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a b s t r a c t

Isotactic Polypropylene-Exfoliated Graphene Nanoplatelet (iPP-xGnP™) nanocomposites were prepared
through an in-situ polymerization technique and compared to analogous composites prepared by melt
compounding. In-situ preparation of iPP-xGnP nanocomposites was accomplished via single site met-
allocene polymerization of propylene within a toluene dispersion of xGnP nanoparticles. The in-situ
prepared nanocomposites were compared to analogous nanocomposites prepared by melt compounding
of commercial ZieglereNatta iPP with xGnP. Optical microscopy showed the in-situ prepared nano-
composites demonstrated poorer xGnP dispersion compared to composites prepared by melt com-
pounding. All xGnP-reinforced nanocomposites demonstrated increased crystallization temperature, as
well as increases in mechanical strength and modulus, relative to neat iPP. However, the non-linear
mechanical properties were found to be influenced by the both the preparation method and nano-
particle loading. Nanocomposites prepared by in-situ polymerization generally demonstrated superior
ductility and fracture toughness compared to composites prepared by melt compounding. The results are
discussed with regard to the preparation technique and xGnP loading.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polyolefin nanocomposites offer opportunities to improve the
properties of polyolefins with relatively small amounts of rein-
forcement. Compared to traditional fiber-reinforced composites,
nanocomposites only require small reinforcement concentrations
(<2 vol %) to create property improvements. Polyolefin nano-
composites have shown property improvements such as mechan-
ical reinforcement, controlled gas permeability, and increased
electrical conductivity when compared to the neat polyolefin resins
[1].

Many researchers strive to improve themechanical properties of
polyolefins using nanoscale reinforcement in order to create new
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and economical materials. For example, interest in the automotive
industry has been directed toward developing reinforced poly-
olefins to replace engineering thermoplastic and metallic auto-
motive materials, enabling cost and weight savings [2]. Polyolefin
nanocomposites are ideal materials for this application due to the
availability of low cost nanoscale reinforcements and polyolefin
resins.

Recently, graphene nanoplatelets (GNPs) have been investigated
as nanoreinforcements for polyolefins [3,4]. The production of
GNPs can be achieved by the thermal exfoliation of mineral
graphite. Most notably, Drzal et al. developed an efficient method to
produce Exfoliated Graphene Nanoplatelets (xGnP™) using acid
intercalation followed by microwave assisted exfoliation [5,6].
These nanoplatelets are ideal nanoscale reinforcements due to their
high aspect ratio, surface area, stiffness, thermal conductivity, and
nucleation efficiency for crystallization of polyolefins [3,4,7,8].
Typically, polyolefin-GNP nanocomposites demonstrate improved
modulus, strength, and higher crystallization temperature, along
with decreased strain to failure and fracture toughness, compared
to neat polyolefin resins [9]. The apparent decrease in non-linear
mechanical properties has been attributed to the presence of
large GNP agglomerates, which can facilitate crack propagation and
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premature failure.
Accordingly, recent attention has been directed toward devel-

oping preparation techniques to improve dispersion in polyolefin-
GNP nanocomposites. Melt compounding is the most studied
technique to fabricate polyolefin-GNP nanocomposites, however
this technique usually does not achieve satisfactory nanoparticle
dispersions due to severe aggregation during melt compounding
[4,10,11]. Solution processing has shown success in other GNP-
nanocomposite systems [12,13], however this technique is not
applicable to polyolefin-GNP nanocomposites due to the general
insolubility of polyolefins. Other fabrication techniques include,
nanoparticle surface coating [11], polymerization filling technique
[14], Solid State Shear Pulverization [15e17], Solid State Ball Milling
[18], and in-situ polymerization [19e23].

In-situ polymerization presents a unique opportunity to prepare
well-dispersed polyolefin nanocomposites. This is done by first
dispersing nanoparticles in a polymerization solvent, followed by
homogeneous polymerization within the dispersion through
addition of catalyst and monomer. For polyolefins, homogeneous
polymerization is achievable with single site metallocene catalysts
[24]. Through rational metallocene catalyst design, features of the
polyolefin microstructure can be controlled, such as molecular
weight, co-monomer incorporation, regio-selectivity, and stereo-
selectivity [25,26]. In principle, any single site catalyst or combi-
nation of catalysts can be applied to an in-situ polymerization,
enabling control of the morphology and properties of synthesized
PNCs [27,28].

