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The poor interaction between the hydrophilic montmorillonite and hydrophobic epoxy resins leads to
agglomeration of montmorillonite within epoxy resins, which finally results in poor macro properties of
the epoxy resin nanocomposites. Although silane modification can improve the hydrophobicity of
montmorillonite surface, the hydrolysis and condensation of silane lead to locking effect in the interlayer
structure of functionalized montmorillonite. The effect of the functionalized montmorillonite on the
properties of the epoxy resin remains unclear. Herein, we present multi technique approach to
thoroughly evaluate the macro properties of the montmorillonite/epoxy resin nanocomposites, including
dynamic mechanical thermal, thermo-mechanical, dielectric, water absorption and subsequently
evaluate the molecular factors governing these characteristics. Importantly, the storage modulus has
been enhanced by 44%, from 2416 MPa for pure epoxy resin to 2416 MPa for nanocomposites with
5.0 wt% functionalized montmorillonite. Our analysis reveals the increase of thermal stability and glass-
transition temperature, as well as a reduction of the coefficient of thermal expansion with the addition of
functionalized montmorillonite. Additionally, functionalized montmorillonite leads to decreased water
absorption. This research aims to offer guidance for the development of high-performance

Received 27th April 2024
Accepted 23rd September 2024

DOI: 10.1039/d4ra03125¢ montmorillonite/polymer nanocomposites, potentially opening up new applications for montmorillonite

Open Access Article. Published on 01 October 2024. Downloaded on 1/23/2026 2:47:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances in polymer nanocomposites.

Introduction

Polymer nanocomposites incorporating nanoscale inorganic
fillers have garnered significant attention due to their superior
overall properties, including thermal, mechanical, electrical,
and electromagnetic performance compared to pure polymers.*
Among various inorganic fillers, montmorillonite is one of the
most widely chosen fillers,>® mainly due to its high specific
surface area and rich cations between the layers of the mont-
morillonite crystal structure.* Improving the compatibility
between hydrophilic montmorillonite surface and hydrophobic
polymer is crucial to prevent agglomeration of montmorillonite
within the polymer matrix. Therefore, it is desirable to modify
montmorillonite with organic groups for better affinity with
polymers.

In general, the modification of montmorillonite surfaces has
generally been approached through two primary methods:
physical and chemical.® The compatibility of hydrophobic
polymers with montmorillonite can be effectively enhanced by
employing various surfactants, which is a commonly adopted
physical approach for modification.®” However, physical
modification does not establish an effective connection
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between the montmorillonite and polymer matrix. Additionally,
a majority of surfactants exhibit instability when subjected to
the typical processing temperature of polymers.® The potential
presence of a weak electrostatic interaction may give rise to the
formation of a distinct interface between hydrophilic mont-
morillonite and polymers, which could adversely impact the
mechanical properties of polymer nanocomposites.® The silane
grafting of hydrophobic groups to the montmorillonite surfaces
has been attracted great attention.'™ The organic groups
commonly used for better affinity with polymers include amino,
epoxy, methacrylic groups, etc. The formation of a covalent
bond enables the enduring immobilization of the organic
components,” which results in uniform dispersion of mont-
morillonite in polymer matrix.* For example, V. Nigam and co-
workers reported an epoxy resin/functionalized montmoril-
lonite nanocomposite with enhanced mechanical properties.*
However, the thermal stability of the functionalized montmo-
rillonite filled nanocomposites is less than that of raw mont-
morillonite filled nanocomposites, probably due to the
presence of organic species (octadecylammonium ions), which
is less thermally stable than inorganic species. In our previous
study,’® montmorillonite was silylated with 3-amino-
propyltriethoxysilane, and a phenomenon of locking effect was
observed during the silylation process. However, the effect of
the silylated montmorillonite on the properties of the polymers
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remain unclear. The lack of a reliable and user-friendly experi-
mental method for investigating the correlation between func-
tionalized montmorillonite and macroscopic characteristics
poses a significant challenge, hindering the systematic devel-
opment of montmorillonite/polymer composites with targeted
attributes.

