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• The addition of rejuvenators contributes
to the formation of fibril structure and
increases the distance between fibrils.

• The influence of rejuvenator types/dos-
ages on the fibril-structure can be dem-
onstrated with ESEM.

• A process for extracting quantification
parameters from the fibril-structure of
bitumen is proposed.

• The fibril-structure parameters exhib-
ited a significant correlation with rheo-
logical properties.
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Observing themicrostructureofbituminousbinderswithanenvironmental scanningelectronmicroscope(ESEM)
can contribute significantly to reveal the underlying rejuvenationmechanism. In this study, three rejuvenators
were selected to regenerate the aged SBS modified binders at five dosages, and their rheology was evaluated
usingadynamic shear rheometer. ESEMwas employed to examine themicrostructureof binders aswell, and a se-
riesofmicrostructureparameterswerequantifiedwith imageanalysis. Theresultsdemonstratedthat thechemical
composition changes correspond to the evolution of microstructure morphological and rheological properties.
Moreover, the rheological andmicrostructure characteristics were analyzedwith Principal Component Analysis
(PCA) and regression analysis. Based on PCA results, themicrostructure of rejuvenated binders has shown a good
correlationwith stiffness after combining various principal components. According to regression analysis, the dis-
tance betweenadjacentfibrils exhibited a significant correlationwith Jnr3.2 and thecomplexmodulus index.Over-
all, the results of this study strengthen the hypothesis that the ESEMmicrostructure is intimately correlatedwith
chemical composition and rheological properties, rather thanwith irrelevant surface phenomena.
Bitumen, polymer modified bitumen, rejuvenator, microstructure, rheology, environmental scanning electron
microscopy.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Asphalt binder is the main construction material for flexible pave-
ments, and the worldwide production of asphalt materials is estimated
. This is an open access article under
to be more than a billion tons in 2019 [1,2]. End-of-service-life asphalt
pavement is milled and collected, producing a large amount of
reclaimed asphalt pavement (RAP). RAP application in new pavements
can conserve valuable natural resources and reduce greenhouse gas
emissions [3,4].

During aging, the elemental ratios and chemical components of the
bitumen on the RAP are changed, which results in the deterioration of
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Basic rheological and physical properties of PMB binders.

Properties Measurement Technical
Criterion

Specifications

Original
Penetration at 25 °C, 100 g, 5 s
(0.1-mm)

55 40– 60 ASTM-D5

Softening point (°C) 65.7 >60 ASTM-D36
G*/sinδ @ 70 °C (kPa) 2.408 >1.0 kPa ASTM-D6373
G*/sinδ @ 76 °C (kPa) 1.419 >1.0 kPa ASTM-D6373
Glass transition temperature (°C) −15.4 – –

RTFOT
Mass loss (%) 0.22 ± 1.0
G*/sinδ @ 70 °C (kPa) 2.905 >2.2 kPa ASTM-D6373
G*/sinδ @ 76 °C (kPa) 1.607 >2.2 kPa ASTM-D6373
Glass transition temperature (°C) −14.8 – –
PG Grade PG 70–22 – ASTM-D6373
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the physical and rheological properties of bitumen [5,6]. In the recycling
of RAP, the addition of the rejuvenator is an important way to recover
the physical and rheological properties of aged binders [7–11]. There
are plenty of studies about the effect of rejuvenators on binder rheology.
Rejuvenators soften the aged bitumen causing the increase of penetra-
tion, ductility, phase angle and colloidal instability index, and decrease
of viscosity and complex modulus [3,4,12–18]. Meanwhile, recent in-
vestigations have shown a close relationship of microstructure with
chemical composition and rheological properties of bitumen [19–23],
assisting on understanding the rejuvenation mechanism. However, the
rejuvenator's effect on the microstructure of aged bitumen is not well
understood yet.

The bitumen microstructure has been intensively investigated with
differentmicroscopicmethods, such as optical microscopy [24,25], fluo-
rescence microscopy [26–28], transmission electron microscopy [28],
atomic force microscopy [29–31] and scanning electron microscopy
(SEM) [32–34]. Among thesemethods, SEM is a promising one to inves-
tigate the microstructure morphologies of various binders [35,36]. In
the 1980s, the presence of environmental scanning electronmicroscope
(ESEM) improved the observation quality for poorly conductive and vis-
cous oil-bearing specimens, such as bitumen [37–39]. The advantage of
the ESEM in the research for oil-bearing materials such as bitumen is
that deposition of a conductive metal alloy or carbon coating onto the
sample is not required, and the surfaces can be imaged directly. This al-
lows one to conduct in situ studies of the electron-sample and gas-
sample interactions as well as fracture studies, where new surfaces
are generated during crack propagation [40]. During the examination
of bitumen films with ESEM, a modification of the bitumen surface
was observed after exposing films to the electron beam for several mi-
nutes. The bitumen surface is initially flat but appears as a random net-
work of fibrils after beam exposure [41]. It is envisioned that the
electron beam preferentially etches the low molecular weight oils (sat-
urate and aromatic) frombitumen and the remainingportion consists of
the higher molecular weight components, usually the asphaltenes and
resins. Due to this reason, the fibril structure is highly influenced by
the fractions of saturates, aromatics, resins and asphaltenes (SARA) of
bitumen, described with colloidal instability index [27].

