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Abstract

During the last decades, the number of vehicles per citzaret as the traffic speed and load has
dramatically increased. This sudden and somehow unplanned ovegld@gi strongly shortened
the life of pavements and increased its cost of mainterarttesks to users. In order to limit the
deterioration of road networks, it is necessary to improgagtiality and performance of
pavements, which was achieved through the addition of a polyntes tmtuminous binder. Since
their introduction, polymer-modified asphalts have gained in itapoe during the second half of
the twentieth century, and they now play a fundamental roleeifi¢ld of road paving. With high-
temperature and high-shear mixing with asphalt, the polymerponcates asphalt molecules,
thereby forming a swallowed network that involves the entimddsiand results in a significant
improvement of the viscoelastic properties in comparisontiibe of the unmodified binder. Such
a process encounters the well-known difficulties related to thegobalpility of polymers, which
limits the number of macromolecules able to not only fornim sustructure but also maintain it
during high-temperature storage in static conditions, whichbeayecessary before laying the
binder. Therefore, polymer-modified asphalts have been thecswbjeumerous studies aimed to
understand and optimize their structure and storage stabilitghwghaddually attracted polymer
scientists into this field that was initially explored byilkcéngineers. The analytical techniques of
polymer science have been applied to polymer-modified asphalich resulted in a good
understanding of their internal structure. Neverthelessahmlexity and variability of asphalt
composition rendered it nearly impossible to generalize thtsesnd univocally predict the
properties of a given polymer/asphalt pair.

The aim of this paper is to review these aspects of polyrmodified asphalts. Together with a brief
description of the specification and techniques proposed to qutrgitorage stability, state-of-
the-art knowledge about the internal structure and morphology of polyouified asphalts is
presented. Moreover, the chemical, physical, and processingsslatiggested in the scientific
and patent literature to improve storage stability are extgsliscussed, with particular attention
to an emerging class of asphalt binders in which the technslofgolymer-modified asphalts and
polymer nanocomposites are combined. These polymer-modified asphattomposites have been
introduced less than ten years ago and still do not meetdb@ements of industrial practice, but
they may constitute a solution for both the performance and stoeggirements.

Keywords
Polymer-modified asphalts, storage stability, internaicstire, phase morphology, hanocomposite-
modified asphalts.
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1. Introduction

Polymer-modified asphalts (PMA) derive their technological eonceptual origin from the need
for enhancing the performance and durability of asphaltic magersalvell as their adhesion to
mineral aggregates. PMAs are produced by mixing asphalt ayhg@o({usually 3—7% by weight);
they were developed because conventional flexible pavemahtsebame inadequate in the last
few decades because of a dramatic increase in thati#iasity and load, which shortened their in-
service life, thereby increasing the frequency of roadhteaance and re-paving required.
Modification is normally achieved through simple mechanical dsspe of the polymer in molten
asphalt under high shear. Approximately 75% of all modifiers astagheric, 15% are plastomeric,
and the remaining 10% are either rubber or miscellaneous undetthines categories [1]. The
longer life and better quality of PMA-based pavements usledly to both economical and safety
requirements that overcome the initial investment, whittigker with respect to the use of
conventional unmodified binders.

Since the introduction of PMA in the paving industry, researdieers attempted to use almost all
available polymers as asphalt modifiers, including thermoptaatid thermosetting resins (the
latter category represents a particular case of polymefficettin and will not be discussed here in
detail). However, the produced PMAs should satisfy a longfisequirements including
appropriate mechanical properties, storage stability, higipéeature viscosity compatible with the
traditional road-building processes and apparatus, and reasoosthietuich remains of primary
importance. Given all these limitations, in contrashhuge availability of different types of
polymers, only a very small number of polymers are currendg usindustrial applications. The
preferred polymers have a common characteristic: abalitgrm a physical network, which usually
originates from the simultaneous presence of both rigid (bellasg ¢ransition temperaturegflor
crystalline) and flexible segments in their backbone. Iingvork is swelled by the asphalt
molecules during the mixing phase without losing its main strydtuséll become a determining
factor for the binder properties. The polymers used in aspbhhiaéogy may be listed according to
their importance in three main categories: i) thermoplasiistomers (TPE), ii) plastomers, and iii)
reactive polymers.

2. The asphalt-polymer system

2.1. The internal structure of asphalt: a synthetic overview
2.1.1. Asphalt chemistry

Asphaltic materials include a wide variety of complegamic components of different origins,
compositions, and industrial uses. Asphalts can be subdivided intalreatd industrial types. The
former can be found near subterranean crude-oil deposits, tivbilatter is a product of the
fractional distillation of crude oil at 300-350°C and constitatepecific class of construction
materials with their own specific properties and fieldamblication.

It is important to stress that the term “asphalt” doesuneguivocally define a class of materials.
The term “bitumen” is often used to indicate both the naamdlmanufactured forms of asphaltic
materials interchangeably.

Moreover, it must be pointed out that the use of the term “&5phdbitumen” depends also on
the geographical region; bitumen is the European synonym foalagphorth America.

Owing to their rheological properties as well as the wateofing and adhesive characteristics,
asphalts are currently recognized as among the most elgditrials in highway paving
technologies and roofing-membrane industries; other applicatieradsar known.

The elemental analysis of asphalts has revealedutiat, snitrogen, and oxygen constitute between
0% and 10% of asphalts by weight, while the remaining part doprmantly composed of carbon
and hydrogen [2]. The association of those elements at @uteiascale depicts a complex picture,
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and different authors claim that the chemical compositiongfadsis mostly unknown at present.
Textbooks and reviews of asphalt chemistry usually identghatc materials as generic complex
mixtures of aliphatic, aromatic, and naphthenic hydrocarbonsid@include small quantities of
nonhydrocarbon molecules such as organic acids, bases, and roetadiionetallic heterocyclic
components [3]. Some steps towards a better identificatiospbfit molecules may involve
fundamental characteristics of organic compounds such as theutaolereight (MW) and polarity.
Indeed, a definition provided by the Strategic Highway Rebdarogram (SHRP) claims that
“asphalt is a relatively homogeneous and randomly distributidecton of molecules differing in
polarity and molecular size” [4]. In the light of the MW tdilsution, the asphaltic molecules form
an extremely wide spectrum starting with low-MW oils (ME¥0-800) followed by higher-MW
materials with polycyclic and polyaromatic structuressTategory of compounds is often divided,
in the order of their MWs, into cyclano-aromatics, polar at@sgMW: 800-2400), and highly
condensed and aromatic asphaltenes, which also contain a cdrisidenaunt of heteroatoms (S,
O, N) and heavy metals (V, Ni, Fe).

A similar extension of the spectrum can be found with regapblarity: asphalts are often
described as systems in which the components strongly differarity, from slightly polar oils
(mainly consisting of alkano-cyclanes) through cyclanoaronaaticpolyaromatic intermediate
compounds to highly polar polyaromatics contained in asphaltenes.

The extreme variability in the quality and relative amounnofecules in asphalts depends on three
main factors: 1) the source of the crude oil (virgin composit@ndhe refining process (vacuum
distillation, oxidative ageing, etc.); and 3) the in-seevife (complexity of molecules increases
with ageing even by generating new functional groups) [2].vahiability in crude-oil origin and
composition (there are four different macro-regions of crubproduction in the world), as well as
the wide variability in the refining plants and processeisgder the asphalt composition intrinsically
unpredictable. Therefore, one popular way to analyze and idesfityalt composition is the so-
called SARA method. The conceptual origin of the SARA metkdlde identification of a limited
number of fractions into which a large number of asphalt molecale be separated according to
the affinity in their chemical composition.

An early historical investigation on asphalt separation datek to 1837, which is currently known
as the experience of Boussingault [5] (this is probablyitbeanalytical method expressly
dedicated to asphalt chemistry). In hidémaoire sur la composition des bituni€Bousingault

stated that asphaltsfay be considered as mixtures, probably in all proportions, of twiptes,
each of which has a definite composition. One of these prindgdesaltene) fixed and solid,
approaches asphalt in its nature. The other (petrolene) liquid, oilywafatile, resembles in some
of its properties, certain varieties of petroleum. It may, thenconceived that whilst the
consistency of bitumen varies, it may be said to infirtitpffices that one or the other of the two
principles dominates the mixture, thereby giving such or suayeed of fluidity. Nowadays,
asphalt molecules are still grouped into two macro-categadhiedirst category consists of
asphaltenes, and the second category consists of malterenddare further subdivided in
saturates, aromatics, and resins. Therefore, the four SfR#ons can be defined as saturates (S),
aromatics (A), resins (R), and asphaltenes (A) withvMki¢, aromaticity, polarity, and heteroatomic
content increasing in the order S<A<R<A.

SARA grouping for technological and scientific purposes was adanith Tthin Layer
Chromatography with Flame lonization Detection (TLC-FID) coneealy performed using an
latroscan device [6 Ecker]. The SARA method is of vitgdamance because asphalt scientists and
technologists usually specify the asphalt composition simglerins of the relative content of these
fractions. In addition, the SARA fractions constituted thedofas all early theories on
asphalt/polymer interactions and are still used to formulate maalkerpretations of the asphalt
modification mechanisms.

The most critical fraction is that of asphaltenes, idesttiis the part of asphalt insoluble in n-
heptane but soluble in toluene [7-9]; however, several otheeguoal definitions based on



different solvents may be found in the literature [2 Lesudsphaltene molecules have a complex
and variable molecular architecture, and their chemical foartopic of debate for petroleum
scientists as well as asphalt technologists. The pringugcés that characterize the asphaltene
molecule include the contemporary presence of polycyclic drosnaolar groups, and metal
complexes. Asphaltenes have H/C ratios between 0.98 andrid5@present the fraction of asphalt
with higher MW, aromatic character, and polarity. This infation somehow clarifies some basic
aspects related to the nature of asphaltene. Several dimmenare worth of mentioning. The first
one concerns the MW. Asphaltene molecules are indeed considemeditimvery high MW.
However, the MW of asphaltenes depends strongly on the meftideteomination and nominally
extends over a wide range. Some authors claim that the Migpbaltenic molecules ranges from
2000 to several hundreds of thousands. Redelius critically revidagsioal items concerning the
nature of asphaltene and concluded that the MW of asphatuoies insoluble in n-heptane ranges
from 300 to more than 1000, thereby identifying a quite diffargatval of variability [10, 11].
Polarity is another critical point. Asphaltenes are tradélly considered as a group of molecules
having a highly polar character. This is believed bectheseare not soluble in nonpolar solvents
such as n-heptane; in addition, they are traditionally cersitdable to aggregate in asphalt and
must therefore develop polar attractions among themselves\ugowo direct proof of asphaltene
polarity is available. It was recognized that asphaltermgesgpermanent electrical charge but no
real evidence of polarity has been collected thus far.

With regard to this particular aspect, Redelius concludatthe only atoms that may induce
polarity in asphaltene are nitrogen and oxygen, but the quantitibese atoms are too low in
asphaltene molecules to make them polar in a chemical. $é¢g1see, asphaltenes are probably
slightly more polar than other asphalt aromatic molecilestefore, the problem of asphaltene’s
polarity can be outlined by the assumption that they contaie gotarizable functional groups that
show polar properties when in contact with polar moleculesl{1)0,

If MW and polarity are not univocally understood, a more lidgfpate on the structure of
asphaltenes is possible. It was demonstrated that asphaldée@iles are of such complicated
isomeric structures that specific associations to fornhevdered crystalline structures are not
possible [Sirota 12]. Their structural characterization liscgtntroversial Although they have been
subjected to modern analytical methods, including mass spettyoand Nuclear Magnetic
Resonance, several different chemical structures wendifieéd in the class of asphaltene
molecules. In the current literature, it is frequently fourat aisphaltenes are structurally different
from other asphalt molecules because of the higher contecws@dénsed aromatics rings, polar
groups, and heteroatoms (mainly consisting of sulfur, vanadindnickel). Lesueur [2] also
reported that the fundamental specific characteristic redgerier the structural differentiation of
asphaltenes is the presence of fused aromatic structusdigly, in most recent theories,
asphaltenes are considered agglomerates of smaller msleadethey are described as flat planar
sheets of condensed aromatic systems with 4—-10 fused ringerdidgaliphatic side chains of
various lengths, associated or dimerized#w interactions or other intermolecular forces to form
graphite-like stacks [2], [13]. This aspect is closely esldb the asphalt structure and therefore will
be more appropriately discussed in the next paragraph.

Resins (or polar aromatics) still form a complex structurdhbué decreased MW and polarity, thus
representing a sort of transition between the asphaltenepawnentional aromatic molecules. The
boundary between asphaltenes and resins is not well defineds Resicturally resemble
asphaltenes and may be defined as the part of asphalbéutele ¢ n-heptane. With regard to their
basic characteristics, a few differences can be outliMedy documents indicate that the average
MW of resin molecules is not larger than 1100 g/mol and /@& fdtio is higher than that of
asphaltene, oscillating between 1.38 and 1.69. The commongpemtious authors is that the
structure of resins closely resembles those of asphaltenesthlgss condensed aromatic rings. It
is however curious to notice that some authors have detected@onted the presence of fused
aromatic structures even inside the resin molecules, wthitr researchers firmly state that the
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presence of fused structures is a characteristicpbiadtenes. Therefore, the difference between
asphaltenes and resins lies in the operational or proceduratidef and with a circumspect gait,
we can assume that fused and condensed aromatics are prepoincesphaltenes, while they are
limited to 2—4 units in resins. Given all these limaas, from a structural point of view, no other
differences between resins and asphaltenes can be outlined.

Decreasing in molecular complexity, one enters into the doaf@romatics. This third asphalt
fraction has been recently indicated as the fraction pifith@ne aromatics because it covers a range
of asphalt molecules with more regular aliphatic-like striecturd shape, where condensed rings
are sporadic or even totally absent. This fraction shows aleldMIW, which likely oscillates
around 800 g/mol.

The last fraction is that of saturates. This fraction ¢tues the simplest molecules among the
asphalt components. Nevertheless, asphalt saturate molecud@saarg the major exponents of
surprising and somewhat mysterious phenomena inside the asplaiirstrEffectively, they
crystallize upon cooling, thereby provoking a series of strangetsfthat are still not understood.
Asphalt saturates are chemically ascribable to the ofealgphatic and alicyclic (naphthenic)
hydrocarbons with low MW (about 600 g/mol) and H/C ratios close With only some
ephemeral exceptions, they have a nonpolar character and dmteith heteroatoms. Linear n-
alkanes, branched iso-alkanes, and cyclo-alkanes are@oexamples of asphaltic saturate
molecules.

All the above considerations were aimed at determining wdhielmical species are involved in the
composition of asphaltic materials. The next point is how thpseies interact with each other to
generate the asphalt structure.

2.1.2. A few stepsinto the SARA wonderland

Before introducing the fundamentals of polymer-modified asphtissyorthwhile to briefly
discuss the internal arrangement of asphaltic materialtogmesent the basic models used to
describe the structure of asphalts. This aspect is not tineotnjact of this review, but it is obvious
that both the asphalt composition and structure are importanideetteey strongly affect the
interactions with a macromolecular material and thereby thet\properties of PMA.

The internal structure of asphalt has been studied for a lmeg lut it continuously generates new
scientific challenges because a well-established anelyvétcepted representation was never
attained. Opinions about the “real” structure of asphalt htigenated over the years because its
complex and quite variable chemical composition makes thenaitenvironment not so easy to
understand. In this regard, it is interesting to report thkelsvof Goodrich and co-workers, who in
1986 declaredSome believe that today’s sophisticated analytical tools, computemtedtr
instruments that work with milligrams of asphalt, should make the chonéetween asphalt
composition and performance properties. Yet the complex chemicaf ewen a single asphalt
may never be adequately describgdl]. After almost 30 years, there has been some progi@ss f
an analytical point of view, but the point remains the s&@oeasequently, for the asphalt structure
as well, there still is no univocal description, and twommdiilosophies in this regard may be
identified. The first one, which is also the most accesd#ind widely accepted, originates from the
science of colloids and essentially states that asptaH balloidal nature. In contrast, the second
one depicts asphalt as a homogenous fluid with no colloidal cbastict.

The first to recognize the colloidal nature of asphalt prabably Rosinger [15], whose general
hypotheses constitute the fundamentals of the early model alasphcture. These general
hypotheses were refined several times during the firstEsades of the twentieth century [16, 17]
and led to the definition of the basic colloidal pictureyhich the primary idea was that the
complexes of molecules residing in the asphaltene fractioaggregate and arrange themselves in
various super-molecular associations. In light of this thebeyasphaltic materials are composed of
two basic elements: i) the solid asphaltenic micellesiatite surrounding liquid-like environment.
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More precisely, the solid-like micelles are built by tigr@gation of large and complex
hydrocarbon molecules, typically referred to as asphaltenesyarstiabilized by the polar resins,
which exert a flocculating/peptizing action. Hence, #mns form a sort of interphase and are
interposed between the asphaltenes and the surrounding oilyimatedium. Finally, the maltenic
medium represents the continuous liquid-like phase and is mamiyased of lighter asphaltic
components, such as the low-MW aromatics and saturates.

The first analytical description of such a structure diadek to the 1940s and led to the definition
of the so-called “sol” and “gel” asphalts by Pfeiffer aralq18]. This approach is probably the
most popular colloidal picture of asphalt, and it states thatsgialt is derived from a high content
of maltenes, which indicates a high solvating ability and apresgt enhanced mobility of
asphaltene micelles. Hence, in sol asphalt, the asphatieeies are fully dispersed and
noninteracting. It is possible to assign a surfactant chataatealtenic oil, the abundance of which
generates a predominant liquid dispersing phase. In contrgst, asphalts, a low maltene content
and solvating ability result in micelle aggregation untibatmuous solid network is formed. In
summary, according to the colloidal theory, asphalt is aidimperse micellar system with an
internal structure that depends on the relative amounts of SARAANS. In his review dedicated
to the asphalt structure and rheology, Lesueur [2] highlightedhaellthe availability of the
modern inspection techniques may help visualize the asphalte@iies and micelle aggregates.
Whether the colloidal model is correct or not is still higidypated. Although the colloidal theory
is, without doubt, the major extant theory, there is an @tempoint of view claiming that asphalt
is not a colloid but rather a simple homogeneous fluid (sometiaies] “dispersed polar fluid”).
Instead of considering asphalt as a colloidal dispersionthinsy suggests that asphalt is more like
a mutual solution of different molecules. Redelius is probdigyfitst author who questioned the
existence of a colloidal structure in asphaltic materialsI1Q As a first argument, he claimed that
because asphaltenes are mainly soluble in maltenes, no dallisipiersion can exist, and he
suggested that all molecules are kept in solution becaukeiomutual solubility. He also stated
that the main reason the colloidal model is widely aemk that it is so widespread in textbooks
and papers that a person who makes a literature study on at@maistry will easily be convinced
of this model. This somehow agrees with the idea that it iapmiopriate to talk about different
phases in asphalt since this requires a fraction thasauble in the rest, which is not the case in
asphalt [4]. Accordingly, SHRP Report 686 [19] statesphalt is a single phase mixture of many
different polar and non-polar molecules, all of which interachwihe anothet Nonetheless,
traces and evidences of phase separation in asphalte®enthie main outcome of advanced
studies recently performed using Atomic Force Microscopy (Af@dg section 4.1.2.).

Readers interested in this matter are referred tcethew by Lesueur [2] for a detailed discussion.

2.2. Mixing asphalt and polymer: the principles of compatibiity

2.2.1. Thebiphasic nature of the blend

As stated above, the success of PMA originates from thigyadficertain polymers to strongly
influence and improve the rheological properties of asphaltsieéaelded in relatively small
gquantities. Nevertheless, this essential and primary festa@ immediately obtained when a
polymer is mixed with asphalt. The expected strong enhancemasphalt quality is uniquely
possible when the so-called “phase inversion” (Pl) and aroppate morphology of the blend are
obtained. This is the main point in asphalt modification ardi®i¢o be better understood. Even
though almost all thermoplastic polymers have been testexphalamodifiers, the most interesting
ones are those with the structure of a physical network., Themdeal modification is obtained
when the polymer conserves its internal structure after mixittgasphalt, the molecules of which
determine only a macroscopic swelling of the network. If thevorkt becomes a continuum that
involves the entire material, the overall mechanical pt@seof the PMA markedly reflect those of
the polymer. Whether this can be realized or not dependseadnteractions among the asphalt

9



components and the polymer. Such interactions obviously depend oretheahaffinity, and

thus, for a given polymer, they are different for the four SAfRfegories of asphalts molecules,
which are characterized by different polarities. Therefibve four groups of molecules interact
differently with the polymer, which usually is selectisivelled by the most affine asphalt
molecules and exerts a sort of internal distillation, dg\time formation of a polymeric phase and a
residual asphalt phase of different compositions. The system®volve toward the formation of a
biphasic morphology characterized by the presence of a polyreptrase (PRP) and an
asphaltene-rich phase (ARP), the asphaltenes usually beingehatant to polymer swelling.
Depending on the swelling ability and operating conditions (duragomperature, shear stress, and
so on) several different morphologies may be obtained. Such morphaiugydse directly
observed in several ways, for example using fluorescenaesoapy (FM), and may give an
immediate idea of the PMA quality. When the polymer is Bmoby a small quantity of asphalt
molecules, the PRP is dispersed in the continuous ARP, andetal @roperties do not differ
significantly from those of the unmodified asphalt. In contragh a sufficient degree of swelling,
PRP may become the continuous phase, and this corresponds to thenabhtiweed Pl and to a
strong influence of the polymer on the binder properties. lcdse of complete swelling, the ARP
may disappear. This is the ideal situation for PMA if thellgvgeis not accompanied by a
destruction of the polymeric network. To better understangtiig, let us consider the limiting
case of a polymer completely soluble in the asphalt: itsonaalecules would be simply dispersed
in the asphalt, as they would be in a low-MW solvent. Siigik® what happens in polymer
solutions, the main observable effect would be a modest iecireasscosity, but none of the
macroscopic properties of the polymer would be transferrdtetblend because its original
structure is lost during dissolution [3]. This is an undesiratalition to be avoided during mixing.
In other words, a certain degree of relative solubility amelleng is required, but a limited
solubility is simultaneously necessary. From a performance pbimw, the minimum requested
degree of swelling is the one that guarantees PI. At tmsmam degree of swelling, the polymer’'s
original structure is conserved, and most of the overall piepevill resemble those of the virgin
(unswollen) polymer. On the other hand, a modest degreeetifrayvs reached if only the most
compatible asphalt components migrate into PRP. Such intriatisti determines a considerable
difference in the compositions of PRP and ARP, and this markgathasic morphology
corresponds to a thermodynamically unstable condition: PRP and ARRaveé a strong tendency
for macroscopic segregation driven by a difference in densfbether they separate or not is a
mere kinetic condition that has critical importance during prolongeedge at high temperatures
and absence of stirring. This storage period may be siiingited to the transportation of the
binder to the application site, but it may be prolonged becausadoiveather or other causes of
delay. If the two phases macroscopically separate in thegstéank or in the tank truck, there is a
complete loss of homogeneity within the material, which becarseless; moreover, the PRP part
could be too viscous for the usual pumping apparatus. Therefossl#utivity in the swelling and
migration of asphalt molecules into PRP should be sufficiémiiyto limit the difference in
composition between PRP and ARP to a level that suffigisidivs down the kinetics of phase
separation to ensure storage stability. Thus, after mixiege tshould be a micro-scale metastable
equilibrium with a highly swelled PRP, with the thermodynamstability balanced by a kinetic
inertia that inhibits the separation during high-temperaturegsottis also necessary to underline
that Pl by itself guarantees neither storage stability nopathility: any polymer may ideally
reach Pl if loaded in sufficient quantity.

