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Abstract The isotactic polypropylene — modified silica
(iPP/Si0O,) hybrid nanocomposites, obtained by grafting
polypropylene chains on amine-functionalized silica parti-
cles during reactive blending, were studied. It was found
that use of amine-functionalized silica and PP-g-MA as a
compatibilizer improved dispersion of nanoparticles.
Nanosilica, especially surface-modified, revealed some nu-
cleation activity towards iPP, manifesting in an increase of
the crystallization temperature and reduction of spherulite
size. iPP/silica nanocomposites exhibit highly improved
thermo-oxidative stability, due to formation of a silica pro-
tective layer, limiting the polymer volatilization rate. Nano-
composites demonstrate enhanced stiffness and strength,
but at higher silica content the ductility is nearly lost due
to presence of big agglomerates, acting as critical-sized
structural flaws. At low silica concentrations dispersion
was improved and big agglomerates were not observed.
Consequently, iPP/PP-g-MA/am-SiO, nanocomposites
with low silica content demonstrate high ductility and en-
hanced impact resistance, related to reinforcing effect of
well dispersed silica particles.
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Introduction

Polymeric materials generally have moduli and strength lower
than metals or ceramics. Their mechanical and some other
properties can be effectively improved at a relatively low cost
by reinforcing with micro- or nanosized stiff inorganic filler
particles [1, 2]. Using such an approach, the modulus and
strength of a polymer can be efficiently enhanced while main-
taining its high ductility, low density and easy processing.
This can be achieved in some cases even at relatively low
nanofiller content. In fact, it has been demonstrated that addi-
tion of a small amount of selected nanofillers to polymers can
improve their mechanical properties [3—6], barrier properties
[7], thermal stability and chemical resistance [8]. Moreover,
the drawbacks typically associated to the addition of tradition-
al microfillers, such as embrittlement and loss of optical clar-
ity, can be generally avoided [3]. The primary reason for
adding inorganic nanofillers to polymers is to improve their
mechanical performance [5]. One of the major requirements is
then reaching the balance between the stiffness/strength and
the toughness as much as possible [9].

The nanofillers used for fabrication of nanocomposites may
have quasi-spherical (e.g. metals, metal oxides, minerals),
platelet (clays), or fibrous (nanofibers or nanotubes) shapes.
Among spherical particles, SiO; (silica) appears especially im-
portant due to low cost, variety of available particle sizes and
facility of surface modification. Therefore, polymer-silica
nanocomposites have attracted substantial academic and indus-
trial interest and actually are the most commonly
inorganic-organic nanocomposites reported [5]. Numerous
grades of silica nanoparticles are available commercially, usu-
ally in the form of powder or colloid. Nanosilica powder is
produced in vast quantities mainly by the fuming method
[10]. Fumed silica is a fine amorphous powder, considered
non-toxic and non-irritating. It has an extremely large surface
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area (50-300 m?/g) and smooth nonporous surface of fine
particles, which could promote good physical contact between
the filler and the polymer matrix [11]. Surface of particles
contains Si—O—Si units and Si~OH bonds which facilitate easy
modification trough chemical functionalization. The primary
nanoparticles of fumed silica, usually about 10-20 nm in di-
ameter, tend to physically fuse together to form aggregates.
These aggregates form bigger agglomerates that can be
destroyed, at least partially, during the melt compounding pro-
cess with a polymer.

Due to a common tendency of nanoparticles to agglom-
erate they are difficult to be uniformly dispersed in poly-
mers by conventional mixing techniques. In the case of
bare, unmodified silica aggregation and agglomeration ten-
dencies are very strong due to hydrogen bonds formed by
silanol groups existing on surface of particles. These bonds
hold individual silica particles together and agglomerates
remain intact even under the best mixing conditions, if
stronger filler-polymer interaction is not present [12]. Such
agglomerates can act upon loading as structural flaws that
induce a premature fracture of the material. Therefore, the
main challenge is to eliminate or at least significantly re-
duce aggregation and agglomeration to obtain a fine disper-
sion of nanosized primary silica particles. In conventional
compounding a good dispersion may be achieved only by a
suitable surface chemical or physical modification of nano-
particles [13].

Because of combination of low cost, high chemical resis-
tance, and well balanced mechanical properties, isotactic poly-
propylene (iPP) is one of the most widely used thermoplastics.
Still, for some applications its properties, as e.g. the
low-temperature impact resistance or the long-term creep need
to be improved. Nowadays, many reports have been focused
on addition of nanosilica to enhance mechanical properties of
polyolefins, including iPP [4, 5]. It was demonstrated that
introduction of a small amount of silica nanoparticles (usually
in range of 0.5-6 %) into iPP matrix may lead to substantial
improvement of the mechanical properties of the resulting
composite [4, 5, 14-28]. A remarkable progress was achieved
through surface functionalization of nanofillers as well as by
introduction of compatibilizers. For non-polar polymers, such
as iPP, compatibilizers should be used in addition to filler
modification. PP grafted with maleic anhydride or acrylic acid
(PP-g-MA and PP-g-AA, respectively) are the most common
compatibilizers used for iPP [29].

In the present work we focused on preparation and charac-
terization of morphology, thermal and mechanical perfor-
mance of systems obtained by reactive blending of plain iPP,
PP grafted with maleic anhydride (PP-g-MA) and SiO, nano-
particles, surface functionalized with amine groups, taking
advantage of the high efficiency of amine-anhydride reaction
between amine groups at the surface of the silica nanoparticle
and MA groups grafted to PP backbone. The modified silica
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particles were expected to disperse in iPP/PP-g-MA matrix
much easier than bare silica exhibiting a strong agglomeration
tendency [30]. This could eventually result in obtaining the
balanced PP/silica nanocomposite by simple blending. The
reactivity of molten PP-g-MA with model amine species has
been recently assessed, showing quantitative conversion to
imide [31]. Such an approach of one-step reactive blending
involving amine-anhydride reaction was applied successfully
to obtain polypropylene-POSS organic-inorganic hybrids
[32-34]. The influence of grafting of PP-g-MA on
amine-functionalized silica on the morphological characteris-
tics and properties of obtained nanocomposites was studied in
this work. In addition to reactive blends, physical blends of
plain iPP homopolymer with the unmodified silica and ternary
compositions of iPP, PP-g-MA and unmodified silica, were
examined for comparison.

Experimental
Materials

Isotactic polypropylene, iPP (Malen-P, F-401, Basell Orlen
Polyolefins; My, = 297,000, M/M,, = 5.27, MFR (2.16 kg,
230 °C) = 3 g/10 min, density 0.904 g/cm’) was used as a
matrix polymer. The maleic anhydride grafted polypropylene,
PP-g-MA (Polybond 3150, Chemtura, USA; 0.5 wt.% of MA,
M,, ~ 330 000, MFR = 50 g/10 min, density 0.91 g/cm®) was
used as a reactive compatibilizer.

Two grades of hydrophilic fumed silica were used in this
study: Aerosil 200 (density 2.28 g/em®, BET specific surface
area of 200 + 25 m*/g, average primary particle size 12 nm)
and Aerosil OX50 (BET specific surface area of 50 + 15 m*/g,
average primary particle size 40 nm), both obtained from
Evonik Industries (Germany). They were used to prepare
nanocomposites either as-received or surface modified with
amine groups (hereafter coded S200, S50 and am-S200,
am-S50, respectively).

(3-Aminopropyl)triethoxysilane, APTES (Sigma-Aldrich;
M = 221.37 g/mol, p = 0.946 g/ml) was used as received.
Toluene (Chempur) was dried over 4 A molecular sieve and
distilled prior to use.

Functionalization of nanoparticles

Introduction of amine groups onto surface of silica nanoparti-
cle was done according the following procedure: 4 g of SiO,
nanoparticles (dried 12 h at 100 °C in vacuum) was dispersed
in 100 ml of dry toluene under protection of flowing dry
nitrogen. After ultrasonication for 120 min at room tempera-
ture, a solution of APTES (10 ml) in dry toluene (50 ml) was
added drop-wise to the reaction flask over 25 min, still under
nitrogen protection. The mixture was then kept for 240 min at
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80 °C in ultrasonic environment under dry nitrogen protec-
tion. Next the reaction flask was transferred into an oil bath
heated up to 110 °C and refluxed for 180 min under nitrogen.
After cooling to room temperature, the mixture was filtered
and the collected APTES-modified nanoparticles were
washed several times with toluene in order to remove the
residual unreacted APTES. Finally, the particles were dried
under vacuum at 60 °C for 36 h, weighed and stored for future
use.

