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This study explores how the presence of nanofillers with
different structural and chemical characteristics, specifi-
cally silica nanoparticles and exfoliated graphite nanopla-
telets (GNP), alters the crystallization behavior and
polymorphism of a semicrystalline polymer, such as poly-
propylene (PP). The main focus of this research is to
investigate how silica and GNP affect the nucleation and
growth of PP crystals during isothermal crystallization.
The nonisothermal crystallization behavior, including crys-
tal structures, crystallization temperature, and rate, is
also determined. PP composites with nanomaterial con-
tent up to 7 wt% were produced by melt mixing and injec-
tion molding. Both silica and graphite were found to be
effective nucleating agents, significantly increasing the
crystallization rate during isothermal crystallization, with
greater changes observed in case of GNP composites.
The effect of filler type and amount on the PP polymor-
phism and lamella thickness was studied by X-ray diffrac-
tion and modulated differential scanning calorimetry. Both
silica and graphite were found to be effective nucleating
agents for the less common fp-phase of PP crystals even
at low nanomaterial concentration. «-—crystal perfection
and the recrystallization of the f-form in the o-form and/
or at the transcrystalline regime were found to be respon-
sible for the recrystallization occurring upon melting in
nanocomposites at high silica or medium GNP content.
POLYM. ENG. SCI., 55:672-680, 2015. © 2014 Society of Plastics
Engineers

INTRODUCTION

Isotactic polypropylene (PP) can crystallize in various forms
or phases. In particular, depending on the crystallization condi-
tions and molecular characteristics, different packing structures
of the PP helices lead to the formation of the four well-known
crystal forms: monoclinic (o), trigonal (f), triclinic (y), and
smectic (d) structure [1, 2]. Although the most significant and
widely occurring crystal form is the o-form structure, intensive
investigation has been recently focused on the f-form because
of its interesting physical and mechanical properties [3] includ-
ing the higher impact strength and toughness of the f-form
when compared to the o-form, attributed to the different lamel-
lar morphology of S-PP [4]. Conversely, the Young’s modulus
and yield strength of isotactic PP, as measured in quasi-static
tensile tests, slightly decrease with the ff-phase content [5].

Correspondence to: Diego Pedrazzoli; e-mail: pedrazzoli.diego@ gmail.com
DOI 10.1002/pen.23941

Published online in Wiley Online Library (wileyonlinelibrary.com).

© 2014 Society of Plastics Engineers

As reported [3, 6], the presence of a foreign material (e.g.,
polymeric compatibilizer, microfiller or nanofiller) can affect the
crystallization behavior of semicrystalline polymers including PP.
However, only few studies have focused on the effect of foreign
materials on the polymorphism of such polymers and the forma-
tion of the less common crystalline structure forms [7-9]. It has
been shown that the introduction of only 0.5 wt% of N, N'-dicy-
clohexylo-2,6-naphthaleno dicarboxy amide as f-phase nucleating
agent leads to the formation of almost 100% [-crystalline phase
in isotactic PP, with a significant changes of the structure, mor-
phology, and properties [10]. Furthermore, it has been reported
that a f nucleating agent, namely calcium pimelate, can be sup-
ported on nano-CaCOj3 with high specific surface area and signifi-
cantly increase the efficiency of the f-phase nucleation [11].

