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Abstract

:

This research aims to explore the effects of nanoparticles such as alumina (Al2O3) on the physical and mechanical properties of medium density fiberboards (MDF). The nanoparticles are added in urea-formaldehyde (UF) resin with different concentration levels e.g., 1.5%, 3%, and 4.5% by weight. A combination of forest fibers such as Populus Deltuidess (Poplar) and Euamericana (Ghaz) are used as a composite reinforcement due to their exceptional abrasion confrontation as well as their affordability and economic value with Al2O3-UF as a matrix or nanofillers for making the desired nanocomposite specimens. Thermo-gravimetric analysis (TGA) and thermal analytical analysis (TAA) in the form of differential scanning calorimetry (DSC) are carried out and it has been found that increasing the percentage of alumina nanoparticles leads to an increase in the total heat content. The mechanical properties such as internal bonding (IB), modulus of elasticity (MOE) and modulus of rupture (MOR), and physical properties such as density, water absorption (WA), and thickness swelling (TS) of the specimens have been investigated. The experimental results showed that properties of the new Nano-MDF are higher when compared to the normal samples. The results also showed that increasing the concentration of alumina nanoparticles in the urea-formaldehyde resin effects the mechanical properties of panels considerably.
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1. Introduction


Wood-based panels are manufactured with the help of heat-curing adhesive such as thermosetting resin which holds the wood fibers together. It has a potential for versatile designs and affordability. Also, the panels have long service life and better mechanical properties [1]. But the carcinogenic emission from the panel of formaldehyde is one of the disadvantages with the use of urea-formaldehyde resin [2]. To reduce formaldehyde emission, certain additives including formaldehyde catchers and melamine are used [3]. For the reduction of formaldehyde emission, Dudkin et al. [4], undertook the addition of aluminum oxide nanoparticles in urea-formaldehyde resin. The use of fibers in composites have many advantages including low cost, high quality, better mechanical properties, environmental friendliness, and reduced energy consumption [5]. Due to improved thermal, mechanical, and flammability properties, polymer-clay nano-composites have attracted attention. Recent laboratory experiments have shown that polymer-clay nano-composites provided improved mechanical properties and decreased flammability at low cost [6]. The properties of the polymeric composites are improved by nano-clays due to their special dimensions and high bonding capability with other fillers [7]. An increase in the demand of medium density fiberboard composite results in rapid economic growth of a country. Medium density fiberboard is a composite sheet formed under optimum pressure and temperature by the combination of wood or other plant fiber and urea-formaldehyde resin [8]. Composite material is mostly used in aerospace and automobile industry because of its light weight and high strength. However, the conventional production of composite materials make the use of ordinary structure which leads to poor physical and mechanical properties. Moreover, it emits formaldehyde which is harmful to health. Previous researches have been done to improve its strength using different concentration of nanoparticles in the urea-formaldehyde resin.



Gholamiyan et al. [9], studied the impact of polyester, nano-zycosil, nitrocellulose lacquer and acid catalyzed lacquer, nano-zycofil on contact angle and water absorption improvement. Based on T6E3 schedule, the poplar sapwood boards were dried. The boards were cut according to EN 927-5 standard and then immersed and coated with clear paints and nano particles. The samples of were then dried and the water absorption was measured for different immersion times. The results showed different water absorption pattern for nanoparticles and clear paints. It was concluded that samples coated with nano-zycosil and those coated with combined nitrocellulose lacquers and acid catalyzed lacquers has high resistance to water absorption. Also, the results showed greatest contact angle for nano-zycosil coated samples. Saraeian et al. [10], conducted a study with the main aim to find a proper proportion of nanoclay particles to increase flame retardancy and tensile strength of polystyrene-nanoclay composite. Nanocomposite samples were prepared from polystyrene and by an injection machine, the nanocomposite grains were then injected into a mold. Different tests were performed and the results revealed that with up to 5% increase in nanoclay, the modulus of elasticity and tensile strength increases while the strength decreases with 6% nanoclay. Also, the flame retardancy test results showed a decrease in heat release. Nemati et al. [11] studied nanoclay, recycled polystyrene and wood flour based mechanical properties of nanocomposites. For experimental purpose, the wood flour and recycled polystyrene were mixed at difference ratios. By the use of injection molding, wood plastic samples were prepared and bending and tensile tests were performed to evaluate mechanical properties. The results revealed that with the increase of nanoclay content in the composites, the flexural and tensile strengths increase. Taghiyari et al. [12], studied the effect of non-silver on the heat transfer rate to the central part of the medium density fiberboard. The experimental results showed that the uniform dispersion of nanoparticles all over the medium density fiberboard matrix considerably contributes to faster heat transfer to the central part. It was concluded that with the addition of metal nanoparticles for the purpose of increasing heat transfer may not necessarily improve all mechanical and physical properties. It was also concluded that metal particles’ optimum consumption level is dependent on several factors including coefficient of thermal conductivity of metal particles, hot press duration and hot press temperature. Taghiyari et al. [13], investigated the effects of wollastonite fibers on mechanical and physical properties of medium density fiberboards. The fiberboards selected for the study were comprises of wood fibers containing camel-thorn chips up to 10%. Results showed that most of the mechanical and physical properties were improved by wollastonite fibers. It was found that the addition of camel thorn chips affects the panel properties and 5% wollastonite fibers when combined with 10% camel-thorn produces panels with better properties. Ismaita et al. [14], inspected the effects of the addition of a filler of Cloisite Na+ to urea-formaldehyde resin on the mechanical and physical properties of particle boards. To evaluate the performance of the boards, thickness swelling, water absorption, density, internal bond strength, modulus of elasticity, and modulus of rupture were measured. Considerable improvements were noted in MOE, MOR and TS with the addition of Cloisite Na+ to the resin. Iždinský et al. [15], studied the effect of zinc-oxide and silver nanoparticles in acrylic coatings applied to timber composites, particleboard and medium density fiberboard. It was concluded from the study that antibacterial resistance of raw commercial wooden composites is higher if these composites contain a higher amount of formaldehyde. It was also concluded that antibacterial resistance of acryl-coated commercial wooden composites can be increased with a higher amount of zinc-oxide and silver nanoparticles. Due to contact with water, wood-based panels used in humid environments result in low durability. For increase in durability and fungi attack reduction, many studies developed resin with zinc oxide nanoparticles. To evaluate the physical properties, Silva et al. [16] aimed at the production of medium density fiberboard urea and melamine formaldehyde resins with the addition of 1.0% and 0.5% zinc oxide nanoparticles. It was found that with the addition of 1.0% of zinc nanoparticles resulted in higher moisture content and lower density panels. And the combination of 0.5% of zinc oxide nanoparticles with melamine-formaldehyde resulted in the best treatment of panels. Valle et al. [17], evaluated the impact of SiO2 nanoparticles on the mechanical and physical properties of wood particleboard. SiO2 nanoparticles were added to urea-formaldehyde to produce boards. When tested, results showed that the combination of SiO2 nanoparticles and adhesives of urea-formaldehyde increases the resistance to thickness swelling by 42% and hence improves the panel’s dimensional stability.



