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Abstract

The applicability of the time-temperature superposition principle (TTSP) is sometimes of concern
for highly oxidized bitumens and polymer-modified bitumens (PMBSs). This study investigates this in
terms of binders modified with Styrene Butadiene Styrene (SBS) copolymers and subjected to high
oxidative aging levels. The effects of aging were investigated by gel permeation chromatography
(GPCQ), fluorescence microscopy (FM) and linear viscoelastic rheological characterization. As expected,
the GPC and FM showed, respectively, an increase in the heavy fractions of bitumen and the
degradation of the polymer morphology. Both the phenomena affected the rheological response
provided in the form of black diagrams and isochrones of the loss tangent. The unmodified bitumens
demonstrated thermorheologically simple behaviour irrespective of the laboratory-aging level. On the
other hand, the applicability of TTSP to PMBs depends on the polymer content and the aging level.
Low-medium and medium-high polymer contents PMBs produce minor concerns for TTSP irrespective
of the aging level. However, high polymer contents may induce a TTSP breakdown mainly in unaged
PMBs with the degradation of the polymer backbone due to oxidative aging progressively restoring a

thermorheological simple configuration.



Introduction

Polymer additives are used to improve the performance and durability of road bitumens by producing
Polymer Modified Bitumens (PMBs). However, the effect of polymers on the oxidative-aging of the
binders remains relatively unclear (1-12). Polymer modification is a process that significantly depends
on the compatibility between the polymer and the base bitumen. The more a polymer is capable of
swelling into the bitumen phase without compromising its structure, the more evident is its effect on
the final properties of PMBs (2, 13). This enhanced condition depends on the bitumen composition (i.e.,
crude source and refining method), on the polymer composition and characteristics, and finally may be
strongly affected by the use of crosslinking additives (3, 14). Therefore, similar to other properties, the
oxidative-aging resistance may depend on this polymer-bitumen compatibility. Aside from this, in
PMBs, the two constituents undergo different aging mechanisms and each one affects the other. The
bitumen experiences an increase in the heavy polar fractions with low molecular mobility (i.e.,
asphaltenes) which causes a higher stiffness and reduced strain tolerance (15-18). On the other hand,
thermoplastic polymers commonly used in road applications (e.g., Styrene Butadiene Styrene (SBS)
block copolymers) are subjected to oxidative degradation of the polymer backbone that causes a
reduction in their molecular weight (3, 8-10). Both effects lead to a polymer de-swelling, which creates
a decrease in volume of the polymer-rich phase, which probably desorbs that part of the maltenes whose
polarity varies due to oxidation (19). Of course, in PMBs, the bitumen does not oxidize alone and the
polymer does not degrade apart. Isolating the two mechanisms is not easy and a deep understanding of

the phenomena is still to be achieved.

In the available literature, aged and unaged materials have been compared at both the compositional
and physical scales (20). A few examples incorporate the monitoring of the carbonyl compounds (8, 21,
and 22), the molecular weight distribution (MWD) (3, 9, and 23), the mechanical properties, i.e., linear
viscoelastic functions (10, 25, and 35) and the morphology of the PMBs (4, 24). These methods have
advantages and disadvantages; therefore, a combination of their results is critical to gather a

comprehensive understanding of the mechanism.



A typical disadvantage of the compositional approach (i.e., Gel Permeation Chromatography (GPC))
is that the measurements are sometimes performed in diluted conditions, which inevitably alter the
structure of bitumens and PMBs. For this reason, the MWD obtained by the GPC, may not be
representative of the bulk structure. Moreover, the GPC results strongly depend on the operating
conditions (i.e., column, solvent, sample concentration, flow rate, and so on) (3, 26, and 27). On the
other hand, the bulk properties are representative of mechanical performance. However, these
approaches are not easily linked to the effects of aging at the molecular level and a correlation between
the microstructure and the physical response lacks a unique definition (2, 5, 13, 28-30). Despite this,
rheological indicators (e.g., viscosity, linear and non-linear viscoelastic functions) have been used to
substantiate results from compositional test methods to provide clear insights on the changes in bitumen
microstructure and their effects on performance (3, 31-34). In the case of PMBs, the rheological analysis
becomes even more complicated since the response is affected by non-Newtonian effects, strain
dependency, thixotropy, and uncertainties about the applicability of the time-temperature superposition

principle (TTSP) (37-44).

