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ABSTRACT: Novel polymer nanocomposite foams made
by a two step compression molding method are analyzed
in this article. Nanocomposites of low density polyethylene
and an organo-modified hectorite were first melt com-
pounded and then foamed using a compression molding
method. To study the influence of the presence and the
amount of hectorite in both mechanical and thermal prop-
erties, samples with 3% and 7% content of hectorite were
prepared. Polyethylene crystalline characteristics and ther-
mal stability of the samples were studied by differential
scanning calorimetry (DSC) and thermogravimetric analy-
sis (TGA), respectively. Mechanical properties of foams

and solid nanocomposites were analyzed by using dynam-
ical mechanical analysis (DMA). Thermal expansion of the
samples was analyzed by thermomechanical analysis. The
results indicate that the exfoliation of hectorite platelets
was achieved after the foaming process, but not during the
melt mixing step. Foams with hectorite nanoparticles ex-
hibit improved thermal stability and mechanical properties
when compared with neat polymeric foams. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 105: 1658-1667, 2007
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INTRODUCTION

Polymer-layered silicate nanocomposites have re-
cently gained a great deal of attention as they offer
new possibilities to provide superior properties when
compared with pure polymers and conventional filled
composites. The properties include high dimensional
stability, high heat deflection temperature, reduced
gas permeability, improved flame retardancy, and
enhanced mechanical properties.” Polymer foams, on
the other hand, are two-phase materials in which a
gas is dispersed in a continuous macromolecular
phase. These materials are important items in the
economy, and, because of technical, commercial, and
environmental issues, they represent an interesting
dynamic in 21st century society.” However, the foam
applications are limited by the inferior mechanical
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strength, poor surface quality, and low thermal and
dimensional stability of these materials in comparison
with dense solids.

To improve polymer foams properties, several re-
searchers have focused their attention in how to com-
bine the knowledge on foams and polymer nanocom-
posites.! By using a small amount of clay nanopar-
ticles into the polymer matrix it is possible to obtain a
significant improvement in a wide variety of proper-
ties. Furthermore, the nanometer dimension of nano-
clays is especially beneficial for reinforcing foamed
materials, considering the thickness of foam cell walls
in the micrometer range. Most efforts related with
this kind of experiments have been focused in the
production of microcellular foams fabricated using a
continuous process and studying the influence of the
addition of nanoclays into the polymer matrix, both
on foaming process and cellular structure.*”

Shen et al.* used carbon nanofibers (CNFs) as
nucleating agents to produce polystyrene nanocom-
posite foams. They obtained microcellular foams
with uniform cell size distributions and proved that
CNFs improved the nucleation efficiency in the
foaming process. Lee et al.” investigated the effect of
clay particles on the cell morphology of HDPE-clay
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nanocomposite foams produced using a batch foam-
ing process using supercritical CO,. They demon-
strated that in comparison with pure HDPE nanocom-
posites produced it was obtained much finer and
more uniform cellular structures. Nam et al® pro-
duced polypropylene/clay nanocomposites foamed in
an autoclave in a batch process using supercritical
CO,. They studied the correlation between foam struc-
ture and rheological properties of the polypropylene
clay composites. Mitsunaga et al.” successfully pre-
pared intercalated polycarbonate/clay nanocomposites
by using the melt intercalation method in the presence
of a compatibilizer. After this, they foamed the nano-
composites using supercritical CO, as foaming agent.
They obtained a significant improvement in most of
the material properties. Reverchon et al® and Zeng
et al.” reviewed the use of supercritical fluids like CO,
as foaming agent to produce foams from polymer
nanocomposites.

