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Abstract
Polymer blend films consisted of poly(vinylidene fluoride) (PVDF) and poly(methyl 
methacrylate) (PMMA) (compositional ratios of  PVDF/PMMA = 100/0, 80/20, 
60/40, 40/60, 20/80, and 0/100 wt/wt%) were prepared by solution casting method. 
These PVDF/PMMA blend films were characterized by employing an X-ray dif-
fractometer, Fourier transform infrared spectroscopy, scanning electron microscope, 
differential scanning calorimeter, and broadband dielectric relaxation spectroscopy. 
The PVDF crystal phases formed in these polymer blends were explained and their 
crystallite sizes, degree of crystallinity, and melting temperatures were determined. 
The dielectric dispersion study over the broadband frequency range of 20 Hz–1 GHz 
confirmed the decrease in dielectric permittivity with increased frequency of the 
applied harmonic electric field and it changed anomalously when the PVDF/PMMA 
blend compositional ratio varied. Dielectric loss tangent spectra illustrated the blend 
composition-dependent PVDF chain segmental relaxation process in these polymer 
blends which appeared in the radio frequency region. The alternating current elec-
trical conductivity spectra revealed the increase in conductivity with increased fre-
quency, and at a fixed frequency, the conductivity showed a variation in one order 
of magnitude with the variation in the blend composition ratio over the entire range. 
The experimental results highlighted that these PVDF/PMMA blend films could be 
used as frequency tunable dielectrics and insulating materials for advances in next-
generation flexible device technologies.
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Introduction

In recent years, flexible-type polymeric dielectric materials, having 
poly(vinylidene fluoride) (PVDF) as one of the constituents, attracted considera-
ble attention in research due to their promising properties suitable for widespread 
technological applications [1–5]. The polymorphs of semicrystalline  PVDF 
matrix and this matrix-based hybrid nanocomposites play an important role to 
be used as a dielectric, electric insulator, and functional materials in the design 
and development of the desired dimension advanced flexible-type energy genera-
tor and storage devices [2, 5]. Furthermore, the polymeric materials that have 
controllable dielectric and electrical insulation properties over wide-range radio 
frequencies are credited to enormous industrial and technological applications, 
especially in the development of tunable capacitors, electromagnetic interfer-
ence shielders, high-performance radio frequency antennas, microwave integrated 
circuits, etc. [6–11]. However, to date, limited work is available on the dielec-
tric properties of polymers, their blends, and nanocomposites over the broad-
band radio frequency range from 1 MHz to 1 GHz [7, 8, 10–13] which is more 
needed and to be carried out to meet the industrial demands for advances in high-
frequency device technologies. Among the synthetic polymers, poly(vinylidene 
fluoride) (PVDF), poly(methyl methacrylate) (PMMA), poly(ethylene oxide) 
(PEO), polyaniline (PANI), polypyrrole (PPy), polyamide (PA), polyacrylonitrile 
(PAN), polyethylene terephthalate (PET), poly(tetrafluoroethylene) (PTFE), poly-
acrylate (PC), poly(vinyl alcohol) (PVA), etc., are largely investigated to be used 
as dielectrics for the advances in flexible types variety of electronic and electrical 
devices [1, 3, 4, 10, 11, 14–16].

The PVDF is credited as an electroactive polymer due to its appreciable ther-
moplastic and electroactive properties [2, 3, 5]. It is extensively used as a die-
lectric material for energy storage because of its several useful properties like 
high mechanical strength, lightweight, good thermal stability, elevated dielectric 
strength, appropriate dielectric properties, good chemical inertness, high plastic-
ity, sensible optical transparency, and also piezoelectric and pyroelectric proper-
ties [2, 5, 17–21]. In particular, the semicrystalline PVDF matrix may exist in a 
variety of polar and non-polar crystal phases denoted by α, β, γ, δ, and ε [2, 3]. 
Among these polymorphs, the α-phase is non-polar and most commonly observed 
in the PVDF matrix-based films when prepared by all the established methods, 
whereas the polar β-phase is highly appreciated for technological advances, and 
therefore, it is created by various treatments of the prepared films (e.g. mechani-
cal, electrical, thermal, etc.) [2, 3, 5, 21, 22]. The polar γ-phase in the solution-
cast PVDF film can be introduced by its annealing at an appropriate high tem-
perature [22]. Detailed characteristics of a unit cell, conformation, and dipole 
moment of these polymorphs and their formation in PVDF are summarized in the 
review articles [3, 22].

The α-phase of PVDF material exhibits low-dielectric permittivity due to its 
non-polar character. A thermodynamically stable electroactive polar β-phase 
exhibits high polarizability due to effectively arranged dipoles of repeat units 
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 (CH2–CF2) that are oriented in a parallel direction to the applied harmonic alter-
nating current (AC) electric field, and hence resulted in high dielectric permit-
tivity as compared to the other crystal phases of the PVDF matrix [2, 17, 20]. 
The β-phase credited appreciable dielectric, piezo-, pyro-, and ferroelectric char-
acteristics of PVDF matrix which have a high significance in the fabrication of 
advanced energy storage and harvesting devices (viz. supercapacitors, nanogen-
erators, actuators, transducers, sensors, and high energy rechargeable batteries) 
[3, 5, 8, 17–24]. A literature survey revealed that the dielectric permittivity of 
the PVDF film at low frequencies and ambient temperature may be in the range 
of 4–12 depending on the relative amount of various crystal phases developed in 
the prepared film and additionally its state-of-the-art treatments with mechani-
cal stretching, electrospinning, irradiating, etc. [2, 3, 5, 20–22]. For the investi-
gation of PVDF material properties, its films are formed through various estab-
lished methods like melting under high pressure, electrospinning, heat-controlled 
spin-coating, and solution casting using the solvents like dimethylformamide or 
dimethylacetamide [2, 3, 5, 13, 21, 22].

In the last decade, numerous studies established that the structural, thermal, opti-
cal, and dielectric properties of a PVDF matrix can also be modified and tailored 
with the state-of-the-art by blending with non-polar or polar polymers and further 
making its matrix-based nanocomposites with a variety of nanofillers through suit-
able film fabrication routes [12, 13, 18, 19, 21, 23–26]. Previous studies also con-
cluded that the PVDF forms miscible blends over the entire composition range with 
some of the polymers such as poly(methyl methacrylate) (PMMA), polyacrylate 
(PC), chitosan, and polyketone which is a result of heterogeneous interactions devel-
oped between the functional fluorocarbon group of the PVDF and the carbonyl 
groups of these blended polymers [18, 25, 27–29]. The polymer blends consisted 
of semicrystalline PVDF and amorphous PMMA are immensely studied for con-
firmation of the blend miscibility, crystallization, and dielectric polarization [23, 
24, 28, 30–32]. The PMMA is important transparent plexiglass of low permittivity 
over a wide frequency and temperature range [11, 33–36]. Therefore, it is frequently 
used as a dielectric in the preparation of microelectronic devices and also the multi-
functional composites for their promising electronic and optoelectronic applications 
[33–36]. But high brittleness of the PMMA film is one of the major drawbacks to 
the realization of dimensional design flexibility of modern electronic devices [11, 
25, 33–36]. In contrast to the PMMA film, the PVDF film bears appreciable flexibil-
ity, and therefore, the designed PVDF/PMMA blend film can serve as a better flex-
ible dielectric and insulating material for advances in polymer technologies. With 
this point of view, a detailed study of varying compositional ratio engineered PVDF/
PMMA blend films is needed over a broadband frequency range to highlight their 
possible dielectric applications in next-generation microelectronic devices.