In many studies, various types of composites have been investigated. Barbosa et al. [18], and Kovarik et al. [19], studied particle reinforced composites while Jia et al. [20,21], worked on continuous fiber reinforced composites. Similarly, short fiber reinforced composites were studied by Yan et al. [22], and Dias et al. [23]. Different reinforcing fibers such as glass [24,25], carbon [20,21,25], and basalt [23,25,26], have usually been layered in 6 to 16 layers. Yan et al. [22], Kovarik et al. [19], and Bernal et al. [27], studied the mechanical properties of samples cured at high-temperature and laboratory temperature heat treatment. Some properties namely compressive strength [19,23,27], impact resistance [24,25], Young’s modulus [20,22,25], tensile properties [28,29], and flexural strength [19,20,21,22,25], were inspected on composites with alkali-activated aluminosilicates. It was found that the properties of composites with alkali-activated aluminosilicates depend on cure conditions of composites, type of fiber reinforcement, composition of alkali-activated aluminosilicates and number of layers of fiber reinforcement. Composites with carbon fabric and alkali-activated aluminosilicates prepared by Krystek et al. [29], were when tested, the tensile strength of the samples reached up to 265 MPa.



Though, the addition of nanoparticles has been analyzed in various contexts in literature; however, our study proposes specific nanoparticles called alumina (Al2O3) for the improvement of physical and mechanical properties of medium density fiberboard. Different concentrations of alumina nanoparticles were characterized for the optimization of the properties. When tested, considerable improvement in physical and mechanical properties was observed.



We have organized the reminder of this work as follows. The materials, methods and testing are explained in Section 2. In Section 3, the results are presented and discussed while Section 4 provides conclusion and future recommendations.




2. Materials and Methods


The materials and methods are illustrated in the subsections given below.



2.1. Materials


In this research work, the raw materials used are urea-formaldehyde resin, alumina nanoparticles, and natural fibers which are explained one by one in the subsections.



2.1.1. Urea-Formaldehyde Resin


Urea-formaldehyde resin was provided by Wah Nobel Group of Companies, Taxila Pakistan. The specifications of the urea-formaldehyde resin can be seen in Table 1. The viscosity (cps), density (g/cc) and pH values were noted at a temperature of 25 °C, while the Gel time (seconds) was recorded at a temperature of 100 °C.




2.1.2. Alumina Nanoparticles


Alumina nanoparticles were purchased from Guangzhou Hong Material Technology Company Limited, China. The reason of selection of alumina nanoparticles is due to its high heat transfer rate, hardness, insulation, and stability. The size of the particles ranges from 80 to 200 nanometers.




2.1.3. Natural Fibers


The natural fibers Populus Deltuidess and Euamericana were provided by Ciel Woodworks Private Limited, Peshawar Pakistan. The average length of the natural fibers is 0.5 mm and it has 9% moisture content before its interaction with nanofillers.





2.2. Synthesis of Nanofluid


The Al2O3-UF nanofillers were prepared in the laboratory with the compositions given in Table 2 measured in grams.



The nanofillers were synthesized by weighing 195 g of urea-formaldehyde resin and 3, 6, and 9 g of alumina nanoparticles of dry weight of fibers. Hence, in the four samples, the percentages Al2O3 in urea-formaldehyde resin are 0%, 1.54%, 3.08%, and 4.61%. The resin was then sonicated with Ultrasonic Processor UP 400S (Hielscher USA, Inc., Wanaque, NJ, USA) for 25 min. The samples were represented by Al1, Al2, Al3 and Al4 according to the concentration of alumina. The alumina nanoparticles, urea-formaldehyde resin, and natural fibers of Populus Deltuidess and Euamericana are depicted in Figure 1.




2.3. Composite Mix Design


The manufacturing process of medium density fiberboard starts with chipping of wood refined into fiber, mixed with glue and wax, and compressed under a high-temperature in a hot press. As a result, the glue heals, which is then bonded to the fiber to form medium density fiberboard.



The medium density fiberboard samples were prepared in panels with dimensions 450 into 450 into 16 mm by varying the density in the range 700–750 kg/m3. The Al2O3-UF nanofillers were sprayed on Populus Deltuidess and Euamericana fibers by means of spray gun. Hydraulic Hot Press (BURKLE, Bohemia, NY, USA) was used for hot pressing. The hot pressing process was carried out for all four samples at 185 °C temperature, 150 bar pressure of and for a duration of 4 min. The panels were allowed to cool horizontally in a cooling tower for 72 h after pressing.




2.4. Scanning Electron Microscopy of Alumina Nanoparticles


To perform scanning electron microscopy, a sample of alumina nanoparticles was prepared in the laboratory. The sample surface was coated with gold through Safematic CCU-010 Gold/Carbon Sputter (Labtech International Ltd., Heathfield, UK) before subjected to perform scanning electron microscopy. As shown in Figure 2, the scanning electron microscopy of alumina nanoparticles were examined through MIRA3 (TESCAN, Brno, Czech Republic) at magnifications of 50,000× and 25,000× with a maximum operating voltage of 10 kV. The selected alumina nanoparticles were almost spherical in shape and the size of the particles ranges from 80 to 200 nm.




2.5. Energy Dispersive X-Ray Spectroscopy (EDS) Analysis


Energy dispersive X-ray spectroscopy was performed through MIRA3 (TESCAN, Brno, Czech Republic) at magnifications of 50,000× and 25,000× with a maximum operating voltage of 10 kV on the area mapping of scanning electron microscopic images. This characterization was carried out to confirm the presence of alumina nanoparticles in the urea-formaldehyde resin.




2.6. Fourier Transform Infrared Spectroscopy (FTIR)


The Fourier Transform Infrared Spectroscopy of the urea-formaldehyde and Al2O3-UF resin was carried out through IR Prestige-21 Fourier Transform Infrared Spectroscopy (Shimadzu, Kyoto, Japan). The spectra were achieved in the spectral area 4000–500 cm−1 with a resolution of 2 cm−1 and 34 scans.




2.7. X-Ray Diffraction Analysis of Alumina Nanoparticles


X-ray diffraction analysis (Malvern Panalytical Ltd., Malvern, UK) of alumina nanoparticles was investigated. It was found that alumina shows peaks at 25.4°, 35°, 37.7°, 43.22°, 52.4°, 57.4°, 66.38°, and 68.170° as can be seen in Figure 3. The peak at 2θ equal to 35°, 43.22°, and 57.4° obtained for this sample are the strongest that can be compared with the peaks at 25.4°, 37.7°, 52.4°, 66.38°, and 68.17°.




