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Abstract

Epoxy-based nanocomposites were prepared with natural nanotubes from halloysite, a clay mineral with the empirical formula
Al,Si,05(OH),. The morphology of the nanotubes was examined by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) and was found geometrically similar to multi-walled carbon nanotubes. The thermal and mechanical properties of the nanocomposites
were characterized by thermogravimetric analysis, dynamic mechanical analysis, Charpy impact and three-point bending tests. The results dem-
onstrated that blending epoxy with 2.3 wt% halloysite nanotubes increased the impact strength by 4 times without scarifying flexural modulus,
strength and thermal stability. Unique toughening mechanisms for this improvement were investigated and discussed. It was proposed that im-
pact energy was dissipated via the formation of damage zones with a large number of micro-cracks in front of the main crack. The micro-cracks
were stabilized by nanotube bridging. Nanotube bridging, pull-out and breaking were also observed and proposed as the major energy dissipating
events. The findings of this work suggest that halloysite nanotube may be an effective impact modifier for epoxy and other brittle polymers.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

How to toughen brittle polymers without scarifying other
important properties is a long-standing challenge. Substantial
toughening, particularly for brittle polymers, such as polystyrene,
poly(methyl methacrylate) and epoxies, is usually achieved by
adding rubbery modifiers, where fracture energy is dissipated
via plastic deformation of the matrix induced by rubber parti-
cles [1,2]. Two well-accepted toughening mechanisms are
multiple crazing [3] and massive shear banding [4]. The for-
mer is widely seen in blends where the matrix prefers to craze
such as in high impact polystyrene (HIPS). The rubber parti-
cles in HIPS have two important functions. Firstly, under an
applied load, the rubber particles act as triaxial stress concen-
trators and promote craze formation in the elevated stress
zones in the vicinity of the particles. Secondly, the rubber
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particles are craze terminators, preventing the growth of the
crazes into cracks [3]. Thus, a large number of small crazes
are generated and stabilized. This process leads to high energy
absorption during HIPS fracture. Highly crosslinked polymers
such as epoxies are toughened by rubbers via matrix shear
banding [4,5]. Though epoxy resins can be toughened effec-
tively by rubbers, addition of rubber also results in a decrease
in other desirable mechanical and physical properties in-
cluding modulus, strength and thermal stability [6—8]. Rigid
micro-sized inorganic [9,10] or organic [11,12] modifiers were
employed in modification of brittle polymers, aiming to syner-
gistic improvement in both toughness and rigidity. Published
work, however, shows that toughening efficiency of rigid
micro-sized particles is much lower than that of rubbers due
to various reasons, including that rigid particles cannot effec-
tively stabilize/stop crack propagation.

Motivated by recent developments in nanocomposite tech-
nology [13], toughening epoxies using inorganic nanofillers
has been attempted. For example, organically modified mont-
morillonite (MMT) has been widely investigated as a candidate
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for toughness enhancement of polymers. It is anticipated that
the layered nanostructure of MMT would have some nano-
size effects once MMT is exfoliated and dispersed homoge-
nously in a polymer matrix. Successful examples show that
when a MMT nanocomposite is subjected to a load, micro-
cracks form between two weakly bonded clay layers and the
growth of the micro-cracks is later stopped by the MMT plate-
lets nearby, which leads to higher impact energy [14,15]. Car-
bon nanotube (CNT) is also considered as an ideal modifier for
polymer modification due to its excellent mechanical strength
and large aspect ratio. Extensive efforts have been made in
developing epoxy/CNT nanocomposites with improved tough-
ness [16—18]. For instance, the amino-functionalized multi-
walled CNT (MWCNT) doubled the impact strength of an
epoxy [16]. Considering the extremely high cost and the diffi-
culties in preparation of CNTs and polymer/CNT nanocompo-
sites, the way of industrializing CNT-based nanocomposites on
a large scale is still long.

Halloysite is a clay mineral with the empirical formula
Al,Si,05(0H), consisting of numerous numbers of nanotubes.
Potential applications of halloysite nanotubes (HNTSs) for
drug-delivery were previously discussed in open literature
[19—21]. Given the geometrical similarity between HNT and
MWCNT, HNT is expected to be an effective impact modifier
for brittle polymers at a much lower cost. In this work, we
report the mechanical and physical properties, microstructure
and toughening mechanisms of a nanocomposite prepared in
our lab based on an epoxy resin and HNTs.

