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In the synthesis of heat-resistant ceramics in the system BaO–Al2O3–SiO2 (BAS), it is

important to find ways of intensifying the process of transition of hexagonal celsian to

monoclinic celsian without an increase in sintering temperature. Monoclinic form of

celsian is characterized by higher thermal, electro-insulating, and mechanical properties.

This paper deals with the features of formation of the phase composition of celsian ceramics

when using BAS glass of eutectic composition and glass in the system Li2O–Al2O3–B2O3–SiO2

(LABS) of spodumene composition as modifying components. It is shown that monoclinic

celsian is the final crystalline phase formed in ceramics synthesized on the basis of barium

carbonate and kaolin. Monoclinic celsian is formed stepwise; and the hexagonal celsian

appears first. The complete transition hexagonal celsianmonoclinic celsian occurs only

in the process of high temperature firing at 12500C. Notably, the degree of ceramic sintering

remains low (water absorption is 11.0%). Introduction of BAS glass contributes to the

complete transition of hexagonal celsian to monoclinic celsian at a reduced temperature

of 11000C. Maximum effect in the formation of monoclinic celsian is achieved by the

introduction of LABS glass. As a result, the temperature of formation of this modification

maximally decreases to 8000C. In this case, complete sintering of celsian ceramics is

achieved at the temperature of 12500Ñ.

Keywords: heat-resistant ceramics, monoclinic celsian, hexagonal celsian, crystallization,

solid-phase sintering, coefficient of linear thermal expansion.
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Introduction

Thermal stability is the main characteristic
ensuring the long-term operation of ceramics under
conditions of high thermo-mechanical loads.
Products made of heat-resistant ceramics are capable
of withstanding stresses, which arise in the material
at sudden temperature drops. At the same time, the
material retains the required values of operational
properties (mechanical strength, chemical stability,
and dielectric indices). Consequently, heat-resistant
ceramics is increasingly used for high-temperature
equipment in the household sector, machine building,
electronics, power engineering, aviation, and
aerospace industries [1]. Quartz ceramics [2] and
glass-crystalline materials obtained predominantly

based on aluminosilicate systems [3] are used as
relatively inexpensive and effective heat-resistant
materials.

A significant disadvantage of quartz ceramics
is high porosity; therefore, additional hardening and
sealing are required for its effective use [4,5].

Lithium- [6,7] and magnesium-containing [8,
9] aluminosilicate ceramics have a set of high
functional characteristics, but the limited range of
operating temperature (generally up to 11000Ñ).

Therefore, despite the abundance of existing
types of ceramics, the problem of creating new
compositions with increased thermal stability is still
relevant.

Alkali-free ceramic materials, in particular,
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those based on the system BaO–Al2O3–SiO2, are
rather promising.

Celsian ceramics features the electronic nature
of electrical conductivity. The ionic component of
electrical conductivity becomes significant at
temperatures above 6000Ñ only. Along with high
electro-insulating properties, celsian ceramics exhibits
good thermal and chemical stability, as well as
resistance to the impact of extremely high
temperatures (up to 14000C and above). The complex
of physical and technical indices is achieved due to
the properties of the main crystalline phase. The
major drawback of celsian ceramics is its relatively
low mechanical strength. Celsian (BaOAl2O32SiO2)
can crystallize in the monoclinic or hexagonal system.
The hexagonal form features  and -modifications.
A reversible transition from one modification to
another occurs at 3000C. As a result, there is a
volumetric expansion of more than 0.3%, which can
lead to the formation of stresses and cracks in the
material. The monoclinic form has no modification
transformations and exhibits higher electro-insulating,
thermal and mechanical properties [10].

It follows from the above that creating the
monoclinic celsian form is highly preferred during
the synthesis of heat-resistant BAS ceramics.

The modern literature contains descriptions of
various modifying additives, which allow intensifying
the transition of the hexagonal celsian to the
monoclinic form without increasing the ceramics
sintering temperature. In this case, a dense structure
of the material is achieved.

