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Abstract

The present study is concerned with the preparation and characterisation of PEO/clay nanocomposites via melt-extrusion. Two different
matrix molar masses of PEO were investigated as well as various types of the Cloisite clay range. PEO/Cloisite Na™ nanocomposites give
rise to intercalated structures displaying only a moderate improvement of the mechanical properties at higher clay concentrations, regardless
of the matrix molar mass. The chemical nature of the organic modifier was proven to be detrimental for the final nanocomposite structure and
resulting mechanical properties. PEO nanocomposites based on the Cloisite 30B clay, incorporating a polar modifier, give rise to exfoliated
structures. They display a strongly increased storage modulus, regardless of the matrix molar mass. The structural organisation of the
nanocomposites based on Cloisite 20A, containing an apolar modifier, is very dependent on the matrix molar mass. An exfoliated structure
can only be achieved upon melt mixing with a high molar mass PEO. In general, the mechanical properties of the nanocomposites based on
the high molar mass PEO matrix are slightly superior. The thermal properties are also distinctly influenced by the addition of clay, although
the actual structural organisation of the nanocomposite is proven to be less important. The melt temperature, as well as the crystallinity,
decreases upon the addition of clay, especially for the low molar mass PEO matrix. The decomposition temperature shows a slight increase

upon the addition of clay, especially for the Cloisite 30B nanocomposites.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ethylene oxide) (PEO)/clay nanocomposites are
promising materials showing great potential for various
applications. The addition of only a few weight percentages
of clay is known to be very effective in providing materials
with an interesting array of properties [1,2]. The formation
of intercalated, or even exfoliated nanostructures, generally
leads to highly improved mechanical properties (modulus
and strength), altered thermal characteristics, as well as a
decreased gas permeability and improved flame retardancy
[2-4].

Research efforts on PEO/clay nanocomposites have
mainly originated from the area of polymer electrolytes
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[5-12], wherein PEO/salt complexes form one of the most
extensively studied systems. Efforts have been largely
limited to the investigation of PEO nanocomposites based
on natural montmorillonite, containing either Na™ ions or
ion-exchanged Li* in the intergallery spacing [6,12-16].
PEO has been found to be able to intercalate in the
intergallery spacing of the clay giving rise to a limited
increase of the basal spacing (7-8 A). Many studies have
furthermore focussed on the conformation of the PEO
chains in between the silicate clay layers. However,
contradicting results have been presented, as several authors
reported on the existence of a helical PEO crystal structure
[6,14], whereas others consider a double PEO chain layer
without any crystal formation [15].

Many of the investigated PEO/clay nanocomposites are
composed of an excess (>50 wt%) concentration of clay.
Hence, PEO actually forms the minor component of the
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composite. In the literature, PEO/clay nanocomposites are
most commonly prepared using solution [6,8,9,17] or
steady-state annealing [10—12] processes. Melt extrusion,
however, is a more convenient and industrially interesting
route of preparation. It has been shown for polyamide/clay
nanocomposites that a careful selection of the melt
extrusion processing conditions and of the chemical
compatibility between the matrix and the added clay
provides a good means of creating a variety of nanocompo-
site structures [18].

The present paper is the first in a series of papers
concerned with an extensive study of PEO/clay nanocom-
posites containing a low silicate content (<5.0 wt%) and
prepared via melt-extrusion. This paper will focus on the
investigation of the effect of the clay type, or more
particularly the chemical nature of the organic modifier in
the intergallery spacing, the clay concentration and the
matrix molar mass. Three different clay types belonging to
the commercially available Cloisite® clay range, are
studied. Besides the natural montmorillonite clay containing
Na™ ions in the intergallery spacing (Cloisite Na™), two
different organically modified clays will be investigated.
They include an apolar (Cloisite 20A) and a polar (Cloisite
30B) modifier, respectively. All nanocomposites are
prepared and characterised for two different molar mass
PEO matrices. The structural organisation, the mechanical
and thermal properties of the various nanocomposites will
be explored. The study intends to provide a good insight of
the main parameters which can be manipulated in order to
control the nanocomposite structure and thus the resulting
properties of PEO/clay nanocomposites.

2. Experimental
2.1. Materials

Two commercial grades of PEO, with a respective molar
mass of 100,000 g/mol (LMW) and 300,000 g/mol (HMW),
were purchased from Aldrich. The examined clay types
were purchased from Southern Clay Products. Cloisite Na ™
is the pure, non-modified form of the montmorillonite clay
(MMT-Na™). Cloisite 20A is organically modified with
dimethyl dihydrogenated tallow quaternary ammonium
(MMT-20A), while Cloisite 30B is organically modified
with methyl tallow bis-2-hydroxyethyl quaternary
ammonium cations (MMT-30B). The PEO grades and the
clays were dried before use.