Therefore, in consideration of above-mentioned facts, the present study deals 
with the detailed characterization of varying composition PVDF/PMMA blend 
films. For this purpose, different compositional ratios PVDF/PMMA blend films 
(i.e. PVDF/PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, 0/100  wt/wt%) were pre-
pared by the solution casting method. These films are characterized to their mor-
phological, structural, thermal, dielectric, and electrical properties by employing 
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advanced techniques. The dielectric and electrical measurements are performed over 
nine orders of magnitude broadband frequency range which is its kind of the first 
study on these polymer blend materials. The in-depth analysis of the experimen-
tal data with the composition variation in the PVDF/PMMA blends revealed some 
structure-property relationships and also explained the suitability of these polymer 
blend films for polymer engineering and technologies-based next-generation flexible 
devices.

Experimental

Materials

The powder samples of PVDF (average molecular weight Mw ~ 5.34 ×  105  g/
mol) from Sigma-Aldrich, France, and the PMMA (average molecular weight 
Mw ~ 3.50 ×  105 g/mol) from Sigma-Aldrich, Germany were used for the preparation 
of PVDF/PMMA blend films. N,N-dimethyl formamide (DMF) for HPLC and UV 
spectroscopy grade from Loba Chemie, India was used as a common solvent for 
the PVDF and the PVDF/PMMA blend powders, whereas tetrahydrofuran (THF) 
for HPLC grade from SD Fine-Chem Limited, India was used as a solvent for pure 
PMMA powder.

Preparation of PVDF/PMMA blend films

The PVDF/PMMA blend films of different compositional ratios (i.e. PVDF/
PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, 0/100  wt/wt%) were prepared by 
solution casting film preparation method. Initially, the required amounts of PVDF 
and PMMA powders for a fixed compositional ratio were taken into the stoppered 
conical glass bottle for the preparation of the blend solution in the DMF solvent. 
The homogeneous solution of the PVDF/PMMA blend was obtained in DMF with 
a continuous magnetic bar stirring at 500  rpm and simultaneous heating at 60  °C 
using a thermostated hot plate magnetic bar stirrer. Different compositional ratios 
of PVDF/ PMMA blend solutions were prepared by the same procedure in separate 
glass bottles. After that, these homogeneous polymeric solutions were cast onto the 
glass Petri dishes and heated at about 70 °C on the thermostated hot plate till the 
DMF solvent was completely evaporated and turned the dissolved polymers into the 
films. The pure PMMA film was formed by casting its solution at room temperature, 
which was prepared in THF solvent. These solution-cast prepared films of PVDF/
PMMA blend and also the pristine PVDF and PMMA were dried overnight at 45 °C 
in a vacuum oven to remove the solvent traces.
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Characterization techniques

The microimages of the pure PVDF film, PVDF/PMMA (80/20  wt/wt%) blend 
film, and the pure PMMA film were recorded with Zeiss EVO 18 scanning electron 
microscope (SEM) at 10 μm scale and 1.0 KX magnification.

The X-ray diffraction (XRD) patterns of all the polymeric films were recorded 
by using an X’pert Pro multipurpose powder diffractometer (MPD) of Malvern 
PANalytical, The Netherlands. The X-ray radiations of wavelength 1.5406 Å were 
generated from Cu-Kα target of the X-ray tube biasing it at the voltage of 45 kV 
with a current of 40 mA. The XRD patterns of the films were recorded by fixing 
the films, one after another, on the power sample holder. These XRD measure-
ments of the films at ambient temperature were performed in the reflection mode 
operation of the diffractometer with an angular sweep speed of 0.05 deg/s over 
the 2θ range from 10° to 42°.

The Fourier transform infrared (FTIR) transmittance spectra of the films in 
the wavenumber range from 650 to 4000  cm−1 were recorded in attenuated total 
reflectance (ATR) mode by employing the FTIR spectrometer (Agilent Technolo-
gies; Cary 630).

The thermograms of the samples were recorded in the temperature range from 
55 to 200 °C with a heating rate of 10 °C/min by employing the differential scan-
ning calorimeter (DSC) of Netzsch (Polyma 214), Germany. For the DSC meas-
urements, the required amount of the sample (about 7 mg) was filled into an alu-
minium pan covered with a pierced lid and it was placed into the  Arena® furnace 
having a nitrogen flow at a rate of 40 mL/min. These DSC measurements were 
controlled with Netzsch  Proteus® software.

The frequency-dependent electrical measurements (capacitance Cp, resistance 
Rp, and dielectric dissipation factor D (dielectric loss angle tangent tanδ)) of the 
polymer films were carried out using the precision inductance–capacitance–resist-
ance (LCR) meter of 1-V signal amplitude with frequency variation in the range 
from 20 Hz to 1 MHz. The precision LCR meter of Agilent Technologies, Model: 
4284A, and a parallel circular plates solid dielectric test fixture of 38 mm diam-
eter active electrode (Model: 16451B) were used for these electrical measure-
ments. The frequency-dependent complex permittivity �∗(�) = �� − ��� values of 
the samples were determined from the measured electrical quantities Cp, Rp, and 
D. The real part of permittivity εʹ and dielectric loss tangent ( tan � = ���∕�� ) in the 
frequency range of 1 MHz–1 GHz of the PVDF/PMMA blend films were meas-
ured by employing radio frequencies impedance/material analyzer (IMA of Key-
sight Technologies, Model: E4991B, equipped with a solid test fixture of 15 mm 
diameter electrodes Model: 16453A). The test fixture was calibrated with short, 
open, and standard load (teflon), before the sample measurements. Thereafter, 
the εʹ and tanδ values of the samples, appropriately mounted between the elec-
trodes were measured directly by sweeping the frequency from 1 MHz to 1 GHz 
which was controlled by material measurement firmware of Keysight Technolo-
gies (E499B-002). The dielectric test fixtures used with the LCR meter and IMA 
equipment have a special design that meets the ASTM D150 standard of measure-
ments. The provision of springs attached to the electrodes provides the balance 
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and pressure to establish their proper contact with the loaded dielectric sample 
for precision measurements. These electrical and dielectric measurements of the 
films were made at a fixed temperature of 27 °C using both the equipments which 
covered the broadband frequency range of 20 Hz–1 GHz.

