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Abstract: Nanocomposites of poly (vinylidene fluoride) PVDF with graphene nanoflakes (GNF) were
prepared using two different routes. Initially, a mix-melting method was used to prepare composites,
and their thermal and mechanical properties were evaluated to choose the better method for future
experiment and properties investigation. Then, nanocomposite films were prepared by a simple
solution-casting technique using a PVDF/graphene solution. In both cases, the amount of graphene
was varied to observe and to compare their thermal and mechanical properties. The addition of
graphene to the PVDF matrix resulted in changes in the crystallization and melting behaviors as
confirmed by DSC analyses. Increasing the graphene content led to improved thermal stability of the
PVDF nanocomposites prepared using both methods. Improvements in mechanical properties by the
addition of graphene were also observed. Better performance was observed by the nanocomposites
prepared by a mix-melting technique suggesting better dispersion and strong interface bonding
between PVDF and graphene particles. Thermal and electrical conductivity were measured and
compared. Microstructure and morphology were characterized using FTIR, XRD, and SEM analyses.

Keywords: dynamic mechanical properties; PVDF; graphene; pressure sensor; nanocomposites

1. Introduction

Among the various polymers, poly(vinyl difluoride) (PVDF) has attracted much at-
tention in various applications because of its excellent stability toward the environment,
chemicals, and ultraviolet radiation and its relatively higher temperature and oxidation
reactions [1,2]. Moreover, PVDF shows excellent melt-mixing processibility to prepare
various composites, sheets, hollow fibers, and thin membranes [1]. PVDF also is soluble in
many common solvents, such as dimethyl formamide (DMF) and N-methyl-2-pyrrolidone
(NMP), which allows fillers to be dispersed in nanocomposites using a solution-casting
method. PVDF is a semicrystalline polymer having a polymorph structure with pyroelectric
and piezoelectric characteristics [3]. Moreover, it has a high mechanical strength combined
with very low creep and relatively high thermal strength of PVDF compared to engineer-
ing polymers, such as polystyrene (PS) [2], polyimide (PI) [3], nylon (PA66) [4,5], and
polycarbonate (PC) [6]. Additionally, phase nanofiller or fiber-dispersed PVDF nanocom-
posites exhibited superior results, clearly indicating that PVDF has great potential for the
fabrication of various structural- and electrical-sensing devices.

Among the various electro-conductive nanomaterials, graphene has attracted much
attention for its high strength, large surface area, and good electrical properties. Thus,
graphene-based materials have potential in many applications, such as sensors [7,8], nano-
electronic devices, optoelectronic devices, energy storage, and catalysis [4–7]. Additionally,
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fabrication of PVDF composites based on second phase dispersed materials (carbon nanos-
tructure, metal, oxides, etc.) for dynamic mechanical-sensing applications has opened a
new era of research to obtain sustainable material at lower processing cost with excellent re-
cycling potential and sensing selectivity. The synergetic effect of both components resulted
in improved structure and functional properties relative to pure components [9]. Addi-
tives to PVDF also improve the thermal and chemical stability and mechanical properties,
leading to substantial enhancement in piezo sensitivity and selectivity [10].

Research interest in the development of polymer-based nanocomposites for dynamic-
and pressure-sensitive properties has gained tremendous attention to achieve prompt
detection with higher sensitivity and selectivity with low cost. Dynamic sensing pro-
vides valuable measurements by responding to the electrical behavior of the materials.
Piezoelectric polymers, such as PVDF, provide extra value in measuring the dynamic
properties of the composites. So far, the piezoelectric polymeric materials are more appro-
priate candidates for sensor applications due to the piezo electric effect inherent in their
molecular structure and orientation [11]. Various nanoparticles, such as silica, Cu, Au, Ag,
nanofiller, nanofiber, nanowires, multiwall carbon nanotubes, and graphene with high
electrical conductivity, have been used widely as high-performance functional materials
with poly(ethylene terephthalates) (PET), poly urethane (PU), and polymethyl siloxane
(PMDS) for pressure-sensing applications [12–21]. However, the use of PVDF as a polymer
matrix has not been widely conducted to date.

PVDF composites can be fabricated using various methods. In this paper, melt-mixing
and solution-casting methods were used to fabricate PVDF-graphene nanocomposites, and
their dynamic mechanical properties were analyzed and discussed.

2. Materials

PVDF (Mw~530,000 g/moL) and N,N-dimethylformamide (DMF) (99.9% pure) were
purchased from Sigma Aldrich, St. Louis, MO 63118, USA and were used directly. Graphene
(thickness 50–100 nm, diameter 44 ≤ 44 µm, purity 96–99%) was purchased from Grafen
Chemical Industries, Turkey, Ankara and was used without further treatment or purifica-
tion. Figure 1 shows the SEM images of graphene.

Figure 1. SEM images of supplied graphene.
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3. Experimental Section
3.1. Fabrication of PVDF-GR Nanocomposites

PVDF composites were prepared using two methods: (1) solution casting, and (2) melt
mixing. Figure 2 shows the optical images of samples prepared by two different methods.

Figure 2. Samples prepared by two different techniques: (a) S-DF1; (b) S-DFG-0.5; (c) S-DFG-2;
(d) S-DFG-5; (e) M-DF-1; (f) M-DFG-0.5; (g) M-DFG-2; and (h) M-DFG-5.

3.2. Solution Casting PVDF

When PVDF/graphene composites were prepared using a solution-casting method,
and different weight percentages of graphene (0.0, 0.5, 2, and 5%) with respect to the
polymer were prepared. The required amount of PVDF was dissolved in 50 mL of DMF
(N,N-Dimethyl formamide) at 90 ◦C under constant stirring for 4 h. Then, this was mixed
with a previously prepared stable dispersion of graphene in 40 mL DMF using ultra
sonication for 10 min. The stirring was continued for an additional 1 h using a magnetic
stirrer @ 400 rpm. The whole mixture was degassed for 10 min in a vacuum oven, then
poured into a stainless sheet Petri dish placed on a leveled flat surface and allowed to dry
at 50 ◦C for 3–4 days. The dried films were peeled off carefully.

3.3. Melt Blending

PVDF/graphene composites were prepared by a melt-blend method using a Thermo
Hakke Minilab II Extruder. Thermo Fisher Scientific, Dieseltr 4, 76227 Karsruhe, Germany,
Thermo Fisher Scientific, Dieseltr 4, 76227 Karsruhe, Germany. The required amount of
PVDF was added with different weight percentages of graphene (0.0, 0.5, 2.0, and 5.0%)
with a counter rotating screw speed of 100 rpm at 190 ◦C for 10 min. Finally, a test sheet
was prepared using a Carver hydraulic press at 165 ◦C for 12 min. The nomenclature of the
samples is explained in Table 1.

Table 1. Nomenclature of the Prepared Samples.

Sl. No Sample Name Composition Preparation
Method Sl No Sample Name Composition Preparation

Method

1 MDF-1 Virgin PVDF Melt mixing 5 SDF-1 Virgin PVDF Sol. casting

2 MDFG-0.5 PVDF + 0.5%
graphene Melt mixing 6 SDFG-0.5 PVDF + 0.5%

graphene Sol. casting

3 MDFG-0.2 PVDF + 2%
graphene Melt mixing 7 SDFG-2 PVDF + 2%

graphene Sol. casting

4 MDFG-5 PVDF + 5%
graphene Melt mixing 8 SDFG-5 PVDF + 5%

graphene Sol. casting
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4. Characterization
4.1. Thermogravimetric Analysis (TGA)

TGA analysis was performed using a TA instruments Thermogravimetric analyzer,
SDT Q600. Samples (6 mg) were heated in nitrogen atmosphere with purge flow of
100 mL/min and heating rate of 10 ◦C/min, from 30 to 850 ◦C.

