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Abstract: The mechanical and thermal behaviors of polyamide-6/clay nanocomposites were studied using the con-
tinuum-based, micromechanical models such as Mori-Tanaka, Halpin-Tsai and shear lag. Mechanic-based model
prediction provides a better understanding regarding the dependence of the nanocomposites’ reinforcement effi-
ciency on conventional filler structural parameters such as filler aspect ratio (), filler orientation (S), filler weight
fraction (1), and filler/matrix stiffness ratio (£/E,,). For an intercalated and exfoliated nanocomposite, an effective,
filler-based, micromechanical model that includes effective filler structural parameters, the number of platelets per
stack () and the silicate inter-layer spacing (d,), is proposed to describe the mesoscopic intercalated filler and the
nanoscopic exfoliated filler. The proposed model nicely captures the experimental modulus behaviors for both interca-
lated and exfoliated nanocomposites. In addition, the model prediction of the heat distortion temperature is exam-
ined for nanocomposites with different filler aspect ratio. The predicted heat distortion temperature appears to be
reasonable compared to the heat distortion temperature obtained by experimental tests. Based on both the experi-
mental results and model prediction, the reinforcement efficiency and heat resistance of the polyamide-6/clay nano-

composites definitely depend on both conventional (&, S, y; E,/E,) and effective (n, dy,) filler structural
parameters.

Keywords: micromechanical model, heat distortion temperature, polyamide-6/clay nanocomposite, filler structurat

parameters.

Introduction

Polymeric materials have been reinforced by inorganic
nanofillers, termed polymer nanocomposites, to improve phys-
ical and mechanical properties."”> Owing to their remarkable
property enhancement, low cost and good processability,
polymer nanocomposites are of particular interest. One of the
most successful systems has been polymer-layered silicate
nanocomposite consisting of organic polymer and inorganic
montmorillonite. Polymer-layered silicate nanocomposites are
of interest because of their exceptional reinforcement effects
at very low filler loading, compared with what is typically
required with conventional fillers. This characteristic can be
exploited to help design a more customized composite struc-
ture because lower nanofiller loading results in lighter structural
components. Furthermore, only marginal losses in toughness
and ductility are observed in such nanocomposite systems.!

Polyamide-6/clay nanocomposites have shown improve-
ments in a variety of physical and thermal properties, such as
modulus, strength, thermal stability, gas barrier properties, etc.
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Furthermore, such significant property enhancements are
obtainable at very low nanoclay content. Shepherd et al.’ pro-
posed that single clay layer could be one of ideal reinforcing
nanofillers in 1974, due to their extremely high aspect ratio
and the nanometer filler thickness. Clay layers have high cat-
ion exchange capacity (CEC), which allows surface modifi-
cation of the clay interlayer to achieve better compatibility
with a host polymer matrix. In addition to high CEC, clay is
an abundant, inexpensive inorganic material. Those advan-
tages have let to large-scale commercial uses. Moreover, an
outstanding research by the Toyota group™ has drawn forth
efforts of many researchers on polymer-clay nanocomposites.

Nanoclay has plate-like structures that have large surface
areas and high aspect ratio. Thus, the reinforcement efficiency
on the physical and mechanical properties strongly depends
on the filler structural parameters such as filler shape, filler
aspect ratio, filler modulus, filler volume fraction, interfacial
adhesion, surface characteristics and filler orientation.*!?
The literatures dealt with the effect of filler structural
parameters of nanocomposites on their mechanical properties
are nearly rare. A few of recent studies'!* tried to examine
how the nanofiller structural parameters (e.g., shape, aspect
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ratio and orientation) affect the mechanical properties using
micromechanics-based composite models. These specific

models not only involve a number of assumptions™ that are -

inadequate for describing the actual nanocomposite charac-
teristics but also can not exactly address the morphology in
terms of the effect of filler structural parameters. Although
the micromechanics-based models cannot completely describe
the mechanical and thermal behaviors of nanocomposite
systems, there have still been good correlations with
experimental results.

