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1. Introduction 

1.1 Simple and complex glass-forming liquids  

Upon cooling, liquids may either crystallize or vitrify (form a glass). Which of the two 
scenarios prevails depends on the cooling rate [1]. A glass is formed by cooling a liquid 
fast enough to avoid crystallization [2]. Notably, any liquid is able to form a glass if cooled 
rapidly enough [3]. Although most liquids ultimately crystallize [4], with the exception of 
some atactic polymers or copolymers that do not have plausible competing periodic crystal 
structure [5], the crystallization process is often very slow. Consequently, many liquids 
remain amorphous (non-crystalline) for extended periods of time. Such liquids are 
collectively termed as supercooled or glass-forming liquids [2,6]. 

Glass-forming liquids (GFLs) can be loosely divided into simple and complex glass-
forming liquids. In the field of glass physics, a few different definitions have been 
previously given for simple glass-forming liquids (SGFLs). The most well-known of these 
definitions is probably that of Angell and coworkers. They recognized two types of simple 
glass formers, molecularly simple and excitationally simple (for brevity, these definitions 
are not discussed further here; see [7] for details). On the other hand, Dyre and coworkers 
recently identified so-called strongly correlating liquids [8,9], and claimed that these 
liquids can be considered simple [10]. According to this definition, most or all van der 
Waals and metallic liquids are simple, whereas hydrogen, ionically and covalently bonding 
liquids are not simple [10]. 

In this work, SGFLs are defined as liquids typically composed of only one kind of molecule 
and whose dynamics are governed by a single type of molecular interaction. Conversely, 
complex glass-forming liquids (CGFLs) may be defined as liquids that are composed of a 
broad range of molecules with diverse intramolecular and intermolecular interactions. 
According to this definition, many natural materials (such as crude oil and its derivatives), 
biological materials (such as proteins) and mixtures of different chemical constituents (such 
as polymer blends and copolymers) may be considered as CGFLs. Although the given 
definitions are maybe not as precise and theoretically well-founded as those of Angell and 
coworkers and Dyre and coworkers, they provide a useful means of classifying many 
industrially relevant GFLs. The practicality of this approach for distinguishing SGFLs and 
CGFLs is highlighted throughout this dissertation. 

1.2 Petroleum fluids as model materials for complex glass-forming 
liquids 

Petroleum fluids are immensely complex mixtures of hydrocarbon compounds that are 
obtained from the distillation of crude oil. The distillation process separates the crude oil 
into different fractions based on boiling point ranges, and the resulting petroleum fractions 
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exhibit a wide spectrum of chemical and physical properties [11,12]. Low boiling point 
fractions of crude oils are mostly composed of paraffinic and naphthenic hydrocarbons that 
are of relatively low molecular weight and contain only minute traces of heteroatoms [11]. 
The physical properties of these liquids are mainly governed by the London dispersive 
interactions that are the dominating type of molecular interaction in non-polar 
hydrocarbons [13]. Upon increasing boiling point, petroleum fluids become more complex 
in terms of chemical composition and molecular structure [14,15]. This evolution is often 
accompanied by an increase in the molecular weight and the molecular weight distribution 
[16]. Furthermore, aromatic and polar interactions start to play a role with increasing 
heteroatom content [11]. Consequently, heavy petroleum products such as vacuum residue 
and bitumen are best described as extremely complex mixtures of different molecular 
species that exhibit various forms of molecular interactions [17]. Figure 1 schematically 
illustrates the boiling point dependence of the chemical composition of volatile petroleum 
fractions. 

 

Figure 1. Schematic representation of the boiling point dependence of the chemical 
composition of volatile petroleum fractions (modified from Speight [11]) 

As per the definition introduced in Section 1.1, it is clear that petroleum fluids can be 
considered as CGFLs. In particular, it is the high boiling point petroleum fractions that 
contribute the most to the chemical and structural complexity of these materials. The trend 
of increasingly complex nature of petroleum fluids is illustrated in Figure 1. The effects of 
chemical and structural complexity on various material properties of petroleum fluids are 
explored especially in Section 3.1 and Publications II and III of this dissertation.  
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1.3 Rheology of glass-forming liquids 

1.3.1 Constitutive models for glass-forming liquids  

The dynamics of GFLs have been extensively studied by rheological measurement 
techniques. These studies have resulted in the development of a number of constitutive 
models that attempt to describe the rheological behavior of GFLs. Examples of such models 
are the Kohlrausch-Williams-Watts (KWW) model [18,19], the Havriliak-Negami model 
[20,21], the Cole-Cole model [22,23], the Cole-Davidson model [24,25], and the power-
law spectrum model [26,27]. For the sake of brevity, only the two models that are most 
relevant for this work, namely the KWW model and the power-law spectrum model, are 
described in the following. 

The KWW function is probably the most widely used model for describing glassy 
relaxation [28]. It is also known as the stretched exponential function as it assumes a 
stretched exponential form for the relaxation modulus G(t) (or more generally for the 
relaxation function ϕ(t)) [29]:  

𝐺𝐺(𝑡𝑡) = 𝐺𝐺𝑔𝑔 exp �− �
𝑡𝑡

𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾
�
𝛽𝛽
�                                                                                                          (1) 

where Gg is the glassy modulus, τKWW is a characteristic relaxation time, and βKWW is a 
stretching parameter related to the breadth of the relaxation time spectrum. The KWW 
stretched exponential function has been found to provide a reasonable description of the 
mechanical relaxation of many polymeric and small-molecule glass formers, see e.g. Ref. 
[30].  

Recently, Winter and coworkers [26,27] investigated the relaxation time spectra H(τ) of 
various molecular and colloidal glass formers. They made an interesting observation that 
the relaxation time spectrum adopts power-law format for both classes of amorphous 
materials. As opposed to gelling fluids, the power-law exponent nα is positive for glasses, 
and the spectrum has a sharp cutoff at the longest relaxation time τα(ε) (ε is the distance 
from the glass) [27]. 

𝐻𝐻(𝜏𝜏, 𝜀𝜀) = 𝑛𝑛𝛼𝛼𝐺𝐺𝑐𝑐 �
𝜏𝜏

𝜏𝜏𝛼𝛼(𝜀𝜀)�
𝑛𝑛𝛼𝛼

                                                                                                           (2) 

where Gc is the plateau modulus of the G′ data. In the case of colloidal glasses, the power-
law exponent nα originates from the mode-coupling theory (MCT) [26]; however, for 
molecular glasses nα is a mere fitting parameter.  

The power-law relaxation time spectrum with positive exponent suggests that slow 
relaxation modes dominate the stress response of a material. In other words, Equation (2) 
is an expression of the high probability of large-scale cooperative motions, indicating that 
few molecules can rearrange by themselves or involve small groups of molecules while 
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most relaxation processes require the cooperative motion of many molecules in their wider 
surrounding [27]. This interpretation of the shape of the relaxation time spectrum is 
consistent with the popular theories of Adam and Gibbs [31] and Donati et al. [32] that 
describe cooperative molecular motion as a mechanism of glassy relaxation. 

Although Winter and coworkers [26,27] demonstrated that the power-law spectrum model 
can sufficiently describe the relaxation patterns of selected molecular and colloidal glass 
formers, the universality of this model remains unresolved. This gap was addressed by 
Winter [27] himself, who stated that the power-law spectrum may not be unique for all 
glass formers. In particular, he suspected that the sudden cutoff of the spectrum at τα(ε) may 
be an artifact of the experiment. This open question is tackled in Section 3.1 and 
Publications II and III of this dissertation. 

1.3.2 Temperature dependence of the dynamics of glass-forming liquids  

The Williams-Landel-Ferry (WLF) equation [33] or the equivalent Vogel-Fulcher-
Tammann (VFT) equation [34–36] is often used to describe the temperature dependence of 
GFLs as following a super-Arrhenius behavior that diverges at a finite temperature [31,37–
39]. However, recent theoretical [40–45] and experimental [1,46–53] studies have found 
significant deviations from the WLF/VFT behavior below Tg, suggesting that the dynamics 
do not diverge at temperatures above zero Kelvin [54]. Several new models, such as the 
Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model [41], the parabolic law model [43,44], 
and the Avramov-Milchev model [45], as well as modifications to the classical WLF 
equation [55–63] have been introduced in order to correctly capture the sub-Tg temperature 
dependence of glassy dynamics. Out of these models, the most relevant for the purposes of 
this study is the modified Kaelble equation [63] 

log 𝑎𝑎𝑇𝑇 =
−𝑐𝑐1(𝑇𝑇 − 𝑇𝑇𝑑𝑑)
𝑐𝑐2 + |𝑇𝑇 − 𝑇𝑇𝑑𝑑|                                                                                                      (3) 

that is adapted from the equation originally proposed by Kaelble [57]. In this equation, aT 
is the time-temperature shift factor, c1 and c2 are material-dependent parameters, and Td 
defines the temperature at which the curvature of the S-shaped log aT versus T curve 
changes from positive to negative (i.e. it is an inflection point). The utility of Equation (3) 
is that it describes the temperature dependence of viscoelastic properties both above and 
below Tg by a single relation. For data fitting purposes, a constant term needs to be added 
to Equation (3) [63]: 

log𝑎𝑎𝑇𝑇 = −𝑐𝑐1 �
𝑇𝑇 − 𝑇𝑇𝑑𝑑

𝑐𝑐2 + |𝑇𝑇 − 𝑇𝑇𝑑𝑑| −
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑑𝑑

𝑐𝑐2 + �𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑑𝑑�
�                                                                  (4) 

where Tref is the reference temperature. It is worth noting that, when Tref = Td, the modified 
Kaelble equation is identical to the classical WLF equation at temperatures above Td. The 
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modified Kaelble equation has been shown to accurately capture the temperature 
dependence of the viscoelastic properties of various asphalt binders and mixtures [63–66], 
polymers [57,63,67] and commercial damping materials [67]. 

The temperature dependence of viscoelastic parameters near Tg can be quantified by two 
interrelated parameters: dynamic fragility m and apparent activation energy Ea. The 
dynamic fragility, which is also known as the steepness index [68], is defined as [30] 

𝑚𝑚 = �
d log𝑎𝑎𝑇𝑇
d�𝑇𝑇𝑔𝑔 𝑇𝑇⁄ �

�
𝑇𝑇=𝑇𝑇𝑔𝑔

                                                                                                                      (5) 

This parameter measures the deviation from the Arrhenius temperature dependence of 
relaxation properties. When m is high, the material exhibits highly non-Arrhenius 
temperature dependence and we refer to it as a fragile liquid. On the contrary, when m is 
low, the material shows (nearly) Arrhenius-type temperature dependence and it is said to 
be a strong liquid. Graphically m represents the slope of the curve in the Angell plot, log 
aT versus Tg/T, at Tg/T = 1 [69]. The apparent activation energy at Tg can be readily 
calculated from the dynamic fragility as  

𝐸𝐸𝑎𝑎�𝑇𝑇𝑔𝑔� = ln(10)𝑅𝑅𝑇𝑇𝑔𝑔𝑚𝑚                                                                                                                  (6) 

where R is the universal gas constant, 8.314 J mol-1 K-1. Consequently, the dynamic fragility 
can be understood as a Tg-normalized activation energy. 

Typically, the WLF or VFT equation is fitted to measured rheological data and the fitted 
WLF/VFT parameter values are used to calculate m and Ea(Tg) [70]. However, deviations 
from the WLF/VFT temperature dependence are often observed already at temperatures 
noticeably above Tg (∼Tg+10 K) [71–74]. In these cases, the WLF and VFT equations do 
not provide accurate descriptions of the temperature dependence of viscoelastic properties 
at Tg, resulting in erroneous values of m and Ea(Tg) parameters. A more precise estimation 
of these parameter values is possible through the use of equations that predict the non-
diverging dynamics near and below Tg, such as the modified Kaelble equation. This topic 
will be covered in Section 3.3 and Publication V of this dissertation. 

1.3.3 Rheological analysis of physical aging 

Glasses usually exist in a non-equilibrium state, and structural relaxation of the glassy state 
towards a metastable equilibrium amorphous state is commonly referred to as physical 
aging [75]. Physical aging is driven by the attempt to achieve equilibrium density through 
configurational rearrangements on a molecular scale [76], and it is accompanied by changes 
in almost all physical properties [75,77–79]. In rheological experiments, physical aging is 
reflected in the time evolution of viscoelastic properties when the material is kept under 
isothermal conditions below Tg [78,80,81]. The effect of physical aging on viscoelastic 
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properties is most often quantified by Struik's protocol [78,82] where the material is 
subjected to a series of creep-recovery experiments. 

A common way to analyze creep data obtained from Struik’s test protocol is by means of 
the time-aging time superposition principle [77,78,83]. Similarly to the well-known time-
temperature superposition (TTS) principle [84], this method allows the construction of 
master curves by horizontally (and in some cases also vertically) shifting rheological data 
measured at different aging times. If successful, the time-aging time superposition principle 
is a powerful tool for the estimation of material response at long loading times from tests 
conducted over relatively short timescales [85,86]. 

Further insights into physical aging behavior may be obtained by plotting horizontal time-
aging time shift factors ate against aging time te in a double-logarithmic representation. In 
this plot, a linear trend is often experimentally observed over several decades of aging times, 
motivating the definition of the aging shift rate (also known as the double-logarithmic shift 
rate) as [78] 

𝜇𝜇 =
d log𝑎𝑎𝑡𝑡𝑟𝑟
d log 𝑡𝑡𝑟𝑟

                                                                                                                                    (7) 

Based on his extensive studies on a large number of amorphous glassy polymers, Struik 
[78,80] concluded that μ (1) is zero above Tg (due to the non-existence of physical aging), 
(2) increases rapidly to a value of about unity just below Tg, and (3) decreases more slowly 
from unity to zero upon cooling towards the highest secondary transition temperature Tβ 
where physical aging ceases. 

At long aging times, deviations from the aforementioned linear trend are observed as the 
metastable equilibrium state of the glass is approached. Eventually ate reaches a plateau, 
indicating the completion of physical aging [51]. After this point, viscoelastic properties 
do not evolve with aging time anymore. However, the time to reach this quasi-equilibrium 
state often increases exponentially with decreasing aging temperature [51,54]. Physical 
aging therefore poses a major challenge for the rheological characterization of an 
equilibrium glass at temperatures far below Tg [52]. This challenge is briefly addressed in 
Section 3.1.1 and paper II of this dissertation. Furthermore, a novel approach for the 
rheological characterization of physical aging is presented in Section 3.4 and Publication 
VI of this work.  

1.4 Scope of the thesis 

While extensive research efforts have been devoted to understanding the viscoelastic 
behavior of chemically and structurally simple glass-forming liquids (SGFLs), very little 
is known about the viscoelasticity of chemically and structurally complex glass-forming 
liquids (CGFLs). Thus, the primary goal of this dissertation was to characterize and model 
the rheological behavior of chemically and structurally complex glass-forming liquids near 
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and below Tg. In this effort, petroleum fluids such as bitumen were used as model materials 
for CGFLs. Additionally, novel rheological characterization and analysis methods were 
developed in support of the primary objective. This thesis summarizes the research reported 
in six publications (I-VI). 

In the beginning of this study, it was necessary to establish a technique for measuring these 
properties. Publication I describes such a measurement technique, called small-diameter 
parallel plate (SDPP) rheometry. The advantages and limitations of SDPP rheometry are 
discussed both from experimental and theoretical point of view. SDPP rheometry is 
employed in the experimental parts of Publications II-VI. 

In Publication II, bitumen is used as a model material for CGFLs, and its rheological 
properties are characterized near and below Tg. These properties are compared with those 
of SGFLs, showing distinct differences. Based on the rheological behavior of bitumen, a 
new constitutive model is proposed for CGFLs.  

In Publication III, the empirical constitutive model introduced in Publication II is used to 
model the rheological behavior of a series of petroleum fluids in the vicinity of the glass 
transition. The effect of chemical and structural complexity on the viscoelastic glass 
transition is systematically quantified and correlated with changes in the calorimetric glass 
transition. 

In Publication IV, bitumen is modified with styrene-butadiene-styrene (SBS) block 
copolymer, further increasing the chemical and structural complexity of this material. 
Notably, this is the first time that the dynamic viscoelastic properties of polymer modified 
bitumens have been systematically studied near and below Tg. An effort is made to correlate 
the rheological observations with the morphological features of SBS modified bitumen. 

Publication V focuses on the temperature dependence of rheological properties in the glass 
transition region, developing an improved method for determining dynamic fragility m and 
apparent activation energy Ea. Tg-dependences of these two parameters are investigated in 
a series of bitumen samples and then compared with other types of GFLs.  

Publication VI describes a novel method for studying the evolution of rheological 
properties during physical aging. This approach relies on the principles of time-resolved 
rheometry [87]. In the experimental part of the paper, the proposed methodology is applied 
to the physical aging characterization of various neat and SBS modified bitumen samples. 

Figure 2 provides a summary of the contents of this dissertation. Roman numbers refer to 
the publications where the individual topics are covered.  
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Figure 2. Summary of the contents of this dissertation (roman numbers refer to the 
publications included in this dissertation) 
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2. Experimental 

2.1 Materials 

The bitumen sample investigated in Publication II was a vacuum residue obtained from the 
distillation of Venezuelan crude oil, having a penetration of 64 dmm at 25 °C (EN 1426 
[88]), Ring-and-Ball softening point of 47.7 °C (EN 1427 [89]), and performance grade of 
PG 64-22 (AASHTO M320 [90]). The contents of saturates, aromatics, resins and 
asphaltenes (SARA) fractions in the bitumen were 6, 51, 23 and 20 wt%, respectively. In 
addition, four other petroleum fluids (including three naphthenic process oils and a soft 
vacuum residue) were characterized in Publication III. A summary of the physical and 
molecular properties of the bitumen and other petroleum fluid samples is provided in 
Tables 1 and 2.  

Table 1. Physical properties of the bitumen and other petroleum fluid samples investigated 
in Publications II and III. 

 Sample 
code 

Appearance ρ [g/cm3] 
a 

API gravity [°] 
b 

API classification 
c 

Naphthenic process 
oils 

NPO1 Clear and bright 0.90 25.5 Medium oil 
NPO2 Clear and bright 0.92 22.0 Heavy oil 
NPO3 Dark brown 0.94 19.0 Heavy oil 

Soft vacuum residue SVR Black 0.98 12.9 Heavy oil 
Bitumen BIT Black 1.03 5.9 Extra-heavy oil 

a density was measured at 15 °C 
b API gravity = 141.5 / ρ - 131.5 as defined by the American Petroleum Institute (API) 
c according to the definitions of API 

 

Table 2. Molecular properties of the bitumen and other petroleum fluid samples 
investigated in Publications II and III. 

 Sample 
code 

Mn [g/mol] 

a 
Mw [g/mol] 

a 
Mw/Mn [-] n [-] b α [10-24 cm3] 

c 

Naphthenic process 
oils 

NPO1 228 348 1.53 1.494 29.2 
NPO2 469 637 1.36 1.507 60.1 
NPO3 467 873 1.87 1.524 60.3 

Soft vacuum residue SVR 681 1630 2.39 1.558 88.8 
Bitumen BIT 1053 2320 2.20 1.612 140.9 

a molecular weights were measured by gel permeation chromatography (GPC); see Soenen and 
Redelius [91] for experimental details 
b refractive index was measured by refractometer at 20 °C; see Soenen and Redelius [91] for 
experimental details 
c molecular polarizability was calculated from the equation α = [3/(4πNA)]×[Mn/ρ]×[(n2-1)/(n2+2)] 
where NA is Avogadro's number 
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In Publication IV, two base bitumens and two commercial styrene-butadiene-styrene (SBS) 
triblock copolymers were blended in various proportions to produce seven SBS modified 
bitumen samples for analysis. SBS modified bitumen samples were prepared by melt 
blending SBS block copolymer and bitumen at 160-185 °C for 3 hours using a Silverson 
high shear mixer. The SBS concentration was varied in the range of 3-10 wt% as detailed 
in Table 5. Moreover, the blend of bitumen B and linear SBS was chemically crosslinked 
to enhance the compatibility between the blend components; this sample is labelled 
BitB+5%SBS-L*. Basic properties of the raw materials (base bitumens and SBS polymers) 
are summarized in Tables 3 and 4, and an overview of the produced SBS modified bitumen 
samples is given in Table 5. 

Table 3. Basic properties of the base bitumens that were used to manufacture SBS modified 
bitumen samples in Publication IV. 

 Pen [dmm] a TR&B [°C] b PI [-] c SARA fractions [wt%] d CI [-] e 

Bitumen A 177 38.4 -1.30 4.7/54.3/22.9/18.2 3.4 
Bitumen B 145 39.8 -1.46 6.6/50.0/21.8/21.6 2.5 

a penetration at 25 °C according to EN 1426 [88] 
b Ring-and-Ball softening point according to EN 1427 [89] 
c penetration index according to EN 12591 [92] (Annex A), PI = (1952-500×log(Pen)-
20×TR&B)/(50×log(Pen)-TR&B-120) 
d SARA fractions were determined by thin-layer chromatography and flame ionization detection 
(TLC-FID) technique following a procedure similar to the one described in IP-469 [93]. Notation: 
Saturates/Aromatics/Resins/Asphaltenes content in wt% 
e colloidal index CI = (waromatics + wresins) / (wsaturates + wasphaltenes) 

 

Table 4. Basic properties of the SBS block copolymers that were used to manufacture SBS 
modified bitumen samples in Publication IV. 

 Polymer 
architecture 

Styrene 
content [wt%] 

SB diblock 
content [wt%] 

Mn 
[kg/mol] 

Mw 
[kg/mol] 

Mw/Mn 
[-] 

Star SBS 3-arm star 30 8 311 343 1.11 
Linear SBS linear 31 16 193 219 1.13 
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Table 5. Overview of the SBS modified bitumen samples investigated in Publication IV.  

Sample code Base 
bitumen 

SBS polymer modification Pen 
[dmm] 

TR&B 
[°C] 

PI [-] 

Type of SBS SBS content [wt%] 

BitA+3%SBS-S Bitumen A star 3 107 59.0 3.13 

BitA+5%SBS-S Bitumen A star 5 79 98.5 7.82 

BitA+7%SBS-S Bitumen A star 7 64 103.5 7.67 

BitA+10%SBS-S Bitumen A star 10 50 112.5 7.78 

BitA+5%SBS-L Bitumen A linear 5 91 82.5 6.48 

BitB+5%SBS-L Bitumen B linear 5 84 78.0 5.60 

BitB+5%SBS-L* a Bitumen B linear 5 86 79.5 5.89 

a sample BitB+5%SBS-L* was chemically crosslinked 

In Publication V, twenty-seven bitumen samples originating from various crude oil sources 
and refining processes were investigated. Details of these samples have been reported 
elsewhere [91,94] and are not repeated here for brevity. It is worth emphasizing that this 
sample set covers exceptionally wide variation in physical and chemical properties, some 
of these bitumens not even being suitable for industrial use in asphalt paving applications. 

In Publication VI, both neat and SBS modified bitumen samples were investigated. In 
addition to the neat bitumen sample characterized in Publications II and III and to the SBS 
modified bitumen samples analyzed in Publication IV, the sample set of Publication VI 
included a waxy bitumen sample with a penetration of 80 dmm and a Ring-and-Ball 
softening point of 45.8 °C. 

2.2 Characterization methods 

2.2.1 Small-diameter parallel plate rheometry I 

In this section, a method for measuring the rheological properties of GFLs in shear is 
established. The fundamentals of this small-diameter parallel plate (SDPP) rheometry 
technique are discussed in order to assess its feasibility and reliability. The experimental 
details of the SDPP rheometry experiments performed in Publications II-V are described 
at the end of this section.  