On the other hand, interest in polyolefin nanocom-
posites has emerged due to their promise of im-
proved performance in packaging and engineering
applications. Chemical modification of these resins,
in particular the grafting of pendant anhydride groups
has been used successfully to overcome problems as-
sociated with poor phase adhesion in polyolefin/
clay systems.'” Nevertheless, in most cases using the
most common methods to produce polymer nano-
composites the fabrication of polyolefin/clay compo-
sites leads to intercalated structures instead of the
desired exfoliated ones.”'%"""7

As it was previously mentioned, in most studies
related with polymer nanocomposite foams, the solid
nanocomposites are foamed using a batch foaming pro-
cess with supercritical CO, as foaming agent. In this arti-
cle, we introduce a commonly used foaming technique
such as compression molding'®'* using dycumil perox-
ide as crosslinking agent and azodicarbonamide (ADC)
as foaming agent, as a tool to produce exfoliated low den-
sity polyethylene (LDPE) nanocomposite foams.”> One
of the main targets of this investigation is to gain knowl-
edge on the effects of hectorite nanoparticles on the struc-
ture and physical properties of foamed polyethylene.

MATERIALS
Materials and compounding

At first, a low density polyethylene (LDPE), Stamy-
lan LD 2404A (100.00 phr) (density 0,925 g/cm’ and
MFI 4.2 g/10 min at 190°C and 2.16 kg), manufac-
tured by Sabic Europetrochemicals®™ (Germany), was
compounded using a two-roll mill at a constant tem-
perature of 120°C and constant speed of 60 rpm for

no more than 5 min with the following materials

a. Azodicarbonamide (ADC, 18.50 phr) used as
chemical blowing agent.

b. Dicumyl peroxide (DCP, 1.70 phr) used as
crosslinking agent.

c. Stearic acid (0.11 phr) used as a lubricant.

d. Zinc oxide (0.075 phr) used as ADC activator.

An organic derivative of hectorite (Bentone 108,
from Elementis Specialties, UK), chemically modified
with dimethyl dehydrogenated tallow ammonium
chloride (2M2HT), with a density of 1.7 g/cm?, basal
spacing (doo1) of 2.5 nm and an average specific area
of 700 m?/ g, was used.

Secondly, a masterbatch was prepared by mixing
the powdery hectorite and a compatibilizer polymer
at 160°C and 160 rpm in a twin-screw extruder
(Collin Kneter 25 x 36D). High density polyethylene
grafted with maleic anhydride (Fusabond E MB100D,
DuPont), with a density of 0.960 g/cm’ and MFI of
2 g/10 min at 190°C and 2.16 kg was used as com-
patibilizer.

Finally, two composites were prepared using the
hectorite masterbatch and the previously compounded
LDPE: the first one (PE3) with a 3 wt % content of
hectorite and the second one (PE7) with a 7 wt % con-
tent. The extrudates were water-cooled and pelletized.

Foaming process

Precursor materials for foaming were compression-
molded in a hot-plate press (IQAP-LAP PL-15). Pel-
lets were initially placed into a mold (3.5 mm deep
and 74 mm in diameter) to slightly overfill it and
subjected to heating at 110-115°C for 3 min until
melting, followed by a final step at the same temper-
ature and applying a constant pressure of 25 bar for
3 min. The resulting discs were cooled under pres-
sure using recirculating water.

A two-step compression molding foaming process
was used for all the studied specimens.'®'"” In the first
step (prefoaming), the solid discs were placed in the
circular mold and heated at temperatures ranging
from 123°C to 140°C applying a constant pressure of
40 bar for 90 min. After this time, the pressure was
released allowing the foam to partially grow. The
expansion ratio in this prefoaming step was fixed in a
value around three. The second step (foaming) con-
sisted of the free expansion of the prefoamed samples
at a higher temperature, typically between 140°C and
180°C, for no more than 30 min. An expansion ratio
of 11 was set for this second step.

EXPERIMENTAL
Density

Density measurements were performed by Archi-
medes principle using the density determination kit
for the AT261 Mettler balance.

Journal of Applied Polymer Science DOI 10.1002/app
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Differential scanning calorimetry

Characteristic thermal properties of the materials
were studied by means of a Mettler DSC822¢ differ-
ential scanning calorimeter, previously calibrated
with indium, zinc and n-octane. The weights of the
samples were 2.5 mg.

