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a b s t r a c t

In this study nanocomposites of poly(ethylene-vinyl acetate) (EVA) and organophilic montmorillonite
clay (OMMT) (0, 2, 5 and 10 phr) were prepared. The nanocomposites were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), parallel
plate rheometry and mechanical analysis. Oscillatory rheometry provided relaxation and retardation
spectra, and the stress relaxation modulus and the creep compliance curves were obtained using the
nonlinear regularization (NLREG) program. The results showed that 2 phr of OMMT were not sufficient to
promote dispersion and exfoliation of the clay, although in the form of clay tactoids it had a catalytic
effect on the degradation of EVA. The OMMT content had a strong influence on the thermal stability of
chain segments containing vinyl acetate (VAc). The rheological study showed that at 5 phr there were
substantial changes in the viscosity and energy dissipation of the sample, suggesting that at above 2 phr
the nanocomposites become more stable leading to changes in the creep and viscoelastic properties of
the material. The addition of OMMT promoted significant gains in terms of the mechanical properties,
and thus a study on the clay content and flow behavior was carried out.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the study of nanocomposites several researches have shown
that these materials have different properties to thermoplastic
materials, and also that the use of loadswith nanometric dimensions
leads to characteristics which differ from those obtained through
reinforcement with microstructural loads [1]. Thus, in order to
understand the nature of the dispersion and the specific properties
obtained, several nanostructural composites have been tested [2e5].

The types of morphologies observed in nanocomposites tend
toward tactoids, which are more likely than microcomposites, to
promote the intercalation of the clay with the polymer matrix and
exfoliation of the clay layers, thereby increasing their dispersion [6].

According toMarini et al. [7] the use of claysmodifiedwith polar
surfactants leads to more efficient exfoliation with polar polymers
under the best processing conditions. Of the several polar polymers
available the thermoplastic composite poly(ethylene-vinyl acetate)
(EVA) has been studied in relation to the incorporation of nanoclays
[7e13]. EVA is a copolymer which has properties intermediate to
those of its two constituent homopolymers, that is, polyethylene
and poly(vinyl acetate) (PVAc). It properties are the result of its
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complex morphology, which is composed of a crystalline phase
(containing ethylene units), an interfacial region (with ethylene
and VAc segments) and a complex amorphous phase (with
ethylene segments and non crystallized units of VAc) [14].

Zhang et al. [9] evaluated the effect of different types of clay in EVA
matrices containing 28, 40, 50 and 80% (m/m) VAc. The authors
observed that the clays containing modifying agents favored the
passing of EVA chains between the clay platelets by increasing the
basal spacing. They also noted that the polarity of the EVA is an
important factor in terms of the morphology and properties of nano-
composites, and that EVA containing 28% (m/m) VAc showed more
pronounced improvements in the thermal andmechanical properties.

Mantia and Dintcheva [11], studying the rheological behavior of
the isothermal and non isothermal elongational flow of EVA/MMT
nanocomposites processed in a twin-screw extruder, observed that
with increasing charge there is a greater interlayer distance,
increasing the loss and storage moduli as well as the viscosity in
comparison to pure EVA.

Having established that the use of modified clays leads to more
efficient exfoliation and dispersion of the nanoparticles, and thus can
promote better dispersion and increased viscosity as well as greater
rigidity, there is a need to understand the influence of the nanoclay
content on the properties and processing of these materials.

Therefore, the aim of this study was to evaluate the influence of
the addition of organophilic montmorillonite clay (OMMT) on the
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Fig. 1. XRD diffractograms obtained for the samples studied.
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morphological, thermal, mechanical and viscoelastic properties of
poly(ethylene-vinyl acetate) (EVA)/OMMT nanocomposites. In
assessing the viscoelastic properties, data from the relaxation and
retardation spectra were used to obtain the stress relaxation
modulus and the creep compliance curves through the nonlinear
regularization (NLREG) program [15].

2. Materials

The materials used in this study were: poly(ethylene-co-vinyl
acetate) (EVA); (UE-2824/32) containing 28% vinyl acetate (VAc),
supplied by Polietilenos União S/A, and the nanoclay Cloisite 30B
Montmorillonite (CH3)2Nþ (tallow) (CH2CH2OH), supplied by
Southern Clay Products.

