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Abstract

In this work, a series of epoxy-terminated butadiene acrylonitrile copolymer
(ETBN) liquid rubber-intercalated organic montmorillonite (OMMT)-filled epoxy
nanocomposites were prepared. The dispersion of OMMT was studied by X-ray dif-
fraction analysis and transmission electron microscope analysis. The mechanical
strength and damping properties of the resultant nanocomposites were character-
ized by mechanical tests and dynamic mechanical analysis, respectively. Thermal
stabilities of the pure and modified epoxy samples were studied by thermogravimet-
ric analysis. Results revealed that the addition of OMMT and ETBN could improve
the damping properties greatly and decrease the glass transition temperature (7;,) of
the composites while the high tensile strength of composites was still maintained.
Besides, with the addition of the second nano-filler (nano-CaCO; or nano-SiO,)
into the nanocomposites, the tensile strength of the nanocomposites was further
enhanced without decreasing the high damping properties.

Keywords Intercalation - Epoxy resin - OMMT - Nanocomposites - Damping
property

Introduction

Vibration and noise are the inevitable results of the operation of machinery, equip-

ment, and vehicles, which can cause damages to precise electronic equipment and
have a negative impact on the stability of instruments. Damping materials due to
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their ability to absorb vibration and noise have generated extensive research interests
and are widely applied on missiles, aircrafts, automobile industry, bridge construc-
tion, and ships [1, 2]. Traditionally, polymer-based damping materials are obtained
by methods like adding plasticizers, blending modification, copolymerization, and
filling modification with micron fillers. With the development of aerospace industry,
traditional damping materials can never meet the demands of lightweight, integra-
tion of structure and function. Therefore, they have been gradually replaced by some
new damping materials with good mechanical strength, which can be used directly
as structural materials to reduce the risks of fatigue failure, such as interpenetrating
network polymer (IPN) materials, organic hybrid damping materials, and conductive
piezoelectric damping materials.

IPN can be used as a kind of advanced composite with high damping perfor-
mance and excellent mechanical property. It was first reported by Frisch et al. [3]
in 1975 and initiated extensive researches subsequently [4, 5]. Recently, Chen et al.
[6-8] have found that the physical properties of the polyurethane/epoxy (PU/EP)
IPN composites could be enhanced by the incorporation of fillers (OMMT, carbon
nanotubes, and potassium titanate whiskers), which shed light on the application of
structural damping materials in the future. Kaneko et al. [9] prepared three-com-
ponent organic hybrid system consisting of poly(ethyl acrylate) (PEA), chlorinated
polyethylene (CPE), and N,N-dicyclohexyl-2-benzothiazolesulfenamide (DBS),
which showed excellent damping performances in a wide temperature range. Tani-
moto [10] investigated conductive piezoelectric damping materials and found that
the damping properties of the carbon-fiber-reinforced plastic (CFRP) could be
improved by means of dispersing PbZrO;—PbTiO; (PZT) particle interlayers.

Recently, polymer/layered silicate (PLS) nanocomposites have attracted a lot of
attention from material researchers and engineers for their unique properties resulted
from the combining effects of both components at nanometer scale [11-14]. MMT-
filled nanocomposites were most widely investigated among layered silicates-load-
ing composites. Particularly, when natural MMT is modified by organic modifiers
[15, 16], good affinity with the polymer matrix can be obtained to achieve excellent
material performance for its potentially high surface area and aspect ratio. Epoxy
resins have been extensively employed in many industrial fields such as aircrafts,
structural materials, and ships for their excellent performance due to their high mod-
ulus and strength. However, pure epoxy resins suffer from their brittleness. In order
to meet the demand of practical applications of epoxy resins, a variety of approaches
have been used to improve their poor impact properties, among which adding liquid
rubbers into the epoxy resins has been proved to be an effective method to improve
their fracture toughness [17].

The ETBN-intercalating OMMT nanocomposites can obtain an obvious improve-
ment in damping performance for the formation of a kind of microstructure that resem-
bles the macroscopic constrained damping structure or sandwiched structure materials,
which is shown in Fig. 1 and has been proved by Mao [18]. In this study, damping
property, tensile strength, and thermal stability of the nanocomposites were studied
with different ETBN contents at the same OMMT content. Furthermore, the tensile
strength of nanocomposites could be improved by adding nano-fillers (nano-CaCO,
and nano-Si0,) without decreasing their high damping performance. The effects of
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Fig. 1 Schematic diagrams for the formation of a ETBN-intercalating OMMT layers and b EP-based
nanocomposites

nano-fillers on the tensile strength and the damping performance properties of nano-
composites were studied.

