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ABSTRACT: Polypropylene (PP)/exfoliated graphite nanoplatelet (xGnP) nanocomposites with various intrinsic aspect ratios of graph-

ite nanoplatelets (GnPs; large and small in diameter) were prepared by a melt-mixing procedure. Transmission electron microscopy

showed that all types of xGnP were well-dispersed in the polymer matrix. The effects of the dimensions and loading of the xGnPs on

the morphology, mechanical reinforcement, and electrical properties of PP/xGnP were studied. A differential scanning calorimetry

study of the PP/xGnP morphology indicated that all types of xGnP additives were heterogeneous nucleation sites for PP crystalliza-

tion. Tensile testing, DMA, and thermogravimetric analysis of PP/xGnPs with different types of GnP additives showed enhancements

in their mechanical properties, heat resistance, and thermal stability compared to plain PP. We also found a significant increase in the

conductivity of PP/xGnP. The PP/xGnP with a large diameter of GnPs demonstrated the lowest percolation threshold, equal to 4 vol

% of the xGnP loading. The mechanical properties were estimated by means of micromechanical modeling. VC 2012 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The discovery of graphene in 2004 stimulated a number of inves-

tigations of its fabrication.1–5 The unique properties of the new

material, such as its high electrical conductivity (� 6000 S/cm)

and tensile strength (� 1 TPa) make it advantageous (perspec-

tive) for use in a wide range of applications6–13 and in composi-

tions with polymers.14–17 However, nowadays, there is an impor-

tant problem with graphene mass production. All of the diverse

developed approaches can be divided into two general directions,

top-down and bottom-up, where in the first case, we try to

extract a monolayer from original graphite,3–5 and in the second,

we try to create a supramolecular aromatic structure from low-

mass-weight units.1–2 At this time, the top-down approach is

more technological and developed. It can be performed by both

physical and chemical methods.18–20 However, the main product

that has resulted is a stack of graphene layers, which are referred

to as graphite nanoplatelets (GnPs).21–23 The physical properties

of such platelets are lower than those of graphene. Nevertheless,

the importance of such a filler is still high because of its higher

stiffness and electrical conductivity compared to those of graphite

and also its lower cost due to its nanosize. In this study, we

observed two types of nanoplatelets and the effects of the platelet

aspect ratio on the structure and mechanical, thermal, and elec-

trical properties of polypropylene (PP)/exfoliated graphite nano-

platelet (xGnP) nanocomposites in comparison with conven-

tional fillers.

We also estimated the mechanical properties of PP/xGnP with

the aid of micromechanical modeling. We applied two theoreti-

cal models: the Mori–Tanaka model24 for discs and the finite

element model of thin inclusions (MTI).25 It is well known that

self-consistent analytic approaches for composite mechanics26,27

are applicable for predicting the hardening of polymers

reinforced by rigid particles of highly asymmetric shape. Self-

consistent techniques can be implemented because of Eshelby’s

solution28 concerning the task of deformation of an elastic

medium with a single ellipsoidal inclusion uniformly loaded at

infinity. This solution guarantees that the shapes of the inclu-

sion are preserved but its orientation and dimensions are

changed. However, one intuitively expects significant bending in

strongly oblong or oblate ellipsoidal inclusions randomly
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arranged in an elastic medium. Hence, the effective moduli of

such disordered heterogeneous materials predicted by the Mori–

Tanaka model are inevitably overestimated. At the same time,

the complicated numerical approach allows one to take into

account the influence of bending deformation on the composite

material effective moduli. Therefore, to provide numerical cal-

culations of the values of the effective moduli, simplified

assumptions are suggested, for example, MTI.