2.2. Melt-compounding

The nanocomposites were prepared in a two-step melt-
compounding procedure. Their composition is based on the
effective weight percentage of the clay silicate, providing a
modifier independent basis for comparison. Firstly, a
10 wt% PEO/silicate masterbatch was compounded using

a Brabender batch mixer at 120 °C, 40 rpm during 8 min. In
the second compounding step, the masterbatch was diluted
with neat PEO using a co-rotating twin screw midi-extruder
at 120 °C (150 °C for HMW PEO), 80 rpm during 10 min.
The use of a recirculation channel allows the extruder to be
operated as a batch mixer. The silicate content was varied
between 0 and 2.5 wt%. The nanocomposites based on the
LMW PEO were also prepared with a silicate content of
5.0 wt%. After melt mixing, the nanocomposites were
compression moulded into 1 mm thick samples at 120 °C
and left to cool to room temperature. Before characteris-
ation, the samples are dried overnight at 40 °C and kept in a
dessicator until the measurements.

2.3. Small angle X-ray scattering (SAXS)

Structural information is gathered from SAXS exper-
iments. They were performed on a Kratky compact camera
equipped with a linear position sensitive detector (OED
50M from MBraun, Graz). A Seifert ID 3000 X-ray
generator provides the Cu K, radiation with a wavelength
of 1.542 A. The samples were placed in a sealed solid
sample cell between mica sheets and measured during 1 h at
25°C.

2.4. Dynamic mechanical properties (Torsion pendulum)

The dynamic mechanical properties in shear were
determined using a torsion pendulum ATM3 Myrenne
apparatus. The experiments were performed in the tem-
perature range —90-30 °C at a heating rate of 2 °C/min and
a frequency of 1 Hz. The samples had a thickness of 1 mm, a
width of 9 mm and a measuring length of 50 mm.

2.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetric measurements were
performed on a TA Instruments Q1000 DSC. A first heating
run was conducted from room temperature to 120 °C,
followed by a cooling run down to —70 °C. The second
heating run was performed from —70 to 120°C. The
heating/cooling rate was 10 °C/min.

2.6. Thermogravimetric analysis (TGA)

Determination of the thermal stability of the materials
was performed on a TA Instruments Q500 TGA. The
measurements were conducted from 40 to 900 °C at a
heating rate of 10 °C/min under a N,-flow.

3. Results and discussion

3.1. Structural organisation

In order to evaluate the extent of intercalation/exfoliation
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of the added clay platelets upon melt mixing, SAXS
measurements were performed and the results are depicted
in Figs. 1(a)—(c) and 2(a)—(c) for the LMW and HMW PEO
nanocomposites, respectively. Table 1 summarises the basal
spacing for the pure clays and the respective nanocompo-
sites for both molar mass PEO matrices. It immediately
becomes clear that various parameters have a strong
influence on the final nanocomposite structure.

Firstly, the LMW PEO nanocomposites will be con-
sidered. Fig. 1(a) presents the diffraction spectra of the
Cloisite Na® based composites. The basal spacing of the
pure Cloisite Na™ clay is situated around 11.5 A. This peak
is not clearly visible from the present SAXS measurements
due to the detection limit of the test equipment. The actual
peak location was detected using more powerful SAXS
equipment (result not shown). When melt mixed with PEO,
a single diffraction peak becomes apparent around 18 A.
Hence, intercalated structures are formed upon melt mixing
PEO and Cloisite Na™ resulting in a basal spacing increase
(Ad) of approximately 6.5 A. This is in good agreement with
previous reports in literature concerning PEO/Cloisite Na ™
nanocomposites, regardless of the method of preparation [5,
13]. Pure Cloisite 20A has a basal spacing of 24.4 A. Its
respective LMW PEO nanocomposites show an increase of
the basal spacing to around 37 A (Ad=12.6 A) independent
of the clay concentration, clearly indicating the intercalation
of PEO (Fig. 1(b)). The SAXS spectra reveal the presence of
a second small diffraction peak around 18 A. This peak is
located at a 29 position which is exactly double the position
of the main peak. Together with the obvious broadening of
the primary diffraction peak, this indicates a high degree of
ordering of the intercalated structure [19,20]. The pure
Cloisite 30B clay shows a basal spacing of 18.6 A (Fig. 1(c)
and Table 1). Melt mixing with LMW PEO apparently leads
to exfoliated nanocomposites, displaying no clear SAXS
diffraction peaks. However, at higher silicate concentrations
(=2.5 wt%) a small peak can be seen, located at a similar
position as the pure clay. This may indicate that there exists
a threshold level for the clay concentration above which the
amount of clay becomes too high in order to accomplish
complete exfoliation.

