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ABSTRACT: The morphology, nucleation, and crystallization of polyethylene/carbon nanotubes nanocomposites
were studied. The nanocomposites were prepared by in-situ polymerization of ethylene on carbon nanotubes
(CNT) whose surface had been previously treated with a metallocene catalytic system. The effects of composition
(5-22% CNT) and structure of the nanotube (single, double, or multiwall, i.e., SWNT, DWNT, and MWNT)
were evaluated, and an excellent nucleating effect on polyethylene matrix was found regardless of the CNT type
in comparison to neat high-density polyethylene (HDPE) prepared under identical conditions. The CNT were
found to be more efficient in nucleating the HDPE than its own crystal fragments, a result obtained by self-
nucleation studies. Differential scanning calorimetry (DSC) and transmission electron microscopy (TEM) results
showed that under both isothermal and dynamic crystallization conditions the crystals produced within the
nanocomposite HDPE matrix were more stable than those produced in neat HDPE or in physical blends prepared
by melt mixing of HDPE and untreated CNT. The remarkable stability of the crystals was reflected in melting
points up to 5°C higher than neat HDPE and concomitant thicker lamellae. The changes induced on HDPE by
CNT are due to the way the nanocomposites were prepared; since the macromolecular chains grow from the
surface of the nanotube where the metallocene catalyst has been deposited, this produces a remarkable nucleating
effect and bottle brush morphology around the CNT. Isothermal crystallization kinetics results showed that the
in-situ nanocomposites crystallize much faster at equivalent supercoolings than neat HDPE because of the nucleating
effect of CNT. Wide-angle X-ray scattering studies demonstrated that the crystalline structure of the HDPE matrix
within the in-situ-polymerized HDPE/CNT nanocomposites was identical to that of neat HDPE and did not change
during isothermal crystallization, keeping its orthorhombic unit cell.

1. Introduction

Since their introduction in 1991, carbon nanotubes (CNT)
have attracted much attention.1 Their high flexibility, low mass
density, and high aspect ratio (300-1000), in addition to their
excellent mechanical, thermal, and electrical properties, have
turned them into potential candidates to create multifunctional
polymeric nanocomposites.2-4 From the preparation of the first
polymeric nanocomposite incorporating CNT by Ajayan et al.
in 1994,5 several researchers have explored the potentiality of
such nanocomposites. This has been reflected in the growing
number of patents and publications to date.6

One of the problems with the preparation of polymeric
nanocomposites with CNT is the difficulty of dispersing them.
Their small size, large superficial area, and the presence ofπ
electrons highly delocalized in their surfaces make them
susceptible to van der Waals forces that promote aggregation.2,3

Many techniques have been applied to attempt the dispersion
of CNT in polymeric matrices, for example, the application of
ultrasound and chemical modification of the CNT surface.3,6-9

Another method involves the dispersion in solvents of the
CNT with surfactants and high-frequency ultrasound. In this
way, suspensions are achieved in which a polymer is later
dissolved, and the nanocomposite is prepared by solvent
evaporation. Both water-soluble polymers and polymers soluble
in organic solvents have been employed.6,10-16 Although, using
this method, nanocomposites with substantial modification of
mechanical and dielectric properties of the polymeric matrix
have been achieved, it is impractical for large-scale appli-
cations.17-19

Dubois et al.20 have recently introduced a novel way to avoid
aggregation. The method is derived from the polymerization-
filling technique (PFT) initially employed in Ziegler-Natta
polymerization studies21,22and more recently developed for the
application of metallocene-based catalysts to a wide range of
microfillers, such as kaolin, silica, wollastonite, graphite, and
glass microspheres.23-26 The method consists of in-situ polym-
erization of ethylene catalyzed by a highly active metallocene-
based catalytic complex that has a peculiar featuresit is
physicochemically grafted to the CNT surface. As a result,
individual CNT are homogeneously coated by polyethylene* Corresponding author.
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chains that grow on their surfaces, causing deaggregation of
the CNT. The material thus formed can be used directly or as
a masterbatch for future preparations of nanocomposites with
polymeric matrices in the melt, depending on the concentration
of CNT. The present work aims at reporting the effect of the
content and type of CNT on the morphology and thermal
behavior of different HDPE/CNT nanocomposites prepared by
the in-situ polymerization of ethylene on CNT whose surfaces
were previously impregnated by the catalytic system, as
described elsewhere.20

Several previous works have studied the changes in morphol-
ogy and nucleation that can be induced in a polymeric
semicrystalline matrix by the incorporation of CNT.27-32 Bhat-
tacharyya et al.27 have shown that single-wall carbon nanotubes
(SWNT) are capable of nucleating isotactic polypropylene, PP,
with just 0.8% by weight, thereby reducing spherulitic size as
expected. Grady et al.28 and Aussoline et al.29 found nucleating
effects of carbon nanotubes on PP during isothermal and
nonisothermal kinetics experiments. A nucleation effect of
SWNT has also been observed for poly(vinyl alcohol), PVA.30,31

Also, Minus et al.31 and Haggenmueller et al.32 found that
SWNT not only acted as a nucleating agent for poly(vinyl
alcohol) and PE, respectively, but also templated the morphology
of the polymers, since their growth direction was always
perpendicular to the CNT.

