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Abstract: The bonding strength of the bond coat plays an important role in the composite action
between the wearing surface and the deck plate of the orthotropic steel deck system. Poor bonding
results in the delamination of the wearing surface from the deck plate. Graphene oxide (GO) possesses
outstanding mechanical and thermal properties, as well as impressive multifunctional groups, which
makes it an ideal reinforcement candidate for polymer matrices. In this study, graphene oxide
was used to improve the bonding strength and toughness of the epoxy asphalt bond coat (EABC).
The dispersion, hydrophobicity, viscosity—time behavior, phase-separated morphology, dynamic
mechanical properties, pull-off strength, shear strength and mechanical performance of GO-modified
EABCs were investigated using various techniques. The inclusion of GO improved the hydrophobicity
of the unmodified EABC. The viscosity of the unmodified EABC was lowered with the addition of
GO during curing. Moreover, the allowable construction time for the modified EABCs was extended
with the GO loading. The incorporation of GO enhanced the stiffness of the unmodified EABC in the
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glassy and rubbery states. However, graphene oxide lowered the glass transition temperature of the
asphalt of the unmodified EABC. Confocal microscopy observations revealed that GO was invisible in
both the asphalt and epoxy phases of the EABC. The inclusion of GO improved the bonding strength,
particularly at 60 °C, and mechanical properties of the unmodified EABC.
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Because of the outstanding advantages of orthotropic steel deck (OSD) systems, such as
the low life-cycle costs, suitability for prefabrication and standardization, low maintenance
and improved work zone safety, they have been widely used in long-span bridges across
large rivers or straits in many countries [1]. Apart from the OSD plate, wearing surfaces,
including bituminous and polymer surfaces, are essential for OSD bridges since they
provide an anti-skidding and comfortable surface, as well as corrosion protection, to
deck plates, level out irregularities of the deck plate and increase the fatigue life of deck
plates [2,3]. Additionally, to facilitate the composite action between the deck plate and the
wearing surface, a bond coat is frequently used before the wearing surface is paved on the
plate. In addition to preventing the wearing surface and the deck plate from shoving and
delamination, using such a waterproof bonding layer also protects against the corrosion
of deck plates and reduces tensile cracking in wearing surfaces. Due to the action of the
less stiff composite between the deck plate and the wearing surface, which resist bending
independently, together with the high flexibility of the thin deck plate, both the toughness
of the bond coat and the bonding strength between the wearing surface and the deck
Attribution (CC BY) license (https://  plate need to be as high as possible compared to the binder used in the wearing surface.
creativecommons.org/ licenses /by / Otherwise, the soft bonding layer tends to result in the delamination of the wearing surface
40/). from the deck plate, especially in extreme cases [4,5].
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Like the binder used in the wearing surface, bond coats can be divided into two
classes: thermoplastic and thermosetting [6,7]. Due to their higher stiffness, most of the
bond coats used on OSD plates are of the thermosetting type, which includes epoxy resins,
polyurethane-epoxy and epoxy asphalt bond coats (EABCs) [8,9]. The epoxy asphalt binder
and EABC used in bituminous surfacing have been extensively used in many long-span
bridges in China and the United States [10-14]. Epoxy asphalt is mainly composed of
asphalt and epoxy resin, whose major components are epoxy oligomers and a curing
agent [15-19]. In EABCs, except for the component of epoxy oligomers, curing agents,
asphalt and other additives are premixed as another individual component. After the two
components of the EABC (comprising a bituminous curing agent and epoxy oligomers)
are mixed and sprayed on a deck plate pre-coated with a layer of primer, hot bituminous
surfacings, such as epoxy asphalt mixtures, are paved on the semi-liquid EABC layer.
Finally, the bonding of the bituminous surface to the deck plate can be achieved through
the curing reaction of epoxy resin. The mechanical and bonding properties of EABCs
depend on not only the ratio of epoxy resin to asphalt but also the penetration grade of
asphalt [9,20]. To improve the toughness and bonding strength of EABCs, many efforts
have been made [21-23]. Sun et al. [21,22] used nanoclays to reinforce EABCs. Both pristine
attapulgite and montmorillonite significantly improved the bonding and mechanical prop-
erties of the pure EABC. Huang et al. [23] reported that rubber particles surface-treated
with a silane coupling agent greatly improved the low-temperature pull-off and shear
strengths of the EABC.

Graphene is a two-dimensional allotrope of carbon with a honeycomb lattice. Due to
its outstanding thermal, mechanical, electrical and optical properties, graphene has become
an ideal nanofiller for composite materials [24]. However, the mass production of graphene
has been too difficult to achieve thus far [25]. Therefore, graphene derivatives, such as
reduced graphene oxide, graphene oxide (GO) and graphene nanoplates, have attracted
extensive attention for the application of graphene-based materials because of their low
cost and large-scale production [26]. Graphene oxide is obtained from the harsh oxidation
treatment of graphite and is thus composed of oxygen functional groups, including epoxide,
hydroxyl and carboxylic acid groups, as opposed to graphene [27]. Although these groups
result in defects in the structure of graphene to some extent, they make graphene oxide
stand out for a wide variety of applications because of their easy modification with other
functional groups and their excellent dispersibility in many solvents [28,29]. Consequently,
the modification of asphalt and epoxy resin with graphene oxide has gained more and
more attention due to its unique structure and outstanding thermal, mechanical and
electrical properties [30-32].

Recently, graphene oxide has also been used to modify epoxy asphalts [33-35]. Dif-
ferential scanning calorimetry (DSC) curing kinetics revealed that both pristine- and
hyperbranched-polyester-modified graphene oxides accelerate the curing reaction and
lower the curing activation energy of epoxy asphalt [33]. Zhao et al. [34] reported that
the inclusion of graphene oxide enhances the mechanical performance of epoxy asphalt
binder. Si et al. [35] revealed that the incorporation of graphene oxide increases the pull-off
strength, elongation and toughness of EABCs, whereas the tensile strength decreases. How-
ever, the dispersion of graphene oxide, hydrophobicity and shear strength of graphene
oxide-modified EABCs were not reported. Additionally, the failure mechanism of adhesion
was not interpreted.

