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ABSTRACT

A series of nanocomposites based on an ethylene vinyl acetate (EVA) copolymer with two types of inorganic clays was
prepared by melt blending and film blowing.The tested clays were Hydrotalcite (a layered double hydroxide) and Del-
lite 72T (an organo-modified montmorillonite) in different percentage, the exfoliation degree of which has been evalu-
ated in the presence of three types of compatibilisers. The nanocomposite morphology, thermal behaviour and me-
chanical properties were analysed as function of the nature and content of clays and in the presence of compatibilisers.
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1. Introduction

Polymer/layered silicate nanocomposites (PLSN) have
attracted both academic and industrial interest for more
than 15 years, among to their particular properties. With
small amounts of a clay (usually less than 5 wt%) an en-
hancement of mechanical properties, permeability, ther-
mal stability and flame retardancy, can be obtained as
function of the length/diameter ratio (aspect ratio) and
dispersion of the inorganic phase in the polymer matrix
[1-4]. The inorganic fillers used to produce PLSN are of
two types: layered silicates with particle size in the nano-
meter range and double-layered metal hydroxides.

The typical layered silicates (e.g. mica, montmorillo-
nite, vermiculite, hectorite, saponite, etc.) belong to the
structural family known as the 2:1 phyllosilicates [5-8]. It
is possible to produce clays with enhanced interlayer
spaces by replacing the alkaline-earth metal cations with
cationic surfactants such as N-alkylamonium salts [2,3,9,
10]. In the case of some polymers, the presence of just
the clay is not enough to improve the nanocomposites
performances, for instance the synthesis of well-exfoli-
ated nanocomposites of the most used polyolefins (such
as polypropylene and polyethylene) needs the addition of
a compatibiliser do to their hydrophobicity and lack of

Copyright © 2011 SciRes.

suitable interactions with the polar surface of the clay
[11]. At the present time, the most promising strategy
with such polymers is the addition of a small amount of
maleic anhydride-grafted polyolefin, which is miscible
with the polymeric matrix. The maleated polyolefin
works as a compatibiliser, increasing the affinity between
the matrix and the filler thanks to the polar character of
the anhydride [12]. This approach has been extensively
studied for the polypropylene-based systems, including
some commercial applications [13], while the systems
based on polyethylene and its copolymers are by far less
explored. The polymer blend nanocomposite, obtained in
this way, provides a new class of materials which com-
bines the properties of polymer nanocomposite and of
polymer blends [14-16].

The clay-based fillers have recently been extended to
the family of layered double hydroxides (LDH) [17] and
different approaches to the preparation of LDH nano-
composites have been described in previous papers [18,
19]. The use of LDH particles as nanofiller represents an
emerging field of application, which may present advan-
tages in comparison to montmorillonite, due to its versa-
tility in chemical composition and charge density and
allowing multiple interactions with the polymer [20].
Besides, the structure of these particles presents hydrox-
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ide groups in great number, making them attractive to
enhance thermal stability and to improve fire resistant
properties in polymer systems [21,22].

The aim of this paper is to investigate the effect of the
nature of the inorganic fillers on the morphological,
thermal and mechanical properties of EVA nanocompo-
sites. The family of ethylene vinyl acetate copolymers
(EVA) have been extensively studied because of their
use in a wide series of applications including telecommu-
nication cable manufacturing, film for greenhouses. [1,4,
8,23-25]. We report the results concerning nanocom-
posites obtained from a defined grade of EVA (5 wt%
vinyl acetate) and two different types of nanofillers: an
organo-modified layered silicate (Dellite 72T) and the
Hydrotalcite (Hycite 713).

In order to obtain a good interaction amongst the clay
layers and the polymeric matrix we used three types of
compatibilisers in the formulations of Dellite 72T nano-
composites: two different anhydride modified linear low
density polyethylene (m-LLDPE) and a methyl acrylate
modified linear low density polyethylene (ma-LLDPE).

The Wide Angle X-Ray Diffraction (WAXD), Trans-
mission and Scanning Electron Microscopy (TEM and
SEM), Thermogravimetric Analysis (TGA) were used to
investigate the effect of the different clay typology and of
the different compatibilisers on the morphological and
thermal properties of the obtained nanocomposite mate-
rials, while tensile tests were performed to evaluate their
physical-mechanical behaviour.

