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Abstract: The aim of this research was to analyze the influence of the solvents commonly used in
flexography on photopolymer and ethylene propylene diene monomer (EPDM) flexographic printing
plates and prints. EPDM plates are recommended when the reproduction process includes a higher
amount of the solvents or aggressive solvents. Since additional UV treatment of flexographic printing
plates could decrease the interaction between the plate and solvent, photopolymer and EPDM plates
were treated with varied UV radiation and exposed to different types of solvents. Effects of the UV
treatment and of the solvents on printing plate properties and on prints were analyzed. Results show
that EPDM plates are more resistant to solvents in terms of the degree of swelling; however, surface
properties of the plates were affected for both plate materials. In addition, the degree of swelling
and increased hardness due to UV radiation were crucial for changes of the width of printed lines,
and altered surface free energy affected the thickness of deposited ink film for both plate materials.
Therefore, depending on the qualitative requirements of specific printed film, the duration of UV
treatment can be adjusted for use with specific types of printing plate and solvent.

Keywords: flexography; photopolymer; EPDM; UV treatment; swelling; surface free energy; line
width; ink film thickness

1. Introduction

Technological processes for the deposition of ink and coating films have been extensively
developing in recent years. Various materials and printing techniques are being optimized with the
aim of obtaining printability and high quality of different conventional and functional ink/coating
films [1-3]. Flexography is a progressive printing technique highly applicable in packaging industry
and in printing of different functional films and coatings [3-9]. It is a rotary printing method in which
the printing plate is the central component transferring the printing ink directly onto the printing
substrate. In addition to flexography, there are other conventional printing techniques that can be
used for deposition of different types of films and coatings, such as screen printing and gravure
printing [10-13]. The advantage of flexographic printing is the ability to print on different types of
substrates and the formation of a printed film of certain properties. These advantages have led to a
significant expansion of the application of this printing technique [14-17]. As the printing plate is the
central component between the ink and the substrate in the ink transfer process, it has a significant
influence on the quality of transferred ink film [18,19].

Published studies in the field of flexography studied the properties of printing inks and printing
substrates [20-23], whereas the area of analysis of the properties of printing plates and their possible
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changes during the printing process has not been studied enough. Printing plates used in the modern
flexographic process are primarily made of different polymeric and elastomeric materials [19]. During
the printing process, the printing plate first has to adsorb the printing ink from an anilox roller
and secondly has to transfer the ink to the substrate. Printing inks come in three main varieties:
Solvent-based, water-based, and UV curable inks [15,19]. The most frequently used solvents in printing
inks are ethyl acetate, ethanol, and methyl ethyl ketone [24,25]. During the printing process, the
printing plate is continuously in contact with solvents from printing inks. Through this interaction,
the solvents can have a noticeable impact on the printing plate, causing the swelling of the plate
and consequently changes in its surface and mechanical properties. Furthermore, different types of
solvents are used for washing and removal of the ink residues from the printing plate’s surface after
the printing process has been carried out, in order to store and reuse the printing plates. Washing
agents for flexographic printing plates often contain solvents such as ethyl acetate, which can cause the
swelling of the printing plate’s surface as well and can even cause the dissolution of the printing plate
surface to a certain extent. The interactions that happen between the printing plates and solvents used
in flexography and their influence on the deposited ink film quality have not been studied enough and
require a detailed analysis for better understanding. Published research in this area was conducted to
define the effect of commonly used solvent mixtures on molded printing plates made of natural rubber
and various photopolymer plates [26]. The research was directed at detection of changes in hardness
and weight change of printing plate materials immersed in different solvents over time. The solvents
used in this experiment were mixtures of different amounts of propyl alcohol (1-propanol), propyl
acetate, and Lactol spirits (hydrocarbon). It was concluded that the printing plates of similar polymer
composition show similar changes in the degree of softening; it was also established which mixtures
of different Lactol spirits and normal propyl acetate added to alcohol affected the plates the most.
This research has shown that the interactions in the contact line of the printing plate surface and the
solvents can cause the swelling on the surface structures of the printing plates. Furthermore, research
exploringthe influence of swelling of the printing plate surface on the deposited printed film has not
been published yet. There is no recent published research in the field of application of new materials
for the production of printing plates and their interaction with solvents.

There are number of printing plate properties that have an influence on the printing ink adsorption
and its transfer to the substrate. Surface free energy of the printing plate and the hardness are two of
the most influential parameters [27-30]. If one of those parameters is changed due to the interaction of
the printing plates with solvents, the adsorption of the inks will be changed, resulting in obtaining
printed films of altered qualitative properties. On the other hand, previous research in the area of
printing plates has proven that by additional surface treatment of the printing plate’s surface, it is
possible to adjust these properties of the plates, causing the optimal interfacial interaction between the
plate and printing ink [31-33]. It was shown that additional UV treatment of the printing plate surface
could be used as a method for obtaining a maximal possible quality in the reproduction process, and it
can be used for adjustment of the printing plates’ surface properties for deposition of different coatings.
Since previous research investigated primarily photopolymer printing plates, this research used both
photopolymer and ethylene propylene diene monomer (EPDM) plates, which have relatively recently
been re-introduced to market as they are recommended for their resistance to various solvents.

