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Abstract 

 
The viscosity of glass is the most important technological property to 

glass manufactures and various applications. Practically, finding an 

accurate equation to express the glass viscosity behavior in the entire 

glass transition temperature range is tremendously challenge because 

it spans more than ten orders of magnitude. After a brief review of 

existing empirical viscosity equations, this work focuses on the 

correlating silica viscosity behavior with the evolution of glass 

medium-range structure, based on the recently proposed nanoflake 

model. From this new model, a new equation is constructed, which 

correctly describes the Arrhenius-type behavior of  silica viscosity η 

above the melting temperature Tm, and non-Arrhenius-type behavior 

from Tm to a critical temperature Tc. At temperature lower than Tc, 

the equation predicts Arrhenius-type behavior again for the viscous 

flow with increased activation energy. The new equation agrees with 

experimental data in the entire temperature spanned from extremely 

high to extremely low. The application of the new equation is shown 

to extend to other silicate glasses as well.  
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1. Introduction 

Viscosity is the most important property of liquids and melts. In glass 

manufacture, it determines the melting conditions, the working and 

annealing temperatures, and the maximum usage temperature for the 

materials. In geology, the magma behavior, volcanic eruptions, and 

lava flow rate are all dependent on the silicate viscosity. 

Understanding the temperature dependence of viscosity is key to 

improve the knowledge of the nature of glass and the glass transition 

process1. The viscosity-temperature relation of glass materials has 

been investigated over the past hundred years, and many physical 

models with associated viscosity equations have been proposed. The 

most common one is the Vogel-Fulcher-Tamman (VFT) equation, 

which uses three empirical parameters2-4: 

 

𝜂  = 𝜂0 exp[ B/(T-T0)]               (1) 

 

Where 𝜂0, B, T0 are temperature-independent constants. Although the 

equation has the theoretical basis of the free volume theory5 and the 

entropy theory6, it exhibits systematic error at low temperatures due to 

a mathematical divergence at T = T0, where it predicts infinite 

viscosity. In 2002, Doremus provided a critical assessment of existing 

experimental data from various research groups, and concluded that 

there are two temperature regions separated at 1400°C. Each region 

has an Arrhenius dependence with a different activation energy7. 
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Doremus also found that Eq.1 does not fit the experimental viscosity 

data of silica correctly at the extremes of both high and low 

temperature regions7. Based on this analysis, a four parameters 

equation for the viscosity-temperature relation of silica was proposed:  

 

𝜂 = A exp(B/RT) [1 + C exp(D/RT)]          (2) 

 

Where R is a molar gas constant, and A, B, C and D are temperature-

independent constants. Equation 2 is a sum of two exponential terms. 

Each term fits the Arrhenius temperature dependence of viscosity data 

at the high and the low temperature regions, respectively. However, 

the sharp boundary of the regions with different activation energies at 

1400°C is difficult to explain. The theoretical basis of  Eq. 2 is that 

the silica viscous flow results from motion of line defects composed 

of SiO molecules7,8. In 2009 the MYEGA equation was proposed9. 

This is a more sophisticated equation based on the temperature 

dependence of the configurational entropy and has no the singularity 

at finite temperature. After many decades of research on the glass 

transition process, quantitative understanding of the extraordinary 

viscous flow slow-down that accompanies supercooling and glass 

formation is still a major scientific challenge1. The details of the 

subject can be found in several books and comprehensive review 

papers10-14. 

The purpose of this work is to present a new viscosity equation for 

silica glass based on the nanoflake medium-range structural model, 
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proposed in 201715-20. One fundamental principle in materials science 

and engineering is that the macroscopy properties of material 

originate from the internal structures of that material. With this 

principle the viscosity-temperature behavior of glass must be highly 

sensitive to the structure-temperature relation of the glass. Previously, 

the most common structural model for vitreous silica is the 

continuous random network theory (CRN)21,22. Although the original 

CRN model is presented in many textbooks, it has to be regarded as a 

first order approximation of the glass structure. While the CRN model 

is hardly challenged for its description of short-range structure as a 

SiO2 tetrahedron and the long-range structure as a random network, 

the model contains no description on the structure-temperature 

relation of glasses. Thus, the CRN model cannot provide useful 

guidance for the viscosity-temperature relation. The newly proposed 

nano-flake model describes the medium-range ordering structure in 

silica and the evolution of the ordering structure in the glass 

transformation15,16. This model is expected to be useful in 

understanding various properties of silica, including the viscosity 

behavior in the silica glass transition process.  

