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Abstract: Polymers and polymer matrix composites are commonly used materials with applications
extending from packaging materials to delicate electronic devices. Epoxy resins and fiber-reinforced
epoxy-based composites have been used as adhesives and construction parts. Fractal analysis has
been recognized in materials science as a valuable tool for the microstructural characterization of
composites by connecting fractal characteristics with composites” functional properties. In this
study, fractal reconstructions of different microstructural shapes in an epoxy-based composite were
performed on field emission scanning electron microscopy (FESEM) images. These images were of
glass fiber reinforced epoxy as well as a hybrid composite containing both glass and electrospun
polystyrene fibers in an epoxy matrix. Fractal reconstruction enables the identification of self-
similarity in the fractal structure, which represents a novelty in analyzing the fractal properties of
materials. Fractal Real Finder software, based on the mathematical affine fractal regression model, was
employed to reconstruct different microstructure shapes and calculate fractal dimensions to develop
a method of predicting the optimal structure—property relations in composite materials in the future.

Keywords: fractal reconstruction; epoxy composites; fiber reinforcement; FESEM analysis

1. Introduction

Combining two or more diverse materials can create a new material with different
properties concerning the starting components known as composite material [1-3]. The
composite design is created in order to improve mechanical, thermal, chemical, and other
characteristics of the starting components. All composites have some of the following
features that enable them to be used in a wide field of applications: high strength and
stiffness, low density, resistance to corrosion and high temperatures, chemical inertness,
and durability [4-9]. Among them, epoxy resins and epoxy-based composites are the most
frequently used adhesives in the wood, auto, and electronic industries [10,11].

Reinforcement with fibers created improved impact strength, modulus of elasticity,
and toughness of the polymer matrix [12]. Micro- and nanostructure control of modern
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polymer composites has widened the fields of their application [13-18]. Fiber-reinforced
composites (FRC) have been extensively researched and applied as they have excellent
mechanical properties and low weights, especially with the fiber diameter reduced to a
nanometer size scale [19-23]. Currently, the application of FRC with a polymer matrix
extends from structural components in civil and mechanical engineering to micro- and
nanocomponents in electronic devices [5]. However, mechanical stress, strain, or impact
can cause damage to the fiber-matrix interface and lead to separation, crack formation,
and FRC failure [24,25]. Since they are subjected to load, heat, current, or chemicals, it is
essential to have insight into how fiber shape and size influence the fiber-epoxy interface
and overall composite endurance [26-29].

Microstructural changes at the fiber-matrix interface can be investigated using fractal
nature analysis, which is a mathematical technique that offers the possibility of different
shape reconstruction [30]. The fractal nature exists within physical system structures and
contact surfaces ranging from microstructures down to the nano-scale level to global bulk
and massive shapes. Various studies on porosity investigation using fractal geometry
have been reported, mostly in ceramic materials [31,32]. Fractal nature analysis is used
for the investigation of contact phenomena establishing grain contact models as it offers
structural analysis of ceramics and other materials, description and prediction of the
shape of grains and pores, along with relations between structural and electric—dielectric
properties [33-38]. It has been proven that a fractal reconstruction of pore size and shape in
barium titanate (BaTiO3) and modified nano- BaTiO3 can be connected to different dielectric
and ferroelectric properties [39].

Recently, this mathematical tool has been employed to define the properties of com-
posite materials [40]. Fractal analysis has been used for microtexture characterization of
indium tin oxide/titanium dioxide and silver/diamond-like carbon nanocomposite sur-
faces obtained with atomic force microscopy (AFM) [41,42]. The influence of the Cu content
on structural changes in Cu20/Cu composite was described using the fractal dimension
change rate [43]. Different fractal analysis methods were applied to predict mechanical prop-
erties based on the fractal dimension of the fracture surface of the nanoparticle-reinforced
vinyl ester [44]. The fractal dimension of the fracture surface was also connected to the
impact strength of wood and plastic composites [45]. The percolation model was pro-
posed to show the influence of the carbon nanotube (CNT) structure on the properties of
CNT/polymer nanocomposite [40]. Overall, fractal analysis is gaining much attention in
the field of composite materials’ characterization with efforts to prepare models for various,
primarily mechanical, properties. For instance, some authors adopt the maximum positive
and maximum negative deviations between measured and trend values to determine the
contraction factors [46]. In other research, the fractal dimension computation is based
on the experimental dependencies of material strength and porosity [47]. Recently, the
relationship between fractal dimension and mechanical properties based on the formation
of different aggregates was presented [48]. Small Angle Neutron and X-ray Scattering were
used in the fractal analysis of the nanoaggregate structure in asphaltene [49]. However,
these techniques enabled investigation of aggregates, but not separate particles and their
interactions with the matrix. It would be of great value to obtain a reconstruction of the
reinforcement to correlate and predict composite behavior based on its shape and size.
Images obtained using field emission scanning electron microscopy (FESEM) could be a
microstructural base for performing fractal analysis.

