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Ïðîàíàë³çîâàíî øëÿõè îäåðæàííÿ ñêëà äëÿ ñòîìàòîëîã³÷íèõ öåìåíò³â ³ç íèçüêîþ
òåìïåðàòóðîþ ñèíòåçó. Êñåðîãåë³ ñèñòåìè SiO2–CaO–P2O5 ñèíòåçîâàíî ç åêîíîì³-
÷íî äîñòóïíèõ ñèðîâèííèõ ìàòåð³àë³â çà çîëü-ãåëü òåõíîëîã³ºþ. Ìåòîäîì äèôåðåí-
ö³éíî-òåðì³÷íîãî àíàë³çó äîñë³äæåíî ô³çèêî-õ³ì³÷í³ ïðîöåñè, òåìïåðàòóðí³ ä³ëÿí-
êè ôàçîâèõ ïåðåòâîðåíü òà ³íòåíñèâí³ñòü ¿õ ïåðåá³ãó, ùî ìàþòü ì³ñöå ïðè òåðì³-
÷íîìó îáðîáëåíí³ êñåðîãåë³â äâîõ ñåð³é ñèñòåìè ³ç âì³ñòîì SiO2 50 ³ 60 ìàñ.%.
Ïîð³âíÿííÿ îòðèìàíèõ ðåçóëüòàò³â äàº çìîãó ñòâåðäæóâàòè, ùî ó ïîðîøêàõ êñåðî-
ãåë³â ³ç âì³ñòîì SiO2 50 ìàñ.% âñ³ ä³ëÿíêè ôàçîâèõ ïåðåòâîðåíü çñóâàþòüñÿ â á³ê
íèæ÷èõ òåìïåðàòóð. Âñòàíîâëåíî, ùî ç³ çá³ëüøåííÿì òåìïåðàòóðè ïðè òåðì³÷íîìó
îáðîáëåíí³ ïîðîøê³â êñåðîãåë³â ð³çíèõ ñêëàä³â â³äáóâàþòüñÿ ôàçîâ³ ïåðåòâîðåííÿ
â³ä ñèïêîãî ÷åðåç ñïå÷åíèé àæ äî óòâîðåííÿ ñêëîïîä³áíîãî ñòàíó. Âñòàíîâëåíî, ùî
äî 6500Ñ âñ³ çðàçêè º ðåíòãåíîàìîðôíèìè. Ïîêàçàíî, ùî çá³ëüøåííÿ ó ñêëàäàõ
êñåðîãåë³â âì³ñòó ÑàÎ äî 30 ìàñ.% ³, â³äïîâ³äíî, çðîñòàííÿ ñï³ââ³äíîøåííÿ ÑàÎ:P2O5

â³ä 1 äî 6 ïðèâîäèòü äî â³äñóòíîñò³ ó íèõ ñêëîôàçè. Îïòèìàëüíå ñï³ââ³äíîøåííÿ
ÑàÎ:P2O5 ñòàíîâèòü 2. Îá´ðóíòîâàíî ³ åêñïåðèìåíòàëüíî çà äîïîìîãîþ òåðì³÷íîãî
àíàë³çó ï³äòâåðäæåíî âïëèâ Li2O òà ÂàÎ íà çíèæåííÿ òåìïåðàòóðè ñêëîóòâîðåííÿ.

Êëþ÷îâ³ ñëîâà: á³îàêòèâíå ñêëî, êñåðîãåëü, çîëü-ãåëü òåõíîëîã³ÿ, ìîäèô³êóâàííÿ,
ñêëîóòâîðåííÿ, ãðàä³ºíòíå òåðìîîáðîáëåííÿ.
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Âñòóï

Ñüîãîäí³, â åïîõó ñòð³ìêîãî òåõí³÷íîãî çðî-
ñòàííÿ, ñêëî, ÿê ôóíêö³îíàëüíèé ìàòåð³àë, çíàé-
øëî ð³çíîìàí³òíå çàñòîñóâàííÿ. Öå, â îñíîâíî-
ìó, ëèñòîâå ñêëî, òàðà, âîëîêíî, ³çîëÿòîðè òà
á³ëüø ñó÷àñíå – ëàçåðíå, àìîðôí³ íàï³âïðîâ³ä-
íèêè, ìåòàëåâå ñêëî äëÿ ãîëüôîâèõ êëþ÷îê òà
ð³æó÷èõ ³íñòðóìåíò³â, äèñïëå¿ òîùî. Ñåðåä øè-
ðîêîãî ñïåêòðà ñêëîìàòåð³àë³â îêðåìå ì³ñöå çàé-
ìàº ñêëî äëÿ ìåäèöèíè, ïåðåë³ê îñíîâíèõ íà-
ïðÿì³â çàñòîñóâàííÿ ÿêîãî íàâåäåíî â îãëÿä³
[1,2]. Öå ìåäè÷í³ àìïóëè, îïòè÷í³ ñâ³òëîâîäè äëÿ
ãàñòðîñêîï³¿, ñòîìàòîëîã³÷í³ íèòêè òà øòèôòè,
êîìïîçèö³éí³ ìàòåð³àëè íà îñíîâ³ ñêëà äëÿ ñêëå-
þâàííÿ ïîâåðõí³ ïîøêîäæåíèõ ê³ñòîê, ñêëî-
êðèñòàë³÷í³ ïîêðèòòÿ äëÿ òèòàíîâèõ ³ìïëàíòàò³â.
Îäíèì ç òàêèõ º á³îñêëî [3–7], ÿêå âèêîðèñòî-
âóþòü ó õ³ðóðã³÷í³é ñòîìàòîëîã³¿; òàêå á³îñêëî

