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Abstract—The possibility of modeling the processes of cooling of the metastable Bi2GeO5 compound in the
ProCAST software package is demonstrated. Despite a number of assumptions that are made in the modeling, the calculated data are shown to be in good agreement with the real melt cooling rates and can be used
in the development of modeling in the Bi2O3–GeO2 system to obtain metastable materials with a desired set
of properties and a microstructure.
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Metastable bismuth germanate Bi2GeO5 with an
Aurivillius layered crystal structure, which is formed
during crystallization of a supercooled melt, is a ferroelectric with the high Curie temperature, high oxygen
ionic conductivity, and unique catalytic properties. It
is of great interest for hydrogen energetics and ecology
due to its photocatalytic properties in the optical radiation range—in particular, for deactivation of toxic
organic compounds and nitrogen oxides (NOs) and as
a catalyst for the oxidative dimerization of methane. In
addition, this compound is used in the synthesis of
advanced glass-ceramic materials.
The Bi2O3–GeO2 system is represented by a stable
state diagram and two metastable ones. According to
the results obtained in [1–4], the region of the liquid
state in the phase diagram of the Bi2O3–GeO2 system
was divided into three temperature zones A, B, and C,
the melt cooling from which (from cooling start temperatures tst.cool.) affects differently the state of the synthesized crystalline phases. The existence of the temperature zones and the impact of the melt cooling
conditions on the composition of the formed crystalline phases were experimentally confirmed in [5, 6].
The methods for obtaining Bi2GeO5 (hydrothermal synthesis, deposition, quenching and annealing,

solid-state synthesis, sol–gel, etc.) have certain
advantages and benefits, but still, for the most part, are
rather labor- and time-consuming and require significant costs, additional equipment, and reaction components. In [6], we managed to reliably demonstrate
that the method for synthesizing these layered compounds from melt is not only possible, but also the
simplest and most convenient under conventional heat
treatment of the melt. To implement this method,
only the initial components Bi2O3 and GeO2, a crucible, and a furnace are needed.
Taking into account that the synthesis of metastable bismuth germanate Bi2GeO5 from melt is one of
the fastest and simplest ways to obtain this promising
material, the question arises of whether it is possible to
model the heating and cooling processes for obtaining
this compound with a desired set of properties and
a microstructure.
This Letter systematizes the available thermal characteristics, attempts to model the conditions for cooling the metastable Bi2GeO5 compound using the ProCAST software package, and evaluates the results
obtained by comparing them with the experimental
data.
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Table 1. Thermal characteristics of Bi2GeO5 as functions of
temperature
t, °С

Cp, J/(mol K)

t, °С

ρ, g/cm3

82
127

174 [8]
179 [8]

20
1297

7.4817
7.66 [7]

227.1

188 [8]

t, °С

λ, W/(m K)

327
427.1
527
627.1
727
827
927
1027
1127
1227

195 [8]
201 [8]
206 [8]
211 [8]
217 [8]
224
230
237
243
249

299
400
500
600
700
1067

1.02
0.95
1.07
1.35
1.89
0.20 [9]

The density of the material was measured at room
temperature with a Vibra HT automatic analytical balance by hydrostatic weighing and then taken as a constant up to the solidus temperature. The melt density
at a temperature of 1297°C was borrowed from [7] and
also taken as a constant up to the liquidus temperature.
The liquidus and solidus temperatures for the calculation were taken in accordance with the metastable
equilibrium diagrams. Depending on the cooling start
temperature, they were 837 and 820°C for zone C and
879°C for zone B.
With regard to the preservation of the metastable
state of the melt after its heat treatment [6], to calculate the melt cooling from zone A, the liquidus and
solidus values were taken for the metastable phase diagram obtained by cooling from zone B, rather than for
the stable one.
Similar assumptions were made for the thermal
conductivity coefficient.
The heat capacity values at a temperature in the
range of 82–727°C were taken from [8] and continued
to a temperature of 1227°C by the mathematical prediction method (the calculation using Eq. (1), which
describes a linear approximation, where x is the heating temperature)

y = 0.0629 x + 172.1.

(1)

The thermal diffusivity was measured on a Netzsch
LFA 457 MicroFlash setup. Thermal conductivity
coefficient λ was calculated using to the formula

λ = αC pρ,

(2)

where α is the thermal diffusivity, Cp is the heat capacity of the material, and ρ is the density of the material.

