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A B S T R A C T   

In packaging, plastic films are very often applied as overprinting materials. The printing properties of plastic 
films depend on the value of the surface free energy. Usually, during storage but before printing, the surface free 
energy is decreasing as a result of ageing. The aim of this study was to analyse the influence of elevated tem-
perature and UV radiation on ageing properties and variation of the free surface energy for three commercially 
available plastic films: polyethylene, polypropylene and polyethylene terephthalate. The investigation was done 
experimentally, and the surface free energy was calculated using two approaches, Owens-Wendt and van Oss- 
Chaudhury-Good. The time change of polar fractions was also analysed. The calculation results were 
compared and it was concluded that UV radiation causes more changes in surface free energy than elevated 
temperature. In some cases, surface free energy values calculated with the applied methods show similar trends.   

1. Introduction 

One of the most widespread materials in industry and everyday life is 
plastic film [1]. Due to its properties (lightness, versatility, low cost, 
good mechanical and thermal properties, resistance and good print-
ability) and the possibility to change them easily (by varying the syn-
thetic route, adding various additives during the manufacturing process 
or by blending [2]) plastic films have replaced other materials in various 
applications. Despite their non-degradability, their production and use 
are still much higher than bio-sourced and biodegradable polymers, 
such as PLA, because of the higher price of biodegradable polymers. The 
Ceresana Research Institute predicts that the European market for 
plastic films may reach 14 million tonnes until 2024 [3]. 

Plastic films are commonly used in packaging also. Plastic films are 
convenient for overprinting using flexographic printing technology. The 
printability of plastic films is mainly determined by plastic film porosity 
and surface properties [4], i.e. the surface free energy (SFE). Surface free 
energy affects the wettability and adhesion of printing ink to the plastic 
film. If the SFE is low, printing on plastic films causes problems 
compared to paper materials. In other words, SFE enables printing by 
solvent and water-based low viscosity printing inks (due to low 

wettability of the ink) and causes poor adhesion of dried ink film to the 
plastic base. The SFE of untreated plastic films varied from 29–30 mJ 
m─2 up to 31–36 mJ m─2 for PP and PE films, respectively [2,5]. How-
ever, the printing process demands higher SFE; the surface free energy 
should be higher than 40 mJ m─2. By adding a wetting agent to the 
printing ink [6–8] or by surface modification using corona [9,10], 
plasma [4,11–14], flame [15] or basic wet-chemical treatments, the 
wettability of plastic films can be improved. 

Very often, due to improper storage or transport of materials, plastic 
films are exposed to various external factors which decrease their 
printability. Ageing is a process causing structural and chemical 
composition changes in the material, leading to changes in the func-
tional properties of the material. The changes are mainly observed as a 
deterioration of functional properties. Plastic films, such as PE, exposed 
to ultraviolet (UV) light and thermal initiation, become brittle due to 
free radicals attacking the polymer chain, followed by alkyl radicals 
reacting with oxygen and leading to a build-up of vinyl groups and a 
variety of oxygen-containing groups such as carbonyl functionals [16]. 
For example, the ageing of prints can be observed as colours fading [17, 
18] or plastic ageing may cause poorer mechanical properties [11,16]. 

Material ageing can be either spontaneous (natural ageing) or forced 
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(accelerated ageing). The natural process of ageing is very slow. Artifi-
cial ageing is intended to produce time-dependent changes in a much 
shorter time than in the natural process. Hence, artificial ageing may be 
used to observe the natural ageing of prints in a shorter time. The basic 
types of ageing, according to the involved factors, are thermal ageing, 
photo ageing, chemical ageing and biological ageing [19]. However, 
several factors occur simultaneously in the ageing process [17]. Detailed 
descriptions of changes in the mechanical properties and microstructure 
of polymeric materials are presented in the literature [20–23]. In the 
present paper, the influence of ageing caused by UV irradiation and 
elevated temperature is investigated. The prediction of surface ageing 
using SFE data was already applied in non-ionic surfactants [24]. SFE is 
a measure of many of interactions between films and the surrounding 
media and enables predicting the ageing time. Direct measurement of 
the SFE in a solid is not possible and the determination is carried out 
using indirect methods based on different theoretical approaches [25]. 

