
Introduction

The addition of ®llers to polymers expands their range
of application [1]. In many cases ®llers such as glass
beads, CaCO3 or BaSO4, which have a very low aspect
ratio, are employed. The mechanical properties may be
widely improved by ®llers having a large aspect ratio.
Such materials are, for example, short ®bers, mica or
talc. The dimensions of these ®llers are usually in the
micrometer range. The improvement of mechanical
properties might be more e�ective with ®llers in the
nanometer range. (2:1)-three layered silicate, such as
montmorillonite or hectorite, are known as good

nano®llers because they can be separated into single
sheets with a thickness of approximately 1 nm. Large
amounts of water can be loaded in the interlayer spacing
or the Na+ and Li+ cations can be replaced with
organic cations, for example, R-NH�3 [2±4]. A prerequi-
site to obtain a nanocomposite with highly improved
properties is a ®ne dispersion on the exfoliated silicate
layers [5±8]. This is usually achieved by appropriate
swelling techniques, followed by a compounding step or
in situ polymerization. In the last decades the prepara-
tion of a great variety of nanocomposites has been
reported in the literature [9±23]. These nanocomposites
were usually characterized by means of wide angle X-ray
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Abstract Nanocomposites based on
polyamide-12 (PA-12) and layered
silicates are synthesized and ana-
lyzed with respect to their morpho-
logical and rheological properties.
Transmission electron microscopy
shows the ®ne dispersion of silicate
layers in a PA-12 matrix. Di�erent
swelling agents for the clay (proto-
nated aminododecanoic acid or wa-
ter) are used. This allows the molar
mass of PA-12 to be controlled
during the preparation of the nano-
composites. When aminododecanoic
acid is used as a swelling agent, the
exfoliated silicate layers are chemi-
cally bonded to the matrix, whereas
the use of water as a swelling agent
leads to exfoliated silicate layers well
dispersed in the polymer matrix
without tethered polymer chains.
The rheological behavior of the
nanocomposites di�ers extremely
from that of the pure PA-12 matri-

ces. A qualitative description of the
rheology of these nanocomposites is
provided.
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scattering (WAXS), transmission electron microscopy
(TEM) and mechanical testing. It was described how the
interlayer distance increases during the swelling of the
silicates characterized by a shift in the d001 re¯ection in
the WAXS traces towards smaller 2Q values. Sometimes
this re¯ection disappears completely. This is also the
case when the layered silicate is completely dispersed in a
polymer matrix. The TEM measurements occasionally
depict larger agglomerates of layered silicates with an
increased interlayer distance [21]. Usually, nanocompos-
ites show increased Young's moduli but simultaneously
also a loss in impact toughness. The ultimate goal to
achieve materials with both high sti�ness and high
toughness can only be realized in exceptional cases [8±
11]. In previous work we demonstrated for polyamide-12
(PA-12) nanocomposites that it is possible to obtain
materials with increased sti�ness (Young's modulus)
without sacri®cing the high notched impact toughness
[24].

The rheological properties of in situ polymerized
nanocomposites with end-tethered polymer chains were
®rst described by Giannelis and coworkers [25, 26]. The
¯ow behavior of poly(e-caprolactone) (PCL) and polya-
mide-6 (PA-6) nanocomposites di�ered extremely from
that of the neat matrices. The slope of the storage
modulus, G¢, and the loss modulus, G¢¢, versus the
frequency, x, in the terminal region was smaller than 2
and 1, respectively. Values of 2 and 1 are expected for
melts of linear monodispers polymers [27, 28]. Further-
more, it was shown that the Arrhenius activation energy
is not in¯uenced by the addition of layered silicate to
PCL in comparison to the neat polymer [26]. However,
the thermorheological behavior of PA-6 nanocompos-
ites was not investigated.