Sample preparation

Prior to blending the silica nanofillers and PP-g-MA were
dried at T = 100 °C for 12 h. iPP was used as received.

The binary iPP/SiO, and ternary iPP/PP-g-MA/SiO, and
iPP/PP-g-MA/am-SiO, nanocomposites were prepared by
melt compounding, using the PlastiCorder (Brabender, Ger-
many) internal mixer for 10 min at the temperature of 180 °C
and the rotor speed of 60 rpm. In the first step iPP and PP-g--
MA were loaded to the mixer in the desired proportion. After
melting and approx. 1 min. mixing the nanofiller was added
slowly to the molten blend and mixing continued for the next
9 min. Upon blending of iPP and PP-g-MA with SiO, or
am-SiO, the anhydride reaction with either silanol or amine
groups at the surface of filler particles was likely to take place,
therefore that blending can be considered as the reactive
blending process. The compositions prepared are summarized
in Table 1.

The 0.5 mm or 1 mm thick sheets and 4 mm thick plates
were produced from prepared compositions by compression

molding at 180 °C in a laboratory press under the pressure of
50 bar. After molding the sheets and plates were fast cooled
down to room temperature.

Characterization

NMR 2°Si single pulse (SP MAS) and ?°Si-' H cross polari-
zation (CP MAS) solid state magic angle spinning NMR spec-
tra were recorded on the Bruker Avance III 400 MHz instru-
ment operating at 294 K. Solid materials were carefully
compacted into a rotor (zirconium oxide, 4 mm in diameter)
and spun at 8 kHz. 2°Si chemical shifts were calculated relative
to an external standard 2, 2-dimethyl-2-silapentane-5-sulfonate
(DSNS).

DSC Thermal analysis of compression molded samples was
carried out with a differential scanning calorimeter (TA 2920,
Thermal Analysis, USA). The thermograms were recorded at
the heating/cooling rate of 10°/min, under nitrogen flow
(20 ml/min). The overall crystallinity was estimated on the
basis of the enthalpy of fusion. The value AHy= 209 J/g was
assumed for calculations [35].

TGA Thermogravimetric measurements were performed with
TGA Hi-Res 2950 instrument (Thermal Analysis). Samples
were heated from room temperature up to 800 °C at the rate of
20 °C/min in the atmosphere of nitrogen or air (flow rate
60 ml/min). The degradation temperature T4 was determined
at the temperature corresponding to the maximum rate of the
mass loss.

Table 1 Compositions of
samples studied

Sample code iPP PP-g-MA  SiO, SiO, grade

Wt%)  (wt.%) (Wt.%)
iPp 100 0
iPP/S200 (1.25 %) 9875 0 125 Aerosil®200 (SSA = 200 m*/g)
iPP/S200 (2.5 %) 97.50 0 2.50
iPP/S200 (5 %) 9500 0 5.00
iPP/PP-g-MA/S200 (1.25 %) 98.10  0.65 125 Aerosil®200
iPP/PP-g-MA/S200 (2.5 %) 96.25  1.25 250
iPP/PP-g-MA/S200 (5 %) 9250 2.50 5.00
iPP/PP-g-MA/am-S200 (1.25 %)  98.10 0.65 1.25 Aerosil® 200, amine-functionalized
iPP/PP-g-MA/am-S200 (2.5 %) 9625 125 250
iPP/PP-g-MA/am-S200 (5 %) 9250 2.50 5.00
iPP/S50 (1.25 %) 9875 0 125 Aerosil®POX50 (SSA = 50 m/g)
iPP/S50 (2.5 %) 97.50 0 2.50
iPP/S50 (5 %) 93000 3.00
iPP/PP-g-MA/S50 (1.25 %) 98.10  0.65 125 AerosilPOX50
iPP/PP-g-MA/S50 (2.5 %) 9625 1.25 2.50
iPP/PP-g-MA/S50 (5 %) 9250 2.50 5.00
iPP/PP-g-MA/am-S50 (1.25 %) 98.10 0.65 1.25 Aerosil®OX50, amine-functionalized
iPP/PP-g-MA/am-S50 (2.5 %) 9625 1.25 2.50

92.50  2.50 5.00

iPP/PP-g-MA/am-S50 (5 %)
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SEM The morphology of nanocomposites was examined with
a scanning electron microscope (JSM 6510 LV, Jeol Co, Ja-
pan) operating in the high vacuum mode and accelerating
voltage of 15 kV. The compression molded samples were
cryo-fractured. To prevent charging the samples were coated
with thin layer of gold (ca.20 nm) by ion-sputtering (Jeol
JFC-1200) prior to examination.

TEM Details of morphology and nanofiller dispersion were
examined with a transmission electron microscope (BS 500,
Tesla, Czech Republic), operating at 90 kV. Samples, in the
form of ultra-thin sections approx. 60 nm thick, were prepared
by cryo- ultrasectioning with an ultramicrotome (PowerTome
PC, Boeckeler, USA) equipped with a 35° diamond knife
(Diatome, Switzerland). No staining or any other chemical
treatment was applied to sections prior to observation.

From TEM micrographs the silica dispersion was evaluated
using the image analysis software ImageJ (National Institutes
of Health, USA). Size determinations were made by evaluat-
ing at least 500 agglomerates for each sample.

SALS The samples in the form of films, approx. 30 um thick,
were examined with small angle light scattering technique to
check a spherulitic morphology. A He-Ne lase (A = 632.8 nm)
was used to generate the H, scattering patterns.

WAXS The crystalline structure of nanocomposites was
probed with X-Ray diffraction. The diffraction data were
collected in the reflection mode with the DRON diffractom-
eter (Russia), using CuK, radiation (A = 0.154 nm). The 20
scans were collected with the step of 0.05°. From obtained
diffractograms the phase composition was evaluated, in-
cluding the crystallinity degree and the content of the
[3-phase. For accurate determination of phase structure the
peak separation procedure was applied, using the fitting
program FITYK [36].

Estimation of the 3 contribution to the crystalline phase,
K based on the Turner-Jones equation [37]:

15110

Ky =

(1
L110) + Laqr10) + La040) + La(130) )

where Iy 110y, I« (040) and I (130) are the integral intensities of
the strongest peaks of o-form attributed to the (110), (040) and
(130) planes of the o« monoclinic cell, respectively, while
Ig(i10y is the intensity of the strongest (110) diffraction peak
of the trigonal (3-form, located at 20 = 16.2°.

The lateral size of crystallites was evaluated from the
half-width of the (110) and (040) diffraction peaks of «-PP
using the Scherrer formula [38]:
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"~ Bcos©
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(2)
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where L;;; is a crystallite dimension in the direction per-
pendicular to the (kkl) plane, A is the X-ray wavelength,
3 is the half-width of a diffraction peak, corrected for
instrumental broadening, and © is the Braggs diffraction
angle.

SAXS The lamellar structure of samples was probed with
2-dimensional small angle X-ray scattering (2-D SAXS).
The Kiessig-type camera with sample detector distance of
1.2 m was coupled to a X-ray CuK, low divergence
microsource, operating at 50 kV and 1 mA (sealed-tube
micro-focus source integrated with multilayer collimation
optics, producing a highly collimated beam with a diver-
gence of 0.8 x 0.8 mrad?; GeniX CU-Low Divergence by
Xenocs, France). The collimation optics was combined
with 2 additional hybrid scatterless slits systems forming
the beam (Xenocs) placed between the multilayer optics
and the sample stage. The two slit systems were separated
by 1200 mm. The scattering produced by the sample was
recorded with the Pilatus 100 K solid state area detector of
the resolution of 172 x 172 um? (Dectris, Switzerland). The
long period (LP) was determined from one-dimensional
sections (background and Lorentz corrected) of 2-D pat-
terns using the Bragg’s law.

