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Abstract

The polyamide-6/attapulgite nanocomposites were prepared via an in situ polymerization route with attapulgites pre-modified with

cetyltrimethylammonium bromide (CTAB) and toluene-2,4-diisocyanate (TDI). Morphology observation showed that the exfoliated

attapulgite fibers were well dispersed in the polyamide-6 matrix on a nanometer scale and formed a percolation network structure. The

rheological behaviors of such polymer/fibrous clay nanocompostie samples were investigated by an ARES rheometer with parallel plate

geometry. The storage moduli (G 0), loss moduli (G 00), and dynamic viscosities of these samples increased monotonically with attapulgite

content at low frequencies. The presence of attapulgites caused these nanocomposite melts to have solid-like behaviors and slower relaxation.

This behavior can be explained in terms of the development of a grafting-percolated fibrous-silicate network structure. Monte Carlo

simulations were performed to determine the critical threshold for attapulgites fibers in 3D. The calculated critical threshold from simulations

fitted the results of our rheological experiments very well.

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

Polymeric nanocomposites are composed of polymers

and dispersed inorganic particles with at least 1D at

nanoscale [1]. Previous studies [2–15], among which a

significant part was done by Krishnamoorti and Giannelis,

addressed the linear and nonlinear viscoelastic properties of

intercalated and exfoliated layered-silicate nanocomposites

of homopolymers and disordered block copolymers. Those

studies found that the quiescent state dispersion of the

silicate layers (usually montmorillonite) and its ability to

form percolated network structures dominate the linear

viscoelastic response. A solid-like behavior, i.e. a finite

apparent yield stress is observed for exfoliated montmor-

illonite with silicate loading as low as 3 wt% while for

intercalated montmorillonite with approximately 5 wt%.
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2005.05.040

* Corresponding author. Tel.: C86 21 6564 3891; fax: C86 21 6564

0293.

E-mail address: qgdu@fudan.edu.cn (Q. Du).
However, the nonlinear viscoelastic properties of those

composites, although affected by the state of dispersion, are

mainly controlled by the orientation of the layers under

external flow and may vary dramatically according to the

strength of the polymer/layered silicate interactions.

Recently there were reports of research on polyamide-6

based layered silicate nanocomposites with as little as 1–

2 vol% (3–4 wt%) layered silicate [16–19], which provided

significant information on the static and dynamic properties

of confined polymers. The rheological properties of these

materials are closely related to the distortion or deformation

of the nanocomposites. And the rheological properties of

particulate suspensions are linked to the structure, particle

size, shape, and surface characteristics of the dispersed

phase. Therefore, understanding rheological properties of

polymer melt layered silicate nanocomposites is crucial for

gaining the insight of the processability and structure–

property relations of these materials. Rheology study also

offers a means to assess the state of dispersion of

nanocomposites directly in the melt state.

In regard to nanocomposites of the polyamides, a larger

number of reports [20–28] have focused on the intercalation

and blending methods used to prepare polyamide/clay
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nanocomposites, in which the original work was done by the

researchers at Toyota. When preparing for nanocomposites

with alumino-silicate layers such as montmorillonites, the

inorganic phase cannot be evenly dispersed on a nanometer

scale simply by intercalation and blending methods, there-

fore processes involving swelling and cation exchange are

usually needed. In situ polymerization, where inorganic

particles are dispersed in an appropriate monomer and

followed by heat treatment of the reaction mixture to induce

polymerization, has been used to prepare composites. With

this method, inorganic particles can be evenly dispersed in

the polymer matrix, resulting in composites with improved

processability and good thermal and mechanical properties

[29–32].