In the 1990s, a series of investigations reported that “random net-
works of fibrils” can be observed after several minutes of electron
beam exposure with secondary electron signal mode [40–42]. Rozeveld
et al. explained this phenomenon as the light molecular component's
volatilization due to the localized heating generated by electron beam
(200 °C) [41]. The “networks of fibrils” were assumed to be a mix of
asphaltenes and resins. The fibril structurewas changed by tensile load-
ing, with the strands in the structure aligning themselves parallel to the
tensile direction. Stangl et al. investigated the microstructure of bitu-
men with ESEM and nano-indention tests and found the distance be-
tween two adjacent strands in these two different tests was the same,
indicating that the fibril structure was not induced by the electron
beam [43]. Also, others agreed that the ESEM morphology shows the
structure of bitumen rather than the electron beam caused artifact
[41,42,44]. Gaskin et al. reported that the electron beam could activate
the radiolytic particles and evaporate the light components from the
material surface [45].Gaskin also reported the ESEM microstructure of
bitumen's SARA fractions and waxes. The maltene fraction exhibited a
fibrils structure ubiquitous, which was similar to the structure in bitu-
men. The maltene might not be free from asphaltene due to the limita-
tion of the extraction technique; at least, the fibril structure also
contained the amount of maltene [45]. Recently, Lu characterized the
surface of the structured area with time-of-flight secondary ion mass
spectrometry (TOF-SIMS), which demonstrated that the aliphatic and
aromatic content is higher and lower, respectively, on the surface of
the structured area compared with those of unstructured surfaces.
With the Principal Component Analysis (PCA), it was speculated that
the worm structure might be attributed to the evaporation of volatiles,
hardening and local contraction, and possibly to chemical reactions
2

(e.g., breaking of chemical bonds, chain scission and crosslinking). In
summary, the formation of the fibril structure and its composition is
still not totally clear.

According to other ESEM studies, the bitumenmicrostructure is also
influenced by aging and modification. Rozeveld et al. reported that the
addition of styrene-butadiene rubber in bitumen could lead to a signif-
icant change of microstructure from a random pattern to textured.
Meanwhile, the aging of base bitumen led to a coarser fibril structure
and a larger fibril diameter [41]. Mikhailenko et al. reported that with
the increased oxidation degree, the fibril structure was denser, more
structured and smaller in fibril diameter [46]. The different conclusions
in these two studiesmay be due to the different origin of base bitumens,
indicating the influence of aging on the microstructure of bitumens
needs further investigation. The addition of styrene-butadiene-styrene
increased the fibril diameter and microstructure density [47]. Similar
observations were obtained elsewhere [34,43,44,48]. Stangl found that
the packing density of microstructure obtained by ESEM correlates
well with the change in gel permeation chromatography (GPC) results
and viscosity increase [43]. Mikhailenko also reported that the “fibril
area” and “formation time” had a good correlation with penetration
value and softening point [47]. Overall, the evolution of physical proper-
ties corresponds to bitumen microstructure, and the latter can be used
as the “fingerprint” of bituminous binders.

Although there are interestingfindings in ESEM, limited studies exist
on assessing rejuvenators' influence on bitumen. In this study, particular
emphasis will be given to providing insights into the rejuvenation
mechanism of base and polymer modified bituminous binders, collec-
tively called binders, using ESEM. Particularly, the effect of aging and re-
juvenation on the binder microstructure will be evaluated. Moreover,
evidence will be provided on rejuvenators' influence on binder micro-
structure. Finally, a correlation between rheology and ESEMmicrostruc-
tural characteristics will be proposed.
2. Materials and methods

2.1. Binders, rejuvenators and aging protocols

The styrene-butadiene-styrene (SBS) is one of the most widely used
thermoplastic polymers for bitumen modification, which can improve
the material rutting and thermal cracking resistance [49–51]. A com-
mercial SBS polymer modified bitumen (PMB) was used in this re-
search. The basic rheological and physical properties of PMB are given
in Table 1.

Three different products were selected to investigate the effect of re-
juvenators on the rheological properties and ESEM microstructural
characteristics of aged PMB. The rejuvenator Rej-A is an industrial reju-
venator rich in aromatic compounds. According to thematerial supplier,



Table 3
Description of studied binders.

Name Composition

Base bitumen Base bitumen before the addition of SBS polymer
OB Original SBS polymer modified bitumen
RTFOT SBS polymer modified bitumen after RTFOT aging
4PAV SBS polymer modified bitumen after RTFOT aging

and 80 h of PAV aging
A5,10,15,20,30 4PAV + 5,10,15,20,30% wt Rej-A
B5,10,15,20,30 4PAV + 5,10,15,20,30% wt Rej-B
C5,10,15,20,30 4PAV + 5,10,15,20,30% wt Rej-C
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the aromatic type and ratio in Rej-A are designed based on the Hansen
solubility parameter, and Rej-A is especially suited for high RAP mate-
rials produced at normal asphalt production temperatures (160 °C).
Rej-B is a low viscous liquid rejuvenator, rich in saturates and contains
selected components for the re-compatibilization of the various phases
in oxidized mastic.

Rej-Cwas fabricated in the lab to rejuvenate the aged PMB. The Rej-C
contains saturates, aromatics, SBS copolymer and additives to allow the
dispersion of agglomerated asphaltenes. The addition of the saturate
component (bio-oil) functions to decrease the viscosity, and the aro-
matic component (aromatic oil) helps to recover the viscoelastic char-
acteristics of aged PMB. A selected petroleum plasticizer was also
added as a stabilizer to improve the miscibility between the polymer
and saturated/aromatic oil. Afterward, a plant-extracted oil with cyclic
monoterpene was added to disperse the agglomerated asphaltenes.
The ratios of different components have been optimized through exten-
sive experiments. The properties and description of all three rejuvena-
tors can be seen in Table 2.

