìïîçèò³â çðîáëåíî çà äîïî-
ìîãîþ àíàë³çó ä³àãðàì ñòàíó ñèñòåì Na2O–SiO2 ³

Na2O–B2O3–SiO2 [9] òà ç³ñòàâëåííÿ ç ðåçóëüòàòà-
ìè äîñë³äæåíü, íàâåäåíèõ â ðîáîò³ [10].

Â îñíîâó äîñë³äæåíü òåïëîô³çè÷íèõ âëàñòè-
âîñòåé ñïå÷åíèõ ì³êðîñôåð ïîêëàäåíî òåîðåòè÷í³
óÿâëåííÿ ïðî ïðîöåñè òåïëîîáì³íó ó äèñïåðñíèõ
ñèñòåìàõ [11]. Ìåòîäîëîã³ÿ ïîñòàíîâêè åêñïåðè-
ìåíòó ïîëÿãàº ó çàñòîñóâàíí³ ìåòîäó ðåãóëÿðíîãî
òåïëîâîãî ðåæèìó [8] çà ìîíîòîííèì íàãð³âàí-
íÿì äî òåìïåðàòóðè 6000Ñ øèõòè ç³ ñêëÿíèõ ì³êðîñ-
ôåð, äëÿ ÷îãî çàñòîñîâàíî ëàáîðàòîðíèé ñòåíä
(ðèñ. 2) êàôåäðè òåïëîô³çèêè ³ ñóäíîâèõ ïàðîâè-
ðîáíèõ óñòàíîâîê. Êîåô³ö³ºíò òåìïåðàòóðîïðî-
â³äíîñò³ âèçíà÷åíî çà ðîçðàõóíêàìè òåìïó îõî-
ëîäæåííÿ ñïå÷åíèõ ì³êðîñôåð, äëÿ ÷îãî çàñòîñî-
âàíî ðåçóëüòàòè âèì³ðþâàííÿ òåðìî-ÅÄÑ â ðå-
æèì³ ðåàëüíîãî ÷àñó. Âèïðîáóâàííÿ çðàçê³â ñêëî-
êîìïîçèò³â ù³ëüí³ñòþ 350–650 êã/ì3 íà ì³öí³ñòü
ïðè âñåá³÷íîìó ã³äðîñòàòè÷íîìó ñòèñêàíí³ çä³éñíå-
íî çà ìåòîäèêîþ, íàâåäåíîþ ó ðîáîò³ [3].

Ðèñ. 1. Óñòàíîâêà, ùî ïåðåäáà÷àº êîíòðîëü òåìïåðàòóðè

ïðè ñï³êàíí³ ñêëÿíèõ ì³êðîñôåð

Òàáëèöÿ 2
Ñåðåäíüîêâàäðàòè÷íå â³äõèëåííÿ ä òåìïåðàòóð ó ðåïåðíèõ òî÷êàõ

Реперні точки температур, 0С 100 150 200 350 500 650 
Середньоквадратичне відхилення, δ +8 +8 +4 +3 –1 +5 

Ðèñ. 2. Åêñïåðèìåíòàëüíèé ñòåíä: 1 – äîñë³äíèé çðàçîê;

2 – åëåêòðîíàãð³âà÷; 3,4 – òåðìîïàðà ãðàäóþâàííÿ ÕÊ;

5 – ïîâ³òðÿíèé òåðìîñòàò; 6 – òåðìîìåòð;

7 – ïåðåìèêà÷; 8 – ïîòåíö³îìåòð; 9 – ñåêóíäîì³ð

Ðåçóëüòàòè ³ îáãîâîðåííÿ
Åêñïåðèìåíòàëüí³ äîñë³äæåííÿ ³ îñîáëèâîñò³ 

ïðîöåñ³â ñòðóêòóðîóòâîðåííÿ ñêëîêîìïîçèò³â
Ìîäåëþâàííÿ ðîçïîä³ëó òåìïåðàòóð ÿâëÿº