From a purely qualitative point of view, the above consideratoadlustrated in Figure 1, in
which the “effect of modification” for a fixed polymer contésshown as a function of the degree
of swelling. The abscissa may be seen as blending timeefualibh temperature) by assuming that
prolonged mixing (at a sufficiently high temperature) may leaa ¢complete dissolution of the
polymer in the asphalt.
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At a low degree of swelling (short time of mixing), theFPR dispersed in ARP and the polymer
does not significantly influence the behavior of the binder (whésembles that of the pure
asphalt). Then, in correspondence with PI, there is an atimapge in the binder properties, but the
system is likely not stable to storage. Further increastteidegree of swelling result in a modest
reduction in the performance, which remain far higher tharofht&ie base asphalt until the mixture
enters the region of complete solubility (indicated as Sgare 1), where the system becomes a
homogeneous blend and the polymer effect are again negligibha.dstability point of view, we
can vertically “divide” the graph into two zones: the ta&fe corresponds to storage instability,
while the right one corresponds to storage stability. If Heeigasa of such a partition is lower than
that of the CS line, we have a region where both storabgitgtand high modification can be
achieved. The goal of mixing is to stop at this “ideal” zomeich possibly far enough from the
boundaries of both zones corresponding to instability and complete sgluliie squares in the
upper part of the image are a simplified representatiomeofitorphology of the mixes, were the
black part is ARP while the white one is PRP. Moving ftbmleft to the right, there is a gradual
increase in the level of ARP/PRP interface, since the heneas (gray) condition corresponding
to complete solubility is reached. This aspect will be expthin detail in section 2.3.1. It must
again be stressed that in most cases, a complete dissohayonot be obtained even with a very
long mixing time (or high temperature). This depends on sefaatalrs, such as the asphalt
composition, type and quantity of polymer, and operating conditions duikigg. Moreover, it is
important to remember that the mixing time must be as Iggoasible not only for economic
reasons, but also because the high-temperature/high-sheag priocess induces ageing and
degradative phenomena in both the asphalt and polymer. Thetb®lenger and more aggressive
the mixing procedure is, the more the polymer swelling prosdaafliienced by changes in the
chemistry and MW of the asphalt and polymer. As an exarkpare 2 reports the viscosities of 4
different PMAs as a function of mixing time [20]. The curvieev a maximum, which has been
attributed to the incoming degradation and reduction of the gerd&V of the polymer. Therefore,
to optimize the properties of the final product, the manufagjwronditions must take into account
not only the kinetics and thermodynamics of the swelling procesadmthe physico-chemical
stress induced during mixing. This is also underlined by Maaaidiltalia [21], who suggested to
limit the use of high temperature and high shear as mugbss#ble by subdividing the process into
two consecutive steps: 1) a high-shear mixing at high tempefatua limited period of time to
obtain a homogeneous distribution of the polymer in the asphaltic phé&&) a low-shear mixing,
possibly in an inert atmosphere, until the desired propergestdained. This or similar mixing
procedures based on a first aggressive mixing followed bygaston” at low shear rates are used
by many manufacturers, and they also have the advantageitoidithe time spent in the
production apparatus. The mixing process is completed in septoege tanks equipped with a
low-shear/low-speed mixing apparatus.

2.2.2. The exodus of maltenes or the dynamics of the swelling phenomena

As a general rule, we know that compounds with similar gglare miscible and that the higher
the MW is, the higher the required similarity to obtasuacessful mixture (this is the reason why it
is rarely possible to obtain a homogeneous polymer—polymer blend)yddlitative rule may be
guantified by means of the solubility parameter, which wasifitroduced by Hildebrand and Scott
in 1950 [22] and defined as the square root of the cohesive aemgity. The parameter was later
split by Hansen into three parameters describing atomic nonptdaadtion, molecular dipolar
interactions, and molecular hydrogen-bonding interactions, seg28Jg The Hildebrand solubility
parameter (HSP) of a compound may be calculated either examdailhy or theoretically from the
molecular formula. Of course, a single HSP value may natsbigned a priori to asphalts, because
their composition strongly depends on the source, and a single(eaueange of values) would
not be useful considering their extremely complex compositioneledbe of homogeneous
mixtures, the HSP value can be obtained by averaging theoHS8E individual components
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weighed by volume. Again, this is not applicable to asphalts of ingereous structure derived
from the coexistence of incompatible molecules. The simpt&streost common approach is to
assign separate HSPs to the asphalt components divided into,gnorpich the discrimination of
the groups is based on their solubility. As an example, tlHe&VAB4124-09 (standard test method
for separation of asphalt into four fractions) defines fouttifvas (saturates, naphthene aromatics,
polar aromatics, and iso-octane insoluble asphaltenes) thhecseparated from each other through
a selective-solvent procedure. Analogously, thin-layer chrognaphy/flame ionization detection
(TLC/FID) allows for the fractionation of asphalt into fdtactions of different polarity, namely
saturates, aromatics, resins A, and resins B (SARAR)otn cases, the four fractions have
different polarities and thus HSP values. Saturates atesbgolar and asphaltenes are the most
polar components [24, 25]. This separation into groups of diffeatities operated by selective
solvents is not much different from the above-mentioned distii operated “in situ” by the
polymer during modification. The polymeric network is preferelytsivollen only by the
compounds with a favorable HSP, which determines the formatiBRBfand ARP.

2.2.3. The favorable polymer architecture

TPE constitutes certainly the most important group of polyrfioerhe modification of asphalt.
These are block copolymers obtained by joining soft and hamdesgg, usually in a three-block
sequence: hard-soft-hard. Since both segments are in the amasateuthe words hard and soft
simply mean that at the operative temperatures, theesgg are, respectively, below and above
their glass transition points. Quantitatively, the softvsegts are predominant, and the scarce or
totally absent compatibility between the hard and soft sequéaisto a biphasic structure
constituted by small domains of the hard phase dispersed aottinuous soft matrix. The soft
domains are linked on both sides to the hard domains, genergitygiaal network responsible for
the elastomeric behavior. Being completely amorphous and thusnadfomolecules in random-
coil conformation, block copolymers show fluid-like disorder on tldecular scale. However, the
hard domains may assume specific shapes and arrange thermsalvegular manner so that
ordering at higher lengths (nanometer scale) may existstatistical theory of copolymers allows
good predictions of domain shapes and order symmetry for block cogrslya6]. The hard glassy
segments play the role of sulfur bridges in vulcanized rubberghdéabsence of covalent links
among the macromolecules enables the melting (or sofjewfitige polymer once the temperature
is higher than the glof the hard segment. The ideal condition associated with aspbdification

is that asphalt molecules swell mainly the soft matrix@myg slightly the glassy domains. In this
manner, the structure of the polymeric network is maintaéfied modification, and thus, its
elastomeric character is maintained as well. If a diggree of swelling is reached, the entire
material acquires elastomeric properties, thereby enhansiatagtic recovery capacity and
resistance to permanent deformations. The swellindhisnsatized in Figure 3.

In contrast, if the asphalt molecules disaggregate theygiassains, the nodes of the network are
lost and the modification enters the CS zone of Figure 1. kenvthe image describes only the
final morphology because, during modification, the temperatwelisabove the Jof the hard
segments and the network is probably destroyed. Thereforea snolphology is not derived from
a simple swelling of the soft phase, with the hard one uhtmliand unswollen during the
modification process. It is also likely that the hard dermaire swollen or melted during mixing
and reconstituted when the blend is cooled below theiBifice the hard domains constitute an
independent phase, the most appropriate representation is thhteé-phase system, in which
PRP is subdivided in two sub-phases constituted by swollesesgrhents and partly swollen hard
segments.

TPEs applied in the paving industry usually differ in nature relative amounts of the soft and
hard segments. The hard segments are always constituted tyyailg, the Jof which is
approximately 100°C. Poly(styrefebutadieneb-styrene) block copolymer (SBS) is by far the
preferred thermoplastic elastomer for asphalt modificabahpoly(styrends-isopreneb-styrene)
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(S1S) and poly(styrenb-ethylene-butené-styrene) (SEBS), obtained through the hydrogenation
of SBS, are also used.

The most popular thermoplastic polymer is poly(ethylenayyl acetate) (EVA), which has a
molecular structure completely different from that of TRie: éthylene and vinyl-acetate repeating
units are randomly distributed along the backbone of the macromolblayertheless, the
repulsion between the two monomers and the presence of homo-semqiaribgene units lead to
a structure similar to the one reported in Figure 3, in kwvthie hard domains are formed by
crystalline or semi-crystalline poly(ethylene)-rich zonesré&fore, considerations similar to those
of TPE can be done regarding the mechanism of swelling andabenge of a polymeric network.
Finally, in the case of reactive polymers, the formatiba polymeric network still exists, but in
this case, there are chemical bridges (based on covaleni) biostesad of physical bridges,
between macromolecules.

2.3. Compatibility vs. Morphology

2.3.1. Optical microscopy

In the previous section, the term “compatibility” was introduceddscribe the “level of
interactions” between the asphalt and polymer. This tegrahantuitive significance but remains
an evanescent property that is rather difficult to be dyrectasured. Several methods were
therefore developed over the years to indirectly estimat@atiniity in asphalt/polymer blends.
From this perspective, the investigation of the blend morphatoggobably the most direct method
and optical microscopy is the most popular method becausevitsadl rapid and economical
observation of the sample. A picture obtained using opticabstgopy allows for a meaningful
representation of compatibility and can be successfully taspigedict the macroscopic stability of
the blend.

A synthetic overview of the relations between morphology and capiljffgimay be defined as
follows: the morphological arrangement of ARP and PRP withimldved strongly depends on the
specific asphalt/polymer compatibility. Therefore, the morpholufghe system will assume a
well-defined overall arrangement when the polymer and asagleattompatible, while a completely
different morphology will indeed appear in immiscible systems

Optical observations of PMA are typically carried out throulgh Which allows a direct
observation of the relative amount and morphologies of both ARPBRdbecause they have
different UV-excitation responses. For readers not familidr this technique, it is useful to
remember that the aromatic phase of asphalt is usualipdbkefluorescent one, while the
asphaltenic one is not fluorescent. Asphalt observed with a&foence microscope appears as a
homogeneous material with a yellowish appearance, where thegcattation depends on the
aromatic content. The fluorescence of polymers obviously deperttigiocomposition; however,
irrespective of the composition, the main point is that potgraee usually swelled by the maltenes
and concentrate the fluorescent molecules in PRP. Theref@eypical fluorescence image of a
biphasic PMA, the PRP appears yellow, while the ARP, deptdtacbmatic molecules if
compared to base asphalt, appears dark, almost black, degpendiow asphaltenic it is.
Therefore, a homogeneous sample, with or without polymerslaagellowish appearance, while in
the presence of well-separated PRP and ARP, the forrhggig yellow and the latter is almost
black (of course, for figures in gray scale, the PRPglsathe brighter one).

If, on one hand, FM is only a qualitative analysis, on therdband, it provides an immediate and
readable picture of the blend. prEN 1363ittimen and bituminous binders - Visualization of
polymer dispersion in polymer modified biturhenthe European specification that underlines with
a particular emphasis the importance of sample preparateprbcedure suggested by the
specification is as follows: after heating and homogenizaicnugh gentle hand stirring, the
material is transferred to an aluminum basin placedsana bath preheated to the same
temperature as the sample during homogenization. The sanid batbvaporating basin containing
sand, which guarantees a slow cooling of the sample to roopetatare. During this cooling from
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the liquid state to the solid state, the sand bath givesmdardized thermal history, which is of
fundamental importance because it can strongly affect the morph@aogg room temperature is
reached, the sample must be further cooled until it becomts bd that small pieces can be
prepared through fragile fracturing. Finally, the freshly brokefase is inspected through FM.
With regard to the final report, the first point is whethRiPRFor ARP constitutes the continuous
phase, but it is, of course, also possible that the two phases-continuous and comparable from
a volumetric point of view. The distribution of the disperpbdse is described by using a code of
characterization letters: H or | for homogeneous or inhomogenedsisiaB, <1Qum), M (medium,
between 10 and 1Qdm)), or L (large, > 10@m) for the size and r (roundish), s (stripes), or o
(other) for the shape.

While the reader is referred to the specification watspect to the definition of homogeneity,
dimension, and shape of the domains, a few examples mayhbgpdb familiarize one with some
of the morphologies that may be encountered. In Figure 4, ayfgeak morphologies are shown,
starting from the most compatible blends towards higher degré@asompatibility. In this picture,

it is supposed that all blends have the same content of polgntethe differences are determined
by the different degree of swelling and relative interactlwatsreen the asphalt and polymer
molecules. In Figure 4a, a completely homogeneous asphalt/pdiene is shown. This is the
limiting case in which the image shows a single phase, terpat all, and a degree of
fluorescence depending on the asphalt composition and polymer c&ueimia situation
corresponds to a complete dissolution of the polymer in the aspdaksalready stated, it is not
desired in practice because an excessively high sojupdiallels with a limited effect of the
polymer on the binder properties. A desirable and ideal homogéssiiown in Figure 4b, in
which the so-called “orange skin” morphology indicates an inemaking, with almost
indistinguishable PRP and ARP. Nevertheless, the preseaceealf visible pattern testifies that the
material is somehow “structured” and the polymeric network pes$jtiaffects the binder
properties. Simultaneously, a morphology such as this almosintsirigh-temperature storage
stability. A slightly worse compatibility between the polkgr and asphalt leads to the image shown
in Figure 4c, in which Pl has occurred but a few irreguldrgpgd small ARP islands are clearly
visible, indicating the existence of a few asphalt componemtsl@no swell the polymer. In this
case, the effect of the polymer on binder properties mayée stronger than in the previous case
and the limited extent of the separated ARP gives good chahstwage stability. A progressive
decrease of compatibility determines an increase in Rl dimension and bigger, round black
islands dispersed in the yellow phase may appear (Figure 4d goticontinuous morphology
where neither PRP nor ARP are the dispersed phase is r€&aee 4e). In this case, the two
phases usually form irregularly shaped domains with welhddfinterfaces and are destined to
separate during the tube test (see section 2.4.2. for tbepdies of the tube test). A further
decrease in the interactions and swelling leads to ad®persed phase (Figure 4f), the shape of
which changes progressively to spherical, corresponding taitimmum surface/volume ratio, or,
in other words, to the minimum ARP-PRP interfacial areau(gigg). Of course, the reported
examples are not exhaustive, and many other complex morphatogyelse found. The last image
(Figure 4h) is dedicated to a quite common error in sample pitegarif the specimen is not
fragile during preparation, then shear-oriented stripesbeayenerated by the blade during cutting.
These images help understand how morphology can be an exaadieatar of the blend quality
and separation tendency of PRP and ARP. Moreover, a compafitop and bottom morphologies
after the tube test may highlight differences not detestasihg other techniques. Operators and
researchers familiar with this technique will know how usiforiay be and can give an immediate
insight of the blend quality.

The main drawback in the use of FM to study the morphology && RMhe extreme importance of
the sampling procedure. Therefore, each time pictures amewatteut exactly following a
standard, the procedure should be clearly described when pngsatiphological images. It is of
fundamental importance to know if the PRP and ARP had time &wategdrom each other or if a
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guench-frozen pseudo-homogeneous morphology resulted from a high shegunuximg. It is
evident that the more unstable the system is, the higher theedifes between these two cases.
A systematic analysis of the effect of the procedure wa®mned by Soenen et al. [27], who
compared samples prepared with different methods and subjedéferent thermal histories. The
high number of reported pictures describes also the changesphofogy occurring during
isothermal storage and shows that the bulk morphology mayrpelifkerent from that on the
surface, which has been in contact with air or with a saliface (like e.g. a silicone mold).

As an example, the paper shows images of drops of thetsadsx taken from samples prepared
using the same procedure and then sheared for 10 min at a stoelastate and at different
temperatures. As the temperature decreases, the morphology cliangesiform to coarse, with
dispersed spherical domains of PRP. This also suggestsisteneg of an upper critical solution
temperature (UCST) (see section 3.2.3). Moreover, sangidten at lower temperatures show
orientation due to the drop flow on the glass plate. With cegathe cooling rate, the morphologies
of a freeze-fractured surface obtained with the apparatsitded in EN 13632 either after quickly
cooling the sample (within 5 min) to room temperature or aftavly cooling the sample

(2°C/min) are compared: the first one is homogeneous, whilattee is markedly biphasic.

It is also interesting to observe that at high tempezathe sample flows and may form a very thin
film. In this case, it is also possible to use transuhiftgsible) light so that morphologies may be
observed with polarized optical microscopy (POM). A compargganorphologies obtained using
POM and FM is reported by Rossi et al. [28]. Of course,tages of the thin film differ from
those taken after freeze fracturing in the bulk because gflesafgueezing in a two-dimensional
frame.

Another comparison between two different preparation procedigfised as “freeze” and “drop,”
was recently performed by Oliver et al. [29]. In theefze method, the sample was dropped onto a
rubber mold, then immediately immersed in water at 0h@,sabsequently cooled to -20°C. In the
drop method, a sample was dropped directly onto a glass covhreorobservation. The paper
reports images of samples obtained with the two proceduszsagbarticular storage procedure,
which is performed as follows: the binder was maintain&D@tC for 1 h, then samples were
taken, and subsequently the binder was returned to the oven atfd8Q°g; this cycle was
repeated until 100°C was reached. This procedure was developetirto simulate the slow
cooling rate of the binder during transport to the applicationlsigeparticularly interesting that

the sampling procedure influences the results even after sfavhgh means after a long period
without stirring. It could have been expected that this effeienportant only immediately after the
high-shear stirring, which may compensate the tendency for pbpaeation of a highly unstable
mix.

In order to bypass the qualitative nature of microscopy, Semgblskyakar [30] suggested image
processing to quantify the polymer distribution area throughouthtfe $amples. The images were
transformed to grey scale and then to binary black (ARRhde (PRP) phases. In this manner, the
swelling ability was somehow quantified, so that the nedgiroportion of the polymer phase was
correlated with the polymer content. Image processing was hecsetd by Aguirre et al. [31].
Unfortunately, such a procedure applied to white grey imagessed on the introduction of a
black/white threshold that may work appropriately only when a eled sharp distinction between
PRP and ARP exists.

Another possible method to analyze the morphology of the blendsfacablaser scanning
microscopy (CLSM). Samples squeezed between glass platebsarved in transmission mode by
using a He-Ne or Ar laser scan microscope. A few ima§@d1As obtained by using different
types of polymer modifiers have been reported by Champion [824land appear very similar to
those obtained using FM.

2.4. Compatibility vs. Stability
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2.4.1. Problem statement and description

The problem of phase separation dates back to the eadsstations of PMA. In 1980, Kraus and
Rollman described the biphasic nature of asphalt/SBS blends aagrebably the first to
introduce the idea of ARP and PRP [33, 34]. Of course, thertendd these two phases to
macroscopically separate during hot storage is also knowntemdiest studies on PMA; however,
it was interpreted in terms of the action of gravityyamliite recently [35]. Storage stability can be
somehow defined as the compatibility at a macroscopic scalét & certainly the first and most
important requirement in PMA technology. The differences betv®RP and ARP drive toward
possible tests to verify and quantify such phenom&ha.common points of all the proposed
techniques are a first step to simulate hot storage aecbad step to verify if and how much a
separation took place.

A further consideration may be necessary to point out tha¢the"stability” is, here and in what
follows, intended as the macroscopic separation of PRP aRddRng storage under quiescence
and does not include other changes of properties often interpietatstability,” such as ageing or
further swelling, which may also lead to important changdsnder performance during storage.
As an example, Sun and Lu [36] showed that a binder maytagetstable even if its softening
point undergoes a drop of 12—13°C after the tube test.

The next subsection is dedicated to standard and experimehiailoiges useful for evaluating
phase separation in PMAs.

2.4.2 Standard methods and experimental devices
In 1995, Isacsson and Lu [37] reviewed thesting and appraisal of polymer modified bituniens
and described three methods for compatibility and storagdistéésting, none of which had been
standardized. The first one was the so-called “tubé tekich has survived till the present and is
now included in the specification of several countries. Thelsimdea of the tube test is to place a
sample of modified asphalt in a vertical vessel (tub&)ght temperature for a certain period of
time. This simulates high-temperature storage in the abséstiering and shearing, during which
the PRP and ARP may separate. The lighter PRP phaseigiflite to the top part of the tube,
while ARP will settle at the bottom. The tube is thenoeed from the oven and cooled to room
temperature, while kept in the same vertical position. Bintle sample is cut horizontally into
three equal sections. The middle section is discharged, thkilgroperties of the top and bottom
part are tested and compared. Of course, the least theedifEs between the top and bottom
properties are, the higher the storage stability would ber (e past few years, several variants of
the tube test were suggested, with different duration angetetture for storage as well as different
testing procedures on the final sample. Coming back teethew of Isaccsson and Lu, they chose
two procedures as most significant. In the first one, an alumifoil tube is filled with PMA and
placed vertically in an oven at 180°C for 14 days. The reedveample is then placed horizontally
on a glass plate and subsequently transferred into an overCatl3®@ sample is then visually
inspected for any non-uniform slump or flow from end to end a\&t-h period. If segregation has
taken place, then there would be viscosity differencesthedength of the tube, and this
determines visually detectable differences in the flovhefrhaterial. In contrast, if the polymer is
uniformly distributed along the sample, its deformation wgbabe uniform. In the second
procedure, the tube is stored vertically at 180°C for 3 dayshemdcooled to at least below 30°C.
The compatibility/storage stability is then evaluated by ceingdhe softening point and/or
penetration of the top and bottom sections. This second vava®subsequently adopted in the
European standard specification EN 133B@tfmen and bituminous binders - Determination of
storage stability of modified bitumemtroduced in 2003 and then changed in 2010 (the
corresponding American specification is ASTM D7173-$1ahdard Practice for Determining the
Separation Tendency of Polymer from Polymer Modified AsphaN 13399 suggests the use of
an aluminum “toothpaste tube” of minimum height 160 mm and dembetween 25 and 40 mm.
The tube is poured with the sample of PMA to a height of 10Qent20 mm with due precaution
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to avoid the incorporation of air bubbles, squeezed and closaddid any action of air during
high-temperature storage), and then placed in an oven at3&Din the vertical position for 72 +
1 h. The tube is then removed from the oven and cooled to roopetature while maintained in
the same vertical position. After peeling the aluminum, ¢ésevered cylindrical sample is placed
horizontally and cut into three equal parts denoted top, middleh@ttain. The top and bottom
parts are then used for further testing, such as for thensudt point or needle penetration. Usually,
the binder is considered stable if the differeA8eS-S, (where $and 3 are the softening points
of the top and bottom parts, respectively) is lower than &stablished value.

As an alternative to the softening point and penetratios aihiincreasingly common practice to
evaluate the two fractions in terms of their rheologpraberties. The SHRP specification
introduces the following “separation indelx’

I, = log (%) 1)

where|G|};, and|G|; are the complex moduli at 25°C and frequency of 10 rad/s &iotem and

top phases, respectively. Analogously, the viscosity orate |G*|/sid (where |G*| is the complex
modulus and is the phase angle), also taken from the SHRP speins, can be used. For
example, the latter is used in a recent paper by KinLaad38], which defines the “percentage of
separation” as the ratio

(IGI*/sin S)max_(lcl*/sin S)avg

(o)

2)

where (|G*|/siMd)max represents the higher value of either the top or bottotiosesf the tube and
(|G*|/sind)avg is the average value of both sections. To give anatitee variability in tube-test
operating conditions, the same paper lists eleven storagatgtatilditions selected from twelve
different papers.

The second test described by Isacsson and Lu [37] uses U¥db@nmice microscopy to investigate
the morphology of the blends. Of course, a marked heterogenéity samnples indicates weak
compatibility, which is expected to be accompanied by phaseasigpaduring the tube test.
Further, in this case, normative specifications were intratladew years later that describe how to
prepare samples as well as observe and define the PMA mongisalsee section 2.3.1.).

The last method described by Isacsson and Lu [37], which dislinat/e to the present day, is the
“crushing test.” In this case, a PMA disk (20.5 mm in ddééanand 2 mm thick) is placed between
sheets of absorbent filter paper and placed under a weight ofia@hgven at 135°C for 15 h.

The deformation of the pellet is recorded and the stabilith@mix evaluated by observing the oll
migration.

In summary, it is universally recognized that the tube tessimple and reliable method to
simulate high-temperature storage. Apart from the spatiin and among the long list of proposed
procedures, the longer and hotter the storage is, the highetotbeility of phase separation will
be. When the instability is high and the separation is cetegblduring storage, usually the
differences between the top and bottom parts are macroscogcagnt, and the operator may
foresee the final result through a simple organoleptic obsenvat the two fractions. In contrast,
when the sample is at the boundary between stability and intstabieven stable but showing
some differences between the two fractions, then an aeatlratacterization technique can be
useful to quantify the risk connected to a limited inhomogen€hus, irrespective of the definition
of stability, as assumed by a specification, the diffleesrbetween the top and bottom parts can be
guantitatively and/or qualitatively evaluated using other metHodgxample through the
rheological characterization of the viscoelastic properfies is an important point because a
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result of “stable” or “not stable” in the tube test can benmglete information: in certain cases, a
AS value slightly below the allowed limit may significangiffect other properties. Moreover,
PMAs with a very low polymer content (which may be the adsesmall loading intended to fill
the gap to the immediately higher performance grade (P@IRPSspecifications) may remain
below the stability limits even after a considerable sdéjparalherefore, it is always necessary to
perform the test by taking into account the specific case @wddwation and not limiting the
analysis to the simple normative specification. Thisatliydeads to another consideration for the
tube test: this well-known and established procedure was dedespecifically for PMAs. This

fact must be taken into account when using the tube tegalioage the stability of asphaltic mixes
other than PMASs, such as crumb-rubber-modified asphalts or présence of mineral fillers. Of
course, exceeding the limit of PMAs is not forbidden, but it shbalclear that all the parameters
must be at least re-calibrated. As an example, mifibeas will migrate toward the bottom part of
the sample, rendering, 8igher than St; moreover, the valueAd would not be comparable with
those measured with a PMA.