2. Materials and Methods

In this research, surface modification of printing plates used in flexography (photopolymer and
EPDM) by additional UV treatment was performed in order to analyze the influence of the common
solvents on modified printing plates and printed ink films. Changes of the plate properties can cause
adverse adsorption of the printing ink on the printing plate surface and influence the ink transfer
onto the printing substrate, thereby forming a printed film of altered quality. The influence of UV
treatment on the swelling resistance of the observed plates was analyzed and connected to the changes
of qualitative properties of printed ink films. The surface free energy and hardness of the printing plate
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samples were measured, and swelling properties of the printing plate materials are discussed. SEM
images of modified printing plate surfaces were obtained as well. The resulting printed films were
analyzed to compare the effect of UV treatment and swelling on the properties of the deposited ink
film. By measuring the widths of the printed lines and deposited ink film thickness, the relationship
between the parameters of modified plates and obtained prints were defined.

2.1. Production of the Flexographic Printing Plates

In this research, two types of printing plates used in modern flexography were prepared:
Photopolymer plates and EPDM printing plates. Photopolymer printing plate samples were based on
laser ablation mask (LAMS), with a digital (computer to plate, CtP) production procedure [34].
The production process of photopolymer plates includes different phases of exposures of the
photopolymer material to UV radiation that has the role of initiation and conduction of the
photo-initiated crosslinking process in the photopolymer material. Composition of this type of printing
plate includes different types of copolymers, the most common being styrene-butadiene-styrene
(SBS) and styrene-isoprene-styrene (SIS) block copolymers; photoinitiators sensitive to UV radiation;
plasticizers, which provide elastic properties; colorants; and other additives [35]. Photopolymer
plates used in this research were SIS-based. Samples of the printing plates were produced by the
standard procedure recommended by their manufacturer up to the post-treatment process (Figure 1).
A cross-section of the used photopolymer plate is presented in Figure 1a. The LAMS mask covers the
whole surface of the printing plate and enables the transfer of the image to the plate by laser ablation
process. Production phases of those plates are presented in Figure 1b,g.
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Figure 1. Production phases of the laser ablation mmask layer (LAMS)-based printing plate:
(a) Cross-section of the photopolymer sheet, (b) back exposure, (c) ablation of the LAMS mask,
(d) main exposure, (e) rinsing, (f) drying, (g) post-treatment, (h) finished plate.

In the first phase, a back exposure must be conducted through the base material to form a polymer
layer that carries the image elements (Figure 1b). In the next phase, a LAMS mask is removed by
laser ablation process to form image elements on the surface of the photopolymer material (Figure 1c).
Figure 1d presents the main exposure, where the image elements are formed by exposing the printing
plate to UV radiation. Exposed parts of the polymer material crosslink and become insoluble in the
rinsing solution (Figure le). The rinsing process removes the unexposed parts of the photopolymer
material, followed by a drying process (Figure 1f). After the stabilization period, produced printing
plate samples should be exposed to additional UV radiation (Figure 1g) in order to terminate the
crosslinking process and obtain the optimal surface properties of the printing plate. This final UV
exposure (post-treatment) is mandatory for photopolymer plates, and it defines the surface properties
of the material (Figure 1h) [36]. Therefore, unlike the EPDM samples, the set of photopolymer samples
prepared in this experiment does not have the “zero” sample without any UV post-treatment, since the
plate is not finished and functional without the additional UV radiation. In this research, the plate
samples were exposed to different durations/intensities of UV post-treatments.
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The production process of elastomeric rubber printing plates requires laser engraving of the
elastomeric material in order to form an image in the printing plate [37-39]. Most of the laser engraved
printing plates are made of synthetic rubber and include ethylene propylene diene monomer (EPDM)
elastomers that are capable of absorbing laser radiation and becoming physically detached from the
base material. The benefit of this process is in the natural environment because the process involves
no ecologically harmful solvents at all. A section of the EPDM plate and its production phases are
presented in Figure 2 [40]. On the base carrier, a compressible layer and an EPDM material were
applied (Figure 2a). The compressible layer ensures good printing performance of the plate, and the
EPDM material is used for formation of image in the printing plate. In the first step, the laser engraves
the EPDM material and forms image elements in the printing plates (Figure 2b). In the next step,
the washing process rinses away the ash residue from the printing plate’s surface (Figure 2c).
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Figure 2. Production phases of the ethylene propylene diene monomer (EPDM) printing plate:
(a) Section of the printing plate, (b) laser engraving, (c) washing of the plate, (d) finished plate.

EPDM plates do not require any treatment by UV radiation, but as UV radiation has been proved
as a useful tool for modification of the surface properties of EPDM in previous research [8], it was
applied to these plates alongside the photopolymer ones [41].

For the purpose of this research, nine printing plates made of photopolymer material and nine
made of EPDM material were prepared. Both types of printing plates had a height of 1.14 mm.
All samples of printing plates were produced by the standard procedures recommended by their
manufacturer [34,40]. Photopolymer plates were prepared up to the post-treatment process. For the
measurement purposes of the printed films, the test image was transferred to the printing plate surface
consisting of positive and negative fine lines and a full tone image (Figure 3).

Figure 3. Test image transferred from the digital file to the printing plate.
2.2. Surface Treatment of Printing Plates and Swelling Experiment

Produced samples of polymer and EPDM printing plates were exposed to UV radiation in order to
increase the crosslinking degree and to optimize their surface properties. Modification of the printing
plates was performed by UV curing instrument Technigraf Aktiprint L with the emission of the UV
source in the range from 210-380 nm (2870 + 5 mW/cm?) and 320-420 nm (1150 + 20 m]J/cm?) [42].
Printing plate samples were treated with 10x, 20X, and 30x passes under the UV radiation source of
100% intensity and with 4 m/s speed. As was shown in previous research, the additional UV treatment
of the printing plates leads to the continued crosslinking process in the core of analyzed polymeric
materials, affecting the mechanical and surface properties of the material as well [32,33,43].