Polyolefin-GNP nanocomposites have recently been prepared
via in-situ polymerization, and demonstrated modest increases in
linear mechanical properties [19e21,23,29]. However, the non-
linear mechanical properties of the PNCs in these studies were
limited by their relatively low molecular weight (Mw < 80,000 g/
mol). Accordingly, direct comparisons of the non-linear mechanical
properties of in-situ prepared nanocomposites and conventionally
melt compounded nanocomposites have not been demonstrated.

The aim of the current study is to prepare comparable iPP-xGnP
nanocomposites by two different techniques, and then investigate
how the preparation method affects the properties. Therefore, iPP-
xGnP nanocomposites were prepared by metallocene catalyzed in-
situ polymerization within a toluene dispersion of xGnP, and
compared to analogous composites prepared bymelt compounding
of commercial Ziegler Natta iPP with xGnP in a static mixer. Also
presented is a comprehensive dispersion study at micrometer and
nanometer length scales. The relationships between composite
morphology and thermal/mechanical properties are discussed.
2. Materials and methods

Exfoliated Graphene Nanoplatelets (xGnP-c-750, 750 m2/g)
were purchased from XGSciences, Inc and used as received. The
preparation method for xGnP involves microwave assisted exfoli-
ation of intercalated graphite, detailed elsewhere [6]. Poly-
propylene (PP9999SS) was provided by ExxonMobil. Irganox 1010
and Irgafos 168 were purchased from Ciba and used as received.
Propylene gas (99.95%) was provided byWestfalen AG and purified
by passage through columns of BASF R3-11G oxygen scavenger and
4 Å molecular sieves. Toluene was provided by Riedel-de-Ha€en and
purified by passage through columns of BASF R3-11G oxygen
scavenger and 4 Å molecular sieves. Methylaluminoxane (MAO)
was provided by Compton GmbH and used as received. The met-
allocene catalyst rac-dimethylsilylbis(2-methyl-4-phenyl-1-
indenyl)zirconium dichloride (rac-Me2Si(2-Me-4-Ph-1-Ind)2ZrCl2)
was purchased from Precious Catalyst Inc. and used as received.
2.1. In-situ synthesis of iPP-xGnP composites

Syntheses were performed in a 9.5 L steel reactor equipped with
a mass flow controller, temperature control system, and mixing
blade. Prior to polymerization, xGnP was added to the reactor and
heated to 90 �C for 12 h. The reactor was flushed with argon 3
times, and then cooled to 30 �C. Toluene was introduced under
constant stirring, followed by MAO. The solution was allowed to
equilibrate at 30 �C for 10 min, and then saturated with 3 bars
propylene gas under constant mixing (120 RPM). To initiate the
reaction, a desired volume of metallocene catalyst solution was
injected into the reactor. The temperature and pressure were
maintained at 30 �C and 3 bars propylene gas for the duration of the
reaction.

Isotactic polypropylene was also synthesized in a 100 mL glass
reactor with improved temperature control, detailed elsewhere
[30]. Toluene, MAO, and rac-Me2Si(2-Me-4-Ph-1-Ind)2ZrCl2, were
added to the glass reactor within a dry nitrogen glovebox and
mixed for 10 min. The reactor was then sealed and connected to a
gas manifold via Swagelok® QC Series quick connect lines. The so-
lution was under constant magnetic stirring, and the glass reactor
was placed in a 5 L, 30 �C water bath. The reactor was charged with
propylene gas by 15 purge cycles from 0 to 3 bars, and then pres-
surized to 3 bars propylene gas.

All reactions were terminated by the addition of 10 mL of 5 wt%
HCl in ethanol. The products werewashed in 2 L dilute hydrochloric
acid, stirred overnight, and rinsed thoroughly with ethanol. Finally,
the products were dried under vacuum at 60 �C for 48 h. The
products were fine reactor powders, seen in Fig. 1.