Rheological characterization of GFLs is challenging due to their strong temperature 
dependence around Tg. In particular, the high mechanical stiffness of GFLs near and below 
Tg poses a major difficulty for traditional measurement techniques employed in shear 
rheometry. When the stiffness of the measured material is comparable to that of the 
rheometer system, the motor and test fixture of the rheometer experience significant 
angular deflections upon application of torque [46,95,96]. Consequently, the sample 
deformation measured by the rheometer is larger than the true sample deformation, 
resulting in errors in the measured rheological properties. 
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These torsional compliance effects of the rheometer can be mitigated by decreasing the 
torsional stiffness of the test specimen Ks 

𝐾𝐾𝑠𝑠 =
𝐺𝐺
𝑘𝑘𝑔𝑔

                                                                                                                                              (8) 

where G is the shear modulus of the sample and kg is a geometry conversion factor. In the 
case of a parallel plate geometry with the plate radius R and the gap between the plates h, 
kg is defined as 

𝑘𝑘𝑔𝑔 =
2ℎ
𝜋𝜋𝑅𝑅4

                                                                                                                                          (9) 

Since Ks ∼ R4, the most efficient way to reduce the torsional stiffness of the test specimen 
is to decrease the radius (diameter) of the parallel plate geometry. This is demonstrated in 
Figure 3 where the dynamic moduli of glycerol are measured with parallel plate fixtures of 
different diameters (data originally from Schröter et al. [95]). Based on earlier rheological 
[97], ultrasonic [98,99] and light scattering [100] studies, the glassy modulus Gg (the high-
frequency plateau value of G’) of glycerol can be estimated to be approximately 3.5 GPa 
near Tg. Figure 3 shows that the measured Gg values approach the true Gg value when the 
plate diameter is decreased. This is a direct consequence of the mitigation of the torsional 
instrument compliance effects as explained above. These results clearly highlight the 
benefit of using small-diameter parallel plate geometries in the shear rheological 
measurements of glassy materials. It is also worth noting that the torsional instrument 
compliance effects can be reduced by increasing the measurement gap because Ks ∼ h-1, 
see Ref. [96] for reference. 

 

Figure 3. Effect of plate diameter on the measured dynamic moduli of glycerol at T = 
−81 °C. The dashed line corresponds to the glassy modulus value of Gg = 3.5 GPa reported 
in the literature for glycerol (Publication I, data originally from Schröter et al. [95]) 

However, Figure 3 also reveals that even the G′ data measured with the smallest parallel 
plate geometry of 2-mm diameter fail to reach the glassy modulus value Gg = 3.5 GPa 
reported in the literature. This demonstrates that, in this case, the effect of torsional 
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instrument compliance cannot be completely eliminated by decreasing the plate diameter. 
It is therefore necessary to correct the measured rheological data according to the following 
equations [101] 

𝐺𝐺𝑠𝑠′ =
𝐺𝐺𝑚𝑚′ �1 − 𝐽𝐽i

𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′ � −

𝐽𝐽i
𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′′

2

�1 − 𝐽𝐽i
𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′ �

2
+ � 𝐽𝐽i𝑘𝑘𝑔𝑔

𝐺𝐺𝑚𝑚′′�
2                                                                                               (10) 

𝐺𝐺𝑠𝑠′′ =
𝐺𝐺𝑚𝑚′′

�1 − 𝐽𝐽i
𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′ �

2
+ � 𝐽𝐽i𝑘𝑘𝑔𝑔

𝐺𝐺𝑚𝑚′′�
2                                                                                              (11)

 

tan 𝛿𝛿𝑠𝑠 =
𝐺𝐺𝑠𝑠′′

𝐺𝐺𝑠𝑠′
=

𝐺𝐺𝑚𝑚′′

𝐺𝐺𝑚𝑚′ �1 − 𝐽𝐽i
𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′ � −

𝐽𝐽i
𝑘𝑘𝑔𝑔
𝐺𝐺𝑚𝑚′′

2
                                                                            (12) 

where G′s, G″s, and tan δs are the true (corrected) values of the storage modulus, loss 
modulus and loss tangent, G’m and G’’m are the measured (uncorrected) values of the 
storage and loss modulus, and Ji is the torsional compliance of the rheometer setup. The 
full derivation of the above equations is given in Appendix A of Publication I.  

In Equations (10)-(12), the only parameter that needs to be determined separately is the 
torsional instrument compliance Ji. It is highly recommended to measure this parameter 
value experimentally by fastening the upper and lower plate fixture of the rheometer tightly 
together. This can be done, for example, by applying a very thin layer of superglue 
(cyanoacrylate adhesive) between the plates. After the glue has cured, holding the plate 
fixtures firmly together, an oscillatory torque sweep is performed. In this experiment, the 
torsional stiffness of the very thin glue layer can be assumed to be much larger than that of 
the rheometer setup (including the test fixture and motor of the rheometer). Consequently, 
the measured angular displacement results solely from the deflection of the rheometer 
system. When the measured angular displacement is plotted as a function of the applied 
torque, a linear relationship is observed, and the slope of the line gives the torsional 
instrument compliance Ji. Figure 4 shows the determination of the torsional compliances 
of the rheometer setups used in this dissertation.      
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Figure 4. Determination of the torsional instrument compliances of the two rheometer 
setups used in this dissertation. A stress-controlled Malvern Kinexus Pro rheometer, 
equipped with 4-mm diameter parallel plate geometry and a Peltier plate and active hood, 
was used in Publications II, IV, V and VI. A stress-controlled Anton Paar Physica MCR 
301 rheometer, equipped with 4-mm diameter parallel plate geometry and a CTD 450 
convection oven, was used in Publication III. The larger instrument compliance of the MCR 
rheometer is expected to be partly due to the longer tapered portion of the 4-mm diameter 
upper plate geometry. (modified from Publication I) 

The effect of instrument compliance corrections on dynamic rheological data is 
demonstrated in Figure 5. In this example, a stress-controlled Anton Paar Physica MCR 
301 rheometer, equipped with 4-mm diameter parallel plate geometry and a CTD 450 
convection oven, was used to perform a frequency sweep experiment on a petroleum oil 
sample (Tg = -74 °C) at -75 °C. It can be observed that the instrument compliance 
corrections become significant at high modulus values (>108 Pa) and are larger on G’’ than 
on G’. However, it should be noted that the magnitude of instrument compliance 
corrections varies on a case-by-case basis, as it is dependent on the torsional compliance 
of the used rheometer system (which in turn depends on the design of the rheometer and 
on the design and diameter of the test fixture) and the stiffness of the sample. It is also 
worth noting that the instrument compliance corrections become less accurate if the 
magnitude of the corrections is very large. It has been recommended that the true sample 
deformation should be at least 10 % of the measured sample deformation to ensure 
sufficient data accuracy [102,103]. 

 

 

0 5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ji = 0.01925 rad/Nm

An
gu

la
r d

is
pl

ac
em

en
t [

m
ra

d]

Torque [mNm]

Malvern Kinexus Pro
 + 4-mm PP (n = 4)

      
Anton Paar Physica MCR 301
 + 4-mm PP (n = 2)

  

Ji = 0.00964 rad/Nm



 

15 
 

 

Figure 5. Example of the effect of instrument compliance corrections on the dynamic 
rheological data of petroleum oil near its Tg. The data was measured using the Anton Paar 
Physica MCR 301 rheometer in the same configuration as described in Figure 4 (Ji = 
0.01925). (Publication I) 

As described above, it is favorable to decrease the diameter-to-gap (d/h) ratio in order to 
minimize the torsional instrument compliance effects. It is therefore tempting to employ 
d/h ratios that are on the low side of the recommended range of 10 ≤ d/h ≤ 50 specified in 
ISO 6721-10 [104]. In order to experimentally study the effect of unusually small d/h ratios 
on measured rheological properties, 4-mm diameter parallel plate geometry was used at 
different gap heights (0.5 … 2.5 mm) to perform frequency sweeps on a sample of soft 
bitumen grade. As an example, the results obtained at -20 and 10 °C are depicted in Figures 
6(a) and 6(b), respectively. At -20 °C, all the dynamic moduli curves overlap, 
demonstrating that the measured rheological properties are independent of the d/h ratio at 
least down to the value of 1.6. At 10 °C, however, the bitumen sample is considerably softer 
and thus more prone to measurement errors at small d/h ratios. Nevertheless, it may be 
concluded that reliable rheological data can be obtained at d/h ≤ 2 when the dynamic moduli 
are higher than 105 Pa.   
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Figure 6. d/h ratio dependence of the measured dynamic moduli of soft bitumen at (a) -
20 °C and (b) 10 °C. (Publication I) 

It is also worth noting that even minor inaccuracies in the dimensions of the test specimen 
may result in significant errors in the measured rheological data. This is because of the 
fourth-power dependence of the measured torsional stiffness on the specimen radius, 
Equation (9). To give an example, a tiny 50-μm wide cavity at the periphery of a 4-mm-
diameter specimen would, according to this relation, result in ∼10 % underestimation of 
the measured values of the dynamic moduli. It is therefore necessary to establish the 
repeatability of rheological measurements performed with small-diameter parallel plate 
geometries. Figure 7 shows data from three replicate measurements on a bitumen sample 
modified with 10 wt% of SBS block copolymer, measured using a 4-mm diameter parallel 
plate geometry. The microstructure and thus also the rheological properties of SBS 
modified bitumen are known to be strongly dependent on the thermal history and 
conditioning time [105–109], making this material an ideal selection for the critical 
assessment of the measurement repeatability. The obtained results indicate excellent 
repeatability, the differences between the replicate measurements being barely visible in 
Figure 7. 

 

Figure 7. Repeatability of the rheological data measured using a 4-mm diameter parallel 
plate geometry (sample: bitumen + 10 wt% SBS. (Publication I) 
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To further assess the accuracy and reliability of the SDPP rheometry technique, 
comparative measurements were performed using a piezoelectric shear modulus gauge 
(PSG) developed and operated by the ‘Glass and Time’ research group at Roskilde 
University [1]. The temperature in this measurement setup is controlled by a home-built 
closed-cycle cryostat [2]. Figure 8 compares the frequency sweep data measured for 
diglycidyl ether of bisphenol A epoxy resin (DGEBA, D.E.R. 332, Dow Chemicals) at -
15.2 °C (258 K) by means of SDPP rheometry and the PSG. The dynamic rheological data 
measured by these two techniques are found to be in good agreement with each other, 
indicating a high fidelity of the measurements. It is also notable that this result serves as a 
check of the accuracy of the used temperature control systems and their calibrations. At the 
moment of writing, a more detailed comparison of the PSG and SDPP rheometry 
techniques is underway and will be subject to a future publication. 

 

Figure 8. Comparison of the frequency sweep data measured by SDPP rheometry and by 
the PSG for DGEBA epoxy resin at -15.2 °C (258 K). The SDPP rheometry data was 
collected using a 4-mm diameter parallel plate geometry on a Malvern Kinexus Pro 
rheometer. (Unpublished) 

It is evident from the above discussion that reliable and accurate rheological data may be 
obtained for GFLs by using parallel plate geometries of small diameter. This so-called 
small-diameter parallel plate (SDPP) rheometry technique is therefore employed in this 
study to measure the rheological properties of various petroleum fluids, such as bitumen, 
near and below Tg. It is notable that only very small amount of material (i.e. 
a few tens of milligrams) is needed in these experiments. Moreover, the benefits of SDPP 
rheometry include easy specimen preparation and the elimination of the need to clamp the 
specimen to the test fixture (see Publication I for details). 

The rheological properties of neat and SBS modified bitumen samples (Publications II, IV, 
V and VI) were measured on a stress-controlled Malvern Kinexus Pro rheometer. The 
rheometer was equipped with a Peltier plate and active hood to control the specimen 
temperature within ±0.1 K. Furthermore, the Peltier temperature control system was 
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connected to a refrigerated circulator (Julabo CF41), extending the temperature range of 
the rheological experiments down to -40 °C. Frequency sweep experiments were performed 

from 62.8 to 0.0628 rad/s within the linear viscoelastic regime (γ0 = 0.075 … 0.01 % 
depending on the measurement temperature). At low temperatures (T ≤ 10 °C), the 
frequency sweep experiments were performed with a 4-mm diameter parallel plate 
geometry at a gap height of approximately 1.75 mm (Figure 9), and the measurement data 
were corrected for torsional instrument compliance (Ji = 0.00964 rad/Nm, see Figure 4) 
according to Equations (10)-(12). During these experiments, the Peltier hood was flushed 
with dry nitrogen gas to avoid moisture uptake and ice formation. Below 0 °C, the normal 
force control of the rheometer was utilized to automatically adjust the measurement gap in 
order to avoid the build-up of negative normal forces in the test specimen while maintaining 
good adhesion between the plates and the specimen. Details of the specimen preparation 
procedure can be found elsewhere [94]. In addition, complementary high-temperature 
frequency sweep experiments were performed in Publications II and V using a stress-
controlled Anton Paar Physica MCR 500 rheometer equipped with 8-mm and 25-mm 
diameter parallel plate geometries. Details of these experiments can be found in the work 
of Soenen and Redelius [91]. 

 

Figure 9. Bitumen specimen loaded and trimmed in a 4-mm diameter parallel plate 
geometry. Note that the picture has been taken at the trimming gap of 1.87 mm, prior to 
decreasing the gap to the final height of 1.75 mm used in the measurements. Note also that 
the nub of the lower plate is covered with bitumen; the lower edge of the test specimen is 
indicated by a dashed curved line. (Publication I) 

The rheological properties of the petroleum fluids (Publication III) were measured near and 
below Tg using a stress-controlled Anton Paar Physica MCR 301 rheometer. The 
temperature of the test specimen was controlled with the accuracy of better than ±0.5 K 
using a CTD 450 convection oven (Anton Paar). The CTD 450 oven was connected to an 
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EVU 10 liquid nitrogen evaporation unit (Anton Paar) that allows rheological experiments 
to be conducted at temperatures down to -130 °C. In a similar fashion as above, frequency 

sweep experiments (ω = 62.8 … 0.0628 rad/s, γ0 = 0.05 … 0.01 %) were performed with a 
4-mm diameter parallel plate geometry set at a gap of 1.2 … 1.5 mm. The resulting data 
were automatically corrected for torsional instrument compliance (Ji = 0.01925 rad/Nm, 
see Figure 4) by the RheoPlus software (version 3.62) from Anton Paar. As described above, 
care was taken to avoid moisture uptake in the test specimen during the experiment, and 
the normal force control of the rheometer was employed to account for the thermal 
shrinkage of the test specimen upon cooling.  

The Interactive Rheology Information Systems (IRIS) software, developed by Winter and 
coworkers [110], was utilized to analyze and plot rheological data collected for this 
dissertation. 

2.2.2 Time-resolved rheometry VI 

A time-resolved rheometry (TRR) technique was developed by Mours and Winter [87] to 
study the rheological properties of materials with changing structure. This technique has 
gained some popularity during the past two decades as it has been applied to the analysis 
of polymers during cross-linking [111–115], crystallization [116], shear-induced phase 
ordering [117], phase separation [118], and thermal/thermo-oxidative degradation [119–
122]. However, somewhat surprisingly, TRR has never been used to characterize physical 
aging in glassy materials. In the following, the fundamentals of TRR are briefly reviewed 
with the objective of using this approach to study physical aging in neat and SBS modified 
bitumen (Publication VI). 

A characteristic time for the rate of change in the material is called the mutation time τmu, 
and it is defined as the time which is required for a (1/e)-change of property g at the 
instantaneous rate of change ∂g/∂t. 

𝜏𝜏𝑚𝑚𝑚𝑚 = �
1
𝑔𝑔
�
𝜕𝜕𝑔𝑔
𝜕𝜕𝑡𝑡
��
−1

                                                                                                                         (13) 

It is worth noting that the definition of the mutation time bears a close resemblance to the 
definition of an effective retardation (relaxation) time for the structural recovery τeff

-1 = (-
1/δ)(dδ/dt) where δ(t) = (ν(t)-ν∞)/ν∞ is the volumetric departure from equilibrium [123]. 
The change during an experiment can be estimated by the mutation number Nmu, defined 
as the ratio between the mutation time τmu and the experimental time Δt [124] 

𝑁𝑁𝑚𝑚𝑚𝑚 =
∆𝑡𝑡
𝜏𝜏𝑚𝑚𝑚𝑚

                                                                                                                                     (14) 

For small Nmu, the mutation is small enough to be negligible in the analysis of an experiment. 
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In the case of dynamic mechanical experiments, the time evolution of the dynamic moduli 
is typically examined. Consequently, the mutation time refers to the properties g = G’ and 
g = G’’ 

𝜏𝜏𝑚𝑚𝑚𝑚′ = �
1

𝐺𝐺′ �𝜕𝜕𝐺𝐺
′

𝜕𝜕𝑡𝑡 �
�

−1

   and   𝜏𝜏𝑚𝑚𝑚𝑚′′ = �
1

𝐺𝐺′′ �𝜕𝜕𝐺𝐺
′′

𝜕𝜕𝑡𝑡 �
�

−1

                                         (15a) and (15b) 

In dynamic oscillatory experiments, the experimental time is determined by the period of 

the oscillatory shear at an angular frequency ω : Δt = 2π/ω. Consequently, the mutation 
numbers for G’ and G’’ are defined as  

𝑁𝑁𝑚𝑚𝑚𝑚′ =
2𝜋𝜋

𝜔𝜔𝐺𝐺′ �𝜕𝜕𝐺𝐺
′

𝜕𝜕𝑡𝑡 �
  and   𝑁𝑁𝑚𝑚𝑚𝑚′′ =

2𝜋𝜋

𝜔𝜔𝐺𝐺′′ �𝜕𝜕𝐺𝐺
′′

𝜕𝜕𝑡𝑡 �
                                                   (16a) and (16b) 

The larger of these values determines the limits of the experiment in terms of sample 
mutation. Usually, N’mu > N’’mu as G’ responds more sensitively for transient materials. As 
a conservative estimate, mutation effects are considered negligible when the mutation 
number is less than 0.1 [125]. 

The idea of limiting the measurement time in the mechanical characterization of transient 
materials is certainly not new. According to Struik [82], the experimental (measurement) 
time should be not more than 10-20 % of the elapsed (aging) time so that the aging process 
itself does not affect the mechanical response (too much) during the measurement. This 
simple criterion, however, does not take the rate of change in the material properties into 
account in any way. This shortcoming is overcome in the TRR analysis as the mutation 
number compares the experimental time to the mutation time. Consequently, the TRR 
analysis allows the adjustment of the maximum allowed measurement time according to 
the rate of physical aging, i.e. longer measurement times can be used when physical aging 
is slow and vice versa. 

Dynamic mechanical data for the TRR analysis may be obtained by means of cyclic 
frequency sweeps (CFS) or Fourier transform mechanical spectroscopy (FTMS). FTMS is 
a preferred technique for materials with highly transient structure (small τmu) as the 
experimental time is reduced as compared to the CFS protocol [126]. However, the 
frequency resolution of FTMS is often limited by the linear viscoelastic (LVE) domain of 
the material and the sensitivity of the measuring device [127]. In the context of this study, 
it is important to note that physical aging is a relatively slow process and that the LVE 
domain of glassy materials is often very narrow, thus undermining the benefits of FTMS. 
For these reasons, the CFS protocol was employed in Publication VI of this dissertation to 
study physical aging in bituminous binders. 
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CFS experiments in Publication VI were conducted on a stress-controlled Malvern Kinexus 
Pro rheometer equipped with a 4-mm diameter parallel plate geometry. A Peltier plate and 
active hood were connected to a Julabo CF41 refrigerated circulator and used to control the 
temperature of the test specimen within ±0.1 K. CFS experiments were performed on 
bitumen specimens that were prepared in the rheometer at a high temperature 
(approximately 10 K above the Ring-and-Ball softening point of the bitumen) and 
subsequently quenched to the measurement temperature at a cooling rate of approximately 
10 K/min. The CFS experiments were started about 500 s after the rheometer plates reached 
the measurement temperature in order to ensure that the specimen had attained thermal 
equilibrium. During the CFS experiments, the frequency range from 62.8 to 0.628 rad/s 
was repeatedly scanned while keeping the temperature constant. These experiments were 
performed at various temperatures in the vicinity of Tg. The strain amplitudes were kept 

small enough (γ0 = 0.01 … 0.03 % depending on the measurement temperature) to ensure 
linear viscoelastic response and to avoid disturbing the physical aging process. The 
measurement data were corrected for torsional instrument compliance (Ji = 0.00964 
rad/Nm, see Figure 4) according to Equations (10)-(12). The Peltier hood was flushed with 
dry nitrogen gas to avoid moisture uptake and ice formation in the test specimen and in the 
specimen environment. The normal force control of the rheometer was employed to 
account for the thermal shrinkage of the test specimen upon cooling, i.e. to avoid the build-
up of negative normal forces in the test specimen while maintaining good adhesion between 
the plates and the specimen. 

It needs to be emphasized that, to the best of the knowledge of the author, this is the first 
time that the TRR technique has been used to analyze the evolution of rheological 
properties during physical aging. Furthermore, as far as the author knows, this is the first 
time that the physical aging of small-molecule (non-polymeric) glass-forming liquids has 
been monitored by dynamic oscillatory experiments. As compared to the classical creep 
test protocol of Struik [78,82], the rheological characterization of physical aging by CFS 
experiments provides several advantages. For example, CFS experiments provide more 
comprehensive information about material's viscoelastic response by probing it both at 
short and long time scales. Moreover, CFS experiments allow virtually continuous 
monitoring of the linear viscoelastic response during physical aging, and it is also possible 
to perform a consistency check on the CFS data using the Kramers-Kronig relation 
[128,129] (see Section 3.4 and Publication VI for examples) 

𝐺𝐺′(𝜔𝜔)
𝜔𝜔2 =

2
𝜋𝜋
�

𝐺𝐺′′(𝑥𝑥)
𝜔𝜔2 − 𝑥𝑥2

∞

0
d𝑥𝑥                                                                                                         (17) 

2.2.3 Bending beam rheometry 

In addition to SDPP rheometry, the low-temperature rheological properties of SBS 
modified bitumen were characterized by means of bending beam rheometry (BBR) in 
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Publication IV. Creep experiments in three-point bending were performed according to EN 
14771 [130] using a BBR device from Cannon Instrument Company. Following this 
standard method, a constant load of 980 mN was applied at the midspan of a bitumen beam 
(127 × 12.7 × 6.35 mm3) at various temperatures ranging from -18 to -36 °C. The deflection 
at the midspan of the beam specimen was measured as a function of loading time, and the 
flexural creep stiffness (S) and creep rate (m) were calculated at t = 8, 15, 30, 60, 120 and 
240 s. Averages of two replicates for each sample are reported. 

2.2.4 Temperature-modulated differential scanning calorimetry 

Temperature-modulated differential scanning calorimetry (TMDSC) was employed to 
characterize the thermal properties of the bitumen and petroleum fluid samples in 
Publications III and IV. TMDSC, a technique developed by Reading and coworkers 
[131,132], is an extension of the conventional DSC technique. TMDSC allows a separation 
of the total heat flow into its heat capacity-related (reversing) and kinetic (non-reversing) 
components by superimposing a sinusoidal modulation on a linear heating or cooling ramp. 
In this dissertation, TMDSC experiments were performed on TA Instruments Q1000 and 
Q2000 differential scanning calorimeters equipped with a Refrigerated Cooling System 
(RCS90). The DSC instruments were calibrated with high-purity sapphire and indium 
standards. Approximately 10 mg of the investigated material was weighed into an 
aluminum pan that was hermetically sealed and transferred to the DSC instrument. The 
sample was first heated to 140 °C (bitumen samples) or 100 °C (other petroleum fluid 
samples) and annealed at that temperature for 5 min to remove any effects of thermal 
history. After this annealing treatment, modulated cooling and heating scans were carried 
out in the temperature range between -90 and 140 °C. The following modulation parameters 
were used: underlying cooling/heating rate = 3 K/min, modulation amplitude = 0.5 K, and 
modulation period = 60 s. The DSC cell was purged with dry nitrogen gas at a flow rate of 
50 ml/min. The data from the TMDSC experiments was analyzed with TA Instruments 
Universal Analysis 2000 software, version 4.5A. 