The aim of this work is to investigate the rheological
properties of PA-12 nanocomposites at di�erent tem-
peratures in order to verify the time±temperature
superposition principle. The rheological behavior is
studied as a function of the degree of ®lling, as a
function of the method of swelling of the clay and as a
function of the molar mass of the polymer matrix. A
qualitative model is proposed in order to describe the
changes in the rheological behavior in nanocomposites
compared to those in neat polymers.

Experimental

Silicates

Two kinds of layered silicates were used: a synthetic and a natural
silicate. The synthetic silicate SOMASIF ME100 (layered silicate
A: LSA, 26.5 wt% Si; 15.6 wt% Mg; 0.2 wt% Al; 4.1 wt% Na; 0.1
wt% Fe; 3.8 F), which represents a ¯uoromica and was prepared
by heating talcum in the presence of Na2SiF6, was obtained from
CO-OP, Japan. The negative charge of the layers is compensated by
Na+ ions in the interlayer space. The cation-exchange capacity

(CEC) is in a range of 0.7±0.8 mEq/g for LSA [29]. The natural
silicate (bentonite, layered silicate B: LSB) was supplied by SuÈ d-
Chemie, Germany. LSB is a mixture of di�erently sized silicates,
mainly montmorillonite (more than 80%) with by-products such as
quartz, mica, chlorite and feldspar [30±32]. The CEC is in a range
of 0.7±1.0 mEq/g for LSB. The interlayer spacing calculated from
the WAXS d001 re¯ection is 0.95 nm for LSA and LSB, respectively
[29, 30].

x-Aminododecanoic acid and PA-12

x-Aminododecanoic acid (ADA) (used for silicate swelling and
polycondensation) was provided by EMS-Chemie, Switzerland.
Two PA-12 samples were used as reference materials. These PA-12
grades were commercial products from EMS-Chemie (Grilamid)
with di�erent molar masses. PAA was a PA-12 sample with a low
molar mass and PAB had a high molar mass. The viscosity data
and end group analyses are given in Table 1. The melting points are
179 °C, the melting enthalpies are 59 J/g, and the crystallization
enthalpies are 56 J/g as determined by di�erential scanning
calorimetry experiments with heating and cooling rates of 10 °C/
min. These data are identical for both samples.

Swelling of the layered silicates

LSA was dispersed in water and swollen by three di�erent methods.
In method a the overall concentrations were 20 mmol/l ADA,
24 mmol/l HCl and 8.3 g/l LSA. In method b an excess of ADA
with respect to the CEC for LSA (overall concentration 40 mmol/l)
was added. In method c the HCl concentration was reduced to
4 mmol/l compared to method b. The dispersions were ®ltered and
dried at 80 °C. Additionally, LSB was swollen with water only
(method d). A paste of 20 wt% LSB in water was used directly for
the polycondensation.

Thermogravimetric analysis

For the thermogravimetric analyses (TGA) 20 mg of the sample
was put in a corundum pan. The temperature range was between 30
and 700 °C with a heating rate of 5 °C/min under a nitrogen
atmosphere.

Transmission electron microscopy

The morphology of the samples was examined by TEM. For the
TEM measurements, ultrathin sections were prepared at )80 °C
with an Ultracut E ultramicrotome (Reichert & Jung) using a
diamond knife. The measurements were carried out on a Zeiss
CEM 912 (120 kV).

WAXS measurements

The swelling of the layered silicates with ADA or water was studied
by means of WAXS using a Siemens D500 apparatus with Cu Ka
radiation (k = 0.154 nm) and a scanning rate of 0.3 °C/min.

Nanocomposites

The nanocomposites were prepared by polycondensation of ADA
at 280 °C in an autoclave in the presence of the swollen silicates.
After 1 h the pressure was raised to 20 bar. In the subsequent 1.5 h
the pressure was continuously reduced to ambient pressure. The
mixture was stirred for another 7 h, degassed, pelletized and dried.
The nanocomposites are abbreviated NCLSAi-X or NCLSBi-X.
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NC means nanocomposite, i stands for the swelling method (a, b, c
or d) and X indicates the inorganic content in weight percent.