There are several methods of determining SFE: the Zisman method 
(ZI) [26], the geometrical mean method (GM) [27], the harmonic mean 
method (HM) [28], the Lifshitz-van der Waals/Acid-Base method 
(LW/AB) [29] and the method based on the equation of state (ES) [30]. 
ZI employs the concept of critical surface energy, while the other four 
methods use the Young equation—where the SFE of the solid is obtained 
using the SFE of the liquid and the solid-liquid interfacial energy. All 
methods are based on the measured contact angle (CA) or drop-shape 
analysis for various liquids [31–33]. The ES method permits evalu-
ating the SFE of the solid from only one contact angle measurement 
using a liquid with known surface tension. However, the method does 
not include the polar and dispersive (nonpolar) components of SFE [34]. 
Due to this limitation, this method is not suitable for application in our 
investigation. The values calculated using the ZI method, however, 
differ 20% from values obtained by the other four methods [25]. The GM 
and HM models are based on the same assumption that the intermo-
lecular interactions between substances have two main components, 
dispersive and polar. The methods differ in the assumed equations 
evaluating the solid/liquid interfacial energy. However, according to 
Schuster et al. [25] these two models produce similar values of disper-
sive and polar components for the same combination of liquids. 

In our investigation, the SFE was calculated using the Owens-Wendt 
(OW), known as the Keble method [27], and also applying the Van 
Oss-Chaudhury-Good (VOCG) approach [29]. To the best of our 
knowledge, VOCG approach has not previously been used for analysing 
the changes of SFE and its components during artificial ageing. 

In this paper, the variation of SFE during ageing of various 
commercially available plastic films (PE, BoPP, BOPET), caused by UV 
radiation and temperature was investigated. The SFE calculation was 
made using the OW and the VOCG methods. In addition, the polar 
fractions were also obtained. Based on the data, the tendency of SFE 
variation, i.e. the ageing of prints on plastic films, was determined. 

2. Theoretical background 

2.1. Geometrical mean method and the Owens-Wendt equation 

The GM models are based on the assumption that the intermolecular 
interactions between two substances have two main components [35]: 
the dispersive γd (London component) and the polar component γp 

(Keesom and Debye forces). For this model, the interfacial solid/liquid 
energy is calculated using the OW equation [27]. 

γSL ¼ γSþ γL � 2
� ffiffiffiffiffiffiffiffiffi

γd
Sγd

L

q

þ

ffiffiffiffiffiffiffiffiffi

γp
Sγp

L

q �

(1)  

where γd
S and γd

L are dispersive and γp
S and γp

L are polar components of 
solid and liquid, respectively, γSL is the solid-liquid interfacial energy, γS 
and γL are the SFE of the solid and liquid, respectively, and are sums of 
the corresponding dispersive γd

i and polar γp
i components: 

γi¼ γd
i þ γp

i (2)  

where i corresponds to liquid L or solid S. Using the well-known Young 
equation: 

γS¼ γSL þ γLcosθ (3)  

where θ is the measured contact angle of liquids deposited on the solid 
surface. Equation (1) transforms into: 

γLð1þ cos θÞ ¼ 2
� ffiffiffiffiffiffiffiffiffi

γd
Sγd

L

q

þ

ffiffiffiffiffiffiffiffiffi

γp
Sγp

L

q �

(4) 

Modifying (4) we have: 

γLð1þ cos θÞ
2
ffiffiffiffiffi
γd

L

p ¼

ffiffiffiffi

γp
S

q
ffiffiffiffiffi

γp
L

γd
L

s

þ

ffiffiffiffiffi

γd
S

q

(5) 

The total γL, dispersed γd
L and polar γp

Lsurface tension of the liquids 
used for the experiment are shown in Table 1. The values correspond to 
25 �C. 

γd
S and γp

S are obtained by substituting the measured value θ, the 
tensions γp

L and γd
L (see Table 1) and the value of γL, computed using (2) 

for two different liquids, into (5). 
Introducing the notation: 

A¼
γLð1þ cos θÞ

2
ffiffiffiffiffi
γd

L

p ; B¼

ffiffiffiffiffi

γp
L

γd
L

s

; (6) 

into (5) we have: 

A¼B
ffiffiffiffi

γp
S

q

þ

ffiffiffiffiffi

γd
S

q

(7)  

where
ffiffiffiffiffi

γp
S

q

is the slope and 
ffiffiffiffiffi

γd
S

q

is the ordinate to the origin in the A-B 
coordinate system. 