Since the extrusion conditions for all examined nano-
composites are equal; the difference in the nanostructure
formed can be primarily assigned to the difference in clay

type, or more particularly, clay modifier. It becomes clear
that a lack of organic modifier in the intergallery spacing of
Cloisite Na™ leads to the smallest increase of basal spacing.
Hence, the use of an organic modifier appears essential
whereby the specific chemical structure of the modifier is
important. An increased compatibility between the modifier
and the matrix can lead to exfoliated structures. This is
clearly illustrated by the PEO/Cloisite 30B nanocomposites,
as the clay contains a polar modifier. The apolar modifier in
Cloisite 20A leads to an apparent lower compatibility,
resulting in intercalated structures.

The nanocomposite structure formed also depends
strongly on the matrix molar mass during melt mixing.
The SAXS diffraction spectra of the HMW PEO nanocom-
posites are displayed in Fig. 2(a)—(c). The Cloisite Na™
nanocomposites display a single diffraction peak around
18 ;\, in close similarity to the results for the LMW PEO
materials. The Cloisite 20A nanocomposites, however,
reveal no diffraction peaks, providing a strong indication
that a higher matrix molar mass gives rise to exfoliated clay
platelets. The Cloisite 30B nanocomposites display no
SAXS diffraction peaks, similar to their respective LMW
PEO nanocomposites and thus indicating the formation of
an exfoliated nanostructure. The influence of an increased
matrix molar mass on the final nanocomposite structure is
not surprising. Increasing the molar mass implies a
simultaneous increase of the matrix melt viscosity, which
accordingly leads to higher shear forces during melt mixing.
This has been reported to be beneficial for the exfoliation
process. In addition, the chemical compatibility between the
polymer and the clay/organic modifier needs to be
sufficiently high [18,21]. Hence, the reason for the
formation of intercalated structures when adding Cloisite
Nat, regardless of the PEO molar mass.

3.2. Mechanical properties

The nanocomposite structure can have a vast influence
on the mechanical properties, depending on the level of
intercalation/exfoliation [1-3]. The dynamic mechanical
characteristics were examined using a torsion pendulum
apparatus, whereby an initial angular deformation is forced
on the sample, and the resulting free damping vibration is
monitored. Fig. 3(a) and (b) presents the shear storage

Table 1

Basal spacing of the PEO nanocomposites as a function of the matrix molar mass for the different clay types and silicate concentrations
Silicate concen- Cloisite Na™ Cloisite 20A Cloisite 30B

tration (Wt%) LMW HMW LMW HMW LMW HMW
0 11.5 11.5 24.4 24.4 18.6 18.6
0.5 = = 37.1 E° E E

1.0 17.7 18.5 37.0 E E E

2.5 18.3 18.6 37.2 E (18) E

5.0 17.9 36.8

% —, not detectable by SAXS.
b E, exfoliated structure.
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Fig. 1. SAXS diffraction spectra for the different clay nanocomposites based on the LMW PEO matrix for the various silicate concentrations: (a) Cloisite Na™
(MMT-Na™); (b) Cloisite 20A (MMT-20A) and (c) Cloisite 30B (MMT-30). The left Y-axis represents the intensity associated with the nanocomposites
whereas the right Y-axis needs to be associated with the intensities of the respective pure clay.

moduli (G') of the different nanocomposites containing comparable to that of the respective matrix material,
2.5wt% clay, for the LMW and HMW PEO matrix, whereas the nanocomposites based on the organically
respectively. The clay type is found to play a distinct role modified clays display distinctly higher shear storage
with regard to the elastic response of the nanocomposite. moduli over the examined temperature range.

The behaviour of the Cloisite Na™ composites is very To evaluate the real contribution of the clay dispersion,
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Fig. 2. SAXS diffraction spectra for the different clay nanocomposites based on the HMW PEO matrix for the various silicate concentrations: (a) Cloisite Na™;
(b) Cloisite 20A and (c) Cloisite 30B. The left Y-axis represents the intensity associated with the nanocomposites whereas the right Y-axis needs to be
associated with the intensities of the respective pure clay.

the ratio between the shear storage modulus of the PEO nanocomposites, respectively. At temperatures below
nanocomposite (G'nuno) and the shear storage modulus of the glass-transition temperature of the matrix (7,), the
the respective PEO matrix (G'pgo) is evaluated. Tables 2 dispersion of clay platelets has a minor influence on the

and 3 present the calculated ratios for the LMW and HMW storage modulus, regardless of the clay type. The addition of
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Fig. 3. The shear storage modulus (G') of the (a) LMW nanocomposites and
the (b) HMW nanocomposites, containing 2.5 wt% silicate, as a function of
the temperature for the different clay types.

