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Abstract 

The dynamics of glass-forming systems below the glass transition temperature (Tg) 

have become of special interest. The classic Vogel-Fulcher-Tammann (VFT) and 

Williams, Landel, and Ferry (WLF) equations predict the dynamic divergence behavior 

that the equilibrium relaxation time and viscosity of glass-forming liquid become infinite 

at a finite temperature above the absolute zero. However, such VFT behavior is 

challenged by an increasing amount of evidence from both theoretical and experimental 

works. In order to determine the dynamic response of glass-forming liquids, both 

dielectric and mechanical experiments were performed in poly(vinyl acetate) (PVAc) 

glass former in this work. The temperature dependence of the equilibrium shift factors at 

below Tg shows an apparent Arrhenius behavior rather than the classic VFT response. 

Besides, the dielectric and mechanical responses of PVAc seem to be probing the glass 

state differently as the former response reaches its equilibrium behavior much faster than 

the latter. In addition, a 20 million old Dominican amber was used to investigate the 

dynamics of glass-forming systems far below Tg. The upper bound to the equilibrium 

relaxation time shows that the dynamic response deviates dramatically from the VFT 

extrapolation as much as 44 K below Tg. Finally, 12 pieces of fossil resin from different 

locations and ages ranging from approximately 100 years to 230 million years have been 

studied using differential scanning calorimetry. The results show that different resins 

have different glass transition temperatures and thermal stabilities, though the Tg did not 

correlate with the age of the amber. Furthermore, both the apparent activation energy and 

dynamic fragility of amber increase as glass transition temperature increases. The Tg 
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dependence of fragility for amber shows a similar trend with temperature as do the 

metallic glass formers and aromatic polymers with phenyl rings on the side chain. 
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Chapter 1  

                                                  Introduction 

 

P. W. Anderson said in 1995, “The deepest and most interesting unsolved 

problem in solid state theory is probably the theory of the nature of glass and the glass 

transition.”[1] This remains to be true, and the temperature dependence of the dynamic of 

glass-forming system has become of special interest in the past decade.[2-20] According 

to the classic Vogel-Fulcher-Tammann (VFT) [21-23] or Williams, Landel and Ferry 

(WLF) [24] equations, the equilibrium dynamics diverge towards an “ideal” glass 

transition temperature [25-26] which is below the glass transition temperature (Tg) but 

above the absolute zero. Due to this dynamic divergence or super-Arrhenius behavior, the 

viscosity and relaxation time of glass-forming liquid become infinite at a finite 

temperature. Although the application of the VFT and WLF equations is well accepted 

for the experimental data at temperatures above Tg, the studies of equilibrium behaviors 

below Tg are fewer. Recently, both theoretical [3-12] and experimental works [13-20] 

challenge this super-Arrhenius behavior by providing the evidence that contradict such a 

finite temperature divergence. 

The primary goal of this work is to determine the equilibrium behavior of glass-

forming systems below the glass transition temperature, and evaluate the dynamic 

divergence behavior. Firstly, the equilibrium shift factors of Poly(vinyl acetate) (PVAc) 

glass former at temperatures as much as 16 K below Tg was obtained by the dielectric 

spectroscopy. The temperature dependence of shift factors shows an Arrhenius behavior 

at below Tg, which is contradictory to the dynamic divergence response. In order to 



Texas Tech University, Jing Zhao, May 2014 

2 
 

investigate the relaxation time at temperatures far below Tg, a 20 million year old 

Dominican amber was used to study the dynamics of glass-forming liquids. The results 

show that the diverging timescale signature disappears below Tg. The success of this 

study leads us to seek other samples having lower fictive temperatures among the older 

ambers. Twelve types of fossilizable and fossil reins with ages ranging from 

approximately 100 years to 230 Ma years were characterized using differential scanning 

calorimetry (DSC). Our findings show that Dominican amber has the relatively lowest 

fictive temperature among all the amber samples studied. Besides, these samples provide 

an opportunity to study the amber age dependence of glass transition temperature and the 

Tg  dependence of apparent activation energy (Eg) and dynamic fragility (m) for amber. 

This dissertation consists of nine chapters. Chapter 1 is the introduction of this 

work. Chapter 2 provides the general background about the glass transition temperature, 

physical aging, time-temperature superposition and classic and modern models. Chapter 3 

focuses on the dielectric responses of PVAc and the comparison with the mechanical 

behaviors. The VFT equation was used to compare with the equilibrium data from both 

types of measurement. Chapter 4 describes how to get the upper bond relaxation time of 

amber at temperatures below Tg, and different models were used to fit the experimental 

data. Chapter 5 deals with the thermal stability and glass transition temperature of 

different fossil reins. The relationship between Tg and age of amber is investigated. 

Chapter 6 provides the information about the apparent activation energy and dynamic 

fragility of ambers. The Tg dependence of Eg and m for ambers are investigated and 

compared with metallic glasses and aromatic polymers. Finally, chapter 8 summarizes the 

key results of this dissertation, followed by the future work in chapter 9. 
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Parts of the information in chapter 3 to 6 are from the journal manuscripts, and we 

have obtained the permission from the Journal to put them into this dissertation. Chapter 

3, entitled “Temperature divergence of the dynamics of a poly(vinyl acetate) glass: 

Dielectric vs. Mechanical behaviors”, was published in the Journal of Chemical Physics, 

volume 136, page 154901 in 2012 [27] and “Response to “Comment on ‘Temperature 

divergence of the dynamics of a poly(vinyl acetate) glass: Dielectric vs. Mechanical 

behaviors’” [J. Chem. Phys. 139,137101 (2013)” was published in the Journal of 

Chemical Physics, volume 139, page 137102 in 2013 [28]. Chapter 4, entitled “Using 20-

million-year-old amber to test the super-Arrhenius behavior of glass-forming systems”, 

was published in Nature Communications, volume 4, article number 1783 in 2013.[29] 

Chapter 5, entitled “Something about amber: Fictive temperature and glass transition 

temperature of extremely old glasses from copal to Triassic amber”, was published in 

Polymer, volume 54, pages 7041-7047 in 2013.[30] Chapter 6, entitled “The apparent 

activation energy and dynamic fragility of ambers”, has been submitted to Polymer in 

2014. 
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Chapter 2  

                                       Background 

In this chapter, some basic definitions and different theories/models are 

introduced. In addition, the recent results from literature are summarized. 

2.1 Glass transition temperature 

The corresponding temperature of the glass-forming systems changing from 

liquid (equilibrium state) to glass (non-equilibrium state) is the glass transition 

temperature (Tg).[1-4] Figure 2.1 shows the schematic description of glass transition and 

glass transition temperature. Both volume and enthalpy of glass-forming liquids decrease 

as temperature decreases,[3] which leads to the decreasing relaxation time of molecules. 

When the relaxation time is longer than the experimental time scale, the molecule chains 

do not have enough time to rearrange due to the slow movements. Therefore, the 

properties, e.g. volume and enthalpy, of glass-forming materials deviate from the 

equilibrium state to the non-equilibrium state. As shown in Figure 2.1, glass transition 

temperature is not a constant value. Instead, glass transition is a kinetic process which 

depends on the time scale of the experiment.[3,5] As the cooling rate increases, glass 

transition temperature increases, and the cooling rate dependence of Tg varies with 

materials.[6] 

Glass transition temperature can be determined from different measurements, and 

differential scanning calorimetry (DSC) [5,7-9] is one of the most popular techniques. 

Theoretically, glass transition temperature is calcluated from the cross point of the 

extrapolation of equilibrium glass and liquid lines obtained from the cooling process.[1,3] 
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However, due to the supercooled issue (non-thermodynamic process of crystallization) in 

DSC, it is difficult to obtain the correct Tg value from the cooling result. Therefore, most 

studies use the limiting fictive temperature (Tf’) [4-5] from the heating process (after 

cooling at the same rate) to be the glass transition temperature. 

2.2 Physical aging and Struik’s protocol 

As mentioned above, when glass-forming systems are quenched from equilibrium 

state to a temperature below Tg, the non-equilibrium state is obtained. As shown in Figure 

2.1, higher volume and enthalpy values show in the non-equilibrium state, and both of 

them decrease with time when the glass-forming systems are held isothermally until they 

reach equilibrium state. The mechanical, dielectric, and other properties of the material 

change with time while approaching the equilibrium state, and this process is called 

physical aging.[10-12] In the experiments below Tg, the material is initially in the non-

equilibrium state, and it is necessary to carry out tests verifying that the response of 

interest has reached its equilibrium value. In order to do this, a physical aging experiment 

[10-15] is performed until the response of interest is observed to stop aging. 

A normal procedure of aging experiments is the so-called Struik’s protocol [10,13]
 

which is illustrated in Figure 2.2 [10]. Struik’s protocol is applied after the sample is 

quenched to the temperature of interest (from a normalizing temperature above Tg).  A 

series of test probes is performed on the sample at an aging time te,i with duration td,i. As 

shown in Figure 2.2, subsequent probes are employed and the aging time is doubled,  

te,i+1= 2te,i, te,i/td,i=10.  During each step of the applied probe, the response is recorded and 

the evolution of properties during the aging is followed by comparing the responses at the 
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different aging times. The sample reaches equilibrium when the last two responses 

overlap with each other, and the response at the longest aging time is the equilibrium 

behavior at the temperature of interest. 

2.3 Time-temperature superposition, time-aging time superposition and shift factors 

The dynamic properties of glass-forming systems are temperature and time 

dependent. However, it is difficult to obtain the entire time window of behavior for 

polymers at specific temperature due to the equipment and experimental time limitation. 

In order to solve this problem, time-temperature superposition (TTS) [13,16] was 

introduced, which is based on the assumption that the shape of dynamic response 

function does not change with temperature, and all the responses can be shifted to the 

reference curve to form a master curve in a reduced time scale. In this way, the high 

temperature responses provide the long time behavior and the low temperature responses 

provide the short time result. An example of TTS from Hutcheson and McKenna’s paper 

[17] is shown in Figure 2.3. As mentioned above, the responses at different temperatures 

need to be shifted in the time scale by different values, and these values are the shift 

factors aT 

   
    

     
                                                          (2.1) 

where τ is the relaxation time, T is the experimental temperature and Tr is the reference 

temperature. 

When glass-forming systems are quenched to the temperature below Tg and held 

isothermally, physical aging behavior is observed. Similar to the TTS, time-aging time 
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superposition is applied to the responses at different times during physical aging. The 

aging time shift factor ate, similar to the temperature shift factor aT, is defined as 

    
       

         
                                                                (2.2) 

where τ is the relaxation time, te is the aging time of interest, te,r is the reference aging 

time and T is the aging temperature of interest. 

2.4 Kohlraush-Williams-Watts function 

Kohlraush-Williams-Watts (KWW) equation [18-19] has been widely used to 

describe the time dependence of relaxation responses for different materials. In the case 

of stress relaxation behavior of polymers, KWW function is given by 

         
  

 

 
                                                                    (2.3) 

where G(t) is the shear modulus as a function of time, G0 is the zero time modulus, t is the 

experimental time, τ is the relaxation time and β is the stretching parameter which 

describes the breath of stress relaxation modulus curve. 

In the dielectric work, a modified KWW function [15,20] is applied to describe 

the long time behavior and the conductivity effect in the analogy creep compliance 

measurement 

                 
 

 
    

 

  
                                              (2.4) 

where ε(t) is the dielectric compliance as a function of time, ε1 is the zero time 

compliance, ε2+ε1 is a long time plateau compliance of the sample, τ is the retardation 
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time, τc is interpreted as a conductivity term and β is the stretching parameter which 

describes the curve breadth. 

2.5 Dynamic divergence models 

People have studied the dynamic response of glass-forming liquids for a long time. 

Various theories and models proposed by different groups suggest the dynamic 

+divergence behavior at a finite temperature above absolute zero.[21-33] In this section, 

two of these models that were established on different grounds are introduced. 

2.5.1 Free volume model 

In 1951, Doolittle proposed the free volume model to describe the viscous 

flows.[21-23] Free volume model assumes that the total volume (V) of polymer consists 

of two parts 

                                                                     (2.5) 

where V0 is the volume which is actually occupied by the molecules, and Vf is unoccupied 

space in the polymer (free volume). Because of free volume, molecule chains are able to 

rotate and rearrange. Free volume is not a constant value; instead, it decreases as 

temperature decreases until reaching a critical point which is the glass transition 

temperature.[21] 

Free volume model provides an approach to deal with the relationship between viscosity 

and volume/free volume[21] 

         
      

  
                                                       (2.6) 
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where η is the viscosity, and A and D are constants. 

With the introduction of fractional free volumes f and expansion coefficient αf, 

Equation 2.6 can be expressed as 

      
  

 

       
       

 
  
  
        

                                                        (2.7) 

  
  

 
 

  

  
                                                                              (2.8) 

                                                                   (2.9) 

where fT is the fractional free volume at temperature T and f0 is the one at T0. The free 

volume increases linearly with temperature at above Tg. 