This paper focuses on the effects of laboratory aging on the linear viscoelastic response of PMBs
prepared with SBS copolymer. The main points are the applicability of the TTSP at different levels of
aging and the possibility of identifying the changes in the binder microstructure by using both black
diagrams and the loss tangent in the temperature domain. The effects of aging were also evaluated by

GPC and fluorescence microscopy.

Theoretical Background

In viscoelastic materials, stress-relaxation is a function of molecular rearrangement processes. The
capability of the molecules to rearrange depends on their mobility (i.e., Brownian motion), of which
temperature is a controlling factor (45, 46). If the molecular processes contributing to relaxation have
the same temperature dependency, the relaxation (shear) modulus (G) can be given as a function of time

(t) and temperature (T) in the form of Equation (1).

G(t,T) = G(&,To) )



Where Ty is the reference temperature, and £ is the reduced time calculated by Equation (2).
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Where a(T) is the shift factor, which is a function of the material and To.
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Materials that obey this principle are thermorheologically simple, and for them, the TTSP is
applicable. In this case, the shift factor is applied to horizontally shift the experimental isotherms of
viscoelastic functions into a single master curve calculated at Ty in the reduced time (or frequency)
domain. Concerning the TTSP applicability, there are some practical criteria (46). First, while
calculating master curves, isotherms should superpose easily and within the tolerance limits. Second,
the shift factor should be (when possible), equal for all viscoelastic functions. Third, the temperature
dependency of ar must have a form consistent with established literature. Whenever one of them is not
verified, the TTSP breaks down (45). The TTSP applicability strongly depends on the absence of
chemical and structural transitions in the material. For this reason, the glass transition is compatible
with the TTSP, since it is simply related to the molecular mobility and does not involve changes in the
material structure and amorphous polymers usually meet the TTSP (46). In contrast, melting, freezing,
or changes in the chemical composition within the experimental interval, compromise the TTSP (46,
47). Moreover, materials constituted of multiple phases (i.e., composite materials) having different
temperature susceptibilities of their viscoelastic response could not be thermorheologically simple.
Based on these considerations, it is not easy to predict what would be the behavior of PMBSs in terms of
TTSP. The TTSP has been successfully applied to model the viscoelastic response of road bitumens
(and bituminous mixtures) with a good approximation (43, 48-54, 62). Master curves of viscoelastic
functions such as the loss and storage moduli and the phase angle are representative of stiffness,
elasticity, temperature susceptibility, and, after some data manipulation, of the MWD of bitumens (34,
57-61, 64). However, the applicability of TTSP over the whole range of testing temperatures used for
bitumens (indicatively between -20°C to 90°C) is a strong assumption, particularly within the high
temperature region. Lesueur and co-workers refer to the colloidal model to describe the relaxation mode
of neat bitumens in the Newtonian region (i.e., high temperatures) (43). In a general sense, a colloid

deviates from a true suspension and is represented by two phases of which one is dispersed (solid-like



micelles) and the other one represents the dispersing matrix (63). Once these particles are sufficiently
small, and the viscosity of the surrounding matrix is low, Brownian motion keep particles suspended in
the matrix. The viscoelastic effects arise when the temperature decreases (or the frequency increases).
In this condition, the viscosity of the matrix is higher and the particle mobility depends on the applied
shear rate while the effects of Brownian motion vanishes. Moreover, the colloidal structure of bitumens
depends on the equilibrium among the different functional groups (i.e., Saturates, Aromatics, Resins,
and Asphaltenes (SARA)) with the resins having a peptizing action on the asphaltenes (17). This
equilibrium is highly dependent on temperature and may cause the TTSP to fail in the high-temperature
region. In contrast, in the low-temperature region, the oil matrix undergoes glass-transition preventing

the structure from changing and this allows the applicability of the TTSP.

There are three cases representative of the TTSP breakdown in bituminous binders depending on
their structure: highly-oxidized bitumens with a large asphaltenes content; when crystalline waxes are
used (the TTSP fails when the wax starts melting); and in the case of PMBs (43, 44). However, there is
not an unanimous consensus on the latter point. Nevertheless, it is well known that the TTSP becomes

less applicable at high temperatures and for heavily polymer modified bitumens.