2. Experimental Section

2.1. Sample Preparation.HDPE/CNT nanocomposites were
obtained by a soft method derived from the polymerization-filling
technique (PFT) using metallocene catalysis.20 PFT applied to
carbon nanotubes consists in anchoring methylaluminoxane (MAO),
a well-known cocatalyst used in metallocene-based olefin polym-
erization process, onto the surface of carbon nanotubes in suspension
in dried heptane. A metallocene catalyst, Cp2*ZrCl2 in this study
(where Cp stands for cyclopentadienyl), is then reacted with the
surface-activated carbon nanotubes. Addition of ethylene leads to
the synthesis of polyethylene (HDPE) exclusively at the surface of
the carbon nanotubes. Such a coating limits the formation of
airborne carbon nanotubes aggregates, making handling much safer.

Materials. All air- and moisture-sensitive compounds (e.g.,
catalyst and cocatalyst) were manipulated using standard vacuum
line, Schlenk, or cannula techniques under dry nitrogen or in a
glovebox under a deoxygenated and dry nitrogen atmosphere (O2

and H2O < 1 ppm).n-Heptane was dried and stored over molecular
sieves (4 Å) while toluene was refluxed over CaH2 and freshly
distilled prior to use under a N2 atmosphere. Bis(pentamethyl-η5-
cyclopentadienyl)zirconium(IV) dichloride (Cp*2ZrCl2) was pur-
chased from Aldrich, used without further purification, and then
stored at 4°C as a stock solution in toluene with a known
concentration (5.2 mM). MAO (30 wt % solution in toluene) was
kindly supplied by Total Petrochemicals Research Feluy (Belgium)
and diluted in dried toluene with a known concentration (1.31 M).
Ethylene (Air Liquide, 99.95%) was used without further purifica-
tion. All carbon nanotubes were kindly supplied by Nanocyl S.A.
and were previously dried at 105°C under reduced pressure (10-2

mmHg) for 8 h and then stored under a N2 atmosphere. The
polymerization reactions were performed in a glass reactor by
following the ethylene consumption with a Zipperclave batch
reactant gas delivery system (BRGDS).

Representative Procedure for Polymerization.(i) Carbon
Nanotube Surface ActiVation. A 250 mL polymerization flask was
filled with 0.25 g of MWNTs and flame-dried under high vacuum.
The flask was then filled with nitrogen and placed in an oil bath at
50 °C. 20 mL of dried and deoxygenatedn-heptane and 1.10 mL
of MAO (1.31 M) were added under nitrogen. The CNTs in contact
with the aluminoxane were stirred for 1 h at 50°C. Solvents were
then distilled off at 50°C under reduced pressure. The solvents,
together with any volatile organoaluminum compounds, were

trapped in a flask cooled by liquid nitrogen for aluminum titration.
Treated CNTs were further heated up at 150°C under reduced
pressure for 90 min.

(ii) Polymerization Step. The polymerization reactions were
performed in a 250 mL glass reactor by following the ethylene
consumption with a BRGDS device. The aluminoxane-treated CNTs
were dispersed in 20 mL of driedn-heptane. Then, 0.80 mL of
Cp*2ZrCl2 (4.1 µmol in Zr, [Al]/[Zr] ) 350) was added to the
suspension. The stirred mixture was then heated up to 50°C for
15 min. The reactor was purged by ethylene (0.5 min) in order to
remove nitrogen. The polymerization reaction was carried out under
a constant pressure of 13 bar of ethylene at 50°C and vigorous
stirring for a defined period of time. The final material was
precipitated in 200 mL of methanol acidified with hydrochloric acid
and filtered off. This step allowed for both recovering the HDPE-
coated nanotubes and deactivating the catalytic complex yielding
residual aluminum oxide (Al2O3) in all samples. The resulting
material was then dried at 60°C for ca. 12 h in a ventilated oven.

