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Abstract

:

In this study, we investigated the drying behavior of a waterborne wood coating (WWC) on pine wood using hot air drying. An analysis of variance of the experimental data revealed that both temperature and humidity exerted significant effects on the surface drying time. An analysis of the structure and wettability indicated a faster moisture migration rate through the cross section than through the tangential section of porous wood. We also determined that temperature, humidity and their interactions significantly affected the glossiness, while temperature had a greater effect on the wear resistance of the WWC films than humidity. The drying conditions had a minimal effect on the adhesion strength. By considering both the drying efficiency and the coating performance, the optimal drying conditions for the WWC on pine wood were determined to be 60 °C and 55% relative humidity. Our findings suggest that establishing a correlation between drying performance and substrate can ensure the quality of WWCs for practical applications in the wood coating industry.
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1. Introduction


Various forms of wood are used in furniture manufacturing, such as solid wood, laminated wood and agglomerated wood, also in combination with other materials [1,2,3]. Solid wood is a very popular and widely used furniture construction material due to its environmental characteristics, high aesthetic value, etc. [4,5]. However, wood is naturally hygroscopic, and surface coating is necessary when wood is used for outdoor applications, especially plantation wood, due to its highly porous structure and low density.



Waterborne wood coatings (WWCs) are environmentally friendly coatings that have been widely used for wood surface treatment due to their lower volatile organic compound (VOC) emission and greater safety compared with traditional solvent-based coatings [6,7,8]. However, it is still challenging to control the drying rate while ensuring the quality of WWCs, especially on porous wood substrates [9,10]. The key issues for controlling these features are the drying rate and the moisture migration [9,11]. Important investigations into WWCs have recently been made, including on advanced components, curing mechanisms, filler preparation, and their applications [12,13,14,15]. However, few studies have focused on the drying rate and quality control of WWCs.



Some studies reported that the drying rate of WWCs is relatively slow and susceptible to the influence of the environmental temperature and humidity [16,17,18]. In addition, WWCs may experience quality issues such as an uneven color and reduced glossiness after drying [19,20]. Lu and co-workers investigated the effect of dehumidified drying conditions on the drying behavior and coating performance of a WWC on sugar maple-veneered panels, and the results revealed that relative humidity was more significant than temperature [21]. Song et al. revealed that the drying behavior of a WWC on oak and balsa wood substrates varied due to the effect of the wood microstructure and hygroscopicity [16]. Due to its straight grain and good mechanical properties, pine wood has high application potential in China [22,23], but the drying behavior of WWCs on pine wood has not been studied.



In this study, the effect of the hot-air drying conditions on the drying time of a WWC on a pine wood substrate was explored. The drying time of a WWC directly affects its film formation efficiency and the costs of the coating process. By analyzing experimental data under different temperatures and humidity, this study revealed how these parameters influenced the drying time of WWC films. We also investigated the microstructure, adsorption/desorption, and wettability because these factors also affect the interactions between coatings and wood substrates and thus affect the quality of dried coatings [16]. Afterward, this work analyzed the key factors affecting the coating performance of a WWC, including color change, glossiness, wear resistance and adhesion, because these indicators affect the decorative aspects of coatings, as well as their service life and maintenance costs. By using analysis of variance, this article revealed the influence of temperature and humidity on these indicators, providing a theoretical basis for optimizing the drying conditions of WWCs on pine wood.




2. Experimental Section


2.1. Materials


Pine wood (Pinus sylvestris var. mongholica Litv.) was purchased from the Daxing’anling forest region. The wood samples were cut along the tangential direction, and wood samples with a clear texture and no obvious defects were selected and further processed to the dimensions of 10 × 15 × 50 mm3 (L × T × R), 10 × 50 × 50 mm3 (L × T × R) and 100 × 100 × 10 mm3 (L × T × R) for further use. The specimens of 10 × 15 × 50 mm3 (L × T × R) were used for the contact angle and morphology tests. The specimens of 10 × 50 × 50 mm3 (L × T × R) were used for testing the drying time, color, glossiness, and adhesion. The specimens of 100 × 100 × 10 mm3 (L × T × R) were used for determining the drying behaviors and the abrasiveness of the coated wood samples. In order to obtain a fine and smooth surface before the coating, the wood samples were sanded with 180 and 400 mesh sandpaper along the direction of the wood texture using a sanding machine. All the wood samples were naturally dried at room temperature and stored until further applications. The initial moisture content of the samples before coating was 7%–8%, and the density was 0.45–0.46 g/cm3. Typically, the primer WWC used in this work was a Sanqing Waterborne Wood Coating (Fujian Xinhang Chemical Co., Ltd., Xiamen, China), whose main components were waterborne acrylic acid and polyurethane, with a solids content of 37%.