Attapulgite is a family of fibrous hydrous magnesium

silicates [33]. The structure of attapulgite was first proposed

by Bradley, who described a theoretical half unit-cell

formula Mg5Si8O20(OH2)2(OH)4$4H2O [34]. The chemical

structure of the attapulgite is given in Fig. 1. This structure

of fibrous minerals differs from that of other layered silicates

used in nanocomposites in which they lack continuous

octahedral sheets such as montmorillonite. Attapulgite has a

large surface area and strong absorptive capacity that is

greater than any other natural mineral [33]. In addition it had

good mechanical strength and thermal stability. These

properties make attapulgite an ideal material for reinforce-

ment. In the preparation of a polyamide-6/attapulgite

nanocomposite, the most important step is the activation

of the attapulgite fibers, which is to support active organic

groups onto the surface of the fibers [35]. To date, very little

is known about polymer/fibrous clay (such as attapulgites)

systems from the rheological point of view.

In this article, we present a convenient, in situ

polymerization route for the preparation of polyamide-

6/attapulgite nanocomposites using cetyltrimethylammo-

nium bromide (CTAB) and toluene-2,4-diisocyanate (TDI)

for attapulgites’ interfibrillar modification. The rheology of
Fig. 1. The chemical structure of attapulgite.
a series of polyamide-6/attapulgite nanocomposites were

investigated using a parallel-plate mode. The influence of

varying loading of the fibrous silicate on the linear and

nonlinear viscoelastic properties was examined. The results

were interpreted in terms of solid-like behavior and

percolated network structure in light of the recent develop-

ment of rheological studies of polymer/layered silicate

nanocomposites. The similarities and differences of rheolo-

gical responses of these two kinds of clay-based nanocom-

posites were also demonstrated. Monte Carlo computer

simulations with a 3D stick model were performed on a

cubic lattice model to explain the transition of the

rheological property, and the critical percolation thresholds

for the randomly oriented stick objects were calculated

based on the polymer chains considered.
2. Experimental
2.1. Materials

3-Caprolactam, 3-amino-caproic acid (chemical reagent

grade), cetyltrimethylammonium bromide (CTAB), formic

acid (98%), and sodium chloride (analytical reagent grade)

were purchased from Shanghai Chemical Reagents Com-

pany and used without further purification. Attapulgite

(CECZ25–30 mequiv/100 g) was generously provided by

Junda Attapulgite Material Co., Ltd (Guiwu Town, Xuyi

County, Jiangsu Province, PRC). Toluene-2,4-diisocyanate

(TDI) and dibutyltin dilaurate (DBTD) were purchased from

Shanghai Lingfeng Chemical Reagent Co., Ltd and used

without purification.
2.2. Preparation of CTAB-attapulgite

CTAB-attapulgite was prepared by adding the equivalent

amount of CTAB drop-wisely in about 2 h to a 5 wt% Na-

attapulgite suspension formulated after being ion-

exchanged in NaCl solution. Assisted with ultrasonic

agitation the suspension was filtered. The product was

washed three times with de-ion water, dried in a vacuum

oven and then ground.
2.3. Selective interfibrillar modification of CTAB-

attapulgite with TDI

Fifteen grams of CTAB-attapulgite were dispersed in

600 mL of toluene. The dispersion was refluxed for 20 min.

After removing the intercalary water, 10.45 g of TDI and

three drops of DBTD were added into the CTAB-

attapulgite/toluene system. The mixture was left to react

at 60 8C for 4 h. The suspension was filtered and the product

CTAB-attapulgite-TDI was dried in a vacuum oven. The

grafting process was shown in Scheme 1.



Scheme 1. Grafting reaction of CTAB-attapulgite with TDI.

Fig. 2. FTIR spectra of original attapulgite (a), attapulgite-CTAB (b), TDI-

attapulgite-CTAB (c) and silicates isolated from polyamide-6/attapulgite

nanocomposites (d).
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2.4. Synthesis of polyamide-6/attapulgite nanocomposites