The nanofiller itself, in absence of a special nucleating agent,
can also promote nucleation of the less common crystalline forms
in semicrystalline polymers, for example, as reported [12], clays
can promote nucleation of polyamide crystals and induce the for-
mation of the less common f- and y-form crystals. Other studies
investigated the mechanisms responsible for the presence of poly-
morphism in PP / clay nanocomposites [1, 4, 13]. In particular, the
introduction of clay increases the crystallization rate and the crys-
tallization peak temperature, inducing an orientation of the crystals
and promoting the formation of the less common f3- and y-phase
with a significant enhancement of the impact strength and tough-
ness. In addition to clays, carbon nanotubes [14, 15], and graphite
nanoplatelets (GNP) [16], even at low concentration, can also act
as nucleating agents for PP. Therefore, the advantage of using
nanofillers, especially carbon based ones, over the traditional /3
nucleating agents is that, in addition to the nucleation of the less
common f-phase that exhibits greater toughness and impact
strength, there is a dramatic improvement of the mechanical, ther-
mal, and electrical properties achieved at filler content of less than
5 wt% due to the reinforcing effect provided by the rigid inclu-
sions (i.e., higher elastic modulus and yield strength) [17-22]. A
thermally conductive polymeric material can be used in various
applications such as microchip cooling, fuses, radiators, trans-
former housings, and so forth. Moreover, a significant reduction of
the coefficient of thermal expansion, which is a desirable property
for the use of composite structural applications, can be attained.
Noteworthy, since the GNP reinforcement are characterized by an
aspect ratio greater than 1, a control of the filler’s orientation is
feasible, in such a way to obtain the desired combination of ther-
mal conductivity and coefficient of thermal expansion.

Although the effects of GNP on the thermal and mechanical
properties of various polymers has been widely investigated [23,
241], its influence on the crystallization and melting behavior and
polymorphism of semicrystalline polymers still needs to be
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ascertained. The focus of this research is to determine, by means
of modulated differential scanning calorimetry (MDSC), optical
microscopy, and X-ray diffraction (XRD), how GNP affects the
crystallinity and polymorphism of PP. For the sake of compari-
son, the effect of conventional filler with different chemical
nature and morphology, namely fumed silica nanoparticles, on
the crystallization behavior of PP is also investigated.

EXPERIMENTAL SECTION

Materials and Fabrication of Composites

The polymer used in this work is an isotactic homopolymer
PP (MFI at 190°C and 2.16 kg = 6.9 g/10 min, density = 0.904
g/cm3) produced by Polychim Industrie S.A.S. (LOON-PLAGE,
France) and provided by Lati Industria Termoplastici S.p.A
(Varese, Italy) with the commercial code PPH-B-10-FB. The
two nanomaterials used are: (i) dimethyldichlorosilane function-
alized silica nanoparticles (Aerosil® R974, supplied by Evonik
Industries AG—Hanau, Germany) with an average primary par-
ticle size of 12 nm and a Brunauer-Emett-Teller (BET) specific
surface area of 124 £ 1 m2/g; and (ii) exfoliated GNPs xGnP-
C750, supplied from XG SCIENCE® (East Lansing, MI), with
an average diameter of 0.7-0.8 pm and a specific surface area
of around 750 m2/g. Details on the exfoliation process as well
as on the morphology of GNP can be found elsewhere [25].

The nanocomposites were produced by melt mixing and
injection molding. A vertical, corotating, bench-top twin-screw
microextruder (DSM Micro 15 cm’ Compounder) connected to
a microinjection molding unit (DSM) were used to obtain dog-
bone specimens. The compound was mixed for 3 min, at 190°C
and a screw speed of 250 rpm. The temperature of the mold
was 80°C, while the injection molding pressure was about 800
kPa. Composites were designated indicating the matrix and the
type of filler with its amount. For instance, a sample filled with
5 wt% of Aerosil® R974 was indicated as PP-silica-5, and the
7 wt% of xGnP-C750 sample was designated as PP-GNP-7.