EXPERIMENTAL

Materials

Isotactic PP (Moscow Naphta Processing Plant, Russia) with a

melt flow index of 0.6 g/10 min (2.16 kg, 230�C) was used as

the matrix polymer (Mw ¼ 6.3 � 105 g/mol, Mw/Mn ¼ 3.5).

xGnPs were supplied by XG Sciences Company (USA, MI, East

Lansing). xGnPs were prepared by the microwave expansion of

graphite oxide. Two types of xGnPs with different intrinsic di-

ameter (d), length (L), and aspect ratio (L/d; Table I) values

were investigated as nanosized fillers. The filler data presented

in Table I were obtained by AFM and TEM.

Processing

Preparation of the Nanocomposites. The composites were pre-

pared by melt mixing in a two-roller mixing chamber (Institute

of Chemical Physics, Moscow, Russia) at 190�C and with a

rotor rotation speed of 90 rpm. First, PP was melt-blended with

stabilizers of the thermooxidative degradation (0.3 wt % of

topanol and 0.5 wt % of dilauriltiodipropionate) for 3 min. The

xGnPs were then added slowly over 3 min, and the mixture was

compounded for 15 min. The nanoparticle loadings were in the

range 0.5–10 vol % (1–20 wt %). For comparison, composites

based on conventional fillers, such as carbon black and graphite,

and pristine PP were also processed in the mixer.

Specimen Preparation. The specimens, as 0.5 mm thick plates,

for morphological and mechanical testing were compression-

molded. The molding procedure involved heating at 190�C for

5 min without applied pressure and then heating for 5 min

under pressure (10 MPa). The mold was cooled down by water

to 90�C under pressure.

Structural Characterization (Methods/Characterization

Techniques)

Transmission Electron Microscopy. The dispersion and distri-

bution of xGnPs in the PP matrix were examined by transmis-

sion electron microscopy (TEM) with the use of a LEO-912 AB

Omega instrument (Germany) at an accelerating voltage of 100

kV. Ultrathin sections of the composite specimens, with a thick-

ness of about 100 nm, were prepared with a Reichert-Jung

Ultracut ultramicrotome with a diamond knife.

Scanning Electron Microscopy. The dispersion of nanoparticles

in the polymer matrix was analyzed with a JSM-35 scanning

electron microscope (JEOL Ltd., Tokyo, Japan). The samples

were fractured in liquid nitrogen and then covered with a thin

gold layer to prevent charging.

Differential Scanning Calorimetry (DSC). The crystallization

and melting behavior of the unfilled PP and PP matrix in the

presence of xGnPs were investigated with a differential scanning

calorimeter (DSC-204 F1, Netzsch, Germany) under a nitrogen

atmosphere. Heating and nonisothermal crystallization DSC

experiments were carried out in the 25–180�C range at a rate of

10�C/min. Thermograms were used to determine the peak melt-

ing temperature, enthalpy of melting, and temperature of crys-

tallization. The specific heat flow from the melting peak (W/g)

was corrected for the mass of PP in the nanocomposite. The

PP–matrix crystallinity in the nanocomposites was calculated

with the value of melting enthalpy and for 100% crystalline PP

was 209 J/g.29

Mechanical Properties

Tensile Testing. For mechanical testing, dumbbell specimens

with dimensions of 30 � 5 � 0.5 mm3 were cut from hot-

pressed films. Uniaxial tensile testing of the composites was car-

ried out with a tensile testing machine (Instron-1122) with a

crosshead speed of 20 mm/min (0.67 min�1) at room tempera-

ture. The elastic modulus, yield stress and strain, stress, and

Table I. Main Characteristics of the xGnPs

xGnP
type

d
(nm)

Initial
L (lm)

L after
sonication
(lm) L/d

q
(g/cm3)

rdc � 10�3

(S/cm)

xGnP(5) 10 5 1 100 1.8 490

xGnP(10) 10 10 2 200 1.8 230

Figure 1. TEM photos of the (a) 10 vol % PP/xGnP nanocomposite, (b) spun platelet of xGnP, and (c) 2.5 vol % PP/carbon black composite.

ARTICLE

2 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38237 WILEYONLINELIBRARY.COM/APP



elongation at break were determined from the stress–strain dia-

grams. The average values were calculated from eight runs for

each specimen.

