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Abstract

:

We studied the epoxy polymer surface modification using air plasma treatment in a Gliding Arc (GA) plasma reactor and a pulsed Dielectric Barrier Discharge (DBD). We employed optical emission spectroscopy (OES) measurements to approximate the vibrational and rotational temperatures for both plasma sources, as well as surface temperature measurements with fiber optics and IR thermography to corelate with the corresponding hydrophilization of the epoxy material. Water contact angle measurements revealed a rapid hydrophilization for both plasma sources, with a slightly more pronounced effect for the air DBD treatment. Ageing studies revealed stable hydrophilicity, with water contact angle saturating at values lower than 50°, corresponding to a >50% decrease compared to the untreated epoxy polymer. ATR-FTIR spectroscopy studies showed an additional absorption band assigned to carbonyl group, with its peak intensity being higher for the DBD treated surfaces. The spectra were also correlated with the surface functionalization via the relative peak area ratio of carbonyl to oxirane and benzene related bands. According to SEM imaging, GA plasma treatment led to no apparent morphological change, contrary to DBD treatment, which resulted in nano-roughness formation. The enhanced surface oxidation as well as the nano-roughness formation on epoxy surface with the air DBD treatment were found to be responsible for the stable hydrophilization.
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1. Introduction


Epoxy most commonly refers to the thermosetting polymer coming from the curing (cross-linking) of epoxy resins (polyepoxides). Epoxy polymers exhibit outstanding mechanical strength as well as high thermal and chemical resistance and they are extensively used as insulating materials in electrical/electronic equipment, bonding materials and adhesives, fiber-reinforced composite materials, printed circuit boards (PCBs), and marine coatings [1,2,3].



Surface modification is often required for epoxy polymer to enhance its functionality. Cold plasma treatment has been widely applied for surface functionalization of polymeric materials as it represents a versatile and environmentally friendly technique, able to tailor the surface properties of the polymer without affecting its bulk. Atmospheric pressure plasmas are specifically attractive due to the potential for rapid, uniform, and cost-effective continuous processing of polymers and composites [4,5,6,7,8,9,10]. Several plasma sources operating in atmospheric pressure have been proposed such as corona discharges [11,12], plasma jets [13,14], hollow cathode discharges [15,16], dielectric barrier discharges (DBDs), [17,18,19,20] and gliding arcs [21,22]. The last two configurations are very promising for polymer surface modification as they can operate effectively in air without compromising the treatment uniformity [23,24,25,26,27].



Contrary to the vast literature in thermoplastic materials (mostly polyolefins), only a few works have reported on atmospheric pressure plasma treatments of epoxy-based materials. Some of those studies focus on the hydrophobic treatments of epoxy resin to enhance its insulation performance [28,29]. Hydrophilic surface modification has also been studied in fiber reinforced epoxy composites for enhancement of their adhesion properties [30,31,32]. Concerning the epoxy polymer modification, Sangprasert et al. applied atmospheric pressure plasma jet in different gas mixtures and obtained the optimum wettability using helium/nitrogen discharges [33]. Shao et al. applied air DBD and managed an intense hydrophilization of epoxy resin, which translated into a sharp drop of water contact angle from about 101° to about 12°; however, no ageing data are presented to evaluate the stability of the hydrophilic treatment [34].



Although the air DBD plasma treatment has emerged as a promising means of epoxy surface modification, the study of other air-based plasma sources like Gliding Arcs has hardly been explored. In our preliminary work, we studied the surface modification of epoxy resin using Gliding Arc discharges in dry air and we showed the potential for rapid hydrophilization [35]. Herein, we investigate the plasma treatment on epoxy surface with two plasma sources, i.e., a Gliding Arc reactor fed with dry air and a newly designed, ambient-air pulsed DBD. Aiming to assess the thermal effect of the different plasmas on the treated surfaces, we initially perform an in-depth optical emission spectroscopy (OES) analysis to approximate the gas temperature, and corelate with the temperature measurements conducted with optical fiber and IR thermography. We investigate then the water contact angle (WCA) evolution and stability, and we apply Fourier transform infrared (FTIR) analysis and scanning electron microscopy (SEM) to record the effect of the different plasma treatments on the epoxy surface chemistry and morphology, respectively.




