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ABSTRACT  

PVDF polymer is known for its lightweight, superior mechanical qualities, resistance to chemicals and electricity, and 
processability. PVDF-based energy harvesting systems can withstand greater vibration due to their excellent chain flexibility. 
This study aims to create thin films with high β phase content using DMSO, an organic solvent with a higher polarity index 
and dipole moment than DMF. Raman and FTIR spectroscopy are used to measure the material and describe dielectric 
characteristics at different temperatures and frequencies. The study aims to optimize the annealing temperature to achieve 
the maximum β-phase content, which was found to be 100°C. Polarization-Electric field (P-E) curves are characterized using 

a Sawyer-Tower circuit, determining key ferroelectric parameters like remnant polarization and saturation polarization. The 
study found that the remnant polarization value was maximum for the sample with the maximum β content (annealed at 

100°C)  
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INTRODUCTION  

Since the discovery of piezoelectricity in poly(vinylidene fluoride) (PVDF), there has been a strong focus on processing the 
semi-crystalline polymer and at least five distinct polymorphs, a, b, g, and d. Processing parameters, such as mechanical, 
thermal, electrical, and chemical treatments, affect the final properties of PVDF, including electroactivity, dielectric and 
mechanical properties, antifouling behavior, and cellular behavior. FTIR has been widely used in characterizing PVDF, but 
reports in existing literature often have conflicting characterization results, especially in the electroactive b and g phases. 

Two main reasons for this divergence are that many  directly assigned the FTIR bands at around 840 and 510 cm to the b 
and g phases without providing sufficient evidence. This work analyzes the  FTIR vibrational bands of PVDF materials 
fabricated by different processes with detailed XRD (X-ray diffraction) characterization to identify the structural a, b, and g 

phases [1-3]. 

By examining the results in this work and extensively reviewing published research reports in the literature, a universal phase 

identification procedure using only the FTIR results is proposed and validated. This procedure can differentiate the three 
phases by checking the bands around 763 and/or 614, 1275, and 1234 cm for the a, b, and g phases, respectively. The rule 
for assignment of the 840* and 510* cm bands is provided for the first time and an integrated quantification methodology 

for individual b and g phase in mixed systems is also demonstrated [4]. 

The procedure for the identification of a, b, and g phases using the FTIR vibrational spectrum is proposed and demonstrated 
with an integrated quantification methodology for individual b and g phase for PVDF materials made of various a, b, and g 
phase compositions. Both FTIR and XRD data have been utilized to validate and identify the phases of various PVDF 
polymeric systems. Secondary crystallization as a source of structural evolution has been extensively investigated on various 
polymers, including ethylene/octene copolymers, PEEK, and polycarbonate. These secondary crystals are small clusters of 
organized neighbouring chain segments forming bundle-like or fringed-micellar structures with virtually no or few re-entry 

foldings. The kinetics governing this secondary crystallization differ from those relative to primary crystallization, with an , 
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important aspect being the progressive increase in conformational constraints within the residual amorphous fraction due to 

a crosslinking-like effect. This conformational entropy reduction leads to an increase in the melting point of the secondary 

crystals with aging time [5-7]. 

This paper focusses on fabricating the PVDF thin films with high content of β phase by using the organic solvent DMSO 

having high polarity index (7.2) and high dipole moment (4.1) compared with DMF (6.4 and 3.86) 

 

2.Materials and Methods 
Initially, polyvinylidene fluoride (PVDF) is dissolved in dimethyl sulfoxide (DMSO), a solvent with a high dipole moment, 
to form a homogeneous solution. This solution is then subjected to magnetic stirring, typically at elevated temperatures, to 
ensure complete dissolution and uniform mixing. Once the solution is adequately prepared, it is cast onto clean glass 

substrates using a cube applicator to form thin films of uniform thickness. The cast films are then dried to remove any residual 
solvent, resulting in solid PVDF thin films with an approximate thickness of 30 μm. These films are subsequently annealed 
in a hot air oven at various temperatures 80°C, 100°C, 120°C, 140°C, and 160°C for a duration of 16 hours. The annealing 
process plays a critical role in influencing the crystalline phase composition of the PVDF films, particularly in promoting 
the formation of the electroactive β-phase, which is essential for enhancing the piezoelectric and dielectric properties of the 

material. After annealing, the prepared samples are ready for further structural and electrical characterization , 

