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Abstract: The widespread prevalence of the phenomenon of graffiti and the growth of the removal
cost—in particular in public transport systems—has pushed the research for technical solutions to
this problem. Suitable solutions to address graffiti-related concerns are needed in order to reduce the
cleaning costs as well as the downtime of trains. Graffiti are a big problem for painted metal, because
the protective coatings and graffiti have the same chemical nature (polymeric matter). A permanent
coating is expected to be able to resist the highest possible number of cleanings of the graffiti without
modifying its aesthetic and corrosion protection properties. The purpose of this study is to develop
a methodological approach for the characterization of graffiti-resistant organic coatings. For this
purpose, a critical review of the existing standards is carried out. The anti-graffiti properties of a
polyurethane organic coating were investigated before and after accelerated weathering. In order to
understand the behavior of the coatings during cleaning, the aging of the coating in contact with the
remover was carried out. The effect on the corrosion protection properties was assessed during the
accelerated aging. The resistance of the coating was proved to be strongly affected by the surface
finishing. UV exposure modified surface properties and graffiti removal efficiency.
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1. Introduction

The problem of graffiti originated in the second half of the last century, causing a lot of damages to
transport vehicle bodyworks as well as to buildings and public areas [1-3]. The cost of graffiti removal
is very high. Therefore, the coating industry has developed permanent solutions for minimizing
the cleaning costs. For the urban administration and transportation companies, the damage caused
by graffiti presents considerable costs. In 2007, in Australia, the rolling stock graffiti removal cost
was $12 million and $8 million for railway infrastructure [4]. In 2014, a study reported that the cost
of cleaning Milano (Italy) of graffiti would have been 100 million euros [5]. Trenord (the railroad
agency of the Lombardia region, Italy) evaluated the cost of vandalism including the graffiti removal
to be approximately 8 million euros [6]. From a technological point of view, there are two kinds of
anti-graffiti products [7]. The first one consists of a “sacrificial” layer (commonly wax-based coatings)
which is removed during the cleaning. The removal is carried out using hot water jet [8,9]. The second
technological solution is a permanent layer which is not solubilized during graffiti removal. This
solution is also well considered, not only on metallic substrates, but also on stone and concreate [10,11].
The permanent coatings are designed to withstand frequent and repeated cleaning cycles [12-14].
The choice of a permanent coating involves a larger initial cost, repaid in the following years thanks
to a faster and more effective cleaning. The selection between the first and the second solution is
influenced by some aspects. One of the most important is the cost of the coating and the revamping of

Coatings 2017, 7, 67; d0i:10.3390/ coatings7050067 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://www.mdpi.com/journal/coatings

Coatings 2017, 7, 67 2 0of 10

the anti-graffiti system. In the train field, the actual trend is to move to the application of a permanent
layer due to the reduction of graffiti removal time, thus avoiding long standstill of the rolling stock.
Polyurethane resins show good mechanical properties and high chemical resistance. The latter is
needed to guarantee a sufficient solvent resistance, and therefore, corrosion resistance [15,16]. As far
as polyurethane-based formulations are concerned, UV radiation resistance is critical. Ultra-violet
radiation is recognized to affect the molecular bonds of the polymeric matrix and additives, thus
leading to modifications of properties of the coating [17]. In the last years, a lot of solutions were
investigated adding some additives (e.g., UV-absorbers) to the blend. Widely-accepted procedures to
evaluate the properties of anti-graffiti coatings have been developed and are described in ASTM as well
as in UNI standards. These standards referring to anti-graffiti evaluation present different critical points.
In particular, in ASTM D6578 [18], several graffiti marking materials and removal agents are indicated.
Thus, the testing of all the possible combinations of marking materials and removers is possible after
considerable time and effort. Moreover, no limit to the re-cleanability procedure is indicated. This
aspect is believed to be very important due to the frequency of graffiti damage—particularly on
railroad components and materials. Considering this aspect, the UNI 11246 [19] standard seems more
useful, as it indicates in ten, the maximum number of graffiti production and removal. However, this
standard is believed to provide a relatively restricted threshold to consider a graffiti-resistant coating as
acceptable. Starting from the approach recommended in the cited standards, the aim of this paper is to
individuate a suitable method to characterize the anti-graffiti properties of organic coatings. The idea
is to overcome the limits of the current ASTM and UNI standards, suggesting a different testing
approach in order to fully understand the effect of the cleaning mechanism. A review of the existing
standard would help to get some insight into the anti-graffiti coating durability, thus leading to a better
improvement of both coating and remover formulation. For this aim, a polyurethane powder coating
which is widely used on transport and infrastructure as a protection system [15,20-22] is considered.
This application method is used in industrial plants to cover unpainted metallic substrates. In the
case of degraded painted surfaces, to guarantee a good adhesion between paint and substrate, it is
necessary to remove the old organic coating before application. The polymeric matrix was modified,
changing the additives to reach two different surface finishes. Considering the importance of the
damage produced by UV exposure and chemical solvent contact, these aspects are the object of another

