DBD plasma influence on the adhesion of paints on polymeric substrates
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Abstract
The, polyethylene (PE), polypropylene (PP) and polycarbonate (PC) flat substrates were treated by the DBD plasma in air for 1 s, 2 s and 3 s. The adhesion of two types of paints (water based and solvent based) was studied by the pull-off test. The other methods were utilized to gain the information about the surface of the samples. The measurement of contact angle of water and Arcotest (commercial test using set of fluids with defined surface tension) and the XPS technique were used to obtain the chemical composition of the sample surface. The pull-off test confirmed increased adhesion of both types of paints, which is related to oxygen content confirmed by XPS. The aged (60 days) samples keep their enhanced properties although some return to initial state was observed.
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1. Introduction
The polymers are known for their low surface energy and the low surface energy then causes low adhesion of various paints to the polymers. These days the polymers production is one of the largest industrial branches and all manufacturers have to deal with the paint adhesion, which can be increased by various ways. Use of chemicals, UV light or flame treatment was described.1 The use of aggressive chemicals is environmentally unfriendly, although effective. Another possibility is the plasma treatment. Either plasma polymer coating can be created (plasma deposition from gas phase) or plasma itself can be used to create functional groups on the polymeric surface. Many research groups studied the plasma treatment of polymers.2-8 The plasma treatment methods usually need to achieve low pressure with the exception of the atmospheric pressure plasma treatment. This is one of the drawbacks of plasma technologies – high initial cost of the equipment, long pumping times. To overcome the need of vacuum equipment installation, the atmospheric plasma can also be used. Although the atmospheric discharges have own specific difficulties - expensive He is often needed for better control of the discharge - it is possible to find applications, where the helium does not need to be used. This is the case of dielectric barrier discharge (DBD) used for the adhesion improvement. In this study we used DBD discharge for plasma treatment of various polymers to enhance the adhesion of two classes of paints (water based and solvent based) and we characterized the surface chemistry and adhesion by several methods mentioned in following sections. 
2. Materials and methods
2.1 Substrates
Three different polymers were used. The oxygen containing groups can influence the surface energy and therefore polymers with and without oxygen were selected. Two of them were polyolefins: polyethylene (PE) and polypropylene (PP), the third one was oxygen containing polymer with more complex structure - polycarbonate (PC). These polymers were selected also because they are ones of the most often used polymers in the industry. The samples were 3 mm thick flat pieces that were cut to the same size (6 x 14 cm), cleaned by isopropyl alcohol and let dry. The structure of PE and PP is considered to be known well. The structural formula of PC is given in Fig.1.
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Figure 1 - Structural formula of polycarbonate.

2.2 Plasma treatment
The DBD plasma treatment was performed in air using DBD reactor Uniplasma 140 (from MSV Systems CZ, s.r.o.). This reactor is equipped with two plane parallel electrodes covered by 1 mm thick layer of dielectric. The upper electrode (105 x 20 x 12 mm) was covered with corundum and the bottom electrode (120 x 60 x 20 mm) with a rubber conveyor belt. The distance between electrodes was 5 mm, AC source voltage was 20 kV at frequency 3 kHz and power 120 W. The conveyor belt's speed was set to achieve 1 s long treatment in one pass of the sample under the DBD electrode (i.e. each point of the sample spent 1 s under the electrode in the plasma discharge). Multiple passes were used to obtain longer treatments. Three treatments were used: 1 s, 2 s and 3 s long plasma treatment. The treatment was performed in ambient, no other precautions were applied. The relative humidity in the laboratory was between 30‑35 %.