Experimental section
Materials

A commercial grade OMMT, with a trademark I30P, which was modified with octa-
decyl trimethyl ammonium bromide (OTAB), was supplied by America Nanocor Inc.
(USA). ETBN with an epoxy value of 0.0625 was provided by America Emerald Inc.
and Beijing Devote Chemical Co., Ltd (China). Then, it was used as viscoelastic mac-
romolecules. Polypropylene glycol diglycidyl ether (DER732) with an epoxy value of
0.30-0.32 was used as the diluent of liquid rubbers which was purchased from Dow
Chemicals (USA). Diglycidyl ether of bisphenol A-based (DGEBA) epoxy resin E-51
with an epoxy value of 0.51 was obtained from Jiangsu Wuxi Resin Plant (China).
4.4-Diamino diphenyl methane (DDM) was employed as the curing agent and was pur-
chased from Shanghai SSS Reagent Co., Ltd (China). The nano-size calcium carbonate
(nano-CaCOs;) and nano-silica (nano-SiO,) used in this study were supplied by Shanxi
Ruicheng Chemical Industry Co., Ltd (China) and Shanghai King Chemical Co., Ltd
(China), respectively.
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Preparation of ETBN-intercalating OMMT platelets structure

A selected amount of DER732 and ETBN was poured into a glass beaker, then
heated to 120 °C, and stirred drastically to intercalate with a predetermined amount
of OMMT. The intercalating process was carried out under vigorous stirring for
about 90 min at 120 °C to form the micro—nano-constrained damping structure
units, i.e., M-NCDSUs.

Preparation of ETBN-intercalating OMMT/EP nanocomposites

The different ETBN contents of M-NCDSUs were added to the calculated quantity
of epoxy resin which was stirred for 60 min before adding 28%, by weight, of DDM
(based on the amount of DGEBA). Subsequently, the mixture was degassed under
vacuum for several minutes, then poured, and pressed into preheated Teflon molds
and cured at 135 °C for 2 h and at 175 °C for 2 h to obtain the samples for measure-
ments. The weight contents of ETBN were 3.5%, 7%, 10.5%, 14%, and the corre-
sponding samples were marked as EM3.5, EM7, EM10.5, EM14, respectively. The
formulation of each sample is shown in Table 1.

Preparation of ETBN-intercalating OMMT/nano-filler/EP nanocomposites

Different nano-filler contents were mixed with the M-NCDSUs at 120 °C for
60 min. Then, the mixture was added to the calculated quantity of epoxy resin which
was stirred for 60 min before adding DDM. The cured process was the same as men-
tioned before. The weight contents of nano-CaCO; were 0%, 1%, 2%, 3%, and the
corresponding samples were marked as EM, EMC1, EMC2, EMC3, respectively.
As the same method, the samples containing nano-SiO, were marked as EM, EMSI1,
EMS2, EMS3, respectively.

Characterization
X-ray diffraction analysis
X-ray diffraction patterns were recorded by monitoring the diffraction angle (26)

from 1.5° to 10° on a D/MAX-III power diffractometer (DY 1291, Philips, Holland)
with wavelength 0.1542 nm of Cu Ka.

Table 1 Formulation of Samples ~ DER732 ETBN OMMT EP  DDM

ETBN-intercalating OMMT/EP

nanocomposites EM3.5 71.68 7.96 19.91 100 28
EM7 63.72 15.93 19.91 100 28
EM10.5 55.75 23.89 19.91 100 28
EM14 4779 31.86 19.91 100 28
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Transmission electron microscope analysis

The microstructure of the ETBN-intercalating OMMT in the epoxy network was
observed by a transmission electron microscope (TEM; Tecnai G2 F20 S-Twin, FEI,
America) inspection with an acceleration voltage of 120 kV. The ultrathin sections
with a thickness of 100 nm were cryogenically microtomed by an ultramicrotome
(EM UC7, LEICA, Germany).

