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This study investigates the process of wetting and adhesive inter-
action between flexographic inks and polymer films of different 
nature and surface structure. An issue related to flexographic print-
ing on polymer films is insufficient surface wettability and low sta-
bility of adhesion of the ink layer, which worsens the print quality. 
This work explores the wetting of the surface of films with liquids of 
different polarity and with UV flexographic ink.

The equilibrium values of the cosine of the wetting 
angle for non-polar and polar liquids have been experimen-
tally determined. The cosθ values for non-polar liquids are  
0.90–0.99, while for polar liquids they decrease to 0.36–0.92 depend-
ing on the type of film surface. The thermodynamic characteristics 
of wetting, in particular the work of adhesion and cohesion, were 
calculated. It was established that the work of adhesion varies 
within 45–140 mN/m.

It has been shown that wetting is determined by the ratio of the 
dispersive and polar components of surface energy. For non-polar 
liquids, dispersive interactions dominate, while for polar liquids, 
polar ones. The influence of the structural characteristics of the 
surface on wetting has been established. The matte polypropyl-
ene film is characterized by worse wettability compared to glossy 
samples.

The components of the surface energy were determined by the 
Owens-Wendt method, which made it possible to establish their 
influence on adhesive interaction. The surface energy values of 
polymer films are 42–53 mN/m, while the proportion of the polar 
component increases to 0.19 for samples with better wettability. It 
has been shown that the adhesive behavior of UV flexographic ink 
is comparable to polar liquids.

The results could be used to predict the wetting of polymer 
materials and to optimize flexographic printing processes
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1. Introduction 

Given the current development of printing production 
and packaging industry, ensuring high quality of printing on 
polymer materials is of particular relevance. The wide use of 
polymer films in the production of flexible packaging, label 
products, and advertising materials is due to their high con-
sumer and operational properties, in particular low weight, 
mechanical strength, transparency, barrier characteristics, 
and the possibility of recycling. The most common among 
such materials are polypropylene, polyethylene, and poly-
ethylene terephthalate films, which are actively used in flex-
ographic printing, in particular with the use of UV inks. At 
the same time, the specific physicochemical properties of the 
surface of polymer films significantly complicate the process 
of forming a high-quality printed impression. 

One of the key issues of printing on polymer films is 
ensuring proper wettability of the surface with ink and the 
formation of a sufficient level of adhesion between the ink 
layer and the substrate. Most polymeric materials are char-
acterized by low surface energy, which leads to poor ink 
spreading, uneven formation of the ink layer, the appearance 

of printing defects, and a decrease in the image’s resistance 
to mechanical and operational influences. In this regard, the 
task of studying the influence of the surface energy of poly-
mer films on the wettability and adhesion of UV flexographic 
inks is gaining important scientific and practical importance.

In modern research, considerable attention is paid to the 
physicochemical mechanisms of interaction of inks with 
polymer surfaces. In particular, the issue of wetting and ad-
hesion on the surface of polymeric materials was considered 
in papers [1, 2]. Certain aspects of spreading and formation 
of adhesive contact were studied in [3, 4]. The features of the 
interaction of flexographic inks with polymer substrates were 
analyzed in [5, 6]. It was established that the efficiency of ink 
layer formation is determined by the ratio of the surface ener-
gy of the substrate and the surface tension of the ink, as well 
as the contribution of the polar and dispersion components of 
the interfacial interaction. To quantify these characteristics, 
surface energy determination methods are used, in particular 
the Owens-Wendt-Rabel-Kaelble approach, which makes it 
possible to estimate its components and predict the wetta-
bility of polymeric materials. At the same time, the issue of 
a comprehensive analysis of the relationship between the 
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the values of surface energy between the ink and the polymer 
film has a secondary effect.

In work [5], the effect of the surface energy of polymer 
films on the wetting of UV flexographic inks was investigat-
ed. It was shown that an increase in the polar component of 
surface energy improves the wetting and adhesion of the ink. 
At the same time, it was found that even at high values of sur-
face energy, wetting can be limited due to the predominance 
of cohesive forces in the ink. This indicates the need to match 
the properties of the ink and the substrate, and the effect of 
the rheological properties of the ink and the technological 
parameters of printing on the adhesive interaction was not 
considered.