2.3 Pull-off test
The samples were painted by two types of paint. One of them was water based paint (Balakryl UNI from PPG Deco Czech a.s.) and the other one was solvent based paint (Dupli‑Color Aerosol ART from Motip Dupli s.r.o.). The substrates were painted immediately after the treatment and also after 5, 10, 30 and 60 days from the plasma treatment. After the paint dried, the test dolly was glued to the surface by epoxy resin and the pull-off test was performed. Automatic adhesion tester PosiTest AT-A (from company DeFelsko) was used to measure the hydraulic pressure applied by the device to pull the test diameter of coating away from the substrate (dolly with diameter 20 mm was used). The pull‑off test values are averaged values from 6 measurements.

2.4 Arcotest
The surface energy can be tested by a commercial test - the Arcotest - that consists of set of inks with defined surface tension σ. The surface is wetted when it has at least minimal surface energy which is needed to achieve wetting of the surface by the ink of given surface tension. It is possible to use inks with 1 mN/m resolution, however enormous number of samples would be needed. Therefore it was decided to use 3 of the inks in this study. These 3 inks have surface tensions 38, 44 and 56 mN/m. The surface energy of the surface is usually considered to be good enough when the surface is wetted by the ink with σ  = 38 mN/m or higher.9 The adhesion of the paints on such surface is then sufficient.
2.5 Water contact angle measurements
The portable instrument See System from AdveX instruments was used for contact angle measurement by static sessile droplet method. The middle part of the sample was used (approx. 1 cm wide stripe was cut out), 5 µL of distilled water was dropped on the sample surface and the contact angle was measured. The measurement was repeated 5 times and mean value was then recorded. 

2.6 XPS measurements
The XPS technique was used to reveal the surface chemistry of the samples and for the polar groups detection as these functionalities influence the surface energy as described in literature.10,11 Small piece 1 x 1 cm was cut from the middle of the sample and loaded to the XPS chamber. The spectra were recorded using hemispherical analyser Phoibos 100 from Specs operated in FAT mode. Non‑monochromatized X‑ray beam of Al anode at 200 W with Al Kα photon energy 1486.6eV was used. The survey spectra for binding energies from 1300 eV to 0 eV were recorded with pass energy 40 eV with energy step 0.5 eV and dwell time 0.1 s. For C1s and O1s peaks, high resolution spectra were recorded with pass energy equal to 10 eV, energy step 0.05 eV and the scan was repeated 10 times. The XPS is not equipped with electron gun for charge compensation, so the spectra were referenced to the peak of aliphatic C-H bonds at 285 eV. Quantification was done from high resolution spectra using relative sensitivity factors RSFC1s = 1 and RSFO1s = 2.93. Software CasaXPS was used for the spectra processing. 

3 Results and Discussion
3.1 Pull‑off tests
The adhesion is here expressed in terms of hydraulic pressure (pull‑off pressure) needed to pull the test dolly from the sample. Better paint adhesion then results in higher pressure needed to pull off the test dolly. 

The pull‑off pressure of the water based paint (Fig.2) increased more than 2 times after the plasma treatment in case of PE. Clear trend is not observable during aging, however, the plasma treated PE seems to keep increased pull‑off pressure although its decrease can be seen in the first week of aging. In case of PP, the pull‑off pressure increase after the treatment is not so strongly pronounced and also the aging seems to have different character compared to the PE – the increase of the pull‑off pressure was found. The reason for this behaviour could be explained by existence of reactive species created on the PP surface followed by the oxidation and incorporation of the oxygen from atmosphere into the polymer surface. This difference between PE and PP samples is also supported by contact angle (Fig.3) and XPS (Fig.4) measurements – the contact angles of PE return back almost to the initial values during the first week of aging while the contact angles on PP return much slowlier. Also the oxygen content given by the XPS decrease back in case of the PE (with the exception of the 3 s treatment) while in case of the PP the oxygen content stays well above the initial value during the aging. That can be caused by creation of the alkyl and alkoxyl radicals after the plasma treatment as proposed e.g. by Geyter et al.12 These radicals can react either with atomic oxygen and ozone in the discharge or with oxygen from atmosphere during the aging. Similar effect was observed, the polar and dispersive fractions of surface energy were measured after atmospheric plasma treatment of PE and PP.13 For PE increased polar and dispersive fraction directly after the plasma treatment were found contrary to the PP where significant additional increase of polar fraction also after 8 days after the treatment was observed.
In case of the PC, the pull‑off pressure on the water based paint is high even for untreated PC. However, after plasma treatment it is increased further and then slowly decreases to approximately initial values. Considering the fact that untreated PC already contains C‑O and C=O bonds (and these are believed to be responsible for the good adhesion), this could be expected. The plasma treatment probably changes the two methyl groups (see Fig.1) where hydrogen can be replaced by oxygen containing group and therefore there is still some space for improvement by increasing the amount of oxygen in the polymeric chain.
In case of the solvent based paints both – PE and PP show decrease of the pull‑off pressure during first week of aging to almost initial values. The pull‑off pressure of untreated PC is low but it is successfully increased by the plasma treatment. It also takes 30 days from the treatment to slowly decrease the values back to the pull‑off pressure of untreated PC.

