
Polymer 48 (2007) 1075e1082
www.elsevier.com/locate/polymer
Effect of nanoplatelet aspect ratio on mechanical properties
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Abstract

To study the effect of the aspect ratio of nanoplatelets on the mechanical properties of polymer nanocomposites, epoxy/a-zirconium phos-
phate nanocomposites with two distinctive aspect ratios at ca. 100 and 1000 have been prepared and characterized. Scanning electron micros-
copy and transmission electron microscopy were utilized to confirm the two different sizes and aspect ratios of nanoplatelets in epoxy. As
expected, it is found that mechanical properties of the nanocomposite are affected by the aspect ratio of nanoplatelets in epoxy. That is, a higher
aspect ratio renders a better improvement in modulus. It is also found that the interfacial characteristics between the nanoplatelets and polymer
matrix are most critical in affecting the strength and ductility of the polymer. The operative fracture mechanisms depend strongly on the aspect
ratio of the nanoplatelets incorporated. The crack deflection mechanism, which leads to a tortuous path crack growth, is only observed for the
high aspect ratio system. The implication of the present findings for structural applications of polymer nanocomposites is discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the successful development of nylon/clay nanocom-
posites that showed great improvements in physical and
mechanical properties with only a small amount of clay intro-
duced into the polymer matrix [1e3] in the late 1980s, the
pursuits for high performance polymer nanocomposites have
swamped both the scientific community and the industry in
the past two decades. Numerous research efforts in this field
have been focused on the incorporation of nanoplatelet fillers
to greatly enhance their physical, mechanical, and chemical
properties in various polymer matrices, including epoxy [4,5],
polypropylene [6e8], polyethylene [9], polyimide [10,11],
polystyrene [12e14], poly(methyl methacrylate) [15], etc.
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Most results have revealed great improvements of polymer
properties by a small addition of nanoplatelets (<5 wt%).
Important factors that can affect the physical and mechanical
properties of nanoplatelet-reinforced polymer nanocomposites
include nanoplatelets type [16e20], intercalating agents [21e
24], filler loading levels [25e27], and processing [28,29].
In particular, significant efforts have emphasized on achieving
maximum level of exfoliation of nanoplatelets in polymer
matrices.

Recently, more emphases have been placed on investigating
how the nanoplatelet aspect ratio, defined as the ratio of the
long axis to platelet thickness, affects the physical and
mechanical properties of polymer nanocomposites. For exam-
ple, Maiti et al. [30] synthesized polylactide/layered silicate
nanocomposites using organic phosphonium intercalating
agents with different chain lengths to reveal the influence of
nanoplatelet size and aspect ratio on the properties of polymer
nanocomposites. To obtain exfoliated nanoplatelets with
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variations in aspect ratio in polymer matrices, they employed
smectite, montmorillonite, and mica as nanofillers. Depending
on the size of each type of layered silicates incorporated, the
effects of dispersion, intercalation, and aspect ratio of nanopla-
telets on mechanical and gas barrier properties of nanocompo-
sites were investigated. More recently, Osman et al. [31] used
n-benzyldimethyl hexadecylammonium to intercalate and ex-
foliate montmorillonite clay in epoxy and polyurethane matri-
ces, respectively, to investigate their gas barrier properties.
The aspect ratios of the organoclay were varied by controlling
the level of intercalation and exfoliation of the clay in the
polymer matrix.

It should be pointed out that the above studies were per-
formed based on the use of different types of natural silicates
[30,32] or the use of different intercalating agents to obtain
different filler aspect ratios in the nanocomposites. Conse-
quently, in addition to the aspect ratio effect, uncertainties
on the effect of different types of silicates and intercalating
agents were introduced. Thus, it is unlikely that unambiguous
results on how the aspect ratio of nanoplatelets affect physical
and mechanical properties can be obtained.