Particular attention of this paper is to gain a better under-
standing on the reinforcement efficiency and heat resistance
of polyamide-6/clay nanocomposites using continuum-
based micromechanical model. Both the Halpin-Tsai and
Mori-Tanaka models are exploited to account for the
reinforcement efficiency and heat resistance of nanocomposites
depending on the nanofiller structural parameters. The
effective filler-based micromechanical model, which includes
effective clay structural parameters, the number of platelet per
stack (n) and the silicate inter-layer spacing (dy,), is proposed.
The potentiality for predicting macroscopic mechanical and
thermal properties of nanocomposites regarding various
structural parameters of nanofiller is examined. Based on this
micromechanical model, the fundamental structure-property
relationship of polymer nanocomposites is widely addressed.

Experimental

Materials. Commercially available pellets of neat polyamide-
6 (grade #: 1022B) and 2 wt% layered silicate-based polyamide-6
nanocomposite (grade #: 1022C2) were obtained from Ube
Industries, Ltd., Japan. First of all, the pellet was dried at
100 °C for 12 h in vacuum oven and then was extruded using
a HaakeBuchler Rheocord (system 40) at a rotational speed
of 30 rpm. The temperature profiles of the barrel were set at
235-245-255-260 °C toward the inlet of injection mold and
the mold temperature was set at 180 °C. After molding, the
samples were quenched in water and air-dried. The resulting
plates were immediately sealed in a polyethylene bag and
kept in a vacuum desiccator to avoid moisture absorption. In
addition, a simple shear process was performed to alter the
aspect ratios and orientation of the clay nanoparticles. This
process was carried out at 60 °C and with a rate of 0.25 mm/s
using a servo-hydraulic mechanical system (MTS-810). The
processed samples were labeled as follows: Reference-received
no processing, Al-received a single pass and C2-received
two processing pass with a 180° rotation of specimen
between the passes. A detailed description of simple shear
process is available in Refs.."'*"” All samples were annealed
at 150 °C for 3 h. The annealing process has been well known
to be a useful technique for relaxing molecular orientation
and pre-existing morphology in the matrix due to processing.
Furthermore, the heating chamber was purged with nitrogen
gas to minimize sample oxidation during annealing.
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Figure 1. Schematic of samples used for mechanical test and TEM
observation; note that ND: normal direction, TD: transverse
direction and FD: flow direction.

Microscopy and Image Analysis. For transmission electron
microscopy (TEM) observation, ultra-thin sections of 60 to
80 nm in thickness were prepared under cryogenic environment
using a Reichert-Jung Ultracut E microtome with a diamond
knife. The thin sections were placed on the 100-mesh Formvar/
carbon-coated copper grids and examined using a JEOL
JEM-2010A transmission electron microscope operating at
an accelerating voltage of 200 kV. Samples for TEM analysis
were cut parallel to the flow direction (FD), as depicted in
Figure 1. A semi-automated image analysis procedure'® was
performed on TEM micrographs to quantify the clay aspect
ratio and degree of clay orientation of the polyamine-6/clay
nanocomposites.

Tensile Test. The tensile specimens parallel to the flow
direction were tested using a screw-driven mechanical testing
machine (Sintech II) at a constant crosshead speed of 0.085
mm/s. An extensometer was employed to measure the dis-
placement in the gauge length region. Young’s modulus was
calculated at 1% strain in accordance with the ASTM D638
standard. The average value and standard deviation were
recorded after testing five specimens of each sample.

Dynamic Mechanical Analysis. The dynamic mechanical
analysis (DMA) spectra were evaluated under torsional mode
on a Rheometric Mechanical Spectrometer (RMS-800) at
temperatures ranging from -140 to 250 °C. The DMA speci-
mens were cut parallel to the flow direction. Measurements
were set at 5 °C intervals with 45 s of soaking time. The spec-
trometer was set to produce a sinusoidal wave function with a
peak strain of 0.1% and frequency of 1 Hz.

