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In thiswork, comparative rheological tests on asphaltmixtures containing unmodifiedMontmorillonite (Mt) and
twomodified organo-Mtwere carried out. The blended asphalt binderswere characterizedusing softening point,
penetration, and rheological tests, and comparedwith the unmodified asphalt. The nanostructure distribution of
Mt platelets in asphalt was evaluated using X-ray diffraction (XRD), TEM and fluorescence microscopy. An in-
crease in the softening point and a decrease in binder penetration were observed upon the addition of nanopar-
ticles. Also, the elastic modulus (G′) increased significantly at low frequencies and high concentration of nano-
Mt. Asphalt and nanocomposites are thermo-rheologically simple materials; the temperature dependence was
modeled using the time-temperature superposition principle. The complex viscosity of 10 wt.%
trimethyloctadecacylammonium chloride (TMOA) in asphalt increased in two decades, whereas that of the
aminopropyl-triethoxysilane/octadecyl-amine (APTES) and Mt at the same concentration increased only in
one decade. The G*/sinδ values and viscosity analyses revealed that the TMOA-modified asphalt exhibited an im-
proved viscoelastic response and resistance to rutting. Organo-nanocompositemodified-asphalt generates an in-
tercalated structure, as revealed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Zero
shear viscosity (ZSV) is important to predict the rutting behavior of asphalt binders. The ZSV of asphalt and nano-
composites were calculated using the Cross and the Carreau models.
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1. Introduction

Nowadays, nanotechnology has gradually been incorporated into
the field of modified asphalt (You et al., 2011; Fang et al., 2013; Yang
and Tighe, 2013; Golestani et al., 2015). Nano-modified asphalt offers
a significant improvement of the key material properties, and often is
superior to other asphalt modification methods. Certain inorganic
metal oxide nanomaterials have achieved a dominant position as as-
phalt binders, amongwhich the most widely used has been the layered
clay minerals, primarily Mt (Montmorillonite), which has a 2:1 layered
structurewith two silica tetrahedral sheets sandwiching an alumina oc-
tahedral sheet. Mt is usually modified using quaternary ammonium
salts with alkyl chains, rendering the layered silicate organophilic,
with enlarged interlayer space (Yu et al., 2007; Jahromi and Khodaii,
2009; El-Shafie et al., 2012). Upon adding the nanoclay minerals to
the asphalt and/or polymeric matrix, and mixing them at high temper-
ature, its molecules can penetrate between the silicate layers. Different
structural morphologies can be observed, which depend on the degree
of the dispersion of the clay minerals platelets: agglomerated,
.

intercalated structure, and exfoliated structure (Zare-Shahabadi et al.,
2010; Santagata et al., 2015). The effects of sodium montmorillonite
(Mt) and organo-montmorillonite (OMt) on the physical properties of
asphalt have been investigated elsewhere (Polacco et al., 2008; Merusi
et al., 2012; Liu et al., 2013; Chen et al., 2015; Ortega et al., 2015). Results
show that Mt improved the physical properties, rheological behavior
and the storage stability of asphalts, and the organo-Mt exhibited better
modifying effects on the asphalt (Liu et al., 2010; Zhang et al., 2011; Yao
et al., 2012; Yao et al., 2013). In addition, the structure of asphaltenes in
asphalt depends on the chemical composition of the binder and on tem-
perature. Thus asphalts with lower asphaltenes proportion have weak
Mt-asphalt interactions which limit their ability as binders in asphalt-
nanoparticles systems (Jahromi et al., 2010). In combination with Mt,
coupling agents such as silane, are used for Mt surface modification
and to disperse it. In fact, silane coupling agents enhance the affinity
of organo-Mt to the polymer matrix (Yu et al., 2009; Sureshkumar et
al., 2010; Golestani et al., 2012; Min et al., 2015).

The interest on rheological properties of asphalt/nanocomposites is
based on the analysis of the transition from the conventional liquid-
like behavior to the so-called pseudo-solid-like response upon increas-
ing nanofiller content and the presence of a modifier polymer
(Drozdov et al., 2008).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2017.01.009&domain=pdf
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The main objectives of this research are as follows:

1) Analysis of the effect of different types of nanoparticles (Mt, TMOA
and APTES) on the physical and rheological properties of asphalt,
for which fluorescence microscopy, X-ray diffraction, TEM, and rhe-
ological tests were applied;

2) Comparison of the different models and methods available to calcu-
late the ZSV of asphalt nanobinders.

