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A B S T R A C T

Epoxy asphalt adhesive (EAA) has been widely used as strong waterproof-bonding layers for the orthotropic steel
bridge decks in China. This research employs attapulgite (ATT), one kind of natural fibrous nanoclays, as the
nanofiller to reinforce EAA. The crystalline structure, rheological property, thermal stability, mechanical
properties and morphology of EAA/ATT composites were investigated by X-ray diffraction (XRD), Brookfield
rotational viscometer, thermogravimetric analyzer (TGA), universal test machine and scanning electron mi-
croscopy (SEM). Results showed the existence of ATT did not change the noncrystalline structure of the EAA.
ATT had a significant decrement effect on the rotational viscosity of EAA. Moreover, the viscosity of EAA/ATT
composites decreased with the increasing content of ATT at a specific cure time. The addition of ATT improved
thermal stability of the neat EAA. In addition, the incorporation of ATT increased the tensile and adhesive
properties of the neat EAA. The tensile strength, toughness, Young's modulus and adhesive strength of EAA/ATT
composites increased with the increase of ATT loadings.

1. Introduction

Epoxy asphalt (EA) is a two-phase polymer matrix composite
formed by dispersing asphalt in the continuous epoxy phase [1,2].
Three main components of EA are epoxy monomer, asphalt and hard-
ener. Irreversible cure reaction between epoxy monomer and hardener
gives three-dimensional crosslinking networks around asphalt particles.
This thermosetting epoxy modification step enables the transformation
of the thermoplastic asphalt into the thermosetting elastomer with the
enhancement of thermal stability, strength and durability [3,4]. Due to
these characteristics, EA has been widely used as binders for concretes
and adhesives (bond coats) for steel bridge decks. Its outstanding re-
sistance to shoving, rutting and cracking allows its application on nu-
merous orthotropic steel decks for long-span bridges all over the world,
especially in China [5]. A typical EA overlay for a steel deck is com-
posed of two layer of epoxy asphalt concretes (EAC) (approximately
25mm) and two layers of epoxy asphalt adhesive (EAA) sprayed onto
the steel deck and the underlying EAC layer, respectively. EAA serves as
a strong waterproof bonding layer between the steel deck and the EAC
layer to withstand the traffic loads monolithically [6]. A failure of
bonding layer between the EAC layer and the steel deck may lead to
distresses such as debonding, shoving and slippage, which shortens the

durability of the overlay system [7]. Therefore, with its high strength
and good flexibility, EAA is highly needed to adapt the vibration of the
steel bridge deck.

Attapulgite (ATT) is a typical magnesium aluminum silicate with a
2:1 phyllosilicate structure and with the chemical formula of
Si8O20Mg5(Al)(OH)2(H2O)4·4H2O [8]. The structural unit of ATT is a
single fibrillar crystal with the diameter of 20–70 nm and the length of
500–2000 nm. Recently, ATT has attracted tremendous attention as
nanofillers for the reinforcement of polymer matrix, because of its un-
ique structure as well as natural fibrous characteristics [9]. However,
little work has been published with regard to the reinforcement effect of
ATT on epoxy resin and polymer-modified asphalt. Lu et al. [10] proved
that the addition of ATT significantly improves storage modulus and
dimensional stability of epoxy. Xue et al. [11] compared the influence
of pristine and silylated ATT on the properties of rubbery and glassy
epoxy matrices. It was found that compared to the pristine ATT-mod-
ified epoxies, the silylated ATT-modified epoxies have the improvement
of mechanical properties which may stem from the better dispersion of
silylated ATT in the rubbery epoxies at low loading levels. However,
both pristine and silylated ATT have negligible effects on the tensile
properties of glassy epoxy matrices. Zhao et al. [12] investigated the
influence of ATT on the phase separation and mechanical properties of
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epoxy/poly(ether sulfone) (PES) blends. The final phase-separated
morphology of the blends has been changed significantly with the ad-
dition of a small amount of ATT. Additionally, the inclusion of ATT
improves the modulus of the blends. In order to improve the dispersion
stability of ATT in the epoxy matrix, acrylic resin (AC) was used to
modify ATT. The introduction of AC-ATT remarkably increases the
storage modulus, impact strength, Young's modulus and tensile strength
of the neat epoxy [13]. Zhang et al. [14] reported that the addition of
ATT improves the compatibility and storage stability of styr-
ene–butadiene rubber (SBR)-modified asphalt.

