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Abstract

One of the mechanisms for the deterioration of asphalt is debonding. This is often
referred to as stripping. Most losses of adhesion at the bitumen-aggregate interface
are attributed to the action of water leading to a reduction in properties such as
tensile strength, tensile stiffness and wear resistance. If we move to more accurate
models for predicting bitumen-aggregate adhesion based on material properties,
then we can be much more effective in building roads that are stable and resist
hardening, crack-building, and stripping more effectively.

The main aim of this doctoral thesis was to propose a hypothesis for what makes
bitumen binders stay adhered to aggregates (or filler particles such as Portland
cement) and to provide a fundamental understanding for the development of a new
test method for bitumen-aggregate adhesion.

The Hamaker constant was used to estimate van der Waals interactions. Hamaker’s
constant is composed of two parts. The first part describes the Keesom and Debye
contribution, which represents the attraction energy at zero-frequency, and the
second part the London dispersive (electronic) contribution, which represents the
attraction energy in the optical/UV spectrum. Calculations of Hamaker’s constant
require accurate dielectric data, i.e. the dielectric constant and the refractive index of
the interacting materials and the intervening medium.

Paper I: Hamaker’s constant was introduced to describe and calculate the van der
Waals interaction and to determine its relationship to resistance to stripping.

Paper II: The dispersive component of minerals was calculated from their refractive
indices using data from mineral data sheets.

Paper Ill: The dispersive component of un-aged bitumen and aggregates was
calculated from their refractive indices, determined by ellipsometery measurements.

Paper IV: The surface force mapping technique, AFM QNM, was used to measure
parameters such as topography, adhesion and elastic modulus simultaneously on un-
aged 70/100 penetration grade bitumen binders. The result was presented as
images representing individual and overlaid parameters, e.g. topographic images with
an adhesion overlay and topographic images with a modulus overlay. The adhesion
forces measured in the region surrounding (peri phase) the ‘bees’ (catana phase) and
the region in the ‘bee’ areas are lower than the adhesion force measured in the
smooth matrix (para phase). Likewise it can be observed that Young’s moduli in the
region surrounding (peri phase) the ‘bees’ (catana phase) and in the ‘bees’ are higher
than Young’s modulus of the smooth matrix (para phase).



Paper V: The mechanism for bee formation was investigated via AFM.

Paper VI: The bitumen components that are expected to migrate to the air interface
and to the surface of laboratory glass slides (or to the surface of aggregates), were
investigated based on the relative dielectric spectroscopic response of the material
components, as determined by their dielectric constants and refractive indices.

The total polarizability can be determined from the dielectric constant. The non-polar
London dispersive (electronic) polarizability can be determined from refractive index
measurements. In materials with higher permittivity at zero frequency the Keesom
and Debye attraction energies will be responsible for a significant part of the
polarization. Bitumen as a whole has a low degree of total polarizability. Bitumen
contains a small fraction of n-heptane insoluble molecules that have a somewhat
higher total polarizability and therefore may contribute to Debye and Keesom
interactions. Bitumen as a whole is highly London dispersive (electronic) polarizable
and the asphaltene (or n-heptane insoluble) fraction is even higher London dispersive
(electronic) polarizable. The degree of non-polar London dispersion polarizability
increases with increasing molecular size and with increasing aromaticity.

Paper VII: Adhesion properties of un-aged 70/100 penetration grade bitumen
binders were probed by means of permittivity analysis.

The initial adhesion of non-aged bitumen binders to pure quartz aggregates is
primarily London dispersive due to low total polarizability of the components.

The higher surface coverage with the addition of the Portland cement to the surface
of the aggregates can be explained by the addition of components with higher
London dispersive polarizability and higher total polarizability of CaO, MgO and iron
oxides. Portland cement is a material contributing to Debye and Keesom interactions.
Portland cement could also have chemical influence on its bonding to aggregates.

A strong correlation was identified between the average tangent of the dielectric loss
angle in the frequency region of 0.01 to 1 Hz and surface coverage (a common
method to indicate suitability of bitumen for use in roads). Surface coverage is higher
for bitumen binders having a larger average loss tangent.

It is suggested that the average tangent of the dielectric loss angle in the frequency
range of 0.01 to 1 Hz, could be used as an indicator for predicting polarizability and
thereby, adhesion potential of bitumen binders.
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1 Introduction
1.1 Background

Many factors are known to influence moisture induced degradation of asphalt, such
as aggregate and bitumen properties, processing methods, environmental factors,
and traffic loading. Increased demands on life expectancy and durability of asphalt
pavement has resulted in increased demand for understanding degradation
processes and their dependency on the properties of bitumen, aggregates, and
additives. Typical manifestations of moisture induced damage are loss of chippings,
raveling, potholes, and structural damage.

Bitumen acts as a glue to hold the aggregate pavement composite together.
Sufficiently strong adhesion between bitumen and aggregates is a necessity for the
asphalt composite to withstand stress and moisture induced degradation. Bitumen is
a complex mixture of hydrocarbons with straight or branched chains, saturated rings
as well as aromatics with one up to six fused rings. The majority of the molecules are
polyaromatics substituted with one or several saturated chains or saturated rings.
The bitumen molecules also contain sulfur and small amounts of nitrogen and
oxygen, which can be found as heteroatoms in the ring structures but also as
functional groups. Traces of transition metals such as vanadium, nickel and iron
may also be present depending on the source of the crude. Bitumen molecules
consist of a complex combination of all these basic structures. The size of the
bitumen molecules goes from about 300-400 g/mol up to about 1000-1500 g/mol.
The smallest size is determined by the cut point during distillation of the asphalt. For
example a cut point of 500°C corresponds to a molecular size of C35 (500 g/mol) for
saturated hydrocarbons.

For a Venezuelan bitumen, the following solubility parameters were found:
dispersive=18.5 MPa®?, polar=3.9 MPa®° and hydrogen bonding=3.6 MPa®?
(Redelius 2006). Bitumen can interact through van der Waals forces, hydrogen
bonding and pi-pi-interactions (Bagampadde 2005).

A permanent dipole is a molecule with an uneven distribution of electrons. This is
typical for asymmetric molecules containing atoms with different degrees of electro-
negativity. In bitumen molecules the atoms which may introduce polarity are
primarily nitrogen and oxygen which are considerably more electronegative than
carbon and hydrogen. The total amount of nitrogen and oxygen has been determined
by elemental analysis to be between 1 and 2.5 % (Jones 1993) in most bitumen used
in asphalt pavements.



The surface of the aggregate is heterogeneous and varies according to mineral
composition. It is also known that silica surfaces become negatively charged in
neutral and basic aqueous solutions (ller 1979). This may affect their ionic bonding
potential.

This doctoral thesis incorporated the following measurements: refractive index,
dielectric constant, permittivity, atomic force microscopy, and surface energy by the
sessile drop method.

The main aim of this doctoral thesis was to propose a hypothesis for what makes
bitumen binders stay adhered to aggregates (or filler particles such as Portland
cement) and to provide a fundamental understanding for the development of a new
test method for bitumen-aggregate adhesion.

Bitumen as a whole has a low degree of total polarizability. The asphaltene (or n-
heptane insoluble) fraction has a somewhat higher dielectric constant than bitumen
as a whole and therefore a somewhat higher degree of total polarizability. Bitumen
as a whole is highly London dispersive (electronic) polarizable and the asphaltene (or
n-heptane insoluble) fraction is even higher London dispersive (electronic)
polarizable. The degree of non-polar London dispersion polarizability increases with
increasing molecular size and with increasing aromaticity.

The higher surface coverage with the addition of the Portland cement on the surface
of the aggregates can be explained by higher London dispersive polarizability and
higher total polarizability of CaO, MgO and iron oxides. Portland cement can
chemically bond to aggregates.

It is suggested that the average tangent of the dielectric loss angle in the frequency
range of 0.01 to 1 Hz, could be used as an indicator for predicting polarizability and
thereby, adhesion potential of bitumen binders.