Rheological characterization

The pure polyamides and the nanocomposites were dried for 48 h
at 60 °C in a vacuum and were melted for 20 min under vacuum
at a temperature of 200 °C in a Collin PCS2 vacuum press. The
samples were pressed for 10 min and were subsequently quenched
to ambient temperature. The plates had a diameter of 25 mm and
a thickness of approximately 1 mm. For the rheological measure-
ments a Paar Physica UDS200, a stress-controlled rheometer, with
parallel-plate geometry was used. All measurements were carried
out under nitrogen. The shear-¯ow behavior of di�erent molar
mass PA-6 samples has been discussed by Pezzin and Gechele [33].
They found an increase in the melt viscosity with holding time. This
result was also observed by other groups [34, 35]. A horizontal line
in the time sweep plot proved the time stability of our measure-
ments for at least 70 min. For this reason we selected short
frequency sweeps ranging from 25 to 1 rad/s. This guaranteed that
the materials were stable over the frequency and temperature
ranges investigated. The strain/stress region in which the linear
viscoelastic properties are valid was determinated by amplitude
sweep experiments. Each sample was measured at di�erent
temperatures ranging from 200 to 240 °C. The temperature was
increased in steps of 5 °C. The reference temperature was 210 °C in
all cases.

Results and discussion

Usually the preparation of layered silicate is carried out
by swelling the silicates during ion exchange using
protonated amino acids dispersed in water followed by
a polycondensation step. Depending on the swelling
method employed, it is also possible to control the
interlayer spacing of the layered silicates in the poly-

amide matrix obtained by polycondensation. Assuming
a tube shape for ADA, the diameter is approximately
0.4 nm and the length is approximately 1.9 nm [36]. The
interlayer distance after swelling by method a is 1.8 nm
compared to the 0.95 nm of the unmodi®ed layered
silicate. This correlates with the intercalation of two
molecules of ADA placed ¯at-on between two silicate
layers. This is in agreement with literature data [30, 36,
37]. Employing swelling methods b and c leads to an
interlayer distance of 2.0 nm. This is an indication that
molecules which are not in direct contact with the
silicate are intercalated in the interlayer spacing in
addition to the two layers of ADA. Swelling methods
a±c are connected with the disadvantage of the stoichio-
metric imbalance caused by the ``loss'' of amino groups
attached via ion bonding to the layered silicate. These
e�ects can be studied readily by end group analysis.
In the case where the end groups are expressed in
equivalents per million grams of polymer, the number-
average molar mass can be calculated using Eq. (1).

Mn � 2� 106

�COOH� � �NH2� � �U� �1�

In Eq. (1) a factor of 2 appears because of the two
di�erent end groups. [COOH] is the concentration of
acid end groups, [NH2] is the concentration of amine
end groups and [U] is the concentration of regulator.
Thus, only acid end groups of protonated and bonded
ADA can react in the polycondensation and the acid end
groups must be considered as chain-length regulators.
The achievable molar mass during polycondensation is
therefore decreased. The concentration of the regulator

Table 1 Interlayer distance of
the silicate after the swelling
procedure and characteristic
data of PA-12 nanocomposites.
See text for an explanation of
the notation

Interlayer
distance of
the silicate
(nm)

Silicate
loading
(wt%)

Relative
viscositye

Concentration
of COOH
end groups
(lEq/g)

Concentration
of NH2

end groups
(lEq/g)

Calculated
M f

n
(kg/mol)