2. Background

The response of conventional asphalts under small shear stresses is
linear and their viscosity is independent of shear rate. In contrast, poly-
mer-modified asphalts (PMAs) are pseudo-plastic fluidswith a rheolog-
ical response that depends on the shear rate. However, for very low
shear rates, this behavior turns less complex and becomes similar to
conventional asphalts. In this case, the energy is dissipated until the vis-
cosity of asphalt reaches a constant value independent of shear rate.
This viscosity is called Zero Shear Viscosity (ZSV) and is amaterial prop-
erty of the asphalt. The ZSV is an indicator of two rutting related binder
characteristics, namely, the stiffness andbinder resistance to permanent
deformation under long term loading (Biro et al., 2009).

Asphalt behavior is generally characterized by decreasing viscosity
with increasing frequency between two well-defined values: Zero
Shear Viscosity (η0) at zero frequency and limiting viscosity (η∞) at an
infinitely high frequency (Morea et al., 2010). For low frequencies, vis-
cosity data tend to a plateau; a trend that is clearly visible in convention-
al asphalts. However, for some asphalts there is no such plateau.

2.1. Prediction of ZSV based on Carreau's model

The Carreau's model is used to determine the ZSV for the all blends,
Eq. (1). The ZSVs of the different systems are shown in Fig. 6 according
to:

η� ¼ η0−η∞

1þ Kωð Þ2
h im=2 þ η∞ ð1Þ

η* is the complex viscosity, η0 is the first Newtonian viscosity, η∞ is the
infinite shear viscosity,ω is the frequency (rad/s), K andm are material
parameters.

2.2. ZSV determination based on Cross/Williamson's model

Data from a frequency sweep test was described by the Cross/
Williamson's model, Eq. (2). The data was then extrapolated to zero fre-
quency in order to determine the ZSV of the binders (Fig. 6).

η� ¼ η0−η∞
1þ Kωð Þm þ η∞ ð2Þ

where η*, η0, η∞, ω, K, and m are defined as in Eq. (1).

2.3. ZSV determination based on the Cross/Sybilski's model

Similarly, the data from the frequency sweep tests were described
by the Cross/Sybilski's model using Eq. (3). The ZSVs calculated by ex-
trapolating the data to a zero frequency are shown in Fig. 6.

η� ¼ η0
1þ Kωð Þm ð3Þ

3. Experimental

3.1. Materials

Asphalt AC-20 from PEMEX, México, has the following physical
properties: penetration: 67 dmm (25 °C, ASTM standard D5); softening
point: 49 °C (ASTM standard D36) and the solubility test in n-heptane
(ASTM standard D2042) gives 80 wt.% maltenes and 20 wt.%
asphaltenes.

SodiumMt fromNanocor Inc. (Arlington Heights, IL, USA)with ionic
interchange capacity of 135meq/100 g, specific gravity of 2.6, andmean
particle size of 22 μm,was used as the dispersed phase. Two organo-Mt
were used in asphalt AC-20; 1) trimethyloctadecacyl ammonium chlo-
ride (TMOA) containing 25–30 wt.% trimethyl stearyl ammonium, and
2) nanoclay, surface-modified, which contains 0.5–5 wt.% amino pro-
pyl-triethoxysilane (APTES), 15–35 wt.% octadecyl-amine matrix. They
were used as received from Sigma-Aldrich Chemie GmbH (México
City, México).

3.2. Preparation of Mt and OMt modified asphalt

The modified asphalt was prepared using a high-shear mixer. As-
phalt was heated up to melting at around 150 °C in an iron container.
Then three percentages (2%, 5% and 10% byweight) of the various nano-
particles (Mt, TMOA and APTES) were added to the base asphalt with
continuous stirring (2500 rpm) at 160 °C for two hours. High homoge-
neity was reached, producing various blends: A/Mt2, A/Mt5, A/Mt10,
A/TMOA2, A/TMOA5, A/TMOA10, A/APTES2, A/APTES5 and A/
APTES10. All the prepared binders were left to cool at room tempera-
ture. Asphalt AC-20 was also processed under the same conditions for
comparison with the modified asphalt.