Ninety grams of 3-caprolactam, 10 g of 3-amino-caproic

acid and the corresponding amount of attapulgite were

mixed in a 250 mL four-necked flask equipped with a

mechanical stirrer, a thermometer with a temperature

controller, and a nitrogen inlet. The ring-open polymeriz-

ation of 3-caprolactam was carried out at 250 8C for 5 h

under nitrogen. The products were mechanically crushed

and soaked in boiling water for 1 h to extract unreacted

monomer and oligomers, and then dried at 105 8C under

vacuum for 24 h.
2.5. Charaterization

Fourier-transform infrared analyses were recorded on a

Nexus-470 FTIR spectrophotometer (Nicolet Instruments,

USA). Transmission electron micrographs were obtained

using a HITACHI H-600 electron microscope operated at an

acceleration voltage of 100 kV. The powder samples of

attapulgite were fully dispersed in distilled water. The

morphologies of the fracture surfaces of the polyamide-

6/attapulgite nanocomposites, which were broken off in

liquid nitrogen and coated with Platinum, were observed by

a JSM-5600LV scanning electron microscope (JEOL

Corporation, Japan). Rheology measurements were under-

taken using a parallel-plate mode of Rheometric Scientific

ARES (USA), and the test samples were prepared by

injection moulding. The diameter of both upper and lower

plates was 25 mm, and the gap between the two parallel

plates was 1.7 mm. The measurements were conducted with

a 200 g cm transducer with a lower resolution limit of

0.2 g cm over a frequency range of 10K1–102 rad sK1 at

260 8C.
3. Results and discussion
3.1. The structure and the morphology

In comparison with the spectrum of virgin attapulgites

(Fig. 2(a)), the spectrum of CTAB-attapulgite samples (Fig.

2(b)) has the absorption at 2922 and 2845 cmK1 which due

to the oscillation of C–H bond, reflecting the success of the

organic modification of the original attapulgites. The

absorption at 2270 cmK1 in Fig. 2(c) is characteristic of

the –NaCaO group of TDI, indicating that after grafting
reaction there are remaining ortho-NaCaO groups which

can be react with the amino groups or the carbonyl groups of

3-caprolactam during its ring-open polymerization. The

absorption bands at 1538, 1609, 1653 cmK1 are due to the

deformation vibration of –NH– and carbonyl, signaling the

interfibrillar reaction.

To confirm the grafting reaction between attapulgite and

polyamide-6 matrix via TDI molecules, the nanocomposites

were thorough washing with formic acid to remove all

homopolymers. The remaining modified attapulgites were

chatacterized by FTIR as shown in Fig. 2(d). The modified

attapulgites have several new peaks in their FTIR spectra

when compared with virgin attapulgites. The peaks at 1640

and 1350 cmK1 are of polyamides, while the peaks at 2920

and 2845 cmK1 represent the oscillation of the C–H bond,

and that near 3400 cmK1 corresponds to N–H bonds. These

results verified that some polyamide-6 molecules had been

grafted onto the attapulgite surface through chemical

bonding rather than physical absorption.

The absorption band at 3417 cmK1 is ascribed to the

surface –OH groups of the attapulgite-CTAB. The absorp-

tion bands at 3547 and 1640 cmK1 are due to the stretching

vibration and deformation vibration of the interfibrillar

water. The interfibrillar water in the attapulgite-CTAB

should be removed since it reacts with TDI and is harmful to

the interfibrillar grafting reaction. The FTIR spectra in Fig.

2 show the effectiveness of removing the interfibrillar water

by codistillation with toluene. By comparing the spectrum

of original attapulgite with those of attapulgite-CTAB and

TDI-attapulgite-CTAB in Fig. 2, it can be seen that after

codistilled with toluene, the absorption bands at 3547 and

1640 cmK1 become much smaller in Fig. 2(c), indicating

that most interfibrillar water can be removed by distillation

with toluene.

Attapulgite can be characterized by its fibrous mor-

phology. TEM photograph shows attapulgite is a randomly

oriented network of densely packed fibers (Fig. 3). The

diameter of a single fiber is about 20–40 nm, and the length



Fig. 3. TEM image of original attapulgite.
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of a fiber is between 1 and 2 mm. Thus, the mean value of the

aspect ratios of the length to the diameter of a fiber (L/2R) is

in the range of 30–40.