The study on the effect of wettability on the interfacial 
adhesion of polymers is reported in [3]. The authors estab-
lished a positive correlation between surface wetting and 
interfacial fracture energy. At the same time, it is shown that 
for multicomponent liquids, wettability analysis has limita-
tions, since different components can migrate to the surface 
and change the nature of the interaction. The results indicate 
the complexity of using the contact angle as the only criteri-
on for predicting adhesion. The studies were performed for 
the “elastomer-solid substrate” system and do not take into 
account the features of printing inks containing pigments, 
solvents, and additives.

In work [4], the relationship between surface energy, wet-
ting, and water transfer in polymer films was investigated. It 
was shown that the introduction of sulfone groups into poly-
mers leads to a decrease in the contact angle and an increase 
in surface hydrophilicity. The dependence of wettability on 
the chemical composition of ionomers and their structure 
was established. However, the effect of these changes on the 
adhesion of paints or coatings was not considered in the work 
since the studies concern membrane materials and mass 
transfer processes.

The influence of surface morphology on the wettability 
of polymeric materials was investigated in [9], in which 
polymeric surfaces were modified with copper nanoparti-
cles. It was shown that with increasing nanoparticle height, 
wettability changes almost linearly, and the contribution to 
the change in the contact angle is made by the nanomenis-
cus formed between the nanoparticle and the substrate. The 
results demonstrate the important role of surface nanostruc-
ture in the formation of wettability but the issue of using 
nanostructuring to improve the adhesion of printing inks 
remains unresolved.

In [10], the possibilities of the Owens-Wendt method for 
analyzing the polarity of multicomponent systems and deter-
mining the contributions of surface energy are shown. The 
dependence of phase separation on the ratio of dispersion 
and polar forces was established. However, the study was 
conducted for model systems and the adhesive interaction 
of paints with polymeric materials was not considered as 
they are oriented on the physicochemical processes of phase 
separation.

Study [11] tackles the design of film composites based 
on water-soluble and biocompatible polyvinyl alcohol for 
the manufacture of flexible packaging and the study of their 
surface properties. By introducing glycerol and formic acid 
into the polymer composition, the hydrophilicity of the films 
increased. Such changes can be explained by the formation 
of polar molecular groups on the film surface. Due to their 
hydrophilic properties, they can be printed with water-based 
inkjet inks with high adhesive interaction. 

surface energy of films and the wetting and adhesion of UV 
flexographic inks remains insufficiently studied.

The practical need for such studies is due to the constant 
expansion of the use of UV inks for flexographic printing 
in the production of packaging products, where increased 
requirements are imposed on print quality, ink layer sta-
bility, and image durability. The use of polypropylene and 
polyethylene terephthalate films without taking into account 
their surface energy can lead to insufficient wetting, ink lay-
er peeling, reduced adhesion, and the emergence of defects 
during subsequent post-printing processes. Establishing the 
patterns of the influence of surface energy on the process 
of spreading UV flexographic inks could make it possible to 
optimize technological printing modes, justify the choice of 
materials, and increase print stability.

Taking the above into account, studies aimed at estab-
lishing the dependence of the wettability and adhesion of UV 
flexographic inks on the surface energy of polymer films are 
relevant.

2. Literature review and problem statement 

The physical foundations of wettability, mechanisms of 
intermolecular interactions, as well as their role in the for-
mation of the contact angle are considered in [7]. The authors 
analyzed in detail the interactions of permanent dipoles, 
induced dipoles, dispersion forces, and hydrogen bonds. The 
relationship between surface tension and the wetting angle is 
shown; the Young-Laplace equation describing the shape of 
a drop on a surface is considered. Special attention is paid to 
the method of a sessile drop and axisymmetric analysis of the 
drop shape to determine the wetting parameters. However, 
the work mainly considers the physical laws of wetting with-
out analyzing their influence on the adhesion of printing inks 
to polymeric materials. The features of multicomponent ink 
systems, in which wetting does not always directly correlate 
with adhesion, are not considered.

A methodological basis for determining the surface en-
ergy of polymers is work [8], which proposes an approach 
to evaluating the surface free energy with its separation into 
polar and dispersion components. It is shown that the use 
of two test liquids makes it possible to determine the contri-
bution of each component and to estimate the wettability of 
the surface. This method is widely used to study polymeric 
materials and predict the adhesive interaction. However, the 
work does not take into account the influence of surface mor-
phology, roughness, as well as structural changes of the ma-
terial during printing. In addition, the method was devised 
for idealized surfaces and does not take into account complex 
multicomponent ink systems, which limits its application for 
predicting adhesion in printing processes.