If more than two liquids are used, (7) is suitable for finding the so-
lution; γd

S and γp
S are obtained using the linear fitting method. 

2.2. Lifshitz-van der Waals/Acid-Base (LW/AB) method and the van 
Oss–Chaudhury–Good (VOCG) approach 

The LW/AB method is a thermodynamic approach that considers the 
total SFE as the whole interaction of the solid-liquid interface compo-
nents. In the LW/AB method, SFE is assumed to be composed of two 
main contributions, a non-polar component due to Lifshitz-van der 
Waals (γLW), similar to the dispersive component (γd), and an acid-base 
component due to Lewis (γAB), similar to the polar component (γp). The 
SFE of the solid and liquid, respectively, which are the sums of corre-
sponding non-polar γLW

i and acid-based γAB
i components, is: 

γi¼ γLW
i þ γAB

i (8)  

where i corresponds to liquid L or solid S. 
The acid-base component is composed of two contributions: one 

from electron donors γ� and another from electron acceptors γþ. In this 
case, this component is calculated as: 

γAB¼ 2
ffiffiffiffiffiffiffiffiffiffi
γ� γþ

p
(9) 

Table 1 
The surface tension and its component for the liquids used [36].  

Testing liquid γd
L (mN/m)  γp

L (mN/m)  γL (mN/m)  

Water 21.8 51 72.8 
Diiodomethane 50.8 0 50.8 
Formamide 39 19 58  
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Using the suggested notation and substituting into (1), the solid- 
liquid interface energy for the system with non-polar and acid-base 
components is: 

γSL ¼ γSþ γL � 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γLW
S γLW

L

q

þ

ffiffiffiffiffiffiffiffiffiffi

γþS γ�L
q

þ

ffiffiffiffiffiffiffiffiffiffi

γ�S γþL
q �

(10) 

Combining (10) with the Young Equation (3), the VOCG equation is 
obtained: 

γLð1þ cos θÞ¼ 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γLW
S γLW

L

q

þ

ffiffiffiffiffiffiffiffiffiffi

γþS γ�L
q

þ

ffiffiffiffiffiffiffiffiffiffi

γ�S γþL
q �

(11) 

The three unknowns, γLW
S , γ�S and γþS , in (11) can be determined by 

solving a system of three equations using at least three liquids with 
known values of γLW

L , γ�L , γþL and measured angle θ [26]., If a minimum of 
three liquids is used, a set of three linear equations with the above 
variables are obtained and solved. Using (8), the γtotal

S of a solid surface is 
the sum of the Lifshitz–van der Waals dispersion component (γLW

S ), the 
polar electron-donor (Lewis base) component (γ�S ) and the polar 
electron-acceptor (Lewis acid) component (γþS ), i.e.: 

γtotal
S ¼ γLW

S þ 2
ffiffiffiffiffiffiffiffiffiffi

γ�S γþS
q

(12) 

To simplify the calculation, the VOCG equation (11) is linearized as a 
function of new variables, 

ffiffiffiffiffiffiffi
γLW

L

p
, 

ffiffiffiffiffi
γþL

p
and ffiffiffiffiffiγ�L
p . 

If more than three liquids are used, a numerical linear fitting is 
performed using the function: 

ð1þ cos θiÞγLi ¼ 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γLW
Li γLW

s

q

þ
ffiffiffiffiffiffiffiffiffiffi
γ�Liγþs

p
þ

ffiffiffiffiffiffiffiffiffiffi

γþLiγ�s
q �

(13)  

where i refers to the testing liquid and S refers to the solid material. 
Remark: More details on the suggested method are given in 

Ref. [37], while the example applications are found in Ref. [38–41]. 
In the literature, there are already reports about the surface tension 

components and parameters calculated by applying the maximal contact 
angle at 20 �C. Thus, in Ref. [42], polar—water, glycerol and for-
mamide—and nonpolar—diiodomethane— liquids are presented. In 
Ref. [39], the average contact angles and resulting surface tension 
components for glass surfaces using water, diiodomethane and glycerol 
were reported. In Ref. [43], three solvents, two polar (water and 
ethane-1,2-diol) and one nonpolar (diiodomethane), were applied for 
calculating nanocomposites’ free energy γtotal

S via a GM technique based 
on the VOCG approach and the measured contact angle θ. According to 
this suggestion, we used the testing liquids’ surface energies, acid–base 
components and polar fraction, shown in Table 2. 