Recently, alternative approaches have been undertaken to
definitively investigate how the nanoplatelet size and aspect
ratio influence the physical and mechanical properties of poly-
mer nanocomposites. To avoid any possible ambiguities ac-
companied by the utilization of different fillers and surface
functionalities to achieve the control of aspect ratios, synthetic
a-zirconium phosphate (a-ZrP), Zr(HPO4)2$H2O, that pos-
sesses well-controlled sizes and aspect ratios was prepared.
The advantages of a-ZrP over that of clay have been high-
lighted elsewhere [33e38]. They will not be elaborated here.
Because of the unique attributes of a-ZrP, a series of funda-
mental studies, including (1) the synthesis, intercalation, and
exfoliation of a-ZrP [36,38,39] in epoxy, (2) the preparation
of exfoliated epoxy/a-ZrP nanocomposites [40], and (3) the
study of fracture behaviors of epoxy/a-ZrP [41e43] with
various degrees of exfoliation have been carried out recently.
Insightful information has been obtained.

In this work, fundamental study on how the nanoplatelet
aspect ratio influences the mechanical properties of polymer
nanocomposites was conducted. Considering the structure of
nanoplatelet particles, it is expected that the higher aspect ratio
of nanoplatelets will be more effective for the enhancement of
mechanical properties due to the higher surface area of the
nanoplatelets.

Instead of using high molecular weight monoamines, a
small amount of less reactive intercalating agent, tetra-n-butyl
ammonium hydroxide (TBA), is utilized [44] to minimize un-
intended reaction of intercalating agent with epoxy monomer.
As a result, the glass transition temperature (Tg) of nanoplate-
let-reinforced polymer nanocomposites can be maintained.
Furthermore, the effect of intercalating agent type on mechan-
ical properties of nanocomposite can be addressed by
comparing the present findings against our earlier results
where long-chain monoamine was utilized [41]. The useful-
ness of high aspect ratio nanoplatelets in polymer nanocompo-
sites for structural applications is also discussed.
2. Experimental

2.1. Materials

The materials used in this study are listed in Table 1. Two
a-ZrP having two different aspect ratios, i.e., ca. 100 and
1000, were synthesized [39]. The detailed chemistry and proce-
dures for the synthesis and control of aspect ratio of a-ZrP
can be found elsewhere [33e36,38,39]. TBA (tetra-n-butyl am-
monium hydroxide [(CH3CH2CH2CH2)4N(OH), Aldrich] was
used as surface modifiers to intercalate a-ZrP layers. The digly-
cidyl ether of bisphenol-A (DGEBA) epoxy resin (D.E.R.�
332 epoxy resin, The Dow Chemical Company), which has
a narrow monomer molecular weight distribution (172e
176 g/mol), was used in this study. The curing agent utilized
is 4,40-diaminodiphenylsulfone (DDS, Aldrich). All the chem-
icals were used as received except epoxy resin, which was
dried in a vacuum oven for 24 h prior to sample preparation.

2.2. Preparation of epoxy/a-ZrP nanocomposites

The interlayer d-spacing of pristine a-ZrP is known to be
7.6 Å [40]. The addition of TBA at a 0.75:1 molar ratio in de-
ionized water at 0 �C can lead to full exfoliation of a-ZrP
layers into individual nanoplatelets. Detailed sample prepara-
tion procedures for achieving fully exfoliated a-ZrP in water
and in epoxy can be found elsewhere [36].

After exfoliation in deionized water, a-ZrP nanoplatelets
with aspect ratios of ca. 100 and 1000 were washed and trans-
ferred into acetone with an aid of centrifuge [36]. DGEBA
epoxy monomer which was pre-dissolved in acetone was
added to achieve a final inorganic a-ZrP loading of 0.7 vol%
in epoxy. After removal of solvent with Rotarvapor� in a water
bath at about 90 �C, DDS was added at stoichiometric ratio.
After the DDS melted at 130 �C, the resin mixture was cast
in a preheated glass mold and cured in an oven at 180 �C
for 2 h, followed by 2 h of post-cure at 220 �C. The epoxy/
a-ZrP systems with aspect ratios of 100 and 1000 are desig-
nated as epoxy/ZrP-100 and epoxy/ZrP-1000, respectively.
For comparison, a neat epoxy plaque (neat epoxy) and an
epoxy plaque with only intercalating agent, i.e., TBA, addition
(epoxy/TBA) were also prepared.