To obtain both melting point and crystallinity
of the samples the following heating program was
chosen:

1st Segment: samples were heated from 30°C to
190°C at a heating rate of 20°C/min under nitrogen
atmosphere. To remove the materials thermal his-
tory, an isothermal segment, (3 min), was added at
the end of this heating segment.

2nd Segment: samples were cooled from 190°C to
30°C at 20°C/min under nitrogen atmosphere.

3rd Segment: after a second isothermal step, (1 min
at 30°C), samples were heated a second time at
20°C/min, from 30°C to 190°C also under nitrogen
atmosphere.

The melting point was taken at the minimum of
the enthalpy-temperature curve. The crystallinity
was calculated from the area of the differential scan-
ning calorimetry (DSC) peak, dividing the heat of
fusion by the heat of fusion of a 100% crystalline
material, (288 J/g for a 100% crystalline polyethyl-
ene). In this calculation, a correction was introduced
to take into account the real polymer content in each
material.

Thermogravimetric analysis

Thermogravimetric analysis was used to determine
the effect of addition of clays on the thermal stability
of the samples. Tests were performed in a Mettler
TGA/SDTA 851°. Samples were heated from 50°C to
850°C at a heating rate of 20°C/min in nitrogen
atmosphere. Samples mass was 5 mg.

Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) was used to an-
alyze to determine the crystallinity of the materials.
A Bruker D8 diffractometer with CuKo radiation, A
= 0,154 nm, 50 kV, and 20 mA was used. Scans
were taken from 1° to 30° with a rotation step of
0.05° and a step time of 0.007 s.

Microscopy

Cell morphology was analyzed by using SEM. A
JEOL JSM-820 scanning electron microscope was
used. Samples were previously prepared by cutting
1 cm® specimens and making them conductive by
sputtering deposition of a thin layer of gold. Nano-
composite morphology was analyzed using a Hitachi
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H-800 transmission electron microscope, (TEM) on
ultra-microtomed sheets with a typical thickness of
60 nm.

Gel content

Crosslinking degree, (gel content), was measured fol-
lowing the ASTM D2765-90 standard. The procedure
was as follows; the extraction was made in 400 mL of
xylene at 140°C for 24 h, 300 = 5 mg of material, (ini-
tial weight) were used. The remaining material, (gel)
was dried for 1 h at 140°C and weighted. Gel content
was calculated by using eq. (1) and corrected by
using the polymer content present in each sample.

gel weight

Gel content = 100 x =——2—
initial weight

1)

Dynamical-mechanical analysis

The DMA equipment (Perkin-Elmer DMA?7) was
calibrated according to the recommended procedures
using the manufacture’s software. The storage mod-
ulus, (E'), loss modulus, (E”), and loss tangent or
loss factor, (tand), were obtained under compression
geometry in a parallel plate measurement system for
both prefoamed and foamed samples, while the non-
foamed samples were measured using a three point
bending system.

All the experiments were performed at 1 Hz fre-
quency, between —50°C and 110°C at a heating rate
of 5°C/min. The applied static strain was 2% and it
was chosen a dynamic strain of 0.11%.

For prefoamed and foamed samples test speci-
mens were prepared in a cylindrical shape with a di-
ameter of 8 mm and a thickness of 6 mm, approxi-
mately. For nonfoamed samples test specimens were
bars of 20 mm width, 3.5 mm height, and 4 mm
depth.

At least three experiments were carried out for
each sample. For prefoamed and foamed samples
tests were carried out in the thickness direction of
the discs. For nonfoamed samples tests were per-
formed with the applied force parallel to the thick-
ness direction of the discs.

Thermal mechanical analysis

The experiments were performed in a DMA7 from
Perkin—Elmer in the TMA mode. A parallel plate
measuring system was used, with a plate diameter
of 15 mm. For all the samples, cylindrical tests speci-
mens were prepared with a diameter of 8 mm. The
experiments were performed without applied force
on the sample to measure the thermal expansion
coefficient. The materials were studied between
—40°C and 150°C at a heating rate of 5°C/min.
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TABLE I
Materials Designation, Density, Expansion Ratio, and Gel Content Results

Material

Density (kg/m?)