2.2. Hot Air Drying of WWC


The WWC was brushed evenly and quickly on the wood surface (100 × 100 × 10 mm3) along the grain direction, with a loading of 100 g/m2. The drying experiments were carried out in a constant-temperature and -humidity chamber (DS-100, Suzhou Xinda Experimental Equipment Co., Ltd., Taicang, China). The study focused on investigating the impact of different temperatures (40 °C, 50 °C and 60 °C) and relative humidity levels (40%, 55% and 70%) on the drying process of WWC. The determination of the surface and hard-drying time of the WWC film followed the guidelines outlined in the Chinese national standard GB/T 1728-2020 [24]. The mass change of the WWC-coated wood was calculated according to Formula (1):


  M a s s   c h a n g e =   I n i t i a l   m a s s   o f   W W C   c o a t e d   w o o d − m a s s   o f   d r i e d   W W C   c o a t e d   w o o d   I n i t i a l   m a s s   o f   W W C   × 100 %  



(1)








2.3. Characterization


The contact angles of water and WWC droplets on wood were measured using an OCA20 contact angle measurement system (Dataphysics, Stuttgart, Germany) at room temperature. Static contact angle measurements were performed using 5 μL droplets of water or WWC. The surface morphology of the wood samples was analyzed using a QUANTA200 scanning electron microscope (SEM) from FEI, The Netherlands, operating at a voltage of 5 kV. The specific surface area of the wood samples was measured at 20 °C using dynamic vapor sorption (DVS) on an Adventure instrument from Surface Measurement Systems Ltd., Middlesex, UK. The glossiness of WWC-coated wood was measured using a WCG-60 glossmeter (Pushen Chemical Machinery Co., Ltd., Shanghai, China) in accordance with the Chinese national standard GB/T 4893.6-2013 [25]. Each measurement was performed horizontally and vertically along the sample, and the glossiness was calculated based on a mirror gloss value of 100.



The color change of WWC-coated wood was assessed using a Konica Minolta CM2300D spectrophotometer and analyzed according to the CIE (1976) L*a*b* standard, specifically following the ISO 7724 standard. The color change (ΔE*) was calculated using Formula (2):


ΔE* = ((L*x − L*0)2 + (a*x − a*0)2 + (b*x − b*0)2)1/2



(2)







The CIE L*a*b* parameters included brightness L*, red-green axis chromaticity index a* and yellow-blue axis chromaticity index b*, where x represents the concomitant value after coating, and 0 represents the initial concomitant value.



The wear resistance was evaluated based on the mass loss during the wear process. The wear resistance of WWC-coated wood was evaluated using a rolling wear tester (MMG-5A, Tianchen, Jinan, China) in accordance with the Chinese national standard GB/T 4893.8-2013 [26]. The maximum test force applied was 5 N, and the evaluation of wear resistance was based on the measurement of mass loss during the wear process. The adhesion of the WWC coating on wood was measured using the pull-off method in accordance with the Chinese national standard GB/T5210-1985 [27]. A selected sample of the surface coating was dried on a centering device using an adhesive. Then, a vertical and uniform tensile force was applied at a constant speed (10 mm/min) on the bonding surface of the sample to determine the force required to induce adhesion failure between coatings or between coatings and substrates. The surface roughness of the wood samples before and after the application of a waterborne coating was tested using a TR2000 surface roughness tester. The length of the samples employed for the testing was 2.5 mm. To ensure consistency, the test piece was positioned on a platform, while the probe remained parallel to the grain direction of the wood. Three distinct measurement positions were considered for each test piece, and subsequently their means were calculated. The following evaluation parameters were selected: average deviation (Ra) of the contour, ten-point height (Rz) of micro unevenness and maximum height (Ry) of the contour. These parameters were utilized to effectively characterize and assess the surface roughness properties of the specimens.




