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ABSTRACT: Composites based on isotactic polypropylene (iPP) modified with a sorbitol derivative (NX8000) and siloxane-silsesquioxane
resin containing reactive phenyl groups (SiOPh) were prepared by melt extrusion. These iPP-based formulations were investigated to eval-
uate the influence of such additives on the crystallization behavior and morphology, as well as on thermal and mechanical properties. The
addition of sorbitol fastens crystallization kinetics of iPP and leads to higher transparency of iPP films. Upon the incorporation of
siloxane-silsesquioxane resin, no further effect on iPP crystallization kinetics is evidenced by calorimetry, optical microscopy, and X-ray
diffraction analysis. Transparency of iPP-based composites is improved upon the addition of sorbitol, but decreased when SiOPh is added
to the formulation. The composites are also stiffer, compared to neat polypropylene with a decreased elongation at break and increased
Young’s modulus values, with increasing amounts of fillers. The effect of the siloxane-silsesquioxane resin on properties of iPP/NX8000/
SiOPh composites was explained taking into account compatibility of the components and morphology of the composites. © 2016 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43476.
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INTRODUCTION

Isotactic polypropylene (iPP) is a semicrystalline and polymor-
phic thermoplastic with a maximum degree of crystallinity of 60—
70%. iPP crystals of different structures and morphologies can be
generated by variation of the crystallization conditions and/or by
introducing nucleating agents into the polymeric matrix. As a
result, iPP can develop various crystal modifications called a-, f3-,
-, 0- (in the presence of comonomers), and ¢-structures, as well
as a conformationally disordered mesophase.'™ The a-structure is
technically important since it ensures to iPP better transparency
as well as higher modulus and tensile strength, compared to the
other crystal modifications.®

The most extensively used nucleating agents, which contribute to
o-structure formation, are sorbitol derivatives, because of their
high efficiency. Although the cost of sorbitol derivatives is quite
high, their effect on optical properties is unique. Thus, they are
commonly used as clarifiers and no cheaper additives, able to
similarly improve iPP transparency, have been developed yet.
The addition of sorbitol derivatives also results in increased crys-
tallization temperature and decreased spherulite size.” Moreover,
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sorbitol derivatives are soluble in molten iPP, which allows easy
and efficient dispersion during processing. As was recently dem-
onstrated,>” upon cooling from the melt, the sorbitols mixed
with polypropylene undergo phase separation, with formation of
a percolated network of fibrils which hosts a large number of
nucleation sites for growth of iPP spherulites. This phenomenon
is crucial from the application point of view, because an antici-
pated onset of nucleation leads to faster crystallization, which
allows to shorten the cycle time and reduce the production cost,
i.e., may be an advantage in case of injection molding process.
Conversely, a too high crystallization rate may be a drawback for
extrusion of products such as films or fibers, since creation of
highly ordered and oriented chain segments occurs prior to crys-
tallization process.' As a consequence, a too fast crystallization
may limit production of highly oriented goods.

In recent years, many research efforts have been directed towards
incorporation of organic-inorganic hybrid materials into iPP."'~'*
Such materials have organic components bonded to a siloxane
or silica backbone and are variously referred to as organically
modified silicas, ormosils, or silsesquioxanes (POSS). This class of
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Figure 1. Chemical structures of (a) NX8000 and (b) SiOPh.

hybrids owes unique possibilities to combine the properties of
the organic moieties with those of the siloxane or silica matrix.
Moreover, the presence of organic groups increases hydrophobic-
ity of the particle surface, resulting in a potential improvement in
compatibility between filler and host polymer.'” Despite all these
advantages, it was shown that these organic—inorganic hybrids
are poorly compatible with iPP.'*'® An alternative approach
consists of combining commercially used nucleating agents with
organic—inorganic materials.'>>* Roy et al>’ reported that the
molecules of silanol silsesquioxanes and a sorbitol derivative,
namely di(benzylidene)sorbitol, are capable of forming several
complex molecular adducts, due to noncovalent interactions,
i.e., hydrogen bonding. Formation of the molecular complex
prevents fibrillation of the sorbitol derivatives, which also
reduces their nucleation efficiency, and in turn allows to tailor
the crystallization kinetics of iPP by modulating formulation of
the fillers.”* Unfortunately, the high cost of commercial POSS
has limited its use so far, and there is still a need to seek for lower
cost modifiers.

