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ABSTRACT: Nanocomposites of poly(vinylidene fluoride) (PVDF) with chemically reduced graphene nanosheets (GNs) were prepared

by melt mixing method and their structure and morphology characterized by SEM analysis. The addition of GNs in the PVDF matrix

resulted in changes of the crystallization and melting behaviors. Furthermore, increasing GNs content led to improved thermal stabil-

ity of the PVDF nanocomposites in air and nitrogen, as well as significant increase in tensile and flexural properties. The nanocompo-

sites’ rheological behavior is also affected by the GNs’ content. Using oscillatory rheology to monitor the GNs’ dispersion, it was

found that as the GNs loading increase, the Newtonian behavior disappears at low frequency. This suggests a viscoelastic behavior

transition from liquid-like to solid-like, with greater GNs content and more homogeneous dispersion resulting in a stronger solid-like

and nonterminal behavior. By using the melt mixing method to disperse GNs, the properties of PVDF are enhanced due to the better

dispersion and distribution of GNs throughout the matrix. This improvement could broaden the applications for PVDF nanocompo-

sites. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Since its discovery in 2004 by Geim and coworkers,1 graphene

has become an attractive material because of its superior electri-

cal, thermal, and mechanical properties.2–7 Graphene nanosheets

(GNs) can be obtained directly in large quantities from graphite

using low cost processes.8–17 In the three-step graphene oxide

route, natural graphite is first oxidized into graphite oxide

(GO) using strong acids and oxidizing agents. Simple sonication

in water yields a stable colloidal solution13 after which chemi-

cal11–17 or thermal reduction10 is performed to yield GNs.

Because of the structure defects generated during thermal

reduction, chemical reduction is preferred to achieve the large

scale graphene production ideally suited for polymer nanocom-

posite applications, with good thermal stability, large aspect ra-

tio and high specific area.18,19 This allows the use of conven-

tional processing techniques to achieve low cost manufacturing

of graphene-based polymer nanocomposites.

Two things must be achieved to carry over the exceptional

properties of graphene in a polymer matrix. The first is the

good dispersion and distribution of nanosheets in the polymer

matrix while the second is a high degree of interaction

between GNs and macromolecular polymer chains. Because

GNs have strong tendency to agglomerate or to re-arrange

into graphite structure due to strong van der Waals interac-

tions, it is very difficult to re-exfoliate onto individual nano-

sheets during blending with a polymer. Different ways have

been successfully developed to overcome these difficulties. Sol-

vent mixing, melt mixing, and in situ polymerization are

widely used techniques to produce graphene-based nanocom-

posites. To evaluate the quality of dispersion/distribution of

GNs in these nanocomposites, different characterization tech-

niques can be used including microscopy observations, X-ray

diffraction (XRD) and rheology studies.19–24

While it have been demonstrated that solution-phase processing

is the most common way to manufacture high performance gra-

phene-based polymer nanocomposites at very low graphene

content,18–20 economic and environmental limitations make this

method less desirable.23

VC 2012 Wiley Periodicals, Inc.
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Compared with solution blending, the use of melt mixing with

commercial polymers and classical compounding systems such

as twin screw extruder is very attractive as it provides many

degrees of freedom with regard to the selection of polymer

grades and choice of graphene loading.25 Using a twin screw

extruder, Kim et al. developed new strategies to polymer nano-

composites by incorporating of thermally reduced graphene

(TRG) into a variety of polymer matrices such as poly(ethylene

naphthalate) (PEN),26 polycarbonate (PC),27 polyurethane

(PU),23 and polyethylene (PE).24 From their results, the electri-

cal, mechanical, rheological and barrier to gases properties of

these elastomers and engineering plastics can be significantly

improved by incorporating less than 3 wt % of TRG. An electri-

cally conductive polyethylene terephthalate (PET)-TRG nano-

composite was developed by Zhang et al. using melt mixing

method,25 with a low electrical percolation threshold of 0.47 vol

%. Melt-extruded of TRG or exfoliated GO based polymer

nanocomposites have been obtained from various polymers

matrices such as polypropylene (PP), styrene acrylonitrile

(SAN), and polyamide (PA-6).28

Poly(vinylidene fluoride) (PVDF) is a semicrystalline polymer

with remarkable properties such as a thermal stability, inflam-

mability, excellent chemical resistance, and high mechanical

strength combined with very low creep. The use of graphene

derivatives, at very low content, to reinforce PVDF properties

could broaden the applications for PVDF nanocomposites.