ñîáîþ ñóêóïí³ñòü åêñïåðèìåíòàëüíèõ äîñë³äæåíü
òåìïåðàòóð ï³ä ÷àñ ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð ó
ìåæàõ äî 7500Ñ (ðèñ. 3), êîåô³ö³ºíò³â òåìïåðàòó-
ðîïðîâ³äíîñò³ çàñèïàíèõ ó ôîðìó ì³êðîñôåð ïðè
¿õ ìîíîòîííîìó íàãð³âàíí³ äî 6000Ñ (ðèñ. 4) òà
êîìï’þòåðíå îáðîáëåííÿ îäåðæàíèõ äàíèõ ç
âèçíà÷åííÿì âàãîâèõ êîåô³ö³ºíò³â òåìïåðàòóðíî-
÷àñîâèõ ôàêòîð³â, ÿê³ áåçïîñåðåäíüî âïëèâàþòü
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íà ôîðìóâàííÿ ïåâíî¿ ñòðóêòóðè ñêëîêîìïîçèòó
(ðèñ. 5, 6) ù³ëüí³ñòþ 350–650 êã/ì3 ç âèñîêîþ
ã³äðîñòàòè÷íîþ ì³öí³ñòþ (ðèñ. 7). Ïðîöåñ
ñòðóêòóðîóòâîðåííÿ ïðîàíàë³çîâàíî øëÿõîì
âèâ÷åííÿ ãåîìåòð³¿ êîíòàêòíî¿ ä³ëÿíêè ì³æ ñïå-
÷åíèìè ñêëÿíèìè ì³êðîñôåðàìè (ðèñ. 5).

Ù³ëüí³ñòü ì³êðîñôåð ó ñòàí³ â³ëüíî¿ çàñèï-
êè ñêëàäàº 190 êã/ì3, à ï³ñëÿ â³áðàö³éíîãî óù³ëü-
íåííÿ ç ÷àñòîòîþ 50 Ãö ï³äâèùóºòüñÿ äî
200 êã/ì3. Â ïðîöåñ³ ð³âíîì³ðíîãî ïðîãð³âàííÿ
ì³êðîñôåðè ð³çíîãî ä³àìåòðó (20–100 ìêì) ïî÷è-
íàþòü ñâîº ïåðåãðóïóâàííÿ. Ï³ä ä³ºþ â’ÿçêîãî
ïåðåá³ãó á³ëüø äð³áí³ ÷àñòèíêè ïðîøòîâõóþòüñÿ
ñåðåä êðóïíèõ, ïðî ùî ñâ³ä÷èòü ³íòåíñèâí³ñòü
òåðìîäåôîðìàö³éíèõ ïðîöåñ³â, ÿê öå íàî÷íî ïî-
êàçàíî íà ðèñ. 3. Íà ê³íåòè÷íèõ êðèâèõ óñàäêè
∆l/l0=f(τ) óìîâíèé «íóëü» çá³ãàºòüñÿ ç ïî÷àòêîì
óñàäî÷íèõ ïðîöåñ³â ïðè òåìïåðàòóð³ 480–500°Ñ ³
â³äïîâ³äàº ïî÷àòêó ðîçì’ÿêøåííÿ ñêëà, ç ÿêîãî
âèãîòîâëåíî ì³êðîñôåðè (òàáë. 1). Íà öüîìó åòàï³
ù³ëüí³ñòü ñêëîêîìïîçèòó íå ïåðåâèùóº
230 êã/ì3, à ì³êðîñôåðè ç’ºäíàí³ ì³æ ñîáîþ çà
ìåõàí³çìîì êîíòàêòíîãî ïëàâëåííÿ ïðè òâåðäî-
ôàçíîìó ñï³êàíí³.

