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ABSTRACT 

One of the remaining puzzles of the glass transition is the origin of a glass-forming liquid’s “fragility,” 

which quantifies the departure of its relaxation time from Arrhenius activated kinetics. According to the 

shoving model proposed by Dyre, fragility is controlled by the instantaneous shear modulus of the liquid, 

since any flow event requires a local volume increase and the related activation energy is equal to the work 

done in shoving aside the surrounding atoms. Here, we present an in situ high-temperature Brillouin 

spectroscopy test of the shoving model near the glass transition of eight aluminosilicate glass-forming 

systems. We find that the measured viscosity data agree qualitatively with the measured temperature 

dependence of shear moduli, as predicted by the shoving model. However, the model systematically under-

predicts the values of fragility for our aluminosilicate liquids. This suggests that the dynamics of the glass 

transition are governed by additional factors beyond the evolution of the shear modulus, such as 

configurational entropy. We have also compared the glass transition temperature Tg,vis obtained from 

viscosity (temperature at 1012 Pa s) with the onset temperatures of the decrease in elastic moduli (Tg,elas) and 

increase in the thermal expansion coefficient (Tg,CTE) during heating. While we find an approximate one-to-

one correlation between Tg,vis and Tg,CTE, it is clear that the elastic moduli probe a different frequency 

response of the glass structure since Tg,elas is systematically lower than Tg,vis. 
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I. INTRODUCTION 

The physics of glass-forming liquids and the glasses into which they solidify is a topic attracting widespread 

attention [1-10]. At the heart of this problem lies the glass transition, i.e., the process by which an 

equilibrium, ergodic liquid is gradually frozen into a nonequilibrium, nonergodic glassy state [11-14]. The 

most fascinating feature of a supercooled glass-forming liquid is arguably its dramatic rise in viscosity (η) or 

relaxation time (τ) as it is cooled toward the glass transition. For most liquids, the temperature dependence of 

η and τ is super-Arrhenius, i.e., η and τ increase more dramatically upon cooling than expected from an 

Arrhenius law [15-19]. In other words, the free energy activation energy barrier to viscous flow is not a 

constant, but rather dependent on temperature [20-26]. The glass transition and the non-Arrhenius behavior 

are still considered as major scientific challenges in the condensed matter physics community. 

The glass transition temperature (Tg) is the characteristic temperature of a liquid indicating the onset of 

the glass transition. However, the value of Tg depends on both its definition and on the method of 

determination. Consequently, different Tg values are often found in literature for the same glass composition. 

Following the convention of Angell [6-8], the most common definition of Tg is the isokom temperature at 

which the equilibrium shear viscosity is equal to 1012 Pa s (Tg,vis) [27]. The glass transition also involves 

major changes in second-order thermodynamics properties such as heat capacity [28-30] and compressibility 

[31,32]. In particular, the change in isobaric heat capacity (Cp) during the glass transition has been 

intensively examined using differential scanning calorimetry (DSC) [33-39]. Cp increases when heating 

through the glass transition since the glassy state at low temperature contains primarily vibrational degrees of 

freedom, whereas the liquid state at high temperature contains both vibrational and configurational degrees 

of freedom. Yue [33,34] has shown that Tg,vis is in accordance with the onset temperature of the glass 

transition measured calorimetrically at downscan and upscan rates of 10 °C/min. 

Other properties exhibiting changes during the glass transition include thermal expansion and elastic 

moduli. The thermal expansion behavior of glass is technologically very important, since it is often desirable 

to match the coefficient of thermal expansion (CTE) of a glass to another coupled material or to simply 

minimize the thermal expansion to reduce dimensional changes [40]. Potuzak et al. [41,42] have recently 
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demonstrated that the CTE of a glass-forming liquid can be separated into additive vibrational and 

configurational contributions, i.e., the CTE increases during heating through the glass transition similarly to 

the increase of Cp during the glass transition. The elastic moduli of glasses are important mechanical 

properties, intimately linked with the atomic packing of the glassy network [43]. As the glass softens during 

heating, the elastic moduli generally decrease (notwithstanding a few notable exceptions [44]) and the 

softening rate depends on the level of cooperativity of atomic movements [43,45]. During the glass transition, 

the elastic moduli can exhibit different rates of change with temperature [46]. 

