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The polymer composites’ morphological structure simulation
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The digital two-dimensional Fourier decomposition of surface scanning electron microscopy (SEM) micrographs is used to detect the regular
morphological structures on a polymer composite surface. Analyzing the SEM images of fluorinated and sulfonated low density polyethylene
(LDPE), we identify and specify both regular and irregular submicron surface structures. The possibility of similar information processing

techniques generalization for the morphological simulating of modified polymers bulk structures is discussed.
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1. Introduction

The polymer composite material is a solid two- or multicomponent system based on polymeric matrix with
some fillers and/or ingredients located in a volume or on the surface [1]. The main advantages of such materials
include a significant improvement in some physicochemical and mechanical properties compared to the properties
of merging the composite material’s individual components. The considerable enhancement of the mechanical
(deformation, elastic and endurance), thermo- and electrical properties, as well as wettability, permeability, radiation
resistance and other properties of polymer composite materials was noted and investigated [2-7].

Recently, additive manufacturing technology for polymer composite synthesis has spread. Some characteristics
of polymer matrix surface layers are changed under the chemical, mechanical, thermal or complex influences in
the “surface modification” case. The “bulk modification” of polymer matrix is implemented as the formation of
inclusions, cracking, chemical heterogeneities, etc. and used mostly at the stage of polymerization. However,
additive technologies in the “bulk modification” case are also applicable [8-17].

The influence of the surface and bulk morphology of a composite on its’ chemical, mechanical, thermal and
other properties has been repeatedly noted [18-25]. Great attention was not only paid to the chemical composition
of the polymer matrix, modifiers and intensity of interfacial interaction, but also to the morphological structure of
the surfaces and volumes of the objects under consideration when describing the properties of polymer composite
materials [9,16,21]. The role of surface and bulk morphology was mainly observed at the qualitative level and
was followed by a demonstration of images received by means of electronic, optical near-field, atomic force and
other special microscopy [18,25,28-30].

Mathematical function of the profile cross sections of the considered sample [2], some collective integrated
generalized characteristics (waviness, roughness, etc) [31,32] or the empirical distributions on any parameters [25,
33, 34] were used for the qualitative description of regular structures’ shapes. However, the applied methods
revealing the localization of inhomogeneities and techniques to construct the corresponding empirical distributions
in the reviewed articles were not published.

The present work is devoted to the development of an approach for the description of topographic and
stereometric properties of polymer composites obtained in various ways. It is anticipated that the approach will
allow comparison of the morphological structure of the materials and, to some extent, to analyze the relationships
between individual physicochemical properties and characteristics of the detected structures. The task of building
the integrated structural-functional models of developed polymer composites is very important, because experiments
to develop new polymer composite materials which possess a set of defined physicochemical properties are often
quite expensive and quite complex technically.
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2. The experimental data

Some different polymer composites had their physical properties investigated (e.g. wettability, permeability,
strength, etc.) and their surfaces were subjected to imaging [35-38].

The images of surfaces of polymer composites made on the basis of low density polyethylene (LDPE) resulting
from ~ 30 minutes sulfonation and ~ 15 minutes fluorination are presented in Fig. la and Fig. 1b, respectively.

a) sulfonated sample b) fluorinated sample

F1G. 1. SEM-micrographs of the samples’ surfaces for the a) sulfonated and b) fluorinated samples

The images were reduced to the same scale for standardization of the data processing procedures. Further
digital processing was subjected to square sub images of 128 by 128 pixels. The typical pixel size for the presented
images was ~ 0.04 ym. Digital images of the surfaces of the samples are characterized by horizontal and vertical
resolution. The horizontal resolution here is the number of pixels per unit length (e.g., 300 dpi is 300 pixels
per inch). Vertical resolution here means the maximum number available in the used encoding format of image
gradation values of pixels’ brightness (luminance for displays or optical density for printing stamps). The vertical
resolution of represented images is 8 bits, which corresponds to 256 possible levels of pixel brightness (from 0
(“black™) to 255 (“white”) with increment of 1). And “unit” change of pixel’s brightness corresponds to ~2 nm
changing of the local relief height.

