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 [1–3]. Ç ÔÓ-

ÒÎÂ‰ÌÂÂ ‚ÂÏfl fl‰ ËÒÒÎÂ‰Ó‚‡ÌËÈ Ì‡Ô‡‚ÎÂÌ Ì‡
‡Á‡·ÓÚÍÛ ‚˚ÒÓÍÓ‰Ó·ÓÚÌ˚ı ÚÂÏÓÒÚ‡·ËÎ¸Ì˚ı
‰Ë˝ÎÂÍÚËÍÓ‚ Ò ‚ÂÎË˜ËÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓ-
ÌËˆ‡ÂÏÓÒÚË (
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) ‚ ÔÂ‰ÂÎ‡ı ÓÚ 10 ‰Ó 20 [4, 5]. àÒ-
ÔÓÎ¸ÁÓ‚‡ÌËÂ Ú‡ÍËı Ï‡ÚÂË‡ÎÓ‚ ‚ ÙËÎ¸ÚÛ˛˘Ëı Ë
„ÂÌÂËÛ˛˘Ëı ÛÒÚÓÈÒÚ‚‡ı Ò‚flÁË ÔÓÁ‚ÓÎflÂÚ ÔÓ-
‚˚ÒËÚ¸ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸ Ë ËÁ·Ë‡ÚÂÎ¸ÌÓÒÚ¸ ‡-
‰ËÓ‡ÔÔ‡‡ÚÛ˚ [6, 7].
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 ÔË ÒÓÁ‰‡ÌËË ÚÂÏÓÒÚ‡·ËÎ¸Ì˚ı
ëÇó Ï‡ÚÂË‡ÎÓ‚ ÓÚÏÂ˜‡ÂÚÒfl ‚ [6–9]. é‰Ì‡ÍÓ Â-
ÁÛÎ¸Ú‡Ú˚ ËÁÏÂÂÌËfl Ëı ‰Ë˝ÎÂÍÚË˜ÂÒÍËı ÔÓÚÂ¸ ‚
‰Ë‡Ô‡ÁÓÌÂ ëÇó ÔÓÚË‚ÓÂ˜Ë‚˚. ç‡ÔËÏÂ, ‰Îfl
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°C), ˜ÚÓ
ÚÂ·ÛÂÚ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ‡ÁÎË˜Ì˚ı ÎÂ„ËÛ˛˘Ëı
‰Ó·‡‚ÓÍ Ë ÔÎ‡‚ÌÂÈ [8–10]. åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸,
˜ÚÓ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÒËÒÚÂÏ, ÒÓ‰ÂÊ‡˘Ëı ÒËÎË-
Í‡Ú˚ Ë ÚËÚ‡Ì‡Ú˚ Ï‡„ÌËfl, ·Û‰ÂÚ ÔÓÎÛ˜ÂÌ‡ ÔÎÓÚÌ‡fl
ÍÂ‡ÏËÍ‡ ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂ‚˚ÒÓÍËı ÚÂÏÔÂ‡-
ÚÛ‡ı ÒÔÂÍ‡ÌËfl (‰Ó 1400°ë). ÅÓÎÂÂ ÚÓ„Ó, ÔÓÒÍÓÎ¸-
ÍÛ ‚ÂÎË˜ËÌ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ‰Îfl
ÓÚÓÒËÎËÍ‡Ú‡ Ï‡„ÌËfl ÒÓÒÚ‡‚ÎflÂÚ 6.5 [10], ‡ ‰Îfl ÏÂ-
Ú‡- Ë ÓÚÓÚËÚ‡Ì‡Ú‡ Ï‡„ÌËfl – 16 Ë 14 ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ [10], ÚÓ Á‡ Ò˜ÂÚ ËÁÏÂÌÂÌËfl ÒÓÓÚÌÓ¯ÂÌËfl ÍÓÏÔÓ-
ÌÂÌÚÓ‚ ‚ ÏÌÓ„ÓÙ‡ÁÌ˚ı ÒËÒÚÂÏ‡ı ÏÓ„ÛÚ ·˚Ú¸ ÔÓÎÛ-
˜ÂÌ˚ Ï‡ÚÂË‡Î˚ Ò Â„ÛÎËÛÂÏÓÈ ‚ÂÎË˜ËÌÓÈ 
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. ÑÎfl ˝ÚÓ„Ó ËÁÛ˜‡ÎË Á‡-
‚ËÒËÏÓÒÚ¸ Ù‡ÁÓ‚Ó„Ó ÒÓÒÚ‡‚‡ ÓÚ ËÒıÓ‰ÌÓ„Ó ÒÓÓÚÌÓ¯Â-
ÌËfl ÍÓÏÔÓÌÂÌÚÓ‚ Ë ÚÂÏÔÂ‡ÚÛ˚ ÚÂÏÓÓ·‡·ÓÚÍË, ‡
Ú‡ÍÊÂ Â„Ó ‚ÎËflÌËÂ Ì‡ ˝ÎÂÍÚÓÙËÁË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡
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é·‡Áˆ˚ ÔÓÎÛ˜‡ÎË ÏÂÚÓ‰ÓÏ Ú‚Â‰ÓÙ‡ÁÌÓ„Ó ÒËÌ-
ÚÂÁ‡, ËÒÔÓÎ¸ÁÛfl MgO (“˜.‰.‡.”), MgëO