Cloisite 30B is found to result in a slightly higher stiffening
effect, for both molar mass PEO matrices. This is the result
of a low relative modulus combined with a possible
decrease of the matrix crystallinity in the presence of
clays (see below), resulting in the apparent similarity of the
respective storage moduli. At temperatures above the matrix
T, (e.g. 20°C), the dispersion of clay can have a major
stiffening effect (Tables 2 and 3 and Fig. 4(a)). The shear
storage modulus is found to depend strongly on the clay

Table 2

—m— MMT-Na' LMW

2.2 — —0— MMT-Na" HMW
—o— MMT-20A LMW
20 —O—MMT-20AHMW .
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S 5
S 16 + o A
-— 4 A
[v]
@1.4 - A/o u
b 1 /D
\g 1.2 n|
g )
© 1.0 "
4 L
0.8 T T T T T T T T T T
0 1 2 3 4 5

Silicate concentration (wt%)

Fig. 4. Ratio between the shear storage modulus of the nanocomposite and
the shear storage modulus of the respective PEO matrix (G’ uno/G'pEO) @S @
function of the silicate concentration for the different clay types and matrix
molar mass.

type, the formed nanocomposite structure, the silicate
concentration and the matrix molar mass. The intercalated
nanocomposites based on Cloisite Na™ display no distinct
improvement of the material stiffness, regardless of the
matrix molar mass. Only at higher silicate concentrations
(=5.0 wt%) a minor improvement can be observed. The
LMW Cloisite 20A nanocomposites, forming intercalated
structures with a relatively high interlayer spacing increase,
reveal a gradual increase of the storage modulus with
increasing silicate content. The exfoliated Cloisite 30B
based LMW PEO nanocomposites reveal a superior stiffen-
ing effect, especially at lower silicate loadings. At higher
concentrations, however, the possible presence of only
partly exfoliated clay tactoids or even unintercalated
platelets may lead to a decreased stiffening effect resulting
from a decreased effective clay aspect ratio [2,3,21]. Using a
modified version of the Halpin—Tsai model, the effective
aspect ratio of the respective dispersed clay can be
evaluated. The model has been corrected for platelet
reinforcement [3]:

Gnano — 1+ gan (l)
Gm 1— 7]Vf

Ratio between the shear storage modulus of the nanocomposite and the shear storage modulus of the LMW-PEO matrix (G’ ,..o/G'pE0) as a function of the

weight percentage of silicate for different clay types at —80 and 20 °C

Silicate concen- Cloisite Na™ Cloisite 20A Cloisite 30B

tration (Wt%) —80°C 20 °C —80°C 20 °C —80°C 20 °C
0 1 1 1 1 1 1

0.5 1.05 1.03 0.96 1.11 1.06 1.35
1.0 1.01 0.91 1.07 14 1.05 1.50
2.5 1.05 1.16 1.09 1.78 1.08 1.6
5.0 1.12 1.41 1.17 2.04 1.24 2.13
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Table 3

Ratio between the shear storage modulus of the nanocomposite and the shear storage modulus of the HMW-PEO matrix (G’ ,.no/G'pE0) @s a function of the

weight percentage of silicate for the different clay types at —80 and 20 °C

P o+
Silicate concen- Cloisite Na

Cloisite 20A

Cloisite 30B

tration (wt%) —80°C 20°C —80°C 20°C —80°C 20 °C
0 1 1 1 1 1 1
0.5 1.05 1.14 1.07 1.54 1.04 1.53
1.0 1.11 1.20 1.06 1.57 1.10 1.69
2.5 1.09 1.29 1.15 1.89 1.20 2.06
with: becomes lower with increasing clay volume concentrations.
G.IG,, — 1 This effect 'is the clearest for the PEO{Cloisite 30B
n= m (2) nanocomposites. Hence, there appears to exist a threshold
rom level above which exfoliation is no longer complete. This
w supports the SAXS results which revealed the presence of a
&= 7 3) diffraction peak at the peak position of the pure clay at

Ghanos G and G, are respectively the shear modulus of the
nanocomposite, the matrix and the clay reinforcement. V; is
the volume concentration of the clay silicate and w/t is the
aspect ratio of the added clay.