Dynamic Mechanical Analysis. For the dynamic mechanical

measurements, an analyzer DMA 242 C/1/F (Netzsch, Germany)

was applied. Bar shaped specimens of about 20 mm x 5 mm x

0.5 mm were cut from compression-molded sheets. Experiments

were performed in the tensile mode at a frequency of 1 Hz. The

samples were analyzed by dynamic strain amplitude of 0.2% in

the temperature range �60 to 160�C under constant heating

rate of 2�C/min. The storage modulus (E0) and mechanical loss

factor (tan d) were determined as functions of temperature.

Thermal Properties

Thermogravimetric analysis (TGA) was conducted with a ther-

momicrobalance (TG 209 F1 Iris, Netzsch) under dynamic heat-

ing conditions in an air atmosphere. The samples weighed

about 5–8 mg. The analysis was carried out at a heating rate of

20�C/min up to 1000�C.an

Electrical Properties (Conductivity and Dielectric Properties)

The direct-current conductivity (rdc) parallel to the sample

plane was measured in this study. Room-temperature rdc with

accuracy of 65% was measured by the four-probe method.

Copper wire was used as the electrode material, and silver adhe-

sive, with a conductivity of 104 S/cm, was used to decrease the

contact resistance.

RESULTS AND DISCUSSION

Morphology of the PP Nanocomposites

Transmission Electron Microscopy. Structural investigation of

the GnPs was carried out by transmission electron microscopy

and DSC. The photographs obtained by transmission electron

microscopy are shown on Figure 1. It can be seen [Figure 1(a)]

Figure 2. SEM photos of (a) PP/xGnP(5) and (b) PP/xGnP(10) nanocomposites.

Figure 3. Crystallization temperature (T) of PP versus filler loading. Figure 4. Melting temperature (T) of PP versus filler loading.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38237 3



that the GnPs were well-dispersed, even at a rather high volume

fraction (�10 vol %). However, at larger extents, we noticed

[Figure 1(b)] that the nanoplatelets tended to spin, wrinkle,

and form an ellipsoid-like shape. The comparative TEM photo

[Figure 1(c)] of the carbon black-based composite showed that

spherical particles of carbon black also dispersed quite uni-

formly while forming chainlike structures.

Scanning Electron Microscopy. Figure 2 presents the lower

magnification SEM photos of nanocomposites based on GnPs

of both types. It can be seen that the distribution of nanopar-

ticles on the fractured surface of nanocomposites samples.

Furthermore, we observed the brittle character of the sample

fracture.

DSC. From the thermal diagrams, we plotted the volume frac-

tion dependencies of the crystallization temperature (Figure 3)

and melting temperature (Figure 4). One can see that both

types of nanoplatelets showed a nucleating effect, which led to

an increase in the crystallization temperature. At a volume frac-

tion of 10 vol %, the crystallization temperature rose by 18�C.
However, platelike particles did not on the size of spherulites;

this could be seen from the invariant behavior of the melting

temperature at different filler loadings.

Mechanical Properties

Tensile Testing. The high aspect ratio and huge surface area of

carbon nanofillers suggested significant improvement in the me-

chanical properties of the nanocomposites. The dependencies of

the filler reinforcing effect (E/Epp) from the filler volume frac-

tion indicated that the xGnP effectiveness was higher than that

of conventional carbon fillers (e.g., graphite and carbon black)

in a wide range of concentrations (Figure 5). Spherical particles,

such as carbon black, exhibited the lowest reinforcement. The

reinforcing efficiency of xGnP(5) was slightly higher than that

of xGnP(10), with a larger nanoplatelets diameter.

To estimate the limits of theoretical reinforcement by carbon

nanoplatelets, we used Mori–Tanaka predictions.26,27 The Eshelby

tensor30 for round-shape thin discs (oblate ellipsoids) with aspect

ratios corresponding to those experimentally measured (100 and

200) was applied to calculate the effective moduli. The Poisson

ratio used was 0.25, and the ratio of filler modulus to matrix

modulus was 1000. The resulting stiffness corresponded to a

transversal isotropic material with ordered inclusions. To estimate

Figure 5. Experimental and calculated by the Mori–Tanaka model (for

particles aspect ratios 100 and 200) E/Epp versus filler loading.

