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ABSTRACT: Nanocomposites of high-density polyethylene (HDPE) and carbon nanotubes (CNT) of different
geometries (single wall, double wall, and multiwall; SWNT, DWNT, and MWNT) were prepared by in situ
polymerization of ethylene on CNT whose surface had been previously treated with a metallocene catalytic system.
In this work, we have studied the effects of applying the successive self-nucleation and annealing thermal
fractionation technique (SSA) to the nanocomposites and have also determined the influence of composition and
type of CNT on the isothermal crystallization behavior of the HDPE. SSA results indicate that all types of CNT
induce the formation of a population of thicker lamellar crystals that melt at higher temperatures as compared to
the crystals formed in neat HDPE prepared under the same catalytic and polymerization conditions and subjected
to the same SSA treatment. Furthermore, the peculiar morphology induced by the CNT on the HDPE matrix
allows the resolution of thermal fractionation to be much better. The isothermal crystallization results indicated
that the strong nucleation effect caused by CNT reduced the supercooling needed for crystallization. The interaction
between the HDPE chains and the surface of the CNT is probably very strong as judged by the results obtained,
even though it is only physical in nature. When the total crystallinity achieved during isothermal crystallization

is considered as a function of CNT content, it was found that a competition between nucleation and topological
confinement could account for the results. At low CNT content the crystallinity increases (because of the nucleating
effect of CNT on HDPE), however, at higher CNT content there is a dramatic reduction in crystallinity reflecting
the increased confinement experienced by the HDPE chains at the interfaces which are extremely large in these
nanocomposites. Another consequence of these strong interactions is the remarkable decrease in Avrami index as
CNT content increases. When the Avrami index reduces to 1 or lower, nucleation dominates the overall kinetics
as a consequence of confinement effects. Wide-angle X-ray experiments were performed at a high-energy
synchrotron source and demonstrated that no change in the orthorhombic unit cell of HDPE occurred during
crystallization with or without CNT.

1. Introduction A highly active metallocenic complex is physico-chemically
grafted to the CNT surfaces before the in situ polymerization
of ethylene takes place. Since the polyethylene (PE) chains grow
on the surface of CNT, a good dispersion is easily achieved by
disaggregation. The in situ nanocomposite obtained can be used
as polymerized or as a masterbatch that could be blended with
PE-based resins to form nanocomposites of varying composi-
tions.

Carbon nanotubes (CNT) are considered excellent reinforcing
fillers because of the outstanding properties that they can induce
when adequately dispersed in polymeric matrices, such as
rigidity increases without important losses in ductility and
enhancement in electrical conductivity. These properties are
intimately connected with the extremely high aspect ratio of

CNT which facilitate the establishment of percolation paths in Th I . fth . f .
the case of good dispersiohs, e excellent properties of the nanocomposites are a function

H th hi t of ddi . is not of the interface characteristics which in turn are determined by
¢ kovgever, I %‘Eﬁ_ |§_vemer_1 0 gO(t) _|stper5|(|)ns IS no artl €aSYthe superficial energy of the fillers. A good interface adhesion
ask. several LIvT GISpersion routes Into polymeric matrices o 5 qpieved when the superficial energy of the filler is larger
have b‘?‘?” descrl_bed_ in the "tera}t““? such as solution t_’lend'ng’than the cohesive energy of the matrix. In the case of nanofillers,
melt mixing and in situ polymenzatloﬁRecently, .Dup0|s €t pecause of their small size and high aspect ratio, the percentage
al® developed a method derived from the polymerization-filling

. L . of atoms that are exposed on the interface can be as high as
_technlque (PFT) initially employed in ZiegleNatta pOIVmer'. 50% of the total atoms in the nanofiller. This peculiar
Ization proces;éé and more recer_1tly adapted for.the gppllcatlon characteristic increases the superficial energy of the nanofillers
of metallocenic catalysts to a wide range of microfillers, such

kaolin. sil llastonit hit dal . o and favors a higher interaction between the filler and the
as kaolin, silica, wollastonite, graphite, and glass microsphetes matrix? In the preparation of CNT/polymer nanocomposites

the establishment of interactions between the components can
* Corresponding author. be favored by physisorption phenomena (i.e., multiple contacts
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between the polymer chains and the CNT surface that may everthe HDPE than its own crystal fragments. According to
provoke entanglement formation of the polymer chains around differential scanning calorimetry (DSC) and transmission elec-
the nanotubes) or chemisorption if specific interactions can be tron microscopy (TEM) results, the crystals produced within
developed3 the nanocomposite HDPE matrix were more stable than those
The presence of interactions between CNT and the polymeric produced in neat HDPE or in physical blends prepared by melt
matrix can cause alterations in the crystallization and melting mixing of HDPE and untreated CNT. Melting points up to
process of the polymer in question. In particular for polyolefins 5 °C higher than neat HDPE were encountered in the nano-
several effects have been reported in the literature. Haggemmu  composites as well as consequently thicker lamellae. Further-
at al14 have performed a detailed study of PE/SWNT (single more, a bottle-brush morphology was revealed by TEM
wall nanotubes) nanocomposites prepared by a hot Coagu|atiorfndicating that the chains near the CNT surfaces were oriented
method. They have found that SWNT bundles can act as parallel to the CNT axis.
nucleation agents for PE and they also affect the super- We can summarize the above by stating that the effects of
structural morphology inducing a change from three-dimensional CNT on the nucleation of several polymers have been studied
spherulites to two-dimensional disks. The chains crystallize in and in general four different trends have been reported:
lamellae that are perpendicular to the SWNT bundles; therefore, (1) A classical nucleation agent effect of CNT on the polymer
the PE chains are oriented parallel to the SWNT. matrix has been found for isotactic polypropyléfel’-26poly-
Bhattachary et &f® have shown that only 0.8% by weight of ~ (ethylene tereftalate?y;2® polycaprolactoné®?® poly(vinyl
SWNT is capable of nucleating isotactic polypropylene (PP) alcohol)}¥-1° poly(m-phenylenevinyleneo-2,5-dioctyloxyp-
with the consequent reduction in spherulitic size and in the times phenylenevinylené} and polyethylené? The quoted works
needed to achieve 50% of its crystallization. Grady & also reported increases in crystallization temperature, enhances in
reported a nucleating effect of CNT on PP during isothermal nucleation density and in some cases reduction of crystallization
crystallization studies and a preferential formation of the  times.
crystalline phase over the more commophase. On the other (2) No effect of CNT on the nucleation of polymer crystals
hand, Assouline and co-workéfgeported a nucleating effect  has been reported.Goh et al. employed a double-C60-end-
of CNT on the PPa phase. Nanocomposites incorporating capped poly(ethylene oxide) reinforced with acid treated
SWNT in a poly(vinyl alcohol), PVA, matrix have also been MWNT'’s and found that the crystallization behavior was not
prepared and a nucleating effect was also detected under nonsignificantly affected by the MWNT's.