Mechanical analysis

Tensile properties were measured on an electron universal testing machine (Instron
5567), according to ISO527-2/1A:1993. The samples (length 150 mm, preferred
thickness 4 mm, gauge length 80 mm) were tested at the strain rate of 10 mm/min.

Dynamic mechanical analysis

Dynamic mechanical experiment was performed at 1 Hz with a heating rate of 3 °C/
min from 30 to 200 °C with the three-point bending mode by using a TA Instru-
ments Q800 (USA) apparatus. The samples were rectangular bars with size of
20 mm X 10 mm x4 mm.

Thermogravimetric analysis

Thermogravimetric analysis was carried out in thermogravimetric analyzer (TG
209F1 Iris, NETZSCH, Germany), with a heating rate 10 °C/min from ambient tem-
perature to 700 °C under a nitrogen atmosphere.

Results and discussion

Structure and properties characterization of the ETBN-intercalating OMMT/EP
nanocomposites

Structure

XRD can be used to determine the dispersity of OMMT in polymer/clay nanocom-
posites. The XRD patterns of the nanocomposites with different contents of ETBN
are shown in Fig. 2. The d001 reflection for the EM 14 (the nanocomposites contain-
ing 14 wt% of ETBN) was found at 20=1.846°, according to the Bragg formula,
which corresponded to an interlayer distance of 4.78 nm (the d-spacing of the chem-
ical OMMT powder is only 2.35 nm). The XRD peak for the EM10.5 was found
at 20=2.347°, corresponding to the interlayer distance of 3.76 nm. The interlayer
distance of both EM14 and EM10.5 indicated that the liquid rubber (ETBN) and
DER732 could effectively intercalate into the clay galleries to form the intercalated
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Fig.2 XRD patterns of ETBN-intercalating OMMT/EP nanocomposites at various contents of ETBN.
The specimens with 3.5 wt%, 7 wt%, 10.5 wt%, and 14 wt% of ETBN were remarked as EM3.5, EM7,
EM10.5, and EM14, respectively

structure. However, no obvious characteristic diffraction peaks appeared in the dif-
fraction patterns of EM3.5 or EM7, demonstrating that the d-spacing was higher
than 4.78 nm and the exfoliated structure was formed. With the increasing content
of ETBN, the microstructure of nanocomposite was transformed from an exfoliated
structure into an intercalated structure. The possible reason was that for EM3.5 and
EM7, the content of ETBN was relatively low while the content of DER732 was
relatively high, so that adequate DER732 with higher reactivity was intercalated into
the clay galleries and in situ polymerization was carried out which released lot of
heat and exfoliated the clay platelets; for EM10.5, the content of DER732 was rela-
tively low; therefore, the in situ polymerization of DER732 in the layers of OMMT
was more moderate and could not exfoliate the clay platelets, which formed an inter-
calated structure; for EM 14, the content of DER732 was lower corresponding to an
intercalated structure while the content of ETBN was much higher, which was inter-
calated into the clay galleries and increased the interlayer distance.

The exfoliation morphology and the intercalation morphology of OMMT were
supported by TEM, which corresponded to EM3.5 (Fig. 3a) and EM14 (Fig. 3b),
respectively. The dark lines represented the OMMT platelets and tactoids as well as
exfoliated layers could also be found in Fig. 3b while intercalated structure played a
leading role.

The damping property

Generally, polymer materials can absorb and diffuse the energy of vibration at high
temperatures owing to their excellent viscoelasticity which is called internal friction,
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Fig. 3 TEM image of ETBN-intercalating OMMT/EP nanocomposites

thus increasing the damping properties of the materials. In this paper, the organic
montmorillonite was intercalated by a kind of liquid rubber (ETBN) to form the
intercalated structure that could improve the poor damping properties of the epoxy
materials.

Figure 4 shows the traces of dynamic mechanical analysis (DMA) of nano-
composites containing different contents of ETBN. Compared with the pure
epoxy cast, the nanocomposites filled with liquid rubber could obtain relatively
lower glass transition temperatures and larger peak areas, to some extent, which
reflected the damping properties of materials. The glass transition temperatures
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Fig. 4 DMA curves of ETBN-intercalating OMMT/EP nanocomposites at various contents of ETBN
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(i.e., the peak of tand) of nanocomposites shifted to the higher values with the
incremental content of ETBN. ETBN is a kind of rubber that terminated with
epoxy groups, in which the epoxy value is minimal. With the increasing content
of ETBN, epoxy value of the system decreased gradually and was going to be
equivalent with the quantity of N-H of the curing agent (DDM). As a result, the
cross-link density increased which leads to an enhancement on the glass transi-
tion temperature (Tg).