Table 1

Material specification and source

Material Comments/specifications Supplier

a-ZrP-100 Phosphoric acid (3 M), refluxing

at 100 �C, aspect ratio 100

Synthesized

in PTCa

a-ZrP-1000 Hydrofluoric acid, hydrothermal

condition, aspect ratio 1000

Synthesized

in PTC

Intercalating agent Tetra-n-butyl ammonium

hydroxide (TBA)

Aldrich

Epoxy resin D.E.R.� 332, diglycidyl ether

of bisphenol-A (DGEBA)

DOW Chemical

Curing agent DDS, 4,40-diamino-diphenyl

sulfone

Aldrich

a Polymer Technology Center, Texas A&M University.
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It should be noted that attempts were made to increase the
a-ZrP loading in epoxy. However, when a-ZrP loading is
greater than 0.7 vol% for the epoxy/a-ZrP-1000 system, the
viscosity build-up will become so high that good quality epoxy
nanocomposite plaques cannot be prepared. As a result, only
epoxy nanocomposite panels with 0.7 vol% of a-ZrP were
investigated.

2.3. Morphology characterization

Scanning electron microscopic (SEM) images of a-ZrP
nanoplatelets were acquired using a Zeiss Leo 1530 VP Field
Emission-SEM (FE-SEM). The samples were sputter-coated
with a thin layer (ca. 3 nm) of Pt/Pd (80/20) prior to SEM
observation. For transmission electron microscopic (TEM)
observation, the thin-section samples extracted from the core
region of the specimens were prepared by microtoming (Ultra-
cut E) and the thin sections (w100 nm thickness) were depos-
ited on carbon coated Cu grids. Sample grids were examined
on a JEOL 1200 EX electron microscope operated at an accel-
erating voltage of 100 kV. TEM micrographs were printed on
a calibrated Kodak� electron microscope film. Complete de-
tails of the microtomy and microscopy techniques employed
here are given in prior publications [40e43].

2.4. Mechanical properties and fracture behavior studies

Tensile properties of epoxy nanocomposites reinforced with
a-ZrP having two different aspect ratios were obtained based
on the ASTM D638-98 method. The tensile tests were per-
formed using an MTS� servo-hydraulic test machine at
a crosshead speed of 5.08 mm/min at ambient temperature.
Young’s modulus, tensile strength, and elongation-at-break
of each sample were obtained based on at least five specimens
per sample and the average values and standard deviations
were reported.

Dynamic mechanical analysis (DMA) was conducted on
a RSA III (TA Instruments) with a 3-point-bending mode, at
a fixed frequency of 1 Hz and with a temperature increase of
5 �C per step, ranging from �150 to 250 �C. A sinusoidal
straineamplitude of 0.05% was chosen for the measurement.
The maximum point on the tan d curve was recorded as the
Tg of the samples. Multiple scans were conducted to ensure
reproducibility.

Fracture toughness tests were conducted based on the linear
elastic fracture mechanics (LEFM) approach. The single-edge-
notch 3-point-bending (SEN-3PB) test, based on ASTM
D5045-96, was performed to obtain the mode-I critical stress
intensity factor (KIC) of the neat epoxy and epoxy nanocompo-
sites with two different aspect ratios. Care was taken to ensure
that the initial sharp crack, generated by tapping with a fresh
razor blade, exhibited a thumbnail shape crack front prior to
testing. At least five specimens per sample were tested to de-
termine KIC values of the samples. The critical stress intensity
factors were calculated using the following equation:

KIC ¼
PCS

BW3=2
f ða=WÞ ð1Þ

where PC is the load at crack initiation, S is the span width, B
is the thickness of the specimen, W is the width of the speci-
men, and a is the initial crack length.

The double-notch 4-point-bending (DN-4PB) test was con-
ducted to probe the detailed mechanisms on crack propagation
phenomena in the epoxy nanocomposites with variation in
filler aspect ratios. Detailed methods of sample preparation
and testing can be found elsewhere [45,46]. The DN-4PB tests
were performed at ambient temperature. The arrested sub-
critical crack tip damage zone from the core region of the
specimen was isolated, trimmed, and thin-sectioned for TEM
observation.