isothermal condition¥? Minus et al*® corroborated this nucle-  (3) Results that could be classified as anti-nucleation effects
ation phenomena and also claimed that the polymer chainsof CNT have also been reported in the literature. Chatterjee et
oriented parallel to the CNT surfaces. al24 have prepared surfactant assisted dispersions of SWNT'’s

Michell and KrishnamoortP prepared polycaprolactone and in poly(ethylene oxide), PEO, and found reductions in both
functionalized SWNT nanocomposites and found that the SWNT melting temperature and crystallinity with increases in SWNT
act as strong nucleating agents that can accelerate the overaltontents. Jin et & have found a reduction in nucleation density
crystallization rate under nonisothermal conditions. However, in PEO/chemically modified MWNT’s nanocomposites as well
the crystal unit cell of PCL, its melting point and crystallinity as reductions in PEO crystallinity. In the references quoted
were not affected by the SWNT inclusion. On the other hand, above for the three cases reported so far, the loading of CNT
Ryan et af! prepared a conjugated polymer-based composite was usually restricted to values of 1% or lower (except in a
combining poly(mphenylenevinyleneo-2,5-dioctyloxyp-phe- few cases were contents in the range416% were employed,
nylenevinylene (PmPV) with multiwall nanotubes (MWNT). e.g., 1.6% 1.4% and 3% 1.8 and 4.696° 2%79).

They also report the nucleating action of MWNT but observed  (4) An exceptionally high nucleation effect induced by the
increases in crystallinity and melting point with MWNT content. CNT—polymer interface morphology observed for in situ
In faCt, their Composite material melts with a double peak and p0|ymerized p0|yethy|ene on treated CNT, where PE chains
they attribute the h|ghest temperature meltlng peak to the fusion grow with a bottle brush lamellar morphok)gy on the surface
of the crystals nucleated by the MWNT. of CNT that contain physicochemically attached metallocene

Contrary to the previous works cited above, other researcherscatalysts® In this previous work where we employed the same
have reported reductions on the crystallization and melting points materials studied in this paper, the nucleation effect induced
of polymeric matrices loaded with CN®F:22In the case of poly- by CNT (in a proportion of 6:10% by weight) was even higher
(ethylene oxide)/functionalized CNT nanocomposites, it has than that induced by polyethylene self-nuclei. The remarkable
been reported that the thermal properties do not experience anynucleating effect decreased as the CNT content was increased
significant variation with respect to the homopolymer for SWNT to very high levels (from 6% to 30%).
concentrations up to 7%,while more recently, Chatterjee et In this work, we further explore the nucleation ability of CNT
al?*reported for a similar system reductions in the melting point on PE/CNT nanocomposites that have been well characterized
and Crystallinity of PEO with the addition of 0.1 to 2% SWNT. from a morpho]ogica| point of view in a preceding pa’%ﬁd}y

In a previous work® we have examined the thermal behavior examining their ability to modify the crystallization kinetics of
and the morphology of PE/CNT nanocomposites prepared by the PE matrix. Samples including large quantities of CNT are
the in situ polymerization method of Dubois et al. The effects also examined and large changes in their crystallization ability
of composition (5-22% CNT by weight) and structure of the and nucleation mechanisms could be envisaged. Furthermore,
nanotube (single wall, double wall, or multiwall; i.e., SWNT, we investigate the thermal fractionation behavior of the PE with
DWNT, or MWNT) were evaluated and an excellent nucleating and without treated CNT since the fractionation behavior relates
effect (both during dynamic and isothermal crystallization to the ability of the chains to molecularly segregate depending
conditions) on polyethylene matrix was found regardless of the on their crystallization temperature. Since the interactions
CNT type in comparison to neat high-density polyethylene between chains and CNT may affect molecular mobility and
(HDPE) polymerized under identical conditions. Self-nucleation alignment near the PE/CNT extremely large interface, then a
studies demonstrated that CNT were more efficient in nucleating substantial effect on the fractionation ability may be expected.
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Table 1. HDPE/CNT Nanocomposites Evaluated: HDPE/SWNT
(PExS,A;), HDPE/DWNT (PEDyA,), and HDPEE/MWNT (PExM,A,)

CNT HDPE Al,O3
composition type content (%) content (%) content (%)
HDPE 92.4 7.60
PEs7SsAs SWNT 7.57 87.07 5.36
PEs6S20A 24 SWNT 20.05 56.08 23.87
PEs3Ss6As1 SWNT 33.21 36.21 30.58
PEg:DsgA10 DWNT 7.6 82.20 10.17
PEsoD17A23 DWNT 17.35 60.16 22.49
PE1aD26A30 DWNT 26.19 43.45 30.36
PEssMeA11 MWNT 5.91 82.55 11.53
PEssM11A21  MWNT 11.15 68.21 20.64
PEiM26Azz  MWNT 26.41 41.06 32.53

2. Experimental Section

2.1. Sample PreparationThe HDPE/CNT nanocomposites were
prepared by a soft method derived from the polymerization-filling

Polyethylene Nanocomposite2089

(d) Isothermal step for 5 min &,

(e) DSC cooling scan froriis, where the effects of the thermal
treatment will be reflected on the crystallization of the HDPE;

() Final melting, where the sample was heated at’C0min
from 0 to 140°C and a multiple melting endotherm was obtained.