Mechanical properties The tensile tests were carried out
using the Model 5580 Testing Machine (Instron Corp.,
USA) at room temperature. Specimens of the gauge length
of 25 mm and thickness of 1 mm (specimen 1BA according
to ISO 527-2) were cut out from compression molded sheets.
The deformation rate was 5 mm/min.

The impact properties were evaluated by notched Izod
impact test at room temperature, according to the ISO 180/
1 A standard. The instrumented impact tester equipped with
a 4 J hammer (Resil 5,5; CEAST S.p.A., Italy) was used.
Additionally, the tensile impact test was performed accord-
ing to the ISO 8256 standard with the same apparatus
(v=2.6 m/s, E =1 J) and using unnotched specimens of
the gauge length of 15 mm, width of 10 mm and thickness
of 0.5 mm.

In every tensile or impact test at least 5 specimens of each
composition was tested.

DMA The dynamic mechanical properties of the deformed
samples were measured with the TA Q800 dynamic me-
chanical thermal analyzer (Thermal Analysis, USA) in the
single-cantilever bending mode. The specimens, in the
form of 40 mm long, 10 mm wide, and 1 mm thick bars,
were cut out from compression molded sheets. The storage
modulus (£’), loss modulus (E”) and loss factor (tan &)
were determined at a constant frequency of 1 Hz as a func-
tion of temperature, which varied from —60 °C to 150 °C at
a heating rate of 2 °C/min.
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Results and discussion
Particle modification and grafting

A good dispersion of nanosilica particles can be obtained by
suitable surface chemical or physical modification [13]. In the
present study we intended to take advantage of
amine-anhydride reaction for grafting of maleated polypropyl-
ene onto amine-functionalized surface of SiO, particles. In
order to achieve that the silica particles were treated with
aminoorganosilane (APTES) to obtain a surface layer contain-
ing top —NH, functional groups that would allow further
grafting of PP-g-MA chains.

Silanization is a common approach to enhance the compat-
ibility between polar inorganic nanoparticles and a hydropho-
bic polymer matrix [5]. Commonly used tri-functional
alkoxysilanes, as APTES, spontaneously self-condensate in
the presence of even trace of water (which is necessary for
initiation of the APTES-silica reaction) and form cross-linked
silane multilayers of complex structure around silica particles.
Efficient top-surface functionalization with aminosilanes has
been reported [39—41] on flat surfaces when the presence of
water in the system was strictly controlled to permit the for-
mation of a surface silane monolayer instead of complex mul-
tilayered coating. The density of such a monolayer was report-
ed as 5.3 molecules/nm?® and the thickness as 0.7 nm. How-
ever, similar surface functionalization of nanoparticles in sus-
pension is much more complicated than flat model substrates
due to the potential particle aggregation, Brownian motion,
solvent effects etc. Particle aggregation phenomena and inter-
particle cross-linking through siloxane bridges may appear as
a result of uncontrolled reaction conditions. In the case of
nanoparticles dispersed in aqueous suspension,
aminosilanization can be even more complex process due to
the various possible reactions of aminosilanes with water. It
was observed [42—44] that aminosilane treatment of nanopar-
ticles in a water-rich suspension produces cross-linked silane
multilayers with amine groups mostly internalized or seques-
tered. Choi et al. [45] described the complex 3D network of
APTES containing also cyclic structures resulting from hydro-
gen bonding of primary amines and hydroxyl groups. Both
cyclic structured amines and sterically hindered amines
trapped inside the silane coating are inaccessible to subse-
quent reactions, as e.g. with MA groups. The only amine
groups accessible are those located on the top of the silane
layer. In order to obtain such structure the amount of water in
the system must be controlled very carefully [42].

In the procedure adopted in this study aminosilanization of
nanoparticles with APTES was carried out in a dispersion in
dry toluene. The amount of water present was minimized to
obtain particles with thin coating and significant fraction of
surface -NH, groups that are able to interact later with the
target molecular species. APTES is soluble but do not

hydrolyze or self- condense in toluene hence APTES mole-
cules remain unreacted in the dry toluene solution. They can
hydrolyze and subsequently condense only when a small
amount of water is let in the system in the form of the water
surface layer on the nanoparticles introduced to toluene. This
water is chemi- and physisorbed to the hydrophilic particles
and does not diffuse into the toluene due to its hydrophobic
nature. Therefore, it initiates condensation of APTES only on
the surface of nanoparticles.

The silane content in modified particles was assessed with
TGA. Unfortunately, TGA is unable to differentiate between
covalently bonded organic coating and non-reacted,
physicosorbed compounds. Further, the silane grafting density
estimated from silane content obtained by TGA can differ
from the accessible amine-groups on the top surface of an
APTES layer, since an unknown number of amines will be
internalized within silane coating, making them unavailable to
subsequent reaction with MA. In order to reduce an amount of
non-reacted adsorbed compound the particles were washed
several times with toluene prior to TGA analysis. From ob-
tained TGA thermograms of pristine and modified particles
the net weight loss related to APTES volatization was deter-
mined and then the amount of the silane coating, layer thick-
ness and silane grafting density were estimated. The pristine
SiO; is thermally stable at temperature higher than 700 °C and
the weight loss is below 0.5 %, which is attributed to the
dehydration of Si-OH and the water adsorbed on the surface
of SiO,. The weight loss of modified particles is related main-
ly to thermal decomposition of APTES. The non-volatile part
of APTES was assumed to be converted into silica (SiO,).
Due to the stoichiometric relationship of SiO, (1:2), the re-
maining third oxygen in APTES was considered to be volatile
(in the form of H,O), which sets the molecular weight of the
volatile fraction of APTES to 74 g/mol [46].

The grafting ratio Gr (silane-to-silica weight ratio), silane
layer thickness, d, and silane grafting density, p,, were calcu-
lated using the following equations:

am—SiO
Gr— o M (3)
1 — W 5% My,
Gr
d=— 4
S (4)
Gr NA
p— 5
=gy (5)

Where W™ 5102 ¢, ) is the difference of the weight loss of
silanized and pristine samples, M = 221.4 g/mol and
M, = 74 g/mol are the molecular mass of APTES and its
volatile part, respectively, S is the specific surface area of the
silica (2x10%° and 0.5x10?° nm*/g for S200 and S50 silica,
respectively), and N the Avogadro number. The results of
evaluation are given in Table 2.
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Table 2 Parameters of silane

coatings determined from TGA Sample Weight loss at APTES content  Grafting Silane grafting density, Average layer
data 800 °C (wt.%) (wWt.%) ratio, Gr ps (chains/nm?) thickness, d (nm)
S200 0.22
am-S200  5.06 14.5 0.153 2.1 0.76
S50 0.13
am-S50 541 15.8 0.167 9.1 3.30

The results show that for both grades of silica used in this
work the amount of APTES bonded to the silica surface is
about 15 wt.%. However, because of different particle size
and hence the specific surface area the estimated average layer
thickness layer is approx. 0.8 nm for am-S200 and 3.3 nm for
am-S50, which suggests a silane monolayer formed in
am-S200 and a multilayer coating in am-S50. In the case of
monolayer practically all amine groups are likely on the top of
the layer and should be accessible for subsequent reaction
with MA groups. In the case of multilayer structure in
am-S50 some part of -NH, groups is probably trapped inside
the silane multilayer and become inaccessible.

To find out whether particles of am-SiO, really have acces-
sible amine groups on the top surface the NMR studies were
carried out. Solid state NMR is a powerful tool for elucidating
the molecular structure of the materials such as particles studied
here. Figure 1 shows the 2°Si single pulse (SP) and *Si-' H

Fig. 1 *°Si single pulse (SP) and
2Si-! H cross polarization (CP)
magic angle spinning (MAS)
spectra of the pristine S50 (a), and
aminosilanized am-S50 (b)
nanoparticles

SP MAS

cross polarization (CP) magic angle spinning (MAS) spectra of
the pristine S50 and aminosilanized am-S50 samples. The pris-
tine, non-aminosilanized silica nanoparticles exhibited peaks in
the region from —90 to —120 ppm that indicate the presence of
only Q" (Si) species in both SP and CP mode (cf. Fig. 1a). Peak
intensities in the SP mode can suggest that relative concentra-
tions follow the trend Q* > Q* > Q? Si-species, although the
intensity of the Q® (Si) resonance was observed to be the
highest in CP mode. This may be expected as Q*and Q* are
capable of cross-polarization transfer from neighboring protons
whereas Q* is not. However, this observation also suggests that
the fraction of Q° species is much higher than Q? species,
particularly as the density of neighboring protons in Q? is twice
that in Q°.

