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Viscosity-temperature relationship of glasses with low melting
points obtained by wide-range measurement

Hiroshi KOBAYASHI and Haruyuki TAKAHASHI*

National Metrology Institute of Japan, AIST, Retired, 8—1-309, 2-chome, Tomooka, Nagaokakyo 6170843
*Graduate School of Science and Engineering, Ibaraki University, 4-12-1, Nakanarusawa, Hitachi 316-8511

The viscosity-temperature relationships for metaphosphate glass and polystyrene in the wide-temperature range, including
below the glass transition temperature 7, obtained by us, were analyzed using the Adam-Gibbs theory. The results showed
that the glass transition is a non-equilibrium phase transition from the Vogel-Tammann-Fulcher (VTF) state to the Arrhenius
state occurring at 7;. The Arrhenius curves below 7, show different slopes with varying activation energies owing to the fictive
temperatures Ty characterizing the structural states of the glasses. To explain this result from the microscopic viewpoint, a
model of an intermediate range order (IRO) is proposed. We also propose that the glass transition is due to a self-organization

of the IROs, a few nanometers in size, in the glass state.
©2008 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Glass-forming materials show large temperature changes in
volume and enthalpy, particularly near 7;. The change in the vol-
ume results in a jump in thermal expansion, while that in the
enthalpy results in a jump in heat capacity. Aside from these
changes, the temperature dependence of the viscosities of such
materials shows a much larger change of about 10 orders of mag-
nitude near 7. Viscosity is a dynamic correlation in materials,
which is an important property of the complex system of increas-
ing interest in recent physics. It is difficult to measure viscosity
below T,. Thus, viscosity measurements in the wide temperature
range even below T are strongly sought in order to explain the
glass transition mechanism. The Adam-Gibbs theory" clearly
describes the viscosity-temperature relationship for glass-form-
ing materials, which provides a fragile-strong classification of
these materials by evaluating their configurational entropies.

2. Experimental procedure

We have reported the temperature dependencies of the
viscosities of metaphosphate glasses,” namely, AgPOs; and
(Agl)os(AgPO3)os, and polystyrene with low melting points in
the liquid and glass states obtained by the method that we devel-
oped.” The results show the VTF Eq. in the viscosity-temperature
relationship above 7, and the Arrhenius Eq. below T,. In this
study, the results obtained are analyzed using the Adam-Gibbs
theory by evaluating the configurational entropy on introducing
T:. Tt describes the structural state of the glass. In addition, a
model of the IRO is produced in order to explain the results from
the microscopic viewpoint.

In Fig. 1, the temperature dependence of the viscosity of met-
aphosphate glass reported in our paper” is shown. The data
marked (O) in the low-temperature region was obtained using
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our method, which is described in detail in the related paper.”
The data marked (A) in the high-temperature region was obtained
by a commercial oscillating disk method. These two types of
data continue smoothly near 10® Pa-s and show two temperature
Egs. as follows.

In the temperature region of T > T;, we obtain the VTF Eq.

logn =logno +( (1

_B
T-T)’

where 77 is the viscosity, T is the temperature, and 770, B and T

are constants. We obtain log 7790 = =2 in Eq. (1). In the tempera-
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Fig. 1. Temperature dependence of the viscosity 77 of metaphosphate
glass (Agl)os(AgPO3)os. Data (O) was obtained using our method, while
data (A) was obtained using an oscillating disk viscometer.
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Fig. 2. Temperature dependence of the viscosity 77 of polystyrene.
Data (O) was obtained using our method, while data (A) was obtained
using an oscillating disk viscometer.

ture region of 7 < T, we obtain the Arrhenius Eq.
E
logn =logno +— 2
g1 = 10810 RT

where E is the activation energy and R is the gas constant. We
obtain log 70 = -2 in Eq. (2). Note that the VTF and Arrhenius
curves converge to the same value at 1/7 = 0. This suggests that
there are two states, namely, the VTF state in liquid and the
Arrhenius state in glass, and that a phase transition from the VTF
state to the Arrhenius state at T is expected.

In Fig. 2, the temperature dependence of the viscosity of
polystyrene cited from Ref. 2 is shown; we can see the same
result for metaphosphate glass, as shown in Fig. 1. We obtain
logno=-2in Eq. (1) (T > T;) and log 1o = -2 in Eq. (2) (T <
T;) for polystyrene.

Plazek and Magill measured the viscosity of aromatic hydro-
carbon over a wide temperature range and obtained the same Eqs.
as those observed in metaphosphate glass and polystyrene. From
their data, we obtained log 770 = -3 in Eq. (1) (T'> T;) and log 770
= -3 in Eq. (2) (T < T) for aromatic hydrocarbon. Angell>*®
measured the viscosities of ZrFs-based glass and BeF,-based glass
at T > T,. He obtained log 770 = -5 for ZrF4-based glass and log 770
= -5 for BeF>-based glass in Eq. (1) (T > Ty).