3. Results and discussion

3.1. Morphology characterization

After synthesis, washing, and drying the powder of crystal-
line a-ZrP, SEM was employed to verify the size of the nano-
platelets synthesized. Fig. 1 displays the SEM micrographs of
the a-ZrP nanoplatelets with their aspect ratios of (a) 100 and
(b) 1000.
(a) ~100 nm (b) ~1 µm

Fig. 1. SEM of a-ZrP nanoplatelets having aspect ratios of: (a) 100 and (b) 1000.
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Fig. 2. TEM of epoxy/ZrP-100 nanocomposite: (a) low magnification, (b) high magnification, and (c) the corresponding schematic.
Since all the detailed XRD patterns of intercalated and
exfoliated a-ZrP with various aspect ratios and those of corre-
sponding nanocomposites can be found elsewhere [36,39,41,
42], only TEM micrographs of epoxy/a-ZrP nanocomposites
are reported here. According to the XRD characterization in
the previous reports [36,39,41,42], fully exfoliated a-ZrP layer
in epoxy is obtained. To directly confirm the state of exfolia-
tion and an overall dispersion of exfoliated a-ZrP nanoplate-
lets in epoxy matrix, the samples were imaged by TEM.

Fig. 2(a) displays highly exfoliated and well-dispersed
a-ZrP-100 nanoplatelets (0.7 vol%) in epoxy. The TEM image
clearly shows random orientation of a-ZrP nanoplatelets
which are completely exfoliated. This random orientation is
probably due to the low filler loading (0.7 vol%). In contrast,
locally oriented nanoplatelet morphology has been observed
at higher a-ZrP loadings [40,42]. Furthermore, the frequency
of a-ZrP oriented parallel to the thin-section direction, i.e.,
the surface of the micrograph, appears to be higher than that
of the 1 and 2 vol% loading scenarios [41,42]. Fig. 2(b) pres-
ents a high magnification TEM image of epoxy/a-ZrP from the
same sample. As shown, the nanoplatelets show different mor-
phology due to random orientation. The schematic in Fig. 2(c)
aids to demonstrate the various orientations of nanoplatelets
in detail: noted as a, b, and c. The a-ZrP nanoplatelets can
appear as straight lines, tilted surfaces, or fully exposed flat
surfaces.
In Fig. 3(a), high aspect ratio a-ZrP-1000 nanoplatelets also
show complete exfoliation and random orientation in epoxy
matrix. However, it is interesting to note that the high aspect
ratio a-ZrP nanoplatelets exhibit a strong curvature instead
of being straight. The high magnification TEM image in
Fig. 3(b) shows a curved platelet. As depicted in d, e, and f
(Fig. 3(c)), a single large nanoplatelet can appear as a straight
line, a curved line in-between, and a tilted surface at different
locations of the TEM thin section. No evidence of completely
flat ZrP-1000 is found in the thin section, probably because
the TEM thin section is too thin (z80 nm) to accommodate
a complete curved a-ZrP nanoplatelet (z1000 nm) in the same
thin section.

As pointed out earlier, the incorporation of 0.7 vol% of high
aspect ratio a-ZrP in epoxy can drastically increase the viscos-
ity of epoxy, making it extremely difficult to prepare void free
epoxy plaques. As a result, only 0.7 vol% was incorporated in
epoxy for this study.

3.2. Mechanical property characterization

The tensile properties of epoxy/ZrP-100 and epoxy/ZrP-
1000 are summarized in Table 2. For comparison purposes,
the plaques of neat epoxy (DGEBA/DDS) and an intercalating
agent containing neat epoxy (epoxy/TBA) were also tested and
compared. The tensile modulus of epoxy/ZrP-100 is found to
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Fig. 3. TEM of epoxy/ZrP-1000 nanocomposite: (a) low magnification, (b) high magnification, and (c) the corresponding schematic.
increase only by 5% due to the low level of loading. Whereas,
in the case of epoxy/ZrP-1000, an increase of about 12% in
modulus is observed under the same condition. The larger
increase in tensile modulus is explained from the higher aspect
ratio of a-ZrP nanoplatelets. The decrease in elongation-
at-break is greater for the high aspect ratio case and the trends
correspond well with the results of Ray et al. [32].