 

3

 

 (“˜.‰.‡.”),
SiO

 

2

 

 (“ÓÒ.˜.”) Ë TiO

 

2

 

 (“ÓÒ.˜.”) ‚ Í‡˜ÂÒÚ‚Â ËÒıÓ‰Ì˚ı
Â‡„ÂÌÚÓ‚. ÉÓÏÓ„ÂÌËÁËÛ˛˘ËÂ ÔÓÏÓÎ˚ ÒÏÂÒÂÈ
ÓÒÛ˘ÂÒÚ‚ÎflÎË ‚ ¯‡Ó‚ÓÈ ÏÂÎ¸ÌËˆÂ, ‚ ÒÂ‰Â ·Ë‰Ë-
ÒÚËÎÎËÓ‚‡ÌÌÓÈ ‚Ó‰˚. èÓÎÛ˜ÂÌÌÛ˛ ̄ ËıÚÛ ÛÔ‡Ë-
‚‡ÎË, ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ ÒÛ¯ËÎË ÔË 100–150°ë Ë
ÔÓÔÛÒÍ‡ÎË ˜ÂÂÁ Í‡ÔÓÌÓ‚ÓÂ ÒËÚÓ. ÑÎfl ËÒÒÎÂ‰Ó-
‚‡ÌËfl Ù‡ÁÓ‚˚ı ÔÂ‚‡˘ÂÌËÈ ÔË ÒËÌÚÂÁÂ ËÁ ‚˚ÒÛ-
¯ÂÌÌÓÈ ¯ËıÚ˚ ÔÂÒÒÓ‚‡ÎË Á‡„ÓÚÓ‚ÍË ÔË ‰‡‚ÎÂ-
ÌËË 50 åè‡ Ë ÔÓ‚Ó‰ËÎË Ëı ÚÂÏÓÓ·‡·ÓÚÍÛ ‚ ËÌ-
ÚÂ‚‡ÎÂ 600°–1400°ë. èÓÒÎÂ ÚÂÏÓÓ·‡·ÓÚÍË
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ËÌÚÂÌÒË‚ÌÓÒÚË, NIST SRM1976). ÑÎfl êîÄ ËÒÔÓÎ¸-
ÁÓ‚‡ÎË ·‡ÁÛ ‰‡ÌÌ˚ı JCPDS. 
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 ÔÓÎÛ˜‡ÎË ËÁ ËÒıÓ‰Ì˚ı
Â‡„ÂÌÚÓ‚ ‚ ËÌÚÂ‚‡ÎÂ ÚÂÏÔÂ‡ÚÛ 1150–1200°ë
(2

 

 

 