As an effort to find lower cost additives able to tailor the crystalli-
zation kinetics of iPP containing sorbitol derivatives, a number of
novel phenyl siloxane-silsesquioxane resins were synthesized in
our laboratory. They contain silanol groups which are expected to
interact with the functional groups of sorbitol,** as well as side
alkyl groups that may promote blending with polyolefins.*® Such
resins were tested as fillers for iPP, together with commercial
sorbitols as nucleating agents.

In this article, the influence of one such resin on crystallization
kinetics of iPP containing a commercial clarifying agent, namely,
1,2,3-tridesoxy-4,6:5,7-bis- O-[ (4-propylphenyl)methylene] nonitol
sorbitol, (NX8000) is discussed. In a forthcoming article, the influ-
ence of a different sorbitol derivative and siloxane-silsesquioxane
resin on iPP properties will be detailed. The aim is to investigate
the influence of such additives on the crystallization behavior and
morphology, as well as on thermal and mechanical properties of
iPP nucleated with the modified sorbitol, as a function of the
molecular characteristics of both the sorbitol derivative and phenyl
siloxane-silsesquioxane resin. The goal is to develop an iPP-based
formulation whose crystallization kinetics is tailored for extrusion
processing, to optimize material properties taking into account
also production costs.
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Materials

A commercial iPP Midilena III PPF401, with MFR=3 g 10
min~"' (230°C, 2.16 kg) from Rompetrol Petrochemicals S.R.L.
(Romania) was used in our experiments. The selected iPP grade
is characterized by a low modification level, i.e., there are no
plasticizers, colored masterbatches or nucleating agents added.

The sorbitol derivative added to iPP is 1,2,3-tridesoxy-4,6:5,7-bis-
O-[(4-propylphenyl)methylene]nonitol sorbitol, Millad NX8000
(NX8000), which was kindly provided by Milliken Chemical Com-
pany (Belgium). Previous investigations revealed that 0.25 wt % is
an amount of NX8000 adequate to promote crystal nucleation in
iPP.’ Siloxane-silsesquioxane resin modified with phenyl groups of
general formula [PhSiO1.5]n, abbreviated SiOPh, which acts as a
modifier for the nucleating agent, was synthesized in our labora-
tory as detailed below. The thermal stability of all materials was
determined using thermogravimetry (TGA), which proved that all
the components do not undergo thermal degradation at the used
processing temperatures of iPP. The chemical formulas of NX8000
and SiOPh are presented in Figure 1.

Preparation of SiOPh

The synthesis was conducted using two-step acid-base co-
condensation of tetraethoxysilane and phenyltriethoxysilane mix-
ture in 2:1 molar ratio, following the procedure detailed in.**?’
Tetraethoxysilane, phenyltriethoxysilane and tetrahydrofuran
(THF), in an amount of twice the volume of the silanes used,
were placed in a flask equipped with a mechanical stirrer. The
solution was stirred for 30 min to homogenize the ingredients.
Then, an aqueous solution of hydrochloric acid in water (1.5 mL
of 35.5% HCl in 100 mL of water) was added into the solution of
silanes in THF in order to acidify the reaction medium. Once the
acid was added, the reaction mixture became turbid. After about
15 min, turbidity disappeared and a rise in temperature occurred.
Stirring was maintained for 60 min to cool down the mixture to
room temperature. Next, aqueous ammonia solution was added
dropwise to basify the reaction medium (3.5 mL of 25% aqueous
ammonia in 200 mL of water). Upon the addition of alkali, the
mixture underwent turbidity again (formation of the product).
After the addition was completed, an intensive stirring was main-
tained for additional 60 min. Afterward, the mixture was filtered,
washed twice with 100 ml of water and dried for 24 h at 120 °C.
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Table I. Designations and Mass Concentrations of Obtained Samples