2.8. Differential Scanning Calorimetry (DSC)


Differential Scanning Calorimetry was conducted using. The measurement was carried out between 20 °C and 180 °C with a heat rising rate of 10 °C/min in a Nitrogen flow of 10 mL/min.




2.9. Thermo-Gravimetric Analysis (TGA)


Thermo-gravimetric analysis was conducted using TGA/DSC-1-star system device (Mettler Toledo, Greifensee, Switzerland). The measurement was carried out between 25 °C and 800 °C with a heat rising rate of 10 °C/min in a Nitrogen flow of 10 mL/min.




2.10. Three-Point Bending Test


To evaluate the mechanical properties of the medium density fiberboard, Three-point Bending test was conducted. The samples size was 370 mm into 50 mm into 16mm according to EN-310 [30], with loading speed of 4 mm/min. The samples were tested using WDW-30 Electromechanical Universal Testing Machine of JINAN Precision Testing Equipment Company Limited, Jinan, China.



The mechanical properties were measured using Equations (1) and (2), respectively.


   Modulus   of   Elasticity  =   P  L 3    4 b  d 3  Y    



(1)






   Modulus   of   Rupture  =   3 P L   2 b  d 2     



(2)




where, P, and Y are load and center deflection at proportional limit measured in N and mm, respectively. Also, b, L and d are width, length and depth of the samples measured in mm.




2.11. Tensile Strength (Internal Bonding) Test


Tensile strength test (Jinan Testing Equipment Corporation, Jinan, China) was performed perpendicular and parallel to the face of the specimen. A 50 mm into 50 mm specimen was glued with a bonding agent to steel or aluminum alloy of the similar sizes. Being a significant characteristic of composite board, internal bond strength was calculated using Equations (3) and (4).


   Internal   Bonding  =  P  b L     ( Perpendicular   to   face )  



(3)






   Internal   Bonding  =  P  b d     ( Parallel   to   face )  



(4)








2.12. Physical Properties of Nano-Composite


Physical properties were measured using Equations (5), (7) and (8), respectively. The samples size was 150 mm into 100 mm into 16 mm and a total of three samples of each specimen were tested for each physical property and the average of the four values have been described in the results. The water absorption and thickness swelling tests were performed for 2 h and 24 h.


  D e n s i t y =  m V   



(5)






  V = L b t  



(6)




where, m and V are mass and volume measured in kg and m3 while b, L and t are width, length, and thickness of the specimen, respectively and measured in mm.


   Water   absorption  =    W f  −  W i     W i    × 100  



(7)




where, Wi and Wf are initial and final weights of the specimen, both measured in N, respectively.


   Thickness   swelling  =    T f  −  T i     T i    × 100  



(8)




where, Ti and Tf are initial and final thicknesses of the specimens, respectively and measured in mm.




2.13. Statistical Analysis of Nano-Composite


Analysis of variance (ANOVA) with single factor was applied for statistical analysis of results through origin 9, 64-bit software (OriginLab, Northampton, MA, USA).





3. Results and Discussion


The results obtained are illustrated in the following paragraphs.



3.1. Scanning Electron Microscopy of Cured Urea-Formaldehyde Resin Containing Alumina Nanoparticles


The microstructural analysis and scanning electron microscopy of Al2O3-UF was conducted for the purpose to examine the role of nanoparticles in the resin. Figure 4 illustrates the scanning electron microscopy images of the urea-formaldehyde resin after curing. An uneven configuration of the resin was found in the cross-linkage. The scanning electron microscopic results clearly identified the partial pits in the urea-formaldehyde resin covered by 3% alumina nanoparticles. Due to robust bonding, minor cracks in the urea-formaldehyde resin were also covered by alumina nanoparticles and hence, an increase in the overall strength of the desired medium density fiberboard has been observed [30]. The bright region in the scanning electron microscopy shows the presence of alumina nanoparticles and the dark region depicts urea-formaldehyde resin. The result was confirmed by Energy Dispersive X-ray Spectroscopy (EDS).




3.2. Energy Dispersive X-Ray Spectroscopy (EDS) Analysis


In order to confirm the presence of alumina nanoparticles in the urea-formaldehyde resin, energy dispersive X-ray spectroscopy was performed on the area mapping of scanning electron microscopic images. One sample with pure urea-formaldehyde resin and another with 3% alumina nanoparticles were selected for energy dispersive x-ray spectroscopy analysis as shown in Figure 5 and Figure 6. In the energy dispersive X-ray spectroscopy analysis, the weight % of oxygen along with potassium (K) and Aluminum (Al) along with potassium (K) was 29.69 and 0.13 for 0% alumina containing UF resin. While these value for 3% alumina containing UF were recorded as 32.39 and 1.87% by weight. Energy peaks correspond to oxygen and aluminum elements in the samples were noted higher than the reference resin.




3.3. Fourier Transform Infrared Spectroscopy (FTIR) of Urea-Formaldehyde Resin with and without Alumina Nanoparticles


Through this test, a strong adsorption peak at 3310.24 cm−1 was noticed in the urea-formaldehyde resin with and without alumina nanoparticles as depicted in Figure 7. With the addition of alumina nanoparticles in the urea-formaldehyde resin, a high peak intensity was observed due the presence of free amino group. The peak values near to 1650 cm−1 and 1500 cm−1 confirm the presence of C=O, CH2OH, amide I and II, and CH2OH. The CN group was also observed at peaks 1380.13 cm−1 and 1256.25 cm−1 [31]. The structural difference was only seen at a peak near to 1000 cm−1 which confirms the presence of Al–O bond in 4.5% concentration of the alumina nanoparticles in the urea-formaldehyde resin.




3.4. X-Ray Diffraction (XRD) of Cured Urea-Formaldehyde Resin


The X-ray diffraction patterns of urea-formaldehyde resin with 1.5%, 3%, and 4.5% concentration of alumina nanoparticles are shown in Figure 6. The resin was cured at 100 °C before X-ray diffraction. Samples 1, 2, and 3 containing 1.5%, 3%, and 4.5%, Al2O3 respectively show a peak at 20.6°, 61.25°, and 66.5° with d-spacing of 0.43 nm, 0.151 nm, and 0.141 nm, respectively according to Brag’s Law by using Equation (9).


  2 d sin θ = n λ  



(9)




where, d represents the spacing between planes, θ shows half of the angle of diffraction, n indicates the order of diffraction while λ is the wavelength of X-ray. The numerical value of λ is equal to 1.54073 Å.