3.Result and Discussion  

3.1 Xrd Analysis 

The X-ray diffraction (XRD) analysis in the study was conducted to observe the crystallinity and phase evolution of PVDF 
(polyvinylidene fluoride) thin films annealed at different temperatures: 80°C, 100°C, 120°C, 140°C, and 160°C are 18.79nm, 
19.03nm, 19.67nm, 20.6 and 21.3nm respectively Shown from fig 1-5. The main outcome of the XRD measurements was 
the calculation of crystallite size at these annealing temperatures, which showed a progressive increase. It indicates that 

increasing annealing temperature enhances crystallite growth in PVDF films, likely contributing to changes in phase 
composition and crystallinity. However, the optimal β-phase formation crucial for piezoelectric applications peaked at 

100°C, as verified through complementary FTIR and Raman analysis [8]. 

 

 

Figure 1 Shows the XRD peak of 80C 
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Figure 2Shows the XRD peak of 100C 

 

 

 

Figure 3Shows the XRD peak of 120C 
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Figure 4Shows the XRD peak of 140C 

 

Figure 5Shows the XRD peak of 160C 

 

FT-IR Analysis 

The study presents FTIR absorbance spectra of PVDF powder and films annealed at various temperatures, revealing varying 
peak intensities and positions. The spectra qualitatively quantified the α, β, and γ phases by comparing relative peak 
intensities. The β-phase peaks were most intense at 100°C, indicating maximum β-phase content. Other annealing 
temperatures showed weaker β peaks or increased α and γ signatures, suggesting partial transformation or loss of the β -phase. 
FTIR confirmed that 100°C is the optimal annealing temperature for β-phase enrichment, aligning with Raman and dielectric 

results. This spectroscopy was central to confirming that annealing PVDF at 100°C optimizes the formation of the 

electroactive β-phase, critical for high-performance applications like sensors and energy harvesters [9,10]. 

 Phase percentage of α, β and γ phases were evaluated from the characteristics absorption peaks of the FTIR spectra.  
A maximum β phase percentage of 89% was attained for the PVDF thin film annealed at 100 o C. FT-IR spectra is shown in 

fig.6 and the fraction value is mentioned in table.1 
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Figure 6 FT-IR Spectra of Different annealing temperatures. 

 

Table:1 Shows the Fraction of β Value. 

 

3.3 Raman Analysis 

Raman studies were conducted to identify and quantify crystalline phases in PVDF thin films, evaluate the effect of annealing 
temperature on the formation of the electroactive β-phase, and support findings from FTIR analysis. The Raman spectra 
showed in fig.7 has distinct vibrational peaks corresponding to different crystalline phases of PVDF, with the β -phase, which 
is highly polar and piezoelectrically active, showing strong Raman signals at specific characteristic wavenumbers. The 
intensity of β-phase peaks was maximized at 100°C, confirming this as the optimal annealing temperature for promoting β-

phase formation [11,12]. The quantified the relative phase content using characteristic Raman peaks for α, β, and γ phases. 
Raman analysis confirmed that 100°C treatment yielded the highest β-phase content, aligning with FTIR results and dielectric 
property trends. This dual confirmation strengthens the conclusion that annealing at 100°C maximizes functional properties 
in PVDF films. The Raman spectroscopy studies played a critical role in validating structural phase transformation with 
thermal treatment, identifying the ideal annealing temperature, and supporting the broader conclusion that solvent dipole 

moment and thermal history significantly affect PVDF's functional performance. 
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Figure 7 Shows the Raman Spectra of different annealing temperatures  

3.4 Dielectric Studies 

Dielectric permittivity measures a material's ability to store electrical energy in an electric field. The maximum dielectric  

permittivity (13.3) occurred for the sample annealed at 100°C, which had the highest β -phase content in shown in fig.8. The 
formation of the polar β-phase is enhanced at moderate annealing temperatures, resulting in increased dielectric constant. At 
higher temperatures, there may be transformation into less polar phases or degradation of crystalline order, thereby reducing 

permittivity [13]. 

