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ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Âèñîêà ù³ëüí³ñòü êàðá³äîêðåìí³ºâî¿ êåðàì³êè º îáîâ’ÿçêîâîþ óìîâîþ äëÿ îäåð-
æàííÿ ìàòåð³àë³â ç âèñîêîþ ì³öí³ñòþ. Ïåðñïåêòèâíîþ òåõíîëîã³ºþ âèãîòîâëåííÿ
òàêèõ ìàòåð³àë³â ïðè ïîð³âíÿíî íåâèñîêèõ òåìïåðàòóðàõ º âèêîðèñòàííÿ ñêëîêðè-
ñòàë³÷íèõ çâ’ÿçîê. Â ñòàòò³ íàâåäåí³ ðåçóëüòàòè äîñë³äæåíü êåðàì³÷íèõ ìàòåð³àë³â
íà îñíîâ³ êàðá³äó êðåìí³þ ç âèêîðèñòàííÿì ÿê ñêëîçâ’ÿçêè ñêëà â ïñåâäîïîòð³éí³é
ñèñòåì³ MgO–Al2O3–SiO2. Ñêëàä ñêëà â³äïîâ³äàº ïîòð³éí³é åâòåêòèö³ ç òåìïåðàòó-
ðîþ 13650Ñ, ÿêà çíàõîäèòüñÿ íà ñòèêó ïîë³â ïåðâèííî¿ êðèñòàë³çàö³¿, äå îäí³ºþ ç
ôàç º êîðä³ºðèò. Âèçíà÷åíî, ùî äëÿ îäåðæàííÿ ù³ëüíîñïå÷åíî¿ êåðàì³êè íåîáõ³-
äíî ïðîâîäèòè ìåõàíîàêòèâàö³þ êîìïîíåíò³â ñèðîâèííî¿ ñóì³ø³. Ïðè öüîìó
íàéá³ëüø ðàö³îíàëüíå ñï³ââ³äíîøåííÿ ì³æ SiC íàïîâíþâà÷åì ³ ñêëîçâ’ÿçêîþ, ùî
çàáåçïå÷óº ìàêñèìàëüíèé ïîêàçíèê ìåõàí³÷íî¿ ì³öíîñò³ íà ñòèñêàííÿ (äî 700 ÌÏà),
ñòàíîâèòü 60:40. Âñòàíîâëåíî, ùî êðèñòàë³çàö³ÿ ñêëîçâ’ÿçêè ìàº âèçíà÷àëüíå çíà-
÷åííÿ äëÿ âèçíà÷åííÿ òåìïåðàòóðè ôîðìóâàííÿ ù³ëüíèõ êàðá³äîêðåìí³ºâèõ ìà-
òåð³àë³â. Óù³ëüíåííÿ â³äáóâàºòüñÿ çà ðàõóíîê ðóõó ï³ä âïëèâîì òåïëîâèõ êîëèâàíü
äèñïåðñíèõ ÷àñòîê êàðá³äó êðåìí³þ â ðîçì’ÿêøåíîìó ñêëîðîçïëàâ³. Ïîäàëüøèé
ïðîöåñ òîíêîäèñïåðñíî¿ êðèñòàë³çàö³¿ ñêëîçâ’ÿçêè ïðè îõîëîäæåíí³ ï³ä ÷àñ âèïàëó
çàáåçïå÷óº çì³öíåííÿ ñòðóêòóðè ñèíòåçîâàíèõ ìàòåð³àë³â. Çàïðîïîíîâàíèé êîìï-
ëåêñíèé ï³äõ³ä äî ³íòåíñèô³êàö³¿ ïðîöåñó ñï³êàííÿ º ïåðñïåêòèâíèì äëÿ îäåðæàí-
íÿ ì³öíî¿ êàðá³äîêðåìí³ºâî¿ êåðàì³êè ç íèçüêèìè òåìïåðàòóðàìè ñèíòåçó (äî
16000Ñ). Äîñòàòíüî âèñîê³ ïîêàçíèêè ì³öíîñò³ äîñë³äíî¿ êåðàì³êè çàáåçïå÷àòü ¿¿
êîíêóðåíòîñïðîìîæí³ñòü ùîäî òðàäèö³éíèõ ìàòåð³àë³â, ó òîìó ÷èñë³ òèõ, ùî çàñ-
òîñîâóþòüñÿ ÿê çíîñî- ³ óäàðîñò³éê³.
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DOI: 10.32434/0321-4095-2023-150-5-98-105

Âñòóï
Îäíèì ç ïð³îðèòåòíèõ çàâäàíü ìàòåð³àëîç-

íàâñòâà º ðîçðîáêà åíåðãîåôåêòèâíèõ òåõíîëîã³é
îäåðæàííÿ êåðàì³÷íèõ ìàòåð³àë³â ç ï³äâèùåíèìè
ïîêàçíèêàìè ì³öíîñò³, çíîñî- ³ óäàðîñò³éêîñò³.
²ñíóþ÷³ òåõíîëîã³¿ îäåðæàííÿ âèñîêîì³öíèõ ìà-
òåð³àë³â, â ïåðøó ÷åðãó, çàñíîâàí³ íà âèñîêîòåì-
ïåðàòóðíîìó ñï³êàíí³ áåçêèñíåâèõ ñïîëóê, òàêèõ
ÿê êàðá³ä êðåìí³þ (SiC), êàðá³ä áîðó (B4Ñ) òà
í³òðèä êðåìí³þ (Si3N4). Òåìïåðàòóðè ñï³êàííÿ çàç-
íà÷åíèõ âèä³â áåçêèñíåâî¿ êåðàì³êè çíàõîäÿòüñÿ
â ìåæàõ 1800–22000Ñ [1]. Êð³ì âèñîêèõ òåìïåðà-
òóð ñï³êàííÿ äëÿ äîñÿãíåííÿ âèñîêèõ ïîêàçíèê³â