Fig. 4 are SEM images of typical polyamides-6/

attapulgite nanocomposites with surface etched with formic

acid. It is clear that the silicate fiber sticks of the clay

crystallites were dispersed in the polyamide-6 matrix on a

nanometer scale and the increasing clay loading indicates

the success of our route for preparation. Also, the edges of

the crystallites appeared to be better dispersed into the

surrounding matrix.

Furthermore, SEM images demonstrate that the exfo-

liated attapulgite fibers are anisotropically dispersed in the

polymer matrix without being broken. The diameter of a

single fiber is still 20–40 nm. On the basis of this

mesoscopic structure it is reasonable to assume that at low

silicate concentrations (Fig. 4(A)) the relative orientations

of the single fibers are uncorrelated while beyond a critical

volume fraction (Fig. 4(B)) the occasional individual fibers

are incapable of rotating freely and are prevented from

relaxing completely when subjected to small-amplitude

shear. This incomplete relaxation due to the physical

jamming or percolation of the nanoscopic fillers leads to

the presence of the solid-like behavior. It is expected that

other viscoelastic signatures consistent with that of a

percolated system, and these will be discussed in the

following rheology studies.
Fig. 4. The SEM image of the typical sample of polyamide-6/attapulgite nanoco

content; B: with 5 wt% attapulgite content.
3.2. Rheology of the nanocomposites

The linear dynamic viscoelastic master curves for the

series samples of polyamide-6/attapulgite nanocomposites

are shown in Fig. 5. The measurement of rheological

properties of polymeric materials at molten state is crucial to

gain fundamental understanding of the processability and

the structure-property relationship for these materials.

Fig. 5(A) shows that the regions of linear viscoelastic

behavior for all the samples are very wide and insensitive to

the presence of modified attapulgite. The linear viscoelastic

regions extend to a strain of 20% under the testing

condition. Fig. 5(B)–(D) indicated that the addition of

clay has significant effect on the samples’ linear dynamic

viscoeleastic response especially at the low frequency

region. As expected, the moduli and complex viscosities

of the nanocomposites increase with increasing silicate

loading at all frequencies. At high frequencies, the

qualitative behavior of G 0 and G 00 is essentially the same.

However, at low frequencies, polyamide-6/attapulgite

nanocomposites melts have higher storage moduli (G 0),

loss moduli (G 00), and complex viscositis when compared

with neat polyamide-6 and show a montonic increase with

attapulgite content.

At the temperatures and frequencies used for the

rheological measurements the polyamide-6 polymer chains

are fully relaxed and exhibit characteristic homopolymer-

like terminal behavior, i.e. G 0fu2 and G 00fu, which is

similar to the behavior of melts of homopolymer of narrow

Mw distribution. On the other hand, the viscoelastic

response (particularly, G 0) for all nanocomposites display

significantly diminished frequency dependence as com-

pared to the matrices. In fact, for all the Polyamide-

6/attapulgite samples, G 0 and G 00 becomes nearly indepen-

dent of frequency at low frequency range, which is

characteristic of materials exhibiting solid-like behavior,

i.e. G 0fu0 and G 00fu0.

The frequency dependence of the storage modulus at

low-frequency-regime decreases monotonically with the

increase of silicate loading, from u1.98 for polyamide-6 to

u0.56 for polyamide-6/5 wt% attapulgite at 260 8C. The

frequency dependence of G 00 also progressed monotonically

with silicate loading, from u1.11 for polyamide-6 to nearly
mposites with surface etched with formic acid. A: With 2 wt% attapulgite



Fig. 5. Small amplitude frequency sweep data at 260 8C for series of polyamide-6/attapulgite nanocomposites: (a) neat polyamide-6 and polyamide-6 with

attapulgite loading at (b) 2 wt%, (c) 3 wt%, (d) 4 wt%, (e) 5 wt%. (A) Comparison of dynamic stain sweep data; (B) storage moduli as a function of frequency;

(C) loss moduli as a function of frequency; (D) complex viscosity as a function of frequency.
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u0 for Polyamide-6/5 wt% attapulgite at 260 8C. The

frequency dependence data of G 0 and G 00 for all the samples

is summarized in Table 1.

