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ABSTRACT

Due to the costs, the unexpected appearance of graffiti on rail vehicles and the need to remove it is an increasingly
serious problem for rail carriers. The use of anti-graffiti protective coatings by rail companies is becoming more
and more common. These coatings must meet appropriate quality requirements, in particular regarding their me-
chanical properties and features, such as roughness, adhesion. The use of anti-graffiti coatings is also associated
with the technology of their production and removal, taking into account the problem of environmental impact
and costs. Some of the anti-graffiti coating systems were tested and compared. Anti-graffiti coating systems were
characterized by low parameters of the geometric structure of the surface and good adhesion. Moreover, they had
good mechanical properties and were free of structural defects as pores or microcracks. Anti-graffiti paint sys-
tems were characterized by hydrophobicity, which helps reduce the adhesion of undesirable substances on their
surfaces. Also discussed are various aspects of the costs incurred by railway companies due to the existence and
removal of graffiti from passenger cars. Economic analyses included data from Polish and Spanish national and
regional railway companies.

Keywords: anti-graffiti coatings, properties, cost analysis, railway transport, sustainable development.

INTRODUCTION

Among problems, the incidence of which is
systematically increasing, and in particular ap-
plies to rail transport is the removal of the con-
sequences of vandalism, which is the problem
of destruction of train cars, especially passenger
trainsets, by graffiti painting, which has become a
challenge for many railway companies in Europe,
including Poland, in the 21st century. In the pa-
per [1] the problem of costs incurred by rail car-
riers in the world (in Germany, Spain, Belgium,

the Netherlands, Australia) is discussed. Some of
the economic and management aspects that throw
quantitative and cost dimensions of the problem
are briefly presented in a separate section 2. The
analysis of costs of anti-graffiti removal is not the
main research axis of the article, but it is impor-
tant in the overall view of the research problem of
graffiti removal, just as, for example, in the paper
[2] the economic analysis performed also had the
character of extending the research from the point
of view of practical applications. Graffiti found
on railcars violates the exterior aesthetics of trains
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and lowers the element of distinction of the net-
work operator and the type of vehicle. Nowadays,
during vehicle production, rolling stock manufac-
turers are required to apply an anti-graffiti coating
in addition to painting the exterior plating. Polish
rolling stock manufacturer PESA has been using
such coatings since 2004 [3]. The paint coating of
EIf2 railbuses ordered for Matopolska in PESA is
mandatory to be covered with a special layer that
prevents the application of graffiti and is supposed
to fulfill its properties for the shortest period of 10
years [4]. It is important that the coating is made
in accordance with the technological and produc-
tion process of the vehicle manufacturer. Vehicle
manufacturers indicate that the parameters of
the paint coating are maintained when the anti-
graffiti coating is painted ten times and the graffiti
paint is removed using the appropriate procedure
with dedicated agents. They further state that the
amount of cleaning of the graffiti surface, as well
as the impact of graffiti, i.e. the degree of dam-
age to the paint coating, depends primarily on the
type of paint and graffiti coating materials, the
length of time the graffiti remains on the vehicle
paint surface, from the application until the graf-
fiti surface is washed off, and the atmospheric
conditions, ambient temperature, humidity, sun-
shine, precipitation affecting the applied graffiti.
All repair, renovation work is carried out in the
repair hall, maintaining appropriate temperatures,
in pollution-free conditions. The materials used
to repair paint coatings must meet the conditions
in accordance with the manufacturer’s technol-
ogy. Anti-graffiti coatings are being modified by
manufacturers on an ongoing basis, following the
fact that graffiti paints are also becoming more
aggressive. The company BARWA has developed
a new family of anti-graffiti coatings. The paper
presents analyses concerning the study of the re-
quired properties that these coatings should meet.

The properties of the surface layer affect the
service life of machinery and equipment. The sur-
face fundamentally affects the performance of ob-
jects and products. A number of physicochemical
phenomena such as chemical catalysis, corrosion,
wear (abrasive, adhesive, abrasive-adhesive, ero-
sive, cavitation, fatigue), adhesion, adsorption
(physical and chemical), flotation, depend on and
take place on the surface of the material or with
its participation [5—7]. Coatings are simultane-
ously affected by various types of factors: thermal
and corrosive (alkalis, acids, and salts), moisture,
and solar radiation in the form of destructive UV
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radiation, whose influence on the destruction pro-
cess of coatings is synergistic [8, 9]. The impact
of operating environment factors has a significant
effect on the condition of the surface of polymer
coatings. As a result of adsorption of aggressive
substances on the surface of coatings, as well
as the impact of ultraviolet radiation, intensive
chemical and physical destruction of the surface
of coatings occurs, primarily deteriorating their
decorative properties [10—13]. The penetration
of aggressive media into the interior of polymer
coatings can also cause swelling and blistering,
as a result of the accumulation of media near the
substrate and due to the development of subsur-
face corrosion [14]. The effects of the influence
of aggressive substances increase if the polymeric
material has also been subjected to the influence
of other operating factors, such as heat, mechani-
cal loads, including the impact of erosion parti-
cles (hail, sand, clods of earth, stones) [15]. From
the moment the application process is completed,
the coating is exposed to destructive operating
factors. One of the most dangerous factors de-
stroying polymer coatings are aggressive media
(acid rain, brine, battery acid), destroying their
chemical structure through leaching, hydrolysis,
or oxidation [16—19]. In the initial stage of de-
struction, there is a deterioration of the decorative
properties of coatings (dulling, color change, loss
of gloss), while in its final stage, the aggressive
media migrating deep into the coating cause cor-
rosion wear of the substrate [20]. When aqueous
solutions of sodium chloride affect the paint coat-
ing, the first stage of its destruction process is the
formation of conductive paths (capillaries), which
allow direct access of chloride ions to the surface
of the metal substrate [17, 18, 20]. The rate of
diffusion of aggressive media in polymer coat-
ings decreases as the number of layers increases.
Anticorrosion properties of organic coatings is
presented in [21]. The influence of the surface
texture of dedicated composite for wet painting,
on durability of gloss parameters and colour [22].
Various strategies and methods are considered to
eliminate graffiti from rail vehicles. In article [1]
is presented the original ultra-freezing air projec-
tion method. While in the article [23] the environ-
mentally safe graffiti remover is proposed.
Initially, paint coating systems were designed
to protect the surface of steel from aggressive ex-
ternal agents and to impart color. With the help of
paint coatings, special effects and properties be-
gan to be imparted to the vehicles to which these
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systems were applied. One such system with
special properties is the protective anti-graffiti
coating system [24-26]. When we talk about a
protective coating system that includes a clear an-
ti-graffiti coating, we are talking about a coating
that gives the ability to easily remove unwanted
subsequent layers of paint without damaging the
original paint layer. This can be achieved by using
a highly chemically and mechanically resistant
coating or by giving it properties that reduce the
adhesion of subsequent layers. Reduced adhesion
means that it is easier to remove anything that is
found on the surface of the structure: dust, acidic
or alkaline deposits, but also graffiti paint. The
use of special anti-graffiti coating systems helps
reduce vandalism on rolling stock and speeds up
the process of removing damage caused by graf-
fiti. For this purpose, less aggressive cleaning
agents should be used, which ultimately contrib-
utes to environmental protection and reduces the
losses that are incurred as a result of railway ve-
hicles (wagons) downtime.