Equation 2.7 is related to the an empirical equation proposed by Williams, Landel 

and Ferry (WLF) [27] 

         
 

    
  

         

       
                                    (2.10) 

   
 

       
                                                                  (2.11) 

   
  

  
                                                                                   (2.12) 

where aT is the shift factor from TTS, ηref is the viscosity at reference temperature T0, C1 

and C2 are material-dependent constants although “universal” values are proposed 

(C1=17.44, C2=51.6) [16]. Usually, Tg is chosen to be the reference temperature, i. e., 

T0=Tg. 
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Vogel-Fulcher-Tammann (VFT) [24-26] is another empirical equation which can 

be derived from the free volume theory. The temperature dependence of viscosity of 

glass-forming systems is generally described by the VFT equation 

     
 

                                                                                  (2.13)
 

where η0, B and T   are material-dependent constants. Extrapolating to T∞ predicts that the 

viscosity of the material will be infinite where T∞ is approximately 50 K below the 

conventional Tg in polymers, though the actual amount depends on the glass former’s 

fragility.[6] 

Equation 2.10 and Equation 2.13 can then be related and the correspondences 

between parameters are: 

B=2.303C1C2                                                                                (2.14) 

T =T0-C2=Tg-C2                                                (2.15) 

Both WLF and VFT equations can well describe the temperature dependence of viscosity 

and relaxation time of glass-forming systems at temperature range of Tg to Tg +100 K. 

However, for the temperatures higher than Tg +100 K or lower than Tg, these two 

equations may be invalid. In addition, both expressions predict the infinite viscosity at 

finite temperature, and this phenomenon is referred as dynamic divergence or super-

Arrhenius behavior. 
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2.5.2 Gibbs-DiMarzio model 

Gibbs-DiMarzio model [28-30] is based on the Flory-Huggins [34-35] lattice 

model. This model assumed that the configurations of nx polymers with x units on the 

backbone can be determined from a lattice. The lattices are either occupied by polymer 

chains or vacant (n0), and there is a specific shape for each chain with the lowest internal 

energy.[2] A parameter of f was defined as the fraction of “flexed” molecules, and the 

system energy consists of energy for each molecule and intermolecular potential energy. 

As the temperature decreases, the low-energy molecular conformations starts to dominate 

and the vacant sites decreases until reaching a second-order transition temperature (T2), 

where the system stays in the lowest energy and the configurational entropy goes to zero. 

Due to the zero configurational entropy, Gibbs-Dimarzio model solves Kauzmann’s 

negative entropy paradox [36]. The second-order transition temperature is often related to 

the Kauzmann temperature [36] and T∞ from the VFT equation, which is approximately 

50 K (the actual value depends on the fragility) below glass transition temperature for 

polymers. In addition, T2 is also related to the “ideal” glass transition temperature [28, 

37]. However, recent work from Huang et al. and Simon and McKenna [38-39] suggests 

that there is no second-order glass transition temperature to at least 130 K below Tk. 

Extrapolation to the equilibrium data indicates that the Kauzmann’s paradox cannot be 

solved with the thermodynamic glass transition. 

2.6 Non-diverging models 

The models in this section are proposed recently by different groups, and these 

models provide a prediction of non-diverging time scale. 
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2.6.1 Dyre shoving model 

Dyre and his co-workers [40-41] proposed the local elastic expansion model in 

1996, which is also called shoving model. The repulsive force between molecules is 

much stronger than the attractions. Therefore, it costs less energy for molecules to shove 

aside the surrounding neighbors to obtain a bigger space for the arrangement than in a 

constant volume, and this shoving behavior contributes to the free energy barrier. Dyre 

shoving model assumes the activation energy is shear elastic energy which locates in the 

surroundings of the shoving flow event. Therefore, the energy barrier ∆F(T) is 

proportional to the shear modulus at infinite frequency or short time (G ), and G  is a 

function of temperature 

                                                             (2.16) 

where Vc is the characteristic volume, which is temperature independent according to the 

assumption. 

The temperature dependence of viscosity in the shoving model is given as 

        
     

   
                                                (2.17) 

where kB is Boltzmann constant. By combining Equation 2.16 and 2.17, the following 

expression is obtained: 

         
       

   
                                        (2.18) 

Although Dyre shoving model is a non-Arrhenius expression since G  increases 

as temperature decreases, it does not predict the infinite viscosity at a finite temperature 
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above absolute zero, and this is inconsistent with the prediction from the VFT equation. 

Recently, Xu and McKenna [42] found that the results from the calculation of 

experimental data could be well described by the Dyre shoving model. 

2.6.2 Topological constraint theory 

Topological constraint theory [43-44], which is also called MYEGA model, is 

based on the Phillip-Thorpe theory [45]. In the three-dimensional world, any atom has 

three translational degrees of freedom, and at the same time, it is constrained by the rigid 

bond from other atoms.  Phillip-Thorpe theory [45] describes the comparison between the 

rigid constraints and degree of freedom, they assume that there are three regimes for the 

glass-forming system. When the number of rigid constraints is equal to the degree of 

freedom, a glass is in the constrained regime. On the contrary, a floppy regime or an 

over-constrained regime is obtained. The assumption of MYEGA model is that only two 

states exist for each atom, and an activation energy H(x) determines whether the 

constraints are intact or broken. For each atom, the topological degrees of freedom f(T,x) 

is related to the activation energy 

             
    

   
                                                   (2.19) 

where kB is Boltzmann’s constant and T is temperature. And the configurational entropy 

Sc is expressed by f(T,x) 

                                                              (2.20) 

where N is the atom number and Ω is the number of degenerate configurations. 

Adam-Gibbs equation describes the dynamics of glass-forming liquid [46] 
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                                   (2.21) 

where B(x) is the effective activation barrier and Sc (T,x) is the configurational entropy. 

By replacing the Sc (T,x) term in the Adam-Gibbs expression with Equation 2.19 and 2.20, 

the MYEGA model is given 

    
    

      
  

 

 
    

 

 
                                         (2.22) 

where K, C and A are fitting parameters. 

  
    

       
                                                               (2.23) 

  
    

  
                                                                               (2.24) 

Although MYEGA model is derived from the Adam-Gibbs equation, it predicts 

no dynamic divergence at a finite temperature. According to Equation 2.19, the degree of 

freedom goes to zero only when temperature decrease to absolute zero, and the 

configurational entropy is positive at temperatures above zero (Equation 2.20). 

2.6.3 Parabolic law 

During cooling, material response changes from normal liquid to supercooled 

liquid, and the corresponding temperature is called onset temperature (To). According to 

the experimental result, people found that above To, the viscosity and relaxation time of 

material is in a linear relationship. However, once the temperature decreases to below To, 

a non-Arrhenius behavior is observed and the dynamic properties change dramatically 

with temperature.[46-47] Chandler and co-workers [47-51] proposed a parabolic law 
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model to describe the temperature dependence of relaxation time in this non-Arrhenius 

range. The parabolic law is based on a random energy model with the assumption that 

there is a Gaussian distribution for the activation barriers. According to this model, the 

sparse mobile particles facilitate their neighbor jammed atoms to be active, and the 

mobility has a direction. These assumptions are supported by some simulation 

results.[52-53] The constraints due to the interactions between particles contribute to the 

dynamics of facilitation which correlates to the behavior of glass former near Tg. As 

temperature decreases to Tx, which is the “fragile-to-strong” (FS) crossover temperature, 

the molecular packing is controlled by dynamics without constraints. In this model, the 

relaxation times as a function of temperature are written as 

    
    

       
   

 

  
 
 

 
  

 
   

 

                                  (2.25) 

where J, To, and B are fitting parameters. Tx is a crossover temperature (from low T to 

high T) at which the temperature dependence of relaxation time changes from Arrhenius 

behavior to super-Arrhenius response. Both To and Tx are material dependent constant, 

and the existence of the FS crossover is still an open question. 

Without the introduction of the Kauzmann temperature, the parabolic law does 

not provide a prediction of dynamic divergence behavior. Furthermore, the Arrhenius 

response at temperatures below Tx provides an explanation to the experimental results 

[14-15, 38-39, 54]. 
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2.6.4 Minimal model 

A kinetic theory of glasses was proposed by DiMarzio and Yang in 1997.[55] The 

minimal model (or trapping model) is based on the equilibrium theory of glass formation. 

A simplified energy landscape approach is suggested based on configurational energy 

idea as shown in Figure 2.4. The circles represent the points in configuration space, and 

the lines connect the circles show the transition rates. The horizontal lines with circles 

represent the configuration point motions in the “configurational sea” of shallow wells, 

and the vertical lines connect to the lower circles which are the deep wells. The length of 

line is proportional to the energy barrier. At high temperature, most actions happen in the 

shallow wells, and the transitions between wells are fast. However, as temperature 

decreases, configurational points are trapped in the lower circles until they jump out to 

the “configuration sea” after a long time. Then the configurational points fall back into 

the lower well and repeat the above process. 

According to the minimal model, the zero frequency viscosity η is described as 

       
   

   
                                                        (2.26) 

where Fc is configurational free energy, A and B are fitting parameters. By calculating the 

second derivative of Equation 2.26, an Arrhenius behavior is predicted in the glass region, 

which is different from the VFT law, and the “ideal” glass transition disappears. This is 

consistent with the experimental results that show the Arrhenius response below the glass 

transition temperature. [14-15, 38-39, 54] 

 



Texas Tech University, Jing Zhao, May 2014 

19 
 

2.7 Other results 

Although the classic theories predict the super-Arrhenius behavior of glass-

forming systems, the new theories and models suggest different conclusions. In addition, 

recent works have provided different results about the rapidly increasing relaxation time 

and its apparent diverging behavior. 

Wagner and Richert tested the poly(vinyl acetate) (PVAc) glass former with 

dielectric spectroscopy.[56-58] The dielectric modulus responses at different 

temperatures from above Tg to below Tg were investigated, and KWW function was 

applied to fit the experimental data. The temperature dependence of the relaxation time 

from the KWW fitting was reported to follow the VFT equation as far as 14 K below Tg. 

In addition, Cangialosi et al. reported the enthalpy recovery behaviors of three glass-

forming liquids, and a double-step recovery was observed at temperatures below Tg.[59] 

The first step showed an Arrhenius temperature dependence for the equilibrium time, 

while the second step followed the VFT equation. However, according to Koh and 

Simon’s investigation [60], there was no aging plateau observed for polystyrene during 

the one year aging process at 15 K below Tg, which suggests that further work is required 

to study the double-step behavior and the VFT temperature dependence. Besides, some 

simulation works based on the idea of the entropic droplet rearrangement [31-32,61-62] 

also predicted the dynamic divergence behavior, and the experimental results from 

chapter 4 was explained as the chemical kinetics,[61] which is a misunderstanding. 

Besides the results of diverging dyanmics, experimental data that deviate from the 

VFT or WLF equation was reported. O’Connell and McKenna [54] investigated the 
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temperature dependence of relaxation response of polycarbonate by performing the long 

time aging experiment to obtain the equilibrium data. They found that, for a 

polycarbonate polymer upon aging as far as 17 K below Tg the equilibrium relaxation 

times seemed to deviate from the extrapolated WLF or VFT behavior to an Arrhenius line. 

In addition, the mechanical response measurement of three super-cooled liquids [17,63] 

showed the evidence of Arrhenius dependence behavior at temperatures below Tg. 

Furthermore, Hecksher et al. [64] evaluated a large number of data in glass-forming 

liquids and came to the conclusion that the data did not support the purported divergence. 

Similarly, other works [38,65-67] also have reported evidence of deviations from the 

“ideal” VFT extrapolation for polymer or other glass-forming systems. 
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Figure 2.1 Schematic of glass transition and physical aging.[3] 
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Figure 2.2 Schematic of  the Struik protocol for physical aging experiment.[10] 
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Figure 2.3 Example of the time-temperature superposition and master curve. From 

Figure 8 of reference 17. 
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Figure 2.4 Schematic description of minimal model. αj and βj+1 are traveling rates in the 

shallow wells, Aj is the escape rate from the lower wells and bj is the rate of drop. From 

Figure 2 of reference 54. 
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Chapter 3  
 

Temperature Divergence of the Dynamics of a PVAc glass:  Dielectric vs. 

Mechanical Behaviors 

 

3.1 Introduction 

The dynamics of glass-forming systems in the vicinity of Tg have been 

considerable interest in the recent years.[1-17] Both classic [18-23] and modern [9-10] 

models predict that the dynamics diverge towards an ideal glass transition [11,24]/ 

Kauzmann [25] temperature. However, this super-Arrhenius behavior is challenged by 

the evidence from both theoretical [1-8] and experimental [11-16] points of view. 