Several models have been proposed to elucidate the non-Arrhenius behavior of η and τ [17,47-50]. As 

the elastic properties are correlated with the short- and intermediate range order [43], here we consider the 

phenomenological “shoving model” of Dyre et al. [51-55], in which the dynamics of the glass-forming liquid 

are considered to be controlled by the elasticity through the instantaneous (infinite frequency) shear modulus 

G∞. According to the shoving model, the non-Arrhenius scaling of relaxation time (i.e., the fragility) is 

controlled by the temperature dependence of G∞. The shear viscosity and relaxation time are related via 

Maxwell’s equation, 

 
∞

=
G
ητ .                   (1) 

G∞ increases as temperature decreases, but its temperature dependence is insignificant compared to the 

dramatic temperature dependencies of η and τ, i.e., η and τ are roughly proportional. The shoving model 

assumes that the activation barrier for viscous flow has two contributions: (i) rearrangements of molecules or 

structural units, when a thermal fluctuation leads to extra space being created locally; (ii) “shoving” aside the 

surrounding liquid to reduce the first contribution. According to the shoving model, the main contribution 

comes from (ii), i.e., the activation energy is mainly elastic energy [5]. On a short time scale, the liquid 

behaves as a solid with elastic moduli equal to the instantaneous elastic moduli. Furthermore, it is assumed 

that all flow events possess spherical symmetry, i.e., the surroundings are subject to a pure shear 

displacement and not associated with any density change [5,51,56]. Since this displacement happens on a 

short time scale, the shoving work is proportional to the instantaneous shear modulus, which leads to the 

following expression for the relaxation time [51]: 
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where τ0 is the microscopic time, kB is Boltzmann’s constant, and Vc is a characteristic microscopic volume, 

which is assumed to be temperature independent. It follows from Eq. (2) that the non-Arrhenius behavior 

arises due to the temperature dependence of G∞. Hence, Vc is the proportionality constant between G∞(T) and 

the activation barrier to viscous flow (ΔF(T)), 

 cVTGTF )()( ∞=Δ .                 (3) 

While the shoving model has been experimentally supported by data for various organic [51,54,57,58] and 

metallic [59,60] glass-forming systems, to the best of our knowledge the model has not yet been tested for 

oxide systems. Recent molecular-dynamics simulations of a model polymer system also revealed an absence 

of correlations between the instantaneous elasticity and the structural relaxation [61]. Please note that in Eqs. 

(2) and (3) we have written the relaxation time and activation barrier as functions of temperature only. In 

general these can also be functions of volume, pressure, thermal history, pressure history, etc. Here we 

restrict our attention to the temperature dependence of relaxation time under isobaric conditions. 

In this work, we address the validity of the shoving model in oxide systems by performing high-

temperature in situ Brillouin spectroscopy measurements to determine the temperature dependence of G∞ and 

compare it with the measured temperature dependence of shear viscosity. We perform these measurements 

on various sodium aluminosilicate glasses with CaO and/or MgO that have been designed in a way to span a 

wide range of glass transition temperatures (from about 500 to 800 °C). We also investigate how the glass 

transition temperatures obtained from the high-temperature elastic moduli data compare with those obtained 

from high-temperature thermal expansion and viscosity data. Hence, this study will also shed light on the 

structural and topological changes occurring during the glass transition and how it manifests itself in 

different macroscopic glass properties. 
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II. EXPERIMENTAL PROCEDURE 