The binders were firstly subjected to short-term aging with Rolling
Thin Film Oven Test (RTFOT) (EN12607) at 163 °C for 75 min, and sub-
sequently, long-term aging was conducted in a Pressure Aging Vessel
(PAV) (EN14769) at 100 °C for 80 h. The reason for choosing such a
long time is that 80 h PAV aging has shown an equivalent aging degree
with a porous asphalt surfacing material after ten years of service [52].
Afterward, the rejuvenated bitumen was prepared by blending the
aged bitumen and rejuvenator with a mixer under 170 °C for 10 min.
The choice of a relatively wide range of rejuvenator dosage (5– 30%)
was based on the possibility to observe the microstructure of PMB
with ESEM and the rejuvenation propensity of binders. The description
of binders can be seen in Table 3.

2.2. Frequency sweep tests

A dynamic shear rheometer (DSR) was applied to characterize the
rheology of binders with oscillatory sinusoidal loading. In this study,
the DSR tests were conducted in a parallel plate testing configuration
with an 8-mm diameter spindle between 0 and 30 °C and a 25-mm di-
ameter spindle between 40 and 80 °C, respectively. Frequency sweep
tests from 0.01 to 10 Hz were conducted at 0, 20, 30, 40, 60 and 80 °C
with strain amplitude within the linear viscoelastic range. Three repli-
cates per material were tested.

The complexmodulusmaster curves were constructedwith the Sig-
moidal Model [53,54]. The phase angle master curves were constructed
with Kramers-Kronig relations, whichwasfirstly suggested by Booij and
Thoone [55,56].

log ∣G⁎∣ ¼ ν þ α
1þ e βþγlogωð Þ ð1Þ

δ ¼ 90� dlogG⁎
dlogω

¼ −90� αγ
e βþγlogωð Þ

1þ e βþγlogωð Þ� �2 ð2Þ

whereω is the reduced frequency at the reference temperature (rad/
s), |G∗| is the complex modulus (Pa), δ is phase angle (degree), ν is the
lower asymptote, α is the difference between the values of the upper
and lower asymptote, β and γ define the shape between the asymptotes
Table 2
Name and properties of rejuvenators.

Rejuvenator Viscosity at 20 °C (Pa·s) Density
(kg/m3)

Petroleum/Org

Rej-A 0.817 0.955 Petroleum
Rej-B 0.115 0.928 Organic
Rej-C 0.752 0.943 Mixed

Note* The function of additive is to separate the agglomeration of asphaltene.
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and the location of the inflection point (inflection point obtained from
10(β/γ)).

Cavalli proposed an aging index, which was defined to incorporate
the changes over a large frequency range by calculating the difference
of area between the complex modulus master curves of fresh and
aged bitumen over a defined frequency range [57]. Based on this idea,
the indices of complex modulus (IM) and phase angle (IP) are defined
as the ratio of the integral area of master curves of the original binder
to that of the rejuvenated one. These two parameters can be applied
to characterize the rejuvenation degree. The definition of IM and IP are
as follows:

AM ¼
Z 4

−5
logG⁎ ωð Þdω ð3Þ

AP ¼
Z 4

−5
δ ωð Þdω ð4Þ

IM ¼ AM−Sample

AM−OB
� 100% ð5Þ

IP ¼ AP−sample

AP−OB
� 100% ð6Þ

where AM is the integral area of complex modulus, AM-OB and AM-sample

are the AM of original binder (OB) and rejuvenated binders, AP is the in-
tegral area of phase angle, AP-OB and AP-sample are theAP of original binder
(OB) and rejuvenated binder.

The schemeof thedefinition of complexmodulus andphase angle in-
dices can be seen in Fig. 1. When the complex modulus index reaches
100%, therejuvenatedbinderwill be similar to theoriginalbinderaccord-
ing to the complex modulus master curves. These indices provide
methodsforrejuvenatorselectionandrejuvenatordosagedetermination.

2.3. Multiple stress creep recovery tests

The multiple stress creep recovery (MSCR) tests were conducted to
evaluate binders' rutting resistance with a 25-mm spindle and 1-mm
gap. The binder is subjected to an alternate cycle of 1 s of creep and
9 s of recovery, at 0.1 and 3.2 kPa stress levels, respectively. The MSCR
tests were conducted 30 cycles, and the high-temperature performance
of binders was evaluated with non-recovery compliance (Jnr) and
anic Main component Auxiliary components Polarity

Aromatic None High
Aliphatic None None
Aromatic & Aliphatic Polymer & Additves* Low



Fig. 1. The scheme of the definition of complex modulus and phase angle indices.
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percent recovery (R), whose determination is described in detail in
ASTM D7405–08. Three replicates per material were tested.
2.4. Linear amplitude sweep tests

The linear amplitude sweep (LAS) is an accelerated test performed at
an intermediate temperature [58,59]. Here, the LAS tests were con-
ducted in DSR with the 8-mm parallel plates to evaluate the fatigue
property of binders at 20 °C. According to AASHTO TP 101, the LAS
test consists of a non-destructive frequency sweep test and a strain am-
plitude sweep test. The frequency sweep was conducted with a fre-
quency range from 0.2 to 30 Hz at a strain amplitude of 0.1% to
determine the undamaged binder properties. The amplitude sweep is
Fig. 2. ESEM device and bitumen sample, (a) bitumen sample,

4

performed with a strain level from 0.1 to 30%. Three replicates per ma-
terial were tested.
2.5. Environmental scanning Electron microscopy

For the ESEM evaluation of binders, an 8-mm cylindrical holder was
prepared. The binders were heated at 150 °C for 30 min. Subsequently,
0.1 g of material was poured on the sample holder with the help of a
spatula (Fig. 2(a)). Then, the bitumen-filled holders were placed on a
hotplate at 170 for about 60 s for flattening. Before ESEM analyses, all
samples were stored in a cooler at 10 °C overnight.