2. Experimental
2.1. Preparation of nanocomposites

The nanocomposites were prepared using halloysite
(Imerys Tableware New Zealand Limited), EPON Resin 828
(Bisphenol A epoxy, Resolution Performance Products) with
curing agent 4,4’-methylene dianiline (MDA, Aldrich) at a
100/27 weight ratio. The preparation process was similar to
solution intercalation of layered silicate into polymers
[22,23]. In brief, halloysite was first dispersed in acetone
and mechanically stirred for 30 min at room temperature.
The solution was then introduced into the epoxy resin and
stirred for another 2 h at 75 °C. After degassing, MDA was
added with gentle mixing. The mixture was then poured into
a steel mold for curing. The curing condition was set as: pre-
cure at 80 °C for 2 h and post-cure at 160 °C for another 2 h.

2.2. Materials’ characterization

The morphologies of halloysite and epoxy/halloysite nano-
composites were examined using a Leitz-labor Lux micro-
scope, SEM (JEOL JSM-6700F) and TEM (JEOL JEM-2010
for halloysite and JEOL 100CX for nanocomposites). The
TEM samples of the nanocomposites were cut with an ultra-
microtome (Leica ultracut-R) and the thickness of the TEM
samples was in the range of 80—100 nm. X-ray diffraction
(XRD) measurements were performed on Philips PW1830

using Cu Ko radiation with a wavelength of 0.154 nm. The
scanning range was from 2° to 15° at a rate of 0.025°/s and
a step of 0.05°.

Dynamic mechanical property was measured using
Perkin—Elmer 7e DMA in three-point bending mode at a
frequency of 1Hz. The specimen dimension was
18.0 X 3.0 x 0.5 mm®. The temperature was varied from
30°C to 220°C at 10 °C/min under helium atmosphere at
a flow rate of 20 ml/min. The thermal decomposition temper-
atures were determined using Perkin—Elmer TGA7 from
20 °C to 750 °C at 10 °C/min under nitrogen atmosphere at
a flow rate of 20 ml/min. For each sample at least two speci-
mens were tested under the same conditions.

2.3. Mechanical tests

The flexural modulus of the nanocomposites was deter-
mined according to ASTM D790 on a universal testing
machine (MTS Alliance RT/10). The specimens with the ge-
ometry of 70.0 x 2.7 x 3.0 mm® were bended with a support
span of 50.0 mm at a crosshead speed of 1.3 mm/min. Notched
Charpy impact tests were performed according to ASTM
D5942 on an impact tester (CEAST) with pendulum energy
of 0.5J) and a span of 60.0 mm. The specimen size was
70.0 x 10.0 x 3.0 mm>, cut from the mold sheet. A 45° V-
shaped notch was made at the central part of the impact bar
by a razor notching machine (CEAST) with a notch-tip radius
of 0.25 mm. Before the mechanical tests, all the samples were
annealed at 180 °C (10 °C above T) for 2 h to eliminate resid-
ual stress caused by cutting. For each nanocomposite sample,
at least five specimens were tested. In addition, the fracture
surface of the broken specimens was examined with SEM.

To study the fracture behaviour and toughening mecha-
nisms of the epoxy/halloysite nanocomposites, single-
edge-single-notched 3-point-bend (SESN-3PB) tests were
conducted. The configuration of the specimen was the same
as that for Charpy impact test. A sharp pre-crack was produced
by tapping a fresh razor blade into the tip of a saw-made
notch. The test condition was the same as that for flexural
bending tests but with a lower crosshead speed of 0.1 mm/
min. To investigate the crack initiation process, the loading
was stopped before the stress reached the fracture strength.
The block containing the arrested crack tip was then cut and
trimmed to the middle section [24—26]. SEM was applied to
examine this area.

3. Results and discussion
3.1. Microstructure

Fig. 1 depicts the SEM and TEM micrographs of HNTs.
Evidently, these nanotubes have a tubular morphology, geo-
metrically similar to multi-walled CNT. The outer diameters
of HNTs are generally smaller than 100 nm and the length
ranges from 500 nm to 1600 nm. Unlike CNTs, which always
have an entangled structure, these nanotubes are straight with
no entanglement, which makes HNTSs’ dispersion in viscous
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Fig. 1. Electron micrographs of halloysite: (a) and (b) the entire view, (c) TEM micrograph of an HNT, (d) TEM micrograph showing the wall of a nanotube with

a multi-layer structure.

polymer matrix easier compared with CNTs. Moreover, the
wall thickness is around 20 nm. According to X-ray diffraction
analysis, the interlayer distance is about 7—10 A. Thus there
are tens of layers in the wall, agreeing with our TEM findings
shown in Fig. 1d.