Tensile strength

Figure 5 shows the tensile strength as a function of content of the ETBN. The
tensile strength value reached the maximum (55.67 MPa) when the addition
of ETBN was 7 wt% in the nanocomposite. Subsequently, the tensile strength
decreased with the increasing content of ETBN, indicating that the intercalated or
exfoliated OMMT layer structure units had significant influence on the mechani-
cal property of nanocomposite. When the content of ETBN was below 10.5 wt%,
exfoliated structure dominated in the nanocomposite. With the increasing content
of ETBN, tensile strength improved as a result of higher cross-link density. When
the content of ETBN reached 10.5 wt%, the microstructure of nanocomposite
was transformed into intercalated structure, contributing a decline to the tensile
strength of nanocomposites [19, 20]. With further increase in ETBN, there was
an improvement in the viscosity of the casting mixture, which made it harder to
degas. As a consequence, more flaws were introduced into the nanocomposite,
resulting in a decrease in the mechanical properties. Thus, only EM7 showed the
best tensile strength.
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Fig.5 Tensile strength of ETBN-intercalating OMMT/EP nanocomposites at various contents of ETBN
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Fig.6 a TGA and b DTG thermograms of pure epoxy and ETBN-intercalating OMMT/EP nanocompos-
ites

Table 2 Characteristic data

btained f TG th Samples Temperature Temperature Residual weight
obtamned from 16 thermograms 20% loss (°C)  60% loss (°C)  at 700 (°C%)
of pure epoxy and ETBN-
intercalating OMMT/EP Pure EP 3726 4023 17.55
nanocomposites
EM3.5 337.8 392.1 15.42
EM7 3421 396.4 14.80
EM10.5 3479 399.8 14.07
EM14 351.4 403.1 13.26

Thermogravimetric analysis

The TGA curves of all the samples under nitrogen atmosphere are shown in Fig. 6a.
The characteristic temperatures of various nanocomposites are listed in Table 2.
Compared with the pure epoxy, the thermal decomposition temperature of the modi-
fied system at 20% weight loss or 60% weight loss was relatively lower. The pos-
sible reason was that for the pure epoxy, the cross-link network was more complete;
however, for the modified system, excess epoxy group decreased cross-link density
introducing lots of active groups into the network, which leads to a fall on ther-
mal stability. With the incremental content of ETBN, the thermal decomposition
temperature at 20% weight loss or 60% weight rose indicates that the ETBN could
improve the thermal properties of nanocomposites. Similar thermal degradation
behavior was reported by Chen et al. [17]. The residual weight of nanocomposites
demonstrated a uniform decrease with incremental loading of ETBN. The decreased
percentage was about 0.7%, which could be attributed to the thermal property differ-
ence between DER732 and ETBN. Due to a higher residual weight compared with
ETBN, DER732 decreased in content with incremental loading of ETBN, resulting
in a reduction in residual weight of nanocomposites. Figure 6b shows TGA ther-
mograms of the pure and ETBN-modified epoxy samples. The pure epoxy sample
underwent the degradation mainly in a one-stage process due to the thermal degra-
dation of the epoxy network. However, the thermal degradation process was mainly
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composed of two steps concerning with the modified epoxy samples. The first deg-
radation process was mainly induced by destroying the flexible chains of the diluent.
The second stage was the main degradation process that was caused by the ther-
mal degradation of the epoxy network. The first degradation process of the modified
system tended to be invisible with the increasing content of ETBN. This could be
ascribed to the fact that the ETBN delayed the initial thermal decomposition of the
modified systems at low temperature.