In our previous study, the influence of ATT on the thermal, me-
chanical properties, and low-temperature performance of epoxy asphalt
binders and their concretes was studied [15]. The incorporation of ATT
increases the thermal stability and mechanical properties, especially the
toughness of epoxy asphalt binders. In addition, the low-temperature
flexibility of the epoxy asphalt concretes is improved with the in-
corporation of ATT. The aim of present paper is to investigate the effect
of ATT on the structure, rheological, thermal and mechanical properties
of the EAA used for steel bridge decks. To achieve this goal, ATT re-
inforced EAA was prepared through the incorporation of ATT into the
mixture of hardener and asphalt. The crystalline structure, rheological
properties, thermal stability and mechanical properties of EAA/ATT
composites were investigated by different characterization techniques.
In the meantime, the dispersion of ATT in the EAA matrix was observed
with the aid of scanning electron microscopy (SEM).

2. Materials and methods

2.1. Materials

Base asphalt (40/60 penetration grade) was obtained from China
Offshore asphalt (Taizhou) Co., Ltd. (Taizhou, China). The epoxy
equivalent weight (EEW) of diglycidyl ether of bisphenol A (DGEBA)
epoxy monomer is 196 g/eq, supplied by Wuxi Resin Factory (Wuxi,
China). The carboxylic acid-based hardener (NDA450B) was prepared
in our laboratory. The neat ATT was obtained from Jiangsu Golden
Stone Attapulgite R&D Co., Ltd (Nanjing, China).

2.2. Preparation of the EAA/ATT composites

Base asphalt, NDA450B and certain amount of ATT were mixed at
120 °C for 10min using a FLUKO FM300 high-shear emulsifier
(Shanghai, China). Then DGEBA epoxy monomer was added into the
mixture of asphalt, hardener and ATT with a weight ratio of 1:4.50.
After 5-min high-speed mechanical agitation, the mixture was poured
into Teflon molds and cured at 120 °C for 4 h. The loadings of ATT in
the EAA composites were 1, 3 and 5wt%, respectively.

2.3. Characterizations

The crystalline structures of the neat ATT, the neat EAA and EAA/
ATT composites were determined by X-ray diffraction (XRD). The XRD
patterns were obtained on a Shimadzu XRD-6000 X-ray diffractometer
(Japan) with the crystal monochromated Cu Kα radiation at a scanning
rate of 5°/min between 2°< 2θ<40°.

The rheological properties of the neat EAA and EAA/ATT compo-
sites were measured on a Brookfield rotational viscometer (Model NDJ-
1C, Shanghai Changji Instrument Co., Ltd., China). Referring to ASTM
D4402, the rotational viscosity was measured at 120 °C with the spindle

28.
Thermal stability of EAA/ATT composites was evaluated by ther-

mogravimetric analyzer (TGA, Mettler Toledo STARe System TGA/DSC
1, UK) under a nitrogen atmosphere (40mL/min). A sample of ap-
proximately 10mg was heated from 50 °C to 600 °C at a heating rate of
20 °C/min.

Tensile properties of EAA/ATT composites were tested on an Instron
4466 universal testing machine (USA), equipped with a 10 kN load cell.
The dog-bone specimens for tensile tests were cut by the dumbbell
cutter with dimensions of 56mm×5mm×2mm. Tensile tests were
performed at room temperature with a crosshead speed of 500mm/min
according to ASTM D638. Five experiments were tested for each ad-
hesive.