Table 1 shows the composition and identification of all the
samples employed in this work. For comparison purposes, a neat
HDPE homopolymer was synthesized employing similar conditions
to those used for the nanocomposites. Three types of CNT were
employed: single wall (SWNT), double wall (DWNT), and
multiwall (MWNT). The compositions of the samples are given
by the following nomenclature: PExSyAz, where the subscripts
indicate the weight contents in percent of each component present
in the formulation (HDPE, CNT, and Al2O3, respectively); the letter
S is used to denote the use of SWNT, and other samples with letters
D or M indicate DWNT or MWNT. The compositions were
determined by thermogravimetry analysis (TGA).

Table 1 also shows that the CNT are present in the samples in
three different contents: low (5-8%), medium (11-20%), and high
(26-33%). The highest contents of CNT are present in SWNT
systems. The CNT employed had different diameters: 2, 4, and
5-27 nm for SWNT, DWNT, and MWNT, respectively. These
diameters were determined by transmission electron microscopy
(TEM) (see Figure 1 ).

2.2. Morphological Evaluation (TEM). The morphological
observations were performed by TEM, with a JEOL instrument,
model JEM 1220, at 100 kV operation voltage. Lamellar thicknesses
measurements were performed on micrographs taken after samples
were isothermally crystallized for 7 days at 124°C. They were
later embedded in resin and cut with a diamond knife in a Leica
ultracryomicrotome. The thin sections thus obtained were stained
with RuO4 vapors.

2.3. Thermal Characterization. Calorimetric studies were
carried out in a Perkin-Elmer Pyris 1 differential scanning
calorimeter (DSC) calibrated with indium and tin. Ultrahigh-purity
nitrogen was used as a purge gas. Samples of∼5 mg each were
encapsulated in aluminum pans and sealed. The crystalline thermal
history was erased by heating the samples at 170°C for 3 min.33

Cooling and subsequent heating scans were registered at 10°C/
min.

Self-Nucleation Tests (SN). In order to evaluate the nucleation
capacity of CNT on HDPE, self-nucleation tests (SN) were
performed according to procedures devised originally by Fillon et

Table 1. Compositions of the HDPE/CNT Samples Evaluated:
HDPE/SWNT (PExSyAz), HDPE/DWNT (PExDyAz), and HDPE/

MWNT (PE xM yAz)

composition type
CNT

content (%)
HDPE

content (%)
Al2O3

content (%)

HDPE 92.4 7.6
PE87S8A5 SWNT 7.6 87.1 5.4
PE56S20A24 SWNT 20.1 56.1 23.9
PE33S36A31 SWNT 33.2 36.2 30.6
PE82D8A10 DWNT 7.6 82.2 10.2
PE60D17A23 DWNT 17.4 60.2 22.5
PE44D26A30 DWNT 26.2 43.5 30.4
PE83M6A11 MWNT 5.9 82.6 11.5
PE68M11A21 MWNT 11.2 68.2 20.6
PE41M26A33 MWNT 26.4 41.1 32.5
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al.33-35 The complete thermal treatment comprises the following:
(a) Erasure of crystalline thermal history by heating the sample to
170 °C for 3 min. (b) Creation of a “standard” thermal history by
cooling at 10 °C/min to 25 °C. (c) Partial melting up to a
temperature denotedTs, depending on which the sample will be
completely molten, just self-nucleated, or self-nucleated and an-
nealed. IfTs is too high, the molten sample is said to be in “domain
I” or complete melting domain. IfTs is high enough to melt the
sample almost completely but low enough to induce self-nucleation
without annealing, the sample is said to be under “domain II” or
self-nucleation domain (for details on the nature of domain II, see
ref 35). If Ts is low enough, only part of the crystal population will
be molten, and therefore the unmelted crystals will experience
annealing during the 3 min atTs (step d). Upon subsequent cooling,
the molten polymer will crystallize self-nucleated by the annealed
crystal fragments that were not melted. Then the sample is said to
be in domain III or self-nucleation and annealing domain. (d)
Thermal conditioning atTs during 5 min. (e) DSC cooling scan
from Ts, where the effects of the thermal treatment will be reflected
on the crystallization of the HDPE.

Isothermal Crystallization Kinetics. The samples were first
heated to 170°C in order to erase all crystalline thermal history
and kept in the melt for 3 min before they were quenched (by
controlled cooling in the DSC at 60°C/min) to the chosen
isothermal crystallization temperature,Tc. In order to choose the
crystallization temperature range, preliminary tests were run by
quenching the sample to a specificTc and then immediately heating
it while recording its heating scan in DSC at 10°C/min. If any
melting was observed, it indicated that the sample was able to
crystallize during the quenching at 60°C/min. Therefore, this
crystallization temperature was not employed, and the same test
was performed at higher temperatures until no crystallization during
the quenching was obtained. This procedure was used to find the

lowestTc, and then isothermal crystallization experiments were run
every half a degree from thatTc upward in temperature until the
crystallization exotherm was too small to be detected by the DSC.
This procedure is the usual to obtain continuous isothermal
crystallization (CIC) data with the DSC.