Heat Distortion Temperature Test. Heat distortion tem-
perature (HDT), one of key factors that can address load-
bearing ability at elevated temperature, was measured according

Temp.# at 2°Ci/min
Deflection= 0.25mm | &

3 125 mm |

Figure 2. Schematic diagram of heat distortion temperature testing.
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to ASTM D 648. The HDT specimens parallel to the flow
direction were tested using a Ceast HDT vicat auto apparatus
at a heating rate of 2 °C/min and a load of 1.82 MPa. Figure 2
shows the schematic diagram for HDT measurement. For
each sample, the HDT value reported was the average of at
least three tests.

Continuum-based Micromechanical Models

Conventional Filler-based Micromechanical Model.
Numbers of mechanic-based models have provided a reasonable
prediction for the properties of filler-based composite materials.
Especially, the reinforcement efficiency mechanisms have
been presented using those theoretical and numerical models.*?
In conventional micromechanical models, the effect of filler
volume fraction (¢, filler aspect ratio (a), filler orientation
(S) and filler modulus (E)) or filler/matrix stiffness ratio (E/
E,,) are explored as important factors for predicting the mac-
roscopic composite properties.

It is well known that Halpin-Tsai and Mori-Tanaka theories
are wildly applied to predict the stiffness of discontinuous
fiber-reinforced composites. Mori-Tanaka theory® offered the
best prediction for the properties of composites with rela-
tively large aspect ratio of fillers. The models based on Halpin-
Tsai theory”"* provided reasonable estimations for reinforcement
efficiency of composite materials. Figure 3 shows the three
principle orthogonal directions used to calculate composite
stiffness corresponding (a) Halpin-Tsai and (b) Mori-Tanaka
models. The longitudinal engineering stiffness (E;;) and the
transverse engineering stiffness (F;;) of the Halpin-Tsai and
the Mori-Tanaka models are expressed in egs. (1) and (2),
respectively.

IE _ 1+2(l/tﬁ)77¢_f (1a)
Em 1- 77¢f
£y _1+2n4
E, 1-n4¢,
_ Ei/Em—l

(1b)

Disk-shaped particle Spheroidal particle
(a) (b)

Figure 3. Three principle orthogonal directions used to calculate
nanocomposite modulus corresponding; (a) Halpin-Tsai and (b)
Mori-Tanaka models.

Macromol. Res., Vol. 17, No. 10, 2009

where /is the filler length and #is the filler thickness.

Ey_ 1
E, 1+ PA2v, A+ (1=, ) A, +(1+v,)4,41/24

(2a)

Ess 1
By _ 2b
E, 1+4(4,+2v,4,)/4 (25)

where ¢ is the filler volume fraction, v;, is the Poisson ratio of
the matrix, 4, 4, A,, As, A; and As are calculated from the
matrix, filler properties and components of the Eshelby ten-
sor,"” which depend on the filler aspect ratio (//z) (where / and
t; are the major and minor diameters of an ellipsoidal disk-
shaped inclusion) and dimensionless elastic constants of the
matrix. Complete details of these variables are given in ref..s

The filler orientation in a polymer matrix has a signifi-
cant effect on composite stiffness. Completely unidirec-
tional alignment of fillers in a polymer matrix can rarely
be achieved due to fillers’ structural characteristics and
processing difficulties. Disk-shaped fillers have the same
reinforcement efficiency in orthogonal direction, E|; and
Ey, (Figure 3). In order to estimate the modulus enhance-
ment of composites with randomly oriented filler, the fol-
lowing equation may be used:***!

B = 0.49E,,+0.51E;, 3)

Shear Lag Model. In particular, rigid particles are natu-
rally resistant to relatively high stress or strain. When such
particle-filled composites are subject to axial load, a signifi-
cant portion of the load is transmitted from the surrounding
matrix to the rigid particles through shear stress at the inter-
face. Shear lag model® is employed to address the load-trans-
fer efficiency on ¢, E//E,,.

cosh(2x/1a)
o=Esgl—-f — (4a)
cosh(Aa)
. (2xia
smh( )
o ML (4b)
2 | cosh(ia)

ol

where ¢is the applied strain, x is the distance from the center
of filler, 7 is the interfacial shear stress along the filler length,
and G,, is the shear modulus of the matrix.