The firstTs temperature to be used in step “d” should be carefully
chosen. Itis generally advisable to employ the lowigsémperature
within Domain 11 (or self-nucleation Domaifi 29 of the polymer
taken as a standard for comparisons to be made. This means that
the first Ts will only cause self-nucleation but not annealing. In
our case, HDPE was our internal standard for later comparisons.
HDPE is characterized by an extremely high heterogeneous nuclei
density. This makes difficult the appreciation of domain II, and in
the present case, it was not detected. Therefore, for the HDPE
employed in this work, a transition from domain | to domain 1lI
(from complete melting domain to self-nucleation and annealing
domair$2-3%9) was directly observed at 131C. Therefore, aTs
temperature of 133C was chosen, which was located just below

technique (PFT) using metallocene catalysis. Methylaluminoxane domain I, already at the beginning of domain III.

(MAO), a well-known cocatalyst used in metallocene-based olefin

Steps “c” to “e” of the SSA method described above were

polymerization process, was anchored onto the surface of CNT in repeated at increasingly low&g. The differences iffs were always
suspension in dried heptane. The metallocene catalyst employedkept constant at 8C. The number of repetitions can be chosen to

here was bis(pentamethy#-cyclopentadienyl)zirconium(lV) dichlo-
ride (Cp*»ZrCl,, where Cp* where Cp stands for cyclopentadienyl),

cover the entire melting range of the sample with a “standard”
thermal history or a shorter range. In order to maintain a standard

which was then reacted with the surface-activated carbon nanotubesthermal treatment based on the homopolymer, the SSA procedure

The addition of ethylene yields the synthesis of polyethylene
(HDPE) exclusively at the surface of the CNT. The PE coating

limits the formation of airborne carbon nanotubes aggregates,

making handling much safer. Detailed description of the polym-
erization process is presented in ref 5 and 31.
Table 1 show the composition and identification of all the

was performed for all the samples, choosingsaf 133 °C, for

the first thermal treatment, and tig temperatures were varied
from 133 to 98°C at 5 °C intervals for a total of eight
self-nucleation/annealing steps. We have previously studied in an
earlier publication the self-nucleation behavior of the samples
employed her® and in that reference the temperatures at which

samples employed. For comparison purposes a neat HDPE ho-the transition between regimes | and Ill occur are also reported.

mopolymer was synthesized using similar conditions to those

employed for the nanocomposites. Three types of CNT were used:

single wall (SWNT), double wall (DWNT), and multiwall (MWNT).
The following nomenclature is used to indicate the composition of
the samples: REAl, where the subscripts indicate the percent
by weight contents of each component present in the formulation
(HDPE, CNT, and AlOs respectively), the letter S is used to denote
SWNT, other samples with letters D or M indicate DWNT or
MWNT. The compositions were determined by Thermogravimetry
analysis (TGA). Table 1 show that the CNT are present in the
samples in three different contents: low-8%), medium (1%
20%) and high (26:33%). The highest contents of CNT are present
in SWNT systems. The diameters of the CNT employed were
determined by TEM and the results yield: 2, 4, are% nm for
SWNT, DWNT, and MWNT, respectively.

2.2. Thermal Characterization. Differential scanning calorim-
etry (DSC) was performed with a Perkin-Elmer Pyris 1 instrument
calibrated with indium and tin under an ultrahigh purity nitrogen

Isothermal Crystallization Kinetics. The samples were first
heated to 170C and kept in the melt for 3 min, in order to erase
all crystalline thermal history, before they were quenched (at
60 °C/min) to the chosen isothermal crystallization temperature,
T.. In order to choose th&; range, tests were run by quenching
the sample to a specifit; and then immediately heating it while
recording its heating scan at 1W/min. If any melting was
observed, it indicated that the sample was able to crystallize during
the previous quenching at 6@/min. Therefore, thid; was not
employed and the test was repeated at higher temperatures until
no crystallization during the quenching was obtained. This proce-
dure was used to find the loweR, then isothermal crystallization
experiments were run every half a degree from fhatpward 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.

In some cases, the latent heat of isothermal crystallization was
so small that it was impossible to detect during a CIC experiment.

atmosphere. Sample weights of approximately 5 mg were employedin those cases, we employed the isothermal step crystallization
and the samples were encapsulated in aluminum pans and sealedexperiments (ISC); see ref 40. The samples were quenchikdto
The crystalline thermal history was erased by heating the samples60 °C/min and then a specific crystallization time was observed;

at 170°C for 3 min32 Cooling and subsequent heating scans were
registered at 10C/min.

Successive Self-Nucleation and Annealing Experiments (SSA).
In order to evaluate the nucleation capacity of CNT on HDPE, self-
nucleation tests (SN) were performed in a preceding #ork
according to procedures devised originally by Fillon e¥at* The
SSA technique was developed by Mu et al. and has been recently
reviewed3*~39 It is basically a thermal fractionation technique that

after this time had elapsed, a DSC scan was registered Trom
until full melting was achieved. The melting enthalpy was then
taken as equivalent to the crystallization enthalpy for that specific
time. The procedure was repeated for as many crystallization times
were needed in order to describe a full enthalpy of melting vs time
curve which would allow for crystallization kinetic calculations with
the Avrami equatiorf!