Sample 3 containing 4.5% Al2O3 shows a peak at 21.25°, 61.25°, and 66.5° with d-spacing of 0.418 nm, 0.151 nm, and 0.141 nm, respectively as can be seen in Figure 8. These results are very close to pure urea-formaldehyde crystal structure as reported by Chen et al. [32]. Hence, we can say that there was no difference among all three samples of cured Al2O3-UF resin with reference to X-ray diffraction spectrum.




3.5. Differential Scan Calorimetry (DSC) of Urea-Formaldehyde with and without Alumina Nanoparticles


Figure 9 represents the temperature ranges versus heat flow curves for the selected four samples containing urea-formaldehyde and alumina urea-formaldehyde resin. The curves indicate that with the addition of different concentrations of alumina nanoparticles, the curing temperature decreases. The total heat content increases with the concentartion of alumina nanoparticles. The peak at 120 °C in 1.5% alumina is formed due to formation of bonding in urea-formaldehyde at the interface. The alumina nanoparticles has adopted an effect analogous to former thermosetting resin. As studied in literature, alumina nanoparticles delivered Lewis acidity. Because of the presence of hydoxyl groups in alumina nanoparticles, the superficial behaved as a catalytic agent and polymerized the urea-formadehyde resin as reported by Kumar et al. [33].




3.6. Thermo-Gravimetric Analysis (TGA) of Urea-Formaldehyde with and without Alumina Nanoparticles


The curves of the weight losses versus temperature are shown in Figure 10. As the temperature rises from 20 °C and reaches to 140 °C, minor changes in weight loss has been observed due to the moisture absorption and dehydration as investigated by Franceschi et al. [34].



Due to the degradation of urea-formaldehyde resin, considerable weight loss has been observed because of the presence of intra and intermolecular carbon and hydrogen bonds. This phenomenon might also be happen due to the random cleavage of nitrogen bonds in the urea-formaldehyde resin.



After the alkaline hydrolysis, the functional groups become active which result in more moisture content in the urea-formaldehyde resin as compared to concentrated resin. By the addition of alumina nanoparticles, a strong bonding and van der Waals forces are formed among the functional groups of concentrated resin leading to high thermal stability. The degradation happens within a temperature ranging from 230 °C to 500 °C. The concentrated resin is hydrolyzed and its intermolecular interface converts tough which ultimately increase the peak zone.




3.7. Scanning Electron Microscopy (SEM) of Final Medium Density Fiberboard


The final medium density fiberboard with and without alumina nanoparticles is shown in Figure 11. Scanning electron microscopy reveals the cluster structure due to alumina nanoparticles using sodium montmorillonite nanoclay [35]. Visible voids were observed in the final medium density fiberboard made of pure urea-formaldehyde resin. These voids were covered by alumina nanoparticles because of the discrete and head-to-head regions.




3.8. Statistical Analysis of the Mechanical and Physical Properties of MDF


The internal bonding is determined by tensile strength of the MDF. Figure 12 shows the single factor ANOVA results of three treatments comparison of internal bonding values for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of Al2O3 nanoparticles. For 0.0% alumina, the three treatments values of internal bonding are 0.59, 0.64, and 0.64 N/mm2. For 1.5% Alumina the three treatments values are 0.67, 0.65, and 0.69 N/mm2. Similarly, for 3.0% alumina nanoparticles, all the three counts have the values of 0.68, 0.71, and 0.67 N/mm2 internal bonding values. As the concentration level increase from 3.0% to 4.5%, the internal bonding values 0.74, 0.76, and 0.69 N/mm2 increase for all treatments. Red circle, blue triangle, and black square are iterations for each concentration of alumina nanoparticles.



Table 3 summarizes the ANOVA statistical approach for three treatments of 0.0%, 1.5%, 3.0%, and 4.5% alumina nanoparticles. 0.0% alumina containing medium density fiberboard has a mean value of 0.61 N/mm2 and variance 0.000633. While 1.5%, 3.0%, and 4.5% alumina containing medium density fiberboard have 0.67, 0.68 and 0.73 mean values with variances 0.0004, 0.00043, and 0.0013, respectively. These internal bonding values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 0.005119869.



The modulus of elasticity is normally measured the medium density fiberboard resistance to being deformed elastically when a stress is applied on it. Figure 13 shows the single factor ANOVA results of three treatments comparison for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of Al2O3 nanoparticles. For 0.0% alumina, the three treatments values of modulus of elasticity are 2197.29, 2388.51, and 2410.46 N/mm2. For 1.5% alumina the three treatments values are 2480.16, 2612.78, and 2526.10 N/mm2. In the same way, for 3.0% alumina nanoparticles, all the three counts have 3091.50, 3120.32, and 3205.45 N/mm2 modulus of elasticity values. As the concentration level increases from 3.0% to 4.5% the modulus of elasticity values 3404.53, 3298.21, and 3440.33 N/mm2 show an increase for all treatments.



Table 4 summarizes the ANOVA statistical approach of modulus of elasticity values for three the treatments of 0.0%, 1.5%, 3.0%, and 4.5% alumina nanoparticles. A 0.0% alumina containing medium density fiberboard has a mean value of 2332.087 N/mm2 and a variance of 13,748.06. While 1.5%, 3.0%, and 4.5% alumina containing medium density fiberboard have 2539.68, 3139.09, and 3381.023 modulus of elasticity mean values with variance 0.4535.328, 3510.385, and 5463.946, respectively. These modulus of elasticity values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 8.4772 × 10−7.



The modulus of rupture represents the flexural strength of medium density fiberboard and is defined as the stress just before yield. Figure 14 shows the single factor ANOVA results of three treatments comparison for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of Al2O3 nanoparticles. For 0.0% alumina, the three treatments values of modulus of rupture are 30.42, 31.86, and 32.45 N/mm2 while for 1.5% alumina the three treatments values of modulus of rupture are 32.94, 33.47 and 34.50 N/mm2. Similarly, for 3.0% alumina nanoparticles, all the three counts have 36.41, 37.02, and 39.90 N/mm2 modulus of rupture values. As the concentration level increase from 3.0% to 4.5%, the modulus of rupture values 40.32, 38.73, and 42.59 N/mm2 show as significant increase for all treatments.



Table 5 summarizes the ANOVA statistical approach of modulus of rupture values for the three treatments of 0.0%, 1.5%, 3.0%, and 4.5% alumina nanoparticles. 0.0% alumina containing medium density fiberboard has modulus of rupture mean value of 31.57 N/mm2 and variance of 1.09 while 1.5%, 3.0%, and 4.5% alumina containing medium density fiberboard have 33.63, 37.77, and 40.54 modulus of rupture mean values with variance 0.629, 3.474, and 3.76, respectively. These modulus of rupture values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 0.000329.