2.2. Melt compounding of iPP-xGnP composites

Melt compounding of iPP-xGnP nanocomposites was performed
in a 50 mL Brabender static mixer (R. E. E. 6) operating at 200 �C for
15 min at 70 RPM. Commercial ZieglereNatta isotactic poly-
propylene (ExxonMobil, PP9999SS), xGnP, and 0.1 wt% process
stabilizers (Irganox 1010 and Irgafos 168) were dry-mixed in a
plastic bag prior to addition to the mixer.

2.3. Characterization methods

The infrared absorption profile of xGnPwas characterizedwith a
Perken Elmer Spectra 100 FTIR. A 0.04 wt% xGnP in KBr pellet was
prepared and then analyzed in transmission mode. The surface
chemistry of xGnP was analyzed using XPS, using a PHI Quantum
2000 Scanning ESCA Microprobe with monochromatic Al Ka radi-
ation. A 200 mm2 spot was selected for analysis. A low take off angle
of 10� was used to avoid the mounting material. Samples were
analyzed with low resolution survey spectra of pass energy
187.9 eV as well as multiplexes at 46.95 eV for quantitative analysis.
Prior to analysis, samples were dried at 100 �C in a vacuum oven for
12 h. Optical characterizationwas conducted on an Olympus optical
microscope with DP71 digital camera. Film samples (50 mm thick)
were prepared by compression molding at 200 �C. Samples were
analyzed in transmissionmode. Transmission electronmicrographs
of composites were obtained with a JEOL JEM-2000FX transmission
electron microscope with LaB6 electron source, at accelerating
voltage 200 kV. Thin (~40 nm) sample sections were prepared using
a Leica CryoUltramicrotome and Microstar diamond knife and then
imaged on 400mesh copper grids. Polypropylenemolecular weight
was characterized with high-temperature gel permeation chro-
matography on a Polymer Labs PL-220 GPC. Polypropylene was
removed from the composites via Soxhlet extraction in 1,2,4 Tri-
chlorobenzene for 12 h. Samples were then dissolved and analyzed
in 1,2,4 Trichlorobenzene at 145 �C against polystyrene standards.



Fig. 1. Reactor powder from in-situ synthesis of iPP-xGnP nanocomposites. (A) IS-0 (B) IS-2 (C) IS-4.
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Molecular weights were converted from polystyrene to poly-
propylene using the universal calibration method based on the
Mark-Houwink constants. Thermal properties were measured us-
ing a Thermal Gravimetric Analyzer (TA Instruments-TGA Q500),
and Differential Scanning Calorimeter (TA Instruments-DSC Q200).
TGAwas conducted in a nitrogen atmosphere, and heated to 600 �C
at 10 �C/min. DSC was performed between 20 and 200 �C at 10 �C/
min. Crystallization and melting analyses were performed on the
first cooling and the second heating cycle, respectively. Melting and
cooling enthalpies for each sample were normalized to iPP mass
[31]. To prepare samples for mechanical analysis, reactor powders
were dry mixed with 0.1 wt% process stabilizers (Irganox 1010 and
Irgafos 168) prior to compression molding. Square plaques were
compression molded at 200 �C for 8 min and then cooled at 30 K/
min. Tensile specimens were milled from 3 mm thick plaques.
Tensile properties were characterized according to ASTM D638.
Testing was performed at room temperature using an Instron 4466
testing machine at a crosshead speed of 2 mm/min and a preload
force of 8 N. The strain was calculated from the crosshead
displacement. Plane strain fracture toughness was characterized
according to ASTM D5045 in a single-edge-notch three point bend
configuration. Samples were milled from 6 mm thick plaques and
pre-notched with a diamond saw. A natural crack was made by
cooling the sample to �20 �C and displacing a fresh razor 1.5 mm
into each sample with an Instron 4455 testing machine.

