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Abstract


In this paper, self-healing microcapsules with urea formaldehyde coated Nippon water-based acrylic acid were prepared, and the performance of water-based topcoat paint film added with self-healing microcapsules and the repair effect of microcapsules were investigated. The results show that when the content of microcapsules in water-based topcoat paint film on the surface of wood increased, the color difference and hardness rose gradually, the gloss and adhesion declined gradually, the impact resistance and tensile strength at break rose first and then declined. The 0.67:1 core-wall ratio microcapsules had a better micromorphology, and the water-based topcoat paint film with 0.67:1 microcapsules had a certain repair effect. The microcapsules were added to the water-based topcoat paint film to repair the coating to a certain extent, which provide technical reference for prolonging the service life of water-based topcoat paint film for the furniture surface.
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1. Introduction


Microencapsulation is a kind of packaging technology that can store and protect the core material for a long time, and release the core material when needed. Self-repairing microcapsules release the core material to repair cracks when they appear [1,2,3]. Jeong et al. [4] prepared nifedipine-loaded poly(lactic acid) (PLA)/polyethylene glycol (PEG) microcapsules by solvent evaporation method, and the effects of PLA and PEG on the drug release behavior of microcapsules were studied. By analyzing and testing the microcapsules, PLA and PEG were found to react, and the safety of the drug carrier for clinical use was proved. Chen et al. [5] applied the microcapsule technology to waterborne fabric coating, and studied the coating with waterproof, ultraviolet resistance, heat preservation and other multi-functions. Novel multifunctional cellulose/silica hybrid microcapsules were prepared. It was found that the microcapsules can be well scattered into waterborne coatings. The coating had superhydrophobicity, ultraviolet resistance and thermal insulation. Nesterova et al. [6] studied the particle size of polyurea–formaldehyde microcapsules with linseed oil as the core material. The experiments showed that the stirring speed, the reaction temperature and stabilizer concentration were all factors affecting the diameter of microcapsules. The effect of microcapsules on the self-healing properties of epoxy resin coating was also studied. Njoku et al. [7] prepared a self-healing microcapsule which could inhibit the interfacial corrosion of the coating and was used for long-term protection of aluminum alloy. The experimental results showed that the modified intelligent epoxy coating had good resistance, active and self-repair properties, and had a certain corrosion inhibition ability. The prepared microcapsules could also improve the barrier and adhesion of the coating. In our study [8], prepared waterborne emulsion microcapsules and the various performance of microcapsules were tested. The results show that the microcapsules added to the water-based primer film had better liquid resistance, good stability and aging resistance.



The function of paint film is to protect the surface of furniture and prevent furniture from aging or damage due to environmental and human factors [9]. If the microcrack is not repaired in time, it will affect the use of furniture and the life of furniture. The microcapsule healing method can automatically repair microcracks in the process of no artificial repair and reduce the cost of manual repair.



Topcoat is a kind of coating on the surface of substrate. In the process of practical application, it is directly in contact with the environment and users, and will be affected by humidity, temperature, ultraviolet, human damage and other factors, so it is very easy to crack and reduce the service life of paint film on furniture surface [10,11,12]. Therefore, the topcoat paint film needs to have higher impact resistance, better gloss, smaller color difference and other properties. For the self-repairing coating, it also needs to have a certain crack self-healing effect [13,14,15,16,17]. The water-based acrylic acid coated with urea formaldehyde is a kind of self-healing microcapsule. The wood surface was coated by water-based topcoat paint with microcapsules that can repair the cracks [18,19,20].



The self-healing water-based microcapsules were prepared with urea formaldehyde resin as wall material and Nippon water-based acrylic acid as core material. As shown in Figure 1, the microcapsules ruptured and core material flowed to the crack, where the water-based acrylic acid was crosslinked into a solid to fill the crack so as to repair the crack. By exploring the self-healing properties of microcapsules and studying the effect of microcapsules on the properties of wood surface coating, this paper provides a reference for research on preventing cracks of wood furniture surface coating.