PAA ± 0 1.6 90 13 11.6
PAB ± 0 2.0 60 25 17.4
NCLSAa-2a 1.8 2 2.3 90 5 16.9
NCLSAa-4a 1.8 4 1.6 141 7 10.3
NCLSAb-2b 2.0 2 2.0 94 5 16.4
NCLSAb-4b 2.0 4 1.8 170 11 8.8
NCLSAc-2c 2.0 2 2.1 57 30 22.0
NCLSAc-4c 2.0 4 1.6 159 6 11.6
NCLSBd-2d Exfoliated 2 1.8 47 52 20.2
NCLSBd-4d Exfoliated 4 1.8 40 59 20.2

a Prepared with swollen LSA (20 mmol/l ADA; 24 mmol/l HCl; 8.3 g/l LSA) (method a)
b Prepared with swollen LSA (40 mmol/l ADA; 24 mmol/l HCl; 8.3 g/l LSA) (method b)
c Prepared with swollen LSA (40 mmol/l ADA; 4 mmol/l HCl; 8.3 g/l LSA) (method c)
d Prepared with LSB swollen with water
eRelative viscosity determined by the ratio of the viscosity of a 0.5 wt% solution of the polymer in
m-cresol to the viscosity of pure m-cresol at 25 °C
fCalculated using Eq. (1); for methods a and b an organic content of 20 wt% is bonded to the layers;
[U] = 23 lEq/g (2 wt%); [U] = 46 lEq/g (4 wt%); for method c [U] = 4 lEq/g (2 wt%); [U] =
8 lEq/g (4 wt%); for PAA [U] = 70 lEq/g, for PAB [U] = 30 lEq/g and for LSB [U] = 0 lEq/g

631



was analyzed by means of TGA. TGA traces of the neat
layered silicates do not show any weight loss in the
temperature range studied (up to 700 °C). The weight
loss of ADA is ®nished at about 480 °C, also after ion
exchange with the layered silicates. These data allow an
exact calculation of the loading of the layered silicates
with organic material. They are extremely important in
order to estimate the amount of chain-length regulator
present during the polycondensation as discussed previ-
ously. In Table 1 the inorganic content of the nano-
composites from TGA data obtained prior to and after
complete decomposition of the polymeric material is
listed. In the case where the swelling is carried out using
method a or b, the amount of chain-length regulator can
be calculated. For a 2 wt% nanocomposite the amount
is 23 lEq/g; with 4 wt% layered silicate the value is
46 lEq/g. Using method c the amount of chain-length
regulator is approximately 17% smaller, for NCLSAc-2
it is about 4 lEq/g and for NCLSAc-4 it is approxi-
mately 8 lEq/g. The molar masses calculated using
Eq. (1) are listed in Table 1. The calculated molar
masses correlate, at least qualitatively, with the solution
viscosity data. The largest molar masses are achieved
without chain-length regulators, i.e. when the silicate is
swollen in water prior to polycondensation (method d).
This method is discussed in more detail later. In the
other cases the relative viscosity decreases with increas-
ing amount of chain-length regulator.

Hence, the alternative preparation of nanocomposites
in which the LSB is swollen exclusively in water prior to
polycondensation is applied. The WAXS trace of LSB
after swelling with water is shown in Fig. 1. The d001
re¯ection of LSB which appears at an angle of 2Q = 10°
disappears completely and simultaneously a strong
increase in the scattering intensity at angles smaller than
2Q = 5° occurs. The other re¯ections for LSB at 2Q
values larger than 18° are still detectable. In conclusion
it can be said that the loss of the d001 re¯ection is caused
by the exfoliation process resulting in relatively large
interlayer spacings with a broad distribution [30]. The
exfoliation is caused by the deposition of large amounts
of water between the layers.

Prior to rheological investigations, it is absolutely
necessary to validate the micromorphology of the
nanocomposites. A powerful tool to observe structures
in the nanometer range is TEM. Two TEM micrographs
of nanocomposites loaded with 2 wt% clay are shown in
Fig. 2. The TEM image in Fig. 2A shows a nanocom-
posite prepared by method b (NCLSAb-2) and in
Fig. 2B a nanocomposite prepared by method d
(NCLSBd-2) can be seen. The dark entities can be
assigned unambiguously to exfoliated silicate layers [24].
Both swelling methods lead to nanocomposites with a
well-de®ned morphology, i.e. several separated silicate
sheets can be observed and large silicate particles are
absent. This proves especially that clays swollen with

water only can be used for the preparation of polyamide
nanocomposites in addition to the normal way of
swelling the clay mineral in the ®rst step with amino
acids.