2.3. X-ray Evaluation. Simultaneous small-angle and wide-angle

promotes the potential molecular fractionation that occurs during X-ray scattering experiments were performed on station 6.2 at the
crystallization, while encouraging annealing of the unmolten crystals Synchrotron Radiation Source, Daresbury Lab., U.K. Samples
at each stage of the process, so that small effects can be magnifiedcontained in DSC pans modified to incorporate mica windows to

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) DSC heating scan from room temperature to a partial melting
temperature denotet;

allow transmission of the X-ray beam were mounted in a Linkam
DSC cell of single pan design for thermal treatment. The X-ray
wavelength wasl = 1.40 A. SAXS data were collected with a
RAPID multiwire quadrant detector and the WAXS detector had a
curved multiwire design. The wavenumbgr= 4x(sin 6)/4 for
SAXS was calibrated using rat-tail collagen, and the WAXS angular
scale was calibrated using high-density polyethylene (HDPE).
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results clearly indicated the strong nucleating effect that CNT © .
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induce on the HDPE matrix. Also, the more stable nature of
the HDPE crystals produced when the nanocomposites are
prepared by in situ polymerization was indicated by the higher
melting points exhibited in comparison with neat HDPE or with  the fractions 1 and 2). These two thermal fractions represent
the PB3sMeA1* system, which was prepared by melt mixing  80% of the total melting endotherm of the material. The rest of
HDPE and MWNT without any treatment. the thermal fractions produced are five small endotherms clearly
Because of the synthesis procedure employed, residualdefined by the other fives temperatures applied, but they are
alumina is always present in the nanocomposites (see ref 5 andess important in magnitude (only the first four thermal fractions
31) and its content increases with CNT, as can be seen in Tableproduced are labeled with 1, 2, 3, and 4 in Figure 1). The final
1. Itwas found in ref 25 that the degree of crystallinity decreases shape of the heating scan after SSA can be regarded as consistent
monotonically as the amount of CNT increases. This is with a highly regular linear HDPE where 80% of the crystal-
unexpected since nucleating agents normally do not affect|izable methylene linear portions of the chain fall into two
crystallinity or tend to increase it; however, the amounts of fractions (fractions 1 and 2, where the thicker crystals containing
nucleating agents usually employed rarely exceed 3%. In this the longest methylene sequences melt) and the rest corresponds
case, the decrease in crystallinity is certainly more pronouncedto increasingly shorter methylene sequences. The thermal
at higher CNT concentrations. CNT possess a remarkably highfractionation in the absence of branches in polyethylene chains
superficial area, therefore, at high contents they are probably proceeds by differences in molecular weights between the
interfering with crystal growth, especially when the extremely constituent chains and is not as efficient as when the polymer
high number of nucleating sites they provide are taken into contains short chain branches, like in ethylerelefin copoly-
account. When CNT content increases, the amount é®Al  mers. The thermal fractionation of analogous HDPE materials
residues also increases. Therefore, the PE phase can amount tigas already been reported in the literature with similar re-
just 30-50% of the material. At such high loads of fillers (both  sults34.38,39
CNT and alumina), the interference with the crystal growth  The results of applying the same SSA treatment to the in
process is very important. situ nanocomposites containing different amounts of CNT are
3.1. Successive Self-Nucleation and Annealing Behavior.  shown in Figure 2 and marked differences can be observed when
As explained in the experimental part, the filgttemperature a comparison is made with thermally fractionated HDPE. One
chosen corresponded to 133, this is 2°C above the frontier of the most important differences is the appearance of a new
between domains | and Il for HDPE.The total number of  high-temperature fraction which is not present in the HDPE (this
fractionation steps applied was 8, employing a fractionation has been labeled in the top DSC scan shown in Figure 2a for
window of 5°C in regular intervals from 133C until 98 °C. PE33Ss6A31). This new fraction is consistent with the results of
The final heating scan after SSA fractionation for neat HDPE reference 25 that report higher melting points for the nanocom-
is shown in Figure 1. It exhibits two dominating endotherms posites (especially at low CNT contents) as compared to HDPE
(labeled 1 and 2 in Figure 1) whose melting peaks are very as well as higher domain | to domain Ill transition tempera-
close to each other (131.6 and 1290 and are the product of  tures?® Since the SSA protocol was the same for HDPE and
the thermal fractionation achieved during the first three frac- the nanocomposites, the logical outcome is the production of a
tionations steps applied (i.e., 133, 128 and 2Z3were the higher melting fraction in the PE/CNT in situ nanocomposites.
first three Ts temperatures applied, the first fractionation step The firstTs treatment at 133C produces the annealed fraction
only causes self-nucleation in HDPE, while the other two o (absentin HDPE), which can be observed in Figure 2 for the
produce self-nucleation plus annealing and therefore generatefollowing nanocomposites: RESsAs, PEseS20A 24, PE33SseAsi,

Figure 2. DSC heating scans at 2@/min after SSA thermal treatment
fractionation: (a) PES,A,, (b) PEDyA,, (c) PEM\A,, (d) PEMA*.
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136 132 T T T T Figure 4b shows an equivalent plot for thermal fraction 2. It
_ _ —®—PES A, ® can be observed that as the area or amount of fraction 1 increases
g 135 1 ¢ Bl —A—PEDA, ] a corresponding decrease in the amount of fraction 2 occurs.
% 134 1 ? B0k _;_igxﬁyﬁz* Also, the effect is more pronounced when the content of CNT
= e TR is low and tends to disappear at very high CNT contents. These

133 . 129} o0 - SSA results are consistent with the thermal behavior previously
5 ) -g}/ reported in ref 25, where the effects of melting point enhance-
::’E 132 1 : 28 . % 1 ment by the CNT also tend to disappear at high CNT content

- | 7l - | when the quant_ity of HDPE decreases, also the crystallinity of

\ , . \ \ . . \ . the HDPE matrix decreases as the CNT content increases.
02 %ﬁ)PEO'gact?fn 10 02 O'imp%(’ﬁacfiﬁn 10 A novel result obtained by SSA and reported in Figure 2 is