2. Experimental
2.1. Raw Materials

A commercial ethylene vinyl acetate copolymer (EVA),
Polimeri Europa (Greenflex® FD 20), containing 5 wt%
of vinyl acetate (VA); density 0.920 g/cm’® and with a
melt flow index (190°C/2.16 Kg) of 0.5 g/10min (ASTM
D 1238), was chosen as the matrix.

2.1.1. Commercial Clay Used Were:

e From Laviosa Chimica Mineraria S.p.A.: Dellite
72T, a montmorillonite modified with dimethyl-
dihydrogenated-tallow-ammonium ions (Figure 1).

e From CIBA Speciality Chemicals S.p.A.: Hycite
713, a natural hydrotalcite, aluminate (Al(OH)s;)
-(OC-6-11)-, magnesium carbonate hydroxide (2:6:
1:4) (9 C).

2.1.2. Commercial Compatibilisers Used Were:

e  From DuPont™: Fusabond® E MB-439D, an an-
hydride-modified linear low-density polyethylene
polymer; density 0.920 g/cm’ and melt flow index
(190°C/2.16 Kg) of 2.7 g/10min (ASTM D 1238).
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Figure 1. Organo-modification in Dellite 72T.

e  From Auserpolimeri S.r.l.: Compoline CO/LL 05, a
linear low density polyethylene modified with
maleic anhydride; density 0.920 g/cm® and melt
flow index (190°C/2.16 Kg) of 0.8 g/10min (ASTM
D 1238).

e From DuPont™: Elvaloy® 15024 EAC S, a co-
polymer of ethylene and methyl acrylate (24 wt%);
density 0.920 g/cm’ and melt flow index (190°C
/2.16 Kg) of 50 g/10min (ASTM D 1238).

2.2. Preparation of Nanocomposites

EVA nanocomposites were prepared using melt blending
technology in a co-rotating twin screw intermeshing ex-
truder (D = 30 mm, L/D = 24). Before extrusion both in-
organic fillers and compatibilisers were dehydrated in an
oven at 80°C for 8 - 10 hours.

In a first step, the masterbatches containing EVA filled
with 25 wt% of inorganic clay and compatibilisers at 25
wt% with a working temperature of 170°C and a twin-
screw rate of 40 rpm have been prepared. The master-
batches were then diluted up to the desired percentage,
using pristine EVA, by a second extrusion at the same
operative condition but with a twin-screw rate of 120
rpm, nanocomposites were characterized by 1.5 wt% in
Dellite 72T and 7.0 wt% in compatibiliser. In particular,
we chose two maleic anhydride modified compatibilisers
characterized by similar chemical structure but different
MFI and the ethylene/methyl acrylate copolymer charac-
terized by a different chemical structure and MFI.

The compatibilisers were used only with the modified
montmorillonite (Dellite 72T) because there was not a
good adhesion between Hydrotalcite and both the
maleated or methyl acrylate LLDPE. Therefore, in this
case, we produced a series of EVA nanocomposites with
different content of Hydrotalcite (1, 2.5 and 4 wt% re-
spectively) without addition of functionalized LLDPE in
the formulations. As final step of EVA nanocomposites
production, a blow extrusion in a pilot plant was made,
obtaining films of 50 pm of thickness and a blow-up ratio

SNL



Poly(Ethylene-Co-Vinyl Acetate)/Clay Nanocomposites: Effect of Clay Nature and Compatibilising Agents on 107
Morphological Thermal and Mechanical Properties

(BUR) of 3:1.
In Tables 1 and 2, the compositions of the produced
nanocomposites are summarised.

2.3. Nanocomposite Characterization

2.3.1 Wide Angle X-Ray Diffraction (WAXD)

WAXD patterns were recorded for all nanocomposite
films on a Philips power diffractometer X’Pert MPD
using PW 3123/00 curved Cu-filtered CuK, radiation at a
generator voltage of 40 kV and generator current of 30
mA. The diffractograms were scanned in the 26 range
from 1.5° to 30° at 0.01°/s rate in continuous scan, work-
ing in reflection geometry. The uncertainty in terms of d-
spacings was 0.05 nm (20).

2.3.2. Transmission and Scanning Electron
Microscopy (TEM and SEM)

The level and degree of dispersion of the clay-platelets in
nanocomposite films were investigated by high magnifi-
cation transmission electron microscopy imaging, TEM,
by Philips TEM mod. EM 208, using an acceleration
voltage of 100 kV. Specimens were microtomed using a
Laica Ultracut UCT.