Expansion ratio Gel content, (%)

Nonfoamed 0% Hectorite = NFO 969.2 = 22.9 - -
Nonfoamed 3% Hectorite = NF3 953.2 + 14.0 - -
Nonfoamed 7% Hectorite = NF7 990.5 + 2.2 - -
Prefoamed 0% Hectorite = PFO 289.5 = 6.5 3.3 -
Prefoamed 3% Hectorite = PF3 3152 £ 1.3 3.0 -
Prefoamed 7% Hectorite = PF7 3412 = 144 2.9 -
Foamed 0% Hectorite = FO 84.0 = 4.4 114 35.3
Foamed 3% Hectorite = F3 86.6 = 5.0 11.0 31.7
Foamed 7% Hectorite = F7 69.7 = 3.2 14.2 27.8

For each sample at least three tests were carried
out. Tests were performed in the same directions as
the ones chosen for DMA experiments.

RESULTS AND DISCUSSION
Density and gel content

Table I summarizes the densities, expansion ratio,
and gel content of the materials under study. It can
be observed that for the same group of samples, (i.e.,
nonfoamed, prefoamed, and foamed samples) the
density values were similar. The expansion ratio,
obtained by dividing the density of nonfoamed sam-
ples between the densities of the foamed or pre-
foamed one, reached a value of three for prefoamed
samples and 11 for the foamed ones. The main goal
of this article is to compare the physical properties
of materials with different contents of hectorite, the
density and expansion ratio of materials with differ-
ent hectorite content were keep constant.

As shown in Table I gel content of the foamed
materials was slightly reduced when the hectorite
was increased.

Micro-structure

It is well known that one of the targets for a success-
ful polymer nanocomposite is to asses the complete
exfoliation of the nanoclay into the polymer matrix.
In a previous article®® it was showed by using
WAXS that the melt mixing compounding process
used to produce the materials of this investigation
was not enough to promote a complete exfoliation of
the hectorite particles, only achieved during the pre-
foaming process. This exfoliation was maintained in
the foamed samples.

DSC studies of the samples were carried out to
study if the polymer crystallinity changed with the
addition of nanoclays. DSC results are summarized
in Table II. It can be observed that the crystallinity
value (obtained on the first heating, cooling, and
second heating segments) is not affected by the pres-
ence of hectorite, but it is clearly affected by the pre-

foaming and foaming steps. In general terms, the
nonfoamed material has a higher crystallinity than
the prefoamed and foamed materials. This result
was also confirmed by the crystallinity values calcu-
lated by WAXS, (they are also collected in Table II).

The polymer in the foam, crystallizes in excep-
tional conditions, that is in the presence of a gas and
in very thin walls, (these walls are usually thinner
than 2 pm, which is smaller than the typical dimen-
sions of the spherulites in a LDPE solid sheet),
which has been stretched and crosslinked during
foaming. Therefore, it should be expected that the
solid polymer in the cell walls could have a different
morphology and consequently different properties.
Almanza et al”' and Rodriguez-Perez et al.”> have
studied this fact for LDPE foams produced by a
nitrogen solution process, showing similar trends to
those observed in the materials of this article.

The results for melting and crystallization temper-
atures are also collected in Table II. Differences
between composites with different hectorite content
and kind of sample are very small. Thus, there are
no clear trends for these properties, which seem to
be independent on the hectorite content and foaming
steps.

TABLE II
DSC Results
1st 2nd 3rd
Segment Segment Segment

Xc Tm Xc Tc Xc Tm Xc (0/0)
Sample (%) Q) ) (C) (%) (“C)  WAXS
NFO0 382 113.0 388 966 360 1117 474
PFO 339 1123 357 960 344 1114 36.7
FO 320 1100 351 950 328 1104 374
NF3 355 1131 368 96.6 335 1113 49.0
PF3 33.1 1120 354 960 338 1107 38.3
E3 28.7 109.6 312 948 294 1105 37.0
NE7 363 1120 383 956 359 1104 459
PF7 36.1 111.7 371 956 352 111.1 37.1
F7 293 1098 328 942 309 1105 37.1

T,,, melting temperature; X, crystallinity; T, crystalliza-
tion temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Micrographs of foamed samples: (a) PEO, (b) PE3, (c) PE7.

