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Abstract Natural occurred nanotubes, halloysite nano-
tubes, were modified by silane and incorporated into epoxy
resin to form nanocomposites. The morphology of the
nanocomposites was characterized by transmission electron
microscopy (TEM). Dynamic mechanical analysis (DMA)
and thermogravimetric analysis (TGA) were performed on
the nanocomposites. Flexural property and coefficient of
thermal expansion (CTE) of the nanocomposites were also
determined. Comparing with the neat resin, about 40%
increase in storage modulus at glassy state and 133% at rub-
bery state were achieved by incorporating 12 wt% modified
HNTs into the epoxy matrix. In addition, the nanocomposites
exhibited improved flexural strength, char yield and dimen-
sional stability. TEM examination revealed a uniform dis-
persion of the nanotubes in the epoxy resin. The remarkably
positive effects of the HNTs on the performance of the epoxy
resin were correlated with the unique characteristics of the
HNTs, the uniform dispersion and the possible interfacial
reactions between the modified HNTs and the matrix.

Keywords Halloysite - Nanotube - Epoxy resin -
Composite - Mechanical property

Introduction

Carbon nanotubes (CNTs) filled polymer nanocomposites
have received much attention due to their interesting properties
such as thermal and mechanical properties in recent years [1,
2]. The enhanced performances of the polymer composites
were often explained by the characteristics of the nanotubes
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as the particle size and shape of fillers are important factors in
determining the properties of the filled polymer composites
[3]- A carbon nanotube is a hexagonal network of carbon
atoms rolled up into a seamless, hollow cylinder, with each
end capped with half of a fullerene molecule. Although
similar in chemical composition to graphite, CNTs are highly
isotropic and with a high aspect ratio, and it is this topology
that distinguishes nanotubes from other carbon structures and
gives them their unique properties. The unique nanostructure
and properties of nanotubes are critical for the good
mechanical properties of the obtained composites [4, 5].
Significant reinforcing effect for polymer matrix through
incorporation CNTs has been reported. For example, a
loading of 1 wt% MWNTs in PMMA exhibited increase in
tensile toughness with a 170% improvement over pure
PMMA [6]. Cadek et al found that adding 1 wt% multi-
walled CNTs to polyvinyl alcohol (PVA) increased the
modulus and hardness by 1.8 times and 1.6 times, respec-
tively [7]. Incorporation of 1 wt% CNTs to epoxy resin can
lead to the 100% increased in Young’s modulus, and
meanwhile the tensile strength of the epoxy resin increased
from 30 MPa to 41 MPa [8]. Chemical functionalization and
alignment of CNTs can promote good dispersion, interfacial
interaction and orientation of CNTs in polymer/CNTs
composites, which play a dominant role in further develop-
ment of the reinforcing effect of CNTs for polymer [9, 10].
However, the chemical functionalization process or alignment
using external field of CNTs is relatively difficult to control.
Furthermore, up to now, carbon nanotubes and some
inorganic nanotubes reported were all artificial materials and
the processes for their preparation are generally time-
consuming and costly [11, 12]. These drawbacks of the
synthesized nanotubes inhabit their industrial applications [2].
Therefore, exploring low cost and easily available nanotubes
for the modifications of polymers are practically important.
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Halloysite nanotubes (HNTs) are a kind of naturally de-
posited aluminosilicate with a high aspect ratio [13]. HNTs
are inorganic rigid nanotubes and are reported as an effective
modifier for polymers. Incorporating HNTs to polypropylene
(PP) leads to higher flexural modulus and thermal stability of
the polymer [14, 15]. Surface modification of inorganic
fillers was a common and effective method for promoting
the dispersion of fillers in polymer composites and led to
further increased mechanical properties of the composites
[16-19]. Many literatures reported the methods for chemical
functionalized of CNTs and the effects of modification on
the performance of the composites [20-24]. For instance,
acid modified CNTs can be dispersed more uniformly than
unmodified CNTs in polyimide matrix. Consequently, the
tensile strength and modulus of the modified CNTs filled
polyimide were 13.7% and 15.6% higher than those for the
control sample [25]. Surface modification of HNTs can also
enhance the dispersion of HNTs in the polymer matrix and
consequently enhance the mechanical and thermal properties
of the nanocomposites [26]. Comparing with CNTs and the
synthesized inorganic nanotubes such as silica nanotubes
[27] and titania nanotubes, the naturally occurred HNTs is
much cheaper. In addition, unlike CNTs, HNTs are inher-
ently insulating. Thus, composite materials fabricated by
dispersing HNTs in an insulating polymer have good
mechanical properties without sacrifice of insulating proper-
ties of the polymer. Like other inorganic nanotubes, HNTs
have much lower aspect ratio compared with CNTs. Further-
more, compared with other synthesized inorganic nanotubes,
precision control of the length and diameter of HNTs is
impossible as they are formed naturally. Chemically, the
surface properties of HNTs are predominantly those of
aluminols. While the surface chemistries of silica nanotubes,
titania nanotubes and CNTs are determined by silanols,
titanols and defects of the hexagonal network of carbon
atoms, respectively. In summary, HNTs are interesting can-
didate for preparing the polymer nanocomposites with unique
structure and performance.

