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ABSTRACT: A trifunctional organo alkoxysilane (3-ami-
nopropyl)triethoxysilane (c-APS) has been used as reagent
for the chemical modification of montmorillonite clay. Sil-
ane grafting was taken place in dry and hydrolyzing con-
ditions. Silane grafted and pristine clay took part in
interfacial polycondensation process to deposit a layer of
nylon-66 onto the clay lamellae and therefore, enhance
their affinity with nylon-66 matrix. Evidence of presence
of grafted silane molecules and deposition of nylon-66 on
clay particles were provided by Fourier transform-infra-
red, thermogravimetric analysis (TGA), and X-ray diffrac-
tion (XRD). Such modified clays and pristine clays were
melt compounded with nylon-66. The structures of the
resulting nylon composites were characterized using XRD
and transmission electron microscopy and the results

showed presence of both intercalation and exfoliation.
TGA thermograms of nanocomposites indicated improved
thermal stability upon the incorporation of silane grafted
montmorillonite. Furthermore, differential scanning calo-
rimetry scans showed that silane modified clays promoted
crystallization in nanocomposites. Increase of storage mod-
ulus and depression of tan d peak in nanocomposites in
dynamical mechanical thermal analysis were observed.
The rheological properties of nylon-66 and nanocompo-
sites were also evaluated and differences in values of com-
plex viscosity of samples were noticed. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 1501–1510, 2012
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INTRODUCTION

Polymer-layered silicate nanocomposites have
received both academic and industrial interest
because they exhibit significant improvement in
properties at very low percentage of filler relative to
conventional composites. Study of these materials
came into vogue with the work initiated by the
Toyota research team.1,2 They investigated the ability
of organically modified montmorillonite to be swol-
len by the e-caprolactam monomer and arranging
in situ intercalative polymerization to achieve nylon-
6-based nanocomposites.3,4

Under natural condition, the individual sheets of
montmorillonite stack together via the Van der
Waals forces to form macroscopic clay particles
called tactoids.5 Due to the intrinsic polarity, in-
organic clays are incompatible with organic phases
and, therefore, it is essential to modify their surfaces
to make them organophillic and increase their
gallery height.6,7 The mostly used modification
approach is the ion exchange reaction with alkyl

ammonium surfactants. The onset temperature of
decomposition of these modified clays is approxi-
mately 180�C. If the processing temperature is
higher than the thermal stability of the organic treat-
ment on the clay, decomposition will happen.8

An alternative modification method involves
direct grafting reaction to form covalent bonds. Pres-
ence of silanol groups on the edge of clay due to the
broken edge and crystalline defects, enables grafting
of alkoxyl silanes to the clay edge via condensation
with these silanol groups. Furthermore, the inter-
layer grafting can happen within the clay gallery
and leads to prominent increase of the clay basal
spacing. Compared with the ion-exchanged clays
that ammonium molecules are physically adsorbed,
the covalently modified clays exhibit improved ther-
mal stability.9–12

It has been reported that sylilation reaction and
the interlayer structure of grafted products depend
on the kind of used clay materials.13 The influence
of dispersing medium on grafting of organosilane
onto the montmorillonite surface has been studied
by Shanmugharaj et al.14 They concluded that the
surface energy of used solvent plays an important
role on grafting reaction. Herrera et al.9,15 inspected
effects of silane functionality on the sylilation of
laponite. Another method for silane grafting has
been reported in which sylilation is carried out by
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exposing montmorillonite to saturated vapor from
refluxing silane.16 Dean et al.17 developed urethane
acrylate nanocomposite using silane grafted mont-
morillonite. The organosilanes which were used con-
tained acrylate functionality which could react with
the acrylate groups in the urethane acrylate matrix.
Preparation of polycarbonate, unsaturated polyester,
polyethylene, epoxy, poly(ethylene terephthalate),
poly(butylene terephthalate) nanocomposites based
on silane grafted montmorillonite has also been
reported.11,18–23