Mass concentration (%)

Designation iPP NX8000 SiOPh
iPP 100 0 0
iPP+NX8000 99.75 0.25 0
iPP+NX+0.1SiOPh 99.65 0.25 0.1
iPP+NX+0.5Si0OPh 99.25 0.25 0.5
iPP+NX+1SiOPh 98.75 0.25 1
iPP+NX+3SiOPh 96.75 0.25 3

Sample Preparation

Polypropylene pellets were milled into powder with a Tria high-
speed grinder. The polymer was mixed with the sorbitol deriva-
tive and SiOPh in the rotary mixer Retsch GM 200 for 3 min at
a rotation speed of 3000 rpm. Homogenization of the premixed
materials with different SiOPh contents (0.1-3 wt %) and a
fixed sorbitol concentration of 0.25 wt % was ensured by mol-
ten state extrusion with a Zamak corotating twin screw extruder
operated at 190°C and 70 rpm. The extruded rod was pelletized
in a water bath. iPP/NX8000/SiOPh composites at various com-
positions were prepared, as summarized in Table L.

The composites were compression-molded with a Collin Hydrau-
lic Laboratory Forming Press P 200 E at a temperature of 200 °C
for 3 min, without any pressure applied, to allow complete melt-
ing. After this period, a load of about 10 MPa was applied for 3
min, and then the samples were cooled to room temperature in
less than 3 min by means of cold water circulating in the plates of
the press. iPP-based sheets with a thickness of 150 pm and
1.2 mm were obtained. The thin films were used for the study of
crystallization kinetics, to optimize heat dissipation during the
phase transition, whereas the thick films were used for the investi-
gation of mechanical properties of the materials, to comply with
ISO standards.

Methodology

Attenuated Total Reflectance (ATR). Infrared spectra were col-
lected with a Bruker Tensor 27 spectrometer in attenuated total
reflectance (ATR) mode using 16 scans. The spectra resolution
'. Sample specimens were measured as obtained,
without additional preparation steps. Mid IR pyroelectric detec-
tor RT-DLaTGS/KBr was used in the study.

was 2 cm

Differential Scanning Calorimetry (DSC). The thermal proper-
ties of iPP and its composites with NX8000 and SiOPh were
investigated using a Mettler-Toledo DSC 822 differential scan-
ning calorimeter, equipped with a liquid-nitrogen accessory for
fast cooling. The calorimeter was calibrated in temperature and
energy using indium. Dry nitrogen was used as purge gas at a

rate of 30 mL min ™ .

To set the structure for the analysis of crystallization kinetics, each
sample was heated from 25 to 200°C at a rate of 20°C min™ ",
melted at 200°C for 10 min to erase previous thermal history,
quickly cooled to 160 °C at 20°C min~ ' to limit as much as possi-
ble the exposure to high temperatures, then cooled to —60°C at

various rates, ranging from 0.5 to 4 °C min~'. After completion of
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crystallization, the composites were heated again at 20°C min~'

until complete melting.

Crystallization is an exothermic process, and the heat evolved
during the phase transition may cause some local heating and
thermal gradients within the sample. As a consequence, transi-
tions can occur at temperatures that do not correspond to those
detected by the instrumentation.”®* The thicker the sample,
the more critical this problem is. In order to reduce these prob-
lems, sample mass was limited to 3.0 £0.2 mg, and cooling
rates not exceeding 4°C min~ " were used.

Polarized Optical Microscopy (POM). Spherulite growth rates
were estimated by optical microscopy, using a Zeiss polarizing
microscope equipped with a Linkam TMHS 600 hot stage. A
small piece of compression-molded sample was squeezed between
two microscope slides and then inserted in the hot stage. The
thickness of the squeezed sample was lower than 10 um. The
radius of the growing crystals was monitored during solidifica-
tion by taking photomicrographs at appropriate intervals of time,
using a Scion Corporation CFW-1312C Digital Camera. Spheru-
lite radii were measured with the software Image-Pro Plus 7.0.