Sen and Bruce [42] demonstrated that material obtained
from condensing/polymerizing APTS in water (no silica par-
ticles added) does not exhibit any peak in the region of —90 to

Q* CP MAS Q®

(@)
S50

(b)

-50

Ssi
SI\O

@ Springer

am-S50
T ! T T
-100 ppm -50 -100 ppm
S[| ?| ?l
NH NH
i i i 7
Si—. Si _Si— Si— _Si—
/\ O, o N ~~K-0 IO\
s o P O h 2 ML 9
! 1 Si Si | Si s
Si si si H Si !
G ™ Q? @ a



J Polym Res (2016) 23: 25

Page 7 of 19 25

—120 ppm indicating the absence of Q" (Si) species. Instead,
the peaks related to T"(Si) species were observed in the range
of =50 to —70 ppm, as a consequence of the presence of the Si
bonded to propyl amine group. Three different T" (Si) sites
were observed with relative concentrations of T° > T* > T'
(Si) in the SP mode, but only two types of T sites (T, T°) in
the CP mode [42]. In the case of silica particles aminosilanized
in presence of water the T" as well Q" resonances were ob-
served [42], related to aminosilane coating and silica core,
respectively. The species containing amine groups present in
the system can be T', T? or T (Si) types as a consequence of
the uncontrolled surface condensation of aminosilane in water
environment [42, 47]. In fact, comparable intensities of T? and
T? resonances were reported for silica particles silanized in
water [42].

The am-S50 nanoparticles aminosilanized with reduced
presence of water also exhibited in NMR spectra two types
of Si environments, T and Q (Fig. 1b). SP mode intensities of
Si resonances in T sites are low, however, become higher in
cross-polarization mode owing spin population energy trans-
fer from neighboring proton nuclei. In both SP and CP modes
only T? and T(Si) sites were detected indicating two types of
T(Si) environments, yet T>(Si) sites produce significantly
higher signal than T, in contrast to particles modified by
silanization in aqueous environment. That difference in T>
and T3(Si) intensities suggests that larger fraction of NH,
groups is located at the top surface of silane layer coating a
particle than those trapped inside the silane multilayer. These
surface amine groups should be easily accessible to further
reaction with MA upon compounding. An additional observa-
tion is that intensities of Q*(Si) species were significantly
reduced in amino-functionalized material; most likely due to
the loss of Si-OH groups by conjugation with aminosilane
through dehydration.

The NMR results indicate a significant fraction of amine
group in am-S50 located on the top surface of particles, thus
being easily accessible for further reactions upon
compounding. This allows to consider the obtained am-SiO,
particles as properly surface-functionalized.

The obtained amine-functionalized silica particles were in-
troduced to the mixture of molten iPP and PP-g-MA in the
process of melt-compounding. The reaction between MA and
-NH, groups on the surface of silica nanoparticles and conse-
quently some coating of these particles with PP chains was
expected to occur during that blending, according to the
scheme presented in Fig. 2. The reaction should actually lead
to formation of the organic-inorganic hybrids (PP-silica) in the
nanocomposite.

The occurrence of similar grafting reaction between anhy-
dride groups of PP-g-MA chains and surface amine groups of
POSS particles, and in this way formation of PP-POSS hy-
brids, was evidenced by FTiR for reactive blending of PP-g--
MA with amine functionalized POSS [34] - the carboxylic

band at 1710 cm™' of MA was replaced by a stronger peak at
1703 cm™' characteristic of the imide group. Since the POSS cage
molecule can be considered as the smallest silica particle, one can
expect that the analogous reaction between surface amine groups and
PP-g-MA can occur also on the surface of functionalized nanosilica
particles during melt compounding. Unfortunately, FTiR analysis of
the reactive composite of iPP, PP-g-MA and am-SiO, obtained in
this study did not detect development of such imide band, probably
because of too low concentration of reacting species in the
composite.

Dispersion of nanoparticles

The structure and morphology of composites obtained by
blending was examined by SEM and TEM microscopy, light
scattering (SALS), and X-Ray scattering (WAXS, SAXS)
measurements. Melting temperature of crystallites and the
overall crystallinity of composites were assessed by DSC.

Preliminary SEM observations (cf. Fig. 3) revealed gener-
ally uniform dispersion of silica particles, yet with a tendency
to form relatively small, loose aggregates. In iPP/SiO, and
iPP/PP-g-MA/SiO, composites with unmodified silica (of
both S200 and S50 grades) the bigger and more dense ag-
glomerates, usually a few micrometers in diameter were also
found, cf. Fig. 3a, b. On the contrary, such big agglomerates
were observed only occasionally in the iPP/PP-g-MA/
am-Si0, nanocomposites.

Transmission electron microscopy (TEM) images provide
direct inspection of the dispersion of silica nanoparticles in the
PP matrix, more detailed than SEM. Figures 4 and 5 present
exemplary TEM micrographs of ultra-thin sections of nano-
composites containing 5 wt.% of S200 and S50 silica, respec-
tively. Low magnification micrographs of all studied compos-
ites (cf. Figs. 4a—c and 5a—c) confirm previous SEM observa-
tions that the silica particles tend to form both aggregates and
large, dense agglomerates. These aggregates and agglomer-
ates are dispersed quite uniformly in the polymer matrix.
The tendency to form agglomerates is especially the case of
iPP/S200 (Fig. 4a) and iPP/PP-g-MA/S200 (Fig. 4b) nano-
composites containing untreated S200 silica of smaller prima-
ry particle size (<d > =12 nm), in which dense agglomerates
exceeding 2 pm in diameter were frequently observed. Exam-
ination of samples with various silica content indicate that in
general, an amount and size of agglomerates increases with
increasing filler percentage (only the micrographs of nano-
composites containing 5 wt.% of SiO, are presented for brev-
ity). TEM micrographs taken at higher magnification (Figs.
4d—f and 5d—f) reveal that the size of agglomerates in nano-
composites studied depends on both the size of primary par-
ticles and their surface treatment as well as the presence of
PP-g-MA compatibilizer.

In the case of pristine S200 particles dispersed in plain iPP
the particles are arranged mostly in agglomerates, approx.
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Fig. 2 The scheme of the melt CHs CHy CHy
grafting of PP-g-MA onto amine-
functionalized SiO, nanoparticle.
Only one aminoorganosilane
chain instead of silane layer is o~
shown for clarity

CH;CH
A
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o

200-1000 nm in size. Moreover, these agglomerates are fre-
quently interconnected to form even larger and more

Jla)

SEl 15kV.. WD5mm SS50 x5,000 4
Sample » >

SEl. 15kV WDémm SS5K x5,000
Sample &

SEl 16kV WD4mm SS50 ' %5,000
Sample » - . » =

Fig. 3 Exemplary SEM micrographs of the freeze-fracture surface of the
PP-SiO, nanocomposites, each containing 5 wt.% of S200 silica: a iPP/
S200; b iPP/PP-g-MA/S200; ¢ iPP/PP-g-MA/am-S200. The scale bar
represents 5 pm
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developed structures (Fig. 4a, d). When the same untreated
silica is dispersed in iPP with 2.5 wt.% of PP-g-MA as
compatibilizer the agglomerates become smaller, not exceed-
ing 500 nm, although some big agglomerates still can be
found (Fig. 4b, e). In the nanocomposite with
amine-functionalized silica, iPP/PP-g-MA/am-S200(5 %) the
observed agglomerates become even smaller and show a bit
looser structure than in nanocomposites with unmodified sil-
ica. Big agglomerates are seldom in this composition — cf. Fig.
4c, f.

