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This article shows the prospect of the system BaO—Al,O,—B,0,—SiO, as the basis of
vitreous and glass ceramic materials, which are widely used in rocket production for high-
temperature 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, B,0, 10—50, SiO, 20—60, and Al,O; 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)-1077 K™; glass transition temperature of 500—650°C; dilatometric
softening point of 540—670°C; and density of 3.20—4.21 g cm™3. The volume resistivity of
the studied glasses is within 10"'—10'* Ohm-cm at the temperature of 150°C. 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—ALO;—B,0,—SiO,
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
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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, B,O, 10—50, SiO, 20—60, and Al,O, 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 1350°C 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 400°C.

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 1350°C 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—400°C, dilatometric
softening point (t;) and glass transition temperature
(t,) were determined in accordance with GOST
10978-2014.

Volume resistivity of glasses was measured by
E6-13A 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—1000°C at the heating rate
of 15°C-min~!. Alumina oxide fired at the temperature
of 1450°C was used as a reference.

X-ray phase analysis of glasses was carried out
on diffractometer DRON-3M 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

x =0mol.%

were experimentally studied and the boundaries of
glass formation at the temperature of 1350°C and
the regions of glasses, which were visually clear and
crystallized, were plotted for the system BaO—B,0,—
SiO,—xAlLO; (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—B,0,—SiO, 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—B,0,—Si0, 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—B,0,—Si0, at the synthesis
in corundum crucibles is probably due to their
corrosion, resulting in diffusion of a part of Al,O,
from the crucible materials to the glass melt. The
above promotes the formation of glass at the increased
content of BaO, where Al,O,, 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—B,0,—SiO,—
xAl,0;, it can be concluded that the addition of Al,O,
expands the range of visually clear glasses as well as
glasses resistant to crystallization in the production.
The addition of Al,O, 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
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Fig. 1. Chemical compositions of experimental glasses and glass formation in the system BaO—B,0;—SiO,—xAl,O,: 1 — clear
glass; 2 — surface crystallization; 3 — sinter; and 4 — border of glass-forming region
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Fig. 3. X-ray patterns of the powders of glasses in the system BaO—B,0,—SiO,—xAl,O; after heat treatment during 2 hours at the
temperature: a — 730°C; b — 790°C; ¢ — 720°C; d — 790°C B — BaSiO;, ® — BaAl,Si,Oq

relevant exothermic effects on the DTA curves

(Fig. 2).

Diffusion of a part of Al,O, 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,a and
3,¢), the mixtures of which did not contain Al,O, 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;) and B-celsian (BaAl,Si,0y).
Additional introduction of 5 mol.% of Al,O, 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)-1077 K', glass transition temperature of 500—
650°C, dilatometric softening point of 540—670°C,
and density of 3.2—4.2 g cm™.

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=X(v;x;)/100,

where V is the calculated value of glass properties; v;
are the additive coefficients (partial contributions of
oxides to the value of glass properties); and x; 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 S7, and the dispersion
relative to the average value of the experimental
properties Si [13—15]. As follows from the data shown

in Table 2, S?_ is much less than S;; 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. | CTE, 010", K" | t,,°C | t,°C | lgp, Ohm-cm (150°C) | Density, d, g cm™
2 85 650 670 11.70 3.63
3 82 540 580 11.69 3.37
4 96 510 550 13.03 3.72
5 121 500 540 12.90 4.06
6 122 550 580 13.43 421
7 111 610 630 12.20 4.08
8 83 620 650 12.79 3.61
9 83 580 610 11.96 3.47
10 94 590 630 13.31 3.81
12 75 640 660 11.96 3.45
13 78 570 600 11.75 3.23
14 101 550 590 12.04 3.55
15 107 530 560 12.71 3.95
16 112 560 600 13.12 4.16
17 93 620 640 12.42 3.79
18 76 600 630 12.27 3.39
19 77 580 610 12.03 3.36
20 93 570 600 12.20 3.78
22 76 620 650 11.79 3.32
23 76 570 610 11.96 3.20
24 88 540 580 12.40 3.53
25 102 520 560 12.52 3.74
26 107 580 610 12.82 4.02
27 87 600 630 12.13 3.75
28 71 600 640 12.03 3.32
29 79 580 620 12.32 3.33
30 91 560 600 11.91 3.66
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Table 2
Values of additive coefficients (v,), their standard deviations (S,) and results of statistical analysis
of calculation formulas

. Values of vi£S, for respective oxides 2 2

Properties B0 B0, sio, ALO. R S Sy
CTE, a;10", K 17445 4145 44410 | 25419 | 0.99 | 15.1 |214.9
Glass transition temperature, (t,);, 'C 428+18 | 530+18 772417 610£74 | 0.99 222 1302
Dilatometric softening temperature, (tq);, °C | 480+13 | 584+12 773+12 638+52 | 0.99 107 950
Volume resistivity, lgp;, Ohm-cm 14.6+0.4| 11.0+04 | 11.2+0.3 | 8.741.7 | 0.99 | 0.12 | 0.25
Density, d;, g cm 5.23+0.08| 2.34+0.08 | 3.084+0.08 | 1.21+0.33| 0.99 | 0.005 | 0.09

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 Al,O, promotes the reduction of CTE and increase
in the values of t, and t, 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.