The thermal treatments before isothermal and nonisothermal crys-
tallizations were identical to those used in calorimetry. For noniso-
thermal crystallization, a self-nucleation procedure was used, to
expand the temperature range of analysis. Each sample was heated
from 25 to 200 °C at a rate of 20 °C min ™', melted at 200 °C for 10
min to erase previous thermal history, cooled to 155°C at 30°C
min~', and maintained at 155°C until the appearance of the first
crystals. Then, the temperature was raised to 160 °C by heating at
30°C min "', equilibrated at 160 °C, then the samples were cooled
at 0.5°C min~ ' until spherulite impingement.

Isothermal crystallization measurements at 150 and 153 °C were
also conducted, to confirm reliability of the data gained using
the nonisothermal procedure.

Haze. The optical behavior of the polymers was characterized
by haze measurements carried out on the 150 pm compression
molded films according to the PN-84/C-89100 standard® using
a Haze Meter HM-150 produced by Murakami Color Research
Laboratory (Japan).

Wide-Angle X-ray Diffraction (WAXD). WAXD measurements
were performed on a Philips Analytical X-Ray, model PW 1830
diffractometer with Cu Ko radiation. The scanned 20 range was
from 2 to 45° with a scanning rate of 0.02°, time per step of
1 s and scanning speed of 0.02° s~'. The samples used for
WAXD analysis were in the form of compression molded sheets
of 1.2 mm thickness. Characteristic peaks were assigned accord-
ing to the literature.”®

Scanning Electron Microscopy (SEM). Morphological analysis
of cryogenically fractured iPP/NX8000/SiOPh composites was
performed using a FEI Quanta 200 FEG environmental scanning
electron microscope (SEM) (Eindhoven, The Netherlands) in
low-vacuum mode, using a large field detector and an accelerating
voltage of 10-20 kV. Before analysis, the samples were sputtered-
coated with Au-Pd alloy using Baltech Med 020 Sputter Coater
System and then mounted on aluminum stubs.
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Figure 2. SEM micrograph showing morphology of SiOPh particles.

Static Tensile Tests. Mechanical properties of iPP-based com-
pression-molded sheets were evaluated as per 1SO 527°% using
Instron tensile tester, model 4505. Measurements of elastic mod-
ulus were conducted at a crosshead speed of 1 mm min~', to
ensure deformation rate close to 1% of measuring section
length per minute.*> Whereas elongation at break was estimated
at a speed of 50 mm min ™', for a reasonable duration of the
experiments, taking into account that tensile elongation at break
mainly depends on material properties (inversely proportional
to brittleness).*>*

RESULTS AND DISCUSSION

The preparation of siloxane-silsesquioxane resin has received con-
siderable attention due to its complex structure, possible function-
alization and low cost, in comparison to standard silsesquioxane
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molecules (POSS).*> Hence, novel phenyl siloxane-silsesquioxane
resin was synthesized and characterized in our laboratory. Mor-
phology of the prepared particles was characterized by SEM. The
SEM micrograph displayed in Figure 2 shows spherical SiOPh par-
ticles with a diameter of approximately 1 pm. It is also seen from
the image that a good size distribution of the particles was achieved
using the two-step acid-base condensation method detailed above.

