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Abstract

Polyethylene/montmorillonite (PE/MMT) nanocomposites, one intercalated sample with higher MMT content and
one exfoliated sample with lower MMT content, were prepared by in situ polymerization using MMT-supported metal-
locene as catalyst. Non-isothermal crystallization behaviors of these two nanocomposites were investigated and com-
pared. The exfoliated sample exhibits higher crystallization temperature (Tc) than the neat PE, showing nucleation
effect of MMT. The intercalated sample has lower Tc than the neat PE due to the confinement of MMT. It is observed
that the intercalated sample has longer induction period and faster overall crystallization rate, indicating co-existence of
suppression and nucleation effects in this sample. The Avrami plots show that the crystal growth of PE in the interca-
lated sample is two-dimensional, while it is three-dimensional in the exfoliated sample. The crystallization activation
energy of the intercalated sample is slightly smaller than that of the exfoliated sample.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/clay nanocomposites usually have lots of
improved properties when compared to the neat poly-
mer, such as better mechanical properties, higher ther-
mal stability, reduced thermal expansion coefficient
and gas permeability [1,2]. For crystalline polymer/clay
nanocomposites, crystallization behavior of the polymer
is also affected by the clay. The addition of clay can
change the crystallization kinetics, nucleation rate and
even the crystal structure of the polymer [3–8]. In poly-
0014-3057/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
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mer/clay nanocomposites, the clay may exist in two
forms: exfoliation or intercalation. In the exfoliated
nanocomposites the distance between two clay layers is
very large and the ordered lamellar structure of the clay
is destroyed, while in the intercalated polymer/clay
nanocomposites the lamellar structure of the clay is re-
tained though the polymer inserts into the nanogalleries
of the clay. The intercalated polymer/clay nanocompos-
ites provide a model for studying the behavior of poly-
mer confined in a two-dimensional space [9,10]. For
example, it has been observed that crystallization of
poly(ethylene oxide) (PEO) is greatly suppressed when
PEO is confined in the clay layers [11,12]. However, so
far most of the intercalated polymer/clay nanocompos-
ites in literature usually contain low weight percentage
ed.
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of clay and are prepared by melt or solution blending
[13–15]. As a result, there are lots of polymers outside
the clay layers though some of the polymers insert into
the clay layers. Polymer/clay nanocomposites can also
be prepared by in situ polymerization in the presence
of initiator or catalyst supported into the clay galleries
[16–23]. With this method, intercalation or exfoliation
can be readily controlled by regulating the amount of
polymer polymerized. In the present work, one interca-
lated PE/MMT nanocomposite with higher MMT con-
tent and one exfoliated PE/MMT nanocomposite with
lower MMT content were prepared by in situ polymer-
ization using MMT-supported metallocene catalyst.
Non-isothermal crystallization behaviors of these two
nanocomposites were investigated and compared.
In
te

n
si

ty
 (

a.
u

.)

sample A

sample B
2. Experimental

2.1. Preparation and characterization of the PE/MMT

nanocomposites

Preparation of the nanocomposites has been de-
scribed in Ref. [23]. The contents of PE in the nanocom-
posites were determined by extraction with xylene, and
xylene-extractable polyethylene was subjected to gel
permeation chromatography (GPC) characterization,
which was performed on a PL GPC-220 in 1,2,4-trichlo-
robenzene at 150 �C using narrow polystyrene as the
standard. The content of residual MMT in the nano-
composites was analyzed with a Perkin–Elmer Pyris-1
TGA as well. XRD analyses were performed using a
Siemens D5000 diffractometer with Cu radiation
(40 kV, 40 mA). Scanning was in 0.02� steps at a speed
of 2�/min.

2.2. DSC experiments

DSC experiments were carried out in a Perkin–Elmer
Pyris-1 instrument. About 4–5 mg of the sample was
encapsulated in an aluminum pan. The samples were
first kept at 200 �C for 5 min to erase the thermal his-
tory, then were cooled to room temperature at 2 �C/
min, 5 �C/min, 10 �C/min and 20 �C/min, respectively.
At last the samples were heated to melt at a rate of
10 �C/min. Both crystallization and melting DSC traces
were recorded.
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Fig. 1. WAXD patterns of Zr-MMT (supported catalyst),
samples A and B.
3. Results and discussion