In the present work, silane bearing glycidyl group treated
HNTs were incorporated to a cyanate ester cured epoxy
resin. The effect of the HNTs on the mechanical properties,
thermal stability and dimensional stability of the epoxy
resin were investigated. The variation in the properties of
the nanocomposites was correlated with the microstructure
of the nanocomposites, which were examined by TEM.

Experimental
Raw materials

The epoxy resin used was a liguid diglycidyl ether of
bisphenol A (GELR-128, epoxy equivalent of 184-190 g/eq,

@ Springer

Grace T. H. W., Taiwan). The hardener, bisphenol A
dicyanate ester (AroCy B-10) was purchased from Ciba
Specialty Chemical Corp. Cyanate ester was selected as the
hardener as it can co-cure with epoxy resin. The HNTs, were
mined from Shennongjia, Hubei, China. The elemental
composition of HNTs by X-ray fluorescence (XRF) was
determined as follows (wt%): SiO,, 58.91; Al,O3, 40.41;
Fe,05, 0.275; TiO,, 0.071. The Brunauer—Emmett—Teller
(BET) surface area of purified HNTs is approximately
54.45 m?/g. Coupling agent y-glycidoxypropyltrimethoxy
silane (Z-6040) was supplied by Dow Corning Co., Ltd. The
chemical structures of the epoxy resin, the hardener and the
silane are represented as follows:
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Purification and modification of HNTs

Raw halloysite was purified as the method introduced in the
reference [28]. Typical procedure is described below. A
10 wt% water solution of halloysite was prepared by slow
addition water to dry halloysite. Then 0.05 wt% sodium
hexametaphophate was added in the solution while stirring.
The solution was stirred for 30 min and standing for 20 min
under room temperature. The clay aggregate and impurities
was precipitated in the bottom and were removed by
filtration. The upper solution was carefully collected and
the resulting HNTs was separated by centrifugation and dried
at 80°C in air for 5 h.

The silylation of HNTs was performed according to the
below procedure. (1) To a 250-mL Erlenmeyer flask
halloysite (10 g) and an ethanol/water mixture (50/50 vol/vol,
100 mL) were added. The mixture was stirred until the clay
dispersed. (2) The pH value was adjusted to about 5 with
acetic acid. (3) In a separate beaker the silane (2.3 g) was
added to an ethanol/water solution (50/50 vol/vol, 10 mL).
(4) This solution was added to the clay dispersion and stirred
for 2 d. (5) The HNTs were collected on a Buchner funnel
and redispersed by stirring in methanol (100 mL) for 2 h,
collected again, and stirred again in methanol (100 mL) for
2 h. The modified HNTs were collected on a Buchner funnel
and dried at 80°C for 6 h. The modified HNTs are
abbreviated as m-HNTs.
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Characterization of m-HNTs

Thermogravimetric analysis of the purified pristine HNTs
and m-HNTs were conducted under nitrogen atmosphere
with NETZSCH TG209F1 at a heating rate of 10°C/min
from 30°C to 800°C. Pore analysis of the purified HNTs
and m-HNTs were investigated using nitrogen adsorption-
desorption isotherms with Micromeretics ASAP 2020
analyzer. The pore-size distributions were computed by
applying the Barrett-Joyner—Halenda (BJH) methods.