Nylon-66 or poly(hexamethylene diamine-co-
adipic acid), first prepared by Carothers in 1936, is
one of the two principal polyamides, the other is
nylon-6, in commercial production.24 Despite the fact
that nylon-66 is an important engineering polymer,
it received little attention to prepare clay nanocom-
posites. To our knowledge, silane grafted montmo-
rillonite has not been utilized in nylon-66 nanocom-
posites. In this work, sylilation of clay lamellae is
followed by interfacial polycondensation (IPC) of
diamine and diacid chloride to deposit a layer of
nylon-66 onto the clay lamellae, and thus being
more compatible with nylon matrix, in addition to
improved thermal stability due to silane agents. So
far, preparation of nylon-66 nanocomposites using
IPC has been reported, but all of them have organ-
ized IPC process to provide final nanocomposite
product.25–27 It is obvious that this procedure is not
commercially reasonable, because of high costs of
the IPC process.

This work presents employing of IPC to modify
pristine and silane grafted montmorillonite for melt
compounding of nylon-66 nanocomposite, and thus
more compatibility and thermal stability of the
hybrid product.

EXPERIMENTAL

Materials

The nylon-66 used in this study was obtained from
DuPont Company (Zytel). Sodium montmorillonite
(Na-MMT) was Kunipia-F with cation exchange
capacity of 119 meq/100 g, was kindly supplied by
Kunimine Industry, Japan. The trifunctional sylilat-
ing agent (3-aminopropyl)triethoxysilane (c-APS)
used for the chemical modification of montmorillon-
ite, was purchased from Aldrich Chemical Com-
pany; 1,6-diaminohexane (HMDA) and adipoyl chlo-
ride (AdCl) from Aldrich (Germany), were used in
IPC to further modification of clay lamellae. Tri-
ethylamine (Merck, Germany) was added as a scav-
enger for the byproduct in IPC process. Solvents
used in this work were toluene (Acros Organics),
distilled water, and pure ethanol.

Modification of montmorillonite

Silane grafting

Two grams of Na-MMT was dispersed in 75 mL of
toluene, and 1 mL of c-APS, corresponding to more
than 6 meq of silane per gram of clay, was added
into the reaction flask and experienced sonication
using an ultrasonic probe homogenizer (Bandelin
Sonoplus, Germany), for 30 min at a power of 65%.
It was then washed with toluene repeatedly, dried
preliminary, ground in a mortar, and then dried at
50�C under vacuum condition before processing or
analysis. Another silane grafting process was per-
formed by following the sonication step in water/
ethanol (20/80 by volume) resulting in a three-com-
ponent solution of toluene–water–ethanol. Ethanol
content provides a homogenous mixture of immisci-
ble ingredients of water and toluene. It was mixed
vigorously using a magnetic stirrer at 80�C for 3 h.
The reaction product was extensively washed with
ethanol and water, ground, and dried at 50�C in a
vacuum oven. Samples were designated as TS-MMT
(silane grafted MMT in toluene) and HS-MMT (sil-
ane grafted MMT in toluene which is followed by
mixing in water–ethanol solution).

Interfacial polycondensation

In this step Na-MMT, TS-MMT, and HS-MMT
entered in interfacial polycondensation (IPC) pro-
cess. Each clay was dispersed in aqueous phase (2 g
clay in 200 mL water), and consequently 0.21 g
HMDA and 0.36 g triethylamine were introduced
into the suspension. With the addition of HMDA,
flocculation of clay lamellae takes place, which is the
result of destruction of double layer keeping par-
ticles in suspension.28 Then 200 mL toluene (organic
phase) contained 0.32 g AdCl, poured into the aque-
ous phase, while the mixture is blended at 16,000
rpm by a disperser (Ultra-Turrax, IKA, Germany).
IPC process lasted for 7 min. The products were
washed with ethanol and water, and after grinding,
dried in a vacuum oven at 50�C. Na-MMT, TS-
MMT, and HS-MMT that underwent IPC process,
designated as INa-MMT, ITS-MMT, and IHS-MMT,
respectively.

