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Abstract

:

The treatment of a polymer surface using an atmospheric pressure plasma jet (APPJ) causes a local increase of the surface free energy (SFE). The plasma-treated zone can be visualized with the use of a test ink and quantitatively evaluated. However, the inked area is shrinking with time. The shrinkage characteristics are collected using activation image recording (AIR). The recording is conducted by a digital camera. The physical mechanisms of activation area shrinkage are discussed. The error sources are analyzed and methods of error reduction are proposed. The standard deviation of the activation area is less than 3%. Three polymers, acrylonitrile butadiene styrene (ABS), high-density polyethylene (HDPE), and polyoxymethylene (POM), are examined as a test substrate material. Due to a wide variation range of SFE and a small hydrophobic recovery, HDPE is chosen. Since the chemical mixtures tend to temporal changes of the stoichiometry, the pure formamide test ink with 58 mN/m is selected. The method is tested for the characterization of five different types of discharge: (i) pulsed arc APPJ with the power of about 700 W; (ii) piezoelectric direct discharge APPJ; (iii) piezoelectric driven needle corona in ambient air; (iv) piezoelectric driven plasma needle in argon; and (v) piezoelectric driven dielectric barrier discharge (DBD). For piezoelectrically driven discharges, the power was either 4.5 W or 8 W. It is shown how the AIR method can be used to solve different engineering problems.
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1. Introduction


The non-equilibrium atmospheric pressure plasma (APP) is broadly used for polymer surface treatment [1,2,3], especially for the improvement of adhesion [4]. Even though it is a long-known technology, the surface treatment of polymers remains the focus of current research. The application examples are the improvement of adhesion on composites of polymers with natural materials [5] or applications in medical sciences, for example, tailoring of the cell growth [6].



Due to its excellent chemical and mechanical properties, polyethylene (PE) is a widely used engineering material. Its drawback is its low surface free energy (SFE) of 31–37 mJ/m   2   [7,8]. The APP is frequently used to increase the SFE of PE, to allow printing, varnishing, coating, or gluing on its surface. Examples of studies focussing on this subject include the application of dielectric barrier discharge (DBD) for the treatment of high-density polyethylene (HDPE) [9] or ultrahigh-modulus polyethylene (UHMPE) fibers [10].



A very versatile method of APP generation involves using atmospheric pressure plasma jets (APPJ) [11,12]. There exist a large number of gaseous discharge architectures used for such processing tools [13]. The APPJs are also used to increase the SFE of polymers [14,15] and, consequently, to improve the adhesion of glues and molds [5], or printability [16]. There is increasing interest in biomedical applications of cold APPJs [17]. The mechanisms of the surface modification by atmospheric pressure plasma jets (APPJ) are still not completely understood [18]. Different types of APPJ are used for the treatment of PE, for example, the high voltage blown arc [14,19], the capacitive, cold APPJ [20], DBD driven APPJ [21], or piezoelectric direct discharge (PDD) [22]. Several gases are used for APPJ treatment of PE, for example, Argon [23,24] or compressed dried air (CDA) [19]. APPJ improves adhesion to PE in 3D bio-printed structures [25] or modifies the surface properties of shoulder implants made of ultra-high molecular weight polyethylene (UHMWPE) [26]. Compared with traditional polymer surfaces activation methods, such as flaming [27,28] or corona treatment [29,30,31,32,33], the APPJs allow the achievement of locally much higher values of surface free energy.



The diversity of APPJ physics and chemistry makes it difficult to evaluate and compare the efficiency of different APPJs using conventional plasma plume diagnostic techniques, such as electrostatic probe diagnostics [34], dielectric probes [35], optical emission spectroscopy [36,37], absorption spectroscopy between VUV to MIR [38], electron density measurements by millimeter wave interferometry or by IR heterodyne interferometry [39], high-speed photography [40,41], or calorimetric probe [42].



A pragmatic approach for comparative plasma source evaluation is to establish a model process and define a measurable process parameter, for example, deposition rate, etch rate, or activation speed. In this work, the activation area reached after some predefined treatment time on the polymer surface is proposed as such a comparative parameter.



To determine the activation area, a novel activation image recording (AIR) technique is developed. The test inks are investigated in a wide range of the SFE and the optimum ink is selected. Three polymers, acrylonitrile butadiene styrene (ABS), high-density polyethylene (HDPE), and polyoxymethylene (POM) are examined as materials for test substrates. The tests with HDPE show its suitability for AIR.



This study aims to demonstrate that AIR is suitable for the comparison of APPJs belonging to different power classes. On the one hand, the low power (8 W) room temperature PDD type of plasma is used [22]. On the other hand, the powerful (700 W) pulsed atmospheric arc (PAA) type of APPJ is applied [43]. The suitability for different types of APPJ discharges and different gas mixtures should also be evaluated.




2. Materials and Methods


2.1. Atmospheric Pressure Plasma Sources


In this study, the activation area was produced using atmospheric pressure plasma (APP) sources with seven discharge configurations, marked with A to G, illustrated in Figure 1. The typical operation parameters for all configurations are summarized in Table 1.



In configuration A, the pulsed atmospheric arc (PAA) was used for plasma generation. Its operation principle is explained in detail in [43]. As an example, the plasmabrush® PB3 of Relyon Plasma GmbH with A450 nozzle was used. This APPJ is an industrial device designed for the high-speed treatment and allows control of the plasma ON-time in the ms range.



The configurations B, C, and D are all based on the piezoelectric direct discharge (PDD), described in detail in [22], but representing different technical solutions. The configurations B and C were used in the commercial hand-held devices piezobrush® PZ2 and piezobrush® PZ3 of Relyon Plasma GmbH, respectively. Both applied the piezoelectric transformer CeraPlas™F [44] for high voltage generation. The main differences between B and C in the physical sense are the different air flows (see Table 1). For some experiments, the PDD was generated using the CeraPlas™HF (discharge configuration D) [45], which is smaller than CeraPlas™F. Consequently, its maximum operation power was lower and the operation frequency was higher (compare the operation parameters in Table 1).



In configuration E, a needle corona [46] was supplied with high voltage (HV) from the CeraPlas™F over a plasma bridge [47]. This HV causes an atmospheric air corona discharge on the tip of the needle electrode.



The configuration F, referred to as a plasma needle [48], consisted of the same needle electrode as in configuration E, but was operated in a gas flow of different gas mixtures [47]. In this study, the results obtained with argon as a plasma gas are presented.



The discharge configuration G produced a dielectric barrier discharge (DBD) with an active electrode being the HV tip of the CeraPlas™F. Configurations E, F and G are realized technically as replaceable modules for piezobrush® PZ3 [47].



Figure 2a shows a generic setup for substrate surface activation, with the distance d between the treated surface and the plasma source. The meaning of this distance differs depending on the configuration. The plasma source reference position for configuration A is the tip of the copper nozzle A450 of the plasmabrush® PB3. For configurations B, C, and D, this reference is the tip of the piezoelectric transformer CeraPlas™, for configurations E and F, the tip of the needle powered piezoelectrically, and for configuration G, the outer surface of the dielectric barrier.