3. Methods

3.1. Characterization of nanocomposites

The EVA nanocomposites were processed by varying the
concentration of montmorillonite clay (0, 2, 5 and 10 parts per
hundred e phr). The mixtures were obtained after drying in a clay
oven with air circulation at 60 �C for 8 h. Samples were prepared by
themeltmixing process in a co-rotating interpenetrating twin-screw
extruder (MH-COR-20-32-LAB, MH Equipamentos; D ¼ 20 mm,
L/D ¼ 32). Eight heating zones and temperature profiles of 100, 120,
140,160,130*, 160,160 and 160 �C, respectively, and a speed rotation
of 400 rpmwere used with the aid of vacuum degassing (zone 5*).

The X-ray diffractograms were collected on a sample holder
mounted on the Shimadzu diffractometer (XRD-6000), with
monochromatic Cu Ka radiation (l ¼ 0.15418 nm) and with the
generator working at 40 kV and 30 mA. Intensities were measured
in the range of 1� < 2q < 12�, typically with scan steps of 0.05� and
2 s/step (1.5�min�1).

For the transmission electron microscopy (TEM) the samples
were prepared using cryo-ultramicrotomy. They were mounted on
cryo-pins and frozen in liquid nitrogen. Analyses were performed
in a JEOL transmission electron microscope (model JEM 1200 EX II)
with a filter and operating at 80 kV.

The thermogravimetric analysis (TGA) was performed on a Shi-
madzu model TGA-50, with heating ramp of 10 �C min�1 under N2
atmosphere (50 mL min�1), using approximately 10 mg of sample.

The samples were analyzed in an Anton Paar oscillatory rheom-
eter (Physica MCR 101), with parallel plates of 25 mm diameter and
spacing between the plates of 1 mm, test temperature of 160 �C,
frequency range of 0.1e100 Hz, test stress maximum of 200 Pa and
nitrogen flowof 1m3/h. From the rheological analysis the relaxation
(H(s)) and retardation (L(s)) spectra were collected, and the stress
relaxation modulus (G(t)) and creep compliance (J(t)) curves were
obtained using the nonlinear regularization (NLREG) program [15].

The ShoreD hardness test was conductedwith a Teclock Shore D
durometer (GS 702), according to ASTM D 2240. The tensile
strength tests were performed on type IV specimens (ASTM D 638),
using an extensometer with a maximum deflection of 250 mm and
a 200 kg.f load cell (EMIC DL 3000). Tear resistance tests (ASTM D
624) were performed in a universal testing machine (EMIC DL
3000) to measure the force required to tear the specimen at
a specific speed of separation of 500 mm min�1.

3.2. Viscoelastic model

The time dependence of relaxation phenomena is a complex
factor, and measured modulus or compliance values will be
strongly dependent on the exact manner in which the experiment
is carried out.
It is known that through performing experiments at low strain
amplitudes, the relaxation modulus can be obtained at all levels of
deformation [16]. However, several physical functions, such as the
relaxation spectra H (s), cannot be calculated directly experimen-
tally. However, these functions can be obtained from an experi-
mentally measurable quantity by solving an inverse problem [17].

Through the use of Tikhonov regularization in its generalization
for nonlinear inverse problems, called the nonlinear regularization
(NLREG) method and implemented in the NLREG program, it
becomes possible to obtain functions such as the spectrum of
relaxation (H(s)), retardation (L(s)), stress relaxationmodulus (G(t))
and creep compliance (J(t)) [15].

These viscoelastic functions can be obtained from the storage
(G0) and loss modulus (G00) from the following relations:

G0ðuÞ ¼ Gq þ
ZN

�N

HðsÞ u2s2

1þ u2s2
dlns (1)

G00ðuÞ ¼
ZN

�N

HðsÞ u2s2

1þ u2s2
dlns (2)

where: Gq is the equilibrium modulus, H(s) is a function of the
relaxation spectrum, and s is the relaxation time or deceleration.