In [1], it is shown that the adhesion of inks to polymer 
films is determined by the ratio of the polar and dispersion 
components of the surface energy, which are estimated using 
the Owens-Wendt contact angles. It was found that polyole-
fins (PE, PP) due to their low polarity are characterized by 
poor wettability; therefore, they require preliminary modifi-
cation of the surface or the composition of the inks.

In study [2], it was found that corona treatment signifi-
cantly increases the adhesion of water-based inks to polymer 
films. This is due not only to the increase in surface energy 
but primarily to the formation of polar groups and a change 
in the surface microrelief. At the same time, the difference in 
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The importance of surface properties of materials for the 
printing process was confirmed in [12], in which it was estab-
lished that the surface properties of the material are one of the 
priority factors for the quality of flexographic printing. Predic-
tive models of the influence of the parameters of the printing 
plate, ink and surface energy of the material were constructed. 
The work did not conduct experimental studies on the wetta-
bility of specific polymer materials and did not establish quan-
titative dependences of adhesion on surface energy.

In [6], the adhesive interaction of flexographic inks with 
photopolymer printing plates was studied. It was shown that the 
surface energy of the plates decreases during the printing process 
due to the diffusion of solvents and a change in the number of 
functional groups. The dependence of adhesion on the nature of 
the ink pigment was established. However, the issues of stabiliz-
ing surface properties and predicting adhesion during printing re-
mained unresolved. The reason is the complexity of the processes 
of mutual diffusion and structural changes of the surface.

Methods for measuring the contact angle and the char-
acterization of the surface of materials were considered 
in [13, 14]. It was shown that measuring the contact angle 
is a universal method for determining the wettability and 
hydrophilicity of surfaces. Recommendations for conducting 
measurements and analyzing data were given, but the issues 
of interpreting the results for predicting the adhesion of inks 
under actual printing conditions remained unresolved.

In addition to polymeric materials, the processes of wet-
ting and interfacial interaction are also studied for inorganic 
surfaces. In [15], the surface energy of glass and the interfacial 
interaction at the “glass–metal” interface were analyzed. In [16], 
wetting and the evolution of the interfacial structure in systems 
based on oxide materials were considered, which allows us 
to assess the role of the chemical nature of the surface in the 
formation of adhesive contact. A separate group is made up 
of “metal-liquid” systems, for which in [17] the dependence of 
the surface tension on temperature and interatomic interaction 
was shown, which determines the wettability and the nature of 
the interfacial interaction. The results indicate that the energy 
characteristics of the surface determine the wettability and ad-
hesive behavior regardless of the nature of the material, which 
is consistent with the approaches used to analyze polymer films.

Our review of literature sources shows that the issues of 
wettability and adhesion of inks to polymeric materials are 
widely studied; however, the relationship of these processes 
with surface energy under flexographic printing conditions 
remains insufficiently explored. At the same time, there is no 
comprehensive approach to assessing wetting and adhesion 
in the “flexographic ink – polymer film” system, taking into 
account actual printing conditions. The thermodynamic char-
acteristics of interfacial interaction, which make it pos-
sible to quantitatively describe the wetting and adhesion 
processes, remain particularly insufficiently studied. 
This complicates the prediction of print quality and the 
justified choice of materials. 

All this allows us to state that it is advisable to con-
duct a study aimed at establishing the regularities of 
wetting and adhesion of flexographic inks on polymer 
films with different surface energies.

3. The aim and objectives of the study

The aim of our study is to establish the regulari-
ties of wetting and adhesion of flexographic inks on 

polymer films with different surface energies based on the 
determination of their thermodynamic characteristics. This 
will make it possible to reasonably select film materials for 
flexographic printing and predict the stability of adhesion of 
the ink layer.

To achieve this goal, the following tasks were set:
– to determine the equilibrium values of the cosine of the 

wetting angle of polymer films when interacting with liquids 
of different nature and flexographic ink;

– to calculate the work of adhesion for the “liquid – poly-
mer film” systems;

– to determine the work of spreading and the work of 
recovery for the systems under study;

– to determine the components of the surface free ener-
gy of polymer films using the Owens-Wendt-Rabel-Kaelble 
method;

– to assess the wettability of flexographic ink on polymer 
films.

4. The study materials and methods

4. 1. The object and hypothesis of the study
The object of our study is the process of wetting and ad-

hesive interaction of flexographic inks with polymer films of 
different nature and surface structure.

The principal hypothesis assumes the determining influ-
ence of the ratio of the polar and dispersion components of 
surface energy on wettability and adhesive interaction in the 
“liquid – polymer film” system.

The study assumes the isothermal nature of the wetting 
process and the absence of a chemical reaction between the 
liquid and the film surface.