In this study, we introduce a methodology to assess the
macroscopic characteristics of functionalized montmorillonite/
epoxy resin nanocomposites. We investigated their dynamic
mechanical thermal behavior, thermo-mechanical properties,
dielectric performance, water absorption capacity, and subse-
quently examining the molecular factors that govern these
properties. Epoxy resins were selected as model polymer matrix,
due to their fascinating properties such as strong adhesion,
good chemical stability, high mechanical strength, and ease of
processing and shaping. We expect that the amino group of
functionalized montmorillonite attacks the epoxide ring of
epoxy resin covalently, and thus improves the interfacial inter-
actions between montmorillonite and epoxy resins, which is
consistent with previous studies.””* Our analysis unambigu-
ously reveals the increase of thermal stability and glass-
transition temperature with the addition of functionalized
montmorillonite. The addition of montmorillonite also results
in a reduction of the coefficient of thermal expansion, while
decreasing water absorption. This study aims to offer insights
for creating high-performance montmorillonite/polymer nano-
composites and exploring new applications for montmorillonite
in polymer nanocomposites.

Experimental
Materials

A monomer of epoxy resin, 3,4-epoxycyclohexylmethyl-3,4-
epoxy-cyclo-hexane carboxylate (ERL 4221) manufactured by
Tetrachem in China, was employed. This particular epoxy resin
monomer possesses an epoxy equivalent mass measuring
127.0 ¢ mol'. The curing agent employed was methylhexahy-
drophthalic anhydride (MHHPA) sourced from Bangcheng Co.
Ltd, China, with a minimum purity of 98%. 2-Ethyl-4-
methylimidazole (EMI) as curing promoter, was obtained
from the same supplier with a purity level of at least 99%.
Montmorillonite (Mt) used in the experiment was acquired
from Neimeng, China. The montmorillonite utilized in this
study was obtained from the supplier after undergoing a puri-
fication process to eliminate impure minerals, with the excep-
tion of quarts. No further treatment was conducted on the
received montmorillonite. The chemical formula of the Mt is
Na, ,Cay 1A1,51,019(OH),(H,0)40, with the molecular weight of
549.07 g mol~". The 3-aminopropyltriethoxysilane (APTES) used
in this research was procured from Aldrich (=98%) and
employed without any additional modifications.

Functionalization of montmorillonite

In a typical experiment, a dispersion of Mt (10.0 g) in cyclo-
hexane (200 mL) was prepared and subjected to stirring, and
then sonicated. Afterwards, while maintaining constant
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agitation, a gradual addition of APTES (8.0 g) was incorporated
into the dispersion. Subsequently, the resulting blend under-
went stirring for a period of 10 hours at a temperature set to 80 °©
C. To eliminate any excess silane present, the reaction product
underwent centrifugation followed by washing with cyclo-
hexane. After being dried for a period of 24 hours at 80 °C, the
collected powders were identified as functionalized montmo-
rillonite, designated as MtS.

Preparation of the montmorillonite/epoxy resin
nanocomposites

The solvent-free method was utilized to prepare nano-
composites of montmorillonite/epoxy resin with varying
amounts of MtS. In accordance with standard procedures,
equivalent quantities of ERL 4221, MHHPA, EMI, and MtS were
homogeneously blended using a high-speed mixer under
vacuum conditions (Speedmixer, DAC 1200-300). Subsequently,
the resultant mixture was carefully poured into a mold and
underwent curing at a temperature of 140 °C for two hours
before being further heated at 220 °C for an additional two
hours. The concentrations of MtS in the ensuing nano-
composites were adjusted to be 3 wt%, 5 wt%, and 10 wt%
respectively. These specific compositions were denoted as
follows: MtS-3/EP, MtS-5/EP, and MtS-10/EP. To enable
comparative analysis, pure epoxy and montmorillonite/epoxy
resin nanocomposite with 5 wt% Mt loading (Mt-5/EP) were
also prepared following the same procedure.

