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ABSTRACT: Epoxy films containing self-assembled 2D
colloidal @-zirconium phosphate nanoplatelets (ZrP) in smectic
order were prepared using a simple, energy-efficient fabrication
process suitable to industrial processing. The ZrP nanoplatelets
form a chiral smectic mesophase with simultaneous lamellar order
and helical arrangements in epoxy. The epoxy nanocomposite
films are transparent and flexible and exhibit exceptionally high
tensile modulus and strength. The findings have broad implica-
tions for development of multifunctional materials for engineering
applications.
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1. INTRODUCTION

Polymer/clay nanocomposites have received tremendous
attention in recent years due to their low cost, excellent per-
formance at much lower concentrations than needed with
conventional, micrometer-diameter fillers, and potential for
expanding the application space of polymers.'~¢ However,
there remain significant challenges to achieving high-volume
production of high-performance polymer/clay nanocomposites
for commercial applications, particularly due to current limi-
tations in the incorporation of high levels of clay in polymer
matrices without causing clay agglomeration or requiring
sophisticated and energy-intensive sample preparation steps.
Biological materials such as nacre (mother-of-pearl) have
outstanding strength and stiffness due to their robust brick-
and-mortar architecture, which consists of alternating layers
of soft proteins and aligned calcium carbonate platelets.” The
mechanical performance of polymer/clay nanocomposites may
potentially be significantly improved by achieving similar
architecture.*” Transferring these highly regular and organized
structures into a structural polymeric system will yield
commercially viable materials suitable for a variety of high-
performance engineering applications, such as lightweight
vehicles, high-performance packaging materials, aerospace
structures, and biomedical implants, but must be achieved in
an efficient and a scalable manner."

A number of different inorganic reinforcing platelets have
been used for fabrication of high-performance polymer nano-
composites, such as graphene, graphene oxide (GO), silicon
carbide, talc, mica, and clay.ll_14 Significant improvements in
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stiffness and strength have been achieved at rather low nano-
filler concentrations, particularly in the case of polymer nano-
composites reinforced with high aspect ratio, exfoliated clay
nanoparticles.”'® Nevertheless, improvements in strength and
modulus at high clay concentrations are still notably lower than
those anticipated based on theoretical models for reinforced
polymers.'> The limitations are mainly attributed to difficulties
in achieving a high volume fraction of well-dispersed and highly
ordered nanoplatelets in polymer matrices without nanoplatelet
agglomeration.16

Several assembly techniques have been developed to achieve
the brick-and-mortar structure and corresponding mechanical
properties of biological composites, such as layer-by-layer
(LbL) assembly, ice templating and sintering of ceramics,
air/water interface assembly, vacuum filtration assembly, and
electrophoretic deposition.'’~>' Kotov et al.” used LbL
assembly to fabricate a poly(vinyl alcohol) (PVA) hybrid film
containing SO vol % montmorillonite (MMT) that showed an
exceptionally large tensile strength of 400 MPa and Young’s
modulus of 106 GPa. The tensile properties greatly exceed
those of natural nacre, which has a tensile strength of 140—170
MPa and Young’s modulus of 60—70 GPa.** Using controlled
freeze casting of ceramic aqueous suspensions, Ritchie et al.'®
designed a poly(methyl methacrylate) (PMMA) film contain-
ing aluminum oxide platelets and observed lamellar organization.
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At a concentration of 80 vol % aluminum oxide, the tensile
strength of the composite was reported to be 200 MPa.

Most previous approaches for preparing highly aligned
lamellar structures have been based on time-consuming
sequential deposition methods or require extensive energy
consumption. These approaches are limited in scale and often
highly specific to certain polymer/clay systems. Recently, Ikkala
et al.'® developed a simple self-assembly approach to fabricate
PVA/clay films with lamellar-like order and reported a Young’s
modulus of 45 GPa. Das et al.*’ reported a further simplified
self-assembly approach using sodium carboxymethyl cellulose
and MMT. However, the fabrication techniques typically
require the use of water-soluble polymers, which results in
composite materials with poor robustness and properties that
depend on environmental conditions and are generally
unsuitable for engineering applications in humid environments.
Significant efforts have been focused on improving the
mechanical performance of waterborne polymer/clay nano-
composites at high humidity condition, with some recent
success reported using covalent cross-linking and ionic
supramolecular bonding.””*> Novel methodologies that are
able to transfer well-defined nanoscale building blocks into
engineering polymers in a simple, practical, and scalable
manner remain highly desirable.