˜). ÑÎfl ÔÓÎÛ˜ÂÌËfl ÍÂ‡ÏË˜ÂÒÍËı Ó·‡ÁˆÓ‚ ÒËÌ-
ÚÂÁËÓ‚‡ÌÌÛ˛ ¯ËıÚÛ ÔÂÒÒÓ‚‡ÎË ‚ Á‡„ÓÚÓ‚ÍË ‰Ë‡-
ÏÂÚÓÏ 10 ÏÏ Ë ÚÓÎ˘ËÌÓÈ 3–4 ÏÏ, ‡ Á‡ÚÂÏ ÒÔÂÍ‡ÎË
ÔË ÚÂÏÔÂ‡ÚÛ‡ı 
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 = 1300–1400°ë (2 ˜). ÑË˝ÎÂÍ-
ÚË˜ÂÒÍËÂ ëÇó-ı‡‡ÍÚÂËÒÚËÍË ËÁÏÂflÎË Ì‡ ˜‡Ò-
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 Éˆ ÏÂÚÓ‰ÓÏ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÂÁÓÌ‡ÚÓ-
‡ [11–13].
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ÎË Ù‡ÁÓ‚˚Â ÔÂ‚‡˘ÂÌËfl ÔË Ëı Ó·‡ÁÓ‚‡ÌËË. êÂ-
ÁÛÎ¸Ú‡Ú˚ êîÄ ÛÍ‡Á˚‚‡˛Ú Ì‡ ÚÓ, ˜ÚÓ ÔË ÒËÌÚÂÁÂ
ÓÚÓÒËÎËÍ‡Ú‡ Ï‡„ÌËfl, ÌÂÁ‡‚ËÒËÏÓ ÓÚ ËÒÔÓÎ¸ÁÓ-
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 Ì‡˜ËÌ‡ÂÚÒfl ÔË 1000°ë (ËÒ. 1). Ç Ó·ÓËı
ÒÎÛ˜‡flı ÒËÌÚÂÁËÓ‚‡ÌÌ‡fl ÔË 1150–1200°ë ¯ËıÚ‡
ÒÓ‰ÂÊËÚ ÒÎÂ‰Ó‚˚Â ÍÓÎË˜ÂÒÚ‚‡ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚ı
Ù‡Á: ÏÂÚ‡ÒËÎËÍ‡Ú‡ Ï‡„ÌËfl (MgSiO
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ÓÈ ÔÓÚÓ˝ÌÒÚ‡ÚËÚ‡ Ë MgO. é‰Ì‡ÍÓ Ëı ÍÓÎË˜ÂÒÚ-
‚Ó Á‡ÏÂÚÌÓ ÏÂÌ¸¯Â ‚ ÒÎÛ˜‡Â ËÒÔÓÎ¸ÁÓ‚‡ÌËfl MgO ‚
Í‡˜ÂÒÚ‚Â ËÒıÓ‰ÌÓ„Ó Â‡„ÂÌÚ‡ (ËÒ. 1, ‰ËÙ‡ÍÚÓ-
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¯Â 1000°ë Ó·‡ÁÛÂÚÒfl Ó‰ÌÓÙ‡ÁÌ˚È MgTiO
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). èË ÚÂÏÔÂ‡ÚÛ‡ı, ·ÎËÁÍËı Í
ÚÂÏÔÂ‡ÚÛÂ ÒÔÂÍ‡ÌËfl ÍÂ‡ÏËÍË (1300–1400°ë),
Ì‡·Î˛‰‡ÂÚÒfl ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÂ ‡ÁÎÓÊÂÌËÂ MgTiO
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‡ÁÓ‚‡‚¯Â„ÓÒfl ‚ ÂÁÛÎ¸Ú‡ÚÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl
MgTiO

 

3

 

 Ë TiO

 

2, (ËÒ. 3, ‰ËÙ‡ÍÚÓ„‡ÏÏ‡ 1). Ç Â-
ÁÛÎ¸Ú‡ÚÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÏÂÊ‰Û MgTiO3 Ë MgO
Ó·‡ÁÛÂÚÒfl Mg2TiO4. é‰ÌÓÙ‡ÁÌ˚È Mg2TiO4 ÔÓÎÛ-
˜ÂÌ ÔË ÚÂÏÔÂ‡ÚÛ‡ı, ·ÎËÁÍËı Í ÚÂÏÔÂ‡ÚÛÂ
ÒÔÂÍ‡ÌËfl ÍÂ‡ÏËÍË (1300–1400°ë) (ËÒ. 3, ‰Ë-
Ù‡ÍÚÓ„‡ÏÏ‡ 3).

êÂÁÛÎ¸Ú‡Ú˚ êîÄ Ï‡ÚÂË‡ÎÓ‚ ÒËÒÚÂÏ˚ (1 –
− x)Mg2SiO4 – xMg2TiO4, (ı = 0.25; 0.5; 0.75) ÛÍ‡Á˚-
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êËÒ. 1. ÑËÙ‡ÍÚÓ„‡ÏÏ˚ Ó·‡ÁˆÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ËÁ ÒÏÂÒÂÈ 2MgO + SiO2 (1–3) Ë 2MgëO3 + SiO2 (1', 2') ‚ ÂÁÛÎ¸Ú‡ÚÂ ÚÂ-
ÏÓÓ·‡·ÓÚÍË ÔË 1000 (1, 1'), 1200 (2, 2'), 1350°ë (3): F – Mg2SiO4, S – MgSiO3 (ÔÓÚÓ˝ÌÒÚ‡ÚËÚ), K – MgSiO3 (ÍÎËÌÓ˝Ì-
ÒÚ‡ÚËÚ), MO – MgO.
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êËÒ. 2. ÑËÙ‡ÍÚÓ„‡ÏÏ˚ Ó·‡ÁˆÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ËÁ ÒÏÂÒË MgO + TiO2 ‚ ÂÁÛÎ¸Ú‡ÚÂ ÚÂÏÓÓ·‡·ÓÚÍË ÔË 1000°(1),
1200°(2), 1350°(3), 1350°ë (4). ç‡ ‚ÒÚ‡‚ÍÂ ‚˚‰ÂÎÂÌ‡ Ó·Î‡ÒÚ¸, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘‡fl ÂÙÎÂÍÒ‡Ï Mg2TiO4 Ë CaTiO3 Ï‡ÍÒË-
Ï‡Î¸ÌÓÈ ËÌÚÂÌÒË‚ÌÓÒÚË. å2 – Mg2TiO4, P – CaTiO3, å – MgTiO3 (ÒÏÂÒ¸ MgO + TiO2 ‚ ÒÎÛ˜‡Â ÚÂÏÓÓ·‡·ÓÚÍË ÔË
1350°ë ÒÓ‰ÂÊËÚ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ 8 ÏÓÎ. %ë‡TiO3).
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êËÒ. 3. ÑËÙ‡ÍÚÓ„‡ÏÏ˚ Ó·‡ÁˆÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ËÁ ÒÏÂÒË 2MgO + TiO2 ‚ ÂÁÛÎ¸Ú‡ÚÂ ÚÂÏÓÓ·‡·ÓÚÍË ÔË 1000°(1),
1200°(2); 1350°ë (3): å2 – Mg2TiO4, P – CaTiO3, M – MgTiO3, MO – MgO, T – TiO2 (ÒÏÂÒ¸ 2MgO + TiO2 ÒÓ‰ÂÊËÚ ‰ÓÔÓÎ-
ÌËÚÂÎ¸ÌÓ 2 ÏÓÎ. % ë‡O).
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é‚˜‡ Ë ‰.