The density was calculated as
(3)
ρ = m/ v ,
where m is the mass of the sample and v is its volume.
The porosity of the material was ignored.
To the best of our knowledge, the thermal conductivity of the melt of the metastable Bi2GeO5 (1 : 1
Bi2O3–GeO2) compound has not been investigated,
and we failed to find such data in the literature. Therefore, the thermal conductivity of the closest stable
compound Bi4Ge3O12 (2 : 3 Bi2O3–GeO2) studied in
[9] was taken as a thermal conductivity of the melt for
our primary calculation. In Table 1, this value is put in
italics.
The material of the crucible was pure platinum.
The geometry of the product corresponds to product
no. 100-10 (GOST (State Standard) 6563–75). The
weight of the sample for melting was 10 g. The crystallized melt thickness was 1.97–2.4 mm. The thermal
characteristics of the crucible material (pure platinum) were taken from [10].
Modeling was carried out using the ProCAST professional software package. The calculation repeated
the nine cooling regimes reported in [6] (Fig. 1). The
only difference from study [6] was that the furnace
cooling was performed at a controlled rate (4°C/min)
to compare the calculated and real crystallization rates
in the maximally equilibrium conditions. The parameters for modeling the thermal problem were an ambient temperature of 20°C, a water temperature of 15°C,
and a liquidus temperature of platinum of 1768°C. The
heat transfer coefficient was 10000 W/(m2 K) for
melt–crucible, 5000 W/(m2 K) for crucible–water,
and 300 W/(m2 K) for crucible–firebrick.
The thermal characteristics (heat capacity Cp, density ρ, and thermal conductivity λ) of the Bi2GeO5
compound as functions of temperature are given in
Table 1. The values obtained using the mathematical
prediction are highlighted in bold, and the thermal
conductivity of the melt taken from the closest stable
compound B4Ge3O12 (2 : 3 Bi2O3–GeO2) [9] is italicized.
According to the modeling results, Fig. 2a shows an
example of the cooling time distribution over the cross
section of the material in a crucible during water
quenching of the melt in a crucible from zone C
(regime 3 in Fig. 1a). A similar distribution upon
cooling the melt from liquidus to solidus is shown in
Fig. 2b.
The time dependences of temperature during cooling of the melt to room temperature in the regimes
illustrated in Fig. 1 are given in Table 2 and shown in
Fig. 3 as an example of quenching. The calculation
shows that, during water quenching (Fig. 3), the rate
of melt cooling in the central part of a crucible and at
a distance of 0.5R (R is the radius of the model simulating the volume of the cooled melt from the center of
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Fig. 1. Scheme of regimes of heat treatment of the melt upon cooling from cooling start temperatures tst.cool. from temperature
zones (a) C, (b) B, and (c) A. (1) Furnace cooling, (2) cooling in air, and (3) water cooling of a crucible.
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Fig. 2. Cooling time distribution over the cross section of the sample (melt) in a crucible during quenching from zone C (tst.cool. =
1160°C). (a) Cooling to complete crystallization and (b) cooling from the liquidus to solidus temperature of the alloy.
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Fig. 3. Time dependence of temperature during quenching
from zone C (tst.cool. = 1160°C) (1) in the central part of a
crucible and at distances of (2) 0.5R and (3) 0.9R.
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a crucible to its inner wall) is almost the same and differs only at the periphery, i.e., at the crucible walls and
the bottom, where the heat removal is fastest. This fact
will also be affected by the amount of melt and the
crucible geometry. Upon cooling in air from the cooling start temperature to complete cooling, the rate of
melt cooling over the cross section in a crucible will
differs less than upon water quenching. Under furnace
cooling, the material will have a minimum temperature gradient between layers. It can be seen in Table 2
that the calculated values for both the crystallization
time and complete cooling are in good agreement with
each other and have no rough and clearly noticeable
drops.
Comparison of the calculated cooling time with the
real values (Table 2) confirms our conclusions once
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Table 2. Times of crystallization and complete cooling of the 1 : 1 Bi2O3–GeO2 melt upon cooling from different start temperatures in different regimes obtained using the mathematical modeling in the ProCAST software package (comparison
of the calculated and real melt crystallization times)
tst.cool., °C

1160

1102

1037

Regime for cooling
a crucible with melt

Calculated crystallization time, s
(rounded off to the
nearest integer)

Water quenching
Cooling in air
Furnace cooling
Water quenching
Cooling in air
Furnace cooling
Water quenching
Cooling in air
Furnace cooling

Calculated complete cooling
Real crystal- Temperature, °C (crucible
Time, s
lization time, s center control, rounded
(rounded off to
off to the nearest integer) the nearest integer)

3
17
5115
3
13
3368
2
10
2394

5–8
24
5100

again and shows good agreement between the theoretical modeling data and the proven results.
Thus, we demonstrated the possibility of modeling
the processes of cooling of the metastable Bi2GeO5
compound with an Aurivillius crystal structure using
the ProCAST software package. The modeling results
showed good agreement between the calculated and
real melt cooling rates. This method of calculation in
the ProCAST software package is applicable for modeling the processes of heating and cooling of the metastable Bi2O3–GeO2 compounds in order to obtain
them with a desired set of properties and a microstructure, which is of great importance for fundamental
research and application.
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