3.1. Structure of PE/MMT nanocomposites

The structures of these two nanocomposites have
been determined by WAXD, TEM in our previous work
[24]. Here we only present some main evidences for the
exfoliated structure of sample A and the intercalated
structure of sample B. Firstly, compared with the sharp
(001) reflection of neat MMT, the diffused WAXD peak
of Zr-MMT (Fig. 1) shows that the metallocene catalysts
are loaded into the MMT galleries, leading to less
ordered d-spacing of the MMT layers. This agrees with
the immobilization mechanism of the catalyst: The
MAO reacts with the residual H2O in the MMT layers
and then forms ion pairs with metallocene. Secondly,
in TEM experiments only aggregated MMT morphol-
ogy is observed in sample B, indicating that there are
few polymers outside the MMT layers. In contrast, exfo-
liated morphology is observed in the sample A. Thirdly,
it is found that the PE in the sample B has higher molec-
ular weight than the PE in the sample A (Table 1),
though sample B is prepared at much shorter polymeri-
zation time. This is because polymerization takes place
between the MMT layers at short polymerization time
and the active sites are less exposed to chain transfer re-
agent. The MMT contents in these two nanocomposites
are determined by extraction and TGA, respectively,
and the results are given in Table 1. It is found that
the MMT content determined by extraction is slightly
higher than that from TGA, indicating that a small
amount of PE chains are strongly absorbed by MMT
and cannot be extracted by solvent. The WAXD pat-
terns in the 2h range of 2�–10� for Zr-MMT, samples
A and B are shown in Fig. 1. One can see from Fig. 1
that after polymerization for 15 min, the lamellar struc-
ture of the MMT is still retained. However, after poly-
merization for 45 min, the (001) reflection from MMT
basically disappears and only a small WAXD peak



Table 1
Polymerization time, MMT content, molecular weight and molecular weight distribution of PE/MMT nanocomposites

Polymerization time (min) MMT content (wt%) Mn Mw/Mn

Extraction TGA

Sample A 45 11 10.2 4.4 · 104 2.6
Sample B 15 23 21.5 6.7 · 104 3.3
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appears around 2h = 4�. This shows that in the sample
A most of the MMT layers are exfoliated and there
are only a small amount of intercalated MMT layers.
Even for the intercalated MMT layers in the sample
A, the d-spacing is larger than that in the sample B.

3.2. Crystallization and melting behaviors

Fig. 2 shows the non-isothermal crystallization DSC
curves of samples A and B at cooling rates of 2 �C/min
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Fig. 2. Non-isothermal crystallization DSC curves of PE/
MMT nanocomposites at the cooling rates of (a) 2 �C/min
and (b) 10 �C/min.
and 10 �C/min, respectively. For the purpose of compar-
ison, the DSC cooling trace of neat PE, which was ob-
tained by extraction of the sample A, is given in
Fig. 2(b) as well. It is found that at the cooling rate of
2 �C/min sample A exhibits a main crystallization peak
together with a shoulder at lower temperature, while
only single crystallization peak appears in the sample
B. We notice that the lower temperature shoulder in
sample A locates at the same position as the crystalliza-
tion peak in the sample B. The WAXD pattern also
shows that there is still a small amount of intercalated
MMT in the sample A. Therefore, the lower temperature
shoulder in the sample A may be ascribed to crystalliza-
tion of the intercalated fraction. Fig. 3 summarizes the
crystallization temperatures (Tc) and melting tempera-
tures (Tm) of these two nanocomposites. It is observed
that the intercalated sample B always exhibits lower Tc

and Tm than the exfoliated sample A. This indicates that
confinement of PE in the MMT layer suppresses crystal-
lization of PE. Moreover, one can see from Fig. 2(b) that
sample A has higher crystallization temperature (Tc)
than the neat PE, showing the nucleation effect of
MMT [5–7]. On the other hand, the intercalated sample
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Fig. 3. Melting temperatures and crystallization temperatures
of PE/MMT nanocomposites at various cooling rates.
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Fig. 4. (a) X(t) versus temperature plots and (b) X(t) versus
crystallization time plots of PE/MMT nanocomposites at the
cooling rates of 2 �C/min. The values of the sample A were
shifted up 0.05 for clarity.
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B has lower crystallization temperature than the neat
PE, which can be attributed to the confinement of
MMT layers to PE crystals. Nevertheless, it is observed
that both the exfoliated sample A and the intercalated
sample B start to crystallize at higher temperature than
the neat PE. As a result, we believed that MMT still
have nucleation effect on crystallization of PE in the
intercalated sample B and both nucleation and suppres-
sion effects co-exist in this sample.