Figure 3 presents the ATR spectrum of the SiOPh resin. All bands
in the ATR spectrum confirm the structure of the obtained mate-
rial. Broad bands at 3627 and 3390 cm ™' are attributed to the
presence of silanol groups (respectively free OH and hydrogen-
bonded ones). The band at 954cm ™' characteristic for Si—OH
groups is also observed in the spectrum. The bands at 1631 and
571cm” ' indicates minor hydratation of the sample. The presence
of phenyl groups is confirmed by the presence of stretching vibra-
tions of C—H, C = C (3075, 3054, 1595 and 1431 cm ™', respec-
tively) as well as bending vibrations of =C—H bonds at 789, 738
and 697 cm ™. A high intensity band, with two maxima at 1130
and 1049 cm ™', results from stretching vibrations of Si—O—Si
bands and is characteristic for silicon materials.*® The maximum
at 1049 cm ' indicates the presence of smaller stretching
Si—O—Si bands (<144°) and the one at 1130 cm™ ' confirms
those of about 144 °. This split in oscillation region is related to
the transverse and longitudinal valence oscillations of the atoms
in siloxane bridge so the frequencies of the mentioned oscillations
are distributed in separate regions from 1010 to 1140 cm™ ' and
1190 to 1300 cm ™ ' in the range of 0 from 120 to 180°.” This split
can also be attributed to the simultaneous presence of Q and T
units in the examined structure. The Q unit represents a silicon
atom linked through siloxane bond to subsequent four silicon
atoms forming a tetrahedron. Wherein, the T unit presents a sili-
con atom bonded to further three silicon atoms and one phenyl
group.®® The low intensity bands characteristic for stretching
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Figure 3. ATR spectrum of SiOPh resin.
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vibrations of C—H bonds (sp® CH; and sp® CH, groups) at about
2979 and 2929 cm ' appeared due to the presence of small
amount of unreacted (not hydrolyzed) ethoxy groups. Obtaining
such a structure, that is siloxane-silsesquioxane resin with POSS
Q structures as network nodes with reactive phenyl groups in
siloxane bridges between silsesquioxane (POSS) molecules, allows
for replacement of expensive functionalized silsesquioxanes with
this cheaper but still valuable chemical compound. Moreover,
resin containing Q POSS units and reactive functional groups is,
in principal, capable to interact with organic polymers and sorbi-
tol derivatives, which will be studied in-depth and presented in
this paper.

To gain information about the phase structure and morphology
of the iPP composites containing sorbitol and resin, SEM
analyses were performed. The results are presented in Figure 4.
Figure 4(a) illustrates the cryogenically fractured surface of
compression-molded plain iPP which appears quite smooth as
expected. Morphology of iPP composite containing 0.25 wt %
of NX8000 is exhibited in Figure 4(b). The fractured surface is
quite smooth and similar to the one shown in Figure 4(a), with
only small particles that adhere on iPP surface, possibly reveal-
ing the presence of sorbitol, although both the particle size and
the very small amount added do not allow unequivocal inter-
pretation. The fractured surface morphology changes drastically
upon the addition of SiOPh, as illustrated in Figure 4(c), which
presents the scanning electron micrograph of the sample con-
taining 3 wt % of resin. A number of large voids of various
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dimensions are visible on the sample surface, possibly due to fil-
ler particles that are pulled out upon the cryogenically fracture
process. At the same time, some nearly spherical particles,
attached to the iPP matrix, also appear. The size of both the
holes and particles indicates considerable filler agglomeration
upon melt processing, since the average particle size of unpro-
cessed SiIOPh is ~1pm, as shown in Figure 2, much smaller
that the spheres and voids seen in Figure 4(c).

Crystallization kinetics of the composites was studied by DSC and
optical microscopy. Analyses were conducted upon cooling at vari-
ous rates, ranging from 0.5 to 4°C min~'. The raw DSC curves are
exampled in Figure 5(a) for the cooling rate of 4°C min~'. Plain
iPP starts to crystallize at 129 °C, when cooled from the melt at 4°C
min . Introduction of 0.25 wt % of sorbitol causes an anticipated
increase of crystallization temperature onset (Tynse) to 137°C,
probing its efficiency as nucleating agent. Addition of 0.1-3 wt %
of SiOPh does not induce significant variations in the crystalliza-
tion profile of iPP nucleated with sorbitol, as all the DSC curves
shown in Figure 5(a) practically overlap, within experimental error.
The onset temperatures of the analyzed composites are plotted in
Figure 5(b) as function of the cooling rate. The onset points were
taken as the intersection of the baseline before the transition and
the inflectional tangent of the crystallization exotherm,”® and the
peak temperature as the maximum of the exotherm. For every sam-
ple, with increasing cooling rate (y), the crystallization curves shift
to lower temperatures, as typical for polymer crystallization: at
lower y, there is more time to overcome the energy barriers for
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Figure 5. DSC crystallization curves and the onset crystallization temperature versus cooling rates. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Mak\;’."li.ﬂﬁ WWW.MATERIALSVIEWS.COM
1