2. Experimental Details


2.1. Materials


Commercial Bisphenol A diglycidyl ether (DGEBA) epoxy/glass fiber reinforced composite was used in this study. All samples were cut into small pieces (24 × 14 mm area and 3 mm thickness) and were cleaned with deionized (DI) water and isopropyl alcohol prior to plasma treatment.




2.2. Atmospheric Plasma Treatment


The experiments in this study were performed using two different plasma reactors operating in dry air at atmospheric pressure: a Gliding Arc reactor and a Dielectric Barrier Discharge (DBD).



Figure 1a,b presents the Gliding Arc reactor, which comprises two divergent blade-shaped electrodes subjected to a high voltage power supply (AC 50 Hz, 100 mA, 10 kV peak-to-peak for no-load voltage). Dry air is injected at the top of the reactor at a constant flow rate of 25 standard liters per minute (slpm). The high voltage applied to the electrodes creates a small diameter plasma channel in which reactive species are generated and pushed downstream of the discharge by the high air flow. The arc voltage progressively increases until it attains the breakdown voltage value of the starting gap: a new arc appears at the bottom of the reactor, which extinguishes the first arc at the top of the electrodes, so that the Gliding Arc is periodically submitted to the ignition–lengthening–extinction cycle. More details about the source configuration can be found elsewhere [35]. Epoxy samples were placed downstream at a fixed distance of 15 mm from the reactor nozzle so that successive discharges impinge on the surface (direct treatment).



Figure 1c,d show the open-air dielectric barrier discharge (DBD) reactor. The configuration is a typical parallel-plate DBD where 1 mm thick glass plate was used as dielectric barrier in the high voltage electrode. The filamentary discharge was driven through a home-made pulsed power supply delivering high voltage (HV) pulses of 15 kV at 500 Hz frequency (pulse duration of the order of 1 ms), applied across the parallel electrodes. The discharge operated in ambient air (20% relative humidity at 19 °C) and the epoxy samples were placed at the bottom (grounded) electrode inside the discharge (direct treatment) with the distance between the HV electrode and the epoxy surface fixed at 2 mm.




2.3. Optical Emission Spectroscopy (OES)


Optical emission spectroscopy (OES) measurements were conducted for both plasma sources. Emission spectra in the UV–visible region were recorded through a 10 μm optical fiber connected to a Czerny Turner Spectrometer (ACTON SP2750i, ACTON, Hong Kong, China) equipped with different gratings and an iCCD camera (Princeton instrument PIMAX Gen2, Princeton Instrument, Inc., Trenton, NJ, USA) in its outlet. The entrance slit of the spectrometer was set to 15 µm, allowing for a high spectral resolution. The detailed experimental setup for the OES measurements in the Gliding Arc is shown in Figure S1. The less selective 150 grooves/mm grating was employed to record the wide-band spectrum (200–800 nm), whilst a 1200 grooves/mm holographic grating, representing a good compromise in terms of sensitivity and selectivity for spectroscopic analysis (spectral resolution Δλ < 0.05 nm between two adjacent points of the spectrum), was used to record high resolution spectra at the UV region.



Rotational (Trot) and vibrational (Tvib) temperatures of the two plasma discharges were estimated by fitting the experimental spectra with the commercial software Specair® (Specair, Rhode-Saint-Genèse, Belgium), calculating theoretical emission spectra based on excitation equilibrium of the molecular and atomic species. Then, the code uses Boltzmann distributions at the electronic, vibrational, and rotational temperature to determine the population of the internal energy levels and compute global emission spectra of plasma radiation [36]. The plasma generated in such discharges at atmospheric pressure induces efficient low energy transfer and fast relaxation processes due to the high collision frequency leading to near complete equilibrium in the rotational and vibrational states. The calculated rotational temperature approximates the translational temperature of the neutral gas (Tgas) in the vicinity of the treated epoxy samples.