3. Results and discussion

Surface characterization of xGnP was performed to identify
functional groups that could potentially inhibit the in-situ poly-
merization reaction. Both FTIR and XPS suggest oxidized carbon
functional groups are present. The FTIR absorptions from 1580 to
1710 cm�1 and the asymmetric absorption at 3438 cm�1 indicate
carboxylic acids are present. The weak absorptions from 1100 to
1250 cm�1 suggest a range of tertiary and/or aromatic alcohols (SI-
1). From XPS, the carbon peak demonstrates a maximum near
284 eV, corresponding to graphitic CeC bonds. Also shown is a
weak feature near 288 eV, corresponding to carbonyl-bearing
functional groups such as carboxylic acids, ketones, and alde-
hydes. The C:O ratio was determined to be 10.6:1 (SI-2). While the
precise chemical structure of the functional groups are difficult to
ascertain due to the heterogeneous nature of xGnP, it is clear that
active hydrogen-bearing functional groups (eOH, C]O, and
eCOOH) are present. These oxidized functional groups are caused
by the preparation process for xGnP, which induces oxidation
through strongly acidic intercalation compounds and extreme
exfoliation temperatures [12]. Additionally, mineral graphite is
known to contain sp3 hybridized carbon defects that are amenable
to oxidation during the exfoliation process [32].

3.1. In-situ synthesis of iPP-xGnP nanocomposites

Isotactic Polypropylene-xGnP (iPP-xGnP) nanocomposites were
prepared using metallocene catalyzed polymerization of poly-
propylene within a toluene suspension of xGnP nanoparticles. The
high activity catalyst, rac-Me2Si(2-Me-4-Ph-1-Ind)2ZrCl2, is a C2-
symmetric zirconocene designed to polymerize high molecular
weight isotactic polypropylene [33,34]. Like other C2-symmetric
zirconocenes, the performance of rac-Me2Si(2-Me-4-Ph-1-
Ind)2ZrCl2 is a function of temperature. The molecular weight of
the polypropylene synthesized from this catalyst decreases with
increasing reaction temperature, while the catalyst activity in-
creases with increasing reaction temperature. For this study, the
optimal reaction temperature for high molecular weight iPP with
modest activity was 30 �C. Other studies used higher reaction
temperatures, which yielded higher polymerization activity with
lower molecular weight [20,21]. High Methylaluminoxane (MAO)
concentration and high Al:Zr ratio were selected in order to
passivate the active hydrogens on xGnP prior to contact with the
metallocene catalyst. Accordingly, xGnPwas pretreated with excess
MAO for 10 min prior to contact with rac-Me2Si(2-Me-4-Ph-1-
Ind)2ZrCl2. When xGnP was pretreated with this method, catalyst
activity was acceptable (�2 kg mmol�1 bar�1 hr�1) for all samples.
Fig. 1 shows the color of each sample, which becomes progressively
darker with increasing xGnP concentration. Table 1 summarizes the
reaction parameters of the in-situ synthesized iPP-xGnP nano-
composites. In-situ synthesized samples are named “IS-n,” where n
is the weight percent of xGnP determined by the char yield after
TGA. Similarly, melt compounded samples are named “MC-n.”

Table 1 shows an apparent decrease in the catalyst activity with
increasing xGnP concentration. This trend is ascribed to both re-
action temperature fluctuations and catalyst poisoning from the
surface chemistry on xGnP. Temperature fluctuations are antici-
pated during propylene polymerization, a highly exothermic reac-
tion generating ~89 kJ/mol propylene. For this reason, the large
9.5 L reaction vessel used to polymerize samples IS-0 through IS-4
was fitted with a jacketed cooling system, and the smaller 20 mL
reactor used to polymerize sample IS-0_20mLwas placed in a 30 �C
water bath. Nonetheless, heat transfer is a significant operational
challenge in the 9.5 L reactor, so the actual polymerization tem-
perature is likely higher than the setpoint temperature (30 �C).
Consequently, samples IS-0 through IS-4 demonstrate higher
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catalyst activity than sample IS-0_20 mL. Also, the catalyst activity
decreases with increasing xGnP concentration. In fact, sample IS-4
required polymerization at 40 �C in order to achieve sufficient
catalyst activity. The observed decrease in catalyst activity suggests
that xGnP has a deleterious effect on the metallocene catalyst and/
or MAO cocatalyst, possibly due to the active hydrogen bearing
functional groups on xGnP.