Nanocomposites with S50 nanosilica (<d >=40 nm) also
demonstrate aggregation and agglomeration of particles,
yet the agglomerates observed here appear smaller than in
composites with S200: the typical size is approx.
100-500 nm in all S50 nanocomposites, although agglom-
erates in iPP/S50 (5 %) nanocomposite are found slightly
larger than those in iPP/PP-g-MA/S50 (5 %) or iPP/PP-g--
MA/am-S50 (5 %) nanocomposites — cf. high magnifica-
tion micrographs in Fig. 5c, e and f. Additionally, the num-
ber of big agglomerates found in nanocomposites with S50
is notably smaller than observed in the compositions with
S200 nanosilica.

The image analysis of TEM micrographs allowed to deter-
mine the size distributions of particle agglomerates and esti-
mate their average sizes. The agglomerate size was expressed
in terms of equivalent diameter ED = (4 A/m)", a size feature
derived from the object area, giving the diameter of a circle
with the same area (A) as the measured object. The obtained
distributions are presented as insets in the Figs. 4a—c and 5a—c.
It can be noticed that for both S200 and S50 silica the agglom-
erate size distribution of iPP/SiO, binary nanocomposites is
the broadest, while the narrowest distribution is observed in
the iPP/PP-g-MA/am-SiO, hybrid systems. Along with
narrowing the size distribution the average size of agglomer-
ates changes from ED = 184 nm through 196 nm to 142 nm
for iPP/S200 (5 %), iPP/PP-g-MA/S200 (5 %) and iPP/PP-g--
MA/am-S200 (5 %), respectively. For nanocomposites with
S50 silica the estimated values of the average agglomerate size
are: 172 nm in iPP/S50 (5 %), 148 nm in iPP/PP-g-MA/S50
(5 %) and 156 nm in iPP/PP-g-MA/am-S50 (5 %).
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Eq. Diameter (nm)

Fig. 4 TEM micrographs of iPP/S200 (a, d); iPP/PP-g-MA/S200 (b, ) and iPP/PP-g-MA/am-S200 (¢, f) nanocomposites, each containing 5 wt.% of
S200 silica. /nsets in figures (a)—(c) show agglomerate size distributions determined by image analysis

<D>=172nm (5.d.=103)

o w0 w0 w0 w0 .
Eq. Diameter (m) = Eq. Diameter (m)

Fig. 5 TEM micrographs of iPP/S50 (a, d); iPP/PP-g-MA/S50 (b, e); iPP/PP-g-MA/am-S50 (¢, f) nanocomposites, each containing 5 wt.% of S50
silica. Insets in figures (a)—(c) show agglomerate size distributions determined by image analysis
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The overall conclusion drawn from microscopic examina-
tion is that neither amine functionalization of silica surface nor
use of PP-g-MA compatibilizer caused dramatic improvement
of silica dispersion. The tendency to agglomeration was still
observed, also in the iPP/PP-g-MA/am-SiO, hybrid nanocom-
posite. The modification, however, resulted in reduction of the
average size of agglomerates, and additionally in some loos-
ening of their packing as well as almost complete elimination
of very big agglomerates, presence of which can appear very
detrimental for mechanical performance of composite. There-
fore, the aminosilane surface modification of silica particles
can be considered effective.

The morphology and structure of the matrix

Preliminary SEM observations (Fig. 3) suggested that all com-
posites studied crystallized in the spherulitic fashion, similar
to plain polypropylene. The spherulitic morphology was con-
firmed by TEM observations and additionally by SALS mea-
surements - the H, SALS patterns observed with crossed
polarizers demonstrated a four-lobes shape, characteristic for
spherulitic morphology (patterns not shown). Qualitative esti-
mations of these patterns suggested that the average spherulite
size decreases in nanocomposites with increasing silica
loading.

In order to determine the structural details of the PP matrix
the wide- and small angle X-ray scattering (WAXS, SAXS)
and calorimetric (DSC) measurements were performed. The
collected X-ray diffractograms (examples presented in Fig. 6),
revealed basically the same structure of the crystalline phase
in all samples studied. The main crystalline form present in
both iPP and its nanocomposites is the monoclinic o« modifi-
cation. Additionally, a small fraction of crystallites of trigonal
{3 modification was detected. The parameters of the structure,
estimated on the basis of diffractograms are summarized in
Table 3. The amount of (3 modification estimated for plain
iPP was about 2.5 wt.%, null for iPP/SiO, binary nanocom-
posites, 2.5-3 wt.% for iPP/PP-g-MA/SiO, ternary

iPP/PP-g-MA/am-S200 5%

iPP/PP-g-MA/S200 5%

Intensity (a.u.)

iPP/S200 5%

1I0 1I5 26 2‘5 30
20 degree (°)
Fig. 6 X-Ray difractorams of the PP/SiO, nanocomposites (5 wt.% of
S200 silica), samples obtained by compression molding followed by fast
cooling
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nanocomposites, and increased up to 5-9 wt.% in hybrid
nanocomposites with modified silica, iPP/PP-g-MA/am-SiO.
The increase of 3 -PP fraction in PP-silica nanocomposites is
not much surprising - the ability of silica particles to nucleate
preferentially the (3 -PP crystals upon nonisothermal crystal-
lization was already reported in the literature [48]. The highest
amount of 3 phase in nanocomposites with am-SiO, particles
is probably related to their better dispersion than unmodified
SiO, or specific structure with PP-g-MA chains concentrated
at interfaces.

The overall crystallinity was estimated roughly from X-ray
data with the peak fitting procedure - estimation with better
accuracy would require diffraction data collected in signifi-
cantly broader span 20 than in this study. Comparison with
the DSC-based estimations, reported later, suggests that the
values obtained from X-ray data are systematically
overestimated. Nevertheless, the obtained results suggest a
tendency of PP crystallinity to decrease in nanocomposites
as compared to plain iPP (cf. Table 3). Also the average lateral
size of crystallites along [110, 040] directions, determined
using the Scherrer equation (columns 4 and 5), is in all nano-
composites noticeably smaller than the respective size in plain
iPP crystallized at similar conditions. This indicates that silica
particles, in spite of some activity as primary nucleation cen-
ters, disturb the growth of crystals of the PP matrix, resulting
in lower perfection of the final crystalline structure.

Both plain iPP and nanocomposites, when probed with 2-D
SAXS demonstrated scattering in the form of uniform ring,
typical for non-oriented semicrystalline polymer. The long
period (LP) was estimated from one-dimensional sections of
collected 2-D SAXS patterns. It was calculated from the po-
sition of the maximum in background and Lorentz corrected
curve using the Bragg’s law. The obtained values are reported
in Table 3. It was found that all nanocomposites exhibit sim-
ilar increase of the long period with addition of silica
nanofiller, irrespective of its type and surface treatment. The
observed changes in the long period reflect the changes in the
lamellar structure of the PP matrix, mainly an increase of the
lamella thickness (which manifests also in an increase of the
temperature of the melting peak, reported later in this section)
and reduction of crystallinity (suggested by WAXS), induced
by presence of silica. Rough estimates of crystal thickness,
based on SAXS/WAXS data, are given in the last column of
Table 3.

The DSC results obtained in the heating-cooling-heating
cycle are summarized in Table 4. Representative heating ther-
mograms are depicted in Fig. 7. All thermograms demonstrate
melting and crystallization peaks typical for the & modifica-
tion. The heating thermograms of some nanocomposites, es-
pecially those containing above 2.5 % of S200 silica, exhibit
additionally a small peak located at the shoulder of the «
melting peak, around 145 °C, cf. Fig. 7. This peak corre-
sponds to melting of a small fraction of 3 crystals, which
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Table 3 Parameters of the

structure determined on the basis Sample X (wt.%) Kﬁ(a) (%) Dio® (m)  Dos™ (am)  LPC (m) ¥ (nm)

of WAXS and SAXS data for

compression molded samples. All iPP 56.2 24 17.3 225 11.2 6.0

compositions contain 5 wt.% of iPP/S200 53.7 0.1 15.6 21.3 13.2 6.8

silica particles iPP/PP-g-MA/S200 53.9 23 15.6 19.1 13.1 6.8
iPP/PP-g-MA/am-S200  51.5 4.8 15.3 19.6 12.5 6.2
iPP/S50 55.7 0 15.6 20.1 11.8 6.3
iPP/PP-g-MA/S50 55.9 2.9 15.9 21.2 13.1 7.0
iPP/PP-g-MA/am-S50 54.8 8.6 15.3 19.6 12.4 6.5

“ Content of the 3-phase, Kz was calculated with Eq. (1)

® The average size of crystallites in direction perpendicular the /&7 plane was calculated with Scherrer equation

(Eq. (2)

¢ Long period calculated from the 1-D section (Lorentz corrected) of 2-D SAXS pattern, using the Bragg law

9 Lamella thickness /. = LP-X,, evaluated from long period LP and volume crystallinity X,, derived from X,

observation is consistent with results of X-ray diffraction,
discussed earlier.