Ansari et al. prepared PVDF nanocomposites with TRG or

expanded graphite (EG) from solution mixing method. The me-

chanical, thermal and electrical properties of such FGS-based

PVDF nanocomposites were characterized and a percolation

threshold was observed at around 2 wt %, a value lower than

the 5 wt % found in EG-filled PVDF composites.29 Layek et al.

recently used PMMA-modified GNs to reinforce PVDF using

solvent mixing. Because the successfully functionalization of

graphene sheets resulted in an improved compatibility with

PVDF, superior properties were achieved.30 High performance

nanocomposite materials have also been reported by incorporat-

ing the graphene oxide nanosheets into PVDF matrix via solu-

tion mixing approach.31

In a previous work, we incorporated chemically reduced GNs

into polyolefin matrix using melt extrusion.32 Results from this

work have shown that the GNs were successfully dispersed into

the polymer matrix, yielding improved thermal, mechanical and

rheological properties at low GNs content. We report here the

preparation of PVDF nanocomposites with chemically reduced

GNs via melt compounding approach. The thermal, tensile,

flexural and rheological properties of the resulting nanocompo-

sites were characterized. Improvement in properties could lead

to new applications for PVDF.

MATERIALS AND EXPERIMENTAL METHODS

Materials

Natural powder graphite (<20 lm; 99.99%), concentrated sul-

furic acid (H2SO4; 99%), hydrochloric acid (HCl; 5%), sodium

nitrate (NaNO3; �99.0%), potassium permanganate (KMnO4;

99%), hydrogen peroxide (H2O2; 30%) and hydrazine hydrate

(N2H4�H2O; 80%) were purchased from Sigma-Aldrich. A com-

mercial grade of polyvinylidene fluoride (PVDF; Kynar 1000HD,

density of 1.77 g/cm3) was obtained from Arkema. All materials

were used as received.

GNs Preparation

GO was prepared via chemical oxidation of natural graphite

according to Hummers’ method.33 In this procedure, H2SO4,

NaNO3, and KMnO4 are used to oxidize the graphite after

which dilution and washing are performed with distilled water.

Residual metallic ions are removed by the use of hydrogen per-

oxide and hydrochloric acid. The GO are then isolated through

centrifugation and drying. To exfoliate GO into individual gra-

phene oxide sheets, the desired amount of GO is dispersed in

water and then sonicated for 1 h, resulting in yellow-brownish

colloidal solution.32 GNs are obtained by the reduction of gra-

phene oxide with hydrazine hydrate as reducing agent. This

reaction is performed at a temperature of 95�C for 1 h, using

an ammonium solution to adjust pH at a value of 10. Subse-

quent filtration, washing and drying yield a large amount of

chemically reduced graphene oxide nanosheets, referred as GNs.

The overall steps for GNs preparation are given in Figure 1(a).

Preparation of GNs-Filled PVDF Nanocomposites

PVDF nanocomposites containing various GNs contents (from

0.5 to 4 wt %) were prepared by melt-compounding in a labo-

ratory scale twin-screw mixer (Haake Minilab II). Compound-

ing was performed at 230�C for s using a screw speed of 100

rpm. Before compounding, PVDF was grinded in a fine powder

(FRITSCH Pulverisette 19 equipped with a 0.2-mm sieve size)

and dried overnight at 60�C. All samples for characterizations

and measurements were prepared by hot-press molding at a

temperature of 230�C, including neat PVDF for comparison.

The overall steps for nanocomposites preparation are shown in

Figure 1(b).

Characterization Techniques

Wide-angle XRD characterizations of graphite derivatives were

carried out on Bruker D8 Discover using the CuKa radiation (k
¼ 1.54184 nm). Fourier transform infrared spectroscopy (FTIR)