ì³öíîñò³ äîäàòêîâî âèêîðèñòîâóþòü ð³çí³ òåõíî-
ëîã³÷í³ ïðèéîìè, òàê³ ÿê ââåäåííÿ íàíîâîëîêîí,
ãàðÿ÷å ïðåñóâàííÿ, ñï³êàííÿ ï³ä òèñêîì òîùî [2–
4]. Ó öüîìó âèïàäêó ìîæóòü áóòè äîñÿãíóò³ âè-
ñîê³ ïîêàçíèêè ì³öíîñò³ êåðàì³÷íèõ ìàòåð³àë³â.
Îäíàê êîæåí ç òàêèõ ñïîñîá³â ìàº íèçêó òåõíî-
ëîã³÷íèõ îáìåæåíü: ñêëàäí³ñòü ïðîöåñó, åíåð-
ãîºìí³ñòü, íåìîæëèâ³ñòü îäåðæàííÿ ñêëàäíèõ
ôîðì.

Òðàäèö³éíî äëÿ çíèæåííÿ òåìïåðàòóðè
ñï³êàííÿ â ñêëàäè ìàñ áåçêèñíåâèõ êåðàì³÷íèõ
ìàòåð³àë³â ÿê àêòèâóþ÷³ äîáàâêè ââîäÿòü îêñèäè
ìåòàë³â: MgO, Al2O3, Y2O3 òîùî [5,6]. Îäíàê òàê³
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äîáàâêè íå äîçâîëÿþòü çíèçèòè òåìïåðàòóðó
ñï³êàííÿ áåçêèñíåâî¿ êåðàì³êè íèæ÷å 18000Ñ. Äëÿ
âèðîáíèöòâà çíîñîñò³éêèõ êåðàì³÷íèõ ìàòåð³àë³â
íà îñíîâ³ êàðá³äó êðåìí³þ ç ïîêàçíèêàìè ì³öíîñò³
ïîíàä 400 ÌÏà âñòàíîâëåíî åôåêòèâíó ä³þ
íàòð³é-êàëüö³é-àëþìîñèë³êàòíîãî (NCAS) ñêëà â
ê³ëüêîñò³ 47–50 ìàñ.%. Òåìïåðàòóðà ñï³êàííÿ òà-
êèõ ñêëîêåðàì³÷íèõ ìàòåð³àë³â áóëà â ä³àïàçîí³
1150–12000Ñ [7]. Ïðîöåñ ñï³êàííÿ ïðè âèêîðèñ-
òàíí³ NCAS ñêëîçâ’ÿçêè ïîëÿãàº ó çìî÷óâàíí³ ³
ïåðåì³ùåíí³ ÷àñòèíîê êàðá³äó êðåìí³þ â ðîçì’-
ÿêøåí³é ñêëîôàç³ ï³ä ä³ºþ âëàñíèõ òåïëîâèõ êî-
ëèâàíü. Äëÿ äîñÿãíåííÿ âèñîêèõ ïîêàçíèê³â
ì³öíîñò³ êåðàì³êè, ÿêà îäåðæàíà çà òàêèì ìåõàí³-
çìîì ñï³êàííÿ, âèäàºòüñÿ ðàö³îíàëüíèì âèêîðèñ-
òàííÿ â ÿêîñò³ ñêëîçâ’ÿçêè ñêëà, çäàòíîãî ó ïðî-
öåñ³ êðèñòàë³çàö³¿ óòâîðþâàòè âèñîêîì³öí³ êðèñ-
òàë³÷í³ ôàçè. Òàê³ êðèñòàë³÷í³ ôàçè áóäóòü àðìó-
âàòè ñêëîïîä³áíó ôàçó, ÿêà çàéìàº ïðîì³æêè ì³æ
÷àñòèíêàìè SiC, ³ çàáåçïå÷èòü ï³äâèùåííÿ ïîêàç-
íèê³â ì³öíîñò³ êåðàì³÷íèõ ìàòåð³àë³â. Äëÿ îòðè-
ìàííÿ åôåêòèâíèõ ñêëîçâ’ÿçîê ìîæå áóòè âèêî-
ðèñòàíà àëþìîñèë³êàòíà ñèñòåìà MgO–Al2O3–SiO2

(MAS). Ó MAS ñèñòåì³ ³ñíóþòü ïîð³âíÿíî íèçü-
êîòåìïåðàòóðí³ ïîòð³éí³ åâòåêòèêè â ³íòåðâàë³
1345–13650Ñ. Òàê³ ïîòð³éí³ åâòåêòèêè çíàõîäÿòü-
ñÿ íà ñòèêó ïîë³â ïåðâèííî¿ êðèñòàë³çàö³¿, äå îä-
í³ºþ ç ôàç º êîðä³ºðèò [8]. Ñêëîêðèñòàë³÷í³ ìàòå-
ð³àëè êîðä³ºðèòîâîãî ñêëàäó [9] â³äð³çíÿþòüñÿ âè-
ùèìè ïîêàçíèêàìè ì³öíîñò³ ïîð³âíÿíî ç³ ñêëî-
êðèñòàë³÷íèìè ìàòåð³àëàìè, îäåðæàíèìè íà îñ-
íîâ³ ³íøèõ àëþìîñèë³êàòíèõ ñèñòåì [10–12].