çàáåçïå÷óº çàì³íó ³ ðåñòàâðàö³þ äåôåêò³â ê³ñòîê
ðîòîâî¿ ïîðîæíèíè. Âëàñòèâîñò³ á³îñêëà ìîæíà
çì³íþâàòè â³ä ìàêñèìàëüíî¿ á³îàêòèâíîñò³ àæ äî
á³î³íåðòíîñò³ øëÿõîì ðåãóëþâàííÿ ñï³ââ³äíî-
øåííÿ ñêëîòâ³ðíîãî, ëóæíèõ ³ ëóæíîçåìåëüíèõ
îêñèä³â. Ââàæàºòüñÿ, ùî âïåðøå á³îñêëî áóëî
îäåðæàíî Ëàð³ Õåíãåìîì [8]. Õ³ì³÷íèé ñêëàä
öüîãî ñêëà ñòàíîâèâ (ìàñ.%): 45 SiO2, 24,5 CaO,
24,5 Na2O, 6 P2O5, âîíî îòðèìàëî íàçâó 45S5
Bioglass. Ó 1981 ð. âïåðøå áóëî çä³éñíåíî êë³í³÷í³
ñòîìàòîëîã³÷í³ âèïðîáóâàííÿ, ùî ïîêàçàëè
çäàòí³ñòü ìàòåð³àëó ï³ä ÷àñ ðîç÷èíåííÿ ñòèìó-
ëþâàòè îñòåîãåíîç ³ õîíäðîãåíîç òêàíèí ðîòî-
âî¿ ïîðîæíèíè.

Çíà÷íèé ³íòåðåñ ñåðåä ìàòåð³àë³â òåðàïåâ-
òè÷íî¿ ñòîìàòîëîã³¿ âèêëèêàþòü ñêëî³îíîìåðí³
öåìåíòè (Ñ²Ö), îñíîâîþ ÿêèõ º òîíêîìåëåíèé
ïîðîøîê ñêëà â³äïîâ³äíîãî ñêëàäó. Àâòîðàìè
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[3,4] ðîçðîáëåíî Ñ²Ö, ñêëàä ÿêîãî ì³ñòèâ îêñè-
äè ñèë³ö³þ, àëþì³í³þ, êàëüö³þ, íàòð³þ òà êàëüö³é
ôòîðèä. ßê ðîç÷èííèê âèêîðèñòàíî êîïîë³ìå-
ðè ïîë³êàðáîíàòíèõ êèñëîò. Íåçâàæàþ÷è íà òå,
ùî òàêèé ñêëàä ââàæàºòüñÿ “òðàäèö³éíèì”, ïî-
ñò³éíî âåäóòüñÿ äîñë³äæåííÿ äëÿ óñóíåííÿ íèç-
êè íåäîë³ê³â Ñ²Ö, à ñàìå íåäîñòàòíüî¿ õ³ì³÷íî¿
ñò³éêîñò³, íåâèñîêî¿ ì³öíîñò³ íà çëàì ³ ñòèðàííÿ.

Îñòàíí³ì ÷àñîì çä³éñíåíî íèçêó äîñë³-
äæåíü, â ÿêèõ, ç îäíîãî áîêó, âèâ÷àþòü âïëèâ
ñï³ââ³äíîøåííÿ CaO:P2O5 [9] íà ñòðóêòóðîóòâî-
ðåííÿ òà á³îàêòèâí³ñòü êîìïîçèò³â, à ç ³íøîãî –
ðîçãëÿäàþòü íîâ³ ñèñòåìè àáî êîðåêòóþòü ñêëà-
äè ³ñíóþ÷èõ ³ç ââåäåííÿì ìîäèô³êóþ÷èõ îêñèä³â
[10] ³ç âèêîðèñòàííÿì çîëü-ãåëü òåõíîëîã³¿.

Àâòîðàìè [9] âèâ÷àâñÿ âïëèâ ñï³ââ³äíîøåí-
íÿ CaO:P2O5 íà ì³êðîñòðóêòóðó ³ ìîðôîëîã³þ ïî-
ðîøê³â á³îñêëà ñèñòåìè SiO2–CaO–P2O5. Âàðòî
çàçíà÷èòè, ùî ç³ çá³ëüøåííÿì âêàçàíîãî
ñï³ââ³äíîøåííÿ çíà÷íî çì³íþºòüñÿ ïåðåá³ã ïðî-
öåñ³â ï³ä ÷àñ òåðì³÷íîãî îáðîáëåííÿ. Öå ï³äòâåð-
äæóºòüñÿ õîäîì êðèâèõ ÄÒÀ. Ïðîòå, äëÿ âñ³õ
ñêëàä³â ñïîñòåð³ãàºòüñÿ íåçíà÷íèé åêçîåôåêò çà
òåìïåðàòóðè 8500Ñ.

Äîñë³äæåííÿ ïîðîøê³â ìåòîäàìè ðåíòãåíî-
ôàçîâîãî àíàë³çó òà ³íôðà÷åðâîíî¿ ñïåêòðîñêîï³¿
ñâ³ä÷àòü ïðî òå, ùî çà òåìïåðàòóðè 6500Ñ âñ³
çðàçêè ðåíòãåíîàìîðôí³, ìîæëèâ³ íåçíà÷í³ âêëþ-
÷åííÿ ñèë³êàò³â. Çá³ëüøåííÿ ñï³ââ³äíîøåííÿ
CaO:P2O5 ïðèâîäèòü äî óòâîðåííÿ ãðóï Si–O–Ca,
ùî ï³äòâåðäæóºòüñÿ ñìóãîþ ïîãëèíàííÿ ç äîâ-
æèíîþ õâèë³ 920 ñì–1. ¯¿ ³íòåíñèâí³ñòü çá³ëü-
øóºòüñÿ ç³ çðîñòàííÿì ñï³ââ³äíîøåííÿ CaO:P2O5.
Àâòîðè ââàæàþòü, ùî îïòèìàëüíà âåëè÷èíà
ñï³ââ³äíîøåííÿ CaO:P2O5 ñòàíîâèòü 9,5 (âì³ñò
CaO ³ P2O5 âèðàæåí³ â ìîë.%).