Adhesive properties of EAA/ATT composites were determined by
the single-lap shear test according to ASTM D1002. The uncured mix-
tures of EAA/ATT composites were first applied to the end of two
stainless steel plates (100mm×25mm×2mm). Subsequently, two
plates overlapped to one another at the length of 12.5mm with sand-
wiching the composites and followed by curing reaction (Fig. 1). After
curing, the cooled jointed metals are pulled apart using a universal
testing machine (Instron 4466, USA) in tension. The lap shear test was
carried out on these plates at room temperature at a strain rate of
50mm/min. Five replicates for the single-lap shear tests were measured
for each experiment. Adhesive strengths reported in units of shear stress
were calculated as follows:

=Adhesive strength Failure load/Adhesive lap area (1)

SEM (Hitachi S-4800, Japan) was used to characterize the mor-
phology of the neat ATT and EAA/ATT composites (fractured in liquid
nitrogen). SEM samples were coated with gold before imaging.

3. Results and discussion

3.1. Crystalline structure

Fig. 2 shows X-ray diffraction patterns of the neat ATT and EAA/
ATT composites. The XRD peaks of ATT appear at the same angular
positions as those observed by other researchers [16]. Since calcite and
quarts are common carbonate impurities in neat ATT samples, it is not

Fig. 1. Joint geometry for the single-lap shear test.

Fig. 2. XRD patterns of the neat ATT and EAA/ATT composites.
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surprised to see their characteristic peaks in the XRD. The neat ATT has
a d110 diffraction peak at 8.4° (2θ) correlated with 1.04 nm interplanar
space according to the Bragg equation. Such value is consistent with the
reported distance between unit layers in a single crystal [16]. Unit
layers cannot further be separated by other polymer matrices so that
this characteristic peak would not shift. Therefore we use this peak to
identify the loading efficiency of ATT in the composites. As shown in
Fig. 2, while peak position stays at 8.4° for all EAA/ATT composites, the
peak intensity increases with the increment of ATT loadings. Therefore,
ATT maintains its unique structure even after the curing reaction in the
EAA system. The broad peaks of EAA/ATT composites at about 20°
show the noncrystalline state of EA materials, which also have not been
changed by the addition of ATT. Similar results were also reported in
poly(butylene succinate-co-butylene adipate)/ATT composites [17].

3.2. Rheological properties

Unlike other thermoplastic polymer modified asphalt, epoxy asphalt
is one of the reactive polymer modified asphalts. Cure reaction will take
place as long as the epoxy monomers and hardeners are mixing. The
increment of molecular weight of epoxy will inevitably result in the
increase of EAA's viscosity [18]. If the viscosity is too high, the EAA
layer will be hard to be paved on the surface of steel bridge decks or
concretes. Therefore, the viscosity of EAA needs to be well controlled.
Fig. 3 shows the rotational viscosity-time curves of the neat EAA and
EAA/ATT composites at 120 °C. The rotational viscosities of EAA/ATT
composites are all lower than that of the neat EAA at a specific cure
time. Furthermore, the higher ATT loading is, the longer time required
to reach the same viscosity. Viscosity decline coming along with the
ATT loading increase may stem from the hindrance effect of fibrous
nanoclays on the molecular movement of epoxy monomers, hardeners
and asphalts [19]. According to the general specifications of epoxy
asphalt materials for paving roads and bridges, the viscosity of EAA to
1000mPa s at 120 °C needs to be over 10min [20]. As shown in Fig. 3,
the time of the neat EAA and EAA with 1, 3 and 5wt% ATT to reach
1000mPa s at 120 °C is 14, 24, 25 and 35min, respectively. The hin-
drance effect of fibrous nanoclays prolongs the construction time of
EAA. However, it is worth to note that the viscosity will affect the
thickness of adhesive bond line. If the viscosity is too low, the flow-
ability of the adhesive would increase and result in a thin bond line.
Eventually, this will weaken the adherence of the adhesive.