SiO, 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 SiO, content will lead to an undesired
increase in the temperature of formation of the
protective coatings. Replacing SiO, with B,0O, reduces
the glass transition temperature and the dilatometric
softening temperature of the glass. This is due to the
fact that B,O, in the glass acts as a fluxing agent. It
is also found that the replacement of SiO, by B,0,
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, B,0O,
10—50, SiO, 20—60, and Al,O, 0—10. It is shown
that at the synthesis of glasses in the corundum
crucible during 60 minutes at the temperature of
1350°C, the glass-forming region in the system BaO—
B,0,—Si0, is limited by the following contents of
components (mol.%): BaO 30—50, B,0O, 10—50, and

SiO, 20—60. It is found that the introduction of Al,O,
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)-1077 K™, glass
transition temperature of 500—650°C; dilatometric
softening point of 540—670°C, and density of 3.20—
4.21 g-cm™3, At the temperature of 150°C, the volume
resistivity of glasses is within the range of 10''—
10"* Ohm-cm. 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—Al,O,—
B,0,—Si0, 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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BJIACTUBOCTI CTEKOJI B CUCTEMI
BaO—B,0,—Si0,~xAL0, (x=0; 5; 10 MOJL.%)

I10.C. Iopoees, O.B. Kapacuk, O.A. Amenina

Y po6oTi moka3aHo MepCrneKTUBHICTh 3aCTOCYBaHHSI CHC-
temu BaO—AlL,0;—B,0,—Si0,, IK 0CHOBU CKJIONOAIOHUX i CKJIO-
KpUCTaJIIYHUX MaTepialliB, SIKi LIMPOKO BUKOPUCTOBYIOTH B pa-
KeTOOY/lyBaHHi 1Sl BACOKOTEMITEPATypPHOTO 3aXKCTY XKapOMillHUX
CIUIaBiB, B €HEepreTuli Uisi TepMeTu3allii TBepAOOKCUAHUX Ma-
JIMBHUX €JIEMEHTIB, a TAKOX Y BUPOOHULITBI TEPMOCTIMKMX CKIIOK-
pucTaniyHuX MarepiatiB. JloCIiKeHO YMOBU CKJIOYTBOPEHHSI Ta
BJIACTMBOCTI CTEKOJT 3 HACTYITHMM BMiCTOM KOMITOHEHTIB (MOJI. % ):
BaO 30-70, B,0O; 10—50, SiO, 20—60, Al,O0; 0—10. Excrepu-
MEHTAJIbHO BCTAHOBJIEHO, LI0 B 3aJIEXKHOCTI Bill XiMiYHOTO CKJ1a-
Iy CKJIa, oro (i3MKO-XiMidHi BJIaCTMBOCTI 3MiHIOIOTHCS B Ha-
CTYITHUX MeXax: TeMIIepaTypHMii KoedillieHT JiHiiiHOro po31n-
penHst (71—122)-1077 K™'; temmeparypa ckiyBadHst 500—650°C;
MUJIATOMETPUYHA TeMIlepaTypa po3m’sikiieHHst 540—670°C;
winbHicTh 3,20—4,21 r/cm3. [luromuit 06’eMHuUit omip gocii-
IHUX cTekoin nipu Temrneparypi 150°C 3naxoanTbest B Mexax 10—
10'3 OM-cM. Y3arajibHeHHSI 3aJI€XKHOCTI BIACTUBOCTE CTEKOJ Bif
iX XiMiYHOTO CKJIaJly BUKOHAHO 3a OTTIOMOTO0 aAuTUBHUX (hop-
MYJ1, IS SIKUX €KCMEPUMEHTATbHO-CTATUCTUYHUMU METOJaMU
BU3HAUYEHO MapliiajibHi BKJIAAW OKCUMIIB Y 3HAUEHHS BiANOBiA-
HMX BJIaCTUBOCTEN. BCcTaHOBIEH] 3aKOHOMIPHOCTI BILIMBY KOM-
TOHEHTIB i yMOB CKJIOYTBOPEHHSI Ha (Di3UKO-XiMiuHi XapakTepu-
CTUKHU CTEKOJI JO3BOJISIIOTh 3AiICHIOBATH MPOLIEC TPOEKTYBAHHS
LIMPOKOTO CIEKTpa CKJIAMIB CTEKOJ i3 KOMILIEKCOM 3adaHuX
TTOKA3HUKIB BJIAaCTMBOCTEM, 1110 BUPIIIYE 3a/1a4i iX MPaKTUIHOTO
BUKOPUCTAHHS.

KnwovoBi cmaoBa: ckio, OopocujikaTHe CKJoO,
CKJIOYTBOPEHHSI, TETIOBE PO3IIMPEHHST, TEMIIepaTypa CKITyBaHHS.
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This article shows the prospect of the system
BaO—Al,0,—B,0,—Si0, as the basis of vitreous and glass ceramic
materials, which are widely used in rocket production for high-
temperature 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, B,O,
10—50, SiO, 20—60, and Al,O; 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)-107 K™;
glass transition temperature of 500—650°C; dilatometric softening
point of 540—670°C; and density of 3.20—4.21 g cm ™. The volume
resistivity of the studied glasses is within 10''—10'3 Ohm-cm at
the temperature of 150°C. 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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