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The influence of high energy ball milling process, HEBM, and the presence of TiO2 nanoparticles on the
non-isothermal crystallization and fusion behavior of the HDPE were investigated. HEBM was used to
homogeneously disperse TiO2 nanoparticles into a high density polyethylene, HDPE. Differential scan-
ning calorimetry was used to analyze their non-isothermal crystallization and fusion behavior while,
with X-ray diffraction the crystalline structures were determined. Atomic force microscopy was used to
study the influence of the presence of nanoparticles on the final morphology of the polymer. It has been
demonstrated that HEBM is a good method to prepare nanocomposites of well dispersed TiO2 nano-
particles within an HDPE matrix. When nanoparticles are absent the HEBM induces reduction of crys-
tallinity of the polymer although a double crystallization process was observed; however, when
nanoparticles are present, in addition of being favored the appearance of a metastable monoclinic phase,
the fraction of crystals increases as milling time increases. AFM clearly showed how well dispersed were
the TiO2 nanoparticles within the HDPE and how they are localized exactly between the lamellas. This
result is the first clear visual evidence confirming that well dispersed nanoparticles actually do not act as
nucleating agents in semicrystalline polymers. It was also shown that a 2% by weight of well dispersed
TiO2 nanoparticles within the HDPE matrix induces a more homogeneous crystallization leading to
denser spherulites with thicker lamellae.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers filled with inorganic nanoparticles are a very impor-
tant sort of nanocomposites based on the use of a polymer matrix.
They usually combine the advantages of a polymeric matrix with
the unique characteristics of the inorganic nanoparticles. The
incorporation of certain nanoparticles makes the nanocomposites
to gain a series of unique properties, such as optical, electrical,
magnetic, surface wear properties, etc.

However, in general there is a high tendency of nanoparticles
within polymer matrices to separate into discrete phases with
agglomeration. This result usually leads to poor mechanical and
optical properties of the composite [1]. Therefore, it is generally
accepted that to achieve optimal enhancement of properties, the
particles must be uniformly dispersed within the polymer matrix.
To overcome this, different strategies have been considered, for
example: melt processing [2,3], chemical modification of the
: þ34 91 624 9430.
nito).
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nanoparticle surface [4–6]; chemical modification of the polymer
matrix generating specific functional groups [7]; in situ polymeri-
zation, dispersing the nanoparticles in a monomer and then poly-
merizing the mixture [8] and nanoparticle creation within the
polymer matrix by means of conventional sol–gel methods [9]. In
general, these methods rely on processing the materials in melt or
in solution, therefore using relatively high temperature or solvents.
However, they do not seem to ensure a homogeneous dispersion of
nanoparticles when the load of the filling material is higher than 5%
by weight.

Recently, ‘‘solid state methods’’ such as high energy blending
by ball milling have been proved to be an alternative method to
achieve good dispersion of nanoparticles into thermoplastic
polymers avoiding to work at high temperatures and/or with
solvents [10–12]. Because of this, more work should be done
taking into account this mixing process to finally understand
which exactly the mechanism is causing such a good dispersion of
nanoparticles.

Studying silica nanoparticles/PMMA nanocomposites Gonza-
lez-Benito [13] has demonstrated by FTIR that HEBM induces
particular conformational changes on both the ester group and the
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backbone of the PMMA, which seems to be the cause of subse-
quent appearance of specific polymer chain packing at the inter-
face. However, depending on the conditions selected this process
may alter the polymer and because of this, to understand the
effect of milling process on the structure and morphology of
the polymers is necessary to adequately control the properties of
the final material.

When a semicrystalline polymer is modified by nanoparticles,
apart from obtaining unique properties due to the self-presence of
the nanoparticles, they can lead to improved or modified prop-
erties because of its influence on the final polymer morphology.
Therefore, when inorganic nanoparticles are mixed with the
polymer by HEBM especial attention should be paid.

Compared with the isothermal crystallization conditions, the
non-isothermal crystallization conditions are much closer to the
real industrial processing conditions (extrusion, injection molding,
and film blowing) and the results of investigation on non-
isothermal crystallization should guide better to control the
structure of the final material.

In crystalline polymers several properties are highly affected by
the crystallinity because of both aspects: (i) the degree of crys-
tallinity and (ii) the morphology (crystal sizes and crystalline
structure). Examples are the hardness, yielding, optical and elec-
trical properties, etc. On the other hand; it is well known that the
properties of semicrystalline polymers greatly depend on the
number, size and organization of the crystals which, in addition,
depend on the conditions under which the crystallization process
is carried out. Therefore, to understand the kinetics of this process
is a prerequisite to be able to control the properties of those
polymers.