In this work, a-zirconium phosphate (ZrP) nanoplatelets,
which are synthetic crystals with analogous structure to natural
clay platelets, were selected to reinforce epoxy matrix. ZrP
nanoplatelets can synthesized with well-controlled size and are
easily exfoliated in epoxy. We recently reported that ZrP
nanoplatelets self-assemble into a smectic mesophase in various
solvents””>* and retain highly aligned lamellar organization in
epoxy matrix.*® Here, epoxy nanocomposites containing up to
8.2 vol % ZrP were cast into films via a simple film fabrication
process. The liquid crystal structure and mechanical properties
are reported. The approach presented here is a simple and an
effective method to prepare mechanically strong epoxy
nanocomposite films suitable for high-performance engineering
applications.

2. EXPERIMENTAL SECTION

Materials. Zirconyl chloride (ZrOCL,-8H,0, 98%, Aldrich) and
phosphoric acid (85%, EM Science) were used as received. Bisphenol
F epoxy (Epon 862) and curing agent (Epikure W) were purchased
from Momentive (Columbus, OH). A commercial polyoxyalkylene-
amine, Jeffamine M1000, was obtained from Huntsman Chemical
Corp. (The Woodlands, TX).

Synthesis and Exfoliation of ZrP Nanoplatelets. ZrP nano-
platelets were synthesized using a previously reported refluxing
method.® Briefly, 15 g of zirconyl chloride (ZrOCl,-8H,0) was
refluxed in 150 mL of 3.0 M H;PO, for 24 h at 100 °C. The recovered
ZrP product was washed three times with deionized (DI) water
through centrifugation and redispersion, dried at 65 °C in an oven for
24 h, and then gently ground into a fine powder with a mortar and
pestle. ZrP nanoplatelets were exfoliated with a commercial mono-
amine intercalating agent (Jeffamine M1000) in acetone.**

Preparation of Epoxy/ZrP Thin Films. Five grams of bisphenol-
F epoxy was dissolved in 10 mL of acetone. The epoxy solution was
added dropwise to the acetone/ZrP dispersion (20 mg/mL) under
stirring to achieve the desired ZrP concentration. The dispersion was
allowed to stir for 6 h. An aromatic amine (Epikure W) curing agent
was added at a stoichiometric ratio and homogenized by mechanical
mixing. After the solvent was removed with a rotary evaporator, the
epoxy/ZrP liquid was B-stage cured for 90 min at 110 °C and
subsequently coated on release paper (donated by Hexcel Company)
using an Elcometer 4340 (Rochester Hills, MI) thin film applicator.®

The coating speed and substrate temperature were controlled to
obtain a uniform film with a desired thickness of about 20 gm. Thin
films were cured at 90 °C for 1 h, 120 °C for 1 h, 177 °C for 3 h, and
190 °C for S h to prepare fully cured epoxy/ZrP nanocomposite films.

Characterization. Transmission electron microscopy (TEM) was
performed using a JEOL 2010 high-resolution transmission electron
microscope operating at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) patterns were obtained using a Bruker D8 Advanced
Powder X-ray diffractometer with Cu Ka incident radiation (4 =
1.5418 A). Scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) were carried out using a JEOL JSM-
7S00F Field Emission-SEM (FE-SEM). Optical micrographs (OM)
were collected using an Olympus BX60 optical microscope. Circular
dichroism (CD) spectra were acquired using a JASCO J-710 CD-
spectrometer. Grazing-incidence small-angle X-ray scattering (GISAXS)
and small-angle X-ray scattering (SAXS) experiments were performed
using a Rigaku S-Max 3000 at the University of Houston. GISAXS data
was collected at a grazing incidence angle of 0.05° (Cu Ka radiation,
A = 1.54056 A). Tensile tests and dynamic mechanical analysis were
conducted using an RSA-G2 (TA Instruments) with a tensile fixture.
Tensile tests were conducted in controlled strain mode with a
constant linear rate of 0.05 mm/s. The temperature dependence of
the linear viscoelastic moduli was determined by applying an
oscillatory shear at an angular frequency of w = 6.28 rad/s and
increasing temperature at a rate of 1 °C/min. The rheological
behavior was measured using an ARES-G2 strain-controlled rota-
tional rheometer (TA Instruments) using a parallel plate fixture
with 40 mm diameter plates.