Surface morphology and platelets dimensions of pro-
duced nanocomposite films were studied by E.S.E.M.,
Philips XL 30-XRF embedded, with an accelerating volt-
age set on 20 kV in order to avoid degradation of the
samples.

2.3.3. Thermogravimetric Analysis (TGA)

The thermal stability of layered nanocomposite films was
investigated by using a thermogravimetric analyzer, TA
Instrument, Q600, with an heating rate of 20°C /min with
a temperature ranging from 40°C to 900°C and oxidizing
atmosphere (air).

2.3.4. Tensile Tests
Young Modulus and Tensile Strength (elongation and

stress at break) were measured on EVA nanocomposite
films with a Galdabini SUN 2500, at room temperature,
according to International Standard UNE-EN ISO 527-1.
Mechanical properties were measured at a crosshead
speed of 50 mm/min. Tensile property values reported
represent the average from 5 to 8 samples.

3. Result and Discussion
3.1. Morphology

Morphological evaluation of samples was made on lon-
gitudinally stretched nanocomposite films.

The XRD analysis is used as a very useful method to
describe the extent of intercalation and exfoliation of the
nanoclay having layered structure. The complete or high
degree of exfoliation of the nanofiller in the polymer
matrix certainly means disappearance of the correspond-
ing peaks from the XRD spectra of the nanocomposites.
However, the reverse may not be true always, because,
the disappearance of peaks from the XRD spectrum
could be caused by several reasons, for examples, ex-
tremely low concentration of the clay in the regions,
where X-ray beams scan the material, or loss of symme-
try in certain crystallographic direction [26]. X-ray dif-
fractograms of all EVA-Dellite 72T based nanocompo-
sites are reported in Figure 2(a), meanwhile the diffrac-
tograms of the EVA-Hydrotalcite based nanocomposites
are reported in Figure 2(b).

Observing the XRD spectra of Figure 2(a) it is possi-
ble to see that the Dellite 72T presents a broad diffraction
peak near 20 = 3.5 deg. In the case of inclusions, inside
the EVA matrix, the broad diffraction peak disappears,
meanwhile two diffraction peaks centred on 26 = 2.5 and
5.0 degrees appear. This experimental observation may
be rationalised stating that the distance amongst Dellite
72T platelets has been increased and the clay has an in-

Table 1. Nanocomposites composition based on EVA, Dellite 72T and compatibilisers.

Sample Green flex® FD 20 Dellite 72T® Fusabond® E MB 439D Compo line CO/LL 05 Elvaloy® 15024 EAC S
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
EVA 100.0 - - -
EVA D72T 98.5 1.5 - -
EVA Fusabond D72T 91.5 1.5 7.0 -
EVA COLL 05 D72T 91.5 1.5 - 7.0 -
EVA Elvaloy D72T 91.5 1.5 - - 7.0

Table 2. Nanocomposites composition based on EVA and Hydrotalcite.

Sample Green flex® FD 20 (wt%) Hycite 713 (wt%)
EVA 100.0 -
EVA HYD 1% 99.0 1.0
EVA HYD 2.5% 97.5 2.5
EVA HYD 4% 96.0 4.0
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Figure 2. (a) XRD analyses of EVA, Dellite 72T (D72T) and nanocomposites in presence of the three types of compatibilisers;
(b) XRD analyses of EVA and nanocomposites in presence of various contents of Hydrotalcite.

tercalated structure inside the EVA matrix. In the pres-
ence of compatibilisers, the Elvaloy 15024 EAC S one,
there is a further increasing in platelets spacing as is no-
ticeable by the presence of two diffraction peaks centred
on 260 = 2.2 and 4.4 degrees characteristic of an interca-
lated structure with spacing of d = 44 nm. In the case of
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Fusabond E MB-439D, as compatibiliser, it is possible to
observe the presence of a weak diffraction peak centred
on 26 = 2.5 degrees and a weaker one on 26 = 5.5 de-
grees. This experimental results may be rationalized by
stating that the Dellite 72T has been partly exfoliated and
partly intercalated during the mixing process, indicating
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a good affinity of the compatibilized EVA and the or-
ganomodified clay [27]. Moreover, the decreasing in the
intensity of the clay diffraction peaks may be put in rela-
tion with a changing in the silicate layered structure, as-
cribed to the increasing in d-spacing as a consequence of
the formation of intercalated-delaminated structures in
the polymeric matrix [28,29]. The Figure 2(b) shows dif-
fraction peaks of EVA-Hydrotalcite based nanocompo-
sites. Comparing the diffraction spectra it is possible to
observe that the diffraction patterns of the EVA-Hydro-
talcite nanocompounds show, in the low 26 region, the
characteristic two Hydrotalcite diffraction peaks centred
on the 260 = 11.5 and 23.5 degrees. The XRD analysis of
EVA-LDH composites show no significant change in the
position of the basal peaks, but, all the signals become
broader and surprisingly the higher order peaks either