 

2. A new equation from the nanoflake model 

The new model describes the medium-range ordering structure in 

silica as ‘nanoflakes’. A nanoflake is formed by two layers of SiO4 

tetrahedra with a thickness of about 0.8 nm and lateral extension of 

about 2 nm. The cross-section of these layers is shown in Fig. 1(a). 
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While looking from the direction perpendicular to the layers, the 

nanoflake has a structure described by CRN theory, shown in Fig. 

1(b).  

 

 1 

 

 

 

(a) 
 
 

(b) 
 
 
Figure 1: Illustration of medium range ordering structure in vitreous 

silica, as proposed by the nanoflake model. (a) Side view of the 

nanoflake model: two layers of SiO4 tetrahedra with a thickness of 

about 0.8 nm and lateral extension of about 2 nm. (b) Top view of the 

structure: various membered-rings as described in Zachariasen’s 

continuous random network theory. 
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Adjacent nanoflakes intersect each other forming a cluster with a 

shape that is approximately octahedral15. The clusters are randomly 

orientated and distributed in the system such that bulk isotropy is 

preserved. According to the nanoflake model, there are three distinct 

regions in the entire temperature range16. Within each region, silica 

has a different internal structure, and a different formula is needed to 

describe the viscosity behavior:  

(1) The first is the high temperature region, defined as above 1723°C, 

the melting temperature Tm of silica. In this region, the structure of 

silica described by the nanoflake model is not different from the CRN 

theory, and there is no cluster formed in the liquid. Like a normal 

liquid, the viscosity 𝜂 of silica has exponential dependence to 

temperature and can be described by the Arrhenius equation: 

 

 𝜂  = 𝜂1exp(Q1/RT)    (3) 

        

Where 𝜂1 and Q1 are temperature-independent constants, called the 

pre-exponential factor and the activation energy, respectively. 

(2) The second is the medium temperature region from Tm of 1723°C 

to the critical temperature Tc of 1470°C, which is the transition 

temperature between ß-cristobalite and tridymite16. In this 

temperature region, the silica liquid is unstable, and the SiO4 

tetrahedra in the supercooled silica liquid adjust continuously to form 

the ß-cristobalite crystal. To obtain glass, the cooling rate has to be 

fast enough to avoid the crystallization. However, no matter how high 
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the cooling rate is, a certain number of clusters with approximately 

octahedral shape, will form in the liquid15,16. These clusters would not 

disappear unless the glass temperature rises above the melting 

temperature. As the temperature cools from high to the critical 

temperature of 1470°C, the numbers of clusters and the average size 

of the clusters increase, resulting in the continuous increase of the 

activation energy of the viscous flow. Since the activation energy is 

Q1 at Tm of 1723°C, one may use ∆Q, which is positive energy, to 

define the increase of activation energy with the decreasing 

temperature T. Thus, the viscosity of silica can be written as: 

 

            𝜂 =  𝜂3 exp[(Q1 + ∆Q)/RT]    （4） 

 

Where 𝜂3 and ∆Q are temperature-dependent, and will be further 

explained and computed later.  At the low end of the medium 

temperature region of 1470°C (1743°K), the activation energy would 

be increased to Q1 + ∆Q(Tc), which is designated as Q2.  

(3) The third is the low temperature region, where the temperature is 

lower than Tc, 1470°C. The response of the glass structure to the 

reduced temperature in this region is to form nanoflakes, i.e. one-

dimension ordering structure on the facets of the clusters15. As the 

temperature decreases further, the number of nanoflake increases, and 

the medium-range structure of the silica becomes more ordered. 

Consequently, various physical properties, such as optical 

transmission, X-ray scattering et al., change as the temperature 
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decreases23-25. However, formation of the medium-range ordering 

structure does not influence the activation energy of the liquid flow. 

This is because the size and the shape of the clusters do not change by 

ordering on facets, and the energy barriers in the liquid flow stay the 

same. Thus, after the activation energy increases to Q2 at the critical 

temperature of 1470°C, it stays unchanged in the whole low-

temperature region, and the behavior of viscosity is Arrhenius-type: 

 

𝜂  = 𝜂2exp(Q2/RT)   （5） 

 

Where 𝜂2, Q2 are temperature-independent constants. The activation 

energy Q2 is larger than Q1. 