was performed using an ABB FTLA2000 equipped with a Specac

Golden gate single reflection ATR accessory. Tapping mode

atomic force microscopy (AFM) measurements were carried out

on a Veeco Dimension Icon. The sample used for AFM imaging

was prepared by placing a drop of dispersed graphene solution

onto a freshly cleaved mica surface. Thermal stability was eval-

uated by thermogravimetric analyses (TGA) using a Q500 TGA

system from TA Instrument. Analyses of graphite derivatives

were carried out under air at a heating rate of 5�C min�1 from

25 to 700�C, while analyses of nanocomposite samples were

carried out under nitrogen and air at a heating rate of

10�C min�1. A lower heating rate was used only for graphite

derivatives to approximate the thermal exposure encountered

during melt mixing and so evaluate their possible thermal deg-

radation. Differential scanning calorimetry (DSC) measurements

of nanocomposites were carried out under nitrogen gas using a

DSC Q100 (TA Instrument) in the �70 to 230�C range. To

remove the samples’ thermal history, an initial heating phase to

230�C for 5 min was done after which they were cooled down

to �70�C before initiating the actual test. Cooling and heating
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were performed at the same rate of 10�C/min. Cooling and

heating were performed at the same rate of 10�C/min. Sample

morphology was characterized by scanning electron microscopy

(SEM) using a JEOL JSM-5500 operating at 16 kV. Tensile and

flexural tests were performed using an Instron 8821S tensiome-

ter according to procedures ISO 527-2 and ASTM D790-03,

respectively. For tensile tests, dog bone-shaped specimens with a

gauge length of 25 mm, a width of 5 mm and a thickness of 2

mm were prepared by hot-compression at 230�C. All tensile

tests were performed at 25�C and with a stretching speed of 5

mm/min, without any preconditioning on the samples. Young’s

modulus was calculated from the linear region of the stress–

strain data (from strain values between 0.005 and 0.025 mm/

mm). Bending tests were conducted using a three-point bending

configuration at a crosshead motion rate of 2.55 mm/min and

support span set at 49.5 mm. Rectangular specimens with a

length of 70 mm, width of 10 mm and thickness of 1.6 mm

were used. Dynamic rheology measurements were performed on

a strain-controlled rotational rheometer (ARES-LS, Rheometrics

Instruments). Measurements were carried out at 230�C in oscil-

latory shear mode using parallel plate geometry (25 mm in

diameter). The 1-mm thick sample disks were molded in the

same conditions as those for tensile test samples. Strain sweeps

were applied at a frequency of 0.1 Hz while frequency sweeps

ranging from 100 to 0.01 Hz were performed at 2% strain. In

these conditions, the materials exhibit a linear viscoelastic

behavior. Specimens were allowed to equilibrate for � 5 min

prior to each sweep run.

RESULTS AND DISCUSSION

GNs Characterization

Production of GNs from graphite by the graphene oxide route

was confirmed through the use of XRD, AFM, FTIR, and TGA

measurements. XRD show that the reflection peak at 2h ¼
26.23� (d ¼ 0.34 nm) in graphite shifts to 2h ¼ 10.4� (d ¼ 0.85

nm) in GO (Figure 2). In addition, the absence of secondary

peaks is a sign of a complete oxidation of graphite into GO.

The complete exfoliation and chemical reduction of GO into

graphene was also confirmed by XRD as no secondary or char-

acteristic peaks have been observed (Figure 2), thus confirming

the removal of all periodic structures.

AFM in tapping mode is used to evaluate both thickness and

morphology of the as-prepared GNs. Figure 3 shows a represen-

tative AFM image of GNs deposited on cleaved mica surface.

The cross-sectional view reveals an average thickness for the

graphene sheets of �1 nm which is similar to values obtained

by other groups.7,18,34 The slightly higher thickness when

Figure 1. Schema of overall steps of (a) GNs preparation and (b) GNs-filled PVDF preparation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 2. XRD patterns of pristine graphite, GO, and GNs.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38081 3