Results and discussion

Physical and morphological properties

The digital pictures of these films are provided in Fig. 1a for having a look at the 
transparency and surface smoothness, and also the manual test of flexibility and 
bending. The PMMA film has excellent transparency which is slightly less for the 
PVDF film, and it seems to a little decrease for the blend films when the amount 
of PVDF increases. The manual touch realizes the highly smooth surfaces of the 
films. The bending test infers that these polymer blend films are slightly hard 
showing their compact packing and reasonable flexibility but not stretchable. Fig-
ure 1b depicts the SEM images of pure PVDF film, pure PMMA film, and PVDF/
PMMA blend (80/20 wt/wt%) film. The PVDF film has characteristic spherulites 
of micro-sized separated by fibril-like textures representing its polymorphs, and 
there are no micro-pores that show its highly compact surface [21]. The SEM 
image of pristine PMMA film confirms the highly smooth surface which is attrib-
uted to the amorphous structure and tight molecular packing because the micro-
pores are not noticeable [37]. The SEM image of the PVDF/PMMA blend also 

Fig. 1  a Digital photographs of the various compositional ratio PVDF/PMMA blend films (PVDF/
PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 wt/wt%) and b SEM images of the pure PVDF 
film, PVDF/PMMA blend (80/20 wt/wt%) film, and pure PMMA film
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exhibited spherulite structures of less number but bigger sizes and less imperfect 
which are surrounded by the smooth regions revealing the formation of a miscible 
blend with at least the development of some PVDF-rich domains. Additionally, 
the absence of micro-pores also reveals the formation of a tightly packed surface 
of the PVDF/PMMA blend film.

XRD traces and structural analysis

To examine the influence of the amorphous PMMA on the polymorphs of sem-
icrystalline PVDF, the diffractograms of the different compositional ratios 
PVDF/PMMA blend films (PVDF/PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, 
and 0/100 wt/wt%) are provided one above another in Fig. 2a. The PANalytical 
X’pert data viewer and analyzer software is used to determine the Bragg angle 
(2θ), intensity (I), and full width at half maximum (FWHM) of various diffrac-
tion peaks that appeared in XRD patterns of the PVDF/PMMA blend films. Addi-
tionally, the overlapped diffraction peaks are separated through a deconvolution 
procedure using OriginLab 8.5 software, and the FWHM values of deconvoluted 
peaks fairly support that obtained from the X’pert data analyzer software. The 

Fig. 2  a XRD patterns of the various compositional ratios PVDF/PMMA blend films (PVDF/
PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 wt/wt%) and plots of b crystallite size L and c 
interlayer spacing d versus PMMA (wt%) for the various compositional ratios PVDF/PMMA blend films
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obtained values of these structural parameters along with Miller indices (hkl) cor-
responding to reflection planes of the assigned crystal phases of the PVDF in 
these polymer blend films are listed in Table 1. The values of interlayer spacings 
(d) and crystallite sizes (L) of the various crystals developed in the PVDF/PMMA 
blend films were evaluated, respectively, by using the Bragg’s law Eq. (1) and the 
Debye–Scherrer relationship Eq. (2) demonstrated previously [21, 38], and these 
values are listed in Table 1.

where λ = 1.5406 Å denotes the wavelength of Cu-Kα X-ray radiation, θ represents 
the Bragg’s angle, k is the crystallites shape factor (also known as Scherrer constant) 
and its value is most commonly taken as 0.94 for the semicrystalline polymers, and 
β is the full width at half maximum (FWHM) of the diffraction peaks of PVDF/
PMMA blend films. Although the determination of L by the Scherrer equation gives 
rather a lower bound on the coherently scattering domain size which may or may not 
be equal to the crystal size. But the study of L gives valuable information, especially 
about the trends of changes in crystallite shapes with the variation in the amount 
of the constituents of the composition which we have considered and explained for 
the PVDF/PMMA blends. Figure 2a illustrates that the XRD pattern of the pristine 
PVDF film (labelled by 100/0) exhibits different intensities diffraction peaks at 2θ 

(1)d =
�

2 sin �

(2)L =
k�

� cos �

Table 1  Values of Bragg’s angle 2θ, crystal reflection plane indices hkl, basal spacing d, full width at 
half maximum FWHM, crystallite size L, and intensity I of the diffraction peaks of various composi-
tional ratios PVDF/PMMA blend films

PVDF/PMMA 
films (wt/wt%)

2θ
(°)

hkl d
(nm)

FWHM
(×  10−3 rad)

L
(nm)

I
(counts)

100/0 19.22 (γ) (022) 0.462 7.46 19.15 654
20.67 (β) (110), (200) 0.430 20.39 6.99 1552
39.67 (β) (201), (111) 0.227 32.59 4.18 273

80/20 18.82 (γ) (022) 0.471 7.60 18.81 573
20.62 (β) (110), (200) 0.431 17.84 7.98 1163
39.72 (β) (201), (111) 0.227 26.55 5.13 195

60/40 18.62 (γ) (022) 0.480 8.03 17.79 634
20.37 (β) (110), (200) 0.436 17.37 8.20 878

40/60 15.12 0.586 – – 850
20.12 (β) (110) 0.441 15.59 9.15 994

20/80 15.12 0.586 – – 799
19.87 (α) (110) 0.447 3.98 35.83 404

0/100 13.17 0.672 – – 696
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values of 19.22°, 20.67°, and 39.67° confirming its semicrystalline behaviour which 
is also supported by the spherulite morphology of this film (Fig. 1b). According to 
the previous literature [21, 22, 24, 39–43], the shoulder peak appeared at 19.22° 
can be assigned to the γ-phase of the reflection plane (022). Additionally, the main 
intense peak and another mild peak were observed, respectively, at 20.67° and 
39.67° attributed to the β-crystal phase of reflection planes (110), (200) and (201), 
(111) revealing its polymorphic character. In the case of PVDF film, the assign-
ments of crystal phases to the exhibited diffraction peaks are still controversial [22]. 
Here, the main intense peak assigned to β-phase could also have some proportion 
of α-phase and the same in the case of 19.22° peak. The XRD pattern of pristine 
PMMA film (labelled as 0/100) exhibited a broad diffraction hump centred around 
13.17° confirms the amorphous nature of the PMMA matrix [31, 37] which is also 
revealed from the highly smooth surface morphology of the solution-cast PMMA 
film (Fig. 1b).

