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Abstract:

Polyvinylidene fluoride (PVDF) is a novel gel polymer electrolyte alternative which
can reduce the risk of irreversible failure in lithium-ion batteries (LIB) [1]. PVDF matrix
structures which exhibit inter-crosslinking networks have previously demonstrated favorable
thermal and mechanical properties for LIB applications [2]. PVDF based multifunctional
material is attracting a great scientific interest due to its excellent piezoelectric, pyroelectric
and ferroelectric properties. Such as, its properties strongly depend on synthesis procedures
and obtained microstructures. In this research, porous structure and cross-linking patterns of
PVDF were prepared by electrospinning method and it has been found that these
microstructures can have fractal structure. Fractal analysis can be used as a powerful tool
for describing structural and functional properties of these this material. Because of that, in
this research we have used different fractal methods for the reconstructions of various PVDF
microstructure morphologies. Fractal analysis has been performed by using scanning
electron microscope micrographs and computational modeling tools. Theory of Iterated
Function Systems and Voronoi tessellation, have been used for modeling PVDF porous
structures. A Python algorithm was created to determine the distribution of pore areas in
SEM micrographs. Algorithm’s distribution of calculated pore surface areas were compared
with measured pore surface areas and fractal reconstructions of different morphologies and
their connection with functional properties were analyzed.
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1. Introduction

Polyvinylidene fluoride (PVDF) represents a semicrystalline polymer with very good
piezoelectric and pyroelectric properties [3, 4]. PVDF crystallizes in five different phases:
alpha (o) phase, beta (B) phase, gamma (y), etc. [S]. Beta and gamma phases, due to their
crystal structure, have the best ferroelectric properties. PVDF normally exhibits o, the
nonpolar phase, which is kinetically very stable. Due to that tendency, obtaining the
electroactive B phase is difficult, so it is a big challenge to induce it in PVDF. For improving
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electroactive phases in PVDF, several techniques are usually in use. One of the techniques is
adding a ceramics particles inside the polymer matrix as a filler. The most popular techniques,
to provide P phase inside the polymer matrix, are the mechanical stretching of a-phase films
at temperatures 70—100 °C, adding a filler, and different types of synthesis. One of them is the
electrospinning technique [6-8].

Electrospinning is a technology for producing polymer fibers and polymer composites
with porous structure from polymer solutions and melts. The obtained fibers and pores are
with micrometer or nanometer scale diameters. The process of electrospinning involves a
high-voltage source to charge a polymer solution. After the applied voltage polymer solution
accelerated towards a grounded metal collector of the opposite polarity. The polymeric fiber
travels by evaporating the solvent from it allowing, thus leading to the deposition of solid
polymer fibers on the collector. The basic electrospiner consists of a syringe filled with a
polymer solution, a high-voltage source, and a grounded conductive collector screen [9].
Between the syringe's tip and the collector there is electric and electrostatic forces are
generated and under its influence a pendant of polymer is formed. A pendant droplet of the
polymer solution at the end of the syringe is deformed into the conical shape also known as
the Taylor cone. The charge density increases at the tip of the cone. When the electrostatic
forces overcome the surface tension of the polymer solution, a jet is ejected from the tip of the
syringe [10, 11]. It has been found that nano-fiber like materials have very complex and
porous structure that can be observed as fractal structure. As such, the fractal analysis can be
used for describing structural and functional properties of this type of material.

