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Abstract

The mechanical properties of nylon-6/clay nanocomposites with variations in clay aspect ratio and orientation were studied. A large-scale
simple shear process was utilized to alter the clay aspect ratio and orientation within the reference nanocomposite. It was found that the
modulus, strength, and heat distortion temperature of the nanocomposites decreased as the clay aspect ratio and degree of orientation were
reduced. Furthermore, the reduction of clay aspect ratio and orientation led to an increase in fracture toughness and ductility. The Halpin—
Tsai and Mori—Tanaka micromechanics-based models were implemented to gain a better understanding with regard to the dependence of
clay structural parameters, i.e. aspect ratio and orientation, on the reinforcement effect of the nanofillers. The micromechanical models can

accurately describe the relationship between clay structural parameters and the corresponding moduli for exfoliated nanocomposites.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Filler-reinforced polymeric nanocomposite systems with
well-dispersed inorganic nanoparticles typically exhibit
significant improvements in physical and mechanical
properties over their neat resin counterpart. The most
commonly produced nanocomposite systems are polymer-
layered silicate nanocomposites, which are of interest
because of their exceptional reinforcement effects at very
low clay loading. This characteristic has been exploited to
prepare commercially viable structural components since
minimized nanofiller loading results in a lighter structure,
good processability, and increased ductility. Moreover, a
negligible loss in fracture toughness is usually observed in
such nanocomposite systems [1].

Layered silicates are composed of extremely thin
(~1nm), plate-like structures that have large surface
areas and high aspect ratios. In addition, the platelets have
an exceptionally high modulus compared to that of the
surrounding polymer matrix. The reinforcement effect of
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polymer nanocomposites strongly depends on the filler’s
structural parameters, such as shape, aspect ratio, modulus,
volume fraction, interfacial adhesion, surface characteristics
and orientation [2—-6]. Recent research efforts have focused
on developing well-exfoliated nanocomposites using var-
ious processing techniques (e.g. in situ polymerization [7—
9], emulsion polymerization [10,11], melt compounding
[12—14], and sol-gel processing methods [15-17]); only
limited success has been achieved [18-27]. Fornes et al.
[26] investigated the effect of organic surfactant structure
and molecular weights of nylon-6 on the mechanical
properties of nylon-6 nanocomposites. Sue et al. [27]
reported that, for a-zirconium phosphate-based epoxy
nanocomposites, surface modifiers had a significant effect
on the thermal properties and toughening mechanisms of the
nanocomposites.

Using micromechanics-based composite models, a few
of recent studies [28,29] have attempted to examine how the
nanofiller structural parameters (e.g. shape, aspect ratio and
orientation) affect the mechanical properties. Although
these micro-mechanical models cannot be used to fully
account for the exact mechanical behavior of polymer
nanocomposites, it generally gives satisfactory correlations.
Yet, there is no experimental effort within the literature to
address how the aspect ratio and orientation of clay layered
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structures affect mechanical properties of polymer nano-
composites. This is partially owed to the fact that it is
nontrivial to experimentally control the aspect ratio and
orientation of nanoscopic fillers in a polymer matrix without
simultaneously changing other material parameters. There-
fore, there is a significant interest to experimentally prepare
variations in nanofiller aspect ratios and orientations in
polymer nanocomposites and study how they influence
mechanical properties.

It has been shown that the presence of clay layers may
affect the nucleation and growth of crystalline lamellae in
nylon, resulting in the formation of complex morphologies
within the matrix. Kojima et al. [1] found that the
y-crystalline phase would dominate when clay layers are
dispersed in a nylon matrix, whereas neat nylon-6 exhibits a
high level of a-form crystalline structure. Because it has
been well-established that lamellar orientation can greatly
affect the mechanical properties of semi-crystalline poly-
mers, it is important to determine the nanoscale morpho-
logical characteristics of crystalline lamellar orientation as
well as the clay orientation in nylon-6/clay nanocomposite.