The shear modulus displays the distinct advantage of
being independent of the distribution of the filler, in contrast
to the elastic modulus [22]. Fig. 5 presents the fitting results
for the different PEO/Cloisite nanocomposites as a function
of the silicate volume concentration. Two aspect ratios were
used as a fitting parameter. The supplier provides an aspect
ratio (w/t) of 100 for these Cloisite clays. It becomes clear
the fitted model offers clarification of the obtained
mechanical properties. The PEO/Cloisite Na™ nanocompo-
sites display shear moduli far below the fitted values based
on an aspect ratio of 100 and 50 (100/2), respectively. Only
at a very low silicate concentration, an acceptable fit is
obtained. These results clearly indicate that the effective
aspect ratio of the dispersed silicate in the Cloisite Na™
nanocomposites is very low. Van Es [3] reported previously
that a high effective aspect ratio was crucial for polyamide/
Cloisite 20A nanocomposites to reach a high elastic
modulus. This is confirmed by the results presented in
Fig. 5(b) and (c) for the nanocomposites based on Cloisite
20A and Cloisite 30B, respectively. The nanocomposites
even display an underestimation of the fitted model at low
silicate concentrations, whereas the experimental values
become lower then the predicted ones at higher silicate
concentrations (=>2.5 wt%). The underestimation of the
model can be caused by different factors. The model is
based on the bulk modulus of the matrix material. However,
it is not unlikely that the matrix around the platelets has a
higher stiffness then in the bulk and as such also has a
distinct contribution to the mechanical properties. On the
other hand, the underestimation implies that the clay
platelets are actually longer then originally believed. This
can be explained by a percolation (overlapping) of the
different platelets, leading to an apparent increase of the
length and not necessarily of the thickness.

It becomes also obvious that the effective aspect ratio

higher clay loadings (see Fig. 1(c)).

The HMW PEO nanocomposites based on Cloisite 20A
and Cloisite 30B provide very interesting systems as both
display apparent exfoliated structures (see Fig. 2(b) and (c)).
At a low silicate concentrations their mechanical charac-
teristics are basically identical. However, upon increasing
the silicate content, the Cloisite 30B nanocomposites
display a superior stiffening effect over the Cloisite 20A
composites. From Fig. 4, it can be clearly concluded that the
HMW PEO nanocomposites display a stronger stiffening
effect over the respective LMW PEO nanocomposites. It is
especially interesting to notice that the response of the
Cloisite 30B nanocomposites (all exfoliated) seems to be
highly influenced by the matrix molar mass. It has been
reported before that a higher matrix molar mass, results in
better mechanical properties [21]. When investigating the
influence of the matrix molar mass on the mechanical
properties, it is important to distinguish between two
different physical effects. The molar mass influences both
the melt viscosity, thus the nanocomposite structure formed
and the matrix crystallinity. This will be addressed below.

Fig. 6(a)—(c) presents the tan ¢ values as a function of the
temperature for the three LMW PEO clay nanocomposites.
The onset of the PEO glass-transition region is significantly
altered by the dispersion of clay platelets, regardless of the
clay type. It can be seen that the onset of the glass-transition
shifts towards higher temperatures with increasing silicate
loading. The loss modulus (G") response displayed a
corresponding increase of the T, with increasing silicate
content (~ 5 °C). This effect can most probably be attributed
to a slight restriction of the chain mobility of the PEO chains
near the clay platelets. The HMW PEO nanocomposites
display a similar response. A second transition at higher
temperatures can be observed both for the pure PEO matrix
as well as its respective nanocomposites. This transition is
clearest for the LMW materials. A similar relaxation has
been studied extensively for linear polyethylene and was
assigned to the ability to form a mobile localised structure
[23,24]. The energy of the formation of this entity should be
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Fig. 5. Ratio between the shear storage modulus of the nanocomposite and
the shear storage modulus of the LMW PEO matrix (G'puno/G'pro) as a
function of the silicate volume concentration (closed symbols) for Cloisite
Na™ (a); Cloisite 20A (b) and Cloisite 30B (c). The open symbols represent
the respective (G'pano/G'pE0) Vvalue as predicted by the modified Halpin
Tsai model for two different aspect ratios (100/1 and 100/2).

low enough to provide correspondingly low relaxation times
in order to give rise to an observable process below the
melting point. PEO has a similar flexibility compared to PE
and is thus reported to be liable for this kind of processes
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Fig. 6. Tan 6 response as a function of temperature for the different LMW
nanocomposites: (a) Cloisite Na™; (b) Cloisite 20A and (c) Cloisite 30B,
for the various silicate concentrations.

[24]. The mechanically observable process requires the
presence of the crystal phase, but its relaxation strength is
assigned to the amorphous component and involves soft-
ening or deformation of this phase [23].

