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Abstract

The Non-isothermal crystallization behavior of isotactic polypropylene (iPP)/copper nanocomposites with four different
mass percentages (0.5, 1.0, 2.0 and 4.0 mass%) of copper nanoparticles (nCu) were study by means of differential scanning
calorimeter (DSC) at 2.5, 5, 10 and 20 °C min~'. The nanostructure of PP/nCu nanocomposites was also studied by WAXD,
SEM and optical microscopy, while their hierarchical crystalline morphologies (e.g., spherulites, lamellas and unit cell) were
studied during the crystallization progress through polarized optical microscopy and in situ X-ray scattering at small and wide
angle, observing that the spherulite size was not influenced by the nCu’s, although the lamellas size and X-ray diffraction
intensity increased with the incorporation of nanoparticles. The PP/nCu nanocomposites presented a mixture morphology
with well-dispersed oxidized nanoparticles and some agglomerates, which were larger at higher concentration of particles.
The crystallization results obtained by DSC indicated a displacement in the peak crystallization temperature at higher val-
ues. These results in combination with the kinetic of crystallization analyzed by the Jeziorny method clearly indicated an
acceleration in the crystallization process. Additionally, the crystallization activation energy decreases for all nanoparticle’s
concentration, indicating a possible nucleating effect. However, the nucleation activity analyzed by the Dobreva and Gutzow’s
method showed that nCu could not be considered such as conventional heterogeneous nucleating agent of iPP. Conversely,
the incorporation of nCu in the iPP matrix increased significantly the thermal conductivity of nanocomposites helping to the
thermal dissipation from the melted macromolecules to the nCu’s, accelerating the non-isothermal crystallization process.

Keywords Crystallization - Isotactic polypropylene - Copper nanoparticles - Nanocomposites - Nucleation activity -
Thermal dissipation

Introduction

The polymer composites properties have been influenced by
different factors such as component properties, composition,
structure and interfacial interactions. These factors usually
have been affected by the filler characteristics being the most
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important the particle size, size distribution, specific surface
area and particle shape [1]. This behavior has been reported
for micro- and nanoparticles and for different properties such
as mechanical [2], thermophysical [2, 3], electrical [3]. For
example, Zhang et al. [2] studied the effects of particle size
and content on the thermal conductivity and mechanical
properties of Al,O5/high-density polyethylene (HDPE) com-
posites using four types of alumina particles with average
diameters of 10, 4.7, 0.5 pm and 100 nm. The dispersion of
the particles differs with particle size when the content is the
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same. These authors observed that the alumina particle with
smaller particle size can form thermal conductive alumina
pathway more easily and has higher toughening efficiency
for micrometric particles. However, nanoalumina particles
can form aggregation and destroy the toughness. Addition-
ally, they reported that in the tensile process, the size of
voids decreases with the alumina particle size, thus alumina
with smaller particle size can bring higher tensile strength.
Similar results were reported by Kratochvila et al. [3] for
various aspects of electrical and thermophysical properties
of nanocomposites based on low-density polyethylene matrix
filled with nanostructuralized expanded graphite (EG) and
standard, microsized graphite. These authors reported that
the thermophysical properties of nanocomposites are higher
than the neat matrix. However, the filler size and the aspect
ratio affect the heat propagation in the composite and the
thermophysical behavior. Besides, they showed that the filler
size affects also the electrical behavior and the electrical
percolation threshold. The percolation concentration of the
filler in nanocomposites filled with EG of large sizes was
significantly lower than for the smaller ones that are more
able for creation of aggregate. Additionally, the particle size
has been also affected the nucleation and crystallization of
semicrystalline polymers such as polypropylene, being the
effect more prominent when it was introduced nanoparti-
cles than agglomerates of this nanoparticles into the polymer
matrix due to their higher surface area [4].

Although it is clear the advantage to use nanoparticles
as filler of polymers in order to increase thermophysical,
mechanical and electrical, the maximization of these prop-
erties in polymer nanocomposites could be achieved when
the nanoparticles are deagglomerated and well distributed
or dispersed into the polymer matrix. A methodology which
has been successful for solving this problem is the direct
application of ultrasound waves during melt blending in an
extrusion process [5-9]. Likewise, the main advantage of the
latter method is that it can be performed under solvent-free
conditions.

On the other hand, in recent years has been increased
the scientific and technological interest on the nanocompos-
ites based on polypropylene and metal nanoparticles (e.g.,
copper, silver, gold, aluminum, etc.) due to their different
properties such as antimicrobial, mechanical, thermal, elec-
trical and electromagnetic agents [10—13]. Particularly, the
nanocomposites of isotactic polypropylene (iPP) with cop-
per nanoparticles (nCu) have been recently studied due to
the efficiency of nCu to enhance the antimicrobial, electrical
and electromagnetic properties of the PP matrix [14—-17]. For
example, Espafia-Sanchez et al. [15] developed argon sur-
face plasma treatment (APT) of poly(propylene)/silver (PP/
Ag) and poly(propylene)/copper (PP/Cu) nanocomposite
improving their antibacterial properties against pathogenic
bacteria (S. aureus and P. aeruginosa). These authors found
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that the antibacterial activity of PP/Cu nanocomposites were
more effective than PP/Ag nanocomposites.

