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ABSTRACT  

An extensive review of the literature showed that both graphene and Cloisite 30B nanosheets are widely 

employed to modify the crystalline structure and piezoelectic properties of polyvinylidene fluoride (PVDF). 

Due to the similarity in the geometry of these nanoparticles a comparative study is reported to find the stems 

of difference in their effects on crystalline structure of PVDF. Scanning electron microscopy (SEM) of these 

composites showed that large and wide graphene particles are dispersed in PVDF matrix whereas their 

thickness is well below 100 nanometers. Meanwhile, a careful inspection of SEM micrographs of Cloisite 30B 

loaded composites revealed existence of smaller particles with almost the same particles thicknesses. Both 

techniques of Fourier transform infrared (FT-IR) spectroscopy and wide angle X-ray diffraction (WXRD) 

witnessed changes in the crystalline structure of PVDF. The overall finding was that Cloisite 30B improves 

the polar beta phase of PVDF crystals, whereas a revers effect was found in the presence of graphene 

nanosheets. These observations were accounted for by differences in surface geometry and surface free energy 

(surface tension and interfacial tension). Based on the data available for surface properties of these two 

nanosheets it was found that surface properties of Cloisite 30B is very close to those of PVDF, whereas the 

surface properties of graphene are far from those of PVDF. Also a lower interfacial tension was found to be 

active in PVDF-Cloisite 30B system compared to that operative in PVDF-graphene system. An intimate 

interface along with proper surface texture led to higher content of PVDF’s beta crystals in case of Cloisite 

30B nanocomposite. 
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1. Introduction 

Polyvinylidene fluoride (PVDF, chemical formula 

of [CH2CF2]n) is a technically important polymer 

due to its almost unique physical properties. The 

chemical inertness and polar chemical structure of 

PVDF result in another share in technical 

importance and applications of PVDF. These make 

PVDF polymer of the choice in many insulation and 

membrane applications. Amongst the important 

physical properties on PVDF are its ferroelectric  

 

properties such as piezo- and pyroelectric properties 

which are profited in sensor applications [1]. These 

properties are a consequence of PVDF crystalline 

structure [2, 3]. The crystalline structure of PVDF is 

affected by many factors. Amongst these factors the 

role of processing conditions (stretching) [2], 

solvent [4] and additives [5, 6] are the most 

prominent ones. Stretching diversely affects 

polymer chains morphology and properties. For 

example it leads to: 
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-chains orientation, alpha (TGTG’ conformations) 

to beta (all-trans conformation) crystal conversion,  

-machine direction (MD) mechanical properties 

enhancement and transverse direction (TD) 

mechanical properties reduction.  

Stretching induces oriented beta crystals which are 

piezo and pyro-electrically active. However, 

stretching deteriorates the mechanical properties of 

the stretched films in machine transverse direction 

and also reduces the total crystal contents of the 

film. To put an end to this withdrawal of stretching 

many workers tried to use different physical 

modifiers to enhance the beta crystal content of 

PVDF parts avoiding reductions in mechanical 

properties [6, 7]. Nanotechnology and nano 

materials are also profited in PVDF–based piezo 

sensors [8]. Different workers tried to employ 

nanomaterials to facilitate preparation of PVDF 

piezo-devices through bypassing stretching the 

PVDF preforms [9, 10]. Among diverse categories 

of nano materials, nanoclays [8-10], carbon 

nanotubes [11, 12] and graphene nanosheets [13, 

14] and mixture of nano-materials [6, 15, 16] were 

employed to transform PVDF crystals.  