Ó ðîáîòàõ [10,11] äîñë³äæåíî ïîðîøêè ñè-
ñòåìè 4,5SiO2–3Al2O3–2CaO–õNb2O5 (äå õ=0,0;
0,15; 0,75 ³ 1,5). Ðåíòãåíîôàçîâèé àíàë³ç çàñâ³ä-
÷èâ, ùî âñ³ çðàçêè º àìîðôíèìè ³ íå êðèñòàë³-
çóþòüñÿ ï³ñëÿ òåðì³÷íîãî îáðîáëåííÿ çà òåìïå-
ðàòóðè 7000Ñ. Ö³êàâèì ç òî÷êè çîðó õ³ì³¿ ñêëà º
âèçíà÷åííÿ âëàñòèâîñòåé ³ç çì³íîþ âì³ñòó Nb2O5.
Òàê, çá³ëüøåííÿ êîíöåíòðàö³¿ Nb2O5 ó ñêë³ â³ä
0,0 äî 1,5 ìîë.% ïðèâîäèòü äî çìåíøåííÿ òåì-
ïåðàòóðè ñêëóâàííÿ â³ä 930 äî 7800Ñ. Ðåçóëüòà-
òè, îòðèìàí³ çà äîïîìîãîþ ðåíòãåí³âñüêî¿ ìàñ-
ñïåêòðîñêîï³¿, äàëè ìîæëèâ³ñòü ñòâåðäæóâàòè,
ùî ç³ çá³ëüøåííÿì âì³ñòó Nb2O5 â³äáóâàºòüñÿ
âïðîâàäæåííÿ ³îí³â Nb5+ ó ñèë³êàòíó ìàòðèöþ ç
óòâîðåííÿì ãðóï Si–O–Nb. ² õî÷à îïòèìàëüíî-
ãî ñêëàäó íå âñòàíîâëåíî, âñå æ, ö³ ðåçóëüòàòè
âèêëèêàþòü çíà÷íèé ³íòåðåñ.

Ç óðàõóâàííÿì âèùåíàâåäåíîãî, ìåòà äàíî¿

ðîáîòè ïîëÿãàëà ó âèâ÷åíí³ âïëèâó ñï³ââ³äíî-
øåííÿ CaO:P2O5 íà ïðîöåñ ñêëîóòâîðåííÿ ìî-
äèô³êîâàíèõ êñåðîãåë³â íà îñíîâ³ ñèñòåìè SiO2–
CaO–P2O5.

Ìàòåð³àëè òà ìåòîäè äîñë³äæåíü

Äëÿ îäåðæàííÿ ñêëà ñêëàäíèõ ñèñòåì
Na2O–ÑàÎ–B2O3–P2O5–SiO2 ³ Na2O–Li2O–ÑàÎ–
BaO–P2O5–SiO2 ÿê âèõ³äí³ ðåàãåíòè áóëè âèêî-
ðèñòàí³ ÅÒÑ-40, NaNO3 (÷.), NaH2PO4 (÷.ä.à.),
LiNO33H2O (÷.), Ca(NO3)24H2O (÷.), Ba(NO3)2

(÷.ä.à.), H3BO3 (÷.ä.à.). Ã³äðîë³ç ÅÒÑ-40 çä³éñíå-
íî çà ðîçðîáëåíîþ ìåòîäèêîþ [12]. ßê êèñëîò-
íèé êàòàë³çàòîð áóëà âèêîðèñòàíà êîíöåíòðîâà-
íà í³òðàòíà êèñëîòà (õ.÷.) ó ê³ëüêîñò³ 0,6 ìàñ.%
çà â³äíîøåííÿì äî ñóìàðíîãî âì³ñòó åòèëñèë³-
êàòó ³ âîäè, ùî çàáåçïå÷óº ðÍ ðîç÷èíó 1–2.

Äëÿ ñèíòåçó ãåë³â ³ ïðîäóêò³â ¿õ òåðì³÷íîãî
îáðîáëåííÿ âèêîðèñòàíà çîëü-ãåëü òåõíîëîã³ÿ.
Òàêà òåõíîëîã³ÿ ìàº øèðîê³ ìîæëèâîñò³ äëÿ
çì³íþâàííÿ õ³ì³÷íîãî ñêëàäó ïîð³âíÿíî ç òðà-
äèö³éíèì âèñîêîòåìïåðàòóðíèì ñèíòåçîì.
Êð³ì öüîãî, îäåðæàííÿ ñêëà â ê³íöåâîìó ðàõóí-
êó ïåðåäáà÷àºòüñÿ â ³íòåðâàë³ 1000–11000C, òîä³
ÿê çà òðàäèö³éíîþ ìåòîäèêîþ – çà 1400–15000C
[13–15]. Îäåðæàí³ çà çîëü-ãåëü òåõíîëîã³ºþ ïðî-
äóêòè º âèñîêîîäíîð³äíèìè íà ìîëåêóëÿðíîìó
ð³âí³.