The volume fraction of ZrP in epoxy was calculated from the mass
fraction of ZrP, which was determined using a TA Instruments QS00
thermogravimetric analyzer (TGA). Samples were heated to 800 °C in
air at a heating rate of 10 °C/min and held for 10 min to obtain a solid
residue of zirconium pyrophosphate (ZrP,O,). The equivalent ZrP
mass fraction was determined using a stoichiometric ratio of ZrP,0,/
ZrP = 0.88. The mass fraction was converted to volume fraction using
v; = m/p;/ Ym/p, where p; and m; are the density and mass fraction of
each component in the nanocomposite, respectively.

3. RESULTS

Epoxy nanocomposite films containing ZrP nanoplatelets in
smectic order were prepared via a simple film fabrication
process (Figure 1). ZrP nanoplatelets have a number of distinct

Exfoliated ZrP Nanoplatelets

Transfer into epoxy
precursor

-y

Epoxy/ZrP Liquid Crystal

Film Epoxy curing
preparation reaction

Smectic Epoxy/ZrP Film

Figure 1. Scheme of the preparation process of smectic epoxy/ZrP film.

advantages that make it a useful “model” nanoparticle for
fundamental study. In particular, the simple and flexible
synthesis route allows preparation of ZrP nanoplatelets with
well-controlled diameter, high crystallinity, relatively narrow
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size distribution, well-defined chemical structure, high purity,
and facile exfoliation of as-synthesized tactoids into individual
nanoplatelets.”** The hexagonal ZrP nanoplatelets have an
average diameter of 110 nm (Figure 2) and monodisperse
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Figure 2. (a, b) SEM images and (c) size distribution of as-prepared
ZrP nanoplatelets.

thickness of about 0.69 nm.”> The aspect ratio of the as-
prepared ZrP nanoplatelets is approximately 160.

According to Onsager’s theory,”® high aspect ratio particles
tend to form liquid crystal phases above a critical volume
fraction due to a net gain in entropy as the loss of orientational
entropy is compensated by an increase in translational entropy.
We recently reported that ZrP exfoliated with M1000 oligo-
mers self-assemble into a long-range liquid crystal mesophase
over a range of volume fraction from 0.017 to 0.053 in epoxy.*®
In this work, we were able to prepare high-quality films with
concentrations up to 8.2 vol % ZrP. To determine the impact
of the increase in concentration of ZrP on processability,
rheological measurements were carried out on the epoxy/ZrP
suspensions without curing agent. The smectic epoxy/ZrP
liquids show high viscosity at low shear rates but also display an
extreme degree of shear thinning. At a shear rate of 100 s, the
viscosity of the highly filled suspensions is on the same order of
magnitude as the unfilled epoxy fluid. The extreme shear
thinning is similar to previous observations>® and attributed to
the sliding of ZrP nanoplatelets within self-assembled smectic
layers. The liquid crystal behavior of epoxy/ZrP liquid before
addition of curing agent was investigated using cross-polarized
light OM (Figure 3a). At 8.2 vol % ZrP, the suspension shows
band-like birefringent features that are similar to Grandjean
textures associated with a twisted-grain-boundary (TGB)
phase.”® The optical texture confirms that there is long-range
organization of the ZrP nanoplatelets into a liquid crystalline
mesophase. The bands suggest that that there is a helical
arrangement of nanoparticles within the smectic liquid
crystalline phase.

