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Abstract

Polycarbonate/clay nanocomposites (PCNs) were prepared by melt intercalation using epoxy resin as a compatibilizer.
The intercalated structure of PCNs was investigated using XRD and TEM. The linear and nonlinear dynamic rheological
properties of PCNs were measured by the use of a parallel plate rheometer. The results reveal that the presence of epoxy
influences rheological behavior of PCNs significantly. Addition of epoxy can improve dispersion of clay, enhancing the
low-frequency viscoelastic responses; while high loadings of epoxy lead to a severe degradation of PC matrix, decreasing
the high-frequency responses together with the plasticizing effect of excessive epoxy. Both of these two effects result in
invalidity of time–temperature superposition. Moreover, all samples show high sensitivity to both the quiescent and large
amplitude oscillatory shear (LAOS) deformation, despite enhanced percolation of tactoids due to the compatibilization of
epoxy.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer layered silicate nanocomposites
(PLSNs) have received much interest over the past
decade in research and development as an alterna-
tive to conventional filled composites because their
unexpected properties, and the potential of becom-
ing a new class of high-performance engineering
materials [1–3]. The property enhancement is attrib-
uted to the nanometer size and high aspect-ratio
0014-3057/$ - see front matter � 2007 Elsevier Ltd. All rights reserved
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characteristics of the individual platelet, and to the
well-dispersed, exfoliated nanoclay structure.

Polycarbonate (PC) has outstanding ballistic
impact strength and good optical clarity, and is used
widely in many transparent engineering applica-
tions. The drawbacks of PC include its susceptibility
to many organic solvents and poor resistance to
abrasion. Thus PC has been modified and tailored
in many different ways, particularly by blending
with other polymers for use in demanding applica-
tions [4]. Recently, the nanocomposite technology
has also been applied in the modification of PC,
compounding with clay mineral to improve the
physical and mechanical properties of PC materials.
Hitherto many works have been reported on the
.
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Table 1
Compositions and abbreviation of the prepared hybrids

Sample Comp. (wt%)

PC Clay (DK2) Epoxy (E51)

PCN2 98 2 0
PCN4 96 4 0
PCN6 94 6 0
PCN22 96 2 2
PCN24 94 2 4
PCN26 92 2 6
PCN42 94 4 2
PCN44 92 4 4
PCN46 90 4 6
PCC4 96 0 4
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preparation and characterization of PC/clay and PC
alloy/clay nanocomposites (PCNs) [5–17]. The
nanoscaled morphology, mechanical properties,
thermal stability, and color formation as well as
crystallization behavior of PCNs are investigated
extensively. On those reported results, it can be con-
cluded that PCNs show significant enhancement in
the processing and mechanical properties in con-
trast to that of neat PC, although addition of clay
leads to more or less a decrease of thermal stability
of PC matrix.

It is believed that the outstanding properties of
PLSNs derive from the unique phase morphology
and improved interfacial properties. Recently, rhe-
ometry has been proved to be a powerful tool for
investigating the internal microstructure and meso-
scopic structure of PLSNs because the melt-state
rheological characteristics, particularly the low-fre-
quency linear viscoelastic response, of the PLSNs
are strongly affected by the mesoscopic structure
of the nanoclay [18–29]. Rheological properties of
PCNs have also been studied [7,8]. Like other
PLSNs, formation of a three-dimensional network
structure, due to the anisotropy associated with
the nanoclay tactoids, above the percolation
threshold leads to an incomplete relaxation or
pseudo-solid-like behavior when subjected to
small-amplitude shear. However, those studies
mainly focus on linear rheological properties. Since
the region of linear viscoelastic behavior is very sen-
sitive to the presence of clay, the study on linear vis-
coelastic properties of PCNs is limited in a quite
narrow strain region. Therefore, nonlinear rheolog-
ical measurements are necessary to facilitate further
insight into the internal structure of PCNs.

In our work, at first we used epoxy resin as a
compatibilizer to prepare intercalated PCNs by melt
mixing. Then, we conducted both the linear and
nonlinear rheological measurements on those
PCNs. The viscoelastic responses to dynamic and
steady shear deformation were detailedly investi-
gated, aiming at exploring how epoxy resin influ-
ence on rheological behaviors, further relating
viscoelastic responses to the mesoscopic structure
of clay tactoids and thermal stability of PCNs.