In particular, in the case of nanocomposites, understanding the
influence of the filler surface on the crystallization of polymers is
important for tailoring the properties of polymer composites [14].
The best known effects which were observed are heterogeneous
nucleation, transcrystallinity and epitaxy [15–18]. According to the
classical approach solid surfaces present in a polymer melt induce
heterogeneous nucleation due to reduced critical enthalpy for
nucleation at the melt/solid interface [19]. At the molecular level,
simulation and some experimental results show that in the
vicinity of a solid wall chain configuration and even mobility is
different as compared to bulk melt. At the solid surface a prefer-
ential orientation, elongation and flattening of polymer coil are
observed in experiments [20,21] and in simulations [22–25].
Therefore, this particular influence must have a clear effect on the
crystallization process and final morphology of the polymer close
to solid particles.

The effect of solid micro- or nanoparticles on polymer crys-
tallization can relatively easily be investigated in calorimetric
studies [26,27]. However, much more difficult is to study the
polymer structure and morphology in the vicinity of the poly-
mer/filler interface. The investigations of morphology of the
polymer layer crystallized in contact with a solid are particu-
larly difficult when microscopic or nanoscopic solid particles are
in play and, due to this, much more effort should be focused to
this issue in order to understand the calorimetric results and
mainly the final properties and performance of the
nanocomposites.

In this work neat high density polyethylene, HDPE, and HDPE/
TiO2 nanocomposites obtained after blending HDPE and titanium
dioxide nanoparticles (TiO2) by HEBM process have been studied.
They were analyzed using differential scanning calorimeter (DSC),
X-ray diffraction and AFM to examine the influences of a process of
high energy ball milling and the presence of TiO2 nanoparticles on
the crystallinity, morphology and the polyethylene non-isothermal
crystallization and fusion behavior.
2. Experimental section

2.1. Materials

The HDPE (melt index at 190 �C/2.16 kg is 1.8–3.2 g/10 min) was
supplied as pellets by Dow Chemical Co. (Dow Europe GmbH). The
TiO2 nanoparticles with a mean diameter of 65 nm were supplied
by Aldrich.

2.2. High energy ball milling, HEBM

HDPE pellets were firstly grinded in an MF 10 basic Microfine
grinder drive (IKA WERKE) to obtain relatively fine HDPE particles.
After that, the HDPE particles were mixed with the titanium
dioxide nanoparticles in a weight proportion of 2% of TiO2. Subse-
quently, about 20 g of the mixture were introduced in a vial of
alumina together with 190 g of alumina balls with 20 mm of
diameter. The vial was then hermetically closed and placed in
a Pulverisette 5 Fritsch apparatus where the powder was milled
(400 rpm) for 10 h at room temperature (high energy ball milling,
HEBM). To study the effect of the milling time on the blending
process, samples of titania–HDPE were extracted at different
milling times (1, 2, 4, 8 and 10 h) leaving the equipment to rest
25 min every hour of active milling. On the other hand, to avoid
excessive heating of the equipment, as well as of the milled
powders, a sub-cycle of milling was considered. Every 15 min of
active milling was followed by 3 min of resting. For later compar-
isons pure HDPE was subjected to the same ball milling cycles.

2.3. Size exclusion chromatography, SEC

High temperature Waters Alliance GPCV 2000 SEC (size exclu-
sion chromatography) equipped with refractometer and viscom-
eter detectors was used to obtain molecular weight and molecular
weight distribution of the samples. The molecular exclusion was
made by three columns, two Plgel 10 mm Mixed-B and one 10 mm
106 Å. 1,2,4-Trichlorobenzene (TCB) was used as solvent at 145 �C
and the flow rate was 1.0 ml/min. The instrument was previously
calibrated with narrow standard polystyrene samples, according to
the universal calibration method.

2.4. Differential scanning calorimetry, DSC

The non-isothermal crystallization behavior of the pure HDPE
and its nanocomposites was analyzed using a Metler Toledo 822E
differential scanning calorimeter. The temperature scale of the DSC
was calibrated from the melting point (156.60 �C) of high purity
(99.999%) indium metal. The power response of the calorimeter
was calibrated from the enthalpy of fusion of indium (28.45 J/g). All
DSC analyses were performed under nitrogen atmosphere.