1.2 Objectives and Delimitations

The overall aim of this doctoral thesis was to increase the understanding of what
makes non-aged bitumen binders adhere to aggregates or filler particles (such as
Portland cement) and to provide a fundamental understanding for the development
of a new test method for bitumen-aggregate adhesion. Specific objectives were to:

e Evaluate to what extent Hamaker’s constant according to Lifshitz theory can be
used to calculate the van der Waal’s interaction and its relationship to stripping
(Paper 1).

e Investigate the variation in the dispersive component of minerals via their
refractive indices using data from mineral data sheets (Paper 2).



e Quantify the refractive index of bitumen and aggregates and its relationship to
bitumen—aggregate adhesion and bitumen-bitumen cohesion (Paper 3).

e Quantify topographic morphologies (Paper 4).

e Investigate mechanisms for bee formation (Paper 5).

¢ |dentify obstacles to measuring bitumen surface energy as it pertains to adhesion
in asphalt (Paper 6).

e Propose how to interpret bitumen-aggregate adhesion based on the dielectric
spectroscopic response of individual material components, utilizing their dielectric
constants and refractive indices (Paper 6).

e Introduce a potential indicator for predicting polarizability and thereby the
adhesion potential of bitumen binders (Paper 7).

1.3 Scientific Contributions

To clarify the fundamentals of un-aged bitumen-aggregate adhesion, and determine
how to choose asphalt components that can make adhesion more durable in the
presence of water by determining

- the elemental composition of a mineral and its effect on refractive index and
hence its dispersive adhesion to bitumen.

- the composition of bitumen and its effect on refractive index and hence
dispersive interaction, and its effect on dielectric constant and hence polar
interaction.

- theinteraction between quartz and bitumen.

- the effect of Portland cement on bitumen-aggregate adhesion.

To examine the effects of phase separation and exudation on the surface energy of
bitumen and clarify the mechanism of how ‘bees’ are formed.

To introduce a potential indicator for predicting polarizability and thereby adhesion
potential of bitumen binders.

2 Research Methodologies

The first step was to acquire background information from the literature related to
the objective of this thesis. A substantial number of literature reviews deal with
bitumen-aggregate adhesion and describe this phenomenon (Isacsson 1976; Stuart
1990; Bagampadde et al. 2004; Hefer and Little 2005).

In the second step, Hamaker’s contant was used to evaluate its potential for the
estimation of the van der Waals interactions between bitumen and
aggregate/mineral materials. The evaluation covers the usefulness of Hamaker’s



constant as a tool for predicting the performance of the aggregates and minerals in
resisting stripping.

In the third step, refractive index was used to estimate the dispersive component of
adhesion of minerals to bitumen. Higher dispersive interactivity of minerals can be
derived from the presence of specific elements in the mineral.

In the fourth step, ellipsometry was used to measure the refractive index of bitumen
and aggregates. Refractive indices of aggregates are the average for the composite
minerals, which in turn depend on the specific elemental composition of the
minerals. The refractive index of bitumen binders is the average for the constituent
components and depends upon the specific elements in the binder.

In the fifth step, atomic force microscopy was used to quantify topographic
morphologies and investigate mechanisms for bee formation. Bees are a
phenomenon caused by phase separation, where the phases have different rigidities
and different thermal expansion coefficients resulting in differential shrinkage during
cooling and ridging (interchanging higher and lower bands in the topographic
surface).

In the sixth step, obstacles to measuring bitumen surface energy as it pertains to
adhesion in asphalt were identified. If bitumen phase separates, and the
measurements are performed on the surface only, these measurements will not give
representative values for the surface energy of the bulk of the bitumen material that
adheres to minerals and aggregates.

In the seventh step, the bitumen components that are expected to migrate to the air
interface and to the surface of laboratory glass slides (or to the surface of aggregates)
were predicted based on the dielectric spectroscopic response of their material
components, as reflected by their dielectric constants and refractive indices.

In the eighth step, based on the dielectric spectroscopic response of material
components, as reflected by their dielectric constants and refractive indices,
bitumen-aggregate adhesion and bitumen-Portland cement-aggregate adhesion are
discussed.

In the ninth step, the tangent of the dielectric loss angle in the frequency range of
0.01 to 1 Hz is introduced as a potential indicator of polarizability and thereby
adhesion potential of bitumen binders.



3 Theoretical Models/Experimental Conditions

In this chapter a description is given of the theories and techniques used in this
thesis.

3.1 Intermolecular Forces

Adhesion has been explained by physical forces giving rise to physical bonds between
discrete atoms and molecules. Asphalt materials form condensed solid or liquid
phases, and are held together by intermolecular van der Waals forces.

Van der Waals forces originate from the interactions between atomic or molecular
rotating or oscillating dipoles within the medium. For a description of the van der
Waals forces, see the books ‘Intermolecular and Surface Forces’ by Israelachvili
(1991) and ‘van der Waals forces - Interaction Forces Using the Hamaker Constant’ by
Parsegian (2006). Chemical bonds hold molecules together within a material by
electron sharing between two or more atoms. Physical bonds are not bonds in this
conventional meaning; they are attractive forces holding the material(s) together by
long-range physical forces. They are always the controlling forces when no chemical
bonds are established between the materials. A physical bond does not have the
strong directionality of chemical bonds. This is why the molecules can rotate and still
stay bonded. For liquids this may be slightly more obvious than for a glue-like
material such as bitumen. However, the mechanism is the same.

It was recognized in the first half of the 1900’s that van der Waals forces are the
dominant electromagnetic interaction forces responsible for the stability of colloids
and important in adhesion.

There are three types of van der Waals physical interaction forces (Israelachvili 1991;
Parsegian 2006): dipole-dipole (Keesom or orientation forces), dipole-induced-dipole
(Debye or induction forces), and induced-dipole-induced dipole interactions between
two non-polar molecules (London or dispersive forces). These forces all decay with
distance r to the power of r’, and the interaction energies decay with r®.

Dipole-dipole interactions (Keesom or orientation interaction): Due to shape and
uneven distribution of charges within their atoms, certain molecules develop
permanent dipole moments, i.e. they are polar molecules. When two of these polar
molecules are near each other there is a dipole-dipole interaction between them that
is similar to the alignment between two magnets. The energy of interaction between
two rotating dipoles can be expressed as the Keesom or orientation interaction, see
Equation 1:
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where u is the dipole moment, &, is the permittivity of free space, &, is the dielectric
constant of surrounding material, and r is the distance between molecules, k is the
Boltzmann’s constant and T is absolute temperature.

Dipole-induced dipole interactions (Debye or induction interaction): The interaction
between a polar molecule and a non-polar molecule is due to the polarizing field that
comes from a polar molecule polarizing another atom or nonpolar molecule i.e.
similar to a magnet attracting a piece of iron.

The energy of interaction between a rotating dipole and an induced dipole (both
molecules having a permanent dipole moment) can be expressed as the Debye
dipole-induced dipole interaction, see Equation 2:
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where ¢ is the London dispersive (electronic) polarizability.

Induced-dipole-induced dipole interactions / two non-polar molecules (London or
dispersion interaction): The interaction between non-polar molecules is due to the
random fluctuation of an atom’s electronic distribution with time. The dipoles
generate an electric field that polarizes any nearby neutral atom, inducing a
temporary dipole moment in it. This creates an attraction between the molecules.

The energy of interaction between two different molecules with induced dipole-
induced dipole, can be expressed as the non-polar London induced dipole-induced
dipole interaction, see Equation 3:

3 agiap2  hvivp (3)
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where his Planck’s constant and vis the molar volume.

The magnitude of the dispersion forces increase with increasing molecular size
because the electrons will be further away from the nucleus the larger the molecule
is. Since increasing molecular size normally means increasing molecular mass, it could
be said that the dispersion forces increase with increasing molecular mass. Dispersion
forces exist between all molecules whether they are polar or not.

These types of interaction forces are present between all atoms and molecules, even
between the ones that are totally neutral. Since these forces are always present (in
contrast to Keesom and Debye that may or may not be present due to the properties
of the molecule) they play an important role in phenomena such as adhesion,
physical adsorption, surface tension, wetting, and the properties of gases, liquids and
thin films.



In Paper VI and Paper VI, initial bitumen-aggregate adhesion and bitumen-Portland
cement-aggregate adhesion are discussed based on the dielectric spectroscopic
response of the material components, as reflected by their dielectric constants and
refractive indices. It was argued that quartz aggregates and bitumen as a whole have
low total polarizability and the interaction energy should be expressed as primarily
induced-dipole-induced dipole interaction energy. Portland cement is however at
least partly a polar material since it contains oxides with intermediate and high total
polarizability.