Âðàõîâóþ÷è âèùåâèêëàäåíå, ìåòîþ ðîáîòè
áóëî äîñë³äæåííÿ âïëèâó ñêëîçâ’ÿçêè åâòåêòè÷-
íîãî ñêëàäó ïñåâäîïîòð³éíî¿ ñèñòåìè MgO–Al2O3–
SiO2 íà ïðîöåñè ñï³êàííÿ, ì³êðîñòðóêòóðó ³ âëàñ-
òèâîñò³ êàðá³äîêðåìí³ºâî¿ êåðàì³êè. Âèÿâëåííÿ
ïåðñïåêòèâíèõ ñêëàä³â ³ íàéá³ëüø ðàö³îíàëüíèõ
òåõíîëîã³÷íèõ ïàðàìåòð³â íèçüêîòåìïåðàòóðíîãî
îòðèìàííÿ êàðá³äîêðåìí³ºâî¿ ñêëîêåðàì³êè äàñòü
ìîæëèâ³ñòü çíà÷íî ñïðîñòèòè òåõíîëîã³þ ³ çíè-
çèòè åíåðãåòè÷í³ âèòðàòè íà îòðèìàííÿ äàíîãî
âèäó ìàòåð³àë³â. Âèñîê³ ïîêàçíèêè ì³öíîñò³ òà
çíîñîñò³éêîñò³ êåðàì³÷íèõ ìàòåð³àë³â çàáåçïå÷àòü
¿õ êîíêóðåíòîñïðîìîæí³ñòü ùîäî òðàäèö³éíèõ
ìàòåð³àë³â, ó òîìó ÷èñë³ òèõ, ùî çàñòîñîâóþòüñÿ
äëÿ âèãîòîâëåííÿ áðîíååëåìåíò³â.

Ìàòåð³àëè ³ ìåòîäè äîñë³äæåíü
Äëÿ îòðèìàííÿ êàðá³äîêðåìí³ºâî¿ ñêëîêåðà-

ì³êè ÿê íàïîâíþâà÷ âèêîðèñòîâóâàëè «÷îðíèé»
êàðá³ä êðåìí³þ ìàðêè F600 âèðîáíèöòâà Çàïîð-
³çüêîãî àáðàçèâíîãî êîìá³íàòó. ßê ñêëî-çâ’ÿçêó
âèêîðèñòîâóâàëè ñêëî, îäåðæàíå ó ïñåâäîïîòð³éí³é

ñèñòåì³ MgO–Al2O3–SiO2. Ñêëàä ñêëà â³äïîâ³äàâ
åâòåêòè÷íîìó ñêëàäó, ìàñ.%: MgO 25,7; Al2O3 22,8;
SiO2 51,5. Äîäàòêîâå ââåäåííÿ â MAS ñèñòåìó
B2O3 (10 ìàñ.÷. ïîíàä 100 ìàñ.%) çàáåçïå÷óº çíè-
æåííÿ òåìïåðàòóðè âàð³ííÿ MABS ñêëà. Ïðè öüî-
ìó íå â³äáóâàºòüñÿ çì³í ó ì³íåðàëîã³÷íîìó ñêëàä³
ï³ä ÷àñ êðèñòàë³çàö³¿ ñêëà [13]. Âàð³ííÿ ñêëà ïðî-
âîäèëè â åëåêòðè÷í³é ïå÷³ îïîðó ç êàðá³äîêðåìí-
³ºâèìè íàãð³âà÷àìè â ñåðåäîâèù³ ïîâ³òðÿ ïðè òåì-
ïåðàòóð³ 14000Ñ ç âèòðèìóâàííÿì íà ãîìîãåí³çà-
ö³þ ïðîòÿãîì 1 ãîä. Äëÿ âàð³ííÿ âèêîðèñòîâóâà-
ëè êîðóíäîâ³ òèãë³.

Ïðîâåäåí³ âèì³ðþâàííÿ ïîêàçàëè, ùî òåì-
ïåðàòóðíèé êîåô³ö³ºíò ë³í³éíîãî ðîçøèðåííÿ
(ÒÊËÐ) MABS ñêëà äîð³âíþº 51,5⋅10–7 ãðàä–1.
MABS ñêëî õàðàêòåðèçóºòüñÿ âèñîêèì ñòóïåíåì
êðèñòàë³çàö³¿ ç âèä³ëåííÿì ôàç â³äïîâ³äíî äî âåð-
øèí åëåìåíòàðíîãî òðèêóòíèêà (êîðä³ºðèò–ôîð-
ñòåðèò–êë³íîåíñòàòèò), â ÿêîìó íà ä³àãðàì³ ñòàíó
çíàõîäèòüñÿ ñêëàä åâòåêòèêè ç òåìïåðàòóðîþ
13650Ñ [9]. ÒÊËÐ çàêðèñòàë³çîâàíîãî ñêëà ñòàíî-
âèòü 27,3⋅10–7 ãðàä–1.

Øèõòè äëÿ îäåðæàííÿ äîñë³äíèõ ìàòåð³àë³â
ãîòóâàëè äâîõ òèï³â. Ó ïåðøîìó âàð³àíò³ ïîïå-
ðåäíüî ðîçìåëåíå äî ðîçì³ðó áëèçüêî 10 ìêì ñêëî
(êîíòðîëü ç âèêîðèñòàííÿì îïòè÷íî¿ ì³êðîñêîï³¿),
çì³øóâàëè íà ñóõó ç ïîðîøêîì êàðá³äó êðåìí³þ
F600 ïðîòÿãîì 1 õâ â ïëàíåòàðíîìó ìëèí³. Ó äðó-
ãîìó âèïàäêó øèõòè ç ïîðîøê³â êàðá³äó êðåìí³þ
F600 ³ äîñë³äíîãî ñêëà ï³ääàâàëè ñï³ëüíîìó ìîê-
ðîìó ïîìåëó â ïëàíåòàðíîìó ìëèí³ äî ðîçì³ðó
÷àñòèíîê áëèçüêî 2,0 ìêì, ùî â³äïîâ³äàëî ïè-
òîì³é ïîâåðõí³ 10000 ñì2/ã. ßê ó âèïàäêó ïðèãî-
òóâàííÿ øèõòè ïåðøèì, òàê ³ çà äðóãèì ñïîñîáîì
íàäàë³ ãîòóâàëè ïðåñ-ïîðîøîê ç âîëîã³ñòþ 8–9%.
Ôîðìóâàëè çðàçêè öèë³íäðè÷íî¿ ôîðìè
d=h=15 ìì íà ã³äðàâë³÷íîìó ïðåñ³ îäíîñòîðîíí³ì
ïðåñóâàííÿì ï³ä òèñêîì 900 êã/ñì2.