2.2. Visualization of the Activation Area


The activated zone on the surface of the polymer substrate produced using one of the discharge configurations listed in Table 1 can be visualized by spreading a test ink over the substrate surface. The properly chosen value of the test ink (see Section 2.4.3) assures that the ink is wetting only the activated surfaces and rolls off the non-treated surface areas.



The plasma source was positioned at a given distance from the substrate surface and the power was switched on for a short predefined time. Figure 3 shows the shapes of the visualized activation area produced using discharge configuration A, C and G. As can be expected, the rotationally symmetric configuration A produces a rotationally symmetric activation zone. The difference between pictures A   1   and A   2   is in treatment time, which is 100 ms and 3 s, respectively. In the case of A   2  , the treatment time is so long, that the thermal damage in the center of the activation zone occurs, resulting in the reduction of the SFE.



The pictures C   1   and C   2   show the activation zones produced in configuration C. The activation zone visualized in picture C   1   was produced by a 10 s treatment at a distance of 4 mm. The kidney-like shape was caused by the shape of the discharge itself, following the rectangular geometry of the CeraPlas™F HV tip. The image in C   2   was obtained at the much larger distance of 10 mm and the shorter treatment time of 1 s, resulting in the splitting of the activation zone into two small sub-zones. The activation images produced using configurations B and D are very similar to the image for configuration C because they were also generated by the piezoelectric device of CeraPlas™ type.



The pictures G   1  , G   2   and G   3   show the activation areas produced in configuration G. The characteristic four-folded shape in G   2   is caused by the four fixtures used to keep the quartz dielectric barrier cup. The pictures G   1   and G   3   demonstrate how the tilting of the plasma handheld instrument affects the shape of the activation area. The tilting was performed in the direction perpendicular to the narrow and to the wide sides of the CeraPlas™F, respectively.



The circular activation areas related to the rotationally symmetric needle electrodes of configuration E and F are not shown in Figure 3.




2.3. Activation Image Recording


The shape of the activation area provides interesting information about the character of the plasma source used for the activation. However, for quantitative evaluation of the plasma source performance, some reference value must be defined. In this study, the area of the activation visualized by the test ink is such a value. To increase the accuracy and repeatability of the evaluation of the test ink patches, the automated method of ink patch area determination was introduced. Since the area of the ink patches changes over time (see Section 3.1.1) the pictures of the ink patch were taken in short intervals with a digital camera (see Figure 2b). The contour of the ink patch was automatically recognized and the number of pixels was counted. By comparison with the number of pixels of the known area of the entire substrate, the actual area of the test ink patch was calculated. The algorithm applied in the activation image recording (AIR) the method has some limitations. The image recognition was optimized for dark blue ink on a white substrate. If the test ink was of another color or was too pale, errors in recognition of the ink patch boundary could occur. Such errors are also possible if the substrate was dark or if the illumination of the ink patch was weak or not time-stable. In the case of splitting of the activation area into more than one patch, as shown in C   2   in Figure 3, the largest sub-patch was selected for evaluation. The not inked areas within the ink patch, such as the inner circle shown in A   2   in Figure 3, were not subtracted.




2.4. Test Inks


2.4.1. Formamide Based Test Inks


Different liquid mixtures were used for the production of test inks suitable for the determination of the SFE of solid surfaces. The test inks defined in a number of standards [49] and gauging the surface energies from 31 to 58 mN/m were mixed with formamide and 2-ethoxyethanol (alternative names: ethylene glycol monoethyl ether or ethyl Cellosolve—registered trademark of Union Carbide Corp.). The dependence of the gauged SFE on the volume percentage of formamide in the test ink mixture is shown in Figure 4a. For gauging the test inks in the SFE in the range from 58 to 72 mN/m, the mixtures of formamide with DI water were used. The linear approximation of the SFE on the volume percentage of fomamide in a formamid–water mixture is also shown in Figure 4a.




2.4.2. SFE Radial Distribution


Since the chemically active species causing the surface activation were not distributed homogeneously across the plasma plume of an APPJ, the SFE also varies across the activated zone. Consequently, applying the test inks gauged with different SFEs, different sizes of the activation zone were obtained. Figure 4b shows the radial distribution of the SFE on an intensively treated HDPE. The size of the visualized activation zone almost doubled if the test ink 46 mN/m was taken instead of the pure water-based test ink 72 mN/m. On the one hand, the relative accuracy of the AIR method improves with the size of the activation zone. On the other hand, a too low SFE of the test ink results in large visualized areas even for poor activation. The SFE value of 58 mN/m is a good compromise between these two extremes. The intensive treatment means that a large part of the activation area reaches the saturation value of 72 mN/m. For weak treatment, the SFE distribution curve could be below the 58 mN/m resulting in no visualized activation area. The SFE distributions reaching just over the 58 mN/m line would be not suitable, because the visualized area would be very sensitive to any random influences and the results would be unreproducible. The assumption for the validity of the AIR method is that the treatment time is long enough to assure the intensive treatment.




2.4.3. Aging of Test Ink


Since the 2-ethoxyethanol is more volatile than the formamide, the stoichiometry, and consequently the SFE gauged by test ink mixed from formamide and 2-ethoxyethanol, can increase over time. It corresponds to the movement to the right along the blue line in Figure 4. This test ink will show a smaller activation area than the not aged test ink. No such change of composition is exhibited by the 58 mN/m test ink, because it is made of 100% formamide. The pure formamide has a surface tension of 58.2 mN/m but the commercially available inks are specified with some tolerance, typically ±0.5 mN/m. No sensitivity to stoichiometry was an important reason for the selection of this specific ink as a standard for this study.



Despite using the test ink consisting of a single liquid chemical, strong differences in the visualization result can be observed when older formamide test inks are used. The activated areas visualized with test ink from vials differing in age by more than 2 years differ by more than 25%. On the other hand, the results obtained with fresh ink from different vials are very reproducible with the relative standard deviation of visualized areas of less than 3%.



The other origin of the instability of formamide based test inks is their hygroscopicity [50]. When absorbing moisture from humid air, the test ink dyne number shifts in the direction of higher values causing a decrease of the visualized surface. It corresponds to the movement to the left along the red line in Figure 4.



To avoid the aging of the ink, only fresh ink vials were used and the vial remained open only for a short time of ink application.




2.4.4. Environmental Influences


It is known that environmental conditions, such as air temperature, relative humidity and pressure, have a significant influence on the wetting properties of liquids on polymer surfaces. The liquid temperature has a significant influence on its surface tension. The temperature coefficient of surface tension is −0.1514 and −0.0842 mN/(K·m) for water and formamide, respectively. Consequently, a variation of temperature of more than 10 K would cause the change of the calibration number of the formamide test ink.



It is documented in the literature that the increase of the pressure causes an increase of the contact angle [51], which manifests in a decrease in the activation area.



The humidity influences both the surface tension of the liquid water–air interface [52] and the water contact angle on the solid surface [53].



To evaluate the influence of the environmental factors on the activation area results, these conditions are logged in during the test ink patch evaluation. The temperature, humidity, and pressure sensors are placed at a distance of 10 cm from the optical axis of the digital camera (see Figure 2b).