2.4. Temperature Measurements


The temperature Tgas of the ambient gas close to the surface was determined using a fiber optic temperature sensor (FOTEMP-FTH from Optocon, Dresden, Germany) equipped with a non-conductive fiber optic temperature probe TS3, able to record temperature in in presence of high electromagnetic interference (resolution: 0.1 °C, system-accuracy for instrument and probe, ± 1 °C in the temperature range 0–300 °C, and time constant <2 s in case of temperature fluctuations). The measurements were performed with the probe almost in contact with the sample surface (See Figure 1b for the case of Gliding Arc reactor). The gas temperature was found to increase rapidly upon discharge initiation, reaching asymptotic value after ~15 s.



In the case of Gliding Arc, it is possible to have optical access to the discharge as well. Hence, the surface temperature Tsurf of the sample was also measured via infrared thermography, using a ThermaCAM-S 45 infrared camera from FLIR SYSTEMS (temperature range −40° C to +120° C, accuracy: ±2%). The camera is controlled by the ThermaCAM RESEARCHER-2.8 SR-1 software that allows the temporal evolution of the mean temperature of the sample surface during processing to be recorded. The emissivity ε ~0.94 of the epoxy was predetermined using a calibrated thermoemissive tape adjusted to its surface. Upon discharge ignition the surface temperature increases very rapidly for ~1 min, and then slows down stabilizing at an asymptotic value after 4 min plasma treatment (see Figure S2).




2.5. Surface Characterization


Water contact angle (WCA) measurements were performed via a homemade apparatus based on a digital camera focused on the nozzle of a 50 µL Hamilton syringe that delivers manually 5 µL DI water droplets. The contact angle was determined by using the free software “Image J” and every measurement was the average of three measurements at different positions on sample surface.



The surface chemistry of the treated samples was investigated via Fourier Transform Infrared (FTIR) Spectroscopy (Thermo Scientific Nicolet iS10, Thermo Scientific, Waltham, MA, USA) using an Attenuated Total Reflectance (ATR) module (Smart Omni Sampler). Three different samples were treated for the same condition, and for each sample FTIR measurements were carried out at three different positions on the sample surface. In turn, each FTIR spectrum obtained for one plasma treatment condition corresponds to an averaging of 100 elementary spectra.



Epoxy surface morphology was observed by scanning electron microscope (SEM) (Zeiss Sigma 300, Zeiss, Jena, Germany). Prior to SEM imaging, all samples were sputter-coated with gold in argon plasma for 140 s. All images were recorded at 5 kV to minimize the electron energy.





3. Results and Discussion


3.1. Optical Emission Spectroscopy


The OES experiments for the DBD plasma were performed along the horizontal axis in the 2 mm gap between the HV electrode and the epoxy surface. The wide-band measurements showed no peak appearing above 450 nm; thus, we focused on the spectral region 250–450 nm. As shown in Figure 2a, the emission spectrum is over dominated by the second positive system (SPS) N2(C-B) molecular ro-vibrational bands in the 300–410 nm range [37,38,39]. The OH(A-X) molecular band in the 306–310 nm range was also detected; however, its intensity was too low compared to the N2(C-B). Thus, the vibrational (Tvib) and rotational (Trot) temperatures were determined for N2(C). The results for the Δν = −1 vibrational band presented in Figure 2b show a relatively good agreement between the experimental data and the theoretical spectrum, suggesting that the excitation equilibrium is reached for both rotational and vibrational levels in the DBD plasma. The vibrational and rotational temperatures have been estimated as Tvib = 3145 ± 100 K and Trot = 605 ± 50 K, respectively. The significant difference between rotational and vibrational temperature indicates that the DBD plasma does not have sufficient relaxation processes to reach a local thermal equilibrium (LTE) in these experimental conditions.



