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a b s t r a c t

Phenylphosphonic acid (PPA) was used to unfold a unique tubular clay mineral, halloysite. By varying the
durations of PPA treatment, halloysites with different levels of enfoldment and intercalation were
obtained. Halloysites, particularly with the unfolded and intercalated halloysites, were effective additives
in increasing the fracture toughness of the cured epoxies without sacrificing their basic properties. Frac-
ture toughness of composites was increased with increasing intercalation levels of halloysite, with the
improvement being 78.3% in KIC for the composite containing 10 wt.% of the fully PPA-intercalated and
unfolded halloysite. There was a substantial increase in the contact area between halloysite and epoxy,
and as a result the morphology changed from nanotubes to nano-platelets in the composites with the
treated halloysites. The treated halloysites achieved a better dispersion in epoxy and promoted the for-
mation of a large number of micro-cracks and plastic deformations in the interfaces, resulting in an
improvement in fracture toughness.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nano-sized inorganic particles as modifiers for brittle polymers
such as polystyrene, poly(methyl methacrylate) and epoxies have
been intensively studied in the past decades, with the aim of
achieving a synergistic improvement in both toughness and rigid-
ity [1–5]. Organically modified montmorillonite (MMT) has given
rise to extensive research efforts as a candidate additive for tough-
ness enhancement of polymers. In those efforts, MMT particles
were intercalated or exfoliated and combined with polymers such
as epoxies to form nanocomposites. When a MMT nanocomposite
was subjected to a load, micro-cracks initiated between two
weakly bonded clay layers and the growth of the micro-cracks
was resisted by the MMT platelets, which led to high fracture en-
ergy [1,2]. Carbon nanotube (CNT) has also been considered as an
ideal modifier due to its excellent mechanical strength and large
aspect ratio [3,4]. The amino-functionalized multiwalled CNT was
previously reported to double the impact strength of an epoxy [3].

In recent years, halloysite particles have been investigated as an
alternative type of additive for polymers [6–15]. Halloysite is a nat-
urally occurring aluminosilicate, Al2Si2O5(OH)4�2H2O, chemically
similar to kaolinite, dickite or nacrite, differing mainly in the mor-
ll rights reserved.
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phology of crystal. Halloysite is a layered clay mineral, consisting
of one alumina octahedron sheet and one silica tetrahedron sheet
in a 1:1 stoichiometric ratio. The halloysite particle can adopt a
variety of morphologies, but the most common form is an elon-
gated hollow tubular structure with a large aspect ratio, similar
to that of CNTs, due to its structural defects, particularly in the
layer stacking of the neighboring alumina and silica layers, and
their hydrated waters [16]. Halloysite particles are readily obtain-
able and are much cheaper than other nanoparticles such as CNTs.
More importantly, the unique crystal structure of halloysite nano-
tubes resembles that of CNTs, and therefore halloysite particles
may have the potential to provide cheap alternatives to expensive
CNTs because of their tubular structure in nano-scale. Moreover,
due to its similarity to other layered clay minerals such as MMT,
halloysite has the potential to be further intercalated or exfoliated
chemically or physically [6]. In previous studies [7–9] the incorpo-
ration of a small amount of halloysite particles (5–15 wt.%) into
epoxy resins was found to noticeably increase the mechanical per-
formance of the materials, including their strength, modulus and
fracture toughness, without sacrificing other properties such as
glass transition temperature (Tg). With the use of conventional
mechanical mixing methods, most of the halloysite existed in the
epoxies in the form of particle clusters rather than individual par-
ticles, but the epoxy resin could penetrate fully into the clusters
[8]. Increased fracture toughness was mainly attributable to
mechanisms such as crack bridging, crack deflection and plastic
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deformation of the epoxy around the halloysite particle clusters.
Halloysite particle clusters could interact with cracks at the crack
front, resisting the advance of the crack and resulting in an increase
in fracture toughness [8,9].The ability of halloysite to be interca-
lated or exfoliated by salts and organic compounds has been re-
ported [16–18]. Intercalation and/or exfoliation of halloysite with
inorganic and organic compounds may have significant potential
applications, similar to those of intercalated MMT. There has been
little investigation, however, of the use of intercalated halloysite as
a filler for polymers. In our previous study [9], X-ray diffraction
analysis of treated halloysite particles using three chemicals,
namely potassium acetate (CH3COOK) (PA), Z-6020 silane [N-(b-
aminoethyl)-c-aminopropyltrimethoxysilane] and cetyl trimethyl
ammonium chloride [CH3(CH2)15N(Cl)(CH3)3] (CTAC), showed that
the treatments did not result in shifting the peak at 12.3� (corre-
sponding basal spacing of 7.2 Å) to the left, indicating that these
chemicals were unable to intercalate halloysite under the experi-
mental condition utilized in the study, though the resulting halloy-
site–epoxy composites exhibited improved properties compared to
the neat resin [9].