Nanomaterials are divided into different categories 

based on particles’ geometry and composition. For 

example, clay and carbonaceous particles could be 

further divided into particles, fibers tubes and sheets 

(flakes). Two types of nano-sheets are extensively 

used to modify PVDF crystalline structure. These 

are nanoclay and graphene nano-sheets. Naoclay 

sheets were first used to reinforce polyamide 6 as 

timing belt cover by Toyota car making company in 

1960’s [17]. Since then the consumption of 

thermoplastic polymers showed a jumping leap 

compared to that of thermosets. However, 

incorporation of nanoclay into PVDF was first 

reported in 2002 [8]. In this paper by Priya and Jog, 

Solef 1008 grade of PVDF with a polydispersity 

index (PDI=Mw/Mn) equal to 2.5 was melt-mixed 

with organically modified Cloisite 6A. In this paper 

mutual interactions of PVDF and Cloisite 6A were 

presented. It was reported that according to XRD 

patterns PVDF crystalline structure of PVDF 

underwent alpha to beta structure conversion. 

Meanwhile, the XRD patterns of nanoclay shifted 

towards lower 2theta and fades. They also reported 

an increases in melting temperature and 

crystallization rate. They found interesting results 

and continued this investigation later [17, 18]. An 

interesting finding is that in spite of non-polar 

tallow of organically modified clay, some 

improvements in the elasticity (E') were observed. 

Later Pramoda et al [19] also melt mixed PVDF and 

nanoclay and discovered that beta phase crystals of 

PVDF are formed in the presence of clay 

nanosheets. They also reported an increase in 

storage modulus of the nano-composite in a wide 

range of temperature. Pallathadka et al [20] 

confirmed formation of beta crystal in PVDF in the 

presence of nanoclay using solid state NMR. 

Dillon et al [21] solution cast and co-precipitated 

PVDF nano-composite using two different 

organically modified clays. They found that in 

solution cast samples phase separation and 

intercalation took place depending on the type of 

organic tallow, whereas exfoliation was observed 

under any conditions. Yu et al [22] studied the effect 

different nanoclay contents on the crystalline 

structure of PVDF. They found that at clay contents 

below 0.4wt% both alpha and gamma crystals 

coexist. At clay contents higher than 1wt%, alpha 
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and beta crystals coexist. Patro et al [23] studied the 

effect of differently modified nanocalys on 

crystalline structure of PVDF by melt mixing in a 

mini twin-screw extruder. They reported that beta 

crystals are formed in the presence of clay particle 

and that the extent of clay dispersion depends on the 

organic modification loaded on clay. They also 

found that the clay acts as nucleating agent, the 

crystal melting points 10 to 13 degrees increased 

and lamella sizes were decreased. 

Yu and Cebe [24] studied the effect of nanoclay on 

the crystalline structure and dielectric relaxation of 

PVDF. They reported that at high clay concentration 

there would be a prefered tendency towards fully 

beta crystal formation. Using dielectric relaxation 

spectroscopy (DRS) they introduced two relaxation 

rates that is a (glass transition process, polymer 

chain motions in the amorphous zones) and c 

(polymer chain motions in the crystals and fold 

surfaces). It was reported that both relaxation rates 

increase in the presence of clay particles. This was 

attributed to the segregation of polymer chains in 

the presence of clays. Another finding of this 

research was that the electrical conductivity showed 

a 4-fold increase for the composites as compared 

with that of neat PVDF. 

Yousefi and Salarian [25] studied the effect of 

Cloisite 30B on the crystalline structure of PVDF. 

This research showed that incorporation of this 

grade of nanoclay in PVDF leads to 11-fold increase 

in beta crystal content of PVDF. To reconfirm the 

effect of nanocaly on the crystalline structure of 

PVDF a low percentage of polyamide 6 (PA6) was 

added to the nanocomposite. They found that due to 

higher tendency PA6 toward nanoclay the beta 

crystal content of PVDF reduced to its pure form. 

