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ABSTRACT

In this study, the effects of two different coating processes on the surface coating performance of wood-ba-
sed panels were investigated. The samples were prepared using an ultraviolet roller coater and conventional
air-atomized systems. Adhesion strength, surface coating hardness, and layer thickness were selected as the
coating performance parameters. These coating performance parameters were analyzed using an analysis of
variance, Grubb’s test, and probability plot. Adhesion strength, surface coating hardness, and layer thickness
were measured using the pull-off test, pendulum hardness, and ultrasonic layer thickness, respectively. Accor-
ding to the ANOVA results, the coating process type was the most significant factor on adhesion strength, layer
thickness, and surface coating hardness.

Keywords: Adhesion strength, atomization coating process, layer hardness, layer thickness, roller coating
process, ultraviolet paints.

INTRODUCTION

Coating applications such as varnish, stain, and paint, are commonly used in the furniture industry. These
applications provide enhanced stability, resistance to external influences, and give different appearance featu-
res (Sjokvist and Blom 2019). Paint types, such as cellulosic, polyurethane, ultraviolet (UV)-curable, and wa-
ter-based, provide a protective and decorative appearance for wood and wood-based materials (Gobakken and
Westin 2008, Altigen and Militz 2017). Moreover, polyurethane applications provide some properties such as
flexibility, abrasion resistance, chemical resistance, good adhesion, fast drying, and yellowing resistance (Bu-
lian and Graystone 2009.) For these reasons, polyurethane paints are widely applied in the furniture industry.

These applications affect wood coating performance such as adhesion strength, UV resistance, layer hard-
ness, abrasion resistance, and layer thickness (Keskin and Tekin 2011, Nejad and Cooper 2011, Sogiitlii ef al.
2016, Salca et al. 2017, Hazir et al. 2020). The type of coating process is significant in determining the coating
type, coating performance, and production planning product (Cool and Hernandez 2011, Landry et al. 2013).
Generally, the coating processes are subdivided into two categories: contact and atomizing methods. Contact
methods are brushing, padding, dipping, autoclave vacuum with pressure application, roller coating, curtain
coating, flow coating, and vacuum coating. Atomizing systems are conventional air-atomized systems, pneu-
matic-atomization with high air volume and low pressure (HVLP), hydraulic atomization, hydraulic air-as-
sisted atomization, operational aspect of spray application, mechanical atomization, and spray application
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of powder coating (Bulian and Graystone 2009, Hazir 2018). Roller coater and conventional air-atomized
systems are especially widely used in the furniture industry. Additionally, there are coating processes in which
these two systems are used together. Pneumatic atomization systems are a useful and economic method for the
wood coating industry. Roller coater systems are applied for integration of stains (solvent and water-based coa-
tings) and one component coating (primer and top coating). Due to the high amount of solids and the viscosity
of the paint used in roller coater applications, it gives better results than atomization systems and the transfer
efficiency ratios are better than in atomization systems (Plesniak et al. 2004). However, the investment costs of
roller coater systems are high and are more suitable for mass production applications. Because the drying time
of semi-finished products in roller coater systems is low, the semi-products can be sent to the assembly and
brought into the final product quickly. While atomization systems are suitable for both wood and wood-based
panels, roller coater operation is more suitable for wood-based panels. Fiberboard and particleboard are widely
used in the furniture industry. In particular, medium-density fiberboard (MDF) is used in different woodwork-
ing and coating processes (Jocham et al. 2011, Ugulino and Hernandez 2016). Surface quality of MDF depends
on various machining processes such as sanding, drilling, and computer numerical control (CNC) machining
conditions. Surface quality of MDF with different coating types are important for furniture quality (Ahola
1995, de Moura and Hernandez 2006, Salca et al. 2016, Ramananantoandro et al. 2017, Erdinler et al. 2019).
These applications may cause decreased surface coating performance, prevent achievement of the desired sur-
face performance values, and cause an increase in the production costs (Hernandez and Cool 2008, Acda et al.
2012, Nejad et al. 2012, Dilik et al. 2015, Gurleyen et al. 2017).