2.5. Substrates


The substrates used in this study are made of three pristine polymers: acrylonitrile butadiene styrene (ABS), high-density polyethylene (HDPE), and polyoxymethylene (POM) and are delivered by Rocholl GmbH, Germany. It is known that additives, such as stabilizers, have a strong influence on the surface properties of polymers [54]. For test substrates, the “natural” HDPE without additives were used. For plasma treatment and activation area evaluation the substrates with sizes 100 mm × 50 mm × 2 mm or 50 mm × 50 mm × 2 mm were used. The second one was assumed if no explicit information was included. For plasma treatment, the substrates were fixed on a solid block of HDPE with sizes 100 mm × 100 mm × 10 mm. Only the substrates treated in discharge configuration G were placed on a grounded metal plate.



According to the standard [49], the substrates were preconditioned after delivery at least 40 h under 23 °C and 50% humidity. No cleaning procedure was applied. All substrates were treated with plasma and exposed to the test ink at temperature 23 °C ± 2 K and a relative humidity of 50% ± 5%.





3. Results and Discussion


The results consist of two parts. In the first part, different influences on the visualized activation area are analyzed and the definition of the activation area, as used for the evaluation plasma sources’ performance, is proposed. In the second, the proposed definition of the activation area is implemented to evaluate different types of APP sources.



3.1. Activation Area Determination


3.1.1. Shrinkage of the Test Ink Patch


As Section 2.3 stated, the activated area wetted with test ink decreases significantly with time. The strongest change is observed within a few seconds after application of the test ink. The stable value is reached within minutes. The dependence of the visualized activated area on time elapsing after an ink application, as shown in Figure 5a, will be called shrinkage characteristics.



In this example, the shrinkage speed of the test ink patch decreases with time. In the first second, the ink patch area decreases by 8%. At 7 s after wetting, the shrinkage speed is about 1.4% per second. At 2 min after wetting, it is only 0.11%/s. As a reference time for the AIR method, the time of 10 s with shrinkage speed of 0.8%/s is set. It is a compromise between a large error in the surface determination for very short times and the influence of material and environmental factors for very long times.



The activation area visualized after 10 s of shrinking corresponds, not exactly, to 58 mN/m. Due to the water absorption in the ink after 10 s, the ink shows the wetting of surfaces with higher surface free energy than 58 mN/m. The value for   t = 0   s would correspond to exactly 58 mN/m because the test ink has this property immediately after application only. The application recipes for the commercial test inks prescribe that the evaluation of the ink wetting should be conducted within 2 s after application, accepting the disadvantage of the very fast-changing of the ink wetting properties in this time range.




3.1.2. Selection of Substrate Material


The selection of the substrate material has a strong influence on the accuracy and activation area range of the AIR method. On the one hand, it is important that the selected material should have the SFE without plasma treatment far below the value of 58 mN/m. On the other hand, the maximum SFE reachable after the plasma treatment should be significantly higher than 58 mN/m.



The formamide based test inks are “blind” on the polar component of activation on some plastics; an example is a popular polymer PVC (polyvinyl chloride) [55]. Such materials can be excluded as a standard for plasma sources’ evaluation. Another group of materials, not suitable for this purpose, is that exhibiting a strong hydrophobic recovery [56,57]. The materials that significantly lose their hydrophilicity obtained by plasma treatment after minutes are, for example, thermoplastic polyurethane (TPU) [58] or polydimethylsiloxane (PDMS) elastomer [59]. A comparatively weak hydrophobic recovery exhibits polyethylene (PE), especially if treated with oxygen-containing plasmas [60]. Its native contact angle with deionized water is about 90° and the SFE of the HDPE substrates used in this study is 36 mN/m. The measurements conducted in our lab with the use of a Krüss droplet test instrument show that the SFE of 66 mN/m and the contact angle of 34° reached after brief plasma treatment remains unchanged after 4 h in ambient air. The contact angle increases in 100 days by 7°, which is much less than for many common polymers. For a change of activation area with storage time after treatment—see Section 3.1.6. Our measurements on ABS substrates plasma-treated in configuration A also show no measurable hydrophobic recovery 4 h after the plasma treatment.



Due to the wide range of SFE after plasma activation and low hydrophobic recovery, the ABS, POM and HDPE are suitable substrate materials for the AIR method. To select the best material among these three, the shrinkage characteristics for these materials were collected. The results are shown in Figure 5b. Two disadvantages of POM can be stated. First, the activation area of POM is much lower than that of ABS and HDPE, causing the reduced resolution of the AIR technique. The second is the speed of variation of the activation area. The ratio of starting area to the area after 10 s of shrinking is 2.07 for POM, compared with 1.35 and 1.25 for ABS and HDPE, respectively.



The possible explanation of the strong variation of the shrinkage characteristics for POM can be its strong water absorption reaching up to 0.5% of water in comparison with HDPE, absorbing only up to 0.01% of water. In the case of POM, the water from the substrate can be absorbed by the hygroscopic formamide, increasing the gauged surface free energy and consequently decreasing the visualized activation area.



The high sensitivity on plasma activation makes ABS advantageous as a reference substrate for the evaluation of weak plasma sources. The well-defined pure water test ink with 72 mN/m can be used in combination with ABS substrate. The red curve in Figure 6a shows the activation area on the ABS surface generated in configuration G as a function of the SFE value of the test ink. The curve shows that, after only a 10 s treatment, a very small variation of the activation area of 7% is observed when changing the SFE of the activation area definition from 46 to 72 mN/m. The consequence is the reduced range of activation area available for the AIR method. A small difference between strongly and weakly activated areas can be expected. In contrast to ABS, the HDPE substrates show a very strong variation of the activation area with SFE value of the test ink, more than doubling, when the SFE value of the test ink decreases from 72 to 46 mN/m. A similar difference is observed for HDPE activated in configuration C (see Figure 6b). This outstanding range of the activation area on HDPE was an important reason for the selection of HDPE as a standard material for the AIR method.




3.1.3. Ink Patch Shrinkage Mechanism


In this section, results are presented that support the thesis that the increase in water concentration in the formamide test ink layer is the main reason for the ink patch shrinkage.



During the collection of shrinkage characteristics, the relative humidity in the substrate vicinity was raised intentionally by about 10% for 5 s. During this time, a strong increase in the shrinkage speed can be observed (slope line 2 in Figure 7a). This result confirms the shrinkage mechanism based on the increase of water content in the ink. A significantly smaller shrinkage speed after exposure to higher humidity (slope line 3 in Figure 7a) than before exposure (slope line 1) can be explained by this effect. Since during the exposure of the ink to air with higher humidity, a higher concentration of water in ink is reached, after establishing the previous value of humidity, the shrinkage speed is lower because the concentration gradient of water in the air and the ink is lower.



The amount of applied test ink has a significant influence on the shrinkage characteristics. In Figure 7b, the curves for the increasing amount of ink, given in droplets (1 droplet ≈ 8  μ L), are shown. The strongest variation of the shrinkage characteristics is for the smallest amount of ink. This correlates with the scenario of humidity penetration from the ambient air into the test ink. The larger the amount of the ink, the lower the water concentration and, consequently, the smaller the SFE change gauged by the test ink. This scenario is also in agreement with the observation that the difference between curves for one and two droplets is much larger than between the curves for two and three droplets.



