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ABSTRACT: In this work, numerical and analytical
models are chosen to study reinforcement effect of nano-
layered silicate modified polyamide 6 (PA 6) composites at
ambient temperature. A numerical self-consistent unit cell
model in conjunction with finite element method is
applied to predict the stiffness of this polymer nanocom-
posite, which has been successfully applied for simulating
mechanical behavior of metal matrix composites. In this
work, a rectangular inclusion (layered silicate) is sur-
rounded by PA 6 polymer matrix, which is again embed-
ded in the PA 6/layered silicate nanocomposite. The
stiffness of the composite is determined iteratively in a self-
consistent manner. For comparison, two analytical compos-

ite models (Halpin–Tsai model and Tangdon–Weng model)
are implemented to evaluate the stiffness of this nanocom-
posite via calculations performed within MATLAB. In the
modeling volume fraction, aspect ratio, exfoliation and ori-
entation of the nanolayered silicate are taken into account.
It is demonstrated that the numerical approach using the
self-consistent embedded cell model coincides well with ex-
perimental results of the stiffness of the composite. VC 2012
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INTRODUCTION

Polyamide 6 (PA 6)/nanolayered silicate composites
have attracted great scientific and industrial interest
in commercial research and academic laboratories
because they offer remarkable strengthening at very
low filler concentrations. With � 4.7 mass %-layered
silicates content a doubling of Young’s modulus and
of strength of the nylon 6 matrix can be achieved.1

The nanolayered silicate concentration is so low that
the optical properties of the nylon 6 matrix are unaf-
fected. They also provide significant enhancement in
many other properties, such as flame retardancy, gas
barrier properties, or thermal stability.2 The reinforc-
ing effect of nanolayered silicate is attributed to the
presence of a large number of reinforcements due
to the nanoscale arrangement, the exceptionally
high surface area-to-volume ratio of the nanolayered
silicate and the inhibition of polymer molecular

motions near the nanolayered silicate surface.3 There-
fore, the reinforcement is strongly dependent on differ-
ent levels of dispersion of the nanolayered silicate.
Normally, the dispersion of the nanolayered silicate is
divided into the following cases, e.g., silicate stacks,
intercalated silicate, and fully exfoliated silicate (Fig. 1).
Fully exfoliated silicate shows the most effective rein-
forcing effect due to the largest number of silicates and
the highest surface area-to-volume ratio.
Not only the dispersion level of the nanolayered

silicate affects the reinforcement but also many other
factors such as volume fraction, aspect ratio, and the
orientation of the nanolayered silicate do play an im-
portant role in the effectiveness of the reinforcement.
For a better understanding of the mechanical behav-
ior of the nanolayered silicate composite, it is indis-
pensable to apply analytical and numerical models
for studying the reinforcement effect based on the
morphology and mechanical properties of each con-
stituent phase. In this way, costly and time-consum-
ing experiments will be largely avoided.
In this work, a finite element-based self-consistent

numerical unit cell model is applied to predict the
stiffness of this polymer nanocomposite. For compari-
son, two analytical composite models [the Halpin–Tsai
(HT) model and the Tangdon–Weng (TW) model] are
implemented to evaluate the stiffness of this
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nanocomposite via calculations performed within
MATLAB. In the modeling, the volume fraction, aspect
ratio, exfoliation, and the orientation of the nanolayered
silicate are taken into account. It is demonstrated that
the numerical approach using the self-consistent
embedded cell model coincides closely with the experi-
mental results concerning the stiffness of the composite.

INVESTIGATED MATERIAL

The matrix material of the analyzed polymer com-
posite is a PA 6 (Ultramid B40) provided by BASF,
Ludwigshafen, Germany. The nanolayered silicate
(Cloisite 93A) with thickness d ¼ 1 nm was formed
by ion exchange of sodium montmorillonite with a
tertiary and quaternary ammonium salt. The mor-
phology of the composite and the mechanical prop-
erties of each constituent phase are summarized in
Figure 2 and Table I.

NUMERICAL SELF-CONSISTENT EMBEDDED
UNIT CELL MODEL

A numerical self-consistent embedded unit cell model
(SCEUC) in conjunction with finite element method

was chosen to predict the elastic property of this poly-
mer composite, which has been successfully applied
for evaluating the mechanical behavior of metal matrix
composites6,7 and semicrystalline PA 6 as well as PA
6/elastomer composite8 in the past. Based on the mor-
phology of the composite, the nanolayered silicate is
assumed to possess an approximately rectangular
shape. Therefore, in the embedded unit cell model, a
rectangular silicate is surrounded by PA 6 matrix,
which is again embedded in an equivalent homoge-
nous PA 6/nanolayered silicate composite with me-
chanical properties to be determined iteratively in a
self-consistent manner. To avoid interactions of the
outer boundary of the unit cell with the inner embed-
ded cell and thus on the composite behavior, the edge
length of the outer square D is here taken to be five
times that of the rectangle d. In this model, the orienta-
tion of layered silicate in the composite can be realized
by rotation of the embedded unit cell with respect to
the applied loading direction (Fig. 3).
The two-dimensional model for the finite element

analysis was generated and meshed using the commer-
cial software MSC PATRAN. The chosen elements for
the calculation were plane strain eight-noded biqua-
dratic elements with full integration points (Fig. 4). The
calculations were performed with ABAQUS at the
Gauss integration points by integrating the polynomial
terms in the element’s stiffness matrix exactly.
The details of the modeling procedure were

explained in the previous work of the authors.8

The experimentally determined Young’s modulus,
Poisson’s ratio, and volume fraction of the matrix and
inclusions are at first assigned to the inner embedded

