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Background: Polyvinylidene fluoride (PVDF) is widely utilized in 

electronic devices due to its piezoelectric properties, which can be enhanced 

through the incorporation of barium titanate (BT). However, the impact of 

various fabrication methods on the crystallinity and beta-phase content of 

PVDF/BT nanocomposites remains underexplored. Specific Background: 

Different manufacturing techniques, including 3D printing, electrospinning, 

solvent casting, and compression molding, influence the structural and 

functional properties of PVDF/BT composites. The crystallinity and beta-

phase content of PVDF are critical for optimizing the dielectric and 

piezoelectric performance of these materials. Knowledge Gap: There is a 

lack of comprehensive studies comparing the effects of these fabrication 

techniques on the crystallinity and beta-phase enhancement of PVDF/BT 

composites, particularly concerning their dielectric, piezoelectric, and 

mechanical properties. Aims: This study aimed to investigate the impact of 

integrating BT into PVDF using various fabrication methods on the 

crystallinity and beta-phase formation. The goal was to determine how these 

modifications influence the material’s structural characteristics and, 

consequently, its electronic properties. Results: X-ray Diffraction (XRD) 

and Fourier-Transform Infrared Spectroscopy (FTIR) analyses revealed that 

3D printing and electrospinning methods significantly enhanced the beta-

phase content and crystallinity of PVDF/BT composites compared to solvent 

casting and compression molding. Scanning Electron Microscopy (SEM) 

confirmed improved morphological features in the PVDF matrix with these 

techniques. Novelty: This study provides new insights into how different 

fabrication methods can optimize the crystallinity and beta-phase of 

PVDF/BT nanocomposites, which are crucial for enhancing piezoelectric 

performance. Implications: The findings suggest that 3D printing and 

electrospinning are superior to traditional methods for fabricating PVDF/BT 

composites with enhanced piezoelectric properties. These results can guide 

the development of more efficient electronic devices by selecting 

appropriate fabrication techniques to achieve desired material properties. 

 

This is an open-acces article under the CC-BY 4.0 license. 
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INTRODUCTION 

Polyvinylidene fluoride (PVDF) is a versatile polymer that has gained significant 

attention in materials science and technology due to its unique combination of 

piezoelectricity, chemical stability, and mechanical robustness. PVDF has high dielectric 

constant and good electroactive make it suitable for advanced sensing and energy storage 

systems [1]. Recent advancements in PVDF-based nanocomposites include the 

introduction of barium titanate nanostructures to enhance the piezoelectric performance 

and high-capacitance dielectric materials for capacitor applications [2,3]. These 

nanocomposites have been prepared using various methods such as solution-cast method 

[4], hot-press blending, non-isothermal crystallization, coating, and annealing [5]. The 

addition of BT in the PVDF matrix has been found to alter the crystallinity and 

morphology of the PVDF polymorphs [6]. The addition of BT nanoparticles to PVDF 

enhances the dielectric and ferroelectric properties of the nanocomposites, resulting in 

improved energy density and polarization [7]. The crystallization of PVDF is influenced 

by factors such as molecular order, diffusion coefficient, crystal growth rate, and external 

deformation. The molecular weight of the amorphous component in PVDF blends affects 

the diffusion coefficient and crystal growth rate of the crystalline component [8-11]. 

Several researchers investigated the shapes of various nanofillers and their effects on 

PVDF crystallization exclusively in the alpha phase and the β-phase [12-16]. Lin et al. 

achieved a notable 90.2% β-phase crystal structure in PVDF composite films with 

BaTiO3 and MWCNT, attributing the success to their combined impact. [17]. Caifeng et 

al. detailed the fabrication of electroactive PVDF thin films through a 3D printing process, 

optimizing parameters to enhance β-phase and crystallinity. [18].  The primary objective 

of this study is to offer mechanistic insights into the intricate processes of nucleation and 

growth. It focuses on improving crystallization in polyvinyl fluoride by adding barium 

titanate, considering specific factors during manufacturing. Furthermore, the research 

includes selecting an optimal manufacturing method for the composite material to 

enhance crystallization and, consequently, improve piezoelectric applications. 