Two groups of samples were considered: the first one corre-
sponding to the neat HDPE milled for different milling times and
the other to the HDPE/TiO2 nanocomposites obtained at different
milling times. All the experiments were conducted as follow. First
of all, the samples were heated from 40 �C to 180 �C at 10 �C/min
and the temperature was maintained at 180 �C for 5 min to erase
the thermal history of the samples. Secondly, the samples were
cooled at 10 �C/min from 180 �C to 40 �C to study the crystallization
process at this cooling rate. After that, the samples were main-
tained at 40 �C for 5 min and finally they were heated at 10 �C/min
from 40 �C to 180 �C to study the melting process of HDPE. The
exothermic and endothermic curves were recorded for subsequent
analysis.

Heating scans were analyzed in terms of the initial melting
temperature, Tmi, the peak, Tmp, the final melting temperature, Tmf,
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Fig. 2. Molecular weights distribution obtained for the sampled of HDPE milled for
different times.
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and the heat of fusion, DHm, while cooling scans were used to
obtain the initial crystallization temperature, Tci, the peak or peaks
(depending on the case) crystallization temperatures, Tcp, the final
crystallization temperature, Tcf, and the heat of crystallization, DHc.
The heat of fusion, DHm, which was determined by integrating the
heat flow from 90 �C to 140 �C, was used to calculate the degree of
crystallinity, Xm, of HDPE on both the neat HDPE and HDPE/TiO2

nanocomposites. Xm is defined by the ratio between DHm/(1� x)
(where x is the content of TiO2 nanoparticles) and the heat of fusion
of the purely crystalline form of PE, DHm

� ¼ 289.9 J/g [28].

Xm ¼
DHm=ð1� xÞ

DH�
m

(1)

It is important to remember that crystallization and melting
occur at temperatures different from Tm

� (temperature from which
DHm

� is determined). In fact, the crystallization and melting occur
dynamically but not isothermically so one should be very careful
when interpreting data using thermodynamic magnitudes when
kinetics aspects might play an important role on final results. In this
sense it would be interesting to take into account the temperature
dependence of DHm considering for example the procedure sug-
gested by V.B.F. Mathot [29]. However, the intention of the authors
of this article has been only to compare results from different
samples and therefore, at least, to extract semiquantitative
conclusions from a degree of crystallinity considered as the crys-
tallinity relative to the maximum that can be obtained for the
polymer under study.

The heats of crystallization, DHc, were determined by inte-
grating the cooling scans from 70 �C to 130 �C. Fig. 1 shows
a representative example of a full heating and cooling cycle and the
analytical method used to calculate DHm, DHc, Tmi, Tmp, Tmf, Tci, Tcp,
and Tcf.
2.5. Atomic force microscopy

Atomic force microscopy (AFM) studies were performed with
a scanning probe microscope MultiMode Nanoscope IVA (Digital
Instruments/Veeco Metrology Group). All measurements were
carried out at ambient conditions in tapping mode with etched
silicon probes (stiffness 40 N/m). The driving frequency of the
probe was adjusted to the resonant frequency in the immediate
vicinity of the samples.
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Fig. 1. DSC trace obtained from a representative example of a full heating and cooling
cycle (neat HDPE). Some analytical parameters used in this work are also shown: Tmi,
Tmp, Tci, and Tcp (see text).
3. Results and discussion

3.1. Influence of HEBM on the molecular weight of the HDPE

All the chromatograms obtained by SEC shown a monomodal
distribution of molecular weights as those presented in Fig. 2. On
the other hand, in Table 1 are gathered all of the data obtained from
the molecular weight distributions of the neat HDPE milled at
different times. As can be observed there is not any significant
change in the molecular weight distribution, being the variation of
the molecular weight parameters below 5%. This change is within
the representative variability associated to the SEC analysis which
indicates no changes in the molecular weight distribution. There-
fore, at the sight of these results, neither chain scission nor retic-
ulation process seems to take place.

In the case of other polymers like PMMA, a clear change in the
average molecular weight was observed when they are subjected to
the same milling process. That result was assigned to scission of
macromolecular chains [13]. Therefore, in the case of this HDPE the
process of HEBM does not seem to alter the length of the polymer
chains.
3.2. Influence HEBM on non-isothermal crystallization and melting
behavior

The non-isothermal crystallization curves of the neat HDPE
subjected to an HEBM process for different milling times are rep-
resented in Fig. 3. It can be clearly observed how the milling process
exerts an important effect on the crystallization behavior of the
HDPE (Fig. 3). It is observed how a new peak appears centered at
Table 1
Data extracted from the molecular weight distributions of the neat HDPE milled at
different times.