In this study, graphene oxide was used to improve the toughness and bonding strength
of EABCs. To achieve this goal, graphene oxide was first mixed with curing agents and
asphalt. Then, the mixture was mixed with epoxy oligomers to prepare graphene oxide-
modified EABCs. The effects of graphene oxide on the viscosity-time behavior, hydropho-
bicity, phase-separated morphology, dynamic mechanical properties, bonding strength and
mechanical performance of the unmodified EABC were studied. In addition, the failure
modes in pull-off tests were investigated.
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2. Materials and Methods
2.1. Materials

Base asphalt was obtained from China Offshore Bitumen (Taizhou) Co., Ltd. (Taizhou,
China). Table 1 provides an overview of base asphalt. The acid-based hardener was self-
prepared in the laboratory. Bisphenol A epoxy oligomer with an epoxide equivalent weight
of 192 g/eq was bought from Nantong Xingchen Synthetic Material Co., Ltd. (Nantong,
China). Graphene oxide powder was provided by Suzhou Tanfeng Graphene Technology
Co., Ltd. (Suzhou, China). The physical properties of graphene oxide powder are presented
in Table 2.

Table 1. Overview of base asphalt.

Property Standard Value
Penetration (25 °C, 0.1 mm) ASTM D5-06 91.0
Ductility (10 °C, cm) ASTM D113-07 93.0
Softening point (°C) ASTM D36-06 46.3
Viscosity (120 °C, mPa-s) ASTM D4402-06 787
Saturates (%) 16.7
Aromatics (%) 33.9
Resins (%) ASTM D4124-09 447
Asphaltenes (%) 4.7

Table 2. Overview of graphene oxide powder.

Property Value
Number of layers 1~2

Diameter (pum) 10~50
Thickness (nm) ~1
Carbon content (%) <50
Oxygen content (%) >42
Sulfur content (%) <4
Purity (%) 95

2.2. Preparation of GO-Modified EABCs

To ensure the good distribution of GO in EABCs, a masterbatch of the GO-modified
bituminous curing agent, composing of graphene oxide powder, curing agent and base
asphalt, was prepared by a high-shear emulsifier at 120 °C for 15 min at a rotational speed
of 4000 min~!. Then, the epoxy oligomer was introduced into the masterbatch and mixed
at 120 °C for 5 min at a rotational speed of 200 min~1. Finally, the mixture of the uncured
GO-modified EABC was poured into a Teflon mold with a diameter of 100 mm and a
height of 5 mm and cured at 120 °C for 4 h. The weight ratio of the epoxy oligomer to
the bituminous curing agent was 1:4.5. The weight percentages of graphene oxide in the
modified EABCs were 0, 0.2, 0.5 and 1.0 wt%. Figure 1 depicts a schematic illustration for
the preparation and characterization of GO-modified EABCs.

2.3. Methods
2.3.1. X-ray Diffraction (XRD) Analysis

XRD analysis was conducted on a Shimadzu XRD-6000 X-ray diffractometer (Kyoto,
Japan) with a Cu K« source (A = 1.54 A). Graphene oxide and samples of the unmodified
and GO-modified EABCs bonded on a slid holder were scanned at 5°/min in the range of
5—60°.
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Figure 1. Schematic illustration for the preparation and characterization of GO-modified EABCs.

2.3.2. Morphology

The phase-separated microstructures of the unmodified and GO-modified EABCs were
observed on a laser scanning confocal microscope (LSCM, Zeiss LSM 710, Jena, Germany)
with Ar+ laser light (488 nm). The average diameters and polydispersity index (PDI) of the
dispersed phase in the confocal microscopy image were calculated by using professional
image analysis software [11,36,37]:

- an’di
di’l - an 7 (1)
- Znidiz
dw - Z]’ll‘dl’ 7 (2)
dy
PDI = i (©)

where d;, and dy, are the number- and weight-average diameters. n; is the number of
particles with a diameter of d;.

2.3.3. Rotational Viscosity

The viscosity—time behavior was tested on a Brookfield rotational viscometer (RV,
NDJ-1C, Shanghai, China). The uncured sample was placed into a chamber with a No. 28
spindle at 120 °C. The viscosity was recorded every 5 min at a rotational speed of 50 min~—!
until it reached 5 Pa-s, according to ASTM D4402.

2.3.4. Hydrophobicity

Contact angles were measured at room temperature on a contact angle meter (CAM,
CAM 200, KSV, Helsinki, Finland). The contact angle was recorded within 1 min after
deionized water (5 pL) was dripped on the surface of the cured sample. The average contact
angle was obtained from at least five replicates for each measurement.



Materials 2022, 15, 6846

50f16

2.3.5. Viscoelastic Properties

Dynamic mechanical analysis (DMA) was performed on a 01 dB-Metravib DMA + 450
instrument (Limonest, France) in tension mode. The test was conducted at a heating rate of
3 °C/min and 1 Hz from —50 °C to 100 °C.

2.3.6. Pull-Off Adhesion Test

Pull-off strength was determined on a portable automatic adhesion tester (PosiTest
AT-A, DeFelsko, Ogdensburg, NY, USA). The measurement was carried out at room tem-
perature and at a pull-off rate of 0.7 MPa/s. To determine the pull-off strength, the uncured
EABC was daubed on the surface of a polished Q345D steel plate (150 x 150 x 20 mm?)
with a coating weight of 600 g/m?. Five dollies with a diameter of 20 mm were put on the
surface of the EABC layer. Afterward, the steel plate was cured at 120 °C for 4 h. After
the steel plate was cooled to room temperature, the testing areas around the dollies were
separated by a core drill. Finally, a uniaxial load was employed perpendicularly to the
dolly until the dolly was separated from the steel plate. Figure 2 shows the adhesion tester
and testing configuration.

Figure 2. Portable automatic adhesion tester and testing configuration.