4.2. Differential Scanning Calorimetry (DSC)

DSC was conducted for the samples at heating and cooling rates of 10 ◦C/min from
−80 to 250 ◦C under a nitrogen atmosphere using TA instrument DSC Q1000, TA Instru-
ments, 159 Lukens Drive, New Castle, DE 19720, USA. Here, 6 mg samples were again
used for analysis. The melting and crystallization behavior were calculated by DSC.

4.3. DMA

A Discovery DMA 850 from TA instruments, 159 Lukens Drive, New Castle, DE 19720,
USA was used for the analysis. Dynamic mechanical analysis (DMA) and properties of
the samples were determined in a temperature range from −80 ◦C to 130 ◦C using an
oscillation temperature ramp with a constant frequency of 1 Hz. In all cases, rectangular
samples were taken from the sheet with average dimensions of 17.5 × 13 × 0.6 mm.

4.4. Thermal Conductivity

Thermal conductivities of the composites were measured using a TA instruments Fox
50 Heat flow meter, TA Instruments, 159 Lukens Drive, New Castle, DE 19720, USA. The
circular samples were taken from the sheet with diameters of 2 inches.

5. Results and Discussion

Dynamic mechanical analysis was performed to determine the various dynamic me-
chanical properties, such as storage modulus E′, loss modulus E′′, and damping coefficient
tan δ of the prepared samples as a function of temperature from −80 ◦C. Nanocomposites
made using melt mixing generally showed poor dispersion in the matrix and poor interfa-
cial bonding between the polymer and graphene because of the graphene’s high-aspect
ratio, very high specific surface area, and high surface energy [18]. In contrast, better
dispersion of graphene into the polymer matrix has been reported using the solution-cast
method. Thus, dynamic mechanical properties were measured to confirm the dispersibility
of graphene and the relative interactions between the polymer and the filler. Figure 3a,b
shows the storage modulus of the composites prepared by mix-melting and solution-casting
methods, respectively.

Two phenomena were clearly observed. First, the storage moduli of both composites
prepared by two different techniques increased with increasing the graphene content. First,
5% dispersed graphene composite exhibited the highest value, followed by 2.0% and 0.5%,
respectively. Second, melt-mixed nanocomposites showed much higher storage moduli,
i.e., above 30 k MPa, whereas solution-casting nanocomposites exhibited values of only
3–6 k MPa. All samples showed a gradual decrease in storage modulus with increasing the
temperature. Storage moduli of the nanocomposites increased with increasing graphene
content because of polymer–graphene interactions, a reduction in polymer mobility due
to the presence of graphene, increasing viscoelastic properties, and the stiffness of the
composites [21]. Graphene nanoplates separate the polymer chain or block the polymer
mobility and thus increase the reinforcement during load transfer, which enhances the
storage modulus [22–24]. Mix-melt fabricated samples are much tougher compared to
solution-casting film samples. However, the storage modulus recoverability of the film
was much lower. The lower storage modulus of the solution-casting samples might also be
due to the presence of solvent and degradation of the PVDF polymer itself. The decrease
in storage modulus with increasing temperature was suggested due to energy dissipation
involving cooperative motions of the polymer chain [19].
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Figure 3. (a) Overlay graphs of storage modulus of nanocomposites prepared by melt-mix method
and (b) prepared by solution-cast method.

Figure 4a,b shows the loss modulus for various nanocomposites prepared by both
methods as a function of temperature (−80 ◦C to +80 ◦C). Loss modulus increased with
graphene nanoplatelet loading. The glass transition temperatures (Tg) of both composites
were clearly observed. In the case of melt-mix composites, the Tg peak at around −40 ◦C
was very sharp for all samples with different loadings of graphene, and loss modulus
increased with increasing graphene content from 0.5 wt% to 5 wt%. The loss modulus
peak indicates interactions between the filler and matrix. It is also associated with changes
in internal frictions between the filler and the matrix, molecular motions, morphology,
and the dispersion between the filler and the matrix. Single and strong peaks indicate the
good interfacial interactions and no-phase separation. The drop in loss modulus after the
maximum peak is suggested by the free movement of the polymer chain present in the
system [25]. The beta relaxation of polymer composites at 20 ◦C and gamma relaxation at
60 ◦C were clearly observed, which indicates the presence of polymer mobility even after
addition of graphene nanoparticles. In contrast, the solution-cast nanocomposites showed
a wide Tg, around −40 ◦C to −43 ◦C. The shift in Tg with increasing graphene content
indicated the stiffness of composites achieved by adding 5% graphene nanoparticles, which
reduced the mobility of the polymer chains. The beta relaxation of composites with 0.5%
added graphene was clearly observed; however, it was reduced by the further addition of
graphene nanoparticles.

Figure 5a,b shows the delta T, which is the main indication of the Tg of the composites.
The Tg of the polymer can be altered by the addition of rigid filler particles. The addition
of graphene can alter the Tg of composites, which is explained by [26]: (i) decreasing the
mobility of polymer chains by the addition of graphene; and (ii) restriction of segmental
motion by graphene layers.

The Tg of pure PVDF and their composites by mix-melting method were found at
around −30 ◦C; however, it was above −40 ◦C and more when fabricated by solution-
casting method. The glass transition temperatures of nanocomposites mainly depend on
the dispersion of filler particles. The very sharp Tg of the melt-mixing nanocomposites
indicates better dispersion of graphene particles in the PVDF polymer. Although there is a
little higher shift in the Tg peak by the addition of graphene particles, a sharp peak was
observed in the melt-mix nanocomposites. Dispersibility of graphene was later confirmed
and analyzed by SEM analysis. A wide Tg was observed for solution-cast samples. The Tg
became wider after the addition of graphene. At higher graphene content, the aggregation
and poor dispersion of graphene was reported with a lower and wider Tg transition
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peak [27,28]. Graphene-poor and graphene-rich regions and inhomogeneous graphene
distribution were also found to affect the relaxation behavior [24].

Figure 4. Overlay graphs of loss modulus of nanocomposites: (a) prepared by melt-mix method, and
(b) prepared by solution-cast method.
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Figure 5. Overlay graphs of tan delta of nanocomposites prepared by: (a) melt mix-method, and
(b) prepared by solution-cast method.

Composites prepared by different methods were characterized by measuring the
crystallization and melting properties. Crystallization and melting properties of neat PVDF
and graphene-dispersed nanocomposites were studied as a function of graphene content.
It is well known that the mechanical properties of semicrystalline polymers depend on
their crystallinity and the internal microstructure [29]. Figure 6a,b show the DSC scans of
the nanocomposites prepared by two different methods.
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Figure 6. Overlay graphs of DSC of nanocomposites prepared by: (a) melt-mix method, and
(b) solution-cast method.

The DSC crystallization curves in Figure 6a, b were analyzed to evaluate various
thermal properties and crystallinities, as shown in Table 2. Table 2 shows the crystallization
(Tc onset and Tc peaks), crystallization of enthalpy (∆Hc), and percentage of crystallization
(Xc) as a function of graphene content.

Table 2. Summary of DSC Results.