DiMarzio and Yang [7] reported a minimal model which predicted that the temperature 

dependence of dynamics at below Tg was an Arrhenius response. In addition, some 

models from other groups also predict the non-diverging dynamics.[1-6] Besides the 

theoretical works, experimental results that violated the perceived signature of glassy 

dynamics (the time-scales diverge at finite temperatures above absolute zero) were 

observed. O’Connell and McKenna [16] found that the equilibrium relaxation times of  a 

polycarbonate glass former seemed to fall away from the extrapolated VFT behavior onto 

an Arrhenius line up to 17 K below Tg. This non-divergence response has also been 

observed from other experimental works.[11-15] Hence, it is important to establish 

whether the classic VFT or WLF divergence as glass former goes below Tg but remain in 

equilibrium is lost or not when the ideal glass transition [11,24]/Kauzmaan [25] 

temperature is approached. In order to study the dynamic divergence behavior, 

equilibrium data of glass-forming liquids at temperatures below glass transition 

temperature is required to compare with the VFT extrapolation from above Tg. 
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In this chapter, a poly(vinyl acetate) (PVAc) polymer glass-former was used to 

investigate the equilibrium segmental dynamics of a glass-forming system at 

temperatures below Tg. Previous work from Kollengodu-Subramanian and McKenna [26] 

found that the temperature dependence of dielectric behavior for PVAc followed the 

terminal response of the mechanical measurement from Plazek [27]. In addition, different 

temperature dependence from different measurement methods have been reported in 

several works.[28-30] Therefore, both dielectric and mechanical methods were applied to 

PVAc, and isothermal measurements were performed in the vicinity of Tg to study the 

aging behavior [26,31-32] and obtained the equilibrium data. Time-temperature 

superposition (TTS) [16,31,33] was applied to both sets of data, and the equilibrium shift 

factors at different temperatures were obtained. The aging behavior and temperature 

dependence of the shift factors from the mechanical response were compared with those 

from the dielectric response. The experimental results show a turnover to an apparent 

Arrhenius behavior rather than a continuation of the VFT extrapolated divergence at the 

lowest temperature tested. 

On the other hand, Wagner and Richert (W-R) [34-36] have reported the 

dielectric modulus data for PVAc in the vicinity of Tg. The temperature dependence of 

relaxation time from the Kohlrausch-Williams-Watts (KWW) [37-38] fitting to their 

experimental data followed the VFT extrapolation at temperatures below Tg, and they 

showed the results that disagreed with our finding. In order to compare the two sets of 

data, we re-examined W-R result and added additional analysis. Our investigation 

suggested that the differences in results were related to the differences between time-

temperature superposition of data and fitting the data with the KWW function. When the 
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data from Wagner and Richert were analyzed in the TTS framework, the change in 

behavior to Arrhenius-like below Tg was recovered which is consistent with our 

conclusion. 

3.2 Material 

Poly(vinyl acetate) (PVAc) (Mw = 157,000 g/mol and Mn = 57,500 g/mol) from 

Scientific Polymer Products, Inc was used in this work. Before sample preparation, the 

PVAc pellets were dried in vacuum at 323 K for 48 hours and then stored in a desicator at 

room temperature to keep them dry as PVAc is known to absorb moisture [39].  The Tg of 

PVAc is 308.5 K as obtained by measuring the limiting fictive temperature [40-41] using 

a Q20 DSC from TA Instruments with heating and cooling rates of 10 K/min. 

Due to the different shapes of sample, there are different preparation methods for 

PVAc in mechanical and dielectric experiment. For the mechanical experiment, the 

PVAc pellets were put into a lab-designed mold and then compression molded under 

vacuum at 353 K for one hour. After that, the mold with sample was cooled to room 

temperature. A PVAc plate with 1.4 ± 0.05 mm thickness was obtained and cut into a 

rectangular sheet with a length of 45 ± 0.15 mm and a width of 12.3 ± 0.2 mm. Before 

testing, the sample was annealed in vacuum at 323 K for one hour. For the dielectric 

experiment, the PVAc was compression molded under vacuum at 353 K between two flat 

copper plates and then cut into a circular section with diameter of 2 cm and put between 

two electrode plates. The plates with sample was heated to 323 K in vacuum for one hour, 

and the thickness of PVAc sample was obtained as 114 ± 3 micrometer by calculating the 
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difference of plate thicknesses with and without sample. The picture of electrode plates 

with sample is shown in Figure 3.1. 

For both mechanical and dielectric setups, compressed air at zero relative 

humidity was circulated to keep the samples dry. 

3.3 Experimental methods 

3.3.1 Mechanical stress relaxation measurement 

An ARES rheometer from TA Instruments was used in this work to investigate 

the mechanical properties of PVAc glass former. Torsion rectangular mode was chosen to 

measure the mechanical behaviors of the material at temperatures below Tg. The 

temperature control system of ARES has a stability of 0.05 K and the accuracy is better 

than 0.2 K after calibration with a calibrated high precision digital thermometer HH11B 

from Omega Engineering, Inc. The dynamic strain sweep was performed on the PVAc 

sample at 298.15 K to obtain its linear range which was 0 to 0.55 % at this temperature. 

Stress relaxation experiments were performed with a constant strain of 0.5 % for all the 

temperatures of interest in this work. The relation between strain and angle of twist is [42] 

    
 

 
          

 

 
 
 

                                  (3.1) 

strain γ=Kγ*θ                                                              (3.2) 

 

Kγ  is a geometry constant, T  is sample thickness (mm),W is the sample width (mm), L is 

the sample length (mm).  θ is the twist angle of the motor (radians). 

dict://key.0895DFE8DB67F9409DB285590D870EDD/precision
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In order to remove the previous thermal/mechanical histories, the sample was first 

heated to 316 K for 1 hour in the aging experiment. It was then cooled to the temperature 

of interest in 5 minutes and the mechanical probe sequence following Struik’s protocol 

[31-32] was used until the equilibrium response was observed. The PVAc samples were 

protected by the compressed air (zero relative humidity) to keep them dry. The 

temperature range used for aging was 298.2
 
K to 308.2

 
K. 

3.3.2 Dielectric compliance measurement 

Dielectric spectroscopy is a very sensitive method to determine the dynamics of a 

glass-forming system, and it has been widely used in different fields, e.g. polymer 

material [26,43] and pharmaceuticals [44-48]. A lab-built time domain dielectric 

spectrometer [26] was used in this study to determine the creep compliance behaviors of 

PVAc. Application of a constant dielectric stress (applied electric field) and measurement 

of the dielectric strain (displacement) as a function of time given the following 

relationship 

     
    

   


                 

                 
                                     (3.3) 

where ε(t) is the time dependent dielectric compliance, D(t) is the displacement, E  is the 

applied field and ε0 is the dielectric permittivity of vacuum. 

Figure 3.2 shows the schematic of the dielectric spectrometer.[26] This setup 

consists of a sample capacitor, an integrating capacitor, high voltage supply (TREK 

model 610) and electrometer (Keithley model 6514).  The sample capacitor (Figure 3.1) 

consists of two steel plates with the PVAc thin film in between. The entire setup is 
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controlled by LabVIEW 8.6 (National Instruments) through a DAQ board (National 

Instruments SCB-68). 

Due to the limitation of equipment, two temperature control systems were used in 

this work. For experiments above 297.2 K, a temperature controlled chamber as shown in 

Figure 3.2 was used. For the lower temperatures, a water bath with a cooling capability 

was used and the sample was put into a double-layer plastic bag to avoid moisture 

absorption. Both of the above setups used compressed air (zero relative humidity) 

circulation to keep the sample dry. The PVAc sample was first heated to 316 K, which is 

above Tg, for 1 hour to erase the previous thermal history. Then it was cooled to the 

temperature of interest in 20 minutes. Experiments were performed using Struik’s 

protocol at a constant temperature until the sample reached equilibrium. The 

thermocouple was calibrated both in ice water and using the same HH11B thermometer 

as above in the temperature range of interest. The accuracy is better than 0.2 K. 

3.4 Results 

3.4.1 Mechanical measurement results 

The mechanical measurements were performed over a temperature range from 

298.2 K to 308.2 K. At each temperature, physical aging was observed during the 

measurements and Struik’s protocol was followed until the sample reached equilibrium. 

The sample was assumed to reach equilibrium when the last two responses overlap each 

other. Figure 3.3 shows the aging behaviors of a PVAc rectangular sample at 298.15 K, 

which is approximately 10 K below Tg. Zero time was set once the sample was quenched 

to the temperature of interest, and Struik’s protocol was followed until the sample 
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reached the equilibrium state. The master curve with 1800s as reference aging time is 

also shown in Figure 3.3 with an offset of 1.5 decades for clarity. The success of 

obtaining the master curve illustrates the time-aging time superposition behavior of 

PVAc. 

At each temperature, aging behavior was observed and the responses at different 

times were recorded. By performing time-aging time superposition, the shift factors for 

different aging times te and temperatures were obtained and shown in Figure 3.4, as 

indicated. For each temperature, the 1800s response was chosen as reference, and the 

aging time shift factor ate was set to zero. The PVAc was assumed to reach equilibrium 

when a plateau appears in each temperature curve. As shown in the figure, the lower the 

temperature, the longer the time required to reach equilibrium, which is as expected. For 

the lowest temperature where equilibrium was obtained, it took 11 days to reach 

equilibrium and 22 days were necessary to confirm that it was in the equilibrium state, i. 

e. the plateau zone was reached. 

Figure 3.5 shows the temperature dependence of the equilibrium torsional 

relaxation responses. It is obvious that as temperature decreases, the magnitude of the 

torque increases and the curves shift to longer times. A master curve was obtained by 

setting 308.2 K as the reference curve and shifting the other curves. 

Figure 3.6 shows the shift factors at different temperatures obtained from TTS. 

An Arrhenius function was used to fit the experimental data and the fitting curve is 

shown in Figure 3.6 with solid line. An activation energy of 662.3 kJ. mol
-1

 was obtained 

from the Arrhenius fitting. We then compared our data with the extrapolation of the VFT 
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fit from the mechanical softening dispersion data from Plazek [27]. It is clear that the data 

from this study has a weaker temperature dependence than Plazek’s VFT fit extrapolation 

and shows a linear trend. The difference here shows that the temperature dependence of 

the equilibrium relaxation behavior for PVAc to 16 K below Tg does not follow the 

extrapolation of the VFT temperature dependence above Tg. 

3.4.2 Dielectric measurement results 

In order to obtain the equilibrium data, physical aging experiments were 

performed for the dielectric response at temperatures below Tg.  Interestingly, the aging 

times required to reach apparent equilibrium were less than eight hours for temperatures 

up to 10 K below Tg and six days for establishing equilibrium at the lowest temperature 

investigated (16 K below Tg). Importantly, these times are much shorter than observed in 

the mechanical aging experiments so that much more equilibrium data were obtained 

which provides for a more robust examination of the deviations from the VFT behavior in 

PVAc dynamics. 

Figure 3.7 shows the temperature dependence of the equilibrium dielectric 

compliance behavior for the PVAc. As shown in the figure, the compliance increases as 

temperature increases. The rapid raise after the plateau is due to the conductivity 

effect.[26] The solid lines are modified KWW function (Equation 2.4) [26] fitted results 

and the fitting parameters for a reference temperature of 308.3 K are shown in Table 3.1. 

Figure 3.8 shows the master curve obtained from TTS by shifting the compliance 

response curves to the reference one (308.3 K response). The master curve construction 

confirms that the time-temperature superposition is valid in the PVAc dielectric 
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measurement. Such TTS has also been reported by Wagner and Richert [35] but was not 

observed by Nozaki and Mashimo [49]. 

In order to investigate the super-Arrhenius behavior, the VFT function was used 

to fit the temperature dependence of log aT above Tg and compared the results with those 

obtained over the full temperature range (Figure 3.9). The data shown in Figure 3.9 are 

from this study and prior work reported from our group [26]. Clearly, the data below Tg 

does not follow the VFT extrapolation from high temperature. Figure 3.9 also shows a 

transition from the VFT function to a possible Arrhenius-type behavior which has a 

weaker temperature dependence than the VFT equation. This transition appears around 

the nominal Tg of the PVAc. We then used the Arrhenius function to fit the data below Tg 

and obtained an activation energy Ea of 513.1 kJ.mol
-1

. As shown in Figure 3.9, the VFT 

fitted curve matches with the data above Tg very well but deviates from the data below Tg. 

As temperature decreases, the deviation becomes larger, reaching over an order of 

magnitude at the lowest temperature. 

We now compare the above data with results in the literature [34-36,43]. 

Dielectric relaxation experiment of PVAc was performed by Wagner and Richert, and a 

set of dielectric modulus data was obtained (Figure 3.10) [34-35]. Those data were 

originally fitted with the KWW function and the fitting curves are also shown in Figure 

3.10. The relaxation times which were obtained as the fitting parameters from the KWW 

function followed the VFT equation up to 14 K below Tg. In order to find the difference 

between our result and the W-R data, we re-examined the raw data from Wagner and 

Richert. Of interest is the application of the KWW function, for which W-R reported a 

nearly constant  Replotting the  values from that paper in an expanded format 
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(Figure 3.11), shows a systematic variation in . This suggests that the KWW function 

may not be an appropriate fitting form to the data. We examined this fitting more closely, 

and found that there were some systematic errors in the KWW fits especially the short 

time data at the lowest temperatures (Figure 3.10). Also, O’Connell and McKenna [31] 

have shown that the KWW function can fit individual curves at different temperatures 

with a changing , but TTS still works ― a simple manifestation of the fact that the 

KWW function itself is not the correct description for the dynamics. Hence, we think it 

may be that the failure, in detail, of the KWW fitting may lead to an error in the fitting 

parameter, i. e. the relaxation times, and it is a possibility that TTS of the full curves, 

including the short time data may be valid. 

Therefore, we digitized the W-R
 
modulus data [34-35] and applied TTS to them.  

