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Abstract: Investigation of poly(ethylene terephthalate) treated by low-temperature plasma. Polyethylene 
terephthalate (PET) surface was pre-treated by surface barrier discharge (DSBD) plasma at atmospheric pressure 
in various processing gases, and/or by radio-frequency discharge (RFD) plasma to improve its surface and 
adhesive properties. The changes in chemical structure of the polymer were analyzed by ATR-FTIR 
spectroscopy. The surface energy, and its polar contribution as well as peel strengths of adhesive joints to 
polyacrylate of PET modified by DSBD and/or RFD plasma significantly increased. The efficiency of 
modification depends on the kind of the discharge, used gases, power of plasma source, as well as on time of 
modification. The correlation between peel strength of adhesive joint of PET modified by DSBD plasma to 
polyacrylate and its surface energy has been found.  

Keywords: ATR-FTIR, barrier discharge plasma, radio-frequency plasma, peel strength, polyethylene 
terephthalate.

INTRODUCTION 

Polyethylene terephthalate (PET) belongs to important polymers, which are frequently 
used in many industrial applications, e.g. in automotive industry for cars construction or in 
special applications in furniture industry due to its excellent properties. The surface energy of 
PET is insufficient in some cases, e.g. bonding, printing, etc. This problem can be solved by 
using of various surface modification methods. Several efficient methods have been used to 
improve the surface and adhesive properties of polymers [1, 2]. The application of cold 
plasmas for pre-treatment of polymeric surface [3-9] belongs to dry, ecological method of 
modification, which can tailor polymers in order to modify their surface energy and adhesion 
to other materials. The most important feature of the plasma treatment technique is that the 
surface properties of polymer can be modified without changing their intrinsic bulk properties 
[10-19]. PET with substantially higher surface energy than polyolefin usually does not need to 
be pre-treated by plasma for printing, because the level of its surface energy in the untreated 
state is higher than the value needed for printing [20, 21].  

In this paper the investigation of surface and adhesive properties of PET modified by 
DSBD and/or by RFD plasma have been studied using contact angle measurement, peel tests, 
ATR-FTIR, SEM. 

EXPERIMENTAL

Polymers used 
In PET polymer structure (Scheme 1), the aromatic ring and its associated C-C bonds 

accommodate rigidity to the macromolecule. The dissociation of chemical bonds in PET 
macromolecule on the polymeric surface might occur at C-H or C-C when the polymer chains 
receive energy from activated species during modification by low-temperature plasma. 
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 Scheme 1.  The structure of  PET polymer 

In our experiments oriented PET foils Tenolan OAN (Technoplast, Czech Republic) 
with thickness 0.12 mm and poly (2-ethylhexyl acrylate) (PEHA) (Polysciences, USA) have 
been applied. The PET foils were treated in acetone due to elimination of the additives 
influencing their surface properties. The adhesive joints of modified PET were prepared by 
using a solution of PEHA in ethyl acetate. The layer with thickness 0.12 mm was deposited 
on supported biaxially oriented isotactic polypropylene with aid of coating ruler (Dioptra, 
Czech Republic).

Modification by plasma 
The modification of PET foils by DSBD plasma was performed in laboratory source at 

atmospheric pressure in medium of N2 or O2 gases of a technical purity. The DSBD generator 
consists of electrodes separated by an alumina dielectric plate. The discharge electrodes 
having the area 80 x 80 mm, and consisting of 1 mm wide and 80 mm long tungsten strips, 
are fixed on the upper surface of alumina plate. The electrodes are located inside of glass 
cover allowing passing of the medium gases. The voltage of DSBD source was 100 V, current 
intensity 1A, and frequency was 6 kHz. The power used for modification by DSBD plasma in 
N2 or O2 was 100 W. 

The RFD source working at reduced pressure 40 Pa in air consists of stainless steel 
locked-up vacuum vessel with two circular brass electrodes having a diameter 240 mm. The 
voltage of RFD source was 2 kV, current density was 0.6 A, and frequency was 13.56 MHz, 
and the power applied for modification of the polymer by RFD plasma in air was 200 W. 