In addition to the van der Waals forces, hydrogen bonds can be formed when a
hydrogen atom in a molecule is attracted to a strongly electronegative atom in
another molecule such as nitrogen, oxygen, or fluorine.

3.2 Hamaker

The Hamaker constant according to Lifshitz theory represents the Keesom, Debye and
London Forces of the van der Waals attraction between two materials. The Hamaker
constant is a continuum theory and can only be used when the interacting surfaces
are farther apart than molecular dimensions (Israelachvilil991). The van der Waals
forces arise from the interaction between dipoles and fluctuating dipoles. Hamaker
constant is calculated from the dielectric constants of materials measured at zero
frequency and in the optical/UV portion of the spectrum.

If the absorption frequencies of the interacting materials and intervening media are
assumed to be the same, then the Hamaker constant, A, for two materials 1 and 2
interacting across a medium 3 can be calculated according to the Lifshitz theory
(1956) in Equation 4:

3KkT (&1—& &—¢& 3hv n?-n%)(n-n?
A:A1+A2 — ? (1+ 3)(2+ 3)_|_8\/E ( 1 3)( 2 3) (4)
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where g; is the static dielectric constant for material/medium i, and n is the refractive

index of the material/medium j in the visible region. h is Planck’s constant
(=6.6261:10-34 Js), k is Boltzmann constant (= 1.3807:10-23 J/K), T is the absolute
temperature and v is the main electronic absorption frequency typically around
3-1015s™.

The first term (A;) represents the zero-frequency energy of the van der Waals
interaction and includes the Keesom and Debye dipolar contributions. The second
term (A,) represents the dispersion energy and includes the London energy
contribution.



For most material combinations the Hamaker constant is positive and the van der
Waals force is attractive. The van der Waals force is always attractive between two
like surfaces and always attractive in vacuum (air). The Hamaker’s constant can be
negative and repulsive for two different material surfaces interacting through a liquid
medium.

If Hamaker’s constant is zero, there is no net force, and the bodies are neither pulled
together nor pushed apart. However, if the net force is positive, then the bodies will
adhere, and if the net force is negative repulsion will occur.

Hamaker (1937) calculated the van der Waals interaction free energies between
bodies of different geometries on the basis of pairwise additivity. The forces were
obtained by differentiating the energies with respect to distance. For example, the
van der Waals interaction (W) for a flat surface interacting with another flat surface
can be calculated using Equation 5:

A
W= )

where D is the surface separation distance. A derivation of this equation is given by
Israelachvili (1991). As can be seen in Equation 5, there is a direct relationship
between the van der Waals interaction and the Hamaker constant.

In the pioneer work by Hamaker (1937), the constant was calculated from the
polarizabilities and number densities of the atoms in the two bodies by postulating
pair-wise additivity of the contributions from individual molecules. This pair-wise
approach ignores however the many-body effects and cannot easily be extended to
bodies interacting in a medium. These problems are bypassed in the Lifshitz theory
(1956) where the atomic structure is disregarded and treated as a continuous
medium.

The van der Waals interaction and the Hamakers’s constant can be calculated from
frequency dependent dielectric properties of the interacting materials and their
intervening medium. For the van der Waals interaction the geometry of the bodies is
also required.

3.3 Dielectric Spectroscopy

Dielectric spectroscopy is an experimental technique used to characterize molecular
structures and their mobility in a dielectric material. The dielectric spectroscopic
response may be expressed as a function of frequency (frequency domain
spectroscopy) or as a function of time (time domain spectroscopy).



A dielectric material is a material that behaves as an electrical insulator and can be
polarized by an applied field (Britannica 2014). As the dielectric material is placed in
an electric field, electric charges do not move through the material as they do
through a conductor. There will instead be a slight shift of charges causing dielectric
polarization. Positive charges will move towards the field and negative charges will
move in the reverse direction. If the dielectric material consists of weakly bonded
molecules, those molecules will not only become polarized, but will also be
reoriented so that their symmetry axis aligns to the field. This polarization will reduce
the electric field within the material.

Permittivity is a measure of how an electric field affects and is affected by a dielectric
material. Permittivity is usually not constant, as it can vary with position in the
medium, the frequency of the field applied, humidity, temperature, and other
parameters. The main objective in studying permittivity is to relate macroscopic
properties such as the dielectric constant to microscopic properties such as the
molecular polarizability and the dipole moment of the molecules. Polarizability is the
relative tendency of a material to have a charge distribution (or distortion of an
electron cloud of an atom or molecule from its normal shape) caused by an external
electric field. Polarizability determines the response of a certain material to external
fields and its susceptibility to induced polarity.

Refractive Index and Dispersive Polarizability. The refractive index of a material is a
measure of the speed of light in that substance in relation to the speed of light in
vacuum. For example, the refractive index of water is 1.33, meaning that light travels
1.33 times faster in a vacuum than it does in water. Thus, the refractive index, n, is
expressed as Equation 6:

n = velocity of light in a vacuum / velocity of light in medium. (6)

According to the Lorenz—Lorentz equation, the London dispersive (electronic)
polarizability, oy, is related to the chemical structure of the material through the
refractive index, n, see Equation 7:

ap n2—1) 3v
(4neq) o (n2+2 4n (7)
where v = px , M is the molecular weight, pis the mass density, and N, is Avogadro’s
0

number, and &, is the permittivity of free space.

The trend of polarizability follows the size of the molecule, hence the number of
electrons, thus polarizability increases with the size of molecules.



The measurements of refractive index were conducted with a phase-modulated
ellipsometer (Beaglehole Instruments, Wellington, New Zealand) on the bitumen
binder samples. It is an optical surface sensitive technique, which is widely used for
measurements in thin surface layers (Narayanamurti et al. 1976; Naderi et al. 2007).
The instrument relies on the fact that

- reflection at a dielectric interface depends on light polarization.

- the transmission of light through a layer changes the phase of the incoming wave
depending on the refractive index of the material.

Refractive index also depends on the temperature, which can become relevant when
polymers are heated above their transition temperatures (i.e. Tg, above which the
polymer chain mobility increases).

Some minerals have more than one refractive index, and thus can have different
refractive indices in different directions.

Dielectric Constant and Total Polarizability. The dielectric constant is a measure of
the extent of polarization in induced and permanent dipoles. The propensity of the
material to respond to an applied field therefore increases with extent of polarization
in induced and permanent dipoles. The response is caused by a reorientation of
microscopic dipoles. In materials with higher permittivity at zero frequency the
Keesom and Debye attraction energies will be responsible for a significant part of the
polarization.

The dielectric constant is also a measure of the influence a substance has on the
energy that is required to separate or produce two oppositely charged bodies.
Substances that can produce a hydrogen bonded network have high dipole moments
and high dielectric constants (Ghosh and Jasti 2005).

According to the Clausius-Mossotti equation, the total polarizability, o, is related to
the chemical structure of the material through the dielectric constant, ¢, see

Equation 8:
a &r—1 ﬂ
(4meg) o (£r+2) 47 (8)
where v = p?: , M is the molecular weight, pis the mass density, and N, is Avogadro’s
0

number, and &, is the permittivity of free space.
The relative complex permittivity, €,, of a material is defined in Equation 9:
g =&, —je', (9)
Permittivity as a function of frequency has real, €', and imaginary, €",, values, see

Equations 10 and 11:
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Er = oA (10)
d-C
8”,« = so_-zi (11)

where C, and C; are the real and imaginary parts of complex capacitance measured
by a frequency impedance analyzer. The real part of permittivity, £',., is referred to as
the dielectric constant and represents stored energy when the material is exposed to
an electric field, while the imaginary part of permittivity, referred to as the dielectric
loss factor, €., represents the energy that is lost in the applied field. Vacuum

permittivity, &, is ~8.85x10™? F/m. Vacuum permittivity also appears in Coulomb’s
1

law as a part of the Coulomb force constant which expresses the force between

4TE
two unit charges separated by unit distance in vacuum.