This paper presents the results of tests on
selected operational properties of anti-graffiti
coating systems developed by BARWA. Current
research includes measurements of surface geo-
metric structure, adhesion, surface free energy,
hardness, and microstructure analysis. Attention
is paid to parameters relevant to the operation of
railway wagons. An attempt was also made to es-
timate the costs of anti-graffiti removal incurred
by railway carriers.

COSTS OF ANTI-GRAFFITI REMOVAL

When analyzing the economic aspects of
destroying train depots by painting graffiti, the
problem should be looked at holistically, taking
into account the technological aspect discussed
earlier, but also the ecological, social, managerial,
as well as legal aspects.

Most of discussed above involve large addi-
tional costs for rail companies. For example, at the
moment, the cost of repairing a damaged EN57-
type depot alone is in the range of 6000-8000
EUR. The cost of removing graffiti from rail-
road cars includes: material costs, energy costs,
direct labor costs. In the case of damage to the
paint coating on the vehicle, taking into account
the mechanical damage to the paintwork caused
by repeated acts of vandalism (several times ap-
plied and removed layers of pseudo-graffiti with

violation and mechanical destruction of both the

paint and the performed undercoat), estimated in

terms of the required materials as well as labor
intensity in accordance with the current processes
of repair and restoration of paint, converted for

one square meter of the repaired area is about 200

EUR net. This cost is an estimate, it does not take

into account the significant costs of taking the

vehicle out of service and stopping it to perform
graffiti removal activities, but essentially takes
into account the following scope of work:

e Verification, determination of the area of re-
pair, taping and protection of the bordering
surfaces;

e Repairing the occurring mechanical damage,
scratches, degreasing, sanding, polishing and
dust removal, and making the repair layer;

e Selecting the color scheme, taking into ac-
count the shades of the adjacent surfaces of
the base paints, and carrying out the renova-
tion with the base paints for the given paint
surface, taking into account the drying and
evaporation times;

e Restoration of damaged inscriptions, descrip-
tions, decals;

e Applying a new layer of anti-graffiti clearcoat
to the entire repaired surface;

e Removal of protections, polishing, and wash-
ing of repaired surfaces.

To illustrate the problem, data from selected
years relating to the Polish National Railway
Company (PKP), Polish regional railway com-
panies (Mazovia Railways, Silesian Railways,
Matopolska Railways) and the national rail com-
pany in Spain - Renfe Operadora (RENFE La Red
Nacional de Ferrocarriles Espafioles) - are sum-
marized. Table 1 summarizes the costs incurred
by the carriers in selected years for the specified
operations related to the removal of graffiti from
railcars. Table 2 summarizes the areas of railcars
damaged by graffiti, while Table 3 lists the num-
ber of acts of vandalism.

The upward trend in the cost, area and num-
ber of cases of graffiti removal for the Malopols-
ka Railways in 2021-2023 is shown in the graphs
in Figure 1. There is an increase in the number of
cases by 28% over the two years analyzed, as well
as a 150% increase in the area subjected to reno-
vation (graffiti removal). On the other hand, the
cost of renovation has increased more than five
times. This means, the need for widespread use of
atygraffiti coatings and rapid removal of graffiti.
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Table 1. Costs incurred by railway companies (in thousand PLN)

Year Company Activity Cost, kPLN Source
2001 PKP Railways Removal of graffiti 227 [24]
2017 Mazovia Railways Removal of graffiti 1700 [25]
2018 Silesian Railways Removal of graffiti 60 [25]
2022 RENFE Railways Total graffiti costs 100 000 [26]
2021 Malopolska Railways Removal of graffiti 37 own
2022 Malopolska Railways Removal of graffiti 121 own
2023 Malopolska Railways Removal of graffiti 200 own
Table 2. The area of the surface of graffiti being removed (in thousands of square meters)
Year Company Area, km? Source
2017 Mazovia Railways 1" [25]
2018 Mazovia Railways 8 [25]
2018 RENFE Railways 80 [26]
2021 Malopolska Railways 0.4 own
2022 Malopolska Railways 0.9 own
2023 Malopolska Railways 1 own
Table 3. Total number of graffiti acts of vandalism
Year Company Number Source
2018 Silesian Railways 40 [25]
2022 RENFE Railways 3559 [26]
2021 Malopolska Railways 39 own
2022 Malopolska Railways 44 own
2023 Malopolska Railways 50 own
el
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Figure 1. Trend in costs, areas and number of cases for the Malopolska Railways