Sample Milling
time (h)

Mn

(g/mol)
Mw

(g/mol)
Mz

(g/mol)
Mzþ1

(g/mol)
Polydispersity

PE-0 0 19,284 65,864 1,58,932 2,74,397 3.4
PE-1 1 18,069 65,340 1,60,539 2,81,350 3.6
PE-2 2 18,072 66,917 1,71,976 3,16,037 3.7
PE-4 4 18,682 69,275 1,67,407 2,87,069 3.7
PE-6 6 18,594 67,768 1,71,894 3,12,449 3.6
PE-8 8 18,676 65,348 1,61,737 2,95,257 3.5
PE-10 10 19,314 65,342 1,53,798 2,62,360 3.4
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Fig. 3. Non-isothermal crystallization curves of the neat HDPE milled for different
times.

Fig. 4. Image representing the flake-like shape of the HDPE after more than 2 h of
milling (the image was obtained making use of an LSM 5 PASCAL microscope of Zeiss
taking the photo with an Axiocam HRC camera of Zeiss). 10 pixel 4 3.2 mm.
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about 113 �C. Besides, this peak increases but only until the time of
8 h of milling. At this time, the relative contribution of the new peak
starts to level off or even to slightly decrease. The values of DHc, Tci,
Tcp, Tcp2 (second crystallization temperature appearing with
milling) and XC are listed in Table 2. It is observed how the degree of
crystallinity obtained from the cooling scans, XC, decreases with
milling time, going from about an 80% of crystals when the polymer
is not milled to about a 50% when the HDPE is milled for 2 h.
Therefore, although the milling induces a double crystallization
process, being the first one different than that observed for the
unprocessed polymer, the fraction of crystals is lower.

Apparently, taking into account the molecular weight distribu-
tions obtained by SEC, the HDPE has not suffered any molecular
change. The data of the Table 1 point out that there had not neither
chain scission nor a reticulation process provoked by the HEBM
process. Therefore, other must be the cause that leads to a new
crystallization process at higher temperature. Now it is interesting
to mention that the results of Fig. 3 and Table 2 are in accordance
with those reported by Castricum et al. [30] and Ishida [31]
respectively. Ishida [31] reported that mechanical milling of pure
polymer induces amorphization (mechanical milling leads to lower
fraction of crystals). On the other hand, Castricum et al. [30] clearly
showed that under certain conditions of mechanical milling crys-
talline polyethylene is transformed from the orthorhombic to the
monoclinic structure (double crystallization). Furthermore, when
powders of polymer are obtained at any milling condition the
transformation was partial, while when a flake-like form is
obtained for the final particles of milled polymer a complete
transformation is obtained [30]. This is, in fact, the particle shape
Table 2
Values of the crystallization parameters DHc, Tci, Tcp, and Tcp2 (see text).

Sample Milling time (h) Tci (�C) Tcp (�C) Tcp2 (�C) DHc (J/g) XC

PE-0 0 115.1 108.6 – �227.8 0.79
PE-1 1 116.9 107.4 113 �216.8 0.75
PE-2 2 116.7 108.2 113 �133.0 0.46
PE-4 4 116.8 108.6 113 �188.5 0.65
PE-8 8 113.9 109.5 113.0 �136.0 0.47
PE-10 10 113.7 109.9 113.0 �143.6 0.50

PE/TiO2-1 1 117.1 108.6 113 �167.4 0.58
PE/TiO2-2 2 116.9 108.9 113 �147.6 0.51
PE/TiO2-4 4 116.6 109.3 113 �201.4 0.69
PE/TiO2-8 8 116.6 – 113.0 �194.7 0.65
PE/TiO2-10 10 116.7 – 113.0 �216.0 0.75
obtained in this work (flake-like) under the conditions of milling
used in this work (see Fig. 4). Thus, important transformation from
the orthorhombic to the monoclinic structure is expected if the
results of Fig. 3 and the aspect shown by the milled polymer (Fig. 4)
are taken into consideration.