Figure 1 (a) Silicate in stack with few silicate surface to the polymer. (b) Intercalated silicate with increased platelet spac-
ing. (c) Fully exfoliated silicate. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2 TEM image of exploited nanolayered silicate
modified PA 6 (PA 6 þ 4.96 mass % layered silicate). The
silicates are oriented in the loading direction. (a) Tensile
bar sample. (b) Microstructure of the composite. (c) Defini-
tion of the aspect ratio a of the layered silicate. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE I
Input Parameters for Simulation Models

Phase

Young’s
modulus
(GPa)

Poisson’s
ratio

Density
(g/cm3) Source

Layered silicate 178.00 0.20 2.60 4,5

PA 6 matrix 2.81 0.35 1.30 Tensile test
IKT and
IMWF
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cell while the initially assumed material data of the
composite is assigned to the embedding composite.
The embedded cell model will then be stretched under
axial displacement loading. The mechanical stress–
strain behavior of the embedded cell and the surround-
ing embedding composite are then compared with
each other. If they are not identical, then the improved
overall stress–strain curve of the composite consisting
of the embedding cell and the surrounding material
from the previous iteration will be repeatedly assigned
to the embedding composite for the next iteration step
until the stress–strain curves of the embedded cell and
the surrounding embedding composite are found to be
identical within a pregiven limit. Thus, the obtained
overall stress–strain curve is assumed to predict the
mechanical behavior of the composite.

ANALYTICAL MICROMECHANICAL MODEL

Various analytical composite models based on
mechanical and physical principles are developed or
applied by many research groups for such nanocom-
posites.5,9–15 These micromechanically oriented mod-
els are based on the properties of the pure constituent
components and the morphology of the composites.
Two most widely used approaches for the prediction
of Young’s modulus of composites are the HT model
and the Mori-Tanaka (MT) model.5,9–15

The HT model attempts to estimate the composite
modulus Ec based on the moduli of the matrix Em and
the reinforcement Es, aspect ratio a, as well as the shape
factor g and volume fraction fs of the inclusion phase:

Ec

Em
¼ 1þ 2afsg

1� fsg

where g is given by:

g ¼ ðEs=EmÞ � 1

ðEs=EmÞ þ 2a

The MT theory was derived from Eshelby’s inclu-
sion model. Tandon and Weng15 used Mori-Tanaka’s
theory and Eshelby’s solution to get fully analytical
solutions for the elastic moduli:

Figure 3 Sketch of the two-dimensional self-consistent em-
bedded unit cell model. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 4 Element type for the mesh used in the self-con-
sistent embedded unit cell.

Figure 5 Parameter study (Ec and Em are Young’s mod-
uli of composite and matrix depending on aspect ratio and
weight fraction of the layered silicate using the HT (a),
TW (b), and SCEUC models (c) for the exfoliated system
with orientation of the layered silicate in loading direction.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Ec

Em
¼ 1

1þ fsðA1 þ 2mmA2Þ=A

where vm represents Poisson’s ratio of the matrix
and A, A1, and A2 are functions of Eshelby’s tensor
for inclusions.

RESULTS AND DISCUSSION

A parameter study was performed using the analyti-
cal approaches (HT and TW models), and the
numerical SCEUC to investigate the role of the as-
pect ratio of nanolayered silicate on the stiffness
property of the composite. The results of variation of
the stiffness enhancement with changing aspect
ratio, for exfoliated platelets, with varying filler frac-
tion, are shown in Figure 5(a–c).

The overall elastic modulus of the nanocomposite
is shown as a function of filler fraction with different
aspect ratios. The Young’s modulus of the composite
is proportional to the filler fraction. As the aspect
ratio of the silicate increases, the Young’s modulus
increases as well.

Based on the analytical solutions from TW model,
a program within MATLAB was developed for the
evaluation of the elastic moduli of the nanocompo-
sites by a set of parameter studies. Detailed results
of the parameter study are given elsewhere.16

As shown in Figure 6(a), the largest enhancement
occurs in the case of full exfoliation of silicate plate-
lets (number of silicate platelets in a single silicate
stack N ¼ 1). An increasing platelet number in a sili-
cate stack results in a decreasing enhancement effect
of the Young’s modulus. The elastic behavior of this
composite was also found to depend strongly on the
silicate orientation with respect to the applied load-
ing direction [Fig. 6(b)]. Nanocomposites with sili-
cate platelets orientated in the loading direction
show the best enhancement in the elastic behavior of
the composites.
Therefore, the best reinforcement effects can be

achieved through:

• possible high degree of exfoliation of the lay-
ered silicate;

• possible perfect orientation of the layered sili-
cate in loading direction;

• possible high aspect ratio of the layered silicate.