In the current study, an attempt was made with a different
chemical, phenylphosphonic acid (PPA), to obtain partially or fully
unfolded and intercalated halloysite particles, which depended on
treatment duration. The treated halloysite particles were then
combined with an epoxy to form intercalated nanocomposites.
Characterization of the resultant halloysite–epoxy composites
was then conducted to elaborate the effects of the unfolded and
intercalated halloysite on the mechanical properties, especially
the fracture behaviors, of the composites.
2. Experimental

2.1. Chemical treatment of halloysite

The halloysite particles used in this study were purchased from
Sigma–Aldrich Australia. In the chemical treatment of the
halloysite particles, 280 g of PPA (analytical grade, Sigma–Aldrich
Australia) was first dissolved in water (3 l) and 152.4 g of halloysite
was then added into the solution. The mixture was refluxed in a
sealed glass beaker on a hot plate at 100 �C under vigorous
magnetic mixing using a ceramic stirring bar for certain periods
of time, namely 25, 50 and 100 h. After cooling to room
temperature, the mixture was filtered, washed with distilled water
at least five times and dried at room temperature in a ventilation
hood for more than 7 days until no further weight loss was
detected. The process of the PPA treatment is shown in Scheme 1.

2.2. Preparation of halloysite–epoxy nanocomposites

The as-received and the treated halloysite particles with differ-
ent treatment times were separately combined with a diglycidyl
ether of bisphenol A (DGEBA) epoxy resin, Araldite-F (Ciba-Geigy,
Australia) to form composites. Both the as-received and the PPA-
treated halloysite particles in 10 wt.% were separately added into
the epoxy resin, by means of a mechanical mixer, stirring at
100 �C for 5 h to obtain homogeneous mixtures. The mixtures were
then degassed in a vacuum oven (about �100 kPa) for at least
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Scheme 1. Modification of halloysite parti
30 min. After that, a hardener, Piperidine (Sigma–Aldrich, Austra-
lia), was added to the mixtures in a ratio of 100:5 by weight, while
stirring slowly. Following further degassing for 10 min the vacuum
was released and the liquid mixtures were cast into the specimen
cavities of preheated silicon rubber moulds and cured at 120 �C for
16 h. For the designated mechanical tests, different rubber moulds
were prepared to produce tensile and compact tension specimens.
When the specimens had been cooled and removed from the
moulds they were milled using a surface grinder on both top and
bottom surfaces to ensure flatness of specimens and, most impor-
tantly, to remove possible oversized halloysite particle aggregates,
which could sink to the bottom surfaces during curing, as reported
previously [8]. As a baseline for comparison, specimens were also
prepared for the neat epoxy.
2.3. Characterization

Wide angle X-ray diffraction (WAXD) was conducted on the
halloysite and halloysite–epoxy nanocomposites using an X-ray
diffraction unit (Model D5000, Siemens, Germany) with Cu Ka
radiation (wavelength = 1.54056 Å).

A Fourier transform infrared spectrometer (FTIR, Bio-Rad FTS
6000, USA) was used at room temperature with transmission mode
to identify the possible chemical reactions between halloysite and
PPA. Spectral resolution of the FTIR was maintained at 2 cm�1. Dry
nitrogen gas was used to purge the sample compartment to reduce
the interference of water and carbon dioxide in the spectrum. The
halloysite was mixed with potassium bromide (KBr) and pressed to
form a thin film of about 300 lm in thickness prior to examination.