‚‡˛Ú Ì‡ ÚÓ, ̃ ÚÓ ÔË 1350°ë ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÏÂÊ‰Û
ÍÓÏÔÓÌÂÌÚ‡ÏË ÌÂ ÔÓËÒıÓ‰ËÚ (ËÒ. 4). çÂÁ‡‚ËÒË-
ÏÓ ÓÚ ÒÓÒÚ‡‚‡ ËÒÒÎÂ‰ÛÂÏ˚Â Ó·‡Áˆ˚ ÒÓ‰ÂÊ‡Ú
ÚÓÎ¸ÍÓ Ù‡Á˚ Mg2SiO4 Ë Mg2TiO4. 

êÂÁÛÎ¸Ú‡Ú˚ êîÄ Ó·‡ÁˆÓ‚ ÒËÒÚÂÏ˚ (1 –
− ı)Mg2SiO4 – ıMgTiO3 ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ÍÓÏÂ
ÍËÒÚ‡ÎÎË˜ÂÒÍËı Ù‡Á Mg2SiO4 Ë MgTiO3 ÔËÒÛÚÒÚ-

‚ÛÂÚ MgTi2O5 (ËÒ. 5). Ç ÚÓ ÊÂ ‚ÂÏfl ‚ Ó·Î‡ÒÚË ÍÓÌ-
ˆÂÌÚ‡ˆËÈ MgTiO3, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı 0 < ı < 0.25,
ÔËÒÛÚÒÚ‚ËÂ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ Ù‡Á˚ MgTi2O5 ÌÂ
Ì‡·Î˛‰‡ÂÚÒfl. 