As a simplification, the film surface is considered ener-
getically homogeneous, and the drop shape is considered as a 
segment of a spherical surface.

4. 2. Materials under investigation used in the ex-
periment

Four types of polymer films used in the production of 
packaging products and labels for flexographic printing were 
used for experimental research. The samples under investi-
gation included three polypropylene (PP) films of different 
thicknesses and surface types (glossy, matte) and one poly-
ethylene terephthalate (PET) film. The choice of materials is 
due to their wide industrial use and the need to evaluate their 
wettability and adhesion to printing inks.

The characteristics of the films under investigation are 
given in Table 1.

Table 1

Characteristics of the studied polymer films

Sample No. 1 2 3 4

Material Polypropylene  
(PP)

Polypropylene 
 (PP)

Polypropylene  
(PP)

Polyethylene 
terephthalate 

(PET)
Surface type Glossy Matt Glossy Glossy
Weight, g/m2 32.25 18.05 18.75 17.55
Thickness, µm 36 22 22 21

Density 0.896 0.820 0.852 0.836

Main  
application

Packaging 
films, labels

Packaging with 
a decorative 

surface

Thin flexible 
packaging

High-quality 
packaging, 

labels
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Polypropylene films have a predominantly nonpolar 
macromolecular structure, which causes low surface energy 
and dominance of the dispersion component of interfacial 
interaction.

Polyethylene terephthalate film contains ether and aro-
matic groups in its structure, which increases the polarity of 
the surface and promotes specific intermolecular interactions.

Liquids with different polarity and surface tension were 
used to study wetting. This approach is used to determine the 
dispersion and polar components of the surface energy of sol-
ids by the Owens-Wendt-Rabel-Kaelble (OWRK) method [18].

The list and physicochemical characteristics of the liquids 
are given in Table 2.

Nonpolar liquids (decane, 1,4-dioxane) were used to 
determine the dispersion component of the surface energy 
of the films. Polar liquids (distilled water (DW), ethylene 
glycol (EG), dimethylformamide (DMF), dimethyl sulfox-
ide (DMSO)) were used to evaluate the contribution of specif-
ic intermolecular interactions.

The value of the surface tension of liquids (γL) was 
taken from the CRC Handbook of Chemistry and Phys-
ics (USA) [19], and the dispersion (γLd) and polar (γLp) 
components were taken from the literature data used in the 
Owens-Wendt method [15].

4. 3. Determining the contact angles of wetting
We determined the geometric parameters of the drop and 

the processing of the results by using an optical-digital image 
analysis system that corresponds to current approaches to 
measuring contact angles and determining surface energy by 
the Owens-Wendt method [10]. This method is widely used 
to assess the wettability of solid surfaces by various liquids.

The studies were carried out using a tele optical-digital 
drop image registration system. The system consisted of a 
Logitech Quick Cam digital camera (USA) with a CCD ma-
trix of 640 × 480 pixels and a Jupiter-37A lens (Ukraine) with 
a focal length of 135 mm.

A 10 × 10 mm polymer film sample was fixed on a hor-
izontal stage of the installation. A drop of the liquid under 
study was applied to the sample surface using a dispenser.

The image of the drop was recorded with a digital cam-
era. Visualization of drops is used for qualitative assessment 
of the drop shape and the nature of surface wetting. The 
obtained image was transferred to a personal computer for 
further processing.

From the digital image, the geometric parameters of the 
drop were determined: the diameter of the contact zone of 
the drop with the sample surface d and the height of the drop 
segment h.

The cosine of the contact angle was determined from the 
following relation

2
2

2
2

2cos ,

 
2

d h

d h

  − 
 =
  + 
 

 		  (1)

where d is the diameter of the droplet contact zone with the 
sample surface;

h is the height of the droplet segment;
θ is the contact angle.

The geometric parameters of the droplet 
and the cosine of the contact angle were deter-
mined using the software “Analysis of Liquid 
Spreading Kinetics” (Ukraine) [20].

This program was also used to determine 
the main thermodynamic characteristics of 
wetting: work of adhesion, work of cohesion, 
work of spreading, and work of recovery for the 
“liquid – polymer film” system.

For each “liquid – polymer film” system, 
the change in the contact angle over time was 
recorded. The value of the contact angle 180 s 
after the droplet application was considered to 
be equilibrium.

The study was carried out at a temperature 
of 20 ± 1°C.