Nitrogen adsorption/desorption isotherms at 77 K were mea-
sured with a Quantachrome Autosorb 1 MP instrument (USA).
The standard Brunauer–Emmett–Teller (BET) model was used to
calculate the specific surface area (SSA) of the as-received and
PPA-treated halloysites.

Transmission electron microscopy (TEM) images, electron dif-
fraction (ED) patterns and energy dispersive X-ray (EDX) element
analysis (EA) spectra of the halloysite and halloysite–epoxy nano-
composites were obtained using a transmission electron micro-
scope (JEOL 2010, Japan) at 200 kV. For the preparation of the
TEM specimens, halloysite particles were dispersed in ethanol,
and one droplet of the solution was dropped onto carbon coated
Cu grids for TEM observation after evaporation of the solvent. Hal-
loysite–epoxy nanocomposites were ultramicrotomed using glass
knives on an ultra-cut microtome (Leica ultracut-R ultramicro-
tomed, Germany) to produce thin sections with a nominal thick-
ness of 100 nm. The sections were transferred onto Cu grids for
TEM observation.

Scanning electron microscopes (Philips XL30 SEM, the Nether-
lands and Zeiss ULTRA Plus Field Emission SEM, Germany) were
utilized to identify the morphology of halloysite particles, the
homogeneity of halloysite particles in the epoxy nanocomposites,
and failure modes of compact tension (CT) fracture specimens.

Thermal stability analysis was carried out using a Hi-Res TGA
2950 thermogravimetric analysis apparatus (TA instruments,
USA). The tests were carried out in air with a heating rate of
20.0 �C/min from 50.0 �C to 600.0 �C, followed by isotherm for
15 min at 600.0 �C before cooling.
t flux in DDI water
HNT(P=O)

PPA-treated HNT

cles by phenylphosphonic acid (PPA).
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Fig. 1. X-ray diffraction patterns of halloysite particles treated by phenylphos-
phonic acid (PPA) for different durations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Intercalated levels of halloysite particles obtained by comparing X-ray diffraction
intensities at 2h = 5.8� and 12.3�.

Duration of PPA
treatment (h)

Nominal
intercalated
level (%)

Weight loss after
heating up to
600 �C (%)

PPA content (%)

0 0 13.9 0
25 54 – –
50 61 19.0 5.1

100 100 27.6 13.7

*

*

As-received

50 Hrs

100 Hrs
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The glass transition temperature (Tg) of the cured neat epoxy
and the halloysite–epoxy nanocomposites was determined by a
dynamic mechanical analyzer (DMA 2980, TA Instruments, USA)
with temperature scanning from ambient temperature to 150 �C
at a heating rate of 3 �C/min. A three-point bending fixture was
used for the DMA measurements. A displacement amplitude of
10 lm was alternately applied with a frequency of 1 Hz for all
DMA measurements. At least three specimens were tested for each
group, and the average value of Tg determined from the peak of the
tand vs. temperature curves was obtained.

A universal material testing machine (Instron, Mode 5567. USA)
was used for all mechanical characterizations including tension
and fracture toughness tests. All mechanical tests were conducted
at room temperature.

The fracture toughness of the cured neat epoxy and halloysite–
epoxy nanocomposites was measured using the compact tension
(CT) specimens according to ASTM D5045. A CT specimen has a
nominal dimension of 48 mm � 48 mm � 10 mm. To minimize
the effects of residual stress and residual plastic deformation
around the pre-crack tip, a sharp pre-crack was introduced to each
CT specimen by inserting a fresh razor blade at the tip of the ma-
chined crack and tapping gently with a light hammer [19]. A load-
ing rate of 2 mm/min was adopted for all fracture tests, as
recommended by ASTM D5045-99. As there are strict requirements
for specimen geometry and crack length for the accurate measure-
ment of the fracture toughness using CT tests according to the
ASTM criteria, only those specimens which fulfilled the condition
a/W = 0.45–0.55 (a is the pre-crack length and W is the distance be-
tween the centre of the loading pin to the edge of the CT specimen)
were used to calculate the critical stress intensity factor (K1C). At
least 8 CT specimens were successfully tested for each group of
materials.