The XRD patterns of the various compositional ratios PVDF/PMMA blend 
films (labelled by 80/20, 60/40, 40/60, and 20/80 in Fig. 2a) show that the blend-
ing of PMMA with the PVDF modifies the structural characteristics of the γ- and 
β-crystal phases as evidenced from the shift in their peaks positions which also 
reflects from an altered morphology of the 80/20  wt/wt% blend film (Fig.  1b). 
Further, the intensities of these low angle side shifted diffraction peaks gradually 
decrease with the increase in PMMA amount in the PVDF/PMMA blend which 
reveals alteration in the amount of dominance phase to that of another merged 
phase. It can be noted from Fig. 2a that the γ-phase diffraction peak disappeared 
and a new diffraction peak appeared at 2θ = 15.12° when the compositional ratio 
was varied and the relative content of amorphous PMMA reaches 40 wt% in the 
PVDF/PMMA blend. Furthermore, when the content of PMMA raised to 80 wt% 
in the blend, it seems that the polar β-phase largely reduced and a non-polar 
α-phase appeared in dominance mode as revealed from the mild peak that was 
noted at 19.87° belonging to the reflection plane (110) [21, 22]. The decrease in 
XRD peaks intensities also evidenced that the crystalline content of the PVDF/
PMMA blend films decreases with the increasing relative content of amorphous 
PMMA in the blends that means during film formation, these blends PMMA act 
as a disturbing factor for the better order of PVDF crystallization.

Figure 2b illustrates the variation in crystallite size L of the β- and γ-crystal 
phases with the PMMA (wt%) for these PVDF/PMMA blend films. It is noted 
from this figure that the value of L decreased slightly (from 19.15 to 17.79 nm) 
for the γ-crystal phase but it increased almost linearly from 6.99 to 9.15 nm for 
the β-crystal phase (probably the merged α-phase with dominant β-phase) when 
the amount of PMMA increased in these blend films. This result establishes that 
the PMMA amount acts as a disturbing factor for the development of smaller 
sizes dense crystallites of the PVDF and promotes to form of bigger sizes crystal-
lites with lesser density in the PVDF/PMMA blends and simultaneously reduces 
the size of γ-crystals. This finding also supports the bigger sizes of spherulite 
morphology that appeared in the PVDF/PMMA blend film. Additionally, from 
Fig. 2c, one can see that the value of interlayer spacing d increased linearly (from 
0.462 to 0.480 nm) for the γ-crystal phase and a little increase for the β-crystal 
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phase (from 0.430 to 0.441  nm) with increased the content of PMMA in the 
PVDF/PMMA blend films. This finding suggests the increase in the intercalated 
amount of the PMMA between the layers of PVDF crystallites and reveals the 
formation of a miscible blend.

FTIR spectra and confirmation of crystal phases of PVDF

FTIR spectroscopy is a most established versatile technique to identify the occur-
rence of different bondings and the interactions in the polymer blend and com-
posite materials and the alteration in structures with the variation in blend com-
positional ratios [16, 21, 38, 44]. Additionally, this technique is frequently used 
for the identification and assignment of polymorphs in the ferroelectric PVDF 
polymer matrix [21, 22, 44, 45]. Therefore, the FTIR measurements on PVDF/
PMMA blend films are performed to support the XRD results on the structural 
properties of these blend films. The FTIR transmittance spectra over a wave-
number range of 650–4000  cm−1 for the PVDF/PMMA blend films are shown in 

Fig. 3  FTIR transmittance spectra of the various compositional ratios PVDF/PMMA blend films (PVDF/
PMMA = 100/0, 8020, 60/40, 40/60, 20/80, and 0/100 wt/wt%)
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Fig. 3. The reported FTIR spectra of the studied samples exclude the wavenumber 
range of 2100–4000  cm−1 because in this range, vibrational modes of PVDF and 
PMMA are not exhibited. The wavenumbers of various infrared (IR) bands cor-
responding to structural vibration modes for the PVDF and the PMMA chains are 
marked by vertical dotted lines in the figure and the same with their assignments 
are listed in Table 2. The nature of polymer–polymer interactions in these PVDF/
PMMA blend materials is explored noting a shift in positions of the various IR 
bands (i.e. change in bands wavenumbers) and alterations in the bands intensities, 
and also the shapes as compared to that of the characteristic IR bands of the pris-
tine PVDF and PMMA materials.

The FTIR spectrum of pristine PVDF (denoted by 100/0 in the figure) identi-
fies the presence of polar β- and γ-phases and also non-polar α-phase. Low inten-
sity IR bands exhibited at 769   cm−1 and 1455   cm−1 correspond to the skeletal 
bending and in-plane bending (scissoring) of the  CF2 and  CH2 functional groups, 
respectively, which attribute to the PVDF α-phase [21, 42, 46]. An intense IR 
band appeared at 835  cm−1, representing the stretching and wagging of the  CH2 
and  CF2 functional groups, also evidenced by the overlapped β- and γ-phases 
[21, 22, 44, 45]. The bands displayed at 872   cm−1 and 1230   cm−1 correspond 

Table 2  Wavenumber values of FTIR transmittance bands of different vibrational modes of the groups of 
the repeat units of PVDF and PMMA chains [assigned as bending δ (δs in-plane bending), stretching ν 
(νa symmetric and νas asymmetric), wagging ω, and rocking ρ (ρa symmetric and ρas asymmetric)] for the 
PVDF/PMMA blend films of compositional ratios 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 wt/wt%

Vibrational 
modes of PVDF

Wavenumber  (cm−1) Vibrational 
modes of 
PMMA100/0 80/20 60/40 40/60 20/80 0/100

– 749 749 749 749 749 ν C–C/ω  CH3

δs  CF2 769(α) 770 772 – – –
ρ  CH2, ν  CF2 835(β/γ)

872(γ)
835
876

835
877

839
878

839
880

840
–

ρ  CH2
–

– – 909 909 909 909 ρ O–CH3

– 966 964 964 964 964 ρ O–CH3

– 990 986 986 986 986 δ O–CH3

– – – 1062 1062 1062 νas C–O–C
–
–

1166
–

1149
–

1148
–

1144
1189

1140
1189

ν C–O (doublet)

ω  CH2 1070(α/β) 1070 1070 1070 1070 –
νa  CF2 1167(β) 1168 1169 1170 1171 –
ν C–F 1230(γ) 1230 1231 1234 1237 1240 νa C–C–O
νa  CF2 1402(α/β) 1402 1402 1402 1405 –