The relaxation spectrum is the result of an infinite sum of
Maxwell elements that describe the mechanical behavior of the
elastic portion of the polymer and its ability to store energy
[15,16,18] (Eq. (3)). Estimates of the retardation spectrum are
obtained through the inter-relationships of the spectra described
by Ferry and the results from the infinite sum of Voigt elements that
are responsible for any portion of the viscous polymer [16] (Eq. (4)).
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�2
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(4)

where: Jg is the instantaneous compliance, h0 is the zero-shear
viscosity and Gq refers to the equilibrium modulus. Thus, the



Fig. 2. Images of transmission electron microscopy (TEM) obtained for the nanocomposite where: (a; b) EVA 2 phr OMMT, (c; d) EVA 5 phr OMMT and (e; f) EVA 10 phr OMMT.
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creep compliance function for viscoelastic liquids is approxi-
mately given by:

JðtÞ ¼ Jg þ
ZN

�N

lðsÞ
�
1� e

�t
.

T�
dlnsþ t

h0
(5)

Because the creep compliance (J(t)) function decays slowly over
time, using an interface similar to the stress relaxation modulus (G
(t)) requires that J(t) relates to a decreasing function. Thus, G(t) can
be obtained from the following relationship:
GðtÞ ¼ Ge þ
ZN

lnðsÞe�t s
dlns (6)
�N

.

4. Results and discussion

4.1. Dispersal and morphology of clay

The incorporation of the organophilic montmorillonite (OMMT)
by mixing in the molten state in a twin-screw extruder was found



Fig. 3. Thermal degradation and differential thermal degradation (DTGA) curves
obtained at a heating rate of 10 �C min�1 for EVA nanocomposites studied.

Fig. 4. Storage (G0) and loss (G00) moduli obtained from the samples studied by
oscillatory rheometry.
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to be an appropriate method since the co-rotating screws and
interpenetration promotes the efficient dispersion of the clay and
exfoliate [6,11,19e21]. Fig. 1 shows the X-ray diffraction (XDR)
pattern obtained for the nanocomposites containing 2, 5 and 10
parts per hundred (phr) of OMMT in the EVA matrix and also the
diffractogram of the pure EVA and OMMT samples for comparison.

As can be seen the diffractogram for the OMMT 30B shows
a diffraction peak at 2q z 4.8 for the corresponding crystalline
plane (001) [21,22]. Regarding the incorporation of OMMT, a rela-
tionship can be observed between the intensity and the addition of
OMMT.

Marini et al. [7] studied the effect of viscosity on the exfoliation
in nanocomposites of EVA/OMMT 30B and found that a lower
diffraction peak (in this case the crystal plane (001) of the nano-
clays) indicates a higher degree of exfoliation. The features of the
nanocomposite morphologies with different clay contents can be
observed in Fig. 2.

The incorporation of 2 phr led to a predominantly tactoid
morphology (Fig. 2), possibly because this amount is insufficient for
the dispersion and exfoliation. For the samples containing 5 and
10 phr of OMMT partial intercalation and exfoliation were the
predominant characteristics observed and these samples also
contained a small tactoid fraction.

According to Lee et al. [23], the absence of a diffraction peak and
the dispersion characteristics observed in the TEM images are
factors which confirm the nanocomposite structure. Moreover,
these authors also describe that an increase in the vinyl acetate
(VAc) content in the EVA matrix increases the exfoliation and
dispersion of the clay due to the higher polarity and stronger
interactions between the polymer and the clay.

4.2. Thermal stability

The results of the study on the thermal stability of the EVA and
nanocomposite samples are shown in Fig. 3. Two distinct bands of
degradation can be observed. The first mass loss, in the range of
270e370 �C, is related to the thermal decomposition of vinyl
acetate (eCH2eCH2(O(eCOCH3)e)m to form acetic acid and double
bonds in the polymer backbone. The second mass loss, in the range
of 380e500 �C, corresponds to degradation of the ethylene
segments (eCH2eCH2e)n [24]. In the case of the first mass loss
event the addition of OMMT promoted a shift in the acetate
degradation to lower temperatures.

Riva et al. [8] studied the degradation of nanocomposites and
observed a strong catalytic effect of the presence of various orga-
noclays on the deacetylation of EVA containing 19% (m/m) vinyl
acetate (VAc). More specifically, the authors found that the pres-
ence of the organic modifier has a catalytic effect on the production
of Hþ at the active sites on the surface of silicates.

