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 Abstract:  The paper presents the results of erosive resistance investigation of three-layer epoxy coating systems with 
different compositions of surface layers. This layer was modified with glass microspheres or nanoparticles of 
aluminium trioxide or silica.

  The highest erosive resistance, in the whole thickness range of examined epoxy coatings, was revealed by 
coating systems with a surface layer (top coat) modified using nanoparticles of aluminium trioxide. Similar but 
slightly lower erosive resistance was reported in the case of surface layer modification with nanoparticles of 
silica use. High erosive resistance of coating systems modified with nanoparticles results from their structure 
reinforcement by nanoparticles that seal nanopores generated during the process of coating constitution.

  The lowest erosive resistance was observed in the case of systems with a surface layer modified using glass 
microspheres. This results from high brittleness of glass microspheres, which is evident during the coating 
surface bombardment with alundum particles. The paper demonstrates the methods for the analysis of the 
interaction between lubricant and steel substrate and presents the obtained results. The samples to be tested 
were commercially available greases as well as greases developed for the purpose of this research, containing 
a known amount of adhesion additives. Due to the lack of normalized methods, the authors applied indirect 
methods based on the analysis of the peel resistance and the resistance to variable shearing rates. The obtained 
results reveal that there is a possibility to apply the proposed methods for the comparative assessment of 
interactions between the grease and steel substrate. 
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 Streszczenie:  W artykule przedstawiono wyniki badań odporności erozyjnej trójwarstwowych epoksydowych systemów 
powłokowych różniących się składem warstwy nawierzchniowej. Do modyfikacji warstwy nawierzchniowej 
powłok zastosowano: mikrosfery szklane, nanocząstki tritlenku aluminium lub nanocząstki krzemionki.

  Najwyższą odporność erozyjną (w całym zakresie grubości badanych powłok epoksydowych) wykazały sys-
temy powłokowe z warstwą nawierzchniową modyfikowaną nanocząstkami tritlenku aluminium. Podobną, 
lecz nieco mniejszą odporność erozyjną stwierdzono w przypadku modyfikacji warstwy nawierzchniowej 
nanocząstkami krzemionki. Wysoka odporność erozyjna systemów powłokowych modyfikowanych nanona-
pełniaczami wynika ze wzmocnienia ich struktury na skutek uszczelnienia przez nanonapełniacze nanoporów 
powstających podczas procesu konstytuowania powłok.

  Natomiast najmniejszą odporność erozyjną obserwowano w przypadku systemów powłokowych z warstwą 
nawierzchniową modyfikowaną mikrosferami szklanymi. Wynikało to z wysokiej kruchości mikrosfer szkla-
nych objawiającej się podczas uderzania cząstek elektrokorundu. W artykule przedstawiono metody badania 
oddziaływań środków smarowych z podłożem stalowym, a także zaprezentowano uzyskane wyniki. Przed-
miotem badań były komercyjne smary plastyczne i smary opracowane na potrzeby eksperymentu zawierające 
znaną ilość dodatków adhezyjnych. Ze względu na brak znormalizowanej metody do badania zastosowano 
metodyki pośrednie oparte o pomiar siły rozrywania i odporności warstw smarowych na działanie zmiennych 
szybkości ścinania. Uzyskane wyniki wskazują, że istnieje możliwość wykorzystania zaproponowanych me-
tod do oceny porównawczej oddziaływań smarów plastycznych z podłożem stalowym.
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INTRODuCTION

The nature of erosive wear processes considerably 
depends on a coating’s physicochemical properties as 
well as erosive particle material, shape, velocity, and 
the angle of incidence. During erosive wear, multiple 
impacting of hard particles on a coating surface in 
the condition of elastic or plastic contact is observed  
[L .1, 2]. The intensity of coating wear increases under 
the influence of the destructive action of aggressive 
media (brine, acid rain) on coatings [L. 3–5].