Therefore the adhesion of water based paint is probably governed mainly by the polar groups presence on the surface, while the solvent based paint is not affected that much by them.
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Figure 2 - Pull-off test results for water and solvent based paint on the PE, PP and PC substrates. Untreated sample is always labeled "0 s"

3.2 Arcotest
The initial surface energy of all untreated samples was low and the surface was not wetted by any of the used inks (surface tensions σ = 38, 44 and 56 mN/m). This is considered to be insufficent for good adhesion of any paint and therefore the surface of the samples has to be changed. The DBD plasma treated samples show very interesting increase of the surface energy and all of the above mentioned inks wetted the plasma treated surfaces. The durability of the plasma treatment is also important, therefore all analyses were performed on the aged samples too. The Arcotest was done after 1, 5, 10, 30 and 60 days of aging (see Table 1). The most remarkable effect was observed in case of PP, where all treatments led to surface that was wetted by inks with σ = 56 mN/m and remained that high for 2 months. That is in agreement with the pull‑off tests where increased pull‑off pressure was detected for water based paint. Very positive effect was obtained also for the PC samples, where slight decrease of the surface energy after approx. 2 weeks is observed, but is still good enough to be wetted by ink with σ = 44 mN/m. The biggest changes are seen in case of PE. In the first week from the treatment, the surface energy keeps the high values (ink with σ = 56 mN/m) but after one week it drops to the 44-56 mN/m interval and after two weeks of aging drops further to 38‑44 mN/m. This behaviour could be ascribed to the hodrophobic recovery described in literature.14-16 The functional groups can be rotated along the main chain of the polymer and can be burried into the deeper layers of the polymer. The PE chains are mostly linear and as a consequence the functional groups are easily rotated and burried. The other two polymers have more complex structure and therefore less degrees of freedom, which probably prevents above described mechanism from prevailing. The Arcotest results on PE are in accordance with the pull‑off tests and the water contact angle measurements. It is not exactly known to the authors of this article whether the Arcotest is consisting mainly of polar or dispersive components, but from the results of pull‑off tests and also the water contact angle measurements it looks like the polar ink is the main component of the testing liquids.
Table 1 - Results of the Arcotest *

	Arcotest
	σ of inks wetting the sample [mN/m]

	
	PE
	PP
	PC

	Untreated
	<38
	<38
	<38

	1 day
	1 s
	56≤
	56≤
	56≤

	
	2 s
	56≤
	56≤
	56≤

	
	3 s
	56≤
	56≤
	56≤

	5 days
	1 s
	44<56
	56≤
	56≤

	
	2 s
	56≤
	56≤
	56≤

	
	3 s
	56≤
	56≤
	56≤

	10 days
	1 s
	38<44
	56≤
	44<56

	
	2 s
	38<44
	56≤
	44<56

	
	3 s
	38<44
	56≤
	56≤

	30 days
	1 s
	38<44
	56≤
	56≤

	
	2 s
	38<44
	56≤
	44<56

	
	3 s
	38<44
	56≤
	44<56

	60 days
	1 s
	38<44
	56≤
	44<56

	
	2 s
	38<44
	56≤
	56≤

	
	3 s
	38<44
	56≤
	56≤


*Meaning of the inequality sign: <38 means the surface energy is lower than energy which should the surface have to be wetted by the ink with σ = 38 mN/m.