It has been reported by our group and other researchers
that the intrinsic properties of semicrystalline polymer mate-
rial are highly dependent on the hierarchical microstructure
(e.g., spherulites, lamellas and crystalline structures) of the
final products [8, 18-21]. These microstructures are function
of the thermal or mechanical history that the material expe-
riences during processing. Due to the practical processes
usually proceed under non-isothermal crystallization condi-
tions, it is useful to study the non-isothermal crystallization
kinetics of PP/nCu nanocomposites. The investigation of
non-isothermal crystallization kinetic of polymers has sig-
nificant relevance from the theoretical and practical point
of view. The theoretical analysis has been associated with
the mechanism of formation of the polymer structure dur-
ing crystallization, while the practical topic arises from the
crystallinity grade on the physical and chemical properties
of polymers [22].

Conversely, the crystallization kinetic of polypropylene
nanocomposites has been influenced by the heterogeneous
nucleation effect of different nanoparticles [23—-28] and/or
by the thermal conductivity of the nanofiller, which helped
to increase the heat dissipation of polymer nanocomposites
during the exothermic event (crystallization) [29, 30]. Rad-
hakrishnan et al. determined the effect of thermal conductiv-
ity of different fillers such as wollastonite, glass fiber, silica,
talc, mica, calcium carbonate and carbon fiber on the crystal-
lization, structure, and morphology of iPP, determining that
the degree of crystallinity of the polymer decreased with an
increase in thermal conductivity and cooling rate, while the
induction time and half time of crystallization decrease with
the thermal conductivity of fillers.

Nonetheless, there is not enough knowledge about the
effect of metal nanoparticles with high thermal conductivity,
such as nCu, on the non-isothermal crystallization kinetic
and activation energy of isotactic polypropylene (iPP). Addi-
tionally, it is important to determine whether the crystalliza-
tion behavior of these nanocomposites could be associated
with the nucleation activity or with the thermal conductivity
of nanoparticles. In this sense, the aim of present study is to
contribute to the comprehension of the overall non-isother-
mal crystallization of iPP/nCu nanocomposites under dif-
ferent concentrations of nanoparticles (i.e., 0.1, 0.5, 1.0, 2.0
and 4.0 mass%) and different crystallization rates (2.5, 5.0,
10.0 and 20.0 K min~') and determine the possible influence
of the thermal conductivity of the copper nanoparticle on the
crystallization phenomena. The nanocomposite morphology,
the crystallization kinetics, the activation energy and crystal-
line morphology of the PP/nCu nanocomposites were also
studied. This study is important from the point of view of
the possible relationship between heat conductivity applica-
tions and the effect of this property on the non-isothermal
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crystallization of polypropylene nanocomposites with highly
thermal conductive particles such as copper nanoparticles.

Experimental
Materials

The iPP sample used in this study had a number-average
molecular of 50,000 g gmol~! and mass-average molecular
masses of 190,000 g gmol~!. The iPP was purchased from
Aldrich (USA). Copper nanoparticles partially passivated
(nCu) with a spherical morphology of 25 nm (diameter) and
purity of 99.8% were supplied by SkySpring Nanomaterials,
Inc. (USA).

Preparation of iPP/nCu nanocomposites

PP/nCu’s composites were obtained by melt extrusion
(463 K, 30 rpm), using a low shear configuration single
screw extruder (D=3.07 cm) with L/D ratio=12, assisted by
catenoidal ultrasonic horn from Branson Ultrasonics Corp.,
CT (D=1.27 cm) which were connected to a homemade
ultrasonic generator (35 kHz + 1 kHz, 60% of 750 W), with
0.5, 1.0, 2.0, 4.0 mass% of nCu’s. A scheme of this system
was previously reported [8]. The same treatment was done
for the neat PP sample (PP-US).

Scanning electron microscopy (SEM)

SEM observations were used to determine the dispersion of
nCu’s in the PP/nCu nanocomposites and to determine the
nanostructure of PP/nCu nanocomposites. Pieces of injec-
tion molded probe of PP/nCu nanocomposite were cryo-
fractured and coated with gold/palladium previously, for the
dispersion determination. SEM micrographs were obtained
using a field emission scanning electron microscope JSM-
74101F-JEOLVR. A SEI detector with a voltage of 4.0 kV
was used.

X-ray diffraction (WAXD)

A Siemens D-50 diffractometer was used to collect the
corresponding X-ray diffraction patterns. The diffraction
patterns of the PP-US and PP/nCu nanocomposites were
obtained within the 26 range 5°-80° using a scanning rate
of 0.3° min~', a filament intensity of 25 mA and an acceler-
ating voltage of 35 kV.

