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Abstract  

To describe a surface morphology of textured polymer coatings, the model of polymer chains attached to 

spherical granules was developed. By means of the model, we revealed the influence of coating density on its 

surface morphology. Diffuse reflection coefficient was calculated for polymer coatings with different 

morphologies. 
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1. INTRODUCTION  

The corrosion destruction is one of the main reasons for reduced efficiency of metal products [1,2]. One of the 

effective methods to prevent the corrosion is applying a polymer coating to steel sheets. The determination of 

corrosion resistance is an expensive procedure and requires a long test interval for its test (e.g., about 1 month 

in a salt spray chamber). The main indicator of the coating quality is the thickness of the polymer film. However, 

the production test data and the simulation results [3] show that there are manufacturing regimes which 

increase the polymer coating thickness for a given depth of the raw layer. It is economically profitable for a 

manufacturer to reduce the raw layer depth of polymer material and decrease artificially its density using 

special temperature conditions for the coating formation. Thus, the cost of production is reduced and it satisfies 

the quality requirements for polymer coating thickness [4]. However, an excessive decrease in the coating 

density leads to reduced corrosion resistance [5]. Therefore, the development of simple methods that allow 

determining the deviation of the polymer coating density from the standard one is a relevant task. 

The objects of research in this paper are the surfaces of textured polymer coatings of the “Steel Velvet” type 

produced in PAO Severstal (Cherepovets, Russia). The texture of these coatings is created due to the 

presence of the filler consisting of polyacryl or polyamide granules in the paint material. During the drying 

process, polymer molecules are adsorbed on the particles surface, forming associates of the radial “viscous 

fingers” type [5], which are collected in star-shaped clusters scattered over the entire surface of the metal  

sheet (Figure 1). The surface morphology of such coatings depends on their formation regime and chemical 

structure of the paint material. If the temperature regime is violated, the sizes of associates change, they may 

be observed by means of an optical microscope. The aim of this work is to develop an optical method for 

detecting deviations of the polymer coating density from the standart one.  
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2. MODEL 

To study the sizes of associates, a model describing the arrangement of polymer chains near a spherical 

granule was developed. We relied on the fact that the associate near the granule has the shape of a rotation 

figure resembling a truncated cone. This is confirmed by the image obtained by the scanning probe microscopy 

method (Figure 1 c). The angle of the cone in the reference sample α = 68 °, the diameter of the associate  

d = 34.7 μm. 

 

Figure 1 The surface image of rolled sheet metal with a polyester textured coating obtained by optical 

microscopes with different resolutions (a and b) and scanning probe microscopy (c) 

In the proposed model, it is assumed that polymer chains are adsorbed on a spherical surface of the radius R 

(Figure 2), forming supramolecular structures (associates). The angular size of such structure is limited by the 

solid angle α (Figure 2 a). The position of an individual polymer chain inside the finger is characterized by the 

angle θ (Figure 2 b). One chain ends are adsorbed on the spherical granule surface, the opposite ends are 

stretched. Each chain can be divided into three sections AB, BC and СD with lengths l1, l2 and l3 respectively. 

The intermolecular distances in the section AB are equal to b0 and they are determined by the chemical 

structure of the polymer, the intermolecular distances near the granule (in the section CD) bg depend also on 

the chemical composition of  the granule. Therefore, the values b0 и bg are different. The ratio between these 

distances is defined by the ratio g = b0 / bg.  

 

Figure 2 Model of the polymer system near the granule 

Section CD. The potential energy is calculated by the formula 

31 lw −=  ,               (1) 
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where the factor Ψ characterizes the adsorption strength as the corresponding parameter in the ref. [7]. 

Section ВС. It is assumed that the interchain distance b in this section varies linearly along the y-axis from bg 

(at the point С) to b0 (at the point B). The potential energy in this section consists of two terms. 

Lennard-Jones Potential for two chain links with the length llink, located in adjacent chains is defined as 
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where ε is the depth of the potential well. We took into account interactions with only four nearest neighbors, 

since Lennard-Jones potential decreases greatly with distance. 

The energy of orientational interactions. This term was calculated in the framework of the Hurst and Harris 

[8] model, in the mean field approximation developed in the Maier -Saupe theory [9]. To simplify the description 

of the effects related with intermolecular orientational interactions, we introduce the mean (molecular) field 

μ⋅V, where the quantity μ is the long-range orientational order parameter for kinetic chain units. The mean field 

V is created by dipole-dipole interactions between chain units and its value is inversely proportional to the 

value of the interchain distance. Therefore, V ~   , where the quantity ρ is the density of the polymer film. 

The energy of orientation interactions is calculated by the formula 
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where the long range orientation order parameter μ2(y) is determined from the solution of the Langevin 

equation 
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where L(x) is the Langevin function, T is the peak temperature of coating formation (K). 