disappear or become weaker. Therefore, apparently the
short range ordering of the LDH crystals is preserved and
the intercalation process is not complete. The TEM ana-
lysis also supports this observation [30].

The TEM micrographs of the nanocomposites based
on EVA, Dellite 72T and the three types of compatibilis-
ers are reported in Figures 3(a)-(d).

TEM micrographs show a partial delamination of the
single Dellite 72T in EVA matrix (Figure 3(a)).

In this case both intercalated structures and tactoids
were observed, in agreement with XRD results.

Similar structures, but with higher degree in clay dis-
persion, were present in nanocomposites with Elvaloy
15024 EAC S and Compoline CO/LLO05. Figures 3(c)
and 3(d) show single platelets intercalated by EVA ma-
trix and the wider interstitial space in Dellite 72T is

(©

(d)

Figure 3. (a) TEM image of EVA D72T; (b) TEM image of EVA Fusabond D72T; (c) TEM image of EVA COLL 05 D72T; (d)

TEM image of EVA Elvaloy D72T.

Copyright © 2011 SciRes.
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evident. The dark lines represent the thickness of indi-
vidual clay layers or clay agglomerates. Thick darker
lines display tactoids. In the obtained nanocomposites the
Dellite 72T is partly intercalated and partly exfoliated,
this indicates that a mixture of delaminated, intercalated
layers and agglomerated tactoids may co-exist in the
EVA compatibilized matrix.

It is known that significant effects of layered silicates
on the mechanical properties, even in the absence of ex-
tensive exfoliation [31-34]. Intercalation, along with a
reduction in thickness of the pristine clay tactoids con-
taining hundreds of stacked layers, can be sufficient to
increase the interfacial region, allowing the exploitation
of the filler reinforcing effect [35,36].

We obtained the highest degree of exfoliation in nano-
composites based on EVA, Dellite 72T and Fusabond E
MB-439D (Figure 3(b)). In this case there was an opti-
mal dispersion of the inorganic filler in the polymer ma-
trix and the arranged clay structure was almost com-
pletely lost [37,38].

In general, the presence of maleic anhydride or methyl
acrylate in our samples gives rise to an higher degree of
intercalation and exfoliation in some zones of nanocom-
posites, in agreement with XRD results.

Figures 4(a,b) show TEM micrographs of EVA nano-
composites in the presence of Hydrotalcite (2.5 wt%).
Hydrotalcite seems to straggle as micrometric agglomer-
ates, being evident the absence of clay platelets. This was
observed in the past by Camino et al. [39], who reported
for Hydrotalcite a decrease in distance, from the basal
spacing of dooz = 7.6033 A, upon heating at 230°C, the
temperature at which the interstitial water is lost. The
resulting partially degraded structure still remains lay-
ered and a significant structural change is evidenced only
over 350°C.

We extruded nanocomposites at 170°C, so Hydrotal-
cite does not change its basal spacing. TEM images re-
ported below show the presence of Hydrotalcite agglom-
erates and no intercalation was observed in our materials;
this fact is confirmed also by XRD diffractograms, where
peaks are not shifted towards lower diffraction angles [22,
30,40].

The SEM images were used to study the nanocompo-
site film surfaces and to calculate the sizes of inorganic
agglomerates on films surfaces. The SEM images re-
ported in the Figures 5(a) and 5(b) point out the film
surfaces of EVA-Fusabond-Dellite 72T 1.5 wt% and
EVA-Hydrotalcite 2.5 wt% nanocomposites having the
best results in terms of filler dispersion in EVA matrix
(as shown by XRD spectra and TEM images).

Images are quite out-of-focus because of the low con-
ductivity of the polymer matrices.

Copyright © 2011 SciRes.
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Figure 4. (@) TEM image of EVA HYD 2.5%, scale of
enlargement 1000 nm; (b) TEM image of EVA HYD 2.5%,
scale of enlargement 500 nm.