However, Castricum et al. [30] reported that no detectable
changes occurred in DSC in any of the samples they studied and,
after melting, the material became orthorhombic again. This result
which is the expected one if melting erased any preferential
conformation acquired due to the important shear forces imposed
by the milling process does not seem to be supported by the DSC
traces of Fig. 3. Now is important to highlight that Castricum et al.
[30] did not give any experimental detail about DSC scans; there-
fore, a possible explanation of the results obtained may be to
consider that at 180 �C, 5 min is not time enough to forget the
particular chain alignment induced by the milling process and
which might be the germ of the metastable monoclinic phase of
polyethylene.

In order to clarify this apparent contradiction, X-ray diffraction
experiments were carried out for samples milled for 10 h with
different thermal treatment. Fig. 5 shows the diffraction patterns of
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Fig. 5. Diffraction patterns of HDPE milled for 10 h: a) without further thermal
treatment; b) heated at 180 �C for 5 min and cooled inside the oven and c) heated at
180 �C for 1 h and cooled in the oven.
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Fig. 6. Non-isothermal melting curves of the neat HDPE milled for different times.
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the HDPE milled for 10 h. On top of Fig. 5 is represented the
diffraction pattern of the sample milled without any subsequent
thermal treatment; in the middle of Fig. 5 is shown the diffraction
pattern of the same sample but heated at 180 �C for 5 min and
cooled inside the oven (trying to simulate the conditions of DSC
cooling curve of Fig. 3) and finally, at the bottom of Fig. 5 the
diffraction pattern of the same sample heated at 140 �C for 1 h and
cooled in the oven is represented. It is observed, in complete
agreement with Castricum et al. [30] that the milled sample
without thermal treatment (Fig. 5a) shows the monoclinic ð110Þ
peak (M) together with the (110) and (200) peaks assigned to the
orthorhombic structure (O), while the milled sample heated well
above the melting point for long enough time does not show the
monoclinic phase (Fig. 5c). However, when the thermal treatment
above the melting point is not long enough, the polymer can
crystallize in certain extension in the metastable monoclinic phase
(Fig. 5b). These results suggest therefore that the second crystalli-
zation observed by DSC (Fig. 3) must belong to the formation of the
metastable monoclinic phase and that is due to the previous
heating treatment was not enough to erase the specific chains
conformation or packing generated by the HEBM process. This
result is interesting since as a function of milling probably, with this
powder of milled polymer, in certain conditions of processing one
could obtain materials with different properties associated to
different crystalline structures. The reason why the peaks do not
appear at the same position for the three samples must be attrib-
uted to the irregular shape of the sample to be tested by XRD.

The non-isothermal melting curves of HDPE milled for different
times are represented in Fig. 6. None important change is observed
Table 3
Values of the melting parameters DHm, Tmi, Tmp, and Xm (see text).

Sample Milling time (h) Tmi (�C) Tmp (�C) <Tm> (�C) DHm (J/g) Xm

PE-0 0 123.7 130.8 126.5 226.8 0.78
PE-1 1 124.7 133.0 135.1 223.1 0.77
PE-2 2 124.4 132.3 129.3 137.4 0.47
PE-4 4 124.3 132.1 127.6 186.8 0.62
PE-8 8 123.8 131.3 127.7 134.8 0.46
PE-10 10 123.8 131.7 126.3 143.3 0.49

PE/TiO2-1 1 123.4 130.8 126.2 167.6 0.58
PE/TiO2-2 2 124.4 132.4 128.3 144.1 0.50
PE/TiO2-4 4 124.0 132.0 127.5 194.5 0.67
PE/TiO2-8 8 123.8 131.7 126.9 191.0 0.66
PE/TiO2-10 10 124.5 131.3 126.6 205.5 0.71
with the milling process, perhaps only a small peak appears shifted
to higher temperatures. The values of DHm, Tmi, Tmp, and Xm are
listed in Table 3. As expected, the degrees of crystallinity obtained
from the melting curves (Fig. 6 and Table 3), Xm, are highly coin-
cident with those obtained from the crystallization curves (Fig. 3
and Table 2), Xc: therefore, melting traces also point out that milling
process induces reduction of crystallinity of the polymer. Besides,
only one melting peak is observed suggesting that the whole
melting comes from the two crystalline phases obtained after
crystallization. A possible explanation of this result might be to
consider that during the heating scan the orthorhombic phase
changes to the monoclinic before melting with very low energy
consumption.
3.3. Influence of the presence of TiO2 nanoparticles on the non-
isothermal crystallization and the melting behavior

The non-isothermal crystallization and melting curves of the
HDPE blended with TiO2 nanoparticles (PE/TiO2) and subjected to
different milling times are represented in Figs. 7 and 8 respectively.
Although now more pronounced, the milling process exerts over
the crystallization process (Fig. 7) the same effect than in the case of
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Table 4
Avrami’s exponents obtained from the different regimes of the plots of Fig. 9.