Dielectric loss quantifies energy dissipation as heat in a dielectric material under an alternating electric field. The lowes t tanδ 
values were observed at 140°C (0.02299) and 160°C (0.02295), is tabulated in 2 correlating with low β -phase content and 
dielectric permittivity is shown in fig.9. Annealing at 100°C produces an optimal structure with enhanced polarization 
response and manageable energy dissipation. Excessive annealing may reduce both dielectric response and energy storage 

efficiency due to phase changes or thermal degradation [14]. 

 

 

Figure 8 Shows the dielectric permittivity of different temperatures  
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Figure 9 Shows the dielectric loss of different temperature  

3.5 Magnetic Studies 

The fabricating thin films of PVDF with a high content of the β-phase, the most polar and piezoelectrically active crystalline 

phase of PVDF. It optimize the annealing temperature to achieve the maximum β-phase content, which is found to be 100°C. 
This optimization is crucial as the piezoelectric response in PVDF is directly related to the amount of β -phase present. 
Polarization-Electric field (P-E) shown in fig.10-15 curves were characterized using a Sawyer-Tower circuit, determining 
key ferroelectric parameters like remnant polarization and saturation polarization. The study found that the maximum 
remnant polarization value (0.304 μC/cm²) was found for the sample with the maximum β content (annealed at 100°C) shown 
at fig.15 and values were denoted in table.2. P-E loop analysis also provides evidence of the switchable polarization in the 

material, a hallmark of ferroelectricity, a prerequisite for piezoelectricity in polymers like PVDF. The results suggest 

optimized conditions for piezoelectric performance. 

 

Figure 10Shows the P-E loop of 80C 
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Figure 11Shows the P-E loop of 100C 

 

 

 

Figure 12Shows the P-E loop of 120C 
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Figure 13Shows the P-E loop of 140C 

 

Figure 14Shows the P-E loop of 160C 
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Figure 15 Shows the P-E loop of 100C at different voltage 

Table: 2 Shows the Value of dielectric permittivity, dielectric loss and remnant polarisation and saturation 

polarisation. 

Sample 
Dielectric 

permittivity 

Dielectric 

loss(tanδ) 

Remnant 

Polarisation (Pr) 

(μC/cm2) 

Saturation  

Polarisation (Ps) 

(μC/cm2) 

80 C 10.7 0.03019 0.169 3.12 

100 C 13.3 0.05524 0.304 3.66 

120 C 11.5 0.10381 0.242 4.07 

140 C 9.2 0.02299 0.147 2.21 

160 C 8.9 0.02295 0.110 2.19 

 

4.CONCLUSION 

PVDF thin films of thickness 30 μm were fabricated and annealed at different temperatures. The annealing temperature for 
achieving the maximum β-phase content was optimized at 100°C. The α, β, and γ phases in all the PVDF thin films were 
quantified using FTIR and Raman spectroscopy. The dielectric permittivity reached its maximum value of 13.3 for the sample 
with the highest β-phase content. Additionally, the remnant polarization peaked at 0.304 μC/cm² for this same sample, 
confirming that 100°C is the ideal annealing temperature to enhance the piezoelectric and dielectric properties of PVDF 

films. 

REFERENCES 

[1] Vijayakumar, V. N., Das, T., Musgrave, C., Jaramillo-Botero, A., Goddard, W. A., & Bedoui, F. (2025). New 

Quantum Mechanics Based Force Field for Describing Dynamics and Piezoelectric Properties for Various Phases 
of Poly(vinylidene) Fluoride Polymer. The Journal of Physical Chemistry C. 