Costache et al. [10] studied the thermal decomposition of EVA
nanocomposites (VAc28%)/OMMT30B. The authors incorporated 3
and 7% of clay and observed that loss of acetic acid is accelerated as
a function of clay loading; the authors also attributed this acceler-
ation to the catalytic effect of acid sites of the clay.

Therefore, on increasing the OMMT fraction, degradation of the
acetate content occurs at a higher rate. This catalytic effect was
noted even for 2 phr of nanoclay, indicating some interaction
between the matrix and the dispersed phase. This is probably due
to a more exfoliated morphology system, which generates higher
contact area. Thus, by increasing the clay content (5 and 10 phr)
greater interaction between the acetate groups and the terminal
hydroxyl groups of the clay can occur.

The seconddegradation stage is related to the ethylene segments
of EVA. The weight loss derivative (DTGA) shows that on increasing
the OMMT content there is a tendency toward a reduction in the
DTGA peak intensity. This reduction may be associated with the
incorporation of clay. This hypothesis can be confirmed by the
residual weight, which is proportional to the clay content.

4.3. Viscoelastic properties

Fig. 4 shows the storage modulus (G0) and loss modulus (G00). In
a dynamic experiment in the molten state at low frequencies, G00 is
greater than G0 at high frequencies and G0 tends to increase at
a greater rate than G00, as in the molten state power dissipation is
dependent on the time required for the chains to respond to
a sinusoidal stress at a certain applied force [21].

These characteristics show that an increase in OMMT content
promoted an increase in the modulus values. But with increasing
levels of OMMT at low frequencies G0 and G00 tend to be closer. This
phenomenon can be observed through the ratio between the loss
and storage moduli in Fig. 5, which is called the loss factor or loss
tangent (tan d) Eq. (7) [16].

tand ¼ G00=G0 (7)

For the dimensional stability of the system under study, it is
considered that the closer the ratio of the moduli is to unity, the



Fig. 7. Retardation spectra obtained for the samples studied.

Fig. 5. Tan d curves and complex viscosity (h*) obtained from the samples studied by
oscillatory rheometry.
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lower the energy loss in relation to its storage capacity, i.e. the
lower dissipation of energy in the system promotes greater diffi-
culty in the handling of the polymer chains [21]. Hyun et al. [25]
carried out rheological measurement of the nanocomposites and
reported that the dispersion level of particles can be considered as
non associated, weakly associated and strongly associated for (tan
d > 3) (1 < tan d < 3) and (tan d < 1), respectively. In Fig. 5, it was
observed that at frequencies of up to 1 s�1, only the sample con-
taining 10 phr of OMMT showed a strongly associated particle
dispersion [25].

Moreover, for the dimensional stability of the system under
study, it is considered that the closer the ratio of the moduli is to
unity, the lower the energy loss in relation to its storage capacity,
i.e. the lower dissipation of energy in the system promotes greater
difficulty in the handling of the polymer chains [21]. This reflected
in an increase in the complex viscosity (h*) observed in Fig. 5. The
increase in complex viscosity with respect to increasing levels of
OMMT may also be associated with good dispersion of the clay in
the matrix, with the strong interaction of the acetate groups with
OH end groups in the clay 30B [9,23].

The VAc content in the EVA is a crucial factor in terms of the
structure of EVA/clay nanocomposites; Zhang et al. [9] observed
that an increase in VAc content increased both the polarity and
Fig. 6. Relaxation spectra obtained for the samples studied.
flexibility of EVA chains by promoting the passage of chains
between the galleries of the clay, leading to the formation of
intercalated structures.

La Mantia and Tzankova Dintcheva [11] reported that an
increase in viscosity in the presence of nanoclays dispersed in
a twin-screw extruder, reflects the non-Newtonian behavior
becoming more pronounced, probably due to good dispersion and
a greater strain-hardening effect in the isothermal elongational
flow compared to pure EVA.

Pavlidou and Papaspyrides [6] described that more exfoliated
clay can lead to better interaction due to factors such as increased
surface contact area, percolation of the clay dispersed in the matrix
and a larger volume of nanoparticles dispersed per unit area. These
relationships corroborate Fig. 2, where on increasing the OMMT
content a greater distribution of the dispersed clay per unit area can
be observed, along with greater exfoliation of the clay also gener-
ating a larger contact area.

