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This article shows the prospect of the system BaO–Al2O3–B2O3–SiO2 as the basis of
vitreous and glass ceramic materials, which are widely used in rocket production for hightemperature protection of heat resistant alloys, in the power industry for sealing solid
oxide fuel cells, and in the production of heat resistant glass ceramic materials. We examined
the conditions of glass formation and properties of glasses with the following content of
components (mol.%): BaO 30–70, B2O3 10–50, SiO2 20–60, and Al2O3 0–10. We
established experimentally that the physical and chemical properties of glass, depending
on its chemical composition, vary within the following limits: coefficient of linear thermal
expansion of (71–122)10–7 Ê–1; glass transition temperature of 500–6500Ñ; dilatometric
softening point of 540–6700Ñ; and density of 3.20–4.21 g cm–3. The volume resistivity of
the studied glasses is within 1011–1013 Ohmcm at the temperature of 1500Ñ. Generalization
of the dependences of glass properties on their chemical composition was carried out with
the use of the additive equations, for which the partial contributions of oxides to the values
of the corresponding properties were determined by experimental and statistical methods.
The established patterns of influence of components and conditions of glass formation on
the physical and chemical characteristics of glasses allows implementing the process of
designing of a wide range of glass compositions with the complex of specified properties in
order to solve the tasks of their practical use.
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Introduction
Alkali-free borosilicate glasses are widely used
in the instrument making and rocket production as
insulating coatings and heat-resistant coatings [1–
3], in the power industry for sealing of solid oxide
fuel cells [4–6], and in the production of heat
resistant glass ceramic materials [6–8].
Glasses in the oxide system BaO–Al2O3–B2O3–SiO2
with the BaO content of more than 30 mol.% can
be used in the above fields of application. This system
serves as basis for the synthesis of new vitreous and
glass ceramic materials. These materials have valuable
properties, such as corrosion resistance, mechanical
strength, heat resistance, gas and water tightness and
even protection against ionizing radiation [3–6].
However, there is no sufficient information in the
technical literature about the conditions of glass
formation and properties of abovementioned glasses,
which is required for the substantiation of their

production technology and selection of the optimal
composition.
Ascertaining the patterns of the influence of
components and conditions of glass formation on
the glass physical and chemical characteristics allows
implementing the process of designing of a wide range
of glass compositions with the complex of specified
properties for practical use.
In this regard, the purpose of the paper is to
establish the conditions of glass formation and
relationships between the properties of oxide glasses
and their chemical composition, which is limited by
the following content of components (mol.%): BaO
30–70, B2O3 10–50, SiO2 20–60, and Al2O3 0–10.
Materials and methods
Finely ground quartz sand and chemical
reagents (boric acid, barium carbonate, alumina, all
of the laboratory reagent and analytical reagent grade)
were used to prepare the mixtures of experimental
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glasses. Melting of glasses was carried out in the
corundum crucibles with the volume of 100 mL in
the electric furnace with silicon carbide heaters at
the temperature of 13500Ñ for 60 min. In order to
determine the properties of glasses, their samples
were fabricated by the method of glass melt casting
into steel molds followed by annealing in the muffle
furnace at the temperature of 4000Ñ.
Melting characteristics of the experimental
glasses were studied in the corundum crucibles with
the volume of 5 mL. Crucibles with the mixture
were placed in the furnace, heated to 13500C and
then held for 60 min. At the end of the holding
time, the crucibles were removed from the furnace
and cooled in the air.
The properties of glass were determined by the
standard procedures as follows: density (d) of glasses
was measured by hydrostatic weighing as per GOST
9553-74; dilatometric studies of the coefficient of
linear thermal expansion (CTE) were conducted in
the temperature range of 20–4000Ñ, dilatometric
softening point (td) and glass transition temperature
(tg) were determined in accordance with GOST
10978-2014.
Volume resistivity of glasses was measured by
Å6-13À teraohmmeter with the use of the electrode
thermocell (graphite electrodes).
Crystallization properties of glass powders were
examined by the method of differential thermal
analysis using a derivatograph Q-1500D in the
temperature range of 20–10000Ñ at the heating rate
of 150Ñmin–1. Alumina oxide fired at the temperature
of 14500Ñ was used as a reference.
X-ray phase analysis of glasses was carried out
on diffractometer DRON-3Ì in Co-K radiation.
To identify crystalline phases, X-ray card index of
ASTM was used.
Results and discussion
The melting properties of experimental glasses