Experimental Techniques

Morphology Characterization. XRD measurements were
obtained on a X’Pert Pro Alpha 1 (PANalytical, Almelo, Neth-
erlands) diffractometer in the Bragg—Brentano geometry, operat-
ing at the monochromatic, filtered Cu Kol radiation (0.154056
nm). Samples were scanned in a 20 range between 10° and 50°
at a scanning rate of 1°/min, counting time of 4 s, adopting a
divergence and antiscatter slit of 1/4° and 1/2°, respectively, at
45 kV and 40 mA. Small square samples 3.3-mm thick, previ-
ously washed in acetone and dried using a nitrogen flow, were
used for the XRD analyses. Fracture surfaces of samples were
observed by a Phenom G2 Pro (Phenom-World BV., Eindhoven,
The Netherlands) bench-top scanning electron microscope
(SEM), at an acceleration voltage of 5 kV. Prior to the SEM
observations, a thin gold coating was applied onto the surface
by plasma sputtering to minimize charging effects.

Characterization of the Melting and Crystallization Behavior.
Standard and MDSC tests were performed by a DSC Q2000
(TA Instruments, New Castle, DE) under a constant nitrogen
flow of 50 ml/min on specimens of about 5-8 mg. Isothermal
crystallization studies at 145°C were performed by standard
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DSC, heating the sample to 200°C at a rate of 30°C/min and
maintaining isothermal conditions for 10 min to erase any previ-
ous thermal history followed by cooling to 145°C. Every data
point is an average of at least three measurements.

The data regarding melting and crystallization behavior was
collected by MDSC, heating the samples from the equilibrated
temperature of 0°C to 200°C at a rate of 5°C/min, with subse-
quent cooling to 0°C, at a rate of 5°C/min. During heating and
cooling a modulation of =1°C every 60 s was set to decompose
the total heat flow signal into reversing (describing heat capacity
events including the glass transition and melting) and nonrevers-
ing information (related to kinetic events, such as crystallization
and crystal perfection/recrystallization). In particular, the revers-
ing heat flow curves during heating were used to investigate the
melting behavior of the nanocomposites. The melting enthalpy
(AH,) and melting temperature (T,,) were determined during
the heating cycle, whereas crystallization enthalpy (AH.), and
crystallization peak temperature (7,) were determined during the
following cooling cycle. In particular, the degree of crystallinity
was calculated by taking the weight fraction of PP in the com-
posite into account, according to the following equation:

AH,
7%= X100 (1)

AH;(I_Wl%/IOO)

where AH, is the crystallization enthalpy, AH} corresponds to
the theoretical crystallization enthalpy of 100% crystalline iso-
tactic PP equal to 209 J/g [26], whereas wt% is the filler weight
content in percentage.

Isothermal crystallization behavior was also investigated in
situ using a hot stage (Instec HCS302, Boulder, CO) placed
under an optical microscope (Leica DMRM, Buffalo Grove, IL),
to heat the samples to 200°C at a rate of 30°C/min. The samples
were held isothermally for 10 min and then cooled to the
crystallization temperature of 145°C. The temperature was kept
constant until the crystallization was completed.

Mechanical Testing. Tensile tests were performed according to
ASTM D638 standard with an Instron model 33R 4466 (Nor-
wood) tensile tester equipped with a 500 N load cell. Each data
point is an average of at least five tests performed at a crosshead
speed of 5 mm/min. Axial strain was recorded using a resistance
extensometer Instron® model 2630-101 with a gauge length of 10
mm. To avoid uncertainties related to nonlinearity in the stress-
strain curves, elastic modulus was measured as a secant value
between longitudinal deformation levels of 0.05% and 0.25%.

The fracture behavior of the material at high strain rate levels
was investigated by examining surfaces obtained after impact
tests (Izod type) performed according to ASTM D256 standard,
by pendulum provided by Custum Scientific Intruments, (Whip-
pany, NJ). The dimensions of the notched Izod impact speci-
mens were 63.5 X 12.7 X 3.2 mm3, and an edgewise notch of
2.55 mm depth and 0.25 mm radius was made.