The SEM studies, on the above mentioned films, re-
vealed the presence of a significant amount of cavities
around the clay inclusions for the nanocomposites based
on both Dellite 72T and Hydrotalcite. The used fillers are
present on the EVA film surfaces as agglomerates of
about 200 - 300 nm in length. As far the case of EVA-
Fusabond-Dellite 72T nanomaterials, the presence of
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Figure 5. (a) SEM image of EVA Fusabond D72T and di-
mensions of clay agglomerates on the nanocomposites sur-
face; (b) SEM image of EVA HYD 2.5% and dimensions of
clay agglomerates on the nanocomposite surface.
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these agglomerates may explain the premature breaking-
up of the samples during the tensile tests, as it will be
shown later.

In the case of EVA-Hydrotalcite, Figure 5(b), the
filler agglomerates seem to be more homogeneous by
distributed on the film surface and the cavities are less
evident. The better dispersion of Hydrotalcite and its
spherical form (as TEM images show) seem to promote
the slip of the EVA macromolecules and so best me-
chanical properties are expected [41].

3.2. Thermogravimetric Analysis

In order to study the influence of the clay nature and
amount, and of the different typology of compatibilisers
on the thermal degradation of the produced nanocompo-
site films, thermogravimetric analyses under air-flow,
were carried on.

The thermal analyses elucidated that the thermo-oxi-
dation of ethylene vinyl acetate copolymer (EVA) takes
place in two steps in the range of 300°C - 400°C and
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400°C - 550°C, respectively. A de-acetylation process,
with production of gaseous acetic acid and the formation
of carbon-carbon double bonds along the polymer back-
bone, takes place during the first step, thereabouts an
oxidation and a volatilization of the unsatured chains,
through a statistical chain braking, occurs in the second
step, in agreement with the data reported in the literature.
[26,42] Between 550°C and 600°C, all organic residues
were volatilized.

Figures 6(a)-(b) show the TGA and DTG curves of
the neat clays while Figures 7(a)-(d) indicate the effect
of the different types of clay and the different nature of
compatibilisers on the thermal stability of the produced
nanocomposites.

In Table 3, both the temperatures of the maximum
mass loss rate (calculated from derivative curves (DTG),
for the two steps of degradation of EVA nanocompo-
sites), and the inorganic residue percentages calculated at
650°C (which confirmed the accuracy of the dilution
process) are reported.

There is a clear dependence of the nature of filler on
both the first and the second degradation step of the EVA
matrix. The maximum rate of weight loss, for the first
degradation event of pure EVA, occurs at 345.73°C
while it occurs at higher temperature for all the nano-
composites. The same trend is observed for the second
degradation step, with the maximum of weight loss rate
located at 440.09°C for pure EVA.

Analyzing the curves, reported in Figure 7(a) and (c),
it is observed that, under air flow, three main phenomena
occur between the polymer (EVA) matrix and the filler:
initially, at low temperature, the polymer polarity de-
creases due to the deacetylation process, then (above
160°C) the presence of acidic sites, of clay mineral,
catalyzed the degradation of the organic modifier. The

Table 3. Temperatures of the maximum mass loss rate cal-
culated from derivative curves (Tmax 1 and Tmax 2 related
to the first and second degradation step respectively) and
residues percentage calculated at 650°C.

Sample Tmax 1 (°C)  Tmax?2 (°C)  Residue (%)
EVA 345.73 440.09 -
EVA D72T 351.74 475.84 1.6
EVA Fusabond D72T 355.00 481.09 2.7
EVA Elvaloy D72T 365.59 490.42 3.2
EVA COLL0S5 D72T 357.64 48791 23
EVAHYD 1% 348.16 447.24 1.2
EVA HYD 2.5% 358.80 453.08 2.6
EVA HYD 4% 365.43 461.23 42
SNL
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Figure 6. (a) Thermogravimetric analyses under air flow of Hydrotalcite (HYD) and Dellite 72T (D72T); (b) DTG curves
under air flow of Hydrotalcite (HYD) and Dellite 72T (D72T).