Another interesting specification is the Australian one, tvimiwolves both segregation [39] and
ease of remixing [40] tests [41]. The segregation sesbnceptually similar to the tube test and
involves storing samples in 375-mL metal cans for 48 h at 180dGhen allowing them to cool.
After cooling, the degree of separation is evaluated by ume@gsthe softening points of the top and
bottom halves of the cans (in the European tube test, PMAst@ed for a longer period, and
samples are cut into thirds rather than halves; the softgruint differences are expected to be
larger than in the Australian test). The ease of remit@sgis aimed at evaluating whether a
segregated PMA can be returned to a homogeneous state using pnmotiocols conventionally
used by manufacturers and users of PMAs. If this is posHilele polymer segregation occurring
during storage and transport is not expected to cause sighiisaes; therefore, the Australian
specification [42] allows PMAs that fail segregation tesfuirements if they meet the requirements
of the ease of remixing test. The ease of remixing teswislthe same procedure as the segregation
test, with the exception of the cooling step. In the eAsenuixing test, after storage, the metal can
is transferred to a hot plate, and the binder is stirradatie of 100 movements per minute for 10
min using a flat-bladed spatula, which simulates conventionahgpiiotocols used with PMAs in
the field.

Segregation and ease of remixing test results are daddtam the softening points of the top and
bottom halves of the metal cans using the following formula:

200 (S¢—Sp)
St+Sp

SorE = 3)

where S and E indicate the segregation and ease of remadunlgs, respectively.

In a recent report [43], the results of the European stotabédiy test and Australian segregation
test are compared for a relatively high number of samplisdifferent degrees of asphalt/polymer
compatibility. The results show that the two tests arelyeguivalent for highly unstable samples
(AS = 40-70°C), while in intermediate casAS (= 5-35°C), the segregation test indicated an almost
null percentage difference in the softening points ofapeand bottom halves of the sample. Of
course, the two test are again equivalent for perfeablessamples.

An alternative to the tube test was developed by BahiaZhad[44] as part of the NCHRP 9-10
project (National Cooperative Highway Research Prograrhé&Characterization of Modified
Asphalt Binders in Superpave Mix Design) and named the ladvgrasphalt stability test (LAST).
At the starting point, the tube test does not properly simuiatectl storage conditions, resulting in
an unrealistic description of the performances after gggraoreover, it does not help finding the
appropriate storage conditions for a given asphalt sample. #lessvaling down of a commonly
used vertical storage tank should allow for maintaining theckgyneering aspects of the storage.
A more realistic simulation of the field storage conditiand the possibility of sampling during the
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test allow for evaluating the effects of adjustable parareesuch as temperature, time of storage,
and level of agitation. In this manner, instead of usisgngle procedure, the most appropriate
storage conditions can be determined and applied to eadficspexified binder. Instead of
classifying a binder as stable or unstable, the LAST proceésiused to determine the
stability/instability conditions for each PMA. This should allaw the optimization of the
temperature and level of agitation or the identificatiothefmaximum storage period for a given
storage condition. The test system is designed to handlephesai®00-450 ml and features
internal and external heating, variable level of agitatiocluding of course static storage),
sampling from various locations, and temperature control.

The testing procedure includes two main steps: 1) externahitbaut agitation (static storage)
and 2) external heat with high mechanical agitation. Thveseteps simulate the extreme
conditioning steps. A third optional step that simulates slowrthleagitation may also be added.
Then, according to the Superpave specifications, the followirayatsgn ratios (top/bottom) for
|G*|/sind and |G*| sim are calculated at different sampling intervals oveergogd of 48 h:

_ (G"|/siné)¢

Rsur = Ga1/sinory (4a)
_ (6" Isind),
RSIT - (IG*ISiTLS)b (4b)

where the andb subscripts indicate the top and bottom of the LAST, resmaygtiwhile HT and IT
indicate the high-grade and intermediate-grade temperatespgctively.

The same data are also used for the degradation analysatchiating the following degradation
ratios Ry):

(IG*|/sin8)¢+(|G*|/sind)y,

Rarr = 0.5 (IG*1/sin8)in

(5a)

(IG*|sin8)¢+(|G*|sin8)y
(IG*[sind)ip

RdHT = 05 (5b)

where the ih” subscript stands for thaitial state (time = 0).

Usually, the degree of separation after storage is indireglluated. A property depending on the
polymer content is measured, and then the difference betaeamd bottom fractions somehow
gquantifies the degree of separation.

The latter procedure has the inconvenience that the numerigaldepends on the specific
asphalt/polymer couple and does not give an absolute degree @itegpdrherefore, a direct
determination of the polymer content is an interesting ali@makn example is the use of IR
spectroscopy. This technique was used by Masson et al. [48fetct the content of styrene (S)-
butadiene (B) type copolymers in asphalts. The average & m@lo$orptivity for polystyrene and
polybutadiene blocks was obtained for different SBS and SB copolymelsling linear,
branched, and star copolymers as well as their blendsgpialt. As the average absorptivity was
not significantly affected by the S/B ratio or the copoly@rehitecture and obeyed the Beer’s law
in the presence of asphalt, it allowed for calculatingctirecentration of SB-type copolymers in
blends with asphalt with an accuracy of at least 10%. gy point of this technique (see also
Mouillet et al. [46]) is the comparison of the polymer spautwith that of asphalt to select the
specific, noninterfering IR bands. Then, polymer infrared iedean be defined as the ratio of the
specific polymer absorption band to the specific asphalt absolpineh and a calibration curve is
constructed by analyzing PMA with known percentages of polymerfdllogving bands and ratios
were proposed for SBS and EVA [46]:
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« out of plane bending vibratioyCH; of trans-butadiene at 965 ¢nfor SBS to the in-plane
bending vibratiordCH;s at 1376 crit for asphalt;

« stretching vibrationssC—O of vinyl acetate at 1240 ¢mfor EVA copolymer to the
stretching vibrationsC = C at 1600 cthfor asphalt.

In a previous paper by Lu et al. [35], the same techniquapg@eed to binder solutions prepared in
carbon disulfide, and the suggested peaks of IR absorbancatifyi$&8S are at 965 and 700 ¢m
Among other possibilities such as the quantification of polycoatent in commercial products or
polymer aging in in-service binders or sealants, a simplécagph of the method is the monitoring
of the storage stability. A freshly prepared asphalt/SBSdoleas stored at 165°C, and then the
changes in concentration of S and B at the surface of the Wwienedmonitored in the following 2
days. An enrichment of S and B blocks on the upper surface blethe allowed for verifying and
guantifying the degree of separation as well as the kingftitee separation. In this case, the
monitoring does not require the use of a tube; the blend is stodedaintained in a conventional
can, and the test is performed on samples taken froopiyer free surface.

3. Primary mechanisms of asphalt/polymer interactia

3.1. Selective migration and other processes of interactiom asphalt/SBS blends

3.1.1 Asphalt composition and its effect on compatibility

As already mentioned, SBS is the most widely used polymiei paving industry. Consequently,
it is also the most studied polymer in the related sdiefiterature. Several researchers attempted
to understand the effect of polymer characteristics onetsdiohg with asphalt. However, it must be
anticipated that owing to the high variability of asphalt contfmrsand the very high number of
variables (such as polymer characteristics, polymer coasanell as mixing apparatus, and
operating conditions) influencing the asphalt/polymer interactiorsniarly impossible to obtain
“universal” rules. Thus, it is not uncommon to find contradictesutts from different research
groups.

Before proceeding to a detailed description of PMA basdtiese polymers, it is necessary to
review briefly the basic processes that regulate the cilnilipa within asphalt/SBS blends. The
basic question may be formulated as follows: how does thalaspmposition control the
polymer/asphalt compatibility?

One of the first papers that address this question is antusacsson [47], who analyzed several
aspects such as asphalt composition, polymer structure, amlgoalgntent. The study was
performed using five different crude oils of SARA fractiontedmined using TLC-FID and two
SBSs: Kraton D1101 (linear) and Kraton D1184 (branched), whicstifineroduced and widely
used in asphalt modification. PMA from all the crude oils weepared using a single blending
procedure (2 h at 180°C and a low-shear mixer set at a ep&28 rpm). All base asphalts had a
limited compatibility with both SBSs; consequently, a modesalling degree was obtained, and PI
was possible only at high polymer content. This low compatibilag also confirmed by the tube
test (see section 2.4.2.), which revealed that atiddevere unstable. Nevertheless, the interactions
between asphalt and polymer showed strong dependence on theatlwemiposition of the
asphalt: a high aromaticity and low asphaltene content féversompatibility. Thus, the authors
conclude thattb produce a polymer modified binder with good compatibility, treent of
aromatics of the base bitumen should be sufficiently high for tenpolto compete with
asphaltenes. Therefore, it is reasonable to expect that the conlipatibEBS modified binders
may be improved by the addition of aromatic oil or deasphaltenatibiushens’ In other words,
the composition of the asphalt should be able to survive ttidn of its colloidal state induced
by the polymer. As SBS prevalently absorbs maltenes, thareeduction in the peptizing
molecules still available to cover the asphaltenic miselldis determines an association of the
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latter and favors phase segregation under the influencgrakaational field. If the base asphalt
has a low asphaltene content and high aromatic content, teepatfymer swelling, the resin may
be still able to peptize the asphaltenes, thereby redusengténdency to separate or even driving
them into the polymeric network. This suggests that the polas@ralt compatibility may be
evaluated with parameters expressing the asphalt composittbnasthe asphaltene and aromatic
content or the instability colloidal indek) (also called Gaestel Index [48]) defined as

Asphaltenes+Saturates
Ip = (6)

Aromatics+Resins

and expressed as weight percentage.

This seems to be confirmed by the graphs shown in Figurenhiah I is shown to be well
correlated with such quantities.

The authors chose to use this separation index beA&usey not be appropriate to quantify the
separation. A high value &S is, of course, related to a high degree of separation; leoyvibe
numerical value may not be adequate, because the deteamiofthe softening point can be
doubtful for highly elastic modified binders. Indeed, in anotheepape same authors stated that
no significant relationship was found betwégandAS [33].

In any case, the existence of some relationships betweasphalt composition and blend stability
was clearly found; in additioh¢ seems to accomplish its natural task: the prediction of
asphalt/polymer compatibility.

3.1.2. Mechanism of SBS swelling and morphological evidences of maltene migration

An important contribution to the clarification of the mechargof polymer swelling in

asphalt/SBS blends came from the work by Masson et al. [49]usdub modulated differential
scanning calorimetry (MDSC) to measure th@fTasphalt and SBS in their blended and unblended
states. The all asphalt/polymer blends showed §lwf @sphalt and polymer alone, in addition to a
new one arising from a phase of mixed components containingd®Besits and approximately
30% of maltenes, namely alkanes and cyclo-alkanes. Thw®Bcluded in the mixed phase was
found in a PB-rich phase swollen by the lighter alkanes,t@dhifting of the otherglin the

blends indicates that the PB block has good interactions witlalasphcontrast to PS. Hence, the
SBS/asphalt miscibility seems to be controlled signifigaoy the PB block in SBS as well as by
the lighter maltenes in asphalt.

Indeed, the use of MDSC instead of DSC helps to better mexeothe T, the shift of which is a

good indicator of the interactions in multicomponent systemsidndblpect, the calorimetric
studies by Masson et al. [50, 51] and Kriz et al. [52, 53gatemely interesting.

Rheology may also be a valid approach to evaluate the effeaking on Ty. This approach was
followed, for example, by Wloczysiak et al. [54], who usedadyic mechanical thermal analysis
(DMA). The effect of swelling on Jcan be observed using DMA through both a shift in the T
value as well as a broadening of thgp€ak. DMA curves of asphalt/SBS blends were obtained in
temperature sweep from -70 to 120°C and showed three trangitaingere associated with each
of the three phases constituting the blend: the first one was B&®and attributed to the swollen
PB phase, the second one was near 40°C and attributed t@AREe third one was near 100°C
and attributed to the swollen PS. In order to understananihigcations of such transitions better,
model systems obtained by substituting the asphalt eitheideésphalted or aromatic oil were
studied, and Jwas determined using DSC. The behavior of the PB- anicR$irases with

respect to the oils were very different: theoT swollen PB is located between those of pure PB and
oil, while the PS phase, when swollen with the deasphalteshailvs an important

antiplastification effect. This is attributed to the preseaf high polar compounds, which interact
with PS and induce an increase i WMoreover, this effect was observed to be much more
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important with branched SBS than with the linear one, ane yecific aspects related to polymer
architecture will be discussed later (see section 3.3.1.

A similar approach that provided further confirmation ofdbeve conclusions was followed by
Kamiya et al. [55], who used DSC to evaluate the shiffyiof PB and PS blocks resulting from
mixing: SBS with asphalt, PS homopolymer with asphalt, and&i8iSnaltenes or asphaltene
separately (obtained through extraction with n-heptane).

Another interesting study aimed at directly verifying thepatibility among SBS and the asphalt
components was based on a pre-separation of saturates,iesparat resins by solvent-recycled
absorption chromatography separation and subsequent mixing wittb6B3He modification of
the single fractions by SBS was evaluated using FM, which itedichat aromatics were the most
compatible ones, followed by resins and saturates. Asphaltenesetegven taken into
consideration, given their solid nature.

3.2. The prediction of compatibility and other open questins

3.2.1. Searching for a general rule (the use of compositional parameters)

Even if the use of. is plausible and consistent with the proposed description afsihtealt
modification mechanism, it does not overcome the above-mentiomé&gtions related to the
complexity and interconnection of many factors affecting stostajality. Thereforel. must be
seen as a useful indicator, but not as a general rule. Thig/@tbhighlighted by Masson and
coworkers [32], who performed a similar study a few yeaes ali and Isacsson [47]. In this case,
two base asphalts and four SBS copolymers were used ttigateshe effects of polymer
concentration, MW, S/B ratio, branching, and asphalt compositiith. regard to asphalt
composition, the two asphalts, denoted as ABA and PC, hddllineing aromatic and asphaltene
percentage content: ABA 16, 1650.37); PC 27, 20 (40.41). These values showed that a result
compatible with all three parameters (aromatic content, #ispkacontent, and)lwould not be
possible, with PC of both higher aromatic content and high&he authors concluded that these
parameters cannot be considered absolute, because they cartbetaand inconsistent among
themselves.

If on one hand there is the need for a simple and religdeter, on the other hand, it is
necessary to take into account the high number of involved vazibleay be inappropriate as
saturates and aromatics act against each other in thes bait saturates may help establish the
blend stability [32].

Another recent paper confirmed the above-mentioned difficultibading a general parameter for
compatibility and storage stability [57]. Blends made in atsdgrew extruder by using six different
base asphalts and an SBS were analyzed, and the inuiBwisity was used to determine the
compatibility between asphalt and polymer. For all asph&ksSARA fractions were determined,
and the authors attempted to correlate the compatibility sewiih the following parameterk;

light components (saturates + aromatics), and ratio ofadatuto aromatics. Moreover, oils rich in
aromatics and saturates were added to some of the Ipdisdt &s adjust and modulate the
compositional parameters and evaluate their relation vathge stability. Again, even if all
investigated parameters showed to be correlated with thaldpplymer compatibility, none of
them were identified as sufficient to determine and ptedeccompatibility. As a general
indication, the authors suggested that an optimum distributioarponents to obtain a high
degree of asphalt/SBS compatibility should be with.ari approximately 0.3, light-component
content above 55%, and saturate/aromatics ratio of approxin@abé&ly

3.2.2. Hildebrand solubility parameters

Another method to search for some possible relationships betsplealttcomposition and the

prediction of compatibility may be outlined by the use of th&®H%arious authors made some

attempts within this context, but no unambiguous conclusion was foemdrethis case. As it was
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for the above-described parameters, the HSP reported foltasphaonents in [58] also give
indications that are in discordance with experimental firglittge polystyrenic blocks should be
highly compatible with both saturates and naphthene aromatics, thbibutadienic block should
only be partially compatible with saturates (Figure 6). Howgdt/bas been observed that
polystyrene is not swollen by asphalts or asphalt components [32].

In another paper, Fawcett and McNally [59] reported solulpigisameter values of approximately
14.3, 17.8, 19.7, and 23 (J/AfT, respectively, for the SARA components, and observed that the
polymers have values close to aromatics and resin: P8 Velde of 18.7+0.5 (J/ch?° and PB

had a value of 17.4+0.5 (J/&%°. Of course, it must be pointed out that a single solubility
parameter may be inadequate for the asphalt fractionsd®da addition to composition, polarity
and hydrogen bonding as well as the amphiphilic nature of thesrasd asphaltenes should be
considered [60, 61]. Nevertheless, Peng et al. suggéstetsé of a single solubility parameter
representative of the entire asphalt [62] and attemptesldte the theory of solubility parameters
with the aging resistance of paving asphalts [63, 64].

A couple of interesting papers were reported by Redeliubkelfirst one, the solubility parameters
are used to develop an asphalt model based on the mattsmeasicription of the stability of
asphalt in terms of three-dimensional solubility parameé}s [n the second one, the parameters
are estimated for a Venezuelan asphalt by using soluttdity in a set of 48 conventional solvents,
and results are plotted as spheres in the three-dimensiona&soigbility parameters space [65].
Finally, an experimental procedure based on microcalorimetrylénadiolet-visible spectroscopy
to determine the solubility parameters of crude oil and agrtetwas recently described by
Aguiar et al. [66].

By summarizing the literature review reported in thesti@es, we can say that the use of
“compositional” parameters cannot lead to an unambiguous poedaftcompatibility and stability
in PMA. The next section reviews some papers that attengtercome this problem by following
a different approach.

3.2.3. The thermodynamic approach and the construction of phase diagrams

In previous sections, it has been stated and somehoweddtitit a simple relation between the
asphalt composition and blend stability does not exist. Masson amukers/suggested a possible
interpretation based on thermodynamic considerations for tbeo€&BS [32]. Based on a
thermodynamic approach, for the blend to be stable, the followindjtton must be satisfied upon
mixing:

AGmix = AHmix - TASmix <0 (7)

wheredGnix, AHmix, aNdASyix are the changes in the Gibbs free energy, enthalpy, and entropy,
respectively, that occur upon mixing at temperature T. Of epdiging mixing ASyix > 0, while
AHnix is negative if the blend components have attractive itierss. In this case, both terms may
positively contribute t@Gnix, but depending on the circumstances, their relative weigays
significantly vary. For example, the blending of low-MW compouridesyan entropic contribution
much higher than that of high-MW compounds. Possibly, the aboveemedtparameters fail
because of their inability to account for the combined contributmAslt,x and4Syix. The
instability colloidal index and aromatic content are mainlselobon the favorable interactions
between asphalt and polymer (which is the enthalpic contribtdithe Gibbs energy). In contrast,
the minimum asphaltene content corresponds to a minimum contéet lnfhest-MW asphalt
components (which is the entropic contributio@,;,). Therefore). and aromatic contents may
work well in situations where the enthalpic contribution prieviaidGn,x. However, given the low
polarity of SBS, it appears reasonable that it establishgsva@ak interactions with asphalt, and for
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this polymer, it is the entropic term that prevailid,x (therefore, for SBS, it may be preferable
to consider the asphaltenic component).

Another attempt related to the thermodynamic aspects corberoenstruction of a phase diagram
for the asphalt/polymer blend. However, even in this casdpund some inconsistences. Indeed, it
is curious that the only two papers that attempted to deeetbprmodynamic phase diagram for an
asphalt/SBS blend were published almost simultaneously and repadstioigt conclusions [32,

67].

In both cases, there is an assumption that the asphalt/S&#syan be considered a pseudo-binary
one. This represents a strong simplification, which may be higybat probably unavoidable. The
miscibility diagrams are evaluated by considering the Wiehaf PRP and ARP, but the two
approaches differ in many points. Varma et al. [67] usedgdesEBS (Kraton 1101) that was
blended with asphalt in various proportions through co-dissolutiotraht@lrofuran. The solutions
were solvent cast at ambient temperature onto an opticalsoape glass, kept in a vacuum oven
for 24 h at 65°C, heated to 180°C for 10 min, and cooled dowsota temperature prior to
characterization. The phase separation dynamics of blen@siofis¥y compositions were studied
using optical microscopy at different temperatures. A digaahera allowed the simultaneous
measurement of scattered intensity versus scattering. digdgemporal evolution of the scattering
peak maximum was used to calculate the growth of the dasiznn the blends. The obtained
cloud-point phase diagram shows a UCST with a maximum at apprekmn28€6 copolymer and
200°C. The procedure followed by Masson et al. [32] is compldiffgrent; they used 4 different
SBS (including Kraton 1101) and prepared the blend through classibastegr mixing. A simple
observation of the behavior during storage at different tempesgfuoen 100 to 180°C) showed
that blends can be stable at low temperatures, but theyga&gehen the temperature is increased.
Moreover, the segregation rate increases with temperatnd the stability time/temperature
interval became wider as the polymer content decreasedeHearcontrast with the observation of
Varma et al. (but in accordance with the common experienbéead kinetic separation), the phase
diagram has a lower critical solution temperature. Moredwasson et al. took into account the
non-ideal behavior of asphalt and observed that a tridimensioasé gliagram can account for the
polymer and asphalt constituents. Figure 7 shows the phase diagporied by Varma et al. [67].

3.3. The influence of the polymer structure
3.3.1. Linear and branched copolymers
The same considerations for the use of a compositional paramggareralize the storage stability
apply to the polymer structure. As an example, Lu etatled that the modified binders with linear
SBS display higher storage stability than the modified binders waiiched SBY35, 47].
However, Masson et al. [34] underlined that such a comeiuuld be generalized only if the two
polymers had identical S/B ratios and MWs. Lu et al. used3®BSs with similar S/B ratios, but the
branched one had a MW about twice that of the linear polywiech influences the entropic
contribution to blend stability. In other words, the higher $itglfor the linear SBS observed by Lu
et al. [35, 47] could be ascribed to the lower MW of the potyvith respect to the branched SBS,
while it is doubtful that a significant difference would haeeib observed if the linear and branched
copolymers had similar MWs. In their study, Masson et al.¢84cluded that MW and the
molecular shape determine the rate of segregation, whiteliray has no effect on stability, which
depends mainly on the copolymer composition and MW. A high PB roauel low MW favors
stability. The first condition results from the fact that thelectrons of the C=C butene double
bonds of PB establish a stronger interaction with asphalt bleasrdmatic electrons of PS segments
do (enthalpic contribution); the second one results from its enttopicibution to the free energy.
Finally, it must be remembered that the polymer concentratsanhas a great importance for
stability. An increase in the copolymer concentration leads teffective increase in the MW of
ARP and a reduction idSyx.
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3.3.2. Thevinyl content in SBS

The vinyl content of SBS is the last, but probably not the,leapect concerning the polymer
structure that deserves a mention. A few years agdirdten polymers company patented and
distributed an SBS named Kraton D-1192 with a high vinyl contethtal poly-butadiene mid-block
(after a few years, other grades, named Kraton MD 24¥eatdn D-1191, were added). In the
classical polymerizations of 1,3-butadiene, butyl lithium (Big.usually used as the initiator, and
the resulting structure is mainly (1,4) poly-butadiene with apprateéin 8-12% of the so-called
(1,2) poly-butadiene, which has a vinyl pending group [68] (Figure 8).

Through the use of new initiators and processing conditions, theaie{@&PR) poly-butadiene was
increased up to 60%—70%, which is the case of the above-mentioded,gréth interesting
consequences on the polymer characteristics. First, ggaraivle MWs, the chain with high vinyl
content will be shorter, which implies lower viscosities batter workability. Second, the
oxidation of the pending double bond does not involve the backbone but is canfthedvinyl
branch; therefore, the polymer characteristics are lesstise to ageing with respect to (1,4)
polymers (see Figure 8). The last but most important pointateceto the higher reactivity of the
vinyl groups compared to the C=C double bonds on the polymer backbomesne hand this
higher reactivity exposes the polymer to the risk of detdrraluring storage and in service life,
on the other hand, it potentially represents a method to obtpaftang between the polymer and
asphalt, which is a sort of stability warranty (see eadhi.1.). Thus, the producer claims that given
a sufficiently long reaction time, the highly vinyl SBS nisgyused to modify nearly all types of
asphalts. In order to demonstrate the tendency to reacasytialt, the producers published a report
[68] in which PMAs prepared with classical and highlgywiSBS are compared through gel
permeation chromatography and show that a higher degree of bondingasitialtenes and
polymers is obtained with the latter. Surprisingly, to our kndgée a confirmation or contradiction
of this theory has not yet been published; however, highly viR §ades are gaining in interest
among PMA manufacturers. The only paper we found that usgklg Winyl SBS is the one by
Luksha et al. [69], which focuses on the mechanical and stalipnaperties of the PMA but
unfortunately does not study the storage stability or the exest#rthemical bonds within the
asphaltenes and polymer.