The frequency dependence of G 0 and G 00, at low

frequency region wherein a solid-like behavior is observed

for the nanocomposites, is similar to that observed

previously from end-tethered poly(3-caprolactone)-based
exfoliated nanocomposites [3]. It was then proposed that,

due to the highly anisotropic nature of the fibrous silicates

and simple geometric constraints, the fibers exhibited local

correlations [4], which is line with our observation. The

lower slope values and the higher absolute values of the

dynamic moduli imply the formation of a percolated

structure of the dispersed silicate fibers in the polyamide-6

matrix (also observed from the SEM observations).

According to this structure, the individual silicate fiber is

incapable of free rotation, and hence the relaxation of the

structure by imposing small u is almost completely

prevented. This type of hindered relaxation due to the
Table 1

Slopes of lines of log G 0 and log G 00 vs u at low-frequency region for

polyamide-6/attapulgite nanocomposites

Sample G0 G 00

Neat polyamide-6 1.98 1.11
Polyamide-6/2 wt% attapulgite 1.23 0.61
Polyamide-6/3 wt% attapulgite 1.08 0.21
Polyamide-6/4 wt% attapulgite 0.68 K0.08
Polyamide-6/5 wt% attapulgite 0.56 K0.14
geometric constraints of the stacked silicate fibers leads to

the occurance of the solid-like behavior observed in

polyamide-6/attapulgite nanocomposites. The incorporation

of the nanoscopic, fibrous silicates also causes the increase

of the zero shear viscosity in a few orders of magnitude as

shown in Fig. 6. In summary, owing to the formation of

percolation network structure of attapulgite fibers, the

incorporation of the attapulgite silicate fibers in polyamide-

6 matrix leads to a solid-like behavior of the nanocompo-

sites. And the moduli and viscositis of the nanocoposites

increase with the attapulgite content.

Larson [36] illustrated G 0 and G 00 values for prototypical

solid-like and liquid-like materials. Liquid-like behavior is

expected when G 0!G 00 and solid-like behavior is predicated

when G 0OG 00 and G 0 is nearly independent of the
Fig. 6. Plot of zero-shear viscocity vs attapulgite content at 260 8C.



Fig. 8. Relaxation spectrum from master curves of the series samples of

polyamide-6/attapulgite nanocomposites at 260 8C: (a) neat polyamide-6

and polyamide-6 with attapulgite loading at (b) 2 wt%, (c) 3 wt%, (d)

4 wt%, (e) 5 wt%.
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frequency. The frequency response of the G 0 and G 00 of our

nanocomposites is shown in Fig. 7. The melt behavior of our

samples is liquid-like (G 0!G 00) at high frequencies while

solid-like at low frequencies (G 0OG 00), which is opposite to

that reported by the previous studies [37,38] on polymer/

layered clay nanocomposites. The presence of G 0OG 00 is an

indication of the formation of percolation network or

physical jamming. And broader frequency ranges for

solid-like behavior (G 0OG 00) were observed as increasing

attapulgite loading. For neat polyamide-6, it only exhibited

liquid-like behavior and no transition from liquid-like to

solid-like was found at full frequency range. By inspecting

the data of the nanocomposites, it can be seen that the

transition from liquid-like behavior to solid-like behavior

occurs at the intersection of line G 0 and line G 00. The

frequencies at the intersections for all the samples are listed

in Table 2. The frequency at the cross point for polyamide/

attapulgite nanocomposites shifts towards a higher value

with the increase of the clay loading. The liquid-like

behavior of these nanocomposites may be related to the

orientation of the silicate fibers at high frequency.

The stress relaxation spectrum H(t) is related to the

dynamic oscillatory shear G 0 as [39] where the u is the shear

rate and t is the relax time,

H 0
3ðtÞZ

d2

dðln uÞ2
K

1

4

d3

dðln uÞ3

� �
G0ðuÞj1=uZt

and the results of these are shown in Fig. 8. This

approximate relation has proven useful to relate the

dynamic and transient moduli for homopolymers. Recently,

the same relationship was successfully used to describe the

viscoelastic properties of systems with micelles dispersed in

a homopolymers [40,41].