2. Experimental

2.1. Material preparation

The bisphenol A polycarbonate (PC, 201-10) used
in this study is a commercial product of LG-Dow
Chemical Co. Ltd., USA. Its MFI is 10 g/10 min
(ASTM D1238), and density is 1200 kg/m3 (ASTM
D792). The organoclay (trade name is DK2) was
supplied by Fenghong Clay Co. Ltd., PR China,
modified with methyl tallow bis(2-hydroxyethyl)
ammonium. The epoxy resin used was E51, a bisphe-
nol A diglycidyl ether-based resin made by Shanghai
Synthetic Resin Co. Ltd., PR China. Its average
molecular weight is about 390 g/mol and the epoxide
equivalent weight is about 0.51 g/equiv. PC/clay
nanocomposites (PCNs) were prepared by direct
melt compounding DK2 and epoxy E51 with PC in
a HAAKE Polylab Rheometer (Thermo Electron
Co., USA) at 230 �C and 50 rpm for 8 min. The com-
positions of the PCNs were listed in Table 1. A blank
sample, PC/epoxy composite (PCCs), was also pre-
pared using Rheometer for better comparison. All
the materials were dried at 80 �C under vacuum for
8 h before using.

2.2. Microstructure characterization

The degree of swelling and the interlayer distance
of clay in PCNs samples were determined by X-ray
diffractometer (XRD). The experiments were per-
formed using a D8 ADVANCE diffractometer
(BRUKER AXS Co., Germany) with Cu target
and a rotating anode generator operated at 40 kV
and 200 mA. The scanning rate was 2�/min from
1� to 10�. The film sample for XRD measurement
was prepared by compression molding at 250 �C
and 10 MPa. The transmission electron micro-
graphs were taken from 80 to 100 nm thick, micro-
tomed sections using a Tecnai 12 transmission
electron microscope (TEM) (PHILIPS Co., Nether-
lands) with 120 kV accelerating voltage. The mor-
phologies of the fractured surfaces of the samples
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Fig. 1. XRD patterns for clay DK2 and PCNs samples.
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were investigated using a PHILIPS XL-30ESEM
scanning electron microscope (SEM) with 20 kV
accelerating voltage. The sheet samples were kept
in liquid nitrogen and then brittle fractured. An
SPI sputter coater was used to coat the fractured
surfaces with gold for enhanced conductivity.

2.3. Rheological measurements

Rheological measurements were carried out on a
rheometer (Haake RS600, Thermo Electron Co.,
USA) equipped with 20 mm diameter plate. All mea-
surements were performed with a 200 FRTN1 trans-
ducer with a lower resolution limit of 0.02 g cm. The
samples about 1.0 mm in thickness were melted
at 230 �C for 10 min in parallel plate fixture to
eliminate residual thermal history, and then carry
out experiments immediately. In the dynamic rheo-
logical measurements, both the small amplitude
oscillatory shear (SAOS) and the large amplitude
oscillatory shear (LAOS) were applied. The dynamic
strain sweep measurements were carried out firstly to
determine the linear region. The dynamic frequency
sweep were then carried out on the samples (preshe-
ared or not) at the strain of 1% for SAOS measure-
ments, while carried out at the strain of 20%, 50%
and 80% for LAOS measurements.

2.4. TGA analyses

All TGA analyses were performed on a Netzsch
Instruments STA409PC (Germany). Samples of
10–12 mg were heated from room temperature to
800 �C at the rate of 10 �C/min under nitrogen
atmosphere. All TGA results are the average of a
minimum of three determinations and the tempera-
tures are reproducible to ±1 �C.

3. Results and discussion

3.1. Microstructure in PCNs

The microstructure and morphology of PLSNs is
typically elucidated using XRD and TEM. Fig. 1
shows the XRD patterns of the pristine clay and
PCNs. Compared with that of DK2 powder, the
diffraction peak of (001) plane of clay in PCN4
shows a significant shift to lower angles. Basing
on Braggs formula, the calculated d001 distance
expands from 2.10 nm to about 3.26 nm. It indicates
that PC chain has crawled into the clay galleries
during melt mixing process. With addition of epoxy,
the diffraction peak shifts to low angles gradually,
and the interlayer space of tactoids increases from
3.26 to 3.80 nm, suggesting that the third compo-
nent, epoxy, acts as a compatibilizer to facilitate
intercalation of PC chain due to its nice affinity
to both the PC matrix (analogical bisphenol A
structure) and clay (polar interactions) [30]. This
effect of assistant intercalation (or co-intercalation)
by epoxy has been found in many other PLSNs
[25,31–39]. Also, the driving force of this co-interca-
lation has been widely investigated and is not dis-
cussed here again. Note that the existence of sharp
Braggs peaks shows that all PCNs samples still
retain an intercalated structure after melt-mixing.
But the secondary diffraction peak is weakened or
even disappears with increasing of epoxy loadings.
Therefore, it can be speculated that PCN4 sample
may present a well ordered intercalated structure,
while addition of epoxy leads to formation of the
disordered intercalated structure of clay tactoids.