Leading research regarding fractal structure in the literature is focused on assessing
the Hausdorff dimension; sometimes, it recurs to previously evaluated vertical factors, but
it does not include a total characteristic of that fractal structure. Fractal reconstruction is
done in this study by giving a complete mathematical model with all existing theoretical
characteristics. A fundamental measure inherent to fractal objects is the Hausdorff dimen-
sion (a fractal dimension), which is estimated by the fractal coefficients (usually called
vertical or contraction factors).
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This paper represents comprehensive research published in the proceedings of the
International Conference on Microelectronics-MIEL 2021. Glass fiber-reinforced epoxy com-
posite was used as the model material for microstructure fractal nature analysis. This
comprehensive research includes fractal reconstruction of PS fiber shape in hybrid compos-
ite glass fiber—epoxy—polystyrene (PS) fibers as well as the ring-like shape formed in the
solvent-rich area of glass fiber-epoxy-glass capillaries composite. Fiber-reinforced epoxy
composite materials were presented in detail in our previously published research [13,14].
Fractal reconstruction based on the mathematical affine fractal regression model used in
this research represents a novel approach to finding fractal structure self-similarity. We have
shown how the Hausdorff dimension could be used to characterize composite fiber-matrix
interface by using this approach on single fibers made from different materials, which is
the key to mechanical performance.

2. Materials and Methods
2.1. Materials

Bisphenol A diglycidyl ether epoxy resin-DGEBA was purchased from R&G Faserver-
bundwerkstoffe GmbH (Composite Technology, Waldenbuch, Germany), as well as hardener
based on diethylenetriamine-DETA. The glass fibers were reused material from Izolma (Raca,
Serbia). Polystyrene, the first-generation Grubbs catalyst (GC), dimethylformamide 99.8%
(DMEF), and toluene (TO) were purchased from Sigma-Aldrich (Darmstadt, Germany).

2.2. Processing of Hybrid Composite Materials
2.2.1. Composites with Glass Fibers and Electrospun PS Fibers

Electrospinning (Electrospinner CH-01, Linari Engineering, Pisa, Italy) was performed
with the 22 wt % solution of PS in DMEFE. The procedure was described in detail in our
previous research [24]. The setup is presented in Figure 1.

Figure 1. Setup for electrospinning of PS fibers.

DGEBA and DETA were mixed in a 20/9 volumetric ratio and 5.8 wt % of glass fibers
were added right after the mixing. The epoxy-based composite was left in a mold for 24 h
at room temperature (25 °C). Two types of composites were prepared, including those with
and without electrospun PS fibers. The simplified procedure for composite preparation is
presented on Scheme 1.
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Mixing of DGEBA
resin and DETA
hardener— 20/9 vol.

1.4 wt% of PS

Hand lay-up of glass fiber electrospun fibers
layers into the epoxy between glass fiber
layers
{ 24hat25°Cinamold |

Scheme 1. Preparation of a model composite for fractal analysis.

2.2.2. Composites with Glass Capillaries

Our previous research detailed the preparation of composites with filled glass capillar-
ies [13]. Eight layers of non-woven glass fibers mat were soaked in the epoxy prepared as
described in Section 2.2.1. Glass capillaries containing GC/TO and DCPD/DMF mixtures
of solutions were placed between the middle glass fiber layers.