After the various UV treatments of all printing plates, the samples were divided into three groups,
each group containing the samples with all three performed durations of UV treatments. They were
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immersed into the three most commonly used solvents in flexographic reproduction: Propylene
glycol methyl ether (PGME or 1-methoxy-2-propanol, or methoxypropanol), an organic solvent mostly
used as a solvent in printing inks; isopropyl alcohol (2-propanol or IPA); and Polywash solution,
which is mostly used as a washing agent for printing plates [44,45]. It was expected that different
solvents would affect photopolymer and EPDM materials used for printing plates to a varying degree.
The method of material swelling has been used for the analysis of the printing plate—solvent interaction.
For this purpose, Hansen solubility parameters (HSP) of the solvents were useful for understanding
the solvent—polymer interaction. The basis of HSP is that the total energy of vaporization of a liquid
consists of several parts: The dispersion forces (6;), permanent dipole-permanent dipole forces (polar
forces (p)), and hydrogen bonding (6;). Cohesion energy must be the sum of the individual energies
which make it up. The square of the total (or Hildebrand) solubility parameters is the sum of the
squares of the d, p, and h components (Equation (1)) [46].

& =05+ 0,+ 6, (1)

The closer the solubility parameters of observed materials and solvents, the more likely that
material is to dissolve in that solvent. Table 1 presents the Hansen solubility parameters of solvents
used in this research. Methoxypropanol, IPA, and Polywash solution were used as swelling agents
due to the different types and strengths of their molecular bonds and therefore different impact on
the printing plate materials. Swelling measurements were performed by gravimetric method [47] in a
controlled environment with a constant temperature of 25 °C.

Table 1. Hansen solubility parameters of solvents used in experiment.

84 (J/cm®)1/2 8p (/em®) V2 8p (Jfem®)!/2
Methoxypropanol 15.6 7.2 13.6
2-propanol (IPA) 15.8 6.1 16.4
Polywash: - - -
4-hydroxy-4-methylpentan-2-one 7.7 4.0 53
Butyl cellosolve 16.0 7.6 12.3

Printing plate samples were immersed in methoxypropanol, IPA, and Polywash for period of 6 h
in total, after which the weighing showed that the equilibrium of swelling was reached. Normalized
degrees of swelling (M;) for control periods of 5, 15, 30, 60, 90, 120, 180, 240, 300, and 360 min of
immersion were calculated using Equation (2):

my = 40« 100% @)
mo
where m; stands for the mass of the swollen polymer at a time ¢, and my for the mass of the dry
polymer sample before the immersion. After the swelling experiment, samples were dried at 25 °C
and 55% relative humidity for 24 h prior to conducting the following experiments. Swelling analysis of
photopolymer and EPDM materials in solvents was used to get a detailed insight into the interaction
of solvents and printing plates after the UV treatment.

2.3. Measurements of Photopolymer and EPDM Hardness

Hardness is the parameter influencing the deformation of the printing plate during the engagement
in the printing process and is related to elastic deformation of the plate. In the production of the
printing plates, the hardness of the printing plates may vary due to the crosslinking process in the
printing plates [33]. In order to monitor the changes in the flexographic printing plate’s quality, changes
in hardness of flexographic printing plates produced under different UV treatment conditions before
and after the immersing of the printing plates in solvents were examined. A ZwickRoell durometer
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with Shore A scale was used for the hardness measurements, which were performed according to
ISO 7619-1 standard [48].

2.4. Determination of Surface Free Energy

Surface free energy (SFE) of observed samples was calculated by using the sessile drop method
and DataPhysics OCA 30 Goniometer [49]. On the printing plate samples, contact angles (6) of three
different probe liquids of known surface fee energy (y;) were measured at 25 °C: Demineralized water,
glycerol, and diiodomethane. Contact angle and SFE of the probe liquids are the parameters that
were used to calculate SFE of the printing plate samples. Eight measurements of contact angles were
performed for each probe liquid on plate samples. The shape of the probe liquid drops was a spherical
cap, and the volume of the drops was 1 puL. All measurements of the contact angles on the samples
were performed in the same moment after the drop touched the printing plate surface, with a delay of
4 s, and the average value was calculated. Surface free energy was calculated using the Owens, Wendlt,
Rabel, and Kaelble (OWRK) calculation method [50,51]. The OWRK method is the most commonly
used method for determination of SFE of polymer materials, along with their polar ()¥) and dispersive
() parts applicable for polymer, aluminum, and coatings characterization, which is calculated using

Equation (3):

(1 - cos 0)- P

T}/s = Vs y—dl + s ®)
VY !

where 5 is surface tension of the solid, y; is the surface tension of the liquid, ¥ is the dispersive part
of surface tension, y” is the polar phase of surface tension, and 6 is the contact angle.

2.5. Scanning Electron Microscopy (SEM Microscopy)

Surfaces of the plate samples were observed by SEM microscope SEM JSM-6060 LV (Jeol, Tokyo,
Japan). The instrument is designed for surface, morphology, and topography studies as well as for
determination of particle size. An SEM image is made by secondary electrons, which are detected in
the sample by the primary beam that is scanning the surface point by point. Non-conductive materials
are preliminarily coated with gold, which prevents static charge on the surface. The microscope
includes an electrical gun, magnification unit, image generator, condensation and objective lenses,
electron collector, and vacuum system. Samples of great value can be observed without coating in a
low vacuum mode. For the purpose of image analyses, samples were fixed on a specimen stub and
coated (with high vacuum evaporation) with an ultra-thin layer of gold. Images were captured at
different magnifications.