43476 (5 of 9)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43476

Applied Polymer -


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
Table II. Peak of Crystallization Temperature and Crystallinity Degrees for All Samples Cooled at Various Cooling Rates
4°C min~* 2°C min~t 1°C min~?* 0.5°C min~*
Tpeak (OC) XC (%) Tpeak (OC) XC (%) Tpeak (OC) XC (%) Tpeak (OC) XC (%)
RE 127.1 51 129.3 49 132.4 48 1L85.3 54
iPP+NX8000 134.4 50 136.4 52 138.2 50 139.3 53
iPP+NX+0.1SiOPh 134.1 51 136.6 51 138.4 51 140.3 &3
iPP+NX+0.5SiOPh 134.6 51 136.5 50 138.2 48 139.6 52
iPP+NX+1SiOPh 134.1 50 136.2 49 137.7 & 140.0 Sl
iPP+NX+3SiOPh 134.3 51 136.1 51 138.0 53 139.3 52

nucleation, so that crystallization can start at higher temperatures,
whereas at higher ¥ nuclei become active at lower temperatures.”
In polymer samples containing added foreign particles, for a given
cooling rate, the temperature at which crystallization starts is indic-
ative of the effectiveness of the filler to promote heterogeneous
nucleation.*>*! The addition of 0.25 wt % of sorbitol induces crys-
tallization to start at high temperatures compared to plain iPP,
independently of the amount of SiOPh added to the formulation.

Sorbitol clarifiers are known to dissolve in molten iPP; they
crystallize during cooling from the melt and can efficiently
nucleate iPP spherulites when their concentration in polypro-
pylene is above a threshold limit.”** The latter is related to sol-
ubility and to the formation of a sorbitol network which arises
from intermolecular hydrogen bonding and 7n-n interactions
between the adjacent phenyl rings.*>~*> The used NX8000 con-
centration (0.25 wt %) is above this threshold concentration
and iPP spherulites can start their growth on the fibrillar net-
work formed upon crystallization of the sorbitol, as probed by
the significantly increased onset temperature for crystallization.
When the siloxane-silsesquioxane resin is added to the formula-
tion, the nucleation efficiency of NX8000 is not affected. Both
fillers have functional groups that may in principle interact
upon melt mixing, by possible establishment of hydrogen
bonds, influencing miscibility of the modified sorbitol with
polypropylene and in turn, its efficiency as nucleating agent.’
For all the analyzed compositions containing NX8000 and vari-
ous amounts of SiOPh, the onset temperature is not affected by
SiOPh, as shown in Figure 5(b). This indicates that limited or
negligible interaction between NX8000 and SiOPh is established,
and the modified sorbitol maintains its efficiency as nucleating
agent for iPP, independently of resin content, at least for the
analyzed composition range.

The main parameters derived by the non-isothermal crystalliza-
tion experiments are summarized in Table II. The onset temper-
atures are plotted in Figure 5(b), hence are not repeated in
Table II, which only displays the peak temperatures (T,) and
the crystallinity degree (X,). The latter was calculated from the
data obtained from the DSC plots gained during cooling at dif-
ferent cooling rates according to the following eq. (1):

AHy

o= (1-p)AH,

X100% (1)

where AH,, is the experimental heat of fusion, AH, is the
enthalpy of fusion of the fully crystalline polymer, equal to
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207.1 Jg~,*® and ¢ is the weight fraction of the modifiers. As
reported in Table II, the crystal fraction developed upon cooling
at rates up to 4°C min~' is X, =50 * 2%, independently of
composite composition. This indicates that addition of NX8000
only, or coupled with up to 3 wt % of SiOPh, does not affect
crystallinity of polypropylene, under the chosen experimental
conditions. It influences only crystallization kinetics of iPP, as
the onset and peak points are shifted to higher temperatures
due to enhanced nucleation of iPP spherulites.