2.3. Fractal Shape Reconstruction

Some fractal objects are easily seen as a fractal, but a general object’s fractal structure
is challenging to see with the naked eye. That is why we need to base our analysis on a
precisely defined mathematical function given by Equation (1). The function is defined as
self-similar because the image of a part of the domain ¢ (%r]) is obtained as the scaled
part of itself ag(x).

Fractal data reconstruction of experimentally determined values is performed using a
mathematical affine fractal regression model described and explained in the literature [50-52].
The following equation system includes fractal and directional coefficients that should fit
experimentally determined and measured values:

(p(x:]> =a;p(x) +bjx +¢; (1)
wherex € [0,1),0<j<p -1, a; stands for fractal coefficients and bj for directional
coefficients, 0 < Iajl < 1, with domain [0, 1); and p represents the fractal period. The
fractal function ¢: [0, 1) — R represents an equation system with a real solution, and
its mathematical structure is fractal, i.e., the function’s graph is presented as a fractal
curve [50,51,53]. Higher fractal oscillations cause increased a; coefficients. The first fractal
level (L) defined by the equations is replicated in the entire domain over all fractal period
sub-intervals to build the second fractal level.

A definitive solution to the problem depends on the p-expansion of numbers in domain
[0, 1] and is used to find coefficients fitting experimentally measured values. If L = 2, the
solution is presented through Equations (2)-(4):

__©
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(/’(%) = a1y ioao +¢61,61 #0 (3)

o(% + %) = agy (o222 + i)+
b§12 + 1,62 #0
The sum of square residuals (SSR) is calculated to find optimal coefficients, and its

parts are equalized with 0 to minimize the error. Equation (5) must be satisfied to obtain
the best problem solution:

)

dSSR _o, dSSR _ 0 0SSR _

aa]- ab] ! aC]

0 @)

forallj=0,1,2,...,p — 1. This represents a 3p parameter problem, which is a nonlinear
equation-based estimation.

The analytical solution for this system cannot be applied; therefore, it requires a
numerical approach using Fractal Real Finder software. Fractal curves and dimensions
were estimated using numerical computation where the fractal dimension is a measure
of data irregularity. The classical size can be represented by the whole number (integer)
in the following manner: 1—lines and curves; 2—two-dimensional objects; 3—three-
dimensional objects.

However, some objects have a shape which cannot be described by an integer and
require an estimation of a non-integer dimension. The Hausdorff dimension represents a
fundamental theoretical mathematical non-integer dimension. A simplified indicator that
gives the estimated fractal dimension of experimental data is called a box dimension. The
input data are measured values, while the output represents a fractal curve that is the base
for fractal dimension estimation [32].

Proposition 1. The fractal dimension D of the function graph, ¢ solution of the above system, is
upper-bounded by the resolution of the following equation:

p—1
Y. BP =1 6)
j=0

where

1
Bi = max{p, a]-|},0 <p<p-1
Fractal relevant coefficients are a; that satisfy la;1 > 1/p.

3. Results and Discussion

Our earlier published research presents a model based on fundamental mathematical
theory [30]. Applying the model to actual experimental data requires a procedure to obtain
the parameters of a theoretical function or an appropriate fitting method. The commonly
used approach is a fractal interpolation which does not result in the complete estimation of
all parameters, such as fractal coefficients. This work presents fractal regression resulting
in a method that finds all theoretical model parameters that approximately fit actual data,
which is a specific case of a theoretical model published earlier [30]. The fractal dimension
can be estimated based on the proposed fractal function and the obtained fractal coefficients.
FESEM images of two composites were used as materials for the practical application of
fractal regression-based data reconstruction. The aim was to reconstruct fiber shapes and
find fractal dimensions. The fractal is theoretically characterized by self-similarity which is
given by an infinite number of fractal levels and replicates configurations in more minor
scales. The standard domain is always given at the interval [0,1), regardless of the original
image’s scale, and for the range, we provide an interval with one digit for the unities. The
scale is given only for authentic images in appropriate units.
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3.1. Glass Fiber Shape Reconstruction

The first model composite was the glass fibers—epoxy composite, and surface FESEM
images are presented in Figure 2. One glass fiber was selected and enlarged for the purpose
of shape reconstruction (Figure 3).