Preparation of nanocomposites

The m-HNTs were dispersed in epoxy resin at 70°C under
stirring for 60 min and then degassed. The hardener was
added and stirred for 10 min to ensure the good mixing of
the component. The resulting mixture was degassed for
30 min and poured into steel molds with Teflon coating.
The weight ratio of epoxy resin/hardener was 100/40. The
samples were cured according to the curing schedule of
150°C/2h+180°C/1h+200°C/2h. The samples were cooled
to room temperature over 8 h. The HNTs content in epoxy/
HNTs composites varied from 4 to 12 wt%.

Characterization of the nanocomposites

Transmission Electron Microscopy (TEM): Ultrathin sec-
tions (200 nm) of the samples were cut using an
unltramicrotome (EM ULTRACUT UC, Leica) and the
sections were supported by holey carbon film on Cu-grids.
TEM analysis of the nanocomposites was carried out with
Philips Tecnai 12 transmission electron microscopy.

— Dynamic Mechanical Analysis (DMA): Dynamic me-
chanical analysis was conducted with a NETZSCH
Instruments DMA 242 at an oscillation frequency and
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Fig. 1 TGA curves of HNTs and m-HNTs
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Fig. 2 Pore distributions of HNTs and m-HNTs

heating rate of 1.0 Hz and 5°C/min respectively. The 3-
point bending mode was selected and the experiments
were conducted under nitrogen purging.

—  Flexural Test: Flexural properties of the nanocompos-
ites were determined using an Instron 4465 Universal
tester according to ASTM D90. Tests were conducted
at room temperature with a cross-head speed of
2 mm'min ' and at least 4 specimens per composition
were tested.

—  Coefficient of Thermal Expansion (CTE): CTE of the
samples was measured with a NETZSCH DIL 402 PC
at a heating rate of 10°C/min from room temperature to
160°C.

—  Thermogravimetric Analysis (TGA): TGA of the nano-
composites was carried out under N, atmosphere with
NETZSCH TG209F1 at a heating rate of 10°C/min
from 30°C to 800°C.

Results and discussion
Characterization of HNTs and m-HNTs

HNTs are hydrophilic and typically agglomerated in the as-
received condition. HNTs were firstly purified to remove
any impurities, such as quartz and illite etc. The purified
HNTs were then treated by silane to facilitate the dispersion
of the nanotubes in hydrophobic epoxy matrix. The silane
was successfully grafted on the HNTs as indicated by the
results of TGA and pore analysis. The weight loss curves
for the HNTs before and after the modification are
presented in Fig. 1. As shown, the weight loss of m-HNTs
is increased compared with that of the HNTs. The increased
weight loss may be due to the decomposition of the grafted
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Fig. 3 Low-resolution XPS survey of the HNTs (a) and m-HNTs (b)

organic molecules on the HNTs surface. The graft weight is
calculated as 2.4 wt% relative to the weight of HNTs. As
the graft weight is relatively low, the verification of the
graft by the comparison of FTIR spectra was unsuccessful.
Pore size and distribution analysis of nanoparticles mea-
sured by nitrogen adsorption and calculated by BJH method
is an effective method for detecting the surface microstruc-
ture variation [29]. Figure 2 shows the pore size distribu-
tions of the purified HNTs and m-HNTs. The mesopores
and macropores coexist on the HNTs, on which the peaks
around 20 and 50 nm are attributed to the lumens of the
nanotubes and pores among the tubes respectively. The peak
for the pore of 50 nm almost disappears after the silylation
of HNTs. This may be related with the change of the
surface properties of HNTs after modification. Since HNTs
is tubular with high aspect ratio, wrapping with organic
molecules on the HNTs surface may results in less ag-
glomeration, leading to reduced larger pore formed by lap
jointing of the tubes.