2.3.7. Single-Lap Shear Test (SLST)

The shear strength was determined using the single-lap shear test as per ASTM D1002.
The uncured EABC was daubed on the end of two steel plates (100 x 25 x 2 mm?3). Then,
the parts of the two plates coated with the bond coat (12.5 mm) were overlapped and
cured at 120 °C for 4 h. After being cooled to room temperature, the joined parts of the
two stainless-steel plates were pulled out using an Instron 3366 universal testing machine
(UTM, Norwood, MA, USA) in tension mode at a crosshead speed of 50 mm/min. Five
replicates were measured for each sample, and the average value was calculated. Figure 3
presents a schematic illustration of the sample for the single-lap shear test.

187.5 mm
l 25 mm - - -
T —
12.5 mm

Bond coat
Figure 3. Schematic illustration of the sample for the single-lap shear test.

2.3.8. Tensile Test

Tensile properties were tested on a UTM (Instron 3366, Norwood, MA, USA) according
to ASTM D638. The test was conducted at room temperature at a crosshead speed of
200 mm/min. Five replicates were tested for each sample.
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3. Results and Discussion
3.1. X-ray Diffraction Analysis

Figure 4 illustrates the XRD patterns of pristine GO and the unmodified and GO-
modified EABCs. As shown in Figure 4a, a strong and sharp diffraction peak appears at
20 = 11.46° in the XRD diffractogram of pristine GO, which is attributed to the (0 0 1) lattice
plane of GO. Based on the Bragg equation, the interlayer distance of this peak is 0.77 nm.
This broad interlayer distance is attributed to the existence of oxygen functional groups on
the basal plane and at the edges of GO. For the unmodified EABC, as shown in Figure 4b,
a broad diffraction peak is observed at 260 = 19.63° due to the amorphous nature of both
epoxy and asphalt. With the inclusion of GO, similar to the unmodified EABC, only one
broad diffraction peak is observed at nearly the same degree, indicating that GO nanolayers
are exfoliated in the epoxy asphalt during epoxy curing and thus well dispersed in the
epoxy asphalt. The dispersion of GO nanolayers in both epoxy and the asphalt matrix is
discussed in Section 3.5.

[ s (b)

A EABC

_.__,/\ 0.2 wt% GO
0.5 wt% GO

1.0 wt% GO
10 20 30 40

2000 - (a)

Intensity (a.u.)

" 1000
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GO

o
Il

10 20 30 40
20 (°)

Figure 4. XRD patterns of pristine GO (a) and the unmodified and GO-modified EABCs (b).

3.2. Hydrophobicity

Figure 5 shows the contact angles of the unmodified and GO-modified EABCs. De-
pending on the contact angle, the hydrophilicity of a material can be divided into four
groups: (1) superhydrophilic (contact angle between 0° and 10°), (2) hydrophilic (contact
angle between 10° and 90°), (3) hydrophobic (contact angle over 90°) and superhydropho-
bic (contact angle over 150°). In this case, the unmodified and GO-modified EABCs are
hydrophobic, since the contact angles range from 98.2 to 102.6°. Furthermore, the water
contact angles of GO-modified EABCs are higher than those of the unmodified EABC,
which are 99.3°, 102.6° and 102.3°, respectively. When adding GO, the hydrophobicity of
the unmodified EABC is improved. It is known that GO is hydrophilic due to the existence
of oxygen functional groups, such as hydroxyl groups. However, these groups react with
some functional groups of epoxy and asphalt during curing and thus improve the ability of
the EABC to repel contact with water molecules.

3.3. Viscosity—Time Behavior

Figure 6 illustrates the viscosity—time curves of the unmodified and GO-modified
EABCs at 120 °C. The viscosity of the unmodified EABC slightly decreases within 5 min,
since the heat generated from the exothermal reaction of epoxy resin results in a viscosity
decrease. After 5 min, as the molecular weight of epoxy resin increases, the viscosity in-
crease quickly surpasses the viscosity reduction caused by heat. In addition, the exothermal
heat is not easily dissipated from the sample and thus adds to the continued reaction. In
this case, the viscosity increases with the curing time as the molecular growth of epoxy resin
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continues over time. After 15 min, the viscosity increases sharply due to the appearance of
the gel point. The existence of GO lowers the viscosity of the unmodified EABC during
curing. Further, for the modified EABCs, the viscosity decreases with the GO loading,
indicating that the allowable construction time is extended with the GO loading.

104
| |
—_ | |
<102+
o
[@)]
c
(4]
S 1004
T
o | |
S _
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0 0.2 0.5 1.0
GO (wt%)

Figure 5. Contact angles of the unmodified and GO-modified EABCs.
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Figure 6. Viscosity—time curves of the unmodified and GO-modified EABCs at 120 °C.

Due to its more complicated construction technology, the allowable construction time
of the epoxy asphalt mixture is much longer than that of the EABC. In this case, the reaction
rate and viscosity of epoxy asphalt binders should be as low as possible. Otherwise, the
mixture cannot become well compacted when the viscosity of the binder is higher than
3 Pa-s [38,39]. Therefore, to achieve a longer allowable construction time, the reaction
rate of the epoxy asphalt binder is much lower than that of the EABC. According to the
specification of GB/T 30598 [40], the time to reach 1 Pa-s for a warm-mix epoxy asphalt
binder and an EABC should be over 40 and 10 min, respectively. The time to reach 1 Pa-s
for the unmodified EABC is 14.1 min. However, with the inclusion of 0.2 wt%, 0.5 wt%
and 1.0 wt%, the time to reach 1 Pa-s of the unmodified EABC extends to 16.2, 17.4 and
20.4 min, respectively. Therefore, the presence of GO extends the allowable construction
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time of the unmodified EABC. Further, the allowable construction time is extended with
the GO loading.

It is known that GO is composed of a small quantity of oxygen functional groups,
including epoxide, hydroxyl and carboxylic acid groups, which can react with both
epoxy oligomers and curing agents, such as amines and carboxylic acids, of the epoxy
resin [27,33,41]. Thus, these reactions compete with the curing reaction of epoxy resin. The
curing reaction of epoxy resin undergoes chemical-controlled and diffusion-controlled
stages [42]. Due to the tremendous difference in the quantity of reaction groups, epoxy
curing is the dominant reaction in the chemical-controlled stage. In the diffusion-controlled
stage, the reaction becomes confined. In this case, the hindrance effect of GO nanolay-
ers limits the diffusion of the reactive groups and thus lowers the viscosity of the EABC
during curing.