The microstructure assessment of binders was conducted at 25 °C
with an ESEM device (Philips XL 30 ESEM). Samples were placed on
(b) detector and electron gun and (c) ESEM sample stage.
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the ESEM sample stage, which is under the ESEM detector and electron
gun (Fig. 2(b,c)). The microstructure parameters were an acceleration
voltage of 20 keV, a spot size of 3.5, a chamber pressure of 1.0 Torr of va-
pour and three different magnification (250×, 500× and 1000×) in sec-
ondary electron (SE) mode [34,48]. The sample was exposed to the
electron beam for 20 min for tracking the microstructure changes in
binders. ESEM observations for each binder sample were performed
three times.

3. Results

3.1. Viscoelastic properties analysis

The viscoelastic properties of the original, aged and rejuvenated
binders were characterized with master curves of complex modulus
and phase angle. Specifically, as illustrated in Fig. 3(a), the complex
modulus of RTFOT aged sample increased slightly at high frequency
and increased substantially at low frequency compared with the origi-
nal sample. The short-term aging mainly led to a modulus increase of
PMB at the high frequency (high temperature) range. In terms of
phase angle master curves, the original binder exhibited a plateau
(b
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Fig. 3. Complexmodulus and phase anglemaster curve of origin, aged and rejuvenated PMB bin
with Rej-A; (c) rejuvenated bitumen with Rej\\B; (d) rejuvenated bitumen with Rej\\C.
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zonewith log frequencies between−3.5 and− 0.5. According to the re-
search of Lu and Airey [60,61], the phase angle plateau zone is caused by
the polymer network in PMB. Although the presence of SBS copolymer
is more apparent before aging according to the phase angle results in
the low-frequency spectrum, the phase angle plateau disappeared
after aging, indicating the aging induced degradation of the polymer
network [49,62].

As illustrated in Fig. 3(b-d), the addition of the rejuvenator led to a
significant decrease of complex modulus and an increase of phase
angle both at high and low frequency. The 4PAV aged sample recovered
its viscous behaviorwith the rejuvenator addition. Although all three re-
juvenatorswere able to decrease the complexmodulus and increase the
phase angle, their rejuvenation effect was different. Rej-B substantially
decreased the complex modulus, and Rej-C significantly increased the
phase angle at relatively low rejuvenator content.

For further quantitative analysis of the rejuvenator's impact, the IM
and IP values are calculated and presented in Fig. 4. During aging, the
4PAV aged binder showed a 28% increase in IM and 28% increase in IP
comparing to the original binder. When rejuvenator content is low,
there is no significant difference between rejuvenators. However,
when rejuvenator content is higher than 15%, Rej-B was more effective
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in decreasing complex modulus compared with Rej-A, and Rej-C and
Rej-A are more efficient in increasing phase angle compared with
Rej\\B.
3.2. MSCR analysis

Toevaluate the impact of rejuvenator on rutting resistance, theMSCR
testswere conducted at 70 °C. The average non-recoverable creep com-
pliance (Jnr3.2) andaveragepercent recovery at70 °Cweredemonstrated
in Fig. 5. The RTFOT aged binder has shown slightly lower R3.2 and Jnr3.2
comparedwiththeoriginalbinder.However,after4PAVaging, theR3.2 in-
creased,andthe Jnr3.2decreaseddramatically.Accordingtopreviousstud-
ies[52,62], thedegradationof thepolymernetworkplaysadominantrole
in short-term aging at a relatively high temperature (163 °C), causing a
decrease inelastic recoveryability.After80hofPAVaging, thesevereox-
idationofthebitumenphaseplaysthedominantrole,whichincreasesthe
stiffness and elasticity of PMB.

With the increase of rejuvenator content, R3.2 decreased, and Jnr3.2 in-
creased extensively, indicating loss of elastic recovery ability and de-
crease of rutting resistance. Among these rejuvenators, the rejuvenated
bitumenwith Rej-C showedhigher R3.2, especiallywhen the rejuvenator
contentwaslessthan15%. ItmightbecausedbytheadditionofSBScopol-
ymer in Rej\\C, which could supplement the degraded polymer. How-
ever, the rejuvenated binder with Rej-A has shown relatively lower
Jnr3.2, indicating that this rejuvenator probably had a less adverse impact
on rutting resistance. Most rejuvenated binders satisfied the criteria of
maximum Jnr3.2 as given by AASHTOMP19 for heavy traffic conditions,
6

except the rejuvenated bitumenwith 30% of Rej\\B. Although the addi-
tion of the rejuvenator decreases elastic recovery and rutting resistance,
it is restoring the original behavior of the bitumen, which tends to be
stiffer after aging.