3. Experimental section 

3.1. Materials 

For the experiments, three commercial plastic films were used: pol-
yethene (PE), polypropylene (oPP) and polyethene terephthalate (PET). 
The film characteristics are summarized in Table 3. 

For the angle measurements, diiodomethane (purity �99%, CAS 75- 
11-6) and formamide (purity �99%, CAS 75-12-7) purchased from 
Sigma-Aldrich were used. Distilled water was used as a polar liquid. 

3.2. Apparatuses and procedures 

3.2.1. Corona treatment 
Before ageing, the plastic films were corona treated using the manual 

laboratory Corona-Plus equipment (Vetaphone, Kolding, Denmark), 
which is designed for the corona treatment of polymer films or paper-
board sheets. Using ceramic electrodes, 40–50 W⋅m� 2 corona power 
output is realized. The SFE of films was confirmed by measuring the 
contact angle before and after corona treatment. 

3.2.2. Artificial ageing with UV irradiation 
The process of artificial ageing was carried out using a Suntest CPSþ

(Atlas, USA) device supplied with an optical filter—a so-called UV 
external light filter. The use of such filters eliminates UV radiation with 
wavelengths shorter than 290 nm, which has the strongest negative ef-
fect on the material. It allows the simulation of outdoor solar radiation. 
The light intensity was 580 W m─2. During ageing experiments, the 
temperature was kept at 33 � 2 �C; however, the maximum temperature 
in the chamber was 40 �C. The tests were carried out for each printed 
film in 8 cycles for a total of 90 h, which corresponds to nearly two 
months. Blue Wool Scale samples were exposed alongside the printed 
samples. Every hour spent in the ageing chamber corresponds to a 2040 
kJ m─2 dose of energy absorbed. The course of ageing and calculation of 
the comparable natural ageing are shown in Table 4. The contact angle 
measurements were performed before and after the ageing cycle. Be-
tween measuring cycles, the samples were kept under conditions suit-
able for storing plastic film: at room temperature and in the absence of 
light. 

3.2.3. Ageing at elevated temperature 
The process of ageing at elevated temperature was performed using 

Table 2 
Surface energy, its acid–base components and polar fraction for the testing liq-
uids [36].  

Testing liquid γL (mN/ 
m)  

γLW
L (mN/ 

m)  
γAB

L (mN/ 
m)  

γþL (mN/ 
m)  

γ�L (mN/ 
m)  

Water 72.8 21.8 51.0 25.5 25.5 
Diiodomethane 50.8 50.8 0 0.01 0 
Formamide 58.0 39.0 19.0 2.3 39.6  

Table 3 
Properties of commercially available plastic films.  

Property Film substrate Standard 

PE BoPP PET 

General  – 
Appearance Transparent  
Thickness -a 30 12 ISO 4593 
Density g/cm3 0.925 0.91 1.4 – 
Mechanical     
Tensile strength 

MPa 
MDb 15 120 1900–2500 ASTM D 

882 
TDc 11 230 1900–2600 ISO 527 

Ultimate 
elongation 
% 

MDb 150 210 90–120 ASTM D 
882 

TDc 200 80 80–110 ISO 527 
Coefficient of friction 0.20–0.35 0.15 �

0.1 
0.5 � 0.1 ISO 8295 

Surface free energy 
Dynes/cm 

-a 38 Min. 56 ISO 8296  

a not provided by the supplier. 
b machine direction. 
c trans-verse direction. 

Table 4 
Ageing course in the Suntest CPS þ device.  

Cycle 
No. 

Time of 
ageing 

Dose of 
energy/ 
kJ⋅m─2 

Natural ageing 
comparable time/h 

Natural ageing 
comparable time/ 
days 

1 2 4080 24 1 
2 6 12240 72 3 
3 12 24480 144 6 
4 18 36720 216 9 
5 30 61200 360 15 
6 42 85680 504 21 
7 66 134640 792 33 
8 90 183600 1080 45  
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an SLN 15 laboratory dryer (POL-EKO-APARATURA, Poland). The 
samples were heated at 40 � 0.1 �C. The process was carried out in 6 
cycles for a total of 90 h. 