The trend in molecular weight and Ð is also ascribed to tem-
perature fluctuations. Sample IS-0_20 mL showed the highest
molecular weight and lowest Ð, due to efficient heat transfer during
this small scale polymerization. In contrast, sample IS-0 had amuch
lower molecular weight and broader Ð due to heat transfer chal-
lenges. When xGnP is present, the activity is attenuated to a
manageable level, thus minimizing temperature fluctuations. The
result is that the molecular weight of IS-2 is higher than IS-0.
Sample IS-4 had the lowest molecular weight due to the high
polymerization temperature necessary to synthesize this sample.

3.2. Morphology of iPP-xGnP nanocomposites

Themicron-scale dispersion of xGnP particles in iPP was directly
imaged with transmission optical microscopy (Fig. 2). The melt
compounded sample series (MC-) demonstrate smaller agglom-
erate size compared to the in-situ synthesized sample series (IS-).
Both composites possess numerous agglomerates of apparent
diameter 1e10 mm; however the IS- sample series contained
several large (>10 mm) agglomerates. The large xGnP agglomerates
seen in the IS- sample series are attributed to the unfavorable
nanoparticle-polymerization solvent interaction, as well as insuf-
ficient mixing conditions during polymerization. It has been shown
that the poor interaction energy between graphitic nanoparticles
and toluene promotes rapid nanoparticle flocculation and sedi-
mentation [35]. Accordingly, in-situ polymerization is performed
with mechanical agitation in order to promote dispersive mixing of
xGnP nanoparticles. However, the presence of large agglomerates
in the IS- sample series suggests that the mixing flow field during
in-situ polymerization cannot overcome the sedimentation ki-
netics, likely because it is difficult to achieve sufficient mixing shear
stresses in a low viscosity polymerization solvent. In contrast, melt
compounding in molten iPP promoted more fragmentation due to
the comparatively higher mixing viscosity, and therefore shear
stress.

The nano-scale dispersion of xGnP in iPP was directly evaluated
with TEM (Fig. 3). IS-0 shows several ~20 nm diameter spherical
particles, which are ascribed to residual Al2O3 particles from MAO
hydrolysis. IS-2 and IS-4 show large agglomerates of 1e5microns in
diameter, each comprised of several xGnP platelets. The results
suggest that the nanoscale dispersion of xGnP is poor for all sam-
ples. Interestingly, IS-2 and IS-4 did not contain Al2O3 artifacts from
MAO hydrolysis, even though theMAO concentrationwas 3� larger
than IS-0. One possible explanation could be that the MAO hydro-
lysis byproducts are confined to the xGnP surface.

Thermal calorimetry was used as an indirect method to char-
acterize the xGnP dispersion in iPP. Exfoliated graphene nano-
platelets are known nucleating agents for iPP [8]. For iPP-xGnP
nanocomposites, the crystallization temperature (Tc) is expected to
increase with increasing xGnP loading and/or improved dispersion.
Indeed, thermal calorimetry shows increased Tc with increasing
xGnP loading for all samples (Table 1, Fig. 4A). The increase relative
to neat resin is greater for the MC- sample series (þ21.1 K)
compared to the IS- sample series (þ12.4 K), suggesting melt
compounding produces better xGnP dispersions than in-situ
synthesis.

Thermal calorimetry also reveals information about other
morphological features such as crystal volume fraction and lamellar



Fig. 2. Transmission optical microscopy images of 50 mm thick iPP-xGnP films. (A) MC-2 (B) IS-2 (C) MC-4 (D) IS-4.
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thickness. Both the IS- and MC- sample series demonstrated
increasing melting point (Tm) and crystal volume fraction (Xc) with
increasing xGnP concentration (Table 1, Fig. 4B). However, the
melting points of the IS- samples are less than those of the MC-
samples, which is attributed to the tendency of metallocene iPP
to have a higher concentration of regio- and stereo-defects, as well
as a higher regio-to stereo-defect ratio in the chain microstructure,
compared to ZieglereNatta iPP [25,36e39]. These defects in chain
microstructure ultimately decreases the iPP lamellar crystal thick-
ness, and therefore Tm.