The differences for the 10 s point are in the range of 10%, which is significant for the AIR method. To minimize the error resulting from this effect, the amount of ink should be proportional to the activation area, to keep the thickness of the ink film constant. The pragmatic rule for the experiments in this study is that the activation areas below 300 mm   2   are visualized with a single ink droplet, and, for activation areas larger than 300 mm   2  , with two droplets.




3.1.4. Influence of Ink SFE Value on Shrinkage Characteristics


Figure 8 shows the relative (all values of one curve are divided by its maximum value) shrinkage characteristics for the test inks in the range from 46 to 72 mN/m. They correspond to the activation area points from the plot in Figure 6b. The variation of the shrinkage characteristics from 46 to 58 mN/m, shown in Figure 8a, increases with increasing gauged SFE value, which correlates with an increase in the volume percentage of the formamide in the 2-ethoxyethylene/formamide test ink. In this case, the hygroscopic properties of the the formamide can explain this tendency. The higher volume percentage of the formamide in the test ink, the faster the absorption of the water from humid air in hygroscopic formamide and, consequently, the stronger the change of the gauged SFE. However, a geometrical effect can also play an important role. With the increasing total area of the ink patch, accompanying the test ink SFE value reduction, the same linear shift of the patch boundary during shrinking results in less relative area change.



Figure 8b shows the shrinkage characteristics recorded for the mixture of formamide with water. A shrinkage mechanism different to that described earlier must be considered for an explanation of these curves, because the presence of water in the mixtures excludes a strong change due to water absorption. The faster evaporation of formamide than water could be speculated, but the shrinkage characteristics for test ink gauged with 72 mN/m (100% water) require different explanations most probably based on an interaction between water and the activated HDPE surface.




3.1.5. Renewed Ink Application


For a better understanding of the mechanisms of the ink patch shrinkage, the shrinkage characteristics were collected after renewed test ink application on the same patch. This experiment should show whether the origin of the shrinkage is related to the change of substrate surface properties or ink properties. In Figure 9a, the shrinkage characteristics for the fresh ink patch and the same ink patch refreshed two, four, and six times by the new test ink are shown. It can be observed that the starting points of all four shrinkage characteristics are quite close to each other. This means that the application of fresh ink causes gouging of the starting value of the visualized surface, which allows the conclusion that no substantial change in the activation area between taking two subsequent characteristics occurs. The conclusion of this experiment is that the changes in the test ink properties themselves are responsible for the shrinkage of the test ink patch.



To ensure that the shrinkage characteristics start with test ink without water admixture, the series of shrinkage characteristics were collected for fresh ink applied on the activated area after the removal of the previously applied ink. The test ink was removed by dabbing off with cellulose tissue. In Figure 9b, three such characteristics are shown for inking after one, three, and five ink removal/application cycles. It can be observed that the starting point of all characteristics is roughly at the same level, confirming the thesis that no change of the 58 mN/m activation area occurs. The observable change is the shift of the asymptotes to which the characteristics converge. They decrease with the number of whippings and re-applications of the test ink. The possible explanation of such behavior is the decrease of the maximum SFE on the HDPE surface after each wiping of the test ink. It is known that PCT (physical contact treatment), for example by the use of cellulose tissues, causes strong hydrophobic recovery. It was documented for PS, COP and PDMS in [61] that mechanical rubbing the activated surfaces causes the hydrophobic recovery. The ink removal with tissue from the HDPE surface can partially affect the layer of activation and cause the reduction of the SFE values. The flatter surface distribution of SFE results in a larger area decrease by a small change of the SFE gauged by the test ink.




3.1.6. Hydrophobic Recovery


Typically, the hydrophobic recovery refers to the decrease of the SFE during long-term storage. For example, on oxygen-plasma treated polyethylene surfaces, a strong hydrophobic recovery is described [62]. The surface free energy of 46 mJ/m    − 2    reached on LDPE after corona treatment decreases after 22 days of exposition to air, down to the SFE of 36 mJ/m    − 2    [63], compared with the SFE for non-treated LDPE of 31 mJ/m    − 2   .



In this study, the hydrophobic recovery refers to the reduction of the visualized activation area as a function of storage time. Figure 10 shows such a dependence for HDPE surface treated in configuration D. No hydrophobic recovery is stated in the time scale of the AIR measurement.



Despite the hydrophobic recovery documented for HDPE, no significant reduction of the activation area can be observed after storage of the activated substrates over an extended period. The results in Figure 10 document the changes over 300 h. The trend line shows in this time a decrease of 3 % of the activation area per 100 h. This result is not contradictory to the previously reported hydrophobic recovery results because those are related mainly to the decrease of the maximum value of the SFE reached after plasma treatment. Since the SFE of 58 mN/m used as a threshold for visualization in this work, which is much less than the maximum value of SFE obtained after treatment in configuration D, reaching the SFE of up to 72 mN/m (see Figure 6), the contour with 58 mN/m does not have to be affected much by the decline of the maximum SFE.





3.2. Characterization of Plasma Sources


To demonstrate the plausibility of the results collected with the AIR method, typical examples of operational characteristics of different APPS are presented and discussed. These are the dependence of the activation area (58 mN/m test ink on HDPE) on the treatment time and the distance from the plasma source.



3.2.1. Dependence on Treatment Time


Fricke et al. [64] showed that the width, defined by the use of the profiles of the contact angle, of the activation area produced on the surface of polyethylene with APPJ non-linearly increases with treatment time and shows a tendency to saturate for very long treatment times. A similar behavior is observed for activation areas generated for both the PDD type plasma jets (see Figure 11a) and the PAA based plasma jets (see Figure 11b).



The two curves in Figure 11a show the dependences of the activation area on the treatment time for configurations B and C, respectively. The main difference between the operating conditions of these two configurations is different airflow. Configuration B is equipped with a stronger fan. The reduced dilution of the chemically active species in configuration C results in a higher activation efficiency, which is documented by a 17% increase in the activation area.



Configuration A is operated with power two orders of magnitude higher than that of B and C. The consequence is a much higher plasma temperature, which ranges from a few hundred °C in the diffuse plasma zone, to several thousand °C in the arc zone. This thermal difference causes a major difference in plasma chemistry. While the PDD produces ozone and active oxygen as the main chemical species, almost no ozone and high concentrations of nitrogen oxides, such as nitric oxide (NO) and nitrogen dioxide (NO   2  ), are measured in gaseous products of the PAA plasma jet. Despite this difference, the PAA based plasma tools very efficiently activate the HDPE surface, with maximum SFE reaching 68 mN/m, corresponding to the contact angle of DI water of 35°. With such maximum value of SFE, the formamide gauged for 58 mN/m can be used for the quantitative evaluation of such a plasma jet.



The treatment area for configuration A was determined as a function of the treatment time and is visualized in Figure 11b. Even for the shortest pulse of 50 ms, an activation area of 63 mm   2   is determined. For plasma switched on longer than 50 ms, not only the activation area can be visualized by test ink, but also a glossy HDPE surface becomes visibly mat. Such surface changes can be explained by a preferential material abrasion of low molecular weight materials, which produces changes in surface topography [65]. An interesting point on the time scale is the cross-over of the mat area curve and the activation area curve, occurring at 470 ms. For treatment times longer than 0.5 s a partial melting in the center of the activation area can be observed. The picture of the molten zone in the middle of the mat zone on the HDPE substrate is shown in Figure 12. Such molten areas have much lower SFE compared with a non-molten surface. For treatment times longer than 2 s, the molten zone becomes not wettable with formamide 20–30 s after the ink application. Such a case of partial wetting is shown in Figure 3, picture A   2  . After the reference time of 10 s, the molten zones were wettable. Consequently, the points for 3 and 5 s are included in the plot.




