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Abstract 
 
Binary blends of polypropylene (PP) and poly (vinylidene fluoride) (PVDF) are often hard to 
process by extrusion due to the poor compatibility between the two semi-crystalline polymers. 
Considering the fast crystallization during the stretching at room temperature, PVDF products 
with low molecular weight was selected in this study and consequently it presented improved 
compatibility with PP which favored to extrude and stretch the binary blending film (50-50 weight 
ratio) into micro-metric thickness. The obtained binary blending film had reasonable dielectric 
constant over 3.6, low dielectric loss of 0.54% and high breakdown strength of 439 MV/m. 
Furthermore, boron nitride nanosheets (BNNS) obtained by liquid exfoliation were introduced 
into PP/PVDF binary blends and the composite film displayed further reduced dielectric loss of 
0.41% and increased breakdown strength of 478 MV/m. In addition, the composite film with 
BNNS also had high Young’s modulus and tensile strength. The enhanced dielectric and 
mechanical properties made PP/PVDF (50-50)/BNNS 5% display potential values in the 
application of film capacitors for high voltage direct current (HVDC) systems. 
 
  



Introduction 
 
The development of extrusion-processed polymer based materials with high dielectric 
performances has always been attractive for film capacitors.1-2 As a kind of capacitors with a 
capacitance ranging from nF to mF in the order of magnitude, film capacitors have a variety of 
applications in such as electronic circuits, analog filter networks and resonant circuits, etc..3 
Especially, flexible films with improved dielectric constant and low dielectric loss are extremely 
appealing for the dielectrics in modern high voltage direct current (HVDC) systems, one of the 
main strategies in the future for a long distance electricity transmission (over 1500 km) because 
of its high efficiency and low energy loss.4 The current state-of-the-art technology uses metallized 
biaxially oriented polypropylene (BOPP) with the dielectric constant of ~2.2 and the dielectric loss 
of ~0.2%.5 But the shortage of BOPP is its low dielectric constant which is hard to meet the strict 
requirement of dielectrics used in HVDC systems: improved dielectric constant (ε’ of ~3.5-4 at 
1000 Hz), extremely low dielectric loss (tan δ of <0.5% at 1000 Hz) and high dielectric breakdown 
strength (Eb of ~450 MV/m). 
Actually, most of the polymers are with low dielectric constant (less than 3 at 1000 Hz), except 
poly (vinylidene fluoride) (PVDF) and its copolymers whose dielectric constants are usually over 
9.6, 7 But one of the obvious disadvantages of PVDF series polymers is their high dielectric loss 
(over 2.2% at 1000 Hz) caused by the polarity from C-F bonds 7 which largely limits its application. 
An ideal situation is to find some methods which can effectively combine low dielectric loss of PP 
and high dielectric constant of PVDF. Therefore, based on the industrial manufacturing, 
fabricating PP/PVDF binary blending films by extrusion seems to be attractive for realizing the 
objective dielectric performances required by HVDC systems. 
However, as two kinds of semi-crystalline polymers, PP and PVDF usually have different flow 
induced crystallization behaviors during the stretching from the molten stage. The mismatch in 
the crystallization during the solidification often causes the detachment and porosity in the 
binary blending film. Meanwhile, PVDF is a kind of polymer with high surface energy which also 
brings difficulty to robustly adhere with PP. Thus, the binary blending of PP and PVDF usually 
suffers the poor compatibility and consequently, the film with micro-scale thickness is hard to 
achieve by extrusion. Some works try to improve the compatibility between PP and PVDF by the 
reactive blending process like the introduction of copolymers such as polypropylene grafted 
maleic (PP-g-MA) 8 or styrene maleic anhydride copolymer (SAM). 9 The compatibility has been 
reported to improve but it has to be pointed out that the blends of PP and PVDF with a certain 
copolymer may have the risk of increasing dielectric loss, because these copolymers usually have 
reactive segments with the polarity. For example, in the case of PP/PVDF/SAM ternary blends 
(the volume fractions of PP and PVDF is 80-20 and the weight fractions of SAM is 3%), the 
dielectric loss at 1000 Hz is about 2%. The case of PP-g-MA blending with PP and PVDF also has 
the problem of an increased dielectric loss. Hence, it is necessary to find another method to 
improve the compatibility between PP and PVDF and simultaneously keep the dielectric loss at 
low level. 
As mentioned before, the mismatch in the crystallization is one of the reasons for the poor 
compatibility between PP10 and PVDF11. If possible to modify the flow induced crystallization of 
either PP or PVDF, the compatibility between two may be improved and their binary blending 
film with micro-metric thickness has the possibility to obtain. The flow induced crystallization of a 