2. Materials and Methods


2.1. Experimental Materials


Triethanolamine (Mw: 149.19 g/mol, CAS No.: 102-71-6), n-octanol (Mw: 130.23 g/mol, CAS No.: 111-87-5) and citric acid monohydrate (Mw: 210.14 g/mol, CAS No.: 5949-29-1) were provided by Tianjin Damao Chemical Reagent Factory Co., Ltd., Tianjin, China. Urea (Mw: 60.06 g/mol, CAS No.: 57-13-6) was provided by Shandong Ruijiang Chemical Co., Ltd., Jinan, China. Formaldehyde solution (37%, Mw: 30.03 g/mol, CAS No.: 50-00-0) and sodium dodecyl benzene sulfonate (Mw: 348.48 g/mol, CAS No.: 25155-30-0) were provided by Nantong Jiangtian Chemical Co., Ltd., Nantong, China. Waterborne acrylic acid which mainly composed of waterborne acrylic copolymer, and water-based topcoat were provided by Nippon Paint Co., Ltd., Nanjing, China. Basswood (80 mm × 75 mm × 6 mm) were provided by Hangzhou Yihong Wood Co., Ltd., Hangzhou, China.




2.2. Experimental Method


Firstly, the quality of wall material of microcapsules was fixed, the 20.0 g urea and 27.0 g of 37% formaldehyde solution were reacted completely by molar ratio of 1:1 to generate 30 g urea–formaldehyde. The reaction equation of urea and formaldehyde is as follows:


H₂N-CO-NH₂ + HCHO → H-[NH-CO-NH-CH₂]-OH











Microcapsules with different core-wall ratios were prepared by changing the quality of core material. The 20.0 g urea and 27.0 g of 37% formaldehyde solution were mixed, stirred and heated, and a few drops of triethanolamine were used to adjust the pH of the solution to 8.5. The wall material solution was obtained by continuous reaction for 1 h at 60 °C. The core material waterborne acrylic acid was added into the sodium dodecylbenzene sulfonate emulsifier solution and emulsified at 50 °C for 30 min. Then, the core and wall materials were mixed, the pH value was adjusted to 3–4 with citric acid, and the temperature was adjusted to 60 °C for 2 h. Finally, the product was filtered and dried to obtain powder microcapsules.



Seven kinds of microcapsules were added into the waterborne topcoat paint with five different contents. The quality of the self-healing water-based topcoat prepared was 4.0 g, and all the self-healing water-based topcoat was coated on the Basswood. The optical properties, mechanical properties, liquid resistance and self-repair properties of the film were tested, and the microstructure and composition of the water-based topcoat paint film were analyzed.



The paint film on the surface of the wood was scratched with a blade, and the width of the crack was observed and measured with the microscope. Then, the sample was placed for five days, and the size of the crack in the same place was observed again. The size of the crack in the same place over different days was measured, which can compare whether the crack healed or not.




2.3. Testing and Characterization


The MA-5QC chromatic meter (X-Rite Pantone Co., Ltd., Shanghai, China) was used to test the color difference of water-based topcoat paint film. The L1, a1 and b1 of one point on the surface of the paint film were measured by the chromatic meter, and then L2, a2 and b2 of another point on the surface of the paint film were measured, too. The color difference is calculated according to the formula: ΔE = [(ΔL)2 + (Δa)2 + (Δb)2]1/2.



The AIBEVS 1502K trigonometric glossometer (Guangzhou Shenghua Industrial Co., Ltd., Guangzhou, China) was used to test the gloss of water-based topcoat paint film. The glossiness meter was placed on the surface of the paint film, and the glossiness of the paint film can be measured.



The pencil hardness tester (Shenzhen Jiangcheng Instrument Co., Ltd., Shenzhen, China) was used to test the hardness of water-based topcoat paint film. The pencil was placed on the mechanical trolley and fixed with a clip to keep the instrument level with the paint film. The tip of the pencil should contact the surface of the paint film, and then the trolley was pulled at a uniform speed to move the tip of the pencil across the paint film. If there is a scratch of more than 3 mm, the hardness of the paint film is the corresponding pencil hardness. If there is no scratch, a higher hardness of the pencil was used to measure, until the scratch is more than 3 mm.



The film scriber (Shenzhen Xinhengsen Instrument Equipment Co., Ltd., Shenzhen, China) was used to test the adhesion of water-based topcoat paint film. First, the tool was perpendicular to the sample surface and the sample surface was cut at a uniform speed, then rotated 90° and cut in the same way once, so that the sample surface was cut into a grid pattern. The tape was adhered to the grid pattern and torn off at an angle of 60° within 0.5–1.0 s, and the peeling of the paint film on the tape was observed.