paper [17].
2. Materials and Methods

A polyurethane powder coating was deposited on Aluminum alloy 1050 (min 99.50% Al) panels.
Two different coating finishes—obtained by modifying the additives in the paint—were investigated:
smooth (S, roughness R, in the range of 1 um) and wrinkled (W, roughness R, in the range of
25 pm). The surface roughness was measured by profilometer Mahr mod. MarSurf PS1 on a
stretch of length 5.6 mm. Aluminum was selected as substrate considering the growing interest
for lightweight materials both in the transport of both constructions. The polymeric blend consisted of
a hydroxylated polyester resin based on terephthalic acid and neopentylglycol. The hardener agent
was a polyisocyanate adduct blocked with caprolactam and uretidione. The coating layer was applied
by a powder deposition method. Before deposition, the raw aluminum surface was degreased with
acetone for 10 min. The powder consisted of a pre-blended mixture of resins, hardener, pigments,
and additives. The powder was electrostatically applied on the substrate prior to a thermal treatment,
which promoted melting and curing [21,23,24]. In our case, the curing process was performed at
190 °C for 20 min. The color of this permanent paint was grey (RAL 7035). The paint was opaque and
completely covered the metallic aspect of the aluminum surface.

First, the coating was characterized with an optical microscope to verify the presence of macro
and micro defects. Figure 1 shows the surface of both samples: observe the different surface roughness.
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Figure 1. Optical and electronic pictures of surface of smooth sample (a,c) and wrinkled one (b,d).

The anti-graffiti behavior was evaluated considering some prescriptions of ASTM D6578
standard [18]. This standard indicates the application of different materials typically used as graffiti
markings. The anti-graffiti behavior is evaluated considering the complete removal of graffiti by the
mechanical action of a cotton cloth embedded with different cleaning agents (without producing
any damage on the coating). To evaluate the clearness, visual observation or gloss and color change
measurements are considered.

Considering the graffiti marking materials indicated in the standard, the graffiti were simulated
using a red acrylic spray paint (AREXONS Acril color [25]), because sprayed coatings represent the
most used damage methods in an urban environment. A 2.5 cm x 2.5 cm mask was employed in order
to limit the graffiti areas. The surface was colored maintaining a 30 cm spraying distance in order to
obtain a homogeneous layer of acrylic paint. According to the standard and the acrylic paint supplier
recommendation, the samples were cured at room temperature. The graffiti removal was done using
a white cotton cloth soaked in the remover at room temperature without water addiction. Several
standard cleaning agents are indicated in the ASTM D6578 [18]. Nevertheless, some of them are too
soft (for example, lint-free cotton cloth, mild detergent-based on sodium phosphate). The choice of
removers to understand the cleaning mechanism was made considering chemical species such as
MEK (methyl ethyl ketone, a polar aliphatic organic solvent), and xylene, an apolar aromatic solvent.
The selection of this remover was made considering possible chemical interaction with the organic
coating. The ideal solvent should remove the graffiti paint while only slightly affecting the properties
of the underlying coating.