Tong et al. [11] proposed a method for
preparation of celsian glass-ceramics containing the
monoclinic form, where the powder of BAS glass of
the eutectic composition was sintered with powders
of BaAl2O4 and SrAl2O4. Formation of monoclinic
celsian is completed at the temperature of 13500Ñ
when the content of SrAl2O4 exceeds 0.2 mol. At
the same time, glass ceramics under study is
characterized by the high value of the linear
coefficient of thermal expansion (linear coefficient
of thermal expansion LCTE=4910–7 deg–1), which
has a negative effect on thermal stability.

The kinetics of transformation of hexa-celsian
into monoclinic celsian was also studied when BAS
ceramics was modified by mineralizers with the
cations of different ionic radii and degrees of
oxidation. The data of X-ray diffraction analysis
showed that compounds with the oxidation degree
of 3+ were less effective than mono- and divalent
cations characterized by ionic radius from 0.68 Å to
1.12 Å [12].

The papers [13,14] described the mineralizing

effect of lithium oxide on celsian ceramics when
lithium oxide was introduced using glasses of the
system Li2O–B2O3 (5–7 wt.%) [13] and Li2O–Al2O3–
B2O3–SiO2 of spodumene composition (20–30 wt.%)
[14]. In this case, monoclinic celsian is the main
crystalline phase of the synthesized ceramics. Ions
of Li+ act effectively in the sintering process and
modification transit ion hexagonal celsian
monoclinic celsian in BAS glass-ceramics obtained
by sol-gel method [15]. Transition of the hexagonal
form of celsian into the monoclinic form and
intensive sintering is completed at the temperature
of 14000Ñ.

The purpose of this was is to study the features
of formation of the celsian phase in the system
BaO–Al2O3–SiO2 with the use of BAS glass of
eutectic composition and LABS glass of spodumene
composition as the modifying components.

Experimental

In order to obtain the celsian ceramics, we used
enriched kaolin of zref-1 grade and barium carbonate
chemical brand. Glass in the system Li2O–Al2O3–
B2O3–SiO2 of spodumene composition and glass in
the system BaO–Al2O3–SiO2 of eutectic composition
were used as the modifying components. Òî provide
the additional high fusibility of BAS glass, B2O3 (10
parts by weight over 100 wt.%), which did not take
part in phase formation reactions, was additionally
introduced into the charge. Technical alumina G-0
brand and silicon(IV) oxide À brand were introduced
as additional components to achieve the
stoichiometric composition of the celsian ceramics
based on BAS glass.

For melting of LABS glass and BAS glass
developed by us, we used the following raw materials
of technical purity: lithium carbonate (Li2CO3

99.9 wt.%), barium carbonate (BaÑO399.0 wt.%),
technical alumina G-0 brand (Al2O98.0 wt.%),
silicon(IV) oxide À brand (SiO299.5 wt.%), and
boric acid (H3BO399.8 wt.%). Melting of LABS
glass and BAS glass was carried out in corundum
crucibles at temperatures of 13500Ñ and 13000Ñ,
respectively, for 1 h.

Ceramic slips were prepared from the initial
components by the method of joint wet grinding
until complete passing through the sieve No. 0063.
Samples of the prepared slips with the moisture
content of 25–27% were cast into plaster molds in
the form of cylinders (d=h=10 mm) and square
section rods (5550 mm). Samples dried to the
residual moisture content of 0.5% were fired in the
electric furnace in the air according to specified
temperature-time conditions. Temperature of
sintering was equal to 800–12500Ñ with the
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isothermal holding for 1 h.
For the calculation of LCTE of the celsian

ceramics in the temperature range of 20–4000Ñ, we
measured the relative elongation (Dl) of samples of
5550 mm in size at the heating rate of 30Ñ/min.

The mineralogical composition of crystallized
BAS glass, LABS glass, and celsian ceramics was
determined on Philips APD-15 diffractometer in
CoK radiation.

Results and discussion

This paper considers the features of formation
of the celsian phase in the system BaO–Al2O3–SiO2

with the use of BAS glass of the eutectic composition
(eutectic temperature 13200Ñ) and LABS glass of
spodumene composition as modifying components.