The nominal compositions (in mol%) of the glasses under study are (76-x)SiO2 – x Al2O3 – 16 Na2O – 8 MO 

with x = 0, 2.7, 5.3, 8, 10.7, 13.3, 16, 18.7, 21.3, and 24 for M = Mg, Ca. In addition, for x = 16, four glasses 

with different [MgO]/[CaO] ratios equal to 0.25, 0.67, 1.5, and 4 were prepared [62]. All glasses included 

~0.15 mol% SnO2 as a fining agent. To prepare the glasses, the mixed batch materials were first melted in a 

covered platinum crucible for 5 h in air at a temperature between 1450 and 1600 °C depending on 

composition. In order to ensure chemical homogeneity, the melts were first quenched in water, and then the 

resulting glass pieces were crushed and remelted for 6 h at 1650 ºC and finally poured in air. The glasses 

were annealed for 2 h at their respective annealing points. The chemical compositions of the final glasses 

were determined using x-ray fluorescence. The analyzed compositions were within 0.5 mol% of the nominal 

ones. Room temperature densities of the glasses were determined using Archimedes’ principle. 

The temperature dependence of equilibrium viscosity was measured by performing beam bending, 

parallel plate, and concentric cylinder experiments. The viscosity curve of each composition is represented 

by data points at 106.6 Pa s (the softening point, obtained via parallel plate viscometry), 1011 Pa s (obtained 

via beam bending viscometry), and 12-20 data points in the range of 10 to 106 Pa s (obtained via the 

concentric cylinder method). For beam bending experiments, bars of 5.5 cm length and 2.5 × 2.5 mm2 cross-

section were cut from the bulk glasses. For parallel plate experiments, cylinders of 6 mm diameter and 5 mm 

thickness were core-drilled and afterwards the flats were polished to an optical finish. For concentric 

cylinder experiments, ~600 g of crushed glass was remelted. The errors associated with determining the 1011 

Pa s point by the beam bending method and the 106.6 Pa s point by the parallel plate method are ±1 and ±2°C, 

respectively. The estimated error in viscosity for the high-temperature measurements (by the concentric 

cylinder method) is Δ log η= ±0.02 (η in Pa s). 

The high-temperature thermal expansion measurements were performed as described in Ref. [41]. A 

constant heating rate of 30 °C/min was employed. CTE values will be quoted for linear thermal expansion 

(volume expansion coefficients are a factor of three larger, since the glasses are isotropic). 
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The high-temperature elastic moduli were determined by Brillouin light scattering experiments on eight 

of the glasses (x = 0, 8, 16, and 24 for M = Ca and Mg). The measurements were performed on samples that 

were optically polished to 50-80 μm in thickness with two parallel top and bottom surfaces by using 600 grit 

SiC sand paper and cerium oxide slurry. To monitor the evolution of elastic properties as a function of 

temperature, the polished thin samples were heated up in a Linkham TS1500 heating stage from room 

temperature to the maximum temperature with the coefficient of thermal expansion data and room 

temperature density available for each composition. Brillouin scattering measurements were taken through 

the top fused quartz window of the heating stage in air. A six-pass high contrast Fabry-Perot interferometer 

from JSR Scientific Instruments was used to carry out the in situ high-temperature light scattering 

experiments. This was done by using a 532 nm Verdi V2 DPSS green laser as the probing light source. In all 

experiments, a heating rate of 50 °C/min was used. After each temperature was reached, Brillouin spectra 

were taken after the temperature inside the heating stage had stabilized for 10 minutes. By measuring the 

frequency shift of the longitudinal and transverse modes, the corresponding velocities for longitudinal (VL) 

and transverse acoustic waves (VT) can be calculated by 

2sin
L

L
fV λ

θ
Δ=                   (4) 

and 

2sin
T

T
fV λ

θ
Δ= ,                  (5) 

where ΔfL and ΔfT are the frequency shift for the longitudinal and transverse modes, respectively, λ is the 

laser wavelength of 532 nm, and θ is the scattering angle in the platelet geometry. The measured sound 

velocities VL and VT , combined with the density ρ calculated from the coefficient of thermal expansion, were 

used to calculate the temperature dependence of the elastic moduli via the elastic constants C11 and C44 and 

the following equations: 

 2
11 LC Vρ= ,                (6) 

 2
44 TC Vρ= ,                (7) 
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where E is Young’s modulus, B is the bulk modulus, G is the shear modulus, and ν  is Poisson’s ratio. 