SEM HV: 10 kV WD: 8.63 mm SEM HV: 10 kV WD: 7.76 mm l T MIRA3 TESCAN|

View field: 108 pm Det: SE 20 pm View field: 216 pm Det: SE 50 pm
SEM MAG: 2.00 kx Date(m/dly): 12/25/15 SEM MAG: 1.00 kx Date(m/d/y): 12/25/15

10 1 2 3 4

® Original —®— Estimated

Figure 3. Enlarged glass fiber (left) and estimated fractal curve of a fiber (right).
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The border line was created using red points, and the resulting fractal shape recon-
struction is presented in Figure 3 (right). The function domain was set in the vertical axis
to adjust to the fiber position. The software evaluation of all possible fractal shapes was
performed, as well as fractal reconstruction of the curve with 11 fractal periods (p = 11) and
2 fractal levels (L = 2). The number of points was calculated using the following equation:

pt =112 =121 @)
The coefficients of the fractal curve (Figure 3 left) are presented in Table 1.

Table 1. Estimated Coefficients of the Fractal Curve.

0 1 2 3 4 5
a; —0.058 —0.086 —0.009 —-0.229 —0.076 —0.161
b; —0.397 —0.47 —0.224 —0.606 —0.446 —0.701
G 3.39 3.256 2.849 3.371 2.896 2.886
6 7 8 9 10
a; —0.365 —0.021 —0.097 0.001 —0.017
b; —-1.2 —0.518 —0.725 —0.561 —0.54
G 3.244 1.976 1.809 1.135 0.703

The software obtained a glass fiber Hausdorff dimension of 1.21968, which was
calculated using Equation (6) and approximated a regular line shape. This could be applied
further to composite processing, leading to an assumption that the processing technique
resulted in a regular-shaped fiber.

3.2. Electrospun PS Fiber Shape Reconstruction

The FESEM image of the glass fibers—epoxy—polystyrene hybrid composite surface
is presented in Figure 4, from which electrospun polystyrene fiber is enlarged for fractal
analysis in Figure 5.

=

SEM HV: 10 kV WD: 8.46 mm MIRA3 TESCAN

View field: 217 pm
SEM MAG: 996 x | Date{m/dly): 12/25/15

Figure 4. FESEM image of glass fibers—epoxy-PS fibers hybrid composite.
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® Orighal —e—Estmated

Figure 5. Enlarged polystyrene fiber (left) and estimated fractal curves (right).

Using the same procedure as in Section 3.1, Fractal Real Finder software was used for
the sequences of points and the estimated fractal models with coefficients, as presented in
Tables 2 and 3. There were nine fractal periods (p = 9) and two fractal levels (L = 2) for the
left fractal curve, while p = 8 and L were the same for the right fractal curve. Following
Equation (7), these point sequences had 81 and 64 elements.

Table 2. Estimated Coefficients of the Left Fractal Curve.

0 1 2 3 4 5 6 7
a 0.056 0.036 —0.006 0.001 0.017 0.021 0.042 —0.195
b; 2.197 1.069 0.485 0.113 —0.188 —0.841 —2.021 —5.291
¢ 1.402 3.542 4711 52 5.253 4.999 4.087 1.997

Table 3. Estimated Coefficients of the Right Fractal Curve.

0 1 2 3 4 5 6 7 8

a 0.047 0.015 0.011 —0.006 0.0 0.019 0.016 0.015 0.027
bj 1.634 1.026 0.639 0.351 0.14 —-0.179 —-0455 —-0.898 —1.407
¢ 3.108 4.928 5.963 6.675 6.968 6.998 6.907 6.506 5.601

The estimated fractal curves were very close to the original points. The coefficients of
the left curve are presented in Table 2.

The coefficients of the right fractal estimated curve are presented in Table 3.

Both fractal reconstructions revealed no relevant fractal coefficients; consequently,
the corresponding Hausdorff dimension estimate was 1, which indicated a highly regular
shape of the electrospun PS fiber.