In this work, MDF samples were coated with both roller coater and atomization processes. Adhesion strength,
surface coating hardness, and layer thickness were selected as quality characteristics. These quality characte-
ristics were used to evaluate the surface coating performance.

MATERIAL AND METHODS

Properties of MDF

In this study, MDF (Kastamonu Entegre, Istanbul, Turkey) was used as it is of high demand in the furniture
industry. The specimens were prepared to a size of 25 x 40 x 1,8 cm®. A GreCon DAX 6000 (Fagus-GreCon,
Alfeld, Germany) equipment was used to determine the density for MDF. The density mean profile of MDF
was 749,59 kg/m®.

Sanding and coating process

A numerical controller-based sanding machine was used to prepare the samples (S 211, Biesse Group,
Charlotte, NC, USA). The samples were sanded using a feed rate of 5 m/min, cutting speed of 18 m/s, grit
size of 120 and followed by 150, belt tension of 3 kg/cm?, and aluminum oxide sandpaper. After the samples
were produced using these sanding parameters, the samples were coated with different coating applications.
In the roller coater process, UV acrylic putty (AkzoNobel, Istanbul, Turkey) of 60 g/m? was applied to coat
the primer finishing process. This process was produced with roller coating and infrared (IR) lamps. Second,
specimens were coated with 20 g/m? UV (AkzoNobel, Istanbul, Turkey). Finally, samples were top coated with
a polyurethane paint (AkzoNobel, Istanbul, Turkey) using a pneumatic-spray gun applying a pressure of 0,80
MPa and paint amount of 350 g/m>.

In the atomization process, polyurethane paint was applied at an amount of 120 g/m? to coat the primer
coating process. After these coated samples were dried, samples were sanded with 320 to 500 sandpaper and
they were top coated a polyurethane paint with a pneumatic-spray gun applying a pressure of 0,80 MPa and
paint amount of 350 g/m?. After these processes were completed, the coated specimens were kept in the tem-
perature conditioning room for 8 h to 10 h. The properties of the primer, acrylic, and top coating material are
given in Table 1.
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Table 1: Properties of ultraviolet acrylic putty, ultraviolet sealer, and polyurethane paints.

Material Type Viscosity (20 °C) Density (g/ cm’’ Solid Content (%)
UV acrylic 1150 to 1550 poise 1,62 100
putty
UV sealer 90sto110s 1,07 80
Polyurethane 110st0 120 s 1,02 48

Evaluation of the coating performance

In this study, coating strength performance was determined via a pull-off test method in accordance with
TS EN ISO 4624 (2016). Steel dollies with 20-mm diameter were glued onto the painted wood surface. This
was performed in ambient conditions of 20 °C and 40 % relative humidity (RH). Samples of coating hardness
were determined following the TS EN ISO 1522 (2005) standard. Pendulum hardness equipped with a Konig
pendulum apparatus were applied to perform the coating hardness. Dry film thickness is another important
quality characteristic for applied paint amount. The dry layer thicknesses of the samples were measured using
a PosiTector (PosiTector 200, DeFelsko, Ogdensburg, NY, USA) with respect to the TS EN ISO 2808 (2019).

Statistical analysis

To evaluate the adhesion strength, coating hardness, and layer thickness of the samples, 30 measurements
were gathered for each quality characteristic and coating process. The Anderson-Darling test was applied to
determine if a sample of observed value came from a population with a specific distribution. Grubb’s method
was applied to analyze the outlier data. It detects one outlier at a time with various probabilities from the ob-
served value with assumed normal distribution. Additionally, effective factors were analyzed with analysis of
variance (ANOVA). These analyses were applied Minitab Statistical Software (Minitab 2019).

Analysis of variance with F-test was used to analyze the significance factor on the coating performance.
Null hypothesis and F-value are given in Equation 1 and Equation 2, respectively:

H0 U =u, =...=U,
1
H, :u;, #u, for at least one pair (i, j) W

The F-value was calculated by Equation 2:

_SS,/a-1 _MS,
 SS,/N-a MS,

@)

The terms (a - 1) and (N - ) are the degrees of freedom and the error degrees of freedom for the parameter
A, respectively. The sum squares of means and errors for the variable A are indicated by MS, and MS, respec-
tively. The null hypothesis was rejected when the | was higher than the critical value of ., where o is
the level of the significance.