Sl.
No

Sample
Name

Tc onset
Temp ◦C

Tc Peak
Temp ◦C Xc% Hc (J/g) Sample

Name
Onset

Temp ◦C
Peak
Temp Xc% ∆Hc

(J/g)

1 MDF-1 150.38 158.77 49.96 52.46 SDF-1 150.88 156.46 53.38 56.05

2 MDFG-0.5 150.61 159.46 58.14 60.05 SDFG-0.5 149.44 158.70 58.81 60.70

3 MDFG-2.0 150.30 159.78 48.98 51.43 SDFG-2.0 150.05 157.94 60.61 53.14

4 MDFG-5.0 150.55 159.41 68.54 68.54 SDFG-5.0 150.93 159.27 57.59 60.47

It is evident from the DSC curves that the addition of graphene particles has marginal
effect on peak melting temperature of virgin PVDF polymer. The peak melting temperature
of the melt-mix PVDF sample was 158.77 ◦C. However, it increased to 159.46 by the
addition of 0.5% graphene. It reached a maximum at 159.78 ◦C when 5% graphene was
added. Similar behavior was also observed in nanocomposites prepared by the solution-
casting technique. The peak melting temperature of the solution-cast film PVDF sample
was 156.46 ◦C. However, it increased to 158.70 ◦C after the addition of 0.5% graphene. It
reached a maximum at 159.27 ◦C when 5% graphene was added. The degree of crystallinity
(Xc) of virgin PVDF films prepared by melt-mixing and with added graphene also are
shown in Table 2. Crystallinity of graphene-dispersed nanocomposites showed significant
improvement. The Xc% of PVDF was about 50%. After the addition of only 0.5% graphene,
it increased to 58%, which is about a 15% increase. The addition of 5% graphene showed
more than a 20% increase in crystallinity. No changes in the onset temperature were
observed for the mix-melting composites.

The degree of crystallinity (Xc) of virgin PVDF film prepared by solution casting and
that of graphene added nanocomposites also are shown in Table 2. The crystallinity of
graphene-dispersed nanocomposites showed significant improvement, as the Xc% of PVDF
was about 53.38%. After the addition of only 0.5%, it increased to 57.81%, which is a 12%
increase. The addition of 5% graphene showed more than a 20% increase in crystallinity.
Overall, there was an increase in crystallinity of the polymer composites (both synthesized
by melt blending and solution casting) with an increase in graphene content or crystallinity
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that remained in very close range. However, particularly for MDFG-0.2, the value is an
artifact attributed to possible agglomeration [30–32]. The onset temperature of mix-melting
composites showed no significant changes. Comparing the crystallinity rate of composites
made using both methods, the crystallinity was much higher for melt-mixing method.
The reason for insignificant changes in the Tm is because the melting and crystallization
temperatures of polymer are dictated by the crystalline chains, the longer the chains the
higher the Tm. However, crystallinity of polymer, in the case of DSC analysis, is calculated
from the enthalpy of melting/fusion, which can be affected by the presence of nanofiller
because nanofiller can restrict the chain movements of crystalline parts and thus increasing
the crystallinity [32–35].

The addition of rigid filler generally increases the thermal stability of the polymer. The
improvement of the thermal stability of graphene-based nanocomposites has been reported
by a few researchers. The addition of graphene increases the thermal stability of various
polymers, such as PMMA, PS, and PVDF [36–42]. Figure 7a,b shows the TGA graphs of
thermal degradation, and Figure 8a,b shows the DTG curves of the samples prepared by
two different methods in air.

Figure 7. Overlay graphs of TGA of nanocomposites prepared by: (a) melt-mix method, and
(b) solution-cast method.

Figure 8. Overlay graphs of DTG of nanocomposites prepared by: (a) melt-mix method, and (b) by a
solution-cast method.

Analyzing the TGA curves of nanocomposites prepared by the mix-melt method
present a good thermal stability for 0.5–5% graphene samples, as no significant mass
changes occurred until a temperature of 400 ◦C. Initial onset degradation started at 429 ◦C
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for 5% graphene composites and around 425 ◦C for virgin PVDF and 0.5–2.0% graphene
PVDF nanocomposites. The earlier degradation of 5% dispersed graphene than that of the
0.5–2% graphene nanocomposites might be due to the presence of volatile impurities in
graphene molecules. The literature reports that there are competing factors for graphene
loading to dictate the thermal stability, i.e., the action of graphene as a physical barrier to
increase the thermal resistance and the presence of oxygenated functionalities to decrease
the thermal stabilities; trend reversal may happen at higher loadings of graphene [43,44].
The onset and maximum temperature of degradation are shown in Table 1. Figure 7a shows
that 0.5% graphene nanocomposites have the highest temperature at 485.31 ◦C, followed
by PVDF nanocomposites with 2 and 5% graphene at 483.08 and 476.57 ◦C, respectively.
The difference in the onset and degradation temperatures of MDF-1 and SDF-1 could be
explained by the difference in processing techniques. Melt processing is performed at higher
temperature/stress, and it could result in degradation of weak bonds in polymer chains.
Consequently, the melt-mixed neat PVDF has a lower onset degradation temperature.

The presence of one single peak in DTG curves suggests the degradation of virgin
PVDF, and graphene dispersed nanocomposites occurred at one stage until 476 ◦C. The
residue of the nanocomposites increased with increasing graphene content, except for the
0.5% graphene sample because of char formation. The thermal stability of the graphene
dispersed nanocomposites showed no significant improvement, which might be associated
with the two-dimensional planar structure of graphene particles and might fall under the
concept of nano-confinement, as explained by Chen et al. [45,46].

Slightly different TGA curves were observed when samples were prepared using the
solution-casting method, as shown in Figure 7b. Initial loss in weight for 5% graphene
composite samples was observed at 110–120 ◦C and then 200 ◦C. This might be explained
by the presence of excess solvent or absorbed solvent due to the larger content of graphene
(5%), which escaped as temperature increased [15]. The onset temperature of the composites
was around 450 ◦C, which is similar to that in melt-mix samples. However, the maximum
degradation temperature was much lower, as shown in Figure 8b and Table 3. The presence
of solvent during composite fabrication and polymer chain network degradation can
explain the higher degradation. Kim et al. [47] developed a bubble model to explain
the thermal stability of polymer nanocomposites. In this model, thermal decomposition
of polymer molecular chains produces more and more volatiles during melting with
time and higher temperatures until a critical concentration at which the bubbles begin to
nucleate. The presence of solvent increases the bubble nucleation, and thus requires less
time for the volatiles to reach a critical concentration. Therefore, the thermal stability of
the solution-casting sample was slightly reduced compared to the melt-mix sample. The
results confirmed that the sample made by solution casting is more thermally unstable than
the melt-mix samples.

Table 3. Summary of Thermal Degradation Results.

Sl. No Sample
Name

Tdegrad onset
Temp ◦C

Tdegrad Peak
Temp ◦C

Residue
wt%

Sample
Name

Tdegrad onset
Temp ◦C

Tdegrad Peak
Temp ◦C

Residue
wt%

1 MDF-1 425 484.79 21 SDF-1S 432 485.04 23

2 MDFG-0.5 423 485.31 20 SDFG-0.5 433 467.74 28

3 MDFG-2.0 427 483.08 22 SDFG-2.0 440 479.25 22

4 MDFG-5.0 429 476.57 30 SDFG-5.0 437 469.87 20

The thermal conductivity was investigated to understand the effect of the amount
of graphene and the dispersibility, and the results are displayed in Table 4. The literature
reports that graphene can increase the thermal conductivity of polymeric materials [48–50].
However, in this study, we observed contradictory results for the melt-blended samples,
MPVDF and MVDFG. The decrease in the thermal conductivity of the melt-blended samples
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could be attributed to higher specific surface area of graphene, which results in agglomer-
ation of graphene. Similarly, poor dispersion of graphene mismatches between polymer
and graphene are produced, and such interface hinders the heat transfer due to phonon
scattering [51,52]. However, in the thermal conductivity of the solution-casted samples,
SDFG increased to 0.20 and 0.25 W/m/K with 2% and 5% graphene, respectively. Herein,
we are comparing these values with the literature values of the solution-casted PVDF,
which was reported to be around 0.196 W/m/K in the range of 20–40 ◦C [53]. This value is
also in close range of our measured value of thermal conductivity of MDF-1.