The cleaning was done as long as the surface would have been completely cleaned or a further
cleaning action would have resulted ineffective. Following the guidelines of the cited standards,
a visual evaluation of the completely cleaned surface was performed. After total graffiti removal,
the cleaning action was interrupted in order to avoid to damage to the painted surface. If graffiti
residuals visually remain on the surface, the removal was considered ineffective.
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To have an objective evaluation of removal action of the solvents, color and gloss changes were
measured as indicated in the ASTM D6578 [18] standard. A KonicaMinolta 2500 cc spectrophotometer
(Tokyo, Japan) was used for color measurements, and an Erichsen NL3A digital glossmeter (Hemer,
Germany) was used for gloss measurements. The gloss was measured as indicated in the ASTM
D6578 standard, using a beam incident angle of 60° following ISO 2813 [26] and ASTM D523 [27]
standards, containing information about specular gloss measurement on nonmetallic specimens
considering test geometry and apparatus characteristic. The color measurement was obtained with the
spectrophotometer according to the CIE L*a*b* system using the SCE (specular component excluded)
considering the Cartesian coordinates of the color space: L*, a*, and b*. The color difference AE}, is
calculated using the following equation [28-30]:

AEL, =\ (AL* + (Aa*)? + (Ab+)? 1)

Considering ASTM D6578 standard, the criteria of acceptability for the anti-graffiti properties
is a maximum gloss variation of 10% and a maximum color variation (AE) of two points. However,
the total number of cleaning cycles are not indicated to consider an acceptable result. As far as the
operative procedure is concerned, the UNI 11246 standard [19] is very similar to the ASTM standard.
In this standard, no removal agents are specified, and the acceptable threshold is 5% for gloss reduction
measured at 60° and one point in color variation (AE). Considering that the threshold related to the
color variation is only slightly perceived by the human eye, UNI 11246 seems too restrictive. For this
reason, the ASTM threshold will be considered throughout the paper. The color perception sensibility
and the related acceptable thresholds are the objects of debate. Although a few research papers present
in the literature propose different threshold values [31,32], to the best knowledge of the authors,
no standard values are recognized. On the contrary, the UNI standard provides a threshold limit of
ten maximum cleaning cycles, which was adopted as the limit value in this paper. The total standard
deviation was calculated on 18 values obtained by measuring different spots from each cleaning area.

The ASTM D6578 standard indicates the possibility of evaluating the anti-graffiti behavior of
materials subjected to outdoor or accelerated laboratory weathering. In fact, the aging of the organic
coating due to UV irradiation would affect also its clean-ability and graffiti resistance. Considering the
necessity to evaluate the properties in a reasonable time and to simultaneously produce a measurable
damage, cyclic UV-B/humidity exposure was selected as the accelerated lab-scale test. The accelerated
aging was performed with UV-B-313 lamps (where the number represents the characteristic nominal
wavelength in nm of the peak of emission, Q-LAB, Westlake, OH, USA), according to ASTM G154
standard [33], which describes the basic principles for operating a fluorescent UV lamp and water
apparatus. The cycle consisted of 8 h of UV exposure at 60 °C followed by 4 h of darkness and
condensation at 50 °C for a total 1800 h. After different exposure times, the color, the gloss, and the
roughness were measured. The standard indicates to check the anti-graffiti properties at the end of the
accelerated exposure time. However, to follow the influence of the produced damage on anti-graffiti
behavior, more interesting results are expected by monitoring the evaluation of the surface cleanability
after each cycle. As previously explained, it was carried out considering the color and gloss changes.
In order to understand the cleaning mechanism on the aged surface, contact angle measurements were
carried out following ASTM D7334 [34] standard, using a 20 puL drop of distilled water. The contact
angle was measured by digitally processing of the pictures, from optical stereomicroscope Stemi2000C
(Carl Zeiss, Oberkochen, Germany).

The effect of the direct and prolonged exposure of the coatings to the solvent was investigated.
The protective properties over solvent exposure time were evaluated by electrochemical impedance
spectroscopy (EIS), which is a widely-used method to evaluate the corrosion behavior of painted
metals [35,36]. The configuration of the test was inspired by ASTM D1308 standard [37], where the
geometry test called “Spot Test, Open” is considered. At 23 °C and 50% relative humidity, a small
portion of the reagent is placed on a horizontal surface (a specific standard procedure does not already
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exist for graffiti-resistant coating). A cylindrical PVC cell ensures the contact between solvent and
coating surface for a fixed time. The amount of solvent was held constant for all the tests (25 mL).
The same cell set-up was used for electrochemical impedance spectroscopy measurements, carried
out in Harrison solution (3.5 wt % ammonium sulfate and 0.5 wt % sodium chloride), pouring the
electrolyte after solvent removal. The tested area was 16.6 cm?. A three-electrode configuration was
used: the sample as working electrode, a platinum wire counter electrode, and an Ag/AgCl (+205 mV
vs. standard hydrogen electrode (SHE)) reference electrode. A Parstat 2273 potentiostat (Princeton
Applied Research Ametek, Berwyn, PA, USA) was used for data acquisition. A frequency range
between 10° and 10~2 Hz with an amplitude of the signal of 30 mV was employed. The impedance
modulus in the low-frequency range was exploited to provide a rough estimation of the protection
level of the organic coating [38,39].