2.6. Printing Process and Measurements of the Properties of the Printed Ink Film

The printing process was performed in laboratory by means of IGT Printability Tester F1 [52].
Printing was performed on Melinex®polyester films (New Berlin, WI, USA) with UV curable printing
ink, 400 L/cm anilox of 2.5 mL/m?, standard printing pressure of 150 N, and speed of 0.3 m/s.

Printed ink film thickness was measured by means of a SaluTron D4-Fe device (Frechen,
Germany) [53]. The SaluTron D4-Fe works on the magnetic induction principle and measures
all nonmagnetic coatings such as synthetics, lacquers, enamels, copper, chromium, and zinc on steel
or iron. The results of the printed film thickness were used to identify the influence of printing plate
parameters, subjected to change during variations of the UV treatment process and swelling, on the
printed ink film.

Microscopy of printed elements was performed by means of an Olympus BX51 microscope (Tokyo,
Japan) at magnification of 200x in order to define the influence of additional UV treatment on definition
of fine lines. Obtained images were used for in-software measurements of the width of printed lines,
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both in positive and in negative (Figure 3). In this paper, the widths of the 0.2 mm positive and 0.2 mm
negative lines are presented.

3. Results and Discussion

In this section, results of the analysis of printing plate samples and the analysis of the properties
of the prints obtained by modified printing plates exposed to the solvents are presented.

3.1. Hardness of Printing Plates

In Figure 4, one can see the results of the hardness measurements. The dependence of the hardness
on the UV treatment of the samples is presented for each photopolymer printing plate sample exposed
to different solvents. The y-axis shows the numerical values of the hardness on the Shore A scale.

77.5 4
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76.5
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75.5
75.0 3 1
< 745 ] 1
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2 735
()] 4
% 730
8 725
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Type of UV treatment

Figure 4. Hardness of the modified photopolymer printing plate samples after exposure to solvents.

The hardness of the photopolymer sample not treated by any solvent is ~72 Shore A [43].
The photopolymer sample swollen in Polywash and treated with 10X, 20%, and 30x of UV treatments
presented increased hardness, up to 73.7 Shore A. Generally, the increased hardness of the material
is directly connected to the increased crosslinking degree due to the UV treatment and increased
polymer network density. The hardness of the photopolymer sample swollen in IPA increases up to
76.8 Shore A with the prolonged UV treatment. The hardness of the photopolymer sample exposed to
methoxypropanol presents no significant changes, regardless of the duration of the UV treatment. These
results indicate that methoxypropanol actually has the highest impact on the photopolymer printing
plate in terms of alterations of the material. There is evidently residual solvent in the photopolymer
structure after the swelling, since the hardness of the photopolymer printing plate should increase after
the prolonged UV treatment due to the further crosslinking in the material [43,54]. Methoxypropanol
prevents the increase of the hardness, since any solvent remaining inside the polymer network after
swelling affects the hardness with a negative mark. The denser the polymer network is (due to the
additional crosslinking), the less expressed the penetration of the solvent is in its structure [55,56].

Increase of the hardness of the printing plate influences the ability of the printing plate to deform
and adjust to the printing substrate during the printing process. Printing plates with hardness
increased by additional UV treatment can therefore be used for deposition of ink film onto smooth,
non-porous substrates. If the printing process is conducted using the ink that has methoxypropanol
in its composition, it is important to be aware of the effect methoxypropanol has on the UV-treated
material hardness.

Figure 5 presents the results of the hardness measurements of modified and solvent-exposed
EPDM printing plates.
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Figure 5. Hardness of the modified EPDM printing plate samples after exposure to solvents.

When comparing Figures 4 and 5, it is immediately noticeable that the hardness of the UV-treated
EPDM printing plate samples after immersion in all solvents shows an approximately similar value
regardless of the duration of the UV treatment. The measured hardness of the EPDM sample not
treated by any solvent was ~70 Shore A. Preliminary measurements showed that the hardness of the
UV-exposed EPDM printing plate (up to 30x UV treatment) increases up to 73 Shore A prior to the
immersion in solvents. The highest hardness is present for the sample treated with 30x UV treatment
and after swelling in IPA (73.28 Shore A). This indicates the resistance of the bulk of additionally
cross-linked polymer to the influence of IPA. Any significant changes important for the ink deposition
process after the exposure of the EPDM printing plate to solvents are therefore to the surface properties.

3.2. Surface Free Energy of Printing Plates

Figure 6 presents the results of the calculations of the total surface free energy (SFE) of the
photopolymer samples after UV treatment and swelling in the solvents. Polar component of SFE of
both types of printing plates (photopolymer and EPDM) was negligible (~0.1 mN/m), and therefore
the dispersive and total surface free energy are almost equal in amount.
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—a— Methoxypropanol
—o— IPA

12 —4&— Polywash
10

Surface free energy (mN/m)

T T T T T
10x 20x 30x
Type of UV treatment

Figure 6. Surface free energy of the modified photopolymer printing plate samples after exposure
to solvents.

A standard sample of this type of photopolymer printing plate not exposed to any solvent has
total SFE of ~30 mN/m [54]. Our preliminary measurements have shown that the radiation of 10x UV
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treatment corresponds to the standard SFE of a finished photopolymer plate. Exposure to Polywash
causes the expressed decrease of SFE for the photopolymer that has not been additionally crosslinked
by prolonged UV treatment but does not influence the trend of SFE after longer UV treatments [43].
Furthermore, the increase of SFE is not continuous for samples exposed to methoxypropanol—there
is a prominent decrease of SFE for the sample treated by 20x UV. Due to the more complex changes
that occur on the surface of photopolymers as a result of UV treatment (formation of byproducts,
breakage of double bonds, migration of protective waxes of low molecular weight to the surface after
specific exposure to UV radiation) [57-59], there are different durations of UV treatment that cause a
stronger interaction between the individual solvent and the photopolymer sample. Therefore, for these
samples, there is a specific change in the otherwise predetermined and investigated trend of changes
of SFE [41,43]. A decrease in SFE for this type of sample generally means the migration of waxes to the
surface or the beginning of degradation of the material. The analysis of swelling dynamics therefore
gives a more detailed insight into the changes taking place on the samples. Figure 7 presents the trends
of changes of SFE of EPDM printing plates.