compared against the � 0.8 nm measured by other groups16,19

can be explained by the wrinkling of graphene during solvent

evaporation. Consequently, AFM confirmed the production of

single layer graphene because the measured thickness of 1 nm is

half than the thickness of bilayer graphene (� 2 nm).10

FTIR analyses of graphene oxide revealed the formation of car-

boxyl, epoxide and peroxide functional groups during the chemical

oxidation of graphite, as well as water molecules (Figure 4). How-

ever, the bands at 3680 cm�1 and 1410–1280 cm�1 can be attrib-

uted respectively to the stretching and in-plane deformation of the

OAH bonds in hydroxyl groups. The intense peaks between 1600

and 1800 cm�1 can be assigned to the stretching vibration of

C¼¼O in carboxyl groups while the bands at 1000 and 1150 cm�1

are assigned to C > O in epoxide. Several CAH bands can also be

found between 2000 and 3340 cm�1. The peak at 3800 cm�1 is

been attributed to H2O molecules and indicates that GO was

intercalated to some extent by water.35,36 The FTIR spectrum of

GNs is devoid of noticeable absorption bands, indicating that H2O

molecules and most of the oxygen-containing groups were totally

removed during the chemical reduction of GO (Figure 4). Those

results are in good agreement with previous literature work, con-

firming the reduction of GO in graphene.25,36,37

The thermal stability of GO and GNs in air was studied by

TGA and the results were compared with that of pristine graph-

ite (Figure 5). Graphite starts to lose weight progressively at

650�C by combustion, leading to the formation of carbon diox-

ide.14 In the case of the thermally unstable GO, it decomposes

following a three steps process beginning with the loss of resid-

ual water in the initial stage of heating. The second step corre-

sponds to the decomposition of the most labile oxygen func-

tionalities present in the material which begins at around

200�C. The slow and steady mass loss observed in the whole

temperature range above 350�C can be ascribed to degradation

of more stable oxygen functional groups.38 The last step is

attributed to the carbon oxidation occurring between 450 and

650�C.13,14 The reduced graphene oxide (GNs) shows a rela-

tively strong thermal stability in regard to unreduced GO. The

loss of mass at around 200�C is very small, indicating the effi-

cient removal of oxygen functional groups after reduction.13,14,16

However, in agreement with previous reports13,14,16,38 the

observed mass loss for the reduced GNs in the temperature

range above 350�C, suggesting that the reduction processes can-

not remove the most stable functionalities. Total decomposition

of GNs occurs through carbon oxidation between 450 and

675�C, something which was previously reported in literature.14

It can be observed that such oxidation mechanism for GNs

occurs at a lower temperature than that of pristine graphite

Figure 3. Tapping mode AFM image of exfoliated GNs and its corre-

sponding height profile (under image) along the indicated straight line.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. FTIR spectra of GO and GNs.

Figure 5. TGA curves of pristine graphite, GO, and GNs.
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(450�C instead of 650�C). Removal of the layered structure in

exfoliated GNs and the presence of defects generated during the

oxidation/reduction process can explain such significant

decrease in temperature.

PVDF Nanocomposite Characterizations

SEM Characterizations. To determine the quality of the GNs

dispersion in PVDF, SEM was employed. Figure 6 shows the

SEM images of fracture surfaces of neat PVDF and GNs-filled

PVDF nanocomposites containing 1.5 and 3 wt % GNs. It can

be seen that the fractured surface of neat PVDF polymer is

rather flat and smooth [Figure 6(a)]. In contrast, the images of

nanocomposite materials show that most of GNs are fully exfo-

liated and clearly well dispersed, while there are a few restacks

together [Figure 6(b, c)]. In addition, it is clear that the GNs

are randomly dispersed within the matrix, which is an impor-

tant phenomenon for improvement of mechanical properties of

fabricated nanocomposites. Consequently, the melt mixing tech-

nique was appropriate to obtain a homogeneous distribution of

nanosheets within the PVDF polymer.

Crystallization and Melting Properties

The crystallization and melting properties of neat PVDF and its

GNs nanocomposites were studied as function of GNs content.

It is to be noted that mechanical properties of semicrystalline

polymer are related to the internal microstructure and crystal-

linity.39 DSC crystallization [Figure 7(a)] and melting [Figure

7(b)] curves from first cooling and second heating cycles for

neat PVDF and its GNs nanocomposites have been used to eval-

uate the thermal parameters. Table I resumes the crystallization

(Tc onset and Tc peak) and melting (Tm onset and Tm peak) temper-

atures, as well as the crystallization enthalpy (DHc), heat of

fusion (DHm) and percentage of crystallinity (Xc) as function of

GNs content. The relative Xc was calculated from the melting

enthalpy using the following expression: Xc ¼ (DHm/(1 �
x)DH0) � 100, where DHm is the heat of fusion of samples,

DH0 is the theoretical heat of fusion value for a 100% crystal-

line PVDF and is equal to 104.6 J/g,40 and x is the weight frac-

tion of GNs in the each sample.

Addition of GNs affects the crystallization temperatures of neat

PVDF by resulting in an increase with larger GNs content.

While the crystallization peak temperature, Tc peak, of neat

PVDF was found at around 147.7�C, it increased to 153.3�C in

nanocomposites with 3 wt % GNs. The same upward trend was

observed in the onset crystallization temperature (Tc onset). This

indicates that GNs plays a dominant role in accelerating crystal-

lization of PVDF when cooled from the melt, because of a het-

erogeneous nucleation effect in the nanocomposite materials.