2.4. Statistical Analysis of the Data


Variance analysis was performed to assess the significance of the surface drying time, hard drying time, color change, glossiness, wear resistance and adhesion of the WWC film required to dry the coatings under different conditions. The data were divided into groups based on the temperature, and the Duncan significance analysis method [18] was used to study the average values of the data obtained during the WWC drying under different humidity conditions within the same group. This provided a comprehensive evaluation of the effects of various drying conditions on the performance of the WWC coatings.





3. Results and Discussion


After the WWC was applied to pine wood, the drying of the water in the WWC occurred via two main pathways: evaporation of water into the air and infiltration into the interior of the wood, as shown in Figure 1. Increasing the transfer rate of water is key to achieving an efficient and high-quality drying of a WWC [28,29]. Therefore, to improve the drying results, the transfer of moisture in a WWC should be increased by controlling the temperature and relative humidity in the drying environment [30].



3.1. Drying Rate of WWC-Coated Pine Wood during Hot Air Drying


The mass change of WWC-coated pine wood was utilized as an indicator to monitor its drying rate. Drying rate experiments were conducted under various temperature and humidity conditions, and the initial slope of each curve was utilized as the drying rate. Figure 2a–c shows that upon increasing the temperature and decreasing the relative humidity, the rate of mass change of the WWC significantly increased, which indicated that the drying rate of the WWC increased at higher temperatures and lower relative humidity. The drying rate of the WWC was the fastest at 60 °C and 40% relative humidity. The change in the initial slope ranged from 1.708 to 5.709 under different relative humidity values at 60 °C, which was a wider range than that of the change in the initial slope at 40 °C and 50 °C.



This indicated that the higher the temperature, the greater the impact of humidity on the drying rate of the WWC. At a humidity of 70%, when the temperature was 50 °C and 60 °C, the initial mass change was below 0. This may have been due to excessive relative humidity under the above conditions, which resulted in moisture absorption by both the WWC and the wood during the initial drying stage. After reaching equilibrium, the WWC continued to dry. This shows that the drying conditions had a significant impact on the mass changes of the WWC. A comparison of the initial drying rates showed that the conditions for obtaining the first three drying rates were, respectively, 60 °C/40%, 50 °C/40%, 40 °C/40%.




3.2. Surface Drying and Hard-Drying Time Determination and Statistical Analysis


As shown in Figure 2d, under a certain relative humidity, the surface drying time and hard-drying time of the WWC decreased upon increasing the temperature. In contrast, at a constant temperature, the surface drying time and hard-drying time increased with the humidity. The most expedited surface drying and hard-drying times were attained at a temperature of 60 °C and a relative humidity of 40%, with values of 671.32 s/g and 1284.42 s/g, respectively. A statistical analysis of the drying time is shown in Table 1 and Table S1, which show that the sum of the squared deviations and mean deviation of humidity was higher than that obtained for temperature. This indicates that the surface drying time was greatly affected by humidity. The concomitant probability values were all <0.01, indicating that both temperature and humidity had significantly different effects on the surface drying time. Interactions between temperature and humidity also significantly affected the surface drying time. At 40 °C and 50 °C, there was a significant difference in the surface drying time among the three humidity values. At 60 °C, there was a significant difference in the surface drying time between 40% humidity and 55% and 70% humidity, but no significant difference between 55% and 70% humidity.



For the hard-drying time of the WWC (Table S2), the sum of the squared deviations and mean deviation of temperature was higher than that obtained for humidity, indicating that the temperature had a greater impact on the hard-drying time. The concomitant probabilities of temperature, humidity and their interactions were all <0.01, indicating that these three factors had a significant impact on the hard-drying time. At 40 °C, 50 °C and 60 °C, there were significant differences in the hard-drying times at the three humidity levels.