3.4. Dynamic Mechanical Properties
3.4.1. Storage Modulus (E")

Figure 7 presents the storage modulus—temperature curves of the unmodified and
GO-modified EABCs. The addition of GO increases the E’ of the unmodified EABC in both
the glassy and rubbery states. In the glassy transition, the storage moduli of GO-modified
EABCs are similar to that of the unmodified EABC. However, for the modified EABC with
1.0 wt% GO, E’ is higher than that of the unmodified one throughout the whole temperature
interval. Given that the storage modulus indicates the stiffness of a material [43], it can be
concluded that the incorporation of GO improves the stiffness of the unmodified EABC in
the glassy and rubbery states. In particular, the temperature of the OSD plate can reach
over 60 °C in summer. Therefore, the stiffer bond coat in the rubbery state improves the
bonding between the wearing surface and the deck plate.

10°%

2

o
o]
|

m

o
=]
I

Storage modulus (Pa)

- - 0.2wt% GO
108{ —-— 0.5 wt% GO
————— 1.0 wt% GO
105 T T T T

40 20 0 20 40 60 80 100
Temperature (°C)

Figure 7. Storage modulus versus temperature curves of the unmodified and GO-modified EABCs.

3.4.2. Glass Transitions

The loss modulus (E”) represents the energy dissipation ability of a material. For a
polymer, E” is related to the morphology, glass transition, molecular motions, relaxation and
so on [43,44]. As illustrated in Figure 8, all E"—temperature curves show two peaks in the
temperature range of —30-30 °C, indicating that all EABCs have two glass transitions: the
glass transition of asphalt at the lower temperature and the glass transition of epoxy at the
higher temperature. Moreover, the glass transition peak of the unmodified EABC becomes
more pronounced with the inclusion of GO. The glass transition temperatures (Tgs) of both
asphalt and epoxy obtained from the E”peak are summarized in Table 3. The inclusion of
GO slightly decreases the Tgs of both asphalt and epoxy in the unmodified EABC.
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Figure 8. Loss modulus versus temperature curves of the unmodified and GO-modified EABCs.

Table 3. Tgs of asphalt and epoxy in the unmodified and GO-modified EABCs.

T of asphalt (°C)

Tg of epoxy (°C)

GO (wt%)

E” tan & E” tan &

0 —-13.7 —8.6 22.1 34.0
0.2 —14.4 -10.2 20.6 32.5
0.5 —14.4 —-10.9 20.8 31.8
1.0 —16.2 -94 214 35.9

The loss factor (the ratio of E” to E’) represents the ability of a material to lose energy
through internal friction and molecular rearrangements, which is independent of geometri-
cal effects [45]. Similar to the E'~temperature curves, all tan-d—temperature curves of the
unmodified and GO-modified EABCs exhibit two glass transitions, as shown in Figure 9.
The inclusion of GO slightly lowers the Tg of asphalt in the unmodified EABC. The Tg of
epoxy shows a similar trend, except for the 1.0 wt% GO loading.

i
o —yyTe
- — 0.2wt% GO / [
1.2{ —-—05wt%GO [l |
---=1.0wt% GO | "\
0.9 )
[2e]
==
3
0.6
0.3
0.0 T T T T T T

-40 -20 0 20 40 60 8IO 100

Temperature (°C)

Figure 9. Loss factor versus temperature curves of the unmodified and GO-modified EABCs.

3.5. Phase-Separated Microstructures

Figure 10 depicts the fluorescence confocal microscopy images of the unmodified and
GO-modified EABCs. The unmodified EABC exhibits a typical phase-separated morphol-
ogy of epoxy asphalt (Figure 10a), in which black spherical particles (dispersed asphalt
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phase) are surrounded by yellow epoxy resin (continuous phase) due to the excitation of
crosslinked epoxy. With the inclusion of 0.2 wt% GO, the spherical shape of asphalt particles
in the unmodified EABC does not change, but the particle size becomes smaller (Figure 10b).
However, for the modified EABCs with 0.5 wt% and 1.0 wt% GO, the shape of asphalt
particles is observed to be more irregular, as shown in Figure 10c,d. It is worth noting
that GO is invisible in all fluorescence confocal microscopy photographs of GO-modified
EABCs due to the deep color of both dispersed and continuous phases.

Figure 10. Fluorescence confocal microscopy photographs of the unmodified EABC (a) and GO-
modified EABCs: 0.2 wt% (b), 0.5 wt% (c) and 1.0 wt% (d).

To observe the dispersion of GO in the EABCs, transmittance confocal microscopy
photographs are shown in Figure 11. However, GO is still unseen in both the dispersed
and continuous phases of EABCs. As confirmed by the XRD results, epoxy curing results
in the exfoliation of GO nanolayers, resulting in the uniform distribution of thinner GO
nanolayers with a lighter color in the epoxy. Therefore, graphene oxide nanolayers are hard
to distinguish from both asphalt and crosslinked epoxy resin.

Image-Pro Plus image analysis software is a useful tool for determining the particle
size and distribution of dispersed asphalt phases in epoxy asphalts [46—48]. As shown in
Table 4, the incorporation of 0.2 wt% GO decreases the average diameter and polydispersity
of the unmodified EABC. The lower polydispersity, the more uniform the dispersion of
the dispersed particles. Therefore, the distribution of asphalt particles becomes uniform
with the presence of 0.2 wt% GO. The inclusion of 0.5 wt% and 1.0 wt% GO decreases
the number-average diameter (d,) and increases the weight-average diameter (d,,) and
polydispersity of the unmodified EABC. Therefore, the distribution of asphalt particles in
these GO-modified EABCs is more random than that in the unmodified EABC, as shown in
Figure 10c,d and Figure 11c,d.
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Figure 11. Transmittance confocal microscopy photographs of the unmodified EABC (a) and GO-
modified EABCs: 0.2 wt% (b), 0.5 wt% (c) and 1.0 wt% (d).