3.3. Thermal stability

During the construction of steel bridge deck, hot bituminous

mixtures will be paved on the surface of the EAA layer. Therefore, EAA
is needed to have excellent thermal stability to resist the thermal shock
from the hot bituminous mixtures. The TGA and derivative thermo-
gravimetric (DTG) curves of the neat ATT, the neat EAA and EAA/ATT
composites are shown in Fig. 4. As depicted in Fig. 4, the thermal de-
gradation of ATT can be divided into three stages. The first stage at
around 100 °C relates to the loss of surface absorption water. The
second stage at 100–200 °C corresponds to the removal of crystal water
and zeolitic water. The last stage at 300–500 °C ascribes to the loss of
hydroxyl groups [21]. Unlike the neat ATT, TGA curves of both the neat
EAA and EAA/ATT composites present one-stage thermal degradation,
indicating the addition of ATT does not change the degradation process
of the neat EAA.

Table 1 lists the initial decomposition temperature (IDT, the tem-
perature at 10% weight loss), the integral procedural decomposition
temperature (IPDT), temperature at the maximum degradation rate
(Tmax) and char residues at 600 °C of the neat ATT, the neat EAA and
ATT/EAA composites. As shown in Table 1, the IDTs of EAA/ATT
composites are slightly higher than that of the neat EAA (299.0 °C). The

Fig. 3. Viscosity-time curves of the neat EAA and EAA/ATT composites at
120 °C.

Fig. 4. TGA (a) and DTG (b) curves of the neat ATT and EAA/ATT composites.

Table 1
TGA and DTG results of ATT, neat EAA and EAA/ATT composites.

ATT (wt%) IDT (°C) IPDT (°C) Tmax (°C) Residue at 600 °C (%)

100 93.4 – 75.2, 198.7, 491.0 64.3
0 299.0 492.0 450.3 8.9
1 303.2 504.5 450.8 10.1
3 308.7 539.3 452.1 13.5
5 299.9 554.6 454.1 15.3
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composite with 3 wt% ATT has the highest IDT (308.7 °C). The IPDT of
samples increases from 492.0 to 554.6 °C when the ATT loading in-
creases from 0wt% to 5wt%. The Tmax of EAA/ATT composites is
slightly higher than that of the neat EAA. These results indicate that the
addition of ATT enhances the thermal stability of the neat EAA. Parti-
cular barrier effect of the nanoclay could slow down the thermal
transportation of the polymer matrix, leading to the enhancement of the
thermal stability. However, metal ions carried by ATT are able to in-
crease the decomposition rate of the polymer [22]. Dominance of
barrier effect in the case of low ATT loading may explain the im-
provement of thermal stability of EAA/ATT composites. Nevertheless,
metal ions-driven degradation effect becomes dominant in the compo-
site containing highest ATT loading (5 wt%). Thus, the IDT of EAA
composite with 5 wt% ATT slightly reduces compared to that of EAA
composite with 3 wt% ATT. The char residues at 600 °C of EAA/ATT
composites increase with the increase of ATT loadings. This is because
char residues from the neat ATT is well above residues from all other
composites (Table 1). Similar results were also found in nylon 6/ATT
composites [23]. Therefore, it can be concluded that the incorporation
of ATT improves the thermal stability of the EAA layer to resist the
thermal shock of the hot bituminous mixtures.

3.4. Mechanical properties

Fig. 5 illustrates the stress-strain curves of the neat EAA and EAA/
ATT composites. The neat EAA exhibits a ductile deformation with the
appearance of a lower yield point, which is in accord with EA binders
[24]. The addition of ATT increases the stiffness of the neat EAA.
Tensile strength, elongation at break, toughness and Young's modulus
are summarized in Table 2. The addition of ATT increases both tensile
strength and Young's modulus of the neat EAA. Besides, both tensile
strength and Young's modulus increase with the increase of ATT load-
ings. Similar results were also reported in polyurethane (PU)/ATT
composites [25–27]. In addition, this increment tendency was even
kept to 12 wt% ATT loading. However, the viscosity needs to be well
controlled in the construction of the neat EAA. As discussed above,
higher ATT loading results in the lower viscosity of EAA and thin bond
line during construction. Thus, the effect of higher loadings on the
mechanical properties of the neat EAA is not considered in this paper.
The EAA composite with 5 wt% ATT has the maximum tensile strength
(8.72MPa) and Young's modulus (90.62MPa), which are 56% and 40%
greater than those of the neat EAA (5.59MPa and 64.81MPa), re-
spectively. It is well accepted that the tensile strength of polymeric
material depends on the cohesive energy of the material. The tensile
strength increase in the presence of ATT is directly attributed to the
reinforcement provided by the well dispersed ATT particles and strong