The microstructure of the epoxy/HNT nanocomposites was
examined with electron and optical microscopies. As revealed
in Figs. 2 and 3, HNTs were well dispersed in the epoxy but in
two different dispersion ways. Some HNTs were randomly
dispersed in the matrix with large inter-tube distance, forming
the epoxy-rich region (see Figs. 2a and 3a); while the other
HNT tubes dispersed in the matrix with much short inter-
tube distance, which results in the formation of an HNT-rich
region (see Figs. 2b and 3b). Though the HNT-rich region
looks like clusters of HNTSs, a closer examination of the
HNT-rich regions by TEM, Fig. 3b, shows that the spaces
among the HNTs were actually filled by epoxy. The dark
circular dots of ~100 nm in Fig. 3b are the images of the
HNT ends. In summary, the morphology of the epoxy/HNT

nanocomposites prepared in this work has two phases (see
Fig. 4). The epoxy-rich region is the continuous phase and
the discontinuous phase is the HNT-rich regions, which can
be regarded as the rigid, high content HNT composite particles
embedded in the continuous phase. It will be demonstrated in
the later part of this paper that this morphology played an
important role in toughening the nanocomposites.

The microstructure changes of the HNT after it was incor-
porated in the nanocomposites were studied by XRD and are
shown in Fig. 5. For the pristine halloysite two diffraction
peaks were seen at 8.8° and 12.0°, respectively. The former
was associated with hydrated HNTs with a layer distance of
10 A; the latter was associated with dehydrated HNTSs corre-
sponding to a layer distance of 7 A [27]. After the HNTs
formed nanocomposites, only one diffraction peak was de-
tected at 12.0°. This phenomenon suggests that the hydrated
HNTs were dehydrated during the preparation processes of
the nanocomposites, most likely, due to the loss of interlayer
water in the curing process of the epoxy. In addition, the
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Fig. 2. SEM micrographs of epoxy nanocomposite with 2.3 wt% halloysite in:
(a) the epoxy-rich region and (b) the HNT-rich region.

HNTs in the nanocomposites seemed not to be intercalated by
the epoxy.

3.2. Thermal and mechanical property

Fig. 6 represents the TGA data of the nanocomposites.
Owing to the incorporation of HNTs, the maximum thermal
decomposition temperatures (T4s) of the nanocomposites in-
creased from ~393 °C to as high as ~416 °C at a halloysite
loading of 1.6 wt%. This improvement in thermal stability is
comparable with silica-modified epoxy systems [28], but
different from single-walled CNT-modified epoxy systems
reported by Miyagawa and Drzal [29]. The underlying mech-
anism governing the increase in Ty needs further investiga-
tions. The glass transition temperatures (T,s) of the neat
epoxy and the nanocomposites were determined using DMA.
As shown in Fig. 7, the T, of the nanocomposites from the
tan 0 peaks decreased marginally. The change in T, associated
with the incorporation of inorganic fillers was previously
reported and proposed by others [30—33] to be a result of
two competitive factors, i.e. rigid-phase reinforcement and
destroying of the epoxy network structure.

Fig. 3. TEM micrographs of epoxy nanocomposite with 2.3 wt% halloysite in:
(a) the epoxy-rich region and (b) the HNT-rich region.

Impact strength of the epoxy/HNT nanocomposites is
shown in Fig. 8. To our surprise, adding merely 2.3 wt%
HNTs into the epoxy increased its impact strength by 4 times
from 0.54 kJ/m? (neat epoxy) to 2.77 kJ/m? (the nanocompo-
site). Such a great improvement is comparable to the toughen-
ing effect of rubbers [34], but the HNT toughening was
achieved at a much lower filler concentration. Moreover, using
rubbers to toughen a polymer always scarifies other desirable
properties such as modulus, strength and heat resistance [6].
For the current HNT-modified epoxy, the flexural modulus

HNT-rich
region

Fig. 4. Optical micrograph showing the two-phase structure of epoxy/HNT
nanocomposite.
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Fig. 5. X-ray diffraction patterns of halloysite powder and the fully cured

epoxy/HNT nanocomposites.

and strength even had slight increases (see Fig. 8). From this
point of view, HNT is much superior to rubbers as an impact
modifier. Compared with other inorganic nanofiller modified
epoxy nanocomposites reported in the literature, the toughen-
ing effect of HNTs is still very impressive. For example, the
impact strength was improved by ~60% using 3 wt% MMT
in epoxy/MMT nanocomposites [35] and ~35% using
4 vol% TiO, nanoparticles in epoxy/TiO, nanocomposites
[36]. Given the observed substantial improvement in impact
strength from HNTs, ~400%, it is worthwhile to conduct
a thorough study on the toughening mechanisms behind the
phenomena.