3.3. Physical properties test

Softening point and penetration (25 °C) were tested according to
ASTM D36 and ASTM D5, respectively.

3.4. Fluorescence microscopy

Fluorescence microscopy tests were performed with a Carl-Zeiss KS
300 microscope at ambient temperature with a wavelength of 390–
450 nm with an objective power of 20× and eyepiece lens of 10×. Mi-
crographswere takenwith aMC100 camera equippedwith an automat-
ic counter. In the nanocomposite A/TMOA, the particle size distribution
and shape were measured as the quaternary ammonium surfactant
shows fluorescence (Kakehi et al., 1997). Mt and APTES did not present
fluorescence.

3.5. X-ray diffraction (XRD)

X-ray diffraction tests were measured in air at room temperature
using a Bruker D-8 Advance diffractometer with the θ-2θ geometry, Cu
Kα radiation, a Ni 0.5% Cu-Kβfilter in the secondary beam, and a one-di-
mensional positive-sensitive silicon strip detector (Bruker, Lynxeye).
The diffraction intensity as a function of 2θ angle was measured be-
tween 0.5 and 10.0°, with a 2θ step of 0.02037°, for 0.400 s per point.

3.6. Transmission electron microscopy (TEM)

Amorphological investigation of the dispersion in thematerials was
carried out by means of a high-resolution transmission electron micro-
scope (HRTEM JEOL 2100F) with acceleration voltage of 200 kV.

3.7. Rheological measurements

Dynamic measurements were performed in parallel-plate fixture,
under stress-controlled mode AR-G2 (TA Co., USA). A frequency
sweep from 0.1 to 100 rad/s at different temperatures (25, 40, 60, 75
and 100 °C)was applied at a fixed strain in the linear viscoelastic region.
Smooth plate-and-plate geometry with 25mmdiameter and 1mmgap
was used for the whole set of samples. A stabilization time of 15 min
was allowed for each sample.



Table 1
Effects of Mt and organo-Mt on softening point and penetration of asphalt. Apparent acti-
vation energies for pure asphalt and nanocomposites.

Physical properties Asphalt

Mt content
(wt.%)

TMOA
content
(wt.%)

APTES
content
(wt.%)

2 5 10 2 5 10 2 5 10

Softening point (°C) 49 50 53 57 53 56 60 51 54 58
Penetration (dmm) 67 64 61 58 62 58 53 65 62 60
Ea(kJ/mol) 58 64 67 70 61 66 68 62 62 61
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4. Results and analysis

4.1. Physical properties

The softening point of the Mt-modified asphalts gradually increases
as a function of Mt or organo-Mt content (Table 1). This effect is associ-
ated with the presence of nanoparticles forming intercalated/exfoliated
structures in the asphalt matrix. TMOA-modified asphalts exhibit a re-
markable improvement in the softening point in comparison to the
other samples. TMOA-nanoclay can form intercalated structures in the
asphalt matrix due to its organophilic character, which confers more
compatibility with the asphalt (maltenes). As a result, the A/TMOA sys-
tems are more stable to high temperatures and may also be more resis-
tant to permanent deformation (rutting) compared to the unmodified
asphalt, according to the results shown in Table 1 (El-Shafie et al.,
2012). A/APTES brings little change in penetration and softening point
with respect to the unmodified asphalt. This slight enhancement ob-
served for A/APTES is lower than that of A/TMOA, but similar to that
of A/Mt.
Fig. 1. Fluorescence microscopy of the mixtures before and after adding TMOA at 25
4.2. Fluorescence microscopy

The morphology and dispersion of the TMOA nanoparticles in as-
phalt are shown in Fig. 1. Scarce fluorescent material is present in the
base asphalt, so that the micrographs are generally dark, as shown in
Fig. 1a. In contrast, it is easier to observe TMOA particles under the
same conditions due to their fluorescence. A/TMOA2, A/TMOA5 and A/
TMOA10 are shown in Fig. 1b–d, respectively. A/TMOA2 binder shows
poor phase dispersion of small dots distributed throughout the asphalt
(Fig. 1b) where the bright TMOA phase and dark asphalt phase are eas-
ily distinguished. As TMOA content increases, the boundary between
bright and dark areas becomes sharper (A/TMOA5 in Fig. 1c), whereas
fine white nanoparticles are evenly dispersed in the A/TMOA10 blend
(Fig. 1d). In this case, compatibility of A/TMOA is relatively high,
which could explain the viscosity behavior, softening point, and pene-
tration. This, in turn, may be caused by a higher interaction of non-
polar organo-Mt with the non-polar component of asphalt (maltenes).