àÒÒÎÂ‰Ó‚‡ÌËÂ ˝ÎÂÍÚÓÙËÁË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÔÓ-
Í‡Á‡ÎÓ, ̃ ÚÓ ÒËÌÚÂÁËÓ‚‡ÌÌ˚Â ‚ ‡·ÓÚÂ ÒÓÂ‰ËÌÂÌËfl
Mg2SiO4, MgTiO3 Ë Mg2TiO4 ı‡‡ÍÚÂËÁÛ˛ÚÒfl ÔÓÎÓ-
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êËÒ. 4. ÑËÙ‡ÍÚÓ„‡ÏÏ˚ ÔÓÎËÍËÒÚ‡ÎÎË˜ÂÒÍËı Ï‡ÚÂË‡ÎÓ‚ ÒËÒÚÂÏ˚ (1 – x)Mg2SiO4 – xMg2TiO4 Ò ı = 0.75 (1), 0.5 (2),
0.25 (3), ÒÔÂ˜ÂÌÌ˚ı ÔË 1350°ë: F – Mg2SiO4, M2 – Mg2TiO4.
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êËÒ. 5. ÑËÙ‡ÍÚÓ„‡ÏÏ˚ ÍÂ‡ÏË˜ÂÒÍËı Ï‡ÚÂË‡ÎÓ‚ ÒËÒÚÂÏ˚ (1 – x)Mg2SiO4 – xMgTiO3 Ò ı = 0.75 (1–3) Ë 0.25 (1'–3') ÔÓÒÎÂ
ÚÂÏÓÓ·‡·ÓÚÍË ÔË 1000 (1, 1') Ë 1350°ë (2, 2',3, 3'): F – Mg2SiO4, M – MgTiO3, X – MgTi2O5, P – CaTiO3 (3, 3' – ‚ ÒÏÂÒ¸
ÔÂÂ‰ ÚÂÏÓÓ·‡·ÓÚÍÓÈ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ ‚‚Â‰ÂÌÓ 6 ÏÓÎ. % ë‡TiO3).
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ÊËÚÂÎ¸Ì˚Ï ÚÂÏÔÂ‡ÚÛÌ˚Ï ÍÓ˝ÙÙËˆËÂÌÚÓÏ ‰Ë˝ÎÂ-
ÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË, ‚ÂÎË˜ËÌ‡ ÍÓÚÓÓ„Ó Ì‡-
ıÓ‰ËÚÒfl ‚ ÔÂ‰ÂÎ‡ı ÓÚ 50 × 10–6 ä–1 ‰Ó 100 × 10−6 ä−1,
‚ ÚÓ ‚ÂÏfl Í‡Í ‰Îfl Ô‡ÍÚË˜ÂÒÍÓ„Ó ËÒÔÓÎ¸ÁÓ‚‡ÌËfl
ÚÂ·Û˛ÚÒfl Ï‡ÚÂË‡Î˚ Ò íäε = ±10 × 10−6 ä–1. èÓ-
˝ÚÓÏÛ ‰Îfl ÔÓÎÛ˜ÂÌËfl ÚÂÏÓÒÚ‡·ËÎ¸Ì˚ı Ï‡ÚÂË‡-
ÎÓ‚ Ì‡ ÓÒÌÓ‚Â ˝ÚËı ÒÓÂ‰ËÌÂÌËÈ ‚ ÒÓÒÚ‡‚ ‚‚Ó‰ËÎË
‰Ó·‡‚ÍË Ù‡Á˚ Ò ÓÚËˆ‡ÚÂÎ¸Ì˚Ï ÁÌ‡˜ÂÌËÂÏ íäε,
˜ÚÓ ‰ÓÎÊÌÓ Ó·ÂÒÔÂ˜ËÚ¸ Ó·˙ÂÏÌÛ˛ ÚÂÏÓÍÓÏÔÂÌ-
Ò‡ˆË˛ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË [3]. í‡-
Í‡fl Ù‡Á‡ ÌÂ ‰ÓÎÊÌ‡ ‚ÒÚÛÔ‡Ú¸ ‚ ıËÏË˜ÂÒÍÓÂ ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚ËÂ Ò ‰Û„ËÏË ÍÓÏÔÓÌÂÌÚ‡ÏË ÒËÒÚÂÏ˚.
Ç Í‡˜ÂÒÚ‚Â Ù‡Á˚ Ò íäε < 0 ·˚Î ‚˚·‡Ì ÚËÚ‡Ì‡Ú
Í‡Î¸ˆËfl ÒÓ ÒÚÛÍÚÛÓÈ ÔÂÓ‚ÒÍËÚ Ò íäε = –900 ×
× 10–6 ä–1 [3, 8–10]. CaTiO3 ı‡‡ÍÚÂËÁÛÂÚÒfl ‚˚ÒÓ-
ÍËÏË ÁÌ‡˜ÂÌËflÏË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒ-
ÚË (ÔÓfl‰Í‡ 160), Ë ‚‚Â‰ÂÌËÂ Â„Ó ‚ ÌÂ·ÓÎ¸¯Ëı
ÍÓÎË˜ÂÒÚ‚‡ı ÏÓÊÂÚ Ó·ÂÒÔÂ˜ËÚ¸ Û‚ÂÎË˜ÂÌËÂ ‰Ë˝-
ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ËÒÒÎÂ‰ÛÂÏ˚ı Ï‡ÚÂ-
Ë‡ÎÓ‚ ‰Ó 10–20, ˜ÚÓ ÌÂÓ·ıÓ‰ËÏÓ ‰Îfl fl‰‡ ÚÂıÌË-
˜ÂÒÍËı ÔËÏÂÌÂÌËÈ [4–7]. 

Ç Ú‡·Î. 1 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ËÒÒÎÂ‰Ó‚‡ÌËÈ
ÌÂÍÓÚÓ˚ı ÚÂÏÓÒÚ‡·ËÎ¸Ì˚ı Ï‡ÚÂË‡ÎÓ‚ Ì‡ ÓÒ-
ÌÓ‚Â ·ËÌ‡Ì˚ı ÒÓÂ‰ËÌÂÌËÈ ÒËÒÚÂÏ˚ MgO–TiO2–
SiO2. ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ˜ÚÓ ‚‚Â‰ÂÌËÂ CaTiO3
Ó·ÂÒÔÂ˜Ë‚‡ÂÚ ˝ÙÙÂÍÚ Ó·˙ÂÏÌÓÈ ÚÂÏÓÍÓÏÔÂÌÒ‡-
ˆËË, ‡ Ú‡ÍÊÂ ÒÌËÊ‡ÂÚ Ì‡ 50–100°ë ÚÂÏÔÂ‡ÚÛÛ
ÒÔÂÍ‡ÌËfl ÍÂ‡ÏË˜ÂÒÍËı Ó·‡ÁˆÓ‚. èÓÎÛ˜ÂÌÌ˚Â
Ï‡ÚÂË‡Î˚ ı‡‡ÍÚÂËÁÛ˛ÚÒfl ıÓÓ¯ÂÈ ÚÂÏÔÂ‡-

ÚÛÌÓÈ ÒÚ‡·ËÎ¸ÌÓÒÚ¸˛ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌË-
ˆ‡ÂÏÓÒÚË, ÌËÁÍËÏË ‰Ë˝ÎÂÍÚË˜ÂÒÍËÏË ÔÓÚÂflÏË Ë
‚ÂÎË˜ËÌÓÈ e ‚ ÔÂ‰ÂÎ‡ı 15–25. 

