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Abstract  This study analyses issues concerning defects of passive paint coats. Four reasons of their occurrence have 
been identified: constructional, technological, operational, and caused by wear and tear. Standardized methods 
of paint coat assessment are discussed based on the impact of mechanical factors (PN-EN ISO 2409:2013-06,  
ASTM D3359-17, PN-EN ISO 1522:2008, PN-EN ISO 4624:2016-05, PN-EN ISO 1518-1:2011,  
PN-EN ISO 16276-2:2008, PN-EN ISO 6272:2011, PN-EN ISO 6860:2006, PN-EN ISO 2815:2004,  
PN-EN ISO 1519:2000). The original method of paint coat durability evaluation is presented with the 
consideration of synergetic impact of mechanical forces. This method permits carrying out testing in conditions 
close to those during normal service. The testing stand equipped with a rotating drum filled with mineral 
mass has been described as well as the optical method of assessing paint coat quality using original software 
developed by authors. Tests for three coating systems were carried out in order to present the possibilities of 
the developed method. In summary, the conclusions relating to the presented testing method are presented.
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Streszczenie  W pracy omówiono problemy dotyczące usterek pasywnych powłok malarskich. Zidentyfikowano  
4 przyczyny ich powstawania: konstrukcyjne, technologiczne, eksploatacyjne i zużyciowe. Omówio-
no znormalizowane metody oceny jakości powłok oparte na oddziaływaniu czynników mechanicznych  
(PN-EN ISO 2409:2013-06, ASTM D3359-17, PN-EN ISO 1522:2008, PN-EN ISO 4624:2016-05,  
PN-EN ISO 1518-1:2011, PN-EN ISO 16276-2:2008, PN-EN ISO 6272:2011, PN-EN ISO 6860:2006,  
PN-EN ISO 2815:2004, PN-EN ISO 1519:2000). Przedstawiono autorską metodę badania trwałości powłok 
malarskich, uwzględniającą synergiczne oddziaływanie wymuszeń. Metoda pozwala na prowadzenie testów 
w warunkach zbliżonych do eksploatacyjnych. Opisano stanowisko wyposażone w obrotowy bęben wypeł-
niony masą mineralną, a także optyczną metodę oceny jakości powłok malarskich, z wykorzystaniem autor-
skiego oprogramowania. Przeprowadzono testy dla 3 systemów powłok malarskich, by przedstawić możli-
wości opracowanej metody. W podsumowaniu przedstawiono wnioski dotyczące opisanej metody badawczej.
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INTRODUCTION

One of the main construction materials used is steel. 
During service, the technical objects made from this 
material undergo corrosion. It is estimated that direct 
and indirect losses in Poland following this amount to 
6–8% GDP [L. 1]. Agricultural and municipal machinery 
are especially exposed to corrosion. These machines 
are operated in unfavourable weather conditions, 
in air with a high dust content and are exposed to 

aggressive chemical agents as well as mechanical forces 
in the working environment [L. 2]. The methods of 
anticorrosion protection most often used by designers 
include passive paint coats. The paint coats inhibit 
anodic and cathodic reactions and also prevent the flow 
of current in the galvanic couple [L. 3]. Very frequently, 
they undergo premature wear, an example of which is 
shown in Figure 1. In the figure, the corroded elements 
of the hopper of a municipal spreader after one season of 
service can be seen.
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Fig. 1. Hopper of a municipal spreader after one season of 
service (own work)

Rys. 1. Widok kosza zasypowego posypywarki komunalnej 
po jednym sezonie użytkowania (opracowanie własne) 

The causes of paint coats defects can be classified 
into four types [L. 4]:
 – Constructional – as the consequence of incorrect 

selection of paint coating system;
 – Technological – as the consequence of incorrect 

workmanship when performing correctly designed 
paint coating;  

 – Operating – as the consequences of operating the 
technical object in a way non-complying with 
manufacturer’s recommendations; and,

 – Caused by wear – as the consequence of normal 
operation of technical object without design and 
technological faults.