 

METHODS 

The study highlights the crucial role of the synthesis method in determining the 

crystalline properties of barium titanate, emphasizing its malleability. Various synthesis 

approaches introduce variations in crystal structure, grain size, and defects, collectively 

influencing the overall crystallinity of material.  
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2.1. Solid-State Reaction 

Barium titanate powder synthesis involved a 1:1 ratio of barium carbonate (99% 

purity) and titanium dioxide (99.9% purity). Equimolar BaCO3 and TiO2 powders were 

mixed in acetone, dried at 60°C, and calcined at 900°C for 3 hours. The resulting powder 

underwent low-temperature solid-state synthesis with added BaTiO3 seeds to enhance 

crystallinity [19]. 

2.2. Sol-Gel Method 

Barium titanate was synthesized via the sol-gel method using barium acetate and 

titanium tetra iso-propoxide. The components were dissolved separately in 2-methoxy 

ethanol, combined, and stirred to form a sol. The sol was exposed to an infrared lamp, 

resulting in a gel dried at 80°C and annealed at 650°C for 2 hours to produce barium 

titanate powder [20]. 

2.3. Hydrothermal Synthesis 

BaTiO3 was synthesized through a precipitation-aging method with BaCl2 2H2O, 

TiCl4 solution, and NaOH. Adjusting slurry volume with deionized water or ethylene 

glycol, hydrothermal treatment produced tetragonal BaTiO3 rods with 10 vol% EG [21]. 

2.4. Mechanochemical Synthesis 

A uniform BaTiO3 structure was achieved through mechanochemical processing 

in a high-energy planetary ball mill. The oxides underwent initial heat treatment, followed 

by milling for 1.5 hours at room temperature [22,23]. 

2.5. Microwave-Assisted Synthesis 

Tetragonal-phase BaTiO3 powders were synthesized using microwave sintering 

at 850°C. BaCO3, TiO2, and alanine served as raw materials, with Sic microspheres 

acting as microwave conductors to facilitate uniform heating and reduce calcination 

temperature [24]. 

Table 1 presents a comparative analysis of how different synthesis methods 

impact the crystalline structure of barium titanate, revealing insights into homogeneous 

crystal growth, enhanced size, irregular morphology, rapid crystallization, and 

homogeneous crystal growth induced by various manufacturing techniques. 
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Table 1: Effect of Various synthesis Methods on the Crystalline Structure of Barium 

Titanate 

No. synthesis 

Method 

Effect on Structure Ref. 

1.  Sol-Gel Method Achieves a homogeneous crystalline structure [25] 

2.  Hydrothermal 

Synthesis 

Enhances crystal size & Yields a high degree 

of crystallinity 

[26,27] 

3.  Solid-State 

Reaction 

Results in irregular crystalline morphology [28] 

4.  Microwave-

Assisted 

Induces a rapid crystallization process [29] 

5.  mechanochemical 

Synthesis 

Promotes homogeneous crystal growth [30] 

3. Preparation of PVDF/Barium Titanate Nanocomposites 

Diverse approaches are employed in the preparation of PVDF/Barium Titanate 

(PVDF/BT) nanocomposites, each offering distinct advantages and implications for the 

resulting structural characteristics. Prominent techniques include solution blending, melt 

mixing, and in situ polymerization. 

 

Table 2: Effect of Synthesis Methods on Structural Properties of PVDF Nanocomposites 

Synthesis Method Influence on Structural Properties Ref. 

Solution Blending Better dispersion and compatibility due to the 

dissolution process, resulting in improved interfacial 

interaction. 

[31] 

Melt Mixing Simplicity, but may lead to uneven distribution and 

agglomeration, affecting overall homogeneity. 

[32] 

In situ-

Polymerization 

Precise control over nanocomposite structure, 

influencing crystallinity, particle size, and 

morphology. Potential to enhance piezoelectricity and 

mechanical strength 

[33,34] 

 

4. Fabrication of PVDF/Barium Titanate Nanocomposites 

Various fabrication methods, including 3D printing, electrospinning, compression 

molding, and solvent casting, significantly influence the crystalline and phase properties 

of PVDF nanocomposites. These methods, such as 3D printing, provide precise spatial 

control for intricate designs but have constraints in material selection and potential 

degradation. Electrospinning enhances mechanical and electrical properties through 

nanofiber production but faces challenges in scalability and versatility. Compression 

molding ensures efficient production and consistent properties for large-scale 

applications, although it has limitations in part complexity and higher equipment costs. 
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Solvent casting, cost-effective and versatile, presents challenges like limited spatial 

control, material degradation, and optimization difficulties, especially in achieving 

uniformity in crystalline and phase characteristics in PVDF and its nanocomposites [35-

38]. 