degradation products were mainly water, aldehydes, car- nomena. However, the partial oxidation of the EVA in-
boxylic acids, various aliphatic compounds and carbon creases the polarity of the polymer matrix thanks to the
dioxide [43]. For neat Dellite 72T, the peaks at 260°C formation of polar groups such as ketones and lactones.
and 580°C, in Figure 6(b), can be attributed to these phe- Thus, at high temperature, an intercalated structure can
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Figure 7. (a) Thermogravimetric analyses under air flow of EVA, EVA-Dellite 72T (1.5 wt%) nanocomposite films and EVA-
Dellite 72T nanocomposite films with three types of compatibilisers; (b) Thermogravimetric analyses under air flow of EVA
and EVA nanocomposite films (1, 2.5 and 4 wt% of Hydrotalcite); (c) DTG curves under air flow of EVA, EVA-Dellite 72T
(1.5 wt%) nanocomposite films and EVA-Dellite 72T nanocomposite films with three types of compatibilisers; (d) DTG
curves under air flow of EVA and EVA nanocomposite films (1, 2.5 and 4 wt% of Hydrotalcite).

be obtained together with the increase of both mobility
and polarity of the polymer chains and the clay [44].
Depending on the degradation conditions, it is possible to
observe an increase or a decrease of the basal spacing of
the filler. The first situation occurred when the volatile
products are trapped into the galleries of the clay (thus
expanding the particles), the second one is observed
when the particles collapsed due to the degradation pro-
ducts elimination [43].

Camino et al. studied the thermal behaviour of Hydro-
talcite under air flow, They demonstrated that this mate-
rial undergoes a first loss of water around 200°C and
significant structural changes are evident at higher tem-
perature (between 250°C and 500°C) due to condensation
of hydroxyls bounded to different metals present between
the sheet of the filler itself [39]; Figures 6(a) and 6(b)
confirm this behaviour.

Analyzing the curves reported in Figure 7(a)-(d), it is
observed that the nanocomposite films do not start the
degradation step at the same temperature.

So far, the thermal shift concerning with the maximum
of weight loss rate may be ascribable to a slow increasing
in the thermal degradation rate on increasing of tempera-
ture. Therefore, the thermal degradation delay may be
rationalised in terms of decreasing in evolution rate of
volatile products produced by the thermal degradative
process inside EVA matrix [45]. The group of Zanetti
faced the question of the thermal-degradation delay of

Copyright © 2011 SciRes.

the EVA matrices and they proposed that the significant
delay of weight loss, in air, is ascribable to the barrier
effect promoted by the collapsing of the exfoliated struc-
ture of well dispersed clay platelets as a consequence of
matrix degradation and formation an insulating layer
[46].

In more recent years, an alternative hypothesis has
been proposed from Lewin et al. [47,48]. According to
this hypothesis, a migration process of the clay has to be
assumed occurring at temperatures below those typical
for the pyrolysis. The clay particles migrate to the sur-
face before combustion take place and so the charred
barrier accumulates before the gasification of the sample
[47]. Many factors, inducing the migration of the filler
particles, were suggested: the temperature and the vis-
cosity gradient, the gases formed during the decomposi-
tion of the surfactant and the polymer. The observed in-
crease in the distance between the layers of Dellite 72T
(as shown by XRD data) may be due to the pressure of
the accumulated decomposition gases which were trapped
in the OLS structure [48,49]. The decrease in the concen-
tration of the surfactant of the filler interlayer creates
disorder between the polymeric chains and the clay plate-
lets: in fact the decomposition gases of the surfactant
(confined in the interlayer spaces of the clay) push the
two external layers far from each other and help the
creation of an intercalated-exfoliated structure [48].

Here we noticed that the presence of both Dellite 72T
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and Hydrotalcite increases thermal stability of EVA
matrix (as reported in Table 3) both in terms of the first
and the second step of degradation. It was reported that
the decomposition reactions of the OLS alone and in the
presence of the polymer are similar, but the rate and the
mechanism are strongly influenced by the presence of the
polymer itself, in particular there is a catalytic effect of
the aluminosilicate layers in the MMT in the acceleration
of the decomposition of the nanocomposites [50]. In our
cases this effect is much less evident and this fact may be
attributed to the presence of the polymeric chains
intercalated in the inner layer of the Dellite 72T which
are responsible to lesser contact with catalytic surfaces;
the same hypothesis can also be made in the case of
Hydrotalcite [47,48]. The presence of compatibilisers
further improves the thermal stability of the materials
increasing the dispersion of the silicate layers (as XRD
spectra show) which work as barrier for heat diffusion
[51] (Elvaloy® 15024 EAC S seems to give the better
effect).