3.3.3. Theintroduction of SEBSin asphalt technology

In addition to the problem of storage stability and phase demarather disadvantages related to
the use of SBS or SIS are their high cost (the two polymerradeiced at low temperatures
through anionic polymerization) and their intrinsic chemical lnikta due to the presence of a high
number of unsaturated C=C double bonds. The latter point causes lstanesito heat, oxidizing
atmospheres, and UV light, as well as atmospheric agedtdhas the insurgence of chain scission
and crosslinking reactions. These ageing problems limduh&tion and recycling chances of the
road pavements and lead to the use of SEBS, which hashaideatical morphological structure
and a very similar chemical composition. The absencepiatic unsaturation is the only
difference between the PEB block of SEBS and the PB blfcBBS. As a general observation, the
reduced polarity due to the absence of double bonds also deteamedsction in the compatibility
between the polymer and maltenes relative to SBS. Howseeaaiready underlined that the HSP
does not univocally determine the compatibility between asphdlpolymers and, moreover,
contradictory results have been reported in the literaBaged on the values reported by Ovejero et
al., the middle blocks of SEBS are more compatible witlirates and aromatic compounds than
those of SBS are [70], and they may be expected to haes bethpatibility with asphalt, as
observed by Becker et al. [71]. Gonzalez-Aguirre et al. [@@prted that the solubility parameters
of the maltenes (17.4-26.6 MPare closer to that of PB (16.5-17.6 MPahan to that of PBEB
(15.9-16.5 MPY), thereby suggesting the opposite conclusion.
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An interesting approach to the comparison between SBS anfl BEBe partial hydrogenation of
SBS, which produces a poly(styrebiébutadiene)..-(ethyleneeo-butylene)]-b-styrene) (SBEBS)
copolymer that can be obtained with different degreesrtibbhydrogenation (x) [73]. The
characterization of the polymers showed that hydrogenation comglitiere adequate to favor the
saturation of the PB block over undesired reactions sudha@s scission, crosslinking, or
saturation of the PS block; therefore, SBS and SBEBS eliffenly in the chemical composition of
the middle block, and the chain architecture and degree of pdbation were nearly identical.
The morphologies of four blends prepared with 8% polymer andaisioigg degrees of
hydrogenation (0, 22, 52, and 77) confirm the great influent@sparameter. On using SBS (x =
0), the blend is highly biphasic and PRP is the dispersed phiaige jiMpecame continuous with x =
22 and x = 52, showing a very good degree of dispersion. Fifally,= 77, the structure is almost
reversed as compared to that for x = 0, with ARP disgease big island in PRP. Therefore, it
appears that the ideal situation is the intermediate onepaitlal hydrogenation of the unsaturated
aliphatic double bonds. This is due to the presence of two couimgraffects: if on one side the
hydrogenation seems to favor the compatibility with asphalthemther side, it favors the
formation of crystalline regions (in the BE blocks) that mduthe polymer solubility. Indeed, the
thermograms displayed a fusion peak, indicating that theasi@tuiof the PB double bonds
produced an elastomeric block with a certain degree ofatlipgty. The presence of rigid
crystalline blocks in the soft matrix of the copolymer datydimits its swelling and solubility with
any type of solvent. Nevertheless, it is interesting to ebdiat all blends, except the one with
SBS, were stable after the tube test, even if diffeeneze found between the morphologies and
rheological properties of the top and bottom parts of the staraglss: the separation index was
showed to have a minimum in correspondence to x = 52.

The authors also suggest an interpretation of the resuéiems bf solubility parameters that
indicate a better compatibility of maltenes with SEBS théh SBS. Then, in a subsequent paper,
the mixtures of two commercial four-branched, star-like SB®b5the corresponding partially
hydrogenated SBEBS with maltenes were compared [72]mHEfEenes were obtained through n-
heptane extraction from a Mexican crude oil, and the blendsitedta% or 10% (w/w) polymer.
From FM, it followed that in all cases (irrespectivetio@ polymer type and percentage), the blends
were clearly biphasic, and neither the MW nor the compositidheoélastomeric middle block of
the polymers had a definitive effect on the morphology. Iretlsagdies, the storage stability was
not evaluated; however, the authors stated that the elastdstark of the SEBS is more rigid and
less compatible with the maltenes than the polybutadiene bl&@B® is. This assumption is based
on the HSP reported by Ovejero et al. [70]. Recently, tHeaustudied the morphology and
rheological behavior of blends obtained after the modificai@n@sphalt with the same SBS and
SBEBS [29]. Again, a direct measurement of the stortd®lisy was not provided; however, the
two polymers led to blends with similar morphologies. In cohta#/hat was found when using
maltenes, the ARP in the blends with SBS here were sntiadierin the blends with SBEBS,
suggesting a higher degree of polymer swelling (and thus higheratibility) after partial
hydrogenation. It is therefore quite complicated to summanzedsults from these three
interesting papers, and once again, it is difficult to extetpdhem to a general rule. Nevertheless,
we can conclude this section by recalling that in more tharpaper, it has been reported that
when using SEBS, storage-stable blends can be obtainedSEB® content is maintained below
approximately 4-5 wt% with respect to the total mass [74, 75].

3.4. Asphalt interaction with polyolefins

3.4.1. Asphalt/polyolefins compatibility

The second main category of polymers used for asphalt mouifidatthat of “plastomers.” Of
course, this term includes a huge variety of polymers, but icase, the interest is mainly limited
to polyolefinic homopolymers or saturated polyolefin-based copolyméiish should have the
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double advantage of being less expensive and more stable tham&B®er unsaturated TPEs.
Moreover, owing to their “commaodity” origin, olefinic polymensavailable with a wide range of
characteristics and technical grades. For the same reasygethgténe (PE) is also abundantly
available as waste material, for which asphalt moditicainay represent an interesting way of
recycling. Irrespective of the exact composition, thesiitd character, instead of the “elastic”
character, of this category of polymers make them compleikbdyent from the performance point
of view; their main expected effects are related tmarease in rigidity and improved resistance to
deformations under traffic load.

Obviously, PE and polypropylene (PP) are the two main repreéisestaf the category, but owing
to their nonpolar nature and usually high degree of crystalljexgept the case of atactic PP), they
are almost completely immiscible with asphalt. For te&son, their main application is in asphaltic
roofing membranes, where the high-shear mixing phase is followadapid cooling that freezes
the morphology, which remains kinetically stable during room-temyreratorage. Nevertheless,
extensive literature on olefinic PMAs for paving applicatiaavailable (see e.g., [76-93]), but
storage stability is not often mentioned.

One of the papers that analyze the storage stabilityasy Pérez-Lepe et al. [94] that has the
overall objective of studying the separation process during higherature storage. Binders
containing 1-5% polymer were stored at 180°C in the usual tubeaftan@4 h, a macroscopic
phase separation was observed even at low polymer concentféson.in order to characterize
the separation process better, samples of the modified bindairsngt5% of polymer were frozen
immediately after preparation, placed on crystal slidad,observed through optical microscopy
after heating to different temperatures (above and under 12381i€h 18 the melting temperature of
the used high-density poly(ethylene) (HDPE)). It was foundaha50°C, the modified binders
exhibited coalescence-creaming and gross phase separdéesa than 15 min, while at 100°C, the
binders remained stable, even after long periods of timeonclusion, even if the degree of inter-
diffusion is very limited, at high polymer loadings, the FBifPns a network that may be stable in
the presence of a highly liquid asphaltic phase. In conifdélsg temperature is increased beyond
the melting temperature of the polymer, the “solid” networkapsles, phase separation occurs in a
very short time, and the binder would not guarantee the formétmgaod paving material even if
laid immediately after preparation.

Another interesting study is the one by Fawcett and McNalty modified an asphalt by using
several polyolefins and characterized the blends from the morptalagid thermo-mechanical
points of view [95, 96]. Even though the blends were preparedvesithhigh polymer loading,
which is appropriate for roofing membranes, and the problem oéasility is not debated, the
presented results help in understanding the degree of inbexathiat occur between asphalt and
such polymers. The study encompasses 4 different PEs (incHBRg, linear low-density
poly(ethylene) (LLDPE), and low density poly(ethylene) (LDPE&}),sotactic and an atactic PP, an
ethylene-propylene copolymer with the propylene blocks grafted batmain ethylene chain, an
EP rubber with monomers in a random distribution along the polghsn, and a predominately
amorphous polyolefin specifically developed for asphalt modifinairhus, almost all possible
polyolefins were considered, and they showed a common behaviog thieetegree of crystallinity
was probably the main parameter that differentiatesahiews polymers. In all cases, there was an
inter-diffusion tendency that led to the formation of PRPAR®, but both the lower compatibility
and, when present, the crystallinity of the polymers stroregluced the degree of swelling when
compared to SB copolymers.

The low degree of interactions is confirmed also by the morphabtiye blends, the modest
lowering of the melting point of the crystallites, theemttof crystallinity, and the crystallite size.
Low polymer loadings increased the temperature at whichl#mel started its viscous flow, while
for sufficiently high polymer fractions, when the crystalligge sufficient to determine PI, the
entire blend had a gel character and the flow startedvdmiy the crystallites melt. This
observation also suggested an attempt to obtain blends wittefoperature flexibility and high-
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temperature melting, which would be useful for roofing memlsr§®é. The idea was to combine
the effect of two polymers: a rubber for the low-temperdtasability and a polyolefin able to
crystallize and create a continuous gel network at high tetupesaEven when several
combinations of polymers were tested, it was possible intbrdy cases to contrible Ty with the
rubber and high-temperature properties with the polyolefis;uvery difficult to generalize the
observed behaviors.

Thus, summarizing the conclusions from these three papersnasayg that polyolefins showed
very poor compatibility with asphalt owing to their composition amdome cases, to their high
degree of crystallinity. After hot mixing under a high she&e,ra certain degree of inter-diffusion
can be observed, but very high polymer loadings are necessaskiieve Pl, and phase separation
may occur in a very short time. Therefore, the main agpic®af unmodified polyolefins remains
for roofing membranes stored at room temperature. At statistbi@ge or transportation to the
paving site, it is nearly impossible to avoid phase separalihese appear to be general
observations valid for almost all polyolefins, as confirmeddwy et al. [98], who tested several
grades of PE and found that despite the rather large differencemposition, MW, and
crystallinity of the PE, the differences in viscosity lné imixes were relatively minor. Nevertheless,
there are some publications that seem to be in partialrdesagnt with these conclusions. Punith
and Veeraragavan [99] obtained storage-stable mixes by migitg 10% by weight of recycled
LDPE in a shredded form of approximately 2 x 2 mm in size frarmry bags collected from
domestic waste. This surprising result can be relateceteettycled nature of the material, where
the in-service life and shredding operations are potentiallytalalker the chemical composition
and introduce functional groups and/or significantly reduce the M\ibrtdmately, those aspects
are not considered in the paper, and to our knowledge, a sitegege of compatibility was not
confirmed in any other publication available in the scientiferature. Recently, Fang et al. [100]
found complete instability with a similar starting material

3.4.2. The odd case of metallocene catalyzed polyolefins

In a couple of papers, metallocene-catalyzed polyolefingdreated as particularly interesting. In
the first one, blends prepared with metallocene-catalgtzadic PP (m-aPP) are compared with
blends in which conventional aPP is used [101]. The rheologicedatkazation of the blends
showed the reduction of the aPP glass transition, in addititve Wisappearance of a broad
relaxation visible in pure asphalt, indicating that the sadalrliquid resins of the asphalt act as a
plasticizer on PP. The same phenomena were not observed vilgehesconventional aPP. In the
second paper, a similar comparison was conducted using metedioatalyzed LLDPEs (m-
LLDPE) and “conventional” HDPEs (supposedly prepared through Zidlgitta catalysis) [102].
Table 1 lists some of the properties of the used PE, aad b& seen that appreciable differences
between the conventional (HDPE1, HDPE2) and m-PE reside avdrage MW, dispersion, and
degree of short-chain branching (DSCB). The two conventional Hh&ksmuch higher average
MWs; therefore, a lower compatibility with asphalt should atically expected for them.
Nevertheless, other considerations can be made about thesalinat

The morphology of the blends (Figure 9) immediately reveakigraficant difference between the
two types of PE; the m-LLDPE was able to give a beisgatsion in the asphalt matrix as it
consists of smaller droplets (5—fifh in diameter).

The blends were subjected to the tube test, in which the tolpadiaan parts were compared using
rheological measurement. The HDPE-based blends showed a mhdssdseparation even after 12
h of storage, while the m-LLDPE was stable after 4816&fC.

As the solubility parameters of the five PE were neddytical, the authors suggested an
explanation for such differences in terms of the lowelt mlasticity of m-LLDPESs, which
facilitates the drop breakup during mixing. The starting iad#ases from the modest tendency of
swelling, which makes PE patrticles remain well separatad the asphaltic matrix and behave as
active fillers interacting only with saturate resins tloahT a layer around them [103]. This allows

28



us to consider the blend as an “emulsion” (a term used qtete iofthe case of asphalt/polyolefins
blends) with an important viscoelastic role in the breakupcaatéscence of polymer drops. In
other words, owing to the low compatibility with the asphafhponents, the ARP and PRP remain
well distinct during the entire mixing process; thereforehis tase, instead of a thermodynamic
approach, a more fluid-dynamic approach is useful to exgiaibe¢havior and final morphology of
the blends. From the parameters indicated by Lin et al. [itGd]concluded that an enhancement of
the elasticity of the droplets provokes a decrease in theafati@ breakup/coalescence, thereby
making it more difficult for the droplets to breakup. As thé.bhDPEs were showed to have higher
elasticity than HDPEs from the rheological measuremkeeay, tan also break. Even though a small
PE content (1 %w) and quite drastic operating conditions (mixid§GfC and 1,800 rpm for 6 h)
were necessary, with m-LLDPE, it was possible to obtain diopkow the critical value indicated
by Sabbagh and Lesser [105], giving rise to stable disper$Sors the authors did not observe
differences between the three m-LLDPEs, they argued thavdrage MW did not significantly
affect the particle elasticity and thus attributed thédiglasticity to their narrow MW distribution.
A couple of considerations are necessary here. The firss ¢inat this paper showed that with the
appropriate choice of PE and under certain conditions, stable magbe obtained, but at the
same time, it confirms the very low compatibility becatingestability is obtained only with very
low amounts of PE (a phase separation was detected in BEORPE blends after a storage time of
24 h at 165°C). Second, the statement that the average MW deégmifatantly influence the
dispersion is quite surprising. This is in contrast with thewasiens by Yousefi [106], who
compared 11 polyethylenes with melt flow indices (MFI) raggrom 0.15 to 20 g/10 min
(190°C/2.16 kg) and claimed that a decrease in MFI inedetiee instability. Nevertheless, in that
case as well, none of the tested PEs gave a PMAgetH storage stability.

3.4.2. Phase separation in asphalt/polyolefin blends

With regard to the mechanism of phase separation, a isp&cidy by Hesp and Woodhams [107]
evaluated the evolution of the particle size distributioa Asction of time and position in the tube
during the high-temperature storage test. PMAs were pregawaced into test tubes, and
subsequently incubated in an oil bath at 110°C for 15 min, hh28 h, and 48 h. After high-
temperature incubation, the tubes were cut at different heafj2t6, and 10 cm to recover the
asphalt samples, which were dissolved in toluene at roonetatope. In this manner, the PE
particles remained in a solid state and were recovereittdnyniy the toluene dispersion. The PE
particles were then observed using scanning electron microscém).(S

The obtained data were compared with the theoretical berexpected from the possible
breakdown mechanism of emulsions. As an example, Figure 10 si@wgolution of the particle
size distribution with time for a specific position in thedubhe shift toward larger particle
diameters during the first 24 h of storage suggests the eocerof coalescence phenomena.
During this phase, the polymer particles come into contadiffigsion (either Brownian or a
combination of Brownian and gravity-induced). Then, after 24 ke final stage of the separation
process, the few and large residual polymer particles besosteptible to creaming, where the
density difference between the polymer and asphalt drivgsollgmer particles to the surface. This
observation drove the same research group to the developméistari@stabilizer” [108] to

modify the interface between the asphalt matrix and pastaoie to stabilize the particles against
the coalescence induced by the Brownian motion. Thus, the sielés the use of a block or graft
copolymer, which should be located at the asphalt/polymefacteand provide an energy barrier
that increases the stability of the system to an acdegd&lkel. It is worth remembering that this
approach cannot be adopted for block PS copolymers, becahs¢ tase, no well-defined
asphalt/polymer interface exists. In a first attempt, fammercially available copolymers were
studied: a di-block SEB copolymer, two chlorinated PE and gqtblylene-g-(poly-
(hydroxystearic acid))) copolymer. Then, as none of these gasitive results, the research shifted
to asphalt-soluble compounds that can be located at thiacgdretween the asphalt and polymer.

29



However, as conventional high-MW steric stabilizers weresufficiently soluble to form an
effective steric barrier, the so called “in situémst stabilization was used. A low-MW precursor
was directly bonded with both asphalt and polymer. This waseotérom a low-MW PB. The
reaction with asphalt was promoted by the use of sulfur, whl@eaction with PE occurred
through an amine anhydride condensation reaction with the usenaflldraiction of amine
terminated butadiene precursor and a small amount of addim&enalized with succinic
anhydride groups.

The procedure was further investigated in [109], in which déineesauthors suggested the use of
devulcanized rubber tire as a replacement for the virgin polgiaunte precursor to reduce the cost
of the technology. The whole procedure of steric stabilizatialssthe subject of an international
patent invented by Hesp et al. [110]. One year lateisdhee approach was used to stabilize the
asphalt/PE emulsion and examine the mechanical behavior, morphahogstability of the
emulsions [105]. The unstabilized particles were found to hahféeaent shape (defined as
teardrop shape) from that of the stabilized ones, whichaapgenore spherical. Moreover, in
addition to the spherical particles, a fiborous morphology was aid@mthe stabilized emulsions.
For unstabilized PE emulsions, the authors suggested the existencatical particle radius
(approximately 4um at 110°C) at which the dominant mechanism for phase sepaséifts from
coalescence to creaming. Both coalescence and creamiagbserved to be hindered by the
stabilizer.

3.5. Asphalt interaction with EVA and other ethylene-baseglastomers

A simple way to use plastomers while maintaining the radirantages of olefinic polymers
without penalizing the storage stability too much isube of olefinic copolymers, where the co-
monomer contains polar functional groups able to improve the intaraetith asphalt. This led to
the use of the EVA [90, 111-119] copolymer, which is probably tbherskin order of importance
after SBS for asphalt modification. Similarly to EVA, atimastomers derived from
copolymerization of a functionalized vinyl monomer with ethylaage been suggested and
studied, including the entire class of acrylic polymers sischolyethyl acrylate (PEA), polymethyl
acrylate, polybutyl acrylate (PBA), poly(ethylene-co-butylyéate) (EBA), poly(ethylene-co-
acrylic acid) (EAA), poly(ethylene-co-methyl acrylate ME), and poly(methyl methacrylate) [25,
30, 91, 114, 120, 121].

EVA has ester functional groups and is available in a huge yafiecbommercial grades, which
allows for choosing among a wide range of acetate contentshiamdegree of polarity and
crystallinity) and MW. This important versatility is accpamied by a competitive-cost, which
positions EVA between pure polyolefins and SB copolymers.

The polar groups may associate with themselves or with aspbalso that the polymers may
supplement or compete with the resins as dispersants fomphatases in the aromatic and
aliphatic medium or, alternatively, directly bind to thptedtenes [114].

Another important issue is the presence of crystalliteésatfrom short ethylene sequences in the
backbone, which may act as the rigid PS domains in bloclosiast and create a gel network
within the amorphous aromatic matrix. A DSC characterizag@formed by Fawcett and McNally
[114] for asphalt/EAA blends showed that the interactions involthegoolar groups (the
amorphous part of the polymer) do not reduce the tendency pblymaer to crystallize, but rather
the polymer crystallized more easily with greater dilutiothe asphalt matrix. The main effect on
the asphalt on crystallization was the formation of smatigstalline regions of the copolymer
(compared to pure copolymer), as testified by a broadening aedihgwof the maximum in the
DSC peak of the melting transition. This effect is even muaeked in blends with 10% of an EVA
(9% by weight of VA) for which a greater fraction of thelymer apparently crystallized from the
asphalt blends than from the pure polymer itself. Again, théadliye regions are smaller and the
melting peak appears broadened and shifted to lower tatpes with respect to pure polymer. A
possible interpretation is that both the olefinic segmentiseopolymer backbone and the saturated
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components of asphalt had to contribute to the observed meltingg & a higher VA content
(29% by weight), the crystalline fraction appeared baretgatable. However, as both EVAs raised
the modulus of the blends at high temperatures, this was iteedpas due to the formation of the
above-mentioned network (which, of course, failed when theadliyestcrosslinks melted) for the
9% VA polymer or due to the polar groups bonding to the asphaltend® 8% VA polymer.
However, the presence of the ester or similar groups doe®lvetthe compatibility problem by
itself, and from this point of view, EVA may be seen msdermediate between polyolefins and
SB copolymers. EVA is a semicrystalline polymer, the stimecof which after swelling is
reminiscent of swelled SB copolymers; the rigid domairntkigicase are constituted by small
ethylene-rich crystalline domains. The domains are intercoeth®y ethylene-co-vinyl acetate
chains, the polarity of which may allow a reasonable degfrpelymer swelling [122], but the
degree of polymer/asphalt interaction remains quite limikég was clearly shown by Airey [123],
who made an extensive rheological evaluation of PMA obtaingdseveral different EVAs and
concluded thatfiller type modification is evident at low temperatures,geratures above the
melting temperature of the semi-crystalline EVA copolymerf@nithose modified binders that do
not exhibit a dominant polymer netwdrkonsequently, the typical morphology of PMAs obtained
with EVA is markedly biphasic, as shown by many researcharan example, in the already cited
work by Mouillet et al. [46], a PMA obtained through modificatiotha8% EVA is described as
biphasic, with bitumen nodules dispersed in the polymeric pMameover, based on FTIR, the
heterogeneity was somehow quantified by calculating thgidlyener content varied by more than
nine times between ARP and PRP, and the procedure of $pedtnaction showed that the
chemical species responsible for the EVA swelling are momatic and substituted by linear
chains in a little more cases than for SBS-modified asphal

A quite extensive list of FM images of PMAs prepared usivmdifferent base asphalts, two
different EVA copolymers (containing 14 and 28 % by weight ofré#pectively), and 4% or 6 %
by weight of polymer can be found in Giuliani et al. [25]. Degiag on the cases, the dispersed
phase may be either PRP or ARP, and the dimensions and sh#pe$wo phases may strongly
depend on the considered blend. However, in all cases, thkedhabiphasic aspect is clearly
visible and far from the homogeneous or orange-skin morphology. Tthis gelude to a “not
stable” nature of the mixes, and as a general consideratmay be expected that a high VA
content would be beneficial for compatibility as it should haeedouble advantage of entailing
higher polarity and lower crystallinity. However, it hdseady been underlined that generalizations
are not possible owing to the presence of many co-interaciingr$. Indeed, diverse and somehow
contradictorily results can be found in the literature. Asxamgple, Bulatovic et al. [124] reported
that mixtures prepared using a 70/100 penetration grade BA a@adAawith 28 wt% vinyl acetate
and a melt index of 6 showed\& increasing with the polymer content and were stable Gfotby
weight polymer, but were unstable for higher polymer contents. Vhienage of the 4% blend
indicates a homogeneous structure in which Pl has alreadyedcwhile, oddly, at 5% EVA
content, a biphasic structure appears.

Garcia-Morales et al. [117] used an EVA/LDPE = 2/1 wastigmer mix with an overall VA
content of 5% with respect to the total polymer. This moda#eat of polar groups led to the
production of unstable blends for which the entire phase separaticesproccurred within the first
24 h of storage at 163°C.

Panda and Mazumdar [125] obtained stable mixtures by usingli3dmf two EVAS containing
18% and 28% by weight of VA. Results presented are consistenthwittiea of a high VA content
being helpful for asphalt/polymer interactions, but other availdde indicate that this is not
necessarily the unique and leading parameter to be consi@udidni et al. [25] mixed two EVA
polymers with 14% and 28% VA contents with two different baseadispf different SARA
compositions and found that for one BA, the most compatible EVAeasiith the lower VA
content, while for the second BA, the EVA with the highér a&bntent was most compatible.
Moreover, Hussein et al. [126] compared the effects ofUlAPEs and two EVAs, the
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characteristics of which are listed in Table 2. Balyyc the two LDPEs (LDPE1 and LDPE2) had
different MWs, while the two EVAs (EVAL1 and EVA2) had MWmdar to that of LDPE2 and
VAs content of 19 and 27.5 wt%, respectively.

The storage stability was evaluated in terms of peraéatehces between the top and bottom
values of |G*|, and from this point of view, the better polymas LDPE2 (which has the higher
MW and is completely apolar), while the worst one was E#Zich has an MW much lower than
that of LDPE2 and is the most polar polymer among those testéeltative explanation given by
the authors for this surprising result correlates the compitimth the “rigidity” of the

backbones, which was much higher for the VA containing arms.

Gonzalez et al. [127] prepared 1% and 3% blends by using fresk@mied EVA contents of 6%
and 5%, respectively. Rheological measurements were perfafteedtorage at 165°C prolonged
until a maximum of 4 days, which showed that phase sepawtcmred in the blends with the
higher polymer proportion in less than 24 h, while the 1% blendssteioée until the fourth day.
The FM images of the top and bottom fractions clearly showedhé 3% blends, the accumulation
of polymer in the top part of the sample. In contrast, fosthble samples, there was no migration
of the polymer, and the top and bottom samples are nearly @eN&vertheless, a comparison of
such samples with the freshly prepared mix shows that polyoadégscence occurred (Figure 11);
therefore, a sort of horizontal instead of vertical separateounrs.