Another finding of this research also in the field of 

rheology of the nanocomposite was that the 

rheological properties of the nanocomposite are 

reduced in the presence of clay nanoparticles. This 

finding was consistent with other researches [24]. In 

a comparative study the effects of 0.5, 1 and 2wt% 

of CNT, nanoclay and crystalline cellulose on the 

crystalline structure of PVDF were studied [26]. It 

was reported that nanoclay follows crystalline 

cellulose with a small differences at higher 

concentration, whereas nanoclay behaves better at 

lower concentration. Recently, Roopa et al [27] spin 

coated thin film of PVDF/Cloisite 15A and 

observed about 83% of beta crystal conversion 

(500rpm for 35 min) and the film showed -18 to -25 

pC/N at 110Hz and 0.25N. In 2019 a Brazilian 

research team [28] electrospun nanoclay and 

dodecylbenzene sulfonic acid—doped polypyrrole. 

In the next step this nanocomposite was used to 

modify PVDF by electrospinning and solution 

casting. Authors claimed that the beta crystals are 

prominent but no quantitative value was reported. 

Graphene is one-atom-thick planar sheet of carbon 

atoms [29] with exceptional properties such as 

values of Young’s modulus (1.1 terra Pascal), large 

theoretical specific surface area (2630 m2/g) and 

superb thermal conductivity (almost 5000 W/m.s) 

[30]. Graphene particles are very similar to 

nanoclay particles as far as their geometry is 

considered. Ansari and Gialennis [31] reported 

using graphene oxide (GO) as a modifier for PVDF. 

They prepared their composites by solution casting 

and reported co-existence of alpha and beta crystals 

in PVDF without any quantification of crystals 

shares. Graphene oxide nanosheets were solution 
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mixed with PVDF using dimethyl formamide 

(DMF) as solvent by ElChaby et al [32]. Authors 

reported that purely beta crystals were formed only 

at 0.1wt% of GO nanosheets due to interactions 

between graphene oxide carbonyl group and -CF2 

groups in PVDF. Below this concentration of GO 

nanosheets a mixture of alpha and beta crystals are 

formed. ElChaby et al in another work [33] 

incorporated graphene nanosheets into PVDF but 

no data was provided on the crystalline structure of 

PVDF. Ataur Rahman and Chaung [34] also 

solution blended GO and PVDF in DMF and 

reported formation of 100% beta crystals. The cast 

film was maintained at 70oC to evaporate the 

solvent and then hot pressed. Jang et al [35] 

incorporated up to 10wt% graphene and observed 

no beta crystals and proposed graphene as alpha 

phase promoting filler. Liu et al [36] used graphene 

oxide to solution cast films of nanocomposite and 

found that hot-pressing leads to lost of carbonyl 

groups on GO. This provokes beta to alpha crystal 

transformation.  

Mohamadi et al [37] reported that graphene 

nanosheets at the presence of poly methyl 

methacrylate (PMMA) and DMF increase the 

content of polar crystals of PVDF. Huang et al [38] 

used different contents of reduced graphene oxide 

(rGO) in PVDF. They reported around 100% beta 

crystal for 0.1wt% rGO in PVDF. The d33 for this 

composition reported to be -39pC/N. Wang et al 

[39] reported that in the presence of graphene 

nanosheets the rate of polar crystals (gamma form) 

formation increases. An et al also confirmed 

formation of beta crystals in solution cast 

PVDF/GO films [40]. Other workers also confirmed 

formation of beta crystals in the presence of GO 

[41-43]. Fortunato et al incorporated thermally 

expanded graphene oxide nano sheets into PVDF 

and observed a reduction in beta crystals of the 

nanocomposites. In an unexpected manner they 

reported an increase in d33 coefficient of 

piezoelectricity in case of nanocomposites [44]. 

According to the reviewed literature a comparative 

study is missing and it would be beneficiary in the 

field of PVDF nanocomposites. Therefore, in this 

paper the effects of melt-mixed Cloisite 30B and 

graphene nanosheets on the crystalline structure of 

PVDF were compared and the effectiveness of 

nanocaly was highlighted. A structural mechanism 

was proposed for this difference in crystalline 

structure. 

2.Experimental 

2.1.Materials 

PVDF granules (Hylar460, Solvay Company, 

Belgium) were used as received. Graphene 

nanosheets from Asbury Carbons, USA and 

nanoclay (Cloisite 30B, BYK Additives & 

Instruments, Germany) were used as received 

without any further treatment or purification. 