5. Characterization for the identification of crystallinity 

X-ray Diffraction (XRD) analysis serves as a potent tool for examining the 

crystalline structures of Polyvinylidene fluoride (PVDF)/Barium Titanate (BT) 

nanocomposites. It provides valuable insights into the influence of BT concentrations on 

crystallinity, crystallographic structures, and phase transitions within the composite 

material. Fourier-Transform Infrared Spectroscopy (FTIR) is a powerful technique for 

unraveling molecular interactions in PVDF/BT nanocomposites, particularly at their 

interface. SEM plays a crucial role in characterizing nanocomposites across various 

fabrication processes, offering detailed morphological information and surface 

topography analysis indispensable for assessing quality and properties. Additionally, 

DSC analysis contributes to understanding crystallization growth. 

 

RESULT AND DISSCUSION 

6.1. X-ray Diffraction (XRD) Analysis 

Table 3 aims to provide a concise overview of fabrication methods and their 

impact on crystallinity in materials. It summarizes key findings regarding the relationship 

between fabrication methods and crystallinity in XRD analysis across different studies. 

The examined fabrication methods include Compression Molding, 3D Printing, and 

Electrospinning, with each study emphasizing specific effects on crystallinity.  

 

Table 3: Summary of XRD Analyses in PVDF/BT Nanocomposites 

Study Fabrication 

Method 

Crystallinity in XRD Analysis Effect 

Brunengo et al. 

(2018) [39] 

Compression 

Molding 

1) Increased crystallinity under pressure and 

temperature. 

2) Possible crystalline orientation along the molding axis. 

3) Enhanced compatibility between PVDF and Barium 

titanate. 

Song et al. 

(2021)[40] 

3D printing 1) Layered structure may cause varied crystallinity along 

layers. 

2) Peak broadening due to potential amorphous phases. 

3) Crystalline orientation influenced by printing 

parameters. 

Kumar. et al. 

(2021) [41] 

Electrospinnin

g 

1) Increased crystallinity from nanoscale fiber 

formation. 

2) Enhanced surface area promotes crystalline growth. 

https://journal.antispublisher.com/index.php/IPTEKS/index


 

 

 
 

 
  

 

 
 

21 | Page 
 

Journal for Technology and Science 

Volume 1 Nomor 3 October 2024 
E-ISSN: 3047-4337 

https://journal.antispublisher.com/index.php/IPTEKS/index  

3) Possible crystallite orientation along electrospun 

fibers. 

 

6.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

Table 4 summarizes the impact of fabrication techniques on FTIR spectra, 

providing insights into molecular and structural changes. The concise overview includes 

well-defined crystalline peaks and molecular alterations observed in Compression 

Molding, 3D Printing, and Electrospinning. 

 

Table 4: Overview of FTIR Analyses in PVDF/BT Nanocomposites 

Study Fabrication 

Method 

Crystallinity in FTIR Spectra Effect 

Olmos et al. 

(2013) [42] 

Compression 

Molding 

1) Well-defined peaks for crystalline PVDF phases. 

2) Shifts or intensity changes signaling molecular 

alterations. 

3) Presence of characteristic peaks for PVDF and Barium 

titanate. 

4) Broadening or splitting of peaks from compression 

effects. 

Kaur, G et al. 

(2020) [43] 

3D Printing 1) Potential variations in peak shapes and intensities. 

2) Distinctive features in interlayer regions from the 

printing process. 

3) Peaks related to amorphous phases present between 

printed layers. 

4) Crystalline peaks shift based on printing parameters. 

Ramasundara

m et al. (2019) 

[44] 

Electrospinning 1) Enhanced crystallinity demonstrated by sharp and 

defined peaks. 

2) Presence of additional peaks due to interactions in 

nanofiber matrix. 

3) Crystalline orientation along electrospun fibers may be 

observed. 

4) Absorption bands corresponding to PVDF and Barium 

titanate. 

 

6.3.  Scanning Electron Microscopy (SEM) 

Table 5 outlines the Advantages and Challenges of Compression Molding, 3D 

Printing, and Electrospinning. It highlights advantages such as high-resolution surface 

analysis, layer-by-layer examination, and nanofiber morphology characterization. 

Challenges encompass sample preparation precision, resolution limitations in complex 

structures, and potential charging effects. 
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Table 5: Summary of Advantages and Challenges in Various Fabrication Processes for 

SEM Results in PVDF/BT Nanocomposites. 