In conclusion, the use of EVA does not eliminate the problem aigaastability, but rather
represents a valid improvement with respect to pure polyslefine availability of several
commercial grades allowed for good tunability of EVA propewried thus the stability of the
modified asphalt. Of course, in the case of EVA, theresanee possibilities to increase the
compatibility further, such as the use of a commercial MAiftgd EVA, as suggested by Luo and
Chen [128].

With regard to acrylates, the paper by Igbal et al. [124Juated the storage stability of PMAs
prepared using an EBA containing 27% by weight of butyl acry&mples containing 4% by
weight of polymer were tested after zero and 72 h of soatis mixing at 160°C and 500 rpm. The
complex moduli at 76°C and 10 rad/s of the top and bottom segteEnescompared, and the
percentage differences were found to be equal to 16.06%, whlichtes the presence of phase
separation within an “acceptable” limit of 20%.

A final consideration regarding polymers containing the esteris that such functionality is
potentially able to undergo a trans-esterification reactubizh, depending on the operating
conditions, may lead to crosslinking and, in the worst casatige!

3.6 Asphalt interaction with reactive polymers (RET) and adls

3.6.1. Asphalt modification with RET

From all the above-mentioned studies, it clearly appearsithiiie case of polyolefins, the
chemical compositions of polymer and asphalt are too complit@tednple mixing, and
compatibilization is effective only by creating a coval@mitdge. This directly leads to the use of
functionalized polyolefins, which can react with asphalt. Gexaimples of such polymers are the
so-called reactive ethylene terpolymers (RET), whiehethylene-based but contain an ester group
(usually methyl, ethyl, or butyl acrylate), and glycidylmetiytate (GMA), which justifies the use
of “reactive” in “reactive polymers.”

RETs have been developed as compatibilizers for blends aflefityand other polymers
containing a functional group able to react with the ossimamgc This should obviously include
asphalts, which may have, for example, carboxylic, hydroxylaamde groups. Thus, compared to
PE, RETs have two potential advantages. The first oneirkerased polarity due to the acrylic
functionalization, while the second one is the reactivitiedntrast, two main disadvantages may
also be easily described: 1) the higher cost; 2) the rigklation due to the rather high number of
GMA groups on a single RET macromolecule, coupled with theepoesof poly-functional
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asphaltene aggregates or molecules. Therefore, to avoitsiyithe amount of RET that can be
used for asphalt modification has a very small upper limhtclvis around 2—-2.5% but may be even
lower than 1% by weight [129].

Recently, Bulatow et al. [130] reported the evaluation of storage stabiitywo base asphalts
modified using two poly(ethylene-butylacrylate-glycidylmethade)aubstances: Elvaloy® AM
(butylacrylate 28 wt%, glycidylmethacrylate 5.3 wt%) d&idaloy® 4170 (butylacrylate 20 wt%,
glycidylmethacrylate 9 wt%). The contents of reactive p@ssrElvaloy AM and Elvaloy 4170
were 1.6 and 1.9 wt%, respectively (these were thermusm possible values without inducing
gelation phenomena), and all the samples were homogeneausgtittemperature storage,
showing no difference in the softening-point value betweerofhand bottom of the tube. Thus,
the use of RET basically guarantees storage stability, teeigh Pérez-Lepe et al. [131] showed
that a certain degree of instability may appear underseenditions of temperature and time of
storage. Nonetheless, the risk of gelation and the resul@@f small polymer quantities implies
that RETs are not ideal to be used alone as an asphalt mdabftiause the overall effect on the
performances can be quite poor [94, 129, 132]. Unfortunately, fibaasfof RET as
compatibilizers between asphalt and polyolefins does not seleavédbeen investigated yet.

The use of glycidyl functionalities may also be obtained #fie direct functionalization of the
polyolefin, thus having the potential advantage of a lower conteapa{y rings with a reduced

risk of gelation. Li et al. [133] compared the use of 8#E before and after grafting with GMA.
Unfortunately, the grafting procedure and final GMA contertheffunctionalized polymer are not
described; however, both the blend morphologies (Figure 12) akbtheeasured after the
storage-stability test (Table 3) indicate a high efficaiche GMA groups in stabilizing the mixes.
Analogously, maleation may improve the compatibility, as shimwPP by Yeh et al. [134], who
did not evaluate the storage stability but demonstrated thro8¢hdnd improvement in the
asphalt/polymer interactions relative to unfunctionalized PP.

In summary, we can state that a limited amount of cremeactions between the polymer and the
asphalt, possibly with asphaltenes, is beneficial becauseyd file double role of consolidating the
polymeric network and stabilizing the asphalt/polymer blend. Antbagroposed methods, the use
of sulfur, carboxylic acids, and epoxy functionalities areatelt the most reasonable ones for
industrial practice; however, all of them are somehow ldnitg the increase in costs, risk of
gelation, and safety considerations (e.g., the generatioydobgen sulfide in the case of sulfur
[135]).

For the sake of completeness, some other reactions thab&awgroposed or patented as suitable
for PMAs can be mentioned. Kawakami and Ando [136] suggéséedse of a polyoxyalkylene
polymer having one or more reactive silicon groups capable of ictasgl by forming siloxane
bonds through the silanol condensation reaction. Turmel and Dony [Ipdsed the use of a
modifying polymer (similar to EMA) containing grafted moistigith terminal unsaturation,
allowing both classical vulcanization with sulfur and convergiag of the ester groups to, for
example, acyl chloride groups that then reacted withaatiye.

Even if not directly correlated to the storage stabilitythe list of reactive polymers, a rapid
mention can be dedicated to epoxy and poly-urethanic asphalts. &paixgit [138-143] is an
asphalt binder (either polymer modified or not) containing the comp®oéa thermoset epoxy
resin that do not complete the chemical crosslinking during theeptfamixing. Therefore, the mix
can be applied and compacted with conventional equipment gadtidy ready for traffic in its
partially cured state. Then, the crosslinking reaction sl@ehtinues at ambient temperature, and
the binder develops full strength over two to four weeks. Theskers were first developed by
Shell Oil Company in the late 1950s as jet-fuel-resistargmawnt for airfield applications. In 1967,
an epoxy binder was used to pave the San Mateo—Hayward beidgs &an Francisco Bay, and it
represents an interesting solution for special applicatocts @s flexible decks, extreme climates,
and very heavily loaded trucks. Thus, in their cured stptexyeasphalts are composed of a
chemically crosslinked network that entraps the entire bismdgguarantees many advantages from
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practical and application viewpoints. As the network developdsgldavwdoes not represent a
solution for phase separation, which may occur as in all bihders. However, it is obvious that
this type of binders may not be subjected to long-term higipeesture storage; therefore, the
phase-separation problem is basically limited to the transporta the paving site.

A quite similar philosophy that is not yet commercial isittea of a poly-urethanic network, which
was suggested by a research group of the University of Husdvaldained by modifying the
asphalt with low-MW isocyanate-functionalized polymershwvaiblyethylene glycol and di-
isocyanate [144-149], or with thiourea [150]. Again, there“ghart-term” modification, which
corresponds to the mixing of asphalt and polymer; the network yenhéormed, and owing to the
low MW, the modifier has little influence on the binder prajest Then, the network develops
during the “long-term” modification, which is a long period ofingr(up to several months) at
room temperature. Alternatively, the reaction can be etgub8lly adding water to the system,
which rapidly leads to the formation of a polyurethane/urea netwdrich, owing to the
development of gaseous carbon anhydride, may foam the binder [147].

Similarly, Singh et al. [151] prepared a binder made throughdhbéion of polyethylene glycol to
an asphalt previously treated with 4,4-diphenyl methane dy#smte and then modified with SBS.
The chemical and thus irreversible nature of the networkestigghe restricted use of such a
procedure to waterproofing/sealing purposes. Finally, Sing eigdested peroxidation using®h

to activate poly(vinyl chloride) particles and promote tlagiinesion to asphalt [152].

3.6.2. Asphalt modification with polyphosphoric acid (PPA)

Modification with acids consistently alters the physico-hascal properties of asphalts, and its
effects are somehow comparable to those obtained with air-bl¢gjingince the process is quite
complicated, it initially did not garner industrial attentiominly because of corrosion problems
and the generation of dangerous by-products. However, it ipbeicame less expensive and
attracted renewed attention. At the moment, PPA is bih&amost important acid introduced in
asphalt technology. PPA was used in 3.5% to 14% of the agpdadd in the United States
between 2005 and 2010 [153].

PPA is an oligomer of §PQO4, which may have more than 10 repeating units (the lesfdgtie chain
mainly depends on the production method) [154], and is used to nasgifialt either alone or in
combination with a polymer.

Even though it is commonly recognized that PPA reacts wihalt, the exact nature of the
reaction is not completely understood. An NMR study indicateddetey of PPA to revert to
orthophosphoric acid after mixing with asphalt [155]; therefibre main effect is not dissimilar to
that of other acids. It has been suggested that PPAhactgh the neutralization of polar
interactions between the stacked asphaltenes molectles, terough the protonation of basic sites
or through esterification. However, many other reactions hege proposed, such as co-
polymerization or alkyl aromatization of saturates, crosslinkingeighboring asphalt segments,
formation of ionic clusters, cyclisation of alkylaromatigeneric reaction with asphaltenes,
phosphorylation, and, of course, any combination of these. A mtaiéededescription of such
effects can be found in [2, 154, 156] and in the cited liteeathereof.

Irrespective of the mechanism, the overall effect slter the solvation of the asphaltenes, thereby
increasing the solid fraction and, hence, the viscositylanddl character of the asphalt. The
impact on the thermal and rheological properties of asphaksiescribed by Thomas and Turner
[157], while Orange et al. [158] showed that PPA incredsehigh-temperature performance grade
without significantly affecting the low-temperature performeagtade. Moreover, they showed that
PPA can be used as a partial substitute of the polynudatéin the same performance grade at a
lower polymer content. The literature describing the effe&RA modification on asphalt and

PMA performances, ageing, etc. is relatively abundant [159-172]

Regardless of the reaction mechanism and the effecpbraks properties, which are widely
described in the scientific literature, our interestBARand other acids lies in the fact that they
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have been thought to improve the storage stability of PMA. Proliablfjrst group to report this
effect was Giavarini et al. [173], who used three ethyj@opylene copolymers of different MWs
to modify four different straight-run asphalts and in all césesd a strong reduction &S if at
least 3 wt% of PPA was added. The same effect of ingonewnt of storage stability was also the
subject of patents. For example, in 1991, Moran [174] observeththatorage stability can be
improved by adding the polymer to an asphalt that has previbasly reacted with an inorganic
acid. Sulfonation of the asphalt-polymer blend [175, 176] and thefulterpenes containing
carboxylic acid groups are the other two examples of suggastambss [177, 178]. Nevertheless,
the scientific literature that directly investigatestaspect of acid modification is scarce and
insufficient to clarify the role and efficacy of theichcAs an example, recently, Zhang and Hu [179]
found that the addition of 0.5 wt% of PPA to a 3.5 wt% SB#Hfred asphalt slightly reduced the
AS from 60°C to 50°C, remaining at values far away fromftii@ge stability, which was obtained
with further addition of sulfur.

4. Inside PMAs

4.1. Morphology and composition of the polymer-rich phase

In previous sections, the primary mechanisms of asphalt/polyneeaction were described
separately for the main classes of polymers currently insasbhalt technology. Several basic
mechanisms of asphalt modification were presented and diddnstbe light of more diffused
models and theories. The species mainly involved in asphgliipolinteraction were identified,
and the migration of asphalt molecules and polymer swelling described based on several
experimental findings. Nonetheless, in most cases, the pichegimg from the literature review
underlines difficulties that are still present and unfaijralise when asphalt technologists attempt
to predict asphalt/polymer compatibility. This section ismyadedicated to PRP and how polymer
swelling influences the overall morphology.

4.1.1. The honeycomb structures

An interesting confirmation and insight into polymer swellingsesd by asphalt components came
from the group of J. P. Planche. In an early work, [46] ieftanicroscopy was used to investigate
the aging of PMAs. The technique allowed for the separatadiesization of PRP and ARP,
which enabled the determination of the polymer contentanviio phases as well as the distribution
of asphalt components (by subtracting the polymer spectrum fr@fMA spectrum) to identify
the species involved in the polymer swelling. The investigavas conducted on binders prepared
using a linear SBS, an EVA, and two SB copolymers sligitdgslinked by sulfur. As an example,
Figure 13 shows the analysis of a 250 x gA0surface of a 6% by weight SBS-modified asphalt,
in which the infrared spectrum is directly converted mtmapping of the polymer content. Even if
not observable with an optical microscope, the polymer comasequal to 0.3% in ARP, which is
not a negligible quantity. In contrast, the polymer conterst #2a2% in PRP, which is nearly
double the value of the nominal polymer content (thus suggestingRiaand ARP are almost
equivalent in terms of volumetric extension inside the bleddpmparison of the original asphalt
composition with that of asphalt in PRP and ARP confirmetithieaspecies responsible for SBS
swelling appear as aromatic, slightly condensed, and substiyilewar chains. In addition, the
rate of highly condensed aromatic molecules was found to be higA&P than in PRP,
confirming that the asphaltenic fraction is not compatible thi¢ghpolymer.

In a second paper, the structure of the physically and chéycasslinked asphalt/SBS blends
was observed using high-resolution field emission gun (FE&)nseg electron microscopy
instruments, coupled with low-contamination, high-vacuum cryo-pagiparequipment, which
allowed the extension of FTIR and FM studies to a sub-midrarseale [180]. This technique
overcomes the disadvantages of conventional ambient-temperatorengcelectron microscopy,

35



which causes the volatilization of the lighter asphalt compomemisg the observation of the
specimens owing to their exposure to an electron beam under vaouages of 1) a base asphalt,
2) its physical blend with 5% of a styrene-butadiene (SB) di-bdoglolymer, and 3) a chemical
blend consisting of the previous physical blend after reactidnsuifur were presented. While the
chemical blend showed a smooth, homogeneous, and featurelas®fsactace, the physical blend
showed polymer-rich domains with diameters between a fewongand tens of microns and with
macrostructures greatly varying with the size. The largesains had a complex honeycomb
structure, which resembles that observed using FM, with waiflgposed of tiny nanoparticles of
polymer only tens of nanometers in diameter. These partidesipposed to be polystyrene
domains because of their poorer solubility in asphalt compatbdtton polybutadiene. In contrast,
the smallest domains had a much more condensed internal struttagldition, single
nanoparticles were dispersed throughout the asphalt matrix.

4.1.2. Surface morphology: AFM (the bees) and SEM

One of the first accurate studies of asphalt and PMA morphaisigg microscopic techniques is
probably the one by Loeber et al. [181], who combined AFM, SEMFahdAs the authors stated,
one of the main advantages of AFM is that samples do notanged-preparation”; therefore, the
real morphology is observed directly without risks of alteratioe to cooling, heating, stretching,
use of solvents, and so on, which inevitably alter the origimlididal structure of asphalt.
Moreover, the technique does not rely on optical transparenityd@es for optical microscopy,
and the resolution is not limited by the wavelength of light. éddéhe three techniques required
different preparations of the samples. The procedures chodeebgr et al. for the three
microscopy techniques were as follows. A hot liquid drop waseglan a steel support for AFM
observations (at 140°C for pure asphalt and 180°C for PMAS) or on slitte for FM, while it

was necessary to remove the nonconducting oily maltenic phise performing SEM analysis.
Therefore, in that case, the asphalt was spread in élthionto a Whatman filter paper, and then
the oil phase was leaked out through solvent extraction in thetihafpdne paper can act as a
support protecting the asphalt structure. This represents theomaiem of SEM, which requires
the removal of maltenes, thus limiting the observation to atsptes, the isolation of which
intrinsically alters the original colloidal structure. Tigportance and criticism of sample
preparation for SEM analysis was already known and descnldEd7i7 by Donnet et al. [182], who
reported images of a sol and a gel asphalt and comparediiffieeent techniques of asphaltene
isolation. The first one was a simple recovering of asphestdmwough precipitation in n-heptane
from a benzene solution. The second one was a relatively evipracedure called transfer-replica
that was ideated to preserve the real morphology (the asphgiie was spread over a mica plate,
then covered with a carbon film of approximately 10-nm thickress subsequently dipped in
toluene until partial dissolution of the asphalt). The third oas wtramicrotomy, in which sheets
are prepared and then treated with heptane.

The evaluation of a suitable sample preparation procedur&fdrdbservation was also the subject
of a more recent paper by Stulirova and Pospisil [183], who cads®veral techniques of
maltene removal in which the dissolution in n-heptane waayal the first step of the procedure.
An alternative to the prior removal of maltenes is theeaf90sQ staining and electron-beam
etching in environmental scanning electron microscopy (ESEM)s@techniques were applied by
Shin et al. [184], who showed a “highly entangled three-dimensnatafork structure” in samples
exposed to an electron beam. As this network was obserbedhminmodified and SEBS-modified
asphalts, the authors exclude a polymeric nature and suppose #ilattien beam volatilizes the
oils, leaving only asphaltenes. This is consistent with the witsens that the structure is stable
even during prolonged exposure to the beam, while it disappearaaaftealing at 50°C (diffusion
of oils to the surface) and re-appears under exposure to a aew BGariously, under a uniform
tensile stress, the “chains” elongated without losing theictre. Staining with Oswvas used
also by Puente-Lee et al. [185], who compared images of &SBS34MA obtained with FM
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(Figure 14a) and SEM (Figure 14b). In this case, there isane of the network structure, and the
two techniques resulted in very similar images with higasolution obtained using SEM.

For completeness, we mention a recent paper by Wei et al, {#86Jused SEM to characterize a
rubber asphalt but did not show high-magnification images oridledtie preparation of the
sample prior to observation. Nevertheless, SEM is not tdeadserve asphalt samples, and in the
last few years, there has been a considerable increpapeérs that use AFM for both
morphological and mechanical characterization. It is well knihahwith AFM, observations can
be made in the height mode (which gives information ondpegraphy of the sample) or in the
force mode (which records force variations on the sample swafateay “see” interacting forces
between different phases). The two modes were comparedbése asphalt, in the above-
mentioned pioneering work by Loeber et al. [181]. The height mbdeed a network structure,
almost identical to that obtained using SEM, that is forimedpherical particles with diameters of
approximately 100 nm and interpreted as asphaltenes. The foreesimmded domains with
alternate dark and light lines described as “bees” bethageesemble the stripes of a bumble bee
and are composed of a series of aligned protrusions (hillsgjepréssions (valleys). The authors
also reported images of a PMA prepared with the sameasabalt through the addition of an
unspecified polymer, where the bees are absent. The absehedbamble-bee structure was
interpreted as due to a “rearrangement” of the original callaitlucture. Curiously, after this
paper, which was the first to use AFM for asphalt imagimg included PMA, a large number of
studies used the same technique, but almost all of them weacatdedo unmodified asphalts. In
particular, the bumble-bee structure attracted the attertimaimy researchers, and their nature has
been the subject of an interesting debate, which mestisr@ mention as it belongs to the never-
ending questions on the asphalt structure. Since the bee stsugareeobserved especially in gel-
type asphalts, the same authors suggested in a later wothdltmmposition of these structures is
directly related to asphaltene colloidal particles andvergel nature of the asphalt [187]. The
asphaltenic nature of the bee-like structures was also sadpgaytlager et al. [188], who observed
their disappearance after the precipitation of asphaltermggtinthe addition of n-heptane; their
results are consistent with the images reported by Wu [@i88l], who showed that for a base
asphalt, such structures increase in size after artifiging. Moreover, in the case of an SBS-
modified asphalt, the bee-like micelles became visible dtdy ageing, and the authors supposed
this was due to the disappearance of the network structtrbiththe asphaltene micelles (Figure
15).

Probably, the first doubt about the composition of the bee phasewiimthe work by Masson et
al. [190], who analyzed 13 asphalts and described four diffprexstes named as follows: 1)
catanaphase (bee-shaped); 2) periphase (around catanaphpagpBase (solvent regions); 4)
salphase (highphase contrast spots). The authors stateddtwairfelation was found between the
AFM morphology and the composition based on asphaltenes, polar aromatic$)erephtomatics
and saturate$.Nevertheless, d high correlation was found between the area of the ‘bee-like’
structures and the vanadium and nickel content in asph@hé year later, the same authors
described the first use of cryogenic AFM and phase-detectioroscopy to characterize asphalt
nano- and microstructures and still associate the bee sersietith asphaltenes [191]. Then, a few
years later, Pauli et al. noticed the disappearantteediee structures as a consequence of repetitive
scanning over the same area, which might have heatatiandoftened the sample [192]. This can
be due to asphaltene aggregation, which might be involvee ioltserved structuring, but an
alternative interpretation is suggested based on soliddivatystallization phenomena. This
possibility was strongly supported by a couple of previously publishpérg, which showed that
the bee structures change in correspondence with the meitipgraure of asphalt waxes [193,
194]. In order to elucidate this aspect, Pauli et al. deltea huge number of AFM imaging of
asphalt samples, taking into account thermal conditioning, hysteféscts, and the thickness of
the sample and also observing isolated SARA fractions dsis/elax-doped asphalts [192]. In this
paper, it was shown that the bee structures were presesphaleene-free fractions. Therefore, they
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concluded that i) the interaction between crystallizingfiiem waxes and the remaining honwax
asphalt components is responsible for much of the micro-structuratggding the bumble bee
structures; ii) the structuring occurs in the nonpolar oil fractinch contains most of the wax-
type materials; and iii) the surface structuring dependbe®mwax type, wax concentration, and
crystallizing conditions, as well as on the asphalt sourcé.was well summarized by Das et al.
[195], “even though different research groups concluded significantly differasbns for the
structures to appear and disappear, the extensive AFM studies havd pnavasphalt has the
tendency to phase separate under certain kinetic conditions and is tegeyndent on the
temperature history.This is why they coupled AFM and DSC studies and observed et dire
correlation between the change of microstructures and ther&$(is: the bees always appear
during wax crystallization and disappear as the wax maltebver, only the asphalt with wax
contents sufficiently high to be detected with DSC showeté¢les, while the nonwaxy asphalt
resulted in a flat AFM image until synthetic waxes wadlded to it. These evidences have been also
confirmed in other papers by Soenen et al. [196] and Fisla&r[@B7] as well as in a very recent
paper by Allen et al. [198]. In the latter, the SARA frags were separated and used to produce
doped asphalts, and it was observed that only saturates hadséecdmsipact on the structuring;
when saturates were maximized, the bee structuring Wwhswhile low saturate contents
corresponded to a low bee structuring. In contrast, almost ewarbination (high and low
percentages) of the nonsaturate fractions resulted in siregastbucturing. Therefore, wax-induced
or saturate-induced structure formation is perhaps the bestusmm;leven though Das et al. [195]
underlined that the percentage of bee phases does not exalgtedo the wax content of
asphalt; therefore, the possibility of a complex structuineglving other asphalt components
remains open. We can thus conclude that a cautious approackssa® to avoid bee stings so
that the expression “wax-induced phase separation” remaimsasterecommended one when
referring to such structures.

Coming back to the work by Masson et al. [190], it should beneipered that it followed a paper
by Jager et al. [188], which suggested an alternativdifdation of four phases observed with
AFM, two of which constitute the bees: 1) the hard-bee pipgesumably containing high polar
molecules; 2) the soft-bee phase; 3) a hard-matrix phaseisding the bees and supposed to
result from the arrangement of the same molecules conggitie bees; 4) a soft-matrix phase.
Finally, it is worth mentioning that AFM has also been usdd\estigate mechanical properties
such as the relaxation modulus [199], local stiffness aastielrecovery [200], adhesion [201],
elasticity/Young's modulus, stickiness/adhesion, hardness anglydoss [202], interfacial
interaction between asphaltic binders and mineral surfac8f gOwell as the morphology of wax-
modified asphalts [204], aging [205, 206], healing properties [Zdjcture of thin binder films
[208], and asphalts modified with nanoclays [209, 210].

4.1.3. The polymeric network

Two very interesting studies and by far a better demoiwsirat the network structure formed by
the polymer came from the research group headed by MacoskKil[H8The interactions of
asphalt with SBS and SEBS were studied by monitoring chandpsniad microstructures and the
morphology observed using transmission electron microscopy (TEM) [lxldgntrast to almost

all other papers, which simulate the polymer concentrationdlysa@pted in the paving industry,
the entire compositional range of the binary asphalt/SBS blasdrwestigated, starting from neat
SBS, which is gradually diluted with asphalt, until a maxamof 96% by weight. When the asphalt
content was between 10% and 90%, the PRP constituted theumugimatrix and was classified as
a macro-network, while at 92%—-96% PRP was the dispersed.B&sed on the TEM images,
inside PRP, a micro-network of asphalt-swollen PB midblock ® microdomains acting as
physical crosslink was observable. At low asphalt concentrdtiershape of the PS microdomains
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transformed from short cylinders to lamellae and hexagonetfpmated lamellae, indicating that
the PS segments were slightly swollen by some asphalt compénéngh asphalt concentration
(40-94%), the shape of the PS microdomains changed from lamedaertaylinders and finally

to spheres. This indicated stronger swelling of the PB eaghy the PB-compatible component(s)
of asphalt. This was also confirmed by the shifts of thef PB blocks, which increased with
asphalt concentration, while those of the PB blocks remained reeasdtant.