Table 4. Average diameters and PDIs of dispersed asphalt domains in the unmodified and GO-
modified EABCs.

GO (wt%) d,; (mm) dy, (mm) PDI
0 23.1 34.0 1.47
0.2 15.6 18.9 1.21
0.5 17.3 51.0 2.95
1.0 17.3 56.6 3.27

3.6. Pull-Off Strength

Figure 12 depicts the pull-off strengths of the unmodified and GO-modified EABCs.
The presence of GO improves the pull-off strength, at both room temperature and 60 °C, of
the unmodified EABC. At the same GO loading, the pull-off strength at room temperature
is higher than that at 60 °C. In addition, the pull-off strength of the modified EABCs
increases with the GO loading. The pull-off strengths at room temperature and 60 °C of the
modified EABC with 1.0 wt% GO are 22% and 32% higher than those of the unmodified
EABC. The improvement effect of GO on the adhesion properties is more pronounced at a
higher temperature.

To evaluate the failure mechanism of the unmodified and GO-modified EABCs, the
failure surfaces of the steel plates after pull-off tests were investigated. As presented in
Figure 13a, the failure surface of the steel plate bonded by the unmodified EABC has two
failure modes after pull-off tests at room temperature: adhesive failure and cohesive failure.
Adhesive failure occurs at the interface of the steel plate and the bond coat, which is an
indicator of the adhesion strength of the bond coat, whereas cohesive failure takes place
within the coating, which is an indicator of the cohesive strength of the bond coat. Generally,
cohesive failure is preferable since it indicates that the bonding between the steel plate and
the bond coat is stronger than the bond coat itself [49]. Adhesive failure is dominant for
the unmodified EABC at room temperature. With the inclusion of GO, the area of cohesive
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failure increases with the GO loading. In addition, cohesive failure becomes dominant when
the GO loading is over 0.5 wt%. After pull-off tests at 60 °C, the unmodified EABC exhibits
nearly all adhesive failures, as shown in Figure 13b. With the inclusion of GO, cohesive
failure appears, and its area increases with the GO loading. Therefore, the incorporation of
GO improves the pull-off strength of the unmodified EABC, and the pull-off strength of the
modified EABCs increases with the GO loading. The improvement of the pull-off strength
of the unmodified EABC is due to the interfacial reactions between GO and the substrate
(steel plate) since GO contains many oxygen functional groups. With the increase in the GO
loading, the quantity of functional groups increases. In this case, the interaction between
GO and the substrate increases, and thus, the area of cohesive failure increases. Notably,
the area of cohesive failure at 60 °C is much smaller than that at room temperature at the
same GO loading. Therefore, the pull-off strengths of the unmodified and GO-modified
EABCs at 60 °C are much lower than those at room temperature.

]
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Figure 12. Pull-off strengths of the unmodified and GO-modified EABCs.

Figure 13. Failure surfaces of the unmodified and GO-modified EABCs on steel plates after pull-off
tests at room temperature (a) and 60 °C (b).
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3.7. Shear Strength

Figure 14 shows the shear strengths of the unmodified and GO-modified EABCs.
Like the pull-off strength, the presence of GO increases the shear strength at both room
temperature and 60 °C. Furthermore, the shear strength of the modified EABCs increases
with the GO loading. With the inclusion of 1.0 wt% GO, the shear strengths at room
temperature and at 60 °C increase by 15% and 42%, respectively. Like the pull-off strength,
the improvement of the shear strength of the unmodified EABC is also attributed to the
interfacial reactions between the functional groups of GO and the substrate. Furthermore,
the interaction between GO and the substrate increases with the GO loading. Consequently,
the shear strength of the modified EABCs increases with the GO loading.
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Figure 14. Shear strengths of the unmodified and GO-modified EABCs.

3.8. Mechanical Properties

The mechanical properties of the unmodified and GO-modified EABCs are shown in
Figure 15. The presence of GO increases both the tensile strength and elongation at break
of the unmodified EABC (Figure 15a). Additionally, the tensile strength and elongation at
break of the modified EABCs increase with the GO loading. With the inclusion of 1.0 wt%
GO, the tensile strength and elongation at break of the unmodified EABC increase by 21%
and 38%, respectively.
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Figure 15. Mechanical properties of the unmodified and GO-modified EABCs: tensile strength,
elongation at break (a) and toughness (b).
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Tensile toughness (area under the stress versus strain curve) represents the energy
needed to fracture a material [50-52]. As illustrated in Figure 15b, the presence of GO
increases the tensile toughness of the unmodified EABC. Among all modified EABCs, the
one with 0.5 wt% GO has the maximum toughness (7.92 M]J/ m?), which is 22% higher than
that of the unmodified EABC (6.47 MJ/m?).

Overall, the inclusion of GO enhances the mechanical properties of the unmodified
EABC. The improvement of the mechanical performance of the unmodified EABC is
attributed to the uniform dispersion of GO in the epoxy asphalt and the good interfacial
reactions between GO and epoxy asphalt. In addition, the quality of functional groups
increases with the GO loading. Thus, like the bonding strength, both the tensile strength
and elongation at break increase with the GO loading.

4. Conclusions

To improve the bonding strength of EABCs, graphene oxide was introduced. XRD
analysis shows that GO nanolayers were exfoliated in the EABC. The inclusion of GO
improved the hydrophobicity of the unmodified EABC. The inclusion of GO lowered
the viscosity of the unmodified EABC during curing and thus extended the allowable
construction time of the unmodified EABC. In addition, the allowable construction time
of the modified EABCs increased with the GO loading. The presence of GO increased
the storage modulus of the unmodified EABC in the glassy and rubbery states. The Ty
of asphalt of the unmodified EABC was lowered with the addition of GO. The bonding
strength of the unmodified EABC, especially at 60 °C, was enhanced with the incorporation
of GO. In addition, the bonding strength of the modified EABCs increased with the GO
loading. With the inclusion of GO, the area of cohesive failure of the unmodified EABC
increased, while the area of adhesive failure decreased. For the modified EABCs, the area
of cohesive failure increased with the GO loading, whereas the area of adhesive failure
showed the opposite trend. The incorporation of GO improved the mechanical properties of
the unmodified EABC. Further, the tensile strength and elongation at break of the modified
EABCs increased with the GO loading.

