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ABSTRACT: Proper filler-matrix compatibility is a key factor in view of obtaining nano-
composites with well-dispersed nanofillers displaying enhanced properties. In this
respect, polymer-filler interaction can be improved by a proper combination of matrix and
nanofiller polarities. This is explored for matrices ranging from nonpolar high density
poly(ethylene) to ethylene-vinyl acetate (EVA) copolymers with varying vinyl acetate con-
tents, in combination with several types of organoclay or carbon nanotubes. A novel
in situ characterization methodology using modulated temperature differential scanning
calorimetry is presented to evaluate the matrix-filler interaction. During quasi-isother-
mal crystallization of the matrix, an ‘‘excess’’ contribution is observed in the recorded
heat capacity signal because of reversible melting and crystallization. Its magnitude con-
siderably decreases upon addition of nanofiller in case of strong interfacial interaction,
whereas the influence is moderate in case of a less interacting matrix-filler combination.
It is suggested that the ‘‘excess heat capacity’’ can be used to quantify the segmental mo-
bility of polymer chains in the vicinity of the nanofiller. Hence it provides valuable infor-
mation on the strength of interaction, governed by the physical and chemical nature of
matrix and filler. Heating experiments subsequent to quasi-isothermal crystallization
point at a certain degree of molecular ordering, responsible for crystal nucleation in EVA
copolymers.VVC 2007Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 45: 1291–1302, 2007
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INTRODUCTION

An everincreasing interest is currently being
devoted to the study of nano-reinforced polymeric
materials. The use of small amounts of nano-sized
fillers such as organoclay or carbon nanotubes has
resulted in the improvement of a wide span of ma-
terial properties, thus outranging the unfilled ma-
trix polymer. Improved barrier properties, supe-
rior mechanical properties, raised heat distortion

temperature, increased crystallization rate, flame
retardant properties, and so forth have been
reported.1–3 The origin of such superior properties,
at filler loadings much smaller than in conven-
tional microcomposites, is related to the small size
and high aspect ratio of the nanoparticles, result-
ing in a tremendous amount of interphase mate-
rial.

Getting the nanoparticles well-dispersed to

exploit the high specific surface of the filler is

therefore a prerequisite for achieving significant

property enhancement. This is, however, also one

of the challenging difficulties when preparing ther-
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moplastic nanocomposites. In this respect, a key
factor turned out to be the compatibility between
polymer matrix and reinforcement. Effort has to
be put into rendering matrix polymer and nanofil-
ler compatible, for instance by modifying the sur-
face characteristics of the filler particles. In case of
clay filler, this is commonly achieved by exchang-
ing cations with suitable organic surfactants.
When carbon nanotubes are used, a small amount
of specific functional groups (<1%) can, for
instance, be grafted onto their surface by chemical
treatment.4,5

In the present work, nanocomposites based on
semicrystalline ethylene-vinyl acetate copolymer
(EVA) were studied. The influence of matrix polar-
ity was investigated by considering matrix materi-
als with different vinyl acetate content, and by
comparison with nanocomposites based on nonpo-
lar high density poly(ethylene) (HDPE). The eval-
uated nanofillers were organo-modified clays and
various types of carbon nanotubes. Their polarities
were fine-tuned by the choice of alkyl ammonium
surfactant or by chemical surface treatment,
respectively.

Modulated temperature differential scanning
calorimetry (MTDSC) was employed for the inves-
tigation of the thermal properties of the nanocom-
posites, with a focus on the quasi-isothermal crys-
tallization behavior of the matrix and its subse-
quent melting. The interplay between matrix and
filler polarities, fine-tuned by the choice of matrix
material and the type of nanofiller modification,
allows the preparation of several systems with sig-
nificant differences in thermal behavior. It is
shown that the MTDSC technique can be used for
quantifying the reduction in polymer segment
mobility in the vicinity of the nanofiller and,
thereto related, the strength of polymer-filler inter-
action. The employed methodology has been previ-
ously developed for poly(amide) 6/clay nanocompo-
sites.6,7 In this article, the wide applicability of this
approach is demonstrated and its sensitivity to-
ward subtle changes in thematerial characteristics
evidenced. The latter include slight modifications
in the matrix and filler polarities, as well as the
extension to carbon nanotube based composites.

EXPERIMENTAL

Materials

Commercial EVA copolymers with vinyl acetate
(VA) contents ranging between 9.4 and 27 wt %

were obtained from Exxon Mobil: Escorene
FL00209 (EVA(9.4), VA content 9.4 wt %, melt flow
index (MFI, 190 8C/2.16 kg) 2.1 g/10 min), Escor-
ene UL00112 (EVA(12), VA content 12 wt %, MFI
0.5 g/10 min), Escorene UL00119 (EVA(19), VA
content 19 wt %, MFI 0.65 g/10 min), Escorene
UL00328 (EVA(27), VA content 27 wt %, MFI 3 g/
10 min).