2.4. Wide-Angle X-ray Diffraction (WAXS). WAXS experi-
ments were carried on as-prepared neat PE and nanocomposite
samples in an X’Pert automatic diffractometer using Ni-filtered Cu
KR radiation. The spectra were recorded in an angular range 10°
e 2θ e 46° at room temperature by counting for 10 s every 0.01°
step. The effect on the crystal structure and on the sample
crystallinity of the addition of different types of CNT in various
concentrations was thus followed.

3. Results and Discussion

3.1. Morphological Evaluation. A TEM morphological
evaluation of neat nanotubes and of the prepared nanocomposites
was performed. In the case of neat CNT, a dispersion in water/
alcohol mixture was made with an ultrasound sonicator. Droplets
of these suspensions were placed on electron microscopy gold
grids and dried before their observation by TEM. Figure 1a
shows a representative micrograph of MWNT; from micro-
graphs such as these, the average diameters of the nanotubes
employed (reported above, see Experimental Section) were
determined. Figure 1b shows a micrograph of the PE83M6Al11

material prepared in a similar way. A thin coating of HDPE
can be seen surrounding the CNT, confirming previous results
on the same type of material.20

In order to observe the HDPE lamellar structure, samples were
isothermally crystallized for 7 days at a rather high temperature
(124 °C) to promote the formation of thick lamellae. Figure

Figure 1. TEM micrographs of (a) MWNT, (b) PE41M26A33 sample (as obtained from polymerization reactor), and (c) PE83M6A11 after isothermal
crystallization for 1 week at 124°C and (d) details of region indicated in (c) with a white square.
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1c,d shows the lamellar morphology surrounding the MWNT’s
in PE83M6A11. The lamellae grow from the NT surface in a
direction close to being perpendicular to the NT direction (even
though a 90° angle was indeed found in some cases; in many
other lamellar stacks this value was lower, as can be seen in
some cases in Figure 1d). The lamellar morphology is almost
like a bottle brush with the center being the CNT. This
morphology indicates a strong nucleating effect of the CNT and
resembles that of transcristalline growth around active nucleating
fibers.36 Since the chain direction is generally perpendicular to
the lamellae, the general orientation of the chains is close to
parallel (although some may form an angle) to the CNT axis.
These results are generally in agreement with those found by
Minus et al.31 and Haggenmueller et al.,32 who also reported
crystal growth perpendicular to the CNT surface.

Figure 2 shows a histogram of lamellar thickness distribution
obtained from micrographs like those shown in Figure 1c,d.
Lamellar thickness in excess of 40 Å must have been produced
during isothermal crystallization. A DSC heating scan performed
to HDPE after isothermal crystallization exhibits bimodal
melting (see Figure 3 and Table 2), with the higher temperature
melting peak dominating over the low-temperature melting one.
The higher melting peak (Tm1) corresponds to the fusion of the
thicker isothermally crystallized lamellae, and the lower melting
peak (Tm2) corresponds to the fusion of the thinner lamellae
formed during cooling (after isothermal crystallization samples
were quickly cooled to room temperature). In the case of the
samples with CNT, the melting enthalpy of the higher melting
peak was larger than in neat HDPE. In fact, in two of the
samples in Figure 3, only the high-temperature melting peak
was detected (see Table 2). It should also be noted that the peak
melting point of the higher temperature melting peak was up
to 5 °C higher (see Table 2) for the samples containing CNT
than for neat HDPE, a remarkable change for a polyethylene
sample.

Figure 2 is fully consistent with the DSC results of Figure 3
since, on the whole, thicker lamellae are observed for the
samples with CNT than for neat HDPE. This is a novel and
intriguing result since under isothermal crystallization conditions
at the same undercooling the lamellar thickness produced should
have been the same. Even considering the possible nucleation
effect of CNT, the expectation would be a higher number of
crystals, since nucleation is favored but of equivalent thermo-
dynamic stability. The reason why the CNT are producing more
stable crystals (as judged by their thickness) is unknown, but
the experimental fact corroborated by both TEM and DSC is
beyond any doubt, and it can be speculated that the way the
polyethylene chains were grown on the surface of the CNT could
be responsible for this effect. Furthermore, as we will see below,
this trend is also consistent with results obtained by standard
cooling from the melt and subsequent heating in the DSC, so it

is not a characteristic of isothermal crystallization but it is also
produced under dynamic conditions (see Table 3 and Figures 4
and 5). The reason behind this interesting behavior must be
related to the way the polymer has been produced on the surface
of the CNT by the in-situ polymerization filling technique.

