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t of halloysite nanotubes with
sol–gel reaction for the preparation of epoxy
composites

Taehee Kim, Suhyun Kim, Dong Koo Lee, Bongkuk Seo* and Choong-Sun Lim *

Halloysite nanotubes (HNTs) are naturally occurring aluminosilicates that have received attention for their

high aspect ratio and low cost, whichmakes them suitable for commercial applications. HNTs provide good

mechanical properties when applied in epoxy resins as fillers. The mechanical and thermal properties of

HNTs are further enhanced by surface treatment using the sol–gel method. In this study, the modified

surfaces of HNTs (m-HNTs) were investigated using scanning electron microscopy and transmission

electron microscopy. The amounts of m-HNTs were varied in the epoxy composition (binder) that was

comprised of a latent hardener, a reaction accelerator, and an epoxy resin. The physical properties of the

cured composites with different amounts of HNTs and m-HNTs were measured using a universal testing

machine (UTM) to analyze the effect of HNT and m-HNT on the flexural strength. Furthermore, the

thermomechanical analysis of the cured composites with m-HNT showed that the dimensional changes

of the composites were lower than those of epoxy composites with HNT particles.
1. Introduction

Epoxy resins have a wide range of applications in the aerospace,
automotive, and construction industries owing to their good
mechanical and thermal properties as well as their convenience
of use.1–3 Epoxy resins form networked thermoset polymers with
properties that are useful in epoxy molding compounds or
adhesives.4,5 However, epoxy polymers suffer from brittleness,
low thermal conductivity, and high ammability.6–8 Such
drawbacks can be compensated for by incorporating tough-
eners, additives, or llers into the polymer. The low viscosity of
epoxy resins allows incorporation of high ller contents into the
cured matrix, which can result in improved ame resistance
and mechanical properties of the epoxy composite.9,10

Halloysite nanotubes (HNTs) are naturally occurring clay
minerals sharing the same chemistry as that of kaolinite, Al2-
(OH)4Si2O5$nH2O.11 In general, HNTs consist of two nanosheets
forming a multilayered tubular structure. The outer layer of
HNT is composed of tetrahedral siloxane (Si–O–Si) with a few
Al–O and Si–OH groups, whereas the internal layer is composed
of octahedral aluminol (Al–O–Al).12,13

Polymer composites for industrial applications require
mechanical or thermal properties such as high exural strength
and dimensional stability to resist deformation caused by
applied stress arising from changes in temperature. Fillers such
as modied graphene or carbon nanotubes (CNTs) have been
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oen added to improve the mechanical or thermal properties of
polymers.14,15 However, the process complexity and high
production costs have beenmajor hurdles. Unlike the expensive
nanollers, HNT is a naturally abundant, highly available, low-
cost, and promising material with a high aspect ratio that can
improve the mechanical properties, thermal stability, and ame
retardancy of polymer composites.16,17

Numerous surface modication studies on HNTs have been
carried out because the targeted properties could be enhanced
for specic applications by selectively modifying the external,
internal, and interlayer surfaces of HNT. Surface modications
of the external HNT layers were previously achieved by adsorp-
tion of cationic polyethyleneimine based polymers onto the
negatively charged external surface of HNTs.18,19 In addition,
a silanol amine20 or ionic liquids were used for the surface
modication of HNTs.21 On the internal surfaces of HNT, Al–OH
groups with high chemical activity react with 3-amino-
propyltriethoxysilane to form a 3-aminopropyl layer during
a sol–gel process.13 The interlayer surfaces of HNTs or kaolinite
bind with water or other layers via hydrogen bonds. Therefore,
prior treatments are required before surface modications to
weaken the interlayer hydrogen bonding. The intercalation of
organic compounds such as DMSO followed by methanol
intercalation introduces methoxy groups into the interlayer
space that can serve as a host for guest molecules.22

Although various surface treatment approaches for polymer
modication on HNTs have been studied, there are few surface
modications reported with metal oxides. Here, we report the
growth of silica nanoparticles on the HNT surface using sol–gel
reaction. Themodied surface of HNTs was analyzed using eld
This journal is © The Royal Society of Chemistry 2017
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emission scanning electron microscopy (FE-SEM) and eld
emission transmission electron microscopy (FE-TEM). To
measure the property changes in the polymer composites that
contain HNTs and m-HNTs, an epoxy binder was prepared by
blending diglycidyl ether of bisphenol A (DGEBA), dicyandia-
mide (dicy), and a catalyst, 1,1-dimethyl-3-phenyl urea (DPU).
Different amounts of modied HNTs were added to the epoxy
binder and cured into epoxy composites to measure their ex-
ural strength using a universal testing machine (UTM) as well as
dimensional stability by measuring the linear coefficient of
thermal expansion (CTE) using thermomechanical analysis
(TMA).
2. Material and methods
2.1 Materials