In the case of Hydrotalcite based nanocomposites the
scenarios is quite different: the filler shows loss of water
and condensation of hydroxyl groups. It seems that a
coalescence of clay particles occurred. The nanostructure
is thus destroyed, its colloidal nature is lost and a sort of
microcomposite is obtained [22,48] as XRD data and
TEM images have demonstrated. TGA and DTG curves
(see Figures 7(b)-(d)), show a profile with three main
decomposition steps. The first one occurs between 250°C
- 380°C and it can be associated with water loss of
Hydrotalcite and the deacetylation of EVA matrix, the
second one occurs between 380°C - 500°C and it is
related with the thermal decomposition of the aliphatic
chains and the condensation of hydroxyl groups of the
filler. Finally, above 500°C the dehydroxylation of the
LDH layers takes place.

3.3 Mechanical properties

Mechanical properties were evaluated on films and the
results of the mechanical tests in terms of tensile strength
at break (or), elongation at break (EB) and elastic
modulus (E), were reported in Table 4.

The stress-strain diagrams, performed at a crosshead
speed of 50 mm/min, show plastic deformation with
necking in all materials. The tensile modulus was com-
puted as the tangent of the initial part of the stress-strain
curve, less than 1% strain. The tensile yield point, al-
though not so clear in some cases, was uniformly, but
arbitrarily, determined as the point at which the slope of
the curve changes from positive to negative.

The experimental results show a trend in the mechani-
cal properties of nanocomposites, as a function of type
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Table 4. Tensile properties data of EVA nanocomposite
films: tensile strength at break (ar), elongation at break (EB)
and elastic modulus (E).

Sample orgim (MPa) — EBg,, (%) Ejfin (MPa)

EVA 14.6+1.1 343.3+6.2 68.5+5.1

EVA D72T 214+12 349.9+53 82.5+4.9
EVA Fusabond D72T 259+1.0 241.1+5.8 181.1 £ 6.4
EVA Elvaloy D72T 139+1.0 364.2+6.4 88.6 4.5
EVA COLLO05 D72T 263+1.3 268.1 £6.1 161.3+6.6
EVA HYD 1% 20.5+1.1 279.1+5.3 100.0 £ 4.7
EVA HYD 2.5% 249+13 377.3+5.9 110.3+42
EVA HYD 4% 19.2+1.2 268.8 +6.6 106.2 +5.6

and content of nanoclay and type of compatibiliser.

The mechanical behaviour of the nanocomposites is
another indirect confirmation that both Dellite 72T and
Hydrotalcite are partly intercalated, somewhat exfoliated
and in part present as collapsed tactoids in EVA matrix.
In fact in the optimal exfoliated nanocomposites the per-
colation threshold connected with the increase of elastic
modulus is reasonably lower than 10% [52]; all our
nanocomposites show a moderate increase in the elastic
modulus which can be ascribed to the formation of filler
platelets/tactoids [3]. Generally, as a consequence of the
higher stiffness of the inorganic clay (due to its high as-
pect ratio and platelet structure) both elastic modulus and
strength at break are slightly higher in nanocomposites
than in neat polymer [29,53], this trend is confirmed in
all our samples. The simultaneous incorporation of Del-
lite 72T and various types of compatibilisers seems to
influence the mechanical properties of our nanocompo-
sites. It was not possible to obtain films of the three neat
compatibilisers owing the inability to extrude them; in
fact they are very pitchy materials that stick to the inter-
nal walls and the screw of the extruder, so they are work-
able only as dispersed additives in other polymer matri-
ces.

The enhancement in the E-modulus of nanocomposites
became more significant with the incorporation of the
compatibiliser agents, this is believed to be associated
with the functionality of the maleic anhydride and the
methyl acrylate, which promotes the interaction between
the clay and the polymeric phase [34,36]. The two types
of m-LLDPE significantly increase both elastic modulus
and strength at break (increments are of +164% and
+135% in the elastic modulus and of +77% and +80% in
the strength at break respectively for EVA Fusabond
D72T and EVA CO/LL05 D72T), these improvements
may be attributed to the better dispersion of the clay
guaranteed by the enhanced interfacial adhesion between
the clay and the EVA matrix, as the XRD spectra and
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TEM images have shown. At the same, the presence of
the methyl acrylate based compatibilisers seems not to
produce the same trend (the EVA Elvaloy D72T is not
characterized by a clear improvement in elastic modulus),
this fact can be explained considering that methyl acry-
late does not form rigid chemical bonds with the polymer
matrix, while maleic anhydride is more reactive and is
able to give stronger bond with the EVA matrix [29].