In addition, conventional DSC measurements were performed on the bitumen samples 
investigated in Publication V to determine their Tgs at a heating rate of 10 K/min. These 
experiments were carried out using a Mettler Toledo DSC1 calorimeter as described by 
Soenen and Redelius [91]. 

2.2.5 Fluorescence microscopy 

Fluorescence microscopy (FM) was used to study the morphology of the SBS modified 
bitumen samples in Publication IV. FM studies were carried out using a Carl Zeiss 
Axioskop 40 FL epifluorescence microscope equipped with a DeltaPix DP200 digital 
camera. A set of three filters was used in the fluorescence imaging: a BP 450-490 nm 
excitation filter, a FT 510 nm beam splitter, and a LP 515 nm emission filter. FM 
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micrographs were taken at original magnifications of 50x, 100x and 200x at room 
temperature. FM specimens were prepared for imaging by two different methods. In the 
first method, the specimens were freeze-fractured as described in detail by Soenen and 
coworkers [106]. In the second method, the specimens were imaged after annealing them 
at 140 °C for 1 h. The FM micrographs were analyzed using an ImageJ image processing 
and analysis software, version 1.50i (National Institutes of Health, Bethesda, MD, USA; 
https://imagej.nih.gov/ij/) [133]. The uneven illumination of the field of view was corrected 
using a posteriori shading correction plugin developed by Bonnet and coworkers [134]. 
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3. Results and discussion 

3.1 Development and evaluation of an empirical constitutive model 
for complex glass-forming liquids II,III 

3.1.1 Physical aging and linear viscoelastic properties of bitumen 

In the following analysis, bitumen is used as a model material for CGFLs. Bitumen is an 
extreme example of chemically and structurally complex material, being composed of a 
broad mixture of substantially different molecules and exhibiting a wide range of molecular 
interactions (e.g. dispersive, polar, hydrogen bonding and π-π interactions) [13,135]. The 
use of bitumen as a model material is also justified by its relatively rapid physical aging at 
temperatures well below Tg. Figures 10(a) and 10(b) show the evolution of the dynamic 
moduli G’ and G’’ during the physical aging of the bitumen sample at Tg and Tg-20 K, 
respectively (Tg = -20 °C was measured by DSC at a heating rate of 10 K/min). At short 
aging times, an increase in the storage modulus G’ and a decrease in the loss modulus G’’ 
is observed as a consequence of physical aging. However, already after a few hours at Tg 
and after less than 10 hours at Tg-20 K the dynamic moduli become essentially independent 
of aging time, signifying the completion of physical aging. This allowed us to characterize 
the linear viscoelastic behavior of this non-waxy bitumen in, or at least very close to, the 
metastable equilibrium state. These equilibrium properties are analyzed throughout the 
following sections. A more comprehensive treatment of the physical aging behavior of 
different types of bitumen is provided in Section 3.4. 
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Figure 10. CFS data measured during the physical aging of bitumen at (a) Tg and (b) Tg-20 
K. The numbers inside the plot indicate measurement frequencies in Hz. (Publication II) 

Frequency sweep data measured for the bitumen sample at various temperatures ranging 
from 70 to -40 °C is depicted in the Booij-Palmen plot (log|G*|) [136,137] in Figure 11(a) 
(this type of plot is also known as the van Gurp-Palmen plot in polymer literature [138] and 
as the Black diagram or Black space in asphalt literature [139,140]). The good overlap of 
the data measured at different temperatures indicates the thermorheological simplicity of 
the bitumen, allowing the construction of rheological master curves. The master curves of 
the dynamic moduli and loss tangent shown in Figure 11(b) display typical rheological 
characteristics of a low-molecular-weight GFL, i.e. a direct transition from the terminal 
flow region into the glassy region without intermediate entanglement plateau. Furthermore, 
the time-temperature (horizontal) and modulus (vertical) shift factors (aT and bT, 
respectively) used to construct the master curves of Figure 11(b) are plotted in Figure 11(c). 
The temperature dependence of aT is observed to deviate from the WLF/VFT behavior near 
and below Tg, being better described by the modified Kaelble equation, Equation (4). 
Further analysis of the modified Kaelble-type temperature dependence is provided in 
Section 3.3. The observed temperature dependence of bT is much weaker than that of aT 
and is in fair agreement with the prediction based on temperature-induced density changes, 
bT = Tref (Tref)/T (T) [38]. 
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Figure 11. Analysis of the dynamic viscoelastic properties of bitumen in the temperature 
range of 70 to -40 °C. (a) Booij-Palmen plot showing frequency sweep data measured at 
various temperatures. (b) Dynamic moduli and loss tangent master curves of bitumen at the 
reference temperature of -20 °C. The lines correspond to the fits of the generalized Maxwell 
model. (c) Temperature dependence of the frequency (horizontal) shift factors aT and 
modulus (vertical) shift factors bT used to construct the master curves of part (b). Note that 
different scales are used for aT and bT, and that bT are applied only at low temperatures (T 
≤ 0 °C). Model fits are described in the text, and a more detailed analysis of the modified 
Kaelble equation can be found in Section 3.3.1. (Publication II) 

3.1.2 Comparison of the rheological behavior of bitumen and simple glass-forming 
liquids 

Rheological data for eight simple glass-forming liquids (SGFLs) were retrieved from the 
literature and analyzed. Table 6 provides details of these literature data. It should be noted 
that these data have been collected by a variety of rheological measurement techniques, 
thus eliminating the possibility of systematic measurement errors. 
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Table 6. Summary of the rheological data of SGFLs retrieved from the literature and 
analyzed in this study. (Publication II) 

Data source Measurement method Material Tg [°C] Literature 
reference 

McKenna and 
coworkers 
(Texas Tech) 

8-mm diameter parallel plates, 
data corrected for the torsional 
instrument compliance [95] 

sucrose benzoate 62 [46] 

m-toluidine -87 [46] 

glycerol -82 [46] 

Schröter and 
Donth (Univ. 
Halle) 

Hyperbolically shaped sample 
between 8-mm diameter 
parallel plates [141] 

glycerol -82 [97] 

“Glass and 
Time” group 
(Roskilde Univ.) 

Self-built piezoelectric shear-
modulus gauge (PSG) [142] + 
self-built cryostat and 
temperature control system 
[143] 

DC704 a -63 [144] 

1,2-propanediol -109 [145] 

DC705 a -49 [145] 

Mills (Inst. für 
Silicatforschung, 
Würzburg) 

Rod-shaped sample measured 
with a torsion tester Na2O:2SiO2

 b 455 [146] 

a DC704 (tetraphenyl-tetramethyl-trisiloxane) and DC705 (pentaphenyl-trimethyl-
trisiloxane) are commercial Dow Corning® diffusion pump fluids 
b Na2O:2SiO2 is a soda-silica glass 

The linear viscoelastic data of the SGFLs are plotted, together with the bitumen data of the 
previous section, in different graphical representations in Figures 12(a) and 12(b). First of 
all, it needs to be pointed out that all the investigated SGFLs show smooth curves in the 
Booij-Palmen plot, Fig. 12(a). These materials can thus be considered as 
thermorheologically simple, as opposed to many other SGFLs that have been found to be 
thermorheologically complex [145,147]. Consequently, viscoelastic master curves can be 
constructed as shown in Figure 12(b). It is striking that the investigated SGFLs show very 
similar rheological behavior in all these data representations. In comparison, bitumen 
exhibits remarkably different rheological characteristics. Most notably, the viscoelastic 
glass transition, i.e. the transition from the liquid state (where δ ≈ 90°) to the glassy state 
(where δ → 0°) appears to be much broader in bitumen than in SGFLs. This is manifested 
as the considerable broadening of the bitumen curve in the Booij-Palmen plot, as well as 
the broadening of the bitumen master curves. This broadening effect presumably arises 
from the extreme chemical and structural complexity of bitumen, and is therefore expected 
to be characteristic of all types of CGFLs (further evidence of this hypothesis will be 
presented in the following sections). 
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Figure 12. Comparison of the linear viscoelastic response of bitumen and SGFLs by means 
of (a) the reduced Booij-Palmen plot and (b) reduced dynamic moduli master curves. In the 
reduced Booij-Palmen plot, minor modulus shifts bT are applied, and the modulus data are 
normalized with respect to the glassy modulus Gg to allow easier comparison of the shapes 
of the curves. In a similar fashion, the dynamic moduli master curves are normalized with 

respect to the angular frequency corresponding to the maximum in G” (ωmax), the glassy 
modulus (Gg) and the maximum value of G’’ (G’’max) to facilitate easier comparison of the 
shapes of these curves. (modified from Publication II) 

In order to gain better understanding of the relaxation dynamics of the SGFLs and bitumen, 
the relaxation time spectra H(τ) of these materials were calculated from their dynamic 
moduli master curves (Figure 12(b)) using the method of Baumgärtel and Winter [148,149]. 
The relation between the dynamic moduli and the relaxation time spectrum is expressed as 
[38] 

𝐺𝐺′(𝜔𝜔) = 𝐺𝐺𝑟𝑟 + �
d𝜏𝜏
𝜏𝜏

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

0
𝐻𝐻(𝜏𝜏)

(𝜔𝜔𝜏𝜏)2

1 + (𝜔𝜔𝜏𝜏)2                                                                              (18a) 
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𝐺𝐺′′(𝜔𝜔) = �
d𝜏𝜏
𝜏𝜏

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

0
𝐻𝐻(𝜏𝜏)

(𝜔𝜔𝜏𝜏)
1 + (𝜔𝜔𝜏𝜏)2                                                                                       (18b) 

where the equilibrium modulus Ge = 0 for liquids. H(τ) is a macroscopic expression of 
micro-scale structural rearrangements in time whose shape provides information about the 
relative significance of the small- and large-scale rearrangement processes in a test material 
[27]. It can be observed from Figure 13 that the relaxation time spectra of all the 
investigated SGFLs adopt a very similar shape. These spectra show power-law behavior 
with a positive exponent and a sharp cut-off at the longest relaxation time, as described by 
the power-law spectrum model, Equation (2). On the contrary, the bitumen spectrum is 
characterized by a broad distribution of relaxation times at long times, while the short-time 
behavior may still be approximated by a power-law. The broadening of the relaxation time 
spectrum may be attributed to the broadening of the viscoelastic glass transition already 
observed in Figs. 11(a)-(c). 

 

Figure 13. Comparison of the relaxation time spectra of bitumen and SGFLs. The 
relaxation times are normalized with respect to τα to allow easier comparison of the shapes 
of the curves. (Publication II) 

It is obvious that the relaxation time spectrum of bitumen cannot be described by the power-
law spectrum model, Equation (2), due to the broadened distribution of long relaxation 
times. In a similar fashion, the KWW stretched exponential function, Equation (1), does 
not provide adequate description of the broadened glass transition dynamics, as can be seen 
from Figure 14. It therefore appears obvious that the existing models of glassy dynamics 
cannot accurately describe the broadened glass transition dynamics of CGFLs such as 
bitumen. The purpose of the next section is to develop a new constitutive model that is able 
to describe the unique rheological characteristics of bitumen in the glass transition region. 
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Figure 14. Unsuccessful attempts to fit the KWW stretched exponential function to the 
dynamic moduli data of bitumen in the vicinity of the glass transition. (Publication II) 

3.1.3 Broadened power-law spectrum model for complex glass-forming liquids  

The relaxation time spectrum is the most important viscoelastic material function as it 
provides a complete and unique description of the linear viscoelastic behavior of a material, 
and allows the calculation of any other viscoelastic material function in a straightforward 
manner [38,150,151]. Moreover, it provides fundamental understanding of the molecular 
relaxation processes in the material [27]. Stadler [150] and Cho et al. [152], among others, 
have also shown that the relaxation time spectrum is more sensitive to differences or 
changes in material’s molecular structure than many other viscoelastic material functions. 
For the above reasons, it is preferred to express constitutive models in terms of the 
relaxation time spectrum. In the following, an attempt is made to model the unique shape 
of the relaxation time spectrum of bitumen. 

As noted previously in Figure 13, the short-time behavior of bitumen can be adequately 
described by the power-law spectrum with a positive exponent, Equation (2). However, 
instead of introducing a sharp cut-off at the longest relaxation time, it is suggested here that 
the power-law spectrum is terminated with a stretched exponential function as follows: 

𝐻𝐻(𝜏𝜏) = 𝑛𝑛𝛼𝛼𝐺𝐺𝑐𝑐 �
𝜏𝜏
𝜏𝜏𝛼𝛼
�
𝑛𝑛𝛼𝛼

exp �− � 𝜏𝜏
𝜏𝜏𝛼𝛼
�
𝛽𝛽
� ,     for 𝛽𝛽 < 1 and 𝑛𝑛𝛼𝛼 ≥ 0                                           (19)  

where β is a stretching parameter that describes the broadening of the relaxation time 
spectrum at long relaxation times, and the other parameters are as defined in Equation (2). 
It is worth noting that in the special case of β > 1, the broadened power-law spectrum, 
Equation (19), reduces to the power-law spectrum with a sharp cut-off, Equation (2). This 
is because, in this case, the stretched exponential exp[-(τ/τα)^β] tends quickly (1) to unity 
when τ < τα and (2) to zero when τ > τα. Figure 15(a) shows that the proposed modification 
to the power-law spectrum model accurately captures the broad distribution of long 
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relaxation times in bitumen. Furthermore, the validity of this new model is verified by 
successful fits to experimental dynamic moduli data, Figure 15(b). Hereafter, Equation (19) 
is referred to as the broadened power-law spectrum model. 

 

Figure 15. Fits of the broadened power-law spectrum model, Equation (19), to the (a) 
relaxation time spectrum and (b) dynamic moduli data of bitumen in the vicinity of the 
glass transition. (Publication II) 

In the broadened power-law spectrum model, special attention is drawn to the stretching 
parameter β. As indicated above, this parameter is a quantitative measure of the broadening 
of the relaxation time spectrum at long times, and may be related to the broadening of the 
viscoelastic glass transition. Figure 16 illustrates the effect of varying the β parameter on 
various viscoelastic material functions. In agreement with the experimental data of bitumen, 
remarkable broadening of the viscoelastic response is observed with decreasing β value. 
The relation of this parameter value to the chemical and structural complexity of a GFL 
and to the width of the calorimetric glass transition will be systematically investigated in 
the next section.   
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Figure 16. Effect of the stretching parameter β on the modeled viscoelastic response as 
illustrated by the (a) Booij-Palmen plot, (b) dynamic moduli master curves and (c) 
relaxation time spectrum. β = infinity corresponds to the powerlaw spectrum with a sharp 
cut-off, Equation (2). (Publication II) 

In order to establish the importance of the broadened power-law spectrum model, it is also 
important to compare it with existing models of glassy dynamics. Figure 17 presents a 
qualitative comparison of the relaxation time spectra corresponding to the broadened 
power-law spectrum model, the Kohlrausch-Williams-Watts (KWW) model, the Havriliak-
Negami (H-N) model, the Cole-Cole (C-C) model and the Cole-Davidson (C-D) model. 
These model spectra can be expressed analytically by the following equations 
[21,22,24,153,154]: 

𝐻𝐻(𝜏𝜏) = −
𝐺𝐺𝑔𝑔
𝜋𝜋𝜋𝜋
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sin(𝜋𝜋𝛽𝛽𝐾𝐾𝐾𝐾𝐾𝐾𝑘𝑘) Γ(𝛽𝛽𝐾𝐾𝐾𝐾𝐾𝐾𝑘𝑘 + 1)𝜋𝜋(𝛽𝛽𝐾𝐾𝐾𝐾𝐾𝐾𝑘𝑘+1) , (KWW model)(20) 
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𝐻𝐻(𝜏𝜏) = 0 , for 𝜏𝜏 > 𝜏𝜏0                                                                                            

and the broadened power-law spectrum is expressed by Equation (19). It can be seen that, 
by a suitable selection of model parameters, all these models are able to describe the power-
law behavior at short relaxation times. However, vast differences are observed in the way 
these models cut off the spectrum at long times, and only the broadened power-law 
spectrum model accurately describes the distribution of relaxation times in bitumen. Figure 
17 therefore provides definitive proof of the superiority of the broadened power-law 
spectrum model over the classical KWW, H-N, C-C and C-D models in terms of describing 
the relaxation pattern of chemically and structurally complex bitumen. 

 

Figure 17. Comparison of the broadened power-law spectrum model with some classical 
constitutive models for glassy dynamics. The relaxation time spectra corresponding to the 
Kohlrausch-Williams-Watts (KWW), Havriliak-Negami (H-N), Cole-Cole (C-C), and 
Cole-Davidson (C-D) models are expressed by Equations (20)-(23). (modified from 
Publication II) 
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Significant effort has been made in the past to model the relaxation time spectrum of 
bitumen [139,155–160]. Most notably, a semi-empirical model for characterizing the 
frequency-dependent dynamic modulus of asphalt binders has been developed by 
Christensen and Anderson [156,158]. The relaxation time spectrum corresponding to this 
Christensen-Anderson (C-A) model has been recently approximated by the model 
developers [157] 

𝐻𝐻(𝜏𝜏) =
1.1𝐺𝐺𝑔𝑔(0.65𝜔𝜔𝑐𝑐𝜏𝜏)log2 𝑅𝑅⁄

[1 + (0.65𝜔𝜔𝑐𝑐𝜏𝜏)log 2 𝑅𝑅⁄ ]2+𝑅𝑅 log2⁄                                                                                  (24) 

where ωc is the crossover frequency at which G’(ω) = G’’(ω) = Gc, and R is the rheologic 
index, R = log(Gg) – log(Gc). As shown in Figure 18, Equation (24) fits well to the 
relaxation time spectrum of bitumen. It should be noted, however, that the C-A model is 
not generally applicable to different types of GFLs, i.e. it cannot describe the sharp cut-off 
in the relaxation time spectrum of SGFLs. Furthermore, it is merely a mathematical 
function whose parameters lack of physical meaning that relates to the chemical and 
structural complexity of the material. For the above reasons, the C-A model is not 
particularly suitable for the purposes of this study and will not be discussed further.” 

 

Figure 18. Fit of the Christensen-Anderson (C-A) model, Eq. (24), to the relaxation time 
spectrum of bitumen. (Unpublished) 

As indicated throughout this section, the significant broadening of the viscoelastic glass 
transition of bitumen may be attributed to its highly complex chemical composition and 
microstructure. More specifically, bitumen is composed of a wide variety of molecular 
species that undergo a glass transition at different temperatures or temperature ranges. It 
can therefore be said that bitumen exhibits a distribution of glass transition temperatures, 
manifesting itself as a broad glass transition on a bulk level. Previously, direct evidence of 
this glass transition distribution has been obtained by means of differential scanning 
calorimetry (DSC). For example, Masson et al. [161] observed four distinct glass 
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transitions in bitumen by temperature-modulated differential scanning calorimetry 
(TMDSC), and attributed them to different molecular components of bitumen. They 
proposed that the main glass transition of bitumen, typically observable in DSC/TMDSC 
data at temperatures around -20 °C, arises from the glass transition of alkylated 
cyclopentanes and cyclohexanes. Furthermore, cryogenic atomic force microscopy and 
phase detection microscopy studies have provided additional evidence of the gradual, 
heterogeneous freezing-in of different bitumen components upon cooling over a very wide 
temperature range [162]. Figure 19 shows the heat flow curve of the bitumen sample used 
in this study and its temperature derivative. This data clearly demonstrates that the glass 
transition of bitumen spans over a temperature range of several tens of Kelvin, supporting 
the idea of a distribution of glass transition temperatures. The following section presents a 
more systematic study of the broadening of the viscoelastic glass transition and of its 
relationship to the width of the calorimetric glass transition. 

 

Figure 19. The heat flow curve of the investigated bitumen sample and its temperature 
derivative measured at a heating rate of 10 K/min. (Publication II) 

3.1.4 Correlation between the widths of the viscoelastic and calorimetric glass 
transitions 

In this section, the glass transition behavior of five petroleum fluids, including the bitumen 
sample investigated in the previous sections, is characterized by rheological and 
calorimetric measurements. Detailed information about these samples is provided in Tables 
1 and 2. These petroleum fluids are characterized by different levels of chemical and 
structural complexity, with the degree of complexity increasing in the following order: 
NPO1 < NPO2 < NPO3 < SVR < BIT. This ordering is based on the concept illustrated in 
Figure 1 where heavier petroleum fractions exhibit higher degree of chemical and structural 
complexity. This increase of complexity is accompanied by an increase in density, 
molecular weight, refractive index and molecular polarizability (Tables 1 and 2), as well 
as in aromaticity (Figure 20). This sample set allows a systematic study of the effect of 
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chemical and structural complexity on the broadening of the viscoelastic and calorimetric 
glass transitions as described in the remainder of this section. 

 

Figure 20. Ultraviolet-visible (UV-Vis) absorbance spectra of the investigated petroleum 
fluid samples. The observed increase in the absorption at long wavelengths can be 
attributed to the increasing content of large conjugated aromatic structures [163]. The test 
procedure is described in Soenen and Redelius [91]. (Publication III) 

Figure 21 shows reversing heat flow curves obtained by TMDSC upon heating. All the 
investigated petroleum fluid samples undergo a glass transition in the experimental 
temperature range as indicated in the figure. The onset, midpoint and end temperatures of 
the glass transition region were determined using the half-height method (Table 7). Special 
emphasis is given to the analysis of the width of the glass transition region, defined as the 
difference between the onset and end temperatures of the glass transition region, ΔTg = 
|Tg,onset – Tg,end|. ΔTg is observed to increase systematically with the increasing chemical and 
structural complexity of a petroleum fluid, i.e. ΔTg(NPO1) < ΔTg(NPO2) < ΔTg(NPO3) < 
ΔTg(SVR) < ΔTg(BIT). This same trend is also followed by the nominal glass transition 
temperature (Tg,mid(NPO1) < Tg,mid(NPO2) < Tg,mid(NPO3) < Tg,mid(SVR) < Tg,mid(BIT)), 
which is not surprising given the increasing trend in the molecular weight (Table 2) [164]. 
Furthermore, the aforementioned findings of the broadened distribution of glass transition 
temperatures and of its shift to higher temperatures can be conveniently explained by the 
compositional differences between light and heavy petroleum fluids. This is to say that 
low-Tg molecular components are present in both light and heavy fluids, but the high-Tg 
components become increasingly abundant only in heavy fluids. 
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Figure 21. Reversing heat flow curves of the petroleum fluids (curves shifted vertically for 
clarity). The widths of the glass transition regions are indicated in the figure; the thick 
vertical lines represent the onset and end temperatures of the glass transition region, and 
the thin vertical lines show the half-height midpoint of each transition. (Publication III) 

Table 7. Glass transition temperatures of the petroleum fluids and temperature ranges for 
their  rheological characterization. (Publication III) 

 
Tg,onset 
[°C] 

Tg,midpoint 
[°C] a 

Tg,end 
[°C] ΔTg [K] 

Temperature range for the rheological 
characterization 

NPO1 -76.7 -74.4 -72.1 4.6 T = -60 … -95 °C with 5 K steps 

NPO2 -57.7 -54.1 -50.6 7.1 T = -40 … -75 °C with 5 K steps 

NPO3 -57.9 -52.8 -47.6 10.3 T = -40 … -75 °C with 5 K steps 

SVR -38.6 -27.7 -17.2 21.4 T = 0 … -60 °C with 10 K steps 

BIT -27.0 -12.5 2.1 29.1 T = 10 … -40 °C with 10 K steps 

 

The linear viscoelastic properties of the petroleum fluids were characterized by performing 
frequency sweep experiments at various temperatures around the glass transition (Table 7). 
Once again, physical aging effects are expected to be minimal, as supported by the data in 
Figures 10(a) and 10(b). Figure 22(a) presents the frequency sweep data in the reduced 
Booij-Palmen plot, with the modulus axis (x-axis) normalized with respect to the glassy 
modulus Gg for easier comparison of the shapes of the curves. This plot confirms the 
thermorheological simplicity of the investigated petroleum fluids as evidenced by smooth, 
continuous curves. Furthermore, master curves of the dynamic moduli were constructed 
and are shown in Figure 22(b) after normalization with respect to the reduced angular 
frequency corresponding to the maximum in G″ (again, this normalization was made to 
ease the comparison of the shapes of the master curves). Remarkably, a systematic 
broadening of the Booij-Palmen curves and of the dynamic moduli master curves is 
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observed with increasing chemical and structural complexity. As described in Section 3.1.2, 
the broadening of these curves can be attributed to the broadening of the viscoelastic glass 
transition. 