B. Robert Bruce, B. Xavier Innocent, Ezhilmozhil Sophia  

pg. 974 
 
 

Journal of Neonatal Surgery | Year: 2025 | Volume: 14| Issue 6s 
 

https://doi.org/10.1021/acs.jpcc.5c00409 

[2] Xu, M., Yang, S., Guo, C., DuBois, D., Chen, S., & Meng, F. (2025). Bubble-Triggered piezocatalytic 
generation of hydrogen peroxide by Copper Nanosheets-Modified polyvinylidene fluoride films for organic 
pollutant degradation and water disinfection. Water Research, 123865. 

https://doi.org/10.1016/j.watres.2025.123865 

[3] Yuennan, J., Muensit, N., Tohluebaji, N. et al. Tailoring dielectric properties and crystallinity in 
poly(vinylidene fluoride-co-hexafluoropropylene) nanocomposites via iron (III) chloride hexahydrate 

incorporation. Sci Rep 15, 17810 (2025). https://doi.org/10.1038/s41598-025-02895-y 

[4] Cai, X., Lei, T., Sun, D., & Lin, L. (2017). A critical analysis of the α, β and γ phases in poly(vinylidene 

fluoride) using FTIR. RSC Advances, 7(25), 15382–15389. https://doi.org/10.1039/c7ra01267e 

[5] Kelly, C.A., Jenkins, M.J. Modeling the crystallization kinetics of polymers displaying high levels of 

secondary crystallization. Polym J 54, 249–257 (2022). https://doi.org/10.1038/s41428-021-00581-0 

[6] Righetti, M. (2017). Crystallization of polymers investigated by Temperature -Modulated DSC. Materials, 

10(4), 442. https://doi.org/10.3390/ma10040442 

[7] Neidhöfer, M., Beaume, F., Ibos, L., Bernès, A., & Lacabanne, C. (2004). Structural evolution of PVDF during 

storage or annealing. Polymer, 45(5), 1679–1688. https://doi.org/10.1016/j.polymer.2003.12.066 

[8] Hassanzadeh-Tabrizi, S. (2023). Precise calculation of crystallite size of nanomaterials: A review. Journal of 

Alloys and Compounds, 968, 171914. https://doi.org/10.1016/j.jallcom.2023.171914  

[9] Tiwari, V., Srivastava, G. Effect of thermal processing conditions on the structure and dielectric properties of 

PVDF films. J Polym Res 21, 587 (2014). https://doi.org/10.1007/s10965 -014-0587-0 

[10] Dong, Hao & Xiao, Kaijun & Tang, Xu & Zhang, Zhihui & Dai, Jiali & Long, Ranran & Liao, Wei. (2014). 
Preparation and characterization of polyurethane (PU)/polyvinylidene fluoride (PVDF) blending membrane. 

Desalination and Water Treatment. 57. 1-9. 10.1080/19443994.2014.988659. 

[11] Colomban, P., & Slodczyk, A. (2009). Raman intensity: An important tool to study the structure and phase 
transitions of amorphous/crystalline materials. Optical Materials, 31(12), 1759 –1763. 

https://doi.org/10.1016/j.optmat.2008.12.030 

[12] Srivastava, S.K., Kushwaha, P.K. (2024). Polarized Raman Spectroscopy. In: Singh, D.K., Kumar Mishra, 
A., Materny, A. (eds) Raman Spectroscopy. Springer Series in Optical Sciences, vol 248. Springer, Singapore. 

https://doi.org/10.1007/978-981-97-1703-3_5 

[13] Divya, S., & Hemalatha, J. (2017). Study on the enhancement of ferroelectric β phase in P(VDF-HFP) films 
under heating and poling conditions. European Polymer Journal, 88, 136–147. 

https://doi.org/10.1016/j.eurpolymj.2017.01.016 

[14] Ni, P., Chen, B., & Wei, X. (2022). Effects of annealing temperatures on energy storage performance of sol -
gel derived (Ba0.95, Sr0.05) (Zr0.2, Ti0.8) O3 thin films. Ceramics International, 48(13), 18884 –18890. 

https://doi.org/10.1016/j.ceramint.2022.03.167 

[15] Li, X., Wang, Y., He, T. et al. Preparation of PVDF flexible piezoelectric film with high β -phase content by 
matching solvent dipole moment and crystallization temperature. J Mater Sci: Mater Electron 30, 20174 –20180 

(2019). https://doi.org/10.1007/s10854-019-02400-y 

[16] Roopaa, T., Murthy, H. N., Kumar, V. P., & Krishna, M. (2018). Development and Characterization of PVDF 
Thin Films for pressure sensors. Materials Today Proceedings, 5(10), 21082–21090. 

https://doi.org/10.1016/j.matpr.2018.06.503. 

 

 