The present paper attempts to study how the aspect ratio
and orientation of clay layered structures affect the
mechanical properties of nylon-6/clay nanocomposites.
Characterization of nylon-6/clay nanocomposite mor-
phology is presented elsewhere [30]. Creasy et al. [31]
found that a large-scale simple shear process can control the
fiber orientation of glass fiber/polyacetal composites,
depending on the processing routes. Xia [32] also speculated
that controlled nanoparticle orientation could be easily
achieved through a simple shear process. The same simple
shear process was, therefore, carried out to alter clay aspect
ratios and orientations within the nylon-6 matrix.

Both the Halpin—Tsai and Mori-Tanaka micromecha-
nics-based composite models were implemented to account
for the effect of the nanofiller structural parameters on the
reinforcement of the nanocomposites. The fundamental
structure-property relationship of polymer nanocomposites,
based on this micromechanical model, is discussed.

2. Continuum-based micromechanical models

A number of micro-mechanical composite models have
been developed to describe the macroscopic mechanical
properties of discontinuous, filler-based composites [33—
43]. Many assumptions are inherent in these micromecha-
nical models. The detailed description and discussion of
assumptions of these micromechanical models have been
documented [29]. In conventional micromechanical models,
filler volume fraction (¢s), aspect ratio («), orientation (),
and modulus (Ef) are important factors for describing the
macroscopic composite properties. Tucker et al. [44]
reviewed the application of several composite models for
fiber-reinforced composites. They reported that the Halpin—
Tsai theory [39-41] offered reasonable predictions for

composite modulus. The model proposed by Mori-Tanaka
[36,38] exhibited better predictive capabilities for fillers
with relatively high aspect ratios. The longitudinal
engineering modulus (E;;) of the Halpin—-Tsai and the
Mori-Tanaka model are expressed in Eqgs. (1) and (2),
respectively
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= (1)
Em - nd’f
_ E{JE,—1
T EdEn + 23,)
where [ is filler length and ¢, is filler thickness; and
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where ¢y is filler volume fraction, v, is the Poisson’s ratio of
the matrix, and A, As, A4, and A5 are calculated from the
matrix and filler properties and the components of the
Eshelby tensor [34]. The above models were utilized to
describe the clay reinforcement effect in nylon-6/clay
nanocomposites.

3. Experimental

3.1. Materials

Commercially available nylon-6/clay nanocomposite
pellets containing 2 wt% of layered silicate clay (commer-
cial grade, 1022C2) and neat nylon-6 (commercial grade,
1022B) were provided by Ube Industries, Japan. The
detailed description and the overall process for preparing
the resin and nanocomposite are documented in Refs. [7,
45]. Briefly, organic, surface-modified montmorillonite clay
was prepared via a cation-exchange reaction with 12-
aminolauric acid. The resulting ion-exchanged montmor-
illonite clay (termed 12-montmorillonite) was mixed with
e-caprolactam. Ring-opening polymerization of the
g-caprolactam, with addition of a small amount of
6-aminocaproic acid, was initiated by carboxyl ends
(~COOH) of the 12-montmorillonite clay, resulting in the
chains (~32% of nylon-6 chains) with cationic ammonium
ends (-NHJ) tethered to the surface of negatively charged
layer silicates.

3.2. Sample preparation

Pellets of the neat nylon-6 and nylon-6/clay nanocompo-
site were dried at 100 °C for 12 h, and were then slowly
injection molded using a custom-built extrusion-injection
molding machine powered by a HaakeBuchler Rheocord
(system 40) machine with a screw revolving at 30 rpm.
The temperature profiles of the extruder barrel were set at
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235-245-255-260 °C progressively toward the inlet of the
injection mold, with the mold temperature set at 180 °C.
After molding, the samples were immediately sealed in a
polyethylene bag and kept in a vacuum desiccator prior to
use to avoid moisture absorption.