In a subsequent paper [58], a similar approach was followed hy 8&BS as a block copolymer,
while the asphalt was divided into asphaltenes and malignesing n-heptane. As expected,
asphaltenes were immiscible with both blocks of SEBS, wihdemaltenic fraction was miscible.
The latter gave an interesting sequence of morphologicafdraregions of the domains, which
passed from a hexagonal cylinder through perforated layemnhédldee and then back to the original
hexagonal cylinder, depending on the maltene content (Figurg@Hi§)sequence reflects a limited
solubility for both S and EB domains, and similarly to what walaserved for SBS, at low
concentrations, maltene is a preferential additive for S domaimke at higher concentrations, it
preferentially swells the EB-rich microdomains. Imagesriakih the use of TEM are reported
also in [212].

A different approach was followed by Fawcett and McNally, wiaduced a series of papers in
which the effect of several copolymers was evaluategrégually increasing their content in the
blends or through their partial substitution with similar copolygerwith the related
homopolymers [59, 60, 95, 114, 213]. In the paper dedicated3d&EB, SBS was gradually
replaced either with a mixture of PS and PB homopolymeisisame proportion as in the block
copolymer or with only one of the homopolymers. In the first,ddieee is a constant composition
of the polymeric phase but a gradual reduction of the proportidagrehg-butadiene block links,
which stabilize the interface of styrene-rich micelled butadiene-rich macrophases. The DMTA
curves of the blends containing SBS showed that they are $@ftetite asphalt at low
temperatures and that replacing the SBS causes a slighibaaldiall in the stiffness. Therefore,
the addition of PS and PB without block junctions was moreteféeto plasticize the asphalt,
presumably because they create less microscopic order. Rustieefrom DMTA, it was observed
that there was a critical point (between 18%—25% replaceoh@BS) for the formation of
polystyrene micelles as crosslinking entities. Further replaoégenerates a progressive decrease
in stiffness related to the loss of coherence among thenmigmaolystyrene-rich micelles. The
observation that the stiffness of blends decreases below ayéthigh temperatures only when a
critical proportion of the block copolymer was replaced whthntwo homopolymers supports the
idea of an extensive network created by the PS domaingethains effective even above the
melting point of such domains. The replacement of SBS wital®& allowed for the observation
of the effects related to an increase in the number andchdiareof the polystyrene-rich micelles
(and removal of rubber blocks), and it was found that the efégess of the SBS polymer in
creating PS microphases was preserved until at least 78% 8BS (at 15% by weight with
respect to asphalt) was replaced by PS. Thus, in those bilemidswere PS domains larger in size
and smaller in number (as demonstrated by FM), but yetethieal PB blocks were observed to be
able to maintain the network structure. In contrast, whenv&®Seplaced with PB, in certain
cases, a stiffness almost three times that of the bleghdSBS alone was observed. This seems to
be related to a network-forming effect, which, at a Yewy concentration of PS domains, probably
involves the asphaltenes.

4.1.4. Physical interconnections. A rheological point of view

Another interesting result related to the network structugenaites from the shear viscosity
functions of SBS-modified asphalts [214]. These functions wackest at different temperatures in
steady-state rate sweep tests, which mostly showedas&adl Newtonian behavior at low shear
rates, followed by two distinct shear-thinning phenomena. Moretheefirst shear thinning was, in
some cases, preceded by a weak shear thickening. The betanialitatively shown in Figure 17.
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As the second shear thinning was also observed in the unndaafdalt, it can be attributed to a
disruption or alteration of the colloidal network mainly formedabphaltenic micelles or micelle
aggregates. In contrast, the first shear thinning is striethted to the presence of the polymer. It
was already mentioned that styrenic domains of block copolyoaerde arranged in a mesophase
structure. Complex phase diagrams can be built for sucknsysand, as the inter-block repulsion
decreases with increasing temperature, it is oftenlgessi identify an order—disorder transition
temperature. However, an order—disorder transition can alswbced through an applied stress
(and, in this case, a shear thinning is observed) or, in@wyby varying the solvent concentration
[215, 216].

A mechanism similar to the order—disorder transition is algolved in this case, starting with the
first shear thinning (occurring at the lower shear rates)aated with a rearrangement of PS
domains. This is consistent with the fact that an increatariperature favors the transitions and
shifts the onset of this shear thinning to the left (whihifts the onset of the second transition to
the right). Therefore, at high temperatures, the tworgleggons appear more distinct than at low
temperatures. This order—disorder transition corresponds tad ‘legrrangement of the domain
structure, which necessarily involves a temporary detachrdéekible chains that “jump” from
one domain to another, thereby determining a temporary ndttive polymeric network. This
hypothesis is in agreement with the observed shear thick&uoh.a phenomenon was previously
described for solutions of the so-called amphiphilic or aaiagi polymers [217-219]. The
simplest examples of such polymers are telechelic polynoasisting of water-soluble chains with
short associating groups at both chain ends. In aqueous solutionsjtyehimpic segments
segregate and form the inner core of micelles, whileathgdr hydrophilic chain segments assume
the so-called “flower” conformation. [220]. At a certamcelle concentration, some chains may
bridge from one micelle to another, building a network that cande the entire solution. Owing
to its physical nature, the network is not permanent; furthére association energy is comparable
with the thermal energy, the chain ends can jump from aoellmto another. Analogously, the
jump can be determined through an applied shear.

5. Improving the storage stability of PMAs

5.1. Conventional solutions in asphalt/polymer compatibilization

Over the years, a large number of solutions have been sed@est patented in order to solve, or at
least reduce, the problem of phase separation during storagd & mmiperatures. Those solutions
include the use of additives to achieve physical or chermmazapatibilization, as well as the
functionalization of the asphalt or polymeric phase and the uadaznization agents to introduce
a chemically crosslinked network in the PMA structure.

Even if not easily generalizable, the importance of asgbafiposition is widely recognized.
Therefore, it is obvious that one of the simplest ways to ingpcovnpatibility is the modification

of asphalt through the addition of light components highly compatifih the polymer. The
addition of aromatic oils (easily available from crude oilrrexfies) is therefore one of the most
suitable and adopted solutions in industrial practice. Howaverder to achieve good
compatibility, it is often necessary to add a consideraleunt of oil, which may have other
drawbacks, such as the excessive softening of the basstasythe risk of dissolution of the
polystyrene domains. Nevertheless, this remains as a gagobsand any oil highly compatible
with SBS can be used for this purpose. As an example, Samt@nBes et al. [221] suggested the
use of oil shale from sedimentary rocks and showed that in bten¢sining 3.5% by weight of
SBS, the addition of 2% to 4% of oil resulted in a reductiakS from 15-26°C to 6-8°C.

5.1.1. Sulfur-based techniques

As is well known, the use of sulfur as a vulcanizing agennséturated rubbers dates back to the
end of the nineteenth century. Since its discovery by Ch@deslyear, there has been a large
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amount of research in the field of vulcanization processesnawadays, tire producers use very
complex recipes that include a considerable amount of additidysts, accelerators, and so on,
which vary depending on the application and desired performbBiesertheless, sulfur remains the
most widely used vulcanizing agent, and its capability ofaateon with C=C double bonds was
revealed to be useful in improving the storage stabilityad@iral and/or synthetic rubbers or their
latex-modified asphalts in 1958 [222].

However, it must also be pointed out that sulfur itselbis o strongly influence the properties of
asphalts. This is why its use in asphalts has been suggesiethefore the appearance of the first
synthetic polymers. Henderson [223] in 1916 patenéelittminous binder consisting of 5 to 10%
sulfur and from 90 to 95% bituminous residuum of asphaltic base petroiewrder to ‘to

produce a plastic binder of superior ductilityhis idea was also used in a patent issued in 1978
[224] with the same primary objective of obtaining an asphisiit high ductility, and the procedure
uses rather high quantities (3% to 7% by weight) of elemsuliir and a small amount (0.5% to
1.5% by weight) of a natural or synthetic rubber.

Therefore, the early applications were based on the uméfof as an independent asphalt modifier,
able to improve the mechanical properties of asphaltic Bnalignout requiring the association
with other materials, such as polymers. The modern expresfsibis technique is a quite large
group of commercial products, named as “sulfur extended asphaltghich sulfur is added in
large quantities and represents the primary modifier §nell Thiopave), with the triple role of
binder, filler and chemical co-reagent. Among the factorgrolling the reaction between sulfur
and asphalt, the mixing temperature plays a determinant rolemfieratures below 140 °C sulfur
incorporation into the asphalt molecules or dehydrogenation withat@mof hydrogen sulfide
may occur. At higher temperatures, the formation of C-S bondsopesra dynamic vulcanization
of asphalt, through the formation of bridges within aromattt maphthenic components, thus
deeply altering the chemical composition and colloidal straafiasphalt. Some authors also
suggest the idea that sulfur itself "polymerizes” when @daolé¢he binder. The interested reader
may start from the paper by Syroezhko et al. [225].

Of course, this kind of application does not directly conceth thie stabilization of PMAs, where
the polymer is the main modifier and sulfur is usually addectry small quantities. Even if we
attempt to limit this review to the scientific literaguthe use of sulfur to improve the storage
stability of PMAs cannot be treated without starting fromgagent literature. The first patents
appeared in the 1970s. In 1971, Petrossi [226] described a pimcpssparing a rubber-modified
asphalt by blending rubber, either natural or synthetic, at 145-185°@eamndlightly reducing the
temperature (125-160°C) and adding sulfur such that the weighofatitfur to rubber is between
0.3 and 0.9. A catalytic quantity of a free-radical volzation accelerator is also added to aid
vulcanization. However, most cited patents are by Maldonadb [@27, 228] of the EIf Union
Company. The authors recommend starting with the preparatemhahogeneous PMA by stirring
asphalt and SBS for 2 h and then adding 0.1%—3% by weight of sulfgtiamdy for 20-60 min
further. During this period, the sulfur is supposed to chengicadict, but the exact nature of such a
reaction is not “completely clear.” The authors underline thatiery important that sulfur
addition follows the obtainment of a homogeneous blend because ayreetoading may lead to
an “ultra-rapid” vulcanization, which freezes the undesired heterogenesylting in a useless
material: “The precise nature of the sulfur's action on the bitumen ancbtijagated diene styrene
copolymer can still not be completely defined. Howeveratttion is rather similar to that of
vulcanization. The action of the sulfur causes a modificationeistitucture of the mixture which
leads to the obtention of bitumen polymers having thermally stablemgmdved mechanical
properties. It is important that the mixture be homogeneous beforagatiai sulfur since if the
sulfur is added prematurely it can cause a setting cross-linkitlgeafopolymers- which is a very
fast vulcanization of the components of the mixture, and lead to an unbsddiogeneous
bitumen-polymet It is interesting to report these words (taken fromUlgepatent [228] but
identical to those reported in the first French version [22&¢puse we can somehow say that they
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contain more or less all the knowledge and skills we have d@Bogdars later. Basically, it is
assumed or supposed that sulfur chemically crosslinks the potyolecules and chemically
couples polymer and asphalt through sulfide and/or polysulfide boneefdte, it is important to
obtain an appropriate distribution of the sulfur bridges that risufficient to create a network
that chemically induces the compatibility; the network shoulfbiraed after the polymer has
attained good dispersion and swelling because it would otheineesse the morphology at an
earlier stage. Finally, the crosslinking degree musubfeently far from the gel point.

Since the publication of the above-mentioned patents, theteebasa huge proliferation of patents
that essentially follows the same idea. In 1994, Bellomy obddhat, in certain cases, the amount
of required sulfur can be reduced to 0.015-0.075 wt% based amthent of asphalt [229]. In a
more recent patent, Gros [230] inverted the order of additiomgoédients and started by
contacting sulfur with asphalt and then contacting a polymerthatisulfur—asphalt mixture. With
regard to the risk of gelation, which can occur if an esigesamount of crosslinking agent is used
and/or in the presence of high polymer loading (in the latt®, ¢he risk of gelation is present even
without the addition of crosslinking agents), Germanaud et d] g8jgested the use of an
“antigelling’ adjuvant with the formula R-X, where R is adgmonovalent organic radical and X
is a carboxylic acid, sulfonic acid, or phosphoric acid group. Asrablution to gelation should be
represented by the incremental addition of sulfur and/or elasttinthe asphalt [232]. Another
possible solution is the one proposed by Chevillard [233], whapfiegtared a crosslinking
elastomer concentrate (by adding the thermoplastic elastordex crosslinking agent to a suitable
carrier oil) and subsequently added it to the heated aspibait & stirred tank. A further alternative
was proposed by Ho et al. [234] and is based on the mixiagoolymer/asphalt master batch with
a predetermined amount of an asphalt-crosslinking agent blend.

As already stated, a potential drawback of elemental salthat during the incorporation of the
polymer and sulfur into asphalt, it is difficult to distribube sulfur throughout the mixture, giving
rise to the risk of preparing nonhomogeneous PMAs. Moreover, jifdlyener and sulfur are added
after the preparation of a mother solution, local over-vulcéinizaf the polymer can occur. A
possible solution to this problem is replacing elemental sulitlra polysulfide, especially
dihydrocarbyl polysulfide, which is more easily soluble in asgB&b].

In summary, after the use of sulfur was revealed to impitevstorage stability, there has been a
considerable proliferation of patents that progressively expaheégarocedures, operating
conditions, and compositions for obtaining storage-stable PMAdifficsult to produce an
exhaustive list of the available patents because of thein ofyptic titles, and interested readers are
referred to the usual search engines dedicated to pakéoteover, after the first waves of patents
based only on sulfur and rubbers, the use of sulfur has been extefttidtie same

compatibilizing purpose, to other polymers not necessarily contaimisaturated double bonds and
has been coupled or substituted by other compounds such as sulfur dolcarszation
accelerators, and catalysts. An example of a pateniitbatiens the list of compounds that can be
used to achieve or improve the vulcanization process datesda@RQ [236]. In this patent, the
operating conditions and crosslinking procedure are identical to thesalied in the previous
patent [226], but the word “sulfur” is substituted bycatpling agent susceptible of providing
sulfur.” This, of course, includes sulfur, as well as any sulfur-donmonsulfur-donor curing
accelerator. A long list of potential compounds was reportedidimgd benzothiazole sulfonamides,
dithiocarbamates, thiuram sulfates, morpholine sulfates, qdlaatamsulfates. Similarly, in three
patents filed by Butler et al., the use of other crosslinkmgnts are described; these include zinc
mercaptobenzothiazole, zinc oxide, and dithiodimorpholine (as a reatéor sulfur); a
thiopolymer and elemental sulfur or mercaptobenzothiazole; zine axid elemental sulfur; as
well as compositions without elemental sulfur such as mercaptotieazole, zinc oxide, and
mixed polythiomorpholine and zinc 2-mercaptobenzothiazole and dithiodimorp[3ine39].

The interesting point of these three patents is that in sothe pfoposed recipes, elemental sulfur
is not included. As one of the main drawbacks in the usespfezital sulfur is that it may cause the
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emission of hydrogen sulfide during preparation of the asphlgitdeo mixes, the use of such
crosslinking agents as alternatives to elemental sulfupigased to eliminate or at least reduce
such emissions. Nevertheless, it seems that in all faisats, the sulfur source releases elemental
or radical sulfur during the preparation process, which may theonndesired formation of
hydrogen sulfide. In 1996, in a patent of the Shell Oil Campa40], the use of a disulfide that
does not release sulfur (and therefore hydrogen sulfide) during naikanrgelevated temperature
was suggested. In this case, the disulfide should act asca cdvmpatibilizer between the polymer
and asphalt and not as a conventional source of free sulfur. gjespd disulfide is preferably a
diaryl disulfide in which each aryl group is a phenyl group urtgubed or substituted by one or
more of the same or different substituents selected fromyhgaribups, t-butyl groups, chlorine
atoms, and carboxylic acid groups. A final, foregone conclusitiratsall these additives are so
expensive that they have not, in general, been used comlityercia

Leaving the vast and disordered world of patents, weetanrto the scientific literature, which is
relatively quite limited for this specific topic. As exdy mentioned, the common idea is that sulfur
crosslinks the polymer chains and couples polymer and asphalt throfige aob/or polysulfide
bonds. However, this supposition primarily originates from the-kvedvn and extensively studied
process of vulcanization of unsaturated rubbers, but clear eeif@nihe occurrence of such
chemical reactions in the case of PMAs has not yet bgenteel. Wen et al. [222, 241] suggests
that the reaction of sulfur with the polymer corresponds tédyr@amic vulcanization,” which is
usually adopted in rubber/plastic blends to prepare the so-tladladoplastic vulcanizate. During
the mixing of a thermoplastic polymer (usually a polyolefinhva small amount of an immiscible,
unsaturated rubber, vulcanizing agents are added, and the rubeegagsdcrosslinking while
mixing continues. This allows for obtaining a final morphology cdimgjof small elastomeric
droplets finely dispersed in the plastomeric matrix. In oroléoltow and describe the reactions
occurring during this process, Wen et al. prepared an asgB&lgulfur blend at a temperature
(120°C) that is high enough to achieve low viscosity and obtaiaaoscopically homogeneous
blend but simultaneously low enough to limit the occurrence of eachetween asphalt and sulfur
or the vulcanization of SBS. Then, samples were heatefixedavalue in the range of 150-180°C,
in which the reactions may start. A simple evidence foctbsslinking reaction originates from the
torque necessary to maintain a constant rpm of the high-sivesr; mhich remains constant for
both binary asphalt/sulfur and asphalt/SBS blends, while diugilty increases for the ternary
asphalt/SBS/sulfur blend. The effect of sulfur was monitoreebgrding the input electric current
of the high-shearing mixer (the torque is proportional to the ieleatric current of the mixer)

while adding first the polymer alone and, one hour later, thars@ulfur addition causes a rapid
increase in torque, which reaches a maximum and then dimineshesdually approach a
stationary value slightly higher than that with the polyntene The authors hypothesize that the
rapid increase is due to the dynamic vulcanization of theé @suble bonds, leading to a
crosslinked network, which is then partially destroyedhgytigh shearing. The formation of sulfur
bridges within the aromatic and naphthenic components of aspagltreate structured complexes
able to “wrap” the SBS particles through polysulfide or sulidads, which leads to improved
compatibility with asphalt. In other words, the sulfur detegsithe vulcanization of not only the
unsaturated rubber but also the functionalized asphalt components aadise, creates
interconnections between the polymer and asphalt. As these donaeat made of primary
covalent chemical bonds and link the polymer with the otherpasgner-incompatible asphalt
components, storage-stable blends can be obtained. The sderecevfor vulcanization was shown
by Jin et al. [242], who presented the curing curves obtanadheometer at different
temperatures and PS contents in asphalt/PS/SBS/sulfur blewd# as theAS values
demonstrating the beneficial effect of sulfur for storagbibty.

Another indirect evidence for vulcanization was reported bytiNez-Estrada et al. [243], who
modified asphalts by using either SB or SBS copolymer andmpeefl a detailed rheological
characterization of the blends. Among the long list of repohtedlogical data, the main
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observation that supports vulcanization is that the rheologicalioeltd SBS-modified asphalts
(with or without sulfur) is far different from that of SB-moeii asphalts without sulfur, while it is
fairly well reproduced by the same blends after the addifioalatively small amounts of sulfur.
This of course suggests that sulfur promotes the formation oymeot network, which allows

SB to impart elastomeric properties to the blend. Owinbeadi-block nature of SB, this would be
impossible without a chemical linkage. For all the sulfur-addedds, improved storage stability
and blend morphology has been reported. Similarly, highly improeeagst stability was reported
by Zhang et al. [244], Sun et al. [245], Chen and Huang [2¥&8 et al. [246], and Aguirre et al.
[247]. Chen and Huang [212] observed the morphology of blends cont@Wtitny weight of SBS
and variable sulfur content through the use of TEM. In all ¢&#S constituted the continuous
phase, and a gradual reduction of the ARP droplets was obdseimle increasing the sulfur
content.

In the paper by Wen et al. [246], classical FM images of fisodbinders containing 3.5 wt% SBS
and sulfur show the development of the morphology during mixing @ig8). The first image
(Figure 18a) corresponds to 1 h of mixing without sulfur. Thefysid added and the mixing
prolonged for another hour, during which the particle size of IE®®mes progressively smaller,
reaching a very fine structure at a magnification of 408hasvn in Figure 18d.

As a general consideration, with the use of sulfur, asagediny other crosslinking agents (among
which we can also mention radiation-induced crosslinking [248%) obvious that the critical point
is the appropriate dosage of chemical bridges, which must be tredayel point. It is also quite
obvious that from a rheological point of view, the effect ofigudfddition may be easily
summarized as a “more elastic” behavior with respedtedd®MAs without sulfur [212, 222, 246].
This especially determines an improvement in the high-teatyner performance of the binders, as
well as a reduction in the temperature susceptibility. ®secthis section, the paper by Ghaly [249],
which shows that SBS and sulfur can be used to improve thgeststability of rubber asphalts
(asphalts modified by using ground tire rubber), can be mentioned.

5.1.2. The use of maleic anhydride

Among reactive molecules, one that received great atteintitve asphalt literature is maleic
anhydride (MAH), which has been widely used as an asphalfierooi asphalt-polymer
compatibilizer. In the first case, the reactions ocogrwith asphalt are not easily identifiable. A
first hypothesis is that the MAH double bonds lead to the formafiarcopolymer in which MAH
alternates with various asphalt components [250]. Howevels-ti&ler reactions between MAH
and the complex aromatic ring of coal [251, 252] and mesophake[250] have also been
observed. Nevertheless, irrespective of the exact mesrharfiinteraction, it is well known that
MAH induces significant changes in the physical propertiespiiat. Nadkarni et al. [253]
modified base asphalt by using 5%, 10%, or 15% by weight of MAHested several reaction
times and temperatures. The materials were then chazadteising dynamic mechanical analysis,
melt viscosity, and softening point. On the basis of the deliedata, the authors concluded that the
chemical modification of asphalt with MAH improves both tetemperature cracking resistance
and high-temperature cohesive strength, and they hypothelsegeddAH induces a thermally
initiated polymerization of the asphaltenes. Another desonilf the effect of asphalt maleation
was provided by Singh et al. [254], who recorded a stiffeningtetiat made the asphalt less
temperature susceptible. Then, a simple mechanism was prppoggdsting that the maleated
asphalt interacts with the hydroxyl functionalities containetiénrecycled LDPE.

In order to improve the elastic recovery of the blends, SBSalsasadded, and in all casA§ was
shown to be far lower than that in the absence of maleadfioreover, the stability of the blends
was further improved when LDPE was pre-milled with MAHisTis not an isolated result, and it is
generally recognized that homogeneous and storage-stable moftasgghalt and polymer can be
conveniently prepared by adding dicarboxylic aliphatic acids areflaéve anhydride, with MAH
probably being the most effective one. Mancini suggested theadditMAH in quantities
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ranging from 2% to 12% by weight, followed by polymer loadingb]2%he obvious drawbacks
associated with this process are mainly the costs and Mahdling in a refinery.

Ciplljauskas et al. [256] found the use of MAH (as well@fosic acid or carboxylic acids)
beneficial for the problem of moisture sensitivity, which rdagermine the loss of adhesion
between the asphaltic binder and aggregate and thus tle@ldign of paving surfaces. The
attachment of acidic substituents may be subsequently neutralizeasic metal oxides such as
lime or magnesium oxide, leading to the formation of insolultleYbnous salts, which strongly
improve the binder resistance to water. Such water-insensaits or polar complexes of asphalt
have been designated by the authors as “asphalt ionomewsdlmgy with ionomers derived from
polymeric materials. A further enhancement in understandinghamical reaction occurring
between MAH and asphalts comes from Herrington et al. [28@),compared the effects of MAH
and related di-acids and anhydride, such as succinic askd) (Fhe FTIR and gas
chromatography-mass spectroscopy indicated for both MAH and SApicaaening of the
anhydride ring to give the di-acid, followed by a slower pre@esvhich the double bond reacts
and the acid functionalities (probably free and hydrogen-bonded aerda)n detectable. The
effect on the rheological properties of the asphaltic binderdeareasing in the following order:
MAH > SAH ~ dicarboxylic acids > monocarboxylic acid and eveterpreted in terms of the
formation (or enhancement of existing) transient networksat species linked by hydrogen
bonding and dipole—dipole interactions with the dicarboxylic acidsther words, the two
carboxylic acid groups are able to link two asphalt spefdasjng a sort of “alternating polymer”
built through hydrogen bonding or dipole—dipole interactions. The additidAéf through the
double bond to an asphalt molecule allows an additional linking>gidies the larger effect of
MAH with respect to SAH. The presence of a single adighctionality is incompatible with this
mechanism and leads the mono-acid to have an effectistmitaat of hydrocarbon oils. However,
the complexities of asphalt species and structures againitmadaaly impossible to obtain
convincing evidences for the existence of alternating copolyorddsels—Alder products. A more
recent paper by Kang et al. [257] investigated the reaofiasphalt and MAH using FTIR and
chemical titration. In contrast to the results of Herringgbal. [250], FTIR indicated that the cyclic
anhydride band in MAH was retained during the reaction, whichroed through both Diels—Alder
andteTi charge-transfer mechanism. The latter was possible beafilgepolynuclear aromatic
nature of asphaltenes that behaved as donors in the chardertprosesses owing to the presence
of the substituted alkyl groups.