It is worth noting the difficulties faced by pre-
ventive measures. Despite the costs incurred for
the system of monitoring and protection of rolling
stock in 2022, the Spanish carrier RENFE recorded
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3559 incursions by graffiti artists into railroad ar-
eas, and only in 729 cases was it possible to prevent
vandalism. Some of the apprehended vandals have
been punished in court proceedings. The painting
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of trains also affects subway depots. For example,
in February 2023, in the morning hours at a sub-
way station, vandals painted a subway depot by
blocking the depot‘s movement with an emergen-
cy brake beforehand [30], in August 2023, at night
at a subway station, a group of masked vandals
painted a subway train by stopping its movement
with an emergency brake beforehand [31], and in
December 2023, at night at a subway station, 10
vandals painted a subway train almost its entire
length in less than five minutes [32].

An analysis of the cost of removing graffiti
from railway vehicles or wagons requires invest-
ment in an effective system for monitoring and
protecting oil rolling stock, which must be com-
bined with a civic-minded public. On the other
hand, the failure to take systemic and preventi-
ve measures, as well as the failure to reduce the
scale of graffiti vandalism, will increase the cost
of removing graffiti from train depots following
an increase in the price of anti-graffiti paints and
labor costs.

MATERIALS AND METHODS

Protective coatings

A coating system with special properties is a
protective anti-graffiti coating system. The main
purpose of using this coating is to protect the sur-
face of the structure from corrosion. The use of
joint compound makes it possible to improve the
shape of the structure resulting from heat trans-
port during welding work in the production pro-
cess. To give the aesthetics desired by the cus-
tomer - in the form of color, gloss or special deco-
rative effects (hammer effect, crease effect). The
result is the protection of the vehicle from the end
user in the form of a specialized anti-graffiti layer.
The protective system fulfills its function if it ad-
heres tightly to the vehicle surface and maintains
its continuity. When graffiti paint appears on the
protective coating, physical and, in some cases,
chemical changes occur in the coating. By physi-
cal changes we mean the diffusion of solvents and
the carrier medium included in graffiti varnishes.
Such a coating, due to interaction with chemical
solvents such as acetone, xylene, mesylene, butyl
acetate, ethyl acetate and solvent mixtures (tolu-
ene solvent, white spirit, nitro), can be destroyed.
In the first stage, solvents can migrate deep into
the coating and cause it to soften. In subsequent

stages, such a coating may become fluffed up,
cracked and even delaminated. The damage will
mainly depend on the aggressive components of
the graffiti paint. In addition, the conditions in
which the vehicle is located, such as high sunlight
resulting in the heating of the vehicle, combined
with aggressive solvents in the graffiti paint can
have a devastating effect on the protective coat-
ing. Another key parameter is time, in order not to
allow graffiti to contact the protective coating for
too long, the composition is immediately taken
out of service and directed to washing. Contami-
nants that have more firmly “bonded” to the sur-
face of the clearcoat can be removed chemically
or mechanically, while being aware of the gradual
damage to the clearcoat. Such actions can lead to
a reduction in the thickness of the clearcoat (with
a dry film thickness of about 40—60 um). After
several repetitions of such a process, the basecoat
may be exposed. The entire system will then be
significantly weakened, which will directly affect
its aesthetics and the component’s susceptibility
to corrosion. This can lead to a situation where it
will be necessary to carry out refinishing ahead
of schedule, which will generate unnecessary
costs. It seems reasonable to use such a clear coat
to protect the system from external influences as
much as possible. The clearcoat that finishes the
system should also exhibit special characteristics,
such as reduced adhesion of subsequent layers
and their eventual easy removal.

Anti-graffiti coatings laboratory tests

The way the paint system is made has a major
impact on the vehicle’s service life. The perfor-
mance tests compared three paint systems based
on anti-graffiti coatings from PPG (the world’s
leading paint manufacturer) with a paint system
that included BO100-AGR paint coating (devel-
oped in the laboratory of Firma Handlowa Barwa
Jarostaw Czajkowski). The following anti-graffiti
coating systems were considered in laboratory
tests: XPC 60012, XPC 60011, XPC 60036 and
BO100-AGR with the properties given in Table 4.

Each coating system consisted of an epoxy
anti-corrosion primer, polyester putty, polyure-
thane filler, an aesthetic base coat and a colour-
less anti-graffiti varnish applied to an alloy steel
core. The compositions of the individual layers
were not given due to the trade secrets of the
manufacturers (PPG and Firma Handlowa Barwa
Jarostaw Czajkowski).
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Table 4. Physical parameters of the coating systems used in tests

Material Mass density, kg/m? Weight proportion
XPC60011 990 1:1
XPC60012 980 3:1
XPC60036 1010 2:1

BO100-AGR 1020 2:1

In order to compare different anti-graffiti coa-
ting systems with each other and determine their
suitability, the performance properties of the coa-
ting system (mechanical properties, physical-che-
mical properties) were selected, which translate
into an assessment of their service life and cost of
performance. The test specimens were made of the
S355 alloy steel. The surface preparation and coa-
ting (painting) procedure was strictly defined and
repeatable for all samples and coatings applied.
The procedure was described in detail in [33].

Based on our research, the following param-
eters for the application of on anti-graffiti coating
were assumed:
application technique: pneumatic spray,
application: four layers,
surface temperature: 21-23 °C,
operating pressure: 0.20-0.22 MPa,
evaporation time between layers: 20 minutes,
evaporation before baking: 20 minutes,
annealing temperature: 50 °C,
annealing time: 60 minutes,
thickness of dry film: 40-50 um.