were experimentally studied and the boundaries of
glass formation at the temperature of 13500Ñ and
the regions of glasses, which were visually clear and
crystallized, were plotted for the system BaO–B2O3–
SiO2–xAl 2O3 (Fig. 1). In cross sections of the
experimental system under assumed temperature and
time conditions, the melting of mixture components
with the formation of homogeneous glass-forming
melts ceases at the BaO content of 60 mol.%.
It was previously reported [9,10] that the region
of glass formation in the system BaO–B2O3–SiO2 in
the course of the synthesis of glasses in a platinum
crucible is slightly less than in the case of a corundum
crucible. It should be noted that the glass of the
system BaO–B2O3–SiO2 synthesized in the platinum
crucible is formed at the BaO content of up to 40–
50 mol.%. At the same time, in the course of the
synthesis in the corundum crucibles, we obtained
the glass with BaO content of up to 60 mol.%.
Expansion of glass-forming region in the triple
experimental system BaO–B2O3–SiO2 at the synthesis
in corundum crucibles is probably due to their
corrosion, resulting in diffusion of a part of Al2O3
from the crucible materials to the glass melt. The
above promotes the formation of glass at the increased
content of BaO, where Al2O3, obviously, acts as a
glass-forming component. Aggressiveness of glass
melts in relation to the material of corundum
crucibles was also established in the study of glasses
of the lead-borosilicate system [11,12].
When comparing the glass-forming regions in
cross sections of the system BaO–B2O3–SiO2–
xAl2O3, it can be concluded that the addition of Al2O3
expands the range of visually clear glasses as well as
glasses resistant to crystallization in the production.
The addition of Al2O3 to the composition of glasses
with a high BaO content (No. 5 and No. 6) reduces
the crystallization ability of the melts of these glasses,
as evidenced by a decrease in the intensity of the

Fig. 1. Chemical compositions of experimental glasses and glass formation in the system BaO–B2O3–SiO2–xAl2O3: 1 – clear
glass; 2 – surface crystallization; 3 – sinter; and 4 – border of glass-forming region
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Fig. 2. Thermograms of glass powders of the system BaO–B2O3–SiO2–xAl2O3

Fig. 3. X-ray patterns of the powders of glasses in the system BaO–B2O3–SiO2–xAl2O3 after heat treatment during 2 hours at the
temperature: à – 7300Ñ; b – 7900Ñ; c – 7200Ñ; d – 7900Ñ  – BaSiO3,  – BaAl2Si2O8

relevant exothermic effects on the DTA curves
(Fig. 2).
Diffusion of a part of Al2O3 from the crucible
material into the glass melt owing to their active

interaction is confirmed by the results of X-ray phase
analysis of the glasses No. 5 and No. 6 (Fig. 3,à and
3,c), the mixtures of which did not contain Al2O3 at
all. The positions of the main diffraction maximums
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on X-ray patterns of glass powders No. 5 and No. 6
indicate that the main crystalline phases formed
during the heat treatment of these glasses are barium
silicate (BaSiO 3 ) and -celsian (BaAl 2Si 2O 8 ).
Additional introduction of 5 mol.% of Al2O3 into
the composition of these glasses reduces the amount
of crystalline phase, as evidenced by a decrease in
the intensity of diffraction maximums on the X-ray
patterns of glass powders No. 15 and No. 16 (Fig. 3,b
and 3,d).
Experimentally established values of some
properties of experimental glasses are given in Table 1.
Data analysis shows that depending on the
chemical composition of glass, its physical and
chemical properties vary over wide ranges as follows:
the coefficient of linear thermal expansion of (71–
122)10–7 Ê–1, glass transition temperature of 500–
6500Ñ, dilatometric softening point of 540–6700Ñ,
and density of 3.2–4.2 g cm–3.
The relationship between the properties of
multicomponent glasses and their composition in
glass chemistry and technology is often expressed
with the use of the additive equations:

V=(vixi)/100,
where V is the calculated value of glass properties; vi
are the additive coefficients (partial contributions of
oxides to the value of glass properties); and xi are
the content of oxides in the glass (mol.%).
These additive equations represent a compact
form of the generalized and quantitative description
of the patterns of changes in glass properties
depending on glass composition. In this context,
additive coefficients in the equations for calculating
the values of properties of the experimental glasses
were determined by the multiple correlation method
(Table 2). Accuracy of the calculation of these
properties was evaluated by the value of the multiple
correlation coefficient (R) and by comparison
between the residual dispersion S2res and the dispersion
relative to the average value of the experimental
properties S2y [13–15]. As follows from the data shown
in Table 2, S2res is much less than S2y ; hence we can
assume that the above equation for V gives a
reasonable approximation for the experimental data
Table 1

Physical and chemical properties of glass

Glass No.
2
3
4
5
6
7
8
9
10
12
13
14
15
16
17
18
19
20
22
23
24
25
26
27
28
29
30

CTE, 107, К–1
85
82
96
121
122
111
83
83
94
75
78
101
107
112
93
76
77
93
76
76
88
102
107
87
71
79
91

tg, 0С
650
540
510
500
550
610
620
580
590
640
570
550
530
560
620
600
580
570
620
570
540
520
580
600
600
580
560
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td, 0С
670
580
550
540
580
630
650
610
630
660
600
590
560
600
640
630
610
600
650
610
580
560
610
630
640
620
600

lg , Ohmcm (1500С)
11.70
11.69
13.03
12.90
13.43
12.20
12.79
11.96
13.31
11.96
11.75
12.04
12.71
13.12
12.42
12.27
12.03
12.20
11.79
11.96
12.40
12.52
12.82
12.13
12.03
12.32
11.91

Density, d, g cm–3
3.63
3.37
3.72
4.06
4.21
4.08
3.61
3.47
3.81
3.45
3.23
3.55
3.95
4.16
3.79
3.39
3.36
3.78
3.32
3.20
3.53
3.74
4.02
3.75
3.32
3.33
3.66
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Table 2

Values of additive coefficients (vi), their standard deviations (Sv) and results of statistical analysis
of calculation formulas

Values of viSv for respective oxides
BaO
B2O3
SiO2
Al2O3
CTE, i107, К–1
1745
415
4410
–2519
Glass transition temperature, (tg)i, 0C
42818 53018
77217
61074
Dilatometric softening temperature, (td)i, 0C 48013 58412
77312
63852
Volume resistivity, lgρi, Ohmcm
14.60.4 11.00.4 11.20.3 8.71.7
Density, di, g cm–3
5.230.08 2.340.08 3.080.08 1.210.33
Properties