Fabrication 

Process 

Compression Molding 

[45] 

3D Printing [46] Electrospinning 

[47] 

Advantages High resolution: SEM 

provides detailed 

surface analysis. 

Layer-by-layer 

analysis: SEM 

examines individual 

layers. 

Nanofiber 

characterization: 

SEM studies 

nanofiber 

morphology. 

 Morphological 

characterization: 

Reveals BT distribution 

in PVDF matrix. 

Surface quality 

assessment: SEM 

helps evaluate 

printing quality. 

- Fiber alignment: 

SEM reveals 

nanofiber alignment. 

 Surface topography: 

Examines surface 

roughness and 

uniformity. 

- Surface 

topography: SEM 

assesses surface 

roughness and 

quality of each layer. 

- Surface 

topography: SEM 

examines nanofiber 

surface roughness 

and uniformity. 

Challenges Sample preparation: 

Crucial for accurate 

imaging, requires care. 

Resolution 

limitations: 

Achieving high 

resolution in 

complex structures is 

challenging. 

Charging effects: 

Electro-spun samples 

may exhibit SEM 

charging effects. 

 Limited depth 

information: SEM 

primarily provides 

surface information. 

Post-processing 

effects: Some steps 

may alter surface 

characteristics. 

Sample preparation: 

Similar to 

compression 

molding, proper 

preparation is 

crucial. 

 

Table 6 summarizes the impact of Barium Titanate (BT) processing methods on 

crystallinity and SEM observations. Compression Molding, 3D Printing, and 

Electrospinning with BT nanoparticles and Nanorods/Nanowires showcase unique 

characteristics such as uniform dispersion, layer-by-layer construction, and fibrous 

structure, respectively. 
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Table 6: Crystalline effects by Processing Techniques and BT Morphologies 

Processing 

Method 

BT Shapes Crystalline influences Observations in SEM 

Images 

Compression 

Molding 

BT Nanoparticles Moderate crystallinity 

increases from 

uniform dispersion. 

BT nanoparticles 

disperse in PVDF, 

enhancing structure [48]. 

 BT 

Nanorods/Nanowires 

Significant 

crystallinity increases 

with directional 

alignment. 

BT shapes align, 

influence properties. 

SEM captures 

nanorods/nanowires 

[49,50] 

3D Printing BT Nanoparticles Moderate increase 

with layered 

construction and 

uniform dispersion. 

SEM displays layered BT 

construction for 

homogeneity. [51] 

 

 BT 

Nanorods/Nanowires 

Moderate increase 

with layer alignment. 

Enhanced crystallinity 

in nanowire layers. 

Elongated shapes impact 

interlayer adhesion. SEM 

details nanorods or 

nanowires in each layer 

[52,53] 

Electrospinning BT Nanoparticles Moderate increase due 

to uniform dispersion 

in fibrous structure. 

 

Uniform nanofiber 

distribution influences 

properties [54] 

 BT 

Nanorods/Nanowires 

Enhanced crystallinity 

with aligned nanorods 

or nanowires in 

fibrous structure. 

Elongated structures 

align along nanofibers. 

[55,56] 
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Figure 1: Illustrate the morphology of different fabrication processes of PVDF 

nanocomposites, (a) solvent-casted, (b) 3D printing, (c) Electrospinning, (d) Compression 

molding [58,51,57]. 

 

5.4. Effect of Filler Content and Filler Size on Crystallinity, Phase Content, and 

Properties  

In the PVDF/DMF solution, dipolar interactions and hydrogen bonding disrupt 

polymer chains, influencing the crystallization process. BaTiO3 nanoparticles serve as 

nucleating agents, fostering hydrogen bonds and a characteristic TTT configuration in the 

β-phase of PVDF. Figure 2(a) illustrates O – H stretch hydrogen bonds. Both nanoparticle 

size and chemical structure play crucial roles in nucleating the electroactive β-PVDF 

phase in melt-processed composites. In Figure 2(b) and (c), infrared spectra of α- and β-

PVDF reveal the prevalence of the β-phase through an absorption band at 840 cm-1. 

Calculations based on absorption bands at 764 and 840 cm-1 demonstrate the pivotal role 

of BaTiO3 nanoparticles in promoting crystallization of the electroactive β-phase within 

the PVDF matrix. 