Çá³ëüøåííÿ êîíòàêòíîãî ïåðåøèéêà ì³æ
ì³êðîñôåðàìè (ðèñ. 5) ñïîñòåð³ãàºòüñÿ â ä³àïàçîí³
òåìïåðàòóð 550–6500Ñ ³ º õàðàêòåðíèì äëÿ îáîõ
âèä³â ì³êðîñôåð. Ïåðåãèíè íà ê³íåòè÷íèõ êðèâèõ
ó öèõ òî÷êàõ ñâ³ä÷àòü ïðî óïîâ³ëüíåííÿ ³íòåí-
ñèâíîñò³ ïðîöåñó ï³ñëÿ êîæíîãî ñòóï³í÷àñòîãî
ï³äéîìó òåìïåðàòóðè. Íà öüîìó åòàï³ ù³ëüí³ñòü
ñêëîêîìïîçèò³â ñêëàäàº 320–360 êã/ì3, ôîðìó-
âàííÿ ïîðèñòîãî êàðêàñó â³äáóâàºòüñÿ âæå çà ìå-
õàí³çìîì ñï³êàííÿ ó ð³äê³é ôàç³, ÿêà óòâîðþºòüñÿ
â ïðîöåñ³ ðîçì’ÿêøåííÿ ñêëà ñò³íêè ì³êðîñôåðè
òîâùèíîþ 1 ìêì. Òîìó âàæëèâî çàô³êñóâàòè çà
äîïîìîãîþ ïðèêëàäàííÿ íåâåëèêîãî òèñêó
ñôîðìîâàíó ãåîìåòð³þ êîíòàêòíî¿ ä³ëÿíêè, ÿêà ñàìå
é çàáåçïå÷óº ì³öí³ñòü êîìïîçèòó; åêñïåðèìåíòàëü-
íî ï³ä³áðàíèé ä³àïàçîí ñêëàäàòèìå 0,2–1,2 ÌÏà.
ßê ïîêàçàëè äîñë³äæåííÿ, ï³äâèùåííÿ òåìïåðà-
òóðè ³ òèñêó ïðèçâîäèòü äî çá³ëüøåííÿ ù³ëüíîñò³
çðàçê³â ç îäíî÷àñíèì çìåíøåííÿì ¿õ ïîðèñòîñò³

Ðèñ. 3. Ê³íåòèêà ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð äëÿ ñêëàäó:

1 – çà ¹ 1; 2 – çà ¹ 2

Ðèñ. 4. Êîåô³ö³ºíòè òåìïåðàòóðîïðîâ³äíîñò³ ñêëÿíèõ

ì³êðîñôåð ñêëàäó: 1 – çà ¹ 1; 2 – çà ¹ 2

Ðèñ. 5. Îïòè÷íà ì³êðîôîòîãðàô³ÿ ñïå÷åíèõ ì³êðîñôåð

(×750)

Ðèñ. 6. Çì³íà â³äêðèòî¿ ïîðèñòîñò³ ïðè çðîñòàíí³

ù³ëüíîñò³ ñïå÷åíèõ ñêëÿíèõ ì³êðîñôåð ñêëàäó:

1 – çà ¹ 1; 2 – çà ¹ 2
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(ðèñ. 6). Öå ïîçèòèâíî âïëèâàº íà ì³öí³ñòü
êîìïîçèòó â óìîâàõ ñòàòè÷íèõ ³ äèíàì³÷íèõ íà-
âàíòàæåíü, ïðîòå ñïðèÿº âèêðèâëåííþ ñôåðè÷íî¿
ôîðìè ì³êðîñôåð, çàâäÿêè ÿêî¿ ñïå÷åí³ ñêëî-
êîìïîçèòè ìàþòü çäàòí³ñòü âèòðèìóâàòè âñåá³÷íèé
ã³äðîñòàòè÷íèé òèñê äî 45–50 ÌÏà (ðèñ. 7) ç
îá’ºìíèì âîäîïîãëèíàííÿì 15–7 % äëÿ ù³ëüíîñò³
çðàçê³â 320–360 êã/ì3.