3.2.2. Influence of the Substrate Distance


A further physical factor strongly affecting the activation area is the distance between the plasma source and the substrate. For plasma sources in configurations B and D, the activation area decreases with the distance increasing over 5 mm (see Figure 13a). This can be explained by increasing the dilution of the chemically active species and weaker electric fields enhancing the activation. The activation area for configuration B is roughly twice as high as that for configuration D because its operating power is higher by a factor of two. It can be also observed that the treatment with configuration B is possible at a larger distance of about 15 mm than for D, decaying at about 12 mm.



Much longer activation zones show the plasmas generated in configuration E operated in ambient air and F operated in argon flow. The activation area of both configurations is represented by red and blue lines in Figure 13b, respectively. The points of decay (zero points of the fitting lines) are 21 and 26 mm, respectively, compared with 15 mm for configuration B. Configuration E is operated without airflow. Consequently, the reason for the elongation of the plasma zone can be the more focussed electric field produced by the needle electrode. The even longer plasma jet in configuration F is caused by the argon flow. It contains long-living activated species, which can be transferred over a longer distance. It also allows us to sustain plasma at much lower electric fields, due to its lower break-down voltage. These tendencies are in agreement with well known results for other types of cold APPJs [66] and confirm the plausibility of the AIR results.






4. Conclusions and Outlook


A novel method for the evaluation of the activation area produced on polymer surfaces by atmospheric pressure plasma jets is proposed. The activation image recording (AIR) with a digital camera is used for the collection of shrinkage characteristics of activation zones wetted by the test ink.



This study demonstrates that AIR can be used as a diagnostic technique for the performance evaluation of atmospheric pressure discharges at different working conditions. It is also shown that it is suitable for the comparison of strongly different types of APPJs.



HDPE is selected as the best suitable material for test substrates thanks to: (i) its wide range of SFE achieved after APPJ treatment; (ii) low hydrophobic recovery; (iii) availability as a polymer without additives; (iv) moderate cost; and (v) high popularity as a reference material for plasma studies.



For activation area visualization, the test ink gauged for 58 mN/m (pure formamide liquid) is selected because: (i) the influence of changes of the proportion of two liquids with different volatility can be avoided; (ii) the SFE value is almost in the middle between the SFE of non-treated HDPE (35 mN/m) and the maximum achievable SFE of (72 mN/m); and (iii) formamide is defined as a component of the test inks in several important international standards.



The reference time on shrinkage characteristics is 10 s after distribution of the test ink on the HDPE surface. It is a compromise between a large absolute error in the area determination for a very short reference time and the influence of material and environmental factors and increasing relative error for a very long reference time.



The optimal treatment time should be selected depending on the kind of discharge and scales inversely proportional with plasma power. For example, to achieve a good resolution of the AIR results for the 700 W plasma device, the plasma treatment time in the ms range is needed. For PDD and other CeraPlas™ driven discharges, the treatment time of 10 or 20 s is optimal.



It is shown that the hydrophobic recovery, defined as change of the activation area with storage time after HDPE treatment with CeraPlas™ based device, is very slow: 3% per 100 h.



The origin of the short-term changes is in the temporal variations of the test ink properties. The most probable reasons for such variations are: (i) the change of stoichiometry of the two-component test ink due to different evaporation speeds of the components; (ii) the absorption of water from air humidity in the pure formamide test ink.



To achieve exact, statistically sound and reproducible results with the AIR method, some assumptions and rules of handling must be fulfilled.



	
The AIR results are valid only for intensive discharges, when 72 mN/m saturation on a large part of the activation area on HDPE is reached;



	
the treatment time should not exceed the limit for the thermal damage of the HDPE surface;



	
only a fresh test ink should be used, and the test ink vial should be opened only for a short time of ink application;



	
the amount of the test ink should be adjusted to the size of the activation area; and



	
the AIR measurements should be conducted at room temperature and medium humidity.






Even though the physical and chemical mechanisms of the test ink patch shrinkage are not explained in detail, the shrinkage characteristics are successfully used for solving engineering problems during the development and evaluation of the novel plasma tools. Using AIR, the authors approached the following engineering tasks:




	
determination of the optimum operating conditions for the maximum surface activation speed;



	
investigation of the influence of the constructional changes on the APPJ performance;



	
determination of equivalent working point for plasma tool replacing a different one;



	
the investigation of the performance changes of the APPJ in course of an endurance test; and



	
the analysis of the influence of the type of discharge on the hydrophobic recovery.








The results of this study show that further work on this subject is needed. Among others, the physical–chemical mechanisms of the time-dependent shrinkage of the test ink patches should be investigated in more detail. The experimental development could also further improve the accuracy of the AIR technique. One example is the automation of the test ink application, allowing us to dose an exact amount of the liquid and to determine exactly the starting point for the ink patch shrinkage process.







Author Contributions


Conceptualization, D.K. and T.A.; methodology, D.K.; software, T.A.; validation, E.B.; formal analysis, E.B.; investigation, D.K.; resources, S.N.; data curation, T.A.; writing—original draft preparation, D.K.; writing—review and editing, D.K. and E.B.; visualization, D.K. and T.A.; supervision, S.N.; project administration, D.K.; funding acquisition, S.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data can be obtained on request from the first author.




Acknowledgments


Thanks to Bernd Grundmann for practical advice and all kinds of mechanical machining in the course of the study. All CeraPlas™ devices are provided by TDK Electronics GmbH, Deutschlandsberg.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Becker, K.H.; Kogelschatz, U.; Schoenbach, K.H.; Barker, R.J. (Eds.) Non-Equilibrium Air Plasmas at Atmospheric Pressure; IoP—Institute of Physics Publishing: Bristol, UK; Philadelphia, PA, USA, 2005; Chapter 9; pp. 597–686. [Google Scholar]

	



Choi, J.H.; Lee, E.S.; Baik, H.K.; Lee, S.J.; Song, K.M.; Lim, Y.S. Analysis of polymer surface treated by dielectric barrier discharge. Plasma Sources Sci. Technol. 2005, 14, 363–367. [Google Scholar] [CrossRef]

	



Primc, G. Surface modification of polyamides by gaseous plasma—Review and scientific challenges. Polymers 2020, 12, 3020. [Google Scholar] [CrossRef]

	



Wertheimer, M.; Martinu, L.; Klemberg-Sapieha, J.; Czeremuszkin, G. Plasma treatment of polymers to improve adhesion. In Adhesion Promotion Techniques: Technological Applications; Mittal, K., Pizzi, A., Eds.; Marcel Dekker, Inc.: New York, NY, USA, 2002; Chapter 5; pp. 139–173. [Google Scholar]

	