We also represent the data on a double-logarithmic plot similar to what is commonly 

done in the TTS of viscoelastic data [33]. Figure 3.12 shows the master curve from TTS 

for the dielectric modulus at different temperatures, emphasizing the short time glassy 

regime. Good superposition is obtained, and when the KWW function was applied to fit 

the master curve, is equal to 0.3. The inset shows the full range of the data, including 

that relevant to conductivity at long times, which have a different temperature shifting 

than do the than the segmental relaxations.[26,34-35] In order to investigate the 

conductivity effect to W-R data, an exponential equation was used to fit the data after the 

plateau, and the fitting equation was subtracted from the raw data. Figure 3.13 shows the 

comparison of results at 323 K with and without the conductivity effect. It is clear that 

the conductivity does not affect the dielectric modulus at relatively short time, which is 

the part we used to do the TTS. All the curves in the W-R data which show the 
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conductivity in the measurement time range were analyzed with the method mentioned 

above, and the master curve of the after-analysis data is shown in Figure 3,14, which 

shows the same behavior (same shift factors) as Figure 3.12. 

Figure 3.15 shows the segmental (temperature) shift factors obtained from TTS of 

W-R modulus data along with our prior results and with both relaxation and retardation 

time data from the fitting curve in Wanger and Richert’s paper [36]. The VFT curve 

shown in Figure 3.15 is from Richert’s comment [36]. The shift factors from the TTS of 

the W-R data are consistent with our results
 
showing the VFT to Arrhenius transition 

around the glass transition temperature. The temperature dependence of the shift factors 

differs from that of the relaxation times obtained from the KWW function. Therefore, we 

suggest that a reason for the discrepancy between our results, both our own data and from 

time-temperature shifting of the W-R modulus data, and the KWW-determined relaxation 

times possibly lies in the use of the KWW function. We think this latter is problematic 

and clearly deserves further investigation. 

We also compared our result with Sasabe’s data from the dielectric dynamic 

measurement [43] in Figure 3.15. As shown in the figure, all of the experimental data, 

expect the relaxation time fitting from the KWW in R-W’s paper, has good agreement 

with those obtained from this study. 

3.5 Discussion 

Results from this work show that the data below Tg does not follow the VFT 

function which fits the data above Tg and shows a transition from VFT behavior to an 

Arrhenius-type. This is consistent with DiMarzio and Yang’s prediction based on a 
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simplified energy landscape approach that is based on configurational entropy ideas [7]. 

Also, Chandler and co-workers [2,4,50] and Mauro and co-workers [1,3] provide the 

same conclusion that there is no divergence at temperatures below Tg. 

Now, we examine the use of the VFT function to fit the data below Tg in Figure 

3.16. It is clear that the VFT function in Figure 3.16 is different from the one in Figure 

3.9. In Figure 3.16, the VFT parameter of interest is that T∞ = 102.8 K which is 

approximately 200 K below the conventional Tg for PVAc. (Note, the typical value of T∞ 

for polymer is about 50 K below its Tg) 

We also compare our dielectric data with the mechanical shear results from 

Plazek [27]. Figure 3.17 shows this comparison and it is surprising that the dielectric 

compliance data from this study are close to the terminal shift factors from Plazek rather 

than those of the softening dispersion which describe the segmental relaxation. This is 

consistent with Kollengodu-Subramanian and McKenna’s  results [26]. 

Comparison of our dielectric results with the mechanical ones is also surprising. 

First, we found that the times to reach equilibrium for the two methods are different. 

Figure 3.18 shows a comparison of the time dependence of the aging time shift factors for 

the two methods at similar temperatures as an example. Clearly, the mechanical 

measurement takes a much longer time than the dielectric one to reach equilibrium at the 

same temperature. This trend was found at all temperatures where the comparison could 

be made. 

In addition, as shown in Figure 3.19 the dielectric shift factors have a weaker 

temperature dependence than the mechanical ones. The inset in Figure 3.19 shows clearly 
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that the shift factors obtained from the dielectric measurements have a close-to-

Arrhenius-type temperature dependence, while the mechanical response data show a 

stronger temperature dependence, yet recall that it is weaker than the extrapolated VFT 

response from above the nominal Tg. 

3.6 Summary and conclusions 

The temperature dependence of the dynamics of a PVAc polymer was 

investigated in this work. The PVAc glass-former was aged into equilibrium by following 

the Struik’s protocol at temperatures as much as 16 K below Tg. The purpose of this work 

was to examine the possible deviation of the temperature dependence of the dynamics 

from the diverging behavior expected from the extrapolated VFT behavior. In this 

chapter, results from both dielectric and mechanical measurements were reported and 

compared. The shift factors for the dielectric response of PVAc did not follow the VFT 

behavior and a VFT behavior to Arrhenius-type transition around the conventional Tg was 

observed. And the similar result was also observed in the mechanical response. 

By comparing the experimental results between mechanical and dielectric 

measurements, different aging behaviors were obtained and this shows that these 

dynamics seem to have different interactions with the glassy structure of the PVAc. 

Specifically, the mechanical measurements take much longer time to reach equilibrium 

than the dielectric measurements at the same temperature and they have different 

(equilibrium) temperature dependences. These two differences suggest that the dielectric 

dynamics and mechanical dynamics are coupled to the underlying glassy structure 
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differently and are, themselves, decoupled. Whether this is related to other relaxations 

[51-53] that seem to decouple is currently unclear. 

The important point of the present work is that there is a definite deviation of the 

temperature dependence of the dynamics of poly(vinyl acetate) from the classic VFT
 

behavior.  In particular, the dielectric response seems to show a near-Arrhenius behavior 

in the temperature dependence of the dynamics at below Tg and this lack of divergence 

challenges the validity of the “ideal” glass transition and suggests a need for further 

investigation of behavior below the conventional Tg. However, the fact of the extremely 

long times required to achieve equilibrium below the glass transition temperature remains 

an ongoing impediment to full resolution of the problem and other means of estimating 

the equilibrium response far below the calorimetric glass transition temperature need to 

be envisioned [17]. 
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Table 0.1 Fitting parameters for Equation 2.4 at 308.3 K. 

 

Fitting parameters ε1 ε2 β τ(s) τc(s) 

 3.29±0.009 4.91±0.078 0.52±0.006 4.53±0.227 212±39.5 
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Figure 0.1 Image of electrode plates with PVAc sample inside. 
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Figure 0.2 Schematic of the self-built time domain dielectric spectrometer [26]. 
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Figure 0.3 Time dependence of torsional relaxation response for PVAc at 298.2 K and 

the master curve from time-aging time superposition with 1800s aging time curve as 

reference. (Master curve offset by 1.5 decades for clarity) 
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Figure 0.4 Time dependence of aging time shift factors for temperatures between 300.2 

K and 308.2 K. The solid lines are polynomial function fit and are shown as aid to eye. 
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Figure 0.5 Temperature dependence of torsional relaxation response in equilibrium for 

PVAc and master curve obtained from TTS with 308.2 K as reference. (Master curve 

offset by 5 decades for clarity) 
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Figure 0.6 Comparison of Plazek’s segmental shift factor VFT fit [27] and shift factors 

from stress relaxation data of this study. 
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Figure 0.7 Temperature dependence of the dielectric compliance response in 

equilibrium for temperatures from 292.5 K to 317.3 K and the solid lines are modified 

KWW function fitted curves. 
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Figure 0.8 Master curve of PVAc dielectric compliance responses with 308.3 K as 

reference temperature. 
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Figure 0.9 Shift factors versus 1000/T.  The solid curve is the VFT fitted curve to the 

data above Tg [26] and the dash line is the Arrhenius fitted curve to the data below Tg. 
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Figure 0.10 Experimental data for dielectric modulus of Wagner and Richert.[35] Solid 

lines are KWW fitting curves to the experimental data.(Figure 3 in reference 35). 
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Figure 0.11 Temperature dependence of the β value from the KWW fits from Wagner-

Richert dielectric modulus data for PVAc. [34-35] 
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Figure 0.12 The master curve of the dielectric modulus data from Wagner and Richert 

[34-35] in a double logarithmic representation. Inset shows the full time range for the 

master curve. 
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Figure 0.13 Comparison of raw data from W-R with the data without the conductivity. 
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Figure 0.14 The master curve of the dielectric modulus data from Wagner and Richert 

[34-35] without the conductivity effect. 
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Figure 0.15 Comparison of shift factors from different methods. The black squares are 

the shift factors from TTS in our work [26]. The purple triangles are the dielectric 

dynamic data from Sasabe and Moynihan [43]. The blue full circles and dots represent 

the dielectric relaxation time and retardation time from Richert [36]. The red stars are 

the shift factors from the present TTS treatment of the Wagner-Richert modulus data 

[34-35]. (Note: the shift factors for the W-R data are the same for the TTS with and 

without the conductivity effect) The solid line is the VFT fit from Richert’s comment 

[36]. 
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Figure 0.16 Temperature dependence of shift factors below Tg and the solid line is the 

VFT fitted curve. 
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Figure 0.17 Comparison of temperature dependence of shift factors from this study and 

Plazek’s VFT fit curves from his mechanical data [27]. 
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Figure 0.18 Comparison of aging time shift factors between dielectric and mechanical 

measurements. 
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Figure 0.19 Temperature dependences of dielectric and mechanical dynamics. The inset 

shows the shift factors versus 1000/T from dielectric and mechanical dynamics. 
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Chapter 4  

Using 20 Million Year Old Amber to Test the Super-Arrhenius 

Behavior of Glass-forming Systems 

 

4.1 Introduction 

VFT-behavior [7-9] is a classic signature of glass-forming systems and describes 

their equilibrium dynamics as following a super-Arrhenius behavior [10-12] that diverges 

at a finite temperature (“ideal” glass transition [13-14]). However, this VFT-behavior has 

been challenged by new evidence [10-11,15-28] which contradict such a finite 

temperature divergence. In chapter 3, a PVAc glass former was investigated with both 

mechanical and dielectric methods. The equilibrium dynamics were limited to 16 K 

below the conventional glass transition temperature, and the temperature dependence of 

shift factors below Tg follows the Arrhenius behavior.[20] However, according to the 

universal WLF equation [29], the “ideal” glass transition temperature is approximately 

50 K below Tg for polymers, though the actual value depends on the fragility [30]. 

Therefore, a broader range of equilibrium data at temperatures below Tg is required to 

study the nature of glass-forming liquids. 

Determining the equilibrium behavior of a glass-forming system far below Tg has 

been a problem since the time of Kauzmann [14] due to the “geological” ages [31] 

required to attain equilibrium far below Tg.  As the temperature decreases, the relaxation 

time grows extremely rapidly and leads to the time issue in experiments. While Huang et 

al. [32] tried to investigate the thermodynamics via extrapolation methods, the dynamics 

remain elusive. The traditional method of addressing the sub-Tg dynamics is to quench a 
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sample from above Tg to the temperature of interest and age it isothermally until it 

reaches equilibrium.[11,20,28,33] Then the equilibrium relaxation time can be 

determined as a function of temperature. However, data of far below Tg cannot be 

obtained from this kind of measurement due to the (apparently) super-Arrhenius increase 

in times for the non-equilibrium glass to age into equilibrium. For example, in order to 

solve the dispute from Richert [3-4,6], we need to obtained more equilibrium data at 

temperatures below Tg. According to the Arrhenius behavior of PVAc below the glass 

transition temperature [20] (not even the previously expected super-Arrhenius response 

which takes much longer time to reach equilibrium), it will take 55 days to obtained the 

equilibrium data at 20 K below Tg, and more than 300 years for 30 K below Tg in 

dielectric measurement. However, even these “geological” ages only push the problem to 

the slightly lower temperatures. Therefore, the results in chapter 3 and controversies from 

Richert lead us to seek a better means than "brute force" aging of getting estimates 

of equilibrium dynamics at temperatures far below Tg. One such possibility is to find a 

material with relatively low fictive temperature Tf [34]. As shown in Figure 4.1, when a 

glass former is aged at certain temperature, the volume and enthalpy evolve to the 

equilibrium line. Tf is the intersection of the extrapolated glass behavior with the liquid-

state extrapolation, and it decreases as aging time increases. Therefore, the material with 

long aging history should have a low Tf, e.g. amber and volcanic glasses. The high glass 

transition temperature (approximately 1000 K) [35] of volcanic glass makes it difficult to 

test due to the limitation of equipment, although it may has a longer aging history than 

amber. 



Texas Tech University, Jing Zhao, May 2014 

70 
 

In this chapter, a 20 million year (Ma) old Dominican amber [36] is used to study 

the super-Arrhenius behavior. The advantage of Cenozoic amber compared to a normal 

glass-forming substance is that it has a very long aging history at ambient conditions. 

This long aging history, regardless of the full details, leads to a highly densified material 

[37], which we can use to test the diverging (or not) dynamics. Figure 4.1 shows a 

schematic of the amber volume or enthalpy beginning with ambient temperature. 

Importantly, even after 20 Ma, the material has not aged into equilibrium at room 

temperature. However, as shown in the figure, as the temperature increases the volume 

(or enthalpy) increases and eventually intersects with the equilibrium liquid-state 

extrapolated parameter, and this intersection is the fictive temperature.  At temperatures 

below Tf, the relaxation times measured should be shorter than the equilibrium times due 

to the excess of volume or enthalpy (H>Heq) relative to the equilibrium state [38-39].  

Once the equilibrium line is crossed as the temperature increases further, the glass is now 

in a state of lower volume or enthalpy than the equilibrium value (H<Heq).  As a result, 

the relaxation times for these points should be longer than the equilibrium values of 

relaxation time due to the high density [38-39] - hence they are upper bounds to the 

equilibrium value. 