The impact testing machine (Jinan Ruima Testing Machine Manufacturing Co., Ltd., Jinan, China) was used to test the impact resistance of water-based topcoat paint film. The test board was placed on the impact testing machine base, the small iron ball was fixed to a height, and the control button was pressed so the small iron ball would freely fall to the test plate. The test board was taken out and it was observed whether there were cracks and spalling on the test board after being hit by the small iron ball.



The mechanical testing machine (Dongguan Bolaide Instrument Equipment Co., Ltd., Dongguan, China) was used to test the tensile strength at break of water-based topcoat paint film. The paint film was placed in the fixture and clamped to ensure that the paint film will not slide, and then, under a certain longitudinal load at the tensile speed of 0.12 mm/min, it deforms and breaks. The tensile strength at break = (elongation of paint film/original length of paint film between clips) * 100%.



The 15% NaCl, 70% medical ethanol (Shandong Duofeng Chemical Co. Ltd., Linyi, China), detergent (LIbY Group Co., Ltd., Hangzhou, China) and red ink (Weifang Meicai Inkjet Technology Co., Ltd., Weifang, China) were used to test the liquid resistance of water-based topcoat paint film. First, the filter paper was placed in the solution for 30 s, and then the filter paper was placed on the surface of the paint film and covered with a glass cover. After one day, the filter paper was removed and the residual water on the surface of the paint film was blotted with absorbent paper, and it was checked whether there were traces of discoloration and other damage in the tested area.



The Quanta-200 scanning electron microscope (FEI Co., Ltd., Hillsboro, OR, USA), Optical Microscope (Guangzhou Liss Optical Instrument Co., Ltd., Guangzhou, China) and vertex 80 V infrared spectrum analyzerr (Germany Bruker Co., Ltd., Karlsruhe, Germany) were used to observe the microstructure and chemical composition of water-based topcoat paint film. All experiments were repeated 4 times with standard error less than 5%.





3. Results and Discussion


3.1. Variation of Optical Performances of Water-Based Topcoat Paint Film


The color difference change in water-based topcoat paint film is shown in Table 1. The color difference of the water-based topcoat paint film increased with the content of microcapsules increased, from 0.6 to around 5.0. This is because the microcapsule is a kind of white powder and may affect the original color of wood. Because of the uneven distribution of white powder, the color of the water-based topcoat paint film surface is also uneven, resulting in a larger color difference [21]. When the content of microcapsules with different core-wall ratios was less than 10.0%, the color difference was smaller.



The gloss measured is shown in Table 2. The gloss of water-based topcoat paint film declined gradually with the rise in the content of microcapsules. When the content of microcapsules was 0–5%, the gloss of water-based topcoat paint film declined more obviously. When the content of microcapsules increased, the gloss of water-based topcoat paint film decreased slowly. This is because the surface of the water-based topcoat paint film without microcapsules is smooth, and the microcapsules particles added lead to uneven surface, which enhanced diffuse reflection and reduced gloss [22]. The gloss of the water-based topcoat paint film with the microcapsules core-wall ratio of 0.67:1 and the content of 0–10% is higher than others.




3.2. Variation of Mechanical Performances of Water-Based Topcoat Paint Film


Table 3 shows the change in the hardness of the water-based topcoat paint film. Under the same core-wall ratio, with the content of microcapsules rose, the hardness of the water-based topcoat paint film rose. This is because the microcapsules are a kind of solid powder, and the addition of microcapsules into the water-based topcoat paint film can increase the hardness of the film surface [23,24]. The hardness of the water-based topcoat paint film with 0.67:1 microcapsules was higher than others. When the content of microcapsules was 0–5.0%, the hardness of the water-based topcoat paint film rose from HB to 2H. When the content increased to 5.0–10.0%, the hardness increased to 3H. When the content continued to increase, the hardness of the water-based topcoat paint film remained unchanged for 3H. In conclusion, when the content of microcapsules was 10.0–15.0%, the hardness of the water-based topcoat paint film was better, and the core-wall ratio of microcapsules was 0.67:1, the hardness of the water-based topcoat paint film was increased more obvious.



The test results of the adhesion of water-based topcoat paint film are in Table 4. At the same core-wall ratio, the adhesion of the water-based topcoat paint film declined with the rise in microcapsules content, because the increase in microcapsules leads to the poor interfacial adhesion between the coating and wood [25,26]. When the core-wall ratio was 0.67:1, the adhesion of the water-based topcoat paint film was the best. When the content of microcapsules was 0–10.0%, the water-based topcoat paint film adhesion was grade 0. When the content increased to 15.0–20.0%, the water-based topcoat paint film adhesion decreased to grade 1. When the content reached 25.0%, the worst adhesion was grade 2. When 0.67:1 and the content of microcapsules was 0–10.0%, the adhesion of the water-based topcoat paint film was the best.