Melt compounding

Nanocomposites were prepared by melt blending
Na-MMT, INa-MMT, ITS-MMT, and IHS-MMT with
nylon-66 using a Brabender mixer, at 80 rpm for 6
min at 270�C. Before blending, all MMT samples
and nylon-66 were dry mixed and dried at 80�C for
24 h under vacuum condition. The MMT content in
each sample was 5 wt %. Since the amount of MMT
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in all samples was the same, henceforth, the sample
compositions will not be mentioned in the text.

Characterization

The chemical modification of the clay was investi-
gated using a Bruker (Equinox 55) Fourier trans-
form-infrared spectrometer (FT-IR), on powder-
pressed KBr pellets. The spectra were taken over the
spectral range 400 to 4000 cm�1 with a resolution of
4 cm�1.

X-ray powder diffraction (XRD) patterns were
obtained from a Philips Analytical diffractometer,
using Cu-Ka radiation (k ¼ 0.154 nm), operating at
40 kV and 40 mA.

Thermogravimetric analysis (TGA) was performed
using a TGA-PL instrument. The clays and the
resulting nanocomposites were heated at rates of 20
and 10�C/min, respectively, under a nitrogen flow.

Differential scanning calorimetry (DSC) was per-
formed with Polymer Laboratories (PL-DSC), the
samples were weighed and heated from 30 to 300�C
at a heating rate of 10�C/min under nitrogen atmos-
phere. The samples were held at 300�C for 5 min to
eliminate previous history, and then cooling and sec-
ond heating were performed at a rate of 10�C/min.

Dynamic mechanical properties were evaluated on
a Dynamic Mechanical Analyzer (Tritec 2000 DMA).
The dual cantilever bending mode was used in a
temperature range from 0 to 250�C. The heating rate
and frequency were 5�C/min and 1 Hz, respectively.

Rheological measurements were obtained in
dynamic mode of shearing on a Modular Compact
Rheometer, Anton Paar, with a parallel plate fixture
(25 mm diameter). The frequency range was set at
0.01 to 600 rad/s and the applied strain was 10% at
270�C.

Transmission electron microscopy (TEM) was car-
ried out using a Zeiss EM10C transmission electron
microscope operated at 80 keV. Cross-sections of the
nanocomposites were obtained by slicing the sample
into thin films of about 70 to 100 nm thickness.

RESULTS AND DISCUSSION

Modification of montmorillonite

Silane grafting

The modified and sodium montmorillonite clays
were characterized using FT-IR, XRD, and TGA to
evaluate silane grafting and insertion of nylon layer
on clay platelets in IPC process. Figure 1 shows the
FT-IR spectra of Na-MMT and the silane grafted
montmorillonites. The spectra show the peak at
3627 cm�1 corresponding to stretching vibration of
the surface hydroxyl groups that are bonded to the
aluminum and magnesium in montmorillonite. After
silane grafting reaction, intensity of this band
decreases. This decrease is more evident for HS-
MMT, indicating more silane molecules participated
in the grafting reaction. New peaks at 2929 cm�1

with a small hump at 2854 cm�1 referring to ACH
asymmetric and symmetric stretching of CH2 groups
are observed in TS-MMT and HS-MMT spectra,
which indicates the presence of c-APS in modified
clays.
The XRD patterns of the silane grafted montmoril-

lonites and pristine clay are shown in Figure 2. Na-
MMT has a characteristic diffraction peak at 2y ¼
9.05� attributed to basal spacing (d001) of 9.76 Å. It
can be seen that basal spacing for TS-MMT is 9.73 Å
which is close to d001 of Na-MMT. Despite utilizing
ultrasonic probe homogenizer, hydrophilicity of Na-
MMT prevents dispersing of clay lamellae in tolu-
ene, and during grafting process, silane molecules
cannot diffuse in the gallery of clays, and basal

Figure 1 FT-IR spectra of Na-MMT and silane grafted
montmorillonites.