3.3. Toughening mechanism

To investigate the toughening mechanisms, the fracture
surfaces of the broken specimens after the impact tests were
examined using a high resolution SEM. As revealed in
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Fig. 6. Thermogravimetric curves of neat epoxy and the epoxy/HNT
nanocomposites.
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Fig. 7. Dynamic mechanical properties of the nanocomposites with different
halloysite loadings.

Fig. 9a, nanotube debonding/pull-out is clearly seen in the
crack initiation region of fracture surface. However, the tough-
ening contribution from the nanotube debonding/pull-out asso-
ciated with the propagation of the main crack should not be the
dominant one. According to the calculation done by Cooper
et al. [37], the energy for pulling out MWCNT is less than
37 J/m?. Considering that the fracture surface area generated
by the main crack propagation is small, additional energy dis-
sipation by nanotube debonding/pull-out taking place during
the main crack propagation should be insignificant.

Besides nanotube debonding/pull-out on the main fracture
surfaces, huge numbers of micro-cracks were found on the
fracture surfaces. The length of the micro-cracks was in a range
from 100 nm to nearly 1 pm. Moreover, the micro-cracks were
bridged by nanotubes. From the micrograph in Fig. 9b, it can
be seen that several nanotubes bridge the two surfaces of a
micro-crack with a gap of about 600 nm. Because of nanotube
bridging, the micro-cracks were stabilized and stopped devel-
oping into large and harmful cracks. This observation also sug-
gests that the adhesion between the HNTs and the matrix was
quite strong. Some bridging HNTs broke when the crack-
opening force exceeded their fracture strength. Similar to the
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Fig. 8. Mechanical properties of neat epoxy and the nanocomposites with
different halloysite loadings.
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Fig. 9. SEM micrographs taken on the fracture surfaces of the nanocomposites
with 2.3 wt% halloysite showing: (a) nanotube debonding/pull-out, (b) nano-
tube bridging, and (c) nanotube fracture.

fracture behaviour of MWCNTs reported in Ref. [38], the
“sword and sheath” fracture was also found with the HNTS,
as indicated by the enlarged micrograph in Fig. 9c. Clearly,
before the final rupture of the HNTSs, the inner layers of the
HNTs were pulled out after the outer layers fractured. This

is due to that the van der Waals actions among the nanotube
layers are weaker than the bonding strength with the matrix
[39]. It is easy to understand that the formation of the
micro-cracks will absorb a large amount of fracture energy
because the number of the micro-cracks formed in the brittle
matrix under impact is massive. This massive micro-cracking
mechanism is very much like the massive crazing mechanism
proposed by Bucknall et al. [3]. In addition, since the micro-
cracks were bridged by rigid and strong nanotubes, tractions
would shield the crack tip and slow down the crack growth,
too. Furthermore, nanotube pull-out and breakage associated
with the micro-crack opening will also consume additional
energy.

To understand the correlations between the micro-cracking,
the nanotube bridging/pull-out/breaking and the main crack
propagation, the deformation zone ahead of an arrested crack
tip in the nanocomposites was examined by SEM and the SEM
micrographs are shown in Figs. 10 and 11. Obviously, the run-
ning crack had been stopped by a damage zone, circled as
Damage Zone 1 in Fig. 10, and deflected downwards and
eventually arrested by another damage zone, i.e. Damage
Zone 2 in Fig. 10. Both damage zones are in white color while
the surrounding matrix is in grey color. The white color is a re-
sult of stress-whitening effect associated with a large number
of micro-cracks formed inside the damage zones. This is evi-
denced by the enlarged SEM micrograph of the Damage Zone
1, see Fig. 11. It is also noted in the SEM study that the size,
shape and the estimated nanotube population of the damaged
zones are in the same range as those of the HNT-rich regions
defined in Section 3.1 — morphology of the nanocomposites.