 

III. RESULTS 

A. Viscosity data 

There exist various models for fitting and describing the temperature dependence of viscosity [15,18,22]. 

Here we employ a recently proposed model by Mauro et al. [19] that is derived from topological constraint 

theory [63] and provides realistic extrapolations of configurational entropy at both the low and high 

temperature limits. The model is named MYEGA after its inventors (Mauro-Yue-Ellison-Gupta-Allan) and it 

can be written in terms of Tg,vis and Angell’s liquid fragility index m [64] as [19], 
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where η∞ is the high-temperature limit of the liquid viscosity [65-67], and T is the absolute temperature. We 

have fit Eq. (12) to the viscosity data of the twenty-four glass forming liquids using a Levenberg-Marquardt 

algorithm [68,69] to obtain Tg,vis for each composition. As an example, Figure 1(a) shows the temperature 

dependence of logarithmic viscosity for the glass with x = 0 and M = Ca. Figure 1(b) shows the composition 

dependence of Tg,vis. Tg,vis increases with increasing Al2O3 content for both the Ca- and Mg-glasses, and for x 

= 16, Tg,vis increases with increasing degree of substitution of MgO for CaO (inset of Fig. 1(b)). The 

structural origins of these composition dependences will be discussed elsewhere. 
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B. Brillouin light scattering data 

Young’s modulus (E) for eight selected glasses is shown as a function of temperature in Figure 2. We have 

found similar temperature dependence of shear and bulk moduli, as shown in Figure 3 for shear modulus. At 

room temperature, the elastic moduli increase with increasing concentration of Al2O3 for both Ca- and Mg-

glasses. With increasing temperature, the elastic moduli decrease, but this occurs very gradually up to the 

glass transition. Above the glass transition, the elastic moduli decrease very rapidly with temperature and the 

glass transition is marked by a discontinuity in the temperature dependence of elastic moduli. Hence, we 

define the glass transition temperature from the Brillouin experiments (Tg,elas) as the intersection point 

between the tangent lines of G(T) below and above the glass transition. The procedure for determining Tg,elas 

is illustrated in Figure 4(a) by using the glass with x = 0 and M = Ca as an example. Figure 4(b) shows the 

composition dependence of Tg,elas. In qualitative agreement with the Tg,vis data, Tg,elas increases with increasing 

[Al2O3] for both series. 

 Figure 5 shows the composition and temperature dependence of Poisson’s ratio (ν), the negative of the 

ratio of transverse contraction strain to longitudinal extension strain in the direction of elastic loading. The 

Poisson’s ratio at room temperature increasing with increasing [Al2O3] for both the Ca- and Mg-containing 

glasses (Fig. 5(a)). Furthermore, as the elastic properties are sensitive to temperature, so is the Poisson’s ratio 

and we find that ν increases with increasing temperature toward that of an incompressible fluid (ν = 0.5), as 

shown in Figure 5(b). In Figure 5(c), we have plotted the slope of the ν vs. T curve (dν/dT) as a function of 

[Al2O3] for the two series of glasses. dν/dT decreases with increasing alumina content. 

 

C. Thermal expansion data 

Figure 6(a) shows an example of the high-temperature thermal expansion data obtained in this work. The 

data are for the glass with x = 0 and M = Ca. The glass expands during heating, but the rate of change in 

expansion with temperature increases during the glass transition. This is directly seen from the temperature 

dependence of the instantaneous coefficient of thermal expansion (CTE). We have determined the glass 

transition temperature based on these measurements (Tg,CTE) as the intersection point between the straight 

lines of the expansion curve below and above the glass transition (Fig. 6(a)). Tg,CTE increases with increasing 
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[Al2O3] for both the Ca- and Mg-glasses, and for x = 16, Tg,CTE increases with increasing degree of 

substitution of MgO for CaO (Fig. 6(b)). 