Åêñïåðèìåíòàëüí³ äîñë³äæåííÿ ïîêàçàëè
ñòàá³ëüí³ñòü òåïëîô³çè÷íèõ âëàñòèâîñòåé øèõòè
ç³ ñêëÿíèõ ì³êðîñôåð ï³ä ÷àñ ¿õ íàãð³âàííÿ â³ä 25
äî 6000Ñ, à ñàìå, êîåô³ö³ºíòè òåìïåðàòóðîïðîâ³ä-
íîñò³ çì³íþþòüñÿ íåçíà÷íî: (1,15–1,45)⋅10–7 ì2/ñ.
Îäåðæàí³ çíà÷åííÿ äàë³ çàñòîñîâàíî äëÿ ðîçðà-
õóíê³â ÷àñó âèõîäó íà ðåæèì ³çîòåðì³÷íî¿
âèòðèìêè (ïàðàìåòð Õ2) ³ ïîñòàíîâêè ÷èñëîâîãî
åêñïåðèìåíòó.

Ñòðóêòóðà ³ ðåàë³çàö³ÿ êîìï’þòåðíî¿ ìîäåë³
Äåêîìïîçèö³ÿ çàäà÷³ äîñë³äíèêîì (ðèñ. 8) äàº

çìîãó êîìïëåêñíî ðîçãëÿäàòè ïðîáëåìí³ ïèòàííÿ
ùîäî ðîçâèòêó òåõíîëîã³¿ ñï³êàííÿ ñêëÿíèõ ì³êðî-
ñôåð òà óäîñêîíàëåííÿ îáëàäíàííÿ äëÿ îäåðæàí-
íÿ ôóíêö³îíàëüíèõ ñêëîêîìïîçèò³â.

Ðîçðîáêà ³ ðåàë³çàö³ÿ ìîäåë³ ñïðÿìîâàí³ íà
ïîäàëüøèé ðîçâèòîê òåõíîëîã³¿ ñï³êàííÿ ñêëÿíèõ
ì³êðîñôåð òà óäîñêîíàëåííÿ îáëàäíàííÿ çà ðàõó-
íîê âïðîâàäæåííÿ êîíòðîëþâàëüíî-âèì³ðþâàëü-
íèõ çàõîä³â. Â îñíîâó ðîçðîáêè ìîäåë³ ïîêëàäåíî
ñèñòåìíî-àíàë³òè÷íå äîñë³äæåííÿ ç àíàë³çîì âïëè-
âó òåðìîäåôîðìàö³éíèõ ôàêòîð³â íà âèïàäêîâ³ñòü
âèðîáíè÷èõ ³ ñòðóêòóðíèõ äåôåêò³â ñêëîêîìïî-
çèò³â. Ïðîâåäåí³ åêñïåðèìåíòàëüí³ äîñë³äæåííÿ

ðîçðàõóíêîâî¿ ä³ëÿíêè ç ðåïåðíèìè òî÷êàìè
äîçâîëÿþòü âèä³ëèòè â³äïîâ³äí³ äîìåíè ç êîëè-
âàííÿì ó öèõ òî÷êàõ òåìïåðàòóð, íà ï³äñòàâ³ ÷îãî
ïîñòàâëåíî ÷èñëîâèé åêñïåðèìåíò òà îáðîáëåíî
éîãî ðåçóëüòàòè. Ï³ñëÿ âåðèô³êàö³¿ äàíèõ ðîçðîá-
ëåíî ïðîãðàìíèé çàñòîñóíîê äëÿ îáðîáëåííÿ ðå-
çóëüòàò³â âèì³ðþâàíü.

Ìîäåëþâàííÿ ïðîöåñó ðîçïîä³ëó òåìïåðàòóð
ðåàë³çóºòüñÿ çà äîïîìîãîþ ïîáóäîâàíèõ ð³âíÿíü
ðåãðåñ³¿, ÿê³ ó àëãåáðà¿÷í³é ôîðì³ âñòàíîâëþþòü
âïëèâ òåìïåðàòóðíî-÷àñîâèõ ôàêòîð³â ñï³êàííÿ
ñêëÿíèõ ì³êðîñôåð íà ôóíêö³îíàëüíó ñïðî-
ìîæí³ñòü ñêëîêîìïîçèòó ç ì³í³ìàëüíîþ ù³ëüí³ñòþ
ïðîòèñòîÿòè ìàêñèìàëüíèì ã³äðîñòàòè÷íèì íàâàí-
òàæåííÿì.