3.3. LAS analysis

The LAS tests were conducted to evaluate the fatigue life of all
binders. The fatigue life at 2.5% (Nf2.5) and 5% (Nf5) strain levels are illus-
trated in Fig. 6. After aging, the Nf5% of PMB decreased from 340 cycles
(original binder) to 268 cycles (RTOFT aged binder), and finally to
143 cycles (4PAV aged binder). The addition of the rejuvenator was ef-
fective in recovering the fatigue property of the aged PMB binder, espe-
cially when the rejuvenator dosage was more than 10%, the fatigue life
of the rejuvenated binder was higher than that of the original binder.
Rej-A showed relatively less improvement in Nf5% in these three rejuve-
nators, indicating the aromatic component was less efficient in improv-
ing fatigue properties. In contrast, Rej-Cwasmore efficient in improving
the fatigue properties of the aged binder, probably due to the positive
effect of the addition of SBS copolymer. The evolution of Nf2.5% for reju-
venated bitumen was consistent with the evolution of Nf5%.

3.4. ESEM analysis

3.4.1. Microstructure morphology
ESEMisa robust imaging technique tocharacterize themicrostructure

morphology of variousmaterials, includingwet, oily and non-conductive
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substances in their original state [34]. Firstly, three types of rejuvenators
wereinvestigatedwiththistechnique,andtheESEMimagesareillustrated
in Fig. 7. Initially, therewas a “needle” structure on the surface of Rej\\B,
which is similar to the ESEM image of base bitumen incorporating a bee-
like structure [34,45]. It was speculated that the bee structures were
causedbywaxes,whichmay formcrystalnetworksattributed todiffusion
orspontaneousalignment[63]. Inthisresearch,Rej-Bmaycontainparaffin
waxesassociatedwiththe“needle” likestructures.However,after3minof
illumination, these structures totally disappeared (Fig. 7 (b)). Also, no
changeswereobservedwhen theRej-Bwas subjected to20minof illumi-
nation.Similarly, theRej-AandRej-Cweresubjectedto20minof illumina-
tion, and no obvious structurewas observed (Fig. 7 (c) and (d)).

Here, after a period of illumination, the binders were investigated
with ESEM and a fibril structure was observed, as shown in Fig. 8. The
fibril structures of binders were quite similar as demonstrated in
Fig. 8(a) and (b), respectively. The fibril structure of PMBwas slightly
denser (covers more area of the surface) of larger strand diameter
than of base bitumen. The RTFOT aging induced a significant evolution
of fibril structure in binder, in which the strand diameter became
smaller, and the surface became rougher. After 4PAV aging, the fibril
structure was not observed even after 20 min of illumination, and a
few bubble-like spots appeared (Fig. 8(d)). It is because the electron
beam preferentially etches the lowmolecular weight oils from bitumen
7

and the remaining portion consists of the highermolecularweight com-
ponents, usually the asphaltenes and resins [43,64]. During long-term
aging, the content of the evaporable component decreased, and the fi-
bril structure cannot be seen anymore. The formation mechanism of
the bubble-like spot needs further investigation.

To reveal the influence of rejuvenator on the microstructure of the
aged binder, sixteen different rejuvenated binders were investigated
in ESEM, and the results are shown in Fig. 9. For the rejuvenated bitu-
men with Rej-A, the ESEM images were flat and featureless with less
than 15% of rejuvenator, just like the 4PAV aged bitumen. The fibril
structure appeared again when the content of Rej-A was more than
20%. The fibril structure of A20 (aged PMB binder rejuvenated with
20% of Rej-A) and A30 were rougher and more perpendicular structur-
ally than of the original microstructure. 15% of Rej-B was needed in bi-
tumen for the re-appearance of the fibril structure. The fibril structure
of B15 appears to be “random”, which is similar to the structure of the
original PMB. With the increase of Rej-B content, the fibril structure be-
came sparse and perpendicular. The addition of 10% of Rej-C could en-
able the fibril structure to reappear after the electron beam
illumination. This phenomenon agrees with the results of IP and IM in
which the addition of 10% Rej-C already had a significant rejuvenation
effect. This may be due to the role of additives in Rej-C that dissolve
and separate the asphaltene agglomeration. With the increase of Rej-C
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content, the strand diameter appeared to be larger, and the fibril struc-
ture became smoother, sparser and more perpendicular.

3.4.2. Fibril formation time
The ESEM image of bitumen is flat and featureless at the beginning.

With the increase of the illumination time, the fibril structure appeared.
From the literature, the time period to obtain a stable ESEM image is
called formation time [47]. The formation time essentially reflects the
possibility and rate of volatilization of the light molecular component
on the surface of bitumen, and it correlates well with aging degree
[34,48,65]. Hence, formation time has the potential to be a parameter
for characterizing the degree of aging and rejuvenation of bitumen.
The evolution of ESEM images of rejuvenated PMB was demonstrated
in Fig. 10. All the samples were featureless at the beginning, and after
1 min of illumination of the electron beam, B20 showed a blur fibril
structure. A20 and C20 dimly revealed a little of the outline. When the
illumination time was 3 min, the fibril structure was revealed and
remained unchanged afterward.

To quantitatively analyze the formation time, the evolution of the
ESEM image was recorded as a video to precisely extract the formation
time data. From previous literature, the fibril structure can only be re-
vealed when the electron beam etches the evaporable component in
the surface layer [41,60]. According to previous research [34], it may
be because the lighter components of the 4PAV aged binder were not
enough to form the fibril structure. The addition of rejuvenators
8

supplements the saturate and aromatic components, allowing the fibril
structure formation also decreasing the formation time. Thus, the for-
mation time can be used as a parameter to characterize the degree of re-
juvenation. The formation time will not be recorded if the fibril
structure did not appear even after 20 min of illumination. As shown
in Fig. 11, the formation time increased after RTFOT aging, which is co-
herent with Mikhailenko's finding [65]. At the same time, the addition
of rejuvenators can significantly decrease the formation time. Among
the three rejuvenators, Rej-B was most effective in decreasing the for-
mation time. 30% of Rej-B reduced the formation time to 42 s, which
is much lower than that of the original sample. However, the formation
time of A30 was 138 s, more than three times that of B30. The efficiency
of Rej-C in decreasing formation time is between Rej-A and Rej\\B.