As shown in Table 5, when the core-wall ratios of microcapsules were 0.42:1, 0.50:1 and 0.67:1, the impact resistance of the water-based topcoat paint film increased gradually with the increase in microcapsules content, and remained stable after reaching the maximum value. When the core-wall ratios were 0.58:1, 0.75:1, 0.83:1 and 0.92:1, the impact resistance rose first and then declined. Because the content of microcapsules increases too much, the water-based topcoat paint film performance declines, as it is difficult to resist the damage of external forces, and the impact resistance declines slightly [27]. From the overall results, when the content of microcapsules was 10.0–15.0%, the impact resistance was stronger.



According to the above performance test results, the tensile strength at break of water-based topcoat paint film with core-wall ratios of 0.42:1, 0.50:1, 0.58:1 and 0.67:1 microcapsules was tested. It can be seen from Figure 2 that with the rise in microcapsule content, the tensile strength at break of the coating rose first and then declined at the same core-wall ratio. Among them, the tensile strength at break of paint film with a core-wall ratio of 0.67:1 microcapsules was better.




3.3. Variation of Self-Healing Microcapsules on Liquid Resistance of Water-Based Topcoat Paint Film


The changes in optical properties of water-based topcoat paint film after liquid resistance tests are shown in Table 6. The color difference of the water-based topcoat paint film after the red ink resistance test was larger than that of other liquid resistance tests, and the color difference before and after the other resistance tests barely changes because the color of the red ink itself affects the color difference of the water-based topcoat paint film. The gloss of water-based topcoat paint film with core-wall ratios of 0.67:1 and 0.75:1 microcapsules was better than others.



The performance of the water-based topcoat paint film after liquid resistance was graded, and the results are shown in Table 7. After the resistance to NaCl and detergent test, the surface of the water-based topcoat paint film was smooth without any mark, and the liquid resistance grade was level 1. After the resistance to ethanol test, the surface of the water-based topcoat paint film was basically free of marks, and the grade was basically level 1. However, when the core-wall ratios of microcapsules were 0.42:1, 0.83:1 and 0.92:1, and the content was higher, the liquid resistance grade of the water-based topcoat paint film was poor. The water-based topcoat paint film without microcapsules had obvious marks on the surface after the liquid resistance test of red ink, and the grade was level 2. When the content of microcapsules was between 5.0–10.0%, there was no obvious mark on the surface of the water-based topcoat paint film after the liquid resistance test of red ink, and it was level 1. When the content of microcapsules rose, the liquid resistance of the water-based topcoat paint film began to decline. When the core-wall ratio was 0.42:1, 0.58:1, 0.67:1 and 0.75:1, and the content of microcapsules was 5.0–15.0%, the liquid resistance of the water-based topcoat paint film was better.




3.4. Structure Analysis


Through the performance test of the water-based topcoat paint film, it can be seen that when the core-wall ratio of microcapsules was 0.67:1, the comprehensive performance of the water-based topcoat paint film was better. The microstructure of the microcapsule with a core-wall ratio of 0.67:1 is shown in Figure 3. The microcapsules seen in the microscopic image were not so obvious, but a small number of round microcapsules can be seen. This is due to the thick powder observed, which causes the microcapsules to be clumped together [28,29]. It was obvious from the scanning electron microscope images that the number of microcapsules was large, and most of them were spherical. The morphology of microcapsules was good, and the size difference was small.



The SEM picture of the water-based topcoat paint film with 0.67:1 microcapsules is shown in Figure 4. The surface of the water-based topcoat paint film without microcapsules was smooth and has no grain feeling. The surface of the water-based topcoat paint film with 5.0% and 10.0% microcapsules was uneven due to minor agglomeration in microcapsules. The surface particles of the water-based topcoat paint film with 25.0% microcapsules increased, and the agglomeration was serious. When the content of microcapsules was 0–10.0%, the microstructure of the water-based topcoat paint film was clearly characterized. The self-healing performance of the water-based topcoat paint film with the 0.67:1 microcapsules is shown in Figure 5. First, the surface of the water-based topcoat paint film was scratched and the size of the scratch on the first day was observed. Then, the water-based topcoat paint film was placed for five days, and the size of the same place was observed again. The size of water-based topcoat paint film scratches reduced from 33.23 μm to 22.85 μm, and the repair rate was 31.23%. Compared with literature [30], the coating repair rate in this paper was higher than the 21.53% reported in literature. It can be seen that microcapsules have a certain repair effect, but because the scratches were larger, it was impossible to completely repair the cracks.