3.3. Structural Characteristics and Wettability of Pine Wood


The structure of wood substrates also significantly affects the conduction and evaporation of water from a WWC. Therefore, the wettability and structural characteristics of pine wood were tested and analyzed, as shown in Figure 3. To elucidate the influence of the wood structure on the water migration behavior, the microstructure of wood was characterized, and the moisture absorption and desorption properties were tested using dynamic vapor sorption (DVS). On the tangential and cross sections of pine wood, there were closely distributed axial tracheid and xylem rays in the cell wall, which formed a dense and porous structure [31,32]. The WWC film was closely connected to the wood, and some of the WWC film penetrated the interior of the wood. The moisture absorption and desorption curve of pine wood was a sigmoidal type Ⅱ isotherm, indicating multi-molecular layer adsorption. The specific surface area was 168 m2/g, slightly lower than that of hardwood with a similar density [16], which may be the reason for the lower moisture migration rate in hardwood.



The initial water contact angle (WCA) on the tangential section of the pine wood was 92.1° and gradually decreased upon extending the time and almost reached 0° after 120 s. However, this penetration rate was slower than that of hardwood, which may be related to the structure and components of pine wood. The initial WCA on the cross section was 63.3° and decreased rapidly, until disappearing, within 5 s, indicating that the penetration rate of water in the cross section of pine wood was much higher than that in the tangential section.



It was found that the initial contact angles of a WWC droplet on the cross section and tangential section of pine wood were higher than the WCA, being 100.6° and 81.8°, respectively. The penetration rate of the WWC was also slower, with an average change of 30° after 120 s. Thus, the moisture in the WWC slowly penetrated the wood but at a slower rate than water. The migration rate of water in the WWC on the cross section was higher than that on the tangential section.




3.4. Coating Performance of the WWC on Wood under Different Drying Conditions


WWCs significantly affect the decorative properties of wood [20]. The color of the wood darkened after coating. This could be attributed to the WWC penetrating the internal structure of the wood. As shown in Figure 4, the color change slightly increased upon increasing the temperature and humidity. The largest value of ΔE* was achieved after drying at 60 °C and 70% humidity. As the data in Table 2 and Table S3 demonstrate, the sum of the squared deviations and mean deviation of humidity were greater than the corresponding sum obtained for temperature, indicating that humidity had a greater impact on the color change of the WWC-coated wood than temperature.



In terms of concomitant probability, the values of temperature, humidity and their interactions were all >0.05, indicating that none of the three factors significantly affected the color. There was no significant difference in the color of the WWC-coated wood at different humidity levels and temperatures.



Glossiness is an important indicator for evaluating the surface quality of coatings. As shown in Figure 4, the changes in glossiness along the grain horizontal axis of the WWC-coated pine wood were generally lower than those along the grain parallel axis. The optimal glossiness values were achieved during drying under the temperature and humidity values of 40 °C/40%, 60 °C/40% and 40 °C/70%.



By analyzing the data in Tables S4 and S5, we found that temperature had a greater impact on glossiness than humidity. In addition, temperature, humidity and their interactions had a significant impact on glossiness. At 50 °C, there was a significant difference in the glossiness of the WWC film in different humidity environments. At 40 °C and 60 °C, there was a significant difference in glossiness between the relative humidity values of 40% and 70%.



Figure 4 and Table S6 show changes in the wear resistance of WWC films under different drying conditions. At lower temperatures, the wear resistance of the WWC was good, especially when dried at 50 °C/70%, 40 °C/40% and 40 °C/55%. The data analysis showed that temperature had a greater effect on the wear resistance of the WWC films than humidity. The interaction between temperature and humidity had a significant effect on the wear resistance, while humidity did not. At 40 °C, there was a significant difference in wear resistance when the relative humidity was 40%, 50% and 70%. At 50 °C, there was no significant difference in the wear resistance of the dried WWC films at any of the three humidity values. At 60 °C, there was a significant difference in the wear resistance between 40% and 50% relative humidity.