3.4.3. ESEM image quantification
For further quantitative analysis of the ESEM images, a process was

conducted to extract the microscopic parameters of fibril structure,
which is based on Stangl and Mikhailenko's work [43,48]. Firstly, the
boundary line around the fibril was drawn manually with Image Pro
Plus to separate the image into a fibril structure area and a non-fibril
structure area. The grey value of the non-fibril area was substitute
with black (0) or white (255) for differentiation (Fig. 12 (a)). Then,
the total fibril area and percent of fibril area coverage were calculated.
Secondly, the midline for each fibril was drawn and the total length of
the fibril was calculated in the image (Fig. 12 (b)). Thirdly, the diameter



Fig. 7.Microstructure visualized by ESEM for rejuvenators, (a) Rej-B without illumination, (b) Rej-B after 3 min of illumination, (c) Rej-A and (d) Rej-C (20 kV, SE, 500×, 1000×).
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of each fibril was drawn, and the average of fibril diameter was calcu-
lated (Fig. 12 (c)). Finally, the distance between two adjacent fibrils
midline was extracted, and the average distance between adjacent fi-
brils was calculated.

Assuming that the bitumen microstructure's morphology is isotro-
pic, the 2-D ESEM image can be extracted in the 3rd direction. In this
way, a simple frame model can be established (Fig. 13). Based on
these extracted parameters, the package density (volume fraction) can
be calculated:

As ¼ d2 � π
4

ð7Þ

Vs ¼ 3� As

4
� a

2
−

ffiffiffiffiffi
As

p

2

� �
þ

ffiffiffiffiffi
As

p

2

� �3" #
ð8Þ

f s ¼
Vs

a=2ð Þ3
� 100% ð9Þ

where the As is the cross-sectional area of a fibril; d is the average di-
ameter of fibril structure; Vs is the volume occupied by fibril structure; a
is the average space between two adjacent fibrils, fs the volume density
of the fibril structure.

The ESEM images were segmented and examples can be seen in
Fig. 14. The parameter extraction and quantitative analysis process
were conducted afterward, and the results were illustrated in Table 4.

As illustrated in Table 4, the fibril area of the PMB binder increased
after RTFOT aging, which agreed with the results of Mikhailenko
[48,65]. Only the addition of more than 20% of Rej-B and Rej-C was
able to reduce the fibril area significantly. In other cases, the addition
of the rejuvenator had no significant effect on the fibril area but mainly
9

changed the diameter of the fibril structure. The average diameter of fi-
bril structure (a) and the average distance between adjacent fibrils (d)
increased with a higher content of rejuvenator, especially for B30 and
C30. The As and Vs parameters exhibited similar patterns of change
with the addition of a rejuvenator. However, the variation of fs is quite
complex, and there is no obvious pattern.
4. Principal component and correlation analysis

4.1. Principal component analysis (PCA)

It is not possible to directly formulate a link between ESEM-induced
microstructural changes and the rheology of binders. The PCA was ap-
plied to explore the rheological and microstructure data, reduce the di-
mensionality of the data and propose a link between various variables.
The PCA analysis can enable the identification of systematic variations
in the data by combining parameters (i.e., rheological and microstruc-
ture parameters) that vary in the same (or opposite) manner between
different binders and turn these combinations into a new set of param-
eters (principal component, PC). Therefore, the PC1 accounts for the
maximum amount of variation in the data and PC2 accounts for the
maximum of the remaining variation. Usually, the first two PCs are
enough to explain the majority of the data variance (>70%) and gener-
ate two graphic outputs called loading plot and score plot [66,67].

In this research, a set of data containing 10 samples and 15 parame-
ters is analyzed with PCA. The detailed data can be seen in Table 5. Ac-
cording to the results of PCA, the first two principal components PC1
(69.3%) and PC2 (14.4%) can explain 83.7% of the total variance.

The loadingplot in Fig. 15(a) provides information about the relation
between original variables (i.e., rheology and ESEM structure) and prin-
cipals components (PC1 and PC2). The loading plot mainly reflects the



Fig. 8. Microstructures of binders visualized by ESEM, (a) base bitumen, and (b) original, and (c) RTFOT aged, (d) 4PAV aged SBS modified bitumen (20 kV, GSE, 250×, 1000×).
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correlation matrix of different parameters. When the vector of the two
parameters are close in direction, then it indicates that they are likely
to have a positive correlation relationship [66].

From Fig. 15(a), Jnr3.2 and PC1 are almost in the same direction,
which indicates that these two variables have a positive correlation
10
relationship. As Jnr3.2 indicates the non-recoverable compliance, it can
be deduced that the positive direction of PC1 indicates a binder of low
stiffness. In terms of ESEM structural parameters, fibril structure diam-
eter (d) and distance between adjacent fibrils (a) are negatively corre-
lated with the stiffness of the binder. Meanwhile, the formation time



Fig. 9.Microstructures visualized by ESEM for 4PAV aged PMB binder with different types and content of rejuvenator (Illumination time:20 min, Magnification: 500×).
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andfibril length are positively correlatedwith the stiffness of the binder.
PC2 is relatively consistent with the phase angle index (IP), which indi-
cates that PC2 can be used to describe the viscoelastic property of
binders. However, no ESEMmicrostructure parameterwas found to cor-
relate well with the PC2. The percent recovery (R3.2), fatigue life (Nf2.5

and Nf5) and complex modulus index (IM) were influenced by PC1 and
PC2, indicating that theywere influenced by the binder rheology. Corre-
spondingly, fibril area coverage, fibril structure volume (Vs), and fibril
package density (fs) are related to the stiffness and the viscoelastic
property of the binder.