The data presented in Table 4 show that the melting (in
both first and second heating cycle) and crystallization tem-
peratures of iPP/SiO, and iPP/PP-g-MA/SiO, nanocompos-
ites with unmodified silica remain nearly constant or increase
slightly (less than 1 °C) with increasing content of silica, either
S50 or S200 type. Similarly, only a relatively small increase in
crystallinity is observed with increasing silica content. These

observation suggest that the presence of unmodified silica in a
nanocomposite influences crystallization process of PP matrix
in a rather limited extent. Comparing nanocomposites with
S50 and S200 it can be inferred that S200 silica of higher
specific surface influences PP crystallization somewhat stron-
ger than S50 — temperature of the crystallization peak, T,
slowly increases with concentration in nanocomposites con-
taining S200 while remains practically constant in those with
S50. In general, the influence of unmodified silica on PP

Table 4 DSC data (heating-

cooling-heating cycle with the Sample code SiO, Ist heating cooling 2nd heating
rate of 10 °C/min) of the
PP-silica nanocomposites T X, ® T. Xes Tin X ®
(Wt.%) O (Wt.%) O (Wt.%) 0 (Wt.%)
iPP 0 167.1 51.1 120.7 493 166.7 50.3
iPP/S200 1.25 167.6 50.8 122.7 50.8 166.7 51.1
2.5 1674 51.3 121.5 50.4 166.6 50.7
5 167.5 50.6 1215 50.0 166.6 50.8
iPP/iPP-g-MA/S200 1.25 166.9 50.8 121.8 50.3 166.9 49.8
25 167.4 50.7 122.0 50.2 166.9 50.3
5 167.7 49.9 1224 48.9 166.4 51.1
iPP/iPP-g-MA/am-S200 1.25 167.5 48.7 123.8 51.6 167.6 52.0
25 168.0 48.2 127.3 52.1 168.2 51.4
5 168.8 51.6 127.6 52.0 168.6 52.9
iPP/S50 1.25 167.4 48.8 120.6 50.6 166.8 50.8
25 167.7 49.5 1204 49.0 167.1 50.1
5 167.2 50.3 120.8 50.2 166.8 50.5
iPP/iPP-g-MA/S50 1.25 167.4 50.8 121.1 50.7 166.9 50.7
25 167.5 51.3 120.8 49.5 166.9 50.8
5 167.3 51.5 120.9 50.8 166.7 52.1
iPP/iPP-g-MA/am-S50 1.25 168.2 48.7 1274 51.0 168.0 522
2.5 167.3 50.1 127.0 51.0 167.5 52.5
5 167.1 48.1 128.7 51.2 167.7 53.5

? Crystallinity of PP, calculated with respect to the actual content of polypropylene in the sample, AH;= 209 J/g

[35] was assumed for calculations
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— PP
1 —— iPP/S200, 2.5%

—— iPP/PP-g-MA/S200, 2.5%
—— iPP/PP-g-MA/am-S200, 2.5%
——— iPP/S50, 2.5%
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——— iPP/IPP-g-MA/am-S50, 2.5%
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Fig. 7 DSC thermograms recorded during 2nd heating with the rate of
10 °C/min of iPP and its nanocomposites containing 2.5 wt.% of silica

crystallization can be assessed as relatively low. In contrast,
the surface-modified nanosilica, both am-S200 and am-S50,
shows notably higher ability to modify the crystallization of
the PP matrix. It manifests in significant increase of the crys-
tallization peak temperature, by approx. 7-8 °C at 5 wt.% of
nanofiller, either am-S200 or am-S50. That increase probably
results from enhanced primary nucleation, i.e. am-SiO, acts as
a nucleation agent for polypropylene. This conclusion is con-
firmed by SALS results, reported earlier, that suggest smaller
average spherulite size in nanocomposites than in plain iPP.
As a consequence of crystallization proceeding at higher tem-
perature, lamellae in nanocomposites with am-SiO, grow
thicker than in plain iPP or nanocomposites with unmodified
SiO,, and hence show an elevated melting temperature (by
1-2 °C, cf. Table 4). The other effect of activity of am-SiO,
suggested by DSC data is an increase of the degree of PP
crystallinity in nanocomposites, observed clearly, especially
in the second heating run after crystallization at unified con-
ditions. This result is opposite to X-ray based crystallinity
rough estimations, suggesting some reduction of PP crystal-
linity in nanocomposites containing 5 wt.% of silica (Table 2).
However, as already mentioned, an accuracy of X-ray estima-
tions was limited.

Thermal stability

Thermal and thermo-oxidative stability of PP/silica nanocom-
posites was studied by thermogravimetric analysis (TGA) in
an inert (N,) and oxidative (air) atmosphere, respectively.
TGA weight loss curves in nitrogen are presented in Fig. 8a,
while those obtained in air in Fig. 8b. Temperatures of the
maximum loss rate and the residue weights are reported in
Table 5.

When heated in inert nitrogen atmosphere weight loss
curves of PP and nanocomposites are similar in shape, typ-
ical for thermal degradation of polypropylene. Both silica
grades, plain or modified, used here increase the tempera-
ture of the maximum weight loss rate of PP, from 4 to 8 °C,
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Fig.8 TGA weight loss curves of nanocomposites, all containing 5 wt.%
of S200 silica, heated in the nitrogen (a) and air (b) atmosphere. Insets
show the derived curves of the weight loss rate

cf. Table 5, demonstrating a moderate thermal stabilization
of PP matrix. The strongest stabilization effect was ob-
served in hybrid nanocomposites with am-S200
amine-modified silica. The residue left in nanocomposites
heated up to 600 °C is about 5 wt.%, which coincides well
with the silica loading.

Heating in an oxidative atmosphere (air) leads to signif-
icantly faster degradation of iPP than in inert conditions
due to peroxidation [49]. It results in a substantial decrease
of temperature of degradation of iPP by nearly 100 °C
comparing to heating in N, atmosphere. Samples of PP/
silica nanocomposites demonstrate a highly improved
thermo-oxidative stability comparing to plain iPP, which
manifests in the shift of the maximum of weight loss rate
from 363 °C (plain iPP) to 397-405 °C for nanocomposites
containing 5 wt% of silica. The greatly improved
thermo-oxidative stability of PP/silica nanocomposites
can be explained by the accumulation of silica nanoparti-
cles on the sample surface during the earlier stage of nano-
composite degradation, allowing the formation of a ceram-
ic layer, which can act as a protective barrier, limiting the
polymer volatilization rate [50]. This effect is slightly
stronger in iPP/PP-g-MA/SiO; and iPP/PP-g-MA/am-SiO,
than in the binary composite iPP/SiO, due to the improved
silica dispersion that results in formation of more uniform
and tight protective layer of nanoparticles accumulated at
the specimen surface.
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Table5 Temperature of the maximum weight loss rate and the residue
left at 600 °C

Sample T4 max N T max N Residue in
N, (°C) air (°C) Ny (wt.%)
iPP 465.6 363.1 0.05
iPP/S200, 5 % 472.9 396.9 4.86
iPP/PP-g-MA/S200, 5 % 465.6 405.2 4.66
iPP/PP-g-MA/am-S200, 5 % 473.6 398.4 4.78
iPP/S50, 5 % 469.4 377.5 492
iPP/PP-g-MA/S50, 5 % 466.8 387.3 481
iPP/PP-g-MA/am-S50, 5 % 471.8 380.2 4.71