Tetraethyl orthosilicate (TEOS), dicy, and DPU were purchased
from Sigma-Aldrich (USA). Diglycidyl ether of bisphenol A
(epoxy equivalent weight of 187) was bought from Momentive
Co. HNTs were obtained from Applied Minerals. The length,
outer diameter, and inner diameter of the HNTs were 0.2–2 mm,
50–70 nm, and 15–45 nm, respectively.
2.2 Surface modication of HNT

HNTs (3 g) were added to a 200 mL mixture of ethanol (EtOH)
and H2O at a vol/vol ratio of 50 : 50 and stirred for 3 h under
sonication. TEOS (10 mL), and NH3OH (16 mL) were added into
the solution and stirred for 5 h. Modied HNTs (m-HNTs) were
nally dispersed in a mixture of EtOH/H2O. A drop of the sus-
pended m-HNTs was placed on a silicon wafer and a TEM grid
for SEM and TEM characterization, respectively.
2.3 Formulation and curing methods of epoxy compositions
with HNTs

DGEBA (100 phr, part per resin) and the curing agent dicy
(11.2 phr) were mixed in a stoichiometric ratio while HNT or m-
HNT was added from 0 to 25 wt% with an increment of 5 wt%.
DPU was added at 0.21 phr into each composition. Detailed
information is presented in Table 1. The mixtures were
dispersed with three roll mills followed by stirring with
a mechanical overhead stirrer for 30 min at 70 �C under
vacuum. The prepared epoxy pastes were poured into metal
molds and heated for 30 min at 170 �C and for 2 h at 190 �C for
complete curing.
Table 1 The compositions of epoxy composites

Reference HNT-5% HNT-10%

Sample name Binder H-5 HS-5 H-10 HS-1
Epoxy resin 100 100 100 100 100
dicy 11.24 11.24 11.24 11.24 11.24
DPU 0.21 0.21 0.21 0.21 0.21
HNT — 5.86 — 12.38
HNT-SiO2 — — 5.86 — 12.38

This journal is © The Royal Society of Chemistry 2017
2.4 Characterization

Themorphologies of both HNTs andm-HNTs were studied with
FE-SEM (Mira3, Tescan) and FE-TEM (JEM-2010, JEOL, and
Talos F200S) equipped with energy dispersive X-ray spectros-
copy (EDX). The cured epoxy composites were processed into
60 mm � 25 mm � 3 mm specimens and tested ten times using
the method ASTM D 790M repeatedly to measure exural
strength with a UTM (UTM 5982, Instron). The linear CTE was
analyzed using the TMA (Q400, TA Instruments) with a 5 mm �
5 mm � 3 mm test specimen. The test temperature was
increased at a rate of 2 �C min�1 from 25 to 200 �C. The change
in Tg was measured with differential scanning calorimetry
(DSC) (Q-200, TA Instruments) by heating the samples at
a heating rate of 10 �C min�1 from 25 to 300 �C followed by
cooling to �80 �C at a rate of �10 �C min�1. The same samples
were heated again to 300 �C at a rate of 10 �Cmin�1 to obtain Tg
data.
3. Results and discussion

The SiO2 particles on HNTs were grown by sol–gel reactions
between Si–OH groups on the HNT surface and TEOS. A sol–
gel reaction scheme between HNTs and TEOS is displayed in
Fig. 1. The silanol OH reacts with ethoxyl groups on TEOS,
forming siloxane groups that grow into discrete silica particle
structures. The small silica particles attached to the HNT
surface can improve the rigidity and thermal stability of
HNTs. The synthesized silica particles were characterized by
FE-SEM and TEM, as shown in Fig. 2. The characterization
results acquired from SEM, TEM, and EDX for unreacted
HNTs and m-HNTs are shown in Fig. 2a–c and 2d–f, respec-
tively. Fig. 2d and e show a signicant growth of particles on
the surface of HNTs as a result of sol–gel reactions, whereas
no particles were observed on pristine HNTs, as shown in
Fig. 2a and b. According to the EDX spectra, m-HNTs show
a signicantly increased Si/Al ratio compared to HNTs, which
conrms the SiO2 particle modication on the m-HNT
surfaces (Fig. 2c and f).