(
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Figure 2: displays FTIR spectra: (a) the PVDF/BaTiO3 composites and the pure 

polymer (inset) in the O – H region, (b) PVDF/BaTiO3 samples with varied filler contents 

at average filler sizes of 10 nm, and (c) at 500 nm, (d) illustrates correlations between 

diameter size and beta phase as well as crystallinity[59]. 

 The calculation of β-phase crystallization content (F(β)) is performed using Eq. (1). 

F(β) = 𝐼𝛽/(1.26 ∗ 𝐼𝛼 + 𝐼𝛽) 

Where, 𝐼𝛼 & 𝐼𝛽 the absorbed intensity of alpha phase and beta phase, respectively. 

 Notably, the highest electroactive phase content (F(β) = 82%) is achieved with the 

smallest Barium titanate nanoparticle concentration and average size (D = 10 nm), 

emphasizing the impact of particle characteristics on the nucleation process. To quantify 

the degree of crystallinity (𝑋𝑐) of these samples, an evaluative approach involved 

numerical determination by calculating the ratio of crystalline peak areas to the total area 

generated from these peaks, as depicted in the following equation:  

                                               𝑋𝑐 = 𝐴𝑐/(𝐴𝑐 + 𝐴𝑎)                                        (2) 

where, 𝐴𝑐 is the total integrated area under the XRD peaks and 𝐴𝑐 + 𝐴𝑎 are the 

integrated intensities corresponding to the crystalline and amorphous phases, 

respectively. 

(

a

(
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In Figure 3(a,b), the SEM image reveals the microstructure of PVDF/BaTiO3 composites 

with consistent features at 500nm filler sizes and 10% filler concentrations. The 

spherulitic structure, with small pores between spherulites, indicates the growth and 

expansion of crystalline structures during solidification. As crystallization progresses, 

voids form between crystallized spherulites, denoting the absence of a liquid phase 

(Figure 3a). The nanocomposite microstructure closely resembles that of neat α-PVDF, 

featuring spherulites with concentric rings, while neat β-PVDF displays smaller, porous 

spherulites, indicating comparatively inferior mechanical and electrical properties. 

Backscattering images further demonstrate a well-distributed dispersion of nanofillers, 

emphasizing uniformity in the composite structure (Figure 3b). Figure 3(c,d) highlights 

the impact of filler size and concentration on β-phase composition in PVDF/BaTiO3 

composites. At 5% filler content, the 10nm filler shows 82% β-phase, while the 500nm 

filler exhibits 42%. Increasing filler content to 10%, the 10nm filler has 70% β-phase, and 

the 500nm filler has 41%. On other hand, an increase in filler concentration leads to a 

general decrease in β-phase content for both filler sizes. In Figure 3(d), at 5% BaTiO3 

content, the 500nm filler demonstrates higher crystallinity (36%) than the 10nm filler 

(33%). At 10% BaTiO3 content, both fillers show reduced crystallinity, with the 10nm 

filler at 27% and the 500nm filler at 30%. These findings emphasize the influence of filler 

size and content on β-phase composition and crystallinity in PVDF/BaTiO3 

nanocomposites, highlighting their significant role in material properties 

 

Figure 3: a) SEM Image of PVDF/BaTiO3 Composites with 10% Filler 

Concentration and 500 nm Filler Size b) Corresponding backscattering image, c) 

Correlation between Concentration and Beta Phase for Different Diameter Sizes, and, d) 

Correlation between Concentration and Crystallinity for Different Diameter Sizes. 

Figure 4 demonstrate that the storage modulus, dielectric constant, and 

permittivity of PVDF/BaTiO3 composites are strongly influenced by both the BT content 

and filler size. In Figure 4(a), BT content (0%, 5%, 10%) is correlated with storage 

modulus values for composites featuring different filler sizes (10nm and 500nm). The 

( (

((
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10nm filler consistently shows higher storage modulus values compared to the 500nm 

filler, especially at higher BT content. At 5% BT content, the 10nm filler exhibits a 

significant increase to 2250 MPa, while the 500nm filler reaches 1250 MPa. With 10% 

BT content, the storage modulus further increases to 2350 MPa for the 10nm filler, while 

the 500nm filler shows a decrease to 4 MPa. In Figure 4(b), the rise in dielectric constant 

is linked to an increase in the dissipation factor, which generally increases with higher 

filler size and content. Figure 4(c) At pure PVDF exhibit a permittivity of 12. With 5% 

BT content, the 10nm filler size significantly increases to 35, while the 500nm filler 

exhibits value 14. At 10% BT content, the permittivity further rises to 57.5 for the 10nm 

filler and 22 for the 500nm filler. The increase in dielectric constant and permittivity with 

increasing BT content is more pronounced for the 10nm filler size, indicating a greater 

sensitivity to BT content changes.  

