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Abstract. The objective of this article is to provide a critical synthesis and review of the
potentials of the most relevant techniques and analysis procedures for styrene-butadiene-
styrene (SBS)- and epoxy-modified bitumen based on fluorescence microscopy. This
analysis considers SBS-modified bitumens with the mass fractions of SBS from 1.5to0 6 %
and epoxy-modified bitumens with 10 to 90 % of epoxy. The content of polymeric phases
plays a main role in the morphological characteristics and the percolation of microstruc-
ture. The SBS-modified bitumen shows a tendency towards distortion of droplet shapes
into complex microencapsulated structures, thus significantly increasing particle’s bulk
volume. This also seriously questions the assumption of continuum used in the linear
viscoelastic testing and modelling. The microstructure of the epoxy-modified bitumen
gradually evolved from an even dispersion of epoxy droplets to almost bimodal disper-
sion of bituminous particles within epoxy. By approaching the phase inversion, epoxy
gradually encapsulates bituminous nuclei. Future research should focus on how micro-
structure affects the non-linear viscoelasticity of bitumen, especially regarding the for-
mation of large polymeric agglomerations. Besides, an involvement of infrared micros-
copy is critical for understanding the interfacial chemical interactions of polymer and
residual bitumen.

Key words: polymer-modified bitumen, styrene-butadiene-styrene (SBS), epoxy resin,
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1. INTRODUCTION

The contemporary scientific development of asphalt science, especially form the aspect
of bitumen modification, inevitably introduced more sophisticated and fundamental meth-
ods for experimental evaluation and computational analysis of bitumen’s microstructure.
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This advancement essentially fosters deeper scientific understanding and interpretation of
material’s behaviour as well as its macroscopic performance. The application of various
microscopic techniques [1] aims to provide an insight in how different external impacts are
manifested across different length scales of asphalt down to bitumen’s internal structure.
Although, fluorescence microscopy has been extensively used for the evaluation of micro-
structure of polymer-modified bitumen, the compatibility between the polymer and base
bitumen, as well as for assessment of the homogeneity of their blend, quantitative charac-
terisation of the morphology and topology has been barely introduced for both scientific
and practical purposes. For this reason, a systematic quantification of the microstructural
features, including the kinetics of their evolution over time is critical to link the bitumen’s
chemical composition with its conventionally evaluated rheological properties. Since both
bitumen and polymer are phases which undergo percolation in the critical domains of blend
composition, temperature, shear stress state, and other, they can both experience phase in-
version. Consequently, the system can consist of both discrete particles and continuous
percolated entities, which stresses the importance to evaluate the most suitable approaches
for the quantification of the morphology in both cases.

The most common solution to elastomeric polymer-modification of bitumen is the dis-
persion of styrene-butadiene-styrene (SBS). Nevertheless, simultaneously to its, generally
positive, effect on the overall mechanical behaviour the micromorphology of SBS-modi-
fied bitumen can be quite dependent on conditions bitumen is subjected to. This especially
refers to thermo-oxidative ageing and mixing during the process of production [2, 3]. An
intrinsic component of such morphological variability is the percolation and depercolation
of bitumen and SBS as main and quasidiscrete phases of the system. Regarding the volu-
metric composition, the above-mentioned conditions can result in the dispersion of SBS
droplets within continuous bituminous phase or vice versa. Such potential evolution is con-
firmed to be directly reflected in bitumen’s macroscopic mechanical properties [4].

The use of epoxy resins is another common type of modification of bitumen, where the
interfacial morphology is even more influential because of a drastic difference between
individual phases’ thermo-mechanical response [5, 6]. Due to epoxy’s much higher mod-
ulus of elasticity and much lower thermo-mechanical sensitivity, the understanding and
ability to influence the epoxy-modified bitumen’ microstructure is even more significant.

The variability and potential temporal evolution of the polymer-modified bitumen’s
microstructure is the major goal of the microscopic analysis of this material [7-11]. There-
fore, the objective of this article is to provide a critical synthesis and review of the most
relevant microscopic techniques and analysis procedures for polymer-modified bitumen.
For this purpose, the fluorescence microscopy is considered as the most common approach.
Besides, this consideration is focused on the SBS- and epoxy-based modifications as the
most common modification approaches.