RESULTS AND DISCUSSION

The results of adhesion strength, layer thickness, and coating hardness tests for different coating process
are given in the Table 2. For each type of coating process, (2 x (30 x 3)) data were gathered to process, and the-
se values were analyzed with ANOVA, Grubb’s test, probability, and Tukey test. Experiments were performed
in random order to reduce the variations that may occur during the experiments.
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Table 2: Coating performance results for different coating process.

Roller Coating Process Atomization Process
Adhesion Hardness Thickness Adhesion Hardness Thickness
(MPa) (c) (pm) (MPa) (c) (pm)
2,50 150 226,3 2,03 131 147.4
2,78 149 231,8 1,98 140 1527
2.89 149 2313 1,75 134 150,9
3,16 151 235,6 2,06 133 153,3
2,60 148 2341 2,17 124 1547
3,08 151 2323 1,74 128 142,1
2,57 152 230,8 1,88 123 159,7
251 147 2328 1,95 122 1614
2,84 149 237,9 2,13 127 149,6
2.72 148 2325 1,79 131 1544
2,64 150 231,3 1,84 129 159,5
2,76 150 228,7 1,91 130 152,7
2.85 151 2326 1,98 136 1515
2,81 149 2352 2,08 128 1497
2,79 147 234.6 2,31 137 147.1
3,09 153 230,1 1,87 134 145,5
2,63 152 234.4 224 132 1513
2,87 149 232,0 2,18 129 153,8
2,73 147 2345 232 131 1489
2.95 150 2322 2,15 130 153,6
2,64 154 229.,6 2,22 136 142.8
3.12 146 2208 1,97 132 1465
2,88 151 236,5 2,02 134 149,7
3,33 147 230,0 2,31 133 151,2
2,96 148 2357 2,18 137 152,3
2,79 150 231,1 1,97 129 150,6
2,81 148 2291 2,00 127 146,8
3,39 146 2353 2,24 138 149.8
3,07 148 227.8 2,36 125 1523
2,92 147 2297 238 129 1541

Evaluation of adhesion strength, layer thickness, and coating hardness

Probability plot results of adhesion strength values for different coating processes are shown in Figure 1.

The mean, standard deviation (SD), sample size (N), Andersen darling test (AD), and P-critical values are dis-
played with the probability plot. With respect to the results, as P-value was higher than 0,05, observed values
had a normal distribution. Mean values of the roller coating and atomization processes for adhesion strength

were 2,866 MPa and 2,067 MPa, respectively.
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Figure 1: Probability plot results for adhesion strength values.

Probability plot results for layer hardness values for roller and atomization processes are displayed in Fi-
gure 2. Roller and atomization process mean values for coating hardness were 149,2 ¢ and 131 c, respectively.
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Figure 2: Probability plot results for coating hardness values.

Probability plot results of layer thickness values for roller and atomization processes are displayed in
Figure 3. Roller and atomization process mean values for layer thickness were 232,2 um and 151,2 um, res-

pectively.
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Figure 3: Probability plot results for layer thickness values.

The results of the outlier test are given in Table 3. These values were explained with results of sample size
(N), standard deviation (SD), minimum value (Min), maximum value (Max), Grubb’s test (G), and P-critical
values. At the 5 % level of significance, there were no outlier values for adhesion strength, layer thickness, and

coating hardness.

Table 4 shows the p-value was less than 0,05, displaying the model was significant at a 95 % confidence
level. The model terms were statistically evaluated by the F-test at probability levels (p < 0,05), degrees of
freedom (DF), adjusted sums of squares (Adj SS), and adjusted mean squares (Adj MS). R? and Adj-R? values
for adhesion strength were 80,53 % and 80,20 %, respectively. R? and Adj-R? values for coating hardness
were 87,60 % and 87,39 %, respectively. R? and Adj-R? values for layer thickness were 97,20 % and 96,18 %,

respectively.

Table 3: Results of outlier test for adhesion strength, coating hardness, and layer thickness.