Sample n (Region A) n (Region B) n (Region C)

Regime 1 Regime 2

PE-0 0.91 4.14 – 0.93
PE-1 0.92 3.38 – 0.88
PE-2 0.91 3.10 – 0.71
PE-4 0.91 4.24 3.43 0.78
PE-8 0.91 5.44 2.98 0.56
PE-10 0.90 5.27 3.21 0.59

PE/TiO2-1 0.91 3.57 – 0.68
PE/TiO2-2 0.91 4.27 3.77 0.59
PE/TiO2-4 0.92 4.17 3.68 0.82
PE/TiO2-8 0.92 5.23 2.88 0.76
PE/TiO2-10 0.92 5.96 2.80 0.86
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the neat HDPE (without nanoparticles). On the other hand, the
melting curves (Fig. 8) do not show significant differences respect
to those of the neat HDPE. The thermal parameters related to the
crystallization and melting process (values of DHc, Tci, Tcp, Tcp2, XC

and the values of DHm, Tmi, Tmp, Xm) are listed in Tables 2 and 3
respectively. It can be seen that although the position of the peaks
do not differ from those observed for the neat HDPE there is an
important difference when the nanoparticles are blended with the
HDPE; the degree of crystallinity increases with milling time, going
from about a 60% of crystals when the mixture is milled for 1 h to
about a 70% when the mixture is milled for 10 h. It is clear therefore
that the presence of the nanoparticles favors the formation of
crystals. This result is also important because the nanoparticles,
apart from giving intrinsically specific properties to the final
nanocomposites, can induce changes in the nanocomposite prop-
erties due to changes in the polymer morphology. On the other
hand, the higher crystallinity values should enhance critical
mechanical properties such as stiffness and impact resistance,
improving the nanocomposite properties.

3.4. Non-isothermal crystallization kinetics

In the process of non-isothermal crystallization, the tempera-
ture of the system during cooling can be converted into the cor-
responding crystallization time, t, as follows:

t ¼ T0 � T
f

(2)

where T0 is the temperature for which the crystallization is
considered to start (t¼ 0 s), T is the temperature for the crystalli-
zation time t and f the cooling rate. As a consequence of this, the
degree of crystallinity XC as a function of crystallization time for the
neat HDPE and HDPE/TiO2 nanocomposites at various milling times
can be obtained.

The effect of the TiO2 nanoparticles in the crystallization rate
can be clearly observed in Fig. 9. As an example it is shown the
crystallization degree as a function of time obtained from the non-
isothermal experiment for two kinds of samples, neat HDPE milled
for 10 h and HDPE/TiO2 nanoparticles milled for 10 h. The crystal-
lization rate of the HDPE/TiO2 nanocomposites has been found to
be invariably faster than that of the neat HDPE. The reason of this
behavior might be the very dramatic increase in the nucleation
density in the melt of nanocomposites as it was observed in other
sort of nanocomposites [14,32]. However, other may be the reason
if it is considered that well dispersed nanoparticles in a semi-
crystalline polymer have not any nucleating effect as reported by
Huang et al. [33] in the case of Al nanoparticles (average diameter of
50 nm) well dispersed in LDPE. The other possible explanation for
this more rapid crystallization process may be a faster crystal
growth when the nanoparticles are present since; in this case, the
formation of metastable monoclinic phase is favored.

Once the data of crystallinity as a function of time is available,
the kinetics analysis can be done making use of Avrami’s equation



Fig. 11. Morphology of the HDPE milled for 10 h obtained by topographic and phase AFM images (left and right respectively).
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Fig. 12. Morphology of the HDPE/TiO2 milled for 10 h obtained by topographic and phase AFM images (left and right respectively).
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[34] modified by Jeziorny to describe the non-isothermal kinetics of
polymers [35]:

1� XðtÞ ¼ expð�Zt,tnÞ (3)

where Avrami’s exponent n is a constant that depends on the type
of nucleation and growth process and Zt is a rate constant involving
both nucleation and growth rate parameters.

Taking double natural logarithms, the equation (3) is trans-
formed into

ln ½ � ln ð1� XðtÞÞ� ¼ ln Zt þ n$ln t (4)

Avrami’s exponent n and the constant Zt can be obtained respec-
tively from the slope and the interception in the plot of
ln [�ln (1�X(t))] versus ln t at a certain cooling rate.