In summary, the nanoflake model predicts that in the high, medium 

and low temperature regions, the viscosity of silica behaves following 

Eqs. 3, 4, 5, respectively. Placing these three equations together, Eq. 6 

describes the viscosity-temperature relation of silica in the entire 

temperature zone from extreme high to extreme low: 

  

𝜂 = 𝜂1exp(Q1/RT) + 𝜂3exp[(Q1 + ∆Q)/RT] + 𝜂2exp(Q2/RT)    (6) 

 

where 𝜂1 and Q1, as well as 𝜂2 and Q2 are the temperature independent 

constants in the high and low temperature range, respectively.  The 

temperature dependent parameters ∆Q and 𝜂3 in Eq. 6 can be 

computed as follows. Since the activation energy and the viscosity of 

silica are continuous functions in the entire temperature region, their 
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values at Tm and Tc obtained by equations 4 should match that 

obtained from equations 3 and 5, respectively. Thus, using the linear 

approximation formulas ∆Q, log𝜂3, and 𝜂3 can be calculated as:  

 

∆Q = [(Tm-T)/(Tm-Tc)](Q2-Q1)                                      (6a) 

 

log 𝜂3 = log 𝜂1 + [(Tm-T)/(Tm-Tc)](log 𝜂2− log 𝜂1 ),                 

 𝜂3 = 10logη3                                                          (6b) 

 

The parameter 𝜂1, Q1 can be derived from any two points of viscosity 

data at the high-temperature region. Similarly, 𝜂2, Q2 can be 

determined from any two points of viscosity data in the low-

temperature region. Using Eqs. 6a and 6b, ∆Q and 𝜂3 ,which 

determines the viscosities in the medium temperature range, can be 

computed. Therefore, the temperature behavior of silica in the entire 

temperature interval can be determined by 4 parameters. Equation 6 

with two additional Eq. 6a and 6b appears more complicated than 

VFT equation (Eq. 1) or Doremus equation (Eq. 2), but it avoids the 

inherent drawbacks of them, and is also more accurate than both.  

 

3. Comparison with experimental data  

Substantial experimental data on silica viscosity have been generated 

in the past by many research groups. In 2002, Doremus summarized 

previous data and provided a critical assessment7. In the high-
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temperature region, there are measurements made by Bacon et al. and 

by several other groups26-28. These measurements show that the 

viscosity of silica has Arrhenius-type behavior with the activation 

energy near 515 kJ/mole26, 7. As shown in Fig. 2(a), the viscosity data 

of Bacon et al., from 1935°C to 2322°C, are slightly scattered, but 

contain more data points in this region than other groups. 

In the low-temperature region, the measurements of other independent 

research groups indicated that the viscosity of silica also has 

Arrhenius-type relation with temperature29-31, with an activation 

energy of about 712 kJ/mole, which is higher than that in the high-

temperature region. Data of the research group of Hetherington et al. 

were produced under the special care of stabilizing the silica in an 

“equilibrium” condition, and are also plotted in Fig. 2(a).  

In the medium temperature region, the silica is in an unstable state. 

Most research groups did not provide experimental data in this 

temperature region. Only two data points were produced by Urbain et 

al27. The experimental data of silica viscosity in the entire temperature 

region, produced by Bacon et al., Hetherington et al. and Urbain et al. 

are shown together in Fig. 2(a). To compare these experimental data 

with the predictions of Eq. 6, the logarithm of silica viscosity as a 

function of reciprocal temperature is plotted in Fig. 2(b). According to 

Eq. 6, the logarithm of viscosity as a function of reciprocal 

temperature should yield straight lines in both high and low 

temperature region. The line in the low-temperature region should 

have a higher slope than the line in the high-temperature region, and 
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the two lines should join smoothly with the curve in the medium 

temperature region. These predictions are in an agreement with the 

experimental data presented in Fig. 2(b).  
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The correlation coefficient of linear regression is better than 99.99% 

for the low temperature data and is about 85% for the high 

 2 

 

(a) 
 

 (b) 
 
Figure 2: Experimental data of the viscosity temperature relation of 

silica. Data are taken from Ref. 24 (O), Ref. 25 (∆) and Ref. 27 ( ). 

(a) The logarithm of silica viscosity as a function of the temperature. 