Measurements methods 
ATR-FTIR

The ATR-FTIR spectroscopy measurements of PET foils were performed with Nicolet 
Impact 400 FTIR spectrometer (Nicolet, USA) having a resolution of 4 cm-1, a scan range was 
4000 – 400 cm-1, and a total of 1024 scans per analysis. The KRS-5 crystal (thallium-
bromide-iodide) has been used for ATR-FTIR measurements.

Surface energy
The surface energy of PET was determined via measurements of contact angles of a 

set of testing liquids: re-distilled water, ethylene glycol, formamide, methylene iodide, �-
bromo naphthalene) with SEE (Surface Energy Evaluation) system (Masaryk University, 
Czech Republic). The drops of testing liquid (V = 3 �l) were placed with a micropipette 
(Biohit, Finland) on the PET foil surface, and a dependence � = f (t) was extrapolated to t = 0. 
The surface energy of the polymer as well as its polar and dispersive components were 
evaluated by Owens-Wendt-Rable-Kaelble (OWRK) modified by the least squares method 
[22]:
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Where: � = contact angle (deg), 
�LV = surface free energy (SFE) of the testing liquid (mJ.m-2),
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Where, �L is the surface tension, xL
p = �L

p/�L is the polar ratio of the testing liquid.  

Peel strength of adhesive joint   
The peel strength of adhesive joint (Ppeel) of PET foil modified by plasma to 

polyacrylate was found by peeling of adhesive joint (peel tests) at 90o angle using a 5 kN 
universal testing machine Instron 4301 (Instron, England). The adhesive joints were fixed in 
aluminium peeling circle. The width of adhesive joints was 20 mm, and its length was 140 
mm. The adhesive joints were prepared from modified PET foils and biaxially oriented 
isotactic polypropylene impregnated with polyacrylate. The speed of peeling of adhesive joint 
was 1.5 mm.min-1.

RESULTS AND DISCUSSION 

ATR-FTIR
The chemical changes in surface layer of plasma-treated polymer are analyzed using 

ATR-FTIR spectroscopy. 
Fig. 1 shows the ATR-FTIR spectra of unmodified PET (Fig. 1 c) as well as the PET 

modified by DSBD plasma in N2 (Fig. 1 b) or O2 atmosphere (Fig. 1 a). A surface analysis of 
PET modified by DSBD plasma in O2 (10s, Fig. 1 a) and in N2 (10s, Fig. 1 b) can provide an 
understanding of the functional chemical groups of the polymer. ATR-FTIR spectra of PET 
were measured with the same DSBD plasma treatment times 10s in various processing gases. 
For unmodified PET foil (Fig. 1c) , the characteristic IR bands at 1710, 1505 and 1173 cm-1

were observed for  CH, C=O, benzene-ring -C-C- stretching vibrations, and ring C-H in plane 
bending, respectively. The IR bands at 1358 cm-1 of the wagging, benzene-ring in-plane C-H 
bending, and -C-C- stretching vibration bands appeared near 1173 and 1037 cm-1,
respectively. The IR spectrum of DSBD plasma treated PET in Fig. 1b (N2 plasma) and Fig. 
1a (O2 plasma) contains some important changes in comparison with IR spectrum of 
unmodified PET. For DSBD modified PET the broadening of the C=O stretch at 1710 cm-1

have been appeared due to oxygen-containing sites creation. The content of C=O groups is 
higher for PET modified by O2 DSBD plasma (Fig. 1a) comparing to N2 plasma (Fig. 1b) and 
consequently the broadening peak at 1710 cm-1 for O2 plasma modified PET was found.
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Fig. 1  ATR-FTIR spectra of unmodified PET (1 c), PET modified by DSBD plasma in 
N2 (1 b), and in O2 atmosphere (1 a) 