38
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20
18]
16 4
14 ]
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Surface free energy (mN/m)

T T T T T T
0x 10x 20x 30x
Type of UV treatment

Figure 7. Surface free energy of the modified EPDM printing plate samples after exposure to solvents.

A standard sample of the EPDM printing plate not treated with additional UV treatment or
exposed to any solvent presented measured SFE of ~20 mN/m. It is important to note that flexographic
printing plates come in a wide range of SFE, from ~20 mN/m to ~40 mN/m, each suitable for use with
specific ink and for the deposition of the films/coatings of different properties and in respect to the
substrate used to print on [32]. Furthermore, in the preliminary research, EPDM printing plates did not
present a significant increase of SFE after the UV radiation. They even displayed a slight decrease of
SFE, which can be explained by the migration of the protective compounds such as antiozonides and
antioxidants in their composition to the surface. In Figure 7, it is visible that the exposure to Polywash
after the UV treatment caused the decrease of the SFE compared to the nominal value even for the
sample not treated with any UV radiation. The decrease of SFE can be explained by the migration
of the compounds to the surface of the printing plate, rather than to any noticeable dissolution of
the plate, as is visible from the results of the swelling experiments. Methoxypropanol influences the
nominal SFE values of 20 mN/m for the samples of 10x and 20x of UV treatment by decreasing them
under nominal values due to the interactions between the solvent and compounds on the printing
plate’s surface. The sample not treated by UV radiation and immersed in IPA shows the lowest SFE,
with a significant increase for longer UV treatments. However, the increased SFE of UV-treated EPDM
printing plates also indicates the changes of the surface properties due to the interaction with IPA,
specifically because of the slight partial dissolution of the material (discussed in Section 3.3).
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3.3. Swelling of Printing Plates

Swelling results of photopolymer and EPDM samples in solvents are shown in Figures 8-10.
Photopolymer plate samples are marked with P, and EPDM samples with R, alongside the numerical
index of UV treatment.

The normalized degrees of swelling present the percentage of increase/decrease in sample weight
between 0-360 min of the immersion in methoxypropanol (Figure 8). Negative degree of swelling
indicates the partial dissolution of the immersed material. Due to the obvious pronounced penetration
of methoxypropanol in photopolymer plate (with the degree of swelling up to 5.7%), it can be concluded
that solubility parameters of methoxypropanol are the closest to the parameters of the photopolymer
among the used solvents. This can cause problems during the printing (methoxypropanol is an integral
part of some printing inks). Specifically, because of the residual methoxypropanol in the photopolymer
material, printing elements on the plate can deform. The degree of swelling of the photopolymer in
methoxypropanol for different samples corresponds inversely to the SFE trends for different durations
of the UV treatment (Figure 4). When SFE of the photopolymer is highest (for the sample treated
with 20x UV treatment), the penetration of methoxypropanol in the material is less expressed and
normalized degree of swelling is lowest.

6.5

] —=—P10
6A0—. —e—P20 '
55- |—A—P 30 P
50] [~¥+—RO i
45.] —<—R10
“] |-»—R20
404 |——R30

35
3.0
25

”—
/

204
15
10 W
osd [/

Normalized degree of swelling (%)

0.0

B s S
0 50 100 150 200 250 300 350

Duration of swelling (min)

Figure 8. Normalized degree of swelling of the modified photopolymer printing plate samples
in methoxypropanol.

On the other hand, the degree of swelling of the EPDM printing plate in methoxypropanol is
negligible (0.34%). Therefore, for the reproduction process using methoxypropanol, the use of the
EPDM printing plate during the longer exposure to this solvent can be recommended in terms of the
safety regarding the deformation of printing elements on the plate.

Figure 9 shows the normalized degrees of swelling in IPA. As can be seen, photopolymer samples
treated with 10x and 20x of the UV treatment show increased compatibility with IPA in terms of
interactions compared to the sample treated with 30x UV treatment. This can be concluded because
of the higher normalized degree of swelling than for the sample treated with 30x of UV treatment.
The changes in the degree of swelling for samples treated with different durations of UV radiation
follow the usual trend of UV-treated photopolymer printing plates [60], and the maximum swelling
degree does not exceed 1.66%. Therefore, it can be concluded that IPA does not significantly affect the
structure of the photopolymer printing plate during the prolonged exposure and is safe to use in terms
of its effect on the quality of the printing plate.

On the other hand, IPA slightly dissolves the EPDM printing plate, which can be concluded due to
the negative degree of swelling (up to —0.1%). In order for the IPA to dissolve the EPDM printing plate
sample, it first has to penetrate its surface. This happens in the first 5 min of the swelling experiment,
causing the initial positive normalized degree of swelling. After that, regardless of the UV treatment,
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slight partial dissolution observable in the loss of weight occurs. Since the negative degree of swelling
is of low value, it can be concluded that an additive in the plate has been dissolved.
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Figure 9. Normalized degree of swelling of the modified photopolymer printing plate samples in IPA.