From the curves of the relaxation spectrum in Fig. 8, it

can be concluded that the dynamic viscoelastic response is a

combined of the relaxation of macromolecules motion and

the entanglements of polymer melts. For polyamide-6/

attapulgite nanocomposite samples, at attapulgite contentO
2 wt%, besides the relaxation response of polyamide-6

macromolecules there is another relaxation response
Fig. 7. Plot of G 0 and G 00 vs frequency for the series samples of polyamide-

6/attapulgite nanocomposites: (a) neat polyamide-6 and polyamide-6 with

attapulgite loading at (b) 2 wt%, (c) 3 wt%, (d) 4 wt%, (e) 5 wt%.
resulting from an additional network, which is clearly

reflected in the region of t around 1 s. This relaxation

corresponding to the physical jamming or percolation of the

nanoscpic fillers leads to the presence of the solid-like

behavior.

On the basis of both the dynamic oscillatory shear and

the stress relaxation moduli, it is clear that the addition of

fibrous silicate has a profound influence on the long time

relaxation of the nanocomposites and causes them to exhibit

‘strongly associated particles’ effect. With increasing

silicate loading, the liquid-like relaxation observed for the

unfilled polymer gradually changes to the solid-like

behavior.
3.3. Studies on the percolated structure of the

nanocomposites

Based on the findings of our study on the morphology

and rheology of polyaimde-6/attapulgite nanocomposites,

we propose a ‘grafting-percolated’ model as shown in Fig.

9(A) to describe its percolated structure. The highly

anisotropic attapulgite fibers interconnect with each other

and extend on 3D to form a percolated network structure.

Each single fiber is confined in a microdomain and

prohibited from moving readily due to lack of free space

limited by adjacent fibers. The nanocomposites with such

silicate framework exhibit solid-like behaviors unless they

can overcome the increased activation energy of motion

barriers. As the remaining ortho-NaCaO groups on TDI-

modified attapulgite can react with the amino groups or

carbonyl groups on 3-caprolactam during ring-open polym-

erization, the polymer chains and the silicate fibers are

‘bridged’ by the grafting junctions provided by TDI. Since

the crossing polymer chains have topological constraints

and can become entangled, this model also takes account of

entanglement constrains for the interpretation of the

dynamics of these confined polymer melts.

Krishnamoorti presented a model of a hypothetical

hydrodynamic sphere (Fig. 9(C)) and the percolation of



Table 2

The frequency of the transition from liquid-like to solid-like

Sample Transition frequency

Neat polyamide-6 –

Polyamide-6/2 wt% attapulgite 4

Polyamide-6/3 wt% attapulgite 10

Polyamide-6/4 wt% attapulgite 21

Polyamide-6/5 wt% attapulgite 50

Table 3

Percolation thresholds for our system with different aspect ratios L/2R

L/2Ra Fc
b Wc

c

30 0.02197 0.04336

40 0.01756 0.03481

a L/2R represents the aspect ratio of the attapulgite stick length to

diameter.
b Fc is calculated in a 300!300!300 lattice model and the results

showed in the table are the average values calculated 1000 times.
c Wc represents the critical weight fraction of percolation threshold. For

the density of the polyamide-6 and the attapulogite silicates is 1.12 and 2.

26 g cmK3 respectively, we assumed that no other objects occupied the

lattice in our defined cube besides the polymer chains and attapulgite fibers.
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these hydrodynamic spheres to signify the onset of

incomplete relaxation and the presence of solid-like

behavior in their nanocomposites [4]. From the geometrical

point of view, a stick-like model would be a better

representation of the silicate fibers in comparison with the

sphere model as shown in Fig. 9(B). Therefore in our work

Monte Carlo simulations on randomly oriented stick objects

were performed to determine the critical percolation

threshold.