Density represents the mass per unit volume of medium density fiberboard. Figure 15 shows the single factor ANOVA results of three treatments comparison of density for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of alumina nanoparticles. For 0.0% alumina, the three treatments values of density are 698.05, 710.24, and 716.29 kg/m3. For 1.5% alumina the three treatments values of density are 715, 725.8, and 732.15 kg/m3. Likewise, for 3.0% alumina nanoparticles, all the three counts have 732, 741.68, and 722.50 N/mm2 density values. As the concentration level increase from 3.0% to 4.5%, the density values 730.91, 738.54, and 760.06 kg/m3 show significant increase for all treatments.



Table 6 summarizes the ANOVA statistical approach of density values for three treatments of 0.0%, 1.5%, 3.0%, and 4.5% alumina nanoparticles. The 0.0% alumina containing medium density fiberboard has density mean value of 708.19 kg/m3 and variance of 86.31. While 1.5%, 3.0%, and 4.5% alumina containing medium density fiberboard have 724.3, 732.06, and 743.17 density mean values with variance 75.18, 91.97, and 228.5, respectively. These density values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 0.025461.



Thickness swelling represents the stability performance of medium density fiberboard. Figure 16 shows the single factor ANOVA results of three treatments comparison of thickness swelling for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of alumina nanoparticles. For 0.0% alumina, the three treatments values of thickness swelling are 9.87, 9.41, and 10.75% and for 1.5% alumina the three treatments values of thickness swelling are 10.12, 8.63 and 8.70%. Similarly, for 3.0% alumina nanoparticles, all the three counts have 7.60, 7.21, and 6.46% thickness swelling values. It can be noted that as the concentration level increases from 3.0% to 4.5%, the thickness swelling values 6.60, 5.76, and 5.61% show significant decrease for all treatments.



Table 7 summarizes the ANOVA statistical approach of thickness swelling values for three treatments of 0.0%, 1.5%, 3.0% and 4.5% alumina nanoparticles. 0.0% alumina containing medium density fiberboard has thickness swelling mean value of 10.01% and variance of 0.46. While 1.5%, 3.0%, and 4.5% alumina containing medium density fiberboard have 9.15, 7.09, and 5.99 thickness swelling mean values with variances 0.70, 0.33, and 0.28, respectively. These thickness swelling values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 0.000282.



The water absorption is the ability of medium density fiberboard to absorb water when immersed in it. Figure 17 shows the single factor ANOVA results of three treatments comparison of water absorption for 0.0%, 1.5%, 3.0%, and 4.5% concentration levels of alumina nanoparticles. For 0.0% alumina, the three treatments values of water absorption are 21.20, 24.35, and 20.40% and for 1.5% alumina, the three treatments values of water absorption are 22.97, 20.13, and 18.50%. Similarly, for 3.0% alumina nanoparticles, all the three counts have 16.80, 17.34, and 13.88% water absorption values. As the concentration level increase from 3.0% to 4.5% the water absorption values 14.95, 14.81, and 11.45% show significant decrease for all treatments.



Table 8 summarizes the ANOVA statistical approach of water absorption values for the three treatments of 0.0%, 1.5%, 3.0%, and 4.5% alumina nanoparticles. The 0.0% alumina containing medium density fiberboard has water absorption mean value of 21.98% and variance of 4.36. While 1.5%, 3.0%, and 4.5% alumina containing medium density fiber board have 20.53, 16.00, and 13.73 water absorption mean values with variance 5.11, 3.46, and 3.92, respectively. These thickness swelling values are statistically altered from each other and the single factor ANOVA consequences confirm that the probability (p-value) is 0.003754.




3.9. Final Properties of Medium Density Fiberboard


The physical and mechanical properties of medium density fiberboard samples have been investigated using 0%, 1.5%, 3%, and 4.5% of alumina nanoparticles and urea-formaldehyde resin. Each sample was tested for three iterations and the average value of each property under specific configuration was determined. The mechanical properties such as internal bonding, modulus of rupture and modulus of elasticity were tested using WDW-30 (Electromechanical Universal Testing Machine of JINAN Precision Testing Equipment Company Limited, Jinan, China). Each sample was tested for mechanical properties under the specific configuration of alumina nanoparticles as summarized in Table 9.



During the hot pressing, the resin is bonded with wood fibers in cross-link pattern which refers to internal bonding. It is clear that at zero concentration level of alumina nanoparticle, the value of internal bonding resulted in 0.61 N/mm2, which indicates the reference for all other configurations of alumina nanoparticles in urea-formaldehyde resin. With the addition of 1.5%, 3.0%, and 4.5% of alumina nanoparticles in the urea-formaldehyde resin increased the internal bonding by 5.97%, 10.29%, and 16.4%, respectively and is also meet with EN-319 [36] standards. Hence, the internal bonding values increased linearly with the increase in the concentration of alumina nanofillers.



The reason of linear relationship between internal bonding and alumina nanofillers is due to increase in the cross-link density of urea-formaldehyde resin. Further, alumina nanoparticles also have the capability of high heat transfer which leads to fast curing of urea-formaldehyde resin, reduced press time and increased production.



It can be noted that the modulus of elasticity value at 0% alumina nanoparticle in urea-formaldehyde resin in Table 4 is 2332.08 N/mm2. When it is compared with 1.5%, 3%, and 4.5% concentrations, the corresponding modulus of elasticity values increased by 8.17%, 25.70%, and 31% respectively and is also meet with EN-310 [37] standard values.



The modulus of rupture values increases with the increase in concentration of alumina nanoparticles. The increase in nanofillers concentration into 1.5%, 3%, and 4.5% leaded to increased modulus of rupture values by 6.52%, 16.4%, and 22.12%, respectively when compared to medium density fiberboard containing 0% nanofillers and also meet with EN-310 [37] standard values. The reason of significant increase in modulus of rupture values is due to fast curing of the nanofillers.



The physical properties such as density, thickness swelling and water absorption are summarized in Table 10. The samples were tested for 0%, 1.5%, 3%, and 4.5% concentration levels of alumina nanoparticles with three iterations of each sample and the average values were taken into consideration. Both thickness swelling and water absorption tests were performed for 24 h according to British Standard EN-317 1993 [38] and ASTM D570 [39] respectively.



The density increases with the increase in the concentration of nanofillers due to increase in the mass of the nanofillers. A gradual reduction in the thickness swelling values of the samples for 24 h was observed which is due to reduction of pores in the MDF panels. Similarly, the water absorption values also decrease with the increase in concentration of nanofillers which is due to better curing of the panels during hot pressing.





