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Abstract:



In this study, polyester powder based on iso- and teraphthalic acid was deposited with an atmospheric plasma jet. The powder was fed into the effluent plasma zone and deposited on European beech wood (Fagus sylvatica L.), Grand fir (Abies grandis Lindl.) and medium density fiberboard (MDF). The substrates were annealed subsequent to the coating process. To exclude decomposition of the polyester layers by the plasma treatment, the surface chemistry of the layers has been examined by X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) and compared with the polyester powder reference. Furthermore, topographical investigations were carried out using laser scanning microscopy (LSM). Adhesive strength of the layers was evaluated by dolly test and gloss measurements with a goniophotometer. The deposited layers showed no chemical changes compared to the reference. The adhesive strength of the layer met practical requirements of >1 MPa. It was demonstrated that the deposition of a macroscopic layer is possible without a pretreatment or the usage of additives. Therefore this coating process by atmospheric pressure plasma for wood and wood based materials could represent an environmental-friendly alternative to conventional coating methods.






Keywords:


plasma; wood; MDF; powder; coating; spectroscopy; gloss; adhesion strength








1. Introduction


Powder coating processes represent an alternative to conventional coating methods e.g., liquid paints. One of the advantages is that this method is environment-friendly by completely omitting volatile organic compounds and organic solvents [1,2,3]. Commonly used coating processes like electrostatic spraying, using a corona discharge, require electrically conductive substrate materials [4,5,6]. Using this technique powder and substrate are brought to different electric potentials. The powder is charged by electric current through the corona discharge and is sprayed on the grounded substrate [7,8,9]. Subsequently, the layer material is annealed to melt the powder and obtain a covering layer [10,11].



Nonetheless, powder coating processes of wood and wood composites by corona discharge were shown in [12,13,14]. Badila et al. [14] describe the limited electrical conductivity of the surface as the main difficulty for wood powder coatings. In order to allow a proper coating of such surfaces, the surface resistance must be in the range of 1010–1011 Ω·m2·m−1 [15]. If the electrical conductivity is not sufficient, pre-heating or priming with an electrically conductive wet lacquer provide possible solutions [15].



In this study it is shown that wood and wood based products can be coated with polyester powder without the necessity of a pretreatment. The layers were deposited by an atmospheric pressure plasma jet system. Furthermore, the effect of single and double depositions prior to annealing on layer thickness was under investigation.



For the verification of the successful layer deposition, the layers were examined regarding the layer thickness with a laser scanning microscope (LSM), as well as X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR), verifying possible chemical changes of the coating material. Finally the pull-off strength (dolly test) and gloss of the layer were measured.




2. Materials and Methods


A modified atmospheric pressure plasma jet system (Plasmadust, Reinhausen Plasma GmbH, Regensburg, Germany) was used for the coating application. The system consists of a high-voltage power supply, an electrode setup with a self-developed spray nozzle and a brush disperser (RBG 2000, Palas GmbH, Karlsruhe, Germany). Figure 1 shows a schematic cross-section of the electrode setup.


Figure 1. Cross-section of the electrode setup with particle inlet.
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The plasma is formed as an arc between the high voltage electrode and the grounded spraying nozzle. The arc is ejected by the process gas, resulting in an afterglow effluent plasma, in which the particles are dispensed. Compressed air was used as process and powder carrying gas. To ignite the plasma, a pulsed voltage of approximately 15 kV was applied, with the effective voltage being 2–3 kV. The pulse repetition frequency was 50 kHz with a pulse duration of 5–10 μs and a maximum input power of 2 kW. Due to strong temperature gradients within the plasma effluent torch, the surface temperature of the substrates can be kept around 100 °C [16,17], hence temperature sensitive substrates, e.g., wood and wood based materials can be coated. The effluent plasma zone temperature was determined with a thermometer (Amprobe TMD-56, BEHA-AMPROBE GmbH, Glottertal, Germany) with a thermocouple type K, working range from −50 to 1200 °C at a distance of 20 mm to the ground electrode. The introduced particles are a polyester powder (D50 = 45 μm), Interpon 610 MZ013GF (Akzo Nobel Powder Coatings GmbH, Arnsberg, Germany) based on iso- and teraphthalic acid (TPA) polyester mix with a density of 120 g/m3 [18]. For the coating process, the substrates were moved in meandering strips under the fixed spray nozzle. Table 1 shows the coating parameters.