The shear lag model appears that large aspect ratio (&) and
high £, dominantly enable fillers to bear a large portion of
the applied load.

799



Jong-11 Weon

Results and Discussion

Microscopy Investigation. Figure 4 shows the TEM
micrographs that indicate different clay aspect ratio and ori-
entation of the simple-shear-processed and then annealed
nanocomposites. Reference polyamine-6/clay nanocompos-
ite, which received no simple shear deformation, shows well-
exfoliated clay structure along the flow direction (Figure 4(a)).
Also, it is observed that clay lengths and orientations of the
Al and C2 polyamide-6/clay nanocomposites have been var-
ied upon the simple shear process (Figure 4(b) and 4(c)). A
semi-automated image analysis scheme was performed to
quantify these variations. It should be mentioned that three
different TEM micrographs from each sample were used to
enhance the reliability of the image analysis. The aspect ratios
(@) of dispersed platelets are calculated by:

[24

)

~ 1]~

where / is mean platelet length and # is mean platelet thick-
ness (= 0.94 nm®).

The degree of platelet orientation (S) of can be defined as
(i.e., standard deviation):

(6)

where @; is the actual platelet orientation, ® is the mean
platelet orientation and V is total number of platelets counted.
Note that the degree of platelet orientation was determined in
relation to the uniaxial loading condition on which tensile test
was performed.

e 100 nm

(@)

(®)

Table I. The Results of TEM Image Analysis for the Reference,
Al and C2 Polyamide-6/Clay Nanocomposites

Sample Aspect Ratio (@)  Degree of Orientation* (S)
NC _Ref. 132433 12°
NC_Al 87+26 10°
NC_C2 78+21 24°

*Degree of platelet orientation from unidirectional reinforcement.

Table I summarizes the results of image analyses. A careful
observation reveals that the A1 process only reduces the clay
aspect ratio, while the C2 route alters both the clay aspect
ratio and the clay orientation. Those results will be applied to
the predictions of mechanical and thermal property for
polyamide-6/clay nanocomposites using the micromechanical
models.

Tensile Property. The key tensile properties with depen-
dence on clay aspect ratio and orientation are reported in
Table II. A drop in aspect ratio from 132 to 87 results in a
large reduction in modulus. In addition, the degree of clay
orientation from unidirectional reinforcement has an effect on
modulus. The C2 nanocomposite, which has a more randomly
dispersed clay and lower aspect ratio, reveals a decrease of
~19% in modulus compared to that of the reference nano-
composite.

Dynamic Mechanical Analysis. The dynamic mechanical
properties (e.g., the storage modulus as a function of tempera-
ture) for the nanocomposites are shown in Figure 5(a). The
reinforcing effect is observed depending on the clay aspect
ratio and orientation. These results are in good agreement
with those of tensile test (Table II). It is clearly found that the
reinforcing effect of the nanocomposite systems is highest at

=== 100 nny .

(©)

Figure 4. Typical TEM micrographs of the simple-shear-processed polyamine-6/clay nanocomposites (NC) used for image analysis; (a)
NC Reference, (b) NC_A1l and (¢c) NC_C2. The arrows indicate the flow direction.
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Table II. Mechanical Properties of the Reference, A1 and C2
Polyamide-6/Clay Nanocomposites

Storage Modulus, G' (Pa)

Y ,
Sample PETTe S0 oun% (s} I1)\z1[;)dulus
NC_Ref. 1.28x10° 3.33x10° 4.6710.20
NC Al 1.12x10° 2.89x10° 4.09+0.18
NC C2 1.07x10° 2.51x108 3.80+0.14

Standard deviation for the five samples tested.

Y
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Figure 5. Dynamic mechanical spectra for the neat polyamide
and nanocomposites: (a) storage modulus and (b) the HDT
determined from the plot of log G’ vs. temperature.

temperature between glass transition temperature (7,) and
melting temperature (7,,) compared to that of neat polyamide-6.
This may has an effect on the heat resistance of the nanocom-
posites.