Optical microscopy

Optical microscopy (OM) observations were used firstly to
determine the dispersion of PP/NCu composites at different

nCu’s mass percentages (0.1, 0.5, and 1.0 mass%) prepared
through melt extrusion process with and without ultrasound
assistance. The dispersion was evaluated in terms of the area
ratio (A,,;,) and mean diameter (D)) on different samples.
Image Pro Plus software from Media Cybernetics was used
to analyze the images. OM observations, using the cross-
polarized, were also realized on a cut (20 mm) of injection
molding probe of PP/nCu nanocomposite with 0.1 mass% of
nanoparticles to determine its crystalline morphology. Also,
the OM in light polarized mode (POM) was used to observe
the spherulite morphology of iPP and iPP/nCu nanocompos-
ite after the non-isothermal crystallization at 2.5 K min~".
POM observations were performed in an optical microscope
Olympus BX53 (Tokyo, Japan).

Differential scanning calorimetry (DSC)

Thermal experiments were made in a TA Instruments Model
DSCQ2000 differential scanning calorimeter (DSC). The
equipment was calibrated with Indium standard using a con-
stant nitrogen flow both in the sample and in the reference
chambers. All samples weighted 8 +1 mg and were sealed
within aluminum pans before positioning them in the sample
holder. In the non-isothermal crystallization experiments,
samples were heated up to 463 K for 5 min to and then they
were cooled down to 298 K, at four different rates (2.5, 5.0,
10 and 20 K min™").

In situ small and wide-angle x-ray scattering
(SWAXS)

In situ SWAXS crystallization measurements of PP-US and
PP/0.5 mass%nCu samples were performed using a SAX-
Sess mc2 (Anton-Paar, Graz, Austria). An X-ray generator
with a long fine focus sealed glass X-ray tube (GE) was
operated at 40 kV and 50 mA. A focusing multilayer optics
and a block collimator provided an intense monochromatic
primary beam (Cu-Ka, A=0.1542 nm). The samples were
filled into a sample holder for solids. The sample holder
was placed into a TCS-130 temperature-controlled sample
holder unit (Anton-Paar) along the line shaped X-ray beam
in the evacuated camera. The samples were cooled from 190
to 100 °C, at 2.5 K min~'. The SWAXS-2D patterns were
collected at different temperatures (463, 423, 408, 403, 398,
393, 383 and 373 K). The 2D-scattered intensity distribu-
tion was collected on an imaging-plate (IP) detector, and it
was after reading out by a Cyclone storage phosphor sys-
tem (Perkin Elmer, USA). 2D data were integrated into the
one dimensional in the SAXS Quant 2D 3.91 software. The
background scattering contributions were corrected, and the
desmearing correction was also done.
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Thermal diffusivity analysis

The measurements of thermal diffusivity (a) of PP/nCu
nanocomposites were performed by means of diffusivity
thermal analyzer Discovery Xenon Flash (DXF-200) from
TA Instruments, USA. Disk probes (D =1.25 cm, thick-
ness ~2 mm) were used for the measurements, and they
were previously weighed (w) to obtain the density for each
sample in study (p = w/V). All samples were also coated
with graphite to increase their emissivity and reduce their
transparency. The measurements were taken at 298 +2 K
with a Xenon pulse of 500 ps. The values reported were the
average of three-time measurements. The thermal conductiv-
ity was determined by the equation k = C,ap. The value of
C,, used in this work was 1757 kJ kg ' K7

Results and discussion
Morphology of iPP/nCu nanocomposites

Figure 1 displays the elemental analysis performed by EDX
mapping micrographs for the nanocomposites of polypro-
pylene with the different mass percentages of copper nano-
particles (nCu). This figure shows green dots related to the
copper nanoparticles which increased their content with the
nanoparticle mass concentration. Additionally, there are
some agglomerated particles (see arrows) in all nanocom-
posites. The agglomeration measurements are presented in
Fig. 3 and Table 1.

On the other hand, in Fig. 2, the WAXD patterns for
all iPP nanocomposite samples are presented. This figure
shows the characteristic crystalline planes of Cu® ([111],
[200] and [220]), represented in Fig. 2a; however, it is also
observed the crystalline planes of Cu,O ([110], [111], [200]
and [220]), indicating that the copper nanoparticles were

o j—
6)) (b)

Fig. 1 EDX mapping micrographs of iPP nanocomposites with differ-
ent mass percentages of nCu: a 0.5 mass%, b 1.0 mass%, ¢ 2.0 mass%
and d 4.0 mass%
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Table 1 Area ratio (A,,;,) and mean diameter (D) of PP/nCu nano-
composites with different concentrations of nanoparticles

Sample AdlATl% D, /pm

PP/0.5 mass%nCu 0.32 (£0.04) 9.10 (= 1.44)
PP/1.0 mass%nCu 0.53 (+£0.21) 9.36 (£2.52)
PP/2.0 mass%nCu 1.48 (+0.62) 11.78 (£ 1.05)
PP/4.0 mass%nCu 5.06 (£2.95) 16.41 (£2.39)
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(200] [220] [220]
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°
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Fig.2 WAXD patterns of iPP nanocomposites, showing the copper
nanoparticles region, with different mass percentages of nCu: (a) 0.5
mass%, (b) 1.0 mass%, (c) 2.0 mass% and (d) 4.0 mass%

partially oxidized during the nanocomposites processing.
This behavior has been before reported by Hwang et al. [31].
These authors demonstrated that when the copper nanopar-
ticles were exposed to the ambient, the surface of NPs were
first oxidized forming a copper oxide I (Cu,0) and after then
it is transformed in copper oxide II (CuO).