Characterization

The fracture morphology of the MtS/EP nanocomposites was
obtained by scanning electron microscopy (SEM, ZEISS Gem-
iniSEM 300) at a high voltage of 10 kV, according to ASTM E986-
04(2017) standard. The TA Q600 thermobalance from TA
Instruments was utilized to conduct the thermogravimetric
analysis, according to ASTM E1131 standard, with a nitrogen
flow rate of 100 mL min ™. The temperature was increased from
30 to 800 °C at a rate of 5 °C min~ ' during the heating process.
Dynamic mechanical thermal analysis was conducted with
a dynamic mechanical thermal analyzer (DMA, Q800, TA
Instrument), according to ASTM D4065 standard, with the
heating rate of 3 °C min~" at 1.0 Hz, and temperature ranging
from 25 to 300 °C. The specimens had dimensions measuring
6 mm x 2 mm x 30 mm. To determine the glass transition
temperature (T,), we identified it as the temperature corre-
sponding to the peak value on the tan 6 curve. To determine the
dielectric properties at ambient temperature, an impedance
analyzer (Agilent 4294A) was used across frequencies ranging
from 100 Hz to 10 MHz. Prior to testing, silver paste was applied
onto the samples, according to ASTM D150 standard. The
coefficient of thermal expansion (CTE) for the MtS/EP nano-
composites was determined using a Thermomechanical
Analyzers (TMA/SDTA 2+, Mettler Toledo Instruments),
according to ASTM E831 standard. A 0.02 N force was exerted
during the heating process, with a temperature increase rate of
5°C min~' from room temperature to 300 °C in the presence of
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nitrogen gas. The equation provided below was used to calcu-
late the values of CTE:

dL 1

CTE = a7~ o (1)
where the slope of the length-temperature curve for the mate-
rial, denoted as dL/dT, represents how the length changes with
temperature. L, refers to the initial length measured at 25 °C.
On the basis of ASTM D570 standard, the weighing method was
employed to determine the water absorption (WA) of the
nanocomposites consisting of MtS/EP. Initially, the specimens
measuring 20 mm x 20 mm x 2 mm were placed in an oven set
at 80 °C for 24 hours and subsequently weighed. Subsequently,
the specimens were submerged in distilled water at 25 °C. After
24 hours, the specimens were removed from the water and dried
with absorbent paper to eliminate any surface moisture before
being reweighed. The WA values of the specimens were deter-
mined by means of the subsequent formula:

W, — W,

Wo

WA = x 100% @)
where W, and W; represented the weight of dry substance and
the materials post water absorption, correspondingly.

Results and discussion
Characterization of the functionalized montmorillonite

Fig. 1 shows the Fourier transform infrared spectroscopy of the
MtS. Compared to the raw Mt, the functionalized Mt (MtS)
demonstrates a distinct vibration at 2934 cm™" corresponding
to the antisymmetric stretching of -CH,, along with an out-of-
plane deformation of ~CH observed at 696 cm™'. Two new
peaks at 3315 cm ™' and 1520 cm™ " are attributed to antisym-
metric stretching of N-H bond and C-N bond, respectively,
which indicate existence of APTES in the MtS. In addition, the
intensity of the ~OH stretching vibration at 3620 cm™"' and Al-
OH bending vibration at 916 cm ™" decreases after silane func-
tionalization. These observations suggested the successful
grafting of silane onto montmorillonite surface as accompanied
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Fig.1 FTIR spectra of the pristine and functionalized montmorillonite.
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by the consumption of hydroxyl groups. In the FTIR spectra of
unadulterated Mt and MtS, the stretching vibration of Si-O-Si
can be identified by observing a peak at approximately
1032 cm™ " along with a secondary peak around 1085 cm ™. The
successful silane functionalization by APTES, a silane coupling
agent, is indicated by a slight shift in the vibration frequency
from 1032 cm ™" (raw Mt) to about 1037 cm ™" (MtS), as well as
a subtle reduction in intensity observed for the shoulder.
Thermogravimetric analysis was conducted to determine the
amounts of APTES grafting. The results showed that the mass
loss below 200 °C was due to absorbed ~OH groups, while the
mass loss between 200 and 600 °C resulted from APTES evap-
oration and/or decomposition. Following silane modification,
dehydroxylation-related mass loss significantly decreased, likely
due to hydroxyl group consumption during silylation reaction.
Notably, the mass loss at 200 °C indicated physically adsorbed
APTES on Mt surfaces, whereas those at 330 °C and 426 °C were
attributed to covalently bonded APTES at broken edges or
adsorbed/intercalated in interlayer spaces on Mt surfaces.”
The thermal degradation of APTES occurs at approximately
540 °C, leading to a reduction in mass. The dehydroxylation
process of the aluminosilicate groups present in the pristine Mt
clay structure results in a mass loss observed at 637 °C.** In
comparison to the raw Mt at 700 °C, we have determined that
the APTES grafting content is approximately 5.30 wt% (Fig. 2).
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Fig. 2 Thermogravimetric analysis (a) and differential thermogravi-
metric (b) curves of the pristine and functionalized montmorillonite.
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Microstructure