Figure 22. Comparison of the linear viscoelastic properties of the petroleum fluids by 
means of (a) the reduced Booij-Palmen plot and (b) reduced dynamic moduli master curves. 
For comparison purposes, the data for the SGFLs are shown as lines. Normalizations of the 
plot axes has been performed in the same manner as in Figure 12. (modified from 
Publication III) 

For a more quantitative analysis, the relaxation time spectra H(τ) were calculated from the 
dynamic moduli master curves (Figure 21(b)) using the method of Baumgärtel and Winter 
[148,149]. The calculated spectra are shown in Figure 23. Note that the time scales of these 
spectra have been normalized with respect to the characteristic time τα, as defined by 
Equation (19), to overlap the spectra in the power-law region (at short relaxation times). 
The relaxation time spectra of the petroleum fluids appear to exhibit power-law behavior 
at short relaxation times, very much in the same manner as SGFL spectra. On the other 
hand, the distribution of long relaxation times broadens systematically with increasing 
chemical and structural complexity, reminiscent of the behavior seen in Figures 22(a)-(c). 
The relaxation time spectra of the petroleum fluids are well described by the broadened 
power-law spectrum model as shown in Figure 23. The β values obtained from these model 
fits decrease systematically with increasing chemical and structural complexity. This 
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stretching parameter therefore serves as a quantitative measure of the broadening of the 
viscoelastic glass transition. However, the β parameter of the broadened power-law 
spectrum model should not be confused with the stretching parameter of the KWW function, 
more appropriately denoted as βKWW. 

 

Figure 23. Relaxation time spectra of the petroleum fluids calculated from the dynamic 
moduli master curves of Figure 22(b) and normalized with respect to the characteristic time 
τα. The lines represent fits of the broadened power-law spectrum model, Equation (19), and 
the stretching parameter β values obtained from these fits are given in the legend. Note that 
the endpoints of the calculated relaxation time spectra are prone to experimental 
uncertainties and computational errors, and therefore may show slight deviations from the 
model fits. (Publication III) 

Since both the calorimetric and viscoelastic glass transitions of the petroleum fluids are 
observed to broaden systematically with increasing chemical and structural complexity, it 
is tempting to try to correlate these observations in a quantitative fashion. In this effort, the 
values of the ΔTg and β parameters – describing the widths of the calorimetric and 
viscoelastic glass transitions, respectively – are plotted against each other in Figure 24. 
Note that this plot also includes data for various types of bitumen [91,94]. A strong power-
law relationship is found between the two parameters (R2 = 0.966), suggesting a fascinating 
interrelation between the calorimetric and viscoelastic glass transition. As already indicated 
by Figures 21 and 23, GFLs exhibiting low levels of chemical and structural complexity 
are characterized by small ΔTg and large β values, whereas GFLs with high chemical and 
structural complexity show large ΔTg and small β values. The observed correlation 
indicates that the same compositional and microstructural features are responsible for the 
broadened distribution of glass transition temperatures and of mechanical relaxation times 
in CGFLs. It should be noted that experiments [165] and simulations [166] have previously 
shown that the inverse of the KWW stretching parameter βKWW correlates linearly with ΔTg 
in some simple glass formers. However, this is the first time that the widths of the 
calorimetric and viscoelastic glass transition have been correlated in CGFLs, i.e. in GFLs 
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in which the glass transition broadening is induced by significant chemical and structural 
complexity. 

 

Figure 24. Correlation between the stretching parameter β of the broadened power-law 
spectrum model and the width of the glass transition region ΔTg obtained by TMDSC. In 
addition to the petroleum fluids investigated in this section, data for various bitumen 
samples is included in this plot (see Laukkanen [94] and Soenen and Redelius [91] for 
details of these samples). A power-law fit to all the data is shown by the solid line. 
(Publication III) 

In addition to petroleum fluids, there are known to be many other types of glass-forming 
substances that exhibit a broad glass transition, i.e. a broad distribution of glass transition 
temperatures. Some examples are gradient copolymers [167–170], proteins [171–174], 
interpenetrating polymer networks [175–177], thin polymer films [178–181], shape-
memory polymers [182,183], polymer nanocomposites [184,185] and polymer blends 
[74,186–188]. Future studies are needed to test the validity of the broadened power-law 
spectrum model in these different types of CGFLs. Furthermore, the universality of the 
power-law relationship between ΔTg and β (Figure 24) remains an open question. 

3.2 Low-temperature rheological and morphological characterization 
of SBS polymer modified bitumen IV 

3.2.1 Morphological properties 

Bitumen is often modified with polymers to improve its performance in asphalt paving and 
roofing applications [189–191]. According to Zhu [189], styrene-butadiene-styrene (SBS) 
triblock copolymer is the most widely used polymer for bitumen modification. SBS is a 
thermoplastic elastomer in which the glassy PS endblocks (Tg,PS ≈ 90 °C) contribute to the 
strength of SBS, while the rubbery PB midblock (Tg,PB ≈ -90 °C) offers the elasticity [192]. 
When blended with bitumen, the PB midblock is known to absorb maltenes (light oil 
fractions) from the bitumen and swell up to nine times its initial volume [193,194]. This is 
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demonstrated in Figures 25(a)-(d) that shows fluorescence micrographs of bitumen samples 
modified with different amounts (3-10 wt%) of SBS. In these micrographs, the SBS-rich 
phase appears light yellow, whereas the bitumen-rich phase appears dark. Due to the good 
compatibility of the SBS polymer with the bitumen, swollen SBS is finely dispersed in the 
blend and forms a continuous network already at relatively low mass concentrations. The 
high-magnification micrographs of Figures 25(e) and 25(f) more clearly illustrate the 
formation of the continuous SBS-rich network structure between 3 and 5 wt% SBS content. 

 

Figure 25. Effect of SBS content on the morphology of SBS modified bitumen: (a) 
BitA+3%SBS-S, (b) BitA+5%SBS-S, (c) BitA+7%SBS-S, (d) BitA+10%SBS-S. Parts (e) 
and (f) are magnifications of parts (a) and (b), respectively, illustrating the formation of a 
continuous SBS-rich network structure between 3 and 5 wt% SBS content. All micrographs 
were taken of specimens prepared by the freeze fracture method [106]. (Publication IV) 
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In many cases, however, SBS exhibits poor compatibility with bitumen due to their very 
different chemical nature [189,191,195]. As a consequence, SBS macro-phase separates 
from bitumen during high-temperature storage (annealing) in static conditions [196]. One 
of the most common ways to improve the storage stability of SBS modified bitumen is by 
means of chemical crosslinking [197]. This is well illustrated in Figure 26, which shows 
the fluorescence micrographs of samples BitB+5%SBS-L and BitB+5%SBS-L* before and 
after annealing at 140 °C for 1 h. It can be clearly observed that chemical crosslinking helps 
to avoid macro-phase separation in the poorly compatible blend of bitumen B and linear 
SBS, retaining the finely dispersed microstructure even after the high-temperature 
annealing. 

 

Figure 26. Effects of high-temperature annealing and chemical crosslinking on the 
morphology of the incompatible blend of bitumen B and linear SBS. Parts (a) and (b) show 
the fluorescence micrographs of the BitB+5%SBS-L sample before and after annealing at 
140 °C for 1 h, respectively. Parts (c) and (d) show the fluorescence micrographs of the 
chemically crosslinked BitB+5%SBS-L* sample before and after annealing at 140 °C for 
1 h, respectively. (Publication IV) 
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3.2.2 Low-temperature rheological properties in bending and shear 

Figure 27 shows the effect of SBS content on the flexural creep stiffness measured by BBR. 
A systematic and significant decrease in the creep stiffness is observed with increasing SBS 
content. Furthermore, the slope of the creep stiffness curve (commonly referred to as the 
m-value or creep rate) appears to increase substantially with increasing SBS content. In 
terms of asphalt paving applications, the above findings indicate that SBS modification 
improves the low-temperature cracking performance of bitumen by decreasing thermal 
stresses and by increasing the ability to relax stresses at low service temperatures. It should 
be noted, however, that the effect of SBS modification is not universal but depends on the 
specific properties of the SBS polymer and bitumen [198]. 

 

Figure 27. Effect of SBS content on the flexural creep stiffness of SBS modified bitumen. 
The shown master curves were obtained by time-temperature superposition of BBR creep 
data measured at various temperatures. (Publication IV) 

Although the low-temperature rheological properties of SBS modified bitumen have been 
extensively studied by means of BBR creep tests [198–201], only qualitative information 
is available on the dynamic viscoelastic properties of these materials at low temperatures 
(i.e. near and below Tg). In this study, SDPP rheometry experiments were performed on the 
various SBS modified bitumen samples to bridge this knowledge gap. It should be noted 
that this is the first time that the so-called “4-mm DSR” technique – i.e. SDPP rheometry 
with 4-mm diameter parallel plates [202–204] – has been used to systematically study the 
low-temperature rheology of any type of polymer modified bitumen. 

Figure 28(a) shows the effect of SBS content on the low-temperature viscoelasticity of SBS 
modified bitumen in the Booij-Palmen plot. Given the high elasticity of the pure SBS block 
copolymer (brown symbols), it is not surprising that the curves in this plot shift downwards 
– i.e. towards more elastically dominated behavior – with increasing SBS content. It may 
also be observed that the shapes of the curves become increasingly broader with the 
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increase in the amount of SBS. In the same way as in Figures 12(a), 16(a) and 22(a), this 
change in the curve shape may be attributed to the broadening of the viscoelastic glass 
transition. This observation is not unexpected, as the addition of high-molecular-weight 
SBS block copolymer in bitumen generates a distinct two-phase morphology (Figures 25 
and 26) and therefore introduces an additional layer of chemical and structural complexity. 

 

Figure 28. (a) Effect of SBS content on the low-temperature viscoelasticity of SBS 
modified bitumen illustrated in the Booij-Palmen plot. The data for the neat SBS block 
copolymer is shown for comparison purposes (see the Experimental section of Publication 
IV for a detailed description of the measurement method). Parts (b) and (c) highlight the 
thermorheological complexity of the highly-modified samples BitA+7%SBS-S and 
BitA+10%SBS-S, respectively, by showing different measurement temperatures in 
different colors. (Publication IV) 

Another interesting observation from Figure 28(a) is the discontinuous shape of the curves 
corresponding to the highly-modified samples BitA+7%SBS-S and BitA+10%SBS-S. 
These discontinuities result from the poor overlap of the frequency sweep data measured 
at different temperatures, as is more clearly shown in Figures 28(b) and 28(c). This 
observation indicates that SBS modified bitumen exhibits thermorheological complexity 
when its SBS content is above some critical value. This thermorheological complexity may 
be attributed to the formation of the continuous SBS-rich network structure detected by 
fluorescence microscopy (Figure 25). More specifically, the relaxation mechanisms of the 
swollen SBS and bitumen-rich phases are expected to show highly different temperature 
dependences. As reported by van Gurp and Palmen [138] and Dealy and Plazek [84], this 
type of mismatch in the temperature dependences of different blend components is a 
common cause of thermorheologically complex behavior. Furthermore, it is expected that 
also other types of polymer modified bitumen exhibit thermorheological complexity when 
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the polymer concentration is high enough to form a continuous polymeric network structure. 
This hypothesis, however, needs to be verified by further studies. 

It is also of great interest to compare the low-temperature rheological properties measured 
in bending (by BBR) and shear (by 4-mm DSR). In previous studies by Farrar and 
coworkers [203,204] and Riccardi and coworkers [205], linear correlations have been 
found between the stiffness and m-values determined by these two methods. However, 
these investigations included almost exclusively unmodified bitumen samples, and 
consequently no such data is available for polymer modified bitumens. Figure 29(a) shows 
the correlation between the flexural creep stiffness and complex shear modulus of the SBS 
modified bitumen samples investigated in this study. As could be expected, the relationship 
is linear for most of the samples. However, one of the samples, namely BitB+5%SBS-L, 
deviates significantly from this linear trend. This discrepancy may be attributed to the 
macro-phase separation of this sample. When a test specimen is prepared for a BBR 
experiment, high temperatures (~160-185 °C) are employed and, consequently, the 
specimen macro-phase separates as shown in Figure 26(b). On the other hand, significantly 
lower temperatures (~60-80 °C) are needed to prepare a test specimen for 4-mm DSR, and 
thus macro-phase separation is avoided. It is therefore the different morphologies of the 
BBR and 4-mm DSR specimens that cause the deviant rheological properties. A careful 
analysis of the fluorescence micrographs confirmed that macro-phase separation occurred 
in none of the samples other than BitB+5%SBS-L, see Figure 26(d) as an example. As a 
final note on the correlations between the low-temperature rheological properties measured 
in bending and shear, no simple relationship exists between the m-value and phase angle 
as shown in Figure 29(b). This is different from unmodified bitumens that show a linear 
correlation between these two material properties [206]. It may be speculated that this 
complicated relationship is partly due to the complex thermorheological behavior of SBS 
modified bitumen displayed in Figure 28. 

 

 

 



 

46 
 

 

Figure 29. The relationships between the low-temperature rheological properties measured 
in bending (BBR) and shear (4-mm DSR). Part (a) shows the linear correlation between the 
flexural creep stiffness and complex shear modulus. Sample BitB+5%SBS-L deviates from 
this linear trend due to macro-phase separation and is thus not included in the linear fit 
shown as a solid line. Part (b) shows the relationship between the m-value and phase angle. 
Note that the measurement conditions at which the BBR and 4-mm DSR data were 
compared were selected to be as similar as possible considering the time-temperature 
equivalence (a longer loading time or a lower frequency corresponds to a higher 
temperature, and vice versa). (Publication IV) 

3.3 Dynamic fragility and apparent activation energy of bitumens V 

3.3.1 Analytical derivation of the dynamic fragility and apparent activation 
energy from the modified Kaelble equation 

As discussed in Section 1.3.2., the temperature dependence of the viscoelastic properties 
of GFLs often deviates from the WLF/VFT behavior already at temperatures slightly above 
Tg. Instead, in many cases their temperature dependence is better described by the modified 
Kaelble equation, Equation (4), over a wide range of temperatures both below and above 
Tg. This is well demonstrated in Figure 10(c) for one of the bitumen samples studied. 
Consequently, it is necessary to derive analytical expressions for m and Ea in terms of the 
parameters of the modified Kaelble equation. This derivation is presented in the following 
paragraphs.  

Upon differentiation with respect to Tg/T, the second term of Equation (4) becomes zero 
(derivative of a constant). Thus, the Tg/T-derivative of Equation (4) is identical to that of 
Equation (3), and either one of these equations can be used in the derivation of the analytical 
expressions for m and Ea. For simplicity, Equation (3) is considered here. When T ≤ Td, this 
equation can be written as follows: 
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log𝑎𝑎𝑇𝑇 =
−𝑐𝑐1(𝑇𝑇 − 𝑇𝑇𝑑𝑑)
𝑐𝑐2 − 𝑇𝑇 + 𝑇𝑇𝑑𝑑

=
−𝑐𝑐1𝑇𝑇𝑔𝑔 �

𝑇𝑇
𝑇𝑇𝑔𝑔
� + 𝑐𝑐1𝑇𝑇𝑑𝑑

𝑐𝑐2 − 𝑇𝑇𝑔𝑔 �
𝑇𝑇
𝑇𝑇𝑔𝑔
� + 𝑇𝑇𝑑𝑑

                                                                        (25) 

By substituting 

𝜋𝜋 =
𝑇𝑇𝑔𝑔
𝑇𝑇
⇔ 𝜋𝜋−1 =

𝑇𝑇
𝑇𝑇𝑔𝑔

                                                                                                                     (26) 

into Equation (25), the following equation is obtained: 

log𝑎𝑎𝑇𝑇 =
−𝑐𝑐1𝑇𝑇𝑔𝑔𝜋𝜋−1 + 𝑐𝑐1𝑇𝑇𝑑𝑑
𝑐𝑐2 − 𝑇𝑇𝑔𝑔𝜋𝜋−1 + 𝑇𝑇𝑑𝑑

                                                                                                        (27) 

As described by Equation (5), the dynamic fragility is defined as the derivative of the time-
temperature shift factor with respect to Tg-normalized inverse temperature. Considering the 
substitution of Equation (26) and the expression of Equation (27), Equation (5) can be 
rewritten as: 

𝑚𝑚�𝑇𝑇𝑔𝑔� = �
d log𝑎𝑎𝑇𝑇

d �
𝑇𝑇𝑔𝑔
𝑇𝑇 �

�
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d log 𝑎𝑎𝑇𝑇

d𝜋𝜋
�
𝑇𝑇=𝑇𝑇𝑔𝑔

=

⎣
⎢
⎢
⎢
⎡d�

−𝑐𝑐1𝑇𝑇𝑔𝑔𝜋𝜋−1 + 𝑐𝑐1𝑇𝑇𝑑𝑑
𝑐𝑐2 − 𝑇𝑇𝑔𝑔𝜋𝜋−1 + 𝑇𝑇𝑑𝑑

�

d𝜋𝜋
⎦
⎥
⎥
⎥
⎤

𝑇𝑇=𝑇𝑇𝑔𝑔

                 (28) 

Further, after simplification, the following expression is found for the dynamic fragility: 

𝑚𝑚�𝑇𝑇𝑔𝑔� = �
𝑐𝑐1𝑐𝑐2𝑇𝑇𝑔𝑔𝜋𝜋−2

�𝑐𝑐2 − 𝑇𝑇𝑔𝑔𝜋𝜋−1 + 𝑇𝑇𝑑𝑑�
2�
𝑇𝑇=𝑇𝑇𝑔𝑔

                                                                                       (29) 

After the back-substitution of Equation (26) into Equation (29) and simplification, the 
following expression is obtained for the dynamic fragility: 

𝑚𝑚�𝑇𝑇𝑔𝑔� =

⎣
⎢
⎢
⎡ 𝑐𝑐1𝑐𝑐2
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⎥
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                                                                                                (30) 

Finally, the dynamic fragility is determined at T = Tg: 

𝑚𝑚�𝑇𝑇𝑔𝑔� =
𝑐𝑐1
𝑔𝑔𝑐𝑐2

𝑔𝑔𝑇𝑇𝑔𝑔
�𝑐𝑐2

𝑔𝑔 − 𝑇𝑇𝑔𝑔 + 𝑇𝑇𝑑𝑑�
2                                                                                                          (31) 

Correspondingly, when T ≥ Td, Equation (5) can be written as follows: 

log𝑎𝑎𝑇𝑇 =
−𝑐𝑐1(𝑇𝑇 − 𝑇𝑇𝑑𝑑)
𝑐𝑐2 + 𝑇𝑇 − 𝑇𝑇𝑑𝑑

                                                                                                                 (32) 
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In this case the derivation of m(Tg) follows the same steps outlined in Equations (25)-(31), 
only some sign changes are required. Finally, an equation equivalent to Equation (31) is 
obtained: 

𝑚𝑚�𝑇𝑇𝑔𝑔� =

⎣
⎢
⎢
⎡ 𝑐𝑐1𝑐𝑐2
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𝑇𝑇𝑔𝑔
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⎦
⎥
⎥
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𝑔𝑔 + 𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑑𝑑�
2                                                             (33) 

Finally, it is noted that Equations (31) and (33) can be combined into a single equation that 
is valid at all temperatures, i.e. both when Tg ≤ Td and when Tg > Td: 

𝑚𝑚�𝑇𝑇𝑔𝑔� =
𝑐𝑐1
𝑔𝑔𝑐𝑐2
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2                                                                                                        (34) 

Correspondingly, an analytical solution for the apparent activation energy at Tg is obtained 
by substituting Equation (34) into Equation (6): 

𝐸𝐸𝑎𝑎�𝑇𝑇𝑔𝑔� = ln(10)𝑅𝑅𝑇𝑇𝑔𝑔𝑚𝑚�𝑇𝑇𝑔𝑔� =
ln(10) 𝑐𝑐1

𝑔𝑔𝑐𝑐2
𝑔𝑔𝑅𝑅𝑇𝑇𝑔𝑔2

�𝑐𝑐2
𝑔𝑔 + �𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑔𝑔��

2                                                                (35) 

It is also noted that the modified Kaelble equation defines Td, which is the temperature at 
which the shift factor curve shows an inflection point when plotted as a function of 
temperature (Figure 30(a)) or Tg-scaled inverse temperature (Figure 30(b)). Consequently, 
it follows that Td is the temperature at which the temperature dependence of rheological 
properties is at its strongest. In this sense, Td can be considered as the rheological glass 
transition temperature. It needs to be emphasized that this is a unique way to define 
rheological Tg as the value of this parameter does not depend on the measurement 
conditions such as measurement frequency and heating/cooling rate. Because of this special 
pragmatic significance of Td, it is deemed important to evaluate the values of m and Ea at 
this characteristic temperature. In the same way as above, it is possible to derive analytical 
expressions for m(Td) and Ea(Td) in terms of the parameters of the modified Kaelble 
equation. Following Equations (30) and (33), the derivative of the modified Kaelble 
equation with respect to Tg/T can be written as  

d log𝑎𝑎𝑇𝑇

d �
𝑇𝑇𝑔𝑔
𝑇𝑇 �

=
𝑐𝑐1
𝑔𝑔𝑐𝑐2

𝑔𝑔𝑇𝑇2

�𝑐𝑐2
𝑔𝑔 + |𝑇𝑇𝑑𝑑 − 𝑇𝑇|�2𝑇𝑇𝑔𝑔

 ,   where log 𝑎𝑎𝑇𝑇 =
−𝑐𝑐1(𝑇𝑇 − 𝑇𝑇𝑑𝑑)
𝑐𝑐2 + |𝑇𝑇 − 𝑇𝑇𝑑𝑑|                                    (36) 

This derivative is shown as a dashed line in Figure 30(b). Trivially, the maximum of the 
derivative is attained at Td as this corresponds to the inflection point in the shift factor curve. 
Analytical expressions for m(Td) and Ea(Td) are obtained by substituting T = Td into 
Equation (36) 
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Figure 30. Schematic representation of the modified Kaelble equation plotted as a function 
of (a) temperature and (b) inverse temperature. In part (a), a curve corresponding to the 
traditional WLF/VFT equation is shown as a dashed line for comparison. In part (b), the 
derivative of the modified Kaelble equation with respect to Tg/T is shown as a dashed line. 
In this example, Tg / Td = 0.9. (Publication V) 

3.3.2 Tg-dependences of the dynamic fragility and apparent activation energy and 
comparison with other types of glass-forming liquids 