interfacial interactions between ATT and the EAA matrix.
The addition of ATT increases the elongation at break of the neat

EAA in the case of loading lower than 3wt%. For EAA composites, the
elongation at break reaches the maximum value at the ATT loading of
1 wt%, which is 31% higher than that of the neat EAA. With the in-
crease of ATT loadings, the elongation at break slightly decreases and
this percentage of EAA composite with 5 wt% ATT is slightly lower than
that of the neat EAA. It is worth to mention that all the tensile strength
and elongation at break of EAA/ATT composites meet the general
specifications of epoxy asphalt materials for paving roads and bridges,
whose values are 6.0MPa and 190%, respectively [20]. It is known that
the area under stress-strain curve represents the total work per unit
volume consumed by the material for fracture. In general, the im-
provement of tensile strength is always accompanied by a sacrifice in
the toughness. As shown in Table 2, however, the addition of ATT en-
hances the toughness of the neat EAA. Moreover, the toughness of EAA/
ATT composites increases with the increase of ATT loadings. The
toughness of the EAA composite with 5 wt% ATT (1269.7 MPa) is 52%
greater than that of the neat EAA (835.3MPa).

3.5. Adhesive strength

The load versus displacement curves of the neat EAA and EAA/ATT
composites resulting from the shear lap tests are shown in Fig. 6. It can
be seen that the load increases nonlinearly with the increasing dis-
placement and then drops gradually at failure due to high toughness of
the neat EAA and its ATT composites as discussed above. The figure alsoFig. 5. Stress-strain curves of the neat EAA and EAA/ATT composites.

Table 2
Mechanical properties of the neat EAA and EAA/ATT composites.

ATT (wt
%)

Tensile
strength
(MPa)

Elongation at
break (%)

Toughness
(MPa)

Young's
modulus (MPa)

0 5.59 ± 0.58 237 ± 11 835.3 ± 127.1 64.81 ± 13.32
1 7.01 ± 0.68 311 ± 28 1124.9 ± 85.2 67.80 ± 6.37
3 7.05 ± 0.23 259 ± 32 1174.4 ± 76.3 78.40 ± 4.20
5 8.72 ± 0.68 220 ± 10 1269.7 ± 50.6 90.62 ± 16.71

Fig. 6. Load-displacement curves of the neat EAA and EAA/ATT composites.

Table 3
Adhesive properties of the neat EAA and EAA/ATT compo-
sites.

ATT (wt%) Adhesive strength (MPa)

0 6.05 ± 0.80
1 6.67 ± 0.89
3 7.49 ± 1.37
5 7.58 ± 0.59
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reveals that there exists strengthening of shear resistance as a result of
dispersed ATT particles, as evidenced by the increase in the critical
shear loads with the critical load.

From the load displacement curve, adhesive strength was estimated
using the Eq. (1) and summarized in Table 3. Obviously, the addition of
ATT increases the adhesive strength of the neat EAA. Furthermore, the
adhesive strength of EAA/ATT composites increases with the increase
of fibrous nanoclay loadings. The adhesive strength of the EAA

composite with 5 wt% ATT achieves the highest value (7.58MPa),
which elevates by 25% compared to that of the neat EAA (6.05MPa).
Fig. 7 presents failure profiles of bonded steel plates after single-lap
shear tests. It can be observed that the adhesive failure takes place
predominately between EAA layers. In addition, due to the reinforced
effect of ATT, the areas of the rest of EAA on the steel plates increase
with the increase ATT contents, which agree well with the mono-
tonously incremental tendency of the adhesive strengths. These results

Fig. 7. Failure profiles of bonded steel plates after single-lap shear tests: (a) neat EA, (b) 1 wt% ATT, (c) 3 wt% ATT and (d) 5 wt% ATT.