4.3. XRD analysis

The dispersion of the silica layers in the asphalt matrix was deter-
mined by the interlayer space. The d-value is calculated by means of
the 2θ angle value at which basal reflection is observed (Bragg equa-
tion):

nλ ¼ 2d sinθ ð4Þ

λ is the X-ray wavelength (for Cu, λ = 0.15418 nm), d is the interlayer
distance, n is the order of diffraction, corresponding to an integermulti-
ple of the wavelength, and θ is the angle of incident radiation. The XRD
results for pureMt andA/Mt composites are shown in Fig. 2a at different
concentrations. Since Mt and their nanocomposites do not show any
°C and 20×; (a) base asphalt; (b) A/TMOA2; (c) A/TMOA5 and (d) A/TMOA10.



Table 2
Diffraction angle and interlayer space at the 001 basal reflection for pure nanoparticles and
nanocomposites.

System 2θ (degree) d (nm)

TMOA 3.58 2.5
A/TMOA2 1.60 5.5
A/TMOA5 1.85 4.8
A/TMOA10 1.85 4.8
APTES 4.08 2.2
A/APTES2 1.1 8.0
A/APTES5 2.1 4.2
A/APTES10 2.2 4.0

Fig. 2. Basal spacing of the (a) Mt; (b) TMOA and (c) APTES for different concentrations.
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reflection (2θ) in the tested interval of 0.5 to 10.0, one cannot suggest
that theMt-modified asphalt forms intercalated or exfoliated structures.
Pure TMOA shows a maximum intensity 001 reflections at 2θ = 3.58°,
which corresponds to a d = 2.5 nm, in addition to a small peak at
Fig. 3. TEM images of asphalt nanocomposites of (a) Mt; (b) TMOA and (c) APTES at
10 wt.%.



Fig. 5. (a) Storage modulus and (b) loss modulus master curves obtained by time-
temperature superposition of asphalt and nanocomposites at 10 wt.% loading. Reference
temperature is 25 °C.

Fig. 4. Plots of log G″ versus log G′, same frequencywith 10wt.% nanoparticles. (a)Mt; (b)
TMOA and (c) APTES for various temperatures (100–40 °C).

24 M.A. Vargas et al. / Applied Clay Science 139 (2017) 20–27
5.14° (d= 1.7 nm). Lower intensity reflections at high 2θ angles are as-
sociatedwith additional harmonic reflections 002, as they approximate-
ly correspond to multiples of the scattering angle of the first order
reflection (Okamoto et al., 2000; Yu et al., 2007; Ortega et al., 2015).
A/TMOA5 presents two reflections at 2θ = 1.85°, which correspond to
d001, and at 3.73° for d002. A/TMOA10 shows three reflections at
2θ = 1.85° for d001, as well as at 3.73° and 5.75°; the higher-order re-
flections correspond to d002 and d003. These results suggest that
TMOA is intercalated in the asphaltmatrix. In effect, 001 reflection shifts
to a lower angle (Table 2). The large d-value observed can be related to
the affinity and/or compatibility between the internal quaternary alkyl
ammonium groups attached to the Mt and the asphalt molecules
(Ortega et al., 2015). At low nanoparticles content (A/TMOA2) only
one reflection is observed at 2θ = 1.6°. X-ray analysis shows an
intercalated morphology for all A/TMOA nanocomposites, which
gives improvements in the rheological behavior of the material as
described above. Pure APTES presents two reflections at 2θ = 4.08°
and 7.73°, which correspond to d = 2.2 and 1.15 nm, respectively
(Shanmugharaj et al., 2006; Piscitelli et al., 2010; Silva et al., 2011).
The A/APTES2 system shows lower basal values of 1.1°, while A/
APTES5 and A/APTES10 composites exhibit two reflections at 2θ =
1.9° and 2.0°, respectively, which correspond to d001. In fact, the in-
crease in d-value of 001 from 2.2 nm of APTES to 4.2 nm of A/APTES5
and of A/APTES10 is an evidence of intercalation. The weak reflection
at 2θ= 7.7° in pure APTES, which corresponds to d002 (Fig. 2c), dis-
appeared in the diffractograms of A/APTES nanocomposites contain-
ing 2, 5, and 10 wt.%. In Table 2, the interlayer space of the A/APTES
composites is slightly lower for A/APTES5 and A/APTES10 in compar-
ison to that of A/TMOA5 and A/TMOA10, which explains the different
rheological behavior. In effect, viscosity is significantly higher for A/
TMOA5 and A/TMOA10 than for A/APTES5 and A/APTES10, as
Table 3
Parameters of Carreau's model for asphalt and nanocomposites.