– 1434 1434 1434 1434 1434 ρas C–CH3

δ  CH2 1455(α) 1452 1451 1149 1147 –
– 1483 1483 1483 1483 1483 ρas C–CH2

– 1729 1725 1726 1724 1722 ν C = O
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to stretching of the  CF2 and C–F functional groups, respectively, which can be 
assigned to the γ-phase of PVDF [22, 44, 45]. Furthermore, the other intense 
or weak IR bands displayed at 1070, 1167, and 1402   cm−1 can be assigned to 
the wagging and symmetric stretching of the  CH2 and  CF2 functional groups of 
the PVDF repeat unit, respectively. The IR bands appeared at 1070   cm−1 and 
1402  cm−1 can be assigned to the overlapped α- and β-phases, while another band 
at 1167  cm−1 can be attributed to the β-phase [22, 44, 45]. According to a com-
parative survey of the literature, FTIR results may cause some confusion in the 
assignment of the α-, β- and γ-crystal phases, and therefore, their comparison is 
a must with the phases identified by XRD and DSC results [22] which we have 
performed in this study. The FTIR spectrum of PMMA is shown in the upper 
layer of Fig. 3. This spectrum displayed the intense or weak bands at 749, 840, 
909 and 964, 986, 1062, 1140 and 1189, 1240, 1434, 1483, and 1722  cm−1 cor-
responding to the C–C stretching/CH3 wagging,  CH2 rocking, O–CH3 rocking, 
O–CH3 in-phase bending, C–O–C asymmetric stretching, C–O stretching, C–C–O 
symmetric stretching, C–CH3 asymmetric bending, C–CH2 asymmetric bending, 
and C=O stretching vibration of carbonyl groups, respectively, as demonstrated 
in earlier literature [47, 48].

Figure 3 shows that the characteristic vibrational modes of PVDF which belongs 
to its various crystals phase are significantly altered due to the addition of PMMA 
and that these vibrational modes showed further change as the PVDF/PMMA blend 
compositional ratio is varied. It is observed that the IR bands of the PVDF in the 
PVDF/PMMA blends relatively shifted to higher wavenumbers in comparison with 
the pristine PVDF bands with some uneven variations in their intensities indicating 
some alteration in the amount of crystal phases. Also, some new IR bands appeared 
in the FTIR spectra of the blends which are consistent with PMMA. The bands of 
PVDF in the 80/20 wt/wt% PVDF/PMMA blend are slightly altered. But increas-
ing the PMMA concentration to 80 wt% in the blend considerable changes in the 
positions of the IR bands of PVDF and PMMA could be observed, and some new 
IR bands of PMMA appeared at 909, 1062, and 1189  cm−1. The weak IR band of 
PVDF at 769  cm−1 disappeared when the PMMA concentration increased to 60 wt% 
in the blend films. However, the intensity of the IR band at 1455   cm−1 slightly 
increases with increased concentration of PMMA, which suggested the presence of 
α-phase in all PVDF/PMMA blend films. The co-existence of most of the PVDF 
and PMMA of the characteristic IR bands in the FTIR spectra of PVDF/PMMA 
blends evidence the formation of a miscible blend that is owing to hydrogen bond 
interactions between the functional groups of these polymers [46]. In the PVDF/
PMMA blend films, the IR bands for pristine PMMA at 1140  cm−1and 1722  cm−1 
correspond to stretching vibration of C–O and C=O polar functional groups and are 
shifted to the higher wavenumber side in all the PVDF/PMMA blend compositions. 
This shift is caused by the interaction between the ester and carbonyl groups of the 
PMMA with the  CH2 groups of the PVDF chain, which also indicates the formation 
of compatible blends of these two constituents [45, 47].
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DSC thermograms

Thermal transition and degree of crystallinity of the PVDF crystallites in the dif-
ferent compositional ratios PVDF/PMMA blend films were explained from analy-
sis of their DSC thermograms of temperature range from 55 to 200  °C (Fig. 4a). 
The thermogram of pristine PVDF film exhibited two endothermic peaks. A weak 
endothermic peak observed at 81.3  °C can be assigned to the β-phase recrystalli-
zation temperature Tβr as explained in the literature [49] because its glass transi-
tion is exhibited at about − 40 °C [50]. The intense complex endothermic peak at 
166.4 °C belongs to a melting temperature Tm of the dominant β-phase crystal of the 
PVDF [13, 22–24, 32, 42] but its asymmetric distribution indicates the involvements 
of α-phase also. This finding from the DSC trace also favours the XRD results on 
the existence of both the phases (a small amount of α-phase merged with dominant 
β-phase) in the pristine PVDF film which was also revealed from the FTIR results 
and morphological analysis. The pristine PMMA film exhibited a narrow peak at 
80.6 °C which is attributed to its glass transition temperature Tg [51]. The pristine 

Fig. 4  a DSC thermograms of various compositional ratios PVDF/PMMA blend films (PVDF/
PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 wt/wt%), and plots of b Xc (%) and c Tm (°C) ver-
sus PMMA (wt%) for the PVDF/PMMA blend films. Solid lines represent b exponential fit of data and c 
B-spline fit of data points
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PMMA structure is less flexible thus leading it relatively high value of glass transi-
tion temperature [52].

It can be noted from Fig.  4a that the glass transition temperature peak related 
to PMMA in the PVDF/PMMA blend films largely changes in shape and intensity 
when the blend composition ratio varied from 20/80 to 80/20 wt/wt% in the step of 
20. For the PMMA-rich blend having 20/80 wt/wt% composition, the Tg of PMMA 
appeared, but the blends 40/60 and 60/40 wt/wt% have this broader peak with the 
signature of overlapping the PMMA glass transition peak with the β-phase recrystal-
lization peak of PVDF (marked with the vertical down arrow in the figure). The fact 
that we don’t see it at 80/20 wt/wt% blend might be because it is simply too weak 
and masked by the PVDF β-phase recrystallization phenomenon. The Tg values of 
PMMA and Tβr of PVDF noted from the DSC traces of these PVDF/PMMA blend 
films are listed in Table 3.

The degree of crystallinity Xc (%) of PVDF/PMMA blend films which represents 
the amount of PVDF crystallites in the blend can be determined by the melting 
enthalpy-based relationship given in Eq. (3) [24, 31]:

The ΔHm values of the PVDF/PMMA blend films are taken equal to the area 
under the endothermic peak in the DSC traces and ΔH∗

m
 is the melting enthalpy for 

a 100% crystalline PVDF [104.5 (J  g−1)] [24]. The onset melting temperature Tm(O), 
peak melting temperature Tm or Tm(P), end melting temperature Tm(E), melting tem-
perature range ΔTm = Tm(E) − Tm(O), melting enthalpy ΔHm, and the degree of crys-
tallinity Xc (%) of the PVDF crystallites in these PVDF/PMMA blend films were 
obtained from DSC traces and listed in Table 3.