As discussed above, fossil amber offers the opportunity to solve the “geological” 

age problem [31], and provides the probability to evaluate the dynamic divergence 

behavior of glass-forming systems at temperatures far below Tg. In the present work, a 20 

Ma old fossil resin from the Dominican Republic [36] was used to study the diverging (or 

not) dynamics that are suggested by the VFT equation [7-9] and theories [13,29,38-44] 

that are consistent with this sort of function. 
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4.2 Material 

The amber from the Dominican Republic (Figure 4.2) was obtained from The 

Dead Bug in Amber Club with a certificate of 20 Ma old age. Hydrostatic weighing was 

used here to measure the density difference at room temperature for the 20 Ma old amber 

and the same amber after thermal rejuvenation by heating to above Tg followed by 

cooling to room temperature at 10 °C/min. The 20 Ma old amber has 2.1% higher density 

than the latter. 

For the mechanical test, the 20 Ma old amber was cut into a rectangular shape 

with dimensions of 35.8 x 10.4 x 2.8 mm
3 

with a band saw blade and sanded to smooth 

the surface. The torsion rectangular mode was chosen from an advanced rheometric 

expansion system (ARES, TA Instruments). Figure 4.3 shows an amber sample in the 

testing fixture of ARES. 

4.3 Experimental methods 

4.3.1 DSC measurement 

In this work, two DSCs were used to study the Dominican amber, and both of 

them have been calibrated by indium at a heating rate of 10 °C/min. 

A Q20 calorimeter from TA Instruments was chosen to investigate the glass 

transition temperature and fictive temperature of amber with the same heating/cooling 

rate of 10 °C/min. The scans were performed in a nitrogen gas atmosphere. Three thermal 

loops were performed from -75 °C to 175 °C. It is well known that the amber resin 

includes both volatile and nonvolatile fractions.[45] Most of the volatiles disappear 
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during the aging process and the nonvolatile parts (e.g., acetogenins, fat, communic acid) 

become amber by free radical polymerization.[46] Thermal analysis of different ambers, 

including Dominican amber, was reported in the literature [47] and indicates no mass loss 

at temperatures well above the maximum temperature of 175 °C examined in the present 

investigation. The fictive temperature fT for the geologically aged amber was obtained 

from the first heating curve, and the glass transition temperature (limiting fictive 

temperature Tf’) was obtained from the second heating response. The area matching 

method from Moynihan [48] was applied here 

          
  
  

            
    
  

                                     (4.1) 

where Cpl and Cpg are the liquid and glass heat capacities, respectively. pC  here is the 

measured value of the as received amber heat capacity, and *T is a temperature above the 

transition range. The liquid and glass lines of heat capacity come from the second heating 

curve. For the second heating curve, Tf = Tf’= Tg [49]. 

A Perkin-Elmer Pyris 1 DSC with nitrogen purge gas and ethylene glycol cooling 

system was used in this work to measure the absolute heat capacity (Cp) of the 

Dominican amber. A step-scan method [50] was used with step size of 2 °C and waiting 

time 0.8 min from room temperature to 176 °C. Cp is calculated from the isothermal hold 

section in the step-scan method 

    
     

   
                                                             (4.2) 

where    is the heat flow, t is the hold time, m is the mass of the sample, ∆T is the step 

size which is 2 K in this work, and k is the calibration constant. In this work, sapphire and 

http://en.wikipedia.org/wiki/Radical_polymerization


Texas Tech University, Jing Zhao, May 2014 

73 
 

an empty pan were used to obtain the calibration constant, and at each temperature, there 

is a corresponding k value. 

4.3.2 Mechanical measurement 

The Dominican amber was tested at different temperatures with the torsion 

rectangular mode using an ARES rheometer. The dynamics were measured using stress 

relaxation tests over a strain range from 0.03% to 3% depending on the temperature, but 

always in the linear regime. The geologically aged amber sample was tested from room 

temperature to 160
 
°C in a step-wise fashion (10 °C /step at temperatures below Tg and 

5 °C /step at above Tg and around Tf) in an N2 atmosphere and at each step in temperature, 

short-time stress relaxation experiments were performed following Struik’s protocol [51-

52]
 
after aging for successively longer times from 30 min to 8 hours. By using time-

temperature superposition [1,12,51], we monitored the scaled relaxation times (shift 

factors aT) of the glass relative to the expected bounds described above. 

4.4 Results 

4.4.1 DSC result 

Figure 4.4 shows three DSC heating curves for the amber. The overlap of the 

second heating scan and the third one indicates that no physical or chemical change 

occurs on our heating scans to 175 °C. The glass transition temperature for the unaged 

amber on cooling at 10 °C/min is determined to be 136.2 °C from the second heating 

curve by calculating the limiting fictive temperature, using Moynihan's method [48]. Due 

to the non-isothermal sub-Tg aging history (but at temperatures more than 100 °C below 

the Tg) during millions of years for the amber sample, a broad endothermic shoulder [53] 
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is observed in the first heating curve indicative of low-temperature aging and the 

appearance of sub- Tg peaks that have not yet fully migrated to the vicinity of Tg. This is 

somewhat different than the sharp peaks seen when aging closer to the glass transition 

temperature and or when the sample has aged completely into equilibrium.[54-55] The 

first heating curve of the amber sample is shown in Figure 4.5, and the fictive 

temperature fT for the geologically aged amber was found to be 92.6 °C, also using 

Moynihan’s method [48]. Figure 4.5 shows how we obtained the fictive temperature fT of 

the geologically aged amber using Moynihan's method such that sum of area I equals area 

II. 

By integrating the heat flow curves, the relative enthalpy vs. temperature curves 

were obtained and shown in Figure 4.6 for both geologically aged and unaged amber. The 

first heating curve represents the properties of the amber after 20 Ma of aging, and the 

second one shows the amber after thermal rejuvenation. 

Figure 4.7 shows the absolute heat capacity of the Dominican amber from the 

step-scan method. As shown in Figure 4.7, the enthalpy overshoot, which was observed 

in the Tg measurement, disappears in the absolute heat capacity measurement. 

4.4.2 Mechanical results 

When the stress relaxation tests on the amber were performed in step-wise 

temperature procedure, we observed an interesting set of behaviors near the fictive 

temperature (92.6
 
°C) and these confirm our hypothesis that we can obtain upper bound 

relaxation times for the behavior between Tg and Tf. Figure 4.8 shows the comparison of 

the stress relaxation responses after 0.5 and 8 hours of aging for the amber at 90
 
°C. 
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Normal physical aging behavior is observed due to the excess enthalpy  ( fT T ) relative 

to that of the equilibrium state, i.e., the curve at 8 hrs is shifted to longer relaxation times 

than is the curve at 0.5 hr, hence the material is aging towards a lower enthalpy 

equilibrium state. At an aging temperature of 95 °C, which is close to 92.6 °C, no 

obvious aging behavior was observed during the 8 hour aging (Figure 4.9) indicating that 

the amber is relatively stable at this temperature. Figure 4.10 shows the aging responses 

of the amber at 110 °C (which is well above the fictive temperature) and we observe a 

“de-aging” behavior. This implies that the amber glass is evolving towards the higher 

enthalpy state (see Figure 4.1) and the relaxation times measured are longer than the 

equilibrium values and are, therefore, upper bounds to these values. 

Figure 4.11 shows the stress relaxation responses (8 hr responses for temperatures 

below gT  and 0.5 hr responses for those above Tg) of amber at the different temperatures 

investigated. A master (or reduced) curve was obtained from TTS using the curve at 

135 °C as the reference. The shift factors so-obtained are the scaled relaxation times 

( ) / ( )T refa T T   and these are shown in Figure 4.12 as a function of temperature. 

4.5 Discussion 

In order to study the dynamics of glass-forming systems at temperatures below Tg, 

the upper bounds to the equilibrium relaxation time for the Dominican amber was 

compared with the different possibilities of diverging and non-diverging time-scales. 

First, the VFT equation was used to fit the data above gT  (and consequently in 

equilibrium) and the VFT fit with the experimental data are shown in Figure 4.12. The 

VFT parameters are given in the figure. We found that below Tg, the extrapolation of the 
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VFT function deviates greatly from the experimental data − both the upper bound data 

and the lower bound data that are indicated in the plot. We emphasize that while the data 

within the temperature range between Tf and Tg is not in equilibrium, it provides an upper 

bound to the equilibrium relaxation time, i.e., the equilibrium relaxation time is less than 

or equal to our experimental data. Hence, our result actually provides powerful evidence 

of non-divergence of the dynamics of the amber in the temperature range between Tf and 

Tg. Arrhenius plot for the scaled relaxation time is shown in Figure 4.13. We note that the 

VFT-determined dynamic fragility would be 
log

g

g

T T

d
m

T
d

T





 
 
 
  
  

  

= 90 which is different 

from the value obtained from the Arrhenius equation, i.e. m=55 for the behavior between 

Tg and Tf. 

To further examine the problem, we consider two recent models in the literature 

that suggest that there is no finite temperature divergence of time-scales below Tg. We 

look at the predictions of the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model [15-16] 

and that of Chandler and co-workers [17-19] (described in Chapter 2). Figure 4.14 shows 

a comparison between the models and the experimental data over the range of interest, 

i.e., only the equilibrium data and the upper bound to equilibrium data.  As the data are 

compared on a VFT plot, a straight line would be the behavior if the material continued 

on the VFT super-Arrhenius finite temperature divergent path. As shown in Figure 4.14, 

although the MYEGA model does not fit the experimental data, it shows better agreement 

than does the VFT model, that is it deviates from the VFT extrapolation, though not as 

much as do the data.  We now turn to the parabolic law model of Chandler and co-
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workers. We fit Equation 2.25 and an Arrhenius function to the experimental data over 

different temperature ranges and found the crossover temperature Tx by comparing the 

fitting parameters, standard deviation and residuals.  From our data analysis we found Tx 

to be 135 °C which is close to the glass transition temperature of the thermally 

rejuvenated amber.  Figure 4.14 shows that the parabolic law is in good agreement with 

the data, hence suggesting that Tx itself may be related to the glass transition temperature 

measured in ordinary experiments. 

4.6 Summary and conclusions 

20 Ma old fossil amber offers the opportunity to investigate the dynamic behavior 

of glass-forming materials far below the nominal glass transition temperature Tg and in 

the equilibrium condition. This is important in the context of classic theory in which the 

equilibrium dynamics follow super-Arrhenius behavior, as well as new theories which 

challenge the idea of an “ideal” glass transition. In the present work, we have performed 

the first measurements of relaxation times on the extremely old fossil resin from the 

Dominican Republic to establish upper bounds to the temperature dependence of the 

dynamics of a glass-forming system far below the conventional glass transition 

temperature. The 20 Ma age produces an amber with 2.1% higher density than the 

thermally rejuvenated material and this material was found to have a calorimetric fictive 

temperature 43.6 °C below the Tg of the rejuvenated material. Hence, the upper bound 

relaxation times could be probed this far into the glassy-state. We have shown a behavior 

not previously reported so far below Tg and here suggest that it would be appropriate to 

explore other ways to probe the sub-Tg equilibrium dynamics of glass-forming materials 

than through the use of extremely aged amber.  One such possibility may be found in the 
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highly stable glasses of Swallen et al. [56]. Densified glasses were created by physical 

vapor deposition and the glasses are as much as 1.7% denser than the thermally 

rejuvenated glass, hence not as densified as was the 20 Ma old amber. The Swallen et al. 

[56] group have reported a glass former with the fictive temperature of 31°C below Tg, vs. 

43.6 °C in the present work. However, optimization of that procedure could conceivably 

lead to denser materials. An alternative material with a very low activation energy for 

equilibrium relaxation time could also be considered, e. g. Angell and co-workers [55] 

reported a glass Ag7I4AsO4 with activation energy 210 kJ/mol, which can be aged to 

equilibrium within one year at temperature 40 °C below Tg. Even in this case, however, 

the next 10 °C increment requires several years and achieving equilibrium 60 °C below 

Tg requires millennia. 

Finally, the experimental data for the upper bound relaxation times of the amber 

over the range from 
gT  – 43.6 °C to Tg provides a wide enough temperature range to 

evaluate the validity of different theories, and leads to the conclusion that super-

Arrhenius behavior does not exist here. Furthermore, we find that the parabolic law 

model from Chandler and co-workers [17-19] seems to provide the best description of the 

data of the models examined and the results suggest that the Tx parameter of the model is 

related to the conventional glass transition temperature of the thermally rejuvenated glass. 

Clearly the apparent finite temperature divergence of relaxation times in glass-forming 

systems and its meaning in terms of an ideal glass transition need to be reconsidered. 
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Figure 0.1 Schematic description of experimental approach of how extremely dense 

amber glass provides opportunity to obtain bounds on the equilibrium dynamics below 

the conventional glass transition temperature. τ is the measured relaxation time and τeq is 

the relaxation time in the equilibrium state. After 20 Ma aging, the amber has a very 

low fictive temperature Tf, as depicted. 
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Figure 0.2 Images of 20 Ma old amber. 
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Figure 0.3 Rectangular amber sample in rheometer fixtures. 
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Figure 0.4 Three heating curves for amber in DSC measurement 
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Figure 0.5 First heating curve of amber from DSC measurement showing large enthalpy 

overshoot and application of Moynihan’s method to obtain the amber fictive 

temperature Tf. 
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Figure 0.6 Relative enthalpy vs. temperature curve was obtained by integrating the first 

and second heating curves. 
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Figure 0.7 The absolute heat capacity of Dominican amber from step-scan measurement. 
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Figure 0.8 Comparison of half hour and 8 hr stress relaxation responses at 90 °C 

showing normal aging behavior. 