 

 

Figure 4 illustrates the relationship between BaTiO3 content and the (a) storage 

modulus, (b) dissipation factor, and (c) permittivity at various diameter sizes 

 

Figure 5 illustrates the influence of BaTiO3 content on Mechanical, Thermal, and 

Dielectric Characteristics of PVDF nanocomposite. At pure PVDF, the polymer displays 

an 81% β-phase content, Tensile Strength of 100 MPa, Tensile Modulus of 1.5 GPa, and 

Glass Transition Temperature (Tg) of -37.33°C. With a 10% BaTiO3 content, the β-phase 

content increases to 84%, enhancing mechanical properties with a Tensile Strength of 140 

MPa and Tensile Modulus of 1.7 GPa. However, Tg and tan δ show slight decreases. 

Further increases to 20% and 40% BaTiO3 result in higher β-phase content (87% at 40%), 

(a

)  

(b

)  

(c

)  
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improving Tensile Strength and Modulus. Notably, Relative Permittivity rises 

significantly, peaking at 40%, while Tg decreases. The increase in β-phase content 

positively correlates with improved mechanical strength, but the decrease in Glass 

Transition Temperature suggests changes in the polymer's thermal behavior. The 

significant rise in Relative Permittivity at higher BaTiO3 contents indicates enhanced 

dielectric properties, valuable for certain applications[60].  

 

Figure 5.  (a) Correlation between beta phase and BaTiO3 content, (b) Effect of BaTiO3 

Content on Properties of PVDF Composites: Mechanical, Thermal, and Dielectric 

Characteristics. 

5.5. Effect of fabrication methods on Crystallinity, Phase Content, and Properties 

The observed trends in the results highlight the significant influence of fabrication 

methods on the crystallinity and beta-phase composition of PVDF/BaTiO3 composites. 

Three-dimensional printing and electrospinning consistently demonstrate superior 

outcomes with higher beta-phase values (4.6% and 3.7%, respectively) and moderate 

crystallinity compared to compression molding and solvent casting. The inferior 

performance of solvent casting is attributed to its limited impact on the alignment of 

BaTiO3 within the PVDF matrix, resulting in lower crystallinity and beta-phase values. 

The negative beta-phase and crystallinity values in solvent-casted samples, particularly -

25% for beta-phase, raise concerns about the absence of desired nanocomposite 

characteristics. These findings emphasize the crucial role of fabrication methods in 
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tailoring the material properties, urging a careful consideration of manufacturing 

techniques for optimal performance in PVDF/BaTiO3 composites [61,58,62,63]. 

 

Figure 6: Effect of Fabrication Methods on Crystallinity and Beta Phase 

Figure 7 presents a comparative analysis of beta-phase, current, and d33 values in 

PVDF composites manufactured through 3D printing and solvent-casting film 

processes, both pre and post-poling. 

 

In 3D-printed composites, beta-phase increases from 56.8% to 61.2%, 

accompanied by a substantial improvement in current from 0.03 to 0.15, resulting in a 

noteworthy d33 increase from 2.9 to 21. Conversely, solvent-casted film PVDF 

composites show enhanced beta-phase from 65.4% to 68.1% post-poling, despite a slight 

current decrease from 0.05 to 0.09. The d33 value experiences a positive shift from 7.4 
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to 9. Overall, results underscore the efficacy of both 3D printing and solvent-casting in 

enhancing beta-phase and electrical properties in PVDF composites post-poling [64]. 

Figure 7: (a) Comparison of Beta Phase Content between 3D and Solvent-Casted 

Manufacturing Methods with or without Poling, (b) Comparison of Current Output 

between 3D and Solvent-Casted Manufacturing Methods with or without Poling, (c) PE 

Diagram Illustrating Improvement Percentage in Output between the Two Methods, (d) 

Comparison of Piezoelectric Coefficient between the Two Methods. 