It is explored that when a relative amount of PMMA increases (≥ 40  wt%) in 
the PVDF/PMMA blend films, the value of Tm(O) decreases at a greater rate than 
the Tm(E) (Table 3). Thus, the value of ΔTm increases and consequently the range 
of the melting process of the PVDF crystallites expands largely. These results are 

(3)Xc(%) =

(

ΔHm

ΔH∗
m

)

× 100

Table 3  Values of β-phase recrystallization temperature of PVDF Tβr, glass transition temperature of 
PMMA Tg, PVDF crystals onset melting temperature Tm(O), peak melting temperature Tm, end melting 
temperature Tm(E), melting temperature range ΔTm, and melting enthalpy ΔHm, and the degree of crystal-
linity Xc with respect to the PVDF component determined from the DSC endothermic peaks of various 
compositional ratios PVDF/PMMA blend films

PVDF/PMMA 
films (wt/wt%)

Tβr, Tg
(°C)

Tm(O)
(°C)

Tm
(°C)

Tm(E)
(°C)

ΔTm
(°C)

∆Hm
(J/g)

Xc
(%)

100/0 81.3 152.7 166.4 173.6 20.9 36.48 34.9
80/20 83.5 150.8 163.9 170.5 19.7 18.07 17.3
60/40 81.6, 94.1 137.7 151.2 160.2 22.5 10.42 10.0
40/60 69.2, 80.7 123.5 142.1 149.6 26.1 2.29 2.2
20/80 79.0 – – – – – –
0/100 80.6 – – – – – –
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obtained due to the formation of more imperfect PVDF crystals with the increased 
amount of PMMA in the formulated blend compositions as argued earlier [24, 53]. 
The obtained Xc (%) values are plotted in Fig. 4b which confirmed that the degree 
of crystallinity of the PVDF decreases exponentially with the increase in PMMA 
amount in the blend films. The pristine PVDF crystallinity is 34.9% and it drops to 
2.2% when the PVDF/PMMA blend was prepared with a 40/60 wt/wt% composi-
tional ratio. The XRD pattern of PVDF/PMMA (labelled by 20/80) blend film has 
a little peak showing its almost amorphous character, and this fact is also favoured 
by its DSC thermogram. Such a large decrease in the degree of crystallinity of these 
blend films with the increase in PMMA amount (especially for PMMA-rich blends) 
is simply the fact that PMMA chains disturb the order formation of PVDF chains 
structures.

Figure  4c shows that the melting temperature Tm of PVDF crystallites also 
decreases when the amount of PMMA increases in the PVDF/PMMA blend films. 
A drop of about 24  °C is found in the Tm value for 40/60  wt/wt% compositional 
ratio PVDF/PMMA blend film in comparison with that of the pristine PVDF film 
(Table 3). This decrease in the melting temperature is associated with a decrease in 
the chemical potential of PVDF when it is blended with amorphous PMMA [31]. 
From this result and also detailed discussion on the glass transition temperature, 
melting temperature, and degree of crystallinity of the PVDF/PMMA blend films 
over the entire compositional ratio, we also suggest a miscible blend formation of 
the blended semicrystalline PVDF and amorphous PMMA which favours the ear-
lier findings [24, 31, 49, 54–57]. The results of this work and the previous studies 
on these blends evidenced that the PVDF and PMMA miscibility arises due to the 
intermolecular chain interactions which are either through the oxygen atoms of the 
carbonyl groups of PMMA and the hydrogen atoms of PVDF or the dipole–dipole 
interaction between the  CH2 groups of the PMMA chain and the  CF2 groups of the 
PVDF chain [32, 58]. Besides this interpretation and reported facts about the forma-
tion of miscible PVDF/PMMA blend, the presented structural results on the PVDF 
crystallites also evidenced that there is always the possibility of the formation of a 
quite pure PVDF phase in all these different composition blends.

Dielectric dispersion and relaxation processes

Dielectric dispersion behaviour of a dielectric material as a function of harmonic 
electric field frequency is concerned with the electric energy storage ability and the 
dielectric loss (energy dissipation) by the material at a fixed temperature [1, 3, 7, 11, 
15, 21, 38], and it is defined by complex dielectric permittivity function ε* given in 
Eq. (4) [3, 20]:

where the real part εʹ refers to dielectric permittivity which is a measure of the 
energy storage capacity of a dielectric material and the imaginary part εʺ is the die-
lectric loss which identifies the amount of stored electromagnetic energy converted 
into the heat per cycle by Joule heating effect. This loss part is related to different 

(4)�∗ = �� − j���
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physical processes that occurred in the dielectric like electrical conduction, dielec-
tric relaxation, dielectric resonance, etc., whereas the energy storage part represents 
the magnitude of dielectric polarization processes which are mostly the applied har-
monic electric field frequency-dependent. For identification of the suitability of die-
lectric material in the development of energy storage devices, it must have an appre-
ciably high value of εʹ and a reasonably low value of εʺ [1, 4, 5]. Furthermore, the 
εʹ values must remain stable over a broader frequency window to work the device 
satisfactorily under the influence of different frequency harmonic fields [4, 8, 11, 
12]. The �′ values for the PVDF/PMMA blend films were determined by the capaci-
tive measurement method using the relation given in Eq. (5) [4, 59]:

(5)�� =
tg Cp

�0 A

Fig. 5  Broadband frequency range (20  Hz to 1  GHz) complex dielectric permittivity spectra (a real 
part εʹ and b imaginary part ε″) and c dielectric loss tangent (tanδ) for the various compositional ratios 
PVDF/PMMA blend films (PVDF/PMMA = 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100  wt/wt%) at 
27 °C
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where tg is the film thickness, A is the surface area of the active electrode of the 
test fixture, Cp is the capacitance of the test fixture loaded with the dielectric sam-
ple, and �0 = 8.854 × 10−12 F  m−1 is the dielectric permittivity in a vacuum. The εʺ 
values for these films were determined from their frequency-dependent εʹ and tanδ 
values using the following relationship given in Eq. (6) [3, 15, 38, 59]:

Figure 5 shows the εʹ, εʺ, and tanδ spectra of the PVDF/PMMA blend films cov-
ering a broader frequency range from 20 Hz to 1 GHz of the applied harmonic elec-
tric field at a fixed temperature of 27 °C. One can understand from this figure that 
the values of all these dielectric functions change with the variation in frequency and 
also the polymers compositional ratio in the PVDF/PMMA blends. These blends 
exhibited a decrease in εʹ values in various characteristic steps when the frequency 
increases, and finally attained the study state. Furthermore, the εʹ values of these 
blend films change anomalously in the range of about 4–9, at 20 Hz, with the vari-
ation in blend compositional ratio which leads to their appropriateness as dielectric 
materials in power frequency devices, whereas observed values in the range of about 
2.8–3.8 at 1 GHz confirm their suitability as a flexible dielectric substrate for the 
development of microwave devices. The structural parameters established that there 
is significant variation in the polar β-phase and also the signature of α-phase merged 
with β-phase which changes irregularly with the variation in constituents composi-
tion of these polymer blends which causes anomalous variation in their εʹ values at 
a fixed frequency. This behaviour of εʹ values with structural changes establishes 
a structure-property relationship for the varying composition PVDF/PMMA blend 
materials. According to previous literature on dielectric materials [1, 4, 6, 7, 9, 13, 
39, 60, 61], dispersion behaviour of εʹ values reveals that among these polymer 
blends of high εʹ and low ε″ could be potential candidates for the development of 
energy storage devices. Additionally, low εʹ blends can be used as dielectric sub-
strates in high-frequency OFETs, integrated microelectronic devices, and flexible-
type microwave devices. The high-loss blend materials (high ε″ in the relaxation 
frequency range) also suggest their appropriateness for electromagnetic interference 
(EMI) shielders.