Figure 2 XRD patterns for Na-MMT and silane grafted
montmorillonites.
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spacing remains constant. For the HS-MMT two
peaks are observed at 2y ¼ 9.29� and 4.86� corre-
sponding to 9.50 Å and 18.14 Å, respectively. Pres-
ence of water in the reaction favors the exfoliation of
clay platelets, and the amount of grafted silanes
increases the d001 spacing of clay by 8.38 Å.

Figure 3 displays the TGA thermograms of clays
before and after grafting of the silane molecules. The
DTG curve of Na-MMT [Fig. 3(a)] shows two peaks
at 66�C and 697�C, attributing to loss of the physi-

cally adsorbed water and irreversible dehydroxyla-
tion of clay, respectively. For TS-MMT, in addition
to the peaks due to loss of surface water (68�C) and
dehydroxylation of clay (705�C), a weak broad peak
is observed at 429�C [Fig. 3(b)] corresponding to loss
of small amount of grafted silane to the edge of
clays. As was seen in the XRD pattern of TS-MMT,
where there is no increase in the gallery height, sil-
ane molecules cannot reach the clay interlayer, and
condensation reaction takes place at the clay edges.
The DTG curve for HS-MMT [Fig. 3(c)] displays five
peaks at 81, 195, 340, 464, and 535�C, respectively.
The peak at 81�C is attributed to the vaporization of
free water, while the peak at 195�C is possibly corre-
sponding to the loss of adsorbed c-APS molecules.
Weight loss at 340�C refers to intercalated silane
between clay platelets. In addition, the peaks at 464
and 535�C are due to decomposition of chemically
grafted silane with the clay lamellae and in the clay
interlayer, respectively. There is no any evident peak
for dehydroxylation of HS-MMT. Lack of hydroxyl
weight loss in HS-MMT, may present that hydroxyl
groups were consumed in grafting reaction.12 The
amount of grafted silane in TS-MMT is about 2.5 wt
%, while this value for HS-MMT is about 10.5 wt %.
These results indicate that grafting yield is

strongly affected by the used solvent. Na-MMT has
a tendency to pile up into tactoids when suspended
in nonpolar liquids such as toluene. Therefore, in
the case of TS-MMT, dispersion of clay lamellae
cannot occur and silane agents have little chance to
reach the interlayer of clay, and grafted amount is
low. Furthermore, presence of water, in addition to
dispersion of clay, leads to hydrolyzing of silane
molecules and condensation reaction with hydroxyl
groups of clay takes place.

Interfacial polycondensation

FT-IR spectra of montmorillonites which took part in
interfacial polycondencation process, INa-MMT, ITS-
MMT, and IHS-MMT, are shown in the Figure 4.
Presence of nylon-66 on the clay platelets are
observed via peaks at 1639 and 1540 cm�1 corre-
sponding to amide I and amide II, respectively,.29

The NAH stretching vibration at 3311 cm�1 is
apparent after IPC process. The peak at 2938 cm�1

referring to stretching vibration of CAH band, is
stronger for ITS-MMT and IHS-MMT comparing
with TS-MMT and HS-MMT shown in Figure 1,
indicating the presence of methylene groups of ny-
lon chains on the clay.
The X-ray diffractograms of the INa-MMT, ITS-

MMT, and IHS-MMT are presented in Figure 5. The
pattern for the INa-MMT reveals that the peak
shifted toward smaller angles compared with Na-
MMT (d001 ¼ 9.76 Å), and IPC process increased the