Glass and secondary transitions represent quite complex molecular mechanisms. However, dynamic
test methods associate the rheological response with different kinds of molecular responses depending
on the mode of loading and on the time-temperature interval considered (46). In the case of polymers,
these regions correspond to the transition zone from the glass-like to the rubbery-like consistencies, the
plateau zone, the pseudo-equilibrium zones (cross-linked polymers), and the terminal zone (un-
crosslinked polymers). Based on their MWD, bitumens can be considered as low-molecular-weight
polymers (2, 36, 59, 60). In the low-temperature region, the glass transition temperature (Tg ~-20°C)
is associated with the maximum of the loss modulus (G”). In the high-temperature region, where the
behavior is Newtonian, the response is controlled by zero-shear viscosity (r0) (44). Finally, in the
intermediate temperature interval, viscoelastic effects become evident with the cross-over of the storage

(G”) and loss (G ) moduli. The latter zone represents the time (or temperature) interval in which the



transition between the response varies from solid-like (low temperature) to fluid (high temperature). Of

course, polymer modification strongly affects the properties in this transition (6, 10, 35, 44, and 62).

This paper focuses on the effects of laboratory-aging on the rheological response of SBS modified
bitumens between 0 and 88°C. The rheological response is measured through black diagrams (i.e.,
curves of the phase angle (8) versus the magnitude of the complex shear modulus |G*|) and isochrones
of the loss tangent (i.e., tan o) in the temperature domain. The phase angle is considered as the
rheological parameter representative of the equilibrium between energy loss and storage under cyclic
loadings and, in the case of unmodified bitumens, & is representative of the MWD (34, 45). Aside from
this, the loss tangent is inversely proportional to the relaxation time (1) that can be expressed, based on

the Maxwell model, according to Equation (3) (45, 46).

1
T = (3)

 w-tané

Where o is the loading frequency. Black diagrams are handy when evaluating the TTSP
applicability because they do not require time-temperature manipulation of data. In other words, when
the TTSP is applicable, different isotherms constitute a relatively continuous curve in the & - |G*| plane.
A lack of smoothness in the shape of the black diagram curve gives an immediate indication of either

inconsistency in the data or breakdown of the TTSP (53).

The loss tangent is typically used in polymer technology to study molecular rearrangement processes
(relaxation). In this case, it is used to evaluate the effect of the polymer-rich phase (at different levels
of aging) in the intermediate temperature region. Data from GPC and fluorescence microscopy are used
to show a direct quantitative (GPC) and qualitative (fluorescence microscopy) measure of the aging

effects on the bitumen microstructure.

Materials and methods

Materials
Three different PMB were prepared by modifying one base bitumen (penetration grade 70/100) with

three concentrations (i.e., 2%, 4% and 6%) of a radial SBS copolymer (polystyrene content 29-31%)



and sulphur (S) as a cross-linking agent (0.1% w/w). The preparation of the PMBs was discussed with
the polymer supplier in advance. The PMBs were prepared using a Silversone® high shear mixer. The
polymer was added to the bitumen at 180°C and the mix was blended for one hour at high shear rate
(i.e., 5,000 RPM). Afterwards, sulphur was added and the mix was blended for additional two hours at

180°C at lower shear rate (~2,800 RPM).

Methods

Bitumen aging

The bitumens were short-term aged (STA) by the Rolling Thin Film Oven (RTFO) as per the UNI
EN 12607-1 standard, and long-term aged (LTA) by Pressure Aging Vessel (PAV) as per AASHTO R
28. Multiple cycles of PAV were applied to simulate different levels of oxidation (i.e., 20 hours — 1PAV;
40 hours — 2PAV; 80 hours — 4PAV). Prolonged aging exposures (i.e., 2PAV and 4PAV) were used to
obtain additional monitoring points of the progress of the PAV oxidation in the bitumens. In addition,
the use of the traditional PAV procedure with PMBSs raises some concerns due to their high viscosity at

the PAV temperature (66).

Fluorescence microscopy

A Leica® DM LB microscope was used to capture images of the PMB morphology at 10X
magnification. The microscope is connected to a camera to gather pictures of the various samples. The
samples were prepared to gather the bulk morphology that is not affected by the contact with cold
surfaces during cooling. Small stripes of bitumen at room temperature were refrigerated for 10 hours at
-18°C. Afterwards, the stripes (now brittle) were cut in the middle and the surface corresponding to the
cut was attached to the glass for microscope observation. The use of refrigerated samples was needed

to avoid any disturbance of the cut on the PMBs morphology.