Äëÿ âèïàäêó ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð çà
¹ 1 âçàºìíèé âïëèâ òåìïåðàòóðíî-÷àñîâèõ
ôàêòîð³â îïèñóºòüñÿ íàñòóïíèì ÷èíîì:

1 2 3

1 2 1 3 2 3

2 2 2
1 2 3

y 97,04 15,611x 10,69 0,801
6,176 2,771 0,829

14,97 9,99 1,18 ,

x x
x x x x x x

x x x

= + − − −
− − − −

− − −
 (1)

à äëÿ ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð çà ¹ 2 â³äïî-
â³äíî:

1 2 1 2
2 2 2

1 3 1 2 3

y 80,57 13,25x 8,584 5,03

2,916 10,83 7,813 1,853 .

x x x
x x x x x

= + − − −

− − − −   (2)

Ìîäåëü äîçâîëÿº îäíî÷àñíî àíàë³çóâàòè
ê³ëüêà ïðîöåñ³â: âçàºìíèé âïëèâ òåìïåðàòóðíî-

Ðèñ. 7. Ã³äðîñòàòè÷íà ì³öí³ñòü çðàçê³â ð³çíî¿ ù³ëüíîñò³ ñïå÷åíèõ ñêëÿíèõ ì³êðîñôåð ñêëàäó: à – çà ¹ 1; á – çà ¹ 2

a                                                                   á
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Ðèñ. 8. Äåêîìïîçèö³ÿ ïðîáëåìíî¿ ñèòóàö³¿

÷àñîâèõ ôàêòîð³â òà äèíàì³êó ôîðìóâàííÿ ï³ä ÷àñ
ñï³êàííÿ ëåãêîâàæíèõ ñêëîêîìïîçèò³â ù³ëüí³ñòþ
350–650 êã/ì3 ç ì³öí³ñòþ íà âñåá³÷íå ã³äðîñòà-
òè÷íå ñòèñêàííÿ â³ä 35 äî 45 ÌÏà, ùî º ö³ííèì ³
äîñòàòí³ì äëÿ ðîáîòè ó ñêëàä³ êîìá³íîâàíèõ ï³äâîä-
íèõ òåõí³÷íèõ çàñîá³â íà øåëüôîâèõ ãëèáèíàõ äî
250 ì.

Îòðèìàí³ ðåçóëüòàòè ñïðÿìîâàí³ íà âèð³øåí-
íÿ âàæëèâî¿ íàóêîâî-ïðàêòè÷íî¿ ïðîáëåìè ðîç-
âèòêó òåõíîëîã³é âèãîòîâëåííÿ ñêëîêîìïîçèò³â
ñòðàòåã³÷íîãî ïðèçíà÷åííÿ.

Âèñíîâêè
Ïðîöåñ ñï³êàííÿ ñêëÿíèõ ì³êðîñôåð ðîçãëÿ-

íóòî ÿê ñêëàäíó ñèñòåìó ç äåêîìïîçèö³ºþ çàäà÷³

äîñë³äíèêîì òà ôîðìàë³çàö³ºþ êðèòåð³¿â, äëÿ ÷îãî
ó àëãåáðà¿÷í³é ôîðì³ âñòàíîâëåíî ³ºðàðõ³÷íèé çâ’ÿ-
çîê ì³æ òåìïåðàòóðîþ ïðîì³æíîãî ïðîãð³âàííÿ,
÷àñîì âèõîäó íà ðåæèì ³ òåìïåðàòóðîþ ³çî-
òåðì³÷íîãî âèòðèìóâàííÿ; ïðîãðàìíèé çàñòîñóíîê
íàïèñàíî ìîâîþ Python.