Figure 3. (a) Melting points of thermal fractions number 1 as a function that a Chang‘? in the distribution of melting points in the in situ
of HDPE content for the nanocomposite systems. (b) Melting points Nanocomposites has occurred as compared to neat HDPE and

of thermal fractions number 2 as a function of HDPE content for the the change is much more noticeable as the content of CNT

nanocomposite systems. increases. The results indicate that in those in situ nanocom-
————rt : ——e—r posites with 20% nanotubes or more (this means also that they
C100f —e—PESA @] ©8%[ _e—pPESA ® ] contain a high content of alumina, typically more than 24%, a
& g —a— PEiDyvAzz 1 S 70f —a pE:DyyAZZ 1 byproduct of the synthesis, see ref 25), where the PE phase
zl“ gl —"— pExMyAZ ] El 60} —m—PEMA, ] amoun_ts to only 56% or lower a chan_ge in the fractlonatlo_n
~ —O—PEMA * = —O—PEMA * resolution has been achieved. The melting peaks corresponding
or - 1 _ or o ] to fractions 1 and 2 are more spaced in temperature in the
S oo {1 &9 o N p ] systems containing CNT than in HDPE, probably because the
g sof E 8 3of 'N ] melting point of fraction 1 has been increased while the melting
i 40t //D /“\D ] % 20 Al . temperature of fraction 2 dc_)es not increase (or even slightly
E gl *% Td 1 5o} ] decrease), as can be seen in Figure 3, parts a and b.
= 04 06 03 10 04 06 08 10 It is not clear why the fractionation becomes so much better
HDPE fraction HDPE fraction in those samples containing large amounts of CNT and alumina.

Figure 4. (a) Partial melting areas of thermal fractions number 1 as a We assume that the molecular weight as well as the molecular
function of HDPE content for the nanocomposite systems. (b) Partial structure (absence of branches) remain unaltered in all the
melting areas of thermal fractions number 2 as a function of HDPE samples since the polymerization conditions are the same. If
content for the nanocomposite systems. o . : :

this is true, then the changes in fractionation can only be

; attributed to the peculiar morphologies (and chain conforma-
EE??SD;:A tl)?’;?jaglﬁéarz%ghg;%tséih&;[h?fl;AﬁE)(;E?MF\;\?EIEI?tﬁénd tions) induced by a high amount of CNT. These variations in

is prepared by melt blending (without any treatment on the CNT the shape of the multiple endotherm and partial areas distributipn
surface) the special morphology produced during the in situ must then be a consequence of the nanotubes presence. Since

polymerization method is not formed and basically the matrix they possess.a.small diameter and h'gh aspect ratio, CNTS create
remains identical to neat HDPE and therefore the SSA thermal"jl.newvOrk within th? polymer at high contents that interfere
fractionation does not produce fractiorand all DSC scans in with crystal growth (in fact the total crystallinity of the samples

Figure 2d are very similar to that of neat HDPE after SSA Slecrea;estwnh C{\AT ;:r?ntkentt). Apﬁ)alreptly SLéc.h ?romt/_th ristrué-
(compare with Figure 1). ions affect more the thickest crystals formed in fraction 1 an

Figure 3a plots the variation of peak melting points of thermal '.therefore, fraction 2, which melt; at lower temperatures gains
fraction 1 with HDPE content in the nanocomposites, while importance as the CNT content increases. Unfortunately, it is

Figure 3b does the same with thermal fraction 2. It can be clearly ;’ﬁréw]}f'cu” d(lfl not |mpo?3|tilti) :0 separtate rt]he HDPE fron;)l
observed how the melting point of thermal fraction 1 is € (and alumina), a fact that accounts why we were unable

substantially increased in the in situ prepared nanocompositesto run size exclusion chromtaography (SEC) experiments with

as compared to its value in neat HDPE, especially when the the nanocomposite samples.
content of CNT is low. At the same time the melting point of ~ AS mentioned previously, the SSA treatment was also applied
fraction number 2 correspondingly decreases. For comparisont0 @ physical blend of HDPE and MWNT of analogous
purposes, the values obtained with the physical blend of MWNT compositions to the in situ prepared nanocomposites. The results
and HDPE are presented and they do not show any significantare also shown in Figures 2, 3, and 4. The behavior is totally
variation with CNT content within the experimenta| error of different to that exhibited by the in situ nanocomposites. In this
the measurements. case, the shape of the multimodal endotherm is comparable
In Figure 2, it can also be appreciated that the area under theW|th|n the eXperimenta| error to that observed for HDPE. In
endotherm corresponding to fraction 1 increases in the in situ this case, the MWNT mechanically incorporated in HDPE in
prepared nanocomposites as compared to the area under fractiofe melt do not promote the formation of more stable thicker
number 1 in neat HDPE (compare with Figure 1). The effect is lamellae that melt at higher temperatures. In this blend the
more noticeable in the compositions with lower amounts of dispersion obtained is not very good since the disaggregation
CNT, a fact that is also consistent with the results obtained in characteristic of the in situ polymerization is not present.
the standard DSC scans, where always the samples with lower The results of applying the SSA thermal fractionation to the
amounts of CNT exhibited higher melting points (see Table 1). nanocomposites prepared by in situ polymerization corroborate
The results of the partial areas measurements (i.e., the apthe findings reported in ref 25 with TEM and standard DSC
proximate area under each melting peak) are shown in Figureexperiments since the fractions that melt at the highest temper-
4. Figure 4a shows a plot of the variation of the area under atures (i.e., fraction labeled number 1 in Figure 2) in all systems
peak 1 or thermal fraction 1 with the HDPE content, while with CNT have a higher melting point than in neat HDPE. SSA
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applies successive self-nucleation and annealing steps that are (a) 26— T T T 124
designed to produce the thickest possible lamellar thicknesses < 24 v’ 5
since the crystals are stabilized by the successive annealing steps, < a ./ o0 3

. PTHE 22F ]
and in the end, these crystals are much closer to equilibrium g * /* T Ve g
than those formed in the untreated material. It is therefore §. 20 A Vo' {16 B
interesting that once more we have evidence indicating that =T SN 3
lamellar crystals formed during the SSA treatment (correspond- £ =P DA 1128
ing to the highest melting thermal fraction) in samples with CNT E 16 [ m PR MA. o 2
formed thicker and more stable crystals than those produced 14 —0—pp' M A =7 % 108
under equivalent conditions in neat HDPE. N .