Gel Permeation Chromatography

The experimental aspects of the GPC are detailed in Cuciniello et al. (3). In a preliminary test, base
bitumen and SBS copolymer were analysed separately. The uncross-linked SBS resulted in a retention
time interval between 10 and 12 minutes, while the neat bitumen was found between 12 and 20 minutes.

However, in the case of PMBs, the presence of the cross-linker determines the formation of a covalent-



bonded polymer network that does not dissolve in tetrahydrofuran (THF). Therefore, the results of the
GPC analysis in the paper only refer to the portion of chromatogram between 12 and 20 minutes,
representative of the entire MWD of the bitumen (light + heavy fractions). Nevertheless, in PMBs a
portion of the polymer chain undergoes thermo-oxidative degradation during blending, STA or LTA
with a consequent molecular weight reduction. Therefore, the bitumen signal may include some
fragment of polymer molecules. The 10-12 minutes interval was not considered because the sulphur
promotes the cross-linking of the polymer, which is then insoluble in THF and cannot be injected in the
column. In other words, the GPC analysis provides information about MW changes in the bitumen and

the bitumen-rich phase, which is not useful when considering polymer aging.

Frequency sweep test
The test was conducted as per the UNI EN 14770-2012 standard using a Dynamic Shear Rheometer

(Anton Paar MCR 301) in a parallel plate configuration. The testing conditions are given in Table 1.

Table 1. Frequency sweep test conditions.

T [°C] 0] 4 |16 28 40 52 | 64 | 76 | 88
DSR Geometry 8 mm plate (2mm gap) 8mm-25mm 25 mm plate (Imm gap)
f [Hz] 20 + 0.1 (log ramp)

The test temperatures were not equally applied to all the bitumens (and levels of aging). The
temperature intervals were selected for each combination of bitumen-aging to be compatible with the
DSR compliance and to cover the widest range of 3-values. Before conducting the test, the equilibrium
temperature and the linear strain interval were determined for each bitumen-aging combination and for
each geometry. At the overlapping temperature (40°C), the effect of the geometry was controlled

according to UNI EN 14770:2012. Three replicates were used for each test.

Calculation of the temperature domain
The correspondence between temperature and frequency entails the applicability of the TTSP. The
horizontal shift factors were calculated at a reference temperature of 4°C, on the isotherms of the loss

tangent (tan 6) by minimizing the horizontal geometrical distance between two adjacent curves. In this



way, the shift factors depend more genuinely on relaxation properties (using the same DSR geometry),

with the effect of density being excluded (46).

The values of o(T) were fitted with the William-Landel and Ferry (WLF) equation (Equation (4))
(46, 51, 64).

—Cy * (T = Trer) @
Cr+ (T —Trer)

Where T is test temperature [°C], Tre is reference temperature [°C], C1, and C, are model coefficients.

loga(T) =

The model parameters C; and C, were calculated at the reference temperature of 4°C by minimizing the

error (g) given in Equation (5).

T
e = > (10g(@(T)ans) ~ 10g@(Tw1r))’ ®
i=1

Where T; is the i-test temperature, a(T;) ¢qns 1S the shift factor calculated minimizing the geometrical
distance between the isotherms, and a(T;) .r is the shift factor calculated with the WLF equation.
Then, the WLF was rearranged, Equation (6), and used to build the isochrones (at 0.5 Hz) of tan ¢ in

the domain of temperature (65).
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Results and discussion

Fluorescence microscopy

Images of the fluorescence microscopy of the PMBs are given in Figure 1.



Figure 1. Morphology of PMBs at Unaged (U) and 4PAV-aged conditions (4P). a— SBS 2/S (U); b — SBS 2/S (4P); ¢ —
SBS 4/S (U); d — SBS 4/S (4P); e — SBS 6/S (U); f — SBS 6/S (4P).