The remaining layers were applied in accor-
dance with the technical data sheets recommend-
ed by the manufacturers

Microstructural analysis

Samples for metallographic testing were
cut using an ISOMET cutting machine. The cut
specimens were then embedded in BUEHLER
KonductoMet thermosetting conductive resin us-
ing a BUEHLER SimplyMet 3000 inlay press.
The metallographic specimens were ground on a
BUEHLER MetaServ 250 grinder on water pa-
pers with grain gradations from 80 to 2500, each
time changing the angle by 90° to the direction of
the scratches from the previous paper gradation.
Polishing of the specimens was carried out on a
BUEHLER EcoMet 250 grinder-polisher with
pneumatically adjustable pressure and speed.
The specimens were polished on MicroDiamant
Mambo cloth in MicroDiamant O.P.S suspension
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0.05 pm. The metallographic specimens prepared
in this way were subjected to microscopic obser-
vations. A JEOL type JSM-7100F field emission
scanning electron microscope (SEM) was used to
study the microstructure.

The photograph (Figure 2) shows an example
of the microstructure of the BO100-AGR anti-
graffiti coating system. Based on the results, the
minimum thickness of the anti-graffiti coating
was about 42 um, while the maximum thickness
was about 43 pm.

SEM analysis showed that the thickness of the
basecoat layer was between 18—19 pum. The un-
dercoat layer had a thickness in the range of about
50 um to 55 pum. The layer with putty had the
greatest thickness of about 2210 + 2250 pm. Clear
boundaries between the individual layers can be
seen (Figure 2). In addition, Figure 2 shows a clear
boundary between the paint layers and the putty.
We can also observe that the paint layers are free
of pores and micro-cracks. Analyzing the mor-
phology of the other anti-graffiti coating systems
XPC 60011, XPC 60036, BO100-AGR, it was
found that the thicknesses of the individual layers
are comparable to the thicknesses of the layers of
the XPC 60012 anti-graffiti coating system. The
thickness of the anti-graffiti coating systems pro-
duced ranged from about 2300 to about 2400 pum.

Measurement of surface free energy

So far, a method for direct measurement of
surface free energy (SFE) has not been devel-
oped. For this purpose, an indirect method is
used, based on measuring the angle of wetting
of surfaces by reference liquids, and then using
mathematical models, the surface free energy is
calculated [34, 35].

The determination of the wetting angle of the
surface of structural materials was used according
to a method based on the geometry of the droplet.
The surface of the droplet is most often shaped
like a bowl, and then the wetting angle is calculat-
ed from measuring (h) the height of the bowl and
(r) the radius of the droplet’s contact area. The
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L
1.00kV LED

Figure 2. SEM image of the polished cross-section through an anti-graffiti BO100-AGR coating system
on steel substrate: 1 — anti—graffiti layer, 2 — base layer, 3 — undercoat layer, 4 — putty

canopy height is given by the formula h = R(1-
cosB), and the surface contact radius r = Rsin6.
From these relationships, we get Equation 1 [1]:

_2h
_T'

0 (1
where: 0 — angle of wetting of the surface,
h — height of the canopy, » — the radius of
the droplet contact surface.

The value of the surface free energy of struc-
tural materials is determined indirectly using the
measurement of wetting angles with selected
measuring fluids. Distilled water and diiodo-
methane (DIM) were used as measuring fluids
for measuring the wetting angle. A stereoscopic
microscope with a camera and MicroScan v 1.3
software was used to observe the droplets and
measure the wetting angle.

The following values of the surface free energy
constants of the measuring fluids and their polar
and dispersive components were adopted: g =72.8
mJ/n?, g = 51.0 ml/m?, g, = 21.8 mlm’, g =
50.8 mJ/m?, 8= 2.3 mJ/m?, g, = 48.5 mJ/m*. The
measuring liquid was applied to the test surface us-
ing a micropipette with a fixed volume of 5 pl.

The surfaces of the polymers that were stud-
ied are polar, so in this case the SFE calculated by

the Zisman method is not appropriate. The Ow-
ens-Wendt method is commonly used to deter-
mine the surface free energy of composite materi-
als in which the surface free energy is assumed
to be the sum of two components: dispersive and

polar (2) [1]:

Ys = YSd + ysp )

where: y — surface free energy, y ¢ — dispersive
component of surface free energy,
y? — the polar component of the surface
free energy.

The measurement series consisted of mea-
surements of the wetting angle of ten succes-
sively injected drops of liquid onto the surface of
the paint system. The measured wetting angle of
the coating system by a given liquid was used to
calculate the surface free energy. The same meth-
odology was used to test each anti-graffiti coating
system. Taking ten measurements for each coat-
ing system allowed the test results to be averaged.

Figure 3 compares the surface free ener-
gy of the anti-graffiti coating systems tested.
To achieve reduced contaminant adhesion of
the protective layer, the free surface energy is
sought to be minimized. The lowest surface free
energy values were shown by the XPC60011
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Figure 3. Comparison of the total surface free energy of the tested systems anti-graffiti coatings

and BO100-AGR coating systems. From the
point of view of rolling stock and anti-graffiti
protection, these two systems had the desired
properties. The aforementioned anti-graffiti
paint systems were characterized by hydropho-
bicity, which is conducive to reducing the adhe-
sion of undesirable substances on their surfaces.
However, it should be borne in mind that graffiti
paints consist of various resins, fillers, pigments
and additives, so synergistic interactions may
occur, making it difficult to predict the exact
mechanism of interaction between hydrophilic
and hydrophobic surfaces. As the of the materi-
al increases (smaller wetting angle), more work
needs to be done to disconnect the surface of
the coating system from contaminants formed
on the surface. The more hydrophobic the mate-
rial was, the greater the wetting angle, and the
smaller the adhesion work.