56≤ means that the surface energy is equal or higher to the surface energy which should the surface have to be wetted by the ink with σ = 56 mN/m.

38<44 means that surface energy is between the surface energies that should surface have to be wetted by the inks with σ = 38 and 44 mN/m. This results in wetting by ink with σ = 38 mN/m and partial wetting by ink with σ = 44mN/m. The 44<56 is similar.
3.3 Water contact angle measurements
The water contact angle measurement is simple and easy way to gain some information about the polar component of the surface energy. 

The untreated samples have contact angle values close to 100° (PE, PP) and 80° (PC). The lower contact angle in case of PC can be attributed to oxygen presence on its surface as mentioned earlier. Directly after the plasma treatment the contact angles decrease significantly by approximately 20‑30° (see Fig.3). The trends are similar to those observed for Arcotest and pull‑off measurements - the PE recovers almost to the initial values after 1 week of aging, the treatment in case of rest of the samples returns more slowly. The PP contact angles are recovering too, although the surface energy given by the Arcotest remains stable. This is most likely given by low resolution of the Arcotest (only 4 distinguishable values). The longer 3 s treatment is slightly more stable than 1 s or 2 s treatment for all polymers.
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Figure 3 - Measurement of contact angle of water on a) PE, b) PP and c) PC substrates after various DBD plasma treatments.

3.4 XPS measurements
The XPS measurements confirmed the above testing - initial oxygen content is low in case of PE and PP and therefore the contact angles are high and the pull‑off pressures low for both polymers (see Fig. 4). The difference is in the speed of the recovery process. The fastest return to initial O content has the PE, where lowest surface energy was found with aging as well as the water contact angle measurements on PE showed the fastest return to almost initial contact angles. The PP has the best retention of the oxygen on the surface from all three studied polymers and therefore the Arcotest measurements show wetting of inks with surface tension above 56 mN/m after the plasma treatment (as already mentioned the Arcotest seems to be based on polar inks). In case of untreated PC, the oxygen content given by XPS begins at higher values and as a consequence the pull‑off pressure (of water based paint) is significantly higher than in case of the PE and PP. After the plasma treatment the oxygen contents is increased which in turn results in increased pull‑off pressure and lowered contact angle. The oxygen content then returns to the initial values, however the wetting remains significantly increased (σ over 44 mN/m) after aging. It is possible that some of the polar groups created by the plasma remained on the PC surface, but the XPS is not sensitive enough to distinguish those different conditions of the surface.
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Figure 4 - Oxygen contents on plasma treated a) PE, b) PP and c) PC surfaces in atomic % given by XPS. The dashed lines show the oxygen content of untreated polymers.

4. Conclusions
Three polymers (PE, PP, PC) were treated by DBD plasma discharge in air. In all cases, improvement of desired properties was achieved, i.e. pull‑off test showed increased adhesion of water based and solvent based paints and the results of other techniques are in good agreement with the pull‑off tests – oxygen content (XPS) increases after plasma treatment, contact angle decreases and surface energy (Arcotest) is increased and the polymer surface is wetted by testing liquid with σ = 56 mN/m. The aging affects all of the polymers and hydrophobic recovery probably takes place. The PE is the polymer most prone to the aging in this case. Most stable behaviour was observed in case of PP, which may be given by its structure where the polymer chains have limited degrees of freedom compared to PE. Adhesion of the water based paint seems to be controlled by the polar groups while the adhesion of the solvent based paint is not influenced by them.
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