Given all the discussed findings, the toughening mecha-
nisms responsible for the substantially improved impact
strength are proposed as follows. Fracture mechanics analysis
shows that when a notched specimen is impact loaded, a triax-
ial tensile stress field builds up at the notch tip. The materials
within certain range ahead of the crack tip are in plane-strain
condition and subjected to a dilatation stress field, which pro-
motes the formation of micro-cracks or crazes. In the present

SEI 5.0kV X800 10pm :

Fig. 10. SEM micrograph of the arrested crack tip of a nanocomposite with
2.3 wt% halloysite.



6432 Y. Ye et al. | Polymer 48 (2007) 6426—6433

Fig. 11. Enlarged SEM micrographs of Damage Zone 1 in Fig. 10.

study, the morphology of the nanocomposites has two phases,
an HNT-rich particle phase embedded in a continuous epoxy-
rich phase. When a pre-cracked specimen is loaded above the
critical stress, the crack will propagate and keep growing in
the direction perpendicular to the loading stress until it en-
counters the HNT-rich particles. The dilatation stresses and
the stress concentration effect from the nanotubes will create
a great deal of micro-cracks inside the HNT-rich particles.
However, due to the high HNT content, the micro-cracks
will soon be stabilized by the crack bridging of neighboring
nanotubes without developing into large-sized cracks. This
micro-cracking process eventually turns the HNT-rich parti-
cles into damage zones in white color. Because of the high
energy dissipation of micro-crack formation and nanotube
bridging/pull-out/breaking, the HNT-rich particles appear to
be tough and strong. The running crack is therefore pinned
or deflected or even arrested by the HNT-rich particles, i.e.
the damage zones, as demonstrated by Figs. 10 and 11.

In summary, the energy dissipating events observed in the
fracture of the epoxy/HNT nanocomposites in the current
work include micro-cracking, nanotube bridging/pull-out/
breaking and main crack deflection. Although crack deflection
results in a more tortuous crack path, hence larger fracture sur-
face area, the contribution from crack deflection to impact
strength is marginal. The formation of numerous micro-cracks
together with nanotube bridging/pull-out/breaking is believed
to be the dominant mechanisms that dissipate tremendous

fracture energy and lead to massive enhancement in impact
strength of the epoxy/HNT nanocomposites. In line with this
proposal, it is suggested that the two-phase structure of the
nanocomposite may be necessary in realizing the toughening
mechanisms because the HNT-rich particles (the damaged
zones) play an important role in stopping the running crack.
Moreover, since the formation of massive micro-cracks and
nanotube bridging are two key elements of the toughening
story, HNT toughening may only be applicable to brittle poly-
mers, such as epoxy, PMMA and PS, of which the yield
strength is higher than their fracture strength, thus, micro-
cracking takes place before matrix yielding. Blending HNTs
with ductile polymers such as PE or PP may not benefit its
impact toughness because crack tip blunting due to matrix
shear yielding makes HNT bridging impossible.

4. Conclusion

Epoxy nanocomposites with high impact strength were suc-
cessfully prepared using halloysite nanotube as the impact
modifier without scarifying flexural modulus, strength and
thermal stability. Microstructure of halloysite nanotubes is dis-
closed by SEM and TEM. A two-phase structure, namely an
HNT-rich particle phase and an epoxy-rich matrix phase,
was found in the epoxy/HNT nanocomposites. The underlying
toughening mechanisms responsible for the unusual 400% in-
crease in impact strength were investigated and identified as
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massive micro-cracking, nanotube bridging/pull-out/breaking
and crack deflection. The former two are proposed as the dom-
inant mechanisms that dissipate extensive impact energy.
Given the proposed toughening mechanisms, it is further sug-
gested that the HNT toughening may only be applicable to
brittle polymers. Blending HNTs with ductile polymers may
not benefit their impact strength due to matrix yielding taking
place prior to matrix cracking and crack tip blunting.

The significance of this work is twofold. Firstly, it demon-
strates that considerable toughening is obtainable without
matrix plastic deformation; hence, brittle polymers can be
toughened substantially without scarifying other properties.
This makes a noticeable contribution to the existing toughen-
ing theory. Secondly, since HNT is abundant, inexpensive and
its polar surface can be readily modified, it is a potential alter-
native to expensive CNT in nanocomposite manufacture, if
mechanical property is of concern.
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