Figure 4 shows the surface free energy of the
anti-graffiti coating systems tested, divided into
dispersive and polar components. It is notewor-
thy that the dispersion component contributed the
most to the increase in the total SFE value. The
XPC 60011, XPC60012 and XPC60036 paint
systems were characterized by a similar value of
the dispersion component. However, in the case
of the XPC 60011 coating system, the reduced
adhesion of graffiti varnishes was achieved by re-
ducing the polar component of SFE.

The polar component is the sum of compo-
nents derived from interactions between mole-
cules, including polar, inductive, hydrogen, ac-
id-base interactions. Dispersive interactions, on

226

the other hand, represent the dispersive compo-
nent of surface free energy. Modification of the
developed BO100-AGR coating system leads to
a reduction in the value of surface free energy.
This is primarily associated with a decrease in
its dispersion component, compared to the other
coating systems studied. By chemically modify-
ing the SEP between contacting phases, larger
wetting angles can be achieved with unwanted
substances. On the other hand, by modifying
the surface of the material with a chemical sub-
stance, the chemical composition, structure, or
roughness of the surface layer is changed, re-
sulting in changes in interfacial interactions.
For these reasons, only results obtained by the
same method and using the same measuring flu-
ids can be the subject of comparative analyses
of SFE values.

Further research work should determine
whether SFE changes during operation or remains
constant. Also of interest is the change in surface
free energy after successive cycles of both vehi-
cle washing and graffiti paint washing. However,
when conducting studies to determine the degree
of degradation and kinetics of change under the
influence of external factors, it should be borne
in mind that simulating the external environment
yields approximate results, and verification of the
error is only possible by conducting independent
tests on a real sample.

The example is proof of the great importance
of SFE in the process of creating polyurethane
protective coatings that meet the requirements of
modern materials engineering.
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Figure 4. Comparison of the components of the total surface energy of the tested systems anti-graffiti coatings

Based on the obtained results statistical anal-
ysis of surface free energy of anti-graffiti coating
systems The obtained results of performed in 6
replication measurements results are grouped
into 4 groups reflecting the adopted technological
systems. The analysis covered 3 observed values:
total surface free energy (TSFE), dispersive com-
ponent of surface free energy (DC-TSFE) and po-
lar component of surface free energy (PC-TSFE).

When comparing the mean values, the homo-
geneity of variance was checked using Leven’s
test. In the case of non-contradiction with the as-
sumption of homogeneity of means, the classi-
cal ANOVA analysis of variance was performed
with simultaneous determination of homogeneous
groups using the Tukey test. In the case of rejection
of the hypothesis of homogeneity of means, the test
of their equality was performed using the Welch
test with simultaneous determination of homoge-
neous groups using the Games-Howell method.

The results of detailed statistical analyses
performed for total surface free energy (TSFE),
dispersive component of total surface free energy
(DC-TSFE) and polar component of total surface
free energy (PC-TSFE) are presented below.

Total surface free energy (TSFE)

Descriptive statistics for total surface free en-
ergy TSFE are presented in Table 5.

Leven’s test of homogeneity of variance was
performed, which rejected (p < 0.001) the hy-
pothesis of equality of variances. An attempt to
perform the Box-Cox transformation showed the

optimal value of the parameter A > 5, which means
that it is impossible to achieve variance stabiliza-
tion in this way. Therefore, an assessment of the
equality of mean values was performed using the
Welch method, which rejected (p < 0.001) the
hypothesis of equality of all mean values. Figure
5 presents a box plot of individual groups. Next,
possible homogeneous groups were identified,
i.e. sets of measured values that are statistically
indistinguishable. Identification of homogeneous
groups using the Games-Howell method showed
the existence of 3 homogeneous groups, 2 of
which over-lapped each other (Table 6).

Dispersive component of total surface free
energy (DC-TSFE)

Descriptive statistics for the dispersive com-
ponent of the total surface free energy DC-TSFE
are presented in Table 7.

Leven’s test of homogeneity of variance was
performed, which not rejected the hypothesis of
equality of variances (p = 0.41). Therefore, an as-
sessment of the equality of mean values was per-
formed using the classic ANOVA method, which
rejected (p < 0.001) the hypothesis of equality of
all mean values. Figure 6 presents a box plot of
individual groups. Next, possible homogeneous
groups were identified, i.e. sets of measured values
that are statistically indistinguishable. Identifica-
tion of homogeneous groups using the Tukey Pair-
wise Comparison method showed the existence of
3 non-overlapped homogeneous groups (Table 8).
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Table 5. Descriptive statistics for total surface free energy TSFE

Coating system Mean SE Mean StDev Min. Median Max.
BO-100AGR 48.15 0.28 0.69 47.2 48.15 49.2
XPC60011 49.87 1.28 3.14 46.9 49.55 53.4
XPC60012 52.30 0.36 0.87 51.0 52.40 5313
XPC60036 55.85 0.23 0.55 55.1 55.85 56.6
Table 6. Total surface free energy TSFE homogeneous groups (95% confidence level)
Coating system N Mean Grouping
XPC60036 6 55.9 A
XPC60012 6 52.3
XPC60011 6 49.9 Cc
BO-100AGR 6 48.2 ]
Table 7. Descriptive statistics for the dispersive component of the total surface free energy DC-TSFE
Coating system Mean SE Mean StDev Min. Median Max.
BO-100AGR 39.97 0.13 0.33 39.5 40.00 40.3
XPC60011 4412 0.25 0.61 43.6 43.95 45.3
XPC60012 44.87 0.34 0.84 44.0 44.85 46.3
XPC60036 46.52 0.15 0.37 46.1 46.45 47.0
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Figure 5. Distribution of total surface free energy TSFE values

Polar component of total surface
free energy (PC-TSFE)

Descriptive statistics for the polar component
of the total surface free energy PC-TSFE are pre-
sented in Table 9.