 

IV. DISCUSSION 

A. Comparison of glass transition temperatures 

In the following, we discuss the connection among the three measures of glass transition temperature (Tg,vis, 

Tg,elas, and Tg,CTE) and their relation to structural changes associated with the glass transition. As shown in 

Figure 7(a), Tg,CTE and Tg,vis exhibit a strong linear correlation (R2 = 0.996). Tg,CTE was determined at rate of 

30 °C/min, and Yue [33,34] has shown that Tg,vis agrees with the calorimetric glass transition temperature 

measured at 10 °C/min (when subjected to a prior downscan also at 10 °C/min). However, we find that Tg,CTE 

is on average smaller by ~10 °C than Tg,vis, and apparently Tg,CTE and Tg,vis decouple to an increasing extent 

with increasing Al2O3 content. 

The rapid decrease in elastic moduli during heating through the glass transition is a direct consequence 

of the structural degradation. At low temperature, atomic mobility is low and the glass structures are able to 

store a large amount of energy elastically. At higher temperatures, the mobility of small structural regimes 

becomes activated and the structure expands due to the increased thermal motions. Thus, the glass is able to 

store less energy elastically and the moduli decrease. The rate of degradation of elastic moduli has previously 

been shown to be well correlated with the fragility index m, i.e., the rate of the increase in viscosity during 

cooling [43-46]. It could therefore be expected that there also exists a strong correlation between Tg,vis and 

Tg,elas. To test this hypothesis, we have plotted Tg,elas as a function of Tg,vis in Figure 7(b). There is indeed a 

strong linear correlation between Tg,vis and Tg,elas (R2 = 0.992), but Tg,elas is around 50 °C lower than Tg,vis. The 

glass transition temperature, as measured by DSC, increases with increasing heating rate [37], but here we 

applied a relatively rapid heating rate of 50 °C/min so any error associated with the cooling rate should be in 

the opposite direction. This suggests that the Brillouin measurements of the elastic moduli probe a different 

frequency response in the glass structure compared to what is governing the glass transition. This is rather 

surprising, as the Brillouin measurements probe high frequency modes and Tg is expected to increase with 
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frequency. However, this result makes sense if we consider the localization of modes at higher frequency, i.e., 

owing to their lower activation barrier, localized secondary relaxation modes are known to “freeze in” at 

lower temperatures compared to the primary relaxation mechanism that are governed by cooperative flow [8]. 

For the eight glasses under study, Tg,elas corresponds to an extrapolated logarithmic viscosity of 14.4±0.5 (η 

in Pa s) in average, i.e., to an even higher viscosity than that at the strain point of the glass (η = 1013.68 Pa s). 

Tg,elas have previously been compared with other measures of the glass transition temperature for different 

glass systems [43,70,71]. For example, Rouxel [43] found that the glass transition temperature from elastic 

moduli was lower than that obtained from dilatometry at the same heating rate, in qualitative agreement with 

the results reported here.  

 

B. Composition and temperature dependence of Poisson’s ratio 

Poisson’s ratio (ν) is a good metric for comparing the performance of elastically strained materials and it also 

exhibits important relationships with densification, connectivity, ductility, and toughness [72,73]. ν reflects 

the resistance that a material opposes to volume change with respect to shape change. Glasses typically 

exhibit a value of ν between 0.1 and 0.4, which is correlated with the degree of glass network connectivity 

[43,74,75], as the short range order governs the glass network compactness and dimensionality. ν generally 

increases with increasing atomic network packing density and decreases with increasing average 

coordination number [43]. Here, we have found that ν increases with x, i.e., with increasing [Al2O3]/[SiO2] 

ratio (Fig. 5(a)). As the concentration of Al2O3 increases, the concentration of non-bridging oxygens 

decreases since aluminum enters the network in four-fold coordination requiring charge-compensation from 

an alkali or alkaline earth cation [76-80]. This causes the atomic packing density to increase along with ν. 