Ðîçðàõîâàí³ íàâàæêè ñîëåé ìåòàë³â ³ áîð-
íî¿ êèñëîòè ðîç÷èíÿëè ó äèñòèëüîâàí³é âîä³,
âèõîäÿ÷è ç ¿õ ðîç÷èííîñò³, ³ çì³øóâàëè ì³æ ñî-
áîþ ó ïåâíîìó ñòåõ³îìåòðè÷íîìó ñï³ââ³äíîøåíí³
çà ê³ìíàòíî¿ òåìïåðàòóðè. Îäåðæàíèé ðîç÷èí
êðàïëÿìè äîáàâëÿëè äî ã³äðîë³çàòó åòèëñèë³êàòó
çà óìîâ ïîñò³éíîãî ïåðåì³øóâàííÿ íà ìàãí³òí³é
ì³øàëö³ ïðîòÿãîì 0,5 ãîä. Ãîòîâèé ðîç÷èí çàëè-
øàëè íà «äîçð³âàííÿ» äî ïîâíîãî ïåðåõîäó â ãåëü,
ÿêèé ó ïîäàëüøîìó ñóøèëè çà òåìïåðàòóðè
100±50Ñ ç îäåðæàííÿì êñåðîãåëÿ.

Õàðàêòåð ôàçîâèõ ïåðåòâîðåíü êñåðîãåë³â
ï³ä ÷àñ íàãð³âàííÿ òà ¿õ òåìïåðàòóðà âèçíà÷àëè-
ñÿ òåðì³÷íèì àíàë³çîì â åëåêòðè÷í³é ãðàä³ºíòí³é
ïå÷³ â ³íòåðâàë³ òåìïåðàòóð 200–10000Ñ ïðîòÿ-
ãîì 2 ãîä. Îãëÿä ñòàíó êñåðîãåëþ â óñüîìó ³íòåð-
âàë³ òåìïåðàòóð ïðîâîäèëè ç âèêîðèñòàííÿì
îïòè÷íîãî ì³êðîñêîïó.

Äîñë³äæåííÿ ïðîöåñ³â òåðì³÷íîãî ðîçêëà-
äó êñåðîãåë³â çä³éñíþâàëè íà äåðèâàòîãðàô³
Q-1500D ñèñòåìè «Paulik–Paulik–Erdei», ç’ºäíàíèì
³ç ïåðñîíàëüíèì êîìï’þòåðîì. Çðàçêè àíàë³çó-
âàëè â ä³àïàçîí³ òåìïåðàòóð 20–10000Ñ ó äèíàì³-
÷íîìó ðåæèì³ ç³ øâèäê³ñòþ íàãð³âàííÿ 100Ñ/õâ
â àòìîñôåð³ ïîâ³òðÿ. Åòàëîííîþ ðå÷îâèíîþ ñëóãó-
âàâ àëþì³í³é îêñèä. Ìàñà çðàçê³â ñòàíîâèëà 100 ìã.
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Ðåçóëüòàòè òà îáãîâîðåííÿ

Îá’ºêòîì äîñë³äæåíü ñëóãóâàëà ñèë³êàòíà
êàëüö³éôîñôàòíà ñèñòåìà, â ÿê³é îäåðæóþòü
ñêëî, ùî ó áàãàòüîõ âèïàäêàõ òðàêòóþòü ÿê á³î-
àêòèâíå [7].

Îñíîâíèìè êðèòåð³ÿìè ï³ä ÷àñ âèáîðó ñêëî-
ìàòðèö³ (ñêëàä³â ñêëà) º çàáåçïå÷åííÿ ïåðåá³ãó
â í³é á³îàêòèâíîñò³, ðåíòãåíîêîíòðàñòíîñò³,
íèçüêî¿ òåìïåðàòóðè ñèíòåçó. Öå ìîæå áóòè äî-
ñÿãíóòî øëÿõîì ââåäåííÿ äî ñêëàäó ñêëîìàòðèö³
âèçíà÷åíîãî âì³ñòó ïåâíèõ îêñèä³â. Ïðè âèáîð³
ñêëîìàòðèö³ (ñèñòåìè) áóëî âðàõîâàíî ðîçðîá-
êè [9], ñêëàäè ÿêèõ çíàõîäÿòüñÿ â ñèñòåì³ SiO2–
CaO–P2O5. Â çâ’ÿçêó ç öèì ÿê îñíîâó äëÿ ñèíòå-
çó ñêëà áóëî îáðàíî ñàìå öþ ñèñòåìó ³ç ïåâíèì
êîðåêòóâàííÿì âì³ñòó êîìïîíåíò³â.

Äëÿ âñòàíîâëåííÿ çàëåæíîñò³ òåìïåðàòóðè
ñêëîóòâîðåííÿ â³ä ñêëàäó áóëî ïðèãîòîâàíî äâ³
ñåð³¿ ðîç÷èí³â ³ç ð³çíèì âì³ñòîì SiO2: 60 ìàñ.%

(S6) òà 50 ìàñ.% (S5). Ñêëàäè îäåðæàíèõ êñåðî-
ãåë³â ìîäåëüíî¿ ñèñòåìè SiO2–CaO–P2O5 íàâå-
äåí³ ó òàáëèö³.

Íà ïåðøîìó åòàï³ ðîáîòè äîñë³äæóâàëè
âïëèâ âì³ñòó ÑàÎ ³ ñï³ââ³äíîøåííÿ CaO:P2O5 íà
õàðàêòåð ôàçîâèõ ïåðåòâîðåíü äîñë³äæóâàíèõ
êñåðîãåë³â ï³ä ÷àñ íàãð³âàííÿ äî 10000C. Ç ö³ºþ
ìåòîþ ó êîæí³é ñåð³¿ çðàçê³â ïîñë³äîâíî çì³íþ-
âàëè âì³ñò ÑàÎ â ìåæàõ â³ä 10 äî 30 ìàñ.%. Ïðè
öüîìó ñï³ââ³äíîøåííÿ CaO:P2O5 çá³ëüøóâàëîñÿ
ó ñåð³¿ S6 â³ä 1 äî 6, à â ñåð³¿ S5 – â³ä 1 äî 3.