4. 4. Determining the thermodynamic characteris-
tics of wetting

To evaluate the interaction of liquids with the surface of 
polymer films, the main thermodynamic characteristics of wet-
ting were determined. These include work of adhesion, work of 
cohesion, work of spreading, as well as work of recovery.

Work of cohesion, work of spreading, and work of recovery 
were considered as auxiliary thermodynamic characteristics 
that allow for a more complete characterization of the wetting 
process and interpretation of the value of the work of adhesion.

The work of adhesion between a liquid and a solid surface 
is determined based on a thermodynamic approach. Accord-
ing to the Dupre equation [21], the work of adhesion can be 
represented as the sum of the surface energies of the phases

,a s L SLW γ γ γ= + − 		  (2)

where γS is the surface energy of the solid, γL is the surface 
tension of the liquid, and γSL is the interfacial energy at the 
solid-liquid interface.

In practical studies, this equation is combined with the 
Young equation, which leads to the Young-Dupre equation

( )  1 cos ,a sW γ θ= + 		  (3)

where Wa is the work of adhesion, mN/m;
γL is the surface tension of the liquid, mN/m;
θ is the contact angle.
The work of cohesion of the liquid was determined from 

the following relation

2 ,k LW γ= 		  (4)

where Wk is the work of cohesion, mN/m;

Table 2

Physical-chemical characteristics of the studied liquids (T = 20°C)

Liquid Surface tension 
γL, mN/m

Dispersion component 
γLd, mN/m

Polar component γLp, 
mN/m

Decane 23.8 23.8 0
1,4-dioxane 36.0 36.0 0

Dimethylformamide 
(DMF) 37.1 32.0 5.1

Dimethyl sulfoxide 
(DMSO) 43.5 36.0 7.5

Ethylene glycol (EG) 47.7 29.0 18.7
Distilled water (DW) 72.8 21.8 51.0



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 3/6 ( 141 ) 2026

10

γL is the surface tension of the liquid.
The work of spreading a liquid on the surface of a solid 

was determined from the following formula

,r a kW W W= − 		  (5)

where Wr is the work of spreading, mN/m.
For additional assessment of the energy characteristics of 

wetting, the work of recovery was determined

â³äí . .a

k

W
W

W
= 	 	 (6)

The calculation of the thermodynamic characteristics 
of wetting was performed using the software “Analysis of 
Liquid Flow Kinetics” (Ukraine) [21]. The program automat-
ically processes the geometric parameters of the droplet and 
determines the corresponding energy characteristics of the 
“liquid – polymer film” system. The obtained values were 
used for further processing and interpretation of the wetta-
bility data in the “liquid-polymer film” system.

4. 5. Determining the surface energy components 
by the Owens-Wendt-Rabel-Kaelble (OWRK) method

The surface energy components of polymer films were 
determined by the OWRK method [22]. The method is based 
on the separation of surface energy into dispersion and polar 
components.

The equilibrium contact angle of wetting and the phys-
icochemical characteristics of the studied liquids were used 
for the calculation.

According to the OWRK method, the interaction between a 
liquid and a solid surface is described by the following equation

( )1 cos 2 ,d d p p
s L S LLγ θ γ γ γ γ+ = + 		  (7)

where γL is the surface tension of the liquid, mN/m;
cosθ is the contact angle;

,d
sγ  p

Sγ  are the dispersion and polar components of the 
surface energy of the solid, mN/m;

,d
Lγ  p

Lγ  are the dispersion and polar components of the 
surface tension of the liquid, mN/m.

The surface energy of the solid was defined as the sum of 
its components

.d p
s s sγ γ γ= ⋅ 		  (8)

For the calculation, a set of polar and non-polar liquids 
with known values ,d

Lγ  .p
Lγ  was used. This allowed us to 

obtain a system of equations and determine the components 
of the surface energy of the studied films.

The processing of experimental data and determining 
the γS, d

sγ  and p
Sγ  values were carried out on the basis of the 

values of the contact angles of wetting.
The results were used for further processing of the exper-

imental data.

4. 6. Statistical processing of results
Each experimental measurement was performed at least 

five times.
The average values of the obtained values were used to 

process the results.
The error was defined as the deviation of the results of 

individual measurements from the average value.

The processing of experimental data was performed us-
ing standard tools of the Microsoft Excel spreadsheet (USA).

5. Results of investigating the wetting and surface 
energy of polymer films

5. 1. Analysis of contact angles of wetting
The wettability of polymer films was evaluated by the val-

ues of the cosine of the contact angle of wetting. Table 3 gives 
values of the cosine of the contact angle of wetting (cosθ) for 
the studied polymer films when interacting with liquids of 
different nature, as well as UV flexographic ink (UVFI).