3.2. Thermal Characterization.3.2.1. Standard DSC Scans.
All samples were cooled from the melt (170°C) to 0°C while
registering their DSC cooling scans at 10°C/min, and then their
subsequent heating scans were recorded at the same scanning
rate. The DSC scans can be seen in Figure 4. All the samples
exhibit a single crystallization exotherm and a corresponding
single melting endotherm; the main changes are in the charac-
teristic onset and peak crystallization and melting temperatures
and in the values of the associated enthalpies in addition to peak
broadening effects in the nanocomposites as compared to HDPE.
The DSC scans have been normalized by dividing the heat flow
axis by the weight of the HDPE content in the sample, so the
areas under the exotherms and endotherms represent the changes
in the HDPE crystallinities. Table 3 shows all the characteristic
temperatures and enthalpy values extracted from Figure 4, while
Figure 5a,b shows the changes in the most representative thermal
properties as a function of CNT content. The melting points of
the as-synthesized samples (i.e., first heating scans) are not
presented since their values were very similar to those of the
second heating scans presented in Table 3.

The crystallization temperatures increase with CNT content
as a result of the nucleating action of the CNT. The nucleating
action saturates at higher levels of CNT loading and even
decreases in some cases. Conversely, the degree of crystallinity
(Figure 5b) decreases monotonically as the amount of CNT

Figure 2. Lamellar thickness distributions after isothermal crystal-
lization at 124°C for 1 week.

Figure 3. DSC heating scans after 1 week of isothermal crystallization
of the samples at 124°C (followed by quenching to room temperature).
In (a) the full temperature range is presented, and in (b) a narrower
temperature range with a higher magnification is shown, so that details
of the first melting peak can be observed.
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increases. This is an unexpected behavior when compared to
the usual action of nucleating agents, since they normally do
not affect crystallinity or tend to increase it; however, the
amounts employed rarely exceed 3%. In this case, the drop in
crystallinity is certainly more pronounced at higher concentra-
tions. Given that CNT possess a remarkably high superficial
area, at high contents they are probably interfering with crystal
growth. It should be noted that when the CNT content increases,
the amount of Al2O3 residues, which is a byproduct of the
synthesis (see Experimental Section), also increases. Therefore,
the PE phase can amount to just 50% or even 30% of the sample.
At such high amounts of fillers (both CNT and Al2O3), the
interference with the crystal growing process can be consider-
able. The highest effect on the crystallinity was found for the
nanocomposites with SWNT, as expected since they will have
the maximum surface area in contact with the HDPE as
compared to DWNT and MWNT since they have the lowest
diameter and highest aspect ratio.

Another interesting phenomenon shown in Figure 5a is the
increase inTm observed in samples with CNT as compared with
neat HDPE. This increase inTm is progressively reduced as the
content of CNT increases. This effect, once more, is consistent
with the morphological results obtained by isothermal crystal-
lization that indicate an improved thermodynamic stability of
the crystals formed under identical conditions as compared to
neat HDPE. The effect seems to disappear for the highest CNT
content, as a result of the same interference effect that is
reducing the crystallinity of the samples. However, the effect
of the CNT is still there if one compares neat HDPE and
PE36S33A31 (see Table 3 and Figure 5); the melting points are
almost the same, but the crystallinity in the nanocomposite is
only 15% as compared to 60% for neat HDPE. In spite of the
fact that the PE crystal growth is affected by the large content
of SWNT and aluminum oxide, it can still develop lamellar
crystals that are as thick as those of HDPE under dynamic
conditions.

One is tempted to explain the trends shown in Figure 5a on
the basis of a simple nucleating agent action. However, HDPE
is a polymer with an already high nuclei density; therefore,
normally, even when it is nucleated by an external agent, its
melting point should not be greatly affected. Also, the meta-

stability of polymeric crystals is usually manifested in kinetic
conditions such as those applied in Figure 4. A large change in
peakTc is normally required in order to obtain a small change
in peak Tm; this is a valid statement even under isothermal
conditions, and it is also the reasoning behind the extrapolation
of Hoffman-Weeks to obtain the equilibrium melting point of
polymers. If Table 3 is examined in detail, we can see that in
some cases the increase in peakTc obtained by incorporating
CNT (as compared to the peakTc temperature in HDPE) is

Table 2. Melting Temperatures and Enthalpies after Isothermal Crystallization for 1 week at 124°C (from Figure 3)

melting process 1 melting process 2

composition Tm
1

onset(°C) Tm
1
peak(°C) ∆Hm

1 (J/g) Tm
2

onset(°C) Tm
2

peak(°C) ∆Hm
2 (J/g)