ÑË˝ÎÂÍÚË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ÒËÌÚÂÁËÓ‚‡ÌÌ˚ı
ÍÓÏÔÓÁËÚÓ‚ Ì‡ ÓÒÌÓ‚Â ÒËÒÚÂÏ (1 – x)Mg2SiO4 –

xMg2TiO4 Ë (1 – x)Mg2SiO4 – xMgTiO3 ÔË‚Â‰ÂÌ˚ ‚
Ú‡·Î. 2. èÓÎÛ˜ÂÌ˚ Ï‡ÚÂË‡Î˚ Ò ÌËÁÍËÏË ‰Ë˝ÎÂÍÚ-
Ë˜ÂÒÍËÏË ÔÓÚÂflÏË ‚ ëÇó-‰Ë‡Ô‡ÁÓÌÂ Ë ‚ÂÎË˜Ë-
ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË, Â„ÛÎËÛÂ-
ÏÓÈ ‚ ÔÂ‰ÂÎ‡ı ÓÚ 10 ‰Ó 20, ˜ÚÓ ‰ÓÒÚË„‡ÂÚÒfl Á‡
Ò˜ÂÚ ËÁÏÂÌÂÌËfl Ù‡ÁÓ‚Ó„Ó ÒÓÒÚ‡‚‡ ÍÂ‡ÏËÍË. ëÎÂ-
‰ÛÂÚ ÓÚÏÂÚËÚ¸, ̃ ÚÓ ÔËÒÛÚÒÚ‚ËÂ MgTi2O5 ‚ ÒÔÂ˜ÂÌ-
ÌÓÈ ÍÂ‡ÏËÍÂ ÔË‚Ó‰ËÚ Í ÁÌ‡˜ËÚÂÎ¸ÌÓÏÛ (‚ 2–3
‡Á‡) ÔÓ‚˚¯ÂÌË˛ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı ÔÓÚÂ¸ (Ú‡·Î.
2). ê‡Á‡·ÓÚ‡ÌÌ˚Â ÍÓÏÔÓÁËˆËÓÌÌ˚Â Ï‡ÚÂË‡Î˚
ÒËÒÚÂÏ˚ MgO–TiO2–SiO2 ÓÚÎË˜‡˛ÚÒfl ÌËÁÍÓÈ ÚÂÏ-
ÔÂ‡ÚÛÓÈ ÒÔÂÍ‡ÌËfl (tÒÔ <1400°C), ‚˚ÒÓÍÓÈ ÚÂÏÔÂ-
‡ÚÛÌÓÈ ÒÚ‡·ËÎ¸ÌÓÒÚ¸˛ Ò‚ÓÈÒÚ‚, ‰ÓÒÚË„‡ÂÏÓÈ Á‡
Ò˜ÂÚ ˝ÙÙÂÍÚ‡ Ó·˙ÂÏÌÓÈ ÚÂÏÓÍÓÏÔÂÌÒ‡ˆËË ÔË
‚‚Â‰ÂÌËË ÌÂ·ÓÎ¸¯Ó„Ó ÍÓÎË˜ÂÒÚ‚‡ CaTiO3, ÌËÁÍË-
ÏË ‰Ë˝ÎÂÍÚË˜ÂÒÍËÏË ÔÓÚÂflÏË. éÌË ÏÓ„ÛÚ ·˚Ú¸
ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ÔË ‡Á‡·ÓÚÍÂ ÍÓÏÔÓÌÂÌÚÓ‚ ‡-
‰ËÓ‡ÔÔ‡‡ÚÛ˚.