Next, the adhesion of the WWC film was tested. As shown in Figure 4d, as the temperature increased, the adhesion of the WWC film decreased, and a maximum value was obtained at 40 °C and 50% humidity. According to the data analysis in Table S7, the temperature had a significant impact on the adhesion, while humidity and its interaction with temperature did not. There was no significant difference in the adhesion of the WWC film under different relative humidity and temperature values. In addition, defect formation in the WWC obtained under different drying conditions was also directly observed by optical microscopy, as shown in Figure S1. The roughness of the wood surface before and after coating was determined. We found that all the values of roughness decreased after coating, as expected. However, we did not find a correlation between drying conditions and surface roughness (Figure S2).




3.5. Evaluation of Drying Efficiency and Coating Performance by Radar Analysis


The efficiency and performance of hot air drying of the WWC on pine wood were evaluated using a radar map, as shown in Figure 5. Key factors, including the drying time, drying rate, chromatic aberration, mass loss and adhesion strength, were analyzed and represented in the radar map. Level 5 indicated the optimum drying efficiency and coating properties. As illustrated in Figure 5, the drying process of the WWC on pine wood yielded the most favorable performance when conducted at a temperature of 60 °C and a relative humidity of 55%, providing valuable insights for optimizing the drying process and improving the overall performance of WWC coatings.





4. Conclusions


This study investigated the drying behavior of a WWC on pine wood. Through the investigation of the WWC drying efficiency and coating performance at varying temperatures and relative humidity values, the overall drying process was optimized. The results indicated that higher temperatures and lower relative humidity levels accelerated the drying rate of the WWC. The surface drying time was predominantly influenced by humidity, whereas the temperature had a greater impact on the hard-drying time. The penetration rate of the WWC into the wood was slower compared to that of pure water. The water migration rate in the WWC was higher on the cross section than on the tangential section. Taking into account both drying efficiency and coating performance, the optimal drying conditions for pine wood were determined to be a temperature of 60 °C and a relative humidity of 55%. This study provides a comprehensive analysis of the influence of key environmental conditions on a WWC drying performance on pine wood, and the results may promote the development of the WWC drying technology.
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Figure 1. Schematic diagram of the main drying process and moisture transfer mechanism of a WWC on pine wood. 
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Figure 2. Mass change of the WWC-coated wood under different temperature and humidity conditions (a–c); surface drying and hard-drying times of the WWC-coated wood (d). 
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Figure 3. Structural and wettability of pine wood. SEM images of the examined wood in tangential (a) and cross sections (b); SEM images of surface (c) and cross section (d) of the WWC-coated wood; (e) dynamic vapor adsorption curves of the wood; (f) water contact angle and WWC contact angle on the wood substrate. 






Figure 3. Structural and wettability of pine wood. SEM images of the examined wood in tangential (a) and cross sections (b); SEM images of surface (c) and cross section (d) of the WWC-coated wood; (e) dynamic vapor adsorption curves of the wood; (f) water contact angle and WWC contact angle on the wood substrate.



[image: Forests 14 01752 g003]







[image: Forests 14 01752 g004] 





Figure 4. Coating performance determination of the WWC-coated wood. (a) Color changes, (b) glossiness, (c) wear resistance and (d) adhesion of the WWC film under different drying conditions. 
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Figure 5. Systematically evaluating the drying efficiency and coating performance of the WWC on pine wood using radar map analysis. 
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Table 1. Analysis of variance and Duncan significance analysis results of the surface drying and hard-drying time.






Table 1. Analysis of variance and Duncan significance analysis results of the surface drying and hard-drying time.





	
Temperature

(°C)

	
Relative Humidity

(%)

	
Surface Drying Time AVERAGE Value ± SD (%) and Significant Level

	
Hard-Drying Time Average Value ± SD (%) and Significant Level






	
40 °C

	
40%

	
807.07 ± 50.63 c

	
1506.19 ± 22.93 c




	
55%

	
1200.23 ± 64.07 b

	
1725.66 ± 37.19 b




	
70%

	
1555.15 ± 51.88 a

	
2634.98 ± 52.44 a




	
50 °C

	
40%

	
742.14 ± 39.35 c

	
1305.33 ± 31.91 c




	
55%

	
1183.26 ± 51.38 b

	
1701.98 ± 70.86 b




	
70%

	
1456.66 ± 54.05 a

	
2452.71 ± 39.42 a




	
60 °C

	
40%

	
671.26 ± 46.05 b

	
1284.08 ± 53.69 c




	
55%

	
1124.31 ± 49.72 a

	
1668.95 ± 51.16 b




	
70%

	
1187.95 ± 57.16 a

	
2437.92 ± 31.46 a




	
Temperature (°C)