Low-temperature rheological properties of twenty-seven bitumen samples were 
characterized by performing frequency sweep experiments at different temperatures. 
Viscoelastic master curves were constructed by applying TTS principle, and the modified 
Kaelble equation was fitted to the resulting time-temperature shift factor aT data (see Figure 
3 of Publication V for an example of this data analysis procedure). Table 8 summarizes the 
fitting results, together with the calculated values of m(Tg), Ea(Tg), m(Td) and Ea(Td). This 
table shows, for example, that Td is larger than the calorimetrically determined Tg for all 
the studied samples. This observation is illustrated in Figure 31. Furthermore, as Td is the 
temperature at which the temperature dependence of viscoelastic properties deviates from 
the WLF/VFT behavior (cf. Figure 30(a)), this result confirms that the modified Kaelble 
equation is needed to accurately determine m(Tg) and Ea(Tg). 
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Table 8. Parameter values obtained from the fits of the modified Kaelble equation to the 
experimental shift factor data. The quality of the fit is expressed by the normalized root-
mean-square error (NRMSE). In addition, the table shows dynamic fragility and apparent 
activation energy values evaluated at the calorimetric Tg and Td. Standard deviations (SD) 
were estimated from three independent replicate measurements (note that repeatability data 
was not available for Tg). The sample codes (B-1 to B-27) are the same as used in Refs. 
[91] and [94]. (Publication V) 

Sample c1
g 

[-] 
c2

g 
[K] 

Tref = Tg 
[K] 

Td 
[K] 

NRMSE 
[%] 

m(Tg) 
[-] 
Eq. (34) 

Ea(Tg) 
[kJ/mol] 
Eq. (35) 

m(Td) 
[-] 
Eq. (37) 

Ea(Td) 
[kJ/mol] 
Eq. (38) 

SD 0.36 3.9 N/A 0.35 - 0.42 2.0 1.5 7.4 

B-1 27.0 139.0 263 270.1 0.66 46 231 54 271 

B-2 19.8 92.9 275 281.3 0.61 51 267 61 323 

B-3 19.3 91.2 269 273.0 0.83 52 271 59 302 

B-4 26.3 130.3 259 268.6 0.61 45 223 56 279 

B-5 18.5 87.8 263 274.5 0.59 44 221 60 304 

B-6 18.3 86.8 264 273.5 0.60 45 225 60 302 

B-7 19.2 99.8 251 270.5 0.35 34 162 56 269 

B-8 17.4 79.5 259 272.3 0.56 42 207 63 311 

B-9 20.1 102.3 250 271.1 0.25 34 162 58 276 

B-10 22.6 122.0 246 270.9 0.94 31 147 55 260 

B-11 18.4 92.8 255 269.9 0.43 38 184 57 277 

B-12 19.2 90.0 252 271.4 0.50 36 176 62 301 

B-13 23.5 117.9 248 267.9 0.62 36 171 58 274 

B-14 19.6 95.9 250 268.9 0.81 36 170 59 283 

B-15 17.2 78.7 251 270.9 0.74 35 167 64 307 

B-16 18.5 89.0 251 270.1 0.47 36 171 60 290 

B-17 20.7 109.0 246 268.2 0.40 32 153 55 262 

B-18 17.2 86.2 253 268.8 0.29 36 176 57 276 

B-19 21.4 105.2 247 270.3 0.72 34 159 60 285 

B-20 17.8 83.4 253 268.7 0.61 38 185 61 295 

B-21 31.9 173.6 249 266.0 0.48 38 181 52 249 

B-22 18.3 94.3 249 267.7 0.30 34 161 56 266 

B-23 20.4 111.9 249 267.0 0.63 33 159 52 249 

B-24 17.9 91.2 246 267.3 0.73 32 148 57 268 

B-25 16.5 88.6 247 265.4 0.34 32 150 53 251 

B-26 21.9 130.0 236 267.5 0.59 26 115 51 231 

B-27 17.8 95.6 242 265.9 0.53 29 133 54 252 
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Figure 31. Comparison of the Td temperatures obtained from the fits of the modified 
Kaelble equation and glass transition temperatures Tg measured by DSC. The dashed line 
represents the line of equality (Tg = Td). The inset shows the temperature difference Td-Tg 

as a function of Tg. (Publication V) 

Qin and McKenna [70] have suggested that different types of GFLs exhibit different 
behaviors in terms of the Tg-dependence of m(Tg) and Ea(Tg). Inspired by this observation, 
m(Tg) and Ea(Tg) of the studied bitumen samples are plotted as a function of Tg in Figure 
32. Both of these parameters are found to exhibit a strong linear dependence on Tg. It is 
worth noting here that the similarity between these dependences is due to the fairly narrow 
dispersion of Tgs among the studied bitumens (this is a consequence of the fact that Ea ~ 
Tg×m). Furthermore, Figure 32 also illustrates the Td-dependence of m(Td) and Ea(Td). In 
this case, considerably smaller variations in the parameter values are observed. 

 

Figure 32. Tg- and Td-dependences of the (a) dynamic fragility and (b) apparent activation 
energy in the studied bitumen samples. Note that the linear fits have been calculated only 
for the parameter values evaluated at Tg. (modified from Publication V) 
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A more comprehensive analysis of the Tg-dependences of m(Tg) and Ea(Tg) between 
different types of GFLs is presented in Figure 33. In addition to the bitumen data of Figure 
32, the master plots of Figure 33 include literature data for several other classes of GFLs. 
Moreover, linear fits are used to estimate the strengths of the Tg-dependences in the 
different GFL categories. The slopes of these linear fits are given in Table 9. The important 
observation from Figure 33 and Table 9 is that the Tg-dependences of m(Tg) and Ea(Tg) are 
stronger among different bitumens than among any other type of GFLs. It can be speculated 
that these unusually strong Tg-dependences originate from the extreme chemical and 
structural complexity of bitumen as this is the most obvious differentiating factor between 
bitumens and the other classes of GFLs. However, additional studies on different types of 
CGFLs are needed to test this hypothesis.  
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Figure 33. Tg-dependences of (a) dynamic fragility m(Tg) and (b) apparent activation 
energy Ea(Tg) in various classes of GFLs. The solid lines represent linear fits to each 
individual category of GFLs. The data has been retrieved from the works of Qin and 
McKenna [70], Tao et al. [207] and Zhao and McKenna [208]. References to the original 
data are summarized in the following (see Refs. [70,207,208] for the full details): small-
molecule organics [30,209–219], hydrogen-bonding organics [30,209,212,213,216,220], 
inorganic network glass formers [30,213,216,221–224], ionic glass formers 
[30,216,225,226], metallic glass formers [227–241], polymeric glass formers 
[30,68,216,242–251], aromatic polymer glasses [243,252–260], ionic liquids [207,261–
285] and ambers [208]. (Publication V) 
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Table 9. Slopes of the linear regression lines of Figures 33(a) and 33(b). characterizing the 
strength of the Tg-dependences of m(Tg) and Ea(Tg) in different classes of glass-forming 
liquids. Standard errors are given in parenthesis. (Publication V) 

 Tg-dependence of m(Tg) 
(m(Tg) ∼ a × Tg) 

Tg-dependence of Ea(Tg) 
(Ea(Tg) ∼ b × Tg) 

Bitumens 0.74(±0.04) 4.35(±0.19) 
Small-molecule organics 0.08(±0.07) 1.67(±0.22) 
Hydrogen-bonding organics 0.25(±0.06) 2.01(±0.25) 
Inorganic network glasses -0.01(±0.006) 0.47(±0.09) 
Ionic glasses -0.01(±0.09) 1.22(±0.43) 
Metallic glasses 0.17(±0.02) 3.43(±0.31) 
Polymeric glasses 0.28(±0.07) 3.72(±0.43) 
Aromatic polymer glasses 0.17(±0.11) 2.08(±0.60) 
Ionic liquids 0.40(±0.18) 3.50(±0.73) 
Ambers 0.19(±0.28) 3.26(±2.21) 

 
 

3.4 Physical aging studies of bituminous binders by time-resolved 
rheometry VI 

3.4.1 Evaluation of mutation numbers 

As described in Section 1.3.3., glassy materials are thermodynamically unstable and are 
thus subjected to time-dependent changes. The time dependence of rheological properties 
in the glassy state is commonly termed as physical aging [78]. Figure 34(a) illustrates the 
effect of physical aging with experimental dynamic moduli data. This set of data was 
collected by performing cyclic frequency sweeps (CFS) on a waxy bitumen sample (ΔHm 
= 7.1 J/g, see Figure 1 of Publication VI for details) at the nominal glass transition 
temperature, Tg = -23.9 °C. Full experimental details can be found in Section 2.2.2. An 
apparent linear increase in G’ is observed when the data is plotted on a lin-log scale as in 
Figure 34(a). It should be noted that this logarithmic G’ increase is not peculiar for bitumen, 
but is also commonly observed in polymer glasses [286–290]. As opposed to G’, G’’ does 
not show any significant dependence on the aging time in the bitumen sample.  
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Figure 34. (a) Evolution of frequency-dependent dynamic moduli during physical aging of 
a waxy bitumen sample at the nominal glass transition temperature of Tg = -23.9 °C. Zero 
time is defined as the moment when the Peltier plate of the rheometer reaches the 
measurement temperature. The temperature of the test specimen was allowed to equilibrate 
for 510 s before starting to collect CFS data. (b) Mutation numbers corresponding to the G’ 
data of part (a). (Publication VI) 

As noted in Section 2.2.2, time-resolved rheometry (TRR) can be applied in the study of 
transient materials if sample mutation is slow enough with respect to the experimental time 
Δt. In order to assess the suitability of TRR for the physical aging characterization of 
bitumen, mutation numbers corresponding to the G’ data of Figure 34(a) are presented in 
Figure 34(b). It is noted that because the aging time dependence of G’ is much stronger 
than that of G’’, it is sufficient to analyze N’mu. As could be expected, sample mutation is 
most rapid during the early stages of physical aging and slows down exponentially with 
aging time. It is also unsurprising that N’mu increases with decreasing measurement 
frequency; this is due to the inverse relation of these two parameters in Equation (16a). 
However, even at the lowest measurement frequency of 0.628 rad/s, the mutation number 
is very small (N’mu < 0.0023) throughout the physical aging process. Consequently, it can 
be concluded that sample mutation does not pose limitations to the TRR analysis of 
physical aging, i.e. the sample can be considered quasi-stable during the experimental time. 

3.4.2 Application of the time-aging time superposition principle and the effects of 
temperature, crystallinity and SBS polymer modification 

Figure 35 illustrates the application of the time-aging time superposition principle to the 
CFS data of Figure 34(a). Figure 35(a) shows interpolated frequency sweep data at various 
instances during physical aging (see Mours and Winter [87] for the details of the 
interpolation procedure). Further, these curves are superimposed by means of horizontal 
time-aging time shifts in Figure 35(b). The lines in this figure represent the fits of the 
generalized Maxwell model to the experimental data, resulting from the calculation of the 
relaxation time spectrum by the method of Baumgärtel and Winter [148]. The close 
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agreement between these model fits and the experimental data proves that the experimental 
data satisfies the Kramers-Kronig relation, Equation (17), which in turn indicates good data 
quality [291]. The aging time shift factors used to obtain the master curves of Figure 35(b) 
are plotted against aging time in Figure 35(c). Note that only horizontal shifts were used, 
vertical shifts were not necessary in this case. As is the case with most glassy materials, the 
logarithm of the aging time shift factor shows a linear dependence on the logarithm of the 
aging time at the early stages of physical aging. The slope of this linear relation gives the 
aging shift rate μ ≈ 0.60. At long aging times, the aging time shift factors are observed to 
reach a plateau, indicating the completion of physical aging after approximately 105 s (≈28 
h).  

 

Figure 35. Application of the time-aging time superposition principle to the physical aging 
data of waxy bitumen. (a) Frequency sweep response at different stages of physical aging, 
interpolated from the CFS data of Figure 34(a). (b) Master curves obtained by horizontally 
shifting the frequency sweep curves of part (a). The dashed line shows the fit of the 
Generalized Maxwell model. (c) Aging time shift factors used to obtain the master curves 
of part (b). The linear portion of the curve defines the aging shift rate μ. (Publication VI) 

CFS data measured at different aging temperatures were analyzed in the same manner as 
depicted in Figure 35, and the resulting aging time shift factors are plotted in Figure 36(a). 
Based on this data, it appears that the rate of physical aging is at its highest at the 
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calorimetric Tg (or very close to it). However, it is observed that physical aging is 
significant also at temperatures well above and below the nominal (midpoint) value of Tg. 
This is different from most other glassy materials that experience physical aging only below 
Tg [78]. This unusual physical aging behavior may be attributed to the broad glass transition 
of bitumen, originating from its extreme chemical and structural complexity as described 
in the previous sections of this dissertation. Indeed, all the aging temperatures of Figure 
36(a) fall within the glass transition region of this waxy bitumen sample (Tg,onset = -43.7 °C 
and Tg,end = -4.2 °C, as measured by DSC). The occurrence of physical aging above the 
nominal Tg may therefore be a common characteristic of CGFLs, as long as aging 
temperatures within the glass transition region are considered. However, more 
comprehensive analysis of different types of CGFLs needs to be conducted before this 
hypothesis can be considered conclusive.  

 

Figure 36. Temperature dependence of the aging time shift factors in (a) waxy bitumen 
and (b) non-waxy bitumen. (Publication VI) 

In addition, CFS experiments were performed on a non-waxy bitumen sample (ΔHm = 0.0 
J/g, see Figure 1 of Publication VI for details) to investigate the effect of crystallinity on 
physical aging of bitumen. The aging time shift factors resulting from the analysis of this 
data are presented in Figure 36(b). By comparing the data in Figures 36(a) and 36(b), it 
becomes obvious that physical aging is much more pronounced in waxy bitumen than in 
non-waxy one. This observation agrees with the previous findings that crystallinity 
increases the extent of physical aging in bitumen [292–295]. 

Finally, the effect of SBS polymer modification on the physical aging of bitumen is 
investigated. Figures 37(a) and 37(b) show the interpolated frequency sweep response of a 
highly-modified BitA+10%SBS-S sample before and after time-aging time superposition. 
As is the case with the unmodified bitumen samples analyzed above, the time-aging time 
superposition principle is found to be valid for SBS modified bitumen. However, in this 
case both horizontal and vertical shifts are needed to obtain smooth master curves as shown 
in Figure 37(c). The vertical shifts are relatively small for the low SBS contents of 3 and 5 
wt%, but substantially larger for the high SBS contents of 7 and 10 wt%. It is interesting to 
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observe that large vertical shifts are necessary for the same SBS modified bitumen samples 
that exhibit thermorheological complexity (Figure 28). This leads us to speculate that it is 
the continuous SBS-rich network structure that gives rise to the large vertical shifts in the 
time-aging time superposition, very much in the same way as this network structure is 
expected to be responsible for the observed thermorheological complexity. 

 

Figure 37. Application of the time-aging time superposition principle to the physical aging 
data of SBS modified bitumen. (a) Interpolated frequency sweep response of 

BitA+10%SBS-S during physical aging at T = -20 °C ≈ Tg. (b) Master curves obtained by 

horizontally and vertically shifting the frequency sweep curves of part (a). The dashed line 
shows the fit of the Generalized Maxwell model. (c) Effect of SBS polymer content on 
horizontal and vertical time-aging time shift factors. (Publication VI) 
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4. Conclusions 

The aim of this research was to investigate the rheology of CGFLs near and below Tg. The 
novel concept of chemically and structurally complex GFLs was introduced in this study, 
opening a new avenue to the study of the dynamics of GFLs. In addition, an effort was 
made to develop rheological characterization and analysis methods that allow a more 
comprehensive and detailed analysis of all types of GFLs.  

As a first step, it was necessary to establish a measurement technique that allows a simple 
measurement of the shear rheological properties of GFLs. In this effort, the capability and 
feasibility of SDPP rheometry were investigated. A procedure for the determination and 
correction of the torsional instrument compliance was described, and it was shown that 
repeatable and reliable data can be obtained at unusually small d/h ratios. Based on the 
performed analysis, rheological measurement protocol was designed to be used in the 
remainder of this work. 

For the experimental part of this study, petroleum fluids were chosen as model materials 
for CGFLs. In particular, bitumen is considered as a GFL that is characterized by an 
extremely complex chemical and structural composition. Among other favorable 
characteristics, the use of bitumen as a convenient model material is facilitated by its 
relatively rapid physical aging. A detailed analysis of the rheological data revealed that 
bitumen exhibits a broadened viscoelastic glass transition in comparison to SGFLs. Most 
remarkably, the relaxation time spectrum of bitumen is characterized by a broad 
distribution of long relaxation times. The broadened power-law spectrum model, Equation 
(19), was developed to describe the unique shape of the bitumen spectrum. This model can 
be seen as a generalized version of the power-law spectrum model of Winter and coworkers 
[26,27], and it allows the modeling of any linear viscoelastic material function. 
Furthermore, the broadened power-law spectrum model was used to quantify the 
systematic broadening of the viscoelastic glass transition in a series of petroleum fluids. 
The stretching exponent β of the broadened power-law spectrum model was found to 
correlate with the width of the calorimetric glass transition region ΔTg in a power-law 
fashion. However, it remains to be determined whether the broadened power-law spectrum 
model is applicable to all types of CGFLs, and whether the power-law relationship between 
β and ΔTg is universal in these material systems. 

The chemical and structural complexity of bitumen was further increased by SBS polymer 
modification. Due to the extensive swelling of the PB midblock of the SBS, a continuous 
SBS-rich network structure is formed in bitumen already at relatively low polymer 

concentrations (≳5 wt%). This morphological feature is presumed to give rise to the 

thermorheological complexity observed in bitumen samples modified with 7 and 10 wt% 
of SBS. Furthermore, morphological differences caused by macro-phase separation were 
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observed to result in deviations from the expected linear trend between the low-temperature 
stiffness values measured in bending and shear (i.e. by BBR and 4-mm DSR, respectively). 

The modified Kaelble equation was shown to accurately describe the temperature 
dependence of viscoelastic properties in bitumen. Analytical expressions were derived for 
calculating the dynamic fragility m and apparent activation energy Ea from the modified 
Kaelble equation. An extensive analysis of twenty-seven bitumen samples revealed a 
strong linear relationship between m(Tg) and Tg, as well as between Ea(Tg) and Tg. Both of 
these Tg-dependences were observed to be stronger in bitumen than in any other class of 
GFLs, possibly due to the chemical and structural complexity. 

Time-resolved rheometry in combination with the time-aging time superposition principle 
was introduced as a novel rheological technique to monitor and analyze the time evolution 
of linear viscoelastic properties during physical aging. This technique was shown to 
successfully capture the effects of temperature, crystallinity and SBS polymer modification 
on the physical aging of bitumen. The occurrence of physical aging above the nominal Tg 
was attributed to the broad distribution of glass transition temperatures, and the vertical 
time-aging time shifts were speculated to originate from the continuous polymeric network 
structure formed in SBS modified bitumen. 

This research has shown that chemical and structural complexity has a pronounced effect 
on the rheological properties of GFLs near and below Tg. However, it should be noted that 
this study was limited to the characterization and analysis of petroleum fluids. Further 
studies on different types of CGFLs, such as biological and natural materials and polymer 
blends, are therefore needed to generalize the findings of the present research. In addition, 
more simple model materials need to be developed for CGFLs in order to more clearly 
single out the effects of specific chemical and structural features on their rheological 
behavior. 

  

  



 

61 
 

References 

[1] T. Hecksher, A.I. Nielsen, N.B. Olsen, J.C. Dyre, Little evidence for dynamic 
divergences in ultraviscous molecular liquids, Nat. Phys. 4 (2008) 737–741. 
doi:10.1038/nphys1033. 

[2] J.C. Dyre, Colloquium: The glass transition and elastic models of glass-forming 
liquids, Rev. Mod. Phys. 78 (2006) 953–972. doi:10.1103/RevModPhys.78.953. 

[3] G. Tammann, Glasses as supercooled liquids, J. Soc. Glas. Technol. 9 (1925) 166–
185. 

[4] E.D. Zanotto, J.C. Mauro, The glassy state of matter: Its definition and ultimate 
fate, J. Non. Cryst. Solids 471 (2017) 490–495. 
doi:10.1016/j.jnoncrysol.2017.05.019. 

[5] J.D. Stevenson, P.G. Wolynes, The ultimate fate of supercooled liquids, J. Phys. 
Chem. A (2011). doi:10.1021/jp1060057. 

[6] M. Ediger, C.A. Angell, S.R. Nagel, Supercooled Liquids and Glasses, J. Phys. 
Chem. 100 (1996) 13200–13212. doi:10.1021/jp953538d. 

[7] C.A. Angell, B.E. Richards, V. Velikov, Simple glass-forming liquids: their 
definition, fragilities, and landscape excitation profiles, J. Phys. Condens. Matter 
11 (1999) A75–A94. doi:10.1088/0953-8984/11/10A/005. 

[8] U.R. Pedersen, N.P. Bailey, T.B. Schrøder, J.C. Dyre, Strong pressure-energy 
correlations in van der Waals liquids, Phys. Rev. Lett. 100 (2008). 
doi:10.1103/PhysRevLett.100.015701. 

[9] U.R. Pedersen, T. Christensen, T.B. Schrøder, J.C. Dyre, Feasibility of a single-
parameter description of equilibrium viscous liquid dynamics, Phys. Rev. E - Stat. 
Nonlinear, Soft Matter Phys. 77 (2008). doi:10.1103/PhysRevE.77.011201. 

[10] T.S. Ingebrigtsen, T.B. Schrøder, J.C. Dyre, What is a simple liquid?, Phys. Rev. 
X 2 (2012) 1–20. doi:10.1103/PhysRevX.2.011011. 

[11] J.G. Speight, The chemistry and technology of petroleum, 5th ed., CRC press, 
Boca Raton, FL, 2014. 

[12] W.D. McCain, The Properties of Petroleum Fluids, 2nd ed., PennWell Books, 
Tulsa, 1990. 

[13] P. Redelius, H. Soenen, Relation between bitumen chemistry and performance, 
Fuel 140 (2015) 34–43. 

[14] K.H. Altgelt, M.M. Boduszynski, Composition and analysis of heavy petroleum 
fractions, 1st ed., CRC Press, Boca Raton, FL, 1993. 

[15] A.M. McKenna, J.M. Purcell, R.P. Rodgers, A.G. Marshall, Heavy petroleum 
composition. 1. Exhaustive compositional analysis of athabasca bitumen HVGO 
distillates by fourier transform ion cyclotron resonance mass spectrometry: A 
definitive test of the boduszynski model, Energy and Fuels 24 (2010) 2929–2938. 
doi:10.1021/ef100149n. 

[16] M.M. Boduszynski, Composition of Heavy Petroleums. 1. Molecular Weight, 
Hydrogen Deficiency, and Heteroatom Concentration as a Function of 
Atmospheric Equivalent Boiling Point up to 1400 °F (760 °C), Energy and Fuels 1 
(1987) 2–11. doi:10.1021/ef00001a001. 



 

62 
 

[17] M.R. Gray, R.R. Tykwinski, J.M. Stryker, X. Tan, Supramolecular assembly 
model for aggregation of petroleum asphaltenes, in: Energy and Fuels, 2011: pp. 
3125–3134. doi:10.1021/ef200654p. 

[18] R. Kohlrausch, Theorie des elektrischen Rückstandes in der Leidener Flasche, 
Ann. Phys. 167 (1854) 179–214. doi:10.1002/andp.18541670203. 

[19] G. Williams, D.C. Watts, Non-symmetrical dielectric relaxation behaviour arising 
from a simple empirical decay function, Trans. Faraday Soc. 66 (1970) 80. 
doi:10.1039/tf9706600080. 

[20] S. Havriliak, S. Negami, A complex plane analysis of α-dispersions in some 
polymer systems, J. Polym. Sci. Part C Polym. Symp. 14 (1966) 99–117. 
doi:10.1002/polc.5070140111. 

