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Abstract- After several decades of study, the nature of the glass state and glass transition 
remains controversial. This work describes a newly proposed two-stage model for silicate glass 
transition. The model recognizes that there is a cooling rate independent critical temperature Tc, 
separating two temperature regions. The coherent structures in the two regions change along 
different paths. All observed dynamic features in the glass transition result from structural 
rearrangements in the process. According to the proposed model, the silicate glass transition 
can be recognized as a second-order phase transition following an incomplete first-order phase 
transition. This work will first describe the two-stage model, and then apply the model to silica 
glass, as well as binary and ternary silicate glass transitions.
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Abstract-

 

After several decades of study, the nature of the 
glass state and glass transition remains controversial. This 
work describes a newly proposed two-stage model for silicate 
glass transition. The model recognizes that there is a cooling 
rate independent critical temperature Tc, separating two 
temperature regions. The coherent structures in the two 
regions change along different paths.

 

All observed dynamic 
features in the glass transition result from structural 
rearrangements in the process.

 

According to the proposed 
model, the silicate glass transition can be recognized as a 
second-order phase transition following an incomplete first-
order phase transition. This work will first describe the two-
stage model, and then apply the model to silica glass,

 

as well 
as binary and ternary silicate glass transitions.
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I.

 

Introduction

 
s a liquid is cooled from its freezing temperature, 
it may either crystallize or become glass. The 
transition from liquid to crystal is well-studied and 

understood. It is a first-order phase transition in the Paul 
Ehrenfest classification scheme because the first-order 
deviations of the Gibbs energy function, such as volume 
and entropy, exhibit discontinuity with respect to 
temperature.

 

The transition process from liquid to glass 
is much less straightforward. In the glass transition, as 
the temperature decreases, the molecules in the liquid 
move

 

more and more slowly. Without crystallization, the 
viscosity of the liquid increases rapidly by more than ten 
orders of magnitude. Eventually, molecular motion is 
frozen on the time scale of laboratory experiments, and 
the liquid is transformed into glass. The structural 
changes that occur during this cooling process are 
small and hard

 

to

 

detect. The glass seems to have the 
liquid-like disordered structure but holds solid-like 
mechanical properties. 

  

The question 
concerning the nature of glass state and glass transition 
is so challenging

 

that it was selected by the journal 
Science in 2005 as one of 125 key, unanswered 
scientific questions[7,8]. The central issue is whether the 
physics of glass formation can be understood

 

on the 
basis of purely dynamical origin with no thermodynamic 
signature, or

 

thermodynamic and structural explanations 
are required.

 

Over several decades, due to the 
outstanding work of many scientists,

 

various

 

models 

and theories that describe the phenomena and 
mechanism of glass transition have continuously 
emerged. The Free-volume model, Configurational-
entropy model, Mode-coupling theory, Random first-
order transition theory are the more well-known 
examples among them. These models explain some 
contradictory data, but not all of them. Details of the 
various models and their relative merits and problems 
can be found in books and comprehensive review 
articles[9-17].  

This work proposes a new two-stage model for 
silicate glass transition based on recent results on 
studies of the medium-range ordering structure of silica 
glass [18-20]. The newly gained knowledge about the 
formation and evolution of the medium-range ordering 
structure is the core of this two-stage model for silicate 
glass transition. The two-stage model recognizes that 
there are two different temperature regions in the glass 
transition process. The coherent structures in these two 
regions change along different paths, and all observed 
dynamic features of the glass transition can be 
explained according to the structural rearrangements in 
this transition process. This work will first describe the 
two-stage model, and then apply this model to silica 
glass and other silicate glass transitions.   