Figure 3 TGA thermograms of clays before and after sil-
ane grafting, (a) Na-MMT, (b) TS-MMT, and (c) HS-MMT.
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basal spacing of INa-MMT to 13.34 Å, showing that
resulted nylon chains diffused through the interlayer
of clay platelets. The same behavior is observed
for ITS-MMT, and its basal spacing increased to
13.33 Å. As previously mentioned, silane content of
TS-MMT is low and its gallery height is close to that
of Na-MMT, therefore, similarity in the resultant IPC
products is acceptable. There is a peak at 2y ¼ 6.56�

referring to d001 spacing of 13.47 Å in the IHS-MMT
pattern. In this case, the higher basal spacing in the
HS-MMT, 18.14 Å, reduced and the initial basal
spacing of 9.50 Å increased to 13.47 Å with IPC pro-
cess. The most likely explanation for the reduction
in basal spacing is that some intercalated silane
molecules are present between the clay nanosheets
which are not chemically bonded and, therefore,
during IPC process can be withdrawn from nano-
sheets and the overall d-spacing reduces to 13.47 Å.

Thermal degradation behavior of pristine and
modified clays are shown in Figure 6. As can be
evaluated in the Figure 6, the amount of deposited
nylon on the INa-MMT is 11.1 wt %, while this

value for the ITS-MMT is 10.2 wt %. According to
previous results in the silane grafting section, it is
expected that nylon content in INa-MMT and ITS-
MMT to be close together. The nylon amount in the
IHS-MMT is 3.2 wt %. This low value is in accord-
ance with the results obtained by XRD measure-
ments showing that HS-MMT cannot take part in
IPC perfectly due to greater grafted silane and thus
more hydrophobicity of HS-MMT, therefore, the de-
posited nylon on clay platelets is in small amount
comparing with the two other clays.

Melt compounded nylon-66 nanocomposites

XRD

Figure 7 compares X-ray diffraction patterns for the
neat nylon-66 and its nanocomposites containing 5
wt % MMT. The pattern for the nylon-66 has no any
characteristic peak in this 2y range. Nanocomposite

Figure 4 FT-IR spectra of INa-MMT, ITS-MMT and IHS-
MMT.

Figure 5 X-ray diffractograms of the Na-MMT, INa-
MMT, ITS-MMT, and IHS-MMT.

Figure 6 Thermal degradation behavior of pristine and
modified montmorillonites. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 7 XRD patterns of nylon-66 and nylon
nanocomposites.
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including Na-MMT reveals a peak at 2y ¼ 8.93� indi-
cating the basal spacing of 9.88 Å. For the nanocom-
posites consisting modified montmorillonites, weak
broad peaks are seen. Basal spacing increased
slightly for these nanocomposites comparing with
their corresponding modified clays. According to
Figure 7, basal spacing for nanocomposites based on
INa-MMT, ITS-MMT, and IHS-MMT are 13.57, 13.71,
and 13.55 Å, respectively. These weak broad peaks
disclose that an intermediate organization can exist
presenting both intercalation and exfoliation.

Transmission electron microscopy

Figure 8 displays representative transmission elec-
tron microscopy (TEM) images of nylon/Na-MMT
and INa-MMT nanocomposites. The TEM micro-
graph of Figure 8(a,b) show that the Na-MMT par-
ticles preserved their agglomerated structure. This is
in accordance with the result obtained from XRD
pattern for Na-MMT nanocomposite which pre-
sented a characteristic profile of nanoclay. As it was
expected large tactoids of Na-MMT are clearly visi-
ble. The INa-MMT nanocomposite showed better
dispersion [Fig. 8(c,d)]. It is observed that nanoclay
platelets have been delaminated and are more dis-
persed in the polymer matrix.