given in Table 2.
The established values of additive coefficients
for the calculation of CTE, glass transition
temperature and density of experimental glasses are
consistent with the coefficients that we proposed
earlier [15] for borosilicate glass. The calculated values
of additive coefficients indicate that the introduction
of Al2O3 promotes the reduction of CTE and increase
in the values of tg and td of glass, i.e. its viscosity.
Barium oxide makes the maximum contribution
to the increase of the coefficient of linear thermal
expansion, volume resistivity and density of glasses.
At the same time, an increase of barium oxide content
in glass sharply reduces the glass transition
temperature and dilatometric softening point of the
glass.
SiO2 makes the largest partial contribution to
the values of glass transition temperature and
dilatometric softening point. This fact is to be taken
into account, first of all, when choosing the
compositions of glasses for protective coatings, as
an increase in SiO2 content will lead to an undesired
increase in the temperature of formation of the
protective coatings. Replacing SiO2 with B2O3 reduces
the glass transition temperature and the dilatometric
softening temperature of the glass. This is due to the
fact that B2O3 in the glass acts as a fluxing agent. It
is also found that the replacement of SiO2 by B2O3
within the studied limits of the content of
components does not cause significant changes in
the values of CTE of the glass.
Conclusions
We have experimentally established the
conditions of glass formation, regions of glass-forming
melts and properties of glasses with the following
chemical composition (mol.%): BaO 30–70, B2O3
10–50, SiO2 20–60, and Al2O3 0–10. It is shown
that at the synthesis of glasses in the corundum
crucible during 60 minutes at the temperature of
13500Ñ, the glass-forming region in the system BaO–
B2O3–SiO2 is limited by the following contents of
components (mol.%): BaO 30–50, B2O3 10–50, and