Properties characterization of the ETBN-intercalating OMMT/nano-filler/EP
nanocomposites

The damping property

Figures 7 and 8 show the damping properties of the nanocomposites filled with two
other kinds of nano-fillers simultaneously (OMMT and nano-CaCO; or OMMT
and nano-Si0,). The presence of nano-CaCOj; resulted in a slight increase of the T,
value when compared with composites filled with single nano-filler (OMMT). The
smaller particle size and larger specific surface area of nano-CaCOj; could increase
the contact area with the matrix, which had certain inhibitory effect on the motion of
the molecular chains in the compounds, thereby enhancing the maximum damping
peak position. The curve of Fig. 8 was analogous to that of Fig. 7 showing that the
damping peak position is enhanced with increasing nano-SiO, content. Nano-SiO,
is a kind of filler with a lot of hydroxyl groups existed on its surface which can form
hydrogen bonds with hydroxyl groups of epoxy matrix in the compound system. The
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Fig.7 DMA curves of ETBN-intercalating OMMT/nano-CaCOs/EP nanocomposites as a function of
nano-CaCOj; content
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Fig.8 DMA curves of ETBN-intercalating OMMT/nano-SiO,/EP nanocomposites as a function of nano-
SiO, content

maximum damping peak area of the compound system tended to increase with an
incremental content of the nano-SiO,, which was mainly ascribed to the compact
cross-linking structures and the inhibition effect rendered by the segmental motion
of the molecular chains.

Tensile strength

The mechanical properties of the nanocomposites containing different contents of
nano-CaCOj are shown in Fig. 9. The strength of the cast was found to be increased
and reached the maximum, and then continually decreased with increasing nano-
CaCOj; content, demonstrating that an overdose of the nano-CaCOj; particles would
be harmful to the obtained nanocomposites. The result of the maximum tensile
strength was about 55.11 MPa for the EMC2 (the weight ratio of epoxy monomer
(E-51) and CaCOs; is 100:2) nanocomposites, which increased 4.6% when contrasted
to the castings without nano-CaCQOj;. This result indicated that nanocomposites had
higher tensile strength with low content of nanoparticles. Such enhancement could
be ascribed to the intermolecular interaction in the nano-CaCO; surface and epoxy
macromolecular chains in nanocomposites [21]. The agglomerates and defects began
to form with the incremental content of the nano-CaCOj;, resulting in the decrease
of tensile strength of nanocomposites. From Fig. 10, it could be observed that the
nano-Si0, nanocomposites had a similar curve to that of the nano-CaCOj; nano-
composites with different contents of nanoparticles. The tensile strength of EMS1
(the weight ratio of epoxy monomer (E-51) and SiO, is 100:1) was 57.67 MPa,
which reached the maximum of nanocomposites and increased 9.5% when com-
pared with values obtained for the castings without nanoparticle. Compared with

@ Springer



4000 Polymer Bulletin (2019) 76:3989-4002

E/E/\

35 1 . 1 A 1 ) 1
0 2 3

1
The nano-CaCO3 content (%)

(=)
n

Tensile strength(MPa)
-~ n wn [~
n =] n <>
1 1 1 1

=
=3
T
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nanocomposites containing nano-CaCOj;, in which the tensile strength reached max-
imum at additional amount of 2%, nanocomposites containing nano-SiO, exhibited
the maximum tensile strength with a loading of 1%. This was because, with a lot of
hydroxyl groups on its surface, nano-SiO, had a higher surface activity, which could
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interact adequately with polymer chains at a lower addition. Therefore, nano-SiO,
showed a more noteworthy reinforcement on the tensile strength of nanocomposites.

Conclusion

The damping properties of nanocomposites could be greatly improved by the addi-
tion of ETBN-intercalating OMMT units. The glass transition temperatures of
nanocomposites increased with an incremental content of the ETBN. The tensile
strength of nanocomposites also could be improved, which reached the maximum
of 55.67 MPa at 7 wt% ETBN in nanocomposites. The increased content of ETBN
could delay the initial degradation temperature of nanocomposites and resulted in
low residual weight because of thermal property difference between DER732 and
ETBN in high temperature. The composite specimens with nano-fillers showed an
apparent increase in tensile strength with respect to that of the specimens without
nano-fillers. The tensile strength of nanocomposites containing 2% nano-CaCO; and
1% nano-SiO, was increased by 4.6% and 9.5%, respectively, compared with nano-
composites without nano-fillers. It was found that the tensile strength of the result-
ant composites containing nano-SiO, could be effectively enhanced compared with
those containing nano-CaCOj at low content. The result also has shown that damp-
ing performance benefits gained through the use of single filler (OMMT) were not
compromised by the addition of the second filler.
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