Thermogravimetric analysis

Thermal degradation temperature of nylon and its
nanocomposites was determined by thermogravi-
metric analysis. The thermogravimetric analysis

(TGA) and DTG thermograms in nitrogen atmos-
phere are shown in Figure 9(a,b), respectively. In the
case of nylon-66, the degradation starts at 337�C,
while this value is larger for nylon nanocomposites.
The onset temperature of degradation for Na-MMT,
INa-MMT, ITS-MMT, and IHS-MMT nylon nano-
composites are 346, 345, 341, and 343�C, respectively.
Presence of clay in nylon matrix enhances thermal
stability up from 4 to 9�C. The peak of the DTG
curves indicates the temperature corresponding to
maximum degradation (Tmax). The Tonset and Tmax of
neat nylon and its nanocomposites are given in Ta-
ble I. As it can be seen, presence of clay and its vari-
ous treatments have a substantial influence on the
thermal stability of nylon due to maximum degrada-
tion temperature. A significant increase in Tmax was
observed for IHS-MMT nanocomposite indicating an
increase in thermal stability of nylon by 37�C. It is
completely in agreement with what is expected from
covalently bonded silane molecules in IHS-MMT for
improving thermal stability upon the incorporation
of silane grafted montmorillonite in nylon matrix.

Differential Scanning Calorimetry

The nonisothermal crystallization exothermal curves
of nylon-66 and nylon nanocomposites are depicted
in Figure 10. The crystallization temperature, Tc,
is about 234.2�C for nylon-66. The addition of Na-
MMT into nylon-66 did not change the crystal-
lization temperature, but raised the amount of
crystallinity with regards to increased enthalpy of
crystallization (Table II). The ratio of heat of fusion

Figure 8 TEM photomicrographs of nylon-66 nanocomposites based on the montmorillonites (a) Na-MMT, low magnifi-
cation; (b) Na-MMT, high magnification; (c) INa-MMT, low magnification; (d) INa-MMT, high magnification.
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of the sample (DHf) to the heat of fusion of purely
crystalline form of nylon-66 (DHf

�) was calculated as
the percent crystallinity. The DHf

� value for nylon-66
matrix was taken as 195.9 J/g.30 The Na-MMT par-
ticles promote the crystallization possibly due to
nucleation effect. In the case of INa-MMT, crystalli-
zation temperature and enthalpy of crystallization
remained similar to that of neat nylon, but in com-

parison with Na-MMT, its crystallinity decreased.
Better dispersion of INa-MMT in the nylon matrix
imposed a confinement effect on polymer chain dif-
fusion and crystal growth.31 Therefore, outcome of
nucleation effect and confinement of polymer chains
leads to similarity in crystallization temperature and
crystallinity of INa-MMT nanocomposite and pris-
tine nylon. Furthermore, lower crystallinity of INa-
MMT comparing with Na-MMT nanocomposite can
be attributed to the higher viscosity of INa-MMT
system, it will be discussed later in this article,
which may reduce rate of crystallization. For the sil-
ane grafted clays, ITS-MMT and IHS-MMT, the crys-
tallization peak shifted toward higher Tc, which
could be ascribed to the effects of silane grafted
clays as an efficient nucleating agent to facilitate ny-
lon-66 crystallization. The phenomenon observed
here may be attributed to the presence of interactive
surfaces that are capable of immobilizing chains in
conformations that are more favorable for crystalli-
zation,32 due to possible reactions of carboxyl end
groups of nylon-66 with amino group of c-APS.
Therefore, the percent crystallinity of silane grafted
clay nanocomposites is higher than other namo-
composites and neat nylon, as it can be seen in the
Table II.
Figure 11 presents second heating curves of DSC

scans. All DSC traces show two crystalline melting
peaks at Tm1 and Tm2, which is the result of the de-
pendence of the melting point of crystallites on la-
mellar thickness. Tm1 is generally attributed to thin
lamella formed during cooling and Tm2 is attributed
to the melting of thickened crystals during the heat-
ing or annealing process.31,33 For the neat nylon and
Na-MMT and INa-MMT nanocomposites there is no
evident change in the melting points. In silane modi-
fied clay nanocomposites both Tm1 and Tm2

Figure 9 (a) TGA thermograms of nylon-66 and its nano-
composites. (b) Derivative thermograms.