Marini et al. [7] emphasize that good interaction with the
organoclay EVA observed in terms of increased viscosity is due to
the pseudo-solid behavior through exfoliation and good dispersion
of clay providingmore stability in themolten state in relation to the
matrix.
Fig. 8. Stress relaxation modulus (G(t)) (solid symbols) and creep compliance (J(t))
(open symbols) obtained for the samples studied.
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Fig. 6 shows the relaxation spectra (H(s)) obtained. Regarding the
EVA, two characteristic relaxation peaks can be seen at 0.1 and 1 s.

The initial relaxation phenomenon of s z 0.1 s is possibly
related to the molecular weight distribution and changes in the
conformation, where the smaller molecules tend to relax first and
the degree of freedom derived from the chains in the melt enables
conformational rearrangement of the chain segments [26].

The second phenomenon of relaxation (sz 1 s) can be related to
the type and amount of branching as the spatial hindrance imposed
by large segments of the branches provided by the ethylene would
logically result inadelay in the relaxation inrelationto smaller chains.

As a result of the distribution of relaxation times and the strong
dependenceonthe sizeand typeof chains involved thesephenomena
tend tobeextendedacross cooperative relaxation effects [16], and the
relaxation can propagate along the chains, involving an increasing
number of main chain segments over time [26]. With the addition of
OMMT, it was possible to observe peak broadening in the relaxation
(sz 0.1 s) and a shift of the second peak from sz 1 s to sz 10 swith
the increase in OMMT content. The longest relaxation times and the
best distribution are related to the elastic component of the system
[15,16,18], i.e. with the addition of OMMT it appears that the system
becomes structurally stronger, thereby increasing the ability to store
energy and enabling the cooperative effects of more prolonged
relaxation and retardation over time.

Corroborating these results, Fig. 7 shows the retardation spectra
related to the viscous component of the system [16]. A reduction in
the retardation peak at approximately (sz 0.06 s) can be observed
and this is analogous to the relaxationphenomena discussed earlier.

It was also shown that on increasing the OMMT content the
distribution of retardation times tends to be lower due to the reduc-
tion in the viscous component. This behavior confirms the results for
tan d observed in Fig. 5, where it was found that with the addition of
OMMT the ratio of themoduli tends to unity, demonstrating that the
system has become structurally stronger than pure EVA.

Considering again the study by Marini et al. [7], the authors also
showed longer relaxation times for OMMT nanocomposites (Cloisite
30B) and associated this with the behavior of a pseudo-solid sample.

Thus, considering this behavior, Fig. 8 illustrates the curves for
the stress relaxation modulus (G(t)) and creep compliance (J(t)) to
better understand the relationship between dimensional stability
and creep in the systems studied. It can be seen that the increase in
Fig. 9. Proposed scheme for understanding the relaxat
OMMT content promoted a significant increase in G(t), corrobo-
rating the relaxation times shown.

Dal Castel et al. [18] studied viscoelastic functions obtained
through the program NLREG for nanocomposites of polypropylene
(PP)/MMT using EVA and poly (ethylene-co-vinyl alcohol) (EVOH)
as compatibilizers and observed an increase in G(t) for the
composition containing 92, 5, 3 w.% of PP, EVA and MMT, respec-
tively. The authors describe this behavior as a result of the increase
in structural rigidity caused by the presence of MMT and attributed
this phenomenon to the formation of a physical network between
the platelets which can act as a mechanism of energy dissipation.

These characteristics could be consideration in the case of the
EVA/OMMT nanocomposites, however, the observed increase in G
(t) with increasing levels of OMMT may also be associated with the
strong interaction between the VAc and terminal hydroxyl groups
of the clay [8,10] further contributing to the formation of a physical
networkwhich is more rigid due to interpenetration of the polymer
chains in the structure of the exfoliated and intercalated clay.

The J(t) curves in Fig. 8 show that the contribution of the pres-
ence and increasing content of OMMT to a restriction in the flow of
material is proportional to the increase in h* (Fig. 5) and is
consistent with the increase in relaxation times observed in Fig. 6
and also the increase in G(t).