Even if not completely clear or, as usual, generalizéidechemical interaction of some asphalt
components with MAH is important and may be used to both im@spkalt properties and
promote interactions and thus compatibility with polymers. Uafately, the high reactivity of
MAH also has an important drawback related to its handliwigstorage. Therefore, instead of
introducing such chemical compounds in a refinery or asphalt giiodiplant, it is preferable to
introduce a pre-step of polymer—MAH reaction and then modifasipdalt with the MAH-grafted
polymer. Of course, this introduces a production step, which shisalinalude an adequate
purification to avoid the risk of having unreacted toxic monowued, it increases the cost of the
material.

Zhang et al. [258] prepared a “polymer modifier” composed of HBRd SBS melt blended in the
presence of variable quantities of LLDPE grafted with MAHDPE-g-MAH) (Table 4) and
compared the performances of the blends with those withouotdleated compatibilizer. The tube
test showed that the presence of a modest quantity of confipatiguaranteed very good storage
stability, where the good quality of such blends was confirtinexigh optical microscopy (Figure
19).

Polymer maleation is a good solution and often simple to esbézause it involves a single-step
melt processing in a screw extruder. However, the MAHtigrais realized through a radical
mechanism, and free radicals may lead to uncontrolled andivelerosslinking of unsaturated
polymers such as SBS and SIS. Therefore, this reactioares indicated for saturated polymers;
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therefore, the best candidate among TPEs is SEBS. Indatshted SEBSs are already
commercially available and were used by Becker et al, {viip compared the storage stability of
PMAs prepared using SBS, SEBS, and two commercial SEB3H containing 1.0 and 1.7 % by
weight of MAH. The latter polymers gave the best rissinl terms of storage stability, but they did
not significantly improve the rheological behavior of the bindais s probably due to the high
MAH content of the two polymers, which leads to excessorapatibilization (it was already
underlined that a high compatibility does not necessarilyyiraplimprovement in mechanical
properties). A lower and somehow modulated degree of graftingecaasily obtained using a self-
made SEBS}MAH, as in the work by Vargas et al. [143]. Of course, alamimprovement of the
compatibility between asphalt and polymer can be obtained viadr fitnctional groups such as
GMA having the same, or similar, reactivity with functiogabups available in asphaltenes. As
there are no commercial SB-type copolymers available inabke of glycidyl groups, the first
necessary step is their synthesis. This was performéeé imolten state by Canavesi et al. [259],
who followed a classical procedure of GMA grafting of SEBS uhdgr shear, and in solution by
Rojas et al. [260], who prepared epoxy-functionalized tapdyeeihe-butadiene copolymers
through a two-step process: anionic polymerization of styrené &Aoutadiene and subsequent
functionalization. Different levels of functionalization, itip to five epoxy groups per polymer
chain, were obtained. The formation of a weak network, wihédame stronger as the degree of
epoxy-modification increased, was observed through the rheolagiaedcterization of PMA
prepared with these materials.

However, as the grafting reaction can be initiated usirgrdifit techniques (such as X-rays, plasma
treatment, ultraviolet rays, and chemical initiators) apdrating conditions (such as solution or
melt), determining the appropriate conditions for SBS alsmsg®ssible. Therefore, in spite of the
risk of crosslinking during the grafting reaction, examplesin€tfionalized SBS used for asphalt
modification were also reported. Cong et al. [261] perforgrafting after dissolving the polymer
in toluene to use low temperatures (80°C), limiting the ofskndesired reactions. Of course, even
if it allows the grafting of SBS, it is obvious that theghnique is time consuming and very
expensive; therefore, it is not suitable for industrial appboati Nevertheless, depending on the
MAH concentration in the solution, grafting degrees up to 5%dight were obtained, and PMAs
prepared with a high (7% by weight) SBS content showed a tendesepdcate that diminished
with the MAH content in the polymer.

A similar approach is the one attempted by Engel eR&2][ who combined the use of SBS with
the “ionomers” of Ciplljauskas et al. [256]. In this case, lasphalt and SBS were initially grafted
separately with MAH, then mixed, and, finally, the agidups were neutralized by adding zinc
acetate di-hydrate to the blends. This leads to the formaitiameversible ionomeric network, the
storage stability of which was qualitatively evaluatedrimnitoring the evolution of the
morphology during storage at high temperature. The blends obtaimgdunsnodified components
were less stable than those obtained with maleated compowaids, in turn, were less stable than
those based on ionomeric interactions.

Following the same philosophy of using an acidic vinyl monomeetfl [263] suggested the use
of methacrylic acid, grafted to SBS through a radiatiorhotewith®Coy-rays and obtained a
graft degree of approximately 6% by weight. Again, the morphcédginalysis confirmed
improved storage stability with respect to the blends obtaumicthe unmodified polymer.
Another possible method to combine the use of SBS and re&atistional groups was suggested
by Wang et al. [264], who synthesized SBS with either anzadyoxylic acid, or hydroxyl
functionalities as the end-group. TEM images showed that the grdlg end of the polystyrene
segment made the morphology of the PS domains disordered and intdgpa@mino- and
carboxylic-acid-terminated polymers showed improved comp&filihd storage stability of the
corresponding modified asphalt, while no similar effect was @bddor the hydroxyl
functionalities.
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5.1.3. Compatibilization of asphalt/polyolefin blends
Following the same idea of creating a covalent bond betweeasifhalt and polymer, all the
solutions already described for the SB-type copolymers cattdmeed. As already stated, one of
the most popular methods to obtain such chemical anchoragedgiafthe use of sulfur. As an
example, Zanzotto and Zanzotto [265] patented the use ohstirgadiene block elastomer and
sulfur to prepare stabilized PE-modified asphalt binders. Aaimolution was also suggested by
Prejean and Babcock [266], who extended the idea to ethyd@odéymers such as EMA, EAA, and
EBA. The use of oxidized polyolefins and sulfur is another podsip67].
Another classical way to anchor the polymer on asphaltene maesulee use of the maleic
group, which was achieved by preparing a maleated asphatiemdnodifying it with LDPE;
LDPE and SBS; or, even better, LDPE previously milled WikH [254]. More precisely,
recycled LDPE was used as a partial replacement ohv8BiS and natural rubber. Again, the idea
is to obtain the features of both polymers, but a compatibibzeeeded and the MAH group is
supposed to work with not only SBS but also the polyolefin owirytivoxyl functionalities
deriving from its recycled nature. Storage stability vwesntstudied through the tube test and
evaluated in terms of the softening point, rheological changdan&rostructural features. The
maleated blends were found to be subjected to phase sepéreteming process was assumed to
be dominant). Nevertheless, they showed a small differaraéparameters (especially in the
rheological ones) of the top and bottom portions of the test tubeactethip those obtained with
the base asphalt.
The effect of MAH grafting was also studied by Li et[268], da Silva et al. [269], and Yeh et al.
[270], who did not show storage-stability data, and more rigdentvargas et al. [271], who
evaluated the thermal stability, morphology, and viscoelastiperties of asphalts modified by an
LDPE, an HDPE, and a BHDPE (which is a bimodal high-defdiyand with the corresponding
maleic grafted polymers obtained through reactive extrubimm FM, it can be seen that biphasic
materials were obtained in all cases: the LDPE wa®disg in isolated spherical particles, which
became smaller after grafting; in the case of HDP& ptilymer swelling was almost absent
without grafting, while after the grafting, the PRP cowbesentire image, indicating an important
effect of the MAH. Finally, the BHDPE is the only one tlater grafting, shows some
irregularities in the shapes of the particles withgresence of small and lamellar structures. Thus,
the morphology shows that MAH has an important impact on polymeralagptieractions, but
simultaneously, it reveals that a high degree of incompayililirvives in the mixes. This is
confirmed by the storage stability test, which in all case® lowelAS values for the grafted
polymers, except for one case (HDBHBAA) that gave an acceptable value.
Ouyang et al. [272] used MAH for compatibilizing an LDPEhaatwaste tire powder (WTP) and
then the resulting blend with asphalt. After trials withefdifferent MAH-grafted polyolefins, an
octane-ethylene copolymer (POE-g-MA) was selected as tisé promising compatibilizer, and
blends composed of POE-g-MA/WTP/LDPE = 8/70/30 were added tolasphariable amounts.
The tube test indicated that in this particular case)8plotted versus the polymer content has a
minimum and only PMAs prepared with 8.5% by weight of the pelyeradditive are stable to
storage, while even a small variation in polymer contemlsléa storage instability. This result is
confirmed by morphological analysis, which shows a homogeneous dispamidor that
particular polymer content. The existence of this minimumnatarely explained in terms of
Stock’s law by supposing that the optimal composition correspondRfoaind PRP with equal
densities.
Analogously to MAH, the GMA functional group also has good patentimpatibilizing
properties, as previously reported by Li et al. [133].
Recalling that steric stabilization (see section 3.4vBrks well for asphalt/PE emulsions, other
similar solutions may be suggested, starting from the consmlethat a copolymer with some
affinity with both components should localize at the asphaitiRface even without a chemical
covalent bond. Ait-Kadi et al. [273] modified asphalt by usigpAa.0 PE/EPDM (ethylene
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propylene diene monomer) mix prepared in the molten stateity aiswin-screw extruder.
Storage stability was not evaluated in terms of the tutighiat the morphology of the blends after
different times of static storage at 160°C show that comparB& alone, in the presence of
EPDM, the polymer particles were smaller and remaindbddigpersed after more than 48 h.
Nevertheless, phase separation occurred, but it is interéstoiggerve that the phase separation
problems are less pronounced for HDPE samples subjected imarifieing than for the unaged
ones. The same authors later arrived at the same conclusiamsustessful stabilization in
mixtures obtained with recycled PE mixed either with EP@ with an ethylene-butylene
copolymer [103]. Even if the softening points were coincidesbme cased\S = 0°C), optical
microscopy and rheological tests revealed large differandbg concentration of polymer
particles in the top and bottom parts of the test tubeer,lis recipe was further modified by
adding a used-tire-derived pyrolytic oil residue loaded in censiide quantities (about 10 wt%)
[274]. Again, a consistent phase separation was obsenatjfdlie micrographs showed an
increase in the volume of asphalt entrapped in the polymeclparind SEM showed a reduction in
the dimensions of the particles. However, the scarce effeall oil pitch as compatibilizers for
asphalt/polyolefin blends was already described a few ye&wsebby Kellomiiki and Korhonen
[275, 276], who observed that it helped in obtaining mixesriewhat more homogeneous, but it
increases polymer miscibility only slightly and is not ablst&bilize mixes.

Perez-Lepe et al. attempted to use several modifiem@mhich an HDPE (previously blended in
the molten state with EPDM by using a twin-screw extrude shown to have “a low degree of
instability” [94, 131]. As an alternative to EPDM, SEBS waswn to have a positive effect on the
control of the emulsion stability, particle size, and comgdatitnf the dispersed PE phase [98].
Finally, the ozonization of PE has also been suggesteg@ssible method to improve its adhesion
with asphalt [277] or the mechanical properties of the blendg.[278

6. Nanocomposite-modified asphalts

Polymer/clay nanocomposites or polymer/layered silicate YAaBocomposites have attracted
great interest because they may exhibit improved mat@riajterties when compared with the
virgin polymer or conventional micro- and macro-composites. dvgments may be observed in
mechanical properties, heat resistance, gas permeaftaitynability, and biodegradability [279-
281]. Of course, the simple mixing of a polymer (usually hydrophairid)a native hydrophilic
layered silicate does not necessarily give rise to thmdton of a nanocomposite. On the contrary,
the poor physical interaction between the two components usemdly to biphasic systems with
hardly improved mechanical and thermal properties. The simpégsto promote the interactions
between the polymer and layered silicate is to convedilicate surface from hydrophilic to
organophilic. Since pristine layered silicates usually coritgittated Naor K ions, this is
achieved through ion-exchange reactions with cationic surfacdacitsas alkylammonium cations.
When dispersion is obtained at a nanometer level, the alatan be defined as a nanocomposite,
and it may exhibit unique properties not shared by its micro caanteror conventionally filled
polymers. Moreover, it is a peculiar characteristic of namgapsites that such improved properties
may be obtained with very small amounts of layeredatéitoadings. This is possible owing to the
very high aspect ratio, which enables a few weight p¢milayered silicates properly dispersed
throughout the polymer matrix to create a very high surfagefargolymer/filler interaction as
compared to conventional composites.

Depending on the obtained dispersion, two main types of PLS nanodten@ws identified: i)
intercalated nanocomposites, in which the layered silicatetste still occurs in a
crystallographically regular fashion, and ii) exfoliates@@omposites, in which the individual clay
layers are dispersed in a continuous polymer matrix (Figure 20).
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The two technologies of PMA and PLS, although known for severabddecwere combined only
recently. The main and simple idea was to transfer thentatyes of the second one into the former.
However, even if improvements in the performance have aeliaved using ternary
asphalt/polymer/clay (APC) systems, the main advantagevdsimmediately observed concerns
increased asphalt/polymer compatibility. Even though somehow aaexp this is not surprising,
because it was already known that clays may be used asitbitiger agents in polymer blends
[282-291]. This is possible because the organoclay, even ifr@ntéifly located within the bulk of
the most compatible polymer, may also localize at thefadied region. Consequently, the
interfacial tension is reduced, the minor phase-dispersedleatbse the typical rounded shape
they possess in the pure polymer blends, the droplets coalescaritbited, and a finer dispersion
is obtained. It is reasonable to suppose that a similapatioilizing mechanism may be found in
APC, with asphalt playing the role of a low-MW polymer.

6.1. The asphalt—clay binary system

From a chronological point of view, the study of asphalt/clayacteons started well before the
introduction of polymeric nanocomposites and probably dates balk tsé of the so-called oil-
sands, which are naturally composed of both components. In sigistbe main goal was somehow
opposite because it was necessary to remove the clayshieamative oil. In the most common
extraction process, the oil-sands are conditioned with hot wetamsand caustic to release the
bitumen from the sand and other solids. Gravimetric separatidmir floatation then produce
bitumen froths, which contain significant amounts of water andsstilat must be removed before
bitumen upgrading. Therefore, there are several studies defdioajdhe interactions between
bitumen and clays through zeta potential distribution measuremenr2292AFM [292], and

model systems such as particles coated with asphalterigoj29odel water-in-hydrocarbon
emulsions [296] and ii) the removal of the solids from the bétutmefore the upgrading process
[297-299].

In asphalt mastics, the aggregates are added in theof@amowder to asphalt and can be somehow
considered as “additives” or fillers, paralleling thesslaal addition of micro-fillers to polymers
with the main difference being the high level of loadingdusethe case of asphalts. Clays used to
substitute such conventional fillers may result in asphalt-rianposites, which closely resemble
polymeric nanocomposites. In the case of asphalts, the interagtith clays are slightly favored
by i) the asphaltenes, which guarantee the presence ofynotséional groups, and ii) the lower-
MW components of maltenes, which may easily intercalatedsst the clay platelets owing to their
small dimensions. However, this is not sufficient to counterecoverall hydrophobic nature of
asphalt; further, in this case, the use of organo-modifiga tlalps the intercalation-exfoliation
process. This is confirmed by a few studies in which both neatl#hd unmodified clays were
added to asphalt. Yu et al. [300] obtained an intercakitedture when using montmorillonite
(MMT) and an exfoliated structure when using organomodified moritionite (OMMT)

exchanged with octadecylammonium ions. Unfortunately, the autltbrotispecify if this result
was extended to all the investigated clay concentratrangifig from 0% to 10% by weight).
However some indication may be obtained from the plot of vigcesitclay content (Figure 21), in
which the MMT and OMMT curves appears very different untildéy content. Then, the
viscosity of the asphalt modified with OMMT shows a shauquction in slope. This suggests that
5% may correspond to the maximum clay content able to providedadggree of exfoliation.
Higher clay contents do not lead to further exfoliation, angtbperties converge to the MMT
values.

In another paper, the same research group [301] reporteceezalated structure using OMMT and
a micrometer-scale dispersion with MMT. Again, the bettgpelision has a strong influence on the
binder properties. As an example, in a frequency sweephestdrage modulus of the original
binder and the MMT-modified binder are very similar and stclassic trend of base asphalts.
In contrast, with OMMT, a plateau zone for the phase angleasly visible and indicates a
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profound variation in rheological properties, which are striatlyedated with the internal structure
of the material.
An accurate characterization of the asphaltic nanocompeageerformed by Zare-Shahabadi et
al., who compared sodium bentonite (BT) and organically mad#oelium bentonite (OBT) as
nanoadditives [302]. The XRD analysis revealed that thdanytarspacing of clay increased from
1.48 nm (BT) to 3.16 nm (OBT) owing to the organo-modificatiool@y. After mixing with
asphalt, it became 1.95 nm for BT, indicating the inteticadabf asphalt molecules into the clay
galleries, while in the case of OBT, the XRD patternrahtishow any peak, suggesting an
exfoliated structure. Similar observations were reporiegther papers (see, e.g., Jahromi et al.
[303] and You et al. [304]); however, it was also found thavagtinmodified) clays may form
intercalated structures in the asphaltic matrix (see, Zxgng et al. [305]).
A recent study performed an interesting characterizatiolgusi-M of a binary asphalt/OMMT
mix in which XRD analysis had shown the exfoliation of ttey §209]. The topographical and
phase images with a dimension of 60 xué®were nearly identical for the control asphalt binder
and 4% nanoclay asphalt composite, suggesting a uniform d@pefdhe clay within the asphalt
binder, while a few differences were appreciable at a snsaiéde. The addition of clay does not
significantly affect the shape and dimension of the beedikuctures, but it increases the contrast
between the dispersed phase and the matrix. This iprieted as a “higher degree of molecular
coordination between the exfoliated layers of the nanoclagriaband the dispersed domains in
comparison with the flat asphalt matrix.” In other words,ldbe-like structures should interact
better with the nanoclay layers than with the asphaltixpathere they are dispersed. In apparent
contrast with this interpretation is the one reported by Zleaaty, who compared images of a base
asphalt and its mixtures either with a sodium MMT or with theesponding OMMT [210]. After
MMT modification, the contrast between the matrix and the déggkbee structures is inverted
with respect to base asphalt, but this inversion is predenmith the introduction of OMMT “due to
the good compatibility between the OMMT and the asphaliiil&r considerations are then
repeated for a ternary asphalt/polymer/clay system lgereixt section/paragraph) [306].
It is worth noting that in a few papers, the storage styabil the binary asphalt/clay systems was
evaluated. In the above-mentioned paper by Yu et al., tlsaaf@eved through the tube test
(163°C, 48 h) [300 Yu]. Of course, the method is not designeahfasphalt/clay system, and the
difference between the top and bottom softening points does ndy teaslate to a direct
conclusion on the degree of clay migration. Neverthelessetieted values help to parallel
mixtures prepared with different clays and indicated dslidetter stability with the use of
OMMT compared to the use of MMT. More recently, Cong ef38l7] used the same procedure to
evaluate the stability of mixtures of asphalt and diatonite. differences between the softening
points of the top and the bottom sections were found to increasedf3°C at 5% by weight of clay
content up to 1.4°C at 20% clay. These values were ieteghby the authors as proof of very high
storage stability. However, it is again necessary tallrétat the test was developed for PMA. Thus,
a result of stable or unstable in this test has a diffenemierical meaning. If, for example, a 5 %
SBS content may easily enhance the softening point by 40-50°Ct th@hvious that &S value
of a few degrees centigrade corresponds to a very snfaliatite in the polymer contents of the
top and bottom sections. The situation changes completely whenfilierrs that, even if added in
high quantities, scarcely affect the softening point. In théecit is obvious that the acceptab&
should be lowered accordingly. Unfortunately, the authors reportloelyS and did not provide
absolute values for the softening point; therefore, it is not pedsildxtrapolate the degree of
diatomite separation during storage. Nevertheless, based personal experience, when nanoclay
is dispersed and asphalt starts to intercalate the clwlgifa the increase in viscosity makes it
absolutely impossible to manage such a high clay loading. THausgported values seem to
indicate dispersion at the micrometer scale. Another reegatr ghat evaluates conventional and
rheological properties (and aging resistance) of OMMT-modédmgehalts is the one by Mahdi et al.
[308].
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6.2. The asphalt—polymer—clay ternary system

Before considering the APC ternary system, it is useftéteember that there are three main
techniques to prepare PLS. 1) From solution: the silicdiessiswollen in a solvent of the polymer,
and then the polymer is added so that its chains may intiereadd displace the solvent within the
interlayers. During the last step of solvent removal, the palynchains maintain their position in
the silicate interlayers, forming the nanocomposite. 2) Throwghaampounding: this is an
annealing process, static or under shear, of the polymer (dbawelting temperature) and the
silicate. 3) In situ polymerization: the layered sile# swollen within the liquid monomer or a
monomer solution, and the polymer forms directly between tlyeptddelets.

Among the three methods, the third one is certainly not of ceneisit, while the other two deserve
a few comments from the point of view of asphalt modificatkerst, it is quite obvious that melt
compounding is the only method that can be easily applied imefdeof asphalts because it is
compatible with current industrial process and suitable faydls of thermoplastic polymers.
Asphalt, polymer, and clay may be added and mixed in a stegpe Otherwise, it is possible to
divide the process into two consecutive steps: the firsistepprepare a classical nano-composite
to be subsequently used as an asphalt modifier in the seconbhgteplatter case, the three
methods of nanocomposite preparation can be potentially used diepnd. § he differences
between these two mixing procedures are very important antdendliscussed in detail; however, it
is obvious that from a practical point of view, the use of aesulis not possible in the paving
industry. Therefore, in both cases (direct mixing of the thogeponents and pre-mixing of
polymer and silicate to prepare the nanocomposite), melt compouwednagns the only suitable
method of preparation. Nevertheless, the mechanism invalvengse of a solvent is not
completely extraneous to APC: thus far, we depicted asphaltawv-MW polymer, but we can also
reverse our point of view and describe it as a high-MW salVisngmaller-MW molecules can
intercalate the silicate layers more easily than theonamecules of a polymer. In this sense, the
contemporary mixing of asphalt, polymer, and clay can be coesi@dsran intermediate method
between melt compounding and solution intercalation. It is a methmelt compounding by
definition, but the asphalt components of lower MW may play dheesrole of the solvent as in
solution intercalation. They can both swell the polymer aidminate the clay, favoring polymer
intercalation. The main difference is that in the aafseanocomposites, the solvent is removed
from the system at the end of the procedure, while in AlRCasphalt remains as a blend
component.

The first research group that reported the production of APC()s&BS and kaolinite [309], (ii)
SBS and organobentonite (a silane coupling agent was also adtledtend) [310], (iii)
poly(styreneb-ethyleneb-buteneb-styrene) (SEBS) and kaolinite [311], and (iv) LDPE or EPDM
and silica [312]. In all cases, the polymer and clayevpeemixed to form a nanocomposite
subsequently used for asphalt modification. Several polymemaiemg were tested and the storage
stability, blend morphology, mechanical and rheological propeofithe APCs were characterized,
while the intercalated or exfoliated nature of the mixas not investigated. In all cases, a positive
impact of clay on storage stability was observed and matinlipuited to a reduction in the density
gap between PRP and ARP. As already mentioned, the migohtRiRP toward the top of the tube
is due to its lower density relative to ARP. If we suppbse ¢lay (which has a density more than
double compared to those of both polymer and asphalt) preferefdizles in PRP, then its
presence will reduce the density gap between the two pidsess the simplest explanation and
may be formulated irrespective of any other consideratidimeofole of clay in the overall structural
arrangement of the blend. Unfortunately, there are no dispetirimental evidences supporting the
hypothesized prevalence of clay in PRP. Nevertheless, theleztvalues of ring and ball are
certainly consistent with this interpretation. As an exanmfddle 5 lists the softening point of the
top and bottom sections for the asphalt/SEBS/kaolinite mixes giwen SEBS content, the higher
the clay content, the lower ti%S. Moreover, at high clay loadings, this difference cam @ezome
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negative, indicating that PRP migrates toward the bottatmeafube. As an example, we can
consider the mixes with 4% SEBS, in whit8 decreases with increasing clay content until it
reaches negative values. At high clay loads, the polymeases become the heaviest and storage
stability is obtained at clay amounts that balance the &#®RIPARP densities. A similar effect of the
inorganic content oAS was reported in [312] for LDPE-modified asphalts.

However, from the reported studies, it appears that theget@tability is not simply due to a
missing migration of two well-distinct phases: there@dear evidences of an improved
compatibility between asphalt and polymer. First, the shapdiamehsion of the dispersed phase
strongly change in the presence of clay. Moreover, theiriaygnces the physico-mechanical
properties of the mixes in a manner that suggests a cemplarangement of the internal structure
[313]. Therefore, the improved storage stability is celyaielated to the clay density, which
implies that the clay resides prevalently in the PRPitl&imore likely due to a real
asphalt/polymer compatibilizing effect.