The effects of bitumen-polymer compatibility and aging on the morphology have been discussed in
Cuciniello et al. (4). The SBS PMBs show good compatibility (prompted by the use of sulphur as a
cross-linking agent), and the unaged binders are either homogeneous (low polymer content) or with the
so-called ‘orange-skin morphology’. After long-term aging, the images appear dark and homogeneous
irrespective of the polymer content. This indicates that the polymeric network, initially swollen by the
more fluorescent aromatic molecules, disappeared. Considering the highly unsaturated composition of
the polymer, it is reasonable to suppose that the polymer underwent a degradation that at least partially

destroyed the cross-linked network.

GPC

The GPC chromatograms between 12 and 20 minutes of retention time are given in Figure 2 (a to

d).
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Figure 2. Chromatograms of bitumens at unaged and 4PAV-aged conditions.

It is worth noting that the chromatograms are reported as the raw data obtained from the instrument.
The only data manipulation is a normalization of the y-axis so that the ordinate represents a weight
fraction, but no time-molecular weight conversion was applied. The reason for this is that the use of a
standard like polystyrene would give unreliable molecular weights. Therefore, the distributions reported
in the graphs need to be interpreted as high (low retention times) and low (high retention times)
molecular weights. Figure 2 shows that for all binders, there is a shift towards lower retention times
(heavier molecules) with aging. This is well known since oxidative aging increases the heavier (and
polar) fractions (i.e., asphaltenes). However, it is interesting to observe that the shift is lower in the case
of modified binders. This could be surprising since polymer degradation is expected to contribute to
increasing the heavier fraction. The most straightforward interpretation is that in this case, the oxygen
diffusion during RTFOT and PAV is limited by the high viscosity of the binder (66). This is consistent

with the observation that the SBS 6/S binder is the one that shows the smallest variation due to aging



(Figure 2 — d). Another possibility is a sort of sacrificial effect exerted by the polymer that, during the

artificial aging procedures, preferentially captures the free radicals responsible for the aging reactions.

Given these preliminary results, it is interesting to evaluate how they parallel the effects on the

molecular relaxation of the binders.

Black diagrams

Pen bitumen
The black diagrams of the Pen bitumen at unaged, 1PAV, and 4PAV-aged conditions are given in
Figure 3.
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Figure 3. Black diagrams of Pen bitumen at unaged, 1PAV and 4PAV-aged conditions.

At unaged conditions, the curve shows a relatively smooth trend without relevant discontinuities.
The pattern of the curve is typical of unmodified bitumens with the phase angle that increases while the
material becomes softer. Laboratory aging produces an increase in the elastic response with the phase
angle (8) decreasing at the same level of stiffness (1PAV- curve - Figure 3). As mentioned above, the
increase in heavy fractions depends on the growth of asphaltenes. Black curves at 1PAV aging still
show a smooth trend, and thus no problems are expected for the applicability of the TTSP. However,
prolonging the PAV exposure (i.e., 4PAV - Figure 3), the superposition of the isotherms, with respect
to the unaged binder, is slightly reduced. Furthermore, the isotherms start showing a wavy pattern that

could be ascribed to some initial “transition” in the bitumen microstructure that could affect the



temperature-dependency of the stress relaxation. Such a case belongs to one of the categories described
by Lesueur (i.e., highly oxidized bitumens (43)), and confirms that aging may limit the TTSP
applicability. In conclusion, for the unmodified binder, in the considered range of temperatures, the
effects of PAV-aging on the microstructure are not significant enough to cause the breakdown of the
TTSP. The black diagrams maintain an acceptable smoothness and only at a very high level of aging

(probably non-compatible with road applications) are some symptoms of TTSP breakdown observed.

SBS modified bitumens
The black diagrams of the unaged modified binders (together with the Pen bitumen) are given in

Figure 4.
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Figure 4. Black diagrams of SBS modified bitumens at unaged conditions. (Pen bitumen included as reference).

In the low-intermediate temperature region (i.e., 4-28°C), where the linear viscoelastic response is
mainly controlled by the bitumen phase (62). The SBS 2/S and SBS 4/S have a behavior similar to that
of the Pen bitumen. Different behavior is shown by the SBS 6/S bitumen, where the effect of the
polymer network is more visible. It seems that this polymer concentration and the use of the cross-linker
provides the SBS with such a high level of dispersion, swelling and structuring, to control the
viscoelastic response even at low temperatures. The morphology supports this hypothesis. Figure 1- e
indicates phase inversion; the polymer-rich phase is the dispersing phase, while the bitumen-rich phase

is the dispersed one.