We measured the viscosities of as-received, annealed, and
loaded polystyrenes,? which have different structures, with T;
characterizing the structural states, in the low temperature range.
The data is shown in Fig. 3. The data marked (O) was obtained
for the as-received specimen, the data marked (A) was obtained
for the specimen annealed for 24 h at 70°C, and the data marked
(V) was obtained for the specimen kept for one week under a
load of 9.8 N (1 kg). The temperature dependencies of the vis-
cosities of polystyrenes shown in Fig. 3 show the same curve at
T,/T < 1.08, but show different slopes at 7/T > 1.08 owing to
the treatments that result in the different structural states, which
are characterized by 7. The slopes of the viscosities for the three
specimens with different values of T;converge at a viscosity of
10" Pa-s near T,/T = 1. This data means that the viscosity of the
as-received specimen shows a value of 1072 Pa-s at 1/T = 0 but
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Fig. 3. Temperature dependence of the viscosity 77 of polystyrene.

Data (O) was obtained for the as-received specimen, data (A) was

obtained for the specimen annealed for 24 h at 70°C, and data (V) was

obtained for the specimen kept for one week under a load of 9.8 N.

those of the annealed and loaded specimens do not show the
value of 1072 Pa-s at 1/T = 0. It is supposed that the former spec-
imen shows the real phase in the Arrhenius behavior, but the latter
ones do not show such phase because of their additional treat-
ments. If the three curves have the real phase in the Arrhenius
behavior, these curves are expected to converge at the same value
of 107 Pa-s at 1/T = 0. The viscosity of 1072 Pa-s at 1/T = 0 rep-
resents a virtual value, which was not realized in the experiment.

As results, the fragile glasses” show the temperature depen-
dencies of viscosities which display a VTF Eq. at T > T; and an
Arrhenius one at T < T, and the Arrhenius curves show different
slopes in different non-equilibrium states.

Ryu and Tomozawa® reported the Arrhenius-type dependencies
of the viscosities of silica glasses in the low-temperature range
with different 7} values, which show different slopes. They made
no mention that these Arrhenius curves for silica glass converge
to the same value at 1/7 = 0.

Following the Adam-Gibbs theory, the viscosity 7 of a glass-
forming material is shown as

B
=npexp| — (3
1 =To €Xp |: S. :| ’

where 779 and B are constants, and S is the configurational
entropy. At 7 > Tg,

se=ac,T=T) @)
T

where AC, is the configurational heat capacity. Here, Sc is not
constant. This means that the configuration of molecules changes
with temperature and that the material is present in a state of
equilibrium. The material is called a supercooled liquid, which
is in a meta-stable state. As results, we obtain the VTF Eq.

D
n:noexp{(T_TO):l , (5)

where D is a constant.
AtT<T,,
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Sc = ACPM s (6)
f
where AC, is constant. Here, S. is constant. This means that the
configuration of molecules freezes into a glass state, which is a
non-equilibrium state characterized by 7. As results, we obtain
the Arrhenius Eq.

n="no eXp[%] , (N

T;
E o< r_

1
)

In Eq. (8), E is larger when Ttis smaller, which means a more
equilibrial state. In Fig. 3, it is presumed that the 7t of the
annealed specimen is smaller than that of the as-received
specimen, and that the T; of the loaded specimen is larger than
that of the as-received specimen. This means that the annealed
specimen is present in the more equilibrial state than the as-
received specimen, and that the loaded specimen is in the less
equilibrial state than the as-received specimen.

®)

3. Results and discussion

The results are shown in Fig.4 in which the VTF and
Arrhenius curves converge to the same value at 1/7 = 0 and
Arrhenius curves have different slopes with different E values at
T< 7;; In Fig. 4, Ty, Ty, and Ty, (T < Tr < Tpp) are the fictive
temperatures representing the structural states of the glasses.
Figure 4 clearly reproduces the experimental results that we
obtained. It is desired that these Eqgs. are solved by a basic theory.

In the next section, we propose a model of the IRO for
explaining the results from the microscopic viewpoint. The
potential energy of a glass-forming material is given as a func-
tion of atomic coordinates, which occupy the minimum sites in
the potential energy surface (energy landscape).”'" The portion
of the potential energy surface representing the liquid (7 > T3)

log n (Pa.s)

0 1/Tgo
1/T (1/K)

Fig. 4. Temperature dependence of the viscosities 77 of fragile glasses
estimated by the Adam-Gibbs theory. Tto, 771, and Tr (T < Tt < Tt2)
show the fictive temperatures representing the structural states of the
glasses.