Table 4. Thermal Conductivity of the Prepared Samples.

Sl. No Sample Name Average
Temp ◦C

Av. Conductivity
(W/m·K) Sl No Sample Name Average

Temp ◦C
Av. Conductivity

(W/m·K)

1 MDF-1 22.5 0.184 5 SDF-1 22.5 -

32.5 0.184 32.5 -

42.5 0.183 42.5 -

2 MDFG-0.5 22.7 0.157 6 SDFG-0.5 22.7 -

32.5 0.157 32.5 -

42.5 0.157 42.5 -

3 MDFG-0.2 22.5 0.173 7 SDFG-2 22.5 0.202

32.5 0.173 32.5 0.204

42.5 0.172 42.5 0.205

4 MDFG-5 22.5 0.157 8 SDFG-5 22.5 0.250

32.5 0.159 32.5 0.252

42.5 0.159 42.5 0.252

The increase in thermal conductivity of the SDFG composites is due to better dis-
persion of graphene in the solution-cast PVDF, and it acts as a bridge between PVDF
spherulites, thus enhancing heat transfer from spherulites to spherulites. As PVDF is
a semicrystalline polymer, thermal interface resistance exists in the boundary between
amorphous regions and semicrystalline regions. The graphene sheets’ (GS) bridging of
the spherulites enhances heat flow much more efficiently than the neat PVDF. The small
increase in thermal conductivity in the mid-range of the GS concentration was attributed to
difficulty transferring thermal energy from sheet to sheet.

According to reports, fillers with platelet shapes show advantages in terms of the
morphology because of the large contact area, which allows closer contact, leading to
reduced phonon scattering [24,54,55]. According to our findings, the thermal conductivity
decreased for mix-melting prepared samples, which is not clearly understood. This might be
due to the poor interface network between the graphene and the separate region formation
of spherulites inside the composites. The increase in the thermal conductivity of the
solution-casting samples with 2 and 5% graphene was significant. These results suggest
that the graphene in samples prepared by solution casting is in close contact with each
other, creating thermally conductive pathways. An increase in conductive pathways also
might be due to exfoliation of graphene flakes during fabrication, which were confirmed
by XRD analysis.

Figure 9a,b shows XRD analysis curves of nanocomposites prepared by two different
fabrication methods. Clear characteristic peaks of pristine graphene are observed at two
theta values of 26.6◦ and at 54.6◦, which correspond to an interlayer distance of 3.34 Å in
a hexagonal structure at 200 orientations and the 004-crystal plane, respectively. For the
melt-mixing method, virgin PVDF resin crystallizes, showing the distinct characteristic
peaks at 9.5◦, 17.5◦, 18.5◦, 20.5◦, and 27.5◦, as shown in Figure 9a. Peaks at 9.5◦, 17.5◦,
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18.5◦, and 20.5◦ are assigned to α phase crystals for 100, 020, 100, and 021 reflections,
respectively [56]. However, a clear β phase was assigned for virgin PVDF at 27.5◦. The
presence of various amount of graphene in PVDF was also confirmed in the composites.
Higher graphene content showed a higher peak intensity at 28.0◦. The intensity of the
peaks increased with increasing amounts of graphene [15,55–58].

Figure 9. Overlay graphs of XRD of nanocomposites prepared by: (a) melt-mix method, and (b) the
solution-cast method.

Similar XRD patterns were observed in solution-cast nanocomposites with slight vari-
ations in peak intensity and angle. D-spacing values are shown in Table 5. X-ray diffraction
patterns are a common technique to confirm the interlayer expansion of layered powder
and crystalline properties of the composites. No shift in the graphene peak confirmed that
graphene was exfoliated. However, a significant change in the peak intensity and width of
the peaks was observed for samples prepared using the two methods. Samples prepared
by the melt-mix method showed narrow peaks and less intensity between theta angles
of 14–21◦. Only peaks at 26.95◦ for the 021 plane showed a higher intensity. In contrast,
the sample prepared by the solution-casting method showed wide and high intensity
between the angles of 14–21◦, with increasing d-spacing compared to the melt-mix sample.
Only the peak at 26.95◦ showed lower intensity. This might be explained by the fact that
the addition of graphene using a melt-mix method did not allow polymer to enter the
graphene layer and thus increase the d-spacing. However, for the solution-casting method,
graphene expanded its d-spacing by the presence of solvent and thus shifted to a lower an-
gle, confirming the increase in the d-spacing [59–62]. For example, the 5% graphene blend
nanocomposite shows peaks at 14.3◦, 18.83◦, 26.97◦, and 39.25◦, corresponding to d-spacing
values of 4.88, 4.7, 3.3, and 2.29Å. However, shifts in peaks and increases in d-spacing were
found for peaks at 14.17◦, 18.7◦, 26.75◦, and 36.6◦, with spacing values of 6.15, 4.9, 3.4, and
2.45Å. Peak patterns around 40◦ also confirmed that the higher crystalline nature of the
nanocomposites prepared by solution casting, which were confirmed by the DSC analysis
results [63,64]. New peaks observed around 18.7◦ in solution-cast samples were assigned
to the 002 plane, which is absent in the melt-mix sample. Analyzing the above facts, it is
suggested that with the increase in lamella thickness and crystallinity of nanocomposites,
graphene can act as a laminar reinforcing agent coupled with PVDF polymer interlaced in
graphene laminar space, which increased the thermal stability of composites.

Figure 10 shows the FTIR overlay graphs of pure PVDF, pristine graphene, and various
amounts of graphene dispersed nanocomposites prepared by two different methods. In
general, PVDF exhibits at least four crystalline phases α, β, γ, and δ depending on its prepa-
ration and temperature. Thus, the vibrational spectrum of PVDF gives valuable information
about the structure of PVDF and can be evaluated by FTIR analysis. Ye et al. [65–68] inves-
tigated vibrational spectra of PVDF extensively. Several characteristic peaks (Figure 10a) of
PVDF were observed mainly at 480 cm−1 (-CF2 wagging) γ-phase, 530 cm−1 (-CF2 bending)
α-phase, 840 cm−1 β or γ-phase (-CH2 rocking). Similar peaks were also observed by vari-
ous investigators [58–60]. Additional peaks above 1000 cm−1 are proposed for spontaneous
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polarization [68–70]. Characteristic peaks of pristine graphene were observed at 2978, 701,
and 544 cm−1. Peak intensities of both nanocomposites increased with increasing graphene
content. However, the graphene peak at 2978 shifted to lower values at 2916 and 2848 cm−1,
which might be due to phase transformation of PVDF or good melt-mixing behavior that
hindered the –CH stretching within the graphene structure [27]. The thermal stability of
melt-mixed nanocomposites showed better performance due the phase transformation and
well mixing of graphene with PVDF polymers, as concluded above.

Table 5. d-Spacing Values of Nanocomposites Prepared by Different Methods.