The microstructure of the epoxy/ZrP liquids was quantita-
tively investigated using SAXS and CD measurements. SAXS
measurements on suspensions containing 8.2 vol % ZrP show a
strong anisotropic scattering pattern that suggests lamellar
organization of ZrP in epoxy (Figure 3b and 3c). A charac-
teristic CD spectrum of the epoxy/ZrP liquid spans from 400
to 570 nm (Figure 3d), which indicates a helical arrangement
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Figure 3. (a) Cross-polarized light OM at two magnifications, (b, c)
SAXS 2D and 1D diffractograms of smectic epoxy/ZrP (8.2 vol %),
and (d) CD spectra of pure epoxy and epoxy/ZrP (8.2 vol %) liquids.

of ZrP. Fully cured epoxy/ZrP thin films were prepared using
a simple coating method. Optical images of a self-supporting
epoxy/ZrP (8.2 vol %) nanocomposite film are shown in
Figure S1(ab), Supporting Information. The film is trans-
parent and shows significant mechanical robustness and flexi-
bility. The film has an average thickness of 23 um (Figure S1(c),
Supporting Information), and EDS elemental mapping shows
that the ZrP is uniformly distributed throughout the cross-
section of the film (Figure S1 (d—f), Supporting Information).

XRD patterns of pristine ZrP and exfoliated epoxy/ZrP films
at different ZrP concentrations are shown in Figure 4. The
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Figure 4. XRD spectra of (a) pristine ZrP powder and (b and c)
exfoliated epoxy/ZrP nanocomposite films at 3.4 and 8.2 vol % of ZtP,
respectively.

pristine ZrP displays a peak at 0.76 nm that corresponds to the
(002) diffraction plane (Figure 4a). The epoxy/ZrP nano-
composite containing 3.4 vol % ZrP shows no distinct peaks,
which indicates that the nanoplatelets are exfoliated. The broad
hump corresponds to the amorphous epoxy matrix (Figure 4b).
The epoxy containing 8.2 vol % ZrP shows diffraction peaks
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that confirm the presence of a smectic phase with an interlayer
distance of 3.3 nm (Figure 4c). TEM was also carried out
to verify the organization of the ZrP in the epoxy (Figure S).

Figure 5. TEM images of epoxy/ZrP nanocomposite films at various
ZrP concentrations: (a) 1.7, (b) 3.4, and (¢, d) 8.2 vol %. ZrP
nanoplatelets oriented parallel to the TEM section are indicated by
white dotted cycles.

The ZrP nanoplatelets are well dispersed in the epoxy matrix
and show no evidence of aggregation. At 82 vol % ZrP, the
nanoplatelets are self-assembled into a well-aligned mesoscopic
structure.

The mesoscale structure of the thin films was investigated
using GISAXS.**"~> Lamellar structures aligned parallel to
the film surface will display Bragg peaks along the g, axis. Peaks
appearing along the g, axis correspond to a perpendicular
alignment with respect to the film surface. At lower concen-
tration, Bragg peaks corresponding to lamellar organization are
not observed for the epoxy/ZrP films (Figure 6a and 6b).
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Figure 6. GISAXS 2D diffractograms of epoxy/ZrP nanocomposite
films at (a) 1.7, (b) 3.4, and (c) 8.2 vol % ZrP. (d) GISAXS 1D
diffractogram of epoxy/ZrP (8.2 vol %) film.

GISAXS measurements of the epoxy/ZrP (8.2 vol %) film show
first- and second-order Bragg peaks that indicate the presence
of a lamellar phase aligned exclusively along the g, axis (Figure 6¢
and 6d), i.e., parallel to the film surface.

Tensile stress—strain curves of the neat epoxy and epoxy/
ZrP films at several concentrations are shown in Figure 7 and
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Figure 7. Tensile behavior of neat epoxy and epoxy/ZrP nano-
composite films containing different concentrations of ZrP.

summarized in Table 1. The Young’s modulus and tensile
strength of the nanocomposites increase strongly with ZrP

Table 1. Tensile Properties of Epoxy/ZrP Films at Various
ZrP Concentrations

epoxy/ZrP  epoxy/ZrP  epoxy/ZrP

neat epoxy (1.7 vol %) (3.4 vol %) (8.2 vol %)