Ïðè çä³éñíåíí³ åêñïåðèìåíòàëüíèõ äîñë³ä-
æåíü áóëè âèêîðèñòàí³ ñòàíäàðòí³ ìåòîäèêè äëÿ
âèçíà÷åííÿ âëàñòèâîñòåé êàðá³äîêðåìí³ºâî¿ êåðà-
ì³êè. Â³äêðèòó ïîðèñò³ñòü (P) ³ óÿâíó ù³ëüí³ñòü
(ρ) çðàçê³â âèì³ðþâàëè ìåòîäîì íàñè÷åííÿ ç ïî-
äàëüøèì çâàæóâàííÿì ó ïîâ³òð³ ³ âîä³. Â³äíîñí³
çì³íó ë³í³éíèõ ðîçì³ð³â çðàçê³â (∆l) âèçíà÷àëè
øëÿõîì âèì³ðþâàííÿ ïî÷àòêîâîãî (ñïðåñîâàíîãî)
³ ê³íöåâîãî (ï³ñëÿ âèïàëþâàííÿ) ðîçì³ð³â êåðàì³-
÷íèõ çðàçê³â çà äîïîìîãîþ ì³êðîìåòðà. Ìåæó
ì³öíîñò³ íà ñòèñêàííÿ (δñò) âèçíà÷àëè íà çðàçêàõ
öèë³íäðè÷íî¿ ôîðìè (d=h=12–15 ìì) çà äîïîìî-
ãîþ ã³äðàâë³÷íîãî ïðåñà. ÒÊËÐ ó ä³àïàçîí³ 20–
4000Ñ âèì³ðþâàëè íà êâàðöîâîìó âåðòèêàëüíîìó
äèëàòîìåòð³ ïðè øâèäêîñò³ íàãð³âó 150Ñ/õâ. Ì³íå-
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ðàëîã³÷íèé ñêëàä êåðàì³êè âèçíà÷àëè çà äîïîìî-
ãîþ ðåíòãåíîôàçîâîãî àíàë³çó (ÐÔÀ) íà äèôðàê-
òîìåòð³ Philips APD-15 â Co-Kα âèïðîì³íþâàíí³.
Îïòèêî-ì³êðîñêîï³÷í³ äîñë³äæåííÿ çðàçê³â ó äèñ-
ïåðñ³ÿõ, àíøë³ôàõ ³ â çëàì³ çä³éñíþâàëè íà îï-
òè÷íîìó ì³êðîñêîï³ NU-2.

Ðåçóëüòàòè òà îáãîâîðåííÿ
Äëÿ îäåðæàííÿ êåðàì³÷íèõ ìàòåð³àë³â ï³äâè-

ùåíî¿ ì³öíîñò³ íåîáõ³äíî ñôîðìóâàòè ó íèõ
ù³ëüíó ñòðóêòóðó ç ì³êðîêðèñòàë³÷íîþ áóäîâîþ.
ßê íàïîâíþâà÷ âèêîðèñòîâóâàëè êàðá³ä êðåìí³þ
ìàðêè F600 ç ïîêàçíèêîì D50=9,3 ìêì. Ñêëîçâ’-
ÿçêó ââîäèëè äî ñêëàäó äîñë³äíî¿ êåðàì³êè â
ê³ëüêîñò³ 10–50 ìàñ.%, ùî ïåðåäáà÷àëî îäåðæàí-
íÿ ìàòåð³àë³â ç ð³çíîþ ì³êðîñòðóêòóðîþ. Çðàçêè
êåðàì³êè ñï³êàëè â òåìïåðàòóðíîìó ³íòåðâàë³ 1250–
15500Ñ. Ãðàô³÷í³ çàëåæíîñò³ çì³íè âëàñòèâîñòåé
çðàçê³â êàðá³äîêðåìí³ºâî¿ êåðàì³êè, âèïàëåíî¿ ïðè
ð³çíèõ òåìïåðàòóðàõ, â³ä âì³ñòó MABS ñêëà íà-
äàí³ íà ðèñ. 1.

Åêñïåðèìåíòàëüíî âñòàíîâëåíî, ùî MABS
ñêëî, ââåäåíå â ê³ëüêîñò³ 10–50 ìàñ.%, ïðè òåì-
ïåðàòóðàõ 12500Ñ ³ 14000Ñ íå çàáåçïå÷óº çàäîâ-
³ëüíå ñï³êàííÿ êàðá³äîêðåìí³ºâî¿ êåðàì³êè íà îñ-
íîâ³ SiC ìàðêè F600. Óÿâíà ù³ëüí³ñòü îäåðæàíèõ
çðàçê³â ñòàíîâèòü 1,6–2,0 ã/ñì3 (ðèñ. 1,à), â³äêðè-
òà ïîðèñò³ñòü 25–41% (ðèñ. 1,á). Ïðè öüîìó çðàç-
êè êåðàì³êè ïðàêòè÷íî íå çàçíàþòü óñàäêè ïðè
òåìïåðàòóð³ 12500Ñ ³ íàâ³òü çá³ëüøóþòüñÿ â ðîçì³ð³
ïðè òåìïåðàòóð³ 14000Ñ (ðèñ. 1,â). Ì³öí³ñòü íà
ñòèñêàííÿ ìàº ì³í³ìàëüí³ çíà÷åííÿ ³ íå ïåðåâè-
ùóº 35–40 ÌÏà ïðè ìàêñèìàëüíîìó âì³ñò³ ñêëîç-
â’ÿçêè 50 ìàñ.% (ðèñ. 1,ã).