Figure 10 presents the normalized degrees of swelling of the samples immersed in Polywash,
the universal cleaning solution for flexographic printing plates. For photopolymer samples, swelling
degrees are very similar to those in IPA but are somewhat more pronounced. The weakest interactions
between solvent and photopolymer are again present for the sample treated with 30x UV treatment—the
sample that is additionally crosslinked compared to other photopolymer samples as a result of the
prolonged UV treatment. The maximal degree of swelling is 2.1%, which is still acceptable for the use
of solvent in the reproduction process.
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Figure 10. Normalized degree of swelling of the modified photopolymer printing plate samples
in Polywash.

Unlike IPA, Polywash does not partially dissolve the EPDM printing plate, but causes minor
swelling (up to 0.47%), indicating that the additional UV treatment actually enhances the penetration
of Polywash in the EPDM printing plate and should be avoided in this case.

3.4. SEM Images of Printing Plates

Figures 11-17 present the chosen surfaces of the printing plate samples before (Figure 11) and
after the swelling experiments (Figures 12-17). The scale bar of 10 um is present on all images.
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(@) (®)

Figure 11. SEM images of printing plate samples before the exposure to solvents: (a) Photopolymer
with 10x UV treatment, (b) EPDM with 0x UV treatment.

Figure 11 is presented as a reference to the appearance of the photopolymer and EPDM surfaces
prior to any exposure to the additional UV radiation or to solvents. It is visible that photopolymer and
EPDM samples have different surface morphologies, with the photopolymer surface being smoother
and displaying inhomogeneity, while the EPDM surface displays porous characteristics.

Figure 12. SEM images of photopolymer plate samples after swelling in methoxypropanol: (a) 10x UV
treatment, (b) 30x UV treatment

After swelling in methoxypropanol (Figure 12), changes in surface morphology are visible. They
can be explained by the interaction/reaction between the solvent and additives in the printing plate
that migrate to the surface when the photopolymer is exposed to outer stimuli such as UV radiation or
solvent. Moreover, the effect of the expressed swelling in methoxypropanol may be seen in Figure 12b.
Since the maximal normalized degree of swelling for photopolymer samples is 5.7%, and since the
flexographic photopolymer primarily possesses non-polar bonds, it can be concluded that solubility
parameters of methoxypropanol are closest to those of the photopolymer material among the used
solvents. In the long press run, this could significantly influence the qualitative properties of the
deposited ink film in terms of the deformation of the printed fine elements and the transfer of the
printing ink to the substrate.

Swelling of photopolymer samples in IPA (Figure 13) results in alterations to the surface morphology
too (marked by red arrows). This expressed interaction with IPA is not visible in the results of the swelling
but in the changes of SFE. Prolonged exposure of the photopolymer to UV radiation causes an increased
number of polar groups in the surface of material, C=0 being expressed for this type of photopolymer [43].
o of IPA is the highest among the used solvents (Table 1), and since C=0 is a moderate acceptor for
hydrogen donors [61], the effect of IPA on the additionally UV-treated photopolymer surface is significant.
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JEM-6B858LU

(b)

Figure 13. SEM images of photopolymer plate samples after swelling in IPA: (a) 10x UV treatment,
(b) 30x UV treatment.

(b)

Figure 14. SEM images of photopolymer plate samples after swelling in Polywash: (a) 10x UV
treatment, (b) 30x UV treatment.

Changes of the surface morphology after the swelling in Polywash (Figure 14) are visually similar to
the changes caused by methoxypropanol (Figure 12) but are less expressed. SEM images support the
conclusion that Polywash has the lowest effect on the surface properties of the photopolymer printing plate
among used solvents, once the photopolymer has been additionally treated by UV radiation (Figure 14b).
Polywash mainly interacts with the polymer surface for lower durations of UV treatment (Figure 14a).

Figure 15. SEM images of EPDM plate samples after swelling in methoxypropanol: (a) 10x UV
treatment, (b) 30x UV treatment.
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Observing Figure 15a and comparing it to the same sample not immersed in any solvent
(Figure 11b), it can be concluded that there are no significant changes in the surface morphology.
Visual display of the effect of minor swelling is not as apparent on the porous surface as on the
smooth photopolymer surface. The effect of methoxypropanol on the sample treated with 30x UV
(Figure 15b) is visible in form of the alterations of surface morphology marked by arrows. The effect
could be explained by the migration of compounds/additives to the surface of EPDM, potentially the
exposure of carbon black particles to the surface layer [62,63]. Carbon black is a common additive
in vulcanized rubber and similar materials, its function being the enhancement of the mechanical
properties (improved physical crosslinking) of the material [64].

185 r.y ’

Figure 16. SEM images of EPDM plate samples after swelling in IPA: (a) 10x UV treatment, (b) 30x
UV treatment.

Figure 16 presents the surfaces of EPDM after swelling in IPA. Swelling experiments have shown
that a slight partial dissolution of EPDM in IPA takes place, but this is not undoubtedly observed in
SEM images. However, the topography of the samples is likely more pronounced than in Figure 11b.
The same artifacts as in Figure 15b are visible.

(a) (b)

Figure 17. SEM images of EPDM plate samples after swelling in Polywash: (a) 10x UV treatment,
(b) 30x UV treatment.

In Figure 17 one can see SEM images of EPDM after the swelling experiment in Polywash.
The EPDM plate also proved to be resistant to Polywash in terms of swelling. Appearance of the
surface is similar to Figure 16. However, since the exposure to Polywash caused the decrease of SFE
compared to nominal, it can be concluded that the swelling of the printing plate does not necessarily

predict the effect of the solvent on the surface, especially if the solvent is a poly-component, such as
Polywash (Table 1).
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Specifically, when exposed to the UV radiation or solvent, the flexographic printing plate becomes a
pronounced two-phase system, with modified surface properties depending on the surface interactions
with the stimuli and the volume (core), which can undergo different changes to the surface, i.e.,
additional crosslinking caused by UV radiation [65].