Sample η0 (Pa.s) η∞ (Pa.s) K m

Asphalt 2.0 × 105 1.1 × 103 4.9 × 101 0.285
A/Mt2 5.2 × 105 1.1 × 103 5.1 × 102 0.110
A/Mt5 6.2 × 105 1.1 × 103 4.6 × 102 0.143
A/Mt10 7.2 × 105 1.1 × 103 4.0 × 102 0.165
A/TMOA2 2.2 × 105 1.1 × 103 2.9 × 102 0.140
A/TMOA5 1.1 × 106 1.1 × 103 3.6 × 102 0.140
A/TMOA10 3.9 × 106 1.1 × 103 8.7 × 103 0.130
A/APTES2 3.4 × 105 1.1 × 103 6.7 × 102 0.098
A/APTES5 5.1 × 105 1.1 × 103 9.0 × 101 0.180
A/APTES10 4.4 × 105 1.1 × 103 2.2 × 102 0.112
discussed below. The difference in interlayer spacing can be ascribed
to the longer organic chains of TMOA, promoting higher interlayer
Fig. 6. Complex viscosity (η*) master curves obtained using frequency-temperature
superposition at the reference temperature of 25 °C and loading of 10 wt.%
nanoparticles. Cross/Williamson, Cross/Sybilski and Carreau models are compared.



Table 4
Parameters of Cross/Williamson's model for asphalt and nanocomposites.

Sample η0 (Pa.s) η∞ (Pa.s) K m

Asphalt 2.1 × 105 1.1 × 103 3.5 × 100 0.42
A/Mt2 1.1 × 106 1.1 × 103 2.0 × 101 0.35
A/Mt5 1.3 × 106 1.1 × 103 4.8 × 101 0.40
A/Mt10 1.5 × 106 1.1 × 103 7.0 × 101 0.45
A/TMOA2 4.7 × 105 1.1 × 103 3.2 × 101 0.40
A/TMOA5 2.4 × 106 1.1 × 103 4.0 × 101 0.45
A/TMOA10 8.6 × 106 1.1 × 103 7.4 × 102 0.38
A/APTES2 7.1 × 105 1.1 × 103 1.2 × 101 0.36
A/APTES5 1.1 × 106 1.1 × 103 1.6 × 101 0.48
A/APTES10 9.4 × 105 1.1 × 103 1.1 × 101 0.38

Table 5
Parameters of Cross/Sybilski's model for asphalt and nanocomposites.

Sample η0 (Pa.s) K m

Asphalt 2.1 × 105 4.0 × 100 0.40
A/Mt2 1.1 × 106 1.6 × 101 0.38
A/Mt5 1.4 × 106 5.3 × 101 0.40
A/Mt10 1.6 × 106 9.0 × 101 0.42
A/TMOA2 4.8 × 105 2.8 × 101 0.40
A/TMOA5 2.5 × 106 4.0 × 101 0.40
A/TMOA10 8.7 × 106 8.6 × 102 0.38
A/APTES2 7.1 × 105 1.2 × 101 0.35
A/APTES5 1.1 × 106 1.5 × 101 0.47
A/APTES10 9.3 × 105 9.0 × 100 0.38
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spacing. According to Shanmugharaj et al. (2006), a reverse trend is
observed for aminosilane-Mt systems: the longer the organic chain
of the aminosilane molecules, the smaller the d value in the modified
Mt. This result is due to the strong tendency of aminosilanes to inter-
act among themselves by both intermolecular hydrogen bonding
and hydrophobic interactions due to the presence of one or two
\\NH groups in their chains, thus revealing the presence of interca-
lated structures in the base asphalt.