[21] S. Havriliak, S. Negami, A complex plane representation of dielectric and 
mechanical relaxation processes in some polymers, Polymer (Guildf). 8 (1967) 
161–210. doi:10.1016/0032-3861(67)90021-3. 

[22] K.S. Cole, R.H. Cole, Dispersion and absorption in dielectrics I. Alternating 
current characteristics, J. Chem. Phys. 9 (1941) 341–351. doi:10.1063/1.1750906. 

[23] K.S. Cole, R.H. Cole, Dispersion and absorption in dielectrics: II. Direct current 
characteristics, J. Chem. Phys. 10 (1942) 98–105. doi:10.1063/1.1723677. 

[24] D.W. Davidson, R.H. Cole, Dielectric relaxation in glycerine, J. Chem. Phys. 18 
(1950) 1417. doi:10.1063/1.1747496. 

[25] D.W. Davidson, R.H. Cole, Dielectric relaxation in glycerol, propylene glycol, 
and n-propanol, J. Chem. Phys. 19 (1951) 1484–1490. doi:10.1063/1.1748105. 

[26] H. Henning Winter, M. Siebenbürger, D. Hajnal, O. Henrich, M. Fuchs, M. 
Ballauff, An empirical constitutive law for concentrated colloidal suspensions in 
the approach of the glass transition, Rheol. Acta 48 (2009) 747–753. 
doi:10.1007/s00397-009-0377-5. 

[27] H.H. Winter, Glass transition as the rheological inverse of gelation, 
Macromolecules 46 (2013) 2425–2432. doi:10.1021/ma400086v. 

[28] J.C. Phillips, Stretched exponential relaxation in molecular and electronic glasses, 
Reports Prog. Phys. 59 (1996) 1133–1207. doi:10.1088/0034-4885/59/9/003. 

[29] G.C. Berry, D.J. Plazek, On the use of stretched-exponential functions for both 
linear viscoelastic creep and stress relaxation, Rheol. Acta 36 (1997) 320–329. 
doi:10.1007/BF00366673. 

[30] R. Böhmer, K.L. Ngai, C.A. Angell, D.J. Plazek, Nonexponential relaxations in 
strong and fragile glass formers, J. Chem. Phys. 99 (1993) 4201–4209. 
doi:10.1063/1.466117. 

[31] G. Adam, J.H. Gibbs, On the temperature dependence of cooperative relaxation 
properties in glass-forming liquids, J. Chem. Phys. 43 (1965) 139–146. 
doi:10.1063/1.1696442. 

[32] C. Donati, J.F. Douglas, W. Kob, S.J. Plimpton, P.H. Poole, S.C. Glotzer, 
Stringlike cooperative motion in a supercooled liquid, Phys. Rev. Lett. 80 (1998) 
2338–2341. doi:10.1103/PhysRevLett.80.2338. 

[33] M.L. Williams, R.F. Landel, J.D. Ferry, The temperature dependence of relaxation 
mechanisms in amorphous polymers and other glass-forming liquids, J. Am. 



 

63 
 

Chem. Soc. 77 (1955) 3701–3707. doi:10.1021/ja01619a008. 

[34] H. Vogel, The law of the relation between the viscosity of liquids and the 
temperature, Phys. Z 22 (1921) 645–646. 

[35] G.S. Fulcher, Analysis of recent measurements of the viscosity of glasses, J. Am. 
Ceram. Soc. 8 (1925) 339–355. doi:10.1111/j.1151-2916.1925.tb16731.x. 

[36] G. Tammann, W. Hesse, Die Abhängigkeit der Viscosität von der Temperatur bie 
unterkühlten Flüssigkeiten, Zeitschrift Für Anorg. Und Allg. Chemie 156 (1926) 
245–257. doi:10.1002/zaac.19261560121. 

[37] G.B. McKenna, Glass dynamics: Diverging views on glass transition, Nat. Phys. 4 
(2008) 673–674. doi:10.1038/nphys1063. 

[38] J.D. Ferry, Viscoelastic properties of polymers, 3rd ed., Wiley, New York, NY, 
1980. 

[39] J.C. Dyre, Source of non-Arrhenius average relaxation time in glass-forming 
liquids, J. Non. Cryst. Solids 235–237 (1998) 142–149. doi:10.1016/S0022-
3093(98)00502-X. 

[40] J.C. Dyre, N.B. Olsen, T. Christensen, Local elastic expansion model for viscous-
flow activation energies of glass-forming molecular liquids, Phys. Rev. B - 
Condens. Matter Mater. Phys. 53 (1996) 2171–2174. 
doi:10.1103/PhysRevB.53.2171. 

[41] J.C. Mauro, Y. Yue, A.J. Ellison, P.K. Gupta, D.C. Allan, Viscosity of glass-
forming liquids, Proc. Natl. Acad. Sci. 106 (2009) 19780–19784. 
doi:10.1073/pnas.0911705106. 

[42] Q. Zheng, J.C. Mauro, Viscosity of glass-forming systems, J. Am. Ceram. Soc. 
100 (2017) 6–25. doi:10.1111/jace.14678. 

[43] Y.S. Elmatad, D. Chandler, J.P. Garrahan, Corresponding states of structural glass 
formers, J. Phys. Chem. B 113 (2009) 5563–5567. doi:10.1021/jp810362g. 

[44] Y.S. Elmatad, D. Chandler, J.P. Garrahan, Corresponding states of structural glass 
formers. II, J. Phys. Chem. B 114 (2010) 17113–17119. doi:10.1021/jp1076438. 

[45] I. Avramov, A. Milchev, Effect of disorder on diffusion and viscosity in 
condensed systems, J. Non. Cryst. Solids 104 (1988) 253–260. doi:10.1016/0022-
3093(88)90396-1. 

[46] S.A. Hutcheson, G.B. McKenna, The measurement of mechanical properties of 
glycerol, m -toluidine, and sucrose benzoate under consideration of corrected 
rheometer compliance: An in-depth study and review, J. Chem. Phys. 129 (2008). 
doi:10.1063/1.2965528. 

[47] X. Shi, A. Mandanici, G.B. McKenna, Shear stress relaxation and physical aging 
study on simple glass-forming materials, J. Chem. Phys. 123 (2005) 174507. 
doi:10.1063/1.2085050. 

[48] P. Badrinarayanan, S.L. Simon, Origin of the divergence of the timescales for 
volume and enthalpy recovery, Polymer (Guildf). 48 (2007) 1464–1470. 
doi:10.1016/j.polymer.2007.01.064. 

[49] S.L. Simon, J.W. Sobieski, D.J. Plazek, Volume and enthalpy recovery of 
polystyrene, Polymer (Guildf). 42 (2001) 2555–2567. doi:10.1016/S0032-
3861(00)00623-6. 



 

64 
 

[50] J. Zhao, G.B. McKenna, Temperature divergence of the dynamics of a poly(vinyl 
acetate) glass: Dielectric vs. mechanical behaviors, J. Chem. Phys. 136 (2012). 
doi:10.1063/1.3701736. 

[51] P.A. O’Connell, G.B. McKenna, Arrhenius-type temperature dependence of the 
segmental relaxation below Tg, J. Chem. Phys. 110 (1999) 11054–11060. 
doi:10.1063/1.479046. 

[52] J. Zhao, S.L. Simon, G.B. McKenna, Using 20-million-year-old amber to test the 
super-Arrhenius behaviour of glass-forming systems, Nat. Commun. 4 (2013). 
doi:10.1038/ncomms2809. 

[53] R. Nozaki, S. Mashimo, Dielectric relaxation measurements of poly(vinyl acetate) 
in glassy state in the frequency range 10−6–106 Hz, J. Chem. Phys. 87 (1987) 
2271. doi:10.1063/1.453156. 

[54] G.B. McKenna, J. Zhao, Accumulating evidence for non-diverging time-scales in 
glass-forming fluids, J. Non. Cryst. Solids 407 (2015) 3–13. 
doi:10.1016/j.jnoncrysol.2014.08.012. 

[55] J.S. Vrentas, J.L. Duda, A free‐volume interpretation of the influence of the glass 
transition on diffusion in amorphous polymers, J. Appl. Polym. Sci. 22 (1978) 
2325–2339. doi:10.1002/app.1978.070220823. 

[56] D.H. Kaelble, Physical chemistry of adhesion, Wiley-Interscience, New York, 
NY, 1971. 

[57] D.H. Kaelble, Computer Aided Design of Polymers and Composites, Marcel 
Dekker, New York, NY, pp. 145-147, 1985. 

[58] K.C. Rusch, Time-temperature superposition and relaxational behavior in 
polymeric glasses, J. Macromol. Sci. Part B Phys. 2 (1968) 179–204. 
doi:10.1080/00222346808212448. 

[59] B. Fan, D.O. Kazmer, Low‐temperature modeling of the time‐temperature shift 
factor for polycarbonate, Adv. Polym. Technol. 24 (2005) 278–287. 
doi:10.1002/adv.20049. 

[60] K.C. Rusch, R.H. Beck, Yielding behavior of glassy polymers. I. Free-volume 
model, J. Macromol. Sci. Part B 3 (1969) 365–383. 
doi:10.1080/00222346908217099. 

[61] K.C. Rusch, R.H.B. Jr, Yielding behavior of glassy polymers. III. Relative 
influences of free volume and kinetic energy, J. Macromol. Sci. Part B Phys. 4 
(1970) 621–633. doi:10.1080/00222347008229378. 

[62] B. Meissner, Generalization of the WLF equation and of the free‐volume concept 
for the description of transport phenomena in the glassy region, J. Polym. Sci. Part 
C Polym. Lett. 19 (1981) 137–142. doi:10.1002/pol.1981.130190309. 

[63] G.M. Rowe, M.J. Sharrock, Alternate shift factor relationship for describing 
temperature dependency of viscoelastic behavior of asphalt materials, Transp. Res. 
Rec. J. Transp. Res. Board 2207 (2011) 125–135. doi:10.3141/2207-16. 

[64] G. Rowe, G. Baumgardner, M. Sharrock, Functional forms for master curve 
analysis of bituminous materials, in: A. Loizos, M.N. Partl, T. Scarpas, I.L. Al-
Qadi (Eds.), Proceedings of the 7th international RILEM symposium ATCBM09 
on advanced testing and characterization of bituminous materials, Taylor & 
Francis Ltd, London, UK, 2016: pp. 81–91. 



 

65 
 

[65] O.-V. Laukkanen, H.H. Winter, H. Soenen, Rheological analysis of the low-
temperature dynamics of bitumens, Annu. Trans. Nord. Rheol. Soc. 23 (2015) 23–
26. 

[66] N.I.M. Yusoff, E. Chailleux, G.D. Airey, A comparative study of the influence of 
shift factor equations on master curve construction, Int. J. Pavement Res. Technol. 
4 (2011) 324–336. doi:10.6135/ijprt.org.tw/2011.4(6).324. 

[67] A. Arikoglu, A new fractional derivative model for linearly viscoelastic materials 
and parameter identification via genetic algorithms, Rheol. Acta 53 (2014) 219–
233. doi:10.1007/s00397-014-0758-2. 

[68] D.J. Plazek, K.L. Ngai, Correlation of polymer segmental chain dynamics with 
temperature-dependent time-scale shifts, Macromolecules 24 (1991) 1222–1224. 
doi:10.1021/ma00005a044. 

[69] C.A. Angell, Relaxation in liquids, polymers and plastic crystals - strong/fragile 
patterns and problems, J. Non. Cryst. Solids 131–133 (1991) 13–31. 
doi:10.1016/0022-3093(91)90266-9. 

[70] Q. Qin, G.B. McKenna, Correlation between dynamic fragility and glass transition 
temperature for different classes of glass forming liquids, J. Non-Cryst. Solids 352 
(2006) 2977. doi:10.1016/j.jnonerysol.2006.04.014. 

[71] O.-V. Laukkanen, H.H. Winter, H. Soenen, J. Seppälä, An empirical constitutive 
model for complex glass-forming liquids using bitumen as a model material, 
Rheol. Acta 57 (2018) 57–70. doi:10.1007/s00397-017-1056-6. 

[72] C.M. Clarkson, J.D. McCoy, J.M. Kropka, Enthalpy recovery and its relation to 
shear response in an amine cured DGEBA epoxy, Polym. (United Kingdom) 94 
(2016) 19–30. doi:10.1016/j.polymer.2016.03.095. 

[73] M.L. Cerrada, G.B. McKenna, Physical aging of amorphous PEN: Isothermal, 
isochronal and isostructural results, Macromolecules 33 (2000) 3065–3076. 
doi:10.1021/ma990400a. 

[74] P. Shi, R. Schach, E. Munch, H. Montes, F. Lequeux, Glass transition distribution 
in miscible polymer blends: From calorimetry to rheology, Macromolecules 46 
(2013) 3611–3620. doi:10.1021/ma400417f. 

[75] I.M. Hodge, Physical aging in polymer glasses., Science (80-. ). 267 (1995) 1945–
1947. doi:10.1126/science.267.5206.1945. 

[76] S.L. Simon, Aging, physical, in: Encycl. Polym. Sci. Technol., Wiley Online 
Library, 2001. doi:10.1002/0471440264.pst015. 

[77] J.M. Hutchinson, Physical aging of polymers, Prog. Polym. Sci. 20 (1995) 703–
760. doi:10.1016/0079-6700(94)00001-I. 

[78] L.C.E. Struik, Physical aging in amorphous polymers and other materials, Ph.D. 
thesis, Delft University of Technology, 1977. 

[79] G.B. McKenna, Y. Leterrier, C.R. Schultheisz, The evolution of material 
properties during physical aging, Polym. Eng. Sci. 35 (1995) 403–410. 
doi:10.1002/pen.760350505. 

[80] L.C.E. Struik, Physical aging in plastics and other glassy materials, Polym. Eng. 
Sci. 17 (1977) 165–173. doi:10.1002/pen.760170305. 

[81] G.B. McKenna, Physical aging in glasses and composites, in: Long-Term Durab. 



 

66 
 

Polym. Matrix Compos., 2013: pp. 237–309. doi:10.1007/978-1-4419-9308-3_7. 

[82] L.C.E. Struik, Volume relaxation in polymers, Rheol. Acta 5 (1966) 303–311. 
doi:10.1007/BF02009739. 

[83] R.D. Bradshaw, L.C. Brinson, Physical aging in polymers and polymer 
composites: an analysis and method for time-aging time superposition, Polym. 
Eng. Sci. 37 (1997) 31–44. doi:10.1002/pen.11643. 

[84] J. Dealy, D. Plazek, Time-temperature superposition—a users guide, Rheol. Bull 
78 (2009) 16–21. 

[85] L.C. Brinson, T.S. Gates, Effects of physical aging on long term creep of 
polymers and polymer matrix composites, Int. J. Solids Struct. 32 (1995) 827–846. 
doi:10.1016/0020-7683(94)00163-Q. 

[86] Y.M. Joshi, Long time response of aging glassy polymers, Rheol. Acta 53 (2014) 
477–488. doi:10.1007/s00397-014-0772-4. 

[87] M. Mours, H.H. Winter, Time-resolved rheometry, Rheol. Acta 33 (1994) 385–
397. doi:10.1007/BF00366581. 

[88] European Committee for Standardization, Bitumen and bituminous binders. 
Determination of needle penetration, EN 1426:2015, 2015. 

[89] European Committee for Standardization, Bitumen and bituminous binders: 
determination of the softening point, Ring and Ball method, EN 1427:2015, 2015. 

[90] American Association of State and Highway Transportation Officials, Standard 
Specification for Performance-Graded Asphalt Binder, AASHTO M 320-17, 
2017. 

[91] H. Soenen, P. Redelius, The effect of aromatic interactions on the elasticity of 
bituminous binders, Rheol. Acta 53 (2014) 741–754. doi:10.1007/s00397-014-
0792-0. 

[92] European Committee for Standardization, Bitumen and bituminous binders. 
Specifications for paving grade bitumens, EN 12591:2009, 2009. 

[93] Institute of Petroleum, Determination of saturated, aromatic and polar compounds 
in petroleum products by thin layer chromatography and flame ionization 
detection, IP 469, 2006. 

[94] O.-V. Laukkanen, Low-temperature rheology of bitumen and its relationship with 
chemical and thermal properties, M.Sc. thesis, Aalto University, 2015. 

[95] K. Schröter, S.A. Hutcheson, X. Shi, A. Mandanici, G.B. McKenna, Dynamic 
shear modulus of glycerol: Corrections due to instrument compliance, J. Chem. 
Phys. 125 (2006). doi:10.1063/1.2400862. 

[96] C.Y. Liu, M. Yao, R.G. Garritano, A.J. Franck, C. Bailly, Instrument compliance 
effects revisited: Linear viscoelastic measurements, Rheol. Acta 50 (2011) 537–
546. doi:10.1007/s00397-011-0560-3. 

[97] K. Schröter, E. Donth, Viscosity and shear response at the dynamic glass 
transition of glycerol, J. Chem. Phys. 113 (2000) 9101–9108. 
doi:10.1063/1.1319616. 

[98] R. Piccirelli, T.A. Litovitz, Ultrasonic Shear and Compressional Relaxation in 
Liquid Glycerol, J. Acoust. Soc. Am. 29 (1957) 1009–1020. 



 

67 
 

doi:10.1121/1.1909121. 

[99] G. Harrison, The dynamic properties of supercooled liquids, London New York, 
Acad. Press. 1976. 206 P. (1976). 

[100] F. Scarponi, L. Comez, D. Fioretto, L. Palmieri, Brillouin light scattering from 
transverse and longitudinal acoustic waves in glycerol, Phys. Rev. B 70 (2004) 
054203. doi:10.1103/PhysRevB.70.054203. 

[101] G. Marin, Oscillatory rheometry, in: A.A. Collyer, D.W. Clegg (Eds.), Rheol. 
Meas., Elsevier Applied Science, London, UK, 1988: pp. 297–343. 

[102] T. Nill, Extended application report: measurement of glycerol in the glassy state. 
Investigation and correction of instrument radial compliance, 2014. 

[103] F.J. Stadler, What are typical sources of error in rotational rheometry of polymer 
melts?, Korea Aust. Rheol. J. (2014). doi:10.1007/s13367-014-0032-2. 

[104] International Organization for Standardization, Plastics -- Determination of 
dynamic mechanical properties -- Part 10: Complex shear viscosity using a 
parallel-plate oscillatory rheometer, ISO 6721-10:2015, 2015. 

[105] X. Lu, H. Soenen, P. Redelius, Rheological characterization of polymer modified 
bitumens, Ann Trans Nord. Rheol Soc 19 (2011) 77–84. 

[106] H. Soenen, X. Lu, P. Redelius, The Morphology of Bitumen-SBS Blends by UV 
Microscopy: An Evaluation of Preparation Methods, Road Mater. Pavement Des. 
9 (2008) 97–110. doi:10.1080/14680629.2008.9690109. 

[107] T. Xia, J. Xu, T. Huang, J. He, Y. Zhang, J. Guo, Y. Li, Viscoelastic phase 
behavior in SBS modified bitumen studied by morphology evolution and 
viscoelasticity change, Constr. Build. Mater. 105 (2016) 589–594. 
doi:10.1016/j.conbuildmat.2015.11.033. 

[108] J. Zhu, X. Lu, R. Balieu, N. Kringos, Modelling and numerical simulation of 
phase separation in polymer modified bitumen by phase-field method, Mater. Des. 
107 (2016) 322–332. doi:10.1016/j.matdes.2016.06.041. 

[109] J. Zhu, X. Lu, N. Kringos, Experimental investigation on storage stability and 
phase separation behaviour of polymer-modified bitumen, Int. J. Pavement Eng. 
(2016) 1–10. doi:10.1080/10298436.2016.1211870. 

[110] H.H. Winter, M. Mours, The cyber infrastructure initiative for rheology, Rheol. 
Acta 45 (2006) 331–338. doi:10.1007/s00397-005-0041-7. 

[111] M. Kaushal, Y.M. Joshi, Validation of Effective time translational invariance and 
linear viscoelasticity of polymer undergoing cross-linking reaction, 
Macromolecules 47 (2014) 8041–8047. doi:10.1021/ma501352c. 

[112] M. Mours, H.H. Winter, Relaxation patterns of endlinking polydimethylsiloxane 
near the gel point, Polym. Bull. 40 (1998) 267–274. doi:10.1007/s002890050251. 

[113] M. Mours, H.H. Winter, Relaxation patterns of nearly critical gels, 
Macromolecules 29 (1996) 7221–7229. doi:10.1021/ma9517097. 

[114] M.E. De Rosa, M. Mours, H.H. Winter, The gel point as reference state: A simple 
kinetic model for crosslinking polybutadiene via hydrosilation, Polym. Gels 
Networks 5 (1997) 69–94. doi:10.1016/S0966-7822(96)00033-0. 

[115] Q. Zhang, X. Huang, X. Wang, X. Jia, K. Xi, Rheological study of the gelation of 



 

68 
 

cross-linking polyhedral oligomeric silsesquioxanes (POSS)/PU composites, 
Polym. (United Kingdom) 55 (2014) 1282–1291. 
doi:10.1016/j.polymer.2014.01.040. 

[116] N. V. Pogodina, H.H. Winter, Polypropylene crystallization as a physical gelation 
process, Macromolecules 31 (1998) 8164–8172. doi:10.1021/ma980134l. 

[117] P. Mandare, H.H. Winter, Shear-induced long-range alignment of BCC-ordered 
block copolymers, Rheol. Acta 46 (2007) 1161–1170. doi:10.1007/s00397-007-
0198-3. 

[118] I.S. Polios, M. Soliman, C. Lee, S.P. Gido, K. Schmidt-Rohr, H.H. Winter, Late 
stages of phase separation in a binary polymer blend studied by rheology, optical 
and electron microscopy, and solid state NMR, Macromolecules 30 (1997) 4470–
4480. doi:10.1021/ma9701292. 

[119] M. Kruse, M.H. Wagner, Time-resolved rheometry of poly(ethylene terephthalate) 
during thermal and thermo-oxidative degradation, Rheol. Acta 55 (2016) 789–800. 
doi:10.1007/s00397-016-0955-2. 

[120] R. Salehiyan, T. Malwela, S.S. Ray, Thermo-oxidative degradation study of melt-
processed polyethylene and its blend with polyamide using time-resolved 
rheometry, Polym. Degrad. Stab. 139 (2017) 130–137. 
doi:10.1016/j.polymdegradstab.2017.04.009. 

[121] G. Filippone, S.C. Carroccio, G. Curcuruto, E. Passaglia, C. Gambarotti, N.T. 
Dintcheva, Time-resolved rheology as a tool to monitor the progress of polymer 
degradation in the melt state - Part II: Thermal and thermo-oxidative degradation 
of polyamide 11/organo-clay nanocomposites, Polym. (United Kingdom) 73 
(2015) 102–110. doi:10.1016/j.polymer.2015.07.042. 

[122] G. Filippone, S.C. Carroccio, R. Mendichi, L. Gioiella, N.T. Dintcheva, C. 
Gambarotti, Time-resolved rheology as a tool to monitor the progress of polymer 
degradation in the melt state–Part I: Thermal and thermo-oxidative degradation of 
polyamide 11, Polymer (Guildf). 72 (2015) 134–141. 
doi:10.1016/j.polymer.2015.07.042. 

[123] A.J. Kovacs, Transition vitreuse dans les polymères amorphes. Etude 
phénoménologique, Fortschritte Der Hochpolym. (1964). 
doi:10.1007/BF02189445. 

[124] H.H. Winter, P. Morganelli, F. Chambon, Stoichiometry effects on rheology of 
model polyurethanes at the gel point, Macromolecules 21 (1988) 532–535. 
doi:10.1021/ma00180a048. 