II. The Two-Stage Model 

Figure 1 shows the entropy S as a function of 
temperature for a typical liquid at atmospheric pressure. 
As the liquid cools down from a high temperature, it may 
become glass or crystal. To form a crystal, the cooling 
rate must be low, and the entropy decreases along the 
path (I). Tm is the melting temperature of the crystal, 
and Tc is the polymorphic inversion temperature of the 
crystals. One material may have several polymorphic 
inversion temperatures. Tc is the one closest to Tm. If 
the cooling rate is high and crystallization is avoided, the 
entropy decreases along the path (II) or (II’) to form 
glasses. Both paths (II) and (II’) avoid crystallization but 
the cooling rate of the path (II’) is lower than that of the 
path (II). The two-stage model defines the glass 
formation in two temperature regions separated by Tc. 
The region from Tm to Tc is the first or high-temperature 
region. The region from Tc down to Tg, which will be 
defined later, is the second or low-temperature region. 
Glass transitions during the cooling of liquid in these two 
regions have very different characters, as the term two-
stage model implies and will be presented separately.  

The first stage of glass transition occurs in the 
high-temperature region from Tm to Tc. In this 
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Understanding the complexity of 
glass formation remains one of the major intellectual
challenges of solid-state physics[1-6].



temperature region, the liquidis not stable and is called 
supercooled liquid. Because of the Gibbs free energy 
difference between the two states, there is a driving 
force to transfer the liquid to the crystal state. In the 
following equation (1) of Gibbs free energy (G) at 
atmospheric pressure, 

                                      G = U – ST        (1) 

 

  

 

 
 

 

 
 

  

 

 

 
To understand the glass transition, it is 

necessary to recognize the existence of embryonic 
clusters in the super cooled liquid. It is more important 
to find out how these clusters transform in the second 
stage of the cooling process from Tc to Tg. Tc is a 
special temperature for the corresponding crystals. At 
Tc all high temperature polymorphic crystals, regardless 
of sizes, start to convert to the low temperature 
polymorphic crystals. In glass transition, there are no 
crystals but only embryonic clusters in the super cooled 
liquid. These clusters in the super cooled liquid cannot 
simply switch their growing pathway from formation of 
high temperature polymorphic nuclei to that of low 

temperature polymorphic nuclei. The reason is that 
during cooling, the viscosity of the super cooled liquid 
has significantly increased at Tc; and the molecules in 
the super cooled liquid are difficult to move from one 
place to another. What the molecules can do to 
minimize the system’s free energy is to form more 
ordered structures locally by breaking the bonds and 
changing the orientations of molecules, as what 
happens in the crystal polymorphic inversion. 

In the second stage of the glass transition from 
Tc to Tg, the internal energy term and the entropy term 
in equation (1) continue to compete against each other. 
As the temperature decreases, the entropy term 
decreases, and more clusters are allowed to transform 
into more ordered structures. Assume N is the number 
of clusters with more ordered structures at a given 
temperature and M is the number of total clusters. At Tc 
the number N is equal to zero. As the temperature 
decreases from Tc, the number N increases, until all M 
clusters transform to a more ordered structure at Tg. 
The ratio of N to M is defined by  

                                      𝜁𝜁 = N/M                                (2) 

  

 

 

  

 

  

 

III.
 Silica Glass Transition

 

Silica glass is an archetypical glass. Over the 
years, significant experimental data and observations

 

have
 

been acuminated for the silica glass transition 
process. Any viable model of the glass transition must 
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Two-Stage Model of Silicate Glass Transition

there are two competing terms, internal energy (U) and 
entropy (ST). For the temperature T is lower than Tm, the 
entropy term ST is low and G is dominated by the 
internal energy term U. Because the free energy of a 
crystal is lower than that of a liquid, the super cooled 
liquid constantly reorganizes to form a crystal to 
minimize the free energy of the system. In the case of 
low cooling rate, crystal nuclei will form and distribute 
inside the super cooled liquid. These nuclei will then 
grow to large crystals. The transformation from liquid to 
high temperature polymorphic crystal is a well-defined 
first-order phase transition in the Paul Ehrenfest 
classification scheme because the first-order derivative 
of the Gibbs energy function, such as volume and 
entropy, exhibit discontinuity with respect to 
temperature.