A large-scale simple shear process, termed equal channel
angular extrusion (ECAE) [31,32], was performed to alter
the aspect ratio and orientation of the clay nanoparticles.
This ECAE process was carried out at 60 °C and at an
extrusion rate of 0.25 mm/s using a servo-hydraulic
mechanical system (MTS-810). The samples before and
after ECAE were categorized as follow: (1) reference, (2)
Al-received a single ECAE pass, and (3) C2-received two
ECAE passes with a 180° rotation of specimen between the
passes (Fig. 1). Detailed description of the ECAE simple
shear process can be found in Refs. [32,46-51]. After the
sample preparation, all samples were annealed at 150 °C for
3h to minimize any pre-existing molecular and clay
orientation in the matrix due to processing [52-56].
Furthermore, the annealing chamber was purged with
nitrogen gas to minimize sample oxidation during anneal-
ing. After annealing, the specimens were cut to an
appropriate size and polished to desired dimensions for
mechanical testing and structural characterizations.

3.3. Microscopy and image analysis
Transmission electron microscopy (TEM) observations

were conducted on a JEOL JEM-2010A TEM operating at
an accelerating voltage of 200 kV. Ultra-thin sections of

Shear plane

Route-A, Pass One =

Same plate o
orientation ~

~90 nm in thickness of nylon-6 nanocomposite were
obtained, under cryogenic condition, using a Reichert—
Jung Ultracut E microtome. A diamond knife was used for
the thin-sectioning, and the thin-sections were placed on
100-mesh Formvar/carbon-coated copper grids for TEM
observation. Note that samples for TEM analysis were cut
parallel to the ND-FD plane, as depicted in Fig. 2.

In order to determine the clay aspect ratio and degree of
clay orientation in nylon-6/clay nanocomposites, a semi-
automated image analysis procedure, described by Fornes et
al. [26,29], was carried out.

3.4. Mechanical testing

Tensile properties were evaluated at room temperature
according to ASTM-D638-02. The tensile specimens cut
parallel to the flow direction (Fig. 2) were tested using a
screw-driven mechanical testing machine (Sintech II) at a
constant crosshead speed of 0.085 mm/s (0.2 in./min). An
extensometer was used to measure the displacement in the
gauge region. Young’s modulus was calculated at 1% strain,
and yield stress and elongation at break were determined in
accordance with the above ASTM standard. The average
values and standard deviations were determined from
testing five specimens of each sample.

The stress intensity factor (Kic) of the samples was
obtained according to ASTM-D5045-99, with the Kjc
specimens in a single-edge-notch 3-point-bend (SEN-3PB)
geometry. By tapping a liquid-nitrogen-chilled razor blade
into the wedge, thumb nail-shaped sharp cracks were

) Route-A, Pass Two

Shear plane

Route-C, Pass One

Shear plane

— -

Rotate 180°

around the
loading
direction

o Route-C, Pass Two
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Fig. 1. Schematic of route A- and route C-ECAE processes.
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Fig. 2. Schematic of the specimens used for tensile, Kjc testing, and TEM observation, and the clay orientation with respect to the ECAE processing and
annealing; ND, normal direction; TD, transverse direction and FD, flow direction.

generated. The ratio of the initial crack length (a) to the
specimen width (W), a/W, was fixed between 0.4 and 0.6.
The crack propagation was parallel to the transverse
direction (Fig. 2). Five specimens from each sample were
tested at room temperature and at a crosshead speed of
10 mm/min, using a screw-driven mechanical testing
machine (Instron Model 1125).

The dynamic mechanical analysis (DMA) tests were
performed under torsional mode on a rheometric mechan-
ical spectrometer (RMS-800) at temperatures ranging from
— 140 to 250 °C. The DMA specimens were cut parallel to
the flow direction. Measurements were made at 5 °C per
step with 45 s of soaking time. The spectrometer was set to
produce a sinusoidal wave function with a peak strain of
0.1% and frequency of 1 Hz. The storage moduli versus
temperature and tan 6 versus temperature profiles were
recorded and reported. The glass transition temperature, T,
was determined based on the maximum tand peak
temperature of the tan  versus temperature curve.

4. Results and discussion

4.1. Microscopy investigation and image analysis

The morphology characterization of nylon-6/clay nano-
composite before and after ECAE process, and before and
after annealing, has been described elsewhere [30]. Only the
final morphologies of the nanocomposites are briefly
reported here.