Young’s modulus, GPa 2.7 + 0.4 4.4 + 09 81+23 220+ 40
tensile strength, MPa 55 + § 799 135 £ 2§ 210 + 40
elongation at break, % 3.8 £ 0.5 2.1 +0.3 16 + 0.3 0.8 + 0.2

concentration. The epoxy/ZrP (8.2 vol %) film shows the most
significant improvements in Young’s modulus and tensile strength,
which are 22 GPa and 210 MPa, respectively. The elongation at
break decreases with increasing concentration of ZrP nano-
platelets. Nacre-mimetic poly(vinyl alcohol)/montmorillonite
nanocomposite films show a similar trend as reported by Kotov
et al.” Various parameters may be responsible for the change in
ductility, such as the mobility of polymer chains, the cross-linking
density of network, and the interaction between polymer and
nanoplatelets. The decrease in elongation at break suggests that
the nanoplatelets lack any mode for cooperative interaction
suitable to relieve the build up of local stresses in the epoxy.*>**

The dynamic mechanical behavior of the epoxy/ZrP films
is shown in Figure 8a. At 35 °C, the tensile storage moduli (E')
of the epoxy/ZrP films containing 3.4 and 82 vol % ZrP
nanoplatelets are 6 and 19 GPa, respectively. The T, of the
films at 3.4 and 8.2 vol % ZrP are 89 and 85 °C, respectively,
which are lower than the neat epoxy (148 °C). The reduction
in T, may potentially be attributed to unintended side reactions
and/or steric hindrance between the surface-attached mono-
amine oligomers and the epoxy monomers.>

4. DISCUSSION

The results presented here show that at 8.2 vol %, the high
aspect ratio ZrP nanoplatelets have self-assembled into a helical
smectic liquid crystal mesophase in epoxy. The polarized OM
results suggest that the structure is similar to a TGB phase
(Figure 3a). The TGB phase was first predicted to occur
between cholesteric and smectic A phases by Renn and
Lubensky.*" They proposed that it is impossible to produce a
continuous structure that exhibits both a cholesteric director field
and a smectic layer structure at the same time. The competition
between these two structural features results in discrete grain
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Figure 8. (a) DMA spectra of neat epoxy and epoxy/ZrP
nanocomposite films. (b) Steady shear viscosity as a function of
shear rate for unfilled epoxy and epoxy/ZrP suspensions without
curing agent measured at 25 °C.

boundaries that consist of screw dislocations. Experimental
observations of a TGB-like phase in aqueous dispersions of GO
have been recently reported by Gao et al.** To our knowledge,
there have been few reports of systems containing plate-like
fillers that can self-organize into a helical smectic mesophase in
polymer. Unveiling the nature of these mesoscopic structures will
enrich our understanding of colloidal liquid crystal formation,
which may in turn enhance our ability to prepare novel advanced
materials.

On the basis of the OM, SAXS, and CD results, we propose a
twisted-lamellar-block model to account for the helical smectic
liquid crystalline order of the ZrP nanoplatelets (Figure 9).
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Figure 9. Proposed twisted-lamellar-block model to account for the
helical smectic liquid crystalline order of the ZrP nanoplatelets in
epoxy liquids.

In this model, the grain boundaries of oligomer-modified ZrP
blocks produce helical dislocations within the lamellar phase.

The steric hindrance provided by the surface-attached
oligomeric brush layer is believed to be the dominant force
acting between ZrP nanoplatelets that contributes to formation
of lamellar blocks. At the grain boundaries of the ZrP lamellar
blocks, the neighboring blocks repel each other and form a
rotated conformation through turning to a certain angle to
minimize free energy. Since the present data is not sufficient to
conclude whether the helical rotation of the ZrP smectic blocks
actually occurs in the discrete manner as predicted by the TGB
theory,”" we will refer to the present helical smectic ZrP liquid
crystal as a TGB-like structure.

The ZrP nanoplatelets are able to easily self-assemble into
well-aligned mesoscopic structures at high ZrP concentrations
using the simple nanocomposite fabrication scheme reported
here. As shown, a low fraction of ZrP (1.7 vol %) in epoxy only
results in random orientation (Figure Sa). As the concentration
of ZrP nanoplatelets increases, the frequency of ZrP misalign-
ment appears to proportionally decrease. The population of
ZrP nanoplatelets oriented parallel to the TEM thin-section
surface (highlighted in Figure Sa) also appears to be higher
for lower ZrP concentration systems. These phenomena show
the importance of “excluded volume” effects on self-assembly of
ZrP and suggest that as ZrP concentration increases, the degree
of order of ZrP nanoplatelets in the epoxy matrix progressively
increases (Figure Sb and Sc).