3. Results

The principal aim of the method is to better understand the effect of the interaction between the
coating and the removers, not only focusing on the coating. Table 1 reports the total removal cycles
possible on both surfaces finishing with the two removers (following the procedures described in
ASTM D6578 standard).

Table 1. Cycles of the total removal of graffiti following ASTM D6578 standard.

Samples/Removers MEK Xylene
Smooth S 2 4
Wrinkled W 1 4

The xylene shows a higher efficiency on both surface finishes. The MEK very effectively
removed the graffiti, but at the same time interacts strongly with the paint, reducing the gloss values.
Considering the color change, the wrinkled surface shows noticeable changes, probably due to the
higher contact surface with the solvent, due to the higher roughness.

The color change with increasing cleaning cycles is shown in Figure 2. In this example, it is
possible to see that the polar solvent (MEK) cannot remove the graffiti over the fourth cycle without
producing a color change outside the ASTM threshold.
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Figure 2. Color change as a function of the number of cleaning cycles using different removers:
(a) Methyl ethyl ketone (MEK, polar); (b) Xylene (non-polar). Data extracted from [20].

The gloss variation was revealed to be more critical compared to the color variation (Figure 3).
It is possible to observe that with the polar remover, the normalized gloss value exceeded the limit
recommended by the standards after few cycles. In addition, the non-polar remover exceeded the limit
value after only four removal actions. Considering the gloss changes with cycles, the sample with high
roughness showed the worst behavior.
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Figure 3. Cleaning gloss change as a function of the number of cleaning cycles using different removers:
(a) MEK (polar); (b) Xylene (non-polar). Data extracted from [20].

The static contact angle was measured to verify the aging mechanism provided by the previous
analysis. The measurements were repeated four times. During testing, the contact angle decreased for
both samples (Figure 4), indicating an important modification of surface properties with an increase in
hydrophilicity. To provide an easier comparison between the UV /humidity cycles and the contact angle
measurements, “UV exposure time” and “total exposure time” are reported on the x-axis of Figure 4.
Considering that a cycle consists of 8 h of UV exposure followed by 4 h of humidity (as reported in
Section 2), the “UV exposure time” results equal to 2/3 of “total exposure time”.

UV exposure time (h)
120 240 360 480 600 720 840 960 1080 1200

0
90 T T
£—8 ——W

85

Contact angle (°)

20

0 180 360 540 720 900 1080 1260 1440 1620 1800
Total exposure time (h)

Figure 4. Contact angle as a function of the aging time.

The cleaning cycles analysis was carried out even on the aged surface to understand if the surface
variation affects the graffiti cleanability. Table 2 shows the total UV-B cyclic exposure time, where the
removal action is possible in accordance with the standard.

Table 2. Total UV-B exposure hours where the removal action results still effective.

Samples/Removers MEK Xylene

Smooth S 264 264
Wrinkled W 96 168
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The chemical modification of the surface increased the graffiti adhesion. This caused a more
difficult graffiti removal with both solvents. The polar one, having a stronger solubilization capability
than the non-polar, better removed the graffiti, but at the same time produced higher gloss and
color changes.

Electrochemical impedance spectroscopy was used to investigate the effect of the organic solvent
exposure on the barrier properties of the organic coatings. During the solvent contact test, the organic
solvent was not allowed to evaporate. After the solvent contact removal, the samples were conditioned
at 20 °C to promote a partial evaporation from the soaked paint. Afterward, the samples were
immersed in the electrolyte to carry out the EIS measurements. This procedure guarantees the partial
inhibition of the polymer chains relocation after the organic solvent uptake. Therefore, it is believed
to represent the coating behavior when an organic solvent is present (which is expected to lead to a
barrier properties loss). The cycle aging test allows the solvent to partially evaporate before carrying
out the electrochemical impedance spectroscopy measurements, and therefore the polymer chains
have time to readapt, changing the original structure. This test is expected to highlight how much the
coating can withstand contact-evaporation cycles before irreversible damages are formed.