Heat Distortion Temperature Test. The heat distortion
temperature (HDT) depending on clay aspect ratio and orien-
tation are summarized in Table III. A decrease in both clay

Macromol. Res., Vol. 17, No. 10, 2009

Table I11. Heat Distortion Temperature for the Reference, A1
and C2 Polyamide-6/Clay Nanocomposites

Sample HDT" (°C) HDT* (°C) HDT* (°C)
NC Ref. 112 110 157
NC_Al 95 90 116
NC_C2 82 84 111

“Obtained by experimental HDT test. “Determined by experimental
DMA test. “Predicted by Halpin-Tsai model prediction.

aspect ratio and orientation results in virtual decrease in HDT.
A couple of literatures"*** reported that the HDT of a poly-
meric material can be estimated from the DMA results. Figure
5(b) illustrates HDT values obtained from storage modulus
vs. temperature curve of DMA spectrum. The logarithmic
storage modulus (log G') of 8.5 Pa corresponds a stress of
1.82 MPa defined in HDT. The high aspect ratio and rein-
forcement effect lead to a large increase in HTD, which is
excellently consistent with the prior HDT test results.

Conventional Filler-Based Model Property.

Effect of (v, a, E,/E,, S) on Nanocomposite Modulus:
The effect of filler weight fraction (), aspect ratio (&) and
filler/matrix stiffness ratio (E;/E,,) on the longitudinal modulus
improvement (£,,/E,) is examined using the Halpin-Tsai
(H-T) and Mori-Tanaka" (M-T) theories. The model predictions
demonstrate the dependence of Eyy/E,, on y; a, E//E,, and S
(Figures 6-7).” Both models display similar predicted trends.
However, the Mori-Tanaka model clearly shows more
conservative results than those in the Halpin-Tsai model. This
difference may be derived from the assumptions inherent for
both models.! It should be noticed that the modulus
enhancement (E\,/E,,) appears to be non-linear as o and E//E,,
increase (Figure 6(b) and 6(c)). However, the better reinfor-
cement efficiency is still observed at the larger « and the
higher E;/E,,. This nature will be addressed in detail later
using shear lag model.

Using the Halpin-Tsai and Mori-Tanaka theories, the influ-
ence of filler orientation on reinforcement efficiency of nano-
composite is investigated (Figure 7). It should be mentioned
that the radom-3D reinforcement efficiency is higher than
that of the transversely oriented composite. Misalignment of
unidirectional reinforcement causes significant decrease in
modulus.

Figure 8 depicts the dependencies of axial stress in filler
and shear stress at interface, normalized to the applied strain
(£=0.1%), on « and E,/E,. Interestingly, the larger aspect
ratio (¢) is, the higher maximum axial and shear stresses as

"The Poisson’s ratio of the polyamide-6 and the clay used in the
Mori-Tanaka model prediction of the nanocomposites are 0.35
and 0.2, respectively.

JFor the prediction of conventional filler-based model, the filler
modulus (E;) used is 178 GPa.*”
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Figure 6. Conventional filler-based model prediction of the Hal-
pin-Tsai (H-T) and the Mori-Tanaka (M-T) theories; (a) effect of
filler weight fraction (¥, (b) aspect ratio () and (c) filler/matrix
stiffness ratio (E;/E,) on the longitudinal modulus improvement
(EWE,).

well as the longer load-carrying filler length have (see Figure

8(a) and 8(b)). At a certain aspect ratio, the maximum axial
stress converges to constant value, approaching to the saturation
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Figure 7. The effect of filler orientation (S) on reinforcement
efficiency of nanocomposites as predicted by the Halpin-Tsai (H-
T) and the Mori-Tanaka (M-T) theories.

point of E,;/E,, as shown in Figure 6(c). The saturation point
of E,\/E,, at high E//E,, is a result of combination of two
counter-balancing factors: the high E, causes to increase in
modulus of nanocomposites, but the low G,/E; ratio leads to
decrease in the load-carrying efficiency. It is observed that
decreases in load-carrying filler length with increasing E//E,,
and G,/E;(Figure 8(c)).