At higher temperatures (i.e., 40 to 64°C), the trend of the curves is a function of the polymer
concentration. The SBS 2/S seems to reach a sort of plateau region that may indicate an elastic response
determined by a weak polymer network (due to cross-linking and/or entanglements (47, 62)). At the
same time, at higher SBS concentrations, the black diagrams tend towards lower phase angles. These
trends confirm the formation of the polymer network, which resists viscous flow at higher temperatures

and controls the rheological response.

As already mentioned the smoothness of the black diagram indicates that the relaxation spectrum
depends uniformly on temperature variations and suggests the successful applicability of the TTSP.
Therefore, Figure 4 does not raise concerns regarding the thermorheological simplicity of SBS 2/S and
SBS 4/S but it does for SBS 6/S. In the latter case, something disturbs the internal structure of the
binder. To understand the nature of this disturbance, it is useful to remember that in the case of
polymers, the presence of a cross-linked structure completely alters the viscoelastic behavior and is
responsible for the prevalence of the elastic component even at high temperatures. However, even
uncross-linked polymers may show an elastic behavior, i.e., a “plateau” zone in the phase angle, thanks
to the entanglement between the chains. These entanglements cause a significant delay in the molecular
rearrangement process. Therefore, molecular relaxation is affected by both the cross-linking and the
entanglements, and these effects may also be observed in SBS modified bitumens (44, 46, 62). The
difference between the SBS 6/S and the other two bitumens is in the polymer content (and in the level
of dispersion/cross-linking). In the first case, the polymer is the dominant phase, and its effects are
visible at both low (i.e., the wavy shape of curves) and high temperatures (decrease in phase angle).
However, in the low-temperature region, the relaxation spectrum depends also on the bitumen-rich
phase, which has comparable stiffness. Therefore, in this range, the relaxation time seems to depend on
both phases and this can result in the TTSP breakdown. From this point of view, we can classify this
TTSP breakdown as included in the case mentioned above of composite materials. In contrast, in the
two binders with lower polymer content, the effects of entanglements and polymer network are weaker
and start to be disparate with bitumen only at higher temperatures, when the bitumen softens (10).

Therefore, the relaxation spectrum is primarily governed by the bitumen-rich phase in the intermediate-



low temperature region (i.e., 4°C to 28°C) and by the polymer-rich phase in the high-temperature region
(i.e., 40-64°C). In other words, the stiffness of the bitumen and polymer-rich phases become disparate
at higher temperatures, where the bitumen has almost a liquid-like behavior. This could be the reason

why the black diagram remains smooth over the whole temperature range.
The effects of aging are discussed at each polymer concentration.

SBS 2/S

The black diagrams of the SBS 2/S bitumen are given in Figure 5.
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Figure 5. Black diagrams of SBS 2/S bitumen at unaged, 1PAV and 4PAV-aged conditions

Laboratory aging affects the viscoelastic response over the whole range of temperatures. However,
based on the previous considerations, we can analyse the curves as if they are divided into two zones.
At low temperatures, they mainly reflect the effect of the bitumen phase aging, while at high
temperatures, the effects of the polymer phase aging are seen. Therefore, the shift towards lower phase
angle and higher stiffness observed at 4, 16, and 28°C indicates the hardening of the bitumen-rich phase.
In contrast, the 40-64°C region shows the changes in the polymer-rich phase. At unaged conditions, the
presence of a weak polymer network contributes to the formation of a plateau region with the phase
angle that remains constant while the bitumen softens. This plateau disappears after one cycle of PAV,
and the isotherms tend to be disconnected and shift towards higher phase angles. Furthermore, the wavy

pattern of the isotherms at 4PAV (Figure 5) is similar to what observed in the Pen bitumen (Figure 3).