Author Contributions: Conceptualization, J.Z. and H.X.; methodology, J.Z. and R.W.; validation,
J.Z.,, RW. and R.Z.; formal analysis, R.W.; investigation, ].Z., R.W. and EJ.; resources, H.X.; data
curation, R.W.; writing—original draft preparation, H.X.; writing—review and editing, C.L. and H.X;
visualization, H.X; supervision, Q.W. and H.X,; project administration, H.X.; funding acquisition,
Q.W. and H.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Mangus, A. Orthotropic steel decks. In Bridge Engineering Handbook: Superstructure Design, 2nd ed.; Chen, W.-E,, Duan, L., Eds.;
CRC Press: Boca Raton, FL, USA, 2014; pp. 589-646.
2. Hulsey, J.L.; Yang, L.; Raad, L. Wearing surfaces for orthotropic steel bridge decks. Transp. Res. Rec. 1999, 1654, 141-150.

[CrossRef]

3. Seim, C.; Ingham, T. Influence of wearing surfacing on performance of orthotropic steel plate decks. Transp. Res. Rec.
2004, 1892, 98-106. [CrossRef]

4. Connor, R.J.; Fisher, J.; Gatti, W.; Gopalaratnam, V.; Kozy, B.; Leshko, B.; McQuaid, D.L.; Medlock, R.; Mertz, D.; Murphy,
T.; et al. Manual for Design, Construction, and Maintenance of Orthotropic Steel Deck Bridges; FHWA-IF-12-027; Federal Highway
Administration: Washington, DC, USA, 2012.

5. Hicks, R.; Dussek, I; Seim, C. Asphalt surfaces on steel bridge decks. Transp. Res. Rec. 2000, 1740, 135-142. [CrossRef]

6. Yao, B.; Li, F; Wang, X.; Cheng, G. Evaluation of the shear characteristics of steel-asphalt interface by a direct shear test method.
Int. ]. Adhes. Adhes. 2016, 68, 70-79. [CrossRef]


http://doi.org/10.3141/1654-17
http://doi.org/10.3141/1892-11
http://doi.org/10.3141/1740-17
http://doi.org/10.1016/j.ijadhadh.2016.02.005

Materials 2022, 15, 6846 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Xie, H,; Li, C.; Wang, Q. A critical review on performance and phase separation of thermosetting epoxy asphalt binders and bond
coats. Constr. Build. Mater. 2022, 326, 126792. [CrossRef]

Xie, H.; Zhao, R.; Wang, R.; Xi, Z.; Yuan, Z.; Zhang, J.; Wang, Q. Influence of thermal shock on the performance of B-staged epoxy
bond coat for orthotropic steel bridge pavements. Constr. Build. Mater. 2021, 294, 123598. [CrossRef]

Sun, Y,; Liu, Y,; Gong, J.; Han, X.; Xi, Z.; Zhang, J.; Wang, Q.; Xie, H. Thermal and bonding properties of epoxy asphalt bond coats.
J. Therm. Anal. Calorim. 2022, 147, 2013-2025. [CrossRef]

Li, C; Han, X.; Gong, J.; Su, W.; Xi, Z.; Zhang, J.; Wang, Q.; Xie, H. Impact of waste cooking oil on the viscosity, microstructure
and mechanical performance of warm-mix epoxy asphalt binder. Constr. Build. Mater. 2020, 251, 118994. [CrossRef]

Su, W.; Zhao, R.; Wang, R.; Xi, Z.; Cai, J.; Zhang, ].; Wang, Q.; Xie, H. Microstructure and performance of epoxy asphalt binders
modified by core-shell rubbers containing different core polymers. Constr. Build. Mater. 2021, 304, 124689. [CrossRef]

Gong, J.; Liu, Y,; Jiang, Y.; Wang, Q.; Xi, Z.; Cai, J.; Xie, H. Performance of epoxy asphalt binder containing warm-mix asphalt
additive. Int. ]. Pavement Eng. 2021, 22, 223-232. [CrossRef]

Gong, J.; Han, X.; Su, W.; Xi, Z.; Cai, J.; Wang, Q.; Li, J.; Xie, H. Laboratory evaluation of warm-mix epoxy SBS modified asphalt
binders containing Sasobit. J. Build. Eng. 2020, 32, 101550. [CrossRef]

Liu, Y;; Zhang, |; Jiang, Y,; Li, C.; Xi, Z.; Cai, ].; Xie, H. Investigation of secondary phase separation and mechanical properties of
epoxy SBS-modified asphalts. Constr. Build. Mater. 2018, 165, 163-172. [CrossRef]

Li, X.; Shen, J.; Ling, T.; Mei, Q. Pyrolysis combustion characteristics of epoxy asphalt based on TG-MS and cone calorimeter test.
Materials 2022, 15, 4973. [CrossRef]

Gong, J.; Liu, Y,; Wang, Q.; Xi, Z.; Cai, ].; Ding, G.; Xie, H. Performance evaluation of warm mix asphalt additive modified epoxy
asphalt rubbers. Constr. Build. Mater. 2019, 204, 288-295. [CrossRef]

Su, W.; Han, X,; Gong, J.; Xi, Z.; Zhang, ].; Wang, Q.; Xie, H. Toughening epoxy asphalt binder using core-shell rubber nanoparticles.
Constr. Build. Mater. 2020, 258, 119716. [CrossRef]

Zhang, J.; Su, W,; Liu, Y.; Gong, J.; Xi, Z.; Zhang, J.; Wang, Q.; Xie, H. Laboratory investigation on the microstructure and
performance of SBS modified epoxy asphalt binder. Constr. Build. Mater. 2021, 270, 121378. [CrossRef]