The traditional way of quantitatively describing the surface structures is the construction of empirical proba-
bility distributions on any parameters (see, for example, [18,25,38]). The empirical distributions of the observed
non-periodic structures from the amounts of pixels forming them were built taking into account features of digital
image presentation formats. “The observed non-periodic structure” here refers to a region of the image, bounded
by the closed contour formed by pixels of the same brightness. Such distributions actually coincide with the distri-
butions of the probability of observing a heterogeneous surface structure depending on the square of the projection
of this structure on a horizontal plane. This method can be applied when the observed surface features are few,
and they are obviously non-periodic [39].

The empirical distributions histograms of quantities of the “observed” structures for the sulfonated and for the
fluorinated polymeric samples are presented in Fig. 2a and Fig. 2b respectively.

It is clearly seen that the sulfonated (a) and the fluorinated (b) polymer matrices are characterized by signifi-
cantly different empirical distributions of their images’ pixels’ brightness. The empirical distribution of submicron
objects for the fluorinated sample is much narrower than for the sulfonated one. The observed fractions of “con-
vex” and “concave” objects are significantly different in case (a) and approximately the same in case (b). This is
due to the fact that the sulfonation generates micro-sized cavities on the surface of experimental samples and the
fluorination contributes to the increase in its average roughness [37,38].

3. The surface morphological structures simulating

3.1. Concept

It is obvious that the above method of quantitatively describing the composite surface features does not allow
one to restore the morphological structure of the sample surface, and requires considerable effort to ensure the
possibility of comparison of results obtained by different research groups (e.g. selection of base level and cutoff
level [39] are not standardized and implemented by researchers arbitrarily). We believe that the leading candidate
for a unified way of constructing morphological patterns of the sample surfaces is their representation in the form
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F1G. 2. The empirical distributions of the “observed” structures for the a) sulfonated and b) flu-
orinated samples

of a linear combination of any known two-dimensional orthogonal functions forming a basis. As an example, we
have used the two-dimensional Fourier decomposition of digital images of the corresponding samples.
The well-known relations were applied for the two-dimensional Fourier decomposition:
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where L, L, — the spatial periods “along” two arbitrary orthogonal axes of the coordinate system of sample; &, —
the indexes of the corresponding harmonics, and carried out the necessary numerical integration; j — enumerates
all possible combinations of sine and cosine and:
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3.2. Implementation

It is readily obvious that matching the real digital image to the set of the decomposition’s amplitudes requires
one to make a number of assumptions and approximations:

1) Summarizing in (1) cannot be carried out in an infinitely large number of terms;
2) Integration in (1) is carried out by numerical methods, i.e. approximately.

Actually, used methods of numerical integration indicate the minimum number of sequence values that are
necessary for numerical calculations of varying amplitude decay with reasonable accuracy. We considered the sim-
plest methods (Simpson’s and trapezium rule) of numerical integration. The relative error of numerical integration
for some simple model functions (represented by 5 points per period) amounted to ~ 5 %. And for 7 points per
period, the relative error amounted to ~ 0.5 %, which is less than the “instrument” relative error ~ 0.7 % estimated
as the reciprocal average value of pixels’ brightness.

Thus, we were limited to 8 points representation of the spatial period “with a reserve”. This is more restrictive
than what is prescribed by the Kotelnikov theorem, but it provides a guaranteed accuracy of numerical integration
and greatly improves the speed of calculations. Thus, the maximum spatial frequency of the “calculated” harmonics
was defined as 27 - 8/L, which corresponds to the maximum index values kpax = lmax = L/8. Therefore, if
the spatial period is selected as 128 units (as in the example), the summarizing should be carried out for 16
two-dimensional harmonics.

In our case, the spatial reference periods are characterized by geometric sizes of the selected subareas and
match (L, = L, = 128). The calculated “top-left realization” spectra of two-dimensional surfaces images of the
fluorinated and sulfonated samples are presented in Fig. 3.