Due to the high cooling rate of glass formation, 
crystal nucleation is avoided. Although no crystal nuclei 
form in the super cooled liquid, the embryonic clusters 
can still form inside. These clusters have slightly higher 
densities than the surrounding regions. Their sizes may 
be smaller or closer to that of nuclei. These clusters are 
randomly distributed in the super cooled liquid and 
intend to grow to nuclei and further to large-sized 
crystals. As the liquid cooled from Tm to Tc, the number 
of the embryonic clusters in the super cooled liquid 
continue to increase, reducing the entropy of the 
system. The clusters in super cooled liquids would not 
all dissolve if the temperature did not rise to a 
temperature higher than Tm. Thus, the super cooled 
liquid has a heterogeneous structure. The above view on 
the cluster formation before nucleation in super cooled 
liquid is not described in the classical nucleation theory 
[21], but is consistent with the more recent two-step 
nucleation theory and is verified by advanced 
experimental results [22-25].

In equation (2), 𝜁𝜁 is the order parameter of glass 
transition. The fact that the symmetry starts to broke at 
Tc and the order parameter 𝜁𝜁 changes from 0 at Tc to 1 
at Tg indicates that the second stage of glass transition 
has the typical characteristics of a second-order phase 
transition [26].The ending temperature of the second-
order phase transition Tg can be experimentally 
determined by the uprising point in Cp measurement 
from low to high temperature. All physical properties of 
glass in the temperature range from Tc to Tg should 
reflect the nature of the second-order phase transition. 
Because the second stage of transition immediately 
follows the first stage of transition, the total number of 
clusters M in the system depends on the cooling rate of 
the first stage. For slower cooling, the system has a 
longer time period to complete the first stage of 
transition and hence there are more embryonic clusters 
formed in the system. The system with more clusters 
needs a larger temperature range to complete the 
second-order phase transformation. Thus, temperature 
Tg is lower for the glass with a slower cooling rate, as 
shown in Fig. 1.The cooling rate dependence of Tg and 
other physical properties is a special feature of the glass 
transition, which is distinct from other second-order 
phase transitions, such as super ordering structure 
transformation in alloys and ferromagnetic phase 
transitions [27,28]. 



be able to explain these phenomena observed in the 
silica glass transition. 

 
 

 
 

 
 

 
 

 

 
At Tc, 1470ºC, the first stage transition ends 

and the second stage starts. In the second stage of 
glass transition, the continuous decrease in the 
configuration entropy of the system is due to the 
formation of the one-dimensional ordering structure on 
the clusters’ facets, called nanoflakes for convenience 
[18]. The reduction in configuration entropy resulting 
from the formation of nanoflakes is much slower 
compared to the direct formation of clusters. Thus, the 
entropy vs. temperature curve in Fig. 2(a) bends at Tc, 
(1470ºC), the curve would not cross over the crystal 
entropy curve, and the so called “Kauzmann 
catastrophe” would not happen [19,31].  

 
 

 

  
The formation of nanoflakes affects various 

physical properties of glass, such as optical 
transmission, X-rays cattering, etc. However, it does not 
influence the activation energy of the liquid flow. This is 

because the size and shape of the clusters are not 
affected by the ordering on the facets, and the energy 
barriers in the liquid flow stay the same. Thus, after the 
activation energy reaches the maximum value at Tc, it 
stays unchanged in the whole low temperature region, 
and the behavior of viscosity of silica reverts back to 
Arrhenius type, as shown in Fig. 2(b) [32-34]. 

IV. Sodium Silicate Glass Transitions 
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Two-Stage Model of Silicate Glass Transition

Applying the two-stage model for silica glass 
transition, Tc is the polymorphic phase transition 
temperature between ß-cristobalite and ß-tridymite, 
which is 1470ºC, as shown in Fig. 2(a). The first stage of 
silica glass transition is the cooling process in the 
temperature range from Tm, 1723ºC, to Tc, 1470ºC. 
Although the super cooled liquid avoids ß-cristobalite 
crystallization, embryonic clusters are formed inside.
Recent studies on the medium-range structure of silica 
glass indicate that embryonic clusters in the super
cooled liquid are 1-2 nm in size and have an 
approximately octahedral shape [19]. Because of the 
formation of clusters, the configuration entropy of the 
system significantly declines at 1470ºC, as illustrated in 
Fig. 2(a). Furthermore, due to increase in number and 
average size of the clusters, the internal friction of super
cooled silica liquid continuously increases and causes 
the activation energy of the liquid to increase. This is the 
reason that viscosity-temperature behavior of super
cooled liquid silica changes at Tm from Arrhenius type in 
temperatures above Tm to super-Arrhenius type in the 
temperature range from Tm to Tc, as shown in Fig. 2(b).