The resistance of coatings to the erosive action 
of environmental factors is directly proportional to the 
elasticity modulus and inversely proportional to the 
stress resulting in coating breaks. In the case of plastic 
contact between a hard particle and a coating surface, the 
hardness increase of polymer layer induces a decrease 
of its wear rate. The rate of erosive wear increases as 
the velocity of erosive particles increases, and this 
dependence is of nonlinear nature [L. 2].

An angle of incidence α that erosive particles hit 
the coating surface substantially influence the erosive 
wear rate of polymer coatings. This angle determines 
the depth of particles intrusion into superficial layers of 
a coating. Extreme characteristics of a polymer coating’s 
erosive wear rate as the function of erosive particle angle 
of incidence depends on coating hardness. 

The highest rate of erosive wear for the majority of 
coatings is observed for angle incidence α values in the 
range (30–50°). The microcutting is the dominating wear 
process for these angle values, while, for angle values  
α ≥ 50°, the fatigue of material process is characteristic. 
A coefficient of friction increase moves the extreme of 
erosive wear characteristics of polymer coatings towards 
smaller angles α [L. 1, 2, 6, 7].

Due to continuous development of materials 
for coatings production, including the utilization of 
nanotechnology achievements in order to high-tech 
polymer nanocomposites designing and production, it 
is necessary to investigate erosive wear processes of 
polymer materials (coatings) used for the protection of 
technical equipment against the destructive action of the 
environment.

Modification of polymer paints and lacquers with 
nanofillers leads to coatings obtaining a high resistance 
to environmental factors (including erosive). The share 
of nanofillers in structure of polymer coatings improves 
their protective properties (mechanical, chemical, and 
thermal resistance). Moreover, polymer nanocoatings 
show high aesthetical value due to increased 
transparency and purity of colour [L. 9–18]. Among 
metallic nanofillers added to polymer coatings, the 
most applied nanofillers are nanoparticles of metals like 
silver, copper, and palladium, or metal compounds like 
iron oxides, zinc oxide, aluminium trioxide, titanium or 
zirconium dioxide, and calcium carbonate [L. 11, 14]. 

Considering nonmetallic nanofillers, the most 
frequently nanoparticles of silica (nanosilica) are used. 
Significant improvement of epoxy coating resistance to 
mechanical loads as well as aggressive media (brine) action 
can be obtained as a result of epoxy resin modification 
with nanosilica of 1–5 wt % share [L. 20–23].

In [L. 21], the influence of nanosilica (1–5 wt %) 
addition on mechanical, thermal, and morphological 
properties of epoxy coating was presented. DMA results 
revealed that, with content of nanosilica increase, 
the glass transition temperature of coating material 
increased too. Moreover, such parameters like hardness 
and elasticity modulus of an epoxy coating modified 
with 5 wt. % of nanosilica addition to the resin were 
more than 20% higher than the parameters of unmodified 
coating. A nanosilica addition of 3.5 to 6.5% also 
improved the resistance of epoxy coatings to corrosion, 
which was proved in [L. 22]. Some results [L. 23] 
indicate a significant improvement in the coating matrix 
microstructure by the addition of silica nanoparticles, 
which leads to an increase in damage resistance and 
a delamination reduction of the coating. Moreover, the 
coating reveals the reduced corrosion rate in chloride-
ion-rich environment. Carbon black, corundum, 
silica, modified layered aluminosilicates, and glass 
microspheres are applied as non-metallic nanofillers, 
which are used for modification of polymer coatings  
[L. 2, 8–10, 13, 19]. An application of proper aperture 
on the surface of nanofillers (e.g., silanes) improves 
coating tightness [L. 12].

Coating thickness (number of layers) has a dominant 
impact on its erosive wear rate. The erosive wear rate 
reaches a minimum value when a coating thickness is 
optimal, not exceeding the critical thickness value, which 
was proved by investigation results presented in the work 
[L. 2]. It is conditioned by the reduction of the influence 
of the hard substrate and a decrease of the influence of 
adhesion forces on the coating material susceptibility 
to deformation. Moreover, with the increase in coating 
thickness, the effectiveness of energy dissipation of 
particles impacting the coating increases too. It should 
be stressed that coating thickness cannot be arbitrarily 
increased, because, with a coating thickness increase, 
the internal stresses in it also increase leading to coating 
cracking and local exfoliation from the substrate, which 
decreases the erosive resistance of the coating [L. 2].