All these results indicate that the SBS-rich phase has undergone extensive degradation and the bitumen
phase has oxidized irrespective of the presence of the polymer. These observations are in agreement
with other works in literature (10, 35). Concerning the applicability of the TTSP, the bitumen-rich phase
maintains the same behavior observed for the unmodified binder. At the same time, the degradation of
the polymer backbone reduces the smoothness of the curve in the high-temperature region (Figure 5 —
1PAV), whose trend varies from a plateau (i.e., unaged) to the one of a 4PAV-aged neat bitumen.
Therefore, it seems that the relaxation spectrum ranges from a thermorheological simple (TS) unaged
configuration, governed by the bitumen-rich phase and the polymer-rich phase (non-oxidised), to an
oxidized TS configuration whose relaxation spectrum depends mainly on the oxidized bitumen. The
degradation of the morphology of the SBS network is visible in the fluorescence microscope images
(Figure 1).

SBS 4/S

The black diagrams of the SBS 4/S bitumen are given in Figure 6.
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Figure 6. Black diagrams of SBS 4/S bitumen at unaged, 1PAV, and 4PAV-aged conditions

In the intermediate-high temperature range (i.e., 40 to 64°C), the effects of aging are similar to those
observed at 2% SBS concentration with the polymer backbone showing degradation (i.e., unclear
presence of plateau region). On the other hand, in the low-intermediate temperature region (i.e., 4 to

28°C), laboratory aging does not seem to alter the rheological response in one cycle of PAV (or even



after two cycles). Therefore, at high SBS concentrations, the degradation of the polymer backbone is
likely to inhibit and delay the hardening of the bitumen phase. After four cycles of PAV, the response
is similar to those observed in Figure 3 & Figure 5 (i.e., 4PAV conditions). The considerations provided

for the SBS 2/S bitumen about the TTSP and morphology (Figure 1 - d) apply in this case as well.

SBS 6/S

The black diagrams of the SBS 6/S bitumen are given in Figure 7.
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Figure 7. Black diagrams of SBS 6/S bitumen at unaged, 1PAV, and 4PAV-aged conditions.

The unaged curve, which has been described above, has been plotted with plain circles to improve
the clarity of the image. On the other hand, the curves at different levels of ageing highlight that aging
produces visible changes in their shape. In the range of temperature between 4 and 40°C, the curve is
similar to the other bitumens at unaged conditions (i.e., smooth continuous curve). This indicates that,
due to its degradation (visible in Figure 1 - f), the effects of the polymer backbone on the molecular
relaxation (within this range of temperatures) has almost vanished. Therefore, the stress relaxation is
now more controlled by the bitumen-rich phase that provides a smooth trend, which highlights that the
changes in the bitumen microstructure cause a transition towards a more TS configuration. On the other
hand, at higher temperatures (i.e., 52°C and 64°C), the degradation of the polymer backbone is visible
with the phase angle that shows an unclear plateau. After four cycles of PAV, the presence of the

polymer is almost undetectable and the curve is very similar to those of the other PMBs.



Isochrones of loss tangent in the temperature domain

The isochrones of the loss tangent in the temperature domain were calculated by applying the TTSP.
Except for one case (i.e., SBS 6/S unaged), the black diagrams show the validity of the time-temperature
superposition for all the cases investigated (although some of them require more caution than others).
With this premise in mind, the loss tangent is used to investigate the effects of the SBS network on the

stress relaxation at different levels of aging. The isochrones of the bitumens are given in Figure 8.
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Figure 8. Isochrones (@0.5Hz) of the logarithm of the loss tangent versus temperature at unaged, 1PAV, and 4PAV aged
conditions. (a — Pen bitumen; b — SBS 2/S; ¢ — SBS 4/S; d — SBS 6/S)

Pen
The Pen bitumen (Figure 8 - a) shows a monotonic behavior without any intermediate (or secondary)
transition. The loss tangent increases with temperature, indicating an increase in the relaxation time

(Equation (3)). This behavior is similar to low-molecular-weight polymers between the terminal zones



of steady flow (high temperatures) to glasslike consistency (low temperature) without any rubbery
transition (44, 46). As expected, aging produces a shift of the loss tangent curve towards lower values
at higher temperatures with a consequential change of the cross-over temperature, which is the
temperature at which tan 6=1 (i.e., log (tan 6) = 0), towards higher temperature values. The curve at
4PAYV is smooth and does not show any discontinuities. Therefore, the applicability of the TTSP over

this range of temperatures provides satisfactory results.
The use of SBS polymer modifies the transition zone as a function of the polymer content.