Polarized optical microscopy was used to estimate the spherulite
growth rate (G) of iPP and its composites with sorbitol and resin.
To gain data in a wide temperature range, nonisothermal crystalli-
zation experiments were performed using a self-nucleation proce-
dure.*” Such method was chosen because of the high density of
nucleation of the samples that contain sorbitol: at low tempera-
tures, a high number of very small spherulites grow simultane-
ously, which hinders reliable analysis of the rate of their growth.
Conversely, with self-nucleation and measurements upon contin-
uous cooling, experiments are made when only a few iPP spheru-
lites grow; they can reach relatively large dimensions, which
permit reliable data analysis until impingement.

The measurements were conducted at a constant cooling rate so
G can be estimated by taking the first derivative of the radius
(1) vs. temperature (T) plot at each experimental point:

G= —=—— (2)

where dr/dT is a measured point from the plot and dT/dt is the
cooling rate.*®

Figure 6 represents the spherulite growth rate vs. temperature
plots for all studied samples. The data overlap, within experimen-
tal error, in all the analyzed temperature range, showing that the
growth rate of iPP spherulites is not affected by addition of the
fillers. During crystallization, the dispersed sorbitol and silicate
particles must be rejected and/or occluded by the growing spheru-
lites, which in principle can disturb spherulite growth: energy
needs to be dissipated to reject, engulf, or deform the noncrystal-
lizable additives, but likely such energy barrier is quite low and
results in a negligible contribution to spherulite growth rate.

To determine a possible influence of the additives on crystal
polymorphism of iPP, wide-angle X-ray diffractions (WAXD)
analyses were performed. Figure 7 presents the WAXD patterns
of three representative samples: pure iPP, iPP nucleated with

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43476


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
2,0
- PP
- iPP+NX8000
154 . iPP+NX+0.1SiOPh
T+ v iPP+NX+0.5Si0Ph|
T ol i, + iPP+NX+1SiOPh
E " ';!i! «  iPP+NX+3SiOPh
E ':.t,
= k-
M 051 '-Eﬁ%
i
-'egiffmgiliaﬁ.u
0.0' veed 00!.
144 148 152 156

Temperature [°C]
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upon cooling from the melt at 0.5°C min~'. [Color figure can be viewed
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NX8000, and iPP that contains both NX8000 and 3 wt % of
SiOPh. The three samples display very similar WAXD profiles,
with characteristic peaks at 20 = 14.1°, 16.9°, 18.5°, 21.2°, and
21.8°%, corresponding to (110), (040), (130), (111), and (041) a-
phase, respectively. Moreover, no additional peaks at 16.2 and
19.8 corresponding to ff and y phases were noticed. This indi-
cates the existence of only o structure in the samples. The crys-
tal fraction measured by WAXD is also unaffected by addition
of sorbitol and silicate, which confirms DSC results.

Overall, the addition of NX8000 favors nucleation of iPP, inde-
pendently of the presence of SiOPh, and results in an antici-
pated onset of nucleation and faster crystallization kinetics. The
latter depends only on the enhanced nucleation rate, being the
rate of crystal growth unaffected by the presence of the addi-
tives. Moreover, the additives do not modify crystal polymor-
phism of iPP, at least for the analyzed compositions and
crystallization conditions.
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Figure 7. WAXD patterns of pure and modified polypropylene. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]|
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Figure 8. Dependence of haze on SiOPh concentration in iPP/NX8000
composite for compression-molded sheets. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

iPP crystals are made of chain folded fibrils or lamellae which
are often large enough to interfere with visible light and this
interference results in considerable haze that is often used for
the characterization of the appearance of a plastic product.
Haze is defined as the total flux of light scattered within the
angular range between 2.5° and 90° and normalized to the total
transmitted flux.*’