Figure 3 shows OM micrographs of iPP/nCu samples with
the different mass percentages (0.5, 1.0, 2.0 and 4.0 mass%)
of nanoparticles prepared with ultrasound assistance. This
figure clearly shows the presence of well-dispersed small
agglomerates at low concentration of nanoparticles (0.5 and
1.0 mass%) due to the ultrasonic treatment. Conversely, the
dispersion grade decreased at higher contents of nanopar-
ticles (2.0 and 4.0 mass%), and the clusters size increased.
The (A,,4,) and mean diameter (D,,) were determined using
at least six OM micrographs for nanocomposites with 0.5,
1.0, 2.0 and 4.0% of nCu (see Table 1). The A,,;,=A/Ar.
where A, is the area of nCu agglomerates and Ay is the
whole area captured. The data in Table 1 probed that the area
(0.32 and 0.53) and the mean diameter (9.10 and 9.33 mm)
of nCu agglomerates are practically equal for the 0.5 and 1.0
mass% nCu nanocomposites, and these parameters increased
significantly at the highest concentration (4.0 mass%).
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Fig.3 Optical micrographs of PP/nCu nanocomposites with different

concentrations of nCu (0.5, 1.0, 2.0 and 4.0 mass%)
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Non-isothermal crystallization of iPP/nCu
nanocomposites

Non-isothermal crystallization behavior of iPP and the iPP/
nCu nanocomposites with different concentrations of nano-
particles (0.5, 1.0, 2.0 and 4.0 mass%) was studied by DSC
at different cooling rates (2.5, 5, 10 and 20 K min~'). The
exothermal curves for all samples at the different cooling
rates ¢ are shown in Fig. 4. The temperature of crystalliza-
tion at peak (Tp) for the iPP at 2.5 K was 395.8 K, and it
increased at 398 K for the iPP/NCu nanocomposites for the
different nanoparticle concentrations. Similar behavior was
observed for the curves at the different cooling rates, being
the highest T, value displacement respect to the iPP sample
for the crystallization at 20 K min~! of iPP/nCu samples
with 0.5 and 1.0 mass% of nCu (~4.0 °C) (see Table 2). Last
behavior has been previously reported in the literature for
polypropylene nanocomposites with different type of metal

0.0 mass%
0.5 mass%
1.0 mass%
2.0 mass%
4.0 mass%

Heat flow/mW

L
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Endothermic
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Fig.4 DSC cooling traces for the iPP and iPP/nCu nanocomposites samples with diverse nCu concentrations (0.0, 0.5, 1.0, 2.0 and 4.0 mass%)
at different cooling rates (2.5, 5, 10 and 20 K min~!)
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Table 2 Crystallization

Sample 2.5 K min™! 5 K min™! 10 K min™! 20 K min~!
temperature at peak (7},) and
overall crystallization time T/K f/min T/K t./min Ty/K t,/min T/K 1/min
(t.) of PP-US and PP/nCu
nanocomposites with the PP-US 395.8 10.92 392.8 5.24 389.5 1.75 385.9 1.26
different nanoparticle mass % PP/0.5 mass%nCu  398.0 11.00 396.1 5.3 393.3 2.38 389.8 1.38
?;‘;Sazg)ifferem crystallization PP/1.0 mass%nCu 3984  11.00 3959 492 3934 236 3899 116
PP/2.0 mass%nCu  398.1 10.64 395.3 4.82 3922 246 389.1 1.32
PP/4.0 mass%nCu  398.1 11.6 395.5 5.24 3922 254 388.9 1.22

nanoparticles like as silver [32] and gold [33], obtaining
similar results about the shifting in the crystallization tem-
perature (= 3 K). This behavior has been associated with the
nucleation effect of metal nanoparticles on the iPP matrix;
however, this possible effect will be widely discussed after
in next sections. Additionally, Table 2 also shows the overall
crystallization time (z.) for all studied samples. These results
indicated that the values of ¢, did not changed significantly
in the iPP/nCu nanocomposites with respect to the iPP-US
sample for all crystallization rates.