For the Gliding Arc the OES experiments were carried out along the discharge axis as shown on Figure S1. According to previous results in similar conditions [35], significant variations in the plasma composition and temperatures were clearly observed along the discharge axis. In this study the OES was performed at the 15 mm gap between the electrode base and the sample surface. The wide-band spectrum over the UV–visible spectral region (220–800 nm) presented in the Figure 2c is characterized by the presence of both atomic lines and molecular structures. A doublet of the Al I atoms coming from erosion of the electrodes at 394.4 and 396.2 nm and the usual triplet of the O I atoms close to 777 nm are observed [40]. The high intensity peaks in the 220–280 nm spectral range correspond to the Gamma and Delta systems of the NO radicals, [37,38,39] whilst the intense band at 300–320 nm accounts for the OH(A-X). Low intensity emission bands corresponding to NH(A-X) at 336 nm and N2(C-B) were observed as well.



The emission spectrum for the Gliding Arc plasma provides interesting possibilities for analysis based on several emissive species; however, several limitations were observed during the analysis. The atomic lines presented herein cannot bring any useful information about the plasma and NO bands in the UV region were not considered as well due to the lack of knowledge about the NO mole fraction, the electron temperature, or the electron density. Experiments with the 1200 grooves/mm grating showed an overlap between N2 and NH vibrational bands around 336 nm, hindering any temperature calculation without the knowledge of electron density and temperature. Therefore, we focused our analysis on the OH(A-X) transition at 300–320 nm and the Δν = −1 and −2 vibrational bands of N2(C-B) at 340–385 nm.



The molecular emission spectra of the 306.36 nm OH band allows to roughly estimate the rotational temperature from the ratio of several well isolated rotational lines, knowing the apparatus function [41,42]; such a procedure allows to get Trot ≈ 3928 ± 455 K. The calculation of Trot based on the fit of the OH(A-X) band with Specair® software is more difficult due to the weak overlap with N2 (C-B) and probably the presence of other Al I atomic lines [37,38,39,40]. An example of fitting curves is presented on the Figure 2d. A comparison was performed for different wavelength range used in the fitting process and results showed only a slight change on the Trot values (see Table S2); however, the most representative temperature values were assumed for the narrow spectral range (305.5 to 310 nm). Additional calculations for the N2(C-B) vibrational bands for the Δν = −1 resulted in a similar value of Trot = 3508 ± 800 K. All the calculated Trot values are compatible with each other and consistent to those measured in a previous study [35]. Estimation of Tvib values is discussed in Supplementary Material and values are also shown in Table S2. Based on our estimations, Gliding Arc plasma also has sufficient thermal energy transfer to ensure an equilibrium in the rotational states highlighting at minima a partial equilibrium.



The weighted average values of the estimated Trot and Tvib, as well as the measured values of the Tgas with the optical fiber and IR thermography are summarized in Table 1. The translational temperature of a discharge, i.e., the gas temperature Tgas, strongly influences the plasma chemistry (e.g., reaction rates among heavy particles) in the plasma region and, thus, close to the epoxy surface. In highly collisional regime it approximates the Trot, assuming a rapid rotational–translational relaxation [43], but this assumption is not always valid in non-thermal plasmas [44], and its determination from emission spectra should be done with caution. This was verified in a Gliding Arc by Zhu et al. [45], who showed that the translational temperature of the discharge, measured directly by planar laser-induced Rayleigh scattering, was significantly lower than the rotational temperature, showing that the degrees of freedom of translation and of rotation are far from equilibrium in this type of discharge. That discrepancy was also observed here since the direct measurement of Tgas was lower than the Trot (Table 1). The more or less accurate gas temperature values assimilated to the thermal temperatures highlight the non-thermal character of the plasma and thermal effect cannot explain the surface modification of the sample. In case of Gliding Arc plasma, one would expect the enhanced radical production associated with a higher rotational temperature should induce a significant effect on surface modification on the sample by thermal effect or chemical reactivity. However, the high value of the gas flow rate and the blowing effect on the surface of the sample make it possible to maintain a relatively low average gas temperature in the vicinity of the epoxy sample, and thus protect it from heating.