These modifying components were chosen in
order to evaluate the effectiveness of the action of
Li+ ions and Ba2+ ions contained in glasses on the
modification transition hexagonal celsianmonoclinic
celsian during firing of celsian ceramics.

LCTE of BAS glass is 89.110–7 deg–1. LABS
glass was characterized by LCTE equal to
60.710–7 deg–1 [14].

Glass was introduced into the celsian ceramics
in amounts that allowed achieving complete sintering
of the material. Our previous studies [14] proved the

optimal content of LABS glass being equal to
30 wt.% (composition C-3). It is advisable to
introduce BAS glass in the amount of 50 wt.%
(composition C-5).

BAS glass after its crystallization is represented
by hexagonal celsian and barium metasilicate ÂàSiO3.
Therefore, during the synthesis of celsian ceramics,
barium metasilicate was bound into the celsian phase
by introducing missing components (Al2O3 and SiO2).
The product of the crystallization of LABS glass is
-spodumene.

For comparison, we also studied a blank sample
of celsian ceramics (composition C-0), which did
not contain the studied glass. The content of oxides
in the composition Ñ-0 corresponded to their
stoichiometric ratio in the celsian
(BaO:Al2O3:SiO2=1:1:2).

X-ray phase analysis and dilatometric studies
were used to evaluate the change in the phase
composition of the celsian ceramics. LCTE of the
monoclinic form of celsian is 2710–7 deg–1, which is
significantly lower than LCTE for the hexagonal form
(8010–7 deg–1) [10].

The dynamics of changes in the phase
composition of celsian ceramics was studied on
samples fired in the temperature range of 800–12500Ñ

Fig. 1. X-ray patterns of celsian ceramics Ñ-0 fired in the temperature range of 800–12500Ñ:

 b – barium carbonate, q – -quartz, h – hexagonal celsian, m – monoclinic celsian
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with the holding of 1 hour.
The results of X-ray phase analysis showed

(Fig. 1) that in the composition Ñ-0 without
experimental glasses, the formation of the celsian
phase begins at the temperature of 10000Ñ. Here,
the celsian is represented by a hexagonal form
(d1010=7.72; 3.94; 2.96; 2.64; and 2.19 m). It should
be noted that interaction of the initial raw materials
is not completed at the temperature of 10000Ñ. The
above is confirmed by the presence of barium
carbonate and -quartz in the phase composition of
the compound. An increase in the firing temperature
to 11000C causes the enhancement of the diffraction
pattern of hexagonal celsian; this can be explained
by the formation of a more perfect crystalline phase
structure and an increase in its amount. This
conclusion is consistent with the results of
dilatometric measurements (Fig. 2), i.e., there is an
increase in the values of LCTE of the blank sample
of celsian ceramics to 91.310–7 deg–1. Monoclinic
celsian is formed only after firing at the temperature
of 12500Ñ. In this case, its main diffraction maxima
(d1010=6.39; 3.42; 3.31; 2.98; and 2.56 m) are
characterized by low intensity. Formation of the
monoclinic form of celsian causes a sharp drop in
the LCTE of ceramics Ñ-0 to 40.810–7 deg–1.

The process of formation of the celsian phase
during the firing of ceramics Ñ-5 includes three

components (Fig. 3). Firstly, celsian is formed
through solid-phase interaction of raw materials
(kaolin and barium carbonate). Secondly,
crystallization of the celsian phase from BAS glass
takes place. In addition, the binding of the BAS
glass components into the celsian phase is recorded.
This process can be predominantly described by the
following reaction:

2(BaOSiO2)+Al2O32SiO2+Al2O3=2(BaOAl2O32SiO2)

The use of LABS glass as a modifying additive
in the composition of celsian ceramics (composition
C-3) allows achieving the effect of the appearance

Fig. 3. X-ray patterns of celsian ceramics Ñ-5 fired in the temperature range of 800–12500Ñ:

b – barium carbonate, q – -quartz, h – hexagonal celsian, m – monoclinic celsian

Fig. 2. Dependence of LCTE of celsian ceramics on the firing

temperature
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of the monoclinic form of celsian already at the
temperature of 8000Ñ (Fig. 4). The intensity of the
diffraction maxima of the monoclinic celsian phase
depends on the firing temperature and gradually
increases with its rise to 12500C. Along with
monoclinic celsian, -spodumene, which is a product
of crystallization of LABS glass, is also found in the
phase composition of ceramics. The presence of
-spodumene, obviously, determines the stability of
LCTE values of celsian ceramics C-3 (26.0–26.4)10–7

deg–1 in the wide firing temperature range of 800–
12500Ñ.