TEM study was then carried out to further con-
firm dispersion state of clay in the nanocompos-
ites. Fig. 2a and b give the TEM image of PCN4
and PCN44 samples, respectively. Clay tactoids in
PCN4 sample present a typical intercalated struc-
ture in ordered stacked. However, with addition of
epoxy, those intercalated tactoids show a loose
and incompact morphology, as can be seen clearly
in Fig. 2b. Accordingly, the observations from
TEM are in agreement with the results from XRD.

3.2. Linear dynamic rheological properties

The dynamic strain sweep was firstly conducted to
determine linear viscoelastic region of the samples.



Fig. 2. TEM images of (a) PCN4 and (b) PCN44 samples.
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Fig. 3. The normalized storage modulus for the PCNs samples
(a) without epoxy and (b) with epoxy in dynamic strain sweep.
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Fig. 3 shows the dependence of unitary normal-
ized dynamic storage modulus on the strain (c0)
for PCNs with various epoxy contents. The linear
region increases somewhat with increasing of epoxy
contents. This also confirms that the compatibility
between PC matrix and clay is improved due to
the addition of epoxy. Thus there are more PC
chains randomly tangled around the clay tactoids
than that of sample without epoxy, leading to exten-
sion of the linear viscoelastic region. After critical
strain values the curves all drop down, showing
shear thinning behavior, a typical feature of entan-
gled polymeric materials. Accordingly, the following
SAOS measurements were conducted at c0 = 1%.

The storage modulus (G 0) obtained from
dynamic frequency scan measurements for PCNs
samples are showed in Fig. 4. Clearly, the G 0

increases monotonously with increasing of epoxy
loadings at low-frequency region. Li et al. [27] con-
sidered that the contribution of intercalated clay to
G 0 of the nanocomposites (G0nanoÞ could be analyzed
in terms of two effects: the confinement effect (G0conÞ
and the inter-particle interactions (G0interÞ, which
result in enhancement of low-frequency G

0
in com-

parison with the polymer matrix (G0matrixÞ, i.e.,

G0nano ¼ G0matrix þ G0con þ G0inter ð1Þ



Fig. 5. The appearance of sheet samples of neat PC, PCC4,
PCN4 and PCN44.

D. Wu et al. / European Polymer Journal 43 (2007) 1635–1644 1639

M
A

C
R

O
M

O
L

E
C

U
L

A
R

N
A

N
O

T
E

C
H

N
O

L
O

G
Y

here G0con arises from the confinement of silicate lay-
ers with an interlayer distance smaller than or of the
same order of the size of the chain coils that may
lead to the alternation of the relaxing dynamic of
the intercalated polymers, and G0inter comes from
frictional interactions among the tactoids, which is
dominant role on the low-frequency solid-like re-
sponse of PLSNs. For PCNs in this work, consider-
ing small addition of the third component, epoxy, as
a compatibilizer, a term G0com that arises from the
presence of interface and/or interfacial interaction
between the matrix and compatibilizer can be intro-
duced in the formula (1):

G0nano ¼ G0matrix þ G0con þ G0inter þ G0com ð2Þ

With the addition of epoxy, on the one hand, the
enhanced detachment level of clay leads to forma-
tion of much more tactoids, and the load transfer-
ability among them is more effective as a result.
Thus, the contribution of G0inter in PCNs increases
and the low-frequency G 0 enhances sharply due to
physical jamming among the tactoids themselves.
On the other hand, it can be observed that low-fre-
quency G 0 of the blank sample without clay, PCC4,
also shows a significant deviation from classic Cox-
Merz rule, indicating that the interfacial interaction
between PC and epoxy has contribution to the
enhancement of modulus, too. However, the low-
frequency G 0 of PCC4 is far smaller than that of
PCNs. This indicates that the low-frequency G0nano

may be dominated by G0inter but not G0com, especially
in the case of high epoxy loadings.

The effect of epoxy loadings on dynamic rheolog-
ical responses can be observed clearly on the inset
graph in Fig. 4, which gives the dynamic storage
modulus at 0.01 and 10 Hz as a function of epoxy
loadings. The enhanced G00:01 Hz is mainly attribut-
able to the improved nanoscaled structure of clay
tactoids, indicating that increasing of epoxy load-
ings is propitious to the nice dispersion of clay.
But it is also noteworthy that with increasing of
epoxy loadings, G010 Hz decreases and, as epoxy con-
tents achieving up to 6 wt%, the modulus of PCN26
is even smaller than that of PCN2. This can be
attributed to at least two factors: the plasticizing
effect of excessive epoxy [25] and the thermal degra-
dation of PC matrix [6,7].