After the preparation of nanocomposites over a wide
range of molar masses and clay contents and the
validation of the silicate layer dispersion in the polymer
matrix, it is interesting to study the viscoelastic behavior.
There is, of course, an improvement in application
properties of nanocomposites compared to the respec-
tive neat polymers; however, it can be assumed that the
clay loading has a signi®cant in¯uence on the ¯ow
behavior of the melt. This needs to be addressed very
carefully in order to understand the processability of the
new class of materials.

In general, the rheology of polymer melts depends
strongly on the temperature. It is well known that in the
case of thermorheological simplicity, isotherms of G¢
and G¢¢ (or other material functions) can be superim-
posed by horizontal shifts along the frequency axis:

G0�x aT; T0� � G0�x; T �; G00�x aT; T0� � G00�x; T � ;
�2�

where aT is the horizontal shift factor and T0 is the
reference temperature. All isotherms measured for neat
polyamides and for nanocomposites can be superim-
posed along the frequency axis. aT for PA-12 and the
nanocomposites have comparatively small values in
contrast to other thermoplastic polymers such as
polystyrene (PS) [27].

Fig. 1 Wide-angle X-ray scattering trace and 2D image of layered
silicate B swollen with water (method d)
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For polymer samples in the molar mass region under
investigation, it is expected that at lower frequencies the
polymer chains should be fully relaxed and exhibit
characteristic homopolymer-like terminal ¯ow behavior,
with slopes of 2 and 1 for G¢ and G¢¢, respectively. The
master curves for G¢ and G¢¢ of PAB and of the
nanocomposites with 2 wt% silicate loading are shown

in Fig. 3. It is clearly recognizable that the master curves
of the nanocomposites have a smaller slope in the
terminal region for systems in which the layered silicate
is ionically bonded to the polymer matrix (upper three
curves) compared to a system in which the layered
silicate is only dispersed in the matrix (NCLSBd-2) and
also compared to pure PAB. The slopes will be

Fig. 2 Transmission electron microscopy micrographs of nanocom-
posites A NCLSAb-2 and B NCLSBd-2

Fig. 3 A Storage modulus (G¢) and B loss modulus (G¢¢) of PAB,
NCLSAa-2, NCLSAb-2, NCLSAc-2 and NCLSBd-2 (TRef =
210 °C). See text for an explanation of the notation
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discussed later in more detail. Also the moduli in the
terminal region are strongly increased for all nanocom-
posites.

For the systems with 4 wt% silicate loading (Fig. 4),
the moduli are generally shifted to smaller modulus
values compared to the respective nanocomposites with
2 wt% silicate loading. Since larger amounts of chain

length regulators are present during the preparation of
the samples with 4 wt% silicate, the molar masses of the
matrices are smaller compared to nanocomposites with 2
wt% clay (Table 1). A certain exception is the nano-
composite with a silicate not ionically bonded to the
polymer matrix (NCLSBd-4). This nanocomposite
shows a clear increase in the moduli when compared
to PAA, identical with the increase in the sample with 2
wt% LSB. This is a result of the absence of chain-length
regulators. It should be remembered that the silicate
swelling for method d was carried out in water only.
Hence the moduli for nanocomposites of polyamide
with clay which is not chemically bonded to the matrix
but is well dispersed in the nanometer range are
governed by the molar mass of the polyamide and only
to a minor extent by the degree of ®lling for such small
concentrations (e.g. 2 or 4 wt%).