Other important aspect that has to be considered
when foamed materials are analyzed is the cellular
structure. Micrographs of foamed samples can be
seen in Figure 1(a—c). A closed cell cellular structure
characterized all the produced materials. Cell size
was ~ 200 pm for all the studied foams. No signifi-
cant differences in the cellular structure of samples
with and without hectorite were found. Therefore, it
has been concluded that hectorite nanoparticles did
not play role as nucleating agents in the foaming
behavior of these materials.”

Figure 2 shows a typical TEM picture of a foamed
sample. The nanocomposite consisted of mixed dis-
persed individual hectorite and stacks of hectorite
platelets. Foaming agent decomposition residues were
also present in the form of regular particles of typi-
cal size 50 nm.

Thermal behavior
Thermogravimetric analysis

Thermograms corresponding to foamed samples are
presented in Figure 3. Results corresponding to
weight loss on each step and residues content are
collected in Table III.

First and second steps in all the thermograms can
be associated with the decomposition of foaming
agent, additives, and residues of foaming agent. Third
step is associated to the decomposition of the poly-
mer matrix. Weight loss on each step for all the sam-
ples does not show significant differences (Table III).
The used nanoclay, is organically modified, so ap-
proximately only the half hectorite content will
appear in the residues, (the organic part decomposes
during the experiment). The amount of residues
increased as hectorite content increased. In this
sense, if we take into account the amount of residues
of samples without hectorite and subtract it from the
amount of residues of samples with hectorite, the

Journal of Applied Polymer Science DOI 10.1002/app

result is in agreement with the amount of hectorite
that should remain after the decomposition of the or-
ganic part of the nanoparticle.

Generally, the incorporation of clay into the poly-
mer matrix has been found to enhance thermal stabil-
ity by acting as a superior insulator and mass trans-
port barrier to the volatile products generated during
decomposition.” The clay acts as a heat barrier, which
enhances the overall thermal stability of the system,
as well as assist in the formation of char after thermal
decomposition. In the early stages of thermal decom-
positions the clay would shift the decomposition to
higher temperature. Thermogravimetric studies of the
samples were carried out to study if the previous
effects showed in our materials.

Figure 2 Typical TEM image for a foamed composite.
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Figure 3 Thermograms of foamed samples.

It can be observed that the addition of nanoclays
combined with the foaming improves thermal stabil-
ity of the samples (an increase of 8°C was detected)
(Fig. 3). In the case of solid materials and prefoamed
materials this improvement is not so clear in the ex-
perimental data (improvement of 3°C for solid mate-
rials and no improvement for prefoamed materials).
It has been previously explained that the best exfoli-
ation is obtained after foaming the materials, this
could be one of the reasons that justify why after
foaming the thermal stability was improved in a
higher extend.

Dynamic mechanical analysis

The experimental results corresponding to DMA
tests of foamed and nonfoamed samples are shown
in Figures 4 and 5. The storage modulus, (E') and
loss factor, (tand), are plotted as a function of tem-
perature.

For both kinds of materials, it can be observed
how all the curves present the typical DMA behavior
of LDPE with the presence of B and o relaxations.
The presence of hectorite can be detected in the stor-
age modulus curve for both nonfoamed and foamed
samples. As it can be observed, storage modulus
increases as the hectorite weight content increases.
This difference is more evident for the material with
7% weight content.

To partially eliminate the density differences
between samples, the reduced specific storage modu-
lus (i.e., storage modulus divided by the density of
each sample) obtained at room temperature, was cal-
culated. The value for the material without nanofiller
was 35 x 10* Nm/kg, this value increased to a
value of 1.5 x 10° for the material with a 7% filler
content. Therefore, for foamed samples, mechanical
properties of the material are clearly improved with
the addition of 7% of nanoclays.