RESULTS AND DISCUSSION
Morphological Analysis

The dispersion and distribution of the nanomaterials within
the PP matrix were studied using electron microscopy. Fracture
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FIG. 1.

surfaces of PP nanocomposites were analyzed and compared to
that of neat PP (Fig. la). Although uniform distribution of
homogeneous silica aggregates is shown in PP-silica-1 (Fig. 1b),
nonhomogeneous agglomeration is evident when considering PP
filled with 7 wt% silica (Fig. 1c). GNP appears rather well dis-
tributed within the matrix at a content of 1 wt%, with very few
distinguishable platelets with dimension of around 1 pm
(Fig. 1d). However, larger platelet aggregates can be observed
in case of the PP-GNP-7 composites (Fig. le). The presence of
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SEM micropictures of neat PP (a), PP composites filled with 5 and 7 wt% of silica (b, c), and GNP (d, e).

aggregates may reduce the GNP surface area available for
nucleation of the PP crystals.

Isothermal Crystallization Behavior

Representative optical micrographs of the isothermal crystal-
lization studies are reported in Fig. 2. Using the hot stage under
the microscope, the temperature is decreased from the melting
temperature to 145°C, and then is kept constant until the
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Time (min)

PP-silica-0.01

PP-GNP-0.01

FIG. 2. Hot stage optical pictures during isothermal crystallization at 145°C of PP (left column), PP-silica-0.01
(central column), and PP-GNP-0.01 (right column) as a function of time.

crystallization is completed. In case of neat PP at r=0 (i.e.,
when the test temperature of 145°C is reached), some pre-
existing nuclei can be observed, probably due to impurities and
catalyst residues (Fig. 2-left). Crystallization occurs through for-
mation and growth of spherulites around the pre-existing nuclei
and no recrystallization or secondary crystallization is observed.
Conversely, PP filled with 0.01 wt% silica (Fig. 2-central) or
0.01 wt% GNP (Fig. 2-right) manifests a much faster crystalli-
zation which results in smaller spherulites of rather irregular
shape compared to those of neat PP, evidencing the nucleation
ability of the silica particles and GNP which provide larger sur-
face area available for nucleation and growing of the polymer
crystals.

The crystallization rate, a measure of the process kinetics,
was determined during isothermal crystallization at 145°C by (i)
standard DSC experiments and (ii) in situ hot stage/microscopy
studies. Results for representative samples are shown in Table 1.
It is noted that in case of the in situ study the crystallization
rate is considered as the inverse of the time required for the
spherulites to completely cover the observed micrograph area.
In the case of DSC experiments, the crystallization rate was
determined as the inverse of the time interval required for the
completion of the crystallization during isothermal crystalliza-
tion. As shown, the two methods resulted in similar values for
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the crystallization rate clearly indicating that addition of nano-
materials even at the very low content of 0.01 wt% can signifi-
cantly alter the crystallization characteristics of PP including a
dramatic increase of the crystallization rate.

Nonisothermal Crystallization Behavior

The degree of crystallinity (y¢), determined by MDSC dur-
ing nonisothermal crystallization, decreases with the filler con-
tent (Table 2). The nucleation effect of the nanomaterials is
evidenced by an increase in crystallization temperature (7.) and
as shown the nucleating effect of GNP is significantly larger
compared to that of silica. The nanomaterials nucleating action
is mainly attributed to their high surface area which is 124 and

TABLE 1. Crystallization rate during isothermal crystallization at 145°C
based on DSC and in situ hot stage/microscopy studies.

Based on in situ hot

Sample Based on DSC (min~") stage/microscopy (min~ ")
PP 0.069 = 0.002 0.05
PP-silica-0.01 0.209 = 0.012 0.20
PP-GNP-0.01 0.331 £0.015 0.25
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TABLE 2. Crystallization and melting parameters obtained by MDSC.