Table 1. Coating parameters of the plasma application.







	
Parameter

	
Value






	
Working distance

	
20 mm




	
Process gas flow rate

	
60 L/min




	
Powder feed rate

	
4.3 m3/h




	
Substrate scan speed

	
40 mm/s




	
Powder feed speed

	
150 mm/h




	
Process gas

	
Compressed air










European beech (Fagus sylvatica L.) and Grand fir (Abies grandis Lindl.) wood samples with dimensions of 26 × 76 × 4 mm3 (radial × longitudinal × tangential) as well as medium density fibreboard (MDF) with 26 × 76 × 12 mm3 were used as substrates. Prior to the experiments the specimens were conditioned in a 20 °C 65% relative humidity (RH) environment till a constant weight of the specimens on three following days was obtained. This lead to approximately 12% moisture content in European Beech, Grand fir and MDF specimens alike, as previous experiments showed. After the conditioning the following densities were measured: European beech 689 kg/m3; Grand fir 366 kg/m3; MDF 692 kg/m3. European beech wood was chosen because of its good availability in German forests and the resulting necessity to develop new fields of use. Grand fir wood has a low resin content and therefore allows a good comparability between soft- and hard-wood for plasma treatments.



For the determination of the layer thickness, the samples were masked on one edge with tape prior to the coating process to obtain an uncoated area. Subsequently to the single or double coating process, the substrates were annealed for 10 min in the oven at 180 °C based on the stoving schedule from AkzoNobel [18].



XPS measurements were performed on a PHI 5000 Versa Probe II (ULVAC-PHI, Chigasaki, Japan) using monochromatic Al–Kα radiation with a photon energy of 1486.6 eV. The minimum detector resolution measured at the Ag3d5/2 peak is 0.45 eV. Detailed spectra of carbon 1s (C1s), oxygen 1s (O1s) and nitrogen 1s (N1s) with a pass energy of 46.95 eV, a step size of 0.1 eV and a spot size of 200 μm were recorded. In order to avoid charging effects, the measurements were carried out with neutralization of sample charging. The structures were fitted applying Voigt profiles after conducting a Shirley baseline subtraction.



The layer thickness was analyzed with a LSM (VK-X100, KEYENCE Deutschland GmbH, Neu-Isenburg, Germany) using a 20× objective. The prior to the coating process masked area as well as a coated area of 4000 × 500 μm2 were measured. The obtained data was processed in the form that image noise was removed and the tilt corrected. To gain the height information, the average height of coated to uncoated area (1000 × 400 μm2) was compared.



FTIR measurements of references as well as coated samples were performed on a PerkinElmer Frontier (PerkinElmer LAS (Deutschland) GmbH, Rodgau Jügesheim, Germany). The measurement was performed with diamond ATR (Specac Golden Gate GS 10515, Specac Ltd., Orpington, UK) in a range of 400–4000 cm−1, averaged over 64 scans with a resolution of 4 cm−1.



The pull-off strength was tested using the dolly test based on ASTM D 4541-02 [19] and DIN EN ISO 4624:2016-08 [20] with 20 mm dollies glued on with Araldite 2011 (Huntsman Advanced Materials LLC, Salt Lake City, UT, USA). The extraction was carried out using a hydraulic hand-held measuring device PosiTest AT-P (DeFelsko Corporation, Ogdensburg, NY, USA).



Differential scanning calorimetry (DSC) was used to determine the melting point of the used polyester powder. The measurement was performed with a Netszsch DSC 200 F3 (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany). The sample were heated from 20 to 280 °C in a nitrogen atmosphere with a step size of 10 K/min.



A gloss measurement of the deposited coatings was carried out using a Rhopoint IQ goniophotometer (Rhopoint Instruments Ltd., Hastings, UK). The gloss measurements at 20°, 60° and 85° were performed according to DIN EN ISO 2813:2015-02 [21].