	
**

	
**




	
Relative humidity (%)

	
**

	
**




	
Temperature (°C) × Relative humidity (%)

	
**

	
**








Analysis principle: the average values of surface drying time and hard-drying time for the coatings were analyzed at the 5% significance level (*) and 1% significance level (**). Not significant differences between surface drying time and hard-drying time for different treatments are indicated by the same letters (a, b, c), whereas different letters identify significantly different surface drying time and hard drying time between treatments.













 





Table 2. Variance analysis and Duncan significance analysis results of ΔE*, transverse gloss, longitudinal gloss, mass loss and adhesion strength.






Table 2. Variance analysis and Duncan significance analysis results of ΔE*, transverse gloss, longitudinal gloss, mass loss and adhesion strength.





	
Temperature

(°C)

	
Relative Humidity

(%)

	
ΔE* Average Value ± SD (%) and Significant Level

	
Transverse Gloss Average Value ± SD (%) and Significant Level

	
Longitudinal Gloss Average Value ± SD (%) and Significant Level

	
Mass Loss Average Value ± SD (%) and Significant Level

	
Adhesion Strength Average Value ± SD (%) and Significant Level






	
40 °C

	
40%

	
6.1 ± 2.72 a

	
11.4 ± 0.3 a

	
18.2 ± 0.3 a

	
0.041 ± 0.013 b

	
6.4 ± 0.67 a




	
55%

	
4.9 ± 1.20 a

	
11.1 ± 0.05 a

	
9.5 ± 0.1 c

	
0.04 ± 0.006 b

	
6.1 ± 0.60 a




	
70%

	
6.4 ± 0.95 a

	
9.0 ± 0.15 b

	
12.8 ± 0.92 b

	
0.113 ± 0.039 a

	
5.8 ± 0.70 a




	
50 °C

	
40%

	
6.9 ± 2.33 a

	
4.1 ± 0.1 c

	
7.0 ± 0.05 c

	
0.054 ± 0.018 a

	
5.8 ± 0.90 a




	
55%

	
5.2 ± 0.51 a

	
5.7 ± 0.25 b

	
10.8 ± 0.15 a

	
0.055 ± 0.017 a

	
5.5 ± 0.85 a




	
70%

	
6.6 ± 0.83 a

	
7.5 ± 0.05 a

	
8.7 ± 0.12 b

	
0.040 ± 0.034 a

	
5.5 ± 0.89 a




	
60 °C

	
40%

	
6.2 ± 3.42 a

	
9.8 ± 0.85 a

	
13.6 ± 0.15 a

	
0.111 ± 0.019 a

	
5.5 ± 0.89 a




	
55%

	
7 ± 0.37 a

	
8.9 ± 0.05 a

	
11.9 ± 0.25 b

	
0.063 ± 0.01 b

	
5.3 ± 0.81 a




	
70%

	
7.7 ± 2.52 a

	
5.1 ± 0.05 b

	
7.6 ± 0.12 c

	
0.094 ± 0.02 ab

	
5.1 ± 0.95 a




	
Temperature (°C)

	

	
**

	
**

	
**

	
*




	
Relative humidity (%)

	

	
**

	
**

	

	




	
Temperature (°C) × Relative humidity (%)

	

	
**

	
**

	
**

	








Analysis principle: the average values of ΔE*, transverse gloss, longitudinal gloss, mass loss and adhesion strength for the coating were analyzed at the 5% significance level (*) and 1% significance level (**). Differences between ΔE*, transverse gloss, longitudinal gloss, mass loss and adhesion strength identified as not significant between treatments are indicated by the same letters (a, b, c). Different identifying letters indicate significant differences in ΔE*, transverse gloss, longitudinal gloss, mass loss and adhesion strength between treatments.
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