(b) The logarithm of silica viscosity as a function of reciprocal 

temperature.  
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temperature data. The activation energies and the pre-exponential 

factors of silica in both high and low temperature regions can be 

calculated from the slopes and the intercepts of the straight lines in 

Fig. 2(b). The results are 371 kJ/mole and 715 kJ/mole, and 1.1(10)-3 

poise and 3.24(10)-13 poise, respectively. The determined activation 

energy is almost the same as reported by Hetherington et al. in the 

low temperature region7; but is lower than that reported by Bacon et 

al. in the high temperature region. The difference might be caused by 

that Bacon  et al. combined the data in the high temperature regions 

with the data from a low temperature range (1265°C to 1465 °C) 

together to calculate the activation energy27. In the medium 

temperature region, there are two experimental data points at 1599°C 

and 1652°C in Fig. 2(b). Using Eq. 6 with Eqs. 6a and 6b, the values 

of log 𝜂 at these two temperatures are calculated to be 7.46 and 7.02 

in poise.  Compared with the experimental data of 8.08 and 7.79 in 

poise, the error of using Eq. 6 in predicting the silica viscosity in the 

medium temperature range is about 10%. A larger scatter in the 

experimental data in this region is expected since silica in the medium 

temperature region is unstable, and the measured value of viscosity 

not only depends on the temperature but also on the cooling rate. 

Thus, Eq. 6 is found in reasonable agreement overall with the 

experimental data, as published by various research groups.  

 

4. Discussions 
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The application of Eq. 6 is not limited to silica. It can be applied to 

other silicate glasses, as long as the melting temperature Tm and the 

critical temperature Tc are known. Both Tm and Tc can be obtained 

from the silicate phase diagram. As an example, Fig. 3(a) is the 

experimental data of the viscosity of a Na2O-SiO2 glass32. The 

composition of the sodium silicate is 20 mol. %. Two characteristic 

temperatures of Tm as 1140°C and Tc as 870°C can be extracted from 

the phase diagram of the Na2O-SiO2 glass system33. The logarithm of 

viscosity of this silicate glass is plotted as a function of reciprocal 

temperature, shown as the solid lines in Fig. 3(b). The results are 

similar to Fig. 2(b): there are two straight solid lines showing the 

linear dependence of the logarithm of this silicate viscosity with 

reciprocal temperature, in both high and low temperature regions. The 

line in the low-temperature region has a higher slope than the line in 

the high-temperature region. The activation energies and the pre-

exponential factors of the Na2O-SiO2 glass in both high and low 

temperature regions can be calculated from the slopes and the 

intercepts of the straight lines in Fig. 3(b), which are 170 kJ/mole and 

349 kJ/mole, and 6.9(10)-4 poise and 3.98(10)-12 poise, respectively. 

The correlation coefficient of linear regression for both lines is better 

than 97%. In the medium temperature region, there are three 

experimental data points. Using Eq. 6 with Eqs. 6a and 6b, the values 

of log 𝜂 at these three temperatures are found to be smaller than the 

experimental data by from 8 to 17%. The viscosity data in Fig. 3 were 

produced by two different groups32. It is possible that a systematic 
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error exists in one set of data. The systematic error does not change 

the linearity of the data set, but can introduce a large error in the data 

fitting in the medium temperature range. 
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It is well known that the cooling rate plays an important factor in 

determining various physical and chemical properties of silica and 

other silicate glasses. However, from Eq. 1 and Eq. 2 and their 

underlying theories, one cannot see how the cooling rate influences 

the temperature dependence of glass viscosity. In contrast, the 

nanoflake model predicts that viscosity temperature relation is cooling 

rate dependent, which is reflected by parameters ∆Q and Q2 in Eq. 6.  

According to the nanoflake model, as the silica remains in the 

medium temperature region for longer period of time due to slower 

cooling rate, the number of the clusters and the average size of the 

clusters in the supercooled glasses will increase, and result in the 

higher activation energy of Q1+∆Q in the medium temperature region 

and the higher activation energy of Q2, i.e. Q1+∆Q(Tc), in the low 

temperature region. Thus, the value of Q2 is cooling rate dependent, 

and this can be seen from experimental results.  For example, the 

solid line in Fig. 3(b) is the viscosity temperature relation of Na2O-

SiO2 glass at the set-up experimental cooling rate. Assuming these 

glass specimens cooled with slower rate while all other experimental 

parameters are kept the same, Eq. 6 predicts that the temperature 

behavior of glass viscosity in the medium and the low temperature 

regions will follow the dashed line shown in Fig. 3(b). Such 

prediction can be verified by future experiments.       

 

5. Concluding remarks 
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This work demonstrates the essential correlations between the 

macroscopic properties and the internal microstructures of the glasses. 

A new equation is derived from the nanoflake medium-range structure 

model and correctly predicts silica viscosity behavior in the entire 

temperature range. The application of the new equation and its 

underlying physical model is not limited to the silica glass and can be 

extended to complex silicate glasses. However, its validity to other 

types of glasses, such as metallic glasses and organic glasses et al., 

needs to be further investigated. 
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