Enthalpy of

Sample T. °C)* %9 (%)° [AH, (J/2)] Induction time (min) Tm1 (CC)° Ty (CO)° recrystallization (J/g)
PP 126.2+0.2 51.1 = 0.3 (106.8) 3.7x0.1 154.6 = 0.1 166.3 +0.2 ~0
PP-silica-0.5 1269 0.2 50.6 £0.4 (105.2) 3.7x0.1 154.7+0.2 167.6 0.4 ~0
PP-silica-1 127.2+0.2 49.8 0.4 (103.1) 3.8x0.0 1549 +0.2 168.0 = 0.2 ~0
PP-silica-3 127.5*+0.1 49.7 = 0.4 (100.8) 40=*0.1 1544 +0.1 168.6 0.3 ~0
PP-silica-5 127.6 0.2 48.3+0.4 (95.9) 4.1%0.1 156.5+0.3 167.1 0.2 2.1*0.2
PP-silica-7 127.7 0.1 47.1+£0.3 (91.5) 42+0.1 158.6 0.2 167.0+0.4 159+0.6
PP-GNP-0.5 130.8 0.2 49.8 £ 0.5 (103.5) 42+0.0 / 160.2 +0.2 ~0
PP-GNP-1 133.2%£0.2 48.6 = 0.4 (100.5) 47%0.2 / 160.3+0.3 25+0.2
PP-GNP-3 137.2+0.2 48.7 0.5 (98.7) 5.0%0.1 / 161.3+0.2 30904
PP-GNP-5 138.8 0.2 474+04 (94.1) 52+0.1 / 162.1£0.3 23.5+0.6
PP-GNP-7 139.3+0.3 46.7 +0.4 (90.7) 55%+02 / 161.7+0.2 122+04

“Crystallization peak temperature recorded by MDSC.
"Degree of crystallinity (crystallization enthalpy in brackets).
“First melting peak temperature, recorded on the reversing heat flow curve.

9Second melting peak temperature, recorded on the reversing heat flow curve.

750 m?/g for silica and GNP, respectively, according to the
suppliers.

The crystallization induction time, defined as the time differ-
ence between onset and endset of nonisothermal crystallization,
is increased with the filler content indicating that the polymer
chains have more time, at higher temperature, to rearrange form-
ing thus more perfect and/or thicker crystals [27].

In conclusion, addition of nanomaterials in PP results in
increase of the crystallization temperature and decrease in the
degree of crystallinity, with GNP having a larger effect on these
crystallization characteristics compared to silica.

Polymorphism and Crystal Thickness

The effect of filler type and amount on the PP polymorphism
and lamella thickness was studied by XRD and MDSC. Isotactic
PP can exhibit four crystal structures: monoclinic (), trigonal
(), triclinic (y), and smectic (6), whose formation depends on
the melting history, crystallization temperature, pressure, and
cooling rate, and the presence of nucleating agents or fillers
[2, 28]. In particular, a-form is the most common crystalline
phase, while f-—form more likely occurs under particular con-
ditions in terms of temperature gradients, presence of shearing
forces [29, 30], or nucleating agents, whereas the y-form is the
least common and is more likely to be observed in low molecu-
lar weight PP [31]. Previous studies on the crystallization of iso-
tactic PP demonstrated that a higher amount of the f-form
results in higher impact strength and toughness compared to the
o-form [16], accompanied with a slight decrease in elastic mod-
ulus and yield stress [5].

The diffractograms of PP-silica and PP-GNP nanocomposites
are presented in Fig. 3a and b, respectively. The characteristic
six reflections of the o-form (20 = 14.08° <110>, 20 = 16.95°
<040>, 20 = 18.50° <130>, 20 = 21.85° <041>, 20 = 25.00°
<060>, and 20 = 28.00° <220>) [31-33], two reflections of
the f-form (20 = 16.00° <300> and 20 = 21.00° <301>) [32]
and one reflection attributable to the y-form (20 = 20.07°
<117>) [31] can be recognized on the diffractogram of neat PP
(Fig. 3a).