Fig. 2 shows the schematic of clay orientation with
respect to the ECAE processing direction. It should be noted
that after a one-pass (A1) ECAE process which induced the
maximum shear strain of 180%, the shortened clay layers
are aligned nearly parallel to the maximum simple shear
plane [50], i.e. at an angle (f) of ~26° counter-clockwise
away from the flow direction (FD). However, after
annealing, the clay orientation becomes parallel to the FD.
This clay orientation recovery is most likely due to the
thermally activated relaxation of molecular/lamellar
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orientation of the nylon-6 matrix and the pre-existing
residual stresses [50,51]. Figs. 3 and 4 show the TEM
micrographs that indicate different clay aspect ratios and
orientations of the ECAE-processed nanocomposite
samples before and after annealing. The reference nylon-
6/clay nanocomposite, which received no ECAE simple
shear deformation, exhibits a well-exfoliated clay structure
with an orientation along the FD (Figs. 3(a) and 4(a)). Also,
it is observed that the clay lengths and orientations of the A1l
and C2 nylon-6/clay nanocomposites have been altered
upon the ECAE simple shear process.

Fig. 5 shows the schematic of lamellar orientation with
respect to the ECAE processing direction. The exfoliated
nanocomposites exhibit a global orientation of clay layers,

(b)

Fig. 3. Typical TEM micrographs of the simple-shear-processed and non-
annealed nylon-6/clay nanocomposites (NC) used for image analysis: (a)
NC_Reference, (b) NC_A1 and (¢c) NC_C2. The arrows indicate the flow
direction.

()

Fig. 4. Typical TEM micrographs of the simple-shear-processed and
annealed nylon-6/clay nanocomposites (NC) used for image analysis: (a)
NC_Reference, (b) NC_AT1 and (¢) NC_C2. The arrows indicate the flow
direction.

arising from the flow-induced alignment and local orien-
tation of crystalline lamellae caused by the clay particles.
The annealed reference nanocomposite shows that the
crystalline lamellae are oriented preferentially along ~41°
counter-clockwise away from the clay orientation. For the
annealed Al and C2 nanocomposites, a reduction in clay
aspect ratio helps to form another weak preferred lamellar
orientation, which is almost perpendicular to the clay layer
orientation. In addition, a misalignment in clay orientation
leads to a more randomized lamellar orientation in the
annealed C2 nanocomposite. The detailed experimental
procedure for obtaining the above morphological features is
reported elsewhere [30].

It is interesting to note that the C2-ECAE simple shear
process can exert highly localized stresses to reduce the
aspect ratio of clay. Fig. 6 shows the fractured clay layers
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Fig. 5. Schematic of the lamellar orientation with respect to the ECAE
processes and annealing.

after the C2-ECAE process, thus greatly reducing the aspect
ratio of clay in the matrix.

A semi-automated image analysis scheme was per-
formed to quantify these morphological variations. It should
be mentioned that three different TEM micrographs from
three different locations of each sample were used to ensure
the reliability of the image analysis. The distribution and
statistical box plot of the platelet length for the annealed

foy

Fig. 6. TEM micrograph showing the fractured and shortened clays via an
ECAE simple shear process. The arrows indicate the fractured clays.

samples of the reference, Al, and C2 nanocomposites are
shown in Fig. 7(a). The aspect ratios («) of dispersed
platelets are determined by:

a=Ih 3)

where [ is mean platelet length and 7 is mean platelet
thickness.

It is well known that the commercial Ube nylon-6/clay
nanocomposite used in this study is a fully exfoliated
system. Thus, it is safe to take the mean platelet thickness to
be 0.94 nm, which is the single layer thickness of the clay
[29].

Fig. 7(b) shows the distribution and statistical boxplot of
the degree of platelet orientation in the reference, Al, and
C2 annealed nanocomposites. The degree of platelet
orientation (S) is defined as

g = Simi(®; — 9

N “4)

(i.e. standard deviation), where @; is the actual platelet
orientation (0° < @ <90°), @ is the mean platelet orientation,

- L x - Y - .
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Fig. 7. Quantitative TEM image analyses of the annealed nanocomposites:
(a) clay length and (b) clay orientation (SD: standard deviation).
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and N is total number of platelets counted. It should be
noticed that the degree of platelet orientation was
determined in relation to the uniaxial tension orientation
on which the tensile tests were performed.