It is very interesting to note that the tan 6 value at the
peak position provides an indication of the level of clay
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Table 4

Thermal characteristics determined via DSC measurements of the different LMW PEO nanocomposites as a function of the silicate concentration

Silicate concentration First heating ) . Second heating
Cooling, T onser (°C)
(Wt%> AI-Iml (J/g PEO) Tml,nnsel (°C> ’ AI-ImZ (J/g PEO) Tm2,nnsel (OC)
LMW PEO 168.5+3.0 59.8+1.2 52.040.2 161.61+3.6 58.3+23
Cloisite Na™
0.5 164.5 59.0 51.4 149.9 59.0
1.0 163.5 58.4 51.8 151.3 58.4
2.5 166.2 59.6 52.3 1539 59.6
5.0 167.7 61.5 52.0 158.4 57.2
Cloisite 20A
0.5 162.3 59.4 52.0 150.5 57.1
1.0 162.9 57.9 51.8 152.5 56.7
2.5 163.2 58.1 51.0 148.6 54.1
5.0 162.2 60.0 50.7 159.6 57.4
Cloisite 30B
0.5 160.0 58.1 51.5 151.1 54.2
1.0 163.3 60.4 52.1 153.4 57.1
2.5 158.5 58.7 50.8 149.8 53.3
5.0 166.1 61.1 51.0 158.9 58.4

dispersion. The peak level is clearly found to decrease for
the highly intercalated (Cloisite 20A) and exfoliated
(Cloisite 30B) nanocomposites. In general, the HMW
nanocomposites reveal a similar behaviour, displaying
slightly lower T,’s as a result of the lower T, of the HMW
matrix PEO.

3.3. Crystallisation characteristics

The addition of clay to a semi-crystalline polymer is not
unlikely to result in some distinct changes of the thermal
characteristics. The crystallisation and melting behaviour of
the various PEO/clay nanocomposites has been evaluated
with DSC. The thermal characteristics are presented in
Tables 4 and 5 for the LMW and HMW PEO nanocompo-
sites, respectively. As expected, the dispersion of clay
platelets can have a significant effect on the crystallisation
behaviour of PEO. The Cloisite Na* LMW PEO nano-
composites display crystallisation temperatures (7;) which

Table 5

are highly comparable to the one of pure PEO. The
nanocomposites based on the organically modified clays
also display 7.’s which are similar to the one of pure PEO at
low clay concentrations. However, the T, is found to
decrease at higher clay loadings (=>2.5 wt%). The HMW
PEO materials display an analogous evolution of T,
whereby the values of the Cloisite Na™ nanocomposites
are positioned at slightly higher temperatures. When
comparing the respective LMW and HMW nanocomposites,
it is evident that the HMW materials crystallise at lower
temperatures. This is a consequence of the lower chain
mobility of the HMW matrix, resulting in the need for a
higher degree of undercooling to initiate crystallisation.
Although it has been stated that the addition of clay has a
nucleating effect [4,13], this is not apparent from the T,
values of our nanocomposites. In contrast, the decreased
T.s indicate that the crystallisation is delayed in the
presence of higher clay loadings as a larger degree of
undercooling is needed. The decrease of T, with the addition

Thermal characteristics determined via DSC measurements of the different HMW PEO nanocomposites as a function of the silicate concentration

Silicate concentration First heating

Second heating

Cooling, T¢ onset (°C)

(Wt%) A[-Iml (J/g PEO) Tml.nnsel (DC> A[-1m2 (J/g PEO) Tm2,0nsel (OC)
HMW PEO 154.7+1.6 61.1£3.0 47.6+0.7 147.4+1.6 53.7+£12
Cloisite Na™

0.5 160.9 58.0 48.6 153.4 54.7

1.0 160.1 56.8 48.3 153.8 54.6

2.5 156.6 56.9 48.8 147.2 53.6
Cloisite 20A

0.5 159.0 56.9 48.7 147.6 52.8

1.0 156.7 56.9 48.0 149.0 53.0

2.5 154.5 559 473 145.8 53.4
Cloisite 30B

0.5 159.7 55.8 47.6 149.0 52.6

1.0 158.9 56.9 46.9 147.5 51.8

2.5 154.2 56.4 46.4 145.0 53.8
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of clay has been reported before for PEO [13] and other [3,
4] polymeric nanocomposites.