3.2. Surface Analysis


3.2.1. Water Contact Angle


Figure 3a shows the evolution of the water contact angle (WCA) of epoxy surface as a function of the plasma treatment time for the air DBD and the Gliding Arc plasma source. We observe the rapid hydrophilization of the epoxy surface, with this being more pronounced in case of air DBD, where the water contact angle drops to ~55° (less than half compared to the untreated) in 5 s treatment. Moreover, with the air DBD we obtain also superhydrophilic surfaces as evidenced by the very low (<10°) contact angles after 60 s treatment. For both treatments, the contact angle saturates after 60 s treatment.



Figure 3b presents the corresponding comparison of air DBD and Gliding Arc treatments concerning the hydrophilization stability upon ageing, as derived from the contact angle variation with storage time in ambient conditions for 300 s plasma treated samples. We observe a rapid increase in water contact angle after treatment, even in one hour, which saturates to values between 30° and 50° after 24 h of storage for both plasma treatments. Stabilized values are more than 50% lower than the contact angle value of the untreated surface, signifying the suitability of both atmospheric plasma processes in preparing stable hydrophilic epoxy surfaces. Moreover, the time dynamic of hydrophilization maintenance seems similar between the two plasma treatments, even if the air DBD treatment leads to slightly lower stabilized contact angles compared to Gliding Arc.



In Figure 3c, we are investigating the effect of plasma treatment time on the WCA behavior upon storage. We realize that for all plasma treatment durations, namely, a short (15 s—long before saturation), an intermediate (60 s—beginning of saturation) and a long (300 s—long after saturation), the stabilized contact angle values fluctuate between 25° and 40°. Considering the relatively high error of such measurements, one can conclude that the plasma treatment time is not so critical for the air DBD treatment and a stable hydrophilization can be obtained even for very short treatments.



Figure 3d shows the accelerated ageing of WCA upon storage at elevated temperatures. Namely, the epoxy samples treated with DBD plasma for 60 s (corresponding to blue rectangles in Figure 3c for room temperature ageing) were placed in a furnace at 50, 75, and 100 °C for 15 and 30 min. WCA measurements showed a rapid decrease in hydrophilicity, which became more significant at higher temperature values. The surface heating leads to rapid diffusion of chemisorbed functional groups into the bulk of the epoxy material, as well as a rapid desorption of weekly bound polar groups. However, even after 30 min of annealing at 100 °C the WCA is still in the order of 40°, way lower than the initial value; therefore, the air DBD treatment can lead to a prolonged and stable functionalization of the epoxy material. The hydrophobic recovery under thermal stress, could also explain the higher contact angle values with the treatment by Gliding Arc compared to DBD, possibly due to the higher heating of the surface of the sample during treatment.




3.2.2. Surface Chemistry


The effect of plasma treatment on epoxy surface chemistry for the two plasma sources was evaluated through ATR-FTIR measurements. The ATR-FTIR spectra of the untreated and 300 s plasma treated epoxy samples are presented in Figure 4a. We identified all the characteristic absorption bands related to epoxy polymer [35,46,47]. The bands at 1610 and 1585 cm−1 are assigned to C-C stretching and the bands at 1508 and 1454 cm−1 to C=C stretching vibration in the benzene ring. The bands recorded at 1241, 943, and 835 cm−1 are attributed to C-O symmetrical stretching, C-O asymmetrical stretching and C-O-C stretching in the oxirane ring, respectively. Ether group is identified from the intense absorption band at 1036 cm−1, which corresponds to C-O stretching vibration in aliphatic chain. The bands appearing at 1112 and 753 cm−1 are attributed to the C-C stretching in aliphatic chain and C-H rocking vibration, respectively. The results showed that an additional absorption band is appearing at 1733 cm−1, attributed to carbonyl groups C=O grafted on epoxy surface after atmospheric plasma treatment [32,33]. The C=O peak is more intense in the case of DBD treatment, which indicates a more pronounced surface oxidation and justifies the more intense and rapid hydrophilization in case of DBD treatment.