Jiang, Y.; Zhao, R.; Xi, Z.; Cai, J.; Yuan, Z.; Zhang, J.; Wang, Q.; Xie, H. Improving toughness of epoxy asphalt binder with reactive
epoxidized SBS. Mater. Struct. 2021, 54, 145. [CrossRef]

Sun, Y.; Gong, J.; Liu, Y,; Jiang, Y.; Xi, Z.; Cai, ].; Xie, H. Viscous, damping, and mechanical properties of epoxy asphalt adhesives
containing different penetration-grade asphalts. J. Appl. Polym. Sci. 2019, 136, 47027. [CrossRef]

Sun, Y,; Han, X; Su, W.; Gong, J.; Xi, Z.; Zhang, ].; Wang, Q.; Xie, H. Mechanical and bonding properties of pristine montmorillonite
reinforced epoxy asphalt bond coats. Polym. Compos. 2020, 41, 3034-3042. [CrossRef]

Sun, Y; Liu, Y,; Jiang, Y.; Xu, K,; Xi, Z.; Xie, H. Thermal and mechanical properties of natural fibrous nanoclay reinforced epoxy
asphalt adhesives. Int. . Adhes. Adhes. 2018, 85, 308-314. [CrossRef]

Huang, Q.; Qian, Z.; Chen, L.; Zhang, M.; Zhang, X.; Sun, J.; Hu, J. Evaluation of epoxy asphalt rubber with silane coupling agent
used as tack coat for seasonally frozen orthotropic steel bridge decks. Constr. Build. Mater. 2020, 241, 117957. [CrossRef]

Keyte, J.; Pancholi, K.; Njuguna, J. Recent developments in graphene oxide/epoxy carbon fiber-reinforced composites. Front.
Mater. 2019, 6, 224. [CrossRef]

Shi, G.; Araby, S.; Gibson, C.T.; Meng, Q.; Zhu, S.; Ma, J. Graphene platelets and their polymer composites: Fabrication, structure,
properties, and applications. Adv. Funct. Mater. 2018, 28, 1706705. [CrossRef]

Chen, D.; Feng, H.; Li, J. Graphene oxide: Preparation, functionalization, and electrochemical applications. Chem. Rev. 2012, 112,
6027-6053. [CrossRef] [PubMed]

Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39, 228-240. [CrossRef]
Gao, W. The chemistry of graphene oxide. In Graphene Oxide: Reduction Recipes, Spectroscopy, and Applications; Gao, W., Ed.;
Springer International Publishing: Cham, Switzerland, 2015; pp. 61-95.

Konios, D.; Stylianakis, M.M.; Stratakis, E.; Kymakis, E. Dispersion behaviour of graphene oxide and reduced graphene oxide.
J. Colloid Interface Sci. 2014, 430, 108-112. [CrossRef]

Adnan, AM.; L, C,; Luo, X.,; Wang, J. Impact of graphene oxide on zero shear viscosity, fatigue life and low-temperature
properties of asphalt binder. Materials 2021, 14, 3073. [CrossRef]

Zeng, W.; Wu, S,; Pang, L.; Sun, Y.; Chen, Z. The utilization of graphene oxide in traditional construction materials: Asphalt.
Materials 2017, 10, 48. [CrossRef]

Hou, W.; Gao, Y.; Wang, ].; Blackwood, D.].; Teo, S. Recent advances and future perspectives for graphene oxide reinforced epoxy
resins. Mater. Today Commun. 2020, 23, 100883. [CrossRef]

Zhao, Y,; Jia, X,; Li, L.; Jiang, X.; Xu, R. Effects of surface modified graphene oxide on the cure kinetics of warm-mixed
epoxy-asphalt. Polym. Sci. Ser. B 2022, 64, 229-239. [CrossRef]

Zhao, R; Jing, F,; Li, C.; Wang, R.; Xi, Z.; Cai, J.; Wang, Q.; Xie, H. Viscosity-curing time behavior, viscoelastic properties, and
phase separation of graphene oxide/epoxy asphalt composites. Polym. Compos. 2022, 43, 5454-5464. [CrossRef]

Si, J.; Wang, J.; Li, Y.; Ma, J.; Ruan, W.; Yu, X,; Jiang, R. Enhanced mechanical performances of epoxy asphalt adhesives modified
by graphene oxide. Road Mater. Pavement Des. 2022, 1-15. [CrossRef]

Zhao, R;; Jing, F; Wang, R.; Cai, J.; Zhang, ].; Wang, Q.; Xie, H. Influence of oligomer content on viscosity and dynamic mechanical
properties of epoxy asphalt binders. Constr. Build. Mater. 2022, 338, 127524. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2022.126792
http://doi.org/10.1016/j.conbuildmat.2021.123598
http://doi.org/10.1007/s10973-021-10630-8
http://doi.org/10.1016/j.conbuildmat.2020.118994
http://doi.org/10.1016/j.conbuildmat.2021.124689
http://doi.org/10.1080/10298436.2019.1597272
http://doi.org/10.1016/j.jobe.2020.101550
http://doi.org/10.1016/j.conbuildmat.2018.01.032
http://doi.org/10.3390/ma15144973
http://doi.org/10.1016/j.conbuildmat.2019.01.197
http://doi.org/10.1016/j.conbuildmat.2020.119716
http://doi.org/10.1016/j.conbuildmat.2020.121378
http://doi.org/10.1617/s11527-021-01744-4
http://doi.org/10.1002/app.47027
http://doi.org/10.1002/pc.25595
http://doi.org/10.1016/j.ijadhadh.2018.07.005
http://doi.org/10.1016/j.conbuildmat.2019.117957
http://doi.org/10.3389/fmats.2019.00224
http://doi.org/10.1002/adfm.201706705
http://doi.org/10.1021/cr300115g
http://www.ncbi.nlm.nih.gov/pubmed/22889102
http://doi.org/10.1039/B917103G
http://doi.org/10.1016/j.jcis.2014.05.033
http://doi.org/10.3390/ma14113073
http://doi.org/10.3390/ma10010048
http://doi.org/10.1016/j.mtcomm.2019.100883
http://doi.org/10.1134/S1560090422020154
http://doi.org/10.1002/pc.26848
http://doi.org/10.1080/14680629.2022.2060124
http://doi.org/10.1016/j.conbuildmat.2022.127524

Materials 2022, 15, 6846 16 of 16

37.