The heat of fusion derived from the PEO melting
endotherm, obtained from both the first and the second
heating run, reveals a strong influence of the clay addition.
For the LMW materials, the addition of a low amount of
clay (0.5 wt%) is sufficient to result in a distinct decrease of
the melt enthalpy and thus crystallinity. Increasing the clay
concentration appears not to have a strong effect, as the
values remain approximately the same. However, the
nanocomposites having a silicate concentration of
5.0 wt%, show a sudden sharp increase of the melt enthalpy
to result in crystallinity levels comparable to the one of the
LMW PEO matrix. The observed trend appears to be
independent of the clay type, and thus the nanocomposite
structure and chemical nature of the modifier. The PEO melt
temperature of the LMW nanocomposites (7,) displays a
similar trend as its corresponding melt enthalpy. The T;,,’s of
the Cloisite Na™ materials are actually comparable to the
one of PEO, whereas the organically modified clay
nanocomposites reveal decreased melt temperatures upon
the addition of clay. For a clay concentration of 5.0 wt%, an
increase of T, is observed, in close similarity to the
evolution of the melt enthalpy. The decrease in melt
enthalpy and respective melt temperature has been reported
before for PEO nanocomposites [13,25], as well as for other
polymer composites [3,4]. The HMW PEO nanocomposites
display a slightly different behaviour for the heat of fusion.

Fig. 7 provides a comparative graph presenting the heat
of fusion evaluated from the second heating run as a
function of the clay concentration for both the LMW and the
HMW PEO nanocomposites. In contrast to the LMW
materials, the addition of a small amount of clay does not
have a strong effect on the heat of fusion. Only the Cloisite
Na™ nanocomposites display an increased crystallinity for
the lowest clay concentrations. Increasing the clay content
leads to a decrease of the heat of fusion. The melting

170
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Fig. 7. Normalised heat of fusion, derived from the second heating DSC run,
as a function of the clay (silicate and modifier) concentration for the various
clay types and PEO molar mass.

temperatures of the HMW PEO nanocomposites are found
to be comparable to the T}, of pure PEO, showing a slight
decrease with increasing clay concentration. In general, it
can be stated that both the degree of crystallinity and the
melt temperature of the LMW PEO nanocomposites are
clearly higher than the respective HMW PEO material. This
is a direct consequence of the lower chain mobility of the
HMW PEO [4]. The addition of clay is found to have a more
profound effect on the thermal properties of the LMW PEO
nanocomposites.

These DSC results lead to the conclusion that the
addition of clay has an inhibiting effect on the crystallisation
of the PEO matrix. It has been previously observed [4,13]
that the presence of the dispersed clay platelets disturbs the
crystal growth. The inhibition was explained by a restriction
in chain mobility due to the limited amount of space
available, thereby hindering part of the polymer chain from
entering the crystalline structure. This results in smaller
spherulites [13] and more disrupted, less perfect crystalline
lamellae which is clearly reflected in the observed decreased
melt temperatures. It seems that the hindrance is by no
means directly related, or proportional, to the incorporation
of the chain in the intergallery structure, as no distinct
difference in the crystallisation behaviour between the
intercalated (LMW Cloisite 20A) and the exfoliated (LMW
Cloisite 30B) nanocomposites can be observed. The
influence on the crystallisation characteristics of the entity
in the intergallery spacing is not straightforward, although it
may be stated that the Cloisite Na™ nanocomposites display
thermal properties closely related to those of PEO. The
hindrance of the crystallisation in the presence of this
natural clay can possibly be attributed to the presence of
Na™. From work on polymer electrolytes it is known that
the presence of small cationic species has an inhibiting
effect on the crystallisation of PEO as the polymer chain co-
ordinates the cations which usually lowers the overall
degree of crystallisation [13,26]. On the other hand, it is not
unlikely that the presence of the bulky quaternary
ammonium cations screens the clay surface, prohibiting
crystalline nucleation.

The reason for the increase of the melt enthalpy at the
high clay loading for the LMW PEO nanocomposites
remains unclear, albeit interesting that a corresponding
increase of the melt temperature is observed. This is a direct
consequence of a higher lamellar thickness, thus the
formation of more perfectly organised spherulites which
can result in an increase of the overall degree of crystal-
lisation. As mentioned above during the discussion of the
nanocomposite structure (see Fig. 5), there appears to exist a
threshold level (~2.5 wt%) above which the clay concen-
trations becomes too high for complete exfoliation to occur.
As a consequence, the platelets remain present in more
ordered stacks (Cloisite 20A) or even unintercalated
tactoids (Cloisite 30B) (Fig. 1(b) and (c)), causing possibly
less hindrance of the crystallisation process.

When correlating the mechanical properties and the
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crystallisation characteristics of the respective nanocompo-
sites (LMW: Tables 2 and 4; HMW: Tables 3 and 5), it
becomes clear that no direct relationship between the level
of crystallinity and the storage modulus can be found. This
shows that the stiffening effect observed upon the addition
of clay can be completely attributed to the consecutive
formation of the intercalated or exfoliated nanocomposite
structure.