Texas Tech University, Jing Zhao, May 2014 

91 
 

 

Figure 0.9 Responses during of 8 hour measurement for amber at 95 °C and the amber 

is almost stable. 
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Figure 0.10 Comparison of responses at 110 °C showing shortening of relaxation times 

during “de-aging” of sample, i.e., shortest aging time is an upper bound to equilibrium 

response. 
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Figure 0.11 Master curve obtained by shifting the stress relaxation curves at different 

temperatures onto the reference curve at 135 °C. Time-temperature superposition was 

applied here and shift factors (scaled relaxation times) at different temperatures 

obtained. 
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Figure 0.12 Scaled relaxation time vs. temperature for all data, from ambient to 160 °C 

compared to the VFT curve fit to equilibrium data only. Data between Tf and Tg is upper 

bound to equilibrium response and data for fT T is a lower bound to the equilibrium 

response. 
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Figure 0.13 Scaled relaxation time vs. 1/T. 
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Figure 0.14 VFT plot of scaled relaxation time data for temperature range from fT  to 

160 °C. Three models are used to fit the experimental data and make the comparison. 
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Chapter 5  

Something about Amber:  Fictive Temperature and Glass Transition 

Temperature of Extremely Old Glasses from Copal to Triassic Amber 

 

 

5.1 Introduction 

In chapter 4, we reported a work of using 20 Ma old Dominican amber to 

investigate the sub-Tg dynamics of an organic glass with extremely low fictive 

temperature. The upper bound to equilibrium relaxation time was obtained to 44 K below 

Tg. The success of this work led us to seek other amber samples having lower fictive 

temperatures, since the “ideal” glass transition temperature [1-2] is approximately 50 K 

below Tg for polymers according to the universal WLF equation [3-4]. The low fictive 

temperature is thought to be due to the long time (millions of years) aging of amber. 

Therefore, in this chapter, a series of fossil resin from different locations, and ages ranging 

from approximately 100 years to 230 Ma, has been investigated by DSC, and some 

interesting results are observed. 

We first introduce some basic information about fossil resins. Fossil resins, such 

as amber, are very complex organic polymer/copolymer materials formed from plant 

resins, and after a million or more years of aging, the resin becomes amber through a free 

radical polymerization (fossilization) process.[5-7] During the long time aging process, 

the composition of the fossil resins changes with time, e.g. volatile fractions decrease and 

the fossil resin becomes hard over time.[6] Copal, a younger resin which has not 

completed the fossilization process, is normally softer than true amber.[5,8] Usually, 
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copal is not considered to be true amber although it can be confused in the jewelry market. 

Anderson and his co-workers have defined five categories of fossil resins, and most 

ambers are categorized as Class I.[6,9-13] The classification is summarized in Figure 

5.1.[6] 

Amber has been widely used as jewelry for millennia.[6,14-15] Besides jewelry, 

amber also has other applications, which include geology [16], oil varnish [17], 

archaeology [18-20], glass physics [21] and medical application [15,22-23]. For example, 

the extremely long time aging history of amber makes it an interesting material for the 

investigation of the Boson peak in highly aged glasses [21] and their comparison with 

more conventional systems [24]. Also, amber can play an important role in paleontology 

as plants or insects trapped in the amber provide information concerning the age and 

climate related to the time of formation of the amber.[18-20,25-27] In addition, in chapter 

4, the Dominican amber was used to study the dynamics of a glass having a low fictive 

temperature (relative to the glass transition temperature) and that study provided 

information on the upper bound relaxation times suggesting that time-scales do not 

diverge above absolute zero [28], contrary to, e.g. Vogel-Fulcher-Tammann [29-31] or 

Williams, Landel and Ferry [4] expectations of the temperature dependence of the 

dynamics in glass-forming systems.[32] 

In the past, different characterization methodologies have been used to study 

amber, and much useful information has been obtained. Kimura et al. [7] applied 
13

C 

NMR to several sorts of fossil resins, and estimated the age of the ambers by determining 

the crosslink formation. Ragazzi et al. [33] used thermogravimetry (TG) and differential 

thermogravimetry (DTG) to test different fossil resins, and found that the relationship 
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between the age of fossil and DTG peak is linear. As the age of the resin increases, the 

value for the DTG peak increases. Furthermore, amber is a good matrix for preserving 

old and ancient insects and plants.[25-27] One method to determine the age of amber is 

by studying the DNA of the insect trapped inside the amber.[15,34-35]  Figure 5.2 shows 

an insect in one of the resins studied in this work, Madagascar copal. It is clear that the 

insect inside the copal has been well protected and preserved. In addition to the above 

technologies, mass spectrometry [8,36-37], infrared spectrometry [8,36,38-39], X-ray 

analyses [40-41] and differential scanning calorimetry (DSC) [34] have also been applied 

to test different fossil resins. 

In the present work, 12 types of fossilizable and fossil resin with ages ranging 

from approximately one hundred years to over 200 million years were characterized 

using DSC. These 12 types of amber came from 9 locations. The stability of the resins 

and the relationship between the glass transition temperature, fictive temperature and age 

of the resins were investigated. Also, different pieces for the same sort of amber were 

tested and the results were compared. 

5.2 Material and experimental methods 

All the amber samples were stored under desiccant after receipt to keep the 

samples dry. Figure 5.3 and Table 5.1 provide a picture of the resin samples, and general 

information for all the samples, respectively. 

Two DSCs were used in this study. A DSC Q20 from TA Instruments was used to 

measure the Tg and Tf of different copal and amber samples. Three test loops were used 

with 10 °C/min heating/cooling rates. For each amber sample, the measurement 
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temperature range was determined using the following rules. First, the highest 

temperature in the measurement is lower than the degradation temperature of the specific 

amber [8,33]. Secondly, the measurement temperature range covers the whole glass 

transition process and, consequently, the equilibrium glass/liquid line of heat capacity 

could be determined. Finally, for the stable amber samples, the glass line and liquid line 

for the first and second heating traces overlap. Moynihan’s area matching method was 

applied to calculate the fictive temperature (only for stable samples) and glass transition 

temperature (limiting fictive temperature).[42] A Perkin-Elmer Pyris 1 DSC with 

nitrogen gas and ethylene glycol cooling system was used to measurement the absolute 

heat capacity (Cp) for part of the amber samples in this work. Step-scan method [43] was 

used to obtain the Cp and the details of the test were also described in chapter 4. 

5.3 Results and discussion 

Previously we thought the older the amber, the higher the Tg and the lower the Tf. 

However, after testing several ambers, we found this was not necessary correct. 

Therefore, three copal samples, which are younger than amber, were also studied in this 

work. 

5.3.1 Results for copals 

Copal is younger than amber, has different maturities, and is not completely 

fossilized. Due to the younger age, copal is less stable than amber.[5] Figure 5.4 shows 

the DSC thermograms for the three different copal samples. The first heating curve shows 

a large enthalpy overshoot which is due to the long aging time, and the second and third 

heating traces show the glass transition process. It is clear that all three copals are 
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unstable in the measurement temperature range, as evidenced by the fact that the liquid 

lines of heat capacity for the three testing loops do not overlap. During the heating 

process, there are chemical/physical reactions going on and the properties of the sample 

change. There is no mass change for the Madagascar copal and Congo copal, and 0.7% 

weight loss for the Colombia copal during the measurement. The thermograms show that 

three investigated copals are thermally un-stable, and fictive temperatures of the aged 

materials cannot be determined from the DSC measurements. The glass transition 

temperatures for the samples after the initial heating are shown in Table 5.2. 

5.3.2 Results for ambers 

The initial motivation of the present study was to seek an amber that is stable and 

has a low Tf relative to the Tg. Therefore, six sorts of fossilized resins (ambers) with 

different ages and from different locations were tested, and the relationship between Tg, 

Tf and the age of the amber was investigated. In addition, different sample pieces for the 

same sort of amber were tested and compared. Figure 5.5 shows the DSC thermograms 

for all the amber samples in order of age. The fictive temperatures (for stable samples) 

and glass transition temperatures are shown in Table 5.2. Interestingly, most of the 

ambers are unstable (the undershoot of heat capacity indicates chemical reaction during 

the measurement) even though the samples have aged for millions of years. And the 

stability has no obvious relationship to the age of the amber. For example, one of the 

youngest ambers, Dominican amber 1 is stable, but the Triassic amber 2, which is 210 

Ma older than the Dominican amber, is unstable. In addition, different pieces of sample 

for the same sort of amber were also compared. Examination of the Figures 5.5 (compare 

Dominican amber 1 with Dominican amber 2; Spanish amber 1 with Spanish amber 2; 
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Triassic amber 1 with Triassic amber 2) shows that, even for the same kind of amber, two 

different pieces may have different thermal signatures. Because even if the ambers were 

deposited at the same period and same location, different geothermal gradients can 

provide different environments, e.g. temperature, pressure etc. In addition, the plant 

resins also have variability typical of living systems, i.e., they are expected to be non-

uniform and heterogeneous.[6] These differences affect the chemical process of amber 

fossilization and, consequently, lead to different properties.[6] Therefore, it is important 

to examine multiple pieces for a given material in the study of amber behavior.  Different 

pieces of amber can exhibit different thermal and other properties. There may also be a 

subtle effect of the classification scheme into which the amber falls, but the present study 

was not able to provide insight into this issue. 

Figure 5.6 shows the results of the absolute heat capacity measurement for Baltic 

amber, Burmese amber and Triassic amber 1. The Cp measurements provide the absolute 

value of heat capacity change during the glass transition process. 

Joblonski et al. reported, from a smaller dataset, that the glass transition 

temperature increases linearly with the age of amber.[34] However, the results from the 

present work shows different conclusion. Figure 5.7 shows the glass transition 

temperature of the fossilizable and fossil resins as a function of age. First, by comparing 

the Tg value for the copal and amber samples, we found that the copals have lower glass 

transition temperatures than the ambers, which is consistent with the previous report [34]. 

However, when compare the glass transition temperatures for all the amber samples, it 

shows that there is no systematic age dependence for the glass transition temperature of 

the ambers (after heating above the Tg to remove prior thermal history). Figure 5.8 shows 
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the logarithm age plot of glass transition temperature. Therefore, the glass transition 

temperature cannot be used to date the amber. This result shows that the aging of amber 

is a complex combination of the chemistry of fossilization and the physical aspects of the 

environment, such as temperature, pressure, and humidity. 

The relationship between the age of the stable ambers and the difference ∆T 

between the fictive temperature and the glass temperature (∆T = Tg - Tf) was also 

investigated in this chapter. By comparing the three different stable ambers, we found 

that ∆T does not increase with the age of the amber as had been expected. In other words, 

the aging time or age of the amber does not determine the fictive temperature. 

Surprisingly, the Triassic amber is significantly different from either the Dominican or 

Spanish ambers, when stable. The latter two have similar Tg and ∆T, while the Triassic 

amber, in spite of its extreme age, has a lower glass transition temperature and a very 

small ∆T = 17.9 °C.  Similar to the case of the copal and unstable amber samples, it is 

clear that there are other factors besides the resin age that determine the properties of 

amber, e.g. temperature, pressure, humidity, and compositional differences among resins. 

This is an observation that has not been fully appreciated nor studied systematically in 

terms of the glassy response of the resins. 

5.4 Summary and conclusions 

The thermal signatures of a series of fossilizable and fossil resins were 

investigated using DSC with the initial purpose of finding a stable amber for studies of 

very low fictive temperature glasses. The results show that the three copals investigated 

were unstable in the testing temperature range, and they have lower glass transition 
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temperatures than the true amber samples. For the ambers, most of them are also unstable 

even after millions of years of aging, and the fictive temperature cannot be determined 

when this is the case. We also find that, for the Dominican amber, Spanish amber and 

Triassic amber, although stable pieces could be obtained, these ambers can also be 

unstable. In other words, if one piece of amber is stable, it does not mean that all the 

other pieces of the nominally identical amber are stable, and vice versa. The results also 

show that there is not a clear relationship between the age of the amber and the glass 

transition temperature, and the glass transition temperature cannot be used to assess the 

age of fossil resins. Furthermore, the difference between the glass transition temperature 

and fictive temperature does not increase with the age of the amber. Although the 

Triassic amber is approximately 200 Ma older than the Dominican amber, the difference 

between Tg and Tf is less than half of the value for the latter.  Full exploitation of amber 

as a stable glass requires care in the characterization and selection of appropriate samples. 

Further investigations may well provide more insights into this remarkable material. 
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Table 0.1 Information for different copal and amber samples. 