3.2.4. Contact angle measurements 
The contact angles of distilled water, diiodomethane and formamide 

were measured using a drop shape analysis system, DSA 30E (Krüss, 
Germany). Sessile liquid drops were deposited with 0.5 mm diameter 
needles on plastic films. The contact angle was measured using Tangent 
method 2 on static drops 5 s after drop deposition. Environmental 
conditions were stable at 23 � 1 �C. The reported contact angle values 
are the mean of 6 drop measurements. The angles were measured before 
and after UV radiation on the three commercial plastic films: PE, BoPP 
and PET. The obtained values are given in Table 5. 

The measured values of contact angle for various plastic films before 
and after temperature activation are given in Table 6. The values given 
in Tables 5 and 6 are applied for calculating SFE for the OW and VOCG 
models. 

4. Results and discussion 

The commercially available plastic films were corona treated before 
measurement to achieve the printing SFE and to clean the film surface. 
The values of SFE before and after corona treatment are summarized in 
Table 7. Typical values of SFE for printing are at least 37 mJ m� 2 [44] 
and 46─52 mJ m� 2 [45] for PE and PP films, respectively. PET films are 
characterized by higher SFE and non-activated material amounts up to 
42 mJ m� 2 [45]. The SFE of non-treated, investigated plastic films is 
sufficient for the printing process. However, we activated the films 
before ageing to clean the film surfaces. 

In general, the values of SFE calculated by OW are much higher than 
the values of SFE calculated by VOCG. Furthermore, the corona treat-
ment increases the polar component of SFE; simultaneously, an incon-
siderable increase of acid and noticeable increase of base components of 
SFE were observed, as shown in Ref. [4]. 

The Lifshitz-Van der Waals surface energy component is responsible 
for a greater part of total surface energy of a investigated material. 
Simultaneously, the Lifshitz-Van der Waals shows the contribution of 
non-polar interactions on the surface energy of solid. The γLW is in the 
range of 28.13–41.43 mJ m� 2 for BoPP and PET film, respectively. The 
values of γLW are comparable to the values already reported in the 
literature, for example polyethylene (PE) (32.7 mJ m� 2) or poly-
terephtalate (PET) (36.6 mJ m� 2) [47]. 

Despite the values of acid-base components of SFE are numerically 
low, they also pay attention in the wettability of materials. The acid 
component of the liquid interacts with base component of the solid; and 
vice versa – the basic component of the liquid interact with the basic 
component of the solid. The data given in Table 7, shows that, before 
and after corona treatment, exhibited small basic nature, so γ– > γþ. 

Furthermore, the changes in the γAB polar component were also visible. 
Samples before corona treatment exhibited more hydrophobic char-
acter, which was altered towards more hydrophilic and less hydropho-
bic. As shown in Ref. [46] corona treatment increases the surface energy 
of PET and PP monofilaments leading to improved hydrophilicity 
properties. The increase of SFE is induced by the addition or formation 
of oxygen chemical groups on the surface of the material [46], so the 
appearance of polar groups (─CO, ─C––O, ─OH, etc.) on the film surface 
after corona treatment may be observed. Further, the dispersive 
component of the material surface, which is associated with topo-
graphical changes, such as increased roughness and surface area, is 
enhanced, thus contributing to the rise in the total surface energy of the 
monofilaments [46]. 

4.1. Artificial ageing with UV irradiation 

After 90 h of accelerated ageing with UV irradiation a 23–51% in-
crease of water contact angle was observed (see Table 5). In comparison 
to the changes observed for other plastics after different kinds of argon 
plasma activation, it is much lower increase [48,49]. Furthermore, the 
water contact angle after 90 h accelerated ageing with UV irradiation is 
higher than before corona treatment, so the hydrophobic changes 
occurring in the film during ageing are relatively high. 