The tangent of loss angle is, tan §, defined as the ratio of the imaginary part to the
real part in Equation 12:

tang =2r =5 (12)

&ly Cp

The measurements of capacitance and loss at power frequency are often presented
as the real and imaginary part of the complex relative permittivity, €,, and is referred
to as the dielectric response. For dielectric materials such as bitumen, the spectra are
often measured from mHz to kHz, and sometimes up to MHz.

Under a sinusoidal field, the current density can be written as (Linhjell et al. 2007),
see Equation 13:

J(w) =E(w) ig o [1 + 7 (w) — i( 2 +;(”(a)))] (13)

Eow

where wis the angular frequency, ois the DC conductivity, and 3’ and y” are the real
and imaginary components of the complex susceptibility.

The real component of €, can be determined by Equation 14:

g, =1+ 7 (o) (14)
The imaginary component of &, can be determined by Equation 15:
e’ =—+7'(a) (15)

This means that the conductivity contributes more to the apparent €”.. at low
frequencies than at high frequencies (Linhjell et al. 2007).

An IDAX-300 Insulation Diagnostic Analyzer from Megger was used to measure
dielectric permittivity. It is a low frequency impedance analyzer and was used in the
frequency range from 0.01 Hz to 10000 Hz. The total area of the electrode on which
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the current was measured was 41.8 cm” and the distance between the electrodes was
1cm.

3.4 Atomic Force Microscopy

The AFM Force mapping was performed on a Bruker Multimode 8 AFM in PeakForce
QNM (Quantitative Nanomechanical property Mapping) mode with a Nanoscope V
controller and the software Nanoscope 8.15. The resulting force curves were
evaluated using Nanoscope Analysis 1.30. The cantilever model was a ScanAsyst Air
(Bruker) with a nominal spring constant of 0.4 N/m and a nominal tip radius of 2 nm.
The exact spring constant was determined by the Thermal Tune method (Hutter and
Bechhoefer 1993) and the tip radius was calibrated with Bruker references PDMS-
SOFT-2-12M, i.e. PDM with a known DMT Young’s modulus of 3.5 MPa. Force
mapping was performed as follows: the sample was oscillated in the z-direction at 2
KHz at the same time as the sample was scanned line by line at a rate of 1 Hz
perpendicular to the cantilever. Every image was built up by 512x512 pixels each
originating from force curve evaluation.

3.5 Thermodynamic Adsorption

The thermodynamic adsorption theory relates adhesion to surface energy. When a
surface is created, surface energy is used as a quantification of the disruption of
intermolecular bonds. The surface energy is defined as the excess energy at the
surface compared with bulk. The two-component theory and the acid-base theory
are the two most common thermodynamic theories.

The Owens-Wendt model was introduced in (1967) and is based on two components,
see Equation 16:

v (1 + cos8) = 2V yEY + JvivE) (16)

where LW refers to the non-polar Lifshitz-van der Waals (LW) interaction and the P

refers to the polar interactions. The Owens-Wendt approach is one of the most
common methods (Zenkiewicz 2007) for calculating the surface free energy of
polymeric materials.

3.6 Surface Coverage

The rolling bottle method was used according to SS-EN 12697-11. The amount of
bitumen remaining on aggregates is visually determined after mechanical stirring of
bitumen-covered aggregates in water. When Portland cement was added, it was
added to the aggregates that had been heated prior to bitumen being added to the
mix. The samples were photographed after 24 hours and the percentage bitumen
adhering to quartzite aggregates was determined after 24 hours agitation in water.
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4 Results and Discussion

4.1 Interaction Forces Between Mineral Aggregates and Bitumen
Calculated Using the Hamaker Constant

In this paper Hamaker’s constant was introduced to describe and calculate the van

der Waals interaction and to determine its relationship to resistance to stripping.

The dielectric properties of the aggregates and minerals studied were collected from
different sources and are summarized in Table 1.

Table 1 Dielectric properties (for references see Paper |).

Aggregate Dielectric constant, € Refractive index, n

Bitumen 2.6 n=1.58

Air 1 n=1

Water 80 n=1.33

Basalt 8 n=1.62-1.74

Granite (weathered) 5 n=1.45, 1.56 (different granites)
Calcite 7.8-8.2 n=1.49-1.66

Quartz 4.2-5 n=1.55

The Hamaker constant expresses a practical way to calculate van der Waals
interaction by using the dielectric properties of two interacting bodies and the
intervening medium. The minerals have been ranked according to their maximum
Hamaker constant. Basalt has the highest (high) Hamaker constant and granite
(hyalite) has the lowest (high) Hamaker constant (see Table 2).

The aim was also to calculate and determine the importance of the permanent
dipolar and induced dipolar dispersive contributions to the interaction between
bitumen and the different aggregates and minerals, using water or air as intervening
medium. Hamaker’s constant zeros-in on the induced dipole dispersive contribution
of van der Waals adhesion.

Table 2 Permanent dipolar and induced dipolar dispersive contributions for minerals
and aggregates with either water or air as intervening medium. A=Hamaker’s
constant.

Material 1 Medium 3 Material 2 A, A, Acotal

(-110%°)) (-110%°)) (-110%°))
Permanent Induced dipolar

dipolar dispersive

Component Component

Basalt Air Bitumen 0.11 1% 11.06 99 % 11.17

Granite Air Bitumen 0.09 1% 7.33 99 % 7.42

Basalt Water Bitumen 024 9% 250 91% 2.73

Granite Water Bitumen 0.26 34 % 0.77 66% 1.03
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The numbers calculated in this study are of course approximate, but give us an idea
of the relative importance of the permanent dipolar and induced dipolar dispersive
contributions to the van der Waals adhesion. For air as an intervening material, the
permanent dipolar contribution is negligible (about one percent). For water as an
intervening medium the relative contribution is higher, between 9 and 25 percent.
However, the total value of Hamaker’s constant is much lower with water as
intervening medium. In practice, this means that if water gets in between bitumen
and aggregates, a significant reduction in adhesion is expected.

In Table 3, Hamaker’s constant has been ranked according to its maximum value
(high value of refractive index for birefringent minerals). Each Hamaker’s constant
value has been compared with ‘resistance to stripping’ —performance according to
Cordon (1979). The performance of the aggregates and minerals correlates well with
Hamaker’s constant where resistance to stripping data is available.

Table 3 Hamaker’s constant, calculated by the authors based on Equation 4 according
to Israelachvili (1991) and resistance to stripping according to Cordon (1979).

Hamakers constant Resistance to stripping
Aworar (-107°1) Cordon (1979)

Basalt 11.06 Good

Limestone (Dolomite) 10.33 Good

Limestone (Calcite) 10.07 Good

Granite (Kaolinite) 8.88 Fair

Quartz 8.74 Fair (quartzite)

Albite 8.56 -

Microcline 8.54 -

Granite ( Endelite, Allophane, 7.33-8.42 Fair

Hyalite)
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4.2 Characterization of Stripping Properties of Stone Material in Asphalt

In this paper the refractive index of minerals was characterized using data from
mineral data sheets. This study is focused on the second part of Hamaker’s equation
according to Lifshitz. The mineral data that has been used in this study comes from
a website that contains data sheets for more than 4000 individual minerals (Web
Mineral 2011).

In the literature, minerals have been classified visually according to the degree of
stripping and rated according to their tendency for stripping as slight, moderate or
severe, see Figure 1. Stuart (1990) extracted this information (for minerals) from the
literature. For each mineral there is a spread in the refractive index, i.e. refractive
index varies from a lowest to a highest value for each mineral.

A higher ‘high’ refractive index for the minerals with a slight tendency of stripping,
and a lower ‘high’ refractive index for those minerals that were expected to perform
not as well (rated as moderate or severe tendency for stripping). As can be seen in
Figure 1, a refractive index of the mineral higher than approximately 1.6 indicates a
slight tendency for stripping, i.e. a lower tendency for stripping, and a lower
refractive index than approximately 1.6 indicates a moderate to severe tendency for

stripping.
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Figure 1 Minerals rated according to their tendency for stripping (Stuart 1990).