It should be noted that the introduction of
LABS glass provides the maximum degree of sintering
of celsian ceramics and allows us to achieve zero
water absorption at the temperature of 12500Ñ.
Introduction of a part of components of celsian
ceramics using BAS glass acts effectively on its
sintering as well. In this case, the water absorption
of the resulting material is 2.5%, which is significantly
lower than the water absorption of a blank sample
of celsian ceramics (11.0%).

Conclusions

Thus, we studied the features of the formation
of the celsian ceramics phase composition using BAS
glass of eutectic composition and LABS glass of
spodumene composition as modifying components.
It was found that the introduction of BAS glass
contributes to the complete transition of hexagonal
celsian to monoclinic celsian at a reduced
temperature of 11000C. The maximum effect was
achieved by the introduction of LABS glass. As a
result, the temperature of formation of the
monoclinic form of celsian was decreased as much
as possible and was equal to 8000C. This temperature
was 4500C lower than for a blank sample of the celsian
ceramics.

REFERENCES

1. Zanotto E.D. A bright future for glass-ceramics // Am.

Ceram. Soc. Bull. – 2010. – Vol.89. – No. 8. – P.19-27.

2. Pivinsky Yu.E., Suzdaltsev E.I. Kvartsevaya keramika i

ogneupory. – M.: Teploenergetik, 2008. – 458 p.

Fig. 4. X-ray patterns of celsian ceramics Ñ-3 fired in the temperature range of 800–12500Ñ:

 m – monoclinic celsian, s – -spodumene



31

Features of formation of the celsian phase during firing of heat-resistant ceramics in the system BaO–Al2O3–SiO2

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2022, No. 3, pp. 26-32

3. Bansal N.P. Handbook of ceramic composites. –

Springer, 2004. – 564 p.

4. Zaychuk A.V., Amelina A.A. Doslidzhennya shlyakhiv

pidvyshchennya fizyko-tekhnichnykh pokaznykiv kvartsovoyi

keramiky // Voprosy Khimii i Khimicheskoi Tekhnologii. – 2017.

– No. 6. – P.63-67.

5. Quartz ceramics modified by nanodispersed silica additive

/ Khomenko E.S., Zaichuk A.V., Karasik E.V., Kunitsa A.A. //

Funct. Mater. – 2018. – Vol.25. – No. 3. – P.613-618.

6. Effect of sintering treatment time on the sintering

behaviour and thermal shock resistance of Li2O-Al2O3-SiO2 glass-

ceramics / Lutpi H.A., Mohamad H., Abdullah T.K., Ismail H.

// J. Asian Ceram. Soc. – 2021. – Vol.9. – No. 2. – P.507-518.

7. Heat-resistant ceramics of -eucryptite composition:

peculiarities of production, microstructure and properties /

Zaichuk A.V., Amelina A.A., Khomenko Y.S., Baskevich A.S.,

Kalishenko Y.R. // Voprosy Khimii i Khimicheskoi Tekhnologii.

– 2020. – No. 2. – P.52-59.

8. Radio-transparent ceramic materials of spodumene-

cordierite composition / Zaichuk A.V., Amelina A.A., Karasik Y.V.,

Khomenko Y.S., Lementareva V.A., Saltykov D.Yu. // Funct.

Mater. – 2019. – Vol.26. – No. 1. – P.174-181.

9. Characterisation of thermo-mechanical properties of

MgO–Al2O3–SiO2 glass ceramic with different heat treatment

temperatures / Shamsudin Z., Hodzic A., Soutis C., Hand R.J.,

Hayes S.A., Bond I.P. // J. Mater. Sci. – 2011. – Vol.46. –

P.5822-5829.