Quality Variables | N | Mean | SD Min Max G P
Characteristics
Roller 30| 2,87 | 0,21 | 2,50 339 | 2,450,303
Adhesion process
strength Atomization | 30 | 2,07 | 0,18 | 1,74 2,38 | 1,77 | 1,000
process
Roller 30 | 149,23 | 2,05 | 146,00 | 154,00 | 2,33 | 0,448
Coating process
hardness Atomization | 30 | 130,97 | 4,50 | 122,00 | 140,00 | 2,01 | 1,000
process
Roller 30] 232,19 2,77 | 226,30 | 237,90 | 2,12 | 0,838
Layer thickness process
Atomization | 30 | 151,20 | 445 | 142,10 | 161.40 | 2.29 | 0,502
process
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Table 4: ANOVA Analysis for adhesion strenght, coating hardness and layer thickness.

Quality Source DF Adj SS Adj MS F-value P-value
Characteristics
Process 1 9,57 9,58 239,04 0,000
type
Adhesion Error 58 2,32 0,04
strength Total 59 11,89
Process 1 5005,10 5005,07 409,83 0,000
type
Coating Error 58 708,30 12,21
hardness Total 59 5713,40
Process 1 98390,70 | 98388,60 7170,03 0,000
type
Layer Error 58 795,90 13,70
thickness Total 59 99186,60

Table 5 shows the Tukey method results for adhesion strength, coating hardness, and layer thickness. The
model terms were statistically evaluated by the sample size (N), mean, and grouping. According to the results,
adhesion strength, coating hardness, and layer thickness values in the roller process were better than the atom-
ization process.

Table 5: Tukey method results for adhesion strength, coating hardness, and layer thickness.

Quality Process Type N Mean Grouping
Characteristics

Adhesion Roller 30 2,87 A
strength Atomization 2,07 B
Layer hardness Roller 30 149,23 A
Atomization 130,96 B
Layer Roller 30 232,18 A
thickness Atomization 151,19 B

Evaluation of the adhesion strength, layer thickness, and coating hardness model

Assumption of normality and histogram of residuals were used to evaluate the experimental data.
According to Figure 4a, Figure 4b, Figure 4c, Figure 4d, Figure 4e, and Figure 4f, residuals generally fall on
a straight line, implying the residuals resembled the normal distribution. This means that it shows the normal
distribution obtained for the evaluation of adhesion resistance, film thickness and film hardness.

When the results obtained as a result of the study are evaluated together with the literature studies, it is
seen that the results are supportive. Especially, the effects of the paint applied with both different systems (ro-
ller and conventional) on the surface coating performance are similar to the literature studies.
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Figure 4: (a), (b), and (c) Normal probability plot for standardized residuals, and (d), (e), and (f) histogram
of residuals.

CONCLUSIONS

In this study, MDF samples were prepared with different coating process namely, roller coater and ato-
mization process. Adhesion strength, surface coating hardness and layer thickness were selected as quality
characteristics. These quality characteristics were used to evaluate the surface coating performance. The results
are as follows:

According to the ANOVA results, coating process type was the significant factor on strength adhesion,
layer thickness, and surface coating hardness. R? and Adj-R? values for adhesion strength were 80,53 % and
80,20 %, respectively. R? and Adj-R? values for coating hardness were 87,60 % and 87,39 %, respectively. R?
and Adj-R? values for layer thickness were 97,20 % and 96,18 %, respectively.

These results were verified using a normal probability plot and histogram of residuals. The model was not
any violation of the independence or constant variance assumption, so the model was adequate.

The highest layer thickness value was in the roller coating process, while the lowest layer thickness was in

the atomization process. This was due to the UV paint having a higher solid content ratio than the polyurethane
paint. Additionally, the transfer efficiency ratio in the roller coating process was better than in the atomization

coating system.
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Adhesion strength and coating hardness in the roller coating process were better than in the atomization
coating process. This can be explained as follows: (1) The paints used in accordance with the processes had
different chemical structures. (2) UV—curable paint was used for the primer coating applications in accordance
with the roll system, while the paints used in the atomization coating process were not UV-curable.
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