3. Results


XPS measurements were performed for the chemical surface analysis and are presented in the following as atomic percent. The results of the quantitative analysis of C1s, N1s and O1s are shown in Table 2. The single-coated substrates are labelled with I, double-coated with II. In the cases of European beech and Grand fir the coating process resulted in an increase in carbon of 5%–9% and a decrease of oxygen of 5%–9% compared to the untreated wood references. The nitrogen content can be considered as constant. In case of MDF, the carbon content was reduced by 10% while the oxygen content was increased by 12%. Nitrogen was reduced by approximately 2%. The chemical composition of the coated wood and wood materials is comparable to the composition of the polyester reference.



Table 2. Chemical composition of coated wood and wood based materials compared to the reference material (XPS data).







	
Substrate

	
C1s (at. %)

	
N1s (at. %)

	
O1s (at. %)






	
Beech I

	
77.57

	
0.36

	
22.07




	
Beech II

	
76.11

	
0.75

	
23.15




	
Beech reference

	
71.29

	
0.46

	
28.25




	
Grand fir I

	
78.07

	
0.32

	
21.61




	
Grand fir II

	
77.52

	
0.54

	
21.94




	
Grand fir reference

	
68.74

	
0.46

	
30.8




	
MDF I

	
76.87

	
0.48

	
22.66




	
MDF II

	
76.10

	
0.92

	
22.98




	
MDF reference

	
86.85

	
2.65

	
10.49




	
Powder reference

	
78.52

	
0.42

	
21.06










Figure 2 shows an example of the C1s and O1s peaks for the polyester reference. The C1s peak is comparable to TPA, from which polyesters are synthesised. The sample had 3 significant structures in the C1s peak. The spectrum was shifted to the main peak of C1s at 284.8 eV [22]. The main peak can be assigned to the phenylic carbon (C=C; C–C) [23], with an FWHM of 1.41 eV. The bonding energy of 286.19 eV was not found in the C1s core level spectrum of TPA [24]. Possible explanations might be final state effects or a partial decomposition of the TPA molecules on the substrate’s surfaces [25].


Figure 2. XPS detail spectra of polyester reference: (a) C1s peak and (b) O1s peak.
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The third structure found around 288.68 eV with FWHM 1.17 eV can be identified as carboxyl group (O–C=O) [24,26]. In the O1s peak, the two structures were seen at 531.76 and 533.16 eV with an FWHM of 1.40 and 1.64 eV. These structures correspond to carbonyl (C=O) and hydroxyl groups (C–OH) [23,24].



Figure 3 displays all C1s and O1s spectra of the tested samples. The coated samples showed an increase of the carboxyl group in the C1s peak compared to the respective references. In the O1s peak the species C=O and C–OH indicate a polyester layer.


Figure 3. Comparison of XPS measurements of untreated reference, single-, double-coated and polyester reference: (a) C1s European beech; (b) C1s Grand fir; (c) C1s MDF; (d) O1s Beech; (e) O1s Grand fir; (f) O1s MDF.
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The recorded FTIR spectra (N = 3) show clearly that there are no significant differences in the chemical structure between powder reference and coated samples. This applies to European beech, Grand fir and MDF alike. The spectra for European beech are shown in Figure 4 as an example.


Figure 4. Comparison of FTIR spectra of single- and double-coated beech and the powder reference. All spectra are corrected by moving average baseline subtraction.
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However, spectra of the untreated substrate surfaces and the powder reference show two completely different spectra. By way of example, the broad OH stretching peak in the region of 3300 cm−1, which is present in the substrate but does not occur in the polyester, should be mentioned here Figure 5.


Figure 5. FTIR spectra of uncoated European beech and the powder reference.
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Figure 6 shows the average layer thickness of the coated samples. The single-coated substrates exhibited a layer thickness of approximately 14 µm, whereas the double-coated substrates show approximately 22 µm. This corresponds to a layer growth of about 37% after a second treatment.