Endothermic

N

1.2
1.0 {|---- pP-Us N
—— PP/0.5 mass%nCu| 1/}
= 0.8 1
£
S 0.6 1
o
% 04
T
0.2 4
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-0.2 T T T T — T T
370 375 380 385 390 395 400 405 410 415
Temperature/K
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s 2]
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0 1 = T T T T T T Ll
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Non-isothermal crystallization morphological
analysis

In situ non-isothermal crystallization WAXS and SAXS
measurements were realized at specific temperatures (408,
403, 398, 393 and 383 K), according to the DSC cooling
traces at 2.5 K min~!, in order to investigate the effect of nCu
incorporation in the crystalline and lamellar structures of
polypropylene. Figure 5a shows that the T}, of polypropylene
was displaced to higher temperature when the nCu’s were
incorporated. The WAXS results, as shown in Fig. 5b, indi-
cate that around the induction temperature of crystallization
(~408 K) the PP-US sample present a more intense WAXS

PP-US
—— PP/0.5 mass%nCu

2

D

c

2

£

()

=

©

[0)

o
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260
4
L=19.
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= 5 |
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T

0.8 1.0 1.2 1.4

g/nm-1

Fig.5 In situ WAXS (b) and Lorentz-corrected SAXS (¢, d) morphological analysis realized during the non-isothermal crystallization event,
according to the DSC traces (a) at 2.5 K min~! for the PP-US and PP/0.5 mass%nCu nanocomposite
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pattern than the PP/0.5 mass%nCu sample which could indi-
cate that the crystallization of pristine PP macromolecules
begun at lightly higher temperature than the PP nanocom-
posite. Conversely, when the crystallization progress, it was
observed a higher increase in the crystalline reflections of PP
nanocomposite sample than in the PP-US sample, indicat-
ing that the incorporation of copper nanoparticles helped to
develop higher crystalline PP structures. It can be also seen
that the characteristic reflections of the a crystalline habit of
iPP were not modified by the nCu presence. Similar behavior
was reported by Fanegas et al. [34], when nucleating agents
(methylene-bis-(4,6-di-tertbutylphenyl) phosphate sodium
salt) were incorporated in PP and PP blends matrices.

The Lorentz-corrected SAXS patterns of PP-US and
PP/0.5 mass%nCu samples are displayed in Fig. Sc, d,
respectively. The progress of crystallization indicated that at
the temperature of 403 K, the long period SAXS peak
growth at the position of 0.35 nm™! practically not changed
at lower temperatures. The average long period (L) was
determined by the SAXS peak maxima by L = 27”[=]nm.

The L value obtained for the PP-US sample was 17.3 nm. On
the other hand, the PP/0.5 mass%nCu sample first develops
a SAXS peak at g~0.28 nm~! (L~22.0 nm) for the tempera-
ture of 408 K; however, when the crystallization phenomena
progressed the SAXS patterns were displaced to lower g
values. The ¢ value obtained for the SAXS pattern at 373 K
was 0.33 nm™~! which corresponds to a L value of ~ 19 nm.
An increase in long period thickness of non-isothermally
crystallized nucleated iPP was previously observed by Fane-
gas et al. [34].

In the case of this work, we could infer that the incorpora-
tion of nCu in the iPP matrix generated wider and more imper-
fect lamellar crystals [35]. Nonetheless, the complete explana-
tion about this behavior will be studied in a future work.

The influence nCu on the microscopic morphology (spher-
ulites) of the iPP, after the non-isothermal crystallization at
2.5 K min~!, was investigated by polarized optical micros-
copy (POM). The POM micrographs are shown in Fig. 6.
This figure showed that the PP spherulite morphology was
not highly influenced by the incorporation of nCu in terms
of crystal size, although the spherulites of PP/0.5 mass%nCu

SN PP/0.5swi%nCu |

Fig.6 Polarized optical microscopy (POM) micrographs of PP-US
and PP/0.5 mass%nCu nanocomposite after the complete crystalliza-
tion process at 2.5 K min™"

sample presented a coarse and more imperfect macro-crystal
due perhaps to their broader lamellar crystals [35], in agree-
ment with the SAXS results.

Non-isothermal crystallization kinetics

The Jeziorny and Ozawa models have been previously used to
describe the non-isothermal crystallization kinetics of polymer
composites. In this work, the effect of nCu’s mass percentage
on the non-isothermal crystallization kinetics of polypropylene
was studied in terms of both models.

The Jeziorny model has been reported by several works [14,
22, 36-41]. In this model, the non-isothermal crystallization
kinetic can be described as follows:

1-X, =exp(-Z") €))

log [-In(1-X,)] =nlnt+InZ )

In this model is pointed out that the value of rate param-
eter Z, should be adequately corrected. Assuming constant or
approximately constant the crystallization rate (¢), the final
form of the parameter characterizing the kinetics of non-iso-
thermal crystallization is given as follows:

InZ =InZ/¢ 3)

Figure 7 displays the development of relative crystallinity
as function of time for the PP-US and PP/nCu nanocompos-
ite samples. This figure shows that the induction time and
media crystallization time (%, s), see Table 4, of non-isother-
mal crystallization process of PP/nCu nanocomposites were
reduced for all nanoparticles mass percentages and crystal-
lization rates. This behavior has been reported as signal of a
nucleation activity of different type of nanoparticles [15-20]
in polypropylene matrices.