It is well known that the presence of acidic or
basic impurities will enhance depolymerization of
carbonic ester in PC [40]. Organoclay can produce
Lewis or Bronsted acid sites in the aluminosilicate
when heated over 200 �C [41,42], which as a result
has an enhanced effect on the thermal degradation
of PC [15,39]. Fig. 5 shows the appearance of those
prepared sheet samples. The most severe color can
be observed on PCN44 samples. Yoon and Paul
have studied in detailed the effects of organoclay
structure on color formation during melt processing
[7]. They find that color formation in the PC nano-
composites depends on both the type of organoclay
and the type of pristine clay employed. A surfactant
containing hydroxyethyl groups and hydrocarbon
tail derived from tallow generally leads to colored
materials because those groups and unit promote
degradation of PC matrix. Moreover, greater dis-
persion of the clay also leads to higher reduction
in molecular weight of PC due to the increased sur-
face area of clay exposed. On Fig. 5, it can be
observed that PCN44 sample is more darkly than
PCN4, while the blank sample, PCC4, shows the
same achromatous and translucent appearance with
neat PC. Therefore, the addition of epoxy may not
lead to degradation of PC matrix directly, while
can facilitate this process in the presence of organo-
clay, which is confirmed by the following TGA
measurements.

Fig. 6a gives the TGA curves for PCNs samples
with various epoxy loadings. With addition of
epoxy, the initial weight loss temperature decreases.
However, it can be observed from enlarged region
plotted in the inset graph, that PCN22 and PCN24
show higher weight loss temperature than that of
PCN4 as the relative weight loss achieving up to
about 5–8%. The DTG curves showed in Fig. 6b
can give more detailed information. For PCN4
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Fig. 6. (a) TG curves and (b) DTG curves for the PCN4s samples
with various epoxy loadings.
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sample, the first peak comes from decomposition of
the surfactant. With addition of epoxy, it becomes
obtuse because of the degradation of epoxy and pos-
sible interactions between epoxy and surfactant as
well as increased surface area of clay exposed. But
the enhanced detachment level of tactoids creates
much more physical protective barrier to retard vol-
atilization to some extent, leading to delay of maxi-
mum decomposition rate for PCN42 and PCN44
samples. As for PCN46 sample, the worst thermal
stability is due to its highest epoxy loadings. Appar-
ently, there are many factors influencing on the ther-
mal stability of PCNs due to the addition of the third
component of epoxy. Thus the degradation mecha-
nism of PC is complicated and is not discussed here.
But at least one point can be affirmed that some kind
of synergistic effect may exist between epoxy and
surfactant, inducing the degradation of PC.

Therefore, it can be concluded that addition of
epoxy can improve the dispersion of clay, while high
loadings of epoxy lead to a severe degradation of
PC matrix. To further explore the effect of epoxy
on the viscoelastic properties of nanocomposites,
Han plots of G 0 versus G00 obtained in the SAOS
measurement at various temperatures are shown
in Fig. 7. It is obvious that all curves deviate
from the slope of 2 in low-frequency region due to
the enhanced elastic responses of composites sys-
tem. Han [43] believed that the rule, temperature
independence of G 0 � G00 for homogeneous polymer
systems, could be also applied to the filled poly-
mer composites. As can be seen in Fig. 7, PCN4
sample presents temperature independence on the
whole except a short region in low-frequency region.
Generally, addition of clay brings two effects onto
composite system: one is the interfacial adsorption
between tactoids and polymer chain; the other is
interaction among the tactoids themselves. Thus
the temperature independence indicates that the
interfacial adsorption is not the major factor influ-
encing the viscoelastic behaviour of PCN4 and, at
least in the narrow linear region, the relaxation of
interaction among the tactoids is not sensitive to
the experimental condition. However, with addition
of epoxy, this temperature independence can not be
observed on PCN44 sample. The divergence of these
viscoelastic relaxations of various temperatures
especially at low frequencies is mainly attributed
to two factors: interfacial interactions between PC
and epoxy (also confirmed by the divergence of data
at low frequencies for the blank PCC4 sample) and
the enhanced interfacial interactions between tac-
toids and PC due to the bridge role acted by the
compatibilizer, epoxy (confirmed by the high-fre-
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quency shift of divergence region, see the arrows in
Fig. 7).