and glass (T < T;) regions has a large minima with varying depth.
It is expected that the VTF state (T > T;) has a potential distri-
bution with larger traps in the energy surface than the Arrhenius
state (T < Ty), because the effective activation energy (dlogz/d1/
T) of the VTF state is higher than that of the Arrhenius state. This
is in accordance with our interpretation that the energy landscape
for fragile glass (VTF-type) is more heterogeneous than that for
strong glass (Arrhenius-type).'"” Figure 5 shows the double-well
energy potential of a glass-forming material when external stress
is applied. The double-well potential is a different expression of
the energy landscape of this material. Through a thermal activa-
tion process, the occupied energy states of glass or liquid sur-
mount the barrier height U from one potential minimum to
another after stress application. This leads to the thermodynamic
understanding of the viscous process in glass and liquid under
external stress. U is proportional to activation energy in the ther-
mal activation process. The constant activation energy of the
glass state (T < T;) indicates the freezing of the molecule con-
figurations constituted by the IROs, because their energy surface
freezes in spite of the temperature changes. The IRO is a tran-
sient configuration of molecules that changes in size and number
with time and temperature. It is presumed that the size and num-
ber of IROs are not uniformly distributed through glass owing to
the local rearrangements of molecules in liquid. Sometimes, the
IRO is called a cooperatively rearranging region (CRR)," spatial
heterogeneity,'” and cluster,'” which are strongly related to the
static and dynamic properties of glasses as well as to the glass
transition.

It is well known that there are short-range orders of about 2
A in liquids, glasses, and crystals. Recently, the presence of
medium-range structures in supercooled liquids and glasses has
been reported as icosahedrons in metallic glasses.'® Jonsson and
Andersen'® have previously reported that the icosahedral ordering
seen in molecular-dynamic simulations of supercooled liquid and
glass is strongly related to the glass transition phenomena. Their
size is estimated to be about 5-10 A. We presume that these are
precursors of the IROs. Fukunaga et al.'® performed a topological
characterization of NiZr, and CuZr, metallic glasses by the
neutron/X-ray diffraction method, and reported that the icosahe-
drons confirmed by them play an important role in stabilizing the
metallic glass configuration. Hirotsu et al.'” reported that the
IROs in PANiP bulk metallic glass are crystalline nanoclusters of
about 2 nm in size, as determined by transmission electron
microscopy. They reported that a very small interfacial energy
between the nanophase and the matrix can form a meta-stable
amorphous phase with structural fluctuation. Russell and
Israeloff'® reported the lifetime of heterogeneities or cooperativ-
ities in polyvinylacetate by measuring their local dielectric fluc-

Fig. 5. Double-well energy potential of liquid and glass under external
stress. U represents the barrier height in the energy potential.
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tuations near T, using atomic force microscopy. They reported
that the lifetime of cooperativities obtained is comparable to that
of the orrelaxation (stress relaxation) and that the cooperativity
takes the form of transient molecular clusters a few nanometers
in size. This result means that there is the same microscopic
mechanism in the cooperative rearrangement of molecules and
the orrelaxation. These observations confirm the IRO model. In
general, the stress relaxation time obtained by mechanical
recovery is smaller by an order of magnitude than the structural
relaxation time obtained by thermal recovery.'**”

Tanaka®"?? reported interesting simulations related to the
liquid-liquid transition using a two-order parameter model. He
proposed a transition from the ordinary liquid state to the frus-
trated meta-stable liquid state at 7»*, which is characterized by
the appearance of meta-stable solid-like islands (medium-range
crystalline orders or IROs) and the resulting appearance of the
cooperative nature of « relaxation. The former liquid shows the
Arrhenius behavior and the latter shows the VTF behavior. He
made no mention about the transition mechanism from a VTF
state to an Arrhenius state occurring at 7,. Tanaka and
colleagues®®*¥ have previously found that this new transition
obtained by the simulation is a first order phase transition in the
experiment of triphenyl phosphate. These results indicate that the
IROs are very important for studying the cooperative phenomena,
including the glass transition.

4. Conclusion

In conclusion, fragile glasses experimentally and theoretically
show temperature dependencies for their viscosities of a VTF Eq.
at T > T, and an Arrhenius Eq. at T < T,, and Arrhenius Egs.
show different slopes in different non-equilibrium states charac-
terized by T;. We presume that the IROs, which increase in size
and number through rearrangements with decreasing temperature
down to Ty, suppress the crystallization of liquids and generate
glasses through freezing below 7. It was confirmed that the
IROs in metallic glasses are crystalline nanoclusters of about 2
nm in size and that their precursors are icosahedrons. We
consider that the glass transition is due to a self-organization of
the IROs in non-uniform distribution in glass-forming materials.
To estimate the properties of the glasses, the sizes and boundaries
of the IROs are important because their size is very small; that
is, in the order of a few nanometers.

It is presumed that the glass transition is a kind of second order
phase transition to a non-equilibrium state with no latent heat. It
is expected that its mechanism could be solved by the
renormalization group theory, which can treat complex and non-
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equilibrium phenomena by considering local dynamic correlations.
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