thermoplastic polymer is largely associated with the molecular weight and distribution.12, 13 
Generally, a kinetic pathway composing coil (melt) → still segment (helix) → precursor → crystal 
is proposed to describe nucleation under the flow.10 Polymeric segments with lower molecular 
weight are easy to relax and the crystalline regions usually show the transverse lamellae in 
growth direction, which is known as the “row structure”.13 These row structures may influence 
the nucleation of the second polymer and change the crystallization. Based on this crystallization 
scenario, PVDF pellets with lower molecular weight are selected in this study to prepare the 
binary blending film with PP. 
In addition, the crystallization of a polymer is also largely influenced by the nano-confinement 
which affects crystal orientations, crystallinities and structures. Inorganic fillers have been widely 
reported with the function of altering immiscible polymer blending by achieving confinements of 
controlled size and morphology.12 Thus, hexagonal boron nitride (BN) has been selected as 
reinforcing charges to prepare PP/PVDF based composite in order to further improve 
compatibility between PVDF and PP. As a kind of platelet-like particles with high thermal 
conductivity: the in-plane thermal conductivity of hexagonal BN is about 600 W/(mK) and the 
out-of-plane conductivity is 30 W/(mK).14-16 Moreover, as a type of insulating ceramics, BN is with 
large band gap of 5.2 eV, reasonable dielectric constant of about 4 and extremely high 
breakdown strength of around 800 MV/m.17 Especially, according to currently reported works, 
the breakdown voltage of BN can be further promoted by decreasing the thickness of BN sheet 
down to few layers, known as BN nanosheets (BNNS) obtained by the long-term liquid 
exfoliation.17, 18 Therefore, using BNNS to prepare the composite may potentially achieve better 
adhesion with PP and PVDF by altering nucleation of polymer during the flow so as to improve 
the quality of the binary blending film. In the following parts of this study, the dielectric and 
mechanical properties of PP/PVDF binary blending film and the composite film reinforced by 
BNNS will be discussed based on the crystallization and micro-morphology. 
 
Experimental Section 
 
Materials: PP pellets were provided by Borealis, Belgium. PVDF pellets (Mn~71,000 and 
Mw~180,000) and dimethylformamide (DMF) solvent were purchased from Sigma Aldrich. 
Hexagonal BN with platelet’s thickness of 1-2 μm was purchased from Merch KGaA, Germany. 
BNNS was prepared by the long-term liquid exfoliation of BN platelets in an ultrasound bath 
according to the reported way.19, 20 Before the experiments, all the products were stored in an 
oven at 80 oC overnight.  
Preparation: for preparing the binary blending film with 50-50 weight ratios, PP and PVDF pellets 
were put into a micro-extruder/compounder (Micro 5 cc Twin Screw Compounder, DSM) and 
mixed at 230 °C for 20 min by twin strews with the speed of 60 rpm. The extrusion and stretching 
were conducted by the rolling system (Xplore) at room temperature. For preparing the PP/PVDF 
(50-50)/BNNS composite film, the weight fractions of BNNS were 5% and the preparation was 
divided into two steps: in the first step, the mixture of PVDF and BNNS was fabricated by solution 
casting to avoid the agglomerates of BNNS as far as possible: BNNS was dispersed in DMF solvent 
by ultrasonication for 30 min and then PVDF pellets were put into the suspension of BNNS/DMF 
and mixed by magnetic stirring at 70 oC for 1 h. The mixture of BNNS and PVDF was dried at 80 oC 
over night. In the second step, the mixture of PVDF and BNNS was cut into small pieces and these 



small pieces were blended with PP pellets in the microcompounder and then stretched. The 
processing conditions were the same as the case of the binary blends. A schematic diagram is 
presented in Figure 1 to describe the whole preparation. 
 