Ðåçóëüòàòè òåðìîîáðîáëåííÿ êñåðîãåë³â â
ãðàä³ºíòí³é ïå÷³ (ðèñ. 1) ïîêàçàëè, ùî â ñåð³¿ S6
çá³ëüøåííÿ âì³ñòó ÑàÎ äî 20 ìàñ.%, à ðàçîì ç
òèì, CaO:P2O5 äî 4 çñóâàþòü ôàçîâ³ ïåðåòâîðåí-
íÿ ó á³ê íèæ÷èõ òåìïåðàòóð. Òàê, çà äàíèìè ïåò-
ðîãðàô³÷íîãî àíàë³çó óòâîðåííÿ ñïå÷åíèõ àãðå-
ãàò³â ó çðàçêó S6-2 ñïîñòåð³ãàºòüñÿ çà òåìïåðàòó-
ðè 6500C, ùî íà 500C íèæ÷å ïîð³âíÿíî ç³ çðàç-

Ñêëàä êñåðîãåë³â ñèñòåìè SiO2–CaO–P2O5

Ðèñ. 1. Ôàçîâ³ ïåðåòâîðåííÿ êñåðîãåë³â ï³ñëÿ òåðì³÷íîãî îáðîáëåííÿ ó ãðàä³ºíòí³é ïå÷³: à – ñåð³ÿ S6; á – ñåð³ÿ S5

Вміст оксидів, мас.% Шифр 

зразка SiO2 CaO Na2O К2O Li2O ВаO В2О3 P2O5 
CaO:Р2O5 

S6-1 60 10 5 5 – – 10 10 1 

S6-2 60 20 5 5 – – 5 5 4 

S6-3 60 30 5 – – – – 5 6 

S6-4 60 20 5 – 5 5 – 5 4 

S5-1 50 10 10 10 – – 10 10 1 

S5-2 50 20 10 – – – 10 10 2 

S5-3 50 30 10 – – – – 10 3 

S5-4 50 20 10 – 5 5 – 10 2 

 

à

á
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êîì S6-1. Êð³ì òîãî, ó êñåðîãåë³ S6-2, ïî÷èíàþ-
÷è â³ä 7000C, óòâîðþºòüñÿ ñóö³ëüíà ñïå÷åíà ìàñà
ç³ ñêëîâèäíèìè âêëþ÷åííÿìè.

Ïîäàëüøå çá³ëüøåííÿ âì³ñòó ÑàÎ äî 30 ìàñ.%
³, â³äïîâ³äíî, ñï³ââ³äíîøåííÿ CaO:P2O5 äî 6 (çðà-
çîê S6-3) º íåáàæàíèì, îñê³ëüêè ïðè öüîìó çíà÷-
íî çðîñòàº òåìïåðàòóðà òîïëåííÿ ïîðîøêó êñå-
ðîãåëþ, ³ â ä³àïàçîí³ òåìïåðàòóð 200–10000C

æîäíèõ çì³í ó íüîìó íå â³äáóâàºòüñÿ.
Àíàëîã³÷íà êàðòèíà ñïîñòåð³ãàºòüñÿ ³ äëÿ

êñåðîãåë³â ìîäåëüíî¿ ñåð³¿ S5. Ïðîòå âàðòî çàó-
âàæèòè, ùî òåìïåðàòóðà âñ³õ ôàçîâèõ ïåðåòâî-
ðåíü äëÿ êñåðîãåë³â ö³º¿ ñåð³¿ çíà÷íî çíèæóºòü-
ñÿ. Çîêðåìà, äëÿ çðàçêà ñêëàäó S5-1 ³ç âì³ñòîì
ÑàÎ 10 ìàñ.% ³ ñï³ââ³äíîøåííÿì CaO:P2O5=1 âæå
çà 7200C óòâîðþºòüñÿ ñóö³ëüíà ñïå÷åíà ìàñà, ó

á

Ðèñ. 2. Êðèâ³ ÄÒÀ êñåðîãåë³â: à – S5-2; á – S5-4

à
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ÿê³é çà âèùèõ òåìïåðàòóð (820–8300C) ç’ÿâëÿ-
þòüñÿ ñêëîâèäí³ âêëþ÷åííÿ. Ïîäàëüøå
çá³ëüøåííÿ âì³ñòó ÑàÎ äî 30 ìàñ.% (CaO:P2O5=3)
ïðèâîäèòü äî óòâîðåííÿ ï³ä ÷àñ íàãð³âàííÿ âèê-
ëþ÷íî ñïå÷åíèõ àãðåãàò³â áåç æîäíèõ îçíàê ñêëî-
âèäíèõ âêëþ÷åíü (S5-3). Òîìó çá³ëüøåííÿ ó ñêëà-
äàõ êñåðîãåë³â âì³ñòó ÑàÎ á³ëüøå, í³æ 20 ìàñ.%,
º íåäîö³ëüíèì. Â çâ’ÿçêó ç öèì áóëî âèð³øåíî
êîðèãóâàòè ñêëàä îáðàíèõ ñèñòåì øëÿõîì ââå-
äåííÿ äîäàòêîâèõ îêñèä³â, çîêðåìà ë³ò³þ òà áà-
ð³þ, ùî ïîâ’ÿçàíî ç³ çíà÷íèì âïëèâîì íà âëàñ-
òèâîñò³ ñêëà. Òàê, áàð³é îêñèä âïëèâàº íà ðåíò-
ãåíîêîíòðàñòí³ñòü ñòîìàòîëîã³÷íîãî ìàòåð³àëó,
à ë³ò³é îêñèä ñï³ëüíî ç íàòð³é îêñèäîì ïîíèæó-
þòü òåìïåðàòóðó ñèíòåçó òà ï³äâèùóþòü õ³ì³÷íó
ñò³éê³ñòü ñêëà á³ëüøîþ ì³ðîþ ïîð³âíÿíî ç íàÿâ-
í³ñòþ êàë³é îêñèäó. Âì³ñò îêñèä³â ë³ò³þ òà áàð³þ
ñòàíîâèâ ïî 5 ìàñ.% êîæíîãî.