Mechanical performance
Tensile properties

Figure 9 shows exemplary nominal stress — nominal strain
curves of selected nanocomposites (each containing 1.25 wt.
% of S200 silica particles) determined in tensile test at room
temperature. The most relevant mechanical properties: the
elastic modulus (E), yield stress (0y) and elongation at break
(ep), determined from the curves are summarized in Fig. 10.
All samples demonstrated typical cold-drawing behavior with
clear neck formation and stress-whitening of the necked part
of the specimen, related to cavitation, which is common in
tensile deformation of semicrystalline polymers [51]. Most
of the compositions studied fractured early after formation of
the neck, at relatively low strain, not exceeding 20 %. Those
samples which deformed to higher strains usually did not
show distinct strain hardening prior to a break. Therefore,
the stress at yield actually represents the tensile strength of
the materials studied. As it is frequently reported for
polyolefin-based nanocomposites [4, 5, 15-28], introduction
of silica nanoparticles into the system leads to an increase of
the elastic modulus. We also observed this reinforcing effect in

40
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S 101 —— iPP/S200 1.25%
z —— iPP/IPP-g-MA/S200, 1.25%
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Fig. 9 Representative nominal stress-nominal strain curves obtained in

tensile experiment of iPP and its nanocomposites with 1.25 wt.% of plain

or modified S200 silica. Only an initial part of the curves, up to € = 50 %,
is shown

nanocomposites studied here - the modulus of nanocompos-
ites increased with increasing silica content, up to about 12 %
in nanocomposites filled with 5 wt.% of silica, cf. Fig. 10a, b.
An increase of elastic modulus in nano-filled samples is ex-
plained in literature as a consequence of stiffness of particles
and presence of an interphase layer around nanoparticles im-
proving the stress transfer across interface that, in turn, allows
larger participation of stiff particles in an accommodation of
tensile strain. It is also frequently postulated that the particles
can additionally restrict the mobility of polymer chains within
such interfacial layers of the matrix. As it will be discussed
later this is also the case of the studied PP/silica
nanocomposites.

The reinforcing effect is the weakest in the binary compos-
ites iPP/SiO,, moderate in iPP/PP-g-MA/SiO, and the stron-
gest in iPP/PP-g-MA/am-SiO, hybrid nanocomposites. Gen-
erally, the modulus increases more in nanocomposites with
S200 than those with S50, especially at low nanofiller content.
This can be related to higher specific surface area of S200 than
S50 implying larger volume of the PP interfacial layers, likely
to be stiffened, in the nanocomposites containing S200 than in
those with S50. The relatively stronger increase of stiffness is
observed at low concentration of the nanofiller, probably due
to better silica dispersion (fewer big agglomerates). As already
discussed, using the compatibilizer as well as
surface-modified particles results in an improved dispersion,
which in turn leads to an increase of the modulus of modified
systems compared to the simple iPP/SiO, binary composite.
Additionally, these modifications enhance stress transfer be-
tween PP matrix and particles owing chemical bonding of PP
chains to a particle, which also contributes to an increase of
the nanocomposite modulus. Moreover, the primary loose fill-
er aggregates, characteristic for fumed silica and present in all
nanocomposites studied, provide another reinforcement
mechanism, postulated by Dorigato et al. [52].

Along with increasing stiffness a slight increase of tensile
strength, equivalent to the yields stress oy, with increasing
silica content was observed (Fig. 10c, d). From a general point
of view, an increase of the tensile yield stress of composites,
even small, is considered as an indication of a relatively strong
filler-matrix interaction, otherwise o, would rather decrease
with the introduction of the filler [53-55]. In fact, Galeski et
al. [56] reported that in polyolefins filled with traditional
micro-filler an increase in the elastic modulus of the material
is accompanied by a heavy decrease of the yield stress, be-
cause traditional fillers weakly adhered to the matrix hardly
bear the load in the direction of tension. On the other hand, an
increase of the yield stress in the studied nanocomposites can
be also a result of increasing lamella thickness, /. (cf. Table 3)
as the yield stress is known to depend on the crystal thickness,
oyxexp (—1/1.) [57]. The yielding process and formation of the
neck takes longer in nanocomposites than in plain iPP, dem-
onstrating a narrow yield tooth in the stress-strain curve. This
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Fig. 10 Tensile properties of iPP c (@) (b)
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effect is probably associated with slightly diffused and broader
zone of plastic deformation in PP/silica nanocomposites as
compared to plain iPP.

In spite of weaker localization, the deformation of nano-
composites is generally unstable and samples break usually at
low strains, below 20-30 %. This is the case of practically all
iPP/SiO, and iPP/PP-g-MA/SiO, nanocomposites with un-
modified silica (of both grades). In contrast, ternary hybrid
nanocomposites containing surface modified silica iPP/PP-g--
MA/am-SiO, show much higher ductility, observed especially
at low content of silica, 1.25 wt.%. Comparing nanocompos-
ites containing am-S200 and am-S50 silica one can find a
better performance of the latter. All above observations can
be explained on the morphological ground: TEM study dem-
onstrated that nanocomposites with untreated silica contained
a significant number of big agglomerates, which upon tension
act as critical sized flaws that trigger fracture phenomena,
leading quickly to premature failure. When number of such
detrimental agglomerates becomes low, as in iPP/PP-g-MA/
am-Si0O, composites at low silica concentration, the iPP
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matrix is allowed to deform to much higher strain, comparable
or higher than attained by plain iPP.

The above reported semi-brittle behavior is typical for nu-
merous nanocomposites. In fact, in most of works on polyole-
fin nanocomposites, the stiffening effect due to nanoparticles
is accompanied by a heavy embrittlement, with frequently
dramatic reduction of the elongation to break [5, 54]. The
toughening effect induced by aminosilanized silica nanoparti-
cles at low concentrations can be considered an interesting
result, in line with results reported for PE-fumed silica nano-
composites [58, 59]. It is likely that the good dispersion of
silica aggregates leads to relatively low stress concentrations
and hence reduce crack nucleation phenomena.

Dynamic properties

In order to find out any influence of silica particles on mobility
of neighboring PP chains the dynamic mechanical analysis
(DMA) was performed. Figure 11 presents the temperature
dependencies of the storage and loss moduli, E* and E”,
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Fig. 11 The dependencies of the storage (E’) and loss (E”) moduli on
temperature determined by DMA in the single cantilever bending mode
for PP/silica nanocomposites containing 5 wt.% of S200 silica particles

respectively, determined for plain iPP and nanocomposites. It
can be observed that the presence of silica particles in nano-
composites leads to the stiffening of the polypropylene matrix,
manifesting in higher storage modulus E’ of nanocomposites
than plain iPP in the entire temperature range explored. The
largest increase in E’ is observed in the binary composites iPP/
Si0,, while nanocomposites compatibilized with PP-g-MA
demonstrate only a moderate increase of E’. When analyzing
the loss modulus curves E” one can distinguish three maxima
related to the relaxation transitions typical for polypropylene:
a very low intensity y at approx. —40 °C (sub-segmental and
side-chain relaxations), {3 at approx. 8-10 °C (corresponding
to the glass transition within the amorphous phase) and «
around 60-66 °C (the effect of complex changes occurring
both in crystals and adjacent disordered regions) [60, 61].
Since the observed peaks of « and {3 relaxation are broad
and overlap each other their positions were determined with
the peak fitting procedure. The estimated values are given in
Table 6. It was found that both relaxation processes in nano-
composites are affected by presence of silica particles, espe-
cially in iPP/PP-g-MA/am-SiO, hybrid nanocomposites, in
which PP chains were grafted onto silica surface through
MA and NH, functional groups: the maximum of 3 shifts
up, from 8.1 °C in plain iPP to 10.3 °C in iPP/PP-g-MA/
am-SiO, hybrids, while the maximum of « relaxation peak

Table 6 Temperatures of the maxima of the 3 and « relaxations, as
determined from curves of E” and tand, respectively

Sample From E” curves  From tan & curves
Tp (°O) To (°C) T’ (°C) To’ (°O)

iPP 8.1 67.3 11.5 86.0

iPP/S200 (5 wt.%) 8.5 66.1 12.7 83.1

iPP/PP-g-MA/S200 (5 wt%) 92 646 135 803
iPP/PP-g-MA/am-S200 (5 wt.%) 102 620 143 765
iPP/S50 (5 Wt.%) 84 670 130 812
iPP/PP-g-MA/S50 (5 Wt.%) 96 652 144 802
iPP/PP-g-MA/am-S50 (5 wt.%) 104 603 147 779

moves down, from 67.3 °C to 60—62 °C, respectively. The
iPP/SiO, and iPP/PP-g-MA/SiO, nanocomposites with un-
modified silica show similar, although significantly smaller
changes in relaxation temperatures. The observed variation
of relaxation temperatures is systematic, observed in all nano-
composites. There is practically no difference between respec-
tive nanocomposites containing S200 and S50 silica particles.
The increase of the glass transition temperature (3 peak) dem-
onstrates that presence of silica particles in nanocomposites
leads to a certain reduction of mobility of PP chains neighbor-
ing particles, especially in iPP/PP-g-MA/am-SiO, hybrid
nanocomposites with PP chains grafted onto surface of parti-
cles. This result confirms that restricted chain mobility can be
one of the sources of enhanced elastic modulus and yield
strength in nanocomposites.