Fig. 3 shows the SEM images of fracture surface of the MtS/EP
nanocomposite with 5 wt% MtS. Compared with Mt/EP nano-
composite (Fig. 3a), the aggregation of montmorillonite is less
obvious (Fig. 3b), indicating an enhanced interfacial interaction
between montmorillonite and epoxy resins.

Thermal stability

Fig. 4 shows thermogravimetric analysis (TGA) curves of the
MtS/EP nanocomposites. As the temperature increases, the TGA
curves of MtS/EP nanocomposites shows a sharp decline, indi-
cating degradation. Above 400 °C, there is a significant decrease
in mass loss rate for each system, suggesting that most groups
within the epoxy resin structure have undergone thermal
decomposition. The temperature at which 5% mass loss,
defined as Tso, is used as signature of thermal stability. As
shown in Table 1, the T, of the pure epoxy resins is at 343 °C.
Upon incorporating montmorillonite, both Mt-5/EP and MtS-5/
EP showed reduced Tse, values of 328 °C and 339 °C respec-
tively. This decrease may be ascribed to a decline in the density
of cross-linking within the epoxy resins after montmorillonite
addition. Interestingly, the Tso, value of MtS-5/EP is much
higher than that of the Mt-5/EP, indicating that the function-
alization is benefit to thermal stability. This is likely due to
enhanced compatibility of functionalized montmorillonite with

Fig.3 SEM images of cross-sections of (a) Mt-5/EP, and (b) MtS-5/EP.
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Fig. 4 Thermogravimetric analysis curves of the pure epoxy, Mt-5/EP,
MtS/EP nanocomposites with various MtS contents.

Table 1 Temperature Tsy, storage modulus, and Ty for pure epoxy,
Mt-5/EP, MtS/EP nanocomposites with various MtS contents

Storage modulus

Samples Ts, (°C) (30 °C, MPa) Ty (°C)
Pure epoxy 343 1674 223
MtS-3/EP 341 2228 230
MtS-5/EP 339 2416 226
MtS-10/EP 331 2245 224
Mt-5/EP 328 1884 229

epoxy resins. Furthermore, the presence of montmorillonite
residues in the Mt/EP nanocomposites resulted in higher char
yields at approximately 500 °C compared to those observed for

pure epoxy.

Dynamic mechanical properties

DMA is a useful technique for assessing the physical and
chemical properties of polymer based nanocomposites, offers
valuable information on their toughness and molecular relax-
ation through parameters such as storage modulus (G'), loss
modulus (G”), and tané (G”/G').>® The DMA curves of the
nanocomposites consisting of MtS and epoxy resin are dis-
played in Fig. 5. Table 1 summarizes the relative variations in G’
for the MtS/EP nanocomposites at a temperature of 30 °C. The
addition of MtS results in an improvement in G, from 1674 MPa
for pure epoxy resin to 2416 MPa for the MtS-5/EP at a temper-
ature of 30 °C. The enhancement of the G’ is ascribed to the
strengthening impact exerted by MtS on the epoxy resin, as it
restricts the movement of polymer chains within epoxy resin
and enhances stress transmission under applied loads.>® In
addition, the incorporation of MtS into epoxy resins results in
higher G’ values compared to Mt/EP nanocomposites. This can
be attributed to the improved interfacial interaction between
MtS and epoxy resins, which enhances the immobilization of
epoxy resin chains and provides more load transfer centers. The
loss modulus and tan¢ curves for MtS/EP nanocomposites

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Storage modulus (a) and tan é (b) of pure epoxy, Mt-5/EP, MtS/
EP nanocomposites with various MtS contents as a function of
temperature.

exhibit the presence of a transition peak, indicates that there is
no phase separation between clay and epoxy. Glass transition
temperature (Ty), an important property of epoxy resins, reflects
changes in polymer chain dynamics and thermal stability. T, is
defined as the temperature at which the maximum peak occurs
in either the loss modulus or tan ¢ (Fig. 5b). As shown in Table
1, incorporating MtS leads to a higher T, compared to pure
epoxy. With 3 wt% MtS, the maximum 7, value reaches 230 °C,
which is approximately 7 °C higher than that of pure epoxy (223
°C). This is attributed to enhanced interactions between MtS
and the epoxy network, resulting in restricted chain mobility.
However, further increasing MtS content slightly decreases T,
due to potential aggregation of MtS particles.