To improve the competiveness of the product on the 
market, the manufacturers of agricultural and municipal 
machinery are forced to search for less expensive or 
more effective paint coatings to use as anti-corrosion 
protection. The selection of the paint coat is also an 
indispensable stage in designing new technical objects 
operated in a more demanding working environment. 
Every change of the paint coating system brings the 
risk of introducing a defective product into the market 
which, in consequence, may affect the demand. For this 
reason, every change in the paint coating system should 
be verified in terms of its effectiveness. Manufacturers 
can perform a number of tests to assess paint coat 
properties (further discussion is limited to tests relating 
to resistance to mechanical forces):

 – Coating adhesion testing (PN-EN ISO 2409:2013-06,  
ASTM D3359-17) – this test consists in utilizing 
a tool to cut a right angle lattice pattern into the 
coating, penetrating all the way to the substrate. 
After this, a special adhesive tape is then applied. 
After some standardized time, the tape is removed 
at a precisely defined angle. The adhesion is then 
classified according to a five-point scale [L. 5, 6, 7].

 – Cupping test (PN-EN ISO 1520:2007) – empirical test 
procedure for assessing the resistance of a coating of 

paint coat to the deformability of protective coatings 
applied to a metal substrate [L. 8, 9].

 – Pendulum damping test (PN-EN ISO 1522:2008) 
– two methods of carrying out the pendulum 
damping test on a coating of paint. During the test, 
the hardness of coat is determined by the Persoz or 
Konig method. They can be used for single-coat and 
multi-coat systems [L. 9, 10].

 – Pull-off test for adhesion (PN-EN ISO 4624:2016-05)  
– the method for determination of adhesion by 
a dolly pull-off test on a single or multi-coat paint 
system [L. 11, 12].

 – Resistance to scratching test (PN-EN ISO 1518-
1:2011) – the method for determining, under 
defined conditions, the resistance of a single coating 
or a multi-coat system of paint to penetration 
by scratching with a scratch stylus loaded with 
a specified load [L. 13, 14].

 – Assessment of (and acceptance criteria for) the 
adhesion/cohesion of a coating (PN-EN ISO 16276-
2:2008) – Assessment of resistance to pull-off of 
protective paint system of any thickness on the steel 
substrate of thickness not less than 10 mm [L. 15, 
16]. 

 – Sudden deformation tests (PN-EN ISO 6272:2011) 
– the method of paint coat resistance assessment 
to cracking or peeling from the substrate when 
subject to deformation by falling weight with a ball 
penetrometer of diameter 20 mm [L. 17, 18].

 – Bending test (PN-EN ISO 6860:2006) – empirical test 
procedure for assessing the resistance of a coating of 
paint, varnish or related product to cracking and/or 
detachment from a metal substrate when subjected 
to bending around a conical mandrel under standard 
conditions [L. 19].

 – Buchholz indentation test (PN-EN ISO 2815:2004) 
- method for carrying out an indentation test on 
a single coating or multi-coat system of paint, 
varnish or related product, using a Buchholz indenter 
and measurement of indentation length [L. 20].

 – Bend test on cylindrical mandrel (PN-EN ISO 
1519:2000) – empirical test procedure for assessing 
the resistance of a coating of paint, varnish or related 
product to cracking and/or detachment from a metal 
or plastics substrate when subject to bending round 
a cylindrical mandrel under standard conditions  
[L. 21, 22].

The above-described methods for assessing the 
paint coatings properties are based on the generation of 
isolated mechanical forces. These include: scratching, 
abrasion, pull-off, indentation, bumping and deforming 
(material of the substrate). In service conditions, the 
paint coats can be exposed simultaneously to all above-
mentioned forces. Their synergistic effect can cause 
defects in the coat which do not occur in isolated 
tests described in the standards. For this reason, it is 
recommended to develop a test method which will take 
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into consideration all of the above-mentioned factors 
with a  destructive effect on the paint coat while, at the 
same time, preserving their character (value, dynamics, 
frequency) at a level close to those prevailing in real 
conditions.