To simplify the analysis, the impedance modulus in the low-frequency range was considered as an
indication of the protection properties level of the organic coating. According to many reports [40—42],
this property can be characterized by EIS measurements by examining the low-frequency limit of
| Z(w) | with an acceptable degree of approximation. In Figure 5, it is possible to observe how this
value (total impedance | Z| at4 x 10~2 Hz) changes during contact time with MEK. Notice that the
exposure promoted macroscopic phenomena due to the presence of water molecules and ions, such as
swelling and then layer delamination. The test seems to be particularly tough for the samples with
the wrinkled surface. After about 60 min of exposure, delamination of the paint from the substrate
was observed, followed by the occurrence of cracks after about 200 min. These results suggest that
the contact time with the organic solvent can be dramatically detrimental for the corrosion protection
properties. From a practical point of view, it seems that particular care has to be taken to reduce
the organic solvent contact time during graffiti removal operations—in particular if MEK is used on
polyurethane paint with wrinkled surfaces.

On the other hand, xylene showed no changes of the coatings” impedance modulus in the
low-frequency range (stable around 10 Q ecm?) for 360 min exposure time (not reported data). The
noticeable differences observed compared to MEK are believed to rely on the apolar nature of xylene
that probably does not affect the polyurethane intermolecular bonds.

It is important to highlight that the EIS measurements provide information on the reduction of
corrosion protection properties of paints in a very short time (just a few hours).

~—8 —e—W Macroscopic phenomena:

Intact coating

Swelling

Delamination
Cracks occurance
T

Total impedance at 4x10”°Hz (Q-cmz)

10° ; . : ; ; ; : ; ; ; :
0 30 60 90 120 150 180 210 240 270 300 330 360

Exposure time (min)

Figure 5. Impedance modulus at low frequency as a function of the aging time.
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4. Conclusions

The field of powder coatings for anti-graffiti applications is relatively new, and therefore the
performance of the products currently on the market can be optimized. In addition, a test protocol
could be individuated to evaluate the efficiency of removers, and at the same time, the resistance of
organic coatings to chemical remover.

In this work, a critical analysis of the commonly employed standards for anti-graffiti evaluation
has been carried out. First of all, it can be stated that when quantifying the characteristics of an
anti-graffiti paint it is not sufficient to consider only the visual changes, but it is necessary to obtain
a quantification by measuring the change of gloss and color. The acceptance criteria specified in
ASTM 6578 standard have been revealed to be more suitable to evaluate the coatings. On the other
hand, UNI 11246 standard suggests a maximum limit of graffiti and removals.

Considering the graffiti removers, the standards recommend to test several graffiti-removers.
Among them, the experimental data suggest that the use of only of two types of organic solvents—one
polar and one non-polar—provides a complete evaluation of the susceptibility of the coating to damage
by the removal agent.

As far as the studied formulations are concerned, the following conclusions can be drawn:

e UV-B/condensation weathering exposure leads to a wettability variation, toward an increased
hydrophilic behavior of the surface with a consequently more difficult graffiti removal with
both removers.

e  The criticism of the polar remover is probably due to the chemical interaction between the coating
and the remover. The apolar remover presents less interaction with the coating.

e  The coating properties are much more affected when the painted sheet is continuously immersed
in the solvent with respect to the cyclic aging (wet/dry cycles).

e Considering the ease of graffiti removal, the surface finish shows a significant influence.
An increase in the roughness of the paint makes the cleaning action less effective.

e  Electrochemical impedance spectroscopy measurements are a very useful method to evaluate the
damage produced on the coatings due to polishing action and contact with removers. In addition,
the information of residual protection properties is quantitative, and a short time is necessary
for its acquisition. This electrochemical approach is frequently used to check the protection
properties of the organic coating; nevertheless, it is not just used to evaluate the interaction of
graffiti removals and coatings.

e  Finally, with a simple modification of an electrochemical cell, EIS measurements can also be
carried out in-field, resulting in a suitable method to check the damage level of existing structures
and components without the necessity of a laboratory.

Based on the obtained data, permanent coatings seem to be a possible solution for train cars
exposed to vandalism. A design made in symbiosis with the remover, which studies in detail the
interaction between coating, fouling spray, and solvent, could further accelerate the development of
this sector.
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