The results of the image analyses are summarized in
Table 1. Interestingly, these results indicate that the Al
process only reduces the clay aspect ratio, while the C2
route alters not only the clay aspect ratio but also the clay
orientation due to the accumulated crisscross residual
plastic deformation generated by an additional ECAE
process with 180° rotation of the specimen (Fig. 1). It is
noted that although there is little difference in clay aspect
ratio, there is a slight variation in degree of orientation
between the reference and annealed nanocomposites. This
discrepancy may be caused by the relaxation of nylon-6
matrix during sample annealing. The details of the
morphological characterization can be found elsewhere
[30].

4.2. Mechanical properties

Typical engineering stress—strain curves and their key
tensile property dependence on clay aspect ratio and
orientation are shown in Fig. 8 and Table 2. All of the
specimens tested were annealed samples. A decrease in
aspect ratio from 132 to 87 causes an obvious reduction in
modulus and yield stress. However, a slight increase
in elongation at break is also observed. In addition to the
change in aspect ratio, the degree of clay orientation has an
effect on tensile properties. The annealed C2 nanocompo-
site, which has a more randomly dispersed clay and lower
aspect ratio, exhibits a much lower modulus (~19%) and
yield stress (~10%) than those of the annealed reference
nanocomposite. For comparison purposes, the Young’s
modulus and the yield stress of non-annealed Al nylon-6 are
given to be 3.03+0.13 GPa and 77.2+1.7 MPa, respect-
ively. These values are not much different from the annealed
nylon-6 since the ECAE process on semi-crystalline
polymers tends to only destroy spherulites and cause some
lamellar orientation. No significant molecular orientation
throughout the sample is observed [32,49-51]. Fig. 9
highlights the influences of clay aspect ratio and degree of
clay orientation on the tensile properties. When normalized
by the tensile modulus of the reference nanocomposite, a

Table 1
The results of TEM image analysis for the reference, Al, and C2
nanocomposites

Sample Aspect ratio («) Degree of orientation® (S)
Annealing
Before After Before (°) After (°)
NC_Ref 1314137 132433 8 12
NC_A1 89124 87126 7 10
NC_C2 8025 78+21 25 24

120 ‘ . .
— 100} NC_Reference |
a
= NC C2
w 80 l
8
1
® 60 ]
o
B
@

@ 40 !
£
g
w20 |
0 N L F | ; s ;
0.00 0.05 0.10 0.15 0.20

Strain

Fig. 8. Typical engineering stress—strain curves for the annealed neat nylon-
6 and nanocomposites.

decrease in aspect ratio results in a distinctive decrease in
Young’s modulus. On the other hand, a large decrease
(100%) in alignment of clay, seen in the C2 nanocomposite,
seems to have a relatively small effect (=8%) on tensile
modulus. Based on the above finding, the effect of clay
aspect ratio on tensile properties appears to be more
significant.

The Kjc values for the annealed nanocomposites are
given in Table 3. A reduction in aspect ratio and alignment
of clay results in an improved fracture toughness. It is
interesting to note that the clay orientation perpendicular to
the crack propagation direction does not seem to improve
fracture toughness. This suggests that the natural crack tip
radius of the nylon-6/clay nanocomposite is too large
compared to the clay dimensions to show an effect.

The dynamic mechanical properties for the annealed neat
nylon-6 and nanocomposites are shown in Fig. 10. There is
virtually no difference in 7, variation among the
nanocomposites investigated. The addition of clay results
in a significant increase in storage moduli throughout the
whole temperature range studied (Table 3). The reinforcing
effect of clay aspect ratio and orientation appears to be the
highest at temperatures above T,. This may be due to the
fact that the exfoliated clay is most effective in resisting
the mobility of the nylon-6 molecules above T,.