Fractals are known as geometric shapes that display similarity through the full range
of scale. They look the same no matter how big or small they are. Fractal objects are part of
nature and they found their application in science, from cosmology to molecules. There are
many examples of fractals that we encounter in everyday life such as Romanesco broccoli,
pine cones, ice, snowflake, neurons, lungs tissue... that bear a comparable resemblance to
"ideal" or "mathematical" fractals such as the Cantor set, Gosper contour, Koch curve,
Sierpinski triangle/square, etc. [12]. The concept of a fractal is proposed by Mandelbrot in
1975, which refers to the graph, phenomenon, or process with self-similarity [13]. Fractals
have the characteristics of self-similarity, scale invariants and self-affines [14-16]. There are
three different types of Self-similarity. The first is called accurate (mathematical) fractal and
it may be exactly similar to the Sierpifiski triangle [17]. The other two types are known as
random fractal [18] and it is the approximate similarity of branch bifurcation [19] and
statistical similarity [20]. Scale invariant is the property that the shape, irregularity, and
complexity of an object will not change if it is enlarged or shrunk in any local area of the
object. This object can have fractal features in a scale invariant range [21]. Self-affine
represents a special case of self-similarity. It refers that the proportion of transformation from
local to global in diverse directions is not necessarily the same [21]. The feature of fractal
objects can be described by fractal dimension. Fractal dimension (Hausdorff dimension) DHy
is a real number, to the contrast of topological dimension D7, where is DT = 0 for isolated
points, DT =1 for curves, DT = 2 for surfaces, DT = 3 for solids, etc. Therefore, Hausdorff
dimension is in a range: 0< DH;< 1 and covers all objects that are more than a point but less
than a curve. If DH ris between 1 and 2, the object is something between curve and surface
[22]. Analytic method and fractal nature application is a new procedure in materials micro-
structural characterization in order to reconstruct a materials structure, grains and pores, and
make an advance prognosis of designed micro-structural properties [22]. The surface
morphologies of all kinds of porous materials are complex and irregular, but they have
features of self-similarity and as such can be analyzed by fractal theory. Fractal analysis
represents a new approach for deeper examination of microstructure and for the prognosis of
materials properties [23].



A.Peles Tadic¢ et al.,/Science of Sintering, 56(2024)445-453 447

In order to define the pores and boundaries between pores inside PVDF based
polymer composites obtained by electrospinning method, we used fractal analysis and
Voronei tessellation.

2. Materials and Experimental Procedures

PVDF (M., ~ 530 000) pelets was purchased from Sigma Aldrich and used without
further purification). 22% solution (w/v) was prepared by dissolving 2.2 g of polymer in 10
ml dimethylformamide (DMF) (Sigma Aldrich). A homogenous solution of polymer was
stirred at 70 °C, with 150 rpm for 3 h. The different samples were made by electrospinning
process. The electrospinning apparatus used for the experiments was Electrospinner CH-01
(Linari Engineering, Italy). The voltage applied in experiments varied from 15 kV to 28 kV
with the high-voltage supply (SPELMANN PCM50P120, USA), and the flow rate varied
from 1 to 1.2 ml/h using syringe pumps of the R100E type (Razel Scientific Instruments,
USA). The distance of the needle tip from the collector varied from 10 cm to 15 cm. All
samples were obtained at 22 °C and 50% air humidity.

Morphology of PVDF porous film was investigated by a scanning electron
microscope (JSM-6390 LV JEOL, Japan).

3. Results and Discussion

Fractal-like PVDF structures indicate that the pores have a repeating behavior.
Computational modeling tools were utilized to identify pore dimensions using SEM images.
This type of modeling was based on Voronei tessellation, which represent a visualization
procedure for partitioning planes depending on the distance of points from a special subset of
planes. The set of points (generator) is predetermined and for each there is a corresponding
one the region consisting of all points that are closer to that generator than to any other [24].
These areas are called Voronei cells, and visually they form a Voronei tessellation, a "mosaic"
of geometric shapes in a plane in which there are no overlaps or gaps. For two sets A and B
with distance metric d(a,b) where a € A and b € B, a Voronoi diagram or tessellation is a
subdivision of A into subsets, each of which contains the objects in A that are closer, with
respect to the distance metric, to one object in B than to any other object in B [25]. A Voronoi
diagram is sometimes also known as a Dirichlet tessellation. The cells are called Dirichlet
regions, Thiessen polytopes, or Voronoi polygons. Our model used a cross correlation that
represents a type of digital image processing method which can be used as a metric for
determining the similarity between two images, or in this case pores. If a portion of pixels are
arranged in a certain order, correlation algorithms can be programmed to determine that same
arrangement of pixels in a different location. This indicates there is a 1:1 correlation [26]. To
account for differences in brightness, the normalized cross correlation function is used as seen
in the equation below. Ultimately, the pixel size and distribution are what determines
correlation. The locations where the correlation is strong can be associated to a kernel. A
kernel is a template of a specific arrangement of pixels which can be used as the basis for
computing normalized cross correlation (Eq.1).

o TS fmnltim—in-j]
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Normalized cross correlation equation is an adjusted version of the correlation equation to
account for energy differences in signals, or in this case: brightness of each pore (Eq. 1).
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To distinguish the boundaries between pores, a partition of areas must be computed. Voronoi
tessellation (partition) is a geometric model which delineates regions using a set of points in a
plane. As seen in Fig. 1, line segments connecting two points (kernels) guarantee the line
segment connecting two neighbor points is perpendicular to the shared border and is bisected
by that edge [25]. This method can essentially predict pore boundaries using geometric
modeling.
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Fig. 1. Image A depicts the perpendicular bisector which separates Voronoi regions. Image B
depicts a Voronoi partition in which the kernels are clearly shown to be separated by
boundaries which are perpendicular bisectors to the inter-kernel line segment [27].