The changes in SFE and its components calculated using OW are 
shown in Fig. 1. In general, the values of SFE, calculated using OW, and 
its components non-linearly decrease with ageing time using UV irra-
diation. This effect was observed for other plastic materials [12,16,45, 
50]. The decrease in SFE was significant; after 90 h of ageing with UV 
irradiation, the value of SFE dropped down from 51.0 mJ m─2–36.1 mJ 
m� 2 for PE plastic film. The decrease for BoPP film was also noticeable 
(from 54.6 to 48.5 mJ m─2). On the other hand, the change of SFE for 
PET film was negligible (less than 1 mJ m─2). A smaller decrease was 
observed for the polar component of SFE. The polar component of SFE 
for PE film decreased from 20.2 to 15.7 mJ m� 2 after 90 h of ageing with 
UV irradiation: approximately 20% of the original value. Simulta-
neously, a decrease was observed in the dispersive component. For the 
BoPP film, there was a slight minimum for changes in the polar 
component as a function of ageing time and a slight maximum in 
dispersive component changes. The presence of extremes might be 
related to the mobility of functional groups on the surface, active sites in 
the polymer’s topmost layer may be subject to post-reactions [12,20] 
and, additionally, a high energy surface may absorb contaminants from 
the atmosphere [51]. Furthermore, this effect may result from the 
simultaneous and combined crosslinking and bonding between the sta-
bilizer [16,52], i.e. UV stabilizers, and the polymer matrix, especially in 
the amorphous regions. Additionally, longer time of exposure on UV 
light might be related with the breaking of polymeric chains. Generally, 
during ageing, the polar groups slowly disappear in the bulk of the 
sample, which is observed as a decreasing value of the polar component 

Table 5 
Contact angle measured before and after UV radiation on PE, BoPP and PET.   

Time (h) PE BoPP PET  

W D F W D F W D F 

Prior 
activation 

0 57.07 � 1.38 48.65 � 2.04 47.81 � 1.27 61.92 � 1.92 60.78 � 2.11 70.13 � 2.27 60.10 � 2.36 31.00 � 3.04 59.64 � 2.0 

After 
activation 

0 50.33 � 3.45 47.81 � 2.52 45.00 � 2.49 42.67 � 1.97 60.19 � 1.36 37.65 � 1.97 57.76 � 3.26 36.27 � 1.91 47.47 � 1.98 
2 51.90 � 1.43 49.77 � 1.83 53.61 � 1.07 51.42 � 1.90 61.16 � 1.98 37.88 � 1.77 63.37 � 3.77 37.92 � 2.84 50.45 � 2.04 
12 51.08 � 1.76 40.73 � 2.95 40.25 � 2.79 54.95 � 2.72 58.45 � 2.58 38.73 � 1.52 65.77 � 2.16 40.53 � 2.27 50.80 � 3.63 
18 55.74 � 1.68 53.00 � 3.17 46.39 � 2.33 56.20 � 1.97 52.48 � 3.17 38.44 � 0.75 63.31 � 2.03 43.70 � 2.94 50.01 � 2.90 
30 55.95 � 2.05 50.32 � 2.22 46.46 � 2.27 54.00 � 1.93 50.58 � 2.79 43.35 � 2.65 68.13 � 3.14 46.97 � 2.13 50.66 � 1.73 
42 59.67 � 1.03 54.31 � 1.06 52.76 � 1.53 58.48 � 2.32 47.00 � 1.74 49.39 � 2.03 62.73 � 1.95 41.95 � 2.25 50.56 � 0.84 
66 56.10 � 3.20 58.55 � 2.30 53.99 � 2.79 57.90 � 3.98 51.41 � 1.19 48.01 � 0.71    
90 67.30 � 1.80 69.99 � 3.77 62.41 � 3.41 52.60 � 2.30 52.78 � 3.08 48.32 � 2.09    

W – water, D – diiodomethane, F – formamide. 
Values are means � SD, n ¼ 6 per treatment group. 
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of SFE. Simultaneously, other processes, such as post-reaction or 
migration of active particles into the top-most layer from the 
upper-layer, may cause an increase of the polar fraction of SFE. The 
changes of SFE decreases quickly, because of thermodynamically driven 
force despite the environmental condition such as air, solvent temper-
ature etc as observed by Dai et al. [50]. Hence, the changes in SFE 
components during ageing are non-linear. 

Fig. 2 Shows the changes in the polar fraction of SFE, χp. The polar 
fraction decreases non-linearly with ageing time using UV irradiation. 
However, the changes of χp are more intensive for the BoPP film than for 
the other investigated films. For the BoPP film, the value of χp dropped 
by 75% compared to the polar fraction of the activated film. However, 
for the value of polar fraction increases 13% for PE film. We can suppose 
that the noticeable minimum of the polar component and polar fraction 
is related to changes in the upper layer of the films, whereas additional 
polar groups may appear as a result of UV irradiation. Simultaneously, a 
maximum of the dispersive component was observed. However, the 
general changes during artificial ageing using UV irradiation are a 
decreasing total SFE. 