Minerals exist as more or less complicated compounds. Most of these minerals
have known refractive indices. The eight most common elements of the aggregates
in the Earth’s crust are: oxygen, silicon, aluminum, iron, calcium, sodium, potassium,
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and magnesium. In order to study the effect of elements on the refractive index of
minerals, only specific minerals were selected. For each element studied, all
minerals were picked that contained that specific element together with the non-
metals in period one to three, i.e. H, B, C, N, O, Si, P, and S.

For example, the elements sodium, potassium and rubidium belong to the alkali
metal group in the periodic table. Sodium and potassium are common throughout
the earth’s crust. They are all situated in group one in the periodic table.

Minerals with elements from the alkali metals group combined with elements
from the non-metals group in period one to three have low refractive indices, see
Figure 2. It can be seen in the figure that the refractive index is independent of
the alkali metal content. Overall, the minerals in Figure 2 containing alkali metals
combined with n:(H, B, C, N, O, Si, P, and S) have a refractive index below
approximately 1.6. According to Equation 4, this means that minerals containing
alkali metals do not exhibit strong dispersive interactions due to their low
refractive indices. Also, all alkali metals are water soluble to a degree, which
increases the probability of stripping.

2,2

Alkali metal- n(H, B, C, N, O, Si, P, S) #Na
mK

2,0

1.8

*
WERT AL A

1,2

Rb

1,0

Refractive index

0,8

0,6

0,4
0,2

0,0
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%

Figure 2 Refractive index, n, versus percentage of alkali metal elements in each mineral.
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4.3 Adhesion Between Bitumen and Aggregate: Implementation of
Spectroscopic Ellipsometry Characterization and Estimation of
Hamaker’s Constant
The purpose of this paper was to quantify the refractive index of bitumen and
aggregates and its relationship to bitumen—aggregate adhesion and bitumen-bitumen
cohesion. This study is focused on the second part of Hamaker’s equation according
to Lifshitz. Measurements of refractive index were performed on typical aggregates
and actual bitumen binders used in asphalt pavement (see Table 4). The refractive
indices were determined by ellipsometery measurements. Refractive index was
measured on the three aggregates and seven penetration grade 70/100 bitumen
binders using an ellipsometer. The aggregates studied were two types of granite and
one diabase.

Each aggregate studied contains several types of minerals. For example, the main
minerals of the granite from Taivassalo are: potash feldspar, quartz, plagioclase, and
biotite. The main minerals of the diabase from Varpaisjarvi are: amphibole,
plagioclase and pyroxene. Each mineral has its specific refractive index. Among the
minerals included in the aggregates studied is pyroxene that has the highest
refractive index, and feldspar potash that has the lowest refractive index. It can be
noticed that there is quite a large difference in the refractive index among the
different minerals.

Refractive indices of bitumen binders are the average of constituent components
and will be dependent upon the specific elements in the binder.

Table 4 Refractive index for three different aggregates samples and seven bitumen
samples.

SAMPLE REFRACTIVE INDEX

Bitumen bindersato g 1.550 - 1.595

Diabase (V) 1.712

Granite (T) - pink 1.570

Granite (T) - black 1.542

Granite (K) 1.544
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4.4 Adhesive Surface Characteristics of Bitumen Binders Investigated by
Atomic Force Microscopy

In this study, microphase-separated topographic morphology was investigated by

AFM QNM on unaged penetration grade 70/100 bitumen binder, and the effect on

local mechanical properties has been measured. AFM QNM is a surface force

mapping technique which measures parameters such as topography, adhesion and

elastic modulus simultaneously.

AFM QNM has the additional capability that it receives information about parameters
as topography, adhesion and Young’s modulus in the same location. The results can
then be presented individually or overlaid e.g. as topographic images with adhesion
overlay or topographic images with Young’s modulus overlay. Variations in adhesion
and Young’s modulus are observed at a nano to micrometer scale.

Figure 3 a shows a topographic image with an adhesion overlay and Figure 3 b shows
a topographic image with a Young’s modulus overlay for the bitumen sample “e” with
wax content of 1.9 %, and refractive index of 1.579.

The adhesion forces measured in the region surrounding (peri phase) the ‘bees’
(catana phase) and the region in the ‘bee’ areas are lower than the adhesion force
measured in the smooth matrix (para phase). Likewise it can be observed that
Young’s moduli in the region surrounding (peri phase) the ‘bees’ (catana phase) and
in the ‘bees’ are higher than Young’s modulus of the smooth matrix (para phase).

These Young’s modulus results contradict the results presented by Dourado et al.
(2011) who measured local stiffness variation via indentations on 50/70 bitumen
binders and found that the bright areas of the bees presented a lower elastic
modulus than the overall bee area, which in turn exhibited a lower elastic modulus
than the matrix. The differences in the results may be explained by the fact that the
50/70 bitumen binder is a harder bitumen than the 70/100 bitumen binder. Another
difference may be the temperature. If the bees contain wax, and the temperature of
the binder is raised, Young’s modulus of the bees may suddenly become lower than
Young’s modulus of the matrix.
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Catana phase

Para phase

Peri phase

a b

Figure 3 Sample “e” measured with AFM force mapping. (a): 3D Height zoom with
adhesion overlay. (b): 3D Height zoom with Young’s modulus overlay.
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4.5 Surface Wrinkling: The Phenomenon Causing Bees in Bitumen

In this paper the mechanisms for bee formation are investigated. AFM QNM was
used to investigate the microstructure on the surface of typical bitumen binders.
Typical periodic topographic features resembling ‘bee-like structures’ or catana phase
surrounded by a dispersed phase (peri phase) and the matrix can be observed in
Figures 4 a and b. The higher and lower bands that constitute the bees continue from
the bees out into the peri phase. This continuation of bands can also be seen in Figure
4 b. It is suggested here that the bee/catana phase and the peri phase are one single
phase. Contrary to the classic understanding that there are two phases that make up
the bees (catana) and its surrounding (peri), the authors suggest that the bees
(catana) and the surrounding (peri) is a single phase. In this article, this combined
phase (catana and peri) will be called the bee laminate phase.

20.0 nm 10.0 nm
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-
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C
Figure 4 AFM QNM topography images of a penetration grade 70/100 bitumen binder.
a.x=5.0 um y=5.0 um 2z=0.04 pm
b.x=20.0 um y=20.0 um z=0.02 um
c. Characteristic height lines (or profiles) of two bees.
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AFM provides topographic information in the form of height lines (or profiles), i.e. the
distance between the higher and lower parts of the bees (Figure 4 c). Figure 4 shows
two topographic images of the same bitumen binder with different resolutions. The
x- and y- coordinates represent the dimensions in-the-plane and the z-coordinate
represents the dimension out-of-the plane.

It is proposed here that the bee laminate phase is separated from the bulk and is
transported to the surface of the bitumen just as chocolate sometimes ‘blooms’ due
to the cocoa butter separating and migrating to the surface as a white haze
(Longchamp and Hartel 2004).

What causes the bee laminate phase to look like bees?

A number of self-organized configurations can be found in nature from the
organization of molecular structures to the organization of clusters in galaxies. Self-
organization is normally initiated by internal variations.

One type of self-organization caused by internal variation is the spontaneous
formation of highly ordered surface wrinkles (Chung, Nolte et al. 2011). These
wrinkles are typically caused by thermal contraction, by moisture- or water leaving
the material causing shrinkage, or by mechanical compression. Surface wrinkling is
the result of the balance between the energy required to bend the stiffer bee
laminate and the energy required to deform the softer matrix.

Consider the bee laminate consisting of a relatively thin material resting on a less stiff
matrix (see Figure 5). Buckling-type instability of the thin surface material may then
occur if this bee laminate is subjected to compressive loading, as during cooling of
the bitumen from a melt. The thin bee laminate will start to wrinkle (due to buckling)
with a defined wavelength and amplitude.

n

A

]

) L .| ) LAL .1

Figure 5 Schematic of surface wrinkling, adapted figure from Chung et al. (2011).

The amplitude can be determined from the wavelength of the surface wrinkles and
from material properties of the bee laminate phase and the matrix phase (Meredith,
Karim et al. 2002). From observations of typical bees (such as in Figure 4) the
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waveform of the buckled bee laminate is assumed to be sinusoidal, (1 — v2)~(1 —
v?), the critical wavelength can be determined by Equation 17:

—p2 1/3 1/3
A =2mh [M] ~ 2mh [ L] (17)

3(1-v})Em 3Em

where h is the thickness of the bee laminate, v is Poisson’s ratio, E is Young’s
modulus, and subscripts / and m denote the bee laminate and the matrix phase.