Fig. 8. SEM micrographs of the neat ATT (a), the neat EAA (b) and EAA/ATT composites with different ATT contents: 1 wt% (c), 3 wt% (d) and 5wt% (e).
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indicate that the adhesive strength of EAA/ATT composites probably
relates to the dispersion of the fibrous nanoclay in the polymer matrix
and the increase of the Young's modulus presented on the Table 2. In
other words, the adhesive strength is probably not linked to the adhe-
sion of the composite to the steel plate, but relates to the composite
cohesion only.

3.6. Morphology

SEM micrographs for the neat EAA and EAA/ATT composites are
shown in Fig. 8. Fig. 8a presents fibrous ATT crystals with diameters of
about 20–70 nm and lengths of less than 1 μm. As shown in Fig. 8b-e,
two distinct phases appear in the neat EAA and its ATT composites,
where epoxy resin is the continuous phase and asphalt is the disperse
phase. Similar morphology was also observed by other researchers
[28]. Evidently, the addition of ATT does not change the phase se-
paration of EAA. Due to the existence of phase separation, the disper-
sion of ATT in the EAA matrix is hard to be observed. Therefore, it is
difficult to relate the aforementioned enhancement of tensile and
bonding properties to the dispersion of ATT in the epoxy matrix. As
discussed above, XRD results indicate that the structure of ATT is not
altered during the cure reaction of the neat EAA. Unlike montmor-
illonite, therefore, the increment of tensile strength and modulus of the
neat EAA does not benefit from clay exfoliation in the epoxy matrix.

Fig. 9 shows schematic representation of reaction between hydroxyl
groups of epoxy and hydroxyl groups on the surface of ATTs. It is
known that hydroxyl groups will be released when epoxide groups of
epoxy monomers react with curing agents. In addition, the formed
hydroxyl groups in the EAA matrix will continue to interact with the
abundant hydroxyl groups on the surface of ATTs via hydrogen bonding
[29], resulting in the increment of aforementioned mechanical prop-
erties the neat EAA. In addition, the adherence of the nanofiller re-
inforced adhesive depends not only on the interfacial interaction be-
tween the adhesive and the substrate but also on the interfacial
interaction between the nanofiller and the polymer matrix. Thus, the
increment of mechanical properties with the addition of ATT also fa-
cilitates the enhancement of adhesive strength of the neat EAA.

4. Conclusion

In this paper, epoxy asphalt adhesive/attapulgite composites were
prepared and characterized. The existence of ATT has little effect on the
noncrystalline structure of the neat EAA. The addition of ATT lowers
the rotational viscosity of the neat EAA during the cure reaction. The
viscosity of EAA/ATT composites decreases with the increase of ATT

loadings at a specific curing time. The presence of ATT improves the
thermal stability of the neat EAA and increases the ability of the EAA
layer to resist the thermal shock of the hot bituminous mixtures.
Moreover, with the increase of ATT loading, the tensile strength,
toughness, Young's modulus of EAA/ATT composites increase.
Compared to the neat EAA, the addition of 5 wt% ATT increases the
tensile strength, toughness and Young's modulus of the EAA composite
by 56%, 52% and 40%, respectively. Except for 5 wt% loading, the
inclusion of ATT enhances the elongation at break of the neat EAA. The
elongation at break of the neat EAA increases 31% with adding 1 wt%
ATT. Meanwhile, the presence of ATT increases the adhesive strength of
the neat EAA. The adhesive strength of EAA/ATT composites increases
with the increase of ATT loadings. The addition of fibrous nanoclay
increases the adhesive strength of the neat EAA by 25% with 5 wt%
ATT.
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