RESEARCH  METHODICS

Preparation of epoxy coating samples

For erosive resistance investigation, model coatings 
were used that were produced of epoxy resin Epidian 
119, cured with polyaminoamide curing agent of 
a stoichiometric mass share equal ~30%. The epoxy 
paint contained red oxide pigment, barium sulphate, and 
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microtalc as the fillers as well as ethylene glycol as the 
solvent. 

Four types of three-layer epoxy coating systems, 
consisting of primer coat, interlayer, and top coat, were 
examined. Maximum thicknesses of each layer were ~ 
30, 30, and 40%, respectively.

The first system consisted of three epoxy layers, while 
the second, the third, and the fourth systems consisted of 
two epoxy layers (primer coat and interlayer) and the 
third composite epoxy surface layer (top coat) modified, 
in the case of the second system, with glass microspheres 
of grain diameter ϕ < 20 μm and a mass share  
10 wt. %, in the case of the third system, with nanoparticles 
of aluminium trioxide of grain diameter ϕ = 20 nm and 
mass share 3.5 wt. %, and in the case of the fourth 
system, with silica nanoparticles of grain diameter  
ϕ = 20 nm and mass share 3.5 wt. %. The total share 
of pigments and fillers in each kind of examined epoxy 
coating was equal 29.5 wt. %. 

Glass microspheres applied as filler are spherical 
particles of walls constituted of aluminosilicates, where 
the main constituents are silicon dioxide (49–61%) and 
aluminium oxide (26–30%) (Fig. 1). They are filled 
with carbon dioxide and nitrogen. Glass microspheres 
are obtained from fly ashes formed as a result of coal 
burning in power plants.

Coating systems were applied on the surface of 
steel samples (of dimensions 170 × 90 × 1,5 mm) made 
of S235JR steel. Before primer coat application, the 
surface of each steel sample underwent an abrasion 
process in special tumblers filled with ceramic balls 
and then was degreased with methyl alcohol. After 
application with air spraying, each layer of epoxy paint 
was dried. Next, the coating systems underwent two-
stage curing: the first at temperature of 20ºC for 24 h, 
and the second at temperature of 120ºC for 0.5 h. Then, 
they were acclimatized for 10 days at a temperature  

of 20±2ºC and a relative humidity of 65±5% (acc.  
PN-EN-23270: 1993).

Method of erosive resistance examination of epoxy 
coating systems

Examinations of the coating systems’ erosive resistance 
were executed according to the method described in 
Polish standard PN-76/C-81516. The method consist 
in putting a coating into the action of erosive particle 
stream freely falling on the coating sample inclined at an 
angle of 45º in relation to the stream direction.

Particles of granulated alundum 99A (according to 
Polish standard PN-76/M-59111) of grain size 0.60–0.70 
mm were used as erosive material. Aluminium trioxide 
is the main constituent of this material (minimum 
99%), while the others are silicon dioxide, iron trioxide, 
calcium monoxide, and disodium monoxide.

A criterion S (S = M/G) was used for the evaluation 
of the polymer coating’s resistance to erosive wear. The 
criterion expresses a relation between the total mass of 
erosive particles (M), producing wear of the coating in 
the examined area (i.e. uncovering of substrate fragment, 
by worn up coating, in the shape of ellipse, which minor 
axis d = 3.6±1 mm) and the coating thickness (G).

EVAluATION  OF  EPOXy  COATINGS 
lAyERED  STRuCTuRE  INFluENCE  
ON  THEIR  EROSIvE  RESISTANCE

The erosive resistance of epoxy coatings of the thickness 
G in the range of (120–190 μm) was investigated. 
Obtained results revealed the essential influence of 
coatings surface layer structure on their erosive wear 
kinetics, which can be seen in Figure 2 with the help of 
erosive resistance trend curves corresponding to different 
coating systems. Equations of trend curves showed in 
Figure 2 and their coefficient of determination (R2) 
values quantify the matching accuracy of trend line to 
the real course of the coating erosive resistance as its 
thickness function, are presented in Table 1.