HDPE 128.2 132.9 137.2 104.8 117.0 47.5
PE87S8A5 132.3 137.6 123.7 122.0
PE33S36A31 134.2 137.7 10.4 107.1 120.2 8.4
PE83M6A11 132.6 137.6 138.4
PE41M26A33 132.4 136.7 42.0 116.4 123.0 1.4

Table 3. Crystallization Temperatures, Melting Temperatures, and
Enthalpies Extracted from Figure 4

composition
Tm,onset

(°C)
Tm, peak

(°C)
∆Hm

(J/g)
Tc,onset

(°C)
Tc ,peak

(°C)
∆Hc

(J/g)

HDPE 123.2 129.6 179.6 120.5 118.3 214.9
PE87S8A5 124.3 133.3 127.1 123.5 120.3 145.7
PE56S20A24 120.7 131.4 46.7 123.9 120.6 72.7
PE33S36A31 114.3 129.5 15.5 124.5 119.1 41.3
PE82D8A10 125.5 133.5 126.9 123.9 121.0 151.4
PE60D17A23 122.0 131.9 69.8 124.7 121.5 88.9
PE44D26A30 118.2 130.6 43.1 124.8 121.6 44.6
PE83M6A11 126.2 133.6 139.6 123.0 120.2 139.4
PE68M11A21 124.8 132.4 101.0 123.4 120.3 102.1
PE41M26A33 120.4 130.1 51.1 123.9 119.4 50.0
PE93M6A1

a 123.3 129.8 179.8 120.7 117.8 162.7

a System mixed in the DSC pan with untreated CNT.

Figure 4. DSC cooling and heating scans for single-wall nanotube
system (PExSyAz), double-wall nanotube system (PExDyAz), and mul-
tiwall nanotube system (PExMyAz). All scans were performed at 10
°C/min.
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almost the same as that obtained inTm. The change inTm cannot
therefore be due to the change in peakTc; otherwise, we would
be in the equilibrium case where a change inTc is reflected in
a change inTm of the exact same magnitude. In any case, the
increase in lamellar thickness with the presence of CNT was
demonstrated in Figures 1-3 for isothermally crystallized
samples, where dynamic effects are minimized.

With the purpose of establishing whether the changes
encountered in the thermal properties are related to the way the
nanocomposites were prepared, simple physical blends of HDPE
and neat MWNT (untreated) were performed by mechanical melt
mixing in a DSC capsule (employing a glass rod as a mixer).
The results are also shown in Table 3, and they show that in
this case the CNT are not influencing the thermal behavior of
HDPE in spite of being present in 5.7%, the same proportion
that caused the remarkable nucleating influence on the nano-
composites prepared by in-situ polymerization. Since the HDPE
employed here was polymerized with exactly the same catalytic
metallocene-based system used in the preparation of the in-situ
nanocomposites, we believe the Al2O3 is not responsible for
the remarkable nucleating action detected in the nanocomposites,
since it is also present in the HDPE (see Table 1). Therefore,
we must conclude that it is the way the nanocomposites were
prepared what makes their thermal properties unique.

Other works have found that upon addition of CNT the
crystallinity of the matrix polymer increases or does not vary.
Minus et al.31 found increases of up to 40% in crystallinity, as
determined by WAXS, of poly(vinyl alcohol) (PVA) upon
SWNT addition (these nanocomposites were prepared in solu-
tion). While Haggenmueller and co-workers32 found no variation
in the crystallinity of HDPE regardless of the amount of CNT
added to this polymer (in a range from 1 to 30%). In this work,
the CNT were added by a hot-coagulation method; therefore,
the monomer was not polymerized as in the present case on
the CNT surface.

3.2.2. Self-Nucleation BehaVior. In view of the remarkable
nucleating effect that CNT have on HDPE, we decided to study

the self-nucleation behavior of all the nanocomposite samples
in order to compare it with that of HDPE.

Figure 6 shows cooling scans fromTs and subsequent heating
scans for HDPE in aTs temperature range from 170 to 131.5
°C. No appreciable increases in crystallization temperature are
observed upon decreasingTs, a result that indicates a lack of
domain II or self-nucleation domain. Such behavior, i.e., lack
of domain II, was first encountered in highly confined crystal-
lizable blocks within diblock and triblock copolymers.37,38This
result shows that the neat HDPE employed here already
possesses a very high density of heterogeneous nuclei, such that
its own self-nuclei cannot apparently increase the overall nuclei
density. The heterogeneous nuclei in HDPE usually stem from
the synthesis; in this case the Al2O3 particles that remain in the
polymer (after decomposition of metallocene aluminum oxide
(MAO)) are surely the active nucleating species.

