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Abstract—The recently obtained equation for the dependence of the glass transition temperature on the cool-
ing rate of a melt has been considered and compared with the experimental data. The kinetic criterion of glass

transition has been discussed.
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1. INTRODUCTION

The establishment of the nature of glass transition
of a liquid is one of the important unsolved problems
in the physics of the glassy state [1]. In contrast to con-
ventional phase transitions, the process of transition
from a liquid to a glass is characterized by the depen-
dence of the glass transition temperature 7, on the
cooling rate of the melt ¢ = dT/dt. For this depen-
dence, the following new equation has recently been
proposed in [2]:

i:al+blln( —1“—‘1} (1)
T, b,
where b, = k/Ae,, b, =1In(C/1,), and a, = b,Inb,. Here,
k is the Boltzmann constant; Ag, is the delocalization
energy of an atom, i.e., the energy of displacement of
an atom from the equilibrium position [3]; T, is the
vibration period of an atom in the equilibrium posi-
tion; C is the empirical parameter in the glass transi-
tion criterion proposed by Bartenev [4, 5],

qt, =C, (2)
T, is the structural relaxation time T at the glass transi-

tion temperature.
It was shown that, under the condition

Ing < b,, 3)

and for a, = b,/b,, relationship (1) is transformed into
the well-known Bartenev empirical equation [4, 5]

—=a,—a,lng. “4)
4

However, the correspondence of relationship (1) to
the experimental data was not verified [2].
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This study is devoted to the comparison of relation-
ship (1) with the available experimental data.

2. CALCULATION AND DISCUSSION
OF THE RESULTS

Let us estimate the order of magnitude of the
parameter b,. For vitreous systems of the same class,
the parameter C in equality (2) can be taken as a con-
stant C = const [4, 5] or as the coefficient of propor-
tionality between the cooling rate ¢ and the inverse
structural relaxation time 1/1,: the higher is the cool-
ing rate g, the shorter is the structural relaxation time
T,. By assuming that 1, = 10~?sand C~ 10K [6, 7], we
obtain the approximate estimate of the parameter b,:

b, = In(C/1,) = 30. (5)

Here, the expression under the logarithm sign
(C/7,) has the dimension of degrees Kelvin per second
(K/s). The cooling rate under the logarithm sign has
the same dimension: Ing [K/s]. The ratio Ing/b, in
equality (1) is a dimensionless quantity.

In order to verify relationship (1), we can now con-
struct the corresponding plots in the coordinates

L (1 - ln_q) .
T, 30

g

As can be seen from Figs. 1 and 2, the experimental
data [8, 9] plotted in these coordinates lie on straight
lines, which confirms the validity of relationship (1).

From condition (3) and estimate (5), it follows that
the Bartenev equation (4) is valid at not very high
cooling rates of glass-forming melts: Ing <« 30. In
actual fact, at relatively high values of cooling rates g
for a number of glasses, for example, for vitreous boric
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Fig. 1. Dependences of the glass transition temperature on
the cooling rate for the As—Sb—Se and Te—Ge glasses in
the coordinates of equation (1): 1/ Tg—ln[l — (Ing/30)].
The concentrations of As/Sb/Se and Te/Ge (in mol %) in
the glasses are 32.91/7.64/59.45 and 90.87/9.13, respec-
tively. The parameters of equality (1) are as follows: a; =
2.1 x 103K 'and b; = 4.5 x 1073 K~! for the As—Sb—Se
glassand a; =2.4 x 107> K~ and b, = 5.6 x 107 K~ for
the Te—Ge glass. The data taken from [8] are used.

anhydride B,0; and lead silicate glasses, there is a
deviation from the straight line in the 1/7,—logg coor-
dinates (Fig. 3) [2]. It is important to note that, for the
aforementioned glasses, there are no deviations from
straight lines in the coordinates corresponding to the
new equation (1) (Fig. 2).

Thus, this relationship (1) is in satisfactory agree-
ment with the experimental data over a wider range of
cooling rates as compared to the Bartenev equation (4).

Let us now briefly discuss the criterion of glass
transition (2).

In the series of papers [1, 10], Schmelzer and his
colleagues formulated a slightly different approach to
the kinetic criterion of glass transition

e
T\dt

In the consideration of this relationship, Nemilov
[11] drew his attention to the fact that, for oxide (for
example, silicate) glasses, according to equality (6), the
product ¢t, at the temperature 7'= T, should corre-
spond to the value of ¢t, = 7, = 700—800 K. However,
this is in contradiction with the classical relaxation the-
ories of glass transition [12, 13], as well as with typical
values of the product ¢t, = (5-20) [5,7, 9, 11].

If we now divide both sides of the Bartenev equality
(2) by the glass transition temperature 7, then, in
accordance with the previously obtained result [6], we
arrive at the relationship, which can be considered as
the generalized Bartenev criterion of glass transition

= CO,

T=T,

C, =~ 1. (6)

L =c~ (7)

g
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Fig. 2. Dependences T, = T,(q) for lead silicate glasses nos.
1 and 2 and for boric anhydride B,O5 in the 1/7; —In(1 —

Ing/30) coordinates. The data taken from [5, 9] are used.
The concentrations of PbO in glasses nos. 1 and 2 are 30
and 52 mol %, respectively. The parameters of equation (1)

are as follows: a; = 1.3 x 103 K" and b; = 7.4 x 1073 K~}
forglassno. 1,a; =12 x 103K 'and b; =6.2 x 107 K|
for glass no. 2, and a; = 1.7 x 107 K" and b, = 9.8 x
103 K~ for boric anhydride B,05.
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Fig. 3. Dependences of 1/7, on logg for vitreous boric
anhydride B,0O; and lead silicate glasses nos. 1 and 2 [5, 9].

Here, C* is, in fact, a universal constant [6]:

C*_Q fg

=—=—"% =~ const=0.007, (8)
T, In(/f,)
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Je = (AV,/V)_r, is the fraction of the fluctuation vol-
ume frozen at the glass transition temperature. The
fluctuation volume of an amorphous material AV, is
caused by thermal displacements of atoms from their
equilibrium positions:

AV,=N,v,,

where N, is the number of delocalized atoms and Av,
is the elementary fluctuation volume required for the
delocalization of an atom, i.e., for its displacement
from the equilibrium position. The fluctuation vol-
ume fraction f, depends weakly on the nature of
glasses. For the vast majority of vitreous systems, the
fluctuation volume fraction is a universal quantity: f, =
const = 0.025 [3, 6]. At the glass transition tempera-
ture, the process of delocalization of an atom is frozen.
By analogy with expression (6), the glass transition
criterion (7) can be written in the generalized form

L
Tdt

The proposed condition for the liquid-to-glass
transition (9), in contrast to condition (6), does not
contradict the classical relaxation theories [12, 13].
For the product ¢t,, as applied to oxide glasses (7, =
700—800 K), this condition gives the following order
of magnitude:

=C*, C*=7x10". 9)

T=T,

g1, = C*T, = 5-6)K,

which is in agreement with typical “standard” data for
the product ¢t, [7].

3. CONCLUSIONS

Thus, the well-known Bartenev empirical equation
(4) is valid at not very high cooling rates of glass-form-
ing melts: Ing <« 30. The generalized equation (1)
describes the dependence 7, = T,(g) over a fairly wide
range of cooling rates. The proposed condition for the
liquid-to-glass transition (relationship (7)) can be
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considered as a modification of the kinetic glass-tran-
sition criterion (6) formulated by Schmelzer and his
colleagues, and also as an extension of the condition
for the transition from a liquid to a glass according to
Bartenev (relationship (2)).
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