1t should be mentioned that when aspect ratio is 80 and 130,
the maximum axial stress in filler, the maximum shear stress
in interface, and the sufficiently load-carrying filler length
appear to be satisfied. Therefore, those results may lead to a
significant reinforcement efficiency of the nanocomposites
shown in tensile results.

Effective Filler-based Model Property.

Effective Filler-based Micromechanical Models: The
dispersion of fillers in a polymer matrix is typically described
in terms of exfoliation or intercalation. Fully exfoliated nano-
composites are considered to consist of single clay layers dis-
persed in a polymer matrix, while in the intercalated systems,
inter-layer domains of fillers (e.g., clay particles) are pene-
trated by polymer chains and consequently stacked with an
inter-layer spacing of 1-4 nm, typically. However, conven-
tional filler-based micromechanical models for predicting the
macroscopic properties of nanocomposites were not consid-
ered those nanoclay structural parameters, which regards that
nanocomposites just consist of two homogeneous phases, fill-
ers and matrix. In an earlier work by Boyce," in order to
explain the geometric natures of intercalated clay they pro-
posed the effective particles, which consist of the clay layers
and clay inter-layer galleries. Therefore, effective filler struc-
tural parameters, the number of platelet in a stack (7) and the
silicate inter-layer spacing (dy), are used to assess macro-
scopic property enhancement of particle-filled nanocompos-
ites. Mechanics-based models for nanoclay structure are

Macromol. Res., Vol. 17, No. 10, 2009
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axial stress.

established by mapping of the effective filler structural parame-
ters (n, dy;) to the conventional filler structural parameters
(G{, ¢f, Ef/Em)

Macromol. Res., Vol, 17, No, 10, 2009

The thickness of effective filler (47) can be expressed in
terms of # and dy; by the following equation:"

17 = (n=1)door * bytareter @)

where #,1,.1.; 1s the thickness of a silicate platelet.
The number of platelets per effective filler thickness (x):"*

n n
n__n ®)
f;f (n - 1)d0()1 + tpla;‘e?et
Vplae Mpiaete
plateler __ platelet = Klplatelet ©)

Vj}ﬂ (n—Ddoor + torarerer

where Vet and Vfﬁ are the volumes of the platelet in a stack
and the effective filler, respectively.

Effective filler aspect ratio (o) of can be written as:

eff l i?

P A 10

l_;ff (n- l)dOOI + Dpigteler ( )

For a nanocomposite system, the effective filler weight frac-

tion () is not equal to the filler weight fraction (1) because

the filler is composed of two components, i.e., platelet and

inter-layer gallery.

v,
Ye__ £ _ p ] (11)

W?‘rf ppiarelthlatelr Priatetr K

where prand p....: is the density of filler and platelet, respec-
tively.

Thus, effective filler volume fraction (¢7) can be written
as a function of the effective filler weight fraction (y).

a — 1 d +1 atelet m £,
¢f§= [(i? ) 001 T platel ] & . V/fﬂ (12)
ntplatelet pf

where pyeand g, is 2.83 and 1.14 (g/em’),” respectively.

off _ 2. 38 oot

eff
v/ = : (13)
! (n=1)doo1 + tptaseter 4

For a fully exfoliated nanocomposite (i.e., 7=1), wf' =2.547 .
The same result has been shown in ref.**

¥ Eguttery<<Epizeiers the effective filler modulus can be expressed
as the following equation;™

t E
E'eff — n plateler™ platelet 14
! [(n—1)doo1 + Lpiareter] {14)

Effect of (n, dy) on Nanocomposite Modulus: The effect
of effective filler structural parameters (#, dg;) on reinforce-
ment efficiency of nanocomposite is shown in Figure 9. The
dependence of filler/matrix stiffness ratio (£,/E,) on the
number of platelet in a stack (n) and the silicate inter-layer
spacing (dy;) 1s examined using the Mori-Tanaka model. £,/
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Figure 9. Effective filler-based model prediction of the Mori-
Tanaka theories; (a) effect of the number of platelet in a stack (1)
and (b) effect of inter-layer spacing (dy:) on the longitudinal
modulus improvement (E,/E,,).