HDPE was obtained from Dow Chemical (MFI
1.1 g/10 min).

Commercial organoclays were obtained from
Southern Clay Products (USA): Cloisite1 Naþ, a
natural Naþ montmorillonite; Cloisite1 20A, a
montmorillonite modified by dimethyl bis(hydro-
genated tallowalkyl) ammonium cations; Cloisite1

30B, a montmorillonite modified by methyl bis(2-
hydroxyethyl) tallowalkyl ammonium cations.

The multiwalled carbon nanotubes (MWNTs)
used in this work were supplied by the NMR Labo-
ratory at the FUNDP (Belgium) and were pro-
duced by catalytic decomposition of acetylene on
transition metal particles (Co, Fe) supported on
Al2O3 (Nanocyl S.A., Belgium). Purified MWNTs
were obtained after dissolution of the support in a
boiling concentrated sodium hydroxide aqueous
solution and dissolution of the catalyst in a concen-
trated hydrochloric acid aqueous solution. The
MWNTs are characterized by an average length of
about 15 lm, an average inner diameter of 5 nm,
and an average outer diameter of 15 nm, corre-
sponding to about 14–15 concentric layers.

Hydroxy-functionalization of the nanotubes is
achieved by carboxylation using KMnO4, followed
by reduction using diisobutylaluminum hydride.8

Acetate-functionalization was obtained after reac-
tion of the hydroxy-modified MWNTs with acetic
anhydride. XPS analysis of the functionalized
MWNTs reveals the presence of <1% of hydroxyl
and acetate functions.

In addition, MWNTs were modified by metallo-
cene-catalyzed HDPE polymerization filling tech-
nique. A homogeneous HDPE surface coating on
the carbon nanotubes (�45 wt % HDPE) was
achieved by in situ polymerization of ethylene,
directly catalyzed from the nanotube surface
treated by a highly active metallocene-based com-
plex, allowing for the destructuration of the native
nanotube bundles.9

Nanocomposite Preparation

Nanocomposites were prepared using the melt
blending technique. Clay-based nanocomposites
were compounded on an AGILA two-roll mill at
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140 8C for EVA and 190 8C for HDPE, with a fric-
tion coefficient of 1.35 and a rate of 15 m/s. EVA/
nanotube composites were prepared using a
Brabender bench-scale internal mixer at 140 8C,
for 12 min with a speed of 45 rpm.

Nanocomposite formulations are expressed by
the weight fraction of nanofiller (expressed as the
inorganic content in case of organomodified clays)
present in the sample, as determined by thermog-
ravimetric analysis.

Characterization Techniques

Both nonisothermal and quasi-isothermal MTDSC
measurements were performed under helium flow
(25 mL/min) using TA Instruments Q1000 equip-
ment with T-zeroTM DSC-technology and with an
RCS cooling accessory. Temperature and enthalpy
calibration were performed using an indium
standard. DSC data are expressed as specific heat
capacities (J/g8C) or specific heat flows (W/g) on
polymer basis. All experiments were conducted on
samples preliminary melted at sufficiently high
temperature to fully erase their thermomechanical
history.

Test specimens for Atomic force microscopy
(AFM) studies were prepared with a LEICA cryo-
microtome equipped with a diamond knife and
maintained at �80 8C. The AFM images were
recorded in tapping mode in ambient atmosphere
at room temperature with a Nanoscope IIIa micro-
scope (Veeco Inst., Santa Barbara, CA). The probes
were commercially available silicon tips with a
spring constant of 24–52 N/m, a resonance fre-
quency in the 264–339 kHz range, and a typical ra-
dius of curvature in the 10–15 nm range. Images
obtained in phase detection were recorded with
the highest sampling resolution available, that is
5123 512 data points.

RESULTS AND DISCUSSION

Nanocomposite Morphology

Prior to characterization by advanced thermal
analysis methods, the morphology of the prepared
nanomaterials was assessed. AFM was used to
evaluate the dispersion quality of the nanofillers
within the matrix. Figure 1 shows the morpholo-
gies obtained for different EVA(27) nanocompo-
sites.

For the nanocomposite based on Cloisite1 30B
[Fig. 1(a)], a large extent of exfoliation is obtained.

Very small stacks (2–4 nanoplatelets) as well as
individual clay nanoplatelets can be observed,
which are well-dispersed throughout the matrix.