Several characteristic features of dielectric dispersion related to broadband fre-
quency range εʹ spectra of the PVDF/PMMA blend films can be noted in Fig. 5a. 
The decrease in εʹ values at a lower range of frequencies is associated with the 
Maxwell–Wagner–Sillars (MWS) type interfacial polarization (IP) process which 
in general exhibited in the semicrystalline polymers, polymer blends, and the poly-
mer matrices-based composites having different conductivity constituents as defined 
in detail in the literature [14, 15, 26, 39, 62, 63]. The magnitude of the IP process 
(MWS) is strongly ruled by the type of dielectric material which means its forma-
tion is mild for non-polar dielectrics which enhances when some charge carriers 
are available in the dielectric to displace some short distances and it appears very 
strong in the dielectric having ion-dipole complexes. The interfacial polarization in 
the PVDF and PVDF/PMMA blends is caused due to the accumulation of displaced 
charges at the interfaces of the crystalline and amorphous domains or the domains 

(6)��� = �� tan �
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of different types of crystallites in these polymeric dielectric materials [15, 38, 39, 
62].

A small dispersion of εʹ values at low experimental frequencies for the PVDF 
and its blends with PMMA infers that the contribution of the MWS process in these 
dielectrics is small. The variation in εʹ values of the PMMA film is noted relatively 
low (from 4.1 to 3.2) with a wide range of frequency variation (over a nine orders of 
magnitude) confirming it as a low-dielectric material of almost frequency independ-
ent polarization performance [37, 50]. This dielectric dispersion behaviour makes 
the pristine PMMA film the most appropriate dielectric material for applications as a 
gate insulator in organic thin-film transistors (OTFTs) and low-dielectric material as 
a substrate in the fabrication of microelectronic devices [33, 34, 37, 50, 60]. The rel-
atively high εʹ values of the PVDF film in comparison with that of the PMMA film 
are owing to the formation of the polar β-phase of the PVDF which was thoroughly 
discussed in the previous sections “XRD traces and structural analysis–DSC ther-
mograms”. The appreciable decrease in εʹ values of the PVDF and PVDF/PMMA 
blend films with an increasing frequency above 1 MHz is attributed to molecular 
polarization that explains the existence of the chain segmental relaxation process 
(α-relaxation) of the PVDF as demonstrated in the literature [8, 12, 13, 61, 64]. The 
dielectric studies on a variety of polymers and nanocomposites also demonstrated 
the dielectric dispersion and occurrence of structural relaxations in such materials 
in the 1 MHz–1 GHz range [7, 10, 11, 65, 66]. For the benefit of readers and also to 
the technocrats and industrial users, the εʹ values of all the PVDF/PMMA blends at 
100 Hz, 10 kHz, 1 MHz, 100 MHz, and 1 GHz are provided in Table 4, which may 
also be interesting for dielectric modelling of these polymer blend materials.

The εʺ and tanδ spectra shown in Fig. 5b, c reveal that the PVDF/PMMA blend 
films have the chain segmental relaxation process (α-relaxation) in the higher exper-
imental frequency region. The characteristic features of this peak that appeared in 
the PVDF/PMMA blend seem identical to that of the PVDF film which suggests 
that in the miscible blend, some PVDF-rich PVDF/PMMA domains exist and the 
dynamics of the PVDF α-relaxation process in these domains is largely influenced 
by the existed small PMMA amount in the domains. The assumption of PVDF-rich 

Table 4  Values of dielectric permittivity �′ and dielectric loss tangent tanδ (εʺ/εʹ) at fixed frequencies 
f of 100 Hz, 10 kHz, 1 MHz, 100 MHz, and 1 GHz for the various compositional ratios PVDF/PMMA 
blend films at 27 °C

PVDF/
PMMA 
films
(wt/wt%)

f = 100 Hz f = 10 kHz f = 1 MHz f = 100 MHz f = 1 GHz

�′ tanδ �′ tanδ �′ tanδ �′ tanδ �′ tanδ

100/0 6.75 0.023 6.56 0.005 5.87 0.090 3.84 0.122 3.15 0.069
80/20 5.10 0.029 4.87 0.009 4.40 0.072 3.20 0.089 2.90 0.052
60/40 5.69 0.058 5.11 0.023 4.53 0.063 3.46 0.074 3.17 0.047
40/60 7.93 0.125 6.19 0.052 5.60 0.040 4.39 0.088 3.86 0.080
20/80 6.50 0.073 5.56 0.034 5.19 0.030 4.34 0.069 3.88 0.076
0/100 3.86 0.044 3.46 0.022 3.33 0.014 3.21 0.008 3.19 0.017
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dynamical domains in the miscible PVDF/PMMA blend is with the considera-
tion of its SEM image given in Fig. 1b. The pristine PVDF film exhibited a highly 
intense α-relaxation peak around 15 MHz, and its intensity is reduced significantly 
for the PVDF/PMMA blend films which further shows some variation in intensity 
and the position on the frequency scale with the variation in polymer blend com-
positional ratio. The position of this relaxation peak on the frequency scale anom-
alously changes with the variation in constituents composition in these PVDF/
PMMA blend films revealing that the hindrance to this process alters in presence of 
PMMA and also changes with its blended amount. In comparison with the PVDF 
and PVDF/PMMA blend films, the pristine PMMA film displayed two relaxation 
peaks of very low intensities around 100 Hz and 5 MHz which can be assigned to its 
high rigid chain segmental motion (α-relaxation) and the dipolar rotational motion 
(β-relaxation), respectively [37, 50, 60, 67]. The β-relaxation peak is obtained due 
to the rotation of the ester functional group (–COOCH3) around the C–C bond of 
the repeat unit that connects it to the main PMMA chain [60, 67]. The values of the 
relaxation time τs (also denoted by τα) for the PVDF, PMMA, and the PVDF/PMMA 
blend films and the τD (τβ) for pure PMMA film were determined using Eq. (7) [21]:

where fp is the frequency value of the peak that appeared in tanδ spectrum represent-
ing the relaxation process and it is marked for the PVDF film as a representative 
sample in Fig. 5c. The calculated values of τs of these PVDF/PMMA blend films 
are listed in Table 5. The variation in the τs values confirms a huge alteration in the 
segmental motion of the PVDF chains with the variation in blended PMMA amount 
for various compositional ratios of the PVDF/PMMA blend materials.