Yáñez-Pacios, A.J.; Martín-Martínez, J.M. Comparative adhesion, ageing resistance, and surface properties of wood plastic composite treated with low pressure plasma and atmospheric pressure plasma jet. Polymers 2018, 10, 643. [Google Scholar] [CrossRef] [PubMed]

	



Sasmazel, H.; Alazzawi, M.; Alsahib, N. Atmospheric pressure plasma surface treatment of polymers and influence on cell cultivation. Molecules 2021, 26, 1665. [Google Scholar] [CrossRef] [PubMed]

	



Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747. [Google Scholar] [CrossRef]

	



Man, J.U.; Prasad, S.D. Surface treatment of high density polyethylene (HDPE) film by 50 Hz dielectric barrier discharge produced in air and argon/air mixture at atmospheric pressure. Int. J. Eng. Res. Appl. 2015, 5, 1–9. [Google Scholar]

	



Neto, J.F.D.M.; Alves de Souza, I.; Feitor, M.C.; Targino, T.G.; Diniz, G.F.; Libório, M.S.; Sousa, R.R.M.; Costa, T.H.D.C. Study of high-density polyethylene (HDPE) kinetics modification treated by dielectric barrier discharge (DBD) plasma. Polymers 2020, 12, 2422. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, Y.; Zhang, C.; Hwang, Y.; Bures, B.; McCord, M. The effect of atmospheric pressure helium plasma treatment on the surface and mechanical properties of ultrahigh-modulus polyethylene fibers. J. Adhes. Sci. Technol. 2002, 16, 99–107. [Google Scholar] [CrossRef]

	



Laroussi, M.; Akan, T. Arc-free atmospheric pressure cold plasma jets: A review. Plasma Proces. Polym. 2007, 4, 777–778. [Google Scholar] [CrossRef]

	



Winter, J.; Brandenburg, R.; Weltmann, K.D. Atmospheric pressure plasma jets: An overview of devices and new directions. Plasma Sources Sci. Technol. 2015, 24, 064001-19. [Google Scholar] [CrossRef]

	



Fanelli, F.; Fracassi, F. Atmospheric pressure non-equilibrium plasma jet technology: General features, specificities and applications in surface processing of materials. Surf. Coat. Technol. 2017, 322, 174–201. [Google Scholar] [CrossRef]

	



Noeske, M.; Degenhardt, J.; Strudthoff, S.; Lommatzsch, U. Plasma jet treatment of five polymers at atmospheric pressure: Surface modifications and the relevance for adhesion. Int. J. Adhes. Adhes. 2004, 24, 171–177. [Google Scholar] [CrossRef]

	



Choi, J.; Matsuo, K.; Yoshida, H.; Namihira, T.; Katsuki, S.; Akiyama, H. Double-layered atmospheric pressure plasma jet. Jpn. J. Appl. Phys. 2009, 48, 086003. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhang, Y.; Han, E.; Ge, Y. Atmospheric pressure DBD gun and its application in ink printability. Plasma Sources Sci. Technol. 2005, 14, 670–675. [Google Scholar] [CrossRef]

	



Laroussi, M. Low temperature plasma jets: Characterization and biomedical applications. Plasma 2020, 3, 54–58. [Google Scholar] [CrossRef]

	



Zaplotnik, R.; Vesel, A. Effect of VUV radiation on surface modification of polystyrene exposed to atmospheric pressure plasma jet. Polymers 2020, 12, 1136. [Google Scholar] [CrossRef]

	



Sangnal Matt Durandhara Murthy, V.; Vaidya, U. Improving the adhesion of glass/polypropylene (glass-PP) and high-density polyethylene (HDPE) surfaces by open air plasma treatment. Int. J. Adhes. Adhes. 2019, 95, 102435. [Google Scholar] [CrossRef]

	



Fei, X.; Kuroda, S.-i.; Mori, T.; Hosoi, K. High-density polyethylene (HDPE) surface treatment using an RF capacitive atmospheric pressure cold Ar plasma jet. Plasma Sci. Technol. 2013, 15, 577–581. [Google Scholar] [CrossRef]

	



Van Deynse, A.; Cools, P.; Leys, C.; Morent, R.; De Geyter, N. Surface modification of polyethylene in an argon atmospheric pressure plasma jet. Surf. Coat. Technol. 2015, 276, 384–390. [Google Scholar] [CrossRef]

	



Korzec, D.; Hoppenthaler, F.; Burger, D.; Andres, T.; Nettesheim, S. Atmospheric pressure plasma jet powered by piezoelectric direct discharge. Plasma Process. Polym. 2020, 17, 2000053. [Google Scholar] [CrossRef]

	



Kostov, K.; Nishime, T.; Castro, A.; Toth, A.; Hein, L. Surface modification of polymeric materials by cold atmospheric plasma jet. Appl. Surf. Sci. 2014, 314, 367–375. [Google Scholar] [CrossRef]

	



Van Deynse, A.; Cools, P.; Leys, C.; De Geyter, N.; Morent, R. Surface activation of polyethylene with an argon atmospheric pressure plasma jet: Influence of applied power and flow rate. Appl. Surf. Sci. 2015, 328, 269–278. [Google Scholar] [CrossRef]

	



Alavi, S.; Lotz, O.; Akhavan, B.; Yeo, G.; Walia, R.; McKenzie, D.; Bilek, M. Atmospheric pressure plasma jet treatment of polymers enables reagent-free covalent attachment of biomolecules for bioprinting. ACS Appl. Mater. Interfaces 2020, 12, 38730–38743. [Google Scholar] [CrossRef] [PubMed]

	



Van Vrekhem, S.; Vloebergh, K.; Asadian, M.; Vercruysse, C.; Declercq, H.; Van Tongel, A.; De Wilde, L.; De Geyter, N.; Morent, R. Improving the surface properties of an UHMWPE shoulder implant with an atmospheric pressure plasma jet. Sci. Rep. 2018, 8, 4720. [Google Scholar] [CrossRef]

	



Brewis, D.; Mathieson, I. Flame treatment of polymers to improve adhesion. In Adhesion Promotion Techniques: Technological Applications; Mittal, K., Pizzi, A., Eds.; Marcel Dekker, Inc.: New York, NY, USA, 2002; Chapter 6; pp. 175–190. [Google Scholar]

	



Farris, S.; Pozzoli, S.; Biagioni, P.; Duó, L.; Mancinelli, S. The fundamentals of flame treatment for the surface activation of polyolefin polymers—A review. Polymer 2010, 51, 3591–3605. [Google Scholar] [CrossRef]

	



Goldman, M.; Goldman, A. Corona discharges. In Gasous Electronics, Vol. I: Electrical Discharges; Hirsh, M.N., Oskam, H.J., Eds.; Academic Press: New York, NY, USA, 1978; Chapter 4; pp. 219–290. [Google Scholar]

	



Chang, J.S.; Lawless, P.A.; Yamamoto, T. Corona discharge processes. IEEE Trans. Plasma Sci. 1991, 19, 1152–1166. [Google Scholar] [CrossRef]

	



Sutherland, I.; Popat, R.; Brewis, D.; Calder, R. Corona discharge treatment of polyolefins. J. Adhes. 1994, 46, 79–88. [Google Scholar] [CrossRef]

	



