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ABSTRACT

Due to the wide variation in geographic and climatic conditions, the growing demands of
resistant bituminous materials to various environmental conditions have resulted in a search for
bitumen modifiers capable to reduce the temperature susceptibility of the binder in the service
temperature range. Therefore, in the present contribution, the effects of addition of low
molecular weight organic compounds on temperature susceptibility of asphalt binders were
investigated by a combination of dynamics oscillatory rheology and Atomic Force Microscopy
(AFM). The results analyzed on the basis of weak gel model were found useful to discriminate
the selected additives regarding their relative capacity to favor coarse or fine colloidal
aggregates, which in turn were responsible for the observed bulk rheological behaviour.

Keywords: complex shear modulus, Atomic Force Microscopy, cooling gradient,
additives, asphaltene aggregates.

1. INTRODUCTION

Bitumen, which is the European synonym for asphalt binder in North America, both of
natural and industrial origin, is the most employed material in highway paving technologies.
From the chemical point of view, it represents a relatively homogeneous and randomly
distributed collection of molecules differing in polarity and molecular size [1]. At micrometric
scale, there is a general consensus about the fact that bitumen is considered a colloidal dispersion
of asphaltenes (A) into a continuous oily phase constituted by saturates (S), aromatics (A) and
resins (R), which overall identify the four SARA fractions of bitumen [2,3] Depending on SARA
composition, presence of suitable additives and temperature, asphaltenes can lead to the
formation of a continuous network giving the entire system a non-Newtonian fluid behavior at
high temperatures and an elastic solid at low temperatures; this bitumen is defined as a gel [4]. In
practice, most bitumen has intermediate characteristics between these two structures representing
limit cases. "Intermediate” bitumen has better elasticity and mechanical properties than sol, while
bitumen gels have better mechanical strength but worst elastic properties. From a qualitative
point of view, the rheological properties of bitumen depend in some way on the asphaltene
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content. It can therefore be stated that at low and intermediate temperatures bitumen rheology is
strongly influenced by the degree of association of asphaltene and by the presence of other
species (e.g. additives) favoring such associations in the system as it will be further illustrated.
Therefore, for a good road performance it would be highly desirable that the deformation
properties of bitumen remain unchanged under the effect of different cooling rates, and mitigate
the susceptibility of asphalt concrete to several drawbacks such as thermal cracking and thermal
stress accumulation [5].

2. MATERIALS & METHODS

2.1 Materials

The base bitumen was kindly supplied by Loprete Costruzioni Stradali (Italy). It was
produced in Italy and the crude oil was from Saudi Arabia. The neat bitumen was modified by
adding commercial additives, namely, a) poliphosphoric acid (PPA) provided by Sigma Aldrich
(Milano, Italy) and b) phospholipids in form of light yellow powder (hereafter LCS) provided by
Somercom srl (Catania (CT), Italy).

2.2 Sample preparations and set up of cooling ramps

The additives were mixed separately to hot bitumen (140-160°C) at fixed content of 2 %
wt/wt [6,7] by using a mechanical stirrer (IKA RW20, Germany). Firstly, 100 g of bitumen was
heated up to 140-160 °C until it flowed fully, then a given amount of additive was added to the
melted bitumen under a high-speed shear mixer at 500 - 700 rpm. Furthermore, the mixtures
were stirred again at 140-160 °C for 30 min. After mixing, three different cooling ramp rates
were applied to bitumen samples modified with PPA and LCS, respectively. Parallel temperature
ramp tests were carried out on unmodified bitumen as a reference system. The experimental
conditions were isothermal annealing for 10 min at 160°C; then, the samples were allowed to
cool to RT at, respectively, 1, 5 and 10 °C/min.

2.3 S.A.R.A. determination

The latroscan MK 5 Thin Layer Chromatography (TLC) was used for the chemical
characterization of bitumen by separating it into four fractions: Saturates, Aromatics, Resins and
Asphaltenes (S.A.R.A) [8]. During the measurement, the separation took place on the surface of
silica-coated rods. The detection of the amount of different groups were according to the flame
ionization. The sample was dissolved in peroxide-free tetrahydrofurane solvent to reach a 2 %
(w/v) solution. Saturated components of the sample were developed in n-heptane solvent while
the aromatics in a 4:1 mixture of toluene and n-heptane. Afterwards, the rods had to be dipped
into a third tank, which was a 95 to 5 % mixture of dichloromethane and methanol. That organic
medium proved suitable to develop the resin fraction whereas the asphaltene fraction was left on
the lower end of the rods.

2.4 Empirical Characterization
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Penetration tests for bitumens were performed according to the standard procedure
(ASTM D946) [9]. The bitumen consistency was evaluated by measuring the penetration depth
(531/2-T101, Tecnotest, Italy) of a stainless steel needle of standard dimensions under
determinate charge conditions (100 g), time (5 s) and temperature (25 °C).

2.5 Atomic Force Microscopy (AFM) analysis

An Atomic Force Microscopy equipment (Multimode VIII with a Nanoscope V
controller, Bruker) was used to analyse the samples. The AFM has been used in tapping mode,
where the cantilever oscillates up and down close to its resonance frequency so that the tip is
contacting the sample surface intermittently. When the tip is brought close to the surface, the
vibration of the cantilever is influenced by the tip—sample interaction. In particular, shifts in the
phase angle of vibration of the cantilever are due to the energy dissipation in the tip-sample
ensemble. The phase shift provides information on surface properties such as stiffness,
viscoelasticity and adhesion. For measurements, Antimony doped silicon probes (TAP150A,
Bruker) with resonance frequency 150 kHz and nominal tip radius of curvature 10 nm were used.
All the measurements were performed at room temperature. Phase images were acquired
simultaneously with the topographic mode. Materials with different viscoelasticity can be clearly
distinguishable. The softer domains appeared dark while the stiffer ones appeared bright in the
phase images.