2. MATERIALS AND METHODS
2.1. Materials

To review the effect of different initial volumetric compositions of bitumens, this anal-
ysis considers SBS-modified bitumens with the mass fractions of SBS of 1.5, 3, 4.5, and
6 %. Since the phase inversion phenomenon is typical for the optimisation of epoxy-mod-
ified bitumen’s composition, bitumens with the mass fractions of 10 to 90 % of epoxy [1]
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are also considered. For both bitumens, blends and microscopy specimens are prepared by
already well-established procedures [5, 6, 12]. Thus, the SBS-modified specimens are pre-
pared by inducing fractured surfaces of deeply frozen specimens, while the epoxy-modified
specimens are observed by placing a drop of the blend on a glass plate.

2.2. Postprocessing and analysis of images
2.2.1. Segmentation

The most important algorithms used in postprocessing original micrographs are the
clustering of the histograms of grey values and the thresholding of the individual phases
[13]. Where applicable, various algorithms for the reduction of imaging noise could also
be applied, but this potentially results in a certain loss of details in original images.

2.2.2. Clustering and thresholding

The clustering operation groups the grey values of original images by applying the k-
means algorithm, so the resulting groups (clusters) correspond to distinct physical phases.
In the case of SBS-modified bitumen, three dominant phases can be distinguished from the
histogram and correspond to the continuous bituminous phase (Phase 1), interfacial diffu-
sion gradients (Phase 2), and SPS particles (Phase 3). The clustering algorithm determines
grey values standing for the centres of individual clusters by minimising the mean squared
distance of individual histogram values to the nearest centre [14—-16]. The output clustered
images are subjected to thresholding [16] to obtain the final binary images of the phases.
All subsequent morphological analyses are performed on these thresholded binary images.
The disposition of individual image phases in the case of SBS-modified bitumen [17] is
shown in Fig. 1.

Phase 1 Phase 2 Phase3 Phase 1B Phase 1N
(SBS) (interfacial zone) (residual binder) (bulk SBS)

Fig. 1 Overview of phases segmented from the micrographs of SBS-modified bitumen and
their physical interpretations

Nevertheless, it must be pointed out that the segmentation of all image phases only
corresponds to the fluorescence properties of specimens. The analogy of these properties
to the chemical compositions, and thus physical interpretations (polymer or bitumen in this
case) is purely empirical. This is the reason why the image phases are designated by generic
names (Phases 1, 2, ...) rather than using their material interpretation [13].
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2.2.3. Morphology of discrete particles

The size and shape of discrete entities of the thresholded binary images (referred to as
particles) are characterised by the area-weighted cumulative distribution functions of par-
ticle areas. In addition to the distribution of particle areas, the particle shape is quantified
by their circularity (measure of deviation from the round shape) and solidity (measure of
convexity) [18].

2.2.4. Local thickness distribution

The characterisation of the morphological features of highly interconnected (net-
worked) phases is done by determining their local thickness distributions [1, 19-22]. The
local thickness distribution takes into account the phase’s entire volume (are in the case of
microscopy) without performing any disconnecting operation [13]. This algorithm succes-
sively applies morphological erosions and dilations [23]. The resulting subset areas are
used to calculate the local thickness distribution as
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where gep represents the area fraction of individual eroded and dilated entity with the ra-
dius r, i represents the index of phase, j represents the index of iteration, Aep represents the
area of the entity, A represents the total area of the given phase, Acum represents the com-
plementary area to Aep, AAep represents the differential area, Ar represents the increment,
and rmax represents the maximal radius. The principle of this analysis is shown in Fig. 2.

3. RESULTS
3.1. SBS-modified bitumen

The fluorescence micrographs of the SBS-modified bitumen [17] are shown in Fig. 3
and Figure 4. It can be seen that the SBS content is a decisive factor for the morphology,
as well as the topology, of the systems’ internal structure. The most obvious effect is that
higher content of SBS increases in the areas of individual SBS particles. In this regard, at
the lowest SBS content bitumen is a homogeneous dispersion of polymer droplets. Never-
theless, at 3 % of SBS the polymer droplets begin to be encapsulated with characteristic
shells around the nucleated bituminous phase. At 4.5 % of SBS, the system clearly became
a polynuclear encapsulated dispersion with a considerable degree of inter-particle coales-
cence [24-26]. This process culminated for 6 % of SBS, but, even then, the bitumen obvi-
ously had no tendency to approach the phase inversion.
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Fig. 2 llustration of the general principle of the successive analysis of local thickness
distribution: (a) successive operations of erosion and dilation as functions of radius
and (b) output map of the local radii [1]
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Fig. 3 Fluorescence micrographs of the SBS-modified bitumen: (a) 1.5 % of SBS, (b) 3.0 %
of SBS
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Fig. 4 Fluorescence micrographs of the highly SBS-modified bitumen: (a) 4.5 % of SBS,
and (b) 6.0 % of SBS
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The particle area, circularity, and solidity distribution of the main and supplementary
phases are shown in Figures 5 to 7, respectively. The diagrams confirm the significant
increase in particle areas with the SBS content, and such behaviour is consistently present
in both Phases 1 and 1B. On the other hand, the areas of bituminous nuclei (Phase 1N) also
increase considerably, but this trend stabilises as the highest SBS content is reached.