GNs addition has no substantial effects on the melting tempera-

tures Tm onset and Tm peak which are respectively of � 142�C
and � 170�C for both neat PVDF and PVDF nanocomposites.

The melting enthalpy (DHm) of neat PVDF is also not signifi-

cantly affected by addition of GNs (Table I).

The degree of crystallinity (Xc) of neat PVDF and its nanocom-

posites was calculated from the melting enthalpy (DHm) and

results show that no significant change were observed with the

presence of GNs (Table I).

Thermal Stability

The thermal stability of graphene-based polymer nanocompo-

sites is of interest because of the good thermal stability of GNs

at the processing temperature used for most elastomers and

engineering plastics.41 It has been reported that graphene can

Figure 6. SEM images of the fracture surface of (a) neat PVDF and its

nanocomposites containing (b) 1.5 wt % and (c) 3 wt %.
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increase the thermal stability of polymers such as PMMA,20

PS,41 and PVDF.30 Some of the key factors affecting thermal sta-

bility of graphene-filled polymer nanocomposites are the struc-

ture of the matrix and the level of interfacial interaction

between graphene sheets and polymer chains.

Thermal degradation of extruded GNs-based PVDF nanocom-

posites was evaluation in both air and nitrogen environments,

with TGA and DTG curves found in Figure 8. Results show that

PVDF nanocomposites exhibit a noticeable increase in thermal

stability with increasing GNs content, especially at the onset of

degradation. For neat PVDF and GNs-filled PVDF nanocompo-

sites, a single-step decomposition process is observed under

nitrogen environment as shown in Figure 8(a, b). The situation

is different for GNs-based PVDF nanocomposites under air as

decomposition occurs in a three-step process which ends by the

carbon oxidation at 550�C of GNs as CO2. In the case of neat

PVDF, complete decomposition in air occurs in two steps below

550�C [Figure 8(c, d)].

Analysis of the TGA data was done on the basis of temperature

at a weight loss at 5% (T5%) and the temperature at maximum

decomposition rate (Tmax) to understand the effect of GNs

addition, the data of T5% and Tmax are shown in Table II.

Results show that the thermal stability of neat PVDF and its

nanocomposites is higher in nitrogen than in air where the

presence of oxygen favors rapid thermo-oxidation degradation.42

Neat PVDF begins to decompose in air and nitrogen respec-

tively at a temperature of � 390�C and � 420�C, with T5%

being 27�C higher in nitrogen than in air. This trend was

observed in all PVDF nanocomposites where values in nitrogen

are being higher than those in air.

Thermal stability of nanocomposites was found to increase with

increasing GNs content but not in a linear manner, regardless

of atmosphere. The addition of just 0.5 wt % of GNs increased

T5% temperature in GNs/PVDF nanocomposite by 18�C in

nitrogen, but an eight-time increase in GNs (to 4%) only

yielded an increase of 36�C (Table II). In air, the addition of 0.5

wt % of GNs result in an increase of 20�C in T5% with a maxi-

mum increase of 52�C when 4 wt % of GNs are added. These

results show that the benefits on thermal stability of adding

GNs in a PVDF matrix are more noticeable in air than in nitro-

gen, even at low GNs loading.

The maximum temperature of decomposition (Tmax) in GNs-

filled PVDF nanocomposites also shows increase with increasing

GNs loading in both air and nitrogen (Table II). In nitrogen,

Tmax for the single step decomposition process goes from 463�C

Figure 7. Crystallization (a) and melting (b) thermograms of PVDF and

its nanocomposites at indicated weight fraction of GNs.