[125] H.H. Winter, M. Mours, Rheology of polymers near liquid-solid transitions, in: 
Neutron Spin Echo Spectrosc. Viscoelasticity Rheol., Springer, 1997: pp. 165–
234. 

[126] E.E. Holly, S.K. Venkataraman, F. Chambon, H. Henning Winter, Fourier 
transform mechanical spectroscopy of viscoelastic materials with transient 
structure, J. Nonnewton. Fluid Mech. 27 (1988) 17–26. doi:10.1016/0377-
0257(88)80002-8. 

[127] E. Ghiringhelli, D. Roux, D. Bleses, H. Galliard, F. Caton, Optimal fourier 
rheometry: Application to the gelation of an alginate, Rheol. Acta 51 (2012) 413–
420. doi:10.1007/s00397-012-0616-z. 

[128] H.A. Kramers, La diffusion de la lumière par les atomes, in: Atti Cong Intern Fis. 



 

69 
 

Trans. Volta Centen. Congr., 1927: p. 545. 

[129] R. de L. Kronig, On the theory of dispersion of x-rays, Josa 12 (1926) 547–557. 

[130] European Committee for Standardization, Bitumen and bituminous binders. 
Determination of the flexural creep stiffness. Bending Beam Rheometer (BBR), 
EN 14771:2012, 2012. 

[131] M. Reading, Modulated differential scanning calorimetry—a new way forward in 
materials characterization, Trends Polym Sci 1 (1993) 248–253. 

[132] P.S. Gill, S.R. Sauerbrunn, M. Reading, Modulated differential scanning 
calorimetry, J. Therm. Anal. 40 (1993) 931–939. doi:10.1007/BF02546852. 

[133] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of 
image analysis, Nat. Methods 9 (2012) 671–675. doi:10.1038/nmeth.2089. 

[134] M. Pinchon, L. Pasquet, N. Bonnet, A_posteriori_shading_correction_514_v3 
(ImageJ plugin), (2005). 
https://imagej.nih.gov/ij/plugins/inserm514/Documentation/A_posteriori_shading
_correction_514_v3/A_posteriori_shading_correction_514_v3.html. 

[135] D. Lesueur, The colloidal structure of bitumen: Consequences on the rheology and 
on the mechanisms of bitumen modification, Adv. Colloid Interface Sci. 145 
(2009) 42–82. doi:10.1016/j.cis.2008.08.011. 

[136] H.C. Booij, J.H.M. Palmen, Some aspects of linear and nonlinear viscoelastic 
behaviour of polymer melts in shear, Rheol. Acta 21 (1982) 376–387. 
doi:10.1007/BF01534297. 

[137] H. Booij, J. Palmen, Linear viscoelastic properties of melts of miscible blends of 
poly (methylmethacrylate) with poly (ethylene oxide), in: P. Moldenaers, R. 
Keunings (Eds.), Theor. Appl. Rheol., Elsevier, Brussels, 1992: pp. 321–323. 

[138] M. Van Gurp, J. Palmen, Time-temperature superposition for polymeric blends, 
Rheol Bull 67 (1998) 5–8. 

[139] E.J. Dickinson, H.P. Witt, The Dynamic Shear Modulus of Paving Asphalts as a 
Function of Frequency, Trans. Soc. Rheol. (1974). doi:10.1122/1.549349. 

[140] W. Teugels, The Black Diagram, Only a Rheological Data Presentation?, in: Proc. 
2nd Eurasphalt Eurobitume Congr., Barcelona, Spain, 2000: pp. 862–872. 

[141] D.J. Plazek, J.H. Magill, Physical Properties of Aromatic Hydrocarbons. I. 
Viscous and Viscoelastic Behavior of 1:3:5‐Tri‐α‐Naphthyl Benzene, J. Chem. 
Phys. 45 (1966) 3038–3050. doi:10.1063/1.1728059. 

[142] T. Christensen, N.B. Olsen, A rheometer for the measurement of a high shear 
modulus covering more than seven decades of frequency below 50 kHz, Rev. Sci. 
Instrum. 66 (1995) 5019–5031. doi:10.1063/1.1146126. 

[143] B. Igarashi, T. Christensen, E.H. Larsen, N.B. Olsen, I.H. Pedersen, T. 
Rasmussen, J.C. Dyre, A cryostat and temperature control system optimized for 
measuring relaxations of glass-forming liquids, Rev. Sci. Instrum. 79 (2008) 
45105. doi:10.1063/1.2903419. 

[144] T. Hecksher, N.B. Olsen, K.A. Nelson, J.C. Dyre, T. Christensen, Mechanical 
spectra of glass-forming liquids. I. Low-frequency bulk and shear moduli of 
DC704 and 5-PPE measured by piezoceramic transducers, J. Chem. Phys. 138 
(2013). doi:10.1063/1.4789946. 



 

70 
 

[145] C. Maggi, B. Jakobsen, T. Christensen, N.B. Olsen, J.C. Dyre, Supercooled liquid 
dynamics studied via shear-mechanical spectroscopy, J. Phys. Chem. B 112 
(2008) 16320–16325. doi:10.1021/jp805097r. 

[146] J.J. Mills, Low frequency storage and loss moduli of soda-silica glasses in the 
transformation range, J. Non. Cryst. Solids 14 (1974) 255–268. doi:10.1016/0022-
3093(74)90034-9. 

[147] K.L. Ngai, D.J. Plazek, Identification of Different Modes of Molecular Motion in 
Polymers That Cause Thermorheological Complexity, Rubber Chem. Technol. 68 
(1995) 376–434. doi:10.5254/1.3538749. 

[148] M. Baumgaertel, H.H. Winter, Determination of discrete relaxation and 
retardation time spectra from dynamic mechanical data, Rheol. Acta 28 (1989) 
511–519. doi:10.1007/BF01332922. 

[149] M. Baumgaertel, H.H. Winter, Interrelation between continuous and discrete 
relaxation time spectra, J. Nonnewton. Fluid Mech. 44 (1992) 15–36. 
doi:10.1016/0377-0257(92)80043-W. 

[150] F.J. Stadler, On the usefulness of rheological spectra-a critical discussion, Rheol. 
Acta 52 (2013) 85–89. doi:10.1007/s00397-012-0664-4. 

[151] K.S. Cho, Viscoelastic Spectrum, in: Viscoelasticity Polym., Springer, 2016: pp. 
397–435. 

[152] K.S. Cho, M.K. Kwon, J. Lee, S. Kim, Mathematical analysis on linear 
viscoelastic identification, Korea-Australia Rheol. J. 29 (2017) 249–268. 
doi:10.1007/s13367-017-0026-y. 

[153] C.P. Lindsey, G.D. Patterson, Detailed comparison of the Williams-Watts and 
Cole-Davidson functions, J. Chem. Phys. 73 (1980) 3348–3357. 
doi:10.1063/1.440530. 

[154] R. Zorn, Applicability of distribution functions for the Havriliak-Negami spectral 
function, J. Polym. Sci. Part B Polym. Phys. 37 (1999) 1043–1044. 
doi:10.1002/(SICI)1099-0488(19990515)37:10<1043::AID-POLB9>3.0.CO;2-H. 

[155] R. Jongepier, B. Kuilman, Characteristics of the rheology of bitumens, Proc. 
Assoc. Asph. Paving Technol. 38 (1969) 98–122. 

[156] D.W. Christensen, D.A. Anderson, Interpretation of dynamic mechanical test data 
for paving grade asphalt cements, J. Assoc. Asph. Paving Technol. 61 (1992) 67–
116. 

[157] D.W. Christensen, D.A. Anderson, G.M. Rowe, Relaxation spectra of asphalt 
binders and the Christensen Anderson rheological model, Road Mater. Pavement 
Des. 18 (2017) 382–403. doi:10.1080/14680629.2016.1267448. 

[158] D.W.J. Christensen, Mathematical modeling of the linear viscoelastic behavior of 
asphalt cements., Pennsylvania State University, 1992. 

[159] I. Ishai, B. Brule, J.C. Vaniscote, G. Ramond, Some rheological and physico-
chemical aspects of long-term asphalt durability, Proc Assoc Asph. Paving 
Technol 57 (1988) 65–88. 

[160] G.R. Dobson, On the development of rational specifications for the rheological 
properties of bitumens, J. Inst. Pet. 58 (1972) 14–24. 

[161] J.F. Masson, G. Polomark, P. Collins, Glass transitions and amorphous phases in 



 

71 
 

SBS-bitumen blends, Thermochim. Acta 436 (2005) 96–100. 
doi:10.1016/j.tca.2005.02.017. 

[162] J.F. Masson, V. Leblond, J. Margeson, S. Bundalo-Perc, Low-temperature 
bitumen stiffness and viscous paraffinic nano- and micro-domains by cryogenic 
AFM and PDM, J. Microsc. 227 (2007) 191–202. doi:10.1111/j.1365-
2818.2007.01796.x. 

[163] P.W. Jennings, J.A. Pribanic, M.F. Raub, J.A. Smith, T.M. Mendes, Advanced 
high performance gel permeation chromatography methodology, SHRP-A-630, 
Washington DC, 1993. 

[164] J.F. Masson, G.M. Polomark, S. Bundalo-Perc, P. Collins, Melting and glass 
transitions in paraffinic and naphthenic oils, Thermochim. Acta 440 (2006) 132–
140. doi:10.1016/j.tca.2005.11.001. 

[165] Z. Chen, L. Zhao, W. Tu, Z. Li, Y. Gao, L.M. Wang, Dependence of calorimetric 
glass transition profiles on relaxation dynamics in non-polymeric glass formers, J. 
Non. Cryst. Solids 433 (2016) 20–27. doi:10.1016/j.jnoncrysol.2015.11.021. 

[166] J.M. Hutchinson, Determination of the glass transition temperature, J. Therm. 
Anal. Calorim. 98 (2009) 579–589. doi:10.1007/s10973-009-0268-0. 

[167] J. Kim, M.M. Mok, R.W. Sandoval, D.J. Woo, J.M. Torkelson, Uniquely broad 
glass transition temperatures of gradient copolymers relative to random and block 
copolymers containing repulsive comonomers, Macromolecules 39 (2006) 6152–
6160. doi:10.1021/ma061241f. 

[168] M.M. Mok, J. Kim, J.M. Torkelson, Gradient copolymers with broad glass 
transition temperature regions: Design of purely interphase compositions for 
damping applications, J. Polym. Sci. Part B Polym. Phys. 46 (2008) 48–58. 
doi:10.1002/polb.21341. 

[169] M.M. Mok, J. Kim, C.L.H. Wong, S.R. Marrou, D.J. Woo, C.M. Dettmer, S.T. 
Nguyen, C.J. Ellison, K.R. Shull, J.M. Torkelson, Glass transition breadths and 
composition profiles of weakly, moderately, and strongly segregating gradient 
copolymers: experimental results and calculations from self-consistent mean-field 
theory, Macromolecules 42 (2009) 7863–7876. doi:10.1021/ma9009802. 

[170] C.L.H. Wong, J. Kim, J.M. Torkelson, Breadth of glass transition temperature in 
styrene/ acrylic acid block, random, and gradient copolymers: Unusual sequence 
distribution effects, J. Polym. Sci. Part B Polym. Phys. 45 (2007) 2842–2849. 
doi:10.1002/polb.21296. 

[171] G.P. Johari, G. Sartor, Thermodynamic and kinetic features of vitrification and 
phase transformations of proteins and other constituents of dry and hydrated 
soybean, a high protein cereal, in: Prop. Water Foods ISOPOW 6, Springer, 1998: 
pp. 103–138. 

[172] D.S. Katayama, J.F. Carpenter, M.C. Manning, T.W. Randolph, P. Setlow, K.P. 
Menard, Characterization of amorphous solids with weak glass transitions using 
high ramp rate differential scanning calorimetry, J. Pharm. Sci. 97 (2008) 1013–
1024. doi:10.1002/jps.20991. 

[173] S. Khodadadi, A. Malkovskiy, A. Kisliuk, A.P. Sokolov, A broad glass transition 
in hydrated proteins, Biochim. Biophys. Acta - Proteins Proteomics 1804 (2010) 
15–19. doi:10.1016/j.bbapap.2009.05.006. 

[174] A. Rouilly, O. Orliac, F. Silvestre, L. Rigal, DSC study on the thermal properties 



 

72 
 

of sunflower proteins according to their water content, Polymer (Guildf). 42 
(2001) 10111–10117. doi:10.1016/S0032-3861(01)00555-9. 

[175] M. Akay, S.N. Rollins, Transition broadening and WLF relationship in 
polyurethane/poly(methyl methacrylate) interpenetrating polymer networks, 
Polymer (Guildf). 34 (1993) 967–971. doi:10.1016/0032-3861(93)90215-V. 

[176] L.H. Sperling, J.J. Fay, Factors which affect the glass transition and damping 
capability of polymers, Polym. Adv. Technol. 2 (1991) 49–56. 
doi:10.1002/pat.1991.220020107. 

[177] L.H. Sperling, T.-W. Chiu, D. a. Thomas, Glass transition behavior of latex 
interpenetrating polymer networks based on methacrylic/acrylic pairs, J. Appl. 
Polym. Sci. 17 (1973) 2443–2455. doi:10.1002/app.1973.070170811. 

[178] M.Y. Efremov, E.A. Olson, M. Zhang, Z. Zhang, L.H. Allen, Glass Transition in 
Ultrathin Polymer Films: Calorimetric Study, Phys. Rev. Lett. 91 (2003). 
doi:10.1103/PhysRevLett.91.085703. 

[179] K. Fukao, Y. Miyamoto, Glass transitions and dynamics in thin polymer films: 
Dielectric relaxation of thin films of polystyrene, Phys. Rev. E - Stat. Physics, 
Plasmas, Fluids, Relat. Interdiscip. Top. 61 (2000) 1743–1754. 
doi:10.1103/PhysRevE.61.1743. 

[180] K. Fukao, Y. Miyamoto, Slow dynamics near glass transitions in thin polymer 
films, Phys. Rev. E 64 (2001) 011803. doi:10.1103/PhysRevE.64.011803. 

[181] J.A. Forrest, K. Dalnoki-Veress, The glass transition in thin polymer films, Adv. 
Colloid Interface Sci. 94 (2001) 167–196. doi:10.1016/S0001-8686(01)00060-4. 

[182] P. Miaudet, A. Derré, M. Maugey, C. Zakri, P.M. Piccione, R. Inoubli, P. Poulin, 
Shape and temperature memory of nanocomposites with broadened glass 
transition, Science (80-. ). 318 (2007) 1294–1296. doi:10.1126/science.1145593. 

[183] T. Xie, Tunable polymer multi-shape memory effect, Nature 464 (2010) 267–270. 
doi:10.1038/nature08863. 

[184] D. Fragiadakis, P. Pissis, Glass transition and segmental dynamics in 
poly(dimethylsiloxane)/silica nanocomposites studied by various techniques, J. 
Non. Cryst. Solids 353 (2007) 4344–4352. doi:10.1016/j.jnoncrysol.2007.05.183. 

[185] D. Fragiadakis, P. Pissis, L. Bokobza, Glass transition and molecular dynamics in 
poly(dimethylsiloxane)/silica nanocomposites, Polymer (Guildf). 46 (2005) 6001–
6008. doi:10.1016/j.polymer.2005.05.080. 

[186] Y. Miwa, K. Usami, K. Yamamoto, M. Sakaguchi, M. Sakai, S. Shimada, Direct 
detection of effective glass transitions in miscible polymer blends by temperature-
modulated differential scanning calorimetry, Macromolecules 38 (2005) 2355–
2361. doi:10.1021/ma0480401. 

[187] B.B. Sauer, B.S. Hsiao, Broadening of the glass transition in blends of poly(aryl 
ether ketones) and a poly(ether imide) as studied by thermally stimulated currents, 
J. Polym. Sci. Part B Polym. Phys. 31 (1993) 917–932. 
doi:10.1002/polb.1993.090310802. 

[188] T.P. Lodge, T.C.B. McLeish, Self-concentrations and effective glass transition 
temperatures in polymer blends, Macromolecules 33 (2000) 5278–5284. 
doi:10.1021/ma9921706. 

[189] J. Zhu, B. Birgisson, N. Kringos, Polymer modification of bitumen: Advances and 



 

73 
 

challenges, Eur. Polym. J. 54 (2014) 18–38. doi:10.1016/j.eurpolymj.2014.02.005. 

[190] Y. Yildirim, Polymer modified asphalt binders, Constr. Build. Mater. 21 (2007) 
66–72. doi:10.1016/j.conbuildmat.2005.07.007. 

[191] G. Polacco, S. Filippi, F. Merusi, G. Stastna, A review of the fundamentals of 
polymer-modified asphalts: Asphalt/polymer interactions and principles of 
compatibility, Adv. Colloid Interface Sci. 224 (2015) 72–112. 
doi:10.1016/j.cis.2015.07.010. 

[192] G.D. Airey, Styrene butadiene styrene polymer modification of road bitumens, in: 
J. Mater. Sci., 2004: pp. 951–959. doi:10.1023/B:JMSC.0000012927.00747.83. 

[193] C.P. Valkering, W.C. Vonk, C.D. Whiteoak, Improved asphalt properties using 
SBS modified bitumen, Shell Bitum. Rev. 66 (1992) 9–11. 

[194] V. Mouillet, J. Lamontagne, F. Durrieu, J.P. Planche, L. Lapalu, Infrared 
microscopy investigation of oxidation and phase evolution in bitumen modified 
with polymers, Fuel 87 (2008) 1270–1280. doi:10.1016/j.fuel.2007.06.029. 

[195] T. Wang, T. Yi, Z. Yuzhen, The compatibility of SBS-modified asphalt, Pet. Sci. 
Technol. 28 (2010) 764–772. doi:10.1080/10916460902937026. 

[196] X. Lu, U. Isacsson, J. Ekblad, Phase separation of SBS polymer modified 
bitumens, J. Mater. Civ. Eng. 11 (1999) 51–57. doi:10.1061/(ASCE)0899-
1561(1999)11:1(51). 

[197] G. Wen, Y. Zhang, Y. Zhang, K. Sun, Y. Fan, Rheological characterization of 
storage-stable SBS-modified asphalts, Polym. Test. 21 (2002) 295–302. 
doi:10.1016/S0142-9418(01)00086-1. 

[198] P. Lin, W. Huang, Y. Li, N. Tang, F. Xiao, Investigation of influence factors on 
low temperature properties of SBS modified asphalt, Constr. Build. Mater. 154 
(2017) 609–622. doi:10.1016/j.conbuildmat.2017.06.118. 

[199] X. Lu, U. Isacsson, J. Ekblad, Low-temperature properties of styrene–butadiene–
styrene polymer modified bitumens, Constr. Build. Mater. 12 (1998) 405–414. 
doi:10.1016/S0950-0618(98)00032-4. 

[200] X. Lu, U. Isacsson, Modification of road bitumens with thermoplastic polymers, 
Polym. Test. 20 (2000) 77–86. doi:10.1016/S0142-9418(00)00004-0. 

[201] X. Lu, U. Isacsson, J. Ekblad, Influence of polymer modification on low 
temperature behaviour of bituminous binders and mixtures, Mater. Struct. Constr. 
36 (2003) 652–656. doi:10.1617/14083. 

[202] C. Sui, M.J. Farrar, W.H. Tuminello, T.F. Turner, New Technique for Measuring 
Low-Temperature Properties of Asphalt Binders with Small Amounts of Material, 
Transp. Res. Rec. (2010) 23–28. doi:10.3141/2179-03. 

[203] C. Sui, M. Farrar, P. Harnsberger, W. Tuminello, T. Turner, New Low-
Temperature Performance-Grading Method, Transp. Res. Rec. J. Transp. Res. 
Board 2207 (2011) 43–48. doi:10.3141/2207-06. 

[204] M. Farrar, C. Sui, S. Salmans, Q. Qin, Determining the low temperature 
rheological properties of asphalt binder using a dynamic shear rheometer (DSR). 
Technical White Paper FP08 Prepared by Western Research Institute for the 
Federal Highway Administration, Contract No. DTFH61-07-D-00005 (2015). 

[205] C. Riccardi, A. Cannone Falchetto, D. Wang, M.P. Wistuba, Effect of cooling 



 

74 
 

medium on low-temperature properties of asphalt binder, Road Mater. Pavement 
Des. 18 (2017) 234–255. doi:10.1080/14680629.2017.1389072. 

[206] G.M. Rowe, Cohesion, Fracture and Bond – Understanding the Data from the 
Vialit Cohesion Pendulum Test and Other Fracture Tests from an Analysis of 
Rheological Properties, Int. J. Pavement Eng. Asph. Technol. 15 (2014) 20–37. 
doi:10.2478/ijpeat-2013-0006. 

[207] R. Tao, E. Gurung, M.M. Cetin, M.F. Mayer, E.L. Quitevis, S.L. Simon, Fragility 
of ionic liquids measured by Flash differential scanning calorimetry, Thermochim. 
Acta 654 (2017) 121–129. doi:10.1016/j.tca.2017.05.008. 

[208] J. Zhao, G.B. McKenna, The apparent activation energy and dynamic fragility of 
ancient ambers, Polym. (United Kingdom) 55 (2014) 2246–2253. 
doi:10.1016/j.polymer.2014.03.004. 

[209] R. Richert, K. Duvvuri, L.T. Duong, Dynamics of glass-forming liquids. VII. 
Dielectric relaxation of supercooled tris-naphthylbenzene, squalane, and 
decahydroisoquinoline, J. Chem. Phys. 118 (2003) 1828–1836. 
doi:10.1063/1.1531587. 

[210] R. Casalini, M. Paluch, C.M. Roland, Influence of molecular structure on the 
dynamics of supercooled van der Waals liquids, Phys. Rev. E 67 (2003) 031505. 
doi:10.1103/PhysRevE.67.031505. 

[211] K. Duvvuri, R. Richert, Dynamics of glass-forming liquids. VI. Dielectric 
relaxation study of neat decahydro-naphthalene, J. Chem. Phys. 117 (2002) 4414–
4418. doi:10.1063/1.1497158. 

[212] J.L. Green, K. Ito, K. Xu, C.A. Angell, Fragility in Liquids and Polymers:  New, 
Simple Quantifications and Interpretations, J. Phys. Chem. B 103 (1999) 3991–
3996. doi:10.1021/jp983927i. 

[213] G. Ruocco, F. Sciortino, F. Zamponi, C. De Michele, T. Scopigno, Landscapes 
and fragilities, J. Chem. Phys. 120 (2004) 10666–10680. doi:10.1063/1.1736628. 

[214] C.M. Roland, M. Paluch, S.J. Rzoska, Departures from the correlation of time- 
and temperature-dependences of the α-relaxation in molecular glass-formers, J. 
Chem. Phys. 119 (2003) 12439–12441. doi:10.1063/1.1627295. 

[215] S. Hensel-Bielowka, J. Ziolo, M. Paluch, C.M. Roland, The effect of pressure on 
the structural and secondary relaxations in 1, 1′-bis (p-methoxyphenyl) 
cyclohexane, J. Chem. Phys. 117 (2002) 2317–2323. doi:10.1063/1.1488593. 

[216] D. Huang, G.B. McKenna, New insights into the fragility dilemma in liquids, J. 
Chem. Phys. 114 (2001) 5621–5630. doi:10.1063/1.1348029. 

[217] A. Mandanici, X. Shi, G.B. McKenna, M. Cutroni, Slow dynamics of supercooled 
m-toluidine investigated by mechanical spectroscopy, J. Chem. Phys. 122 (2005) 
114501. doi:10.1063/1.1856919. 

[218] R. Casalini, C.M. Roland, Thermodynamical scaling of the glass transition 
dynamics 1, Phys. Rev. E 062501 (2004) 1–3. doi:10.1103/PhysRevE.69.062501. 