Previous simulation model and methods [42–47] used

permeable stick objects in the form of capped cylinders

(cylinders of length L and radius R capped with hemispheres

of radius R). For these systems the orientation of fiber was

not totally random and a semi-penetrable continuum models

was taken. However, our polyamide-6/attapulgite system is

a nanocomposites containing long-fiber in which the

orientation of the silicate fibers is totally random and the

fibers in reality are impenetrable to each other. From this
Fig. 9. Schematic diagram describing our p
point of view, we consult the lattice model and methods in

Isichenko’s review [48] and simplify this problem to predict

the percolation thresholds of the attapulgite sticks (aspect

ratios L/2RZ30–40) in our nanocomposites based on the

polymer chains considered.

In our ‘grafting-percolated’ model, we assume that the

‘attapulgite-polymer chain-attapulgite’ grafting structure

belongs to the percolated structures. Since the root mean

square radii of gyration of the polymer chains are about

several nanometers, we define one polymer chain occupy

one cube (1!1!1), thus one attapulgite stick should

occupy 30 (30!1!1) or 40 (40!1!1) cubes. Two

attapulgite sticks joined via a polymer chain can be

considered as one united entity although they are not
olymer/fibrous clay nanocomposites.



Fig. 10. 2D sketch map of our stick percolation clusters on the square lattice model at F!Fc (A); FZFc (B); FOFc (C) with the aspect ratio L/2RZ6, in

which the black occupied lattices represent the sticks percolated, the grey occupied lattices represent the sticks unpercolated, and the symbols ‘!’ indicate the

lattices occupied by the grafted polymer chains.
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directly interconnected. Thus, in this percolation lattice

model, if the minimum distance between two sticks is within

the size of one cube, the two sticks should belong to the

same cluster (Fig. 10). Percolation take place when a cluster

that can connect the two boundaries (zZ1 and zZ300) of

the 3D-lattice, appears.

The percolation threshold can be expressed as the critical

volume (area) fraction Fc. The critical volume (area)

fraction Fc for the randomly oriented sticks with different

aspect ratios L/2R were calculated and listed in Table 3. As

expected, the percolation threshold is independent of the

system size used and decreases with the increase of aspect

ratio. Our Fc value is much lower by contrast with that

reported in Isichenko’s review, in which Monte Carlo

simulations were used to calculate Fc for spheres, discs and

other cubic objects [48].

Our Monte Carlo simulation of percolation threshold

predicts that percolation will occur at a volume fraction of

attapulgite sticks of about 0.02. By measuring density the

volume fraction can be converted into weight fraction. In

other words, these calculations suggest that percolation

emerge at about 3–4 wt% of the fibrous silicate (listed in

Table 3). The simulation prediction fits very well with the

experimental findings of the rheological studies. Therefore,

the Monte Carlo simulation is indeed a useful method for

describing such polymer/fibrous silicate nanocomposite

system.
4. Conclusions

Polyamide-6/attapulgite nanocomposites were success-

fully synthesized via in situ polymerization, prior to which

attapulgites were modified with cetyltrimethylammonium

bromide (CTAB) and toluene-2,4-diisocyanate (TDI). Such

grafting-percolated fibrous silicate nanocomposites have

many intriguing rheological properties closely related to

their composition and structure. The storage moduli, loss

moduli, and dynamic viscosities of our nanocomposites
show a monotomic increase with attapulgite content in low

frequency region due to the confinement of polymer chains

and the percolated network structure. The power-law

relation in the low frequency region shows a dependence

on the concentration of the fibrous silicates and the

dependence levels off at about w5 wt% of silicates. The

addition of fibrous silicate has a profound influence on the

long time relaxation of the nanocomposites and exhibits

‘strongly associated particles’ effect. Finally, we provided a

‘grafting-percolated’ model based on the grafting-perco-

lated structure to explain the solid-like behaviors of such

nanocomposites. We also used Mote Carlo simulation to

predict critical percolation thresholds of such polymer/fi-

brous silicates nanocomposites. The predictions of percola-

tion thresholds from the simulation model were in good

agreement with experimental results.
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