Ì³êðîñòðóêòóðà çðàçê³â êåðàì³êè, ñèíòåçîâà-
íèõ íà îñíîâ³ ïîðîøê³â êàðá³äó êðåìí³þ ìàðêè
F600 ïðè òåìïåðàòóðàõ 12500Ñ ³ 14000Ñ, òàêîæ
íîñèòü ïîä³áíèé õàðàêòåð, ùî âèäíî ç ì³êðîôî-
òîãðàô³é çðàçê³â ç âì³ñòîì ñêëîçâ’ÿçêè 40 ìàñ.%
(ðèñ. 2,à,á). Òåêñòóðà ìàòåð³àëó ïîðèñòà, íàÿâí³ñòü
ðîçâèíåíî¿ ñêëîôàçè íå ñïîñòåð³ãàºòüñÿ. ×àñòèí-

Ðèñ. 1. Âïëèâ âì³ñòó ñêëà íà âëàñòèâîñò³ êàðá³äîêðåìí³-ºâî¿ êåðàì³êè: à – óÿâíî¿ ù³ëüíîñò³, á – â³äêðèòî¿ ïîðè-

ñòîñò³, â – ë³í³éíî¿ óñàäêè, ã – ìåæ³ ì³öíîñò³ íà ñòèñêàííÿ ïðè ð³çíèõ òåìïåðàòóðàõ ñï³êàííÿ:

(+) 12500Ñ; (•) 14000Ñ; (×) 15500Ñ
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Ðèñ. 2. Ì³êðîñòðóêòóðà êåðàì³êè ç³ ñï³ââ³äíîøåííÿì SiC:ñêëî=50:50 ï³ñëÿ ñï³êàííÿ ïðè òåìïåðàòóðàõ:

12500Ñ (à), 14000Ñ (á) ³ 15500Ñ (â)

Ðèñ. 3. Ðåíòãåíîãðàìà êåðàì³êè ç³ ñï³ââ³äíîøåííÿì SiC:ñêëî=50:50, ñïå÷åíî¿ ïðè òåìïåðàòóð³ 14000Ñ

êè êàðá³äó êðåìí³þ, ñêëîôàçà òà ïðîäóêòè ¿¿ êðè-
ñòàë³çàö³¿ çâ’ÿçàí³ ì³æ ñîáîþ ñëàáî. Ðîçì³ð êðèñ-
òàë³â, ùî âèä³ëÿþòüñÿ ç ñêëîôàçè, íå ïåðåâèùóº
ðîçì³ðó ÷àñòèíîê êàðá³äó êðåìí³þ (≈10 ìêì).

Âèñîêèé ñòóï³íü ñï³êàííÿ çðàçê³â êåðàì³êè
(∆l=14,9%, P=0,1%, ρ=2,81 ã/ñì3) áóëî äîñÿãíó-
òî ëèøå ïðè òåìïåðàòóð³ âèïàëó 15500Ñ (ðèñ. 1).
Ïðè öüîìó äëÿ çðàçê³â êåðàì³êè, ùî ì³ñòèòü 40–
50 ìàñ.% MABS ñêëà, õàðàêòåðíà ï³äâèùåíà óñàä-
êà (ðèñ. 1,à). Ï³ñëÿ ñï³êàííÿ ïðè òåìïåðàòóð³
15500Ñ íà ì³êðîôîòîãðàô³¿ çðàçê³â êåðàì³êè
(ðèñ. 2,â) äîáðå ïðîãëÿäàºòüñÿ ðîçâèíåíà ñêëîôà-
çà, â ÿê³é äîñòàòíüî ð³âíîì³ðíî ðîçïîä³ëåíà îê-
ñèäíà ôàçà. Çà äîïîìîãîþ ñêëîôàçè äîñòàòíüî
ì³öíî ç’ºäíàí³ ì³æ ñîáîþ ³ ÷àñòî÷êè êàðá³äó êðåì-
í³þ. Ïîðèñò³ñòü ìàòåð³àëó çàêðèòà, ç ïîðàìè ïå-
ðåâàæíî çàîêðóãëåíî¿ ôîðìè. ̄ õ ðîçì³ð íå ïåðå-
âèùóº 50 ìêì.

Çà ðåçóëüòàòàìè ðåíòãåíîôàçîâîãî àíàë³çó

äîñë³äíèõ êåðàì³÷íèõ ìàòåð³àë³â (ðèñ. 3) ìîæíà
çðîáèòè âèñíîâîê, ùî á³ëüøà ÷àñòèíà îêñèäíî¿
ñêëàäîâî¿ ï³ñëÿ âèïàëó ïåðåáóâàº ó êðèñòàë³÷íî-
ìó ñòàí³. Ïðî öå ñâ³ä÷èòü â³äñóòí³ñòü àìîðôíîãî
ãàëî íà ðåíòãåíîãðàìàõ. Êðèñòàë³÷íà ôàçà, êð³ì
SiC, ïåðåâàæíî ïðåäñòàâëåíà êîðä³ºðèòîì
(Mg2Al4Si5O18).