 

Figure 1 Schematic diagram for describing the film prepared by the extrusion and stretching 
process. (MD: machine direction, parallel to the stretching direction. TD: transverse direction, 
vertical to the stretching direction)  
 
Characterizations: The morphology of film’s cross-section was observed by scanning electron 
microscope (SEM) (ZEISS, LEO 1530 Gemini). The samples were broken after impregnated in 
liquid nitrogen for 5 min. The fractured surfaces were coated by a thin layer of gold to increase 
the surface conductivity. Transmission electron microscope (TEM) imaging was performed by a 
Titan3 G2 with a field emission gun (XFEG) operating at an accelerating voltage of 200 kV. Energy 
Dispersive X-ray spectroscopy (EDX) was carried out at 200 kV in scanning transmission electron 
microscope (STEM) mode. All the images were acquired by high-angle annular dark-field detector 
(HAADF). The EDX mapping was acquired for 10 min. 
X-ray diffraction (XRD) (D2 Phaser X-ray Powder Diffraction, Bruker) was used to study the 
crystalline behavior of the polymers and composites. The measure range of 2θ was from 10 to 
30o in 2500 s.  
Frequency dependence of dielectric properties was measured by Solartron modulab XM at room 
temperature with the frequency range from 10-1 to 105 Hz. The surface area of the sample was 10 
mm × 10 mm. Silver pastes were applied on both faces of the sample for reducing contacting 
resistances. The tested samples were considered as a plane capacitor and described by parallel 
resistor-capacitor (RC) circuit systems.  
Breakdown strength of the film was measured by PolyK Ferroelectric Polarization Loop & 
Dielectric Breakdown Test System. The thickness of the sample was measured by thickness gauge 
way on an iron plate (Surfix Pro, PHYNIX) and the thickness range of each film was from 15-25 μm. 
During the measurement, the increasing rate of voltage was set as 200 V/s. The measurements 
were carried out at room temperature in the silicon oil for avoiding the corona discharging in air. 
At least 10 breakdown trials were performed for each film to conduct Weibull failure analysis: 21 

P(E) = 1 − exp	[−(
E-
α )

β] 

where P(E) was the cumulative probability of electric failure; Eb was the measured breakdown 
field; scale parameter α was the field strength for which there was a 63% probability for the 



sample to breakdown; and shape parameter β evaluated the scatter of data.  
Mechanical properties of the film in two processing directions, MD (mechanical direction) and TD 
(transverse direction) were characterized by Instron 5544 with the stretching speed of 1 mm/s. 
The samples for the mechanical properties were cut by a standard mold with the width of 3.15 
mm. Each film was measured at five times to obtain the average values. Young’s modulus was 
obtained by measuring the slope of the axial stress-stain curves in the elastic region. The tensile 
strength was the maximum value of the stress in the stress-strain curves.  
 
Results and discussions 
 
Morphology of BNNS characterized by TEM is shown in Figure 2 (a). It can be found that the 
thickness of BNNS is with several layers. Figure 2 (b) shows the high-magnification TEM images of 
BNNS. The ultra-flat surface with clear regular atoms lines has been partly destroyed, which may 
be caused by two reasons: One possibility is from the long-term ultrasonic exfoliation and the 
other is from the high electric field during the characterization (200 kV is used in TEM). To study 
the chemical composition of BNNS, the EDX mapping in STEM mode has been conducted and the 
results are shown in Figure 2 (C). It can be found that nitride and boron are detected in these 
regions as presented by green and red points, respectively. These boron and nitride points are 
distributed homogeneously without obvious voids. Thus, it can be thought that the destroyed 
area on some surface of the nanosheet as presented in Figure 2 (b) is still with the boron nitride 
composition and the chemical composition has no obvious change. After ultrasonication, some 
BNNS have been exfoliated to the monolayer’s state. Two zones are chosen to obtain the selected 
area electron diffraction (SEAD) patterns, as shown in Figure 2 (d). A typical hexagon pattern has 
been observed in the red rectangular area, which indicates the monolayer structure of BNNS. 
Another area in green rectangular shows a triple hexagon pattern which infers the three-layered 
structure of BNNs. 
 

 

(a) 

 

(b) 
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(d) 
Figure 2 (a) and (b): TEM images of BNNS sample. (c): STEM image of BNNS sample with EDX on 
nitride, boron and carbon chemical elements analysis (d): SAED patterns of BNNS: there are two 
places, the red one and the green one in the left image which are corresponding to the SAED 
patterns with red and green edges. 
 