3.5. Width of the Printed Lines

Figures 18 and 19 present the changes of the widths of fine lines printed by UV-treated printing
plates after immersion in solvents, drying, and stabilization. Results are presented for lines with
nominal width of 0.2 mm, both in positive and negative.

360 — 2154

—a— Methoxypropanol
—e— IPA
—A— Polywash

210

350 —

340 — 2054

1 200
330 4

1 195 4
320 +

1 —a— Methoxypropanol 1904
310 —o—|PA

—A— Polywash 185

3004 180

290 H 175
| §\l\x
>

280 T T T 170 T T T T T
10x 20x 30x 10x 20x 30x

Width of the printed line (um)
Width of the printed line (um)

Type of UV treatment Type of UV treatment

(@ (b)

Figure 18. Width of the lines printed by modified photopolymer plates: (a) 0.2 mm positive,
(b) 0.2 mm negative.

Observing Figure 18a, one can see that the measured width of the lines is higher than nominal
for lines in positive, and lower than nominal for lines in negative. This is a common occurrence in
flexography, since the printing plate elastically deforms during the printing process [29]. The expected
and usual values and trend of the changes of line width are visible only for the sample treated by
Polywash; as the duration of UV treatment increases along with the hardness of the printing plate,
the deformation of the photopolymer becomes less prominent, and the width of the printed line in
positive decreases. This is one of the reasons additional UV treatments can be beneficial in flexography.
At the same time, the width of the printed line in negative should increase as the hardness of the plate
increases. Lines printed by IPA-treated plate display a moderate decreasing trend for both positive-
and negative-printed lines. Here, alongside the effect of the increased hardness, the interactions on the
surface of the photopolymer and IPA are the crucial reason for the trend of the line printed in negative.
As immersion of photopolymer samples in IPA resulted in pronounced increase of SFE (Figure 6),
the wetting of the ink on the photopolymer improved, resulting in a slightly narrower printed line in
negative (Figure 18b). Effect of the increased hardness after prolonged UV treatment is moderately
observable for the line printed in positive.

The width of the line in positive printed by methoxypropanol-treated samples slightly increases
with prolonged UV treatment. Width of the line after immersion in methoxypropanol is higher than
the one obtained by Polywash-treated plate and the nominal width. This can be attributed to the
pronounced swelling of the printing plate in methoxypropanol and its residue in the photopolymer
after the drying process. For the same reasons, the width of the line printed in negative is too low.
In this case, swelling properties of the plate and the influence of the solvent on the plate surface
overcame the influence of the UV treatment on the plate’s hardness.
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Figure 19. Width of the lines printed by modified EPDM plates: (a) 0.2 mm positive, (b) 0.2 mm negative.

Figure 19 presents the results of the width of printed lines obtained by modified EPDM printing
plates. Compared to the lines printed by photopolymer plates (Figure 18), EPDM plates present values
of the line widths closer to nominal (0.2 mm). This can be attributed to lower deformation of the
engraved printing elements compared to photochemically obtained elements (Figures 1 and 2). Lower
SFE of EPDM plates compared to photopolymer plates also disables the travelling of the ink down the
element edges that causes the increased width of the printed line in positive/decreased printed line
in negative. The widths of the lines printed in positive after swelling in IPA and Polywash decrease
(Figure 19a) as an effect of the increased hardness of EPDM after additional UV treatments. Modest
swelling of the EPDM plate in methoxypropanol resulted in the highest values of the line widths in
positive. Lines printed in negative after swelling of plates display significant change only for the line
printed in negative after 30x UV treatment and swelling in IPA (Figure 19b). This can be attributed to
the highest increase of the hardness for this sample (Figure 5).

Figure 20 presents the line elements produced on the EPDM printing plate and the photopolymer
printing plate.

Figure 20. Line elements on EPDM plate (black) and photopolymer plate (green).

Figure 21 presents the examples of microscopic images of the thinnest lines that were printed by
UV- and solvent-modified printing plates. The nominal width of the line in the original image file was
0.03 mm. Lines were captured at magnification of 50x.
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(c) (d)

Figure 21. Lines of 0.03 mm nominal value fine lines printed by modified plates: (a) photopolymer 10x,
methoxypropanol, (b) photopolymer 30x, methoxypropanol, (¢) EPDM 10x, IPA, (d) EPDM 30x, IPA.

The widths of the lines presented in Figure 21 were not measured, since it is obvious that they
did not print optimally, at least for the EPDM plate—the lines are too wide. The finest elements on
flexographic plates are often not stable during the engagement in the printing process and are much
more susceptible to deformations. However, the finest lines are presented in order to underline the
importance of the printing plate hardness and the influence of swelling and to confirm the trends of
the widths of correctly formed and stable wider lines (Figures 18 and 19).

In Figure 21a,b, the influence of methoxypropanol on the width of the line is clearly visible. The
hardness of methoxypropanol-treated samples did not increase as a result of the UV treatments because
of the pronounced swelling (Figure 4). Since SFE of the plate increased for the sample treated with 30x
UV treatment (Figure 6), ensuring the improved wetting of the ink on the plate, the width of the line
increased. The same effect is present in Figure 18a for the 0.2 mm line.

In Figure 21d, the decreased line width for the sample treated with 30x UV treatment and
immersed in IPA is visible compared to the 10x sample immersed in IPA (Figure 21c). The same effect
is present for the 0.2 mm line (Figure 19a). Since hardness of the EPDM material is the only parameter
that changed noticeably, i.e., increased (Figure 5), its effect on the line width is obvious.