The heat distortion temperature (HDT), defined as a
deflection-temperature at which polymeric materials

Table 2
Tensile properties of the neat nylon-6 and nylon-6/clay nanocomposites

Sample Young’s modu-  Yield stress® Elongation at
lus* (GPa) (MPa) break (%)

NC_Ref 4.671+0.20 98.2+23 4.7

NC_Al 4.091+0.18 93.0+1.3 5.3

NC_C2 3.80+0.14 889124 5.8

Nylon-6 3.14£0.11 76.4+1.2 45

? Degree of platelet orientation from unidirectional reinforcement.

4 Standard deviation for the five samples tested.
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Fig. 9. Effect of clay aspect ratio and clay orientation on tensile properties
for the ECAE-processed and annealed nanocomposites.

undergo an arbitrary deformation under a constant load, is
one of the key indicators that can address load-bearing
capabilities at elevated temperatures. Fig. 10(b) illustrates
HDT values obtained from the storage modulus versus
temperature curve of DMA results [57]. A significant
increase in HDT is observed in the annealed reference
nanocomposite (Table 3), implying that high aspect ratios of
nanofillers yields a significant increases in HTD.

It is noted that the lamellar orientations and crystallinity
of nylon-6 [30] in the nanocomposites investigated remain
more or less the same after annealing. Consequently, the
ECAE process is unlikely to cause any significant changes
in matrix properties. The mechanical properties variations
reported above should, therefore, be mainly due to the
changes in clay aspect ratios and orientations.

4.3. Effective filler-based micromechanical models

The dispersion of fillers in a matrix is typically described
in terms of exfoliation or intercalation. The fully exfoliated
nanocomposites are considered to consist of single clay
layers dispersed in a polymer matrix. While in the
intercalated systems, inter-layer domains of fillers are
typically penetrated by polymer chains and consequently
stacked with an inter-layer spacing of 1-4 nm. However,

Table 3
Mechanical properties and heat distortion temperature of the neat nylon-6
and nylon-6/clay nanocomposites

Sample Storage modulus, G’ (Pa) Kic* HDT (°C)
(MPa m®?)
25°C 100 °C
NC_Ref 1.28%10° 3.33%x10% 2.740.07 110
NC_A1 1.12X10° 2.89%x108 3.140.13 90
NC_C2 1.07X10° 251108 3.040.11 84
Nylon-6 1.05%10° 1.94x10°  3.0° 75

% Standard deviation for the five samples tested.
® The value is quoted from Ref. [61].
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Fig. 10. Dynamic mechanical spectra for the annealed neat nylon-6 and
nanocomposites: (a) storage modulus and loss tangent and (b) the HDT
estimated from the plot of log G’ versus temperature.

conventional filler-based micromechanical models for
predicting the modulus of nanocomposites do not consider
the clay structural characteristics. Here, typical effective
filler structural parameters are defined by the number of
platelets per stacked clay (n) and the platelets inter-layer
spacing (dyg;); these parameters can be used to account for
mechanical property enhancement for both exfoliated and
intercalated nanocomposites. The mechanics-based model
for effective filler structure is established by mapping the
effective filler structural parameters (n, dog;) to the
conventional filler structural parameters (&, ¢r, Ey).

The thickness of effective filler can be expressed in terms
of n and dyy; by the following equation [29]:

legt = (n — Ddoor + 1, (5)

The effective filler aspect ratio (a,g), volume fraction
(¢pesr) and modulus (E?ff) can be written as [28]:

[ l
O = —— = ——— (6)
Tt (n— Dy + Iy
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d)eff — l//eff[(n - l)d()o] + tp] p_m o

ntp Pt

off _ ntyEy
Ef =
[(n — Ddoo +1,]

®)

where V. is effective filler weight fraction and pgand p,,, are
the densities of the filler and matrix, respectively. The
influence of filler effective aspect ratio (o) and orientation
(S) on the modulus improvement was examined using the
Halpin-Tsai (H-T) and Mori—-Tanaka (M-T) theories.
Similar trends are observed in the parametric study plots
for both models (Fig. 11). The improved reinforcement
efficiency is observed with the higher aspect ratio fillers.
However, the Mori—Tanaka model is more conservative in
estimation than the Halpin—Tsai model. This difference may
originate from the discrepancies between assumptions
inherent in the two models [29]. To compensate for these
disparities, an adjustment of shape parameter (2//t,) in the