4. Conclusions


In this research, the impact of alumina nanoparticles on the properties of medium density fiberboard under fixed process conditions has been investigated. It has been observed that the physical and mechanical properties of the medium density fiberboard composites have been improved significantly the nonlinear relation in case of modulus of elasticity. For 4.5% concentration level of alumina, the internal bond, modulus of elasticity and modulus of rupture values increased to 16.4%, 31%, and 22.12% respectively. The thickness swelling and water absorption for 24 h increased up to 40.15% and 37.53%, respectively when compared to normal medium density fiberboard. Hence, with the increase in concentration of nanoparticles, the physical and mechanical properties improve considerably. The results of the structure morphology showed that alumina nanoparticles can fill the partial pit created in fiber matrix. Therefore, to increase the strength of medium density fiberboard, it is strongly recommended to use alumina nanoparticles in urea-formaldehyde resin.



A hypothesis can be made for hybrid approach to get better results in which grapheme, carbon nanotubes and activated charcoal can be mixed with alumina nanoparticles.







Author Contributions


All authors contributed equally. Conceptualization, R.A., W.G., S.R.A.S., and A.K.; Methodology, R.A., W.G., S.R.A.S., and A.K.; Validation, R.K., H.A., and A.A.; Writing—original draft, R.K., H.A., and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This project was supported by the Deanship of Scientific Research at Prince Sattam Bin Abdulaziz University under the research project No. 2020/01/16810.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Park, B.-D.; Lee, S.-M.; Roh, J.-K. Effects of formaldehyde/urea mole ratio and melamine content on the hydrolytic stability of cured urea-melamine-formaldehyde resin. Eur. J. Wood Wood Prod. 2008, 67, 121. [Google Scholar] [CrossRef]

	



Myers, G.E. How mole ratio of UF resin affects formaldehyde emission and other properties: A literature critique. For. Prod. J. 1984, 34, 35–41. [Google Scholar]

	



Dunky, M. Urea–formaldehyde (UF) adhesive resins for wood. Int. J. Adhes. Adhes. 1998, 18, 95–107. [Google Scholar] [CrossRef]

	



Dudkin, B.N.; Krivoshapkin, V.P.; Krivoshapkina, E.F. Effect of aluminum oxide nanoparticles on the properties of urea-formaldehyde resin. Russ. J. Appl. Chem. 2006, 79, 1522–1525. [Google Scholar] [CrossRef]

	



Tabari, H.Z.; Rafiee, F.; Khademi-Eslam, H.; Pourbakhsh, M. Thermo-chemical evaluation of wood plastic nanocomposite. In Advanced Materials Research; Trans. Tech. Publications Ltd.: Stafa-Zurich, Switzerland, 2012; Volume 463, pp. 565–569. [Google Scholar]

	



Morgan, A.B.; Harris, R.H., Jr.; Kashiwagi, T.; Chyall, L.J.; Gilman, J.W. Flammability of polystyrene layered silicate (clay) nanocomposites: Carbonaceous char formation. Fire Mater. 2002, 26, 247–253. [Google Scholar] [CrossRef]

	



Tjong, S. Structural and mechanical properties of polymer nanocomposites. Mater. Sci. Eng. R Rep. 2006, 53, 73–197. [Google Scholar] [CrossRef]

	



Gul, W.; Khan, A.; Shakoor, A. Impact of Hot Pressing Temperature on Medium Density Fiberboard (MDF) Performance. Adv. Mater. Sci. Eng. 2017, 2017, 1–6. [Google Scholar] [CrossRef]

	



Gholamiyan, H.; Tarmian, A.; Doost, H.K.; Azadfallah, M. The Effect of Clear Paints, Nanozycofil and Nanozycosil on Water Absorption and Contact Angle of Poplar Wood. Iranian J. Wood Pap. Ind. 2011, 2, 17–26. [Google Scholar]

	



Sahraeian, P.; Ansari, K.; Tavakoli, H.R.; Soltani, E. The effect of nanoclay particles on the tensile strength and flame retardancy of polystyrene-nanoclay composite. J. Basic Appl. Sci. Res. 2012, 2, 12330–12336. [Google Scholar]

	



Nemati, M.; Khademieslam, H.; Talaiepour, M.; Ghasemi, I.; Bazyar, B. Investigation on the mechanical properties of nanocomposite based on wood flour/recycle polystyrene and nanoclay. J. Basic Appl. Sci. Res. 2013, 3, 688–692. [Google Scholar]

	



Taghiyari, H.R.; Moradiyan, A.; Farazi, A. Effect of nanosilver on the rate of heat transfer to the core of the medium density fiberboard mat. Int. J. BioInorg. Hybrid Nanomater. 2013, 2, 303–308. [Google Scholar]

	



Taghiyari, H.R.; Mohammad-Panah, B.; Morrell, J.J. Effects of wollastonite on the properties of medium-density fiberboard (MDF) made from wood fibers and camel-thorn. Maderas Cienc. Tecnol. 2016, 18, 157–166. [Google Scholar] [CrossRef]

	



Ismita, N.; Lokesh, C. Effects of different nanoclay loadings on the physical and mechanical properties of Melia composita particle board. Bois For. Des. Trop. 2017, 334, 7–12. [Google Scholar] [CrossRef]

	



Iždinský, J.; Reinprecht, L.; Nosál, E. Antibacterial efficiency of silver and zinc-oxide nanoparticles in acrylate coating for surface treatment of wooden composites. Wood Res. 2018, 63, 365–372. [Google Scholar]

	



Da Silva, A.P.S.; Ferreira, B.S.; Favarim, H.R.; Silva, M.F.F.; Silva, J.V.F.; dos Anjos Azambuja, M.; Campos, C.I. Physical properties of medium density fiberboard produced with the addition of ZnO nanoparticles. BioResources 2019, 14, 1618–1625. [Google Scholar]

	



Valle, A.C.M.; Ferreira, B.S.; Prates, G.A.; Goveia, D.; De Campos, C.I. Physical and mechanical properties of particleboard from eucalyptus grandis produced by urea formaldehyde resin with SiO2 nanoparticles. Eng. Agríc. 2020, 40, 289–293. [Google Scholar] [CrossRef]

	



Barbosa, V.F.; MacKenzie, K.J. Thermal behaviour of inorganic geopolymers and composites derived from sodium polysialate. Mater. Res. Bull. 2003, 38, 319–331. [Google Scholar] [CrossRef]

	



Kovářík, T.; Rieger, D.; Kadlec, J.; Křenek, T.; Kullová, L.; Pola, M.; Bělský, P.; Franče, P.; Říha, J. Thermomechanical properties of particle-reinforced geopolymer composite with various aggregate gradation of fine ceramic filler. Constr. Build. Mater. 2017, 143, 599–606. [Google Scholar] [CrossRef]

	