 

2.2.Methods 

Nanoclay and graphene particles were melt-mixed 

with PVDF using a Haake internal mixer at 230oC 

at a rotor speed of 60rpm. The rate of modification 

was fixed at 0.5 and 1wt% of modification for both 

graphene and nanoclay. 

The crystalline structure of hot-pressed film 

samples was studied by Fourier transformed 

infrared spectroscopy (FT-IR, Bruker Equinox 55) 

and X-ray diffraction (XRD, D5000, CuKα, 
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Siemens, Germany). The β-phase content of the FT-

IR samples was calculated using Eq. 1. [4] 

𝐹(𝛽) =
𝐴𝛽

1.26𝐴𝛼+𝐴𝛽
                                (1) 

 

where F(β) is the relative fraction of β-phase, Aα and 

Aβ are the absorbance of vibration band at 763 and 

840 cm-1, respectively. Scanning electron 

microscopy (SEM, Vega II, Czech Republic) was 

used to examine the morphology of the cross-

section of the nanocomposites. The SEM specimens 

were broken under liquid nitrogen manually and 

gold coated prior to be scanned at an acceleration 

voltage of 20kV. 

 

3.Results and discussion 

3.1.Morphology 

In Figures 1 and 2 graphene particles in PVDF 

matrix of 0.5 and 1wt% modified nanocomposites 

are presented, respectively. As clearly seen in these 

figures, the thickness of the graphene particles 

varies between 65 and 90 nanometers. It could be 

concluded that an increase in particles concentration 

from 0.5 to 1wt% causes more inter-particle 

interactions which in turn leads to a reduction in 

platelets thickness. It is observed that increase in 

particle concentration (reinforcing rate) results in a 

more effective viscous shearing and a finer 

dispersion. Consequently, the number of thinner 

particles is augmented. Compared with pure 

graphene nanosheets (Figure 3), it is concluded that 

particles are undergone multiple delaminations. As 

seen in Figures 1 and 2 an intimate adhesion of 

PVDF matrix is clear, meanwhile, long pull out of 

nanosheets are observed. These show that polymer 

chains are in close contact of graphene outer surface 

but strong interactions are not active at the 

nanocomposite interface. It is not expected that 

these weak interaction could strongly affect PVDF 

crystalline structure. 

In Figures 3 and 4 nanoclay particles of 0.5 and 

1wt% modified nanocomposites are shown. In 

contrast to their graphene counterparts it is observed 

that the thickness of the nanoclay particles are 

approximately the same but the number of particles 

is increased with reinforcement concentration. 

Comparing with graphene nanocomposites, it can 

be concluded that interlayer attractive forces in 

graphene nanosheets are weaker than those active 

between nanoclay nanosheets. As seen, the width of 

nanocaly particles is smaller than those of graphene 

nanosheets, whereas the thickness of the clays is the 

same as those of graphene nanosheets. Inspection of 

these figures reveals that nanoclay sheets are of 

round edges, no particle break is observed and the 

length of particle pull out is very short. Accordingly, 

significant nanoclay-polymer interactions are 

expected. Based on these observations profound 

changes in PVDF crystalline structure are expected. 

Figure 1: Scanning electron micrograph of 0.5% graphene in PVDF 
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Figure 2: Scanning electron micrograph of 1% graphene in PVDF 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Scanning electron micrograph of 0.5%Cloisite 30B in PVDF 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Scanning electron micrograph of 1%Cloisite 30B in PVDF. 