 Poisson’s ratio depends not only on glass composition, but also on temperature since the elastic moduli 

themselves are sensitive to temperature. ν generally increases with temperature, as the glassy state gets closer 

to the liquid state [43,72,81]. For the eight glasses studied here, we have found a continuous increase of ν 

with temperature through the glass transition (Fig. 5(b)). A sudden change would have indicated a rapid 

breakdown of the glass network, as it is the case for glassy B2O3, for which the network connectivity strongly 

decreases above Tg [82,83]. As noted by Rouxel [43], addition of SiO2 enhances the three-dimensional 



 11

polymerization and the temperature sensitivity of ν is reduced [84]. In the aluminosilicate glasses studied 

here, the increase of ν with temperature is diminished at higher concentrations of Al2O3 (Fig. 5(c)). This is in 

agreement with the fact that network connectivity increases as Al2O3 is substituted for SiO2. 

 

C. Test of the shoving model 

In order to test the applicability of the shoving model (Eq. (2)) for our aluminosilicate systems, we need to 

obtain the temperature dependence of the instantaneous shear modulus. This is possible from the transverse 

modes probed in Brillouin light scattering measurements, which provide data in the GHz range such that the 

measured elastic moduli can thus be understood as the frequency-independent “solid-like” moduli (also for 

the supercooled liquids within the considered temperature range). As a first test of the elastic shoving model, 

we compare the room temperature shear modulus with the glass transition temperature obtained from 

viscometry. According to Nemilov [85,86], elastic moduli and Tg should be proportional for chemically 

closely related glasses. Such proportionality has previously been reported for various glass families [43,85-

88]; however, we note that one can easily find glasses with very different Tg values but the same value of E 

or G when the systems are chemically different, as elastic moduli reflect a mean volume density of energy, 

whereas Tg is related to a mean atomic bonding energy regardless of the network packing density [43]. 

However, as long as the glasses are chemically similar and thus have the same average intermolecular 

distance [55], the proportionality is usually observed. Here, we have found a relatively strong correlation (R2 

= 0.87) between G at room temperature and Tg,vis for the aluminosilicate glasses (Fig. 8), in agreement with 

the elastic models. 

 To test the shoving model directly, we combine Eqs. (1) and (2) to determine whether the measured 

G∞(T) data can reproduce the measured η(T) data, taking Vc as the sole fitting parameter. We only use the 

equilibrium viscosity and moduli data, i.e., only data for temperatures above Tg,vis. Figure 9 shows the 

viscosities for two example glasses calculated from Eq. (12) using the optimized values of Tg,vis, m, and η∞ 

for each composition. The viscosities are calculated at the same temperatures for which we have the G∞ data 

available. Then the Vc parameter is optimized to calculate η(T) based on the measured G∞(T) data for each 

composition. The data illustrated in Figure 9 are for the two glasses exhibiting the best (x = 0, M = Mg) and 
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the worst (x = 24, M = Ca) agreement with the shoving model. We generally find good qualitative agreement 

with the shoving model, but there is a systematic deviation for the eight glasses, viz., the shoving model 

always predicts a less steep (“stronger”) viscosity curve than that observed in the experimental viscosity 

measurements. This is also illustrated in Figures 10(a-b), in which an Angell plot of log10η versus Tg,vis/T is 

shown for two of the investigated systems. The solid lines represent the fitted MYEGA model of viscosity, 

whereas the data points represent the calculated viscosities based on the shoving model using the fitted value 

of Vc. Please note that Vc was determined using only the data for T>Tg,vis (i.e., for equilibrium viscosities), but 

it was assumed temperature-independent and used to calculate viscosities also for T<Tg,vis. When the 

MYEGA model is extrapolated to temperatures below the glass transition, it predicts much higher viscosities 

than those predicted by the shoving model and those observed experimentally [10], as the viscosity is no 

longer an equilibrium property for T<Tg,vis. Hence, the viscous flow behavior predicted by the shoving model 

for T<Tg,vis is in qualitative agreement with the experimental observations. A quantitative evaluation of the 

shoving model in the nonequilibrium regime (T<Tg,vis) will be the subject of an ensuing study. 