Tensile tests were conducted to measure the basic material
properties of the cured neat epoxy and the halloysite–epoxy com-
posites. Tensile specimens had a dog-bone shape as required by
ASTM D638-99, with a constant cross-section of 13 � 5 mm at
the gauge length region. An extensometer with a gauge length of
50 mm was attached to the surface of the tensile specimen to
determine the axial strain. A loading rate of 1 mm/min was se-
lected for all tensile tests. At least five specimens were successfully
tested for each group.
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Fig. 2. FTIR spectra of halloysite particles before (as-received) and after PPA
treatment for 50 and 100 h (⁄P = O stretching vibration peak). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
3. Results and discussion

3.1. Intercalation of halloysite with PPA

X-ray diffraction spectra of halloysite particles with different
PPA treatment durations are shown in Fig. 1. The basal spacing
[0 0 1] of the as-received halloysite was approximately 7.2 Å, based
on the diffraction angle for the peak at 2h = 12.3�. After PPA treat-
ment for 25 h a new diffraction peak appeared at 2h = 5.8�, which
was due to the PPA intercalation to halloysite interlayer positions,
causing expansion of the layers in the direction perpendicular to
the base plane, with a final basal spacing of 15.1 Å, which is the
largest basal spacing ever reported [16]. With increase in the dura-
tion of PPA treatment the peak intensity at 2h = 5.8� was gradually
enhanced, indicating an increase of the intercalated particles. With
a treatment time of 100 h, the peak at 2h = 12.3� almost disap-
peared, indicating that all the halloysite particles were almost fully
intercalated. The intercalation levels of halloysite by PPA were esti-
mated by comparing the relative intensities at 2h = 5.80� and 12.3�,
as shown in Table 1.

Fig. 2 shows the FTIR spectra of the as-received halloysite and
that with PPA treatment for 50 and 100 h, respectively. The charac-
teristic peak appearing at 1155 cm�1 for the PPA-treated halloy-
sites is obviously a P = O stretching peak, providing evidence of
PPA residence on the halloysite surfaces in the treated specimens.

As shown in Fig. 3a, the as-received halloysite particles used in
this study were basically in the form of short small tubes (nano-
tubes) with a length of 100–2000 nm and a diameter of 50–
150 nm, geometrically similar to multiwalled CNTs. However, long
CNTs always tend to entangle with each other, forming agglomer-
ates that make it difficult to disperse them homogeneously in poly-
mers. In contrast, short halloysite nanotubes (HNTs) are straight
and individually separate without entanglement, which potentially



Fig. 3. TEM images of halloysite particles treated by PPA for different durations. (a) as-received; (b) and (c) after PPA treatment for 50 and 100 h; (d) electron diffraction
pattern after PPA treatment of 50 h, showing the crystal structure of halloysites.
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make it easy to obtain good dispersion of HNTs in viscous poly-
mers. Indeed, HNTs are in the form of rolled tubes [20] consisting
of a number of aluminosilicate sheets, curved and closely packed.
After the PPA intercalation, the large layer expansion would unfold
some or most of the curved tubes, which could provide the oppor-
tunity for intercalation of layers or exfoliation of individual layers,
similar to that for organically modified MMT. As shown in Fig. 3b,
after PPA treatment of 50 h, some flat halloysite platelets can be
observed, and with PPA treatment of 100 h most of the halloysite
particles became platelets, with some even being dispersed flakes
(exfoliated aluminosilicate sheets). The results obtained from the
X-ray diffraction analysis, shown by the electron diffraction pat-
tern in insets of Fig. 3d, confirmed that the intercalated halloysite
still maintained its crystalline structure after the PPA treatment.
Element analysis spectra in Fig. 4a–c were obtained by the energy
dispersive X-ray (EDX) spectrometer attached to the TEM, and they
proved that the element phosphorus existed in the treated sam-
ples, indicating that PPA was either intercalated in interlayers or
on the surfaces of halloysite particles.