Variable amounts of m-HNTs and pristine HNTs were
added to epoxy compositions containing epoxy resin, dicy,
and DPU to prepare epoxy composites, as given in Table 1. The
Tpeak value for the compositions measured by DSC was in the
temperature range of 171–188 �C, which is similar to the
curing temperature shown in Fig. 3. The information is
provided in Table 2. In Table 2, the Tg of H-5 decreased by
6 �C, but as the amount of HNT increased, the Tg of H-10, and
HNT-15% HNT-20% HNT-25%

0 H-15 HS-15 H-20 HS-20 H-25 HS-25
100 100 100 100 100 100
11.24 11.24 11.24 11.24 11.24 11.24
0.21 0.21 0.21 0.21 0.21 0.21
19.68 27.875 37.15 —

19.68 27.875 — 37.15
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Fig. 1 HNT structure and reaction scheme of sol–gel process, in which TEOS reacts with silanol OH groups on HNT, forming SiO2 modified
m-HNT.
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H-15 gradually increased and became similar to that of binder
at H-15. It indicates that though increasing amount of HNT
forms better interaction with polymer matrix, pure HNTs are
not well dispersed in the polymer matrix. For HS-5, its Tg also
decreases but Tg of HS-10 becomes maximized to 134 �C. It
suggests that m-HNTs are well dispersed in the epoxy
polymer.

The cured epoxy composites were processed to make test
specimens for exural strength tests to measure the maximum
Fig. 2 (a) FE-SEM and (b) TEM images of HNT and (c) EDX spectrum acq
spectrum acquired for m-HNT.

47638 | RSC Adv., 2017, 7, 47636–47642
stress each composite can withstand. The exural strength
measurement results show that the exural strength of the
epoxy composites increases with an initial increase in HNT and
m-HNT contents for composites with pristine HNTs and m-
HNTs, respectively (Fig. 4). The exural strength of epoxy
composites with m-HNT remained slightly higher than that of
pristine HNT up to 15 wt%. However, an increase from 15 wt%
to 20 wt% in HNT content resulted in a sharp decrease of the
strength of HNT composites (H-composites) while the strength
uired for HNT. (d) FE-SEM and (e) TEM images of m-HNT and (f) EDX

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DSC graphs of epoxy composites with various compositions. First run of (a) H-composites and (b) HS-composites. Second run of (c)
H-composites and (d) HS-composites.
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of m-HNTs composites (HS-composites) continued to increase.
An increase from 20 wt% to 25 wt% in HNT content led to
a decrease in the exural strength of HS-composites, similar
to that of H-composites at 15 wt%. This decrease is due to the
excessive amount of ller in the composites, which tends to
reduce their mechanical properties. The exural
strength measurement results indicate that the incorpora-
tion of m-HNT noticeably improves the mechanical
Table 2 DSC data of the epoxy composites with HNTs and m-HNTs

Sample name Tpeak (�C) Tonset (�C) Tg (�C)

Binder 171.44 154.08 126.68
H-5 173.62 154.37 120.86
H-10 176.85 155.82 123.04
H-15 179.36 159.01 126.76
H-20 179.72 163.27 115.56
H-25 179.76 162.97 115.91
HS-5 175.79 158.11 121.96
HS-10 180.69 157.92 134.60
HS-15 184.80 168.44 123.06
HS-20 187.24 171.79 116.11
HS-25 188.42 174.47 123.74

This journal is © The Royal Society of Chemistry 2017
properties of epoxy composites compared to those with
pristine HNT.

Thermomechanical properties of the epoxy composites were
also analyzed by using TMA. TMA measures the linear
Fig. 4 Flexural strength of epoxy composites containing different
amounts of HNT and m-HNT particles.

RSC Adv., 2017, 7, 47636–47642 | 47639
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Fig. 5 (a) CTE vs. wt% and (b and c) dimensional change vs. temper-
ature according to TMA.