One challenge to fabricating polymer nanocomposites at high
filler concentrations is that there is often a drastic increase in
viscosity that compromises processability. The smectic epoxy/
ZrP liquids display extreme shear thinning behavior (Figure 8b).
The mechanism responsible for the unique rheological behavior
of the smectic liquid crystalline systems was recently reported by
White et al.*® and attributed to concentration-dependent interac-
tions between monoamine tethered ZrP nanoplatelets. The
extreme shear thinning property allows bulk polymer nanocom-
posites to be prepared with a high volume fraction of nano-
platelets using a simple fabrication process. Controlling the long-
range organization of high aspect ratio nanoparticles is a useful
method for preparation of high nanofiller content polymer
nanocomposites without compromising processability.

The epoxy/ZrP films with smectic order show greatly
improved mechanical properties (Table 1). The epoxy/ZrP
(8.2 vol %) film shows significantly improved Young’s modulus
compared to the neat epoxy. The remarkable mechanical
stiffness (22 GPa) is among the best reported properties for
nacre-inspired composites and was achieved at relatively low
concentration.*® Previous work” has attributed limited improve-
ments in mechanical reinforcement of polymer/clay composites
at high filler concentrations to difficulties in achieving good
dispersion of the nanoplatelets and well-controlled micro-
structure at the mesoscale. Clay has a strong tendency to
aggregate and phase separate at high loadings due to mutually
strong attractive interactions.’ It is possible to produce high-
performance nanocomposites with well-controlled spatial and
orientational alignment of clay platelets by manipulating
colloidal interactions.>® Furthermore, load transfer between
nanoplatelets and the polymer matrix is largely determined by
the interfacial bonding between the two constituents.” The ZrP
nanoplatelets possess P—OH Brensted acid groups in the
interlayer region and readily undergo intercalation reactions
with proton-accepting functional groups, such as amines.”* The
hydroxyl-terminated functional groups on the ZrP surface may
be able to form hydrogen bonds with the oxygen atoms in the
epoxy backbone, which would improve interfacial cohesion.
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The well-controlled microstructural organization of the clay
platelets in the nanocomposites will also maximize the total
surface area between the epoxy and ZrP, which will further
enhance load transfer efficiency between the stiff inorganic
platelets and the soft polymer matrix.

The tensile properties of the epoxy/ZrP films prepared here
are summarized in Figure S2, Supporting Information, and
compared with previous reports of polymer/clay films with
lamellar-like organization that were prepared using different
fabrication techniques. To meaningfully compare the change in
modulus and strength with other works, we normalized the
modulus and strength by filler volume fraction, given by dE/dV;
and dS/dVj, respectively (Figure 10).” The dE/dV; and dS/dV;

250 2500
m dE/dV; m dS/dV¢
200 A - 2000
g s
2 150 | 1500 =
= <
G 3
o )
- 100 A - 1000 4]
50 - 500
. Lo
Q& % Vv A Gy A
o S o O N A ..
«‘\\"QA R O A R R

Figure 10. dE/dV; and dS/dV; of the smectic epoxy/ZrP nano-
composite films and other previously reported polymer/clay films with
lamellar-like organization.

of our smectic epoxy/ZrP (8.2 vol %) film are 224 and 1.80 GPa,
respectively. These values are among the highest values reported
for clay-reinforced polymer nanocomposites.'>*3%%!