3.5. Composition Analysis


The infrared spectrum of 0.67:1 microcapsules and water-based topcoat paint films is shown in Figure 6. In the infrared spectrum of microcapsules, 3360 cm−1 was the N-H absorption peak; 2929 cm−1 and 2865 cm−1 were C-H stretching vibration peaks; 1639 cm−1 was attributed to the C=O stretching vibration of urea formaldehyde resin in wall material; and 1730 cm−1 was the C=O characteristic peak, which proved the existence of water-based acrylic resin in microcapsules. In the infrared spectrum of the water-based topcoat paint film without microcapsules, 2929 cm−1, 2865 cm−1 and 1447 cm−1 were the stretching vibration peaks of −CH2, 1730 cm−1 was the vibration absorption peaks of C=O. The main component of the coating is waterborne acrylic acid copolymer dispersion. Because the main components of microcapsules and coatings with microcapsules were very similar, there was not much difference between the functional groups in the spectrum [31,32].





4. Conclusions


Through the test of water-based topcoat paint film properties, it can be concluded that the lower the content of microcapsules, the less the influence on the color difference. The gloss of the water-based topcoat paint film with the microcapsule content of 0–10% and the 0.67:1 microcapsule ratio was better than others. When the core-wall ratio was 0.67:1, the hardness rose more obviously. When the core-wall ratio was 0.67:1 and the content of microcapsules was 0–10.0%, the adhesion was the best. When the content of microcapsules was 10.0–15.0%, the impact resistance was stronger. The tensile strength at break was better when the core-wall ratio was 0.67:1. When the content of microcapsule was 5.0–15.0%, the water-based topcoat paint film had better liquid resistance. Comprehensive analysis shows that when the core-wall ratio of self-repairing water-based acrylic resin microcapsules was 0.67:1 and the content was 10.0%, the comprehensive performance of the water-based topcoat paint film was better. The water-based topcoat paint film had a certain repairing effect. On the basis of not destroying the performance of the original film, it can also enhance other properties of the film, which provides references for future research on protecting the surface water-based topcoat paint film of wooden furniture.
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Figure 1. The repair process of crack. 
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Figure 2. Variation of elongation at break of water-based topcoat paint film. 
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Figure 3. Microstructure of 0.67:1 microcapsules: (A,B) SEM of microcapsules, (C,D) OM of microcapsules. 
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Figure 4. SEM images of waterborne topcoat paint film with different contents of 0.67:1 microcapsules: (A) 0; (B) 5.0%; (C) 10.0%; (D) 25.0%. 
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Figure 5. Self-healing test of water-based topcoat paint film (0.67:1 microcapsules): (A) for one day, (B) for five days. 
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Figure 6. Infrared spectrogram of 0.67:1 microcapsule and water-based topcoat paint film. 
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Table 1. Variation of color difference of water-based topcoat paint film.






Table 1. Variation of color difference of water-based topcoat paint film.





	
Content of Microcapsules (%)

	
Color Difference




	
0.42:1

	
0.50:1

	
0.58:1

	
0.67:1

	
0.75:1

	
0.83:1

	
0.92:1






	
0

	
0.6

	
0.6

	
0.6

	
0.6

	
0.6

	
0.6

	
0.6




	
5.0

	
1.8

	
1.5

	
1.5

	
1.6

	
1.3

	
1.2

	
1.6




	
10.0

	
2.8

	
2.2

	
2.3

	
2.0

	
1.5

	
2.1

	
2.9




	
15.0

	
3.6

	
3.2

	
2.8

	
2.4

	
2.4

	
2.7

	
4.1 ± 0.1




	
20.0

	
4.4

	
3.3

	
3.2

	
3.5

	
4.4

	
3.4

	
4.4 ± 0.1




	
25.0

	
5.1

	
5.5

	
5.0 ± 0.2

	
4.8 ± 0.1

	
4.7 ± 0.1

	
3.9 ± 0.1

	
5.3 ± 0.2











 





Table 2. Variation of gloss of water-based topcoat paint film.