Also, in the second stage of glass transition in 
the temperature region below Tc, the population of the 
ordered clusters increases, and the order parameter 
𝜁𝜁 changes from 0 at Tc to 1 at Tg.  Published 
experimental data on specific heat Cp of silica glass as 
a function of temperature has a hump at around 1200ºC 
[29]. Thus, Tg of silica glass is located at around 
1200ºC. However, Tg is influenced by the cooling rate:
the lower the cooling rate, the lower the temperature Tg. 
Hence, it is possible to find silica glass with Tg lower 
than 1200ºC from different specimens [19, 30]. The 
cooling rate dependence of Tg does not change the 
nature of the second-order phase transition of glass in 
the low temperature range. This is because the critical 
temperature Tc for silica glass is always 1470ºC, 
regardless of cooling rate.

The two-stage model is not limited to pure silica 
glass. It can also describe binary silicate glass 
transition, provided that the liquidus temperature Tm 
and critical temperature Tc of the silicate glasses are 
known. For most binary silicate glasses, Tm and Tc can 
be identified from the corresponding phase diagram. 
For sodium silicate glasses with various contents of 
sodium, Tm and Tc can be determined from the Na2O-
SiO2 phase diagram, as shown in Fig. 3(a) [35].This 
phase diagram indicates that for sodium silicate glasses 
with 0 - 11.3 weight% Na2O concentration, Tm is in the 
range from 1713ºC to 1470ºC and Tc is at 1470ºC; for 
glasses with 11.3 – 24.5 weight% Na2O concentration 
Tm is in the range from 1470ºC to 870ºC and Tc is at 
870ºC. Taking a glass with 20% Na2O as an example, its 
position on the phase diagram is at the arrow-pointed B 
in Fig. 3(a). From the position of B, two characteristic 
temperatures Tm at 1140ºC and Tc at 870ºC can be 
found in the figure. For this sodium silica glass 
transition, Tc is the polymorphic phase transition 
temperature between ß-tridymite and ß-quartz, which is 
870ºC. 

The first stage of the glass transition is the 
cooling process in the temperature range from 1140ºC 
to 870ºC. Although the super cooled liquid avoids the ß-
tridymite crystallization, embryonic clusters are formed 
inside and cause a significant decrease of the system’s 
entropy. At Tc, 870ºC, the first stage of transition ends 
and the second stage starts. The second stage of 
transition is a continuous disorder-order transition. The 
decreasing rate of entropy in the second stage is lower 
than that in the first stage. The second stage ends at Tg, 
which can be found from the specific heat Cp data of 
the glass as a function of temperature. The heat 
capacity Cp data of sodium silicate glass with 15 mol.% 
of Na2O as a function of temperature are available from 
references [36,37]. The sharp rising of Cp between 
480ºC and 560ºC indicates that heat absorption 
increases sharply in this temperature range, and Tg of 
the glass is hence found at around 500ºC. Since the 
heat absorption properties of sodium silicate glasses 
with 15 and 20 mol. % of Na2O are similar, the Tg of the 
sodium silicate glass with 20 mol. % Na2O is also 
estimated at around 500ºC. Thus, similar to silica glass, 
the entropy-temperature relation in the sodium silicate 
(20% Na2O) glass transition can also be illustrated by 
Fig. 1, in which polymorph 1 and 2 are ß-tridymite and ß-



 
 

 

 