The difference in the Hausdorff dimension between fibers came from the fiber-matrix
interaction. Urea-treated glass fibers interacted better with epoxy matrix, which resulted in
matrix fracture with epoxy residual on the glass fiber that caused minor shape irregularity.
In contrast, PS-epoxy interactions were not that strong, which resulted in fiber-matrix
separation that left the fiber surface shape intact. Stronger bonding between the fiber and
the matrix led to a higher mechanical strength of the composite material. In this manner,
the Hausdorff dimension could give us a practical example of the reinforcement-matrix
interface properties and help predict mechanical properties in future experiments.
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3.3. Ring-Like Shape Reconstruction

Fractal shape reconstruction was performed on a ring-like structure observed at the
fracture site of the glass fiber-epoxy—glass capillaries presented in Figure 6. Enlagred
microstructure and fractal curve are presented in Figure 7.

SEM HV: 10 kV WD: 8.25 mm MIRA3 TESCAN

View field: 437 pm Det: SE 100 pm
SEM MAG: 496 x  Date{m/dly): 1212515

Figure 6. FESEM image of glass fiber—epoxy-glass capillaries composite.

Circular Affine Fractal Regression

@ Original =@=Lslimaled

Figure 7. Zoomed image with the red contour points marked and the estimated fractal curve.
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Polar coordinates were used to perform the fractal analysis, with 144 = 122 points.
These corresponded to the sequence of radius given by the contour. There were 9 fractal
periods (p = 9) and 2 fractal levels (L = 2) for the left fractal curve.

The obtained coefficients are given in Table 4 which apply the same method as the
previous images, including 12 fractal periods (p = 12) and 2 fractal levels (L = 2).

Table 4. Estimated Coefficients of the Fractal Curve from Polar Coordinates.

0 1 2 3 4 5
a —0.057 —0.499 —0.051 —0.113 —0.066 —0.139
b; —0.195 0.648 —0.048 0.178 0.155 0.308
¢ 3.123 4226 3.221 3.368 3.363 3.729
6 7 8 9 10 11
a 0.022 0.196 0.058 —0.029 0.208 —0.168
b; —0.62 —0.445 0.335 0.41 0.126 —0.104
¢ 3.63 2.549 2.71 3.253 2.7 3.829

The plot of this fractal fitting is shown in Figure 7.

The results found an estimated Hausdorff dimension of 1.37857. Various phenomena
observed through microstructural shapes could be studied using this method, and the
results could be applied in processing and properties predictions of materials.

4. Conclusions

This research presents an application of the fractal regression method in the shape
reconstruction of fibers in epoxy-based composites, which are commonly used insulators.
This method is developed to find all theoretical model parameters that approximately fit
the actual data, and it enables the estimation of fractal function and coefficients used to
calculate the fractal dimension. Fractal reconstruction is an innovation compared with
previous works that analyze the fractal properties of materials. It represents a tool that could
help us understand how processing parameters influence the microstructure that dictates
mechanical properties. In this study, we presented a fractal function fitting the shape of
chosen microstructures. The traditional fractal dimension (or the Hausdorff dimension)
estimation gives only a part of the fractal characteristics of the objects of analysis. This
new method’s advantage is finding the self-similarity in the fractal structure. The glass
fiber shape was reconstructed using Fractal Real Finder software, and the resulting fractal
dimension of 1.21968 indicates minor shape irregularity. After the calculations, electrospun
polystyrene fiber from a glass fiber—epoxy—polystyrene fiber hybrid composite had an
estimated fractal dimension of 1, which shows that this processing method resulted in a
highly ordered shape. The differences in Hausdorff dimensions between the urea-treated
glass and the PS fiber is caused by the stronger interaction of the glass fiber with the
epoxy matrix that resulted in epoxy residual on the surface of the fiber. PS fiber and
epoxy debonded, which resulted in an intact fiber surface. Fiber-matrix interaction strongly
influences mechanical properties of composite material; thus, the Hausdorff dimension
could help connect microstructural differences and mechanical performances of composites.
The third fractal reconstruction of the microstructural ring-like shape formation after the
fracture resulted in a fractal dimension of 1.37857. Fractal shape reconstruction showed that
the practical application of fractal regression could help process parameter analysis and the
future prediction of optimal composite preparation based on the desired reinforcement-
matrix interactions that further enable control of the mechanical properties, which is highly
important for the endurance of sensitive and atmosphere-exposed materials.

Author Contributions: Conceptualization, I.S. and A.S.; methodology, 1.S.; software, C.S.; validation,
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