4.4. TEM analysis

TEM images of the nanocomposites at 10 wt.% nanoparticles are
shown in Fig. 3. Here, it is important to compare the morphologies
and relate them with the rheological and macroscopic properties. In
all cases, two different domains are observable: dark zones correspond
to nanoparticles, while white zones are asphalt. The structure of the A/
Mt10 dispersion is complex (Fig. 3a). Effectively, the overall image
shows that theMt layers are not occupying the full volume, and large re-
gions of pure asphalt matrix are visible. At this scale, considerable inho-
mogeneity is apparent at high nanoparticle concentration. The
nanocomposites exhibit an intercalated morphology and some areas
(as indicated by the arrow in Fig. 3a) appear to contain oriented collec-
tions of Mt layers (Kormann et al., 1998; Lee et al., 2002; Wang et al.,
2008).

In TEM images of A/TMOA 10wt.% (Fig. 3b) a large number of TMOA
intercalated nanoplatelets can be observed, as indicated with black ar-
rows, and irregular dispersions of TMOA layers are present (Wang et
al., 2008). Thus, TMOA organo-Mt gives rise to better intercalation as
compared to Mt. In turn, the TEM images of A/APTES at 10 wt.% reveal
the individual Mt sheets dispersed in asphalt, as shown in Fig. 3c. It is
evident that the morphology can be considered a mix of intercalated
(as indicated with black arrows) and exfoliated sheets (as indicated
with white arrows) in the asphalt matrix (Bharadwaj et al., 2002; Lee
andKim, 2002;Miyagawa et al., 2006). Some regions contain fully-exfo-
liated structures as they are individually dispersed. However, dispersion
of clay in the asphalt matrix becomes slightly worse at 10wt.%. Thus, si-
lane-grafted located between platelets and edges contribute slightly to
platelet dispersion during asphalt processing, while TMOA induces larg-
er separations.

4.5. Rheological analysis

The viscoelastic properties of asphalt and nanocomposites at 10wt.%
of nanoparticles were analyzed in Fig. 4. The loss modulus, G″(ω), ver-
sus storage modulus, G′(ω), indicates that A/TMOA10 is more elastic
than the other nanocomposites. In addition, the G″(ω) versus G′(ω)
curves of the three nanocomposites with different concentrations
and temperatures superpose on a single curve, implying that the nano-
composites do not have a structural heterogeneity (figures were omit-
ted). This indicates that time-temperature superposition for each
nanocomposite can be accomplished with a single shift factor, aT, as de-
scribed in Eq. (5):

aT ¼ exp
Ea
R

1
T
−

1
T0

� �� �
ð5Þ

where T0 is the reference temperature, 298 K, andEa is the activation en-
ergy. The activation energy rises with the TMOA and Mt content, while
for APTES it remains practically constant (Table 3). Ea is a quantitative
mean to evaluate the molecular mobility and increases in the order A/
Mt b A/TMOA b A/APTES b Asphalt.

Master curves of dynamicmaterials functions (G′ andG″) for asphalt
and nanocomposites at 10wt.% are shown in Fig. 5. A/TMOA10wt.% ex-
hibits the highest moduli, implying that this system is more elastic than
the other nanocomposites at 10wt.%. A/TMOA10 sample has the largest
interlayer space due to polar interaction between nanoparticles and as-
phalt. G′ and G″ master curves for the nanocomposites A/Mt, A/TMOA
and A/APTES increase monotonically with increasing nanoparticles
loading (the master curves for these systems are not shown). The pres-
ence of nanoparticles does not perturb the generalmechanical response
of the base asphalt; the dynamic spectra of nanocomposites are similar
to that of asphalt, denoting affinity in the rheological behavior of these
materials. In comparison, TMOA has a stronger influence on the rheo-
logical properties than APTES and Mt. This indicates that the surfactant
with ammonium presents stronger interaction with the asphalt matrix.

The viscosity of asphalts strongly depends on its constitutive compo-
nents and interactions. The presence of solid particles such asMt, TMOA
and APTES in the asphalts matrix contributes to the enhancement of the
asphalt viscosity. The steady state flow properties of the nano-Mt mod-
ified asphalts are shown in Fig. 6.With the addition of different contents
of Mt, TMOA and APTES binders, an increase in η* of the nanocompos-
ites, particularly at low frequency, is observed. The viscosity of the
APTES-modified asphalts increases slightly when the APTES content is
increased (one order of magnitude). For TMOA-modified asphalt, inter-
calated silicate layers can effectively restrict the motion of asphalt
chains, which leads to rapid increase of the viscosity. The asphalts mod-
ified with high content of TMOA (10 wt.%) show a remarkable increase
in η* by almost two orders of magnitude in comparison to asphalt. The
addition of TMOA improves the deformation resistance of asphalt at
high temperatures.