The Young’s moduli of the two phases are almost indistinguishable, though it would
appear that the bee phase is systematically marginally higher than the matrix phase.
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4.6 Obstacles to Measuring Bitumen Surface Energy as it Pertains to
Adhesion in Asphalt

Penetration grade bitumen binders have been coated on glass slides and surface
energy components have been determined from contact angle measurements using
the sessile drop method (Bahramian 2012).

In this paper, surface energy components of these penetration grade bitumen
binders were compared with surface energy components of probe liquids from the
literature.

This comparison indicates that surface energy has actually been measured on the
phase separated wax (or lower surface energy fraction) on the surface of the coated
glass slide rather than the bulk phase. The sessile drop method is a technique to
determine surface energies of solids and liquids. If bitumen phase separates, and the
measurements are performed on the surface only, these measurements will not give
representative values for the surface energy of the bulk of the bitumen material that
adheres to minerals and aggregates.

The bitumen components that are expected to migrate to the air interface and to the
surface of laboratory glass slides (or to the surface of aggregates) (see Figure 6) are
identified based on the dielectric spectroscopic response of the material
components, as reflected by their dielectric constants and refractive indices.

AlR

Lower surface energy fraction

Higher surface energy fraction

GLASS SLIDE/AGGREGATE

Figure 6 Surface energy fractions of bitumen in contact with air, and in contact
with glass slide / aggregate.

Polarizability

The effective polarizability of an atom changes when it is surrounded by other atoms
(Israelachvili 1991). The dielectric constant and the refractive index (as measures of
two dominant types of polarizabilities) are discussed separately here due to the
difficulty of enumerating the interaction energies for aggregates and large aromatic
bitumen molecules.
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Total polarizability

The total polarizability according to the Clausius-Mossotti equation (see Equation 8)
can be determined from the dielectric constant of a material (Israelachvili 1991).

The total polarizability at zero-frequency only equals zero when the dielectric
constant is 1. By definition, vacuum has a dielectric constant of 1. For such a material,
only London dispersive polarizability is relevant. However with increasing dielectric
constant, the degree of total polarizability will increase.

Solvents and polymeric materials with low and high molecular weights. The
dielectric constant of low molecular weight solvents and high molecular weight
polymeric materials are summarized in Tables 5 and 6. Note that the solvents and
materials presented in Tables 5 and 6 do not exist in bitumen. Non-polar functional
groups in bitumen are associated with hydrocarbon groups that contain only carbon
and hydrogen. It can be observed in Tables 5 and 6 that the dielectric constant of
materials and solvents with only non-polar functional groups is below approximately
3 indicating a low degree of total polarizability.

The dielectric constant of materials and solvents containing functional groups with
oxygen and nitrogen is above approximately 3 indicating their higher degree of total
polarizability.

As seen in Tables 5 and 6, the dielectric constant is a measure of degree of
electronegativity, indicated by type of polar functional group. The solvents with the
much smaller molecular weights in Table 5 have dielectric constants in the same
range as the materials in Table 6 that have much larger molecular weights.

Solvents and polymeric materials containing molecules with a large degree of
electronegativity difference also interact through hydrogen bonding and polar
bonding. These solvents and materials have in general high dielectric constants and
do not exist in non-aged bitumen. Alcohols, acids and water are examples of solvents
with high dielectric constants.

Bitumen, asphaltenes, glass, and aggregates. The dielectric constant at 1000 Hz was
determined for bitumen binders A to G and varied between 3.2 to 3.9 (Lyne et al.
2014b). The total polarizability is low for bitumen as a whole due to its low dielectric
constant just slightly above 3. A dielectric constant of 3 indicates that bitumen
consists mainly of molecules with non-polar functional groups.

In the literature, the dielectric constant of asphaltenes (or the n-heptane insoluble
fraction) has been reported to be 5-7 (Oudin 1970; Maruska and Rao 1987). Dielectric
constant values of asphaltenes are higher than those for bitumen as a whole.
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Typical aggregates in asphalt have dielectric constants in the range of 4 to 8. For
example, the dielectric constant of a typical quartz is 4.2-5 (Telford et al. 1990),
whereas calcite has a dielectric constant of approximately 8 (Rao and Rao 1968). The
dielectric constant of glass is in the range of €= 4-10, and the dielectric constant of

vacuum is €=1.

Table 5 Dielectric constant of (low molecular weight) solvents.

Solvent Functional groups € Ref.

n-heptane Straight chain alkane 1.9 (Wikipedia 2014)

Ethyl benzene Functionalized arene with ethyl 2.3 (Microcat 2014)
group

0-Xylene Functionalized arene with alkyl 2.3 (King 2013)
groups

Toluene Functionalized arene with alkyl 2.4 (Wikipedia 2014)
group

Hexyl acetate Functionalized ester with alkyl 4.4 (Kokosa 2009)
group

Cyclohexyl-amine | Functionalized cyclohexane with 4.6 (Microcat 2014)
aliphatic amine group

Methyl benzoate | Functionalized arene with ester 6.6 (Rafoeg 2014)
group

Tetrahydro-furan | Functionalized cyclopentane with 7.6 (Macro 2014)
ether group

Benzophenone Functionalized arenes with a ketone | 13 (Exvacuo 2014)
in between

Cyclohexanone Functionalized cyclohexane with 18.3 (Microcat 2014)
ketone

The dielectric constant of asphaltenes (e= 5-7), aggregates (= 4-8), and glass slides

(e=4-10) are all higher than for materials with only non-polar functional groups (see

Tables 5 and 6). This indicates higher degree of total polarizability for these materials

compared to bitumen. None of these materials have a high dielectric constant as in

being strongly polar. Thus, they are to different degrees Keesom and Debye

polarizable.
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Table 6 Dielectric constant of polymeric (high molecular weight) materials.
Material Repeating unit Molecular | ¢ Ref.
formula
Polyethylene H H (CoHa)nHo. 2.3 (Lanza and
| | Herrmann
(IT—(T? 1958)
H H n
Polypropylene CH (C3Hg)n 2.2 (Anderson
3 and McCall
1958)
n T T
Polystyrene c=ct,  Sof o ar s ar ol (CgHs)n 2.4-3.0 | (Csgnework
9™ O -
Polycarbonate CH 0 2.8 (Rabuffi and
3 I icci
| o@{:@o—c Picci 2002)
CH; n
Polyphenylenesulfide 3.0 (Rabuffi and
Picci 2002
S icci )
n
Polyester 3.3 (Rabuffi and
Picci 2002)
Poly (n-nutyl (\/CHS 4.28 (Havriliak
methacrylate) [ 050 and Negami
™ 1967)
CHg
- n
Polyacrylate ' (CH,=CHCO,R) | 6.5 (Havriliak
A and Negami
- 1967)
A
0” “OR

London dispersive (electronic) polarizability

The non-polar London dispersive (electronic) polarizability according to the Lorenz-

Lorentz equation, i.e. the polarizability in the optical/UV spectrum, can be

determined from the refractive index of a material (Israelachvili 1991), see Equation

7.

Refractive index of bitumen binders A to G has been reported to 1.55 to 1.60 (Lyne et

al. 2013b). These values can be compared to refractive indices of some common low

and high molecular weight solvents and polymeric materials that are summarized in
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Table 7. Note that the solvents and polymeric materials presented in Table 7 are not
found in bitumen.

The high refractive index of bitumen indicates its high London dispersive (electronic)
polarizability which is a measure of the content of large aromatic molecules. The
degree of the non-polar London dispersive polarizability increases with increasing
molecular size and with increasing aromaticity, as seen in Table 7. Aromatic
compounds are cyclic compounds in which all ring atoms contribute to a network of
pi-pi interactions. The electron density of the network of the pi-pi interactions in
aromatic compounds contributing to dispersive (electronic) polarizability is
distributed above and below the rings. Aromatic molecules are able to interact with
each other in so-called pi-pi-stacking. Aromatic molecules display enhanced chemical
stability compared to non-aromatic molecules.