Â ðîáîò³ [7] ïîêàçàíî, ùî ôîðìóâàííÿ
ù³ëüíèõ äèñïåðñíî çì³öíåíèõ êàðá³äîêðåìí³ºâèõ
ìàòåð³àë³â ïðè âèêîðèñòàíí³ NCAS ñêëîçâ’ÿçîê
â³äáóâàºòüñÿ â ³íòåðâàë³ â’ÿçêîñò³  lgη=2,5–2,6 Ïà⋅ñ.
Ðîçðàõóíêîâà æ â’ÿçê³ñòü (lgη) ïðè 12500Ñ äëÿ
MABS ñêëà ñòàíîâèòü ëèøå 2,42 Ïà⋅ñ, ùî á³ëüø
í³æ äîñòàòíüî äëÿ ñï³êàííÿ. Éìîâ³ðíî ³íòåíñèâ-
íà êðèñòàë³çàö³ÿ ñêëîôàçè â ïðîöåñ³ âèïàëó â³äáó-
âàºòüñÿ âæå ïðè íàãð³âàíí³, ÿêå â³äáóâàëîñü ïî-
â³ëüíî ç³ øâèäê³ñòþ 50Ñ/õâ. Ïðè öüîìó ðîçì³ð
êðèñòàë³â, ÿê³ óòâîðèëèñü, ìîæíà ïîð³âíÿòè ç ðîç-
ì³ðàìè êðèñòàë³â êàðá³äó êðåìí³þ. Â ïðî-
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öåñ³ êðèñòàë³çàö³¿ ñêëîôàçè çíà÷íî çìåíøóºòüñÿ
ê³ëüê³ñòü àêòèâíîãî ðîçïëàâó, òîìó ïðîöåñ ñï³êàí-
íÿ ïðè òåìïåðàòóðàõ 12500Ñ ³ 14000Ñ çä³éñíþºòü-
ñÿ ëèøå çà äîïîìîãîþ çàëèøêîâî¿ ñêëîïîä³áíî¿
ôàçè, çáàãà÷åíî¿ B2O3. Ïðè ¿¿ ìàë³é ê³ëüêîñò³ ïðî-
öåñ ñï³êàííÿ çà ìåõàí³çìîì ïåðåðîçïîä³ëó äèñ-
ïåðñíèõ ÷àñòèíîê ó ðîçïëàâ³ íå ðåàë³çóºòüñÿ [7].
Êð³ì òîãî, ïðîöåñó ñï³êàííÿ ïðîòèä³º êðèñòàë³çà-
ö³éíèé òèñê, ùî ñòâîðþºòüñÿ ï³ä ÷àñ çðîñòàííÿ
êðèñòàë³â. Öåé òèñê ðîçïóøóº ñòðóêòóðó äîñë³ä-
íèõ çðàçê³â.

Ïðè òåìïåðàòóð³ ñï³êàííÿ 15500Ñ â³äáóâàºòü-
ñÿ ³íêîíãðóåíòíå ïëàâëåííÿ êîðä³ºðèòó [13,14].
Â ðåçóëüòàò³ ê³ëüê³ñòü àêòèâíî¿ ð³äêî¿ ôàçè ñòàº
äîñòàòíüîþ äëÿ ðåàë³çàö³¿ ìåõàí³çìó óù³ëüíåííÿ
çåðåí êàðá³äó êðåìí³þ çà ðàõóíîê òåïëîâèõ êî-
ëèâàíü ó ðîçïëàâ³. ßê íàñë³äîê, êåðàì³êà ñï³êàºòü-
ñÿ ³ óù³ëüíþºòüñÿ, â³äïîâ³äíî ï³äâèùóþòüñÿ ïî-
êàçíèêè ì³öíîñò³ êåðàì³÷íîãî ìàòåð³àëó, ÿêèé
îäåðæàíî (ðèñ. 1,ã). Ìàêñèìàëüíå çíà÷åííÿ σñæ

ñïîñòåð³ãàºòüñÿ ïðè âì³ñò³ ñêëîçâ’ÿçêè 40 ìàñ.%.
Çíèæåííÿ ì³öíîñò³ çðàçê³â ïðè âì³ñò³ ñêëîçâ’ÿç-
êè 50 ìàñ.% ìîæå áóòè ïîâ’ÿçàíå ç ¿¿ â³äíîñíèì

íàäëèøêîì. Êåðàì³êà ñòàº á³ëüø ù³ëüíîþ, àëå
çá³ëüøóþòüñÿ ïðîì³æêè ì³æ çåðíàìè êàðá³äó
êðåìí³þ çàïîâíåí³ MABS ôàçàìè, ùî ïðèçâî-
äèòü äî ïîñëàáëåííÿ çàãàëüíî¿ áóäîâè ìàòåð³àëó.
Âðàõîâóþ÷è âèùåâèêëàäåíå, äëÿ ïîäàëüøèõ äîñ-
ë³äæåíü áóëî îáðàíî ñêëàä ç³ ñï³ââ³äíîøåííÿì
íàïîâíþâà÷:ñêëîçâ’ÿçêà=60:40.

Â³äîìî [15], ùî ç³ çìåíøåííÿì ðîçì³ðó ÷àñ-
òèíîê ìàòåð³àëó çá³ëüøóºòüñÿ éîãî ïîâåðõíåâà
åíåðã³ÿ, ùî îáóìîâëþº ï³äâèùåííÿ ñõèëüíîñò³ äî
ñï³êàííÿ. Òîìó ìè ïðîâîäèëè ìåõàíîàêòèâàö³þ
êîìïîíåíò³â ñèðîâèííèõ ñóì³øåé (êàðá³äó êðåì-
í³þ ³ MABS ñêëà) øëÿõîì ìîêðîãî ïîìåëó â ïëà-
íåòàðíîìó ìëèí³.