Coefficient of thermal expansion

The coefficient of thermal expansion (CTE) is a significant
concern in the use of polymers for engineering purposes, as
materials with low CTE are better able to maintain dimensional
stability. In order to evaluate how MtS affects the thermal
dimensional stability of epoxy resins, we utilized TMA (as
shown in Fig. 6). The temperature-dependent length curves for
all samples showed a gradual transition from a glassy state to
a rubbery state. CTE values were determined for the
montmorillonite/epoxy resin nanocomposites by analyzing the
slope of thermal expansion curves below and above T, within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TMA curves of the pure epoxy, Mt-5/EP, MtS/EP nano-
composites with various MtS contents.

Table 2 CTE and Ty values of pure epoxy, Mt-5/EP, MtS/EP nano-
composites with various MtS contents

Composites CTE (10 °°C™) Ty (°C)
Pure epoxy 80.0 199
MtS-3/EP 61.4 226
MtS-5/EP 71.1 212
MtS-10/EP 74.0 209
Mt-5/EP 76.1 214

temperature ranges of 40-150 °C (Table 2). The CTE of pure
epoxy resin was 80.0 x 107° °C™', but the CTE of the nano-
composites decreased with the addition of montmorillonite.
This was because rigid montmorillonite has good dimensional
stability and do not expand when heated in the epoxy resin
system. When the MtS content was 3%, the CTE was 61.4 x 10~ °
°C™'. Further increasing MtS resulting in slight increase of the
CTE. The CTE of nanocomposite was not only related to the
rigidity of montmorillonite, but also to the degree of dispersion
of montmorillonite. The good dispersibility of MtS can effec-
tively combine with the epoxy resin, reducing the CTE of
nanocomposites. However, the higher content of MtS leads to
uneven dispersion in the system, which can easily cause local
aggregation or precipitation, and the inhibitory effect on the
expansion of epoxy resin is not significant. Furthermore, at an
equivalent filler loading level (5 wt%), it was found that MtS/EP
nanocomposites demonstrated even lower CTE compared to
MLt/EP, suggesting that functionalization had beneficial effects
on enhancing interfacial strength between MtS and epoxy resin.
The T, values of epoxy resin and its composite materials are
lower than those measured by DMA method (Table 1), but the
trend of change is consistent with the test results of DMA, which
verifies the test results of DMA.

Dielectric properties

Dielectric properties, such as dielectric constant and dielectric
loss, play a crucial role in polymer nanocomposites. The

RSC Adv, 2024, 14, 31251-31258 | 31255
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dielectric constant indicates the capacity to store electric
charges within an electric field, while the dissipation of energy
caused by the flow of conductive carriers in response to alter-
nating electric fields is indicated by the dielectric loss. As
depicted in Fig. 7, the frequency-dependent decrease in the
dielectric constant of MtS/EP nanocomposites can be attributed
to interfacial relaxation. Incorporating MtS into the composites
leads to an increase in dielectric constant compared to pure
epoxy resins (Fig. 7a), primarily due to MtS having a higher
dielectric constant than pure epoxy resin. Interestingly, unlike
other thermal properties, functionalizing Mt does not alter the
dielectric constant of Mt/EP nanocomposites. On another note,
with increasing frequency (Fig. 7b), there is an observed rise in
the dielectric loss of the MtS/EP nanocomposites because
rotational motions of dipolar groups fail to keep pace with
changes in electric field frequency. However, upon adding MtS
content and implementing surface modification techniques,
there is only a slight increase in the overall dielectric loss for
these composites. It is worth mentioning that even at higher
frequencies, where further increases are seen in the dielectric
loss values (<0.05), this material still exhibits potential appli-
cations within electronic information industries. Recently,
interfacial information between polymer and fillers has been
found to exhibit retarded dynamics by dielectric spectros-
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4.50
4 a pure epoxy
4.25 4 —— MtS-3/EP
—— MtS-5/EP
B —— MtS-10/EP
4.00 - —— Mt-5/EP