SBS 2/S

At 2% SBS, the curve of the unaged bitumen shows a horizontal plateau of loss tangent which is
maintained up to 100°C (Figure 8 - b). This behaviour depends on the formation of the
network/entanglements as discussed previously. The effects of laboratory-aging are visible at higher
temperatures, where the curves show a monotonic trend. After one cycle of PAV, the polymer network
seems to have a residual effect between 30°C and 60°C, whilst after four cycles of PAV, the isochronal
plot has the same trend as an unmodified bitumen. The cross-over temperature increases with aging.

Again, in this case, the applicability of the TTSP provides smooth curves.

SBS 4/S

In the region of temperatures below 30°C, the isochrones do not show relevant deviations from those
of the SBS 2/S (Figure 8 - ¢) since the rheological response is more controlled by the bitumen-rich
phase. At unaged conditions, the curves show some scattering around 40°C, which might depend on the
change in the DSR geometry, and on the fact that this temperature is where the phase angle starts
decreasing (Figure 6). Increasing the temperature (>40°C), the unaged curve shows a slightly decreasing
trend that indicates a more elastic response at higher temperatures. This is the effect of the polymer
network (i.e., entanglements/cross-linking). Aging produces the same effects discussed for the SBS 2/S
bitumen with the polymer backbone degrading progressively. The curve at 1PAV shows some scattering
between 40°C and 70°C, caused by the degradation of the polymer backbone already discussed in the

black diagrams (Figure 6). This case could represent one of those where the applicability of the TTSP



to the whole temperature interval may provide a lower accuracy in the results. However, the shape of

the curve is consistent with that shown previously for the SBS 2/S bitumen.

SBS 6/S

The loss tangent isochrones of the unaged SBS 6/S bitumen (Figure 8 - d) show a smooth trend
despite that seen in the black diagram (Figure 7). The downward concave shape of the isochrone at
unaged condition has some similarities with the transition of high-MW polymers, where the drop at low
temperatures is linked to the entrance into the glassy region. In contrast, the one at high temperatures is
connected to entanglements. This is not surprising since, at this concentration, the SBS has become the
dominant phase that controls the whole temperature interval. Another visible difference is the presence
of two cross-over temperatures at approximately 10 and 60°C. This behavior is consistent with the
strength of the polymer network and has already been described in master curves of similar binders
(44). Once again, the effects of aging are similar to those discussed for the other two SBS

concentrations.

Conclusions

This work investigated the changes in the microstructure of laboratory-aged unmodified and SBS
modified bitumens with a close focus on the applicability of the TTSP. The following points summarize

the main findings.

e The GPC analysis confirms that aging produces an increase in the heavy fractions of the
bitumens, but suggests that the SBS could inhibit this mechanism. The higher the polymer
content, the greater is the effect. The fluorescence microscopy images indicate that the SBS-
rich phase disappears with aging, thus suggesting polymer degradation.

e The unmodified bitumen is thermorheologically simple even after a prolonged PAV
exposure. Only at 4 PAV aging do some symptoms of TTSP failure seem to show up in the
black diagrams.

e The applicability of the TTSP to SBS modified bitumens is highly dependent on the

capability of the polymer to form a structured network in the bitumen phase. The network



could include chemical cross-linking and/or the presence of entanglements and increase the
elasticity at high temperatures. Moreover, the network causes a delay in the molecular
relaxation time that may induce a TTSP breakdown.

In the case of low-medium and medium-high polymer contents, the applicability of the
TTSP is not challenged since the rheological response is distinctively controlled by the
bitumen-rich phase at low temperatures and by the polymer-rich phase at high temperatures.
Aging causes the degradation primarily of the SBS network, and the response of the whole
systems shifts progressively under the control of the bitumen-rich phase with no concerns
for the validity of the TTSP.

At high polymer contents, the polymer becomes the dominant phase affecting both the high
and the low temperature regions challenging the applicability of the TTSP. That is, if at high
temperatures the polymer-rich phase is more evident in the response, at low temperatures
the concomitant effects of the polymer network (that is not weak in this case) and of the
bitumen phase, results in a biphasic structure, which might not be TS. Aging produces
effects similar to the other two concentrations, but with different magnitudes.

The isochrones of the loss tangent in the temperature domain are a valid representation of
the effects of the polymer network and of its oxidative-degradation on the elasticity and the

stress relaxation of PMBs.
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