3.2. Isothermal Crystallization. The isothermal crystalliza- 122 124 126 128 130
tion of all samples was determined by DSC and the results were T, (O
fitted with the Avrami equatioA! a common tool to describe b) 225
overall isothermal crystallization (including nucleation and (b) = .-
growth). According to Avramf x 200f ‘X. —®—PESA, 1

g 155} —A—PEDA, |
— n = —m—
1 -V (t) =expKt" (1) 2 150} \.\\\ m—PEMA, |
where V. is the relative transformed volume fraction at the E 125F N 1
crystallization timet; K is the overall crystallization rate constant g roof i
which is a function of nucleation and growth amg the Avrami < o7l - ]
index. The Avrami index is a complex exponent whose value .
is related to the dimensionality of the growing crystals and to osop T
the time dependence of nucleatitThe fittings of the data to S0 5 10 15 20 25 30 35 40
the Avrami equation were performed following closely the CNT Content (%)
procedure established in ref 42.

Figure 5a shows the evolution of the Avrami inde ith (©) 4f '_._'PE s A S T T
isothermal crystallization temperature for sevenasitu nano- 3F _a PEDA :
composites. In the case of nanocomposites with low amounts 0w PEMA ) ]
of CNT, the Avrami index fluctuates in between 1.9 and 2.4. 3 o) v ]
This corresponds approximately to an Avrami index of 2 which % 20l / ]
can be interpreted as arising from the instantaneous nucleation * sh ]
of bidimensional structures (e.g., axialites). This result is ok 1
consistent with the high density of nuclei that this HDPE
possesses. In fact self-nucleation experiments demongfrated ) . o 1
that domain Il does not exist in this polymer because of the ] S
high intrinsic nucleation density. The slight increase in the 03 04 05 06 07 08 09 10 11
Avrami index with temperature observed for several systems HDPE fraction

may be due to either a change in nucleation from instantaneousFigure 5. (a) Avrami exponent, n, as a function of isothermal
to sporadic or to a dimensionality change (from 2D to 3D crystallization temperature for selected HDPE/CNT nanocomposites.

; - (b) Avrami exponent, n, as a function of CNT content in the
structures). The nanocomposites were able to crystallize at Iowern anocoposites at constant crystallization temperatute of"L27(c)

supercoolings than neat HDPE as a consequence of the importantegree of crystallinity obtained after isothermal crystallization at
nucleating action of CNT on HDPE (see also Figure 6 and its 127 °C as a function of HDPE fraction.

discussion below). In the case of the samplgiMEsA33 where

the PE amounts to just 41% of the sample, the Avrami index network of highly percolated CNT is created at higher CNT
reduces to values of just 1 or lower as shown in Figure 5a. contents, that has a strong interaction with the HDPE matrix
There is a clear trend shown in Figure 5b of the Avrami index through the peculiar morphology induced by the in situ
to strongly reduce as the CNT content increases when data ispolymerization. Previous self-nucleation studies demonstrated
taken at a constant isothermal crystallization temperature of that CNT can be up to 400% more efficient that even HDPE
127°C. Values of the Avrami index lower than 1.5 are unusual self-nuclei?® Under those circumstances, one may speculate that
and difficult to explain (for polymeric samples) in terms of a a situation where nucleation is the rate-determining step may
reduction in dimensionality since at least two dimensions are arise, leading to a first-order kinetics or the equivalent of having
present when polymers crystallize in lamellar aggregates (in factan Avrami index close to 1. A change from nucleation and
the presence of lamellae was demonstrated by TEM in ref 25). growth kinetics to a purely nucleation kinetics control might
Therefore, a minimum Avrami index of 2 should be the expec- be then envisaged when the content of CNT is higher than
tation based on the morphology observed. Values of Avrami approximately 10%. Another related situation where first-order
index of 1 in the classical interpretation of the Avrami equation kinetics also occurs is in diblock copolymers where isolated
would correspond to one-dimensional crystal structure (such asphases, like spheres are produt&ith both cases, a confinement
needles) growing from instantaneous nuclei. In any case, of polymer chains can be considered to exist, in the nanocom-
mathematical Avrami fits to the data are sometimes ob- posite case in view of the topological restrictions caused by
tained while a physical interpretation of the data is not always chain interactions with the nanofiller and in the block copolymer

possible. case because of the isolated nature of the nanophases pro-
As the CNT content increases, since they are very small in duced?44
diameter and with a high aspect ratio, their percolation will ~ The decrease of the Avrami index with CNT content shown

probably occur at values below or around 5%. Therefore, a in Figure 5b occurs more or less in the same way (i.e., the slope
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(a) 1 ' T T T T the results of Figure 5c are worth taken into account when
—%— HDPE analyzing the values of the relative crystallization rates obtained.

Figure 6 shows the inverse of the experimental half-

\ e crystallization time, a quantity that represents the overall
crystallization rate (including both nucleation and growth) as a
" \ function of isothermal crystallization temperature for nanocom-
\ \ posites with low amounts of CNT. In all cases, the crystallization
* rate is seen to decrease Bsincreases as expected since the

001k o crystallizations kinetics is dominated by primary and secondary
. X . . , , nucleation in temperature regions closeTtg where diffusion

118 120 122 124 126 128 130 is not so important?