XRD patterns for PP, PVDF, the binary blending and the composite film charged by BNNS are 
presented in Figure 3. As presented in Figure 3 (a), it can be found that for the neat PP film, there 
are two crystalline phases:22 α phase with the typical peaks at 2θ = 14.1 o (110), 16.8o (040), 18.5o 
(130), 21.2o (111) and 25.5o (060) and β phase with the typical peaks at 2θ= 16.1o (300) and 21.8o 
(301). For the neat PVDF film,23, 24 as presented in Figure 3 (b), the crystallites of XRD pattern only 
display α phase with the typical peaks at 2θ = 17.8o, 18.2o and 19.8o. Especially, the peaks of (100) 
and (020) have similar diffraction intensities. This is a bit different from the crystalline patterns of 
PVDF with higher molecular weight 25 (such as the products of PVDF 761 from Arkema with the 
Mw ~ 441,000), where these two peaks of (100) and (020) are with different diffraction 
intensities. As mentioned, polymeric segments with lower molecular weight generally tend to 
form the crystallites with row structures. The similar intensities at two α peaks in this PVDF infer 
the row structures with incomplete crystallization and orientation due to the fast relaxation 
during the flow. If comparing the crystalline peaks in the pattern of binary blending film as 
presented in Figure 3 (c), it can be found that the PP β phase (300) at 2θ = 16.1o has disappeared. 
Moreover, the intensities of PVDF peaks become weaker than those in the XRD pattern of pure 
PVDF in Figure 3 (b). The disappearance of PP β phase (300) and the reduced diffraction 
intensities of PVDF crystalline peak infer that binary blending will influence the crystalline 
behaviors of PP and PVDF.  
The crystallization of a polymer usually follows with multistage and the sequence, relative 
importance, or even existence of these different stages may depend on the polymer nature and 
crystallization conditions. 12 If stretching the binary blending film at room temperature from the 
molten stage, PVDF may crystallizer faster than PP due to a higher crystallization temperature (Tc) 
(for PVDF, Tc is of 145 oC25 and for PP is of 110 oC26). Meanwhile, with low molecular weight and 
high flow rate, PVDF crystallites possibly form partial orientated structures along the stretching 
direction by the force of the nozzle and roller. The difference of the temperature gradient, the 
surface stress between PVDF crystallites and amorphous regions as well as the fast crystallization 
at room temperature may largely affect PP’s nucleation and lamellae growth, and consequently 
cause the disappearance of PP β phase (300). It is possible that the PP segments approaching to 
the interface of PVDF crystallites may form different crystalline structure and morphology which 



known as the interfacial crystallization.27  
For the case of composites, the film charged by BNNS has higher crystallinity than the binary 
blending film. The enhanced crystallinity in the composites is contributed by the increased 
crystallinity of PP as presented in Figure 3 (d). BN with high thermal conductivity will change the 
gradient of temperature during the solidification, which can serve as nucleating agent 28 to 
provide favorable, interacting substrates for the nucleation and growth of PP crystals. Moreover, 
the peak of PP β phase (300) at 2θ=16.1o is also invisible in the composite film. Therefore, it infers 
a kind of match in crystallization: blending PVDF of low molecular weight with PP as well as later 
adding BNNS do not favor to induce PP β phase (300) and the disappearance of PP β phase (300) 
may be a reason to explain the improved compatibility between PVDF and PP by modifying 
crystallization in this study. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 3 XRD patterns for PP (a), PVDF (b), PP/PVDF (50-50) (c), and PP/PVDF (50-50)/BNNS 5% 
(d) 
 