E,, is plotted as a function of effective weight % ( y/j?ff x100)
and the number of platelet in a stack (») at a fixed inter-layer
spacing (dy;=2 nm). Figure 9(a) shows that E,//E,, definitely
depend on #. It should be to note that the incremental amount
of E,y/E,, gradually enlarges as » goes to 1 but a significant
increase is not observed even though # goes from 2 to 1,
which means that clay layers are exfoliated. Based on the
effective filler-based model proposed, an increase in the num-
ber of platelet per stack (#) inherently leads to decrease the
effective filler aspect ratio (¢') and modulus (E_;ﬂ ) which
induce to decrease E,//E,, (see egs. 10 and 14), but increase
the effective filler volume fraction (¢jfff ) which induce to
increase E/E,, (see eq. 12). Here, as n decreases, the effect of
¢;’7 on reinforcement efficiency is suppressed by the effect of
a and Ef” (see egs. 7, 15 and 16). In other words, o and
E;ﬂ takes an active role on reinforcement efficiency in case
of a fully exfoliated nanocomposite system, while the effect
of ¢ is minimized.
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On the other hand, the dependence of fillet/matrix stiffness
ratio (E,1/E,,) on the silicate inter-layer spacing (dyy) is plot-
ted as a function of t//fe-ff , n and dyy; (Figure 9(b)). As dy
increase, the incremental amount of E,/E,, increase is smaller
compared to the effect of ». It is found that the smaller # is,
the smaller increase in E/E,, is observed. However, in the
case of highly intercalated nanocomposite (e.g., doo=4 nm,
n=5), a quite strong enhancement in Ey/E, is observed.
Oppositely, an increase in dy, inherently results in a decrease
in E}ff and ¥ which cause to decrease E,/E,, (see egs. 10
and 14), but an increase in ¢;ﬂ which causes to increase E),/
E, (see eq. 12). Here, as dj, increases, the effect of ¢Jfff on
reinforcement efficiency is predominant relative to the effect
of E/‘iﬂ and a . i.e., for a highly intercalated nanocomposite
system, ¢frff has an strong effect on reinforcement efficiency,
while the effect of & and E{” is minor.

Based on above observations using the effective filler-
based micromechanical model, an increase in reinforcement
efficiency related to decreasing the number of platelet a stack
(n) results from an increase in effective filler aspect ratio
(af)and modulus (E;ﬂ ), while an increase in reinforcement
efficiency associated with increasing silicate inter-layer spac-
ing (dy;) results from an increase in effective volume fraction
(¢;ff ). It should be noted that a fully exfoliated nanocompos-
ite (n=1) did not show a significant increase in reinforcement
efficiency. In addition, in order to evaluate more exact rein-
forcement efficiency of nanocomposites using the effective
filler-based micromechanical model, the filler orientation (S)
should be considered since its effect on modulus improve-
ment is also strong, as shown in Figure 7. In particular, TEM
micrographs show that exfoliated clay layer is slightly curved
shape (Figure 10). Those curvatures of clay layers may nega-
tively have an effect on reinforcement efficiency of nanocom-
posites. Therefore, it may not be necessary for an improvement
in modulus of nanocomposites to achieve a nearly perfect
exfoliation and dispersion of layer-structured nanofiller in a

i

Figure 10. TEM micrograph showing that exfoliated clay layer is
slightly curved shape.
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Figure 11. Comparison of experimental result and model predic-
tions using effective filler-based model prediction; (a) completely
exfoliated nanocomposites and (b) intercalated nanocomposites.

polymer matrix when especially considering its processing
difficulties and efforts. Instead, the optimal condition regard-
ing modulus enhancement could be determined by compro-
mising effective filler structural parameters (#, dy; and S) via
numerical simulation.

Application of Effective Filler-based Model.