[219] L.M. Wang, R. Richert, Identification of dielectric and structural relaxations in 
glass-forming secondary amides, J. Chem. Phys. 123 (2005) 54516. 
doi:10.1063/1.1997135. 

[220] R. Richert, C.A. Angell, Dynamics of glass-forming liquids. V. On the link 
between molecular dynamics and configurational entropy, J. Chem. Phys. 108 



 

75 
 

(1998) 9016–9026. doi:10.1063/1.476348. 

[221] C.M. Roland, P.G. Santangelo, D.J. Plazek, K.M. Bernatz, Creep of selenium near 
the glass temperature, J. Chem. Phys. 111 (1999) 9337–9342. 
doi:10.1063/1.479846. 

[222] V.N. Novikov, Y. Ding, A.P. Sokolov, Correlation of fragility of supercooled 
liquids with elastic properties of glasses, Phys. Rev. E - Stat. Nonlinear, Soft 
Matter Phys. 71 (2005) 61501. doi:10.1103/PhysRevE.71.061501. 

[223] A. Sipp, D.R. Neuville, P. Richet, Viscosity, configurational entropy and 
relaxation kinetics of borosilicate melts, J. Non. Cryst. Solids 211 (1997) 281–
293. doi:10.1016/S0022-3093(96)00648-5. 

[224] E. Rössler, K.U. Hess, V.N. Novikov, Universal representation of viscosity in 
glass forming liquids, J. Non. Cryst. Solids 223 (1998) 207–222. 
doi:10.1016/S0022-3093(97)00365-7. 

[225] C.A. Angell, Entropy and fragility in supercooling liquids, J. Res. Natl. Inst. 
Stand. Technol. 102 (1997) 171. doi:10.6028/jres.102.013. 

[226] W. Xu, E.I. Cooper, C.A. Angell, Ionic Liquids: Ion Mobilities, Glass 
Temperatures, and Fragilities, J. Phys. Chem. B 107 (2003) 6170–6178. 
doi:10.1021/jp0275894. 

[227] G.J. Fan, H.-J. Fecht, E.J. Lavernia, Viscous flow of the Pd 43 Ni 10 Cu 27 P 20 
bulk metallic glass-forming liquid, Appl. Phys. Lett. 84 (2004) 487–489. 
doi:10.1063/1.1644052. 

[228] V.H. Hammond, M.D. Houtz, J.M. O’Reilly, Structural relaxation in a bulk 
metallic glass, J. Non. Cryst. Solids 328 (2003) 254. doi:10.1016/s0022-
3093(03)00513-1. 

[229] T. Komatsu, Application of Fragility Concept To Metallic-Glass Formers, J. Non. 
Cryst. Solids 185 (1995) 199–202. doi:10.1016/0022-3093(95)00237-5. 

[230] J.M. Borrego, A. Conde, S. Roth, J. Eckert, Glass-forming ability and soft 
magnetic properties of FeCoSiAlGaPCB amorphous alloys, J. Appl. Phys. 92 
(2002) 2073–2078. doi:10.1063/1.1494848. 

[231] Z.P. Lu, Y. Li, C.T. Liu, Glass-forming tendency of bulk La–Al–Ni–Cu–(Co) 
metallic glass-forming liquids, J. Appl. Phys. 93 (2003) 286–290. 
doi:10.1063/1.1528297. 

[232] T.A. Waniuk, R. Busch, A. Masuhr, W.L. Johnson, Equilibrium viscosity of the 
Zr41.2Ti13.8Cu12.5Ni10Be22.5bulk metallic glass-forming liquid and viscous 
flow during relaxation, phase separation, and primary crystallization, Acta Mater. 
46 (1998) 5229–5236. doi:10.1016/S1359-6454(98)00242-0. 

[233] R. Busch, W. Liu, W.L. Johnson, Thermodynamics and kinetics of the Mg 65 Cu 
25 Y 10 bulk metallic glass forming liquid, J. Appl. Phys. 83 (1998) 4134–4141. 
doi:10.1063/1.367167. 

[234] D.N. Perera, Compilation of the fragility parameters for several glass-forming 
metallic alloys, J. Phys. Condens. Matter 11 (1999) 3807. doi:10.1088/0953-
8984/11/19/303. 

[235] G.J. Fan, E.J. Lavernia, R.K. Wunderlich, H.J. Fecht, The relationship between 
kinetic and thermodynamic fragilities in metallic glass-forming liquids, Philos. 
Mag. 84 (2004) 2471–2484. doi:10.1080/1478430410001693454. 



 

76 
 

[236] S.C. Glade, W.L. Johnson, Viscous flow of the Cu 47 Ti 34 Zr 11 Ni 8 glass 
forming alloy, J. Appl. Phys. 87 (2000) 7249–7251. doi:10.1063/1.373411. 

[237] S. Mukherjee, H.G. Kang, W.L. Johnson, W.K. Rhim, Noncontact measurement 
of crystallization behavior, specific volume, and viscosity of bulk glass-forming 
Zr-Al-Co-(Cu) alloys, Phys. Rev. B - Condens. Matter Mater. Phys. 70 (2004) 1–
6. doi:10.1103/PhysRevB.70.174205. 

[238] B. Zhang, R.J. Wang, D.Q. Zhao, M.X. Pan, W.H. Wang, Properties of Ce-based 
bulk metallic glass-forming alloys, Phys. Rev. B - Condens. Matter Mater. Phys. 
70 (2004) 1–7. doi:10.1103/PhysRevB.70.224208. 

[239] G. Wilde, G.P. Görler, R. Willnecker, H.J. Fecht, Calorimetric, 
thermomechanical, and rheological characterizations of bulk glass-forming Pd 40 
Ni 40 P 20, J. Appl. Phys. 87 (2000) 1141–1152. doi:10.1063/1.371991. 

[240] Z.F. Zhao, Z. Zhang, P. Wen, M.X. Pan, D.Q. Zhao, W.H. Wang, W.L. Wang, A 
highly glass-forming alloy with low glass transition temperature, Appl. Phys. Lett. 
82 (2003) 4699–4701. doi:10.1063/1.1588367. 

[241] I.-R. Lu, G.P. Görler, R. Willnecker, Specific volume of glass-forming liquid 
Pd43Cu27Ni10P20 and related thermodynamic aspects of the glass transition, 
Appl. Phys. Lett. 80 (2002) 4534–4536. doi:10.1063/1.1487922. 

[242] V.Y. Kramarenko, T.A. Ezquerra, I. Šics, F.J. Baltá-Calleja, V.P. Privalko, 
Influence of cross-linking on the segmental dynamics in model polymer networks, 
J. Chem. Phys. 113 (2000) 447. doi:10.1063/1.481809. 

[243] C. Alvarez, N.T. Correia, J.J. Moura Ramos, A.C. Fernandes, Glass transition 
relaxation and fragility in a side-chain liquid crystalline polymer: A study by 
TSDC and DSC, Polymer (Guildf). 41 (2000) 2907–2914. doi:10.1016/S0032-
3861(99)00445-0. 

[244] N.T. Correia, C. Alvarez, J.J. Moura-Ramos, Fragility in side-chain liquid 
crystalline polymers: The TSDC contribution, Polymer (Guildf). 41 (2000) 8625–
8631. doi:10.1016/S0032-3861(00)00248-2. 

[245] C.M. Roland, P.G. Santangelo, K.L. Ngai, The application of the energy landscape 
model to polymers, J. Chem. Phys. 111 (1999) 5593. doi:10.1063/1.479861. 

[246] K.L. Ngai, C.M. Roland, Intermolecular Cooperativity and the Temperature 
Dependence of Segmental Relaxation in Semicrystalline Polymers, 
Macromolecules 26 (1993) 2688–2690. doi:10.1021/ma00063a008. 

[247] S.L. Simon, D.J. Plazek, J.W. Sobieski, E.T. Mcgregor, Physical aging of a 
polyetherimide: Volume recovery and its comparison to creep and enthalpy 
measurements, J. Polym. Sci. Part B Polym. Phys. 35 (1997) 929–936. 
doi:10.1002/(SICI)1099-0488(19970430)35:6<929::AID-POLB7>3.0.CO;2-C. 

[248] N.M. Alves, J.L. Gómez Ribelles, J.F. Mano, Enthalpy relaxation studies in 
polymethyl methacrylate networks with different crosslinking degrees, Polymer 
(Guildf). 46 (2005) 491–504. doi:10.1016/j.polymer.2004.11.016. 

[249] R. Zorn, G.B. McKenna, L. Willner, D. Richter, Rheological Investigation of 
Polybutadienes Having Different Microstructures over a Large Temperature 
Range, Macromolecules 28 (1995) 8552–8562. doi:10.1021/ma00129a014. 

[250] M. Paluch, C.M. Roland, J. Gapinski, A. Patkowski, Pressure and temperature 
dependence of structural relaxation in diglycidylether of bisphenol A, J. Chem. 
Phys. 118 (2003) 3177. doi:10.1063/1.1538597. 



 

77 
 

[251] C.M. Roland, R. Casalini, Effect of chemical structure on the isobaric and 
isochoric fragility in polychlorinated biphenyls, J. Chem. Phys. 122 (2005) 
134505. doi:10.1063/1.1863173. 

[252] J.J.M. Ramos, J.F. Mano, D. Lacey, G. Nestor, Dipolar relaxations in the glass 
transition region and in the liquid crystalline phase of two side‐chain liquid 
crystalline polysiloxanes, J. Polym. Sci. Part B Polym. Phys. 34 (1996) 2067–
2075. doi:10.1002/(SICI)1099-0488(19960915)34:12<2067::AID-
POLB12>3.0.CO;2-#. 

[253] J.F. Mano, N.T. Correia, J.J. Moura-Ramos, S.R. Andrews, G. Williams, Dipolar 
relaxation mechanisms in the vitreous state, in the glass transition region and in 
the mesophase, of a side chain polysiloxane liquid crystal, Liq. Cryst. 20 (1996) 
201–217. doi:10.1080/02678299608031127. 

[254] J.F. Mano, J.J. Moura-Ramos, Dielectric behaviour of a side-chain-bearing liquid-
crystalline polysiloxane, J. Therm. Anal. 44 (1995) 1037–1046. 
doi:10.1007/BF02547531. 

[255] J.F. Mano, J.J. Moura Ramos, D. Lacey, Multiple and inter-related relaxation 
mechanisms in the mesophase of side-chain liquid crystalline polysiloxanes: A 
thermally stimulated currents study, Polymer (Guildf). 37 (1996) 3161–3164. 
doi:10.1016/0032-3861(96)89420-1. 

[256] N.T. Correia, J.J. Moura Ramos, Dipolar Motions and Phase Transitions in a Side-
Chain Polysiloxane Liquid Crystal. A Study by Thermally Stimulated 
Depolarization Currents, J. Polym. Sci. Part B Polym. Phys. 37 (1999) 227–235. 
doi:10.1002/(SICI)1099-0488(19990201)37:3<227::AID-POLB6>3.0.CO;2-E. 

[257] J.F. Mano, N.T. Correia, J.J.M. Ramos, A.C. Fernandes, A thermally stimulated 
discharge currents study of the molecular motions in two polysiloxane side-chain 
liquid crystalline polymers, J. Polym. Sci., Part B Polym. Phys. 33 (1995) 269–
277. doi:10.1002/polb.1995.090330212. 

[258] J.J.M. Ramos, J.F. Mano, Dipolar relaxations in a side-chain polyacrylate liquid 
crystal. A study by thermally stimulated currents, Thermochim. Acta 285 (1996) 
347–359. doi:10.1016/0040-6031(96)02905-X. 

[259] J.F. Mano, J.J.M. Ramos, A. Fernandes, G. Williams, The dipolar relaxation 
behaviour of a liquid-crystalline side-chain polymer as studied by thermally 
stimulated discharge currents, Polymer (Guildf). 35 (1994) 5170–5178. 
doi:10.1016/0032-3861(94)90466-9. 

[260] J.J. Moura-Ramos, J.F. Mano, D. Coates, The thermally stimulated currents 
spectrum of side-chain liquid crystalline polymers. A further contribution for the 
attribution of the different discharges at the molecular level, Mol. Cryst. Liq. 
Cryst. Sci. Technol. A.Molecular Cryst. Liq. Cryst. 281 (1996) 267–278. 
doi:10.1080/10587259608042250. 

[261] J. Leys, M. Wubbenhorst, C.P. Menon, R. Rajesh, J. Thoen, C. Glorieux, P. 
Nockemann, B. Thijs, K. Binnemans, S. Longuemart, Temperature dependence of 
the electrical conductivity of imidazolium ionic liquids, J. Chem. Phys. 128 (2008) 
64509. doi:10.1063/1.2827462. 

[262] F.M. Gaciño, T. Regueira, L. Lugo, M.J.P. Comuñas, J. Fernández, Influence of 
Molecular Structure on Densities and Viscosities of Several Ionic Liquids, J. 
Chem. Eng. Data 56 (2011) 4984–4999. doi:10.1021/je200883w. 

[263] S.H. Chung, R. Lopato, S.G. Greenbaum, H. Shirota, E.W. Castner, J.F. Wishart, 



 

78 
 

Nuclear Magnetic Resonance Study of the Dynamics of Imidazolium Ionic 
Liquids with− CH2Si (CH3) 3 vs− CH2C (CH3) 3 Substituents, J. Phys. Chem. B 
111 (2007) 4885–4893. doi:10.1021/jp071755w. 

[264] H. Shirota, H. Matsuzaki, S. Ramati, J.F. Wishart, Effects of aromaticity in cations 
and their functional groups on the low-frequency spectra and physical properties 
of ionic liquids, J. Phys. Chem. B 119 (2014) 9173–9187. doi:10.1021/jp509412z. 

[265] J. Pitawala, A. Matic, A. Martinelli, P. Jacobsson, V. Koch, F. Croce, Thermal 
properties and ionic conductivity of imidazolium bis (trifluoromethanesulfonyl) 
imide dicationic ionic liquids, J. Phys. Chem. B 113 (2009) 10607–10610. 
doi:10.1021/jp904989s. 

[266] P.B.P. Serra, Thermal behavior and heat capacity of ionic liquids: 
benzilimidazolium and alkylimidazolium derivatives, M.Sc. thesis, Universidade 
do Porto, 2013. 

[267] J.C. Thermodynamics, P.B.P. Serra, F.M.S. Ribeiro, M.A.A. Rocha, M. Fulem, 
L.M.N.B.F. Santos, Phase behavior and heat capacities of the 1-benzyl-3-
methylimidazolium ionic liquids, J. Chem. Thermodyn. 100 (2016) 124–130. 
doi:10.1016/j.jct.2016.04.009. 

[268] S. V Dzyuba, R.A. Bartsch, Influence of structural variations in 1‐alkyl (aralkyl)‐
3‐methylimidazolium hexafluorophosphates and bis (trifluoromethylsulfonyl) 
imides on physical properties of the ionic liquids, ChemPhysChem 3 (2002) 161–
166. doi:10.1002/1439-7641(20020215)3:2<161::AID-CPHC161>3.0.CO;2-3. 

[269] R. Tao, S.L. Simon, Rheology of Imidazolium-Based Ionic Liquids with Aromatic 
Functionality, J. Phys. Chem. B 119 (2015) 11953–11959. 
doi:10.1021/acs.jpcb.5b06163. 

[270] R. Tao, G. Tamas, L. Xue, S.L. Simon, E.L. Quitevis, Thermophysical properties 
of imidazolium-based ionic liquids: the effect of aliphatic versus aromatic 
functionality, J. Chem. Eng. Data 59 (2014) 2717–2724. doi:10.1021/je500185r. 

[271] N. V. Pogodina, M. Nowak, J. Läuger, C.O. Klein, M. Wilhelm, C. Friedrich, 
Molecular dynamics of ionic liquids as probed by rheology, J. Rheol. (N. Y. N. 
Y). 55 (2011) 241–256. doi:10.1122/1.3528651. 

[272] W. Zheng, A. Mohammed, L.G. Hines, D. Xiao, O.J. Martinez, R.A. Bartsch, S.L. 
Simon, O. Russina, A. Triolo, E.L. Quitevis, Effect of cation symmetry on the 
morphology and physicochemical properties of imidazolium ionic liquids, J. Phys. 
Chem. B 115 (2011) 6572–6584. doi:10.1021/jp1115614. 

[273] N. Shamim, G.B. McKenna, Glass Dynamics and Anomalous Aging in a Family 
of Ionic Liquids above the Glass Transition Temperature, J. Phys. Chem. B 114 
(2010) 15742–15752. doi:10.1021/jp1044089. 

[274] J. Leys, R.N. Rajesh, P.C. Menon, C. Glorieux, S. Longuemart, P. Nockemann, 
M. Pellens, K. Binnemans, Influence of the anion on the electrical conductivity 
and glass formation of 1-butyl-3-methylimidazolium ionic liquids, J. Chem. Phys. 
133 (2010) 34503. doi:10.1063/1.3455892. 

[275] C. Krause, J.R. Sangoro, C. Iacob, F. Kremer, Charge transport and dipolar 
relaxations in imidazolium-based ionic liquids, J. Phys. Chem. B 114 (2010) 382–
386. doi:10.1021/jp908519u. 

[276] G.J. Kabo, A. V Blokhin, Y.U. Paulechka, A.G. Kabo, M.P. Shymanovich, J.W. 
Magee, Thermodynamic properties of 1-butyl-3-methylimidazolium 



 

79 
 

hexafluorophosphate in the condensed state, J. Chem. Eng. Data 49 (2004) 453–
461. doi:10.1021/je034102r. 

[277] H.P. Diogo, S.S. Pinto, J.J. Moura Ramos, Slow molecular mobility in the 
amorphous solid and the metastable liquid states of three 1-alkyl-3-
methylimidazolium chlorides, J. Mol. Liq. 178 (2013) 142–148. 
doi:10.1016/j.molliq.2012.11.027. 

[278] O. Yamamuro, T. Yamada, M. Kofu, M. Nakakoshi, M. Nagao, Hierarchical 
structure and dynamics of an ionic liquid 1-octyl-3-methylimidazolium chloride, J. 
Chem. Phys. 135 (2011) 54508. doi:054508\n10.1063/1.3622598. 

[279] O. Russina, M. Beiner, C. Pappas, M. Russina, V. Arrighi, T. Unruh, C.L. Mullan, 
C. Hardacre, A. Triolo, Temperature Dependence of the Primary Relaxation in 1-
Hexyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}imide, J. Phys. Chem. 
B 113 (2009) 8469–8474. doi:10.1021/jp900142m. 

[280] M.C.C. Ribeiro, Low-frequency Raman spectra and fragility of imidazolium ionic 
liquids, J. Chem. Phys. 133 (2010) 024503. doi:10.1063/1.3462962. 

[281] Y. Shimizu, Y. Ohte, Y. Yamamura, K. Saito, T. Atake, Low-temperature heat 
capacity of room-temperature ionic liquid, 1-hexyl-3-methylimidazolium bis 
(trifluoromethylsulfonyl) imide, J. Phys. Chem. B 110 (2006) 13970–13975. 
doi:10.1021/jp0618330. 

[282] P. Griffin, A.L. Agapov, A. Kisliuk, X.-G. Sun, S. Dai, V.N. Novikov, A.P. 
Sokolov, Decoupling charge transport from the structural dynamics in room 
temperature ionic liquids, J. Chem. Phys. 135 (2011) 114509. 
doi:10.1063/1.3638269. 

[283] P. Sippel, P. Lunkenheimer, S. Krohns, E. Thoms, A. Loidl, Importance of liquid 
fragility for energy applications of ionic liquids, Sci. Rep. 5 (2015) 13922. 
doi:10.1038/srep13922. 

[284] L. Xue, E. Gurung, G. Tamas, Y.P. Koh, M. Shadeck, S.L. Simon, M. Maroncelli, 
E.L. Quitevis, Effect of Alkyl Chain Branching on Physicochemical Properties of 
Imidazolium-Based Ionic Liquids, J. Chem. Eng. Data 61 (2016) 1078–1091. 
doi:10.1021/acs.jced.5b00658. 

[285] M. Kofu, M. Tyagi, Y. Inamura, K. Miyazaki, O. Yamamuro, Quasielastic neutron 
scattering studies on glass-forming ionic liquids with imidazolium cations, J. 
Chem. Phys. 143 (2015) 234502. doi:10.1063/1.4937413. 

[286] A.J. Kovacs, R.A. Stratton, J.D. Ferry, Dynamic Mechanical Properties of 
Polyvinyl Acetate in Shear in the Glass Transition Temperature Range, J. Phys. 
Chem. 67 (1963) 152–161. doi:10.1021/j100795a037. 

[287] A.B. Brennan, F. Feller III, Physical aging behavior of a poly (arylene 
etherimide), J. Rheol. (N. Y. N. Y). 39 (1995) 453–470. doi:10.1122/1.550707. 

[288] R.A. Venditti, J.K. Gillham, Isothermal physical aging of poly(methyl 
methacrylate): Localization of perturbations in thermomechanical properties, J. 
Appl. Polym. Sci. 45 (1992) 501–506. doi:10.1002/app.1992.070450314. 

[289] A. V. Cugini, A.J. Lesser, Aspects of physical aging, mechanical rejuvenation, 
and thermal annealing in a new copolyester, Polym. Eng. Sci. 55 (2015) 1941–
1950. doi:10.1002/pen.24035. 

[290] J.Y. Cavaille, S. Etienne, J. Perez, L. Monnerie, G.P. Johari, Dynamic shear 
measurements of physical ageing and the memory effect in a polymer glass, 



 

80 
 

Polymer (Guildf). 27 (1986) 686–692. doi:10.1016/0032-3861(86)90125-4. 

[291] H.H. Winter, Analysis of dynamic mechanical data: inversion into a relaxation 
time spectrum and consistency check, J. Nonnewton. Fluid Mech. 68 (1997) 225–
239. doi:10.1016/S0377-0257(96)01512-1. 

[292] D. Anderson, M. Marasteanu, Physical Hardening of Asphalt Binders Relative to 
Their Glass Transition Temperatures, Transp. Res. Rec. J. Transp. Res. Board 
1661 (1999) 27–34. doi:10.3141/1661-05. 

[293] P. Claudy, J.M. Letoffe, F. Rondelez, L. Germanaud, G. King, J.P. Planche, A 
new interpretation of time-dependent physical hardening in asphalt based on DSC 
and optical thermoanalysis, in: ACS Symp. Chem. Charact. Asph. Washington, 
DC, 1992. 

[294] J.. Planche, P.. Claudy, J.. Létoffé, D. Martin, Using thermal analysis methods to 
better understand asphalt rheology, Thermochim. Acta 324 (1998) 223–227. 
doi:10.1016/S0040-6031(98)00539-5. 

[295] D.A. Anderson, D.W. Christensen, H.U. Bahia, R. Dongre, M.G. Sharma, C.E. 
Antle, J. Button, Binder characterization and evaluation. Volume 3: Physical 
characterization. Strategic Highway Research Program, 1994. 
doi:10.1520/stp18191s. 

 



 

-o
tl

a
A

D
D

 
8

91
/

 8
10

2

 +b
adci

a*GM
FTSH

9  NBSI 1-0328-06-259-879  )detnirp( 
 NBSI 8-1328-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  
gnireenignE lacigrullateM dna lacimehC fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 n
en

ak
ku

aL
 e

lli
V-

ill
O

 s
di

uq
il 

gn
i

mr
of

-s
sa

lg
 x

el
p

mo
c f

o 
yg

ol
oe

h
R

 y
ti

sr
ev

i
n

U 
otl

a
A

 8102

 gnireenignE lacigrullateM dna lacimehC fo tnemtrapeD

-ssalg xelpmoc fo ygoloehR
 sdiuqil gnimrof

 nenakkuaL elliV-illO

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2018_198_Laukkanen_verkkoversio