In the literature, the refractive index of asphaltenes (n-heptane insoluble fraction)
has been reported to be 1.68 (Maruska and Rao 1987). This indicates that
asphaltenes are highly London dispersive (electronic) polarizable. The higher London
dispersive polarizability reflects primarily the higher degree of aromaticity (low
weight-percent hydrogen) and the larger molecular weight of asphaltenes compared
to the other fractions.

The refractive index increases with the size of the molecule, and hence the number of
electrons. As shown by Hough and White (1980), values for the refractive index
increase with increasing length of the alkane chain.

Phase separating wax molecules (or the lower surface energy phase) that may exist in
bitumen have lower refractive indices than typical bitumen molecules and they
normally belong to the lower range of molecular weights in bitumen.

The variation in refractive indices of typical aggregates used in asphalt pavements is
quite significant. For example, refractive index of typical quartz is about 1.55, the
refractive index of calcite is 1.68 and the refractive index of augite is 1.77
(WebMineral 2014). These numbers can be compared with the refractive index of
bitumen as a whole having values in the range of 1.55-1.60. Asphaltenes are only a
small fraction of bitumen but have a refractive index in the range of 1.68.
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Table 7

Refractive index of solvents and materials.

Molecule Functional groups n Ref.

Low molecular weight

Methanol CH;OH 1.329 (Israelachwili
1991)

Ethanol C,H;0OH 1.361 (Israelachwili
1991)

n-heptane H3C(CH;)sCH3 or C;Hq6 1.387 (Wikipedia 2014)

Hexanol n-CgH,30H 1.418 (Israelachwili
1991)

Benzene CeHs 1.501 (Israelachwili
1991)

Phenol CsHsOH 1.551 (Israelachwili
1991)

High molecular Weight

Polyisoprene 1.502 (Hough and
White 1980)

Polyvinylchloride 1.527 (Hough and

‘{ + White 1980)

Polystyrene Se above 1.557 (Hough and
White 1980)

Polystyrene Se above 1.564 (Hough and

White 1980)
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4.7 Low Frequency Dielectric Spectroscopy of Bitumen Binders

The objective of this paper is to investigate the adhesion of un-aged penetration
grade bitumen binders by means of permittivity analysis.

In the literature, the dielectric response of bitumen has been studied and
documented by a number of authors:

The conductivity of fractions from the Athabasca bitumen show that heptane
insoluble fraction (i.e. asphaltenes) has the highest conductivity of all the fractions
(i.e. heptane insoluble fraction > resins, maltenes) (Penzes and Speight 1974).

The conductivity and dielectric response of several bitumens were studied as a
function of their concentration in toluene at 1 kHz (Chow et al. 2004). The results
illustrate that conductivity is dependent upon the n-heptane insoluble fraction of
bitumen. The magnitude of the contribution to the overall dielectric constant was as
follow: n-heptane insoluble fraction > resins > aromatics > saturates.

The dielectric response of four dissolved n-heptane insoluble fractions from four
different crude oils and one resin have been analyzed in the frequency range of 0.01
to 1000 Hz (Vralstad et al. 2009). The n-heptane insoluble fractions and resin were
dissolved in toluene and the dielectric response of the solutions was measured at
different concentrations. Vralstad et al. (2009) observed low frequency dispersion
(LFD) according to (Linhjell et al. 2009) in the real and imaginary parts of the complex
relative permittivity at low frequencies. At the same concentration the n-heptane
insoluble fractions showed a significantly higher LFD than the resin fraction. Vralstad
et al. (2009) attributed the LFD to the deposition of a capacitive layer of asphaltenes
on the electrodes.

In this study, the measurements were performed on binders directly (not on binders
in a specific solution). In the frequency range where LFD occurs, the molecules have
10 to 100 seconds to reorient and move before the current switches direction. In that
time period, small to large molecules have had time to reach equilibrium before the
field changes direction again contributing to the dielectric loss that is a dielectric
material’s inherent dissipation of electromagnetic energy into heat.

According to the literature, the n-heptane insoluble fraction has a larger tangent of
the dielectric loss angle at low frequencies than other bitumen components. The
refractive index of n-heptane insoluble fractions reported in the literature is higher
than for bitumen as a whole. The dielectric constant is somewhat higher for the n-
heptane insoluble fraction than for bitumen as a whole. The size of n-heptane
insoluble fraction molecules renders them more highly London dispersive (electronic)
polarizable. The total polarizability of the n-heptane insoluble fraction is somewhat
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higher than that of the average of molecules in bitumen binders (i.e. bitumen as a
whole). A high polarizability is a prerequisite for the bitumen binder to adhere well to
stone aggregates.

Surface coverage by rolling bottle experiments

In a recent study, surface coverage (as a measure of adhesion) was investigated on
the same bitumen binders by using the rolling bottle method where percentage
bitumen adhering to quartzite aggregates was determined after 24 hours agitation in
water (Olsson et al. 2010). Surface coverage was measured at two different
laboratories, Lab A and Lab B.

Without any adhesion promoter added to the bitumen-aggregate mix, surface
coverage was essentially non-existent (see Table 8). Portland cement was therefore
added to the aggregate surface to improve the surface coverage (i.e. adhesion).

Table 8 Surface Coverage and Average tan 6 (0.01 to 1 Hz).

Laboratory A Laboratory B Average tan &
Reference With Reference With (0.01 to 1 Hz)
cement cement
0 10 0 10 0.0299
0 20 0 10 0.0283
0 63 0 53 0.0382
0 25 0 22 0.0311
0 38 0 30 0.0355
0 15 0 0 0.0314
5 65 0 62 0.0400
70
2 -
6o R2=0,8932 & &
R?=0,8576
X 50
)
E Y/
: /L
S 30 |
: /
£ 20
=
(%]
10
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The average tangent of the dielectric loss angle (0.01 to 1 Hz)

Figure 7  Surface coverage as a function of the average tangent of the dielectric
loss angle.
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With the addition of the Portland cement, surface coverage increased but to a
different extent for each binder. It was possible to obtain a good linear fit between
the average tangent of the dielectric loss angle, (in the frequency range of 0.01 to 1
Hz) and the surface coverage using the rolling bottle method (coefficient of
determination 0.89 for Lab A and 0.86 for Lab B), see Figure 7. Average loss tangent
in the frequency region of 0.01 to 1 Hz correlated well with the surface coverage data
from the rolling bottle experiments. Bitumen binders having a higher average loss
tangent in the frequency region of 0.01 to 1 Hz display higher surface coverage.

Without the addition of Portland cement to the surface of the quartz aggregate,
bitumen is directly in contact with the quartz aggregate (see Figure 8). With the
addition of Portland cement to the quartz aggregate, an intervening layer is placed
between the bitumen binder and the quartz aggregate.

1 Surface 2 Surfaces

|

I
I
I
I
I
I
- . I B )
Quartz Bitumen | Quartz Bitumen
I
I
I
I
| Cement
1

a. b.

Figure 8 a. Quartz-Bitumen interaction, b. Quartz-Cement-Bitumen interaction.

As seen in Table 9, quartz (i.e. SiO,) has a ‘low’ refractive index of 1.55 and a ‘low’
dielectric constant of 4.2. From these values it can be concluded that pure quartz has
a lower London dispersive polarization (in comparison with other minerals) and a low
total polarization. The interaction between quartz and bitumen can therefore be
considered primarily London dispersive.

A typical Portland cement contains 63 percent calcium oxide, 1.5 percent magnesium
oxide and 3 percent iron oxide (Neville and Brooks 1987). MgO has a high refractive
index of 1.74 and a high dielectric constant of 9.90, CaO has a high refractive index
of 1.84 and a high dielectric constant of 11.95, and iron oxides have even higher
refractive index of w=2.11-2.73 (depending on iron oxide type) and an even higher
dielectric constants of 20.6 and 31.4 (also depending on iron oxide type)
(WebMineral 2014).
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MgO, Ca0 and iron oxides all have high refractive indices indicating their high degree
of London dispersive polarizability. All oxides have also high dielectric constants,
especially iron oxides, indicating their high degree of total polarizability. Portland
cement is a material strongly contributing to Debye and Keesom interactions. The
higher surface coverage with the addition of the Portland cement on the surface of
the aggregates can be explained by the higher London dispersive polarizability of
Portland cement and the higher total polarizability of the MgO, CaO and iron oxides.
When Portland cement is added to asphalt (to the surface of the aggregates) it is
known to improve adhesion between bitumen and several types of aggregates, as
reflected here by improved total and dispersive polarizabilities.