Leven’s test of homogeneity of variance was
performed, which rejected (p < 0.001) the hypoth-
esis of equality of variances. An attempt to perform
the Box-Cox transformation showed the optimal
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value of the parameter A = 4, however, after its
execution, the Leven test still indicated the lack of
homogeneity of variance (p = 0.005). Therefore,
an assessment of the equality of mean values was
performed using the Welch method, which rejected
(p <0.001) the hypothesis of equality of all mean
values. Figure 7 presents a box plot of individual
groups. Next, possible homogeneous groups were
identified, i.e. sets of measured values that are
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Figure 6. Distribution of the dispersive component of the total surface free energy DC-TSFE values

Table 8. Dispersion component of the total surface free energy DC-TSFE homogeneous groups (95% confidence
level)

Coating system N Mean Grouping
XPC60036 6 46.5 A
XPC60012 6 44.9
XPC60011 6 44 1
BO-100AGR 6 40.0 o

Table 9. Descriptive statistics for the polar component of the total surface free energy PC-TSFE

Coating system Mean SE Mean StDev Min. Median Max.
BO-100AGR 8.20 0.30 0.73 6.9 8.25 9.1
XPC60011 5.78 1.17 2.88 3.1 5.65 8.8
XPC60012 7.45 0.35 0.85 5.9 7.75 8.2
XPC60036 9.33 0.13 0.31 8.9 9.35 9.8

Palar Component of TSFE, rnJ.lm2

BO-I00AGR XPCEOON XPCEDOZ XPCE0036
Coating system

Figure 7. Distribution of the dispersive component of the total surface free energy DC-TSFE values
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statistically indistinguishable. Identification of
homogeneous groups using the Games-Howell
method showed the existence of 2 homogeneous
non overlapped groups (Table 10).

Measurements of the surface geometric
structure

The geometric structure of the surface has a
significant impact on many processes occurring in
the surface layer and is one of the most impor-
tant factors determining its quality values. It has
a significant impact on the operational properties
of machine elements, which include, for example:
friction conditions on the contact surfaces of the
mating elements, contact stresses, fatigue strength,
corrosion resistance, tightness of connections, sur-
face thermal radiation and magnetic properties.
The problems of measurement methods and the
assessment of surface roughness and waviness are
discussed in the works [36-38]. The measuring
devices and method of test speciment preparation
are described in detail in the paper [33].

Comparison of surface roughness is visual-
ized for selected single measurements for the test-
ed anti-graffiti coatings are shown in Figure 8. The
anti-graffiti coating systems had average Sa val-
ues ranging from 6.4 nm to 24.6 nm. The substrate
material (after grinding) to which the multi-layer
coating systems were applied had Sa = 1234.5—
1863.2 nm. As a result of applying the anti-graffiti
coatings, the parameters of the surface geometric
structure were significantly reduced.

Adhesion

The adhesion results of the coating systems
were similar to each other. From the test results

obtained, the XPC 60011 anti-graffiti coating sys-
tem (2.28 MPa) had the highest average adhesion
value. The XPC 60012 paint system (2.18 MPa)
characterized by the lowest average adhesion
value had a 5% lower adhesion, compared to the
XPC 60011 coating system.

The adhesion results obtained were character-
ized by low standard deviation values, indicating
the high repeatability of the test performed. Mea-
surement of adhesion by the peel method after
the test cycle in the aging chambers was also per-
formed. The obtained adhesion results along with
the standard deviation are summarized in Table 11.
Figure 9 shows the sample after the adhesion test.

Significantly greater differences in adhesion
values were observed between the tested systems
after exposing the samples to condensation mois-
ture. The XPC 60011 anti-graffiti coating system
had the highest adhesion value of 2.23 MPa, com-
pared to the system with the lowest adhesion value
of 2.02 MPa (BO100-AGR). The percent change
in adhesion value from the initial value before
exposure was also calculated. In this case, the
XPC 60011 coating system also had the smallest
change, with a reduced adhesion of 2.34%. Such a
small change can be considered a measurement er-
ror. On the other hand, the largest change in adhe-
sion was observed for the XPC60036 anti-graffiti
coating system, a reduction in adhesion of 9.73%
compared to the initial value was recorded.

Nanohardness

The production of coatings with the required
micromechanical properties is a major research
challenge. In the production process, it is neces-
sary to determine the controlled parameters and

Table 10. Polar component of the total surface free energy PC-TSFE homogeneous groups (95% confidence level)

Coating system N Mean Grouping
XPC60036 6 9.33 A
XPC60012 6 8.20
XPC60011 6 7.45
BO-100AGR 6 5.78 B

Table 11. Values of chosen parameters of adhesiveness (MPa) obtained by the peel-off method

Coating system Average value Standard deviation Range
XPC 60011 2.28 0.14 0.38
XPC 60012 2.18 0.08 0.25
XPC 60036 2.24 0.07 0.19
BO100-AGR 2.22 0.07 0.18
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Figure 8. Surface roughness for the anti-graffiti coatings: a) XPC 60012, b) XPC 60036, c) XPC 60011,
d) BO100-AGR
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Figure 9. View of sample after adhesion test of XPC 60012 coating system

properties that we expect from the resulting coat-
ing. The multitude of controlled parameters and
their values means that a large number of com-
binations affects high costs. In our case, we in-
vestigated the nanohardness and the modulus of
longitudinal elasticity (Young’s modulus) of anti-
graffiti coating systems.