Åêñïåðèìåíòàëüí³ äîñë³äæåííÿ ïðîâåäåíî íà
ïðèêëàä³ ñï³êàííÿ (äî òåìïåðàòóðè 7500Ñ) ñêëÿ-
íèõ ì³êðîñôåð íàòð³éáîðñèë³êàòíîãî ñêëàäó ç áåç-
ïîñåðåäí³ìè âèì³ðþâàííÿìè òåìïåðàòóð â ñåðå-
äèí³ øèõòè, êîíòðîëåì ¿õ ôîðìè ³ ãåîìåòð³¿
êîíòàêòíî¿ ä³ëÿíêè. Ìåòîäîì ðåãóëÿðíîãî òåïëî-
âîãî ðåæèìó çà ìîíîòîííèì íàãð³âàííÿì (äî òåì-
ïåðàòóðè 6000Ñ) âèçíà÷åíî êîåô³ö³ºíòè òåìïåðà-
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òóðîïðîâ³äíîñò³, çíà÷åííÿ ÿêèõ ñêëàäàòèìóòü
(1,15–1,45)⋅10–7 ì2/ñ, ùî çàñòîñîâàíî äëÿ ðîçðà-
õóíê³â ÷àñó âèõîäó íà ³çîòåðì³÷íó âèòðèìêó.

Âñòàíîâëåíî, ùî ïðè íàãð³âàíí³ ç³ øâèä-
ê³ñòþ 200Ñ/õâ äî òåìïåðàòóðè 5000Ñ ç’ºäíàííÿ
ñêëÿíèõ ì³êðîñôåð ì³æ ñîáîþ â³äáóâàºòüñÿ çà ìå-
õàí³çìîì êîíòàêòíîãî ïëàâëåííÿ; ïðè ï³äâèùåíí³
òåìïåðàòóðè äî 550–6500Ñ ÷åðåç ðîçì’ÿêøåííÿ
ñêëà ñò³íêè ì³êðîñôåðè (δ≈1 ìêì) óòâîðþºòüñÿ
ð³äêà ôàçà. Çà äîïîìîãîþ ïðèêëàäàííÿ íà öüîìó
åòàï³ íåâåëèêîãî òèñêó (0,2–1,2 ÌÏà) ìîæëèâî
³íòåíñèô³êóâàòè ïðîöåñ ñï³êàííÿ çàäëÿ ôîðìó-
âàííÿ ñòðóêòóðè, ÿêà ñàìå é çàáåçïå÷óº çäàòí³ñòü
ñïå÷åíèõ ñêëîêîìïîçèò³â ù³ëüí³ñòþ
350–650 êã/ì3 âèòðèìóâàòè íàâàíòàæåííÿ âñå-
á³÷íèì òèñêîì 35–50 ÌÏà, ùî äîçâîëÿº âèêîðè-
ñòîâóâàòè ¿õ íà øåëüôîâèõ ãëèáèíàõ.

Ïåðñïåêòèâè ïîäàëüøèõ äîñë³äæåíü ïîâ’ÿ-
çàí³ ³ç ðîçðîáêîþ ñïåö³àë³çîâàíîãî êîìïëåêñó ïðî-
ãðàìíîãî çàáåçïå÷åííÿ äëÿ âèâ÷åííÿ ïîë³ôóí-
êö³îíàëüíèõ ñêëîêîìïîçèò³â.
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COMPUTER MODELING OF TEMPERATURE
DISTRIBUTION IN THE COURSE OF SINTERING OF
GLASS MICROSPHERES

Yu.O. Kazymyrenko *, O.V. Haidaienko

Admiral Makarov National University of Shipbuilding,
Mykolaiv, Ukraine
* e-mail: yuliia.kazymyrenko@nuos.edu.ua