The dielectric constant of iron oxides is as high as some polar compounds and
solvents such as acetone (20.7) and ethanol (24.3). The reactivity of iron oxides may
also add to bonding to aggregates and to bitumen.

Table 9 Refractive indices and dielectric constants of oxides.
Oxides Refractive Index | Dielectric Constant
(1)
Si0, (Quartz) w=1.543-1.545 | 4.2 (2)
e=1.552-1.554
MgO 1.74 9.90 (3)
Ca0 1.84 11.95 (3)

-lron(ll) oxide (FeO) | 2.11, 2.13 (FeO) | w=24, e=31.4 (FeO) (4)

-lron(lll) oxide 2.54,2.73 w=20.6, e=24.1 (Fe,05)
(Fe,05) also known | (Fe,03) (4)

as hematite, occurs
in the mineral
magnetite.

(1) (WebMineral 2014)

(2) (Kim et al. 2001)

(3) (Subramanian et al. 1989)
(4) (Kuck et al. 2000)
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5 Conclusions

This thesis deals with the interactions of bitumen binders and aggregates / minerals
in asphalt pavements.

Hamaker’s constant (Paper I-1ll)

Paper I: The stripping performance of aggregates and minerals correlates well to
Hamaker’s constant.

Paper II: Refractive index can be used to estimate the dispersive component of
adhesion of minerals to bitumen. It is clear from this study that the elemental
composition of a mineral will affect its refractive index and hence its dispersive
adhesion to bitumen. Higher dispersive interactivity of minerals can be derived from
the presence of specific elements in the mineral. Comparison with known mineral
and aggregates stripping sensitivity has given an empirical cut off level at a
refractive index of 1.6. Minerals containing alkali metals tend to have a low
dispersive interaction with bitumen indicated by a refractive index below 1.6.
Minerals that include transition metals tend to have high refractive index and
higher dispersive interaction. A higher percentage of magnesium, calcium and
aluminum promotes higher refractive indices and higher dispersive interactions.
Minerals can have a higher refractive index due to the occurrence of specific
elements in the mineral, but still have poor adhesion due to the presence of alkali
metals.

Paper Ill: Refractive indices of aggregates are the average of the composite
minerals which in turn depend on the specific elements in the minerals.
Refractive indices of bitumen binders are the average of constituent components
and it will depend on the specific elements in the binder. Comparison with known
mineral stripping sensitivity has given an empirical cut off level for refractive
index of 1.6. This can now be explained by the following: if the aggregate has a
higher refractive index than 1.6, cohesive failure is likely to occur, i.e. adhesion
failure is not likely to occur. If the aggregate has a refractive index of the same
magnitude as the bitumen binder, then failure due to lack of strength of adhesion
will be as likely as cohesive failure within the bitumen binder.

Topographic Morphologies of Bitumen Binders (Paper IV-V)

Paper IV: The surface force mapping technique, AFM QNM, was used to measure
topography, adhesion and elastic modulus simultaneously on un-aged 70/100
penetration grade bitumen binders. The adhesion forces measured in the region
surrounding the periodic topographic features resembling ‘bees’ and the region in
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the ‘bee’ areas are lower than the adhesion force measured in the smooth matrix.
Likewise it can be observed that Young’s moduli in the region surrounding the ‘bees’
and in the ‘bees’ are higher than the Young’s modulus of the smooth matrix. The bee
phase is believed to consist of wax since wax is stiffer than bitumen at room
temperature.

Paper V: The mechanism for bee formation was also investigated via AFM. Bees are a
phenomenon caused by phase separation, where the phases have different rigidities
and different thermal expansion coefficients resulting in differential shrinkage during
cooling and ridging (interchanging higher and lower bands in the topographic
surface).

Bitumen-Aggregate Adhesion (Papers VI and VII)

Paper VI: Penetration grade bitumen binders were coated on glass slides and surface
energy components were determined from contact angle measurements using the
sessile drop method. Surface energy components obtained were compared with
surface energy components of probe liquids from the literature. This comparison
indicates that surface energy has actually been measured on the phase separated
wax on the surface of the coated glass slide rather than the bulk phase. The sessile
drop method is a technique to determine surface energies of solids and liquids. If
bitumen phase separates, and the measurements are performed on the surface only,
these measurements will not give representative values for the surface energy of the
bulk of the bitumen material that adheres to minerals and aggregates.

This study is limited to two dominant adsorption frequencies/frequency regions. The
total polarizability at zero-frequency, can be determined from the dielectric constant.
The non-polar London dispersive (electronic) polarizability in the optical/UV
spectrum, can be determined from refractive index measurements. In materials with
higher permittivity at zero frequency the Keesom and Debye attraction energies will
be responsible for a significant part of the polarization.

Bitumen as a whole has a low degree of total polarizability. Bitumen contains a small
fraction of n-heptane insoluble molecules that have a somewhat higher total
polarizability.

Bitumen as a whole is highly London dispersive (electronic) polarizable and the
asphaltene (or n-heptane insoluble) fraction is even higher London dispersive
(electronic) polarizable. The degree of non-polar London dispersion polarizability
increases with increasing molecular size and with increasing aromaticity.
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Neither un-aged bitumen, asphaltenes, glass nor typical aggregates used in asphalt
pavements have high dielectric constants. Thus, they are to different degrees Keesom
and Debye polarizable.

Paper VII: The initial adhesion of non-aged bitumen binders to pure quartz aggregates
is primarily London dispersive (electronic) polarizable due to low total polarizability of
the components. Bitumen contains a small fraction of n-heptane insoluble molecules
that have a somewhat higher total polarizability and therefore may contribute to
Debye and Keesom interactions.

The higher surface coverage with the addition of the Portland cement on the surface
of the aggregates can be explained by higher London dispersive polarizability and
higher total polarizability of CaO, MgO and iron oxides. Portland cement is a material
contributing to Debye and Keesom interactions. Portland cement could also have
chemical influence on its bonding to aggregates.

A strong correlation was identified between the average tangent of the dielectric loss
angle in the frequency region of 0.01 to 1 Hz and surface coverage (a common
method to indicate suitability of bitumen for use in roads). Surface coverage is higher
for bitumen binders having a larger average loss tangent.

It is suggested that the average tangent of the dielectric loss angle in the frequency
range of 0.01 to 1 Hz, could be used as an indicator for predicting polarizability and
thereby, adhesion potential of bitumen binders.

6 Recommendations

The main aim of this doctoral thesis was to propose a hypothesis for what makes
bitumen binders stay adhered to aggregates (or filler particles such as Portland
cement) and to provide a fundamental understanding for the development of a new
test method for bitumen-aggregate adhesion.

The proposed hypothesis is based on neither bitumen nor aggregates being
homogenous materials. The bitumen to aggregate adhesion therefore depends on
constituent minerals in the aggregate and constituent fractions in the bitumen
binder. It is recommended that the proposed mechanism should be further validated
by additional physical and chemical testing. Secondly, the consequences of aging and
how it affects the material properties of the bitumen binder and the aggregate
should be taken into consideration.

Thirdly, realizing that the asphaltene fraction (n-heptane insoluble fraction) is
disproportionally important for polarizability it would have been good to measure the
dielectric properties (dielectric constant and refractive index) of the asphaltene
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fractions from the actual bitumen samples used in this study, rather than taking
literature values.

Lastly, the average tangent of the dielectric loss angle in the frequency region of 0.01
to 1 Hz was found to relate well to surface coverage (a common method to indicate
suitability of bitumen for use in roads). Surface coverage is higher for bitumen
binders having a larger average loss tangent. A greater proportion of large molecules
renders compounds highly polarizable primarily due to the London dispersive
(electronic) polarizability but also to somewhat higher total polarizability. It is
recommended that this mechanism be studied further with a view to optimizing
bitumen composition for promoting roads that are more durable.
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