Äëÿ êàðá³äîêðåìí³ºâî¿ êåðàì³êè, ÿêà îäåð-
æàíà íà îñíîâ³ òîíêîìåëåíèõ ïîðîøê³â, â³äçíà÷å-
íèé âèñîêèé ñòóï³íü ñï³êàííÿ âæå ï³ñëÿ âèïàëó
ïðè òåìïåðàòóðàõ 12500Ñ ³ 14000Ñ. Ë³í³éíà óñàäêà
êåðàì³÷íèõ çðàçê³â ñêëàëà 11,1% ³ 12,4%, â³äïî-
â³äíî (ðèñ. 4,à), ùî ìîæå ñâ³ä÷èòè ïðî çíà÷íå
âçàºìíå ïåðåì³ùåííÿ ÷àñòèíîê êàðá³äó êðåìí³þ â
ñêëîçâ’ÿçö³. Ïîäàëüøå ï³äâèùåííÿ òåìïåðàòóðè
âèïàëó äî 15500Ñ ïðàêòè÷íî íå âèêëèêàº çì³íè

Ðèñ. 4. Âïëèâ òåìïåðàòóðè ñï³êàííÿ íà âëàñòèâîñò³ êàðá³äîêðåìí³ºâî¿ êåðàì³êè: à – ë³í³éíî¿ óñàäêè; á – óÿâíî¿

ù³ëüíîñò³; â – â³äêðèòî¿ ïîðèñòîñò³; ã – ìåæ³ ì³öíîñò³ íà ñòèñêàííÿ. Êåðàì³êà îäåðæàíà ç òîíêîìîëîòèõ øèõò

(SiC:ñêëî=60:40)
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ë³í³éíî¿ óñàäêè êåðàì³÷íèõ çðàçê³â. Ïðè öüîìó
â³äêðèòà ïîðèñò³ñòü çíèæóºòüñÿ äî 1,3% ³ ³ñòîòíî
çðîñòàº ïîêàçíèê ì³öíîñò³ íà ñòèñêàííÿ äî
680 ÌÏà (ðèñ. 4,ã).

Ì³êðîñòðóêòóðà çðàçê³â êàðá³äîêðåìí³ºâî¿
êåðàì³êè, îäåðæàíî¿ íà îñíîâ³ òîíêîäèñïåðñíèõ
ïîðîøê³â SiC ³ ñêëîçâ’ÿçêè, á³ëüø ù³ëüíà ³ çâ’ÿ-
çàíà (ðèñ. 5). Ç ôîòî (ðèñ. 5,à) âèäíî, ùî ÷àñòèí-
êè êàðá³äó êðåìí³þ çâ’ÿçàí³ ì³æ ñîáîþ â äîñèòü
ù³ëüíó ñòðóêòóðó âæå ïðè òåìïåðàòóð³ 12500Ñ. Ó
òîé æå ÷àñ, â ìàòåð³àë³ çàëèøàºòüñÿ äîñèòü âåëè-
êà ê³ëüê³ñòü ïîð. Êð³ì òîãî, ïðèñóòí³ âèäèì³ â
îïòè÷íèé ì³êðîñêîï êðèñòàëè ðîçì³ðîì 2–4 ìêì,
ùî âèä³ëÿþòüñÿ â ïðîöåñ³ êðèñòàë³çàö³¿ ñêëî-
çâ’ÿçêè. Ï³ñëÿ âèïàëó ïðè òåìïåðàòóð³ 14000Ñ õà-
ðàêòåð ì³êðîñòðóêòóðè êåðàì³êè á³ëüø ù³ëüíèé,
âèäèìî¿ êðèñòàë³çàö³¿ ñêëîôàçè íå â³äì³÷åíî, ïî-
ðèñò³ñòü çíèæóºòüñÿ (ðèñ. 5,á). Ï³äâèùåííÿ òåì-
ïåðàòóðè âèïàëó äî 15500Ñ íå ïðèâîäèòü äî âè-
äèìèõ çì³í ì³êðîñòðóêòóðè êåðàì³êè. Ðåçóëüòàòè
âèçíà÷åííÿ ì³êðîñòðóêòóðè çðàçê³â äîñë³äíî¿ êå-
ðàì³êè óçãîäæóþòüñÿ ç ïîêàçíèêàìè ¿õ óÿâíî¿
ù³ëüíîñò³. Óÿâíà ù³ëüí³ñòü äîñë³äíèõ çðàçê³â ï³ñëÿ
âèïàëó ïðè òåìïåðàòóðàõ 14000Ñ ³ 15500Ñ ïðàê-
òè÷íî îäíàêîâà (ðèñ. 4,á), à â³äêðèòà ïîðèñò³ñòü
íåçíà÷íà, ìåíøå 1–3% (ðèñ. 4,â).