He, P.; Jia, D.; Lin, T.; Wang, M.; Zhou, Y. Effects of high-temperature heat treatment on the mechanical properties of unidirectional carbon fiber reinforced geopolymer composites. Ceram. Int. 2010, 36, 1447–1453. [Google Scholar] [CrossRef]

	



He, P.; Jia, D.; Wang, M.; Zhou, Y. Improvement of high-temperature mechanical properties of heat treated Cf/geopolymer composites by Sol-SiO2 impregnation. J. Eur. Ceram. Soc. 2010, 30, 3053–3061. [Google Scholar] [CrossRef]

	



Yan, S.; He, P.; Zhang, Y.; Jia, D.; Wang, J.; Duan, X.; Yang, Z.; Zhou, Y. Preparation and in-situ high-temperature mechanical properties of Cf-SiCf reinforced geopolymer composites. Ceram. Int. 2017, 43, 549–555. [Google Scholar] [CrossRef]

	



Dias, D.P.; Thaumaturgo, C. Fracture toughness of geopolymeric concretes reinforced with basalt fibers. Cem. Concr. Compos. 2005, 27, 49–54. [Google Scholar] [CrossRef]

	



Amaro, A.M.; Pinto, M.I.M.; Reis, P.N.B.; Neto, M.; Lopes, S.M. Structural integrity of glass/epoxy composites embedded in cement or geopolymer mortars. Compos. Struct. 2018, 206, 509–516. [Google Scholar] [CrossRef]

	



Samal, S.; Marvalová, B.; Petríková, I.; Vallons, K.A.; Lomov, S.V.; Rahier, H. Impact and post impact behavior of fabric reinforced geopolymer composite. Constr. Build. Mater. 2016, 127, 111–124. [Google Scholar] [CrossRef]

	



Kong, D.L.; Sanjayan, J. Damage behavior of geopolymer composites exposed to elevated temperatures. Cem. Concr. Compos. 2008, 30, 986–991. [Google Scholar] [CrossRef]

	



Bernal, S.A.; Bejarano, J.; Garzón, C.; De Gutiérrez, R.M.; Delvasto, S.; Rodriguez, E.D. Performance of refractory aluminosilicate particle/fiber-reinforced geopolymer composites. Compos. Part B Eng. 2012, 43, 1919–1928. [Google Scholar] [CrossRef]

	



Mills-Brown, J.; Potter, K.; Foster, S.; Batho, T. Thermal and tensile properties of polysialate composites. Ceram. Int. 2013, 39, 8917–8924. [Google Scholar] [CrossRef]

	



Krystek, J.; Laš, V.; Pompe, V.; Hájková, P. Tensile and bending test of carbon/epoxy and carbon/geopolymer composites after temperature conditioning. MATEC Web Conf. 2018, 157, 05014–05022. [Google Scholar] [CrossRef]

	



Ayrilmis, N.; Buyuksari, U.; As, N. Bending strength and modulus of elasticity of wood-based panels at cold and moderate temperatures. Cold Reg. Sci. Technol. 2010, 63, 40–43. [Google Scholar] [CrossRef]

	



Mohammadhosseini, H.; Alyousef, R.; Lim, N.H.A.S.; Tahir, M.M.; Alabduljabbar, H.; Mohamed, A.M. Creep and drying shrinkage performance of concrete composite comprising waste polypropylene carpet fibres and palm oil fuel ash. J. Build. Eng. 2020, 30, 101250. [Google Scholar] [CrossRef]

	



Bhandari, N.L.; Dhungana, B.R.; Lach, R.; Henning, S.; Adhikari, R. Synthesis and Characterization of Urea–Formaldehyde Eco-Friendly Composite Based On Natural Fibers. J. Inst. Sci. Technol. 2019, 24, 19–25. [Google Scholar] [CrossRef]

	



Zhang, C.; Chen, L.; Wang, T.-J.; Su, C.-L.; Jin, Y. Synthesis and properties of a magnetic core–shell composite nano-adsorbent for fluoride removal from drinking water. Appl. Surf. Sci. 2014, 317, 552–559. [Google Scholar] [CrossRef]

	



Zahedsheijani, R.; Gholamiyan, H.; Tarmian, A.; Yousefi, H. Mass transfer in medium density fiberboard (MDF) modified by Na+ montmorillonite (Na+MMT) nanoclay. Maderas Cienc. Tecnol. 2011, 13, 163–172. [Google Scholar] [CrossRef]

	



Kumar, A.; Gupta, A.; Sharma, K.; Gazali, S.B. Influence of Aluminum Oxide Nanoparticles on the Physical and Mechanical Properties of Wood Composites. BioResources 2013, 8, 6231–6241. [Google Scholar] [CrossRef]

	



European Committee for Standardization. Particleboards and Fiberboards, Determination of Tensile Strength Perpendicular to Plane of the Board; EN 319: 1993; European Committee for Standardization: Brussels, Belgium, 1993. [Google Scholar]

	



European Committee for Standardization. Wood-Based Panels, Determination of Modulus of Elasticity in Bending and Bending Strength; EN 310: 1993; European Committee for Standardization: Brussels, Belgium, 1993. [Google Scholar]

	



European Committee for Standardization. Particleboards and Fiberboards, Determination of Swelling in Thickness after Immersion; EN 317:1993; European Committee for Standardization: Brussels, Belgium, 1993. [Google Scholar]

	



American Society for Testing Materials. Standard Test Method for Water Absorption of Plastics; ASTM D570-98; ASTM International: Philadelphia, PA, USA, 2010. [Google Scholar]

	



BSI Standards Publication. Wood-Based Panels-Determination of Density in Fiberboard; EN 323: 1993; British Standards Institution: London, UK, 1993. [Google Scholar]








[image: Materials 13 04207 g001 550] 





Figure 1. (a) Alumina nano-particles, (b) urea formaldehyde resin, and (c) natural fibers. 
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Figure 2. Scanning electron microscopy images of alumina nanoparticles at. (a) 50,000×, (b) 25,000×. 
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Figure 3. X-ray diffraction analysis of alumina nanoparticles. 
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Figure 4. Scanning electron microscopy images of alumina urea-formaldehyde resin (a) 50,000× (b) 25,000×. 
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Figure 5. EDS analysis of pure urea-formaldehyde resin. 
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Figure 6. EDS analysis of urea-formaldehyde resin containing 3% alumina nanoparticles. 
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Figure 7. Fourier transform infrared spectroscopy of urea-formaldehyde with or without alumina nanoparticles. 
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Figure 8. X-ray diffraction of different concentration of alumina nano-particles in urea-formaldehyde resin. 
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Figure 9. Differential scan calorimetry of urea-formaldehyde resin with different concentrations of alumina nanoparticles. 