Case Study I: Completely Exfoliated Nanocomposites:
Experimental nanocomposite/matrix stiffness ratio (E,/E,,) is
plotted as a function of effective filler aspect ratio (/) and
effective filler modulus (E;ﬂ ) at an effective fixed weight %
( l//;ﬂ x100) in Figure 11(a). Experimental moduli of polyamide-
6/clay nanocomposites having an aspect ratio of 78, 87 and
132 are compared with those of model predictions from the
Halpin-Tsai and Mori-Tanaka models. Both models roughly
catch up with the modulus behaviors of the nanocomposites.
When a platelet modulus (E,,..) of 400 GPa, calculated by
molecular simulation,” is chosen the prediction by Mori-
Tanaka model reveals an excellent agreement with the experi-
mental result, while the Halpin-Tsai model slightly overestimates.
Note that the data point of aspect ratio of 78 should slightly
has moved to the left since the degree of orientation for the
nanocomposite is higher than that of the others.
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Figure 12. Model prediction of the Halpin-Tsai theory on heat
distortion temperature (HDT) of nanocomposites; (a) effect of
effective filler aspect ratio (&%) and (b) effect of effective filler
weight fraction (%) on HDT (experimental data included).

Case Study II: Intercalated Nanocomposites: Figure 11(b)
compares experimental nanocomposite/matrix stiffness ratio
(E,./E,) with effective filler-based model prediction of inter-
calated nanocomposites. The Mori-Tanaka model is used to
evaluate the reinforcement efficiency of clay-stacked nano-
composites: the stacks had effective structural parameters,
i.e., dy; is 1.8 nm and # is 1.4."” The proposed model nicely
captures the corresponding experimental modulus when a
filler modulus of 400 is used.

Consequently, the Mori-Tanaka model provides a reason-
ably accurate prediction for both intercalated and exfoliated
nanocomposites.

Case Study II1: Heat Distortion Temperature: Model
prediction of HDT for the nanocomposites is examined. The
Halpin-Tsai model is employed to predict a whole DMA stor-
age modulus G'(7), as function of temperature, for the present
polyamide-6/clay nanocomposite with an aspect ratio of 78,
87 and 132, respectively. The storage modulus of nanocom-
posite can be estimated as following equation.'**
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E'T) = X2ag(E) —E," y=2ahE! E! +bgE! —bhE"]
S (15)

where a, b, £, g, and h are functions of effective filler aspect
ratio (ar*/), effective volume fraction (¢ ), E,,, and/or E,’
(note that £,=2G,(1+v,)).

The predicted G'(7) is plotted as function of temperature
and filler aspect ratio of the nanocomposites (Figure 12(a)).
The proposed model seems to overpredict rather compared to
the experimental result (Table IIT). This overestimation may
inherently be due to the inequality of curves between the
nanocomposites and the neat polyamide-6 at high tempera-
ture above T, (note that the G'(T) curves was obtained based
on the curve of neat polyamide-6), as well as an assumption
that the alignment of fillers is unidirectional. Nevertheless,
the proposed model enables to capture the whole trend of
nanocomposite curve (G’ vs. temperature). Figure 12(b) com-
pares the experimental HDTs obtained from both HDT and
DMA tests with those predicted by the model. The predicted
HDT at 2 wt% increases linearly with increasing effective
filler aspect ratio, which is in good agreement with experi-
mental HDT. Interestingly, the predicted HDT at 5 wt% dra-
matically increases with increasing effective filler aspect ratio
at relatively low aspect ratio and then approaches a constant
value. This saturation of HDT at high aspect ratio is analogous
to that of £,/E,, (Figure 6(b)) explained by shear lag model.

Conclusions

Continuum-based micromechanical models were employed
to predict the mechanical and thermal properties of polyamide-
6/clay nanocomposites. The unidirectional clay orientation
and higher aspect ratios can provide a significant improve-
ment in reinforce efficiency. Predictions of the Mori-Tanaka
model considering the effective filler structural parameters,
the number of platelet a stack (n) and the silicate inter-layer
spacing (dg;), are in good accordance with experimental
data. This scheme may be used to predict desirable elastic
properties, which can be achieved by various processing
tools, of a variety of polymer/layer-structured-nanoparticle
nanocomposites, e.g., zirconium-based and graphene platelet-
based nanocomposite. In addition, shear lag model also
appears to be effective to address the load-transfer efficiency
in nanocomposites.
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