N
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a) sulfonated sample b) fluorinated sample
F1G. 3. The particular morphological spectra for the: a) sulfonated and b) fluorinated samples

The representation of the surface in the form of an expansion for any system of periodic (or quasiperiodic) of
orthogonal functions leads to the following interpretation of the notion “regular surface structure”: each amplitude
of a certain basis function corresponds to one of a two-dimensional periodic lattice with two spatial periods. Then,
the total number of observed regular structures is determined by the geometric size and horizontal resolution of the
analyzed images. This means that at a given resolution the fixed geometric size of the image sample is mapped
to a finite set of two-dimensional periodic lattices. Moreover, the smaller the geometric dimensions of the sample,
the smaller the number of two-dimensional periodic lattices can be identified through analysis of the image.

To reduce the degree of dependence of the result from the geometric dimensions and resolution of the analyzed
images, it is necessary to apply the classical methodology of mathematical statistics, i.e., to solve the problem of
statistical reliability of the obtained results.

3.3. Identification

Scanning the whole image with a sub-region of 128 by 128 pixels we got the set of particular morphological
spectra (see Fig. 3). There were calculated the average values (Fig. 4), the standard deviations and the t-statistics
for each of received 2D-Fourier amplitudes.
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a) sulfonated sample b) fluorinated sample

F1G. 4. The average morphological spectra for the: a) sulfonated and b) fluorinated sample

The set of the calculated amplitudes was divided into the statistically significant and statistically insignificant
components using Student’s t-test. The amplitude is statistically significant if its empirical t-statistics exceed
the critical value dictated by the Student’s distribution. The parameters of Student’s distribution are “the error
probability” and “the number of degrees of freedom”. “The error probability” means the probability of rejecting the
null hypothesis about the statistical significance of the estimated factor when using bilateral Student’s distribution.
“The number of degrees of freedom” is defined as the difference between the number of experimental observations
and the number of coupling equations.

According to our concept, the statistically significant amplitudes form a model of the morphological spectrum
of the surface, and the statistically insignificant ones — the model of morphological noise. We aim to use the
statistically significant “average” Fourier amplitudes for quantitative comparison of surface morphologies (and, in
the future, of the bulks) of experimental samples (for example, when studying the dependence of the surface micro
relief from the duration and the nature of the processing chemicals).

The task of identifying the surface structures and the task of digital modeling/restoring ones (under the
“average” morphological spectrum) are characterized by different values of “the error probability” in Student’s
criteria. It is necessary to choose the minimum (acceptable for the researcher) value of “the error probability”
a (e.g., 0.0001, 0.05 etc.) for a reliable identification of the most significant structures. The structures of
morphological spectra of sulfonated and fluorinated samples (in cases of the relevant two-dimensional lattices’
identification “reliabilities”, (1 — «), are 0.9999 and 0.95 respectively) are shown in Fig. 5 schematically.

Obviously, the more reliable the obtained (Fig. 4) amplitudes are, the smaller number of them involves 2D-
Fourier morphological spectrum (Fig. 5a) and Fig. 5b. We believe that such surface properties as, for example,
wettability determined by small number of statistically significant two-dimensional periodic lattices which form the
“effective” microrelief. But when reconstructing (and simulating) the surface (see section 3D), a greater number of
amplitudes (Fig. 5¢) and (Fig. 5d) with a smaller (but adequate) statistical significance (probability of error ~ 0.05)
provide higher quality for matching the models with the images of the experimental samples’ surfaces.

3.4. Simulation

The additional information about the Fourier spectra harmonics phases (along with Fourier spectra harmonics
amplitudes) is necessary for realistic simulation of the samples’ surfaces. This information is contained in a;x
values used to calculate each amplitude Ay;. Thus, the “phase” information for all statistically significant harmonics
was taken into account when restoring of the surface under the average spectrum and statistically insignificant
harmonics were ignored.

In this case, a measure of model quality is the correlation coefficient (or coefficient of determination) between
the digital images of the original and the model images. Therefore, the error probability when using the Student’s
criterion should be selected from the range of researcher-acceptable values (for example, not more than 0.05), but
with the need to maximize the value of the correlation coefficient. Otherwise, the excessive demands for statistical
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¢) sulfonated, 0.95 d) fluorinated 0.95

F1G. 5. The morphological spectra’s structure for the sulfonated (left) and fluorinated (right)
samples with 0.9999 (top) and 0.95 (bottom) reliabilities

significance of the identified surface structures hamper the maintenance of an acceptable quality reconstruction (or
modeling) of samples’ surfaces under the average morphological spectrum.