Table 3

Cosine of the equilibrium wetting angle (cosθ) of polymer 
films at t = 180 s

Sample No. Decane DMF 1,4- Dioxane DMSO EG DW UVFI
1 0.93 0.95 0.99 0.94 0.64 0.64 0.86
2 0.91 0.96 0.99 0.94 0.36 0.36 0.7
3 0.96 0.83 0.91 0.94 0.91 0.92 0.85
4 0.93 0.98 0.98 0.82 0.91 0.86 0.94

The cosθ values vary depending on the polarity of the 
liquid. For non-polar liquids such as decane and 1,4-dioxane, 
the cosθ values for all samples are high and range from 0.9 
to 0.99, which corresponds to high surface wettability values 
of the polymers.

For polar liquids, the cosθ values vary. The lowest cosθ 
values are observed for water and ethylene glycol, especially 
for sample 2. For this sample, the cosθ is 0.36, which cor-
responds to lower wettability values. For samples 3 and 4, 
higher cosθ values are observed when interacting with polar 
liquids. The cosθ value is 0.92, which corresponds to higher 
surface wettability values.

For UV flexographic ink, the cosθ values are in the range 
from 0.7 to 0.94, which corresponds to medium wettability val-
ues. The highest cosθ values are observed for samples 3 and 4.

5. 2. Analyzing the work of adhesion
Fig. 1 shows the values of work of adhesion (Wa) for the 

“liquid-polymer film” systems at equilibrium.

Fig. 1. Values of the work of adhesion (Wa) for systems 
“liquid – polymer film”: 1 – decane; 2 – dimethylformamide 

(DMF); 3 – 1,4-dioxane; 4 – dimethyl sulfoxide (DMSO); 
5 – ethylene glycol (EG); 6 – distilled water (the numbering 

corresponds to the designations on the abscissa axis)
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Values for the work of adhesion vary depending on the 
nature of the liquid. The lowest Wa values are observed for 
decane and are in the range of 45–47 mN/m for all the sam-
ples studied.

For organic solvents of medium polarity (dimethylfor-
mamide, 1,4-dioxane, dimethyl sulfoxide), the Wa values are 
60–85 mN/m; with higher Wa values observed for dimethyl 
sulfoxide.

The highest values of the work of adhesion were obtained 
for ethylene glycol and water. For water, Wa is 120–140 mN/m.

For samples 3 and 4, higher values of the work of adhe-
sion are observed for polar liquids.

Sample 2 demonstrates the lowest values of the work of 
adhesion for polar liquids, in particular for water and eth-
ylene glycol.

5. 3. Analyzing the work of spreading and recovery
Table 4 gives values for the work of spreading (Ws) 

and the work of recovery (Wrec) at equilibrium wetting 
(t = 180 s).

Table 4

Work of spreading (Ws) and work of recovery (Wrec) at 
equilibrium wetting (t = 180 s)

Sample 
No. Decane DMF 1,4- Dioxane DMSO EG DW UVFI

Wrec

1 0.96 0.98 0.99 0.97 0.82 0.82 0.93
2 0.95 0.98 0.99 0.97 0.68 0.68 0.85
3 0.98 0.91 0.95 0.97 0.96 0.96 0.93
4 0.96 0.99 0.99 0.91 0.96 0.93 0.97

Ws, mN/m
1 –1.75 –1.68 –0.39 –2.51 –17.54 –25.92 –5.44
2 –2.21 –1.34 –0.53 –2.59 –31.20 –46.60 –11.94
3 –0.86 –6.33 –3.09 –2.66 –4.14 –5.66 –5.93
4 –1.73 –0.83 –0.65 –7.81 4.31 –9.93 –2.47

Table 4 gives negative Ws values for most of the studied 
systems. In particular, for water, the Ws value ranges from 
–25.92 to –46.60 mN/m.

The lowest Ws values are observed for sample 2. Higher 
Ws values are observed for samples 3 and 4. In particular, for 
sample 4, when interacting with ethylene glycol, a positive Ws 
value (4.31 mN/m) is observed.

The values of the work of recovery (Wrec) for most of 
the studied liquids are 0.82–0.99. For polar liquids (water, 
ethylene glycol), a decrease in the Wrec values for sample 2 
(to 0.68) is observed.