Table I. Onset Temperature of Crystallization (Tconset), Peak Temperature of Crystallization (Tcpeak), Crystallization Enthalpy (DHc), Onset Temperature

of Melting (Tmonset), Peak Temperature of Melting (Tmpeak), Heat of Fusion (DHm) and Degree of Crystallinity (Xc) for PVDF and its Nanocomposites at

Indicated Weight Fraction of GNs

GNs content Tconset (�C) Tcpeak (�C) DHc (J/g) Tmonset (�C) Tmpeak (�C) DHm (J/g) Xc (%)

PVDF 147.7 142.6 45.9 141.2 169.7 46.3 44.3

0.5 wt % 147.9 143.0 43.8 141.9 170.3 43.1 41.3

0.75 wt % 148.3 144.0 45.3 143.8 169.6 45.0 43.3

1 wt % 149.3 145.1 42.4 140.9 169.8 45.1 43.6

1.5 wt % 149.6 145.7 46.5 141.4 169.4 48.7 47.3

2 wt % 151.7 147.1 41.6 144.5 169.8 44.8 43.7

3 wt % 153.3 148.7 42.7 141.7 169.6 45.1 44.5

4 wt % 154.5 149.7 41.5 141.1 169.8 43.3 43.2
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for neat PVDF to 487�C when 4 wt % of GNs is added. In the

case of air, the two-step decomposition process of PVDF is

affected differently. While the increase of GNs content results in

an increasingly higher Tmax1 value, the Tmax2 show some

increase at first before dropping significantly after exceeding a

critical GNs content of � 2 wt % (Table II). From a maximum

of � 534�C at 2 wt % GNs loading, the Tmax2 value is only

434�C at 3 wt % GNs.

The stabilization observed with the addition of GNs can be attrib-

uted to a barrier effect by homogenously dispersed nanosheets

which limit the diffusion of oxygen from the gas phase into the

bulk nanocomposite and the decomposition products from the

bulk polymer onto the gas phase.43,44 The presence of significant

interfacial interactions between nanosheets and polymer matrix

also lead to an increase in the activation energy of degradation,

resulting in an improvement in thermal degradation resistance.

Dynamic Rheological Properties

Fabrication of graphene-based polymer nanocomposites by melt

mixing remains a challenge due to graphene’s high aspect ratio

and specific surface area that results in strong individual inter-

actions and possible poor dispersion in the matrix. So to char-

acterize the dispersion quality of GNs fillers, percolated rheolog-

ical network structure and relative interaction between polymer

chains and fillers, the dynamic rheological properties of neat

PVDF and GNs-reinforced PVDF nanocomposites were meas-

ured through oscillatory shear.

To help select the strain appropriate for the linear viscoelastic

behaviors of these nanocomposites, dynamic strain sweeps were

Table II. Temperature Corresponding to a Weight Loss of 5% (T5%)

from TGA Analyses Under Nitrogen and Air, Maximum Decomposition

Temperatures Under Nitrogen (Tmax) and Under Air (Tmax1 and Tmax2)

from DTG Analyses for PVDF and its Nanocomposites at Indicated

Weight Fraction of GNs

GNs content

Under nitrogen Under air

T5%

(�C)
Tmax

(�C)
T5%

(�C)
Tmax1

(�C)
Tmax2

(�C)

PVDF 427.5 463.3 400.7 447.5 514.3

0.5 wt % 445.1 469.1 420.3 455.3 519.5

0.75 wt % 450.8 473.3 430.6 463.3 521.3

1 wt % 451.3 476.1 438.8 465.5 523.6

1.5 wt % 457.7 479.6 439.0 467.1 534.7

2 wt % 458.3 482.2 443.4 471.1 534.7

3 wt % 461.1 484.1 447.6 473.5 433.3

4 wt % 463.3 487.4 452.8 477.4 434.2

Figure 8. Thermal stability of PVDF and its nanocomposites at indicated weight fraction of GNs, with (a) TGA and (b) DTG curves carried out under

nitrogen and (c) TGA and (d) DTG curves carried out under air.
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first collected for all samples at 0.1 Hz and 230�C. Figure 9(a)

shows the strain (c) dependence of dynamic storage modulus

(G0) for nanocomposite systems with different GNs loading. For

neat PVDF, the G0 starts to drop drastically when strain exceed

30%, indicating the destruction of the material structure. In

GNs-filled PVDF nanocomposites, G0 increase monotonously

with increased GNs loading due to a reinforcement effect by

GNs. Nanocomposites containing 0.5 and 0.75 wt % GNs show

the same trend that of neat PVDF in terms of critical strain

limit (ccrit) in the linear region. In PVDF nanocomposites con-

taining �1 wt % GNs, however, the critical strain decreased

more dramatically with increasing of GNs loading. A critical

strain of 8.5% was observed for the nanocomposite with 4 wt

% GNs, indicating that the structure of nanocomposites with

high GNs loading levels start to destroy rapidly in comparison

with that of neat polymer or nanocomposites with little GNs

(0.5 and 0.75 wt % loading). This behavior was also previously

observed by Kim et al. in TRG oxide-reinforced polyethylene

naphthalate (PEN).26 To avoid structure breakdown, a strain of

2% was chosen as appropriate strain to study the linear

Figure 9. Dynamic rheological properties of PVDF and its nanocomposites at indicated weight fraction of GNs, with (a) storage modulus versus strain,