TABLE I
Effect of Clay Treatment on Degradation Temperatures

of Nylon-66 Nanocomposites

Sample Tonset (
�C) Tmax (�C)

Nylon-66 337 430
Nylon-Na MMT 346 446
Nylon-INa MMT 345 450
Nylon-ITS MMT 341 454
Nylon-IHS MMT 343 467 Figure 10 First cooling curves of non-isothermal DSC

scans.
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increased which indicates promoting of crystalliza-
tion. The ratio of heat of fusion of Tm1 and Tm2 is
approximately constant in all samples, however, it is
reported that presence of nanoparticles increases
heat of fusion of Tm1 and decreases that of Tm2.

31,34

Dynamic Mechanical Thermal Analysis

The temperature dependence of storage modulus, E’,
is shown in Figure 12. It is obvious that introducing
of nanoclay into the nylon matrix increased the stor-
age modulus for all temperatures. As it can be seen
in Figure 12 modulus enhancement is higher for
modified montmorillonites in comparison with Na-
MMT. Furthermore, among all nanocomposites, INa-
MMT organoclay produced the highest reinforcing
effect on nylon. This phenomenon presents that
nanoclays and particularly INa-MMT make the sta-
ble constrained region in polymer segments.

Figure 13 displays the tan d data obtained for the
neat nylon and nanocomposites. The temperature at
the maximum value of tan d peak is frequently con-
sidered as Tg. In the case of Na-MMT nanocompo-
site, Tg value remained constant, however, for those
of organically modified montmorillonites, there is a
slight shift in the tan d peak toward higher tempera-
ture. This is in contradiction to results obtained for
nylon-6/MMT hybride, in which Tg of nylon-6
decreased.35 The decrease in the Tg was caused by

the alkyl ammonium surfactant in the organic MMT
used which was served as a plasticizer during com-
pounding of the organic clay with nylon-6.36 There-
fore, slight increment in Tg value in this study indi-
cates that there is a good affinity between modified
clays and nylon-66, and plasticizing effect does not
exist. Based on covalently bonded silane molecules
and nylon chains utilized as clay modifier, therefore,
observed results for Tgs are reasonable.
For each type of montmorillonite, either pristine

or modified, it is also observed that the introduction
of nanoclays led to a decrease in the height of the
tan d peak, indicating the restricted mobility of poly-
mer chains in the nylon nanocomposites.37,38 The
most height depression in the tan d peak occurred
for INa-MMT nanocomposite which points to the
largest amount of constrained region in this hybrid
according to a larger contact area between the nano-
clay surface and polymer chains.38

Rheology

Figure 14 gives logarithmic plots of complex viscos-
ity versus angular frequency for neat nylon-66 and
nanocomposites. There are noticeable differences in
the low frequency oscillatory data among the

TABLE II
DSC Results for Nylon-66 and Nylon Nanocomposites

Sample Tm1 (
�C) Tm2 (

�C) Tc (
�C) DHf (J/g) Crystallinity (%)

Nylon-66 251.15 260.75 234.19 66.38 33.9
Nylon-Na MMT 251.23 260.79 234.11 73.31 37.4
Nylon-INa MMT 251.4 261.04 234.15 67.44 34.4
Nylon-ITS MMT 254.05 263.57 236.77 75.47 38.5
Nylon-IHS MMT 254.22 263.74 236.73 77.27 39.4

Figure 11 Second heating curves of nonisothermal DSC
scans.