The non-isothermal crystallization curves obtained
from the Jeziorny model are presented in Fig. 8. This fig-
ure clearly indicated a sharper transition from primary to
secondary crystallization (inflection in the curve) with an
increase in nCu concentration; in other words, secondary
crystallization is accelerated by the nanoparticle presence,
such as we previously reported for a PP/nanoclay nanocom-
posites [23]. Additionally, the secondary crystallization was
also accelerated at low crystallization rates (2.5 K min™").

The values of n and In Z_ determined from the slope and
intercept of the initial linear portion in Fig. 8 are summa-
rized in Table 3. It is observed in these results an effect of
nanoparticles concentration specially at low crystallization
rate. Firstly, the values of n decrease with the increase in
mass percentages (e.g., from 3.9 for PP-US sample to 2.8 for
PP/4 mass%nCu sample, at 2.5 K mjn_l), while the Z, values
increased with the nCu mass percentages (e.g., from 0.176
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Fig.7 Development of relative -
- . { 2.5 Kmin-1 i
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for PP-US sample to 0.425 for PP/4 mass%nCu sample, at
2.5 K min~!, respectively). These results indicate a possible
change in the nucleation mechanism of iPP at higher con-
centrations of NCu and an acceleration in the non-isothermal
crystallization of iPP when it was compounded with nCu
nanoparticles. In addition, the n and Z_ values increased with
the crystallization rate, in agreement with some reports in
the literature [28, 42]. However, the crystallization kinetic of
iPP/nCu at higher crystallization rate was not adjusted by the
Jeziorny approximation due to the very complicated crystal-
lization process of polymer composites, which is much more
complicated than Avrami approximation and other math-
ematical models, especially at higher rates, where the phe-
nomenon of crystallization is very far from the isothermal
conditions under which the Avrami model was developed
[25].

On the other hand, non-isothermal crystallization kinet-
ics of polymers has been also described through the Ozawa
model [43]. This method provides information about crystal
growth and the nucleation mode according to Eq. 4:

In[-In(1-X.)] =InK(T)-mlng 4)

where X_ is the relative crystallinity, ¢ is the cooling rate,
m is the Ozawa index and K(7) is the kinetic constant at
temperature (7) and indicates how fast crystallization is
carried out. In this theory, the non-isothermal crystalliza-
tion process was considered as consisting of many infi-
nitely small isothermal crystallization processes [37]. The
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values of m and K(7) function can be determined by plot-
ting In [— In (1 — XC)] versus In (¢) at a given temperature,
and a straight line should be obtained if the non-isothermal
crystallization data are adjusted to the Ozawa equation,
and obtaining the slope and intercept from the straight line,
respectively. The non-isothermal crystallization curves
obtained from the Ozawa model for PP homopolymer and
PP/nCu nanocomposites are presented in Fig. 9.

The results obtained for the Ozawa plots for the PP
homopolymer and PP/nCu with the different mass percent-
ages of nCu (0.5, 1.0, 2.0 and 4.0 mass%) show a clear
two-stage crystallization process. However, the changing
slope with temperature indicates that Ozawa index (m) is
not constant during the crystallization process and therefore
the Ozawa model cannot accurately describe non-isothermal
crystallization of nanocomposites of PP loaded with cop-
per nanoparticles. This behavior has been recently observed
for composite and nanocomposites with polyolefins [36, 37,
39], and this might be attribute to that the Ozawa theory has
ignored the secondary crystallization [37].

Crystallization activation energy

From the variation of crystallization peak temperature (77,)
at different cooling rates in non-isothermal crystallization
process, Kissinger proposed a method to estimate the change
in the activation energy (AE) of the crystallization process
[44, 45]. However, deeper analysis has demonstrated that
the Kissinger equation is mathematically inapplicable for
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Fig. 8 Non-isothermal crystal-
lization curves of PP and PP
nanocomposites processed by
the Jeziorny method at the dif-
ferent crystallization rates (2.5,
5,10 and 20 K min™"). The
mass percentages of nCu were
also indicated
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evaluations of the activation energy of processes that occur
upon cooling, and for this reason the omission of negative
sign in the cooling process may result in errors [46]. The
correct behavior of AE can be determined by using iso-
conversional methods, such as the developed by Friedman
and Vyazovkin [46]. The Friedman method [47] is valued
to estimate the reliable evolution of the effective activation
energy as a function of the degree of crystallinity according
to Eq. 5.

where AFEy is the effective activation energy at a given
conversion X, while (dX/dt)y ; is the instantaneous crystal-
lization rate and Ty is the set of temperatures at a given
conversion X at the different cooling rates (¢) used. Other
authors also used the isoconversional method of Friedman
for obtaining results on the effective energy barrier of iPP
composites [26, 48].