Silica incorporation results in an increase of the first three
reflections of the a-form, with the reflection at 20 = 16.95°
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dominating, whereas the reflection at 20 = 21.85° decreases in
intensity with the filler amount. Conversely, the f-form reflec-
tions increase up to filler content of 0.5 wt% and diminish at
higher filler content, whereas the y reflection (recognizable at
20 = 20.07°) becomes slightly broader with the filler content.
Furthermore, it can be seen that addition of 0.01 wt% silica pro-
motes the formation of the f-phase crystals. As confirmed by
XRD the silica nanoparticles are amorphous.

The f-phase content, known as k value, was estimated adopt-
ing the formula proposed by Turner—Jones et al. [34]:

I
k=——F x100[%) )
Lo+l +15+1;

where /4 is the intensity of the f-phase reflection correspond-
ing to the <300> plane, while /., I,», and I,3 are the inten-
sities of the a-phase reflections corresponding to the <110>,
<040>, and <130> plane, respectively. An increase, in the
order of ~13%, in the k value with silica content up to 0.5
wt% silica can be observed followed by a slow decrease at
larger filler contents (Fig. 4a). The nonmonotonical trend of &
as a function of the silica content indicates the presence of an
optimum silica content which promotes the formation of the
less common f-phase. Further addition of silica compromises
the available surface of the silica nanoparticles, due to agglom-
eration, and increases the crystallization rate hindering the for-
mation of f-phase in favor of the o-phase. In particular,
p-nuclei have less time to form and insufficient space to grow
due to the faster nucleation and growing of the o-nuclei, as
confirmed by the estimation of the lamella thickness reported
below.

The lamella thickness of the crystals (L), which is a measure
of the crystal size was calculated using the full width at half
maximum of the predominant XRD reflections according to the
Debye-Scherrer formula [35], presented in Egq. 3

K-

Li=— -
" FWHM - cos (0)

3

where K is the crystal shape factor assumed as 0.9, while 1 is
the X-ray source wavelength.
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FIG. 3. X-ray diffractograms of (a) PP-silica and (b) PP-GNP nanocomposites as a function of the nanomaterial

content.

The thickness of the dominant o-—form crystal of PP-silica
composites, corresponding to the reflection at 20 = 16.95°, is
found to significantly increase with the silica content (Fig. 4a).
Since the o-—form is the predominant crystalline morphology in
PP, the higher crystal thickness is in agreement with the
increase of induction time as measured during nonisothermal
crystallization experiments (Table 2). Conversely, the thickness
of the f-—phase crystals (20 = 16.10°) increases for addition of
silica up to 1 wt% and slowly decreases at higher contents, par-
allel with the reduction in f-phase content.

[Ja <040>
[ » <300~
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Crystal thickness [nm]
Content of p-form - k value

0 001 05 1 3 5 7
silica [wt%)]

FIG. 4.

Incorporation of GNP into PP results in an increase of the
reflections of the o-form crystals with the filler content and a
slight increase of the reflections associated to the f-form crystals
at low GNP content of 0.01 wt%. The f-form reflections are atte-
nuated at higher GNP loadings as shown in Fig. 3b. The presence
of nanofiller can be recognized by the reflection at 20 = 26.45°,
corresponding to the graphite’s <002> plane [36], whose inten-
sity increases with the filler content. It is noted that the graphite
reflection in case of the PP-GNP composites does not shift to
smaller values of theta compared to the peak of neat GNP,
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(a) Crystal thickness of the o-form evaluated at 20 = 16.95° (<040> plane) and fS-form evaluated at

20 =16.00° (<300> plane) for PP-silica composites and (b) crystal thickness of the o-form, f-form and of the

graphite’s <002> plane at 20 = 26.45°.
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GNP nanocomposites during MDSC analyses.

indicating that the high viscosity PP melt cannot intercalate the
GNP, that is the polymer chains cannot enter into the GNP nar-
row galleries, as reported also elsewhere [37-39]. Conversely, the
crystal size associated to the graphite’s <002> plane increases
with the filler loading (Fig. 4b), indicating the presence of large
oriented agglomerates formed during processing due to poor dis-
persion and alignment along the injection molding direction [40].