Figure 12 DMTA temperature scans of neat nylon-66 and
nanocomposite samples. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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samples. The most Newtonian-like behavior is seen
for the pure nylon-66 in the low frequency region. In
all nanococomposites, except ITS-MMT, presence of
clay increased complex viscosity in low frequency
region, in which this increase is more obvious for
INa-MMT. In addition, INa-MMT nanocomposite
exhibited the strongest shear-thinning behavior over
the entire range of angular frequencies. This nano-
composite also produced a weak shear thickening
behavior for x < 0.02 rad/s. The reduction of viscos-
ity due to increment of frequency can be attributed
to alignment of silicate layers parallel to the applied
shear.39 In high frequency region the value of the
melt viscosity of the nanocomposites was lower than
that of pure nylon-66. One possible reason for reduc-
tion of melt viscosity in the nanocomposite is slip
between the nylon-66 matrix and the exfoliated orga-
noclay platelets during high shear flow.40 Among

various treatments, this slippage is higher in INa-
MMT nanocomposite, since better dispersion of INa-
MMT in nylon matrix is occurred and, therefore,
stronger shear thinning behavior has been observed.
Figure 15 presents log G0 versus log x plots at 270�C
for nylon-66 and nylon/clay nanocomposites. The
plot for nylon-66 has a slope close to 2 in the termi-
nal region, and its deviation from terminal zone
slope of 2 can be attributed to polydispersed behav-
ior of nylon-66.39 In the low frequency region addi-
tion of clay led to an increase in value of storage
modulus for all types of clays, however, this increase
was more pronounced in the case of INa-MMT
nanocomposite. As it can be seen from Figure 15 in
the terminal region for the nanocomposites the plots
have a slope less than 2 and the lowest slope
belongs to INa-MMT nanocomposite. The differences
in slopes may be ascribed to differences in extent of
exfoliation. A larger extent of exfoliation will lead to
more solid-like behavior due to increased number of
clay-polymer interactions.39 This is consistent with
DMTA results in which the most height depression
for tan d occurred for INa-MMT nanocomposite
indicating better dispersion of organoclay and larger
contact area between the INa-MMT surface and ny-
lon-66 chains.

CONCLUSIONS

Grafting reaction of alkyl silane through reaction
with hydroxyl groups on the edge of clay was per-
formed in dry toluene under sonication. In a sepa-
rate method dry silane grafting was followed by
mixing in water/ethanol solution, which led to bet-
ter grafting of silane molecules regarding to TGA
results that showed greater amount of weight loss in
HS-MMT organoclay. FT-IR and XRD were also

Figure 13 Temperature dependency of tan d for nylon-66
and its nanocomposites. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 14 g* curves of nylon-66 and nylon-66/montmoril-
lonite nanocomposites at 270�C. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

Figure 15 Influence of frequency on shear storage modu-
lus for neat nylon-66 and its nanocomposites. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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used to confirm silane grafting process. IPC process
improved the consistency of MMTs with nylon ma-
trix as it was seen in XRD data and TEM images
showing intercalated and exfoliated structures. Co-
valently bonded silane molecules enhanced thermal
stability of nylon nanocomposite by 37�C according
to observed Tmax in TGA thermograms. DSC cooling
scans revealed that interactive surfaces in silane
modified clays that are capable of immobilizing
chains can act as effective nucleating agent to facili-
tate nylon-66 crystallization. The largest contact area
between the nanoclay surface and polymer chains
and therefore, the largest amount of constrained
region was observed for INa-MMT nanocomposite
due to most height depression discerned in the tan d
peak in DMTA data. Rheology results also corrobo-
rated that INa-MMT-based nanocomposite has better
dispersion of organoclay and larger contact area
between the modified clay surface and nylon-66 ma-
trix regarding to highest values for complex viscos-
ity and strongest shear thinning behavior observed
for this nanocomposite. It can be concluded that to
improve thermal properties of nanocomposites i.e.,
thermal stability, silane grafted montmorillonites are
efficiently practical. Additionally, as a particular
method for modifying clay platelets, IPC process is
utilized for synthesis of nylon-66 in the presence of
nanoclay. Finally, in comparison with reported IPC
processes in which nylon matrix of nanocomposites
are prepared through polymerization of expensive
monomers, the present method produces modified
clay with very low content of nylon and much less
monomer consumption.
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