3.4. Thermal stability

The effect of the addition of clay on the thermal stability
was studied by TGA under N, flow. Fig. 8 shows the weight
loss as a function of temperature for the different LMW
PEO/clay nanocomposites, having a silicate concentration
of 2.5 wt%. Fig. 9 presents the onset decomposition
temperature as derived from the TGA experiments as a
function of the silicate concentration. From both figures it
can be seen that the addition has a beneficial effect on the
thermal stability. The temperature for onset of thermal
decomposition shows a clear increase at silicate concen-
trations as low as 0.5 wt%, especially for the Cloisite Na ™
nanocomposites. However, further increasing the Cloisite
Na*t content induces a decrease of the decomposition
temperature. In contrast, the organically modified clay
nanocomposites show an overall trend of increasing
decomposition temperatures with silicate concentration.
The difference between an exfoliated (Cloisite 30B) and an
intercalated (Cloisite 20A) nanostructure is minimised at
high silicate contents. As mentioned above, the observed
threshold level for silicate content indicates that not all clay
platelets are fully exfoliated, causing the effective aspect
ratio to be lowered. Accordingly, this material is more likely
to display characteristics of intercalated structures [2]. In
addition, it is not unlikely that the nanocomposite
morphology at the elevated temperatures in quiescent
conditions changes from the one observed at ambient
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Fig. 8. TGA response of the pure LMW PEO and its different clay
nanocomposites containing 2.5 wt% silicate.
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Fig. 9. Onset temperatures of the PEO decomposition as a function of the
silicate concentration for the various LMW PEO clay nanocomposites.

temperature. The distinct difference in thermal stability
between the natural clay and the two organically modified
clay nanocomposites can be attributed to the lower
intergallery spacing of the Cloisite Na™ nanocomposites.
The influence of clay addition on the thermal stability is
often assigned to the increased pathway for the volatile
decomposition products [2,27]. A lower intergallery spacing
means less intercalated PEO and hence more ‘free’ (bulk)
PEO whose decomposition products can move more freely.
This might also explain why a low amount of Cloisite Na™
has such a positive effect. The organic modifiers present in
the modified clays are also subject to thermal degradation,
depending on the formed degradation products/ions altering
the degradation path of PEO. The actual increase of the
decomposition temperature is rather limited when compared
to other polymeric nanocomposites [2]. This can be most
likely attributed to the difference in actual degradation
mechanism of the polymers and the possible specific
interactions between PEO and the clay material [27]. The
Cloisite 30B nanocomposites display a small additional
weight loss at a lower temperature which is not seen for the
other clay nanocomposites and can most likely be attributed
to a decomposition of the organic modifier present in
Cloisite 30B.

4. Conclusions

PEO nanocomposites based on various clay types of the
Cloisite range were prepared according to a melt mixing
procedure. The structural organisation and the resulting
mechanical properties were found to be very dependent on
the matrix molar mass, the clay modifier and the clay
concentration. PEO/Cloisite Na™* nanocomposites gave rise
to intercalated nanostructures with a basal spacing increase
of 6.5 A, regardless of the clay concentration and the matrix
molar mass. Their mechanical properties showed only a
very moderate enhancement at higher clay concentrations.
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The use of organically modified clays proved to be essential
in order to achieve sufficiently improved mechanical
properties. The actual chemical structure of the organic
modifier and the matrix molar mass both play a crucial role.
The nanocomposites based on Cloisite 30B, containing a
polar modifier, displayed exfoliated nanostructures with
highly improved storage moduli which increased with
increasing clay content, regardless of the matrix molar mass.
The obvious compatibility of the modifier and PEO can be
held responsible for the obtained nanostructure. On the
other hand, the nanostructure of the nanocomposites based
on Cloisite 20A, containing an apolar modifier is found to be
very dependent on the matrix molar mass. A high PEO
molar mass, and thus corresponding high melt viscosity, is
needed to obtain exfoliated structures leading to highly
improved mechanical properties. In general, it can be stated
that the nanocomposites having an exfoliated structure and a
high matrix molar mass, displayed the best mechanical
properties. The thermal characteristics of the PEO matrix
were also found to be influenced by the addition of clay.
This effect is, however, less dependent on the resulting
nanostructure. Overall, it could be seen that the melt
temperature and the overall crystallinity decreased upon the
addition of clay. The organically modified clays displayed
the strongest effect, especially for the lower molar mass
PEO nanocomposites. The onset of the decomposition
temperature was found to be slightly increased upon the
addition of clay. A minor clay concentration is already very
effective. The organically modified clays display the
strongest increase of the decomposition temperature.
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