Nanohardness and Young’s modulus mea-
surements were performed using a NANOVEA
nanohardness tester. The nanohardness tester
consists of a Berkovich indenter, an optical mi-
croscope and a motorized stage in the X and Y
axes. Precise determination of the measurement
location is possible thanks to the sample position-
ing system with an accuracy of 1 um. Addition-
ally, which is particularly important when testing
thin layers, the force is measured with an accu-
racy of 0.01 mN, and the indenter penetration is
up to 10 nm. The device allows for measurements
using an indentation force from 1 mN to 400 mN.

Nanohardness and Young’s modulus of the
tested samples were measured on the surface in the
anti-graffiti paint layer and on the cross-sections of
the coating system (mixed sections) in each layer,
i.e. anti-graffiti layer, base layer, primer layer, filler
and substrate material (S355 steel). The tests were
performed with the following parameters: linear
load, max. load 3 mN, load and unload speed 40
mN/min and the break time between subsequent
load and unload cycles 3 s. The average values of
nanohardness and Young’s modulus were deter-
mined based on 10 measurements.

Nanohardness was determined as the indenter
penetration depth, while the modulus of elastic-
ity was determined by the slope of the unloading
curve. The results of nanohardness and Young’s
modulus measurements are presented in Table 12.
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The highest nanohardness was found in
the S355 alloy steel. which was 10.6 GPa. The
Young’s modulus was also the highest for the
S355 steel. at 124 GPa. Analyzing the data in
Table 10 it can be concluded that all anti-graffiti
paint coatings had similar nanohardness values.
The nanohardness measured on the surface of the
anti-graffiti coatings was in the range of 0.229
GPa to 0.265 GPa.

A similar analogy can be observed when ana-
lyzing the values of Young’s moduli for the tested
anti-graffiti paint layers (Table 12). The highest
value of the longitudinal modulus of elasticity
was found in the BO100-AGR anti-graffiti paint
layer compared to the other three anti-graffiti
paint layers. The Young’s modulus measured on
the surface of the BO100-AGR layer was 2.900
GPa. The XPC 60012, XPC 60011, XPC 60036
paint layers had Young’s modulus values in the
range of 2.700-2.843 GPa (measured on the sur-
face of the coating). The greater elasticity of the
BO100-AGR anti-graffiti top layer compared to
the other three anti-graffiti paint layers may result
from the additives that make up its chemical com-
position. Example views of the indenter impres-
sions are shown in Figure 10.

The obtained results of nanohardness and
Young’s modulus measurements show that the anti-
graffiti paint coatings were characterized by high
homogeneity and the absence of defects in their
structure, e.g. the absence of pores and microcracks.

Hardness

The hardness measurement consisted of mea-
suring the damping time of the pendulum accord-
ing to the standard PN-EN ISO 1522 [39]. The
sample was placed on the table of the device. and
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Table 12. Average values of nanohardness and modulus of elasticity in the anti-graffiti coating measured

on the surface

Materials Nanohardness, GPa Young’s modulus, GPa
XPC 60012 0.23 +£0.01 2.70 £ 0.05
BO100-AGR 0.26 + 0.01 2.90 £ 0.02
XPC 60011 0.27 £0.01 2.84 £ 0.04
XPC 60036 0.26 + 0.01 2.84 £0.03
Steel S355 10.60 £ 0.70 124.00 £ 5.30

then the pendulum legs were gently positioned
on its surface. A Koenig pendulum was used in
the tests. During the measurement the number
of oscillations over time with damped vibrations
of the pendulum from the initial yaw angle of 6
deg to a final angle of 3 deg from vertical was
counted. The photocell in the device was respon-
sible for the correct number of counts. The num-
ber of oscillations was converted to pendulum
damping time. In a properly calibrated device
using a Koenig pendulum, time of one oscilla-
tion should be about 1.4 s. The measurement was
carried out six times on each sample in order to
average the hardness according to the thickness
of the coating. The principle of the measurement
was to change the friction surface between the
coating under test and the pendulum legs, which
translates into the damping time of the pendulum.
Coatings with lower hardness more easily yield to
the weight of the pendulum, whose legs penetrate
the coating more deeply, resulting in an increase
in the friction surface. Hardness measurements
were also made after exposing the samples to ag-
ing chambers. The initial results and the results
obtained after testing in the salt chamber and hu-
midity chamber are shown in Table 13. The re-
sults shown are the averages of 6 measurements.
The method is characterized by high repeatability
and reproducibility of results.

Individual results may change slightly in
cyclic tests. Therefore. a relative hardness was
introduced, which is calculated by dividing the
oscillation value of the sample by the oscillation
value of the calibration. The preceding calibration
measurement ended with a value of 180 oscilla-
tions. Relative hardness values are also shown
in Table 11 for comparison of each system. The
XPC 60012 anti-graffiti coating system had the
lowest oscillation damping value (83.7 s), com-
pared to the BO100-AGR coating system, with
the highest oscillation damping time (120.8 s). An
increase in the hardness of the anti-graffiti coating
systems was observed after aging tests in the salt

chamber and humidity chamber. All tested coat-
ing systems were characterized by high damp-
ing times falling within the range of 132-140 s.
When measured after the salt chamber tests. the
largest increase (by 162% of the initial value) in
damping time was obtained for the XPC 60012
coating system, while the XPC 60011 anti-graffiti
coating system had the highest hardness corre-
sponding to 140 s of test duration. After the test in
the humidity chamber, the paint systems also had
high and similar pendulum damping time values
(146-150 s). The XPC 60012 anti-graffiti coating
system had the highest hardness after completed
exposure to moisture, while the lowest average
result was completed for the XPC 60036 coating
system. Aging tests were conducted at elevated
temperatures (313 K). The test conditions in the
aging chambers may have accelerated the evapo-
ration of solvents that remained in the individual
layers after the conditioning period. During the
drying process of the anti-corrosion primer, about
95% of the solvents evaporate from the primer
layer, with the remaining 5% evaporating over a
period of up to 3 weeks. Applying another layer
of the coating system over the anticorrosive prim-
er will extend this time significantly. The remain-
ing small amount of solvent in each layer of the
system translates into hardness by the pendulum
damping method. Placing the samples in an aging
chamber at an elevated temperature for the dura-
tion of the hardness test accelerated the migration
of the remaining solvents in the system affecting
its hardness.