The dependence of the effective activation energy on the
relative crystallinity for the PP and PP/nCu composites was
estimated according to Eq. 4 and shown in Fig. 9 as a func-

AE . . . o
In <d_X> =A- X (5) tion of the relative crystallinity (X,). The activation energy
dr /x.e RTx ¢ values calculated were negative for all samples, indicating

Table."; Re'sults of th@ kinetic Sample & /K min~ n Z, Z. fos R?
analysis using the Jeziorny
method for non-isothermal PP-US 2.5 3.9 0.013 0.176 1.42 0.9911
crystallization of PP-US and PP/0.5 mass%nCu 37 0.044 0.287 127 0.9864
PP/nCu nanocomposites

PP/1.0 mass%nCu 3.5 0.082 0.368 1.20 0.9899

PP/2.0 mass%nCu 32 0.085 0.373 1.21 0.9932

PP/4.0 mass%nCu 2.8 0.118 0.425 1.19 0.9910
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that the crystallization increases with decreasing tempera- _50
ture. However, the activation energy values decrease in com- -9 iPP/4 mass®%nCu
parison with PP-US sample when the nCu’s were added at 1001 o iPP/2 mass%nCu +
different percentages into PP matrix. This phenomenon can S % IPP/1 mass%nCu 9
. R 1S A jPP/0.5 mass%nCu
be ascribed to the fact that these particles could acted as 2 +- iPP-US o
. el - . . < —150 1 o
nucleating agents, facilitating the crystallization of poly- 3 Ty
propylene chains. Nevertheless, energy values increase as 2 o m g X B
. ® _o200 ] :
a function of X_ for all samples due to when temperature s 200 wo P &
. . . . . . —— * :
decreases the preexisting crystallites hinder the diffusion of g «* g %
. = gty
the macromolecular chain segments from the melt to the F —2501 Ez AR .
< A
growth front of lamellar crystals [26, 48]. &
It is also shown in Fig. 10 that the final values of activa- - 300 v T T v
0.0 0.2 0.4 0.6 0.8 1.0

tion energy increase with copper amount for the PP/nCu
nanocomposites filled with different concentrations of nCu
(0.05, 1, 2 and 4 mass%). This behavior could be attrib-
uted to the agglomeration of Cu nanoparticles, as observed
previously in Fig. 3 and Table 2, which reduces the chain
mobility and thus hindering the crystallization process
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Relative degree of crystallinity

Fig. 10 Activation energy behavior as function of relative crystallin-
ity for the neat PP and the PP/nCu nanocomposites
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Table 4 Activation energy for

- ) Relative Activation energy/kJ mol™!
all samplés at different relative crystallinity
crystallinity degrees PP-US PP/0.5 mass%nCu PP/1.0 mass%nCu PP/2.0 mass%nCu PP/4.0 mass%nCu
0.1 —229.13 —267.13 —257.15 —244.02 —250.83
0.5 —189.89 -213.75 —-219.07 —196.96 —210.51
0.9 -90.96 —178.09 —136.43 —-113.74 -117.73

[49]. Table 4 shows the values for activation energies at
various crystallinity degrees for all studied samples.

Effect of nucleation activity

The non-isothermal crystallization kinetic analysis and the
crystallization activation energy results indicated a possi-
ble nucleation activity of nCu nanoparticles on the poly-
propylene matrix; however, it is necessary to demonstrate
this behavior. The nucleation activity of different particles
on the polymer matrices has been analyzed by means of
Dobreva’s and Gutzow method. [50].

The Dobreva and Gutzow’s nucleation activity param-
eter of the filler is defined as:

B*

¢ = B, (6)
The parameter B can be experimentally obtained from
crystallization experiences through the following relation-
ship proposed by Dobreva and Gutzow:

B

log ¢ = constant T3AT? 7
where ¢ is the crystallization rate, AT is the undercooling
(T, = Tpear)- B* represent the value of B when the polymer
crystallizes in presence of a nucleation substrate, and B,
when there is no nucleation agent. The value of @ can vary
from 1 to 0, decreasing if the nucleation activity increases.
This approach was successfully applied to evaluate nucleat-
ing rate differences of iPP containing different mineral fillers
[18, 20, 28].

In Fig. 11, Dobreva analysis results are presented for
the PP-US sample and the PP/nCu nanocomposites. The
nucleation activity can be calculated by the ratio between
the slopes of linear curves of log ¢ versus 1/(2.3AT?). The
results of By, B* and ¢ are presented in Table 5. It is clearly
observed, from these results, that the values of ¢ for the
PP-US sample did not decrease with the incorporation of
nCu’s, indicating that this type of nanoparticles did not act
as nucleating agent of iPP matrix, unlike those reported for
other types of nanoparticles [26, 28, 42].