Relaxations of LDPE have been widely studied. At
low temperatures, (around —-20°C), B relaxation

TABLE III
TGA Results
1st Step 2nd Step 3rd Step
Sample % w.1. T (°C) % w.1. T (°C) % w.1. T (°C) % Residues Tonset (°C)
NFO 9.02 2284 5.29 239.9 85.97 489.5 0.94 460.21
PFO 8.95 230.3 4.14 240.3 86.67 489.8 0.97 460.25
FO 7.08 2323 4.84 240.4 88.72 486.4 1.26 456.50
NF3 8.02 229.3 3.79 239.8 87.45 475.1 2.28 462.08
PF3 7.14 229.9 3.18 259.9 88.95 4741 2.02 459.84
F3 5.95 230.9 4.09 260.4 91.71 482.2 2.70 461.61
NF7 7.70 227.3 2.84 239.7 86.65 467.6 3.76 463.13
PF7 7.27 223.1 3.09 256.5 87.29 467.8 4.37 460.24
F7 4.18 227.3 2.44 254.1 89.07 477.7 5.13 464.67

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 (a) Tand versus temperature for foamed samples, and (b) storage modulus versus temperature for foamed samples.

appears, and can be detected as a shoulder in the
tand curve or as a peak in the loss modulus curve.
In nonfoamed polyethylene, this relaxation results
from motions of chain units located in the interfacial
region and its existence is not universal in the differ-
ent types of polyethylene, being conditioned by the
presence of an interfacial content higher than about
7%. The o relaxation can be seen at higher tempera-
tures, (between 30°C and 120°C).* It can be detected
as a wide peak in the tand curve or a shoulder in
the loss modulus curve. The o relaxation has been
associated with the crystalline part of the polymer.
In fact the position of the relaxation is controlled by
the thickness of the lamellae.”

0.40 1 L 1 A 1 A 1 " 1 " [ A 1 " 1
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In the obtained DMA results o and P relaxations
can be observed in the above described way for all
the studied samples. In Table IV the temperatures at
which o and B relaxations appear are summarized. It
can be observed how P relaxation appears at higher
temperatures for foamed samples than for non-
foamed samples and prefoamed samples. o-Relax-
ation appears at lower temperatures for foamed
samples than for the other studied samples. The hec-
torite content seems not to have a significant effect
on the shifting and intensity of the relaxations.

It was previously mentioned, that crystallinity val-
ues were affected by foaming process and not by
hectorite content. Therefore one possible explanation

1.0)(1011 L " 1 i 1 n L 2 L " 1 " 1 i L
—a— E' NF0
8.0x10" 4 —O—E'NF3
—x— E' NF7
6.0x10"°
T
o
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Figure 5 (a) Tand versus temperature for nonfoamed samples, and (b) storage modulus versus temperature for non-

foamed samples.
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TABLE IV
Temperature and Intensity of o and B Relaxations
Detected in the Tand Curve

Sample T (°C) tand (B) T, (°C) tand (o)
FO —20.44 0.074 55.41 0.23
F3 —19.83 0.077 49.67 0.24
F7 —17.04 0.140 63.39 0.27
PFO —20.12 0.048 65.63 0.24
PF3 —20.64 0.054 64.23 0.21
PF7 —20.71 0.078 64.23 0.22
NFO —28.15 0.088 62.52 0.26
NF3 —26.23 0.066 63.26 0.26
NF7 —29.99 0.074 62.02 0.26

of the relaxation shifting would be related with the
different polymer morphology of the different mate-
rials. To prove if the thickness of the lamellae for
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foamed samples was smaller than that of nonfoamed
samples, the thickness of lamellae for both kinds of
samples were calculated using the model given by
Alberola et al. using the DSC data.** In Figure 6(a—
c), the distribution of lamellae thickness is presented
for nonfoamed and foamed samples with different
hectorite content. It can be observed that in all cases
lamellae thickness is larger for nonfoamed samples
than for foamed samples. This should be the reason
of the displacement of a-relaxation to higher temper-
atures for nonfoamed samples.