Name Location Age Color Source Class
* 

Ref.
** 

Madagascar 

copal 

Madagasc

ar 

10000-100  y Yellow Galactic Stone 

and Ironworks 

Ic [33,44-45] 

Congo copal Congo 40000-5000 y Dark red Galactic Stone 

and Ironworks 

Ic [6,46] 

Colombia 

copal 

Colombia 2.5 Ma-200 y Yellow Galactic Stone 

and Ironworks 

Ic [33,47] 

Dominican 

amber 1 

Dominica

n 

Republic 

20 Ma Yellow The Dead Bug 

in Amber 

Club 

Ic [48-49] 

Dominican 

amber 2 

Dominica

n 

Republic 

20 Ma Dark 

yellow 

The Dead Bug 

in Amber 

Club 

Ic [48-49] 

Baltic amber Around 

the Baltic 

sea 

40 - 35 Ma Yellow Galactic Stone 

and Ironworks 

Ia [33,48] 

New Jersey 

amber 

NJ, USA 94 - 90 Ma Dark 

yellow 

The Dead Bug 

in Amber 

Club 

Ib, 

III 

[33,48,50] 

Burmese 

amber 

Burma / 

Myanmar 

100 -90 Ma Brownish Galactic Stone 

and Ironworks 

Ib, II [6,48,51] 

Spanish 

amber 1 

El Soplao, 

Spain 

110 Ma Yellow M. A. Ramos Ib [52] 

Spanish 

amber 2 

El Soplao, 

Spain 

110 Ma Brownish M. A. Ramos Ib [52] 

Triassic 

amber 1 

Southern 

Alps, Italy 

230 Ma Dark red E. Ragazzi I, II [53-54] 

Triassic 

amber 2 

Southern 

Alps, Italy 

230 Ma Dark 

yellow 

E. Ragazzi I, II [53-54] 

*According to Anderson’s classification. 

** References are to both age and classification.
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http://www.galactic-stone.com/
http://www.galactic-stone.com/
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Table 0.2 DSC measurement results sum up. 

 Stability Tg (
o
C) Tf (

o
C) Tg - Tf (

o
C) Number 

Madagascar copal Unstable 92 - - 1 

Congo copal Unstable 41.2 - - 2 

Colombia copal Unstable 90.7 - - 3 

Dominican amber 1 Stable 136.2 92.6 43.6 4 

Dominican amber 2 Unstable 162.2 - - 5 

Baltic amber Unstable 117.7 - - 6 

New Jersey amber Unstable 149.1 - - 7 

Burmese amber Unstable 180.4 - - 8 

Spanish amber 1 Stable 142.5 101.1 41.4 9 

Spanish amber 2 Unstable 125.2 - - 10 

Triassic amber 1 Stable 121.8 103.9 17.9 11 

Triassic amber 2 Unstable 134.5 - - 12 
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Figure 0.1 Schematic description of Classification for fossil resins according to 

Anderson.[6] 
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Figure 0.2 Optical microscopy images of an insect in a Madagascar copal. Left image: 

1.25 X magnification. Right image: 5 X magnification. 
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Figure 0.3 Different fossil resin samples and the different pieces for the same sort of 

amber.
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Figure 0.4 DSC thermograms for three different copal samples, as indicated. 
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Figure 0.5 DSC thermograms for different amber samples, as indicated. 

  



Texas Tech University, Jing Zhao, May 2014 

116 
 

 

 

 

Figure 5.5 DSC thermograms for different amber samples, as indicated. (continued) 
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Figure 5.5 DSC thermograms for different amber samples, as indicated. (continued) 
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Figure 0.6 The absolute heat capacity of different amber samples, as indicated. 
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Figure 0.7 The age dependence of the glass transition temperature for different 

fossilizable and fossil resins.  Numbers correspond to sample designations in Table 5.2. 

The red numbers show the Tg s of the three copals investigated; the circled black 

numbers show the Tg s of the ambers; the blue line shows the changing trend of Tg as 

the resins age. 
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Figure 0.8 The Tg vs. logarithm of fossil resin age. 
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Chapter 6  

The Apparent Activation Energy and Dynamic Fragility of Ancient 

Ambers 

 

6.1 Introduction 

Amber, one of the fossil resins, is a well known material that has been widely 

used for a long history [1-15], and different methods have been applied to study 

amber.[1-2,16-23] Most of these works have focused on the chemical properties of amber, 

and studies of the physical properties are fewer. In chapter 5, 12 pieces of fossil resin 

were tested with DSC and the thermal properties were investigated. Some interesting 

properties about amber were observed, viz, different ambers have different glass 

transition temperatures, though the Tg did not correlate with the age of the amber.[2] 

These results provide an incentive to investigate amber in detail. 

Anderson et al. have reported a classification of fossil resins and most of the 

ambers have been placed into the Class I category (Figure 6.1).[24-29] Examination of 

Figure 6.1 suggests that Class I ambers are polymers with similar structures. Previous 

work from our group suggests that for different categories of materials, e.g. polymeric 

liquids, metallic liquids and inorganic glasses, there are different Tg dependences (linear 

or 2
nd

 order) of apparent activation energy (Eg) and dynamic fragility (m).[30] Since 

amber forms from a single Class I type of resin (Figure 6.1), it provides an opportunity to 

obtain more detailed information of the previous finding [30] that mpolymer   0.28Tg. In 

this chapter, the Tg dependence of apparent activation energy and dynamic fragility of 

amber were determined. 
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In addition, the investigation from Sokolov and co-workers [31] suggested that 

side group structure can affect polymer’s fragility. Figure 6.1 shows that the structure of 

amber is similar to that of polymers with phenyl rings on the side chain. Therefore, the Tg 

dependence of dynamic fragility for these two kinds of material were compared in this 

chapter. 

The purpose of the present investigation is to use a series of ambers that includes 

samples of age from 20 to 230 Ma and that have different glass transition temperatures to 

add to our knowledge concerning glassy polymers, in particular the relationship between 

the glass transition temperature of amber and its apparent activation energy and dynamic 

fragility. Nine amber samples (Table 6.1) were investigated in this work using DSC to 

study the relationship between Eg and m and the glass transition temperature of the 

ambers. Comparisons with metallic glasses and aromatic polymers are also provided. 

6.2 Experimental methods 

A Perkin-Elmer Pyris 1 DSC with nitrogen purge gas and ethylene glycol cooling 

system was used in this work to test the amber samples. Indium was used for temperature 

calibration at a heating rate of 10 °C/min. Table 6.1 shows the information about the 9 

pieces of amber sample in this work.  From the prior work [2] we know that not all 

ambers are stable to the thermal history and here we chose samples that were stable after 

the first heating cycle of thermal rejuvenation that erased the multiple million year 

physical aging history. Hence, Copal samples, which exhibited continuously changing 

glass transitions with each thermal loop applied were not considered in the present study. 

After the thermal rejuvenation history, each amber sample was subjected first to two 
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further heating/cooling loops of 10 °C/min through the glass transition range. The 

overlapping glass/liquid lines obtained from the second and third heating curves establish 

that all of the samples were stable after the first heating. Then these stable samples were 

investigated to characterize the activation energy and dynamic fragility by determining 

the limiting fictive temperature Tf’ from experiments performed at cooling rates of 

30 °C/min, 10 °C/min, 3 °C/min, 1 °C/min, 0.3 °C/min and 0.1 °C/min over the relevant 

temperature range that included the overlapping glass/liquid lines but was below the 

degradation temperature. The samples were then immediately reheated at a heating rate 

of 10 °C/min. The sample weight was checked before and after the full set of 

measurements, and no major change (< 2% as shown in Table 6.1, a typical value for this 

kind of measurement of polymers [32]) was observed. 

The limiting fictive temperature (Tf’) for each cooling rate was determined from 

the following heating curve, and Moynihan’s area matching method [33] was applied to 

calculate Tf’. 

Due to the kinetics of the glass formation, different cooling rates lead to different 

limiting fictive temperatures.[34] From the cooling rate dependence of limiting fictive 

temperature, the apparent activation energy and dynamic fragility of a sample can be 

obtained. One of the well recognized methods to calculate the apparent activation energy 

and dynamic fragility of glass-forming liquid is as follows:[30,32,34-35] 
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where R is the gas constant, τ is relaxation time, q is cooling rate        is the 

reference limiting fictive temperature determined at a cooling rate of 10 °C/min. 

6.3 Results and discussion 

Figure 6.2 shows the temperature dependence of heat flow    at each cooling rate 

for all nine pieces of amber. As shown in the figure, the magnitude of overshoot in the 

glass transition range increases with decreasing cooling rate, which leads to different 

values of limiting fictive temperature (according to Moynihan’s area matching method). 

The cooling rate dependence of the limiting fictive temperature is also shown in Figure 

6.2. Good agreement of the linear fits to the experimental data is seen for all the plots in 

Figure 6.2. The apparent activation energy was calculated from the slopes of the linear 

least square fits to the data for ln q vs. 1/Tf
’
. 

The apparent activation energy and dynamic fragility were calculated from 

Equation 6.1 and Equation 6.2, respectively. The values for Eg, m with the glass transition 

temperatures of different ambers are shown in Table 6.2. Previous work from our group 

showed that for different classes of material, there is a different glass transition 

temperature dependence of the apparent activation energy and dynamic fragility.[30] For 

example, Eg increases with Tg in a 2nd order power for polymeric and metallic glass 

formers, although it shows a linear relationship for inorganic glasses. This behavior is 
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consistent with the proposal by Kovacs, Alkonis, Hutchinson and Ramos that the 

temperature dependence θ of the equilibrium retardation time was defined as θ = Eg/RTg
2 

when the reference temperature of that model is
 
chosen to be Tg.[36-37]  Furthermore, 

both polymeric and metallic glass formers were found [30] to show a linear relationship 

between m and Tg, although they have different slopes (slope ≈ 0.28 for polymeric glass, 

and slope  ≈ 0.17 for metallic glass). However, the m value of inorganic glass formers 

was found to be independent of Tg. Here, we plot the apparent activation energy and 

dynamic fragility of the amber samples as functions of the glass transition temperature in 

Figure 6.3 to 6.6. As shown in the figures, both the activation energy and dynamic 

fragility increase as the glass transition temperature increases. 

Both a 2nd order polynomial and linear equation were used to fit the Eg data in 

Figure 6.3. However, due to the relatively narrow Tg range and data variability, it is 

difficult to tell the difference between the two fitting equations. Both fitting curves show 

that Eg increases with Tg. The data point with highest Tg and m values is consistent with 

the possibility that Eg varies with Tg
2
. Therefore, we also show the Eg vs. Tg

2
 plot in 

Figure 6.4. 
 
In addition, a linear equation was used to fit the experimental data for 

dynamic fragility of amber vs. Tg (Figure 6.5). A slope of 0.19 was obtained, and this 

value is similar to what was found for the metallic glass formers (slope ≈ 0.17) [30]. 

Sokolov and his co-workers found that the polymer fragility depends on the chemical 

structure [31] and of interest here, they found that side group structure can affect a 

polymer’s fragility. Examination of Figure 6.1 suggests that the structure of amber is 

quite similar to that of polymers with phenyl rings on the side chain. Therefore, we now 

take a series of aromatic polymers (Table 6.3) with different Tg and m values and 



Texas Tech University, Jing Zhao, May 2014 

126 
 

compare the fragility vs. Tg behavior with the results from the amber. Figure 6.6 shows a 

comparison of the Tg dependence of dynamic fragility for amber with that of the aromatic 

polymers. It is clear that both systems show a similar slope for the linear fit. Interestingly, 

the data from the amber appears to fall in a continuation of the phenyl side group 

polymers and we further comment that a linear fit (not shown) to all the data in Figure 6.6 

gives a slope of 0.16. 

6.4 Summary and conclusions 

Differential scanning calorimetry has been used to investigate the apparent 

activation energy and dynamic fragility of nine pieces of amber having different ages, 

from different locations, and that have different glass transition temperatures. Six 

different cooling rates were used followed by the same heating rate of 10
 
°C/min, and the 

limiting fictive temperatures were obtained from the heating curves using Moynihan’s 

area matching method [33]. The experimental results show that as cooling rate decreases, 

the limiting fictive temperature decreases. We observe a linear relationship between ln q 

and 1/Tf’, and the activation energy and dynamic fragility were calculated from the DSC 

results. A linear relationship between glass transition temperature and apparent activation 

energy/dynamic fragility was observed. As glass transition temperature increases, both 

the activation energy and dynamic fragility increase. The glass transition temperature 

dependence of dynamic fragility for amber is similar to that observed in metallic glass 

formers and in aromatic polymers. 
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Table 0.1 Description of nine amber samples used in present study.[2] 

Name Location Age Color Ref. Mass 

loss (%) 

Dominican 

amber 1 

Dominican 

Republic 

20 Ma Yellow [38-39] 0.4 

Dominican 

amber 2 

Dominican 

Republic 

20 Ma Dark yellow [38-39] 1.3 

Baltic 

amber 

Around the 

Baltic sea 

40 - 35 Ma Yellow [17,38] 1 

New Jersey 

amber 

NJ, USA 94 - 90 Ma Dark yellow [17,38,40] 1.7 

Burmese 

amber 

Burma / 

Myanmar 

100 -90 Ma Brownish [25,38,41] 1.1 

Spanish 

amber 1 

El Soplao, 

Spain 

110 Ma Yellow [42] 0.9 

Spanish 

amber 2 

El Soplao, 

Spain 

110 Ma Brownish [42] 0 

Triassic 

amber 1 

Southern 

Alps, Italy 

230 Ma Dark red [11,43-44] 0.3 

Triassic 

amber 2 

Southern 

Alps, Italy 

230 Ma Dark yellow [11,43-44] 0.9 
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Table 0.2 The glass transition temperature, apparent activation energy and dynamic 

fragility of the different ambers. 