The slopes of the terminal regions of the master
curves for G¢ and G¢¢ are listed in Table 2. The slopes of
G¢ and G¢¢ are lower for all nanocomposites than for
pure polyamides. Only the slopes of G¢ will be discussed
here because the e�ects are more pronounced in G¢ than
in G¢¢. The slopes of pure PA-12 (PAB and PAA) are
between 1.6 and 1.8. These slopes are in the range
expected for polydisperse polymers [38]. NCLSAb-2
and NCLSAb-4 have the smallest slope. For the
preparation of these nanocomposites a swollen layered
silicate with an interlayer distance of 2.0 nm was used.
As can be seen in Table 2, the slopes are in the range
between 0.6 and 0.7. For NCLSAc-2 and NCLSAc-4,
the slope is approximately 1.1. The largest slope is 1.4
for NCLSAa-4. The slopes and the absolute values of
the dynamic moduli indicate a supermolecular structure
formation in the nancomposites. The higher the G¢
moduli and the smaller the slope, the more pronounced
the interaction between the silicate platelets and their
tendency to form a three-dimensional superstructure.
The end-tethered polymer chains on the silicate layers
stabilize this superstructure. Rheological measurements
performed on PS-based model nanocomposites have
shown that the formation of a superstructure goes

Table 2 Slope of G¢ and G¢¢ in the terminal region of the master
curves (Figs. 3, 4) of nanocomposites compared to PA-12

Slope of G¢ Slope of G¢¢

PAA 1.8 1.0
PAB 1.6 1.0
NCLSAa-2 0.9 0.8
NCLSAa-4 1.4 1.0
NCLSAb-2 0.6 0.4
NCLSAb-4 0.7 0.6
NCLSAc-2 1.1 0.8
NCLSAc-4 1.1 0.8
NCLSBd-2 1.4 0.9
NCLSBd-4 1.2 0.9

Fig. 4 A (G¢) and B (G¢¢) of PAA, NCLSAa-4, NCLSAb-4, NCLSAc-
4 and NCLSBd-4 (TRef = 210 °C). See text for an explanation of the
notation
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along with a well-pronounced equilibrium plateau
modulus [39]. Such a strong indication for network
formation can not be observed here. This might be due
to the broad molar mass distribution of PA-12. The
di�erence in the slopes of G¢ in the terminal region of
the master curves of the nanocomposites containing 2
and 4 wt% chemically bonded minerals (prepared by
identical swelling methods) is the result of the di�erent
molar masses. In the case of the systems with LSB, the
slope is between 1.2 (NCLSBd-4) and 1.4 (NCLSBd-2).
The values of the slope are thus caused by the absence
of chain-length regulators, which leads to similar molar
masses independent of the amount of clay added to
the nanocomposites (Table 1). The value for NCLSBd-
2 is only slightly larger compared to the value for
NCLSBd-4.

Since the molar masses and the molar mass distribu-
tions of both polyamides containing nonchemically
bonded minerals are similar, the smaller slope of
NCLSBd-4 can be explained by ¯ow restrictions due
to the presence of ®ller. This obviously happens in such
nanocomposites at lower concentrations compared to
ordinary particle-®lled polymer systems [40]. It might be
related to the extremely large surface area of the clay
minerals when exfoliated in the polymer matrix.

Conclusions

It is demonstrated that the rheological behavior of PA-
12 nanocomposites is very complex. Master curves can
be obtained for all pure polyamides and for all
nanocomposites. The slopes of the master curves of G¢
and G¢¢ in the terminal region are considerably lower
than those of matrix polyamides with similar molar
masses and molar mass distributions. Thus, a super-
structure is formed in the nanocomposites in the molten
state. This also results in an increase in the viscosity and
might have serious implications on the processability of
nanocomposites. In the case where the silicate layers are
not chemically bonded to the polymer matrix, it is
observed that the rheology is mainly governed by the
molar masses of the matrix and only to a minor extent
by the silicate loading in the range between 2 and 4 wt%.
Nevertheless, these small amounts are not negligible for
the ¯ow behavior probably caused by the extremely
large internal surface.
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