R

S2res

S2y

0.99
0.99
0.99
0.99
0.99

15.1
222
107
0.12
0.005

214.9
1302
950
0.25
0.09

SiO2 20–60. It is found that the introduction of Al2O3
into the composition of these glasses expands the
glass-forming region towards the increase in BaO
content in glass to 60 mol.%. Experimentally
established values of properties of the experimental
glasses are within the following limits: coefficient of
linear thermal expansion of (71–122)10–7 Ê–1, glass
transition temperature of 500–6500Ñ; dilatometric
softening point of 540–6700Ñ, and density of 3.20–
4.21 gcm–3. At the temperature of 1500Ñ, the volume
resistivity of glasses is within the range of 1011–
1013 Ohmcm. Generalization of the dependences of
glass properties on their chemical composition was
carried out with the use of additive equations, for
which the partial contributions of oxides to the values
of the corresponding properties were determined by
experimental and statistical methods. The patterns
of influence of components and conditions of glass
formation on the physical and chemical
characteristics of glasses of the system BaO–Al2O3–
B2O3–SiO2 allow implementing the design of a wide
range of glass compositions for various functional
purposes with the complex of specified properties.
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ÂËÀÑÒÈÂÎÑÒ² ÑÒÅÊÎË Â ÑÈÑÒÅÌ²
BaO–B2O3–SiO2–xAl2O3 (x=0; 5; 10 ÌÎË.%)
Þ.Ñ. Ãîðäººâ, Î.Â. Êàðàñèê, Î.À. Àìåë³íà
Ó ðîáîò³ ïîêàçàíî ïåðñïåêòèâí³ñòü çàñòîñóâàííÿ ñèñòåìè BaO–Al2O3–B2O3–SiO2, ÿê îñíîâè ñêëîïîä³áíèõ ³ ñêëîêðèñòàë³÷íèõ ìàòåð³àë³â, ÿê³ øèðîêî âèêîðèñòîâóþòü â ðàêåòîáóäóâàíí³ äëÿ âèñîêîòåìïåðàòóðíîãî çàõèñòó æàðîì³öíèõ
ñïëàâ³â, â åíåðãåòèö³ äëÿ ãåðìåòèçàö³¿ òâåðäîîêñèäíèõ ïàëèâíèõ åëåìåíò³â, à òàêîæ ó âèðîáíèöòâ³ òåðìîñò³éêèõ ñêëîêðèñòàë³÷íèõ ìàòåð³àë³â. Äîñë³äæåíî óìîâè ñêëîóòâîðåííÿ òà
âëàñòèâîñò³ ñòåêîë ç íàñòóïíèì âì³ñòîì êîìïîíåíò³â (ìîë.%):
BaO 30–70, B2O3 10–50, SiO2 20–60, Al2O3 0–10. Åêñïåðèìåíòàëüíî âñòàíîâëåíî, ùî â çàëåæíîñò³ â³ä õ³ì³÷íîãî ñêëàäó ñêëà, éîãî ô³çèêî-õ³ì³÷í³ âëàñòèâîñò³ çì³íþþòüñÿ â íàñòóïíèõ ìåæàõ: òåìïåðàòóðíèé êîåô³ö³ºíò ë³í³éíîãî ðîçøèðåííÿ (71–122)10–7 Ê–1; òåìïåðàòóðà ñêëóâàííÿ 500–6500Ñ;
äèëàòîìåòðè÷íà òåìïåðàòóðà ðîçì’ÿêøåííÿ 540–6700Ñ;
ù³ëüí³ñòü 3,20–4,21 ã/ñì3. Ïèòîìèé îá’ºìíèé îï³ð äîñë³äíèõ ñòåêîë ïðè òåìïåðàòóð³ 1500Ñ çíàõîäèòüñÿ â ìåæàõ 1011–
1013 Îìñì. Óçàãàëüíåííÿ çàëåæíîñò³ âëàñòèâîñòåé ñòåêîë â³ä
¿õ õ³ì³÷íîãî ñêëàäó âèêîíàíî çà äîïîìîãîþ àäèòèâíèõ ôîðìóë, äëÿ ÿêèõ åêñïåðèìåíòàëüíî-ñòàòèñòè÷íèìè ìåòîäàìè
âèçíà÷åíî ïàðö³àëüí³ âêëàäè îêñèä³â ó çíà÷åííÿ â³äïîâ³äíèõ âëàñòèâîñòåé. Âñòàíîâëåí³ çàêîíîì³ðíîñò³ âïëèâó êîìïîíåíò³â ³ óìîâ ñêëîóòâîðåííÿ íà ô³çèêî-õ³ì³÷í³ õàðàêòåðèñòèêè ñòåêîë äîçâîëÿþòü çä³éñíþâàòè ïðîöåñ ïðîåêòóâàííÿ
øèðîêîãî ñïåêòðà ñêëàä³â ñòåêîë ³ç êîìïëåêñîì çàäàíèõ
ïîêàçíèê³â âëàñòèâîñòåé, ùî âèð³øóº çàäà÷³ ¿õ ïðàêòè÷íîãî
âèêîðèñòàííÿ.
Êëþ÷îâ³ ñëîâà: ñêëî, áîðîñèë³êàòíå ñêëî,
ñêëîóòâîðåííÿ, òåïëîâå ðîçøèðåííÿ, òåìïåðàòóðà ñêëóâàííÿ.
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This article shows the prospe ct of the system
BaO–Al2O3–B2O3–SiO2 as the basis of vitreous and glass ceramic
materials, which are widely used in rocket production for hightemperature protection of heat resistant alloys, in the power
industry for sealing solid oxide fuel cells, and in the production
of heat resistant glass ceramic materials. We examined the
conditions of glass formation and properties of glasses with the
following content of components (mol.%): BaO 30–70, B2O3
10–50, SiO 2 20–60, and Al 2 O 3 0–10. We established
experimentally that the physical and chemical properties of glass,
depending on its chemical composition, vary within the following
limits: coefficient of linear thermal expansion of (71–122)10–7 Ê–1;
glass transition temperature of 500–6500Ñ; dilatometric softening
point of 540–6700Ñ; and density of 3.20–4.21 g cm–3. The volume
resistivity of the studied glasses is within 1011–1013 Ohmcm at
the temperature of 1500Ñ. Generalization of the dependences of
glass properties on their chemical composition was carried out
with the use of the additive equations, for which the partial
contributions of oxides to the values of the corresponding
properties were determined by experimental and statistical
methods. The established patterns of influence of components
and conditions of glass formation on the physical and chemical
characteristics of glasses allows implementing the process of
designing of a wide range of glass compositions with the complex
of specified properties in order to solve the tasks of their practical
use.
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