Te (°C) The HDPE sample needs a much larger supercooling than
the nanocomposite materials in order to crystallize. The ac-
celeration of the crystallization kinetics exhibited by the
V.o nanocomposites samples is due to the nucleation effect of CNT
0.1F ,;-/\\o on the HDPE matrix. When the nanocomposite materials with
\ low CNT contents are compared, even though the crystallization

rates are not so different, the following order in overall

0.1

o -1
1/¢,,(min )
e

~_~
=3
~—~
—_

ol

1/t (min™)

-
o OOE ; crystallization rate can be observed: PE/SWNTPE/DWNT

- —®—PESA > PE/MWNT. Such an order reflects the surface area interaction

IE-3F —Vv—PEDA, 1 between the different types of CNT and HDPE and therefore
—m—PEMA, their nucleating action, as expected the CNT with the larger

| P S R S S exposed area per unit volume is the SWNT, followed by the

S0 5 10 15 20 25 30 35 40 DWNT and MWNT.

CNT Content (%) The dependence of the overall crystallization rate (expressed

Figure 6. (a) Experimentally determined overall crystallization rate as the inverse of the half crystallization time) on the CNT

fﬁ‘pfestsﬁd aslthe i?vI?rsef of {‘a'f Crysttallizfation Itimte e function ‘?tf content at a specific isothermal crystallization temperature of
e isothermal crystallization temperature for selected nanocomposite - o o~ : M
systems. (b) Inverse of half crystallization time as a function of CNT 127°C is shown in Figure 6b. In all cases, regardless of the

content at constant crystallization temperature for each system evaluated=NT type, the overall crystallization rate increases with CNT
(see text). content until it saturates at 15% or larger CNT contents. The

reason for the increase in overall crystallization rate as compared

in the three plots shown is very similar) regardless of the type to HDPE is the nucleation effect of the CNT that evidently
of CNT employed (SWNT, DWNT, or MWNT). saturates at high CNT contents. It must be remembered that

A very interesting complementary result shown in Figure 5¢ €ven though the ov_erall crystal_liz_ation rate is the same, at high
is the variation of the final or saturation crystallinity achieved CNT contents the final crystallinity achieved by the sample is
during isothermal crystallization at 12T for all samples. An ~ much smaller (see Figure 5c).
initial increase in the crystallinity degree is observed at low  Another measure of the overall crystallization rate is the value
CNT contents which can be attributed to the nucleation effect of K or the overall crystallization rate constant provided by the
that CNT have on the HDPE matrix. However, as the CNT fitting of the Avrami equation to the isothermal crystallization
content increases a strong depression in crystallinity is obtaineddata. Parts a and b of Figure 7 show that analogous results to
and nanocomposites with 25% CNT or more end up with those obtained by representing the experimental value of the
crystallinity values of 5% or lower. These results are also inverse of half-crystallization times are obtained. Furthermore,
consistent with previous results obtained under nonisothermalsince K has units of min", one must be cautious when
conditions and reported in Table 1, where the total crystallinity comparingK values with different Avrami indexes (see Figure
degree decreases as the CNT (and alumina) content increaseSb), therefore we have represented in Figure 7c the values of
(although not as dramatically as in the isothermal case), K™, a quantity expressed in the same units regardless of the
presumably by the increased molecular interference with crystal Avrami index (e.g., min?). As Figure 7c shows, the trends are
growth caused by high aspect ratio of CNT and their interaction the same as those in Figure 7b.
with PE molecules, as discussed above. It has been previously Haggenmueller et dtt prepared HDPE/SWNT nanocom-
reported in the literature that when the matrix and the nanofillers posites by a hot coagulation method. They also found a
have strong interactions, such interactions can lead to decreaseaucleating effect of SWNT on HDPE and reductions in the
in crystallinity by topological confinement of macromolecular Avrami index values from 2.5 to 3 to approximately 1.6 with
chains at the interfaces (see refs 24, 44, and 45). Torkelson ethe inclusion of 1% CNT. On the contrary, Grady et'@l.
al#6-4% have elegantly demonstrated in amorphous thin films reported increases in the Avrami index from 2.2 for neat isotactic
and in model nanocomposites that when polyfsenface strong polypropylene (PP) to 2.8 for PP/SWNT nanocomposites,
interactions exist at a molecular scale thgof the polymer however, the changes could not be ascribed to a particular
can rise up to 4650 °C as a consequence of chain confinement. supercrystalline geometry.
Also, physical aging effects can decrease almost to the pointof 3.3, Wide-Angle X-ray Scattering (WAXS).The evolution
disappearance because of such chain confinement e¥éets.  of crystallization with time under isothermal conditions that
In another recent work, the inclusion of fullerenes in PMMA  mimic DSC experiments was determined by WAXS thanks to
has also lead to increasesTg®? the high-energy X-ray beam of a synchrotron radiation source.

Since the Avrami treatment determines the crystallization The samples were first measured at room temperature, then they
kinetics relative to terms to the crystallinity saturation levels were heated to 178C in order to erase all crystalline memory
(since relative crystalline fractions are always empldyéd, (the samples remained in the melt for 3 min) and then they
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:g 1E-4§ Pe 1
_E IE-5 1 intensity variation as a function of time of the (100) reflection.
w 1E-6F —®—PESA 1 Figure 8b shows a plot of relative crystallinity obtained by both
1E-7F —4A—PEDA 1 WAXS and DSC at the same isothermal crystallization tem-
IE-8f J —E—PEMA 1 perature for neat HDPE. A good match was obtained although
By ., the number of experimental data points was always smaller for
5 0 5 10 15 20 25 30 35 40

WAXS. Therefore, we prefer to employ the DSC data for the
CNT Content (%) determination of the Avrami crystallization kinetics fitting as

Figure 7. (a) Avrami overall crystallization rate constar€, as a presented above. Nevertheless, the WAXS experiments with

function of the isothermal crystallization temperature for selected high-energy radiation source were useful in general to cor-

nanocomposite systems. K)as a function of CNT content at constant L :
crystallization temperature for each system evaluated (see text). (c) roborate the DSC findings and the lack of structural changes in