We attempted a semi-quantitative analysis of ATR-FTIR spectra by studying the relative peak area ratio for different absorption bands appearing in the spectra and its variation with the ageing time and means of plasma treatment. We selected two absorption bands that are typically not affected by plasma treatment, namely, the bands related to the benzene ring (1610 cm−1) and oxirane ring (1241 cm−1), as well as the band assigned to the carbonyl group (1733 cm−1) that appears after plasma treatment. The relative ratios for the 1610/1241, 1733/1241, and 1733/1610 peak areas of the untreated epoxy samples and the air plasma treated ones are presented in Table 2. The presented results are obtained from FTIR spectra recorded just after plasma treatment. We observe that the peak area ratio 1610/1241 that corresponds to relative changes in the band intensities of benzene and oxirane rings of epoxy, is not affected by plasma treatment. On the contrary, both peak area ratios that represent the relative change in carbonyl band at 1733 cm−1 with regards to the benzene or oxirane ring show a sharp increase just after plasma treatment. Plasma treatment with the Gliding Arc reactor leads to an increase of more than double the 1733/1241 and 1733/1610 ratios compared to the control epoxy surface. Both peak area ratios become more than four times higher in case of DBD treatment. Figure 4b presents the 1733/1241 peak area ratio as a function of the storage time in ambient conditions. Over the period of observation, the effect of Gliding Arc treatment seems to have a certain remanence as shown by the small variation depicted in terms in the peak area ratio. On the other hand, the 1733/1241 peak area ratio due to the DBD treatment, presents a sharp drop in the first 24 h and then saturates after 4 days to values like those of the Gliding Arc treated samples. It is thus possible to correlate surface wettability with FTIR spectra and the epoxy surface oxidation is clearly represented by the increase in carbonyl content.




3.2.3. Surface Morphology


Scanning electron microscopy (SEM) was applied to evaluate the effect of plasma treatments on epoxy surface morphology. Figure 5 presents the SEM images of untreated epoxy as well as 300 s treated samples with Gliding Arc and DBD plasma devices. For each condition we selected two images at different magnification to be presented, namely, ×500 and ×20,000, aiming to distinguish the possible effect of plasma treatment in micro and nano-scale. Figure 5a,b shows the surface of the untreated epoxy sample where we observe the almost smooth morphology despite the material spatial in-homogeneities. Similar morphologies are observed for the Gliding Arc treated samples as well, as shown in Figure 5c,d. This result is quite reasonable considering that the sample treatment takes place in the downstream of the Gliding Arc reactor. Concerning the air DBD treated samples, although Figure 5e shows no significant effect on the surface morphology in the micro-scale, the higher magnification image in Figure 5f revealed nano-roughness formation. The nano-topography combined with the enhanced oxidation of air DBD treated epoxy surfaces are mostly responsible for the initial superhydrophilic and the stable in-time hydrophilic properties.






4. Conclusions


We have studied the epoxy polymer surface modification with a Gliding Arc plasma reactor operating in dry air and a DC-pulse driven Dielectric Barrier Discharge operating in ambient air. We applied optical emission spectroscopy (OES) for the two considered plasma sources to approximate the gas temperature close to the sample surface based on estimation of the rotational temperature. The analysis of the emission spectra by the commercial software Specair® was complex according to the only partial equilibrium a priori limited to the rotational temperatures. We demonstrated a low thermal effect of the DBD plasma as indicated by the low rotational temperature values (Trot ≅ 600 K), while a high thermal effect of the Gliding Arc plasma was observed, as indicated by the higher rotational temperature (Trot ≅ 4000 K). However, gas temperature estimations based on optical fiber measurements and IR thermography (around 310 and 328 K, respectively) close to substrate surface indicated low temperature operation.