It should be noted that the tensile strength and elongation-
at-break of both low and high aspect ratio cases are decreased
due to the incorporation of the well-dispersed ZrP nanoplate-
lets. This finding is different from our earlier finding [41],
which indicates that both strength and ductility of the epoxy
nanocomposite can be maintained when the intercalating agent
utilized is long-chain monoamine-based. This clearly suggests
that the type of intercalating agent utilized can have a signifi-
cant impact on the strength and ductility of the polymer nano-
composites. This point will be further discussed later.
Fig. 4 shows DMA spectra of neat epoxy, epoxy/ZrP-100,
and epoxy/ZrP-1000. The overall DMA behavior is consistent
with our previous findings [38,42]. For comparison purposes,
epoxy that contains intercalating agent (epoxy/TBA) was
also tested and exhibits a Tg of 195 �C (not shown). It is evi-
dent that the use of TBA as an intercalating agent is better for
maintaining the Tg of epoxy than the long-chain monoamines
[40e43]. It should be noted that the Tg of the epoxy/ZrP-100
and epoxy/ZrP-1000 is found to be 200 and 204 �C, respec-
tively. The above finding implies that the aspect ratio of the
nanoplatelet does not play a significant role in affecting Tg

at low nanoplatelet loadings. It appears that the incorporation
of intercalating agent (surface modifier) may have a more sig-
nificant effect on Tg for epoxy, simply because of the partici-
pation of the intercalating agent in the curing of epoxy.

By comparing the tensile and DMA results of the current
epoxy nanocomposites that use TBA as intercalating agent
Table 2

Tensile properties and fracture toughness of epoxy/a-ZrP nanocomposites

Neat epoxy Epoxy/ZrP-100 Epoxy/ZrP-1000 Epoxy/TBA

Young’s modulus (GPa) 2.90� 0.05 3.04� 0.12 3.25� 0.19 2.89� 0.13

Tensile strength (MPa) 75.3� 6.4 54.7� 4.9 46.0� 4.4 43.2� 4.3

Elongation-at-break (%) 4.1� 0.4 2.5� 0.4 1.9� 0.2 2.3� 0.5

KIC (MPa m1/2) 0.72� 0.02 0.58� 0.01 0.69� 0.02 0.61� 0.02
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and the previous nanocomposites that use monoamines as in-
tercalating agent [40e43], it is evident that the Tg, strength,
and ductility of the epoxy nanocomposite can be greatly influ-
enced by the type of intercalating agents utilized. For instance,
in our previous results [40e43], a significant Tg drop has been
observed due to the unintended reaction between the mono-
amine intercalating agent and epoxy monomers. However,
the nanocomposites in this study utilize TBA as an intercalat-
ing agent and show that the Tg of the epoxy nanocomposite
remains close to that of the neat epoxy.

Upon the use of TBA, the tensile strength and ductility of
the epoxy nanocomposite are decreased. These drop in
strength and ductility can be attributed not only to a more
complete curing of epoxy with DDS but also to the more rigid
interface between the polymer and the nanoplatelets, which re-
stricts the segmental motion near the organiceinorganic inter-
faces [47]. The above hypothesis finds supports from the work
of Kim et al. [44] and Ha et al. [48]. When TBA and
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Fig. 4. DMA results of neat epoxy and epoxy nanocomposites.
monoamine are bonded to a-ZrP, TBA creates less flexible
interface than monoamine-terminated polyether chains on and
around a-ZrP layers. Fig. 5 shows the molecular structures of
the TBA utilized in this study and the monoamine-terminated
polyether used in our previous reports [41,42]. As shown in
Fig. 5(a), TBA has a much shorter aliphatic chain. They can
be tightly packed and exhibit less flexibility, as opposed to
the long single-chain monoamine structure (Fig. 5(b)).

3.3. Fracture behavior study

The mode-I fracture toughness (KIC) values of epoxy/ZrP-
100 and epoxy/ZrP-1000 are measured and are listed in Table
2. A neat epoxy and an epoxy/TBA are also tested as a control.
As shown in Table 2, there is no substantial difference in KIC

values between neat epoxy and epoxy/ZrP-100. This result is
consistent with our earlier study on both clay-filled and ZrP-
reinforced epoxy nanocomposite systems [49]. In the case of
epoxy/ZrP-1000, KIC value is slightly higher than epoxy/
ZrP-100. However, the difference is still limited. To investi-
gate the fracture mechanisms in epoxy nanocomposites, the
DN-4PB tests were carried out on epoxy/ZrP-100 and ep-
oxy/ZrP-1000. TEM images from the arrested crack tip and
crack wake are given in Figs. 6 and 7, respectively.