A Python algorithm (supported by SciPy, Scikit-image, and NumPy packages) was created to
determine the distribution of pore areas in an SEM image. The algorithm requires a parameter
image which can be thought of as the kernel. In this case, a singular pore (regardless of
position or orientation) is chosen as the kernel. To determine local points of interest, a
threshold parameter is set into the algorithm which limits the cross-correlation value, Ni¢[i,j].
A higher Nii,j] threshold indicates the local pores must be very similar to the kernel. While a
low N [1,j] threshold indicates a lower level of correlation. To map these values on an SEM
image, a Sobel operator (filter) is applied, as shown in Fig. 2, which essentially filters the
image to show a gradient of intensities. The algorithm translates the kernel across the image
until it matches peaks that fall within the threshold parameter. These locations on the image
get subsequently marked by a dot.

Fig. 2. Image A is of the PVDF fractal structure at 2.5K x magnification. The measurements
shown in the image identify the diameter of the pore in question. Image B depicts the same
image with the Sobel operator applied.
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Spherurlites with Centers Identified

Fig. 3. The follow set of images represent the kernel size to output density relationship. A.)
Kernel pixel dimensions = (414:438, 344:367), B.) Kernel pixel dimensions = (380:480,
300:400), C.) Kernel pixel dimensions = (300:500, 250:450). Threshold parameter = 0.09.
These images were not filtered with the Sobel operator.

Fig. 3 depicts the cross-correlation accuracy depending on the kernel parameter
chosen. Pores of the same dimensions as the kernel will be more accurately determined than
ones that are not. In Fig. 3a, a smaller kernel, which predicts smaller pores, inconsistently
determines larger pores. While for 3c, larger kernels accurately predict larger pores but are
overshadowed by the exclusion of smaller pores. As seen in 3b, using a medium-sized kernel
can detect a range of both large and small pores. By picking a medium-sized kernel, extreme
pore sizes are not detected as the template parameter sacrifices extremes for consistency in
detecting approximately average-sized pores.

The next portion of the algorithm utilizes Voronoi tessellation to delineate pore
boundaries in relation to its nearest neighbors. Fig. 4 uses the kernel from Fig. 3b to generate
the Voronoi partition with the addition of the Sobel filter. The algorithm accurately predicts
pore boundaries that are near the center of the image. While the pores that are around the
edges of the image get distorted as they do not have neighboring kernel points in all
directions. As a result, certain pores are either overestimated or underestimated depending on
its pixel configuration. This discretion is the major source of error in this algorithm which is
represented in terms of the area distributions.
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Pores with Centers Identified
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Fig. 4. The following diagrams show the normalized cross correlation with the Sobel operator
applied onto the image. The green dots are indicative of the kernel matches while the white
lines delineate the Voronoi partition.
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Fig. 5. Bar plots A and B represent the algorithm’s distribution of calculated pore volumes
and surface areas respectively Bar plot C and D represents the physically measured pore

volume and surface areas. Using R-Studio the mean and standard deviations were calculated
as seen in each plot.
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The algorithm finally takes the Voronoi regions calculated and converts them into the
pixelated area of each pore detected. Using the scale bar given in the Fig. 5, the pixel to um
ratio was found to be 250:10 (250 pixels = 10 um). The distribution was then converted to pm
where it was compared to physical SEM measurements of the same image in a bar plot. The
physical measurements made a key assumption that all pores were approximated to have a
surface area in the shape of a circle [A=n(d/2)?]. Although most of the pores were not of
circular shape, a generalized area needed to be assumed to accurately quantify the surface
areas of each measured pore.