Water contact angle measurements on plasma treated epoxy samples showed a fast hydrophilization with both plasma discharges. Especially in the case of DBD-treated samples, superhydrophilic surfaces were obtained in less than 60 s of treatment. The ageing studies revealed stabilized water contact angle values < 50° for plasma treated samples, which represent a more than 50% decrease compared to the untreated epoxy surface. Surface chemistry study based on ATR-FTIR spectroscopy revealed the existence of an additional absorption band assigned to carbonyl group. The peak intensity was higher in the case of the DBD-treated epoxy, indicating a more efficient surface oxidation. The FTIR spectra were also successfully correlated with the surface hydrophilization by studying the relative peak area ratio of carbonyl to oxirane and benzene related bands that are not affected by plasma treatments. SEM images showed no remarkable effect on surface morphology after treatment with the Gliding Arc plasma, contrary to DBD treatment, which resulted in nano-roughness formation. The stable hydrophilization was attributed to the enhanced surface oxidation as well as the roughness formation on epoxy surface with the air DBD treatment. Further investigations are needed to bring some more explicit hypotheses about the plasma heating versus plasma chemistry effects on the prolonged stability of the surface-functionalized epoxy polymers.
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Figure 1. Schematics of the reactor configurations used in this study: (a,b) Gliding Arc plasma reactor and (c,d) Parallel-plate, open-air DBD plasma reactor. 
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Figure 2. Optical emission spectra of air DBD and dry air Gliding Arc discharges: (a) wide-band emission spectrum (250–450 nm) and (b) comparison between experimental and theorical spectrum using Specair® software for the Δν = −1 vibration band of the 2nd positive system of N2 in air DBD; (c) wide-band emission spectrum (220–800 nm) and (d) comparison between experimental and theoretical spectrum using Specair® software for the rovibration structure of the A-X transition of OH radical in air Gliding Arc discharge. 
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Figure 3. (a) Water contact angle of epoxy polymer surface as a function of the plasma treatment for air DBD and Gliding Arc, (b) Comparison of ageing effect on epoxy surface in air DBD and Gliding Arc, (c) WCA ageing for air DBD at different plasma treatment durations, and (d) Temperature effect on WCA ageing for 60 s of air DBD treatment (accelerated ageing). 
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Figure 4. (a) FTIR spectra and (b) variation of 1733/1241 FTIR peak area ratio with storage time of untreated and atmospheric plasma treated epoxy samples with Gliding Arc and Air DBD reactors. 
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Figure 5. SEM images at different magnifications of untreated and plasma treated epoxy polymer surfaces with air DBD and Gliding Arc: (a) untreated—x500, (b) untreated—×20,000, (c) Gliding Arc—×500, (d) Gliding Arc—×20,000, (e) air DBD—×500, and (f) air DBD—×20,000. 
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Table 1. Results for the different measured temperatures close to the epoxy samples. IR thermography was not possible in the case of DBD.






Table 1. Results for the different measured temperatures close to the epoxy samples. IR thermography was not possible in the case of DBD.












	
	Tvib (K)

Optical Emission
	Trot (K)

Optical Emission
	Tgas (K)

FOTEMP-FTH
	Tsurf (K)

IR Thermography





	DBD
	3064 ± 294
	598 ± 105
	310 ± 1.5
	N/A



	Gliding Arc
	5493 ± 2000
	3963 ± 570
	328.2 ± 1.5
	326.2 ± 2
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Table 2. Relative peak area for different transmission bands appearing in FTIR spectra for samples measured just after 5 min atmospheric plasma treatment.
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	1610/1241
	1733/1241
	1733/1610





	Control epoxy
	0.077
	0.045
	0.59



	Gliding Arc
	0.075
	0.121
	1.51



	Air DBD
	0.078
	0.271
	3.49
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