Figure 6. LSM data showing the coating thickness of single- and double-coated European beech, Grand fir and MDF (N = 10).
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The dolly test showed that, apart from a statistical outlier, the required practical minimum pull-off strength of 1 MPa could be achieved. Figure 7 displays the distribution of the dolly test measurement as a box plot. The pull-off tests on most of the coated Grand fir samples did already show a cohesion failure. For MDF samples only cohesion failures occurred. Therefore, the lift-off strength might be partially above the values shown in Figure 7.


Figure 7. Pull-off strength of single and double-coated European beech, Grand fir and MDF (N = 10).
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Table 3 illustrates the gloss measurements. The gloss values at the 60° angle were all below 30 gloss units (GU), suggesting that the test pieces are predominantly matte. The degree of glossiness at 85° is considered for a comparison of the test specimens. In case of Grand fir and MDF, an increase in the gloss was noticed. Comparing single to double-coated substrates, a doubling of the gloss value was ascertained. In case of European beech the degree of glossiness decreases with a second coating while the degree of glossiness increased from 9.2 to 12.8 GU with a single coating.



Table 3. Gloss measurements of coated and uncoated substrates (N = 10).







	
Substrate

	
60° (GU)

	
85° (GU)






	
Beech I

	
21.2 ± 3.8

	
12.8 ± 2.5




	
Beech II

	
10.3 ± 2.0

	
7.5 ± 1.8




	
Beech reference

	
4.8 ± 0.6

	
9.2 ± 2.3




	
Grand fir I

	
12.1 ± 3.6

	
3.5 ± 1.7




	
Grand fir II

	
18.5 ± 5.2

	
7.1 ± 1.8




	
Grand fir reference

	
5.4 ± 0.9

	
3.6 ± 1.8




	
MDF I

	
2.9 ± 0.7

	
0.7 ± 0.3




	
MDF II

	
3.81 ± 1.0

	
1.1 ± 0.5




	
MDF reference

	
1.9 ± 0.1

	
0.34 ± 0.1










DSC measurements revealed a melting point of the polyester powder of 59.2 °C. The temperature of the effluent plasma discharge at a 20 mm distance was 123.5 °C.




4. Discussion


The XPS and FTIR measurements indicate that the deposited layers are chemically identical compared to the powder reference. This is true for single and double treated substrates. Despite the high energy which is injected due to the plasma, destruction or decomposition of the powder can be ruled out. This is verified by the XPS data showing the chemical composition and the chemical structure data obtained with FTIR measurements. This is verified by the XPS as well as the FTIR data, showing clearly the similarities of the chemical composition or chemical structure of processed/unprocessed powders, respectively.



The results from LSM measurements show that macroscopic coating layers can be produced which are influenced in thickness by the repetition of the coating process. While a single deposition process exhibits a layer thickness of approximately 14 µm, a second deposition leads to an increase of about 8 µm. This effect is currently under investigation.



The obtained layers meet the practical requirements of a coating’s pull-off strength of 1 MPa, according to dolly test. Especially for MDF the pull-off strength of the layer is above the required (>0.6 MPa) internal bond strength (DIN EN 319:1993-08 [27]). The bonding strength of the layer to the surface exceeds the internal bonding of the material. The increased temperature during the plasma treatment might be beneficial for adhesion: Measurements of the plasma temperature during the coating process and the melting point of the powder show that during the coating process higher temperatures are generated than are required for the melting of the powder. It can therefore be assumed that the particles have already been partially melted by the plasma coating process and thus adhere to the substrate surface even before the annealing process. This may result in a synergy effect which reduces the energy and time requirements of the annealing and thus minimizes the material stress.




5. Conclusions


The study revealed that the plasma jet process is an enabling technology for deposition of a macroscopic coating layer of polyester on various, non-conducting wood and wood materials. The deposition process is independent of the electrical conductivity and the thickness of the substrate and can take place without the application of additives or other pretreatments.



The resulting layers do not differ chemically from the unprocessed powder references. The adhesion of the layer is satisfying with an average pull-off strength of >1 MPa.



The object of current research is, to investigate the positive synergy effect of the plasma treatment with the subsequent annealing process in regard of the annealing method and the treatment time.
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