22 . ;
H-T

| |E=400 GPa
20}k Em=3.14 GPa
A =0.02

m
-
[ee]

T

-
(e2]
T

(E orE,)IE
=

12}

Experimental data, E_(«)
A 132, e 87 ¢ 78

10° 10 10° 10° 10°

Effective aspect ratio (a_)

5.0 : : : .
|E,=400 GPa
4.51E =3.14 GPa H-T. E,, a=132 i
-l
E 40+ M-T; E,, a=132 i
;2 3.5 Experimental data, E_(«) 4
5 A 132, ¢ 78
8 30 H*TI Ersm—w' o=78 .
l.uE 25 - — 3
4 M-T,E_ . o=T8
w20t 1
W1s5¢ “a g M-T; E,,, «=132
r S TEE, SETEE et AHT. E_, a=132
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(b) Effective weight % (y_, x100)

Fig. 11. Effective filler-based model predictions of the Halpin—Tsai (H-T)
and the Mori-Tanaka (M-T) theories: (a) clay aspect ratio («), and (b) clay
orientation (S) on the modulus improvement of exfoliated nanocomposites.
Experimental data (E,) included.

Halpin—Tsai equation may be used. It should be noticed that
Ey/E,, increases non-linearly with . for both models
(Fig. 11(a)). This underlying phenomenon may be explained
by the load-transfer mechanism. The nature of these physics
was well addressed in Ref. [28] using the shear lag model
[42]. It should be mentioned that when the aspect ratios are
87 and 132, the clay length is sufficient for maximum load-
transfer.

Disk-shaped platelets provide the same reinforcement in
the two orthogonal directions; E; and E,;. In the case of
randomly oriented platelets, the following equation was
proposed [58,59]:

Efi;‘ff:im = 0.49E;; +0.51E3; &)

The effect of filler orientation (§) on modulus enhance-
ment of nanocomposite was examined using the Halpin—
Tsai and Mori—-Tanaka theories (Fig. 11(b)). It was found
that misalignment of unidirectional reinforcement leads to
detectable modulus reductions. Experimental results are
compared with model predictions from the Halpin—Tsai and
Mori—Tanaka theories (Fig. 11). In the case of the clay filler
modulus, Ef, it has been estimated to be 400 GPa based on
molecular dynamic simulation [60]. The predictions of
Mori-Tanaka model are in good agreement with the
experimental data. Conversely, the Halpin—Tsai model
slightly over predicts the results. Note that the data for an
aspect ratio of 78 in Fig. 11(a) needs to shift slightly to the
left since the clay in the nanocomposite is more randomly
oriented. It is also observed that the modulus of the C2
nanocomposite is in good agreement with the case for the
radom-3D orientation.

Both experimental observations and micro-mechanical
model predictions carried out in this study have clearly
indicated that clay aspect ratio and orientation significantly
affect the nanocomposite modulus. A high aspect ratio and
unidirectional orientation lead to significantly improved
moduli. Consequently, it is desirable to prepare polymer
nanocomposites that exhibit full exfoliation with a preferred
orientation along the tensile direction for maximum
reinforcement effect.

5. Conclusions

Effects of aspect ratio and orientation on mechanical
properties of nylon-6/clay nanocomposites were investi-
gated. The aspect ratio and orientation of clay layers in
naylon-6 matrix appear to be responsible for variations in
mechanical properties. Unidirectional reinforcement and
higher aspect ratios can lead to significant improvements in
modulus, strength and heat distortion temperature, with a
marginal loss in ductility. The effective filler-based Mori—
Tanaka model offers a reasonably accurate prediction to
account for modulus enhancement of the nanocomposites,
which is consistent with experimental findings. Further, the
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model may be used to predict elastic properties of other
types of polymer nanocomposites. The ECAE simple
process appears to be an effective method for tailoring
clay aspect ratios and orientations in nylon-6. The clay
aspect ratio and orientation are dominating factors
responsible for mechanical property improvements of
these polymer nanocomposites.
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