The results of PCA were also illustrated in a score plot (Fig. 15
(b)), in which each data point corresponds to a binder, and the loca-
tion of data points reflects the property difference on the scale of PC1
and PC2. According to the loading plot, the negative PC1 indicates
binders of high stiffness(low Jnr3.2 and high G*), while the positive
PC2 indicates binders of high elasticity (low δ and high R3.2). As
11
illustrated in Fig. 15 (b), the stiffness and elasticity of the binder in-
creased during RTFOT aging. The addition of Rej-A mainly recovered
viscous property but did not have a significant effect on stiffness re-
duction. Considering the main component of Rej-A is an aromatic
fraction, it indicates that themain role of the aromatics fraction in re-
juvenator is to recover viscous property rather than a decrease of
stiffness. In contrast, Rej-B is composed of a saturate fractionwithout
any aromatics. The addition of Rej-B dramatically decreased the stiff-
ness and increase the elasticity of the binder, suggesting the saturate
fraction mainly played a role in reducing the stiffness. The hybrid re-
juvenator Rej-C was a mix of aromatics, saturates, polymer and addi-
tives, which separates asphaltenes' agglomeration.With the increase
of Rej-C content, rejuvenated bitumen's stiffness decreased, and vis-
cous property increased. In summary, the composition of the rejuve-
nator has a decisive influence on the rejuvenation mechanism and
the rejuvenation effect it achieves.



Fig. 10. Evolution of microstructures visualized by ESEM for rejuvenated bitumen at different illumination times.
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4.2. Correlations between ESEM structural parameters and rheological
parameters

If the vectors of two parameters are close in the same (opposite) di-
rection, the PCA loading plot indicates a positive (negative) correlation
between these two parameters. Based on PCA results in Fig. 15, regres-
sion analysis was conducted for the ESEM structure parameters and
rheological properties. The regression results and fitted equation are
presented in Fig. 16.

From Fig. 16 (a), fibril structure diameter (d) and distance between
adjacent fibril (a) exhibited a very significant linear relationship (R2 =
0.93), indicating that the increase of parameter a often accompanied
an increase in parameter d. This finding is coherent with the conclusion
in the literature [47,65]. The difference is that their investigation
showed a simultaneous decrease of a and d due to aging, while this
study exhibited an increase of a and d due to rejuvenation. Meanwhile,
12
there was a negative linear correlation between formation time and a
(Fig. 16 (b)), indicating the addition of rejuvenatormade thefibril struc-
ture sparse and easy to emerge under the electron beam's illumination.
Fig. 16 (c) illustrated an exponential decrease in total fibril length with
an increase in d, and Fig16 (d) demonstrated that Vs decreased linearly
with the increase of percent of fibril area coverage. The remarkable cor-
relation of ESEM structural parameters indicated that the morphology
of fibril structure always obeyed a certain distribution pattern, regard-
less of how it changed with aging and rejuvenation.

The ESEM structural parameters are also well correlated with
rheological parameters. As illustrated in Fig. 16 (e) and (f), with
the increase of a, Jnr3.2 increased linearly while the IM decreased ex-
ponentially. It implies that a sparse fibril structure suggests a
binder of low stiffness. From the PCA loading plot, fibril structure
density (fs) may have a correlation with percent recovery (R3.2)
and fatigue life (Nf5). However, Fig. 16 (g) and (h), illustrated that
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there is no correlation between fs and R3.2, and there was a weak ex-
ponential correlation between fs and Nf5. It may be the fact that R3.2

and Nf5 are influenced by both stiffness and phase angle of the
binder.

5. Discussion

In this paper, the aging and rejuvenation process of binders mani-
fests how chemical composition affects their rheological properties
Fig. 12. The process to extract microscopic parameters from ESEM images, (a) definition an
calculation of the total length of fibril structure; (c) calculation of the fibril structure diameter,

13
and microstructure. In agreement with previous studies [68–70], it is
believed that the change of chemical composition results in the change
of colloidal structure, which is subsequently reflected in the change in
binder microstructure and rheological properties. The colloidal struc-
ture can act as a bridge to connect the chemical composition, micro-
structure and rheological properties. Evidence to support this
statement is as follows.

Firstly, both aging and rejuvenation correspond to microstructural
changes in binders as observed in ESEM. In earlier studies [53,62], the
increase of asphaltenes in SBS modified bitumen due to aging was
reflected by the FTIR and GPC results, which led to an increase of
d calculation of fibril structure area; (b) definition of the midline of fibril structure and
(d) calculation of the distance between adjacent fibrils.



Fig. 14. Examples of sample segmentation for aged PMB binder with rejuvenators.
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stiffness and elasticity or an increase of IM and decrease of IP and Jnr3.2.
Meanwhile, this phenomenon was also observed in ESEM measure-
ments, as the fibril structure turned to be denser and harder to be re-
vealed (an increase of formation time, area/volume coverage and
decrease of a and d). Furthermore, the addition of the rejuvenator in-
creased the content of maltenes in bitumen, decreased the stiffness
and elasticity. The ESEMmicrostructure is also turned looser and easier
to be revealed. For example, when Rej-B's addition increases from 20 to
30%, the IM decreased from 92.3 to 76.5%. Simultaneously, the average
Table 4
Parameters of ESEM fibril microstructure.