The changes in SFE and its components calculated using VOCG are 
shown in Fig. 3. Generally, the values of total SFE, calculated using 
VOCG, non-linearly decrease with ageing time using UV irradiation. The 

γLW
S component can be referred to the dispersive components. 

γLW
S decreases with ageing time for PE and PET films; for the BoPP films, a 

maximum γLW
S was observed, like for the values of the dispersive 

component calculated using the OW method. Furthermore, γAB
S is mainly 

described similarly to the polar component of SFE. Hence, the changes of 
γAB

S are closely related with changes of the polar component of SFE, so 
γAB

S decreases with ageing time for PE and PET films, and for the BoPP 
film, a slight minimum as a function of ageing time was observed. The 
changes in the basic component, γ–, decreases with ageing time from 0 to 
40 h with UV irradiation and increases from 40 to 90 h for all investi-
gated films. The changes of γþ during ageing are unnoticeable. 

4.2. Thermal treatment and ageing 

The effect of thermal initiation on changes of SFE calculated with the 
OW and VOCG models are presented in Fig. 4 and Fig. 5. 

Fig. 4 shows that SFE and its polar and dispersive components, 
calculated with OW model, decrease monotonically with of ageing time. 
This is unlike the case of ageing using UV irradiation. In our opinion, UV 
irradiation causes additional post-reactions in the topmost upper layer 
of polymeric material. Furthermore, after 90 h of thermal ageing, the 

Table 6 
Contact angle measured before and after elevated temperature on PE, BoPP and PET.   

Time (h) PE BoPP PET  

W D F W D F W D F 

Prior 
activation 

0 57.07 � 1.38 48.65 � 2.04 47.81 � 1.27 61.92 � 1.92 60.78 � 2.11 70.13 � 2.27 60.10 � 2.36 31.00 � 3.04 59.64 � 2.0 

After 
activation 

0 50.33 � 3.45 47.81 � 2.52 45.00 � 2.49 42.67 � 1.97 60.19 � 1.36 37.65 � 1.97 57.76 � 3.26 36.27 � 1.91 47.47 � 1.98 
2 58.72 � 2.51 41.37 � 1.66 46.26 � 2.19 47.62 � 2.23 44.69 � 3.06 37.74 � 2.77 58.00 � 2.13 30.31 � 3.06 52.53 � 1.09 
6 59.83 � 1.76 54.27 � 3.00 50.28 � 1.10 52.34 � 1.07 47.39 � 3.10 40.57 � 2.19 60.00 � 2.92 38.26 � 2.92 51.45 � 3.42 
30 61.48 � 3.29 55.92 � 1.80 52.41 � 1.59 55.62 � 2.39 42.80 � 1.07 52.45 � 2.46 63.62 � 1.37 35.55 � 2.86 57.39 � 3.32 
42 62.73 � 1.48 49.79 � 1.96 49.50 � 0.90 55.78 � 1.61 67.28 � 2.44 40.78 � 2.05 69.68 � 1.13 35.60 � 2.05 57.26 � 2.40 
66 59.88 � 3.30 56.34 � 1.35 55.01 � 2.47 59.14 � 1.57 59.84 � 2.14 42.10 � 1.44 72.34 � 1.67 42.09 � 3.28 57.03 � 1.27 
90 63.95 � 2.93 53.62 � 1.92 52.63 � 2.43 60.97 � 1.25 62.80 � 3.24 40.92 � 2.11 69.40 � 2.52 42.30 � 1.15 56.82 � 0.98 

W – water, D – diiodomethane, F – formamide. 
Values are means � SD, n ¼ 6 per treatment group. 

Table 7 
The values of SFE and its components in mJ m� 2, calculated using OW and VOCG before and after corona treatment.   

Film OW VOCG 

γp γd γT
OW γLW γ─ γþ γAB γT

OCG 

Prior PE 16.32 31.08 47.40 35.02 25.32 0.39 6.27 41.29 
BoPP 16.82 21.33 38.15 28.13 39.65 0.36 7.55 35.67 
PET 11.45 35.02 46.47 41.06 32.19 0.98 1.26 42.32 

After PE 20.24 30.75 50.99 35.49 39.65 0.34 7.55 42.16 
BoPP 29.00 25.63 54.63 28.47 36.83 2.27 18.28 46.75 
PET 13.34 36.16 49.50 41.43 24.56 0.02 1.45 42.89  

Fig. 1. Changes in the total SFE, γT
OW (Tot – line), and its components, γd (D – line) and γp (P – line), in ageing time for the case of UV irradiation, calculated with OW 

method for PE, BoPP and PET. 
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total SFE dropped from 51.0 mJ m─2–42.6 mJ m� 2 to for PE plastic film. 
For BoPP and PET plastic film the total SFE drooped from 54.6 mJ 
m─2–48.5 mJ m� 2 and from 49.5 mJ m─2–46.0 mJ m─2, respectively. 
The drop was approximately 16% for PE and PET films (and 18% for 
BoPP film). 