3.3. Mechanical characterization

Tensile tests were performed to ascertain the effect of xGnP
Fig. 3. Transmission electron microscopy images of iPP-x
loading and preparation method on the linear and non-linear
mechanical properties of iPP-xGnP nanocomposites. Both the IS-
and MC- sample series showed modest increases in Young's
modulus and yield stress with increasing xGnP loading, a common
observation in nanocomposites [40]. While it is difficult to precisely
determine the physical origin of nanoreinforcement, the increases
in modulus and strength in the present study are likely due to a
combination of factors. Nucleating agents like xGnP will impart an
increase in stiffness by changing the iPP crystal morphology and
augmenting the crystal volume fraction. Moreover, the interfacial
interaction between xGnP and the iPP matrix may affect the
segmental mobility of iPP chains, contributing to reinforcement
[41]. In addition in reinforcement, both the IS- and MC- sample
series showed decreased ductility with increasing xGnP loading. A
GnP films. (A,E) IS-0 (B,F) IS-2 (C,G) IS-4 (D,H) MC-2.



Fig. 4. Differential Scanning Calorimetry of IS- and MC-samples. (A) Cooling and (B) heating curves.
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decrease in ductility relative to neat resin is also commonly
observed in nanoparticle reinforced systems and has been attrib-
uted to the structural flaws created by agglomerates of nano-
particles [4,9]. The IS- sample series demonstrates increased
ductility compared to the MC- sample series, which is ascribed to
the differences in chain microstructure of metallocene iPP and
ZieglereNatta iPP, specifically the concentration and type of regio-
and stereo-defects [25]. Interestingly, IS-2 showed the largest
elongation at break, likely due to its comparatively high molecular
weight. The results suggest that the correct combination of mo-
lecular weight and chain microstructure can promote ductility,
even in the presence of structural flaws. Table 1 and Fig. 5 sum-
marize the effect of xGnP and preparation method on the me-
chanical properties of iPP-xGnP composites.

The effect of xGnP nanoreinforcement on the toughness of iPP-
xGnP nanocomposites was determined by plane strain fracture
toughness tests in the single edge notched 3-point bend (SENB)
configuration. Generally, samples with xGnP reinforcement
showed decreased critical strain energy release rate (G1C) relative
to the neat resin. The decrease in toughness is attributed to large
(>10 mm) xGnP agglomerates, which are expected to decrease
Fig. 5. Tensile properties of iPP-xGnP nanocomposites.
fracture toughness by creating flaws in the iPP matrix (Fig. 2).
However, IS-2 showed improved fracture toughness relative to the
neat resin. This is likely due to the comparatively high molecular
weight of this sample. The melt compounded samples showed the
largest decrease in fracture toughness (~90% decrease) relative to
MC-0, while the in-situ synthesized composites maintained more
toughness (~60% decrease) relative to IS-0. Furthermore, the IS-
sample series demonstrated significantly improved fracture
toughness compared to the MC- sample series, which is again
attributed to the differences in chain microstructure of Metallocene
iPP and ZieglereNatta iPP [25]. The results suggest that molecular
weight, chain microstructure and xGnP loading affect the non-
linear mechanical response of iPP-xGnP nanocomposites (Table 1).

4. Conclusions

Nanocomposites of Exfoliated Graphene Nanoplatelets (xGnP®)
and isotactic polypropylene (iPP) are prepared via in-situ metal-
locene catalyzed polymerization of propylene within a solution
dispersion of xGnP nanoparticles. The in-situ prepared nano-
composites were compared to analogous composites of similar
molecular weight, prepared by melt compounding of commercial
ZieglereNatta iPP and xGnP. The in-situ polymerization requires
excess MAO to prevent xGnP from poisoning the metallocene
catalyst. Dispersion analysis by optical and transmission electron
microscopy shows the melt compounding technique produces
nanocomposites with finer xGnP dispersions than the in-situ
polymerization technique. All composites demonstrate improved
mechanical modulus relative to neat iPP. However, the in-situ
prepared composites demonstrate superior non-linear mechanical
properties such as ductility and toughness, likely due to the dif-
ferences in chain microstructure of metallocene-iPP and commer-
cial ZieglereNatta-iPP. The results are discussed with regard to the
preparation method, molecular weight, chain microstructure, and
xGnP loading.
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