3.6. Thickness of the Printed Ink Film

Figure 22 presents the results of the deposited ink film thickness obtained by modified EPDM and
photopolymer printing plates.

When depositing the ink film in flexography (with ink coverage on the surface of 100%), SFE of
the printing plate displays its influence on the thickness of the ink film significantly [43,57]. For the
photopolymer plate (Figure 22a), the ink film thickness decreases as SFE of the plate increases (Figure 6).
With the increase of SFE, the wetting of the printing ink on the plate improves, thus creating and
transferring the thinner ink film onto the printing substrate. Increased hardness of the printing plate
also contributes to the decreased deposited ink film, since the harder plate does not deform elastically
that much in the printing process. The only sample that does not follow the trend of decreasing of
ink film thickness is the one printed by 20x UV-treated plate after swelling in methoxypropanol. This
occurred because SFE of that sample decreased due to the migrations and alterations of the plate
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surface after the exposure to UV radiation and methoxypropanol. Thickness of the ink film printed by
this set of samples ranges from 4 pm to 1.2 um.
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Figure 22. Thickness of ink film deposited by modified printing plates: (a) Photopolymer plate,
(b) EPDM plate.

Trends of the changes of ink film thickness obtained by the EPDM plate (Figure 22b) also
correspond inversely to the changes of the plate’s SFE (Figure 7). The most pronounced decrease of the
ink film thickness is visible for the prints obtained by the samples exposed to IPA, since these samples
show the highest increase of SFE. Ink film thickness for this sample decreases from 4.2 pm to 2.3 um.
Since EPDM plates are recommended for use in systems with various solvents, such as in applications
of special inks, one must be aware of the effect of the solvents on the surface properties of this type of
printing plate.

Finally, Tables 2 and 3 present the summary of the results obtained by all printing plate samples
that have been UV-treated and exposed to the solvents (see Supplementary Materials). The results
include analyzed properties of the printing plates as well as the properties of obtained prints.

Table 2. Summary of results obtained with photopolymer printing plates.

Photopolymer Printing Plate
Line Width

] n .
uv Hardness SFE Max. Normalized (mm) 'Prmte'd Ink
Solvent Treat t  (Shore A) (mN/m) Degree of Film Thickness
reatmen ore Swelling (%) 0.2 0.2 (um)
Positive = Negative
10x 73.64 30.51 5.24 341.53 181.63 3.95
Methoxy-propanol 20% 73.56 27.62 5.72 344.90 178.73 4.05
30% 73.70 33.81 4.95 355.10 178.60 1.15
10x 73.95 28.24 1.63 349.63 186.53 4.50
2-propanol (IPA) 20% 76.85 36.15 1.66 343.60 185.07 2.60
30% 76.83 36.76 1.17 343.03 184.80 3.45
10x 73.41 25.03 1.92 288.37 176.00 4.15
Polywash 20% 75.00 32.70 2.08 285.97 187.03 2.40

30x 75.44 30.13 1.22 284.57 196.00 1.90
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Table 3. Summary of results obtained with EPDM printing plates.

EPDM Printing Plate
Max. Normalized Line Width Printed Ink
uv Hardness SFE (mm) . .
Solvent Treatment  (Shore A) (mN/m) Degfee of Film Thickness
Swelling (%) 0.2 0.2 (um)
Positive  Negative
0x 70.12 20.10 0.24 288.23 197.7 3.60
Methoxy-propanol 10x 72.70 14.86 0.25 292.60 198.8 3.75
20x 72.71 15.87 0.34 293.73 194.00 3.65
30x 72.67 19.53 0.23 288.27 195.93 3.40
0x 69.71 11.35 -0.10 288.90 202.67 415
2-propanol (IPA) 10x 72.53 23.43 -0.05 291.32 197.90 1.90
20x 72.82 23.60 -0.07 285.30 198.67 2.20
30x 73.28 23.99 —0.09 282.67 203.87 2.30
0x 69.68 14.45 0.24 292.57 200.93 3.70
Polywash 10x 72.76 14.96 0.47 290.63 199.43 3.75
20x 72.77 12.44 0.42 288.60 197.20 4.00
30x 72.70 12.40 0.43 284.57 197.87 415

4. Conclusions

The aim of this research was to analyze and improve the resistance of photopolymer and EPDM
flexographic printing plates to common solvents used during the ink deposition process. In order
to achieve that, printing plates were additionally treated by UV radiation prior to the swelling
experiments in solvents, with the aim of increasing their crosslinking degree and possibly optimizing
their surface properties. The influences of three common solvents on the properties of printing plates
and corresponding prints were analyzed. Results of the research prove that the additional UV treatment
can be used to increase the hardness of printing plates and thereby optimize the width of the fine
printed lines after the plates have been exposed to solvents. The EPDM plate presented more resistance
to the influence of all used solvents in terms of the changes in the width of the fine printed lines
and their deviations from the nominal values. Changes in surface free energy as a consequence of
the swelling experiments after UV treatments were significant for both photopolymer and EPDM
plates. Modified surface free energy primarily affected the thickness of the printed ink film for all
plate samples. Therefore, it can be concluded that the choice of the printing plate material and careful
adjustment of the additional UV treatment of the printing plate can be used to optimize the properties
of the printed ink film. This research has underlined the need to recognize that the effect of specific
solvents on the printing plate material can be different for fine printing elements/details on print
and the solid ink film area. Depending on the properties and purpose of the image to be printed,
optimization of the printing process regarding the printing plate material and the choice of the printing
ink/cleaning solvent should be considered.
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