Figure 1(b) shows the morphology of a nanocom-
posite containing untreated MWNTs. Micron-scale

Figure 1. AFM images recorded in tapping mode for
EVA(27)-based nanocomposites containing 3 wt % of
Cloisite1 30B (a), 3 wt % of multi-walled carbon nano-
tubes (b) and 3 wt % of HDPE-coated multi-walled nano-
tubes (c).
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bundles of nanotubes are observed, along with a
few isolated MWNTs. A homogeneous dispersion
throughout the matrix could not be achieved. The
morphology of the nanocomposite based on HDPE-
coated MWNTs is shown in Figure 1(c). The AFM
phase image only shows isolated MWNTs homoge-
neously dispersed throughout the matrix, without
any remaining agglomerates.

Quasi-Isothermal Crystallization by MTDSC

High Density Poly(ethylene)

MTDSC Methodology. In the study of polymer
materials by means of MTDSC, the kinetics of
thermal processes, depending on time and abso-
lute temperature, often appear in the ‘‘nonre-
versing’’ heat flow, while the (specific) heat
capacity is found in the ‘‘reversing’’ heat flow. The
former signal equals the total heat flow (the run-
ning average of the modulated signal) minus the
‘‘reversing’’ heat flow. A complete description of the
extraction of the heat capacity and other MTDSC
signals can be found in literature.10,11

The straightforward distinction of heat capacity
and thermal transformations in separate MTDSC
signals is no longer valid in case of polymer melt-
ing or phase separation in polymer blends and sol-

utions. Heat effects coupled with melting/crystalli-
zation12–14 or mixing/demixing15–19 can occur dur-
ing one modulation cycle and thus contribute to
the heat capacity signal. Hence, the latter is
termed ‘‘apparent’’ heat capacity, Cp

app, to distin-
guish it from the baseline heat capacity based
on thermodynamics, Cp

base, which is temperature-
dependent. The so-called ‘‘excess’’ contribution,
Cp

excess, is temperature and time-dependent and
changes with the progress of the transformation:

Capp
p ¼ Cbase

p þ Cexcess
p

During quasi-isothermal crystallization a
decrease is expected in the heat capacity signal, to
an extent reflecting the attained degree of crystal-
linity (Cp

base). In certain cases, however, the
observed heat capacity signal Cp

app contains an
excess contribution Cp

excess, which originates from
the heat effects associated with melting and crys-
tallization of a polymer fraction on the timescale of
the temperature modulation. An example of such
behavior showing the used terminology is depicted
in Figure 2 for the quasi-isothermal crystallization
of HDPE.

In the novel approach presented in this work,
the ‘‘excess contribution’’ to the heat capacity dur-
ing quasi-isothermal crystallization is related to
polymer-filler interaction and to segmental mobil-
ity. This methodology, which allows the in situ
monitoring of the crystallization process, has been
first introduced for poly(amide) 6/clay nanocompo-
sites and can be extended to any composite mate-
rial with a semicrystalline matrix.6,7 In the present
article, the origin, magnitude, and time-depend-
ency of Cp

excess for the crystallizing nanocomposites
will be related to melting/crystallization processes
in the interphase region between polymeric matrix
and reinforcement. It is shown that these proc-
esses are governed by the polymer-filler interfacial
interaction, providing new insight into the physi-
cal/chemical processes occurring at the nanoscale
and which are the basis for the highly improved
material properties in polymer nanocomposites.

Effect of Clay Loading. The MTDSC signals
recorded during quasi-isothermal crystallization of
HDPE and a clay nanocomposite containing 3 wt
% of Cloisite1 30B are shown in Figure 2. At
129 8C, the crystallization process is characterized
by an induction period reflecting the crystal nucle-
ation, followed by the crystal growth observed as
an exothermic heat flow. Under the chosen modu-

Figure 2. MTDSC heat flow (top) and heat capacity
(bottom) signals recorded during quasi-isothermal crys-
tallization of HDPE and a nanocomposite containing
3 wt % of Cloisite1 30B (modulation conditions 129 8C
6 0.5 8C/60 s).
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lation conditions of 60.5 8C/60 s, a considerable
excess contribution is observed in the heat
capacity signal (as calculated with respect to the
baseline level, which depends on the degree of
crystallinity developed in the sample20). On the
timescale of the imposed temperature modulation,
a portion of the material is able to undergo reversi-
ble melting and crystallization. The heat effects
associated with this ‘‘fast’’ process appear in the
apparent heat capacity signal. Simultaneously, a
‘‘slow’’ long-term evolution is observed even long
after the heat flow signal has reached its baseline
level, reflecting the underlying process of crystalli-
zation which cannot be monitored in situ and in
real time using the heat flow signal.