As shown in Fig. 6, when the nanoplatelets are fully exfo-
liated, the subcritically propagated crack would grow more or
less in a straight fashion. No signs of delamination or crack de-
flection can be found. This explains why the fracture tough-
ness (KIC) value is about the same as neat epoxy. This
finding is also in good agreement with our previous results
with various loading levels of a-ZrP in epoxy [41,42].

In the case of epoxy/ZrP-1000, significant crack deflection,
crack bifurcation, and microcracking are observed (Fig. 7).
Fig. 7(a) and (b) is TEM taken from the crack wake, showing
Fig. 5. Molecular structure and size comparison of the intercalating agents between (a) tetra-n-butyl ammonium hydroxide and (b) monoamine-terminated

polyether.

Fig. 6. TEM of DN-4PB damage zone of epoxy/ZrP-100: (a) the crack wake and (b) the crack tip region. The crack propagates from left to right.
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(a)

(b) (c)

Fig. 7. TEM of DN-4PB damage zone of epoxy/ZrP-1000 nanocomposite: (a) the crack wake region (low magnification), (b) the crack wake region (high

magnification), and (c) the crack tip region. The crack propagates from left to right.
significant crack deflection at low and high magnifications,
respectively. As shown in Fig. 7(c), the crack appears to grow
along the interface of a-ZrP layers, suggesting a poorer inter-
facial adhesive strength than the cohesive strength of the
epoxy matrix. As mentioned earlier [41,42], if the a-ZrP nano-
platelet aspect ratio is around 100, the crack would propagate
in a straight manner without sensing the presence of nanopla-
telets. However, when the aspect ratio of the nanoplatelets
becomes high, the crack begins to interact with the nanoplate-
lets to cause crack deflection, crack bifurcation, and even
microcracking.

It should be noted that the crack deflection, crack bifurca-
tion, and microcracking observed in epoxy/ZrP-1000 are not
effective toughening mechanisms. These mechanisms are not
as effective as shear banding or crazing [49]. Furthermore,
in the case of the highly intercalated epoxy/a-ZrP nanocompo-
site, modified by monoamine intercalating agent, the crack
deflection observed does not give rise to any noticeable in-
crease in KIC [41,43]. This may be due to the presence of
monoamine intercalating agent which greatly weakens the de-
lamination strength of the intercalated ZrP. As a result, the
toughening effect due to crack deflection mechanism is can-
celled out by the weakening of the intercalating layers ahead
of the crack tip.

The present study clearly shows that, for polymer nano-
composite systems, the aspect ratio as well as the physical
size of nanoplatelets can play an important role on their
mechanical performance. Another important finding of the
present study is that intercalating agent can greatly influence
the mechanical properties of the polymer nanocomposites.
Even though aspect ratio of the nanoplatelets does not show
significant impact on the mechanical properties of epoxy due
to their low loadings, it should be pointed out that aspect ratio
is likely to significantly influence the gas barrier properties
and rheological behavior of the polymer matrix. The effect of
the types of intercalating agents and their loadings on the gas
barrier properties and rheological behavior of polymer nano-
composites will be reported in the near future.

4. Conclusion

To understand how the aspect ratio of nanoplatelets affects
the mechanical property of polymer nanocomposites, epoxy/
a-ZrP nanocomposites with two different aspect ratios of
100 and 1000 were prepared and characterized. Morphological
differences between two distinctive sets of epoxy/a-ZrP
nanocomposites have been observed. Based on the present
study, while the influence of aspect ratio on the mechanical
properties is not significant due to the low loading level of
nanoplatelets, it has a significant effect on the operative
fracture mechanisms and dynamic mechanical behaviors. The
present study also shows that intercalating agent can greatly
influence the tensile strength and ductility of the polymer
nanocomposites.
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