The concentration of nanoparticles is a key factor in
determining optimal performance for synthetic bioinspired
composites. Natural nacre exhibits a brick-and-mortar archi-
tecture that contains ~90 vol % CaCOj; hard platelets within a
soft protein matrix. Most nacre-mimetic films prepared by LbL
or other self-assembly techniques have focused on maximiz-
ing inorganic content and generally achieve loadings of more
than 50 wt %.”'%'®2%3% However, it has been proposed that
extremely high loadings of clay in biomimetic structures may
prevent optimal mechanical performance. Walther et al.*’
recently studied the nacre-mimetic films based on carbox-
ymethyl cellulose/clay system and found that the nano-
composite film at 20 wt % of clay loading showed the best
combination of mechanical properties with a Young’s modulus
of ~22 GPa and tensile strength of ~320 MPa. At higher
loadings of clay, the tensile properties of nanocomposite films show
a decreasing trend. The authors propose that high clay loadings
do not allow for sufficient deformation of carboxymethyl cellulose
to attain optimal tensile properties. In this work, the epoxy/ZrP
nanocomposites containing three different ZrP loadings show
different degrees of alignment level (Figures S and 6). The maxi-
mum concentration was limited to 82 vol % ZrP. At higher
concentration it is challenging to efficiently remove air bubbles and
obtain a uniform film due to the significantly increased viscosity.
Other reports have been able to achieve significantly higher
concentrations following more complex processing methods, such
as layer-by-layer deposition, and usually do not involve thermo-
setting materials. For the epoxy/ZrP system investigated here, it

may be possible to achieve higher concentrations by modifying the
processing conditions and potentially taking greater advantage of
the extreme shear thinning behavior (Figure 8b) observed, but this
is outside the scope of this work.

The epoxy/ZrP film tensile properties were also compared to
theoretical micromechanical model predictions.*'~* Several
popular micromechanical models based on estimation of
effective properties were considered (e.g, dilute, Mori-Tanak,a
and self-consistent models), along with upper and lower bound
predictions. The rationale of each micromechanical model
is discussed in detail by Qu et al.*> The modulus of a single
ZrP nanoplatelet is assumed to be 270 GPa.** The predic-
tions of the normalized Young’s modulus in the radial direction
(E\1/E,,) are shown in Figure 11, where E;; and E,, are the moduli
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Figure 11. Experimental data and micromechanical predictions of
Young’s modulus in the radial direction (E,,), shown as functions of

platelet volume fraction. Values normalized by Young’s modulus of
unfilled matrix (E,,).

of the nanocomposite and the neat epoxy matrix, respectively. At
high ZrP concentration, the experimental findings are in good
agreement with the micromechanical predictions, implying that the
mechanical properties of the epoxy nanocomposites at 8.2 vol %
ZiP loading is near the maximum achievable level based on
additive contributions of the individual phases. At lower ZrP
loadings, the micromechanical predictions are significantly greater
than the observed mechanical performance, which is primarily
attributed to the greater degree of ZrP misalignment at lower
concentration.

The mechanically strong epoxy/ZrP films prepared in this
study have potential applications for many high-performance
structural composites and devices. For example, there is signi-
ficant demand for high-performance polymer nanocomposites
as lightweight structural components, barrier films, anticorro-
sion coatings, fire-retardant materials, and photovoltaic pack-
aging applications.”’ ~>* Various other plate-like materials such
as graphene and its derivatives have been observed to show
lamellar organization in solvents**** and may potentially be
used in a smilar way to develop functional nanocomposites
with excellent mechanical properties. However, large-scale
fabrication of solid polymers containing a nanoparticle phase
with smectic organization remains to be a challenge. Future
efforts will focus on probing the feasibility of using natural and
synthetic nanoplatelets with long-range liquid crystalline order
in polymer matrices for high-performance applications.

5. CONCLUSION

A simple and an effective self-assembly approach has been
developed to fabricate epoxy nanocomposite films containing
ZrP nanoparticles in smectic order. The high aspect ratio ZrP
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nanoplatelets form a chiral smectic mesophase in epoxy with
simultaneous lamellar order and helical arrangement. Rheological
studies of the epoxy/ZrP liquids show extreme shear thinning at
a moderate shear rate and demonstrate that polymer nano-
composites with high filler content may be prepared without
compromising processability. Long-range orientational and
positional arrangement of ZrP nanoplatelets in smectic order is
readily observed in epoxy nanocomposite films, which show
exceptional tensile properties with Young’s modulus and tensile
strength as high as 22 GPa and 210 MP4, respectively, at 8.2 vol %
ZrP. Such high-performance epoxy nanocomposites are suitable
for large-volume engineering applications.
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