As observed in Figure 2, the presence of clay
only shows limited effect on Cp

excess. Only a slight
reduction is observed when comparing the levels of
Cp

app for unfilled HDPE and for HDPE filled with
3 wt % of Cloisite1 30B with respect to their calcu-
lated baseline Cp

base. This signifies that the pres-
ence of organoclay does not influence the ‘‘fast’’ re-
versible melting and crystallization to a large
extent, which is not unexpected in view of the lack
of strong interactions between the nonpolar polyo-
lefinic matrix and organoclay.21

Ethylene-Vinyl Acetate Copolymer

It is well-established that fine-tuning the polar-
ities of matrix and filler is crucial to achieve good
compatibility.1,22 Polarity can be introduced into
poly(ethylene) by randomly incorporating vinyl ac-
etate units, which moreover allows to fine-tune the
physical and chemical properties of the material.23

Nanocomposites based on EVA copolymer consti-
tute an interesting model system in that the polar-
ity of the matrix can be easily modified by the
choice of the vinyl acetate content.24–26 It has been
demonstrated that increasing the polarity of the
matrix, that is the VA content, improves its affinity
for organoclay and leads to increased interlayer
distances in the corresponding nanocompo-
sites.25,27

Samples of EVA(19) and EVA(27), loaded with
different types and amounts of clay or carbon
nanotubes, have been quasi-isothermally crystal-
lized at 78 and 67 8C, respectively, with an
imposed temperature modulation of 60.5 8C/60 s.
The evolution of the heat capacity signal is used
for monitoring the ongoing process. As for the pre-
viously described HDPE-based nanocomposites,
crystallization of EVA(19) under the chosen condi-
tions results in the presence of an excess contribu-

tion Cp
excess superimposed onto the baseline heat

capacity Cp
base (Fig. 3).

Influence of Clay Content. As can be observed in
Figure 3, the magnitude of Cp

excess during quasi-
isothermal crystallization of EVA(19) decreases
upon addition of Cloisite1 30B nanoclay, to an
extent depending on the loading. Comparable
observations were reported for poly(amide) 6/clay
nanocomposites.6,7 For the latter systems, a simi-
lar decrease in Cp

excess was observed with increas-
ing filler loading, which was interpreted in terms
of a decrease in polymer chain segment mobility
because of strong interaction with the polar filler.
Because of this decreased segmental mobility, part
of the matrix material located in the vicinity of the
filler is no longer able to participate in the fast pro-
cess of reversible melting and crystallization, that
is, insufficient time for reversible melting and
crystallization is provided to the polymer under
the chosen temperature modulation conditions.
Therefore, less excess heat of melting and crystal-
lization contributes toCp

app. Similarly, strong inter-
action is anticipated between polar organoclay
(Cloisite1 30B) and acetate moieties in EVA-based
nanocomposites, resulting in a decreased mobility
in the vicinity of the platelets. This is supported by
the comparison between the magnitudes of Cp

excess

shown in Figures 2 and 3, evidencing that the
organo-modified clay restricts the chain segment
mobility of the EVA(19) matrix to a much larger
extent than in the case of nonpolar HDPE.

Figure 3. Apparent heat capacity recorded during
quasi-isothermal crystallization of EVA(19) and its
nanocomposites containing various loadings of Cloisite1

30B (indicated by arrow; modulation conditions 78 8C
6 0.5 8C/60 s).
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Influence of Vinyl Acetate Content. The effect of
matrix polarity was further investigated by consid-
ering EVA-based nanocomposites with different
vinyl acetate contents. The quasi-isothermal crys-
tallization behavior of the unfilled matrices (e.g.,
EVA(27)), is comparable to that of EVA(19) previ-
ously shown in Figure 3. Similarly, the magni-
tude of Cp

excess decreases upon addition of polar
Cloisite1 30B, to an extent depending on its load-
ing (Fig. 4).

To assess the influence of matrix polarity
for nanocomposites based on a polar organoclay,
Cp

excess was determined for the neat matrix mate-
rial and for its nanocomposite containing 3 wt % of
Cloisite1 30B. It is anticipated that the lower the
VA content, the weaker the interaction with the fil-
ler and the lesser the reduction in segmental mo-
bility. This should be reflected in the magnitudes
of Cp

excess for the different systems, with a propor-
tionally lower Cp

excess for EVA-based nanocompo-
sites with high VA content. As Cp

excess also depends
on the underlying isothermal temperature, that is
the supercooling for each specific system, Cp

excess

for the nanocomposites was expressed as a relative
percentage of Cp

excess corresponding to the unfilled
EVA, and the relative decrease in Cp

excess was taken
as a measure for the strength of polymer-filler
interaction. Note that, because of the absence
of reliable baseline heat capacity data for EVA,
Cp

excess was estimated with respect to the Cp value
of the EVA melt at the corresponding quasi-
isothermal crystallization temperature, as deter-
mined from nonisothermal MTDSC experiments.