Fig. 2, 3 show the shape of the drops of the studied 
liquids when the equilibrium state of wetting is reached 
(t = 180 s).

a                                b                                    c 

Fig. 2. Visualization of the shape of liquids during equilibrium 
wetting (t = 180 s) on the surface of a polymer film 
(sample 2): a – distilled water; b – ethylene glycol; 	

c – UV flexographic ink

a                             b                                 c 

Fig. 3. Visualization of the shape of liquid droplets during 
equilibrium wetting (t = 180 s) on the surface of a polymer 

film (sample 3): a – distilled water; b – ethylene glycol; 	
c – UV flexographic ink

In Fig. 2, 3, differences in the shape of the drops are 
observed for different samples. For sample 2, drops of wa-
ter, ethylene glycol, and UV flexographic ink have a more 
pronounced spherical shape. For sample 3, spreading of the 
drops and a decrease in their height are observed.

5. 4. Determining the surface energy of polymer 
films

Table 5 gives values for the surface energy of polymer 
films and its components, determined by the Owens-Wendt 
method [10].

Table 5

Surface free energy parameters of polymer films determined 
by the Owens-Wendt method

Sample 
No. γS, mN/m ,d

Sγ  mN/m ,p
Sγ  mN/m /p

S Sγ γ

1 46.8 42.1 4.7 0.10
2 42.3 39.5 2.8 0.07
3 52.6 43.8 8.8 0.17
4 50.9 41.2 9.7 0.19

The surface energy values of the studied films are  
42–53 mN/m. The lowest surface energy value is character-
istic of sample 2 (42.3 mN/m). The highest surface energy 
values are observed for samples 3 and 4. For all samples, the 
dispersion component of the surface energy prevails. At the 
same time, an increase in the polar component is observed for 
samples 3 and 4. The value of the polar fraction ( )/p

S Sγ γ for 
sample 2 is the lowest, while for samples 3 and 4 it is higher.

5. 5. Assessing the wettability of UV flexographic ink
Table 6 gives values for the equilibrium cosine of the 

wetting angle and the work of adhesion of the ink for the 
studied samples.

Table 6

Values of the work of adhesion and the equilibrium wetting 
angle of the UV flexographic ink on the surfaces of the 

samples

Sample No. 1 2 3 4
cosθ 0.86 0.7 0.85 0.94
Wa 74.56 68.06 74.07 77.53

The lowest value of the work of adhesion corresponds to 
sample 2 (68.06 mN/m). Samples 3 and 4 are characterized 
by higher Wa values (74.07–77.53 mN/m). The Wa value for 
sample 1 is 74.56 mN/m. The lowest value of cosθ is charac-
teristic of sample 2 (0.7), while the highest is characteristic of 
sample 4 (0.94).

Fig. 4 shows a comparison of values for the work of adhe-
sion of UV flexographic ink and ethylene glycol.
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Fig. 4. Comparing the adhesion performance of UV 
flexographic ink and ethylene glycol

The work of adhesion values of the ink are close to those 
for ethylene glycol. Samples 3 and 4 are characterized by 
increased Wa values for both liquids, while sample 2 has the 
lowest Wa values.

6. Discussion of results based on the wetting and 
adhesion interaction in the systems “liquid-polymer 

film”

Our results make it possible to generalize the regularities 
of wetting of polymer films of different nature and to estab-
lish a connection between their surface energy and adhesive 
interaction with liquids. This is confirmed by the data in Ta-
bles 3, 5 in which the dependence of the values of cosθ and 
the work of adhesion on the ratio of the dispersion and polar 
components of the surface energy is established.

It is established that the wettability of the studied mate-
rials is determined by the ratio of the dispersion and polar 
components of the surface energy. For non-polar liquids, all 
samples are characterized by high values of cosθ and stable 
values of the work of adhesion, which indicates the domi-
nance of dispersion interactions.

For polar liquids, a clear differentiation of wettability is 
observed depending on the nature of the polymer. Samples 
3 and 4 demonstrate increased work of adhesion values and 
better wettability, which is consistent with the increase in the 
polar component of their surface energy. This confirms the 
decisive role of polar interactions in the formation of adhesive 
contact. This is explained by the presence of specific inter-
molecular interactions (dipole-dipole and hydrogen), which 
enhance the adhesion between the liquid and the polymer 
surface.

Sample 2 is characterized by the lowest values of cosθ and 
work of adhesion for polar liquids, which indicates a limited 
ability to interfacial interaction. This behavior is associated 
with the features of the surface structure and its energy 
characteristics.