Fracture morphology for the binary blending film and the composite film charged by BNNS has 
been characterized by SEM. The cross-section selected for the observation is parallel to the 
stretching direction as presented in Figure 1. SEM images of the fractures of three samples are 
presented in Figure 4. At first, as presented in Figure 4 (a), it can be found that PP and PVDF are 
with the different structure. In the interior of the film, along the stretching direction, PVDF is 
formed as the parallel fiber structure with twisted lamellae morphology, while PP is formed as 
the orientated texture structure with the nodular morphology. As discussed in the XRD part, 



during the stretching procedure, the blending melt flows from 230 oC to room temperature, 
which makes PVDF crystallizes at first. Some twisting lamellae, transverse to the growth direction, 
will start to multiply as presented in Figure 4 (a-3) where the surface of PVDF fiber is with visible 
folding traces. These twisted lamellae are so-called “row structure” 13 as mentioned in XRD part. 
The crystallization of PP occurs later due to the lower Tc. Because of stretching at room 
temperature, the fast crystallization of PP does favor to form spherulites as presented in Figure 4 
(a-3); instead, there are some crystals with nodular morphology appearing. The nodular 
morphology is for PP α phase which is detected by XRD as mentioned and such a crystalline 
morphology is reported to have high ductility and flexibility.29 As a result, the increase of 
flexibility from the PP α phase with nodular morphology favors PP to form a continuous texture 
structure interpenetrating in the PVDF fibers. As a kind of polymer with fluoride atoms, PVDF is 
hard to adhesive with other materials due to the high surface energy. Hence, PP crystallites 
adhere little surrounding the PVDF fiber. As presented in Figure 4 (a-2) and (a-3), the adhesion 
between PVDF fiber and PP layer is not robust enough and the vacancy exists in the interfacial 
area. 
If adding BNNS in the binary blending, as presented in Figure 4 (b-1), it can be found that the 
crystalline morphology of two polymers does not change but the surface of PVDF fiber is 
attached with BNNS because of mixing by DMF solvent at first. Thus, the attached BNNS serve as 
the nucleating agent for PP and promotes the crystallization of PP on the surface of PVDF as we 
have discussed in the XRD part. As presented in Figure 4 (b-3), some PP regions are found to 
adhere on the surface of PVDF fiber. In addition, in the composite film charged by BNNS, it is hard 
to find obvious agglomeration of BNNS in Figure 4 (b). Hence, by the characterization of fracture 
morphology of the binary blending film and the composite film, it can be found that the 
compatibility between PP and PVDF can be further enhanced by using BNNS. 
 

 
(a-1) 

 
(a-2) 

 
(a-3) 

 
(b-1) 
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(b-3) 

Figure 4 Morphology of fracture surface for the two samples: (a) PP/PVDF (50-50) and (b) 
PP/PVDF/BNNS-5% 
 



Frequency dependence of dielectric properties of the binary blending film and the composite film 
have been characterized in a wide frequency range from 0.1 Hz to 105 Hz at room temperature. 
At first, the dielectric properties of PP are with the constant (ε) of 2.2 and loss (loss tangent tan θ) 
of 0.32% at 1000 Hz. By contrast, ε of PVDF is of 9.3 and its tan θ of 2.2 % at 1000 Hz. For the 
binary blending film, as indicated in Figure 5, it can be found that because of the high ε of PVDF, 
the binary blending film is also with a reasonable ε of 3.6 at 1000 Hz and meanwhile, tan θ of the 
binary blends is as low as 0.54%. If dividing the whole frequency range into two parts: low 
frequency region (lower than 100 Hz) and high frequency region (higher than 1000 Hz), it can be 
found that ε and tan θ of the binary blending film at low frequency are much higher than those at 
high frequency. It infers a strong interfacial polarization occurring in the binary blends. As 
inferred by XRD and SEM, the binary blending film consists of semi-crystalline structures with 
different crystalline morphology which creates much interfacial area between PVDF fiber and PP 
layer. When the sample is put in an AC electric field, the charges will be easy to accumulate at the 
interfacial area and arouse strong interfacial polarization. Interfacial polarization needs longer 
duration to release which makes the dielectric loss become high at low frequency.1 That is the 
reason that ε and tan θ of the binary blending film at low frequency range are both higher than 
those at high frequency. 
For the composite films charged by BNNS, it can be found that comparing the binary blending 
film, adding BNNS will simultaneously reduce ε and tan θ. In the part of ε, as an isolating filler 
with ε of less than 4, the decreased ε of the composite films can be understand by the basic 
mixing law.30 In the part of tan θ, BNNS can help to reduce tan θ of the composite film at the 
whole measured frequency range. The composite film with BNNS has even lower tan θ at low 
frequency which infers weaker interfacial polarization occurring in the composite. The reduced 
tan θ of composites with BNNS also infers that using BNNS can modifier the interfacial adhesion 
between PP and PVDF and achieving better compatibility, which is corresponding with the 
observation by SEM. 
 