Since the degree of crystallinity of the matrix
remains nearly unchanged upon addition of nano-
filler, it is reasonable to assume equal baselines for
the unfilled and filled matrix.

For all evaluated matrices, the addition of nano-
clay tends to decrease the magnitude of Cp

excess

(i.e., ‘‘Relative Cp
excess’’ < 100%), as plotted in Fig-

ure 5 against vinyl acetate content. Compared to
HDPE, the relative reduction in Cp

excess is stronger
when polarity is introduced into the matrix mate-
rial, which is in line with the assumed stronger
interaction with the nanoclay, more strongly
affecting the chain segment mobility of the matrix
polymer, hence also Cp

excess. However, the trend-
lines in Figure 5 show that this relative decrease
in Cp

excess levels off at higher VA contents, suggest-
ing that further introducing polarity is no longer
beneficial in view of achieving stronger matrix-fil-
ler interaction. Earlier studies evaluating the
increase in organoclay gallery spacing upon
increasing the vinyl acetate content led to similar
conclusions. A progressive increase in the gallery
spacing was reported for VA contents increasing
up to 12 wt %, but it remained constant upon fur-
ther increase.27 An explanation might be the fact
that the viscosity of the polymer melt decreases
with increasing vinyl acetate content. The shear
stresses during melt processing of the nanocompo-
sites are therefore more limited and the quality of
the achieved organoclay dispersion is less, hence
limiting the effect of clay on the segmental mobil-
ity of the matrix polymer because of the limited
available interface surface with the nanofiller.
Note that a changing degree of crystallinity of the
matrix with increasing VA content cannot be held

Figure 4. Apparent heat capacity recorded during
quasi-isothermal crystallization of EVA(27) and its
nanocomposites containing various loadings of Cloisite1

30B (indicated by arrow; modulation conditions 67 8C
6 0.5 8C/60 s).

Figure 5. Relative excess heat capacity of nanocompo-
sites containing 3 wt % of Cloisite1 30B as a function of
the vinyl acetate content of the matrix (solid and dashed
trendlines: see discussion in text).
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responsible for the observed trend in Figure 5, as
this aspect is already taken into account by consid-
ering relative values of Cp

excess.

Importance of Interaction Type: Use of
Different Nanofillers

The effect of polymer-filler interaction type was
investigated by considering EVA(27) as the matrix
material, in combination with several types of po-
lar and nonpolar filler particles, that is different
organoclays and various types of MWNTs. The
chemistry of the nanofiller is expected to strongly
influence the type of interaction it undergoes with
the polymer matrix, hence alter its segmental mo-
bility and, for instance, modify its quasi-isother-
mal crystallization behavior. The applicability of
MTDSC to obtain insight into the dynamics of
physical and chemical processes occurring in nano-
structured materials is demonstrated in the subse-
quent paragraphs.

Influence of Organoclay Type. It was argued that
organoclay is preferentially located in the amor-
phous portion of the EVA matrix.28,29 This is
mainly related to the molecular and crystalline
structure of EVA. Several studies demonstrated
that the EVA chain structure essentially consists
of isolated vinyl acetate units randomly distrib-
uted among longer ethylene sequences.23,30 Crys-
tallization only occurs in the ethylene segments,
with the vinyl acetate units expelled to the amor-
phous fraction. However, in view of the polarity of
organoclay, it is assumed that interaction mainly
occurs with the vinyl acetate units, which are
located in the amorphous part of the semicrystal-
line polymer. Nevertheless, quasi-isothermal crys-
tallization experiments did reveal a significant
influence of the nanofiller on the crystallization
behavior, therefore suggesting that the crystalliza-
tion of ethylene segments is affected by the inter-
action of organoclay with nearby vinyl acetate
units. Henceforth, it is concluded that interfacial
interaction essentially concerns the amorphous
polymer fraction, but that it also affects the mobil-
ity of the crystallizable ethylene sequences located
in its vicinity. It is the latter mobility restriction
that can be evidenced by the diminution in Cp

excess

during quasi-isothermal crystallization.
The situation is different when considering

nanocomposites with less polar organoclay, that is
Cloisite1 20A. As can be observed in Figure 6, the
magnitude of Cp

excess is decreased to a much stron-
ger extent upon addition of 3 wt % of Cloisite1 20A

than it is the case for 3 wt % of Cloisite1 30B,
because of a different type of interaction occurring
with the nonpolar Cloisite1 20A. This clay con-
tains long aliphatic surfactant molecules, likely to
interact with the ethylene segments by a Van der
Waals type interaction rather than by polar inter-
action with vinyl acetate units (which are, how-
ever, still able to interact with the polar clay sur-
face). Therefore in this case the interaction
directly affects the crystallizable EVA fraction,
hence reducing Cp

excess to a larger extent. This is
also reflected in the lower attained degree of crys-
tallinity in nanocomposites based on Cloisite1

20A, as will be shown further (Fig. 9).
Finally it is worth noting that when untreated

clay is used, that is Cloisite1 Naþ, the effect on
Cp

excess is very limited (Fig. 6). This is due to
the fact that this clay is poorly dispersed in the
EVA matrix, hence limiting the surface available
for interfacial interaction and related mobility
restriction.