Co-existence of suppression and nucleation effects is
also reflected by the induction period and faster overall
crystallization rate of the intercalated sample B. The
changes of relative crystallinity with temperature and
crystallization time are shown in Fig. 4. It is found that,
although these two samples start to crystallize at similar
temperature, the crystallinity of the intercalated sample
B increases very slowly in the initial crystallization stage.
One can see clearly from Fig. 4(b) that there is an induc-
tion period for crystallization of sample B. The overall
crystallization rate is evaluated by the half-height width
of crystallization peak (DT1/2). The larger value of DT1/2,
indicates a slower crystallization rate. Fig. 5 shows the
DT1/2 values of these two nanocomposites. It is found
that the intercalated sample B has smaller DT1/2 than
the exfoliated sample A at all cooling rates, indicating
that the intercalated sample B crystallizes faster than
the exfoliated sample A. Crystallization rate of a poly-
mer is determined by the nucleation rate and mobility
of polymer chains. As temperature decreases, the nucle-
ation rate increases, while mobility of polymer chains
decreases. At high temperature the number of nucleated
polymer crystal embryos is small. If the mobility of poly-
mer chains is simultaneously reduced, crystallization will
progress very slowly. This is the situation in the induc-
tion period of the intercalated sample B, since the poly-
mer chains are confined in a two-dimensional space and
the polymer chains have lower mobility. At lower crys-
tallization temperature, the intercalated sample B has
faster nucleation rate than the exfoliated sample A be-
cause of its higher MMT content, and thus exhibits a
faster overall crystallization rate.

3.3. Non-isothermal crystallization kinetics

Avrami equation was modified by Jeziorny to de-
scribe the non-isothermal kinetics of polymer, although
which is originally used for isothermal crystallization
[25,26].

1� X ðtÞ ¼ expð�ZttnÞ ð1Þ

where the Avrami exponent n is a constant that depends
on the type of nucleation and growth process parame-
ters, and Zt is a composite rate constant involving both
nucleation and growth rate parameters. Jeziorny equa-
tion has been successfully applied to describe non-iso-
thermal crystallization behaviors of many polymers
and polymer composites [15,27–34]. Eq. (1) can be trans-
formed into:

ln½� lnð1� X ðtÞÞ� ¼ ln Zt þ n ln t ð2Þ

The Avrami exponent n and constant Zt can be obtained
from the slope and the interception in the plot of
ln [� ln (1�X(t))] against ln t at each cooling rate, respec-
tively. When the parameter Zt is corrected by the cooling
rate /, the reduced crystallization rate constant Zc in
non-isothermal crystallization is obtained:

ln Zc ¼ ln Zt=/ ð3Þ
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Fig. 5. Half-height width of crystallization peak (DT1/2) of PE/
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Fig. 6. Avrami plots for (a) sample A and (b) sample B.

J.-T. Xu et al. / European Polymer Journal 41 (2005) 3011–3017 3015
The Avrami plots for samples A and B at various cool-
ing rates are shown in Fig. 6. It is found that the Avrami
exponents for sample A are around 3.0, indicating a
three-dimensional growth of the PE crystals. In contrast,
the intercalated sample B has Avrami exponents close to
2.0 at various cooling rates, implying that the growth of
PE crystals in B is two-dimensional. This shows that the
PE crystals in sample B are confined between the clay
layers. Considering the smaller d-spacing between the
MMT layers and the melting temperature just slightly
lower than that of normal PE, we can conclude that
the PE stems in sample B are parallel to the MMT lay-
ers, but not perpendicular to the clay layers, as shown in
Fig. 7.