10. Bansal N.P. Solid state synthesis and properties of

monoclinic celsian // J. Mater. Sci. – 1998. – Vol.33. – No. 19.

– P.4711-4715.

11. Preparation of monoclinic celsian glass-ceramic by a

solid-state reaction of the BaO–Al2O3–SiO2 eutectic glass, BaAl2O4

and SrAl2O4 / Tong Z., Ji H., Li X., Liu Z. // Ceram. Int. –

2019. – Vol.45. – No. 13. – P.16698-16702.

12. Lee K.T., Aswath P.B. Role of mineralizers on the

hexacelsian to celsian transformation in the barium aluminosilicate

(BAS) system // Mater. Sci. Eng. A. – 2003. – Vol.352. –

No. 1-2. – P.1-7.

13. Structure and microwave dielectric properties of

BaAl2Si2O8 ceramic with Li2O–B2O3 sintering additive / Huang L.,

Ding S., Yan X., Song T., Zhang Y. // J. Alloys Compd. – 2020.

– Vol.820. – Art. No. 153100.

14. Synthesis and characteristic of celsian ceramics with

the use of glass in the system Li2O–Al2O3–B2O3–SiO2 / Zaichuk A.V.,

Amelina A.A., Hordieiev Yu.S, Kalishenko Y.R., Sribniak N.N.

// Funct. Mater. – 2020. – Vol.27. – No. 4. – P.827-835.

15. Microscopic scale evidence of phase transformation

process in barium aluminosilicate glass-ceramic / Wu S., Xia L.,

Shi B., Wen G. // J. Eur. Ceram. Soc. – 2018. – Vol.38. –

No. 2. – P.727-733.

Received 31.01.2022

ÎÑÎÁËÈÂÎÑÒ² ÔÎÐÌÓÂÀÍÍß ÖÅËÜÇ²ÀÍÎÂÎ¯ ÔÀÇÈ
ÏÐÈ ÂÈÏÀËÅÍÍ² ÒÅÐÌÎÑÒ²ÉÊÎ¯ ÊÅÐÀÌ²ÊÈ Â
ÑÈÑÒÅÌ² BaO–Al2O3–SiO2

Î.Â. Çàé÷óê, Þ.Ð. Êàë³øåíêî, Î.À. Àìåë³íà, Þ.Ñ. Ãîðäººâ,
Ñ.À. Ãàëóøêà, Î.Ñ. Ñàâ÷åíêî, Ì.Â. Íàãîðíèé