To further confirm the successful grafting of the silane
onto the HNTs surface, XPS was performed to examine the
surface chemical composition of HNTs and m-HNTs. The
low-resolution XPS survey spectra of the HNTs and m-
HNTs are shown in Fig. 3. The characteristic elements of
HNTs, including oxygen, silicon and aluminum, were
detected. The C 1s peak of carbon element observed in

Table 1 XPS atomic content (at.%) for the HNTs and m-HNTs

Atom HNTs m-HNTs
C 15.30 38.17

O] 54.33 41.14

Si 16.66 11.88

Al 13.72 8.81

@ Springer

the Fig. 3 (a) was attributed to the impurities of the HNTs.
Table 1 summarizes the characteristic XPS data. It can be
seen that the detected relative concentrations of silicon,
aluminum of m-HNTs are substantially lower than those for
HNTs. The oxygen relative concentration was also slightly
decreased. In addition, the carbon concentration in the m-
HNTs increases remarkably. These results can be explained
by the effective wrap of silane on m-HNTs after treatment.
As the sampling depth of XPS measurement is typical 3—
5 nm, the abundant of the organic composition (typically
the carbon) on the m-HNTs surface after modification was
the origin of the increased relative concentrations of carbon
and decreased relative concentrations of silicon and alumi-
num. Noticeably, after the treatment, the decrease in
aluminum content (35.8 %) is more remarkable than that
for silicon (28.7%). This may be attributed to the following
two facts. First, the aluminum and silicon mainly located in
the inner side and outside of HNTs respectively. As a
consequence, more signals for silicon are detected. Second,
the modification with silane introduces silicon atoms onto
the surface of the HNTs. The above XPS result further
verifies the successful modification of HNTs.

Morphology of epoxy resin/m-HNTs nanocomposites

Generally, dispersion state of the fillers in polymer matrix is
one of the critical factors in determining the mechanical
properties of nanocomposites [3, 30]. Uniform dispersion
of filler especially in nanoscale leads to high mechanical
properties of composites. On the contrary, the aggregated
fillers in the polymer matrix act as the stress-centralized
points, leading to the deteriorated properties. Figure 4
shows the TEM photos of the nanocomposite. It can be
seen that the HNTs are dispersed in the epoxy resin
individually with relatively low HNTs loading, which may
due to the compatibility between m-HNTs and epoxy resin.
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Fig. 4 TEM photos of the epoxy/m-HNTs nanocomposites. (a—b)
4 wt% m-HNTs; (c—d) 8 wt% m-HNTs; (e—f) 12 wt% m-HNTs. The
black circles with white core in the photos represent the section of
nanotubes cut by the knife in the sample preparation process before
observation

The individually separated HNTs and aggregated HNTs
coexist in the sample with relatively higher HNTs loading
(12 wt%). The aggregation of HNTs may be the origin for
the decreased flexural strength of the nanocomposites with
relatively higher HNTs loading (12 wt%) as discussed in
the below flexural test result.

Viscoelastic properties of epoxy resin/m-HNTs
nanocomposites

The dynamic modulus versus temperature plots of the
nanocomposites are shown in Fig. 5. Table 2 summarizes
the value of storage modulus at glassy state and rubbery
state of the nanocomposites. From Fig. 5 and Table 2, the
storage modulus of the epoxy is significantly higher than

the neat epoxy. About 40% increase in storage modulus at
50°C and 133% at 210°C was achieved in the composite
incorporating 12 wt% m-HNTs. The significant increased
mechanical properties of the nanocomposites were attribut-
ed to the unique nanostructure and property of the HNTs
since HNTs are rigid silicate nanotubes with high strength
and stiffness. The theoretical strength and modulus of
alumina silicate are as high as 26 GPa and 120 GPa, re-
spectively [31]. In addition, the good compatibility between
m-HNTs and the epoxy matrix may also play an important
role in the reinforcing effect. The treatment of HNTs by
silane makes the surface of HNTs organophilic and reactive
towards the resin system. Consequently, the m-HNTs are
compatible with the matrix and could chemically be linked
with the matrix after curing. When the load was applied on
the nanocomposites, the good interfacial bonding makes the
load effectively transferred from the matrix to the rigid
inorganic phase. Therefore, the nanocomposites exhibit
higher modulus even at the elevated temperatures. Synthe-
sized inorganic nanotubes also show positive effect on the
mechanical properties of polymer. Byme et al. prepared
polystyrene-TiO, nanotube composite films by a solution
casting technique [32]. The composite films showed 18%
increase in Young’s modulus and up to 30% increase in
tensile strength at extremely low nanotubes volume frac-
tions of 10~*. Figure 6 shows the tan & versus temperature
plots of the nanocomposites. It is observed that the tan delta
value at T, of the nanocomposites decrease by the
incorporation of m-HNTs, although the trend is not con-
sistent. As the HNTSs content increases from 2 and 4 wt.-%,
the height of the loss peak decreases gradually. The
decreased tan delta is due to the restricted mobility of the
polymer chains by the uniformly dispersed rigid nanotubes
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Fig. 5 Storage modulus versus temperature plots of the epoxy/m-
HNTs nanocomposites
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Table 2 Storage modulus
and glass-transition tempera- Samples E" at 50°C Increase E" at 210°C Increase T, (°C)
ture of epoxy/m-HNTs (MPa) percentage (%) (MPa) percentage (%)
nanocomposites
Neat resin 2,701 — 62.8 - 189.2
4.0 wt% m-HNTs 3,321 23.0 87.4 39.2 189.1
8.0 wt% m-HNTs 3,637 347 114.9 83.0 188.1
12.0 wt% m-HNTs 3,775 39.8 146.2 132.8 193.1