Table 2. Variation of gloss of water-based topcoat paint film.





	
Content of Microcapsules (%)

	
Gloss (%)




	
0.42:1

	
0.50:1

	
0.58:1

	
0.67:1

	
0.75:1

	
0.83:1

	
0.92:1






	
0

	
29.4 ± 0.8

	
29.4 ± 0.8

	
29.4 ± 0.8

	
29.4 ± 0.8

	
29.4 ± 0.8

	
29.4 ± 0.8

	
29.4 ± 0.8




	
5.0

	
15.3 ± 0.8

	
8.9 ± 0.2

	
10.2 ± 0.2

	
17.9 ± 0.7

	
13.6 ± 0.6

	
11.2 ± 0.9

	
11.8 ± 0.3




	
10.0

	
9.4 ± 0.1

	
7.1 ± 0.1

	
9.1 ± 0.1

	
11.9 ± 0.2

	
10.4 ± 0.2

	
8.6 ± 0.2

	
10.6 ± 0.1




	
15.0

	
4.0 ± 0.1

	
4.6 ± 0.1

	
7.3 ± 0.2

	
6.7 ± 0.1

	
5.2 ± 0.1

	
3.4 ± 0.1

	
5.0 ± 0.1




	
20.0

	
2.6

	
3.6 ± 0.1

	
2.9 ± 0.1

	
5.5

	
3.2

	
2.8 ± 0.1

	
3.3 ± 0.1




	
25.0

	
2.4 ± 0.1

	
3.3

	
2.3

	
3.2

	
2.1 ± 0.1

	
2.1 ± 0.1

	
3.2











 





Table 3. Variation of hardness of water-based topcoat paint film.






Table 3. Variation of hardness of water-based topcoat paint film.





	
Content of Microcapsules (%)

	
Hardness




	
0.42:1

	
0.50:1

	
0.58:1

	
0.67:1

	
0.75:1

	
0.83:1

	
0.92:1






	
0

	
HB

	
HB

	
HB

	
HB

	
HB

	
HB

	
HB




	
5.0

	
H

	
2H

	
2H

	
2H

	
2H

	
2H

	
2H




	
10.0

	
2H

	
2H

	
2H

	
3H

	
2H

	
2H

	
2H




	
15.0

	
2H

	
2H

	
2H

	
3H

	
2H

	
2H

	
3H




	
20.0

	
2H

	
2H

	
3H

	
3H

	
2H

	
3H

	
3H




	
25.0

	
2H

	
2H

	
3H

	
3H

	
2H

	
3H

	
3H











 





Table 4. Variation of adhesion of water-based topcoat paint film.






Table 4. Variation of adhesion of water-based topcoat paint film.





	
Content of Microcapsules (%)

	
Adhesion (Grade)




	
0.42:1

	
0.50:1

	
0.58:1

	
0.67:1

	
0.75:1

	
0.83:1

	
0.92:1






	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
5.0

	
0

	
1

	
0

	
0

	
0

	
0

	
0




	
10.0

	
1

	
1

	
1

	
0

	
1

	
1

	
1




	
15.0

	
1

	
2

	
1

	
1

	
1

	
2

	
2




	
20.0

	
2

	
2

	
1

	
1

	
2

	
2

	
2




	
25.0

	
2

	
2

	
2

	
2

	
2

	
3

	
3











 





Table 5. Variation of impact resistance of water-based topcoat paint film.
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Content of Microcapsules (%)

	
Impact Resistance (kg·cm)




	
0.42:1

	
0.50:1

	
0.58:1

	
0.67:1

	
0.75:1

	
0.83:1

	
0.92:1






	
0

	
6

	
6

	
6

	
6

	
6

	
6

	
6




	
5.0

	
8

	
8

	
8

	
10

	
10

	
9

	
9




	
10.0

	
9

	
12

	
9

	
13

	
13

	
12

	
12




	
15.0

	
13

	
12

	
13

	
13

	
13

	
12

	
13




	
20.0

	
15

	
12

	
11

	
13

	
11

	
10

	
10




	
25.0

	
15

	
13

	
11

	
13

	
11

	
10

	
10











 





Table 6. The change in optical properties of water-based topcoat paint film after liquid resistance.






Table 6. The change in optical properties of water-based topcoat paint film after liquid resistance.