Impact properties

Impact properties of nanocomposites were probed at room
temperature in two independent tests: Izod impact test (a
notched beam deformed in bending) and tensile impact test
(extension of a dumb-bell unnotched sample). All samples,
including plain iPP demonstrated a quasi-brittle behavior in
both tests. Any macroscopic plastic zone was nearly not ob-
served. As shown in Fig. 12a, b the [zod impact strength of the
iPP/SiO, and iPP/PP-g-MA/SiO, nanocomposites remain
nearly constant irrespective of silica concentration, yet slightly
below the impact strength of plain iPP. Moreover, nanocom-
posites with S50 silica show the 1zod impact resistance slight-
ly lower than those with S200. The differences are small,
practically within the range of experimental error. On the con-
trary, the iPP/PP-g-MA/am-SiO, hybrid nanocomposites
demonstrate the Izod impact resistance undoubtedly higher
than iPP, and increasing with increasing concentration of
nanosilica of both am-S50 and am-S200 grade. The Izod im-
pact strength of iPP/PP-g-MA/am-SiO, is nearly 70 % larger
than that of plain iPP. That increase of impact energy is ac-
companied by an increase of the maximum force recorded at
impact. Samples of iPP/PP-g-MA/am-SiO, demonstrate the
highest values of the maximum force, cf., Fig. 12c, d.

Similar impact characteristics were observed also in the
tensile impact — see Fig. 13. Since the samples were not
notched and moreover, loaded in a different mode than in Izod
test, the impact strength determined is much different, actually
higher than that found in the Izod test. The same comment
holds for the force measured in tensile impact and Izod tests.
Nevertheless, practically the same trends as in results of the
1zod test can be recognized here: the iPP/PP-g-MA/am-SiO,
hybrid nanocomposites with both am-S50 and am-S200
nanosilica exhibit the highest toughness.

The impact strength (either Izod or tensile) of iPP/PP-g--
MA/am-SiO, nanocomposite is significantly improved prob-
ably due to reinforcing effect of relatively well dispersed silica
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Fig. 12 The impact strength (a,
b) and the maximum force (c, d)
determined in the Izod impact test
of notched samples of PP
nanocomposites with S200 (a, ¢)
and S50 (b, d) silica

(higher stress). Unfortunately, the effect was not strong
enough to activate widespread plastic deformation, which
would be a necessary condition for a super-tough material

Fig. 13 The impact strength (a,
b) and the maximum force (c, d)
in tensile impact test of unnotched
samples of PP nanocomposites
with S200 (a, ¢) and S50 (b, d)
silica
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loading. This can be explained by the difference in size of
deformation region — the entire gauge length in tensile sam-
ples and the narrow deformation zone in front of the notch in
Izod. Drawability in tension is presumably reduced by pres-
ence of big agglomerates within the deformation region. Even
a single critical-sized agglomerate can trigger a premature
fracture. At higher filler loadings probability of finding of
such a critical agglomerate within large deforming part of a
tensile specimen is much higher than in the very narrow de-
formation zone of the Izod sample. This in turn, causes low
ductility in tension in spite of enhanced impact toughness.

Conclusions

The following conclusions can be drawn from the study
reported:

* According to NMR results a significant fraction of amine
group in amine-modified silica particles is located on the
top of the modification layer around particles, thus are
easily accessible for further reactions upon compounding
with a polymer.

*  Microscopic examination revealed that neither amine
functionalization of silica surface nor use of PP-g-MA
compatibilizer caused dramatic improvement of silica dis-
persion. The tendency to agglomeration was still ob-
served, also in the iPP/PP-g-MA/am-SiO, hybrid nano-
composites. The applied modification, however, resulted
in reduction of the average size of agglomerates and addi-
tionally in some loosening of their packing as well as
almost complete elimination of big agglomerates, pres-
ence of which can appear very detrimental for mechanical
performance of a composite. Therefore, the aminosilane
surface modification of silica particles can be considered
as effective.

» Polypropylene crystallizes in a spherulitic fashion in both
plain iPP and nanocomposites. Silica particles demon-
strate some nucleation activity towards iPP that manifests
in an increase of the crystallization temperature, up to
approx. 7-8 °C at 5 wt.% of nanofiller, and reduction of
the average spherulite size. The surface-modified
nanosilica particles demonstrate higher ability to modify
the crystallization of the PP matrix than bare silica. As a
result of crystallization proceeding at higher temperature,
lamellae in nanocomposites with am-SiO, grow thicker
than in plain iPP or nanocomposites with unmodified
SiO,, and hence show an elevated melting temperature.
The other effect of activity of am-SiO, is an increase of
the degree of PP crystallinity in nanocomposites, observed
clearly in the second heating run in DSC. On the other
hand, presence of silica particles disturb the growth of
crystallites, which results in less perfect structure

consisting of smaller crystallites than observed in plain
iPP.

Samples of iPP/silica nanocomposites demonstrate highly
improved thermo-oxidative stability that manifests in the
upward shift of the maximum of weight loss rate by
approx. 40 °C, observed in nanocomposites with 5 wt%
of silica. The greatly improved thermo-oxidative stability
of iPP/silica nanocomposites can be explained by the ac-
cumulation of silica nanoparticles on the sample surface
during the earlier stage of nanocomposite degradation,
allowing the formation of a ceramic protective layer, lim-
iting the polymer volatilization rate. The effect is the stron-
gest in the iPP/PP-g-MA/am-SiO, hybrid nanocomposite
due to improved particle dispersion.

Nanocomposites with silica demonstrate enhanced stiff-
ness and the yield strength comparing to plain iPP. That
increase is a result of the interphase layer around nanopar-
ticle, improving the stress transfer across interface and
allowing larger participation of stiff particles in an accom-
modation of tensile strain. Additionally, the mobility of PP
chains within interfacial layers of the matrix is reduced.
Use of surface-modified particles and compatibilizer re-
sults in an improved dispersion as well as stronger inter-
actions within interfacial layer, which in turn leads to an
increase of the stiffness and strength of modified systems
as compared to the simple iPP/SiO, composite.

In most of nanocomposites studied, except iPP/PP-g--
MA/am-SiO, hybrid nanocomposite at low silica load-
ing, the ductility is nearly lost. This is related to big
silica agglomerates which act as critical-sized flaws
and bring a premature material failure. However, the
dispersion of nanofiller in iPP/PP-g-MA/am-SiO,
nanocomposites is much improved and there is much
less agglomerates than in other composites tested, espe-
cially in compositions with low silica content. Owing to
an absence of large agglomerates deformability of such
nanocomposites is not lost, and remains comparable or
even become better than plain iPP. It is likely that the
good dispersion of silica aggregates leads to relatively
low stress concentrations and hence reduce crack nucle-
ation phenomena.

The iPP/PP-g-MA/am-SiO, hybrid nanocomposite
shows an improved impact toughness as compared to
plain iPP (by nearly 70 % in the Izod test) or other
nanocomposites. Changes in energy absorbed at impact
are accompanied by an increase of the maximum force
recorded at impact with increasing content of silica and
surface modification. Most probably, enhancement of
the impact strength is due to reinforcing effect of rela-
tively well dispersed silica particles. Unfortunately, the
effect is not strong enough to activate widespread plas-
tic deformation in a sample, which would be a necessary
condition for a super-tough material response.
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