Close observation of the heating scans in Figure 6b indicates
that a small high-temperature melting signal appears for aTs of
131°C (simultaneously, a small shift to higher temperatures of
Tc peak was also obtained), which results from annealing of
the unmolten crystals atTs. This behavior is characteristic of
domain III; this is a domain where annealing is observed besides
self-nucleation. Hence, in this case the neat HDPE employed
here does not exhibit domain II but a direct transition from
domain I to domain III. The absence of domain II was also a
characteristic of all the nanocomposites evaluated, and Figure
7 and Table 4 show the domain I-III transition temperatures
for all the samples. In Figure 7, the transition from domain I to
domain III is indicated with a vertical bar on top of the standard
fusion endotherms of selected samples. It can be observed that
the fraction of crystals that is needed for annealing to be detected
(i.e., the fraction of crystals left unmolten atTs, a value that is
inversely proportional to theTs value) is larger in the nano-
composites as compared to neat HDPE. The transitionTs

temperatures from domain I to III are very similar for all the
different types of nanocomposites prepared (S, D, or M) and
tend to be slightly lower as the content of CNT increases.

The efficiency of the CNT as nucleating agents was assessed
employing the method proposed by Fillon et al.,39 based on the
self-nucleation behavior of the materials containing the nucleat-
ing agent as compared to the neat material. The efficiency is
calculated by the following equation:

where Tc,NA is the peak crystallization temperature of the
polymer with the nucleating agent,Tc,PE is the peak crystalliza-
tion temperature of neat HDPE (118.3°C), andTc,max is the
maximum crystallization temperature after HDPE has been self-
nucleated and annealed (119.2°C).

As can be appreciated in Table 5, the results indicate that
the efficiency in all cases is higher than 100%, an expected
result since the crystallization temperature of the samples with
CNT was always higher than the crystallization temperature of
HDPE. This result implies that CNT are being more efficient
in nucleating HDPE than its own crystals, possibly because of
the way the chains were grown on the surface of the CNT,
creating a remarkable nucleation enhancement.

At industrial level, solidification times are crucial for optimiz-
ing production; hence, nucleating agents can increase the rate
of production of plastic parts. With just 5% of CNT, the peak
crystallization temperature of HDPE can be increased up to 4
°C; it is possible that even lower amounts can also produced a

Figure 5. (a) Influence of CNT content on peak crystallization and
melting temperature (Tc andTm) for HDPE/CNT nanocomposites. (b)
Influence of CNT content on the degree of crystallinity (Xc) for HDPE/
CNT nanocomposites.

NE )
Tc,NA - Tc,PE

Tc,max- Tc,PE
× 100 (1)
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similar nucleating action. Besides, we have demonstrated that
the PE chains polymerized on the surface of specially treated
CNT prefer to nucleate around the CNT than on the very same
HDPE crystals, and this also entails a specific bottle brush
morphology which can also have a significant impact on the
mechanical properties of the HDPE. The materials under study
here can also be employed as a masterbatch of dispersible CNT.
Therefore, mixtures of these materials with linear low-density

polyethylene (which could have packaging applications) are
being prepared, and the properties of such blends are being
investigated.40

3.2.3. Isothermal Crystallization.The isothermal crystalliza-
tion of all samples was determined by DSC, and the results
were fitted with the Avrami equation, a common tool to describe
overall isothermal crystallization (including nucleation and
growth). The Avrami equation can be expressed as41,42

where Vc is relative transformation volume fraction at the
crystallization timet, k is the overall crystallization rate constant
which is a function of nucleation and growth, andn is the
Avrami index. The Avrami index is a complex exponent whose
value is related to the dimensionality of the growing crystals
and to the time dependence of nucleation.41,42 In order to fit
the experimental data to the Avrami equation, we closely
followed the procedure given in ref 42.

Figure 8 shows how the crystallization half-time (an experi-
mental measure of the overall relative crystallization rate)
depends on the crystallization temperature. It is evident that for
all the in-situ-polymerized nanocomposite samples the super-
cooling needed for isothermal crystallization was much lower
than for HDPE. The effect depends slightly on the CNT type,
and it follows the order SWNT> DWNT > MWNT. This result
is a direct consequence of the remarkable nucleation effect
caused by the CNT, and at the same time it shows that if the

Figure 6. Self-nucleation behavior of neat HDPE for selected self-nucleation temperatures (Ts): (a) DSC cooling scans fromTs and (b) DSC
subsequent heating scans.

Figure 7. Standard DSC heating scans for selected samples showing
the transition between domain I and domain III.