	
Core-Wall Ratio

	
Content

(%)

	
Color Difference

	
Gloss (%)




	
NaCl

	
Ethanol

	
Detergent

	
Red Ink

	
NaCl

	
Ethanol

	
Detergent

	
Red Ink






	
0.42:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29.0 ± 1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
0.6

	
0.4

	
0.4

	
0.3

	
15.1 ± 0.6

	
15.4 ± 0.5

	
15.0 ± 0.5

	
15.1 ± 0.9




	
10.0

	
0.3

	
0.6

	
0.8

	
0.9

	
9.1 ± 0.3

	
9.2 ± 0.3

	
9.2 ± 0.3

	
9.0 ± 0.6




	
15.0

	
0.4

	
0.8

	
0.5

	
1.5

	
4.0 ± 0.1

	
3.9 ± 0.1

	
3.8 ± 0.1

	
3.3 ± 0.2




	
20.0

	
1.0

	
1.2

	
1.0

	
2.9

	
2.4

	
2.4

	
2.6 ± 0.1

	
2.0




	
25.0

	
0.8

	
3.3

	
0.8

	
2.0

	
2.2

	
2.2

	
2.3

	
2.0




	
0.50:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29.0 ±1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
1.1

	
1.0

	
1.1

	
1.8

	
8.4 ± 0.3

	
8.3 ± 0.2

	
8.5 ± 0.3

	
8.3 ± 0.7




	
10.0

	
1.1

	
0.7

	
1.0

	
0.9

	
7.0 ± 0.2

	
7.1 ± 0.1

	
6.9 ± 0.2

	
6.6 ± 0.5




	
15.0

	
1.0

	
1.0

	
1.0

	
2.4

	
4.3 ± 0.1

	
4.3

	
4.4 ± 0.2

	
4.0 ± 0.2




	
20.0

	
0.9

	
1.9

	
0.9

	
6.2 ± 0.1

	
3.4 ± 0.1

	
3.7 ± 0.3

	
3.6 ± 0.1

	
3.2 ± 0.2




	
25.0

	
0.9

	
1.8

	
1.1

	
3.0

	
3.3 ± 0.1

	
3.4 ± 0.1

	
3.2 ± 0.1

	
2.8 ± 0.1




	
0.58:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.0

	
29 ± 1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
1.0

	
1.1

	
1.1

	
0.8

	
9.7 ± 0.3

	
9.8 ± 0.2

	
10.0 ± 0.4

	
9.1 ± 0.3




	
10.0

	
0.7

	
1.0

	
0.6

	
1.3

	
8.8 ± 0.2

	
8.9 ± 0.1

	
8.6 ± 0.5

	
8.3 ± 0.2




	
15.0

	
0.7

	
1.3

	
0.3

	
0.7

	
7.2 ± 0.1

	
7.3 ± 0.2

	
7.2 ± 0.3

	
6.9 ± 0.2




	
20.0

	
1.0

	
1.8

	
1.1

	
2.4

	
2.7

	
2.8

	
2.7

	
2.6 ± 0.1




	
25.0

	
0.5

	
1.3

	
0.7

	
4.2 ± 0.1

	
2.5 ± 0.1

	
2.3

	
2.1

	
2.0




	
0.67:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29.0 ±1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
0.9

	
1.1

	
0.7

	
0.8

	
13.5 ± 0.6

	
13.5 ± 0.8

	
13.6 ± 0.6

	
13.1 ± 0.9




	
10.0

	
0.7

	
1.1

	
0.8

	
0.8

	
11.9 ± 0.5

	
11.4 ± 0.7

	
11.7 ± 0.7

	
11.2 ± 0.6




	
15.0

	
1.1

	
0.6

	
1.1

	
0.9

	
6.4 ± 0.1

	
6.4 ± 0.6

	
6.6 ± 0.4

	
6.2 ± 0.4




	
20.0

	
1.0

	
0.9

	
1.0

	
2.7

	
5.4 ± 0.1

	
5.3 ± 0.2

	
5.4 ± 0.2

	
5.0 ± 0.3




	
25.0

	
1.1

	
1.1

	
1.1

	
3.2

	
3.2

	
3.2 ± 0.1

	
3.0 ± 0.1

	
2.8 ± 0.1




	
0.75:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29 ± 1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
1.2