Taking into account the above specified informa-
tion, three nanocomposite systems with 3.1, 5, and
6.8 wt % silicate were manufactured und character-
ized.16 Parameters from the experimental determina-
tion, e.g., N ¼ 1 and a ¼ 100, are taken into account
in the analytical and numerical modeling. The com-
parisons are shown in Figure 7. From these graphs,
a good agreement between experimental data and
theoretical results is observed. All the models pos-
sess the same tendency of the elastic behavior for
the nanocomposite with increasing filler fraction.
The numerical embedded unit cell model provides

Figure 6 (a) Stiffness enhancement of composites with
exfoliated silicate [N ¼ 1] and silicate in stack [N > 1] in
loading direction and (b) influence of the orientation of sil-
icate platelets in reference to the loading direction on the
stiffness enhancement in the exfoliated composite system.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7 Comparison of analytical and numerical models
with respect to experimental data of elastic properties of
the composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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the best agreement while the analytical results some-
how overestimate the experiment data.

CONCLUSIONS

In this contribution, influence of the structural char-
acteristics on the overall elastic behavior of nanolay-
ered silicate modified PA 6 was investigated by
means of analytical and numerical methods. It was
found that the volume fraction, aspect ratio, exfolia-
tion degree, and orientation of the nanolayered
silicate played a very important role on the overall
elastic behavior of the composite. The greatest
enhancement of Young’s modulus of the nanocom-
posite can be achieved through a large filler content,
high aspect ratio, and high exfoliation degree of the
layered silicate as well as perfect orientation of the
layered silicate in loading direction. Different nano-
composite systems were manufactured and experi-
mentally characterized, and their mechanical per-
formances were predicted using analytical and
numerical approaches. The comparisons indicate
good agreement between experimental data and the-
oretical results. The numerical embedded unit cell
model shows the best agreement with experimen-
tally measured elastic properties of the composites.
It can be used to successfully simulate the overall
elastic behavior of the polymer nanocomposite.

References

1. Usuki, A.; Kojima, Y.; Kawasumi, M.; Okada, A.; Fukushima,
Y.; Kurauchi, T.; Kamigaito, O. J Mater Res 1993, 8, 1179.

2. Chavarria, F.; Shah, R. K.; Hunter, D. L.; Paul, D. R. Polym
Eng Sci 2007, 47, 1847.

3. Karger-Kocsis, J.; Fakirov, S. Nano- and Micro-Mechanics of
Polymer Blends and Composites; Carl Hanser Verlag: Munich,
2009.

4. McNeil, L. E.; Grimsditch, M. J Phys Condens Mat 1993,
5, 1681.

5. Fornes, T. D.; Paul, D. R. Polymer 2003, 44, 4993.
6. Dong, M.; Schmauder, S. Acta Mater 1996, 44, 2465.
7. Dong, M.; Schmauder, S.; Bidlingmaier, T.; Wanner, A. Com-

put Mater Sci 1997, 9, 121.
8. Huang, J.; Weber, U.; Schmauder, S.; Geier, S. Comput Mater

Sci 2011, 50, 1315.
9. Anthoulis, G. I.; Kontou, E. Polymer 2008, 49, 1934.
10. Figiel, L.; Buckley, C. P. Comput Mater Sci 2009, 44, 1332.
11. Ramakrishna, S.; Lim, T. C.; Inai, R.; Fujihara, K. Mech Adv

Mater Struct 2006, 13, 77.
12. Wang, J.; Pyrz, R. Compos Sci Technol 2004, 64, 935.
13. Wilkinson, A. N.; Man, Z.; Stanford, J. L.; Matikainen, P.;

Clemens, M. L.; Lees, G. C.; Liauw, C. M. Compos Sci Technol
2007, 67, 3360.

14. Wu, Y. P.; Jia, Q. X.; Yu, D. S.; Zhang, L. Q. Polym Test 2004,
23, 903.

15. Sheng, N.; Boyce, M. C.; Parks, D. M.; Rutledge, G. C.; Abes,
J. I.; Cohen, R. E. Polymer 2004, 45, 487.

16. Geier, S.; Tippmann, S.; Eyerer, P.; Huang, J.; Schmauder, S.
PA6/organoclay nanocomposites: evaluating clay structure
and mechanical properties by means of parameter studies
using analytical composite models, Proceedings of the Poly-
mer Processing Society 26th Regional Meeting, PPS IST, Istan-
bul, Turkey, October 20–23, 2010.

MODELING OF STIFFNESS OF NANOLAYERED SILICATE MODIFIED PA 6 5

Journal of Applied Polymer Science DOI 10.1002/app