Òàêèì ÷èíîì, ìîæíà çðîáèòè âèñíîâîê, ùî
ïðè âèêîðèñòàíí³ òîíêîìåëåíèõ ïîðîøê³â SiC ³
ñêëîçâ’ÿçêè îñîáëèâ³ñòþ ïðîöåñó ñï³êàííÿ º òå,
ùî â ïðîöåñ³ êðèñòàë³çàö³¿ óòâîðþþòüñÿ êðèñòà-
ëè, ðîçì³ð ÿêèõ ñï³âñòàâíèé ç âèõ³äíèì ðîçì³ðîì
÷àñòîê ñêëà (áëèçüêî 2 ìêì). Öå ïîëåãøóº ¿õ ðîç-
÷èíåííÿ â çàëèøêîâ³é ñêëîôàç³ âæå ïðè òåìïåðà-
òóð³ 12500Ñ. Çá³ëüøåíî¿ ê³ëüêîñò³ ñêëîôàçè ñòàº
äîñòàòíüî äëÿ ñï³êàííÿ ³ çì³öíåííÿ çðàçê³â. Ïðè
òåìïåðàòóð³ 14000Ñ äîñÿãàºòüñÿ ïðàêòè÷íî ïîâíå
ñï³êàííÿ. Ïîäàëüøå çá³ëüøåííÿ òåìïåðàòóðè
ñï³êàííÿ äî 15500Ñ ïðèâîäèòü äî çá³ëüøåííÿ

ì³öíîñò³ çðàçê³â, ùî â³ðîã³äíî ïîâ’ÿçàíî ç îñòà-
òî÷íèì çàâåðøåííÿì ïðîöåñ³â ðîç÷èíåííÿ êðèñ-
òàë³÷íèõ ôàç, òà çàâåðøåííÿì ïðîöåñ³â ôîðìó-
âàííÿ ñòàá³ëüíî¿ áóäîâè êåðàì³÷íîãî ìàòåð³àëó.

Âèñíîâêè
Îäåðæàíî íèçüêîòåìïåðàòóðíó (òåìïåðàòóðà

ñï³êàííÿ 15500Ñ) êàðá³äîêðåìí³ºâó êåðàì³êó ç âè-
ñîêèì ñòóïåíåì ñï³êàííÿ. Òàê³ ðåçóëüòàòè áóëè
äîñÿãíóò³ çà ðàõóíîê ââåäåííÿ ÿê ñêëîçâ’ÿçêè ñêëà
åâòåêòè÷íîãî ñêëàäó â ïñåâäîïîòð³éí³é ñèñòåì³
MgO–Al2O3–SiO2, à òàêîæ ìåõàíîàêòèâàö³¿ êîì-
ïîíåíò³â ñèðîâèííî¿ ñóì³ø³. Íàéá³ëüø ðàö³îíàëüíå
ñï³ââ³äíîøåííÿ ì³æ SiC íàïîâíþâà÷åì ³ ñêëî-
çâ’ÿçêîþ, ùî çàáåçïå÷óº ìàêñèìàëüí³ çíà÷åííÿ
ì³öíîñò³ ïðè ñòèñêàíí³ (äî 680 ÌÏà), ñòàíîâèòü
60:40. Âñòàíîâëåíî, ùî êðèñòàë³çàö³ÿ ñêëîçâ’ÿçêè
â³ä³ãðàº âèçíà÷àëüíó ðîëü äëÿ âèçíà÷åííÿ òåìïå-
ðàòóðè ôîðìóâàííÿ ù³ëüíèõ êàðá³äîêðåìí³ºâèõ
ìàòåð³àë³â.

Çàïðîïîíîâàíèé êîìïëåêñíèé ï³äõ³ä äî
³íòåíñèô³êàö³¿ ïðîöåñó ñï³êàííÿ º ïåðñïåêòèâíèì
äëÿ îäåðæàííÿ ì³öíî¿ êàðá³äîêðåìí³ºâî¿ êåðàì³êè
ç íèçüêèìè òåìïåðàòóðàìè ñèíòåçó. Äîñòàòíüî
âèñîê³ ïîêàçíèêè ì³öíîñò³ äîñë³äíî¿ êåðàì³êè çà-
áåçïå÷àòü ¿¿ êîíêóðåíòîñïðîìîæí³ñòü ùîäî òðà-
äèö³éíèõ ìàòåð³àë³â, ó òîìó ÷èñë³ òèõ, ùî çàñòî-
ñîâóþòüñÿ ÿê çíîñî- ³ óäàðîñò³éê³.
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DENSELY SINTERED CARBIDE-SILICON CERAMICS
ON A GLASS-CRYSTAL BINDER OF CORDIERITE
COMPOSITION

Sergii Polozhaj *, Oleksandr Zaichuk, Êostyantyn Sukhyy,
Andrii Polozhaj

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine
* e-mail: s.polozhaj@gmail.com

The high density of silicon carbide ceramics is a prerequisite
for obtaining materials with high strength. A promising technology
for preparation of such materials at relatively low temperatures is
the use of glass crystal bonds. The paper presents the results of
studies on ceramic materials based on silicon carbide using glass
in the pseudoternary system MgO–Al2O3–SiO2 as a glass binder.
The composition of the glass corresponds to a ternary eutectic
with a temperature of 13650C, which is located at the boundary
of the primary crystallization fields, where one of the phases is
cordierite. It has been determined that it is necessary to
mechanically activate the components of the raw material mixture
to obtain densely sintered ceramics. In this case, the most rational
ratio between SiC filler and glass binder, which provides the
maximum mechanical compressive strength (up to 700 MPa), is
60:40. It has been established that the crystallization of the glass
binder plays a decisive role in determining the formation
temperature of dense silicon carbide materials. The compaction
occurs due to the movement of dispersed silicon carbide particles
in the softened glass melt under the influence of thermal vibrations.
The subsequent process of fine-dispersed crystallization of the
glass binder during cooling during firing provides strengthening of
the structure of the synthesized materials. The proposed integrated
approach to the intensification of the sintering process is promising
for obtaining durable silicon carbide ceramics with low synthesis
temperatures (up to 16000C). A sufficiently high strength of the
experimental ceramics will ensure its competitiveness with respect
to traditional materials, including those used as wear and impact
resistant.

Keywords: silicon carbide ceramics; silicon carbide;
cordierite; glassy phase; sintering; crystallization; microstructure.
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