Sl. No Sample Name 2 θ Angle
(degrees) Spacing (Å) Sl. No Sample Name 2 θ Angle

(degrees) Spacing (Å)

1 MDF-1

14.3
16.9
17.6
20.65
39.38

6.2
5.2
5.6
4.3
2.28

5 SDF-1

14.4
16.9
17.6
20.65
39.38

6.2
5.2
5.0

4.29
2.28

2 MDFG-0.5

18.1
18.82
20.33
26.95
39.23

4.89
4.7

4.36
3.30
2.29

6 SDFG-0.5

17.0
18.8
20.7

25.75
27.02
38.22

5.2
4.6

4.28
3.45
3.29
2.35

3 MDFG-0.2

14.4
18.5
18.84
20.39
26.96
39.26

6.14
4.79
4.7

4.35
3.30
2.29

7 SDFG-2

18.94
20.5
26.9

36.67

4.68
4.32
3.31
2.24

4 MDFG-5

14.3
18.83
20.38
26.97
39.25

4.88
4.7

4.35
3.3
2.29

8 SDFG-5

14.17
18.7
20.5

26.75
36.6

6.15
4.9

4.33
3.4

2.45

Figure 11 shows the SEM images of the composites prepared by a solution-cast method.
SEM images were taken to understand the dispersion quality of graphene, as well as to
explain the physical and mechanical properties. Figure 11a shows the PVDF virgin polymer
topography of the casted film showing PVDF crystal formation on the surface. The presence
of PVDF spherulite structures and sharp fractures were observed.

Figure 10. Overlay graphs of FRIT of nanocomposites prepared by: (a) melt-mix method, and
(b) solution-cast method.
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Figure 11. (a) PVDF virgin (SDF) (top surface), (b) SDF fracture surface, (c) SDFG-0.5 (top surface),
(d) SDFG-0.5 fracture surface, (e) SDFG-2 (top surface), (f) SDFG-2 fracture surface, (g) SDFG-5.0
(top surface), and (h) SDFG-5.0 fracture surface.

Figure 11c shows the composites having 0.5% of graphene. Similar topography images
were observed. However, the number of spherulites was higher and the fractured surfaces
in Figure 11d were sharper than those in Figure 11b. Figure 11e shows composites having
2% graphene. Spherulites formation increased with increasing graphene, which clearly
suggests that graphene acts as a nucleating agent to support spherulites growth [71].
Fracture surfaces in Figure 11f also confirmed the presence of PVDF crystals formation and
the flat nature of the fracture surfaces. Figure 11g shows composites having 5% graphene.
The amount of graphene significantly increased, which is clearly shown in the layer of
graphene surrounded by PVDF polymer matrix.

Figure 12 shows SEM images of the composites prepared by the mix-melting method.
Figure 12a shows the SEM images of the virgin PVDF prepared by the melt-mix method.
In contrast to SEM images of the sample prepared by the solution-casting method, differ-
ent surface topographies were observed. Melt mixing and flow of polymers during high
temperature mixing was clearly observed. The fracture surface image in Figure 12b sup-
ported the melt-flow observations. Figure 12b shows the SEM images of the 0.5% graphene
PVDF (MDFG-0.5) composites. In contrast to the SEM images of samples prepared by the
solution-casting method, MDFG-0.5 sample demonstrated different surfaces morphology.
The melt mixing and flow nature of the polymers during high-temperature mixing was
clearly observed as found in the virgin polymer. Figure 12c shows the SEM images of the
2% graphene PVDF composites. Similar images were observed in 0.5% graphene com-
posites. However, melt-flow nature was predominant, which clearly indicates the higher
toughening phenomenon, which contributes to the higher mechanical properties.
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Figure 12. (a) PVDF virgin (MDFG0) (top surface), (b) MDFG0 fracture surface, (c) MDFG 0.5 (top
surface), (d) MDFG 0.5 fracture surface, (e) MDFG 2.0 (top surface), (f) MDFG 2.0 fracture surface,
(g) MDFG 5.0 (top surface), and (h) MDFG 5.0 fracture surface.

Figure 12d shows the SEM images of the 5% graphene PVDF composites. Graphene-
coated polymer can be observed easily in this sample. Good homogenous dispersion and
river-like melt flowing, as shown in Figure 12e, suggests the higher mechanical properties
of the composites as we observed in our experiments.

The difference in the morphology of MDF and SDF composites is due to different pro-
cessing techniques. In the melt blending, the polymer is subjected to shear stress and higher
temperature, which affect the crystal growth reflected by the melt-flow observation in the
morphology. On the other side, the solution-cast sample showed spherulites formation,
because spherulites growth is better in viscous solution [72].

6. Conclusions

Highly dispersed graphene PVDF nanocomposites were successfully fabricated using
two different methods. Mechanical properties, such as storage modulus and loss modulus
of those nanocomposites, were investigated, and the melt-mixed composites showed better
performance compared to the solution-cast method. SEM investigation showed the better
dispersion of graphene in the melt-mixing method. Furthermore, a DSC study and SEM
images suggested that the graphene behaves as a nucleating agent during the PVDF
crystallization and results in an increase in crystallization temperature with increasing
graphene content. Thermal properties, such as TGA and DMA results, confirmed the above
findings and confirmed that the addition of graphene improved the thermal properties by
increasing the graphene content.

Author Contributions: Methodology, M.H.; Supervision, M.A.A.-H.; Writing—original draft, M.H.;
Writing—review & editing, M.H. All authors have read and agreed to the published version of
the manuscript.

Funding: Project # DF 181002, Deanship of Research, King Fahd University of Petroleum & Minerals,
Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Nanomaterials 2022, 12, 2315 16 of 18

Acknowledgments: The authors sincerely express their gratitude to the Deanship of Research, King
Fahd University of Petroleum & Minerals, Saudi Arabia, for their continuous support and funding
this work under Project # DF 181002.

Conflicts of Interest: This work has no conflict of interest or competing interests to declare.

References
1. Kang, G.-D.; Cao, Y.-M. Application and modification of poly(vinylidene fluoride) (PVDF) membranes—A review. J. Membr. Sci.

2014, 463, 145–165. [CrossRef]
2. Lei, Y.L.; Luo, Y.J.; Chen, F.; Mei, L.H. Sulfonation process and desalination effect of polystyrene/PVDF semi-interpenetrating

polymer network cation exchange membrane. Polymers 2014, 6, 1914–1928. [CrossRef]
3. Yuan, Q.; Liu, P.; Baker, G.L. Sulfonated polyimide and PVDF based blend proton exchange membranes for fuel cell applications.

J. Mater. Chem. A 2015, 3, 3847–3853. [CrossRef]
4. Duarte, J.; Cherubini, C.C.; Dos Santos, V.; Schneider, A.; Zeni, M. Poly(vinylidene fluoride) (PVDF) and nylon 66 (PA66)

membranes applied the process of gas separation. Procedia Eng. 2012, 44, 1146–1149. [CrossRef]
5. Kang, D.H.; Kim, N.K.; Kang, H.W. Electrostatic charge retention in pvdf nanofiber-nylon mesh multilayer structure for effective

fine particulate matter filtration for face masks. Polymers 2021, 13, 3235. [CrossRef] [PubMed]
6. Chiu, F.C. Poly(vinylidene fluoride)/polycarbonate blend-based nanocomposites with enhanced rigidity—Selective localization

of carbon nanofillers and organoclay. Polym. Test. 2017, 62, 115–123. [CrossRef]
7. Chen, R.; Luo, T.; Geng, D.; Shen, Z.; Zhou, W. Facile fabrication of a fast-response flexible temperature sensor via laser reduced

graphene oxide for contactless human-machine interface. Carbon 2022, 187, 35–46. [CrossRef]
8. Tian, X.; Liu, Z.; Chu, J.; Liu, Z.; Luo, Z.; Wu, X.; Qiao, F.; Wang, X.; Li, G.; Wu, J.; et al. Dual-Mode Sensor and Actuator to Learn