The results of thermogravimetric analysis are shown in Fig. 5 for
the as-received and PPA-treated halloysite samples. It can be seen
that the as-received halloysite is relatively stable up to 400 �C, and
a weight loss of 13.9% occurs after temperature reaches 600 �C,
representing the removal of the interlayer water. Compared with
the as-received halloysite sample, there is some extra weight loss
for the PPA-treated halloysite samples during the heating process
up to 600 �C, probably caused by decomposition of PPA in the hal-
loysite samples. The total weight loss is approximately 27.6% after
temperature reaches 600 �C for the sample treated for 100 h, so
that there is approximately 13.7% of PPA, either intercalated to
interlayers or attached on halloysite surfaces in the fully interca-
lated halloysite sample. The PPA contents in the treated halloysites
with two different durations of treatment are also shown in
Table 1.

3.2. Halloysite–epoxy composites

WAXD patterns of halloysite–epoxy composite samples are
shown in Fig. 6. Clearly, a peak at 2h = 11.9� can be seen for the
as-received untreated halloysite–epoxy composite while the peak
at 2h = 5.8� is absent. Broad low peaks appear at both 2h = 5.8�
and 2h = 11.9� for the halloysite–epoxy composite sample with
the halloysite treated for 25 h using PPA. With increasing treat-
ment time, the peaks at 2h = 5.8� become clearer and sharper,
whereas the peak at 2h = 11.9� almost disappears for the compos-
ites with halloysite treated for 50 and 100 h, indicating that the
intercalated structure of the halloysite is still preserved in the hal-
loysite–epoxy composites.

The tensile properties of the cured neat epoxy and the halloy-
site–epoxy composites are summarized in Table 2. Typical strain
vs. stress curves of the tensile specimens of neat epoxy and halloy-
site–epoxy composites with PPA treatments are shown in Fig. 7. It



Fig. 4. EDX spectra of halloysite treated using PPA. (a) as-received; (b) after 50 h of PPA treatment; and (c) after 100 h of PPA treatment; peaks for element phosphorus in (b)
and (c) are indicated by P. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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is evident that the composites containing halloysite nanoparticles
have acquired an increase in both strength and modulus compared
to those of the cured neat epoxy. These property enhancements
were attributed to the reinforcing effect of halloysite particles in
the epoxy matrix. However, with the use of PPA-treated halloysite
particles, there was less enhancement in the tensile strength and
modulus, probably due to the fact that the morphology of most
of the halloysite particles changed from a tubular shape into plate-
lets, accompanied by some reduction of their aspect ratios after the
PPA treatment.

The glass transition temperatures of the neat epoxy and halloy-
site–epoxy composite samples were defined from the tand peaks in
DMA results and the average values are also shown in Table 2. The
increased Tg of the halloysite–epoxy composites containing PPA-
treated halloysite particles is probably attributable to the fact that
the flat shapes of the intercalated halloysite particles increased the
effective surface area of the halloysite in contact with the epoxy
matrix, compared to the as-received halloysite. This speculation
is confirmed by the standard BET test [21], where the as-received
halloysite had a SSA of 21.22 m2/g whereas the 100-h PPA-treated
halloysite had a SSA of 41.13 m2/g. The 100-h PPA-treated halloy-
site had almost double the surface area of the as-received halloy-
site, corresponding to a simple scenario when a tube (in which
the inner surface is inaccessible) is unfolded to create double the
surface area. The increased surface area created further constraint
to the mobility of the epoxy polymer chains, confirmed by a
slightly increased Tg.

However, the most important advantage for the use of
intercalated halloysite in epoxy-based nanocomposites is the clear
increase in their fracture toughness. Fig. 8 shows a set of typical
load-crack opening displacement (COD) curves obtained from CT
tests for the cured neat epoxy and halloysite–epoxy



Table 2
Tensile properties and glass transition temperatures of neat epoxy and halloysite(10.0 wt.%)–epoxy composites.

Samples Strength (MPa) Modulus (GPa) Strain at peak load (%) Tg (�C)

Neat epoxy [8] 62.6 ± 0.6 2.90 ± 0.12 4.49 ± 0.12 95.5 ± 1.9
As-received 64.3 ± 0.2 3.40 ± 0.26 4.09 ± 0.11 97.1 ± 1.0
PPA-treated (25 h) 63.4 ± 1.1 3.16 ± 0.26 4.88 ± 0.45 100.7 ± 1.8
PPA-treated (50 h) 63.8 ± 0.3 3.14 ± 0.07 4.70 ± 0.12 102.6 ± 3.0
PPA-treated (100 h) 62.6 ± 0.9 3.33 ± 0.16 4.52 ± 1.18 108.2 ± 3.2
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Table 3
Fracture toughness (KIC) of the neat epoxy and the halloysite (10.0 wt.%)–epoxy
composites.