DISCUSSION

These studies indicate that modification of
the surface layer to reduce its surface free energy
contributes to obtaining protective coating sys-
tems for special applications. Coating systems
prepared in this way are characterized by reduced
adhesion of unwanted substances on their surface.
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Figure 10. Indentation marks during nanohardness measurements on the surface of anti-graffiti paint coating:
a) BO100-AGR, b) XPC 60036

Table 13. Hardness measurement results according to PN-EN ISO 1522 - Koenig pendulum

. o . o Damping time —
Coating system Damping time, s Relative hardness Damping time — salt, s -
humidity, s
XPC 60011 95.2 0.4 140.0 146.7
XPC 60012 83.7 0.3 135.0 150.9
XPC 60036 109.8 0.4 132.2 145.9
BO100-AGR 120.8 0.5 134.4 147.8

Unwanted substances on the surface layer of a
coating system are various types of operational
dirt and man-made contaminants such as graffiti.
Reduced adhesion also allows easier and faster
removal of water droplets with chemically active
substances dissolved in them from the surface of
the coating under the action of gravity. The use
of a modified anti-graffiti coating does not reflect
negatively on the properties of the entire paint sys-
tem. The protective system retains its mechanical
properties such as hardness. adhesion and scratch
resistance. Also, the modified top coat does not
negatively affect the protective system’s UV-B
resistance. condensation moisture resistance and
corrosion resistance.

Anti-graffiti coatings used on railway roll-
ing stock are not indestructible and destruc-
tion over time. Heavy rainfall, high humidity,
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extreme temperatures, and aggressive UV radi-
ation can gradually weaken their structure and
functional properties. Proper preparation of the
substrate before coating application, as well as
regular inspections and professional mainte-
nance, can significantly extend the operational
life of paint coatings.

Modification of the surface tension of the
anti-graffiti coating in the liquid phase prior to
application to vehicle surfaces has a very posi-
tive effect on its spreadability, which translates
into low roughness of the resulting surface layer.
Small values of roughness affect the reduction of
adhesion forces by reducing the specific surface
area contacting the anti-graffiti protective coating
with unwanted contaminants.

A very important factor affecting the geomet-
ric structure of the coating system is the proper
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preparation of the substrate material. Paint sys-
tems are characterized by lower roughness in
relation to the substrate material (two orders of
magnitude). In addition, the isometric images of
the coating systems show traces of the preceding
treatment, which was sanding.

The XPC 60011 anti-graffiti coating system
has the highest adhesion, while the XPC 60012
paint system has the lowest adhesion.

The BO100-AGR anti-graffiti coating system
has similar mechanical properties with respect to
the anti-graffiti coating systems of a foreign man-
ufacturer (PPG).

Economic considerations and environmental
requirements make it necessary to introduce new
solutions that ensure a reduction in unit manufac-
turing costs while ensuring the quality of the pro-
duced paint systems. The physical properties of
the surface layer are important due to the stability
of the technological process using the phenom-
enon of adhesion.

A multifaceted approach to counteract the
formation of graffiti on railroad cars requires the
following measures:

e Investment in equipping the rail base with a
system of monitoring and protection of rail-
roads using modern technologies;

e Organization of preventive measures in the
form of patrols specializing in chasing graffiti
artists during the day;

e Organization of security services including
night patrols with the use of advanced tech-
nologies including surprise actions involving
the organization of so-called “ambushes” in
places where railway depots spend the night;

e Widespread implementation of the procedure
for identifying and removing graffiti from rail-
road cars especially in the context of removing
the graffiti coating as soon as possible.

CONCLUSIONS

Based on the conducted experiments and
analysis of the obtained test results of anti-graf-
fiti coating systems, the following conclusions
can be drawn:

1. Railway companies need protection systems
for their vehicles and wagons.

2. The BO100-AGR anti-graffiti coating system
was characterized by similar mechanical prop-
erties to the anti-graffiti coating systems of a
foreign manufacturer (PPG).

3. The analysis of the microstructure showed
that the thickness of the anti-graffiti coating
systems was in the range of 2300-2400 um.
Moreover, the paint systems were free of pores
and micro-cracks.

4. The BO100-AGR anti-graffiti coating system

had the lowest free surface energy. Compared
to the other three anti-graffiti coating systems,
the BO100-AGR paint system had the best
anti-adhesive properties. The anti-adhesive
properties of the BO100-AGR system may be
of great importance in a potential application
on rail vehicles.

5. Economic considerations make it necessary to
introduce new solutions that ensure the reduc-
tion of unit manufacturing costs while ensuring
the quality of the produced paint systems. The
physical properties of the surface layer are im-
portant due to the stability of the technological
process using the phenomenon of adhesion.

6. It is necessary to strictly maintain quality re-
quirements both in the preparation of anti-graf-
fiti coatings and in their removal.

7. The use of anti-graffiti coatings reduces the
negative impact on the environment with a
view to reducing the negative impact on the
ecosystem.

8. An alternative method of vehicle skin protec-
tion that is currently possible is to cover ve-
hicles with a special film, which significantly
increases anti-graffiti protection. According to
the manufacturer’s declaration, the special film
guarantees a seven-year warranty on the mate-
rial, as well as no limit on the number of graffiti
removals when using dedicated agents for this
process.
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