áÄäãûóÖçàÖ

Ç ÒËÒÚÂÏÂ MgO–TiO2–SiO2 ËÁÛ˜ÂÌÓ ‚Á‡ËÏÓ‰ÂÈ-
ÒÚ‚ËÂ ÏÂÊ‰Û Mg2SiO4 Ë Mg2TiO4, Mg2SiO4 Ë MgTiO3.
éÔÂ‰ÂÎÂÌ˚ Ó·Î‡ÒÚË, ‚ ÍÓÚÓ˚ı ÔÓËÒıÓ‰ËÚ Ó·‡-

í‡·ÎËˆ‡ 1.  ùÎÂÍÚÓÙËÁË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ (Ì‡ ̃ ‡ÒÚÓÚÂ 10 ÉÉˆ) Ë Ù‡ÁÓ‚˚È ÒÓÒÚ‡‚ Ï‡ÚÂË‡ÎÓ‚ Ì‡ ÓÒÌÓ‚Â ÒÓÂ‰ËÌÂÌËÈ
ÒËÒÚÂÏ˚ MgO–TiO2–SiO2

àÒıÓ‰Ì˚È ÒÓÒÚ‡‚ tÒÔ., °ë ε íäε × 106, ä–1 Q = 1/tgδ (10 É„ˆ) î‡ÁÓ‚˚È ÒÓÒÚ‡‚

Mg2TiO4 + 0.05 CaTiO3 1450 22 +8 4000 Mg2TiO4, CaTiO3

MgTiO3 + 0.05 CaTiO3 1400 20 –5 5000 MgTiO3, CaTiO3

Mg2SiO4 + 0.1 CaTiO3 1450 12 +20 3500 Mg2SiO4, CaTiO3

MgTi2O5 + 0.06 CaTiO3 1350 30 +30 1000 MgTi2O5, MgTiO3, TiO2, CaTiO3

í‡·ÎËˆ‡ 2.  ùÎÂÍÚÓÙËÁË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ (Ì‡ ˜‡ÒÚÓÚÂ 10 ÉÉˆ) Ë Ù‡ÁÓ‚˚È ÒÓÒÚ‡‚ ÍÓÏÔÓÁËˆËÓÌÌ˚ı Ï‡ÚÂË‡ÎÓ‚ Ì‡
ÓÒÌÓ‚Â ÒËÒÚÂÏ (1 – x)Mg2SiO4–xMgTiO3 Ë (1 – x)Mg2SiO4–xMg2TiO4

àÒıÓ‰Ì˚È ÒÓÒÚ‡‚ tÒÔ., °ë ε íäε × 106, ä–1 Q = 1/tgδ (10 É„ˆ) î‡ÁÓ‚˚È ÒÓÒÚ‡‚

0.75 Mg2SiO4 + 0.25 MgTiO3 + 0.06 CaTiO3 1380 10 –5 1800 Mg2SiO4, MgTi2O5,
MgTiO3,CaTiO3

0.5 Mg2SiO4 + 0.5 MgTiO3 + 0.06 CaTiO3 1380 12 +5 4000 Mg2SiO4, MgTiO3,
MgTi2O5, CaTiO3

0.75 Mg2SiO4 + 0.25 MgTiO3 + 0.06 CaTiO3 1350 15 –8 5000 Mg2SiO4, MgTiO3,
MgTi2O5, CaTiO3

0.5 Mg2SiO4 + 0.5 MgTiO3 + 0.1 CaTiO3 1370 12.5 +15 3000 MgTiO3, MgTi2O5,
Mg2SiO4, CaTiO3

0.25 Mg2SiO4 + 0.75 Mg2TiO4 + 0.06 CaTiO3 1400 14.5 –10 4000 Mg2SiO4, Mg2TiO4,
CaTiO3

0.5 Mg2SiO4 + 0.5 Mg2TiO4 + 0.06 CaTiO3 1400 12.5 –5 3000 Mg2TiO4, Mg2SiO4,
CaTiO3
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é‚˜‡ Ë ‰.

ÁÓ‚‡ÌËÂ ÔÓÏÂÊÛÚÓ˜ÌÓÈ Ù‡Á˚ MgTi2O5, ÔËÒÛÚÒÚ-
‚ËÂ ÍÓÚÓÓÈ ÁÌ‡˜ËÚÂÎ¸ÌÓ Û‚ÂÎË˜Ë‚‡ÂÚ ‰Ë˝ÎÂÍÚË-
˜ÂÒÍËÂ ÔÓÚÂË ‚ ëÇó ‰Ë‡Ô‡ÁÓÌÂ. Ç‚Â‰ÂÌËÂ ‚ ÒÓ-
ÒÚ‡‚ ë‡Tié3 ÔÓÁ‚ÓÎflÂÚ ÒÌËÁËÚ¸ ÚÂÏÔÂ‡ÚÛÛ
ÒÔÂÍ‡ÌËfl ÍÂ‡ÏËÍË Ì‡ 50–100°ë Ë Ó·ÂÒÔÂ˜Ë‚‡ÂÚ
˝ÙÙÂÍÚ Ó·˙ÂÏÌÓÈ ÚÂÏÓÍÓÏÔÂÌÒ‡ˆËË ‰Ë˝ÎÂÍÚË-
˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË. ëËÌÚÂÁËÓ‚‡Ì˚ Ï‡ÚÂË‡-
Î˚ Ò ÌËÁÍËÏË ‰Ë˝ÎÂÍÚË˜ÂÒÍËÏË ÔÓÚÂflÏË ‚
ëÇó-‰Ë‡Ô‡ÁÓÌÂ Ë ‚ÂÎË˜ËÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ
ÔÓÌËˆ‡ÂÏÓÒÚË ‚ ÔÂ‰ÂÎ‡ı ÓÚ 10 ‰Ó 20. 