Binder Fibril area Area coverage Total fibril length d (μm)

(μm2) % (μm) Mean

OB 10,022 89.1 1169.1 9.7
RTFOT 10,376 92.3 1197.4 7.9
A20 9850 87.6 1020.9 10.6
A30 10,122 90.0 852.2 12.6
B15 9915 88.2 1302.3 12.3
B20 9418 83.8 585.7 17.3
B30 7872 70.0 387.0 26.1
C10 9843 87.6 1500.2 7.9
C15 9945 88.5 1423.0 9.1
C20 10,046 89.4 1368.0 10.3
C30 9278 82.5 539.6 16.9

14
distance between fibrils increased, the fibril structure turned to be
sparse, and the area coverage decreased from 83.8 to 70.0%.

Secondly, the relationship between rheological properties and ESEM
microstructure parameters was revealedwith the PCA-loading plot. The
influence of chemical compositional change due to the addition of reju-
venators was also illustrated in the PCA-score plot. All the rheological
and ESEM structural parameters were explained into two principal
components (PC1 and PC2). PC1 explained the stiffness of bitumen,
and the parameters with vector direction close to PC1 could also be
a (μm) As Vs fs

Std. Dev. Mean Std. Dev. (μm2) (μm3) %

3.0 14.5 4.4 73.6 243.3 63.4
1.1 13.0 2.9 48.9 152.4 55.8
1.6 18.4 6.9 88.8 404.9 51.6
1.7 20.0 3.9 124.6 584.7 58.9
1.7 18.6 2.0 119.2 507.0 62.8
2.8 24.2 4.0 236.0 1232.8 69.8
8.3 48.9 17.6 535.7 6719.7 46.0
2.1 11.2 1.2 49.5 120.0 69.1
1.7 13.0 2.0 65.5 187.3 67.9
1.3 15.9 2.7 83.8 306.9 61.4
3.9 35.3 5.2 225.3 2135.0 38.9
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used to characterize bitumen's stiffness. In this way, the larger total fibril
length and formation time, the smaller a and d, indicating a binder of
higher stiffness. PC2 describes the viscoelastic properties of bitumen.
Only the phase angle index (IP) showed a significant correlation with
PC2. When the viscoelastic property of bitumen is recovered, the fibril
structure becomes a “random” state correspondingly. Further investiga-
tion is needed to characterize this phenomenon. Furthermore, the PCA-
score plot provides information about the influence of chemical compo-
sition on microstructure. The addition of aromatics (Rej-A) mainly en-
hanced the viscous portion of rheology, and the addition of saturates
(Rej\\B) reduces the stiffness.

Thirdly, the quantitative relationship between the rheological prop-
erties of binders and microstructure parameters was established by the
regression analysis method. For instance, the parameter a (distance be-
tween adjacent fibril) has shown a significant linear positive correlation
with Jnr3.2 (R2 = 0.92) and an exponential negative correlation with IM
(R2 = 0.71), indicating a good connection between ESEM microstruc-
ture and rheology.

In summary, the current observations strengthen the hypothesis
that the ESEM microstructure is intimately correlated with bitumen's
chemical composition and rheological properties rather than just an
irrelevant surface phenomenon. The establishment of the chemo-
microstructural-mechanical relationship of bituminous binder
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improves the understanding of the underlying process and mechanism
of aging and rejuvenation. Thiswill enable the proper design formula for
the rejuvenator or develop an anti-aging agent.

6. Conclusions

In this research, original, aged and rejuvenated SBSmodified binders
were investigated to establish their chemical, microstructural, and me-
chanical relationship to reveal the underlying rejuvenationmechanism.
Three types of rejuvenators were used to rejuvenate the aged SBSmod-
ified bitumen at five different dosages. The rheological properties of
binders were measured with DSR. The microstructure of rejuvenated
binders was observedwith ESEM, and a series of microstructure param-
eterswere extracted. The rheological andmicrostructure characteristics
were analyzed with PCA and regression analysis, and the conclusions
are the following:

• Chemical compositional changes of binders correspond with the rhe-
ological and microstructure alterations. The saturate fraction increase
mainly decreases the binder stiffness, and the corresponding micro-
structure becomes sparse. Moreover, the addition of aromatic fraction
mainly increases the viscous portion, and the corresponding micro-
structure becomes more random rather than perpendicular. Further
addition of the SBS polymer and rejuvenator led to an increase in
the viscous portion and made the fibril microstructure visible.

• From PCA results, microstructure and rheological parameters can be
combined into two principal components (PC1 and PC2), in which
PC1 accounts for the stiffness and PC2 accounts for the viscoelastic
property of binders. Among the microstructure parameters obtained
from ESEM, fibril structure formation time, total fibril length, fibril di-
ameter and distance between adjacent fibril structure explain the
stiffness of binder, and volume density of fibril structure is associated
with both stiffness and viscoelastic property.

• According to the regression analysis, the distance between adjacentfi-
brils exhibited a significant correlation with Jnr3.2 (R2 = 0.92) and
complex modulus index (R2 = 0.71), and the volume density of fibril
structure showed a correlation with fatigue life (R2 = 0.66). It
strengthens the hypothesis that themicrostructure is intimately asso-
ciated with the binder composition and rheological properties rather
than just an irrelevant surface phenomenon.
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