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Abstract

The study of the geometric characteristics of the metal sheet surface with textured polymer coatings is justified
by their connection with mechanical and optical properties. Studying of the surface of coated samples using
optical microscopy revealed that it consists of grooves that are assembled into star-shaped clusters scattered
across the entire surface of the sheet. At first glance, it seems that these defects are arranged randomly.
However, resultats of the production tests showed that the type of defects depends on conditions of formation
of the polymer coating. A Method for the constructing a geometrical feature of the surface relief of the polymer
coating is proposed. The surface in our model is represented as an array of the clusters of interconnected
fractal objects. The surface formation is simulated of completed by the method of random walks.

Keywords: Textured polymer coatings, multifractal analysis, diffusion-limited aggregation, surface structure,
granule

1. INTRODUCTION

Surface roughness appears as defects in many types of products. However, in the last decade, there has been
a need for new materials with additional design functions, for example, textured polymer coatings of sheet
metals. The surface roughness affects mechanical and optical properties of metals with polymer coating.
However, theoretical study of these properties is possible only under the condition that the geometrical function
of the considered defects is known.

The purpose of this work is to develop a model that allows the building 3D function describingthe reliefe of
textured polymer coating, depending on the conditions of its formation on the sheet metal.

2. MULTIFRACTAL MODEL

There are works [1,2], in which the relief of real rough surfaces of solids were described by fractal functions
(Weierstrass, etc.). The surface structure of various samples of sheet rolled metal with polyester textured
coatings by the method of optical microscopy (OM) showned that the relief of this surface cannot be described
also by analytical functions [3]. Besides, the surfaces simulated in ref. [3] have defects of only symmetric form.
Figure 1 shows the surface texture of polyester finishing enamel, obtained by means of the optical microscope
with the 56-fold magnification. It is obvious that the defects are anisotropic and have a star-shaped form.

The coating, which has a rough, surface, is created due to the presence of texturizing filler in the paintwork
material: polyacryl granules, polyamide, etc. The sizes of the granules vary in the range of 1-10 microns.
We simulate the such surface relief using multifractal analysis [4,5]. The coating surface is represented as an
array of interconnected fractal objects, Therefore, we simulated the such relief on two stages. The first stage
of the modeling is the study of the location of the granules. The second stage of the simulation is the study of
flocculation of polymer molecules on the granules.
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56-fold magnification

40-fold magnification

Figure 1 Image of the surface of metal sheet with a polyester textured coating obtained by means an optical
microscope

3. MODEL OF THE GRANULES LOCATION ON THE SURFACE OF TEXTURED COATING

Right after applying the paintwork material to the primer layer of a cold-rolled steel sheet, granules are located
randomly on the surface and are not connected to each other. At a temperature of 220 °C, the paint material
polymerizes rapidly. Therefore, this temperature is called as the polymerization temperature. After the
polymerization, the ends of polymer molecules are adsorbed on surfaces of neighboring granules. Then,
“bridge” structures (clusters) are formed. As a result, closely spaced granules are interconnected (Figure 2).
This effect appears only in a specific range of concentrations of the granules. The concentration range
corresponding to flocculation depends on the molecular mass of the polymer.

9,

Figure 2 Flocculation scheme of two granules

For modeling the location of the granules, the DLCA (Diffusion Limited Cluster Aggregation) model is used.
The number of the granules is determined. Initially, they are placed randomly on a square lattice (Figure 3a).
At each step of modeling, the granules move along one of the four possible lattice directions on the distance
equal to the linear size of the cell. Upon contact (being on adjacent cells), the granules merge to form a cluster.
The free walking of both individual granules and clusters is considered in this simulation. At a certain stage, a
single (infinite) fractal cluster remains on the lattice (Figure 3b). A dense net of associated polymer molecules
is formed. Due to the infinite cluster formed, the coating becomes softer at the bending deformation. Erichsen
elasticity increases in comparison with smooth polymer coatings [6].
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Figure 3 The location of the granules on the surface of the polymer coating at time ¢ = 0 (a); To/z(b); (2
(c). Ty is the scale time of formation of an infinite cluster.
If the sample doesn’t have sufficient time for the formation of the coating at the polymerization temperature,

the infinite cluster is not observed (Figure 3c). In this case, lines appear (for example, the AB line in
Figure 2) along which the cracking of the paint is most possible when an external stress is applied.
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4. MODEL OF THE GRANULES LOCATION OF ON THE SURFACE OF TEXTURED COATING

To study the optical properties of textured polymer coating, it is not enough to simulate the location of the
granules, since it is necessary to consider defects which sizes are comparable with the light wavelength.
Therefore, the processes occurred during the formation of the coating near one granule are considered. Each
granule undergoes the intensive flocculation. Some macromolecules are adsorbed in the form of loops only
on the surface of one particle. To study the surface morphology near one granule, the diffusion-limited
aggregation (DLA) model is used.