wEAR-TESTING  MACHINE  wITH  
A  ROTATING  DRUM  FILLED  WITH 
MINERAL  MASS 

The effectiveness of anti-corrosion protection using 
passive paint coats is also affected by their resistance 
to mechanical damage. The designed testing stand 
allows simultaneous generation of mechanical forces 
(abrasion, bumping, scratching, indentation, pull-off), 
the parameters of which are close to those in service 
conditions for agricultural and municipal machinery. 
The test stand is composed of a rotating drum with 
a diameter of 0.63 m. The rotational speed of the drum 
during testing is 30 rpm. (The rotational speed can be 
changed by implementing an inverter.) and the axis of 
rotation is horizontal. The samples are mounted inside 
the drum on 18 supports. The supports are positioned 
parallel to the rotation axis and they are uniformly 
arranged along the entire circumference of the drum 
(every 20°). Each support has a mounting surface for 
samples which is inclined at 45°. The maximum number 
of samples mounted to one support is three. The position 
of samples on the support is critical for the intensity 
of wear of paint coats. The deeper the sample is set, 
the higher the wear intensity is. Figure 2 displays the 
samples mounted in the drum.

Fig. 2. Samples mounted in the drum
Rys. 2. Widok próbek zamontowanych w bębnie

The samples of dimensions 100 × 40 × 3 mm 
are mounted to the supports using screws with rubber 
washers. They have a mounting hole centrally situated 

with a diameter of 5 mm. Samples with dimensions are 
shown in Figure 3.

Fig. 3. Sample with dimensions
Rys. 3. Widok próbki z wymiarami

The drive of the rotating drum is turned on and 
off with a time relay. This allows precise control of the 
test duration. Mechanical forces on the tested coat are 
generated by the mineral mass contained in the drum. 
This mass can be uniform or it can be a mixture of a few 
granulometric fractions. To provide conditions similar to 
reality, road salt, mineral fertilizers, and similar materials 
can be added to the rotating drum. Drum rotation causes 
the movement of the mineral mass. The moving mass 
exerts a destructive effect on the coats of tested samples. 
The grains of higher diameters dynamically act on the 
samples (inertia), causing bumping, and detachment 
of the coat. They also cause grains of lower sizes to 
penetrate the coat. Abrasive wear is generated by all 
ingredients of the mineral mass. The testing stand is 
not adapted to carrying out tests using a mineral mass 
of humidity higher than 20% (during the tests, the mass 
sticks to the samples, which is the reason that the wear 
processes are less intensive).

METHOD  OF  PAINT  COAT  DURABILITY 
ASSESSMENT  EXPOSED  TO  MINERAL  MASS

The assessment of paint coat durability is realized by the 
comparative method. This solution allows the selection 
of the most durable paint coat exposed to mechanical 
forces. Before commencing the test, the labelled 
samples coated with paints are scanned using the table 
scanner. The digital images obtained in this way should 
have a resolution within the range 75–300 dpi. The use 
of a scanner eliminates the impact of natural light on 
the colour of the digital image of the sample (intensity 
and the angle of incidence angle of natural light can 
affect the identification of colour according to the RGB 
scale). The images are then imported to the original 
author’s programme written for the presented method 
and intended for further analysis of sample images 
(Fig. 4). 
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For imported images, the limits of areas of analysis 
are defined (omitting only the zones around the edges 
of mounting hole). The analysis of colour for all pixels 
within the analysis area is performed (the number of 
pixels depends on the image resolution and how the 
borders of the area of analysis are situated). The result 
is recorded in the memory in the form of three integer 
numbers which are the coordinates in the RGB space. 
This procedure should be repeated for subsequently 
tested samples. Having determined the colour of the 
sample, they are mounted to supports in the drum. There 
is a possibility of simultaneously testing a maximum 
of 54 samples (3 samples for each of the 18 different 
coats). During the test, the samples are subject to the 
action of the moving mineral mass. The intensity of 
action depends on the type of mineral mass, drum 
rotation speed, and the time of exposure. After the test in 
the wear-testing machine, the samples are removed and 
washed in ethanol. In the next stage, they are scanned 
again and their digital images are imported to the utility 
software. The limits of the area of analysis are set again. 
Identification of coat damage is conducted based on the 
differences in colours (RGB) of the pixels with the same 
coordinates for the sample before and after exposure to 
the action of the mineral mass. Identification of the coat 
damage at the place of the analysed pixel position is 
conducted with the following condition:

                  (1)

where 
TRGB  –  tolerance for difference in colour,
Rp, Gp, Bp  – coordinates in the RGB space defined for  

the coat not exposed to mineral mass,
Rpij, Gpij, Bpij –  coordinates in the RGB space defined for 

the pixels situated in the area of analysis 
for the coat exposed to mineral mass,

i, j  –  pixel coordinates.

Pixels situated in the place where damage is 
identified are counted and, based on their number, the 
degree of coat damage Su is determined:

                    (2)

where 
n0 – number of pixels situated in the zone of damage,
N0 – total number of analysed pixels.

The paint coat for which the determined degree of 
damage is the lowest should be regarded as the most 
durable. The utility software permits the generation of 
reports and visualization of the conducted analysis.

Fig. 4. Graphic interface of the software for analysing sample image
Rys. 4. Interfejs graficzny programu przeznaczonego do analiz obrazów próbek
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EXPERIMENTAL  STUDIES

The conducted experimental studies were aimed at 
the selection of a paint coating system for corrosion 
protection of the hopper in a municipal spreader  
(Fig. 1). The samples used for testing were prepared 
by the machine manufacturer using the technology 
available in the company. The characteristics of the 
paint coating systems used for protection of samples 

are shown in Tables 1–3. For each paint coating 
system, three samples were prepared. A mineral 
mass used consisted of a mixture of 20 dm3 road salt,  
20 dm3 of granulometric fraction 0.02–4 mm, and 20 
dm3 of granulometric fraction 16–32 mm. The humidity 
of mineral mass during testing was 9.7%. The time of 
exposure to mechanical forces was two hours and the 
rotational speed of the drum was 30 rpm.

Table 1. Characteristics of the paint coating system no 1
Tabela 1. Charakterystyka systemu powłokowego nr 1

Protected material Steel: S235 (EN 10025)

La
ye

r 1

Name of coat 2-component epoxy zinc rich primer*

Condition of protected surface Sa 2,5 (ISO 12944-4)
Method of surface preparation Shot blasting

Method of application Hydrodynamic (shielding pressure: 2.5 bar, working pressure: 87.5 bar) 
Nozzle: 13/20 (0.3302 mm)

Number of layers 2
Drying time Layer I: 10 min., Layer II: 60 min.
Coat thickness 80 µm

La
ye

r 2

Name of coat 2-component chromate-free polyurethane primer*

Method of application Hydrodynamic (shielding pressure: 2.5 bar, working pressure: 87.5 bar) 
Nozzle: 13/20 (0.3302 mm)

Number of layers 1
Drying time 30 min.

La
ye

r 3

Name of coat 2-component polyurethane varnish based on highly elastic polyester*

Method of application Hydrodynamic (air pressure: 2 bar, material pressure: 63–70 bar)
Nozzle: 11/40 (0.2794 mm)

Number of layers 2

Drying time Layer I: 10 min.
Layer II: unlimited

Coat thickness 160µm (together with layer 2)
Thickness of passive protective coat 240 µm

*  name without commercial details

Table 2. Characteristics of the paint coating system no 2
Tabela 2. Charakterystyka systemu powłokowego nr 2

Protected material Steel: S235 (EN 10025)

La
ye

r 1

Name of coat 2-component thick-film epoxy primer*

Condition of protected surface Sa 2,5 (ISO 12944-4)
Method of surface preparation Shot blasting

Method of application Pneumatic painting using gravity feed spray gun (pressure: 3–4 bar) 
Nozzle: 1.7 mm