Human-Hand Tracking and Grasping. IEEE Trans. Electron Devices 2019, 66, 5407–5410. [CrossRef]
9. Zhao, Q.; Yang, L.; Ma, Y.; Huang, H.; He, H.; Ji, H.; Wang, Z.; Qiu, J. Highly sensitive, reliable and flexible pressure sensor based

on piezoelectric PVDF hybrid film using MXene nanosheet reinforcement. J. Alloys Compd. 2021, 886, 161069. [CrossRef]
10. Sukumaran, S.; Chatbouri, S.; Rouxel, D.; Tisserand, E.; Thiebaud, F.; Ben Zineb, T. Recent advances in flexible PVDF based

piezoelectric polymer devices for energy harvesting applications. J. Intell. Mater. Syst. Struct. 2021, 32, 746–780. [CrossRef]
11. An, N.; Liu, S.; Fang, C.; Yu, R.; Zhou, X.; Cheng, Y. Preparation and properties of β-phase graphene oxide/PVDF composite

films. J. Appl. Polym. Sci. 2015, 132. [CrossRef]
12. Al-Saygh, A.; Ponnamma, D.; AlMaadeed, M.A.A.; Poornima Vijayan, P.; Karim, A.; Hassan, M.K. Flexible pressure sensor

based on PVDF nanocomposites containing reduced graphene oxide-titania hybrid nanolayers. Polymers 2017, 9, 33. [CrossRef]
[PubMed]

13. Chen, D.; Wang, M.; Zhang, W.D.; Liu, T. Preparation and characterization of poly(vinylidene fluoride) nanocomposites containing
multiwalled carbon nanotubes. J. Appl. Polym. Sci. 2009, 113, 644–650. [CrossRef]

14. Mazhar, H.; Shehzad, F.; Hong, S.G.; Al-harthi, M.A. Degradation kinetics and thermomechanical properties of in-situ polymerized
layered double hydroxides-ethylene-propylene copolymer. J. Appl. Polym. Sci. 2022, 139, 52002. [CrossRef]

15. Kim, S.; Kavitha, D. Identification of pyrolysis reaction model of linear low density polyethylene (LLDPE). Chem. Lett. 2006,
35, 446–447. [CrossRef]

16. Thiyagu, C.; Manjubala, I.; Narendrakumar, U. Thermal and morphological study of graphene based polyurethane composites.
Mater. Today Proc. 2019, 45, 3982–3985. [CrossRef]

17. Charmi, J.; Nosrati, H.; Mostafavi Amjad, J.; Mohammadkhani, R.; Danafar, H. Polyethylene glycol (PEG) decorated graphene
oxide nanosheets for controlled release curcumin delivery. Heliyon 2019, 5, e01466. [CrossRef] [PubMed]

18. Roopaa, T.S.; Narasimha Murthy, H.N.; Praveen Kumar, V.V.; Krishna, M. Development and Characterization of PVDF Thin Films
for pressure sensors. Mater. Today Proc. 2018, 5, 21082–21090. [CrossRef]

19. Jung, K.C.; Chang, S.H. Performance evaluation of smart grid fabrics comprising carbon dry fabrics and PVDF ribbon sensors for
structural health monitoring. Compos. Part B Eng. 2019, 163, 690–701. [CrossRef]

20. Lopes, A.C.; Gutiérrez, J.; Barandiarán, J.M. Direct fabrication of a 3D-shape film of polyvinylidene fluoride (PVDF) in the
piezoelectric β-phase for sensor and actuator applications. Eur. Polym. J. 2018, 99, 111–116. [CrossRef]

21. Yin, Z.; Sun, S.; Salim, T.; Wu, S.; Huang, X.; He, Q.; Lam, Y.M.; Zhang, H. Organic photovoltaic devices using highly flexible
reduced graphene oxide films as transparent electrodes. ACS Nano 2010, 4, 5263–5268. [CrossRef] [PubMed]

22. Shi, W.; Zhu, J.; Sim, D.H.; Tay, Y.Y.; Lu, Z.; Zhang, X.; Sharma, Y.; Srinivasan, M.; Zhang, H.; Hng, H.H.; et al. Achieving high
specific charge capacitances in Fe3O 4/reduced graphene oxide nanocomposites. J. Mater. Chem. 2011, 21, 3422–3427. [CrossRef]

23. Zhu, J.; Zhu, T.; Zhou, X.; Zhang, Y.; Lou, X.W.; Chen, X.; Zhang, H.; Hng, H.H.; Yan, Q. Facile synthesis of metal oxide/reduced
graphene oxide hybrids with high lithium storage capacity and stable cyclability. Nanoscale 2011, 3, 1084–1089. [CrossRef]
[PubMed]

24. Ramanathan, T.; Abdala, A.A.; Stankovich, S.; Dikin, D.A.; Herrera-Alonso, M.; Piner, R.D.; Adamson, D.H.; Schniepp, H.C.;
Chen, X.; Ruoff, R.S.; et al. Functionalized graphene sheets for polymer nanocomposites. Nat. Nanotechnol. 2008, 3, 327–331.
[CrossRef]

http://doi.org/10.1016/j.memsci.2014.03.055
http://doi.org/10.3390/polym6071914
http://doi.org/10.1039/C4TA04910A
http://doi.org/10.1016/j.proeng.2012.08.707
http://doi.org/10.3390/polym13193235
http://www.ncbi.nlm.nih.gov/pubmed/34641051
http://doi.org/10.1016/j.polymertesting.2017.06.018
http://doi.org/10.1016/j.carbon.2021.10.064
http://doi.org/10.1109/TED.2019.2949583
http://doi.org/10.1016/j.jallcom.2021.161069
http://doi.org/10.1177/1045389X20966058
http://doi.org/10.1002/app.41577
http://doi.org/10.3390/polym9020033
http://www.ncbi.nlm.nih.gov/pubmed/30970716
http://doi.org/10.1002/app.29311
http://doi.org/10.1002/app.52002
http://doi.org/10.1246/cl.2006.446
http://doi.org/10.1016/j.matpr.2020.08.641
http://doi.org/10.1016/j.heliyon.2019.e01466
http://www.ncbi.nlm.nih.gov/pubmed/31011643
http://doi.org/10.1016/j.matpr.2018.06.503
http://doi.org/10.1016/j.compositesb.2019.01.050
http://doi.org/10.1016/j.eurpolymj.2017.12.009
http://doi.org/10.1021/nn1015874
http://www.ncbi.nlm.nih.gov/pubmed/20738121
http://doi.org/10.1039/c0jm03175e
http://doi.org/10.1039/C0NR00744G
http://www.ncbi.nlm.nih.gov/pubmed/21180729
http://doi.org/10.1038/nnano.2008.96


Nanomaterials 2022, 12, 2315 17 of 18

25. Sadeghi, F.; Sarvi, A.; Sundararaj, U. PVDF/carbonnanotubes/nanoclay composites for piezoelectric applications. Int. Polym.
Process. 2014, 29, 81–87. [CrossRef]

26. Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly sensitive pressure
sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef]

27. Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.K.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-like pressure and strain sensors
based on transparent elastic films of carbon nanotubes. Nat. Nanotechnol. 2011, 6, 788–792. [CrossRef]