Nanocomposites at low frequencies show a Newtonian plateau and
for larger shear rates shear-thinning behavior sets in. In nanoparticles-
modified asphalts, the shear thinning behavior occurs at a frequency
of 10−2 to 102 rad/s and for asphalt takes place from 10−1 to 102.

The Carreau'smodel (Eq. (1)) describes the data obtained froma fre-
quency sweep tests; Fig. 6 and Table 3 disclose the ZSVs of all systems
with andwithout nanoparticles. Fig. 6 reveals that the addition of nano-
particles increases the ZSVs of the binders, especially in TMOA10. The
ZSV values calculated from Cross/Williamson and Cross/Sybilski models
are consistent; see Tables 4 and 5, respectively. However, the ZSV values



Table 6
Maximum pavement temperature obtained by SHRP criterion for all samples.

Samples Temperature when G*/sin δ = 1 kPa (°C)

Asphalt 70
A/Mt2 74
A/Mt5 78
A/Mt10 84
A/TMOA2 72
A/TMOA5 87
A/TMOA10 92
A/APTES2 73
A/APTES5 75
A/APTES10 75

Fig. 7. Black diagrams of asphalt and blends reinforced with nanoparticles for various
concentrations; (a) Mt; (b) TMOA; and (c) APTES.
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calculated for TMOA are significantly higher than the ZSV values calcu-
lated for Mt, APTES and asphalt.

Black diagrams are plotted for each system in Fig. 7. Black diagrams
of neat asphalt and nanocomposites are very similar; the overall rheo-
logical behavior is not affected by the presence of nanoparticles. For A/
TMOA and A/Mt blends, an increase in the amount of reinforcement im-
proves the stiffness and elasticity (phase angles decreases and moduli
increases). The use of APTES does not yield the same rheological effects,
since Black diagrams are similar to those of asphalt (Fig. 7a–c). In this
case, a slight departure from the thermo-rheological simplicity of the
material is observed, associated to the presence of strong nanoparticle
structures within the dispersing medium (Santagata et al., 2015).
These blends present a slight improvement in the elasticity and stiffness
with respect to asphalt.

SHRP criterion indicates the maximum temperature for a good
viscoelastic performance of the original binder once in the pavement
(defined as the point when |G*|/sinδ attains 1 kPa at 10 rad/s). To de-
fine the maximum pavement temperature, the analysis related to
aging of the RTFOT asphalt binder is needed. Values of these points
are shown in Table 6 for asphalt and blends. The addition of nano-ad-
ditives always leads to improvements in the resistance to permanent
deformation of asphalt. As the nanoparticles content increases, the
temperature of the SHRP parameter increases. The best temperature
performances are found by employing TMOA at high concentrations,
while APTES shows lower ability to affect rheological properties of
asphalt, like Mt2 and Mt5. It is noteworthy that high dosages of
TMOA andMt at 10 wt.% lead to high values of the SHRP rutting resis-
tance factor.

5. Conclusions

The addition of nanoclays to asphalt decreases penetration and in-
creases both the softening point and viscosity. XRD and TEM analyses
reveal the degree of intercalation and dispersion of montmorillonite in
asphalt. XRD data confirm that the organo-Mt-modified asphalt may
form an intercalated structure, while this structure cannot be corrobo-
rated for A/Mt composites, since Mt does not show XRD dispersion
peaks in the interval selected in this work. The changes in the rheolog-
ical properties of the modified asphalt depend on the type and concen-
tration of nanocomposite, and its distribution in the asphalt. The
modified asphalts exhibited higher complex modulus, lower phase
angle and higher rutting resistance. Compared with Mt and APTES,
TMOAhas larger effects in improving physical properties and rutting re-
sistance of asphalt, due to the formation of intercalated structures in the
TMOA-modified asphalt and the better surface compatibility of TMOA
nanoparticles with the asphalt. Both the Cross and Carreau models can
describe the viscosity of asphalt and asphalt binder. Similar ZSV values
are obtained using various constitutive models.
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