 As mentioned above, the shoving model predicts a lower fragility of the glass-forming liquids than that 

observed experimentally. This may be because the influence of entropy on liquid fragility is not accounted 

for in the shoving model, since the activation barrier for viscous flow (which controls fragility) is assumed to 

be a purely elastic energy. However, the viscous flow of glass-forming liquids is intimately linked to the 

configurational entropy of the liquid, which is the essence of the Adam-Gibbs (AG) viscosity model [17]. 

While not derived rigorously from fundamental physics, the Adam-Gibbs equation has met with remarkable 

success in fitting experimental data for various systems [4,89-91]. According to the AG model, the 

temperature dependence of viscous flow processes is governed by the temperature dependence of the size of 

the cooperatively rearranging region and to the height of the potential energy hindering the cooperative 

rearrangement of the structural units involved in the process. There have subsequently been a large number 

of studies confirming the intimate connection between fragility and entropy [34,92-95]. For example, Gupta 

and Mauro [92] derived an analytical expression showing that liquid fragility depends on the change in 

configurational entropy. This was later applied in topological constraint theory [96-102], from which the 
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composition dependence of liquid fragility can be predicted with the temperature derivative of 

configurational entropy as the scaling parameter [39,103-105]. 

 We have used the proportionality constant Vc between G∞(T) and ΔF(T)) as the fitting parameter. This 

“characteristic” volume is not equal to the volume change during the flow event (shoving), which is instead 

the activation volume (ΔV). For small activation volume, Vc is given by [51] 

 
V
VVc

2

3
2 Δ= ,                  (13) 

where V is the volume of the flowing region before flow. We have compared the fitted value of Vc for each 

composition to the molar volume of the glass (Vm). Vm is calculated based on the room temperature density 

and the analyzed chemical composition. It appears that Vc is composition-dependent, since it becomes larger 

with increasing molar volume (Fig. 11). This result suggests an intimate connection between the volume 

associated with the flow event and the openness of the glass structure, viz., when the glass structure is more 

open, a larger volume is involved in the shoving. 

 

V. CONCLUSIONS 

We have presented the first systematic comparison of the evolution of shear moduli both well below and 

slightly above Tg with shear viscosity data for oxide glass systems. Specifically, we have studied a series of 

sodium aluminosilicate compositions with MgO and/or CaO. Dyre’s shoving model of the glass transition is 

partially supported by our data, but the model systematically predicts a less steep (“stronger”) viscosity curve 

than what is observed experimentally, suggesting that the dynamics of the glass transition are governed by 

additional factors beyond the evolution of the shear modulus. Around 70% of the variation of the 

characteristic volume of the shoving event can be explained by the variation of the molar volume of the glass 

at room temperature.  We have also found that the increase in Poisson’s ratio with temperature is diminished 

at high concentrations of Al2O3, since the network connectivity increases as Al2O3 is substituted for SiO2. 

Finally, we have compared the glass transition temperature Tg,vis obtained from viscosity (temperature at 1012 

Pa s) with the onset temperatures of the decrease in elastic moduli (Tg,elas) and increase in the thermal 

expansion coefficient (Tg,CTE) during heating. While we find an approximate one-to-one correlation between 
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Tg,vis and Tg,CTE, we note that the elastic moduli probe a different frequency response of the glass structure 

since Tg,elas is systematically lower than Tg,vis. 
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FIGURES 

FIG. 1. (Color online) (a) Logarithmic shear viscosity (log10η) as a function of the absolute temperature (T) 

for the glass with x = 0, M = Ca. The data are fit with the MYEGA model of Eq. (12) to obtain the glass 

transition temperature at 1012 Pa s (Tg,vis). (b) Composition dependence of Tg,vis for the Ca- and Mg-glasses. 