Dielectric Constant
w
o
L
1

3.50 -

3.25 -

3 S ————

10° 10* 10° 10° 10"
Frequency (Hz)
0.05
lb pure epoxy
—— MtS-3/EP

= 0044 —— MtS-5/EP
5 A —— MtS-10/EP
= —— Mt-5/EP
@ 0.03
(=]
a 1
o
FonllT/—————o
Q
E’ .W_—;
o

0.01 -

0.00

104 5

10° 10

T™TTTTIT
7

Frequency (Hz)
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suppressed cooperativity, as compared to the main « relaxation
(bulk-like polymer). However, in our system, there is no obvious
additional peak of interfacial relaxation, probably due to
a strong Maxwell-Wagner-Sillars polarization and a high dc
conductivity overlap with the interfacial layer contribution to
the dielectric spectra.*

Water absorption

Refraining from the absorption of water by polymer nano-
composites is crucial in order to maintain their long-term
property. Hence, it is imperative to minimize the water uptake
of these materials. The impact of MtS on the water absorption
behavior of MtS/EP nanocomposites was investigated. As shown
in Fig. 8, the water absorption for the pure epoxy resin increases
with prolonged immersion time, eventually reaching 2.4 wt%
after being immersed for 168 hours. When the experiment time
above 168 h, the change of moisture absorption is small and up
to saturation. In contrast, for the MtS/EP nanocomposites,
although there was also an increase in water absorptions with
longer immersion times, they remained lower compared to
those observed in the pure epoxy resin. The penetration of water
molecules through the epoxy network could be attributed to the
occurrence of water absorption. The pure epoxy resin tends to
allow water molecules to enter the defects or voids, when it is
permeated with saturated moisture before being evenly
distributed throughout. The presence of MtS enhances poly-
merization, resulting in a more intricate pathway for water
penetration. This is because the clay platelets prevent water
molecules from penetrating, thereby improving the resistance
to water. Furthermore, MtS/EP exhibits slightly lower water
absorption compared to Mt/EP, indicating that MtS contributes
positively towards preventing water infiltration. This phenom-
enon can be attributed to the incorporation of silane groups
onto the surface of Mt, which impede accessibility to specific
locations and effectively diminish the volume of micro-voids.
There is no quantitative relationship between moisture
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Fig. 8 Water absorption behavior of pure epoxy and Mt/EP
nanocomposites.
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absorption and other physical properties, such as dielectric,
mechanical, and thermal properties. High moisture absorption
usually leads to deteriorating physical properties.

Conclusions

In conclusion, we have comprehensively characterized the
macro properties of the functionalized montmorillonite/epoxy
resin nanocomposites, including dynamic mechanical
thermal, thermo-mechanical, dielectric, water absorption and
then analyzing molecular parameters controlling these prop-
erties. FTIR and TGA suggest the successful silane functionali-
zation by silane coupling agent, with the grafting content of
APTES about 7.7 wt%. The functionalized montmorillonite/
epoxy resin shows more thermal stability than the montmoril-
lonite filled epoxy resin nanocomposite, as evidenced by
a higher onset temperature for thermal decomposition. This
indicates that the functionalization process has a positive effect
on enhancing thermal stability. The storage modulus has been
enhanced by 44%, from 2416 MPa for pure epoxy resin to
2416 MPa for nanocomposites with 5.0 wt% functionalized
montmorillonite. Additionally, the increased intercalation and
interfacial interaction between montmorillonite and epoxy
resins lead to an increased glass transition temperature when
compared to the montmorillonite/epoxy resin. Our analysis also
indicates that the coefficient of thermal expansion and water
absorption decreased with the addition of functionalized
montmorillonite. This study aims to offer valuable insights for
constructing  high-performance = montmorillonite/polymer
nanocomposites. Such functionalized montmorillonite/epoxy
resin nanocomposites may attract attention to industrial
sectors for structural, automotive, and packaging applications.
We also envision that this approach can expand to other poly-
mers with more complex chemical groups.
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