Avrami overall crystallization rate constant raised to theower,K", the HDPE when it is forming part of the nanocomposite
at constant crystallization temperature for each system evaluated (seematerials prepared by in situ polymerization.
text).

were quickly quenched to the isothermal crystallization tem- 4 Conclusions

perature (123.5C for HDPE, 126.5°C for PE3sMeA12 and The SSA thermal fractionation procedure applied to HDPE/
127.5°C for PEB7SsAs) where they remain until the crystallinity  CNT nanocomposites revealed that marked differences exist
saturated. WAXS diffractograms were taken every 15 s. between the HDPE that constitutes the matrix of the nanocom-

The results obtained by WAXS indicate that the crystal posites and neat HDPE polymerized under the same conditions.
structure of HDPE remains unchanged (orthorhombic unit cell) The strong matrixfiller interactions induce a bottle-brush
in the nanocomposites in spite of the peculiar morphology CNT morphology where lamellae are nucleated by the CNT. As a
can induce (i.e., bottle-brush morphology). We obtained similar result, a new fraction that melts at higher temperatures is
results employing standard WAXS measureméhts. produced in the nanocomposites that is not present in neat HDPE

Figure 8a presents one example of the real time behavioror in physically blended HDPE and MWNT. Also, a higher
observed with PEMgA1,. The sample exhibits at room tem- melting temperature (and also a higher amount as indicated by
perature two main reflections that are characteristic of HDPE. the increase in area of thermal fraction 1) is induced in the most
The highest intensity peak at 21°0#nd the second most intense  important thermal fraction of HDPE that corresponds to more
peak at 23.49correspond to the (110) and (200) reflections thermodynamically stable crystals induced by the nucleating
from the orthorhombic unit cell of PE. Both reflections disappear action of the CNT.
upon melting and are replaced by the scattering of the melt The isothermal crystallization studies indicate that crystal-
phase. Later, at the isothermal crystallization temperature lization kinetics is accelerated by the nucleating action of CNT.
(126.5°C), both reflections appear and gradually increase their For nanocomposite materials with low CNT contents the
intensity as time elapses. following order in overall crystallization rate was observed: PE/

From data analogous to that shown in Figure 8a, the SWNT > PE/DWNT > PE/MWNT, even though the differ-
isothermal crystallization kinetics can be followed by using the ences were not very large in between them. This order reflects
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the filler—matrix interaction between the different types of CNT (17) Assouline, E.; Lustiger, A.; Barber, A. H.; Cooper, C. A.; Klein, E.;
and HDPE and therefore their nucleating action, as expected ‘2’\(’)%";231" 5Ez-bwa9”er' H. DJ. Polym. Sci., Part B: Polym. Phys.
the CNT with the larger exposed area per unit volume is the (18) Probst, O.: Moore, E. M.; Resasco, D. E.; Grady, BPlymer2004
SWNT, followed by the DWNT and MWNT. 45, 4437.

The interaction between the HDPE chains and the surface of (19) Minus, M. L.; Chae, H. G.; Kumar, $20lymer2006 47, 3705.
the CNT is probably very strong even though it is only physical gtl); I\R/Ilgt;]ellkc.P A.;Liglssohnna;no&m, grP?lyn;erzgggeie, ’3793. sther 1
; e i o yan, K. P.; Lipson, S. M.; Drury, A.; , M.; Ruether, M.;
in natur.e. When the tot.al crystallinity ach!eved during |sothermgl O'Flaherty, S. M.; Barron, V.: McCarthy, B.: Byrne, H. J.; Blau, W.
crystallization is considered as a function of CNT content, it J.; Coleman, J. NChem. Phys. LetR004 391, 329.
was found that a competition between nucleation and topological (22) Bin, Y.; Kitanaka, M.; Zhu, D.; Matsuo, MMacromolecule2003
confinement could account for the results. At low CNT content, 36, 6213.
the crystallinity increases, however, at higher CNT content there (23) Goh, H. W; Goh, S W, Xu, G. Q. Pramoda, K. P.; Zhang, W. D.
the cry ity ases, r, athigher | | Chem. Phys. LetR003 379, 236.
is a dramatic reduction in crystallinity reflecting the increased (24) chatterjee, T.; Yurekli, K.; Hadjiev, V. G.; Krishnamoorti, Rdv.
confinement experienced by the HDPE chains at the interfaces Funct. Mater.2005 15, 1832.

i i i (25) Trujillo, M.; Arnal, M. L.; Muller, A. J.; Laredo, E.; Bredeau, St;
which are ex'[re;nter:y Iarg(ta n th.este natnocomp?ﬁltes' Ancl)(thbelr Bonduel, D.; Dubois, Philacromolecule2007, 40, 6268.
Consequence 0 _(_ese strong Interac |on_s IS the remarkal e(26) Bao, S. P.; Tjong, S. @later. Sci. Eng2007, in press. doi:10.1016/
decrease in Avrami index as CNT content increases. When the * j.msea.2007.08.050.

Avrami index reduces to 1 or lower, nucleation dominates the (27) Anand, K. A.; Agarwal, U. S.; Joseph, Rolymer2006 47, 3976.

overall kinetics as a consequence of confinement effects. Wide-(28) Gao, Y.; Wang, Y.; Shi, J.; Bai, H.; Song, Bolym. Test2007, in

angle X-ray experiments confirmed the isothermal crystallization (29)

press. doi;10.1016/j.polymertesting. 2007.09.012.
Chen, E-C.; Wu, T-MPolym. Degrad. Stak2007, 92, 1009.

results obtained by DSC and also demonstrated that no changgso) Jin, J.; Song, M.: Pan, Fhermochim. Act2007, 456, 25.

in the orthorhombic unit cell of HDPE occurred during
crystallization with or without CNT.
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