Ðåçóëüòàòè çä³éñíåíèõ äîñë³äæåíü ïîêàçà-
ëè, ùî ïðè òåðì³÷íîìó îáðîáëåíí³ êñåðîãåë³â
ñêëàä³â S6-4 ³ S5-4 ó ãðàä³ºíòí³é ïå÷³ ñóòòºâî
â³äð³çíÿºòüñÿ õàðàêòåð ¿õ ôàçîâèõ ïåðåòâîðåíü.
Çîêðåìà, äëÿ êñåðîãåëþ ñêëàäó S6-4 ñïîñòåð³-
ãàºòüñÿ óòâîðåííÿ ñêëà ïî÷èíàþ÷è ç òåìïåðàòó-
ðè 8400C, à ñêëàäó S5-4 – ç 7800C ³ç ïîäàëüøèì
ïîâíèì ðîçò³êàííÿì ìàñè.

Îòðèìàí³ ðåçóëüòàòè ïîêàçóþòü, ùî íà õà-
ðàêòåð ôàçîâèõ ïåðåòâîðåíü êñåðîãåë³â ï³ä ÷àñ
íàãð³âàííÿ çíà÷íîþ ì³ðîþ âïëèâàº ¿õ õ³ì³÷íèé
ñêëàä. Êð³ì òîãî, âàæëèâèì ÷èííèêîì â îäåð-
æàâíí³ òà åêñïëóàòàö³¿ á³îàêòèâíîãî ñêëà º
ñï³ââ³äíîøåííÿ CaO:P2O5. Âñòàíîâëåíî, ùî
îïòèìàëüíå çíà÷åííÿ CaO:P2O5 ñòàíîâèòü 2 ³ ìàº
ì³ñöå äëÿ êñåðîãåë³â S5-2 ³ S5-4. Òîìó º âñ³
ï³äñòàâè ñòâåðäæóâàòè, ùî âêàçàí³ ñêëàäè º ïåð-
ñïåêòèâíèìè äëÿ îäåðæàííÿ ñêëî³îíîìåðíèõ öå-
ìåíò³â ³ çàñëóãîâóþòü íà ïîäàëüøå äîñë³äæåííÿ.

²ç ìåòîþ âèáîðó îïòèìàëüíèõ óìîâ îäåð-
æàííÿ ñêëà ìîäåëüíî¿ ñèñòåìè SiO2–CaO–P2O5

³ âñòàíîâëåííÿ âïëèâó ÂàÎ ³ Li2O íà ïåðåá³ã
ôàçîâèõ ïåðåòâîðåíü áóëî çä³éñíåíî ïîð³âíÿëü-
íèé òåðì³÷íèé àíàë³ç çðàçê³â êñåðîãåë³â ñêëàä³â
S5-2 ³ S5-4. Ðåçóëüòàòè ¿õ êîìïëåêñíîãî òåðì³-
÷íîãî àíàë³çó íàäàíî ó âèãëÿä³ òåðìîãðàì (ðèñ. 2).

Âïëèâ îêñèä³â ë³ò³þ òà áàð³þ ó âêàçàíèõ
ñêëàäàõ íà òåìïåðàòóðó ñêëîóòâîðåííÿ ï³äòâåð-
äæåíî ïîð³âíÿííÿì ðåçóëüòàò³â òåðìîãðàâ³ìåò-
ðè÷íîãî (ÒÃ) òà äèôåðåíö³éíî òåðì³÷íîãî (ÄÒÀ)
àíàë³ç³â.

ßê âèäíî ç îòðèìàíèõ êðèâèõ ÒÃ àíàë³çó
(ðèñ. 2), ³íòåíñèâíà âòðàòà ìàñè êñåðîãåë³â â³äáó-
âàºòüñÿ ó òåìïåðàòóðíîìó ³íòåðâàë³ 50–2200C,
ùî ïîâ’ÿçàíî ç âèä³ëåííÿì ô³çè÷íî çâ’ÿçàíî¿
âîäè. Ïðè öüîìó çðàçîê S5-2 âòðà÷àº 27% ìàñè,

à S5-4 – 37%. Öåé ïðîöåñ ñóïðîâîäæóºòüñÿ
ñòð³ìêèì åêñòðåìóìîì íà êðèâ³é ÄTÃ
(tìàêñ=1400C) òà ïîÿâîþ ãëèáîêîãî åíäîòåðì³-
÷íîãî åôåêòó íà êðèâ³é ÄTÀ ç ìàêñèìóìîì çà
òåìïåðàòóðè 1650C.

Ïîäàëüøà ïîñòóïîâà âòðàòà ìàñè çðàçêà
S5-2 (m=6%), ÿêà ìàº ì³ñöå íà êðèâ³é TÃ ó
òåìïåðàòóðíîìó ³íòåðâàë³ 220–4500C ³ ñóïðîâî-
äæóºòüñÿ íèçêîþ ïåðåãèí³â íà êðèâ³é ÄÒÃ ç ìàê-
ñèìóìàìè çà òåìïåðàòóð 340, 390 ³ 4400C, â³äïî-
â³äàº ïîâíîìó âèä³ëåííþ êðèñòàë³çàö³éíî¿ âîäè
ç êðèñòàëîã³äðàòó í³òðàòó êàëüö³þ òà òåðìî-
îêèñí³é äåñòðóêö³¿ îðãàí³÷íî¿ ñêëàäîâî¿ äîñë³-
äæóâàíîãî çðàçêà (ðèñ. 2,à).