Ïðè ñèíòåç³ òåðìîñò³éêî¿ êåðàì³êè ó ñèñòåì³
BaO–Al2O3–SiO2 àêòóàëüíèì º ïîøóê øëÿõ³â ³íòåíñèô³êàö³¿
ïðîöåñó ïåðåõîäó ãåêñàãîíàëüíîãî öåëüç³àíó â ìîíîêë³ííèé
öåëüç³àí áåç ï³äâèùåííÿ òåìïåðàòóðè ñï³êàííÿ. Ìîíîêë³ííà
ôîðìà öåëüç³àíó õàðàêòåðèçóºòüñÿ á³ëüø âèñîêèìè òåðì³÷-
íèìè, åëåêòðî³çîëÿö³éíèìè òà ìåõàí³÷íèìè ïîêàçíèêàìè
âëàñòèâîñòåé. Öÿ ñòàòòÿ ïðèñâÿ÷åíà âèâ÷åííþ îñîáëèâîñ-
òåé ôîðìóâàííÿ ôàçîâîãî ñêëàäó öåëüç³àíîâî¿ êåðàì³êè ïðè
âèêîðèñòàíí³ â ðîë³ ìîäèô³êóþ÷èõ êîìïîíåíò³â BAS ñêëà
åâòåêòè÷íîãî ñêëàäó ³ LABS ñêëà ñïîäóìåíîâîãî ñêëàäó.
Ïîêàçàíî, ùî ê³íöåâîþ êðèñòàë³÷íîþ ôàçîþ, ÿêà óòâîðþºòü-
ñÿ â êåðàì³ö³, ñèíòåçîâàí³é íà îñíîâ³ âóãëåêèñëîãî áàð³þ ³
êàîë³íó, º ìîíîêë³ííèé öåëüç³àí. Ôîðìóâàííÿ ìîíîêë³ííî-
ãî öåëüç³àíó â³äáóâàºòüñÿ ñòóï³í÷àòî. Ïåðøèì óòâîðþºòüñÿ
ãåêñàãîíàëüíèé öåëüç³àí. Ïîâíèé ïåðåõ³ä ãåêñàãîíàëüíèé
öåëüç³àíìîíîêë³ííèé öåëüç³àí â³äáóâàºòüñÿ ëèøå ó ïðî-
öåñ³ âèñîêîòåìïåðàòóðíîãî âèïàëó ïðè 12500Ñ. Ïðè öüîìó
ñòóï³íü ñï³êàííÿ êåðàì³êè çàëèøàºòüñÿ íèçüêèì (âîäîïîã-
ëèíàííÿ ñòàíîâèòü 11,0%). Ââåäåííÿ BAS ñêëà ñïðèÿº ïî-
âíîìó ïåðåõîäó ãåêñàãîíàëüíîãî öåëüç³àíó â ìîíîêë³ííèé
öåëüç³àí ïðè çíèæåí³é òåìïåðàòóð³ 11000Ñ. Ìàêñèìàëüíèé
åôåêò ó ôîðìóâàíí³ ìîíîêë³ííîãî öåëüç³àíó äîñÿãàºòüñÿ ïðè
ââåäåíí³ LABS ñêëà. ßê íàñë³äîê, òåìïåðàòóðà, ïðè ÿê³é
ôîðìóºòüñÿ äàíà ìîäèô³êàö³ÿ, ìàêñèìàëüíî çíèæóºòüñÿ ³
ñòàíîâèòü 8000Ñ. Â öüîìó âèïàäêó ïðè òåìïåðàòóð³ 12500Ñ
äîñÿãàºòüñÿ ïîâíå ñï³êàííÿ öåëüç³àíîâî¿ êåðàì³êè.

Êëþ÷îâ³ ñëîâà: òåðìîñò³éêà êåðàì³êà, ìîíîêë³ííèé
öåëüç³àí, ãåêñàãîíàëüíèé öåëüç³àí, êðèñòàë³çàö³ÿ,
òâåðäîôàçíå ñï³êàííÿ, òåìïåðàòóðíèé êîåô³ö³ºíò ë³í³éíîãî
ðîçøèðåííÿ.
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In the synthesis of heat-resistant ceramics in the system
BaO–Al2O3–SiO2 (BAS), it is important to find ways of
intensifying the process of transition of hexagonal celsian to
monoclinic celsian without an increase in sintering temperature.
Monoclinic form of celsian is characterized by higher thermal,
electro-insulating, and mechanical properties. This paper deals
with the features of formation of the phase composition of celsian
ceramics when using BAS glass of eutectic composition and glass
in the system Li2O–Al2O3–B2O3–SiO2 (LABS) of spodumene
composition as modifying components. It is shown that monoclinic
celsian is the final crystalline phase formed in ceramics synthesized
on the basis of barium carbonate and kaolin. Monoclinic celsian
is formed stepwise; and the hexagonal celsian appears first. The
complete transition hexagonal celsianmonoclinic celsian occurs
only in the process of high temperature firing at 12500C. Notably,
the degree of ceramic sintering remains low (water absorption is
11.0%). Introduction of BAS glass contributes to the complete
transition of hexagonal celsian to monoclinic celsian at a reduced
temperature of 11000C. Maximum effect in the formation of
monoclinic celsian is achieved by the introduction of LABS glass.
As a result, the temperature of formation of this modification
maximally decreases to 8000C. In this case, complete sintering of
celsian ceramics is achieved at the temperature of 12500Ñ.

Keywords: heat-resistant ceramics; monoclinic celsian;
hexagonal celsian; crystallization; solid-phase sintering; coefficient
of linear thermal expansion.
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