Figure 9. Differential scan calorimetry of urea-formaldehyde resin with different concentrations of alumina nanoparticles.



[image: Materials 13 04207 g009]







[image: Materials 13 04207 g010 550] 





Figure 10. Thermo-gravimetric analysis of urea-formaldehyde resin with and without alumina nanoparticles. 
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Figure 11. Scanning electron microscopic images of (a) medium density fiberboard without urea-formaldehyde and (b) with urea-formaldehyde. 
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Figure 12. Numerical values of internal bonding of various treatments of alumina nanoparticles. 
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Figure 13. Numerical values of modulus of elasticity (MOE) of various treatments of alumina nanoparticles. 
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Figure 14. Numerical values of modulus of rupture (MOR) of various treatments of alumina nanoparticles. 
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Figure 15. Numerical values of density of various treatments of alumina nanoparticles. 
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Figure 16. Numerical values of Thickness Swelling of various treatments of Alumina nanoparticles. 
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Figure 17. Numerical values of water absorption of various treatments of alumina nanoparticles. 
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Table 1. Specifications of urea-formaldehyde.
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	Viscosity
	Density
	pH
	Free Formaldehyde
	Gel Time
	Solid Content





	230–260
	1.22
	9
	0.75
	53
	50










[image: Table] 





Table 2. Composition of Al2O3-UF nanofillers.
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Materials

	
Composition




	
Al1

	
Al2

	
Al3

	
Al4






	
UF

	
195

	
195

	
195

	
195




	
Al2O3

	
0

	
3

	
6

	
9
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Table 3. Internal Bonding values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average (IB)
	Variance
	



	
	Al2O3 (0.0%)
	3
	1.85
	0.616666667
	0.000633333
	



	
	Al2O3 (1.5%)
	3
	2.01
	0.670000000
	0.000400000
	



	
	Al2O3 (3.0%)
	3
	2.06
	0.686666667
	0.000433333
	



	
	Al2O3 (4.5%)
	3
	2.19
	0.730000000
	0.001300000
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	0.019758
	3
	0.006586111
	9.522088353
	0.005119869
	4.066180551



	Within Groups
	0.005533
	8
	0.000691667
	
	
	



	Total
	0.025292
	11
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Table 4. MOE values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average
	Variance
	



	
	Al2O3 (0.0%)
	3
	6996.260
	2332.087
	13,748.06
	



	
	Al2O3 (1.5%)
	3
	7619.040
	2539.680
	4535.328
	



	
	Al2O3 (3.0%)
	3
	9417.270
	3139.090
	3510.385
	



	
	Al2O3 (4.5%)
	3
	10,143.07
	3381.023
	5463.946
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	2,190,225
	3
	730,075
	107.1366
	8.4772 × 10−7
	4.066181



	Within Groups
	54,515.43
	8
	6814.429
	
	
	



	Total
	2,244,741
	11
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Table 5. MOR values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average
	Variance
	



	
	Al2O3 (0.0%)
	3
	94.730
	31.57667
	1.090433
	



	
	Al2O3 (1.5%)
	3
	100.91
	33.63667
	0.629233
	



	
	Al2O3 (3.0%)
	3
	113.33
	37.77667
	3.474433
	



	
	Al2O3 (4.5%)
	3
	121.64
	40.54667
	3.763433
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	146.7788
	3
	48.92628
	21.8481
	0.000329
	4.066181



	Within Groups
	17.91507
	8
	2.239383
	
	
	



	Total
	164.6939
	11
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Table 6. Density values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average
	Variance
	



	
	Al2O3 (0.0%)
	3
	2124.58
	708.1933
	86.31603
	



	
	Al2O3 (1.5%)
	3
	2172.95
	724.3167
	75.18083
	



	
	Al2O3 (3.0%)
	3
	2196.18
	732.0600
	91.97080
	



	
	Al2O3 (4.5%)
	3
	2229.51
	743.1700
	228.5083
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	1943.840
	3
	647.9466
	5.377418
	0.025461
	4.066181



	Within Groups
	963.9519
	8
	120.4940
	
	
	



	Total
	2907.792
	11
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Table 7. Thickness swelling values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average
	Variance
	



	
	Al2O3 (0.0%)
	3
	30.03
	10.01
	0.4636
	



	
	Al2O3 (1.5%)
	3
	27.45
	09.15
	0.7069
	



	
	Al2O3 (3.0%)
	3
	21.27
	07.09
	0.3357
	



	
	Al2O3 (4.5%)
	3
	17.97
	05.99
	0.2847
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	30.6492
	03
	10.21640
	22.81847
	0.000282
	4.066181



	Within Groups
	3.58180
	08
	0.447725
	
	
	



	Total
	34.2310
	11
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Table 8. Water Absorption values of Al2O3-UF MDF for various treatments.
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	Groups
	Count
	Sum
	Average
	Variance
	



	
	Al2O3 (0.0%)
	3
	65.95
	21.98333
	4.360833
	



	
	Al2O3 (1.5%)
	3
	61.60
	20.53333
	5.117233
	



	
	Al2O3 (3.0%)
	3
	48.02
	16.00667
	3.464933
	



	
	Al2O3 (4.5%)
	3
	41.21
	13.73667
	3.926533
	



	ANOVA
	
	
	
	
	
	



	Source of Variation
	SS
	df
	MS
	F
	p-value
	F crit



	Between Groups
	133.2516
	3
	44.41721
	10.53194
	0.003754
	4.066181



	Within Groups
	33.73907
	8
	4.217383
	
	
	



	Total
	166.9907
	11
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Table 9. The Final mechanical properties of 16 mm MDF samples for different concentrations of alumina nanoparticles.
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	MDF Specimen
	Internal Bonding
	Modulus of Elasticity
	Modulus of Rupture





	S0.0Al0.0
	0.61
	2332.08
	31.57



	S1.5Al1.5
	0.67
	2539.68
	33.63



	S3.0Al3.0
	0.68
	3139.09
	37.77



	S4.5Al4.5
	0.73
	3381.02
	40.54



	EN Standards
	0.7 ± 0.03
	≥2800
	≥25







Internal Bonding EN-319 [36], MoE and MoR EN-310 [37].
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Table 10. The final physical properties of 16 mm MDF samples for different concentrations of alumina nanoparticles.
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	MDF Specimen
	Density (kg/m3)
	TS *
	WA *





	S0.0Al0.0
	708
	10.01
	21.98



	S1.5Al1.5
	724
	9.15
	20.53



	S3.0Al3.0
	732
	7.09
	16.00



	S4.5Al4.5
	743
	5.99
	13.73



	Standard
	720 ± 20
	≤12
	<45







* 24 h TS (EN-317 standard) [38], WA (ASTM D570 standard) [39], Density (EN-323 standard) [40].
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