Sample KIC (MPa m1/2) Improvement (%) (compared
with neat epoxy)

Neat epoxy [9] 0.92 ± 0.04 0.0

Halloysite (10 wt.%)–epoxy
As-received 1.15 ± 0.08 25.0
PPA-treated (25 h) 1.14 ± 0.16 23.9
PPA-treated (50 h) 1.31 ± 0.25 42.2
PPA-treated (100 h) 1.64 ± 0.13 78.3

Halloysite (10 wt.%)–epoxy
PA-treated, mixing [9]b 1.39 51.1
PA-treated, ball mill [9]b 1.39 51.1
Silane-treated, ball mill [9]b 1.29 40.2
CTAC-treated, ball mill [9]b 1.22 32.6
Clay (10 wt.%)–epoxy [24]a 1.13 52.7
Clay (2.5 wt.%)–epoxy [2]a 1.26 80.0

a Measured by SENB.
b Measured by CT.
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nanocomposites, when the crack length of the specimens was the
same. It can be seen that although both the pure epoxy and the
PPA-treated halloysite–epoxy composites showed unstable crack
propagation when the maximum load was reached, the maximum
loads for the epoxies with halloysite were clearly higher than that
for the neat epoxy. As shown in Table 3, the magnitudes of the crit-
ical stress intensity factor (K1C) of the epoxy composites were sig-
nificantly improved after halloysite of 10 wt.% was incorporated,
particularly with the use of PPA-treated halloysite. For the epoxy
with as-received halloysite, the improvement in K1C was 25.0%,
from 0.92 MPa m1/2 (neat epoxy) to 1.15 MPa m1/2. For the epoxy
with 25-h PPA-treated halloysite, the increase was approximately
23.9% (with the magnitude of 1.14 MPa m1/2), and with the use of
the halloysite treated for prolonged durations (50 and 100 h), K1C
values increased to 1.31 MPa m1/2 (42.2%) and 1.64 MPa m1/2

(78.3%) respectively.
3.3. Toughening mechanisms

The fracture surfaces of the neat epoxy and the halloysite–
epoxy composites were comparatively examined using SEM, and
some typical micrographs are shown in Figs. 9 and 10. The fracture
surface of the neat epoxy was very smooth except for some river-
line marks near the crack initiation site, as shown in Fig. 9a. The
featureless crack surface indicates the absence of significant plastic
shear deformation, highlighting a typical feature of brittle fracture
behavior and accounting for the low fracture toughness of the un-
filled epoxy.

In contrast to the neat epoxy, the fracture surfaces of the halloy-
site–epoxy composites show considerably different morphologies,
shown in Figs. 9b–e, where much rough surface can be seen. The
increased surface roughness implies that the cracking path was de-
flected because of the presence of the rigid particles, making crack
propagation more difficult. With the use of intercalated halloysite
particles further increases in surface roughness can be seen, due to
the improved dispersion of halloysite particles in the epoxy.

As shown in Figs. 9b–e and Fig. 10, some halloysite agglomer-
ates in the micron scale can be seen on the fracture surfaces of
the halloysite–epoxy composites, particularly the fracture surface
of the composite with the as-received halloysite. The composites
manifest small crack trajectories that are deflected and meander
through the matrix, giving rise to the increased resistance to crack
propagation. The particle agglomerates may also promote prema-
ture tensile failure ahead of crack [8]. In addition to individual par-
ticles and particle agglomerates, most of the halloysite particles in
the halloysite–epoxy composites with the as-received halloysite
are in the form of particle clusters, as shown in Fig. 11a. Halloysite
particle clusters can interact with a crack, bridging the crack when



Fig. 9. SEM micrographs of fracture surfaces of CT specimens of neat epoxy and halloysite–epoxy composites. (a) neat epoxy, (b) with as-received halloysite, (c) with 25-h
PPA-treated halloysite, (d) with 50-h PPA-treated halloysite, and (e) with 100-h PPA-treated halloysite.
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it passes through, resisting the advance of the crack and thus
resulting in an increase in fracture toughness [8,9]. Therefore, plas-
tic deformation of the epoxy around particle clusters and crack
deflection through the clusters are the dominant toughening
mechanisms. Furthermore, the individual halloysite nanotubes,
though tiny, have crack front pinning or bridging effects and can
also play roles of fiber breakage, fiber debonding and pull-out,
which would consume extra energy and increase the resistance
to crack initiation and propagation in the halloysite–epoxy com-
posites, as shown in Fig. 11b [9].