Moreover, a noticeable decrease of the polar component of SFE after 
90 days of thermal ageing was observed for BoPP film, from 29.0 mJ 
m─2–17.4 mJ m─2, and the drop was approximately 40% of the original 
value. For other investigated films the drop in the polar component was 

approximately 30%; from 20.2 mJ m─2–13.3 mJ m─2, and 12.4 mJ 
m─2–8.3 mJ m─2, for the PE and PET film, respectively. 

The changes in SFE and its components calculated with VOCG are 
shown in Fig. 5. Generally, the values of total SFE calculated with VOCG 
method decrease non-linearly with ageing time using temperature for PE 
and BoPP, while for PET, it slightly decreases at the beginning of ageing 
and then is almost constant during the whole ageing period. The values 
of γLW

S decrease with ageing time for PE and PET films; for the BoPP films, 
a maximum of γLW

S was observed at 42 h. The changes in the basic 
component are similar for all three films; γ–, decreases with ageing time 
from 0 to 40 h with elevated temperature and increases from 40 to 90 h 
of ageing. 

Fig. 6 shows the changes in the polar fraction of SFE, χp, with the 
thermal ageing time. The polar fraction decreases linearly for PE and 
BoPP film and non-linearly for PET film. The changes in χp are more 
intensive for the PET film than for the other investigated films. For the 
PET film, the value of χp decreased by 80% compared to the polar 
fraction of the activated film. For PE and BoPP film, the decrease in χp 

was 79 and 74%, respectively. In contrast to ageing with UV irradiation, 
only the changes of χp for PET film exhibited an extreme value. Hence, 
the existence of an extreme value may be associated with UV radiation, 
which can cause the existence of post-reactions. 

5. Conclusions 

In this paper, SFE was calculated using two methods, OW and VOCG, 
for three commercially available films, PE, BoPP and PET. Two factors 
affecting accelerated ageing were investigated: UV irradiation and 
elevated temperature. 

The commercially available plastic films were corona treated before 
measurement to achieve the printing SFE and, additionally, to clean the 
film surfaces. All investigated films, before and after corona treatment, 
exhibited a small basic nature and the changes in the γAB polar 

Fig. 2. The changes of polar fraction, χp, in ageing time with UV irradiation for 
various plastic films. 

Fig. 3. Changes of total SFE (red line) and its components, γLW
S (black line), γAB

S (blue line), γ– (yellow line), in ageing time for the case of UV irradiation, calculated 
using the VOCG method for a) PE, b) BoPP, c) PET. 

Fig. 4. Changes in the total SFE γT
OW (Tot – line) and its components γd (D – line) and γp (P – line) in ageing time for the case of thermal treatment, calculated using 

OW for PE, BoPP and PET. 
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component are visible. Samples before corona treatment exhibited a 
more hydrophobic character. 

In general, the values of SFE in the case of UV irradiation, calculated 
using the OW and VOCG methods, exhibit a similar character, which is 
beneficial from an experimental point of view. We can use one of them 
when wanting to determine SFE. In the case of PE, they are decreasing 
with ageing time, while in the case of BoPP and PET, the values were 
almost constant. 

The values of SFE in the case of elevated temperature, calculated 
with OW and VOCG methods also exhibited a similar character for PE 
and BoPP. In the case of PET, SFE values calculated using the OW and 
VOCG methods are slightly different. The effect of temperature obvi-
ously causes different behaviour in the investigated films. 

The changes of polar fraction, χp, in the case of thermal and UV 
irradiation accelerated ageing calculated with the OW method, are 
similar only for PET, and the values are slightly increasing. In the case of 
BoPP and PE, during UV irradiation accelerated ageing, the polar frac-
tion is decreasing until 66 h of ageing and then is slightly increasing. 
During thermal ageing, the polar fraction in BoPP and PE are slightly 
decreasing. 
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