[33]. However, overloading of the m-HNTs (12 wt%)
increases the tan delta value at T, which may be attributed
to the aggregation of m-HNTs at relatively higher content in
the epoxy resin. Compared with that of the nanocomposites
with uniformly dispersed nanotubes, the amount of con-
fined polymer chains among the nanotubes was less in the
nanocomposites with some aggregated m-HNTs. Therefore,
the ability of aggregated m-HNTs for restricting the
mobility of polymer chain decreases somewhat. The glass
transition temperature values were also summarized in
Table 2. It can be seen that addition of the m-HNTs did not
significantly affect the measured glass transition tempera-
ture, and all values lay within the range 190+3°C. The
results complement other findings for epoxy/nanoclay
systems which report either modest decreased or little
effect upon 7, of the nanoclay. [34-36] For examples, Zilg
et al. [37] have found that effectively intercalated epoxy
systems significantly decrease the T,s of the final resin
system. However, the increased glass transition temper-
atures of the nanoparticles filled epoxy systems were also
widely reported [38—41]. The increased 7, was often
attributed to the ‘adsorbed layer’ effect as the polymer
chains being tied down by the surface of the silicate. In the
present work, the chemical reaction during curing of the
resin may be rather more complex due to the complicated
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Fig. 6 Tan ¢ versus temperature plots of epoxy/m-HNTs nanocomposites
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chemical variation of the cyanate ester take place during
heating. Hence it is much more difficult to identify precious
origins for the slightly changed 7.

Flexural properties of epoxy resin/m-HNTs nanocomposites

It has been reported previously that incorporating the HNTs
into polymer may effectively increase the flexural proper-
ties of the resulted polymer composites. The flexural
modulus of the PP/HNTs nanocomposites with 30 phr HNTs,
for instance, was 50% higher than that for the neat PP. PP
composite with 30 phr HNTs modified by silane even
showed 75% higher modulus than that for the neat PP [26].
The effects of HNTs on the flexural strength and flexural
modulus of the epoxy resin were shown in Table 3. As
shown, the flexural strength and flexural modulus of the
composites increase gradually with HNTs content. The
flexural modulus of the nanocomposites with 8 wt% m-
HNTs is 18.2% higher than that of the neat epoxy.
However, over loading HNTs (12 wt%) leads to decreased
flexural strength and only minimal further increase in
flexural modulus. This can be explained by the aggregation
of m-HNTs in the epoxy matrix as shown in the above
TEM photos. It is well known that particle aggregation are
weak points in the materials and is the primary reason of
reduced strength of materials even though the modulus is
slightly increased [42].