38.
39.

40.
41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Jiang, Y.; Liu, Y,; Gong, J.; Li, C.; Xi, Z.; Cai, J.; Xie, H. Microstructures, thermal and mechanical properties of epoxy asphalt binder
modified by SBS containing various styrene-butadiene structures. Mater. Struct. 2018, 51, 86. [CrossRef]

Asphalt Institute. Performance Graded Asphalt Binder Specification and Testing Superpave; Asphalt Institute: Lexington, KY, USA, 2003.
Jiang, Y;; Han, X.; Gong, J.; Xi, Z,; Cai, J.; Wang, Q.; Ding, G.; Xie, H. Laboratory investigation of epoxy asphalt binder modified by
brominated SBS. Constr. Build. Mater. 2019, 228, 116733. [CrossRef]

GB/T 30598; General Specifications of Epoxy Asphalt Materials for Paving Roads and Bridges. Chinese Standard: Beijing, China, 2014.
Qiu, S.L.; Wang, C.S.; Wang, Y.T.; Liu, C.G.; Chen, X.Y,; Xie, H.F; Huang, Y.A.; Cheng, R.S. Effects of graphene oxides on the cure
behaviors of a tetrafunctional epoxy resin. eXPRESS Polym. Lett. 2011, 5, 809-818. [CrossRef]

Xie, H.; Liu, B.; Yuan, Z.; Shen, ].; Cheng, R. Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by
isothermal differential scanning calorimetry. J. Polym. Sci. Part B: Polym. Phys. 2004, 42, 3701-3712. [CrossRef]

Duncan, J. Principles and applications of mechanical thermal analysis. In Principles and Applications of Thermal Analysis; Gabbott,
P, Ed.; Blackwell Publishing: Oxford, UK, 2008; pp. 119-163.

Jing, E; Zhao, R.; Li, C.; Xi, Z.; Wang, Q.; Xie, H. Influence of the Epoxy/Acid Stoichiometry on the Cure Behavior and Mechanical
Properties of Epoxy Vitrimers. Molecules 2022, 27, 6335. [CrossRef]

Menard, K.P.;; Menard, N.R. Dynamic Mechanical Analysis, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2020.

Liu, Y.; Zhang, J.; Chen, R; Cai, J.; Xi, Z.; Xie, H. Ethylene vinyl acetate copolymer modified epoxy asphalt binders: Phase
separation evolution and mechanical properties. Constr. Build. Mater. 2017, 137, 55-65. [CrossRef]

Yin, H.; Jin, H.; Wang, C.; Sun, Y.; Yuan, Z.; Xie, H.; Wang, Z.; Cheng, R. Thermal, damping, and mechanical properties of
thermosetting epoxy-modified asphalts. J. Therm. Anal. Calorim. 2014, 115, 1073-1080. [CrossRef]

Yin, H.,; Zhang, Y,; Sun, Y;; Xu, W.; Yu, D.; Xie, H.; Cheng, R. Performance of hot mix epoxy asphalt binder and its concrete. Mater.
Struct. 2015, 48, 3825-3835. [CrossRef]

Sharifnabi, A.; Fathi, M.H.; Yekta, B.E.; Hossainalipour, M. The structural and bio-corrosion barrier performance of Mg-substituted
fluorapatite coating on 316L stainless steel human body implant. Appl. Surf. Sci. 2014, 288, 331-340. [CrossRef]

Chen, R.; Gong, J.; Jiang, Y.; Wang, Q.; Xi, Z.; Xie, H. Halogen-free flame retarded cold-mix epoxy asphalt binders: Rheological,
thermal and mechanical characterization. Constr. Build. Mater. 2018, 186, 863—-870. [CrossRef]

Chen, R.; Zhao, R;; Liu, Y;; Cai, ].; Xi, Z.; Zhang, ].; Wang, Q.; Xie, H. Development of eco-friendly fire-retarded warm-mix epoxy
asphalt binders using reactive polymeric flame retardants for road tunnel pavements. Constr. Build. Mater. 2021, 284, 122752.
[CrossRef]

Li, C,; Gong, J.; Zhao, R.; Xi, Z.; Wang, Q.; Xie, H. Laboratory performance of recycled polyethylene modified epoxy asphalt
binders. Int. ]. Pavement Eng. 2022. [CrossRef]


http://doi.org/10.1617/s11527-018-1217-9
http://doi.org/10.1016/j.conbuildmat.2019.116733
http://doi.org/10.3144/expresspolymlett.2011.79
http://doi.org/10.1002/polb.20220
http://doi.org/10.3390/molecules27196335
http://doi.org/10.1016/j.conbuildmat.2017.01.081
http://doi.org/10.1007/s10973-013-3449-9
http://doi.org/10.1617/s11527-014-0442-0
http://doi.org/10.1016/j.apsusc.2013.10.029
http://doi.org/10.1016/j.conbuildmat.2018.08.018
http://doi.org/10.1016/j.conbuildmat.2021.122752
http://doi.org/10.1080/10298436.2022.2101055

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of GO-Modified EABCs 
	Methods 
	X-ray Diffraction (XRD) Analysis 
	Morphology 
	Rotational Viscosity 
	Hydrophobicity 
	Viscoelastic Properties 
	Pull-Off Adhesion Test 
	Single-Lap Shear Test (SLST) 
	Tensile Test 


	Results and Discussion 
	X-ray Diffraction Analysis 
	Hydrophobicity 
	Viscosity–Time Behavior 
	Dynamic Mechanical Properties 
	Storage Modulus (E’) 
	Glass Transitions 

	Phase-Separated Microstructures 
	Pull-Off Strength 
	Shear Strength 
	Mechanical Properties 

	Conclusions 
	References