4. Conclusion

In this paper, we reported the investigation of the porous surface of the polymer
composite, based on PVDF/ZnO polymer. The surfaces were obtained by SEM. Micrographs
showed the fractal structure, so we used Voronoi tessellation to distinguish the boundaries
between pores. This method can essentially predict pore boundaries using geometric
modeling. A Python algorithm was created to determine the distribution of pore areas in an
SEM image. At the end, the distribution was converted to pum and compared to physical SEM
measurements of the same image. The physical measurements made a key assumption that all
pores were approximated to have a surface area in the shape of a circle. Finally, both pore
surface area and volume distributions seem to show similar arrangements. This indicates that
the algorithm can predict similar distributions within a region. One trend that was readily
apparent was the algorithm seemed to overestimate the size of the pores as the mean was
higher and the skewness was more prominent. These indicators can be a result of the
distortion of the pore boundaries the Voronoi tessellation could not account for at the edges of
the image. One method of lessening the effects of boundary distortion could be to use images
at lower magnification. Additionally, the algorithm also showed to have included regions
which would be considered as strands of the PVDF. This unintentionally increased the
average surface area of the pores. The physical calculations also made a major assumption in
which all pores were subjected to being treated as a circular object. This distorted the actual
surface areas as most of the pores did not confine to that shape. Further studies should be
conducted on how an algorithm using Voronoi partition and normalized cross correlation can
be adjusted and optimized to account for pores at image boundaries. A better method of
physically measuring and determining pore sizes is also suggested as generalizing the shape is
not a particularly accurate technique.
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Cascemax: Tonusununuoen Gayopuo (IIBJD) je noea anmepuamusa een noaumepy
eNeKMPONUMA KOja MOdACE CMARUMU PUSUK 00 HEeNospamHo2 Keapa ) JIUMUjyM-jOHCKUM
bamepujama (JIUB) [1]. [IB/]® mampuune cmpykmype Koje noKasyjy mpeosice mehycoonoe
yMpedcasara Cy pauje noxasaie nogosbHa MepMuyka u mexamuuxa ceojcmea 3a JIUB
anauxayuje [2]. Mynmugyukyuonannu mamepujan na 6asu IIB/{®-a npuerauu eeauxo
HAYYHO UHMepeco8arbe 3002 COjUX OONUYHUX NUE30ENeKMPUYHUX, NUPOETeKMPUUHUX U
pepoerexmpuunux ceojcmasa. Ha npumep, mwezoe ocobune y eenuxoj mepu 3asuce 00
nocmynaka cummese u O00OUjeHuUx MUuKpoCmpykmypa. Y 060M UCMPAdCUBArYy, HOPO3HA
cmpykmypa u  obpacyu  ympexcasaroa IIB/[@-a cy  npunpemmeHu  Memooom
eleKMPOCNUHOBARA U YMBPHEHO je 0a 08e MUKPOCHPYKmype MO2y UMamu @OpaKkmainy
cmpykmypy. @pakmaina aHanusa ce Modice KOPUCMUmMY Kao MohHO cpedCcmeo 3a onucusarbe
CMPYKMYPHUX U QYHKYUOHATHUX OCOOUHA O08UX Mmamepujana. 3002 moza cMoO y 080M
UCIPAdICUBAILY KOPUCHUIY PA3TUYUME DPAKMATHE Memooe 3d PEKOHCMPYKYUJY PA3TUYUTNUX
mopgonoeuja TIBIAD muxpocmpyxmype. @pakmanna anaiusa je uzepuieHa xopuuihieroem
MuKpoepaguja  cxenupajyhiec  eieKmpoHcKoz MUKPOCKONA U aiama 3a payyHapcKo
moodenuparwe. Teopuja cucmema umepupanux @yukyuja u Bopownojesa mecenayuja cy
kopuwihenu 3a mooenosarwe IIBIA®D noposnux cmpyxkmypa. Hanpasewen je Ilajmon
aneopumam 3a oopehusarve Ooucmpubyyuje nospuwuna nopa na CEM muxpoepagujama.
Aneopumamcka oucmpubyyuja upavyHamux no8puiuHa nopa je ynopehena ca uzmepeHum
HOBPUWUHAMA NOpA U  AHAZUSUPAHEe CY Qpakmaine PpeKOHCMpYKyuje —pasiuyumux
Mopgonozuja u iuxo8a NOBE3AHOCH CA PYHKYUOHATHUM CEOJCMEUMA.

Kuwyune peuu: I[IBJ®D, enexmpocnunosarwe, CEM, @paxmarna ananuza, Boponojesa
mecanayuja.
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