The circularity of individual SBS particles also increases with their area (i.e. mass frac-
tion). Because of the mentioned nucleation process, the discrepancy with the results of
Phases 1 and 1B became evident at 4.5 % of SBS. This evolution strongly distorts the shape
of SBS particles at the highest content of SBS, and almost all larger particles are below the
empirical limit of 0.5. As it is well-known from the previous research, the solidity is less
sensitive to the content of SBS, and in almost all cases of SBS content, well above 0.5.
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Fig. 5 Particle size distributions (cumulative area-weighted distributions as functions of
particle area fractions): (a) Phase 1 corresponding to SBS droplets and Phase 1B
corresponding to bulk SBS droplets, and (b) Phase 1N corresponding to the nuclei
within SBS droplets [17]
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Fig. 6 Distributions of particle circularities (cumulative area-weighted distributions as
functions of particle circularities): (a) Phase 1 corresponding to SBS droplets and
Phase 1B corresponding to bulk SBS droplets, and (b) Phase 1N corresponding to
the nuclei within SBS droplets [17]
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Fig. 7 Distributions of particle solidities (cumulative area-weighted distributions as functions
of particle solidities): (a) Phase 1 corresponding to SBS droplets and Phase 1B
corresponding to bulk SBS droplets, and (b) Phase 1N corresponding to the nuclei
within SBS droplets [17]

3.2 Epoxy-modified bitumen

A original micrographs of epoxy-modified bitumen specimens [1] are shown in Fig. 9.
As simulated by the selection of initial volumetric compositions of these blends, it can be
observed that the systems undergo a typical phase inversion with epoxy phase percolating
(and bituminous phase depercolating) as the fraction of epoxy increases. Unlike SBS-mod-
ified bitumen, the distortion of epoxy droplet morphology (below the inversion point taking
place in the range from 40 and 50 % of epoxy) is much less present. It is noticeable that,
as the composition approaches the inversion, an extensive encapsulation of bituminous nu-
clei at 40 % of epoxy is the dominant mode of the system’s destabilisation. Nevertheless,
since the phase inversion itself apparently happens as a catastrophic event, such condition
is not possible to capture with the given increment of the epoxy content.

Fig. 8 Original fluorescence micrographs of the specimens with different mass fractions
of epoxy, we: (2) We=20 %, (b) we=40 %
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Fig. 9 Original fluorescence micrographs of the specimens with different mass fractions
of epoxy, (¢) we=60 %, and (d) we=80 %

Above the inversion point, the specimens transformed to a mostly homogeneous dis-
persion of bituminous droplets within the continuous epoxy matrix. As the content of epoxy
approaches 90 %, the droplets’ spatial distribution becomes less random with a considera-
ble agglomeration of the smallest bitumen particles and their apparent merging (closely to
the resolution limit). Such configuration shows a tendency towards a bimodal dispersion
with highly constrained movability of droplets.

Since the blend with 40 % of epoxy represents the most complex case of the percolation
of both phases, colour maps of its phases’ local thickness distributions are shown in Figure
10 and 11.

Phase 2

0 d=150 pm

Fig. 10Visualisation the local thickness distribution colour maps of Phases 1 and 2 at 40 %
of epoxy: (a) Phase 1 (b) Phase 2 [1]
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Phase 2N
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Fig. 11 Visualisation the local thickness distribution colour maps of Phases 2B and 2N at
40 % of epoxy: (a) Phase 2B and (b) Phase 2N [1]

The diagrams of these distributions of Phase 1 are shown in Fig. 12. It can be observed
that the local thicknesses grow with the content of epoxy as epoxy droplets coalesce and
grow in size. However, as both Phases 1 and 2 percolate into the characteristic networked
topologies, the local thickness distributions drastically drop directly suggesting the lower
bulk viscosity of epoxy polynuclear capsules.
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Fig. 12 Local thickness distributions of Phase 1 (combined samples and envelopes) for
different mass fractions of epoxy: (a) pre-inversion domain (10 to 40 % of epoxy)
and (b) post-inversion domain (50 to 90 % of epoxy) [1]
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4. CONCLUSIONS

This article reviewed the potential for the quantitative micromorphological characteri-
sation of polymer-modified bitumen with the application of SBS and epoxy based on flu-
orescence microscopic measurements. The analysis took into account the morphological
parameters of size and shape of discrete particles (droplets), as well as the local thickness
distribution of interconnected phases.