Number of layers 4

Drying time

Layer I – 20 min
Layer II – 25 min
Layer III – 60 min
Layer VI – 90 min

Coat thickness 60 µm

La
ye

r 2

Name of coat 2-component polyurethane topcoat*

Method of application Pneumatic painting using gravity feed spray gun (pressure: 3-4 bar) 
Nozzle: 1.7 mm

Number of layers 2

Drying time Layer I: 10 min.
Layer II: unlimited

Coat thickness 160 µm
Thickness of passive protective coat 220 µm

*  name without commercial details
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Table 3. Characteristics of the paint coating system no 3
Tabela 3. Charakterystyka systemu powłokowego nr 3

Protected material Steel: S235 (EN 10025)

La
ye

r 1

Name of coat 2-component thick-film epoxy primer*

Method of application Pneumatic painting using gravity feed spray gun (pressure: 3–4 bar) 
Nozzle: 1.7 mm

Number of layers 3
Drying time –
Coat thickness 170 µm

La
ye

r 2

Name of coat 2-component polyurethane topcoat*

Method of application Pneumatic painting using gravity feed spray gun (pressure: 3–4 bar) 
Nozzle: 1.7 mm

Number of layers 3
Drying time –
Coat thickness 170 µm

Thickness of passive protective coat 340 µm
*  name without commercial details

After the testing, the digital images of the samples 
were analysed using the utility software. The generated 
reports are shown in Figures 5–7.

Fig. 5. Report generated for the coating system no 1
Rys. 5. Widok raportu wygenerowany dla systemu powłokowego nr 1
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The coats applied on the Sample No. 1 were 
16.6% mechanically damaged. At the damage sites, the 
first primer layer is visible (CS382 PercoTop® Primer 
053 New 2K Zinc Rich Primer + CS780 PercoTop® 
Activator EP). It was caused by insufficient adhesion 
between layers. A similar character of damages can be 
seen for the coating system applied in Sample No. 2. 
In this case, the degree of damage was 30.48%. These 
damages are more uniformly distributed in comparison 
to Sample No 1. Both coating systems had similar 
thicknesses. The most resistant to mechanical damage 
was the coating system applied in Sample Number 3. In 
this case, the degree of damage was only 1.22%. Small 
damage was only on the topcoats of the system. This 
coat much better cushioned the impact of the thicker 
fraction contained in the mineral mass. The obtained 

Fig. 6. Report generated for the coating system no 2
Rys. 6. Widok raportu wygenerowany dla systemu powłokowego nr 2

results unequivocally indicate that the coating system 
applied on Sample No. 3 was the most resistant to the 
forces generated during testing. For this reason, from 
among the three tested coating systems, just this system 
should be used for anticorrosion protection of the hopper 
in a municipal spreader. 

SUMMARY

The described method of paint coat durability assessment 
exposed to a mineral mass permits synergic generation 
of mechanical forces impacting the tested coats. This is 
an unprecedented solution among standardized tests for 
assessment of paint coat quality. Synergic co-action of 
forces can cause damage that does not occur in isolated 
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Fig. 7. Report generated for the coating system no 3
Rys. 7. Widok raportu wygenerowany dla systemu powłokowego nr 3

tests. Additionally, this method is characterized by high 
flexibility in the selection of the mineral mass used for 
testing. Such an approach permits the performance of 
tests in conditions close to that which prevail in service. 
The presented method can be used to assess the correct 
selection of coating systems and also the technology 
of their production. Its main feature is the low 
manufacturing cost of wear-testing machine, equipped 
with a rotating drum, which increases the availability 
of this method for the staff of engineers employed in 
companies. A reduction of the time needed for analysis 
and reporting is made possible due to the utility software 

created just for this method. The whole analysis of the 
digital images is carried out in one programme only. 
During testing, its use is not necessary as the degree 
of the coat damage can be determined using the least 
squares method. This solution is time-consuming and 
less precise but it permits obtaining the targeted research 
objectives. The presented method was verified during the 
selection of a coating system for the municipal spreader. 
It enables the selection of the paint coats with the highest 
exposure resistance to mechanical forces generated in 
conditions close to those in service.
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