Figure 6. RVEs of the structures containing chaotically arranged asymmetric inclusions: (a) unidirectional, (b) oriented in orthogonal directions, and

(c) chaotically oriented.

Figure 7. E/Epp versus filler loading (FEM and experimental

dependencies).
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the properties of the material with a chaotic inclusion arrange-

ment, it was necessary to perform averaging in all directions.31

Figure 5 shows that the calculated values of reinforcing effect

according to the Mori–Tanaka model were far from the experi-

mental data. A numerical simulation of composite rigidity was

carried out with the aid of simplified MTI to determine the cause

of this spread of results.25 MTI is intended to describe the

mechanical properties of a polymer filled with high asymmetric

particles (platelets or fibers). The main assumption of the model

consisted of an idea that the inclusions with high aspect ratio

could be imagined as thin plates or beams with deformational

properties described by longitudinal tensile/compression moduli

and bending rigidity. This notion allowed us to calculate the elas-

tic and viscoelastic properties of the composites with disordered

spatial and orientational arrangements of the inclusions for a suf-

ficiently large representative volume element (RVE; Figure 6).

Figure 7 shows the calculated relative tensile modulus dependen-

cies from the filler loading for different filler arrangements. There

are also comparative data of the experimental relative tensile mod-

ulus, where one can see that our tensile test results were well

described by the case of chaotic filler arrangement. It is notewor-

thy that our results were well described by this model on the

assumption of absolutely flexible plates. This fact proved that con-

sideration of asymmetric inclusion bending rigidity is a matter of

importance for the calculation of effective composite stiffness.

The yield stress dependence on the filler loading of the PP/

xGnP nanocomposites is shown on Figure 8. The yield stress of

the composites with GnPs slightly decreased with their loading;

this might have been caused by particle detachment under the

yield stress conditions and could be described according to the

model with minimum effective stressed area (Figure 8, dashed

line).32 For the composites with conventional carbon fillers, the

yield stress tended to rise. It was possible that some surface

adhesion with the polymer matrix existed and was described by

the model with absolute filler adhesion.

Further treatment of the stress–strain dependencies showed that

the PP composites with different types of carbon fillers exhibited

Figure 8. Composite yield stress versus filler loading.

Figure 10. E0 values of the composites versus temperature.

Figure 9. Composite elongation at break versus filler loading. Figure 11. Tan d of the composites versus temperature.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38237 5



different deformation behaviors (Figure 9). In a range of fillers,

carbon black, graphite, and GnPs, the deformation characteristics

decreased. At a volume fraction of 2.5%, the composites with

xGnPs exhibited brittle fracture, whereas the composites with

carbon black revealed plastic behavior. Thus, the filler loading

and aspect ratio determined the type of composite fracture.

Dynamical Mechanical Analysis. To assess the heat resistance

of the materials, DMA was carried out in the temperature range

from �60 to 160�C. The temperature dependencies of E0 and

tan d are presented on Figures 10 and 11, respectively. The val-

ues of relative E0 were also calculated from the E0 dependencies
(Figure 12).

Apparently, the values of E0 for the PP/xGnP nanocomposites

rose with increasing filler volume fraction (Figure 10). The E0

values of the composites with xGnP with lower diameters was

slightly higher than those of the composites with xGnP with

larger diameters.

The relaxation behavior was investigated by analysis of the tem-

perature dependencies of the composite tan d. The glass-transi-

tion temperature of PP did not change in the presence of either

type of xGnP filler (Figure 11). At the same time, the high-tem-

perature loss peak of the composites, which were characterized

by segmental mobility in the crystalline regions, tended to shift

in a higher temperature area.