The highest erosive resistance in the whole range of 
examined thicknesses showed the coating system with 
surface layer (top coat) modified using nanoparticles 
of aluminium trioxide, while lower resistance revealed 
the coating system with surface layer containing 
nanoparticles of silica. The coating system with the 
surface layer modified using glass microspheres showed 
the lowest erosive resistance from among all examined 
epoxy coating systems. This resulted from high 
brittleness of glass microspheres (Fig. 3).

As a result of investigations, it was stated that, 
with an increase in the thickness of epoxy coatings in 
the range of (120–190 μm), their erosive resistance 
increased too. It was conditional upon the more effective 
dumping of energy carried by alundum grains impacting 
the epoxy coating of increased thickness. It was also 

Fig. 1.  Morphology of glass microspheres
Rys. 1. Morfologia mikrosfer szklanych
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Fig. 2.  Erosive resistance of epoxy coatings: 1 – epoxy coating with surface layer (top coat) modified with 
nanoparticles of aluminium trioxide (E-Al2O3); 2 – epoxy coating with surface layer (top coat) modified 
with nanoparticles of silica (E-SiO2); 3 – epoxy coating (E); 4 – epoxy coating with surface layer (top coat) 
modified with glass microspheres (E-K)

Rys. 2. Odporność erozyjna powłok epoksydowych: 1 – powłoka epoksydowa z warstwą nawierzchniową modyfikowaną 
nanocząstkami tritlenku aluminium (E-Al2O3); 2 – powłoka epoksydowa z warstwą nawierzchniową 
modyfikowaną nanocząstkami krzemionki (E-SiO2); 3 – powłoka epoksydowa (E); 4 – powłoka epoksydowa 
z warstwą nawierzchniową modyfikowaną mikrosferami szklanymi (E-K)

Table 1. Trend line equations and coefficient of determination values
Tabela 1.  Równania linii trendu oraz wartości współczynnika determinacji

Fig. 3.  Crushing of glass microspheres embedded in the surface layer as a result of erosive 
particles impacting the coating surface

Rys. 3. Kruszenie mikrosfer szklanych, zawartych w warstwie powierzchniowej, pod wpływem ude-
rzania cząstek erozyjnych w powierzchnię powłoki

a) b)
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observed that, the thicker epoxy coatings, the lower is 
their susceptibility to adhesion loss to steel substrate 
resulting from alundum particles multiple impacts onto 
coating surface.

The high erosive resistance of coating systems with 
surface layers modified using nanoparticles results from 
their structure reinforcement due to the effective sealing 
of nanopores emerging during the coating forming 
process.

CONCluSIONS

  1. As a result of made investigations, it was stated that 
erosive wear intensity of epoxy coatings decreases 
with an increase in their thickness. This is because 
the coatings of greater thickness (volume) more 
effectively dissipate mechanical energy which 
releases when hard alundum particles hit the 
coating surface.

  2. However, the increase of coating thickness above 
its critical value leads to increases in internal 
stresses in the coating. This causes microcracks to 
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  3. The highest erosive resistance, in the whole 
thickness range of examined epoxy coatings, was 
revealed by coating systems with a surface layer (top 
coat) modified using nanoparticles of aluminium 
trioxide. Similar but slightly lower erosive 
resistance was reported in the case of surface layer 
modifications with nanoparticles of silica. The high 
erosive resistance of coating systems with surface 
layers modified using nanoparticles results from 
their structural reinforcement by nanoparticles, 
which seal nanopores generated during the process 
of coating constitution.

  4. The lowest erosive resistance, among examined 
epoxy coating systems, was observed in the case 
of systems with surface layers modified using glass 
microspheres. This results from the high brittleness 
of glass microspheres, which becomes evident 
during the coating surface bombardment with 
alundum particles.
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