Additionally, from the definition of B, it is possible to
determine the polymer crystal surface energy (o), which is
related to the necessary energy to crystallize a macromo-
lecular segment and can be estimated by Eq. 7:

16763 Vi
b= 3kT, AS2n ®
where o is the crystal surface energy, the PP molar volume
(V,,) can be taken equal to 28 cm® mol™!, k is the Boltz-
mann Constant, 7, is the PP melting temperature, the molar
entropy (AS,) 24.2J K~!, the Avrami exponent n=3. The
values of ¢ for all studied samples are reported in Table 5.
According to these results, the incorporation of nCu did not
significantly modified the crystal surface energy, corroborat-
ing the no nucleating activity of these nanoparticles.

Effect of thermal conductivity

After the previous results, it is necessary to make next ques-
tion, what could be the reason for the acceleration of non-
isothermal crystallization kinetic and the reduction in the
activation energy kinetic, if the nCu’s did not show a conven-
tional nucleation activity? In this sense is necessary to state
that from to the literature, the copper nanoparticles have
low specific heat capacity (C,~0.39J kg~! K1) and high
thermal conductivity (k~386 W m~! K™!). These properties
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=
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Fig. 11 Dobreva’s graphs of PP-US and PP/nCu nanocomposite sam-
ples
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Table 5 Nucleation activity Sample A B, B* @(B*/B) R? Crystal surface
parameters and crystal surface -2
energy o/J cm

energy of PP-US and PP/nCu

nanocomposite samples PP-US 4146 39049.67 - - 0.9996  2.27E-06
PP/0.5 mass%nCu  4.649 - 41,053.28 1.05 0.9935 2.31E-06
PP/1.0 mass%nCu  4.562 - 39,982.38 1.02 0.9985 2.29E-06
PP/2.0 mass%nCu  4.318 - 38,126.86 0.98 0.9987 2.25E-06
PP/4.0 mass%nCu  4.242 - 39,116.45 1.00 0.9993 2.27E-06

could help to obtain PP/nCu nanocomposites with higher
thermal conductivity than the neat PP. In this case, the meas-
ured k was 0.23, 72.4, 78.4, 76.3 W m~' K! for the PP/
nCu nanocomposites containing 0.5, 1.0, 2.0 and 4.0 mass%
of copper nanoparticles. These results indicate a significant
increasing respect to the literature reported of k for iPP
(0.11 W m~' K71 [51]. These values of & could be related
to materials with high heat dissipation properties. Therefore,
a possible explanation to the acceleration in the crystalliza-
tion kinetic and the activation energy behavior of PP/nCu
nanocomposites could be related to an increase in the ther-
mal energy dissipation from the melted iPP macromolecules
to the individual or agglomerated nanoparticles and then to
the surroundings during the non-isothermal crystallization.
This behavior was previously reported by Radhakrishnan
et al. [29, 30], who studied the effect of thermal conductiv-
ity and heat transfer of different fillers (wollastonite, glass
fiber, silica, talc, mica, calcium carbonate and carbon fiber)
on the crystallization, structure and morphology of polypro-
pylene experimentally and by a phenomenological model.
These authors found that higher thermal conductivity of the
filler promotes to shorter induction time and faster crystal-
lization due to the thermal dissipation from the melt to the
surroundings in a molding (injection or compression) pro-
cess. Conversely, although there are evidences on the effect
of high thermal conductivity fillers on the overall crystal-
lization process of polypropylene, it is necessary to develop
further studies on this phenomenon and determine if the high
thermal conductivity nanoparticles affected the crystalliza-
tion of semicrystalline polymers at molecular (secondary
nucleation) or bulk level.

Conclusions

The non-isothermal crystallization kinetic, crystalline mor-
phology and crystallization activation energy of iPP/nCu
nanocomposites under different concentrations of nanopar-
ticles (i.e., 0.1, 0.5, 1.0, 2.0 and 4.0 mass%) and different
crystallization rates (2.5, 5.0, 10.0 and 20.0 K min™') were
investigated. The nucleation activity in terms of Dobreva
and Gutzow method and thermal conductivity measurements
were performed to determine if the crystallization behavior

@ Springer

was due to a nucleating effect of nanoparticles on the iPP
matrix or if the high thermal conductivity of nanoparticles
favored the thermal dissipation.

The results indicate that incorporation of nCu increased
the T}, of crystallization about 4 K respect to the neat PP and
reduce the induction time and ¢ 5 of crystallization. Addi-
tionally, the crystallization kinetics, according to Jeziorny
analysis at low crystallization rate (2.5 K min~!), was also
accelerated, and the activation energy was reduced for all
PP/nCu nanocomposites.

Although this behavior has been previously attributed to
a heterogeneous nucleating effect of nanoparticles on the
iPP matrix, the nucleation activity of nCu, obtained by the
Dobreva and Gutzow method, was practically insignificant.
Similarly, the crystal surface energy of iPP was not influ-
enced by the nCu’s.

Conversely, the PP/nCu nanocomposites presented high
thermal conductivity, which helped to dissipate better the
thermal energy released during the crystallization process.
Therefore, there are evidences that the observed non-isother-
mal crystallization behavior (Kinetic and activation energy)
was more influenced by the high thermal conductivity of
nanocomposites than for the conventional nucleation activity
of nanoparticles.
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