It is important to note that the studied samples 1–3 are 
made of the same material (polypropylene) but differ in the 
type of surface and physical characteristics (thickness, mass). 
This allows us to assess the influence of not only the chem-
ical nature of the polymer but also the structural features of 
the surface on the wetting process.

Unlike studies [23, 24], in which most attention was 
paid to the influence of operational factors on the mechan-

ical properties of polymer films, in this work a quantitative 
relationship between surface energy and wettability was 
established. This became possible due to determining the 
polar and dispersion components of surface energy and the 
analysis of their ratio. This approach allows us to assess the 
adhesive interaction and predict the wettability of polymer 
materials. The results, in particular the established depen-
dences of the values of cosθ and the work of adhesion on 
the ratio of the polar and dispersion components of surface 
energy, are consistent with modern ideas about the deter-
mining role of surface energy in the formation of interfacial 
interaction [1, 18]: however, unlike existing approaches [10], 
they provide a quantitative assessment of the contribution of 
its components to the wetting process.

It was found that even with the same chemical nature of 
the material, wettability can differ significantly. The matte 
surface (sample 2) is characterized by worse wettability com-
pared to glossy samples, which is due to a more developed 
microrelief and a decrease in the effective area of contact of 
the liquid with the surface, which, in turn, leads to a decrease 
in the adhesive interaction.

The influence of the thickness and mass of the films is 
manifested in a change in their surface characteristics, which 
is reflected in the variation of the values of the work of adhe-
sion and the wetting angle.

For most of the studied systems, limited wetting is re-
alized, which corresponds to negative values of the work of 
spreading. For some cases, an improvement in spreading is 
noted, which is important for the formation of a continuous 
ink layer.

The adhesive behavior of UV flexographic ink is compa-
rable to polar liquids, which is confirmed by the close values 
of the work of adhesion for the ink and ethylene glycol. This 
indicates the presence of polar interaction mechanisms in the 
“ink-polymer film” system and explains the effectiveness of 
wetting polymer surfaces with ink.

The established values for the work of adhesion and the 
wetting angle are consistent with the determined values of 
surface energy and demonstrate the possibility of predicting 
the wettability of polymeric materials based on their ener-
gy characteristics, which is important for the selection of 
“ink-substrate” systems in flexographic printing.

Our study has certain methodological limitations. In 
particular, the assessment of the adhesive interaction was 
carried out mainly on the basis of thermodynamic character-
istics without direct experimental determining the strength 
of the adhesive bond. In addition, the work did not take into 
account the rheological properties of the inks, which can 
significantly affect the wetting process and coating forma-
tion. The influence of technological printing parameters, in 
particular the speed of ink application and drying conditions, 
which can change the nature of the interfacial interaction, 
was not investigated either.

These shortcomings might be eliminated in further stud-
ies by combining thermodynamic analysis with experimental 
determining the adhesive strength, as well as taking into 
account the rheological and technological parameters of the 
printing process.

The study was performed for the original surfaces of poly-
mer films without additional modification, which determines 
the limits of application of our results. Under industrial 
conditions, wettability may change due to surface activation, 
in particular corona treatment, which requires additional 
consideration in practical use.
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7. Conclusions 

1. The equilibrium values for the cosine of the wet-
ting angle of polymer films when interacting with liq-
uids of different nature have been determined. It was 
established that for nonpolar liquids the values of cosθ are 
high (0.90–0.99), while for polar liquids they decrease to 
0.36–0.92, which is due to differences in intermolecular 
interactions.

2. The work of adhesion for the “liquid-polymer film” 
systems was calculated and its dependence on the polarity 
of the liquid was established. It was shown that for nonpolar 
liquids, the Wa values are 45–47 mN/m, while for polar liq-
uids they increase to 120–140 mN/m due to the contribution 
of polar interactions.

3. The work of spreading was determined, and it was es-
tablished that for most of the studied systems limited wetting 
is realized, which corresponds to negative Ws values. At the 
same time, for some systems (ethylene glycol, sample 4) a 
positive Ws value is observed, which indicates the possibility 
of spontaneous spreading.

4. The components of the surface free energy of polymer 
films were determined by the Owens-Wendt-Rabel-Kaelble 
method, and it was found that for all samples the dispersion 
component prevails, and an increase in the polar component 
leads to an improvement in wettability and an increase in the 
work of adhesion.

5. The wettability of flexographic ink on polymer films 
was evaluated, and it was found that its adhesive behavior 
is similar to polar liquids, which is confirmed by the close 
values of the work of adhesion and indicates the presence of 
polar mechanisms of interaction in the “ink-polymer film” 
system.
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