The fS-phase content increases up to around 11% corresponding
to a graphite content of 1 wt%, as indicated by the k value. How-
ever, the higher crystallization rate reached at greater filler amount
might favor the formation of the a-phase over the [-phase, induc-
ing a decrease in content and lamellar thickness of the f-phase.

The predominant o-—form crystals manifest a nonmonotoni-
cal increase in crystal thickness with filler content, characterized
by a plateau between 1 and 3 wt%. The elastic modulus exhibits
a similar trend, as shown in Fig. 6. It is understood that the
o-—form crystals increase in thickness and reach a plateau when
the f-phase content is maximum, followed by a second increase
occurring upon a rapid decrease in f-phase content upon further
addition of GNP.

Melting Behavior

The results of the structural morphology obtained by XRD are
in agreement with the melting behavior as determined using
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160
T [°C]

Reversible and nonreversible heat flow describing the melting behavior of (a,

1(:‘:0 170

T [°C]

140 150

b) PP-silica and (c, d) PP-

MDSC. In particular, the reversing heat flow measured by MDSC
is strictly associated to reversible transformations, including melt-
ing related phenomena. PP-silica composites show two distinct
peaks on the curve, a minor peak T,,, at lower temperature and
the main peak T,,, at higher temperature (Fig. 5a). The double
melting peak might be associated with the recrystallization of the
monoclinic «; phase into the more ordered «, phase [41]. How-
ever, as it was shown in XRD diffractograms, PP-silica nanocom-
posites present a significant f-phase content, whose melting
properties differ from those of the o-phase. In fact, the f-phase of
isotactic PP manifests a melting peak at lower temperature (i.e.,
located between 153 and 159°C) compared to the o-phase [10,
42]. Therefore, the two melting peaks T},; and T, are associated
to the ff and o crystal form, respectively. Splitting of the low
temperature peak T,,; is not observed, indicating the absence of a
p-p’ recrystallization (i.e., due to crystal perfection phenomena of
the f[-phase), as it might occur in some cases under different
cooling condition [43, 44]. Moreover, the melting peak T, is
shifted toward higher temperatures and decreases in intensity at
higher filler content, probably because of the f-phase attenuation.
Noteworthy, the reversing heat flow excludes all phenomena
related to recrystallization and crystal perfection, possibly occur-
ring upon heating. To further investigate the melting behavior,
the curve of the nonreversing heat flow was analyzed (Fig. 5b) as
a function of the filler content. Limited recrystallization occurs
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FIG. 6. Elastic modulus and tensile energy at break of (a) PP-silica and (b)
PP-GNP nanocomposites.

only at 7 wt% silica, probably because of «- crystals perfection
phenomena or because the imperfect f-crystals recrystallize in
the o-form and/or at the transcrystalline regime [45-47]. The fi—u
transition was quantified by computing the recrystallization
enthalpy, estimated as the area under the exothermic transforma-
tion (Table 2). In general, the more imperfect the trigonal crystals
are (i.e., at higher cooling rates), the more intense the ff—o transi-
tion becomes [42].

As reported in [42], isotactic PP exhibits recrystallization
showing a slight but significant splitting of the endotherm peak
associated with the o; and «, phases at 165 and 168°C, respec-
tively, which is also observed on the reversible curves (Fig. 5a)
of PP-silica 7 wt%. The new monoclinic crystals that form dur-
ing the f—o transition are o, and melt at a higher temperature
than the o crystals, formed during cooling from the melt.

Curves of PP-GNP composites show that the melting peak T},
progressively disappears upon addition of GNP, because the
p-phase is hindered (Fig. 5¢). Since the two melting peaks T,
and T, were rather difficult to be distinguished on the curve, only
one representative melting temperature was reported in Table 2.