CTE of epoxy resin/m-HNTs nanocomposites
The high dimensional stability (low CTE) of the epoxy

resin is crucial to the fabrication of highly integrated
printed circuit board [43, 44]. Lowering the CTE of epoxy

Table 3 Flexural modulus and flexural strength of epoxy/m-HNTs
nanocomposites

Samples Flexural Strength Flexural Modulus
(MPa) (GPa)

Neat resin 47 3.26

4.0 wt% m-HNTs 100 3.65

8.0 wt% m-HNTs 107 3.85

12.0 wt% m-HNTs 91 3.98
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Table 4 CTE of the epoxy/m-HNTs nanocomposites at different
temperature range

Samples ~ CTE 25-100°C Decrease CTE 100-160°C Decrease
wt% ppm/°C % ppm/°C %

Neat resin  51.26 - 77.26 -

4.0 48.75 49 69.42 10.1

8.0 48.13 6.1 70.14 9.2

12.0 46.34 9.6 66.98 13.3

by inclusion of inorganic is a common and effective method
[45, 46]. For example, because of the exceptionally low
CTE of silica, which is only 0.5 ppm/°C, the silica filled
composite materials have attracted much attention in
reducing the CTE of polymer composites [47]. The CTE
values of the composites are summarized in Table 4. It is
shown that the CTE of the nanocomposites decreases with
m-HNTs content. The tendency is more obviously at
relatively high temperature. The CTE at higher temperature
(100-160°C) for the composites with 12 wt% m-HNTs is
determined as 66.98 ppm/°C, which is 13.3% lower than
that of the neat epoxy resin. This may be attributed to the
combinational effects of the high dimensional stability of
HNTs, good dispersion of m-HNTs and the possible
interfacial reaction between m-HNTs and the matrix.

TGA of epoxy resin/m-HNTs nanocomposites
TGA measurement was carried out to obtain information on

the effect of HNTs on the thermal stability of the nano-
composites. Figure 7 shows the TGA curves of the epoxy/

100 fmmrmm e e e
N\
\
‘\
80 \
4
2 1
. 4
560 3
(0]
= b
40 4 ‘I'.‘|
——m-HNTs W
------ neat epoxy it
20 | =~ —4%m-HNTs VUi
. 8% m-HNTs “._____.~ TTem-sTlI =
12% m-HNTs | 7T e
0

T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Temperature, °C
Fig. 7 TGA curves of epoxy/m-HNTs nanocomposites

Table 5 Char yield of the epoxy/m-HNTs nanocomposites

Samples Char yield at Calculated char yield
800°C (%) at 800°C (%)

m-HNTs 85.27 —

neat epoxy 9.59 -

4.0 wt% HNTs 15.89 12.62

8.0 wt% HNTs 18.09 15.64

12.0 wt% HNTs 20.41 18.67

m-HNTs nanocomposites. It can be seen the thermal
stability of the nanocomposites increases with HNTs at
higher temperature (400~450°C), although almost little
effect on the initial decomposition. The present result was
good consistent with other earlier reported effects of silicate
on the decomposition of epoxy resin nanocomposites [34,
48]. The degradation mechanism of an epoxy resin can be
broadly understood in terms of a two-step process, starting
with dehydration and followed by chain scission [49]. So
HNTs can effectively depress the decomposition of the
chain scission of the epoxy matrix, which is similar with the
effect of HNTs in the polyvinyl alcohol nanocomposites
[50]. The char yields at 800°C are summarized in Table 5.
The char yield of the nanocomposites may theoretically be
calculated according to the char yields of the neat epoxy
resin and m-HNTs. The calculated char yields of the
nanocomposites are also summarized in Table 5. Obviously,
the char yields of the nanocomposites are higher than the
calculated values. The increased the char yield of the epoxy
resin may be attributed to the unique flame retardant effects
of HNTs [15]. The result indicated that HNTs may increase
the charring of the epoxy resin and consequently lead to
somewhat enhanced flame retardancy of the resin.

Conclusions

Natural occurred nanotubes, halloysite nanotubes, were
modified by silane and incorporated into epoxy resin to
form nanocomposites. The modified HNTs could remark-
ably increase the storage moduli of the nanocomposites
especially those at rubbery state. The nanocomposites
exhibited improved flexural strength, char yield and
dimensional stability. Individually dispersed HNTs were
found in the composites with relatively low HNTs loading.
The individually separated HNTs and aggregated HNTs
coexisted in the sample with relatively higher HNTs
loading. The remarkably positive effects of the HNTs on
the performance of the epoxy resin were correlated with the
unique characteristics of the HNTs, the uniform dispersion
and the possible interfacial reactions between the modified
HNTs and the matrix.
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