Section АВ. The potential energy also consists of two terms. It is assumed that the intermolecular distance b0 

in this section is constant. Lennard-Jones Potential in this section is given by 
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The potential of orientation interactions is calculated by the following expression 

Vyw or −= )(2

11  ,                                                                                   (6) 

where the value of the long-range orientation parameter μ1(y) is also determined from the solution of the 

Langevin equation (4). 

The length of the arc OC is equal to R⋅θ, and the length of the segment OB is equal to R⋅θ⋅g. Therefore, for a 

given angle Θ the length of the section l2 is calculated by the formula 

( ) ( )22

2 )cos(1)sin()(  −+−= gRl .                                                          (7) 

The average ratio between lengths l1 and l3 is determined from the Boltzmann distribution 
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where Lchain is the contour length of the chain. 

The total energy of one chain is equal to  

)()()()()( 3221  wwwww LDor +++= .                                                         (9) 

The energy of the polymer chains located inside the associate (Figure 2 a) is equal to 
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where the quantity c is the concentration of macromolecules (the number of chain links adsorbed per unit area 

of the granule). 

3. DETERMINATION OF MODELING PARAMETERS 

To determine the simulation parameters, it is assumed that the associates are arranged on the granule as a 

dense package of spherical caps on the sphere. The density of such package is approximately equal to 0.9069. 

The area of one associate on a granule is equal to 2⋅π⋅R2⋅(1 - cos Φ) or 0.9069⋅(4⋅π⋅R2) / N, where N  is 

number of associates. Therefore, the angle Φ can be calculated using the formula 
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In the image of the reference sample (Figure 1 b), we can observe only the upper half of the granule, on the 

surface of which 6 associates are located. Therefore, the total number associates N = 12. Calculations have 

shown that in the reference sample, the angle Φ = 33 °. Using the scanning probe microscopy method  

(Figure 1 c), we have determined the value of the angle α = 68 °. The formula for the ratio between the angles 

Φ and α has been obtained.  

( ) ( )22
cos1sin

cos1

2
cos

−+−

−
=









g


.                                                        (12) 

Calculations have shown that for the considered system, the value of g = 1.14. 

Figure 3 shows the dependence of the potential energy of one associate vs. the angle Φ. The simulation 

parameters have been selected from the condition that the potential energy has a minimum at the angle  

Φ = 33 ° (orange curve) 

4. RESULTS OF THE SIMULATION 

For the chosen parameters, the angle Φ changes insignificantly with varying the temperature. The simulation 

results for other parameters have shown that the width of the associate decreases with increase in the final 

temperature (the peak temperature of the metal). However, the structure of the polymer system is determined 

not only by the final temperature, but also by the time during which the system was at high temperatures. In 

this case, according to the Arrhenius equation, the length of the polymer chain increases. Figure 3 shows that 
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increase in the chain length leads to decrease in the angle Φ, and, consequently, to decrease in the associate 

width d and increase in the number of rays in the star-shaped cluster (Figure 1 a). Calculations have shown 

that the thickness d does not depend on the granule size. Therefore, for modeling the surface morphology of 

a textured polymer coating on a solid, the granule size may be chosen arbitrarily. 

Figure 4 shows the angle Φ vs. the density of the polymer film. As can be seen from the figure, the angle Φ 

decreases with the decrease in the coating density. This leads to a decrease in the width of the associate and 

an increase in the number of rays in the star-shaped cluster (Figure 1 a). Therefore, a violation of the 

temperature regime of coating formation may be determined by comparing the surface texture of the product 

and the standard by means of optical microscope. The sharp increase in the angle Φ is explained by the 

existence of a structural transition in the polymer system. 

 
 

Figure 3 The potential energy of the associate vs. 

the angle Φ. V/ε = 60, ψ/ε = 1, kB⋅T/ε = 20 

Figure 4 The angle Φ vs. the coating density ρ  

of the reference sample 

5. DIFFUSE REFLECTION COEFFICIENT 

The optical properties of the coating are affected by its surface morphology. Therefore, the influence of the 

associate’s size on the value of the diffuse reflection coefficient (DRC) was investigated. The formulas given 

in ref. [10] were used for a quasiperiodic surface when it is illuminated normally to the metal surface. 
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where γm is the maximum value of the tangent of the angle of sine wave inclination to the metal plane, 
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The Fresnel coefficient r F(β) in Eq. (13) at normal incidence of natural light is determined by the formula 
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where the quantities n1 and n2 are the refractive indices of light in air and in the polymer, respectively. 

Figure 5 shows the DRC vs. the width of the associate for different values of its height h. As can be seen from  

the figure, the DRC increases almost linearly 

with an increase in the associate width. 

Meanwhile, an increase in its height leads to a 

decrease in the DRC. 

6. CONCLUSION 

The simulation results have shown that the 

surface morphology of the textured polymer 

coating on the metal sheet is determined not 

only by the chemical structure of the polymer 

material, but it is also sensitive to changes in the 

temperature regime of its formation. For 

example, artificial reducing the density of the 

coating leads to a decrease in the size of the 

associate and a decrease in the DRC. 
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Figure 5 DRC vs. the width of the associate at different 

values of its height 