Àíàëîã³÷í³ ïðîöåñè ìàþòü ì³ñöå ³ ï³ä ÷àñ
òåðì³÷íîãî îáðîáëåííÿ çðàçêà S5-4, äëÿ ÿêîãî
ïîñòóïîâà âòðàòà ìàñè ñòàíîâèòü m=10%. Ïðîòå
òàêà âòðàòà ìàñè, íà â³äì³íó â³ä çðàçêà S5-2,
â³äáóâàºòüñÿ ó äåùî øèðøîìó òåìïåðàòóðíîìó
³íòåðâàë³ 220–5500C (êðèâà TÃ, ðèñ. 2,á) ³ ñó-
ïðîâîäæóºòüñÿ íèçêîþ ïåðåãèí³â íà êðèâ³é ÄTÃ
ç ìàêñèìóìàìè çà òåìïåðàòóð 290, 320, 360, 430,
500 ³ 5300C. Öå, î÷åâèäíî, ïîâ’ÿçàíî ç âèä³ëåí-
íÿì êðèñòàë³çàö³éíî¿ âîäè ç êðèñòàëîã³äðàò³â
í³òðàò³â êàëüö³þ òà ë³ò³þ.

Âàðòî çàçíà÷èòè, ùî ó öüîìó òåìïåðàòóð-
íîìó ³íòåðâàë³ â³äáóâàºòüñÿ ðîçêëàä áîðíî¿ êèñ-
ëîòè (çðàçîê S5-2), íàòð³þ í³òðàòó ³ íàòð³þ äè-
ã³äðîôîñôàòó (çðàçêè S5-2 ³ S5-4).

Ïðè öüîìó íà êðèâèõ ÄTÀ îáîõ çðàçê³â
ñïîñòåð³ãàºòüñÿ ïåðåõ³ä åíäîòåðì³÷íîãî åôåêòó
â åêçîåôåêò ³ç ìàêñèìóìîì çà òåìïåðàòóð 280–
3000C.

Ó òåìïåðàòóðíîìó ³íòåðâàë³ 450–6300C (çðà-
çîê S5-2) ³ 550–7200C (çðàçîê S5-4) ñïîñòåð³ãàºòü-
ñÿ ñòð³ìêà âòðàòà ìàñè (m=16 ³ 18% â³äïîâ³äíî
äëÿ çðàçê³â S5-2 ³ S5-4) íà êðèâ³é TÃ ³ ÷³òêèé
åêñòðåìóì íà êðèâ³é ÄTÃ ç ìàêñèìóìîì çà 580–
5900C, ùî, î÷åâèäíî, ïîâ’ÿçàíî ³ç ðîçêëàäàííÿì
í³òðàò³â êàëüö³þ, ë³ò³þ ³ âèä³ëåííÿì ãàçîïîä³á-
íèõ ïðîäóêò³â ðîçêëàäó NO2, O2. Ïðî öå ñâ³ä÷èòü
ïîÿâà â öüîìó òåìïåðàòóðíîìó ³íòåðâàë³ íà
êðèâ³é ÄTÀ ÷³òêîãî åíäîòåðì³÷íîãî åôåêòó ç
ìàêñèìóìîì çà òåìïåðàòóðè 6000Ñ.

Âàðòî òàêîæ çàçíà÷èòè, ùî äëÿ çðàçêà S5-4
ñïîñòåð³ãàºòüñÿ íåçíà÷íà âòðàòà ìàñè (êðèâà TÃ)
ó òåìïåðàòóðíîìó ³íòåðâàë³ 720–7500C (m=1%),
ùî ñóïðîâîäæóºòüñÿ íåçíà÷íèì åíäîòåðì³÷íèì
åôåêòîì ç ìàêñèìóìîì çà òåìïåðàòóðè 6900C
(êðèâà ÄTÀ) ³ ÷³òêèìè åêñòðåìóìàìè íà êðèâ³é
ÄTÃ ³ç ìàêñèìóìàìè çà 690 ³ 7400C, ùî çóìîâëå-
íî ðîçêëàäîì áàð³é í³òðàòó.

Ëèøå ï³ñëÿ 9000C êðèâà ÄTÀ ïëàâíî îïóñ-
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êàºòüñÿ, ùî ñâ³ä÷èòü ïðî ïî÷àòîê òîïëåííÿ
ñóì³ø³. Ïîäàëüøå ï³äâèùåííÿ òåìïåðàòóðè íå
ïðèâîäèòü äî çì³í ìàñè çðàçê³â, à çàãàëüíà âòðà-
òà ìàñè çðàçê³â S5-2 ³ S5-4 ñòàíîâèòü 49 ³
66 ìàñ.%, â³äïîâ³äíî.

Âèñíîâêè

Ðåçóëüòàòè äîñë³äæåíü ïîêàçàëè, ùî òåì-
ïåðàòóðà ñêëîóòâîðåííÿ ó êñåðîãåëÿõ çàëåæèòü
â³ä âì³ñòó ÑàÎ òà ñï³ââ³äíîøåííÿ ÑàÎ/P2O5.
Îïòèìàëüíå ìàñîâå ñï³ââ³äíîøåííÿ ÑàÎ/P2O5