For the composites with intercalated halloysite particles, in
addition to the abovementioned mechanisms, the increased tough-
ening may be attributed to mechanisms similar to intercalated or
exfoliated organoclay in epoxy matrices. Wang et al. [2] showed
in exfoliated MMT-epoxy nanocomposites that most micro-cracks
are initiated within the intergallery of clay layers rather than at
the epoxy-clay interface. Kim and co-workers [22] conducted
in situ tensile tests of layered silicate/polyamide-12 nanocompos-
ites under an electron microscope and observed that the deforma-
tion began inside the stacked silicate layers, and then microvoids
formed between the silicate layers. The weakly bonded silicate lay-
ers were believed to be sources of the nucleation of micro-cracks.
PPA-treated halloysite is also a layered clay mineral, but with each
layer bearing no charge due to the absence of isomorphic substitu-
tion in either octahedron or tetrahedron sheet. The layers are held
together by hydrogen bonding between hydroxyl groups in the
octahedral sheets and oxygen in the tetrahedral sheets of the adja-
cent layers. Therefore, it is relatively easier for halloysite to be
intercalated and dispersed in polymeric matrix than MMT. It has
been reported that a number of salts and organic compounds, such
as potassium acetate (PA), formamide (FA), hydrazine, etc., were
able to intercalate halloysite [16].

Fig. 12 shows TEM micrographs of fracture surfaces of CT spec-
imens of as-received and PPA-treated halloysite–epoxy compos-
ites. To show the interactions between crack tip and halloysites,
the TEM sections were taken from the vicinity in front of the ar-
rested crack tip in specimens with 90% of individual average peak
load for unstable fracture. In the as-received halloysite–epoxy
composite the advancing crack was confronting a halloysite clus-
ter, causing multiple cracks at the interfaces between halloysites
and the matrix within the cluster, as shown in Fig. 12a. In the inter-
calated halloysite–epoxy composite the advancing crack was con-
fronting layers of halloysites, causing multiple cracks at the
interfaces between halloysite layers and matrix, as shown in
Fig. 12c. Microvoids and micro-cracks were found in the treated
halloysite–epoxy composites, with micro-cracks forming along
the matrix–halloysite interfaces, as shown in Fig. 12c and d, further
confirming the observation in SEM (Fig. 11d). In addition, the mor-
phology of the treated halloysite is similar to that of layered sili-
cates. Some intercalated halloysite layers stay together, lying



Fig. 10. SEM micrographs of fracture surfaces of CT specimens of neat epoxy and halloysite–epoxy composites near crack tips. (a) neat epoxy, (b) with as-received halloysite,
(c) with 25-h PPA-treated halloysite, (d) with 50-h PPA-treated halloysite, and (e) with 100-h PPA-treated halloysite.

Fig. 11. SEM micrographs with different magnifications of fracture surfaces of CT specimens of (a and b) as-received halloysite–epoxy composite and (c and d) 100-h PPA-
treated halloysite–epoxy composite.
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Fig. 12. TEM micrographs of fracture surfaces of CT specimens of (a) and (b) as-received halloysite–epoxy composite; (c) and (d) 100-h PPA-treated halloysite–epoxy
composite.
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parallel or vertical to the microtomed thin film. Micro- or nano-
voids/cracks may promote shear yielding of the epoxy matrix at
the crack propagation tips and also throughout the entire volume,
absorbing more energy before cracking. The shear yielding of the
matrix is associated with several kinds of surface features (such
as ‘‘lance’’, ‘‘river’’ and ‘‘hackles’’) contributing to an increase in
roughness, observed similarly in other epoxy composites [23].
Therefore, both the formation of micro- or nano-voids/cracks and
the occurrence of shear yielding contribute to the increase of frac-
ture toughness in the epoxy-halloysite nanocomposites.