 Tg (K) Eg (kJ/mol) m 

Dominican amber 1 406 653±21 84 

Dominican amber 2 435.9 725±13 87 

Baltic amber 390.4 745±22 100 

New Jersey amber 420.6 712±8 88 

Burmese amber 456.3 852±17 98 

Spanish amber 1 415.7 517±12 65 

Spanish amber 2 400 575±11 75 

Triassic amber 1 413.2 419±16 53 

Triassic amber 2 404.2 555±15 72 
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Table 0.3 Description of the aromatic polymers. 

Polymer Structure Tg (K) Fragility Reference 

 

325 72 [45] 

 

258 47 [46] 

 

266 47 [47] 

 

269 49 [48] 

 

278 66 [46,49] 

 

287 78 [50] 

 

310 73 [51] 

 

311 62 [52] 

 

333 59 [45,53] 
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Table 6.3 Description of the aromatic polymers (continued) 

Polymer Structure Tg (K) Fragility Reference 

 

335 53 [54] 

 

348 72 [54] 
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Polymer

Polymer

R

1
2

3

4

4a
5

6

7

8
8a

Class I

 

Polymer

Polymer

R

 

Polymer

Polymer

R

 

Polymer

Polymer

R

Class Ia Class Ib Class Ic

Polylabdanoid

Including

R = CO2H

R = CH2OH

R = O-Succinyl

May Include R= CH3

May Include

R = CO2H

R = CH2OH

R = CH3

No Succinic Acid

May Include

R = CO2H

R = CH2OH

R = CH3

No Succinic Acid  

Figure 0.1 Schematic description of Class I category in Anderson and Crelling’s 

classification.[25] 
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Figure 0.2 DSC heating scans at 10 °C/min heating rate after different cooling rates for 

the different amber samples, as indicated. The 1/Tf’ vs. ln q are also shown with the 

apparent activation energy. The error on the Eg is the standard error of estimation from 

the linear fit to the data. 
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Figure 6.2 DSC heating scans at 10 °C/min heating rate after different cooling rates for 

the different amber samples, as indicated. The 1/Tf’ vs. ln q are also shown with the 

apparent activation energy. The error on the Eg is the standard error of estimation from 

the linear fit to the data. (continued) 
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Figure 6.2 DSC heating scans at 10 °C/min heating rate after different cooling rates for 

the different amber samples, as indicated. The 1/Tf’ vs. ln q are also shown with the 

apparent activation energy. The error on the Eg is the standard error of estimation from 

the linear fit to the data. (continued) 
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Figure 6.2 DSC heating scans at 10 °C/min heating rate after different cooling rates for 

the different amber samples, as indicated. The 1/Tf’ vs. ln q are also shown with the 

apparent activation energy. The error on the Eg is the standard error of estimation from 

the linear fit to the data. (continued) 
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Figure 6.2 DSC heating scans at 10 °C/min heating rate after different cooling rates for 

the different amber samples, as indicated. The 1/Tf’ vs. ln q are also shown with the 

apparent activation energy. The error on the Eg is the standard error of estimation from 

the linear fit to the data. (continued) 
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Figure 0.3 The Tg dependence of Eg for amber as function of glass transition 

temperature. 
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Figure 0.4 The Tg
2
 dependence of Eg for amber as function of glass transition 

temperature. 

  



Texas Tech University, Jing Zhao, May 2014 

143 
 

 

Figure 0.5 Dynamic fragility m of amber as function of glass transition temperature. 
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Figure 0.6 Comparison of fragility m of amber and aromatic polymers1 as functions of 

Tg. 
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Chapter 7  

                                                  Conclusions 

In this dissertation, the divergence of the dynamics at finite temperature for glass-

forming systems was investigated. Both a PVAc glass former and a Dominican amber 

were tested at temperatures below and above the glass transition temperature, and the 

experimental data was compared with VFT function. The results showed that there was a 

VFT to Arrhenius transition around the nominal glass transition temperature, and 

dynamic divergence behavior lost in the measurement temperature range. In addition, 

fossil resins from different locations, and with different ages, were measured with DSC to 

investigate the thermal properties. Both the relationship between amber age and glass 

transition temperature and the Tg dependence of apparent activation energy and dynamic 

fragility of amber were reported in this dissertation. 

The most important findings in this work are listed below. 

 In the physical aging test of PVAc, the mechanical response took much longer 

time to age into its equilibrium state than did the dielectric response. 

 There was a weaker temperature dependence of equilibrium time-temperature 

shift factors obtained from the dielectric test than that in the mechanical test for 

PVAc glass former. In addition, the temperature dependence of dielectric 

equilibrium shift factors was close to the terminal relaxation from the mechanical 

test. 
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 A turnover to an apparent Arrhenius behavior rather than a continuation of the 

VFT extrapolated divergence was observed at the lowest temperatures tested in 

both the mechanical and dielectric measurement. 

 The KWW fitting may lead to an error in the results of Wagner and Richert due to 

the failure to capture the short time data and the variation of the KWW β. A good 

master curve was obtained upon application of time-temperature superposition. 

 The shift factors from TTS for Wagner and Richert’s data were consistent with 

our results showing the VFT to Arrhenius transition around the glass transition 

temperature. 

 The Dominican amber investigation provided the upper-bounds to the equilibrium 

relaxation times at temperatures to 44 K below Tg, and the upper-bound was 

compared with the VFT extrapolation from the data above Tg. 

 The comparison showed that the upper-bound to the equilibrium relaxation time 

deviated dramatically from the VFT function at temperatures below Tg. The 

parabolic law model from Chandler and co-workers provided the best description 

of the experimental data, and an Arrhenius behavior was observed at temperatures 

below Tg. 

 The investigation of the thermal signatures of fossil resins showed that, while 

copals had lower Tg values than the ambers, there was not a systematic age 

dependence of Tg for all the ambers investigated. 

 The thermal signatures (Tg values and stability) were different even for the 

different samples of the same sort of amber. 
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 The difference between Tg and Tf for stable amber samples did not increase with 

the increasing age of the amber. 

 The apparent activation energy and dynamic fragility of amber were investigated 

with DSC, and the experimental results showed that both Eg and m increased as 

glass transition temperature increased. 

 The Tg dependence of dynamic fragility of amber showed a slope similar to that of 

metallic glass formers and polymers with phenyl rings on the side chain. 
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Chapter 8  

                                                  Future work 

The dissertation provides extensive evidence about the non-diverging dynamics of 

glass-forming systems.[1-3] However, more investigation is required to evaluate the 

super-Arrhenius behavior and obtain more details about the sub-Tg responses. 

8.1 Measurement of the stable Triassic amber 

Both the thermograms for the stable Dominican amber and Triassic amber show 

enthalpy overshoots (which are due to the long time aging history) around the glass 

transition range, and the deep examination of the data provides some interesting findings. 

Figure 8.1 and 8.2 show the temperature dependence of heat flow for the stable 

Dominican amber and Triassic amber, respectively.[1,4] By comparing two figures, I find 

that the positions of the overshoot to the glass transition temperature are different. For the 

Dominican amber, the peak value of the overshoot is close to the glass transition 

temperature. However, for the Triassic amber, the corresponding temperature for the peak 

is far above Tg. This interesting finding leads us to compare the enthalpy behaviors which 

show the upper-bound responses of different ambers. Figure 8.3 and 8.4 show the results 

of the relative enthalpy for the stable Dominican amber and Triassic amber by integrating 

the heat flow curves, respectively.[1] It is clear that the enthalpy of the Triassic amber 

has a much bigger overshoot around the glass transition temperature than does the 

Dominican amber. In other words, the upper-bound data for these two amber samples 

may show different temperature dependences around the glass transition temperature. 
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Therefore, it is of interest to determine the temperature dependence of the shift 

factors for the Triassic amber and compare the results with that of the Dominican amber. 

As shown in Figure 8.5, Triassic ambers are much smaller than the Dominican amber and 

cannot be tested in the ARES rheometer. In order to estimate the mechanical responses at 

different temperatures, a G200 nanoindenter with a temperature control system from 

Agilent Technologies Inc. will be used to study a stable Triassic amber. DSC will be used 

to get the Tg and Tf of the stable Triassic amber, and the rest of the sample will be used to 

do the nanoindentation test. The shift factors will be obtained by applying the time-

temperature superposition [5-7] to the creep compliance data from nanoindentation test 

and compared with the VFT extrapolation [8-10] and the data from the Dominican amber. 

In addition, Tool-Narayanaswamy-Moynihan (TNM) model [11-13] will be 

applied to fit the thermograms of the Dominican and Triassic ambers. The TNM model 

may provide more information about the aging history for the different ambers, and how 

the structure might change between Tg and Tf. 

8.2 Long time aging experiment 

The “geological” ages [14] required to reach equilibrium for glass-forming 

systems far below Tg have been a problem for a long time, and this limitation leads to the 

lack of the equilibrium experimental data at T , which is approximately 50 K below Tg 

for polymers according to the universal WLF equation [7,15]. In order to obtain the 

equilibrium data at temperatures far below Tg, glass-forming systems with low activation 

energy and high glass transition temperature will be used to evaluate the dynamic 

divergence behavior. According to the Arrhenius equation, the materials with low Eg and 
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high Tg values have a relatively short relaxation time and can reach equilibrium “fast” 

after quenching from high temperature. For example, Angell and co-workers [16] 

reported that the glass Ag7I4AsO4 can be aged to equilibrium within one year at a 

temperature 40 K below Tg. Therefore, I have designed a long time aging experiment in 

our lab, and the experimental setup is shown in Figure 8.6. As shown in the figure, this 

setup consists of two parts, the isothermal aging box and the temperature control system. 

Six Pyrex glass tubes can be controlled at different temperatures through a 6-zone 

temperature controller from OMEGA Engineering Inc., and the highest operation 

temperature of the rope heater is 450 °C. Two insulation layers are used in the aging box 

to keep the temperature constant. 

As mentioned before, the materials in this experiment should have low Eg and 

high Tg values. According to this requirement, several glass formers can be used in the 

measurement, e.g. ZnCl2, B2O3 and As2S3. These materials provide the possibility to 

obtain the equilibrium data up to 50 K below Tg in three years. The material will be 

molded to rectangular sheets, and isothermally aged into equilibrium at a temperature of 

interest after quenching from a temperature above Tg. In order to test the glassy behavior, 

the rectangular mode in the ARES rheometer will be used to obtain the stress relaxation 

responses of the sample. DSC will be used to measurement the fictive temperature and 

glass transition temperature. Similar to the amber sample in chapter 4, the long time 

aging material will provide an upper-bound to the equilibrium relaxation time at 

temperatures far below Tg, and the super-Arrhenius behavior will be evaluated. 
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8.3 Vapor deposition test 

A highly stable glass was reported by Swallen et al.[17] Densified glasses were 

created by physical vapor deposition and the glasses are as much as 1.7 % denser than the 

thermally rejuvenated glass. This glass former has the fictive temperature of 31 K below 

Tg. The optimization of this procedure could conceivably lead to denser materials. 

Therefore, vapor deposition method provides an opportunity to study the dynamics of 

glass-forming liquids at temperatures far below Tg. The nanobubble inflation setup [18] 

and nanoindentation test in our group can be used to test the mechanical behavior of the 

densified glass which is created by physical vapor deposition, and creep compliance 

responses at different temperatures from below Tg to above Tg can be obtained. Then, the 

temperature dependence of retardation time will be compared with the VFT equation, and 

the super-Arrhenius behavior will be investigated. 

Vapor deposition experiment requires crystal material, and one option for the 

investigation here is itraconazole (ITZ), which is widely used in pharmaceuticals [19]. 

The glass transition temperature of ITZ is 59 °C, and the melting point is 169 °C.[20] 

Initial test of ITZ was finished by the dielectric spectrometer. Figure 8.7 shows the 

equilibrium compliance data from the dielectric measurement at different temperatures 

below Tg. Time-temperature superposition was applied to obtain the master curve (Figure 

8.8) with 59.7 °C response as reference, and the shift factors at each temperature were 

obtained. The temperature dependence of equilibrium shift factors is shown in Figure 8.9, 

and an Arrhenius behavior is observed up to 10 °C below Tg. 
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Vapor deposition method with nanobubble inflation /nanoindentation 

technologies offers the opportunity to study the equilibrium dynamics of ITZ at 

temperatures far below Tg, and the dynamic response will be compared with the VFT 

equation. 
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Figure 0.1 DSC thermogram of stable Dominican amber. 
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Figure 0.2 DSC thermogram of stable Triassic amber. 
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Figure 0.3 Relative enthalpy versus temperature curve for stable Domincian amber. 
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Figure 0.4 Relative enthalpy versus temperature curve for stable Triassic amber. 
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Figure 0.5 Image of different fossil resins and the different pieces for the same sort of 

amber. 
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Figure 0.6 The long time aging setup. a) The long time aging box. b) The temperature 

control system. 
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Figure 0.7 Temperature dependence of the dielectric compliance responses in 

equilibrium for ITZ. 
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Figure 0.8 Master curve of ITZ with 59.7 °C response as reference. 
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Figure 0.9 Temperature dependence of the equlibrium shift factors for ITZ. 

 

 

 