ñòàíîâèòü 2. Çà ðåçóëüòàòàìè òåðì³÷íîãî àíàë³çó
îö³íåíî ïðîöåñ òåðìîîáðîáëåííÿ ãåë³â. Çà õî-
äîì êðèâèõ ÄÒÀ âñòàíîâëåíî òåìïåðàòóðí³ ³íòåð-
âàëè ðîçêëàäàííÿ âñ³õ ñêëàäîâèõ ãåë³â àæ äî òîï-
ëåííÿ ñóì³ø³. Âñòàíîâëåíî, ùî ââåäåííÿ äî ñêëà-
äó êñåðîãåëþ Li2O òà ÂàÎ çíèæóº òåìïåðàòóðó
ñêëîóòâîðåííÿ ³ º äîäàòí³ì ÷èííèêîì äëÿ îäåð-
æàííÿ ñêëî³îíîì³ðíîãî öåìåíòó ç ïîçèòèâíèìè
õàðàêòåðèñòèêàìè.
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The ways of obtaining glass for dental cements with low
synthesis temperature were analyzed. The xerogels of the SiO2–
CaO–P2O5 systems were synthesized by sol-gel technology from
affordable raw materials. The physicochemical processes,
temperature regions of phase transformations and intensity of
their course, which occur during heat treatment of xerogels of
two series of the system at the SiO2 content of 50 wt.% and 60
wt.% were investigated by the method of differential thermal
analysis. Analysis of the obtained results allowed us to affirm that
all regions of phase transformations in the xerogel powders with
50 wt.% SiO2 content shifted to the lower temperature range. It
was established that an increase in the temperature during heat
treatment of the xerogel powders with different compositions led
to the phase transformations: from a loose powdered state through
a sintered state to the formation of a glassy state. It was determined
that all samples are X-ray amorphous up to the temperature of
6500C. It was shown that increasing the CaO content in the
composition of xerogels up to 30 wt.%, and accordingly increasing
the ratio CaO:P2O5 from 1 to 6, leads to the absence of glass
phase. The optimal ratio CaO:P2O5 is 2. The influence of Li2O
and BaO on a decrease in the glass formation temperature was
substantiated and experimentally confirmed by thermal analysis.

Keywords: bioactive glass; xerogel; sol-gel technology;
modification; glass formation; gradient heat treatment.

REFERENCES

1. Vakhula YI., Tupis IM. Perspektyvni napriamky
zastosuvannia skla v medytsyni. (ohliad) [Perspective directions
of application of glass in medicine. Review]. Khimiia, Tekhnolohiia

Rechovyn ta Yikh Zastosuvannia. 2019; 2(2): 73-77. (in Ukrainian).
doi: 10.23939/ctas2019.02.073.

2. Mykytiuk OY, Olar OI. Sklo i krystaly v medytsyni
[Glass and crystals in medicine]. Visnyk Problem Biolohii i

Medytsyny. 2014; 1(106): 45-48. (in Ukrainian).

3. Hench LL, Day DE, Holand W, Rheinberger VM. Glass
and medicine. Int J Appl Glass Sci. 2010; 1: 104-117.
doi: 10.1111/j.2041-1294.2010.00001.x.

4. Hench L. Chronology of bioactive glass development
and clinical applications. New J Glass Ceram. 2013; 3(2): 67-73.
doi: 10.4236/njgc.2013.32011.

5. Shymon VM, Alfeldii SP, Shymon MV, Stoika VV.
Application of bioglass in treatment of fractures and defects of
long bones. Actual Problems of Contemporary Medicine: Herald of

Ukrainian Medical Stomatology Academy. 2019; 19(3): 95-99.
doi: 10.31718/2077-1096.19.3.95.

6. Jones JR. Review of bioactive glass: from Hench to
hybrids. Acta Biomater. 2013; 9: 4457-4486.
doi: 10.1016/j.actbio.2012.08.023.

7. Wilson AD, Kent BE. A new translucent cement for
dentistry. The glass ionomer cement. Br Dent J. 1972; 132: 133-
135. doi: 10.1038/sj.bdj.4802810.

8. Hench LL. The story of bioglass. J Mater Sci Mater

Med. 2006; 17: 967-978. doi: 10.1007/s10856-006-0432-z.

9. Ahmadi SM, Behnamghader A, Asefnejaad A. Sol-gel
synthesis characterization and in vitro evaluation of SiO2–ÑaO–
P2O5 bioactive glass nanoparticles with various ÑaO/P2O5 ratios.
Dig J Nanomater Biostructures. 2017; 12(3): 847-860.

10. Bertolini MJ, Palma-Dibb RG., Zaghete MA., Gimenes R.
Evaluation of glass ionomer cements properties obtained from
niobium silicate glasses prepared by chemical process. J Non-

Cryst Solids. 2005; 351: 466-471.
doi: 10.1016/j.jnoncrysol.2005.01.040.

11. Bertolini MJ, Zaghete MA, Gimenes R, Paiva-Santos ÑO.
Characterization of amorphous niobium silicates powders
synthesized by polymeric precursor method. Mater Lett. 2005;
59: 3196-3199. doi: 10.1016/j.matlet.2005.04.054.

12. Lutsyuk ², Vakhula Ya, Tupis ², Iliuchok ². Catalytic
action of nitric acid on the hydrolysis of ETS-40 ethyl silicate.
Chem Ñhem Technol. 2021; 15(4): 475-478.
doi: 10.23939/chcht15.04.475.

13. Lutsyuk ², Vakhula Ya. Theoretical aspects of
modification mechanism for sol-gel ceramic oxide powders of
technical application. Chem Ñhem Technol. 2018; 12(3): 386-
390. doi: 10.23939/chcht12.03.386.

14. Owens GJ, Singh RK, Foroutan F, Alqaysi M, Han CM,
Mahapatra C, et al. Sol–gel based materials for biomedical
applications. Prog Mater Sci. 2016; 77: 1-79.
doi: 10.1016/j.pmatsci.2015.12.001.

15. Hench LL, West JK. The sol-gel process. Chem Rev.
1990; 90: 33-72. doi: 10.1021/cr00099a003.