Influence of Carbon Nanotube Type. As an exten-
sion to the applied methodology, and to further
investigate the importance of interaction type,
similar quasi-isothermal crystallization experi-
ments have been conducted on EVA(27) filled with
various types of carbon nanotubes (Fig. 7). Be-
cause of the lack of strong interactions between
the polar matrix and the untreated carbon nano-
tube surface, a much lesser reduction in Cp

excess, if

Figure 6. Apparent heat capacity recorded during
quasi-isothermal crystallization of EVA(27) and its
nanocomposites containing different types of clay filler:
unfilled EVA(27) (a), 3 wt % Cloisite1 Naþ (b), 3 wt %
Cloisite1 30B (c), 3 wt % Cloisite1 20A (d) (sequence
indicated by arrow; modulation conditions 67 8C 6
0.5 8C/60 s).
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any, is anticipated for filled EVA(27) as compared
to the unfilled matrix material. This is experimen-
tally confirmed since Cp

excess remains constant
when untreated carbon nanotubes are added,
irrespective of the loading (Fig. 7). However, a
decrease in Cp

excess is observed upon addition of
chemically functionalized carbon nanotubes bear-
ing acetate or hydroxy moieties at their surface,
capable of polar interaction with the vinyl acetate
units. As in the case of clay-filled EVA(27), this is a
direct indication of polymer-filler interaction and
decreased polymer segment mobility. The effect is
lesser, however, as compared to the clay-filled sys-
tems at similar loading, which is due to the limited
degree of nanotube functionalization (note that
Figs. 4 and 7 are drawn on the same scale).

Figure 7 also shows the apparent heat capacity
for nanocomposites based on carbon nanotubes
previously coated with a thin layer of HDPE,
allowing for a better dispersion throughout the
matrix and increasing the surface available for
interfacial interaction.9 It can be observed that in
this case Cp

excess is also reduced, to an extent nearly
comparable to when polar functionalized carbon
nanotubes are used. In this case, as for Cloisite1

20A clay, the interaction with the EVA matrix pri-
marily concerns the crystallizable ethylene
sequences which undergo Van der Waals type
interaction with the HDPE coating of the nano-
tubes. As discussed further (Fig. 9), this is also

reflected in the lower degree of crystallinity of the
matrix.

It is worth mentioning that in the nanotube-
filled systems the equilibrium value of Cp

app is
attained much faster than in the case of the
unfilled matrix (compare trace c to traces a,b and
d–f in Fig. 7), suggesting that crystal nucleation
occurs to a significant extent.31 In addition, a
slight increase in Cp

excess is observed at higher
nanotube loadings, which might be related to the
presence of smaller crystallites as a result of the
nucleating effect. The higher specific surface of
those crystallites provides considerably more crys-
tal-melt interface for reversible melting and crys-
tallization, hence leading to an increased magni-
tude of Cp

excess.
The results discussed thus far point out the

potential use of MTDSC for assessing the strength
of interfacial polymer-filler interaction in nano-
composites with a semicrystalline matrix. More-
over, it provides valuable insight into the nature of
the different interaction types, and how these
affect the segmental mobility and crystallization
behavior of the ethylene sequences. Finally, the
presented MTDSC methodology might provide an
estimate for the achieved degree of nanofiller dis-
persion, since the decrease in segmental mobility
is directly related to the available amount of poly-
mer-filler interface.

Melting Behavior After Quasi-Isothermal
Crystallization

Unlike for the systems based on poly(amide) 66,7or
poly(ethylene) (see above discussion), the absence
of an induction period––even in case of the unfilled
matrix––is indicative for a very fast nucleation
process during EVA crystallization. This was
observed at any of the explored quasi-isothermal
crystallization temperatures, for all EVA types
investigated (Figs. 3, 4, 6, and 7). Conditions for
which the crystallization does exhibit an induction
period could not be found. A possible explanation
is the presence of locally structured zones in the
melt, which consist of aggregated vinyl acetate
units molecularly segregated from the ethylene
sequences. This is not unlikely in view of the
reported immiscibility of poly(ethylene) and EVA
copolymer.32–34