A substantial rise in current (26.4(solvent casted) % to 73.53% (3D printing)) signifies 

enhanced charge transport, crucial for superior electrical conductivity in piezoelectric 

materials. The layer-by-layer additive manufacturing process in 3D printing enables 

precise microstructure control, minimizing defects and resulting in superior piezoelectric 

properties in PVDF nanocomposites. Figure 8 outlines the influence of BaTiO3 content 

on various properties of the composite material. As BaTiO3 content increases from 0% 

to 50%, density rises from 1.7 to 2.6 g/cm³, reflecting the increasing concentration of the 

filler. Microhardness also shows an upward trend, reaching 7.3 kg/mm² at 0% and 9.7 

kg/mm² at 50%. The dielectric constant at 1KHz varies from 8.7 (0% filler) to 31.3 (50% 

filler), while at 1MHz, it ranges from 7.25 to 22.6. Additionally, the Dissipation Factor 

increases with filler content, peaking at 0.16 for 50% filler [65].  

 

 

Figure 8 illustrates the impact of BaTiO3 content on (a) density, (b) microhardness, and 

(c) dielectric constant. 

 

These findings highlight the significant impact of BaTiO3 content on the 

composite's density, mechanical strength, and dielectric properties, crucial for 

applications in diverse fields. Figure 9 displays SEM images of electro-spun 

PVDF/BaTiO3 nanocomposites at 10,000x magnification. The enhanced performance is 

attributed to morphological changes post-electrospinning, where the electric field-
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induced polarization aligns dipole moments in PVDF chains and BaTiO3 nanoparticles. 

Specifically, in variant A (5% PVDF/BaTiO3), PVDF), BaTiO3 nanoparticles exhibit a 

linear and uniform distribution within PVDF nanofibers, ensuring efficient charge 

transmission during mechanical vibrations. Conversely, variant B(10%PVDF/BaTiO3) 

with non-uniform distribution, leads to reduced dipole moments and diminished charge 

transfer, resulting in lower piezoelectric output. In variant C(15%PVDF/BaTiO3), a 

micro-beaded structure, coupled with uneven distribution, further hampers dipole 

moment alignment and charge transfer, yielding reduced performance compared to pure 

PVDF. The optimal power output, at 1.56 V, is achieved by variant A, showcasing 

superior piezoelectric energy harvesting with a power output of 0.243 μW and a power 

output density of 0.02 μW/cm2. In Figure 10, the intricate interplay between Barium 

Titanate content, fiber diameter, beta phase percentages, tensile properties and voltage 

output is highlighted. Figure 10(a) and (b) specifically examine the effects of Barium 

Titanate content and fiber diameter on beta phase percentages and voltage values, 

respectively. For instance, at 5% Barium Titanate content, a fiber diameter of 554.3 is 

associated with an 83% beta phase and a voltage of 2. Increasing Barium Titanate content 

to 10% while maintaining a constant fiber diameter of 672.2 nm results in an 82% beta 

phase and a reduced voltage of 1.5. Conversely, at 15% Barium Titanate content with a 

fiber diameter of 453 nm, the beta phase slightly decreases to 81%, and the voltage further 

reduces to 1.2. Figure 10(c), the tensile strength and elongation properties of PVDF and 

PVDF/15BT composites are presented. The PVDF sample exhibits a tensile strength of 

45.83% and an elongation of 50%. On the other hand, the PVDF/15BT composite shows 

a tensile strength of 7.63% and an elongation of 550%. These results indicate a significant 

impact on the mechanical properties with the addition of 15% Barium Titanate (BT) to 

the PVDF matrix. The reduced tensile strength and increased elongation suggest changes 

in material behavior, which could be attributed to the incorporation of Barium Titanate 

[66]. 
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Figure 9: SEM images of electro-spun PVDF/BaTiO3 nanocomposites at 10,000x 

magnification, (a) PVDF/5%BaTiO3, (b) PVDF/10%BaTiO3, (c) PVDF/15%BaTiO3. 

 

 

Figure 10: effect Barium titanate and fiber diameter (a) beta phase, (b) voltage outputs, 

(c ) tensile properties. 