Pascual, M.; Calvo, O.; Sanchez-Nácher, L.; Bonet, M.; Garcia-Sanoguera, D.; Balart, R. Optimization of adhesive joints of low density polyethylene (LDPE) composite laminates with polyolefin foam using corona discharge plasma. J. Appl. Polym. Sci. 2009, 114, 2971–2977. [Google Scholar] [CrossRef]

	



Popelka, A.; Novák, I.; Al-Maadeed, M.A.S.; Ouederni, M.; Krupa, I. Effect of corona treatment on adhesion enhancement of LLDPE. Surf. Coat. Technol. 2017, 335, 118–125. [Google Scholar] [CrossRef]

	



Prevosto, L.; Kelly, H.; Mancinelli, B.R. Langmuir probe diagnostics of an atmospheric pressure, vortex–stabilized nitrogen plasma jet. J. Appl. Phys. 2012, 112, 063302. [Google Scholar] [CrossRef]

	



Begum, A.; Laroussi, M.; Pervez, M. Dielectric probe: A new electrical diagnostic tool for atmospheric pressure non-thermal plasma jet. Int. J. Eng. Technol.-Ijet-Ijens 2011, 11, 209–215. [Google Scholar]

	



Laux, C.O.; Spence, T.G.; Krugr, C.H.; Zare, R.N. Optical diagnostics of atmospheric pressure air plasmas. Plasma Sources Sci. Technol. 2003, 12, 125–138. [Google Scholar] [CrossRef]

	



Milosavljević, V.; Donegan, M.; Cullen, P.J.; Dowling, D.P. Diagnostics of an O2–He RF atmospheric plasma discharge by spectral emission. J. Phys. Soc. Jpn. 2014, 83, 014501. [Google Scholar] [CrossRef]

	



Reuter, S.; Sousa, J.; Stancu, G.D.; van Helden, J.P.H. Review on VUV to MIR absorption spectroscopy of atmospheric pressure plasma jets. Plasma Sources Sci. Technol. 2015, 24, 054001. [Google Scholar] [CrossRef]

	



Lu, X.P.; Laroussi, M. Electron density and temperature measurement of an atmospheric pressure plasma by millimeter wave interferometer. Appl. Phys. Lett. 2008, 92, 051501. [Google Scholar] [CrossRef]

	



Lu, X.; Laroussi, M. Dynamics of an atmospheric pressure plasma plume generated by submicrosecond voltage pulses. J. Appl. Phys. 2006, 100, 063302-1–063302-6. [Google Scholar] [CrossRef]

	



Lu, X.; Laroussi, M.; Puech, V. On atmospheric-pressure non-equilibrium plasma jets and plasma bullets. Plasma Sources Sci. Technol. 2012, 21, 034005. [Google Scholar] [CrossRef]

	



Kewitz, T.; Fröhlich, M.; von Frieling, J.; Kersten, H. Investigation of a commercial atmospheric pressure plasma jet by a newly designed calorimetric probe. IEEE Trans. Plasma Sci. 2015, 43, 1769–1773. [Google Scholar] [CrossRef]

	



Korzec, D.; Nettesheim, S. Application of a pulsed atmospheric arc plasma jet for low-density polyethylene coating. Plasma Process. Polym. 2020, 17, 1900098. [Google Scholar] [CrossRef]

	



TDK Electronics. Cold Plasma from a Single Component. Applications & Cases. 2014. Available online: https://www.tdk-electronics.tdk.com/en/373562/tech-library/articles/applications— cases/applications—cases/cold-plasma-from-a-single-component/1109546 (accessed on 11 August 2021).

	



EPCOS AG. CeraPlas® HF Series. Piezoelectric Based Plasma Generator. Data Sheet. 2018. Available online: https://www.mouser.de/datasheet/2/400/ceraplas-db-1487530.pdf (accessed on 11 August 2021).

	



Wang, C.; Chen, X.; Ouyang, J.; Li, T.; Fu, J. Pulse current of multi-needle negative corona discharge and its electromagnetic radiation characteristics. Energies 2018, 11, 3120. [Google Scholar] [CrossRef]

	



Korzec, D.; Hoppenthaler, F.; Nettesheim, S. Piezoelectric direct discharge: Devices and applications. Plasma 2021, 4, 1–41. [Google Scholar] [CrossRef]

	



Stoffels, E.; Flikweert, A.; Stoffels, W.; Kroesen, G. Plasma needle: A non-destructive atmospheric plasma source for fine surface treatment of (bio)materials. Plasma Sources Sci. Technol. 2002, 11, 383–388. [Google Scholar] [CrossRef]

	



ASTM International. Standard Test Method for Wetting Tension of Polyethylene and Polypropylene Films. 2004. Available online: https://www.astm.org/DATABASE.CART/HISTORICAL/D2578-04.htm (accessed on 11 August 2021).

	



Open Chemistry Database. CID 713. 2019. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/formamide#section=Computed-Properties (accessed on 11 August 2021).

	



Wu, J.; Farouk, T.; Ward, C. Pressure dependence of the contact angle. J. Phys. Chem. B 2007, 111, 6189–6197. [Google Scholar] [CrossRef]

	



Pérez-Díaz, J.L.; Álvarez-Valenzuela, M.A.; García-Prada, J.C. The effect of the partial pressure of water vapor on the surface tension of the liquid water–air interface. J. Colloid Interface Sci. 2012, 381, 180–182. [Google Scholar] [CrossRef]

	



Pérez-Díaz, J.L.; Álvarez-Valenzuela, M.A.; Valiente-Blanco, I.; Jimenez-Lopez, S.; Palacios-Cuesta, M.; Garcia, O.; Diez-Jimenez, E.; Sanchez-Garcia-Casarrubios, J.; Cristache, C. On the influence of relative humidity on the contact angle of a water droplet on a silicon wafer. In Proceedings of the ASME 2013 International Mechanical Engineering Congress and Exposition. Vlume 7A: Fluids Engineering Systems and Technologies, San Diego, CA, USA, 15–21 November 2013; American Society of Mechanical Engineers: New York, NY, USA, 2013. [Google Scholar] [CrossRef]

	



Sun, C.; Zhang, D.; Wadsworth, L. Corona treatment of polyolefin films—A review. Adv. Polym. Technol. 1999, 18, 171–180. [Google Scholar]

	



Jin, M.; Thomsen, F.; Skrivanek, T.; Willers, T. Why test inks cannot tell the whole truth about surface free energy of solids. In Advances in Contact Angle, Wettability and Adhesion; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2015; Chapter 17; pp. 419–438. [Google Scholar]

	



Morra, M.; Occhiello, E.; Marola, R.; Garbassi, F.; Humphrey, P.; Johnson, D. On the aging of oxygen plasma-treated polydimethylsiloxane surfaces. J. Colloid Interface Sci. 1990, 137, 11–24. [Google Scholar] [CrossRef]

	



Kim, J.; Chaudhury, M.K.; Owen, M.J. Modeling hydrophobic recovery and electrically discharged polydimethylsiloxane elastomers. J. Colloid Interface Sci. 2006, 293, 364–375. [Google Scholar] [CrossRef]

	



Alves, P.; Pinto, S.; de Souse, H.; Gil, M. Surface modification of a thermoplastic polyurethane by low-pressure plasma treatment to improve hydrophilicity. J. Appl. Polym. Sci. 2011, 122, 2302–2308. [Google Scholar] [CrossRef]