Surface energy and peel strength of adhesive joint 
The surface energy of PET foils modified by DSBD in O2 and N2 plasma at 

atmospheric pressure and by RFD plasma in air at reduced pressure vs. activation time is 
shown in Fig. 2. 
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Fig. 2  Surface energy of PET foil modified by DSBD plasma (A): in O2 (a) and in 
N2 (b) or RFD plasma (B) in air vs. activation time 

The surface energy of PET during modification by DSBD plasma in O2 and N2
significantly increased in comparison with untreated polymer. According to Fig. 2, plot a the 
surface energy of PET modified by DSBD plasma in O2 increases from the initial value 47.8 
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mJ.m-2 for untreated PET up to 82.6 J.m-2 for 20 s of modification by plasma. Fig. 11A, plot b 
shows the surface energy of PET modified by DSBD plasma in N2. The values of PET surface 
energy treated in N2 by DSBD plasma were lower in comparison with surface energy of PET 
modified by the same method in O2. The PET modified by RFD plasma in air (Fig. 11B) 
reached the same level of pre-treatment for substantially longer time of activation by plasma. 
The surface energy of PET treated by RFD plasma at reduced pressure in air reached after 60 
s of modification 74.2 mJ.m-2. Comparing Fig. 2 A, plot a and Fig. 2 B we can conclude, than 
the same value of the PET surface energy modified by RFD plasma was achieved for 6 times 
longer time of modification in comparison with DSBD plasma treatment. 

The results of measurements of surface energy of PET modified by RFD plasma, its 
polar component (PC) and dispersive component (DC) of the surface energy vs. activation 
time are summarized in Fig. 3. The total surface energy of PET treated by RFD plasma 
increases with time of activation from 47.8 mJ.m-2 (unmodified polymer) up to 72.4 mJ.m-2

(modification by RFD plasma, 120 s). 
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Fig. 3   Surface energy (a), its polar (b) and dispersive (c) component of PET modified 
by RFD plasma in air vs. activation time 

The polar component of the surface energy increased after modification by RFD 
plasma in argon from 6.8 mJ.m-2 (unmodified sample) to 31 mJ.m-2 after 120 s of RFD plasma 
treatment. However, the dispersive component of surface energy of PET modified by RFD 
plasma with activation time does not change significantly (from 41.0 mJ.m-2, unmodified PET 
to 41.4 mJ.m-2, RFD, 120 s). Both used processing gases, i.e. oxygen as well as nitrogen reach 
the same relation between peel strength of adhesive joint and surface energy of PET:  
Ppeel  = 309.5 – 1719.8. exp(- SFE/23.9). 

CONCLUSIONS

(i) DSBD plasma modified PET shows by ATR-FTIR measurement the broadening of the 
C=O stretch at 1710 cm-1 due to oxygen-containing sites creation, 

(ii) surface energy of PET modified by DSBD and RFD plasma significantly increases, this 
increase was higher for oxygen in comparison with nitrogen, 

(iii) peel strength of PET to polyacrylate modified by DSBD plasma or RFD plasma 
significantly increased,  
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(iv) correlation between peel strength of adhesive joint of PET modified by DSBD plasma 
in oxygen or nitrogen to polyacrylate have been found:  

   Ppeel  = 309.5 – 1719.8. exp(- SFE/23.9). 
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Streszczenie: Politeraftalan etylenu traktowany plazm� niskotemperaturow�. Na PET 
oddzia�ywano powierzchniowym wy�adowaniem plazmy (DSBD)  oraz plazm� o cz�sto	ci 
radiowej  (RFD) w ró
nych gazach, w celu poprawy w�asno	ci powierzchniowych i 
adhezyjnych.  Badano zmian� struktur chemicznych polimeru za pomoc� spektroskopu ATR-
FTIR . Energia powierzchniowa, jej rozk�ad oraz przylepno	� PET modyfikowanego plazm�
DSBD oraz RFD znacz�co wzros�a. Efektywno	� modyfikacji zale
y od typu wy�adowania, 
typu gazu oraz czasu trwania procesu. Wykazano korelacj� pomi�dzy przylepno	ci� po��cze�
PET modyfikowanych plazm� DSBD a energi� powierzchniow�.
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