Figure 6 explains the variation in εʹ values of the PVDF/PMMA blend films with 
PMMA (wt%) amount at fixed frequencies of 100 Hz, 10 kHz, 1 MHz, 100 MHz, 
and 1 GHz and temperature of 27 °C. The obtained plots confirm that the trend in 
change of εʹ values of different compositional ratios PVDF/PMMA blend films at all 
these fixed frequencies is almost identical. This figure also identifies that the εʹ val-
ues change anomalously with the relatively increased amount of PMMA in the blend 
films. An initial blending of 20  wt% PMMA reduced the εʹ values, but enhances 
again with an increase in PMMA amount and exhibited the maximum εʹ values for 

(7)�s =
1

2� fp

Table 5  Values of PVDF chain 
segmental motion relaxation 
time τs (also denoted by τα) 
and PMMA dipolar rotational 
motion relaxation time τD (also 
denoted by τβ) for the various 
compositional ratios PVDF/
PMMA blend films at 27 °C

PVDF/PMMA films (wt/
wt%)

τs (s) τD (s)

100/0 9.1 ×  10−9 –
80/20 11.7 ×  10−9 –
60/40 9.9 ×  10−9 –
40/60 1.8 ×  10−9 –
20/80 – –
0/100 1.8 ×  10−3 48.2 ×  10−9
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the PVDF/PMMA blend of 40/60 (wt/wt%). After this concentration, the εʹ values 
decrease for the PVDF/PMMA film of 20/80 (wt/wt%) and then for pristine PMMA 
film. These results evidence that the εʹ values can be tailored with the frequency 
variation as well as the polymer compositional ratio of the PVDF/PMMA blends. 
It is further revealed that the PVDF/PMMA blend exhibited maximum εʹ values at 
all the frequencies when its degree of crystallinity turned close to zero. This finding 
explains that the PVDF in an amorphous state has better polarizability in the formu-
lated PVDF/PMMA blends.

AC electrical conductivity

The frequency-dependent AC electrical conductivity (real part σʹ) of dielectric 
material is associated with its dielectric loss εʺ as defined in Eq. (8) [11, 14, 38, 
39]:

Figure  7 illustrates the dispersion behaviour of σʹ with frequency variation 
from 20 Hz to 1 GHz for the PVDF, PMMA, and their blends. On the log–log 
scale, σ′ values of these polymer blend films increase linearly with the increase 
in frequency in the lower experimental frequency region and then turned slightly 
nonlinear from the onset frequency range of the α-relaxation process. It may 
be noted that the σʹ values are very low (<  10−11 S  cm−1) for the PVDF/PMMA 
blend materials at 20 Hz confirming their high insulation behaviour. The MWS-
type interfacial polarization is responsible for the low value of σʹ at the lower 

(8)�� = ��0 �
��

Fig. 6  Plots of εʹ versus PMMA 
(wt%) at fixed frequencies 
(f = 100 Hz, 10 kHz, 1 MHz, 
100 MHz, and 1 GHz) for the 
various compositional ratios 
PVDF/PMMA blend films at 
27 °C
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frequency region in such types of polymer dielectric materials [68, 69]. The 
interfaces between the segments and/or domains of the PVDF and PMMA in 
their blends behave like potential barriers for the charge carriers at the lower fre-
quencies reducing the probability of the carriers overcoming these potential bar-
riers, and hence, the conduction is poor. However, in the high-frequency region, 
the charge carriers have enough energy to overcome such types of potential bar-
riers, and hence, the value of σʹ increases. The σ′ values also exhibited anoma-
lous behaviour, at a fixed frequency, when the PMMA content increased in the 
PVDF/PMMA blend films.

Conclusions

This paper reported the morphology, crystalline phases of the PVDF and their 
degree of crystallinity and melting temperatures, along with the broadband fre-
quency range (20  Hz–1  GHz) dielectric and electrical dispersion behaviour 
of the different compositional ratios PVDF/PMMA blend films. The XRD and 
FTIR results confirm the distinguishable or co-existence of α-, β- and/or γ-crystal 
phases of the PVDF and their amounts largely change with the variation in 
PVDF/PMMA blend compositional ratio. The SEM images explain the spherulite 
morphology of the PVDF and the highly smooth surface of PMMA with the tight 
molecular packing which also appeared in their blends. It is explored that the 

Fig. 7  Broadband frequency range (20 Hz–1 GHz) AC electrical conductivity spectra (real part �′ ) for 
various compositional ratios PVDF/PMMA blend films (PVDF/PMMA = 100/0, 80/20, 60/40, 40/60, 
20/80, and 0/100 wt/wt%) at 27 °C
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initial addition of 20 (wt%) PMMA amount with the 80 (wt%) PVDF, and then 
further increase in PMMA amount over the entire compositional ratio enhanced 
the PVDF amorphous phase and turned the PVDF/PMMA blend of 40/60 wt/wt% 
almost amorphous. DSC thermograms demonstrated that the melting temperature 
Tm, melting enthalpy ΔHm, and degree of crystallinity Xc (%) of the PVDF crys-
tallites decreased due to the initial addition of PMMA and then further increase 
in its concentration in the PVDF/PMMA blends. A comparative analysis of 
XRD, FTIR, and SEM results explains that the PVDF/PMMA blends are misci-
ble over the entire compositional ratio but there is also the existence of PVDF-
rich domains. The morphological, structural, and controllable thermal properties 
demonstrate that these flexible polymeric blend materials may be promising host 
matrices for the development of advanced polymeric nanocomposites.

The analysis of broadband dielectric dispersion confirmed that the εʹ values of 
these PVDF/PMMA blend films at 20 Hz can be achieved in the range of 4–9 with 
the adjustment of polymer compositional ratios whereas from 2.8 to 3.8 at 1 GHz 
when they are used at 27  °C. Furthermore, the interfacial polarization has some 
contribution to the dielectric permittivity at lower frequencies, whereas the dipo-
lar polarization largely ruled the permittivity values at higher radio frequencies. 
The chain segmental relaxation process is identified in the radio frequency range 
for the PVDF and PVDF/PMMA blends, and this relaxation is largely influenced 
by the PMMA amount in the PVDF-rich domains of the blends. All these blends 
have low electrical conductivity suggesting their suitability for electrical insulators 
in the design and development of wider frequency AC field operative microelec-
tronic devices. These polymeric blend materials of characteristic structural, thermal, 
dielectric, and electrical properties could be potential candidates for use as dielectric 
substrates and insulators in the manufacturing of a variety of flexible-type micro-
electronic devices, energy storage tunable capacitors workable up to microwave fre-
quencies, flexible-type high radio frequency antenna, and EMI shielders.
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