V. Sodium Borosilicate Glass Transition  

The two-stage model can also describe a more 
complicated sodium borosilicate glass transition. The 
ternary glasses are broadly used for cookware, chemical 
laboratory ware, TV screens, etc., due to their thermal 
shock resistance and excellent chemical durability. 
Substantial physical property data of these glasses have 
been accumulated. These data can be explained from 
the internal structures of these glasses by the two-stage 
model. Here the glass with 71.56% SiO2, 8.28% B2O3 
and 18.76% Na2O is used as an example. This particular 
sodium borosilicate glass was defined as 602 glass by 
S. English in 1924 [38]. Using experimental viscosity 
data measured by English, the logarithm of the viscosity 
of the glass as a function of reciprocal temperature is 
shown in Fig. 4(a). To understand the viscosity-
temperature behavior of the glass, two characteristic 
temperatures Tm and Tc are needed. These can be 
found from the phase diagram of the ternary system 
Na2O-B2O3-SiO2, as shown in Fig. 4(b) [39]. In Fig. 4(b), 
point A represents 602 glass defined by English [38]. 
The liquidus temperature of glass, represented by point 
A, is about 1100ºC. Because the corresponding crystal 
of the glass is tridymite, Tc is the polymorphic phase 
transition temperature between ß-tridymite and ß-quartz, 
which is 870ºC. It is found that the viscosity-temperature 
behavior of the sodium borosilicate glass is similar to 
that of silica glass described by the two-stage model. In 
Fig. 4(a), there are two straight lines showing the 
Arrhenius type of this sodium borosilicate viscosity, in 
both the temperature range higher than Tm (1100ºC) 
and lower than Tc (870ºC). In the temperature range 
from Tm to Tc, the behavior is a super-Arrhenius type. 

  

 

VI. Concluding Remarks 

The two-stage model is based on the studies of 
formation and evolution of the medium-range order 
structure in silicate glasses. It is recognized that there 
are two stages in the glass transition process, separated 
by the critical temperature Tc, which is the polymorphic 
inversion temperature of the corresponding crystals. The 
first transition stage is in the high-temperature range 
from the melting temperature Tm to the critical 
temperature Tc. In the first stage, nano-clusters form. 
The number of clusters increases with decreasing 
temperature and reaches a maximum value at Tc. The 
second transition stage is in the temperature range from 
Tc to Tg, in which the clusters transform into more 
ordered structures. Temperature Tg, the ending 
temperature of the second stage, is cooling rate 
dependent and can be determined experimentally. 
According to the two-stage model, the silicate glass 
transition can be recognized as a second-order phase 
transition following an incomplete first-order phase 
transition. The model correctly predicts the physical 
properties, such as entropy and viscosity as a function 

   
 

 
to other types of glasses, such as metallic glasses and 
organic glasses, etc., needs to be further investigated. 
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( A
)

Two-Stage Model of Silicate Glass Transition

Fig. 1: The entropy-temperature relation of a typical silicate glass transition. As the liquid cools down from high 
temperature, it may become glass or crystal. The entropy of crystal decreases along the path (I). Tm is the melting 
temperature of the crystal and Tc is the polymorphic inversion temperature of the crystals. The entropy of glasses 
decreases along path (II) or (II’). The cooling rate of path (II’) is lower than path (II). The two-stage model defines the 
glass formation for two temperature regions separated by Tc. From Tm to Tc is the first or high temperature region. 
From Tc down to Tg is the second or low temperature region.
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Two-Stage Model of Silicate Glass Transition

(a)

Fig. 2: Two-stage model for silica glass transition. (a) The entropy-temperature relation of the silica glass transition. 
(b) The logarithm of silica viscosity as a function of reciprocal temperature. Reproduced from ref. 32.
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Two-Stage Model of Silicate Glass Transition

Fig. 3: (a) The Na2O-SiO2 phase diagram. Reproduced from ref. 35. (b) The logarithm viscosity of sodium silicate 
with 20 mol% Na2O as a function of reciprocal temperature. The solid line represents the existed experimental data. 
The dash line represents assumed experimental data with lower cooling rate. Reproduced from ref. 32.  
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Two-Stage Model of Silicate Glass Transition

Fig. 4: (a) The logarithm viscosity of 602 glass as a function of reciprocal temperature. (b) The phase diagram of the 
ternary system Na2O-B2O3-SiO2. Point A represents the 602 glass with 71.56% SiO2, 8.28% B2O3 and 18.76% Na2O. 
Reproduced from ref. 39.
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