 

(a) 

 

(b) 
Figure 5 Frequency dependence of dielectric properties for PP/PVDF (50-50) and PP/PVDF 
(50-50)-BNNS 5% , resepectively: (a) for dielectric properties and (b) for loss tangent 
 
Dielectric breakdown strength (Eb) for two films have also been measured and the results are 
analyzed by a two-parameter Weibull statistics as presented in Figure 6. It can be found that Eb of 
the binary blending film is about 439 MV/m which is already higher than PVDF films prepared by 



solution casting.31 Such a high Eb of the binary blending film indicates that PVDF with low 
molecular weight can achieve compatibility with PP and the structure of the film is relatively 
compact. Meanwhile, there is no polar β phase found in this PVDF crystalline region which also 
assures high Eb.32, 33 For the composite film, it is found that using BNNS can further increase Eb of 
the composite film which reaches 478 MV/m. As a kind of ceramics wit high thermal conductivity 
and high band gap, BNNS has been often reported to have a good reinforcement on composite’s 
Eb. Thus, in our study, it has also presented such an enhancement on the binary blending film. 
Moreover, as presented in the SEM images, because of the long-term liquid exfoliation and 
mixing with PVDF in the DMF before blending, BNNS has little agglomerates in the composite 
which effectively avoids weak points for the growth of electric trees during the increasing of 
voltage.34 In addition, because of the influence on PP crystallization, the composite charged by 
BNNS can achieve better compatibility between PP and PVDF which also favors to improve Eb. 
 

 

(a) 

 

(b) 
Figure 6 Weibull distribution of Breakdown strength for PP/PVDF (50-50) (a) and PP/PVDF 
(50-50)-BNNS 5% (b)  
   
Besides the dielectric properties, the mechanical properties of two films have also been studied 
in this study. Young’s modulus and tensile strength of two directions, MD and TD in each film are 
presented in Figure 7. At first, it can be found that the mechanical properties of the binary 
blending film and the composite film are dependent on the stretching directions. The mechanical 
properties of MD are higher than those of TD. As discussed before, stretching at room 
temperature will cause PVDF crystallites to form fiber structures which cause the film with 
anisotropic mechanical properties.35 Furthermore, it can be found that adding BNNS can increase 
the Young’s modulus of two directions. Increased the Young’s modulus of the composite results 
from the high modulus of BNNS and more crystallinities of polymers. For the tensile strength, 
adding BNNS can also help to increase the tensile strength of two directions. Generally, for a 
material, the increased strength may result from a more compact structure. Hence, based on this 
point, it is understandable for the composite charged by BNNS has higher tensile strength in MD 
and TD due to its compact structure caused by the improved compatibility between PP and PVDF. 
 



 

(a) 

 

(b) 
Figure 7 Mechanical properties of PP/PVDF (50-50), PP/PVDF (50-50)-BN 5% and PP/PVDF 
(50-50)-BNNS 5% films with two directions (MD and TD): (a) for the Young’s modulus and (b) for 
strength 
  
 
Conclusions 
 
Using PVDF with low molecular weight can achieve a good compatibility with PP because of the 
match in the flow induced crystallization behavior. Thus, the PP/PVDF of 50-50 weight ratio binary 
blending film with micro metric thickness can be fabricated by extrusion and stretching. The 
obtained binary blending film has reasonable ε over 3.6, low tan θ of 0.54% and high Eb of 439 
MV/m. Furthermore, incorporated by BNNS of 5% weight fractions, the extrusion processed 
composite film has displayed further reduced tan θ of 0.41% and increased Eb of 478 MV/m. Such 
improved dielectric properties result from the influence of BNNS on PP interfacial crystallization 
behavior on PVDF which benefits for more robust adhesion between two polymers. Because of 
the improved compatibility, the composite film containing with BNNS has also displayed higher 
Young’s modulus and tensile strength. Therefore, the enhanced dielectric and mechanical 
properties make PP/PVDF (50-50)/BNNS 5% display highly potential values for the application of 
film capacitors in HVDC systems. 
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