28. Yao, H.-B.; Ge, J.; Wang, C.F.; Wang, X.; Hu, W.; Zheng, Z.J.; Ni, Y.; Yu, S.H. A flexible and highly pressure-sensitive graphene-
polyurethane sponge based on fractured microstructure design. Adv. Mater. 2013, 25, 6692–6698. [CrossRef]

29. Kim, K.K.; Hong, S.; Cho, H.M.; Lee, J.; Suh, Y.D.; Ham, J.; Ko, S.H. Highly Sensitive and Stretchable Multidimensional Strain
Sensor with Prestrained Anisotropic Metal Nanowire Percolation Networks. Nano Lett. 2015, 15, 5240–5247. [CrossRef]

30. Guo, H.; Liu, J.; Wang, Q.; Liu, M.; Du, C.; Li, B.; Feng, L. High thermal conductive poly(vinylidene fluoride)-based composites
with well-dispersed carbon nanotubes/graphene three-dimensional network structure via reduced interfacial thermal resistance.
Compos. Sci. Technol. 2019, 181, 107713. [CrossRef]

31. Thayumanavan, N.; Tambe, P.; Joshi, G.; Shukla, M. Effect of sodium alginate modification of graphene (by ‘anion-π’ type of
interaction) on the mechanical and thermal properties of polyvinyl alcohol (PVA) nanocomposites. Compos. Interfaces 2014,
21, 487–506. [CrossRef]

32. Shehzad, F.; Daud, M.; Al-Harthi, M.A. Synthesis, characterization and crystallization kinetics of nanocomposites prepared by in
situ polymerization of ethylene and graphene. J. Therm. Anal. Calorim. 2016, 123, 1501–1511. [CrossRef]

33. Jabbarzadeh, A. The Origins of Enhanced and Retarded Crystallization in Nanocomposite Polymers. Nanomaterials 2019, 9, 1472.
[CrossRef]

34. Cheng, S.; Chen, X.; Hsuan, Y.G.; Li, C.Y. Reduced Graphene Oxide-Induced Polyethylene Crystallization in Solution and
Nanocomposites. Macromolecules 2012, 45, 993–1000. [CrossRef]

35. Shehzad, F.; Al-Harthi, M.A. Graphite-LDH hybrid supported zirconocene for ethylene polymerization: Influence of the support
on the crystallization kinetics and thermal stability of polyethylene. Appl. Clay Sci. 2021, 202, 105947. [CrossRef]

36. Zhao, S.; Zhang, G.; Gao, Y.; Deng, L.; Li, J.; Sun, R.; Wong, C.P. Strain-driven and ultrasensitive resistive sensor/switch based on
conductive alginate/nitrogen-doped carbon-nanotube-supported Ag hybrid aerogels with pyramid design. ACS Appl. Mater.
Interfaces 2014, 6, 22823–22829. [CrossRef] [PubMed]

37. Park, J.W.; Jang, J. Fabrication of graphene/free-standing nanofibrillar PEDOT/P(VDF-HFP) hybrid device for wearable and
sensitive electronic skin application. Carbon 2016, 87, 275–281. [CrossRef]

38. Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C.Y.; Chee, K.J.; Lee, P.S. Highly stretchable piezoresistive graphene–nano
cellulose nano paper for strain sensors. Adv. Mater 2014, 26, 2022–2027. [CrossRef]

39. Wu, D.; Huang, S.; Xiao, Z.; Yu, L.; Wang, L.; Sun, D.; Lin, L. Poly (vinylidene fluoride) piezoelectric nanofibers fabricated by
non-uniform field electrospinning. Int. J. Nanomanuf. 2015, 11, 297–310. [CrossRef]

40. Stassi, S.; Cauda, V.; Canavese, G.; Pirri, C.F. Flexible tactile sensing based on piezoresistive composites: A review. Sensors 2014,
14, 5296–5332. [CrossRef]

41. El Achaby, M.; Arrakhiz, F.Z.; Vaudreuil, S.; Essassi, E.M.; Qaiss, A.; Bousmina, M. Preperation and chracteriztion of melt-blending
graphene nanosheets-PVDF nanocomposites with enhanced properties. J. Appl. Polym. Sci. 2013, 127, 4697–4707. [CrossRef]

42. Her, S.C.; Lin, K.Y. Dynamic mechanical analysis of carbon nanotube-reinforced nanocomposites. J. Appl. Biomater. Funct. Mater.
2017, 15, S13–S18. [CrossRef] [PubMed]

43. Bhawal, P.; Ganguly, S.; Chaki, T.K.; Das, N.C. Synthesis and characterization of graphene oxide filled ethylene methyl acrylate
hybrid nanocomposites. RSC Adv. 2016, 6, 20781–20790. [CrossRef]

44. Bhandari, S.; Rahaman, M. Thermal properties of polymer-graphene composites. In Polymer Nanocomposites Containing Graphene;
Elsevier: Amsterdam, The Netherlands, 2022; pp. 163–181.

45. Jyoti, J.; Babal, A.S.; Sharma, S.; Dhakate, S.R.; Singh, B.P. Significant improvement in static and dynamic mechanical properties of
graphene oxide–carbon nanotube acrylonitrile butadiene styrene hybrid composites. J. Mater. Sci. 2018, 53, 2520–2536. [CrossRef]

46. Tang, L.-C.; Wan, Y.-J.; Yan, D.; Pei, Y.-B.; Zhao, L.; Li, Y.-B.; Wu, L.-B.; Jiang, J.-X.; Lai, G.-Q. The effect of graphene dispersion on
the mechanical properties of graphene/epoxy composites. Carbon 2013, 60, 16–27. [CrossRef]

47. Monti, M.; Rallini, M.; Puglia, D.; Peponi, L.; Torre, L.; Kenny, J.M. Morphology and electrical properties of graphene-epoxy
nanocomposites obtained by different solvent assisted processing methods. Compos. Part A Appl. Sci. Manuf. 2013, 46, 166–172.
[CrossRef]

48. Wang, J.; Jin, Y.; Wang, C.; Wang, Y.; Han, Z. Electrical conductivity, dielectric permittivity and dynamic mechanical properties of
graphene/epoxy nanocomposites. Dig. J. Nanomater. Biostruct. 2018, 13, 959–967.

49. Elimat, Z.M. AC-impedance and dielectric properties of hybrid polymer composites. J. Compos. Mater. 2015, 49, 3–15. [CrossRef]
50. Kara, O.A.M.A.H. In chineses. Pap. Knowl. Towar. Media Hist. Doc. 2014, 7, 107–115.
51. Lv, R.; Ren, Y.; Guo, H.; Bai, S. Recent progress on thermal conductivity of graphene filled epoxy composites. Nano Mater. Sci.

2021, in press. [CrossRef]
52. Li, A.; Zhang, C.; Zhang, Y.-F. Thermal Conductivity of Graphene-Polymer Composites: Mechanisms, Properties, and Applications.