Inset: composition dependence of Tg,vis for the mixed Ca-Mg glasses with x = 16. The uncertainty of Tg,vis is 

approximately ±2 °C. 
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FIG. 2. (Color online) Temperature dependence of Young’s modulus (E) as determined by Brillouin light 

scattering experiments for both (a) Ca-glasses and (b) Mg-glasses. The uncertainty of E is approximately 

±0.2 GPa.  
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FIG. 3. (Color online) Temperature dependence of shear modulus (G) as determined by Brillouin light 

scattering experiments for both (a) Ca-glasses and (b) Mg-glasses. The uncertainty of G is approximately 

±0.2 GPa.  
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FIG. 4. (Color online) (a) Illustration of the procedure for determining the glass transition temperature Tg,elas 

based on G(T) data from Brillouin light scattering experiments. The shown curve is for the glass with x = 0 

and M = Ca. (b) Composition dependence of Tg,elas for the Ca- and Mg-glasses. The uncertainty of Tg,elas is 

estimated to be around ±5 °C. 
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FIG. 5. (Color online) (a) Composition dependence of Poisson’s ratio (ν) at room temperature. (b) 

Temperature dependence of Poisson’s ratio for the glass with x = 0 and M = Ca. (c) Composition dependence 

of the slope of the ν vs. T curve for the eight studied glasses (dν/dT). 
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FIG. 6. (Color online) (a) Illustration of the procedure for determining the glass transition temperature Tg,CTE 

based on the high-temperature thermal expansion measurements. The primary y-axis gives the thermal 

expansion, whereas the secondary y-axis gives the instantaneous CTE. The data are for the glass with x = 0 

and M = Ca. (b) Composition dependence of Tg,CTE for the Ca- and Mg-glasses. The uncertainty of Tg,CTE is 

estimated to be around ±5 °C. 
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FIG. 7. (Color online) Comparison of Tg,vis with (a) Tg,CTE and (b) Tg,elas. The dashed lines represent linear fits 

to the data. The red solid lines represent the lines through Tg,CTE = Tg,vis and Tg,elas = Tg,vis, respectively. 
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FIG. 8. (Color online) Shear modulus (G) at room temperature as a function of the glass transition 

temperature at 1012 Pa s (Tg,vis). 
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FIG. 9. (Color online) Logarithmic shear viscosity (log10η) as a function of the absolute temperature (T) for 

the glasses with x = 0, M = Mg and x = 24, M = Ca. The viscosities are calculated from the MYEGA fit (Eq. 

(12)) at the temperatures for which the Brillouin light scattering experiments were performed (solid symbols). 

The viscosities are then predicted using the shoving model (Eq. (2)) and the measured shear moduli taking 

the temperature-independent volume (Vc) as the sole fitting parameter (open symbols).  
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FIG. 10. (Color online) Angell fragility plot showing the logarithmic shear viscosity (log10η) as a function of 

the Tg,vis scaled inverse temperature (Tg,vis/T) for the glasses with (a) x = 0, M = Ca and (b) x = 0, M = Mg. 

The solid lines represent the MYEGA model for equilibrium viscosity (Eq. (12)) with the fitted values of 

Tg,vis, m, and η∞ for this glass. The data points are the predicted values of η using the shoving model (Eq. (2)) 

combined with the measured temperature dependence of shear modulus. 
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FIG. 11. (Color online) The fitted value of the temperature-independent microscopic volume (Vc) as a 

function of the molar volume of the glasses at room temperature (Vm). 
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