(b) storage modulus versus frequency, (c) loss modulus versus frequency, (d) storage modulus versus GNs content, (e) tan d versus frequency, and (f)

complex viscosity versus frequency.
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viscoelastic behaviors in all nanocomposite samples. Dynamic

frequency sweeps with an applied strain level of 2% were col-

lected at 230�C for all samples. Storage modulus (G0), loss mod-

ulus (G00), tan (d), and complex viscosity (g*) were measured as

a function of frequency in the linear viscoelastic region.

Results have shown that the storage modulus of GNs-filled PVDF

nanocomposites increase with increasing GNs content through

the full frequency range [Figure 9(b)]. At low-frequencies, PVDF

chains are fully relaxed and display typical homopolymer-like ter-

minal behavior. Addition of up to 0.75 wt % in GNs increased

the storage modulus without changing the viscoelastic behavior,

indicating that there is no enough GNs content to restrain poly-

mer chain relaxation. Only when GNs loading reach or exceed

1 wt % that the G0 starts to develop a plateau at low frequency.

This is indicative of a transition from liquid-like to solid-like

viscoelastic behavior. This nonterminal behavior at low frequency

can be attributed to the formation of an interconnected graphene

network in the polymer matrix which restrains the long-range

motion of polymer chains.26 The threshold at 1 wt % GNs could

be explained by the interactions between individual GNs, leading

to percolation and formation of an interconnected network struc-

ture in the polymer. G00 exhibits a similar trend than G0 at low
frequency in which G00 increase with increasing GNs loading [Fig-

ure 9(c)]. The increase in G00 is lower than what is measured in

G0 for the same GNs content however.

Figure 9(d) illustrates the variation of G0 as function of GNs con-

tent for 0.01 and 0.05 Hz frequencies. We can see that G0 increases
rapidly when the GNs content exceed 0.75 wt %, indicating that

the rheological percolation threshold is around 1 wt % GNs con-

tent. The formation of solid-like percolated network of GNs nano-

sheets can also be deduced from comparison between G0 and G00

at a fixed GNs content. Figure 9(e) shows the variation of tan d
(G00/G0) as function of frequency. At a low frequency, neat PVDF

and nanocomposites with low GNs content (�0.75 wt %) exhibit

a dominant viscous behavior. Only when GNs loading is �1 wt %

that the elastic behavior becomes dominant.

Figure 9(f) shows the complex viscosity against frequency at vari-

ous GNs contents. An increase in complex viscosity with increas-

ing GNs content can be seen for the full frequency range. PVDF

nanocomposites with 0.5 and 0.75 wt % GNs content exhibits

the same behavior as neat PVDF, with weak increases in complex

viscosity for the entire frequency range. For GNs content higher

than 1 wt %, the viscosity rapidly increase, leaving only shear

thinning in full frequency range (0.01–100 Hz). Furthermore, the

sample roughly exhibits a linear relationship (log-log) throughout

the studied frequency range, this being indicative of a yield stress.

It has been widely shown that the existence of this transition is

related to nanofiller-polymer interactions and the formation of a

combined network of polymer chains and nanofiller.26

Mechanical Properties

The improvement of mechanical properties of nanocomposite

polymers is related to the fillers’ intrinsic mechanical properties,

their homogeneity of dispersion and the extent of stress transfer

between polymer chains and nanofillers. It has been reported

that individual graphene sheets show extremely high values of

fracture strength (125 GPa), Young’s modulus (1000 GPa)3 as

well as a large aspect ratio and high surface area.18,20 Because of

this, the incorporation of exfoliated GNs into PVDF polymer

should have a significant effect on the mechanical properties.