2.6 Isothermal rheological tests after different cooling ramps

After each cooling ramp, samples were subjected to oscillatory rheological tests at
constant temperature t = 25°C, controlled by a Peltier element (£0.1 °C), using a dynamic stress-
controlled rheometer (SR5, Rheometric Scientific, USA) equipped with a parallel plate geometry
(gap 2.0 £0.1 mm, diameter 25 mm). The linear viscoelastic regime of both neat and modified
bitumen was preliminary checked through the determination of the complex shear modulus G* in
the regime of small-amplitude oscillatory shear [10,11]. |G*| is the magnitude of the complex
shear modulus, defined as the ratio of shear stress to shear strain amplitudes in steady state when
a sample is subjected to oscillating shear stress at a specific frequency. It is a critical property of
the binder that dictates its performance in an asphalt mixture: the higher |G*| the stiffer the
binder.

3. RESULTS & DISCUSSION

The viscoelastic properties of tested bitumen specimens were analysed by frequency-
sweeps experiments at 25°C. The frequency dependence of the experimental complex shear
modulus |G*| for the unmodified bitumen has been illustrated in Figure 1 in correspondence to
different thermal cooling gradients of, respectively, 1°C/min, 5°C/min and 10°C/min. The effect
of different thermal treatments on the microstructure is also evident from the comparison of
AFM images showing coarse and irregular aggregates (catana-phase, [12]) obtained after slow
cooling whereas small crystalline nuclei are favoured if bitumen undergoes to fast cooling rates
[13]. Remarkably, the highest gradient provides to increase the stiffness of the binder as it is
evidenced by the upward shift of |G*|.
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FIGURE 1 Complex modulus |G*| vs frequency at 25°C for neat bitumen subjected to different
thermal treatment: 1°C/min (circles), 5°C/min (diamonds), and 10°C/min (triangles). The AFM
images acquired after, respectively, slowly and fast cooling are also shown.

A more distinct influence of different cooling ramps on both the mechanical response and
microstructure of bitumen has been recorded when the binder was pre-blended with
polyphosphoric acid (PPA) 2 % wt/wt. Indeed, the tendency to increase the binder stiffness after
10°C/min ramp is more pronounced compared to the base bitumen as it has been illustrated in
Figure 2 for various |G*| vs frequency series. Similarly, large pseudo-spherical or lenticular
domains have been imaged after a slow cooling rate (1°C/min) whereas smaller crystallites with
irregular or ellipsoidal shapes are formed after subjecting the bitumen modified with
polyphosphoric acid PPA to a rapid cooling treatment (10°C/min).
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FIGURE 2 Complex modulus |G*| vs frequency at 25°C of bitumen modified with PPA 2%
after different cooling ramps: 1°C/min (circles), 5°C/min (diamonds), and 10°C/min (triangles).
The AFM images acquired after, respectively, slowly and fast cooling are also shown.

A complete different behaviour has been found for bitumen modified with addition of 2
% wt/wt of phospholipids (LCS) to the base bitumen. Indeed, the bulk complex shear modulus
|G*| looks almost unaffected by the thermal history as illustrated in Figure 3, which also shows
typical high-resolution AFM images highlighting feature-less small aggregates independently of
applied cooling rates. According to the colloidal model for the bitumen microstructure,
asphaltene manifests the tendency to self-associate and form aggregates through noncovalent
interactions between aromatic cores, such as n- stacking and hydrogen bonding [4]. Therefore,
the presence of phospholipids dispersed into the bituminous matrix would enhance the formation
of noncovalent interactions between asphaltene aggregates, mediated also by resins that represent
the polar fraction of the bituminous material. In this context, LCS exerts his amphiphilic
character by stabilizing the resulting supramolecular networks, which in turn is responsible for a
better resistance against the action of different cooling rates in the range 1-10°C/min.
Other types of additives have been also tested to check their effect on the thermal history of the
corresponding modified bituminous specimens as it has been detailed elsewhere [14].
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FIGURE 3 Complex modulus |G*| vs frequency at 25°C of bitumen modified with LCS 2%
after different cooling ramps: 1°C/min (circles), 5°C/min (diamonds), and 10°C/min (triangles).
The AFM images acquired after, respectively, slowly and fast cooling are also shown.

4. CONCLUSIONS

A comparative investigation of the mechanical responses manifested by bitumen
modified with polyphosphoric acid (PPA) and a raw mixture of natural phospholipids (LCS) has
been performed at 25°C, after the corresponding specimens have been subjected to different
cooling treatments. Aimed at searching for microstructural differences between various types of
modified bitumens when they have undergone the action of several thermal ramps, a parallel
morphological investigation has been also carried out by using Atomic Force Microscopy (AFM).
A remarkable result has been recorded for bitumen incorporating the LCS additive compared to
both PPA modified and unmodified bitumen, capable to leave the asphaltene aggregates fairly
unaltered after the hot material was either slowly (1°C/min) or rapidly (10°C/min) cooled to the
final reference temperature of 25°C. The complex modulus of the correspondent LCS-modified
bitumen was found almost independent of cooling rate as well. The addition of LCS to bitumen
should prove extremely fruitful in increase the mechanical resistance of bitumen to thermal
shocks and provide an attempt to substitute polymer-based rheology modifiers with additives
derived from renewable bio-resources.
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