On the temperature dependencies of relative E0 the reinforcing

effects of the nanoplatelets are presented (Figure 12). Evidently,

the GnPs enhanced the stiffness of the composites in a whole

temperature range. Figure 12 shows that for all filler loadings, the

reinforcing effect of xGnP(5) with less length was slightly higher

than that of xGnP(10). At higher temperatures, the values of the

relative modulus of the composites retained higher values, which

indicated an increase in the material’s heat resistance. The tem-

perature increase from 25 to 100�C led to an increase in the filler

reinforcement effect from 2 to 2.3 at 5 vol %.

Thermal Properties (TGA)

The diverse behavior of the PP and PP/xGnP nanocomposites

with 1 and 5 wt % (0.5 and 2.5 vol %) xGnP showed that the

influence of xGnPs on the thermooxidation process resulted in

a higher thermooxidative stability in the PP/xGnP nanocompo-

sites. The thermogravimetric (TG) and differential thermog-

ravimetry (DTG) curves of the PP and PP/xGnP nanocompo-

sites are presented on Figure 13.

Detailed analysis of TGA graphs allowed us to claim that the

thermooxidative stability increased was achieved even with

the addition of 1 wt % xGnP to PP and further increased with

Figure 12. Relative storage modulus (E0) values of the composites with (a) xGnP(5) and (b) xGnP(10) versus temperature.

Figure 13. (a) TG and (b) DTG curves of the PP and PP/xGnP nanocomposites obtained in an air atmosphere.
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the filler loading. Table II shows the comparative results for the

onset decomposition temperatures and the temperatures of the

maximum mass loss rates for the PP and PP/xGnP nanocompo-

sites in an air atmosphere with the different types and concen-

trations of xGnP.

Supposedly, the observed increase in the thermal stability of the

PP/xGnP nanocomposites was associated with the shielding

effect of GnPs forming the flocculated layer on the surface of

the PP/xGnP nanocomposites during the thermal degradation

process. This graphite layer, which had physical integrity, was

effective in reducing the PP thermal oxidation and volatilization

of the degradation products.

Electrical Properties

The concentration dependencies of rdc of the PP composites

with xGnP(5) and xGnP(10) are plotted in Figure 14. It can be

seen that all of the PP/xGnP composites exhibited typical perco-

lation behavior. The introduction of xGnPs to PP increased the

conductivity of the resulting composites by more than 10 orders

of magnitude. According to Figure 14, the percolation threshold

value for the composites based on xGnP(5) was 6 vol %, and it

decreased to 4 vol % for composites with xGnP(10) with a

larger aspect ratio.

In Figure 14, the rdc concentration dependencies for the nano-

composites are also compared with those of composites with tra-

ditional carbon fillers. As the conductivity of the GnPs was usu-

ally about 102 S/cm, for comparison, we used data for PP

composites based on carbon fillers with close rdc values: (1)

graphite EUZ-M (flake-shaped particles with L/d � 10 and rdc ¼
102 S/cm) and (2) carbon black Vulcan XC 72R (chain structure

clusters with L/d � 30 and rdc ¼ 102 S/cm). As can be seen, the

percolation threshold for the PP/xGnP composite was lower than

those for composites based on graphite EUZ-M (Uc ¼ 9.5 vol %)

and carbon black Vulcan XC 72R (Uc ¼ 6.5 vol %).

CONCLUSIONS

The experimental results demonstrate that the PP nanocompo-

sites with GnPs had enhanced mechanical and electrical proper-

ties and improved PP matrix thermal stability and heat

resistance.

The rise in the thermal stability of the PP/xGnP nanocompo-

sites. as compared with pristine PP, was associated with the

shielding effect of GnPs forming the flocculated thermostable

layer onto the surface of the PP/xGnP nanocomposites during

the thermal degradation process; this depressed the volatiliza-

tion of the PP degradation products.

Micromechanical modeling showed that the MTI theoretical

model, which considered graphite particle bending, described E/

Epp in the PP/xGnP nanocomposites quite well.
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