Tensile properties of extruded neat PVDF and GNs nanocompo-

sites were obtained from uniaxial tensile testing. From the

stress–strain curves [Figure 10(a)], a significant increase of

some tensile properties is achieved with the addition of GNs

content. The Young’s modulus (E) for example, increased from

1302 MPa (neat PVDF) to 3173 MPa (4 wt % GNs content)

(Table III). The ultimate tensile strength (rs) also shows signifi-

cant improvement, going from 43 MPa for neat PVDF to 102

MPa in nanocomposite with 4 wt % GNs. Only the elongation

at break (eb) was reduced from 178% in neat PVDF to 27% in

nanocomposites containing 4 wt % GNs, suggesting that the

presence of GNs restricts the movement or mobility of polymer

chains, as show by rheological measurements, thus leading to

the brittleness of the nanocomposite materials.

The increase in modulus achieved by adding GNs is larger than

what has been reported by various groups working on the melt-

extrusion of TRG sheets-reinforced polymer.26,27 Kim et al. studied

Figure 10. Typical stress–strain curves obtained from (a) tensile tests and

(b) flexural tests of PVDF and its nanocomposites at indicated weight

fraction of GNs.
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the effect of TRG on the elastic modulus of PEN and PC polymer

prepared by melt-mixing approach. They observed a 25% increase

in Young’s modulus for PC nanocomposite with 2.5 wt %, and a

57% increase for PEN nanocomposite containing 4 wt % of TRG

sheets.26,27 Such increases can only be explained by the presence of

specific interactions between the graphene filler and the polymer

chains. Modified clay nanoparticles, which is a filler with compara-

ble aspect ratio to graphene, did not yield significant improvement

in tensile strength and Young’s modulus when melt-extruded with

PVDF at levels between 0.5 and 5 wt %.45,46

Three point flexural tests were used to evaluate the effect of

GNs on the bending properties of PVDF polymer and GNs-re-

inforced PVDF nanocomposites. From load-deflection data, the

flexural stress–strain curves were extracted according to ASTM

D790-03 and presented in the Figure 10(b). Results show that

the addition of GNs leads to an increase in bending properties,

with the flexural modulus increasing from 1118 MPa for neat

PVDF to 2285 MPa for 4 wt % GNs nanocomposite. The

obtained data of flexural modulus are shown in Table III.

It should be noted that neither PVDF nor nanocomposites reached

breaking point at a 5% strain because most plastics do not break

from deflection. The flexural strength can be given in flexural stress

when a 5% strain (rf5%) occurs in thermoplastics and elastomers,

strain which was extracted as a maximum point. However, the

rf5% increased with addition of GNs, going from 35 MPa for neat

PVDF to 70 MPa for nanocomposite with 4 wt % of GNs (Table

III). While flexural modulus and flexural stress keep improving

with increasing GNs content, the gains achieved when the GNs

level exceed 3 wt % show the possible formation of agglomerates

which can limit further increases in bending properties.

Such improvement in mechanical properties of prepared nano-

composites is due to the presence of strong interfacial interaction

between PVDF chains and GNs and good dispersion homogene-

ity which are required to improve interfacial stress transfer from

the polymer matrix to the individual GNs nanosheets, thus

increasing nanocomposite stiffness and mechanical properties.

CONCLUSION

High performances graphene-filled PVDF nanocomposites were

successfully prepared by incorporating chemically reduced GNs

into PVDF matrix using small scale, twin-screw extruder. Mor-

phology of these nanocomposites was investigated throughout

SEM characterization and the results show a good homogeneity

after melt blending. Rheology of the nanocomposites in the melt

phase was performed to investigate the proper dispersion and

distribution of GNs within the matrix. GNs-based PVDF nano-

composites show a linear viscoelastic behavior characterized by a

reduction in critical strain, the formation of GNs networks in the

polymer matrix and the transition from liquid-like to solid-like

behavior, resulting in a dramatic increase in complex viscosity

and storage modulus. DSC study shows that GNs acts as nucleat-

ing agents during PVDF crystallization and results in a gradual

increase in crystallization temperature (Tc) with increasing of

GNs content. This does not affect the melting properties however.

The thermal and thermo-oxidative stability of nanocomposites

were largely improved by addition of GNs, more noticeably in

air. The high intrinsic mechanical properties of graphene and the

relatively strong interaction between nanosheets and polymer, as

well as the homogeneity of dispersion/distribution of nanosheets

into PVDF, have significantly enhanced the mechanical proper-

ties. Young’s modulus, flexural modulus, tensile and flexural

strength of GNs-filled PVDF nanocomposites all show significant

improvement even at low graphene content. Such enhancement

in thermal stability, tensile and flexural properties offers great

promises for wider application of PVDF-based materials.
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