Moreover, recrystallization occurs at filler loadings between
1 and 5 wt%, possibly indicating crystal perfection phenomena
or recrystallization of the f-form in the o-form and/or at the
transcrystalline zone (Fig. 5d). As confirmed by XRD analysis,
the f-form crystals become fewer and thinner with GNP loading
larger than 1 wt%, when recrystallization begins to occur.

Therefore, when considering the crystallization induction
time based on DSC, the vanishing of the f-phase and the
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recrystallization enthalpy according to MDSC; and the increased
lamella thickness of the o-phase calculated based on XRD, the
overall effect of GNP on the crystallization of PP is the forma-
tion of more perfect o-crystals.

Tensile and Impact Mechanical Properties

The elastic modulus of the PP-silica and PP-GNP composites
increases nonmonotonically with addition of fillers as shown in
Fig. 6a and b, respectively. This trend indicates the presence of
two competing factors, specifically the stiffening effect given by
high modulus filler particles (E =70 GPa for both silica [48]
and GNP [49]) and the formation of aggregates because of the
relatively poor dispersion within the matrix. Some studies
reported the effect of f-phase content on the tensile properties
and fracture behavior of isotactic PP [5]. In particular, it was
shown how the elastic modulus and the yield stress decrease
slowly with the f-phase content. Therefore, the nonmonotonical
trend followed by the elastic modulus might also be attributed
to crystals polymorphism. However, other effects should be
accounted for, especially the dependence of morphology and fil-
ler interfacial interactions upon the filler content.

In addition, the impact strength values shown in Fig. 6 signifi-
cantly increase with the filler content, with a greater enhancement
in the case of GNP composites. Noteworthy, the increase in
toughness obtained in PP composites at low and intermediate fil-
ler content can be ascribed to (i) changes in the energy absorbing
mechanisms (i.e., higher plastic deformation of the matrix along
the filler/matrix interface, crack branching due to hindrance by
reinforcements, bridging of the crack, creation of voids, etc.) and
(ii) different crystalline morphology occurring upon nanomodifi-
cation. In particular, as already shown in the isothermal crystalli-
zation experiments, the presence of the filler may change the
spherulite size. Moreover, the filler type and content can, as dis-
cussed earlier, affect the polymorphism and lamella thickness
(see Isothermal Crystallization Behavior Section). Both spherulite
size and polymorphism play a key-role in determining the impact
strength of PP [2]. Some studies reported how an increase in f-
phase content results in a significant enhancement in impact
strength and toughness in PP [1, 13]. Since the investigated nano-
composites show a higher f-phase content at filler contents
between 0.5 and 5 wt%, this might be one of the reasons explain-
ing the higher impact strength observed with respect to unfilled
PP, whose amount of f-phase is significantly lower.

CONCLUSIONS

The effect of silica and GNP nanoparticles on the crystalliza-
tion behavior and polymorphism of isotactic PP was investigated
by optical microscopy and XRD. Both silica and GNP were
found to be effective nucleating agents, significantly increasing
the crystallization rate during isothermal crystallization, with
greater changes observed in case of GNP composites. PP crys-
tals nucleate on the GNP surface, as observed in in situ crystal-
lization studies using optical microscopy.

The nucleation of the f-phase, which manifests superior
impact strength and toughness compared to the most common
o-form crystals, was observed in both silica and graphite compo-
sites even at low filler concentration (as low as 0.01 wt%). A
saturation effect on the nucleation and growth of the f crystals
was observed at higher filler amounts (0.5 wt% for silica and
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1 wt% for GNP) due to the relatively poor dispersion that limits
the available filler surfaces for nucleation.

Because of the overall changes were found generally greater

for GNP with respect to silica, the GNP is significantly more
efficient in inducing polymorphism and favoring the formation
of more perfect a-form crystals.
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