	
1.0

	
0.7

	
1.2

	
17.5 ± 0.4

	
17.5 ± 0.4

	
17.3 ± 0.8

	
16.8 ± 0.9




	
10.0

	
0.7

	
1.0

	
0.3

	
0.7

	
10.3 ± 0.2

	
10.2 ± 0.3

	
10.0 ± 0.4

	
9.9 ± 0.8




	
15.0

	
0.6

	
0.9

	
0.7

	
1.8

	
5.1 ± 0.1

	
5.2 ± 0.2

	
5.3 ± 0.1

	
5.0 ± 0.3




	
20.0

	
1.0

	
0.8

	
1.9

	
1.2

	
3.1

	
3.2 ± 0.1

	
3.2 ± 0.1

	
2.8




	
25.0

	
0.3

	
1.0

	
1.9

	
3.5

	
2.0

	
2.1

	
2.1

	
1.9




	
0.83:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29.0 ± 1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
1.5

	
0.7

	
0.9

	
1.6

	
11.1 ± 0.4

	
11.2 ± 0.3

	
11.2 ± 0.4

	
11.0 ± 0.5




	
10.0

	
0.5

	
1.0

	
0.7

	
1.8

	
8.4 ± 0.3

	
8.3 ± 0.3

	
8.5 ± 0.3

	
8.0 ± 0.4




	
15.0

	
0.9

	
2.5

	
1.1

	
2.3

	
3.2

	
3.4 ± 0.1

	
3.4 ± 0.1

	
2.9 ± 0.1




	
20.0

	
1.3

	
3.0 ± 0.1

	
1.9

	
2.6

	
2.5

	
2.4 ± 0.1

	
2.7 ± 0.1

	
2.5




	
25.0

	
1.5

	
3.3 ± 0.1

	
1.5

	
2.1

	
2.1

	
2.0

	
2.1 ± 0.1

	
2.0




	
0.92:1

	
0

	
0.4

	
1.2

	
0.4

	
2.3

	
29.1 ± 1.2

	
29.0 ±1.0

	
29.4 ± 1.3

	
29.6 ± 1.5




	
5.0

	
0.6

	
1.1

	
0.9

	
1.8

	
11.3 ± 0.3

	
11.8 ± 0.5

	
11.6 ± 0.4

	
10.8 ± 0.5




	
10.0

	
0.7

	
1.3

	
0.4

	
0.9

	
10.3 ± 0.2

	
10.4 ± 0.3

	
10.4 ± 0.6

	
10.2 ± 0.7




	
15.0

	
1.1

	
1.5

	
0.7

	
2.2

	
4.9 ± 0.1

	
4.9 ± 0.2

	
4.8 ± 0.2

	
4.5 ± 0.2




	
20.0

	
0.7

	
2.1

	
1.0

	
2.6 ± 0.1

	
3.2 ± 0.1

	
3.3 ± 0.2

	
3.3 ± 0.1

	
3.2 ± 0.1




	
25.0

	
0.8

	
1.7

	
1.3

	
8.8 ± 0.3

	
3.0

	
3.1 ± 0.1

	
3.2 ± 0.1

	
2.9 ± 0.1











 





Table 7. Liquid resistance rating of water-based topcoat paint film.
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Core-Wall Ratio

	
Content of Microcapsules (%)

	
Liquid Resistance (Level)




	
NaCl

	
Ethanol

	
Detergent

	
Red Ink






	
0.42:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
1




	
20.0

	
1

	
1

	
1

	
3




	
25.0

	
1

	
3

	
1

	
2




	
0.50:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
2




	
20.0

	
1

	
1

	
1

	
3




	
25.0

	
1

	
1

	
1

	
3




	
0.58:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
1




	
20.0

	
1

	
1

	
1

	
2




	
25.0

	
1

	
1

	
1

	
3




	
0.67:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
1




	
20.0

	
1

	
1

	
1

	
2




	
25.0

	
1

	
1

	
1

	
3




	
0.75:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
1




	
20.0

	
1

	
1

	
1

	
1




	
25.0

	
1

	
1

	
1

	
3




	
0.83:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
2

	
1

	
3




	
20.0

	
1

	
3

	
1

	
3




	
25.0

	
1

	
3

	
1

	
3




	
0.92:1

	
0

	
1

	
1

	
1

	
2




	
5.0

	
1

	
1

	
1

	
1




	
10.0

	
1

	
1

	
1

	
1




	
15.0

	
1

	
1

	
1

	
2




	
20.0

	
1

	
2

	
1

	
2




	
25.0

	
1

	
1

	
1

	
3
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