 

In Figure 5 Fourier transform infrared spectra of 

pure PVDF and its nanocompsites are presented. As 

seen in the figure, the major peaks are appeared at 

the same positions in all spectra (alpha crystal’s 

peak at 763 cm-1 and beta crystal’s peak at 840cm-

1). Due to different film thicknesses height of the 

peaks is changed. Of course, some differences in 

low frequency region are observable. This is not 

abnormal due to addition of different materials in 

PVDF. The height of peaks at 763 and 840cm-1 are 

the interested parameters. Using Equation 1 the 

content of beta crystals for different 

nanocomposites was calculated and reported the 

results in Table 1. According to the data provided in 

Table 1, incorporation of graphene nanosheets in 

PVDF results in 6% decrease in beta crystals of 

polymer as compared with that of pure PVDF. 

Augmentation of graphene content worsens the 

situation with 9% decrease in beta crystals. This can 

be concluded that graphene not only decreases beta 

crystal content but also show no favorable surface 

pattern towards beta crystals. An advantage of melt 

mixing of nanocomposites is that the pure effect of 

the reinforcements on the crystal structure of PVDF. 

The case of nanoclay nanocomposites is very 

different (Table 1). As seen in the table, the 

composite with 0.5wt% Cloisite 30B results in 6.5% 

increase in beta crystals. Meanwhile, increasing 

nanoclay content to 1wt% leads to 4.5% increase in 

beta crystal content which is almost 2% less than 

that of 0.5% nanocomposite. This is an important 

indication of nanoclay surface fitness to promote 

beta crystal formation. This observation is in full 

agreement with findings of other researches [45]. 

The major difference between Cloisite 30B and  
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graphene surfaces remains in the existence of polar 

hydroxyl (-OH) groups on the surface of Cloisite 

30B and polar organic modifier (quaternary alkyl 

ammonium salt). 

Table 1. Beta crystal content (F( )) of PVDF and its nanocomposites 

 

  

 

 

 

 

 

 

 

 

To further investigate the crystal WXRD diffraction 

patterns are in Figures 6 and 7. As seen in Figure 6, 

no meaningful difference is observable between 

patterns of pure PVDF and those of graphene 

nanocomposites. The large peak at 2 =25 belongs 

to crystalline structure of graphite which is formed 

by graphene layers. However, a controversial 

behavior is observed in Figure 7 for Cloisite 30B 

nanocomposites. 

 

 

 

 

 

 

 

 

 

   

 

Figure 5 . FT-IR spectra of PVDF nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: WXRD pattern of graphene-PVDF nanocomposites. 

 Peak height at 
1-763cm 

Peak height at 
1-840cm 

F( ) 

PVDF 0.69534 0.88436 0.50 

0.50%Graphene 0.47871 0.47774 0.44 

1%Graphene 0.89221 0.78542 0.41 

0.5%Clay 0.5343 0.87557 0.56 

1%Clay 0.51438 0.7774 0.54 
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              Figure 7. WXRD pattern of nanoclay-PVDF nanocomposites 

 

 

3.3.Polymer nano-particle interactions 

Regarding the morphology and crystalline structure 

of both clay and graphene modified composites it is 

evident that the surface properties of these two 

nanopellets are totally different. Any surface could 

be characterized by geometrical and energetic 

parameters. Based on the literature the surface 

patterns of graphene and Cloisite 30B are very 

different [30, 46]. Even if these patterns were the 

same, the energetic aspects of these two nanosheets 

are very different. These naonosheets are different 

in surface free energy and surface tension. These 

parameters of the same dimensions and are provided  

in Tables 2 and 3 for PVDF, Cloisite30B and 

graphene. As seen in Table 2 the surface free energy 

is composed from two components (distributive and 

polar componenets). Based on Table 2 the surface 

free energy of Cloisite 30B is very closer to that of 

PVDF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Surface free energy of nanosheets and PVDF 

 Temp

. (oC) 

Total 

Surface 

free 
energy 

(mJ/m2

) 

Dispersiv

e 

compone
nt 

(mJ/m2) 

Polar 

compone

nt 
(mJ/m2) 

d /dT 

mJ/m2

K 
 

Cloisite 

30B 

RT 

[46] 

20 
[47] 

240 

[48] 

41.84 

35 

36 

34.7 

22.4 

23 

7.57 

12.6 

13 

0.1 

 

Graphen

e (fresh) 

RT 

[49] 

53 

62.2 

39.1 

47.8 

13.9 

14.4 

- 

 

PVDF 240 

[48] 

30.3 23.3 7 0 

 

The distributive component of surface free energy 

of Cloisite 30B is almost coincided on that of 

PVDF, whereas its polar component nanoclay and 

graphene are close together and are twice that of 

PVDF. The surface tension of these three materials 

are listed in Table 3.  