Table 3 shows the fracture toughness (KIC) of the neat epoxy and
epoxy composites with PPA-treated halloysites as well as other
halloysites or organoclays, i.e. potassium acetate (PA) treated or
Z6020 silane treated or cetyl trimethyl ammonium chloride (CTAC)
treated halloysite (10 wt.%)/epoxy composites [9], in which these
chemicals improved dispersion but not intercalation, and organo-
clay (10 wt.%)/epoxy composite [24] and s-clay (2.5 wt.%)/epoxy
composite [2]. Among these, the 100-h PPA-treated halloysite/
epoxy composite has the highest KIC value. The unfolded and
intercalated halloysite–epoxy composites reported here have a
synergistic effect, combining mechanisms exhibited in the tubu-
lar-halloysite–epoxy composites and organoclay–epoxy compos-
ites. In particular, unfolded platelets exhibit mechanisms similar
to those found in clays, but the absence of charge between layers
makes it easy for them to disperse into highly viscous epoxy to
form well-dispersed composites. With the use of intercalated
halloysite, as a result of the expanded basing space, the rolled
halloysite tubes (Fig. 12b) could become flat platelets (Fig. 12d),
creating additional particle surfaces due to the release of some
internal surface areas concealed by the rolled layers of the nano-
tubes. The increased halloysite–epoxy contact surfaces could pro-
vide extra sites for interactions between halloysite and epoxy
matrix under stress. The improved dispersion of halloysite parti-
cles in the epoxy due to PPA intercalation contributed to a further
increase in the fracture toughness of the halloysite–epoxy compos-
ites compared with that of the composite with the non-interca-
lated halloysite. It can be observed that micro-cracks at the
halloysite–epoxy interfaces in the composites were off or even
perpendicular to the fracture surface. This implies that the interca-
lated halloysite particles acted as stress concentrators, promoting a
large number of micro-cracks and plastic deformations when the
specimen was loaded. The initiation and propagation of micro-
cracks occurred at epoxy–halloysite interfaces to form micro- or
nano-voids, which would consume more energy than if they ema-
nated only from layer intergallery (hydrogen bonding only) loca-
tions, e.g. clays in epoxy [2,24].
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4. Conclusion

Phenylphosphonic acid (PPA) was successfully used in this
study to unfold and intercalate halloysite, resulting in an increase
of basal spacing from 7.2 Å to 15.1 Å, accompanied by the morphol-
ogy change of most particles from nanotubes to nano-platelets. The
halloysite particles were combined with an epoxy to form partially
and fully intercalated nanocomposites. It was found that better
dispersion in the epoxy was achieved using the unfolded and inter-
calated halloysite than using the as-received halloysite. There was
a significant increase in fracture toughness for the epoxy compos-
ites with unfolded and intercalated halloysite particles, without
sacrificing other properties such as strength, modulus, glass transi-
tion temperature and thermal stability. The fracture toughness of
the halloysite–epoxy composites was markedly increased with an
increase in the intercalation levels. The improvement in K1C for
the composite containing 100-h PPA-treated halloysite particles
was 78.3%.

In the halloysite–epoxy composite with the as-received halloy-
site particles, in which the predominant particle shape was tubular,
the increase in fracture toughness was due mainly to mechanisms
such as crack bridging, crack deflection and plastic deformation of
the matrix around the halloysite particle clusters, fiber breakage,
fiber debonding and pull-out of individual halloysite nanotubes in
the composite. In the composites with the unfolded and intercalated
halloysite there was a substantial increase in the total contact area
between halloysite and epoxy, as a result of the morphology change
from nanotubes to nano-platelets. This feature, together with the
improved dispersion of the halloysite particles in the epoxy due to
PPA intercalation, increased the fracture toughness of the composite
beyond that of the as-received halloysite–epoxy composite. Mean-
while, micro-cracks initiated at the halloysite–epoxy interfaces in
the composites with the intercalated halloysite, resulting in higher
fracture toughness of the intercalated halloysite–epoxy nanocom-
posites than that of organoclay–epoxy nanocomposite.
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