ëèàëéä ãàíÖêÄíìêõ

1. Wakino K. High Frequency Dielectrics and Their Appli-
cations // Proc.6th IEEE Int. Applicat. Ferroelect. Symp.
1986. P. 97–106.

2. Fiedziuszko S.J., Hunter I.C., Itoh T. et al. Dielectric
Materials, Devices, and Circuits // IEEE Trans. Micro-
wave Theory Technol. 2002. V. 50. P. 706–720. 

3. Belous A.G. Physicochemical Aspect of the Develop-
ment of MW Dielectrics, and Their Use // J. Eur. Ceram.
Soc. 2001. V. 21. P. 2717–2722.

4. Takahashi H., Ayusasava K., Sakamoto N. Ba–Mg–W–
Ti–O Ceramics with Temperature-Stable Low Micro-
wave Loss // Jpn. J. Appl. Phys. 1998. V. 37. ‹ 9A.
P. 908–911.

5. Tsunooka T., Andou M., Higashida Y. et al. Effect of
TiO2 on Sinterability and Dielectric Properties of High-
Q Forsterite Ceramics // J. Eur. Ceram. Soc. 2003. V.23.
P. 2573–2578. 

6. Belous A.G., Tsykalov V.G., Ovchar O.V., Stupin Y.D.
New Ceramic Dielectrics and Frequency-Separation De-
vices Based on Them // Proc. Int. Conf. on Electronic
Ceramics and Applications, Electroceramics V. Aveiro.
1996. V. 2. P. 77–80.

7. Tsykalov V.G., Belous A.G., Ovchar O.V., Stupin Y.D.
Monolithic Filters and Frequency-Separation Devices
Based on Ceramic Resonators // Proc. 27th Eur. Micro-
wave Conf. and Exhibition. Jerusalem. 1997. P. 544–549.

8. Sohn J.-H., Inaguma Y., Yoon S.-O. et al. Microwave Di-
electric Characteristic of Ilmenite-Type Titanates with
High-Q Values // Jpn. J. Appl. Phys. 1994. V. 33. ‹ 9B.
P. 5466–5470.

9. Huang Ch.-L., Pan Ch.-L. Low-Temperature Sinter-
ing and Microwave Dielectric Properties of (1 –
− x)MgTiO3 – xCaTiO3 Ceramics Using Bismuth Addi-
tion // Jpn. J. Appl. Phys. 2002. V. 41. ‹ 2Ä. P.707–711.

10. éÍ‡‰Á‡ÍË ä. íÂıÌÓÎÓ„Ëfl ÍÂ‡ÏË˜ÂÒÍËı ‰Ë˝ÎÂÍÚË-
ÍÓ‚: èÂ. Ò flÔ. å.: ùÌÂ„Ëfl, 1976. C. 376.

11. ÅÓÍËÌÒÍ‡fl Ä.Ä., àÎ¸˜ÂÌÍÓ å.Ö. ÑË˝ÎÂÍÚË˜ÂÒ-
ÍËÈ ëÇó ÂÁÓÌ‡ÚÓ ‚ ÎËÌËË ÔÂÂ‰‡˜Ë // àÁ‚ÂÒÚËfl
‚ÛÁÓ‚ ëëëê. ëÂ. ê‡‰ËÓ˝ÎÂÍÚÓÌËÍ‡, 1971. ‹ 14.
ë. 151. 

12. ÅÛÁËÌ à.å., ÄÌ„ÂÎÓ‚ à.å. ÑËÌ‡ÏË˜ÂÒÍËÈ ÏÂÚÓ‰
ËÁÏÂÂÌËfl ‰Ó·ÓÚÌÓÒÚË Ë Ú‡Ì„ÂÌÒ‡ Û„Î‡ ‰Ë˝ÎÂÍÚ-
Ë˜ÂÒÍËı ÔÓÚÂ¸ ‚ ÒË„ÌÂÚÓ˝ÎÂÍÚËÍ‡ı ‚ ‰ÂˆËÏÂÚ-
Ó‚ÓÏ ‰Ë‡Ô‡ÁÓÌÂ ‰ÎËÌ ‚ÓÎÌ // èíù. 1974. ‹ 4.
ë.114–115.

13. Belous A., Ovchar O., Valant M., Suvorov D. Abnormal
Behavior of the Dielectric pParameters of Ba6 –

 xLn8 + 2x/3Ti18O54 (Ln = La–Gd) Solid Solutions // J. Ap-
pl. Phys. 2002. V. 92. P.3917–3922. 