Table 3. Surface tension of naosheets and PVDF 

 Temp(oC) Surface 

tension 

(mN/m) 

Dispersive 

component 

(mN/m) 

Polar 

component 

(mN/m) 

Cloisite 
30B 

200[50] 34 23 11 

Graphene 190 [51] 52.6 47.7 4.9 

PVDF 190 [51] 38 32.6 5.4 
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As seen, the surface tension of Cloisite 30B is very 

close to that of PVDF. These groups of data are 

based on similar measurements therefore, they 

follow the same trends. Another surface property 

which controls the state of dispersion any mixture is 

the interfacial tension existing between two phases 

of that mixture. In Table 4 the interfacial tension 

acting in PVDF-Cloisite 30B and PVDF-Graphene 

systems.  

Table 4. Interfacial tension of PVDF-nanosheet systems 

 Temp (oC)   

PVDF-Cloisite 30B [48] 240 HmE 1.8 

GmE 0.9 

PVDF-Graphene [51] 190 HmE 2.90 

GmE 1.45 

 

 

The interfacial tension (energy) of a biphasic system 

can be calculated using geometric mean equation 

(GmE, Equation 2, suitable for polar systems) and  

 

 

 

harmonic mean equation (HmE, Equation 3) of 

surface tensions of the components [49]: 

𝛾12 = 𝛾1 + 𝛾2 − 2(√𝛾1
𝑑𝛾2

𝑑 +√𝛾1
𝑝
𝛾2
𝑝
)  Eq. 2 

𝛾12 = 𝛾1 + 𝛾2 − 4(
𝛾1
𝑑𝛾2

𝑑

𝛾1
𝑑+𝛾2

𝑑 +
𝛾1
𝑝
𝛾2
𝑝

𝛾1
𝑝
+𝛾2

𝑝)   Eq. 3 

where 12, 1, 2 stand for interfacial tension and 

phase 1 and 2 surface tensions and d and p stand for 

the dispersive and polar components of surface 

tensions, respectively. According to data enlisted in 

Table 4 both equations predict lower interfacial 

tension components for PVDF-Cloisite 30B system. 

This is in full agreement with finding of this paper. 

A lower interfacial tension will result in smaller 

dispersed particles in polymer matrix. 

 

4.Conclusions 

Both nanoclay and graphene nanosheets are used to 

improve piezoelectric properties and crystalline 

structure of PVDF. Differences in the crystalline 

structure of PVDF in the presence of these two 

similar geometry nanosheets are to be investigated. 

Under the same melt mixing conditions and at the 

same particle concentration nanoclay (Cloisite 30B) 

is more effectively dispersed in PVDF matrix. 

Incorporation of Cloisite 30B increases all-trans 

conformation (beta-form) in PVDF crystals, 

whereas addition of graphene leads to a reduction in 

PVDF beta crystals as compared with that of pure 

PVDF. Both FT-IR and WXRD techniques 

confirmed these changes. Two major factors are 

proposed to differentiate the effects of nanosheets 

on PVDF crystalline structure, i.e. surface 

texture and surface free energy (tension).  

 

Comparison of available data showed that the 

difference of surface free energy and surface 

tension of PVDF-Cloisite 30B is very lower than 

those of PVDF-graphene system. Correspondingly, 

the interfacial tension of PVDF-Cloisite 30B is 

lower than that of PVDF-graphene system. This 

reasoning accounts for the observed differences in 

morphology nanocomposite and crystalline 

structure of PVDF. 
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