Influence of Crystallization Time

To gain further insight into the peculiar crystalli-
zation behavior of EVA and its nanocomposites,

Figure 7. Apparent heat capacity recorded during
quasi-isothermal crystallization of EVA(27) and its
nanocomposites containing different types of carbon
nanotubes: 5 wt % multi-walled nanotubes (a), 1 wt %
multi-walled nanotubes (b), unfilled EVA(27) (c), 3 wt %
HDPE-coated nanotubes (d), 3 wt % acetate-functional-
ized nanotubes (e), 3 wt % hydroxy-functionalized nano-
tubes (f) (sequence indicated by arrow; modulation con-
ditions 67 8C6 0.5 8C/60 s).
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the melting traces subsequent to increasing quasi-
isothermal crystallization times were recorded for
different samples of EVA(27) and EVA(19) (Fig. 8).
It can be observed that the degree of crystallin-
ity strongly depends on the quasi-isothermal crys-
tallization time. Regarding the shape of the melt-
ing transition, several observations can be drawn.
Melting of a crystalline fraction already sets in im-
mediately above the isothermal crystallization
temperature, as observed as a shoulder to the
endothermic heat flow signal corresponding to the
melting of the main crystalline fraction. This indi-
cates the presence of a fraction crystallized almost
without supercooling. This fraction is formed in
the early stages of the crystallization process, as
attested by the fact that it already appears after
short crystallization times. Hence, the observed
shoulder cannot be attributed to the melting of sec-
ondary crystals of lesser perfection, formed in a
later stage in between the more perfect crystals. It

is therefore suggested that this crystal fraction
originates from a nucleation process due to a cer-
tain degree of ordering in the melt, which might be
related to local aggregation of vinyl acetate units,
molecularly phase-separated from the ethylene-
rich fraction. Its importance is more prominent in
the melting traces of samples based on EVA(27)
compared to those based on EVA(19), which is in
line with the higher vinyl acetate content. The
melting temperature of this fraction is lower than
for the bulk crystalline fraction, indicating a lower
degree of perfection. This is in agreement with the
fact that these low-melting crystals contain the
ethylene sequences located close to the vinyl ace-
tate moieties, hence experiencing the largest influ-
ence of the noncrystallizable constituents.

An additional feature can be observed in the
shape of the melting transition. In addition to the
shoulder at the low-temperature end of the transi-
tion, a more prominent tail also appears at its

Figure 8. Heat flow signal recorded during heating experiments subsequent to various
times of quasi-isothermal crystallization: unfilled EVA(27) (a), EVA(27) þ 3 wt % HDPE-
coated nanotubes (b), unfilled EVA(19) (c), EVA(19) þ 3 wt % Cloisite1 30B (d) (crystalli-
zation times indicated by arrow; heating experiments at 5 8C/min. using conventional
DSC).
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high-temperature end. This suggests the presence
of a crystalline fraction of higher perfection, al-
ready present after short crystallization times as
well. This tail can be attributed to the most perfect
crystalline fraction in the EVA, that is the longest
ethylene sequences which experience the least
influence from the vinyl acetate units.23,35

Influence of Nanofiller Type

When comparing the melting traces of the unfilled
EVA(27) matrix and different nanocomposites, it
appears that the shape of the transition depends
on the system investigated (Figs. 8 and 9). The
high-temperature tail is not equally apparent in
all samples, that is its importance is negligible in
the nanocomposites based on carbon nanotubes,
suggesting that the latter more strongly affect the
crystal morphology of the matrix. It is assumed
that the growth of crystals of higher perfection is
suppressed by the strong nucleating effect of the
carbon nanotubes, promoting fast growth of crys-
tals of less perfection with a slightly lower melting
temperature. Also note in this respect that the
low-temperature shoulder is not suppressed by the
addition of nanofillers, confirming that it is an
intrinsic characteristic of the matrix polymer.

With respect to the degree of crystallinity
attained after quasi-isothermal crystallization
(500 min at 67 8C), the values of the heat of fusion
are reported in Figure 9 for EVA(27) samples con-
taining 3 wt % of nanofiller. It can be observed
that the degree of crystallinity is almost unaffected
by the presence of untreated carbon nanotubes or

Cloisite1 30B organoclay. This is not unexpected
in view of the type of interaction these nanofillers
undergo with the matrix. In case of untreated car-
bon nanotubes, the interaction with EVA(27) is
weak; hence the effect on segmental mobility and
crystallization kinetics is negligible. In case of
polar Cloisite1 30B clay, the interaction with the
vinyl acetate units in EVA(27) is strong but limited
to the amorphous fraction of the matrix. Therefore,
its influence on the crystallinity of the matrix is
limited, even though the upward shift in the melt-
ing temperature might be indicative for the occur-
rence of some interaction with the crystallizable
segments as well [also observed for EVA(19),
Fig. 8]. On the other hand, a considerable decrease
in the degree of crystallinity is observed for nano-
composites based on HDPE-coated carbon nano-
tubes and nonpolar Cloisite1 20A clay. This is
explained by the fact that the latter nanofillers
directly interact with the crystallizable ethylene
segments of EVA, therefore strongly influencing
their crystallization. These observations further
support the above discussion on the effect of inter-
action type and segmental mobility issues on the
magnitude of Cp

excess during quasi-isothermal crys-
tallization.