Fig. 8a and b shows the master curves super-
posed using frequency shift factor for PCN4 and
PCN44 samples, respectively. Good superposition
at high frequencies for both of these two samples
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is due to the dominant local chain dynamics. As
expected, the principle of time–temperature super-
position (TTS) fails with the rheological data at
low frequencies for PCN44 in contrast to PCN4
sample. The influence of epoxy on the linear rheo-
logical behavior is evident. For horizontal shift fac-
tor, aT, its dependence of temperature is as follows:

log aT ¼
DH
R

1

T
� 1

T s

� �
ð3Þ

where DH is the relaxation activation energy, R is
the gas constant, Ts is the reference temperature,
and T, the experimental temperature. Fig. 8c gives
the plots of logaT as a function of 1/T for PCN4
and PCN44 samples. Those plots can give quantita-
tive DH as a slope providing TTS is valid. Although
the principle of TTS fails with the low-frequency
data of PCN4s in the presence of epoxy, the
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qualitative comparison of slope between those two
samples can also give useful information. Clearly,
PCN44 shows smaller slope than that of PCN4, sug-
gesting a lower relaxation activation energy. It fur-
ther confirms higher molecular weight degradation
level of PC matrix with addition of epoxy.

3.3. Nonlinear dynamic rheological properties

Since linear region is very sensitive to the pres-
ence of clay, the study on linear viscoelastic proper-
ties of PCNs is limited in a quite narrow strain or
stress region. The nonlinear rheological measure-
ments, however, may facilitate further insight into
mesoscopic structure of PCNs. It is believed that
the percolated tactoids network formed in SAOS
is very sensitive to quiescent shear flow [24,27].
Fig. 9a shows the effect of quiescent shear on
SAOS responses of PCN44. The dynamic modulus
of presheared PCN44 decreases with increasing of
shear rates, especially at low frequencies. It suggests
that the platelet-like tactoids are oriented in the
shear direction and can not form a percolation
network structure. As a result, the low-frequency
viscoelastic responses changes from solid-like to a
liquid one after quiescent preshear. Moreover, it can
be observed from the inset graph in Fig. 9a that
PCN44 still shows higher low-frequency modulus
(see the arrow) and lower high-frequency modulus
Fig. 10. SEM images of the fractured surface of (a
than that of PCN4 after being presheared at identi-
cal rate. This again indicates higher detachment
level of clay and also higher degradation level of
matrix in PCN44 in contrast to that of PCN4, which
are both due to the addition of epoxy.

Fig. 9b gives dynamic modules of PCN46
obtained from LAOS measurements. Also, G 0

reduces remarkably with increasing of strain, indi-
cating that the interactions among tactoids or their
transient physical gelation level decreases under
large shear deformation. But on the inset graph, it
can be observed that PCN46 shows somewhat low
sensitivity to LAOS compared to that of PCN4,
especially at low strain level. This is mainly arisen
from the increased percolation density and/or
enhanced interactions between matrix and clay tac-
toids due to compatibilization of epoxy. Moreover,
it is interesting that all curves in LAOS present the
second plateau at the frequency of 0.1 Hz (see the
dashed), which indicates a possible phase separation
in matrix of PCN46 sample because that plateau is
usually believed as a viscoelastic behavior corre-
sponding to the interface and shape relaxation of
dispersed domain in the immiscible polymer blend
[44,45]. The SEM images showed in Fig. 10 further
confirm the occurrence of phase separation. Clearly,
the fractured surface of PCN46 shows numerous
lacunule about not more than 1 lm in diameter,
which cannot be observed on neat PC, PCCs, PCNs
) neat PC, (b) PCN4 and (c) PCN46 samples.
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without epoxy and even on those PCNs with low
epoxy loadings (<4 wt%). This is a typical reaction
induced phase separation (RIPS) during the depoly-
merization process [46–48]. Both the degradation
and RIPS mechanism especially under shear defor-
mation will be reported soon in another paper.

4. Conclusions

In this study, intercalated PCNs were prepared
via melt mixing using epoxy as a compatibilizer.
The effect of epoxy on the rheology of nanocompos-
ites was studied detailedly. Addition of epoxy not
only results in increasing of detachment level of clay
tactoids, but also leads to a severe degradation of PC
matrix due to the synergistic effect with surfactant,
both influencing the dynamic rheological behaviour
remarkably. The percolation network of clay tac-
toids is easily ruptured by both the quiescent and
the large amplitude oscillatory shear deformation
despite addition of epoxy. The presence of epoxy
has no evident influence on the relaxation behavior
of network in the experimental scale but can reduce
relaxation activation energy of PC matrix.
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