This model is an aggregate (cluster) growth based on random walks of particles (Brownian motion). The model
proposed by T.A. Witten Jr. and L.M. Sander in 1981 proved to be widely applicable for the imitational modeling
of such phenomena as the growth of mineral dendrites, bacterial colonies, the formation of a cluster by drying
of colloidal solution upon glass [6].

The process of building an aggregate (cluster) begins with a granule located at the center of the considered
surface area where the flocculation will take place. The initial position of the monomer on the circle surrounding
the granule is randomly selected. The monomer begins to walk over the surface, according to the formula

X =X, +Ar-cosg
Yierj = Vi T Ar-sin ¢
where:

Xy,; and Vi, ; are monomer coordinates, index j is its number of the step, k is its number of the

monomer the angle, ¢ is measured from the direction of the monomer movement at the previous step
(Figure 4).

Granule

0elg,0,]

Figure 4 Diffusion-limited aggregation model (DLA)

This angle @ takes a random value from a uniform distribution in the interval [¢,; ¢, ]. The walk continues

until the monomer is adjacent to any of the monomers included into the aggregate (cluster). After that, the
monomer joins the cluster, becoming part of it, and then process repeats. If the monomer goes far from the
cluster, then it is discarded and the next one is generated. Figure 5 shows the obtained fractal sets near the
granule. Definitely, the type of surfaces obtained depends on the randomness factor. But the determining factor
is the angle interval, that is, the values of the angles ¢, and ¢, .
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c) d)

Figure 5 The fractal sets obtained by the DLA method. (DE[—I 0 ;1 0)] (a); (DE[—I 5);00] (b);
goe[O";90’] (©): goe[O";36(7 ] (d)

5. THE RESULT OF THE SIMULATION

As a result of combining the two models which were discussed above, 3D distribution functions (Figure 6) of
defects on the surface of the textured polymer coating were constructed. It was assumed that the height of the
defect is proportional to the concentration of the monomers, which are located near the granules. Comparing
Figures 1 and 6, it can be concluded that the random walk method allows us to construct a surface relief of
the textured metal-roll coating, which will make it possible to make a theoretical study of its optical properties.
The results of industrial tests have shown that the type of defects depends on the formation conditions of the
polymer coating. The theoretical appearance of the surface is determined by the magnitude of the angles ¢

and ¢, . These parameters depend on the chemical structure of the polymer and the mode of the coating

drying. The comparison results of the simulation and results obtained by the optical microscope method
showed that this dependence is ambiguous. When § =¢, +¢, =0 (symmetric interval) and

A(ﬂZ(Pl +@, <<36C?’ the particle moves almost straight and the fractal set has the appearance of almost
solid circle (Figure 5a). It can be assumed that such a surface relief is possible in the case when flocculation
occurred before polymerization, that is, the coating was formed at too low temperature and, therefore, it is
defective. The fractal set corresponding to the high-quality coating (Figure 1) can be constructed with an
asymmetric interval (S #0). We assumed that in this case the flocculation and the polymerization occur
simultaneously, therefore the monomer can not move like an ordinary Brownian particle, since the movement
freedom of the monomer is restricted by the macromolecule. By means of the optical microscope method, it
was found that the number of beams in the clusters obtained at the higher temperature is increased. The
simulation results showed that the number of beams becomes large for wider interval of A ¢ (Figures 5 b-
d). This can be explained by the fact that, the monomers have more chaotic motion and the entropy of the
system increases at higher temperatures. Therefore, the value A ¢ needs to be increased for the modeling

the morphology of the surface formed at high temperatures.
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Figure 6 The surface relief of the textured metal-roll coating constructed using the random walk method

CONCLUSION

6.

The analysis revealed that the surface of the textured polymer coating of the metal sheet can be simulated

using fractal geometry. The results should be a applicable in theoretical investigations of mechanical and

optical properties of the coatings.
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