Finally, it is worth noting that the HDPE coat-
ing around the carbon nanotubes is highly crystal-
line and shows a prominent melting transition at
about 130 8C (Fig. 9). Furthermore, the poly(ethyl-
ene) is still able to undergo crystal annealing, as
demonstrated by the particular melting behavior
of a sample annealed at 130 8C. Since crystal reor-
ganization during an annealing step requires a

Figure 9. Heat flow signal recorded during heating experiments subsequent to quasi-
isothermal crystallization of EVA(27) and its nanocomposites (500 min. at 67 8C6 0.5 8C/
60 s): unfilled EVA(27) (a), 3 wt % Cloisite1 30B (b), 3 wt % multi-walled carbon nano-
tubes (c), 3 wt % Cloisite1 20A (d), 3 wt % HDPE-coated nanotubes (e). Trace (f) shows
the effect of annealing at 130 8C for 10 min.; the inset table shows the heat of fusion for
all samples (heating experiments at 5 8C/min. using conventional DSC).
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certain degree of mobility of the polymer chains,
this provides additional evidence for the weak
interaction between the carbon nanotubes and
HDPE or ethylene segments of EVA, in line with
the observations from quasi-isothermal crystalli-
zation, that is, EVA in contact with nontreated car-
bon nanotubes.

CONCLUSIONS

Melt mixing has been used for the preparation of
nanocomposites based on HDPE or various types
of EVA copolymer, in combination with several
types of organoclay or carbon nanotubes. Our
main concern was to investigate the interplay
between matrix and filler polarities, and to gain
insight into how this affects the matrix-filler inter-
action in these nanocomposites. Along with a
proper dispersion quality of the nanofiller, which
determines the amount of matrix-filler interface
available for interaction, the type and strength of
interaction is one of the key parameters for achiev-
ing the intended property enhancements. A novel
methodology using MTDSC was presented to
assess the latter interaction strength. The sample
morphology and dispersion quality of the nanofil-
lers were evaluated using AFM; MTDSC was used
to investigate the thermal properties of the nano-
composites.

It was shown that during quasi-isothermal crys-
tallization an excess contribution is observed in
the MTDSC heat capacity signal, which is due to
reversible melting and crystallization of part of the
matrix polymer on the timescale of the imposed
temperature modulation. In case of a polar matrix,
its magnitude is strongly reduced upon addition of
organoclay, whereas it remains unchanged when
carbon nanotubes are incorporated into the matrix
polymer. Functionalization of these nanotubes or
surrounding them by a polymer coating, however,
does lead to a decrease in the magnitude of the
excess heat capacity, suggesting that it is related
to the occurrence of specific matrix-filler interac-
tions. It is therefore advanced that the magnitude
of this excess contribution depends on the segmen-
tal mobility of the crystallizable polymer chains in
the vicinity of the nanofiller, which is governed by
the type and strength of the matrix-filler interac-
tion. Hence, the presented methodology provides
nanoscale information on phenomena occurring at
the polymer-filler interface and allows investigat-
ing how polymer mobility and crystallization
behavior are locally affected in the nanocompo-

sites. It was shown that untreated carbon nano-
tubes undergo limited interaction with the EVA
matrix. Reduction in the segmental mobility of
polymer chains was observed in case of polar nano-
fillers, but the interaction predominantly occurs
with the vinyl acetate moieties located in the
amorphous polymer fraction. Direct interaction
with the crystalline polymer fraction occurs when
nonpolar nanofillers are used, even though their
interaction with the crystallizable ethylene
sequences is weaker.

Finally, the peculiar melting behavior of the
nanocomposites based on EVA copolymer was
investigated. It is suggested that a certain degree
of ordering is present in the melt, due to the segre-
gation of a vinyl acetate rich fraction on a molecu-
lar level. This could explain the observed nuclea-
tion behavior, as attested by the absence of an
induction period during quasi-isothermal crystalli-
zation. Additional crystal nucleation can be
achieved by the incorporation of carbon nanotubes,
either untreated or coated with HDPE.
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