	



Kim, J.; Chaudhury, M.K.; Owen, M.J.; Orbeck, T. The mechanisms of hydrophobic recovery of polydimethylsiloxane elastomers exposed to partial electrical discharges. J. Colloid Interface Sci. 2001, 244, 200–207. [Google Scholar] [CrossRef]

	



Jokinen, V.; Suvanto, P.; Franssila, S. Oxygen and nitrogen plasma hydrophilization and hydrophobic recovery of polymers. Biomicrofluidics 2012, 6, 016501. [Google Scholar] [CrossRef]

	



Guckenberger, D.; Berthier, E.; Young, E.; Beebe, D. Induced hydrophobic recovery of oxygen plasma-treated surfaces. Lab Chip 2012, 12, 2317–2321. [Google Scholar] [CrossRef] [PubMed]

	



Behnisch, J.; Holländer, A.; Zimmermann, H. Factors influencing the hydrophobic recovery of oxygen-plasma-treated polyethylene. Surf. Coat. Technol. 1993, 59, 356–358. [Google Scholar] [CrossRef]

	



Pascual, M.; Balart, R.; Sánchez, L.; Fenollar, O.; Calvo, O. Study of the aging process of corona discharge plasma effects on low density polyethylene film surface. J. Mater. Sci. 2008, 43, 4901–4909. [Google Scholar] [CrossRef]

	



Fricke, K.; Tresp, H.; Bussiahn, R.; Schröder, K.; von Woedtke, T.; Weltmann, K.D. On the use of atmospheric pressure plasma for the bio-decontamination of polymers and its impact on their chemical and morphological surface properties. Plasma Chem. Plasma Process. 2012, 32, 801–816. [Google Scholar] [CrossRef]

	



Fricke, K.; Steffen, H.; von Woedtke, T.; Schröder, K.; Weltmann, K.D. High rate etching of polymers by means of an atmospheric pressure plasma jet. Plasma Process. Polym. 2011, 8, 51–58. [Google Scholar] [CrossRef]

	



Deynse, A.V.; Cools, P.; Leys, C.; Morent, R.; de Geyter, N. Optimising the surface activation of polyethylene using different argon plasmas. In Proceedings of the 22nd International Symposium on Plasma Chemistry, Antwerp, Belgium, 5–10 July 2015. [Google Scholar]








[image: Polymers 13 02711 g001 550] 





Figure 1. Discharge configurations. A—pulsed atmospheric arc (PAA) based APPJ, (B, C, D—piezoelectric direct discharge (PDD), E—piezoelectrically driven needle corona, F—piezoelectrically driven plasma needle discharge, and G—piezoelectrically driven dielectric barrier discharge (DBD). 
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Figure 2. Experimental setup. (a) Generic setup for activation of the polymer substrate surface. The meaning of d depends on configuration A–G as defined in Table 1. (b) Picture of setup for AIR. 
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Figure 3. The shapes of the activation area visualized by the 58 mN/m test ink on the HDPE substrate for configurations A, C and G. The sizes of the substrates seen in pictures for A and C are 50 mm × 50 mm. The treatment times are 100 ms, 3 s, 10 s, 1 s and 20 s for A   1  , A   2  , C   1  , C   2  , and G    1 − 3    respectively. 
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Figure 4. Determination of the SFE by use of the test inks. (a) The SFE gauged by the test ink consisting of formamide mixed with 2-ethoxyethanol (blue curve, according to [49]) and formamide mixed with water (red line, linear approximation) as a function of formamide volume percentage; (b) The typical radial distribution of the SFE after HDPE treatment in configuration C. The SFE levels for water and formamide test inks, and for the levels sufficient for printing on HDEP, are depicted with dashed lines. 
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Figure 5. Shrinkage characteristics of the 58 mN/m test ink patch (a) taken for 3 min on HDPE, and (b) taken 17 s on three substrate materials: ABS, HDPE and POM. The discharge configuration C was used. 
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Figure 6. The visualized activation area on a substrate surface as a function of SFE calibration of the test ink. (a) Discharge configuration G was used with the treatment time of 20 s on HDPE and 10 s on ABS; (b) Discharge configuration C was used for 10 s treatment on HDPE. 
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Figure 7. Shrinkage characteristics of the 58 mN/m test ink patch on HDPE plasma-treated in configuration C. (a) The segment showing the influence of increased air humidity; (b) The influence of the different amounts of applied ink. 
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Figure 8. Comparison of relative shrinkage curves for test inks produced as mixtures of formamide with (a) 2-ethoxyethylene, and (b) water. The HDPE substrate was treated in configuration C. 
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Figure 9. Shrinkage characteristics of the 58 mN/m test ink patches (a) directly after first ink application, after 1, 3 and 5 ink re-applications and (b) after 1, 3 and 5 ink wiping and renewed application. Treatment conducted in configuration D with the power of 4.5 W at the distance of 5 mm. 
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Figure 10. Influence of the storage time on the activation area. The plasma treatment of HDPE substrates was conducted in configuration D and visualized with the 58 mN/m test ink. 
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Figure 11. Dependence of activation area (58 mN/m, HDPE) on the treatment time. The plasma treatment is performed in configurations (a) B and C, and (b) A, operated at conditions from Table 1, respectively. The area of thermally induced loss of glossiness is included for comparison. 
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Figure 12. The picture of the HDPE substrate taken after treatment in configuration A operated at conditions from Table 1. The treatment time is 3 s. 
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Figure 13. Dependence of the activation area (58 mN/m, HDPE) on distance for (a) configuration B and D, and (b) configuration E and F. 






Figure 13. Dependence of the activation area (58 mN/m, HDPE) on distance for (a) configuration B and D, and (b) configuration E and F.



[image: Polymers 13 02711 g013]







[image: Table] 





Table 1. Discharge configurations and default operating parameters. Distance means the distance between the substrate and the orifice of the nozzle for A, the tip of the CeraPlas™ for B and C, the tip of the needle electrode for E, F, and the outer surface of the dielectric barrier for G.






Table 1. Discharge configurations and default operating parameters. Distance means the distance between the substrate and the orifice of the nozzle for A, the tip of the CeraPlas™ for B and C, the tip of the needle electrode for E, F, and the outer surface of the dielectric barrier for G.















	Case
	Device
	Nozzle
	Power

[W]
	Frequency

[kHz]
	Distance

[mm]
	Gas
	Gas Flow

[SLM]





	A
	plasmabrush® PB3
	A450
	700
	54
	25
	CDA
	35–80



	B
	piezobrush® PZ2
	CeraPlas™F
	8.0
	50
	6
	air
	∼20



	C
	piezobrush® PZ3
	CeraPlas™F
	8.0
	50
	6
	air
	∼10



	D
	CeraPlas™package
	CeraPlas™HF
	4.5
	82
	5
	CDA
	



	E
	piezobrush® PZ3
	needle corona
	8.0
	50
	3–20
	air
	



	F
	piezobrush® PZ3
	plasma needle
	8.0
	50
	3–25
	Ar
	3



	G
	piezobrush® PZ3
	DBD
	8.0
	50
	1.0
	air
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