Avrami’s plots for the samples HDPE and HDPE/TiO2 nano-
composites milled for different times are shown in Fig. 10. Three
regions (A, B and C in Fig. 10) can be observed which suggest three
steps for the crystallization. In the region A the slopes of all plots
indicate that the values of n are between 0.90 and 0.92 (Table 4),
therefore, attending that n is related to the type of nucleation and
growth process one might think in this case that for this material
there is first a simple nucleation process which proceeds along the
region A and when the region B is reached the crystals start to grow
up. On the other hand, as can be seen in Table 4 the value of
Avrami’s exponent, n, obtained from the curves in the region B
changes as a function of milling time and even though, in some
cases, it can be split into two values because in the region B some
curves present two regimes. In fact, what is observed is that for the
region B, when milling time increases, n decreases until certain
milling time for which the curve can be fitted to two straight lines
leading therefore to two values of n. One of them, at shorter times
of crystallization, which increases with milling time to values
higher than 5 and, the other, at longer crystallization times, which
remains between 3 and 3.4. These results suggest that the crys-
tallization of the HDPE under study proceeds via a homogeneous
nucleation and three dimensional growing when the polymer is not
milled (n¼ 3þ1 in region B) while when the HDPE is milled, two
competing crystallization process must be taken into account.
Considering the reduction of Avrami’s exponent from 4 to 3 when
milling time is increased from 0 h to 2 h, it is reasonable to think
that at shorter milling times along the region B a heterogeneous
nucleation with 3D growing of the orthorhombic phase occurs. In
Fig. 13. Representative cross section profile measure
other words, the samples milled for shorter times under the
conditions of our study only remain memory to generate, apart
from orthorhombic crystals, nucleus of metastable monoclinic
phase. Therefore, it is assumed that the heterogeneous nucleation is
composed by the germ of the orthorhombic phase of the polymer
and by the germ of the monoclinic phase. However, at higher
milling times, the chain conformation is so forced that the polymer
has memory enough as to yield double crystallization. The values of
n higher than 5 (first regime of region B) would point out double
crystallization, monoclinic plus orthorhombic, while the values of n
near to 3 (second regime of Region B) would point out single
orthorhombic crystallization process at the end of the whole
crystallization.

Finally, in region C n ranges from 0.9 to 0.6, suggesting that, in
the later stage, the crystals impinge on and crowd, the growth
geometry of the crystal is then restricted and the crystals grow in
lower dimension in this regime.

Although more pronounced, when TiO2 nanoparticles are
present within the HDPE similar results are obtained as a function
of milling time. In this case, the nanoparticles seem to help
remaining the memory of the metastable monoclinic phase.
Therefore, the presence of TiO2 nanoparticles favors the crystalli-
zation phenomena observed in the neat HDPE caused by the milling
process. This result is in accordance with the consideration of
a more restricted mobility of the polyethylene chains due to the
presence of rigid nanoparticles well dispersed within the polymer
and with a good contact between the nanoparticles and the
polymer.
3.5. Morphological study: the effect of nanoparticles introduced by
HEBM

In Figs. 11 and 12 the morphology of the milled materials for
10 h (Fig. 11 without nanoparticles and Fig. 12 with TiO2 nano-
particles) is shown by means of topographic and phase AFM images
(left and right respectively). Besides in each figure three magnifi-
cations were considered (10�10 mm top, 5� 5 mm middle and
2� 2 mm bottom) in order to evidence different details of the
morphology. When lower magnification is considered it is possible
to observe how despite the presence of nanoparticles the HDPE
crystallizes in the form of the typical spherulites. However, for the
sample with nanoparticles the spherulites seem to be denser
ments over the phase image of the neat HDPE.



Fig. 14. Representative cross section profile measurements over the phase images of the HDPE/TiO2 nanocomposite.

D. Olmos et al. / Polymer 50 (2009) 1732–1742 1741
showing practically the total spherical form (Fig. 12 top), while in
the case of neat HDPE it seems that the spherulites impinge before
being completely formed (Fig. 11 top). Although the thermal
treatment was different than that of the DSC scans, these results of
morphology are in accordance with the degree of crystallinity
obtained by DSC (last columns of Tables 2 and 3). The amount of
crystals is clearly higher when the nanoparticles are present within
the polymer.