Another interesting aspect is the importance of the prepagatomedure. As anticipated at the
beginning of this section, APC may be prepared in two diffexsays. The first one may be named
“physical mixing” (PM), and it consists of the addition ofycénd polymer to asphalt as separate
entities. The second one is a “master batch” (MB) procatiatenvolves the addition of a PLS to
asphalt (the two procedures are schematized in Figure 22).

All the mixes reported in Table 5, except for one, wereiobthusing MB. The only mix prepared
using PM was shown to be unstable during high-temperature storagesitinage stabilization is
achieved only with premixed polymer and clay, which is coesiswtith the idea of clay residing
preferentially in the PRP. In the absence of polymer/fotaynixing, clay would preferentially
interact with asphalt for two reasons: 1) the asphaltene cotmmosvhich is rich in polar groups,
and 2) the statistical probability due to the strong prevalehasphalt in the mix. In contrast, in the
case of MB, the two components interact and bond with e&ehn béfore coming into contact with
asphalt molecules. This suggests that the already estabiigbeactions may at least partially
survive the subsequent asphalt modification. This leads toletetypdifferent arrangements in the
microscopic structures of APC prepared using MB or PM amaseqjuently to different effects on
properties and storage stability. The same research grelypdanfirmed this point and found
similar results using a styrene-butadiene rubber (SBR) andhlqmdtygorskite and an organo-
modified palygorskite clays [314].

This first interesting series of paper thus introduced théshRnd firstly observed the effects on
storage stability and the importance of the preparation procddionever, the internal structure
and nanocomposite nature of the blends were not directly investjgatd this aspect was first
explored by Polacco et al. In the first paper, a base kspdmmodified with SBS and an OMMT
(Cloisite 20A, prepared from sodium MMT through treatment with thgiedihydrogenated-tallow
ammonium chloride and subsequently referred to as 20A) througmmelg [315]. First, binary
asphalt/clay and polymer/clay blends were prepared, and subfggthe ternary blends were
prepared using both PM and MB. Thus, four sets of blends wellaldea(1) SBS/20A, (2)
BA/20A, (3) BA/SBS/20A PM, and (4) BA/SBS/20A MB. All the imglients and blends were
characterized using XRD in order to determine if and wipas of nanocomposites were formed
(Figure 23). Starting from the binary BA/20A blend, it was fothmat irrespective of the clay load,
the interlayer spacing of the clay nearly doubled (compared taRkiee) owing to asphalt
intercalation. Moreover, the XRD spectra indicated a pakfdliation of the stacks, and the
storage tests showed the absence of phase separatidresglldata clearly indicate a high degree
of interaction between BA and 20A. Furthermore, the SBS/20A blrlands were prepared with
different clay loads, and in all cases, intercalated nanocat@pegere obtained. Again, the
interlayer spacing was found to be independent of the caydad it was lower than that of
BA/20A blends, suggesting that the clay had higher compatikility the asphalt than with the
polymer. Finally, the XRD patterns of the ternary blends shahaidboth PM and MB mixes
resulted in intercalation with interlayer spacing equahéd obtained by mixing asphalt and clay
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without the polymer. This indicates that the swelling abilitaghhalt molecules to enter the clay
stacks is not affected by the mixing sequence. This was somebldistpble because the polymer
chains are present in a very small amount with respedbalt molecules and they interact with a
limited amount of clay functionalities. Therefore, polyrabains, even if already intercalated
between some of the clay platelets, are not expected totititeinteractions between clay and the
small and abundant asphalt molecules. Thus, the degree of irtierceddully determined by the
asphalt molecules and is independent of the mixing sequence. tastptite mixing sequence is
expected to strongly influence the ability of the polymdntercalate the clay stacks at least for
two reasons: 1) during melt blending with asphalt, the shearsr&awer than in a polymer/clay
blending, and 2) polymer chains may not compete with asphalt uiedao swell the clay stacks,
but their high inertia in the swelling parallels a high il@eaiso in leaving the stacks. Thus, once the
clay-polymer interactions are established, asphalt moleauvdesot necessarily expected to
substitute the polymer chains in clay interlayers. In otfweds, the similarity in the XRD spectra
does not necessarily correspond to a similarity in the intstnaiture of PM and MB mixes.
Effectively, the two types of blends showed different stosdgkilities, morphologies, and
rheological properties.

Starting from the morphology (Figure 24), the binary BA/SB&shdlhas a typical biphasic
morphology, which results in high-temperature storage instahititiyindicates a swelling of the
polymer limited to the lighter asphalt fractions. In the fkhary blend, the situation is
significantly different. The pattern is still biphasic, ahd shape of the microdomains is somehow
similar to the previous one, but the dimensions are smailtiicating an improved compatibility
and stability of the system. A further improvement of thephology is observed for the MB
blends, which had the canonical aspect of a perfectly cdng&MA with an “orange skin”
pattern, where the PRP and ARP phases are almost indishiablais

The simplest explanation of these differences follows dyréaim the combination of
morphological and XRD analyses. We already noticed that agpbbdtules tend to intercalate
quite easily into clay platelets. Moreover, owing to theiapéilinctionalities, it is expected that
asphaltenic molecules are also involved in this intericaagven if they are not favored by their
dimensions in comparison with the maltenic molecules. Onceldlganterlayers are swollen by the
asphalt molecules, the polymer intercalation follows theharism of the solution intercalation,
where, as already stated, the solvent molecules areghalasiolecules, which are destined to
remain in the system. The role of asphalt is that otieent in solvent intercalation. However, by
switching the point of view from that of nanocomposites to dh&MAs, we also observe an
important role of the clay, which favors the contact betwkerpblymer chains and those asphalt
molecules that would otherwise be confined in the AREhifnsense, the clay action resembles the
already mentioned compatibilizing effect exerted at a pehjolymer interface. In this case, the
clay acts as the substrate where polymer and asphalteneutaslenay come into contact, reducing
the differences in composition between the PRP and ARP pl@isesurse, the polymer being the
one that is more difficult to move among the clay interlayiessMB procedure had a favorable
starting condition, in which half of the procedure is alreadypmeted and only the “ease to move”
asphalt molecules remain to intercalate the clay.

A second analogous study was performed by using EVA as a potymediifier and by comparing
the effect of two different organoclays [316, 317]: 20A anditeed3B (subsequently referred to as
43B), an OMMT modified using dimethyl dibenzyl hydrogenated tabommonium. The results
paralleled those just described for SBS: the binary blesdweakedly biphasic, the two clays
worked as compatibilizers, and the MB procedure gave bestigitsehan the PM procedure in both
cases. The morphological analysis gives a clear picturehamngsghat clay 43B has a
compatibilizing effect less pronounced than 20A has (Figure 25).

It is interesting to observe that this result could have pesglicted from the XRD spectra of the
two binary EVA/20A and EVA/43B master batches. The first amaccordance with other spectra
reported in the literature [318, 319], corresponds to intercié&tioliated nanocomposites, in
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which all the tactoids were intercalated by EVA chaingdntrast, in the EVA/43B pattern, the
original peak of 43B is still present and a new peak traadawer angle indicates a partially
intercalated hybrid structure. Moreover, the basal peakedfltly in the hybrid had a shoulder at
higher angles, indicating that a part of the original tactoidagstd, perhaps due to degradation of
the organo-maodifier [320]. Therefore, this observation seemmgggest that better compatibilizing
effect should be expected from the clay that interacterwith the polymer. This is not
unexpected, because the polymer is the limiting factoraridimation of APC nanocomposites and
the MB procedure based on the establishment of pre-interabebneen polymer and clay.

Of course, the differences observed among the blends prepared®MsmgMB are reflected in the
macroscopic behavior. Rheological properties studied in samgilitude oscillations, start-up of
shear flow, and repeated creep and recovery tests showexva@dghermo-mechanical properties
of the ternary blend prepared using MB [317].

It is therefore ascertained that the MB procedure ifeable to the PM procedure because it
guarantees better homogeneity, stability, and mixture perfarendlowever, the PM procedure has
at least the advantage of being simpler from an appleatint of view because it involves a
single step using classical paving equipment. Therefore,d¥erdes further attention, and it must
be pointed out that, in the above mentioned studies, physixaignias performed by
simultaneously adding polymer and clay to the melted aspt@liever, based on the idea that pre-
established interactions may at least partially sunvitbe subsequent mixing phases, it could be
expected that a sequential addition of polymer and clay nsaijt ie an internal structure different
from the one obtainable with simultaneous mixing. This intergstspect was found in recent
papers by Galooyak et al. [321, 322], who prepared a mix usingh@MRC based on SBS and
OMMT and claimed that the order of mixing does not signifigaadfect the characteristics of the
final samples. Therefore, the chosen procedure was to addTORMMan SBS-modified asphalt
and XRD analysis was performed only in this case. Evdeifuthors claim that an exfoliated
structure was obtained, the reported spectrum does not cledilyrctinis claim. The same mixing
procedure was used by Tang et al. [323], who added an MMB$enSodified asphalt.
Unfortunately, the XRD spectra do not seem to reveal tkeeniak structure in this case as well. The
same authors then evaluated the properties of paving mixegdepith this binder [324].

Zhang et al. prepared an APC with an intercalatedtstrel by first adding SBS to melted asphalt
and then, after approximately 30 min of shearing, an OMMT®][38FM images of BA, SBS-
modified asphalt, and OMMT/SBS-modified asphalt confirms taendtic effect of clay on the
blend morphology (Figure 26). The unmodified base asphalt showed dosithirtke previously
described bee-like structure in the presence of SBS, the golycth domains were visible, and the
phase contrasts in Figure 26a and Figure 26b are invertecaoeanpith BA. This is due to a
change in the tip—sample interactions, which is affectedégdmple stiffness. Finally, after
OMMT addition, the contrast between the dispersed domainthandatrix decreases, and the
overall aspect resembles that of BA, demonstrating thahé#terial has a quite homogeneous
structure.

Recently, the same research group published a similar sttldyh@isame mixing sequence
performed with SBS and expanded vermiculite, both organomodifidahot [325]. The XRD
patterns of the modified asphalts showed that the unmodified mlaiygain their interlayer spacing
after blending, while the two modified vermiculites seem tadrapletely exfoliated. The two
different structures are also characterized with sligtifferent storage stability, which is better for
the blends with organomodified clays. However, the unmodifiedattyresults in a stable blend,
but unfortunately, the stability or instability of the asphalt/®#ry blend is not reported,;
therefore, the real contribution of the clay may not be atetl Nevertheless, from these studies,
we can conclude that, depending on the cases, the PM proceaube rsufficient. Unfortunately, a
comparison with an alternative mixing sequence in not avajlabld the order of addition of
ingredients in the PM procedure deserves further investigitiancomplete understanding: 1) its
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influence on the APC structure and properties and 2) an appraogh@te of the sequence and
mixing times may at least partially fill the gap betw& and MB procedures.

A further few recent studies are worth of mentioning.dassl. modified conventional asphalt by
using linear SBS and OMMT [326] and stated that MB is miare tonsuming and expensive with
respect to PM, which was used for this reason, by addingeaithgredients at simultaneously. This
paper does not compare different mixing procedures and does naigatesither the APC
structure or its storage stability; it is mainly devotedhie evaluation of effect of clay on the
rheological properties. Nevertheless, it is somehow retatedr topic because the mixes are
prepared by adding a fourth component, which is specified adfar*based compound.” The clay
and sulfur-containing compound probably cooperate for the improvementhoddgatalt/polymer
compatibility and binder properties.

Fang et al. used an OMMT and a PE packaging waste (fesh milk bags) to modify an asphalt
using both PM [327] and MB [328]. The XRD analysis indicatespgresence of an exfoliated
structure in the ternary blends, and FM showed that the OMMilian improves the polymer
dispersion in the asphalt. The spherical shape of the PRRrdoshaw that, even in the presence
of clay, PE remains sufficiently far from storage sigbil

The effects of nanomaterials on the binder performancestabeen considered here, because the
review was mainly dedicated to the storage stability. éles, interested readers may find this
aspect in many of the above-cited papers as well agaryaecent review by Fang et al. [329].

7. Conclusions

PMAs are continuously gaining importance in the paving praciu nowadays, almost all
highways and main routes are prepared by using such binders,hakigimany advantages. In
addition to a prolonged resistance to the usual failures defateaffic load and atmospheric
conditions, the presence of the polymer allows for the productisaurfdproof open-graded
pavements with anti-skid properties for rainy days. All ¢h@dvantages, plus the reduction of
maintenance operation easily counterbalance the initial messf estimated at about one and half
that of unmodified asphalts.
The main difficulty in the PMA industry is related to {@or compatibility between asphalt and
polymer, which is manifested by the tendency to separategduigh-temperature static storage or
during transportation to the paving site. In the worst casepblienomenon causes a macroscopic
segregation of asphalt-rich and polymer-rich phases, tlee l&ing highly viscous and difficult to
handle. Thus, paving must be performed before the thermodynaminathble asphalt/polymer
blends prepared with a high-temperature/high-shear proceseparate. Almost all PMAs are
subjected to this risk and whether they will separate oisrmdsically a kinetic problem. Therefore,
since the first application of PMA, a high number of reseasctoeused their attention to this
problem, which may be approached in several ways and reptisesutbject of this review.
First, it is useful to determine if a given PMA is staagable or not, and several specifications to
determine this were developed in different countries. loaaés, the test consists of a small-scale
simulation of the storage, during which the two incompatible phraagsseparate and vertically
segregate; therefore, a comparison of the top and bottom pespattiws for quantifying the
stability. Since most asphalt specifications have been alge@lin the first decades of the twentieth
century, such a comparison is often based on indirect negasats of classical quantities such as
the ring and ball or penetration tests, which are still cugr@ised but do not provide a direct
guantification of the polymer segregation inside the sanvpdee recently, the Superpave
specification introduced the use of more accurate rheologieasunements; however, in all cases,
there is an arbitrary threshold in the difference betweeand@ottom properties. Such an
approach is useful from the specification point of view, butuhisatisfactory to describe and
understand the separation process. Therefore, many other teshhaye been introduced. The
modern approach is mainly dedicated to the study of the strwtdrenorphology of PMA. Optical
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and electronic, as well as AFM, X-ray, thermal, and giobl analyses have been extensively
used, which resulted in a big improvement in the understanélidlyla, which is constituted by a
polymeric network swollen by the asphalt molecules. Howereen the high complexity and
variability of asphalt composition, a generalization offiaeameters that influence the storage
stability of PMA is nearly impossible. The interactions lesw asphalt molecules and polymer
depend on their polarity and reciprocal affinity, which mapalepend on other parameters related
to, for example, the polymer architecture and MW. Neversisekhe most important characteristics
of both asphalt and polymer leading to an improvement of the stetalility have been
established, and only a few polymers proved to be suitabssgdralt modification, even if none of
them guarantee storage stability. It is always necessamsrify the stability, which depends on the
asphalt, polymer and modification process (mixing apparatus, ogecanditions, and so on).

As is the case for polymer blends, an important part ofebearch has been dedicated to the
development of compatibilizing agents. However, in the ca8&As, the physical
compatibilization based on the reduction of the surface tebgitveen the two ingredients has
limited effect, and the most effective method is chehdoenpatibilization. As the most widely
used polymer contains unsaturated double bonds, a mild vulcanizati@sgradich creates
chemical bonds among polymer chains or among polymer chains arat asplecules, has always
proved to be the most effective one. Unfortunately, the uselfir or other crosslinking agents
also has many drawbacks that limit the diffusion of sudhnigcies, and the “magic” universal
compatibilizer remains elusive. In this context, the recanthpduced asphalt/polymer/nanoclay
ternary systems are very interesting. In addition tgttential advantages in the performance of
the asphaltic binder, the APC systems showed that thendgyact as a compatibilizer and strongly
enhance the morphological properties and storage stability ospheldpolymer blends. When
comparing the APC systems with the classical polymemocamposites, double paralleling is
possible. On one hand, the asphalt may be seen as a lowdWwier: during the mixing with a
high-MW polymer, the clay partially localizes at the inderél region, acting as a compatibilizer
between the two polymeric phases. On the other hand, asghalienseen as a high-MW solvent,
which swells both polymer and clay, aiding polymer/clay ax#@ons.

Owing to its lower MW and higher polarity, asphalt is usuallyre compatible with organo-
modified clays than with the polymer. Moreover, asphalt comssitine major part of the mixture;
therefore, its interaction with clay is also favored frastatistical point of view. This explains the
observed differences between the physical-mixing and madtdr{meparation procedures. In the
first procedure, only a minor part of the clay acts as adariaand enhances the asphalt/polymer
interactions, while in the second procedure, the polymer/caynpxing enables interactions
between the clay and polymer that survive the subsequent phaserg with asphalt.

One of the main drawbacks of APC can be related tintinease in binder viscosity due to the
presence of clay. Consequently, higher temperatures maguieseduring paving, which is in
contrast with the recent tendency to warm mix asphaltsdatred to reduce temperatures
traditionally required for production, laying, and compaction.réfuge, a desirable future
perspective is the joining of APC and warm-mix asphalt t@ kiee advantages of both
technologies.
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10. Appendix A — List of abbreviations

[G*| magnitude of the complex modulus
AFM atomic force microscopy

APC asphalt/polymer/clay system

ARP asphaltene rich phase

B butadiene

BHDPE bimodal high density PE

BT sodium bentonite

CLSM confocal laser scanning microscopy
CS complete solubility

DMA dynamic mechanical thermal analyses
DSCB degree of short chain branching
EAA poly(ethylene-co-acrylic acid)

EBA poly(ethylene-co-butyl-acrylate)

EMA poly(ethylene-co-methyl acrylate
EPDM ethylene-propylene diene monomer
ESEM environmental scanning electron microscopy

EVA poly(ethylener-vinyl acetate)
FM fluorescence microscopy
FTIR Fourier transfer infrared spectroscopy

GMA glycidylmethacrylate
HDPE high density poly(ethylene)

HSP Hildebrand solubility parameter
I instability colloidal index, or Gaestel index
ls separation index

LAST laboratory asphalt stability test
LDPE low density poly(ethylene)
LLDPE linear low density poly(ethylene)
MAH maleic anhydride

MB master batch

MDSC modulated differential scanning calorimetry
MFI melt flow index

MMT montmorillonite

Mn number average molecular weight
MW molecular weight

Muw weight average molecular weight
OBT organomodified sodium bentonite
OMMT  organomodified montmorillonite
PBA polybutyl acrylate

PEA polyethyl acrylate

PI phase inversion

PLS polymer/layered silicate

PM physical mix

PMA polymer modified asphalt
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POE octane-ethylene copolymer

POM polarized optical microscopy

PP polypropylene

PPA polyphosphoric acid

PRP polymer rich phase

RET reactive ethylene terpolymers

S styrene

SAH succinic acid

SARA saturates, aromatics, resins, asphaltenes

SBS poly(styrend-butadienes-styrene) block copolymer
SEBS poly(styrend-ethylene-butené-styrene)

SEM scanning electron microscopy

SHRP Strategic Highway Research Program

SIS poly(styrends-isopreneb-styrene)

TEM Transmission Electron Microscopy

Ty glass transition temperature

TLC-FID thin layer chromatography with flame ionization datect
TPE thermoplastic elastomers

UCST upper critical solution temperature

WTP waste tire powder

AS=S-S, difference between the softening points of top 48d bottom (§ sections of the tube
test

Greek symbols
0 phase angle
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11 Tables

Table 1. Physico-chemical characteristics of the polyetigd (Table 1 of [102]). M= number-

average molecular weight, and,M weight-average molecular weight.

PE Mw Mw/M, | DSCB (CHs/1000C)

HDPE1 | 247,50(| 18.t -

HDPE2 |171,00(| 7.7 0.77
m-LLDPE1 | 142,000 1.7 10.8
m-LLDPE2 | 115,000 1.7 10.5
m-LLDPE3 | 96,500 2.5 12.8

Table 2. Polymer characteristics (adapted from Table[126).

Polymer Mp My Mw/M, | VA content | Storage stability
(g/mole) | (g/mole) (W%) (%)

LDPE1 | 7,400 72,000 9.7 - 9

LDPE2 | 8,300 | 103,000 12.4 - 3

EVA1 7,60C | 36,00( 4.7 19.C 5

EVA2 5,80C | 30,00( 5.2 27.5 18

Table 3. Composition and storage stability of the blends (ad&piadlable 2 of [133]).

Polymer

Polymer content

(%)

AS (°C)

LDPE

Polymer separatio
and agglomeratior

=)

GMA-g-LDPE

0.8

11

1.t

oghwoob~w

2.5

Table 4. Blend compositions and tube-test results (from Talded 3 of [258]).

Sample ID | HDPE/SBS/LLDPE-g-MAH | AS (°C)
a 4/1.3/0.1: 15
b 4/1.3/0.2° 2.7¢
c 4/1.3/0.4 0.15
d 4/1.3/0.0 25.5
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Table 5. Effect of Kaolinite (KC) content on the high-tenapere storage stabilities of SEBS/KC-
modified asphalts (from Table 4 of [311]).

Formulation S
(°C)

SEBS % | SEBS/KC | Top | Bottom | AS
(w/w) wWw) | (S) | (S)

100/0 53.0 50.0 3.0

100/50 | 52.5 52.8 | -0.3

100/C 57.C] 53.¢ 3.2

100/1C | 56.5| 50.¢ 5.7

100/30 | 55.0 52.0 3.0

100/50 | 55.5 55.8 | -0.3

100/56 |59.0/ 52.0 7.0

100/70 52 525| -0

Ul

100/0 70.5 58.0 | 12.5

100/5C |57.C] 58.C | -1.C

100/C 85.C] 67.t |17.t

ool DOOW

100/50 59 60.5| -0.

Ul

#mix prepared using PM.
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12. Figure captions

Figure 1
Figure 2

Figure 3

Figure 4
Figure 5

Figure 6
Figure 7
Figure 8
Figure 9

Figure 10
Figure 11

Figure 12
Figure 13
Figure 14
Figure 15

Figure 16

Figure 17
Figure 18

Figure 19
Figure 20

Figure 21
Figure 22
Figure 23

Figure 24

Qualitative behavior of a generic property “Pa d&snction of polymer swelling.

Viscosity as a function of time while mixing SBShwiwo different base asphalts (B
and M) at two different shear rates (Figure 1 of [20]).

a) Virgin block copolymer and b) swollen copolymer. Trey glots represent the
asphalt molecules, which are mainly located in the saftira

Schematic representation of typical morphologies wdislerusing FM.

Relationship betweénand asphalt composition and betwégandl|. (Figures 4 and 5
of [47]).

HSP for the PS and PB blocks and asphalt fractdapt{ed from Table 1 of [58]).
Phase diagram reported by Varma et al. [67{i(Eid of [67]).
1,4 and 1,2 addition in butadiene polymerization.

Morphology of PE-modified asphalts: a) 1% HDPE1 and H)DRE?2 (Figure 1 of
[102]).

Particle size distribution for a PMA prepared i#th LDPE (Figure 5 of [107]).

Morphology of binders containing 1% recycled EVA: (a) bestomage, (b) top after
storage, and (c) bottom after storage (Figure 11 of [127]).

Morphology of the LDPE and GMA-g-LDPE binders (Figuoé [A.33]).
Polymer mapping in SBS-modified asphalt (Figure 4 f4&j).
(a) FM and (b) SEM images of a 12 % SBS-modasgdhalt (Figures 1 and 2 of [185]).

AFM images of (a) base asphalt, (b) aged asgbpBBS-modified asphalt, and (d)
aged SBS-modified asphalt (Figure 3 of [189]).

Microstructures of melt-processed maltene/SER&dbI with maltene content (by
weight) of: a) 10%, b) 20%, c) 30%, d) 40%, e) 50%, and f) @iy ed from Figure 4
of [58])

Qualitative behavior of a viscosity function withear thickening and two shear
thinning phenomena.

Morphology development with the mixing time of SBS-madiiisphalt with sulfur.
(Figure 8 of [246]).

Optical microscopy of the four blends of Table guff& 2 of [258]).

Schematic illustration of three different typesPeS nanocomposites (Figure 4 of
[279)).

Viscosities of MMT- and OMMT-modified asphalts asuaction of clay content.
(Figure 3 of [300]).

Schematic representation of physical-mix and madtdr-peocedures (A = asphalt, P
= polymer, C = clay).

XRD patterns of BA, 20A, SBS/20A = 95/5, BA/20A = 95/8/38BS/20A = 93.3/4/2.7
PM, and BA/SBS/20A = 93.3/4/2.7 MB. All ratios are in wiwsigure 1 of [315]).

FM of (a) BA/SBS (b) BA/SBS/20A PM, and (c) BBS/20A MB.
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Figure 25 FM of (a) BA/EVA, (b) BA/EVA/20A PM, (c) BA/EX/20A MB, (d) BA/EVA/43B
PM, and (e) BA/EVA/43B MB (from Figure 1 of [316]).

Figure 26 AFM images of (a) BA, (b) BA/SBS, and (c) BBSOMMT on a scale of 15
[ImX1571m (Figure 4 of [306]).

81



Figure 1
Click here to download high resolution image

V/A Storage Instability
@ Storage Stability
77, Ideal Zone l ArRP

Pl Phase Inversion PRP

A

|

S..

Mechanical properties

A\

Swelling



Figure 2
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Figure 3
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Figure 5
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