(
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In 3D Printing, the table shows the samples, including non-poled PVDF and poled PVDF, 

exhibit varying degrees of β-phase percentages, D33 values (in PC/N), and current 

measurements (in nA). Non-poled PVDF starts with a β-phase of 42.87, a D33 value of 

0.007, and a current of 0.0039. After poling, PVDF shows an increase in β-phase (44.87) 

and higher D33 (0.010) and current (0.0065). The addition of Barium Titanate (BT) in 

concentrations from 3% to 15% leads to a progressive increase in β-phase, D33, and 

current values. Notably, the table succinctly captures the impact of poling and Barium 

Titanate content on the structural and electrical properties of the PVDF composites 

 

Table: Comparison of β-phase, D33 (Piezoelectric Coefficient), and Current Output for 

Various PVDF-Based Samples [67] 

 

 

Furthermore, in order to explore the influence of processing on crystallization, 

Figure 11 depicts the outcomes of employing high-energy ball cryo-milling on PVDF, 

coupled with blending processes featuring various concentrations of barium titanate. This 

investigation aims to examine the effects of these processing techniques on the 

crystallinity and beta phase characteristics observed in different PVDF films. The PVDF 

film exhibited 13 improvement in crystallinity and 0.38 beta phase, while the milled film 

showed slightly higher values at 19 and 0.45, respectively. Films with Barium Titanate 

(BT) additions (ranging from 1% to 10%) displayed diverse crystallinity and beta phase 

outcomes. For instance, PVDF/1BT showed 19% improvements crystallinity and 0.49% 

beta phase, PVDF/5BT exhibited 19.3 improvements crystallinity and 0.57 % beta phase, 

and PVDF/10BT recorded the highest crystallinity at 23.2 with a beta phase of 0.59 (as 

indicated in Figure 11(b), depicting the evolution of absorbance for the a-phase band 

centered at 762 cm-1 with temperature and its effect on beta phase content). These 

findings underscore the influence of BT concentration on PVDF film properties, revealing 

an increasing trend with higher BT content [68] 

 

Sample β-phase D33 (PC/N)  Current (nA) 

Non-poled PVDF 42.87 0.007 0.0039 

Poled PVDF 44.87 0.010 0.0065 

PVDF/3%BT 45.41 0.013 0.0073 

PVDF/6%BT 46.73 0.029 0.0075 

PVDF/9%BT 51.18 0.055 0.0168 

PVDF/12%BT 53.25 0.07 0.0294 

PVDF/15%BT 55.91 0.101 0.0442 
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Figure 11. A) Relative crystallization rate depend on type of sample, b) Evolution with 

temperature of the absorbance for the a-phase band centered at 762 𝑐𝑚−1 . 

 

Figure 13 presents Atomic Force Microscopy (AFM) images depicting the 

topography of cryo-milled PVDF films with varying contents of Barium Titanate (BT) 

particles (0%, 1%, 5%, and 10%). The images reveal that the inclusion of BT particles 

within the polymer results in a higher number of smaller spherulites, suggesting increased 

nucleation due to the milling effect of the particles. This observation aligns with findings 

from Differential Scanning Calorimetry (DSC) and Fourier-Transform Infrared 

Attenuated Total Reflection (FTIR-ATR) analyses. Furthermore, at higher magnification, 

changes in the lamellar aspect ratio are evident with varying BT particle concentrations. 

In the absence of BT, lamellas appear shorter with an average thickness of 29 nm. 

Conversely, a greater amount of BT leads to longer and thicker lamellas, approximately 

35 nm. Although these morphological changes do not imply alterations in crystalline 

phases, as indicated by FTIR and XRD results, they are likely to influence macroscopic 

properties crucial for final applications.  

 
FIG. 12. AFM images of the topography of cryomilled PVDF in the form of films 

with different contents of BT nanoparticles: (a and e) 0%; (b and f) 1%; (c and g) 5%; 

and (d and h) 10%. Top images 20 mm 3 20 mm and bottom images 800 nm 3 800 nm. 
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CONCLUSION 

In summary, this study has extensively examined the crystal growth and 

characterization of PVDF/Barium Titanate (BT) nanocomposites, specifically focusing 

on the impact of diverse processing techniques, such as 3D printing, electrospinning, and 

compression molding, on the crystallinity and beta phase. Through the use of analytical 

tools like X-ray Diffraction (XRD), Fourier-Transform Infrared Spectroscopy (FTIR), 

and Scanning Electron Microscopy (SEM), the study has provided nuanced insights into 

the structural changes and molecular interactions within the nanocomposites. The 

systematic exploration of BT addition's effects on dielectric and piezoelectric properties, 

considering parameters like particle size, barium titanium content, and shape during 

manufacturing, has revealed substantial improvements in polyvinyl fluoride 

crystallization and beta-phase development. The study contributed to understanding the 

correlation between increased crystallization and enhanced properties of the PVDF/BT 

nanocomposite. Consequently, future studies can focus on optimizing crystallization and 

integrating manufacturing methods to achieve the desired quality in applications. 
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