Polymers 2017, 9, 437. [CrossRef] [PubMed]

http://doi.org/10.3139/217.2814
http://doi.org/10.1038/ncomms4132
http://doi.org/10.1038/nnano.2011.184
http://doi.org/10.1002/adma.201303041
http://doi.org/10.1021/acs.nanolett.5b01505
http://doi.org/10.1016/j.compscitech.2019.107713
http://doi.org/10.1080/15685543.2014.879512
http://doi.org/10.1007/s10973-015-5087-x
http://doi.org/10.3390/nano9101472
http://doi.org/10.1021/ma2021453
http://doi.org/10.1016/j.clay.2020.105947
http://doi.org/10.1021/am5069936
http://www.ncbi.nlm.nih.gov/pubmed/25423613
http://doi.org/10.1016/j.carbon.2015.02.039
http://doi.org/10.1002/adma.201304742
http://doi.org/10.1504/IJNM.2015.075239
http://doi.org/10.3390/s140305296
http://doi.org/10.1002/app.38081
http://doi.org/10.5301/jabfm.5000351
http://www.ncbi.nlm.nih.gov/pubmed/28525676
http://doi.org/10.1039/C5RA24914G
http://doi.org/10.1007/s10853-017-1592-6
http://doi.org/10.1016/j.carbon.2013.03.050
http://doi.org/10.1016/j.compositesa.2012.11.005
http://doi.org/10.1177/0021998313514256
http://doi.org/10.1016/j.nanoms.2021.06.001
http://doi.org/10.3390/polym9090437
http://www.ncbi.nlm.nih.gov/pubmed/30965752


Nanomaterials 2022, 12, 2315 18 of 18

53. Xia, J.; Qin, Y.; Wei, X.; Li, L.; Li, M.; Kong, X.; Xiong, S.; Cai, T.; Dai, W.; Lin, C.-T.; et al. Enhanced Thermal Conductivity of
Polymer Composite by Adding Fishbone-like Silicon Carbide. Nanomaterials 2021, 11, 2891. [CrossRef] [PubMed]

54. Layek, R.K.; Nandi, A.K. Physical and mechanical properties of Poly(methyl methacrylate) functionalized graphene/PVDF
nanocomposites: Piezoelectric B polymorph formation. Polymer 2010, 51, 5846. [CrossRef]

55. Chen, K.; Susner, M.A.; Vyazovkin, S. Effect of the brush structure on the degradation mechanism of polystyrene-clay nanocom-
posites. Macromol. Rapid Commun. 2005, 26, 690–695. [CrossRef]

56. Chen, K.; Wilkie, C.A.; Vyazovkin, S. Nanoconfinement revealed in degradation and relaxation studies of two structurally
different polystyrene-clay systems. J. Phys. Chem. B 2007, 111, 12685–12692. [CrossRef]

57. Zhang, F.; Li, Q.; Liu, Y.; Zhang, S.; Wu, C.; Guo, W. Improved thermal conductivity of polycarbonate composites filled with
hybrid exfoliated graphite/multi-walled carbon nanotube fillers. J. Therm. Anal. Calorim. 2016, 123, 431–437. [CrossRef]

58. Yu, J.; Huang, X.; Wu, C.; Jiang, P. Permittivity, thermal conductivity and thermal stability of poly(vinylidene fluoride)/graphene
nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2011, 18, 478–484. [CrossRef]

59. Patnaik, A.; Abdula, M.; Biswas, S.; Satapathy, A. Thermal conductivity of particulate filled polymer composites. J. Appl. Polym.
Sci. 2003, 17, 3819–3820.

60. Weber, E.; Clingerman, M.; King, J. Thermally conductive nylon 6,6 and polycarbonate-based resins. I. Synergistic effects of
carbon fillers. J. Appl. Polym. Sci. 2003, 88, 112–122. [CrossRef]

61. Keblinski, P.; Phillpot, S.R.; Choi, S.U.S.; Eastman, J.A. Mechanics of heat flow in suspensions of nano-sized particles (nanofluids).
Int. J. Heat Mass Transf. 2002, 45, 855–863. [CrossRef]

62. Jang, J.W.; Min, B.G.; Yeum, J.H.; Jeong, Y.G. Structures and physical properties of graphene/PVDF nanocomposite films prepared
by solution-mixing and melt-compression. Fibers Polym. 2013, 14, 1332–1338. [CrossRef]

63. Indolia, A.P.; Gaur, M.S. Investigation of structural and thermal characteristics of PVDF/ZnO nanocomposites. J. Therm. Anal.
Calorim. 2013, 113, 821–830. [CrossRef]

64. Huang, E.-Q.; Zhao, J.; Zha, J.-W.; Zhang, L.; Liao, R.-J.; Dang, Z.-M. Preparation and wide-frequency dielectric properties of
(Ba0.5Sr0.4Ca0.1)TiO3/poly(vinylidene fluoride) composites. J. Appl. Phys. 2014, 115, 194102. [CrossRef]

65. Bormashenko, Y.; Pogreb, R.; Stanevsky, O.; Bormashenko, E. Vibrational spectrum of PVDF and its interpretation. Polym. Test.
2004, 23, 791–796. [CrossRef]

66. Gregorio, R., Jr.; Capitao, R.C. Morphology and phase transformation of high melt temperature crystalized PVDF. J. Mater. Sci.
2000, 35, 299–306. [CrossRef]

67. Salimi, A.; Yousefi, A.A. FTIR studies of β-phase crystal formation in stretched PVDF films. Polym. Test. 2003, 22, 699–704.
[CrossRef]

68. Boccaccio, T.; Bottino, A.; Capannelli, G.; Piaggio, P. Characterization of PVDF membranes by vibrational spectroscopy. J. Membr.
Sci. 2002, 210, 315–329. [CrossRef]

69. Li, J.C.; Wang, C.L.; Zhong, W.L.; Zhang, P.L.; Wang, Q.H.; Webb, J.F. Vibrational mode analysis of β-phase poly(vinylidene
fluoride). Appl. Phys. Lett. 2002, 81, 2223–2225. [CrossRef]

70. Wang, C.L.; Li, J.C.; Zhong, W.L.; Zhang, P.L.; Wang, Q.H. IR vibrational modes of PVDF chains. Synth. Met. 2003,
135–136, 469–470. [CrossRef]

71. Ma, W.; Zhang, J.; Wang, X. Effect of Initial Polymer Concentration on the Crystallization of Poly (Vinylidene Fluoride)/Poly
(Methyl Methacrylate) Blend from Solution Casting. J. Macromol. Sci. Part B 2007, 47, 139–149. [CrossRef]

72. Crist, B.; Schultz, J.M. Polymer spherulites: A critical review. Prog. Polym. Sci. 2016, 56, 1–63. [CrossRef]

http://doi.org/10.3390/nano11112891
http://www.ncbi.nlm.nih.gov/pubmed/34835656
http://doi.org/10.1016/j.polymer.2010.09.067
http://doi.org/10.1002/marc.200500043
http://doi.org/10.1021/jp0759168
http://doi.org/10.1007/s10973-015-4903-7
http://doi.org/10.1109/TDEI.2011.5739452
http://doi.org/10.1002/app.11571
http://doi.org/10.1016/S0017-9310(01)00175-2
http://doi.org/10.1007/s12221-013-1332-8
http://doi.org/10.1007/s10973-012-2834-0
http://doi.org/10.1063/1.4876748
http://doi.org/10.1016/j.polymertesting.2004.04.001
http://doi.org/10.1023/A:1004737000016
http://doi.org/10.1016/S0142-9418(03)00003-5
http://doi.org/10.1016/S0376-7388(02)00407-6
http://doi.org/10.1063/1.1507356
http://doi.org/10.1016/S0379-6779(02)00693-8
http://doi.org/10.1080/00222340701746127
http://doi.org/10.1016/j.progpolymsci.2015.11.006

	Introduction 
	Materials 
	Experimental Section 
	Fabrication of PVDF-GR Nanocomposites 
	Solution Casting PVDF 
	Melt Blending 

	Characterization 
	Thermogravimetric Analysis (TGA) 
	Differential Scanning Calorimetry (DSC) 
	DMA 
	Thermal Conductivity 

	Results and Discussion 
	Conclusions 
	References