Table 4. Transitions between Domain I and Domain III for the
Systems Evaluated

composition TI-III (°C) composition TI-III (°C)

HDPE 131.0 PE60D17A23 134.0
PE87S8A5 134.0 PE44D26A30 133.0
PE56S20A24 134.0 PE83M6A11 134.0
PE33S36A31 134.0 PE68M11A21 134.5
PE82D8A10 134.0 PE41M26A33 132.0

Table 5. CNT Efficiency as Nucleating Agents for the Systems
Evaluated

composition efficiency (%) composition efficiency (%)

PE87S8A5 259 PE44D26A30 439
PE56S20A24 317 PE83M6A11 200
PE33S36A31 199 PE68M11A21 244
PE82D8A10 298 PE41M26A33 151
PE60D17A23 440

Figure 8. Overall crystallization half-time (t1/2) for systems with lower
contents of CNT.

1 - Vc(t) ) exp(-ktn) (2)
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crystallization could be performed at the sameTc, the crystal-
lization rate for the samples with CNT would be much faster.
A similar result regarding the influence of CNT on the overall
crystallization kinetics has already been reported in the literature
for several crystallizable polymers such as PE,32 iPP,28,29PVA,43

PAN,44 and thermoplastic elastomers (polyurethane).45

As stated above, the geometry of the CNT has a small
influence on the crystallization kinetics, and as the diameter of
the CNT is reduced, the crystallization rate is enhanced. A
surface area effect, similar to that invoked when discussing
Figure 5b, could also be responsible for this effect, since CNT
surface area (at the same CNT content) should increase in the
following order: SWNT> DWNT > MWNT.

Table 6 reports the values ofk andn. The values ofk closely
followed the trend of the inverse crystallization half-time with
crystallization temperature, as expected. On the other hand, the
values of the Avrami index did not vary much and were always
in the range 2.2-2.4. Since neat HDPE already had many active
nuclei, the expectation would be an Avrami index of 3 if
spherulitic superstructures were instantaneously formed. How-
ever, when the density of nuclei is so large, spherulites are very
difficult to develop, since the nuclei are too close to each other
to allow free 3D growth and the morphology resembles more
2D lamellar stacks that could explain the Avrami indexes close
to 2 when instantaneous nucleation is in place. The bottle brush
morphology observed in Figure 1 for the nanocomposites is also
consistent with 2D lamellar staking and lack of well-developed
3D superstructures.

Haggenmueller et al.32 reported reductions in Avrami indexes
from 2 to 1.5 upon the inclusion of 1 wt % SWNT in a HDPE
matrix. On the contrary, Grady et al.28 found increases in the
Avrami indexes from 2.2 to 2.8 when 0.6% CNT was added to
the system. Therefore, no clear trend can be established so far.

3.3. Wide-Angle X-ray Diffraction (WAXS). Figure 9
shows WAXS diffractograms for neat HDPE and nanocompos-
ites with the lowest concentrations of the three types of CNT.
In all cases the crystalline structure of HDPE remains intact
with the orthorhombic unit cell in thePnamspace group. The
(110) and (200) reflections are located at 21.55° and 24.01° in
2θ, respectively. The (210) and (020) peaks are clearly distin-
guished. From Figure 9 it is clearly seen that there are no
structural changes, and the crystallinity values are comparable
for these low CNT concentrations. At higher CNT concentra-
tions an important decrease in the crystallinity degree is observed
(results not shown). The introduction of CNT in the semicrys-
talline polymer matrix in low amounts does not perturb either
the 3D order of the lamellas or their perfection or their amount.

4. Conclusions

An outstanding nucleating effect of CNT on the polyethylene
matrix was found for the in-situ-prepared nanocomposites,
regardless of the CNT type, in comparison to neat high-density
polyethylene (HDPE) prepared under identical conditions but
without CNT. The nucleating effect of the CNT was even more
efficient than that produced by the HDPE own crystal fragments
according to the self-nucleation studies, and therefore nucleating
efficiencies higher than 100% were obtained. TEM and DSC
results showed that under both isothermal and dynamic crystal-
lization conditions the lamellae produced within the nanocom-
posite HDPE matrix are thicker than those produced in neat
HDPE or in physical blends prepared by melt mixing of HDPE
and untreated CNT. This remarkable lamellar stability was
reflected in melting points up to 4°C higher than neat HDPE.
The in-situ-prepared nanocomposites crystallize much faster at
equivalent supercoolings than neat HDPE because of the
nucleating effect of CNT under isothermal conditions. The
changes induced on HDPE by CNT are due to the way the
nanocomposites were prepared; since the macromolecular chains
grow from the surface of the nanotube where the metallocene-
based catalyst has been deposited, this produces a remarkable
nucleating effect and bottle brush morphology around the CNT.
Wide-angle X-ray scattering studies demonstrated that the
crystalline structure of the HDPE matrix within the in-situ-
polymerized HDPE/CNT nanocomposites was identical to that
of neat HDPE and did not change during isothermal crystal-
lization.
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