The effect of nucleating agent and siloxane-silsesquioxane resin
upon haze of iPP is presented in Figure 8. Introduction of sor-
bitol derivative results in a significant decrease in the haze
value, which indicates that the nucleated sample was more
transparent than pure iPP. However, the gradual addition of
SiOPh results in worsening of matrix transparency, wherein the
addition of 1 wt % and more results in haze values similar or
higher than this for pure matrix. As shown by Horvath et al.,”
crystallinity, spherulite size, lamella thickness, and probably also
the interface area between the crystalline and amorphous phases
may play a significant role in haze values. However, the princi-
pal parameter influencing haze is the spherulite size of the
supermolecular structure formed during crystallization of poly-
mer, wherein haze decreases with decreasing spherulite size.
Addition of a nucleating agent results in a formation of fibrillar
network hosting a large number of nucleation sites for growth
of iPP spherulites. Hence, numerous smaller spherulites crystal-
lize in nucleated polypropylene matrix resulting in improved
clarity. As mentioned above, together with an increasing content
of siloxane-silsesquioxane resin, a significant deterioration in
transparency occurs. As evidenced in the SEM micrograph pre-
sented in Figure 4, the addition of SiOPh results in considerable
filler agglomeration upon melt processing, thus agglomerates
may interfere with visible light and result in a significant
decrease in transparency.

Mechanical properties of the iPP/NX8000/SiOPh composites
were determined using static tensile tests. Main parameters are
summarized in Figure 9. Analysis of changes in the elastic mod-
ulus, reported in Figure 9(a), reveals a slight increase in this
value for the nucleated sample in comparison to the pure one,
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drawn to guide the eye). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

from 1.25 to 1.5 GPa, and further rise to a maximum value of
1.56 GPa for the sample that contains the highest amount of
modifiers. On the contrary, the addition of sorbitol derivative
and an increasing amount of siloxane-silsesquioxane resin
results in a continuous decrease in the elongation at break val-
ues, from 600% for pure polypropylene, down to 14% for the
iPP+NX+3SiOPh sample. Moreover, a qualitative change in the
stress-strain behavior was noted, since the samples that contain
siloxane-silsesquioxane resin do not undergo yielding.

The mechanical properties of semicrystalline polymer compo-
sites depend markedly on composition and phase structure, as
well as on crystal fraction, size and morphology. Some slightly
increased lamellae thickness can be expected from the increased
crystallization temperature in the nucleated samples, but no var-
iation in crystal fraction or crystal modification was probed by
DSC and WAXD analyses. Adhesion between the filler and the
matrix largely affects the large strain properties such as the
elongation at break, whereas the low-strain properties, like
Young’s modulus, are much less dependent on compatibilization
of the components, being mostly additive.”' As seen in Figure 4,
the SiOPh particles are poorly bonded to the iPP matrix, thus
behave as voids in the structure that facilitate the premature
fracture upon deformation, which leads to a decreased elonga-
tion at break with increasing amounts of the filler.

CONCLUSIONS

This study details how a combination of modified sorbitol and
siloxane-silsequixane resin influences properties of iPP-based
composites. Addition of the sorbitol derivative to iPP results in
increased crystallization temperature and smaller spherulite
diameter, due to enhanced nucleation. Incorporation of SiOPh
into the polypropylene matrix already modified with the sorbi-
tol does not affect nucleation kinetics of iPP a-spherulites, nor
the rate of their growth. Furthermore, transparency is improved
on the addition of sorbitol, but somewhat worsened with
increasing content of resin. The modified samples are also
stiffer, with a decreasing elongation at break and increasing
Young’s modulus values, with increasing amounts of fillers in
the composites. All of the above is attributed to a lack of inter-
action between iPP, sorbitol derivative and/or siloxane-
silsesquioxane resin. Such a result is unexpected, since in princi-
ple interactions between the —OH groups present in both modi-
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fiers could be predicted. To overcome this problem and favor
interactions between the composite components, attempts are
made to include compatibilizers in the formulation, as will be
detailed in a forthcoming article.
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