Ozawa equation is also frequently used to treat non-
isothermal crystallization kinetics [35]. The Ozawa equa-
tion is derived from Avrami equation by assuming that
the non-isothermal crystallization process is composed
of infinitesimally small isothermal crystallization steps.
The expression of Ozawa equation is

1� X ðT Þ ¼ exp½�KðT Þ=/m� ð4Þ

where X(T) is the relative degree of crystallinity at tem-
perature T, K(T) is the cooling crystallization function,
/ is the cooling rate, and m is the Ozawa exponent
and relative to the mechanism of nucleation and dimen-
sion of crystal growth. The double-logarithmic form of
Eq. (4) is

ln½� lnð1� X ðT ÞÞ� ¼ lnKðT Þ � m ln/ ð5Þ

If Ozawa equation is applicable to describe non-isother-
mal crystallization process, a linear relationship should
be yielded when ln [� ln (1 � X(T))] is plotted against
ln/. However, we failed to get a linear plot for both
samples when Ozawa equation was applied. Possible
reason is that no secondary crystallization is assumed
in Ozawa�s theory. Nevertheless, the overlapped crystal-
lization temperature range at various cooling rates cor-
responds to the early crystallization stage at large
cooling rate, but it corresponds to the late crystallization
stage at small cooling rate. As is well known, secondary
crystallization frequently occurs in the late crystalliza-
tion stage.

Recently, Mo developed a new approach to non-iso-
thermal crystallization of polymer [36]. There is follow-
ing relationship among crystallization time t, cooling
rate / and crystallization temperature T:

t ¼ ðT i � T Þ=/ ð6Þ



Fig. 7. Schematic for PE crystals intercalated between the MMT layers.
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In combination with Eqs. (2), (5), and (6), following
equation can be derived:
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Fig. 8. Plots of ln/ versus ln t for (a) sample A and (b) sample
B.
ln/ ¼ ln F ðT Þ � a ln t ð7Þ

where F(T) = [K(T)/Zt]
1/m means the necessary cooling

rate when the measured system reaches a certain crystal-
lization degree at unit crystallization time, a is the ratio
of Avrami exponent to Ozawa exponent, i.e. n/m. The
plots of ln/ against ln t for samples A and B at various
crystallinity degrees are shown in Fig. 8. It is observed
that all plots give a straight line, showing that this ap-
proach is applicable in the present work. The values of
F(T) and a, obtained form the interception and slope,
respectively, are listed in Table 2. It is found that exfoli-
ated sample A has smaller values of F(T) than the inter-
calated sample B. This means that sample A can reach
the same crystallinity degree at higher temperature than
B and F(T) mainly reflects the suppression effect of
MMT on crystallization of PE. The values of a for
both samples are basically constant at different crystal-
linity degrees, showing that Avrami exponent and
Ozawa exponent change with crystallinity in a similar
way.

Kissinger proposed a method to calculate activation
energy in non-isothermal crystallization [37].

d½lnð/=T 2
cÞ�

dð1=T cÞ
¼ �DE

R
ð8Þ

where R is the universal gas constant and DE is the acti-
vation energy of crystallization. The plots of ln ð/T 2

cÞ
Table 2
Values of F(T) and a for the exfoliated and intercalated PE/
MMT nanocomposites

Sample X(t) % F(T) a

A 20 398 1.23
40 575 1.23
60 691 1.20
80 832 1.11

B 20 562 1.10
40 708 1.12
60 871 1.14
80 977 1.06
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against 1/Tc for samples A and B are depicted in Fig. 9.
The crystallization activation energies were calculated
from the slopes. It is found that the values of crystalliza-
tion activation energy are 401 kJ/mol and 358 kJ/mol
for samples A and B, respectively. The smaller energy
barrier of crystallization for the intercalated sample B
is in accordance with its faster overall crystallization
rate.
4. Conclusions

The results reveal that the MMT has nucleation ef-
fect on crystallization of PE, leading to higher Tc of the
exfoliated sample. However, the intercalated sample
has lower Tc than the neat PE due to confinement of
the MMT layers. The longer induction period, and fas-
ter overall crystallization rate of the intercalated sam-
ple show co-existence of nucleation and suppression
effects. The Avrami analysis modified by Jeziorny and
the method developed by Mo are applicable to describe
the non-isothermal crystallization process of the inter-
calated and exfoliated PE/MMT nanocomposites pre-
pared by in situ polymerization. The Avrami
exponents are 2 and 3 for the intercalated and exfoli-
ated samples, respectively. This indicates that the crys-
tal growth is two-dimensional in the intercalated
sample, while it is three-dimensional in the exfoliated
sample. The activation energy for crystallization of
PE in the intercalated sample is slightly smaller than
that in the exfoliated sample.
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