The two-dimensional digital relief maps of samples’ surfaces and their morphological models are shown in
Fig. 6.

When comparing digital originals and morphological models (the error probability 0.05) of images of the
fluorinated and sulfonated experimental samples surfaces, the correlation coefficient was estimated to be ~ 0.83
and ~ 0.92, respectively, indicating acceptable quality of the obtained models and the adequacy of this method for
solving problems of the polymeric composites surfaces’ characterization.

The results of the surfaces’ image reconstruction under the average two-dimensional Fourier spectra with
0.9999 and 0.95 harmonics reliabilities are represented in the table (reliability defines as (1-«), where o —
“Student’s” error probability).

TABLE 1. The surfaces’ images restoring quality

The sulfonated sample | The fluorinated sample
The reliability 0.9999 0.95 0.9999 0.95
The number of significant amplitudes, units 67 244 96 250
The proportion of significant amplitudes, % 26 95 37.5 98
The correlation coefficient, units 0.67 0.86 0.52 0.8

In the 0.9999 reliability case for the sulfonated sample, there are 67 statistically significant amplitudes (i.e.
~ 26 % of the total number; see Fig. 5). In the 0.95 reliability case for the sulfonated sample there are 244
statistically significant amplitudes (~ 95 % from total number). The rest of the two-dimensional Fourier spectrum
amplitudes form the “morphological noise”. The correlation coefficients for the pixels’ brightness “between the
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a) sulfonated sample b) 0.95 reliability ¢) 0.9999 reliability
d) fluorinated sample e) 0.95 reliability ) 0.9999 reliability

F1G. 6. The two-dimensional digital relief maps of the sulfonated and fluorinated samples sur-
faces and their reconstructions with different reliability values

samples and the models” are ~ 0.67 and ~ 0.86 for 0.9999 and 0.95 reliability cases respectively. Similarly, for the
fluorinated sample: the 0.9999 reliability corresponds to 96 (37.5 %) significant amplitudes, the 0.95 reliability —
to 250 (98 %) significant amplitudes, and provides 0.52 and 0.8 correlation coefficient values respectively.

Thus, the greater reliability in morphological spectrum amplitudes identification is required by the researcher,
the smaller number of the periodic lattices (forming the surface relief) will be identified and the worse quality of
surface restoring will be achieved. Conversely, the greater the quality of correspondence between reconstructed
and initial images is required, the less the accuracy in the morphological spectrum identification it’s necessary to
settle for.

4. The volume morphological structure modeling (concept)

It is proposed to use a technique similar to that described above for the simulation of the volume morphological
structure of the modified polymer. Since the volumetric modification is the formation of submicron pores, cavities,
inclusions and impurities (chemically homogeneous or chemically heterogeneous with respect to the original
polymer matrix), it is necessary to identify three-dimensional regular structure (three-dimensional periodic lattices)
the superposition of which would form the corresponding volumetric heterogeneity.
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Three-dimensional Fourier decomposition is determined by:
o0
p(z,y,2) = Z Z Ajkim * Pjkim (z,y,2),
k,l,m=0j=1,...,8
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Here, L., L,, L, — the spatial periods “along” three arbitrary orthogonal axes of the coordinate system of
sample; k, I, m — the indices of the corresponding harmonics, and

0; k=l=m=0,
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Thus, any empirical three-dimensional distribution of density of matter p (z,y, z) can be mapped to morphological
8
Zl a? «im» allowing you to visualize the morphological model in the form of modulation of optical
]:

density, using the color space or in the form of animation. We consider the possibility of practical implementation
of these methods for visualizing morphological patterns of volumetric modified polymers as an important task for
further research.

range Ak, =

5. Conclusion

This paper discusses ways to identify morphological structures on the surfaces and in the volumes of polymer
composites. Examples of surface-modified polymers obtained by gas-phase sulfonation and fluorination were
considered. A number of regular surface structures were revealed when processing was obtained by means of
scanning electron microscopy images of samples’ surfaces with two-dimensional Fourier analysis. A method based
on three-dimensional Fourier analysis of the distribution of density fluctuations of matter for the identification and
specification of the regular submicron structures in polymeric composites volumes was offered.
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