Composite materials obtained by sintering glass
microspheres are considered the promising ones for the underwater
technology. The high indicators of the hydrostatic strength
combined with the heat and sound insulation properties are due
to the microspheres maintaining their shapes as close to the
spherical as possible. The computer model of the temperature
distribution is developed based on the physical and chemical
conceptions of the glass composites structure formation by sintering
the glass microspheres of sodium borosilicate composition and
processing the experimental results of the temperature
measurements. The modeling methodology is based on the
principles of decomposition of the task by the researcher and
ranking the temperature and time parameters. The ratio of the
hydrostatic strength to the density of the samples is taken as a
functional criterion and the software application is written in the
Python language. The experimental setup that is used for sintering
the glass microspheres enables to study the temperature fields
and thermal deformation processes in real-time conditions. The
coefficients of thermal conductivity of sintering are determined
by the regular mode method. The results obtained are aimed at
solving one of the most important scientific and practical issues
of developing technologies for manufacturing glass composites
for strategic purpose.

Keywords: sintering; structure formation; decomposition;
real-time conditions; ranking; thermal conductivity; hydrostatic
strength.

REFERENCES

1. Demchenko V. Otsinka vlastyvostei napovniuvachiv
sumishei dlya muruvannya [Evaluation of the properties of fillers
of masonry mixtures]. Tovary i Rynky. 2018; (2): 68-77. (in
Ukrainian).

2. Kopiika SV, Zakharova IO, Yehorov OH.
Obgruntuvannia ratsionalnoi konstruktsii blokiv plavuchosti
pidvodnykh aparativ [Justification of the rational design of the
buoyancy blocks of underwater vehicles]. Zbirnyk Naukovykh
Prats’ NUK. 2017; 2(469): 28-32. (in Ukrainian).



74

Yu.O. Kazymyrenko, O.V. Haidaienko

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 3, pp. 67-74

3. Kazymyrenko Yu, Solomoniuk N, Drozd O.
Glas s  mic rosphere s  the rmo-de format ion s in te r ing
processes in the technologies of obtaining materials for
underwater technical equipment. Pol Marit Res. 2023;
30: 174-180. doi: 10.2478/pomr-2023-0050.

4. Shcherban VYu, Kolysko OZ, Melnyk HV.
Kompyuterne proektuvannya system: prohramni ta alhorytmichni
komponenty [Computer design of systems: software and
algorithmic components]. Kyiv: Osvita Ukrainy; 2019. 902 p.
(in Ukrainian).

5. Kudriashova AV. Ranzhuvannya faktoriv vplyvu na yakist
realizatsii pisliadrukarskykh protsesiv [Ranking of influencing factors
on the quality of implementation of post-printing processes].
Visn ChDTU. 2023; (2): 71-79. (in Ukrainian).

6. Rumiantsev AO, Hetman IA, Derzhevetska MA.
Vykorystannya system kompiuternoi alhebry dlya rozviazuvannya
ekonomichnykh zadach [Use of computer algebra systems for
solving economic problems]. Efektyvna Ekonomika. 2018; (2).
(in Ukrainian).

7. Alyoshin S, Borodina E, Kikot A, Zabran I. Mova
prohramuvannia Python [Python programming language]. Systemy
Upravlinnia, Navihatsii ta Zviazku. 2018; 4(50): 95-98. (in
Ukrainian).

8. Kazymirenko YO, inventors; Admiral Makarov National
University of Shipbuilding, assignee. Installation for manufacturing
of powdered products. Ukraine patent 99331. 2015 May 25.

9. Dyre JC. Colloquium: the glass transition and elastic
models of glass-forming liquids. Rev Mod Phys. 2006; 78: 953-
972. doi: 10.1103/RevModPhys.78.953.

10. Kazymyrenko YuO. Lebedieva NYu. Vplyv
vysokotemperaturnykh tekhnolohii na strukturu porozhnikh
mikrosfer [The influence of high-temperature technology on the
structure of hollow microspheres]. East Eur Sci J. 2018. 5(33):
41-49. (in Ukrainian).

11. Mizernyi VM. Modeliuvannia protsesu teploobminu v
dyspersnii systemi [Modeling of the process of heat exchange in 
dispersed systems]. Vinnytsia: VNTU Publishers; 2019. 80 p.
(in Ukrainian).


	67
	68
	69
	70
	71
	72
	73-74