On the other hand, the images at the middle and at the bottom
of Figs. 11 and 12 clearly show how the presence of nanoparticles
induces a more homogeneous crystallization. The lamellar struc-
ture is the same on the whole image when nanoparticles are
present (Fig. 12) while, for the neat HDPE, groups of lamellas of
different sizes can be observed (Fig. 11).

Figs. 13 and 14 show representative cross section profile
measurements over the phase images of the neat HDPE and HDPE/
TiO2 nanocomposites respectively (measurements over topo-
graphic images gave the same results). It is observed that the HDPE
milled for 10 h presents two groups of lamellas one of them whose
thickness is about 27 nm and the other about 55 nm (Fig. 13). On
the other hand, the HDPE/TiO2 nanocomposite (sample milled for
10 h) only present a group of lamellas whose thickness is higher
than 60 nm (Fig. 14). Besides, in Fig. 14 a representative measure-
ment of a particle diameter is shown for which it was obtained
a value of 76 nm, which is in the range of the specifications given by
the nanoparticles supplier (diameters lower than 100 nm) and
which guarantees the good observation of the nanoparticles in
between lamellas.

Furthermore, the images of HDPE/TiO2 nanoparticles (Fig. 12)
clearly show the extraordinary nanoparticles dispersion attained
with 10 h of HEBM. This result was furthermore reinforced after
a bearing image treatment which yielded about 1.5% of the surface
occupied by nanoparticles. This indicates that considering the
density of the nanoparticles and HDPE w4 g cm�3 and w1 g cm�3

respectively, a weight fraction of about 0.06 (6% by weight) is
expected. Taking into account that 2% by weight was the compo-
sition used in the mixture, the estimation performed slightly
overestimates the amount of nanoparticles. However, as can be
observed at the bottom of Fig. 12 the nanoparticles appear slightly
distorted showing a kind of obloid shape. Therefore, if a spherical
shape was considered the corrected fraction of nanoparticles would
be lower than 1% by volume (or lower than 4% by weight) which is
a result more than acceptable taking into account the difficulty of
doing such a kind of analysis and the small regions that can be
analyzed.

Another interesting observation is that the nanoparticles are
placed exactly between the lamellas (Fig. 12 bottom) which
evidences that they actually are not acting as nucleating agents as
sometimes happen in polymers filled with well dispersed nano-
particles [33]. It seems that the nanoparticles follow the way of
lamellar growing helping at the same time to yield more and more
perfect crystals (structural changes of crystals) as also evidenced
DSC results. It is generally accepted that the key factor for nucle-
ating effect of fillers is their surface free energy and surface
morphology [36]. Veseley [37] found that nucleating efficiency of
the fillers is dependent on the size as well as on the crystallographic
orientation of the facet, saying that only the large particles with
well developed facets are nucleating, whereas the small particles or
those with no suitable facets do not affect the crystalline structure
of the polymer. However, it has been shown above that, at least for
the system under study, the presence of TiO2 nanoparticles modi-
fied the crystalline structure of the HDPE and therefore the second
assertion of Veseley is not satisfied. Now it is time to be wondered if
there is scale size limit for the nanoparticles (at nanoscale, sizes
lower than 100 nm) in terms of inducing a particular morphology
and this question only can be answered if a particular system is
chosen and only the change in the size of the particles is investi-
gated. This challenge is particularly difficult because of obtaining
samples of monodisperse nanoparticles with sizes lower than
100 nm is not an easy task.

4. Conclusions

It has been demonstrated that HEBM is a good method to
prepare nanocomposites of well dispersed TiO2 nanoparticles
within an HDPE matrix because, among other things, for this
polymer neither chain scission nor reticulation process takes place.
However, important changes in the crystalline structure and
morphology were found because of both the HEBM process and the
presence of the TiO2 nanoparticles. It was observed that although in
general there is a reduction of crystallinity of the polymer, when
nanoparticles are absent the HEBM process induces a double
crystallization process (appearance of both the orthorhombic and
metastable monoclinic phases). However, when nanoparticles are
present, in addition of being favored the appearance of the meta-
stable monoclinic phase, the fraction of crystals increases as milling
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time increases. AFM experiments have clearly shown how well
dispersed are the TiO2 nanoparticles within the HDPE and how they
are localized exactly between the lamellas which evidences that
they actually are not acting as nucleating agents. Besides, AFM
images evidence that a 2% by weight of well dispersed TiO2 nano-
particles within the HDPE matrix induces a more homogeneous
crystallization leading to denser espherulites with thicker lamellae.
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