On the other hand, foamed samples are the ones
with lower crystallinity value and consequently with
higher interfacial content between crystalline and
amorphous phase, which would explain that B relax-
ation is displaced to higher temperatures for these
materials, and particularly for F7 sample in which

250 M [ M 1 M 1 M 1
—a—F3

200 4 —— NF3
_y 150+
g
=
o
£ 1004

50 4
0 v T T T v T ' =T ¥
20 40 60 80 100 120
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Figure 6 Distribution of lamellar thickness for both nonfoamed and foamed samples.
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Figure 7 (a) Linear thermal expansion coefficient of foamed samples versus temperature, (b) percentage of expansion of
foamed samples versus temperature, and (c) percentage of volumetric expansion of nonfoamed samples versus temperature.

the hectorite nanoparticle/polyethylene interface

would be affecting.

Thermomechanical analysis

It is known that the addition of fillers or reinforcing
agents into plastics mitigates to some degree the
high thermal expansion of these materials by two
different mechanisms: (a) volume dilution with a
material of lower coefficient of thermal expansion,
and (b) mechanical constraint by a dispersed phase
with low coefficient of thermal expansion and higher
modulus.

Polymer nanocomposites made by exfoliating the
typical 1 nm thick aluminosilicate platelets of the
clay-mineral, offer exciting possibilities for resolving

Journal of Applied Polymer Science DOI 10.1002/app

the problem of the high thermal expansion coeffi-
cient that polymers posses. These nanoclays platelets
have a high modulus and high aspect ratios for
effective reinforcement and mechanical restraint of
thermal expansion.*

The percentage of material expansion was calcu-
lated as follows:

I — 1
lo

% 100 @)

where [ is the initial height of the sample and I; is
the height of the sample at a temperature T;.

In Figure 7(a) linear thermal expansion coefficient
corresponding to foamed samples is represented as a
function of temperature, and in Figure 7(b) the per-
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centage of material expansion is represented also as
a function of temperature for the same kind of mate-
rials. It can be observed that there are no significant
differences in the behavior of the samples with and
without hectorite. The percentage of expansion for
the foamed samples is almost the same in all cases.
Therefore, the expected reduction of thermal expan-
sion was not found in the foamed materials. The
percentage of volumetric expansion of nonfoamed
samples is represented as a function of temperature
in Figure 7(c). As it was expected for the solid nano-
composites the presence of hectorite reduces the
expansion of the material. However, this effect is not
observed in the foamed materials.

Previous articles”®* on the thermal expansion of
closed cell polyolefin based foams have showed that
in addition to the contribution of the thermal expan-
sion of the polymeric matrix there is an additional
effect related with the expansion of the gas when the
temperature increases. Therefore, the expected differ-
ences for the foams due to the polymer constraint by
the hectorite platelets seem to be compensated in the
samples under study by the expansion effect of the
gas in the foamed materials.

CONCLUSIONS

As it has been established with this study the com-
pression molding method can be an interesting tool
in the production of polyolefin nanocomposite foams.
From a practical point of view, with the procedure
carried-out; there is no need for a complete exfolia-
tion of the nanoclay in the compounding step. The
exfoliation will occur during foaming.

Both thermal and mechanical properties of LDPE
foams were improved because of the hectorite nano-
platelets. Thermal stability of the samples was
enhanced for foamed samples; this is, when the exfo-
liation of the nanoclay is complete. On the other
hand, mechanical properties were improved in both
cases, when the nanoclay is intercalated, (nonfoamed
samples) and when the nanoclay is exfoliated,
(foamed samples). This effect was especially signifi-
cant for the foamed sample with a 7% content of
nanoclay. It was proved that crystallinity degree of
the samples was not affected by the presence of hec-
torite but it was affected by the foaming process
because of the different crystallization conditions of
the polymer in the foams and in the solid nanocom-

posites. The different polymer morphology in the
foamed materials also affected the position of the
relaxations detected in the DMA tests.
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