The Fig. 9 shows a hypothetical segment chain to better
understand the effect of OMMT in the EVAmatrix. Assuming that in
a dynamic test in the melt state with a sinusoidal frequency of
1e100 Hz at a temperature of 160 �C and at a maximum stress of
200 Pa is able to orient and relax the hypothetical chain segment in
the direction of force applied, then the presence of exfoliated clay in
the EVA matrix can be better understood through the free volume
of polymer chains in the melt state.

In the melt state the free volume is large, molecular movements
occur easily, and the degrees of freedom facilitate the mobility of
molecules which are thus able to freely change their conformation
enabling molecular relaxation [16,26].

It can be concluded from the rheological phenomena observed
with the addition of OMMT that the dispersion of clay impedes
the mobility and conformation of the polymer chains reducing the
possibility of conformation of the chains occurring. Since the
dispersion of clay was effective and the exfoliated and partially
exfoliated structures can lead to a reduction in the degrees of
ion phenomena related to the addition of OMMT.



Fig. 10. Results from mechanical tests for the nanocomposites studied.
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freedom and greater interaction between the load/polymer, the
effect of relaxation through cooperativity establishes the existence
of a network of interactions along the polymer matrix.

This hypothesis is evidenced by the shift in the relaxation time
from s z 1 s to s z 10 s with the increase in OMMT content, and
also the flow restriction and increased rigidity of the system are
seen through the J(t) and G(t) curves, respectively.

4.4. Mechanical properties

The mechanical properties shown in Fig. 10 were obtained in
order to compare the viscoelastic properties of the melt with the
gains from the addition of OMMT in a possible final application. As
can be seen, in terms of the mechanical properties, adding up to
10 phr promoted an increase ofz54% in the tear strength,z88% in
the tensile modulus andz22% in the hardness (Shore D) compared
to the properties of EVA (28% VAc).

Both the higher values for tear resistance and the greater rigidity
observed through the increased value for the tensile modulus, as
well as the greater resistance to penetration evidenced by the
behavior of the hardness (ShoreD), are directly related to the strong
interaction between the matrix and nanoclay used. The increased
stability of the system is a reflection of the good characteristics and
good dispersion of exfoliated clay. However, a restricted flow was
observed through the behavior of both the viscosity and the creep
compliance curves. This is a strong indication that the amount of
clay and the processing conditions for product manufacture should
be taken into consideration since the system becomes structurally
stronger even in the molten state, where the free flow is directly
related to the ability of thematerial to flowand take the direction of
flow required for the processing of the polymeric material.

5. Conclusions

EVA nanocomposites with different contents of montmoril-
lonite clay were studied. The results of the X-ray diffraction and
transmission electron microscopy confirmed the exfoliation and
dispersion of the clay. However, it was shown that in terms of
exfoliation the incorporation of 2 phr of claywas not effective, since
exfoliation did not occur and therefore the clay could not be
dispersed in the EVA matrix.

The thermal degradation results showed that even in the form of
tactoids the sample containing 2 phr of clay undergoes catalytic
degradation in the VAc degradation temperature range, due to the
interaction between the organoclay and the EVA matrix. We also
observed a strong relationship between clay content and the VAc
degradation rate, and the residualmass of each sample corresponded
to the levels incorporated in the extrusion process, showing that the
samples were dispersed homogeneously throughout thematrix EVA.

It was found through oscillatory rheometry that the increase in the
clay content led to an increased capacity to store energy, and this
capacity led to a greater stability of the material which in turn dissi-
pates less energy. Both the increase in viscosity and the tan d curves
showeda considerable increase in the stabilityof themeltingpolymer.

Thus, through the relaxation and retardation spectra it was
possible to understand that both the increase in viscosity and the
lower energy dissipation show that the presence of nanoclays
changes the relaxation behavior under stress in the melting state.
The increase in relaxation times with increasing clay content was
corroborated by high modulus values for relaxation under tension
and reduced material flow.

The increased stability of the nanocomposites above 2 phr in the
melt state showed that the exfoliated nanoclay in addition to
generating restrictions in the free volume also has strong physical
interactions with the EVA matrix, restricting the degrees of
freedom of the chains and reducing the material flow. This strong
interaction results in significant gains in terms of the mechanical
properties, as illustrated in this study. However, it was observed
that the flow behavior in a dynamic test undergoes significant
changes and it should be considered that the addition of clay at
different levels requires the optimization of the processing condi-
tions in relation to those used for the pure EVA matrix.
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