It can be concluded that the volume fraction of polymeric phases plays the main role in
the morphological characteristics and the percolation process of the observed specimens.
Moreover, the two considered polymers exhibit completely different microstructural be-
haviour. in this regard, SBS-modified bitumen shows a more prominent tendency towards
distortion of droplet shapes into complex microencapsulated configurations with signifi-
cant increase in particles bulk volume. Despite the fact that the chemical diffusion between
the phases cannot be evaluated by the fluorescence microscopy, the nucleation of bitumen
inside polymer is the underlying reason of the macroscopically observed phenomenon re-
ferred to as polymer swelling. Furthermore, the presence of large SBS structures seriously
questions the assumption of continuum during the bitumen’s linear viscoelastic testing
(commonly by oscillatory shear).

It is confirmed that the microstructure of the epoxy-modified bitumen gradually
evolved from a dispersion of spherical epoxy droplets evenly distributed throughout the
bituminous phase to an almost bimodal dispersion of partially coalesced bituminous parti-
cles within an epoxy percolated matrix. The inversion of phases does not take place sym-
metrically around the inversion point. Thus, it is typical that a system approaching the in-
version first gradually incorporates bituminous droplets inside epoxy (acting like a cap-
sule), while the inversion itself happens within much narrower range of epoxy contents
(possibly as a catastrophic event).

Although the available results provide lots of knowledge on how the microstructure
affects the macroscopic rheological performance, there is still insufficient understanding
on how the microstructure causes the mechanical non-linearity of specimens. Moreover, it
is necessary to comprehensively investigate the potential effects of the formation large and
heterogeneous polymeric structures on the validity of the hypothesised continuum in the
calculation of mechanical variables from the rheological measurements.

Future research should explore the systems’ behaviour closely to the domain of phase
inversion which is necessary for the optimal design of composition of modified bitumen
blends. An important subject for further work is the involvement of advanced infrared mi-
croscopic techniques to also obtain an insight into the chemical interactions at the interface
between a polymer and residual bitumen. Consequently to the expected diffusion of light
derivatives from bitumen into the polymer, the macromechanical manifestations of the re-
sidual bitumen’s impaired mechanical properties are important to understand the compen-
sation between positive and possibly negative roles of polymer modification on the micro
scale.
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PREGLED POTENCIJALA
ZA KVANTITATIVNU MIKROSTRUKTURNU ANALIZU
POLIMERNO MODIFIKOVANOG BITUMENA

Predmet ovog rada je da pruzi kriticku sintezu i pregled najrelevantnijih tehnika i postupaka
analize bitumena modifikovanog stiren-butadijen-stirenom (SBS) i epoksidnim smolama na bazi
fluorescentne mikroskopije. Analizom su obuhvaéeni SBS-modifikovani bitumeni sa masenim udelom
SBS-a od 1.5 do 6 % i epoksidno modifikovani bitumeni sa 0 to 90 % SBS-a. sadrzaj polimernih faza
igra glavnu ulogu u morfoloskom karakteristikama i perkolaciji mikrostrukture. SBS-modifikovani
bitumen pokazuje tendenciju ka distorziji oblika kapljica u kompleksne mikroenkapsulirane
strukture, tako znacajno poveéavajuéi ukupnu zapreminu Cestica. Ovo ozbiljno dovodi u pitanje
pretpostavku kontinuuma koja se koristi pri linearnom viskoelasticnom ispitivanju i modeliranju.
Mikrostruktura epoksidno modifikovanog bitumena postepeno evoluira od homogene disperzije
kapljica epoksida do skoro bimodalne disperzije cestica bitumena u okviru epoksida. Priblizavajuci
se inverziji faza, epoksid postepeno enkapsulira bitumenske nukleuse. Buduce istraZivanje treba da
se usredsredi na to kako se mikrostruktura odrazava na nelinearnu viskoelasticnost bitumena,
posebno s obzirom na formiranje krupnih polimernih aglomeracija. Pored toga, primena infracrvene
mikroskopije se smatra kriticnom za razumevanje medufaznih hemijskih interakcija polimera i
rezidualnog bitumena.

Klju¢ne re¢i: polimerno modifikovani bitumen, stiren-butadijen-stiren (SBS),
epoksidna smola, fluorescentna mikroskopija, mikrostruktura, morfologija