Table 3 CTE and Tg values of the HNT and m-HNT composites

Sample
name

a1
(60–90 �C, ppm K�1)

a2
(160–190 �C, ppm K�1) Tg (�C)

Binder 82.3 150.0 143.4
H-5 73.0 173.2 138.2
H-10 68.6 172.1 140.2
H-15 65.8 163.3 137.8
H-20 63.4 160.3 136.1
H-25 62.3 138.1 131.2
HS-5 70.95 177.4 143.0
HS-10 64.56 176.8 143.2
HS-15 58.29 175.5 144.4
HS-20 56.69 163.6 144.1
HS-25 53.73 162.1 143.2
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dimensional change with respect to a change in temperature,
inducing thermal expansion. The measured CTEs of the
composites tend to decrease with an increase in HNT content
from 5 wt% to 25 wt% (Fig. 5a). Furthermore, HS-composites
show much lower CTE values than those of the H-composites
as the contents of m-HNT and HNT increase (Table 3). The
CTEs for HS- and H-composites at 20 wt% were 56.7 ppm K�1

and 63.4 ppm K�1, respectively. The CTE decrease conrms
that the dimensional stability of HS-composites was
improved by the addition of m-HNT. The reduced CTE values
of the HS-composites are a result of the synergistic inuence
47640 | RSC Adv., 2017, 7, 47636–47642
of the silica and HNT combination that decreased the
dimensional changes. Tg values obtained from TMA indicate
the temperature range in which the chain mobility in the free
volume of the test specimen begins to increase sharply. The Tg
value of HS-composites remained similar to that of the binder
at 143 �C, while the Tg value of H-composites was lower by
approximately 6 �C. A ller that interacts strongly with
a polymer will be highly crosslinked within the polymer
matrix, resulting in an increased Tg. According to Table 3, Tg
was maintained at 143 �C regardless of the increase in m-HNT
content in the epoxy composites. Therefore, silica particles on
m-HNTs have strong interactions with the hydroxyl group
formed by the reaction between the amine curing agent and
epoxy group. However, the Tg of the H-composites decreased
from 143 �C to 131.2 �C with an increase in HNT content,
which was due to the insufficient density of silanol OH groups
on the surfaces of HNTs available for interaction with
hydroxyl groups to restrain the polymer matrix from
becoming rubbery. The Tg data obtained by the second DSC
measurement also support the observation that the Tg of H-
composites decreased proportionally with the amount of
HNT, whereas the Tg of HS-composites remained almost the
same regardless of the amount of m-HNT (Table 2 and Fig. 3c
and d).

The effect of surface treatment of HNTs in the epoxy
compositions was conrmed with the fractured surface
images of cured epoxy compositions during Izod impact test
(Fig. 6). The surface image of a cured epoxy binder (Fig. 6a)
shows gentle surface, and Fig. 6b shows fractured surface with
a cluster of pristine HNTs. Fig. 6c shows that the silica treated
m-HNTs have so strong interaction with epoxy binder that m-
HNTs are well dispersed in the cured epoxy matrix. Further-
more, the surfaces were observed with TEM. Pristine HNTs in
HS-20 look aggregated while silica modied HNTs are well
dispersed in epoxy polymer (Fig. 6d and e). Moreover, the
entrance of modied HNT nanotube was monitored with
TEM-EDS. The EDS analysis carried out along the line drawn
at the top of the HNT (Fig. 6f) shows that silica nanoparticles
are well distributed at the top of silica modied HNT.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 FE-SEM images of the fractured surfaces of the cured epoxy compositions (a) binder, (b) H-5, and (c) HS-5. TEM images (d) H-20, (e) HS-
20, (f) top view of silica nanoparticles modified HNT, and (g) EDS line scanning data of top view image.
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Therefore, the entrance of nanotube is conrmed to be
blocked with silica particles.

4. Conclusions

In this work, we studied the modication of HNTs by silica,
using a sol–gel reaction and thermal and mechanical properties
of the resultant epoxy composites containing silica-modied
HNTs (m-HNTs) in comparison to those containing pristine
HNTs. The SEM, TEM, and EDX characterization results for m-
HNTs conrmed a successful modication of the HNT surface
by silica particles. The exural strength test results showed
promising improvements for HS-composites as compared to the
results for H-composites. In addition, encouraging improve-
ments in the thermal properties of the composites were
conrmed by the TMA results, according to which the dimen-
sional stability of HS-composites was better than that of H-
composites.
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