As far the elongation at break (EB), the best result was
obtained in the case of EVA Elvaloy D72T with an in-
crease of 29% compared to pristine EVA, while the
presence of the two m-LLDPE based compatibilisers
seem to mildly compromise the elongation behaviour of
the films. This fact could be explained considering that
Elvaloy has the highest melt flow index (50 g/10min
against 2.7 and 0.8 g/10min for Fusabond E MB-439D
and Compoline COLL/0S5 respectively), so the higher the
value of MFI, the higher is the mobility of macromole-
cules and it is possible to obtain best results in terms of
EB. Also, m-LLDPE based compatibilisers greatly en-
hance the hardness and stiffness of the nanocomposite
material but they affect the elongation behavior [34].

In the case of nanocomposites obtained using Hydro-
talcite, previous papers reported that higher content of
inorganic filler gives more elevated elastic modulus and
stress at break [30,36]. This is a consequence both of the
higher stiffness of the HYD particles compared to the
EVA matrix and of the HYD platelets, which are built of
only one polyhedral-made layer, often corrugated (as
seen by TEM images). At the same time, the greater the
amount of inorganic charge, the lower the tensile strength
is (as the EVA HYD 4% sample shows), this may be due
to the presence of large tactoids of nanoclay which act as
a stress concentrators and lead to easy crack initiation
and propagation points, thus, premature failure with low
energy absorption triggers (as or and EB values show in
the case of the nanocomposites with the highest percen-
tage of Hydrotalcite).

The nanocomposites based on EVA and Hydrotalcite
show an unexpected and interesting trend: in fact, the
sample with 2.5 wt% of inorganic filler shows the high-
est mechanical properties: +70% in stress at break, +10%
in elongation at break and +61% in elastic modulus.

This fact can be related to the hypothesis that there is
an optimal and maximum percentage of the Hydrotalcite
in EVA matrix beyond which a decrease in mechanical
behaviour of the material is observed. A deeper investi-
gation about this hypothesis is needed but is beyond the
aim of the present paper.

4. Conclusions

In this paper, we studied the morphological, thermal and
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mechanical properties of EVA-based nanocomposites
obtained using two types of inorganic fillers (Dellite 72T
and Hydrotalcite). These properties are the result also of
the clay content and the presence of different types of
compatibilisers.

All EVA based nanocomposites were synthesized by
melt blending technique using a co-rotating twin screw
intermeshing extruder and by film blowing technique in a
pilot plant, obtaining films with thickness of 50 um and a
blow-up ratio (BUR) of 3:1.

Morphological characterization was carried out by us-
ing WAXD, TEM and SEM analyses; XRD spectra of
EVA-Dellite nanocomposites show an intercalation ef-
fect which may be improved in the presence of compati-
bilisers since to obtain a partly exfoliated, partly interca-
lated structure.

In the nanocomposites based on Hydrotalcite, the clay
is dispersed in form of agglomerates; an homogeneous
dispersion of the filler depends on the clay content and
the nanocomposite EVA HYD 2.5% showed the better
result. Hydrotalcite seems to be present in EVA matrix as
tactoids and no intercalation-delamination effect was
observed.

TEM analyses confirm these results and show the in-
tercalated-exfoliated platelets of Dellite 72T in the pres-
ence of compatibilisers and the agglomerates of Hydro-
talcite, respectively.

The SEM studies reveal the presence of a significant
amount of cavities around the clay surfacial inclusions
for the nanocomposites based above all on the Dellite
72T.

The presence of both Dellite 72T and Hydrotalcite
increases thermal stability (estimated by thermogravim-
etric analysis) both in terms of the first and the second
step of degradation of EVA matrix.

The mechanical tests performed on EVA-Dellite nano-
composites reveal a trend depending on the presence and
the typology of the compatibiliser because their con-
tribute to the material stiffness by toughen the polymer
matrix. The elastic modulus and strength at break were
strongly increased, depending on the degree of intercala-
tion-delamination shown in the nanomaterials.

For EVA-Hydrotalcite based nanocomposites, the
mechanical analyses reveal that the greater the amount of
inorganic charge, the lower the tensile strength is (as the
EVA HYD 4% sample shows), reasonably due to the
presence of large tactoids of nanoclay which act as a
stress concentrators and lead to easy crack initiation and
propagation points.
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